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FLUIDIZED BED PADDY DRYING USING SUPERHEATED STEAM
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ABSTRACT

Fluidized bed drying using superheated steam was used to reduce the moisture content of the
product from 435 % dry basis to 16-28 % dry basis. The conditions conducted in this experiment were the
initial moisture contents of paddy of 25-43 % dry basis, bed heights of 10, 12.5 and 15 c¢m, and the
temperatures of 150 and 170°C a with constant pressure of 106.1 kPa. The effect of inlet superheated
steam temperature on the removal of moisture was much more significant than that of bed height. It was
possible to reduce the high moisture content of the paddy down to 18 % dry basis with capable of
maintaining the quality of the paddy in terms of head rice yield. Comparing to previous works on
fluidized bed drying using hot air, the paddy dried with superheated steam has approximately 30 %
higher quality of head yield. It was also found that the initial moisture content had a significant effect

on the white belly of rice product.

Key Words and Phrases: Grain; Head rice; Quality; White belly.

INTRODUCTION

Paddy is an important food crop in the world. This cereal is processed into several products. in
addition to a staple food. Before having passed through processes, freshly-harvested paddy needs to be

dried in order to avoid the quality deterioration by microorganisms and respiration effect.

A drying method which is utilized effectively for essentially high moisture grains, for example.
paddy, parboiled rice. soybean and maize, is a fluidisation technigue, by which air and solid particles are
rigorously mixed. It has been suggested that high moisture paddy should be dried quickly to approximate
23% dry basis {(d.b.) and then subjected to ambient air drying in a storage bin until its moisture content is
down to 16% d.b. (Soponronnarit and Prachayawarakorn, 1994). Sutherland and Ghaly (1990) pioneered
in the intensive investigation on the feasibility of using hot-air fluidised-bed drying technique for paddy.
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Their experiments showed that the head rice yicld related with the final moisture content: the head rice
yield was 58-61% when paddy was dried from 28.2 10 20.5% d.b. but was 15-24% for the final moisture
content lower than 20 % d.b. For the transport of moisture in duration of drying by such approach,
Tumambing and Driscell (1991) found that the drying rate of paddy was mainly conirolled by internal
diffusion,

Drying medium which is used for carrying the evaporated water and fluidising solid particles is hot

air and superheated steam. The superheated-steam drying offers important advantages over hot air drving:

1) the energy supplied to the dryer can be saved economically by recycling the exhaust steam for the
system being operated in a closed loop. 11) the energy from the exhaust steam resuiting from the
evaporation of moisture inside the solids can be recovered and used in the other sections. 111} the
environmental potlution or the odour emission 10 atmosphere can be eliminated, 1V) oxidation in the
superheated steam drying can be prevented due to free oxygen atmosphere, thus improving the product

qualities in particular colour, texture and nutritive values (Padua and Juliano. 1974).

General characteristics of the drying process insignificantly change when superheated steam is
used instead of hot air. The major differences include: [) the steam condensation at the material surface
during the initial of drying period. 113 higher drying rate in superhecated steam at above inversion
temperature, ill) no gas film resistance around the solid surface, allowing the enhancement of mass

transfer rate.

The use of high steam temperature over i1s saturation point may cause a serious problem for
thermally sensitive food materials, such as browning reaction, discolouration and protein denature. In
some cases, however, it provides beneficially for changing the textural property. for exampie. shrimp
drying with superheated steam presented a lower degree of shrinkage than that using hot air

{Prachayawarakorn et al., 2002).

