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Keywords: solar energy, indirect Abstract: In the process of drying agricultural products, a
solar dryer, return air flow, high initial moisture content leads to increased energy
collector thermal efficiency, phase consumption. To reduce this consumption, the use of solar
change material. systems, either independently or in combination with other

heat sources, is a common method. However, one of the
factors reducing efficiency in dryers is the loss of thermal
energy in systems with open airflow. Employing a return

airflow at the dryer inlet can improve thermal efficiency and
reduce product drying time. In this research, an indirect
cabinet-type solar dryer equipped with a vacuum tube solar
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efficiency, and solar collector efficiency in an indirect
cabinet-type solar dryer was examined. Furthermore, to
analyze the flow behavior and temperature changes within
the dryer, a three-dimensional simulation using
Computational Fluid Dynamics (CFD) was performed. The
numerical results indicated that the 50% return airflow
condition was the optimal state, reducing the drying time
from 910 seconds (in the zero case) to 545 seconds,
achieving the lowest Specific Energy Consumption of 10.62
MJ/kg by utilizing the latent heat capacity of the PCM. The
use of the return airflow system up to 50% improved the
overall dryer efficiency by up to 29.01% compared to the
no-air-recirculation case. However, increasing the return
airflow to 70% resulted in a decrease in efficiency due to the
air becoming saturated with moisture and an increase in
drying time.
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Extended Abstract

Introduction

Solar energy is one of the most promising
renewable energy resources due to its wide
availability, sustainability, and
environmental compatibility. In agricultural
applications, solar drying has gained
increasing attention as an effective method
for preserving products while reducing
dependence on fossil fuels. However,
conventional solar dryers often suffer from
low thermal efficiency, strong dependence
on climatic conditions, and limited drying
rates, particularly during periods of low solar
radiation. To overcome these limitations,
various enhancement techniques such as
thermal energy storage, using phase change
materials (PCM) and air recirculation
systems, have been proposed. The
integration of PCM allows excess thermal
energy to be stored during peak solar hours
and released when solar radiation decreases
while air recirculation improves heat
utilization and reduces energy losses.
Despite numerous experimental studies, a
comprehensive understanding of the coupled
thermal and fluid dynamic behavior of solar

dryers, equipped with PCM and air
recirculation systems, remains limited.
Therefore, the present study aims to

investigate experimentally and numerically
the thermal performance, airflow
characteristics, drying kinetics, and energy
efficiency of a hybrid solar dryer integrated
with a heat exchanger, PCM, and different
air recirculation ratios under realistic
operating conditions.

Materials and Methods

In this study, a hybrid indirect solar dryer
equipped with a heat pipe evacuated tube
solar collector, a heat exchanger, a tank
containing phase change material, a drying
cabinet, and an adjustable air recirculation
system was investigated. The working fluid
inside the drying chamber was air, while
water was used as the heat transfer fluid in
the heat exchanger. Experimental drying
tests were conducted under clear sky
conditions using apple slices as the drying

material. Four different air recirculation
ratios (0%, 25%, 50%, and 70% of outlet
airflow) were examined at a constant air
mass flow rate of 0.09 kg/s. Temperature,
relative humidity, solar radiation intensity,
airflow velocity, and sample mass were
continuously recorded using calibrated
sensors and K-type thermocouples.

To complement the experimental
investigation, a three-dimensional numerical
model of the solar dryer was developed
using computational fluid dynamics (CFD)
in ANSYS software. The simulations were
performed under steady-state conditions due
to negligible temporal variations in airflow
patterns during drying. The governing
equations of mass, momentum, and energy
were solved wusing the realizable k-
turbulence model to capture the turbulent
airflow behavior inside the dryer and heat
exchanger. Boundary conditions were
defined based on experimental
measurements. Grid independence tests were
conducted using coarse, fine, and very fine
meshes to ensure numerical accuracy, and
the fine mesh with approximately one
million elements was selected due to its
balance between accuracy and computational
cost. Model validation was performed by
comparing simulated temperature results
with experimental data.

Results
The experimental results showed that solar
radiation increased from morning hours and
reached its peak between 13:00 and 14:00,
with values ranging from approximately 40
to 960 W/m2, Ambient temperature increased
with solar intensity, while relative humidity
decreased due to enhanced evaporation. CFD
results revealed that airflow velocity was
lower near the heat exchanger tubes and
cabinet corners, while higher velocities
occurred in the main flow paths. Increasing
the air recirculation ratio significantly
affected temperature distribution, airflow
turbulence, and drying behavior.

Among the investigated cases, the 50%
air recirculation ratio provided the most
favorable thermal performance. This
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condition resulted in higher average drying
chamber temperatures, improved heat
recovery, and enhanced drying rates without
excessive moisture accumulation. The drying
time was reduced from 910 s at 0%
recirculation to 545 s at 50% recirculation.
However, further increasing the recirculation
ratio to 70% led to higher moisture content
in the circulating air, which negatively
affected moisture removal and increased
drying time.

Energy performance analysis indicated
that the lowest specific energy consumption
(SEC) of 10.62 MJ/kg was achieved at 50%
air recirculation with PCM integration. The
overall drying efficiency increased by
approximately 7.7% to 29.0% compared to
the system without air recirculation. CFD
predictions showed good agreement with
experimental results, with a coefficient of
determination (R?) greater than 0.946 and
relative errors between 2.1% and 4.6%.

Discussion and Conclusion

The results demonstrate that combining
PCM-based thermal energy storage with a
controlled air recirculation mechanism
significantly enhances the thermal and
energetic performance of solar dryers. Air
recirculation improves heat utilization and
reduces energy losses; however, excessive
recirculation leads to increased humidity
levels that limit drying efficiency. The
optimal recirculation ratio was found to be
50%, whereby a balance between thermal
energy recovery and moisture removal was
achieved. The CFD model successfully
predicted airflow and temperature
distributions, confirming its suitability for
analyzing and optimizing solar drying
systems. The findings suggest that
integrating desiccant materials could further
improve system performance by reducing
moisture accumulation in recirculated air.
Overall, this study provides valuable insights
into the design and optimization of high-

efficiency solar
applications.

dryers for

agricultural
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