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In this work, drying characteristics of banana, performance of the 

parabolic greenhouse solar dryer for banana drying and modelling of this type of 

dryer have been carried out. The results of the work are as follows. For the thin layer 

drying, it was found that temperature and relative humidity of drying air had strong 

influence on the drying curves of thin layer drying of banana, and the “Logarithmic 

model” predicts best the drying curve of banana. In addition, a two-dimensional finite 

element model has been developed to predict the moisture distribution inside banana, 

and it was found that this model predicted reasonably the drying curve of banana. For 

the dryer, the performance of the parabolic greenhouse solar dryer for banana drying 

in Thailand and for various agricultural products in other Asian countries was 

experimentally evaluated and the results revealed that this type of dryer could be used 

effectively to dry banana and various agricultural products for commercial-scale 

production of dried products in these countries. Finally, an artificial neural network 

model was developed to predict the drying curve of banana and it was found this 

model predicted well the drying curve. 
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Chapter 1 

Introduction 

1.1 Rationale 

Banana (Musa x paradisiaca L) is an economically important fruit in Thailand. 

There are a number of varieties of banana in this country and the variety called 

“Namwa” is very popular. Namwa banana is available year round, with the annual 

production of 6,000 tons. Namwa banana is consumed both as fresh and dried fruits, 

and dried banana is very popular snack in Thailand. To dry efficiently namwa banana, 

it is necessary to know the drying characteristics and the knowledge on these 

characteristics is relatively limited. 

In Thailand namwa banana is usually dried using the traditional sun drying 

method both for commercial and personal consumption purposes. According to this 

method, banana is peeled and spread on bamboo trays then it is exposed to solar 

radiation until the final moisture content of about 15-20% is reached. Although this 

method is cheap, banana being dried is usually subjected to considerable losses due to 

rain, insects and animals. Recently, parabolic greenhouse solar dryers have been 

introduced to banana producers to overcome such problem. However, the knowledge 

on the performance of this type of dryer and the modelling of the dryer is very 

limited. Therefore, the investigation of the drying characteristics of banana and the 

examination of the performance of the parabolic greenhouse solar dryer for banana 

drying are still required.  

1.2 Objectives 

The specific objectives of this work are as follows.  
1) To study thin layer drying of banana 

2) To investigate a drying characteristics of banana using a finite element 

approach 

3) To investigate the performance of a parabolic greenhouse dryers equipped 

with a rice-husk burning system for banana drying  

4) To examine the performance of a parabolic greenhouse solar dryer equipped 

with phase-change heat storage. 

5) To perform a modelling of the parabolic greenhouse dryer for banana drying 

using an artificial neural network  
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1.3 Organization of the thesis  

The thesis consists of 8 chapters. Chapter 1 presents the introduction of the work.  

Chapter 2 describes the thin layer drying of banana. Chapter 3 presents the finite 

element modelling of banana. Chapter 4 describes solar drying of banana in a 

parabolic greenhouse solar dryer. Chapter 5 presents the performance of the 

greenhouse solar dryer equipped with rice husk burning system for banana drying.  
Chapter 6 reposts the performance of the parabolic greenhouse solar dryer equipped 

with phase change thermal energy storage. Chapter 7 presents the modelling of the 

parabolic greenhouse solar dryer for banana drying using an artificial neural network. 

Finally, chapter 8 presents the conclusion of the work. 

  



 

 

Chapter 2  

Thin Layer Drying of Banana 

2.1 Introduction 

Thin layer drying of products is a drying of products which are spread in thin 

layer on drying tray and are dried by drying media surrounding the products.  

Knowledge on thin layer drying is required for planning efficient drying strategy. In 

addition, it is also needed for a simulation of a drying process of the products. As the 

knowledge on thin layer drying of banana is still relatively limited, we propose to 

carry out thin layer drying experiments of banana under controlled drying condition of 

temperature and relative humidity. Then thin layer drying model of banana was also 

proposed.  

2.2 Materials and methods 

2.2.1 Drying experiments 

The banana used in this experiment was obtained from a market in Nakhon 

Pathom, Thailand. It had initial moisture content about 70% (wb.). The banana was 

placed on a tray in a thin layer in a laboratory dryer and dried under controlled 

conditions of temperature and relative humidity. The banana was dried at the 

temperature of 40ºC, 50ºC and 60ºC the relative humidity of 10%, 20% and 30% with 

the air speed of 1 ms-1. 

A schematic diagram of this laboratory dryer is shown in Fig 1. The laboratory 

dryer comprises a ceramic packed bed for producing saturated air at a given 

temperature, an electrical heater, a blower, a drying section, measurement sensors 

data recording device and a controlling system. In this laboratory dryer, the blower 

forces ambient air through a humid ceramic packed bed. The air absorbs moisture 

while it passes through the packed bed. At the top of the packed bed, this air leaves in 

a humidified condition. Then, this saturated air is heated by the air heater  

and passes across the product placed in the tray. The relative humidity (rh) and 

temperature of the drying air are controlled by adjusting the power supply to the air 

heater and the water heater using a psychometric chart as a guideline.  
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Fig 1 Schematic diagram of the laboratory dryer 

 Prior to an experiment, the laboratory dryer was allowed to run for 1 hour to 

obtain a steady temperature. For each experiment banana about 230 g were placed in 

the drying tray. The drying air temperatures were monitored using thermocouples (K 

type, accuracy ±2%). These thermocouples were connected to a digital data logger 

(Yokogawa, Model DC100). Voltage from the thermocouples was converted into 

temperature by internal software of the data logger. The weights of banana were 

monitored by a digital balance. 

The thin layer drying experiments were conducted at the temperature of 40ºC, 

50ºC and 60ºC and the relative humidity of the drying air of 10%, 20% and 30%. 

Nine sets of experiments were conducted for the banana. 

2.2.2 Mathematical modeling 

There are three approaches to the modeling of thin layer drying of agricultural 

products (Bala, 1998). These are: (a) theoretical approach, (b) semi-theoretical 

approach and (c) empirical approach. A theoretical equation gives a better 

understanding of the transport processes but an empirical equation gives a better fit to 

the experimental data without any understanding of the transport processes involved. 

The semi-theoretical equation gives some understanding of the transport processes. 

Thin layer drying models of experimental data of the banana are expressed in 

the form of moisture content ratio of samples during drying, and it is expressed as: 

M - MeMR = 
M  - Me0

     (2.1) 

where MR is the dimensionless moisture content or moisture ratio; and M, M0 and Me 

are the moisture content at any given time, the initial moisture content and the 

equilibrium moisture content, respectively. 
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In general, an agricultural moist product is composed of water and dried solid 

mass. The moisture content (M) of the product in dry basis (%, db.) can be calculated 

from the following equation: 

solid

solid

m - m
M =  × 100%

m     (2.2) 

where m is mass of the product and msolid is mass of dried solid mass of the product. 

m can be obtained by using a balance or load cell. In order to obtain dried solid mass 

(msolid), the water in the product must be totally removed by drying the product in an 

oven at the temperature of 103ºC for 24 hours Bala (1998). 

To select a suitable model for describing the drying process of banana, seven 

different thin-layer drying models were selected to fit the thin-layer experimental data 

of banana. The selected thin-layer drying models are presented in table 1. 

The models were fitted to the experimental data by direct least square. The 

coefficient of determination (R2) was one of the main criteria for selecting the best 

equation. In addition to R2, the goodness of fit was determined by root mean square 

error (RMSE). For the best fit, the R2 value should be high and RMSE values should 

be low RMSE and R2 are defined as: 

model,i exp,i

exp

2n   
i=1

 

(MR - MR )

NRMSE = × 100%
MR



  (2.3) 

   
2 1 - Residual sum of squares

R  = 
Corrected total of squares

    (2.4) 

where MRexp,i and MRmodel,i  are the moisture ratio derived from the experiments and 

the moisture ratio derived from the model. 
exp

MR is mean moisture ratio obtained 

from experiments, N is the number of observations. 
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Table 1 The 7 selected thin-layer drying models.  

No. Model equation Name of the model 

1 MR=exp(-kt) Newton (Mujumdar, 1987) 

2 MR=exp(-ktn) Page (Diamante, 1993) 

3 MR=exp(ktn) Modified Page (Whith et al., 1978) 

4 MR=a exp(-kt) Handerson and Pabis (Zhan et al., 1991) 

5 MR=a exp(-kt)+c Logarithmic (Yangcioglu et al., 1999) 

6 MR=a exp(-kt)+bexp(-gt) Two term (Handerson ,1974)  

7 MR=aexp(-kt)+bexp(-gt)+c exp(-pt) Modifile Handerson and Pabis 

(Karathanos et al., 1999) 

 

2.3 Results and discussions 

2.3.1 Drying characteristics of banana 

 The changes in moisture contents with time for different drying air 

temperatures are shown in Fig 2, 3 and 4 for banana. The final moisture content of 

samples dried under different conditions ranged from 20% to 50% (db.) for banana. 

The drying rate is higher for higher air temperature. As a result, the time taken to 

reach the final moisture content is less, as shown in Fig 2, 3 and 4 for banana. 

Therefore, the drying air temperature has an important effect on the drying of banana. 

The variations of moisture contents with time for different levels of relative humidity 

in the range of 10%, 20% and 30% can also be seen in Fig 2, 3 and 4 for banana, 

respectively. 

 Fig 5, 6 and 7 show the comparisons of the predicted and experimental data of 

thin layer drying of banana for Logarithmic model, respectively. 

 

Fig 2 Thin layer drying of banana at different temperatures (40ºC, 50ºC and 60ºC) and 

relative humidity (10%) from the experiments. 
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Fig 3 Thin layer drying of banana at different temperatures (40ºC, 50ºC and 60ºC) and 

relative humidity (20%) from the experiments. 

