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a1313% 1 M3vaeonimleunszananaananisuad q vaalseme Tneludl soe 1990

Unit: Gg ( 10’ Gg = | million tonne)

Gas/Source Emission GWPy Emission ( CO, equivalent)
Gg % Gg Y%
Total CO, equivalent 225.176.1 100.0
Net Carbondioxide { CO}J 163.993.7 100.0 1.0 163,995.7 72.8
Fuel Combustion
Transport 27,6341 16.9 27.634.1 12.3
Energy Transformation Industries 28,243 .4 12.2 282434 | 12.5
Indusiry 12,8348 75 12,844.8 5.7
Small Combustion 5.0§59.0 19 £.009.0 36
Industrial Process 9.806.7 6.0 9,806.7 4.4
Land Use Change & Forestry
Changes in Forest and Cther Woody 19,897.4 12,1 19,897.4 8.8
Biomass Stocks
Forest and Grassland Conversion 81.708.4 49.8 §1,708.4 36.3
Abandonment of Managed Lands -24,148.1 -14.7 -24.148.1 -10.7
Methane ( CH,) 3.746.4 100.0 2.0 57.673.8 25.46
Fuel Combustion
Transport 1.9 0.3 165.0 .
Energy Transformation lndustries 0.6 0.4 12.9 o
industry 0.5 0 1.0 0.0
Small Combustion 0.8 0.u 17.4 0.0
Fugitive Emission trom Fuels
il and Natural Gas 97.4 R 2,044.4 0.9
Sobd Fucl 10.4 0.4 218.50 0.1
Industrial Process 0.3 0.0 6.6 0.0
Agricullure
Rice Cultivation 1,786.1 65.0 37.507.2 16.7
Enteric Fermentation 5301 193 11,132.8 49
Manure Management HAG 4.2 24355 38
Field Buming of Agriculiural Resicues 324 0.8 463.1 0.2
Land Use Change & Forestry
Forest and Grassland Conversion 282 14 591.6 0.2
Wasle
Solid Waste Disposal on Land 121 4.4 25496 N
Wasre waler Trealment 2 0.9 5183 02
Nitrous Oxide ( N,0) 11.3 100.0 310.0 3.500.6 1.6
Fuel Combustion
Transpori 1.1 9.8 343.6 0.2
Energy Transformation Industries 0.2 1.3 46.8 0.0
Small Combustion 0.2 2.0 69.1 0.0
Agriculiure
Agricultural Soils 9.2 80.9 28337 1.3
Field Buming of Agricuitural Residues 0.5 4.3 131.5 |8

Land Use Ch
Forest and Grassiand Conversion

1ge & Foresiry
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advou | lelasiau | oondiau | ulesnu | Awsdu 1 Anuou | ke COJkg fuel
{MIfkg)
T 85.4 105 1.5 0.4 20 0.1 4298 3131
vTudia 6.3 2.8 0.1 0.1 0.5 - 4520 37
uhasssund™ 64.3 332 - 25 . 45.00 2357
anlua™" i 22 9.9 1.1 |4 2.0 12.80 1,140
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Hndoma s wdsow lvlf uasnisudes co.

Actual ” Forecust
Unit 1990 1994 2000 2004 2010
GWh 18056.880 30395310 69829.000 72816000 66909.000
Natural gas M 1ons 3.232 5418 11291 11.753 10.363
CG.(M tons) 1620 12.770 26.613 27.302 24.496
keCORWh 0422 0420 0.381 (380 0.366
GWh YOAT.II0 19294.200 3738.000 S421.000 12258 000
Fuel oil M 1ons 2157 4.383 1.00¢ 1.357 2.787
CO, (M ens) 6.734 13.725 3149 4.249 8.726
keCO.kWh 0.745 0.711 0.842 0.784 0.712
GWh 239.730 1627.720 25000 248.000 313.000
Diesel oif M tons 104 0,420 014 0.083 0.122
CO {vons) 0.35( 1.333 0.4 0.263 0.387
kaCO./AWh 1.272 0.819 1.760 1.060 1.236
GWh 10229.840 14060.630 14387.000 16518.000 16991.000
Lignite M tons 8.889 12.288 13.067 14.979 15.263
CO. (M tons} 10.154 14,008 14.806 17.076 17,400
keCU. KWh 0.991 1L 4%a 1033 1.033 1.024
GWi 13k40
Imponed coal M Tons 4.391
CO, (M 1ons) 13.958
keCO/KWh - 1.008
Hvdro GWh 4858.000 3431.000 3923 000 4356.000 5478.000
Purchased"” Gwh 69:1.000 t, 00 2863.00G 2863.000 17746.0000
Toal GWh 43162 Tan |6960F a0 W1767.000 152322.000 133532000
Total - CO, (M 1ons) 34.841 41.836 44,702 49.290 61.967
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a3afi 5 fuiitunisan co, dwsuTiudazain

viavesth | szesden | szeenm |daswaigavianiu] 1999 1994 200t 2004 2010
(mXm) (i) (1dmihaiy)

130 CO. 910 EGAT ( M tons) 24840 | 41840 | 44700 | 49290 | 64.967
V3w O, pnnTsymIzUATIaa WU (M (ons) 1.594 2.803 5.645 5.658 3.390
saz T Co, 2 KA (M 1oms) 26.434 | 44645 | 30345 | 54948 | 68.357
Widn™ ax2 | 30 11.56 7,790 13.165 14,845 16.203 200137
pmasda P X2 5 17.51 5.039 8.344 9.635 0,516 13.083
aupwly™ | 2x2 1 13 7.70 11.702 19.764 22.287 24,325 30.261
T 1X2 10 .16 $.074 13.636 15.377 16.783 20,879
Tnan1a®” 2X2 20 13.67 6.592 11132 12,554 13702 17.045
nyziumTA 2X2 5 6.30 14.303 24.156 27.240 29731 36.986
nszfiudny 2%2 5 7.13 12.637 21344 24.069 26270 32,68
ATIRT 2x2 20 8.26 10,908 18.924 20.776 32,676 230wy
szq™ 2%2 20 6.80 13.251 22.38 25237 | 27.54d | 34,266
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a6 aldiouazdrlsgnilumsan co, mnnisdgnih

Uszian TUAYDI 31913 Unit 1990 1994 ’72000
Ugnih Uy

A lFees ™ um /3 644310 | 644310 | 644310

Jyuun fuftan co, $wils 7.790 13065 | 14845

(Widn) A idtoiuns Baht / kWh 0.116 0121 0.100

ausng an Co, Baht/tCO. | 189870 | 189.990 | 190.020
Mz v /15 932.670 | 932.670 | 932.670

o fiufian CO, dwls 6.592 a2 | 12sse

(Wi Tnana ArlFsalums Baht / kWh 0.142 0.149 0.123

an CO, Baht/1CO. | 232,580 | 232220 | 232570
aldmwseil™ um /4| 2438470 | 2438.470 | 2438.470

fiufian Co, awls 7.790 13.165 14845

dn Alsanilunis Bakt / kWh 0.389 0.407 0337

an CO, Baht/1CO, | 635200 | 635700 | 635570
510 1d5T)" w15 2394040 | 4594.040 | 4594.040
s1lsonEs ol v 15 | 2155570 | 2155570 | 2155570
ATHED ml¥iesel vin /5 | 3068.070 | 3068070 | 3068.070
ymdAE fiufion co, Auls 3,039 8.544 9635

AIIAALTT A lsgmilums Baht / kWi 0.010 0.010 0.009

an CO, Baht/1CO, | 16.000 16.000 15.990
EAUACTRUTTA um Al | 35070 | 3151710 | 3150710

flsgnsswl um /s 83.640 83.640 | 83.640
AlFwswil™ um 215 | 4334610 | 4554.610 | 4554610

fiufian co, dw'ls 10.908 (8.424 | 2077

azauilon Mlsgnilums Baht / kWh 1.302 1.363 1129
an CO, Baht/1CO, | 2125.880 | 2126310 | 2125970
s101d5907" v 15| 9706590 | 9706.590 | 9706.590
drlsandswdl um 15| 5151980 | 5151980 | 5151.980

by anlgnithaady nsuthid
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a5 T

A1 idtonasi s gnd lunsan co. minnmsdgniiuin 141 1990 Dl
Usoan HiIAYD4 71wnTs Unil 1990 1994 2000
msrgath R
Y co, minmamswia i M tons 26434 | 44.645 50.345
Ui co, fidiuend 1990 M 1ons . 18210 | 23910
ihuun fiufian co, dld - 5,360 7.050
(1dn ) fianelums | Baht/kwh - 0.049 0.047
oyimi A CO, Buit /1 CO, 77.350 90.220
Ursioau fiuiion co, dwls 4.540 5.960
( Tnanna ) mlg9wlunts | Baht/kWh 0.0610 0.059
aa CO, Bahi /1 CO, - 94.840 110.410
fiufiaa CO. fnls 5360 7.050
isfen Arlsantlums | Bahi/kwh 0.165 0.160
A8 Co, Baht /1CO, - 258.790 | 301.850
fufian co, fuls 3.480 4.570
HIUgiy umalia ivlsgniilunis | Baw kWh 0.004 0.004
an CO, Bahi /1CO, 6.520 7.590
fluiing co. Kl : 7510 9,560
aswuion | Slsenilums | Bamxcwn 0.556 0,519
an (0, Baht /1 CO, 866.640 | 978.310




msudi g Alaneuazdilsqnilunisan co. vinmsdgaduie 149 1994 1Twuils

Usznm wilaved TG Unit 1994 2000
msydgnih i
Ui co, nmanisnda lvidh M tons 42,645 50.343
U5 co, fkuandl 1994 M tons 5.700
thuuun fufiae Co, Fuls 1,680
(toidn A1lg81lums | Bahe/ kWi - 0.011
ousini aa Co, Bahi /1 CO, - 21.500
Uwieau flufiaa o, dwls 1,420
(Tnann) A9 wluns | Bain/kwn - 0.014
8 CO, | Baht/:CO, - 26.300
fuitaco, | #wls 1650
Wi Mlsquilunis| Bahe/wn 0.038
Anco, | Bahi/tCO, - 71,930
uftan co, du'ls 1.090
T UEAD gaAlda ArlsanElunis| Bahe/kwh - 0.001
an CO, Baht/1CO, 1810
fuitan Co, dw'ls - 2.350
azmiioy ilsemsiTums| Bahe/kWh - 0.127
an Co, Baht /1 CO, 240.480
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A COMPARATIVE STUDY OF VARIOUS METHODS
OF BANANA DRYING

Sukruedee Nathakaranakule
Department of Phvsics, Faculty of Science, Naraesuan University
Adisak Nathakaranakule, Somchart Soponronnarit, Weeravout Limtrakool
Department of Energy Technology, School of Energy and Matenals,
King Mongkut’s Institute of Technology Thonbun

Abstract
A comparative study of various method of banana drying: natural air flow and used solar
energy, natural air flow and used LPG energy and forced awr flow and used solar energy
with LPG as stand-by auxiliary, was performed at Bang-Kra-Tum, Phitsanulok Province
i0 determune the performance of the drvers operating with each method and anaivze the
economic probabilities of each dryer. Testing results for the method of narural air flow
and used solar energy showed that the average drying tume for each batch of banana
drving was 6-7 days {57 hours/batch). The total energy consumption was about 19.2
MIJ/kg of water evaporated (pnmary energy) and average of the first law efficiency was
about 11.1 %. In the method of natural air flow and used LPG energy, the average
drying time for each batch vaned between 3; 4 and 5 days (46, 45 and 45 hours/batch
respectively). The total energy consumption was about 8.4 MI/kg of water evaporated
(primary energy) and the average of first law efficiency of 3, 4 and S day-batch was
about 23.6, 28 and 30 % respectively. In the latter method. the average dryving time for
each batch was 5 davs (44 hours/batch). The total energy consumption was about 14 9
MJl/kg of water evaporated (pnmary energy) and average of the first law efficiency was
about 13.8 %.
Concerning econormic analysis, 1t was found that the natural air flow and used solar
energy method has a Discount Pay-Back Period (DPBP) of 3.6 years and the beneft per
cost ratie (B/C ratio) of 1.2, In the natural air flow and used LPG energv method, the
DPBPs and B/C ratios of 3, 4 and 5 day-batch were 0.9, 1.3 and 2 vears, and 7.3, 4.9
and 2.9 respectively. The latter method has a DPBP of more than 10 vears and B/C ratio
of 0.6.

Keywords: Solar dryer/ Dried bananas/ Drying

INTRODUCTION

Drying 15 one process of food preservation that That people have extensively applied to
agricultural crop, thus providing added value to the products. Various drying
technologies have been recently applied in dryving processes to reduce the operational
expenses. The use of solar energy s one example although its technologes still require
further development for widelv uses in drying applications. The region of Phutsanuiok
and surrounding districts have a considerable amount of “nam-wa” bananas produced,
which are commenly dned bv open-sun dryving, thus exposed to dust, insects, mold and
micro-organisms, causing further product quality problems. These problems could be
reduced by using an effective solar dryer. Recently, there are 3 drving methods used in

face. 3¢ Bnmuad Cv“][ O;L Ho /‘.‘)Msfﬁa{fan 4 New Q'CA'[C"!{ Sell é"_u-?.f F\C.JI
J)aauﬂ‘-\/ /"msf%a/f'a./ 23-25 O #%5€. - - ?J[)’



this area: natural air flow and usad solar energy: natural air flow and used LPG energy;
and forced air fiow and used solar snergy with LPG as stand-by auxihary. The
comparison in performance and economics of these methods should be invesngated 10
find the appropnate one.

