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Abstract This work aimed to investigate the drying behawbmelon seed during combined
fluidized bed-microwave drying system. Three dryaig temperatures (40, 55 and 70 °C),
three microwave powers (270, 450 and 630 W) arekethir velocities (0.8, 1.5 and 2.3 m/s)
were tested. Five mathematical models were seldotéitl the experimental data for drying
kinetics, and the results revealed that the Aghbasét al. model exhibited, in all cases, the
best performance in fitting the experimental d&avarying from 0.99088 to 0.9999&2
from 0.00000 to 0.00185 and RMSE from 0.02289 82816). Calculated values of moisture
diffusivity for dried melon seed varied from a minim of 6.51x13°to a maximum of
6.59x10° m?/s under the tested drying conditions. Moisturéudif/ity values increased as air
temperature and microwave power was increaS¢uinkage values were calculated and
found to vary in the range from 46.99% to 15.09%.
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Introduction

Melon seed Golocynthis citrullusL.) is @ common Nigerian oil seed containing roughl$650
by weight of oil, 28.4% protein (60% of defattedut), 2.7% fiber, 3.6% ash and 8.2%
carbohydrate [1]. The seed is an excellent soufcessential amino acids, particularly
arginine, tryptophan and methionine, as well asmins B and B, and niacin, and minerals,
such as sulphur, calcium, magnesium, manganesasgdoin, phosphorus, iron and zinc [2].
The oil obtained from the seeds is utilized forbéelipurposes [1], while the remaining cake
is fried and used up as a snack. Containing mdinkyleic (62.8%) and oleic (159%)
unsaturated fatty acids, the oil can be an availatiernative to maize oil in diets intended to
decrease high levels of blood cholesterol. Suchgption of the product potential has led to
an increase in the production of these seeds.

One major problem that besets melon seeds istibgitdeteriorate quickly during storage
due to fungal infection [3]. The effect of fungdtaek on melon seeds includes decreased

nutritive value, change in colour, increase in pieeoxide value, reduced seed germination



and mycotoxin production [2]. The moisture contplatys a vital role in the maintenance of
seed shelf-life quality.

Dehydration refers to the moisture removal processhich simultaneous heat and mass
transfer occur. Moisture transfer can happen in fovons: surface evaporation and internal
liquid vapor diffusion [4]. Drying is one of the rsiocommon used methods for food
preservation, being the basic goal when drying faond agricultural products the elimination
of moisture from the material down to a safe letielprevent deteriorative reactions and
microbial spoilage [5]. Different methods of dryimgpuld have different bearings on the
effective moisture diffusivity, shrinkage and othmrysical properties of the drying material.
One of the most popular methods of drying materiath high moisture content is fluidized
bed drying. This method offers the advantages oflgmixing, high heat and mass transfer
coefficients and hence increased drying ratestraguh shorter drying time [6].

However, all fluidized bed dryers, with or withotlie use of inert particles, have a
common limit that is independent of the principabde of heat transfer from the heating
medium to the surface of the material, the tranff@m the surface to the inside of the
particle is principally by conduction and thus @recess is slow. This phenomenon causes
long drying time during the falling rate period dinying of food stuffs [7]. The alternative
which has recently been widely employed is the ofseapid transfer of electromagnetic
energy in the form of microwaves directly to thetevanolecules in the material in order to
bypass the surface-to-center conduction stage.ulecine waves can penetrate directly into
the material, heating is volumetric (from insidet)oand provides fast and uniform heating
throughout the product. The quick absorption ofrgneoy water molecules causes rapid
evaporation of water, resulting in high drying saté the food [8].