 

Fig 4 Thin layer drying of banana at different temperatures (40ºC, 50ºC and 60ºC) and 

relative humidity (30%) from the experiments. 

 
Fig 5 Predicted and observed moisture content of banana using Logarithmic model at 

the temperatures of 40ºC, 50ºC and 60ºC and relative humidity of 10%. 
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Fig 6 Predicted and observed moisture content of banana using Logarithmic model at 

the temperatures of 40ºC, 50ºC and 60ºC and relative humidity of 20%. 

 

Fig 7 Predicted and observed moisture content of banana using Logarithmic model at 

the temperatures of 40ºC, 50ºC and 60ºC and relative humidity of 30%. 
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Table 2 Parameter value, coefficient of determination (R2) and root mean square error 

(RMSE) value of the different models for banana. 

Models TºC rh(%) k a b c n g p R2 
RMSE 

(%) 

Newton 

40 

50 

60 

40 

50 

60 

40 

50 

60 

10 

10 

10 

20 

20 

20 

30 

30 

30 

0.0526 

0.0648 

0.0944 

0.0479 

0.0603 

0.0898 

0.0421 

0.0630 

0.0791 

      

0.9913 

0.9933 

0.9870 

0.9948 

0.9949 

0.9959 

0.9943 

0.9971 

0.9986 

7.9925 

7.7130 

18.060 

7.1324 

8.4647 

10.219 

7.4637 

5.2679 

4.6858 

Page 

40 

50 

60 

40 

50 

60 

40 

50 

60 

10 

10 

10 

20 

20 

20 

30 

30 

30 

0.0533 

0.0756 

0.1161 

0.0566 

0.0835 

0.1394 

0.0383 

0.0653 

0.0703 

   

0.9954 

0.9476 

0.8901 

0.9489 

0.8903 

0.8234 

1.0195 

0.9877 

1.0427 

  

0.9913 

0.9937 

0.9933 

0.9953 

0.9964 

0.9991 

0.9957 

0.9972 

0.9985 

4.6516 

4.3591 

12.747 

6.6605 

6.5819 

8.2404 

7.3850 

5.2209 

4.0316 

Modified Page 

40 

50 

60 

40 

50 

60 

40 

50 

60 

10 

10 

10 

20 

20 

20 

30 

30 

30 

-0.0536 

-0.0540 

-0.0542 

-0.0440 

-0.0589 

-0.0844 

-0.0245 

-0.0474 

-0.0500 

   

0.9601 

1.0366 

1.1721 

1.0084 

0.9885 

0.9913 

1.1465 

1.0731 

1.1332 

  

0.9997 

0.9997 

0.9964 

0.996 

0.9965 

0.9967 

0.9963 

0.9973 

0.9976 

7.4278 

6.3902 

11.558 

8.9029 
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2.3.2 Mathematical modeling of thin-layer drying 

 Seven thin layer drying model (Table 1) is fitted to the experimental data of 

moisture ratio of banana dried at different temperatures and relative humidity. The 

parameter values, R2 and RMSE, are also shown in Table 2 of banana. The 

Logarithmic model was found to be the best, followed by the modified Handerson and 

Pabis model. The value of R2 of the Logarithmic model was 0.9962-0.9966 and 

0.9904-0.0993 of banana respectively, indicating good fit and RMSE was 1.91%-

6.91% and 3.51%-10.51% of banana respectively. Empirical expressions were 

developed for the drying parameters of the Logarithmic model and the drying 

parameters were found to be a function of drying air temperature (T in ºC) and 

relative humidity (rh in %). 

k = 34609.76-1369.52T+1897.71rh-32Trh+7.20T2+24.80rh2  (2.5) 

c = -20472.9+10.70T-815.6rh-18Trh+22.4T2-4.4rh2    (2.6) 

2.4 Conclusions 

Thin layer drying of banana was investigated in this study and the drying rate 

increases with the increase of air temperatures. The entire drying process occurred in 

the falling rate period. Seven thin layer drying models were fitted to the experimental 

data of banana to describe the drying characteristics of banana. Drying parameter of 

Logarithmic model was found to be a function of drying air temperature and relative 

humidity. The Logarithmic model was the best, followed by the modified Handerson 

and Pabis model. The Logarithmic model can be used both to assess the drying 

behavior of banana and for simulation and optimization of the dryer for efficient 

operation. 

  



 

 

Chapter 3 

Modeling of Banana Drying Using Finite Element Method 

3.1 Introduction 

Several numerical methods available in simulation study, the finite element 

method have been widely applied to model heat and mass transfer. The finite element 

method assumes that any continuous quantity such as moisture content can be 

approximated by a discrete model composed of a set of piecewise continuous 

functions defined over a finite number of sub-domains or element (Janjai et al., 2008; 

Segerlind, 1984). Element are connected at nodal points along the boundaries and 

their equations are obtained by minimizing a function of the physical problem. The 

finite element method has been extensively used to solve problems having irregular 

geometrical configurations and material properties depending on the temperature and 

moisture. 

The finite element method is one of the most appropriate techniques to model 

the moisture transport inside the banana for an accurate prediction of moisture 

movement and moisture content profiles inside the banana. Optimum design and 

operation of banana dryer can also be accomplished by using drying model of the 

banana. In order to conserve energy during banana drying and for proper 

understanding of transfer processes during drying for production of quality dried 

products, knowledge of drying characteristics of the products is essential. 

Reported finite element simulation of heat and mass transfer of banana slices 

considering a rectangular boundary (Ranjan, Irudayaraj, Reddy, & Mujumdar, 2004) .  

As a result, it does not provide accurate moisture distribution profiles inside the 

banana for better understanding of the transport process during drying. Thus, there is 

a research gap in the finite element modeling of drying of banana for providing 

accurate moisture distribution profiles inside the banana for better understanding of 

the transport process during drying. Also no systematic finite element simulation 

study on drying of banana has been reported so far. Therefore, the objective of this 

work was to develop a finite element simulation model of banana considering the 

irregular boundary of the banana for accurate prediction of the moisture movement 

and moisture distribution profiles inside the banana during drying. 

3.2 Materials and methods 

3.2.1 Experimental study  

Thin layer drying of banana (Namwa variety) was conducted to compare the 

finite element model predictions with the experimental values and to determine the 

moisture diffusivity of banana. It was collected from a market in Nakhon Pathom, 

Thailand and stored at room temperature. Thin layer drying of banana was conducted 

under controlled conditions of temperature of 40°C, 50°C and 60°C and relative 

humidity of 20-40% in a laboratory dryer. Banana was dried as a whole fruit. The 

laboratory dryer used is the same as that described in chapter 2. 
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3.2.2 Uncertainty analysis 

Uncertainty analysis refers to the uncertainty or error in experimental data. In 

general, it can be categorized as systematic error and random error. The systematic 

error can be removed by a calibration. The random error cannot be removed but it can 

be statistically quantified. 

The variable xi that has an uncertainty ix is expressed as (Doiebelin, 1 9 7 6 ; 

Holman, 1978; van Nydeck Schenck & Hawks, 1979); 

imeani x)measures(xx =      (3.1) 

where xi is actual value, xmean is measured value (mean value of the measurements) 

and ix  is uncertainty in the measurement. There is an uncertainty in xi that may be 

as large as ix . The value of ix  is the precision index that is usually taken as 2 

times the standard deviation and it encloses approximately 95% of the population for 

a single sample analysis. In this study, statistical analysis was carried out to estimate 

root mean square error (RMSE) (Iqbal, 19 83)  between the finite elements predicted 

moisture content and experimentally determined values, and correlation coefficient 

(R2) (Iqbal, 1983). 

3.2.3 Finite element modeling of banana 

Moisture transport within banana during drying process can be figured as the 

following equation (Bala, 2017) : 

)MD(
t

M
=




     (3.2) 

where M is moisture content on dry basis, D is moisture diffusivity, and t is time. 

The hypotheses for solving Eq. (3.2) for banana by finite elements simulation 

are as follows: 

 1) Drying process is isothermal.  

 2) Flesh of banana is dried and it is relatively homogeneous. 

3) Initial moisture content is uniform for the banana. 

4) Moisture transport within banana is two directional. 

The equation for diffusion in two dimensions is as follows: 

)
y

M

x

M
(D

t

M
2

2

2

2




+




=




    (3.3) 

with initial and boundary conditions as: 

at    t= 0, M = M0     (3.4) 

and   t > 0;  )MM(h
n

M
D esm −=




−     (3.5) 
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where mh is the mass transfer coefficient, Ms is surface moisture content on dry basis, 

Me is the equilibrium moisture content on dry basis and n is the magnitude of a normal 

vector to the surface. 

Finite element equations are derived from an incorporation of Galerkin’s 

formulation of the weighted residual method, and using Galerkin’s method it can be 

expressed as: 

  0d
t

M

y

M

x

M
DN

2

2

2

2
T

=















−












+







    (3.6) 

where  N a matrix of interpolating is function and   is the banana domain  

An equation system is developed by evaluating the weighted residual integral 

and using Green’s theorem. This results in a first order differential equation as 

follows: 

 
 

    fMk
dt

Md
c =+     (3.7) 

where 

 c : element capacitance matrix =      dNN
T     (3.8) 

 k : element stiffness matrix    =
   

















+








 d

y

N

y

N

x

N

x

N
D   (3.9) 

 M : vectors of unknown, which can be defined as 

  MNM =       (3.10) 

 f : element force vector 

when the element matrices [c] are summed up with the element matrices [k] by using 

the direct stiffness procedure, the final outcome of the system can be obtained in 

terms of first order differential equations as follows (Segerlind, 1984): 

      FMK
t

M
C =+












     (3.11) 

where   C : global capacitance matrix 

 K : global stiffness matrix 

 F : load force vector 



 
 

 

14 

Eq. (3.11) can be written as in the finite difference form as follows: 

   ( )       ttttt FtMCMKtC ++ +=+   (3.12) 

where t  is the time step. 