The purposes of this paper are 1o investigate the drying characteristics of paddy in superheated-

steam fluidised-bed dryer and to determine the qualities in terms of head rice yield, whiteness and white

belly.
MATERIALS AND METHODS

A batch superheated-sicam fluidised-bed dryer is schematically illustrated in Figure 1. [t was
consisted of five main components: a cylindrical chamber with an inner diameter of 15 cm and a height
of 100 cm, a 13.5 kW elecirical heater for converuing saturated-steam 1o superheated-steam, a backward-
curved blade centrifugal fan driven by a 2.2 kW moior, a reverse flow cyclone and a small boiler with a
31 kg/h capacity of generating steam. Superheated-stcam temperature was controlled by a PID controller
with an accuracy of = 19C. Before using steam for drying. hot air was used for warming up the system
until the temperature in evcry part reached the desired level Then. the steum was replaced accordingly.
The steamn generator was generated the saturated-sieam at 106 kPa (absolute pressure) with the
corresponding temperature of 100°C. When the saturated stcam was {lowed through the electrical heater.

the additional heat was supplied to raise the steam temperature up to the desired level. It was
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subsequently flowed through the fluidised-bed dryer. After that, the small dust particles and the
immature grains being suspended in the exhaust steam were collected at the cyclone. Finally, all quantity

of cleaned exhaust steam was reused again.

In preparing the moisture content, the paddy was rewetted to a desired moisture content and then
kept in a cool room at the temperature of 3-3°C for 5-7 days to ensure uniform moisture content
throughout the kernels. The experimental conditions were set up as follows: initial moisture contents of
25-45% d.b.. bed depths of 10-15 cm, superheated steam temperatures of 150-170°C. a fixed superficial
velocity of 3.1 m/s. Temperatures at different positions were measured by Chromel-Alumel
thermocouples (Type K) connected to a data logger with an accuracy of + 1°C. After drying. paddy
kernels were slowly cooled down to ambient temperature and kept in a polypropylene bag. Then. they
were gently ventilated with an ambient airflow rate until their moisture content was reached 16 % d.b. .
Finally, a 300 g sample was kept in a seal plastic bag for 2 weeks before testing head rice yield.

whiteness and white belly.

The moisture content of paddy was determined by an electrical air oven at a temperature 103°C for
72 h. Paddy qualities in terms of head rice yield and whiteness were determined quantitatively and
compared to the reference sample (paddy dried by the ambient air). The methods were followed by the
guideline of the Ministry of Agriculture and Cooperatives, Thailand. Head rice is defined as milled rice
having kernel length at least three-fourths of its original length. The head rice yield was defined as the
mass of white rice that remains as head rice after complete milling divided by the mass of paddy sample.

From the experiments, the head rice yield of fresh paddy samples obiained for each time had a
relative difference and it might thus be difficult to compare the paddy quality obtained from different
drying conditions. To make a clear comparison, the head rice quality was therefore represented as a
relative head rice yield. The relative head rice yield is defined as the ratio of head rice obrained from
artificial drying to that from the natural air drying.

[n addition to the head rice yield. the other two qualities of paddy. transiucence, which was
directly measured by whiteness. and white belly were also examined. Characteristic of opaque white spot
occurred at paddy kernel may be widely divided into the white belly and the chalky grain. The white
belly arises from the incompletely or partially gelatinised paddy, but the chalky grain has its own
characteristic depending upon the genotype of paddy. so there still exists in the grain in spite of the
complete gelatinisation. The white rice samples were measured the colour by using a Kett digital
whiteness meter (Model C-300). Before measuring the colour of sample. the whiteness meter must be
calibrated with 2 white coloured reference, presenting a standard value of 86.3. Throughout this work,
the colour of sample was represented in terms of the relative whiteness which was defined as the

whiteness of the sample from the artificial drying divided by that from the natural drying.
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Figure 1 A schematic diagram of superheated-steam fluidized bed dryer: 1} fluidized
bed dryer, 2) heater, 3)fan, 4) cyclene, 5) boiler and 6) bypass line

