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In this work, drying kinetics of longan drying and performance evaluation of longan dryers
has been carried out. For the drying kinetics, thin layer drying of peeled longan was conducted under controlled
condition of temperature and relative humidity. Drying air temperature has great influence on the drying rate of
peeled longan. The moisture content of peeled longan were function of air temperature and relative humidity.
Page model was found to be the best model to predict the moisture content of peeled longan during drying.
Moisture diffusivities of different parts of longan fruit have also determined. It was found that the diffusivity of
the flesh of longan fruit increased with temperature but the diffusivities of shell, seed coat, seed and seed stalk
were temperature independent.

A two dimension finite element model has been developed to simulate moisture diffusion
in longan fruit using the diffusivities of different parts of longan fruit obtained from this work. Shrinkage of the
flesh of longan during drying was also taken into account. This finite element model satisfactorily predicted the
moisture diffusion in longan fruit.

The performance of a side loading type solar tunnel dryer for drying peeled longan has
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moisture content of 84% (wb) to a final moisture content of 12% (wh). A system of partial differential
equations describing heat and moisture transfer during drying of peeled longan in this solar tunnel dryer was
also developed. The simulated results agreed well with the experimental data.

Finally, the performance of a batch type longan dryer using biomass burner with air flow
reversal was investigated. The dryer consists of biomass burner and a drying bin with an arrangement for
periodic air flow reversal. Three sets for drying runs of whole longan for loading capacity of 2000 kg, 1500 kg
and 1000 kg were carried out. The drying time of whole longan in the longan dryer was 60 h, 54 h and 48 h, for
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Chapter 1
Introduction

1.1 Rationale of this work

Lonagan (Dimocarpus Longan Lour.) is a small fruits (Ca. 1.5 — 2 cm diameter) spherical
shape and light brown in colour. Longan is one of the important fruit of northern Thailand with an
annual export value of 109 million US dollars and its production volume was 495,000 tons in 2007
(Office of Agriculture Economics, Thailand, 2007). It is a seasonal fruit with a harvesting season about
3 months (July — September). It is consumed both as fresh and dried products. Dried longan is mainly
exported to China with an annual volume of 193,000 tons.

There are two types of dried longan, namely dried whole longan fruit and dried peeled longan.
For the first type, longan is dried as a whole fruit without peeling. For the second type, longan fruit is
peeled and de-stoned and only the longan flesh is dried. The whole longan fruit is usually dried by
using a batch type static bed dryer. More than 20,000 dryers are now in operation for production of
dried whole longan fruit in Thailand and these dryers are static bed dryers. The dryers use liquefied
petroleum gas (LPG) as fuel. Normally, non-uniform drying is obtained. To ensure uniformly died
product, drying operators usually turn the fruit layer upside down and inside out thoroughly in 12 hours
interval and this causes damage and cracks of a significant fraction of dried longan during drying.
Additionally, the turning of the bed is labour intensive operation.

Most of the peeled longan is dried in a large open flat bed using hot stoves burning fuel wood
and charcoals. This procedure usually results in poor quality dried product due to dirt and dust from the
burning stoves. Some peeled longan is also dried under the sun on mats. During sun drying, peeled
longan fruits on mats are exposed to the open environment and are contaminated by dust and insects,
resulting in poor quality dried fruits with less value addition.

In this work, we proposed alternative methods to dry peeled longan with a side loading solar
tunnel dryer and to dry whole longan fruits with a batch type dryer with air flow reversal using biomass
burner as a heat source. The work includes both modeling and experiments. As the variation of
moisture content of longan depends on several drying parameters, the drying kinetics of longan drying
was also investigated in this study. Additionally, the diffusivities of different parts of longan was

determined and used in the finite element simulation of the drying of longan fruit.

1.2 Objectives
1) To study the thin layer drying of peeled longan
2) To determine the diffusivity of different parts of longan fruits
3) To carry out the finite element simulation of drying of longan fruit

4) To investigate the performance of a side loading tunnel dryer for drying peeled longan



5) To evaluate the performance of a batch type longan dryer with air flow reversal using biomass

burner as a heat source

1.3 Organization of the thesis

This thesis composes of 7 chapters. Chapter 1 gives the rationale of the work and its
objectives. The thin layer drying of peeled longan is presented in chapter 2. Chapter 3 presents the
diffusivities of different parts of longan. Chapter 4 comprises the work on finite element simulation of
longan drying. The performance of side loading tunnel dryer for drying peeled longan is presented in
chapter 5, whereas the performance of a longan dryer with air flow reversal for drying whole longan
fruit is presented in chapter 6. Finally, chapter 7 presents the conclusion of the work. As chapters 2-6
have been published in international journals, the content of these chapters were written in the same
way as that of the published papers.



Chapter 2
Thin Layer Drying of Peeled Longan*

2.1 Introduction

The drying kinetics of food materials such as peeled longan are required to predict the drying
behaviour, and for optimization of the drying parameters. Many studies have been conducted on drying
kinetics of fruits and vegetables (Murata et al., 1996; Sokhansanj et al., 1997; Kiranoudis et al., 1997,
Pal and Chakraverty, 1997; Hashimoto and Kameoka, 1998; Chen et al., 2000; Yaldiz and Ertekin,
2001a&b; Hossain and Bala, 2002; Togrul and Pehlivan, 2002&2003; Krokido et al., 2003; Midilli and
Kucuk, 2003; Akpinar et al., 2003a&b; Jain and Pathare, 2004; Erenturk et al., 2004; Ertekin and
Yaldiz, 2004; Baini and Langrish, 2006; Menges and Ertekin, 2006; Goyal et al., 2006; Janjai et al.,
2007; Kashaninejad et al., 2007; Xanthopoulos et al., 2007). Limited studies have been reported on
drying of longan fruit (Achariyaviriya, 2001; Achariyaviriya, et al., 2001). Achariyaviriya et al. (2001)
reported quality tests of dried peeled longan and found that the maximum permissible air drying
temperature for production of the desired golden brown colour of the peeled longan is 65 °C.

Recently Varith et al. (2007) reported drying of peeled longan using combined microwave-hot
air and also reported drying kinetics using Sherwood’s exponential equation, quality indices and
specific energy consumption. More recently a study on finite element simulation of longan fruit with
different diffusivities for different components of the longan has been conducted to explain the
complex drying phenomena of longan fruit which results from nonhomogeneity and interfaces between
different components of the longan fruit (Janjai et al., 2008). However, no detailed studies are found in
literature on drying kinetics of peeled longan. The objectives of this study are: (a) to study the effect of
temperature and relative humidity on drying characteristics of peeled longan and (b) to develop a
suitable thin-layer drying model to provide design data and also for simulation and optimal design of

dryers for drying peeled longan.

2.2 Materials and methods
2.2.1 Materials
The mature longan fruit is a small (ca. 1.5 — 2.0 cm diameter) conical, heart shaped or
spherical in shape and light brown in colour. It has a thin, leathery, and indehiscent shell surrounding a

succulent, edible white flesh. The flesh contains a relatively dark brown seed.

* This chapter has been published in Journal of Food Science and Technology Research vol. 17 no. 4. (2011)



Fig. 1 Peeled longan on a tray for thin layer drying experiment

The longan fruits used in this investigation had an initial moisture content about 445-484 %
(db). They was stored at 5 °C and then left at room temperature before starting the experiments. The
longan fruits were peeled and de-stoned. Each peeled longan has a spherical shape (ca. 2.0 cm
diameter). For each experiment, the peeled longan was placed on the drying tray as shown in Fig. 1.
The tray has the width of 17 cm and the length of 38 cm. The space between each peeled longan is
about 0.5 cm. The tray with peeled longans was placed inside the drying compartment of a laboratory
dryer. The length of tray is parallel to the air flow direction. The drying compartment has the width of
30 cm, the length of 50 cm and the height of 4 cm.

2.2.2 Drying apparatus and experimental procedure

The laboratory dryer developed at the Institute of Agricultural Engineering, Hohenheim
University, Germany was used to conduct thin layer drying experiments of peeled longan. The dryer
can be regulated to desired drying conditions with high accuracy. The schematic diagram of this dryer
is shown in Fig. 2 and Fig. 3 (El Fadil, 1998).

The dryer is composed of an air flow control assembly (section 1), humidity assembly (section
2), primary heating assembly and drying compartment (section 3). Each section is electronically
controlled by a proportional controller. The air flow control assembly in section 1 consists of a blower,
a flow controller and an orifice manometer for monitoring air flow (FSM Electronik GmbH, model
DPS, Germany). It regulates the amount of fresh air entering the humidity assembly in section 2 at the
accuracy of + 0.05 m/s. The humidity assembly is composed of a ceramic packed-bed, a water heater

and a compression-type water cooler. The ceramic packed-bed has a square cross-section (50 cm x 50



cm) and the depth of 20 cm. Water from the water heater or water cooler at a given temperature is
sprayed to the top of the ceramic packed-bed to humidify this packed-bed.

Section 3

Drying compartment

primary | -

bwalei

Section 2

Section 1

ume flow rate ¢antri

hismiddicy cansrod

I:!;‘E‘:T

Fig. 2 Schematic diagram of the laboratory drying showing section 1 with the entrance gate valve and

orifice manometer (1), blower (2), fixed reducer and proportional integral (PI) controller(3); section 2
with the control valve (4), compression type a water cooler (5), ceramic packed-bed (humidifier) (6),
water heater (7); section 3 with the primary air heater (8), control valve (9), 3-way valve (10),

monoflap (11), secondary air heater (12), drying compartment (13), load cell and P1 controller (14).

T

KA

adjustable plate
outlet air
drying material
balance plate
load cell

heat insulation
silicon oil

m =sao oo oR

secondary heater

Fig. 3 Details of the drying compartment

Fresh air from section 1 is forced from the bottom to the top of the humid 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 a given temperature. Then this saturated air is heated in the primary heating



assembly in section 3 at a desired temperature. This air is finally channeled to the drying compartment.
At the drying compartment, the air is further exposed to secondary heating elements to obtain uniform
temperature distribution at the accuracy of + 0.5 °C. Weighing of samples inside the drying
compartment is done automatically through a load cell every 30 minutes. During weighing, the drying
air was temporarily diverted through a by-pass to avoid the distribution of the air flow to the weighing
system. Air temperatures are measured by using Pt 100 temperature sensors (Rossel, model 109483,
Germany). The drying air temperature can be varied in the range of 30 to 100 °C. The air speed could
be kept constant during drying experiments at a desired level ranging from 0.1 to 1.2 m/s with the
accuracy of + 0.05 m/s. The desired dew point temperature of the drying air is adjustable by controlling
the temperature of water sprayed to the ceramic packed-bed. With the air temperature and the dew
point temperature, the relative humidity of the air can be determined. This relative humidity is also
checked with a hygrometer (Greisinger electronic GmbH, Germany). All data recording and system
control are carried through a program in a personal computer.

For each drying experiment, the tray loaded with peeled longans was placed in the drying
compartment. The homogeneity of air temperature and air flow was checked by using thermocouples
and a hot wire anemometer. Both temperature and air flow in the compartment were uniform. In all
experiments, the air speed of 0.5 m/s was used.

Before starting an experiment, the dryer was allowed to run for half an hour to obtain steady
temperature. Thin layer drying of peeled longan was conducted at a temperature of 50, 60 and 70°C
and the relative humidity of drying air from 10-25%. The weighing system was set up to weigh peeled
longan in the dryer every 30 minutes. Each weighing takes about 30 seconds. As the total drying time
of each experiment is about 21 hours, the effect of weighing time on the drying behavior of peeled

longan is negligible. In total, nine sets of experiments were conducted for drying of peeled longan.

2.3 Mathematical modeling

There are three approaches to the modeling of thin layer drying of agricultural products (Bala,
1998). These approaches are (a) theoretical approach, (b) semi-theoretical approach and (c) empirical
approach. Theoretical equation gives better understanding of the transport processes but empirical
equation gives 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 selected for fitting experimental data of peeled longan are expressed

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

M-M
MR =——% (1)
IVIO - Me
where: MR is the dimensionless moisture content ratio; and M, Mg and M, are the moisture content at

any given time, the initial moisture content and equilibrium moisture content, respectively.



In this work, the final moisture content which has achieved equilibrium i.e. it has become
constant for considerable period of time under constant conditions of temperature and relative
humidity, was assumed as the equilibrium moisture content of the products.

To select a suitable model for describing the drying process of peeled longan, eight different
thin layer drying models were selected to fit the thin layer experimental data of peeled longan. 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 the coefficient of determination, the goodness of fit was
determined by various statistical parameters such as root mean square error RMSE. For the best fit, R?
value should be higher and RMSE values should be lower. The root mean square error (RMSE) and

coefficient of determination (R?) are defined as:

0.5

n 2
RMSE = E‘l {Mpre,i - Mobs,i} )
n
R? =1 (Residual sum of squares) ]

- (Corrected total sum of squares)

where Mgy and My are the experimental and predicted dimensionless moisture ratios, respectively

and n is the number of observations.

Table 1. Selected thin layer drying models

Model equation Name of the model
1 MR = exp(-kt) Newton (Mujumdar, 1987)
2 | MR =exp(kqt") Page (Diamante and Munro, 1993)
3 MR = exp(—(kt)") Modified Page (White et al., 1991)

4 MR = aexp(—kt) Henderson and Pabis (Zhang and Litchfield,

1991)
5 MR = aexp(—kt) +¢ Logarithmic (Yagcioglu et al., 1999)
6 |[MR=1tajt+byt? Wang and Singh (Wang and Singh, 1978)
7 MR = aexp(-kt) +bexp(-gt) Two-term (Henderson, 1978)

MR =aexp(-kt)+bexp(-gt) | Modified Henderson and Pabis (Karathanos,
+ cexp(—pt) 1999)




2.4 Colour Measurement

The colour of dried longan samples were measured by a chromometer (CR-400, Minolta Co.
Ltd., Japan) in CIE (Commission Internationale I’Eclairage) Lab chromaticity coordinates. L, a" and b
represent black to white (0 t0o100), green to red (-ve* to +ve) and from blue to yellow (-ve* to +ve)
colours, respectively. Out of five available colour systems, the L*a*b* (Krokida et al., 1998; Lozano
and lIbarz, 1997; Maskan, 2001) and L*C*h (Zhang et al., 2003) systems were selected because these
are the most used systems for evaluation of the colour of dried food materials. 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 (Lopez Camelo and Gomez, 2004).

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

. tan™! (b * /a*) (when a* > 0) @
180°+tan*(b*/a*)  (whena*<0)

and chroma (C*) indicating colour saturation is defined as:
C* — (a*2+b*2)1/2 (5)

2.5 Results and discussion
2.5.1 Drying behaviour of peeled longan

The changes in moisture contents with time for different drying air temperatures are shown in
Fig. 4. The final moisture content of samples dried under different conditions ranges from 12.8 % -
15.5% (db). The drying rate is higher for higher air temperature and as a result the time taken to reach
the final moisture content is less as shown in Fig. 4. The drying air temperature has also an important
effect on drying of peeled longan. The variations of moisture contents with time for different levels of
relative humidity in the range of 10% to 25% are shown in Fig. 5 and it is observed from Fig. 5 that
there is no effect of relative humidity on drying rate of peeled longan in the range of relative humidity
from 10% to 25%.



600
500 @) 50

400 ~

300 +

200 +

Moisture content (%, db)

100 -

Time (h)

600
400
300 ~

200 +

Moisture content (%, db)

100 +

Time (h)

500

400 -

300

200

100 -

Moisture content (%, db)

0 3 6 9 12 15 18 21
Time (h)

Fig. 4 Thin layer drying of peeled longan at different temperatures (50, 60 and70 °C)
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Fig. 5 Thin layer drying of peeled longan at different relative humidities (10, 20 and 25%)

2.5.2 Mathematical modeling of thin layer drying

10

Eight thin layer drying models were fitted to the experimental data of moisture ratios of peeled
longan dried at different temperatures and relative humidities and the fitted thin layer models are

shown in Table 2. The parameter values, R? and RMSE are also shown in Table 2. Page model was the
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best followed by Two-term and modified Henderson and Pabis model. In all these three cases, the
value of R? was greater than 0.997, indicating a good fit and root mean square errors were also almost
same. The values of R? and root mean square error (RMSE) for the Page model are 0.9997 and the
average RMSE was 4.8%. Empirical expressions were developed for the drying parameters of Page
model, Two-term model and modified Henderson and Pabis model and the drying were found to be a
function of drying air temperature and relative humidity and high coefficient of determination and
these are shown in the Table 3.

