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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 bananaand 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.



ACKNOWLEDGEMENTS

This thesis is submitted in partial fulfillment of the requirements for the degree
of Doctor of Philosophy (Physics), Graduate School, Silpakorn University.

I would like to thank all the people who contributed in some ways to the work
described in this thesis. First and foremost, | thank my academic advisor, Professor
Serm Janjai, Ph.D., for his helpful guidance and support throughout this study.

I would like to acknowledge the Department of Physics, Faculty of Science,
Silpakorn University. Additionally, 1 would also like to thank. Assistant Professor Itsara
Masiri, Ph.D. and Associate Professor Sirichai Thepa, D.Sc. for examining this thesis.

Finally, 1 would' like to acknowledge friends and family who supported me
during my study at Silpakorn University.

Tawedach MUNDPOOKHIER



TABLE OF CONTENTS

ABSTRACT ..ttt D
ACKNOWLEDGEMENTS. ... E
TABLE OF CONTENTS ... e F
LESE OF TADIES ...t I
IS ) T U= SRS J
(@8 T o 1 A 1) 0T [T 4 o o O SR 1
1.1 RAIIONAIE. ...t it e e bbbttt bbbt 1
@ o 1=Tot ) o U USSP 1
1.3 Organization Of the theSIS ...t e 2
Chapter 2 Thin Layer Drying of Banana ................ccccooeeiiiie e 3
2.1 INEFOAUCTION. ...t aituae itk ke ke ettt b et 3
2.2 Materials and METNOAS ... ..ottt ikt sh et 3
2.2.1 Drying eXPEriTENTS .......iieiiiiineeiiir e saieieeesiasiiaae e eeesteesseseesseesseessesseesseans 3

2.2.2 Mathematical Modeling ..ot 4

2.3 ReSUILS aNd ISCUSSIONS. .........eeueeiiiiieneee stttk bttt 6
2.3.1 Drying characteristics of banana ................ccio i, 6

2.3.2 Mathematical modeling of thin-layer drying..........c..ccccooveviiiiiiiicienn, 10

2.4 CONCIUSIONS. ...ttt 10
Chapter 3 Modeling of Banana Drying Using Finite Element Method........................ 11
B L INErOAUCTION. ... 11
3.2 Materials and MethodS............cooiiiiiiiic 11
3.2.1 EXperimental StUAY ........cccovieiiieiiieiic et 11
3.2.2.Uncertainty @nalySIS ......c.ccoviiiieiiieiie s 12

3.2.3 Finite element modeling of banana ...........cccocooiiniiiinei e 12

3.3 Thermo-physical properties of banana ..........cccccooevieieniniense e 15



3.3.1 Moisture diffusivity of banana ...........cccccevvevieii i 15
3.3.2 Equilibrium moisture content of banana............ccccccevevevieeieece e 15
TR G I 111012 To - SRS 15
3.3.4 Surface mass transfer COeffiCIent ...........cocoovviiireiiiiice e 16
3.3.5 Method OF SOIULION ......oveiiiiiiiiicice e 16

3.4 ReSUILS aNd dISCUSSIONS. .......cveeeiiiireiisiesieeeie st 17
3.5 CONCIUSIONS. ...ttt 19
Chapter 4 Drying of Banana in a Parabolic Greenhouse Solar Drying ............c.cc.c..... 20
4.1 INEFOTUCTION. ...ttt bbbttt 20
4.2 Materials and Methods ..o e 20
4.3 ReSUILS aNd diSCUSSIONS. .. uiuviiiiiueiieransines ettt 22
4.4 CONCIUSTONS. ... oiiiit ettt cas ek ih bbb b bbb bttt ab e 25

Chapter 5 Performance of parabolic greenhouse solar dryer equipped with rice husk

burning system for banana drying™..........cccioiiii et 26
5.1 INEFOAUCTION. ..ottt e bbbttt 26
5.2 Materials and MEtNOS ... cu...iiieiiih it i et b 27

5.2.1 Parabolic greenhouse solar dryer equipped with rice husk burning system
.................................................................................................................. 27
5.2.2 Performance of the burning system............cccoco e 29
5.2.3 Experimental ProCeAUIE .........cccviiiiieiriiie et ecie e 29
5.2.4 Uncertainty @analySiS ........ccivviiieiieii et eiee st se et 30
5.2.5 Drying effiCIENCY ........ooiiiiiiii e 30
5.3 ReSUItS and dISCUSSIONS........cveviiiiiiiiiiiiiei e 31
5.3.1 Performance of the rice husk burning system ...........ccccooevvieiieciicciee, 31

5.3.2 Performance of greenhouse solar dryer equipped with rice husk burning

V] (=] 10 ISP 31
5.3.3 ECONOMIC EVAIUALION ...t eeeeneeees 34
B CONCIUSTONS. ... e 38

Chapter 6 Performance Investigation of a Parabolic Greenhouse Solar Dryer Equipped
with Phase-Change-Thermal Energy StOrages™ .........cccvviennninieneenese e 39



6.1 INEFOAUCTION. ...t 39
6.2 Materials and MethOUS............ooviiiiiieii s 39
6.2.1 Latent Neat StOrAgE.......ccvveieeiieeie e 39
6.2.2 EXPerimental STUAY .........ccoveiiiieiiee e 40
6.3 ReSUILS aNd ISCUSSION .....c.veieiieiiiiiieiisiesi e 43
6.4 CONCIUSIONS. ...ttt 45

Chapter 7 Performance of the Parabolic Greenhouse Solar Dryer in Southeast Asian

and Modelling of this Type of Dryer Using the Artificial Neural Network* .............. 46
7.1 INEOAUCTION. ...t et 46
7.2 Materials and MethOGS .......c..iciiei it 47

7.2.1 Drying eXPerimMENtS ..........cccveiuiiiieiieiiesasee e eseesreesteseesaeseesneesreesseseesnes 47
7.2.2 Modeling of the parabolic greenhouse solar dryer by using the artificial

neural NEtWOTK (ANN) .. o ittt sre e s 49

7.3 RESUILS aNd ISCUSSIONS. ....ccvie ittt 50

7.3.1 Experimental performance of the greenhouse solar dryer........................ 50

7.3.2 Performance of the ANN model........cccoiiiiiiii 53

7.4 CONCIUSTONS ...t it e et h b e ekttt 53

Chapter 8 CONCIUSIONS ... i i it iiiviasis st ir e e iaesee s e aae e te e e b e steesresraesreereanaesreas 54

