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A Calculation of Drying Rate of Some
Grains for Through-Dryer

Masao KuGO
Kenichi MUKAIDA
Noboru WATANABE

Abstract

Drying rates of some grains, such as unhulled rice, Taisho-Kintoki and wheat, were
measured with a small batch through-dryer. According to the Newman’s Equation the
results were analysed as the rate controlling step of moisture-transfer being the diffusion
process in solid. Because of a large dependency of diffusion coefficients calculated by the
equation upon the air velocity, it seems to be true that the resistance of moisture-transfer
consisted of not only that in the solid, but also one of the outside. It was probable,
however, to eliminate the resistance at the outside by increasing the air veloity, then the
diffusion coefficient of moisture-transfer in unhulled rice was obtained by extrapolating the
value of apparent coefficient from the equation up to the infinite of air velocity.

By postulating dependences of the apparent coefficient upon temperature, air velocity and
depth of dryer-bed, a equation (eq. 6) was obtained to illustrate the drying curve of un-
hulled rice which might be useful to design any through-dryers of unhulled rice.

The apparent diffusion coefficients for Taisho Kintoki at 10 cm. of the depth of bed
were obtained as 1.62X 1077 at 40°C and 3.24Xx 1077 at 60°C, respectively.

The coefficients for wheat at 12.5 cm. of the depth were 1.44X10~7 at 40°C and 4.68
X 10-7 at 60°C.

The pressure drop of air through the bed was measured to obtain relations of the
drop to the air velocity as well as the depth of bed as shown by eg. (8) to (10).
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Table 1. Results for unhulled rice

Inlet air| Inlet air |Dep. of | Mass vel. |~ Moist. c?gtent of ma'terials ‘(qg/kg-loz)

temp. humid. bed of air Time of drying (min.)
cC) (ke/ke) (crm) |(kg/m?-hr) 0 10 20 30 40 60 80 100
40 0.006 5 2500 24.3 21.0 19.9 19.0 18.6 17.5 16.6 15.7
0.007 2000 24.3 217 20.8 20.1 19.6 18.9 174 16.8
0.005 1500 24.3 22.2 21.3 20.3 19.9 19.1 18.7 17.7
0.006 1000 24.3 222 215 207 20.2 19.3 18.0 17.6
0.007 500 24.3 228 22,2 20.9 20.6 19.6 18.6 17.7

¥y FEEETIERT, F-1,
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. . Moist. content of materials (kg/kg-10%)
Inlet air| Inlet air |Dep. of | Mass vel. T f devi -
temp. humid. bed of air ime of drying (min.)
°C) (kz/kg) (cm) |(kg/m?hr) 0 10 20 30 40 60 80 100
45 0.008 5 2500 243 20.9 19.5 18.7 17.8 16.2 15.2 14.3
0.006 2000 24.3 21.5 20.3 194 18.9 17.5 15.7
0.005 1500 24.3 215 20.3 19.6 18.8 17.7 16.7 15.8
0.007 1000 243 220 209 201 197 183 16.9
50 0.008 2500 24.3 20.2 184 17.6 16.5 15.0 135 124
0.005 2000 243 207 195 186 177 162 147 138
0.005 1500 24.3 21.3 20.0 19.0 18.1 16.7 15.3 14.4
0.008 1000 243 21.9 20.0 19.2 18.6 17.1 16.0 15.0
55 0.007 5 2500 24.3 19.6 18.1 16.7 15.3 13.5 12.1 10.8
0.005 2000 24.3 20.7 19.2 17.9 16.6 14.6 13.3 12.3
0.006 1500 24.3 20.5 19.2 18.0 16.9 15.1 13.6 12.6
0.007 1000 243 21.5 19.9 18.5 177 16.2 14.7 14.0
0.007 500 243 222 206 193 182 164 1563 145
Table 2. Results for Taisho Kintoki
Il A 1o D lu 1 Moist. content of materials (kg/kg-10?%)
nlet air| Inlet are ep. O ass vel. o i
temp. | humid. bed of air lime of drying (min)
N P .
°C) (ke/ke) (em) |(kg/me-hr) 0 10 20 30 40 60 80 100
35 0.015 10 1500 26.7 26.3 257 24.9 24.6 23.6 23.0 22.3
35 0.014 15 2500 17.7 174 17.0 16.6 16.2 157 15.2
35 0.015 20 2500 26.7 26.0 25.6 25.0 24.6 237 22,9 22.2
40 0.016 10 2500 177 17.2 16.9 16.2 16.1 15.6 15.1
40 0.014 10 2500 26.7 257 25.1 24.4 23.7 22.6 21.8 21.1
40 0.015 20 2500 26.7 26.2 264 247 242 23.0 221 21.3
50 0.017 10 2500 17.7 17.0 16.3 157 15.3 14.5 13.9
Table 3. Results for wheat
Moisture of material (kg/kg-10?)
Inlet air| Inlet air |Dep. of | Mass vel. Time of drying (min.)
temp. | humid. bed of air € of drymng \min.
(°C) (kg/kg) (cm) |(kg/m2hr) 0 10 20 30 40 60 80 100
40 0.011 12,5 2500 20.6 194 18.3 17.3 16.5 15.2 14.1 131
60 0.012 12.5 2500 21.6 18.5 158 13.8 12.3 10.0 8.7 7.5
70 0.006 25.0 2500 25.0 23.7 2212 202 18.6 16.0 13.8
70 0.005 25.0 2500 25.0 24.1 22.4 20.8 194 16.5 144
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Table 5. Geometrical dimensions for grains

