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Abstract: The dehydration process modifies the physical and chemical characteristics of certain
crops, thereby increasing their shelf life and consequently reducing the organic waste generated.
This process is contingent upon maintaining optimal temperature and humidity levels to prevent
deterioration of the product. As indirect dehydrators have a high energy demand, new designs are
required that facilitate the uniform distribution of air with a high-volume capacity of 100 kg per day.
In the present study, computational fluid dynamics (CFD) techniques were employed to assess the
drying performance of two dehydrator models. The simulations were executed in Solidworks 2020
and Flow Simulation, and they examined temperature distribution and velocity within the interior of
the dehydrators. In Model 1, an inlet volume flow of 0.08 m3 s−1 and a heat source of 3.5 kW are
considered, within a volume of 2.11 m3. In Model 2, an inlet volume flow of 0.03 m3 s−1 and two heat
source of 2.5 kW are considered, within a volume of 2.02 m3. Model 1 was unable to achieve uniform
air distribution within the drying chamber. In contrast, Model 2 demonstrated uniform velocity and
temperature across the majority of the drying chamber, making it a superior option.

Keywords: dehydrator; direct dryer; mechanical design; computational fluid dynamics; Solidworks;
simulation; agriculture

1. Introduction

The dehydration of food is one of the oldest and most effective techniques for pre-
serving food, extending its shelf life without the need for artificial preservatives [1]. By
reducing the weight and volume of food, dehydration also facilitates storage and trans-
portation, lowering costs and the environmental impact associated with the distribution of
fresh food [2–4]. Additionally, by utilizing renewable energy sources, such as solar power,
for the dehydration process, the ecological footprint can be further minimized [5,6]. This
practice not only contributes to food security and waste reduction but also supports the
local economy by allowing producers to preserve surplus harvests and sell them out of
season [7].

Drying equipment is categorized as a direct or adiabatic dryer. In the first category, the
product to be dried is directly exposed to hot air, and in the second category, indirect or non-
adiabatic dryers, heat is transferred from a medium in contact with the product. Among
direct dryers, tray dryers are the form most commonly used for small-scale production,
due to their simple construction and instrumentation [8,9]. One advantage of this type of
equipment is their uniformity in drying products, which is achieved through temperature-
controlled environments. Fuzzy logic (FL) has been employed successfully in the control
of temperature and air flow in non-linear systems, demonstrating a greater efficacy than
proportional–integral (PI) controllers. This approach has demonstrated the capacity to
reduce energy and time demands, as well as the ability to adapt and operate under a wide
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range of conditions while maintaining product quality. This ensures the economic viability
of the equipment [5,10–12]. The main disadvantages of direct dehydrators are the lengthy
drying time of approximately 50 h per load and their high energy consumption, which
accounts for about 25% of the total energy consumed by the agribusiness industry. Although
the traditional drying process relies solely on solar radiation, it results in a markedly
slow drying time, often taking up to three days, depending on environmental conditions.
Additionally, several external factors, such as animals, dust, and microorganisms, can
potentially contaminate the product. This justifies the use of dehydrators, which accelerate
the drying process and minimize the risk of contamination [13–15].

The temperature range for drying agricultural products varies depending on the
specific product in question. However, the most limiting factor is the drying air, which
must be hot and low in humidity. The temperature range for dryer operation has been
found to vary from 40 ◦C to 70 ◦C, depending on the product. The current improvements in
dehydrators include the implementation of an efficient design to ensure the proper drying
conditions and hybrid or solar systems that aim to replace the use of fossil energy [4,7,15–18].
However, the industrial type of dehydrators are still mostly electric and the experimental
hybrid ones are smaller than the design proposed in this research.

