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Abstract

Knife gate valves are widely used in industrial systems for regulating the flow
of liquids, gases, and slurries under demanding operating conditions. Contin-
uous exposure to elevated temperatures can cause thermal expansion, material
degradation, stress accumulation, and structural deformation, reducing valve
performance and increasing failure risk. This study proposes a Digital Twin-
based thermo-mechanical performance evaluation framework integrated with
finite element analysis (FEA) for knife gate valves under progressive ther-
mal loading. Five operating temperature cases of 50°C, 100°C, 150°C,
200°C, and 250°C were evaluated to characterize temperature distribution,
heat flow, temperature-dependent yield strength, thermal and mechanical
stress, deformation, safety factor, actuator torque, and seal pressure. The
results demonstrate progressive thermo-mechanical degradation with increas-
ing temperature. At 250°C, the maximum induced stress reaches 246.45 MPa,
exceeding the temperature-dependent yield strength of 235.2 MPa, while the
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safety factor decreases to 0.95 and deformation increases to 0.80682 mm.
The required actuator torque increases to 1414.56 Nm, accompanied by a
reduction in seal pressure to 1.069 MPa, a decline in valve health score
from 100% to 55%, and a reduction in remaining useful life from 74.57 to
24.14 years. The Digital Twin consequently identifies the highest-temperature
condition as a warning state, indicating increased structural and operational
risk. The primary contribution of this work is the simultaneous prediction of
stress, deformation, safety factor, torque, and remaining useful life within a
single unified Digital Twin—FEA model.

Keywords: Digital twin, finite element analysis, knife gate valve, thermal
stress, predictive maintenance.

1 Introduction

Knife gate valves are very important in some industrial operations especially
in the operations of fluid handling and control of liquids, slurries, and flowing
media like water treatment, mining, and petrochemical plants [1]. Such valves
are subjected to different working conditions, and temperature changes are
one of the popular factors affecting performance of such valves [2]. Tem-
perature increases during operation, and this significantly alters the material
properties of the valve components, including the body, gate, and actua-
tor [3]. These parts might undergo thermal expansion, alterations in material
strength, deformation, and possible failure owing to thermal stress [4]. To
ensure the reliability, safety, and longevity of such critical components,
the capability to precisely predict knife gate valve performance at higher
temperatures is essential [5]. In this respect, the further use of such tools
as Digital Twin models and finite element analysis (FEA) gains even more
importance [6]. A Digital Twin represents a virtual representation of the valve
system, which can be simulated and analyzed dynamically, and FEA will
assist in the response of the valve to thermal loads to ensure that excessive
deformation (cracks or over excessive deformation) are prevented [7].
Industrial adoption of Digital Twin technology is expanding across
high-temperature process industries, where reliable equipment operation is
essential for safety and continuity. In power generation, Digital Twin models
combined with machine learning support predictive maintenance by identify-
ing operational deviations and reliability trends [8]. In mining and mineral
processing, knife gate valves handling abrasive slurries may experience
coupled thermal, mechanical, and wear effects, making Digital Twin-based
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monitoring valuable for reducing unplanned shutdowns and improving main-
tenance planning. Similarly, petrochemical and process industries have devel-
oped Digital Twin frameworks for industrial valves that integrate sensing with
model-based condition assessment [9]. These applications demonstrate how
Digital Twins support the transition from reactive to condition-based and pre-
dictive maintenance through continuous monitoring and degradation analysis.
Accordingly, integrating Digital Twin technology with thermo-mechanical
FEA provides a promising approach for evaluating knife gate valve reliability
under elevated-temperature operating conditions.

Various procedures have been suggested to examine the performance of
knife gate valve under thermal loading [10]. Conventional approaches are
based on models of analysis, in which simplified assumptions are made
regarding the temperature field and material characteristics in an attempt
to model thermal stresses and deformations [11]. Although such techniques
offer a simple insight into the workings of the valve [12], they are not always
accurate enough to model practical conditions particularly where complicated
geometries or non-linear material characteristics are involved [13]. The pop-
ularity of FEA has risen because of the capacity to develop complex valves
geometry, as well as, predict temperature distribution, stress and deformation
with a high degree of accuracy [14—16] Nevertheless, FEA does not offer live
insights and a predictive maintenance mechanism as a tool of operational
safety [17]. The current methods of predictive maintenance usually use
the isolated data or fixed simulations, which cannot measure the dynamic
performance of the valve operation [18]. Moreover, the combination of FEA
with monitoring systems as a Digital Twin is a relatively unexplored field, and
the current approaches do not offer an inclusive evaluation that will consider
the temperature-dependent material behavior and working performance [19].

A sensor-integrated Digital Twin for an industrial valve has been devel-
oped, combining a physical test bench with real-time data acquisition to
enable predictive maintenance decision-making [20]. Similarly, data-driven
Digital Twin architectures using deep learning have been applied for pre-
dictive maintenance in manufacturing systems [21], while distributed Digital
Twin frameworks leveraging fog computing have been proposed to enable
real-time condition monitoring and health management of industrial compo-
nents [22]. Broader systematic reviews confirm the rapid growth of Digital
Twin and predictive maintenance research [23], reflecting increasing indus-
trial reliance on these methods. However, these valve- and equipment-focused
Digital Twin implementations generally rely on sensor-driven or purely
data-based models with simplified or isothermal structural assumptions, and
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do not incorporate temperature-dependent material behavior into a coupled
thermo-mechanical finite element formulation.

The proposed framework addresses the shortcomings of current tech-
niques because the Digital Twin modeling is combined with FEA to offer
a dynamic and live assessment of the knife gate valve in different temper-
ature conditions. The framework guarantees higher prediction accuracy in
valve performance by providing temperature-dependent material properties
and simulating thermal stresses and deformations with the FEA. Moreover,
the combination with predictive maintenance can continuously monitor and
pro-actively manage the health of the valve, covering the gaps in the live
prediction of failures. The originality of this method is that it can develop a
complete virtual model simulating both the thermal and mechanical charac-
teristics of the valve to enable engineers to have all the insights needed to
optimize the performance, avoid failures, and improve safety.

