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DRYING CHARACTERISTICS OF CORN IN FLUIDIZED BED DRYER

Somchart Soponronnarit' Anan Pongtornkulpanich®
and Somkiat Prachayawarakorn®

1 School of Energy and Materials
2 Former graduate student
3 Faculty of Engineering

King Mongkut’s Institute of Technology Thonburi
Suksawat 48 Road, Bangkok 10140, Thailand

ABSTRACT

A batch fluidized bed dryer was camied out for com drying. Drying
characteristics of com were investigated. The experimental results indicated that
moisture transfer inside a com kernel was controlled by internal diffusion by the
following conditions : injet hot air temperatures of 120 - 200 °C, superficial air
velocities of 2.2- 4 m/s, bed depths of 4 - 12 cm, fraction of air recycled of 0.5 -0.9
and initial moisture content of corn of 43 % dry-basis. The Wang and Sing equation
could describe in accordance with the results. Inlet hot air temperature and specific air
flow rate were independent vanables for drying constant model in the Wang and Singh
equation.

Key words : Maiz drying, Fluidization, Thin Iayer equation
INTRODUCTION

The important agricultural commodities largely grown in Thailand are paddy
and corn, which should be dned to 16 % dry-basis for safe storage. At the present,
most of corn produced are used as a raw matenal in domestic feed mill industry.
Therefore, the problem of com quality in terms of aflatoxin substance is very important
because this substance is very toxic to human beings and animals. Normally, moisture
content of freshly harvested corn varies in a range of 33 - 40 % dry-basis. At this
moisture level under hot and humud climates, Aspergiilus flavus infected in corn
kernels grows easily and thus produces aflatoxin substance (Wongurai et al., 1992).
Consequently, corn should be dhed to 22 - 23 % dry-basis within 1 - 2 days
{Prachayawarakorn et al., 1995). Sun drying is not suitable any more due 1o rapid
growth of industry in Thailand. Mechanical drying, an alternative of grain dryings, then
becomes more necessary. There are many types of mechanical dryer such as fluidized
bed dryer, rotary dryer, LSU dryer, moving-bed dryer, etc. Efficiency of these
mechanical dryers is different because of the differences in mechanism of heat transfer
and charactentstics of materials. The fluidized bed. dryer is widely used In many
industries because of more several advantages than the other types (Nonhebel and
Moss, 1971) as follows:

1 Rates of heat and mass transfer are high, conseqguently drying time is

short, and the dryer is small but high capacity.

2 Isothermatl bed yields a desired product quality and makes continuous

dryer to be controlled easily.



These advantages are achieved from high air velocity. By the fact of thus,
thermal efficiency of fluidized bed dryer is rather low {Giner and Calvelo, 1987) and
thus it has importance to economic consequence for merchants and customers.

In order to improve thermal efficiency, many experiments have been done 10
describe drying process first, then mathematical model is performed and computer
simujation is used to detenmne the optimum drying condition at which energy
consumpuion 1s mirurmized under acceptable product quality.

The objective of this research is 10 investigate drying charactenstics of corn in
a small batch fluidized bed dryer. -

MATERIALS AND METHODS

Corn kemnel was dried in a batch fluidized bed dryer made of stainless steel
sheets as shown in Figure 1. The system compnises of a cylinder-shaped reactor with
dimension of 20 cm diameter and 140 cm high, four separately controlled 3 kW
eleciric heaters and a backward curved blade electric centrifugal fan driven by a 1.5
kW motor. Atr flow rate could be changed by adjusting a mechanical variable speed
unit at the fan and the whole system was insulated with glass wool in order to reduce
heat loss. Some parts of exhaust air were recycled, mixed with the fresh air and then
reheated to a desired temperature, which was controlled by PID controller with ap
accuracy of £ 1 °C.

Dry com was rewet by spraying water, mixed and kept in a temperature-
controlled room at temperature of 4-8 °C within 5-7 days. The experiments were
carried out to dry initial moisture content of corn from 43 % dry-basis to 22-23 % dry-
basis using inlet hot air temperature of 120 - 200 °C, superficial air velocity of 2.2 - 4 0
m/s, fraction of air recycled of 0.5 - 0.9 and bed depth of 4 -12 cm. Durning the
experiments, temperatures at various positions such as bed temperature, wet-bulb and
dry-bulb temperatures of exhaust air and fresh air were measured with K-type
thermocouple from which signal was transferred to a data Jogger with an accuracy of
1°C. For air velocity, it was measured with a hot-wire anemometer. The samples were
collected from the dryer at 1, 3, 10, 15 and 20 minutes of drying time. The moisture
content of corn was determined at temperature of 103 °C for 72 hours.

RESULTS AND DISCUSSION
Phenomenon of fluidization

Behavior of fluidized corn kernels was observed with a transparent reactor with
the same dimension as cylinder-shaped reactor mentioned before. The experimental
results showed that although pressure drop in a reactor increased with bed depth,
superficial air velocity at minimum fluidizing conditions was independent as shown in
Figure 2. This is because drag force by upward moving air per volume of expanded
bed was constant. In contrast, superficial air velocity at minimum fluidizing condition
increased with the increase of initial moisture content and could be well explained with
a linear equation as shown in Figure 3. The movement of corn kemels at minimum
fluidizing condition was refatively low and sometimes there was partially unfluidized
comn in the reactor, When superficial air velocity was beyond minimum fluidized bed
velocity, approxamately 1.2 times of mimmum fluidized bed velocity, the agitation and
the movement of comn kernels were increasingly vigorous because of gas bubbles



formed. In addition, the size of gas bubbles was larger in deeper bed depth than that in
shallower bed depth. Thus in this research the expenmental drying conditions were
specified as previous mentioned under an acceptable quality of flmdized bed : strong
mixing of corn kernels and not too large size of gas bubble.

Effects of operating parameters on drying rate

In general, the factors such as air temperature, superficial air velocity and
refative humidity affect on drying rate . In addition, for fluidized bed drying, bed depth
of materials in the reactor 1s also rather imiportant. '

Temperature

Inlet hot air temperature greatly affecied on drying rate of comn in
fluidized bed dryer as shown in Figure 4, for three temperature levels at the same bed
depth and superficial air velocity. By the fact of the result, it can be explained that
moisture diffusion in a com kernel becomes greater with higher grain temperature
which results from higher heat transfer rate between corn kernel and drying air
(Hustrulid and Flikke, 1959 ; Husain et al., 1970).

Relative humidity «

In order to study the effects of driving force difference of vapor
concentration on drying rate of corn, the fraction of air recycled was vaned. It was
found that refative humidity of drying air in a range of fraction of air recycled of 0.5 -
0.9 was insignificantly different and thus it did not affect on drying rate as shown in
Figure §.

