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R SRR ] ) PR TR (50.,60,70,80°C ) | B MR HE
LLAMTE RIS (10,15 .20.25 em) , 7E—E MR
22 1 ¥ 5] AR [ i B AR R (1.0, 1.5,
2.0.2.5 kg m™) Z&AF X RAFIEA T8, AR S min I
FE— YRR i e AR A, AR A it o 0 B e i 1)1
SOk, HE WK & R 22% DL 5 1R
5, AR E R 3 K, BCFHIME,
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b, Me: Ykl ¢ I 20X BT EE, g5 Ms « 280 44
YIEH BT i g,
THER(g - ¢ - min™') =A x At (2)
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YIS ) B[] 1] B
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WIGTHIEH] T 8 AN I T 1 Bl ) 22 B s Al
(£ 1), FAKXITE Y RIK S (material moisture
ratio, MR) .

MR = - (3)

Mo - Mre
Ao, MR T 20 T 5K M RS Y
VAT RS K M R IR AR KR

®1 TREZSTHEFER
Table 1 Mathematical models for drying kinetics

5 No. AL Model FK3 Representation

1 Lewis MR=exp(~ki)

2 Page MR=exp(-ki")

3 Modified Page MR=exp[ —(ki)"]

4 Henderson and Pabis MR =axexp(~kt)

5 Wang and Singh MR=1+at + bi®

6 Two-term MR=axexp(—k,t)+ bxexp(—k,t)

7 Midilli MR=axexp(—ki")+ bt

8 Simplified Fick's diffusion MR=axexp[ —c(1/L*)]

5075 B 1 Bl 12 H] Levenberg-Marquart 575
HEATRAG BUE 434, F TR R gl (X)) HRE R AL
(R*) Y HR1%2 (root mean square error, RMSE) Fli%
2277 Fl(error sum of squares ,SSE )4 AR AR
AL R {H#K , RMSE \X* | SSE {E /], S
PG TGS, FBRARSM ST X° \RMSE (SSE
z ?/:1 (MRexp,i - MR,W,L')2

X = N-n (4)
Z \’_1 (MRexp,i - MR[)re,i)z

RMSE = - N (5)

SSE=3," (MR, - MR, ) (6)

Ko MR, S KA MR, R
7k§}tt;N:iﬁg/ﬁ\iﬂ?§§&;n: TR e 2B
L6 KOBHT HABAITE
PHOTRE R A Y HUE I AR AR
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TR B R TR LB AN 4y CRAR B8R § L
FEHl AR, B YR 5] B[Rl I8 o TE RN
(R ShBE 1 o3 A 345) AR S o e AR T AE
% =D 027M (7)
ot < ox?
TCRRAAFAl (R 200K IR HRRE I3 I3 AT 150 |
Jo e % 38 OG- Hhu Lo R A i 3R T I B 1 RE B 1R] 5
Bl T4 s B P AR, L A FER T 5
t=0,-L <x <LX=X,
oX
t>0,x=0,--=0 (8)
t>0,x=xL, X=X,
AT 73 2007 2 (8) A ZE A -

M-M, 8§ = 1
MR = =72 72)<
M() _Me T n=0 (Zn + 1)
- (2n + 1)@ Dt
exp =] (9)

417

K (9) M TR B 7, BN 8o #,
TR LS A%, HoRJo o5 i, SEhrxfE LA .
TR ] R K MR<0. 6, =X (9) A4k &7 55—
IﬁUéJ ,Eﬂ

 M-M, 3 - Dt

MR = M, = M, = ;exp[ e ] (10)

= (10) PO O 7 46R

8 Dyl

InMR =1n — - 5 (11)

T 47,
(1) AT, K43 LE Y B AR XA In0 5 4%
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Fig.1 Effect of drying temperature on infrared radiation hot air coupled drying characteristics of Acetes chinensis
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Fig.2 Effect of material loading on infrared radiation hot air coupled drying characteristics of Acetes chinensis
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Fig.3 Effect of radiation distance on infrared radiation hot air coupled drying characteristics of Acetes chinensis
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Table 2 Statistical results of drying models of Acetes chinensis at different drying drying temperature