The remainder of this paper is organized as follows. Section 2 presents
a review of literature research on thermal, structural, and Digital Twin-
based analysis of industrial valves. Section 3 develops the problem statement
by defining the issues of thermo-mechanical degradation and reliability of
knife gate valves at high temperatures. Section 4 describes the proposed
system architecture, including the Digital Twin framework and the conjoined
thermo-mechanical FEA approach. Section 5 reports the simulation results
and discussion of thermal, structural, and operational performance. Section 6
summarizes the study, highlighting the major findings along with directions
for future research.

2 Related Works

Mills et al. [20] examined the advanced designs of falling particle receivers
in concentrating solar power application that have shown that particle outlet
temperatures of about 800°C are achievable with high thermal efficien-
cies and also with the closed-loop temperature regulation that significantly
reduces heat losses. Piechota et al. [21] conducted experimental results that
established the errors of measurements of the clamp-on ultrasonic flow meters
installed at the downstream of a knife gate valve as effectively compensated
by a correction factor which allows the measurement of the flow velocity
accurately even at shorter straight-pipe lengths under disturbed flow condi-
tions. Marra et al. [26] introduced a Historical Digital Twin-based system
that combines laser scanning and numerical modeling to measure stress states
of dynamic behavior of the museum sculptures, which shows that the use of
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the digital replicas can enhance the accuracy and reliability of conservation
and maintenance approaches towards cultural heritage assets. Rojas-Sola and
Barranco-Molina [27] examined the mechanical behavior of a historically
significant crosshead steam engine through a finite element based analysis,
as a static analysis, in which was determined that would allow of pressures
that will provide acceptable von Mises stresses, limited displacements and
acceptable ranges of safety factors were determined that would allow the
engine to operate safely and reliably.

Zhang et al. [28] created a Digital Twin of the VARIM composite
manufacturing process based on machine learning and demonstrated that
a deep neural network that has been trained on high-fidelity simulations
can predict the spatio-temporal temperature distributions with high accuracy
and fast speed, which can be effectively used to optimize and control the
process. Kang et al. [29] experimented on the thermally induced operating
point drift in servo valves, modeled with a whole-valve transfer function
and multiphysics models. They found that asymmetric fitting of armature
and nozzle and temperature-dependent structural and fluid changes are the
major causes of nonlinear displacement and pressure variations. Rojas-Sola
and Barranco-Molina [30] evaluated the structural viability of a two-cylinder
steam engine of complex nature, as based on the finite element-based static
analysis and found the optimal operating pressure range that keeps von
Mises stresses and safety factors within the reasonable mechanical design
ranges. Gonzalez-Morales et al. [31] investigated transient multi-phase flows
in reverse tapered Ladle Shrouds using CFD to predict turbulence, air ingress,
and steel splashing during start-up.

Wang et al. [32] examined the performance of cracks on the subsea
connector metal sealing rings by modelling them through a FEA to determine
the stress intensity factor and the long-term sealing performance. Lewis
etal. [33] reviewed the use of FEA in fracture fixation noting the development
of models, validation issues, and implant stress and bone strain predictions.
Kardani et al. [34] proposed a hybrid stacking ensemble using FEA-generated
and field data to enhance slope stability prediction, outperforming individual
machine learning methods. Wang et al. [35] designed a multi-sensor fusion
method to predict tool wear using a high accuracy and noise reduction
adaptability to machining process with a ResNet-LSTM. Rojas-Sola and
Gutiérrez-Antinez [36] performed an analysis on two-cylinder compound
vertical steam engine through FEA to identify the maximum vapor pres-
sure and to conduct a safe operation under the critical start-up conditions.
Marin et al. [37] used finite element methods to nonlinear hyperbolic bioheat
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equations to find temperature distributions and important parameters to use
in effective hyperthermia tumor therapies. Gholami et al. [38] proposed the
use of deep learning models with FEA to determine mechanical properties of
BG-collagen composite hydrogels through microstructure images with high
precision.

Computational and experimental studies have been used in engineering
and science, e.g. design of optimized particle receivers to achieve high-energy
factor solar power, correction of ultrasonic flow measurements, Digital Twin
models to simulate cultural heritage, and a FEA of steam engines, tool wear,
subsea connectors, fracture fixation, slope stability, hyperthermia treatments,
and composite hydrogels, often by incorporating machine learning or CFD to
improve prediction and operational safety.

3 Problem Statement

Current thermal-mechanical analysis models of industrial valves gener-
ally presuppose temperature-insensitive material characteristics, simplified
geometry, and coupled thermal or structural analysis [29]. These meth-
ods are not able to reflect material softening at higher temperatures,
localization of stress under coupled thermal-mechanical load, and pro-
gressive safety-factor degradation resulting in incorrect prediction of risk
of failure and unreliable operational decision-making in extreme service
conditions [32].

To overcome these drawbacks, the proposed framework will com-
bine temperature-dependent material characteristics and coupled thermal-
structural FEA in a single modeling strategy. The framework allows the
correct determination of critically important zones, the early prediction of
yielding onset, and the successful determination of structural safety in high-
temperature operating conditions by simulating realistic heat transfer, stress
evolution, and deformation behavior in a variety of operating conditions.

3.1 Objectives

* Develop a comprehensive thermo-mechanical analysis framework to
evaluate the structural integrity and operational safety of a knife gate
valve under elevated temperature conditions.

