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HE 3 RIS R R AL R AT AT . R0 AR R
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Z
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a. i@ b. i RIEA A c. WIBIAEAY 5 I A d. A A
a. Test silo b. Ventilation cage combinations c. Physical model and monitoring point d. Sectional profile

e 1T 2 FIRIREERE 3 NTHIRIEIRAE: 4 AWE: S AGHK: 6 AACFRUE: 7 AHIRANL: 8 ABIK, Z, A 0.02m 1 X-Y BH#IH, Z, 4
T 0.12 m (f) X-Y BT, Z N 023 m (1 X-Y AT, R, AE4R 0.07 m MBI, R, AR 0.14 m BT .

Note: 1 is the silo roof; 2 is temperature and humidity sensor; 3 is a constant temperature and humidity box; 4 is a hose; 5 is the silo body; 6 is a horizontal air duct; 7 is
an axial fan; 8 is the bottom of the silo; Z, is the circular section of X-Y direction with a height of 0.02 m; Z, is the circular section of X-Y direction with a height of
0.12 m; Z; is the circular section of X-Y direction with a height of 0.23 m; R, is the cylindrical section with a radius of 0.07 m; R, is the cylindrical section with a radius
of 0.14 m.

A1l RESEHRYEARER
Fig.1 Structure and physical model of grain silo
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Table 1 Single factor experiment scheme
=2 i ' R ' ?’i*ﬁ%ﬁifg
No Air temperature/ Air Vel(zinty/ Relative humidity
) C (m's) of air/%

1 15 0.16 60

2 20 0.16 60

3 25 0.16 60

4 30 0.16 60

5 35 0.16 60

6 25 0.16 30

7 25 0.16 45

8 25 0.16 75

9 25 0.16 90

10 25 0.02 60

11 25 0.09 60

12 25 0.23 60

13 25 0.30 60

122 BRAMEEAT ke
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Kb ¢, MRS, TkegK); T, AZSIRE, K
T, NZHERE, K, —MBL273.15K; k, NES SR AR
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= CXP\ 2858 31In(37.56T, + 1 275.6)
N = —0.848 841In (RH) + 1.345 33M, (12)
1 (T, +C,)In(RH)
M, = ——In|—e =20 13
=G n( Cl ) (13

A RHAZSMMHSERE; 28 C. G C oA
392.366. 43.14. 17.397%),

3 WERMSHIRE

3.1 MFRFHFIEEEE

BEMIA R GBIV A . BT 6
PRI, WA SRR SR, B H R &
ik, WEEERN 0,

NI %44 BT sebri@ R LI E, RiE
AN WS, TR AR SR P 38 R 4 26 T 38 JXSR I B AR
P FLIFE Ko B TR B N A A2 A, RIS
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KIS BB, T LAAS SO 8 AR HE I B R 52
TERALBRER, BIBRGVE R FRRL S
R B R TEMPOS #VRHME S BT Al g, i [a]
VA, A9 35 KRB 7K SRR BE 9% 2 233 A
X (14 X (15 Prox. iR IR 5 k06 45 2R
BATAT bk, Y TS5 A M 2% 1 -5 38 X S8 B T 46 IR
SIRFF—EH

®2 ERMES|PIMSHRERXNFEY

Table 2 Physical parameters of maize and air and ventilation

conditions
HfE B
VR ZH 5 LiEEva ik =B UN
Source  Parameter Symbol Unit Numerical/ Reference
Expression
ViaIRE T C 4
W E K
£ M, gg! 0333
E:9)
WIGHAH XY 0
eegie RH, % 96.27
FLEER € — 0.41 [27]
NHE D kg'm™ 728 [28]
B Dy kgm™  ps=988.884+988.884M
YEHEAE D mm 8.322 [29]
S i . o
Kmaize viipt o mim® 425.4 [30]
BiE%E K m’ 7.62x10° [31]
1T h 2 3 — 1.581 [31]
KESIT
THEY D, m”s”! 4.52x107" [32]
R
SMAH K, Wm K K, X (14
L s c, Jkg'K! C, & (15
X AL K Al
w W-kg K ' iy = 100694 = 100(0,V)*#
S h, g ¢ (p [23]
. HRERE T, T 25
o P&M%; i ms! 0.11
atmospheric SR ;L Vo :
conditions PARA o
R RH % 60
Edid Pa kgm™ TR [32]
MRS (8.107 65— 11302860
15 P, Pa 10132510 Ta=35.15) [32]
TK 2 BE . - Py
S g moen e [32]
5 air MHXHEE R, % % x 100% [32]
gHREE H,  kegkg! R [32]
o 455%10-6.71-5
ZIVAE 1A Pa-s e [33]
SHAEK K, Wm K'7811x1077,+002437  [34]
Lh R c, Jkeg'K! 1010+870H [34]

