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 THIN LAYER DRYING OF GARLIC SLICES USING 

CONVECTION AND COMBINED (CONVECTION - 

INFRARED) HEATING MODES 

A. Abdelmotaleb.1; M. M.  El-Kholy2; N. H. Abou-El-Hana3; 

and M. A.Younis4. 

 

ABSTRACT 

Thin layer drying of garlic slices has been studied under convection and 

combined infrared–convection heating modes. Four levels of inlet air 

temperature 45, 55, 65, and 75°C and three levels of air velocity of 0.25, 

0.75, and 1.25 m/s were used for the convection drying experiments. 

While, for the combined infrared-convection, three levels of radiation 

intensity of about 0.075, 0.15 and 0.225 W cm-2 and three levels of air 

temperatures 45, 55 and 65°C were studied at inlet air velocity of 0.75 

m/s. Three mathematical models (Page, Modified Page, and Henderson 

and Pabis) were examined for describing the drying behavior of garlic 

slices under the above mentioned experimental parameters. The results 

were compared to their goodness of fit in terms of coefficient of 

determination (R2), Standard deviation (SD), average percentage of error 

(% E), chi-square (χ2) and the modeling efficiency (EF). The results 

showed increases in drying rate, thermal efficiency, rehydration ratio, 

flavor strength, and colour difference, and showed decreases in drying 

time and specific energy consumption for the combined (infrared–

convection) heating mode in comparison with convection only. The Page 

model satisfactorily described the drying behavior of garlic slices and 

predicted the changes in garlic slices moisture content as compared with 

the modified Page and the Henderson and Pabis models. Meanwhile, for 

the convection heating mode, the drying constant (k) increased with the  
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 increase of air temperature and air velocity while, the constant (n) 

decreased, while, for the combined mode, the drying constant (k) 

increased with the increase of radiation intensity and air temperature. 

However, the constant (n) decreased. 

INTRODUCTION 

arlic (Allium Sativum) is a vegetable spice used for seasoning of 

foods because of its typical pungent flavor. It is usually used 

without any preprocessing operation. More recently, it has been 

used in its dried form, as an ingredient of precooked foods and instant 

convenience foods including sauces, gravies and soups, which led to a 

sharp increase in the demand of dried garlic (Sharma and  Prasad, 2006). 

Afzal and Abe (2000) reported that air velocity during convective grain 

drying in thin layers has little influence (would normally increase 

although may not substantial) on the moisture removal rate, Jayas and 

Sokhansanj (1989). Contrary to convective drying, an increase in air 

velocity during far infrared (FIR) drying of barley decreased the drying 

rate. Increasing air velocity at a given radiation intensity resulted in 

lowering of kernel temperature and hence, the drying rate.  

Afzal et al. (1999) dried barley in thin layers both under combined FIR-

convection and convection alone. The experimental results show that the 

use of far infrared radiation enhances the drying rate and the energy 

consumption was reduced considerably. An intensity level of 0.333 

W/cm2 was found to be optimum for radiation drying. Air velocity 

showed a strong effect on energy consumption. 

Hebbar et al. (2004) developed a combined infrared and hot air heating 

system for drying of vegetables. The system was designed to operate 

under infrared, hot air and combination mode independently. The 

performance evaluation studies indicated that combination drying of 

carrot and potato at 80 oC with air at a velocity of 1 m/s and temperature 

of 40 oC reduced the drying time by 48%, besides consuming less energy 

(63%) compared to hot air heating. 

Madamba et al.(1996) investigated thin-layer drying of garlic slices (2-4 

mm) for a temperature range 50-90 oC, a relative humidity range 8 - 24%, 

and an airflow range 0.5- l m/s. An analysis of variance (ANOVA) 

revealed that temperature and slice thickness significantly affected the 

G 
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drying rate while relative humidity and airflow rate were insignificant 

factors during drying. Four mathematical models available in the 

literature were fitted to the experimental data, Page and the two-

compartment models gave better predictions than the single-term 

exponential and Thompson’s model. Doymaz (2004) investigated the 

effects of air temperature, air-flow rate and sample thickness on drying 

kinetics of carrot cubes. Convective air drying of carrot cubes were 

evaluated in a cabinet dryer. Drying was carried out at 50, 60, 65, 70 oC. 

