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ABSTRACT

Intermittent drying experiment using paddy rice of medium grain were
carried out with drying temperatures ranging from 35 to 60°C, drying air ve-
locities from 15 to 25 cm/s, drying phase duration from 5 to 15 minutes, and
tempering phase duration of 40 to 120 minutes as drying variables.

Each treatment of drying was assumed to take the commonly used expo-
nential drying model of MR = A-exp(—kt). A pair of A, k values were derived
through a first-step regression by fitting the drying data into the model. One
hundred and sixty-two pairs of A, k values were thus derived and fit*ed, with
their corresponding levels of drying variables, into a pair of multivariave pre-
dictors for predicting A and k. These two predictors were found both to be
functions of the above-mentioned four drying parameters. Their determination
coefficients of correlation were 0.674 and 0.913, respectively.
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INTRODUCTION

A thin-layer equation defines the drying
curve of a farm product, such as paddy rice,
under a definite set of drying parameters. It
determines the moisture content, or the drying
rate, or the change of drying rate of the prod-
uct at any particular time during the drying
process.

Different thin-layer drying models for
paddy rice have been developed by different
researchers through the years. Most of them
take one of the following forms:

MR = A-exp(—kt) or In(MR) = A~ kt

. MR = exp(—At®?)

MR = A+ Bt+Ct?

MR = A exp(Bt) + Cexp(Dt)
t=A-In(MR) + B - [In(MR))?

where MR represents moisture ratio of the
grain, t is drying time, and A, B, C, D, k
are constants which are functions of the tem-
perature and humidity of the drying air.

oUp e N e

Form 1 is an equation analogous to New-
ton’s law of cooling, and is the most commonly
used. Henderson and Perry (1976) showed
that form 1 describes rice drying very well
except for the first two hours. Yamazawa et
al.(1971), Kameoka (1988) and Chen(1996a)
fitted their experiment data into form 1 as
well. They also found that the drying behavior
for the initial period of rice drying was differ-
ent from that of the later drying, therefore,
the drying data at the initial period deviate
from the drying curve defined by the model.

Form 1 has a good feature that it appears
as a straight line on semi-log coordinates, with
intercept A and slope —k. The intercept A
(calied the “shape factor” in some literature)
is less than one and explains the deviation of
the estimated values from the experimental
ones for the initial drying stage.

Form 2 does not have the intercept prob-
lem, but the drying rate is no longer a straight
line on semi-log coordinates. Form 3 was de-
veloped by Wang and Singh(1978) to facilitate
numerical techniques. Forms 1, 2 and 5 are
semi-theoretical, forms 3 and 4 are empirical.

A two-compartment model for paddy rice
was proposed by Sharma et al.(1982) on the
basis that the rice grain consists of two dis-
tinct components as the hull, bran and starch
Chen and Tsao (1994) used
their experiment data to fit the first four of
the above-listed models and found the two-
compartment model to be the best fit.

In batch re-circulating rice dryers, which

endorsperm.

are prevailing in numbers in rice-producing
Asian countries, the grain is dried in an in-
termittent pattern. The grain is first dried
for about 5 to 15 minutes before it is passed
through the drying zone of the dryer, and then
the grain goes to the tempering zone to be
tempered for about 40 to 120 minutes. The
drying-and-tempering cycle is repeated as the
grain re-circulates in the dryer until the grain
reaches the desired moisture content.

Using drying air temperatures ranging
from 35 to 60°C, absolute humidities from 17
to 31 g/kg of dry air, and a drying air veloc-
ity at 21 cm/s, Chen(1996a) performed a set
of thin-layer intermittent drying experiments
with medium grain rice of the Japonica va-
riety. Based on these data, he developed a
thin-layer equation as follows.

MR = A - exp(—kt)

where
A = 1.026337 — 0.00453 - T' + 0.002551 - H
—k = 0.001496 —0.00026 - T +0.000008 - H
M R: moisture ratio
t: accumulated drying time, min
T: drying air temperature, C
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H: drying air absolute humidity, g/kg

He also applied it to rice drying sim-
ulation and obtained an excellent result
(Chen,1996b). Since both the drying time and
the tempering time intervals were fixed to 10
and 50 minutes respectively, its application is
limited.

While some researchers (Wang and Singh,
1978; Agrawal and Singh, 1977; Islam and
Jindal,1981; and Chen, 1996a etc.) in-
cluded drying air humidity in their thin-
layer equations, Others (Sharma et al.,1982;
Chuma et al.,1969; Yamazawa ,1971; Otsuka
et al.,1975; Bucklin and Wratten,1978; and
Kameoka,1988) did not.