N o] 0T 00 3 s SRS 55
Appendix 1 Testing of ANN for Litchi Drying™ ..o 56
ApPPENdiX 2 PUBIICALIONS ......ccoiiiiiiie it eit et ene s 70
ApPPendiX 3 NOMENCIALUIE ..........coiieiiecie e 71

REFERENGCES ... ..ottt 74



List of Tables

Page

Table 1 The 7 selected thin-layer drying models. ..., 6

Table 2 Parameter value, coefficient of determination (R?) and root mean square error
(RMSE) value of the different models for banana. ..........cccoovvieniiiin e, 9

Tables 3 Economic and production data used for the economic evaluation. .............. 35



List of Figures

Fig 1 Schematic diagram of the 1aboratory dryer ..........cccooevieieienicneeee 4

Fig 2 Thin layer drying of banana at different temperatures (40°C, 50°C and 60°C) and
relative humidity (10%) from the eXPeriments. .........ccooovereeeieere s 6

Fig 3 Thin layer drying of banana at different temperatures (40°C, 50°C and 60°C) and
relative humidity (20%) from the eXperiments. ..........ccocvivirinnieiene e, 7

Fig 4 Thin layer drying of banana at different temperatures (40°C, 50°C and 60°C) and
relative humidity (30%) from the eXperiments. .....ccovvieriririieece e, 7

Fig 5 Predicted and observed moisture content of banana using Logarithmic model at
the temperatures of 40°C, 50°C and 60°C and relative humidity of 10%. ..................... 7

Fig 6 Predicted and observed moisture content of banana using Logarithmic model at
the temperatures of 40°C, 50°C and 60°C and relative humidity of 20%. ..................... 8

Fig 7 Predicted and observed moisture content of banana using Logarithmic model at
the temperatures of 40°C, 50°C and 60°C and relative humidity of 30%. ...........ccc....... 8

Fig 8 Mesh distribution and geometry considered in the finite element model of
0 g g - e e SR 14

Fig 9 Example of comparison of the finite element predicted moisture contents with
the experimental data of banana at Ta=50°C and rh=20%. ......ccc..cocerrverirererrieerreiennnns 17

Fig 10 Contours of moisture contents inside the banana for different drying times....18
Fig 11 Pictorial view of the parabolic greenhouse dryer ..........ccccoiiiiniiiiiiicienn, 20

Fig 12 The structure of the dryer and positions of the measurements (Mi, Rhj, T; are
weight of the sample, relative humidity and air temperature at location 1, i=1, 2...., n)

Fig 13 Variation of solar radiation during a drying run for banana.............ccccecveevenee. 22

Fig 14 Comparison of the ambient temperature and the temperature inside the dryer
for drying fOr DaNANA. ..o 23

Fig 15 Drying air temperatures at the different levels of the shelves versus solar
7210 L= U1 o oSSR 23

Fig 16 Relative humidity at various points inside the dryer and ambient relative
humidity for drying the Danana...........cccooeiiiiiie i 24



Fig 17 Comparison of the moisture contents for drying the banana inside the dryer and
that from natural SUN dryiNg........ccoeee i 24

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

pictorial view, b) SChematic diagram ..........cccocveiieiieie i 27
Fig 19 Rice husk burning system a) pictorial view b) schematic diagram .................. 28
Fig 20 Variations of solar radiation during drying period...........ccccceeeviveieiieernernene 31
Fig 21 Variation of energy input with time inside the greenhouse solar dryer............ 32

Fig 22 Comparison of temperature variations inside the greenhouse dryer with the
burning system and the ambient air teMpPerature ...........cccccvevvveveieececie s 33

Fig 23 Comparison of relative humidity inside the dryer and ambient air .................. 33

Fig 24 Moisture contents of banana drying in greenhouse dryer with the burning
system in comparison with the natural sun-drying.............cccovveviiiiii i, 34

Fig 25 Dried banana a) banana inside the dryer b) banana dried by natural sun......... 34

Fig 26 The components of thermal energy storage system: a) steel box containing
paraffin b) cart for placing the paraffin boX ..., 41

Fig 27 Thermal energy Storage SYSIEM .........ciciiiiiviie i sirion e s eee st see e sre e 41

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

Fig 29 Parabolic greenhouse solar dryer equipped with thermal energy storage system
and without thermal €nergy StOFAgE ... .civi veiieiiieire i eite e it ibeesee et e se e eee e e e eeeereas 42

Fig 30 Variation of solar radiation with time of the day during drying of banana......43

Fig 31 Variation of ambient temperature and drying air temperature at the middle of
parabolic greenhouse SOIAr Aryer. ... e 44

Fig 32 Variation of moisture content of banana. ...........cccccoooeevii i, 44

Fig 33 Dried banana: a) natural sun drying b) inside the parabolic greenhouse solar
(0] SRR 44

Fig 34 Pictorial view of the greenhouse solar dryer installed in (a) Thailand (b)
Myanmar (c) Indonesia and (d) VIEtNam ..........cccoecieiiieiie i 48

Fig 35 The structure of the artificial neural network of parabolic greenhouse solar
dryer. tis 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.............cccoeceveeneeieniinnnnns 49

Fig 36 Variation of solar radiation during a drying run for red chilies in Myanmar...50



Fig 37 Comparison of the ambient temperature and the temperature inside the dryer
for drying red chilies in MYanmar ...........cccoooiiiiiiic e 50

Fig 38 Relative humidity at various points inside the dryer and ambient relative
humidity for drying the red chilies in Myanmar............ccccccovvveveiiece s, 51

Fig 39 Comparison of the moisture contents for drying the red chilies inside the dryer
and that from natural sun drying in Myanmar ...........cccceeeiieeieeiesiee e 51

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.............. 52

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

obtained from the MeaSUrEMENT. ..l i e 53



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



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 40°C, 50°C and 60°C the relative humidity of 10%, 20% and 30% with
the air speed of 1 ms™.

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 40°C,
50°C and 60°C 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:

MR = M - Me
Mg - Mg

where MR is the dimensionless moisture content or moisture ratio; and M, Mo and M.

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

equilibrium moisture content, respectively.

(2.1)



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:

_ M-Mgyig
M= ——— x100% 2.2)

Msoiig

where m is mass of the product and msoiig 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
(msoiia), the water in the product must be totally removed by drying the product in an
oven at the temperature of 103°C 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 (R?) was one of the main criteria for selecting the best
equation. In addition to R, the goodness of fit was determined by root mean square
error (RMSE). For the best fit, the R? value should be high and RMSE values should
be low RMSE and R? are defined as:

Zp:]_(MRmodel,i P MRexp,i )2

e o
RMSE e x 100% 2.3)

R2=1- Residual sum of squares ’4
Corrected total of squares (24)

where MRexp,i and MRmodeti are the moisture ratio derived from the experiments and
the moisture ratio derived from the model. Wexp iS mean moisture ratio obtained

from experiments, N is the number of observations.



