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Abstract: The use of solar drying in recent years becomes popular for increasing the quality of agricultural
crops especially in developing countries. A wide range of solar dryers is available with various characteristics
for drying of crops and food products. A prototype indirect solar dryer with a biomass backup burner was
designed and developed for the use of small scale rural farmers to dry their harvested pepper berries. The
traditional direct sun drying was only dependent on the availability of solar radiation. It was taking 5-7 days
for whole drying process. The results of proposed solar dryer were found to be encouraging. The developed
solar dryer took shorter drying time with 11 hours of day time solar radiation and 6 hours of night time with
biomass burning. The chemical properties of the dried pepper berries were also found to be within the standards
set by American Seed Trade Association. 
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INTRODUCTION these provide higher drying temperatures inside the

Sun drying of crops is most common and traditional crops with lower final moisture content, protect the
method for drying of various crops and food products. It product from the contamination by dust and other
is the only economic choice for poor people when the pollutants. Moreover, the solar dryers can easily be
large quantities of crops required drying and where the assembled in local workshops. 
drying gives little or no value to the crops [1, 2]. However, Several types of sunlight based solar dryers are
the sun drying has many disadvantages. In sun drying presently available worldwide for drying of agricultural
method, the crops are placed in the open environment products. Reverse flat plate absorber cabinet dryer was
which are get contaminated by dust and other pollutants developed by Goyal and Tiwari [6], tunnel type solar dryer
[3]. This method is totally weather dependent and also the Mahapatra and Imre [7] and Hossain and Bala [8], mixed
drying process is slow, which causes the danger of mould mode natural convection solar dryer Ayensu [9] and
growth [4]. The objectives of complete drying by this Forson et al. [10], natural convection dryer with biomass
traditional method could not be achieved due to the backup Bena and Fuller [11] and Madhlopa and Ngwalo
presence of moisture in the crops even after drying. [12] and closed-type solar dryer for lemon slices Chen et
Therefore, the use of controlled solar drying in recent al. [13]. Mumba [14] carried out economic analysis of
years becomes more popular to replace the direct sun forced convection solar grain dryer in remote farms of
drying. The solar dryers can efficiently use the incoming Malawi. Ballais and Woods [1] optimized a natural
radiation of the sun. The solar dryers are more beneficial convection solar drying system. Forson et al. [10]
than that of direct sun drying in many ways, because presented a very detailed mathematical modeling to

enclosure [5]. The solar dryers have ability to dry the
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illustrate the feasibility of mixed mode natural convection continue drying until late evenings to shorten the drying
solar dryer for common agricultural crops. Koua et al. [15] period. Another constraint is that, the most of the solar
carried out the study on the mathematical modeling of the dryers are not portable. The light solar dryers can easily
thin layer solar drying of banana, mango and cassava. be transported within the radius of farming area to capture
Dissa et al. [16] studied the characteristics of thin layer the most sun radiation at different months of the year. The
solar drying of Amelie and Brooks mangoes. volume of pepper berries collected by individual small

Furthermore, Purohit et al. [17] have performed a scale farmers in their daily harvest is approximately of 5kg.
financial feasibility analysis of a solar dryer for drying Oversized and undersized dryers are not desirable as they
agricultural crops in India. The result showed that the unit may slow down the drying rate. Due to low capital of the
cost of solar drying of pepper was 7% of its wholesale farmers, the solar dryers should be cheap to develop and
price. The solar dryer was able to reduce the initial maintained.
moisture content of 71% to the desired 13% in 2 days. The Various literatures support that solar based dryer is
results of Purohit et al. [17] dryer encourage the technically and economically feasible means for small
development of our proposed solar dryer for the small scale pepper farming community in the developing
scale pepper farmers. Ferreira et al. [18] performed a countries. Therefore, an indirect solar based dryer is
technical feasibility analysis of solar drying for developed and investigated. It is a low cost, portable and
agricultural products mainly grains in Brazil. The drying enclosed to increase its temperature and also maintain the
time from initial (47%-53%) to the desired moisture hygiene of pepper berries. The biomass backup burner
contents (10.3-11.7%) of coffee grains was reduced from helps the small scale farmers to dry their pepper berries in
156 to 76 hours. Solar dryer creates an increase in a more efficient manner. It is also able to reduce the drying
temperature and a reduction of mass flow’s humidity. time as compared to direct sun drying.
Hence, a solar dryer reduces the equilibrium of moisture
content and increases the free humidity and drying Methodology: A natural convection solar dryer was
velocity. Barnwal and Tiwari [19] documented that the developed, which accommodates approximately 2 kg of
solar drying can be an effective means of food pepper berries in one tray at any one time at the optimum
preservation as the product will be completely protected temperature of 70°C under real weather conditions. A
from rain, dust, insects and animals during drying. maximum of 3 trays can be fixed into the drying chamber