Specific air flow rate

As previous research works about grain drying in fluidized bed dryer by
Satayaprasert and Vanishsriwatana (1991), and Tumambing and Driscoll (1991), bed
depth is an independent variable in drying rate equation, assuming insignificance in
superficial air velocity. However, from the study of the effect of superficial air velocity
and bed depth on drying rate, the results revealed that both parameters affected on
drying rate of corn especially at high moisture level. Therefore in this research,
superficial air velocity and bed depth were combined to be a new parameter called
specific air flow rate, which was defined as ratio of mass flow rate of air to dry comn
mass. As shown in Figures 6 - 8, moisture content of corn was more rapidly reduced at
higher specific air flow rate than that at lower specific air flow rate because humidity of
drying air at shallower bed depth was relatively lower than that at deeper bed depth,
and corn temperature at shallower bed depth was higher than that at deeper bed depth
dunng the experiment. In order to make sure that specific air flow rate could be
exptained well the results, the specific air flow rate was fixed by varying both bed
depth and mass of com. The results showed that moisture reduction was equal when
specific air flow rates were nearly the same, as shown in Figures 9 and 10.



Drying rate equation

All of the experimental conditions indicated that moisture transfer in a
corn kernel was controlled by wnternal diffusion and grain was rather completely
exposed with drying air at constant conditions. Therefore three empirical thin layer
drving equations were used to describe motsture transfer in corn kernels as follows :

Lewis’ equation (Lewis,1921)

M(1)-M,
N ek (1)
where M(t) = average moisture content of comn at any drying time t, dry-
basis decimal
Mi, = imtial moisture content of corn, dry-basis decimal
M., = equilibrium moisture content of corn, dry-basis decimal
k = drying constant, min"

i

£ drying time, min
This equation neglects internal mass transfer resistance and thus assumes thit

drying rate is proportional to the difference between average moisture content and
equilibrium mojsture content.

Page’s equation (Page, 1949)
—— = =exp(-xt’ 2
M_ -M Pl ) @

where  xy = drying constant

The Page equation is an empirical modification of the Lewis equation. Most of

experimental data of grain drying are better fitted with the Page equation than the
Lewis equation.

Wang and Singh’s equation (Wang and Singh, 1979)

M(t)- M,
W =aexp(—bt) (3)

eq

where  ab = drying constant

The Wang and Singh equation is modified from a theoretical drying equation,
assurning sphere-shaped corn kernel, moisture equilibrium at the comn surface and a
value of DUVR® > 0.1, where D is a diffusion coefficient and R is a sphere radius of com
kernel. Moisture equilibrium equation for corn developed by Phudphong et al.(1590)
was used to estimate equilibrium moisture content. The drying constant of each model
was obtained by a linear regresston technique. The fitted models were evaluated, based



on R squared and standard error of y estimation. The fitted models were the best fit of
experimental data. From a comparison of fitted thin layer drying models and the results
as shown in Figure 11, it showed that the Wang and Singh equation could describe the
results better than the Lewis equation and the Page equation. Drying constants, a and
b, were depended on specific air flow rate and inlet hot air temperature. This could be
described with the following equations :

a =0.810686 - 0.001930(T) - 1.166480(SP) +
0.005939(SP*T) - 0.031310 In(SP) (4)

b =-0.073750 + 0.001234(T) - 0.482090 (SP) +
0.002849 (SP*T) + 0.009119 In (SP) (5)

where SP = specific air flow rate, kg/s of drying air/kg of dry com
T = temperature, °C

It should be noted that the thin layer drying equation for corn in the fluidized
bed dryer in form of the Wang and Singh equation was achieved from data at the
experimental drying condition as follows : inlet hot air temperature of 120-200 °C, bed
depth of 4-12 cm, superficial air velocity of 2.2 -4 m/s and fraction of air recycled of
0.5-009.

CONCLUSIONS
The experimental results could be concluded as follows :

I. Drying rate of com in fluidized bed dryer was affected by specific air flow
rate and inlet hot air temperature. There was no constant drying rate penod,
mechanism of moisture movement inside a com kernel was controlled by internal
diffusion.

2. The Wang and Singh equation could descnbe the results with a sufficient
accuracy in a imited range of drying condition.
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Figure 1 Experimental batch fluidized bed dryer
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Figure 5: Effect of relative humidity of inlet hot air on moisture ratio
[Initial moisture content of corn = 43 % dry - basis , bed
velocity = 3.0 m/s, inlet hot air temperature = 125 C and
bed depth = 10 cm]
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Figure 6. Effect of specific air flow rate on moisture content of corn
during drying with a superficial air velocity = 2.2 m/s
[Initial moisture content of corn = 43 % dry-basis, and
inlet hot air temperature = 150 C]
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Figure 7. Effect of specific air flow rate on moisture content of com
during drying with a superficial air velocity = 3.0 m/s
[Initial meisture content of com = 43 % dry-basis, and
inlet hot air temperature = 150 C]
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Fluidised-bed Paddy Drying

Somchart Soponronnarit*®

Abstract

The development of fluidised-bed paddy drying in Thailand is described in his paper, starting with an ex-
perimental batch dryer and culminating with a commercial continuous-flow dryer. A mathematical model
of the fluidised-bed paddy drying system is derived.

Fluidised-bed paddy dryer is now fully commercialised in Thailand. The polenlial is great, especially for

high moisture grain.

COMBINE harvesting of paddy is becoming popular in
Thailand, especially in the central and lower northern
regions of the country. Consequently, the problem of
high moisture grain is now very serious. Rice mills
are respensible for the problem due to strong compe-
tition for grain and therefore are looking for appropri-
ate methods of drying. It has been suggested that high
moisture paddy shouid be dried quickly 1o approxi-
mately 23% moisture content (dry basis]) then sub-
jected to ambient 2ir drying in storage (Soponaronnarit
el al. 1994; Driscoll and Srzednicki 1991). Following
1wo-stage drying, cost and product quality appear to
be optimised. During the first stage, fluidised-bad
drying is an altermative 1o conventional hot-air dry-
ing. its advantages are: {1} uniform product moisture
content, and thus high drying air temperature can be
employed but with less overdried grain; (2) high dry-
ing capacity due 1o better heat and mass transfer; and
(3} a much smaller drying chamber and thus a signifi-
cantly lower initial cost.

Soponronnarit and Prachayawarakom (1994)
reviewed research and development work on fluid-
ised-bed drying of grain, and conducted both experi-
. mental and simutation studies on batch fluidised-bed
paddy drying (Fig. 1}. Their results showed that the
maximum drying air temperature had to be limited to

115°C and final moisture content of paddy to 24-25% -

if product guality in terms of head rice yield and col-

* School of Energy and Materials, King Mongkut's Insti-
tule of Technology Thonburi, Suksawatl 48 Read, Bang-
kok 10140, Thailand.

I Unjess otherwise staled, the moisiure contents (m.c.)
quoled in this paper are dry basis.
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our were to be maintained. To maximise drying
capacity and minimise energy consumption, an air
velocity of 4.4 m/s, bed thickness of 9.5 ¢ {corre-
sponding to a specific airflow rate of 0.1 kg/s/kg dry
matter of paddy}, and fraction of air recycled of 80%
should be employed. Specific energy consumption in
terms of primary energy, which is equal 1o heat plus
2.6 times electricity, was reported at approximately
7.5 Ml/kg of water evaporated. An economic analysis
showed that the total drying cost was approximately
US50.08/kg of water evaporated. Both figures,
energy consumplion and lotal cost, are relatively
attractive, particuiarty for Thai conditions.

