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Modelling and CFD Simulation of Temperature
and Airflow Distribution Inside a Forced
Convection Mixed-Mode Solar Grain Dryer with
a Preheater
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Abstract: In this study, a 3D Computational Fluid Dynamics
(CFD) model was developed to simulate the drying process of
maize ears/cobs in a mixed-mode solar grain dryer. The dryer
system is aimed to operate under forced convection and is
integrated with a preheater to heat air prior to entering the solar
collector. The 3D model was developed with great accuracy using
SolidWorks software and the CFD simulation was carried out
using ANSYS Fluent software. The study was aimed at analyzing
and predicting temperature and airflow distribution in the
mixed-mode solar dryer system. The CFD simulation was
conducted at different airflow velocities varying from 0.5 m/s to 2
m/s for different temperature values of the preheater. Results from
the simulation of the solar collector were satisfactory, indicating a
minimum and maximum temperature of 59.7 °C and 70.5 °C at
minimum and maximum drying conditions, respectively. The
variation of temperature inside the drying chamber was predicted
with an average maximum of 64.1 °C at the inlets. Results of
airflow distribution in the solar collector and drying chamber
indicated high turbulence and flow recirculation. This is a
desirable flow combination that promotes good moisture
evaporation from the maize ears during the drying process. This
study proves that the use of computer software can allow one to
clearly gain an understanding of the development, heat and mass
transfer process, and performance of dryers used in the food
drying industry. This approach can promote improvements in
existing drying processes and increase food productivity.

Keywords: Modelling & CFD simulation, Maize ears, Solar
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I. INTRODUCTION

Advances in drying technologies over time have
significantly improved food productivity and quality.
Amongst the various drying technologies used, solar drying
is one of the most efficient and cost-effective for drying food
and agricultural products [1]. This technology uses solar
radiation from the sun to generate thermal energy which is
used in the drying process. The use of solar energy has gained
popularity in food drying applications due to the ongoing
reduction in natural resources, high natural fuel costs, and
environmental damage [2], [3]. To develop an efficient solar
dryer one needs to take into consideration the weather
conditions and drying parameters which significantly affect
the solar dryer’s performance. Recent studies on food drying
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applications rely on the use of Computer-Aided Design
(CAD) and Computational Fluid Dynamics (CFD) codes to
model and simulate the drying phenomena. The use of CFD
codes has gained popularity in the design industry as it is
regarded as a promising tool for modeling and simulating
designs, making costly experimental trials unnecessary
[4]-[6]. CFD is a powerful and innovative computational
method that uses numerical calculations and algorithms to
solve and analyze problems associated with fluid flow in
specified regions of interest [7], [8]. With sufficient
simulation results, one gains an understanding of the
performance of a dryer at various drying conditions. This
allows the actual solar dryer to developed, tested and
optimized. This study involves the use of CAD and CFD
codes to model and simulate the drying of maize ears/cobs
using a forced convection mixed-mode solar grain dryer
integrated with a preheater. The CFD code used in this study
to simulate the solar dryer system is ANSYS Fluent, while
the CAD code used in the design or model creation is
SolidWorks. The aim was to develop a three-dimensional
model of a mixed-mode solar dryer system and simulate it
against various drying parameters to predict the temperature
and airflow distribution within the dryer system

Il. THEORY

The approach to CFD analysis of the solar dryer involves
the computation of the governing equations for the model.
Using the CFD code, the Kinetics of the fluid are analyzed
and solved primarily using the compressible Navier-Stokes
partial differential equations given by equation 1 [9] and
equation 2 [10]. Equation (1) is referred to as a continuity
equation while (2) is referred to as momentum law
conservation. In solar drying, heat transfer occurs; hence, an
additional equation to incorporate the energy transfer is
included in the computation. The heat transfer process is
governed by the first thermodynamic law, as expressed by (3)
[11].
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The preceding equations are essentially a simplification of
the sets of equations in rectangular coordinates. In equation 2,
term 1 is a representation of the inertial forces acting on the
fluid; term 2 represents the effect of thermodynamic forces
on the fluid particles, term 3 indicates the impact of the
dynamic viscosity of the fluid, while term 4 represents all
other external forces acting on the fluid. The drying of maize
ears (cobbs) was modelled using the
evaporation-condensation model found in the ANSYS Fluent
program. It is available with the mixture and Eulerian
multiphase models. The transfer of mass during moisture
evaporation phases is described by (4) and (5). If the
temperature T is greater than the saturation temperature T,
evaporation will occur in the drying chamber. Hence the
transfer of mass during evaporation:

(T—Tiqe)

- L (4)

If the temperature T is less than the saturation temperature
Tsat, condensation will occur in the drying chamber. Hence
the transfer of mass during condensation:

Mgy = coeff » ayp — = )

The process of drying is generally associated with
turbulent flows which makes it almost impossible to
computationally solve turbulent flows using direct
Navier-Stokes partial ~ differential equations. Hence,
Navier-Stokes partial differential equations coupled with
other transport equations are considered to accurately model
turbulence in the fluid domain. Other turbulence models that
can be used are the Reynolds Averaged Navier-Stokes
(RANS) model and the Large Eddy Simulation (LES) model.
More information about the RANS and LES models can be
found in literature such as [11]-[14].

m_, = coeff » apy

I11. METHODOLOGICAL APPROACH

The approach to this research work included the use of
CAD and CFD codes to develop and simulate the model as

Solar Collec\tor

\
\

Pre-heated Air
Inlet

required for different drying parameters. The CAD software
used to create the model of the solar dryer system was
SolidWorks 2018, and the CFD code used for simulating the
developed model was ANSYS Fluent 19.2. The simulation
results can be validated against the experimental results
which helps necessary improvements to be made.

A. Model Creation and Meshing

In this study of analyzing a solar dryer in forced
convection and mixed-mode operation integrated with a
preheater, a decision was made to divide the entire solar dryer
system into three models. This was necessitated due to the
model's complexity and, most importantly, to reduce
computational time and cost. Fig. 1 shows the models of the
solar dryer system which were created using SolidWorks
software.

As can be seen in Fig.1, the three models are the solar
collector model, the interconnector flow channel model, and
the drying chamber model. Each model was imported into
ANSYS Fluent and analyzed separately. The output results
from the first model were used as input results on the
proceeding model. To accurately simulate a CFD problem,
the model needed to be correctly meshed. The three meshed
models of the solar dryer system are shown in Fig. 2.
Essentially, what was meshed is the fluid volume created
from the solid body in SolidWorks using the Boolean
operation method and imported into ANSY'S Fluent. A closer
view of the mesh within close proximity of the maize ears
contact surfaces is shown in Fig. 3. In this region, the mesh is
refined to smaller mesh elements to improve the modeling
process's accuracy. The mesh criteria applied to the three
models are specified in Table 1. Necessary adjustments were
also made to the mesh in refining certain areas of the model,
such as using inflation layers, refined mesh size, elements
order, etc.

Drying chamber
R

Interconnector i /
Flow channel /

7
wire mesh

Fig. 1. CFD model of the mixed-mode solar dryer system
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Fig 2. 3D Mesh of the solar collector fluid volume (top left), interconnector flow channel fluid volume (top right), and a
cross-sectional view of the drying chamber (bottom center)
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Fig. 3 Closer view of the refined mesh in the drying chamber
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Table 1. Mesh criteria applied to the CFD model of the solar dryer system
CFD Model

Solar collector, Interconnector flow channel, Drying

chamber
Solar collector, Interconnector flow channel

Drying chamber
Solar collector, Interconnector flow channel

Drying chamber

Applied mesh criteria
Body mesh element size: 8 mm

Element size at contact regions: 3 mm
Element size at contact regions: 2 mm
Element size at curvature: 0.3 mm
Element size at curvature: 0.6 mm
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Mesh type: Tetrahedron

Solar collector, Interconnector flow channel, Drying
chamber

Number of inflation layers: 5 layers

Solar collector, Interconnector flow channel

Number of inflation layers: 7 layers

Drying chamber

Elements order: Quadratic

Drying chamber

Mesh quality: Medium

Drying chamber

B. Definition of the Model

The simulation of the model conducted in this study was
carried out based on several assumptions that were put in
place to simplify the model. This was necessary as some of
the flow characteristics are complex and impractical to
achieve with the available computational resources and
power. The main assumptions that were considered were:
= Steady state conditions are assumed for constant solar
irradiation.

= The initial moisture content of grains inside the drying
chamber is the same.

= The initial temperature of grains is the same as the drying
air temperature inside the drying chamber.

= All incident solar irradiation falling on the solar dryer
system are Direct Normal Irradiation (DNI) rays,
equivalent to the measured average DNI rays of the site
location.

= Negligible heat loss around the solar dryer system.

= Incident solar irradiation absorbed by the glazing material
of the solar dryer system is neglected.

