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Abstract: In this study, drying characteristics of canola seeds
weredeterminedusingheatedambient air at 40, 50and60°C,
relativehumidity of 20, 40and60%andconstant velocity of 3
m/s. To select a suitable drying curve, six thin-layer drying
models were fitted to experimental data. The models were
compared according to three statistical parameters: R2,
reduced chi-square (χ2) and root mean square error. Using
some experimental data, an Artificial neural network model,
trained by Feed Forward Back-Propagation algorithm, was
developed to predict moisture ratio values based on the three
input variables. Different activation functions and several
ruleswereusedtoassesspercentageerrorbetweenthedesired
andpredictedvalues.Accordingtotheresults, theapproxima-
tion of diffusion drying model had better agreement with the
drying data. The artificial neural network model was able to
predict the moisture ratio quite well with R2 of 0.9994. The
predictedmean square error was obtained as 0.00012575.
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1 Introduction

Rapeseed (Brassica napus L.) is one of the world’s major
sources of edible vegetable oils [1]. Keeping grain cool

and dry is the key to successful canola storage. Canola
seed is usually harvested at high moisture content.
Therefore, drying is an important post-harvest treatment
prior to optimal storage. Improper drying condition is one
of the causes of poor rapeseed quality [2]. Drying is a
process comprising simultaneous heat and mass transfer
within the material and between the surface of the mate-
rial and the surrounding media [3].

Simulationmodels are helpful in designing and improv-
ing drying systems or for the control of the drying operation.
Thin-layer dryers refer to the grain dryers in which all grains
are fully exposed to the drying air under constant drying
conditions, i.e. at constant air temperature and humidity.
All commercial flow dryers are designed on thin-layer drying
principles. Thus, thin-layer drying simulation is the best cri-
terion tomodel the food drying process [4].

Several thin-layer equations have been presented in
the literature. Although a considerable amount of data
has been reported in the literature regarding the thin-
layer drying modeling of various agricultural products
(fruits, crops and vegetables) like pistachio [5, 6], rough
rice [7], green pepper, green bean and squash [8], grape
[9, 10], onions [11], red pepper [12], garlic cloves [13] and
ear corn [14], little information is available on the thin-
layer drying of canola seed. On the other hand, drying in
controlled drying air relative humidity and its influence
on the dried product characteristics and corresponding
drying models has not been studied thoroughly.

Sometimes, it is impossible to establish thin-layer
equations due to the complexity of the phenomenon.
Therefore, “black box” models based on input–output
patterns like artificial neural networks (ANNs) are useful
[15–18].

ANNs are mathematical tools whose functioning is
inspired by that of the human brain [19, 20]. They are a
promising tool for simulating variables of processes
because of their simplicity. They have the ability to
learn the complex relationships without a priori knowl-
edge of model structure [21–24].
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Prediction of heat and mass transfer in the drying
process of mango and cassava was achieved using neural
networks [25]. ANNs were also used for rapid determina-
tion of the drying kinetics (k and n) used in Page equation
in drying potato slices by Islam et al. [26]. Cubillos and
Reyes [27] also used ANN approach for modeling the
drying of carrots.

The objective of this study was to investigate the adapt-
ability of a thin-layer dryingmodel to canola seed, by choos-
ing the best among six thin-layer drying equations and
compare neural networks with the mathematical models for
the prediction of thin-layer drying of canola seed.

2 Materials and methods

2.1 The experimental facility

The fluidized bed drying chamber received wet solids and
discharged dried products. Processed air was dehumidi-
fied by the evaporator and then was heated to a higher
temperature by the heater. The air was then arrived into
the fluidized bed chamber from the bottom. Moisture was
transferred from the solids into the air when two phases

were in contact. The schematic of the designed dryer
apparatus and components of the dehumidifying system
is shown in Figure 1.

The dehumidifying system consisted of an evapora-
tor, a compressor, a condenser and an expansion valve
and a damper. The working fluid (R22 refrigerant) at low
pressure is vaporized in the evaporator by receiving heat
from the surroundings. That causes temperature of the air
at the surrounding to decrease. If the temperature of air
was below the dewpoint, condensation occurs; the air is
cooled and dehumidified. Thus, evaporator acted as a
condenser or dehumidifier for the air.