Soponronnarit et al. (1996a) described the develop-
ment of a cross-flow, fuidised-bed paddy dryer with
a capacity of 200 kg/hour (Fig. 2). Experimental
results showed that final moisture content of paddy
should not be lower than 23% if guality in terms of
both whiteness and head yield were to be maintained.
Drying air temperature was 115°C, Simulazion results
indicated that the appropriate operating paramelers
should be as follows: air speed, 2.3 m/s; bed thick-
ness, 10 cm; and fraction of air recycled of 80%. With
these conditions, energy consumption was close to
the minimum, while drying capacity was near maxi-
mal. In this study, moisture of paddy was reduced
from 30 to 24%.

Following the success of the development of the
cross-flow fluidised-bed paddy dryer, Rice Engineer-
ing Supply Co. Ltd, a private company in Thailand,
showed interest in collaborating in the development of
a protolype with a capacity of approximately 1 vhour
{Soponronnarit et al. 1996b). The prototype is shown
diagrammatically in Figure 3. It comprises a drying
section, a 7.5 kW backward curved blade centrifugal
fan, a diesel fuel-oil burmer, and 2 cyclone. The bed



length, width, and height of the drying seclion are 1.7,
0.3, and 1.2 m. respectively. The depth of the paddy
ted is controlled by a weir. Paddy is fed in and out by
rotary feeders. In operation, hot air (temperatore con-
trolled by thermostat) is blown into the drying section
through a perforated steel sheet floor. The air and
grain flows are perpendicular o each other. A smal)
porticn of Lthe air }eaving the drying chamber is vented
to the atmosphere, while the remzinder, afier cleaning
in a cyclone; is recycled to the dryer following mixing
with ambient air and reheating 10 the desired 1empera-
ture. The feed rate of paddy can be varied from less
than 1 t 1o more than 1.5 I. More detail is given in
Yapha (1994). Experimental results showed that the
unit operated efficiently and yielded high product
quality in terms of head yield and whiteness. In reduc-
ing the moisture content from 45 to 24% using an air
temperature of 100-120°C, a fraction of air recycled
of 0.66, a specific airflow rate of 0.05 kg/s’kg dry
malter, a superficial air velocity of 3.2 m/s, and a bed
depth of 0.1 m, total primary energy consumplion was
2.32 Mtkg of water evaporated, of which 0.35 was
primary energy from electricity (electrical energy
multiplied by 2.6) and 1.79 was primary energy in
terms of heat.

As a resull of the success of the prololype, com-
mercial fluidised-bed paddy dryers with capacities of
5 and 10 vhour are now available. More than 20 units
have been sold since the beginning of 1995,

The objective of this paper is 10 describe the devel-
apment of fluidised-bed paddy drying, including the
mathematical mode! used. Impornant results obtained
from both taboratory-scale and prototype dryers will
be presented.

Development of Mathematical Model

It was assumed that there was thermal equitibrivm
between drying air and product and that the air and
grain flow were plug type. The model is similar 10
that presented by Soponronnarit and Prachayawara-
kom (1994}, Figure 2 shows contro) volumes (CVs)
for the derivation of energy and mass equations based
cn fundamental physical laws.

o
1. Equation of mean residence time

The empirical equation of mean residence time of
paddy developed by Sripawatakul (1994) was used. It
is written as follows:

exhausied air

cycione

-

amiient air

9 - wel bulb

ambient air § - dry buld

Figure 3.
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drymng chamber

paddy oul

Diagram of fluidised-bed paddy dryer. Numbers indicale where lemperalure measurements were 1aken.



T=hwF

where 1T = mean residence time, seconds (s)
hu = hold up, kg
F = feed rate, kg/s

()

and hu = [{-0.0095000 + 0.59870 F - (0.00020000
’ + D.17360 F) V3 {1.1728 — 0.082300 V +
(2.2093 - 0.15050 V) F} h) Pp A
where A = reactor area, m>

V = air velocity, m/s
p = average product density, kgjm3
h = weir height, m

It is valid for weir heights in the range 0.04-(.10
m, air velocities in the range 1.7-2.3 mv/s, and paddy
feed rates in the range 0.025-0.058 kg/s. For a rough
calculation, hu is approximately equal to h A Pp-

Dividing the paddy bulk into n layers, changes in
moisture content of paddy, temperature, and the
humidity ratio of air were calculated for each layer.
The following basic equations were employed.

2. Equation of drying rate

The empirical equation for fluidised-bed paddy
drying in the form of the equation of Page (1949),
developed by Sripawatakul {1994), was used. It is
written as follows:

MR =exp {(~ xt %)

where MR = (M —_Meq)f(Min - Megg)

L = drying time, min

x = 000163100 Tpix - 1.16202 (my;,/hu) +
0.0041530C (m;/hu) T + 0.147383 In
(M) + 0.474743

y = — 0.00322000 T, — 0.835960 (m;,/hu)
+ 0.0203190 (my,;/hu) T - 0.143150 In
(N /) + 0.548493

Eguation (2) is simiiar to that developed by Sopon-
ronnarit and Prachayawarakom {1994) for higher spe-
cific airflow mte [my/hu). It is valid for
temperatures of 90—140°C and specific airflow rates
of 0.03-0.16 kg/s/kg dry matter of paddy. The sym-
bols are defined as follows :

M=

(2)

moisture content of paddy at time t, decimal
dry basis

M jp = moisture content of paddy at the inlet of dry-
ing section, decimal dry basis

Meq ~ equilibrium moisture conient, decimal dry -

basis
Trmix = &ir temperature at the inlet of drying section, °C
M = airfiow rate at the inlet of drying section, kg/s

During calculation, Equation (2) was differentiated
with time, and finite difference was employed i0
obtain the solution. Equilibrium moisture content was
delermined using the equation developed by Laithong
(1987}
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3, Equation of mass conservation

W“‘i = R(Mi-—Mr) + Wmix (3)

where Wy ; = humidity ratio of outlet air at the i®
tayer, kg water/kg dry air
Wix = humidity ratio of inlet air at the i
layer, kg water/kg dry air
M, = moisture content of paddy at the intet of
i™layer, decimal dry basis
My = moisture content of paddy at the outler
of i™ tayer, decimal dry basis
R = ratio of dry mass of paddy to mass of dry
air.

4. Equation of energy conservation

T = [Qmmix + CoTmix + Woiix (e + C,,

Tmix)_wfl,i hfg + chmeix]/(Ca + “ffl_i < @

+ Rpr)

where Ty (; = temperature of outlet air at the i
layer, °C -

Q, = heat loss, kW

C, = specific heat of dry air. kl/kg °C

C, = specific heat of vapour, klfkg °C

Cpw = specific heat of wet paddy, ki/kg °C
hgg = Jatent heat of moisture vaporisation, kJ/

kg

Average temperature and humidity ratio of the outlet
air from n layers were determined by arithmetic mean.