In Malaysia, most of the small scale rural pepper at a single time period. The dryer was consists of three
farmers use the traditional way of solar drying. Pepper main parts, namely drying chamber, biomass chamber and
berries are placed in the open space outdoor for sun solar collector as shown in Figure 1. Each part of solar
drying. It is practiced mainly due to two main reasons dryer was designed to be able to detach and assemble
namely the tropical climate of the area and less capital without any difficulty for shifting purpose from one place
investment [20]. Consequently, the drying process takes to another. The drying chamber could also be easily
longer time and requires large number of manpower due to placed on top of the biomass chamber. No physical
unexpected rainfall. Furthermore, the contaminations by fastening mechanism was used. However, the solar
microbes and dust or dirt in the air and surrounding collector was mounted to the dryer by using 4 bolts and
environment decrease the quality or destroy the sun dried nuts. Overall, the main structure of the dryer was made of
pepper berries. It is projected that a reduced duration of 12 mm x 12 mm mild steel angle iron. There were two
drying process and less number of manpower drying modes being designed for the proposed pepper
requirements will boost up the productivity of our pepper berries dryer such as, use of day time with solar radiation
farmers. The quality of pepper berries can also be and night time with biomass burner. Solar drying mode
maintained by controlled and protected environment in was found to be suitable when sunlight was sufficient
the drying process. during the day times. The backup mode (biomass drying

The majority of the rural farmers do not have access mode) was more suitable during the rainy season or
to sustainable electricity supply [21-24]. Therefore, the cloudy days and at nights.
solar dryer are used to operate solely on solar radiation. A series of temperature collection were conducted
The additional device like electric fan is not affordable. from February to July during the day time for solar drying
During rainy season at harvest time, the solar  dryer  must and biomass drying in the evenings and nights. The
also be able to continue drying of the pepper berries when prototype solar dryer was placed under the sun with no
the solar radiation is unavailable. It must also be able to shed to allow maximum solar radiation being absorbed. 
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Fig. 1: Components of proposed prototype solar dryer model

Fig. 2: Locations of thermometers on the proposed natural convection solar dryer.

A total of ten mercury-in glass thermometers and two used to measure the air temperature at entrance (S2),
digital thermometers were inserted horizontally on the middle (S1) and exit (E2). Ambient air temperature was
eastern (left) and western (right) sides of the drying monitored by using a thermometer (E1) placed under the
chamber to measure the air temperature as shown in shed at the open porch to allow free air circulation. 
Figure 2. Thermometers L2, L3 measured on the left side The normalized total solar radiation incidents on the
while thermometers R2 and R3 measured on the right side solar collector; ambient, drying chamber and solar
under the drying bed. Two thermometers i.e. L4 and R4 collector temperature, relative humidity versus time (hours
measured  the  temperature  of  the  air  above  the  drying of the day) were recorded. The data of the day was taken
bed on the left and right side of the drying chamber from 07:00 to 18:00 during the solar drying period. From
respectively.  For the solar collector, one thermometer was 18:00 until 00:00, the biomass burner was used to continue
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Fig. 3: Temperature profile modeling (contour-plot at middle-section) of proposed solar dryer model under natural
convection.

