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Microwave-vacuum drying characteristics of kiwifruit

slice based on controlling temperature
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Abstract: Objective: To improve the dry product quality and dr-
ying efficiency of kiwifruit slices (KS), the effects of microwave-
vacuum drying conditions with controlling temperature on the dr-
ying characteristics of KS were studied and the drying kinetics
model was established to predict the moisture change in the
drying process. Methods: Using KS as raw materials, the effects
were studied, including in different setting temperature, vacuum
degree and microwave power density on the drying characteristics
of KS and its effective moisture diffusion coefficient (EMDC) of
water, and the activation energy was also calculated. With the
R?, Rusk and X? as the evaluation indexes, the six common dry
models were screened with fitting the experimental data by SPSS
19.0 software, the relationships between the model parameters
and drying conditions was established. Results: Microwave-
vacuum drying process of KS occurred in the falling-rate period,
and there was no constant drying rate period. Under the experi-
ment conditions, setting temperature and microwave power den-
sity had a certain influence on the microwave-vacuum drying
characteristics of KS. With the increase of setting temperature
and vacuum degree, the drying rate increased. However, the
effect of microwave power density was not significant. The water
effective diffusion coefficient of the KS during drying process
could be calculated by Fick’s second law, and it increased with
the increase of setting temperature and vacuum degree. The max-
imum EMDC was 6.814 97 X 10 % m?/s. Arrhenius was used to
calculate the activation energy of KS in drying process and the
value of Ea was 70.77 kJ/mol. Among the six models, the Two-
term exponential model had the highest coefficient of determina-

tion R2(0.999 9), the lowest chi-square X%(0.000 30) and R usg

(0.002 02), and it is the optimum model of the KS in microwave-
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vacuum drying with setting temperature. Conclusion: The setting
temperature and vacuum degree had influence on the drying
curves, the drying rate curve and EMDC, and the effect of micro-
wave power density was not significant. Two-term exponential
model could properly describe the microwave-vacuum drying be-
havior of KS, and could be used to predict the moisture change of
the KS in microwave-vacuum drying process based on the temper-
ature controlling under the test conditions.

Keywords: kiwifruit slices; temperature controlled; microwave-

vacuum; drying characteristics; kinetics
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Figure 1  Schematic view of microwave-vacuum system

with auto controlled temperature
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Table 1 Drying experiment design and parameters of kiwifruit slices dried by microwave-vacuum
drying method with controlling temperature
S A 1L/ HAs i/ (LIS S i 1/ HAS R/ T T R/

T kPa (Weg ) T kPa (Weg )

1 50 —85 8 8 60 —90 8

2 55 —85 8 9 60 —95 8

3 60 —85 8 10 60 —85 4

4 65 —85 8 11 60 —85 6

5 70 —85 8 12 60 —85 10

6 60 —70 8 13 60 —85 12

7 60 —80 8
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Table 2 Mathematical models of thin-layer drying
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Figure 2 Effects of setting temperature on the drying

curves of kiwifruit slices

REAZ  ETREEGNBERFBEASTREEHRR

o
n
1

=3
~
T

* min”)

R 3ES
o o
54 o8]

