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Effects of the Process of Variable Temperature on Drying Characteristics and Kinetic Models of Different
Commercial Grades of Codonopsis Radix

LIU Shubin'?, YANG Xiaoling®, LI Chengyi'", JIA Miaoting', LI Xu', QIANG Zhengze', ZHANG Junwen*,
MA Chengs(I.Gansu University of Chinese Medicine, Lanzhou 730101, China; 2.Gansu Provincial Hospital of Traditional
Chinese Medicine, Lanzhou 730050, China, 3.Affiliated Hospital of Gansu University of Chinese Medicine, Lanzhou 730020,

China; 4.Gansu Aokai Agricultural Products Drying Equipment Engineering Research Institute Co., Ltd., Lanzhou 730000,
China; 5.Gansu Coal Industry Technical School, Baiyin 730900, China)

ABSTRACT: OBJECTIVE To compared the effect of different drying methods on drying characteristics, water effective
diffusion coefficient and biased activation energy of Codonopsis Radix and to definite 3 different drying methods of varying
temperature(45-55-60, 60-55-45, 60-45-60 ‘C) and 3 constant temperature(45, 55, 60 C) on drying characteristic curves of
different commercial grades of Codonopsis Radix. METHODS Used R?, x> and RMSE as evaluation indexes, 10 typical drying
kinetic models were selected to fit the drying curve of Codonopsis Radix, and the effective moisture diffusion coefficient and
biased activation energy under different drying method were calculated. RESULTS It was found that the Midilli model could
well describe the drying process of different commercial grades of Codonopsis Radix, the water ratio of Codonopsis Radix
showed an exponential downward trend. If the initial drying temperature was set above 55 C, the maximum drying rate could be
reached within 2 h. And commercial grades temperature had certain influence on the effective water diffusion coefficient of
Codonopsis Radix. Under the same temperature condition, the average speed of moisture migration during drying of Codonopsis
Radix was: first-class> second-class>third-class, and the Detrwere 10.433 9x1078, 5.545 2x107%, 2.249 6x10~8-m?-s, respectively.
The calculated bias activation energy of Codonopsis Radix was 2.943x10%-4.378x10* J-mol!, the order of bias activation energy
of different drying methods was as follows: 60-55-45 ‘C variable temperature<60-45-60 ‘C variable temperature<45-55-60 ‘C
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variable temperature<55 ‘C constant temperature<60 ‘C constant temperature <45 “C constant temperature, which indicated that the

moisture in the medicinal materials was more likely to evaporate and overflow and consumes less energy than the constant

temperature drying. In particular, the bias activation energy of 60-55-45 ‘C drying method was 77.54% and 81.86% of the other 2
variable temperature drying methods, which were 67.22%, 75.13% and 74.26% of the 3 kinds of constant temperature drying.
CONCLUSION The use of cooling mode in the drying process can save more time and energy, and can provide experimental
basis for the improvement of drying technology and optimization of drying process of Codonopsis Radix.

KEYWORDS: Codonopsis Radix; commercial grades; process of variable temperature; drying kinetics; effective diffusion

coefficient of water; bias activation energy
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Fig. 1 Drying characteristics and drying rate curve of first-
class of Codonopsis Radix

a—variation curve of drying water ratio and drying time; b—variation curve
of drying rate and drying time.
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Tab. 2 Fitting results of drying mathematical model of first-class of Codonopsis Radix

Ry g/ C BRI 4 R 2 RMSE

45 £=0.107 9 09926  0.0007  0.027 4

55 k=0.174 8 09986  0.0002  0.0127

60 £=0.229 4 09990  0.0001  0.0110

Lewis 45-55-60 £=0.088 4 09324  0.0091  0.0955
60-55-45 £=0.303 3 09815  0.0020  0.0450

60-45-60 £=0.188 9 09939  0.0007  0.0263

45 k=0.143 4, n=0.875 6 0.9975  0.0003  0.009 4

55 k=0.157 3, n=1.056 6 0.9993  0.0001  0.009 4

60 k=0.2550, n=0.9347 0.9999  0.0000  0.0040

Page 45-55-60 #=0.0150, n=1.7240 09987  0.0002  0.0142
60-55-45 £=0.463 0, n=0.697 9 09996  0.0000  0.0070