the drying process. A total of 3kg of charcoal was added maximizes the heat within the chamber without losing it to
to maintain the average heat of 10-35°C above ambient the ambient environment. Figure 3 shows the distribution
temperature till 00:00 when the last reading was taken. One of temperature in the solar dryer using contour-plot at the
complete drying process started from 07:00 until 00:00. middle section. The fluid temperature is between 335.4 K
The remaining heat dries the berries up to approximately and 352.0 K in the drying chamber, where the highest heat
12%wb up to the next morning (06:00). concentrates at the top of the chamber near the

The dried pepper berries were sent to Chemical connection to chimney.
Analysis Lab for analysis. A total of six black pepper The profile of air flow velocity in the dryer model is
chemical tests were conducted namely moisture content shown in Figure 4. The maximum air velocity that can be
with toluene, volatile oil, piperine, nonvolatile ether extract achieved within the drying chamber is 0.2004 m/s. Air
(NVEE), total ash and acid insoluble ash (AIA) as per flows from the inlet of solar collector to the drying
American Spice Trade Association [25]. chamber while some of the air flows back into the collector

Modeling of Prototype Solar Dryer: The natural is found at the area near the chimney outlet. Hence, the
convection solar drying process is a more favorable than turbulent flows under the convection heat transfer occur
forced convection solar drying, as it requires low capital in the chimney as it is the high air flow region. However,
investment and operation and maintenance costs. the air flow velocity at the center of the drying chamber is
Although, it is not flexible to increase or decrease the low which is below 0.1002 m/s. The high air flow velocity
drying temperature like forced convection, but it can be makes the time shorter in the drying of pepper berries. 
enhanced for nocturnal drying. The heat storage inside Air flows through the heated aluminum surface and
the dryer can be investigated and the drying air can also absorbs the thermal heat inside the solar collector. The
be increased. The loss of solar radiation can be avoided density of heated air reduces as it flows up the collector.
through drying chamber walls and maximized solar The heated air is replaced by the cooler air flowing from
radiation could be preserved in the drying chamber. the surrounding through the inlet of the solar collector.
Moreover, a separate solar collector and a drying chamber The heated air moves upward and enters the drying
could be configured in the solar drying system. Solar chamber. The convection process proceeds with the
radiation is collected through the dedicated solar collector buoyancy  force  causing  the  reduction   of  fluid
to heats up the air. The heated air is then sent into the density. Hence, the drying chamber obtains its heat
drying chamber. The insulation of the drying chamber through  the heated  air  flowing  from the solar collector.

due to the circular air flow. The highest air flow velocity
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Fig. 4: Velocity field modeling (vector-plot at the middle-section) of proposed solar dryer model under natural
convection.

Fig. 5: Fluid residuals of natural convection solar dryer.
(a) mass and momentum (b) turbulence and enthalpy 

There is no sharp-edged inlet connecting the drying iteration numbers. It is presented in two forms such as
chamber to the chimney, so the fluid can  make  a  smooth normalized residual sums for the momentum and
flow up to the chimney. As a result, no vena contracta continuity  equations  and  normalized  residual  sums  for
region is formed. There is no turning corner in the the  energy  and  turbulence  model  equations  [26].
chimney, so the air flows out smoothly through it. Figure 5 (a) and (b) shows the residual plots for U

Residual data shows the progress of defined flow momentum, mass, turbulence and enthalpy. The residuals
variable calculations. The residuals are plotted against stabilize in  uniform oscillation throughout the iterations.
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Fig. 6: Temperature profile modeling (contour-plot at middle-section) of the natural convection solar dryer with biomass
burner.

Fig. 7: Velocity field modeling (vector-plot at the middle-section) of the natural convection solar dryer with biomass
burner.