Using air relative humidities from 3 to
60%, air velocities from 2.5 to 50 cm/s, and air
temperature from 35°C to 95C, Bucklin and
Wratten (1978) ran a series of drying tests,
and concluded that the drying constant for
single layers of rough rice was independent of
drying air velocity and relative humidity of
the drying air over the tested range. They
suggested that the effects of drying air veloc-
ity and humidity be neglected in further work
to establish a thin-layer drying equation for
rough rice.

According to Chen’s (1996a) equation
above, the value of the drying constant k
varies only a few percentage points if the hu-
midity of_the drying air changes from 10 to 30
g/kg of dry air (20 to 60% RH) at a drying
temperature of 40°C.

The objective of this study was to develop
a better thin-layer equation for the intermit-
tent drying of rice. The equation includes and
reflects both the effect of the length of time in-
tervals of the drying and the tempering phases
of the recirculating drying. The effect of dry-
ing air velocity through the grain is also in-
cluded.

EQUIPMENT AND PROCEDURE

The first crop of the Japonica variety,
Medium grain rice, with a moisture content
of 35 — 40% d.b., produced in Central Taiwan
in 1996, was used.

The drying experiment were carried out in
a sample dryer, which has 12 cylindrical dry-
ing cells {(15.6 cm inside diameter and a 16 cm
height). Each cell can be removed from the
dryer body to be weighed or to load or unload
its content. The dryer was fully described in
author’s previous paper (Chen,1996a).

The grain was spread on the screen of the
drying cells to be dried. The rice bed had
a thickness of 2 to 3 grains. The drying air
for each drying cell was regulated to desired
temperature. The drying air flow rates at
all 12 cells were the same for one particular
run of the experiment, and could be adjusted
by means of an AC transformer, which deter-
mined the voltage to the power motor.

A humidifier was used to keep the abso-
lute humidity of the drying air a little higher
than the ambient and then to keep it steady
throughout the experiment.

EXPERIMENT DESIGN

Sample weight: 50 g

Air velocity: 15, 20, 25 cm/s

Time interval for each dryirg phase: 5, 10, 15
min

Time interval for each tempering phase: 40,
80, 120 min i

Drying air temperature: 35, 40, 45, 50, 55,
60°C

Drying air humidity: 16 g/kg of dry air
Number of total treatment: 3x3x3x6 = 162

Replications: 2
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PROCEDURE

Newly-harvested paddy rice was stored in
a storage at 5°C. About one kilo-gram of the
paddy was taken from the storage to warm
up to room temperature before an experiment
was run. The paddy was divided by a Seed-
buro grain divider into 16 equal lots. Samples
of 50-grams of grain were taken from each of
12 lots out of the 16 lots and sealed in 12 glass
bottles.

Some grain of the remaining lots was used
to determine the initial moisture content by
the Oven Method. Dry basis moisture content
was used in this study.

Drying air velocity and temperatures for
each drying cell were adjusted to the desired
values. The grain was poured from the bottles
into the drying cells and spread evenly on the
screens before starting drying.

Cells were removed from the dryer stand,
weighed and grain samples sealed in glass bot-
tles after the drying phase was over. The grain
samples, tempered in the bottles for a set time
till the next drying phase. The drying and
tempering cycles were repeated until the grain
reached the desired moisture content.

METHOD OF DATA ANALYSIS

An assumption was made at the begin-
ning that the relation between the moisture
ratio of the grain during drying and the accu-
mulated drying time of each drying treatment
was according to an exponential model as form
1 mentioned previously. Regression analyses
were made for each drying treatment. Shape
factor (A) values, drying constants (k), and
coefficients of determination (R?) were calcu-
lated.

The values of A and k were anticipated to
be affected by the drying air temperature, the
drying air velocity, and both the duration of

drying and tempering phases of the drying cy-
cle. Multivariate predictors were proposed for
predicting both the factor A and the drying
constant k as follows,

A=A+ AV + A2 X + A3Y + AT

+AsXT + AgYT + A;T? (1)
—k=ko+kiV + kX + k3Y + kT
+ks XT + ke X% + ky XY (2)

where V, X, Y, T stand for drying air
velocity, duration of drying phase, duration of
tempering phase, and drying air temperature,
respectively. Ag, A1, ... A7, and ko, k1, ... k7
are the constants and coefficients to be deter-
mined by a second-step regression , using the
individual A and k data acquired by previous
first-step regression, from each drying curve of
all treatments as observed.

