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OPTIMIZATION OF MICROWAVE VACUUM DRYING
PROCESS AND CAVITY STRUCTURE OF CORN

ABSTRACT

Corn, as an important food and feed crop, has enormous production
potential and high economic benefits. It has various industrial uses such as
grain and feed, and plays an important strategic role in ensuring food
security. The planting area and yield of corn in China generally show a
stable growth trend, and a complete industrial chain covering several major
links such as corn planting, production, processing, and circulation has
been formed. Freshly matured corn seeds have high moisture content and
strong internal respiration, which consumes nutrients and reduces
economic value. The heat generated can cause the corn seeds to rot and
spoil. Therefore, it is necessary to dry the newly harvested corn kernels to
reduce their moisture content to a safe storage range. Microwave drying,
as a relatively new drying technology, has advantages such as cleanliness,
energy conservation, high production efficiency, fast drying speed, and
good quality. This article uses corn kernels as the drying medium and

microwave vacuum drying as the drying method to measure the variation
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of dielectric parameters with drying frequency, temperature, and moisture
content; Analyzed the changes in temperature and humidity during the
drying process and their effects on stress and cracks, and analyzed the
mechanism of crack generation; Summarized the problems in the
experiment and simulation, optimized the drying equipment used in the
experiment, and improved the uniformity of drying.

The main research contents and conclusions of this paper are as
follows :

(1) Analysis of the variation law of dielectric parameters:

During the microwave drying process, dielectric parameters are the
main parameters that affect the drying effect. The network analyzer and
coaxial probe method are used to measure the changes in dielectric
parameters of corn kernels in the temperature range of 25-35 “C, moisture
content range of 18-41%, and frequency range of 0.8GHz-3GHz. Explored
the relationship between the dielectric parameters of corn kernels and
frequency, temperature, and moisture content. The results show that the
dielectric constant gradually decreases with the decrease of water content.
When the water content is greater than 30%, the dielectric constant will
gradually increase with the increase of temperature. The dielectric constant
decreases with increasing frequency in the frequency range of 1.4GHz to
1.8GHz, and is higher at lower test frequencies (1GHz to 1.5GHz),
particularly with a decrease in water content. The dielectric loss factor
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increases first and then decreases in the frequency range of 0.8GHz to
1.5GHz, and sharply increases in the opposite direction in the frequency
range of 1.5GHz to 1.9GHz. As the temperature increases, the value of the
dielectric loss factor gradually increases. Under the same moisture content,
the higher the temperature, the greater the dielectric loss factor value.

(2) Microwave drying model and stress-strain model:

During the microwave drying process of corn, there is thermal and
moisture stress, which makes it prone to cracking and reduces the quality
and germination rate after drying. It must be avoided as much as possible.
A corn microwave drying model was established based on
electromagnetics, heat transfer, and mass transfer, and coupled with a
stress-strain model to obtain the changes in temperature and moisture
content during the corn microwave drying process. Analyzed the variation
pattern of drying stress and elucidated the relationship between
temperature, humidity, and stress. In addition, experimental verification
was conducted on the accuracy of the microwave drying model, and the
maximum errors between the simulation and experimental values of
temperature and moisture content were 8.04% and 9.21%, respectively.
Under the set drying conditions, thermal stress increases with the increase
in temperature, reaching the maximum stress value on the surface of corn
kernels. The wet stress increases with the increase of the moisture content
gradient, and the stress and crack index are highest when the moisture
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content (dry basis) is 16.13%.

(3) Research on the Mechanism of Cracks in Corn Microwave Drying:

Reducing the generation of cracks during microwave drying of corn
kernels is an important means to improve their economic benefits. A
geometric model of corn kernels was constructed using image processing
techniques in 3D software. A model for the conversion of solid, liquid, and
vapor phases of water during microwave drying of corn was established
based on the laws of energy and mass conservation and multiphase
transport. A deformation model was established based on elastic
deformation and solid momentum conservation, and the model was
coupled. Obtained the changes and distribution patterns of cracks in three
directions, analyzed the process of crack changes, and the effects of
temperature and moisture content on crack generation. The accuracy of the
model was verified through experimental and simulation comparisons.
Under the set drying conditions, as the temperature increases, cracks
gradually increase, deformation gradually increases, and the crack index
increases exponentially. As the moisture content decreases, deformation
first increases and then decreases, and cracks continue to increase. The
crack index shows a linear increase, and the deformation reaches its
maximum value at a moisture content of 31%.

(4) Optimization of corn microwave drying device:

Based on the analysis of stress and cracks in microwave drying of
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corn kernels, the structure and waveguide of the microwave drying oven
were optimized and designed based on Maxwell's equation, resonant cavity
theory, and the structure and working principle of the microwave drying
oven. Based on the evaluation criteria of electromagnetic field and
temperature uniformity, the number and relative position of waveguides
have been redesigned. The results show that in the single feed inlet, the
electromagnetic field distribution in the E-type feed inlet is relatively
uniform, while in the H-type feed inlet, there is a phenomenon of dense
magnetic field distribution. In the doubly fed inlet, the magnetic field
distribution in the H-H drying chamber is more uniform and there is no
local large value. Overall analysis shows that the E-E type feed inlet is the
best, with uniform temperature, fast decrease in moisture content, small

temperature difference, and fewer hot spots, maximizing drying uniformity.

KEY WORDS: corn kernels, microwave drying, dielectric parameters,

stress, cracks, structural optimization

VIl



RT3

Bx

B LB ZEL et 1
(i L = = o OO 1
1.2 FE A AMIFFEIIAR oot 2

1.2.1 FHREFABHEFEIIIR oo 2
1.2.2 T T IEFE AR FEIIAR oot 3
123 A HLBEEFEIR oo 4
1.3 FHEHF RN G BT oo 4
131 BT TEZR oottt 4
1.3.2 BETTZEHE oot 5
LA ZRBEIINEE oot e 5

952 B R ARARI TR BB BT oo 6
25 = 1 = OO U OO UR U U 6
2.2 FEBE G T et 6

221 THBE oo e 6
2.2.2 SEIGALZR oot 7
2.2.2 SEIGTTVE oottt 7
23 I EEB B oo 8
2.3.1 A HEHN HIBIFEDT T e, 8
2.3.2 TEIBURSE ooooeeeeeeeeeeee e 8
2.3.3 AR IR R (oo 8
2.4 ZE B IIHT s 9
2.4.1 FIKEERIA LS EUIRLI oo 9
2.4.2 MR ERTA FES BRI oo 12
243 I HLBEUIIMT e 15
2.5 AREE/INGE oo 16

55 3 5 FORKFRIE T8 A% B AR BB K B TR T oo 18
oL Gl B oo 18
B2 MG 515 18

B2 L HFBE oo 18
B.2.2 TIMTTTIZL oot 19



RT3

B.2.3 I TTIE oot 19
B3 AEBUEFANRL FTHETL oot 21
B3 FEARBLIE oo 21
3.3.2 TIRIE P FELBZL TT TR oo 21
B33 LTI R oot 21
B34 LTI TTFE oo 22
B.3.5 LTI oo 23
B B R G T e 24
BALFERIIGAE oottt ettt 24
3.4.2 TS FEIRE RIFSL FTBEAL, oo 25
3.4.3 TR FEE KR AR STZEAL oo 28
Bl LTI oot 30
B AR B /NG oo 31
I S S VA6 A E S Rt 1B T O 32
B.L Tl ettt 32
B2 BT TTIE oo 32
B2LRRE oot 32
B.2.2 FTIHTTTIE oottt s 32
B.2.3 SEIGTTIE oo 33
4.3 ZAHAEHFIAETEAEI oo 33
B30 FEAABTL oo 33
4.3.2 TR PUELBETT TR covov s 33
4.3.3 FEETFAETTTE oot 34
834 BEE TR oo 36
B35 [EEAETE oo 36
B.3.8 THTEZEME oo 37
BAEETIGIIHT oo 39
B41 FETIBEAE (oo 39
4.4.2 FPEIREXSBTEREM I I covvoerierieeeseeee s 41
4.4.3 IR RIS ETERLMI AN covoreecreeeeeee s 43
BAAFILIIIHT oo 45
A5 ZRTT/ING oot 46

X



RT3

55 B FOKRE TR A BRI RAL LT s 47
30 =T =TT U 47
5.2 T R GEHAIR covvoovoeeeeeeeeeeeee et 47
5.3 T R AR TT oot 47

5.3 1 SR EIRIETEIL oot 47
5.3, 2 R RS e s 49
5.3.3 FHIR RN LT3 BT v 49
B B R G T e 50
5.4.1 BTN T EEIZ T oot 50
5.4.2 BTN TIREIZI T oot 52
5.4.3 RUFN T HIZ T oo 53
5.4.4 KU TIREIZI T oot 55
544 THEIE AL IIHT oo 56
B.5 AR B /NG oot 57

6B BRI REE e 59
B.L JEL 2 bbb 59
B.2 FEEE oo 59

BEZE TR oottt 61

B ST IRAF AR BR oo 70
T TSI e 70
T BRI 70
0 BRIEE I oo 70

BIHE oo 71

Xl



RT3

BIF P

11 EZEFEEE5MRENX

FEARBARAR—FAETAMEY, BHRES. FER. BEHRKSE. EaRkEE
PRI, FORPR 3G o ] S S 35 1 A A A IRV K, H A RO 5
B RAEMA, Fivh 3] 2025 45, FORAG RO R iR s I AEDEL, Hh [E ) K-
EAEHAE , SRR, EIRE R AL i A+ 25 8
TR S HFEEERM, WFEER. mEb. B E4ER5E. KR
HERRE . WRLL A THEY), #ZH T3 & POl LR T A, i
WA TOKIERD . TR A D,

HCR I FOK B 7K FAE 20%~40% 2 [, Y FORAFRL & /K28 T 21%FH,
TE AR TGRS KB, LAt KRN T 14% 07, Sk ke n
WER . WEAMEEAEK, HEEREYhERSENEZER R, AR TAEY
(I ETE, S BOFRL A AT HE BRI PP AE Y, JEREFPRL S IR0, FRREEDE
ME: B, BEREE, ARTRIRAL. JEgir, SEREMCE
JFT R 2% 1 TR Ik LB TR0, DRI K T4, RIS AR, B oK
AR EIAT, R R IEHA T AT .

TR H B> B K 2 i, DAVE BR FL A BT I £ i s 22 H
HEF KT FEEZRAWAM TR BRI IFARTEE. B IR 225K 5, iX
T NG, SR, 5% R, K EREEE, CF
W TR DR R AR R R, BB — R, SRER ISR, X
SRR, TR R K, RERERIAE R . BESFIPUERE, %5
P B AR AN B T 2 T K8 5 AN DB e P R SR, SR S (T R AR 2
PORIR T A R BT B, e 50 A 2 v TR IR B4k it Js M40 o Aiple o A g — Fo
PLEOBT R I TR, TR 32 LR ) P AR T e e re A58, A
AR, JEE WRE AR TR TS s 8 ] Py AR s T 4

1


https://baike.baidu.com/item/%E5%B9%B2%E7%87%A5%E9%80%9F%E7%8E%87/2275280
https://baike.baidu.com/item/%E5%B9%B2%E7%87%A5%E9%80%9F%E7%8E%87/2275280

RT3

BRI H 2 8 2%, WARERHE T TERS B 7C A LS HAL TR EOR 5 51
W7,

TR TS I He, WLz, s 2. k1. 240
FiE S 5. SRR TR AR 2 AL, HIRIRBEA AL, K
R, THEREPNESKREAR, 2N TP rAiimes AR
SRR, FEROKFF R R R T, BRI AR AE SRR AN 21, L5 [
A WESHRE, JFHEREM LA, RN ZRRAL I —EAE. BESUE
WIRER R R, Beft B i AF rT AL T R o W B, s 7 IR E L UK
~ STHRSHEE, XONHE TOR TR TP AR AR iU . AL AL L
T1-NAAE R AR M T 2B (K53

