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Abstract
This research work involved a numerical-experimental study of a forced-flow, indirect solar dryer using computational fluid
dynamics (CFD) for optimization. The dryer has two main parts: a drying chamber that captures radiant energy from the sun,
through which airflow is passed to increase its temperature before being transported to the drying chamber, where the products are
dried. The dryer was instrumented with temperature sensors to record the data, which were used in the computational modeling.
The computational simulations predicted that reducing the height of the drying chamber to 50 cm would increase the average
temperature to 13.43 K compared to the original design. Therefore, CFD is a powerful tool for studying solar dryers, offering
both technical and economic advantages.
Keywords: Solar dryer, Computational Fluid Dynamics, Optimization.

Resumen
Este trabajo de investigación consistió en un estudio numérico-experimental de un secador solar indirecto de flujo forzado
mediante dinámica de fluidos computacional (CFD) para su optimización. El secador consta de dos partes principales: una cámara
de secado que capta la energía radiante del sol, a través de la cual se hace pasar el flujo de aire para aumentar su temperatura antes
de ser transportado a la cámara de secado, donde se secan los productos. El secador se instrumentó con sensores de temperatura
para registrar los datos, que se utilizaron en el modelado computacional. Las simulaciones computacionales predijeron que
reducir la altura de la cámara de secado a 50 cm aumentaría la temperatura promedio a 13,43 K en comparación con el diseño
original. Por lo tanto, la CFD es una herramienta poderosa para el estudio de secadores solares, que ofrece ventajas tanto técnicas
como económicas.
Palabras clave: Secador solar, Dinámica de Fluidos Computacional, Optimización.
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1 Introduction

Energy demand has been increasing, exceeding the
capacity of conventional sources to meet it sustainably.
It is due to population growth, urban expansion,
and industrial progress. In this scenario, the use of
renewable energy is essential to reduce dependence
on fossil fuels and mitigate the consequences of
climate change. Due to its advantageous geographic
location, Mexico has significant potential for solar
energy, with a daily average of 5.5 kWh

m2 (Government
of Mexico, 2016; Limón Portillo, 2017). Despite this,
this resource remains largely untapped, especially in
the agro-industrial sector.

Today, the greatest opportunity for solar energy's
significant impact lies in the food drying process,
which accounts for 20%-30% of energy consumption
in the agricultural industry (Cetina-Quiñoñnes et al.,
2021). Despite this, conventional drying methods are
still used, which entail high operating costs and a
significant environmental impact due to the need for
heating mechanisms, whether through traditional fuels
such as hydrocarbons or natural gas, or electricity
generated by coal-fired power plants. In this sense,
to mitigate greenhouse gas emissions and energy
consumption from non-renewable energy sources,
solar energy is the ideal option (García-Moreira et al.,
2024).

Regarding the use of solar energy in solar dryers,
these are a good alternative. These devices capture
the sun's radiant energy and transform it into thermal
energy (Figueroa-García et al., 2021). This energy is
transferred to an airflow entering the solar collector
through natural or forced convection (Kebede et al.,
2024), increasing its temperature and directing it
toward a drying chamber where the products to be
dried are placed. This process removes the water
content from products such as fruits, vegetables,
herbs, grains, and meats. In this process, drying is
expected to be essential for food preservation and for
reducing post-harvest losses, thereby extending shelf
life (García-Moreira et al., 2025).

On the other hand, direct solar drying, while
economical, presents risks of product contamination
and quality loss (Doymaz & Ísmail, 2011). However,
technological advances in solar drying equipment have
evolved significantly, making it a promising and viable
alternative in the food drying sector.

Therefore, at the Yecapixtla Higher School of
Studies (EESY), an indirect forced-flow solar dryer
has been installed to dehydrate meats, fruits, and
vegetables. This equipment, consisting of a solar
collector and a drying chamber, harnesses solar
radiation to heat the air circulating through the system.
However, to ensure its efficiency and viability as a
sustainable alternative, it is necessary to understand

and optimize its thermal performance under different
environmental conditions.