The application of microwaves solely can resultumeven heating of certain products
depending on their dielectric and thermophysicalpprties [9-12]. This problem is more
significant when processing at low frequencieswimnich case the dielectric properties are
considerably dependent on temperature variationsovercome some of the limitations of
single microwave or fluidized bed driers, one &gt is to combine microwave with a
fluidized bed dryer. Temperature uniformity of tharticles in the bed is provided by good
mixing due to fluidization [13], and drying time isduced by the use of microwave energy
[8]. This method provides an effective way of owemning the non-uniform heating problems
in conventional pure microwave heating. Some rebeass have recently focused on the

microwave drying kinetics of foods, such as greea [14] and chestnut corn [6]. Results of



such studies elucidated that drying time under oweawve convection would be reduced
intensively compared to common convection methods.

Effective moisture diffusivity of food and agricuial products is strictly required for
optimized design and construction of a dryer [164l a represents the effect of all input
parameters on the mass transfer in drying prodegs Although much information has been
reported on the modeling of drying kinetics andeetive moisture diffusivity for various
food and agricultural products, no experimentabrepas been divulged for melon seed.

An undesirable shape volumetric change associatddmoisture diffusion is known as
shrinkage. In general, shrinkage takes place a®saltr of volume reduction due to
evaporation of the moisture contained in the drngample. The changes in dimensions of the
solid could be monitored in most cases. Shrinkagend drying is important not only from
the viewpoint of product end-use but also for pssagy simulation [17]. Shrinkage of
products such as broad beans [16] and papaya §3péen reported.

In order to design and evaluate modern applicablerowave food processes,
mathematical modeling of drying behavior of foodffst is vital. To predict the drying
behavior of food and agricultural material, manytlayer drying mathematical models have
been developed that fall onto three main categotiesoretical (Fick's second law of
diffusion), semi theoretical (Lewis, Page, modifige, Henderson-Pabis, logarithmic,
Two-term, Two-term exponential, approximation offusion, Verma, etc.), and empirical
(Wang-Singh). Air temperature and material chargtte dimension are greatly affected by
drying kinetics in convective drying. These modate dependent only on drying time and
constants, while influence of all other factorségligible [16].

Any attempt to characterize the drying behaviothaf materials, must inevitably address
the physical parameters of the material such asksge and moisture diffusivity. Due to
insufficiency of information detailed on melon seedthe literature, this research was
designed to investigate the drying behavior, thenkhge properties and moisture diffusivity
of melon seed during drying in a fluidized bed drgembined with microwave at various

levels of air velocity, power and temperature.

Materials and Methods

Sample Preparation



Melon (Colocynthis citrullud..) seeds used in the drying experiments were @s@th from a
local market in Hamedan, Iran. Foreign matter, bro&and immature seeds were rejected and
the good seeds for the work were manually unshelléd seeds were packed in double
layered low density polyethylene bags and thenedtan a refrigerator at low temperature
(+4+£1 °C) to avoid the growth of microorganisms ailbwing to uniformity of moisture
distribution [19-21]. The samples were mixed aneirthinitial moisture content was
determined by oven drying method of whole kernalgriplicate at 103°C for 24 h [22].
Three samples, each weighing 15 g, were placeklisnolven set. Initial moisture content of

the melon seed was found to be 67.1% db.

The Experimental Facilities

Drying experiments were conducted by means of arébry fluidized bed dryer assisted by
a modified domestic microwave oven (900 W) as ithkited in Fig. 1. The dryer was
designed and fabricated in the department of agmi@i machinery of Bu-Ali Sina
University. This device was designed to dry samplese the temperature and velocity of air
and microwave power were controlled. The dryingnecbar consisted of a Pyrex duct of 100
mm diameter and 200 mm height, which was placediwithe microwave oven. A
cylindrical Pyrex column, 90 mm in diameter (100 roatside diameter) and 280 mm height
was utilized as the fluidized bed drying chambere Thamber was placed in a domestic
microwave oven (Sharp R-196T, Sharp Electronicsndgkak, Thailand) with outside
dimensions of 540 x 330 x 450 mm. This oven waspggal with three power level settings
of low (270 W), medium (450 W) and high (630 W),danvas calibrated before
experimentation. At the first phase of tests, faeesl was gradually increased using an
inverter (Vincker VSD2, ABB Co., Taipei, Taiwan) damir velocity was recorded using a
multifunction measurement device (Standard ST-8&a@ndard instruments Co., Kowloon,
Hong Kong). It consists of a vane-type digital anemeter with+0.1 m/s- accuracy. Three
air velocities of 0.8, 1.5 and 2.3 m/s were appliedhe experiments. An electrical heating

unit equipped with a thermost&t1)was utilized to maintain different levels of dryiagr

temperature of 40, 55 and TDA schematic diagram of employed apparatus is shawrig.
1.

