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Abstract. Rice is a major economic crop in Iran, where it is usually dried using a batch-type dryer
until the final moisture content (FMC) reaches below 9%. The influence of low FMC (about 9%)
produced by four drying temperatures (30, 40, 50, and 60° C) on the physical properties, milling, and
cooking qualities of short grain aromatic rice were investigated. The obtained data were also
compared with standard FMC (about12%) treatments which were dried in a batch type dryer. The
experimental result showed that for low FMC samples, head rice yield (HRY) was increased by 4%
at drying temperatures of 30°C and 40°C but was reduced by about 20% at 60°C in comparison with
control samples (25°C, 60% RH). The water uptake ratio (WUR) and volume expansion ratio (VER)
were decreased significantly as the drying temperatures were increased. We can conclude that low
FMC (9%) could produce higher HRY, if the drying temperature is 40°C or less. In addition, high
drying temperatures (50°C and 60°C) caused increases in the number of fissured kernels, energy
consumption and decreases in HRY, WUR, and VER. Maintaining the HRY and keeping a cooking
quality at maximum level are the main task for the optimization of drying process. It was occurred at
drying temperature less than 40°C with a low FMC for aromatic rice. Therefore, a drying
temperature of more than 40°C would result in deterioration of quality of japonica type aromatic rice,
followed by low FMC.
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1. Introduction

Paddy drying is a complex process, which involves simultaneous heat, mass, and momentum
transfer through porous media. It is a continuous process in which the temperature of the air and
grain, the moisture content (MC) of the grain, and the humidity of the air all change simultaneously
[1]. Integrating the effects of moisture and temperature on changes in the properties of rice kernels is
important for understanding quality deterioration during the drying process. Some researchers have
showed that the physical and thermal properties of long and medium-grain rice are linear functions
of MC [2, 3]. Rice kernel MC and temperature during drying will also determine the mechanical
properties of the kernels. Temperature and MC gradients within a kernel may generate regions with
different mechanical properties for example expansion coefficients or specific volumes, which may
create stresses sufficient to fissure the kernel [4], and fissured kernels may break during the milling
process and thus reduce the head rice yield (HRY). Arora et al. [5] suggested that in order to increase
HRY, the drying air temperature should be held below 53°C, and showed that there is an increase in
the number of fissured rice kernels above this transition temperature.

Cooking is a process of heat treatment given the foodstuffs to make them edible and suitable for
consumption. It is determined on the basis of the variety and its physicochemical properties.
Variations in the behavior of rice during cooking are mainly due to its total amylose content, the
degree of milling, the cooking time, the drying temperature, and its final moisture content (FMC) [6-
9]. It is a fact that color and cooking characteristics of the milled rice are the important factors
deciding the quality that influence the consumer preference and marketability of the rice. At FMC
about 12%, the color of rice was transparent, whereas at low FMC, it was opaque (10, 11) which has
been preferred by Iranian consumers. The severity of the heat treatment during the drying process
greatly affects on the white rice color and cooking quality [8].

In Iran, average rice post-harvest losses are more than 28%, and major losses occur during the
drying stages due to the use of inappropriate method and equipments, which regularly involve use of
the batch-type dryer [10]. Non-uniformity in MC and over-drying of grains, as often occurs in batch
dryers, may affect the physical and thermal properties of rice, increasing the losses and therefore the
costs of processing [12]. To overcome the non-uniformity in MC, millers have typically increased
the drying temperature and time in order to minimize the differences in MC between layers, which
subsequently cause a low grain FMC: about 9% [13]. There are also questions related to whether the
low FMCs produced by different drying temperatures has any effect on the physical properties, as
well as the milling and cooking quality of rice. Very little information is available about the HRY
and cooking quality when the FMC is reduced to less than the standard level for safe storage (at
about 12%), because this is not a common practice in countries other than Iran. Changing the color
of rice at low FMC might be affected on the cooking quality.