RESULTS AND DISCUSSION

DRYING BEHAVIOUR
Figure 2 shows the behaviour of paddy kernels dried in the superheated steam at different

temperatures and bed heights. In the first half a minute, the paddy kernels adserb a small amount of the
condensed water and thus, their temperature rapidly increases to the saturation point corresponding to
100°C. As can be seen in this figure, the samples can gain evenly the warter content although the
operating parameters such as temperature and bed depth arg changed. Such results are dissimilar to the
work reported by Tang and Cenkowski (2000), who studied the potato drying in a batch tray dryer using
supefheated steam. In their work, the initial gain in moisture content varied with the temperature; the
samples could gain more moisture content with lower steam temperature. A possible reason for this
contradiction can be explained that using high steam velocity in the present work (> 3 m/s for the
fluidised bed) leads 10 the combination of high heat and mass transfer rates accordingly. Thus, the large
amount of condensed water existing between kernels evaporates rapidly, instead of diffusing it into the
grains. From Figure 2, the initial gains in moisture content for samples at different conditions are

approximately 0.02 d.b.
. 1221



As seen in figure 2, the total drying time for obtaining the given moisture content decreases with
the increase in steam temperature, as expected. This is in consistence with the fundamental drying
theary. which explains that higher heat flux is transferred to the bed of paddy with higher temperature.
Besides the effect of temperature, the bed depth or, in the other words, the total surface area of grains
in the bed is another factor that reflects the amount of water evaporation rate from the grains; thicker
grain bed depths provide the relatively lower moisture reduction rates for a single gain, thereby
allowing the longer drying time. This is because the heat supply is rather small, along with the poorer
heat convection. As previously shown in Figure 2. it clearly demonstrated that the temperature was
relatively more prevalent contribution, comparing to the bed depth effect.

Figure 3 represents the comparative drying characterisiics of paddy in superheated-steam and hot

"air. After passing through the condensation stage, the meisture content reduces exponentially with drying
time. indicating that the main resistance to moisture movement is in the interior. In this moisture

reduction step. the drying curve is very similar to that found in the hot air drying. but the total drying

time for steam is relatively shorter in spite of the existence of condensation period. The faster moisture

reduction is due to the higher heat transfer rate in the superheated-steam at this temperature.

50
45
40
35
30 -
2
20
15 -
10 -

0 1 2 3 4

Moisture content {% d.b.)

i

Drying time (minuie)

Figure 2 Evolution of moisture content of paddy at different bed heights and inlet
superheated steam temperatures
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Figure 3 Comparison of drying rates of paddy dried under superheated steam and hot air

drying {Temperature = 150°C . Bed height = 10 ¢m and velecity = 3. 1m/s)
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HEAD RICE YIELD

The behaviour of the hcad rice change in the superheated-steam fluidised bed dryer at different
drying corditions is shown in Figure 4. The reference head rice yields of samples vary in a narrow range
between 39 and 42%. indicating the uniformity of paddy quality obtained from the fields and the sound
quality according to these values. When the paddy was subjected 1o be dried with steam. the results are
clearly evident that the head rice yield from the samples can be maintained or even better than that from
the reference samples, with the values being in a wide range of 100 and 180% depending upon the final
moisture content. At rthe final moisture content above 18% d b.. the relative head rice yield is rather
constant. showing the values between 160 and 180%. After that, the head rice yield rapidly decreases.
The higher head rice yield when compared 10 the reference one is due 10 the effect of partial

gelatinisation occurring in the paddy grain. To confirm our explanation. we quantitatively determined the
white belly

200 T——
~ 180 1 Superheated steain 7] |
= 0
= &l
=2 f
g 140 =
o 120 B S
T 00 T
8 80
£
g 60 :
ER e /
o
o 20 1 - ‘ Hot ar, Taweerttanapanish ef af 1999
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10 15 20 15 30 35 40

Firal mosnre corkent (% d.b.)