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(-kt") Page (Diamante, 1993)

3 | MR=exp(kt") 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.
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Fig 2 Thin layer drying of banana at different temperatures (40°C, 50°C and 60°C) and
relative humidity (10%) from the experiments.
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Fig 3 Thin layer drying of banana at different temperatures (40°C, 50°C and 60°C) and
relative humidity (20%) from the experiments.
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Fig 4 Thin layer drying of banana at different temperatures (40°C, 50°C and 60°C) and
relative humidity (30%) from the experiments.
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Fig 5 Predicted and observed moisture content of banana using Logarithmic model at
the temperatures of 40°C, 50°C and 60°C 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 40°C, 50°C and 60°C and relative humidity of 20%.
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Fig 7 Predicted and observed moisture content of banana using Logarithmic model at
the temperatures of 40°C, 50°C and 60°C and relative humidity of 30%.



Table 2 Parameter value, coefficient of determination (R?) and root mean square error

(RMSE) value of the different models for banana.

Models T°C rh(%) k a b c n g p R? R?:I/OS)E
40 10 0.0526 0.9913 7.9925

50 10 0.0648 0.9933 7.7130

60 10 0.0944 0.9870 18.060

40 20 0.0479 0.9948 7.1324

Newton 50 20 0.0603 0.9949 8.4647
60 20 0.0898 0.9959 10.219

40 30 0.0421 0.9943 7.4637

50 30 0.0630 0.9971 5.2679

60 30 0.0791 0.9986 4.6858

40 10 0.0533 0.9954 0.9913 4.6516

50 10 0.0756 0.9476 0.9937 4.3591

60 10 0.1161 0.8901 0.9933 12.747

40 20 0.0566 0.9489 0.9953 6.6605

Page 50 20 0.0835 0.8903 0.9964 6.5819
60 20 0.1394 0.8234 0.9991 8.2404

40 30 0.0383 1.0195 0.9957 7.3850

50 30 0.0653 0.9877 0.9972 5.2209

60 30 0.0703 1.0427 0.9985 4.0316

40 10 -0.0536 0.9601 0.9997 7.4278

50 10 -0.0540 1.0366 0.9997 6.3902

60 10 -0.0542 11721 0.9964 11.558

40 20 -0.0440 1.0084 0.996 8.9029

Modified Page 50 20 -0.0589 0.9885 0.9965 9.8233
60 20 -0.0844 0.9913 0.9967 13.447

40 30 -0.0245 1.1465 0.9963 7.8640

50 30 -0.0474 1.0731 0.9973 9.2430

60 30 -0.0500 1.1332 0.9976 10.399

40 10 0.0510 0.9717 0.9927 4.7398

50 10 0.0622 0.9611 0.9946 4.0766

60 10 0.0939 0.9942 0.9874 9.6870

Henderson 40 20 0.0460 0.9617 0.996 6.0109
and Pabis 50 20 0.0567 0.9427 0.9963 5.9558
60 20 0.0839 0.9366 0.9966 6.9222

40 30 0.0426 1.0137 0.9937 7.3515

50 30 0.0619 0.9823 0.9976 4.9551

60 30 0.0800 1.0116 0.9984 4.2465

40 10 0.0368 1.0368 -0.1012 0.9977 2.2824

50 10 0.0545 0.9859 -0.0456 0.9962 3.2961

60 10 0.0775 1.0114 -0.0547 0.9968 3.6084

40 20 0.0411 0.9801 -0.0376 0.9973 4.7532

Logarithmic 50 20 0.0530 0.9516 -0.0208 0.9969 5.3865
60 20 0.0842 0.9364 -0.0009 0.9966 6.9191

40 30 0.0329 1.0806 -0.1060 0.9994 2.1521

50 30 0.0559 0.9987 -0.0339 0.9988 3.3375

60 30 0.0720 1.0291 -0.0359 0.9996 1.9182

40 10 0.0484 0.5413 0.4130 0.0484 0.9946 4.7984

50 10 0.0748 4.7822 -3.8317 0.0788 0.9947 3.9603

60 10 0.0900 0.5483 0.4305 0.0900 0.9904 9.8899

40 20 0.0457 0.4749 0.0839 0.0456 0.9961 6.0323

Two-term 50 20 0.0567 0.4713 0.4713 0.0567 0.9963 5.9558
60 20 0.6910 0.1298 0.8739 0.0788 0.9993 3.4973

40 30 0.0424 0.5062 0.5058 0.0424 0.9939 7.3578

50 30 0.0619 0.4859 0.4964 0.0619 0.9979 4.9551

60 30 0.0796 0.4995 0.5101 0.0796 0.9984 4.2998

40 10 0.0510 0.3261 0.3184 0.3271 0.0510 0.0510 0.9927 4.3798

50 10 0.0622 0.3048 0.3149 0.3412 0.0622 0.0622 0.9946 4.0766

60 10 0.5093 0.0452 0.1591 0.7828 0.0833 0.0856 0.9923 10.516

Modified 40 20 0.0454 0.3114 0.3143 0.3309 0.0454 0.0454 0.9963 6.0794
Henderson 50 20 0.0566 0.3679 0.2684 0.3054 0.0566 0.0566 0.9964 5.9580
and Pabis 60 20 0.0784 0.4871 0.3804 0.1345 0.0780 0.6187 0.9993 3.5191
40 30 0.0480 0.3492 0.3279 0.3209 0.0408 0.0408 0.9956 7.9041

50 30 0.0616 0.3291 0.3303 0.3112 0.0616 0.0616 0.9977 4.9651

60 30 0.0789 0.3495 0.3029 0.3539 0.0789 0.0789 0.9986 4.6375




10

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, R> 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 R? 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 °C) and
relative humidity (rh in %).