Given this situation, it is worthwhile to investigate the effect of low FMC (at about 9%), drying

temperature, and the combination of the two on the physical properties, milling and cooking qualities



of rice and to compare these with those of rice with a standard FMC level (at about 12%). The
specific objectives of the present study were to examine the effects of low FMC, produced by
different drying temperatures on the: 1) physical properties; in particular temperature distribution,
Fissure formation, milling quality, and HRY, 2) cooking quality; such as water uptake ratio (WUR),
volume expansion ratio (VER), and solid content (Sc), 3) and compare those results with standard
FMC treatments.

2. Materials and Methods

2.1 Materials

Rice of the variety Kaori (aromatic, short-grain), with an average MC of about 26% (all MC
values are expressed on a wet basis, unless stated otherwise), was harvested in October 2005 at a
plot at the Agriculture Research Farm of the University of Tsukuba in Japan. Immediately after
harvest, rice samples were cleaned with a dockage tester (Carter-Day Co., Minneapolis, MN), sealed
in polyethylene bags, and then stored at 4°C until required. Before the experiment began, the rough
rice was taken from the refrigerator and placed in the laboratory overnight. This was done to allow
the grain warm up to the ambient air temperature. Deep-layer drying was performed using the batch-
type dryer in the same drying chamber as described by Hashemi et al. [14]. Figure 1 is a schematic
diagram showing the batch dryer, a deep bed dryer, and its components as used in this study. Three
thermocouple sensors were used at the bottom, middle, and the top, respectively, of the rough rice.
Changes in the material temperature during drying were recorded using a data logger. The values
reported are the averages of the material temperatures measured during drying in the three layers. In
the dryer used, the temperature of the heated air can be controlled to +1°C by a sensor controller.
Three principal size parameters (length, width and grain thickness) of brown rice were measured
manually by using a micrometer with 0.001-mm precision. The average for 20 well-distributed
randomly drawn grains was calculated. The measurement was carried out in triplicate and averages
were used in calculations. The reference dimensions of brown rice samples of short-bold grain Kaori

were a slenderness ratio (length/width) of 1.7 and a grain thickness of 2.12 mm.

2.2 Drying

Arora et al. [5] suggested that the drying air temperature should be held below 53°C to minimize
the effect of thermal expansion on rice fissuring while maintaining quality. We considered that a
drying temperature of 50°C was optimum (common knowledge) and used other drying temperatures
that were lower and higher than this approved level for the present study. The drying time is a
function of the FMC of paddy. Trial experiment was done to estimate the drying time to acquire the
desired moisture level at every drying temperature. The rough rice sample were weighed every 30
min during the drying process. The experiment was considered finished when the FMC was reached
to approximately 12% (a standard FMC for milling and safe storage [15]) and 9% (representing the



low FMC widely used in Iran [13]). Experiments were carried out at four drying temperatures, 30,
40, 50, and 60°C, with different drying times to achieve the standard FMC and the low FMC. Thus
there were eight different drying conditions resulting from the combination of four different drying
temperatures and two different drying times for each temperature, corresponding to standard and low
FMC. For comparison with experimental data, a reference sample was dried in a chamber with
controlled temperature (25%) and humidity (60%) (Humidity Cabinet, LHL-113; TABAI Espec
Corp., Japan) to achieve a rice equilibrium MC (EMC) of approximately 12.5% [5, 16].

Drying using each set of experimental conditions was replicated, and the mean values are
reported here. The initial and final MCs of the rice samples were determined by drying duplicate
samples for 72 h in an air-oven set at 105°C [15]. The average drying rate (dR, %/h) is calculated
based on the initial MC (Mi, %), final MC (Mf, %), and drying time (t, min) as follows;
~ (M, —M,)x60

t

The number of fissured kernels (F) was assessed before and after the drying treatment. One

drR (1)

hundred rice kernels randomly picked from each sample were manually dehulled to avoid
mechanical damage to the kernel, and then each kernel was inspected using a grain scope (TX-200;
Kett Electric Laboratory, Tokyo, Japan). To determine the breaking force for individual kernels (R),
a rigidity test was conducted on each of 20 randomly selected kernels without fissures using a
texture analyzer (Texture Analyzer TA-XT2i; Stable Micro Systems, Surrey, UK). The total energy
consumption during the drying process was measured with a power meter (Model W-787Y,
Namikoshi Elec., Hyogo-ken, Japan). The energy consumption per kg moisture removed (Er,,) can be
calculated based on the total energy consumption and moisture load of the sample, which has been
described previously by Hashemi et al. [14].

