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Abstract: The technical performance of an inflatable solar dryer (ISD) to dry amaranth leaves
(Amaranthus spp.) was investigated. To handle the drying of lightweight materials, modification
was made by adding an air deflector and trays inside the ISD. Computational performance of the
ISD solar energy system was evaluated using MATLAB Simulink. The estimated air mass flow in
the inlet of the ISD was 0.75 kg/s. Using computational fluid dynamics (CFD), the uniformity of air
distribution in the ISD was evaluated. The solar radiation reported during good drying performance
ranged between 510 and 950 W/m?. In a controlled charging system, a 100 W, PV module typically
generated voltage between 10.22 and 18.75 V. Drying conditions at temperatures of 40 °C or above
were typically achieved in the ISD from 12:00 to 16:00. Temperature inside the ISD could reach up to
69.4 °C during the day and 13.4 °C during the night. The highest relative humidity of 97.4% was
recorded during the night. Opening the ISD while mixing the product could lead to considerable
heat loss. Fluctuation of solar radiation and shaded areas in the ISD appeared to be the major factors
affecting the drying performance.
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1. Introduction

In most developing countries, the long drying times for agricultural commodities have been a major
issue, especially for small- and medium-scale food processors [1]. Drying is an energy-intensive process,
and solar drying is therefore a preferred method in developing countries with limited resources [2—4].
Cabinet dryers are well known to dry small quantities of vegetables, including amaranth leaves [2,5].
The use of a solar dryer has been found to accelerate drying by 30% to 40% compared to conventional
sun drying depending on the crop [6,7]. In convection dryers, airflow distribution is one of the crucial
factors due to its strong impact on the drying temperature [8-10]. An energy-efficient dryer that
produces a high-quality product is still not easily accessible among farmers and processors in most
developing countries [3]. Recent studies have focused on the development of solar collector and
concentrators in a solar dryer [7,9,11]. Therefore, a solar tunnel dryer was developed and continuously
improved at the University of Hohenheim [6,12]. In this study, the latest version, which is an inflatable
solar dryer (ISD), was used. The performance of the ISD has been investigated in a previous work
for drying of paddy rice in the Philippines [13]. Due to the positive results, the ISD should now also
be applied for high-value crops, such as amaranth leaves (Amaranthus spp.) Amaranth leaves are
considered as one of the most nutritive leafy vegetables in Kenya, and the crop is commonly cultivated
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in an intercropping system [14]. The crop grows under semiarid conditions, and high temperatures
are necessary to ensure a normal growth of the crop [15]. In Kenya, it has been recognized as a
drought-tolerant crop with high nutritional values, which can grow rapidly in tropical areas [16]. As a
pretreatment to dry leafy vegetables, blanching is commonly conducted to preserve the texture and
color and to inactivate particular enzymes [17], such as peroxidase [18,19].

The objective of this research was to investigate the performance of the ISD for drying amaranth
leaves in comparison to conventional sun drying.

2. Materials and Methods

2.1. Inflatable Solar Dryer (ISD)

A commercialized version of the ISD (SBD 50, GrainPro Inc., Zambales, Philippines) was modified
to make it suitable for drying vegetables. The dryer was 26 m long and 2 m wide and consisted
of a 150 pm thick UV-stabilized transparent polyethylene (PE) foil as top layer and a 520 pm thick
reinforced black polyvinyl chloride (PVC) foil as bottom layer. Both layers were connected by a zipper,
forming a foil tunnel that could be opened for loading and unloading the drying area. An air deflector
was placed inside the ISD to prevent blowing away the vegetable leaves from the trays. The deflector
was made of a plywood board reinforced with a wood beam and held by a metal rod. The tilt angle
was 60° from the ground. The deflector was located in the preheating area, 2665 mm from the fans and
1000 mm from the first tray. In order to prevent cuts in the film from sharp edges of the deflector, a 45°
chamfer was made on the upper edges of the sheet (see Figure 1).

Figure 1. Inflatable solar dryer (ISD) before being inflated (left, note the deflector board) and the
inflated ISD during drying experiments (right).

Air was blown through the foil tunnel by two 12 V/2.60 A DC axial fans (RDF2589B12N18S, Runda
Electronics CO., LTD, Shenzhen, China), which inflated the tunnel and provided an airflow for drying.
The fans were connected to a sealed rechargeable 12 V/75 Ah battery (GT 12-75C, GasTon Battery,
Kowloon, Hong Kong), which was continuously charged by two 100 Wy, photovoltaic (PV) modules
(Model 100W, Guangxi Sacred New Energy Co. LTD, Shenzhen, China). Each module was 134 cm long
and 110 cm wide, installed with a tilt angle of 15° from the ground, and was facing south. During the
night, the fan PV modules and battery were brought into a nearby building for safety reasons.