Numerical simulation using Computational Fluid
Dynamics (CFD) offers a powerful tool for analyzing
heat transfer phenomena in solar dryers, eliminating
the need to build multiple physical prototypes.
However, for simulation results to be reliable, it is
essential to validate the model using field experimental
data. (Demissie et al., 2019) (Romero et al., 2014).
This tool has also been helpful in other case
studies, where it models transient heat transfer
and compares results with the lumped capacitance
modeling technique, enabling the modeling and
prediction of heat transfer phenomena at temperatures
above 40 °C (Tegenaw et al., 2019).

The main problem is that, while the indirect solar
dryer installed at the EESY (Yucatán Experimental
Station) meets the basic operating principles, no
detailed study has been conducted to optimize its
design and operation. This study encompasses the
system's geometry, the materials used, the boundary
conditions, and the applied turbulence model. It is also
necessary to evaluate proposed improvements, such
as increasing the drying chamber size, to improve
the system's thermal efficiency. For this purpose,
Computational Fluid Dynamics (CFD) was used with
Ansys Fluent.

2 Materials and methods

The study was divided into two stages: data collection
and numerical analysis. Both were used to validate
the thermal behavior of the indirect solar dryer and
to propose design improvements using computational
fluid dynamics.

2.1 Experimental indirect solar dryer

The drying system used was an indirect, forced-
flow solar dryer installed at the Yecapixtla Higher
Education School (18.853° N, 98.869° W), where the
experiment was conducted. This equipment consists
of two main parts, as described below and shown in
Figure 1a:

• Solar collector: Solar collector: Designed to
capture solar radiation and transfer heat to the
air circulating inside. It is constructed from
a stainless-steel casing and features fiberglass
insulation between the casing and a flat
aluminum plate that reflects energy toward the
pipes. It contains 16 copper pipes, each 1.5
meters long, with an external diameter of 2.66
cm and a schedule of 0.01 cm. These pipes are
painted matte black to maximize solar radiation
absorption during the day and increase the tem-
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Figure 1. a) Parts of the solar dryer, where: (1) dryer inlet, (2) stainless steel casing, (3) solar collector, (4) drying
chamber, (5) dryer outlet. b) Dimensions of the solar dryer. b) Dimensions of the experimental solar dryer.

perature of the air entering the drying chamber.

• Drying chamber: Made of stainless steel and
painted matte black to capture maximum solar
radiation. An air outlet with a diameter of 2.54
cm is located at the top front. The chamber has
a capacity of 15 trays, each for drying products.

The dimensions of the collector are as follows:
length of (Lc) 2.145 m, width of (Wc) 0.95 m, and
height of (Dc) of 0.13 m; and for the chamber: height
of (Lch) 1.27 m, width of (Wch) 1.01 m, and depth
of (Dch) 0.455 m, see Figure 1b. The equipment was
positioned facing south to maximize solar radiation
during the experiment.

2.2 Electronic instrumentation

An instrumentation system was implemented to enable
the acquisition of the most relevant experimental data.
For this, seven K thermocouple types were installed
to monitor temperatures in pipes 3, 6, 9, 11, and
15 of the solar collector, at the positions shown in
Figure 2a. At the entrance to the solar collector,
two NMB-brand fans were installed, operating at 12
volts and 1.3 amps, with a flow rate of 1.4 m

s . To
measure the airflow speed, two anemometers were
installed: one on the solar collector (model Ut363,
with a resolution of 0.1 m/s) and a second one on

the upper front of the drying chamber (model her-440,
with a resolution of 0.01 m/s), as shown in Figures
2a and 2c, respectively. Three DHT22 humidity and
temperature sensors were installed inside the drying
chamber, centered and vertically oriented (Figure 2d).
The temperature and humidity sensors were connected
to a data acquisition board (Arduino, Monza, Italy),
while the airflow velocity was measured manually. All
data was recorded and stored for processing.

2.3 Computational modeling

Using geometric data, a three-dimensional model
of the solar dryer was created using a parametric
computer-aided design (CAD) program. This CAD
tool allowed the generation of precise system
geometry for subsequent numerical analysis, including
internal volumes, air inlets and outlets, and thermal
contact surfaces.

The next step is to perform numerical analysis
using a CFD simulation program to solve the
governing Navier-Stokes equations, which conserve
mass, momentum, and energy (Bird et al., 2006;
Getahun et al., 2021).

