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Abundant sunshine and tropical climate of Malaysia have made pineapple a suitable
fruit to be grown in this country. However, to have longer shelf-life, lighter weight for
transportation and less storage space, drying of pineapple has been a common
preservation method in this country. Open-sun drying used to be most common
method of preserving agricultural products. Nevertheless, due to the disadvantages of
open sun drying method, solar drying technology has become an alternative method
of drying vegetables, fruits, spices, herbs etc. The main purpose of this paper is to
evaluate the performance of active solar tunnel dryer (ASTD) for drying sliced
pineapples. The air circulation system in this dryer is based on forced convection
system. In active solar tunnel dryer inlet airflow temperature was gained by
corrugated absorber plate. During the experiment minimum, maximum and average
of absorber thermal efficiency were 13.1% and 24.4%, and 19.8 % respectively. The
inlet temperature range was between 26°C to 38°C, the escalated temperature range
was between 34°C to 75°C on the absorber outlet. Relative humidity (RH) experienced
changes due to irradiance intensity, the RH reduced when passed through the
absorber plate. The average inlet humidity was 54% while average outlet humidity
was 36%. During 9 hours of drying process, pineapple moisture content reduced from
89% to 12.5% and its weight decreased from 5 kg to 0.6 2kg. The peak sun hours were
5.7 hours, and loading density was 1.51 kg/m?2.

1. Introduction

About thirty percent of food products are lost or damaged globally, the wasting chain is from
the producer to the consumer. Reducing postharvest losses (PHL) of agricultural products is one
strategic method to escalate income [1]. Drying crops, which is defined as the process of moisture
removal due to simultaneous heat and mass transfer, is the most common preservation method
that has been used for decades. Drying agricultural products has several advantages such as longer
shelf life, reduced mass and volume (convenience in transportation), access to wide range of
products out of country of origin. Nonetheless, drying process is considered as a costly and energy
intensive procedure, as it needs 10% to 15% of overall energy utilized in the industry [2]. Fossil fuel,
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natural gas, biomass, electricity, and solar thermal energy are common energy sources that are
consumed for drying process. Solar energy can reduce fossil fuel cost up to 27%—80% for drying
food products. The solar drying is known to be the inexpensive technique for drying and preserving
food products. Using solar energy to dry agricultural products has become potentially a viable
substitute for fossil fuel in countries where solar radiation is abundant [3-5]. Pineapple considers as
one of the important local fruits of Malaysia has waste during harvest and shipping. Since the shelf
life of fresh fruits is short, dried pineapple reserve duration is long.

1.1 Solar Dryer Classification

Proper design of solar dryers plays a key role in order to meet particular drying requirements of
agricultural products. Various types of solar dryer have been designed and developed all over the
world to optimize the drying process and reduce the operation cost. Figure 1 shows the
classification of solar dryer. Solar dryer is mainly divided into open sun dryer (OSD) and controlled
solar dryer [6]. The open sun dryer which is known to be one of the oldest, cheapest, and simplest
type of dryer has several disadvantages [7]. According to Figure 1 the controlled solar dryer is
classified into airflow convection mode, and exposure to insolation. Natural convection and forced
convection are the two main types of airflow convection mode [8]. In natural mode there is no
motor or fan while in forced convection system a blower or fan is an important component of the
dryer. Exposure to insolation can be direct incident or indirect incident. In direct exposure to
insolation, the load is directly exposed to solar radiation. For drying agricultural products which are
sensitive to direct radiation, indirect drying system is a suitable alternative [9,10].

SOLAR DRYER
CLASSIFICATION
Controlled Open
Solar Drver Sun Dryer
Convection Mode Exposure to Insolation T On
| | Field | | Firm
Forced Natural Direct Indirect
Active Passive Integral Distributed
Hybrid
Mod .
o Mixed
Mode
Push/Pull Natural Air
By Fan or Vent &
Blower Chimney

Fig. 1. Solar dryer classification
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1.2 Solar Tunnel Dryer (STD)

The solar tunnel drying system is used for drying a wide range of food grade and non-food grade of
agricultural products. STD is convenient for transportation due to its small scale and is suitable for
remote area. The semi-cylindrical shape of STD increases the radiation absorption and reduces
reflection. The structure of STD is not complex and mainly consists of thermal absorber, crops trays,
inlet and outlet air vent, and fan. The drying chamber is usually covered by the plastic sheets such
as polycarbonate which is UV resistant or glasses [11]. In addition, the thermal collector element is
generally in matt black color to maximize radiation absorption. Figure 2 and 3 demonstrate the
solar tunnel dryer in different capacities and the main components of this type of dryer. Radiation
incident on solar tunnel dryers is typically indirect and air convection system is active mode.
Numerous experimental studies have proved that the use of the solar tunnel drier leads to
considerable decrease of drying time in comparison to open sun drying [12]. As it illustrated in
Figure 2 the collector can be placed before drying chamber for small scale dryers. However, for
larger scale dryers, the collector is placed along the length of the dryer.

