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Abstract - A solar tunnel dryer with a polycarbonate cover was designed and constructed. The dryer consists of two
parts, namely a solar collector and a drying tunnel. Both parts are connected in series on the same structure. A
polycarbonate cover is used to reduce heat losses while allowing the incident solar radiation to transmit into the dryer.
Loading and unloading of products to be dried are undertaken through windows at a side wall of the dryer. A dc-fan
driven by a 15-watt solar cell module is employed to ventilate the dryer. To investigate its performance, the dryer was
used to dry five batches of jackfruits. For most cases, the temperature of the drying air in the dryer varied between 35 to
60 °C from 9 A.M. to 5 PM. Thisdryer can be used to dry 30 to 70 kg of jackfruits from an initial moisture content of
80% (whb) to a final moisture content of 30% (wb) within 3 days, compared to 4 to 5 days with natural sun drying in the
same weather condition. High quality products in terms of flavor, colour and texture were obtained. The payback

period of this dryer is approximately 3 years.
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1. INTRODUCTION

Solar drying has been considered to be apromising solution
for crop drying problemsin developing countries[1-5]. This
is due to the fact that most of these countries are situated
in the sunbelt (10 to 40 degree north and south) which
receives relatively high solar radiation. In addition, the
agricultural activities are decentralized with low energy
density demand for drying. These conditionsarewell-suited
to solar energy utilization. Consequently, anumber of solar
dryers have been developed during the last thirty years[6-
25.
Among the existing solar dryers, the solar tunnel dryer
originally developed at the Institute of Agricultural
Engineering in the Tropics and Subtropics, Hohenheim
University in Germany [26-28] has many advantages for
use in developing countries. First, it has a high loading
capacity with a reasonable investment cost so that users
can useit to produce dried fruits for commercial purposes.
Second, it has a modular design, which facilitates
construction and transportation of the dryer. Finaly, it
effectively helps reduce drying time, which consequently
eliminatesthe spoilage of products caused by rains, insects
and animals during drying. This type of dryer has been
successfully experimented in many countries[29-33].

In 1992, the original design of solar tunnel dryer was
modified and successfully tested at the Solar Energy
Research Laboratory of Silpakorn University for useinthe
tropical climateof Thailand [31]. Asaresult of collaboration
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between the Institute of Agricultural Engineering in the
Tropics and Subtropics, Hohenheim University and Solar
Energy Research Laboratory of Silpakorn University, the
original design solar tunnel dryer was also experimented at
the Royal ChitraladaProjectsin Bangkok, Thailandin 1995
[32]. Experiences gained from both experimentsin Thailand
led to the development of anew version of thetunnel dryer
with an auxiliary gas heater [33]. Seven units of this new
version have been constructed by the Solar Energy
Laboratory of Silpakorn University. These have been
installed and used in different locations in Thailand.
However, experiencesfrom the use of these dryersindicated
that the PE-plastic sheet used asatop cover of the collector
and the drying tunnel is still aweak point of this type of
dryer when used in the topics, since the PE-plastic sheet
needs a lot of cares. For example, it needs to be well
stretched. Otherwise, rain will accumulate on the sheet and
usually damages it. Although the sheet is made of UV-
stabilized plastic, it lastsfor only 3-6 months dueto strong
solar ultraviolet radiation and heavy rain in the tropics.

To overcomethis problem, we proposed anew version
of the solar tunnel drying which uses polycarbonate plates
asatransparent cover for both the collector and the drying
tunnel. Many parts of the dryer were redesigned to fit this
version. The objective of thispaper isto present thedesign
and performance of the dryer.

2. DESIGNAND CONSTRUCTION MATERIALS
Thedryer

The new dryer consists of two parts, namely the solar
collector and thedrying tunnel which are connected in series
(Fig. 1), similar to the origina version. To overcome the
problemswith the PE-plastic cover, we proposed to replace
it with polycarbonate plates. The polycarbonate plateshave
many advantages over other transparent materials. First,
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they have high transmittancein the short wavelength solar
radiation. The measurement of the spectral transmittance
carried out at the School of Energy and Materials, King
Mongkut University of Technology is shown in fig 2 [34].
For the thermal long wavelength radiation, the
polycarbonate pl ates have atransmittance of about 0.2[35].
The transmittancesfor the short wavelength and the long
wavelength indicate that polycarbonate plates have good
optical propertiesfor the creation of the greenhouse effect.
Second, polycarbonate plates have low thermal
conductivity due to the air channds in the plates, which
helpsreduce heat | osses. Third, their low density and high

