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ABSTRACT 
 
A study was carried out to test and evaluate the use of infra-red radiation as 

heat energy source for drying full lemon fruits. A laboratory scale dryer was developed 
and tested at the laboratory of Agric. Eng. Dept. Fac. of Agric. Mansoura Univ. The 
experimental treatments included three different levels of radiation intensity (0.973-
1.093-1.161 kW/m

2
), three different air temperatures (40, 50 and 60°C) and constant 

air velocity of 1 m/sec. The drying behavior was simulated using two different thin 
layer models (Lewis's and Henderson, and Pabis's). The studied models were com-
pared with the obtained drying data, and the most suitable model for predicting the 
change in lemon moisture during drying process content was then assessed. Final 
quality of the dried lemons was also determined. The results show that, both studied 
models could describe the drying behavior of lemons satisfactorily. However, the Lew-
is's model considered more proper in terms of precision and application simplicity for 
describing the drying behavior and predicting the changes in moisture content. The 
quality tests of the dried lemons showed that, radiation intensity of 1.093 kW/m

2
 with 

air temperature of 50°C recorded the best dried lemon quality in terms of higher reten-

tion of ascorbic acid (Vitamin C), citric acid and total soluble sugars. 
 

INTRODUCTION 

 
Citrus, Citrus., is considered as one of the most important crops in all 

countries of the world. In Egypt, citrus rank third after cotton and rice. It is 
primarily valued for the fruit, which is either eaten alone (sweet orange, tan-
gerine, grapefruit, etc.) as fresh fruit, processed into juice, or added to dishes 
and beverages (lemon, lime, etc.). (Manner, 2006) 

Citrus is a major export product of Egypt. The total cultivated area for cit-
rus fruit is about 529290.5 feddan and total production is estimated at 
2,149,349 ton/year. The average volume of citrus exported to various coun-
tries during 1997–2000 ranged from 205,800 to 210,500 tons. (Biosecurity, 
2002) 

Dehydration of foods is aimed at producing a high density product, when 
adequately packaged has a long shelf time, after which the food can be rapid-
ly and simply reconstituted without substantial loss of flavor, color, taste and 
aroma. ( Sharma et al., 2005) 

New and innovative techniques that increase the drying rate and en-
hance product quality have achieved considerable attention in the recent 
past. Drying by infrared radiation is one among them, gaining popularity be-
cause of its inherent advantages over conventional heating (Mongpraneet et 
al., 2002). 
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Experimental studies on infrared drying of various food products including 
vegetables and fruits have been reported by (Ginzburg 1969). 

Application of infrared radiation to food processing has gained momen-
tum due to its inherent advantages over hot-air heating. Infrared processing 
has been tried in baking, roasting, thermal treatments (blanching, pasteuriza-
tion, sterilization, etc.) and drying of foodstuffs (Sandu, 1986). 

In general, FIR radiation is advantageous for food processing because 
most food components absorb radiative energy in the FIR region. (Sandu, 
1986) 

Hot-air drying is the most commonly employed commercial technique for 
drying of biological products.(Mazza and Lemaguer, 1980). Dehydrated 
whole lime is a unique product, consumed mainly in the Middle East. Howev-
er, there is no readily available information about the drying of lime fruit using 
infrared heating, and its effect on the changes that occur in its flavor profile as 
a result of processing, though the fruit is valued mainly for its flavor. 

 
The general objective of the present work was to study and evaluate the 

use of infrared radiation as a heat energy source for drying lemon fruits as a 
new approach for decreasing the drying time and enhancing the product qual-
ity. 
 

MATERIALS AND METHODS 
 
Materials: 
Tested crop: 

Freshly-harvested lemon fruits (Citrus aurantifolia) was used for conduct-
ing the experimental work. The initial moisture content of the freshly harvest-
ed lemon ranged from 88% to 92% (dry basis) and the drying runs were 
stopped when the final moisture content reached about ~5 % (d.b.). 
Structure of the laboratory scale infrared dryer: 

Fig. (1) illustrates a schematic view of the laboratory scale dryer used 
during the experimental work. 

As shown in Fig. (1) the drying bed consists of three drying chambers. 

Each chamber constructed of an iron frame of 40  70  50 mm (L  W  H). 
The base of each chamber is made of stainless steel wire net and used for 
accommodating a drying tray. The three drying trays are supported inside the 
dryer body in vertical consequence with distances of 15 mm between the 
trays and the heat sources. For heating and temperature controlling of the 
dryer, two (1 kW) ceramic Infrared heaters were fixed over two iron blades 
and assembled into the sealing of each drying chamber facing the drying tray. 
For controlling the distance between the ceramic heaters and the drying 
trays, screw rods are used to allow movement of the heaters up and down. 
To control the radiation intensity of the infrared heaters, a set of dimmers are 
used. 

