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Experimental Study on In-bin Drying and Storage System
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Introduction

In the traditional paddy harvesting system
in Korea, there are in general two stages of
drying operation. The first stage of drying
operation is performed by use of natural solar
energy while the paddy is laid down on
ground, bound in small bundles and lined up
for shocking operation. The paddy grains
during this stage are dried down to the
moisture content of about 17%(w.b.). The
second stage of drying, which is done only
when a further drying is necessary for
marketing and storage, is carried out by
placing a thin layer of the threshed paddy
on straw-mats or on a paved ground.

There are many strong reasons why these
conventional drying practices should be imp-
roved. First of all, a large portion of grain
losses is incurred due to shattering when
relatively dried paddy through the process of
sun-drying is handled. This shattering loss
is a serious problem, especially for the most
HYV, and unavoidable in the conventional
drying system. Secondly, both the quantitative
and qualitative grain losses of the milled-rice
become greater due to degrading premilling
factors of paddy grains when the unthreshed



BEREALAREOE BS54 25 19804 128

paddy under the process of sun-drying is
rewetted because of frequent raining. Thirdly,
an adaptation of a modern technology of any
mechanical drying is 2 necessary step toward
improvement of not only drying operation
itself but also the traditional harvesting sys-
tem as a whole. For instance, the use of
combine to overcome the shortage of farm
labor, which is becoming one of the serious
problems in the Korean agriculture, may not
be possible without adaptation of an effective
mechanical grain-drying system.

In spite of such an importance, a limited
number of grain dryers is being used on
farms at present. Two types of mechanical
dryers are available commercially now in
Korea; a batch-type with 3. 3m? of floor area
and a continuous-flow type with the loading
1,700, and 3, 200kgs.
However, these mechanical dryers have not

capacities of 1, 200,

gained popularity by farmers at the present
stage, probably because of their high purchase
price and operating cost.

As an alternative method for solving the
immediate need for an improved drying ope-
ration, a possibility of using the in-bin grain
drying and storage system has been considered.
The reason is that natural air during the
harvesting period has a fairly good drying
potential, with the average daytime tempera-
ture and relative humidity, in October, of
about 20°C and 65%,
having these conditions is sufficient to dry
paddy down to about 14%, which is the
equilibrium moisture content at the condition.

respectively. The air

In addition, if the system is technically feas-
ible for use of farm-level drying, it would
have an additional advantage in view of its
extended use as an improved storage system.
The traditional
such as the straw-bag or bulk storage in a

storage system on farms,

small room-type warehouse, is one of the
major sources of grain loss.

The paper discussed here is one of the
papers in series to be published in connection
with the investigation of a new improved
method of farm-level paddy drying and storage
in Korea.

As a first part of the study, this paper is
concerned with the investigation of the tech-
nical feasjbility of the in-bin grain drying
and storage system for use on farms. The
specific objectives of the study are:

1. To find out the drying characteristics
of the paddy in the in-bin drying system by
use of natural air and of supplementary hea-
ted air supplied by a solar energy collector.

2, To find out the suitability of the above
system for use of grain storage as the envi-
ronmental

and operational conditions are

varied.

Experimental Equipment and
Procedure

1. Experimental Equipment

Two round steel bins both having the same
size with the diameter of 2, Om and the height
of 1.8m were constructed for experimental
use of the in-bin drying and storage system.
The bins were installed with a perforated
floor at the bottom and equipped with a 1/2
horsepower motor to operate the vane-axial
fan for aeration. A loading gate was provided
at the upper part of the bin and an unloading
gate at its lower position.