2.3 Measuring the milling quality

The milling test was conducted 1 hour after drying ceased, when the sample temperature had
dropped. Three hundred grams of dried paddy was weighed and hulled in a rubber roll husker (L-
THU-35A; Satake Engineering, Japan) to produce brown rice. The huller was set so that no more
than 5% of the sample remained unhulled. Brown rice samples were subsequently weighed and
milled with a vertical friction-type milling machine (VP-31T; Yamamoto, Tendu, Japan), for which
the pressure and flow rate levers were set to 3 and 4 respectively. Subsequently, milled rice samples
were weighed and separated into head rice and broken rice by using an indent cylinder-type rice
grader (TRG type; Satake, Japan) for 6 min to remove the broken kernels from the whole grains. The
milling quality of the dried rice was evaluated in terms of the HRY, which was defined as the
percentage of head rice mass remaining from the original 300-g rough rice sample [17]. The
whiteness (W) of the white rice samples was assessed using an automated color meter (CR-20;

Konica Minolta Holdings, Tokyo, Japan). The color intensity of the sample was correlated to



chromaticity coordinates, and determined using the same equation used by Kimura [18].

2.4 Cooking quality test

The cooking procedure was divided into the soaking and cooking periods. In the soaking period,
10 g of head rice was placed in a small wire-mesh cylinder (78 mm x 38 mm), which was then
placed in a 300-ml beaker with 100 ml distilled water (at room temperature) for 60 min. The
optimum soaking and cooking conditions were determined for milled rice by Shimizu et al. [19].
Subsequently, the soaked rice with the remaining water was transferred to a rice cooker (Model SR-
03F, 0.3 dm3, 100 V, 200W; National Electric, Osaka, Japan), where the rice simmered in hot water
for about 20 min to gelatinize the core of the grains [20]. The cooked rice was drained by gravity and
then was transferred to an airtight desiccator for 1 h after cooking until the sample had cooled down.
At that time, the moisture of grains near the surface was unrepresentatively low, so these grains were
not used for sampling and blotted out.

The cooked rice MC was measured by drying 2 g of cooked rice in an air-oven at 135°C for 2 h
[19]. The WUR [21], VER [19], and Sc [22] were measured using the formulae described by
Hashemi et al. [14]. The cooking quality measurements were carried out in triplicate per sub-sample

and the average values were taken.

2.5 Statistical Analysis

Statistical analysis was performed for a two-factor experiment with a completely randomized
design (2f-CRD). The experimental variables included R, E, F, HRY, W, WUR, VER, and Sc. The
two factors were drying temperature and FMC, with four and two levels, respectively. Differences
between the treated samples were determined using the Fisher multiple range test (least significant
difference analysis; LSD) at the 5% and 1% probability levels (Table 1). Relationships between

different properties were determined using Pearson correlation and are shown in Table 2.

3. Results and Discussion

3.1 Changes in the physical properties
To study the influence of FMC on rice quality, the effect of low and standard FMC on the physical

parameters corresponding to drying conditions are discuss in following section.

3.1.1 Moisture desorption and drying rate

A figure 2 shows the relationship between moisture losses and drying time at four different drying
temperatures for standard and low FMC. As the drying proceeded, the moisture loss in the rice
decreased as heat energy was absorbed, and decreased the drying rate. The FMC and drying

temperature had a statistically significant (P<0.01) effect on the drying rate (Table 2). It is assumed



that the high drying rate will be result from high drying temperature and consequently faster transfer
of MC from the kernel. With an increase in drying temperature from 30°C to 40°C, 50°C, and 60°C,
the percentage reduction in drying time was 47%, 67%, and 72% for the standard FMC (Fig. 2a),
and 44%, 67%, and 79% for the low FMC (Fig. 2b) treatments, respectively. It was shown that if the
drying temperature increases by 10°C, this would give a 20% reduction in the drying time. At the
beginning of the drying process, depending on the drying temperature, the drying rate profiles were
at a maximum level. After evaporation of the surface water, the drying rate decreased. The trends in
reduction were similar at identical temperatures for the two different FMC. The drying rates of
samples dried at the four different temperatures converged.