H: MATKROTREESKE, ggls G ASRMFRTE, kgm™s's HN
FRMIBGR, kekeg's T, NSRIIRE, Ko P,oAKESSE, Par RN
A, 8314 mol K™y P ONWRIZEAIE, Pa; P NEJETR, Pa.
Note: M is the dry basis moisture content of maize, g g"; G, is the mass flow rate of
air, kg'-m™s™'; H is the water vapor content of the air, kg-kg '; 7, is the temperature
of the air, K; P,is the partial pressure of water vapor, Pa; R is the universal gas
constant, 8.314 J-mol K '; P, is saturated vapor pressure, Pa; P; is the total
pressure, Pa.

K, =0.15357-0.001 86 (T, —273.15)
+5.8x107°(T, —273.15)
+(0.127 05+0.006 12(T, —273.15)) M (14)
C, =0.520 66 +5.313 48M +0.028 94 (T, —273.15)

~8.380 76M* — 6.255 17 x 10T, - 273.15)° (15>

4 WS ITKIMERIIE

DA% B B U RS B DL WS L, A B i
b, WS FEORIFIN S RAER T, B0 {45 R LL
Wesl. (MRS EEOR, THEEBBOS, X FALRE A
BRIk, TS PSSR B
KI5 A 27 4004 52400 133000 383 000. 840 000
254, EREANA P4 (0, 0.07m, 0.12m), 7E 0.3 m/s
Pt RGEAE T, A F MR S %A RRIE ST #
J5E T 5% R R R AE A% B X A A 4 R 52 . AP 2 i
DLE H, 2R B 36 0 21 383 000 /N, 1% s SR
NS HEE T8, nLOR R 2R, Bk, AR
F B 383 000 MK 251

101 328.04 . —m- I JJPressure 5 0.091
-o-iETgVelocity 10.090
101 328.00 | ~
g 10.088 ;
jo)
£ 10132796 fooss <
8 g
& 101327.92} 10087 3
R >
X 10.086 &
101 327.88 | bl
10.085

\]
200090 400000 (50 000 400 000, 40 00
4% £ Number of grids

B2 MAELXHEIRIE

Fig.2 Grid independence verification

5 HR57
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FRRZETE N 0.7%~15.1%, “FME R 5.5%, FUH
B R PED S o, P4 IR R R R B
KT HAR 3 AN A, X5 5 P4 BEEE XS A B BOL A 5.
SR BB S TR, X AT RE S BT R KR TR K
Y IR T IR RR T R A KAk, AT REER 4ok E
TR, AR R AR E ST, AR o 2R B B
EEKRATEK, TFARMASRERE, XHasSHs
AIELRE R TR B P B2 R L 4G R T
W1, B R XGEFE AREAT, R Py A SR R A A
1 h WPUE T, 15 Rr kg 18 T m 3R i 25 C. Xtk
AN SR HIBE T A, A PAREF R E R B E KT
fiy 3 AN R, IXE A P4 BEESE RIS AT BRGE . ek
JAGHE T RS HR A R
5.1.2  EARBIET AANIRE TAL