Wibulswas et al. [1977) determined the drving rate of damp cloth (dipped in water) at
4.2 kg/m’ -dav. by using a solar drver that permits natural convection of thermal air.
Warabutr [1681] determined that the ratio of air distribution ducts relates 1o the surface
arsa of solar coliector, at a rate of 0.11, to deliver an optimum drying efbciency. The
slope of the solar collector was 14° and achieved a drying rate of approximately 3.2
koym® -day. Wibulswas and Thaina [1980] dried damp cloth with a hvbrid solar drver
(rnatural convection) and found that 2 drving rate was 3 ke/m” -day. Excell [1986]
developed a solar drver for paddy using narural convection and achieved a drving time of
2-3 days. Furthermore, some ressarch was conducted 1o develop a model drver that
emploved forced convecnon of thermal air, generally used for grain drying, as reported
bv Thongprasert et al. [1983]. Soponronnant and Tiansuwan [1984,], Soponronnant
and Tiansuwan [1984,), and Boonlong et al. [1984] studied tobacco bam- dryving by
using solar energy, followed-up by Sitthupong et al. [1987], whe modifed the drying
bam 1o dry vanous fruits, Addinonal information is available in literature written by
Soponronnarit {1988] and Soponronnant [1991]. In addition to these findings, Ong
[1986] concluded the research results and developments concermng solar drver from
vanous Asian countries. Rakwachien et al. [1994] studied a hvbnd solar drver for “nam-
wa' bananas that used forced convection by means of an exhaust fan drawing thermal
heat from a solar collector via a heat exchanger, prior to entening the drying chamber
The static efficiency of the solar drving system is 1n accordance with the average
moisture content of banana, an opumum efficiency of 30 % and a return on investment
berween 1.5-5 4 years.

Through the observation of various projects within Thailand, 1t could be concluded that
the use of a solar drver (natural convection) for bananas is economically feasible
(Patranon [1984]), and forced convection 1s also realized as feasible technology
(Soponronnant et al. [1992] and Sharma et al. [1994]). Therefore the consideration of
energy consumption and economuc feasibllity 15 important to help seleciing the
appropnate drver.

The objective of this research 1s 10 compare energv consumpuon and economics of
vanous types of the banana drver.

MATERIALS AND METHODS
1. Details of drvers

The details of three banana dryers tested in this research are as follows:
- Natural convection solar dryer

As shown in Big.1, this block-shape drver, designed by Department of Energy,
Ministry of Sciences, Technology and Environments, 1s made of plywood coated with
black color and its cover 15 made of transparent plastics. Inside the drver, there 1s a
bamboo tray with area-of 0.2x1.5 m*. Its coliector area is 2.64 m’ and its capacity is 23

kg of fresh banana with 9 kg of dned banana outputs.



1 = transparent plastic cover, 2 = plvwood drying chamber, 3 = air outlet
4 = dryer legs made of wood, 5 = air outlet

figure 1 Natural convection solar dryer

- LPG natural convection drver

Thus dryer, as shown in fig.2, designed bv Agricultural Machinery Center,
Phitsanulok, uses LPG for drving air heating. There are two trolleys with eleven 1.1x1.5
m’ bamboo trays each in the drving chamber. The side and back walls of the drver are
made of brick coated with cement while the door and roof are insulated by rice husk, 2.4
cm thuck, covered with zinc sheet. The dryer capacity is 192 kg of fresh banana with 73
kg of dried banana ourputs.
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1 = air outlet, 2 = LPG container 1 = trolleys, 2 = air inlet, 3 = air outlet
3 =bumer, 4 = LPG vaive 4 = the flame from LPG burning
5 =drver roof

Figure 2 LPG natural convection dryer

- Forced convection solar drver

This dryer, designed by Asean-Canada Project at Naraesuan Unuiversity, forces
convection of thermal arr by using centrifugal fan with 1.5 kW eiectnc motor and has the
vanous solar collector umits that separated from the drving chamber (Rakwichian{1994])
{(see fig.3). The heat transfers from the collectors to the awr in flow-channel which is later
exits at collector outlet. In case of insufficient temperarures, LPG will be a stand-by
auxiliary that directly heats ambient air in a junction burner located near the exhaust fan.
One drving system comprises of 23.1 m® of solar collector area and a drying chamber of



1 73m = 2m x 6m long that accommodates three trollevs. five shelves and sy travs  In
operation. the air passes through tne solar collector and directly enters the dnving
chamber through four perforated ducts located on the chamber floor. After that it
further moves vertically past the ¢rving bananas before exits at the chamber roof through
SIX outlets.

10m

1 = collector, 2 = Blower, 3 = burner stove

4 = cabinet drver, 3 = Facilitaung room

Figure 5 Forced convection solar drver

2. Expenments

The expenments for each type of dryer are as follows:
- Narural convecuon solar drver

Spread 25 kg of peeled npe bananas on the drver tray and drv them dunng
daviime. At the end of the first and second day of dnang, collect all bananas. put them in
plasuc bag and keep them all mght 1o start on sweetlenung beiore spread them on the tray
again on the day afier. During mught time of the third, fourth and fifth day of drying, pile
all bananas in the nuddle of the tray 10 prevent case hardening. Afier the fifth day of
drving. all bananas are flattened and further dned for another two days 10 complete the
process. Seven drvers are used 1n this expenment to obtain continuous output of dred
banana every dav.
- LPG Natural convection drver

This experiment 1s composed of circle drving process(4 and 5 davs) and
continuous drving process {3 days). In the circle process of 5 dav drving, 192 kg of ripe
bananas are dned dunng daytime every dav. At the end of the first, third and fourth dav
of drving, all bananas are piled in the middle of the 1ray and Jeft all mght to prevent case
hardening while at the end of the second day they are collected and kept 1n plastic bag all
night 1c start on sweeterung. in the middle of the fourth day, the bananas are flatiened
before being further dned on the last day, completng the process. Staring from the
second day of the 5 day drying process is the process of the 4 dav drving. The drying
temperature of both drying processes i1s approximately 50 °C.  In the continuous
process, 192 kg of peeled ripe bananas are dried with drying temperature of 60 “C for 9
hours on the first day of drying before being collected and kept in plastic bags all nght.
Afier that, being flattened in the muddle of the second day, they are further dned for 2
days 10 complete the process.



- Forced convection solar drver

The expertment was conducted with 360 kg of peeled ripe bananas. The
expenmental process is the same as the 5 dav circle process of LPG Natural convection
drver.

The three expeniments mentioned above collected the following data:

- Arr flow rates were determuined by the average air-flow velocity of the exhaust
alr at the cross-secuon of the air preduct, with a fan anemometer.

- Temperature, entering and exiting solar collector, was measured by a tvpe K
thermo-couple connected with data logger with the accuracy of =1 °C and
recorded at one hour intervals.

- Total solar radiation received on the solar collector surface, was measured by 2
solar indicator with the accuracy of = 5%.

- LPG consumpuon was determuned by recording LPG weight displaced.

- Electrical consumption of the centnfugal fan was measured with 2 camp and
meter (Yokogawa), with the accuracv of = 1%

- Moisture content of the product, by the random selection of rwo banana
samples, was werghed by accurate scales. then cut into small pieces and dried in
an oven at 103 °C for 72 hours.

- Water evaporation was measured by large scales (Max.cap 60 kg), with the
accuracy of = 0.1 kg, and recording weight changes before and after each drving
period.

RESULTS AND DISCUSSION

- Results of banana drving testing
The results of banana drying testing of vanous methods are depicted in Table 1.

Table 1 The results of banana drying testing of various methods

NCSD* LPGD®  FCSD-LPG®

[minal weight of bananas (kg) 23 192 360
Final weight of bananas (kg) 9 73 141.1
S evaporatlonloss gy . e ST
Total solar radiatior at collector surface (MJ) 2923 L8149
Total energy consumption of LPG (M) - 9712 1.060.4
Total electrical consumption of fan (M)t D08
Total energy consumption (MJ) 292.3 9712 3.260.2
Latent beat of evaporation (Mitkg) 24 A R
First law efficiency (%) 13.1 29.4 16.1
Average first law efficiency (%)° 11.1 23.6(28.3]30° 158
Specific energy consumption (MJ/kg of water 18.3 8.2 149

evaporated)

Remark: NCSD = Natural Convection Solar Dryer
LPGD = LPG natura! convection Dryer
FCSD + LPG = Forced Convection Solar Dryer with LPG as awuliary
A = test results between 11-16 APR 1995.
B = test results berween 13-16 DEC 1995,
C =test results berween 15-19 MAY 1995,



D = Average oirst law eZiciency of all expenments.
E = Average first law eficiency of 3, 4 and 3 day drying respectively

LPG Low Heating Value = 46,693 kifke

From all 1ests. it was determined tha: wutial moisture contemt of the fresh banana was
berween 230-300 % drv Dasis, and zverage final moisture content upon natural solar

drving, LPG dnang, and Sotar and LPG drying of 30, 47 and 47.3 % dry basis
respectivelv. As reporied on the table. the specific energy consumpuon of the LPG

drving process 15 lower than that of both sclar drving processes. This may be caused by
the higher 1emperature 1n the drving chamber of the LPG drver which brings the hugher

drving rate.

- Phvsical property of dned bananas

The coler of dried bananz skin from natural convection solar drver, measured by
R.H.S. Colour Chart, was Greyed-Yellow 162 group B while those from the LPG and
forced solar drving process were darker, Greved-Orange 163 group A This 1s caused by
higher temperature in drving chamber which leads 10 nonenzvmatic browrung reaction

such as caramelization.

- Economuc analvsis

Details of economic analvsis are shown in table 2.

Table 2 Dexails of Economuc Analvsis (per vear)

NCSD LPGD FCSD-LPG
3 days 4 davs
Project lite | 3 10 10
Fixed cost l
- Land rent 250 | 250 1,000
(increase 20% everv 5 vears)
- Number of dryers ‘ 7 ' 5 1
- Dryer cost | 28.000 125.000 1,350,000
Variable cost }
- Labour cost 18,000 | 84,000 84,000
- operating cost 4836 | 43396 | 325376 | 25,916 | 75.430
- Banana cost (increase 0.5 27,900 } 328,896 | 245,736 | 196,416 | 571.680
baht/kg every 2years)
- LPG cost {12 baht/kg, increase - 171.300 | 112,300 | 87978 | 101.085.30
CElectnoity cost (2.5 bahtunit) o : 42.262.20
- Maintenance cost (baht/year) 515 300 6.000
i toaivens e Lo e
Incomes l
- Amount of dned bananas per vear | 3 348 41,683 | 31,098 | 24.893 56,012
- Dried banana cost (1% baht/kg, 63,612 | 791,977 | 590,862 | 472,967 | 1,064,228
increase 10% every 2 vears) ‘

Remark: 1 USS =25 Bait



According 1o the details in the adove 1able and using method of Discounted Pav Back
Penod (DPBPywith 12% discount rate. 1t was determined that DPBP of natural
convection solar drver. LPG drver (3, 4 and 3 day). and forced convection solar drver
were 3.6, 0.9. 1.3, Z and more than 10 vears respectively. The net benefit of natural
convection solar drver. LPG drver (3, 4 and 3 day), and forced convection solar drver
were 12000, 143135, 115396, 97404 and 163335 baht per vear respectively. For
benefit per cost ratio (B/C ratio) with interest rate of 12 %, it was found that B/C ratio
of nartural convection solar drver, LPG drver (3, 4 and 5 day), and forced convection
solar drver were 1.2, 7.3, 4.9, 2.9 and 0.6 respectively. The DPBP of the forced
convection solar dryer was dramatcallv hugher and B/C ratio was significantly lower.
These were because of high investments.

CONCLUSION

1. The average efficiency of LPG dryer 1s higher than those of solar drvers: 23 6%,
28.53% and 30% of 3, 4 and 5 dav drving respectively compared with 11.1% in natural
convection solar dryer and 16% 1n the forced convection solar dryer.

The dned banana skin color of LPG and forced convection solar drver are darker than
that of narural convecticn solar drver.

3. The best condition of banana drving investment 1s the 3-day drying with LPG.

[R8]
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POTENTIAL OF RICE MILL'S COGENERATION IN THAILAND

Wannee Ekasilp
Somchart Soponronnarit, Apichit Therdvothin
School of Energv and Materials
King Mongkut’s Institute of Technology Thonbun
Suksawat 48 Rd., Bangkok 10140, Thailand

Abstract

Elecineiry and thermal energy used in white rice mull are approximately 190 MlJ/ton
paddy (53kWh/ton paddy) and 242 MI/ton paddy respectively, while in par-boiled rice
mill, electncity and thermal energy used are approxumately 238 MJ/ton paddy
(66 kWh/ton paddy) and 1,019 MJ/on paddv respectively. If the rce mull’s
cogeneranion system using a 160 kWh gasifier with internal combustion engine
connected with power generator 1s employed to maxumize electricity generating, it may
render some excessive energy. Total electncity generated by 260 white rice mulls 15
112 MW, of which 87% 1s used in the rice mull and 13% 15 excessive. Heat generated
can dry 50% of the total paddy tc be mulled. For 52 par-boied rice mills, total
electnicitv generated 1s 32 MW, of which 88% 15 used win the mill and 12% is excessive.
Heat from gasifier with internal combustion engine 1s not enough for heating process.
Thus a boiler is needed to be added i order to generate heat for using 1n soaking and
par-botiling processes. The heat obtained can dry 80% of the total paddv to be milled.
In using steamn wrbine system in the nce mull’s cogeneration, total electricity generated
by 260 white nce mulls 15 150 MW, of which 60% 1s used in the mill and 40% is
excessive. Heat of flue gas from boiler can dry the total of paddv to be milled. Total
electricity generated by 52 par-boiled nce mulis 1s 29 MW, of which 97% 1s used in the
mill and 3% is excessive. Heat of flue gas from boiler, high-pressure steam and
condensate from condenser is employed to be used in soaking and par-boling
processes. The heat obtained can dry 78% of the total paddy to be mulled.

