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Hydraulic gates play a central role in modern water resource management, where the
thermodynamic characteristics and energy dissipation during the water discharge process
significantly impact engineering efficiency and structural safety. Therefore, this study aims
to in-depth investigate the thermodynamic characteristics and energy dissipation
mechanisms during the water discharge process of hydraulic gates. The research
background provides a review of the fundamental functions of hydraulic gates and the
significance of the discharge process, highlighting the insufficient attention given in
existing studies to energy dissipation and thermodynamic properties. Existing studies have
primarily focused on macroscopic energy analyses, while the effects of microscopic
entropy variations and material properties on discharge performance remain insufficiently
explored. In this study, the concept of "discharge entropy" was introduced, and a
comparative analysis between discharge entropy and thermodynamic entropy was
conducted based on entropy theory and thermodynamic principles. A state variable solution
method for discharge entropy was established, providing a novel theoretical framework for
energy analysis in hydraulic disasters. Furthermore, the thermodynamic properties of the
discharge process were examined in detail, including the thermal expansion coefficient,
autogenous shrinkage deformation, and creep deformation of hydraulic gate materials. A
computational model was proposed to offer more precise data support for the design and
maintenance of hydraulic gates. These findings not only deepen the theoretical
understanding of the thermodynamic behavior of hydraulic gates but also provide practical
guidance for improving energy efficiency in engineering applications.

1. INTRODUCTION

essential for achieving sustainable hydraulic development
strategies [12, 13].

Hydraulic gates play a crucial role in water resource
management and hydraulic engineering design. They not only
ensure effective river level control but also contribute
significantly to flood prevention, irrigation, and hydroelectric
power generation [1-4]. However, during the water discharge
process, due to the complex interactions between fluid
dynamics and thermodynamic effects, the energy
transformation and dissipation patterns of hydraulic gate
systems have become a focal point of interest for engineers
and researchers [5-7]. A comprehensive understanding of the
thermodynamic characteristics of this process is essential for
enhancing the operational efficiency of hydraulic gates and
extending their service life.

In recent years, with advancements in thermodynamics and
fluid mechanics theories, increased attention has been directed
toward investigating the energy conversion mechanisms and
efficiency optimization of hydraulic gate discharge processes
[8-11]. A quantitative analysis of energy dissipation during
water discharge is not only beneficial for improving gate
design and reducing operational costs but also plays a critical
role in enhancing water resource utilization efficiency and
mitigating water environmental pollution. Such analyses are
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Despite the insights gained from previous studies regarding
energy conversion and dissipation during the water discharge
process, certain limitations remain in the existing research
methodologies [14-16]. In particular, a well-defined
theoretical framework and quantitative analytical method
integrating entropy theory with the hydraulic gate discharge
process have yet to be established [17-22]. Moreover, the
influence of hydraulic gate material properties on
thermodynamic performance, including thermal expansion,
autogenous shrinkage deformation, and creep deformation,
has often been overlooked in current models, despite these
factors being integral to energy dissipation analysis during
discharge.

The primary objective of this study is to explore the
application of entropy theory in the water discharge process of
hydraulic gates and introduce the novel concept of "discharge
entropy." A comparative analysis with conventional
thermodynamic entropy was conducted, and a state variable
solution method for discharge entropy was developed, offering
a new theoretical perspective for entropy variation analysis in
hydraulic disasters. Additionally, an in-depth investigation
was conducted into the computation of thermodynamic
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performance parameters of hydraulic gates, including thermal
expansion coefficients, autogenous shrinkage deformation,
and creep deformation. The precise calculation of these
thermodynamic parameters holds significant theoretical and
practical value for optimizing hydraulic gate design and
operational management. Through these two research
components, this study aims to refine the analytical framework
for the thermodynamic characteristics of hydraulic gate
discharge processes and provide a scientific foundation for
enhancing energy efficiency and sustainability in hydraulic
engineering.