* Apply thermo-structural datasets generated by simulation realized using
Digital Twins in FEA through several temperature-dependent operating
cases.
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* Implement temperature-dependent thermal analysis in the determina-
tion of heat transfer, temperature distribution and material property
degradation in progressive thermal loading.

* Apply coupled structural FEA incorporating temperature-dependent
yield behavior to assess stress evolution, deformation, safety factor
reduction, and failure risk.

4 System Architecture

The methodology adopted in this study follows a sequential thermo-
mechanical Digital Twin workflow, structured to progressively build from
geometric modeling to operational risk assessment. First, the valve geometry
and material dataset are imported and prepared through mesh generation
and refinement. Second, thermal FEA is performed to determine tempera-
ture distribution, heat flow, and temperature-dependent yield strength under
progressive thermal loading. Third, the resulting temperature field is coupled
with mechanical loading in a thermo-mechanical FEA to evaluate induced
stress, deformation, and safety factor. Fourth, these physics-based outputs
are translated into operational performance indicators, including actuator
torque requirement and seal pressure degradation, to assess functional and
structural risk. Finally, all thermal, structural, and operational results are
integrated into a Digital Twin layer that performs rule-based fault detection
and predicts health status and remaining useful life across the evaluated
operating conditions. This structured workflow ensures that each stage of
analysis builds directly on the outputs of the preceding stage, enabling a fully
coupled and physically consistent evaluation of knife gate valve performance
under elevated-temperature operation.

The system architecture is created based on the thermo-mechanical
analysis system driven by a Digital Twin of a knife gate valve using the man-
ufacturer supplied dataset developed in the 3Dfindit repository that provides
the correct geometry and material specifications of the valve body, gate, and
seat. The architecture starts with geometry import and mesh preprocessing
where the CAD model is refined and cleaned with refined meshing in the
areas of interest as the gate to seat interface and load-bearing areas. Mate-
rial properties and operational boundary conditions that are controlled by
temperature are next allocated and thermal FEA is then used to calculate
temperature distribution, heat flow, hot spots, and thermal stress. Temperature
fields are then coupled with a mechanical loading, such as internal pressure
and frictional contact, to model thermo-mechanical FEA to assess stress,
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Figure 1 Digital Twin-based thermo-mechanical system architecture for knife gate valve
performance evaluation.

deformation, safety factor, and risk of failure. Such physics-based outputs
are then incorporated into the layer of a Digital Twin, and the operational
parameters actuator torque, seal pressure, health index, remaining useful life,
and fault warnings are forecasted and monitored at different temperatures.
Every simulation, after-processing, and Digital Twin assessment is conducted
through a computational and visualization setting designed in MATLAB.
Figure 1 shows Digital Twin based thermo-mechanical system architecture
for knife gate valve performance evaluation.

4.1 System Requirements and Data Collection

The knife gate valve (CF8M stainless steel body, 316 stainless steel gate,
EPDM seat) dataset [39] available in the 3Dfindit Digital Twin repository.
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Figure 2 Cleaned mesh of the knife gate valve.

The dataset provided by the manufacturer has the correct depersonalization
of the valve body, the valve gate, the valve seat, and the actuator interface that
allows a stable finite element discretization in thermo-mechanical analysis.

The imported geometry was processed to generate a cleaned and quality-
verified finite element mesh, as shown in Figure 2. To provide numerical
stability and proper stress transfer, mesh refinement was used in areas
of critical concern, especially at the gate-seat contact interface, actuator
connection areas, and load bearing structural features. Preprocessing was
done to eliminate distorted elements and non-manifold features to achieve
better convergence behavior and solution accuracy. The knife gate valve
uses CF8M stainless steel for the pressure-bearing body, SS316 stainless
steel for the gate, and EPDM elastomer for the sealing seat. Material
selection reflects each component’s functional role. The model considers
density, Young’s modulus, Poisson’s ratio, thermal conductivity, and thermal
expansion. Temperature-dependent yield strength is included for the metal-
lic components, using a reference strength of 290 MPa and a degradation
coefficient of —0.4 MPa/°C. EPDM is modeled primarily for its ther-
mal and contact-sealing behavior. This material-specific approach evaluates
thermal expansion, structural deformation, strength reduction, and gateseat
interaction during valve operation.

Table 1 summarizes the material properties and functional representation
of CF8M, SS316, and EPDM used for the knife gate valve. It identifies
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Table 1 Material properties and representation of the principal knife gate valve components.
CTE = Coefficient of Thermal Expansion (x 1075 /K)

Young’s Thermal
Density Modulus Poisson’s  Conductivity CTE Material Behavior

Material Component (kg/m®) (GPa) Ratio (W/m-K) (107%/K) Considered

CF8M Valve body 7750 193 0.30 15.0 16.0 Temperature-
dependent yield
strength

SS316 Gate 8000 193 0.30 16.3 15.9 Temperature-
dependent yield
strength

EPDM  Sealing seat 1100 0.007-0.020* 0.49%* 0.25 150-250  Temperature-
dependent

contact/sealing
response

the component-specific mechanical and thermal properties, including density,
elastic modulus, Poisson’s ratio, thermal conductivity, CTE, and temperature-
dependent yield or sealing behavior. The cleaned mesh had temperature-
dependent material properties and operational boundary conditions, such as
pressure limits, temperature range, and actuator torque limits, implemented
to offer a solid basis to the subsequent sections of the thermal and coupled
thermo-mechanical FEA. The temperature dependent yield strength captures
the thermal softening of SS316 stainless steel and is given in Equation (1):

0y(T) = oy ret + ays(T —Tret), oy(T) > 100MPa (1)

where o, (T') is the yield strength at temperature t, o, ¢ is the yield strength
at 20°C (290 MPa), oy is the yield degradation coefficient (—0.4MPa/°C),
and Tief is the reference temperature (20°C). This linear form is adopted
because it captures the dominant first-order softening trend of SS316 within
the studied temperature range, while the lower-bound condition prevents
non-physical strength values at extrapolated high temperatures.