Two mathematical models available in the literature were fitted to the 

experimental data. The Page model showed better prediction than the 

Henderson and Pabis model and satisfactorily described drying behaviour 

of carrot cubes. 

The purpose of the present study was to test and to evaluate the effect of 

different levels of infrared radiation intensity and air velocity on drying 

characteristics and quality changes of thin layer garlic slices under 

convection and combined heating modes.    

 

MATERIALS AND METHODS 

Freshly-harvested garlic cloves (Allium Sativum) used for the 

experimental work. The initial moisture content of the freshly harvested 

garlic ranged from 69 % to 72 % (wet basis) and the drying experiments 

for each were stopped when the final moisture content reached about 6% 

(w.b.).  

The experimental apparatus used for the drying process is shown in 

Figure (1). The drying box constructed of 1.5 mm galvanized metal sheet 

with 40 х 28 cm cross section and 40 cm high. It was covered from inside 

with aluminum foil sheets. Two infrared halogen lamps (500 W) were 

used as a source of infrared radiation. The drying box connected with two 

electric heaters of 1.35 kW for each. The size of sample holding tray was 

20 х 20 х 1 cm. It was placed facing the infrared lamps at a distance of 15 

cm and supported on an electronic balance to enable recording the mass 

change of sample during the drying process. 

The experiments of the convection mode were conducted at three levels 

of inlet air temperature (45, 55, 65, and 75°C) and three levels of air 

velocity which are of about (0.25, 0.75, and 1.25 m/s). However, the  
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experiments of combined infrared-convection mode were conducted at 

three levels of radiation intensity of about 0.075, 0.15 and 0.225 W/cm2, 

three levels of air temperatures of about (45, 55 and 65°C) and constant 

inlet air velocity of 0.75 m s-1. The observations on mass loss changes 

were recorded until the product reached about 6 % (w.b) without 

removing the sample from the drying box. A sample size of 100 g garlic 

slices was used in each drying run. The peeled cloves were sliced to the 

desired thicknesses of (2.5 ± 0.5 mm). The mass of the samples was 

recorded using a digital balance with an accuracy of 0.01 g. The balance 

used for determining the initial and the final mass of sample, and the mass 

changes through out the experimental runs. The mass changes 

measurements were used for calculating the change of samples moisture 

content in wet bases. While, the initial moisture content of garlic were 

determined on a wet basis by the method described by A.O.AC. (1995) 

using a vacuum oven at 70°C and gauge pressure of 85 kPa for 24 h. 

The Examined Drying Models for Simulating the Drying Data: 

To find the most convenient drying model describing the drying 

behaviour of garlic slices, as shown in Table (1) the three different drying 

models were examined for fitting the drying data. The moisture ratio is 

usually expressed as (  ً M –Me) / ( Mo – Me). However, it could be 

simplified to M / Mo, due to the continuous fluctuation of the relative 

humidity of the drying under the tested drying conditions (Yaldiz and 

Ertekin, 2001). Also, Me value was relatively small compared to M and 

M0 (Sacilik and Unal, 2005). Regression analysis was done by using the 

statistical routine. The results were compared to their goodness of fit in 

terms of coefficient of determination (R2), Standard deviation (SD), the 

average percentage of error (%E), Chi-square (χ2) and the modeling 

efficiency (EF). A model is considered to be good when the correlation 

coefficient (R2) and modeling efficiency (EF) are higher and the standard 

deviation (SD), the average percentage of error (%E), chi-square (χ2)  are  

lower (Ramesh (2000). The regression analysis was also used to develop 

mathematical relationships between the experimental parameters and 

predicting the moisture content.  
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Table (1): The examined mathematical models used for describing the 

drying data. 

Model Equation References 

Page ( )nktMR −= exp  Page (1949) 

Modified Page ( )( )n
ktMR −= exp  Overhults et al. (1973) 

Henderson and Pabis ( )ktaMR −= exp  Henderson and Pabis (1961) 

where: 

         MR = Moisture ratio; 

         M    = Moisture content, %(w.b.) at time t; 

         Mo  = Initial moisture content at zero time, %(w.b.); 

         Me  = Equilibrium moisture content,% (w.b.) and 

         K, n, a    = Drying constants. 

