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Abstract:

The current paddy drying process control heavily relies on empirical manual and open—loop
operations, preventing precise management of the dryer’ s energy utilization. This is a
significant contributor to low energy efficiency and poses a considerable barrier to the
promotion of on—site drying. The core issue lies in the existing drying energy—saving
methods, which solely focus on a single thermal potential field, failing to capture the
intricate coupling relationships and synergistic effects between thermal and mechanical
multi-potential fields in deep—bed drying. This lack of comprehension undermines the
effectiveness of energy optimization. Previous research, leveraging exergy analysis, has
begun to unveil the laws governing energy transfer and conversion during paddy drying,
offering a clear direction for optimizing drying energy usage. This project aims to delve
deeper into the essence of energy consumption in paddy drying. By employing exergy drive
as a metric, we aim to reveal the patterns of exergy consumption during water
vaporization and migration processes. Additionally, we seek to elucidate the mechanisms
of exergy transfer and conversion under multi—potential field coupling, establishing
energy optimization criteria that enable efficient utilization of objective exergy and
rational matching of subjective exergy. Concurrently, using free energy as the metric,
the project aims to analyze the physical property changes of paddy, establishing
quantitative characteristic parameters. This will enable us to overcome the limitations
of transfer coefficients and construct an accurate control model based on Markov
processes. Finally, by integrating the energy optimization criteria with the control
model, we will design a hierarchical model predictive controller that achieves precise
and efficient energy optimization. This will provide both theoretical and technological
foundations for addressing the critical and common issue of low drying energy utilization
efficiency.

XEHE(ASSHTP) . TrReH, THRLZ: Ba. seaib: Bl

Keywords (FH4r547F) : Drying; Engineering Process; Paddy; Energy
Optimization; Model Predictive Control
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Abstract:

Grain drying is the key issue affecting the national economy, people’s livelihood and
national development strategy, and its ecological, economic and social status is very
important. To solve the common problems of drying system, which includes high energy
consumption, weak efficiency, open—loop control, lack of scientific, fair and objective
evaluation standards of process equipment system energy efficiency, is the major demand
and economic main battlefield for the implementation of National Rural Revitalization
Strategy. In our previous work, we have revealed the drying characteristic function of
grain moisture binding energy and obtained the analytical solution based on the
corresponding medium dynamic change, which overcomes the shortcomings of the tradition
drying model based on the laws of mass, heat and momentum. The drying process is
confirmed to obey the Markov process, which makes it possible to obtain the theoretical
solution of drying similarity criterion and actual practical process. Therefore, present
work focuses on the variation characteristics of limited medium from the natural
environment and the drying exergy with the migration state of system components, aims to
reveal the similarity criterion of grain drying phenomenon under different process
conditions. The restriction relationship and physical mechanism among drying quality,
energy consumption and process factors were also studied. The mathematical expression of
the exergy transfer and conversion for physical property change in different drying
process was also obtained. The objective of the present work is to solve the bottleneck
restricting the intelligent drying in grain producing area and further realize the
.intelligent drying based on the cloud services. Moreover, based on efficient utilization
of objective exergy and reasonable matching of subjective exergy, the another objective
is to realize high—quality, efficient and energy—saving drying, expand the scientific
frontier, and lead the technological innovation of green energy-saving drying equipment

KA (AABHTP . RAVBAA: BRENESRHIEL, RTS8, ATk
- T AR

Keywords (Fi43r543FF) : Intelligent agricultural machinery; Intelligent
measurement and control algorithm; Drying equipment; Remote monitoring of
agricultural machinery; Analytical theory of drying
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Transient thermodynamic analysis and energy optimization of a circulation e
counter-flow wheat drying system utilizing a closed-loop heat
pump configuration

Chengjie Li ©, Jianjiang Huang, Yancheng Chen, Sihan Ji, Changyou Li, Ye Zhang

College of Engineering, South China Agricultural University, Guangzhou 510642, China

ARTICLE INFO ABSTRACT
Keywords: Closed-loop heat pump drying of wheat constitutes a dynamic and intricately interconnected composite system,
Drying wherein the heat pump and the dryer mutually act as heating sources. During operation, it demonstrates various

Transient analysis model
Wheat

Closed-loop heat pump
Energy optimization

characteristics, such as large inertia, nonlinearity, and multiple disturbances, which pose considerable challenges
to the energy optimization of the system. This study introduces a transient analysis model that deeply delves into
the dynamic processes of industrial-scale closed-loop heat pump drying. Subsequently, it facilitates in-depth
analysis of transient thermodynamic behaviors and energy utilization patterns throughout the drying process.
Results indicate that the mean relative deviations for the predicted wheat moisture content and temperature
were 2.66 % and 1.12 %, respectively. Reducing the temperature disparity between the condenser and the drying
air alongside decreasing the inlet temperature of the expansion valve markedly enhances the energy efficiency of
the system. The study proposes an optimization scheme by designing two regenerators to preheat the drying air
twice, resulting in a 26.3 % reduction in compressor power and a 32.5 % reduction in system exergy loss. The
research findings offer data and methodological support for optimizing the energy efficiency of closed-loop heat
pump drying system and provide mathematical as well as analytical methods for system analysis, state tracking,
and dynamic parameter tuning.

structure, thereby enhancing energy efficiency and reducing external
environmental interference during the drying process [9,10]. This
makes it particularly suitable for large-scale drying operations of agri-
cultural products.

Closed-loop heat pump drying systems operate on the principle of the
reverse Carnot cycle, with the core structure comprising key compo-
nents such as a drying chamber, evaporator, and condenser. By using the
thermodynamic cycle of a refrigerant, this system converts low-grade
thermal energy into high-grade thermal energy. This characteristic fa-
cilitates markedly higher energy efficiency compared with traditional
hot-air drying or open-loop drying systems [11,12]. To further enhance
the energy efficiency of system, considerable efforts have been made in
existing research. For instance, Duan et al. [13] proposed a two-stage
evaporative heat pump drying system designed for graded cooling and
dehumidification. This system achieved a 15.5 %-19.3 % increase in
coefficient of performance (COP) and a 16.3 %-18.9 % improvement in
specific moisture extraction rate (SMER). Osta et al. [14] designed a
closed-loop drying system integrating two thermoelectric modules, and
their study demonstrated that this system achieves an optimal moisture

1. Introduction

Wheat is major staple crop worldwide, and its drying crucial during
postharvest processing to ensure food security and reduce economic
losses [1]. The moisture content of stored wheat must be maintained
within the range of 0.12-0.14 g water/g wet matter [2]; however,
freshly harvested wheat typically exhibits higher moisture level.
Delayed or inadequate drying practices can induce mold proliferation,
premature germination [3], and carcinogenic aflatoxin generation, all of
which degrade grain quality [4,5]. At present, industrial-scale drying
predominantly relies on hot air technologies fueled by coal or agricul-
tural straw. These methods often encounter challenges, such as low
energy efficiency and high carbon emissions [6,7]. Closed-loop heat
pump drying has gained widespread attention for drying food, agricul-
tural products, and industrial materials owing to its high efficiency,
energy saving capacity, precise temperature control, and minimal
impact on the quality of the dried material [8]. This technology uses a
heat pump system to recover and reuse heat from the air within a closed
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Nomenclature

A Bypass rate, %

c Specific heat, kJ/kg/°C

COP Coefficient of performance

d Humidity ratio, kg/kg

dg Saturated humidity ratio, kg/kg
Ex Exergy, kW

f Cooling coefficient, h™?

h Heat transfer coefficient, kg/h/m?
H Specific enthalpy, kJ/kg

Ah Latent heat of condensation, kJ/kg
k Drying constant, h™!

m Dehydration rate, kg/h

M Moisture content, g water/g wet or dry matter
MR Moisture ratio

MRD Mean relative deviation

P, Compressor power, kW

gm Mass flow, kg/h

Q Heat exchange, kW

R Gas constant, kJ/kg/°C

RH Relative humidity, %

RMSE Root-mean-square error, g water/g wet matter or °C
S microelement cross-sectional area
SMER Specific moisture extraction rate

t Drying time, h

T Temperature, °C

y Flow velocity, m/h

Yorej Predicted values

Yobsj Experimental values

z Bed height, m

Greek letters

P Density, kg/m>

3 Heat exchange efficiency

n Efficiency

ya Effective evaporation area per unit volume, m?/m?>
u Interphase mass transfer coefficient, kg/h/rn2
Ag Latent heat of vaporisation of wheat, kJ/kg
Ta Effective heat transfer area per unit volume, m?/m>
Subscripts

a Drying air

ab Ambient

c Cold transfer medium

cr Condenser

d Drying

er Evaporator

ev Expansion valve

g Grain

h Hot transfer medium

r Refrigerant

ir Irreversibility

r Refrigerant

s Saturated vapour state

wey Water evaporation

0 Initial

Superscripts

in Inlet

out Outlet

Hoist

Tempering stage

Drying stage

Cyclone separator

Discharging stage

Wet barn

Induced fan

Heat pump

Control center

Fig. 1. Diagram of 5HP-50-CLHP wheat dryer.

removal rate under high humidity conditions. However, enhancing the
energy efficiency of this technology during drying remains a critical
challenge, issues such as the evaporator’s substantial refrigeration ca-
pacity consumption required to handle medium-to-low temperature
sensible heat before recovering latent heat from the drying exhaust as
well as significant temperature differences between media in the
condenser, which exacerbate irreversible losses. These problems
severely constrain further enhancement of the system’s energy
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performance.

Closed-loop heat pump drying involves complex heat and mass
transfer. It operates through a synergistic coupling mechanism between
the refrigerant cycle and the drying air circulation path, wherein the
drying chamber and the heat pump system are the mutual heat sources.
During drying, fluctuations in any internal parameter or external
random disturbances induce transient responses in the system. The use
of physical detection methods makes it difficult to accurately obtain
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— Drying air flow
—> Refrigerant flow

L]
Compressor

Electric
energy

Evaporator

Wheat flow
Hot drying air
—
%
Tempering stage
Expansion |
[ (e [
valve Drying stage 1 :|
- - -
[l Y o
Drying stage 2
- - -
Discharging stage
Wet air
2 —

Fig. 2. Physical model of the SHP-50-CLHP wheat dryer.

transient data of various parameters at specific locations in reality, such
as the temperature and humidity of the drying medium, mass flow rate,
and material status. This issue is the main reason behind no improve-
ments in the efficiency of closed-loop heat pump drying. To address this,
previous researchers have focused on the use of mathematical modeling
methods for analyzing the closed-loop heat pump drying process
[15,16]. Fu et al. [17] developed thermodynamic models for various
closed-loop systems based on steady-state assumptions, analyzed the
impact of different parameters on energy performance, and proposed
optimization solutions for high-energy consumption links. This led to a
35.59 % increase in SMER. Chen et al. [18] combined a reverse ent-
halpy-based method with a particle swarm optimization algorithm to
develop a quasi-steady-state model for closed-loop heat pump dryers
and reported maximum prediction deviations of — 4.72 % for the
moisture extraction rate and — 6.50 % for the SMER. Xie et al. [19]
developed a transient model based on thermodynamic cycle mecha-
nisms and heat/mass transfer assumptions, achieving model errors
within 20 %. They found that increasing wet air velocity enhances heat
transfer capacity. However, previous researchers have mainly focused
on the development of steady-state models or the use of laboratory-scale
drying devices, which makes it difficult to capture the transient response
characteristics of industrial-scale equipment and accurately describe
real-time energy consumption during the drying process.

In summary, research on the dynamic modeling of industrial-scale
closed-loop heat pump drying processes for optimizing the energy effi-
ciency of the system remains unexplored. Building on our previous
research [20,21], this study focused on a closed-loop heat pump circu-
lation counter-flow wheat dryer (Model 5HP-50-CLHP) and proposing a
novel transient analysis model that deeply delves into the dynamic
processes of closed-loop heat pump-based drying. Based on this model,
transient thermodynamic and transient energy consumption analyses of
the drying process are conducted to identify key stages of system energy
loss and optimize the traditional closed-loop heat pump thermodynamic
architecture in a targeted manner to enhance the energy efficiency of the
entire system.

2. System description
2.1. Drying equipment
Fig. 1 shows a 5HP-50-CLHP wheat dryer installed at the Lifang

wheat drying base in Yuncheng, Shanxi Province, China. This dryer
mainly consists of a drying chamber, heat pump, cyclone separator,

hoist, and control center. It being the system core, the drying chamber is
vertically divided into the tempering, drying, and discharging stages.
The tempering stage, positioned at the tower apex with a 6-m thickness,
facilitates moisture and temperature redistribution within the grain
particle. This mitigates the wet and thermal stress types, which are
induced by rapid drying and is crucial for preventing kernel rupture, a
phenomenon colloquially termed as “waist bursting” [22]. The drying
stage comprises two small counter-flow drying stages, of them are 1-m
thick. Each small counter-flow drying stage is subdivided into two
layers: a lower 0.5-m-thick inlet duct that supplies hot drying air heated
by the heat pump condenser and an upper 0.5-m-thick exhaust duct that
discharges wet air, which condensed and dehumidified by the heat
pump evaporator, releasing latent heat during the process. The drying
chamber and heat pump are mutual heat sources within this closed-loop
configuration. The discharging stage, located at the bottom of the drying
tower with a 0.5-m thickness, does not involve water removal and can be
considered as a tempering stage.

2.2. Physical model

Fig. 2 illustrates the physical model of the 5HP-50-CLHP wheat
dryer. The physical model framework comprises three cycles: wheat,
drying air, and refrigerant. Each cycle possesses distinct transport
mechanisms and energy conversion pathways within the system. Before
starting the drying process, the drying tower is first loaded with wet
wheat, followed by activation of dryer. The grain progressively traverses
three distinct operational zones: the tempering, drying, and discharging
stages. Upon reaching the base of the tower, the wheat is transported
back to the top via a bucket hoist, reentering the tower for continuous
circulation. During this process, wheat repeatedly traverses the drying
stage, where it interacts with the drying air for the progressive removal
of water. In the drying stage, wheat moves in opposite direction to that
of the drying air, accommodating the typical pattern of rapid initial
drying followed by slower dehydration [23]. As the drying continues,
the moisture content of wheat gradually decreases until it reaches the
predetermined target value, the point at which point it is finally dis-
charged from the tower.

The drying air cycle operates as described: first, ambient cold air
passes through the condenser, where it absorbs heat from the refrigerant
and is transformed into hot drying air (state 2). Subsequently, the hot
drying air enters the drying tower, where it interacts with the wheat,
absorbing moisture and releasing it as wet air (state 3). Subsequently,
wet air enters into the evaporator, where it gets cooled, causing the

92



C. Lietal
Table 1
Comprehensive delineation of the sensors and instruments.
Devices Model Precision Manufacturer
Air convection oven  LC- - Shanghai Lichen Instrument
101-00 Technology Co., Ltd., China
Infrared AM390 0.1°C Dongguan Wanchuang
thermometer Electronic Products Co., Ltd.,
China
Temperature & AM2305 0.3°C& 2  Shenzhen Maishida Electronic
humidity sensor % Technology Co., Ltd., China
Anemometer QDF-6 0.01 m/s Shanghai Longtuo Instrument
Equipment Co., Ltd., China
Electronic scale AH-AWC 0.1g Shenzhen Anheng Weighing

Instrument Electronics Co., Ltd.,
China

entrained water vapor to condense into liquid water, which is further
drained away. This process dehumidifies the air, converting it back into
cold air (state i) and while releasing latent heat. The resulting cold air is
recirculated to the condenser to reabsorb heat, transforming into hot
drying air (state 2) and completing a full drying cycle.

The refrigerant cycle operates as described: the compressor raises the
low-pressure, low-temperature gaseous refrigerant to a high-pressure,
high-temperature state (state 1). Subsequently, the high-pressure,
high-temperature refrigerant flows through the condenser, transferring
heat to the drying air and transforming the phase into a medium-
temperature, high-pressure liquid (state 2). To enhance condensation
efficiency and accurately control condensation temperature, an auxil-
iary condenser is supplemented to the main condenser. This component
uses cooling water to condense the high-temperature, high-pressure
refrigerant at the compressor outlet to a set saturation state. The high-
pressure liquid refrigerant throttling via the expansion valve reduces
the refrigerant’s pressure and temperature, converting it into a low-
pressure, low-temperature gas-liquid mixture (state 3). Finally, this
mixture enters the evaporator. Inside the evaporator, the refrigerant
absorbs heat from the wet air discharged by the drying tower, vaporizes
into a gaseous refrigerant (state 4), and ultimately returns to the
compressor to repeat the cycle.

2.3. Data acquisition

Systematic monitoring and acquisition of crucial process parameters
provide mathematical foundations essential for the subsequent analysis
of the drying system. The average moisture content of wheat was
determined using the standard oven method [24]. The initial wheat
temperature was measured using an infrared thermometer. Throughout
the drying process, data on air temperature (inlet and outlet) and rela-
tive humidity (inlet and outlet) were collected using specific sensors
connected to a custom-built data acquisition system and measurements
were taken every 10 min. Manual measurements were performed to
determine the moisture content and temperature of wheat samples
collected from specific locations within the drying tower. The average
drying air flow velocity was continuously monitored using an
anemometer positioned at the dryer’s air inlet, where the air flow was
evenly distributed. The average flow velocity of wheat was calculated
using an electronic scale. Table 1 presents a comprehensive list of the
sensors and instruments used in the field production.

3. Transient analysis model

In this section, a transient analysis model of the circulation counter-
flow wheat drying system utilizing a closed-loop heat pump configura-
tion is developed. The following assumptions were made before devel-
oping and solving the drying system equations:

1) Wheat deep-bed drying was modeled as a one-dimensional process
along the bed height.
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2) The water within wheat was diffused to the drying medium in
gaseous form.

3) The compression process was assumed to be adiabatic, and the
pressure and flow losses of the refrigerant and drying air during the
cycle were disregarded.

4) The outlet refrigerant temperatures of the auxiliary condenser and
condenser were set equal to the condensing temperature, and energy
losses after fluid mixing were ignored.

3.1. Drying stage

3.1.1. Mass conservation equation

A microelement drying system was extracted with boundaries and
volume. Within this system, the quality of water evaporated from wheat
during a period of time (At) is expressed as follows:

% AzAt
ot

Arnwg = PgS (@)
where p; denotes the bulk density of absolute dry wheat; S, cross-
sectional area of the microelement; My, wheat moisture content on a
dry basis; Az, height of microelement drying system; and t, drying time.

Based on the Meel Van analytical method and the exponential model
that describes the thin-layer drying characteristics of wheat, the quality
of water evaporated from wheat as it traverses Az during At is calculated
as follows:

Am,, = pyaS(d, — d)MRAzAt )
where u denotes the interphase heat transfer coefficient; ya, effective
evaporation area of unit volume; d;, saturated humidity; d, air humidity
ratio; and MR, moisture ratio.

The quality of water absorbed by the drying medium as it traverses
Az during At is calculated as follows:

AMgy = pVaS a—i AzAt 3

o
where p, denotes the drying air density; v,, drying air flow velocity; and
z, bed height.

Factors that contribute to the changes in moisture content in Az
include evaporated water from the wheat and the flow of wheat itself.
The change in water quality over the interval Az during the time period
At, caused by wheat flow, is calculated as follows:

amy

AzAt
0% %

Amyp, = pVeS C))
where v, denotes the wheat flow velocity.
Based on the principles of mass migration conservation, Egs. (5) and

(6) were derived from Egs. (1) to (4):

oM;  OM
Py = Vebi gy — ura(ds — d)MR (%)
uya(ds — d)MR = vapag 6)

3.1.2. Heat conservation equation

The reduced enthalpy of the drying medium as it traverses Az during
At is calculated as follows:
T,

2 AzAt

0% 2

AQq = CapVaS
where ¢, denotes the specific heat of drying air and T, denotes the
temperature of drying air.

The heat exchange between the drying medium and wheat as it
traverses Az during At is calculated as follows:
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AQp = htaS(T, — T,) AzAt 8)
where h denotes the heat transfer coefficient; za, the effective heat
transfer area per unit volume; and Ty, the temperature of wheat.

The heat required to evaporate water in Az during At represents the
useful energy, which is calculated as follows:

AQy, = AguyaS(d; — d)MRAZAL )
where /g denotes the latent heat of wheat vaporization.

In the drying system, energy loss inevitably occurs in various forms,
such as heat loss. Based on previous assumptions, the two primary types
of heat loss are the heating wheat-associated heat loss and the exhaust
heat loss. The former in Az during At is calculated as follows:

JT,
& AzAL

o (10)

Ath = Cgpg,wS
where c; denotes the specific heat of wheat and p,, denotes the bulk
density of wet wheat.

The flow of wheat removes some amount of heat. Therefore, the heat
loss in Az during At due to wheat flow is calculated as follows:
T,

$ AzAt

ot an

AQy = cgpg‘wng

The heat conservation equation, represented by Egs. (12) and (13), is
derived from Egs. (7) to (11):

dT, JT, JaT,
capava—aza - vgcgpg_wa—zg = Cgpg~w7§+ gptya(ds — d)MR 12)
T,
hta(T, = Ty) = — CapVa—er 13)

0z
3.2. Tempering stage

During the tempering stage, wheat’s internal stress reduces as it
moves slowly without losing moisture. Concurrently, the temperature
gradually decreases owing to heat loss via convection and radiation. The
equations governing heat and mass transfer during moisture redistri-
bution are as follows [20,21]:

oMy oMy

oy a4
dT, JaT,
aTg = vga—; —f(Tg — Tw) 15)

where f denotes the cooling coefficient and Tg, denotes the ambient
temperature.

3.3. Heat source

The compressor, which is essential for elevating refrigerant pressure
and temperature within the heat pump drying cycle, is characterized by
its adiabatic efficiency and power, expressed as follows [25]:

h; —H

n—H a6

c

P, =gmr(h" —K) 17)
where 7, denotes the adiabatic efficiency of the compressor; h;, specific
enthalpy at the compressor outlet under isentropic compression; h’,
actual specific enthalpy at the compressor outlet; /', specific enthalpy at
the compressor inlet; P,, compressor power; and gmr, mass flow rate of
the refrigerant.

The thermodynamic exchange equation for the heat transfer between
the drying air and the refrigerant in the condenser is expressed as follows
[26]:
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)

denote the specific enthalpies of circulating drying

Qur = gria (g, —hin ) = (1- &) grar (i, — het (18)

and h%“

cr,a

where A |
air at the inlet and outlet, respectively; gma, mass flow rate of circulating
drying air; A, bypass rate; and h". h%, specific enthalpies of the
refrigerant entering and exiting the condenser, respectively.

The bypass rate is expressed as the percentage of heat absorbed by
cooling water in the auxiliary condenser relative to the total heat
released during the condensation of the refrigerant to a specified
temperature.

The mass flow rate of drying air during drying process is calculated
as follows:

My

qn'"La = deut — din (19)
where iy denotes the dehydration rate of wheat and d and d°** denote
the moisture contents of drying air entering and exiting the drying
tower, respectively.

The association between the specific enthalpies of the refrigerant at
the inlet and outlet of the expansion valve is expressed as follows [27]:
hin, =B 20)

where h% and h%. denote the specific enthalpies of the refrigerant
entering and exiting the expansion valve, respectively.

The thermodynamic exchange equation for the heat transfer between
the drying air and the refrigerant in the evaporator is expressed as fol-
lows [28]:

denote the specific enthalpies of circulating drying

_ hin

er;r

— pout

er.a

Qur = gra(hi, )+ mash = qrar (hgst 1)

and ho“

in
where h ora

er.a
air entering and exiting the evaporator, respectively; Ah, the latent heat

of condensation of water vapor; and A .

and hg;, specific enthalpies of
the refrigerant entering and exiting the evaporator, respectively.