. -
—>"1l2m =
e 7

Drying tunnel oA

\ 6m
Aluminum profile

- -
~Air outlet

Solar collector
\ 6m
5 Window for

Solar cell loading products

—

— \ Polycarbonate plates
I Y I Back insulator
Fan

Fig. 1. Schematic diagram of the solar tunnel dryer with
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Fig. 2. Spectral transmittance of the polycarbonate plate.

flexibility facilitate the construction. Finally, they have
reasonabl e price with along life span of over ten years.
As polycarbonate plates are used as a cover material
of thedryer, the structure of the dryer was modified from
theoriginal version asfallows. Firgt, loading and unloading
of theproductsto bedried are undertaken through windows
at asidewall of thedryer. Second, thetwo sidewallswere
designed in such amanner these are supported by the back
insulatorsat the bottom side and the sidewalls support the
polycarbonate plates at the top side of thedryer, asshown
in Fig. 1. They are made of galvanized iron sheets. In
addition, the two side walls have different heights, so that
the polycarbonate 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 a dimension of
20 cm x 80 cm with a polycarbonate cover. Third, the
polycarbonate plates were fixed with silicone glue to the
aluminum framesusing aspecial praofileto avoid theleakage
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of rain and to facilitate the cleaning of the dryer. Theframes
are made of aluminum which is easy to bend to form the
designed profile. Thejointsbetween thetwo polycarbonate
pl ateswere covered with arectangl e-crass section aluminum
profileto prevent theleakage of rain.

The back insulators of the dryer were made of high
density foam sandwiched between two galvanized iron
sheets. They were also madein amodule, each onehasan
areacf 1.0x 1.2 m? and they areinter-locked at their sidesto
prevent air |eakage.

For thesizing of thedryer, an approximate cal cul ation
was used as follows. First, jackfruits were selected as the
product to bedriedin thisdryer, Sncejackfruitsareavailable
all year round and fresh jackfruitsare usually in oversupply.
In addition, dried jackfruits have started to be a popular
snack in Thailand and an appropriate dryer for the drying
of thisfruit istill not available. Theloading capacity of the
dryer was chosen to be 50 kg of fresh jackfruitsper drying
batch. This capacity correspondsto the demand of asmall
dried fruit producer. Thedrying time for onebatch ischosen
to be 3 days, because with a drying time shorter than 3
days, case hardening in the products may result, while a
longer drying time may cause mould growth. Next, themass
of weter (m,) to beremoved from thejackfruits was cal cul ated
by using the following equation:

Ivli_Mf
100-M;

wheremisthemassof fresh jackfruitsand M, and M, are
respectively theinitial and final moisture contents (%,wb)
of thejackfruits. UsngM, = 80% (wh) and M, =30 % (whb),
correspond to the moisture contents of fresh and dried
jackfruits available in markets, the mass of water to be
removed was cal cul ated to be 35 kg per batch.

To calculate a heat demand (Qqrying) for the drying

process, the following equation was used.
eryi ng — My, Lt @

L istheheat supply tothe dryingtunnel (Fig. 1) in order
to remove 1 kg of water from the jackfruits. This heat is
consisted of the heat of evaporation, the sensible heat to
increase the product temperature and heat |ossesfrom the
dryer. In the case of freewater at room temperature the heat
of vaporization is 2.5 MJkg. Sincethe heat of vaporization
of jackfruit is not available from literatures, we used the
heat of vaporization of water for the calculation. For the
sensible heat required toincreasethe product temperature
and heat lossesfrom thedrying tunnel, weestimated their
valuesfrom experimental resultsof theoriginal solar tunnel
dryer [28]. From this information, the value of Ly was
estimated to be 6 MJkg. With the values of theinput data,
the total heat required to dry 50 kg of the fresh jackfruits
was estimated to be 210 MJ.

The final step was to calculate the area of the solar
collector (A). To accomplish this, the following equation
was used
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where 1 isthe efficiency of the dryer to convert incident

solar radiationinto heat; H, isthe monthly average of daily
solar radiation on ahorizontal surfaceand N, isthe number
of days required to dry the product. In this case, n was
assumedtobe0.3[28] and H, =18.2 M Jm?-day wasobtained
from the solar radiation maps of Thailand [36]. With these
input parameters, the value of A = 12.8 m* was obtained.
Due to the standard size of the polycarbonate plates and
materials for the back insulators, the width and the length
of thedryer of 1.2 mand 12.0 m were chosen, respectively.
Therefore, the total area of the dryer is 14.4 m?, half of
whichisthedrying tunnel and therest isthe solar collector.