The working fluid then goes to compressor, where
the enthalpy of the working fluid raises and discharges it
as superheated vapor at high pressure. The superheated
vapor then goes to the condenser, where heat is removed
from the working fluid and transferred to the process air
around the condenser. As a result, the temperature of the
air increases. Finally, the working fluid is throttled using
an expansion valve to the low pressure line and enters
the evaporator to complete the cycle.

To control the humidity level at a specified point, a
damper was installed in the drying apparatus. When
the humidity of the air reaches the determined level,
the sensor switches the damper on and produces vapor.
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Figure 1 Schematic of dryer apparatus. (1) Feeding perforated screen, (2) main fluidization chamber, (3) supplementary fluidization
chamber, (4) centrifugal blowing fan, (5) demoisturizing compressor, (6) condenser, (7) evaporator, (8) air heater and (9) moisturizing unit
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When the relative humidity of drying air increases up
to the desired level, the humidifier would be switched
off.

2.2 Material preparation and drying
conditions

Samples of freshly harvested canola seed (RGS003 vari-
ety) were cleaned, the oven drying technique was used to
measure the initial moisture content of the grains accord-
ing to AOAC method 934.06 [28]. After determining the
initial moisture content, sufficient amount of water was
added to the seeds in order to increase the moisture
content to a desired level, then the samples were sealed
in double layers of polythene bags and stored in a refrig-
erator at 5°C [29].

Before starting the experiments, the samples were
taken from the refrigerator and kept at room temperature
for about 24 h, so that the samples had reached thermal
equilibrium [30].

The experiments for the thin-layer drying were com-
pletely randomized. Different combinations of three dry-
ing air temperature levels (40, 50 and 60°C) and three
relative humidity levels (20, 40 and 60%), for a total of
nine experiments, were each performed in triplicate.
These temperatures combined with conditioned relative
humidity were selected to study drying of canola seed in
low temperature levels that has almost no effects on
canola seed chemical properties. The experiments were
conducted, after the system had reached a steady state.
The time required to stabilize the whole system was
about 2 h.

Most thin-layer models do not include air velocity as
an independent variable [31]. The air velocity was fixed at
3 m/s in order to have a steady fluidization of the seed
sample, because the terminal velocity of canola seed was
determined about 3 m/s before the drying experiments.
The air velocity was checked with an anemometer (TESTO
405-V1, Germany) with a resolution of 0.01 m/s. A

thermocouple temperature sensor with a resolution of
0.1°C was used for measurement of drying temperature
(ELREHA GMBH, Germany). Each experimental replicate
used a sample of about 100 g of canola seed.

During the drying process, the samples were periodi-
cally weighed using an electronic balance (Satorius,
Germany) to determine weight loss, from which the dry-
ing curves were obtained.

Weighing of the sample to record the change in
weight was carried out every 10 min. The change in
moisture content, relative to drying time, can be calcu-
lated based on the weight change. When the samples
reached the predetermined moisture content, the experi-
ment was stopped. The final desired moisture content
was 8% (dry basis) as being ideal for safe canola seed
storage [32, 33]. The moisture content at any time in
drying experiment was calculated by [34]:

Mf ¼ W0 �Wf

W0
� 100 ð1Þ

2.3 Mathematical modeling of drying curves

Drying curves were fitted with six thin-layer drying mod-
els, namely, the Page, the two-term exponential,
Approximation of diffusion, the Verma et al., the Wang
and Singh and the modified Handerson and Pabis model
(Table 1). The moisture ratio of canola seed during drying
experiments was calculated using the following equation:

MR ¼ M �Me

M0 �Me
ð2Þ

where MR, M, M0 and Me are the moisture ratio, moisture
content at any time, initial moisture content and equili-
brium moisture content, respectively.

The coefficient of determination (R2) was one of the
primary criteria for selecting the best model to describe
thin-layer drying curves of canola seeds. However, there
are some statistical test methods such as the reduced chi-

Table 1 Mathematical models applied to drying curves

Model no. Model name Model References

1 Page MR ¼ expð�ktnÞ Page [35]
2 Two-term exponential MR ¼ a expð�ktÞ þ 1� að Þ expð�katÞ Yaldiz et al. [10]
3 Wang and Singh MR ¼ M0 þ at þ bt2 Ozdemir and Devres [36]
4 Approximation of diffusion MR ¼ a expð�ktÞ þ 1� að Þ expð�kbtÞ Yaldiz and Ertekin [8]
5 Verma et al. MR ¼ a expð�ktÞ þ 1� að Þ expð�gtÞ Verma et al. [37]
6 Modified Henderson and Pabis MR ¼ a expð�ktÞ þ b expð�gtÞ þ c expð�htÞ Karathanos [38]
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square (χ2) and root mean square error (RMSE) to evalu-
ate the goodness of fit of the models. Lower the χ2 and
RMSE values and higher R2 values, better the fitness.
These parameters can be calculated by eqs (3)–(5)
[39, 40]:

