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Convective drying Kinetics of prickly pear seeds
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ABSTRACT: THE objective of this study was to investigate the drying kinetics of prickly pear seeds. Seeds
were dried using a pilot scale convective dryer. Experiments were performed at air temperature of 45 and
70°C and at two relative humidity of 15 and 35% and air velocity of 1 and 2 m/s. The experimental drying
data were fitted to different theoretical models to predict the drying kinetics. According to the results
obtained, it was verified that the constant drying rate period was not detected in these drying experiments. The
increase in the temperature and air velocity of drying air, increases the drying rate of seeds. The statistical
parameters (correlation coefficients and standard errors) show that the Verna model was found to
satisfactorily describe the air-drying curves of seeds. The characteristic drying curves of seeds was
determined empirically by using the corresponding curve drying equations.
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I. Introduction

Plant seeds are important sources of phytochemicals for nutritional, industrial, and pharmaceutical
applications [1]. Moreover, the continued increase in world population and the ever increasing demand for oils
necessitates the need to investigate new sources of oils [2]. For these reasons, new plant sources of
phytochemicals, especially from underexploited seeds, have been investigated [1]. Opuntia ficus-indica fruit
contains as many as 100-330 seeds, including viable and aborted seeds ([3]; [4]). Fresh prickly pear seeds are
highly perishable and dehydratation is a useful means to increase the shelf life of seeds for further use. Sun
drying is the most common method used to preserve agricultural products in most tropical countries. However
this technique is extremely weather dependent and has the problems of contamination with dust, soil, sand
particles and insects. Hot air drying of foods has low energy efficiency and a lengthy drying time during the
techniques falling rate period. Heat transfer of food during conventional heating is limited, because of the low
thermal conductivity of food materials in this period. Conventional (air) drying is the most frequently used
dehydratation operation in food and chemical industry [5], due to its controllable conditions and less
dependency on climatic conditions ([6]). Many researchers have been performed on drying of agricultural
products (prickly pear peel, olive leaves, prickly pear fruit and cladodes) ([7] ; [8] and [9] ). No paper was
found in the literature on the drying kinetics of prickly pear seeds.

The aim of this work is to study the convective drying kinetics of seeds. A convective dryer is used
and the effect of air temperature, relative humidity and air velocity on the experimental drying of seeds kinetics
is examined. A mathematical treatment of experimental data was then applied in order to fit the experimental
variations of moisture ratios versus drying time by using seven empirical equations chosen in the literature and
to determine the corresponding characteristic drying curve (CDC).

II. Material and methods
2.1. Raw material
Prickly pear seeds used in drying experiments were provided from prickly pear fruit (Opuntia ficus
indica) grown in Knais, region of Monastir (Tunisia). Mature fruit samples were harvested in August 2012 and
taken immediately to the laboratory where they manually peeled. Seeds were then separated using a separator.
After bulk separation, the seeds were washed with water. The initial moisture content of all samples (varying
between 0.9 and 1.5 kg per kg dry matter) were determined by the vacuum oven method at 105°C for 4 h.

2.2. Experimental set-up
A convective dryer by the hot air was used for drying, which could be regulated to any desired drying
air temperature, relative humidity and velocity of the drying air with high accuracy. Principal elements of this
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process are a centrifugal blower to aspire the ambient air, an electrical resistance air heating section ensuring
the rise in the temperature of the air, heating control unit, a steam air moistening section, measurement sensors
and a drying chamber. A balance of high precision located at the lower part of the drier. Temperature, air
velocity and relative humidity inside the vein are adjusted and controlled using an automatic system of
regulation. The measurement sensors and the data recording and controlling system coupled with a computer.
The hot air orientation on the samples was vertical. The advantage of this type of flow is to offer optimum
conditions for contact air-product and coefficient of significant transfer of heat. The experimental dryer was
showed in Figure 1.
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Fig.1. Overall layout of the experimental laboratory dryer (LETTM)

2.3. Experimental drying procedure

During drying in the convective dryer, the weight losses of the samples were measured at 10 min
intervals. The drying tests were terminated when the mass of the samples reached a constant value. The air
drying conditions tested are: the temperature, air velocity and relative humidity range from 45 to 70°C, 1 to 2
m/s and 15 to 35% respectively. 500g of fresh seeds of prickly pear were used for each drying experiment.
Each experiment was done at least twice in order to check the reproductively of the drying curves. The dry
mass of the product was determined after each experiment by vacuum oven method at 105°C for 4 h. Our
experiments are undertaken at different air conditions (Table 1).