To measure the temperatures at specified
positions within the grain bins, a 24-point
thermocouple recording system was installed.
To evaluate the grain quality including the
moisture content, sampling holes having about
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5 cm diameter were provided in the radial
direction of the bin wall.
One of the bins installed was used for
natural air drying and the other for supple-
mentary heated air drying. The supplementary
heating system, as shown in Figure 1, is
composed of a flat-plate solar energy collector
and heat-storage. The area of the collector
plate, which was covered with polyethylene
film, was 27. 7m2 The collector was inclined
toward the south with the angle of 48° from
the horizontal plane. Black rocks with the
volume of 7.2m?® were used both as a heat
absorber and storage medium. The rocks
were piled over a perforated metal-duct with
the diameter of 45cm and length of 8m. A
centrifugal fan was installed between the
grain bin and the solar collector in order to
force the heated air through the grain mass.

The identical bin with the fan ard tempe-

rature monitoring system used for the drying-
experiment was also used for conducting the
storage experiment.

2. Experimental Procedure

Drying experiment: Drying experiments
with and without the supplementary heated
air were conducted with the paddy harvested
in the rice harvesting season of 1979. The
variety selected was MILYANG-23, which
was grown at a private farm located at nearby
the College of Agriculture, Seoul National
University. Information about the variety and
the conditions of grains at the time of loading
the bins are summarized in Table 1.

Grain bins were loaded with paddy in the -
depth of 1.1m, giving the total holding capa-
city of 2,500kgs. The fan installed in the bin
was operated continuously for the first week,

and thereafter intermittently from 9 : 00 am:

1) Grain bin

4) Qutside ladder
7) Perforated floor
10) Pitot-static tube
13) Fan & motor
16) Rock-pile

2) Ventilator
5) Grain surface
8) Anemometer
11) Manometer
14) Insulation wall
17) Plate covered with vinyle
sheet

Fig. 1.

3) Manbhole

6) Sampling hole
9) Outlet

12) Aeration duct
15) Tilted angle, 48°
18) Solar collector

Schematie diagram of solar-collector connected to the grain bin system.
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to 9 : 00 pm until the grain moisture of about
14% was attained. The air flow rate was
kept at 4m3/min per m3 of grain throughout
the testing period. Grain temperatures at
specified positions were continuously recorded
by the thermocouple system installed.

The grain sample for the measurement of

its moisture content was taken once a day at

Table 1.

all specified locations by use of sampling probes
and measured by use of the standard air-oven
method. Grain quality after the completion of
drying experiment was evaluated in terms of
laboratory milling test. Other information
related to the drying experiments is shown in
Table 1.

Conditions of drying experiments

Descriptions Natural-air drying Supplementary heated-air drying
Paddy variety MILY ANG-23 MILYANG-23
Transplant dates April 17 April 17
Harvest dates Sept. 29 Sept. 30
Initial properties:

Moisture content (w.b.) 20.2% 19.89%

Grain temperature 18°C 18°C

Bulk density 589kg/m? 572kg/m?

Foreign matter 1.13% 1.35%
Grain quantity 2,000kg 2,000kg
Grain depth 1.1m 1.1m
Test date Sept. 30-Oct. 13 Oct. 1-Oct. 12
Continuous fan

operation time 210 hrs 170 hrs

Storage experiment: Grain storage experi-
ment was conducted twice by use of the grain
bins used for natural air drying tests. The
first experiment was started on February 12,
1979 and terminated on August 2, 1979. The
grains loaded for the experiment was Suweon
-264 rice variety that produced in 1978, The
rough rice at the time of the experiment
initiation had the moisture content of 13.4%
(w.b.) and temperature of 5°C. The bin was
filled to a depth of 1.3m and held 2.2M/T
of grain. The airflow rate used for aeration
was 0. 36m3/min per m3 of grain. The aeration
was performed whenever the ambient air
temperature was about 5°C lower than the
grain temperature and when the relative
humidity of the ambient air was below 70

percent. Ambient air temperature and relative
humidity readings measured at the three-hour
basis were taken from nearby Suweon Weather
Station. Moisture content of the stored grains
was measured occasionally throughout the
experimental period. The milled-rice and head-
rice recoveries of the rough rice sample
taken after the completion of the experiment
was evaluated with the laboratory mill.