Experimental Method and Drying Conditions



A bulk of melon seeds (about 30+l g) was loadedth@ dryer chamber and drying
experiment was started. The melon seeds were thblpunixed in the dryer system and
could be easily traced for any moisture contenticedns during the drying processes. All
experiments were carried out in triplicates.

Measurement of water loss from the samples wameffSample weighting (in at most 10
seconds) was implemented using a digital balancD(AGF-6000, Japan, +0.0001 g
accuracy). The experiments were performed in coetbiftuidized bed dryer at three air
temperatures of 40, 55 and 70 °C, three air veldeiels (0.8, 1.5 and 2.3 m/s) and three
microwave power levels (270, 450, and 630 W). Aftening on the dryer, 30 min was the
approximate time required to achieve the steadg.s&everal trials of the experiments were
conducted to acquire data for moisture contentsugetime. At the end of each drying period,
when the moisture content of the melon seeds reattteeequilibrium stage (no appreciable
changes in three successive sample weighing),Xibeie temperature profile remained at a
nearly constant level. Drying was continued untiaf moisture content was converged to

about the value of 5% (d.b.), which is acceptallaldrium moisture at room conditions.

Modeling of the Moisture Ratio

The following equation was used to calculate théstuee ratio MR) of melon seed during
the drying process:
_M-Mm,

M, —M, 1)
whereMR is the moisture ratidyl is the moisture content at any time (% d.bl);andM. are

MR

the initial and equilibrium moisture contents, restpvely (% d.b.).
Based on the pretest elucidatioMy values were relatively negligible comparedMoand
My. Therefore, Eq. (1) was simplified as follows [16]
MR:ﬂ
M, 2)

Statistical Modeling Procedure



The non-linear regression analysis was performeaguSurve Expert software (Ver. 1.4,
Hyams Development, Los Angeles, CA) to determine tlonstants of the model. Five
general models shown in Table 1 were fitted to ¢kperimental data. Three criteria were
adopted to evaluate the goodness of fit of eachem@brrelation coefficientR?d, chi-square
(x® and root mean square err&®MSB were adopted to determine the quality of the rhode
fitness [13]:

N
Z[MRexpi - MRpre,i ]2

R?=1- izln > (3)

N I(Z_lMRpre,i

kZZI T - MRpre,i

N 2
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RMSE= NE(MRpre,i _MReXpi) (5)

is the experimental moisture ratio &F data, mr_ . . is the predicted moisture

pre,i

where MR

exp,i

ratio of {" data, N is the number of observations ani$ the number of drying constants.

Ultimately, the most suitable model to describe&lgiing characteristics of melon seed would
be a model with the higheBf and the lowest’ and RMSE values [13].

Calculation of Effective Diffusivity

It has been accepted that the mass transfer afdigall products in the falling rate period can
be described by using Fick’'s second law of diffusi®implified equation of moisture
diffusivity provides an approximate method to présa common quantitative comparison
between different products in the aspect of mogsttansfer since it can provide a description
analysis for mean diffusion coefficient in the eatdrying process [16]. To determine the
effective moisture diffusivityQes), was used Equation (2) (for an infinite slab)jslhcan be

defined as follows [26]:
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whereMR is the dimensionless moisture ratg is the effective diffusivity (fs%); n is
positive integert is drying time, and. is the half thickness of the slab in samples (m).
practice, only the first term of the series in K) is used, resulting in the following

simplified form of the equation:
IN(MR) 8 le 7Dyt
= — X [ ———
Vg 41 (7)

