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Development and Performance Validation of an Infrared-
Hot Air Combined Drying Test Bench for a Thin Layer of
Rice
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To enhance the uniformity and efficiency of rice drying, an infrared hot air
combined drying test bench was developed, and the air flow distribution
inside the pipeline was optimized to achieve efficient and uniform drying.
The pipeline structure was optimized by using computational fluid
dynamics simulation technology, with relative standard deviation (CV) and
uniformity index (Ul) as evaluation indicators. The airflow uniformity of the
optimized pipeline and the temperature uniformity of the drying chamber
were verified through experiments. The numerical simulation results
showed that after the structural optimization, the Ul of the pipeline outlet
was increased from 92.27% to 97.23%, and the CV was decreased from
22.34% to 14.62%. Experimental verification shows that the wind speed
uniformity index of the optimized pipe section is 97.67%, which is in good
agreement with the simulated value (the relative error of the average
speed is 1.50%), and the temperature change in the drying chamber is
stable within £2.5%. Further drying performance tests were conducted on
two types of rice. Under the conditions of a hot air temperature of 45°C, a
wind speed of 3 m/s, and a thin layer thickness of 20 mm, the performance
of infrared hot air combined drying and hot air drying was compared. The
performance test results show that the infrared hot air combined drying
only takes 120 minutes, which is 18.75% shorter than the single hot air
drying time, and still maintains a relatively high drying rate during the
deceleration and dehydration stage. Improving the uniformity of air flow
distribution can significantly enhance the uniformity of drying. Infrared hot
air combined drying has good application potential in terms of improving
efficiency and energy conservation.
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INTRODUCTION

Since the implementation of the 14" Five-Year Plan, China’s annual rice output has
consistently surpassed 200 million metric tons. This sustained production level plays a
critical role in safeguarding national food security and supporting steady economic
development (Chen et al. 2024; Liu et al. 2024).

In the agricultural sector, the post-harvest drying process of grains consumes a high
proportion of energy and has a low utilization efficiency. Its energy consumption accounts
for approximately 10% to 15% of the total industrial energy consumption, while the
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efficiency is only 10% to 20% (Hu 2006). To address this challenge, the adoption of multi-
coupling drying technology - that is, combining different drying methods in parallel or
series - has become an important research direction for improving the drying efficiency of
high-moisture grains and reducing energy consumption.

In recent years, infrared-hot air combined drying technology has matured
significantly and been widely applied in drying research for various materials (Chen et al.
2024; Dai et al. 2024). Infrared radiation and hot air synergistic drying: Infrared radiation
penetrates the interior of the material in the form of electromagnetic waves, directly heating
water molecules to generate bulk heat, driving the internal moisture to migrate outward.
The hot air, on the other hand, efficiently removes the vaporized moisture from the surface
of the material through convection and continuously supplies hot air. The combination of
the two not only overcomes the shortcoming of slow surface moisture discharge in single
infrared drying, but also solves the efficiency bottleneck caused by external overheating
and slow internal heat transfer in single hot air drying, thereby greatly improving the drying
efficiency and reducing energy consumption. (Geng et al. 2024; Nuthong et al. 2024; Wang
et al. 2024). Wu et al. (2020) found through experiments that infrared-hot air combined
drying reduced drying time by 16.7% compared to hot air drying alone. Other researchers
(Dai et al. 2013) have investigated the interaction factors and optimized process parameters
for combined infrared and convective drying. Jeevarathinam (2025), studying ginger slice
drying, observed that the majority of moisture evaporation in Sichuan pepper occurs during
the falling rate period. Xue et al. (2023), investigated a thin-layer far-infrared hot air
combined drying of Sichuan pepper and designed a tray-type combined hot air and infrared
dryer to analyze changes in material color and moisture content during drying. Zhang et al.
(2019) demonstrated that infrared-assisted hot air drying better preserves curcumin, oils,
and starch in turmeric. However, in the different drying stages of the combined drying
process, the primary and secondary influencing factors of the two heat sources on the
precipitation rate remain unclear. This paper studied the drying characteristic curves of
short-grain Hongfa 17 japonica rice and long-grain Longqing 12 japonica rice to explore
how the correct matching of infrared and hot air is more conducive to the drying efficiency
of rice.

