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ABSTRACT Tomato is a seasonal crop and a highly perishable fruit and vegetable with 
moisture content of more than 90% at harvest. At harvest season there is glut of 
tomatoes produce in the market in developing countries and due to inadequate 
preservation techniques, heavy losses are incured. Drying characteristics of tomato as 
affected by tomatoes thickness, drying air velocity and drying air temperature were 
measured to understand the drying kinetics of tomato slices as well as to better improve 
the design of the drying system. Drying kinetics experiments were carried out in thin 
layer for tomato slices of 4mm, 6mm and 8mm thickness which were dried from 
96.327%, 95.957% and 96.142% to 3.153%, 4.837% and 6.738% wet basis moisture 
content respectively in 1440minutes using a variable air speed of 2m/s and 3.2m/s. 
Experimental data were fitted into drying models namely; Lewis, page, Henderson and 
Pabis, Wang and Singh, and Logarithmic (Asymptotic). The validation tool used in this 
study is the MatLab Optimization Tool (2015) using the {Levenberg-Marquadt Method}. 
The page model gave the highest coefficient of correlation and the lowest root mean 
square error for the 4mm, 6mm and the 8mm of (0.9969 and 0.0278, 0.9967 and 
0.0621, 0.9951 and 0.0423) respectively for the 4mm, 6mm and 8mm tomato slice 
thickness. 
 
KEYWORDS Thin layer, Drying, Drying Kinetics, Hybrid Solar Dryer, Tomatoes  

INTRODUCTION Tomato (Lycopersicon esculentum L.var) is a vegetable crop which is 
highly essential and used as a major constituent for soup, stew food, due to its high 
nutritional protein content it is highly recommended in daily meals by nutritionist. It is 
an important condiment in most diets and a very cheap source of Potassium, 
manganese, dietary fiber, vitamin A (in the form of beta-carotene), vitamin B6, folate, 
niacin, vitamin E and phosphorus. all of which are of great importance in the metabolic 
activities of man. Tomato is a good source of vitamins C and minerals (Akanbi and 
Oludemi 2003). 
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Tomatoes is a seasonal crop with market glutting during peak seasons and large 
quantities goes to waste, an estimation of 40% of the total amount of tomatoes 
produced in Nigeria goes to waste yearly. (Sanusi, M. M. and Dada, O. D., 2017). These 
postharvest losses can be prevented by proper preservation, processing and storage of 
tomatoes product during it season. Drying is defined as a process of moisture removal 
due to simultaneous heat and mass transfer. Which is purposely carried out to reduce 
water to the level at which microbial spoilage and deterioration reactions are greatly 
minimized (Akpinar and Bicer, 2004). 

The drying process is highly energy consuming, which is on the high side when 
compared to other postharvest processing unit operation used for processing of fruits 
and vegetables. Mechanical drying is an energy consuming process in the post-harvest 
processing of food products; hence more importance is given to the use of renewable 
energy sources during the processing of agricultural biomaterials. Solar radiation energy 
is considered as an important alternative source of energy because of its abundance, 
inexhaustibility and it is non-pollutant in nature when compared with higher priced and 
limited amount of fossil fuels available (Basunia and Abe, 2001). Solar dryers are now 
becoming increasingly popular due to the fact that they dry products rapidly, uniformly, 
hygienically, the traits inevitable for industrial food drying processes (Diamente and 
Munro, 1993; Condori et al., 2001).  

Thin layer drying models can be used to describe a drying operation, estimating the 
drying time and moisture content of biomaterials at any time after being subjected to a 
known temperature and relative humidity. (Torgul and Pehlivan, 2004).  

Research studies have been reported on mathematical modelling and experimental 
studies conducted on thin layer drying process of various food products such as onion 
and pepper (Kiranoudis, 1992), chilli (Hussain and Bala, 2002), carrot (Doymaz, 2004) 
and tomato (Sacilik et al., 2006). In modelling, generally, the investigators have reported 
the best model that fit the experimental data. However, little information is available on 
solar drying experiment carried out during the wet season climatic conditions of the 
western region in Nigeria for tomato slices. Therefore, objectives of this work to study 
the effects of drying conditions and the slices thickness using varied air speed during the 
period of solar radiation as an energy source on the drying behavior of different 
tomatoes slice thickness and to select the most suitable model (in terms of fitting ability 
to describe the thin-layer drying of tomato slices under wet season conditions. 