Comparisons on reduction time between the low and standard FMC treatments have shown that
the drying time increased by about 85%, 98%, 65%, and 37% for samples dried to 9% FMC relative
to those dried to 12% FMC at the same drying temperatures (30, 40, 50, and 60°C, respectively) (Fig.
2a, 2b). The difference in moisture between the initial and final measurements was 14 and 17
percentage points for the standard and low FMCs, respectively. By lowering the FMC by about 3
percentage points (from about 12% to 9%), the drying time significantly increased. It shows that
further reduction MC of samples beyond 12%, at lower MC increases the drying time significantly
due to the restricted movement of moisture from the core to the surface of kernel. Irrespective of
drying air temperature, the drying time was found to increase significantly with decrease in FMC.
Similar trends have been reported by Das et al. [23], who studied the drying characteristics of three

varieties of high moisture paddy dried in a batch type dryer.

3.1.2 Rigidity

As shown in Table 3, rigidity was higher for samples dried to the low FMC than those dried to the
standard FMC. The average rigidity was approximately 56 N and 84 N for the standard and low
FMC treatments, respectively. Much work has been published on kernel rigidity as a factor in such
diverse areas as drying and handling [24], kernel appearance and translucency, processing and grain
breakage during milling [25, 26], and cooking quality [9, 19]. It can be stated that low FMC samples
would have a greater HRY after milling due to their higher rigidity. In the present study, the FMC
had a significant (P<0.01) effect on the rigidity of rough rice (Table 1). Nagato et al. [24] found that
the hardness at any specified point within the endosperm increases or decreases linearly in

accordance with a decrease or increase in its MC, which is consistent with the present results.

3.1.3 Fissured kernels

The trends of progressive increases in the number of fissured kernels with increasing drying
temperature for two FMC treatments are illustrated in Fig. 3. The percentage of fissured kernels
increased with increases in drying temperature for both FMC treatments: from 4% (30°C) to 22%
(60°C) for the standard FMC and from 2% (30°C) to 30% (60°C) the low FMC. The highest



percentage of fissured kernels was found with the low FMC treatment and the highest temperature.
The initial percentage of fissured kernels was 2%. Many factors might affect the formation of
fissures in the kernels, including drying air temperature, initial MC, final MC, kernel thickness, and
tempering conditions. Kunze and Choudhury [25] reported that improper drying conditions can be a
major cause of fissuring. Theories explaining fissure creation are based on the reaction of rice when
subjected to tensile and comprehensive stresses due to the existence of a moisture gradient within the
kernel [25, 27, 5]. A high drying temperature caused increases in the moisture gradients within
kernels, and subsequently caused shrinking within the rice kernel, which can result in increases in
the grain stresses and then an increase in the percentage of fissured kernels. Kunz [28] found that
fissure formation is caused by a moisture gradient created during fast drying. As described above, it
should be pointed out that the maximum fissure rate occurred at the 60°C drying temperature,
followed by the 50°C, 40°C, and then the 30°C drying temperatures for both FMCs. This result was
consistent with those of previous studies [25, 29]. As is evident from Fig. 3, the amount of fissured
kernels in the 30°C, low FMC treatment was lower than that at the same temperature for the standard
FMC treatment. This might be due to the longer drying time, which eliminated kernel stress induced
by moisture gradients. This state is similar to that which occurs during the tempering process, which
is effective in preserving HRY.

