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STRUCTURE OPTIMIZATION FOR COMPARTMENT DRYERS

Summary

Compartment dryers for fruits and vegetables involve problems including dead zones and
nonuniform drying. To address these problems, experimental and numerical analyses are
carried out in this study using an airflow control equation and the k-omega SST model to
optimize the structural parameters of the drying section in the compartment dryer. The dryer
was numerically simulated using Fluent software, and the dryer structural parameters (i.e.,
numbers of hot-air inlets and outlets, aperture size, and tilt angle) were optimized using
response surface analysis. Subsequently, the airflow distribution within the dryer was
determined by using Fluent software; the temperature nonuniformity coefficient (M;), the
velocity nonuniformity coefficient (A4y), the temperature deviation ratio (£7), and the velocity
deviation ratio (Ev) served as evaluation metrics for airflow uniformity in the dryer. The results
revealed that M;, M,, E., and E, decreased by 25.47%, 30.49%, 28.41%, and 14.74%,
respectively, enhancing the airflow uniformity in the dryer.
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1. Introduction

Compartment dryers are predominantly used for baking fruits and vegetables (e.g.,
mushrooms) in agricultural engineering. However, due to high energy consumption and
complicated heat and mass exchange processes, conventional compartment dryers used for
drying fruits and vegetables pose many challenges, such as the uneven distribution of heat fields
and the drying dead angle. These issues are usually related to weather conditions, specific
qualities of individual fruits and vegetables, the setting of equipment parameters, and the
complicated drying process [1, 2, 3]. In addition, the internal physical properties and chemical
compositions of fruits and vegetables will be changed during the drying process; such changes
are closely associated with heat and mass transfer dynamics. Generally speaking, dryers for
fruits and vegetables should meet the following two requirements: (i) the internal moisture from
fruits and vegetables needs to be removed effectively, and (ii) the nutritional content of the
fruits and vegetables needs to be preserved during drying [4]. Therefore, the shape design of
the dryer and the optimization of drying process parameters are crucial to the enhancement of
the drying performance of fruits and vegetables [5].
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In recent years, numerous scholars have used computational fluid dynamics (CFD)
models to study agricultural product dryers. The CFD models are cost-effective and efficient,
enabling the rapid derivation of speed, temperature, pressure, and other parameters across
various temporal and spatial distributions [6, 7]. This can help scholars study the patterns and
principles governing the movement of fluids within agricultural product dryers [ 8, 9, 10]. Yue
et al. studied the effect of different flow parameters on the airflow distribution inside the
multilayer mesh belt dryer by obtaining its velocity distribution through numerical simulation
and verifying it through experiments to get a better optimization scheme and solve problems
such as the uneven distribution of model airflow [11]. Zhang combined the CFD model with
experimental validation to investigate the effects of transporter position, airflow moisture, and
different feed thicknesses inside the dryer on the airflow uniformity on the dryer surface. It was
found that changing the structure produced a better air equalization effect [12, 13, 14]. In [15-
16], Huang D. et al. used Fluent software to study the effect of drying characteristics and the
quality of oil tea seeds through different key parameters, such as temperature, load density,
heating time, and the length of intermittent time. The studies have shown that when the flow
parameters are in line with the drying requirements, a better drying flow environment can be
provided, which contributes to material drying and energy savings. Li et al. used the LES model
for numerical simulation of the dryer and optimized its structure. When the velocity is 1.5 m/s
and the transverse and longitudinal ratios are small, the fluctuation of the heat flow field is
small, and the temperature uniformity reaches a certain degree of improvement [17]. Ye Zhang
et al. explored the application of multi-objective genetic algorithms in the design and
optimization of heat exchangers by considering five design variables, such as hot tube diameter,
transverse pitch, longitudinal pitch, cold flow velocity, and hot flow velocity, for simultaneous
optimization. The application of multi-objective optimization in CFD models was thus
demonstrated [18]. At present, the optimization of compartment dryers is focused on single-
factor optimization without considering the different dryer structures at the same time to
optimize the joint effect on the overall flow field uniformity of the dryer [19, 20, 21]. In the
studies dealing with the dryer flow field uniformity, there are still problems to be solved, such
as poor flow field uniformity, low drying efficiency, and uneven drying quality of the
impingement dryer.

