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Abstract

The study focused on the simulation of temperature distribution, air flow pattern, and validation of the thermal
efficiency of an improved road-side maize roasting machine. SolidWorks Premium SP1.2 2025 Computational Fluid
Dynamics (CFD) software was used for modelling and simulation operations. The thermal efficiency validation was
done by estimating the efficiency of the fabricated prototype of the machine (through a standard experiment of roasting),
and comparing with that of simulated model of the machine. The simulation results showed that, the modelled machine
performed best in terms of temperature distribution and air flow of the roasting region at the point 1.7 m cut plot
(other points: 1.5 m and 1.6 m), with average temperature and average air velocity of 498.30+2.34 °C and 1.079+0.19
mys, respectively. However, the overall average temperature and overall average air velocity obtained were
463.13£56.11 °C and 0.962%0.17 my/s, respectively. Also, the thermal efficiency of the simulated model of the machine
was 93% and that of fabricated prototype of the machine was 66 %. This revealed that, the fabricated machine requires
future modifications to enhance better thermal efficiency of the roasting operation.
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1.0 Introduction

Maize (Zea mays) is an important crop used for food and fodder in many countries. It is the third globally
produced grain after rice and wheat (Lisa et al., 2019). As an annual crop, it belongs to the family Poaceae
(Saeed and Saeed, 2020), which is a good source of energy and phytochemicals, such as phenolic compounds,
carotenoids and phytosterols (Saeed and Saeed, 2020).

Roasting is a cooking method that involves drying out foods, such as grains or nuts, by exposing them to
direct heat, typically in an oven or over an open fire (Jimoh et al., 2020). This process removes excess moisture,
softens and prepares the food for safe consumption (Jimoh et al., 2020). It is also used as a heat treatment to
inactivate pathogens and microorganisms, extend shelf life, ensure food safety, and to ensure desired sensory
properties such as texture, colour, aroma and flavour (Szpicer et al., 2025). However, factors such as the type
of food material and the processing conditions, which include time and temperature, greatly affect the food’s
nutritional content (Sruthi et al., 2021). Furthermore, the effect of roasting includes increased antioxidant
activity, development of brown colouration and improved flavour due to the presence of Maillard reaction in
products. These changes contribute to better health benefits by enhancing the digestibility of nutrients and
activity of available antioxidants (Oladeji, 2022).

Maize roasting involves placing maize cobs on a grill, above hot charcoal and regularly turning it for even
cooking (Atere et al., 2020). Traditionally, maize is roasted along with its husk by directly placing into a fire
and its removal after the cob might have been slightly burnt (Adeyinka et al., 2014). Roadside roasting of maize
in Nigeria with the use of charcoal and metallic grill is an age long practice. However, this method is prone to
massive heat loss, leading to low thermal efficiency, drudgery, low productivity, and somewhat unhygienic
due to direct touching of maize with bare hands and exposure to smoke and ash from the burning charcoal.
Ogunlade and Sangosina (2019) reported the design, fabrication and testing of a maize roaster. The average
time for effective roasting was in the range of 120-150 seconds. Kigozi et al. (2020) caried out a study on the
design and thermal performance of soybean roaster with charcoal as the energy source. It was observed that
the lower the distance between the drum (roasting chamber) and the stove (heat source), the greater the
temperature of the drum.

Simulation is the science of creating a model to imitate an existing system, testing the models to observe
its behavior, so as to understand, generalize and make a conclusion on the factors that influence the
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performance of the model (Lamé and Simmons, 2018; White and Ingalls, 2015). Simulation is used to improve
performances of a system, justifying the use of resources, cost and time (Silva et al., 2010). There are two types
of simulation model, which is the continuous simulation and discrete event simulation. Continuous
simulation model is used for systems that has variables that changes continuously with time, the results of
this simulation is taken at fixed time intervals. Discrete event simulation is used for systems in which its
variables change at specific points in time (Bandyopadhyay and Bhattacharya, 2014; Ozgiin and Barlas, 2009).
Simulation is applied for use in objects and procedures, for example, an ellipsoid object was used to create a
model in order to simulate a coffee bean roaster, also physicians use simulated patients to learn new
procedures(Chiang et al., 2017; White and Ingalls, 2015). The methods of simulation involves creating a
conceptual design, using a software, validating the design to know how close it is to the original design,
designing of experiments, implementing the design, analyzing the results, and then interpreting the results
(Dooley, 2017).