ARSI T RS HBE T PR B SACRIARAL, KA BUA AN
WS S 1T, AL T BOKRFPRIIR TR R TP . KR N A
M, B2 T TREREPRE . SRR BB, BRIk, £
KAFRLE T AR T, DR AR 3B B P AL (N 7, S R0 AR I 3 2
R 200, AR % - SR 2 307 7 7 1) Je FIRRE DU 2 32 380 KT I et RS g 4 P 0
B e ARG, R, A BT ORRPRLIR IR BE AR oA, WF AR
FEHLER . GO A 72 A2 EEZ A S EURE N, S S8 Bl 2
AN PR B 1 AR 2 L8 0 A T R RHE SN eIV F T fifi A7 e I RE
K LI REH AL IR RE K RE 112 IR AT A e SO0 TR RS E R, LLieR
E JEE Bl KR PREAE TR I RE P (KRS0, M B2 v 2 BE O E - AEBIE TR AT
U LS H2EA _E, ] B TR B & AT S R oA A, LA Ok T4
AR TR AR B R A o XAV B T3 i TR TR AR A o, e xs
MBI TEREATR 2R L. G EPrIE, IXEn 7O+ oot TR TR R
Jit,  PAS HABAR M TR I R R B AT E 2R

B S
i

y
H

SEoar R

S8

1.2 EASMAZINAR
1.2.1 FIEIBEIL IR

18 {Hhaid], EAMBFAZOTRIT TR, SR AvEEe . KT
W, FHIRAE. Sherwood 5 NP IR AR B /e £ LA TR AR K IT R

2



RT3

MI3RS) 1. Parti 55 NS T KM A2 b (A% B B T T 9 BUR B
Y SIS, R IR 9 AR B 2R B A 43 & 52 . Hacihafizoglu
S5 NS AR SO R B0 N T FOR TR R, FRBFIE T B RRF RO AR XS T
TERIRI AR o 25 SR B, BRI 25 W) (P ASE A0 4 SR 5 S 6 & SR A — B, Takhar 26 A7),
AL T TR AR R . K FIR I BCERR R, ATDIRIR IR . K%,
RIS, S5 SRR A K ZNE R A BRI . Selimefendigil %5 A28
PRIT RGBT BRI g e AR 1 R0 T R A T A% T A B2 i

TR X AT T 4R T 18 4R, 1995 4F, BiUIRE NP 7 £k
THEZ A AR, H AT TR R P R R AR . BT A R R,
TETHRIOPILER B, Tk P8R B 158 BT, 7K 209k BE MR s/, 3L
TS . 2006 4F, X 25 s AR E0VR) Fi st B g 3L T ORI N gAY,
WEAL T FRFFRL T AR A B 7B AL . 2015 4F, I ZE56 NBYFRIA CT
TR T RN RL = SRR, 38 5 AR A 8 RN B R4 3 T e R v
T . 2018 4, S AesE \BAF F UG AL B AR M R LATRE R, i
AT AR 8 5 T i R P A R FE AR A3 A8 (k. 2020 4, FEAR 7R 26 A1
NFET RS Z AR E K ) 2 AR R, IR Rt AT SR, 3R18 T4
Fel 2 TR R I A B A

1.2.2 UK FIR AR FTIIR

DB TR — P BOR 0 T BRBOR, H B0y U2 TR T R, #vE
i35 171 5 WK 04 8O F— 20, I HAsp AT LU BV REBEAT T4, T 15
FIRR BRSSPSR, HAT, TR T REORE A S A AT T 2
J7 IR 7E s 25 BN 5 S AN RIS T MRl 5 HA U 0K TR B
TZZ%, KEMEIEItG. KR, MEE. EAiEE. Bieh & ESR
M2 43437, Liu % A\B8, De 28 ANBUAT Song 45 A0, 5of oK Auftipl T4 72 b o)
LA R R REIAT THEIT, X KB T E R 7 — &1k
o BEE RIS, S TEREOR IEGCSEIRART T, 13 AT thlk
Ktk %, DR T THRBORIAE



RT3

1.2.3 MTESHMHARIMIK

P TR AR, NIE BRI TRACR , A2 T i £ N ke 5 K
77 it Z A FRUAH LA P BAR A PR RE AR AL B . E A 1953 4R 55 — RIS T4
I HURFPE IR SC B R R DAOK, ORI IR 2 X B0 A b JCH AL B b A LR
I TE . At S B 2 h /e W B FE A IR 1 PR 7 AL, 0 il ik 1 Pkt
FEAM I A F R A7k e B K e 0 A LR Be S AL O e B e 01 A A
S R A RS R R R REAT T RITAE, i RS Ry B AL R
G AR B R PE S ARG A L R AR G BT RS, HK g
DMK o — LEBIF FURMIRK 73 £ i G SR 0L TR 7491 gk 0L, e 19152,
FABOR I LE BRI T B R R REAT TRITSE, 2K T /K o0 Fll i e
X ESHUR . AR PRI R E A Ak A Bk,
RIS AT PG R AR A S . Horh, JT TSGR R R Sk a2k DR HL 8 o 10
WARLSE, MR, 0 2 T 2R f i

1.3 FEMRHNESETZHE

1.3.1 FEARAR

ASCVAT AR TR, W TR TR . BRI TR, |
FERIE KIS LS BRI, VLKA SO R TR S AR, 5L T
FRBBT IR A B, b 7 TR AR IR AR R AR, IR N -1
ARG TR &, B T = Z MR AR, RT3t 7255,
Fk, Wt T ERTEREREU ™ AN, W] TR 5 RAZ AR R, 125
TR R SR, BEAHRIEE . BT RACRA S HZ RIS R, i
SR RO A 1) 1P A, S0F S mP S P st s BE AT T it . LA 7T S8 i
ke 1-1 fros



8 SN T R S A7

LKA Bt TSR, Wl S - SUR L T BTN Sy M. &
B T T4k [ s ARRA Ha K AL R K FE AR () S W
! L2 B 5 LA K0 7 ) 1) S W Pl R 20> (R LR

EABGE T4 0 CAE A, R
COMSOL MultiphysicsZ Yl
T 1R ) 25 Bk i St S ik 4k

L
[

K 1-1 1 SCEEARHE SR
132 EHLH

TEYHE T 2R

(DFE—FNEWR, A TR 558 ORGSR O 18 1B 7 IR,
EENETHAANE ST 2.

()5 ZF N TR BSE T, N B SEUE 0 TR = Z 24
XTI /D Ry B . R 48 20 BT ASCRT R Bl AR Sk vl 5 ROK AR it FE AE 25-35°C
TUFE, SKHRLE 18-41%u [, SR {E 0.8GHZ-3GHz Ul A M- S5 Ak, If
W T ERNBSEEMR., SRR BERRR, AR ERN BB EN
RtS*%.

(3) =BT R TR . B - RASAREAY,  JR45 & S I
JTEAMT T KRB T R iR R S /KSR B (K AR A e o s B T 3
FE. BKERIB I Z AR R AR E RGO T R R N 5% .

(4) FEPYFEENT T R T b 2 AR 3 5 AR TR AR AL . @ it 5T
T P2 AR FE A FE X RS HE R, A3 AT T B A LB, R 9 KB T
W R A P AR S

(5) 5 % A A48 1) TAE R E &%, FIFH COMSOL Multiphysics %
POELIA AR TR I AT SO 54k, X ELARAG G J5 B . BE3A R BE
SATENL, DU BRI KRR LA m TR 5k

1.4 RENE
ATy, FEA PR S SR S SRR DRI [ [ Py S

y I555)
FEIIRS BB TN A5 E 12 HE, R SR R IE .
5



RT3

H2E  ERIFNME TR ESHITH

215|5

TR T o R N AN R A SR B2 A SRR, A B S
Ak 22 5 L RE S RORKFRL A A BAEF o 9 T IB BRI TR, A
LT RN S HI AR . A S E T Bl W o A A R ORI A
PHFER -, BA5r AR 7 A RHESN NI T B RERE 1 RIS G RE e A
HEEIIRE . A BRI R IR 2, WAEE., IR, B/KE. R BRI
gy, g K EI A BRI R R . A S IR VA e LRTE. B
HS A EIRIEVE . ~PAT SR AT TG R R AR5 o BT 32 [ PN S8 50 50 4 1Y
BRI, A LSO TR AT AR, I AT AR R, BITE AN B4 5 11
MRRATEE, 2Py ¢ B ol J 5 000 B AU A5 o (BT 0 ) R Sk v 7 5 (400
WELE, REKAT LSRN RL 78 o Fe i, 0 A SE AR . A= DK R g B
FORF G, A FH 5% 5 I 2 43 b SO [ R S 5 AR 58 KRR I BE 7E 25~35°C Yt [l
FKRIE 18~41% VU, SRS 0.8GHz~3GHz Vi WIS H, S
HSRIBEZ KRR, NERFRABSE RS,

22 MRS R
2.2.1 ¥}

HEEL 958 51 KAFRL, 1 A 833 I I O LSRRI R SR i d okl S
AT TR K, KA 105°CHEF 2 E R R, SRR RVIGE TR & KE
(1B Kk R (37.98%+2%, 35.97%22%, 29.93%+2%, 22.85%%2%, 18.56+2%),
FREANF B KR KRNI N T B A8, 78 4°CURFE T el & F . SEaa s S A1
O, P =R



S W Y N T R VAT

2.2.2 RGBS

Fr LS HON I ES061B 55 45 BT X, Keysight 2] : ek /4R
RWBZ-08S B4 i 515 446, P 5t 75 B i o8 A R 24 w5 i B0 &R ) Ti32 Y
PRURAC, Fluke A F]; 7K ZM5E R A HS100 HEF-1E7K 70 g, s =4
MIRIAIR AR FENERM AB204-N B T4 KF, _EHEEm sl A R

NI
2.2.2 R

S HURFIEI R SR B A ] 2-1 PR &R 2P 2% 70 B E5061B i
LT 1 /N, ARG AEAE 3 1 A 50Q 7 8t AT e . e v 11 S {40
FEIF 4l A 28 0E P2 31 N1501A #3%. N1501 BfF)azh)E, RS E NIE 0.9Ghz &
3GHz, ST FARAL 101 AMIE AT K . N1501A FFBR R 4l 2R R Skl ik =
v KA 25°C £ B KT HE

SLIG R R K BN RIS K 30 TR RLEH , 5 BT, HIE—0
ANEE K ER R FORFFRL . SEIG 28 B, 2 578 B B M IORF RN AR S TN K
WA, MR S0 7R SR B B KB HIKIE, TRFPRER A BB H )5, 78 2min
WHEAT = PR R &, P Il & 8 3 =K, AN [R5 7K 38 5 BT AT 5K

IM. o

B B X

[_g/ R

=

E/ BMFEXR
il =

oo o [* JTE.TIIJ]E.'I'I7K‘;§%I%

4_U—"'*

2-1 4 RURFIE D B 2R 4 2L A
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23 NMESH
231 NEEHMNTBIRFEET

Debye & Hi i UK A A4 RE A R BRI A FLARRE PR 1O Bl 4 OB

' + gs — &,
? 14 (2nf)?1?
. (e,—¢&,)*2nfr (2-1

T 1+ (2nf )2

A, € R E" GBI/ LR A BRI T &, ARETE T3 K (0 41 1 3 4

Es NERARNHEE; AR, Hz; T AshigmE, s,
Stof - FE 5l T4 B 7] 55 7K PR R B O 2R =R D),
3v

1=V — (2-2)
kT

Av A, md; v ARNEE:, k AEEL T NIERE, T.
2.3.2 FIBRE

B E, FIERIEE OTR B 1Ue(e=2 TIO)IB R TII B F T
KT 5 Lot 3T 06 P BT 0 BE0 . 5 RS L SRR
PO BB A SRR IS A RDRL— R AR, 2T NS M
BH T B VR BE AT S,

d = ¢ (2-3)

p 14
Zﬂf\/Zg’[ 1+ ()7 -1
&

A, d, AFERE, m; CONIGAE A A A s

2.3.3 [EIAHHR K IR

SR 43T DG AT A1 LS S, S5 P oL R 7 AR
R R, BRI R RO TR ORI A B RS RS 2 R
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7 - 1 (2-4)