e
—_
T

Drying rate/(g * g

(=]
o

L
0.0 0.2 0.4 0.6 0.8 1.0
KA H

Moisture ratio

VTR R 8 W /g, B 25 B —85 kPa
EHBESHBENR G T RERHZO Y0

Effects of setting temperature on the drying

A3
Figure 3

rate curves of kiwifruit slices

G M A
2.1.2 E= XN MO B T ERAR R il
Pl A T BRI 14 7K 43 B T R B I S K T 52 ¥ R A1
HL B B2 B 38 n, T 05 7 75 e (8] B 2 4 4 . 7 L2
BE4R 9 —70,—80,—85,—90, —95 kPa, BRIEHE A T
B R ]2 508 20,17,12,11,9 min, BB, 72305
B B A5 B3 F P, LA B O SR Ak T R e A ]
SO LS PR R, T e R . HL R BRI RE S A Ak
FAET R W TRIERS ERN T, 58K G2
R B AR, T S BT A M 4 JE . R 5 rl T, R
FEWIREE S 3R Bk A 1 8 5 S I K 43 % S 0 e 2D g
WD BRI R B o B A TR R TR E T, T W
TR B . B2 B L S S T R R
2.1.3  IRLIE ) 2R B XEBRAB B b O B TR R Y
W R 6 AT BRI A A K 43 L R R AR LRk T
2RI K MRG0 R 28 12 min, H EUH [F)
ﬁfﬁﬁj‘l‘ﬁﬂﬁq‘ KA WTEREZES . B 5ok o 2 % 5 X
TR R s R R B e U s T MR R R R e R

(P<C0.05), H It 5 g 76 W B 45 0 0 S 11 L Sl e o) 22 %%
JE R LT U P [ B Rk 3k 30 A I R B A S
1.0
0.8
2 Eos
& &
X Z04
=
0.2
0'00 5 10 15 20
Tt A]
Drying time/min
TR R 8 W/ g FEHlIRE 60 C
A4 AEZTESEBBENAGTRSREZO Y

Figure 4 Effects of vacuum degree on the drying curves

of kiwifruit slices
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Figure 5 Effects of vacuum degree on the drying rate

curves of kiwifruit slices
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Figure 6 Effects of microwave power density on the dr-
ying curves of kiwifruit slices
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Figure 7 Effects of microwave power density on the dr-

ying rate curves of kiwifruit slices
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Table 3 Moisture effective diffusion coefficients of ki-

wifruit slices under various drying conditions

i 5 et L R D./(X1076
75 m? s 1)
1 InM,=—0.144 74t +0.074 571 0.997 1 1.467 98
2 InM,=—0.220 89¢t+0.135 614 0.998 0 2.240 39
3 InM,=—0.343 53t +0.364 231 0.999 1 3.484 19
4 InM,=—0.474 42t +0.472 306 0.999 3 4.811 72
5 InM,=—0.671 93t+0.670 857 0.999 6 6.814 97
6 InM,=—0.195 17t +0.004 35 0.998 0 1.979 50
7 InM,=—0.240 42t +0.013 113 0.998 6 2.438 46
8§ InM,=—0.351 72t+0.054 973 0.994 3 3.567 30
9 InM,=—0.449 75¢:+0.007 74 0.998 4 4.561 50
10 InM,=—0.340 75¢+0.340 282 0.999 1 3.456 05
11 InM,=—0.340 267+0.345 37 0.998 8 3.451 05
12 InM,=—0.341 32¢+0.348 416  0.999 2 3.461 77
13 InM,=—0.342 07¢+0.355 759  0.998 5 3.469 34
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Figure 8 The fitting results between InD. and 1/(T +

273.15) with different setting temperature
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B350 87, 43 35K Y Two-term exponential £ 5 A3 ) 5 |
cvdves f F g FFfFE RECMAE, IFRA K (10D F
KADH AT,

a = 0.077 56 +9.606 00T — 0.003 48D , 12

k = 1.273 60+ 0.001 45T + 0.069 32D ., (13

P (12) fr =L (13) 18 A F| Two-term exponential
RUT7 AR P AS BB B b IR R T O B TR
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M, = aexp(—k Xt)+ (1 —a)exp(—k XaXt) .,
(14

X

a = 0.077 56 +9.606 00T — 0.003 48D ;

k= 1.273 60+ 0.001 45T 4 0.069 32D ,

8 FIEL 9 4323 2k 8 T A TR A T 42 55 7Y i
D55 92 00 A 56 1 445 2R S 0 55 1 0 A 28 7 00 B
BIPLE E R (R >>0.99) . BUA WF 58 & B . £ Bl i K A
Tk Has FHE A F , Page #8 Fll Modified Page #5551 ok
e B il A ARREAL QAT T R Al T AR ek
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2 TR 0 B T kL 25 5 BB b 2K R B o O I
R R ], A0F 5 T A5 20 B A Bk R 1% R R s o A A
i FERE SN Two-term exponential Y
3 g5k

