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Abstract: The post-harvest losses for agricultural products are
around 30%-40% [1]. Drying is a one of the necessary processes
for the preservation of agricultural products. Agricultural
products require hot air of temperature above 40 °C for drying.
Open sun drying takes more time for drying of products due to
slower drying rates. Also, variousfactorshamper the quality of the
dried product. Due to the moisture content in the products
bacterial attack is possible. India being the tropical region has
good solar radiation. It is advisable to use the solar dryer to avoid
spoilage of quality of products [2]. In this work, the compact and
portable forced convection solar dryer designed and devel oped for
drying chilies with thermal energy storage. Solar dryer is having
capacity of 15 kg and it consists of the flat plate collector based air
heating system with thermal energy storage. Paraffin wax used as
phase change material (PCM). The CFD simulations carried out
for the solar dryer to study the temperature distribution over the
surfaces of the flat plate collector and inside the drying chamber,
velocity of air and phase change behavior of paraffin wax inside
thetrays. The energy stored in the paraffin wax and time required
for charging and discharging of paraffin wax is found out. The
time for which temperature in the drying chamber is maintained
above 40 °C is also found out. Results of CFD simulations
validated with the experimental results.

Keywords. Agricultural products, charging, discharging,
drying, Phase change materials (PCM), Paraffin wax, solar dryer.

. INTRODUCTION

Solar energy is one of the biggest sources of renewable
energy. The United Nations Development Program has given
in 2000 World Energy Assessment (WEA), that the annual
potential of solar energy is 1,575-49,837 Exajoules (EJ).

This is many times larger than the total world energy
consumption, which was 559.8 EJ in 2012 [3, 4]. Drying is
the process of removing moisture from the product. Drying is
the conventional method used for preservation of food and
agricultural products like grains, vegetables and fruits. Solar
dryer is a device that uses solar energy to dry substances [5].
Drying in Solar dryer uses the air collectors to collect the
solar energy [6]. The purpose of solar drying isto minimize
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the moisture content of products to a level that can prevent
the spoilage of agricultural products. Drying of products
takes place by two processes. First is the heat transfer to the
product using energy from the sun and mass transfer of
moisture from the inner part of the product to its surface and
second is from the surface to the surrounding air in contact
with the product [7]. Traditionally the farmers are using the
open drying technique, which uses solar radiation intensity,
ambient temperature of air, humidity of ambient air and wind
speed [8].

In the Solar Drying method the food and perishable items are
directly placed on the ground floors, which can reach
temperatures higher than the temperatures in open drying,
and left there for anumber of daysto dry [9].

In solar air heaters, heat transfer from sun to absorber and
absorber to fluid occurs. In order to enhance the performance
of solar systems and solar dryers, usualy modifications on
solar air heaters are performed. Solar air heaters are specia
kind of heat exchangers that transform energy of solar
radiation to internal energy of the transport medium [10]. The
major component of any solar drying system is the solar air
heater. Flat plate solar air heaters, though produce lower
temperatures, have the advantage of being simpler in design,
having lower maintenance and lower cost [11]. To obtain
maximum amount of solar energy at minimum cost the flat
plate solar air heaters with thermal storage have been
developed. Flat plate solar air heaters are the type of solar air
heaters which are extensively used in many applications such
asresidential, industrial and agricultural fields[12]. Solar air
heaters, due to their smplicity are cheap and most widely
used collection devices of solar energy, have great potentia
for low temperature applications, particularly for drying of
agricultural products like chilies, However, the thermal
efficiency of a solar air heater is comparatively very low
because of the low values of the convective heat transfer
coefficient between the absorber plate and the air, leading to
high absorber plate temperature and high heat losses to the
surroundings [13, 14]. It has been discovered that the main
thermal resistance to the heat transfer is due to the formation
of alaminar sub-layer on the absorber plate heat-transferring
surface. A flat plate solar air heater absorbs incident solar
radiations and transforms them into useful heat for heating
the collector fluid such as water and air. Solar air heaters,
being very simple in design and cheap, are most widely used
collection devices of solar energy [15]. Solar air heaters have
several applicationsin space heating, seasoning of timber and
crop drying [16].

Sohel Chaudhari et. a. has used CFD for the study of air
flow, outlet temperature of air, temperature distribution over
the flat plate collector, etc. Comparison of CFD and
experimental outlet
temperature of ar is
provided [21].
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I1.PROBLEM STATEMENT

Performance enhancement of Solar Dryer using phase change
material (PCM).