The government encourages private sectors to generate electricity by using biomass fuel
and sell back to the Electricity Generating Authonty of Thailand (EGAT). Biomass
fuel, when combusted, produces CO2 that can be reused ( tree uses in photosynthesis
process} and does not cause accumulative CO?2 in atmosphere. The average cost m
reducing CO?2 by forestation is approximately 0.38 baht/kWh. This process mcreases
the electricity generating cost. Furthermore, the average cost in eliminating SO2 s
015 baht/kWh. Therefore, EGAT should raise additional price of 0.38 baht/kWh or
0.53 baht/kWh 10 purchase the electrity generated by using biomass fuel from pnvate
$&CIor.
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INTRODUCTION

In 1994 in Thailand, there were 312 rice mills of which 52 were par-boiled nce mulls
and 260 were white rice milis. each with a producuon capacity over 100 tons/day.
These rice mills were taken into consideration for the potenual of electricity generation
within the mill using husk fuel. The amount of husk in rice mill with a capacity lower
100 tons/day was not enough to be used as fuel. Generally. two types of energy used in
rice mills were electrical energv and thermal energy. In some rice mulls only elecinical
energy was used whereas in other rice mills energy from electricirv and steam engine
were used in miliing process. For par-boiled nice mills, electnical energy and steam from
steam boiler were used. Thermal energy from steam was used in the processes of par-
boiling, paddy drving and soaking In drying process, thermal energy from flue gas from
steam boiler might be used. Some nice mills used energy from sieam to drnive steam
engine connected with a shaft of milling machine. As rice mulls used both electrical and
thermal energy, there was the potential of cogeneranion system for nce mills.

Cogeneration has been a technology developed and used for a long ume by the
industries in Amenca, Europe and Asia. 1t 1s & cogenerauon of thermal energy and
power Electrical (mechanical energy) and thermal energy are generated continously
from the same fuel source. Cogeneration makes the energy using more effective, highest
benefits but lowest energy consumption. Cogeneration 1s divided into two types,
according to the types of energy produced and the order of energy using. They are
Tepping cvele and Bottormung cvele. Topping cycle 1s a system thai produces electricity
or mechanucal energy by using tuel and then convey the heat obtained 10 be used further.
Bonoming cvcle 1s a svstem which uses energy from fuel 10 produce thermal energy 10
be used in producuon process. The heat from the production process 1s then released
out 1o generaie mechamcal power or electrical power.

The objecuves of this paper are to analyze the electrical and thermal energy
consumption in white nice milis and par-boiled nce muills, and tc present the application
of cogeneration svstem for nice mills as well as the appropriate electricity price 1o be
boughi back by electnicity producers.

OPERATION OF RICE MILLS

Currently, in-countrv nice mill with a capacitv of 100 tons/day has two types of milling;
white rice milling and par-boiled milling.

White rice milling

Pnncipal equipment composed in white nce milling are paddy husker, husk separator,
rotary sifier for separating brown nice and paddy, whitening machine, bran separator,
polishing machine, nce cleaner and rice grader. Miliing process 1s shown in Figure 1.

Par-boiled rice milling

The miliing process in par-boied rice miling is the same as white nce milling but par-
boiling process is 1o bes added. Paddy is recommendable 1o be par-boiled before milling
in order to gain more head yield. In addition, in par-boiling, vitamin and mineral can
absorb into the grain and produce more nutrition as compared with white rice at the
same level of whitening. Details of mulling process is shown in Figure 2.
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RESULTS AND DISCUSSION
Energy Consumption Analysis

From this study, it was found that eleciricity used for equipment m white nce mills and
par-boiled rice mills were neariv the same. Total electricity used in white nice mill and
par-boited rice mill were approximately 190 MJ/ton paddy and 238 Mlfton paddy
respeciivelv. From the analvsis by saving thermal energy in paddyv drving, it was found
that thermal energy consumed in white nce mill was 242 Ml/ton paddy and thermal
energy consumed 1n par-boled nce mill was 1018 MJ/ton paddy of which 196, 150 and
673 MJl/ton paddy were used in soaking, par-boiling and paddy drving processes
respectvely.

From the comparative study, the elecincity used for paddy husker in par-boiled nce mulls
was lower than that in white rice milis, as shown n Figure 3. Tt was because the husk of
par-boiled paddy was more easuly taken off. Elecincal energy consumed in par-boiled
nce mills was 5 and 7 MJ/ton paddy respectively whereas 1n white nce mill was 9 and
12 MJ/on paddy. For the electricity used in rice whiteming process, par-boiled nice
mulls consumed more energy than white nce mull. It was because the bran would more
firmiy amach to the grain. The electricity used for bucket. convever, sifiers and bran
collecting cvclone depended on the svstem design.
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Figure 3 Comparison of eietrical energy consumption in rice milling process
Selection of equipment for cogeneration system

Gasifier with internal combustion engine

The analysis of cogeneration was based on using a combination of 160 kWh/unit gasifier
with internal combustion engine produced in China, Total electricity generating by 260
white rice mills was 112 MW of which 97 MW was used in the mills and 15 MW was
excessive. Heat generated could dry 50% of the total paddy o be milled. For 32 par-



boiied rice mulls, total electricity gznerated was 32 MW of wiuch 28 MW was used In
the mills and 4 was excessive. Heat from gesifier with internal combustion was not
enough for neaung procsss. Thus a boller was nzeded 10 be added in order to generate
heat for using in soaking and par-boiling processes. The heat obtained could drv 80% of
the rotal paddv to be mulled Elecinicity and thermal energy generated in the svsiem
were shown in Table 1.

Tabie 1 Electricitv and thermal energy generated tn white rice mills and par-boiled
rice muls bv gasifier with internal comoustion engine cogeneration svsiem

Capactty Number Elecmiciy  Number Total electmeny Elecmiaity Hear generated Heal demana
of generation generated demand
capacity
ns/day ocs rmills kW fumat urit LW EW Ml /hr = M /hr
While rice mill

124 164 180 2 320 274 1.313 1.250
226 38 1860 4 640 299 2,827 2.279
336 11 160 5 800 742 3,223 3.388
583 11 160 8 1.280 1,243 5.233 3.878

133 28 180 3 480 371 5.227 3.307
2I3 15 160 4 6§40 604 15,727 €.468
320 9 160 6 960 287 ’ 20.307 12,587

* Heat generated did not pass through heat exchanger

The economic analvsis showed that principle income of the nce mull was from the selling
of husk ash Currentlv, many rice mills sell husk ash to Germany at the price of 160
USS/ton husk. In this research, the husk ash price of 80 USS /ton husk was used. If
the nice mill did not obtain income from husk ash selling, return cost would be jess than
25%, break even point was more than 4 years and electricity price was 0.104 US$/kWh.
In the analvsis, operating time was 270 days/year, interest rate was 16% /year and
project life was 15 vears.

Condensing steam turbine cogeneration

There are manv typas and sizes of commercial condensing steam turbine cogeneration.
The proper selection of type and size of the condensing steam turbine cogeneration will
maximize the return cost. The analysis of maximum return cost in order to select the
appropriaie size and number of steam boilers and steam turbines for cogeneration system
was conducted. For husk ash price of 80 USS/ton |, husk fuel price of 12 USS/ton and
electncity purchasing price of 0.0348 US$/kWh, it was found that white nce milis with a
capacity of 124, 226, 5336 and 560 tons/day, the IRR were 27, 30, 53 and 36%
respectively, and the generated electricity prices were (0.099, 0.086, 0.079 and
0.08 USS/&kWh respectively. Par-boiled nce mills with a capacity of 135, 225 and 320



rons/day.the IRR were 33, 46 and 46% respectively, and generated electricity prices
were 0.111, 0.104 and 0.094 USS/kWh respecuively. In case of husk ash prce of
0 USS/ion. the IRR was lower than 10%.

From the analvsis, 1t was found that 1012l electricity generated in 260 white nice mils
was 150 MW of which 96 MW wzs used in the mills and 54 MW was excessive. Heat
of flus gas from boiler was emploved to be used in paddy dnang process. The heat
obtained couid drv total of the paddy 1o be milled. Total elecincitv generated by 32
par-boled nee mulls was 29 MW of which 28 MW was used in the mills and 1 MW was
excessive, Heat of flue gas iTom boier, hugh pressure steam and condensate Tom
condenser were emploved to be used 1n soaking and par-boiling processes. The heat
obtaned could dry 78% of total paddy to be milled. Electricity and thermal energy
generated by condensing steam turbine svstem of each mill were shown in Table 2.

Table 2 Electricity and thermal energy generated in white rice milis and
par-boiled rce mills bv condensing steam turbine

White nce mull Par-boled nee mull
Capaciry (tons/day) 124 226 336 563 125 923 320
Elecincity generated 396 883 1,297 1,980 386 616 966
(kW)
Elecinciry demand (kW) 273 499 742 1.236 371 613 880

Heai produced (MI/hr)* 2,760 5.031 7.377 11,968 6,774 11,634 16,374

Heat demand (MJ/hr} 1.250 2,279 3,388 5.676 5.307 5,468  13.587

*Heat generated did not pass through heat exchanger

Comparative cost of cogeneration svstems

Gasifier with internal combusuon engine cogeneration system is being developed for
better efficiency and various capacities. This may reduce energy cost. The condensing
steam turbine cogeneration system is popularly used due to vanous sizes 10 be selected
for hughest beneft. Deiails of the comparison were shown in Tables 3 and 4.

Table 3 Companson of energy cost of gasifier engine system and
condensing steam turbine system in white rice mill
- working davs of 270. husk fuel price of 12 USS/ton

White rice mill Gesifier engmne Condensing stearn wrbing

Capacity (10a/day) 124 226 3386 560 124 226 338 560
Elecmizity used (kW) 274 499 742 1243 274 489 T42 1,243
Eleciicity produced (kW) 320 640 80C 1280 296 820 1,287 1.880

Cosi of sysiem (USE/kWe) 1.586 1,586 1.586 1.586 1.382 1.270 1,082 1,080

Cost of eiectncity {USS/kWh) 0.104 0.104 0.104 0.104 0.099 0.086 0.080 0.081




Table 4 Companson of energy cost of gasifier engine and condensing
sieam turoine sysiem in par-botled rnce mull
- workang davs of 270. husk fuel price of 12 USS/ton

Par-botled nce mill Gasifier engine Condensing stzarn urbine
Capacity (ton/day) 133 223 320 135 223 320
Eiectricity used (kW) 371 613 88C 371 613 880
Electicity produced (k%) 480 640 980 386 616 966
Cost of system (US$/kWe) 1,586 1.,58% 1,586 1,564 1,341 1.210

Cost of electricity (US$/kWh) 0.104 0.104 0.104 0.112 0.103 0.094

Reasconable price of purchasing electrcity from the small-scaled producers

Electricity generating of 65.4 GWh by using hvdrocarbon based fuel i e. fuel oil, diesel,
natural gas and lignite, caused CO, emussion of 43.5% M tons/ vear (in fiscal year 1994).
For total electncity generated of 69.85 GWh (using the four types of fuel including
water power and geothermal power), the CO, was 0.63 kg/kWh. To reduce the amount
of CO; emitted from using the four fuel each vear by forestation, the area of forestation
of 4.83 M hectare is needed. Average cost to reduce CO, is approximateiy 0.38
bah/kWh or 593 baht/ton CO; and thus the cost will increase electncity generating cost.
Currently, the government encourages private sectors to generate electricity by biomass
fuel, 1e husk, bargasse, etc. , and sell back to Electncity Generaung Authority of
Thailand (EGAT) 1n order to avoid the cost of electnicity plants fabrication. CO; caused
bv biomass fuel can be recvcled (the trees use CO, through pheotosynthesis process).
Therefore, CO; does not accumulate in the atmosphere. In addition, husk fuel does not
cause SO, as fossi fuel does. EGAT has installed flue ges desulfurization equipment
with average economic cost of (.15 baht/kWh. Consequently, EGAT should raise
additional price of 0.38 baht/kWh or 0.53 baht/kWh 1o purchase electncity generated by
using biomass fuel from private sectors.

CONCLUSION

From the analysis of energy consumption of the equipment in white nce mills and par-
boiled nce mills | 1t could be concluded that electncity consumption in white rice mull
and par-boiled rice mill were 190 MJ/ton paddy (53 kWh/ton paddy) and 242 Mi/ton
paddy (66 kWh/ton paddy) respectively. Thermal energy consumption were 242 Ml/ton
paddy in white rice mill and 1019 MJ/ton paddy in par-boiled rice mull. For using a
160 kW/unit gasifier with internal combustion engine from China in cogeneration System
to maximize electricity generating, total electricity generated by 260 white rice mills was
112 MW of which 97 MW was used in the mills and 15 MW was excessive. Heat
obtained could dry 50% of paddy to be mulled. Total electncity generated by 52 par-
boiled nce mills was 32 MW  of which 28 MW was used in the mulls and 4 was
excessive. Heat obtained (a boiler was added) in a 223 tons/day capacity mill could dry
80% of the total paddv to be milled.



From the study of cogenerzuiion using condensing sieam turbine system. of which
equipment were in various sizes, it was found that 260 white rice mills generated total
elecinicity of 150 MW of wiuch 96 MW was used in the mills and 34 MW was
excessive. Heat obtained could dry the total paddy to be milled. Total electnciry
cenerated by 52 par-boiled rice milis was 29 MW of which 28 MW was used in the milis
and 1 MW was excessive. Heat obtained could be used in soaking and par-boiling
processes, and it could dry 78% of the 1otal paddy tc be milled.