The final system of Eq. (3.11) has the following form: 

       + += FMPMA ttt      (3.13) 

where         ( )KtCA +=  

   CP =  

and     tteMtF + =  (3.14) 

Moisture moves from inside of the banana to the outer surface and passes 

through uniform diffusivity. To analyze the problem, a two-dimensional finite 

element triangular grid is used to model the banana and the domain of the whole 

banana in two dimensions is solely taken into account because of the irregular 

geometry of the banana. The domain consists of banana flesh. The finite element 

discretization of the banana in two dimensional sections is shown in Fig 8. The 

average moisture content of banana was calculated using the method proposed by 

Haghighi and Segerlind (Haghighi, 1 9 88 ) . Fig 8 shows finite element discretization 

for two dimensional sections of the banana consisting of 664 grids and 1230 

triangular elements. 

 

Fig 8 Mesh distribution and geometry considered in the finite element model of 

banana 
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3.3 Thermo-physical properties of banana 

3.3.1 Moisture diffusivity of banana 

 In this study, Fick’s law of diffusion incorporated with drying experiments 

was used to determine moisture diffusivity of banana. Banana was assumed to have a 

cylindrical shape and the analytical solution of the Fick’s law for banana was fitted to 

the drying experiments to obtain the diffusivity. As a result, the diffusivity (D) of 

banana can be expressed as a function of the absolute temperature (Tab) using the 

Arrhenius type equation as follows: 

)T/53.2527exp(10869.9D ab
6 −= −

    (3.15) 

This equation was used to compute the moisture diffusion within banana. 

3.3.2 Equilibrium moisture content of banana 

Equilibrium moisture contents of banana were determined experimentally 

using the method and equipment similar to that of longan (Dimocarpus longan Lour) 

(Janjai et al., 2006). The desorption isotherm curves of banana were constructed from 

the experimental results. Five models of the isotherm, namely Day and Nelson (Day 

& Nelson, 1965), modified Halsey (Champion & Halsey Jr, 1953; Pankaew, 2016), 

modified Chung-Pfost (Chung & Pfost, 1967; Pankaew, 2016) modified Oswin 

(Oswin, 1946 ; Pankaew, 2016) and Kaleemullah (Kaleemullah & Kailappan, 2004) 

were fitted to the experimental data of the isotherm. It was found that the modified 

Oswin model fitted the best to the isotherm of banana and the model with the 

coefficient for banana can be written as: 

8370.2

e

w

M

T)0562.1(6555.389
1

1
a








 −+
+

=    (3.16) 

where T is temperature (ºC), aw is water activity (decimal) and Me is equilibrium 

moisture content (%, db.). 

3.3.3 Shrinkage 

In general, volumetric shrinkage of biological materials is a function moisture 

content (Souraki & Mowla, 2008). In this study, drying experiments were conducted 

in the laboratory dryer described in section 2.1. Dimensions of banana were measured 

to determine its volume and weight of the banana was monitored for moisture content 

determination. From the experimental data, the volumetric shrinkage of banana can be 

expressed as: 

iM

M
648.0351.0

iV

V
+=     (3.17) 
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where iV is initial volume of banana with the moisture is content iM and V is volume 

of banana having moisture content M . This shrinkage model was used in the process 

of obtaining numerical solution of the finite element model. 

3.3.4 Surface mass transfer coefficient   

The surface mass transfer coefficient of banana (hm) is computed by using the 

relation developed by Patil and Subbaraj (1988):  

( )33.05.0air

m ScRe522.00.2
d

D
h +=     (3.18) 

where airD  is diffusivity of air (m2/s), d is equivalent diameter of banana (m), Re is 

Reynolds number and Sc is Schmidt number. Air diffusivity values used for the 

simulation are 2.346 × 10-5 m2/s and 2.632 × 10-5 m2/s for the temperature of 40ºC and 

60ºC, respectively (Cengel, 2008). 

Reynolds number (Re) and Schmidt number (Sc) can be defined as follows: 




= airud

Re       (3.19) 

airair D
Sc




=       (3.20) 

where is air velocity (m/s), d is equivalent diameter (m), air is air density (kg/m3), 

airD is diffusivity of air (m2/s) and   is air viscosity (m2/m) 

3.3.5 Method of solution 

The solution is started with computation of equilibrium moisture content (Me) 

using Eq. (3.16) and surface mass transfer coefficient (hm) of banana is computed by 

using Eq. (3.18) and then these are substituted in the element equations at the surface 

of banana. Next, the element Eq. (3.7) is assembled in form of the global Eq. (3.11) 

which has triangular zed element which is solved by the method of back substitution 

and then the average moisture content is computed. The process is repeated until 

reaching the time limit or final average moisture content is achieved. 

  



 
 

 

17 

3.4 Results and discussions 

Finite element model for banana drying was simulated to predict the moisture 

content changes and moisture content profiles inside the banana during drying and it 

was programmed in Compaq Visual FORTRAN version 6.5. The simulated moisture 

contents averaged over the whole fruit of banana were compared with the 

experimental values for the temperature of 40-60°C and relative humidity of 20-40% 

in order to validate the model. The discrepancy in term of root mean square error 

(RMSE) was in the range of 2.2-14.6% and the coefficient of determination (R2) is in 

the range of 0.97-0.99. These results reveal that the moisture content obtained from 

the model and that from the experiment is in reasonable agreement. Fig 9 shows the 

example of the comparison for the temperature (Ta) of 50°C and relative humidity (rh) 

of 20%. 

 

Fig 9 Example of comparison of the finite element predicted moisture contents with 

the experimental data of banana at Ta=50ºC and rh=20%. 
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Fig 10 shows the contour plots of the predicted moisture contents at various 

times of drying of the banana and these profiles provide pictures of how moisture 

moves from inside of the banana to the outer surface of the banana smoothly. As 

drying continues, the dried zone and drying front move further inside the banana with 

passage of time until the banana is fully dried to equilibrium moisture content in 

equilibrium with drying air ( Janjai et al., 2 0 0 8 )  also reported patterns of moisture 

movement in finite element simulated drying of mango slices. 

 

1 hour drying time 

 

3 hour drying time 

 

5 hour drying time 

 

10 hour drying time 

Fig 10 Contours of moisture contents inside the banana for different drying times. 
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15 hour drying time 

 

20 hour drying time 

 

30 hour drying time 

 

35 hour drying time 

Fig 10 Contours of moisture contents inside the banana for different drying times. 

(continue) 

3.5 Conclusions 

A two-dimensional finite element model has been developed for drying of 

banana. The models for moisture diffusivity, sorption isotherm and volumetric 

shrinkage have been also experimentally determined and then used in the finite 

element model. The model provides the moisture content distribution inside banana 

and the average moisture contents obtained from this distribution reasonably agree 

with the moisture contents of whole fruit of banana obtained from the experiments. 

The information on the dynamics of moisture movement and progression of moisture 

content profiles during drying of banana has been revealed by the model. This model 

has high potential to be used for optimal design of banana dryers.  



 

 

Chapter 4 

Drying of Banana in a Parabolic Greenhouse Solar Drying 

4.1 Introduction 

Thailand is located in a tropical zone which receives relatively high solar 

radiation Janjai et al., (2005a) , making solar drying technologies to be a promising 

solution of the drying problems. Consequently, several types of solar dryer have been 

proposed to dry agricultural products in Thailand ( Boonlong et al., 1 9 8 4 ; Exell & 

Kornsakoo, 1 9 7 6 ; Soponronnarit, Assayo, & Rakwichian, 1 9 9 1 ; Wibulsawas & 

Thaina, 1 9 8 0 ) . However, prior to this work very few solar dryers were used in the 

field. This is mainly due to the fact that these dryers could not meet the demand of 

users. Realizing this problem, a parabolic greenhouse type solar dryer was developed. 

The objective of this paper is to present the field performance of this type of dryer to 

dry banana. 

4.2 Materials and methods 

The parabolic greenhouse solar dryer consists of a parabolic roof structure 

made from polycarbonate sheets on a concrete floor. The dryer has a width of 8.0 m, 

length of 12.0 m and height of 3.5 m with a loading capacity of about 300 kg of 

bananas. Nine DC fans powered by three 50-Watt solar cell modules were installed in 

the wall opposite to the air inlet to suck humid air from the dryer to surrounding 

environment. A pictorial view of the dryer is shown in Fig 11. 

 

Fig 11 Pictorial view of the parabolic greenhouse dryer 
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For each drying experiment, about 300 kg of these products was placed on the 

trays in thin layer. To monitor the moisture content, product samples were also placed 

on the trays and were weighted periodically at 1-hour interval using a digital balance 

(Kern, model 474-42). Also, about 160 g of product sample was dried outside the 

dryer (natural sun drying) in order to compare the drying behavior of the product with 

those dried in the dryer. At the end of the experiment the dry solid mass of the 

samples was determined by the oven method (103ºC for 24 hours). Solar radiation, 

drying air temperature and relative humidity were monitored. Solar radiation was 

measured by a pyranometer (Kipp&Zonen, model CM 11) placed on the roof of the 

dryer. Thermocouples (type K) were used to measure air temperature in the dryer and 

ambient air. The relative humidity of drying air and ambient air were periodically 

measured by hygrometers (Electronik, model EE23). Voltage signals from the 

pyranometer, hygrometers and thermocouples were recorded every 10 minutes by a 

multi-channel data logger (Yokogawa, model DC100). Before the installations, the 

pyranometer was calibrated against a pyranometer recently calibrated by the 

manufacturer. The hygrometers were calibrated using standard saturated salt 

solutions. All drying experiments were carried out during the period January 2019. 