The use of computational fluid dynamics (CFD) as a tool for simulation has become indispensable in the
food industry. It provides detailed insights into the intricate transport phenomena, which takes place during
food processing by modelling the flow of fluid, heat and mass transfer with high precision. This enables
optimisation of processes, prediction of temperature distribution and patterns of flow, which are crucial in
ensuring the quality and safety of products (Szpicer et al., 2025). Szpicer et al. (2023) reported that
computational fluid dynamics (CFD) had been used to demonstrate the simulation of the drying of by-
products of distillation operation, and its viability in other industrial applications and how CFD can accurately
simulate complex drying processes and improve the advancement of food processing technology. Szpicer et
al. (2023) further reported the use of computational fluid dynamics model for microwave-assisted fluidized
bed drying of soybean. The model was able to evaluate and accurately predict the drying process. Fachruddin
et al. (2021) simulated coffee roasting machine. It was established that simulated temperatures were lower
than the validated values. However, consistent simulated patterns were displayed in temperature
distribution.

Researchers have designed and simulated various food roasters (Atere, et al., 2020; Ogunlade and
Sangosina, 2019; Chiang et al., 2017; Dash et al., 2019; Fachruddin et al., 2021; Kigozi et al., 2020), however, there
is scarcity of information on the simulation of a road-side maize roasting machine. Therefore, the objective of
this study was to use CFD approach to simulate the temperature distribution and air flow pattern of an
improved road-side maize roasting machine. The outcomes will lead to having a better understanding of the
major roasting parameters of the machine before its real-life fabrication for intended use.

2.0 Materials and Methods
2.1 Description of the machine

Figures 1(a) and 1(b) show the orthographic, and exploded views of the improved road-side maize
roasting machine. The major components of the machine are: structural frame made of mild steel (40 mm by
40mm), structural frame coverings made of stainless steel 304, pulleys (250 mm and 50mm), pillow bearings,
blower, solid shaft (20 mm), ash tray (260 mm by 285 mm), heat resistant rope (1295.04 mm), roasting frame
(352 mm by 374 mm), charcoal tray (255 mm by 280 mm), roasting mesh (260 mm by 280 mm) and holding
mesh (260 mm by 380 mm). The charcoal powered maize roasting machine was modelled in SolidWorks
Premium SP1.2 2025. Individual components were created in the part environment, and then assembled in
the Assembly environment of the CAD software.

The roasting mesh is situated 155 mm from the top of the roasting machine. Heat is generated in a charcoal
tray located 100 mm beneath the roasting tray. The charcoal tray was designed to hold the charcoal efficiently,
ensuring optimal combustion and heat transfer. An ash tray is positioned 177 mm directly beneath the
charcoal compartment to collect ash conveniently, and facilitate easy clean-up after operation. A holding
mesh, held by two rods of 400 mm length was designed to hold the maize after roasting. The insulating
material chosen to prevent heat loss was fibre glass. The manually operated centrifugal blower was for moving
heated air from the hot charcoal to the maize roasting mesh effectively. It is linked to two pulleys with a heat-
resistant rope to achieve 1:5 speed ratio. The big (driving) pulley is fixed to the structural frame with the solid
shaft and pillow bearing, while the small (driven) pulley is on the blower.

2.2 Working principle of the machine

The machine basically operates on the principle of convective heat transfer, under forced condition. The
mass, momentum, and energy conserved in fluid (heated air), as explained with Navier-Stoke equation
governed the working of the machine (Szpicer ef al., 2025). The heat generated by the combusting charcoal is
forcefully moved vertically (via manual rotation of the big pulley linked to the blower with the rope) to the
roasting mesh region, where the fresh maize cobs were arranged for roasting. This process also ensures faster
rate of combustion of the charcoal, and high rate of heat transfer as air from the blower moves through the
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burning charcoal. The speed ratio (1:5) of the two (2) pulleys ensures less stress and reduces drudgery
associated with the conventional method of road-side maize roasting operation. This means, one (1) complete
revolution of the big pulley will make the small pulley on the blower to turn five (5) complete revolutions
which gives the operator some time to rest and conserve energy, thereby reducing drudgery.
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Figure 1(a): Orthographic view of the improved road-side maize roasting machine
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Figure 1(b): Exploded view of the improved road-side maize roasting machine
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2.3 Model development

The machine (Figure 2) was modelled as a solid body, based on the assumption that the structural frame,
the inner and outer stainless steels coverings are a single body. The multi-layer housing assembly comprising
inner and outer stainless steel, fiberglass, and frame was modeled as a single geometric body to define the
fluid domain boundary. This is because the simulation focuses strictly on fluid-side thermodynamics;
consequently, the internal wall composition is decoupled from the flow solution, which is only required
within the inner stainless-steel layer. The level of initial mesh was set at 5. The fluid domain of the modelled
machine is as presented in Figure 3.