Calculation of Activation Energy

Considering that the effective diffusivity variesithv temperature according to an

Arrhenius type function [27,28]:

E
D. =D%exp ——2 8
eff e { R-I-j ()

whereD¢ is the diffusivity for an infinite temperature tfs), E is the activation energy for
moisture diffusion (J/mol)R is the gas constant (R = 8.31451J/(mol.K)) @&rid the drying

temperature (expressed in Kelvin) [27,28], then:

E,\1
In(D,)=In\DJ)+| - =2 | = 9
(0)=n(o2)+( - & )3 ©
PlottingIn(De) versuq1/T) a straight line is also obtained, with:
intercept In(DS) (10)
slope= —% (12)

which allows estimating the values of the paranseteEquation (8)De’ andEx.

Calculation of Shrinkage

Shrinkage is usually defined as the ratio of timalfito initial volume of the drying sample.

Many researchers have expressed shrinkage as @ofunt selected dimension changes of



the samples [18]. In many computations it can Isei@ed that there is no shrinkage just for
simplicity; nevertheless, shrinkage is never nelglég in drying phenomena. Most of
agricultural products shrink during drying; sometieém shrink by more than 50% of their
original dimensions depending upon the drying methond degree of drying [16]. Shrinkage
of melon seed causes a significant variation ingrieensfer phenomenon. As a result, the
calculated value of the effective moisture diffutsiwvill be overestimated. For this reason,
dimensional changes of the melon seed due to glgenkshould be calculated. Three
dimensions of the melon seed in three directiongweasured by means of a digital caliper.
Geometric mean diameter of the melon seed can loelated as follows noting that the
shape is spheroid [29]:

D :(AXBXC)% (12)

whereD, A, B andC are geometric mean, major, intermediate and mamameters (m),
respectively.
Melon seed volume before drying (initial volume) svaomputed using the following

equation [30]:

Vo = %n(%f (13)

whereV, is the initial volume before drying @n

Shrinkage of the samples was calculated usingallenfing equation [17]:

S, = (VOV_V) x100 (14)

0

wheres, is shrinkage (%) and is the final volume after drying (

Results and discussion
Drying Kinetics
In order to consider drying behavior, differentidgycurves of a hygroscopic product may be

plotted, being the plot of moisture content versoe the more convenient. Fig. 2 illustrates

the variations of moisture content against dryingetfor all temperature levels, microwave



power levels and air velocities. The initial morsticontent of the melon seed was 67.1%
(db.) and they were dried to about 5% (db.). As t&nseen, with increasing in air
temperature (40 °C to 70 °C), the drying time wiasitished, and at higher temperature, due
to the quick removal of moisture, the drying pracegsas shorter. While increasing the
microwave energy level (from 270 W to 630 W) in timécrowave assisted fluidized bed
system, the drying time decreased dramaticallybd aletailed, at the air velocity of 0.8 m/s
and 40°C it took 150 min at 270 W, and for the same aloei¢y but at 70 °C it took only 16
min at 630 W. The decrease in drying time with éage in drying temperature may be due to
increase in water vapor pressure within the mekedswhich increased the migration of
moisture, especially as the drying occurs onlyailtirfg rate period [30]. Similar observation
was reported for tomato slices [31]. The moistateorof melon seed decreased exponentially
as the drying time increased. Continuous declinenmisture ratio means that diffusion
governed the internal mass transfer [32]. Thereftre water vapor concentration on the
outer surface of the drying object reached thelidguim conditions more rapidly at higher
drying air temperature. Similar results were repaiby other researchers for drying of apple
[33] or green beans [34]. The combined effects ofromvave power and drying air
temperature on drying time are shown in Fig. 2. Téwlts indicated that by increasing the
drying air temperature and using microwave energygy as an assisting heat source, the
values of drying rate or moisture diffusivity inased, probably due to the penetration of
microwave energy into the sample and also due ¢octlkation of a large vapor pressure
difference between the center and the surface efsample [14, 35]. Similar results were

reported by other researchers [14, 35].

