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ABSTRACT

This study addresses the quality deterioration induced by starch phase transitions during rice drying, which
arise from coupled temperature and moisture variations. A mathematical model for intermittent drying is
proposed that integrates the glass transition mechanism with a three-dimensional, realistic grain geometric
structure. The model was validated using continuous drying (CD) and two-stage intermittent drying (2SID)
experiments. The results showed excellent agreement between simulations and experimental data, with
correlation coefficients exceeding 0.95. Model analysis revealed that during 2SID at 45 °C, the glassy region
rapidly formed from the grain surface inward, accounting for approximately 19.6% of the total grain volume at
the end of the first drying stage. After a 20-min tempering period, the internal moisture gradient was effectively
reduced, and the glassy region expanded only slightly by about 2.1%. Following the second drying stage, the
glassy region increased to approximately 47.9%, while the central layer of the grain remained in the rubbery
state throughout the process. Compared with CD, 2SID not only reduced the total drying time by approximately
9.09% but, more importantly, significantly regulated the internal moisture distribution through the tempering
stage, thereby helping to mitigate fissure formation and improve head rice yield. The proposed model provides
a reliable theoretical framework and predictive tool for optimizing intermittent drying parameters and
simultaneously enhancing drying efficiency and paddy rice processing quality.
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INTRODUCTION

Freshly harvested paddy rice typically has a high moisture content. If the moisture level is not promptly
reduced to a safe threshold, quality deterioration and microbial spoilage are likely to occur during storage.
Therefore, drying is a critical operation to ensure the safe storage and stable processing performance of paddy
(Wang et al., 2024). During the drying process, the internal temperature field and moisture distribution within
the grain evolve simultaneously, resulting in non-uniform shrinkage and coupled heat—moisture transfer effects
across different regions of the kernel. These processes induce the formation and accumulation of differential
internal stresses, which may manifest as crack initiation and propagation during subsequent milling operations,
ultimately leading to kernel breakage and a reduction in head rice yield (Nasrnia et al., 2024).
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Under continuous drying conditions, inappropriate process parameters may not only deteriorate rice
quality but also cause thermal damage and structural degradation of the grains (Liu et al., 2023). In contrast,
intermittent drying introduces a tempering stage between drying periods, allowing moisture redistribution within
the grain (Guo et al., 2024). During tempering, moisture migrates from the central region toward the near-
surface layers, thereby alleviating internal moisture gradients and thermo-hygrometric non-uniformity (Liu et
al., 2024). Based on this mechanism, multi-stage intermittent drying has been shown to significantly improve
final product quality and processing suitability. In this drying mode, moisture removal is not completed in a
single step but proceeds sequentially following a “drying—tempering—redrying” scheme. During the tempering
stage, moisture exchange between the grain and the surrounding air is typically minimized, such that internal
moisture migration and equilibration dominate, thereby establishing more stable initial conditions for the
subsequent drying stage (Mahmood et al., 2024).

Starch is the primary constituent of paddy rice and is essentially a high-molecular-weight polymer
composed of glucose monomers. The thermal response of starch varies markedly with moisture content and
temperature, enabling transitions between two physical states, namely the glassy and rubbery states, which
are closely associated with drying conditions (Wang et al., 2023). In the rubbery state, molecular mobility is
enhanced, and moisture diffusivity is generally higher than in the glassy state, thereby facilitating more rapid
dehydration. Conversely, when the grain surface is subjected to intense drying, surface moisture is removed
rapidly, causing the outer layers to enter the glassy state earlier than the interior (Wang et al., 2022). Given
these characteristics, the rational determination of intermittent drying parameters requires distinguishing and
analyzing the drying behavior of different grain regions at various stages of the process (Liu et al., 2023).
Moreover, crack initiation and propagation are often closely related to the timing and evolution of the glass
transition. Consequently, understanding the temporal progression and spatial distribution of glass transition
during drying is essential for elucidating the underlying mechanisms of fissure formation (Baidhe & Clementson,
2024). In recent years, numerical simulation techniques have increasingly become an important tool for
investigating heat and mass transfer mechanisms and process optimization in agricultural seed drying (Delele
et al., 2023). By developing mathematical models or employing computational fluid dynamics (CFD)
approaches, the temperature field, moisture distribution, and transport pathways within seeds and the
surrounding airflow during drying can be quantitatively characterized, thereby compensating for the limitations
of experimental methods in spatial resolution and temporal continuity. Previous studies have demonstrated
that numerical simulation based analyses can effectively elucidate the effects of drying parameters on seed
drying kinetics and quality evolution, providing a solid theoretical basis for the design of drying equipment and
the optimization of operating conditions (Cérlescu et al., 2018; Arsenoaia et al., 2019).