60-45-60 k=0.186 9, n=1.005 8 0.9939  0.0008  0.0284

45 a=1.000 5, k=0.173 7, n=0.738 2, b=—0.003 1 0.9990 0.0002  0.0137

55 a=1.0015, k=0.162 4, n=1.0270, b=-8.733 4x10™* 0.9994  0.0001  0.0107

60 a=0.999 9, k=0.258 1, n=0.9205, b=-5.1396 0.9999  0.0000  0.0046

Midill 45-55-60 a=1.013 4, k=0.0167, n=1.6870, b=2.517 7x10°3 09989  0.0002  0.0148
60-55-45 a=0.999 8, k=0.4662, n=0.689 8, b=—-2.0537 09996~ 0.0001  0.0085

60-45-60 a=1.0047, k=0.173 1, n=1.0908, b=0.002 5 09951  0.0010  0.0311

45 a=0.949 4, k=0.116 6, »=0.038 1 0.9953  0.0007 -~ 0.0260

55 a=1.0322, k=0.164 7, b=-0.0287 0.9994  0.0001 .0.0100

60 a=0.975 6, k=0.239 8, 5=0.019 8 0.9995 " 0.0001  0.009 0

Logarithmic 45 55.60 a=1.665 1, k=0.045 6, b=—0.595 2 09852 0.0026  0.0508
60-55-45 a=0.933 5, k=0.353 4, 5=0.052.7 0.9931 0.0011 0.0326

60-45-60 a=0.991 8, k=0.201 1, 5=0.020 7 0.9945  0.0009  0.0296

45 a=0.426 1, k=0.0915, b=0.1345, k,=0.658 8, c=0439 3, k;=0.091 5 09981  0.0007  0.0260

55 a=0.336 6, k=0.176 5, b=0.336 6, k,=0.176 5, ¢=0.336 6, k3=0.176 5 09987  0.0005  0.0224

60 a=0.8732, k=0.207 6, b=0.0853, k,=0.4357, ¢=0.0414, k;=3.309 6x10'® 0.9999  0.0001  0.008 1

Three Term — © 455560 a—402.485 5, k1=0.2612, b=217.851 6, kx=0.250 8, =185.6353, kx=0.2718 0.9991 ~ 0.0003  0.0170
60-55-45 a=0.609 7, k1=0.183 2, h=4.44675x10°, k=0.4364, ¢=0.3902, k=1.0653 0.9998  0.0001  0.009 4

60-45-60 a=0.4949, k=0.201 4, b=0.4952, k=0.201 4, ¢=0.0224, k3=0.004 4 0.9945  0.0022  0.04638

45 a=0.9353, 5=—0.0749, ¢=0.0016 0.9768  0.0033  0.0575

55 a=0.970 95 b=-0.126 7, ¢=0.004 4 09932  0.0011  0.0330

60 a=0.9577, b=—0.1619, ¢=0.0072 0.9883  0.0020  0.0451

Parabolic 45-55-60 a=1.0730, b=-0.073 8, ¢=0.001 1 09881 00021 0.0455
60-55-45 a=0.847 0, b=—0.1310, ¢=0.0049 09133  0.0133  0.1154

60-45-60 a=0.9657, b=—0.1353, ¢=0.0050 0.9812  0.0545  0.0030

0.000 1~0.001 1 F1 0.000 0~0.000 8 7=k, RMSE
% W AE 0.009 4~0.0293 , 0.009 0~0.0327 il
0.006 4~0.027 6 PAEAk, 3 AMERY KA B i
P ALY ULBACR A Midilli . Sigmoid F
Weibull £ 7 BEAZ 3T AR 4 5 = 45 i T 72
FPELK A L AR S L . S5 LR 4.
3.5 KA HERE A

Tt e — R | TR R AR AR 1 i
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Tab. 3 Fitting results of drying mathematical model of second-class of Codonopsis Radix