==&— |nial mosture content 36.2% d.b.. 150 C. Ref. head nce vield = 39.5%
—&— Inital motsture content 36.2% d.b.. 170 C. Ref. head rxe vield = 39.5%
—— Initm] motsnwe content 39.7% db. 150 C. Rel head nce vield = 41.4%
—— |nita} mosture content 39, 7% d b.. 170 C. Ref. head rice yield = 42.4%,
- ®— Inita] mosture coment 44.3% db.. 130 C, Ref. head nce yield = 38 6%

= Inmal moisture conient 36.4% db. 150 C. Ref head rice yeld = 39.6%

£— Infml mosture content 49.4% db., 150 C. Refl. head nce vield = 39.3%,
—&— inital mokure conanl 4.4% db 170 C. Ref head rce yield = 39 3%

Figure 4 Relationship between relative head rice yield and final maisture

contentduring drving in hot air and superheated steam

occurred. as will be shown in Figure 5. In gelatinisation steps. when high moist paddy is heated up and
grain temperature reaches the temperature being between 635 and 70°C, its starch cell will swell and loss
birefringent property. Thtis causes the protein decomposition and then it will penetrate into the void
spaces amongst the starch granules, resulting in reduction of fissures within the grain kernels
(Ranghavendra Rao and Juliano, 1970). Consequently, the paddy dried by superheated steam becomes
rigid and tough. and can resist to milling. as a result. That :s the reason why the head rice yield of paddy

dried in the steam is higher than that of refeience.



A

However, the drop of head rice after 18% d.b. may be caused by the prevalent contribution of the
tension near the surface and the compression at the centre of kernel, leading to fissure development
although some extents of fractures and void space on the grain surface disappeared at the early drying

period due to swelling of starch granules. ..

Comparing to the Taweerattanapanish’s work (1999) which was performed with hot air dying. the
head rice for samples dried by superheated steam is significantly higher in amount and predominantly
more stable in a wider range of final moisture contents. This is because the transfer of heat is very rapid
through the steam condensation and then the condition for taking place the gelatinisation is more full fill.
However, the completed gelatinisation requires the sufficient amounts of gelatinisation time, water and
heat. From the observation, we found that the paddy was not completely gelatinised, according to the

detection of white belly.

For the hot air drying. evaporation of water around the grain surface occurs at the wet-bulb
temperature and the moisture removal 15 very fast at initial drying period without condensation. as
previously shown in Figure 3, so that the drying goes on with yielding the lower degree of gelatinisation
as compared to superheated steam one. The resulting head rice yield becomes lower. As dictated in
Figure 4, the level of head rice for hot air samples at 150 and 170°C increases, unlikely 10 superheated
steamn ones, when the moisture content is laid down from 44 to 25% d.b.. with the highest value of 140%
at 23% d.b.
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Fmal meisture content (% d.b.)
—e— [nitial moisture content 36.2% d b.. 150 C
—&— Initial moisture content 36.2% d.b., (70 C
—a— Initial maisture content 39.7% d.b.. 150 C
—&— Initial moisture content 3. 7% d.b., [70 C
—+— initail moisture content 41.4% d.b.. 150 C
Initial mo1sture content 41.4% d.b., 170 C

Figure 3 Relauonship between percentage rice white belly and final marsture

content of paddy at different initial motsture content and temperature



RICE WHITENESS

The change of the colour of samples from the steam temperatures of 150 and 170°C and the initial
moisture contents of 36 and 44% d.b. is exhibited in Figure 6. The relative rice whiteness curves at the
first 3 minutes of total drying times steeply changes from the original relative value of 100% and
afterwards they appears to be slight aliernations with the final moisture contents. Such a colour change
characteristic for the steam drying takes a more serious effect as compared 10 the hot air
drying{Taweerattanapanish et al., 1999) as depicted in Figure 6, showing the noticeably lower value of
the relative rice whiteness for the steam. The main cause of the rapid change in the colour is partly due
to the steam condensation onto the paddy surface. The resulting bran covered around kernel is dissolved
and then absorbed by the endosperm. To approve our explanation. we checked the quantity of bran after
milling the brown rice. with a measurcd value of 5% which was lower than that from the reference

sample (10%).

