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Abstract: One of the methods for food preservation involves utilizing the heat from solar radiation to remove
moisture, aptly known as solar drying. Different approaches in enhancing solar dryer efficiency have been made
throughout the years, involving circulation refinements, mechanism improvements, and insulation enhancements.
Thermoelectric heat pumps (TEHP) leverage the Peltier effect to generate temperature difference that can be
integrated with solar dryer system. However, the information on design and parameters for integration is scarce and
underexplored. In this work, TEHP-assisted solar drying system was designed and the ideal parameters for efficient
drying rate were determined by optimizing fan position and airflow rate. The system’s performance was gauged
through moisture content reduction of drying loads (ginger). CFD numerical optimization was performed at the
airflow rate between 0.003-0.012 m?/s, at three different fan locations. Results showed that lower airflow rate
increases the accumulated heat inside the chamber, resulting in higher moisture content removal within the load,
thus increasing drying rate. Even though the higher airflow showed greater reduction in H20 mass, reduction of
drying chamber temperature was also observed, resulting in reduced effectiveness in moisture removal. The ideal
fan position and airflow rate were determined to be at the system inlet (Fan 1) and 0.012 m?%/s, respectively. The
results from this work show the importance of fan position and airflow rate on a TEHP-assisted solar dryer towards
its the drying rate to achieve a balance between energy consumption and effective drying.

Keywords: modelling and simulation; numerical optimization; solar drying system; thermoelectric heat pump

1. Introduction

Solar energy represents a promising and sustainable renewable source to potentially address global
challenges such as climate change (Rahmat et al, 2022) and food security
(Gomez-Casanovas et al., 2023). It is an attractive alternative source for power generation due to its
abundance and environmental benefits compared to the traditional fossil fuels which are proven to pose
adverse ecological impacts. A particular noteworthy representation of solar energy utilization is evident
in the area of food preservation (Fernandes and Tavares, 2024). The food preservation technique through
harnessing solar power illustrates an innovative approach in promoting sustainable practices in many
sectors, especially with enhancing the food security in increasing shelf life, paving the way for a more
sustainable future. The food preservation technique harnesses the radiation from the sun to remove
moisture from food products. This technique is called solar drying, and it plays a pivotal role in
diminishing food loss and waste issues in the food industry (Shamshiri et al., 2024). Solar drying can
reduce greenhouse gas emissions and serve as a catalyst for economic development through employment
opportunities within the food processing industry and solar energy (Amjad et al., 2023). It has been
reported that the usage of solar drying techniques among industry sector has enhanced the quality of
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products, contributed to improving market prices, and noticeably increased income for the rural
communities within the domain of the food processing industry (Herrando et al., 2023). The promising
approach showcased an effective reduction in spoilage rate in the product due to the development and
consequently contribute to better health benefits and nutritional value of products for consumers (Hii et
al., 2019). The implementation is noticeable where it fosters economic growth and promotes healthier
consumption patterns for consumers either within the rural or urban settings.

As summarized in Table 1, solar dryers can be categorized by its unique design according to its
intended use such as active, passive solar dryers and open sun drying (Workineh Daksa and Neme Tolesa,
2023). Passive solar dryers use natural flow of air through a strategic system combination that is effective
in regulating the airflow by manipulating wind pressure and buoyancy-driven currents within their
structure to ensure optimal drying (Kherrafi et al., 2024). The system is often made from inexpensive
material to ensure affordability to farmers looking for small-scale applications for drying fruits and
vegetables at a temperature ~50 °C (Herrando et al., 2023). However, passive solar dryer has a slow
drying rate compared to their active counterparts. Active solar dryers dry with fans to maintain a
consistent controlled airflow that aids in ensuring the warm air within the drying cabinet is evenly
distributed throughout the operation. The airflow mechanism ensures the product is being dried
thoroughly as fast as possible to extract moisture from the product. However, this increases the energy
usage of the solar dryer due to the energy it consumes to operate the fan. Nonetheless, it is important to
acknowledge that the active solar dryers delve with a multitude of parameters including temperature,
humidity, airflow and environmental conditions in its sophisticated design to optimize the drying
process(D. Pagukuman and Wan Ibrahim, 2021). Hence, the intricate interplay of these parameters
determines the effectiveness and well design of solar dryers even if the system is well monitored and
affect the drying product characteristic such as moisture content and physical properties. A balance of
each parameter of active solar dryer is needed to produce a quality product.

There has been a variety of studies conducted to explore the different approaches to enhance solar
dryer efficiency. These endeavours mostly focused on careful implementation of refining the
recirculation, improving the operational mechanism of the system and also a consideration in enhancing
the insulation properties (Ekka et al., 2021). Several studies have been worked on introducing a heat
pump(Herez, 2021, Jalal Abduelgader et al., 2020), phase change material (PCM)(PASSARO, 2022, Lim
and Jeong, 2020), and geothermal energy (Jaiswal et al., 2023) as a reserve energy supply for flexible
energy utilization and to reduce the dependency on direct solar radiation as a heat supply. It ensures a
continuous drying of products, preventing rehydration (Deng et al., 2021). These dryers are known as
hybrid solar dryers and it is developed for the purpose of overcoming the limitations of conventional
solar dryers and improve overall drying efficiency of products (Zeinab et al., 2022). Rani et al. used
baffles and semicircular loops in solar dryers to optimize the heat distribution and air circulation inside
the drying chamber (Rani and Tripathy, 2023). Hussain et al. used a backup heater in the solar dryer that
decreased the drying time by 70% (Hussain et al., 2021). There is also research that accounts for the
utilization of thermoelectric heat pumps (TEHP) as a heater by using the Peltier effect for warming
purposes without the need for traditional method like combustion or electric resistance heating to reduce
carbon emissions and energy wastage associated with conventional heating systems. Garayo et al.
presented thermoelectric heat pumps with a ventilation system for passive houses, where the heating
capacity reaches 1200 W with COP ranging from 1.5-4 to improve the energy performance (Diaz de
Garayo et al., 2021).

