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Summary
The aim of this study was to investigate the water release from seeds of three
rape hybrids, (‘Artus’, ‘Baldur’ and ‘Titan’), during the convection drying of the
seeds at three different drying temperature (40, 60 and 80 C). The drying was
conducted in laboratory scale drier which can simulate the conditions of large
drier. The air velocity in the drier was maintained at 1.0 m/s. Activation energy
needed for starting the process of water release during the convective drying of
oil seed rape seeds was also studied.
According to the obtained values, the mathematical models (equations and
curves) of kinematic drying were determined. By comparing the exponential
equations and the constants of water release from seeds it was observed that
drying of hybrid Artus was the slowest and the one of hybrid Titan the fastest.
Results showed that there was a significant difference between all investigated
hybrids in water release rate and that within the same drying conditions, hybrids
showed different behaviour. Moreover, air temperature increase caused significant
increase in water release from the seeds. The highest activation energy needed
for starting the process of water release from the seeds had the hybrid Artus and
the lowest one hybrid Titan. Due to this, it can be concluded that the activation
energy was reversely proportional to the water release rate from the seeds.
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Introduction
The speed and quality of seed drying depend on physical characteristics of the drying environment, physical and
chemical characteristics of the material to be dried, and thickness of the layer through which the water is diff used in the
drying regime. In natural drying process air temperature is
approximately the same as that of the seed and, thus, drying
is slower. With increasing the air temperature, the drying
process is accelerated (Krička et al., 2007).
Relevant for drying rate is the rate of water flow through
the seed towards the surface. The performance of the material during the drying process is essentially influenced by its
composition, i.e., by characteristics of different parts of the
seed. In relation to wheat and corn, rape seed has different
structure and shape. The spherical shape of seed reduces the
porosity of the pile to minimum which increases air resistance during the drying process.
Exposing wet seeds to higher temperatures for a longer
period of time may lead to a too fast drying and thus to cracking, which potentially affects safe storage (Krička et al., 2007).
It is already known that different lots of rape seed, with
different initial moisture, perform differently in the drying
process. After the drying procedure, the seeds at the dryer
's exit have different moisture content, which may represent
a problem during storage. One part of the seed is overdried,
which is not rational, either in terms of energy consumption
or in terms of preservation of nutritive substances of the
seed (excessive drying of grain or seed increases the protein
content because of dry matter concentration which reduces
digestibility, i.e., it leads to protein denaturation and lower
solubility), while the seed’s parts with moister higher than
needed for safe storage provide the ground for development
of microorganisms (Katić, 1997; BIOEN, 2001).
The researchers present the mathematical modeling of the
drying process (moisture loss from seeds) with polynomial,
exponential and logarithmic equations.
Thus, Page (1949) proposes exponential equation of the
thin layer drying model with characteristic seed constants
and moisture ratios, while Thompson (1967) proposes exponential equation with variant valued and dry air temperature. Noomhorm and Vermal (1986) also use second order
exponential equations in studying the thin layer and shaping its curve. They also compared their own studies with the
results of the Thompson model, after which they concluded
that the Thompson model gives satisfactory results in thin
layer drying. Theory of application of the thin layer drying
procedure on thick layer was not acceptable until the mid
1960-ties, when according to Mujumdar (2000), Hukill in
1954 was the first who started to develop the thick layer simulation model on the basis of the results obtained by studying
the thin layer drying process. This development resulted in
introduction of computer-based models for monitoring and
simulation of the process.
However, in order to give full description of the drying
kinetics it is necessary to know a large number of parameters