∂ρ

∂t
+∇ · (ρu) = 0 (1)

∂ (ρu)
∂t
+∇ · (ρuu) = −∇P−∇ · τ + ρg (2)
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Figure 2. a) Location of type K sensors on the solar collector. b) Location of the anemometer on the solar collector.
c) Location of the anemometer in the drying chamber. d) Position of the DHT22 sensors.

∂(ρE)
∂t
+∇ · (u(ρE + P)) = ∇ · (−q)+ τ : ∇u+ S h (3)

The continuity equation (1) is derived from the
law of conservation of mass and describes the rate of
change of fluid density with respect to time at a fixed
point in space.

To obtain the equation of motion (2), a momentum
balance is performed on a volume element. The term
∂(ρu)
∂t represents the rate of momentum increase per

unit volume, ∇ · (ρuu) indicates the rate of momentum
addition by convection per unit volume, the terms
−∇P−∇·τ represent the rate of momentum addition by
molecular transport per unit volume, and ρg represents
the gravitational force on the fluid per unit volume.
The energy equation (3) is derived from the first
law of thermodynamics, which states that energy
is conserved. The internal energy plus the kinetic
energy plus the time increase of the internal energy
plus the kinetic energy within the control volume
must equal the work done on the control volume by
both volumetric and surface forces (Xamán & Gijón-

Rievera, 2016). The total energy is the sum of the
internal energy and the kinetic energy, and is given by:

E = h−
P
ρ
+

u2

2
(4)

The study continued with a mesh configuration for the
CFD model, refining critical areas such as the air inlet,
collector pipes, and drying chamber to model airflow
and temperature distribution within the equipment. A
mesh independence analysis was performed using the
mesh convergence index (GCI), with an error of less
than 10% (equation 5; Galindo Luna et al., 2017),
thereby ensuring the reliability of the results.

GCI =
3|ε|
rP−1 (5)

During processing, the RNG κ−εmodel was selected,
which offers better accuracy in flows with recirculation
and curvatures (Afshari et al., 2021; Benhamza et al.,
2021; Güler et al., 2020), such as those present in the
solar collector.
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Table 1. Boundary conditions used in the computer simulations.

Part of the dryer Boundary condition type Thermal condition

Drying chamber

Wall System couplingHousing
Acrylic
Tubes

Tube inlet Inside N/A

Dryer entry and exit Inlet Oulet
boundary condition

Boundary condition type Velocity input Velocity oulet
Turbulence intensity (%) 5.00 5.00
Hydraulic diameter (m) 0.12 0.0254

Table 2. Results in the GCI analysis process in CFD.

Mesh number Element size (m) (Tcs) (K) GCI (%)

1 0.130 320.924 N/A
2 0.095 318.323 2.809
3 0.070 317.422 1.012

Figure 3. Experimental data used in boundary
conditions.

For the boundary conditions, an air inlet
velocity was established based on experimental
measurements (see Table 1). Also, actual field-
measured temperatures on the collector and chamber
walls were applied, while the air outlet was defined
under normal atmospheric conditions in the area
(Figure 3). The air was modeled as a compressible
fluid with temperature-dependent properties, enabling
a more realistic simulation of its thermal behavior.

All the data considered allowed us to establish
the boundary conditions in the computational fluid
dynamics (CFD) simulations. To this end, 25
simulations were performed at different times of
day between 9:30 a.m. and 1:30 p.m. Although
transient behavior was not modeled in this case study,
the steady-state approach yielded a representative
thermal profile of the system with good results.
In the post-processing stage, 4000 iterations were
performed, resulting in stable residuals, indicating that

the conservation conditions were met. However, while
there are related studies of transient solar air heaters
using CFD (Elakrout et al., 2025), these serve as a
basis for future work in our research to model heat
transfer.

3 Results and discussion

The experiment was conducted on October 14, 2022,
from 9:30 a.m. to 1:30 p.m., with 10-minute intervals
between each measurement. The same set of boundary
conditions was maintained throughout the simulations,
with only the experimental data varying at each time
interval. The results were examined using the Ansys
Fluent CFD-Post tool, which showed temperature
profiles of the copper tubes in the solar collector and
the drying chamber.