Unhulled rice Taissho Kintoki Wheat

(m) 6.71x10-32 1.42x10-2 6.5x10-3
_.a:.y*—\ N
b* § E \’*bi (m) 2.38x10-3 7.08 <103 2.93x10-3
Ny -
L L\

e* ! (m) 3.45x10-3 9.40x10-3 3.63%10-2

equivalent diameter (m) 3.80x10-3 9.83x10 4.10x10

volume of particle {m?) 1.74 x10-¢ 4.95%10 3.62x10
mass of particle (kg) 2.84x10-3 6.95x10-3 4,69%10-5
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XTG AR LTHo N Do % (1) FUCRAT 2 EE0BIERSE O N, FEE
D EEFEMAFICKY 5 & Fig. 10 @~(d) o L) R sBon s, CoZERMRiEom<
K DP—E TR NEDLDICELNIBDTHE> T, TOEDRBEFTRLELTRASED
T AEEANERETE2HFARSELONE D, AEIE NS O Newman €705 DER
LWMUHBREICRE LY HRE LB & E Ui, 6> T OIBEREOR FICH AR &
2B EETE, FNREEOBRDOEMIERANEERLEEDTH S ENHL MK
DOTHZERTELEELIEDTHSE, COFHEICEBLEEL, Do—Df DEE GITDNT
RS 5 & Fig. 11 © & 5 1 B E A CRR & 78 B,
e TN oA ABHEONS,
Di— DYy = 3.6%x 1071225 exp (—6.43% 107°-G)
DYy = DL—3.6%x107" 2% exp (—6.43%x 1075+ G) (3)

@) Arhd Do 2) AZENAT B &

Df = 2.09x10"" 2" —3.6X 107" > exp (—6.43xX107°-G) (4)
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L5, HEARKMAE D63, HEIBIKEOHKTRDbENILT LITE S,

CORTIE G R AROKFICE: b R & WIRHERE, B BRI O BRI IR R E De &
AL, G0 DBAERS/NIOERIEGRH Di=D5—36X1071"-25 & 15 2 % C&&cfi
5, 2% GH 0 OLARBERNIEROEIOMCEEAMEROZBEZREZ AVGA L
55 )