4.2 Perform Thermal FEA

FEA is used to study the thermal behavior of the knife gate valve under
thermal rise and thus know the temperature gradient, the hot spots, and give
thermal input to the thermo-mechanical analysis.

4.2.1 Geometry preparation and meshing
The 3D CAD model of the valve is introduced into the FEA program and
converted to a high-quality mesh. The design of critical regions, including,
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but not limited to, the gate-seat interface, actuator spindle, and thin walls, is
optimized to capture local temperature gradient and hot spots at a high level
of accuracy. The geometry extraction on STL is expressed in Equation (2):

L = zmax — Zmin» D = max(xmax — ZTmins Ymax — ymin)a
D
R=5, t=006 )

where L denotes valve length, D the maximum diameter, R the radius, and ¢
the estimated wall thickness. These are derived directly from the STL bound-
ing box (Zmax, Zmins Tmax, Lmins Ymax, Ymin) because this provides a fast and
reliable geometric approximation without requiring manual dimensioning of
the CAD model.

Volume and mass estimates give preliminary confirmation of material
assignment that is stated in the form of an Equation (3):

V =nR’L, m=pV x0.4 (3)

where V' denotes valve volume, m the mass, and p the material density. The
cylindrical approximation (V' = 7R2L) is used since it provides a reasonable
first-order estimate of mass sufficient for preliminary material assignment,
prior to detailed finite element discretization.

STL triangles are calculated in summing up the total surface area to use
in thermal calculations and this value is written in the form of Equation (4):

A= Z Atrianglea Atriangle = 5“(62 - "71) X (173 - 771)” (4)

where L is the valve length, D is the maximum valve diameter, R is the
valve radius, ¢ is the estimated wall thickness, V is the valve volume, m
is the valve mass, p is the material density, A is the total surface area of
the valve, Atrjangle 18 the area of an individual STL triangle, and v, v, U3
are the vertex coordinates of the STL triangle. A denotes total surface area
and Agriangle the area of an individual STL facet, computed from the vertex
vectors v1, v2, v3. Summing triangular facets directly uses the discretized
STL mesh already available from geometry import, avoiding a separate
analytical surface formulation.

4.2.2 Boundary conditions and thermal loads
The valve is subjected to a temperature rise from ambient Tyef = 20°C
to the maximum operating temperature T}o¢(100 — 200°C). Both steady
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and transient thermal simulations are done to record end-of-time and time-
dependent temperature fields. The conductance and convection resistances
can be modeled in the Equation (5):
é’ Rconv = ia
where R.onq and R.onv denote conduction and convection thermal resistance,
respectively, with k as thermal conductivity, h as convection coefficient, and
A as surface area. These are modeled as a series thermal network (Riota =
Reond + Reonv) because heat must pass sequentially through the solid wall
before dissipating to the surrounding environment.

The rate of heat flow across the valve is as indicated in Equation (6):

0 AT
Rtotal

where R..nq is the thermal conduction resistance, R:ony 18 the thermal con-
vection resistance, ¢ is the wall thickness, AT is the temperature difference
between Tyt and Tot, and @ denotes the heat flow rate. Expressing ) as
AT /Ryotal follows the thermal-electrical analogy, allowing heat transfer to
be quantified using the same resistance terms defined in Equation (5).

Rcond = Rtotal = Rcond + Rconv (5)

5 AT = Tbot - Tref (6)

4.2.3 Temperature field distribution

The modeling is done using normalized axial and radial coordinates in the
case of non-uniform heat dissipation of a valve body at high temperature
conditions. This formulation accounts realistic thermal gradients and allows
localized hot spots that could be of concern to structural integrity and sealing
performance to be identified. The coordinates of the Normalized values can

be expressed as in Equation (7):
Z — Zmin r
Zn = y Tm = )
Zmax — Zmin Tmax

T(z,y,2) =T.+ AT(1 —0.4z,)(1 = 0.6r,), T.<T<T, (1)

where z, is the normalized axial coordinate, r,, is the normalized radial
coordinate, T'(x, y, z) is the temperature at spatial location (z, y, z), T is the
reference (cold) temperature, and 7}, is the maximum operating temperature.
This method highlights non-uniform thermal fields and potential hot spots
across the valve body. The use of normalized coordinates (zy,, r,,) rather than
absolute position values allows the temperature field to be expressed indepen-
dent of the valve’s specific dimensions, making the formulation generalizable
across geometrically similar valve designs.
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4.2.4 Thermal strain and stress

Thermal strain is induced due to temperature rise, causing expansion of
the valve components, while thermal stress develops when this expansion
is constrained by geometry or boundary conditions. The resulting stress
distribution is evaluated to assess the structural response of the valve under
elevated temperature conditions. Thermal expansion is calculated using the
coefficient of thermal expansion « and the local temperature rise, which is
represented in Equation (8):

Eth — aAT (8)

where ey}, denotes thermal strain, « the coefficient of thermal expansion, and
AT the local temperature rise. This linear form (¢, = aAT) is the standard
approximation for free thermal expansion in metallic components.

Thermally induced stress due to constrained expansion is then estimated,
which is represented in Equation (9):

CEa(T —T¢)
Oth= ——————

1o 9)
where oy, denotes thermally induced stress, C the constraint factor, E the
Young’s modulus, and v the Poisson’s ratio. The constraint factor C is
included explicitly because thermal stress only develops when expansion is
restricted by geometry or boundary conditions. The maximum and average
stresses extracted are represented in Equation (10):

Omax = max(|o|), 0avg — mean(|o]) (10)

where omax and 0,y denote the maximum and average stress magnitudes
extracted from the stress field |o|. Both are reported because o,y identifies
localized failure-prone regions while 0y, indicates overall structural loading
trends.