(Mujumdar, 2000). Among them are type of dryer, dryer’s geometry, heating method, but also the properties of the drying
material. It is important to know geometrical particles of the
material such as size of particles, distribution of particle size,
distribution of capillary size and particle shape (Krička et al.,
2005). It is particularly important to know transfer capacities of the material. When mass transfer is concerned, these
capacities consist of activation energy for water release from
seed and drying constant (Voća et al., 2007). It is necessary
to know the variations of these capacities during the drying.
Since all these capacities vary with changing working environment, it is clear that the modeling of the drying process is
a complex task. Especially so, if we keep in mind that during
the drying process the parallel processes of mass transfer and
heat transfer happen.
Thus, the specific aim of a large number of studies is to
find a simple mathematical model that will successfully describe the drying kinetics. These are mainly exponential
models with only few parameters.
The main shortcoming of such models is that physical significance of their parameters has not been determined yet.
What is known about these parameters at present is the influence of specific conditions and of some properties of the
material on their values (Sander and Glasnović, 2004). It was
determined that the drying process can be described using
mathematical modeling by exponential, logarithmic or polynomial equations, regardless of the variety in question. The
comparison of the obtained polynomial equations, or interrelation of incline can be shown by use of derivation dw/d
(Martins and Stroshine, 1987; Krička et al., 1999). The moisture content of drying material can be at any moment anticipated by use of any of these drying equations, especially if
the drying constant "k" is calculated.
The drying constant is normally in function of drying air
temperature calculation. Henderson and Pabis (1961) proposed
the equation for calculating the drying constant following
the Arrhenius equation. This equation allows to calculate the
energy required for initiating the water release process. The
Arrhenius equation puts in relation the drying temperature,
water release constant and activation energy for initiating the
water release process. The activation energy can be determined
by means of drying temperature (T), water release constant
(k), or, by using the incline ln k and 1/T. Consequently, the
activation energy is calculated by multiplying the incline of
the said direction and universal gas constant 8.314 J/mol K.
Bala (1997) defined the activation energy or reaction's activation energy (Ea) of water release from seed, which must be
brought to the water molecules to stir their inter-reactions. In
order to incite chemical reaction in the water molecules, they
must collide, but molecules can interact only if their energy
charge is above the required activation energy. In chemical
kinetics, activation energy is the level of potential barrier
separating the product from reactant. The molecules gain
activation energy by transforming their kinetic energy into
potential energy. Therefore, if water molecules' kinetic energy
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in the seeds is not high enough, it can be fully transformed
in to potential energy by their collision, but it will not set on
the activation complex.
The molecules become distant from each other as soon as
potential energy decreases. If energy is brought in the seed's
molecule system, e.g., heat energy (by raising temperature),
a larger number of molecules per second will cross the potential energy barrier.
In other words, reaction rate in molecule transformation
rises with temperature increase. With increasing the potential energy barrier i.e., reaction activation energy, a smaller
number of reacting molecules can cross the peak of energy
barriers and the reaction becomes slower (Voća et al., 2007).
The aim of this study was to investigate the water release
from seeds of three rape hybrids (‘Artus’, ‘Baldur’ and ‘Titan’),
during the convection drying of the seeds at three different
drying temperatures (40, 60 and 80 C). Since it has been assumed that the mentioned hybrids were dried in different ways,
the differences in water release rate between the studied rape
hybrids were determined, as well as the influence of drying
temperature on main parameters of the convection drying.

Materials and methods
The research was carried out in the laboratory of the
Department of Agricultural Technology, Storage and Transport
of the Faculty of Agriculture of the University of Zagreb on
three "00" rape hybrids: ‘Artus’, ‘Baldur’ and ‘Titan’, grown
in experimental fields in Bjelovar-Bilogorska County during
2004, with application of efficient plant growing measures.
Since the samples of rapeseeds had different initial moisture and these values had to be equalized in order to make
the samples comparable for further studies. For this reason,
the samples were rehydrated up to about 18% of moisture
content. Before drying, the samples were cleared of impurities and foreign matters. The rehydration was carried out by
direct action on seed mass with precisely determined quantity
of distilled water. The quantity of water needed for desired
moisture level (18%) was determined following the expression from the Measurement Instructions of the State Office
of Metrology (Pliestić and Varga, 1995).
Then, the samples were stored in glass vessels and put in
the cooling chamber at temperatures from 3 to 5 ºC, in duration of 72 hours, during which time they were frequently
stirred. After conditioning, the moisture content in the samples was determined again, and the rehydrated samples were
positioned as the initial ones and were used in further work.
The drying was performed in the laboratory scale dryer
of small capacity but with capacity to simulate the conditions present in large dryer. The airflow rate in the dryer was
maintained at 1.0 m/s, and the samples were dried at three
different temperatures, i.e., 40 ºC, 60 ºC and 80 ºC, that were
chosen because of their practical value.
Before drying the water content in the seed sample was
determined. After that the seed mass at the end of the drying
process was mathematically determined. A digital balance