In order to place the drying product, 21 trays covered with 4 X 4 mm wire mesh, each with
1065 x 860 mm surface area were lined up inside the dryer. Three trays each were placed on a wooden
stand, which was 2630 mm long and 1065 mm wide. In total, seven wooden stands were placed in the
ISD. See Figure 2.
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Figure 2. Placement of trays on wooden frames inside the ISD.

2.2. Simulation of the Photovoltaic Energy Supply System

The solar energy supply system and the estimated fan performance of the two fans of the ISD were
simulated using simulation und model-based design software (MATLAB Simulink, The Mathworks
Inc., Natick, MA, USA) using weather data of Nairobi, Kenya. For this purpose, the weather data set
KEN_Nairobi-Kenyatta.637400_SWERA was obtained (Meteonorm, Meteotest AG, Bern, Switzerland).
The simulation model of the solar battery and the charge controller was set according to Sukamongkol
et al. [20]. Based on the climate data input, the voltage of the PV modules, state-of-charge (SOC) of the
battery, and fan performance were simulated [21].

The voltage-dependent characteristics per single fan were measured in preparatory tests in a
range between 5.4 and 14.8 V, and linear functions were established:

1=020U-043,  R?>=0.997 1)
n=13894-U +176.44,  R?=10.995 2)
m=0.028U+0.015 R>=0.987 ©)

with voltage U (V), current I (A), rotational speed 7 (rpm), and air mass flow m (kg/s) at a temperature
of 25 °C.

The operating mode was assumed to be as follows: initial SOC of the battery is 90%, the system
shut downs when SOC falls below 40%, and the system restarts when SOC again exceeds 45%.

2.3. Computational Evaluation of Airflow inside the ISD

The air velocity and the airflow distribution above the trays in the ISD could not be measured
during the drying experiments. Frequent opening of the ISD for repeated measurements would
greatly affect the drying performance [22]. Therefore, a numerical analysis using computational fluid
dynamics (CFD) was applied to estimate and visualize the spatial air velocity distribution in the
ISD, as suggested by Khazimov et al. [8]. CFD simulation and 3D design of ISD were performed by
software Solidworks (Solidworks 2017, Dassault Systemes, Velizy Villacoublay, France). The air flow
was governed according to Navier—Stokes equations, with regard to mass, momentum, and energy
conservation laws [23]. Geometry of the ISD, along with the air deflector, the trays, and the stands,
was made according to the shape and size of the dryer during drying experiments. Three-dimensional
body of the ISD was assumed to be an adiabatic wall. Cavities without flow conditions were excluded.
Fluid volume inside ISD was 22.1 m3. Automatic mesh generation was carried out, and total number
of the cells was 67,671. As for the boundary conditions, environmental pressure of 101.3 kPa in the
outlet and air mass flow of 0.75 kg/s in the inlet were set. The flow was assumed to be fully developed
at steady-state condition, and the calculation of the flow was time-independent. The calculation
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converged after 343 iterations. Air temperature at the inlet was considered to be similar to the average
ambient temperature, which was set to 30 °C during the day. Because heat transfer and temperature
distribution was excluded in the simulation, temperature rise along the ISD tunnel was neglected.
The wire mesh bottom of the trays and the layer of drying material resting on it was assumed as a
porous medium with a porosity of 0.6 [24]. The resulting resolution was set at level 8, which is the
highest level.

2.4. Drying Experiments

The drying experiments were conducted in Thika, Kiambu County, Kenya (1.042957° S,
37.096790° E), during December 2016. About 200 kg of fresh amaranth leaves of the variety “Big Leaf
Mchicha” was obtained from the Marikiti market in Nairobi. The leaves were washed in clean water,
blanched in water at 90 °C for about two minutes, and then cooled on an open stand for about five
minutes. Subsequently, the leaves were layered 50 mm thick on the trays using a measuring stick.
The weight of the fresh leaves was 8.5 kg per tray, corresponding with a loading density of 9.3 kg/m?.
As a control for solar drying, a tray loaded in the same way was placed outside the dryer 900 mm from
ground for conventional sun drying. A mesh bag filled with a bunch of leaves was placed on tray 5 in
the ISD and another one on the control tray under sun drying. The air velocity at the ISD outlet was
regularly measured in the morning and at noon using a digital anemometer (Testo 435, Testo SE & Co.
KGaA, Lenzkirch, Germany).