This paper describes the chamber dryer and addresses the most widespread problems with
the current Chinese fruit and vegetable chamber dryer to provide uniformity and quality of
drying as a starting point. The analysis of the distribution of hot airflow throughout the drying
part of the dryer was done specifically using Fluent simulation software. Based on the
simulation results, the study identified optimization schemes for the number of air inlets and
outlets, aperture size, and tilt angle in the drying section. Additionally, temperature and velocity
deviation ratios, as well as temperature and velocity nonuniformity coefficients, were examined
using single-factor analysis and multi-objective optimization. An experimental platform was
established for validation, confirming that the optimized compartment dryer exhibited enhanced
drying efficiency. The simulation and experimental results can serve as a reference for the
structural optimization and design of compartment dryers.

2. Numerical Simulation

2.1 Establishment of a model

In this study, a three-dimensional (3D) model of a compartment dryer, whose structure is
shown in Figure 1, is established. The model was considered to have two air inlets and outlets
securely positioned at both ends, with multiple grid-drying racks assembled within the drying
section. Figure 2 shows the structure of two air inlets and outlets, and Fig. 3 shows the structure
of the grid drying rack and material. For efficient CFD processing and to meet the simulation
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requirements and speed up the software calculator, the 3D model was made simpler using
SolidWorks software. Ignoring the flow field simulation did not significantly affect the small,
complex geometric features. The simplified computational domain model includes the drying
chamber wall, air inlet, return air inlet, and porous media layer. The simplified model measured
10,100 mm in length, 3000 mm in width, and 2000 mm in height.
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Fig. 1 Structure diagram of the drying oven
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Fig. 2 Structure diagram of air inlets and outlets
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Fig. 3 Structure diagram of the drying rack and material
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2.2 Mathematical model

In the course of the study, the principles of mass conservation, energy conservation,
and momentum conservation are all satisfied by the flow state [22, 23, 24]. The continuum
equation embodies the law of conservation of mass in CFD, followed by the energy equation.
Considering the mushroom layer as a porous medium, numerical simulation of the
mushroom dryer drying box is carried out using Fluent software with the Semi-Implicit
Method for Pressure Linked Equations (SIMPLE) algorithm, and the finite volume method
is used to discretize governing equations [25, 26]. The k-omega SST model first proposed
by Menter F. R. has the advantages of wide applicability, high computational accuracy and
stability, which were obtained by experiments, and high computational efficiency [27, 28,
29]. In the drying process, the inlet wind speed of the drying box is Im/s and above, and
the Reynolds number is greater than or equal to 5.6x10% so the flow inside the drying
chamber is turbulent. The continuity equation and the momentum equation are shown in
Egs. (1) and (2), respectively.

Veu=0 (D

Vu+v<m0=—;?vp+v{@%+WKVu+Wmfﬂ+ﬁy @)

where u is the vector wind speed (m/s), pe is the density of hot air (kg/m?), p is the relative
pressure inside the drying oven, vy is the kinematic viscosity of hot air (m?/s), vris the turbulent
viscosity of hot air, and /' the momentum source term.

In the free-flow region, there is no additional resistance to the hot air, so the momentum
source term F in this region is zero. In the mushroom lay-flat region, since it is set as a porous
medium, the flow of hot air is affected by the resistance of the porous medium. According to
the Darcy-Forchheimer law, the resistance to flow within the porous medium is divided into
two parts: viscous resistance, which is proportional to the velocity of flow, and inertial
resistance, which is proportional to the square of the velocity of flow. Ergun's formula is used
to calculate the momentum source term F.

wo@—¢q+lwf50—¢)

F=—|v
2 3 3
£ d.o 2 d,o

u, 3)

where ¢ is porosity and deq is the equivalent diameter(m).

In the mushroom lay-flat region, the number of mushrooms on a drying rack is between
530 and 640, and the pores between the mushrooms are full of air, so this region is assumed to
be a porous medium, consisting of hot air and mushrooms. The mushrooms are assumed to be
solids, the hot air is an incompressible ideal gas, and the effect of gravity is not taken into
account due to the high velocity of the air flow, which is dominated by forced convection. [30,
31]. The specific values of the physical parameters are shown in Table 1 [32].
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Table 1 Physical parameters adopted in the model of material oven integration.