. , . We'e,+o
JW[(Cf +3Co)_JCo( . d)]
we,

b, Z SRR BETT, Q5 AW NIIE, Hz; C, MRSk N2,
F: C, WAMNEREERUATE, Fr g, NE HZRINBEL: o NARETE, S/m,

NG5 a RS 5 by 38 I AU A PRI & -

b, } {Sn Sp }[ a }
— 2.
{bz Su Sup @ (2-5)

ﬁl:':" S11’ SlZ’ 821’ SZZy\jjéﬁgj‘%%%&O

24 GER5 511
2.4.1 ZIKERFFNTESHRIF N

H1 P& 2-2 AN[RT AN &5 7K 4N 58 38 BB 4 T KAWL o OB T g, FiEE
BRI AR, e B O Y R PR A1 FLUH BT B, 7K & B A R T 2L
TRRKFRLA BB IR AL 737D, AT 3 B L R 2 K 25 B I A T A
BIKFEKT 30%I, FEE IR N T F R SR ETE K, OB AR T e BT
RL, PO RER PR S SEIR PR SRR At L A AE S, Al RS HER . S 7K R AR
T 30%M, AL HCZ EK R IBCOR . BB SR R, A E R OR, R
N, K. fE 1.4GHz 2| 1.8GHz MR A, FEEFR I, 55300
W7 BRI AAT AL LR B 5, SRS F AR ATAR B I I g8/ s ARG
MEMAHR(1~1.5GHz) T, S BMEARECR, HEEE SKERFEE, A aE
BONBRIUNE R . W WFPRL LR s T e BRSO Y 2, BEE
BRI, IREAFPRDIRZE X F W O B W . WF SR, K AR A0
V0 FE Y B LR AE 80 A, ITORFAE HR A2 5 AR AT RIS A 1 A FEL R D
T 3 Bk, 7K A3 R LA A HURF IR 1) 5 2 PR R BT B 5 7K R AR P 1 AR 4K
SERERPRIA FLH BRI, B TERERLA L B AL I i



LT RR R L2218 S

T T T v T T v T 55 T T T
sk = & = 25°C Intact grains —&— 25°C Crushed grains g = & = 75°C [tact grains
= # = 30°C Intact grains 30°C Crashed grains| 13 “ = FC Intact grains
pgl—*— 35°C Intact grains —8— 35°C Crushed grains e 310(_ Intact W""
T i 45
6t ns
st 3 35f
: c 5t
Eat B
g E
5 3f =]
2t
L5fF
13
1k
0 s . n M . n s L 0.5 . L s L n L
1 12 1.4 L& L8 2 22 24 26 2% 3 1 1.2 14 L& 1.8 2 2.2 24 26 2.8 3
Frequency(Hz) w10 Frequency(Hz) «10°
a. 37.98% b. 35.97%
4.5
= & = 25°C Intact grain - B = L
4F = = 30°C Intact grain 4F |- 4- 25°C Intact grain —%— 35°C Intact graim = 30°C Crushed gruins|
—4— 35°C Intact grai == 30°C Intact gruin —8—35°C Crushed grains —&— 35°C Crushed grains
o—25°C (.nr-hcdgnms sl 2
35 0“(‘ (‘ms.hrd grains| g s s
it 5 A
5

Dielectric constant

Dielectric cons

12 14 16 18 2 22 24 16 28 3 1 1.5 2 x5 3
Frequency (Hz) «10" Frequency (Hz) w1’

€. 29.93% d. 22.85%

&= 259C Intact grain —#— 35°C Intact grain —— 30°C Crushed gminsl i

4r | = 30°C Intact grain —8— 25°C Crushed grains 35°C Crushed grains

Mﬂ@. 4 %Qq

Dielectric constant

1.5F
1F
0.5
1 1.5 2 25 3
Frequency (Hz) % 10"

e. 18.56%
1] 2-2 AN IR EEAN 35 7K R T 58 B o B KA A P Ol

H1 P& 2-3 A [R]l B RN 2 7K 22T 58 B Ok 14 o KR FRL A FELA0URE PR 7 A ) 287
FRAFRLA PR TR 2B B 2% . 1E 0.8GHz~1.5GHz M JEH N,

A SR R B e 8 K5I8/ o 7 BRI TEH A, ERMFRLA Y FEAPRE G 32 R

T B T AR P A SR AR, B 5 51 R IR A AR A 1 B i s/ T

T A% Ak 51 B A F A RE B A AR ) 3 2 B SE R R R e, fE
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Y WR YN AT AT

1GHz~1.2GHz Z [ IR . A F AO3E K, A B AR M B0 I Z2 08/, 24 H
SRR A 90° I, A FFERER A 7E . 7E 1.5GHZ~1.9GHz Hikk,

S HARAE IR T H) 2URI K, 76 1.9GHZ~2.45GHZ A1, /i B F5RE IR 1 S AR/ »

fE 2.45GHz~3GHz $iif%, A ke 7 98tk . Ko &, A E AR
JE R S8 BRI TR A AR DR 1 22 SR, SR RBAIE, Z RN, B
Er K BEAR, 56 8 B0 I KK R A FL AR R 57 (DR A X I M a0 B
MK, AR NG HIAR 3, IR RN N . S AR A
FAHAEHUE SO R T IEE SRR ME, FUEAIEE XS, BB A& A,
B S 1 K5 MG, A7 R IR

lectri

e

1 12 14 16 18 2 12 24 6 28 3

Froquency(Hz) x10°
b. 35.97%
T T T T T 1.5 T T T T T T T
25°C g(‘.l!ll —e—%ﬁ'\"' (\'rmhud gl‘:l!mt A = 25°C Intact grain —0— 25°C Crushed grains
15 . .‘U‘t_ rain 30°C Crushed grains - ® = 3°C Intact grain —&é— 30°C Crushed grains
—h—35°C — 35°C Intact grain 35°C Crushed grains |

grain —8—35°C Crushesd grains| | Wk %
‘i. 9 :
a T g 05k
A e e g -1 -~
A} »
A f‘q o L
- 1

e loss factor

dlectr

Die

15k
_zcr.x 1 1.2 |b4 Iln’~ I:K 2 22 24 16 2R 3
3 Frequency (Hz) < 10"
€. 29.93% d. 22.85%
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eetric loss factor

Diell

["rc'<||'.\'||r_\'_i Hz) ) ® ]I-I'J
e. 18.56%
P 2-3 RIRHRIE 1AK% 55 BB R ORKPRLAY BRI 45108

2.42 mEXT B S HEIF

H1 &l 2-4 R 2-5 AR 7K 3T S8 B BOf i T KRR A H o AR B iR A2 A
TR, FE IR A, AN[R] 5 7K A4 58 B OB A FORAFRL, A H 3 B o ik
PRSI KRNI R, B IR T IR HTHE K, fE 1.4GHz~1.6GHz A I
FRUE(E . FEMFAERT, EEOME, S BB, RIE Rt EE, 7RIS
SUIZE T 2 R AER AL, HarE S X S R Z R, SERPRHT
el LA R R B L. T UL R T R, AN [ 7K R S A O B ) R KRR
I AR E S T8 BEERCUN, Hm & KR I BORF PR BRI
TR BRI R . R B OKRFRLAE B 7K 30%~400% 2 7] /1
L e T AR B K3 R IR R, 7 30°CHT, 7K 3 32.68% F K FFRL I A Ha
BRI N HBUE RS e KRR f O B B 42, HAUE KT
SElF KKK KL

T T T T v
ar == [8.56% —*— 32.68%]7
22.85% —e—359T%
26.2% —6—37.98%| |

s 2 e o 3‘ . " R
=1 s = ‘? . % ‘”I' of &
i & Vo d 4
K B @ m \"
: TR W a
' N
0 0.5 1 I I I I L " L i
1 14 16 L8 4 26 8 112 14 16 LS 21 24 26 28 3
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78 W N =t VA7

35 T T T T T T
x == 18.56% -4 2L85% - B - 26.2%
L == 37.59% - = -29.93% —k—32.68%

e * pR —5—35.97% —6—37.098% —a—41%

=]
in
T

Dielectric constant
13

0.5 s . L . ' '
1 1.2 1.4 1.6 1.8 2 22 24 26 28 3
Frequency { Hz ) «10°
O
c. 35°C

Bl 2-4 AN[F] 7K 3T SE B ORFFRLA T LW BB T P AR AL e

6 T T T
4 18.56% - - 22.85% - & - 26.2% . T T
[~ = - 27.59% —W—29.03% —B—32.68% ir v 18,56% 4 22.85% - - 26.2% |7
—— 35.97% —a—37.08% [~ & - 27.59% - % - 29.93% —*—32.68%)|
5F 7k —6—35.97% —&—37.08% —a—41%

t

cons

Dielectric constant

Dielectric

E‘n‘quc‘nr\ (Hz) 10"

a. 25°C b. 30°C

T T T T T T T T T T
8F = 18.56% - & -27.59% —e—3597%

22.85% - == 29.93% 37.98%
= #=26.2% —k—32.68% —e—41%

Dielectric constant
IS w =
T T T

=
T

3

I 12 14 16 18 2 22 24 26 28 3
Frequency (Hz) w10”

c. 35°C
Kl 2-5 AN[RIE 7K 3Nk i T KR Hi 0 T R ) A A R A

H1 18] 2-6 AN [R] B 7K 3T 58 B B OR KR FRLAT R IR -1 Bl B2 AR AL A AR A ] 2-
7 AR 7R B KA LA FL AR B B R P R AR R T R, B IR
Thiss, SRR T B IZHE K, A FE KRR R ARNRL, ol 58 Bl 20y
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P, HA BARE R TR A T — 5, BUEZE RN A EATRE AR (AR
TORE RN B F4KE 2 3550 2B, 7E = AT BOK AR BRTE % f& A BB URE IR 7= AR 1) = 22 A
=, HEFIFeba R MmOk, AR FERA IR BE I g gse /s, R e gt
B AR RE R AR BN TR o IR FE RN 5, A AR T AEE RS B
BHIIR, 1E 2.4GHz~2.8GHz MBI N, EI/KFE KT 35%MF, A rFER T
IR, /T 35%H, A FHIFER IR R, BOCHE R, HR AR AL
BN E . 1E 30°CHY, & 7KK A 32.68% 1 AKFFRL A HL I FE R 14810 i 1 H. 2%
A EMESKRET, RS, N aBFeR FEUEB K. SR RN R
FHEL, SE8E R RFFRA L BIFE DR AL BRI, IR R AR R 3

T T T T T
w- 18.56% —*—32.68%
22.85% —o—35.97%| |

= =262% 37.98%
- &-127500 —8—41%
= =29.93%

T T T T T T
== 18.56% 27.59% —e—3597%
<4 22.85% 29.93% ——37.98%

Ir - 26.2% ——3168% —e—41% |1

=
T

05 F

Diclectric loss factor

c. 35°C
K] 2-6 AN[FIS 7K Z T 568 KK LA FL TR DR 5 i U8R B2 R AR AL R
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g 18.56% - = - 27.59% 35.97%)
] - b= 22.85% —%—29.93% —a—37.98%)
I ﬁ 4 - A-262% —6—32.68% 1
= i

s factor

05F

Diclectric loss factor

Diclectric los

L5F
a2l s s i i . L s " "
I 1.2 14 L6 1.8 2 22 24 26 28 3
Frequency (Hz) =107
b. 30°C

=% 18.56% - &-27.59% —&—35.97%
2F 22.85% - = - 29.93% 37.98% (4
. = p=262% —h—3268% —e—41%

05F °

05 F

Diclectric loss factor

25 L s L L L L L L
1 1.2 1.4 1.6 1.8 2 22 24 26 1R 3
Frequency (Hz) «10°
[
c.35°C

B 2-7 IR B 7K 28T T KT A R4 R T I8 I 1738 e e
243 TS ST

T SE AT 55 7K 00T 58 R B R KA RL A BB B s i 18] 2-8 s . MR
N, BEES KRR, SSRIORPRA LSS, i TR R S
BRI/ R . BEKE—EN, MERZRTHE, SKRE 300 LK, 5%
BERORFPRL A HUH BB T K 25 7K AR T 3000, A B B i e 1ok,
113473 B4 S RRF L A A FL 0 SR i) o 5 8 T R L PR A FL 8 AR K 20 2
AR N IK B AR o A B R R FPRLAE 7K 0 5 s AL B TN U L A K
. SEBIARN RS LI E IR L 2 A D BEE R, B iR BUR TR L
KHFFHL o
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[ R
= s