Figure 3: Fluid domain

Figure 4: Discretisation of the machine

2.4 Simulation process

The modelled machine was subjected to simulation with the use of 2% standard turbulence intensity and
0.003 m of turbulence length. A value of 2% is a common, conservative assumption for internal duct flow
which was applied here as a baseline in the absence of experimental fan data. The inlet turbulence length scale
was defined as 0.003 m (3 mm) to represent the characteristic length scale of the turbulent structures shed
from the trailing edge of the centrifugal fan blades and the volute tongue (cutoff) interaction. The simulation
was done to study the temperature distribution and air flow patterns within the roasting machine. The three
governing equations (Equations 1 - 3) that described Navier-Stokes equations (Odewole et al., 2017) were
solved iteratively (159 iterations) using the SolidWorks Premium Flow Simulation 2025 SP1.2 based on the
Finite Volume Method (FVM). To achieve accurate simulated results, the total cell count (27841), fluid cell
(27841), Solid cells (14651), and partial cells (9211) were derived from the discretization process and
subsequently used for analysis. The difference between the model and the experimental data was used to
judge the reliability of the models used for analyzing the phenomena occurring inside the roasting machine.
The initial conditions for the simulation are as presented in Table 1.

Continuity Equation:

ap an _
TP ax 0 D
Where p is the fluid density, t is the time, U is the fluid velocity vector component, and x is the spatial

coordinate
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Momentum Equation:
au; ay; oP Oty PE
—+plj—= ————+ — 2
Poc TP ek T Tox ax v @
Where p is the fluid density, t is the time, U is the fluid velocity vector component, x is the spatial
coordinate, P is the pressure, T is the viscous stress tensor component, V is the volume, and gis the

gravitational acceleration component

Energy Equation:
aT T ou, _#*T vy,

¢ —+pcU—=-P—+rA——1,— 3
P e T PuTige ax o ox, @)

Where p is the fluid density, t is the time, U is the fluid velocity vector component, x is the spatial
coordinate, P is the pressure, T is the viscous stress tensor component, A is the thermal conductivity, Cy

is the specific heat, and T is the temperature

Table 1: Initial and boundary conditions used for simulation

S/N Parameter Value

1 Initial temperature of charcoal bed 500 °C

2 Turbulence parameters Intensity (2 %) and Length (0.003 m)

3 Thermodynamic parameters Pressure (101325 Pa) and Temperature (30
OC)

4 Initial air temperature 30°0C

5 Fluid Air

6 Direction of flow Y axis

7 Inlet air velocity 0.95m/s

8 Level of refinement of mesh 5

9 Initial velocity Om/s

2.5 Validation of simulated model: thermal efficiency

The performance of the simulated model (roasting machine) was done after the fabrication of a prototype
version of the machine. The performance evaluation was carried out on the fabricated roasting machine to
evaluate its thermal efficiency. An Infrared thermometer (non-contact; -50 to 650 °C; Field of view - Distance
to target 12:1) was used to take the temperature readings. Fresh maize was roasted at an average temperature
of 143 °C for 9 mins, and the temperature readings were taken at the inner and outer surfaces of the roasting
machine and in all compartments (roasting, charcoal, and ash compartments). These temperature readings
were used to estimate the heat generated, and heat lost. Thermal efficiency was then determined based on the
empirical formula (Equation 4), useful heat absorbed, and total heat generated.

Thermal efficiency was calculated using equation 4 (Bora and Nakkeeran, 2014)

p = 2UPUE 0 100% (4)

input
Where Qinput is the inside temperature of the charcoal compartment, and Qoutput is the inside temperature of
the roasting compartment.