P48 B2

Frs Drying REAIFR K . g ZB i%f;ﬁ??ﬂﬂ RTKIME  HITHRiR2E
No. temperature/C. Model representation R? SSE X2 RMSE
1 50 MR=exp(-0.027 698¢) 0.999 51 0.001 474  0.004 708 0. 008 377
60 MR =exp(-0.033 6841) 0.996 59 0.007 963  0.022 972  0.023 040
70 MR=exp(—0.054 715¢) 0.998 33 0.002 884  0.006 569  0.016 983
80 MR =exp(—0.072 302¢) 0.994 76 0.007 188  0.017 409 0. 029 975
2 50 MR=exp(—0.023 31646 11) 0.999 79 0.000 359  0.000 678  0.004 132
60 MR=exp(—0.0 207 948113808 ) 0.998 97 0.001 378 0.002 746  0.009 586
70 MR=exp(=0.0 390 330:" "1 0.999 97 0.000 053  0.000 083 0. 002 307
80 MR=exp(-0.0 405 073:"2082) 0.999 81 0.000 157  0.000 495  0.004 431
3 50 MR=exp(=0.0 276 984) 0.999 51 0.001 474  0.004 708 0. 008 377
60 MR =exp(—0.0 336 8411) 0.996 59 0.007 963  0.022 972  0.023 040
70 MR=exp(-0.0 547 1531) 0.998 33 0.002 884  0.006 569  0.016 983
80 MR=exp(-0.0 723 028:) 0.994 76 0.007 188  0.017 409 0. 029 975
4 50 MR=1.011 1lexp(-0.0280 169¢) 0.999 37 0.001 191  0.003 487  0.007 53
60 MR=1. 028 79exp(-0. 0 347 007¢) 0.995 60 0.006 328 0.017 488 0. 020 539
70 MR=1.021 83exp(-0.0 559 359) 0.997 87 0.002 183  0.004 614  0.014 776
80 MR=1.031 40exp(—0.0 744 923¢) 0.993 67 0.005904 0.013 518  0.027 166
5 50 MR=1+0. 021 380z + 0. 000 123:> 0.99562 0.011 139  0.029 842 0. 023 031
60 MR =1+0. 026 309¢ + 0. 000 188> 0.999 32 0.001 301  0.002 763  0.009 312
70 MR=1+0. 042 990z + 0. 000 505:> 0.998 76 0.001 356  0.004 352 0.011 644
80 MR=1+-0.055 491t + 0. 000 820> 0.999 71 0.000 235  0.001 223  0.005 416
6 50 MR=25.705 95exp( —0. 037 20¢) + 26. 701 683exp(— 0. 03 6761) 0.999 91 0.000 141  0.000 319  0.002 591
60 MR =78. 889 22exp(—0. 018 29¢) +79. 891 157exp(— 0. 018 439¢) 0.999 69 0.000396 0.001 65  0.005 135
70 MR=1.751 911 3exp( 0. 070 48¢) +0. 752 308exp( - 0. 105 777t) 0.999 98 0.000 017  0.000 062  0.001 308
80 MR=53. 897 60exp(—0. 123 68¢) +54. 896 732exp( — 0. 122 2511) 0.999 86 0.000 113 0.000 431 0. 003 753
7 50 MR=0.996 154 3exp(—0. 023 897" 714) -0, 000 104¢ 0.999 87 0.000215 0.000 719  0.003 202
60 MR =0. 994 847 9exp(—0. 023 851:97314) ~0, 000 6261 0.999 66 0.000 428  0.001 252 0.005 339
70 MR=0.998 827 4exp(—0. 039 174:1%%7) -6, 012E-5¢ 0.999 95 0.000 048  0.000 106  0.002 194
80 MR=0.998 331 4exp( 0. 039 845;-210383) 15 307E-5E-5¢ 0.999 81 0.000 153  0.000 425  0.004 379
8 50 MR=1.011 107 Oexp[ —6. 304E-6(1/1.%) ] 0.999 37 0.001 191  0.003 487  0.007 53
60 MR=1.028 791 4exp[ —7. 808E-6(1/1.2) ] 0.9956  0.006328 0.017 488 0. 020 539
70 MR=1.021 834 6exp[ —1. 259E-5(1/L.%) ] 0.997 87 0.002 183  0.004 614  0.014 776
80 MR=1.031 397 Oexp[ —1. 676E-5(1/L.%) ] 0.993 67 0.005904 0.013 518  0.027 166
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Fig.4 Diagram of the relationship between the natural
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Fig.6 Water distribution of Acetes chinensis

