40 5210 Kol TR R Vol.40 No.21
2024 4 11 H Transactions of the Chinese Society of Agricultural Engineering Nov. 2024 1

INEIRUE BB TG N R R BT
IR A& #ek, T /[ %I‘S 5, = &, %}E@

CEB TR AN SR G TR 2ERBE,  J6 241000)

WO R RS TR R /N B AR R 2 ST S TR 1), I AR P SR A BT A AT T AN I R 4
I, GAT N Maxwell SBVESL T/NERI N JJHETY, BiE T /INZZ BIRLTIRA B Fe 18 J5 /N3 7 R 77 Bl A8 T S P A8 Ak R
B, R\ THERUKSY HREOT A T IR I, 087 7 @I R RN RS KE . IR RIS g 2 [8] 1)
KR GREH: TRIEEL 50~70 C ZIa, FEE/NEZRR MR ERZERN, R&BEEIIKE TR, B9
RO AR R AR . A, BRI EIE TN K e, (HEIR R TN E RN IR, SECT RGN A .
RGP SR EIR T Ko AR TR 2, (BB AF AR R PR AT B WAL RER MUK RTINS TR, S8 H M
KT HURBTRN, AT R R BT K0 O 2 o K fe 7R R ARVCR 2 (A1 T . LR ANV 3 /K St /N3 ilr
RS MIEEAR, MIREE T KRMT 14% W, RABERE TS 200G s, maERE S KRR
T 14% SR, BEERFE NS REUSCRD E NS . 24 N R SR AR PRI, 2 SEEREUE L,
ik — BB/ R SRR R . O T N IR IR AR D R G, IR T RETRTZN: BEETRNE
PL 2.86 C/min FIIERE L A3 R TS 40 'C, HERNX 40 C FIER T 7 min, AR EEE LA KRS 1.63 ‘C/min,
EERIE 61.4 C G4 R T, WLEAMUPHRT TR/ E R, 0] DTSR N R E, AMEETET
JNE TR T B ARG FLAL

KEEIR: OKA R TR BAE BARSG T X Maxwell #A!

doi: 10.11975/j.issn.1002-6819.202403066
FESHS: TS2104 WHERFRERD: A

miRE, #eE, o, FNRRESTRNABHIEREFUN[I]. R TIEFR, 2024, 4021): 1-9. doi: 10.11975
/j.issn.1002-6819.202403066 http://www .tcsae.org

SUN Tonsheng, FAN Jinsheng, WANG Kai, et al. Stress Analysis and Crack Prediction of Microwave Vacuum Drying of
Wheat[J]. Transactions of the Chinese Society of Agricultural Engineering (Transactions of the CSAE), 2024, 40(21): 1-9. (in

MEHRS: 1002-6819(2024)-21-0001-09

Chinese with English abstract)

0 3| &

TR AR IGR fE I i FE H — AN R B,
HHBRBRAA T RBGRE RS KR, KAV
TR T I <) N R 5 e Dl 1 K € B BN
Mty 52 S A 2R 5 S 7 R AT, N R R 3
Bz —, 2023 FRENELF=EA 27318147 /D
FE TR0 7T B E AR 2 46 5 TR ), BRI TRA, 3R
T SRR A TSR . BRTE AN TEREEARE
PO R T BATE. AHRTEMES T
S BT, BRAME, (HTEE 2R
Ji e AARAERT . 74 T 0 v A i b A T 4 5o A R Rl
AR, (RIS Y B T AR K o B b
WS L e B, TEMORE N IR PR AE AVE, PR ARIR AR I,
AT YE L TR (], A SRR N, EnAARY
SYEI G T 45 o R T 28 ) R, B A T AR A R
FERAK, SN ER A —EMRIE. 6 T8N
W8 52 BINAT = AL, TR oK sh 77, s+

Weks H #: 2024-03-10  BITHME:  2024-05-03

BEEWH: ZHE BRRFESTERBINE (2208085ME140)