Figures 6 to 8 show the comparisons of the predicted and experimental data of thin layer
drying of longan for Page model, Two-term model and modified Henderson and Pabis model,
respectively. The agreement between the prediction and measured values of these models are excellent
and are almost same. Residual plots are used to asses the selected model. Figures 9 to 11 shows the
residuals versus the observed moisture contents of these three models. The randomness of the plots of
the residuals versus the observed moisture contents shows that there is no systematic pattern. This
shows the suitability of the derived models. Figures 12 to 14 show the comparisons of the predicted
and experimental data for three different temperatures 50-70°C for Page model, Two-term model and
modified Henderson and Pabis model respectively and all values are around the straight lines. This
means that these three models are quite capable to predict drying behavior of peeled longan within the
temperature ranges of 50-70°C. Although the Page model is the best, either of one of these three
models may be considered to describe the thin-layer drying behaviour of peeled longan.

These models are quite general because they express moisture ratio of peeled longan as
functions of empirical parameters and time and the parameters are written as functions of drying
conditions, namely air temperature and relative humidity. Additionally, peeled longan consists of only
the flesh which has relatively homogeneous texture. Therefore, it is expected that these three models

are applicable to most peeled longan available in markets.
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Table 2. Parameter values, coefficient of determination (R?) and root mean square error (RMSE) values

for different models

Models TC0) o) | k) [kt | 2@ | a@) | 6O | b0) | ¢ | ne) | ot | ped | R | FEE
Newton 50 10 0.3208 0.9994 4.79
60 10 0.4220 0.9993 5.46
70 10 0.4787 0.9976 11.66
50 20 0.3046 0.9989 6.27
60 20 0.4253 0.9999 1.83
70 20 0.5300 0.9998 3.55
50 25 0.2800 0.9993 7.40
60 25 0.3541 0.9984 8.04
70 25 0.5012 0.9998 2.73
Page 50 10 0.3021 1.0445 0.9995 5.04
60 10 0.4117 1.0232 0.9993 6.20
70 10 0.3990 1.1970 0.9994 6.54
50 20 0.2613 1.1093 0.9999 2.89
60 20 0.4292 0.9909 0.9999 7.76
70 20 0.5180 1.0262 0.9998 6.91
50 25 0.2295 1.1339 0.9998 3.47
60 25 0.3016 1.1290 0.9996 1.13
70 25 0.4859 1.0336 0.9999 3.11
Modified Page 50 10 1.3320 0.2408 0.9994 52.12
60 10 2.1529 0.1960 0.9993 12.45
70 10 0.3619 1.3226 0.9975 11.76
50 20 0.8337 0.3654 0.9989 42.16
60 20 1.0769 0.3649 0.9999 25.24
70 20 0.2806 1.8886 0.9998 14.23
50 25 0.3011 0.9299 0.9983 23.24
60 25 0.5352 0.6615 0.9984 12.46
70 25 1.1348 0.4417 0.9998 13.49
Henderson and 50 10 0.3255 1.0153 0.9995 4.39
Pabis 60 10 0.4248 1.0069 0.9993 5.37
70 10 0.4897 1.0260 0.9979 10.94
50 20 0.3121 1.0263 0.9992 5.35
60 20 0.4243 0.9976 0.9999 1.80
70 20 0.5319 1.0039 0.9998 3.50
50 25 0.2889 1.0345 0.9988 6.15
60 25 0.3629 1.0270 0.9987 7.19
70 25 0.5033 1.0045 0.9999 2.64
Logarithmic 50 10 0.3266 1.0148 0.0010 0.9995 4.38
60 10 0.4353 1.0027 0.0072 0.9996 5.75
70 10 0.4917 1.0251 0.0014 0.9979 10.91
50 20 0.3053 1.0299 -0.0068 0.9993 4.88
60 20 0.4249 0.9974 0.0004 0.9999 11.79
70 20 0.5378 1.0016 0.0034 0.9998 2.96
50 25 0.2795 1.0399 -0.0104 0.9991 6.40
60 25 0.3606 1.0281 -0.0019 0.9987 7.15
70 25 0.5045 1.0039 0.0008 0.9999 2.61
Wang and Singh 50 10 -0.1561 0.0006 0.9073 55.91
60 10 -0.1656 0.0061 0.8029 87.46
70 10 -0.1706 0.0064 0.7540 65.24
50 20 -0.1552 0.0055 0.9294 23.45
60 20 -0.1667 0.0061 0.8112 42.15
70 20 -0.1724 0.0065 0.6874 38.75
50 25 -0.1511 0.0053 0.9476 26.45
60 25 -0.1615 0.0058 0.8860 25.89
70 25 -0.1714 0.0064 0.7279 43.12
Two-term 50 10 0.3255 0.5076 0.5077 0.3255 0.9995 4.39
60 10 0.4247 11.696 -10.6880 0.4247 0.9993 5.37
70 10 0.3792 -26.809 27.8314 0.3826 0.9981 10.27
50 20 0.2406 5.5089 -4.491 0.2278 0.9996 4.02
60 20 0.4243 -10.468 11.4662 0.4243 0.9999 2.80
70 20 0.6217 6.5284 -5.5269 0.6409 0.9998 3.35
50 25 0.3136 1.1338 -0.1337 2.0307 0.9999 3.36
60 25 0.3629 0.4003 0.6267 0.3629 0.9987 7.19
70 25 0.4370 15.1284 -14.1255 0.4328 0.9999 2.43
Modified 50 10 0.3254 0.3347 -0.0007 0.6813 0.1987 | 0.3253 0.9995 4.38
Henderson and 60 10 0.4379 0.5072 0.0107 0.4925 0.0258 | 0.4379 | 0.9996 4.29
Pabis 70 10 0.4897 0.2941 0.3342 0.3977 0.4897 | 0.4896 | 0.9998 10.95
50 20 0.3121 0.3578 0.3481 0.3204 0.3121 | 0.3121 0.9992 5.34
60 20 0.4195 0.4959 0.4821 0.0208 0.4189 | 0.9571 0.9999 1.75
70 20 0.5318 0.4397 0.4397 0.1246 0.5318 | 0.5322 0.9998 3.50
50 25 0.2889 0.3795 0.3287 0.3263 0.2889 | 0.2889 0.9988 6.15
60 25 0.3629 0.3425 0.3425 0.3421 0.3629 | 0.3629 0.9987 7.19
70 25 0.4563 1.0658 0.7483 -0.8110 0.4567 | 0.4073 | 0.9999 2.43




Table 3. Equation of drying parameters

Model

Equation of drying parameter

Page model

k, =-0.213788 + 0.0101640T - 0.001372rh
n= 1.108816 — 0.0005210T — 0.000061rh

Two-term model

a= 0.374339 — 0.2050430T + 0.6726070rh
b = 0.639033 + 0.2050570T + 0.7285800rh
g= 1.105957 — 0.0187900T + 0.0330210rh
k =-0.174335 + 0.0093050T + 0.0044600rh

Modified Henderson
and Pabis

a= 1.880409 - 0.0275530T — 0.1166950rh + 0.0021640Trh
b =-0.890136 + 0.0128490T + 0.0207950rh + 0.0000680Trh
¢ =-0.092083 + 0.0166290T + 0.1046900rh — 0.0023770Trh
g =-0.964289 + 0.0186920T + 0.0342940rh — 0.0004030Trh
p =-0.126497 + 0.0100560T + 0.0044100rh — 0.0000910Trh
k =-0.045631 + 0.0083000T — 0.0056230rh + 0.0000490Trh

13
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Fig. 6 Predicted and observed moisture content of peeled longan using Page model for a) T = 50, 60
and 70°C and rh = 10%, b) T = 50, 60 and 70 °C and rh = 20% and ¢) T = 50, 60 and 70°C and rh =
25%
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Fig. 7 Predicted and observed moisture content of peeled longan using Two-term model for a) T = 50,
60 and 70°C and rh = 10%, b) T =50, 60 and 70 °C and rh =20% and c¢) T =50, 60 and 70°C and rh =
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Fig. 8 Predicted and observed moisture content of peeled longan using modified Henderson and Pabis
model fora) T =50, 60 and 70°C and rh = 10%, b) T =50, 60 and 70 °C and rh = 20% and c¢) T = 50,
60 and 70°C and rh = 25%
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Fig. 9 Plot of residual between observed moisture content (M) and predicted moisture content (Mpe)

of peeled longan from Page model for different temperatures and relative humidities
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Fig. 10 Plot of residual between observed moisture content (Mqs) and predicted moisture content (Mpye)

of peeled longan from Two-term model for different temperatures and relative humidities
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Fig. 12 Comparison of predicted moisture content from Page model and observed moisture content of

peeled longan at different temperatures and relative humidities (R* = 0.9991)
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Fig. 13 Comparison of predicted moisture content from Two-term model and observed moisture

content of peeled longan at different temperatures and relative humidities (R® = 0.9987)
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Fig. 14 Comparison of predicted moisture content from modified Henderson and Pabis model and
observed moisture content of peeled longan at different temperatures and relative humidities (R? =
0.9985)

2.5.3 Colour change
The colour of peeled longan were measured before and after drying. Variations of colour of
fresh and dried longan dried at different temperatures are shown in Table 4. The longan was dried to
the desired moisture content at 50, 60 and 70°C of drying temperatures and the colour indexes are
shown in Fig. 15. From Table 4 and Fig. 15 it is observed that the lightness remains almost same for
both fresh and dried longan. Drying increases the redness and more intensively the yellowness of
longan which causes the golden colour of dried longan and it is a combination of L* (brightness), +a*

(redness) and +b* (yellowness). The chroma (C*) of dried longan increases significantly (1.84 to
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17.63-18.18) indicating colour saturation and this implies that the colour of dried longan was bright
golden. Hue angles (h) of the dried longan decreases more significantly (232.43 to 50.31-52.760 and
this implies that the colour of the peeled dried longan was golden brown for the temperature levels of
50, 60 and 70°C which indicated the golden colour (mixture of large quantity of yellow and small
quantity of red colour attributes) of the product. Thus, there is no difference in colour for dried longan
for drying at 50 to 70 °C. Achariyaviriya et al. (2001) reported that the maximum permissible air drying
temperature for production of the desired golden brown colour of the peeled longan is 65°C. But, this
study supports that drying of peeled longan at 70 °C does not affect the golden brown colour of dried

longan.

Table 4. Colour variations of peeled longan dried at different temperatures.

Colour value
Status Treatments * pee b* c* h
Fresh Average of nine observations at 33022 | 0752 0663 | 1.843 | 23243

ambient temperature

Dried Average of three observations at 34006 | 11539 | 13813 | 18.099 | 50.312
peeled 50 °C ' ' ' ' '

longan | Average of three observations at

34583 | 11.128 | 14.213 | 18.177 | 51.679

60°C
Pernge of three observationsat | 5119 | 109383 | 14.087 | 17.635 | 52.764
100
® L*
< 80 1 —=—h
2 —4—C*
£ 60
— B —0— —
>
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Fig. 15 Influence of drying temperature on lightness L*, hue angle (h) and chroma (C*) of peeled

longan.
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2.6 Conclusions

Thin layer drying of peeled longan was investigated in this study and the increase in drying air
temperature from 50 to 70 °C decreased the drying time from 21 hours to 10 hours. The entire drying
process occurred in falling rate period and constant rate period was not observed. Drying rate is not
affected by relative humidity in the range of 10% to 25%.

Eight thin layer drying models were fitted to the experimental data of peeled longan to
describe the drying behaviour of peeled longan. Expressions of drying parameters with high
coefficients of determination were developed. The Page model was the best followed by Two-term
model and modified Henderson and Pabis model and the agreement between the predicted and
experimental data was excellent for all these three models. Either one of these three models can be used
to assess drying behaviour of peeled longan and also for simulation and optimization of the dryer for
efficient operation. The colour of the peeled dried longan is golden brown for the temperature levels of

50, 60 and 70 °C and there is no difference in colour for dried longan for drying at 50 to 70 °C.



Chapter 3
Moisture Diffusivity Determination of Different Parts of Longan Fruit*

3.1 Introduction

The mature Longan fruit ( Dimocarpus Longan Lour.) is a small ( Ca. 1.5 -2 cm diameter)
conical, heart shaped or spherical in shape and light brown in color. It has a thin, leathery and
indehiscent pericarp surrounding a succulent, edible white aril. The aril contains a relatively dark
brown seed. Maturity can be determined on the basis of fruit weight, skin color, flesh sugar
concentration, flesh acid concentration, sugar to acid ratio, flavor and/or days from an thesis. Longan
fruits are non-climacteric with little change in soluble solid concentration (SSC) or titratable acidity
(TA) after harvest. Longan fruits deteriorate rapidly unless proper handing and processing techniques
are employed (Jiang el al., 2002).

Longan is an important commercial fruit in northern Thailand and it is widely processed as
dried fruits for exporting to China. Conventional hot air dryer are widely used for the production of
dried longan. Energy consumption and product quality are the prime concerns of drying of longan. To
understand the transport processes during drying is of importance for production of better quality of
dried product and knowledge of the moisture diffusivity of longan is essential to understand the
transport processes during drying.

Longan is a complex fruit consisting of shell, flesh, seed coat, seed and seed stalk (Fig. 16).
Because of their varying composition and microstructure, these components have different physical
properties including moisture diffusivity. Moisture movement based on Fick’s second law of diffusion
can be used to interpret the phenomena of drying of longan fruit and the moisture diffusivities of
longan fruit components are needed to accurately predict the moisture transfer during drying.

* This chapter has been published in Journal of Food Properties vol. 10, page 471-478. (2007)
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Seed stalk

Seed Aril (Flesh)
Testa
(Seed coat) Shell

Fig. 16 Anatomy of longan fruit

Extensive research has been done on moisture diffusivity of single kernels and components of
a kernel of different grains (Kang and Delwiche, 2000; Gaston et al., 2002; Giner and Mascheroni,
2002; Muthukumarappan and gunasekaran, 1994(a-c); Steffe and Singh, 1980(a-c)). Severed studies
have been reported on moisture diffusivity of fruits, vegetables and spices (Azzouz el al., 2002; Babalis
and Belessiotis, 2004; Sharma and Prasad, 2004; Doymaz, 2005; Nguyen et al., 2006; Kaleemullah and
Kailappan, 2006). Panagiotou et al. (2004) reported moisture diffusivity of more than 100 food
materials classified in 11 food categories and results concern the reported range of variation of
moisture data together with corresponded range of variation of material moisture content and
temperature. Limited studies have been on overall effective diffusivity of longan fruit (Achariyaviriya,
2003; Achariyaviriya et al., 2001; Achariyaviriya et al., 2003; Moreno-Castillo et al., 2005). But
negligible study has been reported on the component diffusivities of the longan fruit. Purpose of this

study is to determine the component diffusivities of the longan fruit.

3.2 Materials and methods

Longan fruit used in this investigation was collected from a fresh market of Chiang Mai,
Thailand and it was stored at 5°C in the Department of Food Engineering, Silpakron University,
Nakhon Pathom. The initial moisture content of fresh longan was about 84 % (wb). It was neither
treated with chemicals or separated into components before conducting the experiment. Before starting
an experiment the fruits were left in the room temperature in the laboratory in the Department of
Physics, Silpakorn University, Nakhon Pathom, Thailand, and then single fruits were separated into
shell, flesh, seed coat, seed and seed stalk. Each of the components was dried separately in a laboratory

dryer in the Physics Department, Silpakorn University, Nakhon Pathom, Thailand, under controlled
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conditions of temperature and relative humidity. The thin layer drying apparatus used is similar to that
described by Guarte (1996). The laboratory drying apparatus consists of a centrifugal blower, a drying
section, an electrical resistance air heating section, measurement sensors, and data recording and
controlling system with a personal computer. The thin layer drying tests were conducted in the
temperature range of 50°C to 80°C and the relative humidity of the drying air from 1.5 to 13.33 %.
Four set of experiments was conducted for each of the components of the longan fruit.

Before starting an experiment the drying apparatus was allowed to run for one hour to obtain
steady temperature. Thin layer drying of the longan component was conducted at a temperature of 50,
60, 70 and 80°C. For each experiment about 100 g of the components of the fresh longan fruit was
spread in the drying chamber is a single layer. All the drying experiments were carried out at an air
velocity of 0.2 m/s. The drying air temperatures were monitored using thermocouple (K type )
connected to a personal computer using an interface at an interval of 5 min and the weights of longan
components were recorded by an electronic balance (accuracy + 0.01 g ) at an interval of one hour.

