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Relationship between accumulated temperature and quality of
paddy
Yi Jina, Kok Wai Wongb, Zidan Wua, Debo Qia, Rui Wanga, Feng Hana, and Wenfu Wua

aCollege of Biological & Agricultural Engineering, Jilin University, Changchun, China; bSchool of Engineering &
Information Technology, Murdoch University, Perth, Australia

ABSTRACT
In this paper, a model for controlling paddy drying by incorporating accu-
mulated temperature is introduced and defined. Drying experiments using
freshly harvested paddy were conducted at different levels of drying air
parameters including temperature (T = 27°C, 31°C, 35°C, 39°C, and 43°C),
relative humidity (RH = 45%, 50%, 55%, 60%, and 65%), initial moisture
content (M0 = 17%, 19%, 21%, 23%, and 25%) and airspeed (V = 0.4, 0.5, 0.6,
0.7, and 0.8 m s−1). When T = 31°C, RH = 60%, M0 = 19%, and V = 0.5 ms−1,
the crack additional percentage reached a minimum value of 0.508%, with
the average precipitation rate at 0.719%·h. Further, an accumulated tem-
perature and quality chart was provided in this paper. The x-coordinate of
this chart is temperature, and the initial moisture content represents the
y-coordinate. It covers the drying conditions of the actual dryer well and
has a wide range of applicability for real-world environment. The model
developed in this study not only provides a scientific reference for precise
drying and intelligent control of paddy but also guide the actual drying
operation.
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Introduction

Paddy, the world’s third-most productive agricultural crop after corn and sugarcane, is one of the
most important grains in terms of human nutrition and caloric intake, accounting for more than
20% of the world’s food energy consumption. [1] With the progress of science and technology and
the enrichment of drying theory, various drying methods and dryers have been developed [2–4], such
as the horizontal rotary dryer [5], the industrial fluidized bed drying of paddy [6], and the industrial
inclined bed dryer. [7] Hot air is a commonly used drying medium for all those technologies
introduced. In that development and studies, the optimizing control of the hot air used as the
drying medium for the targeted grain is an important area of study to develop an effective model for
the best drying conditions. This study will improve the drying model by incorporating accumulated
temperature to improve the accuracy in a more systematic manner.

Paddy drying is a normal process of heat and mass transfer. The drying process and quality
changes can be systematically simulated via the establishment of a comprehensive differential
equation [8–11] . In practice, the design and automatic control of grain-drying equipment often
involve an empirical thin-layer drying model.[12,13] Shei and Chen [10] established and validated
a thin-layer drying model by integrating the partial differential equation model and the Page
model.[14] They compared the data from their experiments with the results from computer simula-
tions and found that they were consistent. Their model contains four independent variables: drying
medium temperature, absolute humidity, drying time and tempering time. Their study concluded
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that all four variables have an impact on the average drying rate of the paddy. Kucuk, et al. [15]

evaluated the accuracy of fitting the experimental data for a large number of thin-layer drying
models, and developed the Midilli–Kucuk model, which is the best for fitting experimental data.
They showed that the temperature, relative humidity, and flow velocity of the drying medium, affect
the drying process, indicating that these drying parameters must be used as experimental factors
during thin-layer drying experiments. Using these drying parameters helps to ensure that the model
can be more accurate and practical. Foroughi-Dahr, et al.[16] added the tempering process to the
thin-layer drying model and tested the accuracy of experimental fitting for all kinds of thin-layer
drying models. Finally, the Midilli model [17] was found to be the most suitable for fitting the drying
process before tempering, and the two-term model was found to be the most suitable for fitting the
drying process after tempering.

Improper drying rates and certain factors can lead to the formation of cracks in paddy grain, also
known as “burst waist,” which reduces the quality and taste of paddy. The wet stress and thermal
stress caused by drying rate, temperature gradient, and moisture gradient are the causes of these
cracks.[18] “Burst waist” during milling is a critical problem in the paddy industry that leads to poor
market value and quality downgrade of the cooked broken paddy in comparison with the cooked
whole grain paddy. The cracking of paddy is strongly related to the final moisture content of paddy
as well as developed fissures in the kernels during harvesting and drying operations. Therefore,
improving the drying process is an essential step to producing grains with higher quality.[1] Ondier,
et al.[19] studied the changes in the quality of head paddy rate, color, and pasting viscosity, finding
that low temperature drying at 26°C had no adverse effect on the drying rate and could improve the
drying quality. Thus, it can be shown from previous studies that the main factors affecting the crack
in the drying process include temperature, relative humidity, and air velocity. This provides a useful
reference as a starting point for our study.

