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Abstract

This research developed a new model to determine the moisture diffusion coefficient for
the thin-layer paddy drying with the spouted free-fall bed dryer. The design and construction of the
dryer was done to experiment with the drying kinetics. The experiment has studied under conditions
of hot air temperature of 60-150 °C, the initial paddy mass of 5 - 15 kg and hot air velocity of 19 m/s.
The results showed that the higher hot air temperature and the lower initial paddy mass resulted in
a significant reduction in drying time. The experimental results were used to calibrate 12 of the most
popular thin-layer drying models to find a suitable one, considering based on the root mean square
error (RMSE), chi-squared value (2) and the correlation coefficient (r). It was found that the popular
thin layer drying model was able to accurately predict the effect of the moisture ratio, considering
both the influence of hot air temperature and the initial paddy mass, in linear models. The highest
accuracy was RMSE = 0.0279, ¥2 = 0.00084 and r = 0.9938. In addition, the experimental results have
been used to synthesize the new diffusion moisture coefficient, which is a function of initial paddy
mass, temperature and drying time. This developed model was based on an exponential function
with only 7 model constants. The simulated results observed that the new model achieved the

average error only 1.8 percent compared with the best model that uses up to 24 model constants.

Keywords: Spouted Free-fall Bed Dryer; Paddy Drying; Thin-layer Model; Moisture Ratio; Moisture
Diffusivity Coefficient
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7 3 0.00820 0.00009 0.99952 0.02014 0.00051 0.99663 0.00831 0.00008 0.99935
8 3 0.01438 0.00026 0.99833 0.02709 0.00092 0.99404 0.01629 0.00030 0.99701
9 3 0.00820 0.00009 0.99952 0.02014 0.00051 0.99663 0.01014 0.00012 0.99923
10 6 0.00640 0.00007 0.99966 0.00888 0.00013 0.99933 0.00652 0.00006 0.99949
11 4 0.00552 0.00004 0.99975 0.00572 0.00004 0.99972 0.00469 0.00003 0.99973
12 a 0.00612 0.00005 0.99969 0.00644 0.00006 0.99965 0.00466 0.00003 0.99974

31n3U7 3 wansAuduiusveednsdIu
AUTUNULIANBULTY LUSHULNEUTENININANS
naasLarnan1synuglaglyluuiiaass Modified

Henderson and Pabis (1999) wag Midilli et al.

(2002) WUIIVIEBILUUT18DIMARNANTIIIUEY
ADAAABINUNANITNAADY LABLUUINABY Modified
Henderson and Pabis (1999) flaa1uusiuganin

Tnepdssouay 2.6
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A15199 3 ANAINILUUIRDILATHAILASIE VAN UE U IT U
Model Model constants
RMSE Xz 7
No. C[ C2 C3 C4
1 -0.01056 0.00034 0.00059 -0.00002 0.05261 0.00282 0.97804
k 0.00729 0.00003 -0.00045 0.00000
2 0.04353 0.00197  0.98457
n 0.65398 0.00608 0.02146 -0.00032
a 1.05768 -0.00104 -0.00429 0.00010
3 0.05121 0.00272 0.97874
k -0.00791 0.00030 0.00039 -0.00001
a 0.40824 0.01067 0.13148 -0.00106
k -0.00505 0.00015 0.00009 0.00000
il 0.02790 0.00084  0.99380
b 0.54817 -0.01030 -0.13173 0.00106
g 0.00507 -0.00015 -0.00122 0.00003
a 0.00378 -0.00020 -0.00023 0.00001
5 0.06693 0.00465 0.96503
b 0.00002 0.00000 0.00000 0.00000
a -0.20787 0.02231 0.06771 -0.00105
6 k 0.00540 0.00004 -0.00032 0.00000 0.04019 0.00171 0.98690
c 1.20662 -0.02276 -0.06965 0.00111
a 0.30065 -0.00571 -0.08384 0.00064
7 k 0.01662 -0.00034 -0.00227 0.00005 0.02819 0.00084 0.99352
g -0.00253 0.00014 -0.00005 0.00000
k -0.00526 0.00001 0.00098 0.00000
8 / -0.55484 0.00067 0.16700 -0.00003 0.02586 0.00071  0.99482
n 1.09021 -0.00019 -0.02029 0.00035
a 3.94726 -0.06902 -0.23008 0.00394
9 k -0.02940 0.00060 0.00201 -0.00002 0.02764 0.00081 0.99378
b 1.13633 -0.00001 -0.07070 0.00023
a 0.37246 0.00072 0.04667 -0.00003
k 0.00661 0.00004 -0.00040 0.00000
b 0.02526 -0.00107 -0.00471 0.00009
10 0.01860 0.00039  0.99719
g 0.03146 -0.00059 -0.00188 0.00003
c 0.58548 0.00028 -0.04171 -0.00004
h -0.03960 0.00078 0.00378 -0.00007
a 1.00081 -0.00018 0.00192 0.00000
k 0.01828 0.00000 -0.00072 0.00000
11 0.02119 0.00048  0.99636
n 0.08719 0.01009 0.07547 -0.00118
b 0.00272 -0.00009 0.00010 0.00000
a 2.40392 0.01557 -0.13147 -0.00020
k -0.00167 0.00003 0.00023 0.00000
12 0.03353 0.00121 0.99091
b -0.01949 -0.00013 0.00186 0.00001
¢ -1.36762 -0.01506 0.12540 0.00018
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a;=-0.2285, a;=-0.4291, a3=-0.0024,