3.1 Mesh convergence

In CFD simulations, properly discretizing the physical
domain into a mesh is crucial for solving the
conservation equations of mass, momentum, and
energy, as an inadequate mesh can introduce
significant numerical errors. To avoid these errors,
a mesh independence analysis, or grid convergence
index (GCI), is performed to quantify the relative error
between solutions obtained with different mesh sizes.

To perform the GCI, steady-state simulations of
the solar dryer were conducted at 1:30 p.m., using
three mesh configurations with different element sizes
in the drying chamber:
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• Mesh 1 (coarse): element size of 0.130 m

• Mesh 2 (medium): element size of 0.095 m

• Mesh 3 (fine): element size of 0.070 m

The temperature in the drying chamber (Tcs), was
used as a comparison parameter because it is critical
to evaluating the system's thermal performance. The
results obtained are presented in Table 2, which reports
the simulated temperatures and the corresponding GCI
values.

According to Galindo Luna et al. (2017), a GCI
value below 10% is considered acceptable to ensure
mesh independence. In this case, models 2 and 3 meet
this criterion, with mesh 3 exhibiting the lowest GCI
(1.012%), indicating greater accuracy and allowing
better resolution of the thermal and velocity gradients
within the solar dryer.

The temperature difference between the coarse
(320.924 K) and fine (317.422 K) meshes is
approximately 3.5 K, corresponding to a 1.09%
variation. This difference can be significant in
applications where thermal control is essential, such
as food drying, where variations of just a few degrees
can affect the quality of the final product.

3.2 Heat transfer

One of the most critical aspects of thermal analysis
in a solar drying system is quantifying heat transfer.
It allows for the evaluation of the solar collector's
efficiency and its ability to raise the temperature of the
air circulating into the drying chamber.

The calculations are based on the methodology
proposed by Castañeda Magadán (2017), using the
air temperatures and velocities measured during the
experimental tests. To determine the thermodynamic
properties of air (density, heat capacity, thermal
conductivity, and dynamic and kinematic viscosity),
thermodynamic tables (Cengel & Ghajar, 2011) were
used. When exact data for certain temperatures were
unavailable, linear interpolation was used to estimate
specific operating values for the dryer. Using the air
velocity measured by the anemometers installed on
the equipment and the calculated air density, the mass
flow rate (m) was calculated using equation 6; and to
determine the volumetric flow rate, the mass flow rate
was divided by the air density.

ṁ = ρ · A ·V (6)

where:

• ρ: air density
( kg

m3

)
.

• A: cross-sectional area of the duct.

• V: air velocity.

Next, the Reynolds number (Re) was calculated to
determine the flow regime within the solar collector,
using the hydraulic diameter (Dh) (Cengel & Ghajar,
2011) as a geometric parameter, given that the flow
occurs in circular tubes:

Re =
ρ ·V ·Dh

µ
(7)

The Reynolds number values obtained confirmed that
the flow was turbulent, validating the use of the RNG
κ− ε turbulence model in CFD simulations.

3.2.1 Nusselt number and convective coefficient

The Nusselt number (Nu) is a dimensionless parameter
that summarizes the efficiency of convective heat
transfer relative to conduction. This number allows us
to evaluate the effectiveness of heat transfer from the
tube to the air inside and to compare different designs
or conditions without the need for physical units.

For this study, Nu was calculated using
Zukauskas's (1972) evaluation for crossflows over tube
arrangements.

Nu = 0.27 ·Re0.63 · Pr0.36 ·

(
Pr

Prw

)0.25

(8)

With this value of Nu and the thermal conductivity of
the fluid (k), the convective heat transfer coefficient (h)
was determined.

h =
Nu · k

Dh
(9)

3.2.2 Heat transfer rate

Finally, the heat transfer rate (Q) was calculated using.

Q = h · A · (Ts − T∞) (10)

where:

• Ts: tube surface temperature

• T∞: inlet air temperature

These calculations allowed us to estimate the amount
of thermal energy transferred to the air, which
is fundamental for evaluating the solar collector's
efficiency (Table 3). The results showed good
agreement with the CFD model, with a relative
percentage error below 5% between the experimental(
Texp, tub

)
and simulated

(
Tsim, tub

)
temperatures. The

error was calculated to quantify the difference between
the experimental and simulated values , as shown in
equation 11 (Iranmanesh, Hadi, & Saleh, 2020).

