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Pabis 251, HARRIERE | s,
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Table I Common drying kinetic model
1 2 FK Model name 1 7572 Model equation
Lewis MR=exp(-k?)
Page MR=exp(-kt")
Modified Page MR=exp[-(kt)"]

Henderson and Pabis MR=a exp(-kt)
W MR ARG ARETHRIE], by av kv on S35 TR R 4R
WA
Note: MR stands for moisture ratio; ¢ stands for drying time, h; a, k and » are the
drying constants in the drying model.
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Sy (MR) FIF2EEKE (M) o PIEHIZK - (MR)
Mt (1) proRP

MR =— . (D

o e

3 MR Ko H s MOAT R Z) ¢ TR 8 KR, g/gs
M, NT BT T8 KR, ges M, WY T3S
KE, g/g.

FEEIKE M REAR N (2) PR
W -G
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X W hEENZS R, g G ATYRRE, g.
1.3 SBERATFENNFEBRTEFEAR
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AR RAWELL T . FE TR, XER I T 154)
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BACKITE AT W& 1 fos, BT Ro= K o> L,
B R TR TR), #h2k 4 Ry Beal T Mss —Bir BT
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Drying model curve of first stage drying conditions
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Drying model curve of second stage drying conditions
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Note: Curve 4 is the drying kinetics model curve under the drying conditions of
the first stage of segmented drying; curve B is the drying kinetics model curve
under the drying conditions of the second stage of segmental drying; point o is
the starting point of the drying process; point p is the moisture ratio state point at
the end of the first-stage drying; the point ¢ is the moisture state point that is the
same as the p-point drying time but is dried under the second-stage drying
conditions.

B 1 AEKRNETEAFS B TRAS
Fig.1 Stage-varied dry moisture ratio calculated by direct
substitution method
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Table 2 Time conversion relationship of stage-varied drying common model

i (LR
?‘ H Model name
1
em Lewis Page Modified Page Henderson and Pabis
n a,
R Lk, [ Nz m[jj+hq
Time relationship Pk >k, )= 2

k, L= ©

2

e 0 AT B SRR B BT R R et BT RN 8], b o BB ARG B BT R o BT RN 18], b ans ks o Z3ONET B BET R

BTG as ko na 20 HJE — I BT R R K

Note: ¢ is the drying time corresponding to the phase change point in the previous drying model, h; #, is the drying time corresponding to the phase change point in the
latter drying model; a,, k; and n; are the drying constants in the previous drying stage; as, k> and n; are the drying constants in the latter drying stage.

BT B BRI &I BT okt R AR T8, (B
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ISy EEAHTR], BRI 24 7K 43 BE AR A0, T e s et 4 2 Ik 1) B
PR LR, BB AR AMES TN ES,
W 2 firs, BEEAER TR T FERT 1] ¢, AR 3 L,
Mk 4 BT RE — TR BT RAN T T80
SRR ARG 2R, op BOAER — B B b Hiid 1%
FAIE Atops M2k B 22 73 Be a8 — TR BC T8 5% T
TH2h 1R K o LE AR A R 2R, 28 0 Be TR 4h A
R, b p s fK o AR R, 58 B B R R A
TR ¢ 95— W BT R R I Az, 555 B BT
FI At 2 F1

1.042 A — S BT
‘% b\r@:p First stage drying process
s 08 e = SOMBCTHLR
5 0.6l \_\\.Second stage drying process
z -
=
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S s
% 0.2
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I 1) Time #/h
Ee A r 25 p SR A FEE TR AR RS A R s 2L AN Bt
RHEATER Z i BT RS TR 2 R
Note: Point 7 is the moisture state point that is the same as the p point moisture
ratio but is dried using the second stage drying conditions; point s is the end
point of drying after the second stage drying with r as the starting point of the
stage.