For other calcujations such as mixing of air
streams, and consurnption of energy at the fan and the
heater, scluticns can be achieved by the application
of first law of lhermodynamics [see Sopenronnarit
and Prachayawarakom (1994) for details).

The equations were solved by iteration. Firstly, the
value of exit humidity ratio of air was assumed. The
equations presented by Withelm (1976) were used (o
determine properties of rnoist air.

The accuracy of the mathematical model was
tested and found to be in good agreement with the
experimenial results. The model was employed to
investigate optimurm operating parameters such as air
temperature, specific airftow rate, and fraction of air
recycled, Details are available in Soponronnarit et al.
{1996a). .

- Performance of Fluidised-bed Dryer
Minimum fuidised-bed velocity

From the experimental results reported by Sopon-
ronnarit and Prachayawarakom (1994), the minimum
fluidised-bed velocity for paddy was approximatety
1.65 m/s and increased with moisture content. The
relationship between pressure drop across the paddy
bed and bed velocity is presented in Figure 4.



Paddy quality

According 1o the experimental results on paddy
quality reposted by Soponrennarit and Prachayawara-

korn (1994), for drying temperatures of 100 and -

130°C, relative head yield, which is defined as the
ratio of head yield to reference head yield (paddy
dred by ambient air), dropped rapidly {below B0-
90%) when moisture content after drying reached
about 23-26% as shown in Figure 5. Initial moistuse
content was 45.3% dry-basis. Due to the relatively
fast drying rate, the grain surface became hard rapidly
and resulted in cracking of grain kemels if drying
continued, For 2 drying temperature of 150°C, rela-
tive head yield increased when final moisture content
decreased. This was due to a gelatinisation effect,
Figure 6 shows the relationship between relative
whiteness as measured by Kett meter and final mois-
ture content. The initial moisture content was 45.3%.
It could be concluded that relative whiteness was
higher than 90% (still acceptable) for all final mois-
ture ¢contents if drying air temperature was $00°C.
However, relative whiteness decreased relatively rap-
idly with decreased final moisture content, particu-
tarly at 130 and 150°C. It was believed that
decreasing whileness was due to carametisation.

Prototype fluidised-bed dryer

The prototype fluidised-bed paddy dryer shown in
Figure 7 and described at the beginning of this paper
was tested first at the Rice Engineering Supply Co.
Lid for 2 hours (2 passes). The unit was then trans-
ported and installed at Koong Lhee Chan, a paddy
merchant site, and was tested for 1497 hours during
the wet harvest season in 1994. Approximately 1211t
of paddy were dried from different initial moisture
contents to approximately 23%. For the analysis, data
obtained frorn 70 hours of use were employed (Sopo-
nronnarit et al. 1996b).

Moisiure content of paddy

Figure 8 shows the relationship between inlet and
outlet moisture content for paddy drying tests con-
ducted at the Rice Engineering Supply Co. Ltd. Feed
rate was | thour, inlet air temnperature was 60°C, ini-
tial moisture content of paddy was 26% dry-basis and
resident time was 1.8 minutes. Moisture was reduced
by approximaiely 4'and 1.5% during the first and sec-
ond passes, respectively.

At Koong Lhee Chan, thé feed rate was 0.82 t/hour,
inlet air temperature was H00°C, initial moisture was
45%, and residence time was 2.2 minutes. Moisture
was reduced 20% as shown in Figure 9. Other tests
gave similar resulss.

From Figures 8 and 9, it may be concluded that fly-
idised-bed drying is more efficient at higher paddy
moisture fevels.
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final moisture content in fluidised-bed drying at
different temperasures {Mi ~ 45 30% dry basis).
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Figure 8.

Figure 5.

Protolype 1 vhour fluidised-bed paddy dryer.

Relationship  between  inlet
and outlel moisture of paddy
with Muichsed-bed inlel air
lemperature of 60°C (21 Rice
Engineering Supply Co. Ltd).

-

Relationship  between  inlet
and outlei moisture of paddy
with flvidised-bed inlel air
lemperatore  of 100°C (a1
Koong Lhee Chan).



Temperalures

For low inlel air lemperature (60°C) and low initial
moisiure content of paddy (26%), average outlel air
temperature was close to (just below) outlel grain
temperature, as shown in Figure 10, In contrast, the
two iemperalures were significantly different for high
inlet air tlemperature {(100°C) and high initial moisture
contenl of paddy (45%), as shown in Figure 1.

Energy consurmption

For drying paddy from 26 to 21% dry-basis with a
feed rate of | thour, specific air flow rate of 0.05 kg/
s-kg dry matter, drying air temperature of 60 ®C and
fraction of air recycled of 0.66, it required a total pri-
mary energy consumption of 5.7 MJ/kg water evapo-
rated, of which 2.45 was primary energy from
electricity (electrical energy multiplied by 2.6) and
3742 was primary energy in lerms of heat. During the
test, average ambient air temperature and relative
humidity were 35.7 °C and 67.1% respectively.

For drying paddy from 45 to 24% with a feed rate
of 0.82 t/hour, drying air temperature of 100-200°C
and approximalely the same specific airflow rate and
fraction of air recycled, it required towal primary

energy of 2.32 MI/kg of water evaporated, of which
0.53 was primary energy from electricity and 1.79
was primary energy in terms of heat. During the 1est,
average ambient air temperalure and relative humid-
ity were 36.6°C and 59%, respectively.

Electrical power needed for various pieces of
equipment was reporied as follows: electrical motor
for driving fan, 4.93 kW, electrical motors for driving
rotary feeders (in and out}, 0.72 kW electricai motor
for bucket elevator, 0.79 kW, diesel fuel oil bumer,
0.11 k¥W_ In total, the elecirical power was 6.55 kW
and heating power 60.4 kW,

Paddy quality

Figure 12 shows that head yield of paddy dried in
the fluidised-bed dryer with an inlet air temperature
of 100-120°C is, on average, approximately 6.5%
less than the reference paddy which was dried by
ambient air (56.9%). Figure 13 shows the result of
whiteness. 1t indicates that the whiteness of paddy
dried in the fluidised-bed dryer or dried by ambient
air is nearty the same. The above results conflirm the
findings of Soponronnarit and Prachayawarakom
(19%94) and Sutherland and Ghaly (1992}
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Figure 11. Evolulion of lemperatures in
fluidised-bed dryer al Koong
Lhee Chan.



Long term festing

Throughout the wet harvest period of 1994, the
prototype fluidised-bed dryer was used for 1497
hours, and approximately 121 [ t of paddy were dried.
Nao repair was required. The owner of the paddy mer-
chant site reported that the unit as follows: easy of
use; had a very fast drying rate, especially at high
moisture levels; consumed less energy in terms of
electricity and diese! fuel-oil; and yielded a more uni-
form product meisture content than the two existing
cross-flow columnar dryers at the site.