Dielectric constant

E -]

-

-

25

Mojg, . 20 15 25
U Conep, %
)

e

2. SEREHTHL b. AR
P 2-8 TR £ K AT e R AT TR H B B R

i 2N 5 7S SE BRI T KRR R BURE A 1 RS 1 P 2-9 P o =
i FEAEE RS, B K7 S BRI FRAR, TR Z 0N 25°CHT 35°CHY i) 78 3 T oK ML i)
I FBRE N TR R/, TR By 30°CH Jaldt/ NS K . WEFORRL
LR N RN S K. Sk S BAVARRT, BEE IR AT o, e ORI
AT HLBURE IR T S PRARR S TH iR o BB TORATRL B K3 T 300% 8, A BTG 715
R, BKRART 30%MS, S FEBTFEIR T Jedi/ MR IR o SE BRI F KA L
TE B KR AN LI, B R R R B 58 B TR R BTFE DN 72U
R TR P B KHTRE o 2R FEAIR T 30°CHY, S LR R 5 325 FE (KI5, = 1 30°C,
I AR T B KR E T

é

é

a. SEENFPRL b. ¥Rk kL
P 2-9 JRLEEAN /K A0 58 BB T KPR LSRR R 1 R T

2.5 RE /4

B KE KT 30%0, i HUH B BE R IR T s T BT, B A
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T AR KR 24 A8 S

I UGS T A B R ESE (1GHZ~1.5GHz) T, /-HH
BN EAITER, SKEBRER K. TEMHFSET, WS, A fE5UEs
Ko KIPERAE 30%Z 40%:2 [A] 1) 76 5 FRFFRLBON I T KA A B B0 T
A K A3 2 1 BOKHFRL o 568 R RN RLA T FLH U0 S KB TE IR 23 & E AT
AT IREIR B T KRLAE & KB A R T A T A L R K

I AR FER 7 7E 0.8GHz~1.5GHz #it, JeHy KJE/), 1£ 1GHz~1.2GHz
AW B —ANEAE . 7F 1L5GHz~1.9GHz #EL, KIS K. Ko&Eillm,
[ 52 AR BE T 50 BRI A S AORE ) A A HURE B 1 22 SR . BB IR BE (R T v
P AR DN T AE R LW K. 7F 2.4GHZz~2.8GHz #iB N, S/KE KT 35%
i, A EARFEIR T R I K, /T 35%0, A LSRR DR T OE O, MO R
BRo SERE AR F ORI RLTE = 2 /K BRI BE I, EUAS A A FE IR 7 e K. 4
WREEART 30°CHY, Ak iR E RS, & 30C, ArmfHER T HEK
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RT3

H3E  EARIPREE IR RASR B R HS TS

315|8

TORKPRLAE TR R b 27 AR R AL TR 1 RS0 L 17 BT A5 e o ) B 22
TRbr o AFAERSUN TN R RTINS ABEIEH R 2F, RFRAG, M HAREU
FORKPRAR 7 R A8 AR o W FURWT, RGN A 1 25 T A RN 1
Ko METBERET, BEERERITH A S KRG, SBCEEARM RN AR
JERK BB, EM = A HGRN Sy o BRI, D6 208 T8 B K GO e o 182 0 9
Rk, S TR A R 2F AR 5T o

RRPB TR S Bl RIS R o0 A, TR 2 Y R A 1)
8. BREAER, Takhar S5PUFT Wei 55102, 57 7 FOK TR AR . K 3 A0
R HIECARR R, SRAG TR Bk M ARARESS, BT5I7 AT
W, ASBERH T TR T o PRI, S ST T KA % A R A AT LA SE B
AT RSSO TR B AR TR B AR AL o AR TR AR T, B TR BT IR
AN IR MIBA, 277 A2 AL AT AR 7 o 28 R g I oK 1 Jee Al AR PRI
W ARG RN AT DL TORAF RO O B, SR TSR U LA S 56
MEE RIS, N 2B BT, AT 1 TR R T A T R
BIRFR AL IR, IR BE S 1 FOAUEDGS B A6 IR T A i A R B 1
FEPRFUUR AN 7K A TR T (K50, W] T =F 1R R, NS Ja LK
TR T BRI UHE -

325 RE
3.2.1 #%

SEB6 B K OYFR A 958 5w oK, MRkt t RSTARIE (b . kL
ViR HLICRGUITFFRL, WP T4%, RIEEKIGHET, TN (41 CHITKA 72T .
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4 EARE (GB9457-85) IMIAFHIUA & 7K 2K N (30£2)%.

3.2.2 9thAEE

T TR, TAESE Ny 245GHz, )& Jy 0.35W/gd, T {E R~
32cmx34cmx25cm. A T ARUEDT B HERGTE, FEARRAS R SF N 5-20mm, RIS R
WA RS 5-10mm,  PRHAS R SF A 2-3mmBel, ik il an il 3-1 Fiias o

~
FAR ) R
- N
il 320mm‘\‘=;\\\
S X
= =
- C ushy e M
= -
— =
Wy \\ = 3|
g

¥

=" 340mm
| g
-

B 3-1 e T MR () 2 ST RNl 4

KA IR o8 COMSOL Multiphysics 5.5 ZEAT 5 EL, S A #3755 5
f 77 RE RN E A AR AT RRIEAT SRR, AR AR BB ) BRI A% R T R HEAT SRR, DT
I IF] 45min, BN 1, R AL FARIAE 53 77 3145 595 S0l 5 [ 4 70 R SR A A
L FIARRE 7, TN SR R 1R A SR AR R T

3.2.3 KW A

FESLIAER N 3-2 PR Sl HR H] RWBZ-08S B 7178 184
A 5 R VR AT PR A ] s T &R F Ti32 B RARAX, Fluke A W] &KHE
WE K] HS100 Bk e, S EMRE IR AR i EE K
H AB204-N B e 170 R-F, BRI SOl A RA A
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b. 7K MELX c. PR d. FARARAX
K] 3-2 EESLIG(UE

MOKFEICR FEANRL, 88— B ) 5 827K 73, BRI 209 B KKRLI ST
BT TR L, T4 508 8min, 16min, 24min, 32min, 40min HY
HFPRL, R BRI B KA, AN [E) I 18] 75 B AR UFFRLEEAT S50

WOR A AR BN RL, HEEER, BANTERES, B TERREREN
40°C, T a] 5 B 4 60min, BEAHLEL 100 A%, F:5t HBLII LA TI0 5%
TFHREE ARG FARNFRLI R SR EGEE (sc1) S~ ARGt

SCl =5A+3B+C (3-D
X, AL B C /ol 100 K KR 2 240, SRS B LURFRL I 2
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RT3

3.3 fR¥AfE BRAN R 1R

3.3.1 ERRK

R BORAR A AR BRI IR, (O DL AR R . BORHFFRE N 2 A ]
PRSI, R RFFRL A SR AR IR E K 0 A5 2205« WIUEIN. J1o8 0 KKk R
BARARFRREAAR, &—FoRhsi bRl . Rt FER R A 52 HAh A J11E
3.3.2 FIRBENEBHATE

TR TFIRAR N FB R TTRE W] 2 s 5 R O R R e,

VxU(VxE) -W?¢E =0
e=g,(e'—]&" (3-2)
w = 2xf

b, u AT S %, ENHZIRE, Vim, we A%, radlss & HENE
WHG e, WEMEREAEHEE o NAEEEG o NIRRT u, N E R
EES R (u=uy=47 x107N/m?); f RAIX, Hz.
A T e 1 P B A RS9
Q= %weoe"lélz (3-3)

A, QABHELIE, Wimd,

333 EMAFIE

R AR B P IE e, DB TR R v S KR PRE P B A A T DA ik DAy teel.

pCp%—I=V(KeﬁVT)+Q (3-4)

Hor: C, =1470+3600M / (1+M) (3-5)

Ke, =1.33x10°T2 +0.5964M ? —9.32x107°T —2.273M +7.633x10°TM +1.706  (3-6)

W86 5% AT ML T AT

{t=o, T=T,

—QV = AR (T-T,) (31
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Kb, p NEE, kg/m¥ C NI, Jikg-K): K, NFHAE, WI(m-K);

TN, Ky M OBTFIEKE, kalkg: v AR, m AJNERMM, m? h

NAERREL WIM?K); NI, s; T NHIERA IR, K.

3.34 ERATE

TR EARFIK BB AL BP0, 7K R e A A IS i B A
AR AR 28 By~ g A T,

(3-8)

A, o,y o RAKFKFIRIVIKEE, mol/m®; AR, s; A, Ay 2l
K. KZEIRIE R, mol/(m?-s); 1| NA/KEIZERIEZR, mol/(mi-s).
KM, (Pey + Py )
RT
w = P, —D, Ve, (3-9)

o = Puly

]

Hp:

>l

A, U, - UgxEéHﬂ}iﬁgﬁiﬂ??ﬁ%}ﬁ%ﬂﬁi&%E‘J?}ﬁ‘ﬁ;, FH A 7Y 8 R IR
— kinikri :
0, =———=Vp(i=w,g) (3-10)

HT46 F A R F 25 A

{tzo’ N (3-11)

c=c,—It
A, K NZAREREHG M, KRR B, kgimol; p,, 7K 25170,
Pa; p, MEAEAMAGE R ERZAUE, Pa; ROVEESEFE S, T ARE,
K; D, NEEY HR, mls; p, WKKIEE, kg/m®; p, NAIHVEL, kgim;

u (i =w,g) N, mis; k,, NATEZIER, mis; k  NHXNEER, mis; u
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NREEE, Pass; p NZKEIMIMIZRYE, kg/m®;  c NHIER/K KL, mol/m3.

3.3.5 f S1t&EHY

TR RES, ALV BRI SRR, aRBLH AR R Va1 . K2
FLAP AR ARG SR A A AL v A S Y 1 S 1 F P 0 1 ) AR A ARFAEDR], PRk
KT B AR AR A LSRRG B AR, R HORE 3E4T 08, Y Maxwell #2743
i T oK ZH GURG S doe i T R o ORGSR R - 8048 5% 2 oA B 3Rk 5P

O'=Dd(8—8d)+Kb(8—€d)+Sq (3-12)

o, 6o B0 __E®

20+0)’ 0 3d—2u)’ D, AWIEERERE, da (2-13) #5E:

—3—000
3

4
3
2 000

2
3
2
3

o @I

(3-13)

w
O O wlh

00
2 00

2 0
0 0 0 00 2
SRS B S LT RIS A IRRE B K SR AEAE — E B R RN,

E(t)=E, + Zn:Ei exp (ﬁj
i=1 T

(3-14)
t

8,0,

f:
SFERNE, O; ~ Oy N:

0, =exp[-0.02(T —=T,)—6.75x107*(T = T,)?
{ T p[ ( 0) X ( )] (3-15)

Oy =exp[-170(M —M,)]
R, Dy ARIEEHRE, Pas & NMRIAS: &% AURAERIAS: K, AF#tEie,
Pa; S NRKHAIERJ), Pa; o NERIS), Pa; G NBIDIBLE, Pa; E(t) JysihA

&, Pa; E, NEAKFFRIPERIE, Pa; uNiHMALE: E. E,. By NZ IR
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B SHBIEREL 55 1. 1,0 e MR, s; O TIRRE, 55 o; iR
FEEIRMARN T 0y AR GHEMARN T T HRE, Ki M NTIHREK

K, kglkg.