Although various models have been developed to describe the intermittent drying behavior of paddy
rice, studies that explicitly incorporate glass transition theory into such models remain limited. In addition, many
existing drying models adopt idealized geometric representations of rice kernels, often approximating them as
spheres or ellipsoids. Such simplifications deviate from the actual grain morphology and may introduce
significant errors in the prediction of heat and mass transfer pathways, surface area distribution, and local
gradients, thereby compromising the reliability of model outputs. In light of these limitations, the present study
develops a mathematical model for intermittent drying of paddy rice based on a realistic three-dimensional
grain geometry and explicitly incorporates the concept of glass transition to characterize state evolution. The
proposed model provides a theoretical basis for identifying and optimizing key process parameters in
intermittent drying, with the aim of simultaneously improving drying efficiency and final product quality.

MATERIALS AND METHODS
Sample preparation

The experimental material used in this study was the japonica rice cultivar Longjing 31, developed by
the Jiamusi Rice Research Institute, Heilongjiang Academy of Agricultural Sciences, China. To ensure sample
uniformity and experimental reproducibility, impurities such as stones, straw, and dust were removed prior to
experimentation. The initial moisture content of the paddy rice samples was 27% on a dry basis. Before the
drying experiments, the samples were sealed in polyethylene bags and stored in a refrigerator at 4 °C to
maintain moisture stability. Prior to each drying run, the sealed samples were removed from cold storage and
equilibrated under laboratory conditions for approximately 4 h to allow thermal and moisture redistribution at
ambient temperature. This procedure minimized the influence of initial temperature differences on the drying
process (Ying & Spang, 2024).
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Experimental procedure

To obtain the key parameters required for model development and to calibrate and validate the proposed
model, a series of drying experiments were conducted under various operating conditions. A schematic
diagram of the hot-air drying system used in this study is shown in Fig. 1. The system was equipped with
integrated modules for real-time monitoring of sample mass, relative humidity, energy consumption, and
temperature, enabling continuous acquisition of process data. All experiments were performed at a constant
air velocity of 0.5 m-s-'. To support numerical simulation and model validation, both continuous drying (CD)
and two-stage intermittent drying (2SID) experiments were carried out at a drying temperature of 45 °C. For
the 2SID process, the first drying stage was conducted for 40 min, after which the samples were immediately
transferred into sealed plastic bags and placed in a vacuum drying oven maintained at 45 °C for a 20 min
tempering period. Subsequently, the tempered samples were returned to the drying chamber for the second
drying stage. The selection of the tempering time was based on preliminary experimental results. When the
tempering time was shorter than 20 min, moisture redistribution within the grains was insufficient, whereas
further extension of the tempering period provided only limited improvement in moisture gradient relaxation
and drying kinetics while markedly increasing the overall processing time. Therefore, a tempering time of 20
min was selected in this study by considering both moisture equilibration efficiency and process efficiency. The
drying process was terminated when the moisture content of the samples reached 17% on a dry basis. After
each experimental run, the total drying time as well as the moisture content (MC) evolution and its kinetic
characteristics were measured and recorded for model calibration and performance evaluation.
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Fig. 1 - Schematic diagram of the hot-air drying system