Accumulated temperature is a necessary index for crop growth. The theory of accumulated
temperature was first proposed by A.F. Aolaier–Delie in 1735. [20] He believed that, even if the
experienced growth hours are different, when the plant develops to a certain stage, its required
temperature is relatively consistent. Thus, the accumulated temperature can accurately reflect the
maturity of crops. Dong, et al. [21] showed, with a series of studies on accumulated temperature that
the change in accumulated temperature has great influence on crop growth, cropping systems,
agricultural production, and land use. Through the calculation of accumulated temperature, the
growth of corn can be better controlled.[22] Qin, et al.[23] showed that the accumulated temperature
is the key factor to increase the yield of corn, and the yield can be further improved by using other
means when the accumulated temperature is sufficient. Wu et al. [24] mentioned the application of
accumulated temperature in the process of controlling corn drying, and proposed the accumulation
temperature model of corn drying, which provided a useful reference for this study. The accumu-
lated temperature theory was also used to study the production and viability of peanut pollen by
some experts.[25] Previous studies fully demonstrated that the temperature, especially the accumu-
lated temperature, plays an important role in ensuring seed germination [26–28], vegetation growth
and distribution [29], higher crop yield [30,31], and pest reduction. [32,33] Similarly, we believe that
accumulated temperature has a similar effect on grain growth for the drying of paddy because the
accumulated temperature required for the grain to fall into safe moisture thresholds under certain
drying conditions is relatively stable. To the best of our knowledge, the study presented in this paper
is the first to use the amount of accumulated temperature to reflect the drying process in a model.
This will improve the accuracies of the model.

Based on previous studies carried out by other researchers reviewed earlier, we were able to obtain
relatively reliable models of grain drying on a trial scale. However, in the actual drying process of
paddy, there are many factors that affect the drying, and they have different ranges (such as the
paddy temperature range is about 30–45ºC [34]). Through this study, we hope that the results can
reflect the situation as close as possible to the actual production conditions. In this study, the concept
of equivalent accumulated temperature is also introduced into the model, which is a first in this
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domain. Finally, based on the established model, the accumulated temperature and paddy quality
chart was provided. The generated chart provides an overall drying condition to be modeled, which
can be translated easily. Further, this chart can provide useful reference for scientific research in the
field by incorporating the effect of accumulated temperature, and it can also be used to guide the
actual drying operations with high accuracy under real-world conditions.

Materials and methods

Test equipment

The thin-layer drying testbed used in this test was independently developed and has obtained an
invention patent right.[35] The structure of the test device is shown in Figures 1 and 2. It is
manufactured by Changchun JLU science instrument equipment Co. Ltd.

The thin layer drying testbed used in this experiment has precisely controlled relative
humidity. The relative humidity control accuracy of this testbed is ±2% (this accuracy is
relatively high compared to similar studies [36,37]). The machine is 1700 mm high and the
transverse section is a square with side length of 550 mm. The testbed has two inner and
outer layers, which is the test-bed shell (Figure 1, 10) and inner tank (Figure 1, 8) respectively.
Above the inner bladder, a 50-W axial fan (Figure 1, 2) is installed, with the wind direction
flowing up. An electronic balance with an accuracy of 0.01 is installed in the drying bin for
weighing grain automatically. The heating pipe (Figure 1, 7) is arranged at the bottom of the
shell under the inner tank. The purpose of this design is to ensure that the hot air flows upward
naturally to combine with the axial fan above the inner tank, which can better drive the inner
circulation of the drying medium in the whole device. The humidifier (Figure 1, 12) is arranged

Figure 1. Structure diagram of the grain thin-layer drying test device with multi-parameter regulating function: 1. wind shunt; 2.
axial flow fan; 3. material bin door; 4. material tray; 5. sensor bin; 6. electric sealing valve; 7. heating pipe; 8. inner tank; 9. wet
exhaust fan; 10. test-bed shell; 11. sensor group; and 12. humidifier.