From Prototype to Commercialisation

As a result of the very successful trial of the prototype
fluidised-bed paddy dryer with a capacity of 0.82 v/
hour, the owner of the paddy merchant site where the
prototype was tested placed an order for a larger ftu-
idised-bed dryer with a capacity adjustable between
2.5 and 5 thour. The commercial unijt was designed
by the research team of King Mongkut's Institute of
Technology Thonburi and fabricated by Rice Engi-
neering Supply Co. Lid. It has been vsed with success
during the main harvesting season in 1995, The unit

comprises a drying section, a 11.2 kW backward
curved blade centrifugal fan, a diesel fuel oil burmner
and a cyclene. Tt costs approximately USS 16 000,
The bed length, width, and height of the drying sec-
tion are 2.1, 0.6, and 1.3 m, respectively. The capacity
of the bumner is 180 kW.

The commercial unit was further scaled vpto 10 v
hour capacity during mid 1995. As of August 1995,
rmore than 20 units of both 5 vhour and 10 t/hour have
been installed or are being instailed in Thailand. Two
units of 5 thour were exported to Indonesia.

Conclusion

Field 1esting of the prototype fluidised-bed paddy dryer
with a capacity of 0.82 thour during the wet harvest
season in 1994 for a total of 1497 hours, indicated that
the unit was easy 1o use, performed efficiently in terms
of a very fast drying rate and low energy consumption,
and gave uniform product moisture content, ompared
with the two existing cross-flow cotumnar dryers
installed at the same site. This was reported by the
owner of the paddy merchant site, but there are no
comparative performance figures.
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Resulis from the 70 hours of use of the prototype
indicated that the unil operated efficiently and yielded
high product quality in terms of head yield and while-
ness. In reducing the moisture content from 435 to 24%
using an air temperawre of 100-120°C, fraction of air
recycled of 0.66, specific airflow 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 was 2.32 Ml/kg of
waler evaporated, of which (.53 was primary energy
from electricity (electrical energy muitiplied by 2.6)
and 1.79 wasprimary energy in terms of heat.

Since the beginning of 1995, more than 20 com-
mercial units with capacity of 5 Vhour and 10 thour
have been solg in Thailand.
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ABSTRACT

Technology of fluidized bed grain drying has been introduced since the past 20-30 years.
Fhe fuidized bed grain dryer was, however, not commercially successful. In this paper, the
concept of continuous cross-flow fluidized bed paddy dryer is descnibed. Tt is now fully
commerciatized in Thaitand. More than 28 units are available in private rice mills and a few
were exported (as of November 1995).

Reasons for supporting successful commercialization may be due to :
1. Recycling of exhaust air which reduces energy consumgtion significantly
2. Very high capacity due to possible use of very high temperature of drying air and finally
3. Very close collaboration between the research team of King Mongkut’s Institute of
Technology Thonburi and a private manufacturer of drying equipment.

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 to 22 % dry-basis in a single pass that drying air temperature may be up 1o
150 °C with acceptable product guality.

INTRODUCTION
Paddy combined harvester is becoming popular in Thailand especially in the central and lower

north of Thailand. Consequently, the problem of high moisture grain is now very serious. Rice mills
are responsible for the problem due to high competitiveness and therefore are looking for
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appropriate methods of drying. It has been suggested that high moisture paddy should be dried
quickly down 1o appromately 23 % dry-basis then followed by ambient air drying in storage
{Soponronnant et al., 1994, Driscoll and Srzednicki, 1989) Following the two-siage drying, cost
and product guality seem 10 be optimized. During the first stage, fuidized bed drying is an
alternative 1o conventional hot air drying. his advanlages are (1} uniform product moisture content,
as a resutt, high air temperature can be employed due to less overdned grain, {(2) high drying
capacity du¢ 10 better heat and mass transfer and (3) much smaller drying chamber which results in
much lower inital cost.

Soponronnarit and Prachayawarakorn (1994) reviewed some research and development works
on Nuidized bed drying of grain. Little progress was observed during the past few years especially
drying of paddy with fluidization technique. Soponrennant and Prachayawarakom (1994} also
conducted both expernmental and simufated work on fluidized bed paddy drying in batch. The results
showed that maximum drying air temperature had to be limited to 115 °C and final moisture content
of paddy at 24-25 % dry-basis if product quality in terms of head yield and whileness was
mamizined. To maximize drying capacity and mininuze energy consumption, air velocity of 4 4 m/s,
bed thickness of 9.5 em (corresponding to specific air flow rate of 0.1 kg/s-kg dry matter of
paddy) and fraction of air recycled of 80% should be employed. Specific energy consumption in
terms of primary energy which was equal to heat plus 2.6 times electricity was repored at
approximately 7.5 Mi/kg-water evaporated.

Soponronnarit et al. (in press a) described the development of 2 cross-flow fluidized bed paddy
dryer with a capacity of 200 kg/h. Expenmental results showed that final moisture content of paddy
should not be tower than 23% dry-basis if quality in terms of both whiteness and head yield was
maintained. Drying air temperature was 115 °C. Simulated results indicated that the approprate
operating parameters should be as follows: air speed of 2.3 m/s, bed thickness of 10 cm and fraction
of air recycled of 80%. At this condition, energy consumption was close to the minimum while
drying 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 dryer, Rice
Engineenng Supply Co. Lid., a private company based in Thaitand, showed his interest in the
collaboration of the development of a prototype with a capacity of approximately 1 ton per hour
{Soponronnant et al,, in press b). Figure 1 shows the prototype fuidized bed paddy dryer. It
compnses of a drying section, a 7.5 kW backward curved blade centrifugal fan, a diese! fuel oil
burner and a cyclone.  The bed length, width and height of the drying sectior are 1.7 m, 0.3 m and
1.2 m respectively. Experimental results showed that the unit operated efficiently and yielded high
product guality in terms of head yield and whiteness. In reducing the moisture content from 45% to
24% dry-basis using air temperature of 100-120 °C, fraction of air recycled 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 M/kg-water evaporated of which (.36 was primary energy from
electncity (electrical energy multiplied by 2.6) and 1.5 was primary energy in terms of heat.

According to the success of the prototype, commercial fluidized bed paddy dryers with capacity
of 5 tons/h and 10 tons/h are now available. More than 28 units have been sold since the beginning
of 1995 (as of November 1995), '

The objective of this paper is to describe the performance of commercial fluidized bed paddy
dryers. Paddy quality and energy consumption ase discussed.
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MATERIALS AND METHODS

Operation of fndized bed dryer

The fluidized bed dryer, as shown in Figures 1-2, is mainly composed of a drying chamber. a
backward curved blade centrifugal fan, z burner using diesel ol or fuel oil for heating air and a
cyclone Paddy i1s fed in and out by rotary feeders. Paddy bed depth is controlled by a weir In
operation, paddy fiows in perpendicular direction to the flowing inlet air of which temperature s
controlled by a thermostat. A small part of the exhaust air is delivered to atmosphere. The resi of
exhaust air flows through the cyclone. Then it is recycled, mixed together with ambient air at a
combustion chamber and reheated 10 a desired temperature. 1t is also possible 1o deliver 1he exhaust
air afier the cyclone Three models of commercial fliidized bed paddy dryer are available , 1.0-2 G
tons /h, 2.5-5.0 tons/h and 5-10 tons/h.