was placed next to the laboratory scale dryer. Before each
start of the drying process, temperature and relative humidity were determined by use of a psychrometer placed in the
space of the dryer. Also, before starting the drying process
in the drying space (vessel with perforated bottom) temperature of the seeds was determined. Every five minutes the
vessel was weighted.
The airflow rate, or fan regulation was also controlled
manually, by use of regulation transformer. Measurement of
the preset air temperature was performed by means of probe
PT 100 immediately before the air flowed through the sample.
The airflow rate after exiting the sample layer was determined
by means of digital anemometer made by "Edra Five" from
United Kingdom. The reading area of the digital anemometer
was in a range of 0.3 to 30 m/s, with accuracy of ± 0.1 m/s.
The moisture was determined by use of the oven method
of drying in a dryer at 105 ºC for three hours up to constant
mass with assumption that the sample, beside moisture, does
not contain any other evaporative ingredients or products that
may cause variances in the mass of the studied sample (Šuko
and Petek, 1970). The drying of the sample was performed
in the laboratory oven dryer (INKO ST-40) with a facility to
regulate temperature between 40 and 240 ºC. The accuracy
of measurement is ±0.1 ºC, and working space volume was
20 liters.
On the basis of the mass losses measurements, every five
minutes the exponential equations were calculated in required
temperature values for each studied hybrid up to moisture
equilibrium (6%). Mathematical modeling will give the value
of water release rate up to moisture equilibrium, in order to be
able to exactly compare the variances in water release rate of
specific hybrids. In all obtained exponential equations it was
necessary to find the determination coefficient that shows the
comparability of the results of water release from the seeds.
The data was analyzed following GLM procedure in the
SAS system package in version 8.0 (SAS Institute, 1997). The
results were subject to variance analysis, while the variances
of mean values were compared by use of LSD test for p=0.05.

Results and discussion
The Figures 1, 2 and 3 show the drying curves specifically
for all three drying temperatures for the studied hybrids, for
the purpose of determining the relations between the hybrids
and water release rate.
Kinetics of convection drying was studied for three hybrids at three drying temperature variances. The drying curve
within individual hybrids have a normal course. When kinetic drying curves were determined in different drying conditions, geometrically similar curves were obtained that are
characteristic for the studied material.
It can be determined that, independently of temperature,
hybrid Artus had the longest drying time, and Titan had the
shortest one, by 31% in average. At 40 ºC this percentage was
28%, at 60 ºC 38%, and 25% at 80 ºC. At air temperature of
40 ºC, it took hybrid Artus 95 minutes to dry, while at the
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Figure 1. Drying curves for investigated hybrids at air
temperature of 40 °C
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Figure 2. Drying curves for investigated hybrids at air
temperature of 60 °C
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Figure 3. Drying curves for investigated hybrids at air
temperature of 80 °C

air temperature of 60 ºC the drying time was 56% shorter.
With the air temperature in the drying process of 80 ºC, the
drying time of hybrid Artus was 79% shorter in relation to
the first air temperature.
At air temperature of 40 ºC, it took hybrid Baldur 85
minutes to dry, while at 60 ºC this time was 65% shorter. At

drying air temperature of 80 ºC, the drying time for hybrid
Baldur was 83% shorter than with the first air temperature.
Hybrid Titan, at temperature of 40 ºC was dried after 70
minutes, while at 60 ºC it took 66% shorter time to dry. The
drying time of hybrid Titan at temperature of 80 ºC was 79%
shorter than at 40 ºC.
In order to make the drying curves of the observed hybrids
comparable, the mathematical modeling of equation of water
release rate was applied. A similar method was also used by
Martins and Stroshine (1987), and Krička (1993). Table 1 gives
the exponential equations of drying of the observed hybrids
up to moisture equilibrium (6%). The analysis of the drying
equations makes it evident that the exponential coefficient
of variables has a negative sign, which means that the curve
falls. Namely, it shows the tendency of the water release rate
(Table 1). With higher absolute value of the coefficient, the
drying rate was higher.
After formulating the exponential equations the determination coefficient was found in the range between 0.86 and 0.97.
Such high coefficients show that the research of water release from the seeds was carried out with precision and that
the obtained results can be compared with each other. The
calculation of the water release coefficient allows to precisely
determine which hybrid has the shortest and which one has
the longest water release time.
Table 2 presents the reaction rate constant values in water
release from the seed up to constant moisture for all studied
hybrids. The above Table shows that at all temperature levels,
hybrid Titan had the fastest drying rate, while hybrid Artus
had the slowest one. Therefore, it can be determined that the
rapeseed hybrids perform differently in the drying process,
pending on drying temperature. Similar conclusions were
reached by Krička et al. (1999). Their researches also showed
the variations between the cultivars but also the variations
between the years of cultivation. Moreover, in this research
one of the hybrids (‘Titan’) had a higher drying rate than
others, regardless of temperature level, which is very valuable for drawing conclusions. Given the fact that convection
drying of the observed hybrids was carried out in one year
only, it is not possible to claim with a great accuracy that the
‘Titan’ seeds would always have the highest draying rate
among this group of hybrids, should the research be carried
out over a several year period. The seed drying coefficients
showed that the highest value was observed in hybrid Titan,
with 0.236 s-1, and the lowest one in hybrid Artus, where the
coefficient was 0.101 s-1. In accordance with the Table above
it can be concluded that the seed drying constant (k) significantly grows with increasing air temperature, and it varies
with each studied hybrid.
Using the Arrhenius equation the curves were defined
for interdependence between seed drying rate constant and
drying temperatures (Henderson and Pabis, 1961; Bala 1997).
The incline of the direction was the basis for determining
the activation energy of the rapeseed hybrids. By calculating the value of activation energy, it is possible to determine
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Table 1. Exponential equations of seed drying up to constant
moisture (6%) for the studied hybrids at three different drying
temperature
Hybrid
Artus
Baldur
Titan