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

¢ =-20472.9+10.70T-815.6rh-18Trh+22.4T2-4.4rh? (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 x; that has an uncertainty AX;is expressed as (Doiebelin, 1976;
Holman, 1978; van Nydeck Schenck & Hawks, 1979);

Xj = Xmean (Measures) £ Ax; (3.1)

where X; is actual value, Xmean IS measured value (mean value of the measurements)
and AX; is uncertainty in the measurement. There is an uncertainty in xi that may be

as large asAX;. The value of AX; 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) (Igbal, 1983) between the finite elements predicted
moisture content and experimentally determined values, and correlation coefficient
(R?) (Igbal, 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) :

M o
=V (OVM) (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:
oM _ _3*M  2°M

D + 3.3
o ( x oy ) (3.3)

with initial and boundary conditions as:
at t=0,M=Mo (3.4)

and t>0; —D%—M =h, (M, -M,) (3.5)
n
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where h_ 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:

j[N]T{Dﬁz'\f " %;'\2"} aa'\t/'}dg -0 (36)
o X

where[N]a matrix of interpolating is function and Q 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:

MY i) < ) @)
where
[c]: element capacitance matrix = [, [N]' [NJd2 (3.8)
[k]: element stiffness matrix -~ =1, D(M@ +M@j dQ (3.9)
oX OX 0y oy

{M} : vectors of unknown, which can be defined as
M =[N}M} (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):

[c]{@} + KM= fF) (3.11)

ot
where [C]: global capacitance matrix
[K]: global stiffness matrix

[F]: load force vector
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Eq. (3.11) can be written as in the finite difference form as follows:
(C]+ atfkD M}y, = [CHM + At{F}, o (3.12)

where At is the time step.

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

[AlM o = PEMI; + (R} (3.13)
where [Al=(C]+ atlK])
[PI=[c]
and F =AM} i (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, 1988). Fig 8 shows finite element discretization
for two dimensional sections of the banana consisting of 664 grids and 1230
triangular elements.

10440164 134, 105
116
4

width of peeled banana (mm)

length of peeled banana (mm)

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:

D =9.869 x10 % exp(—2527.53/ Typ) (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:

1
dw = 2.8370 (3.16)
1+{389.6555+(—1.0562)T} '

Me

where T is temperature (°C), 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:

%=0.351+0.648M_ (3.17)

i Mj
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where Vjis initial volume of banana with the moisture is content M;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):

h :%(2.0+0.522 Re®® Sc°%) (3.18)

where D, is diffusivity of air (m?/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 x 10> m?/s and 2.632 x 10> m?/s for the temperature of 40°C and
60°C, respectively (Cengel, 2008).

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

Re = 19Pair (3.19)
il
Sce—H (3.20)
Pair D air

where g is air velocity (m/s), d is equivalent diameter (m), p,;is air density (kg/m3),
D, is diffusivity of air (m?/s) and  is air viscosity (m?/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 Eqg. (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.
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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 (R?) 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%.

200 —e— Measured
—— Predicted
150 -
rh=20%

RMSE=10.1%
100 ’

S

raWa)
-0 Ao
oS O-O-0-0

[ox)
o
1

Moisture content (%, db)

Time (hr)

Fig 9 Example of comparison of the finite element predicted moisture contents with
the experimental data of banana at T.=50°C 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., 200 8) also reported patterns of moisture
movement in finite element simulated drying of mango slices.

g
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© c . .
3 100 3 1 hour drying time
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40 50 60 70 0 =
Horizontal axis (mm)
3
’E 200 3
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2 2
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Fig 10 Contours of moisture contents inside the banana for different drying times.
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Fig 10 Contours of moisture contents inside the banana for different drying times.
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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., 1984 ; Exell &
Kornsakoo, 19 7 6 ; Soponronnarit, Assayo, & Rakwichian, 199 1 ; Wibulsawas &
Thaina, 1980). 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 (103°C 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%, wh.) 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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Polycarbonate sheet

Fig 12 The structure of the dryer and positions of the measurements (Mi, Rhj, T; are
weight of the sample, relative humidity and air temperature at location i, i=1,

4.3 Results and discussions
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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.

24/01/2019 i

25/01/2019

26/01/2019

27/01/2019

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.
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Fig 14 Comparison of the ambient temperature and the temperature inside the dryer
for drying for banana.
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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=38466-0.0114] R?=0.385 (4.1)

where T is temperature in °C, | is solar radiation in W/m?.
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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.
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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.



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., 20 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.

*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
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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).

Chimney
: Housing for rice husk

Ventilating fans buming system

X / Solar cell panel

Air inlet

Door’

Concrete floor

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).



28

Heat exchanger

Controller

Burningchamber

a)
Chimney
(E)
Blower for supplying / I
ambient air to heat oz Rice husk container
exchanger - d \
Tm ‘ B $z l
™ 6 W

P The screw feeder
: for supplying rice
husk to the
burning system

Outlet of hot air
from heat exchanger
to greenhouse dryer

Burning Blower for supplying
chamber ambient air to the burner

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.
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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 (&) which is defined as:

_actualheat transfer rate
max imum heat transfer rate

_Tin)

ut

_ m,C.. (T,
m.h.

(5.1)

where m; is mass flow rate of ambient air to the heat exchanger (kg-s™), ms is flow
rate of rice husk to the burning system (kg-s?), hris heating value of rice husk,
(J kg, C,.1s specific heat of air, (J-kg-°C™1), Tout is outlet temperature of hot air

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

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 Xx; that has an
uncertainty oxi is expressed as (Doiebelin, 1976; Holman, 1978 ; JP., 1978 ; van
Nydeck Schenck & Hawks, 1979):

Xi = Xmean(measured ) + 0K (5.2)

where X; is actual value, Xmean IS measured value (mean value of the measurements)
and ox; is uncertainty in the measurement. There is an uncertainty in x; that may be as
large as 6x;. The value of dxi 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 (E_,,, )
on the parabolic greenhouse dryer is computed as:

Egstar = Auryer | Sr(t)dt (5.3)
where Adryer is dryer area (m?) and S,(t) is solar radiation at time t (W/m?)
The output of the dryer in terms of energy (E dryer) IS

Earyer =Mr Ly (5.4)

where m, is moisture removed (kg), L, is latent heat of vaporization of moisture
(J/kg)
Thus, the efficiency of the dryer (¢ ) is

E
dryer x100% (5.5)

Eett =
¢ +Ep, +E

E

solar rice husk
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where E,, is energy output from solar cell panel (J) and g, _ 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/m? and fourth day up to 1000 W/m?. 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.
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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.
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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.

100
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OO

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% (whb.)
(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.
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Fig 24 Moisture contents of banana drying in greenhouse dryer with the burning
system in comparison with the natural sun drying
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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.



Tables 3 Economic and production data used for the economic evaluation.
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Item

Value

1) Cost of the parabolic greenhouse dryer (Caryer)

500,000 Baht

2) Cost of rice husk burning system (Courner)

120,000 Baht

3) Labor cost per batch for operating the dryer equipped with the | 1,200 Baht
burning system (Ciabor)

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 | 100 kg
(Md)

8) Average number of cloudy or rainy days per year, when | 57 days
auxiliary heat from the rice husk burning system are needed*

9) Quantity of rice husk required per day (during cloudy or rainy | 61 kg
days)**

10) Unit cost of rice husk 1.7 Baht/kg

11) Electricity required per batch (for operating various blowers | 45 kWh

and feeders during cloudy or rainy days)
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 (lin)*** 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.