Methods of experiment

In this work, resulis were obtained from several sites where the fluidized bed dryers with
differemt capacity had already been installed. With a 1-2 ton/h capacity 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 initial moisture content of paddy’
varied from 27 % 10 45 % dry-basis. Dunng expenments, paddy samples coilected before and after
drying were determined for the moisture content znd mulling quality 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 diesel oil
consumed was recorded as well. In case of a 2.5-5 ton/h capacity fluidized bed dryer, inlet air
lemperature was 150 °C, air flow rate was 2.57 m'ss, corresponding to a superficial air velocity of
2.1 m/s. Initial moisture content of paddy was roughly 27 % dry-basis. Finaily, experiments were
made with a 5-10 ton/h capacity fluidized bed dryer using an air flow rate of 5.57 m/s,
corresponding to a superficial air velocity of 2.2 m/s, a range of inlet air temperature from 115 °C to
130 °C and initial moisture content of paddy varied from 22 % 10 30 % dry-basis.

In order to determine moisture content of paddy, samples were kept in a hot air oven at
temperature of 103 °C for 72 hours. Milling quality was investigated and compared with the
reference samples dried by ambient air. Head yield is defined as mass of head rice divided by mass of
paddy. For the whiteness of rice kernels, it was measured with 2 Kett meter, model C-300. Lower
value of reading means more yellow. The test method of paddy quality was made accordingly as the
guidelines of Rice Research Institute, Mimstry of Apriculture and Agricultural Co-Operatives,
Thaitand.

RESULTS AND DISCUSSICN

To analyse the performance of prototype and commercial units, data coltected from different
testing time at steady-state operation, as shown in table 1, were employed.

From table 1, total energy consumption including electrical and thermal energy could be divided
1o 3 levels. Firstly, when paddy was doed from 4446 % dry-basis 1o 24 % dry-basis using inlet air
temperature of 104-120 °C and air recycled of 66 %, total energy consumption was approximately
1.64 MI/kg -water evaporated. Secondly, in case of reducing moisture content from 26-30 % dry-
basis to 21-23 % dry-basis using inlet air temperature of 120-150 °C and air recycied of 53-69 %,
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Figure 1 Fluidized bed paddy dryer.
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Figure 2. Diagram of fluidized bed paddy dryer:
1-9 temperature measurement, 10-11 air flow measurement

total energy consumption varied from 2.5 to 4 MJ/kg-water evaporated. Finally, as paddy was dned from

22 % dry-basis to 20 % dry-basis by using inlet air temperature of 115 ®C and air recycled of 69 %, total
energy consumplicn was approxamately 8.6 MI/kg-water evaporated.

As menuoned above, it reveals that the apphcation of fluidized bed technology for grain drying at high
moisture level 1s of great advantages. However, at low moisture jevel, normally lower than 24 % dry-basis,
this technique 15 not very efficient. This can be simpty explained that at low moisture level, moisture
movement i1s hmited mostly by meismre diffusion in grain kernels. Thus, better heat and mass transfer
between prain and air obtained by fluidization techmque can not play much role.

Paddy quality in terms of head yield and whiteness is shown in table |. It 1s quite accepiable compared to
paddy dried by ambient air. Though drying air temperature is very hugh, the quabty 1s sull maintained. This
ts due 10 very short residence ume for it takes only a few minutes.

This swudy confirrns the works reported by Soponronnant and Prachayawarakorn (1994) and
Sutherland and Ghaly (1990).

As of November 1995, more than 28 units of fluidized bed paddy dryer have been sold. The success of
commercializaton 15 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 fnally 3) Very close
collaboration berween our research team and a private manufacturer of drying equipment.

CONCLUSION

Field wniat of the prototype lludized bed paddy dryer with a capacity of G 82 ton/h during the wet
harvesting season in 1994 for totally 1,497 hours indicated that the unit was easy (o use, efficiently
performed in terms of very fast drying rate and low energy consumpuon and gave uniform product



mosture content, compared 10 the two existing ¢ross-llow column dryers mnsialled at the same sie, as
reported by the owner of the paddy merchant site though there was no comparative performance figi ¢s

The expenimental resulis indicaie that the prototvpe and commeraial unus operate efhicienily and
mmmensely reduce the mosture content of paddy especially at ligh moisture level. In reducing the maisture
content tfrom 44-46 %o dn-basis 10 24 % dry-basis using inlet air temperatre ol 104-1200C and an
recycled ol 66 %, towl cnergy consumpiion s+ 64 Mlkg-water evaporated When paddy is dued (rom
26-30 % dry-basis 1o 21-23 % dry-basis using inlet air temperature of 120-150°C and arr recycled ol 33-09
2%. It requires tolal eneray consumption of 2.5 - 4 Mi/kg-waler evaporated. But at the condibon ol paddy
dried from 22 % dry-basis 10 20 % dry-basis by using tnlet air temperature of 115 ¢C and air recycled of 69
%, total energy consumplion increases sharply 10 8.6 Ml/kg-water evaporaied. At the above condinons,
the paddy quality after drying in terms ol head yield and whiteness is marntained.

Since the beginning of 1995, more than 2§ units with capacity of 5 1ons/h and 10 10ns/h have been
comvercialized i Thaland {as of November 1993),
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ABSTRACT

The aim of this research is to study the feasibility of in-store corn drying. Both
economics and acceptable comn quality 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 GSetilement Agricultural
Cooperatives. Ambient air flow rate of 5.44 m*/min-m’ of com was ventilated through
a 30 t capacity corn bulk of which initial moisture content was 19 % wet-basis. The
experimental results showed that aflatoxin B-1 production during the experiment was "
completely inhibited as compared to that at the beginning of corn drying even if the
number of corn kemels infected with Aspergillus flavus increased. In decreasing
moisture content of com from 19 % wet-basis to 12.5 % wet-basis, electricity
consumption was 15 kW-h/t of corn (US$ 0.9/t of con).

INTRODUCTION

At the present , nearly all most of com produced has been used in feed mill
industry and also still played an important role for Thai people for many years. From a
research report (Kositcharoenkut 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 Aspergilius flavus producing aflatoxin substance. Aspergillus flavus’s growth
rate increases rapidly if corn is stored in unsuitable condition under hot and hurid
climates. Aflatoxin is very toxic to human health and animals. Therefore, a quantity of
aflatoxin contamination in food for animals is not allowed more than 20 pg/kg (USA).
Aflatoxin contamination is often detected in freshly-harvested corn during raimy
season. This is because moisture reduction in com by sun drying on a concrete pad is
not available. However, this problem can be solved by using mechanical drying or in-
store drying technique.