2. ENTROPY DYNAMICS IN GATE DISCHARGE
2.1 Entropy-gate discharge coupling mechanism

2.1.1 Flow entropy phenomena

During the water discharge process of hydraulic gates, the
concept of entropy can be employed to describe the degree of
disorder within the system, similar to the influence of
temperature on entropy in thermodynamics. In this process,
the entropy state of the system is not solely determined by the
potential energy of the confined flow but is also influenced by
the gate’s capacity to regulate discharge. The observable
entropy variation can be interpreted as the transformation of
water from high potential energy to low potential energy,
where energy dissipation occurs. This dissipation reflects an
increase in the disorder of water flow as it passes through the
gate, serving as a direct manifestation of entropy increase.
Such dissipation is not merely an energy loss but also
represents a potentially destructive force, as uncontrolled
water discharge may lead to downstream flooding. By
applying this concept to the discharge process of hydraulic
gates, entropy can be redefined as a measure of kinetic energy
loss and potential energy reduction as water flows through the
gate. The design and operational control of the gate directly
influences the magnitude of entropy. Hydraulic gates regulate
flow velocity and discharge volume, thereby affecting entropy
variation. From this perspective, entropy analysis of the
discharge process in hydraulic gates not only facilitates a
deeper understanding of flow dynamics and energy
transformation mechanisms but also plays a critical role in
enhancing discharge flow management efficiency and
mitigating potential discharge-related risks.

2.1.2 Discharge entropy formulation

In the water discharge process of hydraulic gates, a new
concept—discharge entropy—was introduced in this study.
Discharge entropy is defined as a measure of the potential
energy loss and the degree of disorder in water flow as it
moves from upstream to downstream under the regulation of a
hydraulic gate. Specifically, discharge entropy quantifies the
increase in the unrestrained portion of water flow as it
transitions from a higher potential energy state to a lower one
through the gate. For instance, in a hydraulic gate system with
a fixed capacity and control ability, variations in water volume
and discharge duration result in different retention levels
within the system. If the downstream water level is high, the
upstream water flow experiences greater constraints, leading
to an increase in its relative potential energy—representing the
maximum energy state achievable without overflow.
Consequently, the potential energy stored within the system
increases, which in turn results in a higher value of discharge
entropy.
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Figure 1. Schematic diagram of the hydraulic gate support
structure and measurement point layout

The analysis of discharge entropy must take into account the
following key aspects:

(1) Flow velocity and discharge volume control as water
passes through the hydraulic gate, along with their effects on
the potential energy of the flow.

(2) Energy dissipation of the water flow within the gate
structure, including turbulence-induced dissipation and other
forms of energy loss resulting from interactions between the
water flow and the gate structure. Figure 1 illustrates the
schematic diagram of the hydraulic gate support structure and
the measurement point layout.

(3) The influence of gate operation on the entropy state of
the water flow, as well as strategies for optimizing gate
management to minimize discharge entropy and reduce the
potential destructive force of the flow.

For hydraulic gates, the calculation of discharge entropy
focuses on energy variations and losses occurring throughout
the discharge process. During the water discharge process of
hydraulic gates, discharge entropy can be estimated by
monitoring and calculating the flow rate at the gate and its rate
of change over time. Discharge entropy can be defined as the
measure of increased system disorder due to variations in
discharge volume and the corresponding energy
transformation. Let AW, denote the increase in discharge
volume and N represents the overall discharge capacity of the
hydraulic gate system. The discharge entropy AT, for a given
analytical interval u is expressed as follows:

ATdu = Wdu/Ns (1)
2.1.3 Comparative analysis with thermodynamic entropy

In hydraulic engineering, discharge entropy can be regarded
as an analogous concept for quantifying the degree of disorder
of the water flow and energy dispersion within a system.
Several similarities exist between discharge entropy and
thermodynamic entropy:

(1) During the water discharge process of hydraulic gates,
the mathematical expression of discharge entropy can be
formulated in a manner similar to thermodynamic entropy. In
this formulation, the initial conditions of the water flow, such
as water level height and stored water volume, play a role
analogous to the initial temperature in thermodynamics. Under
the framework of discharge entropy, when an equal increase
in water volume (AW;) occurs, different initial water levels
lead to varying degrees of disorder within the system. A higher
initial water level indicates that the system initially possesses
greater potential energy; therefore, the relative increase in
disorder due to an equal increment in water volume is smaller,
which can be attributed to a relatively small degree of disorder



caused by the newly added water compared to the initial state.
This phenomenon is analogous to the principle in
thermodynamics, where the introduction of an equal amount
of heat into a system at a higher temperature result in a smaller
change in entropy. Similarly, in the discharge process of
hydraulic gates, if the system exhibits high flood regulation
and storage capacity, the impact of an equal increase in water
volume (AWgy) can be effectively absorbed and mitigated.
Consequently, the relative variation in discharge entropy
remains small. This is consistent with the behavior observed
in thermodynamic systems with large heat capacity, where
entropy variation is relatively lower when the same amount of
heat is absorbed.