** |t 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

C;=C4e+C

dryer burner (56)
where Caryer IS the cost of the parabolic greenhouse dryer and Coumer 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:

Cannual = |:CT + g:l(cmain,i + Cop,i )('Oi :||:0)—_1:|

oo™ —1) 5.7)
o 400 +i,)
and (100 +i) (5.8)

where C_...and C, ;. are the maintenance cost and operating cost at year i,

respectively. iin IS interest rate and is is inflation rate. The maintenance cost was
assumed to be 1% of the capital cost.

maini

The operating cost comprises the rice husk consumption cost (Chusk),
electricity consumption cost (Celectricity) and labor cost (Cianor) for operating the dryer
equipped with the burning system. Therefore, the operating cost can be written as
follows:

CO

=C,,«+C +C

labor (59)

p electriciy

The cost of rice husk (Chusk) was calculated from

Chusk =C Mhusk

unit_husk ° (5_10)
where Cunit husk 1S the unit cost of the rice husk, Mnusk 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

C =C M

electriciy unit_electriciy ~

electriciy (511)

where Cunit_electricity 1S the unit cost of the electricity and Melectricity IS the amount of
electricity consumed per year.

Finally, the drying cost (Z) was calculated from
7= Cannual

M (5.12)

where Mg 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)

— CT
M,P, + M,P, + M Z (5.13)

PB

where My is the amount of fresh banana used per year and Ps 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:

C _,
i-1(1L+ IRR)' (5.14)

Mz

where C;j is the cash flow at year | 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.



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

«This work was presented at 14" Conference on Energy Network of Thailand, 13-15 June 2018.
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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 (EI-Sebaii, Aboul-Enein, Ramadan, & EI-Gohary, 2002) is given by

Q= J:m mC,,dT +ma,Ah, + .[TTmf mC,dT (6.1)

where am is the proportion of molten mass compared to the total mass of phase
change material (-)

Ah_ s latent heat of PCM (J/kg)

T, is the melting temperature of PCM (°C)
C is the heat capacity of PCM in solid state (J/kg.°C)

sp
C is the heat capacity of PCM in liquid state (J/kg.°C)

Ip

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 cm® 2)
phase change material (PCM), which is paraffin, because the paraffin has a melting
point of about 50-51°C 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 cm? 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.



41

® 45¢m
112em

70 em

a) b)

Fig 26 The components of thermal energy storage system: a) steel box containing
paraffin b) cart for placing the paraffin box

Fig 28 Parabolic greenhouse solar dryer equipped with 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% whb.) 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 (103°C 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 (Y okogawa, model DC100).

e W N 2 P>
- e 5%
b '
' .

without thermal energy-storage system. with thermal energy storage system. =4 =
a7 =

Fig 29 Parabolic greenhouse solar dryer equipped with thermal energy storage system
and without thermal energy storage
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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/m? to 981.16 W/m? 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 40-60°C which is higher than ambient temperature about
20°C. 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 40°C (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% (whb.) 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).
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Fig 30 Variation of solar radiation with time of the day during drying of banana.
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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.



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.

«Part of this work was presented at the 2nd Nordic Baltic Drying Conference, Hamburg, Germany,
7 -9 June, 2017
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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
(103°C 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.
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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).

Hidden layer 1
o

Fig 35 The structure of the artificial neural network of parabolic greenhouse solar
dryer. tis 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.
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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/m?
to 1,100 W/m?,
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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 30°C for the whole period, while
the temperature inside the dryer reached the maximum of 55°C.
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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.
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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% (whb.) 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.
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Fig 40 Comparison of the moisture contents of the products inside the greenhouse
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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.
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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.



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)

2)

3)

4)

5)

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.

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 (R?) was in the range of 0.97-0.99.

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 50°C.

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.

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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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.

*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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Abstract

This paper presents experimental performance and artificial neural network modeling of drying of
litchn flesh in a parabolic greenhouse solar dryer. The drver consists of a parabolic roof structure
covered with polycarbonate sheets on a concrete floor. This dryer has the base area of 5.5=8.2 m® and
the height of 3.25 m. To investigate the expernimental performance of the dryer for the drying of hich
flesh, 10 experiments were conducted. One hundred kilograms of litchi flesh were used for each
experiment. The drying time of litchi flesh in the dryer was 3 days, whencas 5-6 days were required
for natural sun drying under similar weather conditions. An artificial neural network (ANN) approach
was used to mode] the performance of the dryer for the drying of litchi flesh. Using solar drying data
of litchi flesh, the ANN model has been traimed using the back-propagation algorithm. Seven sets of
data were used for training and three sets were used for testing the ANMN model. The performance of
the dryver predicted by model was found to be very good.

Kevwords: Ariificial newral network, parabolic greenhouse dryer, litchi, drving
1. Introduction

Litchi (Litchi Chinensis Sonn.) is one of the major froits in Southeast Asia, grown mainly in
northern Thailand and northern Vietnam. The mature litchi is almost spherical shape and has a dark
red colour. The flesh of this fruit is consumed both as fresh and dried products. 1t is a seasonal fruit.
The drying of this fruit during harvesting season ensures year round availability and preserves the
taste of litchi. Furthermore, dried fruits are becoming popular as an alternative to fresh fruits because
of the special flavor of the dried fruits which cause the demand for dried fruits to increase consistently
in mternational markets,

A drying model for litchi is useful for optimum design and operation of the litcht dryer. For
proper understanding of the transfer processes during drying for production of quality dried products
and n order to conserve energy during litchn drying, it 15 essential to know its drying characteristics.