R2 ¼ 1�
PN

i¼1 ðMRpre;i �MRexp;iÞ2PN
i¼1 ðMRpre;i �MRpre;iÞ2

ð3Þ

χ2 ¼
Pn

i¼1 ðMexp;i �Mpre;iÞ2
N � n

ð4Þ

RMSE ¼ 1
N

Xn
I¼1

ðMpre;i �Mexp;iÞ2
" #1=2

ð5Þ

where MRexp,i is the experimental moisture ratio at obser-
vation i, MRpre,i is the predicted moisture ratio at this
observation, N is number of observations and n is num-
ber of constants.

2.4 Neural network design

To obtain the best prediction by the network, several
architectures were evaluated and trained using the
experimental data. The Feed Forward Back-Propagation
algorithm was utilized in training of all ANN models.

This algorithm uses the supervised training techni-
que where the network weights and biases are initialized
randomly at the beginning of the training phase.

The error minimization process is achieved using a
gradient descent rule. There were three inputs and one

output parameters in the experimental tests. The three
input variables are time (in min), temperature (°C) and
relative humidity (%). The output for evaluating dryer
performance is MR. Therefore, the input layer consisted
of three neurons, and the output layer had one neuron
(Figure 2).

Figure 2 shows the configuration of multilayer neural
network for predicting MR (moisture ratio). Tangent (Tan)
function suited best for the output layer. This arrange-
ment of functions in function approximation problems or
modeling is common and yields better results. However,
many other networks with several functions and topolo-
gies were examined. The training [(mean square error
(MSE)] was chosen to be 0.00001 for all ANNs. The com-
plexity and size of the network was also important, so the
smaller ANNs had the priority to be selected. Different
training algorithms were also tested, and finally,
Levenberg–Marquardt (trainlm) was selected. The com-
puter program MATLAB 7.9, neural network toolbox, was
used for ANN design.

3 Results and discussion

3.1 Drying curves

Figure 3 shows final drying time versus temperature at
constant drying air relative humidity. It is obvious that
at high-temperature levels, the difference between total
drying times is lower than that at low temperatures.
Total drying time at 60% drying air relative humidity

Hidden layerInput

Time

Temperature

Relative humidity

Output

MR

Figure 2 Configuration of neural network for predicting MR (moisture ratio)
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reduced about 22.57% compared with experiments per-
formed at 20% RH at constant air temperature, it can
be discussed on the basis of the fact that a drying air
with low relative humidity has a greater potential to
diffuse in the particles and remove the moisture from
them. Whereas increasing air temperature from 40 to
60°C resulted in shortening the drying times about
54%. This is because increasing the temperature leads
to an increase in drying rate because of the higher bed
temperature of the particles; this increases the intra-
particle moisture diffusion leading to a higher drying
rate. The increased transport properties of the fluids
with the increase in temperature have been well
known, and the experimental data are in agreement
with the basic concepts of the mass transfer. A higher
bed temperature increases the moisture diffusion rate,
resulting in an increased drying rate. These results are
in agreement with earlier researches [41–43].

In the other words, the effect of air temperature
compared with air relative humidity is significant in
total drying time of canola seed. The drying rate was
high at the beginning of drying and became low as the
moisture content decreased. Figure 4 presents the experi-
mental data (moisture ratio vs time) obtained for air at
temperatures ranging from 40, 50 and 60°C at different
relative humidities. In all three figures, the best-fitting
curve is also included (as will be discussed later).
Moreover, it is proven that no constant drying rate period
is significant in canola drying, and drying of canola seed
occurred in the falling rate phase.