The experiments were started at about 8: 00 am and continued till 6:00 pm. For all 

banana drying experiments, banana in the dryer was collected at 6:00 pm and put in 

plastic bags for fermentation process and redistribution of the moisture in banana 

fruits during the night. Then it was again placed in the dryer in the next morning 

about 8:00 am. The drying was continued on subsequent days until the desired 

moisture content (21%, wb.) was reached. 

In addition, samples of banana from different positions in the dryer and one 

sample dried outside the dryer with natural sun drying were weighted every 1 hour 

and then the weight data were used to determine moisture content of banana. The 

position of the measurements is shown in Fig 12. A typical result from the drying 

experiments is shown in Fig 13-17. 
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Fig 12 The structure of the dryer and positions of the measurements (Mi, Rhi, Ti are 

weight of the sample, relative humidity and air temperature at location i, i=1, 

2…., n) 

4.3 Results and discussions 

The experimental tests of the parabolic greenhouse dryer for drying banana 

products were carried out during January, 2019. The typical result for drying banana 

during 24 to 27 January, 2019 are shown in Fig 13-17. Fig 13 during the drying of 

banana, solar radiation increased sharply from 8.00 am to noon but it considerably 

decreased in the afternoon. The overall cyclic patterns of the solar radiation were 

similar for every day because the experiment was carried out in January 

corresponding to the dry season with the majority of clear days. 

 

Fig 13 Variation of solar radiation during a drying run for banana. 
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Fig 14 shows the comparison of air temperatures at three different locations 

inside the dryer and the ambient air temperature for typical experimental runs of the 

solar drying of banana. The patterns of temperature changes in different positions 

were comparable for all locations. Temperatures in different positions at these three 

locations vary within a narrow band. In addition, temperatures at each location 

differed significantly from the ambient air temperature. 

 

Fig 14 Comparison of the ambient temperature and the temperature inside the dryer 

for drying for banana. 

 

Fig 15 Drying air temperatures at the different levels of the shelves versus solar 

radiation 

Fig 15 shows the plot of drying air temperature at the middle of the dryer 

versus solar radiation during drying of banana in the greenhouse solar dryer. The 

relation between the temperature and solar radiation can be expressed as: 

 T=38.466+0.0114I R2=0.385   (4.1) 

where T is temperature in °C, I is solar radiation in W/m2. 
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Fig 16 Relative humidity at various points inside the dryer and ambient relative 

humidity for drying the banana 

Fig 16 shows relative humidity inside the dryer for typical experimental runs 

during solar drying of bananas. Relative humidity decreases with time inside the dryer 

during the first half of the day. This caused by the decrease of relative humidity of the 

ambient air and increase of air temperature, whereas the opposite is true for the latter 

half of the day. The relative humidity of the air inside the dryers is always lower than 

that of the ambient air and the lowest relative humidity occurs at 2:00-4:00 pm. Thus, 

the time of day with the most potential for solar drying is between 8:00 am and 6:00 
pm. Furthermore, the air leaving the dryer has lower relative humidity than that of the 

ambient air, which indicates that the exhaust air from the dryer still has drying 

potential. 

 

Fig 17 Comparison of the moisture contents for drying the banana inside the dryer and 

that from natural sun drying 

Fig 17 shows the variations in moisture content of banana samples at different 

positions in the dryer for typical experimental runs compared to the control samples 

dried in the open-air sun drying. Moisture contents in different positions at these six 

locations vary within a narrow band. Additionally, moisture content at each location 

differed significantly from the natural sun drying. The moisture content of bananas in 

the greenhouse solar dryer was reduced from an initial value of 70% (wb.) to a final 

value of 19-21% (wb.) within 4 days whereas the moisture content of the sun-dried 

samples was reduced to 20% (wb.) within the same period. Thus, drying in the solar 

greenhouse dryer results in a reduced drying time. In addition, the bananas being 
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dried in this dryer were completely protected from rain, insects and dust, and the dried 

bananas were of high quality. 

4.4 Conclusions 

A parabolic greenhouse solar dryer was installed at Silpakorn University in 

Thailand and a field performance of this dryer was experimentally evaluated. It was 

found that the dryer helps to shorten the drying time as compared to that of the natural 

sun drying. In addition, the dryer also helps to protect bananas being dried from rain, 

insects and birds and good quality of dried bananas was obtained. This type of dryer 

was installed in many locations in Thailand for small-scale industrial production of 

dried banana. 



 

*Part of this work was has been accepted to publish in the Journal of Renewable Energy and 

Smart Grid Technology, 2019, Vol. 14 No. 1 

Chapter 5 

Performance of parabolic greenhouse solar dryer equipped with rice husk 

burning system for banana drying* 

5.1 Introduction 

Drying of banana is sensitive to the drying air temperature. If the first day of 

banana drying in the parabolic greenhouse dryer is cloudy or rainy, banana will be 

spoiled. Therefore, auxiliary heater as a backup protection is needed for drying of the 

banana in the parabolic greenhouse solar dryer to provide heat during cloudy or rainy 

days to avoid this spoilage. Biomass burning system is one of efficient auxiliary units 

(Fudholi et al.,2010) among other traditional types of auxiliary heaters such as electric 

heating (Pratoto et at., 1998), LPG gas burner (Smitabhindu et al., 2008) and diesel 

engine (Eissen et al., 1985).  Solar and biomass are two main renewable energy 

sources suitable for drying applications. The use of biomass burning system would be 

more appropriate from the costs and reliability points of view to provide clean air with 

uniform temperature for better quality dried product. 

Over the past few decades, several researches on using biomass burner for 

auxiliary heating of the solar dryers have been reported. Bena and Fuller (Bena & 

Fuller, 2002) combined a direct-type natural convection solar dryer with a simple 

biomass burner to demonstrate solar drying technology for drying of small-quantity 

(20-22kg) of fruits and vegetables in non-electrified area in Australia. Sonthikun 

(Sonthikun et al., 2 0 1 6 )  designed and constructed a solar-biomass hybrid dryer for 

household scale production (320 kg) for drying of natural rubber sheet in Thailand. 

There is a research and literature gap in auxiliary heater integrated greenhouse solar 

dryer. Therefore, the objectives of this study are to develop the parabolic greenhouse 

solar dryer equipped with rice husk burning system and to assess the performance of 

this dryer. 
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5.2 Materials and methods 

5.2.1 Parabolic greenhouse solar dryer equipped with rice husk burning 

system 

The parabolic greenhouse solar dryer equipped with rice husk burning system 

is shown in Fig 18. The parabolic greenhouse solar dryer, previously called PV-

ventilated solar greenhouse dryer, comprises mainly a parabolic roof structure 

covered by polycarbonate sheets, arrays of trays for placing products to be dried, 

ventilating fans and a concrete floor (Janjai et al., 2009). 

 

Fig 18 Parabolic greenhouse solar dryer equipped with a rice husk burning system a) 

pictorial view, b) schematic diagram 

In this study, we designed this rice-husk burning system to use it as an auxiliary 

heater for drying banana in the parabolic greenhouse dryer. The burning system 

consists of a burning chamber, air-to-air heat exchanger, screw feeder of rice husk and 

controller (Fig 19). 

Hot air duct 
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Fig 19 Rice husk burning system a) pictorial view b) schematic diagram 

The function of the rice husk burning system can be described as follows. Rice 

husk from the container (A) is supplied to the burning chamber (C) by a screw feeder 

(B). Ambient air is brown to the chamber to supply air for rice husk burning and to 

blow flue gas through air-to-air heat exchanger (D) situated above the burning 

chamber. Then flue gas leaves the heat exchanger to ambient environment through a 

chimney (E). For the transfer of thermal energy, a blower (F) sucks ambient air and 

blows it to the heat exchanger. Hot air from the outlet of the heat exchanger (G) is 

supplied to the dryer. The controller regulates the rice husk feeder and the ignition of 

rice husk in the burning chamber according to the setup temperature of the outlet air 

of the heat exchanger. 

a) 

 

b) 
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5.2.2 Performance of the burning system 

The performance of the burning system was measured in terms of the 

effectiveness (𝜀) which is defined as: 

ratetransferheatimummax

ratetransferheatactual
=      

   

ff

inoutpaa

hm

)T(TCm −
=     (5.1) 

where ma is mass flow rate of ambient air to the heat exchanger (kg·s-1), mf is flow 

rate of rice husk to the burning system (kg·s-1), hf is heating value of rice husk,          

(J kg-1), 
paC is specific heat of air, (J·kg-1·°C-1), Tout is outlet temperature of hot air 

from the heat exchanger (ºC) and Tin is ambient air temperature (ºC). 

5.2.3 Experimental procedure 

Four drying experiments were conducted during 12-30 July 2017. For each 

experiment, 300 kg of ripe banana collected from local market was dried in the 

parabolic greenhouse solar dryer equipped with the rice husk burning system installed 

at Silpakorn University, Nakhon Pathom, Thailand. The solar energy was employed 

for direct heating of inside air during sunny days while the rice husk burning system 

was used to supply hot air to the dryer during cloudy and rainy days. The drying was 

started at 8:00 am and continued till 6:00 pm. To compare the performance of the 

parabolic greenhouse solar dryer equipped with rice husk burning system with that of 

natural sun drying, three control samples were placed on trays and dried at the same 

weather condition outside the dryer. Weights of the representative samples at various 

positions inside dryer and control samples outside the dryer were periodically 

recorded at 3-hour interval using a digital balance (Kern, model 474-42, accuracy ± 

0.1 g). There was some rainfall in every day of the experiment. The rice husk burning 

system was operated when rain started and the temperature inside the dryer was 

maintained above 50°C by controlling supply of rice husk. 