Energy Requirement: 

The energy consumption during the drying process is the sum of the 

energy required for heating the ambient air and the net infrared energy 

supplied. For each experimental run the power, consumption was 

calculated using the following relationship (Afazl et al., 1999): 

power =I х V х PF  ………………………...………………….(1). 

Where: 

Power = Power consumption, (W); 

V        = Voltage, (v); 

I         = Amperage, (A) and 

PF     = Power factor, assumed to be one. 

The consumed energy was also related to the quantity of lost water and 

expressed as energy consumption rate (specific energy consumption) in 

MJ/kg of water. 

Thermal Efficiency: 

The thermal efficiency was calculated using the following relationship 

according to (Reys and Jindal, 1986)  

 

………………………………………….(2). 

 

Where: 

           Et = Thermal efficiency, %; 

           WW = Water evaporated from the product, kg; 

100
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            Lh = Latent heat of evaporation of water, kJ/kg; and 

            Q = Total energy consumption, kJ.  

Latent heat of product was calculated according to the following formula 

(Hall, 1970):  

 

 …………….....…….(3). 

Where: 

          M= Moisture content %, (d.b.). 

Rehydration ratio measurement: 

Rehydration ratio of the dried garlic slices was determined in triplicate. 

The rehydration capacity was evaluated by immersing 5 g of dried 

samples into 250 ml laboratory glass containing 150 ml of distilled water 

and then boiled for 3 min. Sample was taken out, blotted with paper towel 

to eliminate surface water and then reweighed ( Sacilik and Unal, 2005). 

The rehydration ratio was calculated  using equation (8). 

 

…………………….….(4). 

where: 

                  Wt = Weight of the rehydrated sample, (g), and 

                  Wd = Weight of the dried sample, (g). 

Flavor strength measurement: 

The volatile oil comprising of sulfur compounds which are responsible 

for pungency of the garlic was determined by Chloramine-T method 

(Shankaranarayana et al., 1981). The volatile oils in the samples were 

expressed as mg oil/g dry matter. 

Colour of the dried garlic: 

The appearance of both fresh and dehydrated slices was assessed by a 

colour-difference meter using a Hunter Lab Colorimeter. The colorimeter 

was calibrated against a standard calibration plate of a white surface with 

L, a, b values of 91.10 -0.64 and -0.43 respectively. (Sharma and  

Prasad, 2006).  

Colour difference ΔE and hue angle H were determined using the 

following equations: 

Me 4.0231
 waterfree ofheat Latent 

proudct ofheat Latent −+=
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...….(5). 

 

…………………….………..…….(6). 

 

where: ΔE is the colour difference; H is the hue angle in degree; L0, a0 

and b0 are the colour lightness, green-red and blue-yellow chromaticity of 

raw garlic; and Lf, af and bf are the colour lightness, green-red and blue-

yellow chromaticity of dehydrated garlic, respectively. The raw garlic 

slices were used as the reference and a higher ΔE stand for greater colour 

change from the reference material. The values of 0, 90, 180 and 270o for 

H represent red, yellow, green and blue, respectively. 

 

RESULTS AND DISCUSSION 

Drying behavior of garlic slices under different heating modes: 

Figure (2) presents the garlic slices temperature increased with the 

increase of drying time. Increasing the air temperature and the air velocity 

tended to increase the garlic slices temperature. This is due to fast and 

more addition of heat to the garlic slices. At the minimum air velocity of 

0.25 m/s the overall average slices temperatures during the drying process 

were 29.9, 38.7, 51.1 and 52.1 oC at the minimum air temperature of 45 
oC, while, at the maximum air velocity of 1.25 m/s the corresponding 

slices temperature were 35.2, 44, 56.3 and 66.2 oC at maximum air 

temperature of 75 oC. 

Figure (3) presents the garlic slices temperature increased with the 

increase of drying time. Increasing the air temperature and radiation 

intensity tended to increase the garlic slices temperature. At the minimum 

air temperature of 45 oC the overall average slices temperatures during the 

drying process were 74.6, 83.1 and 88.3 oC at the minimum radiation 

intensity of 0.075 W/cm2, while, at the maximum air temperature of 65 
oC m/s the corresponding slices temperature were 86.7, 97.6 and 108.1 oC 

at maximum air temperature of 0.225 W/cm2. 