For air heating, electric heaters are used for each drying chamber. The 
air heating circuit of each drying chamber consists of 2 kW electric heaters 
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fixed over the surface of an iron net in order to increase the area of air con-
tact with the heating source.  

The air temperature control of each drying chamber (based on ON and 
OFF system) was consisted of a precise digital thermostat for stopping and 
connecting the heaters and keeping the pre-adjusted temperature constant 
throughout each experimental run. 

For air supply three identical axial flow fans model OLMO are used for 
suction of heated air in a parallel direction over the surface of each drying 

 

 
 
1- The dryer frame 
2- Fan's switch 
3- Dimmers of infrared heaters 
4- Infrared heaters 
5- Thermostat 
6- Tempered glass 
7- Sample's tray 
8- Axial fan 
9- Electric heater 
10- Wheels 

Fig.(1):Schematic view of experimental infrared drying Setup 
 

tray. Each fan is assembled in one side of each drying chamber facing 
the heater. The drying air is supplied equally to each drying chamber using a 
speed control electric switch. 
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Experimental Treatments: 
The experimental treatments are included the following: 
1- Three levels of infrared radiation intensity (0.973, 1.093, and 1.161 

kW/m
2
). 

2- Three levels of inlet air temperature (40, 50 and 60° C) and constant air 
velocity at 1 m/sec are used as recommended by (Sharma et al., 2005; 
Arafa, 2007).  

Test procedure and measurements: 
After it is clear that, the radiation intensity, air temperature and air veloc-

ity have been stabilized, the lemon samples are distributed uniformly as a 
single layer on the tray which is then placed directly inside the drying bed. At 
the same time three sub samples each of 10-20 g are taken to determine the 
initial moisture content using the drying oven method as recommended by 
(AOAC, 1995). 

The observation on mass loss changes for lemon samples are recorded 
every 15 min during the first 2 hr and every 30 min until the end of each dry-
ing run (until the moisture content of the lemon reached ~5% d.b.).  

In order to minimize the experimental errors of each run, it is replicated 
three times, and the average is considered. 

Measurements and Instrumentation 
1- Moisture content determination: 
     Initial and final moisture contents of lemon fruits are determined by the 

method described in A.O.AC. (1995) with an electric oven adjusted at 70°C 
for 16 hours. 

2- Radiation intensity measurement: 
    A radiation sensor with data recorder (model H-201) is used for the meas-

urement of radiation intensity. 
3- Air velocity measurement: 
A TRI – SENSE temperature / humidity / air velocity meter is used for meas-

uring the air velocity with an accuracy of 0.01 m/s. The unit is a self – con-
tained direct reading portable instrument.  

4- Quality evaluation tests: 
     The quality evaluation tests of the dried lemons included; determination of 

ascorbic acid, citric cid, and total soluble sugars, are performed. 
5- Temperature measurement: 
A temperature meter model (Trotec 2000S) connected with an Iron – Con-

stantine thermocouple type (T) is used to measure air and sample temper-
atures. 
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The examined drying models for simulating the drying data: 
The obtained data of the laboratory experiments are employed to exam-

ine the applicability of the two studied thin layer drying models (Lewis's and 
Henderson, and Pabis's equations) on describing and simulating the drying 
data. 
The examined drying models included:  
1-Lewis's model: 

MR = exp (-kL t)  (1) 
 

Where,    
 MR =Moisture ratio,                     dimensionless 
 M  =Instantaneous moisture content during drying process,% (d.b) 
 M0=Initial moisture content of lemon samples,               % (d.b) 
 Mf =Final moisture content of lemon samples,  % (d.b) 
 kL =Drying constants,        min

-1
 

 t =Drying time,        min 
 
Lewis's model has been applied to fit the drying data of the lemons. After 

converting its form to the logarithmic form relating the moisture ratio (MR) of 
the sample with the elapsed drying time (t) it can be written as follows: 

Ln MR= (-kt)      
The analysis was conducted based on using the final moisture content 

(Mf) for calculating the moisture ratio (MR). 
 