3.3 BaCxT 38R
WRIZIFO M S BEOFFNCH /o> TR, FEEpenflic s~ &, FEWICHELRIEE

Table 4. Results of unhulled rice

Inl | Tnlet air | D iy | Moisture of material (kg/kg-10%)
niet ari Inlet air ep. of | Mass vel. T . -
temp. | humid. bed of air Time of diymg (min.)
o 1 2 >
°C) (ke/kg) (cm) |(leg/m?-hr] 0 0 0 30 40 60 80 100
40 0.007 5 2500 313 28.0 26.2 25,5 24,6 23.0 21.0 209
0.008 18.3 16.3 15.7 15.1 14.7 13.8 13.3
0.006 16.7 149 14.1 13.7 13.2 124 12.0
0.008 153 135 128 123 118 111 104
40 0.004 5 2500 24.4 20.8 19.9 19.3 18.8 17.5 16.7 15.3
15 244 223 211 205 198 185 175 168
25 24.4 231 21.4 207 200 18.9 18.1 17.2
55 15 24.4 215 19.0 18.3 17.0 16.1 14.4 13.2

5, HEROBEBEEELLTE, #
AEDS, RNV FET, FEEb 5~10
m BEDOE DML L, WLEEORKE
BRP50E»51, BREOELZRL &
Tliz, BB, BEMA{HENMIELT ST
EDHANE, N EE RS
1, BFBICEREIEBMLTHS
Table 4 (i, 40°C @ 8 4 & 55°C
DOFEDREF R U, Mo RSt
KB THEBOMIMBIEOSN LS D&
Bbid, chdOEREAEMFE LD
Fig.12 (a), (b) Th 5, EHELILEE
FAFRARICHET 285, #HESE
M CHDNTL 57, Fig. 12(0) 1 ° e o T
AU E D ICHNEREEYN D DK E Fig. 12 (a). Variation of drying curves due
REERRE > TOS, Bh, BE to bed depth
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CERDBEELSHOOT, BLAED o
TCHIOEZ Y BT & LB, ’

FAHIE ) AT, WAMBEH D g ST e
RIS, TN, BIBOLSICFY % 2500 kg/a? b , S .
R VTS BEOER ORI, E°S’WifTQﬁ -

S &, HEH LS em PN O R T Az o P T B SR R S N N
0 50 100 (min)
EFES CEMBOETRENLOT, Tine ©

5cmEDEADHAEES>TRKD I E O Fig. 13. Variation of diffusion coefficient observed
with drying time due to bed depth
THb, W>7T, BEdSem P FOB4

DA TEEAREL T, BEomEs Y
MASTLBN&ETHD, KDV T
BET 5,

Fig. 11 3B 5em OB A1 >IN T
D (DL—Dg): G OBBRTH M, °h

Difference of D.from diffusion
ccef. at a mass velocity. Dwe-D& (m?/hr)

3~
¢, L=0, 15, 25 cm DB 4 O ¥ AL A 2k
¥ e 5 em DB A & REBICkY Fig.
107% | H | i |
Pz B 2EL = a4 o] 1000 2000 3000
13)’ < @‘]n/ﬂf\?)b Flg 14 At EXIEE Mass velocity G (kg/mhr)
11 ver; 1 55°C 15 5 45°C S
mbEGﬁwwi@%uiC@D‘ " UMReT S 28C Sem & 4070 zeem
S
foote [N ? cm °
Dy Dl 01cis 30 ¢, B LIci#s 3 S 106 om

CRLEEIE, ATTARTEDSND Fig. 14. Variation of Dew—Dg due to bed depth.
BEThsds, INOOBKREEEDEE QN TRENABBRICHE I LoBS®A gk Lix, &
D—HodbsRRNLEE 5,

Di— Dy = {6.3x10"% exp (0.054¢)

+6.49x107°- L-exp (0.0962¢)} exp (—-6.43%x107°-G) (5)
D = 2.09% 1071 2" —{6.3 X 10"* exp (0.0545 ¢)
+6.49x107*- L-exp (0.09622)} exp (—6.34 X 107°-G) (6)