Considerable studies have been conducted to describe the drying of food and non-food
materials [1-23]. Kaminski et al. [24] reported the application of an artificial nevral network (ANN) to
the modeling of drying kinetics and degradation kinetics and a theoretical foundation of the drying
process description by means of ANN was presented. Several studies have been reported on ANN
modeling of drying of food materials [25-35]. Trelea et al. [26] presented a methodology for building
a fast nonlinear dynamic model of drying and wet-milling degradation using ANN, and the model was
based on experimental data. Farkas et al. [27] applied ANN to an agricultural fixed bed dryer and
concluded that the ANMN could be effective for modeling of the grain-drying process. Bala et al. [29]
reported on ANMN modeling of the drying of jackfruit bulbs and leather using a solar tunnel dryer and
Erenturk and Erenturk [30] concluded that ANM prediction of drying characteristics is better than
genetic algonithms. More recently Khazaei et al. [35] developed a ANN model for grape drying and it
had better performance than multiple regression models and might be useful for automatic control
systems for hot air dryers.
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Classical mathematical modeling is stll the basic tool for performance prediction of
agricultural and industrial dryers. Although a mathematical model is available for simulation of solar
greenhouse dryers [33], the model is relatively complicated and it is not for litchi flesh. Recently, an
alternative and a qualitatively new tool for solving ill-posed, complex processing problems has been
developed —artificial neural network (ANN) technique— and this cnables the conduction of very fast
and simple simulations. The technique does not require the formulation of an analytical description.
Instead, a black-box model 1s constructed and exposed to carcfully selected data to train the model for
prediction of the performance. No study has been reported on ANN modeling of litchi and the
previous work [29] on solar drying of jackfruit bulbs and leather in a solar tunnel dryer is not
applicable to litchi duc to the fact that the ANN is based on data and input-output analysis.

In terms of the performance of a parabolic greenhouse solar dryer, the performance of this
type of dryer for drying banana, longan and chili has been mvestigated [36, 37]. However, the
experimental performance of drying litchi flesh has not been reported. Therefore, the objectives of
this work are to investigate the performance of the parabolic greenhouse solar dryer for drying litchi
flesh and to perform ANN modeling of this dryer for drying litchi flesh.

2. Methodology
2.1 Experimental performance of solar drying of litchi flesh in the parabolic greenhouse dryer
2.1.1 Description and working principle of the dryer

The parabolic greenhouse solar dryer in this investigation consists of a parabolic roof
structure made from polycarbonate sheets on a concrete floor. The structure of the dryer 1s made of
galvanized iron bars. The products to be dried are placed as a thin layer on four arrays of trays.
Polycarbonate sheet was sclected to be the transparent cover of the dryer, because it has high
transmittance (0.8) in shortwave solar madiation and low infrared transmittance (about 0.2), thus
creating the greenhouse effect in the dryer. Three DC fans operated by a 50-W solar cell module were
installed in the wall oppaosite to the air inlet to ventilate the dryer. With this solar cell module, the
dryer can be used in rural arcas without access to clectricity grids. The parabolic cross-sectional shape
helps to reduce wind load and a pictonal view of the dryer used in this study is shown in Fig. 1. The
structure and dimension of the dryer are depicted in Fig. 2.

Solar radiation passing through the polycarbonate roof heats the products being dried on the
trays, the concrete floor and all solid parts inside the dryer. Ambicent air is drawn in through a small
opening at the bottom of the rear side of the dryer and is heated by the floor and all parts inside the dryer.
Heated air, while passing through and over the product. transfers its thermal energy to the product by
convection, causing water evaporation and moisture transfer from the product to the air. This moist air is
sucked from the dryer by three 14-Watt PV fans located at the top of the front side of the dryer.

Figure 1 Pictonal view of the parabolic greenhouse solar dryer
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Figure 2 The structure and dimensions of the dryer and the positions of the thermocouples (T),
hygrometers (rh), and product samples for moisture content determining (M)

2.4.2 Experimental procedure

Litchi was dried in the parabolic greenhouse solar dryer installed at Silpakomn University
(13.82° M, 100.04*), Makhon Pathom, Thailand. A fotal of ten experiments were conducted during
three harvest seasons of litchi in 2008, 2009 and 2015 It is to be noted that normal litchi harvest
season lasts about 3 months (Aprl-Tune). To monitor the performance of the dryer, vanous sensors
were installed in the dryer. Solar radiation was measured by a pyranometer (Kipp & Zonen, model
CM 11, accuracy + 0.5%) placed on the roof of the dryer. Temperature was measured by using K-type
thermocouples. Hot wire anemometers (Airflow, model TAS, accuracy + %) were used to monitor
the air speed at the 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 periodically measured by
hygrometers {Electronik, model EE23, accuracy = 2%). The positions of these measurements are
shown in Fig. 2. Voltage signals from the pyranometer, hygrometers and thermocouples were
recorded every 10 minutes by a muolti-channel data logger (Yokogawa, model DCIK). For each
drying test, 100 kg of litchi flesh was used. The experiments were started at 8.00 am and continued il
6.00 pm. Litchi flesh was kept in the dryer during night time and the drying was continued until the
desired moisture content of 12% {wet basis) was reached. The final moisture content comesponds to
the moisture content of high quality dried products in local markets. Product samples were placed in
the dryer at various positions (Fig. 2) and were penodically weighed at I-hour mtervals using a digital
balance (Kem, model 47442, accuracy + 0.1 g). Also, samples of about 100 g of the fresh product
were placed outside the dryver and the mass was monitored at 1-hour intervals. The moisture contents
of the products inside the dryer were compared against the control samples {open-air natural sun dried)
dried outside the dryer. The moisture content during drying was estimated from the weight of the
product samples and the dned solid mass of the samples. At the end of the experimental drying run,
the exact dry solid mass of the product samples was determined by the oven method (103°C for 24

hours).
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243 Measurement of the colowr of dried product

The colour of solar dried litchi was measured by chromometer (Hunter Lab, Miniscan XE
plus) which provides the colour according to Commission Intermationale I'Eclairage (CIE)
chromaticity coordinates. The parameter L* 15 a measure of hightness (L*=0 for black, L*=100 for
white), a* is an indicator of redness (a*=0 for red, a*<0 for green) and b* is an indicator of
yellowness (b*=0 for yellow, b*<( for blue). The L*a*b* [38-39] and L*C*h [40] colour systems
were selected for this work because these are the most-used systems for evaluation of the colour of
dried food matenals. The instrument was standardized each time with a white ceramic plate. Three
readings were taken at each place on the surface of samples and then the mean values of L*, a* and b*
were averaged. The different colour parameters were calculated using the following equations [40]:

Hue angle {h) indicating colour combination is defined as:

tan ' (b * / a*) (when a®*>0) m
-
180" + tan ' (b*/a*) (when a*<0)
and chroma (C*) indicating colour intensity or saturation is defined as:
C*=(a** +b*3)'" (2)

2.2, Arificial nenral netwark (ANN} modeling

The methods of system modeling and identification are findamental both for explanation of
naturally occurring phenomena and for designing man-made engineering processes [24]. For the
drying process, classical mathematical modeling such as using a partial differential equation model is
still the basic tool used for process description. In spite of unguestionable advantages in using the
mathematical process modeling approaches ie. the equation for drying mate, there are also
disadvantages that are often difficult to overcome. These include, among others, the necessity to
determine many process state parameters like kinetic coefficients and physicochemical characteristics
of a material and the drying agent. The costs involved in the expenmental determination of these
coefficients frequently diminish the advantages that can be gained from development of a
mathematical model of the process. ANN technigues, by their nature, can overcome these problems,
and thereby open new pathways in approaching a model design problem of this sort. However, in the
literature, there are a few studies concerning mathematical modeling of the drying process by means
of ANM. In addition, there is a hybrid modeling approach that combines an ANN model with a
mathematical model. These types of models, however, are limited.