Rice, as a heat-sensitive material, requires precise control during its drying process.
If the drying is insufficient, the moisture content of the grains will be too high, and they
are very likely to mold during storage. This not only leads to the loss of nutrients but also
breeds harmful substances such as aflatoxin, posing a food safety risk. Conversely, if the
rice is overly dried, the intense thermal effect and moisture gradient will cause the grains
to crack or even burst, directly leading to a decrease in the proportion of whole polished
rice, damaging the edible quality of the rice, and thus seriously damaging its nutritional
and economic value.

Drying uniformity is a key performance indicator for drying equipment and
processes. Improving airflow distribution can effectively enhance the drying characteristics
of materials. Numerous studies (Li et al. 2013; Cui et al. 2015) have focused on structural
optimization of airflow distribution, primarily targeting the air distribution chamber as a
critical component. Jiang et al. (2022) optimized the air distribution chamber using
computational fluid dynamics (CFD) simulations, achieving air velocity and temperature
deviations within +3%. Dai et al. (2013) conducted numerical simulations on the chamber
of a gas-jet dryer, employing a flat-plate spoiler model to address airflow non-uniformity.
Li et al. (2018) identified the cavity thickness of the distribution chamber as a key factor
influencing airflow uniformity.
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To mitigate the impact of vortices on flow field uniformity caused by 90-degree
bends, a gradually converging pipe (tapered tube) design was adopted for optimization. Liu
et al. (2005) performed finite element analysis on the transition section of tapered tubes,
finding that the diameter transition ratio (transition arc radius) significantly affects flow
rate. Cui et al. (2015) simulated flow patterns in straight and tapered pipes using CFD,
demonstrating that tapered tubes exhibit a more pronounced entrainment effect than
straight pipes.

To explore the drying characteristics of rice under the combined effect of infrared
radiation and hot air and the primary and secondary influencing factors, considering the
experimental requirements such as temperature and wind speed uniformity, an infrared hot
air combined drying device was designed, and the problem of uneven air flow was solved
to improve the drying uniformity. This study aims to address the issue of uniform heating
and drying of materials within the drying oven by optimizing the airflow distribution in the
upstream pipeline. For the problem of curve diversion, the ventilation duct of the test bench
was optimized by gradually reducing the diameter of the duct. The optimization parameters
of the duct were determined through numerical calculation simulation, and experiments
were carried out to verify the uniformity of the air velocity at the air inlet of the drying
chamber and the uniformity of the temperature inside the drying chamber. Short-grain
Hongfa 17 japonica rice and long-grain Longqing 12 japonica rice of different shapes were
selected as the test objects. The rice was laid flat on a screen with a thickness of 20 mm,
and three-layer 20 mm hot air drying and single-layer 20 mm infrared hot air combined
drying experiments were conducted respectively to verify the performance of the entire
machine.

EXPERIMENTAL

Overall Structure

The structural schematic diagram of the infrared hot air combined drying test bench
is shown in Fig. 1, and it includes four parts: the infrared hot air combined drying module,
the automatic weighing module, the material support system and the information collection
module.

"B m——a—

(b)

Fig. 1. (a) Diagram of infrared combined hot air drying test platform and (b) photo of infrared and
thermal convection combined drying device. 1. centrifugal fan, 2. uniform air pipe, 3. heating pipe,
4. control box 5. 90° curve 6. shrinking tube 7. drying box 8. exhaust valve 9. screw rod 10.
material pallet support 11. fixed support 12. lifting eye 13. infrared radiation heating pipe 14.
material tray

Liu et al. (2026). “Infrared/hot air drying of rice,” BioResources 21(1), 2330-2350. 2332



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Working Principle

The screened rice samples were evenly spread on the material trays. The rice was
dried through the combined action of far-infrared radiation emitted by carbon fiber infrared
heating tubes positioned above the trays and hot air supplied from the bottom of the drying
chamber. Heat was transferred to the rice grains via thermal conduction from both the
infrared radiation and the hot air. This drives internal moisture diffusion towards the grain
surface. Simultaneously, surface moisture was heated and vaporized into water vapor,
which was then removed from the drying chamber by the airflow. An acquisition module
collected data via sensors, including infrared heating tube temperature, thin-layer rice
temperature, drying chamber air velocity, and humidity. This data was transmitted to a PLC
(Programmable Logic Controller). The PLC employed a PID (Proportional-Integral-
Derivative) control algorithm to regulate the power supplied to both the electric heating
elements (for hot air generation) and the carbon fiber infrared heating tubes. The acquired
data were also sent to an HMI (Human-Machine Interface) for real-time display and
monitoring. An automatic weighing module continuously monitored the weight change of
the samples during drying, providing an indirect determination of material moisture
content. When the load cell detected that the weight had reached the pre-set termination
value, the PLC automatically deactivated the infrared heating tubes and the air blower,
stopping the drying process.
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Fig. 2. Schematic diagram of the working principle of the test bench