For a wheat drying tower with initial moisture content My and grain
temperature Tgo, operating under specified initial drying air conditions
with temperature Ty and humidity ratio dy, the system’s initial and
boundary conditions are mathematically defined as follows:

Initial condition:

Mio =M,
22
{ Tgio = Tgo (22)
Boundary conditions:
dOt = dO
’ 23
{ Ta,O,r = Ta.O ( )

Where i denotes the i-th layer within the drying system.
3.4. Parameter calculation

Assuming that thin-layer drying follows an exponential model with a
drying constant k, the maximum dehydration rate of grain per unit
volume in deep-bed drying is p,k(Mg — M) and the maximum evapo-
ration rate per unit volume is yya(d; — d)MRpyax. By setting MRpmax = 1,
the maximum drying rate of grain equals the maximum interfacial
evaporation rate, resulting in the following equation:

/)gk(Md - M,)

d—d) @4

Hra =

By integrating both sides of Eq. (13) with respect to z, the following
equation can be obtained:
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Table 2
Equations and parameter values used in the transient analysis model.
Parameter Value/Equation Units Ref
g 2 = [2500 — 2.386 (T, + 273.15)][1 + 23exp( — 40My)] kJ/kg [29]
c ~ My kJ/kg/°C [30]
¢ =111 +0.045 =
3
Pg _r kg/m [30]
Pe =13, (~ 5 Mat 763.9)
H H =1.005T, + d(2501 + 1.86T,) kJ/kg [31]
Py 4075.16 Pa [32]
P; = 133.322 18.751 — ——————
s = 1333 e"p( 875 236.516+Ta>
d d = 0.622- RHaP; kg/kg [11]
Py, — RHaPs
M, " In(1 — RH) e %d.b. [29]
¢ 7 [1.23 x 10-5(T, + 63.346)
k k = 0.0388T,;, —1.046 h? [33]
Cq 1.004 kJ/kg/°C -

z z Tain
hm( / T,02 — / Tgaz) = —CaPgVa / JaT, (25)
0 0 Ta.out
According to the mean value theorem of integrals:
/ T,00 = Tz 26)
0
/ T,00 = T @7)
0

where T, denotes the qualitative drying air temperature and T, denotes
the qualitative grain temperature.

These qualitative temperatures reflect the average properties of the
drying medium and the grain within the drying layer, with their values
defined as the arithmetic mean of the temperatures at the inlet and
outlet.

By simultaneously solving Egs. (25) to (27), the following equation
can be obtained:

Ta,in — Ta.out

m (28)

hta = VaCap,
During the tempering stage, the cooling rate of the grain is relatively

slow. Assuming that the left-hand side term of Eq. (15) is ~zero, the

following equation can be obtained:

oT,

vga—zg ~f(Ty— Ta) (29)
By integrating both sides of Eq. (29) with respect to z and applying

the mean value theorem for integrals, the following equation can be

obtained:

fa Ve (Tsin — Toou) (30)
2(Ty — Ta)
where T, denotes the average ambient temperature.
Some other equations and parameter values used in the transient
analysis model are presented in Table 2.

4. Energetic evaluation index

The energy utilization characteristics of the drying system are
examined from the energy and exergy perspectives. Energy efficiency is
determined by the ratio of energy effectively used for water evaporation
(Quev) Within the drying tower to the total energy supplied (Q;,) to the
tower [34]:

_Q

(€19)
Qin

Men
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Q,., and Q,, are calculated using Eqs. (32) and (33), respectively
[35]:

Quer = Mgy (32)

Qi = gqmaH;, (33)

where Hj, denotes the specific enthalpy of drying air.

The exergy for dehydration Exwer), exergy of discharged wheat
(Ex_g), and irreversibility exergy destruction (Ey#) in the drying tower
are calculated using Eqgs. (34) to (36), respectively [36,37]:

. . Tw) -

Ex.wev - (1 - Tg) Qwev (34)

. Tab) .

Eoe=(1-—--)Q (35)
8 ( Tg 4

. . . Ta — T,

By = (Qwev +Qg> m( T g) (36)

k4

where Qg denotes the energy expended for grain heating, calculated as
follows (37) [38]:

Qg = Cgmg(Tg.out - Talz) 37)
where m, denotes the weight flow rate of grain.

For the closed-loop heat pump aspect, this study employed the COP,
SMER, and P. as evaluation metrics for the energy performance. The
COP is expressed as the ratio of heat absorbed by circulating drying air in
the heat pump (Qy, ) to the P, [39]:
Qe

c

COP =

(38)

SMER is expressed as the ratio of the quantity of water removed
during the drying process to the P, [40]:

Mg
SMER = —*-
P

c

(39

5. Data analysis
5.1. Statistical analysis

Herein, two metrics were used to evaluate the precision of the
transient analysis model when used in the circulation counter-flow
wheat drying system utilizing a closed-loop heat pump configuration:
root-mean-square error (RMSE), defined in Eq. (40) [41], and mean
relative deviation (MRD), defined in Eq. (41) [42]:
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Table 3
Uncertainties of the experimental measurements and total uncertainties for
predicted values.

Parameter Unit Value
Experimental measurements
Moisture content g water/g wet matter +0.050
Wheat temperature °C +1.134
Air temperature °C +0.308
Air relative humidity - +2.227 %
Air flow velocity m/s +0.015
Mass of the product g +1.387
Predicted measurements
Compressor power kw +1.21 %
Coefficient of performance - +1.87 %
Specific moisture extraction ratio kg/kWh +2.13 %
Exergy loss kJ/kg water +3.73 %
0.5
1¢ 2
RMSE = {n (Yorg — Yobs) (40)
j=1
n 5705
MRD = {1 <M> x 100 (41)
n =1 Yobsj

where Yy and Y5 denote the predicted and observed values, respec-
tively, for the j-th data point and n denotes the total number of mea-
surements taken in each experiment.

5.2. Uncertainty analysis

Herein, the experimental uncertainties were determined through
repeated measurements using the following equation [43]:
F

a > (0F
Up=||z—u —Uu
F {(0x1 1) + (6xz 2
where Uy denotes the uncertainty in the outcome; uj, uy, ..., Uy, the

uncertainty in the independent variables; x3, X3, ..., Xy, the independent
variables; and F, the function of the independent variables.

0.5

(42)

6. Results and discussion
6.1. Model validation

Table 3 presents the findings of the uncertainty analysis. According
to previous researchers [44,45], an error of less than 5 % is acceptable.
The calculated experimental measurement uncertainties and overall
predicted value uncertainties all fall within this range.

To validate the accuracy and reliability of the transient analysis
model proposed in this study, wheat drying experiments were conducted
on June 7, 2023. The experimental material was Jinmai 91, a conven-
tional variety of indica wheat, was obtained from a farm in Yuncheng,
Shanxi Province, China, with freshly harvested wheat demonstrating an
initial moisture content of 0.186 g water/g wet matter. For this batch of
wheat drying, the condensing temperature was set at 70 °C and the
drying air temperature at 60 °C. Field measurements showed an average
drying air velocity of 1620 m/h and an average wheat flow velocity of
3.8 m/h. The actual drying air temperature ranged from 59.4 °C to
62.2 °C, averaging to 61 °C. The ambient air data for this location on the
day of drying illustrated in Fig. S1 (Supplementary Material).
Throughout the testing phase, the ambient temperature averaged
23.9 °C with relative humidity of 66.5 %. These measured ambient pa-
rameters were subsequently input into a bespoke program using linear
interpolation to predict temporal variations in the moisture content and
temperature profiles of the discharged grain during the drying process.
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Fig. 3. Bland-Altman analysis of measured and predicted values: (a) Moisture
content, (b) Grain temperature.

The accuracy of model predictions was rigorously evaluated using
the Bland-Altman method. As shown in Fig. 3, the Bland-Altman
analysis conducted on the predicted wheat moisture content and tem-
perature revealed a mean difference close to zero, with the majority of
data points falling within the 95 % limit of agreement. This outcome
demonstrates a strong consistency between the predicted and measured
values. Validation under dynamic drying conditions further confirmed
the precision of the model. The predicted moisture content and outlet
wheat temperature closely matched the actual measurements, as shown
in Fig. 4, achieving low RMSE values of 0.0045 g water/g wet matter for
moisture and 0.37 °C for temperature, along with an MRD of 2.66 % and
1.12 %, respectively. Previous studies have reported that an MRD below
15 % is acceptable [46], indicating high accuracy of the model.
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Fig. 4. Comparison between predicted and measured values of outlet grain
moisture content and temperature.

Table 4
Baseline drying parameters for simulating the wheat drying process.

Parameter Value

Ambient temperature, °C 23.5
Relative humidity, % 21

Wheat initial weight, kg 50,000

Wheat initial moisture content, g water/g wet matter 0.22, 0.26, 0.30
Wheat target moisture content, g water/g wet matter 0.14

Drying air flow velocity, m/h 2500

Grain flow velocity, m/h 1.03, 1.53, 2.01
Wheat initial temperature, °C 23.5

Drying air temperature, °C 50, 60, 70
Condensing temperature, °C 60, 63, 66, 69
Terminal temperature difference, °C 4,5,6
Compressor adiabatic efficiency, % 80

Note: Bold values represent the baseline values used for this variable parameter
in simulation.

6.2. Transient thermodynamic analysis

This section presents a thermodynamic analysis of the wheat drying
process using a transient model, which accurately captures transient
response characteristics that cannot be analyzed by traditional steady-
state models. The study systematically investigated the spatial and
temporal changes in the moisture and temperature gradients within the
drying tower while elucidating the influence of three key operational
factors: drying air temperature, initial moisture content, and grain flow
velocity.

This study employs a single-factor control method in the transient
simulation to prevent interference from the interactions of multiple
factors on the result interpretation. Concurrently, R134a was selected as
the refrigerant for the closed-loop heat pump drying system. During the
transient simulation, the baseline values used for estimating various
drying variable parameters are detailed in Table 4.

With all the drying parameters held at baseline values, Fig. 5 illus-
trates the spatiotemporal distribution characteristics of the moisture
content and temperature fields of wheat throughout the tower. As
influenced by the tempering stage, the moisture content evolution
demonstrated a stepwise decline pattern. When wheat enters the air
inlet zone of the first drying stage, the convective heat transfer between
the wheat and hot drying air leads to a sharp temperature increase and
rapid moisture loss. Advancing to the tempering zone of the second
stage, moisture diffusion and heat conduction create a stable moisture
plateau while lowering grain temperature. Upon entering the drying
zone of the second stage, intense convective heat transfer is re-
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Fig. 5. Spatiotemporal distribution characteristics in the drying tower: (a)
moisture content, and (b) grain temperature.

established, causing secondary temperature elevation and steep mois-
ture reduction. Finally, wheat advances to the discharging stage and is
recirculated via a hoist for prolonged tempering, where the grain tem-
perature gradually decreases and the moisture content achieves
renewed stability. In addition, the grain temperature gradient during
mid-to-late drying phases markedly exceeds that during early-to-mid
phases, a phenomenon caused by increased energy requirements to
dislodge bound water from the solid matrix as the moisture content
declines. This results in more heat being converted to grain temperature
increase rather than latent heat consumption [32]. This finding is
consistent with the drying temperature characteristics reported by re-
searchers in paddy [31] and tea drying experiments [47].

6.2.1. Drying air temperature

With all the other drying parameters held at baseline values, except
for a condensing temperature of 70 °C, the impact of different drying air
temperatures on the wheat drying process was elucidated via numerical
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Fig. 7. Changes in outlet and average moisture content of drying tower at
different initial moisture contents.

simulation. Fig. 6 presents the moisture content curves at the dis-
charging stage outlet and average moisture content under these condi-
tions. The impact of varying drying air temperatures is most pronounced
during the second and third circulation cycles, reaching its peak in the
later stage of drying. This finding supports the conclusion by Li et al.
[32] regarding grain binding energy. As drying continues, the amount of
free water decreases and bound water increases, raising the binding
energy required for evaporation. This increased energy demand de-
mands for stronger thermodynamic forces to overcome the water-matrix
adsorption interactions, thereby promoting efficient moisture evapora-
tion [48]. Under identical drying conditions, a higher drying air tem-
perature exerts a dual effect by providing an additional influx of thermal
energy. First, it ensures the presence sufficient energy for evaporation.
Second, it disrupts water—-matrix bonds, accelerating water migration
onto the surface. Experimental data indicate that upon elevating the
drying air temperature to 70 °C, the drying rate reaches 0.0081 g water/
g wet matter/h. This represents a 48 % and 18 % increase compared with
the drying rates at 50 °C and 60 °C, respectively.

6.2.2. Initial moisture content
With all the other drying parameters held at baseline values, the
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Fig. 8. Changes in outlet and average moisture content of drying tower at
different wheat flow velocities.

impact of different initial moisture contents on the wheat drying process
was elucidated via numerical simulation. Fig. 7 presents the moisture
content curves at the discharging outlet and the average moisture con-
tent under these conditions. All drying curves for various initial moisture
content levels demonstrated multistage decline patterns, which are
similar to those observed under different drying air temperatures.
Following 8 h of continuous drying, samples with initial moisture con-
tents of 0.30 and 0.26 g water/g wet matter, achieved average moisture
content declines of 0.082 and 0.079 g water/g wet matter, respectively.
These declines are considerably greater than the decline of 0.064 g
water/g wet matter observed in the sample with an initial moisture
content of 0.22 g water/g wet matter. During the initial 0-2 h of the
drying phase, the average drying rates for the initial moisture contents of
0.30 and 0.26 g water/g wet matter exceeded those of the 0.22 g water/g
wet matter by 5.71 % and 4.74 %, respectively. Li [49] observed a
similar trend in the study conducted on polygonati rhizoma extract
drying. Wheat with a higher initial moisture content contains a greater
proportion of free water. The binding energy between free water and the
solid matrix is relatively low, which allows it to rapidly respond to
external thermal energy and facilitate prompt evaporation. However,
opposite results have been obtained in some drying devices, such as in
experiments with Soybean [50] and strawberry [51].

6.2.3. Grain flow velocity

To explore the effects of different grain flow velocities on wheat
drying with all the other drying parameters held at baseline values,
numerical simulation was conducted. Fig. 8 presents moisture content
curves at the discharging outlet and average moisture content under
these conditions. The results indicated that wheat subjected to lower
flow velocity experiences greater reduction in moisture content during
drying, as prolonged contact with the drying air promotes dehydration.
However, although the water removal efficiency considerably varies for
individual wheat grains at different flow velocities, the overall differ-
ence in average moisture content across the drying tower is relatively
small. This observation indicates that, although wheat has a shorter
residence time in the drying stage at higher flow velocities, the overall
average water removal efficiency remains comparable with that
observed at lower flow velocities. This phenomenon mainly stems from
the heightened throughput of wheat passing through the drying stage
per unit time at an elevated flow velocity, which effectively compensates
for the reduced contact time.
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6.3. Transient energy consumption analysis

Owing to the inherently dynamic nature of the heat pump-assisted
drying process, traditional steady-state analysis methods cannot accu-
rately describe real-time energy consumption during the drying process.
Therefore, in this section, a transient analysis model is used to precisely
capture the system’s transient energy performance and identify stages
with high-energy consumption or low efficiency throughout the drying
cycle. This approach facilitates targeted optimization of drying opera-
tions and enhances the overall energy performance.

6.3.1. Drying air temperature

Fig. 9 presents the transient energy efficiency of wheat drying at
different drying air temperatures. The transient energy efficiency
sharply increases for all drying air temperatures during the first 1.5 h.
This rapid increase occurs when the system begins with ambient con-
ditions as the initial parameters. At this stage, the enthalpy of the drying
air entering the system is relatively low. Consequently, heating the
ambient air to the target drying temperature requires substantial energy
consumption, resulting in relatively low energy efficiency in the initial
phase.

The influence of drying air temperature on system’s energy effi-
ciency demonstrates distinct phased characteristics. During the early
drying phase, lower drying air temperature exhibits a higher transient
energy efficiency, as less energy is required to overcome the evaporation
threshold. This enables efficient water removal without excessive
convective heat loss that usually occurs at higher temperatures. How-
ever, in the mid-to-late phases, the differences in energy efficiency
across various temperature conditions decrease to within 5 %. Consis-
tent with the trend observed in fixed bed wheat drying by Yan et al. [52].
This convergence is attributed to the higher binding energy required for
the evaporation of bound water, coupled with a reduced internal hu-
midity gradient that lowers the concentration driven evaporation rate.
This observation highlights the need to implement a staged temperature
control strategy in industrial drying processes. To maintain sufficient
drying rates while maximizing energy efficiency, lower air temperatures
should be applied during the initial stage when the moisture content is
high. Subsequently, transitioning to a higher temperature during the
deceleration drying phase can effectively address the mass transfer
bottleneck in water migration, thereby resulting in considerable oper-
ational cost savings.

During the drying process, the association between drying air
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Fig. 11. Exhaust drying air state of the drying tower at a drying air temperature
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temperature and energy efficiency exhibits nonlinear characteristics.
Although increasing the drying air temperature from 50 °C to 70 °C
reduces drying time by 32.7 %, the energy saved by such a reduction is
insufficient to compensate for the extra energy required for maintaining
higher temperatures. Consequently, the average energy efficiency de-
creases with increasing drying air temperature. For example, at 70 °C,
the average energy efficiency reaches 0.613, representing 88.5 % and
94.1 % of the efficiencies observed at 50 °C and 60 °C, respectively.
Notably, although the average efficiency of closed-loop heat pump
drying systems at 70 °C is lower, it exceeds that of traditional hot-air
drying [53] at the same temperature by 27.7 %, highlighting the
inherent energy efficiency advantages of closed heat pump drying
systems.

Fig. 10 presents the impact of different drying air temperatures on
the transient energy characteristics of the closed-loop cycle heat pump
drying system, with all the other drying parameters held at baseline
values except for a condensing temperature of 70 °C. As illustrated in
Fig. 10(a) and (b), the drying system exhibits high transient COP and P,
during the first 1.5 h after startup, followed by a rapid decline into a
stable operational phase. During the initial phase, the drying system
requires considerable energy to elevate ambient air to the target drying
temperature owing to the low ambient conditions at the start, which
increases the heating capacity and transient COP. In addition, the low
humidity of the inlet drying air at the initial stage, combined with the
limited moisture removal capacity, exists the exhaust drying air from the
drying tower to reach markedly lower temperature and humidity than
that in the stable operational phase, along with a correspondingly
reduced dew point temperature, as illustrated in Fig. 11. To ensure
effective dehumidification, the refrigerant temperature at the evapo-
rator outlet is maintained low to ensure adequate difference in heat
exchange temperature, which increases compressor workload and re-
duces the transient SMER value during this phase, as illustrated in
Fig. 10(c). As the drying process progresses, the drying system stabilizes,
with the dew point temperature of the exhaust drying air reaching
steady-state conditions. Concurrently, the operating temperature of the
evaporator stabilizes, suggesting that after the drying air flows through
the evaporator, the temperature and humidity reach equilibrium. The
enthalpy of the drying air before and after it flows through the evapo-
rator remains relatively constant, and the heating capacity stabilizes,
resulting in a consistent trend for transient COP and P,.

As presented in Fig. 10(b) and (c), increasing the drying air tem-
perature at a constant condensing temperature markedly enhances the
COP and SMER. For example, at 70 °C, the drying system reaches the
average COP and SMER values of 2.69 and 2.24 kg/kWh, respectively.
These values are 1.34 and 1.14 times higher than those at 50 °C, and
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Fig. 12. Transient energy characteristics of wheat drying system under
different condensing temperatures: (a) P, (b) COP, and (c) SMER.
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1.25 and 1.09 times higher than those at 60 °C. This phenomenon in-
dicates that reducing the difference between the drying air and
condensing temperatures can enhance the overall energy utilization
performance. Similar results were reported for the closed-loop heat
pump drying of dishwasher [54]. Notably, while theoretically reducing
the condensing temperature could further enhance the energy perfor-
mance and practical operation requires maintenance of adequate tem-
perature difference between the hot refrigerant and cold air for an
efficient heat exchange. Consequently, the condensing temperature
must not fall below the drying air temperature. Under optimal condi-
tions, the energy performance of the drying system reaches its peak
when the condensing temperature aligns with the drying air
temperature.

6.3.2. Condensing temperature

To elucidate the influence of drying air and condensing temperatures
on the system’s energy performance, Fig. 12 shows the interactive ef-
fects of concurrent adjustments in these temperatures on the transient
energy behavior of the closed-loop heat pump drying system, with all
the other drying parameters held at baseline values. The trends for the
COP, SMER, and P, under diverse temperature conditions consistently
align with those in Fig. 10. With the increase in both the temperatures,
P, shows an upward trend, whereas the COP and SMER demonstrate a
downward trend. This phenomenon indicates that the negative impact
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of increased condensing temperature on the COP and SMER outweighs
the positive effects with increased drying air temperature. Specifically,
an increase in condensing temperature increases the internal system
pressure, requiring more work by compressor during refrigerant
compression, thereby increasing the overall energy consumption, as
illustrated in Fig. 12(a). Therefore, simultaneous increases in both the
temperatures reduce the SMER. For example, elevating the drying air
temperature to 69 °C yields an average water removal rate of 470.04 kg/
h, which is only 1.21 times that at 60 °C. Contrarily, when the
condensing temperature increases to 69 °C, the average P. reaches 207
kW, which is 1.55 times that at 60 °C. Zhang et al. [55] reported similar
results in the study of closed and semi closed- loop heat pump drying
systems. However, several studies report conflicting results [17].

6.3.3. Initial moisture content

Fig. 13 illustrates the impact of the different initial moisture contents
of wheat on the transient energy characteristics of the closed-loop cycle
heat pump drying system, with all the other drying parameters held at
baseline values. During the initial 1.5 h of the drying phase, the influ-
ence of initial moisture content on transient energy performance aligns
with the patterns observed at different drying air temperatures. As
illustrated in Fig. 13(a), wheat with higher initial moisture content
demonstrates a higher P. at the early stage of drying. This occurs
because a higher initial moisture content corresponds to greater average
drying rate, enabling the removal of a considerable amount of moisture
within the same timeframe. The enhanced moisture evaporation in-
creases the humidity of the exhaust drying air during the drying stage,
thereby increasing its dew point temperature. When a constant tem-
perature difference is maintained between the dew point of the exhaust
drying air and the evaporator, the evaporator temperature rises in
conjunction with the dew point of the exhaust drying air. Theoretically,
this condition enables the compressor to operate at a lower pressure
difference, reducing the P.. However, to effectively dehumidify the high-
temperature, high-humidity exhaust drying air, the evaporator must
provide additional refrigeration capacity, which requires increased
refrigerant flow. The decrease in P, caused by the increase in evaporator
temperatures is insufficient to compensate for the power increase caused
by a higher refrigerant mass flow rate. Consequently, wheat with higher
initial moisture content demonstrates greater P. in the early drying
phase. Xu et al. [56] reported similar findings in their study on alfalfa
seed drying. Following the passage of drying air through the evaporator,
its temperature increase reduces the difference between the drying air
and condensing temperatures. Such a reduction diminishes the heating
capacity of the heat pump for drying air, resulting in lower COP at a
higher initial moisture content, as illustrated in Fig. 13(b). For example,
the average COP is 3.4 at an initial moisture content of 0.22 g water/g
wet matter and 3.24 at 0.30 g water/g wet matter. Alternatively, the
growth rate of moisture removal with increasing initial moisture content
exceeds that of P.. This disparity leads to higher SMER for higher initial
moisture content, a trend opposite to that of COP, as illustrated in Fig. 13
(c). For example, the average SMER is 2.66 kg/kWh at an initial mois-
ture content of 0.22 g water/g wet matter, which increases to 3.02 kg/
kWh at 0.30 g water/g wet matter.