An approximation of von Mises stress is maximum thermal stress since it
is simpler to evaluate, as shown in the Equation (11):

OVM ~ Omax (11)

where oy denotes the von Mises stress, approximated here as opmax.
This substitution provides a simpler, conservative estimate suitable for
evaluating yielding risk without requiring a full multiaxial stress-state
calculation.
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4.2.5 Safety assessment

The temperature-dependent yield strength model takes into consideration the
progressive change of SS316 in softening with rise in operating temperature
and provides a lower limit to prevent non-physical degradation. The yield
strength variation with temperature is represented in Equation (12):

0y(T) — oy ret + ys(T — Tret), oy(T) > 100MPa (12)

According to this temperature-dependent material property, the structural
safety margin with thermal loading is estimated through calculation of the
safety factor ratio of yield strength at the average operating temperature to
the maximum induced stress. The safety factor is expressed in Equation (13):

sp = TuTovs)

Omax

13)

The formulation allows the direct evaluation of structural reliability and
presents a clear criterion to check whether the valve exists under the safety
limits in the given stress conditions in terms of thermally induced pressure
conditions. SF denotes the safety factor, defined as the ratio of oy (Tyyg) to
Omax- It expresses the structural margin remaining before yielding occurs at
a given operating temperature.

4.3 Perform Thermo-Mechanical FEA

The application of thermo-mechanical FEA measures the combined effect of
thermal loads and mechanical loads on the structural reaction of the knife
gate valve. The results of the thermal analysis are temperature fields that
are used together with pressure loading and contact interactions to evaluate
realistic operating behavior. It can be predicted through this analysis that the
conditions at high temperatures, in terms of stress distribution, deformation,
and functional performance, are achievable.

4.3.1 Thermal-structural coupling

The temperature field calculated using the thermal FEA is injected into the
structural solver as a body load. The temperature-dependent material proper-
ties are used to activate thermal expansion to capture deformation created by
temperature increase. The thermo-mechanical coupling uses a sequential sim-
ulation in which thermal FEA results are transferred to the knife gate valve
structural model. For each thermal loading case, the temperature distribution,
maximum and average temperatures, and heat-flow response are determined.
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This temperature field is mapped to the structural model as a thermal body
load, while temperature-dependent material properties are assigned. Ther-
mal expansion produces temperature-induced strain, and internal pressure
and gate-seat contact are included simultaneously. The resulting stress and
deformation are evaluated using the temperature-dependent yield strength to
calculate the safety factor and assess structural failure risk. These FEA results
are then transferred to the Digital Twin, which evaluates actuator torque,
seal pressure, health status, remaining useful life, and fault alerts under each
operating condition. Thus, the Digital Twin links thermal loading, structural
response, and valve performance.

The temperature dependence of material properties was incorporated into
the thermo-mechanical assessment to capture the progressive change in struc-
tural resistance as operating temperature increased. As temperature increased
from 50°C to 250°C, the predicted yield strength decreased progressively,
reducing the available strength margin against the thermally and pressure-
induced stresses. This softening does not directly increase the magnitude of
thermal stress, since thermal stress is governed independently by the coeffi-
cient of thermal expansion and constrained thermal strain; rather, it narrows
the margin between induced stress and material strength, which drives the
decline in safety factor. In parallel, deformation increases with temperature
because the thermal strain component grows with rising temperature and
compounds with the pressure-induced strain component in the total axial
displacement.

4.3.2 Mechanical loading and contact modeling

Depending on the operating conditions, internal pressure is exerted on the
valve body and the gate surfaces. Frictional contact is used to contact
the gate with the seat to model contact behavior, and the load transfer
and realistic sliding resistance between the components during a valve
operation.

4.3.3 Stress and deformation evaluation

The thermal and pressure loads are considered together by determining the
thermally induced stress and pressure induced stress and the total stress. The
thin-cylinder formulation is used to estimate pressure-induced stress and is
expressed in the form of Equation (14):

_PD
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where o, denotes pressure-induced stress, P the internal pressure, D the
valve diameter, and t the wall thickness. The thin-cylinder formulation (o}, =
PD/2t) is applied because the wall thickness is small relative to the diameter,
satisfying the standard thin-walled pressure vessel assumption.

The summed equivalent stress is stated in Equation (15):

Ototal = 1/ O-tQh + O-g (15)

where oita) denotes the combined equivalent stress, computed from oyy
and op,. A root-sum-square form is used rather than direct addition because
the two stress components act along different orientations, providing a
conservative combined estimate.

The total strain is the summation of thermal and pressure strain which is
expressed in the form of Equation (16):

P
€total = Eth +Ep; &= 5 (16)
where e¢ta1 denotes total strain, obtained as the sum of ey, and e, where
ep = P/E. Superposition is used because both thermal and pressure-induced
strain mechanisms act simultaneously and independently on the material.
Axial deformation is represented in Equation (17):

0= 5t0talL (17)

where o0, is the pressure-induced stress, oiota 1S the combined thermo-
mechanical stress, P is the internal pressure, D is the valve diameter, ¢, is
the pressure-induced strain, E is the Young’s modulus. von Mises stress is
extracted from the structural solution to assess yielding risk. This directly
translates accumulated strain into a physically measurable displacement
relevant to gate-seat clearance.