TEHP is an electronic appliance which utilizes Peltier effect to transfer heat from the thermoelectric
material to the environment, intended to be used for heating (Martinez et al., 2019). Peltier effect is
generated when an electric current is given to two thermoelectric materials with different electronic
properties known as p-type and n-type materials (Xu et al., 2023). TEHP is an innovative and promising
technology in heat pump appliances that gives many benefits such as refrigerant free, reducing moving
mechanical parts, and minimum maintenance (Cheon et al., 2019). Moreover, TEHP has better
temperature control compared to conventional heat pumps in transiting from heating to cooling mode,
along with easier integration with photovoltaic (PV) system (Tomc et al., 2024). Fahruddin et al.
presented TEHP influence on the surrounding air by analysing the changes in temperature and humidity,
where it harnesses the cool side of the TEHP for the purpose of water harvesting and to reach a desired
temperature of 25.6 °C, free from excess moisture with the humidity of 78% when the temperature of the
surrounding air is 31 °C (Fahruddin et al., 2022). TEHP can be manufactured by a variety of structures
such as the conventional thermoelectric m-type, thin thermoelectric, annular module and stacking
(Evstatieva et al.). Most of these structures has its own advantages and disadvantages and can be seen to
be used with its own condition and purposes. However, the information on design and parameters for
integration is scarce and underexplored. In this work, TEHP-assisted solar drying system was designed
and the ideal parameters for efficient drying rate were determined by optimizing fan position and airflow
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rate. The system’s performance was evaluated through moisture content reduction of drying loads

(ginger).

Table 1. Different categories of solar dryer.

System Type

Key Contributions

Limitations/Gaps

Reference

Inexpensive materials
for small-scale drying
(~50 °C).

Slow drying rate
compared to active
systems.

(Herrando et al., 2023)

alternative heat
source.

advanced
infrastructure for
deployment.

Passive Solar . Limited efficiency in
Natural airflow .
Dryers mechanism influenced fluctuating weather
. conditions; lacks (Kherrafi et al., 2024)
by wind pressure and . .
detailed studies on
buoyancy. . L
airflow optimization.
High energy
Optimized drying consumption due to
using parameters like | fan operation; (D. Pagukuman and Wan
temperature, humidity, | challenges in Ibrahim, 2021)
and airflow. balancing energy use
and drying speed.
Limited scalability:
. Introduced baffles and | performance under
Active Solar semicircular loops for | diverse . .
Dryers better heat and air environmental (Rani and Tripathy, 2023)
distribution. conditions needs
further study.
Increases energy
Backup heaters dependence, which
reduced drying time may not be viable in (Hussain et al., 2021)
by 70%. remote or off-grid
areas.
High initial cost;
i tiet ot |,
. . Abduelgader et al., 2020)
energy efficiency. pumps with solar
drying systems.
PCM as a backup Limited research on
energy source to PCM material (PASSARO, 2022, Lim and
reduce dependency on | degradation and long- Jeong, 2020)
direct solar radiation. | term performance.
High dependency on
Hybrid Solar | Explored geothermal geographical
Dryers energy as an feasibility; requires

(Jaiswal et al., 2023)

Addressed continuous
drying mechanisms to

Lack of detailed
analysis on energy
savings and

(Deng et al., 2021)

prevent rehydration. environmental

impacts.
Hybrid systems High opejratiOI.lal (Zeinab et al., 2022)
overcome complexity; difficulty
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conventional solar
dryer limitations and

in standardizing
hybrid designs across

enhance drying regions.
efficiency.
Improved drying Long-term

consistency and
energy utilization.

operational stability
remains unclear.

(Zeinab et al., 2022)

TEHP-Based
Systems

TEHPs achieved 1200
W heating capacity

High cost; efficiency
heavily dependent on
material quality and

(Diaz de Garayo et al.,
2021)

with COP of 1.5-4. operational
conditions.
I?;Sticéiffcfleii ;l:; Limited adoption due
. to cost and lack of (Xu et al., 2023, Martinez et
thermoelectric

materials (p-type and
n-type).

robust testing for
durability.

al., 2019)

Highlighted
advantages like
refrigerant-free
operation and minimal
maintenance.

TEHPs still require
significant energy
input, especially in
large-scale
applications.

(Cheon et al., 2019)

Better temperature
control and PV
integration with
TEHPs.

Lacks real-world
application data to
support integration
feasibility with
existing solar dryers.

(Tomc et al., 2024)

TEHPs managed air
temperature and
humidity, achieving
25.6 °C and 78%

Limited studies on
the environmental
and energy
performance under
varying climatic

(Fahruddin et al., 2022)

humidity. ..
Y conditions.
Various TEHP Lack of comparative
structures (m-type, thin | studies to identify the .
( . P Y (Evstatieva et al.)
thermoelectric, best structure for

annular, and stacking).

specific drying needs.