P 3b AR KIE X TR R 4 A s A AR
MRS LE AR IR, = & A X R Z 8 N 1.3%~
15.4%, “FIIMEN 8.9%. FFUHT 1N, FHfE SR E R
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I, TEERENR, RGN EREKRES, T
s SR B RGE BT B RS BT LA
FEIBRAT 1 h Z W, 4 4SS S AR YA E 8K
EFES, HEET 100%, RIPZEAELEER IR B,
SR SO A K v S K R T KR AT VA XU R 36 A
ERBIER . BEEHEE N SSR, BREREENE
KR A REFE R A K BIR A aE BE I %, R B E A
BB HAPEIR IR, ELPRR R EREE
PR, [ 5 v X TR B A, KR HE A SR
MR RE B TF e AT i B 5, R A R R PR P B ) £ T
K, T RRAEZIIAKK TR R, TEMKT
W, TR A R SRS, DARR(R G PR HE 2
SEIAHRT IR s ARIG I 4 A A R B ) ah (A
o AR T HIG6 264 T ER P FAT AR (96.27%) ,
X2 F T K A AR U H 28 RS i FE e, B
B =AM R R SR, SRR K, T
05 250 R KR HE B G AR BEAR T W04 3 K R B
PHETA TR BRRE, SRR MARAL, S
4 [ SARHB E IR R K, BT A Pl g P2,
RUP3, HosS P2 S SRR A R s = T 05 P1R
MP3, X5 IR A A B ROE A RGN R
A9, A S S AR A TR .
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Fig.3 Changes of air temperature and relative humidity
in maize pile
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JERXGEFERIRT 20 h LA, & P4 R IR A = T HoAh
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Fig.4 Changes of maize pile temperature during ventilation
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SRR . SR BE I 1V A K T ik = Y 2 fh

R LA AF 50 4 SR AT LA A 46 g DA 5 i R )

%, FAEERNAYSNE, RE5LREeMIBGER SRR R
R3 ERREBRENSH

Table 3 Distribution of maize pile temperature C
B ] K Whole R, R, A Z, Zy
Timen TH ROk RN TE K RLTH RA R4 TH RK &L TH RK RS TH RAEA
Ave Max Min Ave Max Min Ave Max Min Ave Max Min Ave Max Min Ave Max Min
0 4.00 4.00  4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
3 11.75  16.56 8.89 13.59 1438 11.71 10.24 10.89 933 11.34 16.55 893 1352 1445 11.78 10.64 1489 946
6 16.26  20.54 13.61 18.15 1892 1635 1499 1582 14.11 16.12  20.31 13.60 18.21 18.92 1649 1533 19.32 14.12
9 1931 2247 1738 20.85 21.59 19.53 1835 1895 1790 1941 2231 1734 20.78 21.49 1950 1843 21.71 17.60
12 21.49 2351 20.00 2235 22.88 21.56 2098 21.69 20.15 2145 2394 20.18 2235 22.78 21.78 20.82 23.01 20.24
15 2275 2413 21.82 23.73 23.87 2275 2256 2245 21.82 2292 2461 2193 2338 23.69 2279 2237 2377 2190
18 23.78 24.74 2399 2412 2423 2356 2338 23.51 2343 2386 2449 2332 2411 2425 23.61 2334 2456 23.32
21 2415 24.63 2379 2442 2451 2434 2413 2419 2357 2429 2461 2412 2449 2450 2444 2402 2459 2399
24 2455 2491 2429 2464 2478 2454 2440 2475 2442 2456 2480 2439 2467 2475 2445 2445 2476 2435
25 2456 2494 2432 24.68 2487 2456 24.69 2478 2433 2472 2483 2455 24.69 2477 24.66 2467 2479 2437
27 24.83 2496 2459 2487 2489 24.63 2471 2479 2455 2474 2490 24.62 2482 2485 24.68 2472 2491 24.58
30 24.88 2499 2471 2489 2490 2492 2479 2493 2473 2486 2494 2477 2497 2490 2485 2486 24.89 2477
VE: Ave, Max Al Min /0 HIAREE ). ok, /ME.

Note: Ave, Max and Min represents average, maximum and minimum, respectively.