B2 2BEXTFRIEENERS LI
Fig.2 Change in moisture ratio at each stage of the stage-varied
drying process
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2.1 REEE

KK/HWS- R A EEER R, REuEid N aagE
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JE+0.001 g, HMFIE BT R&BRARAE.
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Table 3 Conditions of American ginseng one-stage drying

experiment
TA 4H5] Group
Dry conditions 1 2 3 4 5 6 7 3
yE
B . 38 38 38 38 32 45 38 38
Temperature 7/°C
AR L
Relative humidity 30 30 30 30 30 30 20 40
RH/%
IA
| HEE 10 15 20 25 15 15 15 15
Diameter d/mm

FEES A i TR JE N 32~42 °C, AR
IR EIRETEEN 32~45 °C, MHAHEEEEN 20%~
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Fig.3 Moisture ratio change curves of American ginseng drying
experiment
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79 Lewis. Page. Modified Page. Henderson and
Pabis T1zh /)78, xS — Balidied 8 Ak
HARBATIE 08T, REGETIRFAT TR TRE A
IR PR 3t v 1) T K 3 ) S A A PR P 2 T 18 3))
VAL it

M 4~% 6 LR, S EAESTEREML T
Modified Page 7 vk iE 2% R (Ml fe i, B2 P 7 FME
BN, AR E, KItikE Modified Page #7447
S T1RE) A,
F4 BE 38 CHEINEE 30%ER T AR EZH FIREE
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Table 4 Corresponding constants and regression coefficients for

drying models with different diameters at a temperature of 38 “C
and a relative humidity of 30%

BT TR B e ow ppossrs TR A
Model Diameter {;%E%ﬁ BT Drying constant
R RSS
name d/mm n a k
10 0.97357 0.00256 -0.02143 0.030 35
15 0.966 80  0.00328 -0.017 97 0.025 09
Lewis
20 0.98648 0.00123 -0.01552 0.021 39
25 0.98982 8.94x10™* -0.011 61 0.01598
10 0.99694  0.00047 1.34587 0.008 43
15 0.98690 0.00139 1.367 70 0.006 06
Page
20 0.99376 0.01872 1.17126 0.010 71
25 0.99557 0.01748 1.148 10 0.008 44
10 0.99694  0.00772 1.347 84 0.028 77
15 0.99539  0.01184 1.36944 0.023 91
Modified page
20 0.99140 0.00079 1.17207 0.020 80
25 0.99557 0.01747 1.14882 0.015 62
10 0.978 60  0.053 93 1.077 98 0.032 44
Henderson 15 0.97387  0.067 15 1.086 91 0.027 10
and pabis 20 0.98746  0.037 62 1.032 67 0.022 07
25 0.97390  0.002 92 1.026 43 0.016 41

%5 HfE15mm. HIERE 30%FR TAEIRE#FIRIER
POIVE£ S U IEIE RS
Table 5 Corresponding constants and regression coefficients for
drying models with different temperature at a diameters of 15 mm
and a relative humidity of 30%

TR AR R e B %= Tl AL
Model  Temperature %%t  “FJ5Ml Drying constant
name T/°C R? RSS n a k
32 097670 0.109 05 0.009 99
Lewis 38 0.986 48 0.001 23 0.021 39
45 097865 0.03923 0.034 48
32 0.98094 0.00047 1.24701 0.003 14
Page 38 099376 0.01872 1.17126 0.010 71
45 0.990 19 0.01690 1.24401 0.014 63
. 32 0.99695 0.014 68 1.24208 0.012 36
Mgglgged 38 0.99539 0.01184 1.369 44 0.023 91
45 0.99019 0.01690 1.246 59 0.033 50
32 098167 0.084 15 1.06235 0.010 66
l:ﬁgd;;f)‘i’: 38 0.987 46 0.037 62 1.032 67 0.022 07
45 0.979 68 0.035 00 1.039 34 0.03591

&6 HZ15mm. JRE 38 CIHER T AR RE# FHREE
POIVEE S SR IEIE RS
Table 6 Corresponding constants and regression coefficients for
drying models with different relative humidity at a diameters of 15
mm and a temperature of 38 C

gy TR A HRA
Model elqtlye {J%ﬁ;%ﬁl S Drying constant
name humidity R RSS n a k
RH/%
20 0.972 88 0.086 35 0.021 56
Lewis 30 0.986 48 0.001 23 0.021 39
40 0.969 06 0.077 16 0.020 08
20 0.99592 0.01255 1.33738 0.005 68
Page 30 0.993 76 0.01872 1.17126 0.010 71
40 0.997 59 0.004 35 1.358 05 0.004 81
20 0.99592 0.01255 1.25317 0.026 22
Modified page 30 0.99539 0.01184 1.369 44 0.023 91
40 0.99275 0.01790 1.456 79 0.024 12