Important parameters affecting the dryer performances including solar 

radiation, air temperature, relative humidity and air velocity were measured. Solar 

radiation was measured by a pyranometer (Kipp&Zonen model CM 11, accuracy ± 

0.5%) and it was placed on the roof of the dryer. Temperature was measured by K-

type thermocouples. Hot wire anemometer (Airflow, model TA5, accuracy ± 2%) was 

used to measure the air velocity at the air inlet, air outlet of the dryer. The relative 

humidity of ambient air and drying air was periodically measured by hygrometers 

(Electronik, model EE23, accuracy ± 2%). Voltage signals from the pyranometer, 

hygrometers and thermocouples were recorded every 10 minutes by a multi-channel 

data logger (Yokogawa, model DC100). The moisture content of the samples was 

determined by the oven method (103°C for 24 hours). 
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5.2.4 Uncertainty analysis 

Uncertainty analysis refers to the uncertainty or error in experimental data. In 

general, there are two types of error: namely, systematic error and random error. The 

systematic error in the experimental data is a repeated error of constant value and the 

random error is due to imprecision. Systematic error can be removed by calibration 

but random error cannot be removed. The imprecision due to random error can be 

defined statistically from a number of measurements. 

In this study, the pyranometer, thermocouples and hygrometers were 

calibrated prior to the use in the experiments. The mean value of the measurements 

and standard deviation of the data on solar radiation, ambient air temperature, drying 

air temperature and relative humidity were determined. The variable xi that has an 

uncertainty xi is expressed as (Doiebelin, 1 9 7 6 ; Holman, 1 9 7 8 ; JP., 1 9 7 8 ; van 

Nydeck Schenck & Hawks, 1979): 

i)measured(meani xxx =
    (5.2) 

where xi is actual value, xmean is measured value (mean value of the measurements) 

and xi is uncertainty in the measurement. There is an uncertainty in xi that may be as 

large as xi. The value of xi is the precision index that is usually taken as 2 times the 

standard deviation and it encloses approximately 95% of the population for a single 

sample analysis. 

5.2.5 Drying efficiency 

The drying efficiency is defined as the ratio of energy output of the drying 

system to energy input to the drying system (Bala, 1998). Solar radiation input (
solarE ) 

on the parabolic greenhouse dryer is computed as: 

= dt)t(SAE rdryersolar     (5.3) 

where dryerA  is dryer area (m2) and )t(Sr  is solar radiation at time t (W/m2) 

The output of the dryer in terms of energy (
dryerE ) is 

grdryer LmE =
     (5.4) 

where rm  is moisture removed (kg), 
gL  is latent heat of vaporization of moisture 

(J/kg) 

Thus, the efficiency of the dryer (
eff ) is 

%100
++

=
huskricePVsolar

dryer

eff
EEE

E
     (5.5) 
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where 
PVE  is energy output from solar cell panel (J) and huskriceE  is energy output 

from rice husk burner (J). Note that this dryer uses a solar cell panel to power the 

ventilation system. 

5.3 Results and discussions 

Typical results were presented as follows. 

5.3.1 Performance of the rice husk burning system  

The average consumption rate of dry rice husk was 12 kg/hour and the heating 

value of the rice husk sample used in this study is 14.51 MJ/kg. Maximum power 

input from the rice husk burning system was 132.49 kW and the average power 

needed from the husk burning system was 39.75 kW for drying of banana during 

cloudy or rainy days. The overall effectiveness of the rice husk burning system was 

87.7%. The burning system has the capacity to support the greenhouse dryer properly 

in rainy and cloudy days to maintain the set temperature of the drying air as a backup 

protection for production of high quality banana. 

5.3.2 Performance of greenhouse solar dryer equipped with rice husk 

burning system 

The variations of the solar radiation during the drying period are shown in Fig 

20. The fluctuations of the solar radiation during the period of drying were very high 

especially during first, second and third days of the drying. For all of the days of 

drying, the sky was cloudy. The solar radiation increased sharply in the in second day 

up to 1200 W/m2 and fourth day up to 1000 W/m2. There was little rainfall in the 

morning and afternoon of first day and in the afternoon of third day. The second day 

and forth day were cloudy. 

 

Fig 20 Variations of solar radiation during drying period 
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Fig 21 shows energy inputs from solar radiation and biomass burning system 

to the greenhouse solar dryer. Energy input to the greenhouse solar dryer from solar 

radiation follows the pattern of the solar radiation, but the energy input from the 

biomass burning system provides heat to raise the desired drying air temperature 

during cloudy and rainy days. Fig 21 shows that most of the energy input from 

biomass burning system was needed in the first and third day and the least in the 

second and fourth day. 

 

Fig 21 Variation of energy input with time inside the greenhouse solar dryer 

The temperatures at different points inside the greenhouse dryer are shown in 

Fig 22 and these temperatures are significantly different from the ambient temperature 

outside the dryer. The temperature inside the dryer was maintained fairly constant to 

the set temperature of 50°C, but the fluctuations of the temperatures of the air supplied 

from the burning system during auxiliary heating from biomass are produced in such 

fashion that the set temperature for drying of banana is maintained. Fig 22 shows that 

the air temperature inside the dryer supported by the burning system was 

approximately 20°C higher than the ambient air temperature and it was maintained at 

50°C for most of the drying time. 
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Fig 22 Comparison of temperature variations inside the greenhouse dryer with the 

burning system and the ambient air temperature 

The variations of the relative humidity of the air inside the greenhouse solar 

dryer equipped rice husk burning system and the ambient air outside the dryer are 

shown in Fig 23. The relative humidity (%) of the air inside the dryer decreased when 

the temperature increased. The relative humidity outside the dryer was always 40% 

higher than the humidity inside the dryer. The relative humidity of the air at the noon 

was always less than those of the morning and afternoon. 

 

Fig 23 Comparison of relative humidity inside the dryer and ambient air 

Fig 24 shows the comparison of moisture content changes of banana inside the 

greenhouse dryer with the burning system and natural sun drying. Banana inside the 

greenhouse dryer coupled with the biomass burning system was dried to a final 

moisture content of 15% (wb.) within 4 days from an initial moisture content of 68% 

(wb.) while the drying in natural sun drying took 6 days to achieve the final moisture 

of about 15%. The banana dried in the greenhouse dryer supported by the rice husk 
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burning system was a better quality dried banana compared to the sun dried banana 

(Fig 25). Commercially, the dried banana has a moisture content less than 20%  (wb.) 

(Bowrey et al., 1980; Nguyen & Price, 2007) while the dried banana in this study was 

15% (wb.), which has a better shelf life. The overall efficiency of the solar 

greenhouse dryer was 12.95%. Fudholi (De Neufville, 1990) also reported the overall 

efficiency of the solar greenhouse dryer to be 12.7%. 

More than half of the dried banana from natural sun drying was deteriorated 

due to fungus attack. But banana dried inside the greenhouse dryer was very good 

quality both in color and pungency. 

 

Fig 24 Moisture contents of banana drying in greenhouse dryer with the burning 

system in comparison with the natural sun drying 

 

Fig 25 Dried banana a) banana inside the dryer b) banana dried by natural sun 

5.3.3 Economic evaluation 

The economic evaluation of the parabolic greenhouse solar dryer equipped 

with the rice husk burning system was carried out based on economic data in Thailand 

during the past 5 years (2012-2017) and experimental data undertaken in this study. 

These data are shown in Table 3.  
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Tables 3 Economic and production data used for the economic evaluation. 

Item Value 

1) Cost of the parabolic greenhouse dryer (Cdryer) 500,000 Baht 

2) Cost of rice husk burning system (Cburner)  120,000 Baht 

3) Labor cost per batch for operating the dryer equipped with the 

burning system (Clabor) 

1,200 Baht 

4) Number of drying batches per year 90 batches 

5) Drying time per batch 4 days 

6) Quantity of fresh banana per batch (Mf) 300 kg 

7) Quantity of dried banana obtained from the dryer per batch 

(Md) 

100 kg 

8) Average number of cloudy or rainy days per year, when 

auxiliary heat from the rice husk burning system are needed* 

57 days 

9) Quantity of rice husk required per day (during cloudy or rainy 

days)**  

61 kg 

10) Unit cost of rice husk  1.7 Baht/kg 

11) Electricity required per batch (for operating various blowers 

and feeders during cloudy or rainy days) 

45 kWh 

12) Unit cost of electricity (Unit electricity) 2.76 

Baht/kWh 

13) Price of fresh banana (Pf) 15 Baht/kg 

14) Price of dried banana (Pd) 100 Baht/kg 

15) Interest rate (Iin)*** 7.83% 

16) Inflation rate (If)*** 2.1% 

17) Life span of the dryer equipped with the burning system (N) 10 years 

* It is estimated from the level of solar radiation and sky condition recorded at 

a nearby solar radiation monitoring station. 

** It is estimated from experimental data during the study period. 

***Average values (2012-2017) from the National Bank of Thailand 

( 1 USD=31.72 Baht) 
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Three economic parameters were calculated as follows. 

1) Drying cost 

The following steps were carried out to estimate the drying cost. Firstly, the 

capital cost (CT) of the parabolic greenhouse dryer equipped with the rice husk 

burning system was computed from 

burnerdryerT CCC +=
     (5.6) 

where Cdryer is the cost of the parabolic greenhouse dryer and Cburner is the cost of the 

rice husk burning system. 

Then, the annual cost (Cannual) of the dryer equipped with the burning system 

for banana drying was estimated using the formula proposed by Audsley (Audsley & 

Wheeler, 1978) as follows: 










−

−





 ++= 

= )1(

1
)CC(CC

N

N

1i

i

i,opi,mainTannual

   (5.7) 

and 
)i100(

)i100(

f

in

+

+
=

 (5.8) 

where 
imainC ,
and 

iopC ,
 are the maintenance cost and operating cost at year i, 

respectively. iin is interest rate and if is inflation rate. The maintenance cost was 

assumed to be 1% of the capital cost. 