 

 

( ) ( ) ( )20

2

0

2

0LE fff bbaaL ++−+−=









= −

a

b
H 1tan



Misr J. Ag. Eng., January 2009  259 

 

Drying time, min.

Te
m

pe
ra

tu
re

, o c.

0.075 W/cm2 0.3 W/cm2 0.15 W/cm2

Air temperature 45
o
C

Drying time, min.

Te
m

pe
ra

tu
re

, o c.

Air temperature 65
o
C

Drying time, min.

Te
m

pe
ra

tu
re

, o c.
45 C 65 C 55 C 75 C

Air velocity 0.25 m/s

Drying time, min.

Te
m

pe
ra

tu
re

, o c. Air velocity 1.25 m/s

 

Figure (2): Slices temperature at different air temperature and air velocity. 

 

Figure (3): Slices temperature at different radiation intensity and air 

temperature. 



Misr J. Ag. Eng., January 2009  260 

 

Figure (4) and (5) present the change in moisture ratio of garlic slices as 

related to drying time for the convection and the combined heating 

modes. For the convection mode, the moisture ratio decreased with the 

increase of drying time and the reduction rate of moisture increased with 

the increase of drying air temperature and air velocity. However, for the 

combined infrared–convection mode, the moisture ratio decreased with 

the increase of drying time and the reduction rate was higher for the 

samples treated with higher radiation intensity and higher air temperature. 

In general, the reduction of moisture ratio was higher for the samples 

dried under the combined heating as compared to convection alone. For 

the convection drying mode, changing the air temperature from 45 to 75 
oC at the minimum air velocity of 0.25 m/s decreased the drying time 

from 840 to 300 min. While, at the maximum air velocity of 1.25 m/s the 

drying time decreased from 600 to 165 min. While, for the combined 

heating mode at the minimum air temperature of 45 oC changing the 

radiation intensity from 0.075 to 0.225 W/cm2 decreased the drying time 

from135 to 40 min. While, at the maximum air temperature of 65 oC the 

drying time decreased from 100 to 25 min.  

Evaluation of the examined drying models: 

In order to predict the changes in moisture content of garlic slices as a 

function of drying time, Page, modified Page and Henderson and Pabis 

models were examined.  

To visualize the suitable mathematical expressions, the three models were 

linearized as follows: 
( )  tnkMR lnlnlnln +=−   …………………..…………..……….(7). 
( )  tnknMR mmm lnlnlnln +=−   ………………………….….….(8). 

( ) tkaMR h−= lnln   ……………………………..…….….…....….(9). 

The multiple linear regression analysis was used to develop relationships 

between the parameters of each model and the drying treatments. 
Drying constants of Page and the modified page models were obtained by 

applying linear regression analysis to the values ln(-ln(MR)) and the 

corresponding drying time (Equations 7 and 9). For the page model, the 

slope of the fitted line represented the constant (n), while the intercept 

represents the value of constant (k). While, for the modified page model,  
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Figure (4): Moisture ratio as related to drying time for the convection 

mode at different air temperature and different air velocity 
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Figure (5): Moisture ratio as related to drying time for the combined 

mode at different radiation intensity and different air 

temperature. 
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the slope of the fitted line represented the constant (nm), while the 

intercept represents the value of the constant (km)= (nm ln km)/nm. 

However, the value of the drying constant of the modified Henderson and 

Pabis model (kh) and (a) was obtained by applying linear regression 

analysis to the values ln(MR) and the corresponding drying time 

(Equation 9). The slope of the fitted line represented the constant (kh), 

while the intercept represents constant (a). 