Development of the mathematical model

A mathematical model was developed in this study to describe the multi-stage intermittent drying
process of paddy. The corresponding governing equations, as well as the associated initial and boundary
conditions, are systematically presented. The model is formulated at the macroscopic scale with the following
assumptions: moisture within the grain exists only in the liquid phase; moisture first migrates from the interior
of the grain to the surface and is subsequently removed via evaporation at the surface. To simplify computation,
the effect of grain volume shrinkage on heat and mass transfer during drying is neglected (Wang et al., 2024).
Previous studies suggest that under conventional hot-air drying and intermittent drying conditions, the
volumetric shrinkage of rice grains is relatively small. As a result, its effect on the effective moisture diffusivity
and the overall drying kinetics is generally limited and may be reasonably neglected in macroscopic models
without leading to a significant reduction in predictive accuracy (Zhao et al., 2019). Moisture migration inside
the grain is assumed to be governed solely by diffusion, and the paddy rice kernel is treated as an isotropic
medium.
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Heat and mass exchanges between the grain and the external drying medium are described using
convective boundary conditions. In addition, the temperature field and moisture content (MC) distribution inside
the grain are assumed to be uniform at the onset of drying (Zhang et al., 2024).

Internal energy transport within the paddy rice grain is governed by Fourier's law of heat conduction in
conjunction with the principle of energy conservation, as expressed in Eq. (1):

or
pCy= =V IT)+Q (1)
where T is the grain temperature (°C); p is the density of paddy rice (kg-m-), determined by the liquid
displacement method; C, is the specific heat capacity (J-kg-'-°C"); k is the effective thermal conductivity of the
rice kernel (W-m-1-°C-'); and Q is the volumetric heat source term (W-m-3). The volumetric heat source
represents the equivalent energy consumption associated with moisture evaporation, as the latent heat
required for surface evaporation is supplied by the grain itself.
The effective thermal conductivity k and volumetric heat source Q are calculated using Egs. (2) and (3).

0.0637+0.0958M )
©0.656-0.475M
oM
_ 2" 3
Q = ph, ot 3)

where M is the moisture content on a dry basis (kg-kg™) and /; is the latent heat of vaporization of water (J-kg ).

The initial condition for heat transfer is given in Eq. (4). Heat exchange between the grain and
surrounding air is dominated by convection, and the heat flux is proportional to the temperature difference between
the grain surface and the drying air. Accordingly, Egs. (4)—(7) are used as thermal boundary conditions.

T‘z:ozTo (4)
—hn-q=q (5)
—n-(~kVT)=H(T,;, ~T) (6)
_k'[a_Tj:H(T_Tair) (7)
on

where H is the convective heat transfer coefficient (W-m-=2-°C-1), Tui is the drying air temperature (°C), and 7 is
the outward normal vector at the grain surface.
Moisture migration within the paddy rice grain is described using Fick’s second law of diffusion, as shown
in Eq. (8).
oM

S =Vlo,vm) ®)

where D is the effective moisture diffusivity (m?-s').
The initial moisture distribution within the grain is defined by Eqgs. (9) and (10).

M|, =M, 9)
oM
10 =0 (10)

To ensure mass conservation, the amount of moisture evaporated at the surface equals the amount
transported from the interior. Thus, Eq. (11) is applied as the mass transfer boundary condition.
oM
Dy ——=hp(M =M, (1)
n
where M. is the equilibrium moisture content, and /p is the convective mass transfer coefficient (m-s-1).

The equilibrium moisture content and mass transfer coefficient are calculated using Eqgs. (12) and (13).

~In(1- RH) 1/2.1191
M,= (12)
0.00004127(T +49.828)

D,y 2.0+0.552Re"? 53|

h 13
D R, (13)

where RH is the relative humidity of drying air (%), Re is the Reynolds number, Req is the equivalent radius of
the rice kernel, and Sc is the Schmidt number.
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The Reynolds and Schmidt numbers are calculated using Egs. (14) and (15).

Hq
Se=——4— (14)
paDejf
2 aRe Ua
w20 .
Hq

where p1a is the dynamic viscosity of air (N-s:m), p, is the air density (kg-m3), U, is the drying air velocity (m-s).

To represent tempering conditions, the mass transfer boundary conditions were modified. Under
tempering, the boundary constraints are described by Egs. (16) and (17).

oM
Eh =0 (16)

M(x,y, Z,O) = f(x,y,z,tl) (17)
Based on experimental moisture ratio (MR) data, the effective moisture diffusivity was estimated using
an anti-logarithmic method, as shown in Egs. (18) and (19). The effective moisture diffusivity was assumed to
be constant within each drying stage and updated between stages to account for different drying regimes (Le
etal., 2019).