Table 1: Drying air conditions during experimentation

Trial number Temperature (°C) Relative Humidity (%) Air velocity
(m/s)
2 70 15 1
5 45 15 2
6 70 15 2
8 70 30 2

2.4. Mathematical modelling of drying curves

The Van Meel transformation [10] is applied for describing drying kinetics and determining the
characteristic drying curves. Lopez et al., (2000) ([11]) and Kouhila ez a/., (2002) ([12]) used simply the initial
moisture (Xo) and the equilibrium (X.q) moisture contents to normalize the moisture content obtained at any
drying time (X;). The moisture ratio (MR) of prickly pear seeds during drying experiments was calculated
using the following equation:

www.iosrjournals.org 36 | Page



Convective drying kinetics of prickly pear seed$

X t X gq
X VI X &g
Where X, is determined from the desorption isotherms of prickly pear seeds and X; was deduced from product
weight and initial moisture content and dry matter content of the seeds.
The dimensionless drying rate (f) was also determined for each drying experiment as following:
dMR
____ dt
f=—-8

dMR
[:_ dt ]ﬂ

MR =

dMR - .
Where —(T)O is the initial drying rate.

The values of X, are relatively little compared to those of X; or Xy, the error involved in the simplification is
negligible ([13)], and thus moisture ratio was calculated as:

The experimental variations of moisture ratios versus drying time (MR=f(t)) of prickly pear seeds were
described by using seven models (Table 2) chosen from the most used equations in literature to describe the
thin layer drying kinetics of agricultural products ([7]; [14]; [15]).

Table 2: Drying curve models used

o
ml:j del Model name Model Reference
1 Lewis MR = exp ¥t Bruce (1985) [16]
P!
2 Page MR = expFt) Page (1949) [17]
.o -
3 Modified Page-I MR = exp ") White et al., (1981) [18]
. o qeal Henderson and Pabis (1961
4 Henderson and Pabis MR = a exp" kt™) [19] (1961)
. _ (—kt) Togrul and Pehlivan (2002)
5 Logarithmic ME=a exp + ¢ [20]

6 Two term exponential MRE = g Expl‘_kr} + [1 — EI:] exp (—kat) [Szhf]rf—Elden et al, (1980)

7 Verna et al. MR = o Ex'p':_kr} +(1—-a) exp'i-gf} Verna et al. (1985) [22]

The corresponding experimental characteristic drying curves given by plotting the drying rates (f) as a function
of moisture ratios were also described by the mathematical correlation giving the best fit of experimental data.
A non linear optimization method, using the computer program "CurveExpert Professional 1.5.0" was used to
determine the parameters of the used equations.

The parameters of each model were determined by minimizing the difference between calculated and
experimental data. The adequacies of the models were evaluated by using two statistical parameters: the
standard error (S) and the correlation coefficient (r). These parameters are defined as following:

||E Nexp.data

- (Exp;—Cali)®
5= |==
| Rexp.data ™ Pparam
N xp. pards?
| Meyp.data . e
|1 E[—' (Exp;—Cali)
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Nl Eif:‘”'uumLEx'p[—Ex’ﬂf}z

Where “Cal” is the value of the moisture ratio or of the drying rate (f) calculated by using the tested model,
“Exp” is the experimental value of the moisture ratio or of the drying rate, nparam is the number of parameters of
the particular model and n.,. data is the number of experimental points.