Convection heating mode:   

The statistical analysis used for data fitting for the three models are 

summarized in Table 2. As shown in this table, all the studied models 

gave consistently high coefficient of determination (R2) in the range 

0.9887 – 0.9997. This means that all the three models could satisfactorily 

describe the drying behaviour of garlic slices under convection heating 

mode. However, among the three models, Page model showed the highest 

coefficient of determination (R2) of 0.9997 and the highest modeling 

efficiency (EF) of 0.9998 and the lowest standard deviation (SD) of 

0.0034, the lowest average percentage error (E) of 0.0144 and the lowest 

Chi-square (χ2) of 0.000014. The experimental and predicted values of 

moisture ratio as related to drying time for different studied models are 

shown in Figure 6. As it can be seen from the figure, the Page model 

provided a good agreement between the experimental and the predicted 

data in comparison with other studied models. 

On the other hand, as shown in Figures (7) and (8), the drying constants 

of page model (k) increased with the increase of air temperature and air 

velocity, while, the constant (n) decreased. A simple regression analysis 

was employed to relate the drying parameters with the drying constants 

(k) and (n).  The obtained relationships were as follows: 

   ……………....(10). 

                                                               R2 = 0.8968 

 …..………………...…..(11). 

         R2 = 0.8804 

The combined heating mode: 

The statistical analysis used for data fitting for the three models are 

summarized in Table (3). As shown in the table, all the studied models 

gave consistently high coefficient of determination (R2) in the range of  

TVkPage

32 1022.11047.2065.0 −− ++−=

TVnPage

31067.3115.009.1 −−−=
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Table(2): Statistical results obtained from different thin layer drying models and the drying

constants for convection drying.
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45 0.9997853 0.0025882 0.0084533 0.0000070 0.9999428 0.9255881 0.0049197

55 0.9998295 0.0008380 0.0028465 0.0000007 0.9999925 0.8313240 0.0107908

65 0.9998298 0.0033531 0.0146959 0.0000119 0.9998710 0.8166381 0.0164820

75 0.9997416 0.0038900 0.0185861 0.0000161 0.9998199 0.8067868 0.0248300

45 0.9998007 0.0056012 0.0188888 0.0000330 0.9996078 0.8618829 0.0090123

55 0.9995326 0.0043264 0.0184449 0.0000197 0.9997825 0.7603343 0.0210129

65 0.9995429 0.0021410 0.0097659 0.0000049 0.9999432 0.7307115 0.0329941

75 0.9999277 0.0028199 0.0137514 0.0000085 0.9999038 0.7299388 0.0454354
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75 0.9997679 0.0020265 0.0085825 0.0000044 0.9999495 0.6963960 0.0698224

0.9997 0.0034 0.0144 0.000014 0.9998 0.7820 0.0268

0.0001 0.0014 0.0058 0.000010 0.0001 0.0664 0.0179

45 0.9997853 0.0266519 0.0818041 0.0007434 0.9939350 0.9255881 0.0032091

55 0.9998295 0.0589156 0.2029293 0.0036325 0.9631166 0.8313240 0.0043048
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65 0.9995429 0.0983871 0.4898685 0.0102850 0.8800963 0.7307115 0.0093851

75 0.9999277 0.0972086 0.5707357 0.0101245 0.8856748 0.7299388 0.0144764

45 0.9996712 0.0805457 0.3082185 0.0068291 0.9309007 0.7864004 0.0053335

55 0.9994770 0.0941003 0.4142204 0.0093468 0.8946895 0.7370196 0.0067839
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R
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75 0.9800652 0.0622891 0.3366564 0.0042033 0.9522832 0.8067418 0.0147044

0.9887 0.0468 0.1896 0.0025 0.9506 0.8701 0.0065
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Figure (6): Observed and predicted moisture ratio of the convection 

heating mode for different studied models.  
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Figure (7): The drying constant (kpage) as related to air temperature and

air velocity.