The second storage experiment was initiated
immediately after the drying, which was Mid-
October of 1979, and terminated on May 14,
1980, Since the storage experiment was con-
ducted by use of the finishing product of the
drying experiment, variety of the rough rice
stored, quality of the grains and the loading
conditions of the former were practically the
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same as those of the latter as shown in Table
1. In addition, experimental procedures used
in the second year were basically the same as

those in the first year.
Results and Discussion

Analysis of Solar Collector Efficinecy:
In the solar collector-heat storage system, the
rocks were heated during the daytime and
the heat stored in the rocks was transferred
to the drying air during the night. In general,
the maximum temperature of the air drawn
through the rocks occurred about 2 ;00 pm
and the minimum temperature about 7 : 00 am
as shown in Figure 2, The data points shown
in Figure 2 were obtained from temperature
measurements made on one day during the
drying experiment. Similar patterns of temp-
erature variation appeared throughout the
testing period. For the given system, the
temperature of the air passing through the
perforated duct was observed to increase about

olat-heated aic / \

- .
2 ©Arbienr Air

FOR S S S T S SN

i o 2%

Prec U dae o
Fg. 2. Temperature variations of ambient air
and solar-heated air on a typical day

(Cct. 4, 1979)

4°C on the average above the ambient air
temperature during the night and about 8°C
during the daytime.

The collector efficiency on a typical day
was calculated from the ratio of the energy
collected to the radiation available. The amo-
unt of energy collected by the system was
based on measurements of the quantity of air
and the temperature rise in the air. The for-
mula used for the calculation is:

Q=C.G-AT
where @==amount of energy collected, Kcal/hr
C=specific heat of air, 0.24 Kecal/kg°C
G=mass flow rate of air, kg/hr
AT =temperature rise,°C
The radiation availablz on thz tilted surface
was calculated as follows:

Q::A'IP
and Tp=I,-~7g (cos(3-§)

where Q,=:total solar cnergy rececived on tilted

surface, Kcal/day

A=collector surface arca, m?

Iy=solar energy reccived on tilted surface
per unit area, Kcal/m? day

I, =solar energy received on horizontal
surface per unit arca. Kcal/m* day

a=azimuth angle, degrees

B=altitude angle, degrees

¢=tilted angle of collector surface, degrees

With @, calculated, the radiation available
on the tilted surface can be obtained from the
following equations.

Q,=Q,-F(1-d) (1-9)
wind f=1.008T-.a
where Q,=radiation available on tilted surface,.
Kcal/day
f=collecting efficiency, decimal
(1-d) =dirt-less factor
(1-8) =shading-loss factor
T =transmittance of the collector surface

a=absorptivity of the rocks
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In the above equations, the following assum-
-ptions were made for the calculation of the
radiation available,

(1-d) =0.92
(1-8) =0.97
T=0.8
2=0.8

Thus, the collector efficiency, 7=Q;/Q,
was calculated to be approximately 35.0%.

Drying Experiment: Figure 3 shows the
-drying curves of grains located at top, middle,
and bottom layers of the grains when the
natural air was forced into the grain bin.
Throughout the drying period, there maintai-
ned some moisture gradients of the grain
between the top and bottom layers. However,
the gradient was getting narrower as drying
proceeded, and was leas than 1% when the
grain moisture content reached about 14%
.after 7 days of drying.

The drying with supplementary heated air
supplied by the solar collector indicated basi-
cally the same drying curves as those of the
natural air, as shown in Figure 4. However,
the drying with the supplementary heated air

.gave comparatively a much higher rate of

ering time ()

_Fig. 3. Drying curves of grains located at
different layers when the bin was

supplied with natural air.

Molsture Content(7,w.b.)