4.4 Operational Performance Assessment Under
Thermo-Mechanical Loading

The performance in the operational category is determined by converting
the results of the thermo-mechanical analysis into the functional indicators
that measure the valve operability, sealing integrity and structural safety.
The essential key performance indicators are obtained to measure the torque
demand, the sealing effectiveness, and the stress margins in high temperature
and pressure environment.
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4.4.1 Actuator torque requirement

Combinations of stresses due to thermal effects and high contact friction at
the gate-seat interface result in a quantifiable expansion in actuator torque
demand during the opening and closing of the valves. Temperature effects of
softening material and different thermal expansion intensify normal contact
forces and resistance to sliding which directly affect actuator performance.
Required torque is represented in Equation (18):

Omax
T, = % 500 (18)
oy(T)

where Ty}, denotes the thermal contribution to actuator torque, derived from
the ratio oyax/oy(T). This ratio is used rather than op,.x alone because it
reflects how close the material is to yielding at a given temperature, directly
linking torque escalation to the shrinking safety margin.

The net operating torque is then determined by adding the thermal contri-
bution to the mechanical base torque and taking into consideration the effect
of friction due to temperature. This friction at temperature is expressed in the
form of Equation (19):

T = (Tvase + Tin) fr (19)

where T}y, is the thermal contribution to actuator torque, 7' is the total oper-
ating torque, Ti,a¢e 1S the baseline (mechanical) actuator torque at reference
conditions, and fr is the temperature-dependent friction factor. This formu-
lation allows assessing the adequacy of actuators under high temperatures
of operating conditions and determining possible cases of excessive torques.
The base and thermal torque components are combined multiplicatively with
the friction factor because temperature-dependent friction affects the entire
torque demand proportionally.

4.4.2 Sealing performance and leakage risk

Effective seal contact pressure is lowered at high temperature by both thermal
expansion of the valve components and the degradation of the elastomeric or
polymeric sealing material. This minimization augments the risk of leakage,
especially at internal pressure that is sustained. The seal pressure degradation
as a function of temperature is expressed as in Equation (20):

Tav - Tc
Pial = Prase [ 1 — 0.08228__—€ 20
1 b ( 100 > (20)
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Table 2 Thermo-mechanical response parameters and performance indicators of the knife
gate valve. Eqn. = Equation reference number corresponding to the formulation used to
compute each response parameter

Analysis Key Response Operational
Aspect Parameter Equation Ref.  Physical Meaning Insight
Thermal— Thermal strain Eth Expansion due to Initiates
Structural temperature rise deformation and
Coupling contact variation
Pressure Loading Pressure-induced (Equation (14))  Stress from Adds mechanical
stress internal pressure loading to valve
body
Coupled Stress Total thermo- (Equation (15)) Combined thermal  Governs yielding
State mechanical stress + pressure stress risk
Strain Total strain (Equation (16))  Superposition of Drives global
Accumulation thermal and deformation
pressure strain
Global Axial (Equation (17))  Elongation under Affects alignment
Deformation displacement coupled loads and operability
Actuation Thermal torque (Equation (18))  Torque increase Raises actuator
Performance contribution due to thermal demand
stress
Frictional Effects Total operating (Equation (19))  Includes thermal Determines
torque and friction effects  actuator adequacy
Sealing Integrity Seal contact (Equation (20))  Temperature- Indicates leakage
pressure dependent seal risk
degradation
Structural Safety Yield margin o_total Stress-to-strength ~ Identifies

Functional
Reliability

Clearance
reduction

Derived from §

ratio

Gate-body
interference trend

failureprone zones

Predicts sticking
and wear

where Py, is the seal contact pressure at elevated temperature, P,,qe 1S the
baseline seal pressure at reference temperature, Ty, is the average operating
temperature, and 7, is the reference (cold) temperature. Expressing this as
a percentage reduction from baseline directly reflects the proportional loss
of elastic sealing capability with rising temperature, consistent with typical
elastomeric degradation behavior.

The combination of the effects of thermal softening and the loss of elastic
recovery in the sealing interface are captured in this relation which is a
quantitative measure of sealing reliability under thermo-mechanical loading.
Table 2 shows thermo-mechanical response parameters and performance
indicators of the knife gate valve.
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4.4.3 Structural safety and functional risk

Thermo-mechanical analysis of stress fields is compared to the yield strength,
which is dependent on temperature, to establish structural safety margins.
High-thermal-stress areas are evaluated in terms of the likelihood of local
yielding, whereas the overall deformational tendencies worldwide are exam-
ining to discover the decrease in clearance between the gate and the valve
body. High deformation and less clearances are construed as antecedents of
gate sticking, wear, and vulnerability to vibration in the operating environ-
ment. Together, these performance indicators will be used as a foundation
of condition evaluation, and predictive risk detection in the context of the
Digital Twin. The temperature-dependent reduction in material strength and
the associated increase in thermal deformation were also considered in inter-
preting functional performance, since changes in component deformation and
gate-seat contact condition directly contribute to the increased actuator torque
and reduced sealing capability observed at elevated temperatures.

4.5 Digital Twin Development and Predictive Modeling

The Digital Twin logic is designed to combine the findings of FEA with
simulated data of the operation to develop a virtual representation of the knife
gate valve. The model is used to predict important functional parameters
which include actuator torque, seal pressure, and leakage or jamming risk
under different temperature and load conditions.

4.5.1 Predictive modeling of functional parameters
Curves derived by FEA are plotted between actuator torque and seal pressure
versus operating temperature. The twin considers the possibility of a problem
with the work, that is, high torque, the loss of the seal, or the sticking of the
gates, and allows monitoring the conditions in advance.

Basic thresholding is used on operational alerts:

* Torque exceeding the safe limit triggers a warning.
» Excessive deformation beyond tolerance indicates a fault.
* Seal pressure below a defined limit signals potential leakage.

4.5.2 Integration of simulated data

When data on temperature, vibration, pressure, and actuator torque are avail-
able, the Digital Twin uses these sensors. Where experimental data is not
available, there are simulated measurements based on FEA. Comparisons
of model predictions and actual or simulated data are done continuously
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and corrections made to enhance accuracy and reliability of the twin in live
operational monitoring.