3.0 Results and Discussion
3.1 Trajectories of air flow for temperature and velocity

Figures 4 (a and b) illustrate the flow trajectories of air temperature and the flow trajectories of air velocity
inside the roasting chamber, respectively. These provide information about the behavior of the air from inlet
to outlet. Flow paths (with 1000 data points) were examined to identify some of the significant features of
flow. The movement of hot air upwards concentrates thermal energy in the space just above the bed. This
optimal flow creates a high-temperature zone in-between the charcoal bed and the roasting mesh. Maximum
air temperatures (30.04 - 500.07 °C) were observed to be located in-between the charcoal bed and the roasting
mesh. Maximum air velocities (0.190 - 1.487 m/s) were observed to be around the inlet region, in-between the
charcoal bed and roasting mesh, and at the sides close to the top of the solid model. The high air velocity at
the inlet could be related to the location of the blower, which contributed to the high air flux. The high
temperature between the charcoal bed and the roasting chamber region gave rise to expansion of the air
(higher kinetic energy), hence the air velocity increased. The air velocity shows that the material directly
placed on the roasting mesh receives the most intense and direct heat transfer due to surface contact. Odewole
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et al. (2017), in the simulation of hot air flow pattern in cabinet dryer, observed that temperature is highest at
the center of the dryer and velocity is maximum at the inlet region.
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3.2 Computational fluid dynamics for air temperature

In simulation of the roasting machine, dry air temperature inside the roasting chamber was estimated
from front plane cut plot of temperature profile by three cut plots; cut plots (a, b and c) at three offsets (1.5,
1.6 and 1.7 m) respectively. Figure 5 represents the temperature cut plots at 1.5 m (a), 1.6 m (b) and 1.7 m (c)
offsets. These figures illustrate that within the roasting machine, the area near the rear middle (cut plot at 1.6
m) had the lowest roasting temperature (about 30 °C), which contrasted sharply with the adjacent rear end
sections (1.5 m and 1.7 m) that recorded significantly higher temperatures (466 °C to about 500 °C). This
signifies a transfer of heat from the charcoal bed to the walls of the roasting chamber through conduction and
the reduced atmospheric air access to the walls. This results to the air at the walls being significantly hotter
than that at the center of the bed because of the convective heat transfer occurring between the walls and the
air near it. Additionally, as the charcoal heat the air, it becomes less dense and rises along the walls, since
temperature and density have an inverse correlation. Suryadi et al. (2024) analysed temperature distributions
along a roaster drum using computational fluid dynamics (CFD) and reported that the highest temperature
values are at edges of the drum. According to this simulation, the middle of the roasting chamber from above
goes through a significant decrease in the hot air temperature. This could be attributed to the ambient inflow
air charged to the chamber from its centre top. The maximum temperature achieved for the simulation is
506.15 °C while the minimum is 30 °C. The temperature of air at inlet is 30 - 40 °C. The average temperature
obtained from the simulation was considerably higher than the experimental roasting average temperature
(143 °C). However, the experimental value depicts the average temperature that gave the most preferred
roasting. Table 2 shows the temperature in the roasting mesh’s compartment is approximately 466 °C on an
average.
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Figure 5: Temperature Cut Plots at 1.5 m (a), 1.6 m (b) and 1.7 m (c) offsets
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Table 2: Temperature in the roasting chamber at different points
S/N Temperature (°C) at 1.5 m Temperature (°C) at 1.6 m Temperature (°C) at1.7 m

1 499.99 469.99 500.00

2 466.58 30.04 496.10

3 497.63 500.07 495.40

4 500.00 491.81 500.00

5 500.00 499.28 500.01
Average Temperature: Average Temperature: Average Temperature:
492.84+14.72 398.24+206.19 498.30+2.34