MR=——"%% (18)

Doy =— (19)

where:
7 is the equivalent radius of the paddy kernel (m), and s is the slope of the linear relationship between
In(MR) and drying time ¢. The calculated D values at different temperatures are listed in Table 1.

Table 1
Effective moisture diffusivity at different hot-air drying temperatures
Drying temperature (°C) Effective moisture diffusivity (m*-s™)
35 4.2x1012
45 8.6x10"2
55 9.2x10"?
65 1.2x10"

Based on these results, a generalized Arrhenius-type relationship was established using logarithmic
regression, as expressed in Eq. (20) (Srisang et al., 2015).

Dy = (7 x107"! )exp[

—107.3j
(20)

Determination of glass transition temperature (7;) and definition of the state function

In this study, the glass transition temperature (7,) of paddy rice was determined at five moisture contents
on a dry basis (28%, 23%, 20%, 18%, 17%, and 14% d.b.) using differential scanning calorimetry (DSC 3,
Mettler Toledo, USA). After loading the sample into the instrument, liquid nitrogen was introduced to cool the
specimen to —40°C, and the temperature was held for 10 min to achieve thermal equilibrium. The sample was then
heated to 90°C at a rate of 10°C-min~" and held for 10 min to stabilize the system. Subsequently, the sample was
cooled to 40 °C at the same rate; after sufficient equilibration, a second heating run was performed to 90°C using
the identical heating rate. Based on the above thermal analysis procedure, the results are shown in Fig. 2.

Because temperatures above the glass transition correspond to the rubbery state, a state variable S was
introduced into the governing equations to facilitate discrimination of state domains within the modeling
framework, as defined in Eq. (21). This variable is jointly determined by the instantaneous temperature of each
computational element (77) and its corresponding 7, and can be incorporated as a component of the model’s
dependent variables. A positive S indicates that the element is in the rubbery state, whereas a negative S
corresponds to the glassy state (Chayjan et al., 2024).

S=T,-T, (21)
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Fig. 2 - Relationships between specific heat capacity and glass transition temperature (Tg)
of paddy rice and moisture content measured by DSC

Geometric model preparation and numerical solution

To obtain the realistic three-dimensional morphology of the kernels, a three-dimensional optical scanning
workflow was employed to construct point-cloud data via multi-view, high-resolution optical imaging and point
acquisition. A GOM ATOS system (ZEISS, Braunschweig, Germany) was used, providing a scanning accuracy
of up to 1 ym. The resulting kernel point-cloud model was exported as a stereolithography (STL) file. The point
cloud was then subjected to surface reconstruction, and the reconstructed surface was further converted into
a solid geometric model (STP format). Accordingly, a true geometry that preserves kernel-level geometric
details was established in a Cartesian coordinate system, providing a reliable geometric basis for subsequent
model development and numerical computation. For numerical implementation, the finite element method was
adopted to solve the developed nonlinear system of partial differential equations together with the associated
boundary conditions, initial conditions, and thermophysical properties. The coupled heat—moisture transport
equations were solved using COMSOL Multiphysics 5.3 (Nasrnia et al., 2024).

RESULTS AND DISCUSSIONS
Volume-averaged temperature kinetics and temperature distribution

When the 2SID protocol was implemented at a drying-air temperature of 45°C, the simulated temporal
evolution of the volume-averaged temperature of paddy rice is shown in Fig. 3.
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Fig. 3 - Simulated variation of the volume-averaged temperature of paddy rice with time
as predicted by the proposed model
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The results indicate that, shortly after the onset of the first drying stage, the mean grain temperature
increased rapidly from the initial value (22°C) and gradually approached the temperature of the hot-air drying
medium (45°C). This rapid heating behavior is closely associated with the small characteristic size of the
kernels, which facilitates efficient heat conduction from the surface toward the interior and enables fast heat
transfer to the central region. Because the tempering step was conducted under the same temperature
condition as the drying step, the volume-averaged grain temperature remained essentially stable upon entering
the tempering stage, with no pronounced fluctuations observed. During the second drying stage, the volume-
averaged temperature was maintained at approximately 45 °C and remained nearly constant until the end of
the drying process.