Curremtly, the government encourages private sectors 1o generate electricity by using
biomass fuel.t.e. husk bargasse, eic. and sell back 10 EGAT in order 10 avoid cost of
electricity plants fabrication. When combusied, biomass fuel causes CO,. However,
CO- can be recvcied (the trees use CO, through photosvnthesis process), thus CO» does
nct accumulate in the atmosphere. From the study, 1t was found that average cost in
reducing CO; by forestation was 0.38 baht/kWh or 593 baht/ton CO,. This expense
makes electricity generating cost increase. In addiion, EGAT also invested in installing
flue gas dessutfunzanon equipment 1o elimunate SO; at the cost of 0.15 bahtvkWh
Consequently, EGAT should taise additional pnce of 0.38 baht/kWh or 0.23 baht/kWh
to purchase eleciricity generated by using biomass fuel from private sectors.
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ABSTRACT

The aim of this research is to study the feasibility of in-store corn drving. Both
economics and acceptable corn guality are taken into consideration. Some parts of this
research, energy consumption and com quality, are presented in this paper. The
equipment had been installed at Pra Buddha Baht Settlement Agricultural
Cooperatives. Ambient air flow rate of 3.44 m’/min-m° of corn was ventilated through
a 30 t capacity corn bulk of which initial moisture content was 19 % wef-basis. The
experimental results showed that aflatoxin B-] production during the experiment was
completely inhibited as compared to that at the beginning of com drying even if the
number of corn kemels infected with Aspergillus flavus increased. In decreasing
moisture content of corn from 19 % wet-basis to 12.5 % wet-basis, electricity
consumption was 15 kW-h/t of com (USS 0.9/t of comn).

INTRODUCTION

At the present |, nearly all most of comn produced has been used in feed mill
industry and alse stil] played an important role for Thal people for many vears. From a
research report (Kositcharoenkul et al., 1992), it was evidenced that corn, which was
freshly harvested and then stored in the bams or silos of merchants, would be infected
with Aspergillus flavus producmg aflatoxin substance. Aspergillus flavus’s growth
rate increases rapidly if comn 1s stored in unsuitable condition under het and humid
climates. Aflatoxin is very toxic to human health and animats. Therefore, a quantity of
aflatoxin contamination in foed for animals 1s not aliowed more than 20 ug/kg (USA).
Aflatoxin contamination 1s often deiected in freshiy-harvested com during rainy
season. This is because moisture reduction in corn by sun drying on a concrete pad is
not available. However, this probiem can be solved by using mechanical drying or in-
store drying technique,

Morey et al. (1978) studied the energy consumed for com drying in & bin with
a dimension of 3.5 m diameter and 4.5 m high. The experimental results showed that
in reducing moisture conlent of comn from 28 % wet-basis to 24 % wet-basis using
120 °C inlet hot air temperature and a 120 m*/min-m’ of corn air flow rate and then
continually dned to 15 % wet-basis using ambient air, the energy consumed was
minimized.

Shove (1984) studied the energy consumption {or corn drying with low drving
alr temperature. ]t was found that energy consumption was 6 kW-h/t-percentage of
water evaporated 1n reducing mosture conteni of com from 22 % wet-basis to 15 %
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using a 2 - 4.5 mmin-t of com air flow rate. However. when ambient air was heated
i a few degrees. energy consumption increased to be 12 kW-h/t-percentage of water
evaporated using a 0.8 - 2.2 m*min- t of corn air flow rate.

Eckhoff et al. {1934) investigated the inhibition of microorganism growth rate
using gas mixture, sulfur dioxide mixed ambient air. Mixed gas was flowed through
the comn bulk, which was stored in a bin with 5 t capacity. Initial moisture content of
corn was 28 % wet-basis. From the experimental results, it was found that when
mixed gas was flowed from the top of the bin to the bottom of the bin, the number of
miicroorganisms was very small but when mixed gas was flowed inversely in the
direction with mentioned before, microorganisms spread widely at the top area, where
moisture content of corn was rather high. In case of com fumigated with sulfur
dioxide gas before loading into the bin, a large extent of microorganisms distributed
throughout the bin. Moregover, percentage of stress-cracked comn using sulfur dioxide
gas was lower than that using hot air temperature.

El-Gazzar and Marth (1938) carried out the effect of hydrogen peroxide
concentration on the aflatoxin production and the growth rate of Aspergillus
parasiticus. 10° Aspergiilfus parasiticus spores was inoculated on a glucose-yeast-salt
medium and then was incubated at temperature of 14 and 28 °C in 90 days. It was
found that Aspergillus parasiticus growth and aflatoxin production was not produced
at 0.3 and 0.5 % hydrogen peroxide concentration.

Nilrattanakom et al.(1994) studied the optimum rate of carbon dioxide
fumigation for controlling Aspergiflus flavus growth and aflatoxin production at high
moisture content of corn. Com had been fumigated for 4 days at rates of 0.5, 0.75, 1.0
and 2.0 kg CO4/t of com. It was found that 0.5 kg CO; /t of com rate of carbon
dioxide furmgation could prevent the aflatoxin and the Aspergillus flavus growth
effectively. For storing corn without ventilating air and carbon dioxide fumigation,
nearly all of corn bulk was infected with Aspergillus flavus. Also, aflatoxin
contamination and temperature in comn bulk increased.

Wongurai et al.(1992) conducted experiments to study the effect of water
activity on Aspergillus flavus growth in corn. It could be concluded that Aspergillus
Aavus growth was severely infected at 0.94 - 1 water activity at 28 °C temperature,
corresponding to 22 - 41 % wet-basis equilibrium moisture content. However, when
water activity was less than 0.85 at 28 °C temperature, corresponding to moisture
equilibrium lower than 18 % wet-basis, Aspergillus flavus growth was innibited
completely.

Prachavawarakom et al. (1995) studied the prevention of aflatoxin production
in in-store corn drying. The experimental results showed that high moisture content of
corn should be dried to 1§ - 19 % wet-basis within 2 days and then continually dried
to 12-13 % wet-basis within 14 days in order to prevent aflatoxin production. In
reducing moisture content of corn from 19 % wet-basis to 12 -13 % wet-basis using a
3.6 - 4.6 m’/min-m’ of com ambient air flow rate, energy consumption was 10-11
kW-h/t of comn (US5 0.6 - 0.7 /t of comn).

From the researches outlined above, it was rather clear that microorganism
growth and aflatoxin production were in large quantities at the conditions of both high
moisture content of grain and high relative humidity of ambient air. In order to control
aflatoxin and microorganisms, chemical substances should be applied in a range of
high moisture level. In case of moisture content lower than 20 % wet-basis, in-store
drying technique with ambient air was rather effective. Therefore, this research is to
study feasibility of in-store corn drying svstem under tropical climate. Both economics



and corn quality will be considered. Some parts of this research, energy consumption
and corn quality. are presented in this paper.

MATERIALS AND METHODS
Equipment

A dimensional area for 30 t capacity of corn was 5 m wide, 5 m long and 1.5
m high. Air ducts are principally composed of main ducts (No 1-6) and branching
ducts (No 7-9, 10-12 and 13-15) as shown in Figure 1. The 0.4 m X 0.4 m cross
sectional area in each main duct was made by galvanized stee]l sheets with 1.5 mm
thickness. Each branching duct is made from 3 semicircular ducts. A semicircular
duct, made from 1.5 mm thickness perforated steel sheets with 1.5 mm diameter
holes, 15 1.20 m long and 55 cm diameter. A backward curved blade centrifugal fan
was driven by a 3.7 kW motor.

Experiment

Ambient 2ir flow rate of 5.44 m*/min-m’ of comn at 35 °C temperature and
55 % relative humidity was blown through the com bulk of which initial moisture
content was 19 % wet-basis. In addition to measurement of wet-bulb and dry-bulb
temperature of ambient air, temperature in corn bulk was also measured at 2 positions,
3 points each position. Temperatures were measured by type K thermocouple from
which measurements were transferred to a data logger (accuracy of = 1 °C). To check
the moisture content of comn during experiment, corn samples were collected at the
depths of 0 m, .30 m, 0.75 m and 1.20 m from the surface. However, for testing com
guality, corn samples taken from 0.75 m and 1.20 m depths from surface were
" detected the quantities of aflatoxin B-1 by thin laver chromatography method and also
determined the pumber of com infected with Aspergilius flavus.

To determine the moisture content of com, com samples were placed in a hot
air oven at a fixed temperature of 103 °C for 72 hours. To test aflatoxin B-1 and
Aspergillus flavus infected | comn samples of which moisture content was higher than
14 % wet-basis must be dried to 14 % wet-basis and then stored in a temperature -
controlled room n which temperature was lower than 10 °C.

RESULTS AND DISCUSSION

Temperature

Temperature in com bulk 1s a significant factor which affects on com guality :
due to gieat temperature gradient in corn bulk, the natural air recirculation will occur
and consequently water vapor in air will condense while air flows against com of
whicl temperature s rather Jow. Therefore, microorganism growth increases rapidly
in areas of high moisture ievel. Figure 2 shows the evolution of ambient air
temperature and temperature in corn bulk. It was found that temperature in corn bulk
was Jower than ambient air temperature flowing through the com bulk and rather
insignificantly different throughout the comn bulk. Temperature varied between 26 °C
and 28 °C, which was suitable for producing aflatoxin B-1 by Aspergillus flavus
(Koehler et al.,, 1985).



Moisture Content

During 20 day drying time with ambient air ventilation, § hours each day,
moisture content of corn reduced from 19 % wet-basis to 12.5 % wet-basis. Figure 3
shows that moisture content of comn at deeper depth from surface was lower than that
at lower depth from surface, This is because the amount of water vapor in air flowing
from the bottom region to the top region increases with direction of air flow.
Consequently. moisture reduction at the top region was rather lower as compared to
that at the bottom region. However, at the end of drying, moisture content of com
throughout the com bulk was nearly the same because of movement of drying zone
from the bottom area to the top area.

Energy Consumption

In reducing moisture content from 19 % wet-basis to 12.5 % wet-basis using a
5.44 m’/min-m’ of com ambient air flow rate. energy consumption in terms of
electricity was 15 kW-hv/t of com (USS 0.9 /t of cormn).

Corn Quality

Figure 4 shows the evolution of aflatoxin B-1 and average moisture content of
corn during corn drying. It was found that the quantities of afltoxin B-1 detected at
each depth were rather uncertain. The researchers in the field of microtoxins
suggested that cach com kemel must be taken to detect aflatoxin B-1 in order to make
sure in quantities of aflatoxin B-1 produced. However, 1t 1s impossible in practice.
Therefore, the average quantities of aflatoxin B-1 were substituted for the quantities of
aflatoxin B-1 throughout the com bulk. The results showed that the quantities of
aflatoxin B-1 at the beginning of drying were nearly equal to those at the end of drying
while the number of com kernels infected with Aspergillus flavus increased as shown
in Figure 5. It might be explained that Aspergillus flavus growth did not affect on
aflatoxin B-1 production.

CONCLUSIONS

The experimental results could be concluded as follows :

1. For in-store corn drying with ambient air flow rate, the corn quality
in terms of aflatoxin B-1 production at the end of drving could be maintained even
though the number of comn kermels infected with Aspergiilus flavus increased.

2. When corn was dried from 19 % wet-basis to 12.5 % wet-basis using
5.44 m*/min-m" of com, electricity consumption was 15 kW-h/t of corn {US$ 0.9 /t of
com).
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STUDY OF AN INDUSTRIAL SCALE SOLAR DRYING SYSTEM FOR BANANA
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ABSTRACT

The objectives of this research are to study a solar banana dryer for determining the

performance of 4 types of solar air heater absorbers, which contain approximately 21.3 m? of
collector surface area each, and also the performance of a solar banana dryer from solar
energy and LPG in an industrial scale. All the economical probabilities of the system are also
analyzed.

From the results, it was determined that the thermal efficiency of the corrugated absorber
plate which employed thermax insulation (poly-isocyanurate), and the finned absorber with
the same insulation delivered the highest efficiency of 41.0% and 38.8% respectively. The
flat plate absorber with thermax insulation, and the flat plate absorber with polyurethane foam
delivered the maximum efficiency of 31.6% and 32.1% respectively. The results of drying
bananas determined that the moisture could be reduced as required. Drying time for each
batch of cycle drying was 5 days (44 hours/batch). The energy consumption of the dryer was
14.9 MJ/kg water evaporated. The maximum efficiency of the first Thermodynamics law of
the drying system was about 30.5% (average 15.5%). From the econornical analysis, it was
found that payback period varied from 3.24.7 years. '

INTRODUCTION

Drying is one process of food preservation that Thai people have extensively applied to
agricultural crops, to provide added value to the produce. Various drying technologies have
been recently applied in drying processes, to ably assist in the reduction of operational
expenses. The use of solar energy is one example, but the technology. still requires further
development to prove appropriate for a broader range of drying applications. The region of
Phitsanulok and surrounding districts have a considerable amount of “nam-wa” bananas
which are commonly dried by open-sun drying, thus exposed to dust, insects, mould and
micro-organisms, -further creating product quality problems. These problems could be
reduced by using an effective solar dryer.

Prida Wibulswas et al. [1] determined the drying rate of damp cloth (dipped in water) at 4.2
kg/mz-day, by using a solar dryer that permits natural convection of thermal air. Prida
Wibulsawas and Thaina [3] tested a hybrid solar dryer that naturally convected air to procure
a drying rate of 5 kg/m’-day for damp cloth. Excell [2] developed a solar dryer for paddy rice

Key Words : Solar Energy, Solar Dryer/Dried bananas/Drying/Solar Collector

*  School of Energy and Materials, King Mongkut’s Institute of Technology
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that employed natural convection 10 achieve a drying time of 2-3 days. Furthermore, research
was conducted to develop a model dryer that employed forced convection of thermal air,
generally used for grain drying, as reported by Soponrennarit et al. {3}, Soponronnarit and
Tiansuwan [6], Soponronnarit and Tiansuwan [7] ,and Boonlong et al. [8] studied tobacco
barn-drying by using solar energy, followed-up by Sitthipong et al. [9], who modified the
drying barn to dry various fruits. Additional information is available in literature published by
Soponronnarit [10] and Soponronnarit [11]. Other than these findings, Ong [4] concluded the
achieved research results and developments concerning solar dryers from various Asian
countries. Wattanapong et al. [12] studied a hybrid solar dryer for “namwa” bananas, that
used forced convection by means of an exhaust fan drawing thermal heat from a solar
collector via a heat exchanger, prior to entering the drying chamber. The static efficiency of
the solar drying system is according to the average moisture content of the banana, delivering
an optimurn efficiency of 30% and further showed a return on investment between 1.5-5.4
years.