The above assumptions facilitated the definition of the
three meshed models of the solar dryer system, enabling

various boundary conditions to be assigned as required for
simulation purposes. The simulation was conducted before
the experiment. Hence, the weather parameters were assumed
based on the calculated average data collected over the past 3
years from the Virginia Weather Station in Durban. Due to
Durban's weather conditions that rarely exceed 30 °C, the
presence of the preheater allows the ambient air temperature
to be varied before entering the solar collector. It was
considered that the drying air be preheated between 30 °C
and 40 C°. For the purpose of the simulation, the preheater's
effect was modelled as direct input values of temperature and
calculated values of relative humidity. This was because the
preheater used during the experiment has a temperature
controller. The simulation was conducted using the pre-set
output temperature and relative humidity values from the
preheater, which served as the solar collector's input air flow
values. The output temperature and relative humidity at the
preheater outlet were 30 °C & 39%, 36 °C & 28%, and 40°C
& 23%, respectively. Table 2 shows the boundary conditions
that were applied to each model component of the solar dryer
system.

Table 2. Applied boundary conditions of the solar dryer system at different drying airflow velocities and preheater
temperatures

Boundary conditions

Model component 1: Solar collector

Model component 2: Interconnector
flow channel

Model component 3: Drying
chamber

Inlet flow conditions

Temperature: 30 °C
Relative humidity: 39 %
Flow velocity: 0.5 m/s
Turbulence intensity: 8 %

Temperature: using output values from
solar collector.

Relative humidity: using output values
from solar collector.

Flow velocity: using output values
from solar collector.

Temperature: using output values from
interconnector flow channel.

Relative humidity: using output values
from interconnector flow channel.
Flow velocity: using output values
from interconnector flow channel.
Turbulence intensity: 5 %

Outlet flow conditions

Pressure outlet
Pressure value: 1 atm

Same conditions as solar collector

Same conditions as solar collector

Multiphase Model

Eulerian model with
evaporation-condensation as the
Eulerian parameter under Lee model.
Eulerian phases number: 3

Volume fraction parameter: Implicit
formulation

Evaporation frequency: tuned to 50
Saturation temperature: default set

Viscous Model setup

Viscous model: Realizable & — & model
with standard wall functions

Same conditions as Solar collector

Viscous model: Realizable k — &
model with enhanced wall treatment

Energy setup

Energy model: active surface-to-surface
radiation mode used.
Heat flux on absorber surface: 155.8 W/m?

No heat transfer, it has an adiabatic
wall

Same conditions as solar collector
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Materials Solid material: Copper Fluid is sir using default properties Aluminium for the drying tray
Solid material density: 8 978 kg/m® Density: 2 700 kg/m®
Specific Heat: 381 J/kg.K Specific Heat: 880 J/kg.K
Thermal conductivity: 387.6 W/m.k Thermal conductivity: 189 W/m.K
Fluid: Air
Fluid properties: ANSYS Fluent default Perspex glass
values Density: 1190 kg/m?
Specific Heat: 1270 J/kg.K
Thermal conductivity: 0.189 W/m.K
Maize ear
Density: 760 kg/m®
Specific Heat [6]:
1.3066 + 1.2045M, + 0.0198T
Thermal conductivity [6]:
=0.028 + 0.1321M, +
3.4081 = 10737 — [].'J.EEMé -
2,24 x 1057
Solver Pressure based Pressure based Pressure based
Solution methods Coupling: Pressure to velocity using Same conditions as solar collector Same conditions as solar collector
SIMPLEC
Skewness correction factor of 1 with least
square cell-based method.
Hybrid initialization
Calculation setup Maximum iterations: 100 to 200 Same conditions as solar collector Same conditions as solar collector
Residual errors: 0.0001

In Table 2 “T” and “Mgy” are the maize ear's temperature
and moisture content, respectively. The simulation was
repeated for all the previously mentioned preheater output
conditions at an airflow velocity of 1 m/s and 2 m/s

IV. RESULTS AND DISCUSSION

The results obtained from CFD simulations are shown in
Fig. 7, Fig. 8, Fig. 9, and Fig. 10. Due to the complexity of the
model and simulation parameters, the maize cobs' final
moisture content could not be determined through
simulation. However, the temperature and velocity profile
across different solar dryer system components during the
predicted drying process are presented. In addition, the
corresponding airflow distribution across the solar collector
and drying chamber are also presented. To have a glimpse of
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the dryer performance as simulated at different drying
parameters, the results shown in the figures are only for
minimum and maximum drying parameters. Fig. 7 and Fig. 8
show the results of temperature distribution and velocity
profile across the solar collector at minimum and maximum
drying conditions. In this study, conditions at minimum
drying were considered to be when the solar dryer system
was operating as a natural convection solar dryer without a
preheater. This is presented with an airflow velocity of 0.5
m/s and preheater temperature of 30 °C in the simulation
process. While conditions at maximum drying are presented
with the maximum airflow velocity of 2 m/s and 40 °C
preheater temperature that were considered for simulation
purposes.
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Fig. Temperature distribution (left) at 30 °C preheated air and velocity profile (right) at 0.5 m/s airflow across the solar
collector
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Fig. 8. Temperature distribution (left) at 40 °C preheated air and velocity profile (right) at 2 m/s airflow across the
solar collector