5.2.2 ERAELSKFERL

Kl 6a g 1 AN [A)3E AU ZI6 9 ROK B 7K 2R (AU A
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2 HIE K EME/NF 55 P1. P3; /45 P24 A1 P4 MILEER, 5T
4 (KR E/NT S P2, X 5ATRHES SRR K
FKIEE AR AT A
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Fig.6 Changes of moisture content in maize pile
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R TP AT S KR BAARE, BT KEK
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KB R K AN /N B /KR 5 ARSI 1 22 KR,
JEHRTE TG TR EROR ZE 5, AT AN AR 2 18
DA AR 25 S0 14 1 e 30 5 SRR 0l DRV . Z, AT ROK K
SEHME AR RS KT 2, 5 7, H Z, 80 EEKE
K R e KB RN 5/ INE i 25 1 35 48 () e 2 350 /N 3 4 2
AT . Ry AT K 7K 1 48 1) BRIk 2 i 5K T
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—. GARHR, HEREEAEHAD: 25K
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RSB . BB NRHE S, oS ERA
JE B FRBAT IR A, SRR A g, e
BUKINIBEST T, S EUAMNE TR TR S AR N B
TR RGERNT R PR, BT I ] XU
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Fig.7 Changes in moisture content of maize as a whole and different sections
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Fig.8 Effects of different ventilation conditions on changes in maize moisture content and temperature
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AT SR AR, (22 B3 520 oK [
BIKR LS T E (P<0.05) . PATE /KR S5 S M
MR R 2 IEA ORI R R, R AR 2 il e 4= B /K S I 22
KRR R, TRAITREER 75% LT BN AIE,
BRI Pl S KR LUEE] 0.16 g/g AR MKl 8¢ AT LA
B, KRS B E R R AR E R PR, [FH
BF A 22 2 0 ORI T S K 3 TR AR . KU R
FORAPPHTIRE . FHRE DL K I T 2 ok,
T R KR 5 AR AR . FRRMRHMESE 20 h B3 A 1
BB IS 2] P RS, nONIRMEE TR AR 5.
X2 T 2 KRR A K 23 47 B B ) SRk U
B D R R N2 8 =11 I A R SN I S N 1Y
BUEZR, [FBWBARTREKSHZER. Fitk, @EHR
AT W, FEAR R S5 S LT, XUR AT A2 R
il BRI RS2 A 1 5E
5.4 FHE—AEENXFESIHRNE
5.4.1 ERABKEZHH
RIERTRT AR, BE S SARRELE 75% LT
I EEATIE XL, KUE N 0.23 m/s. IR A 2023 4E 10 H 10
HFEF&2 21 H, MR 8AXEN 74 AM (551 (0o,
085m, 0.lm), M2 (0, 0.85m, 0.7 m), /&3 (0,
085m, 1.3m), 4 (0, 055m, 0.l m), f5 (0,
0.55m, 0.7m), /&6 (0, 055m, 1.3m), A7 (0,
025 m, 0.7 m)) MEKBATHRE (B9, Mz
AKE I8 W R BT e ) SRR FE A N B T R, ME
RAPHEALIE B @ERSE (X 16 BRI
17 CEAAARRED ), HMSHNER 2. B LR
SR W 10,
T =12.45-1.122cos (0.043 571) + 1.837

sin(0.043 571) +0.277 4cos (0.087 141)—

0.595 1sin (0.087 14£) +0.780 9cos (0.130 71¢) —

0.055 12sin(0.130 717) — 0.501 7cos (0.174 287) +

0.248sin (0.174 281) — 0.446 5cos (0.217 85¢) —

0.831 7sin (0.217 85¢) — 6.745c0s (0.261 421) —

3.861sin(0.261 421) — 1.232c0s (0.304 997) +

0.173 8sin (0.304 997) + 0.439 2cos (0.348 561) +

0.379 1sin (0.348 56¢) (16

RH =68.73+3.86c0s (0.065 541)—3.083sin (0.065 541) —
3.13cos(0.131 08¢) — 1.161cos (0.131 08¢) +
0.2707sin (0.196 62¢) —2.681cos (0.196 621) +
27.37sin(0.262 16¢) + 19.27c0s (0.262 161) —
1.936sin(0.327 7t) + 0.9161cos (0.327 7¢) +
0.369 1sin(0.393 24¢) + 3.386c0s (0.393 241) +
0.054 25sin(0.458 78¢) + 0.526¢0s(0.458 781) —
7.138sin(0.524 32¢)—7.788co0s (0.524 321) amn