Through observing various projects within Thailand, it could be concluded that the use of a
solar dryer (natural convection) for bananas is economically feasible (Patranon,[13]), and
forced convection is also seen as feasible technology (Soponronnarit et al. [14]). Therefore
the latter should be appropriate for small-scale industries, due to the ability to be conveniently
combined with other energy sources, and having high air-flow rates to record satisfactory
drying rates and efficiencies.

The “ASEAN-Canada Project on Solar Energy in Drying Processes developed a solar dryer
for “nam-wa” bananas, with the capacity to batch process 500 kg of fresh bananas per drying
chamber. The solar collector incorporates three different designs and has an auxiliary heating
source. The drying system was recently constructed at Bangkrathum, Phitsanulok. This
research' has the objective to develop an acceptable solar dryer model for commercial
dissemination. All the economical probabilities of the system are also analyzed.

ey e

MATERIALS AND METHOD

1. Design:

The solar dryer force convects thermal air and has various solar collector units that are
separated from the drying chambers. The heat transfers through the collectors within the air-
flow in flow channel to later exit at collector outlet.

For times of insufficient ambient temperatures, LPG will be a stand-by auxiliary, that directly
heats ambient air in a junction burner located near the exhaust fan. One drying system
comprises of 23.5 m” of solar collector area and a drying chamber 2m x 2m x 6m long, that
accommodates three trolleys, five drying shelves, and sixty drying trays. Under operating
conditions the working air passes through the solar collector and directly enters the drying
chamber through four perforated ducts located on the chamber floor. The air is further
convected vertically, working over the drying bananas to ultimately exit at the chamber roof
through six outlets.
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2. Tesung :

2.1 The testing of solar collector was as follows
- Air Flow Rates: determined by the average air velocity of exhaust air at the cross-section of
the ajr duct with a fan anemometer.
- Temperature: entering and exiting solar collector, by using a thermometer with a degree of
acuracy + 0.5°C, and recording at one hour intervals.
- Total Solar Radiation: receieved on the solar collector surface, by using a solar indicator
with a degree of accuracy = 5%; and a pyranometer with a degree of accuracy +4%.
- Air velocity above the solar collectors: determined by using a digital anemometer, model
DA- 42 with a degree of acuracy 2%
The comparison of the solar collector performance between the expenmcnt and the
theory is also included.

2.2 The testing of the drying system used 360 kg of peeled banana weight. During
the daytime solar energy was employed, and LPG through 9.00-11.00 am and 4.00-8.00 pm
in the first day. The bananas were covered with plastic each night to undertake sweatening.
After the fourth day of drying the bananas were flattened and further dried for another one
day, to achieve a total finz] moisture content weight of 141.1 kgs. The drying test collected
the following data.

- Electrical consumption: of the centrifugal fan measured with a Camp amp meter
(Yokogawa), degree of accuracy + 0.1%, and recording at one hour intervals.

- Temperature inside drying chamber at 10 various positions points by using type-K
thermocouple connected with Data Logger, Model 3750 HR1300 with a degree of
accuracy 1%.

- Moisture content of the product: by random selection of banana samp]es weighed by

accurate scales, then cut into small pieces and oven dried at 103 °C for 72 hours.

- Water evaporation:by using large scales (Max.cap.60 kg), with a degree of accuracy
+0.1 kg and record weight changes before and after each drying period. -

- Total solar radiation: received on the solar collector surface, by using a solar mchcator wnh

a degree of accuracy + 5%.
- LPG consumption: determined by recording LPG weight displaced.

RESULTS

I. Results of Collector Testing:
Upon testing the performance of the solar collector, recordings of various values were logged
hourly during the drying times of 9.00-16.00, thus determined the data as follows.

1.1 The solar collector that incorporated the flas-plate absorber (23.1 m?) with
polyurethene foam insulation resulted with a 29.7°C inlet temperature; 53.5 °C
outlet temperature; 27.5°C ambient temperature, 804-883 W/m® of total solar
radiation; and air flow rates at 0.26 kg/s. The maximum
efficiency of the collector was 32.1%.

1.2 The solar collector that incorporated the flat plate absorber (23.1 mz) with
polycyanurate{thermax) insulation resulted with a 29.9°C inlet temperature;
50.5°C outlet temperature; 29.3°C ambient temperature, 631-790 W/m®
of ‘total solar radiation; and air flow rates at 0.26 kg/s. The maximum
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efficiency of the collector was 31.6%.

1.3 The solar coilector that incorporated the corrugated absorber {231 m™} with
polycyanurate (thermax) insulation resulted witha 30.7°C inlet
temperature; 54.8°C outlet temperature; 29.9°C ambient temperature, 751-

786 W/m® of total solar radiation; and air flow rates at 0.28 kg/s. The
maximum efficiency of the coilector was 41%.

1.4 The solar collector that incorporated the finned absorber (23.2 m?) with
polycyanurate (thermax) insulation resulted with a 30.2°C inlet temperature; 37.8°C
outlet temperature; 30.1°C ambient temperature, 776-892 Wi/m® of total solar
radiation; and air flow rates at 0.26 kg/s. The maximum efficiency of the collector
was 37.4%.

2. Test Resuits of Drying Bananas:
The average amount of peeled bananas in used are 360 kg, and reduced to dried bananas
approximately 141.1 kg every day.

The data from May 15-19,1995.

1. Initial weight of bananas (peeled) prior to drying 360.0 kg
2. Final weight of bananas after drying 141.1 kg
3. Water evaporation [0ss 218.9kg
4. Total solar radiation at collector surface 1814.9 MJ
5. Total drying time with solar energy 27.0 hours
6. Total drying time with LPG 17.0 hours
7. Total LPG consumption 21.2kg
8. Total electrical comsumption of fan 393.8 MJ
9. Total energy consumption of LPG (17 hours) 1060.4 MJ
10. Total energy consumption of solar 1814.9 MJ
11. Total amount of energy consumed 3269.1 MJ
12. The latent heat 2.4 Mlkg
13. 1st Law thermodynamic efficiency . =[(218.9x2.4)/3269.11x100"
’ =16.1%

14. Specific energy consumption =3269.1/218.9

= 14.9 MJ/kg water evaporated
15. Specific solar energy consumption =1814.9/218.9

= 8.3 MJ/kg water evaporated
16. Specific electricity consumptien =393.8/218.9

= 1.8 MJ/kg water evaporated
17. Specific LPG consumption =1060.4/218.9

= 4.8 MJ/kg water evaporated

From the test conducted, it was determined that the fresh banana has an initial moisture
content of 288.8 %db, and a final moisture content upon drying of 47.3 %db. The maximum
efficiency of the first thermodynamics law of the drying system was about 30.5% (average
15.8%). The total amount of energy consumed was 3269.1 MJ, comprising of 8.3 MI/kg-
water evaporated from solar energy(55.7%), 4.8 MJ/kg-water evaporated from LPG(32.1%),
and 1.8 MJ/kg-water evaporated from electricity(12.1%).
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ECONOMICAL ANALYSIS

The construction cost of the solar dryer is 1.994,731 Baht. The amount of dried bananas from
cycle drying are 56,012 kg. [t can make the income 1.876426 Baht per year,and the operating
and the maintenance cost is estimated to be about 1,255,495 Baht per year. By assuming the
discount rate at 15 %, the benefit cost raito is 1.6, the internal rate of return is 29.1 %, the
payback period is 3.2 years and the discount payback period is 4.7 years. (Estimate at 3 Bath
per kilogram of fresh banana ,2.53 Baht per unit of electricity cost, 12 Baht per kilogram ¢f
LPG and 33.50 Baht per kilogram of dried bananas.)

CONCLUSION

1. The test determined that the performance of the corrugated absorber with Thermax,
and the finned absorber with thermax,will both deliver higher efficiencies at 41% and
38.8% respectively, due to having greater area of heat transfer and higher diffuse
radiation receiving area. The efficiencies of the flat-plate absorber with polyurethene
foam and thermax were lower at 32.7 and 35.4% respectively.

2. The insujation materials of polyurethene and polycyanurate(thermax) delivered
indifferent efficiencies within the respective collector designs.
3. From the comparison between the experiment and theory by computer programming

show that the efficiency of the flat-plate absorber with polyurethane foam is 51.2%
however showing 32.1% from the experiment (19 % different). The efficiency of the
flat-plate absorber{with thermax) 1s 31.6 % but 53.2 % from the computer
programming (21.6 % different).Because there was some This variation was due to
possible error readings and som leakages at the connections delivering higher
absorbtivity, transmissivity, collector radiation, cover radiation values during all
temperature measurment.

4. The drying time was 5 days per batch (44 hours). The color of dried bananas
1s darker than open sun dried bananas, hower having a sweeter taste.

5. The results showed that the solar dryer is able to reduce the moisture content to the
required degree. Solar energy consumption of the dryer is 14.9 MJ/kg-water
evaporated; the auxiliary energy consumption is LPG at 4.8 MJ/kg-water evaporated;
and the electrical blower energy at 1.8 MI/kg-water evaporated.

RECOMMENDATION

There should be more performance testing conducted to determine uniform heat distribution
within the drying chamber under working load conditions. The hot air recycle system and the
suitable LPG bumer should be used for heat loss reducing,
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Fig. 1  The component of solar dryer system
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Fig. 4 Anual cost for economical analysis
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ABSTRACT

Technology of fluidized bed grain drying has been introduced since the past 20-30 years.
The fluidized bed grain drver was, however. not commercially successful. In this paper, the
concept of continuous cross-flow fluidized bed paddy dryer is described. It is now fully
commercialized in Thailand. More than 60 units are available in private nce mills and more
than 10 were exported (as of November 1996).

Reasons for supporting successful commercialization may be due 10 :
Recvching of exhaust air which reduces energy consumption sigruficantly
. Very high capacity due to possible use of very high temperature of drying air and finally
. Very close collaboration among the research 1eam of King Mongkut's Institute of
Technology Thonbun, a prnivate manufacturer of drying equipment and a private user.

) )

Performance evaluation of commercial fluidized bed paddy dryers indicated that energy
consumption per kilogram of water evaporated decreased with increasing moisture level of
paddy and drying air temperature. It is recommended for drying paddy from any moisture
level down 1o 22 % dry-basis in 2 single pass that drying air temperature may be up to
150 °C with accepiable product guality.

INTRODUCTION

Paddy combined harvester 1s becoming popular in Thailand especially in the central and lower
north of Thailand. Consequently, the problem of high moisture grain is now very senous. Rice mills
are responsible for the problem due to high compeutiveness and therefore are looking for
appropriate methods of drving. It has been sugpested that high moisture paddy should be dried
quicklv down to approximately 23 % dry-basis then followed by ambieni air drving in storage
(Soponronnarit et al,, 1994, Dnscoll and Srzednicki, 1989). Foliowing the two-stage drving, cost



and product quality seem 10 be opumized During the first stage. fluidized bed drving is an
alternative 1o conventional hot air drving Its advantages are (1) uriform product moisture content.
as a result. high air temperaiure can be emploved due to less overdried grain, (2) hgh dryving
capacitv due to better heat and mass transfer and (3) much smatler drving chamber which results in
much fower tutiat cost.

Soponronnarit and Prachavawarakorn (1994) reviewed some research and development works
on fluidized bed drving of grain. Little progress was observed dunng the past few vears especially
drving of paddy with fluidization technique. Soponronnarit and Prachayawarakom (1994) also
conducied both expenimental and simulated work on fluidized bed paddy drving in batch. The results
showed that maximum drving air temperature had to be timited to 115 °C and final moisture content
of paddy at 24-25 % drv-basis if product quality in terms of head yield and whiteness was
maintained. To maxirmize drying capacity and minimize energy consumption, air velocity of 4.4 m/s,
bed thickness of 9.5 cm (corresponding to specific air flow rate of 0.1 kg/s-kg drv marter of
paddy) and fraction of air recycled of 80% should be emploved. Specific energy consumption in
terms of primary energv which was equal 1o heat plus 2.6 times electricity was reported at
approximately 7.5 Ml/kg-water evaporated.

Soponronnarit et al. (in press) described the development of a cross-flow fluidized bed paddy
drver with a capacity of 200 kg/h. Expenmental results showed that final moisture content of paddy
should not be lower than 23% dry-basis if quality in terms of both whiteness and head yvield was
maintained. Drying air temperature was 115 °C.  Simulated resuits indicated that the appropriate
operating parameters should be as follows: air speed of 2.3 m/s, bed thickness of 10 c¢m and fraction
of air recycled of 80%. At this condition, energy consumption was close to the minimum while
drving capacity was near the maximum. In this study, moisture of paddy was reduced from 30% to
24% dry-basis.