6.3.4. Terminal temperature difference

Fig. 14 illustrates the impact of different terminal temperature dif-
ferences on the transient energy characteristics of the closed-loop cycle
heat pump drying system, with all the other drying parameters held at
baseline values. During the initial 1.5 h of the drying phase, the influ-
ence of terminal temperature difference on transient energy perfor-
mance aligns with the patterns observed at different drying air
temperatures and initial moisture contents. When the initial parameters
of the drying air at the drying stage inlet are constant, the dew point
temperature of the exhaust drying air remains stable. However, varia-
tions in the terminal temperature difference alter the evaporator’s
operating conditions. A larger terminal temperature difference results in
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Fig. 17. Schematic diagram of three heat recovery schemes: (a) Scheme A, (b) Scheme B, and (c¢) Scheme C.

lower refrigerant temperature and pressure at the evaporator outlet
[57]. This requires the compressor to operate under a higher pressure
difference, which increases the P.. In addition, a larger terminal tem-
perature difference enhances the evaporator’s heat transfer efficiency,
enabling sufficient heat absorption from the drying air with a lower
refrigerant mass flow rate. Although the reduced refrigerant flow may
partly reduce the P, such a reduction cannot fully compensate for the
additional power increase caused by the lower evaporator temperature.
Consequently, the overall P, increases with larger terminal temperature
difference, as shown in Fig. 14(a). The lower operating temperature of
the evaporator means that the drying air passing through it reaches a
lower temperature, thereby increasing the difference between the dry-
ing air and condensing temperatures and enhancing the heating

capacity. However, as the heating capacity growth rate lags behind that
of the P, the COP decreases with the increase in the terminal temper-
ature difference, as shown in Fig. 14(b). For example, at a 6 °C terminal
temperature difference, the average COP and Pc are 2.86 and 171.14
kW, respectively, compared with 4 and 115.32 kW at 4 °C. Moreover,
under an atmospheric pressure, the drying air at lower temperature
demonstrates reduced humidity, accelerating the drying process. How-
ever, the moisture removal growth rate induced by this humidity
reduction is slower than the P, growth rate. This reduces the SMER at a
larger terminal temperature difference, as illustrated in Fig. 14(c).
Although a smaller terminal temperature difference increases the COP
and SMER while reducing the P, an excessively low terminal temper-
ature difference may impair evaporator efficiency by hindering moisture
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transfer from the drying air to the evaporator surface. Therefore,
appropriate terminal temperature difference settings are crucial to
ensure high efficiency and stable operation of the heat pump drying
system.

6.4. System optimization

6.4.1. Problem description

Fig. 15 presents the variation trend of sensible heat content in the
exhaust drying air, under the conditions where all the drying parameters
are maintained at their baseline values. As the drying process progresses,
the sensible heat of the exhaust drying air gradually increases, requiring
the evaporator to provide additional refrigeration capacity to manage
the sensible heat carried by the drying air to achieve effective moisture
removal. Under fixed terminal temperature difference conditions,
maintaining the required refrigeration effect leads to an increase in
refrigerant mass flow rate, thereby exacerbating the overall exergy loss
of the drying system.

Furthermore, the exergy loss of each component in the drying system
was calculated using Equations (31) to (37). The average exergy loss of
the entire drying system amounts to 107.89 kW; the exergy loss per-
centages for each component are illustrated in Fig. 16. The proportion of
exergy loss at the drying tower is 30.5 %, whereas the total exergy loss
attributable to the heat pump is 69.5 %. In the heat pump drying system,
exergy loss is predominantly concentrated in three key components,
namely, the condenser, expansion valve, and compressor, accounting for

60.2 % of the total exergy loss of the drying system. In these system
components, phase change processes occur. Notably, in the condenser, a
considerable temperature difference between the dry air and conden-
sation temperature promotes intensive heat transfer. Concurrently, the

Scheme  Regenerator 1 Regenerator 2
pre- pre-heat pre-cool pre-heat
cool
A wet evaporator outlet condenser outlet cold air
air refrigerant refrigerant
B wet cold air condenser outlet evaporator outlet
air refrigerant refrigerant
C wet cold air condenser outlet cold air
air refrigerant

refrigerant undergoes phase change, resulting in substantial exergy loss.
Furthermore, exergy loss in the auxiliary condenser and compressor is
inevitable and irrecoverable, representing a considerable proportion of
the total loss. These observations reveal two important optimization
pathways for traditional closed-loop heat pump drying systems. First, a

notable temperature difference exists in the refrigerant between the
condenser and the expansion valve. Second, distinct temperature gra-
dients persist among the media within the condenser itself.
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6.4.2. Optimization schemes

To mitigate exergy losses in the previously described closed-loop
heat pump drying system, this study proposes the integration of a
regenerator as an optimization strategy to enhance the overall energy
performance of the drying system. The integration of the regenerator
only requires adjustments to the pipeline system, eliminating the need to
redesign the heat pump cycle, thereby simplifying the transformation
process. Moreover, all the core components are commercially available
and mature, which helps control costs and ensures high engineering
feasibility. The specific strategies are as follows: 1) precool the wet air
discharged from the drying stage using the regenerator 1 to a temper-
ature that approaches, slightly exceeds, the dew point by 0.5 °C. This
prevents moisture condensation within the regenerator while maxi-
mizing refrigeration capacity utilization, thereby enhancing the dehu-
midification efficiency and 2) utilize regenerator 2, with an efficiency
set to 0.8, to lower the refrigerant temperature at the expansion valve
inlet. This mitigates vaporization induced by pressure reduction across
the valve, thereby enhancing the evaporator’s cooling performance.

To quantify the disparity between the actual heat transfer perfor-
mance and theoretical limits, the regenerator efficiency parameter is
introduced. This parameter quantifies the ratio of the actual heat
transfer to the theoretical maximum heat transfer, which is calculated as
follows [20]:

e — CpnGmh (T;ln — Tgut) _ Cpcqme (Tgut — TZH) (43)

(Cpqm)min (T;IH - T‘gl) :

(Cpqm)min (T;ln - 'I‘én)

where ¢, and ¢, denote the specific heat capacities at a constant
pressure for the hot and cold fluids, respectively; gmn and g, the mass
flow rates of hot and cold fluids, respectively; T;'I" and Ti", the inlet
temperatures of hot and cold fluids, respectively; Ty and T2, the outlet
temperatures of hot and cold fluids, respectively; and (cy@m)min, the
smaller value between the products of mass flow rate and specific heat
capacity at a constant pressure for hot and cold fluids.

Based on the above considerations, this study proposed three distinct
heat recovery schemes to optimize energy flow within the drying sys-
tem, aiming to enhance the overall energy efficiency, as illustrated in
Fig. 17. All three schemes employ regenerator-based techniques. As
illustrated in Fig. 18, the T-s diagrams depict the refrigerant’s thermo-
dynamic behavior across these schemes. Table 5 presents the function of
the regenerator in three heat recovery schemes.

6.4.3. Result and analysis

With all the drying parameters held at baseline values, Fig. 19 pre-
sents a comparative analysis of the energy utilization characteristics of
different heat recovery schemes. The results indicate that the use of
regenerators markedly enhance system’s energy performance. In a
closed-loop heat pump drying system with heat recovery schemes under
identical drying conditions, P. markedly reduces compared with sce-
narios without heat recovery. This improvement mainly stems from two
factors: first, all the heat recovery schemes effectively control sensible
heat and enhance the evaporator’s dehumidification efficiency. They
markedly decrease the refrigerant mass flow rate, resulting in a sub-
stantial reduction in the P. and second, these schemes effectively
decrease the expansion valve inlet refrigerant temperature. This mini-
mizes vaporization within the valve and further enhances the evapora-
tor’s cooling capacity. Notably, Scheme B exhibits the smallest reduction
in the P. among the three schemes, whereas Schemes A and C show more
pronounced decreases, as illustrated in Fig. 19(a). For instance, the P, of
Scheme C is 104.23 kW, representing a notable decrease of 26.3 %
compared with 141.51 kW that is observed without the heat recovery
system. Contrarily, the P. of Scheme B decreased by 10.8 %. This dif-
ference occurs as Scheme B only preheats the compressor inlet refrig-
erant, whereas Schemes A and C preheat the drying air. As illustrated in
Fig. S2 (Supplementary Material), the energy performances of all the
heat recovery schemes improve with an increase in the efficiency of
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Fig. 20. Exergy loss percentages of each component in Scheme C.

regenerator 2. Such an improvement directly increases the compressor
inlet refrigerant temperature for Scheme B; however, the resulting gain
in energy performance is not significant. Moreover, the energy perfor-
mance of Scheme C surpasses that of Scheme A, indicating that reducing
the temperature difference between the drying air and the condensing
temperature is far more effective in enhancing the system’s energy
performance than increasing the compressor inlet refrigerant tempera-
ture. Asillustrated in Fig. 19(b) and (c), the COP and SMER increased for
all the heat recovery schemes, particularly in Schemes A and C. For
example, the average COP for Schemes A and C increased to 4.32 and
4.48, whereas the average SMER increased to 3.76 and 3.89 kg/kWh,
respectively. Compared with systems without heat recovery, the COP for
Schemes A and C increased by 33.4 % and 35.3 %, whereas the SMER
increased by 30.1 % and 34.6 %, respectively. These findings indicate
that Scheme C outperforms Schemes A and B across all performance
metrics, including P., COP, and SMER.

With all the drying parameters held at baseline values, Fig. 20 shows
the percentage distribution of exergy loss for each component within
Scheme C. The average exergy loss of the entire drying system is 72.75
kW, indicating a 32.5 % reduction compared with the system without
heat recovery. The primary exergy losses occur in unavoidable and
nonrecoverable components, particularly the drying stage, compressor,
and auxiliary condenser. When compared with the percentages in
Fig. 15, the exergy loss percentages are substantially lower at the
condenser and expansion valve. The integration of the regenerator en-
ables effective control of irreversible losses at these crucial components,
confirming the effectiveness of the design of Scheme C. By implementing
a two-stage preheating process for the drying air through regenerators
placed between the drying stage and evaporator, as well as between
condenser and expansion valve, the difference between the drying air
and condensing temperatures is minimized. Such an optimization en-
hances the overall energy performance, highlighting the role of the
condenser as a key component. This conclusion aligns with the findings
of Erbay [58] regarding the condenser’s function in the heat pump
system.

7. Conclusion

This study proposed a transient analysis model for a circulation
counter-flow wheat drying system utilizing a closed-loop heat pump
configuration, performing transient thermodynamic analysis and energy
optimization. The key outcomes of this study are as follows:

(1) The predictions for discharged wheat moisture content and
temperature aligned well with the actual measurements,

achieving an RMSE of 0.0045 g water/g wet matter and 0.37 °C as
well as MRD of 2.66 % and 1.12 %, respectively.
At the start of drying phase, a lower drying air temperature is
applied to grains with high free water content. During the mid-to-
late stages of drying, the temperature is increased to overcome
the binding energy between water and the solid matrix of the
grains. This two-stage strategy enhances energy efficiency while
ensuring optimal drying rates.

(3) Maintaining stable condensing temperature while elevating the
drying air temperature narrows the difference between them,
enhancing the energy performance of the drying system. In
contrast, the initial moisture content of wheat has no notable
effect on energy performance.

(4) The implementation of dual-stage preheating of the drying air
through a regenerator can considerably enhance the energy
performance of the drying system. With all the drying parameters
held at baseline values, Scheme C achieves a 26.3 % reduction in
the P, a 35.3 % increase in the COP, and a 34.6 % increase in the
SMER compared with systems without heat recovery. In addition,
it results in a 32.5 % reduction in exergy loss, demonstrating
optimal performance across various energy efficiency metrics.

2

—

The transient analysis model proposed in this study provides reliable
groundwork for exploring adaptive control strategies in the drying
process and shows potential for application to agricultural products,
such as paddy and barley, warranting further exploration. Moreover, the
dual-regenerator optimization scheme introduced here offers notable
advantages in energy conservation and consumption reduction in
industrial-scale closed-loop heat pump drying systems. Future research
will focus on the deployment and practical application of this optimi-
zation scheme in the field of engineering.
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1. Introduction

Paddy, recognized as a pivotal food crop indispensable for human
survival and development [1,2], necessitates prompt treatment due to
its intrinsically high moisture content, typically exceeding 0.3 g water/g
wet matter, and the frequently concurrent occurrence of its harvest
period with typhoon season. Failure to address this promptly can result
in rapidly mildew and deterioration of the wet paddy under high tem-
perature, humidity, and rainfall, ultimately affecting product quality [3,
4]. Industrial-scale drying occupies a crucial position in safeguarding
the quality of paddy during the post-harvest phase, holding substantial
ecological, economic, and social significance. However, drying pro-
cesses are typically energy-intensive, accounting for a significant
portion of global energy usage ranging from 12 % to 25 %, with agri-
cultural product drying alone contributing 3.62 % [5,6]. In light of the
increasingly urgent environmental challenges and the limited avail-
ability of fossil fuels, the high energy consumption associated with
paddy drying emerges as a pivotal factor that hinders sustainable human
development [7]. Hence, minimizing energy consumption during the
paddy drying process in the post-harvest phase possesses considerable
practical importance.

Energy consumption during drying is influenced by multiple factors,
with energy generation and supply mode, ventilation parameters, and
ambient conditions being the most significant. Researchers have inves-
tigated energy conservation strategies through innovative drying
methods, such as hot air-assisted radio frequency drying [8],
solar-assisted heat pump drying [9], and microwave-assisted hot air
drying [10]. However, these methods, which require high-grade energy,
may not be economically viable for small-scale farmers, thereby limiting
their widespread adoption in the agricultural industry. Consequently,
research has shifted towards studying the influence of ventilation pa-
rameters on energy consumption [11,12], proposing structural
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improvements to enhance energy utilization [13,14], and developing
energy optimization models [15,16]. Techniques such as response sur-
face methodology [17], variable ventilation parameters method [18],
and waste-heat recovery [19] are commonly employed in these studies.
These investigations primarily focus on analysing and optimizing the
transfer and transformation characteristics of drying energy or exergy
within systems, taking into account the complexities arising from both
internal factors (such as process mode, mechanical structure, and
physical property changes) and external conditions (like drying air
temperature and flow velocity, and grain initial moisture content).

In the context of a specific grain dryer operating in a given envi-
ronment, the energy conveyed by the drying air originates from the heat
absorbed by a specific volume of ambient air in the heat source.
Therefore, the energy consumption during the drying process of grain
with a particular initial state is closely related to ambient conditions.
However, existing research has overlooked the impact of dynamically
changing ambient conditions on the energy utilization characteristics of
drying systems. Specifically, there is a notable lack of studies that
integrate energy conservation with real-time energy consumption
regulation during the drying process. This limitation has hindered the
advancement of energy-saving drying equipment upgrades.

Model Predictive Control (MPC) is an effective method for address-
ing this challenge. It leverages a system model and the current state to
predict future system behaviour. At each time step, it computes the
optimal control actions by considering the control objectives, system
constraints, and potential disturbances [20]. Compared to PID control,
fuzzy control, and intelligent control, MPC is regarded as the most
effective approach for grain drying, receiving substantial attention and
application in this domain [21]. Song et al. [22] proposed an MPC
drying strategy for paddy, aiming to maximize head paddy yield through
real-time optimization. Simulations and experiments showed MPC out-
performed constant temperature drying, demonstrating its feasibility
and potential for real-time optimization. Bottari et al. [23] proposed an
MPC method for continuous cross-flow paddy dryers. Through simula-
tions, it was found that the control system could rapidly determine
optimal drying parameters under external random disturbances, signif-
icantly improving the performance of traditional closed-loop drying
control structures. Zhang et al. [24] utilized deep learning techniques to
fit the original drying MPC algorithm, enabling rapid regulation of the
moisture content of discharged grain in a multistage counterflow paddy
dryer. This work demonstrated the potential of MPC in addressing the
time-consuming task of online optimization in deep-bed grain drying.
However, implementing classical MPC for energy consumption regula-
tion in paddy drying involves solving a complex optimization problem at
each time step. This results in significant computational costs, making
online implementation challenging, especially in the presence of
disturbances.

Hierarchical MPC, in contrast, provides a promising approach to
reducing computational complexity and enhancing real-time respon-
siveness. It achieves this by decomposing the complex optimization
problem into a serial of smaller subproblems, which are solved indi-
vidually and then integrated into a cohesive framework. Hierarchical
MPC has been widely applied in various energy optimization processes,
including greenhouse management [25], fuel cells [26], and electric
vehicles [27]. However, to the best of our knowledge, no prior research
has investigated the use of hierarchical MPC for designing energy opti-
mization strategies in industrial-scale paddy drying. This paper aims to
address this gap by proposing a hierarchical MPC framework that op-
timizes energy consumption while mitigating disturbances in the
context of paddy drying.

In this study, we focus on industrial-scale circulation counter-flow
paddy drying, a prevalent batch drying technique [28]. This process
involves gradually dehydrating wet paddy in a thin layer using
low-temperature drying air to create mild drying conditions. Subse-
quently, the paddy is conveyed back to the drying chamber via an
elevator for additional circulation and drying until it attains a desired
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moisture level. Compared to large-scale continuous drying processes,
circulation counter-flow drying boasts flexibility, cost-effectiveness, and
ease of operation [29]. Consequently, it is popular in regions with
widespread but high-volume paddy production, such as southern China,
Japan, South Korea, and certain Southeast Asian nations. However, like
other industrial-scale drying processes, energy consumption is a signif-
icant concern that must be addressed to ensure the method’s industrial
viability and promotion.

In summary, research on energy consumption regulation in
industrial-scale paddy drying processes using MPC technology remains
limited due to high computational costs, particularly in environments
with significant disturbances. Building on our previous study [18], this
paper introduces a novel hierarchical MPC strategy tailored for the
industrial-scale circulation counter-flow paddy drying process with
disturbances. The proposed approach addresses computational chal-
lenges by decomposing the complex energy optimization problem into
two interconnected levels of MPC subproblems, enhancing the feasi-
bility of online implementation and reducing computational costs.

The first level controller serves as an energetic optimizer to minimize
energy consumption while adhering to the system constrains. It in-
tegrates both drying mathematical and energetic models with drying
and ambient data as system states. Given its computational complexity
and the slow-changing nature of ambient conditions, this first level
operates at a low frequency of once every 180 s in our experiments. To
handle high-frequency disturbances occurring between the updates of
the first-level optimizer, a second-level MPC controller is proposed
based on the drying mathematical model solely, operating at a higher
frequency of 2.25 s. This controller is designed to accurately track the
ideal trajectory generated by the first-level optimizer while suppressing
disturbances. Our experiments demonstrate the enhanced energy-saving
and disturbance-suppression capabilities of our proposed hierarchical
MPC strategy, providing a foundation and technical support for
advancing innovation in energy-efficient drying equipment during the
grain post-harvest phase.

The remainder of this paper is organized as follows. Section 2 pre-
sents the system model. Section 3 introduces the energetic analysis.
Section 4 describes the MPC controller design. Section 5 reports the
results and discussions. Section 6 concludes the key ideas of this paper.
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2. System model
2.1. Equipment description and physical model

Fig. 1 shows the scene graph of a type of circulation counter-flow
paddy dryer, 5HP-20, which is developed by our laboratory. This dry-
ing system consists of three sections: heat source, drying chamber, and
dedusting device. The heat source primarily consists of a cost-effective
combustion chamber, which utilizes paddy hull as its fuel. The com-
bustion chamber is connected to the drying chamber via a heat
exchanger. Within the drying chamber, the paddy flows sequentially
from top to bottom through the tempering stage, preheating stage,
drying stage, and discharging stage. The tempering and drying stage
employ counter flows of ambient and drying air, respectively. The pre-
heating stage primarily comprises four tubular infrared radiators
inserted into this stage, which utilize waste heat carried by a portion of
the flue gas emitted from combustion chamber to preheat paddy. The
discharging stage consists of a reciprocating grain discharging device.
The exhaust gas from drying chamber and flue gas emitted by the ra-
diators are directed into a cyclone separator under the action of the
induced fan (Model Y4-73, Shandong Shuntong Blower co., Ltd). The
5HP-20 paddy dryer has been implemented at a farm in Leizhou,
Guangdong Province, China.

Fig. 2 depicts the physical model that elucidating the flow dynamics
and interaction between wet paddy and drying air within a 5HP-20
circulation counter-flow paddy dryer. The controlled object is
described as follows: Initially, the drying tower is completely filled with
wet paddy, characterized by an initial moisture content (Mj,). Subse-
quently, the induced fan, heat source, and grain discharging device are
sequentially activated. Under the influence of gravity, wet paddy flows
steadily from the top to the bottom of the dryer at a predefined flow
velocity (Vgin). Upon reaching the discharging stage, the paddy, now
with a moisture content denoted as Moy, is conveyed back to the top of
the drying tower via an elevator for subsequent circulation. Throughout
multiple circulation processes within the dryer, the paddy undergoes
heat and mass transfer with the drying air. Ultimately, once the desired
moisture content is attained, the paddy is discharged from the dryer.
Meanwhile, ambient air passes through a heat exchanger, where it un-
dergoes a temperature increases (from Tqp, to T4 jn) upon heating. Driven
by the induced fan, this heated air enters the dryer from the bottom to
the top. The drying air subsequently comes into contact with the wet
paddy, effectively extracting excess moisture, and is subsequently

Drving chamber

Flue gas pipe

Heat exchanger

Combustion chamber

Fig. 1. Diagram of 5HP-20 industrial-scale circulation counter-flow paddy dryer.
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Fig. 2. Physical model of circulation counter-flow paddy drying system.

expelled from the drying system through a cyclone separator, at which
point its temperature is denotes as T, oyt

Based on the physical model, the fundamental components of the
paddy drying system comprise ambient air, flowing paddy, and drying
air. Among these components, the uncontrollable factors include the
ambient state, characterized by temperature Ty}, and relative humidity
(RH), as well as the initial state of the paddy, defined by its moisture
content Mj, and inlet temperature Tg ;, Notably, the actual state of the
drying paddy, specifically its moisture content (M) and temperature (Tg)
can be manipulated by adjusting the drying air temperature (Tqn),
drying air flow velocity (V,in), and paddy flow velocity (Vg ;). These
adjustments are facilitated through alterations in the power of the
heating system, the frequency of the induced fan, and the frequency of
the discharging motor, respectively. Consequently, the inputs of the
paddy drying system are identified as Ty in, Va,in, and Vg in, whereas the
outputs consist of the moisture content (M) and temperature (Tg,out) of
the paddy exiting the discharging stage. As illustrated in Fig. 3, the
drying system can be conceptualized as a thermodynamic open system,
characterized by flowing material with the drying chamber wall serving
as the boundary.

2.2. System constraints

2.2.1. State constraints

To mitigate the adverse impacts of inertial drying on product quality,
the present study establishes a target average moisture content for the
paddy that is marginally elevated compared to the safe moisture content

out Tg,oul]

T, RH —

1
1
i
1
:—> y=[M
1
1
1
1
1

1 Drying system

Fig. 3. Description of input and output parameters of drying system.

for storage (Msaf), which is defined as 0.14 g water/g wet matter [30].
This specific constraint can be formulated as follows:

Mour (tf) :Msaf (€]
where t¢ is the time at the end of drying.

The primary concerns in industrial-scale grain drying pertain to the
crack ratio and rice taste, which constitute the foremost quality in-
dicators of significance. By drawing upon the mechanism of fissure
formation in paddy kernels based on glass transition theory [31] and the
influence of drying air on rice taste characteristics [32], it is imperative
to confine the drying state of paddy within the safe-quality zones
throughout the entire drying tower. These safe-quality zones can be
delineated using Equation (2) and Equation (3), which represent the
state constraints pertaining to drying quality [18,33,34]:

T, —53.63 + 88:M > 0 @

3

The drying rate (DR) quantifies the rate of change in paddy moisture
content per hour throughout the drying process. Maintaining an
adequate drying rate is crucial to fulfill the minimum requirements for
production efficiency. To guarantee drying productivity and comply
with the production index, it is imperative that the drying rate does not
decrement below a specified minimum threshold value:

5.021 -InT, ~58-M <0

DR > DRyin 4
2.2.2. Input constraints

Following the determining the process mode and mechanical struc-
ture of the paddy dryer, it is necessary to confine the input variables of
the drying control system within prescribed ranges. Consequently, the
constraints of the drying control system can be formulated as outlined
below:

Ta.in.min < Ta.in < Ta.in.mwt (5)
Va.in.min S Vu.in S Va,in,max (6)
Vg,in,min S Vg,in S Vg,in,max (7)

where Ty i is the inlet drying air temperature, Vi, is the inlet drying air
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flow velocity, Vg iy is the paddy flow velocity, T, inmax and Tain min are
the lower and upper bounds of Ty in, Va,in,max and Vg in min are the lower
and upper bounds of V in, Vg inmax and Vg in min are the lower and upper
bounds of Vg in.

To minimize wear and tear on mechanical components, such as fans
and discharging motors, it is essential to restrict the rate of change of
operating parameters. Therefore, the change rate of the input variables
must be confined within a specific range, as detailed below:

dTain
e ~
a | = L (8
dVa,in
i <bL ©)
dVgin
| < I 10$)

where 1y, 15, and 13 are the thresholds for change rates of Ty, in, Va, in, and
Vg,in, Tespectively.