Removing, weighting and replacement needed about 2 min.
3.3 Theoretical consideration

Fick’s second law of the unsteady state diffusion, neglecting the effects of temperature and

total pressure gradient, can be used to describe the drying behavior of fruits (Bala, 1997).
oM .
i Dlv(D grad I\/I) @)

This equation can be solved for different standard shapes of the drying material. These

equations are:

For sphere
M —M
I\/IO—I\/Iee :TSZ 2 2o _nznz% ¥
For cylinder
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For slab of half thickness, z

M _Me 8§ D.«t
=3 exp| —(2n—1)* =
M,—M, 7°na (2n—=1)° | b 7'

(4)

Equations (2) to (4) can be fitted to the experimental data of the products if the products have
the shapes of sphere, cylinder and slab and the diffusivity can be determined minimizing sum of
squares of the deviations between the predicted and experimental data.

The following assumptions are made in solving the Equations (2) to (4):

(1) Drying is isothermal

(2) The fruit consists of five components: seed, seed stalk, flesh, seed coat and shell. The seed is
spherical and the seed stalk is cylindrical in shape, and the flesh, seed coat and shell are cut into the
shape of slab.

(3) Each component of the fruit is homogenous.

(4) Initial moisture content is uniform

(5) Moisture movement is one directional

(6) Diffusivity is constant for each component of the fruit

(7) Shrinkage is negligible.

3.4 Determination of diffusivities

Thin layer drying models of sphere for the seed, slab for flesh, seed coat and shell, and
cylinder for the seed stalk were fitted to experimental data of thin layer drying of the components of the
longan fruit. The suitability of the models was determined by using standard error of estimate and
coefficient of determination. Equation (2) was fitted to the experimental data of seed, equation (3) was
fitted to the experimental data of seed stalk and equation (4) was fitted to the experimental data of
flesh, shell and seed coat. Moisture diffusivity of each of the components of the longan fruit was
determined by minimizing the sum of square of derivations between the experimental and predicted
values for thin layer drying of the components under controlled conditions of air temperature and

relative humidity.

3.5 Results and discussions

The influences of drying air temperature on drying curves for different components are shown
in Fig. 17. The drying rate of the different components of longan increased with the increase of drying
air temperature. The agreement between the predicted and observed results of moisture content of

different components of longan fruit was found to be excellent. The comparison of the predicted values
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and experimental data of the moisture content for flesh of longan for different temperature are shown in
Fig. 18 and the agreement between the predicted and experimental value is excellent (R?=0.99).

500 200
:‘g :'g Seed stalk o
] > eed s
S 400 4 E\i 150 4 ——50 C
§ w0 i
S S 100
o 200 4 ®
E ER.
Z 10 z
= >
[ e T T e e e e e e e e i 0 4
012345678 910111213141516171819 0.0 0.5 1.0 15 2.0 25 3.0 35
Time (hr) Time (hr)
200 100
%\ Shell 0 g o
e =
S 150 —— 5000 s 80 + Seed coat +5ooc
= —=—60 C = 60 C
5 170 g 601 ——170°C
= B =
S 100 —80°c S 0] ——g0°C
@ g
=1 =1
2 504 2
g o
= =
0 T T f * ¥ ¥ 0~
0.0 0.5 1.0 15 2.0 25 3.0 35 0.0 0.5 1.0 15 2.0 25 3.0
Time (hr) Time (hr)
60
=)
=
S
< 404
j&3
<
o
o
(5]
5 20 4
2
o
=
0 A

01 2 3 45 6 7 8 9 1011 12 13 14 15
Time (hr)

Fig.17 Influences of the drying air temperatures on drying curves for different components of longan
fruit
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Fig. 18 Comparison of predicted values and experimental data of flesh of longan fruit for temperature
of 50°C, 60°C, 70°C, and 80°C

The diffusivities of the different components of the longan are shown in Table 5. The

diffusivity of the flesh of longan is highly temperature dependent but for other components the
diffusivity is independent of temperature. The diffusivity of the flesh can expressed as a function of
temperature using Arrhenius type equation as:

[70.2717]
-9
D esn =5.0x107e R”=0.99 ®)
Table 5 Diffusivities of different components of longan fruit
Diffusivity (m®/s) at temperature: Mean
diffusivity
Component 50°C 60°C 70°C 80°C (m?/s)
Flesh 1.819% 10°° 2.431 % 107° 3.086 %1077 4156 % 1077 2.867 x 10°°
Shell 2524 % 10711 253 % 1071 197 x 1071 225% 10711 232 % 1071
Seed stalk 2,524 % 10°% 256% 1077 207 % 1077 242 % 107° 239%10°°
Seed coat 5133 10712 474 % 10712 461 %1012 349 % 10712 4.49 % 10712
Seed 2936x% 107" 314% 107 263 x 10710 334x 107 3.01x 107
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Fig. 19 shows the variation of the moisture diffusivity of flesh of longan fruit as a function of
the reciprocal of absolute drying air temperature. Achariyaviriya et al. (2001) reported the effective
diffusivity of single longan fruit in the range of 1.389 x 10™ to 3.750 x 10™® m?s. The mean value of
the components of the longan fruit in this study lies in the range of 4.494 x 10 to 2.867 x 10 m%s
and it is within the range of effective diffusivity of single longan fruit reported by Achariyaviriya et al.
(2001). The mean value of the diffusivity of mango lies within the range of 8.846x10™ to 1.935x10™
m?/s, but the range is very narrow. This might be due to the difference in biological structure of longan

and mango.

* Experimental
— Predicted

Deff, Diffusivity ( 10° m*/s)
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Fig. 19 Variation of the moisture diffusivity of flesh of longan fruit as a function of the reciprocal of

absolute drying air temperature

3.6 Conclusions

Moisture diffusivity of flesh of longan fruit increased with air temperature. But the air
diffusivities of shell, seed coat, seed and seed stalk were independent of temperature changes. Moisture
diffusivities of shell and seed coat were much lower than those of the other components of longan fruit.
Temperature dependence of the flesh of the longan fruit can be satisfactorily described by an
Arrhenius-type equation. The mean value of the diffusivity of the components of the longan fruit in this
study lies in the range of 4.494x10™*? to 2.867 x 10”° m?/s.



Chapter 4
Finite Element Simulation of Drying of Longan Fruit*

4.1 Introduction

Longan fruit is usually dried in convectional dryers. A knowledge of the transport processes
is essential for the production of quality dried longan and energy conservation of the drying process.
Understanding and controlling of the drying process are also important in establishing improved design
guidelines for drying systems. This requires an accurate description of the drying mechanism
(Mujumdar, 2000; Haghighi and Segerlind, 1988).

Considerable theoretical and experimental works have been carried out in the past decades to
describe the drying of biological materials (lrudayaraj et al., 1990; Irudayaraj and Haghighi, 1993;
Olivelra et al., 1995; Liu and lIrudayaraj, 1995; Haghighi and Aguirre, 1999; Hawlader ey al., 2006;
Ochoa-Martinez et al., 2007). Several studies have been conducted on finite element modelling of
drying of cereal grains (Muthukumarappan et al., 1996; Sarker et al., 1996; Lan and Kunze, 1996;
Kang and Delwiche, 1999; Neminyi et al., 2000; Gaston et al., 2002; Jia et al., 2002). A number of
studies have been reported on finite element modelling of heating and drying of food materials
(Haghighi, 1990; Bon et al., 2007; Zhou et al., 1995; Ranjan et al., 2004; Pandit and Prasad, 2004;
Romano e al., 2005; Nguyen et al., 2006; Janjai et al., 2008). However, limited studies have been
reported on modelling of drying of longan fruit (Achariyaviriya, 2001; Achariyaviriya et al., 2001). No
study has been reported on finite element modelling of drying of longan fruit.

Longan fruit comprises five components: seed, flesh, shell, seed coat and seed stalk (Fig. 16).
Moisture diffusivities of these components have been reported by Janjai et al (Janjai et al., 2007).
Moisture diffusivities of the shell and seed coat are much lower than those of the flesh, seed stalk and
seed. These components limit the movement of moisture while the diffusivities of flesh, seed stalk and
seed are quite high and thus facilitate the transport of moisture. These facts make it worthwhile to
investigate the drying behaviour of longan fruit using the different diffusivities for the different
components. The purpose of this paper is to determine how we can simulate the moisture diffusion in
longan fruit during drying using the different moisture diffusivities for the different components.

* This chapter has been published in Drying Technology vol. 26, page 666-674. (2008)
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Among several numerical methods available in simulation study, two methods have been
mainly applied to model heat and mass transfer: the finite difference method and the finite element
method. 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 elements (Segerlind, 1984). Elements 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. This
study aims to use the finite element method to simulate the drying of longan fruit using the component

diffusivities.

4.2 Materials and method

The longan fruit used in this investigation was stored at 50 °C. The initial moisture content of
fresh longan was about 71% (wb). It was neither treated with chemicals nor separated into components
before the experiment. Prior to an experiment, the fruits were left at room temperature in the laboratory
for about 16 hours to attain a temperature in equilibrium with the room temperature. A single layer of
longan fruit was dried in a laboratory dryer under controlled conditions of temperature and relative
humidity. The laboratory dryer used is similar to that described by Guarte (1996). The schematic
diagram of this laboratory dryer is shown in Fig. 20. The laboratory dryer consists of a ceramic packed-
bed for producing saturated air at a given temperature, an electrical heater, a blower, a drying section,
measurement sensors and a data recording and controlling system with a personal computer. In this
laboratory dryer, the blower sucks ambient air to flow 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 becomes
saturated. The saturation is checked by using relative humidity sensor. Then this saturated air is heated
by the air heater and blown to the product on the tray. Users can chose the through-flow drying mode
or over-flow drying mode by closing or opening the air flaps to control the flow direction. The relative
humidity and temperature of the drying air are controlled by adjusting the power of the air heater and
the water heater using a psychometric chart as a guideline. In our experiments, the thin layer drying
tests with the over-flow mode were conducted in the temperature range of 50 °C to 70 °C and the
relative humidity of the drying air of 8-14 %.

Prior to an experiment the laboratory dryer was allowed to run for 0.5 hour to obtain steady
temperature. For each experiment, about 500 g of fresh longan fruit was placed in the drying chamber
in a single layer. All the drying experiments were carried out at an air velocity of 0.2 m/s. The low air
velocity was used because this finite element model was planned to be used for deep-bed drying
simulations of longan in the future and low air velocity will be used in the deep-bed drying simulations.
The drying air temperatures were monitored using a thermocouple ( K type ) connected to a personal
computer using an interface at an interval of 5 min and the weights of longan components were

recorded by an electronic balance (accuracy + 0.01 g) at an interval of one hour.



31

Ambient air
Air fl/ao (in close position for over-flow drvina) [—]
l—;l
PEI— .
Tray for through-flow H,— Saturated air l
dr |n cooooaa | - N
ying \ ) W ater
bIAlr drop
Outlet air «—— - ower T
Product—/'>\'AET T =) \/(Ia'tp/er"Fr;\
.......... - .
Tray for over-flow ) § - Waten® Ceramic
drying < Wated | | T ....| packed-bed
I l —Pump — —
Air flap — —
(in open position for over- Air heater W ater heater
flow drying)

Fig. 20 Schematic diagram of the laboratory dryer

4.3 Finite element modeling of longan drying

Fick’s law of diffusion is used in modelling the moisture movement within longan fruit during
drying and the general equation which describes the moisture diffusion can be expressed as ( Bala,
1998):

oM
—=V.(DVM
ot ( ) @

where M is moisture content on a dry basis (%, db), D is moisture diffusivity and t is time.

The following assumptions are made in solving Eqg. (1) for longan fruit using the finite element
method:
1) Drying is isothermal.
2) The fruit consists of five components: seed, seed stalk, flesh, seed coat and shell. The fruit is
spherical and the seed stalk is cylindrical in shape.
3) Each component of the fruit is homogenous.
4) Initial moisture content is uniform for each of the fruit components.
5) Moisture movement inside the longan fruit is two directional.
6) Shrinkage is mainly in the flesh of the fruit.
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In two dimensions, the diffusion equation becomes:

oM 0 oM 0 oM
= =—|D—|+—|D=— @)
ot 0OX ox | oy| oy
with initial and boundary condition
att=0 M=M 0 (3)
and at t>0 —D%:hm(Ms—Me) 4

where h m is the mass transfer coefficient, M is the equilibrium moisture content on a dry basis (%,

db), Myis the surface moisture content on a dry basis (%,db) and n is the magnitude of a normal

vector to the surface.
The finite element equations are obtained using Galerkin’s formulation of the weighted
residual method and Eqg. (2) using Galerkin’s method can be expressed as (Segerlind, 1984):

JINT' E{Dﬂ}+i pM|_Mlq_g (5)
o OX oX oy oy ot

where [N] is a matrix of interpolating function and €2 is the fruit domain.

A system of equations is developed by evaluating the weighted residual integral. Using
Green’s theorem and simplifying the results, the following first order differential equation can obtained
as:

9™ gy = 1) o

dt
where [C] = element capacitance matrix = ~[[N]T [N]dQ (7)
Q
[k] = element stiffness matrix = ID Ma—N+M8—N dQ (8)
o oX OX oy oy
{M} = vectors of unknown which can be defined as
M = [N]{m} ©)

{f} = element force vector.
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When the element matrices [c] are combined with the element matrices [K] using the direct
stiffness procedure, the final result is a system of first order differential equations (Segerlind, 1984):

[C]{%} +[K}{M}-{F}=0 (10)

where [C] = global capacitance matrix
[K] = global stiffness matrix

{F} = load force vector

Eq. (10) in the finite difference form can be expressed as:

(C]+ At[K]}M, o = [CEM}, + At{F, o 11)

where At is the time step.

The final system of Eq. (11) has the following form

[PIM}; + (R} (12)
where [A] = ([C]+ At[K]) (13)
[P1=I[C]
{F} = At{M, }
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The longan fruit is considered as a spheroid embedded with a small cylindrical seed stalk at
the top of the fruit as shown in Fig. 16 it is symmetrical around the central line of both the fruit and the
seed stalk. Moisture moves from the interior of the fruit to the outward surface by diffusion and passes
through different sections of the fruit having different diffusivities. The moisture diffusion is
considered to be symmetrical from the common axis of the spherical fruit and cylindrical seed stalk. A
two dimensional central axis symmetric finite element triangular grid is used to model the fruit and the
only the half section of the domain in two dimensions is considered because of the geometric and
transfer symmetries. This domain consists of seed stalk, shell, flesh, seed coat and seed. Fig. 21 shows
finite element discrimination of half of the axis symmetric two dimensional section of a longan fruit
and it consists of 78 nodes and 120 triangular elements. The moisture content of a longan fruit was
computed using the method proposed by Haghighi and Segerlind (1988).
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4.4 Thermo-physical properties of longan
4.4.1 Moisture diffusivity of longan

Fick’s law of diffusion incorporated with drying experiments has been widely used to
determined moisture diffusivities of various fruits and other biological materials (Kechaou and Maalej,
2000; Achriyaviriya et al., 2000; Efremov and Hudra, 2000; Simal et al., 2006; Lagunez-Rivera et al.,
2007). In this work, the moisture diffusivities of the components of longan fruit determined by Janjai et
al (2007) were employed in the finite element model. They modeled the components of the longan fruit
as a sphere for seed, cylinder for seed stalk and slab for seed coat, shell and flesh and the following

analytical solutions were adopted:

For sphere of radius of I,

M —-M,

Z — exp| —n’ (14)
M ~Me o n=1 n’ r0
For cylinder of radius of r
- Dt
Z exp| — (o n)2 (15)
Me n= ( n)

Lexp —(2n - 1)2 Dt (16)
z°

Then moisture diffusivities were determined by minimizing the sum of square of derivations
between the predicted and experimental values of moisture content of thin layer drying under
controlled conditions of air temperature and relative humidity. Experimental data were obtained from
thin layer drying of the components in the form of sphere for seed, cylinder for seed stalk and slab for
seed coat, shell and flesh. Air temperatures of 50°C, 60°C and 70°C and relative humidity in the range
of 1.5-13.3% were used. The diffusivities of the components of the longan fruit are shown in Table 6.
The diffusivity of flesh of longan fruit increased with temperature but the diffusivities of shell, seed
coat, seed and seed stalk were independent of temperature. The diffusivity of the flesh (Dsesn) Was

expressed as a function of temperature (T,,) using Arrhenius type equation as:

—0.2718]

Tab

Dflesh = O.3333x10_6€[ R*=0.99 (17)
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Table 6 Diffusivities of different components of longan fruit

Component Diffusivity (m?hr) at temperature of Mean diffusivity
(m?/hr)
50°C 60°C 70°C
Flesh 0.655x10° 0.875x10° 1.111 x10° 1.032x10°
Shell 9.086x10 9.112 x10® 7.087 x10°® 8.346 x10°®
Seed stalk 9.086x10°® 9.213 x10°® 7.466 x10°® 8.618 x10°®
Seed coat 1.848 x10°® 1.708 x10°® 1.658 x10°® 1.618 x10®
Seed 1.057 x10°® 1.130 x10°® 0.948 x10°® 1.084 x10°®

The moisture diffusivities of the shell and the seed coat were much lower than those of the
other components.