Pipeline Design Optimization and Numerical Simulation

The CFD simulation of this stage aimed to optimize the air supply duct in front of
the drying oven to ensure that the airflow entering the drying oven was uniform. A further
goal was to solve the problem of uniform heating of the thin layer of rice inside the drying
oven. The simulation at this time did not include the rice bed layer. A large number of
studies have shown that the air distribution chamber is a key component of hot air drying
equipment and also the primary factor to be considered when designing new types of dryers.
Different design methods should be adopted for different dryer structures to conduct
relevant structural and technical parameter research.

The three fundamental equations of fluid mechanics are the energy conservation
equation, the momentum conservation equation, and the continuity equation. Given that
the Reynolds number exceeded 2300, a turbulent flow model was selected for simulation.
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Among the commonly used turbulence models in Fluent simulations are the Standard k-¢
model, RNG k-e¢ model, Realizable k-¢ model, and the k-® model. The Realizable k-¢
model was chosen for this study due to its ability to ensure reliable accuracy within the
core turbulent flow region of pipes and provide reasonably accurate predictions of pressure
loss, mean velocity distribution, and overall flow characteristics. The governing equations
for the adopted Realizable k-¢ turbulence model are listed below.

Continuity equation:

V-u=0 (1

Momentum Equation:

%+u-Vu=—pr+,uV2u ()
Turbulence model equation (k-equation):

g(pk)+V(puk) =V({I',\Vk)+G, -7, (3)
Turbulence Model Equations (e Equations):

£ (pe)+ V(pue) = V(I V,)+G, - ¥, @

In these equations, u is the fluid velocity vector (m/s), p is the fluid density (kg/m?), p is
the static pressure (Pa), u is the effective dynamic viscosity (Pa-s), k is the turbulent
kinetic energy (m?%s?), I'r is the effective diffusivity for k, Gy is the generation term of
turbulent kinetic energy, Yy is the dissipation term of turbulent kinetic energy, € is the
turbulent dissipation rate (m?/s®), I is the effective diffusivity for ¢, G, is the generation
term of ¢, and Y, is the dissipation term of «.

Boundary Conditions

The fluid medium within the pipe was air, modeled as an incompressible fluid. The
inlet of the bent pipe was defined as a velocity inlet boundary condition, with an inlet air
velocity set to 5 m/s. The backflow turbulent intensity was specified as 3.78%, and the
hydraulic diameter was 0.3 m. The outlet of the bend was defined as a pressure outlet
boundary condition, with the gauge pressure set to 0 Pa. Suppose the pipe wall is defined
as an adiabatic non-slip wall boundary. The solver was set to the discrete format of the
second-order upwind format, and the simple algorithm based on the pressure-velocity
coupling was applied. The residual accuracy was set to 10 for numerical simulation. The
turbulence calculation adopts the k-epsilon equation model of the standard wall, which
closes the Reynolds mean N-S equation system by solving the turbulent kinetic energy and
its dissipation rate transport equation. The turbulent intensity was calculated using the
following formula:

[=0.16(Re)™"® (5)

where [ is the reflux turbulence intensity, and Re is the Reynolds number.
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Grid Independence Verification

To determine the appropriate number of grids, the variation of the average velocity
of the pipe outlet section under different grid numbers was monitored, and grid
independence verification was conducted. The results are shown in Fig. 2. This paper
analyzed the variation law of the velocity field parameters of the characteristic section at
the exit of a curve with grid densification by constructing eight different scales of grid
numbers (175,700, 359,700, 520,900, 793,500, 1,090,500, 1,290,400, 1,530,600, and
1,652,200). Based on a comprehensive consideration of calculation accuracy and efficiency,
the minimum grid size was set at 0.5 mm and the maximum at 4 mm. The total number of
grids was approximately 1.0905 million.
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Fig. 3. Grid independence verification

Evaluation Indicators

The coefficient of variation (CV) and the uniformity index (UI) were employed to
analyze the air velocity uniformity at the pipe outlet cross-section.