(2) In thermodynamics, dissipation refers to the
phenomenon where energy is dispersed into a greater number
of microscopic states during a natural process, leading to an
increase in entropy. This process is irreversible, meaning that
the total entropy of a system increases unidirectionally over
time. A typical example of dissipation is the transfer of heat
from a high-temperature region to a low-temperature region,
during which the system loses energy order and experiences
an increase in disorder. In this study, discharge entropy was
introduced to characterize the dissipation of water flow energy
and the increase in disorder during the discharge process of
hydraulic gates. Under this framework, the increase in
discharge entropy describes the transformation of potential
energy into kinetic energy as water flows through the gate,
followed by gradual dissipation due to factors such as friction
and turbulence. This process is inherently irreversible, as once
the water has passed through the gate, it cannot spontaneously
return to its original high-potential energy state. The
dissipation phenomenon in the discharge process of hydraulic
gates can be understood in the following manner: the increase
in discharge entropy during the process of hydraulic gate
discharge describes the dissipation of energy when water flow
is released from the gate. As the gate opens, water flows from
a high-water-level region to a lower one, analogous to heat
flowing from a high-temperature region to a low-temperature
region. During this process, potential energy is converted into
kinetic energy, and part of the energy is dissipated into the
environment in the form of turbulence and impact forces
exerted on the gate and riverbed, leading to an increase in the
system's disorder. This energy transformation and dissipation
process is irreversible, and as more water is released, the
discharge entropy of the system continues to increase.

(3) In thermodynamics, entropy is a physical quantity that
measures the degree of disorder within a system and can be
used to assess the distribution of energy in irreversible
processes. During an irreversible process, the total entropy of
a system invariably tends to increase, reflecting the natural
transition from an ordered state to a disordered state. This
transition can be understood as the system's tendency to
maximize its degrees of freedom within given constraints.
That is, in accordance with natural laws, the system will
spontaneously evolve toward a state of maximum entropy. In
this study, discharge entropy was introduced as an evaluation
metric for the irreversibility of the water discharge process and
the distribution of energy. The increase in discharge entropy
represents the transition of water flow from an ordered high-
water-level state to a disordered low-water-level state, which
inherently signifies energy dissipation during the discharge
process. In the discharge process of hydraulic gates, energy is
dissipated in the form of kinetic energy and turbulence,
leading to an increase in the disorder within the system.
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Therefore, the increase in discharge entropy serves as a
function for evaluating both energy dissipation and system
state. By considering the practical conditions of hydraulic gate
discharge, this concept can be further refined: during the water
discharge process of hydraulic gates, discharge entropy
describes the process by which water transitions from a high-
potential-energy, ordered state to a low-potential-energy,
disordered state as it passes through the gate. Similar to flood
entropy, the increase in discharge entropy during the discharge
process corresponds to the dissipation of kinetic and turbulent
energy, thereby amplifying the disorder within the system.
This increase in disorder reflects a reduction in the system's
ability to constrain the water flow and an increase in the
degrees of freedom of the flow. Notably, the variation in
discharge entropy is independent of the specific discharge
process but is solely related to the water level states before and
after discharge. Consequently, the increase in discharge
entropy can be regarded as an evaluation function for both
energy and system state during the water discharge process of
hydraulic gates.

2.2 Discharge entropy state variables

2.2.1 Energy input state function

In the case of hydraulic gate discharge, the primary energy
forms involved are potential energy and kinetic energy, both
of which vary with changes in water level and flow velocity.
Therefore, the state function describing the input energy in the
discharge process must not only account for variations in water
volume but also include parameters such as the velocity and
hydraulic head of the inflowing and outflowing water, as these
factors are directly related to the energy state of the water flow.
Specifically, the state function for input energy in the
discharge process of hydraulic gates must consider the
following factors: a) Difference in inflow and outflow water
volume: Variations in water volume determine the increase or
decrease in the stored water energy within the system. b)
Difference in hydraulic head: The water level difference
between the upstream and downstream directly influences the
potential energy of the flow. ¢) Changes in flow velocity:
Variations in water velocity affect the kinetic energy of the
flow. d) Geographical parameters: The energy state of water at
different positions within the discharge system may vary due
to factors such as flow path, velocity distribution, and
hydraulic ~ structural characteristics. Similarly, energy
dissipation during the discharge process must be considered in
accordance with the second law of thermodynamics, as the
irreversible nature of the water flow leads to energy dispersion.
This is reflected through energy losses, turbulence generation,
and other forms of dissipation. Assuming that in the u-th
subregion of the system, at a given time in the hydraulic gate
discharge process, the increase in water volume compared to
the initial state is denoted as AW, and the water volume within
the u-th subregion of the system at time S in the discharge
process is denoted as Wj,, while the water volume at the
initial time 0 is denoted as W3, with W, =W,, the following
definition equation is obtained:

Weg W =W,
AWy, = )

0,Wy, <W,

For a specific hydraulic gate discharge process, the input
energy of the water flow is determined by solving the



governing equations of the water flow evolution process.
Assuming that the reliability probability of the flood control
structure corresponding to W5, is denoted as o¥, and the
discharge risk associated with the water flow WS, is
represented by Z,, the number of computational subregions
within the analyzed area is denoted as «, which is determined

based on functional requirements and structural mechanics

standards. Accordingly, the following equations are
established:
Awug = AWud /0: :Wuz /O: (3)
AW, =D AW “
u=1

It can be observed that as W3, increases, the value of 0¥
decreases, leading to a reduction in the overall discharge
capacity of the hydraulic gate system.

2.2.2 Discharge capacity state function

Figure 2 illustrates the schematic layout of the gate leaf,
main beams, and longitudinal beams in a hydraulic gate, along
with the arrangement of measurement points. The
comprehensive discharge capacity of a hydraulic gate is a
complex concept, as it depends on the mechanical properties
and spatial positioning of various structural components
within the system. In the water discharge process of hydraulic
gates, the computation of the state function for comprehensive
discharge capacity must take into account the following

Central longitudinal beam

factors to ensure its applicability to practical discharge
scenarios: a) Discharge capacity: This metric quantifies the
volume of water that can be safely released by the hydraulic
gate and is influenced by both gate design and operational
conditions. b) Hydraulic head and flow velocity: The hydraulic
head (i.e., water level difference) and flow velocity determine
the potential and kinetic energy of the water, both of which are
fundamental to energy conversion during the discharge
process. c¢) Structural reliability: The integrity of the gate
structure directly affects its discharge performance. Therefore,
structural reliability under varying discharge conditions must
be evaluated. For the computation of the state function
representing the comprehensive discharge capacity of
hydraulic gates, the reliability of relevant structures within the
system and the potential impact zones affecting the discharge
process must be comprehensively considered. Accordingly,
the following equation is established:

Discharge volume (W, )
Actual discharge water volume (W, )

(5)
+Structural reliability probability (o, )

The formula for calculating the comprehensive discharge
capacity of hydraulic gates is given as follows:

N=> W, (6)
u=1

Edge longitudinal beam

Upper main beam

raty

leal|

~

6 H

Lower main beam

>
=

Figure 2. Schematic diagram of the layout of the gate leaf, main beams, and longitudinal beams in a hydraulic gate, along with
measurement point locations

2.2.3 Entropy quantification method

Discharge entropy describes the uncertainty and disorder of
the system state during the discharge process. It is closely
related to the potential losses caused by discharge, energy
dissipation, and the efficiency of discharge control. The
uncertainty within the system during discharge is directly
influenced by the capacity to regulate water volume and the
efficiency of discharge operations. Therefore, the calculation
of discharge entropy must account for the following key
factors:

(1) Water volume regulation coefficient: This parameter
quantifies the system’s ability to control flow rate and is
denoted as f.o. It is influenced by the design of the discharge
outlet, operational strategies, and control mechanisms.

(2) Regional impact: The area affected by the subregion
controlled by the gate, along with economic indicators related
to water flow hazards, must be considered, as they indicate the
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potential economic losses associated with the discharge
process.

(3) Energy dissipation: Energy loss during the discharge
process, including hydraulic losses and energy dissipation due
to friction and turbulence, affects discharge efficiency and the
entropy state of the system.

Assuming that the area controlled by the u-th structural unit
of the system is represented by X0, and the average system
discharge efficiency indicator per unit area within this range is

denoted as Zo, then ATy=AT./N, leads to
ATFZVMZIATW:ZVHZIATm/]vu.
ﬂ — XuUZUO
uo — vy —
7
zxuozuo ( )
u=1
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From the expression of the discharge entropy function, it
can be observed that three primary factors influence the
discharge entropy value:

(1) The influence of hydraulic factors in the hydraulic gate
discharge process on discharge entropy, represented by
W2,/ Wyo . This term primarily reflects the relationship
between the actual water discharge volume W, and the
maximum water volume W,,, that the system structure can
safely accommodate. The greater the difference between W,
and W, the higher the discharge entropy value.

(2) The influence of flood-induced economic losses on
discharge entropy, represented by X,0Z,0/Y " u=1Xu0Zuo.