In this study, the potential application of TEHP in a drying system is explored. TEHP offers notable
advantages over conventional heat pump dryers, unlike conventional systems that rely on refrigerants
with associated environmental concerns, it is refrigerant-free, thereby reducing greenhouse gas emissions.
Notably, its solid-state design eliminates the need for mechanical components such as compressors and
bulky condensers, leading to reduced maintenance requirements and increased reliability. Furthermore,
TEHP provides precise temperature control, enabling efficient transitions between heating and cooling
modes, which is particularly beneficial for drying sensitive materials. When integrated with solar PV,
TEHP system can demonstrate higher energy efficiency since it will be utilizing renewable resources,
reducing operational costs, and minimizing dependence on grid electricity. This makes TEHPs
particularly advantageous for off-grid applications, where access to conventional power infrastructure is
limited. Additionally, the use of DC electricity in TEHPs reduces the overall cost of off-grid solar PV
systems by eliminating the need for an electric inverter. The absence of moving parts further minimizes
noise levels, making TEHPs particularly suitable for small-scale or indoor drying applications where
space and quiet operation are critical. These features position solar-powered TEHPs as a practical and
sustainable solution for efficient drying processes, especially in remote or off-grid settings.

In our research, computer modelling and simulations allow us to perform initial assessments without
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the need for the device or system physically. It is a time-saving mechanism that can be employed for the
purpose of predicting the output of temperature, relative humidity and airflow of a solar dryer (Wan et
al., 2023). Furthermore, the simulation can be executed numerous times to find the optimal criteria that
align with the solar drying system requirements. In addition, the uncertainties of such a complex system
such as solar dryers can be reduced when addressed by implementing modelling and simulation
techniques and may predict the best system to avoid over and under design.

To set it apart from previous studies, the present study highlights the relevant parameters in
constructing a TEHPs with solar drying chamber such as airflow patterns, material properties, and
moisture content to serve as a reference in expanding and optimizing the design, utilizing a heat sink and
airflow pathing that may assist with TEHP configuration to increase drying rate. By placing a fan at a
relevant location, we can showcase an increase in drying rate to effectively distribute heat. Through the
simulation-based studies under multiple operating conditions, this study may contribute to the
understanding of heat and air distribution over time in a TEHP-assisted solar drying system in identifying
potential areas for future improvements. This study also demonstrates the capability of TEHP-assisted
solar drying system to be integrated with a PV system, to increase overall system efficiency.

2. Methodology

In this study, we first design the TEHP-assisted solar drying system, which comprises a drying
chamber heated by a TEHP and fully powered by a standalone solar PV system. In this preliminary
investigation to validate the design concept, the TEHP-assisted solar drying system is optimized using a
Multiphysics approach coupled with Computational Fluid Dynamics (CFD). The use of CFD,
particularly through reliable simulation tools like ANSY'S Fluent, ensures accurate modelling of complex
fluid flow and heat transfer phenomena within the drying chamber. This approach enables precise
predictions of airflow patterns, temperature distributions, and moisture removal efficiency, which are
critical for the system’s performance. The advanced numerical techniques in CFD have been extensively
validated in similar drying system applications, making it a trusted methodology for design optimization.
This combined approach helps design an efficient solar drying system by optimizing airflow rates for
improved airflow management, ultimately reducing moisture content effectively.

2.1. Solar Dryer Design

The drying chamber serves as the environment where the drying process of removing moisture from
the material occurs. It is designed to allow temperature and airflow to remove moisture toward the
chamber outlet. The drying chamber in the TEHP-Assisted solar drying system is a rack-type drying
system, with the details outlined in Table 2. This system is known for its ability to dry large quantities of
materials such as chili, turmeric, and okra (Mugi and Chandramohan, 2021). In this study, the drying
chamber is designed measuring 0.5 m x 0.5 m % 1 m and is constructed from aluminium. It features three
shelves, referred to as the upper rack, middle rack, and lower rack. A TEHP is integrated into the drying
chamber to assist the drying process. The TEHP is located below the lower rack, allowing air to move
upwards through the drying chamber towards the outlet (Szpicer et al., 2023). It is worth noting here that
the system integrates a simulated photovoltaic-thermoelectric-thermal (PVTET) system, where the
airflow output serves as the input for the drying chamber. The air that passes through the PVTET system
retains some amount of heat, enhancing the operational thermal efficiency of the TEHP-assisted solar
drying system. However, the simulation of the PVTET system is currently beyond the scope of this paper,
as the primary focus is on the performance of the drying chamber.

Three different fan locations in the solar drying system are modelled to facilitate the strategic
distribution of airflow throughout the drying chamber, operating under conditions where the inlet relative
humidity is maintained at 100%. The ginger is arranged on the three shelves within the drying chamber
to ensure even heat exposure. This approach efficiently keeps heat and ensures thorough drying,
producing high-quality dried ginger suitable for storage or post-processing.

The hot side temperature (Th) of the TEHP is set at 50 °C, simulating the desired heating temperature
during operation. Additionally, the panel of the PVTET system is set to a temperature of 60 °C to simulate
outdoor solar conditions. The airflow, heat distribution, and performance of the solar drying system are
predicted using a three-dimensional solver. Based on the simulation results, the optimal fan location and
airflow configuration will be identified. Transient numerical models were employed to simulate heat
distribution by convection and conduction within the system, operating at different airflow rates to
enhance performance. The numerical model provides insights into the interplay between heat distribution
and airflow, offering data to improve system efficiency. A detailed simulation will highlight the impact
of fluid parameter boundary conditions and the significance of numerical analysis in enhancing the solar
drying system’s performance. The overview of the model’s design is illustrated in Figure 1. The aim of
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this study is to analyse numerically the following key parameters:

(1) The effectiveness of different fan positions in controlling airflow distribution in the drying chamber.

(i) The effect of different airflow rates on moisture removal.

(iii) The effect of different airflow rates on temperature distribution in the TEHP-assisted solar drying

system.

Table 2. Design parameters of the TEHP-assisted solar drying system.