The temperature used for drying is also an important factor influencing the degree of whiteness;
the higher temperature causes the lower value of whiteness. The illusiration of this effect can be seen in
the case of moisture content 36.2% d.b. and temperatures 150 and 170°C. showing a relative value of 55
a1 150°C and of 50 at 170°C for the final moisture content of 23-24% d.b.
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Figure 6 Relationship between relative rice whiteness and final moisture content

during drving in hot air and superheated steam

WHITE BELLY
White belly in rice kernel is an indication of gelatinization as previously explained. The individual

head rice kernel after milling was graded manuaily to check the white belly. Kernel obtained from drying



which has the opaque white area higher than 50% of its total area is selected tc be the white beily
category. The white bellies found in the experiments were frequently occurred at the central area of
kernel and the area near the endosperm. The percentage of white belly shown in Figure 6 was calculated
by the number of white belly kernels divided by the total number of head rice kernels. [t 1s evident that
the amount of white belly depends strongly on the initial moisture contents, but it is weakly dependent
on the steam temperature. The degree of white belly is significantly lower with higher initial moisture
contents. For example, the amount of white belly at 150°C is 10 for the initial moisture content of 36.3%
d.b. whilst it is lower than 5, 2% for the initial moisture content of 39.7, 41.4% d.b., respectively. The
lower quantity of white belly may imply the higher degree of gelatinisation. In commercial practice, the
white belly of less than 1.5% indicates the premium quality of parboiled rice, which means almost

completely gelatinized.
CONCLUSIONS

In the first half minute of drying paddy with superheated steam using fluidised bed approach. a
small amount of moisture content is slightly gained from the steam condensation onto the surface and the
gain in moisture content is rather independent to the steam temperature. The main moisture transport
inside a single paddy kernel is controlled by the internal diffusion.

In superheated steam drying, mere stable head rice yield in a wider range of final moisture content,
together with higher head rice yields, when compared to those from the hot air one. is accomplished
whilst rice whiteness apparently darkens. In addition to such qualities. the degree of white belly
decreases with increase in the initial moisture content, providing relatively higher head rice yield. To
maintain good head rice vield, it recommends that high moist paddy should not be dried to be lower than
18% d.b.
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ABSTRACT

The main objective of this work is to study the nice whiteness and paddy qualities of rice in terms of hardness,
stickiness, cohesiveness and germination of rice. The prediction results of meisture content and whiteness of rice are
compared to the experiment results using a near-equilibrium drying model. which is modified by including whiteness
kinetics of rice kernel. The long grain rice (Suphanburil high amylose indica variety), which consists of amylose
content of 27%. is used for all experiments. The experiments are set up at the average ambient 1emperature of
30+4°C, average relative humidity of 76:8% with a fixed bed depth of 1.0 m. Specific air fiow rate of 0.65 and 0.93
m’/min-m’ of paddy are forced continuously through the paddy bulk at an initial moisture content of [8.3% and
20.1% wet basis. respectively. The desired final moisture content of paddy is about 13.3+0.6% wet basis. The results
show that drying rate and the whiteness predictions are in good agreement to those from the experiments The in-store
drying using ambient air condition does not produce notable effect on the rice whiteness, head rice vield and the

percentage of paddy germination. However, the hardness, stickiness and cohesiveness of rice are significant different.

Keywords: Drying model, Grain, In-store drying, Rice quality

INTRODUCTION

Freshly harvested paddy may contain the water around 18 to 23% wet basis. The management of highly moist
paddy during the harvesting period is a serious problem because high humidity condition can encourage the excessive
mould growth and the high respiration rate from grain. Consequently, dry matter is lost and heat liberated from
respirat:on and biological activities may accelerate rice yellowing [Soponronnarit and Nathakaranakule. (1990)]. To
obtain high quantity of paddy and prevent all the above problems, moisture content should be reduced and gentle
drying is an essential technique for this purpose. The in-store paddy drying, which 15 well known as a fix-bed drying,
is the most comrmon method. This drying technique always yields a good quality of milled rice because of low drying
termperature and low specific air flow rate [Sopenronnarit, (1988); Soponronnarit and Chinsakolthanakorn, (1990)].
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To ensure a high head rice yield and a high germination rate of rice, the recommended drying temperature should not
exceed 43°C [Soporronnarit and Preechakul, (1990)]. Soponronnarit, (1987a and 1987b) suggested that drying time
for in-store paddy drying should not be longer than 12 and 21 days for the moisture content at 20% and 18% wel
basis respectively, 1o be not higher than 0.5%.