. . Mass fraction of water Density of 50 lid Density of liquid water
Initial mass fraction of o ) . substrate in .
vapour in incoming air in mushrooms
water vapour wo o mushrooms (kg/m?)
" ps/(kg/m?) PuItKE
0.007798 0.0345 1591 998
Density of air in Thermgl conductivity ofThermal .conduc‘u.V 1y Thermal conductivity
solid substrate of of liquid water in I
mushroom pores of air in mushroom
/(kg/m®) mushrooms mushrooms pores A/(W/(m-C))
Pe A/(W/(m-°C)) A/ (W/(m-°C)) ¢
1.007 0.1 0.59 0.026
Spemﬁ‘c heat capacity Spec1ﬁc heat capagty Speleﬁc he'at‘ Initial wet substrate
of solid substrate of of liquid water in capacity of air in
water content
mushrooms mushrooms mushroom pores Muol(kekg)
G/(V/(kg°C)) Gl (k) G/ (kg °C)) ke
1500 4182 1006 0.8856
Kinematic viscosity of Latent heat of Initial porosit Diffusion coefficient
air vz/(m/s?) evaporation £/(J/kg) p ye Dyal(m?/s)
1.778 2.26x%106 0.59 2.6x10
Initial volume | Initial volume fraction
Initial equivalent Initial interfacial area fraction of solid of liquid water in
diameter depo/m density Aio/(1/m) | substrate in shiitake | shiitake mushrooms
mushrooms ¢@so Pwo
0.0195 86.6 0.05 0.457

2.3 Analysis of heat flow field simulation results

Fig. 4 Dryer grid model diagram

The model and mesh were generated using ICEM 21.0 and checked using Richardson
extrapolation, indicating an asymptotic value of 0.9704, which is within the range of
convergence. The meshing model of the dryer is shown in Fig. 4. Internal air for the steady state
viscous flow in the fruit and vegetable compartment dryer is approximated as an incompressible
ideal gas because of the low flow rate and minimal density change. The maximum drying
temperature of a compartment dryer is generally 55 °C. The direction of the incoming air is
typically perpendicular to the inlet boundary and is uniformly distributed. The temperature for
each inlet can be adjusted according to the requirements of the drying process for the material.
In this study, the velocity at the inlet boundary condition was set to 8 m/s, and the temperature
was set to 55 °C (328.15 K).
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The outlet conditions were set as follows: outlet pressure, 0 Pa; wall thickness, 2 mm; and
return flow, no flow. Figure 5 shows cloud diagrams of the hot air temperature and velocity
distributions at the following cross-sections of the dryer: X = 2020 mm, X = 4040 mm,
X = 6060 mm, and X = 8080 mm. This figure shows notable differences in temperature and
velocity across the various cross-sections.

Temperature Velocity
3.259e+02 8.150e+00
'+ 3.240e+02 7.568e+00
3.222e+02 6.986e+00 @ B
3.203e+02 6.404e+00
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3.111e+02 3.493e+00
| 3.092e+02 2.911e+00
3.074e+02 2.329e+00
| 3.0550+02 1.747+00 &
3.037e+02 1.164e+00
3.018e+02 5.822e-01
3.000e+02 0.000e+00
K] [m s”-1]
X=6060mm X=8080mm X=6060mm X=8080mm
(a) X-axis temperature field distribution (b) X-axis velocity field distribution

Fig. 5 Model simulation results

Specifically, in the horizontal cross-sectional direction, airflow velocities were relatively
low both above and below the position of the air inlet, as shown in Fig. 5(a). However, the
temperature of the hot air was elevated near the air inlet. As the hot air progressed, it expanded
predominantly above the drying section. Notably, a low-velocity zone was observed at the
corners of the drying section, effectively creating a dead zone; this resulted in a nonuniform
velocity distribution. The constraints posed by the positioning of the air inlet and outlet and the
quality of the material could hinder the flow of hot air in specific regions, potentially
compromising drying quality. As shown in Fig. 5(b), the temperature and airflow velocity were
relatively high in the middle region of the drying section. A possible explanation for this
phenomenon is that the presence of the grille drying rack impeded the vertical circulation of the
heat flow, and the level of circulation between the grilles was inadequate, causing certain
sections of the grille drying rack to experience either excessively high or low temperatures and
airflow velocities. In this study, considerable variations in temperature and airflow velocity
across each cross-section were also noted. The distribution of hot air throughout the circulation
area was not uniform, resulting in considerable nonuniformity in both temperature and airflow
velocity distributions.