2.3. Drying mathematical model

Given the primary distinctions in process characteristics among
various serial stages stemming from variations in ventilation parame-
ters, the paddy drying process investigated in this study can be repre-
sented by a simplified schematic diagram, as depicted in Fig. 4 [33].
Fig. 4 (a) depicts the drying stage, wherein the drying air flows from the
bottom to the top. Fig. 4 (b) illustrates the preheating stage, with the flue
gas pipe traversing through the stage. Fig. 4 (c) shows either the
tempering stage or the discharging stage, depending on the air flowing
through, which is ambient air in both cases.

In industrial-scale grain drying, people often focus on the state dis-
tribution in batches of grain instead of state of single kernel. Therefore,
in the context of the circulation counter-flow drying process examined in
this study, it is essential to select a spatial node within the above-
mentioned stages as the fundamental research unit for synthesizing
the overall system state. Specifically, the micro-element AZ, as indicated
in Fig. 4, which represents a drying system with a defined boundary and
volume, has been chosen as the primary research system for this pur-
pose. Detailed description for modeling this micro-element can be found
in Supplementary materials A. After modeling the micro-element AZ, an
analytical model of the entire circulation counter-flow drying system
can be derived by synthesizing the global states, based on the variations
in the process characteristics at each stage.

2.3.1. Drying stage model

To numerically model the micro-space node depicted in Fig. 4 (a),
the fundamental mathematical model introduced in References [18,33]
is employed in this study. This model can be encapsulated in the
following partial differential equations (PDEs). During the drying stage,
alterations in heat and mass of the micro-space node arise due to both
drying and paddy flow. The corresponding heat and mass balance
equation can be formulated as:

oMy oMy

Py ~Vebs gy = uya(ds — d)MR an
cgpg,w% + Vgcgpg,w% = —hta(Tq — Ty) — Agpya(ds — d)MR 12)
Vapa%: = pya(d; — d)MR 13
capaVa%: — hra(T, — Ty) 14)

0z

where pg is the bulk density of absolute dry paddy, My is the paddy
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Fig. 4. Diagram of the drying, preheating, and tempering stage in industrial-
scale grain drying system: (a) Drying stage, (b) preheating stage, and (c)
tempering stage.

moisture content, on a dry basis, t is the drying time, z is the bed height,
p is the interphase heat transfer coefficient, ya is the effective evapo-
ration area of unit volume, dy is the saturated humidity, d is the air
humidity ratio, MR is the moisture ratio, cg is the specific heat of paddy,
pg,w is the bulk density of wet paddy, h is the heat transfer coefficient, ta
is the effective heat transfer area per unit volume, )4 is the latent heat of
vaporisation of paddy, p, is the air density, and c, is the specific heat of
dry air.

2.3.2. Tempering stage model

For the tempering and discharging stage illustrated in Fig. 4 (b), the
variation in moisture content within the micro-space node is solely
attributed to paddy flow. Simultaneously, heat gradually dissipates into
the ambient environment through convection and radiation. Conse-
quently, the heat and mass balance equation for the tempering and
discharging stage can be formulated as:

M, M,

ot oz as
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0T, _ 0T,

v _f(T,-T. 1
5= Vegy f(Te—Ta) (16)

where f is the cooling coefficient and Ty, is the ambient temperature.

2.3.3. Preheating stage model

Analogous to the tempering stage, paddy does not undergo dehy-
dration during the preheating stage, and changes in the moisture content
of the micro-space node are exclusively driven by paddy flow. Heat
transfer to the paddy occurs via radiation from the flue gas pipe,
resulting in alterations in the heat content of the micro-space node.
Consequently, the heat and mass balance equation for the preheating
stage can be expressed as:

oMy oMy
oy
ot 0z a7
dT, JT,
a—tg = ga—;+g(Tr —Ty)

where g is the heating coefficient, and T; is the temperature of flue gas
pipe.

To solve above PDEs, following initial and boundary conditions
should be given [18]:

Initial conditions:

MiO = MO
' 18
{ Tg-i.o = 150 as)
Boundary conditions:
dO,t = do
{ Tavo.t = a0 a9

where My is the initial moisture content of paddy, Ty is the initial
temperature of paddy, Ty o is the temperature of inlet drying air, do is the
absolute humidity of inlet drying air, and i is the ith layer of drying
system divided in z-direction.

2.3.4. Model performance analysis

In our previous studies [18,33], we conducted a paddy drying
experiment to validate the performance of the mathematical model.
Detailed experimental procedures are provided in Supplementary ma-
terial B. Essential drying data collected at the drying site, including
ambient and ventilation parameters as well as initial state parameters of
the paddy, were substituted into the mathematical model to calculate
real-time paddy drying states. The calculated real-time paddy moisture
content and temperature were compared with measured values. To
quantify the performance of the calculation model, we employed two
evaluation indicators: the root mean square error (RMSE) and the
average relative deviation (ARD). Results demonstrated that RMSE for
real-time paddy moisture content and temperature at discharging outlet
were 0.98 % w.b. and 0.49 °C, respectively, while the ARD were 5.5 %
and 1.42 %, respectively. The reasonable values of these performance
evaluation indicators confirmed the accuracy of the calculation model.
Therefore, the calculation model can be utilized as a tool for energy
consumption regulation in the industrial-scale circulation counter-flow
paddy drying process studied in this paper.

3. Energetic analysis
3.1. Energy analysis

Based on the physical model of the circulation counter-flow paddy
drying system, depicted in Fig. 2, the input energy of the thermodynamic
open system comprising the drying chamber primarily consists of the
energy transported by the drying air and waste gases within the flue gas
pipe. A portion of this input energy is allocated to the removal of
moisture, another portion to the heating of the paddy, while the
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remainder is expelled from the system via waste air. Consequently, in
accordance with the first law of thermodynamics, the energy balance
equation for the controlled object under investigation in this paddy
drying process can be formulated as follows [34]:

ma,inHin + Qg = ma.outHout + Qwe + Qh (20)

where , i, is the mass flow rate of drying air, H is the specific enthalpy of
drying air, ¢ is the energy transfer rate by flue gas pipe, we and y, are the
energy transfer rate for water evaporation and heating paddy,
respectively.

The equation for calculating , i, is as follows [35]:

101.35

— S e 21
Ma =0 287T, ' @h

where S is the cross-sectional area of inlet air pipe.
2 we> and p are calculated using Equation (22)-(24), respectively
[36-38]:

Q=0eT}S, 22)
Que =Tl (23)
Qh = Cgrflg (Tg.out - Tab) 24

where o is the blackbody radiation constant, ¢, is the radiator emissivity,
S; is the surface area of flue gas pipe, we is the water evaporation rate,
and 4 is the mass flow rate of paddy.

3.2. Exergy analysis

Upon deriving the energy balance equation and incorporating the
principles of the second law of thermodynamics, the exergy balance
equation for the controlled object can be formulated as Equation (25)
[39]:

ma‘inexin + Exg = ma‘uutexout + Exwe + EXh + Exir (25)

where ex is the specific exergy of drying air, X, is the exergy transfer rate
by flue gas pipe, xwe and xy are the exergy transfer rate for water
evaporation and heating grain, respectively, and x; is the exergy
destruction rate of irreversibility.

The equation utilized for calculating specific exergy of drying air at
both the inlet and outlet of the drying chamber (ex) is provided as fol-
lows [40]:

ex=(cq+dc,)(Te — Twr) — T [(ca +dc,)In (TLZ,) — (Re+dR,)In (&)}

Py
1 +1.6078dy d
+Tub |:(Ra + de)ll'l (m) +1 6078dRa In (d—ab>:|
(26)

where cy is the specific heat of vapour, R, is the gas constant of drying
air, Ry is the gas constant of vapour, P, is the pressure of drying air, the
atmospheric pressure Py, is 101,325 Pa in this study, and d,p, is the hu-
midity ratio of ambient air.

The transfer rate of exergy carried by waste gas in flue gas pipe (xg) is
calculated using Equation (27) [41]:

4
Ex;=oT? (e, + % (%) — 28;0'75 <1;+'b>) 27)

The transfer rate of exergy for dehydration (xw.) and heating paddy
(xn), as well as the exergy destruction rate of irreversibility (x;) are
calculated using Equation (28)-(30), respectively [42,43]:

o A Tab
Exwe - Qwe <1 - Tg) (28)
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. . T,
Exp=Q, (1 - —ﬂ”) (29)
Tg
. . . T, — T
Exir = (Qh + Qwe)Tab (?1-.7,1-,;.&') (30)
a+al

The equation for calculating transient energy consumption rate (nj,)
and drying efficiency (nen) are Equation (31) and (32), respectively [44]:

Enin = Qg + ma,inHin (€2D)
Qwe
Non == (32)
“ Qg + ma.inHin

Exergy efficiency (nex) is calculated using Equation (33) [39]:

EXye

- 33
Exg + Mg jneXin (33)

Mex

Productivity is usually adopted as an intuitive indicator to evaluate
the working capacity of grain dryers, and it is calculated using Equation
(34) [45]:

1-M
G0l 0) (34)
ttol(l - an)
where Gy is the total mass of wet paddy feeding into dryer, M is the
initial moisture content of paddy, My, is the moisture content of dried
paddy, and t; is the total drying time.

4. MPC controller design

This section introduces a hierarchical MPC framework designed to
optimize energy consumption while mitigating disturbances in
industrial-scale paddy drying processes. As illustrated in Fig. 5, the
framework consists of two interconnected levels: a low-frequency first-
level optimizer and a high-frequency second-level MPC controller. This
hierarchical design ensures a balance between computational efficiency
and real-time responsiveness, while effectively coordinating energy-
saving objectives and disturbance mitigation.

The first-level optimizer integrates the drying mathematical model
(Section 2.3) and the energetic model (Section 3) to serve as an energetic
optimizer. Its primary inputs include ambient data, including ambient
temperature and relative humidity, as well as system outputs from the
dryer. It minimizes energy consumption while adhering to system con-
straints and provides an optimal reference trajectory for the second-level
controller. Given the computational complexity of this optimization and
the slow-varying nature of ambient conditions, the first-level optimizer
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operates at a low frequency to reduce computational demands, updating
its outputs every 180 s in our experiments.

The second-level MPC controller focuses on real-time control and
disturbance suppression, utilizing solely the drying mathematical
model. It uses the reference trajectory provided by the first-level opti-
mizer as input. Additionally, it takes real-time measurements from the
dryer, such as the moisture content (Moy) and temperature (Tg o) of the
discharged paddy from the outlet of the discharging stage. The second-
level controller generates control inputs to track the reference trajectory
and counteract disturbances. By operating at this higher frequency (e.g.,
every 2.25 s), it effectively suppresses system disturbances and ensures
precise control.

This hierarchical structure leverages the complementary strengths of
both levels. The first-level optimizer provides an energy-saving trajec-
tory based on slow-changing system states, while the second-level MPC
controller ensures fine-tuned, real-time adjustments to maintain process
stability and energy efficiency under disturbances.

4.1. First-level optimizer

To facilitate the representation within control systems frameworks,
we provide a detailed elaboration on the discrete-state space formula-
tion of the drying mathematical model, which is denoted as Equation
(35):

x(k + 1) = f(x(k), u(k)
{yac) — Cx(k) 35

where k is the discrete sampling time point, x = [M, T] is the system
state (moisture content and temperature of whole tower of paddy,
measuring using sensors [46] placed inside each stage), u = [T in, Va,in,
Vg,in] is the input (inlet air temperature, inlet air velocity, and paddy
flow velocity), y = [Mout, Tgoudl is the output (moisture content and
temperature of discharged paddy). This corresponds to the last layer of
paddy in the dryer and is extracted as the last element of the state vector
x. Consequently, the output matrix C is in the form of [0, 0, O, ..., 0, 1]. f
(o) is the drying mathematical model outlined in Section 2.3 (Equations
(11)-(19)).

In the context of the first-level optimizer, our focus is on investi-
gating various optimization strategies for paddy drying, with the pri-
mary objective of minimizing energy consumption while concurrently
ensuring that productivity and product quality remain within acceptable
limits. Utilizing the drying mathematical and energetic model, the
optimal control inputs uef and system outputs yref, which correspond to
different optimization objectives, are computed under dynamically
changing ambient conditions. These computed values are then trans-
mitted to the second-level MPC for trajectory tracking. The subsequent
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Fig. 5. Diagram of hierarchical control system of paddy drying.
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sections delve into the formulation of the pertinent optimization
problems.

4.1.1. Strategy 1

Paddy drying represents a unit operation characterized by substan-
tial energy consumption. The primary objective of Strategy 1 is to
optimize the process by minimizing the overall energy expenditure
associated with drying, which can be mathematically formulated as
depicted in Equation (36):

k+Np—1

Ji(k) = Z (Qg(i) + ma,in(i)Hin(i)) (36)

i=k

where k is the current step, and Ny is the final time step of optimization
horizon, respectively.

4.1.2. Strategy 2

In the context of paddy drying, optimizing energy consumption ne-
cessitates a holistic approach that not only considers the total input
energy but also emphasizes minimizing heat losses. This implies a focus
on maximizing energy utilization efficiency during the drying process.
Consequently, Strategy 2, in contrast to Strategy 1, incorporates an
additional requirement related to heat loss minimization. This objective
can be mathematically articulated as shown in Equation (37):

k+Np—1

Jo(K)= Y (Qe(i) + Main(1)Hin (i) + Mg oue (1) Houe (i) + Qu (1)) (37

i=k

4.1.3. Strategy 3

Given that exergy analysis accounts for the quality of energy, it
provides a more comprehensive insight into the irreversibility and ef-
ficiency losses during energy conversion and utilization compared to
traditional energy analysis. Consequently, exergy analysis offers deeper
guidance for system optimization, such as enhancing equipment exergy
efficiency and reducing exergy losses. In this study, the objective of
Strategy 3 is to minimize exergy losses while simultaneously ensuring
the lowest possible energy consumption. The control method aligned
with this optimization strategy is generally regarded as the optimal
drying control approach. This can be mathematically expressed as fol-
lows:

k-+Np—1
Jg (k) = Z (Qg(l) + mam(l)Hm(l) + ma.uut(i)exout(i) +Exh (1) +Exir(i))
i=k
(38)

The reference control inputs u.ef remains constant throughout the
entire update period of the first-level optimizer (e.g., 180 s in our
experiment) and is determined by solving the following optimizing
problem:

urs(k) = argmin J, (k) or Jo(k) or J5(k)

s.t. Drying mathematic model (35)

Energetic model (20) — (31) (39)
System constraints (1) — (10)

x(0) = measured system states at time k.

The reference system outputs, denoted as yrf are generated by
applying the reference control inputs u.f to the disturbance-free drying
mathematical during the current updates period, using the current
measured states from the actual dryer as initial system states.

4.2. Second-level MPC

Due to the disturbances in paddy drying process, the actual paddy
drying state often deviates from the reference trajectory yrer when using
the optimal input u. obtained from the first-level optimizer. The
second-level MPC is designed to mitigate the effects of these
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disturbances, ensuring that the drying process continuously tracks the
reference trajectory.

The second-level employs a closed-loop control approach to achieve
precise reference trajectory tracking utilizing the measured system
states. The corresponding objective function is expressed in Equation
(40):

Jn6) = 3" (Ay(k +0)Dy(Ay(k + 1)+

Nt =t (40)
> (Au(k +i))"Dy(Au(k + i)

i=0

where Nj, and N, are the prediction and control horizon, respectively. Dy
and Dy, are the weights of y and u, respectively. Ay is the system output
deviation, Au is the control input deviation used to compensate for state
deviation caused by disturbances. Ay and Au can be expressed as
follows:

Ay(k+1i) =y(k+1i) = Yy (ke +1) (4D
Au(k+i) =u(k+1i) — (k) (42)

where u, (k) is the latest reference input from the first-level optimizer at
time k. yref(k + i) is the ith reference system output obtained by applying
uef(k) to the drying mathematical model with the initial system state x
(k). The essence of MPC in second-level is to solve the following opti-
mization problem:

Au' (k) = argminJ,, (k)

s.t. Drying mathematic model (35),
System constraints (1) — (10),

x(k) = measured system states at time k.

(43)

The control input Au’(k) obtained by solving Equation (43) is a
sequence that depends on the current measured system states. However,
measurement values after time k cannot influence the current states,
which means that external disturbances and model mismatch informa-
tion contained in future measurements are not reflected in the current
states. To address this issue, MPC retains only the first action of Au"(k)
as the input and discards the rest of the sequence. Specifically, assuming
the optimization problem in Equation (43) has a solution, the optimal
sequence can be expressed as Au*(k) = [Au(k), Au(k+1), Au(k+2), ...,
Au(k + Ne-1)17. By retaining only the first element Au(k) from this so-
lution sequence, the control input applied to the system at the current
time step k can be represented as:

u(k) =ty (k) + Au(k) (44)

At time k+1, the updated system states are used as the initial states to
predict the system output over the prediction horizon Np, and the cor-
responding optimization problem (Equation (43)) is solved again. As the
process advances, the prediction horizon rolls forward, allowing for
continuous adjustment and ensuring effective control over the entire
drying process.

5. Results and discussions
5.1. Simulation parameters of controller

The focus of this study’s simulation is 5HP-20 circulation counter-
flow paddy dryer, as depicted in Fig. 1. As illustrated in Fig. 6, the
drying tower possesses a total height of 5.5 m. The primary drying
process occurs within a 2-m-high drying stage. The tempering and pre-
heating stages measure 2 m and 1 m in height, respectively, while the
discharging stage spans 0.5 m. The volume of entire dryer is 32.5 m®,
capable of accommodating approximately 18-22 t of wet paddy.

The finite difference method is employed to solve the drying math-
ematical model, with the calculation process illustrated in Fig. 7. Table 1
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Fig. 6. Size distribution of drying tower.

presents a selection of the thermodynamic equations and corresponding
values utilized during the computational process. Furthermore, Tables 1
and 2 collectively provide essential property values and thermodynamic
equations that are crucial for the calculation process in both energy and
exergy analyses.

For the simulation of the drying controller, the reference basis for the
state of paddy and drying air was derived from on-site measured data.
Based on our previous research [18], the initial moisture content and
temperature of the paddy were established as 0.242 g water/g wet
matter and 28.6 °C, respectively. The real-time ambient data from the
drying site, as depicted in Fig. 8, was utilized to simulate the real-time
ambient state. The data presented in Fig. 8 represents the ambient
conditions during a complete operating cycle of paddy drying conducted
in Leizhou, Guangdong Province, in May 2021. During the test period,
the average ambient temperature and relative humidity were 29.9 °C
and 80.27 %, respectively.

In our experimental setup, the closed-loop system incorporates a
sampling period of 2.25 s. The first-level optimizer operates at a lower
frequency, executing once every 180 s. Conversely, the second-level
MPC operates at a higher frequency, cycling every 2.25 s in our exper-
iment. The control and prediction horizons for the first-level optimizer
are both configured to span 5 sampling periods, whereas the second-
level MPC has a horizon of 2 sampling periods. The parameters,
including state constraints, input constraints, control horizon, and pre-
diction horizon, are outlined in Table 3.

To quantify the tracking performance of the hierarchical MPC for a
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reference trajectory, indicators including relative average deviation
(RAD) and maximum relative deviation (MRD) were introduced. These
indicators measure the deviation degree of the paddy drying process
between the hierarchical MPC system and the reference trajectory.
Specifically, RAD was utilized to evaluate the overall tracking effect,
whereas MRD was employed to assess the tracking effect at the worst
tracking point. RAD and MRD were calculated using Equation (45) and
Equation (46), respectively:

Table 1
Thermodynamic equations and property values used in calculation process.
Parameters  Equations/Values Units
Py 4075.16 Pa
Py =133.322 18.751 — (——F—7—
s EXP( 236.516 + Tﬂb>
d RH-Pg kg/kg
d=0622—"——
06 Py, — RH-Pg
MR - My -M, -
ME =M, .
M, " _In(1 — RH) i g water/g dry
¢~ |1.919x 10-5(T, + 51.161) matter
Pa 1.293 kg/m?®
Ca 1.005 kJ/(kg-K)
3
Pg _ kg/m’
P =T (2.073My + 508.5)
c My kJ/(kg>C)
¢, =1.11+ 0.045
i 1+ My
g g = [2500 — 2.386(T; + 273)][1 + 2.556 exp(—  kJ/kg
20.176M,)]
Hra o P M~ M,) kg/(h-m®)
A -
r r = 0.0153Tq, — 0.215 1/h
- 3.0
hra hea = Vocapy i 1 eou kJ(h-m®-°C)
V4 (Tﬂ - Tg)

Note: r denotes the drying constant, and the equation utilized for its calculation
is sourced from Reference [47].

Table 2

Property values and thermodynamic equations used in calculation process.
Parameter Values/Equations Units
H H = 1.005T, + d(2501 + 1.86Ty) kJ/kg
A 0.126 m?
- 5.67 x 1078 W/(m>°C*%)
& 0.9 -
A, 8.3 m?
¢ 1.872 kJ/(kg-°C)
R, 0.287 kJ/(kg-°C)
R, 0.462 kJ/(mol-°C)

Set time . X .
i aEae Initialize drying conditions
. T, RH Z [M, T,d T, V, V],
steps a p o Vo 17

Update Update
L Vo Vel (€0 Pus Cop P Ao Do M., 70, ya]

| Start I

N

| Calculating d;, T, ; I [d, T
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Convergence ?
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Fig. 7. Solving process based on the finite difference method.
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Table 3
Simulation parameters.
Variable Value Unit
Mgaf 0.145 g water/g wet matter

DRmin 0.01 g water/(g wet matter h)
Ta,in,min 60 °C
Ta,in,max 80 °C
Va,in,min 0.56 m/s
Va,in,max 0.83 m/s
Vg in,min 1.5 m/h
vg,in,max 3.5 m/h
kq 0.02 °C/s
ko 0.02 m/s?
ks 0.001 m/(h-s)
N, 2 -
Nc 2 -
Dy 100 _
D 1 -
1 | (i) — x,(i)
RAD=— : 45
N ; x(i) (45)
MRD:maX< M) 46)
X (1)

where x, is the measurement value, x; is the trajectory value, and N is
the sampling point.

The ’fmincon’ function, which is part of the MATLAB 2017b Opti-
mization Toolbox, is employed to address optimization problems char-
acterized by nonlinear constraints. The chosen optimization algorithm
for this purpose is the interior point algorithm. The implementation of
this process is executed on a laptop with Intel i5 CPU running at 3.2 GHz.

5.2. Optimization and analysis

5.2.1. Optimal input

Under the constraint imposed by objective function of Strategy 1, the
input results computed by the optimization system are depicted in Fig. 9.
Specifically, Fig. 9 (a) reveals that, initially during the drying process
(<3 h), the drying air temperature was predominantly maintained at a
relatively low level of 60 °C. Conversely, for the majority of middle and
later stages, the drying air temperature was elevated. The primary
determinant of paddy drying was the interplay between water and dry
matter, which decreased the partial pressure of water vapour at the
water surface, subsequently reducing the free energy of water. This
reduction in free energy was quantitatively equivalent to the binding
energy required to remove 1 kg of water from the material [48]. Given
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that both depth of water migration and the proportion of removed
adsorbed bound water increased as paddy moisture content decreased,
the binding energy that needed to be overcome during the water
migration process inevitably rose. Consequently, to guarantee a high
drying rate, a slight increase in drying air temperature was observed
during the later stage of drying (>3.5 h). This finding also validated the
accuracy of the variation curve of binding energy between dry matter
and water during paddy the drying process, as calculated in our previous
research [18].

Regarding the drying air flow velocity, except for minor fluctuations
at specific points, it remained relatively constant at 0.69 m/s throughout
the entire drying process. Related research [49] has indicated that the
water vaporized within the drying system is transported by the flowing
drying air, thereby maintaining the thermal and wet potential difference
within the system. However, the constant drying air flow velocity, as
constrained by the objective function of Strategy 1, suggests that, in
comparison to the drying air temperature, the influence of drying air
flow velocity on the drying process was not the primary factor governing
transient energy consumption and drying rate. Fig. 9 (c) illustrates that
the paddy flow velocity exhibited a pattern where the later stage (2.61
m/s) was greater than the early stage (2.13 m/s). In the later stage of
drying, the rapid increase in paddy temperature led to a significantly
large heat loss of heating paddy compared to the early stage, often ac-
counting for more than 60 % of the total [50]. Therefore, to adhere to
the low energy consumption constraint of Strategy 1, the heat loss of
heating paddy was mitigated in this stage by augmenting the paddy flow
velocity.