Mathematical Modeling

The drying kinetics of melon seed at different lbedditions, air temperature and microwave
power level was predicted using five mathematicablats shown in Table 1 (Midilli et al.
Newton, Aghbashloo et .al Page and Logistic), to evaluate their suitabibgsed on the
select criteria such as coefficient of determimatf@’), chi-square °) and root mean square
error RMSH. Table 2 shows the quality of the fitting for thee models tested and the
results demonstrated that the Aghbashloo .enablel, on average, succeeded comparatively
to the others by corresponding to higRwvalues for all temperature levels, while #f@and

RMSEvalues were also found to be the lowest, thus meaai good agreement with all

10



experimental data. Generali, y* andRMSEvalues of the Aghbashloo et atodel ranged
from 0.9908 to 0.9999, 0.0000 to 0.0018 and 0.0228.8231, respectively (Table 2).
Consequently, Aghbashloo et al. model was selexs$ea suitable model to describe the thin
layer drying behavior of melon seed in a microwassisted fluidized bed dryer, and the
results of the parameter estimation for this madaelshown in Table 3. As the results imply,
it was seen that the Aghbashloo et al. model pexia good fitness to experimental data on
drying of melon seed at 70 °C and 1.5 m/s andawiave power level of 630 W with the
highest B of 0.99998, the lowesf of 0.00000 and RMSE of 0.0228 (Table 2). To vakda
the suitability of the model, the experimental gmetdicted drying characteristics were
compared. Predicted values of moisture ratio bybaghloo et al. model were plotted against
experimental data (Fig. 3). TiRé value (0.9999) of this curve showed that the Aghlmaset

al. model is superior for prediction of melon sekeging behavior at 70 °C and 1.5 m/s and
microwave power level of 630 W (Fig. 3). This domfs the suitability of the models to

represent the experimental results.
Effective Moisture Diffusivity

The determined values of effective moisture diffitgi (D) for all levels of air temperature,
velocity and microwave power are exhibited in Fidtdcan be seen th&@es values of the
melon seed increased progressively for the samditamms of air temperature as applied
microwave power was increased. This might be desdrby the enhanced heating energy,
which would increase the activity of the water nooles leading to higher moisture
diffusivity when samples were dried at higher mweave power. This effect is more intense
for higher temperature levels. Many researchers h@ported this phenomenon in their
studies, such as [15] for peaches and [36] for pluhme values dD¢ found in this research
fall into the range of 6.51x1§ to 6.59x1F m?%s. Madamba et al. [37] reported that e
value for food materials is within the range of'{@ 10° m?/s. Furthermore, the obtained
results were in agreement with the results of [88Y [4]. The results indicate that the
maximum value oD obtained at maximum air temperature f@) and maximum power
level (630 W) for the fixed bed with 0.8 m/s wa§%s10° m?/s. Contrarily, the minimum
Deft Obtained was 6.52xT8m?s at the temperature of 40 °C, power level of @7@nd also

in the fixed bed with 0.8 m/s.

Activation Energy
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Table 4 presents the values of activation enerdpulzied from the values of the effective
diffusivity as a function of temperature for thdfelient drying conditions. The values stand
in the range from 27.6 to 45.3 kJ/mol, for fluidakdeat 270 W power and fixed bed at 630 W
power. It was observed a trend for the activatioergy to be higher for fixed bed conditions,
followed by semifluid bed and finally fluid bed. Qhe other hand, no constant trend was
observed for the variation of activation energyhwihicrowave power applied. Lile and
Koyuncu [39] evaluated the convective and microwameng characteristics of Sorbus fruits
and found that convective drying air temperatur@ amicrowave oven power levels
influenced the total drying time as well as theuisgments in terms of total energy and
specific energy. Also techigka et al. [40] studied the microwave- and infrassdisted
convective drying of green pepper and verified tbavective drying assisted with both
microwave and/or infrared radiation significanthostened the drying time and saved energy
consumption compared to pure convective drying.