3. Analysis and Discussion of Results

To clearly determine the pressure and the distributions of temperature and air velocity
within the drying section of the compartment dryer, the following metrics were used in this
study: the temperature nonuniformity coefficient M, the velocity nonuniformity coefficient M.,
the temperature deviation ratio £, and the velocity deviation ratio Ev. These metrics were used
to quantitatively assess the uniformity of temperature and air velocity within the drying section
[33]. Notably, lower values of M:, M., E:, and E\ typically indicate superior drying uniformity
within the drying section.

lZ(Z‘i _;0)2
M= "= x100%

= = “4)
t

a
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E =2 "x100% (6)
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E =22 100% (7)
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In the equations listed above, 7, and V. represent the temperature and the airflow
velocity at the ith monitoring point, respectively; a and b represent the average temperature and

the airflow velocity, respectively; fou and Vo represent the average temperature and the
airflow velocity at the outlet, respectively; and » represents the number of monitoring points
(i.e., the number of monitoring points in the plane of the simulation model or the drying section
of the compartment dryer). In this study, a total of 24 monitoring points were considered at each
of the following cross sections (Fig. 6): Y = 500 mm, Y = 1000 mm, Y = 1500 mm,
Y =2000 mm, and Y = 2500 mm.

1550 . 100Q 100

3

L

2000

=

10100

Fig. 6 Distribution of cross-section monitoring points in the drying section

3.1 Single-factor analysis for the compartment dryer

A single-factor analysis was performed in this study to determine the optimal number of
air inlets and outlets in the drying section of the compartment dryer to mitigate the inconsistent
air distribution in the drying section. Specifically, optimizing the number of air inlets and outlets
could address the problem of uneven airflow distribution in the drying section of the
compartment dryer, particularly above and below the air inlet, and the considerable disparities
in the airflow velocity across each layer. In the optimization process, several air intake and air
outlet numbers are considered, with the number of design schemes for both being 1, 3, 4, 5, 6,
7, 8, and 9. In addition, the grille aperture size was also optimized to address the uneven
circulation of hot air within the grille and the rapid reduction in temperature and airflow velocity
as the hot air advances. This optimization could enable the hot air to circulate vertically through
the bottom aperture of the grille, ameliorating airflow inconsistencies near the grille. The
original aperture of the grille frame had a size of 15 % 15 mm; however, the following aperture
sizes were analysed in this study: 11 x 11, 12 x 12, 13 x 13,14 x 14,16 x 16, 17 x 17, 18 x 18,
and 19 x 19 mm. Finally, to address the problem of uneven drying within the compartment
dryer, the tilt angle of the grille was optimized to ensure that the airflow of the heat source was
more uniformly distributed. The following tilt angles were considered in this study: 1°, 2°, 3°,
4°,5°,6°, 7°, and 8°. The number of air intakes, the number of air vents, the aperture size, and
the tilt angle are denoted by P1, P2, P3, and P4, respectively, and the output parameters of the
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project are M, M, E:, and Ev, which are denoted by PS5, P6, P7, and P8, respectively. The
optimization analyses were conducted using Fluent software, and each group of simulations
was carried out three times. The results are averaged and shown in Fig. 7.
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Fig. 7 Analysis of the results of different design options

The results shown in Fig. 7(a) indicated that the optimal schemes for determining the
appropriate number of air inlets were the numbers 6, 7, and 8 (denoted as al, a2, and a3,
respectively). Similarly, Fig. 7(b) shows that the optimal schemes for determining the
appropriate number of air outlets were the numbers 6, 7, and 8 (denoted as bl, b2, and b3,
respectively). Figure 7(c) shows that the optimal schemes for pore size were obtained for sizes
of 17 x 17, 18 x 18, and 19 x 19 mm. The associated M;, M., E:, and E\ values were reduced by
6.2%, 8.07%, and 7.93%; 7.26%, 14.65%, and 10.65%; 37.99%, 45.71%, and 47.1%; and
19.67%, 22.96%, and 20.46%, respectively, when compared to the original modelling scenario.
From Fig. 7(d), one can see that the uniformity of the flow field distribution is relatively better
at tilt angles of 0°, 1°, and 2°, which are the relatively optimal parameters.