6) X TR, EARRBE DL WNRE , B8R G BE LO3>0EHKICLIOHE->TL 5, 8

B, 63, HAE LIEPYEOREET 5%‘@%’1#?#5@@%%%@?%2@@ UREDBITIREL
B2, HAPEROKSBREOEBERICKREZTEMOEAEREDLTLOT, BE Lt BXY

BREICI > THREINIETHY, B3ITE, BELEZEATED, BAESE—EBE I
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5 E TOWHBE FAICE T B EICH 3 2 IR O BB LR O TN A A R sE D kI
SHBERE A BEDOEAF DTN TORMELDHEELLNS,

3.4 BEREBICHITIWE

Fig. 8 (a)~(d) iciR 9"k 51, Dé DfElE, M & &SI, HRAITRE 8D —EMICITD

T EMbrB, e, TO—EHELE>T, WA Db 230 Lcds, BB

G 2 MOT, WMREFTT AL, MY, WIREESEEID N E VSRS D, B
23T D Dy OEALE B4k iREE—IT
R o<l HFTOMMEIRAES WG L, b, EE

‘l‘o“w\’ WS D, ERRBEARMNNEBGAICED
o . M

or ° ¢ < DICRAEDE < i< < & (Fig 18) 5,
“w .6k

e L &ass G ok (L/G) ofiis/hs it

4 © 55°C
L ¢ 40°C NBAENIEE, COMKEIRENELLED
S T R o &%, Fig. 8 (a)~(d) kU Fig. 13 5,

e X7 A AR th O 4 2 K AR Db 0T

Fig. 15. Variation of correction factor which ES— . e
is ratio of diffusion coefficient used Doy ZRHT, RSN LT Do &
to that of average value during tran- DS P OMEE Ak B MIFRK ¢ %

sient period .

BHighcEE L, IBHICRD 2 EAIK
BB DE LT D Dy Dl D LIGITH U T AT 5 & EMRBERSIKRNY L Fig. 156 &1
B, EL, 40°C XU @RTOBRREACRENDE L, CELTOT, 40°COHELHE

OB & E LTECOEACDOTRLL, TORE, EHORERDED THIREE
B UG EDO AR Do I8 B MIEHE LT o ZXRDEDITRD BT EDTEI,

# = 1-(0.147¢~3.9)x 10" <£> (7)

Bis, Dg iR, #HIEM ¢ 280 5 C Eick> T, HEOWGRGEEZHE A 5 IARECE KD
BT EMiks,

Wi ZE, T 40°C Oue & a T B 2500 (kg/hr'm?®] T L, B 25em & LT, @&
B3 a5, 6)REAVT, Dbk, MERES £R] T, T30 EEAREERYD
B, O)RXVCOPED D B3R5 &, 545x107° [m?/he] %155, FRMERES RO
B (M Rrs, 0803 &1550DT, Duwld 438Xx107° [m*/hr] &752, R 0BG AR
75 0.243 [kg-water/kg-dry stock] TH V), 0173 [kg/kg] T T B 7o > O FTEEHE 3 Xk O 8
ICBARI” P OoRDOND

w=—w, _ 0.173-0.085
wo—w,  0.243—0.085

coezn 2D —00s (mmxy)

= 0.557
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D = 438x107% [m*/hr], d = 3.8%x107°[m]

& LT, s ErR R
¢ = 2.06 [hr] (S 1.67 [hr))

BB 4 20 SO RFAETR LT B,
3.5 HMEEKEORBBZHAKCKT 5EiRiHE

Jede, B, WHER QB RE, BEICK> TERKENRRLLEDOTH L, AFBTE
ELTHO MO GKERZ 0243 [kgkg] TH L5, ZNEDEVED, WL ILNEKED
HEHZDWT S, WEt Lz, o, Wi, BWHELTERSNLIWOKDE, 14~15% (wet
base) T& 5,