2-Henderson and Pabis's model: 
MR= A.exp(-kh t)    (2) 

Where, 
 A =Drying constant,                     dimensionless 

kh =Drying constants,   min
-1 

 
Henderson and Pabis's model has been applied to fit the drying data of 

the lemons. After converting its form to the exponentially form and calculating 
the constants (k and A) from relating the moisture ratio (MR) of the sample 
with the drying time (t). 
 

RESULTS AND DISCUSSION 
 
1-Influence of drying parameters on the change in lemon moisture ratio: 

Fig. (2) illustrates the change in lemon moisture ratio as related to the 
drying time at different levels of drying air temperature and radiation intensity. 
It evidently that, the reduction in moisture ratio of lemon varied with the ex-
perimental treatments and it was increased with the increase of radiation in-
tensity, and the drying air temperature. 

f M o M 

f 
M M 

MR 
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Fig.(2):Lemons moisture ratio as related to drying time at different radi-

ation intensity and different drying air temperatures. 
 

Analysis of thin layer drying using Lewis's equation: 
The values of drying constant (kL) for the Lewis's model (1) could be ob-

tained from the exponential relationship between the moisture ratio (MR) of 
the tested sample versus drying time (t) for all studied drying parameters as 
shown in Fig. (3). The computed values of the drying constants are listed in 
table (1). 
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Fig.(3): Determination of the drying constant; (kL) of Lewis's equation at 
the maximum radiation intensity of 1.161 kW/m

2
 and minimum 

and maximum heating air temperatures 
 

Table (1): Drying constant (kL) for Lewis's equation at different levels of 
radiation intensity and air temperatures. 

Infrared radiation intensity kW/m
2
 

Drying constant, kL 

Air temperature °C 

40 50 60 

0.973 0.0042 0.0044 0.0045 

1.093 0.0049 0.0054 0.0057 

1.161 0.0063 0.0072 0.0078 
 

As shown in table (1) the drying constant (kL) increased with the in-
crease of drying air temperature and the increase of the radiation intensity. 

A multiple regression analysis was employed to relate the studied pa-
rameters (I and T) with the drying constant (kL) at constant air velocity of 1 
m/sec. The analysis showed that, the nature of dependence could be ex-
pressed by the following equation: 
 

kL =  0.0137(I) + 0.000043 (T) - 0.0113 ...(3) 
 

[R
2
 = 0.8836 ; SE = 0.00049] 

Where, 
kL = Drying constant,   1/min 
T = Air temperature,   °C 
I = IR radiation intensity,              kW/m

2
 

 
Analysis of thin layer drying of full lemon fruits using Henderson and 
Pabis's equation: 

The values of drying constant (kh) and (A) for Henderson and Pabis's 
model (2) could be obtained from the exponential relationship between (MR) 
versus drying time (t). The exponent of the drying curve represents the drying 
constant (kh) while the intercept represents the constant (A) as shown in 
fig.(4). The computed values of the drying constants (kh and A) are listed in 
table (2). 
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Fig. (4): Determination of the drying constant; (kh,A)  of Henderson and 

Pabis's equation at the maximum radiation intensity of 1.161 
kW/m

2
 at minimum and maximum heating air temperature. 

 
As shown in table (2) the drying constant (kh) increased with the increase 

of drying air temperature (T) and the increase of radiation intensity (I). The 
dependence of drying constant (kh) of equation (2) on the experimental pa-
rameters was further studied using the multiple regression analysis. It was 
found that, the drying constant (kh) depending on the drying air temperature 
(T) and radiation intensity (I) as follows: 

 
Kh = 0.014565(I) + 0.000054 (T) - 0.01221 ...(4) 

[R
2
 = 0.8905 ; SE = 0.00052] 

Where, 
 Kh= Drying constant,  1/min 
 T= Air temperature,  °C 
  I= Radiation intensity,  kW/m

2 

 
Table (2):Drying constant (kh) at different levels of drying air tempera-

ture and radiation intensity. 

Infrared radiation intensity kW/m
2
 

Drying constant, kh 

Air temperature °C 

40 50 60 

0.973 0.0046 0.0049 0.0050 

1.093 0.0053 0.0060 0.0065 

1.161 0.0069 0.0078 0.0086 
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Meanwhile, the drying constant (A) was calculated for different combina-
tions of drying air temperatures and radiation intensity and listed in table (3). 
 
Table (3): The calculated drying constant (A) of equation (2). 