Air Outlet

Collector

N
<Z

Air Inlet

Fig. 2. Solar tunnel dryer for small quantities of
agricultural products [13]

Dryer

Collector

Air outlet

Air Inlet

Fig. 3. Solar tunnel dryer for large quantities of agricultural
products [13]

Solar tunnel dryer was experimented for drying agricultural products such as pineapple in

numerous studies. An experimental study at Bangladesh Agricultural University used solar tunnel
dryer with loading capacity of 120—-150 kg for drying sliced pineapples. The drier used in the study
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consisted of a transparent plastic covered flat plate collector and a drying tunnel connected in a
series to supply hot air directly into the drying tunnel using two dc fans operated by a solar module.
The absorber outlet temperature was between 34.1°C to 64°C and the maximum solar irradiance
intensity was recorded at 580 w/m2. The total fresh pineapple weight was 150 kg, the initial and
final moisture contents were 87.32% and 13.13% respectively. Total drying duration was 3 days,
each day from 9 a.m. to 4 p.m. The 10 mm thickness of pineapple slices were treated by sulfur
dioxide for 30 minutes. The researchers found out that drying time reduced considerably using
solar tunnel dryer compared to sun drying [14,15].

1.3 Objective of Study

Abundant sunshine and tropical climate of Malaysia have made pineapple a suitable fruit to be
grown in this country. Plantation areas of pineapple in Malaysia have been expanded to meet the
increasing demand for its products. The export value of pineapple has increased 109% by 2020, the
value raised up from RM155 million to RM320 million. Despite huge economic profit, the export of
this high moisture content fruit has a significant problem [16-18].

Malaysia like other tropical countries has access to plentiful solar radiation. Solar thermal
energy as a form of renewable energy has countless applications in equatorial regions. Despite the
endless of solar energy sources, solar thermal energy is not fully harnessed and utilized in various
sectors including but not limited to agriculture, heating system, industry, etc. Agricultural product
drying for preservation has been one of the main applications of solar thermal energy for a few
decades [19,20]. In order to dehydrate pineapple via solar thermal energy, the solar tunnel drying
system is the proper method for micro-scale size to increase shelf lifetime [21].

2. Methodology

The active solar tunnel dryer, which was used in this experimental study, was designed,
fabricated, and tested to dry sliced pineapples in the open-air solar laboratory of Solar Energy
Research Institute, Universiti Kebangsaan Malaysia. The experiment latitude, longitude, and
altitude are 2.5513 N, 101.4618 E and 44 m above sea level respectively.

2.1 Active Solar Tunnel Dryer (ASTD)

The active solar tunnel dryer (ASTD) used in this study is based on indirect exposure insolation and
forced convection system. The dryer structure frame is made of an aluminum extrusion profile. The
ASTD dimensions are 446 cm long, 122 cm wide, and 80 cm height. The ASTD consists of two main
sections, the head section is known as Fluid Terminal Section (FTs) and the chamber section, is
known as the Drying Chamber section (DCs). The thermal absorber plate and crops bed trays are
placed in the drying chamber section, solar exhaust fan, inlet vent, and transmission tube are
placed in the Fluid Terminal section. Figure 4 displays the position of DCs, FTs and inlet air valves
whereas, Figure 5 illustrates the inner components as well as airflow direction. The solar tunnel
dryer is self-generated energy via a photovoltaic module for fan consumption. As mentioned
before, the two-section of the drying system is consists of several internal and external parts, in
order to clarify their application and description, Table 1 explains in detail the components.
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Fig. 4. Position of Fluid Terminal Section, Drying
Chamber section, and inlet air valve
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Fig. 5. Inner components and airflow direction of the solar tunnel dryer

Table 1

Component’s specification

No Component Name Application Description

1 Polycarbonate Glazing  Covering the drying chamber Thickness: 6mm

2 Thermal Absorber Gain heat, Shape: corrugated
Absorb radiation Dimensions: 347 * 97 cm

Material: steel Imm
Matt black color painted

3 Solar Exhaust Fan Creating airflow Mechanism: draw the air out

PV: 40 W polycrystalline
Fan: 50 W DC brush motor
Blades: 3 aluminium

Max tolerance: 8.5 (m/s)