(3) The function of structural failure probability 1/(1-03)(1-
o¥4), where the reliability probability is denoted as o,, and the
failure probability is denoted as o4 In addition, 0¥ and o¥¢
represent the structural failure probability under the initial
water flow analysis state and under the water flow analysis
state at a specific moment during the hydraulic gate discharge
process, respectively. This effect is reflected by 1/0%0%,,
where o, and o4 sum to 1. Therefore, the expression 1/(1-
0¥)(1-04%) can also be interpreted in this context.

3. THERMODYNAMIC
CHARACTERIZATION

PERFORMANCE

During the water discharge process of hydraulic gates,
thermodynamic performance parameters serve as critical
indicators for evaluating the response of structural materials to
temperature variations. The following definitions pertain to
the early-stage thermal expansion coefficient, autogenous
shrinkage deformation, and creep deformation, incorporating
both the thermodynamic and mechanical behaviors that
hydraulic gates may experience during discharge.

(1) The early-stage thermal expansion coefficient
characterizes the volumetric expansion or contraction of a
material due to temperature fluctuations during its initial
curing phase. This parameter is particularly significant for
hydraulic gates, as materials such as concrete may develop
cracks due to temperature differentials during this stage,
potentially compromising the structural integrity and
discharge functionality of the gate. The early-stage thermal
expansion coefficient defines the rate of unit length change per
unit temperature variation, serving as a key parameter for
predicting and mitigating early-stage material stress induced
by temperature fluctuations in the discharge process.
Assuming that the stabilized value of the thermal expansion
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coefficient is denoted as fs(sr) and the parameters to be fitted
are represented by / and v, the calculation formula is given as
follows:

Bs(s,) = o(1+1s}) 9)

(2) Autogenous shrinkage refers to the volumetric reduction
caused by internal moisture evaporation in the absence of
external loads or temperature gradients. During the discharge
process of hydraulic gates, autogenous shrinkage deformation
is a crucial factor affecting long-term structural stability. Due
to continuous water flow and variations in environmental
humidity, the gate materials undergo autogenous shrinkage
deformation, which may compromise structural stability,
thereby impacting discharge efficiency and safety. Assuming
that the autogenous shrinkage strain of panel concrete at an
equivalent age s, is represented by yx(s;), and the final
stabilized autogenous shrinkage value is denoted as yo, with
the coefficients to be fitted represented by w and A, the
corresponding calculation formula is expressed as follows:

A
7x (Sr):70°eXp _[ng (10)

r

(3) Creep deformation refers to the slow and continuous
deformation of a material under sustained loading over an
extended period. In hydraulic gate structures, creep
deformation is essential for assessing and maintaining the
operational lifespan of the gate. Due to prolonged exposure to
water pressure, environmental temperature fluctuations, and
humidity variations, hydraulic gate materials exhibit creep
effects. This deformation tends to accumulate over time,
potentially affecting the performance and safety of the
discharge structure. Therefore, the prediction and control of
creep deformation are critical aspects of hydraulic gate
maintenance and management. Assuming that the age of gate
concrete is denoted as z, the sustained loading duration is
expressed as s-w, and the parameters to be fitted are
represented by x, y, z, f, r, d, h, and g, the calculation formula
is given as follows:

Z(s,7)=(x+yz ) [1-r 7]

+(r+d7z’”)[1— r‘gs(t‘”)] an

4. EXPERIMENTAL RESULTS AND ANALYSIS

Table 1 presents a comprehensive set of hydraulic gate
simulation parameters, which are utilized to model the
operation of an arc-shaped gate with inclined support arms.
The gate dimensions, measuring 18 meters in width and 11
meters in height, align with the design water retention level of
125.0 meters, ensuring adequate water flow capacity. The
hoist system, comprising 2x2500 kN hydraulic hoists, is
responsible for controlling gate opening and closing. Its force
configuration is coordinated with the gate dimensions and the
design head of 11.4 meters, ensuring stable operation. The
pivot center distance of 18.5 meters and the dual hoisting point
configuration are adapted to the structural design of the gate,
facilitating stable and controlled movement. Furthermore, the
full open-to-full close rotation angle of approximately 65° and



the maximum transport unit weight of approximately 42 tons
reflect the practical operational parameters and feasibility of
the engineering implementation. As shown in Table 2, the
thermodynamic performance parameters of the experimental
specimens were meticulously selected to ensure the
effectiveness and reliability of the hydraulic gate during actual
operation. The selection of thermal expansion coefficient,
thermal conductivity, and specific heat capacity accounts for
the material behavior under temperature variations and heat
transfer processes. Meanwhile, elastic modulus, Poisson’s
ratio, tensile strength, and yield strength ensure structural
stability under mechanical loading conditions. These
parameters not only reflect the intrinsic physical properties of
the structural materials but are also tailored to meet design
requirements and operational conditions.