LY /T RS H R? 7 RMSE

45 £=0.119 9 09881 0.0012 0.0346

55 £=0.205 8 0.9982 0.0002 0.0145

60 k=0.253 3 0.9990 0.0001 0.011 1

Lewis 45-55-60 £=0.099 2 09185 0.0121 0.1099
60-55-45 k=0.373 2 0.9937 0.0007 0.0269

60-45-60 k=0.2275 0.9959 0.0005 0.0218

45 k=0.176 1, n=0.826 1 0.9972 0.0003 0.0138

55 £=0.190 5, n=1.044 4 0.9986 0.0002 0.0138

60 £=0.263 0, n=0.975 8 0.9991 0.0001 0.0115

Page 45-55-60 =0.0109, n=1.9262 0.9979 0.0004 0.0187
60-55-45 k=0.493 9, n=0.768 4 0.9998 0.0000 0.0053

60-45-60 k=0.223 4, n=1.011 1 0.9959 0.0006 0.0235

45 a=1.0002, k=0.217 6, n=0.6762, b=—0.003 2 0.9988 0.0002 0.0143

55 a=1.0007, k=0.1940, n=1.027 4, b=—4.6877 0.9987 0.0003 0.0166

60 a=0.999 4, k=0.2669, n=0.957 4, b=—6.2261 0.9992  0.0002 0.0145

Midilli 45-55-60 a=0.993 1, k=0.0097, n=1.980 1, b=4.845 4 0.9980 0.0004 0.0209
60-55-45 a=0.999 9, k=0.483 0, n=0.794 4, b=5.0732 0.9999 0.0000 0.004 1

60-45-60 a=1.0032, k=0.2102, n=1.078 8, »=0.001 8 0.9968 0.0006 0.0255

45 a=0.936 6, k=0.1340, »=0.049 5 0.9934 0.0009 0.030 6

55 a=1.0191, k=0.198 4, b=0.016 4 0.998 6 -0.0002 0.0152

60 a=0.994 1, k=0.254 2, 5=0.002 7 0.9990 . 0.0002 0.0134

Logarithmic ;5 55 6o a=1.5654, k=0.0552, b=-0489 5 U2 0005 00712
60-55-45 a=0.963'8, k=0.4048, »=0.029 4 0.9977 0.0004 0.0192

60-45-60 a=0.995 0, k=0.2383, »=0.0146 0.9963 0.0006 0.0245

45 a=0.4127, k=0.0955, b=0.4116, k=0.0955, ¢=0.1756, k=2 867 306.464  0.9980 0.0007 0.0267

55 a=0.3355, k=0207 1, b=0.3355, k,=0.207'1, ¢=0.3355, k;=0.207 1 0.9983 0.0007 0.026 6

60 a=0.030 54, k;=1.064 51x108, »=0.482 6, k,=0.2457, c=0.486 8, k;=0.2457 09992 0.0006 0.0247

Three Term 45 5560 a=13438311, k=0.342'5, b=695.301 8, k,=0.3317, ¢=649.5300, k;=0.3536 0.9974 0.0008 0.029 1
60-55-45 a=0.399 0, k=0.908 5, b=0.600 9, k,=0.2450, ¢=6.65592x1075, k=0.2954 1.0000 0.0000 0.003 4

60-45-60 a=0.496 9, k1=0.238 4, b=0.497 7, k,=0.2384, ¢=0.0149, k=0.0015 0.9963 0.0015 0.0388

45 a=8.183 8, =0.8263 0.9972 0.0003 0.018 1

55 a=4.889'5, =1.0445 0.9986 0.0002 0.013 8

60 0=3.9299, $=0.9758 09991 0.0001 0.0115

45-55-60 a=10.400 5, f=1.9263 0.9979 0.0004 0.0187

Weibull 60-55-45 a=2.503 8, £=0.768 3 0.9998 0.0000 0.0053
60-45-60 a=4.4023, p=1.0104 0.9959 0.0006 0.0235

60-55-45 a=0.029 4, h=21722.178 1, e=2.8615, k=0.3850, c=—24.7563 0.9977 0.0006 0.0248

60-45-60 a=0.036 3, b=3.0052, e=1.2503, k=1.3873, c=2.4047 0.9970 0.0008 0.0288

R OK R BT R
PR T 52210 In MR 5 T8 1] ¢
HATERMEPLG, YoE RE R 1E 0.9352~0.999 3,
R BIFELE . WA K (6) TR B ARUK
PHIRB Detr, G5RNWIE S, S —FMTHNH
ROKIY FREL Dere BI1EH 10.433 9%10°° m*s ™!,

AN 22 2023 4F 12 A4 40 555 24 1)

TEERL Do BIE N 5.545 2x10°8 m?-s7!, ZZEEL Degr
BIE R 2.249 6x10°° m?-s™', FFEWR A ROK
SR EL Der 7€ 1071°~107° m?-s™ Bt 5 [l .