DIBRAERE A ok i 5% % 42, B E Y TR BE A 3 N B
BB TR AL BB B R W 58 A [R] 45 i R L B A
FRIVIC N ) 3 5% 3 S0 HL A MR e M K 43 3T B R B
), SRR A TR A BE . R SPSS 19.0 Bk
Pl g dE 564 F A B 2 T MR A B AT R 4

F 4 Lewis M Page IWBIMSHE R* Ruse T X°
Table 4 Drying model parameters and R?, Rys: and X* for Lewis and Page models
Lewis &1 Page & %I
Iy 5
R? R vise x2 k n R? Rvise X
1 0.132 605 0.995 6 0.035 29 0.040 53 0.157 853 0.988 43 0.999 8 0.003 30 0.003 38
2 0.191 678 0.991 2 0.047 81 0.051 22 0.265 215 0.941 25 0.999 8 0.003 57 0.000 83
3 0.247 237 0.988 0 0.073 93 0.108 82 0.339 202 0.996 19 0.999 9 0.002 90 0.000 56
4 0.310 728 0.979 3 0.103 68 0.134 70 0.471 672 1.009 06 0.999 8 0.003 62 0.000 54
5 0.378 958 0.967 1 0.135 41 0.188 28 0.651 878 1.032 26 0.999 9 0.002 04 0.000 30
6 0.195 896 0.999 7 0.004 64 0.001 37 0.198 555 0.992 69 0.999 7 0.004 51 0.001 38
7 0.236 648 0.999 7 0.004 20 0.001 40 0.238 605 0.995 05 0.999 7 0.004 20 0.001 40
8 0.337 730 0.999 6 0.005 59 0.002 68 0.345 674 0.982 30 0.999 7 0.004 97 0.003 31
9 0.446 800 0.999 7 0.005 90 0.001 17 0.431 331 1.034 09 0.999 8 0.003 75 0.000 89
10 0.343 202 0.999 6 0.006 31 0.001 09 0.357 823 0.967 95 0.999 7 0.004 29 0.001 24
11 0.340 364 0.999 7 0.005 08 0.000 99 0.348 206 0.982 53 0.999 7 0.004 42 0.001 04
12 0.340 140 0.999 5 0.006 63 0.000 75 0.352 502 0.972 81 0.999 6 0.005 36 0.001 35
13 0.337 193 0.999 6 0.007 43 0.001 42 0.342 823 0.987 45 0.999 4 0.007 21 0.001 84
#& 5 Hendeson and Pabis #1 Logaritlunic #E S # K% R? Rys: M X2
Table 5 Drying model parameters and R?, Rys: and X* for Hendeson &. Pabis and Logaritlunic models
iR Hendeson and Pabis Logaritlunic
K5 a k R? Ruuse x a k ¢ R? Rouse x
1 0.998 597 0.153 88 0.999 8 0.003 69  0.004 91 0.995 681 0.157 53 0.007 02 0.999 9 0.002 02 0.000 91
2 0.981 052 0.236 04 0.999 3 0.007 54  0.004 26  0.976 423 0.243 92 0.009 69 0.999 5 0.006 10 0.001 32
3 0.998 438 0.337 00  0.999 9 0.002 91 0.000 49  0.999 309  0.335 50 —0.001 43 0.999 9 0.002 84 0.000 36
4 1.001 529 0.476 51 0.999 8 0.003 78  0.000 47  1.001 615  0.476 34 —0.000 12 0.999 8 0.003 78 0.000 47
5 1.002 747 0.667 56 0.999 8 0.004 21 0.000 30  1.006 059  0.659 61 —0.004 12 0.999 8 0.003 78 0.000 54
6 0.992 582 0.194 44  0.999 7 0.004 09 0.001 32 0.993 015  0.193 91 —0.000 86 0.999 7 0.004 08 0.001 31
