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Drying Characteristics and Process Optimization by Heat Pump
Drying of Green Sichuan Pepper
WANG Zixuan', PU Yingjun', YANG Mingjin", TAN Jun', YANG Ling', SONG Weidong’
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Technology, Southwest University, Chongqing 400715, China;
2.Nanjing Institute of Agricultural Mechanization, Ministry of Agriculture and Rural Affairs, Nanjing 210014, China)

Abstract: In order to investigate the drying characteristics of green Sichuan pepper by heat pump and optimize the drying
process parameters to improve the quality of dried green Sichuan pepper, the single-factor experiments and orthogonal tests
on the drying process of green Sichuan pepper were conducted in this study. Temperature, air speed and laying thickness
were defined as test factors, and effective moisture diffusion coefficient, photosynthetic pigment unit mass content and
color difference were determined as evaluation indexes. Six commonly used drying mathematical models were used to fit
the orthogonal test data nonlinearly, respectively. The results showed that the Page model had the best fit to the test data and
it was the best model to describe the drying of green Sichuan pepper by heat pump. Under the constant temperature drying
condition, the effect of temperature on the effective moisture diffusion coefficient and color difference was highly
significant (P<0.01). The higher the temperature, the greater the change of effective moisture diffusion coefficient and color
difference. The effect of air speed on color difference was significant (P<0.05). The higher the air speed, the greater the
change of color difference. The effect of laying thickness on color difference was highly significant (P<0.01). The higher
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the laying thickness, the greater the color difference. However, under different temperatures the unit mass content of

photosynthetic pigment slightly decreased, and then increased, and then rapidly decreased until it reached stability. The

higher the temperature, the faster the change of the unit mass content of photosynthetic pigment, which was not beneficial

to the quality improvement of dried green Sichuan pepper. By comprehensively the effects of temperature, air speed and

laying thickness on the color difference, unit mass content of photosynthetic pigment and effective moisture diffusion

coefficient, the optimal parameters of drying process were determined as temperature of 40 °C, air speed of 0.3 m/s and

laying thickness of 11.9 mm. Under these conditions, the best color quality of dried green Sichuan pepper was achieved,

with a color difference of 20.01 and a photosynthetic pigment unit mass content of 2.9601x10* mg/g. The results of the

study could provide reference for the application of heat pump drying process of green Sichuan pepper.

Key words: green Sichuan pepper; drying characteristics; photosynthetic pigments; color; heat pump drying; process

optimization; orthogonal experiment
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Fig.1 Schematic diagram of heat pump dryer
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Table 1 Scheme of single factor test
TZ5% HREE(C) M (ms™) HlisEEE (mm)
35
40
45
e 50 0.7 11.9
55
60
0.3
R 40 0.5 11.9
0.7
6.2
AR R 40 0.7 11.9
17.6
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Table 2 Design of orthogonal experimental factors and levels

A+
KV - - - —
ATRE(C) BXU# (m-s™) CHEE (mm)
40 0.3 6.2
2 50 0.5 11.9
3 60 0.7 17.6
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Table 3 Drying mathematical models
R FF-5 R F Jitk EZ PG

1 Newton MR=exp(—kt) [24]

2 Page MR=exp(—kt") [25]

3 Modified Page MR=exp(—(kt)") [25]

4 Henderson and Pabis MR=aexp(—kt) [25]

5 Logarithmic MR=aexp(—kt)+c [25]

6 Two term exponential MR=aexp(—kt)+(1-a)exp(—kat) [24]

H:kon, a, b, HIHBAERISH,
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Fig.2 Effects of temperature on drying rate, moisture ratio and
color change of green Sichuan pepper

TE: a. X T ERER BRI b, XK 73 FEBIRZIE; ¢ %) (022 5%
Wil 151 3~[5] 4 [

* 4 AR A RO BRI R G RE
Table 4 D, and average activation energy of green Sichuan
pepper at different temperatures

r(c) TR EERE o 2 Wbt Gomol ) HCRE

(107" m*s™)
35 4.4222 0.9931
40 5.7654 0.9951
45 6.3414 0.9919
32153.8 0.9828
50 8.3972 0.9858
55 10.3484 0.9669
60 11.3942 0.9842

H A e 7K S5 A 2K A B /)N, DT 2R B Ry R
FREO FRGE 0.3 m/s B, TR IT 4G 5 TRy
0.2953 g/(g-h), ZJG BB EREIT 0,
T R 1E AL RE A S 1R A SE, SO 5T
ANFRGE T 197 ROK S HUR O - iE AL R R
R AR R, Gl LA AR A R, R L 5.