Under the constraints imposed by the objective functions of Strategy
2 and Strategy 3, the input results obtained through the optimization
system are depicted in Figs. 10 and 11, respectively. To attain a superior
energy/exergy efficiency throughout the drying process, the drying air
temperature was promptly reduced from its preset initial value to the
lowest level of 60 °C and maintained at this temperature throughout the
entire drying duration. With regard to the drying air flow velocity,
Strategy 2 and Strategy 3 exhibited a relatively similar trend overall.
However, within the first 2.5 h of the drying range, the average drying
air flow velocity of Strategy 3 (0.56 m/s) was observed to be lower than
that of Strategy 2 (0.61 m/s). Sinha et al. [51], in their research on vibro
fluid bed tea drying system, reported that exergy destruction of irre-
versibility comprised the largest proportion of the total in the early stage
of drying. This was attributed to the rapid decrease in the thermal
gradient between the drying air and the material surface. Consequently,
during this initial stage, Strategy 3’ adoption of a lower drying air flow
velocity in to gradually diminish the thermal gradient emerged as an
effective approach to mitigate exergy loss and sustain a high level of
exergy utilization in the drying process. This conclusion was further
corroborated by Yu et al. [39] through their analysis of a hot air circu-
lation convection carrot drying process.

5.2.2. Drying kinetics

Fig. 12 illustrates the real-time drying state of paddy at the dis-
charging outlet throughout the drying process, under three distinct
strategies. Fig. 12 (a) reveals that the moisture content of the paddy at
the discharging outlet exhibited a fluctuating pattern in tandem with
variations in input. Overall, a gradual decrease in moisture content was
observed as the drying process progressed. This trend marked a notable
departure from the real-time drying state observed under constant
drying conditions, which exhibited a characteristic step-wise decline
[45]. Fig. 12 (b) demonstrates that, due to the constraints imposed by
the optimization function, the temperature of the paddy at the dis-
charging outlet was significantly elevated under Strategy 1 compared to
Strategy 2 and Strategy 3. Notably, this elevation was accompanied by
pronounced fluctuations. During the mid-stage of the drying process,
however, the temperatures of the paddy at the discharging outlet under
Strategy 2 and Strategy 3 remained relatively stable, without significant
fluctuations. Regarding drying efficiency, Strategy 1 achieved a drying
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time of 6.9 h, corresponding to a productivity of 1899.1 kg/h.
Conversely, both Strategy 2 and Strategy 3 required a drying time of 7.5
h, with a productivity of 1747.2 kg/h.

Fig. 13 depicts the variations in the average moisture content and
temperature of paddy under three distinct optimization strategies, along
with the curves representing the glass transition and taste characteris-
tics. Given the current equipment parameters and their corresponding
drying conditions, and under the influence of state constraints, the
drying kinetics curves obtained under all three strategies were posi-
tioned above the glass transition curve (indicating a rubber state). This
finding suggests that the drying process did not traverse the glass tran-
sition phase. Based on the fissure formation mechanism in paddy ker-
nels, which is rooted in the glass transition theory as proposed by Zhao
et al. [31], when the state of the paddy remains unchanged during the
drying process, the rate of additional fissuring can be effectively mini-
mized. Furthermore, the drying kinetics curves obtained under all three
strategies were situated within the safe taste area, well below the taste
curve and far removed from the taste destruction zone. This observation
indicates that the implementation of reasonable temperature control
during the drying process can stabilize the paddy in an ideal taste state
[32]. The results of the aforementioned analysis confirm the effective
guarantee provided by the designed optimizer in terms of product
quality.
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5.2.3. Energy and exergy analysis

Fig. 14 presents the variation curves of transient energy and exergy
efficiency during the drying process under three different optimization
strategies. As illustrated in Fig. 14 (a), the transient energy efficiency
exhibits a gradual downward trend as the drying process progresses.
During the initial drying stage, the water evaporation from the paddy
surface resembles the evaporation from a free water surface [52],
facilitating the removal of water within the paddy kernel. Consequently,
a significant amount of heat is effectively utilized during this phase,
leading to decreased temperatures of both the discharged paddy and
waste air, and consequently, reduced heat loss for both. However, as the
drying process continues, the removal of water becomes increasingly
challenging [48], resulting in a substantial amount of heat not being
effectively utilized and instead being discharged from the drying system.
Additionally, the heated paddy also transfers some heat externally,
contributing to the gradual decline in transient energy efficiency. When
compared to Strategy 2 and Strategy 3, which incorporated energy ef-
ficiency indicators, Strategy 1 exhibited significantly lower transient
energy efficiency. The ranges of transient energy efficiency under the
three strategies were 45.4%-67 %, 46.2%-71.1 %, and 49%-71.6 %,
respectively. The average energy efficiencies were 58.2 %, 62.2 %, and
63.2 % for Strategy 1, Strategy 2, and Strategy 3, respectively. Similar
trends in energy efficiency variations have also been observed in studies
on the drying of pears [11], bananas [53], and tomato paste [54].

As for the exergy aspect, Fig. 14 (b) shows that the transient exergy
efficiency for Strategy 1, Strategy 2, and Strategy 3 ranged from 24.7%
to 42.2 %, 26.7%-45.8 %, and 28.3%-43 %, respectively. According to
Equation (33), exergy efficiency is proportional to the water evaporation
rate. During the initial drying stage, dehydration occurs without
requiring substantial exergy, as less energy is needed to remove loosely
bound water. As drying progresses, more exergy is consumed to over-
come the increasing binding energy between water molecules and dry
matter. In the final drying stage, removing tightly bound water becomes
significantly more difficult, leading to a reduced dehydration rate and
lower dehydration efficiency. Combined with the analysis of transient
energy efficiency in the previous paragraph, we found that the binding
energy between water and dry matter is the key internal factor deter-
mining efficient water removal and energy utilization. Drying air, in
contrast, serves as an external factor that provides energy and facilitates
the removal of water. The latent heat of vaporisation supplied to the
paddy is ultimately converted into internal energy, highlighting the role
of drying air as an external energy source. To gain a theoretical under-
standing of the complex interactions within the paddy drying system, it
is essential to derive an analytical solution of the dynamic drying process
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Fig. 14. Transient energy (a) and exergy (a) efficiency of paddy drying process
under three strategies.

based on the energy properties driving material state changes. This
approach offers a pathway to move beyond reliance on empirical
transfer coefficients based on heat and mass transfer laws and enables
process-adaptive control. Consistent with the results for energy effi-
ciency, Strategy 3, which incorporates an exergy utilization indicator,
achieved higher transient exergy efficiencies compared to Strategy 1 and
Strategy 2. The average exergy efficiencies for the three strategies were
33.5 %, 35 %, and 35.7 %, respectively. Similar trends in exergy effi-
ciency have been observed in the drying of tomato paste [54], corn [55],
and carrots [56].

The primary distinction between Strategy 2 and Strategy 3 resides in
their distinct handling of heat loss and exergy loss within their respec-
tive objective functions. Exergy signifies the utmost useful work
attainable when a thermodynamic system undergoes reversible trans-
formations from an arbitrary state to a state of equilibrium with its
surroundings. By incorporating the exergy concept, we gain profound
insights into energy losses within the drying system, the value of energy,
and losses across diverse sectors. This concept acts as a holistic frame-
work for optimizing energy utilization [57]. The outcomes of optimizing
exergy consumption under Strategies 2 and 3 are delineated in Fig. 15. It
is apparent that Strategy 3 achieves reductions in exergy losses associ-
ated with exhaust air, heating paddy, and irreversibility, when bench-
marked against Strategy 2. Notably, the decrement in exergy loss of
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exhaust air constitutes 47.8 % of the overall reduction, whereas exergy
loss due to irreversibility comprises 42.5 %. These reductions are pri-
marily attributed to the reduced drying airflow velocity during the
initial drying phase in Strategy 3, as elaborated in Section 5.2.1. The
decreased drying airflow velocity facilitates the moist paddy, which
harbors higher moisture levels, to maximize the utilization of energy
conveyed by the drying air, thereby minimizing heat loss in the exhaust
[58]. Furthermore, the diminution in the thermal gradient contributes to
a decrease in irreversibility-related exergy loss [51]. Hence, when
compared to a focus solely on heat loss, an objective function that en-
compasses exergy loss not only optimizes energy utilization but also
achieves a remarkable equilibrium between the heat and mass transfer
characteristics of paddy drying. It considers both the direction and
quality of optimizing energy usage during the drying process. Conse-
quently, this approach possesses broader implications in terms of opti-
mization and utilization, underscoring its significant value in enhancing
the overall efficiency of the drying system.

The transient energy consumption rate variation curves for three
distinct strategies are depicted in Fig. 16. Despite all three optimization
strategies effectively constraining transient energy consumption, Strat-
egy 1 failed to constrain energy utilization efficiency, leading to a faster
drying process (approximately 0.6 h quicker than Strategy 2 and
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Fig. 16. Transient energy consumption rate of paddy drying process under
three strategies.
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Strategy 3). Consequently, the transient energy consumption rate of
Strategy 1 remained significantly higher than Strategy 2 and Strategy 3
throughout the entire drying process. The average energy consumption
rates for the three strategies were 408.7 kW, 333.9 kW, and 328.6 kW,
respectively. Table 4 presents a comparative analysis of energetic per-
formance under various optimization strategies. Notably, the strategy
presented in the last row of the table was previously proposed in our
research [18] and is referred to as the ’static ventilation strategy’. In
comparison to the static ventilation strategy, Strategy 1, Strategy 2, and
Strategy 3 in this study achieved energy consumption reductions of 0.2
%, 11.4 %, and 12.8 %, respectively. Additionally, significant im-
provements were observed in energy efficiency, exergy efficiency, and
energy consumption rate. Furthermore, Strategy 3 reduced total energy
consumption by 12.6 % and 1.6 % compared to Strategy 1 and Strategy
2, respectively. By comparing the energy optimization results under the
different strategies and considering the aforementioned analysis of
productivity and quality characteristics, it can be conclusively stated
that the input corresponding to Strategy 3 was the optimal strategy.

To elucidate the exergy utilization characteristics of the paddy dry-
ing process under the optimal strategy and to examine the exergy losses
and destruction in each critical section, a Sankey diagram depicting the
exergy components of the paddy drying process under Strategy 3 is
presented in Fig. 17. When considering the ambient state as the refer-
ence point, Fig. 17 reveals that a total exergy rate of 95.13 kW was
supplied to the drying system. Among this, 33.97 kW was effectively
utilized for water removal. The remaining portions included an exergy
utilization rate of 21.44 kW in the exhaust air, 3.8 kW for heating the
paddy, and 35.95 kW due to irreversibility. To quantify the exergy uti-
lization level of the drying system, the dimensionless exergy destruction
of irreversibility (Nex,ir) was calculated. The results indicated that Ney i
in Strategy 3 was 1.06. This value, along with the reasonable exergy
utilization level index, further validates the effectiveness of the pro-
posed optimization strategy and underscores the beneficial energy uti-
lization performance of the dryer.

5.3. Control results and analysis

In this section, we examine the capability of the proposed hierar-
chical MPC system to manage disturbances and track the reference
trajectory. For the first-level optimizer, Strategy 3 is selected. To
emulate the abnormal drying conditions that may arise due to model
mismatches or unforeseen disturbances during the actual drying pro-
cess, disturbances with maximum fluctuation rates of £60 %, +80 %,
and +100 % are randomly introduced to the moisture content and
temperature of the paddy at the discharging outlet of the 5SHP-20 dryer.
In the presence of these disturbances, the moisture content of the paddy
at the discharging outlet of the dryer typically exhibits irregular high-
frequency fluctuations during its decline. Consequently, paddy drying
without a corrective strategy will inevitably deviate from the ideal
drying state, resulting in a diminished energy utilization level and
decreased uniformity in moisture content distribution.

Fig. 18 presents statistical data on the computation time for each
optimization step of the first-level optimizer and the second-level MPC.
Overall, it is evident that the first-level optimizer, which incorporates
both the drying mathematical model and the energetic model, exhibits a
longer computation time (with an average of 3.69 s) compared to the
second-level MPC, which solely considers the drying mathematical

Table 4
Comparison of energetic performance under different optimization strategies.
Nen Nex Ein (kW) Etor (MJ)
Strategy 1 58.2 % 335% 408.7 8871.55
Strategy 2 62.2 % 35 % 333.9 9015.05
Strategy 3 63.2 % 35.7 % 328.6 10152.63
Static ventilation strategy 54.3 % 32.8 471.1 10174.68
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model and has an average computation time of 0.21 s. Notably, the
sampling period in this study is 2.25 s. For the first-level optimizer, over
72 % of the total optimization steps have computation times exceeding
2.25 s, with the maximum computation time reaching over 14 s in our
experiments. Therefore, setting a sufficiently low control frequency for
the first-level optimizer (every 180 s in this study) ensures that com-
putations can be completed appropriately within each period while
satisfying the ambient conditions. Regarding the second-level MPC, all
computation times are below 1 s (less than the 2.25-s sampling period).
Consequently, the set frequency of every 2.25 s for the second-level MPC
is sufficient to complete each optimization process and provides ample
time to address any high time-consuming situations that may arise. The
above discussions affirm the rationale behind our two-level hierarchical
MPC approach, which balances computational efficiency and control
precision to optimize the paddy drying process.

Fig. 19 (a) illustrates the tracking performance of hierarchical MPC
system compared to the reference trajectory under +60 % disturbances.
As described in Section 4.1, the reference trajectory is obtained by
applying u.ef, determined by the first level optimizer, to the disturbance-
free drying mathematical model. Conversely, the feedforward control
trajectory is generated by directly applying uef to the drying system in
the presence of disturbances. Lastly, the hierarchical MPC trajectory is
obtained by applying the second-level control input (u) to the drying
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Fig. 19. Comparison of feedforward control and hierarchical MPC under +60
% disturbances: (a) moisture content and (b) temperature of paddy at dis-
charging outlet of dryer.
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system under the same disturbed conditions.

For the reference trajectory, the moisture content of paddy at dis-
charging outlet showed a stable declining trend. While the moisture
content curve under the feedforward control system generally followed
the reference trajectory, it displayed significant high-frequency fluctu-
ations throughout the drying process, deviating from the ideal drying
state. In contrast, the moisture content curve under the hierarchical MPC
system closely aligned with the reference trajectory and was less
affected by the disturbances. Fig. 19 (b) shows the temperature curves of
paddy at discharging outlet. Like moisture content curves, the temper-
ature curve adjusted by hierarchical MPC showed strong consistency
with the reference trajectory, outperforming the feedforward control in
accuracy and stability. Comparable results were also observed under
+80 % and +100 % disturbances, as illustrated in Fig. S2 and Fig. S3 in
the Supplementary materials C.

The quantitative results of tracking performance for both feedfor-
ward control and hierarchical MPC under various disturbances are
presented in Table 5. Considering the moisture content of paddy at the
discharging outlet as an illustrative example, when the system distur-
bances exhibited maximum fluctuation rates of 60 %, +80 %, and
+100 %, respectively, the RAD under hierarchical MPC was 0.70 %,
0.79 %, and 0.81 %, respectively. In comparison, the RAD values under
feedforward control were 0.72 %, 0.93 %, and 1.008 %, respectively,
indicating a reduction in RAD by 2.78 % (approximately 1.58 percent-
age points), 15.67 %, and 19.52 % when employing hierarchical MPC.
For the MRD, hierarchical MPC achieved reductions of 18.60 % (from
6.66 % to 5.42 %), 36.49 % (from 11.57 % to 7.35 %), and 39.12 %
(from 13.11 % to 7.98 %) across the respective disturbance levels.
Similarly, the control effect of hierarchical MPC on paddy temperature
exhibited comparable results, suggesting that the hierarchical MPC
system demonstrated superior tracking performance compared to feed-
forward control. These findings underscore the efficacy of the hierar-
chical MPC approach in enhancing the tracking performance of the
paddy drying process.

6. Conclusions

In this study, we conducted a comprehensive analysis of energy
consumption optimization and control in an industrial-scale circulation
counter-flow paddy drying process operating under randomly fluctu-
ating ambient conditions. This analysis was facilitated through system
identification, numerical simulation, theoretical analysis, and structural
design. The key findings of this study are summarized as follows.

(1) The primary factor influencing paddy drying was identified as the
binding energy between water and dry matter. As the drying
process progressed and moisture content decreased, the binding
energy that needed to be overcome during water migration
gradually increased. To maintain the drying rate, increasing the
drying air temperature in the later stages was found to be bene-
ficial. In contrast, the drying air flow velocity was not a dominant
factor in transient energy consumption or drying rate.

(2) Under three different optimization strategies, the real-time
moisture content of paddy at the discharging outlet exhibited
fluctuating increases, while the temperature displayed declining
trends. The corresponding drying kinetics curves were consis-
tently positioned above the glass transition curve and below the
safety taste curve, confirming the effectiveness of the proposed
optimization strategies in ensuring product quality.

(3) The transient exergy efficiency varied within ranges of 24.7%-—
42.2 %, 26.7%-45.8 %, and 28.3%-43 % under the three opti-
mization strategies, respectively. When compared to the tradi-
tional artificial two-stage drying strategy, Strategy 1, and
Strategy 2, Strategy 3 reduced total energy consumption by 12.8
%, 12.6 %, and 1.6 %, respectively. Notably, the Ney ;. for Strategy
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Table 5
Quantitative results of hierarchical MPC’s tracking performance for ideal states.
Feedforward control MPC
RAD MRD RAD MRD
Meo(%) 0.72 % 6.66 % 0.70 % 5.42 %
Tge0(%) 0.51 % 8.44 % 0.34 % 5.92 %
Mgo(%) 0.93 % 11.57 % 0.79 % 7.35 %
Tgg0(%) 0.67 % 9.66 % 0.40 % 8.28 %
M;00(%) 1.01 % 13.11 % 0.81 % 7.98 %
Tg100(%) 0.84 % 33.66 % 0.38 % 7.86 %

The subscripts 60, *80', and *100’ in this table indicate that the corresponding
values represent the results obtained under system disturbances with maximum
fluctuation rates of +£60 %, +80 %, and +100 %, respectively.

3 was 1.06, further validating the effectiveness of this optimiza-
tion strategy in rationalizing energy consumption.

(4) When system disturbances were subjected to maximum fluctua-
tion rates of +£60 %, +80 %, and +100 %, the RAD of paddy
moisture content between the hierarchical MPC system and the
reference trajectory was 0.70 %, 0.79 %, and 0.81 %, respec-
tively. These values represented reductions of 1.58 %, 15.67 %,
and 19.52 % compared to feedforward control, indicating the
superior tracking performance of the proposed hierarchical MPC
system.

Above results demonstrate the enhanced energy-saving and
disturbance-suppression capabilities of our proposed hierarchical MPC
strategy. In future research endeavors, the emphasis will be placed on
augmenting the hardware capabilities of the control system for
industrial-scale circulation counter-flow paddy dryers, thereby facili-
tating the practical deployment of the hierarchical MPC strategy in real-
world applications. Furthermore, the deployment of the controller
introduced in this study onto multistage counterflow drying systems
presents considerable promise and warrants further exploration.
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Abstract: In practical industrial-scale paddy drying production, manual empirical operation is
still widely used for process control. This often leads to poor uniformity in the moisture content
distribution of discharged grains, affecting product quality. Model Predictive Control (MPC) is
considered the most effective control method for paddy drying, but its implementation in industrial-
scale drying is hindered by its high computational cost. This study aims to address this challenge
by proposing a deep-learning-based model predictive control (DL-MPC) strategy for paddy drying.
By establishing a mapping relation between the inlet and outlet paddy moisture content and paddy
flow velocity, a DL-MPC strategy suitable for multistage counter-flow paddy drying systems is
proposed. DL-MPC systems are developed using long short-term memory (LSTM) neural networks
and trained using datasets from single-drying-stage and multistage drying systems. Simulation and
analysis are conducted, followed by verification experiments on a 5SHNH-15 multistage counter-flow
paddy dryer. The results show that the DL-MPC system significantly improves computational speed
while achieving satisfactory control performance. The predicted paddy flow velocity exhibits a
smooth variation and matches field data obtained from multiple transition points, confirming the
effectiveness of the designed DL-MPC system. The mean absolute error between the predicted and
actual paddy moisture content under the DL-MPC system is 0.190% d.b., further supporting the
effectiveness of the control system.

Keywords: paddy drying; industrial-scale drying; model predictive control; computational cost;
deep-learning

1. Introduction

China, as a major grain-producing country, primarily focuses on paddy cultivation [1].
In 2022, national paddy production reached 208.49 million tons [2]. The drying process is
crucial for post-harvest paddy processing. However, each year in China, approximately
21 billion kilograms of grains are lost due to drying issues, resulting in spoilage and
excessive fungal toxin contamination. Among these issues, the unreliable control systems
and low efficiency of dryers significantly contribute to an uneven moisture distribution
in dried products [3]. Addressing the global challenge of implementing an effective and
reliable process control in paddy drying is crucial for minimizing post-harvest losses and
ensuring food security worldwide.

Freshly harvested wet paddy often exhibits a significant variation in moisture con-
tent, causing fluctuations in grain moisture feeding in industrial-scale continuous drying
equipment and making real-time prediction challenging [4—6]. Current control methods
commonly used in practical paddy drying production still rely on manual empirical opera-
tion, which is subjective and requires specialized operators. The three main approaches
for automatic control of paddy drying are feedback control, computer simulation con-
trol, and model predictive control (MPC). Feedback control, represented by proportional,
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integral, and derivative (PID) tuning, adjusts the drying process in real-time based on
the detected grain moisture to reduce deviations [7,8], but it may not align well with the
independent events of the inlet grain, drying conditions, and outlet grain in paddy drying.
Computer simulation control involves modeling and solving nonlinear processes using
artificial intelligence (Al) algorithms [9,10], but obtaining effective coefficients is difficult
due to the randomness in field drying. Researchers have developed Boltzmann coefficient
generators [11,12] that can generate real-time coefficients based on field measurements.
However, this approach significantly increases control costs and presents challenges in
accurately measuring data online, especially in the presence of large-scale dynamic distur-
bances. MPC establishes an analytical model of the drying system, utilizes disturbance
information through online optimization, and calculates optimal future inputs based on
the current state [13,14]. It addresses time delay effects and is suitable for controlling
paddy drying that features high inertia, nonlinearity, and multiple disturbances during the
dehydration process.

Researchers have developed MPC strategies specifically for grain drying, focusing
on predicting and controlling the process based on heat and mass transfer mechanisms.
Wu et al. [15] proposed an MPC method using temperature, humidity, and other coupled
parameters represented as the equivalent moisture potential accumulation in the drying
process, based on an equivalent moisture potential accumulation model. Jin et al. [16]
used a data-driven approach with a back-propagation neural network to design an MPC
controller that predicted the moisture content of discharged grain and adjusted the grain
flow velocity to regulate the drying process. Additionally, there are hybrid MPC methods
that integrate classical control approaches with data-driven strategies [17-19]. Despite a
successful implementation in laboratory-scale drying research, applying MPC to industrial-
scale drying processes is still challenging due to the high computational cost of solving the
online optimization problem in real-time. This challenge arises from the nonlinear dynamic
models and multi-parameter coupling involved in grain drying.

The computational cost of large-scale MPC in industrial applications is a challenge
due to the need to solve nonconvex optimization problems with updated information at
each prediction step [20,21]. Despite efforts to improve computational tractability [22],
latency remains a limiting factor for MPC-based grain drying systems. The computational
overhead can also reduce the economic benefits of investing in grain drying equipment. One
potential solution to this challenge is approximating the original MPC law using function
approximation techniques like deep neural networks (DNNs) [23]. By employing DNNSs,
the online implementation of the approximated MPC law simplifies function evaluation
and significantly reduces the computational burden. Fast MPC designs using DNNs have
been successful in areas like battery management [24], vehicle dynamics [25], and chemical
technology [26]. However, to the best of our knowledge, there have been no previous
studies that specifically explore the application of fast MPC for designing control systems
in paddy deep-bed drying processes.

