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INTRODUCTION

In Japan, brown rice is stored at a low temperature
to keep its quality and to prevent microbial deteriora-
tions.  The low–temperature storage, however, has never
been popular on a worldwide because of problems on
const.  Therefore, it is necessary to develop storage
alternatives without a refrigerator, which have same
storability as the low–temperature storage. 

Against this, we proposed an alternative storage
method of the low–moisture–content storage (Genkawa
et al., 2006).  To obtain a high storability, rice is dried to
10% of moisture content on wet basis (m.c.), with which
metabolisms of rice are depressed even at room temper-
ature.  This storage method can preserve the brown rice
without the refrigeration as well as the low–temperature
storage.  However, there is a problem on cost for drying
operation.  Additional energy is needed for drying rice
from 15 to 10% m.c. and is larger than that from 20 to
15% m.c. because the evaporative latent heat increases
with decreasing moisture content. 

In order to solve this problem, the brown rice is
dried from 15 to 10% m.c. Rough rice is usually dried
from moisture content at harvesting, more than 20%
m.c., to the final moisture content for storage of 15%
m.c., but the energy for drying hull is waste and
increases the cost of drying.  The drying brown rice
technique can decrease the energy for drying hull which
prevents water evaporation from rice in drying

(Yamashita et al., 1989).  Cracked rice is produced by
drying brown rice more than by drying rough rice
(Yamashita et al., 1989), but this problem can be solved
by using the tempering drying technique.  At first, rough
rice is dried to 15% m.c., and after husking, brown rice
is dried again to 10% m.c. Goto et al. (1994) reported
that the cracking rate after drying brown rice decreased
with decreasing initial moisture content.  Therefore, it is
expected that the cracked rice is reduced by drying
brown rice from 15% m.c. which is very low as a initial
moisture content. 

In this study, brown rice was dried from 15 to 10%
m.c. under various condition of temperature and relative
humidity.  From the results obtained, we discussed the
optimal drying condition of brown rice taking germina-
tion rate and cracking rate into consideration. 

MATERIALS AND METHODS

Preparation of samples

Rice (Oryza sativa L., cultivars ‘Hinohikari’) har-
vested in Kyushu University Farm in October 2004 was
tested.  The moisture content of rough rice was approxi-
mately 21% on wet basis (w.b.) at harvest time, and the
rice was dried to 15.5% m.c. at 42–45 ˚C.  After drying,
the rice was husked and stored in an airtight container
at 5 ˚C until use.  Damaged rice including cracked rice
was removed before examination with a rice quality
inspector (SATAKE, RGQI–20A).  This device is capable
of inspecting brown rice for damage, removing the dam-
aged rice, and counting the number of cracked rice. 

Experimental apparatus

Schematic diagram of experimental apparatus for
rice drying is shown in Fig. 1.  A drying device equipped
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with a fan (Fig. 2.) was put into a constant temperature
oven (Yamato Scientific, DK–63), and a humidifier
(Mitsubishi Electric, SV–H604) was connected to the
oven.  Temperature and relative humidity of drying air
were measured with a thermocouple and a humidity
sensor (Hioki E. E., 9681) at suction opening of the dry-
ing device, and logged on a data logger (Hioki E. E.,
Memory Hilogger, 8421–51) every 5 minutes. 

The drying device consisted of a body part and a
drying part.  The body part was made of a fan and a
polyvinyl–chloride pipe with 83 mm of inside diameter
and 3 mm of wall thickness.  The drying part was the
polyvinyl–chloride pipe with a metal screen (2 mm
mesh).  Drying air flowed from bottom into drying part,
and the ratio of air rate to grain weight at the drying part
was 8.12×10–3 m3/s per 100 g, which is sufficient for thin
layer drying condition. 

Experimental methods

At first, to clarify an effect of drying temperature on
germinability of brown rice, we dried a 100 g of the rice
from 15.5 to 10.0% m.c. at 40, 50, 60, and 70ºC with the
drying device, and the germination rate was measured
after drying.  The moisture content of 15.5% w.b. was
considered as a control.  Student’s t–test (p＜0.05) was
performed for estimating the effect of drying tempera-
ture on germination rate.  To determine the germination
rate, 100 kernels of whole brown rice were decontami-
nated with sodium hypochlorite solution and a wet
paper put in a Petri dish.  The Petri dishes were placed
into an incubator set at 20 ˚C and the ratio of germinated
grains was counted after 7 days. 

Secondly, we determined the time at which the
cracking rate should be measured in this study.  It is
known that even if there is no cracked rice soon after
drying, the cracking rate increases with the elapsed time
after drying (Yamaguchi et al., 1980).  In order to know
the optimum time for measuring cracking, the time at
which cracking rate would saturate was evaluated.  A
100 g of brown rice was dried from 15.5 to 10.0% m.c. at
40, 50, 60, and 70 ˚C, and cracking rate was measured
after 0, 24, 48, and 72 hours by the rice quality inspector
described above.  Table 1 shows the drying condition of
this experiment. 