The values for activation energy found in this wark within the same range of other values
reported in literature, although in different dryirconditions. The activation energy for
apples at convective drying in the temperature ¢aB@-60 °C was between 32.8 and 35.3
kJ/mol, depending on the variety [28]. The actmatenergy for the convective drying of
pumpkin pulp was 33.7 kJ/mol for temperatures betw80 and 70 °C [41], and for onion
was 26.4 kd/mol for temperatures in the range 305[12].

Shrinkage Effect

In order to show the effects of various parametershe shrinkage of melon seed, several
experiments were carried out under different ojfregatonditions. The percentages of
shrinkage in melon seed under microwave assistadliZed bed dryer at different
temperatures of 40, 55 and %0 and power levels of 270, 450 and 630 W are shav¥ig.

5. It was concluded that drying air temperature amdrowave power level both showed
significant effect on the melon seed shrinkagerduthe drying process. As it was expected,
increasing the heating air temperature and micrewswer resulted in increasing the degree
of shrinkage of melon seed. Maximum shrinkage @%Pwas achieved at air temperature
of 70°C, air velocity of 0.8 m/s and microwave power 806N. The lowest shrinkage value
(15.09%) was found at air temperature of@Qair velocity of 2.3 m/s and microwave power
of 270 W. More intense shrinkage at higher tempeest and microwave power is due to

faster mass transfer, so the created free spacegdansion in the hawthorn tissue and
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therefore the product becomes more wrinkled [1§, @Bnilar results have been obtained for
broad beans [16], and papaya [18]. When water asluglly removed from a foodstuff, a
pressure unbalance is generated between the ienBors of the material and the external
pressure creates contracting stresses that leathtierial shrinkage or collapse, changes in
shape and occasionally cracking of the product.[A7]higher microwave power, much
severe shrinkage may occur owing to the fact tigit hadiation power engenders more heat
in melon seed samples. Similar behavior has beseredd on potato drying [43] and drying

of carrot and garlic [44].
Conclusion

Five empirical models were utilized to prognodectne drying kinetics of melon seed, from
which the Aghbashloo model was the best, showimg halues of R (from 0.99294 to
0.99998) in addition with low values of RMSE (fro02289 to 0.82316), thus being
indicated to predict the drying kinetics for aletbhonditions tested. The Moistwtefusivity
values of the melon seed were intensively increasduigher microwave power was applied.
The minimum value oD obtained was 6.59xIDm?/s, respectively for the fixed bed with
0.8 m/s, 70 °C and 630 W while the minimum value W&51x10"° m%s for the fixed bed
with 0.8 m/s, 40 °C and 270 W. The activation ggperaried from 27.6 to 45.3 kJ/mol,
showing a trend for increasing as the air veloditginished.

Shrinkage percentage increased with microwave pamer air temperature, so that the
highest shrinkage was observed at air temperatiirg0 8C, air velocity of 0.8 m/s and

microwave power of 630 W.
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Table 1 Mathematical models applied to drying curves

No Model name Model equation References

1  Aghbashloo et al MR =exp(-at/ (1+ bt)) Aghbashloo et a[23]

2 Midilli et al. MR = aexp( kt' )+ bt Sacilik et al[8]

3 Page MR = exp(-kt") Amiri chayjan et al[13]
4 Newton MR =exp(kt) Hendersorj24]

5 Logistic MR = a/ (1+ bexp(kt)) Cihan et al[25]

17



Table 2 Statistical criteria obtained from fitting the fimeodels to the experimental data of melon seecdhdrinetics