The UI serves as an evaluation criterion for quantifying the velocity uniformity
within a flow field. This metric provides a precise characterization of the uniformity
characteristics in the fluid velocity distribution across the flow cross-section. Furthermore,
it demonstrates good comparability across varying operating conditions (Li et al. 2013).
The UI was calculated as follows,

y =1 LZ(V__VY (6)
Y 2n 43 v
where y, is the uniformity index, which takes the value [0,1]. The higher the value, the
better the flow uniformity. The variable vj is the velocity of the velocity measurement point
and v is the uniform velocity of the measurement plane, unit: m/s, v is the average velocity,
unit: m/s.
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The CV quantifies the degree of dispersion around the mean value, while serving
as a quantitative indicator for comparing enhancement levels in flow field uniformity (Tao
et al. 2010; Fan et al. 2020). The CV was calculated as follows,

CvV=S/v (7)

n

s =\/L12(v,. -v) ®)

-5

where CV is the relative standard deviation, S is the standard deviation, and ¥ is the average
velocity.

Pipeline Structure Optimization
Flow field analysis of the original structure

As shown in Fig. 4, under the effect of the 90° bend, the airflow direction underwent
a drastic change, generating obvious wall separation on the inner side of the pipe and
forming vortices, which intensified the stability of the flow velocity at the outlet section.
There was a significant difference in wind speed between the inner and outer sides of the
outlet section, with a relative standard deviation of 22.34% and a homogeneity index of
92.27%. The airflow on the outer side showed a wall-hugging movement, while there was
a distinct diversion on the inner side of the curve. When the fluid passed through the curve,
the fluid pressure on the outer side of the curve pipe increased due to the effect of
centrifugal force. This unevenly distributed pressure caused the fluid to shift (Liu et al.
2005).
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Fig. 4. Original pipeline flow velocity trajectory diagram

Optimized Post-structural Analysis

To mitigate the non-uniform flow distribution induced by pipe bends, a gradually
converging section (tapered pipe) was implemented. This design enhances outlet air
velocity and increases inertial effects, thereby suppressing local flow disturbances.
However, excessive flow velocity must be avoided to minimize energy losses associated
with elevated frictional resistance. The flow characteristics within tapered pipes are
primarily governed by the diameter ratio (41/42), contraction length (H), and transition
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geometry (Fan 2020). Research by Fan (2020) demonstrates that the optimal contraction
angle for a straight-to-tapered pipe transition is 60°. At this angle, fluctuations in inlet
velocity within the design range exhibit negligible impact on the local loss coefficient.
Therefore, numerical simulations were conducted to evaluate flow uniformity at the outlet
cross-section. This assessment utilized the coefficient of variation (CV) and uniformity
index (UI) across varying contraction lengths (H) (50, 100, 125, 150, 175, 200, or 250 mm)
and diameter ratios (Ai/A2) (1.2, 1.5, or 2.0). A schematic diagram of the tapered pipe
configuration is shown in Fig. 5.
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Fig. 5. Schematic diagram of tapered duct structure and computational mesh generation. (a) Pipe
dimension drawing, (b) model meshing diagram

Velocity and pressure contours (Fig. 6) for the tapered pipe configuration with a
contraction length (H) of 200 mm and a diameter ratio (41/42) of 1.5 demonstrated that the
gradual contraction positively influences the hydrodynamic characteristics. It effectively
mitigates flow separation and vortex formation, thereby enhancing flow uniformity. At the
pipe outlet, the mean air velocity reached 11.26 m/s, with a uniformity index (UI) of 97.23%
and a coefficient of variation (CV) of 14.62%. These metrics indicate significantly
improved uniformity in both velocity and pressure distribution at the outlet.

Fluid passing through the 90° bend exhibited relatively minor fluctuations in
velocity and static pressure, maintaining stable flow conditions. However, upon entering
the tapered section, the velocity displayed a distinct vertical gradient increase, while static
pressure demonstrated a graded decrease. This pressure-velocity trade-off resulted in
localized energy losses, primarily governed by the transition profile geometry. At the
tapered section outlet, velocity peaked at 12.9 m/s and static pressure dropped to its
minimum of -30.1 Pa, highlighting the section’s pronounced effect on modulating fluid
kinetic and pressure energy. Subsequently, as flow progressed through the straight pipe
section, velocity stabilized while static pressure gradually recovered, increasing to 1.9 Pa.
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Fig. 6. Optimized tapering pipe (a) velocity contour and (b) pressure contour
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Relationship Between Diameter Ratio and Outlet Flow Uniformity