4 Load Trays Crops hold bed Material: aluminium

Shape: square, perforated
Dimensions: 116*116 cm
Quantity: 3pcs

5 Inlet Valve Enter airflow through the dryer Shape: Circle

6 Transmission tube Transfer ambient air to absorber Dimensions: 70 cm length, 6 cm diameter

Dimension: 6 cm diameter
Quantity: 2pcs

inlet via inlet valve Quantity: 2 pcs
Material: Steel
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2.2 Airflow Through ASTD

ASTD is designed to absorb the solar radiation by a solar collector and use forced convection to
pass the hot mass of air from solar collector into drying chamber. The solar exhaust fan creates the
airflow movement in ASTD. The ambient air is pulled into inlet of absorber via inlet valve and
transmission tubes. The temperature of the ambient air increases when it passes through the
absorber as the absorber plates are heated by the solar radiation. As the airflow temperature goes
up, its relative humidity decreases. When the heated air passes through the perforated trays, it
absorbs and carries the moisture of the load to exhaust fan outlet and dehydrates the load.

2.3 Measurement Systems

Temperature probes; humidity meters, and irradiance intensity meter are the main data logger
acquisition sensors that were used in this experimental study to collect data. Table 2 illustrates the
function, location and specification of sensors function. Correct position of sensors helped to obtain
more accurate data. Figure 6 displays the place of sensors and variables symbols.

Table 2

Measurement sensors specification

Parameter Sensor Unit  Type Position Quantity Accuracy

Data Logger T/H/G °’c/ Midi Logger Outside Dryer 1 +3%

monitor- store % GL 820

Temperature Thermocouple °C K-type, Inside - outside 6 +2°C
-200 to Dryer
+1400

R. Humidity Hygrometer % B-530 Inside - outside 3 +2~5%

Dryer

Irradiance Pyranometer W/M  Apogee SP- Outside dryer 1 0.2 mV

intensity 2 110-ss

Air velocity Anemometer m/s Uni-T Inlet dryer 1 +0.3
UT363BT

Figure 6 demonstrate the thermocouples, hygrometers and pyranometer sensors position. The
ambient air temperature and humidity are equal to absorber inlet temperature and humidity. In
addition, the absorber outlet temperature and humidity are equivalent to tray area temperature
and humidity.

Thermocouples position:

= Tam: Environmental temperature

= T Transmission tube temperature

= Ti: Inlet of absorber temperature

= Toq: Outlet of absorber temperature

= Ti: Entrance tray area temperature

= Tot: Outlet of tray area temperature

= Toe: Outlet of exhaust temperature

®*  Hum: Environmental humidity

®  Hoe: Entrance tray area humidity

= Hoy: Outlet of tray area humidity
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Fig. 6. The position of thermocouples, hygrometers and pyranometer sensors
2.4 Drying Pineapple

Pineapple has high moisture content thus drying this tropical fruit requires a reliable and
capable dryer type. Active solar tunnel dryer is a suitable dryer type as it operates with solar power
and due to its curvy structure has very low solar incident reflection. The experiment was conducted
from 9 a.m. to 6 p.m., during which 5 kg of fresh pineapple were dried. Pineapples were peeled,
cored, trimmed, and cut uniformly into slices with thickness of 2-3 mm (according to FAO
recommendation). The sliced pineapples were placed on load trays with proper space for air
circulation. There was not any pretreatment during the experiment. Figure 7(a) illustrates how
sliced pineapple were arranged on load tray before the drying process whereas Figure 7(b) shows
the dried pineapples.

(a) (b)
Fig. 7. Sliced pineapple arranged on tray before and after drying

2.5 Drying Performance

Drying efficiency (ug) is computed by using Eq. (1). The value demonstrates the ratio between
amounts of energy used for drying based on evaporation over energy available from solar energy
source.
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WL .
~ GA, (D

%]

where L: Latent heat of water evaporated, W: weight of moisture evaporated, G: solar insolation
on collector surface and A.: area of collector.

Drying rate or evaporative capacity EC demonstrates the capability of dryer to extract water
from the drying sample within a specific period. It is determined by three parameters as shown in
Eq. (2) and the unit is kg/h.

ml-—mf

where t: Drying time, m;: initial weight, my: final weight, kg.

Moisture content (MC) is one of the significant dryer’s loads parameters. The MC percentage is
the percent of water in crops.

_ (M, — My)
ST <

where m;: Load mass at any time, M;: dried load mass.
Thermal efficiency shows the efficiency of the thermal absorber. Eq. (4) was used to calculate
thermal energy of the absorber.

mC (1 ia joa)
Uy = 4
th GA, (4)

where m: Mass flow rate, C: specific heat of air, T,,: temperature of absorber outlet, T;,:
temperature of absorber inlet, G: solar insolation on collector surface, and A_: collector area.