MATERIALS AND METHOD Considering the location of Ibadan city on earth, the hybrid 

solar dryer collector chamber was designed with an angle of tilt of 15° to the horizontal 
which is almost perpendicular to the surface. To achieve a structure that can resist heat 
loss, “Omo” wood was used for the framework, which was lagged first with sawdust and 
also lagged with Styrofoam before being laid with panel ply wood, also the inner walls of 
the drying chamber was laid with Aluminum foil paper to prevent heat loss to the barest 
minimum. The trays were made of wood and wire mesh to achieve minimum resistance 
to air flow. The design was used to obtain drying data which is inputted into drying 
equations for modeling the drying kinetics of tomatoes slices with the solar radiation 
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first before the source of energy was switched into the use of a briquette stove 
(charcoal fired) to achieve continuous drying with the use of an alternative energy 
source using a briquette stove in achieving continuous drying using both solar radiation 
for daytime drying and briquette stove for non-sunshine hours. Figure 3.1 and Figure 3.2 
shows an isometric view and orthographic views of the hybrid solar dryer used in the 
study.  

Experiments The indirect forced convective hybrid solar dryer with a briquette stove as 
an alternative energy source to complete a twenty-four hours drying period was used to 
dry tomato slices. The experiments were carried out in July 2017. Each drying test was 
started at 7:00am but before the thin slices are being placed into the drying chamber 
the drying system was allowed to preheat without being loaded, then the thin slices are 
placed at exactly 08:00am and the drying experiment was continued until sunset by 
exactly 18:00pm. The briquette stove was ignited at the workshop of the Department of 
Agricultural and Environmental Engineering, Faculty of Technology, University of Ibadan, 
Ibadan Nigeria. The location lies at latitude of 𝟕° 𝟐𝟑′ 𝟐𝟖. 𝟏𝟗′′ N, 𝟑° 𝟓𝟒′ 𝟓𝟗. 𝟗𝟗′′ E, and 
altitude 227m above mean sea level, with an average of solar radiation and ultra violet 

index of 383.89 W/𝐦𝟐  and 573.3uW/𝐜𝐦𝟐. 

Fresh tomatoes were purchased from Bodija market, the variety, sorting of the 
purchased tomatoes into two categories which are the soft and the soft and the firm 
ones. After these was done, the selected tomatoes were washed with clean water and 
excess water was wiped off from its body. The fruits samples were selected randomly 
and the portion to be sliced was carefully marked out with a masking tape then a blade 
was use to cut the marked-out potion, after which a sharp knife was used to cut off the 
marked-out portion. Three different sizes (4mm, 6mm and 8mm) ±0.1mm with an 
average diameter of (2mm and 4.5mm) ±1.2mm were cut out, an average weight per 
slice of (10 – 14) g ±2g. The slices were selected randomly and placed on the drying tray 
in one slice dept as shown in Plate a and b. This slice thickness was chosen in other to 
represent a thin layer drying of the tomato slices. Then the drying tray was placed in the 
drying chamber. 

Before commencing the experiment data logger(s) temperature and its external probes 
were placed at different positions of the hybrid solar dryer, which are given below; 

In the solar collector plate, 

i. At the entrance of the solar collector, the Temperature and Relative Humidity 
Probe was placed in such a way that it reads exactly the air temperature and 
relative humidity of the air been driven into the solar collector, this probe is only 
used when the source of drying is solar radiation. 

ii. At the middle position by suspending the Probe to measure the temperature of 
the working fluid (heated air), 

iii. Out the outlet of the solar collector just at the entrance of the drying chamber. 

Components and Specifications of the Constructed Hybrid Solar Dryer are shown in 
Table 1 
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a b 
a. Figure 1: Isometric View of the Hybrid Solar Dryer 
b. Figure 2: Orthographic Views of the Hybrid Solar Dryer 

Table 1: Component and Specifications of the Constructed Hybrid Solar Dryer 

Component Specifications 

Solar Collector  

a) Type 
b) Solar Collector Dimensions 
c) Transparent Surface Type 
d) Absorber Plate  

 
e) Absorber Color 
f) Collector Tilt  
g) Insulation 
 

 

a) Flat Plate  
b) 150cm × 20cm × 50cm 
c) Glass, 5mm thick 
d) Corrugated aluminum sheet-metal, 