The Ventilating System

Based on experiences gained from the research and
the field experiments of using the solar tunnel dryer [26-
33], thistype of dryer needs forced—convective ventilation
to make it function efficiently. For the new design of the
solar tunnel dryer, a PV-ventilated system was used. The
system consists of a solar cell module and a dc-axial flow
fan. The advantage of this system isthat it can be used in
remote areas without any electricity supplies. In addition,
the PV-ventilated system helps regulate the drying air
temperature.

The original version of the tunnel dryer functions
properly with the maximum air flow rate of 900 m¥hr [32].
Asthedrying areaof our dryer isapproximately half of the
areaof theoriginal tunnel dryer, themaximum air flow rate
of 400 m/hr was selected for our dryer. To achievethisflow
rate, an axial-flow fan with adiameter of 15.8 cmand adc-
motor of 33W whichisavailableinloca marketswaschosen
for the ventilating system. Before using the dc-axial flow
fan, its characteristics were investigated as follows. First,
thefan wasfixed at one end of acylindrical tube and ahot-
wire anemometer was used to measure the air speed at the
other end of the tube, as shown in Fig. 3. The distance
between the fan and the anemometer is about 10 times of
the diameter of the tubein order to obtain astable air flow
in the tube. Then, the flow rate of the air was varied by
changing the voltage of the power supply. The current,
voltage and air speed were measured. With the air speed
and the cross-section area of thetube, the air flow rate was
calculated. The corresponding curvesrelating the air flow
rate and the el ectrical power used by the fan was plotted in
Fig. 4. Finally, by using thecurvein Fig. 4, we obtained the
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Fig. 3. Schematic diagram of the equipment for
determining the relation between the air flow rate and
the power required by dc-axial flow fan.
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values of the electrical power of 7 W to achieve the flow
rate of 400 m¥/hr.

In thiswork, a 15 W-solar cell module was chosen to
power the fan. Thisis because of thefact that it isthe only
solar cell moduleavailableinlocal markets, which can supply
the power nearest to the required power of thefan. To ensure
the proper functioning of the solar cell module, an
experiment was carried out to determineits characteristics.
It was exposed to solar radiation at noon time onacloudless
day. Aneélectrical circuit (Fig. 6) wasmadein such amanner
that the current (1) and voltage (V) from the solar cell module
can be measured for varied values of the external resistant
(R). The solar radiation on the plan of the solar cell module
was measured with a thermopile-type pyranometer
(Kipp&Zonen, model CM11). Thenthel-V curvesobtained
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from this experiment and that of thefan wereplotted in the
same graph, asdepicted in figure 4. From the graph, it is
shown that thissolar cell modul e can supply the e ectrical
power of 4 to 10 W for the range of the solar radiation of
400 to 1000 W/m? whi ch correspondsto theflow rate of 300
to 500 kg/hr. Thisrange of the flow rate coversthe val ue of
theflow ratesrequired by the dryer.

For the construction of the dryer, most parts of dryer
were constructed at the workshop of the Physics
Department, Silpakorn University. Thedryer wasinstalled
in the east-west direction at the experimental site of Solar
Energy Research Laboratory, Silpakorn University
(13.82° N and 100.04° E).

3. EXPERIMENTALTESTS
Measuring | nstruments

To monitor the parameters affecting the performance
of thedryer, various measuring instrumentswere used. The
typeK thermocoupl eswere used to measure air temperature
along the length of the dryer. A pyranometer of
Kipp&Zonen (model CM11) was employed to measure
incident solar radiation on thedryer. Thispyranometer has
aflat spectrum responsein the range of 305 to 2800 nm.
which can effectively measuretheincoming solar radiation.
Theeffect of atmospheri ¢ radiati on on the measurement is
negligible. To monitor the relative humidity of the drying
air and the ambient air, a hygrometer of Defensor
(modd msl) wasemployed. Theair speedin thedryer was
measured by ahot wireanemometer of Airflow (modd TA5).
All signals from these instruments, except for the
hygrometer, were recorded by a data logger of Yokogawa
(model DC100) with a sampling rate of 10 minutes. The
output of the hygrometer was manual ly recorded.

Method

To investigate its performance, the dryer was used to
dry five batches of jackfruits during October 2002 toApril
2003, covering every season of the year.

For the experiments, 30to 70 kg of fresh jackfruitswith
amoisture content of 80 % (wb) was spread in athin layer
in the drying tunnd of the dryer. The drying started at
9:00 AM and stopped at 5:00 PM. The jackfruits were
collected from the dryer in the evening and were placed in
plastic boxes during the night in order to induce
fermentation and allow moisturediffusionin thejackfruits.
To compare the performance of the dryer with that of the
natural sun drying, 100 gm of acontrol sample of jackfruits
was also spread on a tray near the dryer and dried
simultaneoudly in the same weather conditions.