Parameter Description Value/Specification
Chamber Length x Width x Height 0.5mx05mx1m
Dimensions
Material Construction material Aluminium
Rack Type Number of racks 3 (Upper, Middle,

Lower)

Rack Dimensions

Length x Width x Height

0.5x0.5x%0.03m

TEHP Position

Placement of thermoelectric heat pump

Below the lower rack

Contact with heat sink panel to transfer heat to the

Th Operation drying chamber air Yes

Cold 51er (Te) Contribution to the process Ignored

Operation

Airflow . . . .

Mechanism Air circulation through fan placement Variable fan positions

Fan Airflow Rate | Airflow rates 0.003, 0.006, 0.009,
0.012 m*/s

Temperature Ty of TEHP 50 °C

Setting

Relative Humidity | Inlet condition 100% RH

T (cold side)

Figure 1. Diagram of the TEHP-assisted solar drying system with proposed fan locations used in the

/_‘ F"I.':ET e _,|_ -
;Iz Fan3 —>-||_ > Outlet
Y Y VY v ¥
Ginger
Y VY VY v v
D O O O o
Tray
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o CO Co o <2 <

Th (hot side)
< TEHP

computational fluid dynamics (CFD) simulation.

Three fan locations are selected for the simulation: i) at the system inlet (Fan 1), ii) after passing
PVTET system (Fan 2), and iii) at the system outlet (Fan 3), as shown in Figure 1. Fan 1 is located at the
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system inlet to allow for active heat convection between the heat sink of the PVTET system and the air.
Fan 2 is located after passing the PVTET system to allow for passive heat convection between the heat
sink of the PVTET system and the air. Lastly, Fan 3 is located at the system outlet to assist with the
removal of heat and humidity from inside the chamber. The airflow and fan location for the most optimal
solar drying system design will be selected based on the fastest drying rate.

2.2. Drying Load Material

The choice of load material for the simulation is ginger, which is a high value herbal crops (HVHC)
in Malaysia (Othman et al.). Ginger is a popular and widely use medical herb in Malaysia which has
many health benefits. However, ginger has a high moisture content which can create problems for storage
and transportation, increasing the needs of developing a preservation technique (Depiver and Mallik,
2023). High moisture product can make the product susceptible to spoil and microbial growth such as
fungi leading to the deterioration of the ginger. Moreover, ginger is stored in a bulk volume within a
closed space that increases the spoilage rate due to the increase in moisture content. It is critical that the
ginger’s moisture content to be controlled at an acceptable level for storage and transportation. In the
simulation, the ginger is designed to be cylinder-shaped with a radius of 0.04 m and a height of 0.02 m.
There are 25 gingers for each tray shelves of the simulation. The ginger arrangement on the tray is shown
in Figure 2.

Figure 2. Ginger arrangement on the tray shelves inside the drying chamber.

2.3. Numerical Modelling

2.3.1. Governing Equation for CFD Model

The CFD model of heat transfer and airflow for the solar drying system is governed by the continuity
equation, momentum equation and energy equation. These equations are able to numerically simulate the
solar drying system performance under the boundary conditions given. The numerical equation for CFD
is as follows.

2.3.2. Continuity Equation

In this modelling, the continuity can be expressed as an equation given below based on the principle
of ‘mass cannot be destroyed’. This particular equation holds significant value in the design and
optimization of the solar drying chamber because of the utilization of air properties and volume of the
system. It demonstrates that differences in density of air over time (t) are offset with differences in the
airflow rates across the constraints of a control volume (solar drying chamber). Moreover, the equation
is also crucial for fans which adopts airflow rate as a parameter to formulate velocity inside the solar
drying chamber. In essence, the equation highlights the relationship between mass conservation such as
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air properties and the volume of the material.

ap a(u)+6(pv)+6(pW)

ot T ox "oy Taz 0

Now, assuming that the flow is incomprehensible, the continuity equation can be expressed as follows
(Gyawali et al., 2022):

6u+6v+6w_0
ox dy 0z (1

where: p is density (kg m ), u, v and w are velocities in the X, y, z directions, respectively.

2.3.3. Momentum Equation

In this simulation, the momentum equation plays a crucial role in analysing the motion of air with the
atmospheric dynamics. It takes into consideration several factors such as pressure, gravity and viscosity
to determine the acceleration experienced by the air. Hence, the momentum of air experiences
fluctuations due to the combined influence of these forces. The equation represents both inertial forces
(left-hand side equation) and viscous forces (right-hand side equation) for showcasing the motion of air
respond to the internal and external forces. The equation allows predictions air behaviour in varying
conditions. It proves to be useful where fan being used as a component in the system acting as a force in
varying condition. Furthermore, it also provides an understanding towards the airflow patterns changes
when operating for designers to be able to optimize and achieve the desired performance.
X-momentum equation

(au+ 6u+ 6u>_6 (+ ) +8u]
P Yy e "5 Ht i o 2)

y-momentum equation

( ov + dv 4 617) 6p i+ ) + du;
Pl Yyt ar) T T ax et br 3y 3)
z-momentum equation (Selimefendigil et al., 2023)
< ow N ow N OW) ap Gt ) du 4 ou;
P Ty T az) T oz Tax W T ok T oz @)

2.3.4. K-epsilon (k — €) Equation

In the k — € model, two equations are incorporated into the design and simulation of the system. The
turbulence kinetic energy (k) equation and the rate at which velocity fluctuations dissipate equation
(¢).(Gbegudu et al., 2022) The equations are crucial for assessing turbulent flows of a system such as
pressure drops and velocity profiles. The equations are adopted where turbulence plays a role in the
design and optimization of the system to improve efficiency and performance. It helps with anticipating
the airflow against the PVTET system heatsink for heat retention and the ginger (porous media).