20 0.990 63 0.023 92
30 0.98746 0.037 62
40 0.973 57 0.063 27

1.076 89 0.023 27
1.032 67 0.022 07
1.062 64 0.021 36

Henderson and
pabis

2.5 TREFHESTRERERHL
N T AR 1 SR TR RS TR AR 2 TR
HIZEZR, DRI SPSS B4 2% 1t 15 T o Hdh AT 2
YT, KRWERA
a=x+x,D+x,T+x,p (6)
k=y+y,D+y.,T+y,p 7
KA T AR, C, o NHXHERE, %, D NFESERZ,
mm, xi Xov X33 X4 K yis yos yis ya SRR R E F
F SPSS A TR I, TS T B R 1) 2 2
HSHUNT 0.05, EZRLMERLREE.
n=1.325-0.0147D—-0.001 0177 +0.7655¢ (8)
k =—-0.0227-0.000 76D +0.001 560 87— 0.002 79~ (9)
MR (8 « (9) s R, RInI43 BI7EiR A 32~
45 °C. AR 20%~40%. B2 10~25 mm K, PHyE
ST )R TR A ST R R X —
R, X)) MR (9) BAFEH. FRTEERZE
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Table 7 Stage-varied drying experimental conditions of American

ginseng
N EHY
g Hi HE ph e
Stage Temperature Relative Diameter time-con%umin
& 7C humidity RH/%  d/mm g
Athh
1 32 40 14.71 24
2 36 30 14.71 24
3 38 25 14.71 24
4 D) 20 14.71 84

7K 43 tkMoisture Ratio

20 40 60 80 100 120 140 160
fif A Time t/h

B4 Sy BXTHRREAKS T &
Fig.4 Moisture ratio curve of stage-varied drying experiment of
American ginseng
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FUR N IR T 2B 2 R K 43 TR A

BEAIE BT HE H 1) 43 BT AR Bl ) S R SR VR
HERPE, KPR 7 FARIG A rE,  FHATER H 1 o BT
WEBh J1 5 RS P 2K A L AT o B, IR BT
JR K oy LL AR A AR v S R 50 45 AT 10 et
FL, W% 8 s

SRR R I 1) 48 7E T s R v (s B F I s B 4
SR T 2 i MR 5 1% 7K 2 B A8 B H Rt I B BB 1 S 2%
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Table 8 Comparison of calculated results with experimental

results
Kot Kot
SRR R <§?% (1%% KA AR
o [ 51 R
Sﬁjtrazie /fjtlujal l\lj[iiije.l M?;tsfg re M;);tsitg re RelaZ:/%:error
drying time conversion . . of moisture
h time £,/ (Experiment (Calculatio ratio/%
al result)  n results)
MR/% MR/%
0 0 1 1 0
1 12 12 091157 0913 16 0.17
24 24 0.785 52 0.796 92 1.45
) 36 24.29 0.629 15  0.637 38 1.31
48 36.29 047732 047105 1.31
3 60 41.98 033073  0.32598 1.44
72 53.98 022294 021422 3.91
84 53.14 0.13500  0.14505 7.44
96 65.14 0.079 77 0.079 08 0.86
108 77.14 0.046 17  0.048 82 5.74
4 120 89.14 0.02624  0.026 23 0.04
132 101.14 0.01468 0.014 85 1.16
144 113.14 0.008 09  0.008 10 0.12
156 125.14 0 0 0

M 8 WTLUEH, THE SR 500 45 R AR %
2 7.44%, YRR ZENN 1.78%, HAF-BIAHN R %
BN HACH I — A KA 1R 22 . i s R A ST
P& 1o BE TR 80 S T B g vk ] T T 4y B
KT EIRIK o A, BT 7S 9 Bl T
WIS S5 R 5 i th 1) oy B a8 8l ) S R R vt
HETR RS R 8ar, R TERERR.