Drving time (day)

Fig. 4. Drying curves of grains located at
different layers when the bin was
supplied with supplementary heated-
air.

drying, a little greater moisture gradient

between upper and bottom layers throughout
the test period, and a shorter period of drying
to arrive at the desired final moisture content
(refer to Table 2).
indicated by the comparison of the average

These trends are clearly

drying curves of natural air drying with and

without supplementary heat, as shown in

Figure 5. It is noteworthy that, under the
operational and ambient air conditions exami-
ned in the experiment, no much advantage
could be attained by the addition of supplem-
entary heating system. However, we should
not underestimate the need for the solar
collector system for use of grain drying in
an unfavorable weather condition.

The electric energy input for fan operation
is compared in Table 2, From this analysis,
it is evident that the drying system with
supplementary heat had no much saving in
electric energy input compared to the natural
air drying system. However, it is apparent

that saving in fan energy would be greater
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if weather conditions during the test period
would be unfavorable for drying grains with
natural air.

It suggests that further research is needed
to compare the grain drying with and without
solar collector-heat storage system when the

Table 2,

weather conditions during drying period may
be unfavorable for natural air drying.

Grain quality evaluated in terms of brown-
rice, head-rice and milled-rice recoveries, and
germination rate is shown in Table 3.

In this analysis, it is specially noticed that

Comparison of electric energy input for fan operation

Drying method Operation time(hrs.)

Energy input(Kwh)

Average final grain MC(%,w.b.)

Natural air 130 59 13.9
drying 150 64 13.6
Solar 120 41 13.8
drying 140 50 13.3
Table 3, Results of milling tests for natural and solar-heated air drying
Items Natural drying Solar drying
Brown-rice recovery 78.3% 79.4%
Milled-rice recovery 72.5 73.1
Head-rice recovery 70.5 70.9
Germination rate 94,0 94.0
traditional method. Furthermore, the high
quality of the grains dried by both systems
could be observed by the closeness of the
R head-rice and milled-rice recoveries, which is
1994
1 oo Natural Drying usually more than 10% for the paddy harve-
= oy o —w Solar Dryin .
T \\ e sted by traditional method. It was found that
FERU 3\ \ no grains were discolored.
é 13 \“\ . -
EI \\g o Storage Experiment:
2 o0 i o
1 (1) Temperature variation: Daily and
I monthly temperature variations throughout

+—

y 2 3 4 s 6 7 8 9 10 1} 12 13
Drying time (day)
Comparison of drying curves b:tween
the natural air and solar heatsd air
drying systems.

Fig. 5.

head-rice recoveries of 70.9% and 70.5% for
drying with and without supplementary heat,
respectively, are extremely high compared to
that of the paddy harvested by means of the

the storage period were analyzed in this paper.
Figure 6 shows an example of typical daily
temperature variation in the grain mass at
three different locations due to the temperature
variation of the ambient air. The temperature
of the grain mass adjacent to the bin wall
changed closely with the ambient air temper-
ature. It was also noticed that the grain
temperature near the wall facing south was
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affected more apparently by the outdoor
temperature than that near the wall facing
north.

However, the grain temperature inside the
grain mass appeared to be almost constant
throughout the day even without aeration.
Almost similar patterns were observed throu-
ghout the storage period. Figure 7 shows the
observed outdoor temperature and average
grain temperatures during the test period from
March to July. During the periad, the average
grain temperature increased gradually from
3*C in March to 30°C in July. Figure 8 also
shows the change of ambient air temperature
and average grain temperatures in the second
storage experiment which was performed
during the period from QOctober, 1979 to May
1980. During the storage period, the grain
temperature changed with the ambient tempe-
rature, showing less fluctuation in the grain
temperature. The temperatures decreased from
about 20°C in QOctober to -10°C in February
and increased gradually to about 25°C, there-

after.

Temperaturs {0y

13 18 P2 24
Time of Day (hcur)
Daily variation in grain temperature
in the radial direction of the bin
(May 19, 1979) (*:the distance from the
bhin wall to the center)

Fig. 6.