0 . I
a(pk)+p(v-V)k=v-[(u+a—,’i)v1c]+Pk—pe 5)
d S He € g’
= 0) + p(3 - Ve = V- | (1 +55) Ve |+ Crom P = Cocn - ©)
&
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2.3.5. Energy Equation

d(pE)
at

The total energy of a system is the sum of its internal energy, which is the energy associated
with the random motion of its particles, and its kinetic energy, which is the energy of motion
of the system as a whole and can be expressed as follows:(Getahun et al., 2021).

P u?

E=h——+—
p+2

+V.(U(pE+P)) =V.(—-G+T.%) + S, (7)

where: E is total energy, / is sensible enthalpy of air (J/kg), ¢ is heat flux (W m-2) and S}, is heat source
terms (W/m?)

2.3.6. Porous media modelling

In the simulation, the process of drying the ginger in solar drying system involves complex
interactions. The ginger in the simulation is considered to be a porous media in the solar drying
system(Wang et al., 2021). This is because the momentum equation for the fluid flow through the ginger
(porous media) needs to consider and can be expressed as a power-law method for calculating the
pressure drop across the porous media:(Chaiworapuek et al., 2021)

Ap = Cv" ®)

where: C and n are constant, Ap is pressure drop across porous (Pa) and v is velocity (m s™!)

2.3.7. Species Transport Modelling

In the simulation, the drying process especially the moisture removal transfer from the ginger to the
surrounding environment is modelled through species transport equation. The species transport equation
is to predict the mass fraction of H20 in the flow field through a convection-diffusion equation for the
H20 mass fraction. The equation allows the simulation of the quantify the movement of moisture in the
solar drying system and to predict the effectiveness of the solar drying system in removing the moisture
from the ginger. The equation can be expressed as follows: (Das et al., 2021)

F i .
E(PYHZO) +V- (vaHZO) ==V Ju,0 + Ruy0 + Suyo (®

where: RH>O is H,O net rate of production, SH>O is H>O net rate of creation by addition of dispersed
phase and any user-defined sources and ¥ is the velocity of the diffusing species (m s).

In the simulation, the drying load (porous media) from eq. 8 in the system represent the mass of water
vapor in ginger and given an intended initial source term (moisture content) determined by trial-and-error
simulation to ensure the value is similar to ginger’s relative humidity of around 80%. RH2O represents
the creation or destruction of water vapor (H,O) due to thermodynamic properties such as pressure,
temperature and chemical composition within the system. Hence, RH>O plays a huge role in depleting
or adding the moisture to the ginger until it reaches a thermodynamic equilibrium. Meanwhile, SH,O
represents the external sources of water vapor independently formed such as 100% inlet relative humidity.
100% inlet relative humidity was intended in the simulation to produce a continuous H>O to ensure the
overall humidity in the drying chamber over time.

2.3.8. Numerical Solver

The model of the solar drying system with TEHP is created in ANSYS® Spaceclaim™ and to simulate
the thermal analysis under different fan locations by using ANSYS® Fluent™. The model selected for
the program is the energy equation and k-epsilon viscous model equation. The simulation was initialized
using the SIMPLE solution method. After calculation of the simulation, the temperature, velocity, heat
flux, mass, momentum and H>O mass fraction are obtained. Temperature and airflow contours of the
solar drying system with TEHP were obtained. Solar drying systems with different fan locations and fan
speeds are analysed under steady-state condition. Then, the best fan location with different fan speed is
analysed under transient condition for understanding the effect of humidity over time.

2.3.9. Boundary Conditions

Several boundary conditions and assumptions are being used for the modelling of the solar drying
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system with TEHP. The TEHP is based on A-200-24-44 manufactured by Laird Thermal System. The
Th of the TEHP and the heatsink of the PVTET system are placed within the airflow channel for air to
absorb heat and transfer it to the drying chamber of the solar dryer. The Th is set at 50 °C, simulating the
desired heating temperature during operation, while the Tc is currently ignored. The initial moisture
content is set at 0.1571 g/s, calculated from the ginger’s relative humidity of around 80%. The panel
temperature of the PVTET system is set at 60 °C. In the ANSYS® Fluent™ software, the airflow for the
fan is varied from 0.003, 0.006, 0.009, up to 0.012 m?/s, to study the effect of airflow on the temperature
and H20 mass fraction of the drying product and chamber, ultimately determining the drying rate. The
flow inlet is set with a relative humidity of 100%, where the temperature and H,O mass fraction at the
outlet and on the drying product are then obtained for discussion.

2.4. Validation of the Numerical Model

In order to validate the CFD simulation mode, the results obtained from the simulation of the drying
process of ginger are analysed in relation to existing drying models from previous studies of (Ndukwu et
al., 2023) and (Suherman et al., 2021). Two specific drying models have been considered for comparative
study, primarily because their experimental conditions closely align with the boundary conditions
established in our simulation. This is crucial as it allows for a more accurate evaluation and understanding
of the drying behaviour of ginger under similar parameters, thereby enhancing the validity of the
comparison and provide deeper insights into the effectiveness of the simulation models in question.