BAGERE N
3.4.1 t2RYIGF

T KPR R IR T (CSEERTRE 40°C) FIE /KA (30+2%) S50 E AN
iAW 3-3 Fivm . MEIHRTLUE e, W5 B2 (0 SR E WA 107 B4, 10 & 7K 36
ETEAE, EERRN, —RE TAER R TR AR AR AL, — &
S0 I B T I AR 2 B o AR . T KRR IR B S IR R i e, S KR
SRS TR, PR N, X OYREE TR G, RN BT, R
DKAFHL P8 (14 7K 3 ) A A 36t IS o 5 P8 AR 55 7K 3 1) 47 B AN SR 00 B AR A i 5 A
— 8, W REROKIRZE 5 AN 8.04%F1 9.91%, 3 B TR A n] 3R 4T TR
FE . B KR

Br {ji FL{f Simulative value
—a— 5254 {f{ Experimental value
40 ]
&
i 35 ) /
A
5 o
= -
i -
o= J0F "
= -
ﬁ{/////
10 15 20 25 30 35 40
I5 [ Time/min

a. BORFPRLATIE AL
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—{fi FL{f Simulative value |
—s— 9255 {f Experimental value

L =]
T

(=) -~ o0
T T

wn
T

7k ZMoisture content/%

Ao
1
s
T

o
T

II(J 1I5 2I0 2I5 3I0 3I5 4I0
[ [8] Time/min
b. T RAFRII & KA
3-3 TR Ih AR A KRR RN 5 7K S 1 S BB R 477 BAE
342 TRIEREMAN T

B 3-4 T KK A FI %1 (t=8, 16, 24, 32, 40min, YJHH & 7K 3 30+£2%)
TR BE AR . AN 3-4 FNTE] 3-3a AT LA Y, T KR IRLFE 8 T 4 o [ 38 i v
=, AET% 8~16min 1 24~32min IR E_ETHECHR, £E 32min IR Z & KN
2.3°C. [ 3-4 s T Mt AR v RN RL O fo e, PR B AR 4 T AN IR
B, THEIFURR AR PO THE, RETHERE, WAMNREAAER RSN .
THEMEBEAT, NEHECRRE TR, AR R, PWAMNRZERRAS, I AN
INFAAFAEARI EIME . FRFFPRLUE LAFAERN ST o 12 F T I — b 3
(17735, UG N (KK 2 7 R A TR PR e AL B 8, 7 A K R B A /K 1Y)
TR BT 28 R BRI A MRS B

B Temperature {degC)

EE Temperature (degC)

a. 8min b. 16min

25
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iR Temperature (degC)

degC &8 Temperature (degC)
degC
40.4
403
40.2
40.1
40
399
398
39.7
39.6
345 195
C. 24min d. 32min
2% Temperature {degC)
degC
45.4
45.2
45
44.8
448
44.4

e. 40min
Kl 3-4 iR AR

3-5 N T RAFRIAEAS FIRE (T =25, 30, 35, 40, 45°C, ¥J#H & /K F 3022%)
AR AR AR . BN A TR T = TG K, 30°CH 35°CHT A AN ARk
B, TE 45°CH N i KN 7690Pa. # N S1iRE KB J5 a1 Je 38 K Ja ek, il
ANTHRTEL, JERE DT R R R SN S RO, BT SR A R (R A B R TR, )
FEA R, BRIV K T 15 B T A SR AL GE SR, FL S8 B Rp = AR
G ISSFRINYAL S N UL EPa A

A Thermal stress (Pa)

i Thermal stress (Pa)
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8E 4 Thermal stress (Pa)

=x10%

x10°
-}
4
5.5
5
45
4
35
3
2.5
2
15
c.35°C d. 40°C
T Thermal stress (Pa)
%10%
i
\ [
5
LN 4
3
2

e. 45C
K 3-5 # v J1AR 10

Kl 3-6 ARG KR TKNFRAEAFNRE (T =25, 30, 35, 40, 45°C) F
RS AR EAE . K] 3-6 T LAS HH, ANE B /KR I ROKF PR, Bl B Ty, B
JVEHHER . EARFRE R, FRAFREKEN 16.13%0 B K, HKEH
20.98%H N iR/, )52 B K ER LR . /N T 35°CHY, N EHEK,
KT 35°CHY, ) BB o

%10°

5.5

<= 20.98% —*—19.9% 2
Spl—e—16.13% 14.4% s

—=—11.95%

451

-
Lh F=
T T

e
T

[ }1Stress/Pa

25¢

25 30 35 40 45
it Temperature/'C

Kl 3-6 S 7 Bt i AR AL 1A
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3.4.3 FIaT 2 &K ERFLERN 1T

B 3-7 N KKFRIE AR I %) (=8, 16, 24, 32, 40min, FIHA 5 /KR 30£2%)
B IR B AR AN K I3 I I ) SRS , RPN S K 74 B0 S o BRI s,
IR IR A BOBkR, IIMTEBOK D BEEE . 7EE] 3-3b H, T KKK IR 73 6
it 45 1) AR RE RSB K RN, R/ AR RAE t=16~24min B . 3KIH]
FKE BRI T L E KR KT mMAE T ), SRR, I BAF
TEW IR B, K E 7 T K VB J7 1] o 3K 2 DR A IR 8 2 A PR S T 2 o
I, ARSI B S KRR . TIPSR A iR, 2 1H A8
WAK. BEETHRIPEAT, WK RSN, oMK aRRED, Rk
BT H I

i#IE Concentration (mol/m?)

74P Concentration (molim®)

a. 8min b. 16min

i Concentration (mol/m®)
% Concentration (melfm®}

115

. 24min d. 32min
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% Concentration (mal/m?)

e. 40min
Bl 3-7 HKRALE
K 3-8 N KFFRIEEA S /KE (M=20.4, 19.9, 16.13, 14.3, 11.6%) FiE
R . AN 3-8 T LAAS HH, R KFFRLDY JE R EECR, HAFAE RN
MG, WG F=ERE, RIEBRIMERLERT N, BN JEEES DA AR
SE AT, N e KRR T 1) R AR S E KR AL — 3, TR
[R7K o3 Bk BE R, YRR KRR — B RIE T fE v, A77E B 17K o
JE 5 PR AR RS, FOKFPRLIRE R P AR A B s, 2 KR P AR R 32

{fEH Wet stress (Pa)

BRI Wet stress (Pa)

a. 20.9% b. 19.9%

HRRI) Wet stress (Pa) )
iBFEH Wet stress (Pa)

c. 16.13% d. 14.3%
29
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IR Wet stress (Pa)

e. 11.6%
] 3-8 1R SR
B 3-9 DA AU B KPR ANl &K 3R R R pid: . MK 3-9 I UG
t, BEESKERMBEAC, BRI R ARG R, X2 RN FENITFGE,
T I SR FBUK S POE AR b, BT DR I8, B T8 E R AT, BN
JIE TN, B 7K 304 16.13%I, LN 7K 736 B2 g5 K, 18 Y. /) #e KO 5.27%10°Pa.
IR, AR SRR MRS, RN AR

%10°

558  [[+-25C % 30C —+35C + 40C = 45C

[%i }18tress/Pa

251

(%]

12 13 14 15 16 17 18 19 20 21
& K Moisture content/%

Kl 3-9 N IR B KR AR
3.4.4 BRI HT

B A WIRERL I 1 N 72 H L E 7 AT AN IR 70 B B S BN AR AN 2
SIS = AL o B 3-6 DAN[RL 7K R KR PRL I N 7 B i AR A R, & 3-9
AN RN E T KAL) N 7 B 2 R AR R . 3R 3-1 WA A& 7K R T KR
IR SRR H. W LA 3-5 I 3-8 B i, N pimim /T /1, AT L
WAV, AELTRLRE T A o 5 M 5 PR ) R S N A (KD, T S U
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J178 k. M 3-6 FIFE 3-9 T LLE H, &8 /IR EE TRk, & KR
SN JE KRN, Sk AR A 35, Srisang SRR K AT wul™l
SR KT RN S BIAR LGS B, IR 3-1 AT LUR H, MRS EeE K s
W, 5N 1A B B 3-6, ] 3-9 FlIZ 3-1 AT LATFH, & /KR AE 16.13%
I, REE RN ik, B GHR B K, X BT T R PRLIR K 2 B
Ky A3 R KPR A R ) E B R A

2 3-1 ARG KR T IS $E

BIKEI% 20.4 19.9 16.13 14.3 11.6
A 1 3 2 2 4
B 3 4 7 3 2
C 15 21 23 17 20
SCl 29 48 54 36 44
3.5 KB

AT G R KA RAL AL BT LA SN g8, W H COMSOL Multiphysics 5.5
LY E I BT BAT O R, FFETKFPRLE BOR AR, 3R T FKRPRLN )
i FAIHER 1

FAKPRLUR AN B 7K AR A I 256 (B SR RMEA IR P I & B, i RIRZE 7
74 8.04%A1 9.91%. TR, IREERERN AN s, AR AR
HMR, S K Z BRI A e bRl T R G AR 2%, R S/KFMRLART L8 KE, Rl
FAAE K 3B BE , WG K P D7 ) R B B2 7 ], T i B T, 5 K R I8 [ A1

TETFRISFE T, FRFRLIR ARS8 2 TR R s T K, e R g S 38 K
JEUR/N o S5 JSE T I NE 3 2SR5 T R 7T R 7K 53166 FE PR AR A — 30 K 43 BE A
PN IR R EHREO R, 2 g RRAUN EE R, SKEN 16.13%MF, [
IR DI RS H R, FERFFRRL R Z .
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BT EAAPRIBOR TR SR 4 IR AT

41515

FERRFPR TR, S TIRN RS, RPN . Sz
A, A RSN SE U A 2 D iR . RO 2 /DR R KT
Nt o 1) B AR AR o T KRR T A R mhv iR AN K 98 P 7 A ) . 0 BB 1
HDEE: L APS P vy s el bu Wi ARl (55 Dal i P e ita s 4 A P I P €
W BEFE T FORFFRL IR AN 7035 Tt AR EUR B LB EAT W 7T H BT 1 T14
AT I L ERAR TR R R REU7 A M E DL, AR D52 Bl AN & 7K A0 2
U IR, ABAE TR R TR A S K R RGN EE RN AT T
KAFRLTIE TEXS G, S SLAR T AR A v 2 A AR i DL S AT (0 R, Seie B
{E-5 07 FBUEDR PSR UE AR R A HER I, 38 I WF S R P EE X 2R 80 A 1Y
SO, HTREGTAERINLE, O ORI TR AR T R AU SR S

4.2 RIS %
4.2.1 #8}

BN AT 958 5, 16 I iPE IR W MBI LRSI E SR Ia A ). SEIG T
BATIRIEEK, AEAN IR R R, SR 105°CHT 2 AE i E K Tk, 3k 15
AFHIIE T2 KR M T ARARL, IR A TG & 7K R I TORFP RN 5 348,
fili R AE 4°CUKFE 25 1, SEBR AT, =R -1 4h.