Figure (8): The drying constant (npage) as related to air temperature and
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0.9972–0.9988. This means that all the models could satisfactorily 

describe the drying behaviour of garlic slices using the combined infrared 

– convection heating mode. However, among the three studied models, 

the Page model showed the highest coefficient of determination (R2) of 

0.9988, the highest modeling efficiency (EF) of 0.9934, the lowest 

standard deviation (SD) of 0.0154, the lowest average percentage of error 

(E) of 0.1479 and the lowest chi-square (χ2) of 0.0007. Plots of the 

experimental and the predicted data of the moisture ratio with drying time 

obtained by the three models are shown in  Figure (9). As it can be seen 

from this figure, the Page model provided a good agreement between the 

experimental and the predicted data in comparison with other studied 

models. On the other hands, as shown in Figures (10) and (11), the drying 

constant (k) increased with the increase of radiation intensity and air 

temperature while, the constant (n) decreased. A simple regression 

analysis was employed to relate the drying parameters with  
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Table(3): Statistical results obtained from different thin layer drying models and the drying

constants for combind infrared and convection drying.
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Figure (9): Observed and predicted moisture ratio of the combined 

heating mode for different studied models.  

 



Misr J. Ag. Eng., January 2009  269 

 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Radiation intenisty, W/cm2

C
o
n
s
ta

n
t 

(k
),

 m
in

-1

45 oC 55 oC 65 oC

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Radiation intenisty, W/cm2

C
o
n
s
ta

n
t 

(n
)

45 oC 55 oC 65 oC

Figure (10): Drying constant (k) as related to radiation intensity and air 

Figure (11): Drying constant (n)as related to radiation intensity and air 
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the drying constants (k) and (n). The obtained relationships were as 

follows: 

, (R2=0.9349)...................…….(12). 

     

, (R2 = 0.9415)………….....….(13). 

                                                                

Energy consumption: 

Figure (12) presents the effect of air temperature and air velocity on the 

specific energy consumption of the covection heating mode. As shown in 

the figure, the specific energy consumption decreased with the increase of 

air temperature and the increase of air velocity. Changing the air 

temperature from 45 to 75 oC at the minimum air velocity of 0.25 m/s 

decreased the specific energy consumption from 41.37 to 17.78 MJ/kg 

water. While, at the maximum air velocity of 1.25 m/s the specific energy 

consumption decreased from 73.8 to 50.91 MJ/kg water.  

For the combined heating mode, Figure (13) shows that the specific 

energy consumption decreased with the increase of radiation intensity and 

the decrease of the air temperature. Changing the radiation intensity from 

0.075 to 0.225 W/cm2 at the minimum air temperature of 45 oC decreased 

specific energy consumption from 8.34 to 5.16 MJ/kg water. While, at the 

maximum air temperature of (65 oC) the specific energy consumption 

decreased from 14.58 to 5.37 MJ/kg water. 

Thermal Efficiency: 
Figure (14) presents the effect of different air temperature and air velocity 

on the thermal efficiency of the convection heating mode. As shown in 

the figure, the thermal efficiency increased with the increase of air 

temperature and the decrease of air velocity. Changing the air temperature 

from 45 to 75 oC at the minimum air velocity of 0.25 m/s increased the 

thermal  efficiency from 6.35 to 14.26 % While, at the maximum air 

velocity of 1.25 m/s it was  increased 3.45 to 5.04 %. For the combined 

heating mode, Figure (15) shows that, thermal efficiency increased with 

the increase of radiation intensity and the decrease of air temperature.

TIk 31016.26.072.0 −++−=

TIn 31069.1224.047.1 −−−=
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Figure (12): Effect of the air temperature on  specific energy consumption 

of the convection mode at the different air velocity. 

 

 

 

 

 

 

 

 

Figure (13): Effect of the radiation intenisty on specific energy 

consumption of the combined mode at the different air 

temperature. 

 

 

 

 

 

 

 

 

 

Figure (14): Effect of air temperature on the thermal efficiency of the 

convection mode at different air velocity. 
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Figure (15): Effect of radiation intenisty on the thermal efficiency of the 

combined mode at different air temperature. 

 

 

 

 

 

 

 

 

 

Figure (16): Effect of air temperature on the rehydration ratio of the 

convection mode at different  air velocity. 

 

 

 

 

 

 

 

 

 

Figure (17): Effect of radiation intenisty on the rehydration ratio of the 

combined mode at different  air temperature. 
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At the minimum air temperature of 45 oC changing the radiation intensity 

from 0.075 to 0.225 W/cm2 increased the thermal efficiency from 28.97 

to 47.8 %. While, at the maximum air temperature of 65 oC the thermal 

efficiency increased from 17.76 to 45.53 %. 