FHA 10 AT, — ARGl R4 5 K 5 7K R A AR
5585 A X R Z VBN 1.3%~16.7%, “FXMEN
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BKE PR, (F 130 h it 4 &K%, &+
F]JZ2 0 oK K AR NS, 76 180 h /e 41 4
IKE, wAMNER B KB KRN, 7E 250 h o4z w 4
TKE, FHBKERNNERNEZERHL. B3 K
FAREHERTA L. 2, HeHERTA 4. 5, KR
G EERIBKERNT TE. TR RA ST 250k
ETHE FRER#S, #5100 h EAARY SRR, 5K 6
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P, SR AR e AT DABEAT e v i KRR S 1 3417

T PRFALE]
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a ARG
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Fig.9 Integrated silo for drying and storage (prototype silo) and
monitoring points
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5.4.2 ERBRFIRS AT

T4 JRIR T BRI R R A K REFESR AR B L
Zadif 12 dp il KT S, BOoR S KR W
(0.337+0.043) g/g FEAKE] (0.152+0.045) g/g, k5 F K pFi
LG KFW LR Hrdr, G808 XA 90.5 h, 18X
WG, RSB ORI SRR, KA MHRFA
FUIEFRYIRL 12 he FORMIERIE MHTUE 1 19.85 mg/100 g
T+ 2] 25.44 mg/100 g, MG T ) 28%, (HHAAIAE
KT 65mg/100 g, /& GB/T 20570-2015 & FL AR ER .
TR IG 1 K S ESGR K B2 AE N 5.23+1.42,
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FUERFEERTIE, FTORIOEREAATE ., AANEFIH
B, BATREIER 150.5kW-h, HALEEFE N 890.2 ki/kg,
THRRA LA 23.9~34.2 J6/t, 5 100~200 Jo/t [ #AIR
T AL, TR EE, R TELESKEE
KB R R TAT P

x4 EXBERTIERRKEEFEER

Table 4 Quality and energy consumption indexes of maize

ventilated drying
_ Sy 28 5
TBF5 Indexes .@.ﬂz” A = A
Initial value Final value
Ak Z i
Ak lvg_sgtﬂ;e content/ 0.337+0.043 0.152+0.045
IR1H Acid value/
— 19.85+3.23 25.44+2.45
(mg.(100 &)™)
L 84.08+1.67 85.47+£1.98
. a 5.74+0.66 5.07+0.69
{7 Color b 27.1%1.15 22.49+1.62
AE - 5.23+1.42
HEFE Energy consumption/
ke ) 890.20
6 & it

PAEKARE N SO B, EEIREIRAE T, X B i
Tl — RIS B P i 7K TR XTI R R R
A AT BAE L SAREE 7 B, BR AN [R) PR 3 06 KR
HEI8 KT AR p HGRAE IS s e, FRaEAT e,
LA 4518

1) 2T g A PR B, %R BRI, g
TR KRR HEE KT FE R RGB AR EARERL, BRSO IR AR
B N K R TR R B AR SR A . IR R
W AT R BRI . B /K R AL E 5 X o
FADRH X 3% 22 Y0 B 20 B 0.7%~15.1%  1.3%~15.4% Al
1.4%~12.1%- 0.3%~14.5%, “FHEE 5N 5.5% 8.9%
1 4.8%- 6.5%:

2) A KR FORTEE Kt FEH, FORI & KR R
FEN A AEA S, SEIERE R B KR LR
FEARA IR . L5455 FEAN [F] SR A T KR FE A5 7K 2 1)
A, I8 E R KSR A S SA B B T 75% X
KGE 0.09~0.23 m/s, KR FE RS EAEE

3) 38 TR e oK B K R AR DL 5 e
FIFAHR ZTE BN 1.3%~16.7%, FHE N 4.4%, #E—
SCUGIE T A AR ) S M . R R TR Y A R
N 890.2 kl/kg, TIREAN 23.9~34.2 50/, 5iFE IR
—HRW T E AR EKIE RN TATE. VB
HEURIR R S, SEBRAR = A g AT 8 17) 38 XD
ETEA.