It was observed experimentally that there was no appreciable shrinkage of the shell and the
seed. In addition, the flesh inside the shell had significant shrinkage and an air gap between the shell
and the flesh was occurred during drying. Thus, the total volume of the combination of the air gap and
the flesh inside longan fruit remained the same and the volume shrinkage in the flesh (AS) is equal to
the volume increase in the air gap.

The effective diffusivity (Des) of the combination of the flesh with the thickness of Axy, and

the air gap (AXx,, ) between the shell and the flesh is computed from the relation:

D — [(DfleshAXfr )+ (DairAXar )] (18)
ot AXy, +AX,,
where AXg = AXg —AS
and AXg = AXy +As

where Ax; and Ax, are the recent thicknesses of the flesh and the air gap, respectively and AS is

the shrinkage of the flesh.
The effective diffusivity is used to compute the moisture movement between the shell and the seed

coat.
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4.4.2 Shrinkage of Longan
To develop a mathematical model of volumetric shrinkage of longan flesh the following
hypotheses are considered (Talla et al., 2004):
1)  The volume change due to the shrinkage of the product is equal to the volume of water
evaporated.
2)  The pores in the product are occupied by water with density py,.
Let us now consider the mass of the product at a given time to be m and while the mass of dry
matter is mq and that of water is m,,. The volume of dry matter is Vg, the volume of water in the pores

is V, and the volume of the product is V. Now we can write
m=m,, +Mmgy; V =V, +Vy (19)
Furthermore, it can be written as:

: pd=ﬂ and M= (20)

_m
P Vv Vd my

where p is density of the product, py is density of dry matter and M is the moisture content of the

product on a dry basis.

The development of Egs. (19) and (20) gives the following expression:

V = Vo (A+BM) (21)
where
__ 1 . p=—2 and a=Fd (22)
l+aM0 1+aM0 pW

where M is the initial moisture content , Vy is initial volume and § is shrinkage coefficient

If (Mo-M) is chosen to quantify the moisture removed at a time t, expression in Eq. (21) becomes:
V, =1-B(M, - M) (23)

where V, = —

Drying experiments to determine shrinkage of longan flesh were carried out on thin layer

under controlled conditions. The dimension of longan flesh was measured during drying.
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4.4.3 Equilibrium moisture content
Janjai et al. (2006) fitted five models to the isotherm data of longan. The GAB model fitted
the best to the experimental data of longan and the modified Oswin model was the next to the GAB
model. The agreement between the best-fitted models and experimental data was excellent. For
simplicity and consistency effect of temperature, Oswin model was selected for use in this simulation.
The equilibrium moisture content model used is:

dy = L (24)

1{% +b1TT2

M

where by = 79.9826, b, = - 0.8277, b, = 2.1867. T is temperature (°C) and a,, is water activity

(decimal). The water activity is equal to the relative humidity (%) divided by 100.

4.4.4 Surface Mass Transfer Coefficient
The surface mass transfer coefficient of longan (h,) was computed using the relation
developed by Patil (1988):
D..
g'f (2.0 + 0.522 Re®° 5c033) (25)

where Dy is diffusivity of air, (d) is diameter of longan, Re is Reynolds number and Sc is Schmidt

hy =

number.

The Reynolds number (Re) and Schmidt number (Sc) are defined as:

do..
Re = U9Pair (26)
u
Sc=—H @7)
Pair Dair

where u is air velocity, p,;j, is density of air and  is viscosity of air.

4.5 Results and discussions
Shrinkage of longan flesh was determined experimentally and it was found to be a function of

moisture removal. The following equation was developed for volume shrinkage of longan flesh:

\\//:1—0.181 (M, - M) R®=0.99 (28)

0

Ochoa et al. (2002) and Talla et al.(2004) also studied shrinkage in biological materials and

they found that the volume shrinkage is a function of the moisture content.
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The simulated moisture contents were compared with the measured values to build up
confidence in the model. The comparison was aimed at showing the performance of the finite element
model for the prediction of the moisture content of longan fruit during drying. First comparison was
made using the measured values of the moisture content of the longan taken from the thin layer drying
of longan under controlled conditions of temperature and relative humidity by Phupaichitkun et al.
(2005). Fig. 22 shows the comparison of the predicted moisture contents using component diffusivities
with the experimental data from Phupaichitkun et al. (2005). The mean bias error and the root mean
square error of the prediction of the model were used to determine the prediction accuracy of the model
developed. The mean bias error and the root mean square error between the predicted results and the
data obtained from Phupaichitkun et al. (2005) are 2.0% and 2.8%, respectively.
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Fig. 22 Comparison of the predicted moisture contents on a wet basis of longan fruit with the
experimental data obtained from Phupaichitkun et al. (2005)

Fig. 23 shows the comparison of the predicted moisture contents using component
diffusivities with the experimental data from this study. The mean bias error and the root mean square

error between the predicted results and the measured values are 1.8% and 2.1%, respectively.
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Fig. 23 Comparison of the predicted moisture contents on a wet basis of longan fruit with the
experimental data from this study

Thus, the finite element model predicts the moisture contents very well. This is because
individual component diffusivities of longan fruit were considered and another reason may be that the
finite element model is 2-D which has more flexibility to describe the geometry of the components.
Similar finite element studies have also been reported for wheat, barley, corn and soybean kernels
using constant average and component diffusivities. Some researchers (Giner and Mascheroni, 2002;
Gaston et al., 2004) have shown that moisture diffusivity also has the Arrhenius type dependency of
temperature with pre-exponential factor that depends linearly on initial moisture content. Although the
use of the diffusivity as a function of temperature in the finite element simulation predicts the drying of
longan well, the use of diffusivity as a function of temperature and initial moisture content would make
the finite element model more flexible for any initial moisture content to predict drying of longan more
accurately.

Fig. 24 shows the variations of the predicted moisture contents with time in the different
components of the longan fruit. The variations of the moisture content in the different components of
the longan fruit may be explained as follows: The different components of the longan fruit have
different initial moisture contents with the highest for the flesh and the lowest for the seed and the seed
coat. The flesh has the highest diffusivity and is confined between two very low diffusivity components
i.e. the shell and the seed coat. Also the seed has high diffusivity and is covered by very low diffusivity
seed coat. As a result, the moisture from these two major sources moves into the drying environment
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mainly through the high diffusivity seed stalk. The flesh possessing the largest source of moisture is
dominant in the moisture diffusion through the seed stalk. This might have caused similar drying
patterns in the flesh and the seed stalk. Since the flesh has the highest diffusivity and the largest area
exposed to the seed stalk and in addition, moisture from the flesh is partly diffused through the shell to
the environment, probably these result in a high drying rate of the flesh. Of course, the drying rate of
the seed is relatively lower than those of the flesh and seed stalk due to the lower diffusivity of the
seed.
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Fig. 24 Variations of the moisture contents on a wet basis with time in the different components of the

longan fruit

The shell is thin and the seed coat is extremely thin. Both the shell and the seed coat are minor
sources of moisture with a high internal resistance to moisture diffusion. Again, the shell is directly
exposed to the drying environment through a large surface area and of course the seed coat is exposed
to the flesh and the seed through a large area. This in fact probably caused the moisture to diffuse into
the drying environment from the shell directly and from the seed coat into the flesh and then through
the seed stalk into the drying environment.

It is clear from the results discussed above that moisture diffusion in the longan fruit is
complex phenomena and the seed stalk controls the drying of the longan fruit. Finally it may be
concluded that these complex phenomena might be related to nonhomogeneity and interfaces between
different components of the longan fruit.

The finite element model predicted the nodal moisture contents which were transformed to
contour plots using the Surfer software. The contour plots show the regions of equal moisture contents.
The moisture profiles after 1, 5, 10 and 15 hours of drying at a temperature of 70°C are presented in
Fig. 25. The moisture content decreases from the centre towards the surface resulting in steeper
moisture content gradient and exhibits a similar pattern for all the elapsed times but the level of

moisture content decreases with an increase in drying time. The moisture content is also symmetrical
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circumferentially except the seed stalk where it is also symmetrical around the central axis of the seed
stalk with a higher moisture profile in the outer regions of the seed stalk. This indicates that the seed
stalk controls the moisture movement from the flesh into the drying environment. This symmetry is
logical because of the symmetry of the geometry of the different components of the fruits although the
moisture diffusivities of the different components of the longan are different.

10 hours 15 hours

Fig. 25 Moisture within the longan fruit after 1, 5, 10 and 15 hours after drying at the drying air

temperature of 70 °C and relative humidity of 14%. Values in the contour represent the moisture
contents in %, wb.
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In this work, the experimental validation of the moisture profile in longan fruit predicted by
the finite element was not conducted, due to the lack of advanced equipment for the moisture profile
measurement. However, several researchers reported similar distribution and gradients of moisture
developed inside kernel of corn, wheat and soybean using finite element technique. Thus, the finite

element prediction agrees with the reported predictions qualitatively.

4.6 Conclusions

A two dimensional finite element model for drying of longan fruit has been developed and it is
programmed in Compaq Visual FORTRAN version 6.5. The finite element model predicts the moisture
contents very well during drying. This model provides information on the dynamics of the moisture
movement without actual measurements and the use of this mathematical model is of great potential
benefit to the longan fruit drying industry. Furthermore, the model provides a better understanding of

the transport processes in the different components of the longan fruit.



Chapter 5
Solar Drying of Peeled Longan Using a Side Loading Type Solar Tunnel Dryer: Experimental

and Simulated Performance*

5.1 Introduction

Drying is one of the oldest methods for preservation of fruits and vegetables and it also an
energy intensive operation. Improved drying technology is needed for improvement of the quality of
dried products for value addition, reduction of post harvest losses, and also for conservation of energy.

Mechanical hot air drying is a common method for drying of whole longan fruit for large scale
drying for export industries and peeled longans derived from broken shell longans are also dried in
small to medium scale mechanical dryers. Most of the peeled longan are dried in a large open flat bed
using hot stoves burning fuel wood and charcoals. This procedure results in poor quality dried product
due to dirt and dust from the burning stoves. Some peeled longans are also dried under the sun on mats.
During sun drying, peeled longan fruits on mats are exposed to the open environment and are
contaminated by dust and insects, resulting in poor quality dried fruits with less value addition.

Thailand, located at the tropical regions of the Southeast Asia, receives annual average daily
solar radiation of 18.2 MJm?day™ (Janjai et al., 2005). Thus, utilization of solar energy to produce
quality solar dried peeled longan has been considered to be the most promising option. Furthermore,
solar energy is a renewable and environmental friendly energy source.

Solar drying can be considered as an elaboration of sun drying and is an efficient system of
utilizing solar energy (Bala, 1998; Muhlbauer, 1986; Parker and Mujumdar, 1991). Many studies have
been reported on natural convection solar drying of agricultural products (Excell and Hornsakoo, 1978;
Zaman and Bala, 1989; Oosthuizen, 1995; Sharma et al., 1995; Weitz et al., 1990; Simate, 2001;
Vlachos et al., 2002; Yaldyz and Ertekyn, 2001). Considerable studies on simulation of natural
convection solar drying of agricultural products and optimization have also been reported (Bala and
Wood, 1994; Bala and Wood, 1995; Simate, 2003; Forson et al., 2007). The success achieved by
natural convection solar dryers has been limited due to low buoyancy induced air flow. These
prompted researchers to develop forced convection solar dryers. Many researches and performance
studies have been reported on forced convection solar dryers (Oosthuizen, 1996; Karin and Hawlader,
2005; Ratti and Mujumdar, 1997; Bose and Ojha, 1983; Raouzeos and Saravacos, 1986; Rossello et al.,
1990; Janjai and Tung, 2005; Janjai et al., 2008). Studies on simulation and optimization of forced
convection solar dryers have also been reported (Jamjai and Guevezov, 1986; Smitabhindu et al.,
2008). Numerous tests of forced convection solar tunnel dryers were carried out in the different regions

of the tropics and subtropics. The results of the tests have shown that fruits, vegetables, cereals, grain,

* This chapter has been published in Drying Technology vol. 27, page 595-605. (2009)
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legumes, oil seeds, spices, fish and even meat can be dried properly in the UV resistant plastics covered
solar tunnel dryer (Eissen, 1985; Lutz and Muhlbauer, 1986; Esper and Muhlbauer, 1993; Esper and
Muhlbauer, 1994; Schirmer et al., 1996; Bala and Mondol, 2001; Bala et al., 2003; Hossian and Bala,
2007; Bala and Janjai, 2005; Esper and Muhlbauer, 1996). The UV resistant plastics covered solar
tunnel dryer suffers from several drawbacks. The plastic cover lasts for only few months during drying
season. The loading and unloading of the products in this type of dryer are also not convenient since it
requires the opening of the plastic cover over the drying section. This prompted to develop the side
loading type glass covered solar tunnel dryer at Silpakorn University in which the loading and
unloading are conducted through the windows at one side of the dryer (Janjai et al., 2006; Janjai and
Keawprasert, 2006).

Solar drying systems must be properly designed in order to meet particular drying
requirements of specific products and to give satisfactory performance. Designers should investigate
the basic parameters such as dimensions, temperature, relative humidity, airflow rate and the
characteristics of products to be dried. However, full-scale experiments for different products, drying
seasons and system configurations are sometimes costly and not possible. The development of a
simulation model is a valuable tool for predicting the performance of solar drying systems. Again,
simulation of solar drying is essential to optimize the dimensions of solar drying systems and
optimization technique can be used for optimal design of solar drying systems.

Although many studies have been reported on solar drying of fruits and vegetables, limited
studies have been reported on drying of longan fruit (Achariyaviriya, 2001; Achariyaviriya et al.,
2001). Achariyaviriya et al. (2001) reported quality tests of dried peeled longan. Recently Varith et al.
(2007) reported drying of peeled longan using combined microwave-hot air and also reported drying
kinetics using Sherwood’s exponential equation, quality indices and specific energy consumption.

Very limited studies have been reported on drying of longan fruit and no systematic
experimental and simulated study on solar drying of peeled longan has been reported. This paper
presents a systematic experimental and simulated study of solar drying of peeled longan using side

loading type glass covered solar tunnel dryer.

5.2 Experimental study

The new version of the solar tunnel dryer (side loading and unloading through windows with
glass cover type) was constructed at Silpakorn University, Nakhon Pathom, Thailand. It consists of two
parts: a solar air heating collector and a drying unit. Both parts have similar structures and connected in
series. The top sides of both parts are covered by glass plates fixed with silicon glue to the aluminium
frames. These glass plates with the frames can be easily removed from the dryer when the dryer is
needed to be cleaned. The bottom side of the dryer is made of high density foam sandwiched between
two galvanized iron sheets which functions as back insulator to reduce heat losses. The upper surface
of this back insulator was painted black which functions as a solar radiation absorber. The side walls of

the dryer are made of galvanized iron sheet. They were designed in such a manner that they are
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supported by the back insulator at the bottom side and the side walls also support the glass plates which
cover the dryer, as shown in Fig. 26. The two side walls have different height, so that the glass plates
make a tilted angle of 10° to facilitate drainage of water in case of rain. The higher side wall has
windows, each of which has the dimension of 20 cm x 80 cm for loading and unloading products. Each
window has a galvanized sheet cover to prevent rain and air leakage. The top glass cover, the bottom
insulator and the side walls were made in modules. Each module can be inter-locked at the junction to
prevent air leakage and to facilitate the construction and transportation.

For a ventilation system, a dc fan driven by a 15 W solar cell module was installed at the

collector to suck ambient air into the dryer (Fig. 26).

Air outlet

Drying tunnel (8 m.)

Side wall
Solar collector (2.0 m)

—" Window for loading and
Solar cell unloading products

module

Glass plates

Back insulator

Fan

Fig.26 Schematic diagram of the side loading type solar tunnel dryer

Solar radiation passing through the glass cover heats the absorber. Ambient air is forced
through the collector and while passing it the collector gains heat from the absorber. This heated air
while passing through the drying unit absorbs moisture from the peeled longan. The product receives
heat from solar passing through the glass cover of the drying unit in addition to the heat received from
the collector and this enhances the drying rate of the product.