The operating cost comprises the rice husk consumption cost (Chusk), 

electricity consumption cost (Celectricity) and labor cost (Clabor) for operating the dryer 

equipped with the burning system. Therefore, the operating cost can be written as 

follows: 

laboryelectricithuskop CCCC ++=
     (5.9) 

The cost of rice husk (Chusk) was calculated from 

huskhusk_unithusk MCC =
     (5.10) 

where Cunit_husk is the unit cost of the rice husk, Mhusk is the amount of rice husk used 

per year and it is estimated from solar radiation level and sky condition recorded at 

Nakhon Pathom solar monitoring station during 2012-2017. The amount of rice husk 

required by the burning system during cloudy and rainy days was estimated from the 

drying experiments. 
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The cost of electricity consumption (Celectricity) can be computed from 

yelectricityelectricit_unityelectricit MCC =
    (5.11) 

where Cunit_electricity is the unit cost of the electricity and Melectricity is the amount of 

electricity consumed per year. 

Finally, the drying cost (Z) was calculated from 

d

annual

M

C
Z =

      (5.12) 

where Md is the amount of dried product per year. From the above-mentioned 

equations and the data in Table 3, the drying cost was calculated to be 20.5 Baht/kg. 

2) Payback period 

The payback period (PB) was estimated using the following equation adopted 

from (Dhanushkodi et al., 2015; Fudholi et al., 2016) 

ZMPMPM

C
PB

dffdd

T

++
=

     (5.13) 

where Mf is the amount of fresh banana used per year and Pf is the price of fresh 

banana. Based on the data in Table 3 and Eq. 5.13, the payback period of the 

parabolic greenhouse dryer equipped with the rice husk burning system was estimated 

to be 2.2 years. 

3) Internal rate of return  

The internal rate of return (IRR) was estimated using a formula adopted from 

Park (2013) as follows: 


=

=
+

N

1i
i

i 0
)IRR1(

C

     (5.14) 

where Ci is the cash flow at year I due to the investment on the dryer equipped with 

the burning system. By using the iteration method and the related data in Table 3, IRR 

was found to be 45%. 
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5.4 Conclusions 

Rice husk burner with a heat exchange was designed to provide flue gas free 

clean heated air for the solar greenhouse dryer and the maximum effectiveness of the 

rice husk burner and heat exchanger was 87.7%. Field-level drying experiments of 

banana was carried out using solar greenhouse dryer equipped with rice husk burning 

system for drying of banana. Banana was dried this dryer to 15% (wb.) of moisture 

content from an initial moisture content of about 68% (wb.) during 4 days of drying 

while the moisture content of similar samples in the open sun drying method took 2 

more days. Thus, there is a considerable reduction in drying time in the solar 

greenhouse dryer equipped with a rice husk burning system in comparison to natural 

sun drying. The overall energy efficiency of the greenhouse solar dryer was 12.9%. 

Finally, this study demonstrates that the dryer equipped with the burning system is 

fully capable of providing clean heat to maintain the desired temperature during 

cloudy and rainy days and also thereby it can produce high quality dried bananas. 

  



 

*This work was presented at 14th Conference on Energy Network of Thailand, 13-15 June 2018. 

Chapter 6 

Performance Investigation of a Parabolic Greenhouse Solar Dryer Equipped 

with Phase-Change-Thermal Energy Storages* 

6.1 Introduction 

Thailand has a large population of agricultural occupations and produces a lot 

of agricultural products. Some products are processed into dried products. The 

business of small and medium sized industries spread throughout the country. Most of 

the production of dried products are dried using natural sun drying method and the 

dried product producers usually face the problem of contamination by dust, 

disturbance of animals and insects, and problem of rewetting by rain. As a result of 

this problem, parabolic greenhouse solar dryer type has been developed at Silpakorn 

University in collaboration with the Department of Alternative Energy Development 

and Efficiency.  Such type of dryers has high potential for commercial use (Janjai et 

al., 2007; Janjai et al., 2009; Janjai et al., 2011). Although this type of dryer helps to 

solve the problem of contamination by dust, insect infestation and the problem of rain, 

there are still drying problems for products with high moisture such as banana. When 

the solar radiation is not enough, the banana is spoiled. The objective of this study is 

to evaluate the performance of the parabolic greenhouse solar dryer equipped with 

phase change heat energy storage to solve such problems. 

6.2 Materials and methods 

6.2.1 Latent heat storage 

A phase change material (PCM) is a substance with a high heat of fusion 

which, melting and solidifying at a certain temperature, is capable of storing and 

releasing large amounts of energy. Heat is absorbed when the material changes from 

solid to liquid and heat is released when the martial changes from liquid to solid. 

Initially, solid-liquid PCMs behave like sensible heat storage (SHS) materials; their 

temperature rises as they absorb heat.  Unlike conventional SHS materials, however, 

when PCMs reach the temperature at which they change phase (their melting 

temperature) they absorb large amounts of heat at an almost constant temperature. The 

PCM continues to absorb heat without a significant rise in temperature until all the 

material is transformed to the liquid phase. When the ambient temperature around a 

liquid material falls, the PCM solidifies, releasing its stored latent heat. Thus, PCMs 

are classified as latent heat storage (LHS) units. Latent heat storage (LHS) is the heat



 
 

 

40 

absorption or release when a storage material undergoes a change of phase from solid 

to liquid or liquid to gas or vice versa at more or less constant temperature (Doiebelin, 

1976). The storage capacity of the LHS system with a phase change material (PCM) 

medium (El-Sebaii, Aboul-Enein, Ramadan, & El-Gohary, 2002) is given by 

 ++=
m

i

f

m

T

T

T

T
lpmmsp dTmChmadTmCQ    (6.1) 

where  am  is the proportion of molten mass compared to the total mass of phase 

change material (-) 

 mh  is latent heat of PCM (J/kg) 

  mT  is the melting temperature of PCM (ºC) 

  
spC  is the heat capacity of PCM in solid state (J/kg.ºC) 

 
lpC  is the heat capacity of PCM in liquid state (J/kg.ºC) 

6.2.2 Experimental study 

We developed a thermal energy storage system that uses phase change as a 

thermal storage. The system consists of 3 parts: 1) steel box size 43 x 111 x 5.2 cm3 2) 

phase change material (PCM), which is paraffin, because the paraffin has a melting 

point of about 50-51ºC and has a latent heat of 200 kJ/kg. This melting temperature is 

within the temperature range of the parabolic greenhouse solar dryer 3) Cart has a size 

of 45x112x70 cm3  for placing the box of phase change material (Fig 26 and 27). We 

have created 15 units of thermal energy storage system; each unit contain 18 kg of 

paraffin. 

Heat energy collected for 1 unit of thermal energy storage system can be 

calculated by Eq. 6.1. It was found that the amount of heat accumulated in 1 unit of 

thermal energy storage system is 5,947.2 kJ. Therefore, the total heat energy 

accumulated in the thermal energy storage system is equal to 89.2 MJ. 
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Fig 26 The components of thermal energy storage system: a) steel box containing 

paraffin b) cart for placing the paraffin box 
 

 

Fig 27 Thermal energy storage system 

 

Fig 28 Parabolic greenhouse solar dryer equipped with thermal energy storage system 

a) b) 

Products trays  

Thermal energy storage system 
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The parabolic greenhouse solar dryer consists of a parabolic roof structure 

made from polycarbonate sheet (80% of transmittance) on a concrete floor coated in 

black with carbon powder for improving the absorption of solar radiation (Janjai et 

al., 2009; Janjai et al., 2007; Janjai et al., 2011). The dryer has a width of 8.0 m, 

length of 12.4 m and height of 3.5 m with a loading capacity of about 600 kg of fresh 

fruits or vegetables. Nine DC fans operated by three 50 W solar cell modules were 

installed in the wall opposite to the air inlet to ventilate the dryer (Fig 28). 

 In this study, two parabolic greenhouse solar dryers were built in the same 

area:  one dryer was equipped with PCM storage system and the other was without 

PCM storage system (Fig 29) 

 For each dryer, 300 kg of ripped banana (initial moisture about 70% wb.) was 

used. The banana was placed on the product trays in a thin layer. The experiments 

were started at 8:00 am and continued till 10:00 pm. The drying was continued on 

subsequent days until the desired moisture content (about 13% wb.). Product samples 

were placed in the dryer at various positions and were weighted periodically at 2-hour 

intervals using a digital balance (ZEPPER model ES-500HA). At the end of the 

experiments, the exact dry solid mass of the product samples was determined by the 

oven method (103ºC for 24 hours). 

Solar radiation was measured by a pyranometer (Kipp&Zonen CMP11) placed 

on the roof of the parabolic greenhouse solar dryer. Inside air temperatures were 

measured in various positions in the dryer by thermocouple (type k). A hot wire 

anemometer (AIRFLOW model TA5) was used to monitor the air velocity at the air-

outlet of the dryer. The relative humidity of ambient air and drying air were 

periodically measured by hygrometers (Electronic, model EE23). All data were 

recorded every 10 minute by a multi-channel data logger (Yokogawa, model DC100). 

 

Fig 29 Parabolic greenhouse solar dryer equipped with thermal energy storage system 

and without thermal energy storage 

  

without thermal energy storage system. with thermal energy storage system. 
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6.3 Results and discussion 

Three full scale tests of the parabolic greenhouse  solar dryer for drying of 

banana were carried out in September 2017. Typical results for drying of banana are 

shown in Fig 30-32. Solar radiation varied from 12.76 W/m2 to 981.16 W/m2 during 

this experimental period. 

Fig 30 shows variations of solar radiation during a typical experimental run of 

solar drying of banana. In 3 days of this experimental run, solar radiation increased 

sharply in the morning but was decreased in the afternoon with fluctuations due of 

clouds. This radiation causes the moisture of banana in the dryer without PCM storage 

system and that of natural sun drying can be removed slowly. 