INTERNATIONAL JOURNAL OF FOOD PROPERTIES 21



outside the shell, supported by the support plate and connected with the testbed through a silica
gel hose. The sensor bin (Figure 1, 5) is located above the heating pipe and closer to the material
bin to measure temperature, relative humidity, and airflow velocity in the bin. The measured
data are transmitted to the upper computer, and used to control the switch of the heating pipe
and the fan inverter, thereby controlling temperature and airflow velocity. The sensor bin
includes one RST-JWSH-5 temperature and humidity sensor (Rotronic), and one JC503-CIV
100 anemometer, one PT100 each. The material bin is above the sensor bin. When the test bed is
running, the heating pipe heats the air and passes through the grain layer (Figure 1, 4) from the
bottom. After the heat exchange, the hot air is pumped to the top of the shell by an axial fan.
Then, the hot air is divided between the shell and the inner tank, using a diverter, which is fully
mixed with the water added by the humidifier at the bottom of the device. After crossing the
heating pipe again and finally arriving into the inner tank, where the internal cycle is complete.
If the humidity inside the shell exceeds the pre-set amount, the wet exhaust fan (Figure 1, 9) and
the electric sealing valve (Figure 1, 6) can be opened automatically. When the relative humidity
detected by the humidity sensor is lower than the pre-set amount, the exhaust fan is stopped,
and the electric sealing valve is closed. This controls the relative humidity inside the shell. The
internal cycle has the function of tail-gas recycling, which can effectively save energy and prevent
moisture loss in the device.

Figure 2. The grain thin-layer drying test device picture.
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Test materials and methods

The experiment was started in October 2016 to coincide with the harvest season in northeast China
with a total of 36 groups of trials. In order to avoid the influence of different paddy varieties on the
test results, we only selected a paddy grain named “Super Rice” for the test. To ensure the initial
moisture and quality of the test grain, the freshly harvested paddy was vacuum packed and sealed.
The mass of each bag was approximately 1,500 g. Then, it was placed in a cold box with an ambient
temperature of 4°C to prepare for the test.

Before the experiment began, we measured the original moisture content of the paddy by the
Standard moisture measurement method.[38] We started the test device after various factors were set
up in the host computer. When the value of each factor reached the desired value and stable, a 1,000-
g paddy was put into the material bin to start the test. During the test, the sample was weighed every
15-min with the objective of obtaining enough points to draw the drying curve of the rice and
prepare for analysis of the data. After the data were uploaded to the upper computer, the fan was
restarted. In the upper computer program, a weighing method was embedded to measure the food
moisture, as in Equation (1). When the moisture content was close to 13.5%, 70 g of the sample was
placed inside a sealed bag in preparation for quality testing.

The moisture content of the paddy wet basis at different drying times, Mt, was calculated
according to Equation (1).[39,40]

Mt ¼ mst

mt
¼ M0 �m0 � m0 �mtð Þ

mt
¼ 1�m0

mt
1�M0ð Þ (1)

wheremst is the quality of moisture contained in paddy at time t/g;mt is the peel quality (material plate)
of paddy at time t/g;m0 is the initial quality of paddy/g; andM0 is the initial wet-base moisture content of
paddy/%; Mt is the moisture content of the paddy wet-basis at different drying times/%.

The software used for the data analysis in this experiment was “Design Expert (V8.0.6.1),”
a professional test program design and data processing software. The establishment of an orthogonal
experimental scheme needs to encode the actual value of each control factor, and the interaction term of
each control factor and the square term of each control factor need to be coded. This makes each factor
column, interaction column and square column independent and facilitates the analysis of test data in the
later stage. The process is handled by the software. After each group of tests were carried out according to
the test scheme, the corresponding regression model and the corresponding ANOVA table were
obtained by inputting the test results into the software. From the ANOVA table, the significance of
the regression equation, the significance of each factor, and the inaccuracy of the equation were obtained.

Test design and method

Test scheme
In this test, a multiple quadratic orthogonal rotation test method was used to establish a four-factor
five-level orthogonal test table. As shown in Table 1, four control factors were set: drying medium
temperature, X1; drying medium relative humidity, X2; grain initial moisture, X3; and drying
medium flow rate, X4.