Considering the optimal numbers of air inlets and outlets, nine simulation schemes were
designed in this study. These were modelled and input into Fluent software for fluid simulation
analysis, and the results are shown in Fig. 8. Schemes albl, alb2, and alb3 exhibited the
greatest reductions in M, in the drying section, with reductions of 19.18%, 19.07%, and 19.97%,
respectively, compared to the original model. With small fluctuation intervals of the error bars

and few outliers, the data have strong stability, and programs albl, alb2, and alb3 have the
largest reduction in M, in the drying section.
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Fig. 8 Optimization results of the number of air inlets and outlets

3.2 Multi-objective optimization of the compartment dryer

According to the preceding simulation results, the number of air inlets and outlets, the
aperture size, and the tilt angle of the grille significantly influenced the turbulence distribution
within the dryer. Therefore, an orthogonal simulation experiment was used in this study,
selecting the number of air outlets (A), the aperture size (B), and the grille tilt angle (C) as the

three primary factors for analysis. The parameters for these factors across three levels are
presented in Table 2.

Table 2 Orthogonal test factor level table

Horizontal Factor
factors P2-Number of air vents | P3-Pore size (mm) P4-Tilt angle (°)
1 6 17 0
2 7 18 1
3 8 19 2

According to the orthogonal test principle, the most representative parameter groups
should be selected to determine the factors and specific parameters for the orthogonal test. The
input variables are adjusted to an appropriate status for the purpose of optimizing the responses
to their ideal position [34]. Thus, the orthogonal simulation experiment is carried out in this
study to examine the flow field in the compartment dryer; the three factors across three levels
are considered. The parameters for this experiment were inputted into Design-Expert 8.0.6.1,
and 13 distinct orthogonal test point groups were obtained. These were subsequently introduced
into the corresponding M:, M., E:, and Ev models. The Box-Behnken response surface analysis
method was applied to the key parameters, yielding a regression model with a P value of <0.01.
Misfitting terms are all greater than 0.5, indicating that M;, M., E:, and E\v were highly significant
for the regression model and non-significant for the misfit term. Simulations were conducted
on the initial data, and the results were visualized graphically. The results indicated that the
drying of fruits and vegetables primarily relies on the airflow velocity of the thermofluid within
the drying section to elevate the temperature of the produce and evaporate its moisture. Among
the variables studied, M, had the most significant impact on the drying process. A two-by-two

analysis was conducted to determine the effects of the numbers of air inlets and outlets, tilt
angle, and aperture size on M,.
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Taking the increase in M, as the corresponding index, the corresponding surface variation of
the interaction between the number of air outlets, the pore size, and the tilt angle is shown in
Fig. 9, and the input parameter of each non-participating response surface is the initial value of
the dryer.

L 33.80
3297
3213
31.30
30.46
29.63
2880 72 ‘ 28.80
27.96 & 27.96
27.13
26.29
25.46

(2) Mv vs. P2 and P3 i)

P3 and P4 (c) Mv vs. P2 and P4
Fig. 9 Analysis of M, - corresponding surface results

Figure 9(a) shows the response surface of M, when the number of air outlets and the
pore size work together. When the number of air outlets is between 6 and 8, M, decreases
and then increases with the increase in pore size; when the pore size is between 17 and 19
mm, M, decreases and then increases with the increase in the number of air outlets. The
minimum response value reached by M, is 25.71% when P2 = 7 and P3 = 18.58 mm. Figure
9(b) shows the M, response surface for the combined effect of pore size and tilt angle. When
the pore size is between 17 and 19 mm, M, decreases and then increases with the tilt angle;
when the tilt angle is between 0 and 2°, M, decreases and then increases with the pore size.
The minimum response value reached by M, is 24.82% when P3 = 18.32 mm and P4 = 1.37°.
Figure 9(c) shows the M, response surface for the combined effect of the number of air
outlets and the tilt angle. Between 6 and 8, M, decreases and then increases with the increase
in the tilt angle; between 0 and 2°, M, decreases and then increases with the increase in the
number of air outlets. The minimum response value reached by M, is 25.66% when P2 =7
and P4 =1.37°.