under different wet base moisture
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i st R B RD 248 HB T B BEAZ 78 S i 37 1
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S5 7K AR 1 5t TR ) 7 T 48R 00 2 R P A AR A A
G Wt B 7K W A 1) i 74 B ) A T J sk R b S N S 3
K5 E K AR ) o B B ()R T R AR /N, R AR
T 5t TR ) (] DAAROUR b 156 B, A Tt BT
EREE SRR | FBOUK R R RS
2.7 FEWLOIMNARGEE TEREEDR MRI K

FRYEAS AL E 1 HBE T 3R AR (R [6], MRI I
PAFMRIIRG S RIE SR FE SR —EIE R,
T H AR R Y DX, R T R,
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Table 3 Changes of transverse relaxation time and peak area of water states in Acetes chinensis during drying process

BIMAN K> B KA

Total moisture content of Acetes chinensis/ % Aqueous phase

i S TR ] U T AR

Transverse relaxation time/ms

Peak integral area

22 A K
BE K
VNN koY
EJEERIN
42 SRE K
SEEK
KRG sk
EREEPIN
62 IREEEIK
B
Ao sk
EREVIN
82 A A K
ESEEREwIN
VN RITRC1VS
EREVIN

0.43a 10 987+203a
4.64+0.21a 521.1+45. la
/ /
/ /
0.43a 3 221.2+£156. 26b
6.13+0.92a 16 395+203b
24.77+4.21a 2295.3+23. 1a
/ /
0.43a 2 130. 3+47. 4¢
2.66+1.93a 1 837.2+97. 4¢
18.74+6.21a 609. 37+39. 12b
100+50. 23a 29 482+562a
0.43a 1 096. 5£56. 1d
3.51+0. 56a 1224.9+59.3d
37.65+13. 12a 30 633+421¢

174.75+34. 12a

2 021.9+112.3b

W/ FaRERK . ANFR/NE FRRR 2 5 B3 (P<0.05),

Note: */’ indicates not detected. Different lowercase indicate significant difference at 0. 05 level.

3 e

AT 45 TR B | 0 T 0 B MR T R R Y 5
Ma SR, A Tl B i ey, B MR A TR R e, TR
AR BE N HE K o3 5 i AR A TR, 4 B[] T b R
BRI R A R B B, 10 W AE 2L A B KRS
A TR R P BAF N FROK T HOE E R R, KT
B0 BARAY TR R T OB VE T, X 5 8 B L
SRS BRI U R v 0 S D 4T A T R 2 SR
Lo TR TR B S WepRL T # Hh N K it
P A R E B A , HARBOR W] A Bk 7047 TR
TR BORE N BAR NS K T IR 30 S
B Ko WA RS e IR, 2R o3
T EE B et Panagiotou SR N R B
JERTRLK S A R R BB R 107 ~ 107 m? 57!
Niamnuy 420200 Celma 25127 3 FHEL AP T B 43 ) b 31+
SRR E,H D A 5R 5. 18~14.29%107 m®«s™
(TR R 100~ 160°C) \5. 14 ~18.50x 107 m®+s™'

