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Fig.1  Structure diagram of infrared—assisted spouted

bed dryer
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Table 1 Mathematical models for drying kinetics

55 P A A2
1 Logarithmic MR=a exp(-kt)+c
2 Page MR=exp (k")
3 Lewis MR=exp(-k¢)
4 Two—term exponential MR=a exp(-kt)+(1-a)exp(-kat)
5 Midilli MR=a exp(=ki")+bt
6 Wang and Singh MR=1+at+bt’
7 Verma MR=a exp(-kt)+(1-a)exp(-gt)
8 Henderson and Pabis MR=a exp(-kt)
9 Modified page MR=exp[- (k)"
10 Simplified Fick ‘s diffusion MR=a exp(-ctl?)
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X BE 7RI 760 nm I AR S I IOG B DL
TR AR E T 28 (y=8.26162x+0.00124 , R>=0.9987 )
FEXT BT B RE i P B9 B B & & (Total phenolic
content, TPC) ,TPC A & F R X4 i (Gallic acid
equivalents, GAE) %7~ , L 4 mg GAE/100 g T
T (Dry weight, DW),
1.3.12 G4 E S )™ )5 50 75 50w
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Fig.2 MR curves of Chinese yam in IRSBD

under different process conditions
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Fig.3 Experimental and predicted MR values

of Chinese yam in IRSBD under different process conditions



%24 4% 4 10

ol R TR RN R TR N F HARA B RFRFR 231

%* 2 L% IRSBD sh AR EEIESH
Table 2 Parameters fitted for the dynamic model of IRSBD for Chinese yams

5 2 A RMSE X
1 Logarithmic 0.99696 0.01655 3.92006x10™
2 Page 0.99809 0.01315 2.15697%x10™
3 Lewis 0.99657 0.01761 3.44552x10*
4 Two—term exponential 0.99733 0.01552 3.01715x10™
5 Midilli 0.99989 0.00319 1.69872x107*
6 Wang and Singh 0.95427 0.06427 0.00516
7 Verma 0.99864 0.01105 1.74946x10™
8 Henderson and Pabis 0.99696 0.01655 3.43039x10™
9 Modified page 0.99809 0.01311 2.1553410*
10 Simplified Fick ‘s diffusion 0.99456 0.02216 7.01469%x10™
% 3 1RLZ5 IRSBD 31713 Midilli BB & S 1
Table 3 Parameters fitted for the Midilli model of IRSBD for Chinese yams
FRrLZ R? RMSE X
40 C 0.99989 0.003192538 1.69872x107°
50 C 0.9993 0.00708969 1.67546x10™*
60 C 0.99998 0.001083328 5.86801x10™°
70 C 0.9998 0.00362581 1.31465%x10™
SRTD 0.99957 0.00582837 1.13233%x10™*
SKFTD 0.99781 0.006154161 3.78737x10™

2.3 TiHE#E

FEARR T2 %04 W40 1L 25 IRSBD BEFE 4n
Kl 4 s, T2ZMXT 1L 25 IRSBD REAEAT i &
2 (P<0.05) , fEFEIR TH AT, TR e FE 22
32 T WIS TR 52 0, TR TR B R, TR [
B, T ERREAERRAL . 70 “CHE I T BT 120 min, fig
FE A, 4 3.15 kW +h, 5 40,50,60 °C1 4 A L,
T4 B 18] 43 Bk > T 55.55% ,33.33% ,20% , T4
AEFE 2> WA 15.78% ,10%,7.89% . SRTD fiEFEIL
KT 70 °C, M SFTD REFESR = o 2K H SRTD 544 i
) FEL IR T AR R B T AR TR e AR, 9l AR 77
THLA
2.4 FRHMSMEES,

LLAMBE BN IR TR s 3l R e 5 | A LU 7
T ah R v o Sl A TR R A, T
P TR SRR Sk T 14 IRSBD #4471 | Fifi L
PRI R 2 15 10 Br M Ll 24 4 5 ) e F0OR B 4% 4
BOAE I TR 0 A R LR 4, BRI A
PR 5, IRSBD B A7 14 414 i (19 31 B2 RSD {H 1

Ho

#E
Energy consumption/(kW-h)

0 1 1 1 1 1 1
40°C 50°C 60°C 70°C SRTD SFTD

TR

Drying condition
HE AR B 22 5 5 (P<0.05),
B4 FREIEEH4T IRSBD Fiek

Fig4 Energy consumption of IRSBD

under different process conditions

BN 5 2R T K g 2y B RS/ e AR Ve R T
FE 1 25 AR e IRSBD T A7 4 4L A 5 ) L
RSD {H ¥ 00 A%, 3% 80 i 00 4f 0 1 J 38 &) P 124,
SRTD # i 41 # RSD {H 5 /N, AUH 1.2% , 75 I 5%
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PR, TR i A 2R TR BE 43 A5 34 5) . SRTD
S5 i T A E EL A A Y I B Y S0P O SFTD 1
RSD fEi K, REHSI R, X F 9% R85
P ,40 CHE il 4110 4 40 232 15 51 Pk B g, 70 CH 0%
BE b A 4 R 5 e 22, k& SRTD Al