The comparison of air temperatures in the dryer with PCM storage system and 

ambient temperature in the drying period shows in Fig 31. It was found that inside air 

temperature was in range of 40-60ºC which is higher than ambient temperature about 

20ºC. It can be noted from the results that the inside air temperature gradually reduced 

when the solar radiation was less intense. In the absence of solar radiation period, the 

air temperature was also higher than 40ºC (the lowest temperature suitable for 

drying), thus the banana can continue to dry for an additional 3 hours. 

Fig 32 shows the comparison of moisture content changes of banana inside the 

parabolic greenhouse solar dryer: with PCM storage system, without PCM storage 

system and natural sun drying. It can be observed that banana inside the dryer coupled 

with PCM storage system was dried to a final moisture content of 13.2% (wb.) within 

52 hours from an initial moisture content of 68.9% (wb.) while the drying inside the 

dryer without PCM storage system took 66 hours and the natural sun drying took 80 

hours to achieve the moisture content of 20%. The results show that the heat 

transferred from the thermal energy storage system can reduced the drying time of 

banana comparing to the two others drying. It was also found that more than half of 

dried banana from natural sun drying were deteriorated due to insects and fungus 

effect, but dried banana inside the parabolic greenhouse solar dryer was in good 

quality (Fig 33). 

 
Fig 30 Variation of solar radiation with time of the day during drying of banana. 
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Fig 31 Variation of ambient temperature and drying air temperature at the middle of 

parabolic greenhouse solar dryer. 

 

Fig 32 Variation of moisture content of banana. 

 

Fig 33 Dried banana: a) natural sun drying b) inside the parabolic greenhouse solar 

dryer. 
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6.4 Conclusions 

It this work, the performance of the parabolic greenhouse solar dryer equipped 

with PCM storage system was investigated. Paraffin was used as a material for heat 

storage. The dryer was equipped with 15 units of PCM storage system (18 kg/unit) 

which have the total heat accumulated equal to 82 MJ. 

The results show that the PCM storage system can reduce the drying time due 

to the released heat transferred from the PCM to the air inside the dryer. Therefore, 

the drying time of banana inside the dryer equipped with PCM storage system was 52 

hours which is shorter than the drying inside the dryer without PCM storage system 

and natural sun drying.  



 

*Part of this work was presented at the 2nd Nordic Baltic Drying Conference, Hamburg, Germany,       

7 - 9 June, 2017 

Chapter 7 

Performance of the Parabolic Greenhouse Solar Dryer in Southeast Asian and 

Modelling of this Type of Dryer Using the Artificial Neural Network*  

 

7.1 Introduction 

Southeast Asian countries produce a number of tropical agricultural products. 
They are consumed both as fresh and dried products. To produce dried products, the 

natural sun drying method is usually used in these countries. Although, it is a cheap 

method, products being dried are usually subjected to losses and damages due to 

insects, animals and rain. Situated in equatorial zone, Southeast Asian countries 

receive relatively high solar radiation (Janjai et al., 2005a; Janjai et al., 2011; Janjai et 

al., 2013). As a result, a number of researches have proposed various types of solar 

dryers for drying agricultural products in these countries (Abdullahet et al., 2001; 

Boonlong et al., 1984; Exell & Kornsakoo, 1976; Fudholi et al., 2015; Soponronnarit 

et al., 1991; Wibulsawas & Thaina, 1980). However, only a few dryers have been 

used in the fields in these countries. This is due to several factors such as impractical 

aspect and limited loading capacity of the dryers. Having realized these problems, a 

parabolic greenhouse type solar dryer was developed at Silpakorn University in 

Thailand (Janjai et al., 2005b; Janjai et al., 2007). The dryer was previously called 

“PV-ventilated greenhouse dryer” and now commonly named “parabolic greenhouse 

solar dryer” or “parabola dome” .The dryer has advantages that it has high loading 

capacity and is easy to use. The objectives of this work are to present the experimental 

performance of this type of dryer in Asian countries and to perform the neural 

network modeling of the dryer. 
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7.2 Materials and methods 

7.2.1 Drying experiments 

To investigate the performance of this type of dryer in Southeast Asia, the 

dryers were built in Thailand, Myanmar, Indonesia and Vietnam (Fig 34) and drying 

experiments were conducted. To monitor the performance of each dryer, various 

sensors were installed at the dryer. A pyranometer (Kipp&Zonen, model CMP11) was 

installed on the roof of the dryer to measure solar radiation. Thermocouples (type K) 

were used to measure air temperature at different points in the dryer. Hot wire 

anemometers (Airflow, model TA 5) were used to monitor the air speed at the air inlet 

and air outlet of the dryer. Another anemometer was also used to monitor the ambient 

wind speed. The relative humidity of ambient air and drying air was measured by 

hygrometers (Electronik, model EE23). Voltage signals from the pyranometer, 

hygrometers and thermocouples were recorded every 10 min by a multi-channel data 

logger (Yokogawa, model DC100). The air speeds were manually recorded during 

experiments. Before the installations, the pyranometer was calibrated at the 

Calibration Laboratory for Solar Radiation Instrument of Silpakorn University, which 

had been accredited by ISO/IEC 17025. The hygrometers were calibrated using 

standard saturated salt solutions supplied by the manufacturer. Prior to the utilization, 

the thermocouples were tested by measuring the boiling and freezing temperatures of 

water to check their accuracy. 
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Fig 34 Pictorial view of the greenhouse solar dryer installed in (a) Thailand (b) 

Myanmar (c) Indonesia and (d) Vietnam 

The agricultural products used in the drying experiments in the dryers installed 

in Thailand, Myanmar, Indonesia and Vietnam are bananas, red chilies, seaweeds and 

Vietnamese chilies, respectively. For each drying experiment, about 100 kg of these 

products was placed on the trays in thin layer. To monitor the moisture content, 

product samples were also placed on the trays and were weighted periodically at 1-

hour interval using a digital balance (Kern, model 474-42). Also, about 100 g of 

product sample was dried outside the dryer (natural sun drying) in order to compare 

the drying behavior of the product with those dried in the dryer. At the end of the 

experiment the dry solid mass of the samples was determined by the oven method 

(103oC for 24 hours). All drying experiments were carried out during the period: July 

2016-February 2017. The experiments were started at about 8:00 am and continued 

till 5:00 pm. For banana drying experiments, bananas in the dryer were collected at 

5:00 pm and put in plastic bags for fermentation process and redistribution of the 

moisture in banana fruits during the night. Then they were again placed in the dryer in 

the next morning about 8:00 am. The drying was continued on subsequent days until 

the desired moisture content (24%, wb.) was reached. For the other products, they 

were kept in the dryer during night time.  The typical results of the experiments are 

shown in the next section. 

(a) (b) 

(c) (d) 
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7.2.2 Modeling of the parabolic greenhouse solar dryer by using the 

artificial neural network (ANN) 

A model of greenhouse solar dryer is an important tool for predicting the 

performance of the dryer for different operating parameters under various 

environmental conditions. It can also be used for the optimization of the dryer. In 

general, there are several approached to model the dryer. In this work, the artificial 

neural network (ANN) approach was selected for modeling the parabolic greenhouse 

solar dryer. The advantage of this approach is that ANN does not require thermal 

properties of the products dried in this dryer and less assumptions are needed, as 

compared to the classical analytic modeling approach. It required only drying 

experiment data. The ANN approach is shaped after biological neural function and 

structures. The function of ANN is developed not by programming it, but by exposing 

it to carefully selected data on which it can learn how to perform the required 

processing test. In this work, an independent multilayer ANN of the parabolic 

greenhouse solar greenhouse dryer was developed to represent the performance of the 

dryer for drying bananas. The model has a four-layer network, which has a number of 

processing elements called neurons (Fig 35). 

 
Fig 35 The structure of the artificial neural network of parabolic greenhouse solar 

dryer. t is time, It is solar radiation, T is drying air temperature at the middle of 

the dryer, RH is relative humidity and MC is moisture content 

The input layer of the model comprises four neurons corresponding to (1) 

drying time (t), (2) solar radiation (It), (3) drying air temperature at the middle of the 

dryer ( T)  and (4) relative humidity (RH). The output layer has one neuron that 

represents the moisture content (MC) in the model. This ANN has two hidden layers.  
All inputs were normalized to obtain their values between 0.00 and 1.00. The ANN 

model was trained by the back-propagation approach (Wasserman, 1989) using data 

from the drying experiments of bananas in Thailand. All ANN calculations were 

programmed in C++. To examine the performance of the ANN model, it was used to 

predict the drying curve of banana obtained from the experiment and the result is 

shown in the next section. In order to survey the possibility of using ANN, the ANN 

model for drying litchi in the parabolic greenhouse dryer was done and the result is 

presented in Appendix 1. 

 

Hidden layer 1 

Hidden layer 2 

Output layer  

Input layer  
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7.3 Results and discussions 

7.3.1 Experimental performance of the greenhouse solar dryer 

The experimental tests of the parabolic greenhouse dryer for drying various 

products were carried out during January, 2016 to February, 2017 in Thailand, 

Myanmar, Indonesia and Vietnam. Typical results for drying red chilies in Myanmar 

during 18 July, 2016 to 21 July, 2016 are shown in Fig 36-39. Fig 36 shows the 

variation of solar radiation during the experimental drying of red chilies in Myanmar.  
At that time period, it rained most of the time. Solar radiation varied from 100 W/m2 

to 1,100 W/m2. 

 

Fig 36 Variation of solar radiation during a drying run for red chilies in Myanmar. 

Fig 37 shows the comparison of the ambient temperature and the temperature 

inside the dryer for a typical experiment of greenhouse solar dryer of red chilies. 