Quality index, which is used for considering quality of rice, is the head rice yield and the rice yellowing. Many
researchers have swudied on physical quality either in term of yeilowness or whiteness [Quitco, (1982): Gras and
Bason, (1989); Soporronnarit er al. (1998)]. Gras and Bason, (1989) reported that the loss in the nutritive value of

nice was occurred when the rice had an intense yellow.

Quitco, (1982) observed yellowing of milled rice and concluded that the accumulation of fungal metabolites
(Fusarium sp. Aspergillus flavous} might be expected to produce rypically the distinctly yellowed individual rice
kernel while the non-enzymic browning reaction might cause the overall change in hue. Some microorganisms, such
as Curvularia sp., Aspergillus terrcus and A.ochraceus, might be expected 10 produce the black rice kemels. Some
researchers [Gras and Bason, {1989): Soponronnarit er al. (1998)] studied on the influence of the water activity,
temperature and storage ammosphere on the yellowing of white rice kemnels. Gras er al. (1989) summarized thai the
water aclivity and temperature intensively affected the degree of yellowing rate and the rate was slightly affected by
the presence of axygen (0,) but not by the carbon dioxide {CO,). Soponronnarit er al. (1998) studied on the
yetlowing of rice kernel. In their work, initial moisture content of paddy was about 19.4% wet basis. The results
indicated that the yellowing kinetics were the zero order and the equation used for yellowing rate was in the range of

35°C to 65°C and water activity of 0.80 to 0.95%.

In the present work, the guality of paddy during drying under hot and hurmd weather is investigated. The
yellowing of rice, paste viscosity, hardness, suckiness and cohesiveness of rice (Texture analysis) are considered. A
mathematical model developed by Soponronnarit and Nathakaranakule, (1990) for predicting the moisture content

and the yellowness is also presented.

MATHEMATICAL DRYING MODEL

Mathematicai models for deep layer grain drying can be divided into 3 models as follows: nen-equilibrium
model [Brooker er ol (1974)], ncar-equilibrium model [Soponronnarit, (1988)] and logarithmic model [Hukill,
(1947)]. The near equilibrium model developed by Soponronnarit, (1988) was represented in this work. The main
equations of the medel are as follows:

ta) Energy balance equation for a thin layer
The sum of changes of the intemal energy within & control volume of a thin bed and the enthalpy of flowing

stream is equal 10 zero. The following cquation can thus be writien as

W +R = +(2502+ W+ T
caT0+(2502+cho) i preo can (250 Cva) ’Vf chw , {(n
Where ¢ = specific heat capacity, klkg-°C T = air temperature, °C
0,= grain temperarture, °C W = absojute humidity, kg H-O/kg dry air

R = ratio of dry grain mass 10 dry air mass, kg dry matter/kg dry air
With subscripts:
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a = dry air f = after drying
o = before drying pw = wet grain
v = waler vapor

(bj Mass balance equation for a thin laver
The assumption is that water vapor evaporated from the thin layer is equal 10 the change of water vapor in

flowing stream. The equation of mass balance can thus be written as
W =W, =M, -M)R (2)
Where M = grain moisture content. decimal dry basis

{c) Thinlaver drving equation
An empirical thin layer drying equation developed by Agrawal and Singh. (1977) was used. ft can be written

by.
MR M- My {—xt9) (3)
=| ————— | = exp{—xt’
M:n _MC\] p J
x =0.02058 —0.44565 RH,_ +0.1215T, )
y=0.13365+1.93653RH, —1.7743 1 RH? + 0.009468 T, (5)

Where RH, = relative humidity of air before drying, decimal
M., = nitial grain moisture content, decimal dry basis
M, = equilibrium moisture content, decimal dry basis