Morey et al. (1978) studied the energy consumed for corn drying in a bin with
a'dimension of 5.5 m diameter and 4.5 m high. The experimental results showed that
in reducing moisture content of corn 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 dried to 15 % wet-basis using ambient air, the energy consumed was
minimized.

Shove (1984) studied the energy consumption for corn drying with low drying
air temperature. It was found that energy consumption was 6 kW-h/t-percentage of
water evaporated in reducing moisture content of com from 22 % wet-basis to 15 %
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using a 2 - 4.5 m*/min-t of com air flow rate, However, when ambient air was heated
in a few degrees, energy consumption increased to be 12 kW-h/t-percentage of water
evaporated using 2 0.8 - 2.2 m*/min- t of corn air flow rate.

Eckhoff et at. (1984} investigated the inhibition of microorganism growth rate
using gas mixture, sulfur dioxide mixed ambient air. Mixed gas was flowed through
the corn bulk, which was stored in a bin with 5 t capacity. Initial moisture content of
comn was 28 % wet-basis. From the experimental results, it was found that when
mixed gas was fiowed from the top of the bin to the bottom of the bin, the number of
microorganisms 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 corn fumigated with sulfur
dioxide gas before loading into the bin, a large extent of microorganisms distributed
throughout the bin. Moreover, percentage of stress-cracked com using sulfur dioxide
gas was jower than that using hot air temperature.

El-Gazzar and Marth (1988) carried out the effect of hydrogen peroxide
concentration on the aflatoxin production and the growth rate of Aspergillus
parasiticus. 10 Aspergillus 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 Aspergillus flavis 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 COy/t of com. It was found that 0.5 kg CO, /t of comn rate of carbon
dioxide fumigation 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 corn bulk increased.

Wongurai et al.(1992) conducted experiments to study the effect of water
activity on Aspergillus flavus growth in com. It could be concluded that Aspergillus
Sflavus 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 inhibited
completely. _

Prachayawarakorn et al. (1995) studied the prevention of aflatoxin production
in in-store comn drying. The experimental results showed that high moisture content of
corn should be dried to 18 - 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 com from 19 % wet-basis to 12 -13 % wet-basis using a
3.6 - 4.6 m*/min-m’ of corn ambient air flow rate, energy consumption was 10-1}
kW-Wt of corn (US$ 0.6 - 0.7 /t of com).

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 comn drying system 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 comn 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 steel 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 steei sheets with 1.5 mumn diameter
holes, is 1.20 m long and 55 cm diameter. A backward curved blade centrifugal fan
was driven by a 3.7 kW motor.

Experiment

Ambient air flow rate of 5.44 m’/min-m’ of com at 35 °C temperature and
55 % retative hunndity 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 com 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 com during experiment, com samples were collected at the
depths of 0 m, 0.30 m, 0.75 m and 1.20 m from the surface. However, for testing corn
quality, comn samples taken from 0.75 m and 1.20 m depths from surface were
detected the quantities of aflatoxin B-1 by thin iayer chromatography method and also
determined the number of corn infected with Aspergillus flovus.

To determine the moisture content of comn, corn 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 , corn samples of which moisture content was higher than
14 % wet-basis must be dried to 14 % wet-basis and then stored in a temperature -
controlted room in which temperature was lower than 10 °C.

RESULTS AND DISCUSSION
Temperature

Temperature in corn bulk is a significant factor which affects on corn quality :
due to great temperature gradient in com bulk, the natural air recirculation will occur
and consequently water vapor in air will condense while air flows against com of
which temperature is rather Jow. Therefore, microorganism growth increases rapidly
in areas of high moisture level. Figure 2 shows the evolution of ambient air
temperature and temperature in com bulk. It was found that temperature in corn bulk
was lower 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, 8 hours each day,
moisture content of corn reduced from 19 % wet-basis to 12.5 % wet-basis. Figure 3
shows that moisture content of corn 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 % wel-basis using a
5.44 m*/min-m® of com ambient air flow rate, energy consumption in terms of
electricity was 15 kW-h/t of corn (US$ 0.9 /t of corn).

Corn Quality

Figure 4 shows the evolution of aflatoxin B-1 and average moisture content of
com during com 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 each corn keme! must be taken to detect aflatoxin B-1 in order to make
sure in quantities of aflatoxin B-1 produced. However, it is impossible in practice.
Therefore, the average quantities of aflatoxin B-1 were substituted for the quantities of
aftatoxin B-1 throughout the corn 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
whiie the number of corn kemels infected with Aspergillus flavus increased as shown
in Figure 5. It might be explained that Aspergilius flavus growth did not affect on
aflatoxin B-1 production.

CONCLUSIONS

The experimentat results could be concluded as follows :

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

2. When com was dried from 19 % wet-basis to 12.5 % wet-basis using
5.44 m*min-m’ of com, electricity consumption was 15 kKW-W/t of corn (US$ 0.9 /t of
com).
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ABSTRACT: STRATEGY FOR MANAGING MOIST PADDY*

Somchart Soponronnarit

Associate Member of the Royal Instilute, Prolessor, School of Energy and Materials,

King Mongkut's Instituie of Technology Thonburi, Bangkok.

*Paper presented at the Royal Institute, Bangkok, June 21, 1935.

This paper describes damage of moist paddy after harvesiing, affecting
factors and systematic approach for solving the problem. The sclutions include
aeration of ambient air through moist paddy bulk during the waiting period for drying,
two-stage drying, i.e..fast drying in the first stage, followed by slow drying in the second
stage and intermittent aeration of ambient air through the paddy bulk if it is necessary

to store the paddy over several months.
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DELAY OF DETERIORATION OF WET PADDY BY VENTILATION
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ABSTRACT

The objective of this research was to study the delay of detenoration of
wel paddy by ventilation with cool air (15+80C) and ambient air (304_-8°C),
continuous and intermittent basis. Initial moisture content of paddy was 21.0, 222
and 26.0% wet-basis. Air flow rate was 0.35 1113/111in-m3 of paddy. Paddy c-ould be
cooled down to 20 C and to near ambient air temperature within one day by coel air
and ambient air ventilation respectively. The quality of paddy could be maintained
at acceptable level more than one month, either cool air ventilation or ambient air
ventilation. Quality of paddy in terms of whiteness was better for paddy ventilated

with cool air.
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25

= E
20 -
_."? -
E -
= 4
2 . - ~r———=
§15'— \—u
= ..
3 4
9 .
2 ]
gl
B0
= 4

|

3 - - !
Q 5 i0 i35 20 25 30 35
Time{days)
(a)
o
25
IC3 E
“ 20—
= N .
o
[ 1 —
*
g
E 15
[=
)
L5}
1}
E
.g 10
= 4
5 - : .
g 5 10 15 20 25 30 35
Time{days)
~=level = Q0 om —level = 17 ecm *jevel = 34 cm *level = 51 cm ~— Average

Figure 7 Moisture content at different levels in paddy bed _
{initial moisture 21.0% w.b.,flow rate 0.35 m¥min-m > ot paddy)

a. ventilated by cool 2ir (9.00 am. to 17.00 pm.)
b. ventilated by ambient air {9.00 am. to 17.00 pm.)