A= %4y (149)
= (& exp(aym) +a; )exp(=—7) A 4,=488.2244, by=-0.0244, b=-0.0696,
b3=50.4989
—b v
— 3 i o M v a o
B = (b, exp(b, m)) eXP(T) (14b)  9inaun1si (11) dnguludldiduannisi (15) fadl
! N o ~ - — 6 ruz
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100 -2.21x10 -1.04x107? -4.19x10° -7.33x10°? -2.09x107° -5.17x1073
120 -4.98x10* -1.13x107? -9.45x107° -7.97x102 -4.73x10° -5.63x107
150 -1.12x1073 -1.23x107? 2PFB%10: -8.67x10 -1.07x10* -6.12x1073
0 50 100 150 200 250 300 0 50 100 150 200 250 300
0.0 : ; : ! 0.0 ' : |
o ® 60°C, 15kg (Exp)
02 B 60°C, 5kg (Exp) 02 e 80°C, 15kg (Exp)
® 80°C, Skg (Exp) & 100°C, 15kg (Exp)
-0.4 ¢ 100°C, 5kg (Exp) -0.4 A 120°C, 15kg (Exp)
A 120°C. 5kg (Exp) x 150°C, 15kg (Exp)
-0.6 x 150°C. Skg (Exp) -0.6 § — Proposed model
& —— Proposed model &
f:-O.S Z-0.8
k=] k=]
10 = o 10 -+
L2 1 12 + L
-1.4 + 1.4 1
a
1.6 1.6
Drying Time (min) Drying Time (min)
0 50 100 150 200 250 300
0.0 t t t t t
B 60°C, 10kg (Exp)
-0.2 ® 80°C, 10kg (Exp)
oa | & 100°C. 10kg (Exp)
- A 120°C, 10kg (Exp)
0.6 + X 150°C. 10kg (Exp)
& ' ——Proposed model
Z-08 +
=]
10+
12 +
14 T
16

Drying Time (min)

5UN 4 aan13iiuvesdnidiumnuduiuiaIa UL



194 9155153V INIUSS IV ums.wszuas Ui 14 aUuil 2 nsn)IAu-5uIIAL 2563
1.0 - 1.0 %
B 60°C. 5kg (Exp) B 60°C. 10kg (Exp)
° 80°C. 5kg (EXp) k3 80°C, 10kg (Exp)
0.9 ® 100 (Exp) 0.9 1 & 100°C, 10kg (Exp)
A 120°C. Skg (Exp) A 120°C. 10kg (Exp)
0.8 4 X 150°C. Skg (Exp) 0.8 X 150°C. 10kg (Exp)
Proposed model Proposed model
S - - -~ Page (1943) & = - - - - Page (1943)
{:—j 0.7 418 ' e Modified Henderson and Pabis (1999) {;: 0. s Modi fied Henderson and Pabis (1999)|
206+ 206+
g k7
So05 1 <05+
0.4 + 0.4 4
0.3 + 0.3
0.2 B f f } 0.2 } } t } t
0 50 100 150 200 250 300 0 50 100 . 150 200 250 300
Drying Time (min) Drying Time (min)
1.0 =
3 o
0.9 TN .
3 A
08+ X
- Page (1943)
.g 0.7 - Modified Henderson and Pabis (1999)|
5 X
=06+
;5 05 +
0.4 +
0.3 + N N ‘\-*\\ il
L J
0.2 t t f f f
0 50 100 150 200 250 300
Drying Time (min)
a ~ a ° ° A o Y] ° a
EUVI 5 1WUIgUNYUNANITVINUIEAINUUUINEBINUNLEUDNULUUIIADIDULAEHANITNAADY
A o ' a . P oA ' °
Wenivuarves m, T, way ¢ luaunisi and Pabis (1999) szmm’mﬂ’mmmumqqqﬂiu