0.6mm thick 
e) Non-shine black 
f) 15° 
g) Exterior: Styrofoam 50mm thick 

Interior: Silver aluminum foil paper   

Drying Chamber  

a) Dimensions 
b) Height  
c) Insulation  

 
d) Tray 

  

a) 1m × 0.5m × 0.5m 
b) 1.5m 
c) Exterior: Styrofoam 50mm thick 

Interior: Silver aluminum foil paper   
d) Four compartment with 44 × 44cm 

Blower 

a) Type  
b) Air Speed  

 

a) Axial 
b) 3.2m/s and 2m/s  

Exhaust Vent  

a) Shape  
b) Location 

 
c) Dimensions 

 

a) Rectangular  
b) Drying chamber top, projected 

outward with a 15° tilt 
c) 7cm ×7.5cm 
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Other Temperature and Relative Humidity Probes used were located at different 
positions to measure the temperature and relative humidity of the position at an 
interval of thirty minutes, the position includes: 

i- The drying chamber plenum. 
ii- The upper surface of the tomato slices. 
iii- The outlet of the drying chamber in order to measure the temperature of the 

exhaust air. 
iv- The surrounding to measure the ambient temperature. 

The relative humidity was recorded at the following locations; 
a) The surrounding to measure the ambient relative humidity. 
b) Drying chamber outlet (exhaust air). 
c) Solar collector (inlet). 

The data logger was configured to record the temperatures at the desired locations at 
an interval of thirty minutes (30mins) before commencing the experiment. The 
measurements were taken periodically at the same interval. A no load preheating period 
of one hour was done before the commencement of each experiment this is to allow for 
the heating of the hybrid solar dryer. The starting time of the experiment was at 8:00am 
and continued till near sunset at 18.00 GMT. At this time an alternative energy source 
(coal fired briquette stove) was ignited to complete the all-night drying period. Before 
the experiment began a sample of the tomato slices were taken so as to measure its 
initial moisture content. A scoop with a long handle of one tomato slice capacity was 
placed in the removable base in the drying chamber to facilitate the measuring of the 
weight loss periodically. 

The moisture ratio of tomato slices dried under solar cabinet dryer and by its alternative 
energy source at a given time t, was calculated using a relationship:  

Moisture Ratio = 
𝑀𝑡−𝑀𝑒 

𝑀𝑖− 𝑀𝑒
 = 𝑒−𝑘𝑡   

Where; 
𝑀𝑖 is the initial moisture content, dry basis moisture content, % 
𝑀𝑒  is the equilibrium moisture content, dry basis moisture content, % 
𝑀𝑡 is dry basis moisture content at any time ‘t’ 
k is the drying rate constant per minute t is the drying time, min. 

Drying models are related in a dimensionless moisture ratio as the dry basis moisture 
content versus drying time into a dimensionless moisture ratio versus drying time. The 
experimental moisture ratio versus drying time data were fitted into five drying models 
which is widely used in describing the drying characteristics of most food products and 
the best model was selected to describe the hybrid solar dryer with the use of a 
briquette stove as an alternative energy source for the drying processes of tomato 
slices. 

The regression analysis was performed using MATLAB 2015 software. The coefficient of 
determination or coefficient of correlation 𝑅2 was used as the primary criteria for 
selecting the model that best fit the experimental data. In addition to the coefficient of 
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determination, as the mean square of the deviations between the experimental and 
predicted values for the models and root mean square error analysis (RMSE). To get the 
best fit of the experimental data, the coefficient of determination should be high (𝑅2) 
and RMSE should be lower (Akpinar et al, 2006). 
The statistical parameters were calculated by using the following relationships: 

(𝑅2) = 
∑ (𝑀𝑅𝑝𝑟𝑒,𝑖− 𝑀𝑅𝑝𝑟𝑒,𝑖 𝑎𝑣𝑒) 2𝑁

𝑖=1  

∑ (𝑀𝑅𝑒𝑥𝑝,𝑖− 𝑀𝑅𝑒𝑥𝑝,𝑖 𝑎𝑣𝑒) 2𝑁
𝑖=1

    

RMSE =  
∑ (𝑀𝑅𝑝𝑟𝑒𝑑.𝑖− 𝑀𝑅𝑒𝑥𝑝,𝑖)2𝑁

𝑖=1

𝑁
 

 
Where:  