Multistate counter-flow paddy drying is commonly used for the centralized drying of
freshly harvested wet grains [6]. It involves the grains flowing from top to bottom through
multiple stages of the dryer, undergoing drying—tempering processes until they reach
the desired moisture content and are discharged. This method offers benefits like energy
efficiency, high productivity, and low grain breakage [27]. The height of the multistage dryer
results in an extended residence time for the grains inside the drying tower. This prolonged
residence time is mainly due to the need for the grains to travel through all stages of
the drying process from top to bottom. It is important to carefully manage and optimize
this residence time to ensure that the grains reach the desired moisture content without
excessive drying or other negative impacts on their quality. When applying MPC for
process control, the system needs to predict the state of the grains entering the drying
system based on ambient conditions and drying parameters, including changes in inlet
grain moisture content. This results in a significant computational burden for the online
optimization process, which affects the real-time performance of the drying MPC system.
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To address the research gap in efficient process control for multistate counter-flow
paddy drying systems, this study introduces deep-learning-based MPC. Firstly, a dataset
generated from classical drying MPC is used to train a deep-learning neural network
that approximates the original MPC law. This approach aims to replace the optimization
process of classical MPC, reducing computational costs and improving efficiency. Secondly,
simulations are conducted to verify the performance of the designed controller for both
single-drying stages and the multistage system. Thirdly, field experiments using a SHNH-
15 multistage counter-flow dryer validate the control performance of the proposed method.
The presented paddy drying control method has practical significance for enhancing
intelligent grain drying equipment in terms of transformation and upgrading.

2. Description of Controlled Object

Due to the interaction between the initial point of the counter-flow hot air and the
final point of wet paddy, which corresponds to the interaction between the final point and
the initial point of wet paddy; it satisfies the drying heat matching requirement where
the binding energy with the moisture content decreases. This results in a better energy
utilization efficiency and higher drying intensity. However, improper operation can lead to
product quality issues. To alleviate internal stress in the paddy kernel and prevent breakage,
a counter-flow drying process should include multiple tempering stages. Therefore, a
paddy multistage counter-flow drying process often consists of multiple drying stages and
tempering stages connected in series. The schematic diagram of the multistage counter-flow
drying process is shown in Figure 1.

Storage chamber

High-temperature @ 76.9 °C
Drying stage 1 1

ecccee| ™

High-temperature
Drying stage 2 2

|9 |9 | | C

Tempering stge

Low-temperature R
Drying stage 1_1 4@ 26.1°C

ecccee|

Low-temperature
Drying stage 2 2

|9 |9 | |5 |5

Discharging stage 4@ 16.9% d.b.

Paddy flow direction =~ & Inlet air flow direction Out air flow direction

Figure 1. Schematic diagram of multistage counter-flow drying process.

In this study, the industrial-scale multistate counter-flow paddy dryer (Model: SHNH-15),
designed by our laboratory and applied in Haina Grain Processing Center in Changsha, Hubei
Province, China, was adopted as an experimental setup. The diagram of the dryer is shown
in Figure 2. The total height and volume of the dryer are 14.32 m and 145.8 m3, respectively,
and the capacity is about 90 t. The detailed drying process is as follows: Before drying, the
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freshly harvested wet paddy was fed into multistate counter-flow dryer by the hoist. Then,
the induced fan, conveyor belt, elevator, and discharging motor were started in turn after the
drying chamber was first filled with wet paddy. Paddy flowed from top to bottom of the
dryer under gravity and sequentially passed through two high-temperature drying stages
(with a thickness of 2 m) and two low-temperature drying stages (with a thickness of 2 m),
accompanied by four tempering stages (with a thickness of 1.58 m). Finally, paddy that
reached the safe moisture content was discharged from the dryer at the discharging stage.

Hoist

Multistate counter-flow
dryer

Combustion chamber

Figure 2. Diagram of the 5SHNH-15 industrial-scale multistate counter-flow paddy dryer.

As an aspect of the drying condition, under the action of induced fans (Model: Y4-73,
Shandong Shuntong Blower Co., Ltd., Heze, China) equipped in the high- and low-temperature
drying stages, low-temperature ambient air rose to the pre-set temperature after being heated
by the heat exchanger, and was then fed into two drying stages, respectively. As the paddy
flows downwards in the dryer, the drying air comes into contact with it and removes excess
water. This moisture-laden air is then expelled from the drying system, while the partially
dried paddy continues its journey towards reaching the desired moisture content.

Wet paddy undergoes a comprehensive drying process inside the dryer, which allows
it to reach a safe moisture content. Throughout this period, the operator adjusts the
frequency of the discharging motor in response to real-time ambient conditions, initial
paddy states, drying air parameters, and operational knowledge. This adjustment modifies
the paddy flow velocity, thereby changing the real-time moisture content of the discharged
paddy. A detailed description of sensors and instruments that measured air temperature
and humidity, paddy moisture content and temperature, and ambient state can be found in
Table 1.
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Table 1. Detailed description of the sensors and instruments.
Devices Model Precision Manufacturer
Air convection oven DHGO70B ) Shanghai Anting Sc1ent1.f1C Ir}strument Factory,
Shanghai, China
Infrared thermometer 62 MAX4 1°C Fluke Testing Instrumen'ts (Shanghal) Co., Ltd.,
Shanghai, China
Temperature and humidity AM2305 03°C and 2% Guangzhou Aosong Electrc?nlcs Co., Ltd., Guangzhou,
sensor China
Anemometer AS8336 £0.01 m/s Guangzhou Ximarui Eleg;‘l(i?;cs Co., Ltd., Guangzhou,
Electronic scale DY-718 +lg Jinhua Furuisi Electronics Co., Ltd., Jinhua, China

3. Construction of Controller
3.1. Framework of Model Predictive Control

The MPC implementation process can be briefly summarized in the following three
steps: Firstly, the prediction model and current system state y,; are utilized to predict
the output yacti+1, Yacti+2, - -+ Yacttp—1, Yacttp Of the future time domain tp. Secondly,
under system constraints, a specific optimization method is adopted to determine an input
sequence Uii1, Ujs2, .- ., Ue—2, U1 that satisfies the objective function within a control
time domain, aiming to achieve an actual output that closely approximates the objective
output yep; in future time domain t,. Thirdly, the first element of the obtained input
sequence, uj1, is applied to the control system to obtain the system state at time i + 1.
Then, the current time is set as i, and the above steps are repeated. As the control system
operates, the prediction time domain continuously rolls forward to achieve control over
the entire operation process. Specifically, the above optimization problem can be illustrated
in Equation (1) [28]:

tp

tp
J = Y QWb = Yaet)” + }_ RAui® M)

i=1 i=1
where Q and R are the weighting matrices.

The above description for MPC illustrates that the essence of MPC is to obtain the
future input based on a prediction model and measured system state data, wherein the
actuator is the selected optimizer. To address the computational burden of classical MPC
systems and enable their practical application in the field, the mapping relation between
measurable state variables and control inputs can be established. This approach replaces the
online optimization process in the classical MPC system, making it a more intuitive means
of implementing MPC in field applications. Based on establishing a complete and accurate
mechanistic simulation model for the drying system [6,29], a deep learning method can
establish a mapping relation from state to action using a large amount of simulation data.
This allows MPC to be implemented without the need for online optimization. The principle
and primary implementation method are shown in Figure 3. The output in typical MPC (M
in Figure 3a) is selected as the input of the deep-learning model, and the input in typical
MPC (vg in Figure 3a) is selected as the output. Finally, a deep-learning-based optimizer, as
shown in Figure 3b, can be obtained to replace the MPC in Figure 3a.
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Figure 3. Schematic diagram of multistage counter-flow drying process: (a) train process and
(b) application process.

3.2. Deep-Learning-Based MPC

During the paddy drying process, the moisture content of the paddy discharged from
the dryer is affected by fluctuations in the ambient state, drying air state, and machine
operation. These factors influence the paddy as it flows through the complete drying tower.
Therefore, the output, which is the moisture content of the discharged paddy, at a given
time is not solely determined by the current input factors such as the ambient or drying
air state. It also depends on past inputs that have occurred over a certain period. As a
result, modeling a paddy drying system using data-driven approaches can be considered
as modeling time series data, considering the temporal dependencies and patterns in
the system. The Recurrent Neural Network (RNN), incorporating temporal dependence
into the traditional feedforward neural network, introduces the previous output as an
input to the next hidden layer. This unique structure gives the RNN short-term memory
capabilities and preserves the relations among data, making it suitable for analyzing
time series data [30]. The long short-term memory (LSTM) model, a variant of the RNN,
addresses issues such as gradient vanishing/exploding and limited long-term memory
capacity [31].

The application process of the LSTM-based predictive controller is illustrated in
Figure 4. It involves taking a time-sliding window of system state variables and input
variables, £(3, N), which are collected in a preserved time sequence order and fed into an
LSTM network as inputs to predict the next moment’s system input, vg(N + 1), where
N represents the length of the time series. As the drying progresses, the sliding window
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Features

moves forward continuously, capturing f'(3, N), f/(3, N), and so on. The LSTM utilizes
the input data to calculate the output for the next moment and transfers it to the drying
system, completing the predictive control process. In this study, the selected system state
variables are the inlet moisture content (M;,) and outlet moisture content (Mqyt), while
the input variable is the paddy flow velocity (vg). In this framework, adjusting the paddy
flow velocity takes into account not only the current system state but also the historical
states and inputs within a specified time period. This approach goes beyond a simple
one-to-one correspondence between input and output at a single moment. By considering a
broader range of information, it allows for a more comprehensive, extensive, and accurate
understanding of the system dynamics.

£(3,1)

—
.

f(3,N) f'(3, N) f"(3,N)
//\/\/\'/V”\;v/\/\/v-\—\/

!
B

1 Drying time series :
)

|

. e

—

£(3,N) v, (N+1)

LSTM

Figure 4. Diagram and application process of paddy drying LSTM predictive controller.

3.3. Analytical Model for Data Generation and Collection

This study combines numerical simulation and experimental research to obtain a
comprehensive dataset for constructing DL-MPC. Specifically, an analytical model based
on heat and mass transfer mechanisms is adopted to simulate various drying conditions
in paddy drying processes. It should be noted that the predictive reliability of the math-
ematical model needs to be validated. In our previous research [6,32], we developed a
mathematical model for paddy drying based on the spatial description method, which was
successfully applied to analyze the process of the paddy multistage counter-flow dryer, the
focus of this study. For the drying stage where water removal occurs, the mathematical
model can be represented by the following set of partial differential equations:

M, M, M, — M,

oT, oT. Mo M
8 g y
Copga gy + aCgPgn gy = —hte(Ty = Tg) = Agal(ds —d) pr—pe, - ()
od M;— M,
Uapagy = wyelds —d) g — @)
a7,
CuanaJ = —hTOC(Ta — Tg) (5)

9Z
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where p, is the bulk density of absolute dry paddy, M, is the paddy moisture content, on a
dry basis, t is the drying time, v is the paddy flow velocity, Z is the bed height,  is the
interphase heat transfer coefficient, ya is the effective evaporation area of unit volume,
ds is the saturated humidity, M is the moisture content on a dry basis, ¢, is the specific
heat of paddy, v, is the drying air flow velocity, T is temperature, A is the latent heat
of vaporization of paddy, p, is the air density, / is the heat transfer coefficient, Ta is the
effective heat transfer area per unit volume, and p ¢, is the bulk density of wet paddy.

The tempering stage that facilitates the even distribution of temperature and water in
a kernel can be represented by the following mathematical model:

oM, M,
ot 8z’ ©)

oT, T,

Ttg = UgTZg - (Tg — Tap) )

where S is the cooling coefficient.

The numerical solution method is employed to solve the aforementioned mathematical
model. The initial and boundary conditions can be represented as follows.

Initial conditions:

Mo = My
’ 8
{ Teio =Tgo ®
Boundary conditions:
doy = do
’ 9
{ To0t = Tap s ®)

where i refers to the ith layer of the mesh divided in the z-direction.

Some property values and equations used in the solving process are listed in Table 2.
We have conducted multiple model validation experiments in our previous research [32],
and the results showed that the root-mean-square error (RMSE) for predicting paddy
drying moisture content and temperature is 0.98% d.b. and 0.49 °C, respectively. The mean
relative deviation (MRD) is 5.5% for paddy moisture content and 1.42% for temperature.
These reasonable reliability indicators demonstrate the effectiveness of the mathematical
model in analyzing actual paddy processes.

Table 2. Thermodynamic equations and property values used in calculation process.

Meters Equations/Values Units
4075.16
P P, = 133.322exp(18.751 — -——————— Pa
’ s = 133.322exp(18 SRH 236516+ T,
d = . il kg/k
d =0.622 P, — RH - P, 8/ K8
M, M, = | —In(1 — RH) }m g water/g dry matter
©711.919 x 1075(T, + 51.161)
0a 1.293 kg/m3
Ca 1.005 K]/ (kg-°C)
= kg/m3
P P =17 M, (2.073M[,l;I 508.5) 8
c -1 ] d kJ/(kg-°C)
g cg = 111+ 0.045 -0 g
Ag Ag = [2500 — 2.386( T, 4 273)][1 + 2.556 exp(—20.176 M)] KJ/kg
o iy = per (Mg — Me) kg/(h-m?)
(ds —d)
r r = 0.0153T,,;, — 0215 1/h
hta hta = Vycapq 71"“”“7_ Tﬂ”t KJ/(h-m3-°C)
Z(T, — Tg)

Note: The atmospheric pressure P}, is 101,325 Pa in this study. R is drying constant. The equation for calculating r
is quoted from the research by Motohashi and Hosokawa [33].
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3.4. Statistical Analysis

In this study, the mean absolute error (MAE), defined in Equation (10), was adopted
to evaluate the predictive accuracy of DL-MPC to paddy flow velocity when applied in the
multistate counter-flow dryer:

1
MAE = ;Z?:l‘ypre — Yobsj

(10)

where ypre and y,p,j are the predicted and experimental values, respectively, and n is the
number of measurements for each experiment.

4. Simulation
4.1. Simulation of Single-Drying Stage

The drying stage is the key phase in a multistage counter-flow dryer, where the primary
focus is reducing moisture content during the paddy drying process. The tempering stage
primarily regulates the paddy kernel temperature and does not involve moisture removal;
it functions as an auxiliary stage. In this section, we focus on studying a single drying
stage. We simulate the paddy drying process in a single-core counter-flow drying stage.
The objective is to observe the response capability of the DL-MPC system when there
are changes in the inlet paddy moisture content. States of the ambient conditions, drying
system, wet paddy, and drying air are listed in Table 3. It should be noted that the variations
in process parameters occur after the system reaches a steady state, i.e., after the wet paddy
that has not undergone the complete drying process in the first tower has been discharged
from the drying system.

Table 3. Parameters of drying system.

Parameters Values Units
Thickness of drying stage 0.5 m
Thickness of tempering stage (air outlet) 0.5 m
Target moisture content 14.61 % d.b.
Paddy initial temperature 20 °C
Ambient temperature 20 °C
Ambient relative humidity 50 %
Drying air temperature 60 °C
Drying air flow velocity 2300 m/h
Controllable range of paddy flow velocity 1-5 m/h

The variation in inlet paddy moisture content is the crucial factor affecting the drying
efficiency of multistage counter-flow dryers. To provide sufficient information for training
a neural network controller, this study defines an inlet moisture content signal sequence
based on actual drying experimental data and past field operation experience, as shown
in Figure 5. The defined inlet moisture content signal sequence (Mj,) has a duration of
100 h with a sampling period of 0.01 h, generating 10,000 data points within the range of
19-23% d.b. It thoroughly analyzes practical process disturbances, including step changes,
sinusoidal variations, and noise, to deliver valuable identification information. Under
the designed classic MPC system (Figure 3a), the discharging paddy moisture content is
controlled to approach the target moisture content by continuously adjusting the paddy
flow velocity (Figure 5b). As shown in Figure 5a, compared with the uncontrolled mois-
ture content curve (Myc), the MPC-controlled moisture content curve (Mmpc) is primarily
distributed around the target moisture content curve (M), with an MAE of 0.132% d.b.
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Figure 5. Dataset for building DL-MPC: (a) Paddy moisture content and (b) flow velocity.

After standardizing the dataset obtained from the classical MPC system, the data con-
sisting of 10,000 samples were divided into training and test sets in an 8:2 ratio. The training
set was employed to fit a neural network, while the test set was used for evaluating the
model’s generalization capability. The input for the LSTM model, developed using the
Keras library in Python’s TensorFlow 2.0 deep-learning framework, consisted of the inlet
paddy moisture content, paddy flow velocity, and outlet paddy moisture content in the
preceding 10 time steps (N = 10). The model output was the predicted paddy flow velocity
for the subsequent time step. Specifically, the LSTM architecture for forecasting paddy
flow velocity in a single counter-flow drying stage comprised two layers, with each layer
comprising 50 units. During the model training process, the Adam optimization algorithm
was utilized with a batch size of 20, a dropout rate of 0.2, and a time step length of 30.

Upon reaching 11 epochs, the neural network prediction model exhibited a stable mean
square error (MSE) and determination coefficient (R?) values. After completing 30 epochs,
training concluded with an MSE below 0.0005 and an R? exceeding 0.98. Utilizing this
trained model, predictions were made on the test set and compared to actual values of
paddy flow velocity in Figure 6. The curves of predicted and actual values closely aligned,
indicating a strong resemblance. The mean absolute error (MAE) was 0.006 m/h, while
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R? was 0.937, showcasing the LSTM neural network’s high accuracy in forecasting and its
generalizability.

Predicted value
1.62 4| Actual value ——

Paddy flow velocity (m/h)
Z
o)

0 250 500 750 1000 1250 1500 1750 2000
Sample point

T T

Figure 6. Prediction results of model on the test set of single-drying stage simulation.

The obtained LSTM neural network model was imported into the MATLAB 2017b
environment to replace the optimization process of the classical MPC and to construct a
DL-MPC simulation system. This system was used to observe the response capability of
the DL-MPC system to variations in paddy initial moisture content. The basic parameters
for the ambient state, drying system, paddy, and initial state of drying air were taken
from Table 2. The simulation results are presented in Figure 7. It can be observed that the
DL-MPC system made corresponding adjustments whenever there was a sudden change
in the inlet paddy moisture content. The simulation time for the DL-MPC system, running
on the simulation software and hardware platform (Intel(R) Core CPU i5-11320 running
at 3.2 GHz) under the drying conditions corresponding to a drying time of 10 h, was
7.245 s. In contrast, the simulation time for the classical MPC system under the same drying
conditions was 144.889 s. This demonstrates that compared with the classical MPC, the DL-
MPC system significantly improves computational speed while ensuring the completion of
control tasks, making it more suitable for online processes.

4.2. Simulation of Multiple-Drying Stage

Based on the construction and simulation of the single-stage DL-MPC system, a
similar approach can be used to build a multistage counter-flow drying DL-MPC system.
By extending the methodology to multiple stages, we can develop a comprehensive control
system that optimizes the drying process across all stages in the counter-flow dryer. This
allows for improved control and efficiency throughout the entire drying operation. In this
section, the response capability of the DL-MPC system to variations in the inlet paddy
moisture content is observed during the paddy drying process in the multistage counter-
flow drying system shown in Figure 1. Table 4 presents the fundamental parameters of the
ambient state, drying system, paddy, and initial state of the drying air. Similarly, changes
in process parameters occur after the system reaches a steady state.

In the multistage counter-flow drying system, the paddy drying process is more
complex and influenced by numerous factors. Thus, compared with a single drying stage,
more data are required to construct a training set with abundant features. As shown in
Figure 8a, a fluctuating signal sequence of inlet paddy moisture content was defined for
200 h with a sampling interval of 0.01 h, resulting in 20,000 data points within the range of
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25-29% d.b. amplitude. From Figure 8b, it can be observed that the classical MPC system,
when faced with variations in the inlet paddy moisture content, can continuously adjust

the paddy flow velocity to maintain the outlet paddy moisture content around the target
value, with an MAE of 0.161% d.b.
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Figure 7. Test result of DL-MPC of single drying stage: (a) Paddy moisture content and (b) flow velocity.
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Table 4. Parameters of multistage counter-flow drying system.

Parameters Values Units

Thickness of drying stage 0.5 m

Thickness of tempering stage (air outlet) 0.5 m

Thickness of tempering stage 1.58 m
Target moisture content 14.01 % d.b.

Paddy initial temperature 20 °C

Ambient temperature 20 °C

Ambient relative humidity 50 %

Drying air temperature in high-temperature drying stage 70 °C

Drying air temperature in low-temperature drying stage 50 °C
Drying air flow velocity in high-temperature drying stage 1924.5 m/h
Drying air flow velocity in low-temperature drying stage 1154.2 m/h
Controllable range of paddy flow velocity 1-5 m/h
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Figure 8. Dataset for constructing DL-MPC of multistage counter-flow drying system: (a) Paddy

moisture content and (b) flow velocity.
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After standardizing the database obtained from the classical MPC system, a similar
approach as the single drying stage was used to train an LSTM network. In the model
training process, N was set to 70. The LSTM network consisted of two layers, each with
50 units. The Adam optimization algorithm was utilized for model training, with a batch
size of 20, a dropout rate of 0.2, and a time step length of 30. After reaching 13 epochs,
the neural network prediction model’s MSE and R? tended to stabilize. By the time the
training reached 30 epochs, the training was completed, with an MSE below 0.0005 and
an R? exceeding 0.98. The trained neural network model was then used to predict the
data on the test set, and the predicted paddy flow velocity was compared with the actual
values, as shown in Figure 9. It can be seen that the predicted and actual curves of the
paddy flow velocity closely overlap. The MAE was found to be 0.0058 m/h, and the R? was
0.9980, indicating that the established LSTM neural network demonstrated high prediction
accuracy and good generalization capability.
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Figure 9. Prediction results of model on the test set of multiple-drying stage simulation.

The LSTM neural network model was imported into the MATLAB environment to
replace the optimization process of classical MPC, creating a DL-MPC simulation system
for paddy multistage counter-flow drying. The DL-MPC system’s response to variations
in the inlet paddy moisture content was observed using the basic parameters provided
in Table 3 for the ambient state, drying system, paddy, and initial state of the drying air.
Figure 10 presents the simulation results which demonstrate that the DL-MPC system
made appropriate adjustments whenever there was a sudden change in the inlet paddy
moisture content. The simulation period for the DL-MPC system was 22.499 s for a drying
time of 30 h, while the classical MPC took 15,120 s under the same drying conditions. This
significant improvement in computational speed enables the DL-MPC system to effectively
accomplish control tasks in online processes, making it more suitable for such applications.

Furthermore, from Figure 10a, it can be observed that, due to the single adjustment
control method used in this study and the larger height of the multistage counter-flow
drying system, the system’s adjustment time is longer. When the drying air parameters and
paddy flow rate are adjusted simultaneously, the system’s adjustment time might be shorter.
Therefore, in future research, the utilization of multiple adjustment control variables will be
explored. This includes simultaneously adjusting variables such as drying air temperature,
drying air flow velocity, and paddy flow velocity, with the aim of constructing a multi-
variable DL-MPC controller.
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Figure 10. Test result of DL-MPC of multistate drying: (a) paddy moisture content and (b) flow velocity.

5. Experiment

In this section, the performance of the designed DL-MPC system was analyzed through
experiments using the 5SHNH-15 laboratory-designed multistage counter-flow dryer shown
in Figure 2. The structural parameters of the 5HNH-15 dryer, as well as the data acquisition
system and sensor parameters, are provided in Section 2. The experimental paddy sample
used was Guangliangyouxiang 66. During the data collection period, the average ambient
temperature and relative humidity were 9.6 °C and 66.6%, respectively. The average inlet
air temperature in high- and low-temperature stages were 76.9 °C and 56.1 °C, respectively.
Over the 40 h test period, real-time measurements of the inlet paddy moisture content,
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outlet paddy moisture content (Mout), and frequency of the grain discharging motor (fg)
are shown in Figure 11.

36 ] ] ] ] ] ] : 40

Moisture content (% d.b.)

Frequency of discharging motor (HZ)

T e i N e
——t——————{20

Drying time (h)

Figure 11. Real-time moisture content of inlet and outlet grain and frequency of grain discharging
motor during drying process.