Drying temperature had a major effect (P<0.01) on fissure formation, and FMC also had an effect,
albeit smaller. The amounts of fissured kernels found in the present study were higher than those
reported by other researchers [29-31]. Fan et al. [31] reported that the HRY reduction for Bengal,
medium-grain rice, was greater under the same drying conditions than the HRY reduction for
cypress, long-grain rice that is more slender than Bengal. In the present study, the average thickness
of the Kaori grains was 2.12 mm, which was about 35% more than the variety thickness used by
Siebmorgen et al. [29]. This thickness would have allowed a high moisture gradient to develop, and
would have made the grain more susceptible to fissuring, especially at high drying temperatures.
This finding emphasizes the fact that the thickness of kernels should be considered during the drying

and post-drying processes, especially under severe drying conditions.

3.1.4 Energy consumption

The details of energy consumption per unit of moisture removed for all treatments are shown in
Table 3. The E,, for the low FMC was higher than that of standard FMC. With an increase in drying
temperature from 30°C to 60°C, the E,, increased from 15.8 to 18.3 kWh/kg-water for standard FMC
and decreased from 32 to 23 kWh/kg-water for low FMC treatments. The long drying time required
for a low FMC may have caused this reduction as compared with the standard FMC. Obviously, as
found in previous studies, reduction of MC to the standard FMC is quicker than to the low FMC [12].
Drying temperature and FMC level had a significant (P<0.05 and 0.01) effect on the E,, (Table 1),

but the interaction of temperature and FMC was significant only at low FMC. This signifies that



when the final MC is reduced by 12%, the E, could not differ at indicated temperature. Increasing
the drying temperature has considerable effect on the reduction of energy and depreciation of the
equipments. But the effect of heating duration in particular at high temperature on the rice quality
deterioration should be considered. Heating duration is one of the major parameter which has been
affected on the rice properties during the drying process. Heating duration was closely related with
diffusion of heat and moisture in the grain [17]. At low temperature, the longer heating duration not
only has not negative effect on the quality of rice but also gradually decrease the moisture gradient.
Therefore, low FMC samples, which was dried at 40°C or less drying temperature has longer heating
duration with minimum effect on the physical properties. It is because of elimination of stress-strain
which produced by moisture gradient. As shows in Figs. 2, the heating duration were decreased with
increase of drying temperature at identical FMC. It might be resulted in higher fissured kernels

which subsequently deteriorate the physicochemical quality of rice.

3.2 Milling quality

Milling quality is based on the HRY, because this is the product of greatest economic value, being
twice as valuable as broken kernels. Fig. 4 shows the HRYs for samples dried at different drying
temperatures and for the control sample, when FMC was set at standard and low levels, respectively.
The amount of reduction in HRY varied with FMC and drying temperature. It can be seen that the
HRY decreased with increases in drying temperature. Compared with the control sample, the
reduction in HRY was 3.8, 5.4, 11, and 18% at 30°C, 40°C, 50°C, and 60°C drying temperatures,
respectively, for the standard FMC treatments. The HRY for the low FMC treatments increased by
about 4% at the 30°C and 40°C drying temperatures, and then was reduced by about 0.5% and 19%
at the 50°C and 60°C drying temperatures, respectively. The maximum and minimum values
corresponded to the low FMC treatments. The HRY's for the low FMC samples that were dried at
30°C and 40°C were a little higher than the corresponding samples for the standard FMC treatments.
This indicates that the HRY significantly depends on drying temperature at a low FMC. The
reduction of HRY is related to rigidity, thickness, and viscoelasticity of the rice kernels which are
discussed as follows. As shown in Table 3, rigidity has a negative relationship with FMC. The HRY
should be increased for those samples with low FMC that dried at low drying temperatures, because
the rigidity of the sample was significantly increased. HRY decreases at high temperatures due to
increases in the number of fissured kernels. It should be noted that the stronger rigidity may not
always improve HRY. This can be noticed easily in the case of paddy dried to low FMC at 60°C.