After the response surface analysis, a fit test was done to ascertain the accuracy of
response surface analysis-based predictions and compare them with experimental values. The
fit test datas must be normalized owing to varying M;, M., E:, and E, ranges. Take the
normalized velocity nonuniformity coefficient as an example:

M,-M

vmin 8
VAR (8)

vmax vmin

Normalization =

In Figure 10, the horizontal axis represents normalized design point observations, and the
vertical axis represents the normalized predicted values from the response surface analysis. The
design points in the figure indicate the ratio of predicted to observed values at those points. The
discrete points in the figure represent the ratio between the predicted response surface value
and the observed value at the design point: the closer the discrete points are to the diagonal line,
the better the predicted response surface point fits the test point. As shown in Fig. 10, the
response surface analysis-based predictions for the four output parameters aligned closely with
the diagonal demonstrate the accuracy of the simulation.
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Fig. 10 Fitting degree of output parameters

A sensitivity analysis is carried out to further validate each model and examine the
contribution of an input variable to the output for each case in the training data [35]. Local
sensitivity reflects the degree of the relationship between output and input parameters. A higher
local sensitivity level indicates a stronger relationship between input and output parameters [36,
37, 38]. Take the sensitivity of the velocity nonuniformity coefficient as an example:

M M.
Sensitivity = % )

vave

A local sensitivity analysis was carried out in this study, and the results obtained for each
input parameter are shown in Fig. 11. As shown in this figure, p1 had the greatest effect on M,
and p2 had the greatest effect on M;, M, E:, and E\,. Simulation was done to determine the
optimal values.
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Fig. 11 Local sensitivity of output parameters

The Design-Expert model was used to identify the optimal parameter combination that
resulted in the largest reduction in the velocity nonuniformity coefficient. The model showed
that the following combination resulted in the largest reduction in the velocity nonuniformity
coefficient: number of air outlets, 7; aperture size, 18.25 x 18.25 mm; and tilt angle, 1.16°.
When this combination was used, the values for M; M,, E:;, and E, were 16.43%, 24.56%,
19.29%, and 14.65%, respectively. To validate the reliability of these results, the optimization
results were remodelled, the mesh was partitioned, and parameters were computed. The derived
temperature and velocity nonuniformity coefficients and temperature and velocity deviation
ratios were compared with Fluent validation results. The validation results for M;, M., E:, and
E, were 16.78%, 24.74%, 19.74%, and 15.46%, respectively, with the corresponding errors
being 2.13%, 0.73%, 2.33%, and 5.23%; the maximum error was 5.23%. These results
confirmed the accuracy of the response surface analysis.
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Figure 12 shows cloud diagrams of the temperature and airflow velocity distributions
obtained for the optimized compartment dryer at the following cross sections: X = 2020 mm,
X =4040 mm, X = 6060 mm, and X = 8080 mm. According to this figure, the original model of
the dryer exhibited substantial variations in airflow velocity in the horizontal direction of the
compartment dryer. The distribution of airflow velocity in the drying section was not uniform.
However, the optimization of the structural parameters of the compartment dryer, particularly the
number of air inlets and outlets, substantially enhanced the uniformity of the airflow velocity
within the compartment dryer. Altering the aperture size facilitated the more complete circulation
of the hot air in and out of the grille, substantially improving the airflow velocity uniformity.
Adjusting the tilt angle of the grille ensured comprehensive contact between the materials on the
grille and the hot air. Under this optimized drying condition, M;, M, E:, and Ev were reduced from
42.25%, 55.23%, 48.15%, and 30.2% to 16.78%, 24.74%, 19.74%, and 15.46%, respectively.