Table 1. Orthogonal test table of four factors and five levels.

Factor

Level

−2 −1 0 1 2

Drying medium temperature x1/°C 43 39 35 31 27
Drying medium relative humidity x2/% 65 60 55 50 45
Initial moisture content x3/% 25 23 21 19 17
Drying medium flow velocity x4/m/s 0.8 0.7 0.6 0.5 0.4

INTERNATIONAL JOURNAL OF FOOD PROPERTIES 23



The effect of the temperature of the dry medium on the additional crack percentage can be found
in previous studies.[1,12,18] The temperature range is determined per GB/T21015-2007, “Technical
specification for paddy drying.” This national standard states that the allowable heating temperature
of paddy during drying is ≤40°C. If the paddy-drying temperature is more than 45°C, the paddy
starch becomes disordered, free fatty acids increase, and the aging degree of paddy is increased,
leading to deterioration of the paddy taste. Therefore, the drying temperature should not be higher
than 45°C. [34] Based on the relative humidity collected in several circulation paddy dryers, the
relative humidity range in Table 1 was 40–65%. The effect of initial moisture on output is studied
because the drying curves of grains with different moisture content differ under the same drying
conditions.[16,41] The initial moisture content of the paddy interval selected in this study covered the
water content of the treated object of the actual dryer. Air flow velocities were collected in several
circulating paddy dryers.

Output index and test method
The crack additional percentage is the difference between the crack percentage after drying and the
initial crack percentage.[42] Before the test, 300 undried grains of sample was peeled and placed in
a crack lamp for observation. Then, the number of cracks were recorded to calculate the initial crack
percentage. After the drying process was completed, 300 dried grains of the sample with moisture
content of 13.5% were taken, and the above work was repeated to obtain the crack percentage of safe
moisture content samples. Finally, the crack additional percentage, Y1, was calculated.

The accumulated temperature is the total effective temperature of paddy during the entire drying
process. The start point of effective temperature is the 0°C-phase transition temperature of water.
The significance of studying the accumulated temperature of cereals lies in realizing the accurate
online control of paddy moisture and quality. The product of drying medium temperature and
drying time is the accumulated temperature value, Y2.

Results and discussion

The statistical results are presented in Table 2 which shows the calculated crack percentage and the
accumulated temperature for each group of paddy samples considering the following parameters:
drying medium temperature, drying medium relative humidity, grain initial moisture, and drying
medium flow rate; the description of each parameter can be found in Table 1. In each experiment, an
average of 6 h was spend on measurements, which were collected over 20 days.

Crack additional percentage test and results

Quadratic polynomial regression model and response surface test
To take the crack additional percentage of paddy as output, Y1, multivariate quadratic regression
analysis was performed using the Design Expert software, and the variance analysis of the
influence of various factors on the crack additional percentage of paddy was obtained, as
shown in Table 3.

The F value of the model is 336.53, and the overall significant level is less than 0.0001, the R2

value of the models is 0.9951, indicating extreme significance. When significant level is 0.05, the
P values of X1, X2, X3, X4, X2X3, X2

1, and X2
3 are less than 0.05, indicating they have a significant

effect on the crack additional percentage. The rest of the terms are not significant. Therefore, the
terms giving P value more than 0.05 are eliminated and plugged into Equation (2).

Y1 ¼ 67:24756� 1:48450X1 � 0:60114X2 � 2:75346X3 þ 2:42147X4 þ 0:026014X2X3

þ 0:025906X2
1 þ 0:034633X2

3 (2)

24 Y. JIN ET AL.



Influence of various factors on crack additional percentage
Figure 3 shows that, within the scope of the test scheme, the crack additional percentage is positively
correlated with the drying medium temperature. It is negatively correlated with the drying medium
humidity and is positively correlated with the initial moisture of paddy. Finally, it is positively
correlated with the drying media flow rate. When the drying medium temperature exceeds 35°C, the
crack additional percentage increases sharply.