In recent decades, significant research has been conducted seeking to elucidate the
chemical and physical alterations in the drying process and to develop innovative tech-
niques in order to avert unfavorable quality deterioration. The application of computational
fluid dynamics (CFD) in the dehydration process enhances the efficiency and uniformity
of drying by accurately simulating and optimizing airflow and heat transfer within de-
hydrators [19,20]. Additionally, CFD is a valuable software tool used for predicting the
performance and characteristics of air movement. It provides a solution to engineering
challenges, improves process control, and reduces resource expenditures, including energy,
time, and costs [21–25]. Furthermore, modern computers have sufficient processing power
to enable the implementation of this method, making it accessible and affordable [26,27].
Although the simulation information can describe the entire fluid, experimental informa-
tion is necessary to assess accuracy and reliability in computational simulations and to
confirm its performance [28].

In the pursuit of optimizing agricultural practices, efficient food dehydration processes
play a crucial role in preserving crop quality and extending shelf life. CFD methods were
utilized to analyze and compare the air temperature, airflow direction, and velocity in two
distinct dehydrator designs. The aim of this research was to design and simulate an efficient
and high-capacity dehydrator that optimizes drying process and minimizes energy usage.

2. Materials and Methods

The work was conducted at the Universidad Autónoma de Querétaro, Amazcala cam-
pus, located in Amazcala, El Marqués, Querétaro. In this study, the methodology proposed
by Shigley in 2011 [25] was employed for the design of two direct tray dehydrators, each
with a capacity of 100 kg per load. SolidWorks Premium 2020 SP1.0 software was utilized to
create and assemble the 3D CAD components that constitute the design of the dehydrators
(Figures 1–4). The Flow Simulation tool was used to evaluate the air performance relative
to temperature, distribution, and velocity in the models.

Flow Simulation solves the Navier–Stokes equations, which describe the laws of mass,
momentum, and energy conservation (Equations (1)–(3)):
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where u is the fluid velocity, ρ is the fluid density, Si is a mass-distributed external force
per unit mass due to a porous media resistance
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i , h is the
thermal enthalpy; Sp

M, Sp
Ii, Sp

H are additional interfacial exchange terms due to Euler–
Lagrange particle interaction; QH is a heat source per unit volume, τij is the viscous
shear-stress tensor, qi is the diffusive heat flux, Ω is the angular velocity of the rotating
coordinate system, r is the distance from a point to the rotation-reference frame, k is the
kinetic energy of turbulence, h0

m is an individual thermal enthalpy of the m-th mixture
component, ym is a concentration of the m-th mixture component. The subscripts are used
to denote summation over the three coordinate directions [29]. The Flow Simulation tool
allows researchers to predict simultaneous heat transfer in solids and fluids with energy
exchange, as described in Equation (4):

∂ρe
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=
∂
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(
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∂T
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)
+ QH (4)

where e is the specific internal energy, e = C · T, C is specific heat, QH is specific heat release
per unit volume, and λi are the eigenvalues of the thermal conductivity tensor [29].

Model 1 is displayed in Figure 1, immediately below.
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The geometry of dehydrator Model 1, with all measurements indicated in millimeters,
is displayed above (Figure 1). Given that the equipment will be in contact with food
products, AISI 304 stainless steel was selected as the material in order to ensure product
safety and quality. This specific material has a thermal conductivity of 16 W m−2 K−1 and
a density of 8 g m−3. The equipment’s mass was calculated by the software to be 926.2 kg,
and the model’s volume was determined to be 2.11 m3.

The Flow Simulation tool was employed to simulate the inlet of air to aid in an analysis
of internal functions. The boundary conditions are illustrated in Figure 2, and comprise
a heat source of 3.5 kW, a volumetric flow of 0.08 m3s−1 at 30 ◦C, and an environmental
pressure of 101.3 MPa. Three primary objectives were established to ensure that the
program would reach a convergence point and that the required computational time for
the simulation would remain within acceptable limits: the fluid average temperature,
the average total temperature of the equipment, and the solid average temperature were
the specific parameters targeted. Furthermore, the software was configured to utilize
automatic iterations, which identified the optimal solution through 168 iterations. This
process excluded scenarios in which the temperature reached the point of melting the
material and instances of a vortex forming within the interior of the equipment due to
pressure imbalances between the inlet air and the surrounding environment. A global mesh
was automatically constructed; Level 3 was selected for analysis due to the equipment’s
size and to reduce the computational time required for each simulation. Additionally, air
velocity, direction, and temperature plots were incorporated into the model, along with
a plot of the tray surface temperature. These were included in order to illustrate the heat
transfer performance of the solid.