During the construction of the training dataset for the DL-MPC system, to reduce
data quantity and facilitate the feasibility testing of the proposed method, it was assumed
that the ambient state and ventilation parameters remained constant (taken as the average
measured values). Based on field experimental data, the inlet paddy moisture content
dataset was generated. The DL-MPC system was then constructed using the controller
design method described in Section 3, followed by simulation. The predicted paddy flow
velocity was compared with the actual frequency of the discharging motor. The results
are shown in Figure 12. It can be observed that compared with the actual frequency of
the discharging motor obtained from the field, the predicted paddy flow velocity exhibits
a smooth variation and shows the same changing trend as the actual frequency of the
discharging motor at multiple transition points (highlighted in blue boxes in Figure 12),
indicating the effectiveness of the designed DL-MPC system. However, since the DL-MPC
system ignores the variations in the ambient state and fluctuations in the inlet drying air
conditions, the paddy flow velocity under DL-MPC strictly follows the changes in inlet
paddy moisture content, resulting in some differences between the predicted data trends
and the field data.

The predicted outlet paddy moisture content (Mout,mpc) obtained from the DL-MPC
system is compared with the actual values (Mout,act), and the results are shown in Figure 13.
It can be observed that compared with the actual outlet paddy moisture content, the
predicted values are distributed more consistently around the target moisture content,
with smaller variations as the inlet paddy moisture content changes. This is because
the DL-MPC system has a higher adjustment frequency and more precise control than
manual adjustments. The MAE between the predicted and actual values of the outlet paddy
moisture content is 0.19% d.b.
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Figure 12. Predicted grain flow velocity and frequency of grain discharging motor.
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Figure 13. Comparison between predicted and actual moisture content.

6. Discussions

=22

Frequency of discharging motor (HZ)

When the goal is to maintain a safe moisture content in paddy drying systems, the
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control problem can be addressed by rejecting disturbances and ensuring zero steady-state
error in the system output. However, the significant lag response characteristics of drying
systems limit the effectiveness of relying solely on output feedback control [34,35]. By con-
sidering the overall system state and incorporating modern control techniques like state
observation, optimal state estimation, and system model parameter identification, it is
possible to achieve disturbance rejection control in drying systems using model predictive
control principles. Our DL-MPC control system stands out for its ability to provide a rapid
response by replacing the optimization process in MPC with a deep-learning-based data
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mapping function. Through simulation experiments, we demonstrate that the calculation
of input parameters for drying processes lasting over 10 h can be completed within 10 s.
In contrast to previous approaches primarily using data-driven models instead of mecha-
nistic models for controller optimization, which still rely on iterative processes [36,37], our
method offers a different perspective. Jin et al. [38] proposed an approach integrating LSTM
neural networks to approximate the actual drying process and constructed an LSTM-MPC
controller for dryer control, with a response time of 1150 s. Dai et al. also attempted to
design grain drying controllers using machine learning methods, such as genetic opti-
mization algorithms [39] and support vector machines [40]. While these small-sample
modeling approaches improve computational speed to some extent, their control precision
heavily relies on the accuracy of the data-driven model. In contrast, our DL-MPC system
achieves an acceptable accuracy in controlling the target moisture content, with a MAE of
0.19% d.b. Another study conducted by Li et al. [14] proposed an NARX-based PSO-MPC
controller for counter-current flow grain dryers, achieving an acceptable control accuracy
of 0.52%, but this approach also faces challenges related to high data dependency. Similar
results have been reported in MPC drying experiments with agricultural products like
sawdust [41], corn [42], and red maple [43].

On the other hand, the unique material properties of paddy make its deep-bed drying
process different from that of vegetables, fruits, and other agricultural products. It should
be noted that the significant time delay characteristic of drying systems poses an important
challenge in designing a paddy drying controller [6,44]. Although the controller designed
for the multistage counter-flow dryer can achieve accurate process regulation, the adjust-
ment time is excessively long, possibly exceeding 6 h. Figure 14 illustrates the transient
response characteristics of paddy drying with step changes in grain moisture content at
different paddy flow velocities, focusing on a single drying stage mentioned in Section 4.1.
The figure shows that when the drying time is 0.2 h, the paddy moisture content jumps
from 35% d.b. to 40% d.b., and the system transitions from one steady-state point to
another, with a delay before the output begins to respond. For a paddy flow velocity of
1 m/h, the delay time is 0.4 h, the time for paddy to flow within the layer is 0.5 h, and
the transition time is 0.6 h. Increasing the paddy flow velocity to 2 m/h reduces the delay
time to 0.2 h, the flow time within the layer to 0.25 h, and the transition time to 0.3 h.
Similarly, a paddy flow velocity of 4 m/h further decreases the delay time to 0.1 h, the
flow time within the layer to 0.125 h, and the transition time to 0.15 h. In the step change
process of grain moisture input, the transition time is greater than the flow time, which
in turn is greater than the delay time. Additionally, higher paddy flow velocities require
shorter delay and transition times. This analysis reveals that the flow-layer drying system
exhibits pure lag characteristics, where information propagation is influenced by the time
it takes for paddy to pass through the drying layer. Slower paddy flow velocities result
in slower information propagation and longer system output delays. Relying solely on
output feedback control for a system with pure lag characteristics leads to a significant
overshoot, longer adjustment time, and poor control performance [45]. These findings align
with previous studies that concluded that output feedback PID controllers [46,47] are not
suitable for deep-bed flow-layer drying systems.
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Figure 14. Transient response of counter-flow drying system with inlet paddy moisture content
step change.

7. Conclusions

This study addresses the high computational cost challenge of applying classical MPC
to industrial-scale paddy drying. A deep-learning-based model predictive control strategy
suitable for paddy multistage counter-flow drying systems is proposed and designed
through numerical simulation and optimization design. The controller’s performance is
validated through online and field experiments, leading to the following conclusions:

(1) For a single-drying stage, the DL-MPC system achieves a simulation time of 7.245 s,
significantly improving computational speed compared to classical MPC (144.889 s).
This makes DL-MPC more suitable for online processes while ensuring effective
control.

(2) Inmultistage combined continuous drying, DL-MPC reduces the control time from
15,120 s to 22.499 s. However, due to the tall height of the control object, the adjustment
time is longer compared to a single-drying stage, indicating the pure lag characteristics
of the paddy deep-bed drying system.

(3) Field validation experiments demonstrate that the predicted paddy flow velocity fol-
lows the discharge motor frequency trend and exhibits a smoother variation. This in-
dicates that the designed DL-MPC controller offers a higher adjustment frequency
and more precise control compared to manual adjustments. The MAE between the
predicted and actual outlet paddy moisture content is 0.19% d.b., confirming the
effectiveness of the DL-MPC controller.

Considering the significant time delay characteristics in multistage counter-flow dry-
ing systems, future research will explore the utilization of multiple adjustment control
variables, such as simultaneously adjusting the drying air temperature, drying air tem-
perature flow velocity, and paddy flow velocity, to construct a multi-variable DL-MPC
controller.
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Table 1 Characteristic parameters of Camellia oleifera seed and
hot air
Parameters Value or equations Source
WA
Initial temperature of Camellia oleifera 20 b
seed To/( C)
TR S
.62 ol
Drying air temperature 7,/( 'C) 52:62;72 e
N EE
Density of Camellia oleifera seed 13 590x(10+3.59 M, )" !
plkg-m™)
AT SRR
Thermal conductivity of Camellia 0.053 6+0.005 454 M, 5
oleifera seed 1/(W-m 'K ")
RliPS El A T
Specific heat capacity of Camellia 2 100~2 500 [20]
oleifera seed C,/(J-kg™ - K"
TEAEE 8.666x107°T,2- 21]
Drying air density p,/(kg-m ) 4318x107°7,+1.288
2 LA s .
Specific heat capacity of drying air 4.834x1077,°-2.218x10 T, + [21]
C,,/(J-kgfLK*l) 1007
TAAGHAH -
Thermal conductivity of drying air ~ 2.401x107°7,2+7.554x107°T,+ [22]
A/ (W-m K™ 2.364x10°
FARBNIFE -
Dynamic viscosity of drying air ~ 3.238x107"' 7,2 +4.839x10°T,+ [23]
tal/(Pa-s) 1.73x107°

FAR AR
Diffusion coefficient of moisture in
drying air D, /(m”-s™")
K AT B4
Latent heat of vaporization h/(J-kg™")

W MR EATIBIE S KA, % T, ATERESHRE, C.
Note: M, is the moisture content of Camellia oleifera seeds in wet base, %; T, is the
temperature of the drying air, °C.
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P T HIK > & 8 LA T AR B R R b L,
AL PRGBS HE AL, DR R s
FLSE b S R R rh ) PR A

3.229x10 '°7,2+41.577x10 T, +
s [23]
2.089x10

2256267 [24]

WA R RBOH AP
M, 100-M
/l:Am x+ 00 X/l (]2)

100 100 ¢
KA, KSR EARE, W/(mK): A NI4T YR
KIS AE, W/(m-K); MONHFAFEESKE, %.
T R T o
1

p= M, 100 M, (13)
100p,,  100p,
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kg/m®.
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RS TR RN I FE .
1.23 K7

AHIEFEV B AR, 239 vl A SR AR T e R v
Ji ZRF IR T e P B A T 4 T2 AR, i B AE
WRICIMBAT T e v, 5 H MEHIR T TR T 20
ek, BT R K56 Box-Behnken 46

PO BRI JF B AR BB AE, T
30 min BA b, 2 P L B A RS P S AU AR B TR 52,
62+ 72 °C Bf, KA S0 A R LR I U, IR
BEAFREAT AL, 7RI AR R, AR RHE 2 T A% SR T RS
e, BEMEFG 1 h FEHLICH — 2 SR S AT N R 3
KA IR I U FRC 5 N 105 °C K4S, @
I AR (0 0 A R R S KR iR GB/T
14489. 1-2008 (VHUEF 7K 73 S R & 2 ) WE 2
FRIE TR A KR, FREKE M, it H N

W, - W,

M, = x 100% (14
d
P Wt ZI 2RI SR, g5 W W24 5

A&, g

A RS IR AR T R RS R, 5%
Beal 0 ot g, JLEERTHIRGR . K s i
T ARG B I AR B B KR L R IAKGE 3 ANE R, &
—HEH 5 Ak, KOESN 1.2 m/s. BRI E
W 52, 57, 62. 67. 72 °C, fFmMiEH & KEREE
35% F, CH KGR )4 2 5 BA KGR 62 °C 34T 5 ST
JE MR AT KR YERRTE 52 C, fFE/KEESR
35% Isf, PRSI N 57, 62, 67, 72, 77°C, W
AN ) Je 1 KGR R B s . KA e s W
BT RGE 4EFRTE 52 C, FEEKEE R 20%. 25%-
30%- 35%- 40% BF, K XGR DI 2 KGR 62 °C 3T
JEEE T TREMA S S KEREN 10%, ZH 5l
AR TR A B L8 3 400~3 800 g, HL 3 600g
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Box-Behnken i{ 4 : 1R 4ff Box-Behnken i& 4% ¥ it J&
M, SE5RNRRREIE S TER, DEHRE. K
i, EERR 3 MR ENELE, PFRHEERAGE
oo TEEERLR, WIGHZAKTE 2.

2 WIERFEKER
Table 2 Factors and levels of the test

1 1= 1 RUE
o FREIRR Ko TRERE
IKF L . . Drying air
Drying air temperature  Conversion point of -
Levels . . . . temperature in late
in previous stage A/ ‘C  moisture content B/% .
stage C/'C
-1 57 30 67
62 35 72
1 67 40 77
13 THNERR
131 FlRae%
Wk 3 % > [29
T A U
M,— M,
Dy = ’T’*A’ (15)

KD T RE R, g/(g-h); AtARITE] 2, hy MuaHN
t+ AR TR EK R, %.
132 #Aifedt

B BEFEE SUNTERRR 1 g KT MIREFE (kD)
R (16) FATIEDY,

o 3 600Pyt
m,

AR wWONRALRERE, Kl/gs m AMUKE, g5 Py NIHE,
kW.
1.3.3  Imiizaataik

T AR IR T RIS B R R ST — PP BE Y e PR
TR TZTTR, WMERE 75 AL REFEFN TG 18 2 g
fabr, IR EREN 6 F1 4, AT T 2004 FIH
X (7D HEEEES, W& br i RAE X B 100 47,
B/MEXTRL 0 43, T A BE RER /NS, N T RIESR S
IOBUE R B GT, K A8 A A FA R /)N B e 1 i b £ 7 £
RO RGT, R AR T SRR G R bR SLLE B BEFE TR b
i g 56,
vy = T 100%, i=1,2:j=1,2,3,+++,n

Yijmax = Yijmin a7
x=§:mﬁp i=1,2,j=1,2,3,.,n
Ky AEBRIBIRE : woNIRARI AL R 3Ly, AR
TEARVEME: v RGEETRME.
14 HIEAIE

KH Excel. Origin 2022, Design-Expert 13.0 Z A%
RIGBAERAT M B AER, ke 2% (RD KT
LA 1A R,

2 HRE5HR
2.1 CHEFRARNTIEFE
2.1.1 R ARG E T b 5o ag T agad i

2 A ZRAAE 520 62 K 72 C AT HIEE K
FHRREE Al 28, e H A /KE S TR R EE R 5] 325

(16>

AR FE TR, R I A T T e T 2 R
SEBLR VAP T ah 2ok R IR L ) SRR T, (et 7RI
K BRI, TR TR 2 A J B LA I R B
ARERSN T K5 B A AN RROER . £ET 15 HIF B
(M <20%), A[FJ R il 2 AT [ T R T A2 e
FFUSCSCER AT KT, 2 W PR T Jo ke = (10 425 A P Ok
59, MM FAERIL) T B, KA
RS, IR T #EAR, AT PR T B ATt o
IR T A IR DL TR BRI,
TP A O S R R A s A Y, T SR A
(8D W I AHF (KA ROk R 0.

TR % Drying temperature/'C

e

g 80 =03
g 7
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2 E}E 202
7 40 =g
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A 0 5 10 15 20 25 30 35 0 10 20 30 40 50 60 70
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b. Drying rate curve
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a. Drying characteristic curve
B2 h AT R ARGR LT 69 T R4 1 ) & Aw
TR0
Fig.2 Drying characteristics and drying rate curves of Camellia
oleifera seed at different hot air temperatures
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Fig.3 Relationship curve between the logarithm of moisture ratio
(My) and drying time
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0.99, LRI 1 2k [ VA6 A 5 X 06 B 2 Th) 1 2
WM. W T RERTE T K3 7 sl g
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FHETERA TR T ERAKEIEE, X
—WIERIRE) Sy — SR T K TR ST BOER. R
FH I AR5 20 AN [F) #0RGIR B2 25 A R T 2SR I A ROK 39
BRSO E R WHEEE A R R R
A7 90 AT T 0556, W B 50 0 42 ) R T e R 12 i 28
(B 2), T & ARG BE TR 1A ZOK 39 B8R
Bo(F 3, xR (D) PILECT
E,

D, =InDy— ———*
e = B0 R T 7273.15)

)

F=3 AT ERKRST AN
Table 3 Effective moisture diffusivity of Camellia oleifera seed

o TR BRE WERH

JE RE
/% Effective moisture diffusivity ~Coefficient of

Temperature/ C Slope k Duyr /(1070 m?-s) determination R
5 —2.69121x10°° 3.299 4 0.991 94
62 ~4.075 36x10° 45524 0.993 84
72 —4.166 23x107° 5.5826 0.995 41

BT RIGI E WIh FA B UK Y AR, T
PEENEAAR D, 51/(T, +273.15) PR ECN = (19D,
PERFR® 4 0.987 58, AIfFTEEEILAE E,=25.025 kJ/mol,
B AR BARRT T Dy=3.23x10"° m%/s. 7£T-15H0 1,
THZOFF BRI A IR E R A, 1R 56 K
T AN B BUK T BCR BN TR B A )
BUBME, TR S, T EOR  EIELRE E T
AR, N T BRI R AR 2, TEBLAL R iR
BFFH I 2R PO SR T & AR Arrhenius 6 & R P T2 SR
BT 550 (200,

3009.981
InD,,, = —12.643 — "% (19)
Aers (T, +273.15)
25.025
D,;; =3.23x10%xp (— — ) (200
- 8314x 107 (T +273.15)

2.2 HREFFE L RIREY
221 b RAFTIRALA I E

B 4 R AHFLE 3 FOAS [ O (55, 65 i
75°C) FAET, WZKE KR PRI E (5 2 TR A
& TR B TRME BT A4 A UL & il 28

120

—a—75°C i Experimental
—e— 75 C il Simulated
—a— 65C iR E Experimental
—v— 65CHi Simulated
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—<— 55 C ) Simulated

(=3
(=}

60

40

& 7K # Moisture content/%
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FJ& I ] Drying time/h
B 4w RATARILL XA 69 T Bt f
Fig.4 Comparison of drying curves of Camellia oleifera seed
simulation and experiment
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TESL IR b, AHE ORI N Tl S TR T2
AL TAE, BERERE — B K TR aeFE e
FIRERM TR T L.
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LT I AR 9IRS AR AR AR

,0,00 (3,0,0)

(0,0, 0)
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Fig.5 Distribution of points inside the model
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Fig.6 Changes of temperature in different positions of Camellia
oleifera seed with drying time
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156 min 2 J, U FERRERE— /N BN T 0.1 °C, M
TR E BT B (Z933h), R EERR B S A IS
ELAF X5, T 7K 26 PS8 A A R ST U B T A, Xk

IR L %
Temperature/C Temperature/'C Temperature/'C
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Fig.7 Internal temperature distribution of Camellia oleifera seed at different time
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Fig.8 Changes of moisture content in different positions of
Camellia oleifera seed with drying time
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Fig.9 Internal moisture distribution of Camellia oleifera seed at different time
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WA TFHAT T (B 11b), & B IR &4 T il 2%
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Fig.10 Analysis of drying characteristics and energy consumption
with drying air temperature in previous stage
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Fig.11 Analysis of drying characteristics and energy consumption
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Fig.12 Change of unit energy consumption and drying rate with
moisture conversion point
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FE G IR 2 N4 K R B T8, SR EEIE IR
mT R, (HEFFESETEASERS 5 KERER
ML R T S ARt A e, WREL 35% 1E K
o3 He 3 LK
2.4 Box-Behnken ift3
241 KR

sE G R RRIGEIE T gs R, AHIE 5K A i B THI
HERNSHT T RIIARGE (4D« K EE# A (B AlE
KR (O KPR BT RERE AN TR 2 i, Ik Ik
HATIRAG R, RIG 45 R ILE 4,

F4 MEEREEITSER

Table 4 Design and results of response surface test

ST YT

. B fiEFE T SFATME
sy Unit energy . Compreh

A B . Drying rate .
Test No. consumption/ /e 71'1’171) ensive
kJ-gh &8 score

1 0 1 1 4.684 6 0.057 15 24.25
2 -1 0 -1 4.769 0 0.04543 —60
3 0 0 0 4.6612 0.05211 20.17
4 1 -1 0 4.6577 0.052 57 23.63
5 -1 -1 0 4.8053 0.047 37 =73.1
6 0 0 0 4.6813 0.051 50 7.37
7 1 0o -1 4.7127 0.048 41 —19.83
8 0 0 0 4.6777 0.050 84 7.10
9 0 1 -1 4.7027 0.047 50 —17.44
10 1 1 0 4.659 1 0.053 37 25.48
11 0 -1 1 4.726 6 0.053 85 -9.27
12 0 0 0 4.6620 0.051 21 16.79
13 -1 1 0 4.6975 0.05077 -3.81
14 1 0 1 4.7070 0.057 52 13.40
15 -1 0 1 4.7280 0.053 85 —10.04
16 0 0 0 4.6899 0.052 50 6.03
17 0o -1 -1 4.7170 0.046 56 —28.24

S5 RBIRFRENA TR EE R, AL REFE [E A 7
BRI REE FERN 7], TERERRETEMNEEEF
fH°M 108.31, XPHI FAE AT NI PAEE/NF 0.01, 78
SHUE AR A& GRS S R k. Y R (
BT RERERE L) R € R % R™=0.9013, KAUTAK F 14
N 5.66, XTI PAEAN 0.0637; Y, BEA (i KR
HIkE ZH R°=0.984 8, RILINH) FAE N 0.3948, XK
B PAE N 0.8516, ULEAPAMEERIKHLG B RUF, REAS1HE
Hff MO TR BT BEFE LA ST R . ek, AT (4D
KA A (B UG AR (C) X B BEFE A 521 M
KEVNA AL By C, HAF RIS IRL EE K /MEUCH CP
A’ B, ZHAERWEERINF N AB. AC  BC; %t
TR MW KBINA C. A B, X HAEFHEK
FWRNGF N AB. BC. AC.

PLEE G Vo e WA &, SR A Design-Expert 13.0
ARG 25 R HAT A 4T, BREEVRER IR
2R BT FREAR (21, FESERNE 6. %
BRI FAE N 12.02, PAE/NT 001, FRFBRIFLEE,
R () o i B8 R?=0.939 2, RITM FAE N 6.41, %t
R PAE 0.052 3, 156 AR S5 3R 0 G AR BER LT
AT DA B 27 VR E AT . A LI ME F S
IS AT A3 AT B R (4D« IR 4 i (BY Al B X
(O XEEAEVEF AR M KE]/NA 4. C B, ZIX
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23 BOEVLAE: IR SRR R AR 5 SR A A% B R P A T8 244k 339
WEERAN K CL A B ZHAEHEME EXITTN ¥y =10.49+23.944 + 14.58B+ 18.03C — 17.05AB+
2 2 2
AB. BC. AC. 4.24AC +5.74BC — 14.29A° - 2.70B° - 15.03C Q2D
=5 BIEMREYASE
Table 5 Single index regression equation
75 F# Equation JAUTI Lack of fit RIEYGE R EL

Yy

FE ¥R Index

Correction coefficient of

Simulation equation FA{f Fvalue Pf{HPvalue F{H Fvalue P} P value determination R%,,
[y~ ¥y = 4.68—0.032 94 —0.020 4B — 0.006 9C +0.027 3AB+ '
Unit energy 0.008 8AC —0.006 9BC +0.025 1A% —0.003 58>+ 7.1 0.008 5 5.66 0.0637 0.9013
consumption 0.027 8C2
TR Y> = 0.051 3+0.001 8064 +0.001 0558 +0.004 31C—
Drying rate 0.000 65AB +0.000 173AC +0.000 S59BC 108.31 <0.0001 0.3948 0.8516 0.9848
k6 FEENEFESTER B 26 A T 1 #RR T R R AR AL AL TR 52~72 C
Table 6 ANOVA table of comprehensive score regression IR EXE AN, MEHRE XKD S REEE N
e ﬁngw; 3.299 4x107'°~5.582 6x107"" m?/s, BHIEE TR A,
Vil b/ T A EREE)ES 577 2 3 2 >
Source of Sum of Degree of Mean FF 1IE PP 11H Si 'ﬁ‘.f fi E{ﬁ’p{.ﬁ‘éj\j 25.025 kJ/mol.
variance __squares __freedom __square " YHHE T VAHE PIERTACHRCE 2) L IR IE AT 1 F A I K Y R % 2Tt
17 Model 12 241.87 9 1360.21 12.02 0.0017 ok oy e o . I I
A 4583.55 1 4583.55 40.49 0.0004 sk PR A I BT N SR K A AR 4 A, B TR R,
B 1700.03 1 1700.03 15.02 0.006 1 ok 5 70 T 75 81 ) T LA Ak 522 5 SR A A 1] B e 1
B 170003 L 170005 1502 00061 e BUR TR S0 T 45 8K S5 RG22 A
AB 1163.49 1 116349 1028 0.0149 * it 8.5%.
AC 72 1 72 0.6360 04514 N - S i 21 . o
Az 860.26 1 860.26 7.60 0.0282  * HIXIRA 63.7 C 7K e#5 55 38.5 % J5 HHXE 74.8 C.
o6l L 06 0I0SIL g T, SRR KT T 6 4
5% Residual 792,36 7 113.19 5.040 kJ/g, TJEIEZFN 0.048 g/(g-h). 7ELRIE T IE K
Lfig%?ﬁﬁt 655.87 3 21862 641 0.0523 (1) [E) B BRAIC REFE, 70 I 2SR T8 () 80K 515 R 2 [H) A5
Pérm%é 13648 . sl T RiFrH 54
ure error
E'\i;;&otal 13034.23 16 (& = 3 ]
Coufficient R=0.9392, ;R%,;=0.861 1 (1] BEafeder, i 0. o 20 v o 28 sk 4 B 0 DRl 36 T

e e ORERNEE, *RRERTE.
Note: ** indicates extremely significant difference, * indicates significant
difference.
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Heat and mass transfer characteristics and drying process optimization of
Camellia oleifera seeds after hot air drying and shelling of the fruits

HUANG Jianjiang® , GUO Ziyang!, LI Shengtao! , ZHANG Ye!, LI Changyou' , LI Tao? , LI Chengjie'™

(1. College of Engineering, South China Agricultural University, Guangzhou 510642, China; 2. College of Engineering, Jiangxi
Agricultural University, Nanchang 330000, China)

Abstract: This study aims to elucidate the dynamics of moisture and temperature alterations in Camellia oleifera seeds during
hot air drying and subsequent bursting. A systematic investigation was carried out to optimize the parameters for superior
drying. The exceptional energy efficiency was characterized by minimizing energy consumption. The physical attributes of
Camellia oleifera seeds were measured to determine their inherent properties, including thermal conductivity and density. The
thermodynamic behavior of Camellia oleifera seeds was explored during drying at distinct temperature intervals of 52, 62, and
72 °C. According to Fick's Second Law, the effective moisture diffusion was then obtained corresponding to each temperature
regime. An Arrhenius equation model was constructed in the empirically derived data on effective moisture diffusivity using
reverse engineering. There was a significant correlation between effective moisture diffusivity, drying temperature, and
activation energy. At the same time, a mathematical framework was designed to combine the heat and mass transfer, in order to
simulate the drying of Camellia oleifera seeds. The predictions exhibited striking consistency with the experiments, with a
maximum error of 8.5%, indicating the remarkable precision and reliability of the model. The results show that the hot-air
drying dynamics of Camellia oleifera seeds were fundamentally dominated by internal mass transfer. The higher moisture
gradients were observed than those of temperature ones. The fluctuation of drying rates shared a uniform pattern over the
varying drying temperatures. The effective moisture diffusivity of Camellia oleifera seeds increased significantly over the
temperature spectrum from 52 °C to 72 °C, ranging from 3.299 4x10-10—5.582 6x10-10 m*/s. The energetic transformations
were computed as the activation energy of 25.025 kJ/mol during drying. Therefore, the variable temperature drying was
performed better for Camellia oleifera seeds. There was the governing impact of three parameters— the initial wind
temperature, the moisture conversion threshold, and the concluding wind temperature on specific energy consumption and
drying velocity. Response surface optimization was applied to determine the optimal combination of drying parameters: an
initial wind temperature of 63.7 °C, a moisture conversion point of 38.5%, and a terminal wind temperature of 74.8 °C. The
better performance was achieved under these optimal conditions. Specific energy consumption was reduced to 5.040 kJ/g and a
drying rate peaking at 0.048 g/(g-h). Compared with the model, relative errors for specific energy consumption and drying rate
were 7.4% and 12.1%, respectively, indicating the pragmatic applicability and accuracy of the optimized parameters. In
summary, a robust theoretical groundwork was offered to refine the practical drying parameters for Camellia oleifera fruit hot
air drying and bursting, paving the way for industrial implementation and dissemination of Camellia oleifera fruit drying. Thus,
considerable academic significance was provided for the promising practical application.