According to the success of the development of the cross-flow fluidized bed paddy drver, Rice
Engineering Supply Co. Ltd., a private company based in Thailand, showed his interest in the
coliaboration of the deveiopment of a prototype with a capacity of approximately | ton per hour
(Soponronnarit et al.. 1993). Figure 1 shows the prototype fluidized bed paddy drver. It comprises
of a drying section, a 7.5 kW backward curved blade centrifugal fan, a diesel fuel oil burrer and a
cvclone.  The bed length, width and hetght of the drving section are 1.7 m, 03 m and 1.2 m
respectively. Expenmental results showed that the urut operated efficiently and vielded high product
quality in terms of head vield and whrteness. In reducing the moisture content from 45% to 24%
dry-basis using air temperature of 100-120 °C, fraction of air recvcied of 0.66, specific air flow rate
of 0.05 kg/s-kg dry matter, superficial air velocity of 3.2 m/s. bed depth of 0.1 m, total primary
energy consumption was 1.86 MJ/kg-water evaporated of which 0.36 was pnmary energy from
electricity {electnical energy multiplied by 2.6) and 1.5 was primaryv energy in termns of heat.

According 1o the success of the prototype, commercial fluidized bed paddy drvers with capacity
of 3 tons/h and 10 tons/h are now available. More than 60 unuts have been sold since the beginning
of 1995 (as of November 1996).

The objective of this paper is to describe the performance of commercial fluidized bed paddy
drvers. Paddy quality and energyv consumption are discussed.



MATERIALS AND METHODS

Operation of fluidized bed drver

The fluidized bed drver, as shown in Figures 1-2. is mainly composed of a drving chamber. ¢
backward curved blade cemtrifugal fan. a bumer using diesel oil or fuel oil for heaung air and =
cyclone. Paddy is fed in and out by rotary feeders. Paddy bed depth 1s controlled by a weir In
operation, paddy flows in perpendicular direction to the flowing inlet air of which temperature 1s
controlled by a thermostat. A small part of the exhaust air is delivered to atmosphere. The rest of
exhaust air flows through the cvclone. Then it is recveled, mixed together with ambient air at 2
combustion chamber and reheated 10 a desired temperature. 11 is aiso possible to dehver the exhaust
air after the cvclone. Three models of commercial fluidized bed paddy dryer are available , 1.0-2.0
1ons /h, 2.3-3.0 wons/h and 5-10 tons/h.

Methods of experiment

In this work, results were obtained from several sites where the fluidized bed dryers with
different capacity had already been installed. With a 1-2 ton/h capacny fluidized bed dryer. inlet air
temperature varied from 60°C to 120 °C, air flow rate was 1.6 m'/s, corresponding to a superficial
air velocity of 3.13 m/s measured by a hot wire anemometer, and unal moisture content of paddv
vaned from 27 % 10 45 % dry-basis. During expenments, paddv samples collecied before and after
drving were determined for the mojsture content and miliing qualitv in terms of head yield and
whiteness. Temperatures at various positions . as shown in Figure 2, were measured by type k
thermocouple connected with a data logger with an accuracy of = 1 °C. The quantity of diese! oil
consumed was recorded as well. In case of 2 2.5-5 ton/h capacity fluidized bed drver, inlet air
temperature was 150 °C. air flow rate was 2.57 m’/s. corresponding 1o a superficial air velocity of
2.1 m/s. Instial moisture content of paddy was roughly 27 % dry-basis. Finally, expenments were
made with a 5-10 ton/h capacity fluidized bed drver using an air flow rate of 5.57 m’s.
corresponding 10 a superficial air velocity of 2.2 mv/s, a range of injet air temperawre from 115 °C to
130 °C and nutial moisture content of paddy varied from 22 % 1o 50 % dry-basis.

In order to determine moisture content of paddy, sampies were kept in 2 hot air oven at
temperature of 103 °C for 72 hours. Milling guality was investigated and compared with the
reference samples dried by ambient air. Head yield 1s defined as mass of head nice divided by mass of
paddy For the whiteness of rice kernels, 1t was measured with a Kett meter. model C-300. Lower
value of reading means more vellow. The tesi method of paddy quality was made accordingly as the
guidelines of Rice Research Institute, Ministry of Agnculiwre and Agrcultural Co-Operatives,
Thailand.

RESULTS AND DISCUSSION

To analyse the performance of prototype and commercial units. data collected from differem
testing ume at steady-staie operation, as shown in 1able 1. were emploved,

From table 1, toral energy consumption including elecirical and thermal energy could be divided
into 3 Jevels. Firstiv. when paddy was dried from 44-46 % drv-basis 10 24 % drv-basis using inlet air
temperature of 104-120 "C and air recycled of 66 %. total energy consumption was approximately
1.64 MJ/kg -waler evaporated. Secondly. in case of reducing moisture content from 26-30 % dry-
basis to 21-23 % drv-basis using inlet air temperature of 120-150 °C and air recvcled of 33-69 %,



1otal energy consumption vared from 2.5 to 4 MJ/kg-water evaporated. Finally, as paddv was dnied
from 22 % drv-basis 10 20 % drv-basis bv using inlet air temperature of 115 °C and air regycled of
69 % . total energy consumpuoen was approximatelv 8.6 MJ/kg-water evaporated.

As mentioned above. it reveals that the application of fluidized bed technology for grain drving
at high moisture level 1s of great advantages. However, at low moisture level | normally lower than
24 % drv-basis. this technique is not very effictent. This can be simply explained that at low moisture
level, moisture movement is limited mostly by motsture diffusion in grain kemnels Thus, better heat
and mass transfer berween grain and air obtained by fluidization technique can not play much role.

Paddy guality in terms of head yield and whiteness i1s shown in tabie 1. It is quite acceptable
compared to paddy dried by ambient air. Though drying air temperature is very high, the quality is
still maintained. This is due to very short residence time for it takes only a few minutes.

This study confirms the works reported by Soponronnarit and Prachavawarakorn (1994) and
Sutherland and Ghaly {1990}

As of November 1996, more than 60 units of fluidized bed paddy dryer have been sold. The
success of commercialization is due to : 1) Recycling of exhaust air which significantly reduces
energy consumption, 2) Very high capacity due to possible use of very high drying air temperature
and finally 3) Very close coliaboration among our research team, a private manufacturer of drying
equipment and a private user.

CONCLUSION

Field tnal of the prototype fluidized bed paddy dryer with a capacity of 0.82 tor/h during the wet
harvesting season in 1994 for totally 1,497 hours indicated that the unit was easy to use, efficiently
performed in terms of very fast drying rate and low energy consumption and gave uniform product
moisture content, compared 1o the two exasting cross-flow columnar dryers instalied at the same
site, as reported by the owner of the paddy merchant site though there was no comparative
performance figures.

The experimentai results indicate that the prototype and commercial units operate efficiently and
mmmensely reduce the moisture content of paddy especially at high moisture level. In reducing the
moisture content from 44-46 % dry-basts to 24 % dry-basis using inlet air temperature of 104-120°C
and air recycled of 66 %. total energy consumption is 1.64 Ml/kg-water evaporated. When paddy 15
dried from 26-30 % dry-basis to 21-23 % dry-basis using inlet air temperature of 120-150°C and air
recycled of 53-69 %, it requires total energy consumption of 2.5 - 4 MJ/kg-water evaporaied. But
at the condition of paddy dnied from 22 % dry-basis to 20 % dry-basis by using inlet air temperature
of 115 °C and air recycted of 69 %, total energy consumption increases sharply to 8.6 MJ/kg-water
evaporated. At the above conditions, the paddy quality after drving in terms of head yield and
whiteness is maintained.

Since the beginning of 1996, more than 60 units with capacity of 5 tons/h and 10 tons/h have
been commercialized in Thailand and exported (as of November 1996).
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ABSTRACT

The aim of this work was lto investigate the drying characteristics of corn in a fluidized bed
dryer and the performance of this dryer. The experiments were done with a fluidized bed dryer
with capacity of 1.6-3 tons/h at condilions of 18-40 percent dry-basis initial moisture content of
freshly harvested corn, 78-84 percent air recyclad, 130 {o 175°C Inlet hot air tempersture, 2.7
my/s superficial air velocity and 17 fo 18 cm bed depths. The results revealed that thermal equiibrium
between grain and drying air can be oblained untii bed depth of 19 cm. The drying kinetics of corn
kernels was found to be of the thin layer lyps. The theorelical drying equation could describe the
resufts well. The results suggested that fluidized bed dryer shouid be applied onfy in corn drying
at high moisture level. Thermal efficiency for corn drying at high moisture level was 36 to 50 percent
depending on drying conditions. As lo comn quality, the percentages of breakage and stress cracks
of corn were siill preserved when com was dried from 18 lo 23 percen! dry-basis fo 16 to 18 percent
dry-basis using 130 to 175°C infet hot air femperalure.

INTRODUCTION

Drying commonly describes the thermal process from which heat is {ransferred from a fluid
medium to the moist solid particles to remove the velatile substance within products. The methods
of heat transfer can be divided into three mechanisms: conduction, convection and radiation.
Normally in grain drying, heat is transferred by convection. Therefore, the most important thing
is the contact between grain and drying air in order to transfer heat effectively. Many types of
mechanical dryers for grain drying such as crossflow dryer (Gustafson sf al 1981, Pierce and
Thompson, 1981) and rotary dryer {Saeman and Mitchell, 1954), have been designed and
investigated in terms of energy consumption and product quality. The fluidized bed dryer is a type
of mechanical dryer which is widely used in industrial drying because of its several advantages
when compared with the other types of dryer, such as:

1. There are no mechanical moving parts and therefore the maintenance cost is low.

2. Besause of high heat and mass transfer rates between fluidized partictes and fluid medium,
drying time is relatively short. Thus, the size of dryer is small bhut with high capability.

3. Rapid mixing of particles leads to nearly isothermal condition throughout a bed which
makes control of the continuous dryer easy.

These advantages were cbtained using high air velocity, approximately 1.5 times of
superficial velocity at minimum fluidizing condition. By virtue of this, thermal efficiency, which is
defined as the ratio of heat used for removing moisture within kernels Yo total energy input, is
rather low with no air recirculation system. However, it is possible to improve it by installing air
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recirculation and/or increasing inlet hot air temperature {Giner and Demichelis, 1988). Hot air
temperature can be further increased until grain temperature closes to that of deterioration in grain
quality. Paddy dried at inlet air temperature higher than 150°C will become more intense yellow
because of non-enzymatic browning reaction (Soponronnarnt and Prachayawarakorn, 1994). In case
of corn drying, it was found that stress cracks in the corn kernels increased with the increase of
inlet air temperature (Srivastava ef al, 1974) and breakage susceptibilities became greater with
the increase of drying rate {Gunasekaran and Paulsen, 1985). In contrast with that mentioned earlier,
when using high humidity drying of corn, stress cracks and breakage susceptibilities were reduced
{Estrada and Litchfield, 1993 }. Thompson and Foster (1963) investigated the effect of drying air
temperature on stress cracks and breakage susceptibilities and found that the stress crack in the
" comnkernels was a major factor that affected high breakage susceptibility. Herum and Blaisdeli
(1981) studied the effects of breakage susceptibilities. The results showed that the breakage
susceptibifities increased rapidly as moisture content of corn was reduced from 14 percent wet-
basis to 12 percent wet-basis and slightly reduced at grain temperature of 4-38°C.

fn 1995, a fluidized bed paddy dryer with capacity of 10 tons/h was commercialized and
approximately 48 units were sold. The potential for corn drying by fluidization technique seems
to have been proven, The fluidized bed paddy dryer was, therefore, modified for com drying.

The objective of this research was to investigate the drying characteristics of corn in fluidized
dryer and the performance of this dryer as well. '

MATERIALS AND METHODS

The fluidized bed dryer with 1.6 to 3 tons/h capacity (Figure 1) comprises principally a drying
chamber with dimension of 0.7 x 2.1 x 1.3 m, a diesel oil burner, a cyclone separator and a backward
curved blade centrifugal fan driven by a 25-hp motor. The feed rate of corn fed in and out is
controlled by rotary feeders and bed depth of corn is controlled by a weir. Corn moves in
perpendicular direction with the flowing hot air of which temperature is controlled by a thermostat
with accuracy of £3°C. |n order to coilect large impurities, exhaust air is flowed through the cyclone
separator. Then a smail part of exhaust air is delivered to the atmosphere and the rest is recycled,
mixed together with the fresh air and then reheated to a desired temperature in the combustion
chamber. In this work, inlet hot air temperature varied between 130°C and 175°C, air flow rate
was fixed at 3.39 m%s corresponding to 2.7 m/s superficial air velocity (1.5 times of minimum
fluidized bed velocity), fraction of air recycled varied between 0.78 and 0.84 depending on initial
maisture content of corn, and bed depth of corn varied between 17 cm and 22 ¢m. Residence
time varied between 3 and 7 minutes depending on feed rate and bed depth of corn. When the
system was adapted to steady-state condition, temperatures at various positions measured with
K-type thermocouples were transfered to a data logger (accuracy of £1°C) as shown in Figure
1, and the amount of oii consumed was recorded as well. For grain temperature, corn kernels
exiting from the dryer were put into an insulation container and measured by a thermometer. In
addition, the moisture content and quality in terms of breakage and stress cracks were determined.

To determine the moisture content of corn, the samples were placed in a hot air oven at
a ftixed temperature of 103°C for 72 hrs.