3.2 Analysis of data

The moisture ratio, MR, of each experimental series was
calculated. Non-linear regression analysis using MATLAB
computer program was made for fitting the measured
data (moisture ratio and time) into six thin-layer drying
models, displayed in Table 1. Tables 2–4 show the fitting
results (R2, RMSE and χ2) for the models listed in Table 1,
using the experimental data, with the best-fitting model
in bold type. The best model describing the thin-layer
drying kinetics was selected with the highest R2 average
values, and the lowest RMSE and χ2 average values. By
comparing R2, RMSE and χ2 average values, it is clear that
the approximation of diffusion model satisfactorily fits
experimental data on drying kinetics observed in the
falling rate period and has better agreement with the
experiments. The approximation of diffusion model con-
stants are reported in Table 5. In all the experiments, the
values of R2 and RMSE were 0.999997–0.999999 and
0.005534–0.026604, respectively.

Chen and Morey [44] and Xanthopoulos et al. [45]
stated that data points in a plot of the residuals versus
predicted values should tend to fall in a horizontal
band centered on zero line, displaying no systematic
tendencies toward a clear pattern. Therefore, plotting
the experimental data against the predicted values of
dimensionless moisture ratio, Figure 5, there were no
systematic patterns. The proximity of residuals
around zero line shows the sufficiency of the derived
model.
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Figure 3 Drying air temperature versus final drying time at different air relative humidities for drying of canola seed
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Figure 4 Plots of canola moisture ratio (M/M0) versus time at different temperatures and relative humidities

Table 2 Coefficient of determination for RH ¼ 20%, varying T

Model Temperature

40°C 50°C 60°C

R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2

Page 0.999967 0.047865 0.000417 0.99998 0.032965 0.000198 0.999984 0.024527 0.000109
Two-term exponential 0.999948 0.058304 0.000618 0.999872 0.075947 0.001049 0.999766 0.08237 0.001234
Wang and Singh 0.999089 0.272495 0.013501 0.998338 0.337558 0.020717 0.997067 0.399386 0.029002
Approximation of diffusion 0.999988 0.022972 0.000158 0.999997 0.010303 3.18e–05 0.999997 0.008658 2.25e–05
Verma et al. 0.995945 0.402904 0.0487 0.99876 0.197952 0.011755 0.999829 0.06318 0.001198
Modified Henderson and Pabis 0.999988 0.016242 0.000226 0.999997 0.007569 4.91e–05 0.999994 0.008286 5.89e–05

Table 3 Coefficient of determination for RH ¼ 40%, varying T

Model Temperature

40°C 50°C 60°C

R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2

Page 0.999982 0.038213 0.000265 0.999989 0.032965 0.000198 0.999994 0.014809 3.99e–05
Two-term exponential 0.999984 0.024527 0.000239 0.999926 0.058466 0.000622 0.999849 0.069192 0.00087
Wang and Singh 0.999391 0.237671 0.01027 0.998419 0.323023 0.018972 0.997416 0.382101 0.026546
Approximation of diffusion 0.999987 0.026604 0.000212 0.999996 0.011583 4.03e–05 0.999999 0.005534 9.19e–06
Verma et al. 0.996451 0.409237 0.050243 0.997535 0.272682 0.022307 0.999349 0.125227 0.004705
Modified Henderson and Pabis 0.99998 0.022991 0.000453 0.999996 0.008191 5.75e–05 0.999999 0.003913 1.31e–05
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Table 4 Coefficient of determination for RH ¼ 60%, varying T

Model Temperature

40°C 50°C 60°C

R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2

Page 0.999987 0.035262 0.000226 0.999987 0.027693 0.000139 0.999966 0.044129 0.000354
Two-term exponential 0.999991 0.028537 0.000148 0.999967 0.043222 0.00034 0.99985 0.085528 0.00133
Wang and Singh 0.999581 0.207056 0.007795 0.998881 0.288095 0.015091 0.998458 0.33434 0.020324
Approximation of diffusion 0.999991 0.023053 0.000159 0.999996 0.011833 4.2e–05 0.999986 0.02272 0.000155
Verma et al. 0.994576 0.534991 0.085865 0.99656 0.346788 0.036079 0.999606 0.117659 0.004153
Modified Henderson and Pabis 0.99999 0.017313 0.000257 0.999996 0.008808 6.65e–05 0.999986 0.016339 0.000229

Table 5 Regression analysis coefficients related to the approximation of diffusion model for each experiment

Temperature (°C) Relative humidity (%) Coefficients of drying models

k a b

40 20 0.769306 0.041212 0.267562
40 0.141324 0.207636 0.271904
60 0.192271 0.155532 0.174299

50 20 0.365744 0.896550 0.382297
40 0.335218 0.104682 0.340112
60 0.297409 0.114499 0.282693