Drying was started at noon. From the second day on, the fans were turned on at 08:00 and
switched off at 18:00. During the drying, mixing was conducted manually every 2 h. To establish
drying curves, the mesh bags were weighed at the time of mixing using a digital mass scale (RM/299,
Ramtons, Nairobi, Kenya), and about 100 g of leaves were taken from tray 5 in the ISD and from
the control tray under sun drying. The samples were kept in airtight aluminum bags for subsequent
moisture content analysis according to DIN CEN/TS 14774-3 [25] at the International Center for Tropical
Agriculture (CIAT) laboratory.

Solar radiation (W/m?) and voltage (V) of the PV modules, along with temperature (°C) and
relative humidity (%) of ambient air and air inside the dyer (tray 5), were measured using USB data
loggers (DL-131, DL-191V, DL-181THP, Voltcraft, Hirschau, Germany). Solar radiation and voltage
were measured in 1 min intervals, whereas temperature and relative humidity were measured in 3 min
intervals. Measurements were carried out based on East Africa Time (UTC + 03:00).

2.5. Statistical Analysis

Data analysis and graphing software (OriginPro 9.0, OriginLab Corp, Northampton, MA, USA)
was used to fit mathematical models.

3. Results and Discussion

3.1. Estimated Performance of the ISD Solar System

Figure 3 presents solar radiation of Nairobi on 8-11 December 2016, together with the estimated
course of SOC and voltage of the battery and resulting air mass flow of the two fans of the ISD. The fans
were assumed to be switched off daily from 18:00 to 08:00, which was indicated by constant SOC and
zero voltage in the simulation. When the solar system was switched off, the lowest battery SOC was
noted as 76.3%. During operation, battery voltage and air mass flow of the fans varied from 12.3 to
13.1 V and from 0.72 to 0.76 kg/s, respectively. Total energy consumption during an assumed drying
run of 72 h was 1587 Wh. Using a solar battery with an energy storage capacity of 912 Wh and two PV
modules with a total capacity of 200 Wy, the solar system was sufficient to power the fans without any
interruption. As for comparison, measured data from air mass flow were added. A difference between
the measured and the simulated air mass flow ranged between 0.03 and 0.10 kg/s. It could correspond
to turbulent airflow at the outlet and any small leaks along the ISD.
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Figure 3. State-of-charge (SOC) and voltage of battery and air mass flow of an inflatable solar dryer
(ISD) with two 100 Wp, PV modules and a 912 Wh battery, estimated for solar radiation data of Nairobi,
together with measured data for air mass flow (data points), Kenya, on 8-11 December 2016.

3.2. Simulation of Airflow Distribution in the ISD

Visualization of simulated airflow distribution and direction in the ISD (isometric and side view)
and throughflow on the trays, i.e., exclusively vertical direction (top view), is presented in Figure 4.
Air velocity inside the ISD varied between 0.5 and 1.5 m/s. High turbulence was visible in the preheating
area. After the air deflector, air with high velocity passed across tray 1 to 5. It could be seen that the
stands allowed both through- and overflow of the air, particularly on those trays. The contact of the
leaves with the air was intense, and the air velocity was high, with values between 0.5 and 0.7 m/s.
This indicates that the leaves on those trays might have had a faster drying rate compared to the other
trays. The following trays 6 to 20 showed mainly overflow at a relatively uniform air velocity of around
0.15 m/s. Close to the outlet, particularly tray 21, turbulence was high again.
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Figure 4. Visualization of airflow distribution and direction in the ISD (isometric and side view) and
vertical flow through the 21 trays (top view).

Due to the spatial differences in intensity of the vertical component of the air flow and the
increasing relative humidity of the dryer, the drying rate decreased along the dryer. Figure 5
presents the momentary moisture content of the amaranth leaves after 68 h of drying along the dryer.
An increasing pattern of moisture content of the leaves as they got closer to the outlet was observed.
The highest moisture content of leaves of 55.2% was detected on tray 21.

56

48 b

40

32+ [ ] n

24 m n

Moisture content (%)
u

16 + .