Model name Arr  Microwave R 7 RMSE
velocity power
(mis) ) 40 °C 55 °C 70 °C 40°% 5°% 70°% 40°% s5°% 170°%
270 0.99294  0.99929  0.99947  0.00174 0.00130 0.00082 0.24199 0.21332 0.16204
0.8 450 0.99886  0.99979  0.99746  0.00112 0.00010 0.00185 0.27721 0.10005 0.32597
630 0.99720  0.99971  0.99998  0.00070 0.00026 0.00001 0.23448 0.11674 0.02562
270 0.99088  0.99954  0.99931  0.00026 0.00087 0.00038 0.82316 0.14735 0.17060
Aghbashlocet al 1.5 450 0.99849  0.99997  0.99993  0.00079 0.00000 0.00005 0.30308 0.03139 0.05220
630 0.99977  0.99993  0.99998  0.00089 0.00002 0.00000 0.11373 0.05528 0.02289
270 0.99368  0.99721  0.99889  0.00172 0.00059 0.00007 0.38338 0.28649 0.21972
2.3 450 0.99952  0.99989  0.99639  0.00050 0.00000 0.00031 0.06734 0.06015 0.12579
630 0.99951  0.99996  0.99989  0.00156 0.00001 0.00010 0.11603 0.03449 0.06368
270 0.55891  0.79761 099530 044750 0.16840 0.00300 5.87005 3.60094 0.48062
0.8 450 0.77518  0.94127  0.99642  0.19780 0.03717 0.00949 3.90264 1.69195 0.47547
630 0.83297  0.96963  0.00293  0.12963 0.01870 0.00464 3.15935 1.19995 0.14257
270 0.57059  0.93697  0.00026  0.41460 0.03942 0.08978 5.65015 1.74222 1.03194
Newton 1.5 450 0.82102  0.98504  0.01383  0.14100 0.00852 0.00650 3.29499 0.81029 0.70762
630 0.87888  0.98693  0.99106  0.08970 0.00774 0.00525 2.62809 0.77239 0.63617
270 0.81452  0.86616  0.98010  0.12990 0.09334 0.01127 3.16264 2.68089 0.93167
2.3 450 0.88567  0.98140  0.98767  0.08567 0.01062 0.00741 2.56838 0.90429 0.75536
630 0.90839  0.99477 099842  0.06694 0.00269 0.00089 2.27032 0.45587 0.26192
270 0.80896  0.87520  0.99002  0.00977 0.00919 0.00147 0.86739 0.84120 0.33643
0.8 450 0.87087  0.94379  0.99464  0.01321 0.03558 0.00293 1.00854 1.65519 0.47498
630 0.85569  0.94183  0.99996  0.11199 0.00422 0.00001 2.93653 0.57003 0.03842
270 0.86483  0.94001 097564  0.02258 0.00518 0.01340 1.31858 0.63155 1.01577
Logistic 1.5 450 0.86879  0.98104 0.98861  0.02235 0.00117 0.00647 1.31185 0.30040 0.70582
630 0.88485  0.98719  0.99998  0.08520 0.00759 0.00012 2.56132 0.76468 0.09652
270 0.92784  0.94423  0.94598  0.01144 0.00715 0.00291 0.93855 0.74199 0.47336
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Table 2 Continuation