The simulated temperature fields at selected time points during the first drying stage, the tempering
stage, and the second drying stage of the 2SID process are presented in Fig. 4. At the onset of the first drying
stage, the temperature of all computational cells within the domain was uniform and equal to the ambient value
(22°C). Once drying was initiated, heat was transferred from the surface toward the interior primarily via
conduction, leading to a rapid attenuation of the initially developed temperature gradient. Accordingly, the
simulation shows that the temperature gradient formed at the early heating period was markedly reduced and
nearly disappeared within approximately 5 min. The kernel temperature became quickly homogenized, and by
~10 min the entire grain reached about 50°C, with negligible temperature differences within the interior. Upon
entering the tempering stage, because the process was conducted under the same thermal condition as the
preceding drying step, the temperature across different layers remained essentially constant at approximately
45°C. After tempering, the second drying stage was initiated at 60 min, and the system continued operating at
45°C; therefore, no pronounced changes in the temperature distribution were observed. Overall, during paddy
rice drying, the temperatures across layers approached and reached the drying-air temperature within a short
period, and the subsequent process proceeded in a quasi-isothermal manner until completion. In other words,
appreciable temperature gradients were mainly confined to the brief initial heating period of the first drying
stage.

(((((

0 min

50 min 80 min 100 min

(b)

Fig. 4 -Temperature distribution inside paddy rice predicted by the developed model:
(a) first drying stage; (b) tempering and second drying stage

Moisture content kinetics and moisture distribution of paddy

At 45°C, the kinetics of the volume-averaged moisture content of paddy rice during continuous drying
(CD) and the two-stage intermittent drying process (2SID) are compared in Fig. 5, where experimental
measurements are plotted against model predictions. To quantitatively evaluate the predictive performance of
the model, the root mean square error (RMSE) and the correlation coefficient (R) between simulated and
measured values for both drying modes under different air-temperature conditions are summarized in Table 2.
These statistical indicators demonstrate that the developed model captures the moisture-content evolution with
good agreement, thereby supporting the reliability of the simulation results in a statistical sense. In terms of
drying duration, the predicted overall drying time for the 2SID process was approximately 100 min, whereas
that for CD was about 110 min. Compared with CD, 2SID reduced the drying time by 9.09%.
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Fig. 5 - Comparison of experimental and simulated results for the temporal variation of the volume-averaged
moisture content of paddy rice during CD and 2SID

An important objective of this study was to elucidate the spatial characteristics of the transient intra-
kernel moisture content (MC) distribution of paddy rice during each stage of intermittent drying. Such
information provides direct insight into the formation and evolution of internal moisture gradients, thereby
offering a basis for selecting more appropriate drying strategies and reducing the risk of quality deterioration.
Figure 6 illustrates the simulated transient MC distributions within the kernel during the 2SID process, including
the first drying stage, tempering, and the second drying stage.

0 min 20 min 40 min

(b)

100 min

()

Fig. 6 - Predicted moisture content distribution within paddy rice kernels during two-stage intermittent drying
at 45 °C: (a) first drying stage; (b) tempering stage; (c) second drying stage

As shown in Fig. 6(a), at the beginning of the first drying stage, the MC was relatively uniform across
the kernel layers (approximately 27% d.b.). As drying proceeded, moisture continuously evaporated from the
surface, whereas outward migration of internal moisture was progressively constrained. Consequently, a
moisture gradient gradually developed between layers and intensified with time.
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By the end of the first drying stage (40 min), pronounced MC differences had emerged within the kernel.
Such moisture non-uniformity may induce incipient fissures and further develop into cracks. Therefore,
sufficient time is required to allow moisture redistribution from the center toward the surface, so that
subsequent moisture removal can occur more efficiently at the surface. Based on this consideration, heating
was terminated at the end of the first drying stage and the process was switched to the tempering step. The
spatiotemporal MC distribution during tempering is presented in Fig. 6(b). A large moisture gradient was still
evident at the onset of tempering; however, the gradient was markedly reduced after approximately 20 min of
tempering. This behavior can be attributed to the suppression of surface evaporation during tempering, such
that moisture transport was dominated by internal redistribution. Moisture migrated from the center to the
middle layers and subsequently toward the surface, thereby substantially reducing inter-layer differences.
Tempering can effectively mitigate unfavorable differential stresses within the kernel, while also improving the
conditions for the subsequent drying stage by facilitating the removal of surface moisture. Therefore,
appropriate determination of tempering conditions is critical for both drying efficiency and quality preservation,
and such optimization can be assisted by the model developed in this study.