The neuro-computing techniques are shaped after biological neural functions and structures.
Thus, they are popularly known as ANMN. Similarly, as for their biological counterparts, the functions
of ANM are being developed not by programming them, but by exposing them to carefully selected
data on which they can leam how to perform the required processing task. In such a modeling
approach, there is no need to formulate an analytical descrniption of the process. Instead, a black-box
process model is constructed by interacting the network with representative samples of measurable
quantitics that charactenze the process.

2.2.1 Structure of ANN model of the parabolic greenfouse solar drver

Artificial neural networks are biologically inspired; they are composed of elements that
perform in a manner that is analogous to the most elementary functions of the biological neuron. The
artificial neuron is designed to mimic the first order characteristics of the biological neuron. In
essence, a sct of inputs are applied, each representing the owtput of another neuron. Each mput 1s
multiplied by corresponding weight and all of the weighted inputs are summed to determine the
activation level of neurons. The summed body corresponds to the hological cell body producing an
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output. The simplest network is a group of neurons arranged in a layer and multilayer networks are
formed by simply cascading a group of single layers, the output of one layer provides the input to
subsequent layers.

An independent multilayer ANM model of the parabolic greenhouse solar dryer was
developed to represent the drying system of litchi flesh. Although the equation for predicting the
drying rate of litchi flesh is available [41], the ANN does not require such equation. The ANM model
developed for hichi flesh has a four-layered network, which has a large number of simple processing
clements called newrons (Fig. 3). The input layer of the model consists of four newrons that
correspond to the four input vanables, while the output layer has one newron that represents the
moisture content (MC) in the model. The input variables are: (1) time (t); (2) solar radiation (L); (3)
temperature at the middle of the dryer (T) and (4) arrflow rate (7). L, T and (#) were obtained from
measurements. These three vanables varied with time and their values from the measurements were

used as input data of the ANN.

Hidden layer 1

Hidden layer 2

Figure 3 The structure of the artificial neural network of the greenhouse solar dryer model for drying
litchi: t is time (howr), § is solar radiation (W/m?), T is drying air temperature at the middle of
the dryer ("C), (1) is air flow rate (mh) and MC 15 moisture content (%, wh).

The use of a number of hidden layers in the ANMN depends on the degree of the complexity of
the problem [31, 42-44] and on the application of the network [25]. There are no fixed rules for
determining the number of hidden layers and nodes [35]. In general, one hidden layer has been found
to be adequate, but in some cases a shight advantage may be achieved wsing two hidden layers [45].
Therefore, the number of hidden layers nsed was two. Larger number of neurons can represent the
system more precisely, but complication arises to attain proper traiming [46]. After evaluating a large
number of ANN, the number of neurons in hidden lavers 1 and 2 of the mode]l were found to be £ and
3, respectively. All inputs were normalized between the values of (L00 to 1.00. In this study the
lzarning rate was initially set at 0.1 but finally reduced to (0.01) and momentum was chosen to be 0L7
in order to prevent over training. The networks were trained for a fixed number of 1000 cycles and the
minimum value of root mean square error was always achieved. The performances of the ANM
models were compared using the root mean square error (RMSE), the square of comelation coefficient
or cocfficient of determination, . All the trials were conducted wsing a computer program written in
. The program used values of moisture content, solar radiation and flow rate obtained from
measurements as its input data and these vaned with time.
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2.2.2 Training of the ANN model

AMN can modify their behavior in response to their environment. This factor, more than amy
other, 15 responsible for the interest they have recetved. Unlike a mathematical model, the structure of
an AMM model itself cannot represent the system behavior, unless it is properly trmined. The objective
of training the network 15 to adjust the weights of the interconnecting neurons of the network so that
application of a set of inputs produces the desired set of outputs. Initially, random values were used as
weights and it was set to be 1.0, For brevity, one input—output set can be referred to as a vector.
Training assumes that each input vector is paired with a target vector representing the desired output;
together these are called a tramming pair. Usually, a network 15 trained over a number of training pairs.

A wide variety of training algonthms has been developed, each with its own strength and
weakness. The AMM dryer models are trained by the back propagation algorithm so that the
application of a set of inputs would produce the desired set of outputs [27]. The steps of the training
procedure are summanzed as follows: (1) an mput vector 15 applied; (2) the output of the network is
calculated and compared to the corresponding target vector; (3) the difference (error) 15 fed back
through the network; and (4) weights are changed according to an algorithm called the delta rule [47]
that tends to minimize the error. The vectors of the traming set are sequentially applied. This
procedure is repeated over the entire training sct for as many times as necessary until the emor is
within some accepiable criteria, or until the outputs did not significantly change anymore. After the
end of training, simulations are done with the trained model to check the accuracy of the training
achieved. In this work, this procedure and the experimental input values were used in the simulation.

3. Results and Discussion
3.4 Experimental performance of the parabolic greenhouse dryer

Ten tests of the dryer for the drying of litchi flesh were performed during three harvest
seasons of litchi, namely 2008, 2009 and 2015. Typical results for the drying of litchi flesh are shown
in Figs 4-8. Fig. 4 shows the vanations of solar radiation during a typical experiment of solar drying
of litchi flesh in the parabolic greenhouse dryer. Maximum solar radiation is 1,222 W/m?® during the
drying.