At a constant inlet velocity of 5 m/s, the configuration with a diameter ratio (41/42)
of 1.5 demonstrated superior flow uniformity at the pipe outlet compared to a ratio of 1.2.
The Uniformity Index (UI) exhibited a marked increasing trend with contraction length (H)
over the 50 to 250 mm range, rising from an initial value of 95.90% to 97.33%.
Concurrently, the Coefficient of Variation (CV) decreased proportionally, forming
mutually reinforcing data trends.

For an diameter ratio of 1.2, the Ul remained within a tight range of 96.0% = 0. 3%.
Between 150 and 250 mm, the Ul profile approached horizontal asymptote behavior,
indicating minimal sensitivity to contraction length variation. At a diameter ratio of 2.0,
the CV stabilized within the 150 and 250 mm contraction length range. However, this
configuration yielded an outlet velocity of 20.03 m/s, resulting in thermal focusing at the
center of the rice thin-layer. Consequently, this design is less suitable for uniform drying
applications.
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Relationship Between Contraction Length and Outlet Flow Uniformity

The velocity cloud diagrams of different tapering lengths with a diameter ratio of
1.5 are shown in Fig. 9. After installing the tapering pipe at the 90° elbow outlet, the fluid
momentum at the pipe outlet was increased, significantly improving the uniformity of the

flow velocity at the outlet section.
As the length of the diameter change increased, the flow of the fluid in the pipeline

became more stable. The flow velocity gradient through the tapered tube was wider, which
caused the maximum flow velocity at the outlet boundary of the tapered tube to
continuously decrease, from the maximum flow velocity of 17.8 m/s with a diameter
change length of 50 mm to 12.9 m/s.
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Fig. 9. Velocity contours of a converging duct with a diameter ratio of 1.5 under varying transition
lengths of (a) 50, (b) 100, (c) 120, (d) 150, (e) 175, or (f) 200 mm

Experimental Verification Analysis
Pipeline wind speed unevenness analysis
To validate the effectiveness of the duct structural optimization, experimental

verification of air velocity uniformity was conducted at the outlet cross-section. Sampling
point locations and quantities followed the specifications for circular ducts in GB/T 50243-
2016 (Code for Acceptance of Construction Quality of Ventilation and Air Conditioning
Works).
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Fig. 10. (a) Diagram of wind speed measurement points selection; (b) comparison of simulated vs.
measured air outlet wind speed

The measurement protocol involved dividing the duct cross-section into an
appropriate number of concentric annuli. Next, measurement points were positioned at the
intersections of each annulus’s centerline with two perpendicular diameters, where R
represents the duct radius at the measurement cross-section. Twelve measurement points
were established at the normalized radial positions of 0.1R, 0.3R, 0.6R, 1.4R, 1.7R, and
1.9R.

As shown in Fig. 10, by gradually reducing the diameter to optimize the pipeline,
the air velocity at the outlet was increased and mainly maintained at around 3.5 m/s,
meeting the air velocity requirements of the device (1 m/s to 3 m/s). Among them, the
measured cross-sectional wind speed uniformity index after optimization was 97.67%, and
the measured cross-sectional wind speed uniformity index of the original pipeline was
89.87%. Due to the unstable instantaneous airflow velocity at some individual positions,
there was a deviation between the measured values and the simulated values at the
corresponding points. However, the overall cross-sectional wind speed distribution trend
was consistent. Through data analysis, it can be known that the relative error of the average
speed between the optimized measured value and the simulated value was 1.50%, the
relative error of the speed uniformity index was 6.23%, and the relative error of the speed
relative standard deviation was 7.4%. The simulation data was in good agreement with the
measured data, verifying the accuracy of the model.