3. Results and Discussion

A thorough examination of the results obtained from the analysis is conducted with the primary
objective to critically evaluate the quality of the validation process. The sections serve as detailed
accounts of the research findings, providing insights into the validity of the conclusions drawn from the
study. Subsequent analysis throughout the discussion will focus on the optimized design discussed in the
previous section. In the discussion, the location of measurement for temperature and relative humidity is
essential for accurate analysis and comparison of the drying operation. The simulated drying system has
25 multiple points located in each of the upper, middle, and bottom shelves of the chamber for every
drying product to monitor the temperature and relative humidity gradients. The results generated from
multiple points are averaged to represent the overall conditions of the results gained. The average
measurement enables us to grasp a more thorough insight into the mechanism of the drying environment
condition within the solar dryer.

3.1. Mesh Independence Study

Mesh independence study has been generated for the solar drying system as illustrated by Figure 3 to
ensure an accurate model of the system. A hexahedral mesh of the studied model has been generated.
The mesh refinement generated by ensuring the X, Y and Z grid size for 2.4 million element such as
0.01875, 0.04425 and 0.04268 are times with 1.5 to refine the mesh. The air outlet temperature was
generated for every grid as shown in Figure 3. The mesh study focused on the solar drying system with
a fixed boundary conditions to ensure a precise comparison of the grid. According to the Figure 3 the
temperature is consistent at ~48.4 °C at 2.5 million element and then the temperature fluctuates as the
grid increased. Thus, the mesh with 2.5 million element was used in the simulation for every case. Table
3 showcase the mesh parameters use for the grid independence test.
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Figure 3. Mesh Independence Study results.

Table 3. Mesh Parameters.

Flow rate X Grid Size Y Grid Size Z Grid Size | No of element (million)
0.00300 0.01875 0.04425 0.04268 24
0.00300 0.01250 0.02950 0.02845 2.5
0.00300 0.00833 0.01967 0.01897 2.9
0.00300 0.00556 0.01311 0.01264 4.0
0.00300 0.00370 0.00874 0.00843 6.4

3.2. Validation of the Numerical Model

To validate our CFD model, the boundary conditions were set at a drying temperature of 60 °C and
an initial ginger moisture content of 80%, consistent with the study by Ndukwu et al. (2023). In their
research, they experimented with a hybrid solar dryer equipped with thermal storage for ginger drying.
They developed a moisture ratio equation to represent the experimental data for unblanched ginger drying.
This equation, a logarithmic model with an R? value of 0.9875, was calculated and compared with our
simulation results. Ndukwu et al. identified this as the best model for unblanched ginger. Similarly,
Suherman et al. (2021) investigated a hybrid solar dryer for ginger drying, analyzing the drying process
at various temperatures to assess dryer performance and dried ginger quality. They derived moisture ratio
equations for temperatures of 40, 50, and 60 °C. The equation for 60 °C, a Page model with an R? value
of 0.995, was used for comparison with our results. This model was deemed the most accurate for
predicting ginger drying behavior at 60 °C. The moisture ratios from our simulation and other models,
along with their relative errors, are presented in Table 4. Figure 4 illustrates the moisture ratio values
over time for both the simulation and the drying models. The alignment between our simulation results
and these established models demonstrates the credibility of our CFD model for practical applications in
ginger drying processes.
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Figure 4. Comparison of moisture ratio with time by simulation with other drying models (Ndukwu et
al., 2023) and (Suherman et al., 2021).

Table 4. Relative error of moisture ratio.

MR from MR from . .
. MR from (Suherman (Ndukwu Relative error Relative error
Time(s) ) ] (Suherman et al., | (Ndukwu et al., 2023)
simulation etal., et al., 2021 [%] (%]
2021). 2023)
0 - 1 1 - -
300 1 0.974 0.991 2.64 0.87
600 0.890 0.947 0.977 6.45 9.79
900 0.828 0.921 0.960 11.20 15.86
1200 0.791 0.895 0.940 13.05 18.76
1500 0.743 0.869 0.919 16.98 23.71
1800 0.718 0.842 0.896 17.33 24.77
2100 0.719 0.816 0.872 13.63 21.41
2400 0.736 0.790 0.848 7.36 15.17
2700 0.710 0.765 0.823 7.61 15.84
3000 0.708 0.739 0.798 4.26 12.59
3300 0.723 0.713 0.772 1.41 6.79
3600 0.734 0.687 0.746 6.34 1.75

3.3. Impact of fan Location on the TEHP Assisted Solar Drying System

In this section, the findings in this study provide insights related to the different fan location in the
solar drying system implications and its particular relevant. The outcomes derived from the solar drying
system simulation with different fan locations with different fan speeds are showcased in graphs within
their designated sections.
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Figure 5. Temperature (a) and Relative Humidity (b) of the outlet at different fan locations for
the solar drying system.

Based on the results obtained (Figure 5), different fan locations do have a significant impact on the
temperature and relative humidity of the solar drying system. According to Figure 5a, Fan 1 seems to
have the highest temperature as to compare to Fan 2 and Fan 3 at varying airflow rates. The temperature
outlet for Fan 1 is 48 °C at an airflow rate of 0.003 m3/s, in contrast to the temperatures for Fan 2 and
Fan 3, which is around 46 °C. Furthermore, this pattern persists as the flow velocity continues to escalate.
This is because Fan 1 location at the system inlet enables it to gather the convective heat more evenly
from the PVTET before flowing into the drying chamber. In addition, Fan 1’s relative humidity (%RH)
is the lowest compared to Fan 2 and Fan 3 (Figure 5b). This is because Fan 1 allows a better airflow
distribution for humidity to move from the drying chamber towards the outlet. This reduced %RH ensures
more efficient moisture removal from the drying product and flows out of the drying chamber as
compared to Fan 2 and Fan 3, where their relative humidity is high. Based on the result obtained, the
optimal fan location is identified as Fan 1, which creates the best thermal environment for the drying
chamber with the best reduction in relative humidity.