(TSR 50 ~150°C) . FEAHRIR T, AWF5E
BIRLLAMANXE S T4 D, fE /N T LR FREL Y
D E, 3X A fE 2 R 0 B MR AR 1 R 0 5 2 A v
PRI FBOK 0 BT B SR AR X 4018, Celma 1Y
B Midilli 45U XM K 2 20 A0 Tt B 4
KRB AT 5 TR BT v e 20 A T 1 A 2 i
B, Page MEAUULA PRG0S 5 BTRAE " ool £ 10 4 7 9 B
[ B A, 75 B3 5 6 £ AKX TR A A AL R Page
FRAY (5 — B B T4 ) A1 Two-term FE Y (55 — B B T
1) o ARBFIRGE R R | Two-term A5 7Y Xt T #F 4 ik
P ERE RS, a0 PG RE, A 110~
120 kJ - mol ™ %5 21 4+ 4 A & 19 E, A 19.27
kJ-mol ™ PV s AR AR B R A7 Ak 22T A
TRRET B S R4 3.5, 7 mm B 4
2 S T 8 E, 4 5 h 39.06, 38. 11, 35.74
kJ-mol ™ I E T UL Wi REfLBE S A SR TR
KPR EER A OC, HFoE R0, YR TR
RSB K e A o B R/NE A BB, B K
M)A HEER RN 5 Bk, AN S sk A KT A



562 oAk

33 %

S ¢

RIEE

HEE

TE: A B C XL 14 B A P 2
IKAF SRS N 82% (62% 42%
Note: The moisture content of the wet base in the
shrimps corresponding to A, B and C is 82%,
62% and 42% , respectively.
E7 FHRIBEPHEETH_4EHRFEERK
Fig.7 Two dimensional H proton density images of

Acetes chinensis during drying process

17K, 8E R o B K B BR R AT fh 2218 Bk
BRE L AT R W], B AR S A K AE TR
PR R R H B ale g Bh AE Y R T I T R AR
HE IS 4 K R R AR — B, BN A 25 5 K AR A
A RS AN By 3L B K e Ak i ok 114 3%kt A BV i R
TR R T R BRI

4 it

Hh [ BAFLLAMA GRS TR R, TR R
SO A A B 0] T MR R R A O e, T
JER L E N TR HR S M A R, B MRS A TR AR
PFRIREE 60°C YR 1.5 kg-m > ISR SFFE 5 15

em, BIAMYGia T IR 2 M B/ — 3 ik ( Levenberg-
Marquart 572 ) , 7638055 ¥ Fl N, Two-term #5278 X 6 AF
TR B RO S AF , R? ¥R T 0.999 6, AT LLH]
SRTTMAE 50 ~80°C P H [ B MR 7K 43 Lo Bl e i a1 (1% A8
o BERLLAMAREE G T8 3228 i e 3 Be s il 78
TR R N K 3 A 80 PR BB A T AR 0 B 1) v T
R, ARG IR 1 e ST U B AR W] LA A
BIFLLAME S T AR b K o3 RS S A . T
PR AR BT BT 5K 45 A Ok B %, A KR
NG SR B W R e RAEE 6K, HE Gk &
AP BTt

B2k

[ 1] ®7#, Escer, fuiig, o ESERELorRI[)]. B R,
2013, 38(11): 142-145, 152

[2] 3kiR, EME 8, EREL R AR B
FUHsEm[ 1], BAe2E4, 2016, 30(12) ; 2363-2372

[ 3] Nozad M, Khojastehpour M, Tabasizadeh M, Azizi M, Ashtiani S
M, Salarikia A. Characterization of hot-air drying and infrared drying
of spearmint ( Mentha spicata 1.) leaves [ J]. Journal of Food
Measurement and Characterization, 2016, 10(3) : 466-473

[ 4] Motevali A, Minaei S, Khoshtaghaza M H, Amirejat H.Comparison of
energy consumption and specific energy requirements of different
methods for drying mushroom slices [ J]. Energy, 2011, 36(11):
6433-6441