Temperature Uniformity Analysis of the Drying Chamber

To ensure uniform drying performance of the apparatus, temperature uniformity
tests were conducted in accordance with GB/T 30435-2013 (Electrically heated drying
ovens and blast drying ovens). Designated measurement points (Fig. 10) were monitored
at three temperatures: 30, 50, and 70 °C. Following thermal equilibrium maintenance (2 h
stabilization), temperatures were recorded at 1-min intervals across all points for 30 min.
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Fig. 11. (a) Diagram of air temperature measurement points and (b) internal temperature
uniformity diagram of the drying oven

The temperature uniformity metric was determined by establishing a spatial
average reference temperature and calculating the maximum absolute deviation from this
benchmark. Figure 11 confirms compliance with blast drying oven standards,
demonstrating uniformity within +£2.5% of setpoint temperature (7). The observed bottom-
to-top thermal gradient resulted from upward convective flow that generated recirculation
zones with outlet heat dissipation. The gradient caused systematically lower base
temperatures. This thermal behavior was most pronounced at 70 °C, where the bottom zone
averaged 2.1°C below central measurement points.

Test Materials and Test Environment

The experimental rice was short-grain Hongfa 17 japonica rice and long-grain
Longqing 12, harvested from Friendship Farm in Shuangyashan City, Heilongjiang
Province and Jiangbei, Jiamusi. The initial moisture content of the wet base was 12.2 to
12.9%. According to the requirements of the drying test, the moisture content of the wet
base was artificially adjusted to 24+ 0.2% (Wang et al. 2021; Wang ef al. 2022). Drying
trials were conducted under controlled laboratory conditions: Hongfal7 at 12 to 17 °C and
25 to 38% RH and Longqing 12 at 28 to 32 °C and 58 to 63% RH.
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Fig. 12. Schematic diagram of drying zone test points division

To evaluate the drying performance of the test bench, this test adopted multiple
varieties of rice for hot air drying tests and infrared hot air combined drying tests,
respectively. Before the experiment began, 1.5 kg of rice was weighed from the processed
rice samples and spread evenly in the sieve tray. The thickness was measured at multiple
points to ensure uniform distribution. The parameters for hot air drying of rice were set:
the hot air temperature was 45°C, the wind speed was 3 m/s, and the thickness of the thin

layer of rice was 20 mm. The parameters for the infrared hot air combined drying of rice
were set as follows: the hot air temperature was 45 °C, the wind speed was 3 m/s, the thin

layer thickness of rice was 20 mm, the power of the infrared radiation tube was 1000 W,
and the distance from the grain layer was 300 mm. Each group of experiments was repeated
three times. The mean values of the three experiments were calculated using Origin2018
software and then graphed for analysis.

The measurement of key parameters was carried out using calibrated instruments,
and their inherent accuracy was taken into account to assess uncertainty: the hot air
temperature was monitored by a K-type thermocouple with an accuracy of 0.5 °C. The
wind speed was measured by the Testo 405-V1 thermal anemometer with an accuracy of
+0.3 m/s. The moisture content of rice was determined by the JC-LS-01S series halogen
moisture meter (Qingdao Juchuang Environmental Protection Equipment Co., LTD.), with
a repeatability accuracy of +£0.05%. As shown in Fig. 10, the area of each layer of the
material tray was divided into two parts (A and B) to measure the moisture content. For
the materials in different areas, 20 g of rice was randomly selected every 20 minutes, and
the moisture content was measured three times. The average value was taken as the
measured value. To measure the temperature at the center positions of the four zones (A,
B, C, and D) (Fig. 10), the temperature values at the material center positions in different
zones were recorded every 10 minutes.

Determination of Test Indicators
The Wt dry base moisture content was calculated as follows,

W; :Mt(;Gd (9)

t

where W is the dry base moisture content of rice, M: is the mass of rice when dried, Ga s
the dry matter mass of rice, and Gt is the mass of rice when dried.
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The dryness uniformity across distinct zones of the material thin-layer was
evaluated using Christian’s Uniformity Index (CU), a metric based on the statistic of mean
absolute deviation (Yuet al. 2020). The formulation is expressed as follows,

v -
- S -1 (10)

Um _

gM

where M; is the moisture content of the sample material, M is the average moisture content
of sample materials, g is the number of samples, and Cum is the drying uniformity
coefficient.

Data Processing and Analysis

All trials were conducted in triplicate independent runs, with final results reported
as the mean value of three replicates with standard deviation. Moisture content and
temperature data underwent statistical analysis using Microsoft Office Excel 2021.
Graphical representations were generated through Origin 2018.