Overall Avg. Temperature: 463.13156.11

3.3 Computational fluid dynamics for air velocity

Figure 6 indicates the air flow velocity cut plots at 1.5 m (a), 1.6 m (b), and 1.7 m (c) in the roasting machine.
The velocity is high (0.190 - 1.487 m/s) as it enters the roasting machine and also as it approaches and enters
the charcoal bed. The velocity was maximum 1.040+0.22 and 1.079+0.19 m/s at the offset of 1.5 and 1.7 m,
respectively, and minimum at 1.6 m 0.767+£0.49 m/s in the roasting chamber. The observed increase in air
velocity at the rear boundaries is attributable to localized temperature elevations. As the air temperature rises,
its density decreases, inducing a buoyancy-driven updraft along the walls that accelerates flow in the rear
regions. Conversely, the reduced velocity in the central domain suggests the presence of a stagnation zone or
pressure gradient distinct from the peripheral flow. Consequently, this flow profile implies an accelerated
roasting at the rear and retarded roasting in the middle, assuming a uniform heat flux from the charcoal bed.
Johansson (2015) explains the upward velocity proffer along the wall of a spray roaster reactor is due to hot
air from burners rising in that region which is a result from the temperature distribution. The total average
velocity in the roasting mesh’s chamber was 0.962+0.17 m/s. The minimum velocity for the simulation is 0
m/s and the maximum is 1.806 m/s.
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Figure 6: Air flow velocity cut plots at 1.5 m (a), 1.6 m (b) and 1.7 m (c) offsets

Table 3: Average velocity in the roasting chamber at different points

S/N Velocity (m/s) at 1.5 m Velocity (m/s) at 1.6 m Velocity (m/s) at 1.7 m
1 1.349 1.487 1.251
2 0.908 0.190 1.284
3 1.133 0.971 1.072
4 0.772 0.563 0.846
5 1.040 0.624 0.942

Average Velocity: 1.040+0.22 Average Velocity: 0.767+0.49 Average Velocity: 1.079+0.19

Overall Average Velocity: 0.962+0.17

3.4 Thermal efficiency

The average efficiency of the simulated heat of the roasting chamber is noticeably higher than that of the
fabricated prototype as shown in Table 4. An average thermal efficiency of 93% was obtained for the simulated
machine. However, the thermal efficiency of the fabricated prototype of the machine was 66%. The seemingly
wide gap between the two thermal efficiencies might be due to the assumption of the use of a closed container
for the simulated machine (which will reduce heat loss), whereas, the fabricated prototype (real life version)
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of the machine is with open top. The open top allowed some appreciable quantity of heat to escape during
operation. This also explained that the simulated machine was assumed to be closed system with steady heat
supply, while the fabricated machine operated as an open system. This situation is however not abnormal in
roasting operation. Also, the absence of the maize cob in the simulation geometry led to an over-prediction of
convective airflow and heat transfer efficiency. In addition, the part of the heat supplied to the maize cub must
have been consumed due to water vapourisation (latent heat). The assumption of steady-state air supply in
the model contrasted with the intermittent "fanning" airflow during the experiment, leading to a reduction in
the effective heat transfer. The experimental heat source was non-constant due to charcoal degradation,
whereas the model assumed a fixed temperature boundary. Also, the experimental results utilized an average
temperature derived from all points, while the simulation analysis prioritized temperatures in the hotter
regions, thereby skewing the comparison. Consideration of variable heat supply, latent heat of vapourisation
in maize cob, and heat loss to the surrounding in the model would possibly correlate the model efficiency to
the experimental run.

Table 4: Estimated simulation efficiency and fabricated machine efficiency

S/N Simulation Efficiency Fabricated Machine
Efficiency
1 93 % 66 %

4.0 Practical Implications

Vivid conclusions of the research are presented in this section.

The CFD outcomes provided important guidelines for deign modification of the fabricated roasting
machine. From the simulation, a high temperature profile was observed close to the top of the machine. This
implies that the roasting mesh could be situated slightly close to the top where more uniform heating would
be established. Also, the position of the blower could be repositioned in such a way that there would be
elimination of stagnation point (regions where air velocity is low).

5.0 Conclusion

The roasting region of the simulated modelled machine performed best at the point 1.7 m cut plot. The
overall average temperature and overall average air velocity of the simulated machine are 463.13 °C and 0.962
m/s, respectively. The simulated model of the machine is 93% efficient and fabricated prototype of the
machine is 66% efficient. Hence, future modifications to enhance better thermal efficiency of the roasting
operation is required.

6.0 Limitations

The limitations identified in this study includes the exclusion of maize cobs, assumption of steady-state
heat transfer, closed-system operation in the model. Additionally, a mesh independence (grid sensitivity)
study was not conducted due to computational limitations. Despite these limitations, the computational fluid
dynamics identified the airflow trajectory and heat distribution in the roasting chamber, thereby providing
valuable engineering perception about machine performance and redesign.
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