[ 5] Abano E E. #UXUT, BLAS BT SR AN ZL AT X0 26 550
SRR R D). BUL. LI, 2013

[ 6] DoymazI, Karasu S, Baslar M. Effects of infrared heating on drying
kinetics, antioxidant activity, phenolic content, and color of jujube
fruit[ J]. Journal of Food Measurement and Characterization, 2016,
10(2) : 283-291

[7] DengY, LiuY, Qian B, SuS, Wu J, Song X, Yang H. Impact of
far-infrared radiation-assisted heat pump drying on chemical
compositions and physical properties of squid ( filex illecebrosus )
fillets[ J ]. European Food Research and Technology, 2011, 232
(5): 761-768

[ 8] Eniu, KRB AR TR 5L K — 2 A 5T B 5 W B AT 5
(1], Bl il 2, 2013(4) : 1274-1280

[ 9] Cherono K, Mwithiga G, Schmidt S. Infrared drying as a potential
alternative to convective drying for biltong production [ J]. Italian
Journal of Food Safety, 2016, 5(3) :140-145

[10] skglige, S, SR, 55, XK FETRREIR BURBR 1Y
TEVIIR A TCHHEI [ 1] . A0l TR, 2012, 28(8) : 181-185

[11]  skegm, BRER, BAAE, tRII, thdtlE, ZE0 IR
ST ML TR R AR K SBR[ T Rl TR 3R,
2012, 28(22) . 282-287

[12] BR4REE, HfhdE, R, MW, 330 RRE SIS ZE AR
AFEE KRS R )] P ERIERE, 2016, 49(1)
163-175



3 T [ B AR LLA A G T ie 1 e 3l 7 2 A LR Y 563
[13] Z=4R, Zefk, sk, Ihatl, #o%E, WG, £&H. FIH blueberries dried with infrared radiation heating [ J]. LWT-Food
IR SR AN 5 LG ET A 2 B A K e B Lk o B Science and Technology, 2008, 41(10); 1962-1972
BJ]. AR SRHL, 2013, 29(11) ; 2777-2781 [24] Hebbar H U, Vishwanathan K H, Ramesh M N. Development of
[14] A NRICHEEZK DAEMRAEEZR 5 4. GB 5009.3-2016 combined infrared and hot air dryer for vegetables[ J]. Journal of
A E AR R PRI E [ ST b o AR H R Food Engineering, 2004, 65(4) :557-563
#t,2016 [25] Panagiotou N M, Krokida M K, Maroulis Z B, Sararacos G D.
[15] Lewis W K. The rate of drying of solid materials[ J]. Industrial & Moisture diffusivity ; literature data compilation for foodstuffs [ J].
Engineering Chemistry, 1921, 13(5) ; 427-432 International Journal of Food Properties, 2004, 7(2) . 273-299
[16] Esmaiili M, Sotudeh-Gharebagh R, Cronin K, Mae M, Rezazadeh [26] Niamnuy C, Nachaisin M, Poomsa-ad N, Devahastin S. Kinetic
G. Grape drying: a review[ J]. Food Reviews International, 2007, modelling of drying and conversion/degradation of isoflavones during
23(3): 257-280 infrared drying of soybean[ J]. Food Chemistry, 2012, 133(3).
[17] Lertworasirikul S. Drying kinetics of semi-finished cassava crackers 946-952
a comparative study[ J]. LWT-Food Science and Technology, 2008, [27] Celma A R, Cuadros F, Lépez-Rodriguez F. Characterization of
41(8): 1360-1371 industrial tomato by-products from infrared drying process[ J]. Food
(18] TJrEfg, B, LHE, ROUW, SEEMS, BioRil, PRk, 2t and Bioproducts Processing, 2009, 87(4) ; 282-291
F Weibull 7345 PRELAY DA T #Z BT HEAFELT ] Rk T [28] Celma A R, Rojas S, Lopez-Rodriguez F. Mathematical modelling of
¥, 2016(17) ; 252-258 thin-layer infrared drying of wet olive husk [ J ]. Chemical
[19] Tiff, INGAE, W), w5, INKEL, 2245, fffn T 15 Engineering and Processing: Process Intensification, 2008, 47(9) .
B2 R TS ARECE R[] A TR, 2012, 33(3) 1810-1818
72-76 [29] FubE. Fasrh AR/ TS TRUSE[ D], 8. 1T
[20]  ECAFT. WO MASA TEE R W R8RS B[ D]. MK, 2014
db5t. EL K, 2015 [30] Sadin R, Chegini G R, Sadin H. The effect of temperature and slice
[21] Botsds, ARmibH, S8k LR AR E & W A Wik R iy thickness on drying kinetics tomato in the infrared dryer [ J]. Heat
REFH[ M. AERT ;o ER Tk ARA:, 2009 90-94 and Mass Transfer, 2014, 50(4) : 501-507 29
[22] WG HR, Y4, BT, XWHE, S, B2 Bk A [31] Celma A R, Cuadros F, Lépez-Rodriguez F. Characterization of
FELLAN T 1A PE K sh 2RI ) ], &R, 2014, 30 industrial tomato by-products from infrared drying process[ J]. Food
(1): 153-159 and Bioproducts Processing, 2009, 87(4) . 282-291
[23] ShiJ, Pan Z, McHugh T H, Wood D, Hirschberg E, Olson D. [32] AW $%8 MEAR LI TR R - 20N RN 7 B4 T 8