PEE T IVIA, e, B, BER TR SRR &
Email: suntongsheng@ahpu.edu.cn

doi: 10.11975/j.issn.1002-6819.202403066

http://www.tcsae.org

I )R, (B0 RO M B TR R
A B B 7 R S0 TR S RSP 45, B
I e T A0 TR R 035 2 T JE 1),

7o B 2O TR RR R, 9L B UK 5 B
F RN P P AR ), 24 F AR S 27
BEREIRIN, S A BL0, MR, PG N 24 5
SRS, B R IETRIREE . B AE . 5
o 5 P18 490 3 7K O SRR MU AR PR W )
BRI, MR TR 38 A K SR TR 1,
PRI 4N 1 B RO T TR, IR . T
SERITE 5] L 418 0 S5 2¢  K Y,  A A TE
Mt BRI DL BT S PR A 7 5 B
BRPEREC . UEAb, SR R A BRI L
VPR IR R OTEEDTY, FEXE RS RSO, R
RIS 2 T IS B PR B K A A A 28 1 F 1028
Yl A 24 L),

AN T 5 RO B TR O e 22 P ) 2
S ANSEEAT R, TR, W N T e M
S TR TR E A R BB TR AL 0 e
R SR /N 22 SR 2 TR e L B
IR B BE RIS A DL IR D M BUFERE 1, 4947 T
SR/ BRI 5 DA TG i B, L


https://doi.org/10.11975/j.issn.1002-6819.202403066
https://doi.org/10.11975/j.issn.1002-6819.202403066
https://doi.org/10.11975/j.issn.1002-6819.202403066
https://doi.org/10.11975/j.issn.1002-6819.202403066
https://doi.org/10.11975/j.issn.1002-6819.202403066
https://doi.org/10.11975/j.issn.1002-6819.202403066
https://doi.org/10.11975/j.issn.1002-6819.202403066
http://www.tcsae.org
https://doi.org/10.11975/j.issn.1002-6819.202403066
https://doi.org/10.11975/j.issn.1002-6819.202403066
https://doi.org/10.11975/j.issn.1002-6819.202403066
http://www.tcsae.org
mailto:suntongsheng@ahpu.edu.cn

2 Flk T2 (http://www.tcsae.org)

2024 £

WONE TR L ZM R ERMES %
1 #MR5RE%

AR Y L AR 7 B ORI . SRR . R
SUGFHE 22, BHBEE S KRR E] 20%%, J5 R IR
B NHIZKIB B RAT . BN EON Rk, P
AR T K IREL NN ERE, MK
AR A1, N AFE AR A7, FE 5 R A NAR
*R A M) X Maxwell FALHEIR
1.1 RARhETE
1.1.1  J X Maxwell 42#!

FhonpE R, R R 3 ER BRI N 7 R
ARG P T A A T R L A A AR S S e i R AR A
IRSCRERY DR S Maxwell 266 504 FH RS 5) G 6% o B b fiR
TN IR RS A BE B B ) B AR AR R ZR, B AE S
SRR AT X Maxwell #i41,

T~ SC Maxwell #5274 a] DL EL U b Jse B 4 R 1 2 4
s, WS X Maxwell JE AR D — [ & W AR, A
A FEFRIA AP

0@=ﬁﬁ&®§dﬂw (D

KA RIE], 55 o (OB AR JT, Pas Gi(f)
RRS R EL, Pa/s; e(r) ABEFAGHI B AZAI R Th
FAGHEE], o

TE RS DR} 1) A J7 72 A BT ) P st A5E 5 2 A R
HERMEMY S, Maxwell BI P iR &R E A2 —
ZFLFA b R ) 5 o AT B PR OB R RN g i 4T
R IR st T4 B TB) 43 A7 bR O E I XS SAME N 0 TR AN IEZS 4
A BRECR AT IRAT 1o EEAG 2 F MR B B UTFA sth A &
ek D 15 B2 A RL IR St i 8] 73 A0 DL AH L 1) AL
A, XS HAAON Maxwell B S50, L SR
MARTS B 00 BRSNS RS [RI R 6 AR ot
ORI T W8 W NE 2 b O ) AR VNG 1% = A
A5 AR (KWW B2 Fik,