Table 2
RMSE and correlation coefficient (R) for CD and 2SID at different drying-air temperatures
Drying-air CcDh 2SID
temperature (°C) RMSE R RMSE R
35 0.42 0.95 0.56 0.95
45 0.63 0.96 0.46 0.95
55 0.56 0.95 0.65 0.96
65 0.74 0.95 0.81 0.95

Figure 7 presents the simulated temporal variation of moisture content (MC) at three representative
locations within the kernel—surface (A), middle layer (B), and center (C)—to compare the behaviors under
continuous drying (CD) and two-stage intermittent drying (2SID). The MC evolutions differed among the
locations, reflecting the formation and evolution of moisture gradients across layers. During the period of 0-50
min, the MC trends at points B and C were essentially similar for CD and 2SID, showing no pronounced
differences. In contrast, at point A, a transient rebound was observed under 2SID during 40-50 min
(tempering), where the MC increased to a peak of 21.9%, approximately 1% higher than the corresponding
value under CD, and then gradually decreased. Under CD, however, the MC at point A decreased continuously
throughout the process. After the onset of the second drying stage, moisture at the surface (point A) again
migrated outward and was removed to the surroundings. At t = 100 min, the moisture reduction at point B was
22.2% and 22.8% for CD and 2SID, respectively; at point C, the corresponding values were 17.4% and 18.1%;
and at point A, 34.4% and 32.6%, respectively. Overall, the moisture gradient between A and B was markedly
larger than that between B and C. Under CD, the A-B gradient increased more rapidly. Under 2SID, this
gradient reached a relatively high level at the end of the first drying stage (40 min) and then decreased
progressively once tempering started. As discussed above, the second drying stage further alleviated the inter-
layer moisture differences. Therefore, compared with CD, 2SID effectively reduced the residual moisture
gradient at the late drying stage, which is beneficial for lowering the risk of fissure and crack formation in paddy
rice. Overall, compared with continuous drying (CD), two-stage intermittent drying (2SID) significantly improves
the internal moisture gradient distribution of rice grains while maintaining drying efficiency. Quantitative results
indicate that at 45 °C, the 2SID process shortens the total drying time by approximately 9.09% and effectively
reduces the residual moisture gradient between the surface and intermediate layers at the final stage of drying.
The tempering stage promotes moisture redistribution from the center toward the outer layers, thereby
suppressing the continuous accumulation of moisture gradients and achieving a synergistic optimization
between drying efficiency enhancement and moisture gradient alleviation.

Kinetics of state transition (from rubbery to glassy)

To characterize the state transition of kernels during each stage of 2SID using the developed model, a
longitudinal cross-section of a rice kernel was considered along the major axis. The temperature, MC, and
state function (S) were extracted for elements at different times and evaluated against the glass transition line.
The instantaneous state of each element was then determined.
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In Fig. 8, the green region represents the rubbery state, whereas the dark-blue region indicates the
glassy state. As shown, at the beginning of the first drying stage (Fig. 8(a)), due to the initial temperature (22
°C) and MC (27% d.b.), all kernel elements were in the rubbery state, located slightly above the glass transition
line. After the first drying stage started, the surface layer rapidly lost moisture and transitioned from the rubbery
region toward the glassy region at a relatively high rate. After 20 min and 40 min, the glassy region accounted
for 14.8% and 19.6% of the whole kernel, respectively. As drying proceeded, the middle layer also exhibited a
tendency to shift from the rubbery region toward the glassy region. During tempering (Fig. 8(b)), the glassy
area increased by approximately 2.1% within 20 min, from 19.6% to 21.7% of the kernel. Although the glassy
fraction increased by the end of tempering, the subsequent second drying stage (Fig. 8(c)) promoted a much
faster inward expansion of the glassy region than tempering. Over 60 min, the glassy region expanded by