SFTD., B B A% 1 e b I 1 4 5 A ) 1 el
AE [W¥511: 0 SRTD 9 AE ¥4 PEdchy, HRO®
SFTD, N[F TRSBD T 2045 % 1+ 4 34 &) M 7= A= 5
Wi, 254 Lh A, SRTD A Fl T 11 245 TRSBD Y471
271,

®4 7FFIRSBD IZH£HETTFHRESNLGHIBE BWAEER AEHESEST
Table 4 Analysis of temperature, shrinkage ratio, and AE uniformity of dried Chinese yams under different IRSBD

process conditions at the drying endpoint

FrLZ 40 C 50 C 60 C 70 °C SRTD SKFTD

# & RSD/% 1.99 1.36 1.49 1.63 1.20 2.17
4 45 & RSD/% 2.82 5.09 4.58 6.02 5.33 5.17
AE RSD/% 16.45 27.23 20.33 16.14 15.19 15.30

25 mEHH
251 BBEEMEAFE ZHELZrhEEY
PLEAL A WIS E B>, 22 5 O IRSBD AN [a] 144
TEEKFETIZ N EE&& S5HE L2 H
B 5 M L 25 TPC B B B AL (P<0.05) , itk 24
17.88% . Z W Rk itk AEOPEY) BT, 70 2 i
TR — 50 2 W 2 T R A, A — AR
S, SR IRSBD X 78111 245 TPC #1952 1 5 i
3 (P<0.05) , & B T 1 1 I 5 0 T AR I ] 2
el R e A I =T = 0 e S R (o A N A S
SRTD 4b 38 () 4 111 25 Bt TPC £ 5 (85.25 mg GAE/
100 ¢ DW),40 “C£H .50 “C4L 1 SFTD £ i TPC %
A B E 25 (P>0.05) , 28 H TPC 4/ /8 ¥ & F
60 CZH 70 CALTHEFE A

AL TR SEMR I 2 TR 2 5 By PR Ll 25 8 LA
BT B o (E A b7 B AR (P<0.05) .

EEZANAT DA 3 (508, T H o] DA I 25 B 5
A 1 Z 1 AR 43 G 0% | IR TRSBD i 7% v il
TR X AR, SIEZE I 2L,
IRSBD AL 10 L7 o™ A1 b (HE A T, +
PR R L 25K 5y | BEAR S B i L 7 b 3
VEM Y LT R R 2B TR R AR 1A A i
BN AE TR TR TR AN RS Y LT (R B T AR I
FrE TS, HAE 70 CH &4 T B R
FE b AR 050 CH R L 25 B A e
W) L {EA 6" A TRSBD I J3 8 w5y, g isf i) i 4
P LU 25 B e i i 2 ) ot 32 28 AR AU T kA AR
A A5 Sz s [ 3900 e, T A 1 2 38 o S
T L SR, T 1L 2 e Y e T O i 4 AR
A it i A2 T [l 4 F 09 45 51t 26 T 1,60 °C4H .70
CH1 . SRTD #1 SFTD T4 54 F W1l 25 B g 3k 15
LZg SN CRE N

®5 ARIZEHTIRSBD FILAKEBEEMEESH

Table 5 Total phenolic content and color parameters of Chinese yams in IRSBD under different process conditions

S B4 F/ (m
& 8

& F R H

GAE/100 g DW) L a b AE

ER S 214.33 +3.56" 80.93 + 0.03¢ -1.69 £ 0.03° 10.05 + 0.04 —
ER 176.00 + 5.33" 81.78 +0.15° -2.25+0.15" 7.6 £0.23° 1.23 £ 0.65*
40 C 78.49 + 3.56* 92.96 = 0.27° -0.78 £ 0.01° 7.95 £ 0.28° 12.07 £ 0.26°
50 C 79.14 + 2.02 94.52 +0.19 -0.43 £ 0.02° 8.93+0.13" 13.68 +0.19"
60 C 62.73 +2.68' 95.24 + 0.26* -0.91 + 0.09+ 8.64 +0.34" 14.36 + 0.26°
70 C 67.01 £ 3.00" 95.48 £ 0.17° -0.6 £ 0.09 8.95 £0.29 14.63 = 0.15°
SRTD 85.25 +7.41° 95.15 £0.15* -1£0.09° 8.64 £0.12" 14.26 £ 0.15"
SFTD 74.35 +2.09* 95.29 + 0.06* -0.79 + 0.06° 8.93+0.32" 14.43 = 0.06

TE A RA bR 5 R R 22 5 W 2 (P<0.05) , R 1A,
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Bt 25 LB 5 AE A5/, {2 IRSBD Xt