Radiation intensity kW/m
2
 

Drying constant, A 

Air temperature °C 

40 50 60 

0.973 1.2367 1.3168 1.3454 

1.093 1.2597 1.3439 1.3697 

1.161 1.2939 1.3894 1.4133 

 
It clearly reveals that, the values of constant (A) increased with the in-

creasing of drying air temperature and the increase of the radiation intensity. 
The dependence of drying constant (A) of equation (2) on the experimental 
parameters was tested using the simple and multiple regression analysis. It 
was found that, the drying constant (A) is depending upon the drying air tem-
perature and infrared radiation intensity. 
The nature of dependence could be expressed by the following equation: 
 

                       A = 0.334 (I) + 0.0056 (T) + 0.689  ...(5) 
[R

2
 = 0.9101 ; SE = 0.02033] 

 

Where, 
 A= Drying constant,  1/min 
 T= Air temperature,  °C 
 I= IR radiation intensity,             kW/m

2
 

 
Fitting curves examining the applicability of Lewis's and Henderson and 
Pabis's models in simulating the laboratory drying data: 
Lewis's model: 

The results of simulation analysis indicated that, equation (2) described 
the drying behavior of full lemon fruits satisfactorily as indicated by the high 
values of coefficient of determination and low values of standard error (SE). 
Figs (5 and 6) show the measured and predicted values of moisture content 
at the minimum and the maximum levels of drying air temperature and radia-
tion intensity. 
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Fig.(5):Measured and predicted val-
ues of full lemon moisture con-
tent using Lewis's model at (T) 
40°C and (I) 0.973 kW/m

2
. 

Fig.(6):Measured and predicted 
values of full lemon mois-
ture content using Lewis's 
model at (T) 60°C and (I) 
1.161 kW/m

2
. 

Henderson and Pabis's model: 
The results of simulation analysis indicated that, Henderson and Pabis's 

model also described the drying behavior and predicted the change in mois-
ture content of full lemons fruits satisfactorily as indicated by the high values 
of coefficient of determination and low values of standard error. Figs. (7 and 
8) reveal the measured and the predicted values of moisture content at the 
minimum and the maximum levels of drying air temperature and radiation 
intensity. 

  
Fig.(7):Measured and predicted 

values of full lemon fruits 
moisture content using 
Henderson and Pabis's 
model at (T) 60°C and (I) 
1.161 kW/m

2
. 

Fig.(8):Measured and predicted val-
ues of full lemon fruits mois-
ture content using Hender-
son and Pabis's model at (T) 
40°C and (I) 0.973 kW/m

2
. 
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Comparative evaluation of the studied drying models: 
A comparison study for the two drying models (Lewis's and Henderson 

and Pabis's models) was conducted to assess the most proper drying model 
for simulating and describing the drying behavior of full lemons under the 
studied range of experimental parameters. In general, the overall average of 
the obtained coefficient of determination (R

2
) and the standard error (SE) for 

the observed and predicted moisture content revealed that, both studied 
models could describe the drying behavior of full lemon satisfactory as indi-
cated from the highly coefficients of determination for the two models which 
ranged from (0.9725 to 0.9842). On the other hand, Lewis's model could be 
considered more proper model in terms of precision and application simplicity 
for describing the drying behavior of full lemon fruits and predicted the 
change in moisture content during the laboratory drying process.  
3-Lemon Samples Quality: 
Total soluble sugar: 

Fig. (9) illustrates the changes in total soluble sugar as related to radia-
tion intensity and air temperature. As shown in the figures the total soluble 
sugar was ranged from 0.71 to 1.1%. However, the taste of the dried lemon is 
the limiting factor for quality acceptance of the dried lemons and varied for 
different consumers. 

 
Fig. (9):Changes in the total soluble sugar for full fruit of lemon at dif-

ferent levels of infrared radiation intensity and drying air tem-
perature. 

 
Citric acid: 

Fig. (10) presents the percentage of citric acid. The dried full lemon 
showed higher citric acid percentage for all treatments as compared with the 
control sample dried under direct sun rays. The recorded percentages of citric 
acid ranged from 1.32 to 1.67% in comparison with 1.24% for the control 
sample. The figure also shows that, the radiation intensity of 1.093 kW/m

2 

and air temperature of 50°C provided the highest percentage of citric acid 
(1.67%). 
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Fig. (10): Changes in citric acid for full fruit of lemon at different levels   

of infrared radiation intensity and drying air temperature. 
 
Ascorbic acid  (vitamin C): 

Fig. (11) presents the changes in ascorbic acid as related to different 
levels of radiation intensity and air temperature The figure shows that, the 
commercial nature dried lemon under direct sun rays revealed lower level of 
ascorbic acid (48.9 mg/100 g dry matter) compared with the ascorbic acid of 
the dried full lemons. As shown in the figure the ascorbic acid in the full lem-
on treatment ranged from (62.2 to 74.4 mg/100 g dry matter). Meanwhile, it 
can be said that, for the full lemon samples, radiation intensity of 1.093 
kW/m

2 
and air temperature of 50°C performed the highest retention for the 

ascorbic acid (74.4 mg/100 g dry matter). 