However, it was observed from the storage
tests that the average temperature of the grain
mass in the bins was in general slightly
higher than the ambient temperature because
of the heating effect which resul ted frcmhe
respiration of the grain stored.

(2 Moisture variation: Figure 9 shows
the results of the first storage experiment in
which rough rice with the moisture content
of 13.4% was stored during the test period.
During the storage period, the average mois-
ture content changed with the range of 13.5
9% to 15,3%.

The moisture content of the grains measured
at three different locations of the bin was
kept constant for about two and a half months
after the intiation of storage experiment.

However, the moisture content gradually
increased due to the change of environmental
condition except for those measured oo June
21. Because of a heavy rain on that day, the
moisture content of the grain mass located
at the center portion of the grain bin gained
about 1.5% higher than the average at that
time.

In the second experiment, the average
moisture content changed with the range of
11. 5% to 14. 5% throughout the storage period
as shown in Figure 10. On the whole, the
average moisture content of the grain stored
was kept constant for about two months. The
moisture content increased by about 1% on
the average from the middle of December to
that of March of the next year, and again
decreased to about 12.5%, thereafter.

However, it may be concluded that the
moisture content at all levels in the two b ns
maintained at safe storage levels (below 14.0
%Y during each storage period.
the storage
found. The

(3) Grain guality: During
period, no mold activity was



In-bin ik 9 peRiBltRel RS & %8y HoE

oor e /.
ok -

M 6N o Tt 110 120 130 146 150

Fig. 7. Variarion in average ambient air temperature and grain temperature
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Fig. 8. Variation in average ambient air temperature and grain temperature
during the storage period.

quality of the grain used in each test was 63.63% and 66,82%, respectively.
maintained without deterioration. The labora-

tory milling test with the paddy samples at Summary and Conclusions

the end of the first and second storage periods

showed that brown rice recoveries were 79, 90 In this study, an attempt was made to im-
9% and 80.51%, milled rice recoveries 72,80 prove the current method of on-farm paddy
2% and 70.76%, and head-rice recoveries drying and storage in Korea. For this purposes
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an in-bin drying and storage system was
developed, and two natural air drying methods
with and without supplementary heat were
compared in terms of drying rate, period for
arriving at the desired final moisture content,
moisture gradient between upper and bottom
layers, and electrical energy input for fan
operation during the drying period. In addition,
the storeability of paddy in the bin was inv-
-estigated.

The results of the study are summarized

as follows:

1. The solar collector installed for this
study was a flat-plate collector with the area
of 27, 7m? and rock-piled heat storage medium
having the volume of 7ms3 The estimated
efficiency of the solar collector was found to
be about 35%. The system was capable of
supplying the supplementary heated air which
is 4°C higher than the ambient air tempera-
ture during the daytime and 8°C higher during
the night.
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2, The natural-air drying both with and
without supplementary heat was proved to be
technically very feasible. Under the favorable
‘weather condition in October and the air flow
rate of 4m3/min/m3 of grain, it took only
about 7 days for the grain in the natural air
system to dry from about 20 to 14%. Under
the identical conditions, the drying period of
about 5 days were necessary for the supple-
mentary heat-air drying system.

3. A shorter operational period for the
completion of grain drying and lower input
of electrical energy for fan operation were
proved to be the advantages of the drying
system with the solar collector. However, the
system also showed adverse effects such as a
slightly greater moisture gradient between
the upper and bottom layers and a possibility
.of overdrying paddy below 14%.

4, Storage experiments of the paddy in the
grain bin were conducted with the paddy
grains harvested in 1978. During the storage
period, the average moisture content of the
grain at each level of the bins changed with
the range of 12, 0% to 14, 0%, and no dete-
rioration of the grain was found in the storage
tests.

5. The results of laboratory milling tests
-showed an overall increase in milled-rice and
head-rice recoveries of paddy grains after
.completion of the drying and storage tests as
compared with those obtained from the trad-
itional method.
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