[Fi] Fsf BT it S X 58 S0 BOK 534 B R BGE
KEBREX M THRE R, F—REAGT, 5%
SRR IR B . —F A>T
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Tab. 4 Fitting results of drying mathematical model of third-class of Codonopsis Radix

iR R/ C RIS R Va RMSE
45 k=0.162 5, n=0.900 3 0.9972 0.0004 0.0127
55 §=0.1557, n=1.1513 0.9989 0.0002 0.0127
60 k=0.2409, n=1.078 1 0.999 7 0.0000 0.006 4
Page
45-55-60 k=0.0127, n=1.8562 0.9988 0.0002 0.014 0
60-55-45 £=0.503 0, n=0.8756 0.9988 0.0002 0.013 1
60-45-60 k=0.2055, n=1.1713 0.9948 0.0008 0.027 6
45 a=0.999 7, k=0.1899, n=0.7943, b=—0.001 8 0.9982 0.0003 0.0187
55 a=1.0015, k=0.1597, n=1.129 2, b=—5.666 8 0.9990 0.0002 0.0150
o 60 a=1.0015, k=0.1597, n=1.129 2, b=—5.666 8 0.9990 0.0002 0.0150
Midilli
45-55-60 a=0.9879, k=0.0108, n=1.923 0, b=3.973 7 0.9990 0.0002 0.0149
60-55-45 a=1.000 4, k=0.478 7, n=0.937 8, b=0.937 8 0.9996 0.0001 0.009 4
60-45-60 a=1.0029, k=0.193 1, n=1.2423, b=0.0016 0.996 1 0.0009 0.0293
45 a=0.972 0, k=0.1357, b=0.0176 0.9958 0.0006 0.0253
55 a=1.0603, k=0.183 6, h=—0.048 7 0.9980 0.0004 0.018 8
Logarithmic 60 a=1.0242, k=0.2577, b=-0.0213 0.9995 0.000 1 0.009 5
45-55-60 a=1.5741, k=0.053 1, »=—0.508 4 0.9783 0.0040 0.0633
60-55-45 a=0.9807, k=0.4656, b=0.019 1 0.9997 0.0000 0.0069
60-45-60 a=1.023 7, k=0.2651, b=—0.0053 0.9921 0.0014 0.0373
45 a=0.4423, k=0.114 6, b=0.4415, k=0.1146, ¢=0.116 0, k=2 976.343 5 0.9978 0.0008 0.0289
55 a=0.340 6, k=0.2067, b=0.3406, k=0.206 7, ¢=0.340 6, ks=0.2067 0.9955 0.0020 0.0443
Three Term 60 a=0.3357, k=0.2725, b=0.3357, k=02725, ¢=0.3356, ks=0.2725 0.9989 0.0009 0.029 4
45-55-60 a=2.108 8, k=0.2457, b=11.0614, k,=0.217 8, ¢=7.9709, k;=0.244 9 0.9935 0.0021 0.0458
60-55-45 a=0.474 2, k=0.4887, b=0.4742, k=0.4887, ¢=0.0522, k:=0.0735 0.9998 0.0001 0.008 1
60-45-60 a=0.339 8, k=0.2689, b=0.3398, k=0.2689, ¢=0.3398, k=0.268 9 0.9921 0.0035 0.0592
45 a=7.5242, £=0.900 1 0.9972-.0.000 4 0.018 8
55 a=5.028 4, p=1.151.5 0.9989 0.0002 0.0127
. 60 a=3.7437, p=1.078 3 0.999 7 0.0000 0.006 4
Weibull 45-55-60 a=10.506 0, f=1.8558 0.9988 0.0002 0.014 0
60-55-45 a=2.1916, p=0.8753 0.9988 0.0002 0.013 1
60-45-60 0=3.860 6, p=1.1705 0.9948 0.0008 0.0276
45 a=0.017 9, b=513.307 1, e=1.2928, k=0.529 6, c=46.0703 0.9960 0.0011 0.0327
55 a=0.008 7, b=2.777 1, e=2.059 6, k=0.353 4, c=-2.1814 0.998 8 0.0003 0.018 5
. 60 a=-0.020 6, b=109.6952, e=1.1560, k=1.7899, ¢=-17.978 | 0.9996 0.0002 0.0132
Sigmoid
45-55-60 a=0.008 3, b=1.086 6, ¢=0.9142, k=1.078 3, ¢=8.066 8 0.9995 0.0001 0.0114
60-55-45 a=0.019 1, b=1537.1379, e=3.6525, k=0.3596, ¢=15.7916 0.9997 0.000 1 0.009 0
60-45-60 a=0.0313, b=1.569 4, ¢=2.3657, k=0.5428, ¢=1.034 0.9970 0.0010 0.0318