I SRR BT D) s ot e o 5 AT 2R A AP,

G,(t) = Goexp[—(i)ﬁ] 2)

PG NVIIRBI VIR &, Pa; BONTEEY R 1.
1.1.2 =Wk

FETF RS, NENEK MR R,
LAGINTE B A I [5-5 J5E 2 8e TR 1 cv TR ) - 7K 70 e 48 1A

Fa,, 27,
ar = ﬂ—T,O/M = E
X RERESTE A, s Sy KPR, s.
Oy =texp[(E/R)-(1/T —1/T))]

(3

M
Me=1-— 4
o 100
Gy =1t-My

KNP EN/NEFEMHRE, kI/mol; RANSARE %, 83141
[(mol - K); TH/NEFBRMLIEE, K ToANEY]

URIRIE, Ks Mo /RS 1
B, R T asE N

azaTaMzi (5)

0
KPR BT, s
1.1.3  &&1k L A 742
FRHE Mukimder S [RFF, /N2 RIS F7 75 FE 20,

, 8
SMQ:LGO—0§QMMf (6)

AR5 NARR R &R, 36— T iRk RN

P L 1, 5 A AR R BN A, R

&], ekl?‘ffﬁ]&%, Pa.
FEBIEEE TR i) AR,

_ ToM,
Srr(t) - TfM(t)

f Go[9 () -9 ()] ie,, (&Hdr 7
0 or

XS NERS /1, Pas To NPITEIRE, K; My A
WGIRFEEIKE, glg; TONRIGIRE, K M0 N TH
BRI E KR, ge; e NERINAE,

Hi#E Mukimder S FIRF 7T, i ARE) Sy,

M@z%%%%M@ (8)

A vl ., 53 58 7N 22 BTE R TR0 26 P 0 B ik &R 5
YR EE .

KA (8) RAAR (7)), BREAmNSIAR:

[0 t
Srr(t):M_(t)J;)GO'

[¢ () -9 ()] [

ot ot (9

M) oM (’t’)] it
1.1.4  FA-F#r42

TEARZE BN AR G5 S0, MR N 7P FE S,
SN AR IR S

o, = m'[s.x_v'(g)r+£z)]

oy m-[sy—v-(sxhez)] (10

;= (1—\/) '[Sz_v'(8x+5v)]

Ao oMo 433/ d il K Fh AT by m B
71, MPa; EANFMEREE, MPa; & &fle, 0l R/NE
PR AN A A T 1A B AR
115 ZEhH542

FERAPE S FRe T, RSASFMRS )5 R A T AR,
S, =25 w= 28, = 2 (0~ 7)
Sy=S4=5,=0
QED)

2
e, = —2699 = —2e¢¢ = 5 (Srr _890)

eg=¢eg =6, =0


http://www.tcsae.org

21 W

PIVEAESE /N TRl L TR I D AT B 2R BT 3

KPS NSy, Pas e NWIAZ; o NERT), Pa; &
NENIAR; AT RIBIAR R bR A X AR T T 1, 0% M)
LITI, QX RELTT I .

BimEN Ao, ORNAK D, FEYIEIENT:

(1) = (D)= 25, () (12)

2
12 FEHFERK
D 4TI 2 0 e w5 A N0l AL
SHEIE P SRS R, K B=0434,
2) I RB SR N @, =0.390;v =04,
3) IR ET N w=g =01,
4) B o (M) RN A0 (e, M) 0

a(M) =2.28x10%exp[ - (0.02T; + 11M)] 13

9 (t,M) =4.39x 10" exp [(0.02T; + 11 M) 1] (14>

1.3 R E

TR 06 5 & 45 A5 RWBZ-08S. T1E R~
320 mm*340 mmx250 mm [ H 2S5 T 1EAE, B AR
Hi TR A A BRA A A5 HCS5003X. £ +0.1 mg (1)
PR, BEfem sl RAR, HTE /N R E;
RSB, HTER/NLZMRLG; 85 Fluke 59 A4
FIEAK, Fluke Corporation, T I&E/NERIME; &Y
5 CT3 WM 43 HT11¢, Brookfield Engineering Labs. Inc.,
T /MR RSG5 MDC-25SX (1) e U 4% »
SFEEEEN (R GRAR, HTE/N RS,
14 RIFFE
1.4.1 KA ETFIRRE