Solar radiation {W.l'mlj

Bl L0000 L2000 14200 1 6: 001 8:00 S:00 1000 1 2200 100 1 600 1800 §A00 D000 12200 1 4001 &:00 1800

Time (h)
Figure 4 Variations of the solar radiation during the drying of litchi flesh

Fig. 5 shows the comparison of air temperatures at three different locations inside the dryer,
namely front, middle and back, for a typical experiment of solar dryving litchi flesh. Temperatures at
different positions in these three locations varied within a narrow band. In addition, temperature at
cach of the locations significantly differed from the ambient air temperature.
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Figure 5 The vanations of the temperatures at different positions inside the dryer

Fig. 6 shows air flow rates of a typical experiment during the drying of litchi flesh. The
airflow rate increases sharply in the early part of the day, then becomes fairly constant and then drops
sharply in the afternoon. The pattern of changes in airflow rate follows the pattern of the changes of
solar radiation (Fig. 4), since the airflow 15 regulated by three fans powered by a solar cell module.
The maximum air flow rate is 950 m? fh
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Figure 6 Variations of air flow rate inside the dryer during drying of litchi flesh

Fig. 7 shows the vanations of moisture content of litchi flesh samples in the dryer for a
typical experiment compared to the control sample dried by open-air natural sun drying. The moisture
content of the litchi flesh in the solar drver was reduced from an nitial valoe of £84% (whb) to a final
value of 13% (wh) within 3 days whereas the moisture content of the natural sun-dried samples was
reduced to only 25% (wh) within the same period. The drying time of litchi flesh in the dryer was
significantly reduced to 3 days as compared to 5-6 days in natural sun drying. Thus, the drying rate of
litchi flesh dried in the dryer is higher than that dried by natural sun drying. This is because the litchi
flesh in the dryer received energy both from direct exposure to solar radiation and heated air in the
dryer, however the litchi flesh dried with natural sun received only incident solar radiation and part of
the received energy was lost, especially by wind.
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Figure 7 Wanations of the moisture contents (M) duning the drying of litchi flesh

It is interesting to investigate the heat losses from the dryer to surrounding environments,
based on the typical expenimental resulis. The analysis of heat losses was undertaken as follows.

The heat losses from the dryer consist mainly of four parts. The first part is the heat loss from
the polycarbonate cover to ambient air due to convection {(Qaeea). the second part 15 the heat loss
from the cover to the sky due to radiation (O .y ). the third part is the heat loss from the floor of the
dryer to the ground due to conduction (Cleaw,re) and the last part 15 the heat loss due to the out-flow of
drying air from the dryer to the surroundings ( Qe ). The total heat losses () can be written as:

Oheest = Qinsreea Hlrmk sy + Qg + Dt i3)

Heat losses from medium 1 to mediom | ‘-Qi-j:' by convection, radiation and conduction for
cach day, was calculated from:

&pm
Q= | & )
Eam

where é}_j is the rate of heat transfer between medium 1 and j.
The values of é}_]— by convection and conduction were estimated by:

&_; = Ajh(T,-T)) (5)
where ﬁL._i 15 the arca of the medium where the heat transfer takes place, h 15 the heat transfer

coefficient and T; and T; are temperatures of medium 1 and j, respectively. The heat transfer
cocfficients by convection and conduction and the rate of heat loss by radiation was calculated using
the method described in Duffie and Beckman [48]. The heat loss Qae 'was estimated from the rate of
the out-flow of the enthalpy of the drying air from the dryer [49]. Afterward, the heat losses for each
day were summed up over the entire drying period to obtaim the total heat loss.

Based on the typical experimental results, Ched, Qs Oradesty, Dandey 80 Qo were
estimated to be 19620, 5134, 5975, 5823 and 2688 M), respectively. The total solar radiation
incident on the dryer during the entire period of the drying is 3868.5 MJ. Considering the total heat
loszes and the total solar radiation incident on the dryer, the dryer performed fairly well.
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3.2 Colowr of dried litehi

The quality of dried litchi flesh was evaluated. The colour of the dried litchi flesh was
measured using a chromometer (Hunter Lab, Miniscan XE Plus) and the results are shown in Table 1.
The values of the colour mdices indicate that the colour of dred litchi 15 bright vellow reddish.
Although the colour intensity was moderate, the colour combination was high. The colour of dried
litchi flesh is comparable with high quality dred litchi flesh in markets.

Table 1 Colour of solar dried litchi flesh

65

Colour Value
Staim L+ a* b C* b
Solar dried litchi flesh ERR [iRx 11.38 1346 SR.60

1.3 Performance prediction by ANN model

The artificial neural networks trained with experimental data representing the characteristics
of drying litchi flesh should achieve a higher generalization ability. Thus, the experimental data of 7
sets were used for training to construct the models and the data of another 3 sets were reserved for
testing the predictive capability of the models. The ANN model of the parabolic greenhouse drver
developed for drying litchi flesh was trained with field-level experimental data. After 1000 cycles of
traiming, the square sum of difference (eror) between the observed and the predicted output reached a
significantly low level (0.05). Using the trained model, simulations were conducted to check the
performance of the model. All the mput variables, except moisture content (MC) of the training pairs,
were used in the simulation so that the comparison can be done between the observed and the
simulated output. The MC value in the simulation was similar to that of the observed one. For every
step of the calculation, the output value (FMC) was used as the input value (IMC) in the next step.
The comparison between the observed and simulated drying performances of the litchi flesh for the
test data is shown in Fig. ® and Fig. 9. From these figures, it was found that the agreement between
the predicted and the observed moisture contents for the litchi flesh is very good. For the selected
ANN model, root mean square difference (RMSD) and cocfficient of determination () were 8.7-
10.8% and 0.98-0.99, respectively. Judging from the method and eguipment involved in the
determination of moisture content, the moisture content from the expeniment 15 not more than 5%. The
agreement between the moisture content from the experiments and that from the ANN was within the
acceptable mits [50]. Thus, if the model 1 adequately trained, it can appropriately represent the
performance of the parabolic greenhouse dryer for drying litchi flesh, and can predict very well the
moisture content at any tme dunng drying. Several studies [$1-53] reported the use of the ANMN
models for process control and predictive optimal control and the ANN model developed in this study
can be used for process control and predictive optimal control of the greenhouse solar dryers for
efficient production of quality dried products.
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Figure & Comparison of the simulated and observed moisture content during the drying of litchi flesh
between 29-31 May 2008 (RMSD = 10.8%)
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Figure % Comparison of the simulated and observed moisture content during the drying of litchi flesh
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4. Conclusion

Solar drying of litchi flesh was conducted in the parabolic greenhouse solar dryer. Solar
radiation followed similar patterns for all days during drying. Moisture content of the litchi flesh was
reduced from an initial value of 84 % (wh) to the final valee of 13 % (wh) within 3 days. The dryer
can be used to dry up to 100 kg of hitchi flesh. In all the cases, the use of this drver led to considerable
reduction in drying time in comparison to that of natural sun drying, and the products dried in the
dryer were of good guality. Considering the heat losses and the solar radiation imput, the dryer
performed fairly well. An ANN approach is used to predict the performance of the dryer, and the
model was trained using the solar drying data of htchi flesh. An ANN with four inputs, one output and
two hidden layers was found to be able to predict the operation of the dryer after it was adequately
trained. The prediction of the model is very good.
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