422 pthEE

WO TRAE, TAESAE AN 2.45GHz, MR E N 0.35W/g. 58 B T-15 =4k
B AR ISR FOKFPRL, WA RS o s FAP 37 508 kg R R ] 4
Pt REREAT SRR, AR BR AL S B %t o i S e 7 RE AT SR A, 5 i i S e
o SR A B4 5 [ A RS T TUATAR & SR AR AR T
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FR R4 T 45 AT 5 25 B 52 WA Rl 23 RIS, RE S BN AN [R] 3 SO X 0
TR e DA PRAE S ORF PRI TR 07 F (R AERA I, A R Chy) ARYE B
AP Ay ) FWPRHR A LR B 5 -

h,=— (4-1)

4.2.3 SER TR

SN AR W 3-2 Bz i T8 R H RWBZ-08S Y ik 125 T 1548, F it
7 BB PR A A s IR ER A Tid2 BG4, Fluke AF]; &K E
K H HS100 HEFEK e, BOEEERHCA A A & E R
AB204-N BT T R, BRSO A R A

SR FH AR T 6 A o R ORORF R R AT SO T S 50 o BHE S IR i 7 7K
(39+2%, 35+2%, 31+2%, 27+2%, 23+2%) ML KFFki, T /K EHEEE
W, DTG R R, B 51ECE TR e b, FIRRRZ R E Y 30°C,
35°C, 40°C, 45°C, 50°C, )& 45min JaBUHVFFRL, &R E, AF
L5 RN 7K R T E T AR BORF R AT 9256 . B KPR SEEG R A H B =0, BENLECA
[ et FEE AT 25 7K R T B R OKFFRE 100 KE, I8 HE BRI RS FF R AT il 5. T+
JER 45 RS, TOKRAPRLI B 1R 8% (scr) i (3-1) 4t

4.3 ZIEEEMMT R IRE

4.3.1 EXREE

N T IR R T R U E . Re R T IEAASEARAY, JEAT IR A
fBBE: RN RLA % 1] [R5 A, S RFPRE A B AT AR R A 7K 2 o0 A 4150 o #]
UENIFIN 0, TR RERFRIANSZ HAM A T o SRR RL A [ AR AR AR DR fp A2
NI TR REFFRANSZ HoA SR T3 1E T o

4.3.2 TR IE

TR FRAE N R TT R, T DU 22 e 7 5 % T R AR e
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VxUNVxE) ~-W2sE =0
e=¢g,(e'—j&") (4-2)
w = 2nrf
KRp, u NS R, E ARSI, Vim: w: fS%, radls; & HEAH
WHG e, NEHHEZENBEEEG o ANTBEEEG o NERIRFER T u, NEH
ARG HE (u=u=47 x107N/m?); f AR, Hz.
AR TP R e ) L G e B AR RO,

Q= %WeOE”|I§|2 (4-3)

XA, QAHFEIIE, Wimd,
433 RETIELE

TKAFRIAAE A K KRS SREY . W Tl fe rh 4 5
Wiz i 2 A 2 LA AR 2951
AR BT 5 AR R SR 4 B LB R 2 L, B RA

AV, + A4V,
AV

¢= =Pt Py (4-4)

A, AV, A1 AV, 73 BB KRR BT S48 B AR, m®s AV 9k SRR,

m®; @, M @y 73 BB A R AL
FETRARES, WRRAARY, EERERAAE, 8 E A AR E
A 22 P FLREE 21330,

AV (1-¢) = AV, (1- ) (4-5)
X, AV NEKRBPIEE ST, md o NEKBWIGEFLER .
WK SRR RS 3 18 7 R R,
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0Cy
—~+Vvi, =-1
ot v

ac, ~
—+Vin, =1
ot (4-6)
a?-+Vﬁ oy

v

IR AR AT ¢, KRG

S :CWMV

w
PP
S, =1-5,,

WA /K 28 R T8 2 bl DL A L2l
| = K(Peg — Py) Sy (4-8)
TEZALYE, IKZE SNBSS KA T PHRIRAS, FRE & /KB AR FE T 1P
ZEIRE AT K SRR R A IR T,

peq
psat

(4-7)

In =-0.0267M %° 4+ 0.0107e "M M *BIn(p, (T)) (4-9)

A, Cw s Co M Cy 3 BN K, ARG, mol/m?; R, , N Al A,
IRNIAS K, SR E R, mol/(m2-s); t NEFA]L, s5 | /K I Z2E R,
mol/(m3-s); Sy, Fll Sy AIRA /KA S MR ; M, N ZETR 1 BE /K it &, kg/mol;
Pu NIKIVEFE, kgim?; K RZERIEZFE T P~ Py M P 73 HAZK IR P11 25

HE, HAESAREETTE RN ZR B MK AR E, Pa; M YIRS K%,
T NIEE, Ko
K AR ZEIR 8 2 DL R s ) 31,

I;iw = IOWUW - DWVCW
Ny = pul
2
_ . C (4-10)
Ny = pPyUy — (p_g)MvManinVXv
g

WK SR TSR L, ok o4 e % il

35



RT3

— kinikri :
G =-— —Vpli=w.g) (4-11)
Hi
HroK BR80T 7 R
Kin wKrw OP
D —_ n,w"'r,w e
w Pv— 1 aCW (4-12)

A, D, AKKIBAEY R, m¥s; u Wik, mis; 4 A, P OAZEIRMEIE
71, Pa; ki Mk 73 A NEBBE R RIS ER, m?; py WKESHEE,
kg/m3; M, 7K &SRB R T B, kg/mol®; Dy, NZEIRT R, m¥s; X, N7
(S
434 gEETIERIE

FORFIES AR, AR EARTE [ — M & B HRRREE, FibaesEsr
B R AR R, #AE T, ZE R A AR PR T«

oT —.
peff Cp,eff E"' Zi:W’V’a(niV(Cp,iT)) = V( KEﬁ VT)-i— Q _7\’h| (4'13)
S,
f = ¢(Sgpg + Swpw) + P (1_ ¢)
Coer =mMC,+m,(S,C,, +m,C

P P v:0) (4-14)
KEff = Ks (1 (D) + ¢(Sw KW + Sg (kav + kaWa))

A, WoVo & BRI K, KIESMES; Peft s Corr Koy 2 BININBUE
Mo IR, Ukg: p WERIIBERE, kgim®s mq, m, Bl mg SN RIS EG, W

RA TR SRR K ATk, 705928 SN 2V AR B 0 B w, A w73 )
NS ZE R R ) B

4.3.5 BT

B AR IME U RE T AR TR P, 2 YRR TERR R, FK 26 L R,
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FL [/ e A 478,
F=FF, (4-15)
S AR T T RE ) S e, B P AR ANV A B, K A BE P2 AR R AR T
FePIRLK 4335 % S B AR AR LTI
FR% SRS E B SN 54 i ¢ S U e sk /) s A R Y aaa s | A LIS

{VO‘ =Vp

o= SFe|T (4'16)

A Piola-Kirchhoff /7 s & XU 2% H HBE S - AR TE 5K & C 11

i 35T LI A BRI A5 25 - e A o9,

oy(C,T,-=-, T)
oc

S=2

w

m
= SOOvoI + Siso = SoovoI + SOOiso + ZQa (4-17)
o=1

y
H

\U(C,F,"‘, 1—‘m) = \Voovol (‘]e) +\V00iso(6) +ZY6(C’FB)
o0=1

V(19 =201y

k=(1-2v)(C,+C,)/2

¥76o(C) =Cy (1, —3) + C, (1, ~3) + C;(1, - 3)(1, - 3)
T

Q. =exp(—)Qyp [erp(- =0

T T

0

(4-18)

)PB”5S "5 (C)

X, PARKFTEMNSMAIES, Pa; o NN, Pa; FRRTERE; S HE
AN Piola-Kirchhoff % 77, Pa; S”, Fl1S” . 20 BN T & S FAFIN. 77, Pa; QN
SREAR R 7 FH W 20 A A R B i S R 7% g R i R, Pas J° R ik
WA S HE R L s v, SRR SRR IR k., Cp, G, Gy, 1, L NEHG T
SBIEISIE], 55 B, AL BN AR REH ¥ T, AR IES R WA, Pa; VIAIH
N

4.3.6 1L HFMH

ECBE T MR N B FL I N TN SE Se il B4R . LIVl IR 0 BN
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E =0 (4-19)
TRASIK AR N R 50 91 BITE R T, 7E 3R T O R AS TR IRAIKAZS
PRAERE S S 1138 & oo,
{ ws = @S, (0, = Py en)
vs = M®Sy (P, = Py oen) + €U,
PRI A 3 A 40,

My sCp T Ev

=— % +h,eS,(p, - ——+
qn M m(” w(pv pv,amb)((1+v)(1_zv)

w

]}

(4-20)

|

jun}

CovN+h(T-T,) (4-21)

A, ECNFEBANYIREY, VIm: By, A, 20T KIS IE L A 1
EE, mol/(m?s); h, NEFRREL mis; h ANERRERE, WIMAK); p, NZEIEEE
FE, KQIm3; py e NN A/KZE S RE, kg/m3; 0, HZEIRIAIE, mis ; g,
PR TH IRHRAE T, WIM3: py g NEREEE I 2RI B, kg/m3; T, 3R

B EEE, Ko
F4-1 MR EEESHL

2 HEE TR SR
T KK RLE i
1240
(kg/m*®)
T KR L FA S
1470+3600M / (1+ M) [78]
(Jl(kg-K)>
B S RA LT 1.33x107°T? +0.5964M ? —9.32x107°T —2.273M [79]
(W/(m-K)) +7.633x10°TM +1.706
T KFFRLK 8 R
7.817x10° exp(5.5M ) exp(—4850/T) [80]
B (ms)
TORKFRITAFA b 0.32 [81]
TR B AR
exp(12.07 —0.01792T —10.4M) [82]
(MPa)
T RN RS 77

0.0386(100M —9.7)% +29.6 -1.962(100M —9.7)-0.1016  [83]
(MPa)
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2% 4-1
8 BUE B T 72 Z R
KB (kg/m®) 998
IR ZEE (kg/m®) HARS A
KT EEFAER
4183 [84]
(JI(kg-K))
VR L IR
1900 [84]
(JI(kg-K))
KIS AREL
0.59+9.8x107*T [84]
(W/(m-K))
SRR SR
0.026 [84]
(W/(m-K))
BRI (kg 383650(647.1-T)0.316(1+ 0.8953exp(-12.32M )) [78]
A4 FERS 5
4.4.1 ¥RBIIEIF

AL IOt 2 v i B AR A SE B AT 0 ELE U 1] 4-1 FHE] 4-2 o,
ANEAL B FPRLR BEAN R . BRIy, — R A TR A AR A FALE D)%
A—FE, RN EENE S BRE RE . BT RN A I S, A
RAEAE o TORFPRLAE T 15 A2 K A B8 15 T M6 Tk B A A S5 (B A0 7 ZL 1 ]
4-3 fliR, ZAGEHEER B, P EERKRET NN 4.73%M 7.76%, FKHYF
JEASE Y] B T SRR R 3 A% ot LS TE IO 7 o ZK IR BE S 2 2218 R I, SR TR
HRBE, 7E 40~45°C R PEIHE IR, 1F 45°C~50°C N Pl K, FEEFAE
KFFRL A ER K S B0 BE BRI, S BUK A a1 AME 8 (1 730 -
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SHEREEEESZIAN
AR A A AR i A A R L i

S HENEEREERS

¢. 50°C
K 4-1 IR R SEIRE

i@ (degC)
im (degC)

degC
A 457 degC
Aas6
44
l 44
O 42 " 42
40 40
38 38
36 L 136
34 i 34
30
30
28
¥ 285 v27.7
a. 40°C b. 45°C
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ifE (degC)
degC
A 529
. O i )
45
¥ 305
c. 50°C
Kl 4-2 IR BAR
% 10"

SR
25k —=— i LA |
2.4

EPRY!
‘E’ 2.2
2.1
9 : ; : ; : ) : ; :
30 32 34 36 a8 40 12 44 16 48 50

REE(C)

B 4-3 7K FEE 1 JA i P2 A A Y S 06 BN 17 S AE
4.4.2 TR B X TR E A 53 1

CATE KRR T [ x fil, SERE T RN y il SRR 2 4. 1] 4-4 04
FARNFRLAEA R TRRIEEE T x B7 A . AR RIS L T g i ok,
HASTEAN W 1) 2 T AL G IE A, PO TEAG 28 KT WHRALTE, Mahiuddin 55Tl i
BT Tt A A b A RS N R AT T ARABL R 5 2R AT x Bl ) S 4 K s
PN BB L, WU RE R 2 AL BASTE K. JAGALATTECR, RN
e T 1 NN FRIT A NN, JAGAFEROR IR EERR R, o A2 R AU 1 2 X
Bz —.
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mm
*x107

[l 4-4 x 47 FIAE T

4-5 N FARNFRLAEA R FHRIR LTS y Sh7 M) AR T A . AR TR i T i
THEHE A, 40°C FA AR50, VLI BRI A 40°CT 5 /K SRt 5 ity 57,
N E SRS K EA K H E/KEEFEEER AT y #7726k
BRA, FEORAAEy MM, mRAEA ML Z, MERGEME, 5%
WRAF RN E BB 5. BT y BTSSR K
fH, FFrrRek sl BARFFRLEE A1k