Kernel thickness is a significant factor affecting kernel fissuring and HRY reduction, with thicker
kernels being more susceptible to fissuring than thin kernels. Jindal and Siebenmorgen [30] noted
that a greater HRY reduction can be attributed to a greater thickness of kernels. Short-grain rice is
generally known for its high strength and stable milling qualities compared with long-grain rice, but

in severe drying conditions, reduction in HRY is correlated with the thickness of the grain.



The observed increases in the HRY at a low drying temperature could be also interpreted in terms
of the viscoelasticity of rice kernels in conjunction with glass transition effects. The HRY will
decrease due to the development of strains induced by the internal stresses that develop during the
drying process. Strains have two components related to the viscoelasticity of kernels: the elastic
(rubbery) component, which subsides as soon as the MC gradient declines, and the viscous (sticky)
component, which is effectively eliminated with drying for an appropriate length of time at the
appropriate tempering temperature [29]. As the drying process proceeds, if the surface moisture
evaporates faster, the moisture gradient is increased afterwards. Low FMC achieved by a low drying
temperature would allow adequate time to eliminate the majority of MC gradients and accordingly
the elastic component of strains in rice kernels, because the creation of internal stresses is related to
glass transition effects inside the kernel when the MC gradient increases [17]. Therefore, for samples
dried at a low drying temperature with a low FMC, the percentage of fissured kernels was less, and
thus a higher HRY was obtained. The thermo-physical properties of rice kernels will be different in
the glassy versus rubbery states, corresponding to the states at below or above the transition
temperature line. At low temperatures, kernels would not completely transition into the rubbery state,
and thus little fissuring would be expected.

The others research results was used to compare with the obtained data in this study. Zhang et al.
[32] in studying on the preservation of HRY for a long-grain variety noted that the HRY of a sample
at low FMC was relatively high, even with a high drying temperature, given proper drying and post-
drying conditions. The HRY values found in the present study appear similar to those found in other
studies, except for the lower FMC with low drying temperatures (30°C and 40°C), which the values
measured by other researchers [29, 30] were slightly lower. This might be due to the structure and
physicochemical properties of japonica aromatic rice.

Statistical analysis confirmed that temperature and FMC had a significant effect on the HRY, and
the LSD test revealed that there was no significant difference in HRY response for the 30°C and
40°C drying air temperatures. This indicates that a low drying temperature does not significantly
affect the HRY, and that the HRY's are greatly improved at drying temperatures of 30°C and 40°C for
the low FMC. Maintaining the HRY at maximum level is the key principle for the optimization of
drying process. Therefore, the drying temperature below 40°C should be considered as the optimum
for performing low FMC treatments. Higher drying temperatures (50°C and 60°C) produced
significant (P<0.01) reductions in HRY for both FMC. This result was consistent with those of
previous studies [28, 29, 32].

The average whiteness values for the control, standard FMC, and low FMC treatments were 69.1,
68.5, and 66.4, respectively (Table 3). The whiteness of milled rice was generally low when obtained
from paddy dried to a low FMC level. The milled rice sample was more opaque when dried to the
low FMC compared with the standard FMC. A similar whiteness trend was observed by Hashemi et

al. [14], when they surveyed actual milling conditions in Iran.
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3.3 Correlating HRY to physical properties of aromatic rice

Table 3 shows the correlation between HRY and fissured kernels. As indicated in Table 3, a strong
negative correlation at a P<0.01 level was found between HRY and both drying rate (-0.91) and
percentage fissured kernels (-0.85) for aromatic rice. The HRY reduction could be related to the
drying rate and heating duration. This means that drying rate could be largely responsible for
producing fissured kernels by increasing the moisture gradient, and subsequently affecting the HRY.
When the moisture gradient declines, moisture from the central portion of the grain diffuses to the
surface, causing it to expand, while the internal portion contracts due to moisture loss. The result is
compression at the surface and tension in the central portions of the grain. Because of these partial
expansion and partial contraction effects, stress concentration may occur in the interface between the
regions of expansion and contraction. Based on the above discussion, the zones inside a rice kernel
that had a high potential of stress concentration and were thus prone to fissure initiation during
drying [25, 28]. Fissures caused by rapid moisture desorption occur primarily during the drying stage,
and a grain with a fissure is likely to break when the kernel is milled [33]. Siebenmorgen et al. [29]
found strong linear correlations between HRY and the percentage of fissured kernels, confirming the

present results.