Drying temperature (°C)
40
60
80
40
60
80
40
60
80

Exponential equation
y = 18.972e-0.0097x
y = 19.564e-0.0246x
y = 16.89e-0.0512x
y = 16.49e-0.0104x
y = 16.465e-0.0313x
y = 15.397e-0.0637x
y = 16.344e-0.0101x
y = 16.045e-0.0323x
y = 14.461e-0.0657x

R2
0.97
0.95
0.96
0.95
0.93
0.96
0.97
0.91
0.86

y – seed moisture (%), x – drying period (min)

Table 2. Values of reaction rate constant in drying (k) of
seeds up to constant moisture (6%) of studied hybrids at three
drying temperature levels
Coefficient of seed drying, k (s-1)
Drying temperature (°C)
Artus
Baldur
40
0.082a
0.097b
60
0.090a
0.100ab
80
0.128a
0.169a
Mean value
0.100
0.122
LSD
NS
**
Hybrid (H)
**
Artus
0.101b
Baldur
0.122b
Titan
0.236a
Drying temperature (T)
***
40°C
0.116c
60°C
0.143b
80°C
0.199a
HxT
NS

Titan
0.171b
0.239ab
0.299a
0.235
***

**, *** - significance at the 0.01 and 0.001 probability level, NS – not
significant The differences between the values with the same letters are
statistically insignificant at P=0.05

Table 3. Mean values of activation energy of the studied
hybrids
Hybrid
Activation energy (kJ/kg)

Artus
27.13a

Baldur
12.93c

Titan
8.01b

the energy that must be introduced in the seed by thermal
procedure of convection drying in order to stir molecules to
interact and to start the drying process.
As activation energy value is higher, the reaction slows
down, i.e., the drying process is slower. The Table 3 presents
the activation energy values for all studied hybrids, obtained
from the analysis of water release rates at three drying temperatures.
The largest amount of energy required to start the drying
process was observed in the hybrid Artus, 27.13 kJ/mol. It is
significantly above the values observed in other hybrids. The
lowest activation energy value was observed in hybrid Titan,

8.01 kJ/mol, while in hybrid Baldur it was 12.93 kJ/mol. It can
be determined that the variations in activation energy values
among the studied hybrids exist. Since the drying times also
showed the same tendency it can be determined that the activation energy directly depends on water release rate. The
same conclusion was also drawn by Bala (1997).

Conclusions
On the basis of this research, the results of drying of the
seed of rape hybrids ‘Artus’, ‘Baldur’ and ‘Titan’ the following conclusions can be drawn:
1. Exponential equations of drying are comparable for specific drying temperatures and showed the variations in
water release rates in seed of all studied hybrids.
2. In all exponential equations high determination coefficients were found showing that the selected model was
appropriate and the results were comparable. By comparing the exponential equations and seed drying constants
it was observed that hybrid Artus had the slowest drying,
and ‘Titan’ performed the fastest drying.
3. The study showed statistically significant (P = 0.01) difference between water release rates in the studied hybrids
in convection drying of seeds. The hybrids show different performance under the same drying conditions. By
increasing the air temperature, the seed water release rate
increase becomes statistically significant (P = 0.001).
4. The highest activation energy required for starting the
water release from seed was found in hybrid Artus, and
the lowest one in ‘Titan’. Accordingly, it can be concluded that activation energy is in inverse proportion to seed
water release rate.