W momentum is not taken into consideration because the residual value of 0.13 too. The same situation occurred in
fluid flow does not involve the W motion and also could the Figure 5 (b) where the turbulent residual plot shown
not be solved with the iterations. Figure 5 (a) has a fluctuations while the enthalpy plot appeared constantly
noticeable fluctuation for U momentum throughout the after the iterations reach 150. 
iterations. The oscillation of U  momentum  maintains  an Figure 6 indicates that the highest temperature in the
average residual value of 0.13 after the iterations count of solar dryer model was 347.6 K and the lowest temperature
150. As for the mass, residual value stabilizes from the was 304.5 K. The temperature on the wall boundary
iteration 1500 onwards and maintain at the average located  at the bottom of the clay brick that has direct heat
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Fig. 8: Biomass residuals of natural convection solar dryer.
(a) mass and momentum (b) turbulence and enthalpy 

contact with the biomass burner. The thermal heat from RESULTS AND DISCUSSIONS
the biomass burner was conducted through the brick to
the aluminum plate and transferred to the fluid domain in Figure 9 displays the normalized total solar radiation
the drying chamber. incidents on the solar collector; ambient, drying chamber

The highest air flow velocity in the fluid domain was and solar collector temperature, relative humidity versus
0.0692m/s. As shown in Figure 7, the air flow in the drying time (hours of the day) that is from 07:00 to 18:00 during
chamber moves in circular pattern. With the middle- the solar drying data collection period. The highest
section view, there was a concentrated circular flow at one ambient temperature was recorded at 34.7°C while the
side of the drying chamber. The circular air flows lowest ambient temperature was 26.8°C during day time
horizontally in the drying chamber then it moves upward due to rain. 
along the side wall to the top of the chamber and moves In general, solar collector efficiency increased with
in horizontal direction again. Then, it takes a downward increasing solar irradiance level but decreased with
turn to the lower region. There was an exchange of air increasing operating temperature. However, the single
flow between the drying chamber and solar collector with glazed solar collector increased the collection efficiency
a velocity below 0.0318 m/s. For our natural convection at high temperature by reducing convection loss. The
model, the surrounding air enters the inlet of the solar efficiency of the solar collector is shown in Figure 10,
collector, then the air inside the dryer releases to the where the highest efficiency was achieved as 53.5%. This
surrounding from the outlet of the chimney. The was comparable to other developed small scale
movement of fluid in the model follows the buoyancy agricultural solar dryers, which displayed the efficiency of
forces. 57.5% [27, 28]. The heat removal factor achieved was 0.78

The residuals of the U momentum display an obvious when the temperature of heated air leaving solar collector
fluctuation for the U momentum throughout the iterations. achieved 70°C. 
However, the residuals of the mass stabilize after the 600 Based on the temperature, the heated air leaving theth

iteration at 0.3. Figure 8 shows the turbulent and enthalpy solar collector was found at the solar collector’s
residuals appear to be a constant after the 1350  iteration. temperature.  The  heat gained by the air per unit time wasth
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Fig. 9: Average total solar radiation incidents on the solar collector and ambient, drying chamber and solar collector
temperature and relative humidity versus time. 

Fig. 10: Thermal efficiency of solar collector at various periods of time.

Fig. 11: Heat energy gained by the air leaving solar collector. 

plotted in Figure 11. The temperature of air leaving heat of 10-35°C above ambient temperature till 00:00 when
increases shows that the energy gained by the solar the last reading was taken. One complete drying run was
collector increases as well. When the difference between started from 07:00 until 00:00. The remaining heat dries the
ambient and solar collector leaving air temperature berries up to approximately 12%wb up to the next morning
reduces, it shows that the energy gained by the air (06:00).
flowing out the solar collector also reduces. The average initial moisture of pepper berries was

The biomass burner was used from 18:00 until 00:00 found to be 76.6%wb. The final required moisture content
hours to continue the drying process. A total of 3kg of was 12%wb at the end of the drying process to meet the
charcoal was added. The charcoal produced an average American  Spice Trade  Association  (ASTA)  standards.
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Table 1: ASTA standards for black pepper chemical properties