Table 4 [ Z DA /RT, ChE 0.3
BUciiT &, Fig 16, (), (b) &75 5, (b) oo
5 c¢em

R, WINEREE L, AKROKE 2500 kg/mihr
RIEERTH YD, FIRE Y THE s
EBETT A Enbds, X, FXIC 0.25
MW E LD, MEERESFISE S
ENMERE X THMEIELDTH
2 TEOEEO—MERLIDTH B H
B E T, RO AR -
TWd, TRREMFBEDHIC, [k
WOKGGHPERD S DDFE LR
b, E5o0ERmZERMOKTIRE b
REDPD I DIGHEEIEP>T2HD &
EibNB,
3.6 KEFE&£BOEZRICELT

Table 2 it Q¥ ERARR T 2 &,
Fig. 17 &35, MWz Sk~ T, FEF
IR DNV, Sk, SR ER
ML, WMEBELHODT, HRESR
EARTRETH B

TNHDOFHRID, WERE L,
Newman O 5, Rg O

® new unhulled rice

& humidified
unhulled rice

Moisture content w (kg/kg)

E

| I
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Time ©

RDTHBD, Fig. 18 (a) iE, MRITH 3 Fig. 16 (a). Drying curves of unhulled rices which

have different moisture®content
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LB T DI LTS E LT 14~15% BE X TETR LANME IO TH Y,
—ERERE LTOKSE 18~20% BECHE DL 5MBETEKFRELTEENE O T
FIROAS, ARG IR REIC B B

PEo THZ IR B O IRATEEIC L, EMARPY O 7K 43 sk B A el B e & L C Newman & 5 v
BT alEE Ui,

MoEa& 1) Newman 7 vic X DG N IKRARSBEEEIC XY ELT 5 € &
P, MEEEEANIERO A5 T, MEAEMICOKABHOENOELET 5 C LY, @
Hmammkcikbtﬁm@w&4ﬁ%ﬂ%mi@*w,cm%W®m%m£Hém%®m
AR E U CIRERTEM 28D T 2.09x 1071 27 217,

2) BRI > TE(T 5 Newman & FWVIC L 5 FRMIIHAA B GO TH 3
TEMD, MAWHBKELZTSY, choilE, SREEOMRERIELTX@ 25,

& m%ﬁwm k> Th R EOBERESEMIT 20T, K(4) D 36X107" 22D
HicEmeaigs o LTHEG) £RD,

CNETOHEICHEMN U EAERERE, WRINGREE O LR & LA 21
BRBE O —EMEIC R L rofl, BIBERI PR A5k 4 —EEIC > e A OE @A LT
HTOD, #> T OEZFRA LR EME, BAWERRES—EHICE 2 2 CoRBEED
FRAEEDKRELBDT, TOFETEZMABC L E L,

b, 4) B OREER OEIERGREE, BRLc—EBCELLBOZNED
Ko G/L & OBIRIRD S HIEE ¢ 2Rk, K(DEBTHDB

PEXOBoOBRIERCET A0, RE, MER, BEEseEsd s @it sg
15T & &0,

Z DA, INEBIC DN T REEZ JE L, Newman & 70T & 3 SR EE
PR L, WIEICK L, 40, 50°C 04 1.62X 1077, 324X 1077 L 2 A B TH Y, BT L
40, 60°C ¢ 1.44x 1077, 4.68X 107" 1L 3% ZNEFNE T 5,

—JF RS WE L, BiR%&E UTEERICH L, sEE & 0B R (8)~(10) 23k i,

Nomenclature

D% : Apparent diffusion coefficient at arbitrary mass velocity G and temperature of ¢
°C (m?hr)
D%, . Diffusion coefficient at infinite air velocity (m?/hr)
d: Panicle diameter (m)
G: Mass velocity (kg/m2-hr)
L: Depth of bed (m)
¢: Correction factor (—)
R: Drying rate (kg-water/hr-kg-dry stock)
T,t: Temperature (°C)

w: Moisture content of grain (kg-water/kg-dry stock)
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we: Equilibrium moisture content (kg/kg)
wy: Initial moisture content (kg/kg)

6: Time (hr)

¢: Percent humidity (%)
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