III. Results and discussion
3.1. Determination of the drying curves
Figures 2 and 3 shows, respectively, the variations of the moisture ratios versus drying time (Fig.2)
and the drying rates versus drying time (Fig. 3) of seeds obtained at different conditions. The constant rate
period (phase 1) is absence in the convective drying of seed. The absence of phase 1 is due to the difficulty of
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the capillary migration of water from the heart to the wet rigid surfaces of prickly pear seeds, which requires a
significant heat input to vaporize the water in the within the seed and the discharging in the vapour state. The
drying process took place in the falling rate period. Drying rate decreases continuously with diminishing
moisture ratio. These results are in agreement with the observation of earlier researchers ([23]). Bimbenet et
al., (1984) ([23]) noted that the constant rate period (phase 1) is not observed in some biological products.
Drying during the falling rate period is so governed by water diffusion in the solid. This is a complex
mechanism involving water in both liquid and vapour states, which is very often characterised by a so-called
‘effective diffusivity’ ([24]). These results indicated that diffusion is the most likely physical mechanism
governing moisture movement in the seed of prickly pear.
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Fig.2 : Experimental moisture ratios versus drying time
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Fig.3: Experimental drying rates versus moisture ratios

3. 1. 1. Influence of drying temperature

Figure 4 shows that the drying rates increased with the increase of air temperature. In fact, a higher
drying air temperature produces a higher drying rate of the seeds and accelerates the moisture migration. The
drying rate is highest at the first of drying for 45 and 70°C and decreases with time. This is a result of low
internal resistance of moisture at the beginning of drying. Therefore, as noted in paragraph 3.1., the wet rigid
surfaces of prickly pear seeds induce a difficulty of the capillary migration of water from the heart to the
surface. This phenomena requires a significant heat input to vaporize the water in the within the seed and the
discharging in the vapour state. As the drying progressed, more energy was required to break the molecular
bond of the moisture and since constant energy was supplied, it took longer time to break, therefore drying rate
decreased.

So that, higher temperature implies larger driving force for heat transfer (([25]; ([26]). It also
accelerates the drying process, as the temperature provides a larger water vapour pressure deficit ([27]). The
higher the temperature the bigger is the difference between the saturated and partial pressure of water vapour
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in the drying-air, which is one of the driving forces for drying; as there is a maximum amount of water
(saturation) that air can hold at a given temperature. Moreover, the amount of free water present at the start is
very important, since the rate of water removal is higher during this phase ([28]). As the drying proceeds, the
free water present decreases quite rapidly, so that at the final stages, water was hardly available and the drying
becomes very slow. Thus, air temperature is known to be the main parameter influencing air drying of
agriculture products, the same results were observed by Touil et al., (2010) ([24]) for the drying kinetics of
prickly pear fruit and cladodes. These evolutions of drying curves are characteristic of drying kinetics of
biological products and are also observed by other authors ([7]; ([29]).
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Fig.4 : Influence of temperature on the moisture ratios

3. 1. 2. Influence of the relative humidity of the air

Curves for trials 6 and 8 show the effect of drying-air relative humidity on the drying behaviour of
seeds. The moisture ratio of the samples decreased continually with drying time. As expected, decrease in the
relative humidity of drying air reduces the time required to reach any given level of moisture ratio since the
mass transfer increases. In other words, at low relative humidity of air the transfer of heat and mass is high
and water loss is excessive. However, in our case, the times were not varied a lot when the RH was increased
from 15 to 30%, and the effect of air-humidity on the acceleration of the drying progress is considered, in
general, as much lower than that of air-temperature. Same conclusion is reported by Krokida et al., (2003)
([30]); Saeed et al., (2006) ([31]); and Tarigan et al., (2007) ([32]).

3. 1. 3. Influence of the velocity of the air

Increasing the velocity of air from 1 to 2 m/s causes a reduction in drying time. This is seen by
comparing trials 6 and 2. Air velocity seems to have a less important effect than the drying air temperature, as
observed by Lahsasni et al., (2004) ([7]) for the drying kinetics of prickly pear fruit (O. ficus-indica). These
results are in good agreement with theory. Dagunet (1985) ([33]) explains this phenomenon by providing the
drying rate as a function of the transfer coefficient of water vapour in the air increases with the speed of flow of
the air. This parameter therefore exerts a significant influence on the rate of drying.