Er(%) =

∣∣∣∣∣∣Valueexperimental −Valuesimulated

Valueexperimental

∣∣∣∣∣∣× 100

(11)
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Table 3. Comparison of pipe temperatures between experimental and simulated tests.

No. thermocouple Time (h) (Texp,tub) (K) (Tsim,tub) (k) Er (%)

09:30:00 301.65 307.98 2.1
1 11:30:00 308.15 307.07 0.35

01:30:00 310.9 316.87 1.92
09:30:00 311.9 318.38 2.08

2 11:30:00 326.15 316.95 2.82
01:30:00 330.15 326.25 1.18
09:30:00 311.4 318.23 2.19

3 11:30:00 325.15 316.84 2.56
01:30:00 330.9 326.01 1.48
09:30:00 311.15 319.33 2.63

4 11:30:00 325.15 317.83 2.25
01:30:00 328.15 327.01 0.35
09:30:00 306.15 321.4 4.98

5 11:30:00 321.65 314.2 2.32
01:30:00 325.4 328.47 0.94
09:30:00 310.4 318.72 2.68

6 11:30:00 325.4 317.21 2.52
01:30:00 331.4 326.08 1.61
09:30:00 313.9 319.58 1.81

7 11:30:00 330.15 317.78 3.75
01:30:00 337.4 327.42 2.96

Figure 4 Temperature measurement points in a) copper pipe and b) drying chamber.

3.3 CFD model validation

Seven type K thermocouples were installed in the
copper pipes of the solar collector, and three DHT22
sensors in the drying chamber. These points were
replicated in the CFD model to obtain simulated
temperatures at the exact real locations; see Figure 4.

Figure 5 shows the temperature contours for the
solar dryer at three times of day. As shown, the air
entering the solar collector at ambient temperature

gradually increases in temperature as it passes through
the tubes, reaching its maximum temperature upon
entering the drying chamber. The inlet velocities to the
solar dryer were 1.30, 1.70, and 1.10 m

s , for 9:30 a.m.,
11:30 a.m., and 1:30 p.m., respectively. Furthermore,
the solar dryer reaches a higher temperature at 1:30
p.m. than at the other two times. It is due to a lower
flow rate in the pipe, which keeps the warm air in
contact with the walls of the solar collector tubes for a
longer period.
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Figure 5. Side view of the temperature contour of the model for the times of: a) 09:30 h. b) 11:30 h c) 13:30 h.

Table 4. Comparison of pipe temperatures between experimental and simulated tests.

No. thermocouple Time (h) (Texp,tub) (K) (Tsim,tub) (K) Er (%)

1
09:30 301.65 307.98 2.10
11:30 308.15 307.07 0.35
13:30 310.90 316.87 1.92

2
09:30 311.90 318.38 2.08
11:30 326.15 316.95 2.82
13:30 330.15 326.25 1.18

3
09:30 311.40 318.23 2.19
11:30 325.15 316.84 2.56
13:30 330.90 326.01 1.48

4
09:30 311.15 319.33 2.63
11:30 325.15 317.83 2.25
13:30 328.15 327.01 0.35

5
09:30 306.15 321.40 4.98
11:30 321.65 314.20 2.32
13:30 325.40 328.47 0.94

6
09:30 310.40 318.72 2.68
11:30 325.40 317.21 2.52
13:30 331.40 326.08 1.61

7
09:30 313.90 319.58 1.81
11:30 330.15 317.78 3.75
13:30 337.40 327.42 2.96

Figure 5 shows the temperature contours of
the solar dryer at three different times of day. As
shown, the air entering the solar collector at ambient
temperature gradually increases in temperature as
it passes through the tubes, reaching its maximum
temperature upon entering the drying chamber. The
solar radiation and inlet velocities used for the solar
dryer were 517 W

m2 , 1.30 m
s ; 773 W

m2 , 1.70 m
s and 787

W
m2 , 1.10 m

s at 9:30, 11:30, and 13:30, respectively.
These three times of day were considered because they
represent the minimum, intermediate, and maximum

values (Figure 3) to understand the thermal behavior
at these times. The highest temperature was recorded
at 13:30, approximately 338 K. This is due to a lower
flow rate in the pipe, which keeps the hot air in
contact with the walls of the solar collector tubes for a
more extended period, and to better airflow circulation
within the chamber. Considering the radiation was 14
W/m2 higher than at 11:30.