 
Fig.(11):Changes in ascorbic acid for full fruit of lemon at different 

levels of infrared radiation intensity and drying air tempera-
ture. 

 
In general, the radiation intensity of 1.093 kW/m

2
 with air temperature 

of 50°C revealed the best results for dried lemon quality. 
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Conclusions 

1- The reduction in moisture ratio of full lemon fruits varied with the experi-
mental treatments and it was increased with the increase of radiation in-
tensity, and drying air temperature. 

2- The drying constant (kL) of Lewis's model increased with the increase of 
drying air temperature and radiation intensity. 

3- The drying constants of Henderson and Pabis's model (kh, A) increased 
with the increase of drying air temperature and the radiation intensity. 

4- Both studied model could describe the drying behavior of full lemon fruits. 
However, the Lewis's model considered more proper for describing the 
drying behavior and predicting the changes in moisture content in terms of 
precision and application simplicity. 

5- The percentages of total soluble sugar ranged from 0.71 to 1.1%, and the 
dried full lemons provided higher citric acid and ascorbic acid percentages 
compared with the control sample dried under direct sun rays. 
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 تحت الحمراء تجفيف ثمار الليمون الكامل باستخدام األشعة
  و1أحمددددددد ثددددددروت محمددددددد ،2محمددددددد ملدددددد ف  الخددددددول  ،1أحمددددددد محمددددددود معتددددددو 
 1ولال محمد عبدالرحمن

  . جامعة المنلورة -كلية الزراعة  -قسم الهندسة الزراعية  1

 . معهد بحوث الهندسة الزراعية -و تداول المنتجات الزراعية  قسم هندسه تلنيع 2

 

اة  ةألشتت ت   تتث ةا  تترةر ل طتتار احريرتتت ةا رةريتتت أجريتتث ارة تتت ار وتتير   سيتتي  ة تت ر
ا جفيتتث ا تتير ةاحي تت م ةالي حتتت وي تت راة   جفتتث    حتتت ي  تتم ويألشتت ت   تتث ةا  تترةر   تت   طتت ي   

جي  ت ةا  ط رة   شت حث  –لحيت ةازرةعت  - ةر ويره و   م ه ا ت ةا ط يع وس   ةاه ا ت ةازرةعيت
 2 \ليحتت   ةث 373.3 – 37390 -379.0ةاشتت ي)   ةا  غيتترةث ةا جريويتتت اماتتت   تت  ييث اشتتاة

( ارجتت 3.-03-03   را  فت   م ةارر وت  تم ةاا تير   امث     ييث اارجت  رةرة ةاه ةر ةا
ث.  رتتا أجريتتث ةا  حتتيمث ةاريي تتيت \  3 ئ يتتت   تتع  اويتتث  تترعت ةاهتت ةر ةا  تت را  ع تتا   تت    

اح  يئج ةا   طم عحيهي وي  راة    تياا يم ا طتث  تح ل ةا جفيتث احي ت م ةا جفتث فتت روستت رريستت 
(. أظهرث ةا  تيئج ةا   طتم عحيهتي  Lewis's and Henderson & Pabis's ه ي   ياا ت   

 طتتتث لتتتم ةا  تتتياا يم ا تتتح ل ةا جفيتتتث اا تتتير ةاحي تتت م ةالي تتتم وطتتت رة  ر تتتيت    أم   يااتتتت 
 Lewis's را أعرث   يئج ألار ارت اح  وؤ ويا غير فت ةا      ةارر وت احي  م ل ي أم  رويق  حل )

(.  م  ي يت أرتر  أظهترث Henderson & Pabis'sةا  ياات ليم ألار  ه ات  سير ت و  ياات  
ع تتا ارجتتت  تترةرة  2 \ليحتت  ةث 37390  تتيئج ةر وتتيرةث ةاجتت اة احي تت م ةا جفتتث أم شتتاة ةاشتت ي) 

(  Cارجت  ئ يت رتا أعرتث أف تم ةا  تيئج  تم  يتث ةا فتيظ عحتت أعحتت   توت افي تي يم   03ةاه ةر 
   ض ةا ي ريل  لذال ةا لرييث ةالحيت ةاذةئوت.
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