In Figure 3(b), when the initial moisture content of paddy is 19%, the crack additional percentage
has a valley value of 1.2311%. Then, with the decrease of the initial moisture of paddy, the growth
rate of paddy popping increases. This phenomenon is shown in Figure 3(f). This phenomenon
occurs when the initial moisture of paddy is high. The moisture inside the paddy more easily
precipitates and the temperature stress inside the paddy is smaller. When the initial moisture of
paddy is low, the internal moisture of paddy is relatively difficult to precipitate, resulting in rice that
needs to absorb more energy when the drying begins. Thus, the internal temperature stress of paddy
increases, so that the crack additional percentage also shows a rising trend. [43]

In Figure 3(d), when the initial moisture content of paddy is relatively low, the crack additional
percentage negatively correlates with the relative humidity of the drying medium. When the initial
moisture content of paddy is relatively high, the opposite occurs, because there is a positive

Table 2. Experimental statistical results.

Groups X1 X2 X3 X4

The crack
additional
percentage

(%)

Accumulated
temperature

(ºC·h)

1 −1 −1 −1 −1 1.57 208.0675
2 1 −1 −1 −1 4.29 118.7267
3 −1 1 −1 −1 0.54 250.4419
4 1 1 −1 −1 3.22 166.5126
5 −1 −1 1 −1 1.58 257.6739
6 1 −1 1 −1 4.25 174.5308
7 −1 1 1 −1 1.60 296.9774
8 1 1 1 −1 4.26 228.4642
9 −1 −1 −1 1 2.12 225.1254
10 1 −1 −1 1 4.74 145.5214
11 −1 1 −1 1 1.05 228.9124
12 1 1 −1 1 3.56 151.2837
13 −1 −1 1 1 2.23 261.1578
14 1 −1 1 1 4.71 185.1898
15 −1 1 1 1 2.04 282.2168
16 1 1 1 1 4.69 213.4228
17 −2 0 0 0 1.25 288.4268
18 2 0 0 0 6.54 163.4015
19 0 −2 0 0 2.75 175.4927
20 0 2 0 0 1.72 253.9445
21 0 0 −2 0 2.27 123.2575
22 0 0 2 0 3.31 238.9905
23 0 0 0 −2 1.75 218.2773
24 0 0 0 2 2.74 215.1145
25 0 0 0 0 2.33 215.8807
26 0 0 0 0 2.25 221.4948
27 0 0 0 0 2.34 212.5347
28 0 0 0 0 2.48 210.0785
29 0 0 0 0 2.12 227.5961
30 0 0 0 0 2.48 203.4232
31 0 0 0 0 2.22 206.7365
32 0 0 0 0 2.25 186.1927
33 0 0 0 0 2.43 215.2349
34 0 0 0 0 2.34 215.7749
35 0 0 0 0 2.15 229.6871
36 0 0 0 0 2.35 197.8779
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correlation between the initial moisture of paddy and the crack additional percentage. Thus, the
initial moisture of the paddy has a more significant effect on the crack additional percentage.

Verification. To ensure the accuracy of the regression equation, three groups of validation tests
were carried out. The values of each factor are listed in Table 3, including the experimental values,
the simulated values of the regression equation, and the relative errors. It can be seen in Table 4 that
the relative error of at least two experiments in the three validation tests of each test group was less
than 5%, indicating that the regression equation could be used to describe the relationship between
the four factors and the crack additional percentage. Thus, the model is reliable and can be applied in
practice.

Parameter optimization
The process parameters were optimized by using the Design Expert software. Based on the analysis
results of the response surface, we took the minimum crack percentage as the performance index,
showing that the crack additional percentage could reach its lowest value of 1.090% when the drying
medium temperature was 31.2°C. The relative humidity of the drying medium was about 62.5%, the
initial moisture of paddy was 20%, and the airflow velocity was 0.5 ms−1. The average precipitation
rate was 0.796%/h in this condition.

Accumulated temperature test and results

Model of quadratic polynomial regression and the test results of response surface
Taking accumulated temperature of paddy as the output, Y2, the multivariate quadratic regression
analysis was performed using Design Expert software (V8.0.6.1), and the variance analysis of the
influence of various factors on the accumulated temperature of paddy was obtained, as shown in
Table 5.