(d} Drv maiter toss(DML)
Seib er al. {1980) studied experimentally the dry matter loss of paddy and predicted its quantity in terms of
grain termperature and moisture content. The equation can be written in the following empirical form:

DML =1—-exp[TERM] (6)
[r which
L
TERM = a( 1000] exp[D(1.80-28) exp[(E(M, —0.14)] (N
Where DML= dry matier loss, decimal t = storage time, h
8= grain temperature, °C M, = grain moisture content, decimal dry basis

For long grain
a.c.d.e=0.001889.0.7101,0.0274 and 31.63, respecuively.
te) Yellowness of rice kernel
The yellowing rate of paddy depended on temperature and water activity and an empirical equation for

predicting the degree of yellowness was proposed by Soponronnarit er al. {1998) as given by

db _
di

259191 10712.78
and  Ink=7187-2532a, -2 = = =8

Where b = yellowness of rice, Hunter 5 unin l = ume, day

k (8)

(?)

k = constant value for the yellowing rate, Hunter & univday
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a, = water activity, decimai T =temperature. K
The relationship between the whiteness and yellowness can be expressed by

W=851-336h {10}
Where W = whiteness of rice
The average moisture content and the average whiteness throughout the bed height can be determined by

Equations (11} and (12) respectively.

- [* M(x)dx

Il [F wix)dx
a\ J'ill d)(

» J'ﬂ’ dx

(1)  And W (12)

Where M= average moisture content of paddy. % wet hasis

W =average whiteness of rice kernel, %

M(x) = moisture content of paddy. % wet basis
W(x) = whiteness of rice in each bed depth, %
x= bed depth. m
L =10tal bed depth. m

MATERIALS AND METHODS

MATERIALS
FIGURE | shows a deep bed dryer which was comprised of a drying bin (Point 1). an electric heating unit

(Point 2) and an ouslet air duct (Point 3). The experiments of deep bed paddy drying were conducted in an insulated
cylindrical bin having a diameter of 0.75 m and a height of 2.75 m. The bed depth of paddy was fixed at 1.0 m.
Ambient air was blown through a perforated steel sheet and then into the grain bed. Specific airflow rate was varied
by controlling the speed of forward curved blade centrifugal fan and butterfly valve. The air was flowed through the

paddv bed from the botiom to the top of paddy bed and the outles air was then delivered to the aunosphere.

! .Dryer
4. Blower

3.
QOutlet

Inlet air
duct

2. Heater

Figure | Schematic diagram of in-store drving system

METHODS
Dry paddy (Suphenburi 1. high amylose indica variery. moisture content of [2% wet basis) was rewctted by

spraying water and then mixed and kep1 in a cold siorage at the temperature of 4-8°C for 7 days. The desired initial
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moisture content for the experiments are 20.1% wet basis for 1™ experiment and 18.5% wet basis for the 2
experiment. The moisture content of paddy was determined by the standard air oven method at 103°C for 72 hours.
The paddy was dried continuously under drying ambient air condition with a volumetric flow rate of 0.93 and 0.65
m’/min-m’ of paddy for the experiment no.1 and the experiment no.2, respectively. During the experiments, inlet air,
moisture content, grain temperature, outlet air, head rice yield, and whiteness were recorded. The grain temperatures,
dry bulb and wet bulb temperatures were measured by K-type thermocouple, which were continuously monitored by
a Yogokawa data logger with an accuracy of £ 0.1°C. Air relative humidity was determined from dry and wet bulb
temperatures. Air velocity was measured by a hot wire anemometer. Product qualities of paddy in terms of head rice
yield, whiteness, yellowness, viscosity and texture properties and germination of paddy were determined and
compared to the contro! samples {The rewetted paddy was dried by ambient air ventilation in a thin layer dryer). The
viscosity properties of rice samples were deterrnined using an Rapid Visco Analyzer[RVA])(Newport Scientific Lid.)

and texture analysis was determined in terms of hardness, stickiness and cohesiveness of rice using Texture analyzer.