References
Bala B.K. (1997). Drying and Storage of Ceral Grains, Science
Publisher, New Hampshire, SAD.
BIOEN (2001). Projekt Biodizel – uvođenje proizvodnje
biodizelskoga gorvia u Republiku Hrvatsku, Studija
izvodljivosti, Energetski institut "Hrvoje Požar", Zagreb.
Henderson S.M., Pabis S. (1961). Grain drying theory: I
Temperature effect on drying coefficient, Journal of Agricultural
Engineers Research 6(3): 169-174.
Katić Z. (1997). Sušenje i sušare u poljoprivredi, Multigraf, Zagreb.
Krička T. (1993). Utjecaj perforiranja pšena kukuruza na brzinu
sušenja konvekcijom, Doktorska disertacija, Agronomski
fakultet, Zagreb.
Krička T., Jukić Ž., Voća N., Miletić S. (1999). Komparativna
analiza sušenja sjemenki uljane repice "00" kultivara Silvia i
"00" kultivara Diana, Karola, Semu 910201, Semu 93-10 i Lirajet,
Poljoprivredna znanstvena smotra, 64(2): 113-121.
Krička T., Voća N., Jukić Ž., Kiš D., Voća S. (2005). Disturbances
in the Process of Corn Grain Cooling in the Vertical Gravity
Dryers, Strojniški vestnik – Journal of mechanical engineering,
51(4): 204-216.
Krička T., Voća N., Janušić V., Tomić F., Jukić Ž., Matin A.
(2007). Influence of Treatment and Storage of Rapeseed on
its Properties as a Raw Material for Biodiesel Production,
Poljoprivredna znanstvena smotra, Tematski broj, 2nd
International and 19th Croatian Congress of Technologists for
Post-harvest Technology, 72(3): 173-176.

Agric. conspec. sci. Vol. 74 (2009) No. 3

195

196

Željko JUKIĆ, Tajana KRIČKA, Milan POSPIŠIL, Neven VOĆA, Bilandžija NIKOLA

Martins J.H., Stroshine R.L. (1987). Difference in drying Efficiencies
Among corm hybrids dried in a high temperature column natch
dryer, ASAE Paper No 87, St Joseph, SAD.
Mujumdar A. (2000). Drying Technology in Agriculture and Food
Science, Science Publisher, Plymouth, UK.
Noomhorn A., Vermal R. (1986). A Generalized Single-layer Rice
Drying Model, ASAE – American Society if Agricultural
Engineers, St. Joseph, Michigan, 86: 305-307.
Page C. (1949). Factors influencing the maximum rates of drying
shelled corn in Layers, Ms Thesis, Department of Agricultural
Engineering, Purdue University West Lafayette.
Pliestić S., Varga B. (1995). Utvrđivanje lomne otpornosti prirodno
vlažnog i rehidriranog zrna kukruza Bc 492, Zbornik radova,
XI. Međunarodno Savjetovanje tehnologa sušenja i skladištenja,
Stubičke Toplice, 113-124.

Sander A., Glasnović A. (2004). Procjena karakterističnih veličina u
procesu sušenja, Kem. Ind. 53(3): 109-115.
SAS Institute (1997). SAS/STAT Soft ware: Changes and
enhancements through Rel. 6.12. Sas Inst., Cary, NC, SAD.
Šuko A., Petek M. (1970). Analize i poznavanje stočne hrane, Centar
za primjenu nauke u poljoprivredi SRH, Zagreb, 207-220.
Thompson T.L. (1967). Predicted Performance and optimal design
of convection in Grain Dryers, PhD Thesis, Department of
Agriculture, Kansas State University, SAD.
Voća N., Krička T., Matin A., Janušić V., Jukić Ž., Kišević M. (2007).
Activation Energy of Water Release Rate from Corn Kernel
During Convective Drying, Poljoprivredna znanstvena smotra,
Tematski broj, 2nd International and 19th Croatian Congress of
Technologists for Post-harvest Technology, 72(3):199-204.

acs74_32

Agric. conspec. sci. Vol. 74 (2009) No. 3