Quality of garlic slices:   

Rehydration ratio: 

Figure (16) shows the effect of air temperature and air velocity on the 

rehydration ratio of garlic slices dried by the convection heating mode. 

The rehydration ratio increased by the increase of air temperature and air 

velocity. Changing the air temperature from 45 to 75 oC at the minimum 

air velocity of 0.25 m/s increased the rehydration ratio from 1.272 to 

1.543. On the other hand, at the maximum air velocity of 1.25 m/s the 

rehydration ratio increased from 1.387 to 1.638. The increase of 

rehydration ratio with the increase of air temperature and air velocity may 

be due to less shrankage of the garlic slices. Meanwhile, for the combined 

heating mode,  Figure (17) shows that, the rehydration ratio increased 

with the increase of radiation intensity and air temperature. Changing the 

radiation intensity from 0.075 to 0.225 W/cm2 at the minimum air 

temperature of 45 oC increased the rehydration ratio from 1.616 to 1.879. 

While, at the maximum air temperature of  65 oC the rehydration ratio 

increased from 1.681 to 2.197. 

Flavor strength: 

Figure (18) presents the effect of air temperature and air velocity on the 

flavor strength of garlic slices dried by the convection heating mode. The 

flavor strength increased with the increase of air temperature and the 

decrease of air velocity. Changing the air temperature from 45 to 75 oC at 

the minimum air velocity of 0.25 m/s increased the flavor strength from 

3.2 to 3.51 mg/g dry matter. While, at the maximum air velocity of 1.25 

m/s the flavor strength increased from 3.01 to 3.39 mg/g dry matter. 

Decreasing the flavor strength by the increase of air velocity, may be due 

to fast and more addition of heat to the garlic slices. Meanwhile, for the 

combined mode Figure (19) shows that, the flavor strength decreased with 

the increase of radiation intensity and air temperature. At the minimum 

air temperature of 45 oC changing the radiation intensity from 0.075 to 

0.225 W/cm2 decreased the flavor strength from 4.56 to 4.21  
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Figure (18): Effect of air temperature on the flavour strenght of garlic 

slices dried under  the convection mode at different  air velocity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (19): Effect of infrared radiation on the flavour strenght of garlic 

slices dried under the combined mode at different  air 

temperature. 
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mg/g dry matter. While, at the maximum air temperature of 65 oC 

decreased the flavor strength from 4.13 to 3.61 mg/g dry matter. 

Colour of dried garlic slices: 

Figures (20 and 21)  present the effect of air temperature and air velocity 

on the colour difference and the hue angle of garlic slices dried by 

convection heating mode. The colour difference increased and the hue 

angle decreased by the increase of air temperatureand and air velocity.  

While, the colour difference increased and the hue angle decreased  with 

the increase of radiation intensity and air temperature as shown in Figures 

(22 and 23). 

CONCLUSIONS 

Analysis of the results of the present research led to the following 

conclusions: 

1- Drying rate, thermal efficiency, rehydration ratio, flavour strength 

and the colour difference were higher for the combined heating 

mode in comparison with the convection mode. 

2- Drying time and specific energy consumption for the combined 

mode were lower than the convection mode. 

3-  Page model satisfactorily described the drying behaviour of garlic 

slices and predicted the changes in garlic slices moisture content.  

 For the combined heating mode, the drying constant (k) increased with 

the increase of radiation intensity and air temperature and the constant (n) 

decreased. While, for the convection heating mode, the drying constant 

(k) increased with the increase of air temperature and air velocity and the 

constant (n) decreased. 
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(20): Effect of air temperature on the colour difference at different  air 

velocity. 

 

 

 

 

 

 

 

 

 

 

Figure (21): Effect of air temperature on the hue angle at different  air 

velocity. 
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Fig. (22): Effect of infrared radiatiin on the colour difference of garlic 

slices dried under convection mode.  