For model verification, Table 4 compares the
CFD-simulated temperatures

(
Tsim, tub

)
with the

experimental temperatures
(
Texp, tub

)
of the pipes.
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Table 5. Comparison of experimental versus simulated temperature in the sensors of the drying chamber.

No. DHT22 sensor Time (h) (Texp,cs) (K) (Tsim,cs) (K) Er (%)

09:30:00 305.25 318.88 4.46
1 11:30:00 315.05 315.1 0.02

01:30:00 319.15 327.95 2.76
09:30:00 305.65 318.68 4.26

2 11:30:00 315.65 315.09 0.18
01:30:00 319.25 328.02 2.75
09:30:00 305.75 318.7 4.24

3 11:30:00 315.25 315.35 0.03
01:30:00 319.95 328.44 2.65

Table 6. Comparison of temperatures inside the drying chamber at different heights.

(Texp,cs) (Tsim,cs) Tsim,cs 100 cm Tsim,cs 80 cm Tsim,cs 50 cm

319.45 328.13 330.43 336.71 342.13

The maximum calculated relative percentage error
(Er(%)) was 4.98% and the minimum was 0.35%.

On the other hand, Table 5 shows the comparison
of the experimental temperatures

(
Texp,cs

)
with the

simulated temperatures
(
Tsim, cs

)
obtained from CFD

of the drying chamber. As shown, the (Er(%)) for the
three sensors installed in the drying chamber is below
5%.

Based on the results and errors obtained in this
research, the CFD model is acceptable. This is because
previous research by some authors has conducted
experimental and simulation studies, obtaining errors
with deviations of 6.5%, 5.34%, and 10% (Afshari et
al., 2021) (Das et al., 2021) (Güler et al., 2020); even
with an average error of 3.0 % (Elakrout et al., 2025).

Some differences between the experimental and
simulated values can be attributed to factors such
as the limitations of the steady-state model, which
does not account for heat accumulation over time,
or calibration errors in the thermocouples. Despite
these limitations, the overall agreement between the
two datasets validates the CFD model as a reliable
tool for predicting the thermal behavior of the solar
dryer. This has been demonstrated in recent research,
where computational simulations were performed in
drying chambers under different conditions to evaluate
their performance as a function of temperature and air
velocity (Rahmat et al., 2025).

3.4 Design proposal

Once the model was validated, the drying chamber
height (Lch) was adjusted to increase the chamber
temperature. For this, the same CFD model of the
dryer was used, with the same boundary conditions
established in the methodology.

As a computational modeling strategy, data for
1:30 p.m. were considered, accounting for the

proposed modifications to the chamber height (Lch)
of 100, 80, and 50 cm. The results are shown in
Table 6, which demonstrates that as the height of
the drying chamber decreases, the increase in internal
temperature is greater. Therefore, the ideal chamber
height is 50 cm, with a temperature difference of 14
K relative to the original height of the drying chamber.

Subsequently, dryer simulations were repeated for
a drying height of 50 cm between 9:30 and 13:30
h. Table 7 shows the simulated versus experimental
pipe temperatures. The results have been effective,
as comparing the simulated actual size

(
Tsim, tub

)
with the simulation at a drying height of 50 cm(
Tsim,tub,50cm

)
yields a minimum temperature increase

(∆T ) of 10.26 K and a maximum of 15.62 K.
On the other hand, the average temperature