fERRT, BT ERFE AR L h A4, TR 5 R
RETReERES. WG, BYHSKER 20% 1
500 g /N SIERTEFEAE b, AR HEREG B R TA T
PR E, ST R TR, P EREEN
0.06 MPa, MK IIZF 100 We FHLF R SEFIZ0 48R
ASC 53 530 DN S e B TR BN 2 R R R . BRI AR
Wik 1 iR,

7J<§7\TFEZ'7] 3
Water filw /
L1 4 i
| 2 7 9
! / 5
:T 1
L6 D
T o 000
B i \\
s Air filw 8 10

L IR HIKEE 2. /KIE3E 3. THEHL 4. B K°F 5. 04N FIIEAX 6. 40kt
7. GOk 8. A SAEER 9. BB 10. TR
1. Circulation cooling pump 2. Water cycle 3. Computer 4. Electronic balance
5. Infrared electronic thermometer 6. Materials 7. Microwave chamber 8. Air
cycle 9. Microwave source 10. Vacuum pump

Bl PR
Fig.1 Flow chart of drying experiment

AN VRIS KR 12.5% AT SR T4, Bk
R R AR 1,

* 1 HEEZRKFR

Table 1 Factors and levels of experiment

K level Dryifgk;'t;fnﬂ!/?min) XI5 E Experimental temperature/('C)
1 7 30
2 14 50
3 21 70

MF LG /N2 R BEALECHE 300 F, S5 E0E 170 Ak
3, FERCREES T ME/NE MRS EMBIER, $% ]
RIG R R KR IEAT 3 45
142 E%iKE

R 0 Al 2 ) 5 /N 2 R R ) = b B, X Z % it
ITHEYE. X (15) THE /N RS W T P T 2 fik 0
SHIHRAER, RPY,

rhkmﬁ+@sz

(15
R5kww+@sz

AR, RONNERFRL L. FHERFEE, m.
118 ASAE S368. 4DEC2000(R2006) ¥ #E, K ik i
BRI (16), T E/NEZRFRLI AR R EPY.
E::0338F(1—vf
D3/2
S F MBS, N; DNTBEE, m; KAHHSH.
NIRRT AW, A R4 R N 5 AR A%
S T 2K B o A0 S i d 1 B AP

2k (R + 1RY"|” (16

1/3

—v)? -1
C=m[3FR§1E ) (%—F%) ] QYD)
3F(1—v? (1 1)\'1”
d=n| = (18)

KA Fo AT — s i LR E S, N, mA Y #h5
MRSE, m, n Z #7RFRS, m.

H B0 I H (R R 4 A S AR TR U RN U
(17> F1 (18D, MmN Fy vk 2 2k I 4 o 72 rh /s
FFTZHIN T o

FF 2T 307 BUGI B R G0 A o G AT N 32
JE4R R, EHL TA3/100 B 44Kk . TA-RT-KIT % &
%5 JE . % B ASAE S$368. 4DEC2000(R2006)1 #7 v ,
o e I /N RE R EAT 30 RE E RS . Kl
W, R 2 BoR . BRI T Zingk 2.

ARG T H 1Y) 30 AN il ¥ R 48 A 5 A8 T B s
2t R4 e 5 IR AR AR T RO Rl 2. 2R R minS
JSE P 7T 2 TR A0 R By, I X 7 4 A A s B {2 T
IR & . NIRRT & 5 JFE K 1 H A i
WNAR, W ER AR T 8 2 R I R 4R AR 1 58 T i
2 5 R 8] (O TR TR 4 AR e DT