60 20 0.280030 0.124267 0.504085
40 0.219952 0.156923 0.496734
60 0.334231 0.092549 0.389822

1

0.8

0.6

0.4

Y = 1.0028x – 0.0021
R2 = 0.9995

0.2

0
0 0.2 0.4 0.6

MRexp

M
R

p
re

0.8 1 1.2

1.2

Figure 5 Plot of predicted values of MR versus the measured values for approximation of diffusion model
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3.3 Results of artificial neural network
modeling

An ANN was developed based on the experimental
work. Results showed that Feed Forward Back-
Propagation training algorithm was well suited for pre-
diction of moisture ratio based on different times, rela-
tive humidities and temperature levels. Performance
diagram of the ANN model is shown in Figure 6.
Predicted versus experimental values for the studied
parameters are indicated in Figure 7. This figure

shows the results of analysis for moisture ratio. As
can be seen, all the investigated prediction models
simulate the experiments satisfactorily. The developed
network had a good generalization in predicting the
quality of the canola seed from the drying process.
Thus, this network model could be used to determine
the moisture ratio of canola seed under the dynamic
drying system. ANN predictions for MR yielded coeffi-
cient of determination (R2) of 0.9994 and MSE value of
0.00012575. Summary of the various ANN networks has
been presented in Table 6.
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Figure 7 Correlation between the experimental data and the predicted values of the ANN model for moisture ratio (%)
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4 Conclusions

Thin-layer drying experiments were conducted to deter-
mine the thin-layer drying characteristics of canola
seed. Six thin-layer drying models were evaluated for
their suitability. The approximation of diffusion model
was the best model for describing the thin-layer drying
characteristics of canola seed. The analysis also
showed that the drying of canola seed occurred during
the falling rate period and that no constant rate period
was observed. This indicated that a diffusion phenom-
enon is the governing physical mechanism of moisture
movement in the canola seed. The moisture diffusion
model was determined. The final selected model, 3-10-2
(3 neurons in input layer, 10 neurons in hidden layer 1
and 2 neurons in output layer), successfully learned the
relationship between input and output parameters. The
ANN results are quite satisfactory in a way that R2

values are close to one, while MSEs were found to be
very low. Analysis of the experimental data by the ANN
revealed that there is a good correlation between the
ANN-predicted results and the experimental data.
Generally speaking, ANN proved to be a reliable alter-
native for canola seed thin-layer drying prediction due
to generality and simplicity.

Notations

a, b, c, g, h, n dimensionless drying constants in drying
models

Deff effective moisture diffusivity (m2/s)
k drying constant in drying models
M moisture content (% dry basis) (g water/g dry

solids)
MR moisture ratio
MSE mean square error
n number of constants
N total number of observations
r particle radius
R2 coefficient of determination
RH relative humidity in drying chamber
RMSE root mean square error
T temperature (°C)
t time (min)
W weight (g)
χ2 reduced chi-square

Subscripts
0 initial
e equilibrium
exp experimental
f final

pre predicted
w water

Table 6 Summary of the various ANN networks

Activation function Neurone in hidden layer 1 Neurone in hidden layer 2 MSE Epoch R2

TANSIG 5 – 0.00021076 22 0.99868
TANSIG 10 – 0.00012575 23 0.9994
TANSIG 15 – 0.0675940 7 0.62209
TANSIG 20 – 0.04252 1 0.73264
TANSIG 25 – 0.00013931 11 0.99914
TANSIG 30 – 0.00066779 19 0.99842
TANSIG 40 – 0.00021505 12 0.99924
TANSIG 50 – 0.098054 0 0.4204
TANSIG 60 – 0.061714 0 0.70734
TANSIG 70 – 0.0058948 13 0.96663
TANSIG 80 – 0.11153 4 0.37248
TANSIG 90 – 0.016316 13 0.96196
TANSIG 100 – 0.0025453 25 0.98876
TANSIG 10 10 0.00037601 17 0.99901
TANSIG 10 20 0.00067978 18 0.99741
TANSIG 10 30 0.037463 18 0.76560
TANSIG 10 40 0.0018337 18 0.99407
TANSIG 20 10 0.0019113 24 0.98219
TANSIG 20 20 0.10557 5 0.18731
TANSIG 20 30 0.066668 16 0.59806
TANSIG 20 40 0.0026562 29 0.99113
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