The percentage of stress cracks which is defined as the ratio of weight of stress cracked

corn to totai weight, was determined by the inspection of 150 g of corn kernels per sample. A
wooden box with a fluorescent lamp was used to inspect each corn kernel, The percentage of

breakage was defined as the ratio of weight of broken corn to total weight.
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RESULTS AND DIiSCUSSION

Drying

In the continuous dryer design, moisture distribution exiting from the dryer has to be
considered because it affects the com quality or revenue, i.e., mycotoxins are easily produced by
microorganisms due to high moisture content of corn, especially moisture content higher than 18
to 19 percent wet-basis {Kositcharoenkul et af,1992), or it loses the weight due to excess drying
that resuits in lower income. As shown in Figure 2, inlet moisture content of corn did not vary
much during the expenment. However, since the time when corn kemels move in the drying chamber,
at the later operation period was shorter than that at former operation period, the outlet moisture
content of corn at the later operation period was slightly higher as compared to that at the fermer
operation period,

Heat transfer rate in fluidized bed dryer is rather high because of high air velocity and the
contact between particles and drying air is relatively effective. Consequently, the temperature of
the grain as it enters the drying chamber developed rapidly and is close to temperature eqguilibrium
between grain and drying air as shown in Figure 3, and the result at depth of 19 cm was the sams
as in Figure 3. Then, only one drying equation can describe the moisture transfer of grain fully
exposed to a constant drying air condition. In general, the mechanism of moisture transfer in grain
is controlled by internal diffusion although the surface of the grain is rather wet at moisture levels
of 28 to 38 percent dry-basis (Satayaprasert and Vanishsriwatgna, 1992, and Scponronnarit and
Prachayawarakorn, 1824). Therefore, the theoretical drying equation that depicted the moisture
movement in grain are:

M(T)—Meq _ 6 E 1 ox r—n2p27D—|
(1) _Min—Meq p2 n:lnz' R2 J

and

—44962
(2) . D =014230 exp{mj

average moisture content at t time, dry-basis
equilibrium moisture content’, dry-basis

effective diffusion coefficient, m?/h

radius sphere of com ( R = 0.004 m for com), m
drying time, h

grain temperature, °C

L1 O | T | | I |

The solution of equation (1) must satisfy assumptions, i.e,, sphere-shaped corn kernels,
surface moisture content equilibrium between grain surface and drying air as weli as constant grain
temperature during a drying condition. The equation of effective diffusion coefiicient (2) was
developed by Phudphong et al (1990). In his work, only three terms in equation (1) was enough
to explain the results, As shown in Figure 4, it was found that final moeisture content predicted
from equation (1) was in accordance with the experimental results,
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Thermal Efficlency

Figure 5 shows that thermal efficiency increased with the increase of inlet hot air temperature

" at 28 to 40 percent (dry basis) initiai moisture content. But when initial moisture content of corn

was in the range of 18 to 23 percent (dry basis), thermal efficiancy was lower than the above

case, and also slightly reduced with the increase of inlet hot air temperature as shown in Figure

5. The experimental resuits suggest that a fluidized bed dryer could be applied to corn drying at
. high moisture levei.

Corn Quality

Figure 8 shows that the percentage of stress cracked kernel at low drying rate slightly
Increased as compared to the reference sample, and drying rate did not significantty affect stress
cracked kemel. However, when drying rate was further increased, the percentage of stress cracked
kemel rapidly Increased because the kernel surface became more rigid. For percentage of broken
kermnel dried at the same condition as in Figure 6, it was found that the percentage of broken kernel
after drying was insignificantly different from the reference sample. These results also confirmed
the fact that high or low percentage of broken kernel does not necessarily correspond to high or
low percentage of stress cracked kernel {Pauisen et a/, 1983), as shown in Table 1.

CONCLUSION

From the experimental results of corn drying in a fluidized bed dryer, it could be concluded
that: .

1. During drying conditions at 18 to 38 percent dry-basis, 130 to 175°C iniet hot air
temperature and 2.7 m/s superficial air velocity, the maximum bed depth of comn in which
outlet grain tempserature was nearly equal to exhaust air temperature was 19 cm. A
theoratical drying equation in which com kernels was assumed to be sphere-shaped
explained the moisture transfer in grain,

2. The fluidized bed dryer should be taken into account for corn drying at high moisture level.
When comn was dried from 28 to 40 percent (dry basis) to 19 to 31 percent (dry basis)
using 2.7 mfs, superficial air veiocity, 130 to 160°C inlet hot air temperature, 78 percent
air recycled, 17 and 19 cm bed depths, and 3 to S minute residence time, thermal efficiency
varied between 38 and 50 percent depending on drying conditions.

3. With respect to corn quality, during the experiment at conditions of 18 to 23 percent (dry
basis) down to 16 to 18 percent (dry basis) using 130 to 175°C inlet hot air temperature,
the percentages of breakage and stress cracks of corn wera still maintained as compared

to the reference sample.
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ABSTRACT

The objective of this research was to study the delay of deterioration of wet paddy by
ventilation with cool air (15+8C) snd ambient air (308 C), continuous and intermiltent basis. Initial
moisture content of paddy was 21.0, 22.2 end 26.0 percent wel-basis. Air flow rate was 0.35 nr/
min-m® of paddy. Paddy could be cooled down to 20°C and to nsar ambient air lemperature within
one day by cool &ir and ambien! sir ventiation respectively. The guality of paddy could be maintained
at acceptable levels for more than one month, efther cool air ventifalion or ambient air vantifation.
The qualfity of paddy in terms of whiteness was better for paddy ventifated with cool air.

INTRODUCTION

Harvested paddy normaty with moisture content of 18.0 t026.0 percent wet basis can be
easily damaged by fungi. Heat from iis respiration also decreases its quality. To avoid these
effects the paddy must be dried to moisture content of 12.0 t014.0 percent wet basis, the level
that is appropriate for milling and storage. Recently, grain dryers are widely used for improving
the efficiency of drying process although their drying capacity is not enough during the paddy season.
As a result, paddy stocks await drying in the mill and are damaged by fungi and heat from
respiration. : . A

Phillips et &/ {1988) studied the yellowing of paddy during in-store drying. Experimenting
with initial paddy moisture content of 22.0 percent wet basis and specific air flow rate of 1.5 m*/
min-ton of paddy, he found that it requires eight more weeks to decrease the moisture content
to 14 percent wet! basis. Yellowing appeared clearly after the fifth week and increased to 4.5 to
5.5 percent after 365 days. Fungi such as Aspergilius, Penicilium and Rhizopus were also found
in the paddy mound. The relationship between yellowing and fungi growth was not established
in this study.

Phillips ef a/ {1989) studied the yellowing of paddy during drying. The experiments included
four conditions: ]

1 Pile the moist paddy up in open-air and in a bin.

2. Store the moist paddy in sacks and leave in open-air and in a bin.
3. Pile the dry paddy up in open-air and in a bin.

4, Store the dry paddy in sacks and leave in open-air and in a bin.

The initial moisture content of paddy was more than 20.0 percent wet basis and ambient
relative humidity was in the range of 44 to 84 percent. Through ocular inspection, extreme fungi
infection was observed in two days and 100 percent yellowing was observed in five days in the
first and second conditions. The temperature in the middle of the paddy mound in these cases
was up to 65°C after 6 days. In the fourth condition, paddy temperature and yeilowing were down
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to 40°C and 1 to 3 percent respectively after 30 days. Comparing the yellewing under the four
conditions, the second ane had the most yellowing, foliowed by the first, the fourth and third
respectively,

Maier ot af (1993) studied continuous and intermittent ventilation of paddy by cooled and
ambient air using a mathematical model to predict the change in paddy temperature and moisture
content. 1n the model, paddy was contained in a silo with diameter of 15 m and height of 10
m. Initial moisture content and specific air flow rate were 13 percent (wet basis) and in the range
of 0.05 to 0.5 m¥min-ten of paddy respectively. The study showed that continuous ventilation
of cooled air decreased paddy temperature down to 15°C in 110 to 144 hr and decreased moisture
content slightly. Continuous ventilation with ambient air couid not decrease paddy ternperature down
to 25°C either in summer or the rainy season {ambient air data of the middle area of Thailand
in 1988-1989). Intermittent ventilation with ambient relative humidity control {ventilate when RH
is less than 75%), paddy temperature was more than 26°C, moisture content decreased 0.8 percent
from its initial moisture content and energy consumption was 38 to 64 percent lower than the
continuous ventilation.

Baso et al. (1989) studied the effect of water activity and air components (O,, CO,} on
the yellowing of paddy and found that temperature and water activity affected the yellowing, O,
had a slight effect, and CO, did not.

Thanh (1995) studied the deterioration of wet paddy with initial moisture content of 20 to
29 percent (wet basis) ventilated by air flow rate of 1.8 m¥min-m?* of paddy. The resuits showed
that paddy with moisture content of 20 percent, 24 percent and 29 percent (wet basis) couid be
stored for 15, 6 to 7 and 4 to 6 days respectively in the intermittent ventilation of 49 to 50 hours.

From the previous researches, paddy quality while in sterage depends on several factors
such as initial moisture content and temperature of paddy and deterioration of fungi infection.
Storage period can be extended by using air ventilation. In order to maintain paddy quality, the
objective of this research is to study the delay of deterioration of wet paddy by ventilation with
cooled air and ambient air. '

MATERIALS AND METHODS

Experimental paddy bins as shown in Figure 1 consisted of a paddy bin with diameter
of 57 cm, height of 86 cm and cover at the top. Perforated sheet with ventilated area of 35.6
percent was instalied at the level of 20 cm above the bottom of the bin. Fiber glass insulator
with 2 inches thickness was used to insulate the bin and aiso air tube in case of cooled air ventifation.
The cooled air ventilation system consisted of a 946 watt compressor, 44 watt condenser fan and
evaporator fan. Ambient air ventilation system consisted of a 88 watt centrifugai fan.

Experiments were performéd by containing 80 ky of paddy with initial moisture content of
21percent, 22.2 percent and 26.0 percent (wet basis) in the bins and ventilating with cooled and
ambient air. Continuous ventilation was used in the case of the initial moisture content of 22.0
and 26.0 percent (wet basis) while in case of 21 percent’(wet basis), intermittent ventilation (9.00am-
5.00pm) was used instead. Air conditions used in the experiment were cooled air temperature of
15+8°C, ambient air temperature of 30+8°C, and specific air flow rate of 0.35 m*min-m* of paddy.
Paddy temperature at each 17 ¢m high interval, wet bulb and dry bulb temperature and inlet air
temperature of the bins were measured by thermocouple type K connected with data logger with
accuracy of +1 °C.

During the experiments, paddy samples were taken to test head yield and whiteness quality
with Satake Miller and McGill Miller No.2. Whiteness and moisture content of paddy were measured
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by Kett Whiteness Meter model C-30C and oven method (100°C, 72-96 hr} respectively. Moisture
content of paddy sample must be decreased to 14 percent (wet basis) immediately before testing.

RESULTS AND DISCUSSION

Temperature change in paddy mound

Experimental results showed that the average temperature in paddy mounds was decreased
to 20°C and nearly ambient temperature in one day in case of continuous cooled and ambient
ventilation respectively as shown in Figures 2 and 3. For intermittent ventilation as shown in Figure
4, the average temperature was 15 to 25°C and 25 to33°C in the case of cooled and ambient
air ventilation respectively. The temperature of the mound increased when ventilation was stopped
because of heat from respiration effect and heat transfer between each tayer caused the difference
in paddy temperature between each layer.

Moisture change in paddy mound

From the experiments, both ventilation could not only decrease paddy ternperature but
moisture content as well as shown in Table 1.

Table 1. Decrease of paddy moisture content of different 34 days-ventilation methods.

Air Ventilation Method Initial Moisture Content| Final Moisture Content
(%wb) {(%wb)
Cool Continuous 222 14.2
26.0 ) 14.4
Ambient Continuous 22.2 18.0
26.0 15.3
Cool intermittent(daytime) 21.0 15.0
Ambient Intermittent(daytime) 21.0 18.1

The difference in moisture content between each layer was due to mass transfer from the
bottom layer. However, the moisture content at the top decreased faster than the other layers
because of the mass transfer between paddy in ambient air (Figures 5-7).

Paddy quality after milling

Experimental results of paddy head yield and whiteness after milling are shown in Figures
8-13 and Table 2.

Tabte 2. Paddy whiteness of different ventilation methods.

Air Ventilation Method | Duration | Initial Moisture Initial Whiteness Decrease
{days) Content Whiteness

(%w.b.} Minimum %

Coal Continuous 56 222 39.0 36.4 7.8

49 26.0 450 41.4 11.0

Ambient Continuous 56 222 39.0 354 10.4

: 49 26.0 45,0 36.7 21.1

Cool Intermittent 34 21.0 456 41.4 9.2
(daytime)

Ambient intermittent 34 21.0 456 39.0 14.4
(daytirne)
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Considering storage duration and acceptable whiteness at the level of 35, the results showed
that both ventilation systems could extend the starage time without affecting whiteness and head
yield of paddy under both systems were nearly the same. It could not be cancluded that air
ventilation affected paddy quality in case of incredsing head vyield.

The growth of fungi In paddy mound

inspection of the growth of fungi in paddy mound in both ventilation systemns revealed that
the most appearent fungi were Curvalaria tunata, Fusarium monilifoms, Trichoconis padwicki and
Drechislera oryzas. Most fungi were found at the top of the mound. The amount of fungi in case
of continuous cooled air ventilation was less than the continuous ambient cne. The results aiso
showed that paddy whiteness was not a function of fungi growth .

Energy consumption

The ventilation system used in the experiments gave more air flow rate than the desired
flow rate in both ventitation systems. Thus, the actual energy consumption of the continuous cooled
air ventilation which consumed electric power of 1034 W was 22.8 W or 2.2 percent, and the actual
energy consumption of the continuous ambient air ventilation which consumed electic power of
88 W was 1.32 W or 1.5 percent. The results of energy consumption are shown in Table 3.

L .
Table 3. Energy consumption of different 34 days-ventilation methods.

Initial Final Cost Cost
Ventilation Method Moisture Moisture (Bahlm! - (Bah/kg
Content Content of paddy) | of water
Cantinuous with cool air 22.2 142 236.1 4,00
26.0 14.4 2361 2.80
Continuous with ambient air 22.2 18.0 13.7 0.35
_ 26.0 15.3 13.7 0.18
ntermittent(daytime) with cool air 21.0 15.0 - 78.7 1.81
Intermittent{daytime) with ambient air 21.0 18.1 456 0.21

Remarfc  Electricity price 1.65 baht/kW-h

Comparing energy consumption between continuous and intermittent ventilation systems,
it was found that intermittent ventilation with cooled air could save 66.7 percent energy cost while
the one with ambient air could save 66.4 percent.