1. CFD METHODOLOGY

M ethodology

1. Design of Solar Dryer for drying capacity of 15kg.
2. CAD Model preparation and meshing.

3. Physics setup for problem and solution.

4. Post processing of CFD results and comparison with
experimental results.

The 3D model consisting of the solar air heater and solar
drying chamber is simulated in computationa fluid
dynamics. Following are the mesh and solver settings
used for CFD simulation.

o Trimmed cell mesher

e Cell Count: ~0.25 Million

e Three Dimensional

o Implicit unsteady simulation

o Gravity

e Turbulence Model: Realizable k-epsilon
o Wall Treatment: All Y+ wall treatment
o Solver: Segregated Solver

o Fluid: Air

o Gravity Model Used in the Simulation
o Cell Quality Remediation

o Solidification and melting model.

| Flat Plate Collector |

Drying Chamber

Fig. 1.CAD Model of Solar Drying System.

Fig. 2.Surface Mesh of Solar Dryer.
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The flat plate collector specifications taken from the Indian
Standards IS 12933 [2003]. The overall dimension for solar
air heater is 2000 mm * 1000 mm * 100 mm with 50 mm
thick Rockwool insulation from back side. Thermal
conductivity of rock wool ranges from 0.0035 to 0.04
W/m-K. Length and width of absorber plate are 1700 mm
and 900 mm respectively. Aluminum cans of thickness 0.5
mm used for the manufacturing of air flow tubes of flat plate
collector. The diameter of these aluminum can is60 mm. The
spacing between absorber plate and bottom is 20 mm. Air
enters the flat plate air heater at atmospheric temperature.
Two sheets of toughened glass (3 mm thick) were used to
cover the heater in order to minimize the heat |osses from the
top of the air heater. The gap between the two glass covers
equals 3mm. The heater was insulated from the sides using
puff as an insulating material with thickness approximately
20mm. Puff insulation a so used on the top and bottom header
of theflat plate collector.

Properties of air, duminum and glass which are used in the
CFD simulation and while doing the calculations are givenin
the following tables. Mass flow rate of air entering into the
flat plate collector is 0.01 kg/sec. Required mass flow rate of
air calculated based upon the drying capacity of solar dryer
whichis 15 Kg.

Table- I: Propertiesof Air

Property Value
Massflow rate of Air 0.01 kg/sec
Density 1.18415 kg/m®

Therma Conductivity 0.0260305 W/m-K

Specific Heat 1003.62 /kg-K

Table- I1: Properties of Aluminum

Property Value
Density 2719 kg/m?
Thermal Conductivity 202.4 W/m-K
Specific Heat 871 Jkg-K

Table- 111: Propertiesof Glass

Property Value
Density 2500 kg/m®
Therma Conductivity 744.3 Wim-K
Specific Heat 670Jkg-K

IV. RESULTSAND DISCUSSION

Temperature distribution, pressure variation, and velocity
fields are obtained by CFD simulation. Contours of
temperature and pressure are given in Figures 3-5 below.
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Temperature distribution over the top surface of theflat plate
collector is shown in Fig. 3. Temperature is increasing from
the inlet to the outlet of the Flat Plate Collector.
As the absorber plate absorbs the solar radiation over its
length and stores the therma energy it results in the
temperature rise from the inlet to the outlet side of the
flat plate collector. The temperature distribution shown in the
Fig. 3 is obtained at 11:00 hours in the morning. This
temperature goes on increasing till 14:00 hours as the solar
radiation intensity increases.
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Fig. 3. Temperature Distribution over Flat Plate

Collector

Fig. 4. Temperature Distribution over Flat Plate
Collector Tubes
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In the above Fig. 4 temperature distribution over the FPC
tubes shown which isincreasing from inlet to the outlet side.
Thistemperature ranges from 27 to 52°C at the solar radiation
intensity of 460W/m? at 10:00 Hrs. Pressure variation is
shown in the Fig. 5 where pressure reduces from inlet to
outlet side.

Fig. 5. Pressure Distribution over Flat Plate Collector
Tubes
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Temperatures of air in the drying chamber is shown in the
figure 6 below which reduces from the lower side of the
chamber to the upper side. Thistemperatureimageisat 13:00
Hrs. where maximum temperature of air reached is 70.279°C.

Temperature ()

.70.275

E3.000
FRF20
FEA441
41.162

EER-1:F3

Fig. 6. Air Temperature Distribution in Drying Chamber

The maximum temperatures of air reached at 09:00, 10:00,
11:00 and 13:00 hours are 46.489, 49.887, 56.283 and 70.279
°C respectively.
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The maximum and minimum temperature too of air is
increasing as the radiation intensity increases.