𝑀𝑅𝑒𝑥𝑝.,𝑖 = the 𝑖𝑡ℎ experimental moisture ratio; 𝑀𝑅𝑒𝑥𝑝.,𝑚𝑒𝑎𝑛 = thee mean experimental 

moisture ratio; 𝑀𝑅𝑝𝑟𝑒𝑑.𝑖 = the 𝑖𝑡ℎ predicted moisture ratio; N = number of observations; 

n = number of constants in the drying model 
 

3.0 Results and Discussions The experiment was carried out using tomato slices with a 
variable air speed axial fan for driving the drying air from the solar collector into the 
drying chamber. The initial moisture content of the tomato slice was determined using 
the rapid moisture analyzer and a moisture content of 96.142% (wet basis) was 
determined when the experiment was carried out using an axial fan having an air speed 
of 3.2m/s in the hybrid solar dryer while the final moisture content after the experiment 
was concluded after ten (10) hours of using solar radiation as the drying air source was 
60.453% (wet basis), a preheating period of one hour was observed before the 
experiment was started by 8:00 and at 18:00 GMT, there is a switch in the source of 
drying heat on (07-07-2017) with an average solar radiation and ultra violet index of 
255.465W/m2 and 626.3uW/cm2 respectively for the month of study.  

Figure 1 shows the effect of moisture content reduction while using an axial fan having 
an air velocity of 2m/s in drying the tomato slices in the constructed hybrid solar dryer 
but the variable air speed axial fan was only used during sunshine hours from 08:00 till 
18:00 GMT during periods of solar radiation as the source of heating the drying air, after 
which there is a switch in the drying air source using a briquette stove. The initial 
moisture content of the tomato slice was determined to be 95.957% (wet basis) using 
the rapid moisture content analyzer. The experiment was carried out for ten hours to 
give a final moisture content of 45.297% (wet basis), the average solar radiation and 
ultra violet index of 383.89 W/m2  and 573.3 uW/cm2 respectively. 

The drying curve is normalized by conversion of moisture content dry basis into 
moisture ratio and its graph is plotted against the drying time which is represented in 
Figures 1-3. The plot shows the moisture ratio against the drying time, which represents 
the typical characteristics of a drying curve of tomato slices during the thin layer drying 
operation using the constructed hybrid solar dryer.  
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Table 2: Effect of Drying Air Velocity on the Moisture Content Reduction 

Time Moisture content (wb %) at 
3.2m/s air velocity 

Moisture content (wb %) at 
2m/s air velocity 

8:00 96.142 95.862 

9:00 94.527 94.385 

10:00 92.395 90.591 

11:00 91.815 86.714 

12:00 86.746 73.568 

13:00 79.354 65.591 

14:00 76.597 57.869 

 15:00 63.189 53.497 

16:00 61.589 50.469 

17:00 60.965 48.868 

18:00 60.453 47.386 

 

Based on the difference between initial and final moisture ratio of the samples, the 
drying data is fitted into models derived from Newton’s Laws of Cooling and models 
derived from Fick’s Second Law of Diffusion models, namely; Lewis, page, Henderson 
and Pabis, Wang and Singh, Modified Page, Midili-Kucuk. 

The best suitable model to explain the drying kinetic behavior of tomato slices in 4mm, 
6mm and 8mm slices size is determined by using two statistical methods which are 
Coefficient of determination (𝑅2) (Chen and Wu, 2001; Akpinar, 2006; Sobukola et al., 
2008; Vega-Galvez et al., 2011) or Coefficient of correlation (Chin et al., 2009; Erbay and 
Icier, 2009; Sander and Kardum, 2009). Another statistical method used to determine 
the measure of differences between the predicted values and the measure moisture 
ratio is the Root Mean Square Error (RMSE) or the Root Mean Square Deviation. Just 
four of all the nineteen models used in this study is presented in the Table 3 with the 
values of the root mean square error and the correlation coefficient together with the 
model constants which are generated through iteration using the Matlab 2015 software 
for 4mm, 6mm and 8mm. 
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Figure 3: Measured and Predicted Moisture Ratio of Tomato Slices Using Page Model, 
Lewis Model, Logarithmic, Hill Models and Wang and Singh (4mm Tomato Slices) 

 

Figure 4: Measured and Predicted Moisture Ratio of Tomato Slices Using Page Model, 
Lewis Model, Two Term, Hill Models and Wang and Singh (6mm Tomato Slices) 

 

Figure 5: Measured and Predicted Moisture Ratio of Tomato Slices Using Page Model, 
Lewis Model, Logarithmic and Modified Page 2 (8mm Tomato Slices) 
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Hence the page model as a better prediction for the moisture ratio and the moisture 
content of tomato slices than the Lewis model and other models used in this work. 
Figures 1, 2& 3 shows representations that the page model can best be used in 
describing the drying kinetics of tomato slices of different slice sizes using variable air 
speed during the drying process, in the constructed hybrid solar dryer.  The root mean 
square error (RMSE) were lower than the Lewis (Newton) model and other models used 
in this work this is seen across all sizes of tomato slices, also the RMSE tends to zero. The 
page model also has the highest 𝑅2 value across the tomato slice sizes.  