Finally, we analyzed drying characteristics of brown
rice (100 g) during drying from 15.5 to 10.0% m.c. under
drying conditions of 3 levels of temperature and 3 levels
of relative humidity shown in Table 2, and the cracking
rate was measured with the rice quality inspector at 48
hours after drying.  The drying condition of 5–10% of
relative humidity (RH) at 30 ˚C was impossible to pro-
duce with the experimental apparatus.  Initial moisture
content of 15.5% m.c. was measured according to the
air–oven method specified by the Japanese Society of
Agricultural Machinery (JSAM), i.e. drying 10 g of whole
grain at 135 ˚C for 24 hours.  The value measured was
converted to the value specified by the Japan Food
Agency (JFA), i.e. drying 5 g of crushed sample in an
oven set at 105 ˚C for 5 hours.  The conversion equation
is shown as Equation (1).

M105＝100–1.0122×(100–M135) (1)

where, M105 is the value obtained by JFA method (% wet
basis), M135 is the value obtained by JSAM method (%
wet basis).  Moisture content during drying operation
was calculated from change in sample weight by using
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Fig. 1.  Schematic diagram of experimental apparatus for rice
drying.

a: control valve, b: humidifier, c: constant temperature oven, d:
drying device, e: humidity sensor, f: T–type thermocouple, g:
data logger.

Fig. 2. Detail drawing of drying device with forced ventilator.
(unit : mm)

a: drying part, b: body part, c: connection, d: brown rice, e: metal
screen, f: fan.

Table 1. Drying condition of experiment

40
50
60
70

17.8
10.9
7.6
4.9

35.9
42.2
48.3
55.7

8
5
3
2

Temperature
(˚C)

Relative
humidity

(%)

Grain
temperature

(˚C)

Drying 
time
(h)



Equation (2).

Mf＝100＋(Mi –100)×Wi  /Wf (2)

where, Mf is the moisture content after drying (% wet
basis), Mi is the initial moisture content (% wet basis),
Wi is the initial weight of sample (g), and Wf is the
weight of sample after drying (g).  The drying part in
which sample was set was detached from the drying
device and measured its weight with an electronic bal-
ance (A and D, FX–400) every hour. 

RESULTS AND DISCUSSION

Effect of drying temperature on germination rate

of brown rice

Figure 3 shows germination rate of brown rice with
10.0% m.c. dried at various temperatures.  The brown
rice with 15.5% m.c. as the control had 95% of germina-
tion rate.  There was no significant difference between
the control and others dried at 40–60 ˚C, but the germi-
nation rate of brown rice dried at 70 ˚C was declined to
70%.  Iwasaki et al. (1967) researched on the effect of
heating on interruption of brown rice germinability.
They heated brown rice with 15 and 21% of initial mois-
ture content at 60 ˚C for 1 hour, and reported that the
degree of interruption of germinability by heating
depended on the initial moisture content; the germi-
nation rate of brown rice with 15% m.c. did not decline
by heating though that of brown rice with 21% m.c.
declined to 24%.  They also suggested that rice increas-
es a heating tolerance with decreasing moisture content.

Our results supported their notion because the brown
rice with initial moisture content of 15.5% w.b. kept its
germinability after drying at less than 60 ˚C for 3 hours. 

Time at which cracking rate saturates

Figure 4 shows changes in cracking rate of brown
rice after drying at several temperatures.  Regardless of
the drying temperature, the brown rice had less than 1%
of cracking rate soon after drying.  The cracking rate
increased with passage of time and a degree of the
increase depended on drying temperature.  The rice
dried at 40 ˚C kept less than 1% of cracking rate at 72
hours after drying, but the cracking rate of the rice dried
at 50 and 60 ˚C increased until after 48 hours, and that of
the rice dried at 70 ˚C continued to increase after 48
hours.  From this result, we decided the cracking rate
was measured at 48 hours after drying.  The cracking
rate of brown rice dried at 70 ˚C was neglected because
the germinability was extremely decreased. 

Effect of drying condition on drying rate of brown

rice

Changes in moisture content of brown rice in drying
operation are shown in Fig. 5.  The rice was dried until
10.0% m.c. under all drying condition tested in this
work, but it took longer time to finish drying with
decreasing temperature and increasing relative humid-
ity.  Figure 6 shows the effect of drying temperature on
drying rate of brown rice at 25–30% RH.  Drying rate at
1 hour after initial of drying (initial drying rate, IDR)
increased with increasing drying temperature, but there
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Fig. 3.  Germination rate of brown rice with 10.0% of moisture
content dried at various temperatures.

Fig. 4.  Changes in cracking rate of brown rice after drying.
Symbols of (◆), (■), (▲), and (●) represent the drying
temperature of 70, 60, 50, and 40 ˚C, respectively.