CONCLUSION
From the experimental results and discussions, it can be concluded that:

1. Continuous cooled and ambient air ventilation can decrease paddy temperature in a
paddy mound down to 20°C and near ambient temperature respectively, whila intermitent
cooled and ambient air ventilation can decrease paddy temperature in the mound down
to the range of 15 ta 25°C and 25 to 33°C respectively. Both ventilation systems can
also decrease paddy moisture content

2. Bath ventilation systems can extend the storage time of wet paddy (21.0-26.0%, wet
basis) to more than 1 month without affecting paddy whiteness,

3. Paddy whiteness from cooled air ventilation was better than the one from ambient air

ventilation.
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4. During the 34-day starage period, the energy costs of continuous cooled and ambient
air ventilation were 235.1 and 13.7 baht/m* of paddy respectively. Intermittent ventilation
with cooled and ambient air can save energy cost up to 8.7 percent and 66.4%
respectively compared with continuous ventilation.
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ABSTRACT

The industrial scale continuocus cross flow fluidized bed dryer (capacity 5-10 tons/hr) was

. studied and developed by using mathematical simulation and expenmental results. The mathematical

model was developed by modifying an existing mode! and was used to simulate for resuft prediction.

The results determined for use in this study were moisture content end ensergy consumption data.

Comparison of both simulstion and experimental resulls was conducted. The case of study was
divided into two cases: high and low initial moisture content of paddy case studias.

In case of low initial moisture content (21-26 of high initial moisture content (¢ 26% db),
predicted data of moisture content and energy consumption were little more than % db), predicted
data of both moisture content and energy consumption were siightly less than experimental data.
From the results of both case studies, it can be concluded that the agreement of data obtained
from mathematical model simulation and experment is fairly good.

INTRODUCTION

At present, fluidized bed drying technology for grain is becoming popu'ar in Thailand. Its
advantages over other drying technologies are: 1) uniformn product moisture content; 2) no problem
within the weather conditions; 3) use of much smaller drying chamber which translates to much

“lower initial cost; and 4) higher drying capacity compared with fixed bed or other types of continuous
dryer because the quantity of air used in drying per unit mass of product is higher.

The main parameters which affect the rate of drying, product quality and energy consumption
are temperature, specific air flow rate (ratio of inlet air flow rate to mass of dry paddy), quantity
of air recycle etc. In this study, the methodology for determining the appropriate drying operations
is & computer program mathematical simulation. 1t is less expensive for study compared with
the experimental method. _

Sutherland and Ghaly (1990} studied fluidized paddy drying by experiment using paddy with
moisture content of 22 percent (wet basis), bed depth of 2.5 cm, and inlet air temperature of 40
to 80°C. Experimental results showead that the final moisture content of paddy was reduced to 17
percent (wet basis) and head yield percent ranged from 58 te 61 percent. But when the moistur>.
content {in wet basis) was reduced to 16 percent (wet basis), head yield percent ranged from 15
to 24 percent. In case of reducing moisture content from 26 percent to 19 percent by drying
temperaiure of 60 to 90°C, head yield percent ranged from 55 to 58 percent.

Tumambing and Driscoll (1891) studied fluidized paddy drying and found that the variables
which affect drying capacity are temperature and bed depth.
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Sripawatakul (1994) studied drying of high moisture content paddy using a continuous
fluidized bed dryer. The study indicated that energy consumption was low at low spacific inlat
air flow rate, which further decreased with increased air recycled and weir height.

Soponronnarit and Prachayawarakom {13994) reviewed research and development work
on fluidized bed drying and conducted both experimental and simulation work on fluidized paddy
drying. The results showed that the maximum drying air temperature had to be limited to 115°C
and final moisture content of paddy should not be lower than 24 to 25 percent (dry basis) if product
quality in terms of head yield and color were to be maintained. To maximize drying capacity and
~ minimize energy consumption, air velocity of 4.4 m/s, bed thickness of 9.5 cm_(corresponding to

specific air flow rats of 0.1 kg/s-kg dry matter of paddy) and fraction of air recycled at 80 percent
should be amployed.

The objective of this study was to investigata the agreement of computed data {by using
deveioped mathematical model) and results from experimant.

MATERIALS AND METHODS

szerialn

A continuous cross flow fluidized bed dryer as shown in Fig. 1 is the main equipment
in this work. it consists of a backward curved blade centrifugal fan, a diesel fuel-oil bumer, a drying
section {length, width and height of 1, 2.6 and 1.2 m respectively), and a cyclone. The paddy
bed depth was controlled by a weir. Paddy was fed in and out by rotary feedars. Whila in operation,
hot alr (temperature controlled by thermostat) was blown into the drying section through a performed
steel sheet floor. The hot air and paddy run perpendicularly. A small portion of exhaust air is left
in the atmosphere while the remainder, after being cleaned in a cyclone, was recycled, mixed with
ambient air and then reheated to the desired temperature. The capacity of this ftuidized bed dryer
is 5 to 10 tons/hr.

Experimental Mathods

In this study, resuits were obtained from a continuous {luidized bed dryer with tested capacity
of 9.5 tons/hr, superficial hot air veiocity of 2.33 m/s, inlet air temperaturs ranging from 115* to
130°C, and bed depth of 15 ¢m. During the experiments, paddy sampies collected before and
after drying were examined for moisture content and milling quality in tarms of head yield and
whiteness. Wet and dry bulk temperatures at various positions, as shown in Fig. 1, were measured
by thermocouple (type K) connected to a data logger with accuracy of £1° C. The quantity of
dlesel consumed by the burner was recorded as well. Superficial hot air velocity was measured
by hot wire anemometer and compared with Pitot static tube.

Development of Mathematical Modei
Sripawatakul Q. (1994) developed a mathematical modai for the empirical equation of mean

residencs time of paddy In continuous fluidization technique and on the assumption that there is
thermal equilibrium between drying air and product, and the air and grain were of the plug type.
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1. Equation of mean residence time

t = hwF

(1) where:
t
hu
F
hu
hu

(2) where:
rD
v

B

H

2. Drying model

[ LV I I 1]

nnn

mean residence time, min
mass of paddy within the drying chamber, kg
paddy feed rate, kg/min, and

rv
r(fxasxH) = 25rH
average paddy density, kg/m?3

is paddy volume, m*
is weir height, m

inside the drying chamber (Fig. 1), bulk paddy was divided into thin jayers (assuming with
n layers) The control volume of the thin layer is shown in Fig. 2. The changes in moisture content
of paddy, temperature and humidity ratio of air were caiculated for each layer. The following basic

equations were employed.

2.1 Equation of drying rate

The empirical equation for fluidized bed paddy drying in the formn of Page’s equation (1949),
and developed by Sripawatakul {1994) was used. The equation is as follows:

MR
where:
MR
a
and b

nu

The symbois are defined as

t
M(t)
M

in

M-q
M

mn

o1

exp(-at®) (3) |

(M(t)

W
1. 631x105'r

-3.22x1 0’3T

VM, - M)
+ (-1.162 + 4.163x10°T_)(m, /hu)
. 0.1474in(m_ /hu) + 0.475
+ (-0.836 + 2.032x10°7T,__)¥m_/hu) -
0.1432In(m_ /hu) + 0.5485

rix

follows:

drying time, min

moisture content of paddy at time t, decimal dry basis
moisture content of paddy at the iniet of drying section,
decimal dry basis

equilibivam moisture content, decimal dry basis

air temperature at the inlet of drying section, °C

air flow rate at the infet of drying section, kg/s
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Tha equilibrium moisture content was obtained from the equation developed by Laithong
{1987), as follows:

RH = 1 - exp[-4.723x10%1.8T _+ 481.7)(100M, }2** (4)

2.2 Equation of mass conservation

Following the mass conservation law, it can be explained that at any layer of paddy bulk
control volume, the quantity of water increase is equal to the quantity of water evaporated fram
paddy. The relative Humidity of outlet air at each layer could therefore ba calculated from the
following equation:

X Wo = RMM)+W (5)
where:
Wi = humidity ratio of outlet air at the i layer, kg water/kg dry air
R = the ratio of dry mass of paddy to mass of dry air
Mi = moisture content of paddy at inlet ™ layer, decimal, dry basis
Mij = moisture content of paddy at outlet j* layer, decimal dry basis
W =  humidity ratio of inlet air at i* layer, kg water/kg dry air

2.2Equation of energy conservation
2.3.1 Determination of outlet air state

Application of energy conservation law shows the change of air rate between drying
controi volume and ambient air. The equation can be written as follows:

Ty, = [Qf M +C T+ W, (hyg -C, T )W, 0 -OU W(C, +W, C ) (8)
where: :
Ty = lemperature of outlet air at the i layer, °C
Q, = heat loss, kW
C, = specific heat of dry air, kJd/kg.°C
cC, = specific heat of vapcr air, kJ/kg.°C
h = latent heat of moisture vaporization, kJ/kg

g

The average temperature (T,) and humidity ratio of outlet air from the 1% to the n® layers
were dstermined by arithmetic mean.

2.3.2 Determination of inlat air state
From the law of energy conservation, the change of air enthalphy is equai to the summation
of the rate of heat transfer Between tube of air recycled and ambient air. Applying this to determine
inlst air temperature, the equation can be written, as follows:
T, = [QARC)m_J) + CT,+W,.CTJ/ (C, + w.C) (7)

7
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where:

T, = inlet air temperature, °C

Q, = heat loss, KW

RC = recycle air ratio = m_ ./ m_,

Mee = mass flow rate of recycle air, kg dry air/ kg dry air
w, = average humidity ratio of outlet air, kg water/kg dry air

For other calculations such as mixing of air stream and energy consumption at the fan
and burner, the results can be achieved by applying the first law of thermodynamics [see
Soponronnarit and Prachayawarakom, 1994]

To calculate the humidity air state, the equation of Wilhelm {1976) was used .The calcuiation
procedure is shown in Fig. 3.

RESULTS AND DISCUSSION
Comparison of Simuiated and Experimental Results

A mathematical model was developed assuming there is thermal equilibrium between drying
air and product, the appearance of air flowing through bulk paddy Is uniform, the type of air
and grain flow is plug fiow, and fluidization behavior is complete.

Moisture Content

In case of low initial moisture content (21-26 percent, dry basis)

Drying operation was concerned with main operation paramesters such as feed rate, drying
air temperature, bed velocity, and bed height

Fig. 4 and 6 show the final moisture content obtained from the model and from the
experiment. Most values are nearly the same. The resuits from simulation have lower values than
the experimental results. The agreement in results comparison s good.

In case of high Initial moisture content ( > 26 percent, dry basis)

A comparisod of simulated and experimental results at different drying temperature is shown
in Fig. 8 and 10. The results in this case showed higher values in the simulation compared to
the experimental results. The agreement in data under these methods is fair.

Energy Consumption
In case of Jow Initial molsfure content (21-26 psrcent, dry basis)

The results from both simulation and experiment methods were obtained from sample data
as shown in Fig. 5-and 7. The resuits in each sample under simulation were slightly iess than
the experimental resutts, thus the agreement under these methods is fair.
in case of high initial moisture content { > 26 percent, dry basis}

Fig.-9 and 11 show the comparison of resuits of energy consumption under the simulation

ang experiment methods. These show slightly higher energy consumption values of simulated resuits
compared to experimental results. The agreement tased on comparison of results is fairly good.
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CONCLUSION

A mathematical model for continuous cross-flow fluidization was developed and used to
predict fluidized bed behavior results in terms of final moisture content and energy consumption
of paddy drying. The study used a 5 to 10 tons/hr capacity continuous cross-flow fluidized bed
dryer. Two cases wers studled: paddy with low and high initiai moisture content.

The computed data was compared with experimental results. A comparison of final moisture
content and energy consumption showed a fairly good agreement of results under simulation on
the experimental method.

It is recommended that the model be developed further to investigate the optimum operating
parameters such as air flow rate, fraction of air recycle, etc.
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Fig. 5. Comparison between simulated and experimental energy consumptions
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Fig. 6. Comparison between simulated and experimental moisture content
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Fig. 8. Comparison between simulated and experimentzi energy consumptions
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Fig. 10. Comparison between simulated and experimentat moisture content
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A comparative study of vanous method of banana drying: solar natural convection drying. LPG
natural convection drying and solar forced convectian drying with supplemenial heat from LPG as shown in
Figures 1-3, was performed at Bang-Kra-Tum, Phisanulok Province, Expenmental results showed that sclar
natural convection drying ook 8-7 days {37 hours) for completing one batch of banana Total primary energy
consumption and the first law efficiency were about 19.2 MJ/kg of warer evasorated and 11.1 % respectvely.
LPG nawiral convection drying 0ok 3. 4 or 5 days {46. 45 or 45 hours) for completing one tatch of anana.
Toiai pnimary energy consumpaon and the first law efficiency were 8.4 MJ/kg of water evaporated and 22.3,
28.0 and 30 % raspectively. The last method. solar forced convection drying with supplemental heat from
LPG took 3 gays (44 hours) jor compleung one baich of banana. Totwal primary energy consumpticn and tna
first law efficiency were 14 § MJikg water evaporaied and 15.8 % respactively. Detalls are shown in Table 1
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1 = transparent plastic cover. 2 = plywooed drying chamber. 3 = air cutlet
= dryer legs made of wood, 5 = air inlet. 6 = bamboo tray

Figurz 1 Selar natural convection cryer
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Figure 2 LPG natural convecticn Grver