The second version of the equipment was designed based on the identification of
shortcomings in the air distribution for Model 1. Again, AISI 304 stainless steel was
selected as the material, exhibiting the aforementioned properties. Figure 3 illustrates the
geometric configuration of the second dehydrator, with all measurements expressed in
millimeters. In this instance, the volume calculated by the program was 2.02 m3, with a
mass of 395.5 kg.

Model 2 is described in Figure 3, following the subsequent figure.
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The Flow Simulation tool was once more employed to simulate the air performance
in the enhanced design, with the analysis being conducted internally. The boundary
conditions are detailed in Figure 4, and consist of two 1.5 kW heat sources, a volumetric
flow of 0.02 m3s−1 at 30 ◦C, and an environmental pressure of 101.3 MPa. To achieve
the desired convergence of the solver, the previously outlined objectives must be met,
namely, the fluid average temperature, the average total temperature of the equipment,
and the solid average temperature. Furthermore, a configuration with automatic iterations
was utilized, in which 224 of such iterations were employed to solve the model, with the
exception of those instances where the material was melted and those instances where
a vortex formed within the dehydrator. The global meshing Level 3 was selected, and
the same plots mentioned before were included in the model for comparison of the air
performance of the two pieces of equipment.
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All simulations were conducted on a Huawei MateBook 14 laptop, equipped with an
AMD Ryzen 7 4800H processor with Radeon Graphics, operating at 2.90 GHz, and with
8 GB of RAM.

3. Results

Comparative studies on tray dehydrators indicate that an optimal airflow range
is between 0.003 and 0.18 m3s−1. However, the key distinction between our designs
and the existing models is the significantly enlarged drying chamber volume, which is
approximately 10 times larger than the typical capacity of other reported devices [23,30,31].
The results obtained with the flow simulation tool are presented in Figure 5. In order to
achieve a uniform air distribution throughout the drying chamber, a flow rate of 0.08 m3s−1

was selected, which is within the previously mentioned range. This value was obtained
following the completion of several simulations, during which it was determined that
a lower flow rate would not result in the uniform distribution of air within the drying
chamber, while a higher flow rate would prevent the heating of the air to a temperature
exceeding 40 ◦C.
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The temperature at the bottom of the equipment remains at 30 ◦C, while the tempera-
ture at the top reaches 70–80 ◦C. The inlet air, where the heat source is located, is the hottest
part, reaching more than 100 ◦C. This causes an issue of temperature distribution, as there
is no uniformity in the temperatures of the dry food, which is not optimal. Furthermore,
the temperatures of the trays vary, demonstrating a potential impact on biological products.
In the initial six trays, the temperature remains within the optimal range of 38 to 42 ◦C,
indicating satisfactory thermal conditions. The seventh tray reaches temperatures between
46 and 54 ◦C, while the last two trays have temperatures between 46 and 70 ◦C, which are
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problematic for agricultural products. The minimum air velocity in the drying chamber is
0.005 m s−1, while the maximum is 1.06 m s−1. It can be observed that within the majority
of the area of the chamber, the velocity is between 0.005 and 0.3 m s−1, ensuring that a
vortex will not be formed. This model is unsuitable for a drying process. In order to
improve the efficiency of the air distribution process, it is necessary to modify the position
of the fan and the configuration of the equipment (Figure 5).