0 é éll é é IIO 1I2
TR E] (h)
B3 U AR TR R | K2 b S 22 B R
Fig.3 Effects of air speed on drying rate, moisture ratio and
color change of green Sichuan pepper

2% 5 A, HERE KU SR E TS, AROKSY R
Bk, SETEALBE N 24137.57 J/mol,
# 5 AREIRGEER BEROK Y B R B - T A

Table 5 D, and average activation energy of green Sichuan
pepper at different air speed

Wik W AEOKAY RS A
msh (0 (o7mrsh)  TRE gy RRE
0.3 40 5.6832 0.9836
0.5 50 7.7763 0.9946 24137.57 0.9979
0.7 60 10.1570 0.9822
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AE AT VEE, BIAS RIS 55 T B9 75 AERU s
AORIFRSE . TRIE ], 75 AEABCR R 4, S 30N
FSIRAE LS SE, B SN, DI 288 TR
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Fig.4 Effects of laying thickness on drying rate, moisture ratio
and color change of green prickleyashes

PSRRI A LGS AR, G5 R ILER 6. iR 6
T, B USRS R B T E A ROK TR
B, - EEAREESN 25070.33 J/mol.
# 6 ANFEEHBUSE R A BOK I BEREUCTiE L RE
Table 6 D4 and average activation energy of green Sichuan

pepper at different laying thickness
HE AR R HALRE

AR

(mm)  (C) (107-m*s™) HCARR (J'mol ™) XA
6.2 40 5.5397 0.9932
11.9 50 7.9069 0.9956  25070.33  0.9893
17.6 60 10.1252 0.9693

22 HEFRE

2.2.1 FERIGERE LGSR ILER 7, XF L 6 Fh TR
SRR RIT . YO8 RE R, YRR 25 RMSE
AT, AR 2455780 6 PR E RECE-IEIRE] 0.99 M
LI b, Hodr Page #7U Fl1 Modified Page #5750 X a2 46
BRI LG B B, LA AR R B K, [RIAY * i
RMSE /S, BRIPFFabnn MBI R?=0.99896,

%°=0.00011, RMSE=0.00907. Mtk A5 FH £ 5 %
&, PPk Page FEAYTEL AR SGIEAIE IS S0 o

222 FEAUBGUE  EASIE A0S 10 TR AR
HIFGRA DL 8, il BAARE AR FE IR AT T Y ik
B8 S T TR L A5 KR (10%w.b.) BIZK 43 L
2120 6% HF TG T gad el o g fE il 2 2 1865
3 BRI 25 GREE 40 °C . XU 0.7 my/s. Sl R
17.6 mm) 046453, A 2% 8 igh'S 3 ikl
T, FUMAE S5 g8E X b an &l 5. Page A5 781 F
{5 R0 AH 2 (8] (P I AR X R 25 8 8.34%, LG

B o

1.0 %
08F ™ =
. T
2 06
j: L}
® 041 .
02r N
00 N N N N e W N
0 2 4 6 8 10 12

TR (h)
K5 Page BRI 5B (E X L
Fig.5 Comparison values of predictive and experimental based
on Page model