 

 

 

 

 

 

 

 

 

 

 

Fig. (23): Effect of radiation intenisity on the hue angle at different  air 

temperature. 
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 الملخص العربي 

 

نظام الحمل والنظام المختلط   مباستخداتجفيف شرائح الثوم في طبقه رقيقة        

 بين الأشعة تحت الحمراء والحمل

   3نبيهة حسن  أبوا لهنا  2محمد مصطفي الخولي 1عبد المطلبإسماعيل أحمد 

 4محمود عبد الفتاح يونس

 سةةل   لدراسةةة جامعةةة ك ةةر ال ةةي    -كليةةة الزراعةةة  –بقسم الهندسة الزراعيةةة    اجري هذا البحث

باسةةتادام يةةرنقتيت ماتل تةةيت فمثلةةق  ةةت يرنقةةة التسةةايت بالحمةة      ل رائح الث م  عملية التج يف

علت زمت التج يف ،التغير     اوفأثيره  فحق الحمراء  والأشعةالماتلط بيت الحم   يت  ويرنقة التسا

وشةةملق . وجةة  ا المنةةتن النهةةائت ، الطاقةةة المسةةتهلاة، الا ةةاءا الحرارنةةة ةةت المحتةة ي الريةة بت

، 0.075)ل ةةدا اعشةةعا   ماتل ةةة مسةةت نات ثلاث معاملات التجرنبية لطرنقة التسايت الماتلط ال

 65 – 55 – 45 )الهةة اء لدرجةةة اةةرارا  ماتل ة مست نات ثلاث و( 2ات /سمو  0.225،  0.15

التجرنبيةةة  تملاعةةا،  ةةت اةةيت شةةملق المم/ث 0.75مةةث ثبةةات سةةرعة الهةة اء عنةةد   ( رجة مئ نة

 رجةةة  65-55-45 ت مت  رجة ارارا هةة اء التج يةةف)ثلاث مست نا الااصة بنظام الحم   قط 

 . (م/ث1.25 -0.75- 0.25 التج يف ) مست نات مت سرعة ه اءوثلاث    (مئ نة

 ك ر ال ي جامعة  -كلية الزراعة  - ورئيس قسم الهندسة الزراعيةأستاذ  -1

-الةةدق –معهةةد بحةة ث الهندسةةة الزراعيةةة    -ورئيس قسم هندسة التصنيث والتةةداولبااث أول    -2

 جيزا

 ك ر ال ي جامعة  -كلية الزراعة  - الهندسة الزراعيةمدرس بقسم   -3

 جيزا -الدق    -معهد بح ث الهندسة الزراعية -ندس زراعتمه -4
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 الأ ضةة مقارنة ثلاث نماذج رناضية ل صف عمليةةة التج يةةف  ةةت يبقةةة رقيقةةة   تيةةار   أنضافم  

 .ل صف عملية التج يف  ت كلا الطرنقتيت

 : ما نل   أظهرت النتائن

 اعلةةت  التغيةةر  ةةت اللةة نالت ةةرو و  إعةةا االحرارنةةة، نسةةبة    الا اءامعدل التج يف،    كان -1

 .طرنقة الحم ب مقارنة الحم ( –لطرنقة التسايت الماتلط ) الأشعة فحق الحمراء 

 بالنسةةبة وكميةةة الزنةةق العطةةري ،ا سةةتهلا  النةة عت للطاقةةة،  انا اض زمةةت التج يةةف -2

 .الحم   طرنقةب مقارنةلطرنقة التسايت الماتلط 

التنبةةب بةةالتغير  ةةت المحتةة ي وصةةف عمليةةة التج يةةف وPage  الرناضةةت نم ذجلل أمات -3

مقارنةةة بالنمةةاذج  ب ةةا  مرضةةتمةةت نظةةام الحمةة  والنظةةام الماةةتلط   الري بت  ت كلا  

 .م ض   الدراسة يالأ ر

 n)  بينمةةا انا ضةةق قةةيم الثابةةق)  (kارف عق قيم ثابق التج يةةف ) بالنسبة لنظام الحم ، -4

ته بينمةةا  ةةت االةةة ( وذلك بزنا ا  رجةةة اةةرارا الهةة اءو سةةرعpageللنم ذج الماتار )

وذلةةك n)  بينما انا ضةةق قةةيم الثابةةق )  (kارف عق قيم ثابق التج يف )  النظام الماتلط

   بزنا ا شدا اعشعا  و رجة الحرارا.

 

 

 

 

 

 

 

 

 