(13), (18) @U150UIAISASIEIUAINTY 7 T=60,

80, 100, 120 Lag 150 psfLgaLTud ﬁ m=5, 10

'
a

wag 15 Alansy AUAIPUAISUN 5 Nan1SYIuIean

3
Snsuanuiuilduuusaosivaue (@aunisi
(13)(14)) Mmpsiiuuusiasadios 7 f wuiilsien
RMSE wagn y2 #gafl 0.02935 wag 0.00089
MINAITU A1 7 WA 0.99421 WielUSeuliiauiu
wuUsaesldsuaumasiivuusiasddndifesiu
Ao Page (1943) (15197 3) 3914 8 &2 nwuan
wuudassiivaus Taauudugiuinnin Tngli
ANNUGITBULVITLUUT18D9 Verma et al. (1985)
ldArpafnuusiansdis 12 § uanainiie

Wlsugunuwuudnass Modified Henderson

FIUIU 12 BUUINABY WAINISIIANAINLUUTIAD
09 24 7 NUIMUUTIaINLELD (Mhes 7 67)
TansviutenaMAsuwnulaglvnawnnaeiy

WagLeaSouay 1.8

4. a3

UITUUDDNUUULATAS1ATDIDU LIS
Jndenmiedsidinuvaudase anueulunis
aauwuuialmUinulsegrnaioswartoeiunis

iU ulnilanesian HaN1INARDILATOIBULIY

¥

AU

[

AEY

o

wuinguugilanseugadulariiatiidenisy

anaddINalIAB UL IanAIRg 19l W dn

=]

INUULAARNYILUUIIFBINITOULAILUUTUUIS



RMUTP Research Journal, Vol. 14, No. 2, July-December 2020 195

fould 12 wuusians WieursNanaasInis
auuiis ngldgamgiiaufou 60-150 aerwaidoa
waddonisudu 5-15 Alansu wazauiian
Sou 19 lwnsReIui Imamsmﬁwmmzamﬁq@ﬁuaq
fauusluunagnsdl Lﬁaﬁ%ﬁm']ﬁy’q%wﬁwagmmﬁ
audeunazinatUionidudy nuluusiass
Modified Henderson and Pabis (1999) t#uNs @
an

LUUaeImduUsEanENNsUNs AL Ui
Laausl.umu%%’ﬂﬁiﬁﬁlﬁmauﬂquﬁy’dﬂﬁwaﬂﬁwu
gamgfianiou wradiivdenisudu uazan
UL Han13T1aRenUIdiauwiuggs Tnglvien
RMSE #ignfl 0.02935 uagn r 1vinfy 0.99421
Wodsufisufunuusiassiildsiuiuained
wuudnaeslnatAgsiuy wuinlrauusiuglunis
vhunerageniuazidiesuifisuiuuuuiiassid
AulugIgeanluduiu 12 LuUsIaeeiitian
Anw nudwuusassiviauslinaiiunnsande

WigeSouay 1.8

5. ARANISUUTSNA

vevouANUNIINgIdenaluladgul’ 7

atuayunuIdey nseslle wazanui auuldell

d159qaa9ief

6. LANETHNNDY

[1] P. Thongma, "Paddy Drying by Spouted Bed
Technique for Industrial Scale," M.S. thesis,
Dept,, Energy Tech., King Mongkut’s
University of Technology Thonburi, Bangkok,
Thailand, 1999.

[2] P. Praneetpolkrang and K. Sathapornprasath,
“Application of a Combined Jet Spouted

Bed and Ultrasound Waves for Drying of

Agricultural ~ Products,”  Srinakharinwirot
Engineering Journal, vol. 12, no. 1, pp. 163-
175, 2017.

[3] S. Meesukchaosumran and T. Chitsomboon,
“Effects of resting periods, air temperatures
and air velocities on free-fall paddy dryer
performances,”  Suranaree Journal of
Science and Technology, vol. 25, no. 1, pp.
11-26, Jan. 2018.

[4] S. Khaengkarn, S. Meesukchaosumran and T.
Chitsomboon, “Genetic algorithm for the
selection of rough rice drying model for the
free-fall paddy dryer,” Journal of Research
and Applications in Mechanical Engineering,
vol. 1, no. 1, pp. 63-75, 2011.

[5] C. J. Lim and J. R. Grace, "Spouted bed
hydrodynamics in a 0.91 m diameter vessel,”

of Chemical

Engineering, vol. 65, no. 3, pp. 366-372, 1987.