23 EXRE
2.3.1 AROKGY BRECIEILEE B S
IR ARBETREEAE T 09A BORY BR B0
fbEE WL 9, FHELBERIE A (6) A5 2, #1
GBI ROK YRR ECH 40, 50, 60 C B4 F-1)
{H. Hrb, 58 8 HARUKGY R BEK, 5F 6
TR ARG H S — B ANFERE ST Dy 19
LS5 6.0362x10 7~6.1747<1077 ., 7.5437x<10 "~
8.0574x1077, 10.6057x10 7~10.8882x1077 m?/s, D
s ik 5 v i v, S LR B R 3R SR ST AH AT o
532 5. 3R 6 XTIk, IHfLBEAEXT IR 225350 3.93%.
7.94%, A FENRGH SEHBUREEEXT D g SZ20E/N
2.3.2 BAEsHT @ OO R T AR K AF
ARtk IR AR TR G I B (e AL AN 52 I g
RGN e —E TR RS, T e B2 H B
21, 55 1~9 IR H B 21 BR G2 19 T B B 18] 43~ 39 oA
2.0, 3.0, 2.0, 1.0, 1.5, 0.5, 0.5, 0.5 h, #RJ5ATEIE
FIKRIERE 10% LUFBT @2 b O pi s
Er R A BOK G R E RN eSS, 4303k T
2253 BT RN 7 285007, G553 5 D3R 10 Fiigk 11,
3% 10 F1Ee 11 AT 51, A 99% BIHER 1]k,
TEIZE KT 0=0.01 HOZRAET, 0 RS FITART i JEE 3 Xk
TIACHIUER J2 (A 2252 M 25 0 95% PIMESR AT IA A,
TR EMIKT 0=0.05 19251F T, KX FEHER
s 2, B TR T ZESHONEEE 40 C.
RGHE 0.3 m/s. FHHUERE 11.9 mm.
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Table 7 Mathematical model fitting results of heat pump drying of green Sichuan pepper

KSR MR PRE B 45

R SRR - - SEHIME
W1 K52 WeE3 KKS54 WeEs KBS e WiS7 iKKSs e

k 0.28212 0.27726 0.2872 0.38352 0.38906 0.40898 0.54678 0.54979 0.52568 /
. R 0.97772 0.97900 0.98188 0.99147 0.99325 0.99082 0.99292 0.98800 0.99141  0.98739
Ve 0.00225 0.00211 0.00179 0.00083 0.00065 0.00090 0.00072 0.00127 0.00088  0.00127
RMSE 0.04747 0.04588 0.04236 0.02886 0.02543 0.03002 0.02688 0.03567 0.02959  0.03468

k 0.17451 0.17435 0.18866 0.30937 0.32379 0.33044 0.47302 0.45364 0.45191 /

n 1.33349 1.32084 1.29755 1.19091 1.16481 1.19946 1.18186 1.23935 1.17860 /
2 R 0.99863 0.99886 0.99921 0.99974 0.99959 0.99924 0.99938 0.99828 0.99774  0.99896
Ve 0.00014 0.00011 0.00008 0.00003 0.00004 0.00008 0.00006 0.00018 0.00023  0.00011
RMSE 0.01175 0.01069 0.00886 0.00501 0.00004 0.00868 0.00792 0.01348 0.01517  0.00907

k 0.27003 0.26649 0.27655 0.37338 0.3798 0.39725 0.53077 0.52844 0.50969 /

n 1.33398 132106 1.29758 1.19093 1.16484 1.19951 1.18188 1.23961 1.17883 /
3 R 0.99863 0.99886 0.99921 0.99974 0.99959 0.99924 0.99938 0.99828 0.99774  0.99896
7 0.00014 0.00011 0.00008 0.00003 0.00004 0.00008 0.00006 0.00018 0.00023  0.00011
RMSE 0.01175 0.01069 0.00886 0.00501 0.00004 0.00868 0.00792 0.01348 0.01517 0.00907

a 1.07868 1.07777 1.07549 1.04778 1.04118 1.04779 1.03770 1.04520 1.03191 /

k 0.30252 0.29758 0.30762 0.40121 0.40459 0.42755 0.56600 0.57240 0.54133 /
4 R 0.98351 0.98480 0.98733 0.99382 0.99499 0.99301 0.99410 0.98947 0.99200  0.99034
Ve 0.00167 0.00152 0.00125 0.00060 0.00048 0.00069 0.00060 0.00112 0.00082  0.00099
RMSE 0.04084 0.03903 0.03541 0.02458 0.02192 0.02620 0.02453 0.03340 0.02855  0.03050

a 1.14612 1.14193 1.12455 1.08740 1.07346 1.11468 1.06351 1.08582 1.07029 /

k 0.23889 0.23762 0.25549 0.34627 0.35708 0.41458 0.51018 0.49119 0.46783 /

c -0.10056  —0.09574  —0.07594  —0.05901  —0.04887  —0.02876  —0.03874  —0.05919  —0.05614 /
5 R’ 0.99244 0.99265 0.99309 0.99715 0.99741 0.99624 0.99619 0.99428 0.99589 0.99504
Ve 0.00076 0.00074 0.00068 0.00028 0.00025 0.00027 0.00039 0.00061 0.00042  0.00049
RMSE 0.02766 0.02715 0.02615 0.01669 0.01577 0.01629 0.01973 0.02461 0.02047  0.02161