107
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K 4-5 'y HlJ7 [ 2L T
Kl 4-6 9 T KKFRIAEA F TR E T z Bh07 1n A8 T R . AR TR B o Ui 11 T
[ET= R iy NP it [ b S (R 3 S o/ v Rl 111173 220wl AN 15 P w1
BIARANT AL, B A5 . BEE TIRAIEAT, Tttt
HIE. 5 x WAy BT AL, z B0 AR AL, EEEIE T E A 1L G AL EL
5, XREPONETEREES, FTAMRRI SHEaEm, KI5 8, ARK
IR LR

a. 35°C b. 40°C

K 4-6 z il 75 17 A2 T

4.4.3 ZIKENE RN 574

B 4-7 9ANRT AT RE & K R AL, z s AR By, x AT y
BT AR . BEESKRK N R, RIS, REPE K, &)5%
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1R FFMK. ARTRGARHIRI B, AT RN B SRR T, R
FERN . B KA 39% T FEE] 3590, AbF-PRsETHRE B, SRR R, =
BUR ARG K, R GG A ) E BRI o BB T BRI EAT » WANIK I3 BB R )N »
AFCABREZ I8/ . AR R SEER 26 1F R, K& 80N 31%I, =47 A AE
AR B 4-8 FTLAE Y, 27K & 808 31%H , FRKFRIIIR L A A 2],
AN A= PN

— —o—xfil  FIEIE
| vl A T
- —e— iy |

AW (nm)

a. 35% b. 31%

c.27% d. 23%
Kl 4-8 AN [R5 7K 5T i 53 A P
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4.4.4 LT

4-9 NG, XL ZRABETIRIRE (30°C, 35°C, 40°C, 45°C,
50°C) FIE/KE (39%, 35%, 31%, 27%, 23%) AL, K 4-10 NRLHE
B TR B RN S KR A A . [ 4-9 RN 4-10 AT LLAE Y, REUBRIABEE R
FER T Enm g N, RO EE R T R AR BT TR T 40°CH, B
SRS, LR E, T 40°CH, 2L MUIE. EEM 40°CHY
INE 50°C, FKKFRLUR AR, R HE I K.

ME 4-9 FTLLE H, FRRGREE SRR MK, M2 FERA L. s
TIEIEAT, BRLUEBAL RSB 2 R, PR EUER . WL 5K
BRI, FFIRWT A N LS. 22 FESUE A 5 /KR BRAR T AN 7338
HBE SRR G, TARIFROR AT, RECAWgin. WE 4-10 if LA H,
BEE SRR FRAIC, RAETRROZ WG K.

[ TS
| EAEESE T
[ EEEd Y]

30 35 40 45 50
W T

a. ROBE T 1R ALK

e ||

23 a7 3 35 39
HRFE (%

b. RLBE S K FEALIE
Kl 4-9 ZROUBEIR FEEANI 4R & K FAZ LA
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T T T T T T T T T T T
65 /

a. ROURHBE TR AR LA

130 F

" " I I L
28 30 32 34 36 38 10 12

Sk (%)

b. REURHHE & KA AALE]
K 4-10 AR HE IR AT AR & K AR A

4.5 KE /25

AR TOKFPRL AL B e DA AR TR B, S AN 4G & 5
UEREARY, R RE AN 7K A7) AN S8 B 22 18] B KR Z2 70 79 04 4.73% 71 7.76%

TR, MEERERIEN, RAAWINS, REGEMERI LT &
W T8 RETT 5B RGN, IR T8, ISR AU BETT 1A 2 B B
VERRAR, A7 R AE . AU IR TS BT BEAR, 5 SE A BT A L, ek
{IERERYESVEE

TRREREF, BEESKRNFK, RRIGZ R EE 2, NG
b, ZRAAWIE L . RAGEHBEE SRR T, BL BT, F— TR
IFIR] R, AER KRN 31% B AT ARSI e A, BRI IR 70 A AN 21
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$55  FAMRTIRRERANMELIGLH

515|8

MRYE AT IR Y, B TR AR B AN S VR B A s r i, X — 458 2
W2 WU FE FTIE SEBO T, 15k, IR PN 1A L 20 A AN KR R 51 R A RRIR FE A
WoyorAn, Ak, BSGE Gl I SR A BON LA 2L H Ar . HI, Bl re
ANFEIRA R 2B IR L BLRAA R A R B4, B2 X RORE P 8 R L A 7
AR B, BB IR R AR AR B s (R I RCR A B2, X
A RE- SR bR o RS A P RCRAR T B E o A T 5 T Xl T4 K i S
S AN E oA, Rl I B AR TR s AR a5 A BE T, AR R il TR Se B B
IR fEIX— R, FLRE 75 8 I A I3 21V . MRV DU s AR 254
XGRS S AN S 1 DL, BLSIBIL AT R ARAin E & A

5.2 B R Gk

TR R GE IR ORI L BRI L S UL C A A R 8T, R s O 1O
FEL TR B T S AR A BRI T o IR TS P B R RS, SO NI ) R BT P
WA, SEHIMIRHR I BRSO B RE R O T RE, B BEAR. REEEAE
ERE . BRI BN B IEREAE T AR, W ILRRAETE T
TR R L AR B R G, & WA SRR BE e R il IR, WrEe . REE
GBI NS

5.3 TR
5.3.1 UK ISR IS

PpEIRIE T, 55 RO REOE N2 a8 ORIk, AR RGE TR
B R mACHE . MG T30 SCEATHAT ] e 5 0S5 A 3O PR REAI A R0 28 0 B 2
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[90]

BB IR I L ST R PR B, LRGP P I I IR AR AT i B R (Q
(D S S HORTIE R 52 B AR RSE EARAR AL A HU R S8 R R 520
FERS R, RERBWIIR, MR N Q I, i THEHT, X
A BT DAl N AR SR i DD o DRI, ARl 1 IR s 7 B T 1R S U AT 2
J 2 N o AN I B A IR R Z2HE T IR U A AE , IR A2,
JE A FI o AR 5, INTTSRIL 1 RFPROIN AL A iR B3 201 . O T 1Ak
e TR B VERE, w5 BB IR (0 RO RO AR T R i1, DL DRI IR AT
HFN Q MEIIVCHED, AT S I e 2K PR e e &R F

B — MRF IR IR SR S5, AR AE 5 o A RED AR EUR T
BT TARMAR N, HoAL gy R vp (1) AL R A AR AR 3 B R UG . TE
Fal B H) . TM B ez ). TEM B ek i fiz i)
LA K Hybrid #5X ClR 7 38 S AT A Rl v A7 A LRI 37 ) BUBAL, ERR T 8 b
R LA TEM B, PRI ZEPAS AR I SR Rr itk o A FRLABBIIRAR T 500
2, NP PUE R, eI, %0008 a, b I, TE BRI TM BT
)l R 1 T e 194931,

k=; (5-1)
mye , (e
Oy +(@)

A, AN, mm: m n 3 RlERRAE R T A BRI E: as b
I MR KT
T M FERE AN TEw B, Bl m=1, n=0. M= 5-1 "] LA
A=2a (5-2)
DR PE AT B I B s A 1 TR, R ORI s ok AR I K/ T 2a i3 A P i
FLRE ) 43 A 1T LA R % B 75 R AR 196

2 2
V°E+k°E=0 (5-3)
V2H +k?H =0
X, ENEY, Vims HONHES, Alms kA HED IR AT (R 3
k = wy/epn (5-4)
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A, wRMBER, radls; e NIERAEE BRE: woNHESE, N/im?,

TR T BRABAE 2.45GHz A T TAE, TEw AHEETAER. N TEw iy

S-S

= O

=L By, sin(B,z)cos(B, y)e ™ (5-5)

r

® |

E, =—"By,sin(B, y) cos(B,z)e” "

z
r

E, 7P AN HILE x Bille y Bl z BT &, rads By B, )

m

Kb, E,. E, -

y
By Bz FARDL A oy i B A LRI A HR I
5.3.2 IEHRAZ R~
TERC: T8 B B h b SRR 3 L R A TR e i R TR e S BB IR B 1 2
1iE Qo B AR o T BB V88 1 45 flas In i 2 o R B HURE R /D, AR gl kv
JE AR e B

=* (5-6)
R
Qo H1 /M AT LA 009,
1V
©=3s
1 (5-7)
6:
nuct

A, VAR, md S ORISR NEIRIAR, m?; & Ak s oA o B 1 £R ik
WEE, m.

R, s AR AR — e B, BB e ik & /0N, Ainl s A st v, AR A
B, 27 [ AR R R A ROBOM I T IR A IR AR ARG S, PR s Ik =
Y R~ % B a=320mm,b=340mm,c=250mm.

5.3.3 MUK IRAO DIt

IO AR A VB L 7 BB 40 A o a3 S M B R . S, R R O
MK FEEE Y 2:1, S 3 LA KB 2 7y, TR RO Fh A A B 75 5 E 1Y
I H R AG, p )RR v A AR 3L 5K AT, anEl 5-1 .
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IR R I

Vi

N

a E RN b. H BB
Bl 5-1 AN A B 73 A7 1

BT B3N I BB N A, 454 17 B8 5 13, i B 3 /N BN A 4
AR M 2% 4% 75 252 v Dy 3R P B P (R I35 ST o B — At N DA DUAE iy D 8 S
LRI 5T A, BRI 5 BE BT 22 15t L ) A0 I A o 25 A0 U s 8 S 3L 52 2% ) L
Yy o3 A FORS A B M 531, @& KBNSk AR FR E 5 [E 2 MR K,
st R RST  TRAR S R AN B, DL AR B 5. N T
SEMLEE NI S TR ORIk > R B, TR E-E BYRD H-H A5 g
17900, BARGE 5-2 frr.

ERAE TR
s 5 AT /ﬁg
f\\ /’ -

a. E BN b. H R I
K 5-2 E BRI H BYAN X B AL & 4 A

SALERS S
5.4.1 BiE N OBIZS

E R0 H BN D EE 3540 A i B 5-3 FIE 5-4 fizs . E BN D I E K
AT TN TSR AN 5 3, B KB 5690V/m; ZEfE s R34 78 z Bl 1) b5
FROYAT, B0 i N B3t RABLAE T s AR B A 0, 3 B AN B — . H RSN 1
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HUZME SR AL T BN TR R, B KAEON 3110V/ms il Y R O AR i
Y-Z VR AR, HAEHARE AT A7 BOR AR F i, R BB
frE . E RGN DI aAE =7 [ B35 A B VeSS, H BB D350 1 5
HH BB KRB DR, 3 BUMBAE A N SR 5 TR R A4, I
M-FBCR AT Z R BRI, E RGN DRI A, EaigdET
e, X T B R OK 0 R, H RSN D

B (V/m)
x10*
freq=2.45 GHz EBIRHHE (V/m)
1 x10°
0.9
0.8 3
0.7 A R 2.5
0.6
0.5 D\ Gl ?
0.4 | Bt 15
0.3 oy TR 1
0.2 ’ !
0.1 05
0 0
a. E BN 3R TH HL 37 40 A b. X-Y -~V HL3% 73 A1
freq=2.45 GHz EiHE (Vim)
freq=2.45 GHz EBAHE (Vim)
x10°
x10°
4 5
3.5
3 4
2.5
4 3
1.5 2
1
:'! 0.5 ? >
Y 0 !!-—-x 0
c. Y-Z Vi Hig o A d. X-Z ~F1i Hig o A
K] 5-3 E BN F HLI 40 AT
EBIFHE (V/m)
%10° freq=2.45 GHz FBHEE (V/m)
3 x10°
2.5 3
" 25
7]
1.5
15
' 1
1
0.5 y 0.5
0 ==X 0
a. H BN 3R [ H3 0 AR b. X-Y “F-TH #3559 1
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freq=2.45 GHz FRIHHEE (V/m) freq=2.45 GHz FRIfH (Vim)