3.4 Cooking quality

The relationships between final moisture and WUR, VER, and Sc ratio as cooking quality indices
at four drying temperature are presented in Fig. 5. Some factors are known to affect the cooking
quality of rice, such as kernel thickness, cooking time, drying temperature, and final moisture [6, 7,
9]. Drying temperature significantly (P<0.01) influenced the WUR. The WUR was found to
decrease with an increase in drying air temperature from 30°C to 50°C (Fig. 5a). The reason for this
might be the negative influence of temperature on the ability of the starch structure to absorb and
retain water, because starch from kernels also has an effect on the quality of rice. It has a high
capacity to hydrogen bond to absorb more water and expand in volume without collapsing [9]. The
WUR of samples with low FMC was higher than those samples dried up to standard FMC. In
additional, with increase of drying temperature, the percentage reduction of WUR for the low FMC
samples were higher than those in standard FMC, particularly at high temperatures. This confirms
the finding of Batcher et al. [6] that differences in the WUR of cooked rice due to different drying
temperatures are not significant at standard FMC levels.

We found a negative relationship between the VER and drying air temperature in both standard
and low FMC (Fig. 5b). The VER was found to vary from 2.48 to 2.28. It decreased with increases
in the drying air temperature. The Kaori variety (japonica short-grain) in general contains a low
percentage of amylose and has a higher WUR, which causes a higher VER in comparison with the

indica variety [34]. This might be due to the thickness of the grain, which is the major difference

11



between the grains of the two varieties. Mohapatra and Bal [9] found that grain thickness has a major
effect on the VER of cooked rice, and that amylose content also has an effect. Jianrong et al. [35]
stated that because indica and japonica are different subspecies of rice, there might exist some
differences in their genetic mechanisms for controlling the performance of cooking quality traits. In
the present study, we found a strong correlation (0.83) at a P<0.01 level between WUR and VER.
This indicates that an increase in VER can largely be attributed to an increase in the WUR, which
supports the previous finding that rice with a higher WUR can be ascribed to a higher VER, due to
more water being absorbed [9].

Fig. 5¢ shows that the Sc varied between 7 and 8.7 for the standard FMC and 7.5 and 9.2 for the
low FMC at different drying temperatures in the present study. With an increase in drying
temperature, the Sc also increased. This result was consistent with previous study [6]. As expected,
the average Sc of samples dried under control conditions was 6.5, which was the lowest of all
treatments used. The amount of solid material (small part of the starch) in the residual liquid for this
experiment was a little higher than amounts previously measured for a long-grain variety [6]. This
might be due to the different physical properties of the Kaori short-grain variety. There was a strong
positive correlation (0.89) at the P<0.01 level between the Sc and the percentage of fissured kernels.
A higher drying temperature resulted in an increase in the number of fissured kernels and
subsequently the particular size of starch was separated easily from the kernels. Higher solid residual
for samples dried at the low FMC implies that using an MC lower than the standard could increase
solid losses during the cooking process. For the optimization of drying process, the final moisture at
standard level and the drying temperature below 40°C should be considered as the optimum for

keeping the cooking quality of Kaori aromatic rice variety.

4. Conclusions

The purpose of this study was to investigate the influence of low FMC, produced by different
drying temperatures on the physical properties, milling and cooking quality of aromatic rice and
compare those results with standard FMC treatments. For samples dried at 30°C and 40°C to the low
FMC, rigidity was increased, which had been positive effect on the HRY, but energy consumption
per unit of moisture removed was increased. Many fissures appeared in the low FMC treatments
when the sample was dried at more than 50°C, whereas few fissures appeared at drying temperatures
of 30°C and 40°C. Low FMC samples which were dried at low temperature can decrease the stresses
in the rice kernel. As a result, the fissuring percentage lessens and it was able to maintain the HRY.