An enormous number of solar drying systems have been fabricated and utilize all around the
globe. In terms of load capacity, solar dryers divide into micro, medium, and industrial scale. Table
3 illustrated the specification of the solar tunnel drying system, assisted heat pump system, and
open sun drying system. Among the details of the drying systems, the solar tunnel dryer is more
reliable because the crops dehydrate in enclosed space, airstream uniformity, zero-cost energy,
medium capital, and low maintenance. Since the solar tunnel dryer fully operates with solar energy,
it is suitable for remote and sunny regions [22, 23].
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Table 3
Comparison solar tunnel drying system with two other drying methods
Drying System Technologies (Micro Scale)
Solar Tunnel Dryer Assisted Heap Pump Drying  Open Sun drying

Cost of Fabrication /Cost of Medium/low High/high Low/low
maintenance

Energy utilize level low high low
Load capacity medium medium high
Reliability/ hygiene medium/high High/high Low/low
Crops Drying Specification

Type of Product Pineapple Banana Red chilli
M.C Reduction (%) 76.5% 72% 53.7%
Initial — dried Weight (kg) 5-0.62 5-0.7 2-04
Loading density (kg/m?) 1.51 2.55 1.5
Drying time (m) 540 m 235m 720 m

3. Results and Discussion

The drying process of sliced pineapples in tropical climate of Malaysia took 9 hours. The
contributing factors such as relative humidity and temperature were recorded before and after the
thermal absorber using a data logger. The ambient temperature or absorber inlet temperature and
absorber outlet temperature trends are plotted in Figure 8 the temperature of absorber inlet
ranges between 26°C and 38°C while the ranges of temperature for absorber outlet are 34°C to
75°C. Table 4 shows some data regarding the load and performance of the dryer.

Table 4

Pineapple drying results

Parameter Value Unit
Initial moisture 89 %
Initial weight 5 kg
Final moisture 12.5 %
Dried weight 0.62 kg
Drying duration 9 h
Average radiation 578 W/m?
Evaporate capacity 0.48 Kg/h
Peak sun hours 5.7 h
Loading density 1.51 Kg/m?
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Fig. 8. Variation of inlet and outlet temperature with irradiance along the
experiment day

The Figure 8 shows the inlet and outlet temperature of the thermal absorber, the absorber
outlet airflow quickly penetrated to drying tray area, above the crops. On the other hand, the
absorber outlet temperature was equal to the drying chamber temperature. The average
temperature of the drying chamber was 57.6 °C. As illustrated in Figure 9 when the irradiance
raised, the relative humidity decreased at 10 a.m. the inlet humidity, 31% reduced that is the
highest value change.
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Time, h
Fig. 9. Variation of relative humidity of airflow before and after heating

Sufficient airflow velocity is one of the main requirements of drying process. In ASTD the airflow

velocity depends on solar irradiance intensity because the fan is powered by solar module. Figure
10 demonstrates that inlet airflow velocity and irradiance have similar patterns.
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Fig. 10. Airflow variation and irradiance intensity

According to Figure 11 the minimum and maximum thermal efficiencies are 13.1% and 24.4%
respectively. The thermal efficiency was obtained based on Eq. (4).
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Fig. 11. Thermal efficiency of ASTD along the experiment day

Figure 12 shows the descent value of pineapple moisture content. Once the pineapple exposed
to a hot stream of air, the product started to evaporate moisture and reduce weight. There is a
direct relation between moisture content percentage and drying load weight. The initial moisture
content of the pineapple was 89%, it means 11% percent of initial pineapple weight was solid
content and 89% of the initial weight of pineapple was water. The product wight carve obtain by
moisture content carve.
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Fig. 12. Variation of pineapple moisture content

4. Conclusions

Active solar tunnel dryer was used in this study to dry 5 kg of pineapples. The quality of the
dried pineapples was very high and the product was fully protected from rain, dirt, dust and other
pollutants. The active solar tunnel dryer was able to extract the moisture of sliced pineapple from
89% to 12.5% within 9 hours. The solar irradiance peak was 830 (W/m2) at 12 p.m. with the
average of 578 W/m2 and the PSH was 5.7. The maximum and minimum temperature difference
between absorber outlet and inlet was 37°C and 36°C which occurred at 12 p.m. and 6 p.m. The
ambient or absorber inlet relative humidity ranged between 46% to 63% and the outlet of absorber
ranged between 20% to 50%. Results proved that drying rate was high and active solar tunnel dryer
is a suitable type of dryer for drying pineapples in tropical regions.
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