7 0.993 483 0.235 12 0.999 8 0.003 79 0.001 34 0.995 488  0.232 32 —0.003 77 0.999 8 0.003 44 0.000 98
8 0.992 520 0.33526  0.999 7 0.00504 0.002 72 0.992 930  0.334 54 —0.000 68 0.999 7 0.005 03 0.002 50
9 1.004 684 0.448 75  0.999 6  0.005 67 0.001 04 1.008 535  0.441 44 —0.005 52 0.999 7 0.005 11 0.001 85
10 0.992 654 0.340 73 0.999 8  0.005 85 0.000 90  0.990 723  0.344 26 0.003 24 0.999 6 0.005 68 0.001 26
11 0.996 795 0.339 29 0.999 7 0.004 98 0.000 94  0.995 428  0.341 74 0.002 28 0.999 7 0.004 87 0.001 16
12 0.991 638 0.337 36 0.999 5 0.006 07  0.000 68 0.991 393  0.337 79 0.000 40 0.999 5 0.006 06 0.000 73
13 0.994 596 0.335 42 0.999 3 0.007 23 0.001 49  0.996 007  0.333 01 —0.002 32 0.999 4 0.007 16 0.001 28
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% 6 Two-term exponential #1 Wang and singh B S KH R* Ry X*
Table 6 Drying model parameters and R?, Rys: and X? for Two-term exponential and Wang & singh models
Two-term exponential Wang and singh
R ass
a k R? R mise a b R? Rwmse e
1 0.701 760  0.172 24 0.999 9 0.002 67 0.001 82 0.002 557 0 —0.101 50 0.972 6 0.058 74 0.576 94
2 0.049 404  4.629 91 0.999 9 0.002 80 0.001 57 0.005 839 2 —0.154 00 0.966 9 0.066 78  0.548 42
3 0.006 034  5.604 09 0.999 9 0.002 78 0.000 56 0.012 242 1 —0.222 30 0.975 6 0.056 56  0.267 99
4 1.226 580  0.496 89 0.999 8 0.003 70 0.000 55 0.025 880 9 —0.321 55 0.980 1 0.050 79 0.132 77
5 1.369 448  0.737 44 0.999 9 0.002 39 0.000 39 0.046 980 2 —0.436 64  0.979 9  0.052 40  0.167 77
6 0.812 913  0.203 92 0.999 7 0.004 60 0.001 37 0.004 379 6 —0.132 21 0.978 6 0.053 39  0.305 18
7 1.120 568  0.239 81 0.999 8 0.004 26 0.001 12 0.006 140 9 —0.157 18 0.977 6 0.055 11 0.320 89
8 0.737 437  0.367 32 0.999 6 0.005 31 0.003 54 0.012 178 4 —0.221 66 0.973 3 0.059 45  0.279 24
9 1.392 188  0.500 37 0.999 8 0.003 62 0.001 11 0.021 517 7 —0.295 13 0.979 8 0.051 74 0.215 43
10 0.662 163 0.397 95 0.999 6 0.005 21 0.001 70 0.012 386 4 —0.223 77 0.971 9 0.060 90 0.292 74
11 0.714 903 0.376 47 0.999 7 0.004 58 0.001 31 0.012 317 2 —0.223 02 0.972 9 0.059 29  0.277 96
12 0.716 038  0.375 91 0.999 5 0.006 27 0.001 26 0.012 3029 —0.222 91 0.974 1 0.059 02 0.276 91
13 0.866 680  0.343 87 0.999 3 0.007 43 0.001 48 0.012 228 2 —0.222 15 0.975 9 0.056 76 0.261 56
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