The F value of the model was 38.36, and the overall significant level was less than 0.0001. The R2

values of the models were 0.9552. Thus, the model was extremely significant. When the significant
level was 0.05, the P values of X1, X2, X3, X2X4, X2

1 and X2
3 were less than 0.05, indicating that they

had a significant effect on the crack additional percentage. The rest of the terms were insignificant.
Therefore, the terms producing P values more than 0.05 were eliminated, as plugged into
Equation(3).

Table 3. Influence of various factors on the crack additional percentage of paddy.

Source of variance Degree of freedom Sum of squares Mean square F value P value Significance

Regression Model 14 53.65 3.83 336.53 <0.0001 Yes
X1 1 41.54 41.54 3648.52 <0.0001 Yes
X2 1 1.8 1.8 158.47 <0.0001 Yes
X3 1 1.67 1.67 146.77 <0.0001 Yes
X4 1 1.41 1.41 123.59 <0.0001 Yes
X1X2 1 8.32E-06 8.32E-06 7.31E-04 0.9787 No
X1X3 1 1.97E-04 1.97E-04 0.017 0.8966 No
X1X4 1 0.015 0.015 1.29 0.2697 No
X2X3 1 1.08 1.08 95.1 <0.0001 Yes
X2X4 1 9.28E-03 9.28E-03 0.82 0.3768 No
X3X4 1 1.03E-03 1.03E-03 0.091 0.7664 No
X1

2 1 5.5 5.5 482.83 <0.0001 Yes
X2

2 1 3.42E-05 3.42E-05 3.00E-03 0.9568 No
X3

2 1 0.61 0.61 53.93 <0.0001 Yes
X4

2 1 1.40E-04 1.40E-04 0.012 0.9128 No
Residual Error Lack of Fit 10 0.086 8.59E-03 0.62 0.7723 No

Pure Error 11 0.15 0.014
Total Error 21 0.24 0.011

Total 35 53.89
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Y2 ¼ �428:22662� 26:33114X1 þ 3:44468X2 þ 89:56423X3 � 0:19750X2X4 þ 0:24566X2
1

� 1:81675X2
3 (3)

Figure 3. Response surface diagram of the influence of each control factor on the crack additional percentage. (a) Response
surface diagram of the influence of X1 and X2 on the crack additional percentage. (b) Response surface diagram of the influence of
X1 and X3 on the crack additional percentage. (c) Response surface diagram of the influence of X1 and X4 on the crack additional
percentage. (d) Response surface diagram of the influence of X2 and X3 on the crack additional percentage. (e) Response surface
diagram of the influence of X2 and X4 on the crack additional percentage. Response surface diagram of the influence of X3 and X4
on the crack additional percentage.

Table 4. Relative error table of the regression equation of the crack additional percentage of paddy.

Factor
The crack percentage of

raw grain
The crack percentage

after drying

The crack additional
percentage

(Experimental value)
Analog
value

Relative
errorX1 X2 X3 X4

29 48 22 0.6 6.33 20.00 2.1596 2.2392 3.69%
33 52 20 0.5 6.67 20.67 2.0990 2.2607 7.71%
40 62 24 0.7 6.00 42.67 6.1117 6.3159 3.34%
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Analysis of the influence of various factors on drying accumulated temperature of paddy
From Figure 4, which shows the scope of the test scheme, it can be seen that the drying accumulated
temperature of paddy negatively correlates with the drying medium temperature. It positively
correlates with the drying medium humidity, positively correlates with the initial moisture of
paddy, and negatively correlates with the drying media flow rate.

In Figure 4(b), when the drying medium temperature is constant, with the increase in the initial
moisture of the paddy, the drying accumulated temperature of paddy gradually increases. When the
initial moisture of paddy rice is certain, the drying accumulated temperature of paddy increases
faster with the decrease in the drying medium temperature.

In Figure 4(d), when the initial moisture content of paddy is low, the change in the relative
humidity of the drying medium has no significant effect on the drying accumulated temperature of
paddy. With the increase in initial moisture, the drying accumulated temperature of paddy gradually
decreases, and the effect of the relative humidity of the drying medium on the drying accumulated
temperature of paddy increases.