WUR and VER values decreased significantly (P<0.05) with an increase of drying air temperature
from 30°C to 50°C, and then increased with a drying temperature higher than 50°C. A higher drying
temperature is associated with reductions in the ability of the starch to absorb and retain water, and

subsequently a reduction in volume expansion.
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HRY and cooking qualities was the sole response for the optimization of drying process. Therefore,
the drying temperature below 40°C should be considered as the optimum for performing low FMC
treatments without diminishing final rice quality. Clearly, a drying temperature of more than 40°C
has a major influence on deterioration in the quality of japonica type aromatic rice. Low FMC also
has an effect. Other than temperature and FMC, some variety-specific factors, such as thickness and
initial MC, might cause differences in the physical properties and cooking quality of rice, and should

also be considered.

NOMENCLTURE
df  :degree of freedom, -
drR :drying rate, %.hr*
Em : energy consumption per kg removal moisture, kWh.kg™
FMC : final moisture content, %
F : fissure ratio, %
HRY : head rice yield, %
LSD : least significant difference analysis, -
MC : moisture content, w.b., %
M; : initial moisture content, w.b., %
M;  :final MC, w.b., %
MR : milling ratio, -
R : rigidity, kg
RH :relative humidity, %
Sc  :solid content, -
t - drying time, min
VER : volume expansion ratio, -
W :whiteness, -

WUR : water uptake ratio, -
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Table 1 Analysis of variance for physical properties, milling, and cooking quality of Kaori aromatic
rice.

Variables g OR R Em F HRY W  WUR VER Sc
F. F. Fe F. Fe Fe Fe Fe Fe

Drying temperature 3 2127 14™ 6.0 2827 74  048® 51 88 503

FMC 1 707" 1207 258" 13™ 32" 1457 0.04™ 13™ 14"

Temperatureand FMC 3 1.9® 01™ 168" 1.6® 903" 0.3™ 05 11" 01"
"™ Not significant; ~ Significant at a level of 5%; ~ Significant at a level of 1%; F.: Calculated F in F-test
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Table 2 Pearson’s correlation coefficients for the relationship between drying, milling, and cooking

variables.
Variable drR R F Em HRY W VER WUR
Rigidity, R -0.07
Fissure, F 089" 022
Energy per unit moisture .
removed MC, Em 0.17 076 0-22
Head rice yield, HRY 091" 026 -085" 0.6
Whiteness, W -0.02 -088" -031 -080 -0.15
Volume expansion, VER 0.13 030 -003 0797 019 -041
Water uptake, WUR -0.13 027 -023 071" 032 -044 083"
Solid content, Sc 083" 044 0897 056 -062 -047 034 0.03

“Significant at P<0.05 and ~ Significant at P<0.01
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Table 3 Experimental data for the physical properties and milling quality of aromatic Kaori rice

when subjected to different drying temperatures to attain a standard or low FMC.

Final moisture Control Standard FMC* Low FMC™*

Drying temperature 30°C 40°C  50°C 60°C 30°C 40°C  50°C  60°C
Drying time (min) 13920 698.0 366.0 255.0 197.5 1290.0 7275 420.0 270.0
Drying rate (%/h) 0.06 1.26 2.34 3.41 4.43 0.79 1.33 2.44 3.80
Em* (kWh/kg-water) -- 15.8 16.6 17.9 18.3 32.1 31.2 25.5 23.1
Final MC (%) 12.8 12.4 12.4 12.3 11.8 9.9 9.7 9.6 9.7
Final rigidity (N) 56.9 544 574 600 52.8 822 850 889 805
Final density (kg/m3) 559.5 562.5 551.5 559.7 557.6 551.1 5435 543.8 546.8
Relative HRY (%) 1.0 0.96 0.95 0.89 0.83 1.04 1.05 0.95 0.82
Whiteness 68.3 68.1 68.5 69.0 68.2 66.8 65.7 66.8 66.1

* Energy consumption per unit of moisture removed

T The final moisture of about 12% , ™t The final moisture of about 9%
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