2

Air Microwave R? x RMSE
Model name velocity power
(mis) (W) 40 °C 55 °C 70 °C 20°% s55°C¢ 7°% 40°% 5% 70°C
2.3 450 0.89274 0.98187 0.98758 0.08030 0.01030 0.00730 2.48658 0.89056 0.75014
630 0.85156 0.99998 0.99843 0.01632 0.00009 0.00088 1.12100 0.08731 0.26104
270 0.99640 0.99759 0.99960 0.00124 0.00048 0.00025 0.50899 0.19324 0.13957
0.8 450 0.99787 0.99951 0.99862 0.00053 0.00003 0.00000 0.20334 0.05508 0.01277
630 0.99753 0.99875 0.99999 0.00041 0.00009 0.00001 0.17961 0.83290 0.29100
270 0.99740 0.99706 0.99960 0.000826 0.00026 0.00038 0.45219 0.13957 0.17105
Midili et al 15 450 0.99713 0.99960 0.80174 0.00047 0.00000 0.00234 0.19164 0.02039 0.72447
630 0.99790 0.99980 0.99882 0.00026 0.00001 0.00002 0.14365 0.03052 0.04030
270 0.99116 0.99966 0.99980 0.00140 0.00004 0.00000 0.42832 0.5760 0.02770
2.3 450 0.99805 0.99996 0.99993 0.00027 0.00000 0.00003 0.14551 0.01906 0.05515
630 0.99617 0.99995 0.99998 0.00042 0.00001 0.00007 0.27983 0.0087 0.02770
270 0.99494 0.99356 0.99872 0.00715 0.00059 0.00034 0.36603 0.31638 0.25127
0.8 450 0.99554 0.99868 0.99661 0.00099 0.00013 0.00138 0.29392 0.08775 0.37742
630 0.99587 0.99637 0.99997 0.00371 0.00017 0.00000 0.23249 0.14230 0.03163
270 0.99723 0.99694 0.99286 0.00880 0.00028 0.00037 0.25882 0.14231 0.17106
Page 15 450 0.99524 0.99907 0.99998 0.00119 0.00001 0.00003 0.24679 0.06625 0.00277
630 0.99302 0.99993 0.99998 0.00003 0.00016 0.00003 0.26178 0.01618 0.04474
270 0.99911 0.99944 0.99891 0.00000 0.00442 0.00194 0.36392 0.07393 0.21440
2.3 450 0.99644 0.99986 0.99947 0.00035 0.00005 0.00006 0.19699 0.02244 0.15574
630 0.99573 0.99997 0.99980 0.00035 0.00001 0.00450 0.34658 0.03618 0.08775
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Table 3 Model parameters estimated for the different drygogditions

Air

Microwave

Model name . 40 °C 55°C 70°C
velocity power
(mis) (W) a b a b a b
270 31.2246  13.1580 19.5767 7.5299  3.6929  0.3889
0.8 450 19.1942 7.4470  9.6401 3.0320 4.3371  0.5334
630 16.0276 6.0186  7.8636  2.0553 3.1723  0.1667
270 275069  11.8128  9.2447 29614 6.1806  1.5823
Aghbashioo et al. 15 450 18.6452 7.0784 56811 1.1944 6.8709  1.6566
630 15.8479 5.6647 59878 12051 6.8755  1.5862
70 12.4011 5.0175  12.9093 4.8030 5.7796  1.3399
03 450 14.0307  4.8873 56179 1.2918 5.6179  1.2918
630 142930  4.8181  4.0336 0.6056 3.4285 0.3174
Table 4 Calculation of activation energy for different exipgental conditions
13
14 Microwave 0 Regression
. . De Ea -
Drying conditions Power coefficient
15 (W) (my/s) (kJ/mol) R)
I'J'6 270 1.42x10° 44.0 0.9984
ixed bed
(078 /) 450 1.01x10° 42.1 0.9999
630 5.31x10° 45.3 0.9998
18 270 8.77x10° 30.2 0.9691
Semi fluid bed
A% 'm /i; 450 5.58x10" 34.2 0.9899
-, 630 1.05x10' 28.4 0.9966
g 270 4.26x10° 27.6 0.9984
Fliud bed o
(22 3 mis) 450 4.5 x1 33.1 0.9999
> 630 1.09x10° 41.1 0.9998
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Fig. 1 Schematic diagram of laboratory scale microwaveveotion dryer: (1) fan and 32

electrical motor, (2) electrical heater, (3) ineerand thermostat, (4) drying chamber, (583
thermometer, (6) hygrometer, (7) precision balar{8g,air velocity sensor, (9) computer, 34
(10) chassis 35
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Fig. 2 Effect of drying air temperature on drying timeroélon seed at different microwave 50

power levels (270, 450, and 630 W) and variousemnperaturess(40,¢ 55 andA 70°C). 51

The air velocities were 0.8 m/s in the fixed be®, rh/s in the semi fluid bead and 2.3 m/s ir62

the fluid bed.

22

53
54
55
56
57
58
59



Fig. 3 Linear fit between predicted moisture ratio andegipental values (at 7 and 1.5
m/s and microwave power level of 630 W) of Aghbastdt al. model for thin layer drying

of melon seed
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