Keywords: process optimization; models; Camellia oil; shelling; heat and mass transfer; hot air drying
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Hot-air Drying Quality and Process of White Radish Based on Response Surface

ZHANG Ye, MO Haoyu, JIANG Weitan, LI Shengtao, HUANG Jianjiang, WANG Han, LI Chengjie’

(College of Engineering, South China Agricultural University, Guangzhou 510642, China)

ABSTRACT: The work aims to investigate the changes in quality and efficiency of white radish dried by hot air under
various processes. The effect law of three variables including drying temperature, relative humidity, and material
thickness on the quality and drying characteristics of white radish was analyzed with the single-factor experimental
method. Quality and efficiency indicators such as rehydration ratio, color difference, and drying time were normalized to
construct a comprehensive evaluation model. Subsequently, the Box-Behnken response surface methodology was adopted
to facilitate the optimization experiments, and a regression model was developed with the comprehensive score as the
response variable. This model helped identify the optimal combination of process parameters that yielded the best drying
quality and shortest drying time. The optimal conditions were found to be drying temperature of 55 °C, relative humidity
of 23%, and material thickness of 10 mm. Under these conditions, the drying time was 490 min, the rehydration ratio was
3.851, the color difference was 25.724, and the comprehensive score was 0.953, indicating an optimal drying effect. These
drying process parameters could effectively improve the drying quality and shorten the drying time. The R? value of the
fitting model was 0.954 1 and the error between the actual value and the theoretical value of the model was only 1.4%,
confirming the stability and reliability of the model for application in hot-air drying processes of white radish. The

optimal process parameters and the regression model optimized based on response surface can effectively predict changes
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in drying characteristics under various conditions, thereby improving the drying effect of white radish and providing a

theoretical basis for the industrial application and high-quality storage of hot-air drying of white radish.

KEY WORDS: white radish; response surface method; process parameter optimization; drying characteristics; quality
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Fig.2 Effect of drying temperature on drying characteristics
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BRA T FHED .
E-Mail I
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E— 2 Tresm aiE
=T 2 Tiesm st
R 5 Tiesm s
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B EN RS
ERiEZE5! KBEEF] SERFEVEF SN EF]
PN SRR S (BEAH)
RIBYHEZTR

RIBHIEEREIS : http://www.acpaa.cn/view/agencySearch.jhtml
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EANE—KBEA B H & 2025-04-13
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FAREFBRNZEF (REE(FN) BRIBHTT HE,
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]l

AFrEIZ R GB/T 1. 12020 (hrdEfl TAES ) BIRLE AL,

AAFELERLE] HDG/T 017—2021 (BT bRk,

A KR R DR AR MY AU 22 4= W B PR TS

AbRAERE AL BRI R TTAZER T RHE R S S A R A 7
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FREFRIR T IR

AAREME TR B TRV ARTENE L, 2R, SORZSR, W85k, RN, ek
FMBEAT M, A%, BRI

AFREE T DL R ARV IEE AR I B, IO BTl R RS v 0K
S NN A BT L

2 HEMSIRAxH

NSRS A S S FH A AN AT B o P HA ) 51 SR A H BRI AR AR IE B T A S0
NEANEH ARG S, Hsd s (BT FME S0 & A T4 S0

DG/T 017—2021 &B¥WIHtFHL

GB/T 21162 AR TEMLEE A FERE 5 b B & 47 BRI

GB/T 30467 MMM E TRNLILAIFERE 5 A 47 E AL

GBT 6970-2007 & FJRALIRL 7%

GBT 140952007 A&/=fhTEEAR Rif

GBT 16714-2007 &40 & T L

GBT30466-2013 fRE TR ARG wA&HAEMTE

GBT 30466-2013 MEFTHERG ZAHIEIE

GBT 26550-2011 ARE TR E LA B 5 vPAr

GBT 21399-2008 ¥ & FJEHL H shi% il R G vk & Ml

GBT 21015-2007 FE#A T AMIE

GBT 21016-2007 /NETIREAMIE

GBT13306-201 1#7hf

JBT10268-2011 #LJEAARIIT L

JBT 10200-2000 Fp¥in TEAMR BT A 7o A5 gl H )

JBT 10200-2013 H1 AU -5 AR B Ab PR A7 i 24 = G ] K0 1)

NB/T 10156 7% YR #E T A L 438 FH HRFE

3 ARIBHMENX

GB/T 14095 F5& (LA T AIARGE € SO&EH T A
3.1 MREHRETIEIL

PAZS SO, 18 IO TN LR AR £ 7K 3 28 R T 75 BV AL (AR ik 3] 22 4 sl 7K 4 A A
FHl, PR ERETEN.
3.2 EEARETRIZRE

FEHETF WA IE 5 (RS JG, HESR R, JRIEAS BT HE A 2 B ARK 2 TR IG5 T 2%
s MEEHEREERRE . TERE. S B BB, HPRESE, PR et/ B E TR, BN
Wi/ /NEE, RS t/hEoR.
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3.3 RARBBATFHRIZERE

MR EREAENL A 22 D 2 A T R AR T B2 05 2, B BN B K I8 21 22 42 I (B ) TR i
o MG ETEA TR AR TIREBL. B EHPREEE; SR b3 8 4 TN R — Ik
P IR BT, A, SRR .
3.4 HAR

R KR, KA AR B KRBT B KRR B SRR RIBNE N SR ESHERE
ZWHIE 2 HL A5 %w.bRos. TR EKF R A W& K B SR E PRk NI4T )5
B2 R AE AT %dbER .

WRWER RN G, kg, HAFTErKEN W, kg, TEVTREND, kg.

w w

TBREIKE: M="—= x100 Yow.b. (D
G D+W
THEEKE: Md:K: W 100 %d b, @D
D G-D
3 ™ Al N Md M
M5 My, WigZERIAN: = %whb.); M,=——— (%db.)
100+ M, 100- M

3.5 FlEEE

TR AR T BRI ] YRR R B K, BRI TR] PR B & AR IZARIL . ST 5 %/h Fors W)
B PR K& 5 S TR ] 2 LR N PR T R
3.6 BiFEHE

TSRS, MRETEZEKIkgK, BT UEREAGHE MM S hE, AT
kW/kg#oR .

4 HAFmL
4.1 5%

TRy BRI SIS DB, s L.
A SEARNAETRERNSWR A AL P I R NS,

4.2 Yghg

BETHLE = St g 25 F LA B/ T 8574MIMLE , MG MBI RER A& S B 1R -
By HoEsy HBIWS B4 — HSHS By

MRS
FZHNS
AIRFIEACS
FHRER S
NIRRT

KFNHIT

Bl YmhSEEHaE
55 4 MRS 5 R Z MM “—" BEIF, WAEBIAREAMEAL_EFTE RS TR WK 1.
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*1 KBFEF

51 52 W 5% 3 54 W %5 H 5 6 Hor

R: ZSRIRAE

ok

P11 e e

B W || PR | ST Hﬂ&;@;zm;@ RN i P R

TR | Lo st | G N i;% | RB: EIFRAS
=,

5 SHPST-50R FsitAbFE CALUCHLA ) o 50t HITUETRI R & AR T AL
4.3 EBH
BT ESHOR E SRR HNE 2.
xR2 EBHMESH RS

HETHLZR A EBH B~ (&Yl
PEA AL AL FEE, t 2. 3. 5. 8, 10, 12415, 20 25, 30~.50. 60~ 100, 120. 150

100/4. 17, 150/6. 25.-200/8, 33, 300/12. 50, 500/20. 83

&5 “;J;‘ b E“y
EERART JERERE, vd/h 600/25. 00, 800/33.33. 1000/41.67. 1200/50. 00

5 RAREXK

51 —RREX

5,11 JEFHUR R RVE - RN B A RS UREZ R E .
5.1.2 JATHUARRER RS2 AR VHRENAT &R 3 FIEK,

#=3 HARAENREIARLITEE HA7 R C
FRAFIRE 3 AR, . WEZHMARVRE
AL (EZ%=
/S 90~120 80~105 <68
g 70~90 50~70 <33
N 80~105 70~80 <50
S 80~90 70~80 <50

5.2 [HREEFR
BB BEFEARNLAT & R4 K
=4 MEREIRIT

Fr5 TiH Eiz1a
1 by e (D = WA
2 fltibd e (PEFHEO = WA
3 FrRE R PERO = WA
4 BAFEHEE (kJ/ke) <HWIRE
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5 AR R B (] INGE L FEAR<20. 3%, EK<0.5%

JUX sy <3.0%

BARERE R
o EHRR <1.0%
5 <1% CREKIERE <5%)
FORRGUIE R <2% (5%<< /KR <10%)
<2.5% (BF/KIERE>10%)
A0S FAIES AMETF a0
7 FROXIR B B Y B <44C

TEA <1.0%

o <1.0% CPE/KIEE<<5%)
s | TR " -

S <1. 5% (5%<< KR BE<10%)
<2.0% CBE/KIERE>10%)
<8C (FERE<0C)

9 AU AR
e SEFEEE+8C (FAERRE=01T)
10 . Rk T I

5.3 KRERE

5.3.1 BHURRECE, MTHSMENTCHEN . #60; WRIEAFH, e M, REENARRE . T,
TETERE; PR ROERE RUF, Tkash.

5.3.2 M. A, R AL AL R AN BBl BhEl. (RIREIRSIILR .

5.3.3 JATHLRHPRNIA NS RIE, TRMAEIEE, RSN ORIE SR, B AN AR
e

5.3.4 BHWAKEEENMBBIRRZ, SHRNTEBENME, EETHEERY .

54 MU FR=E

5.4.1 JTHLKISNRIEANA M BR .
5.4.2 HEMRESOGE, GBS A RA RTERLIE

5.5 FRERE

5.5.1 BERHEANAHZEHSHE. FIR. RS KEINR L%,
5.5.2 RMRERZEERNFE JB/T 9832. 2 ME K,

5.6 BSITH]
56,1 —MREX

5.6.1.1 RN T YN 3 HARGIE A E 52 S R
5.6.1.2 BRG], Al ST AL R .
5.6.1.3 Frfy i EMI N EAT S B Rk Fi. B AT i IR SE DI RE -

5.6.2 4tk
VRN BT 4a%k, WAL BB AT R b ey I B 37 22 ) ) 48 25 B BELIRE S/ T2MQ
5.7 BUE
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T L% 6. 70 77 VLTRSS, METAUAR R AE SEWLE DhRE e e k. e lfElk. AN g 24y
T A AR R I B i, DA R RE M R R, S BRI ) E W, 8 A RO AN
T98%.

5.8 RE
581 RER/IF

5.8.1.1 XTHRAE N A4 fa S (41 A% B AN [ 54 5 4 B A AT SE I B =R

5.8.1.2 P& B, JCELANRE SR B IR F s E 2B 4 i, Bl (P A& ER>1100 mm,
J&H PE 25 1T 3000 mm LA 5 2225 47 Pl

5.8.1.3 LA THUTA IEE KMLEE RN 2235 2 B35 E

5.8.1.4 [REESHABTHAL, FEIAA T RATIR N A L5, FFR BB R EREN R KB 3
A

5.8.2 &R

5.8.2.1 XRAFH AT SR USSR E . RLEE X il PR B AT HEAR B 1% 2
WU ST, AR FL BRI B B A7 B[] 5 R AN 22 B R AR 84 R A bR B NAT & GB 10396 HIEK .
5.8.2.2 MU NAZEEEHEI, i LI E KR A ETRhR S N A U 2.

5.8.3 REEXEE

5.8.3.1 JEIAAXBAHN B EARC M EAL B BoR B B . WRRIRE R E . HA R R 1k 2
BATHLATE R E s LU TN A XU B IR R B B TP E R B R g s L

R
5.8.3.2 MESEAMMA TATHL F RBSL R EL AT M I LI IR S PR B B 1 BRI 2
i

5.8.3.3 ZHAMEMAMETHLIA N B B AN 51 N kR E R E .
5.8.3.4 HERGMNUBEITHMFEERIIEE, T BEILEZZEYRTE GB/T 5226.1 1
R,

5.9 IFEMRIP
5.9.1 M

BAENREFFESNRITT, PR TP TR 5 ERS85 dB(A), HEAE I THL AR
FER <92 dB(A)KIESR, #A UM THLTAEBLIZ M 75 EH N <80 dB(A),

5.9.2 HERE
FEMCFHLA B3R AR N 536 3 X SRRy AR IR E N <8 mg/m?®
6 WIWHE

6.1 RIEEK
6.1.1 —HREXR
6.1.1.1 Fra A6 N AR E 4T E ik . A005E FEL IR A E SR R EAT
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6.1.1.2  FENBCFHURRARN R & T 5 R

a) KD AEIEIES3 %;

b) EREEE<2%, HPRHFHF (<50mm) FEAEE 0.2 %, BANARFF (>50mm) . R
. AT, gk, BEDMERBYERERY.

6.1.2 MK ES

DA LT ARSI R

=5 MU EREK
FFs ZH £ HERG P S5 R K Fo iR 2
1 M 7 (34~130) dB (A) 24
2 K JE (0~50) m 1 mm
AR RFERRE (0~200) g 0.0001 g
- T Al AL B (0~600) g 0.1g
’ e PESL KA FRE (0~200) g 0.001 g
RIS YRR E (10~1000) kg 3%
4 I ] (0~24) h 0.5 s/d
5 BRI (=30~70) C 1C
6 PRI (=50~300) C 1C
7 IREEAEX R 0~100% 5%

6.1.3 HHURES

6.1.3.1

6.1.4 REKE

6.1.4.1
-‘l/it’\)[o

6.1.4.2 Wl Al A AL KU FERRE -

WFHELE S EAMNE ARG, BIREBITIRE.
6.1.3.2 FRIFAFENANAF EFREATSSEBITRE,

WAL IR #e s 132 #5607 1) R 75 IR A o

6.2 MERETEAR
6.2.1 BUHE

6.2.1.1 ¥

FEASHURERE dh 1R BN AN 0.5 ko

6.2.1.2 HHIR

HAR R IR AN B Re 2 T

FEBUEG T BOEEAT (LT ARl AR 5 HOAS 8, 22 A 2 5 77 AT REAT W38 AN 45 R

Tl B LR SRR IR 28k,

B ML AE FHREEE N FALEE 10 min~15 min 55 RRIEE— RS, FEREE 9 7B

AT HAEDRIENURR E R, SF R R IR &, FERECR 7 4

PR R 9 4.
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6.2.1.3 HHIR

L AT WU AEFFAR RS B DAL AE 10 min~15 min S5 BRI —AFES, FEMECRE 9 A 1E3F
ETHUED R LIS 6 5 min SERIBGHEE— MRS, FEAECRE 7 4> BT ILE ALY RS BERL
YrRHBURE AL B A A ] o

6.2.1.4 FRFHEE

SR T HULLE A FN B I )P If & DV AE TR R RS, AP AL 200 mm~300 mm UK,
MRIEBEF AR, BRI HUA A ~6 DM FERAIBTCA & DT, NAEHRR]
e B AR M ALY b o B 3RS A R i A S TAL TR A S A% 6.2.1.3
PAT, AHIIRE . ST R A SR RO R S 4T 5 81T A PS5 9 ANEURE £

6.2.1.5 NEZHEEHE

BeUIE . LR & —A
6.2.2 KSR

6.2.2.1 ioF

MR FE T, (B FHE k.

a) CFMNRR AR, BB THLI S S8, TEEBILTIR .. XHLEE XA XUE 25 A o
ZH,

b) SR X AHE X E AT AN, 43 0 XU A HE R I HOXGRE « XU FTXUE , 4:30min
e — UG- FETHE P E.

6.2.2.2 BHER

FESFH S REBRARRE ) RRERE L B R R I E450 g~550 g, X RFE/R 20T %4y, FH1.5 mm ()
#F) L 3.0mm (EXK) . 20mm (FES) o Lomm CGHZEF BILIERET Y, 2RSSR
E G RER A /INRE, NRERER R K90 g~ 110 g /NFE. TEATINSEHII 45 g~55 g, TR ™9
VoE i

6.2.2.3 BKkZE

SFERECHE . HAURES, B/KFRIZMEGB/T 5262 P EHRL S /K R EOR AT, KR & KERT
18%w.b.IN, KA ZBTE, MERS, BRI AN INFEBEAT AT R 7K 3 I8 B S (B 9 i b
BKE . A RNCFE AT SRR IRy, R RS A E AR

6.2.2.4 BEKIEE
K E K B KR (BT 5
AM =M, - M, 3

A AM—FEKIEE, %w.b; M —REHURE KA, %w.b; My——HHUREIKE, %w.b.

6.2.2.5 RNIBEE
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T AN FR S UM THURLAE TR 2588 RS B 2 AR, T S AR B BV B (] P TR T 22
THE BRI B . FHIELNAFRS T A E L AR (4 115, &8 TR 295 4
4% GB/T 21162 Al GB/T 30467 #£47 .

_ G,(100-M,) )
b 100 M,

AEFERE, BACNIER /N (th) 5 Gy TAR &, BACNMEARE /N (th) .

2 G
6.2.2.6 FrEERE

HEN T = R RL AR YE T 55 BoR B LK A 3R A3 i, R 5T 5 e
100 - M,

100-M,

K Gi—HEN TR IR R & kg 18408 h;

Go——T = i, kg/h;

W— Ko7 K&, kgh;

Mi— BV RHIR L 5 /K2, kg K/kg IBYIEL

Mo——FIEF REVEESIKE, kgKk/kg (FF@) o

6.2.2.7 HAIEE
vk 1 BNBARAT, MWEH RGBT YA S, AT AU B B A (5)
R

G,=G,-W & G,=¢,

LARY: ®)

A RHER B, PACYMEILTIK (vm?) , TEE
ARER, BALNLITK (m) o

A P—AEHE, A (1) 3 R
B 0.56 t/m®, EK 0.76t/m3; /pF2; 0.8 t/m3; Ve

T2 HPEAAXBEFHA B G ER, 77723 NIRRT FR & I 10 S8 0 A LR
B R EMEASLNAR, FAAMSEIHEEEZ AR (6) 15,
E
P=R= (©6)

r

R G—AFEAR AP T P SIERE S R, A (1 r— SN IEAR BRI 2 &,
BNLNIERESL K (Ymd) .

6.2.2.8 THFIEER

CRAEA BT B TEIT AR I (AR TR GG A 18], PR Tl A (7D 8.

_dM M, - M, 7
o 6,

ﬁ*:—%%——%ﬁ?ﬁﬁ$,$&ﬁ<%m>;% TR E] (A HR TR S5

AN TR L R AR 8] B8/ Cho

6.2.2.9 BAHEHE
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THURTHEAT, AERCTHLENL I KL, 2 SRR B A B i A ra I _E RN TR 3R, D
SRR RE A (/N FE LR, /NI A F R U K 8] 2 AN /N T-48h e JESE ST HLIK A7 R K B A% 2 3
(8) W&, AR T RAI IR EIZ A (9 15, RAFEREZ LK (10) 5.

. 1000-G,(M, ~ M) c2)
1-M,
_ 1000+ P(M, - M,) (o)
6,(1-M,)
e w——8fkKE, BT /N (kgh) o
0s, = 3600-D ¥
w
X Qop—— N FEHE, FACA TR T (K/kg) ;s D—/NFEHRE, SPALNT /N

(kW /h)

6.2.2.10 WEREEIEE
MALRRT SRR E TSI D 3 AR ST I o M7 I BRI A B e B RS 2 351 9
W T RATRIAT B35 e Bk B A BBk AR AR 1/5 PL BRI e, pimEsRmEie A (D 5.
Ap = p, = p (n

A Ap—BERIRME, (%) 5 pr——TRREFEM BT IME, (%) 5 pr——TRATHE A

BRERSFIME, (%) o

6.2.2.11 REBEREE

MTREAT JE R R iU 2 3 M, AR AR ER 100 RiseBFFAL, BHAFCE 24 h JE(E R
BT, FLR %S, BB IO .. AT HIUREE, BB EOE M 3 7 &
R, B 2 2 MU BRI, B R R S B I AhE 2/3 2 Jm AR, R BEDRE P o P T 20 LB AR
PRI . T RERIEE AR (12) T,

Kb=B)~b, (12)

A Ab—ERIE, (%) 5 b~ TRERMRERTME, (%) 5 h—TBRATH

BERTHE, (%) .
6.2.2.12 EARBGFIEE

MFEAT SRR IO 20 3 SRR, BRI 100 NSERFFRL, AKBLT KRR I A R
JRECKE_EROUK AR 172 BLE, Bl %2R b, sRRMIZZ LM RA, RO &
HIT 7 LR TR AR . FORBECREEIL AKX (13) 5.

Ar=1,-1, (13)

FHERE RO ME, (%) 5 o

AP Ar—FOKRAFHEE, (% 5 » T

FEMRLEFIME, (%) -
6.2.2.13 INEREGE

PR HENL . HBAL/NZERER, NI R AR 4% GB/T 5506.1 8¢ GB/T 5506.2 HERIEAT .
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6.2.2.14 HXUBEETITERE
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