KRG F 38500 6 41, LL—2H o B B 4L P 1
EAEAEAE, e S4ZRES FR R, B EE



4 Lol TFE=AR (http://www.tcsae.org) 2024 4
LRTE ST B AIG I AR I B R AR BRI s o /N e R 4 AP
R OB, R )

B2 ki, T4 24T E

Fig.2 Diagram of long axis, middle axis and short axis

®2 EHEAEAR

Table 2 Compression experiment scheme
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_ INFEERA N . N
wartz At DM e mmRg ko
Wheat X Wheat 4 £ Compression Compressed Triggering
brachyaxis/mm axis/mm axis o rate mm/s target force /N

5 i gmp  REEEURE RRSCR JURECE RAGE WRHRE

wheat/mm
3.39+0.16

3.88+0.22 7.16£0.19  0.02 mm/s 50% 0.098N

143 Runk

BRI 5 BN AR R ER &, F UK B 22
INFZIIEUIE L. KR AR AT RL A0 00 22 31 i M L 8
KN AR (148D W (2 £HLD
Ftasd (3 48 3 2cUA LRG0 3 kb,
144 Koy AHHE

IR BR B /N 2 o T 1 i A p B S
B, YEAE/NENIKS MR RRE R . (55K
IR AT DL ) A 3 AN P K A o A, K
ALY T R 42 Skl i A 2

B ROKD Y BUCR BT S KA ] ) 26 R 30N

M 8 T Dot
ln(ﬁo)zln(;)—( & ) (19)
K Do N ROK ST HUREL, m?/s; L)y/NEEJas .
A AP ME, m.
145 #Fgeit i
THE A E, 1A A,
D,
eff
3 Do /N BUE S, mP s,
SEBRIT N B TR R A R Al (19) B
R, MR (8) ik
InDgy = lnDo—%-

E,=In—RT (20>

@D

Nl =

146 HhH#2
IR XN IR S SR RER, BN R

Serial ... Wet base Single Double Multiple Material
Time/ Temper .
numbe (min) ature/'C moisture crack crack crack  temperature
content/%  rate/%  rate/%  rate/% /'C
1 7 30 16.9 2.1 0.6 0.3 28.1
2 14 50 14 2.2 2.1 0.7 47.6
3 21 70 11.44 1.7 32 4.1 67.1

2.2 FIEREXNETFIREREEENIF ST

RG] 3 IgE R, Tk 5 R TE 30~70 C
BI/NZE, TERMIAGHIAT IR ARt fErh, MRS A &A1
0.56~0.91 mm Z A}, Frazfife ST FEtass, Hixmh
TEEHRABAEEEA KT 50 C H/NERFSEMEA. —
77 T KA /N 22 75 52 B AR A B R, 78 AR TR X [ 1y
P T WIGRLL, /N2 i FRE. 5 — 7R
O 2 TG AN R PR A T AR, IRIR NS K
K, HMEMER TS RRMEYEENE, RS2
e K, PR EgE R, YR T EE
1.02~1.2mm Z[AI, /NERAETH kR, HE—
WL = AR T B B KT 50— I, X2 H
T ARG /N2 AE B SR R SR ML I PE AT
IR TRy R, /AN ERE R TR0
BN, NERMM AR AR, EE
B AT I8 B A ACER Sk T 6 7K 52 16 7 4m7 3 BBl 1) PR 71X
AR, NERREARNIRES . IREVEREA T 50~70 C
Z A, BNEB TR B 2 PR AR AL, B A /N ORI
Hoa st hn, HARZEE ) KIRE TR, XM IR
HERBE 12N R 25 5 R AR T E R

PRAIETJ8 J5 /N2 5 53 B ok /b REFE 1 PE 5 08, /N3
TR B H %k 60~70 T, £E 60 °C 170 'C FAS
[ S0 75 B S AR T B 036 4 BT

SR fE, BAZPIRSFRAR (6) F (7)),
BEILUREE R


http://www.tcsae.org

21 W

PIVEAESE /N TRl L TR I D AT B 2R BT 5

12000

10 000 -

8000 -

6000

fififLoad/g

4000

2000

NN AW
2222
| 33333

06 09 12 15 18 2.1
AR H Deflection/mm

B3 REZEMEFHATXE
Fig.3 Relation between compressive deformation and load
*4 TERGRMEPOETSERE