Table 2. Temperature and relative humidity of drying air 

Temperature**, ºC
Relative humidity**, %

Drying time, h

*   Preset value
** Average value

30.6
17.9

9.5

30.1
26.3
14.0

40.1
8.3
3.5

40.5
18.1

4.0

39.9
27.5

6.0

50.2
8.6
2.0

50.0
16.7

2.5

50.0
27.0

3.0

Temperature*, ºC 
Relative humidity*, %

30

15–20 25–30

40

5–10 15–20 25–30

50

5–10 15–20 25–30



was no difference in drying rate after 2 hour.  Same
results were obtained at 5–10 and 15–20% RH, and there
was no difference of IDR caused by relative humidity
(data not shown).  It was cleared that the drying tem-
perature affected only IDR without reference to relative
humidity. 

Effect of drying condition on cracking rate of

brown rice

Figure 7 shows effect of drying condition on crack-
ing rate of the brown rice.  The cracking rate of the
brown rice dried at 30 ˚C was less than 1%, and that of
the rice dried at 40 ˚C was 2–4%.  The brown rice dried
at 50 ˚C showed 13–15% of cracking rate.  On the other
hand, effect of relative humidity on cracking rate was
slightly found without reference to drying temperature.
Goto et al. (1994) reported that the cracking rate of
72% was measured on brown rice dried from 20 to 15%
m.c. at 30 ˚C and 30% RH.  In this study, brown rice with
15.5% of initial moisture content was dried at similar
drying condition, 30 ˚C and 25–30% RH, but the cracking
rate was only less than 1%.  These results indicated that
the drying of low moisture brown rice have a possibility
of reducing cracked rice. 

Relationship between initial drying rate and

cracking rate

It was reported that cracking rate of brown rice
increased proportional to the IDR (Omar et al., 1989;
Goto et al., 1994), and a similar relation was found out
in our work (Fig. 8.); the cracking rate increased
exponentially with the IDR. Goto et al. (1994) con-
cluded that in drying brown rice with 20% m.c., the IDR
of less than 3.5% d.b./h was required for restricting
cracking rate to 5%.  On the other hand, the less than
4.5% d.b./h of IDR suppressed the cracking rate to 5% in
the present work in which the brown rice with 15% m.c.
was dried. 

Factors determining IDR

The drying rate including IDR is decided by drying
temperature and relative humidity.  The relationship
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Fig. 6.  Effect of drying temperature on drying rate of brown rice.
Symbols of (○), (□), and (△) represent the drying
temperature of 50, 40, and 30 ˚C, respectively. (relative
humidity : 25–30% RH)

Fig. 7.  Effect of drying condition on cracking rate of brown rice
with 10.0% m.c.

Fig. 5.  Changes in moisture content of brown rice in drying
process. Symbols of (●), (■), and (▲) represent the
drying temperature of 50, 40, and 30 ˚C, respectively.



between IDR is represented by using temperature and
relative humidity as Equation (3) by multiple liner
regression analysis.

IDR＝0.12T – 0.04H – 0.11 (3)

where, T is the drying temperature (˚C), H is the relative
humidity of drying air (%).  In addition, standardized
partial regression coefficient of drying temperature and
relative humidity were 0.80 and –0.23, respectively.  It
means that IDR is affected by drying temperature more
than relative humidity.  In drying brown rice from 20 to
15% m.c., the relative humidity affected IDR more than
drying temperature (Goto et al., 1994).  It was consid-
ered that the factors mostly affecting IDR in brown rice
drying varies with moisture content of the rice. 

Optimal drying condition for brown rice

In drying operation, it is important to prevent the
decrease of germinability and the incidence of cracked
rice, because the reduction of the germination rate and
increasing of cracking rate are regarded as quality
deterioration. 

The germinability is one of the most important
factors for the quality of the brown rice stored, so that
the upper limit of drying temperature should be decided
based on the germination rate.  From the result of ger-
mination rate depressed at between 60 ˚C and 70 ˚C, the
permissible drying temperature is defined as 50 ˚C con-
sidering safety margin of 10 ˚C.  The result of multiple
linier regression analysis shows that the control of

drying temperature is more effective on IDR, conse-
quently on cracking rate, than that of relative humidity.
For example, to decrease the cracking rate of brown rice
to less than 5%, the drying temperature should be less
than 45 ˚C and this temperature gives less than 4.5%
d.b./h of IDR (Fig. 9.). 

From viewing point of inhibiting cracking rate,
drying temperature of 40 ˚C is preferable, and the drying
time at 5–10% RH was almost same as the drying time at
15–20% RH (see Fig. 5.) The results from this experi-
ment drew that the optimal drying condition of brown
rice to ca. 10% m.c. is ca.  40 ˚C of drying temperature
and ca.  5–20% of relative humidity. 
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Fig. 9. Relationship between drying temperature and initial
drying rate.

Fig. 8. Relationship between initial drying rate and cracking rate
of brown rice.