3.4. Impact of Different Airflow Rate in the TEHP Assisted Solar Drying System on
Moisture Removal

Figure 6 shows the decreasing H,O mass fraction in the drying process during transient simulations
for each tray shelves. The biggest reduction happened on the bottom tray shelf since it is the first to
interact with the hot air coming from the TEHP. In Figure 6a, the H,O mass fraction of the lower shelf
when the airflow rate is 0.003 m*/s is higher than when the airflow rate is 0.012 m3/s. This is because the
lower airflow rate is able to let the moisture from the ginger stays longer inside the chamber before
travelling into the outlet. The middle and upper tray shelves have almost similar reduction, except at
0.003 m>/s. This is because the H,O mass from the lower shelf risen upwards, affecting the middle and
upper shelves. Moreover, it can also be observed that the higher the airflow rate, the higher the amount
of moisture being removed due to increased convective heat transfer between the air and the ginger.
Based on the result obtained, the optimal airflow rate is identified as 0.012 m>/s, which creates the best
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drying rate for the chamber with the lowest H,O mass fraction.
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Figure 6. H, O mass fraction of ginger for TEHP assisted solar drying system at different airflow rates
at the bottom tray shelf (a), middle tray shelf (b) and upper tray shelf (c).

3.5. Impact of Different Airflow Rates on Temperature Distribution in the TEHP
Assisted Solar Drying System

Figure 7 shows the increase of the ginger’s temperature in the drying process during transient
simulations for each tray shelves. The temperature observed on the bottom tray shelf (~46 °C) is the
highest since the bottom shelf is the first to interact with the hot air coming from the solar drying system.
In Figure 7a, the temperature of the lower shelf when the airflow rate is 0.003 m?/s is higher than the
lower shelf when the airflow rate is 0.012 m3/s. This is because the flow able to let the temperature carried
from the PVTET system and TEHP stay longer inside the chamber before flowing to the outlet. The
middle and upper trays have similar temperatures, except when the airflow rate is 0.003 m®/s, especially
in the middle tray (Figure 7b). This might be due to the low airflow rate, resulting in uneven temperature
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distribution between the drying products. However, as the airflow rate increases, air distribution becomes
more stable. Results suggest that for an even air distribution of the drying products, heat transfer should
be controlled from the lower tray shelf and air from the PVTET system and TEHP should be directed
more towards the middle and upper tray shelf, else there would be asymmetrical drying performance
throughout the chamber.

(a) Comparison of temperature distribution for varying airflow rate over time
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Figure 7. H, O mass fraction of ginger for TEHP assisted solar drying system at different airflow
rates at the bottom tray (a), middle tray (b) and upper tray (c).

3.6 Temperature Distribution of Ginger Slices

Figure 8 shows the ginger’s temperature distribution in the drying process for fan 1 with 0.003 m3/s
during transient simulations for each tray shelves. It is evident that the temperature of the ginger exhibited
variation based on the placement on the trays within the drying chamber, showcasing the impact of
positioning on the temperature distribution of the drying chamber. The temperature gradients were
distinct across the different trays of the drying chamber, underscoring the non-uniform distribution of
heat throughout the system. Moreover, the temperature distribution among the drying products produced
a distinct pattern. The majority of the drying products on the tray below exhibited high temperatures and
the middle and upper tray exhibited lower temperatures. According to Figure 8, the drying product after
10 minutes shows around 4445 °C but three rows of the drying product at the below tray shows around
45-47 °C due to its placement being very near to the TEHP. After 20 minutes, the temperature
distribution becomes more uniform and the drying product at the below tray exhibited temperature around
46—48 °C, and the middle and upper trays started to increase their temperature around 46 °C. It is to be
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noted that the heat travels towards the middle due to the fan pushing the heat to the other row. After 30
minutes, the temperature distribution increases around 47—48 °C for the tray below and 46—47 °C for the
middle and upper trays. However, the temperature distribution slowly decreases for the tray below after
40 minutes, since moisture has been evaporated from the tray and moving towards the middle and upper
tray before being removed from the system. After 40 minutes, the temperature for the middle and upper
trays increased around 47 °C, the same as the tray below. After 50-60 minutes, the temperature decreases
more uniformly for the middle and upper trays, but is non-uniformly distributed at the tray below, due to
the placement near to the fan where they are colder. Based on the result obtained, the drying load has an
inhomogeneous temperature distribution as the air channel went through the three tray shelves. This led
to uneven drying to the product on each shelf and not sustainable for the drying system. Therefore, further
studies should focus on structural parameters such as the number of loads and shelves, drying chamber
dimensions, and drying system configurations.

(2) 60 tuiny 15.0834

Figure 8. Temperature profile of ginger slices during drying in TEHP-assisted solar drying
system (a) 0 min (b) 10 min (¢) 20 min (d) 30 min (e) 40 min (f) 50 min (g) 60 min.

3.7. Velocity Distribution of Drying Chamber and Tray

Figure 9 shows the velocity distribution of drying chamber and tray in the drying process for fan 1
with 0.003 m3/s during transient simulations. It is evident that the velocity of the drying chamber and
tray exhibited variation within the drying chamber and tray, showcasing the impact of airflow rate to the
drying rate of the drying chamber. The circulating airflow were distinct across the different trays of the
drying chamber. Most of the circulating airflow moves along the bottom tray and the sidewall of the
drying chamber before being drawn to the outlet at the top of the drying chamber. Moreover, the
circulating airflow produced a distinct pattern, the volume of circulating air flows from the bottom tray
and directly towards the outlet from the sidewall without flowing through the middle and top tray drying
chamber. This exhibits a low circulating air reducing the drying rate for the middle and top tray drying
chamber.