The issues identified in the initial model were taken into consideration during the
development of the new dehydrator. This time, a horizontal geometry was selected, and
two fans were positioned to ensure optimal air distribution. Figure 6 illustrates the results
of the flow simulation. It can be observed that the air distribution in this case is superior to
that of the previous model. The slower flow rate of 0.03 m3s−1 ensures the heating of more
air to the optimal range. Also, the isometric view reveals the presence of vortices in the
corners of the equipment, a condition which must be modified.
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The lateral view of the dehydrator, highlighting the air-temperature distribution, is
seen above. At the bottom, the temperature ranges between 40 and 60 ◦C, which is ideal
for the dehydration process for food. In the mid-section, the temperature generally falls
between 60 and 70 ◦C, with occasional peaks reaching 70 to 80 ◦C. It is crucial to note that
temperatures above 70 ◦C can cause significant damage to biological products. At the outlet
and inlet of the dehydrator, the highest temperatures exceed 100 ◦C, while the lowest are
around 30 ◦C.

The tray temperatures are also described, and can be observed to range between
43 and 56 ◦C for the initial three trays, and between 56 and 69 ◦C for the next four. The
temperature of the second tray is maintained between 69 and 82 ◦C, which represents a
significant risk of damage to biological products. Furthermore, the majority of the last tray
is heated to 95 ◦C, indicating that relocating the fan or eliminating the last tray may be
necessary to prevent thermal damage in the food being dehydrated. The minimum air
velocity in the drying chamber is 0.005 m s−1, while the maximum is 0.97 m s−1. It can be
observed that in the majority of the chamber, the velocity is between 0.005 and 0.3 m s−1,
which is a bit slower than in Model 1. Efficiency of the heating elements in the equipment
is to be desired. One way to achieve it is to take advantage of the principle that hot air is
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less dense than cold air and therefore rises. With a vertical flow at the top, this physical
phenomenon could be exploited. It may be beneficial to consider the inclusion of a fan in a
vertical flow for subsequent models of the dehydrator, in order to assess its performance
and determine the potential for better optimization (Figure 6).

A comparative analysis was conducted on the maximum and minimum air temper-
atures, velocities, and tray temperatures of each version of the equipment. To facilitate
comparison, the values of Model 2 were divided by those of Model 1, and the results are
shown in Table 1. With regard to the temperature, it can be observed that when the mini-
mum value of the variable is greater than 1.00, the Model 2 dehydrator is at an advantage,
as it loses less energy. In regard to tray temperatures, the comparison indicates that Model 1
exhibits superior distribution, which is attributable to its geometric configuration. The last
trays near the top of Model 2, therefore, should be eliminated. With regard to the velocity,
it can be observed that Model 2 displays a more uniform distribution, which can be verified
through a comparison index.

Table 1. Comparison indices of Model 1 and Model 2 for the minimum and maximum of air
temperature, tray temperature, and air velocity.

Variable Model 1 Model 2 Comparison Index

Min. Temperature 30 ◦C 40 ◦C 1.33
Max. Temperature 100 ◦C 100 ◦C 1.00

Min. Tray Temperature 46 ◦C 43 ◦C 0.93
Max. Tray Temperature 70 ◦C 95 ◦C 1.36

Minimum Velocity 0.005 m s−1 0.005 m s−1 1.00
Maximum Velocity 1.06 m s−1 0.97 m s−1 0.92

4. Discussion

Dehydration is an important process, due to the fact that it can extend the shelf life of
agricultural products and allow the sale of products out of season. This process results in a
reduction by one-third in the space requirements for food storage and transportation. With
the implementation of renewable energies and intelligent automatic control systems, the
energy costs of the process can be reduced [4,5,7,10,23].

In similar studies, it has been recommended that the equipment exhibit a more uniform
temperature and velocity distribution within its internal components [5,23]. In the case of
Model 2, the drying chamber temperature is distributed uniformly across the surfaces of
the trays, with the temperature reaching approximately 60 ◦C. However, modifications are
necessary to enhance the drying process at the top.

Some other designs have a utilized smaller drying chamber. One dryer was reported
to be 0.6 m long, 0.35 m wide, and 0.5 m high, with a volume of 0.105 m3, and with the
trays arranged vertically and separated by 0.04 m [5]. Another dryer was designed as
low capacity (10–15 kg of product), using six trays. Its drying chamber dimensions are
0.77 m long, 0.65 m wide, and 1.085 m ± 0.125 m high, with a volume of approximately
0.543 m3 [18]. Another dryer is reported to have a size of 1.25 m length, 0.85 m width,
0.63 m height, and a volume of 0.67 m3 [11]. A larger equipment configuration is also
reported, comprising a drying chamber with a height of 1.4 m, a depth of 0.90 m, a width of
0.5 m, and a volume of 0.63 m3 [32]. This last chamber is among the largest, yet the Model 2
configuration is three times larger.