EEZ 250 AE {H M 8% (P<0.05) , 7E 1 iR T4
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>SFTD>50 °C, A, 111245 He i 52 7K i R 5 4 4 %
B G FR 3 5 L 2 e i) FLAE R/INVRTER H A e
M2 5 A, A3 K-y, 40 °C SFTD #1 60
CT MM RR K m , HIKE SRTD 1 70 <C
THRARE S50 CT AR RR (E AR, 3 5 50
CTEEFE T RR B I 1 J5E DR AT B 2 A 3 1) 4%
A N BB LH GG R e AR R B AR | At i L 45
P IR, T S BUR K RE A 2%

2 6y IRSBD A~ Rl B2 2% 44 04 1l 24 7 ot
P R AN 8 45 2, fi R PTJ0 TIRSBD A4 it 114 Bt
R E R S R G & U A O E S
P T IL 25 RE Y SRTD 5 119 T J32 1 4% 6
A, 0 SFTD oA FE 406 40 % e iy, e H T T
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Fig.5 Rehydration curve of Chinese yams in IRSBD

under different process conditions

PRAAETT , TR B 45 WA B 22 5 (P>
0.05),60 CH1 70 °C e & 10 B 3 22w A% T 40
CAHN 50 CHYFESL  H 7 W 1) Hicie SR AE AR e
GERKE AT EAE S TC B E 225 (P>0.05) ;
M 28— S AR RIE RS G R, B BLAR
TR O M R A R R T R R O T
BAK,

®6 AEIZE£MET IRSBD WL 2B Bt 45 M 0 4 45

Table 6 Texture properties and shrinkage ratio of Chinese yams in IRSBD under different process conditions

. JR A 4

o Kk 445 1%

&K AN % — 1% 69 4 3/ (N/mm) R SRS 2
40 C 2.04 + 0.06 75.87 £2.14" 44.08 £ 4.10" 26.66 + 2.95° 3.33 +2.08
50 C 1.55 £ 0.06" 76.25 + 3.88* 51.09 £ 11.32* 27.91 = 4.45" 5.00 £ 1.00°
60 C 1.96 £ 0.12% 75.68 + 3.47* 37.54 £ 7.17" 28.00 + 13.23" 3.67+1.15°
70 C 1.84 +0.04° 74.61 £ 4.49" 34.78 £ 9.32 25.97 + 15.74¢ 7.00 + 4.36
SRTD 1.91 £ 0.04 74.30 £ 3.96" 24.94 + 6.05° 45.53 £2.45® 7.33 +0.58*
SFTD 2.03% 78.76 £ 4.07° 61.18 £ 11.96° 50.93 +4.79° 4.67 +1.53°
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Fig.6 Microstructure of Chinese yams dried by IRSBD under different process conditions
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Studies on Drying Kinetics, Uniformity and Quality Characteristics of Chinese Yam
Dried by Infrared—Assisted Spouted Bed at Constant and Variable Temperature

Pan Hong', Li Linlin'?, Ren Guangyue'?, Duan Xu'*
(‘College of Food and Biological Engineering, Henan University of Science and Technology, Luoyang 471023, Henan
’Henan Engineering Technology Research Center for Drying Technology and Equipment of Agricultural Products,
Luoyang 471023, Henan)

Abstract In this study, infrared—assisted spouted bed drying (IRSBD) of Chinese yam was carried out using constant
temperature drying (40, 50, 60 C and 70 °C) and variable temperature drying (staged rising temperature and staged
falling temperature) processes to investigate the effects on drying kinetics, uniformity, and quality properties (texture,
rehydration, total phenolic content, microstructure, and shrinkage). The mathematical modeling results of the Chinese
yam IRSBD drying curve showed that the Midilli model had the best fit, with the maximum R? value (0.99989) and the
minimum RMSE and x? values (0.00319 and 1.69872x107, respectively), indicating that it was most suitable for de-
scribing the IRSBD kinetics of Chinese yam. In the comparative analysis of different drying processes, it was found that
increasing the drying temperature under constant—temperature drying conditions was beneficial for shortening the drying
time and reducing energy consumption. Staged rising temperature drying had energy consumption only slightly higher than
that of constant—temperature drying at 70 °C, but it exhibited the best drying uniformity, the highest total phenolic con-
tent [(85.25£7.41) mg GAE/100 g DW], and the lowest shrinkage and hardness [(74.3£3.96)% and (24.95+7.41) N], re-
spectively, as well as a desirable color. The staged falling drying process produced samples with higher equilibrium rehy-
dration ratio and crispness, but it did not show significant advantages over the staged rising temperature process in terms
of drying time, energy consumption, uniformity, hardness, shrinkage ratio, and total phenolic content. Therefore, it can
be concluded that staged rising temperature drying is a more ideal drying process for Chinese yam using IRSBD. This
study provides data reference and theoretical support for the application of IRSBD technology in agricultural product pro-
cessing and industrial production.

Keywords Chinese yams; infrared—assisted spouted bed drying; variable temperature; drying quality; drying uniformity