O 1 | 1 1 | 1 1
0 3 6 9 12 15 18 21

Tray number

Figure 5. Momentary moisture content of leaves along the dryer (trays 1-21) in the ISD after 68 h
of drying.
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3.3. Drying Performance of the ISD Compared to Conventional Sun Drying

Solar radiation and PV voltage, along with temperature and relative humidity inside the ISD,
were compared to ambient conditions for a four-day drying experiment on 8-11 December 2016
and are shown in Figure 6. During the measurement period, bright cloud fields passed through
and the sun was frequently shining through openings, causing frequent fluctuations in measured
solar radiation and resulting in high peaks up to 1070 W/m?. Same fluctuations were reflected in
PV voltage, where values of 10.22 to 18.75 V were obtained for solar radiation of 510 to 950 W/m?2.
Maximum PV voltage was 18.91 V and was achieved on December 8 (day 1) at 14:00. During the night,
the ambient temperature and relative humidity could reach up to 18.0 °C and 92.7%. The highest
recorded temperature inside the ISD was 63.4 °C on December 9 at 14:09, while the ambient temperature
was 45.4 °C. Drying conditions at temperatures of 40 °C or above were typically achieved in the ISD
from 12:00 to 16:00. During the night, the ISD could show a lower temperature and a higher relative
humidity than the ambient condition.
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Figure 6. Solar radiation and voltage generated by the PV modules (top) and temperature and
relative humidity in the ISD and ambient conditions (bottom) during the drying experiment on
8-11 December 2016.

Fluctuations of the temperature could be attributed to the opening of the zipper while mixing the
leaves, which resulted in heat loss. In total, mixing the leaves on all 21 trays required around 3.5 to



Appl. Sci. 2019, 9, 3431 8of 11

4.5 min. In order to minimize the opening time of the zipper, the mixing process should be done as
efficiently as possible.

The drying curve of blanched amaranth leaves inside the ISD and under sun drying is presented
in Figure 7. The total drying time was 68.08 h, whereas the final moisture content of the leaves dried in
the ISD and sun drying was 11.6% and 24.7% w.b., respectively. It can be seen that the ISD showed a
better drying performance than sun drying, particularly on day 3. In the night between days 3 and 4,
a visible reduction of the moisture content in the leaves under sun drying was detected. This might
be due to lower relative humidity of the ambient air and occurrence of wind, which was observed
during that night. A lower relative humidity of the air causes a higher vapor pressure deficit of the air,
which accelerates the drying rate [26].

100
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Figure 7. Moisture content (MC) over time of amaranth leaves dried in the ISD and under sun drying
(8-11 December 2016).

A different pattern was reported in drying paddy rice using a previous type of the ISD,
which resulted in a lower drying performance than sun drying during the dry season [13]. This might
not be the case for amaranth leaves. Unlike paddy rice, amaranth leaves have no hulls or shells that
form a resistance to moisture diffusion and thus reduce the drying rate [27].

By visual inspection, it was observed that the leaves were not dried uniformly. On the last day,
leaves in the corners of the trays were not completely dried. This might have been caused by shading
of the leaves by the black bottom layer, which was raised at both sides when the tunnel was inflated.
To improve the design, the width of the black bottom layer in the ISD should be reduced.

Another aspect that lowered the drying performance of amaranth leaves was the presence of
stalks. It was observed that the proportion of stalks in blanched leaves was around 41%. At the end
of drying, the stalks were less dry than the leaves, as shown in Figure 8. The stalks have an outer
layer, which prevents water evaporation and therefore prolongs the overall drying time. In common
practice, solar drying of leafy vegetables without the stalks takes only about 12 h [28]. The optimum
time and method to dry the stalks should be further studied. The stalks are also a valuable commodity
for amaranth leaf processors. In order to reduce the load in the dryer and accelerate the drying process,
it is recommended to first unload the leaves soon after they are completely dried and then proceed
with the stalks.
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Figure 8. Amaranth leaves during drying with a high share of stalks (left) and the separated
stalks (right).

4. Conclusions

The drying performance of an inflatable solar dryer for drying amaranth leaves was compared to
conventional sun drying. The ISD showed potential as a mobile solar dryer for small and medium
enterprises (SMEs) to accelerate the drying process of amaranth leaves and to protect the drying
product from dust and insects. The temperature inside the ISD was considerably higher than the
ambient temperature, and the drying rate of leaves was thus faster in the ISD than with sun drying.
The air deflector integrated in the preheating zone showed the desired effect, i.e., to avoid blowing
away dried leaves from the trays. As a further hardware improvement, it is recommended that the
width of the black bottom layer of the ISD be reduced to avoid lateral shading of the drying product.
To improve the drying process of amaranth leaves, the stalks should be separated from the leaves,
chopped, and put on different trays for longer drying.

Further research should focus on a fan operation of the ISD also during the night for periods
with favorable ambient conditions by increasing the battery capacity. Furthermore, advanced CFD
modeling with an integration of mass and heat transfer should be used to further understand the
influence of airflow distribution on the drying performance.
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