Table 3 presents the structural strength simulation analysis
results for various components of the hydraulic gate. The
principal stress and maximum shear stress for each component
remain within their respective adjusted allowable stress limits.
The principal stress in the gate leaf is 200.36 MPa,
significantly lower than its adjusted allowable stress of 345.21
MPa. Similarly, the maximum shear stress of the gate leaf does
not exceed its allowable value. Other components, including
the main beam, support arm, and longitudinal arm, also exhibit
simulated stress values below their respective adjusted
allowable stress limits. These results clearly demonstrate that
the structural strength of the hydraulic gate satisfies
engineering safety and operational requirements, thereby
verifying the structural reliability and safety. The accurate
calculation of thermodynamic performance parameters is
crucial for ensuring the stability and durability of the gate
under actual operating conditions. The integration of these
thermodynamic parameters into the discharge entropy concept
and state variable computation not only provides a novel

theoretical perspective for entropy variation analysis in
hydraulic disasters but also offers robust theoretical support
for the design and operational management of hydraulic gates,
reinforcing the practicality and forward-looking nature of the
proposed methodology.

Table 1. Hydraulic gate simulation parameter specifications

Parameter Specification
Arc-shaped gate with
Gate type inclined support arms
Hoist Type 2x2500 l;l(:lisliydrauhc
Orifice dimensions (width x height) 18 mx11 m

125.0 m (normal

Design water retention level
storage level)

Bottom sill elevation 114.00 m
Design head 114 m
Operating head 11m
Pivot center distance 18.5m
Hoisting point configuration Dual hoisting points
Maximum transport unit weight Approximately 42 t
Full open-to-full close rotation angle Approximately 65°

Table 2. Thermodynamic parameters of hydraulic gate
structural materials

Thermodynamic Parameter Value Unit
Density 7750 kg/m?
Thermal expansion coefficient 1.35%1073 /°C
Elastic modulus 180 GPa
Poisson’s ratio 0.28 --

Thermal conductivity 62.4 W/m:-°C
Specific heat capacity 425 J/kg-°C

Tensile strength 489 MPa

Yield strength 346 MPa

Table 3. Structural strength simulation analysis results of the hydraulic gate

Maximum Simulation

Adjusted Allowable Stress

Component Result (MPa) (MPa) Analysis Conclusion
Gate leaf Principal stress 200.36 345.21 Meets design specifications
Maximum shear stress 112.23 127.48 Meets design specifications
Main beam Principal stress 157.23 223.69 Meets design specifications
Maximum shear stress 87.36 127.89 Meets design specifications
Support arm Principal stress 135.26 223.15 Meets design specifications
Maximum shear stress 78.16 124.59 Meets design specifications
Longitudinal arm Principal stress 137.96 223.59 Meets design specifications
Maximum shear stress 78.23 127.89 Meets design specifications

Table 4. Temperature and stress calculation results of the hydraulic gate at selected measurement points during the water
discharge process

Strongly Constrained Weakly Constrained

Measurement Temperature or Stress . . Gate Main Support Longitudinal
Point Condition Region Region Leaf Beam Arm Arm
Region III Region IV Region III Region V

1 Maximum temperature (°C) 30.2 289 38.2 352 432 457 43.2 41.2
Maximum tensile stress (MPa) 1.2 1.1 0.9 1.7 1.8 22 3.5 1.5

2 Maximum temperature (°C) 30.2 289 38.2 352 432 457 43.2 41.2
Maximum tensile stress (MPa) 1.2 1.1 1.0 1.7 1.8 22 3.5 1.5

3 Maximum temperature (°C) 30.2 289 38.2 352 432 457 43.2 41.2
Maximum tensile stress (MPa) 1.2 1.1 1.0 1.7 1.8 2.2 3.5 1.5

4 Maximum temperature (°C) 30.2 28.9 38.2 352 432 457 43.2 41.2
Maximum tensile stress (MPa) 1.2 1.1 1.0 1.7 1.8 25 4.8 1.5
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Based on the data presented in Table 4, variations in
temperature and stress distribution across different regions of
the hydraulic gate and the constrained regions during the
discharge process can be observed. The temperature
measurements indicate that the weakly constrained region
exhibits relatively lower temperatures (ranging from 28.9°C to
30.2°C), whereas the gate leaf and longitudinal arm experience
significantly higher temperatures (reaching 41.2°C to 45.7°C).
This suggests that these components are more susceptible to
solar radiation or other heat sources. Stress analysis results

reveal that the gate leaf and longitudinal arm experience
relatively high maximum tensile stress, particularly at
measurement point 4, where the tensile stress in the