45
a -
)
£ 4
@
<
=
=
=
3
-4
%
@
£ 4
=
T 4
g -
Q B 10 45 20 25 30 35 40 45 50 53 &0
Time{days)
(@)
45

B
(=]

%)
hH

Whiteness { Ketl Whileness mater)

30 T - T ; T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Time (days)

(b)

“~Level = 0 em ——Level = 17 em > Level = 34 cm ©Level = 51 cm — Average

Figure 8 Whiteness at different jevels in paddy bed
{initiat moisture 22.2% w.b, fiow rate 0.35 msfmin-msof paddy)

a. ventilated continuously by cool air
b. ventilated continuously by ambient air



45
= 4
E - ——
. i
] F) a3 %—7{
Fd i
§4O =1
£ ]
=]
= ]
X35
4 4
2 3
2 1
i —
g30 1

25 -

o =3 10 15 20 25 30 35 40 435 50
Timel(days)
(a)
50

In
n

(2
Ui

[
(]

s
=]
PR O T ETEE SR ST BT S A R

Whiteness { Kelt Whileness meler )

25 - :
0 5 10 15 20 23 30 a5 40 a5 50
Timea(days)
= Level = 0 em —Level = 17 cm % Level = 34 om © Level = 5} cm = Average

Figure & Whiteness at different levels in paddy bed .
{(initial moisture 26.0% w.b, flow rate 0.35 m‘?’;’min-msof paddady)
a. ventilated continuously by cool air ‘
b. ventilated continuously by ambient air



&0
5
.g 50 —-
o
2 %
c - -l
X ]
= ] = ——
= 40 -
= i
e E
E’ i
L)
@ ]
230 -
=
£ ]
20 ; — ; ; f
e} 5 10 15 20 25 30 35
Time(days)
(a)
o
60

S]]
O

Whiteness{Ket! Whileness meter}
b
o
| 1 1. i l Nl 1 1 Nl

W
O
TSI

20— — — . .
0 5 10 13 20 25 30 35
Time(days)
—~level = 0 cm ~—level = 17 cm ¢ level = 34 em Tlevel = 51 cms — Average

Figure 10 Whiteness at different levels in paddy bed
{initial moeisture 21.0% w.b. flow rate 0.35 me?min—maof apddy)
a. ventitated by cool air (9.00 am. to 17.00 pm.) ’
b. ventilated by ambient air (9.00 am. te 17.00 pm.)



70

4]
o

0]
=}

Head yield({%)

o
o

P I T T Y

O

o

Q s 10 153 20 25 30 35 40 45 5O 53 80
Time{days)

-
L]

4]
n

e
o

Head yield(%)

[¢]]
(@]

' A AT BN, TS BT R

O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Time{days)

(b)

- Leval = 0 cm —tevel = 17 cm ¥ Level = 34 cm ® Level = 51 cm == Average
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ABSTRACT

The aim of this paper is to investigate the field trial of in-store paddy drying and storage.
Both paddy quality and economics were taken into consideration. Ambient air flow rate of
0.57 m*min-m’ of paddy was blown through the paddy bulk with 105 ton capacity The
experimental results revealed that moisture reduction at deeper depth from surface was
faster than that at lower depth from surface. Moisture content of paddy was reduced from
17 % wet-basis to 11.6 % wet-basis within 9 weeks and then paddy bulk was continually
stored within 19 weeks. Paddy qualities in terms of whiteness and head yield weré still
maintained as compared to reference sample. Electricity consumption during drying stage
was 14 kW-h/ton of paddy (USS 0.84 /ton of paddy). For storage, electricity consumption
for ventilation, 2 h each time in a week, was 1.31 kW-h /ton of paddy {USS$ 0.08/ton of
paddy). The economics analysis by present worth method showed that in the case of in-
store drying with only additional investment in air ducts, break even points were 1.5 vears
and 1.6 vears for discount rates of 10 % and 15 % respectively (for once a year of paddy
drying}. However, for twice a year of paddy drying, the break even points reduced to be 0.6
year and 0.7 vear at discount rates as mentioned before. Moreover, both income and project
life were sensitive to net present worth. From comparison between the investment cost of
in-store paddy drying and that of sun drying on a concrete pad during term of 20 vear
project life, it was found that break even point for the in-store paddy drying was 6 and 7.5
years for discount rates of 10 % and 15% respectively but there were no break even points
for the sun drying. Income, cost and discount rate for in-store paddy drying were very
sensitive to net present worth while only cost in sun drying was significant to net present
worth,

Key words: paddy drying, storage, quality, economics
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Figure 2 Positions of temperature sensors and electric fan in a warehouse
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Figure 16 Break even point analysed by present worth method using
discount rate of 10 %.
[In-store drying including the investment of a warehoude,
air ducts]
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Figure 17 Break even point analysed by present worth method using
discount rate 15 %.
[In-store drying including the investment of a warehouse,
air ducts ]
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EVALUATION IN PRODUCT QUALITY AND POTENTIAL
OF IN-STORE CORN DRYING
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ABSTRACT

The objectives of this research are to study the feasibility of in-store com
drying by considering comn quality and economics. An ambient air flow rate of 5.44
m’/min-m° of corn was flowed through the corn bulk with 30 t capacity at the
average condition of 35 °C air temperature and 55 % relative humidity. The
experimental results showed that the percentage of com kemels infected Wwith
Aspergillus flavus was slightly increased as compared to reference samples while the
amounts of aflatoxin B-1 produce were neatly the same as those in initial period.
When moisture content of comn decreased from 19 % wet-basis to 12.5 % wet-basis,
drying time was approximately 20 days and electricity consumption was 15 kW-h/t
of corn (US$ 0.9 /t of comn). The economics analysis showed that there were no any
break even points in two case studies, in-store drying and sun drying for comn. From
sensitivity method, it showed that cost of project was very sensitive {0 net present

worth.

Key words: corn drying, quality, economics
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Figure 1 Pian of ducts on floor showing positions of iemperature and pressure sensors.

0 = flexible duct

1,2,3,4,5,6 = main ducts, []40 cm x 40 cm
7,8.9,10,11,12,13,14,15 = pariorated branching ducts, £ 55 em
T = temperature

P = pressure



Positions of lemperature sensors Com Duct — Fan
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(b) Side view

1,2,3,4,5,6 = Positions of temperature sensors in corn bulk

7,8 = Positions of dry bulb and wet bulb temperature sensors

Figure 2 Posiiions of 1lemperature sensors and electrical fan in a warehouse.
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1,2,3,4,5,6 = Positions of sample collection in corn bulk for testing qaulity.
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Figure 3 Positions of sample collection in a warehouse.



Average moisture content(%wh)
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