A total of five full scale experimental runs were conducted and the dryer was loaded to a capacity of
100 kg of peeled longan for each experimental run. The drying was started at 8 am and continued till 6
pm. The control sample was also dried naturally under the same weather conditions.

To investigate the dryer performance, various sensors were placed at the dryer. Solar radiation was
measured by a pyranometer (Kipp & Zonen model CM 11, precision + 0.5%) and this was placed on
the roof of the dryer. Thermocouples of type K were used to measure the air temperatures in the

collector and drying unit (precision + 2%). The positions of the thermocouples for the measurements of
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temperatures in the collector and drying unit are shown in Fig. 27. Hot wire anemometer (Airflow,
model TADS5, precision + 2%) were employed to monitor the air speed in the collector and drying unit.
This anemometer was also used to monitor the wind speed. Relative humidities of ambient air and
drying air were periodically measured with hygrometers (Electronik, model EE23, precision + 2%).
Voltage signals from the pyranometer, hygrometers and thermocouples were recorded every 10
minutes by a 40-channel data logger (Yokogawa, model DC100). The air speeds in the solar collector
and drying unit were also manually read and recorded every hour during the drying experiments.
Samples of products in the dryer were weighed at 2-hour intervals using a digital balance (Satorius,
model E2000 D, precision + 0.0001 g). The positions of the measurements of the sample weights in the
drying unit are also shown in Fig. 27. Before the installations, the pyranometer for measuring solar
radiation was calibrated against a new pyranometer recently calibrated by Kipp&Zonen, the
manufacturer. For the hygrometers, they were calibrated using standard saturated salt solutions
supplied by the manufacturer. Before being used, the thermocouples were also tested by measuring the

boiling and freezing temperatures of water to ensure the accuracy.
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Fig. 27 Positions of the thermocouples (T) and hygrometers (rh) and product sample for moisture
determination (M).

For the drying tests, 100 kg of peeled longan was used for each experimental run. The experiments
were started at 8.00 am and continued till 6.00 pm. During night time, the products were kept in the
dryer. The process was repeated until the desired moisture content (about 12% on a wet basis) was
reached. This final moisture content corresponds to the moisture content of high quality dry product in
local markets. About 100 g of the product sample was taken from the dryer and weighed at 2-hour
intervals. The moisture content during drying was estimated from the weight of the product samples
and the estimated dried solid mass of the samples. At the end of the drying process, the exact dry solid
mass of the product samples was determined by using the air oven method. The samples were placed in

the oven at the temperature of 103°C for 24 hours (precision + 0.5%).
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5.3 Mathematical modeling

Cover

é MN\» Radiation

Uy Insulator _
\__" Convection

Air Tlow Absorber — Conduction

Fig. 28 Heat transfer in the solar collector: 1. radiative heat transfer between absorber and cover 2.
radiative heat transfer between cover and sky 3. convective heat transfer between absorber and air 4.
convective heat transfer between cover and air 5. convective heat transfer of cover due to wind 6.

conduction loss through back insulator

5.3.1 Energy balances in the collector (see Fig. 28)
- Energy balance for glass cover
The energy balance for the glass cover is as follows:

Rate of thermal energy accumulation in the cover = rate of radiative heat transfer between the
absorber and the cover + rate of the convective heat transfer between the cover and air in the collector
+ rate of the convective heat loss from the cover due to the wind +rate of radiative heat transfer
between the cover and the sky +rate of solar radiation absorption in the cover.

This energy balance can be formulated as:

dT,
pcscccd_tC = hr,b—c(Tb _Tc) + hc,f—c(Tf _Tc) + hw(Ta _Tc) + hr,c—s (Ts _Tc) + 0‘clt

(1)
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- Energy balances in the air steam
The energy balance in the air stream in the collector can be written as:
Rate of enthalpy change in the air stream = convective heat transfer between the air steam and
the cover + convective heat transfer between the air stream and the absorber

This energy balance can be expressed mathematically as:

Ty

DcGCf dx = hc,c—f (Tc - Tf ) + hc,b—f (Tb - Tf) 2

- Energy balance for the absorber
The energy balance for the absorber is considered as follows:

Rate of thermal energy accumulation in the absorber = rate of convective heat transfer
between the absorber and the air stream + rate of radiative heat transfer between the cover and the
absorber + rate of the heat loss from the absorber through the back insulator to ambient air + rate of
solar radiation absorbed by the absorber

This energy balance can be written as:

dT,
PbSbed—tb =he ot (Tr = Tp) + hppc(Te = Tp) + Up (T = Tp) + (ta) I (3)

The radiative heat transfer coefficient(hr'c_s) from the cover with temperature of T to the sky

with the equivalent temperature T, was computed as (Duffie and Beckman, 1991):
2 2
hrcos =&co(Te” + Ts") (T + Ts) 4)

where €. is the emissivity of the cover, & is Stefen-Boltzmann constant.

The sky temperature (Ts) was computed from
T, =0.552T,*° 5)

where Ty, is the ambient temperature in K.

The radiative heat transfer coefficient (hr,b—c) between the absorber with the temperature of

Ty and the cover with temperature T, was computed as (Duffie and Beckman, 1991):

oMy + T (T + o) .
rb-c = 1 1 (6)
— 4+ =1
€ &

where g, is the emissivity of the absorber
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The convective heat transfer coefficient from the cover to the ambient air due to wind (hW) was

calculated from (Duffie and Beckman, 1991):

hy =5.7+3.8V, %

where V, is the wind speed in m/s.
The convective heat transfer coefficient inside the collector for either the cover h; . ¢ or absorber

hclb_f was computed from the following relationship:

Nu k,
Dy,

hc,b—f = hc,c—f = (8)

where Nu is the Nusselt number, ka is thermal conductivity of the air and Dy, is the hydraulic diameter

of the collector.

Nusselt number, NU was computed from the following relationship (Kays and Crawford, 1980):

Nu = 0.0158Re?® ©)
where Re is the Reynolds number which is given by:

— thpa
v

Re (10)

where V is the air speed in the collector, p, is air density and v is the viscosity of the air.

Over all heat loss coefficients from the bottom of the absorber (U} ) was computed from the

following relation:

U, = a1

where kb and Lb are the thermal conductivity and the thickness of the back insulator, respectively.

The systems of equations (1-3) were solved numerically using the finite difference technique.
The length of the collector is divided into a number of sections with the section length of Ax so that the
properties of the materials are constant or nearly so within each section. The time interval should be
small enough for the air conditions to be constant over the distance Ax. A compromise between the

computing time and precision must be considered for the economy of computing.
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Fig. 29 Energy balances in the drying unit: 1. radiative heat transfer between the product and the cover
2. radiative heat transfer between cover and sky 3. convective heat transfer between the product
and air 4. convective heat transfer between cover and air 5. convective heat transfer of cover due to

wind 6. heat loss through back insulator 7. mass transfer

5.3.2 Energy and mass balances in the drying unit (see Fig. 29)

For each component of the drying unit, the energy balances and mass balances were written as the
followings.

- Energy balance for the cover of the drying unit

Rate of energy accumulation in the cover = rate of the radiative heat transfer between the

cover and the product (peeled longan) + rate of the convective heat transfer between the moist air steam
in the drying unit and the cover + rate of heat loss from the cover due to wind + rate of radiative heat
loss from the cover to the sky + rate of solar energy absorption by the cover

This energy balance can be expressed mathematically as:

dT,
PcOcCc T(:l = hr,p—c (Tp —Te) +hes_c(Te = Teg) +hyy (Ty = Teg) + hy oo (Ts = Teg) + ol

(12)
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- Energy balance for the moist air steam in the drying unit
Rate of enthalpy change of the moist air steam = rate of the convective heat transfer between
the product and the moist air steam + rate of convective heat transfer between the moist air steam and
the cover
This energy balance can be written as:

DG(Cf + CVH)% = hc,p—f (Tp - Tfl) + hc,f—c (Tc - Tfl) (13)
- Energy balance for the product (peeled longan)

Rate of enthalpy change of the product = rate of the sensible and latent heat for the
evaporization of the moisture from the product + rate of the convective heat transfer between the air
steam and the product +rate of the radiative heat transfer between the cover and the product+ rate of
heat loss through the back insulator from the product to ambient air + rate of solar radiation absorbed
by the product

This energy balance can be represented mathematically as follows:

dTp dH
Ps,p(Cp +CWM)T: [hfg +Cy(Tp — Tt )]DG&

(14)
- Mass balance equation
The rate of moisture transfer between the product and the air steam can be written as:
dH dM
DG— = - — 15
dx Psp gt (19)

- Thin layer drying equation of the product
To obtain the thin layer drying equation, thin layer drying experiments of peeled longan were
conducted under controlled conditions of the drying air in a laboratory dryer (Janjai, 2007). A number
of experiments were carried out for different values of the temperature (T) and relative humidity (rh).
For each experiment, the temperature and relative humidity were fixed and the weight of the peeled
longan in this laboratory dryer was measured during drying. Afterwards, this weight was used to

determine the moisture content (M) of peeled longan.
The following thin layer drying model based on Page’s equation was used to fit the drying

data obtained from these experiments :

M- Me n
—— = exp(-kt
where
k =-0.213788 + 0.0101640T - 0.001372rh a7

n= 1.108816 — 0.0005210T — 0.000061rh (18)
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The equilibrium moisture content of peeled longan (M, ) proposed by Janjai et al (2006) was
used in this work.

Radiative heat transfer coefficient (hr,p_c) between the cover with temperature T, and the

product with temperature Tp was computed as (Duffie and Beckman, 1991):

) Co(Ty2+TA)(Ty + Te)

rp-c — 1 1 (19)
—+—-1
& &

where €p is the emissivity of the product.

The system of Eqgs. (12-14) was solved numerically using the finite difference technique.
On the basis of the drying air temperature and relative humidity for all the sections of the

drying unit, the constants k and A were computed from Egs. (17-18) and equilibrium moisture content

(My,) of the peeled longan was calculated by using the model proposed by Janjai et al. (2006). Using
the k, nand M, values, the change in moisture content of peeled longan A M for all the sections for a

time interval At were calculated using Eq. (15). Next the system of finite difference equation derived
from Eqgs. (12), (13), and (14) for the interval At for the entire length of drying unit was formulated.
This system of equations is a set of implicit equations and was solved using the Gauss—Jordan
elimination method. Using the recent value of drying air temperature and relative humidity for the
different sections of the entire length of drying unit, the change in moisture content of peeled longan,
A M for next time interval for the different sections of the entire length of drying unit was calculated
and the process was repeated until the final time was reached. The numerical solution was programmed
in Compag Visual FORTRAN version 6.5.

5.4 Results and discussion
5.4.1 Experimental results

Full scale tests of the side loading type solar tunnel dryer for drying of peeled longan were
carried out in the months of August to September, 2007. The typical results for drying of peeled longan
are shown in Fig 30-35. Fig. 30 shows the variations of solar radiation during a typical experimental
run of solar drying of peeled longan in a side loading type solar tunnel dryer. The solar radiation varied
between 0-1,108 W/m? during the drying period. There were some fluctuations in solar radiation due to
clouds and rain fall. In the early part of the first and second days of the drying test, there were clouds
which resulted in fluctuations in solar radiation and later part of the second day, there was a rainfall
which also resulted in fluctuations in solar radiation. However, the overall tendency of the patterns of

changes in solar radiation was sinusoidal.
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Fig.30 Variations of the solar radiation during a typical experimental run

Figure 31 shows the comparison of the temperature changes at different positions inside the
collector for a typical experimental run of solar drying of peeled longan in the side loading tunnel
dryer. The temperatures in the different positions increase till noon and then again decrease in the
afternoon. The patterns of temperature changes are almost similar for all the days and the temperature
increased with the increase in distance from inlet inside the collector. There was a significant
difference in temperature levels in the different positions of the collector at a significance level of 5%.

The temperature at outlet of the collector increased up to 72°C.
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Fig. 31 The variations of the temperatures (T) at different positions inside the collector (see Fig. 27)

Figure 32 shows the variations of the temperatures at different positions inside the drying unit
for a typical experimental run of solar drying of peeled longan in a side the dryer. The temperatures in

the different positions increased till noon and then again decreased in the afternoon. Temperatures in
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the different positions inside drying unit changed within narrow band for the positions T6 to T15 and

are different at a significance level of 5%.

90
80
70
60
50
40 4
30
20 9/09/2007 10/09/2007
10

O+———7—7—— 17— ‘ ‘
08:00 10:00 1200 1400 1600 1800 08:00 1000 12:00

Time (hr)

——T6—#—T7—4—T8—>—T9—*—T10——T11l —+— T12 —— T13—— T14 —=— T15—=— T ambient

Temperature ('C)

16:00 18:00

14:00

Fig. 32 The variations of the temperatures at different positions inside the drying unit (see Fig. 27)

Figure 33 shows relative humidities at three different positions inside the dryer for a typical
experimental run during solar drying of peeled longan in the side loading type solar tunnel dryer. The
relative humidities in the different locations decreased in the early part of the day because of the
decreased level of the ambient relative humidity and increased level of the drying air temperature with
time while the relative humidities in the different locations increased in the later part of the day because
of the increased level of the ambient relative humidity and decreased level of the drying air temperature
with time in later part of the day. The relative humidity at difference positions inside the drying unit
depends on the moisture released from the product and the air temperature. For most cases, the relative

humidity at the outlet of the dryer was higher than that at the middle of the dryer.
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Fig. 33 Variations of relative humidities (rh) at three different positions inside the drying unit during a

typical experimental run (see Fig. 27)

Figure 34 shows mass flow rate inside dryer of a typical experimental run. The mass flow rate

inside dryer increased till noon and then decreased in the afternoon. The pattern of changes in mass

flow rate followed the pattern of the changes in solar radiation (Fig. 30). This is due to the fact that the

mass flow rate was provided by a dc fan operated by a solar cell module and the output power of the

module depended strongly on solar radiation. However, there was a threshold value of solar radiation

for the operation of the dc motor used to run the fan to provide the mass flow rate in the dryer.
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Fig. 34 Variations of mass flow rate inside the dryer during a typical experimental run

Figure 35 shows the variations of the moisture contents of peeled longan in 5 different

positions inside dryer and of the control sample for a typical experimental run of the experiments. The

moisture content of peeled longan in the solar dryer was reduced from an initial value of 84 % (wb) to
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the final value of 12 % (wb) within 16 hours whereas the moisture content of the sun dried samples
was reduced to 40 % (wb) within the same period under similar conditions.

9/09/2007 10/09/2007
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Moisture contnt (%, wb.)
3

Fig. 35 Variations of the moisture contents (M) in the different locations of the drying unit for a typical
experimental run during drying of peeled longan. The positions of the measurement of moisture
contents are shown in Fig. 27.

Statistical analysis shows that there is no significant difference in solar drying of peeled
longan in the different locations of the side loading type solar tunnel dryer at a significance level of
10%, but there is a significant difference in drying after hours of initial drying between drying inside
the solar dryer and sun drying of peeled longan.

Thus, the drying in the side loading type solar tunnel dryer resulted in reduction in drying time
and production of better quality dried product. The colour of the dried peeled longan was comparable
to that of a high quality dried peeled longan in markets when the colour was tested.

For the economic analysis, it was assumed that the dryer is used to dry peeled longan during
the harvest season and to dry off-season longan. Based on production of dried longan and the capital
and operating cost of the drying system, the payback period of this system was estimated to be 2.9
years.

5.4.2 Simulated results
To validate the model, the predicted air temperatures at collector outlet and moisture contents
of peeled longan during drying were compared to the experimental values. Fig. 36 shows a typical
comparison between the predicted and experimental values of the temperatures at the outlet of the
collector for consecutive 2 days starting from September 09, 20007 to September 10, 2007. Predicted

temperature shows plausible bahaviour and the agreement is good. Figure 37 shows a typical
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comparison of the predicted and observed moisture contents of peeled longan inside the dryer and the

model predicts well the moisture content changes during drying.

The model predictions were evaluated on the basis of Root Mean Square difference (RMSD).