4.0 CONCLUSIONS This study established that the drying behavior of tomatoes slices 
occur in the falling rate period and Page model best explain the drying characteristics. A 
smaller thickness of tomatoes slice (4mm) and air speed of 2m/s axial fan during the 
period of sunshine hour is the best condition that describes the drying condition or 
drying tomatoes slices during the wet season period even as tomatoes as a very high 
moisture content. The study has therefore provided information useful in drying process 
and design for tomatoes during the wet season period where there is glut of tomatoes 
product in the Nigerian market which also will assist in reducing losses often incurred 
during bumper harvesting and processing of tomatoes using an energy efficient way. 

Table 3: Dryer Model coefficients and constants for drying of tomatoes 

Model Model constants Tomato thickness 
(mm) 

𝑹𝟐 RMSE 

Lewis 
(Newton) 

k = 0.00147 

k = 0.00112 

k = 0.00112 

4 

6 

8 

0.9683 

0.9812 

0.9683 

0.1081 

0.0727 

0.1081 

Page k = 8.2547E-05, n = 1.4633 

k  = 6.0253E-
05, 

n = 1.4850 

k = 3.8956E-06, n = 1.8422 

 

4 

6 

8 

0.9966 

0.9967 

0.9951 

0.0278 

0.0304 

0.0423 

Henderson 
and Pabis 

a = 1.1021, k = 0.0016 

a = 1.1021, k = 0.0016 

a = 1.1486,  k = 0.0013 

4 

6 

8 

0.9863 

0.9863 

0.9777 

0.0621 

0.0621 

0.0906 

Wang and 
Singh 

a = -0.001, b = 3.365E-07 

a = 0.036, b = 0.0402E-07 

4 

6 

0.9985 

0.9812 

0.0192 

0.0727 
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a = -0.0006, b = -7.567E-08 8 0.9977 0.0288 

Logarithmic k = 0.2153, n = 0.0028, 

b= 0.3716 

k = 1.6699, n = 0.0007, 

b = -0.64 

k = 0.4382, n = 0.0027, 

b = 0.4684 

4 

 

6 

 

8 

0.7067 

 

0.9987 

 

0.8488 

 

0.2722 

 

0.0189 

 

0.0236
4 
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(Lewis) 

2 Page MR = 𝑒𝑥𝑝−𝑘𝑡𝑛
 Singh et al., Jangam et al., (2008); Hassan-

Beygi et al., (2009). 

3 Henderson and 
Pabis 

MR = a 𝑒𝑥𝑝(−𝑘𝑡) Akpinar, E.K et al., (2003); Shittu and Raji 
(2011); 

4 Wang and 
Singh 

MR = 1 + at + 𝑏𝑡2 Wang and Singh, (1978); Çelen et al., 
(2013) 

5 Midili-Kucuk MR = a 𝑒𝑥𝑝−𝑘𝑡𝑛
 + 

bt 

Ghazanfari et al., (2006) 

 

 

 

 

 

Table 5: Predicted Moisture Ratio of Solar Dried Tomato Slice (4mm) 

Lewis Page Henderson and 
Pabis 

Wang and 
Singh 

Logarithmic 

1.0000 1.0000 1.0957 1.0000 0.5869 

0.8588 0.9420 0.9281 0.8951 0.5397 

0.7376 0.8481 0.7861 0.7957 0.5028 

0.6335 0.7421 0.6658 0.7017 0.4740 

0.5441 0.6348 0.5639 0.6132 0.4516 

0.4673 0.5326 0.4776 0.5301 0.4340 

0.4014 0.4393 0.4045 0.4525 0.4203 

0.3447 0.3567 0.3426 0.3803 0.4096 

0.2961 0.2856 0.2902 0.3136 0.4013 

0.2543 0.2256 0.2458 0.2524 0.3948 

0.2184 0.1760 0.2082 0.1966 0.3897 
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0.1876 0.1357 0.1763 0.1462 0.3857 

0.1611 0.1035 0.1493 0.1013 0.3826 

0.1384 0.0781 0.1265 0.0618 0.3802 

0.1188 0.0583 0.1071 0.0278 0.3783 

0.1020 0.0431 0.0907 -0.0007 0.3768 

0.0876 0.0316 0.0768 -0.0238 0.3757 
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