In Figure 4(e), when the drying medium flow rate is high, the relative humidity of the drying
medium does not have a significant effect on the drying accumulated temperature of paddy. When
the relative humidity of the drying medium is low, there is a positive correlation between the drying
accumulated temperature of paddy and the drying medium flow rate. When the relative humidity of
the drying medium is high, the drying accumulated temperature of paddy negatively correlates with
the drying medium flow rate. The reason for this phenomenon is that the relative humidity of the
drying medium, compared to its flow rate, has a more significant effect on the drying accumulated
temperature of paddy.

Verification
To ensure the accuracy of the regression equation, three groups of validation tests were carried out.
The values of each factor are shown in Table 5, including the experimental values, the simulated
values of the regression equation, and the relative errors. Table 6 shows that the relative errors of the
three validation tests are less than 5%, proving that the regression equation can be used to describe
the relationship between the four factors and the accumulated temperature. Thus, the model is
reliable and can be applied in practice.

Table 5. Influence of various factors on the accumulated temperature of paddy.

Source of variance Degree of freedom Sum of squares Mean square F value P value Significance

Regression Model 14 59158.41 4225.6 38.36 <0.0001 Yes
X1 1 32044.97 32044.97 290.92 <0.0001 Yes
X2 1 6638.1 6638.1 60.26 <0.0001 Yes
X3 1 16880.94 16880.94 153.25 <0.0001 Yes
X4 1 9.24 9.24 0.084 0.775 No
X1X2 1 53.26 53.26 0.48 0.4945 No
X1X3 1 72.61 72.61 0.66 0.426 No
X1X4 1 32.87 32.87 0.3 0.5907 No
X2X3 1 114.59 114.59 1.04 0.3194 No
X2X4 1 969.64 969.64 8.8 0.0074 Yes
X3X4 1 32.36 32.36 0.29 0.5935 No
X1

2 1 494.37 494.37 4.49 0.0462 Yes
X2

2 1 40.98 40.98 0.37 0.5484 No
X3

2 1 1689.9 1689.9 15.34 0.0008 Yes
X4

2 1 84.6 84.6 0.77 0.3907 No
Residual Error Lack of Fit 10 656.64 65.66 0.44 0.899 No

Pure Error 11 1656.5 150.59
Total Error 21 2313.14 110.15

Total 35 61471.56
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Establishment of tool chart of accumulated temperature and drying quality of paddy

From the actual test, the flow velocity of the drying medium in the dryer was stable in the range of
0.45–0.55 ms−1, and the relative humidity range of the drying medium was between 45% and 65%
during the actual drying process. Therefore, taking the flow velocity of the drying medium as
0.5 ms−1 and the relative humidity of drying medium as 45%, 55%, and 65%, the contour map of

Figure 4. Response surface diagram of the influence of each control factor on the accumulated temperature. (a) Response surface
diagram of the influence of X1 and X2 on the accumulated temperature. (b) Response surface diagram of the influence of X1 and X3
on the accumulated temperature. (c) Response surface diagram of the influence of X1 and X4 on the accumulated temperature. (d)
Response surface diagram of the influence of X2 and X3 on the accumulated temperature. (e) Response surface diagram of the
influence of X2 and X4 on the accumulated temperature. (f) Response surface diagram of the influence of X3 and X4 on the
accumulated temperature.

Table 6. Relative error of the regression equation of the accumulated temperature of paddy.

Factor

Drying time Drying temperature
Accumulated temperature

(Experimental value) Analog value Relative errorX1 X2 X3 X4

29 48 22 0.6 9.50 29 275.5 265.5331 3.62%
33 52 20 0.5 6.18 33 203.94 208.9425 2.45%
40 62 24 0.7 5.48 40 219.2 219.6760 0.22%
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the regression equation, coupled with the crack additional percentage and the accumulated tem-
perature under the three relative humidity values of drying medium, was established. This is shown
in Figure 5. According to the contour map, the influence of the drying medium temperature and the
initial moisture content on Y1 and Y2, under the condition of the flow velocity of the drying medium
and the relative humidity of the drying medium, are certain. Additionally, it can be used to directly
find the crack additional percentage and the accumulated temperature in some drying conditions.