RMSD of the prediction of the collector outlet temperatures was 4%. This indicates that the model can

predict the temperature with a reasonable accuracy. RMSD of the prediction of the moisture contents

was 4.1%. Thus, the model predictions are reasonably good. Furthermore, predictions are within the
acceptable limit (10%) (O’Callaghan et al., 1971).
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. 36 Comparison of the simulated and observed collector outlet temperature during drying of

peeled longan for a typical full scale experimental run

100
90 -
*® -~ =
80 ~
70 A
60 -
50 ~
40 ~
30 ~
20
10 -

9/09/2007

¢ Experiment
- = - - Model

I 10/09/2007

0
8:00

10:00

12:00

14:00

16:00 18:00
Time (hr)

8:00 10:00 12:00 14:00

Fig. 37 Comparison of the simulated and observed moisture content during drying of peeled longan

for a typical full scale experimental run
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5.5 Conclusions

From the drying experiments of peeled longan in the side-loading type tunnel dryer, the
temperature inside the collector varied with the positions but it varied within a narrow band for the
positions starting from the middle of the dryer to exit of the dryer in the middle of the day. Pattern of
changes of air velocity inside the solar tunnel dryer followed the pattern of changes in the solar
radiation. Field level tests demonstrate the potentiality of solar drying of peeled longan in the side
loading type solar tunnel dryer. Solar drying of peeled longan in the side loading type solar tunnel
dryer resulted in considerable reduction in drying time as compared to the natural sun drying and the
products dried in the solar tunnel were quality dried products. The payback period of the side loading

type solar tunnel dryer is 2.9 years.

A system of partial differential equations for heat and moisture transfer was developed for
solar drying of peeled longan in a side loading type solar tunnel dryer and the model was programmed
in Compaq Visual FORTRAN version 6.5. The simulated air temperatures at the collector outlet agreed
well with the observed data on temperatures. Good agreement was found between the experimental and
simulated moisture content of peeled longan during drying and the precision was reasonable. This
model can be used for providing design data for side loading type solar tunnel dryer and also for

optimization of side loading type solar tunnel dryer.



Chapter 6
Experimental and Simulated Performances of a Batch Type Longan Dryer with Air Flow

Reversal Using Biomass Burner as a Heat Source*

6.1 Introduction

Drying of longan is an energy-intensive process (Nathakaranakule etal., 2010). Majority of
dryers are manually operated batch dryers where fresh longans are placed in a deep bed on one large
tray. Commonly used longan dryers have a loading capacity of about 2000 kg of fresh longan per
batch. Heat is supplied to drying air by LPG burner and the heated air is forced by means of a ducted
fan operated by an electric motor into the dryer. One batch of drying takes about 48-72 hours. Long
drying time is usually required to achieve the desired ‘golden brown’ color. Normally, non-uniform
drying is obtained. To ensure uniformly dried product, drying operators usually turn the fruit layer
upside down and inside out thoroughly in 12 hours intervals and this causes damage and cracks of a
significant fraction of dried longan during drying (Achariyaviriya et al., 2007).Also the turning of the
bed is a labour intensive operation.

In the recent years, drying cost of longan has increased considerably due to the increase in the
price of LPG. Thailand is located in the tropics, there are sufficient biomass potentials. Furthermore,
longan farmers have to do thinning operations of longan tree annually to promote flowering of longan.
Therefore, utilization of biomass to dry longan may be considered as a possible alternative fuel to LPG
for drying of longan.

Temperature and moisture content during deep bed drying of agricultural products change
with time and position. Many mathematical models have been proposed to simulate the deep bed
drying of agricultural products. Models of deep bed dying may be classified as (i) graphical and
logarithmic models, (ii) heat and mass balance models and (iii) partial differential equation models
(Bala, 1997). McEwen and O’Callaghan (1954) were the first to propose that deep bed drying can be
represented by a number of thin layers in series and developed a semi-graphical method of solution.
About the same time Van Arsdel (1955) developed partial differential equation models and solved these
equations by the predictor-corrector methods. About decade after the publications of these models,
Boyce (1965&1966) was the first to develop a digital computer model and later on Bakker-Arkema et
al. (1967) proposed a set of partial differential equation models. Several studies have been on simple
heat and mass balance models (Thomson et al., 1967; Bloome and Shove, 1971; Abu-Hamdeh and
Othman, 2004). Although these are based on some assumptions of the dominant mechanisms of heat
and mass transfers. However, many studies have been reported on modeling batch dryer using partial
differential equation models even including momentum transfer(Berbert et al., 1994; Ratti and
Mujumdar, 1995; Nafle et al., 2010; Ruiz-Lopez et al., 2008; Achariyaviriya et al., 2007; Tippayawong
et al., 2008&2009; Phaphuangwittayakul et al., 2004; O’Callaghan et al., 1971; Baka and Wood, 1984;

* This chapter has been accepted to publish in Journal of Drying Technology, 2011 (in press)
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Bala, 1990; Sun and Wood, 1997; Mandas and Habit, 2002; Srivastava and John, 2002; Sitompul et al.,
2003; Tang et al., 2004).

Several studied have also been reported on modeling of deep bed drying of agricultural
products with air flow reversal (Berbert et al., 1994; Ratti and Mujumdar, 1995; Nafle et al., 2010;
Ruiz-Lopez et al., 2008). Recently, Ruiz-Lopez et al. (2008) reported a partial differential equation
model based on heat and mass transfer mechanism between the air and the product in a fixed bed
drying of food materials with and without periodical reversals of the air flow direction.

Moisture content gradients normally develop inside the batch dryers during the drying of
agricultural products (Berbert et al., 1994; Ratti and Mujumdar, 1995).The product near the air inlet
dries faster while the product next to exit dries less and this may not only cause drying stress in the
product and inefficiency in drying but also degrade product quality near the exit. The possible options
are interchanging layers of the products or reversing the air flow inside the dryer at regular intervals of
time. The interchanging layers of the product which is practiced now for drying of longan is
inconvenient and labour intensive. But using air flow reversal, a more uniform product in a fixed bed
can be obtained (Ruiz-Lopez et al., 2008; Achariyaviriya et al., 2007). Basically, this method consists
of applying the drying airflow in one direction for some time and then reversing the direction of the
flow for the next period; the process may be repeated several times before drying is complete although
not many reversals are needed to uniform the profiles.

Convective batch drying of longan in batch dryers is a complex process which involves
simultaneous heat and mass transfer. To provide design data for the dryer and understand the drying
process with air reversal, it is essential to predict temperature and moisture changes with time and
position inside the dryer. Many studies have been reported on modeling of deep bed drying of cereal
grains (Zare et al., 2006; Aregba and Nadeau, 2007; Hemis et al., 2009; Ratti and Crapiste, 2009) and
several studies have been reported on drying of vegetables and fruits.

Limited studies have been reported on modeling of deep bed drying of vegetables and fruits
with air reversal. Although several studies have been reported on batch drying of longan with
recirculation, no detailed study has been reported on batch drying of longan with reversal of air flow.
The purpose of this study is to design a biomass fuelled indirect heating batch type dryer with
arrangement for air flow reversal for drying of longan and also assess the experimental and simulated
performances of biomass fuelled indirect heating batch type dryer with air flow reversal for drying of

longan fruit.

6.2 Materials and methods
6.2.1 Experimental study
The biomass fuelled batch type longan dryer with an arrangement for air reversal was
constructed and installed at Silpakorn University, Nakhon Pathom, Thailand. The longan dryer consists
of a biomass furnace with a cross flow heat exchanger, a drying bin to contain longan, an electric motor

operated axial fan to provide the required air flow and an arrangement for air reversal. The biomass
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furnace is designed for fuel wood and the cross flow heat exchanger permits indirect heating of the
drying air so that the product is not contaminated by the dust from the biomass furnace. The
arrangement for air reversal permits reversal of air flow in the static product bed. The designed batch
type longan dryer is shown in Fig 38-39. The drying bin is essentially a deep bed dryer. The bin has the
width of 1.8 m, the length of 3.0 m and the height of 01.2 m. The inlet of the bin has the width of 0.4 m
and the height of 0.4 m whereas the outlet of the bin has the width of 0.6 m and the height of 0.2 m.
The glass wool sandwiched between two parallel galvanized iron sheets is used as the side walls, the

cover and bottom side of the drying bin.

Fig. 38 Pictorial view of the longan dryer
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Air outlet of burner / BIoWjil/
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Hot air chamber
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Biomass burner Aiir flap for controlling flow direction Perforated floor

Fig. 39 The structure and dimension of the longan dryer
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The three tests were carried out during the period of July - September, 2010. Longans for the
experimental runs were purchased from markets at Chiang Mai, northern Thailand. The initial moisture
content was 74% (wb) at start of drying and the drying was continued until final moisture content
reduced to 14% (wb).

To investigate the dryer performance drying air temperature, air flow rate, relative humidity
and weight of longan were monitored during drying. Thermocouples of type K were used to measure
the air temperatures in the drying bin (precision + 2%). The positions of the thermocouples for the
measurements of temperatures in the drying bin are shown in Fig. 40. Hot wire anemometer (Airflow,
model TADb, precision + 2%) were employed to monitor the air speed in the drying bin. The direction of
air flow was reversed periodically. Relative humidity of ambient air and drying air were periodically
measured with hygrometers (Electronik, model EE23, precision + 2%).

Voltage signals from the hygrometers and thermocouples were recorded every 10 minutes by
a 40-channel data logger (Yokogawa, model DC100). Samples of products in the dryer were weighed
at 3-hour intervals using a digital balance (Satorius, model E2000 D, precision + 0.0001 g). The
positions of the measurements of the sample weights in the drying bin are also shown in Fig. 40.
Before the starting the experimental runs, the hygrometers were calibrated using standard saturated salt
solutions with the guideline provided by the manufacturer. Before being used, the thermocouples were
also tested by measuring the boiling and freezing temperatures of water to ensure the accuracy. All the

drying experiments were carried out at an air velocity entering the drying bed of 3 m/s.
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Fig. 40 Positions of the thermocouples (T), hygrometers (rh) and product samples for weights (M). X, y

and z are the axis of reference
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For the drying tests, 2000 kg, 1500 kg and 1000 kg of whole longan were loaded in the drying
bin for each experimental run. For reversal of air flow inside bed, air flap A is closed and air flap B is
kept open to pass hot air from the bottom to the top through longan bed from biomass burner while the
air flap B is closed and air flap A is kept open to reverse the air flow through longan bed (see Fig. 39).
The process was repeated at an interval of 3-hours until the desired moisture content (about 14% on a
wet basis) was reached. The moisture content during drying was estimated from the weight of the
product samples and the estimated dried solid mass of the samples. At the end of the drying process,
the exact dry solid mass of the product samples was determined by using the air oven method. The

samples were placed in the oven at the temperature of 103°C for 72 hours (Achariyaviriya et al., 2001).

6.2.2 Uncertainty analysis

Uncertainty analysis refers to the uncertainty or error in experimental data. A systematic error
in the experimental data is a repeated error of constant value and the random error is due to an
imprecision. The systematic error can be removed by a calibration but the random error can not be
removed. The imprecision due to the random error can be defined numerically by a calibration. The
measured data on temperature and relative humidity were recorded during the calibration. The mean
value of the measurements and standard deviation of the random errors of the data on temperature and
relative humidity were determined. The variable x; which has an uncertainty ox; is expressed as
(Doiebelin, 1976; Holman, 1978; Schenck and Hawks, 1979):

X; = X neqn (Measured) £+ 8x; 1)

i = ““mean

where X; is actual value of the variable, X is mean value of the measurements and OX; is the

mean

uncertainty in the measurement.
There is an uncertainty in X; that may be as large as 8Xi . The value of fSXi is the precision

index which is taken as 2 times the standard deviation and it encloses approximately 95% of the

population for a single sample analysis.

Statistical analysis (analysis of variance) was carried out to assess whether there exists any
significant difference in the temperature inside the dryer and the ambient temperature as well as the

humidity inside dryer and the ambient relative humidity.

The suitability of the model was evaluated using the value of the root mean square difference
(RMSD) and it is measure of the average discrepancy between the experimental points and the fitted
curve. It measures the goodness of fit in the unit of the dependent variable. The root mean square

difference (RMSD) was calculated using the following equation:
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where Y. i and Y e, ; are the predicted and measured values of variable y, respectively and N is

total number of data points.

6.2.3 Water activity measurement of dried longan

The water activity of dried longan samples were measured by a water activity meter
(thermoconster, Novasina Co. Ltd., Switzerland). The removal of moisture content reduces the water
activity of the product during drying. In general, the water activity (a,) in most dried food is relatively
low, typically less than 0.6, which is the recommended level for safe storage. Low water activity
inhibits the growth of various microorganisms and prevents oxidation and enzymatic reactions. Table 7
shows typical water activity values which prevent growth of some common microorganisms (Rahman,
2005; Krokida et al., 2998; Lozano and Ibarz, 1997; Maskan, 2001; Zhang et al., 2003; Lopez Camelo
and Gomez, 2004; Jangan et al., 2010).

Table 7 Critical water activity to inhibit microorganisms

Microorganisms ay (Critical range)
Bacteria <0.85-0.86
Yeasts and moulds <0.62

6.2.4 Colour measurement of dried longan

The colour of dried longan samples were measured by a chromometer (CR-400, Minolta Co.
Ltd., Japan) in CIE (Commission Internationale I’Eclairage) chromaticity coordinates. L", a” and b”
represent black to white (0 to 100), green to red (-60 to +60) and from blue to yellow (-60 to +60)
colour respectively. Out of five available colour systems, the L*a*b* and L*C*h systems were selected
because these are the most used systems for evaluation of the colour of dried food materials. 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.



Hue angle (h) indicating colour combination i.e. browning, is defined as:

he tan'l(b*/a*) (when a* > 0)
180°+tan*(b*/a*) (whena* < 0)

Chroma (C*) indicating colour intensity or saturation is defined as:
C* = (a*2+b*2)1/2

and the total colour change (AE) is defined as:

AE = (L = Ligg)? + (2" — g )+ (0" — breg )

6.2.5 Economic evaluation

The total capital cost for the dryer (C+ ) is given by the following equation:

Cr = Cn+C

where C,,, is the material cost of the dryer and C is the cost for the construction.

The annual cost calculation method proposed by Audsley and Wheeler (1978) yields:

N .
Cannual = CT"'Z(Cmain,i"'Cop,i)mI Lﬂ(—

i=1
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@)

(4)

®)

(6)

where Cgpnya is the annual cost of the system. Ciain ; and Cgp ; are the maintenance cost and the

operating cost at the year i, respectively. @ is expressed as

®= (100 + i)/ (100 + i)

where i;,and iz are the interest rate and the inflation rate in percent, respectively.

®)

The operating cost consists of the wood consumption cost, electricity consumption cost and the labor

cost for operating the dryer. This cost can be written as follows;

Cop= Cuwood + Celectric + CIabour,op

)
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The maintenance cost was assumed to be 1% of the capital cost.
The annual cost per unit of dried product is called the drying cost (Z, USD/kg). It can be written as

7= Cannual (10)

where Mdry is the dried product obtained from this dryer per year.

Cr

Payback period =
Mgry Py — Mg Pr =My Z

(11)

where Mdry is annual production of dry product (kg), Ms is the amount of fresh product per year (kg),

P4 is the price of the dry product (USD/kg) and P is the price of the fresh product (USD/kg).

6.3 Mathematical modeling

The following assumptions are made in deriving the equations: The volume shrinkage, the
temperature gradients within the individual particles and the particle-to-particle conduction during the
drying are negligible. Bin walls are adiabatic with negligible heat capacity. The heat capacities of

moist air and of longan are constant and heat and mass transfer is one-dimensional.

N A

H’Tf,\|/’pa’Ca | Tp,Micpipp

Fig.41 Element of the bed

Moisture content and temperature change with position and time during deep-bed drying of
longan. Consider an element of the bed of the dryer (Y, Y+dY) and S is the cross-sectional area with
air speed (v) from Y to Y+dY (Fig. 41). There are four unknowns: moisture content (M), humidity ratio
(H), drying air temperature (Ty), and product temperature (T,). Thus, two conservation equations and

two rate equations are made, resulting in four equations to solve the problem.