3.2. Modelling of the drying curves
3.2.1. Fitting of the variations of moisture ratios versus drying time

Seven drying models have been used to describe drying curves. The model number, constant model or
coefficient and correlation coefficient of these models used for moisture ratio change with time are presented in
Table 3. It is obvious that in the tables above the average regression coefficient of the seventh model (Verna et
al., 1985) ([22]) is higher and standard error value is lower than the values of the other model. Therefore, the
model of Verna et al., 1985, can be proposed to evaluate the moisture ratio of prickly pear seeds for the range
of the drying temperature and time in this study (Fig.5).

Table 3: Models parameters

Model Trial Coefficients r S
1 Trial 2 k=0,118713 0,9978 0,02171
Trial 5 k=0,118433 0,9797 0,05392
Trial 6 k=0,118562 0,9897 0,05392
Trial 8 k=0,118430 0,9810 0,04666
2 Trial 2 k=0,130724; a=0,954547 0,9980 0,02201
Trial 5 k=0,140899; a=0,916625 0,9800 0,05499
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Trial 6
Trial 8
Trial 2
Trial 5
Trial 6
Trial 8
Trial 2
Trial 5
Trial 6
Trial 8
Trial 2
Trial 5
Trial 6
Trial 8
Trial 2
Trial 5
Trial 6
Trial 8
Trial 2
Trial 5
Trial 6
Trial 8

k=0,140899; a=0,916625
k=0,141379; a=0,914923
k=0,118653; a=0,954547
k=0,117895;a=10,916621
k=0,117895;a=10,916621
k=0,117864; a=0,914626
k=0,13198;a=1,002; b= 0,951
k=0,14422; a=1,006; b= 0,909

k=0,14423; a=1,0063; b= 0,909

k=0,14484; a=1,0065; b= 0,906
k=0,1167;a=0,9987; c =-0,0041
k=0,1304;2a=0,9676; c=0,03776
k=0,1304;a=10,9677; ¢ =0,0378
k=0,1274;a=10,9741; c=0,0291
k=0,159733; a=0,536695
k=0,179625; a=0,465009
k=0,179625; a=0,465010
k=0,179974; a=0,463810
k=0,0782;a=0,5349; g=0,1979
k=-0,0201;a=0,010; g=0,12278
k=0.08523;a=0,4688; g=0,1615

k=0,00401; a=0,0395; g=0,129

0,9800 0,05498
0,9813 0,04723
0,9980 0,02202
0,9800 0,05498
0,9800 0,05499
0,9813 0,04723
0,9980 0,02319
0,9800 0,05656
0,9801 0,05657
0,9813 0,04818
0,9979 0,02375
0,9868 0,04592
0,9869 0,04593
0,9869 0,04039
0,9981 0,02140
0,9803 0,05450
0,9804 0,05451
0,98165 0,04682
0,9980 0,02255
0,9877 0,04455
0,9982 0,02227
0,9879 0,04028

A comparison between the experimental and calculated (Verna equation) variations of moisture ratios versus
time of prickly pear seeds obtained at different conditions is illustrated in Figure 6. These curves show the
adequacy between calculated and experimental drying curves.
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Fig.5: Verna model fitted to the drying data
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Fig.6: Comparison of experimental data with values predicted by Verna model

3.2.2. Determination of the characteristic drying curve
The variations of the experimental dimensionless drying rates versus experimental moisture ratios

Ho-X
X* = ﬁ) obtained at different conditions for prickly pear seeds were fitted by using different

o

£q
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mathematical correlations. Polynomial equation (order 4) was found to fit the best the experimental data. The
polynomial equation obtained is:

x

== —9,553X* +14851%X*° —8,639X* +3,330X° +0,132.

Figure 7 shows a comparison between experimental and calculated values of the drying rates versus moisture
ratio.
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Fig.7: Variation of the dimensionless drying rate versus moisture ratio of seeds, Dots: experimental data, Line:

calculated value by using the polynomial equation.

IV. Conclusion
From the experimental drying curves obtained, the drying air temperature was found to be the main

factor influencing the drying kinetics. A constant drying rate period was not detected in these drying
experiments. In order to explain the drying behaviour of prickly pear seeds, seven different drying models in

the

literature were compared with their regression coefficient and standard error values. The Verna equation

drying model was found satisfying to describe the convective drying curves of prickly pear seeds. The
characteristic drying curves of seeds was determined.
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