a 1.87501 1.86979 1.85648 1.73628 1.69979 1.75020 1.72022 1.77877 1.70094 /

k 0.40828 0.40142 0.41308 0.51817 0.51516 0.55603 0.72954 0.75434 0.69286 /
6 R 0.99772 0.99831 0.99906 0.99980 0.99969 0.99939 0.99943 0.99793 0.99784  0.99880
Ve 0.00023 0.00017 0.00009 0.00002 0.00003 0.00006 0.00006 0.00022 0.00022  0.00012
RMSE 0.01517 0.01300 0.00966 0.00446 0.00541 0.00776 0.00763 0.01480 0.01486  0.01031

8 THRBCARRL K TR )
Table 8 Drying mathematical model and drying time

£ 90% HIBEAR AT AE ZFEAK 0=0.1 195%
PR, IEEXTH FERUR BOGE (3R B 0Tt & s i)

Paoas Pageféiz TR 1] (h) B, HHEZRELIEE R, RIEIEHER G
1 MR=exp(—0.174511"24) 6.92146 A SRR TSI A 75% BIRERE AT
2 MR=exp(~0.17435¢" ™) 7.05580 IHTE R E K 0=0.25 BIEAET, FURE EEXTH
3 MR:eXPE—OAlf‘%ﬁﬂf:j; 6.87662 AEAUSRE J 1A €0, 26 B (R B ek AT — 2 B XLk
MR=exp(—0.30937¢" e A e e
‘5‘ N 032379; ) §§ijj X R B STtk S R N B T T2
=exp(-0. : .
S e yoi=Nis 3 ST TEL
6 MR:exp(—0.33044t"“"”(’) 5.04567 &X&j‘j/ﬂng 40 C. RLJE_ 0.5 m/s. %ﬁigg 11.9 mm,
; MR—exp(~047302(115%) 381568 A 99% HIHEAR AT IA S AE W35 TE/K P 0=0.01 1Y
8 MR=exp(—0.45364t'2%%) 3.70897 2T, IR X AEMCA UK 43 8 R BGE A B
9 MR=exp(—0.45191t"175%) 3.98110 =, 5 ERE LIR30, RV e T b B kR
9 WA ABUKSY BRI E R
Table 9 Results test, D g and average activation energy
LIS ARE BRGE CHIUEE DR (12 A OERMRESR10 mgg!) ABUKMY MAEK(107 m>s ") JERE  WHLAEU mol ")

O 0 N N ks W N =

W W W NN N = ==

W N = W N = W N =

20.87
19.64
21.15
22.18
2427
25.72
23.89
26.38
24.47

R = W = W W N =
—_ W NN = W W N =

2.04892
3.00457
2.56018
1.93573
1.47309
1.17079
1.56878
1.15968
1.40890

6.1747 0.9840
6.0473 0.9892
6.0362 0.9922
7.5437 0.9949
7.6075 0.9971  23225.63 (R=0.9766)
8.0574 0.9873
10.6057 0.9899
10.8613 0.9639

10.8882 0.9633
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Table 10  Analysis of range _
2077
P FEBR AW BRUE  CHIAURE DR 2
T 0.6 1 —a— )
K, 61.66 6694 7297  69.61 S e
K, 7217 7029 66.29 69.25 = O3 —a—60 C
{072 K, 74.74 71.34 69.31 69.71 ]ﬁ@ 041
R, 13.08 440 6.68 0.46 = 03t
BEFER 1 3 2 4 = 02] Mtta, o,
A . I bl " '
K 7.6137  5.5534 4.3794 4.9309 e o1t . § E
K, 4.5796  5.6373 6.3492 5.7441 EEE][ '
eEER K 00 . . . . . .
B T A 3 4.1374  5.1399 5.6021 5.6556 R 0 5 4 6 N 10 12
R, 34763  0.4975 1.9698 0.8132 TR (h)
Yo, o \ 2N A
AERE 4 2 3 el 6 IR TAEHOL A 6 R G A
K, 18.2535 243194 24.0887  24.6657 Fig.6 Effects of temperatures on unit mass content of
FHOKA K 23.2086 245161 244792 247104 photosynthetic pigment of green Sichuan pepper
ﬂ%ﬂ(%?ﬂ( K; 32.3552 249818 24.2494 24.4412
R, 14.097  0.6577 0.844 02692 HH & 6 ML, FE TR R B B, IR BEXT S 1EA e
LEE SN 3 2 4 GRS A WER W . BEE TRERA R AT E R,

VE K, Ky K KFBARAL R, R, Ry WHE.