68

- Energy balance equation
Change of enthalpy of air = Sensible heat transfer from the air to moisture prior to evaporation
- Change in sensible heat of the moist product + Enthalpy in evaporated moisture
Mathematically this can be expressed as:
Ty
oY

oM

oV 12
- (12)

oM oty
ma(Ca+CvH) :ppCv(Tf_Tp)ﬁ_pp(cp"‘CfM)W"‘ppL

- Heat transfer rate equation
Change in enthalpy of the product = Convective heat transfer between the air and the product
+ Enthalpy in evaporated moisture

Mathematically this can be expressed as:

6Tp oM
pp(Cp+CfM)—=hV(Tf —Tp)+ppr— (13)
ot ot
where h, is the volumetric heat transfer coefficient and it is computed from the following relationship
(Bakker-Arkema and Hall, 1974).
h, = 8.69 x 10°m,"* (14

- Mass balance equation
The mass balance equation gives that the moisture lost by product is equal to moisture gained

by the air. Mathematically it can be expressed as:

oH _ oM (15)

m _ — P
2oy - PPt
- Thin layer drying equation of the product
The rate of change of moisture content of a product in the dryer can be expressed by an
appropriate thin layer drying equation. Thin layer drying equation in the form of Page equation

developed by Phupaichitkun et al. (2008) was used in this study and the equation used is:

M=M, exp(-At®) (16)

M 0~ M e
where A is a function of drying air temperature (T, °C), relative humidity (rh, decimal), air speed (v,
m/s) and radius of longan fruit (r;, m) and B is a constant. The parameters A and B were obtained by
fitting the Page equation to the experimental data using MATLAB (MathWork, Inc.). The details are
given in Phupaichitkun et al. (2008) A and B are expressed as:
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179.907 — 0.0569 ul —7182exp _—4s2
v T+273.15

A= a7

r|2

B = 1.0829.

Equilibrium moisture contents for whole longan were determined experimentally in the
Department of Physics, Silpakorn University, Nakhon Pathom, Thailand using the dynamic method. To
determine the equilibrium moisture contents, three sets of equipment were constructed and each set
consists of a hot air chamber containing six sample boxes in three trays. The sample box was
essentially an airtight plastic box containing saturated salt solution to maintain constant relative
humidity inside the sample box show in Fig. 42. Each sample box is divided by plastic wall into two
sections for holding two samples separately and simultaneously. The sample boxes were half filled
with salt solution. The samples were placed inside the perforated sample containers of 8 cm in width,
12 cm in length and 3 cm in height and the sample boxes were placed on the perforated plastic supports
just above the salt solution. Two small electric fans were fitted to circulate the air inside the sample box
to accelerate moisture transfer between the samples and air inside the sample box. The sample boxes
were placed inside the hot air chamber. The hot air chamber was equipped with a 3 kW electrical heater

and an electronic temperature controller to maintain the temperature and the relative humidity was

maintained by saturated salt solution.

Sample boxes
Hot air chamber

Fig. 42 Show the hot air chamber and sample boxes

In conducting the experiments, eight whole longan fruits were placed inside the sample
containers located inside the sample boxes and the sample boxes were placed inside the hot air
chamber. The samples were weighed regularly until they reached equilibrium. The final moisture
contents of the product were determined by the standard oven method (temperature of 103 °C for 24

hours). Details of experiments and modeling are similar to those for the case of longan fresh reported in
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Janjai et al. (2006). The results of the experiments and modeling of the equilibrium moisture content
obtained from this work are shown in the next section.

To obtain the numerical solution of the longan deep bed model, the whole longan bed is
divided into a number of layers (Y = j.AY) along the depth of the dryer. The drying time is also
divided into a number of intervals (t =i.At). On the basis of the air temperature, air velocity and
relative humidity, the drying content (A, B) and dynamic equilibrium moisture content (M) of the
whole longan were computed. Using the A, B and M, values, the changes of moisture content of whole
longan, A M, for a time interval, At, were calculated using Eq. (16-21). Using the recent value of
drying air temperature and drying rate, the product temperature of first layer of the dryer was computed
using Eqg. (13). On the basis of the recent value of the product temperature, the air temperature inside
the first layer of drier was estimated using Eq. (12). The change in air humidity was computed using
Eq. (15). This process was repeated layer-by-layer until the top of the bed was reached. This process
was then repeated for each time increment. When air relative humidity exceeds 98%, the condensation
routine deposits back the moisture from the saturated air. Air and whole longan temperatures are
adjusted for this condensation. The numerical solution was programmed in Compaq Visual FORTRAN

version 6.5.

6.4 Results and discussions
6.4.1 Experimental results

Three tests were carried out for drying of whole longan in the longan batch dryer in the
months of July to September, 2010 and the loading capacities were 1000 kg, 1500 kg and 2000 kg.

Fig. 43 shows ambient, inlet and outlet air temperature during drying of whole longan for the
loading capacity of 1000 kg. The inlet air temperature was maintained almost constant level of 80 °C
and the outlet temperature was slightly lower than this for most of the drying period. Thus, outlet air
appears to have sufficient drying potentials which can be recycled when more than one dryer are in
operation. Similar results were found for the case of 1500 kg and 2000 kg because of the fact that the
inlet temperature was maintained constant and the outlet air left the dryer with some drying potentials

in all these cases.
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Fig. 43 Variations of inlet temperature and outlet temperature of the dryer and ambient temperature

during a typical experimental run of a loading capacity of 1000 kg

Fig. 44 shows temperature at the bottom, middle and top of the drying bed for periodic air
reversal. When the air enters at the bottom, the exhaust temperature at top is low and the reverse true
when the air enters at the top of the bed resulting a constant temperature of 65 °C in the middle of the
bed which is the optimum temperature for drying of longan. Basically, the drying airflow is in one
direction for some time and then the direction of the air flow is reverse for the next period; the process
is repeated several times until the drying is complete. The cyclic variation of the air flow rates causes
the cyclic variation of the inlet and outlet temperatures. However, the temperature inside the dryer is
almost same during air flow reversal periods. Similar results were found for the case of 1500 kg and
2000 kg because of the fact that the inlet temperature was maintained constant and the air flow was

reversed in the same cyclic patterns in all these cases.
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Fig. 44 Variations of the temperatures at bottom, middle and top positions of the dryer a) front section,

b) middle section and c) behind section (see Fig. 40)

Fig. 45 shows the temperatures at different positions (except inlet and outlet) inside the
drying bed for periodic air reversal. Analysis of variance (ANOVA) in Table 8 shows that the
calculated Fq s is 0.472 which is less than the tabulated F value of 1.94. Hence there is no significant
difference in temperatures in the different positions inside the dryer (p<0.05). Thus, the periodic
reversal of the air flow air removes the temperature gradients inside the dryer. Similar results were
found for the case of 1500 kg and 2000 kg because of the fact that the inlet temperature was maintained

constant and the air flow was reversed in the same cyclic patterns in all these cases.
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Fig. 45 Temperatures at different positions inside the drying bed for periodic air reversal of a loading

capacity of 1000 kg

Fig. 46 shows relative humidity of ambient, inlet and outlet air. ~ The inlet air relative
humidity was almost constant and the outlet relative humidity decreased with time. The relative
humidity of the outlet air decreased little towards the end of the drying indicating that it is approaching
the inlet humidity. Thus, the exhaust air which is leaving the dryer at much higher temperature (Fig.
6.6) and at a lower relative humidity in comparison to the ambient air has sufficient drying potentials
and can be recycled when more than one dryers are in operation. Similar results were found for the case
of 1500 kg and 2000 kg because of the fact that the inlet relative humidity was low and the inlet
temperature was maintained constant while the outlet air leaving the dryer was never saturated in all

these cases.
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Fig. 46 Variations of ambient, inlet and outlet relative humidity during a typical experimental runs of a

loading capacity of 1000 kg
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Fig. 47 shows the moisture content changes at different positions (middle, sides and corners)
inside the drying bed. Analysis of variance in Table 9 shows that the calculated Fy s is 0.005 which is
less than the tabulated F value of 1.91. Hence there is no significant difference in moisture content in
the different positions inside the dryer (p<0.05). Thus, the periodic reversal of the air flow removes the
moisture content gradients inside the dryer. Similar results were found for the case of 1500 kg and
2000 kg because of the fact that the inlet temperature was maintained constant and the air flow was
reversed in the same cyclic patterns in all these cases.
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Fig. 47 Moisture content changes at different positions (middle, sides and corners) inside the drying
bed

Fig. 48 shows that the moisture content of longan inside dryer during a typical drying run and
it reduces from 74% (wb) to about 14% (wb) within 48 hours, 54 hours and 60 hours for loading
capacity of 1000 kg, 1500 kg and 2000 kg respectively. The higher is the loading, the lesser is the
percentage of the exposure of the products to higher temperature resulting higher drying time.

The operating costs of 1000 kg, 1500 kg and 2000 kg of loading capacity of the dryer are
0.052 USD/kg, 0.039 USD/kg and 0.031 USD/kg, respectively. Operating costs were estimated from
the amount of electricity consumed and fuel wood used and unit prices of electricity and fuel wood.
The drying behaviors of whole longan for loading capacity of 1000 kg, 1500 kg and 2000 kg were
similar. But the operating cost decreases with the increase of the loading capacity. This suggests that
batch dryer with air flow reversal should be operated at the full loading capacity for economic
operation of dryer.
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Table 8 The analysis of Variance (ANOVA) for temperature distributions in different positions inside

the dryer

Sum of squares df Mean square Calculated F | Tabulated F
Between positions | 195.784 8 24.473 0.477 1.94
Within positions 22160.552 432 51.298
Total 22356.336 440

Table 9 The analysis of Variance (ANOVA) for moisture content distributions in different positions

inside the dryer

Sum of squares

df Mean square Calculated F | Tabulated F
Between positions | 22.078 10 2.208 0.005 1.91
Within positions 37662.515 88 427.983
Total 37684.593 98

6.4.2 Results of equilibrium moisture content

Sorption isotherms of whole longan at three temperature levels of 40, 50 and 60 °C, in the

range of 11.6 - 96.2% relative humidity values are shown in Fig. 49. The isotherm curves have sigmoid
shape and similar patterns. Fig. 49 show that the EMC values decreased with the increase in
temperature at all levels of relative humidity.
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These experimental results were fitted with existing equilibrium moisture content models. It
was found that the GAB equation fitted best to experimental data. The equation is given by:

Me _ bObIbZaW (18)
(1-bya, )d—bjay +bibsay)
where
bo =0.21599 exp(13gGZT7§34) (19)
_ 31969.5594
by =—-37.21382exp (=252 RoTat (20)
b, =1.27174exp(=R2251 906 6819 (21)

where a,, is water activity (decimal), Ty, is drying air temperature (K) and Rq is universal gas constant
(J/mol-K).
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Fig. 49 Measured sorption isotherms (points) for whole longan at the temperature levels of 40°C, 50°C
and 60°C

6.4.3 Simulated results
To validate the model, the predicted results during drying of whole longan at the middle of the
drying bed were compared to the experimental values. Fig. 50 shows a typical comparison between the
predicted and experimental values of the predicted and observed moisture contents of whole longan
inside the dryer and the model predicts well the moisture content changes during drying.
The model predictions were evaluated on the basis of root mean square difference (RMSD).

RMSD of the prediction of the moisture contents for the loading capacity of 1000, 1500 and 2000 was
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3.7%, 4.9% and 4.7%, respectively. Thus, the model predictions of the moisture contents are

reasonably good. Furthermore, predictions are within the acceptable limit (10%).
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Fig. 50 Comparison of the simulated and observed moisture content during drying of whole longan

1000 kg, 1500 kg and 2000 kg

Simulated results of drying air temperature and relative humidity at the middle of drying bed
were also compared with the observed values (Fig. 51 and Fig. 52) and the model predicts well the
drying air temperature and relative humidity. RMSD of the prediction of the drying air temperature and

relative humidity was 5.0% and 11.0%, respectively. These predictions are also within the acceptable

limit (10%). Fig. 53 shows the simulated product temperature and the model predicts plausible

behavior of the product temperature. Although there is no direct comparison between the simulated and

observed values, the model predicts the product temperature reasonably well at least qualitatively.
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kg of whole longan
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Fig. 53 The simulated result of product temperature (T,) during drying for 1000 kg of whole longan

6.4.4 Quialities of dried whole longan

The average water activity (a,) of dried whole longan for the drying tests of 2000 kg, 1500 kg
and 1000 kg of whole longan was about 0.58 which is lower than the standard (a,,=0.60).

The results of colour measurements of whole longan are shown in Table 10. Drying of flesh of
longan resulted in increase in the values of a* from 0.75 to 10.95, b* from -0.66 to 9.60 and chroma C*
from 1.85 to 14.63. But L decreases from 33.02 to 22.78 and hue angle (h) decreased from 232.43 to
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40.56. Nathakaranakule et al. (2010) also reported similar color changes. This implies that drying of
logan flesh results in bright golden brown color. However, Varith et al. (2007) and Tippayawong et al.
(2009) found golden brown, and golden and light reddish yellow color, respectively. Thus, the present
findings agree with the results reported. Again, drying of shell of longan increases the values of a*
from 8.76 to 10.88, b* from 16.52 to 19.82 and chroma C* from 18.70 to 22.63. But L decreases from
45.86 to 42.82 and hue angle (h) decreased from 62.06 to 61.20. This causes the color of shell to
change into more golden brown. The total colour change of fresh longan was 18.0 which indicates a
large difference in color while the total change of shell of longan is 4.9 which indicates an appreciable
color difference. The colour change is more incase of longan flesh and this color is the acceptable color

in the dried longan markets and to the consumers for dried longan.

Table 10 Colour variations of fresh and dried whole longan

Colour Value

Status Treatments T pe b* c* h AE
Fresh flesh of | Average of nine | 53053 | 0752 | -0.661 | 1.847 | 23243 | -
longan observations
Dried ~flesh of | Average of nine | », 779 | 10954 | 9604 | 14.627 | 40564 | 18.0
longan observations
Fresh —shell ~of | Average of nine | ;5 06s | 760 | 16523 | 18.702 | 62,068 | -
longan observations
Dried ~shell ~of | Average of nine | ,, 551 | 1988y | 19,821 | 22.625 | 61.203 | 4.9
longan observations

6.4.5 Economic result

The capital cost for construction and installation of the longan dryer is 4,300 USD and
capacity of dryer is 2,000 kg. The harvesting season isthree months for whole longan and
approximately 15,840 kg of dry whole longan are produced annually. The information for the
computation of the payback period are given in Table 11. The labour and labour costs were estimated
from usual construction costs of conventional longan dryers. The prices of fresh and dried longan were
obtained from local markets in Chiang Mai. Based on these information on production scales, capital
and operating costs of the drying system and price of the dried products, the payback period of the

longan dryer for drying whole longan is estimated to be 2.6 years.



Table 11 Computation of payback period

Items

Costs and economic parameters

Materials of constructions

1,800 USD"

Biomass burner and blower

1,500 USD

Labour costs for constructions

1,000 USD

Repair and maintenance cost

1% of capital cost per year

Wood consumption:

(a) Quantity of fuel wood

1200 kg per batch

80

(b) Price of fuel wood 37 USD per 1000 kg

Electricity consumption:
(a) Amount of electricity 60 kWh per batch

(b) Price of electricity 0.114 USD per kWh

Labor cost for operating the dryer:
(a) Labour cost 5.7 USD per person

(b) Number of labour per batch 2 person

Operating cost: (a) fuel wood 44.4 USD per batch
(b) electricity 6.84 USD per batch
(c) labour 11.4 USD per batch
(d) number of batch 24 batch per year

(e) total operating cost 1,503 USD per year

Price of fresh longan 0.4 USD
Price of dried longan 1.4 USD
Expected life of the dryer 15 years
Interest rate 7%
Inflation rate 3.5%

* (1USD = 35 Baht)

6.5 Conclusions

A biomass fueled batch type longan dryer with arrangement for periodic air flow reversal was
designed and tested. The airflow reversals were found to give more uniform moisture and temperature
distributions in the longan bed. It is also economical to use the dryer for a full loading capacity of 2000
kg of whole longan per batch. The quality of dried longan was good in comparison to the high quality
product in markets.

A set of partial differential equations were developed and the equations were solved using
finite difference technique. The numerical solution was programmed in Compaq Visual FORTRAN
version 6.5. The simulated moisture contents agreed well with the experimental data. This model can

be used to provide the design data and it is also essential for optimal design of the dryer.



Chapter 7
Conclusions

In this work, the drying kinetics of longan drying, diffusivities of longan fruit, finite element

simulation of longan fruit and performance of two longan dryers have been investigated and the results

can be concluded as follows:

1)

2)

3)

4)

5)

Drying air temperature has a great influence on the drying rate of peeled longan and there is
no difference in colour for longan dried between 50 to 70 °C. In addition, Page model was
found to be the best model to predict the moisture content of thin layer drying peeled longan.
Moisture diffusivity of different parts of longan fruit has been determined. It was found that
the diffusivity of the flesh of longan fruit increased with temperature but the diffusivities of
shell, seed coat, seed and seed stalk were temperature independent. Additionally, moisture
diffusivities of shell and seed coat were much lower than those of the other parts of the
longan.