Isentropic mode

longitudinal arm reaches 4.8 MPa. This increase in stress is
attributed to material expansion caused by temperature
elevation. Although the recorded stress values remain within
the material's permissible stress limits, continuous thermal
cycling and mechanical loading could contribute to fatigue and
cumulative structural damage over time. The proposed
thermodynamic characteristics analysis and the concept of
discharge entropy are effectively reflected in the experimental
results. Through real-time monitoring of temperature and
stress, variations in thermal stress throughout the discharge
process can be observed, validating the applicability of the
discharge entropy state variable computation method.

-------Confrolled mede = =meoee- Isentropic mode Controlled mode
30 200
20 | — . 150
' N 100 |
30 A P %
ST ' \ £ 50 b/
g 20 i : \
E t.’, E 0 S 1 1 1 1 1 1 1 1 1 1 1 1 L i
(=¥ I b '
g 2 Fity 96 144 192 240 288 336 i3$4
e 100F 'S |
3 -50 - !
0 L 1 1 ~ ‘I.
-100 - i
48 96 144 \
10 b ) -150 }
-20 ~200 .
Equivalent age Equivalent age
a) Temperature b) Free strain
-------Isentropic mode Controlled mode
2
1.5 r P
1
205 ’ }
—8 0 - |
& 48 334
805
o]
a1t ‘~...
15 | ’
2 b
-2.5

Equivalent age

¢) Constrained stress

Figure 3. Development curves of temperature, free strain, and constrained stress in the hydraulic gate
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Figure 3 presents the development curves of temperature,
free strain, and constrained stress in the hydraulic gate under
different equivalent ages. The temperature curve indicates that
under the isentropic mode, the temperature remains stable,
whereas under the controlled mode, the temperature initially
increases and then decreases with equivalent age. This
suggests that the controlled mode effectively regulates the
temperature of the gate, allowing it to adapt to external
environmental variations. The free strain data reveal that under
the isentropic mode, free strain increases over time, exhibiting
the creep characteristics of the material under sustained
loading. In contrast, under the controlled mode, free strain
exhibits greater variation, particularly in later stages, where a
more pronounced negative strain is observed, indicating a
more proactive strain control strategy. For constrained stress,
the results show that under the isentropic mode, stress
gradually increases and stabilizes, whereas under the
controlled mode, constrained stress initially exhibits negative
values before transitioning to positive values, reflecting the
significant impact of external control strategies on the stress
state. The experimental data validate the effectiveness of both
the isentropic mode and the controlled mode in regulating the
thermodynamic behavior of hydraulic gates. The isentropic
mode, by maintaining a constant temperature and reducing
energy dissipation compared to conventional thermodynamic
entropy, enhances structural stability. Meanwhile, the
controlled mode, by actively adjusting temperature and strain,
enables greater adaptability to environmental and load
variations, thereby optimizing structural performance.
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Figure 4. Fitted curve of the thermal expansion coefficient of
the hydraulic gate

The data presented in Figure 4 illustrate the variation of the
thermal expansion coefficient of the hydraulic gate over
different equivalent ages. During the initial phase, the thermal
expansion coefficient decreases from 13.6 to 7.4, indicating a
gradual reduction in the material's thermal expansion capacity
over time. This phenomenon is associated with the internal
structural adjustment and rearrangement of the material as it
ages. After reaching an equivalent age of 80, the thermal
expansion coefficient exhibits a slight recovery, eventually
stabilizing around 8.1. The fitted curve reflects the overall
trend, showing a sharp initial decline followed by stabilization.
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This trend suggests that in later stages, the thermal expansion
behavior of the gate material becomes more consistent, which
is critical for ensuring long-term operational stability. Through
the experimental data on the thermal expansion coefficient and
its fitted curve, the variation patterns of thermodynamic
properties at different material ages were validated. These
findings further confirm the effectiveness of the discharge
entropy theory in analyzing and predicting the thermodynamic
performance of hydraulic gates. The variation of the thermal
expansion coefficient is directly linked to material stability
under temperature fluctuations and energy dissipation, while
maintaining stable thermal expansion properties is essential
for reducing thermal stress concentration and preventing
material fatigue and fracture.
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Figure 5. Measured and predicted early-age autogenous
shrinkage deformation of the hydraulic gate