A>T SRR T, YRS Derr i
B EHIFE(P<0.01), i 5 2= U R I I 25 R — 20
3.6 THAmfATEILRER S HT

TALRE Es — oA NYPREZE & 1 mol /KRR
BN S B G, Es N Ea Fl AE, Zf1, 2kt
H T I K 0 1 S TR A — S 11 B R R
HEBNBEN Ea, KT AREHIEESRKANIER
Ret N AE.. Es JFARETE 2R MLLIRYE M PR
W SCRE R, WOE S PR T 2 A e e i
IR 30 min, B Eax0J, £H5| AMmAIELAE
AE, B HER R 258 KK 4y Tk 146 [t K )
T FL BB AR B A I M2 A 58 0 B A v T
fRRE, FROMIRBEIRALEE, FH AE, 3R, AE BRI
B Ko T 1AL BE G £ 1 B0 g A 45 B /K o0 1T
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2.802x10* J-mol™", Ay AT LI 2514 v Ay 5 1K i iy
R E AR TG 2023 4F 12 A 45 40 3245 24 1)
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Tab. 5 Linear fitting results and Desr values of In MR and
drying time of different commercial grades of Codonopsis
Radix

=] oY 7 -
';;g& Hﬁfﬁ/ LRI T e R
— 445 In MR =-0.070 0-2.741 2x1075¢ 0.9930 6.1153
55 In MR =0.141 52-5.541 3x105¢t 0.984 1 12.151
60 In MR =-0.064 8-5.952 0x1075¢ 0.997 6 13.185
45-55-60 In MR =0.617 44-4.438 0x105t 09631 8.8319

60-55-45 In MR =—0.545 52-4.67 59x1075 0.984 1 11.149
60-45-60 In MR =-0.040 96-4.998 6x10-°¢ 0.982 7 11.171

—aEH 45 In MR =—0.123 2-2.854 2x10"5%  0.9900 2.9118
55 In MR =0.190 05-6.678 0x10-5t 0.960 8  6.800 2
60 In MR =0.013 1-7.103 3105  0.9762 7.2313
45-55-60 In MR =0.727 41-5.354 4x10"5t 0.9701 4.5320
60-55-45 In MR =0.715 36-5.447 8x10-5 0.9532 5.7522
60-45-60 In MR =0.049 88-5.974 8x10-5t 0.9824  6.043 8

= 45 In MR =—0.042 5-3.453 010~ 0.9945 1.2006
55 In MR =0.386 85-7.703 4x10-5t 0.958 5 2.7456
60 In MR =0.155 65-8.602 5x10-5t 0.9993 2.876 6
45-55-60 In MR =0.776 38-5.411 7x10"t 0.9595 1.749 5
60-55-45 In MR =0.956 16-5.730 4x10-5t 0.9352 2.298 8
60-45-60 In MR =0.033 06-7.630 2x105; 0.971 1 2.6263
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Fig. 4 Change of biased activation energy of first-class of
Codonopsis Radix
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