®11 i

Table 11  Analysis of variance
WNEDR  Jr2ekiE PR Bl ¥or Pl BEHE
A 320168 2 16.0084 8204767 S”
B 3.5206 2 1.7603  90.2192 S’
a2 C 74598 2 37299 191.1686 S”
WE 00390 2 0.0195 - -
G AB,C,
A 23795 2 1.1897 17.9148  S(")
B 0.0468 2 0.0234 0.3525
ﬁﬁ@* c 0.6591 2 03295 4.9622
BN as SR
WE 01328 2 0.0664 - -
waERE AB,C,
A 340991 2 17.0496 2459.1870 S”
‘ B 0.0763 2 0.0382  5.5606
E@gg ‘ c 0.1269 2 0.0636 9.0394 S’
W% 00141 2 0.0071 -
e A;B;C,

T Fl ,(2,2)=99.01, F, 15(2,2)=19.00, F, ,(2,2)=9.00, F, ,5(2,2)=3.00;
S, SN, SO W,
FEFFETANYE . AT 75% BIHEERIN R AE 3 K
0=0.25 P, U X B AE MU 20K 43 P R
AT — B . A 90% FYMEZRIN M AE W 25 P 7K
a=0.1 MEAE R, SR BE X 5 AEHUE UK 3 8 R
Bosgm 2 . A RBOKSY BRI REH T T2
ZHONIRIE 60 °C, XUGHE 0.7 m/s, FHiEREE 6.2 mm,
R R b ey . IRGHURR TR | Al RS B B INEsE, A5 R8OK Sy
PR BOR A

LER IR TR T A 022 Y aH @R L
SO B B ORI BOR B R, W e i 120
S0 IR 40 °C . XU 0.3 m/s . FUSEEE 11.9 mm.,
DL S0 56 HIE, 1302528 20.01, Y = B
SRS EN 2.9601x10 % mg/g.
24 FEREXNTRPAEERIENTM

RYEIE A, 3 X 6E (0 2 A Fi & i

A (O ER PR T e & Sy PSS R R LT S
R TRENA . B, “Jems IR
Frm a2 A I RS, LR S N
lfF e 4RI Z BIRFEE . [FIR, AR A s iaphaa 25
TR A FRBIFARAL, B B R SE b AR T AR EE
LA v, W2 T s ] 4 K iR R, e
R Z BRI, (H S TR B ) 2
LG AR F, SRR SRR, Hak, R
T R TR T AR e R K, S ECE S
{022 PR BT R T, s TR AR
T ACARCA AT e TRV A T e A b v AR 3R S Y
PR, GG 02 B o e BRI E R, T 16
U B2 R K A/ )N, ROKAB LS, B T & BT UR
B, TFACHER P AEIRIK, i R P T &
iy iy BT E =Y I SIER OB e S e 87 % N1 |
JEEOL R, B 2R AT BE AR T AEACR B S
AR F ORI

HeA, JEEAE R SRR AR AR S e
ZEAAAL, VR A R, BRI A TR] AR G, S A T R AR
RN PR, YA SR A T R S TRV N 60 °C
B AR E(E EE 40 F 50 °C BFEEAIG.
3 g

i 5 T 5 RN X GHE P T v B SEE FAs/ )S, Hp
BERET R, TR EI/KAR(10%w.b.) BTHs i s TE]
Dk /s A5 IR H Page BAUER AT AEHUERE T
SRV e AR AR R, LR B R, AT ROK P R O
Ko WRBEXT AT T 2Z GG O AN R
i iwes SN A R TATE R T Wiy e b O ERE S Y
MR EE 40 °C . KXGE 0.3 m/s. FlEE 11.9 mm,
TE TR RE RV ORE BE S5 R DG G (3R PR o b
A, AR RGEH HGZ N HAEMOGA UK B
Jo e e B TR A T SR S TN R T T GG
TREERCEN S R, e AR R TR
AR, AT AR BT, TR T
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