RESULTS AND DISCUSSION

This study systematically evaluated the uniformity of the thermal field and the
uniformity of material drying in the drying oven by monitoring the drying characteristics,
drying rates, and grain layer temperature distribution of different varieties of rice.
According to the dynamic characteristics of rice dehydration, the drying process of rice can
be divided into two distinct stages. The first stage is the “heating and accelerating
dehydration stage”. During this stage, hot air convection serves as the primary heat transfer
medium, rapidly raising the temperature of the rice grains through forced convection and
effectively removing the free moisture on their surface. At this time, the removal of
moisture mainly occurs on the surface of the material, and the evaporation resistance is
small, thus showing a relatively high drying rate. Subsequently, the drying process
transitions to the “deceleration dehydration stage”. When the grain temperature stabilizes
and the surface free water is almost completely evaporated, the drying rate is then subject
to the migration rate of internal moisture. At this point, what needs to be removed is the
bound water that is more closely bound to the material matrix, which requires higher energy
and significantly increases the resistance of the path for the internal water to diffuse
outward.

As can be seen from Fig. 11, the drying characteristic curves of rice under different
drying processes exhibited the same changing trend: they first decline rapidly and then the
slope tended to flatten. During the “heating and accelerating dehydration stage”, the surface
moisture of the grain grains was rapidly evaporated, and their moisture content dropped
significantly. However, in the “decelerating dehydration stage”, the drying and dewatering
rate of rice was relatively stable. The main reason for this is that more heat is required to
dry the bound water of the rice in this stage (Xu et al. 2016; Li et al. 2018; Liu et al. 2024).
In the drying experiment of Hongfa rice seeds, the drying time of the first layer of rice was
160 minutes, which was 37.5% shorter than that of the third layer of rice, which was 220
minutes (Fig. 11a).
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Fig. 13. Drying characteristic curves (a, b) and drying rate curves (c, d) for Hongfa 17 rice (a, c)
and Longqing 12 rice (b, d)

The main reason was that the heat convection first comes into contact with the first
layer of material. As a result, more heat accumulates inside the first layer of rice, and the
internal temperature rises rapidly, accelerating the evaporation of free water on the surface
of the rice. In addition, due to the uneven wind speed at the bends caused by thermal
convection, the drying characteristic curves in different drying areas showed slight
differences, but no significant differences (P<0.05). This is mainly reflected in the fact that
the drying rate near the inner side of the curve is smaller than that near the outer side.

As shown in Figs. 13a and 13b, the combined drying time of short-grain rice with
Hongfa 17 infrared hot air was 140 minutes, which was 18.8% less than the single hot air
drying time of 160 minutes. For the same long-grain rice, the infrared combined hot air
drying of Longqing 12 effectively shortened the drying time by 50 minutes compared with
the single hot air drying. However, the uniformity of infrared hot air combined drying was
lower than that of single-layer drying in single hot air drying. This is because: infrared
radiation is in the form of electromagnetic waves, and the thickness of the material it can
penetrate is limited, resulting in a decrease in the infrared radiation received inside the
material. As a result, the moisture diffusion of the rice changes, and the uniformity of
drying decreases.
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It can be seen from Figs. 13¢ and 13d that in the stage of heating up and accelerating
dehydration, having sufficient heat and wind speed can meet a relatively fast drying rate.
At this point, the advantage of infrared heating is not obvious. The heat absorbed by the
rice is mainly used to evaporate the free water on its surface. When the moisture content
of rice is lower than 16.5% (during the deceleration dehydration stage), the removal of
bound water requires overcoming a higher energy barrier, and the drying rate is restricted
by the internal moisture diffusion. At this point, the advantages of infrared radiation
technology are highlighted. Its energy penetrates the grains in the form of electromagnetic
waves, directly stimulating the movement of water molecules to generate internal heat.
This not only establishes a driving force for water diffusion from the inside out (consistent
with the diffusion direction), but it also reduces the temperature gradient within the grains,
thereby effectively lowering the resistance to water diffusion. This mechanism is consistent
with the findings of Zhang et al. (2015) and Xie ef al. (2021) in the drying of porous
materials. This study further reveals that under the condition of uniform airflow distribution
(optimized in this paper), the synergistic effect of infrared hot air combined drying at this
stage is particularly significant, and the drying rate is significantly improved compared
with single hot air drying (Figs. 11lc, d). This is consistent with the infrared-assisted
advantage rule observed by Jeevarathinam ef al. (2025) in other agricultural products. The
present findings have confirmed the universal value of this technology in improving the
drying efficiency of heat-sensitive grains in the later stage.