There is significant different between the air temperature inside and outside the dryer. 

The ambient temperature was quite stable, around 30oC for the whole period, while 

the temperature inside the dryer reached the maximum of 55oC. 

 
Fig 37 Comparison of the ambient temperature and the temperature inside the dryer 

for drying red chilies in Myanmar 
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Fig 38 Relative humidity at various points inside the dryer and ambient relative 

humidity for drying the red chilies in Myanmar 

Fig 38 shows the relative humidity inside the dryer and outside the dryer 

during the typical experimental run of the red chilies. The relative humidity frequently 

decreased over time excepted the rainy hour. The relative humidity of the air inside 

the dryer is usually lower than the ambient relative humidity. 

 

Fig 39 Comparison of the moisture contents for drying the red chilies inside the dryer 

and that from natural sun drying in Myanmar 

Fig 39 shows the variation of moisture content of red chilies in the dryer 

compared to the control sample dried by natural sun drying. It was observed that the 

moisture content of red chilies in the dryer was reduced from an initial value of 70% 

(wb.) to a final value of 21% (wb.) within 4 days even it rained most of the time, 

whereas the moisture content of the open-air sun drying was not reduced because of 

the rain. 

Fig 40 shows the variation of the moisture content of bananas, seaweed and 

Vietnamese chilies from typical experiments in Thailand, Indonesia and Vietnam, 

respectively. The moisture content of bananas in the dryer decreased from 67% (wb.) 

to 15% (wb.) within 4 days, whereas the moisture content of the open-air sun drying 

reduced to 25% (wb.) for the same period. The moisture content of seaweeds in the 

dryer was reduced from 91% (wb.) to 8% (wb.) within 4 days, whereas the moisture 

content of the open-air sun drying reduced to 27% (wb.) within 4 days. For the case of 

Vietnamese chilies, the moisture content of Vietnamese chilies in the dryer decreased 
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from 75% (wb.) to 20% (wb.)  within 6 days, whereas the moisture content of chilies 

dried in open-air sun drying reduced to 58% (wb.) for the same period. These results 

revealed that the drying time of products in dryers was significantly shorter than that 

of the product dried naturally outside the dryers.  It was also observed that the 

products being dried in the dryers were completely protected from insects, animals 

and rains and good quality of the final dried products were obtained. As the loading 

capacity of the dryers is relatively high and they are convenient to use, these dryers 

are now employed for producing commercially dried products in the communities 

where the dryers are located. 

 

Fig 40 Comparison of the moisture contents of the products inside the greenhouse 

solar dryer and with those obtained by the natural sun drying for drying (a) 

bananas in Thailand, (b) seaweeds in Indonesia and (c) Vietnamese chilies in 

Vietnam. 
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7.3.2 Performance of the ANN model 

After having sufficiently trained, the ANN model was employed to predict the 

moisture contents of bananas and the results was compare to the moisture contents 

obtained from the experiments as shown in Fig 41. 

 

Fig 41 Comparison between moisture contents predicted by the ANN model and those 

obtained from the measurement. 

Fig 41, it is observed that the patterns of both drying curves of bananas are 

similar and the discrepancy in terms of root mean square difference (RMSD) and 

mean bias difference (MBD) are 5.3% and -0.1%, respectively. 

7.4 Conclusions 

The parabolic greenhouse type greenhouse solar dryers were constructed in 

Thailand, Myanmar, Indonesia and Vietnam. Drying experiments were conducted. 

The results revealed that all dryers under this investigation performed well. All 

products being dried in the dryer were completely protected from insects, animals and 

rain and good quality of dried products were obtained. All of these dyers are now in 

use for producing commercially dried products. Finally, the ANN model of the dryer 

for drying bananas was performed. The model predicted well the performance of the 

dryer. 
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Chapter 8  

Conclusions 

In this work, various aspects of banana drying were investigated. These 

includes; thin layer drying, finite element modeling, drying of banana in a parabolic 

greenhouse solar dryer without auxiliary heat storage and in a parabolic greenhouse 

with rice-husk burning system. The performance of the parabolic greenhouse solar 

dryer equipped with a phase change thermal storage for banana drying was also 

undertaken. Finally, modelling of the parabolic greenhouse solar dryer for banana 

drying using an artificial neural network was also carried out. The results of the works 

can be summarized as follows.  

1) The drying curves of thin layer drying of banana showed that the drying 

air temperature and the relative humidity have been important effect on the 

drying. An increase of drying air temperature and reduction of the relative 

humidity can reduce the moisture content of banana and the Logarithmic 

model is best fitted to the drying curves of banana. 

2) The finite element method can be used to predict the distribution of the 

moisture inside banana. The average moisture contents obtained from this 

distribution reasonably agree with the moisture contents of whole fruit of 

banana obtained from the experiments, with and the root mean square error 

(RMSE) was in the range of 2.2-14.6%, and the coefficient of 

determination (R2) was in the range of 0.97-0.99. 

3) The parabolic greenhouse solar dryer equipped with rice husk burning 

system helps to solve the problem of banana spoilage during cloudy or 

rainy days. It can be also controlled the stable temperature as 50ºC. 

4) Drying of banana in the parabolic greenhouse solar dryer reduced 

significantly the drying time comparing to natural sun drying. The 

moisture content of banana in the parabolic greenhouse solar dryer was 

reduced from an initial value of 7 0 % (wb.) to a final value of 19-21% 

(wb.) within 4 days while the natural sun drying takes 6 days. In addition, 

the dryer also helps to protect banana form rain, insects and birds. 

5) The parabolic greenhouse solar dryer equipped with phase change material 

can reduce the drying time, as compared to the same type of drying 

without the net storage unit. It shows that the drying time of the dryer with 

phase change material is shorter than that of without phase change 

material.
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*Part of this work was has been accepted to publish in the Journal of Renewable Energy 

and Smart Grid Technology, 2018, Vol. 13 No. 1 
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Appendix 1 

Testing of ANN for Litchi Drying* 

 Before using ANN for banana drying, Ann for litchi drying was tested and the 

details have been published in Journal of Renewable Energy and Smart Grid 

Technology, Volume 13. 2018. The paper is shown as follows. 
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Appendix 3 

Nomenclature 

[A]   intermediate parameter matrix  

wa   water activity (decimal) 

dryerA   dryer area, (m2) 

am  proportion of molten mass compared to the total mass of phase change 

(-) 

[C]   global capacitance matrix 

[c]   element capacitance matrix 

Cannual  annual cost, (Baht) 

Cburner  cost of rice husk burning system, (Baht) 

Cdryer  cost of the parabolic greenhouse dryer, (Baht) 

Celectricity electricity consumption cost, (Baht) 

Chusk  rice husk consumption cost, (Baht) 

Ci  cash flow at year i  

Clabor  labor cost, (Baht) 

Clp the heat capacity of PCM in solid state (J/kg. ºC) 

Cmain  maintenance cost, (Baht) 

Cop  operating cost, (Baht) 

Cpa    specific heat of air, (Jkg-1 ºC-1)  

Csp the heat capacity of PCM in liquid state (J/kg. ºC) 

CT  capital cost of the dryer equipped the burning system, (Baht) 

Cunit electricity unit cost of electricity, (BahtkWh-1)  

D    moisture diffusivity (m2/s) 

airD  diffusivity of air (m2/s) 

d  equivalent diameter (m)   

dryerE
  dryer output, (J) 

PVE   energy output from solar cell panel, (J) 

huskriceE   energy output from rice husk burner, (J) 

solarE   solar energy input to the dryer, (J)  

 F   global load force vector 

 F   intermediate parameter vector 

 f    element load force vector 

mh   mass transfer coefficient (m/s) 

fh   heating value of rice husk, (Jkg-1) 

if  inflation rate, (%) 

iin  interest rate, (%) 
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IRR  internal rate of return, (%) 

[K]    global stiffness matrix 

[k]    element stiffness matrix 

gL   latent heat of vaporization of moisture, (Jkg-1) 

M     moisture content of product on dry basis (%, db.) 

MR   moisture ratio 

oM    initial moisture content of product (%, db.) 

eM    equilibrium moisture contents of banana on dry basis (%, db.) 

sM    surface moisture content on dry basis (%, db.) 

am                     mass flow rate of air, (kgs-1) 

fm   mass flow rate of rice husk, (kgs-1) 

Mf  Quantity of fresh banana, (kg) 

Md  Quantity of dried banana, (kg) 

rm   moisture removed, (kg)  

N  life span of the dryer, (years) 

 N    matrix of interpolating function 

n    magnitude of the outward normal vector to the surface 

[P]    intermediate parameter matrix 

Pf   price of fresh banana, (Bahtkg-1) 

Pd  price of dried banana, (Bahtkg-1) 

PB  payback period, (year) 

R    correlation coefficient 

RH    relative humidity (%) 

Re    Reynolds number 

Sc   Schmidt number  

)t(Sr   solar radiation at time t, (Wm-2) 

Ta  air temperature (ºC) 

Tab  absolute temperature (K) 

outT                 temperature of hot air input from the heat exchanger, (ºC) 

inT                  ambient air temperature, (ºC) 

Tm  melting temperature (ºC) 

 t   time, (s) 

u    air velocity (m/s)  

x    spatial coordinate in x direction 

y    spatial coordinate in y direction 

mh   latent heat (J/kg) 

t     time step (s) 
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ix    actual value 

meanx   measure value (mean value of the measurement) 

Z  drying cost, (Bahtkg-1) 

ix   uncertainly in a measurement 

                      overall effectiveness   

eff    efficiency of the dryer equipped with the burning system, (%) 

   economic parameter defined  

air
 
   density of air (kg/ 3m ) 

      viscosity of air (m2/m) 

     banana domain 

    operator
zyx 


+




+
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