[& % 3 Bkl
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Simulation and experiment of heat and moisture transfer during ventilated
drying process in maize grain pile

WU Shuaigiang® , REN Guangyue! , ZHANG Yongli*® , ZHU Guangfei>** , BAI Yansong® , SHI Jianfang*?®,
XIE Qizhen®* , SHAO Guang®* , DUAN Xu'*

(1. School of Food and Biotechnology, Henan University of Science and Technology, Luoyang 471023, China; 2. Academy of Agricultural
Planning and Engineering, Ministry of Agriculture and Rural Affairs, Beijing 100125, China; 3. Key Laboratory of
Agro-Products Primary Processing, Ministry of Agriculture and Rural Affairs, Beijing 100121, China; 4. School of Mechanical
Engineering and Automation, Liaoning University of Technology, Jinzhou 121001, China)

Abstract: This study aims to accurately predict the distribution of heat and moisture in maize piles during ventilated drying.
Taking the maize pile within the silo as the subject, the heat and moisture transfer model was established to simulate the
ventilated drying of the corn. A systematic investigation was also implemented to clarify the suitable ventilation conditions.
The heat was then released by maize respiration, according to the local thermal non-equilibrium equation. The experiment was
carried out on the integrated silo of grain drying and storage using COMSOL Multiphysics. An experiment was conducted on
the maize pile in the silo, with specific conditions, including air velocity, air temperature and relative humidity. The simulation
was focused on the moisture content, temperature distribution of maize and temperature, humidity distribution of air in the
maize pile. The results showed that the heat and moisture transfer model effectively simulated the ventilated drying of maize
pile in the silo. The relative errors between the simulated and experimental values of maize temperature and moisture content at
four points within the silo ranged from 1.4%-12.1% and 0.3%-14.5%, and the average relative errors were 4.8% and 6.5%,
respectively. Similarly, the relative errors between the simulated and experimental values of air temperature and air relative
humidity within the silo were 0.7%-15.1% and1.3%-15.4%, respectively, and the average relative errors were 5.5% and 8.9%,
respectively. Notably, there was the unevenness of maize in the silo at the initial stage of maize ventilation. The inner layer of
maize was experienced the higher rates of heating and drying. The higher air velocity resulted in the increased airflow per unit
time. For example, the maximum difference in the moisture content reached 0.03 g/g along the ventilation direction. However,
the heating and drying rates of maize were gradually reduced, as the ventilation progressed, leading to a decrease in the
unevenness of maize pile. The equilibrium temperature of maize was then reached after 25 h, while the approximate
equilibrium moisture content was reached after 60 h. The air temperature rose rapidly within the first hour of ventilation,

followed by a slow increase to nearly 25 °C. The humidity initially increased and then decreased, where the rate of decline was
gradually slowed down until equilibrium was reached. The cloud map analysis revealed that there was a significant difference
in the area near the silo wall and the overall, indicating the need to optimize the silo and ventilation structure. The air velocity
had also enhanced the heating and drying rate. But after reaching 0.16 m/s, there was a further increase in the air velocity
without considering the change rate of corn. The relative humidity shared little effect on the trend and value of maize
temperature. But the relative humidity decreased the drying rate, whereas increased the equilibrium moisture content of corn.
The higher air temperatures resulted in a higher drying and heating rate with a lower content of equilibrium moisture.
According to the maize temperature and moisture content under different conditions, the combination of ventilation parameters
was achieved in the air relative humidity less than 75%, air velocity of 0.09-0.23 m/s, and air temperature with atmospheric
conditions. The relative errors between the simulated and experimental values of the moisture content of maize in the pilot test
of ventilated drying ranged from 1.3% to 16.7%, with an average value of 4.4%, indicating the further practicality of the
constructed model. Then the moisture contents of the maize in the innermost, middle, and outermost layers approached the safe
moisture content around 130, 180, and 250 h, respectively. The unit energy consumption of ventilated drying of maize was
890.2 kJ/kg, which was remarkable for energy saving. The quality indexes also showed the feasibility of ventilated drying and
storage of high-moisture corn. Therefore, change-over ventilation and grain circulation were recommended in practical
production, in order to improve the unevenness of temperature and humidity of the maize pile. These findings can also provide
valuable theoretical support to optimize the corn-ventilated drying.

Keywords: maize; heat and moisture transfer; simulation; moisture content; ventilated drying
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