Drying and quality characteristics of fresh and sugar-infused

FRBFE[ D] UL 9K, 2014



Journal of Nuclear Agricultural Sciences

2019,33(3) :0555~0564

564

Drying Characteristics and Kinetics of Acetes chinensis by
Infrared Radiation Hot Air Coupled Drying

ZHANG Jianyou' SONG Xinmiao' CHEN Zhiming' ZHOU Yao' CHEN Shanping’

SUI Chuang® ZHOU Xuxia' DING Yuting"*

(' Ocean College, Zhejiang University of Technology, Hangzhou, Zhejiang 310014;
2 Ruian Huasheng Aquitic Products Factory, Rui'an, Zhejiang 325200;
3 Guangzhou Zhongchen Biyang Ship Technology Co. , Lid. , Guangzhou, Guangdong 511442)

Abstract:In order to study the effects of infrared radiation hot air coupled drying (IRHA) on Acetes chinensis drying
characteristics, low field nuclear magnetic resonance spectroscopy ( NMR) and hydrogen proton imaging ( MRI) were
used to analyze the combination form of dry matters and water, as well the drying characteristics under different drying
temperature, radiation distances and material loads. The results showed that drying temperature had a major impact on
the drying rate of acetes and the drying process entered the slowdown drying stage directly. Mathematical models were
selected to fit the drying process, and the Two-term model (R*>0.999 8) was found to have the highest degree of fit to
the drying process, which could be used to describe and predict the IRHA drying process. Moisture diffusivity is an
important indicator of the internal moisture transfer during the drying process. The Fick’s second law of diffusion was
employed to calculate the value of moisture effective diffusivity coefficient (D,;), which ranged from 4.47x10"° m*-s™" to
1.295%10™ m>-s™" with the temperature of 50 ~80°C. The activation energy determined with Arrhenius equation was
34.24 kJ-mol™" for the drying of acetes by IRHA drying, which was in the reasonable range. The dry matter of acetes
was combined more and more tightly with water during the drying process, and free and non—flowable water gradually
disappeared. At the end of drying, only the combined water existed, and the amount of combined water increased, which
might result from the conversion of the non—flowable water. This explained microscopically the reason for the decrease in
drying rate in the late drying stage from microcosmic level. This research provided theoretical and technical foundation for
IRHA drying of acetes.

Keywords : Acetes chinensis, infrared radiation hot air coupled drying, drying kinetics, activation energy, low field

nuclear magnetic resonance