The temperature distributions shown in Fig. 7 and Fig. 8
are very similar, however the temperature readings across the
solar collector differ at various points along the air flow
channel. It is evident that air starts heating up from the inlet
as it navigates through the flow channel and gains its highest
temperature toward the solar collector outlet. As shown in
Fig. 7, at 30 °C preheated air, a maximum temperature of
332.8 K (59.7 °C) is predicted at the outlet when the airflow
is set to 0.5 m/s, while at 40 °C preheated air, a maximum
temperature of 343.6 K (70.5 °C) is predicted at the outlet
when the airflow is set to 2 m/s. The presence of flow
recirculation and turbulence inside the solar collector is also
predicted, as shown by the velocity profile.
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The flow exiting the solar collector is transferred to the
drying chamber through an insulated interconnector flow
channel. There were no results of the temperature profile
across the interconnector flow channel since it is assumed
that it is completely insulated, and there is no heat transfer
across it. Thus, the airflow entering the interconnector will
exit at the same temperature as it enters. However, its flow
velocity will differ at the exit because of the change in areas.
Using the solar collector and interconnector flow channel
results, the temperature distribution and flow velocity profile
across the drying chamber were obtained as shown in Fig. 9
and Fig. 10, respectively.
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Fig. 9. Temperature distribution at 30 °C preheated air (left) and temperature distribution at 40 °C preheated (right)
across the drying chamber during drying process
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Fig. 10. Airflow distribution inside the drying chamber during drying process

The simulation results indicate the temperature profile
across the drying chamber predicts temperature varying
across the drying chamber. During the drying process,
different chamber regions will have experienced different
temperatures due to the heat and mass transfer processes. The
results were also affected by the position of the sun at the
time of drying. The highest temperatures as shown in Fig. 9
occur near the inlets when hot air enters the drying chamber.
The average minimum temperature in the drying chamber
was predicted to be around 327.9 K (54.8 °C), while the
average maximum temperature was about 337.2 K (64.1 °C).

The flow behavior inside the drying chamber as shown in
Fig. 10 during the drying process, predicts severe flow
turbulence and recirculation. This is necessary during the
drying process to accelerate the evaporation of moisture from
the grains. The profile also indicates that more air flow is
expected in the upper portion of the drying chamber than the
bottom. Due to moisture evaporation, warm and moist air will
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exit the drying chamber at a relatively low velocity and at a
temperature which is higher than ambient temperature.

V. CONCLUSION

In this study, a forced convection mixed-mode solar
grain dryer with a preheater was modelled using SolidWorks
and CFD simulation was carried out using ANSYS Fluent.
Due to the complexity of the model and available
computational resources, several assumptions were taken
into consideration during the simulation process to simplify
the problem. The solar dryer system was modelled and
simulated with great accuracy. The simulation was run at a
flow velocity varying from 0.5 m/s to 2 m/s for different
temperature values of the preheater.
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The results of temperature distribution indicated a
maximum temperature of 70.5 °C predicted at the solar
collector outlet for maximum drying conditions, and a
maximum temperature of 59.7 °C at the solar collector outlet
for minimum drying conditions. Due to the effect of
mixed-mode solar drying, the average maximum temperature
in the drying chamber was predicted to be around 64.1 °C. A
small percentage of condensation is also expected to occur
within some areas of the drying chamber. The simulation
predicted a satisfactory airflow distribution within the drying
chamber, indicating heavy flow turbulence and recirculation
around the maize ears/cobs. The provision of multiple flow
inlets at the drying chamber enable a perfect flow distribution
and enhances moisture evaporation from the maize ears.
Based on the results obtained, it is evident that increasing
both the drying air velocity and temperature at the inlet of the
solar collector improves the drying process of solar grain
dryers.
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NOMENCLATURE

) Vector operator

v Fluid velocity (m/s)

3 Time (M)

2 flow density (kg/m®)

u fluid dynamic viscosity (kg/m.s)

P local thermodynamic pressure (N/m?)

C, specific heat capacity of the fluid (W/kg.K)

T temperature of the fluid (K)

x; rectangular coordinate (m) of the fluid element
u; fluid velocity component in the respective coordinate
¥ thermal conductivity (W/m.K)

5 Energy added or work done on the fluid element (J)
coeff Coefficient that must be fine-tuned and can be
interpreted as a relaxation time

Liquid volume fraction

o Liquid density (kg/m?®)

oy Vapor volume fraction

By Vapor density (kg/m?®)

m,_, Transfer of mass during evaporation or condensation
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