%x10° x10°
1.6
3
1.4
12 2.5
1
r 1 0.8
. . 0.4
z z
0.2 :
l---Y 0 Lx 0

c. Y-Z “V-H 354 d. X-Z ~FTH 3550 4h
5-4 H BN I #3904

5.4.2 BIR N OHIADHT

E 2RI H BYm N F G s AT dn 18] 5-5 AT 5-6 . E BURN DA TE X-Y
P S E OB, A 16.7AIm,  HAUEBOK XSS, TR iE A, AR
BOR, RMGTERNEEAME . AR 0 B3N, B35 5100 B
FRRREATON, AL HEAT (R PARh - o 22 KT 5 20 sk, & R 79 I P e TR E 93 At
AB1e H AR EVEY, RN I i R0 fs v )7 B A7 TR R 5 56 o A
ISR, WisHio RN 7.43AIm. 16 X-Y “FIHM X-Z P, W35 nAifife X%
IR, 13 A EIHOR AT RS BB S, ANE Sl R HEAREEAT T
E AURIH ZUALL, BAFTERAEB N, (B Sk aAits 5], nld ik ktie
M AT SR R UL 2

HIFE (A/m)
freq=2.45 GHz R (Afm)

25 16

20 14
12

15 10
8

10 6

5 4
2

a. E BN LR TG 43 A1 b. X-Y Vit 5 4
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freq=2.45 GHz B (A/m)
freq=2.45 GHz BB (Afm)
% 16
14
10 12
8 10
6 8
6
4
4
7 = 3 .
-y ¥ x
c. Y-Z Vi 53 A d. X-Z Vs oA
K 5-5 E BB LTI 73 A
FEAE (A/m)
freq=2.45 GHz HEEHE (Afm)
7
6 7
5 6
4 5
3 4
W 4 3
2
1
1:
a. H RSN LR T e 53 A b. X-Y V155 A
freq=2.45 GHz A (A/m) freq=2.45 GHz iR (A/m)
T
5
6
4 b 5
3 "en ”
, 3
2
z 1 z
- s :
c. Y-Z Vi 53 A d. X-Z V1t oA
P 5-6 H RN L3770 A1
5.4.3 MIRANOBIFZTHT

E-E BUF1 H-H B\ O H35 50 A5 i 5-7 AE 5-8 fion. M 5-7a il 4, E-
E RN 1905, BB TN CURT S N FCOE B TRAE P, e KA
PFRANE, A 2390VIm. Y-Z PRl X-Z “FIH 35 7E z 7\ B 2540,
H L7 5R BE VR T E] [ PO RS, DY RS ab i ik. 5 E BN A
e, AHIESEEG 25T HR BB, 7E X-Z V1, oA Es), HIt- Vi &m
BFFR ) 2P . H-H BB H A, By simd KAl 2467 TN, J9 2920V/m.
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5 HABA O, B O375m REI G K, SOREBAR, TV E 5875
AN, DU s AL RS RO £ X-Y P AT X-Z ~F 1, 375873
MBIV RS, BAAERA, 18 Y-Z Pt A . 5 E-E BGA
AR LE, TR N B3 9 o A 4, TR IR T SN 21, (IR T AR
T E-E R, TR, &M E-E MEL, RE BT, Ay y BT
SROATAE], SEURZERBOC: MR, H-H AL, RO TR AR 55
ATEIS], SpsRiEAEN, TRRE IS .

FBIRE (Vim)
x10° freq=2.45 GHz ERIHE (Vim)
x10°
2
2
1.5
1.5
1 1
0.5
!:,. 0.5
0 =X 0
a. E-E B\ R T W35 41 b. X-Y VI 3% 5
freq=2.45 GHz EELHE (V/m)
freq=2.45 GHz ERIRE (Vim)

r4
'

=y

c. Y-Z “V-TH 35 0 Af d. X-Z P Hg 0 Ah
K] 5-7 E-E RN 0 HL3Z 90 A

EEiFIE (V/m)
x10% freq=2.45 GHz EBIFHE (V/m)

x10°
2.5

2
1.5 1.5
1 1
0.5 y 0.5
0 ;—-x 0

a. H-H Y5\ O 3R 1H H 4 b. X-Y “F-TH #1355 #i

a8
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freq=2.45 GHz EBIE (V/m)
x10
freq=2.45 GHz EitRHE (Vim)
2
400
) 350 L3
300
200
150
, 100 03
; 50
XY 0
c. Y-Z ~VIf Hidg 3 At d. X-Z “F1f H. 3 53 A
&l 5-8 H-H A4\ [ #7434
5.4.4 JURNOREIH T

E-E ZUAN H-H B W37 7 A dn ] 5-9 FIE 5-10 FioR . E-E BN,
Yt KAEAL T X-Y P, A 8.23A/m. 5 E BURES / A A L, T4 DU JR 37 W
B, HATEWANHSEE R, BARREERS RS RKE: =A PR
SASEYS), 1E X-Y S, AR y B0, IEETRRR, 15 X-Z °F
17, WESAIE AR AL ) x FP O, B RAR . H-H BYBON A0 A, W3 KB A
FHN DRI A S5, A 5.19A/m. 5 H BRI M b, T8 DU R Rt 00 A 4 4
KGE, VR BEN BEAAELE; £ X-Y “FHA X-Z P 0 A $e T 2,
AT (T4 PR A A ¥ 51, WA HUIR A3 A 2% o E-E A H-H B
FUAHEL, 538 TR WA o A 38 5], HAEAE R e, (R4 i
B AR T AT, TR, T BEa TR RL, 5 & E & 18 5 b

Jo SR v )
i (A/m)

freq=2.45 GHz HEAE (A/m)

= N W R U0 N

[ % R ¥ T - ¥ I = |

a. E-E BYR N R T HE37 53 AR b. X-Y P37 5 A
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freq=2.45 GHz HIRE (A/m)

freq=2.45 GHz IR (A/m)
T 8 r :
% 6
| — -
s 5
3 4
3 [ e —— 3
2 2
Ly b '
c. Y-Z ~“V-1itss oA d. X-Z ~V1i s oA
Kl 5-9 E-E BYIR N RG34
A (Afm) freq=2.45 GHz R (A/m)
5
4.5 45
3.5 3.5
3 3
25 2.5
2 2
o e 15
¥ ¥ >
0.5 L_.x 0.5
a. H-H AU 1 2R Bl 43 A b. X-Y ¥ Hif 7 A
freq=2.45 GHz AR (A/m)
freq=2.45 GHz HHE (Afm)
i 4.5
1.6 N
oJ IBE | o |-
3
5 Eo . L AL ISEE
0.8 1 2
0.6 1.5
L Y’ | . :
? 0.2 | 0.5
=Y ¥—x
c. Y-Z “Fififisn 4 A d. X-Z “FIf3s 53 A

P 5-10 H-H RN #3755 A
5.4.4 FIRF= AL 4T

ARSIV BE oy A an B 5-11 Fivs . E BUSN 004, BaRTER B B s, H
FAAERR AL, FPRLR 2RI AN Y IR AR, B BRI AR R SO E, iR Z R K E
N 16°C, BARRE M ATEYIA . E BB O A, KPR MG L B b A R
FEw, R ATAST, BB XA A B, IR ZE RN 1.2°C. F
AN B, H BB DRZERN, BRENGAE, BERRED A, SRR
RIS, NG AT RS E-E B L0, iR KZEHN 15T, ¥
RN MR T By, oA E RS, REAE TR, WEDH
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B2)e H-H ARG OV A, FERLE AT IR AR B B 2200, e MR RO, iR
ZERKNEN 2.1°C, BED AT A XUBALAELE, E-E BN FHR B A
Bhf. E-E AN H RSB DAL, H RS DIRZECDN, B E-E BB TLE
PO FEI RIS OL S, THEPE, TR TR, R BN i B ZE B /N e SRR

i@E Temperature (degC)

degC

43.8

_ 43.6

43.4

d 43.2
43

42.8

a. E B4k O\ 1L 0 A b. H Y45 N TR A

iR Temperature (degC)

iRE Temperature (degC)
_(_ T

degC

40.4

40.3

40.2

40.1

iR Temperature (degC)
degC

41

40.9

c. E-E B4R N L BE 0 A d. H-H BN EHE B 40 Afi
K] 5-11 AR\ R FE 43 A

5.5 KRE /24

AR B TR RN AT EAT NI, T 50 Hr 17 E S H BYE-E AL
H-H &, I MBI o Aits il FREATxs e tfr

E AN VR N FLIAAE 2 BT 130 EXEAR 0 A, A2 =ANJ7 ) L3798 70 A 1)
SIMEEUF s H BN Dol ) B 7R Y-Z ~F 1 b B IS R M8, R fE T
I EAA 5. E MBI DRIAAE X-Y VIS #a i s ME, 9 16.7A/m. H &Y
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BN WY, FAEMSH RN MNIG, Hidhm A8 7.43A/m; 18 X-Y ~FHAl
X-Z ~V1Hl, oA IR AN ZIR

E-E BYBN R BOAEAL TR AG MU, Oy 2390V/m, 1£ Y-Z Al X-Z ~F[f
WiRAE z U7 IR B 2R AT . H-H BB D50, s KAEA T,
2920V/m. E-E BN AW Em KB T X-Y P, A 8.23A/Im. 5 E BUHkis sy
AW AH EL, B 53 A1 550350 50 o H-H BB S7 Soe KA AL T N 11 i st A i, 4y 5.19A/m
H-H ZU5N O T8l R L E-E B AR RE NI S), BRI/ KA

E RN A0, LRSS, FRIA YRR RS, H AR H 4y
AT, RPN FE B 5 B A U RE v, E-E AR U0, PR Rl m T
By, A BT, H-H BB AT, KRR A PR R A7 AR B 2 22
PR, MR EERE, IR AR 2.1°C. MRk, E-E BB DR, REY
51, KRB, B EMERDN, #Huid.
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H6E RLEERE

61 ,E'sgﬁ

AR AKFFRAE NI, IR 07 X, A 5 i 0 P T 45
LR T AR AR, IR I AR TR R O ST IR, B =R, PR
TR RS . BRI, SECHRIE AR SRR AR, BT b
FARFIRNREG= RN, PR RAL, SEE TR BTy L FERR T
AR, NS EOR W TR SR SR, Rg i B AL A, R,
WS ARIBE SN ). R MHRSENRR, HGISEI A AR ] &,
X SRS FH R M e & AT ARAK

AL EBQHT ST

(1) BT ALPLRT:. R -RARBIREE ST | R KT TR,
G T FHRBL AR, 5 S as BT Ee AT, SRR AR R B e TR
IR BKE, MA=FZEKR.

(2) HETHBY. SRR T R TR R E,. W Rz
(AR ELEEAL B, 3T R0 AL ALER, W70 T TR AN A B ek 4 4= AR (1
M o

(3) 1 3R TR T e JEAth 1, 8 28 3 BT 4SRN [R) b R Sk vl s
FARMRA BSHBEE . WE. SKENRNL. R/ T RN S HEHE,
FKEL RERRR, REKME RS %,

(4) DA TR B TAR IR BN H & 5L, {5 B COMSOL Multiphysics 24
BRI A X T IRAR AN 3 I A BEAT SO S AL, ARG 3 ST N VP bRitE, X
LARAGHT S A ARG O, DUHR BB AER, i KRR FE B4 s T S 4.

6.2 BREE

BRI E R ity h & AL, e B WA TR . Wk TR —
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FEEECHT R TREOR, BAT THEE R, I/ TRE. 7R E . TR
UFEEMR R, TERR—E R KIEEEER. MRS kM2, KX
FER T TIRRL T REL MBS SRR KRR, LA TR ST 145
fuAe, (ERTFSERAAF AR IR R, AR — A A

(1) SEERRIESRAGA RS KR RIPIRE, 5 158 AR i R4 B skt
ITSRYGAFAE VRS s TOIR LI iR A5 /K A RAE B ARBE T xR 2R
SUATILER

(2) RN TKFFRL N AR F7- A B A, (8 T R B e 5 A %
JAERLEAT R, R RIS UERE SR B8 /S 75 n] F TP KRR J1 22 TR e

(3) N SRR BOE PR EER, St/ b2l iniE, sb etk
Bt BEAR S 0 A RES A O B R T /N RS B

BEXT R AS AL, A RV SGR IR AT 5286, AL T Z 240 WIE BT A —
B e TR YT R IR Se AU E B, I 5, 52
1o TS KA T i o R AT B
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