inside the chamber is shown in Table 8. At 9:30
a.m., the temperature was 330.13 K, an increase
of 11.37 K. At 11:30 a.m., the temperature was
323.71 K, an increase of 8.53 K. Finally, at 1:30
p.m., the temperature reached 341.56 K, an increase
of 13.43 K. All these values are compared to
the simulation of the original system. The 11:30
a.m. temperature is lower than the 9:30 a.m. and
1:30 p.m. temperatures, likely due to higher airflow.
However, the results shown in Tables 6 and 7
indicate that the CFD computational model remains
promising for predicting temperature distributions
and optimizing the performance of thermal systems,
thereby reducing the need for physical prototypes,
as in this study of the indirect forced-flow solar
dryer. Furthermore, according to the results obtained
with the new proposal, the temperatures are ideal for
this equipment, and it would perform better in the
drying process under real-world operating conditions.
Therefore, it is promising, as drying fruits, vegetables,
and meats requires temperatures between 30 and 70 °C
(Tlatelpa-Becerro et al., 2019).
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Table 7. Comparison of pipe temperatures between experimental and simulated tests.

No. thermocouple Time (h) Texp,tub (K) Tsim,tub (K) Tsim,tub,50cm (K) ∆T (K)

1
09:30 301.65 307.98 318.24 10.26
11:30 308.15 307.07 318.25 11.18
13:30 310.90 316.87 329.55 12.68

2
09:30 311.90 318.38 332.47 14.10
11:30 326.15 316.95 328.61 11.66
13:30 330.15 326.25 341.88 15.63

3
09:30 311.40 318.23 332.24 14.01
11:30 325.15 316.84 329.60 12.76
13:30 330.90 326.01 341.63 15.62

4
09:30 311.15 319.33 332.88 13.55
11:30 325.15 317.83 330.25 12.42
13:30 328.15 327.01 343.06 16.05

5
09:30 306.15 321.40 330.13 8.73
11:30 321.65 314.20 329.66 15.46
13:30 325.40 328.47 346.33 17.86

6
09:30 310.40 318.72 333.68 14.96
11:30 325.40 317.21 327.82 10.61
13:30 331.40 326.08 341.67 15.59

7
09:30 313.90 319.58 334.44 14.86
11:30 330.15 317.78 328.74 10.96
13:30 337.40 327.42 342.68 15.26

Table 8. Comparison of the experimental temperature versus the simulated temperature in sensor 1 of the drying
chamber.

Time (h) (Texp,cs) (K) (Tsim,cs) (K) Tsim,cs 50 cm (K) ∆T (K)

09:30 305.55 318.76 330.13 11.37
11:30 315.32 315.18 323.71 08.53
13:30 319.45 328.13 341.56 13.43

Figure 6. Temperature behavior in the solar dryer, at the times of a) 9:30 a.m., b) 11:30 a.m., and c) 1:30 p.m.

Moreover, these systems remain attractive due
to their affordability and ease of maintenance and
operation, compared to those powered by non-
renewable energy sources. In addition, CFD has been
a valuable tool for qualitatively visualizing results for
analysis (Figure 6).

Conclusions

Computational fluid dynamics (CFD) analysis was
applied to an indirect forced-flow solar dryer,
demonstrating its reliability for predicting the thermal
behavior of such a dryer. The comparison between
experimental data and simulation results shows
relative percentage errors of less than 5%, validating
the model's accuracy.
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Calculations of mass flow rate, Reynolds number,
Nusselt number, and convective coefficient confirmed
that the flow in the solar collector is turbulent,
justifying the use of the RNG k-εmodel. Furthermore,
the calculated heat transfer rate was consistent with the
simulated results, also validating the model.

The simulations predict that reducing the drying
chamber height to 50 cm increases the average
internal temperature by up to 14 K compared to the
original design. Based on this finding, it is expected
that drying efficiency will improve and operating
time will be reduced without requiring complex
structural modifications. However, this chamber height
is suitable for products with higher moisture content
that require higher temperatures to facilitate moisture
removal. Conversely, a drying chamber with a height
of 80 cm can be used for products that require lower
temperatures, allowing the drying of larger quantities
at once.

The design of the solar dryer remains innovative,
as it has successfully dried a range of products,
including vegetables, fruits, and meats. However,
improvements are needed to guarantee drying times
and the final quality of the product. Therefore, future
work is required, including a study of product loading,
changes to the internal configuration of the solar
collector, and transient-state analysis to optimize the
system using CFD. This approach allows evaluating
improvements without building multiple physical
prototypes, providing a technical and economic
advantage for the development of sustainable food-
drying technologies.
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