The lower-left corner shows sparse characteristics, and the upper-right corner shows dense char-
acters. Both are shown in the contour’s map of the crack additional percentage. The crack additional
percentage is lower in the lower-left corner, which indicates that the crack additional percentage of
paddy is lower when the drying medium temperature, and the initial moisture content of paddy are
lower. Because the initial moisture content of paddy is usually about 24% during the drying process, the
area of the lower-left corner is generally not used. In the upper-right corner, the initial moisture content
of paddy is higher, and the contours of the crack additional percentage are relatively dense, indicating
that the effect of temperature on the crack additional percentage is significant when the initial moisture
content of paddy is higher. According to the analysis of the three curves of the crack additional
percentage, it can be known that, in the upper half of the map, the three curves intersect at the same
point when the crack additional percentage is equal. The crack additional percentage above that point
increases with the increase in the relative humidity of the drying medium. However, the tendency is
opposite below that point. Additionally, above the point at which the crack additional percentage is the
same, as the drying medium’s relative humidity decreases, the paddy temperature increases. This
tendency is reversed below this point. The contours of the accumulated temperature show the
characteristics of “upper-sparse and lower-dense” and “upper-steep and lower-gradual.” “Upper-
sparse and lower-dense” indicates that the change in temperature has little effect on the accumulated
temperature when the initial moisture of paddy is higher. “Upper-steep and lower-gradual” indicates
that the temperature is constant. Thus, the effect of initial moisture content of paddy on the accumu-
lated temperature becomes clearer with the decrease in initial moisture content. Thus, when integrating
the three curves, the crack additional percentage exhibits a decreasing trend with the increase in
accumulated temperature. Under normal circumstances, a higher initial moisture content of paddy
corresponds to a longer drying time. Therefore, the crack additional percentage increases. When the
temperature is constant, the crack additional percentage increases slightly with the increase in

Figure 5. Contour map of the accumulated temperature and the drying quality.
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accumulated temperature. When the accumulated temperature reaches 300°C·h, the crack additional
percentage will be less than 3%, even if the initial moisture content of paddy reaches a minimum of 24%.

The use of this map is illustrated by the following example. Assuming that we have a batch of
paddy with moisture content 23.5% and dryer internal relative humidity measurement 45%. If we
want to make the crack additional percentage at 3%, by looking at the map, it can be found that the
dryer should be drying at under 34.6°C (point A). At the same time, the accumulated temperature
should be at 207.5°C·h.

The results of this test are obtained by the continuous drying test. However, in the actual drying
process, to balance the thermal stress and wet stress in grains, tempering time will be added. The
effect of tempering time and temperature on the crack additional percentage is significant.
Therefore, in the application of the contour map obtained in this test (Figure 5), the crack additional
percentage should be multiplied by the corresponding coefficient, k, obtained by the actual experi-
ment, based on the actual tempering ratio. The calculation method is as follows:

k ¼ C þ a1γþ a2γ
2 þ a3γ

3 þ . . .þ anγ
n (4)

In the formula, C is a constant, a1 . . . an are various coefficients, and γ is the tempering ratio. Taking
the formula into a continuous drying crack additional percentage regression formula of Equation(5)
can get the current tempering ratio regression equation.

Y
0
1 ¼ k 67:24756� 1:48450X1 � 0:60114X2 � 2:75346X3 þ 2:42147X4ð

þ0:026014X2X3 þ 0:025906X2
1 þ 0:034633X2

3Þ (5)

Conclusion

In this study, models for the crack additional percentage and drying accumulated temperature of
paddy were established. These models are reliable and practical. When the temperature of the drying
medium is 31°C, relative humidity of the drying medium is 60%, paddy initial moisture content is
19%, and wind speed is 0.5 ms−1, the crack additional percentage can reach 0.508%, and the average
precipitation rate is 0.719%·h. The degree of influence of each factor on the crack additional
percentage, in decreasing order is as follows: Drying medium temperature>initial moisture conten-
t>relative humidity of drying medium>flow velocity of the drying medium. The interaction between
the relative humidity of the drying medium and the initial moisture content of paddy positively
correlates with the crack additional percentage. A contour map of accumulated temperature and
drying quality under different process parameters was developed, providing a parameter searching
basis for the quality control of paddy and the process adjustment of paddy drying. After practical
verification, the model and the tool chart in this paper can be used in practice, providing theoretical
basis for the digital design and real-world control of the dryer.
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