The drying chamber of Model 1 has a volume of 2.11 m3, which is significantly larger
than the previously reported designs. The drying volume of Model 2 is 2.02 m3. The
small cabinet-type dryer is well suited to drying small quantities, whereas the multi-shelf
dryer is reported as being employed on a larger scale [2]. This approach represents a novel
methodology, as it enables the model to be employed for larger-scale production, thereby
offering a viable alternative for reducing harvest waste in small greenhouse production.

The solar drying system can be employed in limited crop volumes or on a domestic
scale [2]. Solar systems are designed for low-capacity solar drying, yet they are economically
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viable for farmers, maintaining product quality [15]. A small solar dryer utilizes the
equivalent of 0.12 kW from the sun, and it can heat to 94.8 ◦C [22].

Unfortunately, Model 1 was unable to achieve an adequate drying temperature. Model
2, however, employs two 2.5 kW heat sources and has proven sufficient for maintaining a
60 ◦C temperature within the core equipment. Additionally, one advantage of the electrical
dryer is that it is not subject to environmental fluctuations and can operate continuously,
including during nighttime hours. Although solar drying systems are sustainable, their
implementation for commercial-level applications is laborious [5].

Another approach to efficient energy use is the use of hybrid systems, which combine
solar and electric energy as heating sources and use automatic control systems. Other
studies have reported energy savings between 28–35% without affecting the food quality
characteristics of products such as blueberries, raspberries, tomatoes, eggplant, ber fruit,
coffee, tobacco, tea, cocoa beans, rice, and nuts [3,5,11,13,15].

Although the proposed Models 1 and 2 are not hybrid systems at this stage, the
incorporation of alternative complementation with solar panels for the digital system and
solar collectors being used to reduce heat transfer areas is being considered for further
versions, with the intention to reduce the energy demand of the designed equipment.

A proper and simple design is fundamental in dryers for an effective utilization of
thermal energy. Additionally, the equipment must be able to process differently a huge
range of food materials [5]. Model 2 has demonstrated, with the CFD methods, that it
will maintain the temperature in a range optimal for the drying processes of agricultural
products. Each of these products has a different temperature range for drying, so it is very
important that the equipment can adapt to the product selected. A control system that can
allow for the selection of the product to be dried and adapt the temperature to that product
must be implemented in Model 2. This must be achieved with fuzzy logic, which has been
proven to adapt to different circumstances within nonlinear systems [10].

A good mechanical design and a hybrid system of heat sources, combined with a
fuzzy logic controller, could result in a more efficient dryer. Additionally, a system larger
than the ones previously proposed could make an impact in small-farm production and
may help to reduce harvest waste. It is imperative that subsequent models retain these
considerations.

5. Conclusions

Simulation is a valuable resource-saving tool that enables the efficient utilization
of materials and construction time. In this instance, the CFD methodology enabled the
identification of enhancements to the designed dehydrator, with the objective of improving
its overall performance.

Two models of dehydrators were designed and evaluated using CFD methods. The
initial model was unable to achieve an optimal energy demand. The inlet air required
a significant amount of energy to heat the device, and the flow rate was challenging to
regulate. These issues were attributed to the model’s complex geometry and the positioning
of the fan.

The second model had a smaller volume and was lighter in weight, which was
achieved through the use of a more efficient geometry. In addition, two fans and two
heat sources were considered, resulting in an improved air-temperature distribution. This
model is superior, as evidenced by the CFD simulation, and it accomplishes the drying
of agricultural products in a temperature range of 40 to 70 ◦C across a majority of the
equipment, making it economically viable for larger production scales than those associated
with versions previously reported.
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