Table 4 Load and deformation corresponding to different crack
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Table 5 Relationship between coefficient a, b and drying
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Fig.5 Variation of stress at different crack points with temperature and moisture content in wheat
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Stress Analysis and Crack Prediction of Microwave Vacuum
Drying of Wheat

SUN Tonsheng , FAN Jinsheng , WANG Kai , ZHEN Le , WU Jun , TANG Hongtu
(School of Mechanical and Automotive Engineering, Anhui Polytechnic University, Wuhu 241000, China)

Abstract: Drying is a crucial step in the post-harvest processing of crops, aimed at reducing the moisture content and extending
the shelf life of agricultural products by lowering the water activity to levels that inhibit microbial growth, enzyme reactions,
and other deterioration reactions. Wheat drying research aims to shorten processing time, reduce costs, improve drying product
quality, and enhance drying efficiency. Commonly used wheat drying techniques include hot air drying, microwave drying,
natural drying, freeze drying, and vacuum drying. Microwave vacuum drying combines the rapid and efficient drying of
microwave drying with the low-temperature characteristics of vacuum drying, effectively addressing the trade-off between
wheat quality and economic benefits. During the microwave vacuum drying process, wheat experiences drying stress due to
temperature and moisture gradients. When the drying stress exceeds the wheat's strength limit, cracks and kernel bursting occur,
resulting in a decrease in the grade of dried wheat. To address the issue of stress cracking in wheat during microwave vacuum
drying, a digital image measurement system-based texture analyzer was used to conduct 30 repeated compression tests on
wheat samples. A stress model for wheat was established based on the generalized Maxwell model. The stress relaxation
behavior, stress variation with deformation, and effective moisture diffusivity were determined. The influence of activation
energy on effective moisture diffusion was also investigated. Aiming at the problem that wheat is prone to stress cracks during
microwave vacuum drying and thus affects the quality, the study conducted a compression test of grain by using a texture
analyzer, established a stress model of wheat by combining it with the generalized Maxwell model, determined the stress
relaxation of grain and the change rule of the load-bearing capacity of wheat after drying with the deformation amount,
obtained the effective moisture diffusion coefficient, and investigated the effect of the activation energy on it. The relationship
between moisture content, temperature, bursting waist rate, and stress of wheat in the drying process was analyzed. The results
showed that when the drying temperature was between 50 and 70 C, the number of cracks in the dried wheat grains increased
significantly, the carrying capacity decreased substantially, and rupture occurred easily in the storage process. Moreover, higher
temperatures accelerated internal moisture transfer in wheat but also disrupted the internal structure, resulting in the formation
of drying cracks. The formation of cracks generally speeds up the water transfer rate, but there is also the possibility of
decreasing the transfer rate. Activation energy reflects the difficulty of water transport, and combined with the effective water
diffusion coefficient, the relationship between them reflects the balance between energy demand and efficiency in the water
diffusion process. The impact of temperature and moisture content on the stress experienced by wheat varied. When the
moisture content was below 14% (wet basis), the stress initially increased and then decreased with temperature. However,
within the moisture content range above 14%, the stress exhibited a decreasing trend followed by an increasing trend as
temperature increased. Exceeding the strength limit of wheat particles resulted in crack formation, further reducing the strength
limit of wheat grains. To control the kernel bursting rate and minimize the number of cracks in wheat, an optimized drying
process was proposed. The process involved drying wheat from ambient temperature to 40 ‘C at a heating rate of 2.86 ‘C/min,
maintaining a constant temperature of 40 ‘C for 7 min, and then adjusting the heating rate to 1.63 ‘C/min until reaching 61.4 C,
at which point the drying process was concluded. This optimized process not only reduced the kernel bursting rate during wheat
drying but also allowed for the prediction of the number of cracks in burst wheat, providing a theoretical and experimental
foundation for microwave vacuum drying of wheat.

Keywords: microwave vacuum drying; burst waist; stress cracks; generalized Maxwell model
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