4. RESULTSAND DISCUSSION
Experiment Results

A typical result of an experimentisshowninFig. 7-13. This
experiment was carried out during 10-12 December, 2002. It
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waswinter in Thailand with aclear sky for most time of the
days. The solar radiation varied relatively smoothly during
thisexperiment, except for the morning of thefirst day, as
shownin Fig. 7. The peak solar radiation at noon timewas
approximately 800 W/m?. The absorbed solar radiation by
both parts of the dryer was converted into heat, causing
the diurnal variation of the outlet air temperature of the
collector or theinlet of thedrying tunnel and the outlet of
the drying tunnel similar to that of the solar radiation, as
shownin Fig. 8. Thetemperaturerisereativeto theambient
air at the outlet of the collector during 9 A.M. to
4 PM. was in the range of 10 °C to 25 °C and the peak
temperatures of the outlet air werein therangeof 50 °C to
60 °C for most cases, depending on weather conditions.
Thisrange of temperature hel ps accel erate the vaporization
of water in thejackfruitswithout any damageto thisproduct.
Asshownin Fig. 8, thetemperature difference between the
outlet andtheinlet drying air temperature decreased in the
course of thedrying. Thisisduetothefact that the energy
required for the drying process decreased with the
decreasing of the product moisture content.

600 |
400 |
200 |[ 10 December, 2002 i| 11 December, 2002
B ! ) 12 December, 2002
0
T T

800 11:00 14:00 17:00 800 11.00 14:00 17.00 800 11:00 14:00 17:00

g

Global Radiation (w/m?)

Time, hr
Fig. 7. Variation of global solar radiation in the course of
the drying.
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Fig. 8. Variation of the temperatures of the air at the inlet

and outlet of the dryer and the ambient air in the course of
the dryer.

Asareault of theincrease of thedrying air temperature,
the relative humidity decreased when compared to the
relative humidity of ambient air (Fig. 9). After air hasbeen
blown through the product in the drying tunndl, the air
absorbed water vapour from the product, thus increasing
itsrel ative humidity asshownin Fig. 9.

For the variation of the drying air temperature
(Fig. 10), it rapidly increased up to 2 m from theinlet of the
collector, and then became nearly constant along thelength
of the dryer. This constant temperature was caused by the
bal ance between the maximum of the energy gain and the
energy loss in the section between 2 and 6 m from the
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collector inlet. Thissection can be utilized asadrying area
of thedryer. Therefore, jackfruits can be placed in the dryer
gtarting from the distance of 2 m from the air inlet of the
collector to the end of the drying tunndl.

Sometimes, the drying air temperatures fluctuated at
the outlet of the drying tunnd due to the outside wind
which disturbed the outlet air. The drying temperature of
the first day was lower than that of the second and the
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Fig. 10. Variation of the drying air along the length of the
dryer at noon time.

third days because more heat energy was required for the
evaporation during thefirst day.

It was observed that the exhausted air from the dryer
had still high temperature and low relative humidity. This
indicated that more fresh jackfruits can be dried in this
dryer. This can be done by placing some fresh jackfruitsin
the section between 2 to 6 m of the collector in order to
utilizethefull potentialsof thisdryer.

For all experiments, thedrying air temperature did not
exceed 60 °C. With the favorable drying condition in the
dryer, good quality of dried jackfruitswere obtainedin all
experiments. In addition, no adverse effect on dried
jackfruits caused by excessively high temperature of the
product has been found. This indicated that the
temperature of jackfruitsin thedryer wasnot too high during
drying.

Therelative humidity of thedrying air along thelength
of thedryer (Fig. 11) decreased rapidly in the solar cdllector,
then increased in the first few meters along the length of
thedrying tunnel for thefirst and the second day of drying.
However, for thethird day, therelative humidity decreased
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and then remai ned stable, because thejackfruitsin thedryer
werenearly dried and less humidity wasrel eased.

In terms of theair flow rate, it varied in the course of
the drying because of the variation of the input power
supply by the solar cell module (Fig. 12). The variation of
the air flow rate indirectly helped regulate the drying air
temperature. Thisisduetothe fact that during a high solar
radiation period, the solar dryer recel ved more energy, which
tended to increase the drying air temperature. However an
excessively high temperature was not observed because
of theincrease of the air flow during the same period. A
reverse situation was observed for alow radiation period.