5 Simulation and Results

Thermal, structural, and operational performance of the knife gate valve
was investigated in the conditions of a gradually rising temperature. Finite
element simulations and Digital Twin analysis are used to measure temper-
ature distribution, heat flow, stress evolution, deformation, the variation of
the safety factor, and operational indicators. Case-wise comparisons depict
how changes in operational status and thermo-mechanical response take place
within the specified temperature range.

5.1 Dataset Description and System Specifications

A knife gate valve was modeled with a CF8M stainless steel on the body,
316 stainless steels on the gate, and EPDM on the seat, using temperature-
dependent material behavior to effectively reproduce thermo-mechanical
behavior. The finite element approach based on a partial differential equation
was conducted in MATLAB with the help of a PDE-based FEA toolbox and
a MATLAB-made Digital Twin dashboard facilitating the simulation, visual-
ization, and operational monitoring, which provides a stable and repeatable
computational environment. Table 3 shows system specifications.

5.2 Thermal Analysis

Thermal analysis is used to determine the temperature field, heat field, and
thermally induced stress of the knife gate valve with the progressive increase
in temperature. The analysis is used to identify hot spots, measure heat trans-
fer, and record temperature-dependent softening of material that affects the
structural integrity. These thermal outputs form the necessary input towards
the following thermo-mechanical and operating performance evaluation.

Figure 3 presents the thermal stress distribution of the knife gate valve
at various cases of increasing temperature and the stress level increases
gradually in the entire body of the valve. Case 3 has much higher stress than
Case 1 and a corresponding smaller safety factor because of the decrease
in material strength with temperature. Stress concentration mainly occurs
in load bearing and constrained areas which implies critical areas that are
vulnerable to the structural hazard of thermal origin.
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Table 3 System specifications. FEA = Finite Element Analysis; PDE = Partial Differential
Equation; RAM = Random Access Memory; GUI = Graphical User Interface

Category Specification/Description
Valve Dataset Knife Gate Valve

Body Material CF8M Stainless Steel

Gate Material 316 Stainless Steel

Seat Material EPDM

Material Modeling
Analysis Method
Simulation Tool
Digital Twin Platform
Operating System

Temperature-dependent material properties

Partial Differential Equation-based Finite Element Analysis (FEA)
PDE-based FEA toolbox

MATLAB-based Digital Twin dashboard (GUI visualization)
64-bit system

Processor 12th Gen Intel® Core™ i5-12400 (2.50 GHz)
Installed RAM 8 GB (3200 MT/s)
Graphics Intel® UHD Graphics 730 (128 MB)
Purpose Thermo-mechanical simulation and operational monitoring
Reproducibility Consistent and reproducible computational environment
Thermal Stress Distribution
=32.1 MPa | SF=9.02 Case 2: O ™ 85.7 MPa | SF =3.38 Case 3: O™ 139.3 MPa | SF =2.08
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Figure 3 Thermal stress distribution for Case 1 to Case 3. Stress increases with temperature,
with concentrations in constrained regions.

Figure 4 illustrates the distribution of the thermal stress of Case 4 and
Case 5 of the valve. Each case has the maximum stress and the corresponding
safety factor, where it is clear that Case 5 is close to the material limit
with 0_max = 246.5 MPa and SF = 0.95. The color contours show the
area with the greatest thermal stress that is the area with potential struc-
tural concern in extreme operating temperatures. The spatial distribution of
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Thermal Stress Distribution
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Figure 4 Thermal stress distribution for Case 4 and Case 5. Case 5 shows the highest stress
and a critical safety factor of 0.95.

thermo-mechanical stress strongly influences knife gate valve reliability at
elevated temperatures. High-stress regions occur mainly near load-bearing
and geometrically constrained areas, where restricted thermal expansion
combines with pressure loading to intensify local stresses. From Case 1 to
Case 5, maximum von Mises stress increases from 32.15 MPa to 246.45 MPa,
while temperature-dependent yield strength decreases, causing the safety
factor to decline progressively. These localized regions may experience
yielding or excessive deformation before the entire valve becomes critical.
Such deformation can reduce gate clearance, increase actuation resistance,
and impair sealing performance. In Case 5, stress exceeds yield strength,
producing a safety factor of 0.95 and indicating critical structural reliability.

Figure 5 indicates how maximum and average thermal stress in the knife
gate valve varies under five operating temperature cases through a Digital
Twin-based FEA. Both stress measures increase nearly in direct proportion
to temperature, which is the cumulative effect of thermal expansion and the
effect of temperature on material softening of SS316. The fact that opax
and o,,, are becoming more and more different, which is why there is an
increased degree of stress localization in the constrained and load-bearing
areas of the valve. The higher cases of proximity of opax to the yield-stress
limit indicate the occurrence of thermally induced structural risk at high
operating temperatures.

Figure 6 indicates that the total heat flow through the knife gate valve
was increasing with successive temperature cases, and the thermal transfer of
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Figure 5 Maximum and average thermal stress. Stress increases progressively with temper-
ature, indicating greater stress localization.
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Figure 6 Total heat flow. Heat flow rises monotonically from 0.32 kW to 2.46 kW, driving
the corresponding increase in thermal stress across operating cases.

the heat is higher with the increase in the operating temperature. Increased
conduction and convection due to the increased temperature gradients is indi-
cated by the monotonic increase in heat flow. This augmented thermal load
has a direct effect of augmented thermal stresses and consequent deterioration
of thermo-mechanical performance.