4 % i

D) NPT AR TR B AR 2 BT B T4
B 7 AR R I £ B4 R B 2 A5 B A K 2 BEAS [
W, T — M BT RS R R, &
FF 0 Bt F2 v K oy B AR AR 37

2) PAFFES RN, PR T ST R, &
ST PHRES TGRS S AL DT . AR A
PSS HANE R, #7720 BRAHES TERK
WFAE, WHRIGHE 94 & I Modified Page B%) & i
M TS RRT IR T8 7 8 il X T 5%
PRI T 45 BOIAT R VE R 8, A3 3 1 91 R 5
T T %R R E RO P62 4 Bl Rl R AT A
BT S oy BaQ A T g 25 B T 8 8l ) 2 A8
B, FEEE AR M EAT T 4 BT Rl
Ko L5

3) FHE TS o BT RIS IE e, 150 45
5 R AR 0TS 7 VAR B U S A5 R R
L, SPIFIAHRZENN 1.78%, R AT 0 B T8
B S SR VAR T A P e S TS R K
oy AL, AT A B TR AR K A AR AL, AR AT
STHRTZEAEFRTE L.
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Construction of staged hot-air drying dynamic model for
American ginseng

Wu Xiaohua®, Ma Yuanbo?, Ning Xudan®, Wang Peng?, Zhang Zhentao?
(1. Beijing Key Laboratory of Pipeline Critical Technology and Equipment for Deepwater Oil & Gas Development, Beijing Institute of
Petrochemical Technology, Beijing 102617, China; 2. Technical Institute of Physics and Chemistry,
Chinese Academy of Sciences, Beijing 100080, China)

Abstract: American ginseng is a perennial herb of the genus ginseng. Its rhizome can be used as medicine, and it is a
traditional and precious Chinese medicinal material. In addition, it has also been favored as a health product. Research
indicates that the rhizomes, leaves, flowers and fruits of American ginseng are rich in biologically active constituents,
including ginsenoside, polysaccharide, various amino acids, vitamins, volatile oil, minerals and other chemical components,
which are conducive to anti-aging and enhance human immunity. Hot air drying is a key step for the processing of American
ginseng, which is divided into two categories: constant condition drying and stages-varied drying. Among the two methods, the
stages-varied drying process is widely used in drying production, which contains multiple drying stages and different drying
conditions at each stage. The drying characteristics of the materials are fully considered in the condition setting of
stages-varied drying, which is conducive to improve the drying quality and save energy in the drying process. The drying
kinetic model can reveal the change rule of moisture ratio of materials and provide scientific basis for the development of
drying processes. Under the condition of constant temperature drying, the accurate moisture content of materials can be
obtained by directly considering the drying parameters in the existing dynamic model of hot air drying. However, since the
drying conditions are different at each stage of stages-varied drying, the drying constants are different at each stage in the
drying model. In traditional studies, the moisture ratio at each drying stage cannot be accurately obtained if the drying time of
stages-varied drying is directly taken into account in the drying kinetics model. To solve this problem, a calculation method of
drying kinetics model for the stage-varied drying was proposed, which can accurately analyze the variation of moisture ratio
during the stages-varied drying process. In order to establish the method, the drying experiment of American ginseng was
carried out and the experimental results were fitted. The results showed that the Modified Page model was the best drying
kinetic model for the hot-air drying of American ginseng. The partial regression coefficient was obtained by linear regression
analysis of drying conditions and drying constants. Based on the partial regression results, the stage-varied drying process of
American ginseng was analyzed and the drying kinetics model for each stage of American ginseng stages-varied drying was
obtained. By using the proposed calculation method, the change of moisture ratio in the stages-varied drying process of
American ginseng was calculated and compared with the results of the American ginseng stages-varied hot-air drying
experiment. It was found that the maximum relative error between the calculation results and the experimental results was
7.44%, the average relative error was only 1.78%. The results indicate that the proposed stages-varied drying kinetic model
calculation method can be used to analyze the change of the moisture ratio in the drying process of agricultural products.
Keywords: drying; kinetic; models; stages-varied drying; moisture ratio; American ginseng