It is observed that air is comparatively hotter in the lower
compartment of the solar dryer and gets cooler asit reachesto
the uppermost compartment.

The experimental and CFD drying chamber temperatures are
given in the below graph. The temperature of the chamber
predicted in CFD is around 5°C higher than the experimental
temperature. This might be due to the heat losses from the
top, bottom and sides of the flat plate collector and the pipe
connecting outlet of flat plate collector to the inlet of drying
chamber. Temperature of the drying chamber drops very
dlightly after 19:00hrs which can be seen in the plot.

Drying Chamber Temparature Exp vs CFD

60
50 N
40

Temp (C)

9 11 13 15 17 19 21 23 25
Time (Hours)

Exp CFD

Fig. 7. Drying Chamber Temperature Exp and CFD

The temperatures of PCM at different times is given in the
following image. The temperatures shown in the image is at
10:30 hours. Astheair isentering to the drying chamber from
the lower side temperature of the lower tray increases first
and then subsequently increases the temperatures of the trays
aboveit. Thistemperature distribution is visible in the below
Fig. 8. Thisfigureisrepresentation of the charging process of
phase change material.

B

Fig. 8. Temperature of Phase Change Material
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The volume fractions of solid and liquid phases are shown in
the following image. Thisimage shows the charging process
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of phase change material. It melts over the temperature range
from 44°C to 55°C. The image shows the volume fraction of
liquid and solid at 11:00 Hrs.

Solid Volume Fraction of Fhase 1
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e.p0000

Fig. 9. PCM volumefraction of liquid and solid

The comparison of drying chamber temperature with and
without the use of PCM is done with the help of CFD
simulations. The temperatures in the drying chamber are
higher during the sunshine hours and lower after sunshine
hours when PCM is not used in the trays of drying chamber.
When PCM used in the trays inside the drying chamber the
energy is used by PCM for its charging during the sunshine
hours resulting in the comparatively lower chamber
temperatures during then sunshine hours. This energy is
given away by the PCM after the sunshine hours maintaining
the drying chamber temperature higher than the outside
ambient temperature. It has been observed that the
temperature of drying chamber maintained above 40°C even
after sunshine hours due the discharging of paraffin wax
inside the trays in drying chamber. The plot showing the
comparison of drying chamber air temperatures with and
without phase change materialsis below.

80 Drying Chamber Temparature with and without PCM

S 11 13 15 17 19 21 23 25
Time (Hours)
ey, ith PCM e\ ithout PCM
Fig. 10. Drying Chamber Temperature with and without
PCM
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The energy content at different times during the charging and
discharging of paraffin wax are plotted in the graph below.

It can be seen that both charging and discharging process
takes around 8 hours each. The sensible heat is added to the
PCM for initia 4 hours followed by the latent heat for next
2.5 hours and then again sensible heat for next 1.5 hours
during the charging process. The same phenomenon in the
reverse order takes place during the discharging. The energy
stored during the charging process is around 1000 kJ as
evident from the below Fig. 11.
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Fig. 11. Charging of PCM

Discharging of PCM
1000
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17 19 21 23
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Fig. 12. Discharging of PCM

V. CONCLUSION

Through comparison of Experimental and CFD
temperatures of drying cabinet it is observed that there is
difference of around 5 °C between the temperatures
obtained in experimental measurements and CFD
calculations.

It can be seen from the temperature plots of drying cabinet
that from 09:00 Hrs. to 25:00 Hrs. the temperature of air
measured above 40 °C with PCM case, as compared to
09:00 Hrs. to 18:00 Hrs. without PCM case.

The required drying temperature (above 40 °C)
maintained in the dryer for 7 more hours due to the use of
PCM.
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At thetime of 13 Hrs. to 15 Hrs. maximum temperature of
outlet air obtained in CFD. This is vaidated with the
experimental temperature during this time span.

The temperature and flow distribution observed in the
drying cabinet is not uniform with the higher temperature
and velocity in the lower compartment of the Solar Dryer.
By making the more space for air flow from one to the
other compartment the uniformity of velocities and
temperatures can be improved.

Lower PCM tray chargesfirst asthe air flow and temp in
the lower compartment is higher.

For charging and discharging of PCM it takes around 8
hours’ time.

At 16:00 Hrs. paraffin wax completely converts into
liquid phase.
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