The Canadian  Journal

[6] N. Epstein and J. R. Grace, Spouted and
Spout-Fluid ~ Beds:  Fundamentals and
Applications, 1st ed. New York: Cambridge
University Press, 2011.

[7]1 M. J. San José, M. Olazar, R. Llamosas, M. A.
Izquierdo and J. Bilbao, “Study of dead zone
and spout diameter in shallow spouted beds
of cylindrical geometry,” The Chemical
Engineering Journal and the Biochemical
Engineering Journal, vol. 64, no. 3, pp. 353-
359, 1996.

[8] S. Jongjam and U. Teeboonma, “Murdannia

Infrared-vacuum

Lorifomis  Drying Using

Technique,” Journal of Science &



196

Technology, Ubon Ratchathani University,
vol. 12, no. 3, pp. 75-85, 2010.

[9] O. A. Aregbesola, B. S. Ogunsina, A. E.

[10]

[15]

Sofolahan and N. N. Chime, “Mathematical
modeling of thin layer drying characteristics
of dika (Irvingia gabonensis) nuts and
kernels,” Nigerian Food Journal, vol. 33, no.
1, pp. 83-89, Jun. 2015.

l. Alibas, “Selection of the Best Suitable
Thin-Layer Drying Mathematical Model for
Vacuum Dried Red Chili Pepper,” Journal of
Biological and Environmental Sciences, vol.
6, pp. 161-170, Jan. 2012.

H. M. THAO and A NOOMHORM, “Modeling
and effects of various drying methods on
sweet potato starch properties,” Walailak
Journal of Science and Technology, vol. 8,
pp. 139-158, 2011.

N. Kumar, B. C. Sarkar and H. K. Sharma,
“Mathematical modelling of thin layer hot
air drying of carrot pomace,” Journal of food
science and technology, vol. 49, no. 1, pp.
33-41, 2012.

J. Zhang, P. Ma, X. Zhang, B. Wang, J. Wu and
X. Xing, “Isothermal drying kinetics of paddy
using thermogravimetric analysis,” Journal of
Thermal Analysis and Calorimetry, vol. 134,
no. 3, pp. 2359-2365, Dec. 2018.

S. Mujaffar and S. John, “Thin-layer drying
behavior of West Indian lemongrass
(Cymbopogan citratus) leaves,” Food Science
& Nutrition, Report no. 4, p. 1085, 2018.

C. L. Hii, C. L. Law and M. Cloke, “Modeling

using a new thin layer drying model and

[17]

2155153V INIUSL IV ums.wszuas Ui 14 aUuil 2 nsn)IAu-suIIAL 2563

product quality of cocoa,” Journal of Food
Engineering, vol. 90, no. 2, pp. 191-198, Jan.
2009.

M. Ozdemir and Y. Onur Devres, “The thin
layer drying characteristics of hazelnuts
during  roasting,”  Journal of Food
Engineering, vol. 42, no. 4, pp. 225-233, Jan.
1999.
G. K Jayatunga and B. M. W. P. K
Amarasinghe, “Drying kinetics, quality and
moisture diffusivity of spouted bed dried Sri
Lankan black pepper,” Journal of Food
Engineering, vol. 263, pp. 38-45, 2019.

O. Hacihafizoglu, A. Cihan, K. Kahveci and A.
G. B. de Lima, “A liquid diffusion model for
thin-layer drying of rough rice,” European
Food Research and Technology, vol. 226,
no. 4, pp. 787-793, 2008.

L. N. Kahyaoglu, S. Sahin and G. Sumnu,
“Spouted bed and microwave-assisted
spouted bed drying of parboiled wheat,”
Food and Bioproducts Processing, vol. 90,
no. 2, pp. 301-308, 2012.

M. Khanali, A. Banisharif and S. Rafiee,
“Modeling of moisture diffusivity, activation
energy and energy consumption in fluidized
bed drying of rough rice,” Heat and Mass
Transfer, vol. 52, no. 11, pp. 2541-2549,
2016.

D. I. Onwude, N. Hashim, R. B. Janius, N. M.
Nawi and K. Abdan, “Modeling the Thin-
Layer Drying of Fruits and Vegetables: A

Review,” Comprehensive Reviews in Food



RMUTP Research Journal, Vol. 14, No. 2, July-December 2020 197

Science and Food Safety, vol. 15, no. 3, pp. Experimental Results,” Critical reviews in

599-618, 2016. food science and nutrition, vol. 50, pp. 441-

[22] Z.Erbay and F. Icier, “A Review of Thin Layer 464, 2010.
Drying of Foods: Theory, Modeling, and