Figure 5 presents the measured values of early-age
autogenous shrinkage deformation of the hydraulic gate under
different equivalent ages, along with the predicted curve
obtained through data fitting. The measured values indicate
that autogenous shrinkage deformation increases slowly
during the initial stage (equivalent age from 0 to 50 days),
followed by an accelerated growth phase (50 to 150 days),
reaching a pronounced peak at 150 days. Subsequently, the
deformation growth rate gradually slows, though an overall
increasing trend persists, approaching -52 at 300 days. The
fitted curve depicts a smoother growth trend for autogenous
shrinkage deformation. However, compared to the measured
values, the fitted curve underestimates the rate of deformation
increase during the first 150 days. Additionally, fluctuations in
the measured values at certain equivalent ages are observed,
which can be attributed to variations in material composition,
environmental factors, or construction conditions. A
comparison between the measured autogenous shrinkage
deformation and the fitted curve reveals that the overall trend
of the fitted curve effectively captures the development pattern
of autogenous shrinkage deformation, despite some
discrepancies. These deviations are primarily due to the
complexities of real-world engineering conditions, including
material heterogeneity, temperature fluctuations, and humidity
variations. Nonetheless, the fitted curve still provides a
valuable reference for understanding and predicting early-age
autogenous shrinkage deformation.
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Figure 6. Creep curve and fitted creep rate curve of the
hydraulic gate

Based on the data presented in Figure 6, the creep curve of
the hydraulic gate reveals that tensile creep values increase
progressively with equivalent age, rising from 0 at day 0 to
203.5 at day 300. The data indicate that creep growth is
relatively slow in the early stages but accelerates over time,
particularly between 200 and 300 days, where a significant
increase in creep is observed. Meanwhile, the fitted curve of
the creep rate illustrates a stabilization trend over time,
decreasing from 340 at day 210 to 121 at day 310, indicating
a gradual decline in the creep rate. Although deviations
between the fitted curve and the measured values exist, the
overall trend is well captured, reflecting the evolution of
material creep properties over time. The behavior revealed by
both the creep curve and the fitted creep rate curve
demonstrates the time-dependent thermodynamic
characteristics of the hydraulic gate materials. This creep
phenomenon is directly correlated with internal energy
dissipation within the material. As the material ages,
microscopic structural reorganization occurs, leading to
progressive energy dissipation. This energy transformation is
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consistent with the second law of thermodynamics, wherein
entropy increases as the system undergoes spontaneous
processes. Through the introduction of the discharge entropy
concept, integrated with the traditional theory of
thermodynamic entropy, a novel state variable computation
method was successfully developed, offering a new analytical
tool for entropy variation in hydraulic disasters. The findings
indicate that this study not only presents theoretical
innovations but also demonstrates clear practical significance
in predicting material performance changes, guiding hydraulic
gate design, and optimizing operational management.

5. CONCLUSION

Through a series of experimental investigations and
theoretical analyses, the thermodynamic properties and creep
behavior of hydraulic gates during the discharge process were
extensively studied. The concept of discharge entropy was
successfully introduced and defined, providing an innovative
theoretical perspective for analyzing entropy variation in
hydraulic flow disasters. By conducting a comprehensive
analysis of structural strength, temperature and stress
distribution, thermal expansion coefficient, autogenous
shrinkage, and creep characteristics, the entropy variation
phenomenon of materials during the discharge process was
elucidated, and a complete computational framework for
thermodynamic  parameters was established. These
methodologies are crucial for understanding and predicting the

performance of hydraulic gates in actual operating
environments. The findings demonstrate that precise
calculations of thermodynamic performance parameters

enable the optimization of hydraulic gate design, enhancing
adaptability and durability under complex working conditions.

The significance of this study lies in both its theoretical
innovation and practical implications, providing a novel tool
for design and evaluation in the field of hydraulic engineering.
However, certain limitations exist in this study. For instance,
experimental conditions and material properties may differ
from actual extreme working conditions. Future research
should focus on validating and extending the proposed
theoretical framework across a broader range of operating
conditions and material types. Additionally, further refinement
and expansion of the discharge entropy concept, particularly
in its application to early warning systems for hydraulic
disasters, require extensive experimental data and in-depth
theoretical exploration. Future studies should also prioritize
the long-term creep behavior of hydraulic gates and its
implications for structural safety, as well as explore the
potential applications of entropy theory in other hydraulic
engineering structures.
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