Temperature Velocity
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Fig. 12 Model simulation results

3.3 Test of a physical model of the compartment dryer

Because of experimental limitations, in this study, a physical model of the compartment
dryer was established at a scale 10 times smaller than that of the 3D simulation model. The
physical model was tested using the following equipment: a compartment dryer, a centrifugal
fan, a Sigma AR866 airflow velocity tester, mushrooms, and a power supply line. A detailed
setup is shown in Fig. 13.

Fig. 13 Test site photo

The inlet airflow velocity is a crucial parameter for systematic testing. A test to determine
the effect of varying airflow velocities on the performance of the dryer was done; the focus was
on the maintenance of fan stability. The centrifugal fan used in the test had 10 distinct settings.
For each setting, the airflow velocity was measured 10 times at 10-second intervals. The
average of the measurement results was taken as the representative airflow velocity for that
particular setting. As shown in Fig. 14, a linear relationship between fan frequency and airflow
velocity magnitude was observed.
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Fig. 14 Test of the wind speed control performance stability

Owing to the structural constraints of the testing platform, the airflow velocity values for
two cross sections (i.e., Y = 1000 mm and Y = 2000 mm, as described in Section 2.1), were
proportionally scaled down by a factor of 10 for the test. For this test, settings 2, 4, 6, and 8 of
the centrifugal fans were chosen as test conditions. An airflow velocity fitting curve was plotted,
and the curve was used to calculate the average airflow velocities for the selected conditions;
specifically, the average airflow velocities for settings 2, 4, 6, and 8 were 0.41, 0.81, 1.27, and
1.54 m/s, respectively. The corresponding experimental results are shown in Fig. 15.

Table 3 Comparison of test and simulation M, and E, errors

M, experimental| A, artificial FE, experimental| E,artificial
Fan gear | p o e M, error (%) | P o ' o |Everror (%)
value (%) value (%) value (%) value (%)
2 17.43 18.69 7.22 15.32 15.43 0.78
4 18.37 19.08 3.86 14.87 15.26 2.62
6 17.67 17.78 0.62 14.75 15.14 2.65
8 18.95 19.3 1.85 15.24 15.66 2.76
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Fig. 15 Comparison of wind speeds between test and simulation
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The primary objective of the experimental data processing was to derive optimized
structures for the compartment dryer and to juxtapose the numerical simulation results to
validate their accuracy. The data in Fig. 13 were analysed, yielding the results presented in
Table 3. The average discrepancy between the simulation and experimental values of M, under
the given dryer conditions was 3.39%, with the maximum divergence reaching 7.22%. The
average error between the simulation and experimental values of Ev was 2.19%, and the greatest
discrepancy was 2.76%. Notably, these errors were all within a 10% margin, satisfying typical
experimental tolerances. This reciprocity between the experimental and simulation results
aligns well with real-world scenarios, further corroborating the precision of the simulation
outcomes.

4. Conclusions

(1) In this model, the CFD method is employed to predict the airflow field of the
compartment dryer. The temperature nonuniformity coefficient, the velocity nonuniformity
coefficient, the temperature deviation ratio, and the velocity deviation ratio were used as
evaluation metrics for the optimization of the compartment dryer. The fluent-based numerical
simulations reveal that the optimized compartment dryer exhibited notably uniform temperature
and airflow velocity distributions in its drying section compared with the unoptimized one, and
the uniformity of airflow within the drying section was improved dramatically.

(2) Single-factor analysis results indicate that the optimization of the numbers of air inlets
and outlets, the aperture size, and the grille tilt angle resulted in substantial reductions in M,
M., Er, and Ey. Multi-objective optimization revealed the optimal design parameter combination:
numbers of air inlets and outlets, 6 and 7, respectively; aperture size, 18.25 x 18.25 mm; and
tilt angle, 1.16°. Compared with the initial structural parameters, the optimized parameters led
to 25.47%, 30.49%, 28.41%, and 14.74% reductions in M;, M,, E:, and E,, respectively.

(3) Additionally, a test platform and experimental testing were established, and tests were
done to corroborate the accuracy of the compartment dryer in numerical simulation, which
demonstrates that the average error for M, was 3.39% and that for E\, was 2.19%, which is in
agreement with the accuracy and reliability of the simulations obtained by comparing the
experimental values with the simulation ones.
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