According to Figure 9, the drying chamber and tray after 10 minutes shows around 0 — 0.125 m/s for
the top and middle tray, but the below tray shows around 0—1 m/s due to the bottom tray being very near
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to the TEHP. However, the circulating airflow is unable to fully circulate the bottom tray and the sidewall.
After 20 minutes, the circulating airflow becomes more uniform at the bottom tray and at the sidewall of
the drying chamber and exhibited a velocity around 0.25—1 m/s. The middle and upper trays started to
increase their velocity around 0.25 m/s. However, the airflow does not circulate around the middle and
upper tray and instead move towards the outlet from the sidewall. After 30 minutes, the circulate air
become more uniform for the bottom tray with the sidewall. In addition, the velocity of the middle tray
increases around 0—0.25 m/s but the air only circulates near the sidewall.

For the upper tray, the circulate air flows at the sidewall of the drying chamber towards the outlet.
After 40 minutes, the bottom tray exhibits the same circulation as before, but the circulating air slowly
circulate uniformly for the middle tray. The top tray still exhibits a low air circulation with the air only
moving at the sidewall near the outlet. After 60 minutes, the velocity increase at the sidewall near the
bottom tray at around 0.5-1 m/s. However, the bottom and top tray only exhibits a velocity around 0—
0.25 m/s. Based on the result obtained, it is evident that the drying chamber has an inhomogeneous
velocity distribution as the air went through the three trays, leading to uneven drying to the product on
each shelf.

c] 20 min

.: 0.125000
0.00000

[g) BO min

Figure 9. Contours of velocity distribution on the dryer chamber and tray during drying at (a) 0 min (b)
10 min (¢) 20 min (d) 30 min (e) 40 min (f) 50 min (g) 60 min.

3.8 Temperature Distribution of Drying Chamber and Tray

Figure 10 shows the temperature distribution on the drying chamber and tray drying process for fan
1 with 0.003 m3/s during transient simulations. It is evident that the temperature of the drying chamber
and tray exhibited variation, showcasing the impact of position on the temperature distribution of the
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drying chamber. The temperature gradients were distinct across the different trays of the drying chamber,
underscoring the non-uniform distribution of heat throughout the system. Moreover, the temperature
distribution among the tray produced a distinct pattern. The tray below exhibited high temperatures, and
the middle and upper tray exhibited lower temperatures. According to Figure 8, the solar dryer and tray
after 10 minutes shows around 41-45 °C but the bottom tray shows around 43-45 °C due to its placement
being very near to the TEHP. After 20 minutes, the temperature distribution increases for the solar dryer
and becomes more uniform at around 45-47 °C and the bottom tray exhibited temperature around 46—
47 °C, and the middle and upper trays started to increase their temperature around 46 °C.

After 30 minutes, the temperature distribution increases around 4748 °C for the drying chamber and
tray. However, the bottom tray exhibited the highest temperature compared to the middle and upper tray
of the drying chamber. After 40 minutes, the temperature distribution for the middle and upper trays
increased around 47 °C, the same as the tray below. However, the left side contour of the drying chamber
exhibits a temperature around 45 °C compared to the middle and right contour of the drying chamber.
This illustrated that the temperature only circulates around the middle and right contour of the drying
chamber. Past 50 minutes mark shows the same temperature distribution as the 40 minutes mark. Based
on the result obtained, the drying chamber has an inhomogeneous temperature distribution as the air
channel went through the three tray shelves, also leading to uneven drying to the product on each shelf.
Moreover, the results obtained from the simulation shows the importance of identifying inadequate
temperature regions of the drying chamber and tray.

Figure 10. Contours of temperature distribution on the drying chamber and tray during drying at (a) 0
min (b) 10 min (¢) 20 min (d) 30 min (e) 40 min (f) 50 min (g) 60 min.
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4. Conclusion

In this study, the impact of the fan location and airflow rate on the drying rate of TEHP assisted solar
drying systems are investigated. The CFD simulation is proven to reduce the development time and
ensure performance by considering the dynamic characteristics of the solar drying system. The
temperature, relative humidity and H,O mass fraction in working conditions have been predicted and
discussed, finding the optimum condition for the solar drying system configuration. The following
conclusion was drawn from the study:

1) TEHP-assisted solar drying system with Fan 1 location shows the best temperature distribution and
faster drying rates.

2)  Greater airflow rate reduces the relative humidity, H,O mass fraction and accumulated heat inside
the chamber, resulting in faster drying rates.

3)  Airflow rate of 0.012 m3/s showed the lowest H,O mass fraction, resulting in faster drying rates.

4) The drying process in a vertically drying chamber is heavily influenced by airflow and product
arrangement. Drying rates across shelves are inconsistent due to the uneven distribution of
temperature and flow affecting the product quality. Thus, the ideal product configuration is crucial
for optimal drying rate.

Based on the conclusion presented, the airflow rate needs to be carefully optimized in any given
system design to ensure optimal drying rates, depending on the load given to dry, especially the intricate
relationships of temperature and water content within the system. The findings of the study can be
effectively utilized for strategic modification and refinements to enhance the overall system efficiency
of a solar drying system, while reducing potential thermal losses and offering a sustainable solution by
integrating with TEHP and PVTET systems to advance the solar drying technology. Therefore, future
studies should focus on structural parameters such as duct configuration, damper-based controls and
localised fan clusters. Moreover, thermal performance such as integrating a thermal energy storage, waste
heat recovery system and glazing selection. Future experimental work in assessing and proving the
determined parameters of the solar dryer as the optimal parameters will be conducted.
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