RESULTS AND DISCUSSION

Figure 1 shows a set of drying curves
at different temperatures which were resulted
from a portion of the experiments, in which
the drying period and the tempering period
were set to 5 minutes and 80 minutes, respec-
tively, and air velocity at 20 cm/s. If the same
set of data are presented on semi-log coor-
dinates, they are nearly linear. Fitting dry-
ing data from each treatment into the linear
model of form 1 and using the regression tech-
nique, the intercept A, the slope k and the
coefficient of determination of each of all dry-
ing curves were individually or independently-
derived. A representative sample of these val-
ues were listed in columns (5), (6) and (7) of
Table 1.

The high R? values for all the treatments
showed that the form 1 model was adequate
to simulate drying curves resulting from inter-
mittent drying.
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Table
ments

A representative sample of A, k, values of the exponential regression model for all treat-

Drying conditions

A, K values

Air Dry Tmpr Air Independently-derived Predicted by
Vity Time Time Temp For Each Treatment Equations(1),(2)
cm/s min  min C A —k(min™1) R? A —k(min™!

A @ 3 4 6 (6) (7) ) (9)

15 5 40 35 0.9420 0.0110 0.9989 0.9485 0.0116

15 5 40 40 0.9320 0.0118 0.9982 0.9423 0.0137

15 5 40 45 0.9130 0.0155 0.9984 0.9343 0.0158

15 5 40 50 0.9180 0.0177 0.9987 0.9247 0.0179

15 5 40 55 0.9030 0.0200 0.9979 0.9133 0.0200

15 5 40 60 0.8930 0.0198 0.9967 0.9003 0.0221

15 15 40 35 0.9130 0.0062 0.9996 0.9114 0.0067

15 15 40 40 0.9030 0.0071 0.9997 0.9063 0.0080

15 15 40 45 0.9010 0.0084 0.9997  0.8996 0.0094

15 15 40 50 0.8930 0.0103 0.9996 0.8911 0.0108

15 15 40 55 0.8890 0.0115 0.9989 0.8809 0.0122

15 15 40 60 0.8670 0.0135 0.9984 0.8691 0.0136

20 5 120 35 0.9760 0.0162 0.9998 0.9769 0.0162

20 5 120 40 0.9720 0.0185 1.0000 0.9733 0.0183

20 5 120 45 0.9610 0.0208 0.9999 0.9680 0.0204

20 5 120 50 0.9700 0.0250 0.9999 0.9609 0.0225

20 5 120 55 0.9660 0.0270 0.9999 0.9522 0.0247

20 5 120 60 0.9550 0.0293 0.9999 0.9417 0.0268

25 10 120 35 0.9830 0.0106 0.9994 0.9502 0.0099

25 10 120 40 0.9620 0.0125 0.9994 0.9472 0.0116

25 10 120 45 0.9590 0.0127 0.9996 0.9424 0.0134

25 10 120 50 0.9410 0.0136 0.9996 0.9360 0.0151

25 10 120 55 0.9470 0.0153 0.9991 0.9278 0.0169

25 10 120 60 0.9110 0.0198 0.9993 0.9180 0.0186

The “shape factor” A and the “drying
constant” k are the only two variables which
determine the moisture ratio status of the
grain at any time. They vary as the dura-
tion of the drying period, the duration of the
tempering period, the drying air temperature,
arid as the drying air velocity changes.

Using the independently derived A and
k values as observed sample data, and fitting
them into the multivariate predictors (1) and
(2), the coefficients on the right side terms
of the equations were found, by applying the
second-step regression, as listed below.

Using equations (1) and (2) and with all
the constants or coefficients listed on the right,

a pair of A and k values for each treatment can
be calculated as listed in columns(8)and(9) of
Table 1.
dicted values and the independently-derived
values are graphically shown on tlie residual
Figures 2 and 3.

The differences between the pre-

A k x 108
Ap = 0982488 k0 = -0.126990
A, = -0.001620 k1 = —0.084920
A, = -0.004530 k2 = —1.213000
A; = 0.000229 k3 = 0.085187
Ay = 0.000924 k4 = 0.493214
As; = 0.000023 k5 = -0.014300
Ag = 0.000006 k6 = 0.069789
A; = -0.000030 k7 = —0.004340
Std Err of A Est Std Err of k Est
0.018971 0.00156
R2 =0.674 R?2=0.913
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CONCLUSIONS

The drying model MR = A - exp(—kt),
which is analogous to Newton’s Law of Cool-
ing, applied successfully to all (162) sets of in-
termittent dryings of rough rice for the drying
conditions involved in this experiment.

The “shape factor” A and the “drying
constant” k in the model were found to be
functions of the drying air temperature, the
drying-phase duration, the tempering-phase
duration, and the drying air velocity. The pre-
dictors of A and k, were obtained through a
two-step regression. Residual analysis showed
that the proposed predictors are quite ade-
quate.
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