A two-dimensional finite element model has been developed to simulate moisture diffusion in
longan fruit during drying. The simulation results revealed the moisture content inside the
longan fruit. These results indicated that the seed stalk controlled the moisture movement
from the flesh into the drying environment.

The performance of a side loading type solar tunnel dryer for drying peeled longan has been
evaluated. The experimental results showed that the drying time of peeled longan in this solar
tunnel dryer is significantly shorter than that of the natural sun drying and good quality dried
product was obtained. Additionally, a system of partial differential equations describing heat
and moisture transfer during drying of peeled longan was developed and the simulated results
agreed well with the experimental data. This type of dryer has high potential for drying peeled
longan in a commercial scale.

Experimental and simulated performance of a batch type longan dryer with air flow reversal
using biomass burner as a heat source has been carried out. It was found that the air flow
reversal gave uniform moisture and temperature distributions in the longan bed. In addition,
the drying model developed for this dryer predicted well the moisture content of longan
during drying process. This proposed dryer has high potential for drying longan fruit in

commercial scale.

As the moisture profiles in longan fruit predicted by the finite element model could not be

measured in this work, it is suggested that these profiles must be experimentally validated by using

advanced instruments, such as nuclear magnetic resonance imager (NMRI) for a further work. It is also

recommended that the side loading tunnel dryer and the reversal flow longan dryer should be tested in

the fields and further developed.
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Appendix 2

Solar Drying of Longan Fruit*

Drying of longan fruit with a roof-integrated solar drying system was also investigated as
follows:

A roof-integrated solar drying system designed and constructed in the Solar Energy Research
Laboratory, Silpakorn University was used to study the experimental and simulated performances of
roof-integrated solar dryer for drying of longan. It is located at Suan Phoeng Educational Park in
Ratchaburi Province (13° 32 50" N ,99° 48' 44" E) in Thailand. The dryer consists of a roof-integrated
solar collector and a drying bin with an electric motor operated axial fan to provide the required air
flow and it is shown in Fig. Al. The roof-integrated collector consists of two arrays of air collectors
placed on the roof structure of a building: one facing the south and the other facing the north with a
total area of 144 m?. The arrays of the collectors also serve as the roof of the building. The roof-
integrated collector is an insulated black-pained roof serving as an absorber, which is covered with a
polycarbonate plate. The drying bin is essentially a deep bed dryer. The dimension of the bin is 1.3 m x
2.4 m x 0.8 m and it is located inside the building. The bin is connected to the middle of collector
through a T-type air duct. Solar radiation was measured by pyranometers (Kipp&Zonen, CM11) and
temperature was measured by using K-type thermocouples.

Longan fruit was dried to demonstrate the potentiality of the drying system for drying this
fruit. Two experiments were carried out in November, 2008. For each drying test, one hundred
kilograms of longan fruit was loaded to the drying bin. The experiments were started at 8.00 am and
continued until 5.00 pm. During the night the product was kept in the drying bin. The process was
repeated until the desired moisture content (about 25% wh) was reached. About 100 g of product
sample was taken from the dryer and weighted at 3-h intervals. The moisture content of the product

was determined using the oven method.

120m.

nm ﬂ ..... H// //// .
l ) % //,/

Fig. Al Roof-integrated solar drying system

* The paper published in the proceeding of the 3" International conference “Sustainable Energy and
Environment (SEE2009)”. World Renewable Energy Congress 2009-Asia.
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Heat transfer in the collector is schematically shown in Fig. A2 and energy balances for each
component of the collector can be expressed as:

X%
DV A Polycarbonate cover

A
=
v
_|
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ol A AN | B
i E hc c—f m
- NI
+ 50 u b hc b—f
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W Radiative heat transfer
Tb \ Convective heat transfer
Air flow Insulation Black absorber 5, Conduction heat transfer
Fig. A2 Heat transfer in the collector
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dT,
pCSCCC ditc = hr,b—c(Tb _Tc) + hc,c—f (Tf _Tc) + hw(Ta _Tc) + hr,c—s (Ts _Tc) + 0"t:lt (1)
- Alir stream
dT ¢
DGCde:hc,c—f(Tc_Tf)+hc,b—f(Tb_Tf) )
- Absorber
dT,
PuObCh T hepor (Tr = Tp) + Ny p o (Te = Tp) + Up (T, = Ty) + (zo) I ®)

Energy and mass balance equations in the drying bin can be written as:

- Energy balance

aT. oM oT oM
m,(C, + CVH)ﬁ: PCy (Tr =) =0y (Cy + ch)TtM pols 4)
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- Heat transfer rate

oT oM
pp(cp+cf|v|)a—tp=hv(Tf—Tp)+pp|_p? (5)
- Mass balance
oH oM
m,— =- (6)
oY Pe ot

- Drying rate equation

M -M

e _ B (7)
€ _ ex — At
VR p( )
0 e

—-179.907 + 0.0569(:'/1) +7182 exp[_ 4T55'2]

A=
Rﬁorm

B = 1.0829

Equilibrium moisture content (M) is calculated from:

PP ®)
n by +0,T

Me
where by = 79.9826; b,;= -0.8277; and b, = 2.1867.
Equations from (1) to (8) are solved numerically using finite difference technique
Field tests of the dryer for drying of longan were carried out in the months of November,

2008. The variations of solar radiation are shown in Fig. A3. The solar radiations follow similar

cyclical patterns for all the days, but there are some fluctuations due to cloud in the sky.

1400 . - ; 5
1200 - +So§1th facing collectar —— North facing collector

1000 |

800

600 -

400 -

200
0 8/11/2008° 9/11/2008 110/11/200 * | 11/1‘1/200‘ ‘12/11{2 0 ‘

Solar radiation 0N/rr12)

13/11/200

8:00 12:00 16:00 8:00 12:00 16:00 8:00 12:00 16;|(_)_O 8:((?]0) 12:00 16:00 8:00 12:00 16:00 8:00 12:00 16:00
Iime (nr

Fig. A3 Solar radiation on the south and north facing solar collector
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Figure A4 and Figure A5 show the ambient temperature and the collector outlet temperatures

at the middle of the roof for solar radiation incident on the south-facing collectors and north-facing

collectors respectively. Since more incident solar radiation was on the south-facing roof as compared to

the north-facing roof, the temperature at the outlet of the south-facing roof was higher.

100

Temperature (C)

B o ©
o O O

—— QOutlet of south facing collector Amblent
8/11/2008 9/11/2008 10/11/2008 11/11/2008 12/11/2008 13/11/2008

0 -

8:00 12:00 16:00 8:00 12:00 16:00 8:00 12:00 16:00 8:00 12:00 16:00 8:00 12:00 16:00 8:00 12:00 16:00

Time (hr)

Fig. A4 Variations of the ambient temperature and temperature of the outlet air from the south-facing

collector for the drying test of longan
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|

| ——Outlet ofnorth facing cellector Ambignt
8/11/2008 Y1200 | 101102008 41\% 12/11/2008 13/11/2008

8:00 12:00 16:00 8:00 12:00 16:00 8:00 12:00 16:00 8:00 12:00 16:00 8:00 12:00 16:00 8:00 12:00 16:00
Time (hr)

Fig. A5 Variations of the ambient temperature and temperature of the outlet air from the north-facing

collector for the drying test of longan

Fig

ure A6 shows the variations of the temperature above the ambient temperature with solar

radiation for the drying periods. The average temperature rise is high and it is 17.6°C (sd = 9.2°C) and

the high deviations might be attributed to temperature fluctuations due to the clouds.
For clear sky weather conditions, the moisture content of the longan in the drying bin was
reduced from an initial value of 70% (wb) to the final value of 25% (wb) within 6 days as shown in

Fig. A7. The colour of the dried longan was comparable to that of a high quality dried chili in markets

when the colour was tested.
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Temperature rise (C)

0 200 400 600 800 1000
Solar radiation (\N/mz)

Fig. A6 Average temperature rise above the ambient inside at the outlet of the collector

Figure A7 shows a typical comparison of the predicted and observed moisture contents of
longan inside the dryer and the model predicts well the moisture content changes during drying. The
model predictions were evaluated on the basis of Root Mean Square Error (RMSE) and RMSE of the
prediction of the moisture contents was 8.0%.

80 - ¢ B
70 4’\0\.—.— —— Pre
60 1 mﬁ\\.\

0 e o

40 * o

30 - * e,
20 1 * *

Moisture content (%,wb)

10 7 8/ 11/2008 9/ 11/ 2008 10/ 11/ 2008 11/ 11/ 2008 12/11/ 2008 13/ 11/2008

8:00 1100 1400 ]700 8:00 noo 1400 1700 soo 1100 1400 1700 8:00 1100 1400 ﬂoo 8:00 ]100 1400 1700 800 1100 1400 17:00
Time (hr)

Fig. A7 Comparison of experimental and simulated moisture contents

Solar drying of longan was conducted in a roof-integrated solar dryer. Solar radiation
followed similar cyclical patterns for all the days during drying. The average temperature rise inside
the dryer was about 17.6°C above the ambient temperature. Moisture content of the longan was
reduced from an initial value of 70% (whb) to the final value of 25% (wb) within 6 days. The agreement
between the experimental and simulated moisture content of longan during drying was good. As the
longan harvesting season (July-September) corresponds to the rainy season with the majority of cloudy
days, and each drying batch of whole longan fruit take about 6 days, it is difficult to use this type of
solar dryer to dry longan fruit without an additional heater.



Appendix 3
Nomenclature

A parameter of thin layer equation (-)
A collector area (m?)
[A] intermediate parameter matrix (-)

* *
a , dpf parameter in the colour measurements (-)

a parameter in thin layer drying models (-)

a; parameter in the model of Wang and Singh (h™)
ay water activity (-)

B parameter of thin layer equation (-)

b parameter in thin layer drying models (-)

* * .
b, b parameter in the colour measurements (-)

bg, by, b, parameter in equilibrium moisture content models (-)

Cc* colour parameter for chroma (-)
Ca specific heat of air (J/kg-K)
Cannual  annual cost of the system (USD/year)

Cp specific heat of absorber material (J/kg —K)

C. specific heat of cover material (J/kg —K)
Celectric  electricity consumption cost (USD/year)
Cs specific heat of air (J/kg —K)

C, labour cost for the construction (USD)

Clabour,op labour cost for operating the dryer (USD/year)

Cn material cost of the dryer (USD)

Cranti  Maintenance cost (USD/year)

Cop,i operating cost (USD/year)

Co specific heat of peeled longan (J/kg —K)

Cy specific heat of water vapour (J/kg -K)

Cr the total capital cost for the solar dryer (USD)
Cy specific heat of water vapour (J/kg-K)

Cw specific heat of water (J/kg —K)

Cwood Wood consumption cost (USD/year)

[C] global capacitance matrix (-)

[c] element capacitance matrix (-)
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{F}

{f}

parameter in thin layer drying models (-)
diffusivity of longan (m?/s)

hydraulic diameter of the collector (m)
effective diffusivity (m?/s)

diffusivity of flesh (m%s)

diameter of longan fruit (m)

diffusivity of air (m%s)

global load force vector (-)

intermediate parameter vector (-)

element load force vector (-)

mass flow rate of air (kg/s-m?)

parameter in thin layer drying models (h™)

humidity ratio (kg/kg)

colour parameter for hue angle (degree)

latent heat of vaporization of moisture from peeled longan (J/kg)

radiative heat transfer coefficient between the cover and the absorber (W/m*-K)
convective heat transfer coefficient between the absorber and the air (W/m*K)
convective heat transfer coefficient between the cover and the air (W/m?-K)
convective heat transfer coefficient between the product and the air (W/m?-K)
mass transfer coefficient (m/s)

radiative heat transfer coefficient between the cover and the sky (W/m*-K)
radiative heat transfer coefficient between the cover and the product (W/m?K)
volumetric heat transfer coefficient (W/m*-K)

convective heat transfer coefficient between the cover and the ambient due to
wind (W/m?-K)

incident solar radiation (W/m?)

global stiffness matrix (-)

element stiffness matrix (-)

drying rate constant (h™)

drying rate constant in Page model (h™)

thermal conductivity of air (W/m-K)

thermal conductivity of back insulator (W/m-K)

interest rate (%)

inflation rate (%)

L, Ls parameter in the colour measurements (-)

Lp

latent heat of evaporation of product (J/kg)
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Mobs
Mpre

RMSE
rh
r|2
lo

Sc

Tab

thickness of back insulator (m)

moisture content of longan fruit (%, db)

initial moisture content of the components of longan (%, db)
annual production of dry product (kg)

equilibrium moisture contents of longan (%, db)
amount of fresh product per year (kg)

initial moisture content of longan on a dry basis (%, db)
observed or experimental moisture content (%, db)
predicted moisture content (%, db)

moisture content ratio (-)

surface moisture content on a dry basis (%, db)

mass flow rate of air (kg/m?>-s)
matrix of interpolating function (-)

Nusselt number (-)

magnitude of the outward normal vector to the surface (-)
integer number of the infinite series, n=1, 2, 3,........
empirical constant in Page and modified Page model (-)
intermediate parameter matrix (-)

price of the dry product (USD/kg)

price of the fresh product (USD/kg)

parameter in thin layer drying models (h™)
coefficient of determination (-)

coefficient of determination (%)

universal gas constant (J/mol-K)

Reynolds number (-)

root mean square error (%)

radius of the cylindrical seed stalk (m)

relative humidity (%)

norm radius of longan fruit (m)

radius of seed (m)

cross sectional area (m?)

Schmidt number (-)

temperature (°C)

absolute temperature (K)

ambient temperature (K)

temperature of the absorber (K)

temperature of the collector cover (K)

temperature of the cover of the drying unit (K)
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Tt temperature of the air steam in the collector (K)

T temperature of the moist air steam in the drying unit (K)
Tp product temperature (K)

Ts sky temperature (K)

t time (h)

Uy heat loss coefficient of the absorber through the back insulator (W/m?-K)
u air velocity (m/s)

Vo initial volume (m?)

\ volume at moisture content M (m?)

V, wind velocity (m/s)

\ velocity of air (m/s)

W width of the solar collector (m)

X position (m)

X; actual value of the variable (-)

Xmean Mean value of the measurements (-)

Y depth of the product bed (m)
y spatial coordinate iny direction (-)

Yexp,i experimental values (-)

Yore,i predicted values (-)

4 drying cost (USD/kg)

z half thickness of the slab ( shell, flesh and seed coat ) (m)
AE total colour change (-)

AS shrinkage of longan flesh (m)
At time step (s)
AX space interval (m)

AX,  recent thickness of air gap between flesh and shell (m)
AX,, thickness of air gap between flesh and shell after the shrinkage of the (-)
AXs  recent thickness of flesh (m)

AXy  thickness of flesh after the shrinkage (m)
u viscosity of air (kg/m/s)
B shrinkage coefficient (-)
Q fruit domain (-)

0 0
\Y% operator — + — + —

oX oy oz

Oy absorbtance of the absorber (-)



Pair

Te

(ta)

Ec

Ep

absorbtance of the cover material (-)
roots of the Bessel function of zero order, n=1, 2, 3,.......

absorbtance of peeled longan (-)
thickness of the absorber (m)

thickness of the cover (m)

uncertainty in the measurement (-)

density of the absorber material (kg/m?)

density of air (kg/m®)

density of the cover material (kg/m°)

density of the peeled longan (kg/m?)

Stefan Boltzmann’s constant (W/m*K?)

transmittance of the cover material (-)

transmittance-absorptance product of the system composing of the cover and
absorber (-)

emissivity of the cover material (-)

emissivity of the absorber material (-)

viscosity of air (m?/s)

105



Name :

Sex :

Date of birth :

Address :

Education

2003

2006

2007

106

Autobiography

Niroot Lamlert

Male

4 August 1981

18 M. 1 T. Angthong A. Muang, Ratchaburi, 70000

Bachelor of Science (Physics)
Silpakorn University, Nakhon Pathom, Thailand
Topic of individual study: Control Car by Basic Stamp BS-SX

Master of Science (Physics)
Silpakorn University, Graduate School
Thesis: Performance Improvement and Drying Model Development of a

Greenhouse Solar Dryer with Polycarbonate Cover

Doctor of Philosophy (Physics)
Silpakorn University, Graduate School
Thesis: Drying of Longan: Its Drying Kinetics and Performance of Longan

Dryers



	Title_page

	Abstract

	Content

	Chapter1

	Chapter2

	Chapter3

	Chapter4

	Chapter5

	Chapter6

	Chapter7

	Bibliography

	Appendix