For the drying curves (Fig. 13), it is shown that the
moi sture content of the jackfruits both in the dryer and in
the natural sun drying decreased dowly on the first day
becausethejackfruits werevery wet with fructosefrom the
jackfruits which difficult to dry. However the moisture
content of jackfruits in the dryer deceased more rapidly
than those dried with natural sun drying.
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This is because of the fact that the jackfruits in the dryer
received energy both from the hot air blowing from the
collector and from the incident solar radiation.

The quality of dried jackfruits was also preliminarily
investigated. Thejackfruitsdried with thetunnel dryer had
ayellow-brown colour and soft texture which corresponded
to agood quality product in the market. In addition, dried
jackfruits were not contaminated with insects and
completely protected from therain.

Asinthedesign, weassumed thevalueof L in (2)to
be 6 MJKg, thisvalue can be verified from the experimental
data as follows.

The simplified energy balance in the drying tunnel
where the products were placed, can be written as:

MIAN O+ [HOe, (T, - T )d=m Ly (3

where I(t) is solar radiation incident on the drying tunnel,
A, isthe area of the drying tunnel , t_is the drying time,
n isthe efficiency of the drying tunnel for the converting
the incident solar radiation into heat, m(t)isthe massflow
rate of the drying air, T_ is the outlet temperature of the
collector, T istheinlet temperature of the collector, m,is
the mass of water to be removed from the products, C, is
the specific heat of the air, t is time and L, is the heat
supply to thedrying tunnel in order to remove 1 kg of water
from the product. With the values of these parameters
obtained from the experiment, thevalue of L , = 6.8 MJKkg
was calculated from (4). Thisvalue is nearly the same as
the assumed value.

Economic Evaluation

To evaluate the economic performance of the dryer,
the annual cost of this dryer was calculated using the
method proposed by Audsley and Wheeler [37]. Based on
the economic condition in Thailand, the various
construction and operating costs of the dryer are given as
follows:

(1USD =40Baht):
e material cost of the dryer

(polycarbonate plates, galvanized

sheet, high density foam, silicone

glue, duminumframe, etc.) 780 USD

e solar cell module 112 UsD
dcfan 14 UsD
labour cost for bending and
cutting metal sheets and
assembling the dryer 160 UsSD

e operating cost 3 USD/batch

The maintenance cost was assumed to be 1 % of the
total cost of construction of the dryer. The inflation rate
and interest rate are 5% and 7%, respectively. Thelife span
of the dryer was assumed to be 10 years. Using these
mentioned economic parameters and the cost data, the
annual cost of 150 USD per year was obtained. According
to the experiences from the experiments, this dryer can be
used to dry at least 48 batches per year. The production of
dried jackfruitsper year isapproximately 1,200 kg. Therefore,
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the drying cost defined as the annual cost divided by the
production of dried product per year, was found to be
0.125 USD/kg. With the price of fresh jackfruit price of
0.5 USD/kg and the price of dried jackfruit price of
2 USD/kg, it was found that the payback period of this
dryer isapproximately 3years.

For the natural sun drying, thedrying cost isnegligible.
However, dried products obtained from thisdrying method
are oftenin poor qualitiesand their sale priceislower than
that of high quality products obtained from our solar dryer.
In addition, products dried with natural sun drying are
usually damaged from rain and mould, causing losses of
income of dried fruit producers. In our dryer, auser of the
dryer can produce 1,200 kg of dried jackfruits per year and
earns 2,400 USD. If the same amount of fresh jackfruitsis
dried with natural sun drying and ten percents of losses
areassumed [2], theselosses are 240 USD per year. For the
case of solar dryer, the user hasto spend 150 USD per year
for the drying cost. This expense is less than the losses
occurred for the case of natural sun drying. Therefore, the
use of this solar dryer is more beneficial than that of the
natural sun drying.

5. CONCLUSION

A solar tunnel dryer with a polycarbonate cover has been
developed. Toinvestigate the performance, the solar tunnel
dryer was used to dry five batches of jackfruits during
October 2002 to April 2003 with the fresh weight of 30 to
70Kkg. It wasfound that the temperature of thedrying air in
thedryer varied from 35 to 60 °C for most casesand the air
flow ratein the dryer was about 100-500 m?/h depending on
weather conditions. The solar tunnel dryer isableto reduce
the drying time and to increase the product quality in
comparison to the sun drying. With the economic conditions
in Thailand, the drying cost for drying jackfruits is
0.125 USD/kg and the payback period of thisdryer isabout
3 years. From its thermal performance and economic
evaluation, this dryer has a high potential for use to dry
jackfruitsfor commercial purposes.
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