26.2%. Ultimately, 47.9% of the kernel was located in the glassy region, whereas the central layer remained
in the rubbery region.
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Fig. 7 - Simulated moisture content variations at representative points on the surface (A),
in the middle layer (B), and at the center (C) of paddy rice kernels during CD and 2SID
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Fig. 8 - Predicted state transition of paddy kernels during 2SID at 45 °C using the developed model:
(a) first drying stage; (b) tempering stage; (c) second drying stage
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State diagrams at different kernel layers
To investigate layer-dependent behavior during 2SID, the three representative points (A, B, and C)
described above were examined. The state evolution at each point was determined by plotting temperature
against MC and comparing the trajectory with the glass transition line of the tested cultivar, as shown in Fig.
9.
80

Glass transition temperature fitting curve

60 Rubbery

T,=126.4-4.11IMC

40

04 .

Glass transition temperature (°C)

0 — T T ‘* T T T T T T "+ T * 1
12 14 16 18 20 22 24 26 28

Moisture content (% d.b.)

Fig. 9 - State diagrams for representative points on the surface (A), in the middle layer (B),
and at the center (C) of paddy kernels during 2SID at 45°C

At the start of the first drying stage, all points were located above the glass transition line. Shortly
thereafter, the surface point (A) rapidly lost moisture and exhibited a tendency to approach the glassy state;
however, it remained in the rubbery region during the first drying stage. Likewise, points B and C showed slight
shifts toward the glassy region, yet they also remained rubbery throughout the first drying stage. After the end
of the first drying stage, point A moved slightly back toward the rubbery region, whereas points B and C
continued to lose moisture toward the surface. Following tempering, the second drying stage began and the
MC at point A decreased progressively. When the MC reached 19.7%, point A underwent glass transition and
rapidly entered the glassy region, characterized by a lower diffusion coefficient. Consequently, the distance
between the trajectory and the glass transition line increased within the glassy region. Compared with the first
drying stage, moisture transfer from points B and C toward the surface occurred at a lower rate. Nevertheless,
based on their MC and temperature values, points B and C remained in the rubbery state throughout the entire
process.

CONCLUSIONS

Based on the developed and experimentally validated mathematical model, the coupled heat and mass
transfer and phase-state evolution of paddy rice during two-stage intermittent drying (2SID) were
systematically analyzed and compared with continuous drying (CD).

(1) 2SID improves the internal moisture distribution, alleviates stress concentration, and reduces the
likelihood of fissure formation. Model results indicated that, under CD, the moisture gradient between the
surface and the core continuously increased as drying progressed. By contrast, at 45 °C, introducing a 20 min
tempering step in the 2SID strategy substantially enhanced moisture redistribution from the kernel center
toward the outer layers, thereby effectively weakening the residual moisture gradient between the surface and
the middle layer at the late drying stage. By mitigating non-uniform hygro-stress induced by moisture
differences, 2SID helps reduce structural damage and consequently improves head rice yield.

(2) The tempering stage modulates the glass transition process and is beneficial for quality retention.
State identification showed that glass transition initiated at the surface and gradually propagated inward. By
the end of the first drying stage, approximately 19.6% of the kernel volume had entered the glassy state.
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During tempering, the glassy fraction increased only slightly (by ~2.1%), and its primary contribution
was to promote internal moisture redistribution and delay the phase-state transition within the kernel. Ultimately,
the glassy fraction reached 47.9%, while the central region remained in the rubbery state throughout the
process. This evolution pathway reduces the risk of quality deterioration associated with rapid internal state
changes, highlighting the advantage of 2SID in regulating the thermodynamic state of starch.

(3) The proposed model, integrating a realistic 3D geometry and a glass-transition mechanism, is
reliable and can serve as an effective tool for optimizing intermittent drying. The model predictions showed
strong agreement with the experimental data, with correlation coefficients (R) exceeding 0.95, and accurately
captured the dynamic characteristics of the temperature field, moisture field, and state transition. Further
analysis indicated that, at 45°C, applying the 2SID strategy not only shortened the overall drying time by 9.09%
but also improved drying efficiency and paddy processing quality through the synergistic regulation of moisture
gradients and the glass transition process.

Overall, the established model can provide theoretical support and guidance for the design of rice drying
equipment, optimization of operating conditions, and development of process control strategies under
intermittent drying conditions, and thus shows potential for engineering application and practical
implementation.
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