The methods were followed the guidelines of Rice Research Institute, Ministry of Agriculture and Agricultural
Cooperative, Thailand. The head rice yield was defined as the ratio of mass of head rice obtained from milling to
mass of paddy before milling. Relative head rice yield referred to the ratio of head yicld obtained from the above-
mentioned process to head rice yield obtained from the controlled samples. The vellowness of rice kemel was

calculated from the whiteness and presented in terms of Hunter 5 unit.
RESULTS AND DISCUSSION

MOISTURE PROFILE AND ENERGY CONSUMPTION
The results are divided into 2 parts. Firstly, the comparison between moisture content of paddy and simulation

results is presented. Lastly, the product qualities of rice will be discussed.

FIGURE 2 illustrated the evolution of temperature profile during drying periods in each bed height. FIGURE 2
showed that temperature profile ai bed height, where the paddy was dried, was close to the ambient air.
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Figure 2. The evolution of temperature profile duriag drying
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The paddy was dried from the initial moisture contents of 18.5% and 20.1% wet basis to 14+1% wet basis.

FIGURE 3 illustrates the moisture profile of both experimental results and prediction results. FIGURES 3(a) and 3{(c)
show the moisture content in each bed depth throughout drying time for the specific flow rate of 0.93 m*/min-m® of
paddy (The experiment no.1) and 0.65 m*/min-m’ of paddy (The experiment no.2), respeciively. The results show
that the predicted moisture content tends to be slightly different from the experiment value, particularty at higher bed

height which shows the moisture contemt prediction from the model higher than thar from the experiments.

FIGURES 3(b) and 3{d) intend to show the average moisture content prediction, which is included and excluded

respiration effect for the calcutation. The simulation with including the respiration effect shows the moisture content

predictions mare accurately than the excluded one. In addition, the respiration effect is more pronounced to moisture
reduction in particularly at low airflow rate as shown in FIGURE 3(d). comparing to FIGURE 3(b).
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Figure 3. Evolution of moisture content profile and average maoisture profile during drying
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Energy consumption reported in this work covers only the mechanical energy used for driving the fan and heat
loss at the motor was not included in the analysis. Comparison of specific energy consumption between prediction
and experiment is not significantly different. The energy consumption of both experiments were in range of 0.97-2.11
Ml/kg of water evaporated which is obtained from the prediction values while the energy consumption of 0.09-0.11
MJ/kg of water evaporated is obtained from the experiments. Due to grain respiration effect, energy liberation
corresponding to dry matter loss of 0.8-0.9% for both experiments, were about 0.8-2.0 MI/kg of water evaporated.
These amounts were used for evaporating the water. These mean the energy from respiration effect is the impartial

contribution to reduce the moisture content of grain.

PADDY QUALITY

In experiment no. 1, an average initial whiteness value of rice is 50.3 and the average final value of whiteness
was 48.8 after the paddy was dried for 936 hours. For experiment no.2, an average initial rice whiteness is 49.8 and
the average final value of rice whiteness was 49 for the bed depth of 0.05m.(bottom level) and 0.4 m.(middle level)
after drying for 912 hours. The results were illustrated in FIGURE 4.
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Figure 4. The evolution of whiteness of nice during drying period

These values were good agreement between prediction values and experimenial values while the paddy at high
bed depth of 1.0m (top) was infected by fungi so the rice samples get more yellowing and damage so that us
prediction becomes relatively lower is. The result showed that an experimentally determined rice whiteness values at
the higher levels was slightly higher than these at lower bed levels as shown in FIGURE 4(a) and 4(b). This was
because the drying rate at the lower bed height was higher than that at the higher bed height.

The average initial head nice yield of the experiments was about 50 and the value of relative head rice yield
after drying was between 0.92-0.98. For the experiments, the germination of paddy was in range of 92.5-94.5% and
93-95% for controj rice and after drying paddy, respectively. The results showed that they were insignificant different.
These results could be concluded that in-store drying by ambient air ventilation was not affected the head rice yield

and the gemmination.
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