Test Moisture Volatile Oil Piperine NVEE Total Ash AIA

Method ASTA 2.0 ASTA 5.0 ASTA 12.1 ASTA 11 ASTA 3.0 ASTA 4.0

(Toluene) (ISO 5564-1982(E)) (MS80 Part 3 1993) (MS81 Part 2 1993) (MS81 Part 3 1993)

Acceptance by weight <=12.0% >=1% >=4% >=6% <=5.0% <=0.5%

Table 2: Chemical analysis results of final dried products from proposed solar dryer

Moisture % Volatile Oil % Piperine % NVEE % Total Ash % AIA %

9.76 2.44 5.61 6.56 4.95 0.11

13.00 2.56 5.55 5.88 4.81 0.08

13.00 3.27 5.85 6.37 4.58 0.05

9.60 3.32 5.83 7.28 4.68 0.04

13.00 3.49 5.14 6.6 4.89 0.07

9.60 3.98 5.09 6.76 5.14 0.06

10.80 3.59 4.87 6.15 5.54 0.04

12.20 3.64 4.45 5.91 5.19 0.06

11.00 3.91 4.2 6.92 4.59 0.05

10.00 3.91 4.13 7.66 4.31 0.05

12.00 3.86 5 6.62 3.96 0.07

12.00 3.96 5.01 7.54 3.66 0.06

The dried pepper berries were brought to Chemical due to the manual handling issues that encountered on
Analysis Lab. A total of six black pepper chemical tests the way. Drying tests in Phase 2 and Phase 3 (for final
were  conducted  such  as  moisture  content  with drying products) demonstrated that all the dried pepper
toluene, volatile oil, piperine, nonvolatile ether extract berries contained moisture, volatile oil, piperine, NVEE,
(NVEE), total ash and acid insoluble ash (AIA). The total ash and AIA within the percentage required by
results  of  dried  pepper  berries   were   compared  with ASTA.
the standards framed by  American  Spice  Trade
 Association as  shown  in Table 1. The acceptable CONCLUSIONS
volume of   moisture   in   the   pepper   berries   should
not be more than 12% per weight, volatile oil not less than A natural convection indirect solar dryer with backup
1% per weight. The acceptable volume for the piperine burner for small scale pepper berry farmers was design
should not be less than 4.0% per weight, while the and implemented. The proposed solar dryer could
nonvolatile ether extract (NVEE) not less than 6% per preserve and protect the pepper berries from rain, dust,
weight. The total ash in the dried pepper berries should insects and animals during whole drying process. It was
not be more than 5% per weight and acid insoluble ash also portable, cheap and affordable. Therefore, it can
(AIA) not more than 0.5% per weight as per ASTA easily be handled from one place to another for drying of
standards. pepper berries at the required site. 

Table 2 shows the chemical analysis results for the The proposed natural convection solar dryer was
samples under continuous drying with solar radiation and found to be more suitable for small scale rural farmers
biomass backup burner using the proposed prototype living far from national grid. The additional biomass
solar dryer. The moisture contents improved as the backup burner allowed the continuous drying process at
experiments moved on. For samples that have moisture nights and during wet seasons. It shortened the drying
contents not more than 12%wb, all the chemical essentials duration of pepper berries from 5-7 days to a single day
also met the specifications of ASTA as tested in the with continuous drying. It increased the productivity of
Chemical Lab as shown in Table 2. The chemical contents small scale rural pepper farmers as they could produce the
of the dried pepper berries for all phases met the dried pepper berries in a shorter period of time. Moreover,
requirements of ASTA black peppers. Phase 1 was a trial the chemical specifications of dried pepper berries using
stage of using the developed prototype. However, proposed dryer also met the set standards of American
slightly higher moisture contents and lower NVEE was Spices Trade Association.
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