As can be seen from Figs. 14a and 14c¢, when drying with hot air alone, the material
temperature rose rapidly in the early stage, rose slowly in the later stage, and then gradually
stabilized. In the macro heating air drying experiment: when the third layer of rice reached
the target temperature set value, the maximum temperature difference between each thin
layer of rice reached 4.7 °C. All the temperature measurement points of the lower layer of
rice after its temperature stabilized were at 42+0.5 °C, while the average temperature of the
third layer was lower. The reason for this is that the hot air consumed a large amount of
heat and carried water vapor when passing through the first and second layers, and the flow
rate was relatively high near the exhaust port, causing the surface heat of the third layer of
rice to be lost to the air.
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Fig. 14. Temperature profiles for materials in different drying zones. (a) Hongfa 17 rice with hot air
drying, (b) Hongfa 17 rice with infrared combined with hot air drying, (c) Longqging12 rice with hot
air drying, and (d) Longqing12 rice with infrared combined with hot air drying

It can be seen from Figs. 14b and 14d that the time for the infrared hot air combined
drying of short-grain Hongfa 17 japonica rice to reach the target temperature set value was
30 minutes, which was 45% less than that of the hot air drying alone. The maximum
temperature difference between each area of the thin layer of rice reached 2.8 °C. The
maximum temperature difference of the infrared hot air combined drying of the long-grain
Longqing 12 reached 2.9 °C, and the time to reach the target temperature set value was
about 25 minutes.

In summary, the drying uniformity coefficients of Hongfa 17, which combined hot
air drying and infrared hot air drying, were 85.37% and 85.9% respectively, while those of
Longqing 12, which combined hot air drying and infrared hot air drying, were 84.59% and
84.50% respectively. The results show that the test bench met the requirements of drying
uniformity under different rice drying processes.
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CONCLUSIONS

1. This paper describes the designing and implementation of an infrared hot air combined
drying test bench. By optimizing the airflow distribution in the upstream pipeline, the
aim was to solve the problems of heating and drying uniformity of materials in the
drying chamber. The pipeline structure was optimized by gradually reducing the
diameter of the pipeline, and the optimization parameters were determined: the
diameter reduction ratio was 1.5 and the diameter reduction length was 200 mm. The
uniformity index and relative standard deviation of the wind speed at the outlet section
of the optimized pipeline were optimized from 0.9227 and 0.2234 to 0.9723 and
0.1462. The test of pipeline unevenness showed that the relative error of the average
speed between the optimized measured value and the simulated value was 1.50%, the
relative error of the speed uniformity index was 6.23%, and the relative error of the
speed relative standard deviation was 7.4%. It has been verified that this model can
simulate the distribution of air flow quite well. The temperature uniformity test in the
drying chamber showed that the temperature variation in the device's drying chamber
was within £ 2.5%. The verification of wind temperature and wind speed tests showed
that the measured data was close to the trend of the simulation data. After optimization,
the wind speed non-uniformity coefficient of the pipe section with a diameter
reduction ratio of 1.5 and a diameter reduction length of 200 mm was 0.1694, and the
temperature uniformity change in the drying chamber of the device was within +2.5%.

2. Rice drying is a phased process, and the dominant heat sources and the main
controlling factors of precipitation rates vary at different stages. During the
temperature-accelerated dehydration stage, the drying rate is mainly dominated by the
external heat and mass transfer efficiency. Hot air is the main influencing factor at this
stage, undertaking the main role of raising the material temperature and removing
surface moisture. At this stage, infrared radiation, as an auxiliary heat source, does not
have a significant advantage. When the drying enters the deceleration and dehydration
stage, the drying rate is dominated by the internal moisture diffusion rate. At this time,
infrared radiation, with its unique bulk heating capacity, becomes the core influencing
factor to overcome the internal diffusion resistance and improve the drying efficiency.
The hot air takes on an auxiliary role, mainly responsible for promptly removing the
water vapor that migrates from the inside to the surface.

3. The performance tests of 20 mm three-layer thick rice hot air drying and single-layer
20 mm rice infrared hot air combined drying showed that: The uneven heat distribution
in hot air drying leads to significant differences in the drying rates of each layer, but
the overall drying uniformity met the requirements of the hot air drying test. The
temperature curves of each area in the infrared hot air combined drying and the drying
characteristic curves of the materials showed relatively consistent trend changes,
basically meeting the uniformity requirements of the infrared hot air combined drying
equipment.
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