Table 4 shows the thermal behavior and temperature dependent material
behavior of the knife gate valve at rising operating temperatures. The findings
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Table 4 Thermal and material properties analysis. Th = target operating (hot-side) tem-
perature (°C); Tmax = maximum temperature attained (°C); Tavg = average temperature
(°C); oy(T) = temperature-dependent yield strength (MPa); Q = heat flow rate (kW);
AoyRef = percentage reduction in yield strength relative to the room-temperature reference
value

Case Th(°C) Tmax (°C) Tavg(°C) oy(T)MPa) QW) AocyRef (%)

1 50 44.09 37.87 282.9 0.32 —2.5%

2 100 84.25 67.64 270.9 0.86 —6.6%

3 150 124.40 97.42 259.0 1.39 —10.7%

4 200 164.56 127.20 247.1 1.93 —14.8%

5 250 204.72 156.97 235.2 2.46 —18.9%

0 Von Mises vs Temperature-Dependent Yield

™ Temperature-Dependent Yield vs Max Stress 250 )

= — Fam

S0 e z

P 18

?mu el oy $

£ — e | 100

~EVon Mises
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Temperature (°C)

5 2 25 3 35 4 45 5
Case Number

Figure 7 Temperature-dependent yield strength and stress yield strength decreases while
induced stress increases with temperature.

reveal an increasing trend of the maximum and average temperatures and
the rate of heat flow with an increase in thermal load and a steady decrease
in the yield strength because of thermal softening. The rising proportion
rate of reduction of the yield strength as compared to the reference state
demonstrates the high effects of high temperature in material integrity that
in turn directly affect the future structural and operational performance.

5.3 Structural Analysis

Structural analysis is used to assess stress, deformation, and safety factor of
the knife gate valve when subjected to material behavior that is dependent
on temperature. The findings determine the critical operating conditions and
areas which are likely to generate and thermomechanical failure with high
thermal loads.

Figure 7 illustrates the correlation between temperature-dependent yield
strength and maximum induced stress where the higher the temperature, the
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Table 5 Structural analysis with temperature-dependent yield. omax = maximum
induced stress (MPa); oy(T) = temperature-dependent yield strength (MPa); SF
(Tdep) = temperature-dependent safety factor; von Mises = von Mises equivalent stress
(MPa); Deform = axial deformation (mm)

Case omax (MPa) oy(T)(MPa) SF(Tdep) von Mises (MPa) Deform (mm)

1 32.15 282.9 8.80 32.15 0.107220
2 85.72 270.9 3.16 85.72 0.282120
3 139.30 259.0 1.86 139.30 0.457020
4 192.87 247.1 1.28 192.87 0.631920
5 246.45 235.2 0.95 246.45 0.806820

softer the material but the more the thermal stress the higher. The intersection
of these curves at a high temperature means that structural safety margin
is reduced. The graph provided indicates the rise of von Mises stress with
respect to operating cases compared to the falling yield strength. The inter-
section direction brings out the direction of yielding and high risk of failure
in extreme thermal conditions.

The reduction in temperature-dependent yield strength, rather than an
increase in thermal loading alone, is the primary driver of the declining
safety margin. As shown in Table 5, the safety factor decreased from
8.80 at Case 1(o_y = 282.9 MPa,o_max = 32.15 MPa) to 0.95 at
Case 5(c_y = 235.2 MPa,o_max = 246.45 MPa), while deforma-
tion increased correspondingly from 0.107 mm to 0.807 mm. The joint
decline in structural safety margin and increase in axial deformation indicates
that temperature-dependent material softening and thermal expansion act
together to compound the functional risk of the valve at elevated operating
temperatures.

The response of the knife gate valve in relation to the rise in temperature
was summed up in Table 5 using temperature-dependent material properties.
The highest possible stress and von Mises stress increase steadily with operat-
ing temperature whereas the yield strength decreases with thermal softening
causing a great decrease in safety factor. Case 5 denotes a life-threatening
situation in which the safety factor is less than unity and the maximum
deformation occurs indicating the development of potential structural failure
under the high thermal loading situations.

Figure 8 presents the thermal performance of the knife gate valve in terms
of 3D temperature contours and a temperature variation curve in various
operating scenarios. The contour diagrams show hot spots on locality in
areas around the gate and flow-contact areas; this means that there is an
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Figure 8 Temperature distribution. 3D contours reveal localized hot spots near the gate and
flow-contact areas, with spatial temperature intensity growing across successive cases.
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Multi-View Stress Analysis
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Figure 9 Multi-view stress analysis. Consistent stress concentration near the gate, stem, and
junction interfaces across all viewing angles confirms these as the primary zones of structural
criticality.

imbalanced heat distribution. The more the number of cases, the larger the
spatial temperature intensity and affected areas. The line plot presents a quan-
titative increase in the maximum and average temperature with the increase
in thermal load. The combination of these findings proves the existence
of progressive thermal accumulation and the importance of this process to
thermo-mechanical performance assessment.

Figure 9 depicts the multi-view stress distribution of the knife gate valve
in the operational loading conditions in various geometrical perspectives. The
contour plots demonstrate areas of concentration of stress close to the gate,
stem, and junction interfaces, which are similar in front, side, top, bottom, and
isometric views. This complete visualization proves the areas of criticality in
terms of structural integrity and mechanical reliability.

Figure 10 illustrates the temperature distribution of the knife gate valve in
a multi-view under thermal loading conditions based on various geometrical
views. The color contours show that the areas of higher temperatures are
along the gate and areas of flow-interaction, whereas the cooler areas are
along the stem and outer housing. The uniformity of the shape in the front,
side, top, bottom, and isometric position proves that the thermal gradient is
the same and the behavior of heat dissipation is constant.
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Multi-View Temperature Analysis
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Figure 10 Multi-view temperature analysis. Uniform thermal gradients across all views
confirm consistent heat dissipation behavior, with higher temperatures concentrated along the
gate and flow-interaction regions.

The variation of yield strength with operating temperature is an important
factor governing the structural reliability of the knife gate valve under ther-
mal loading. The temperature-dependent yield strength of SS316 decreases
progressively from 282.9 MPa at Case 1(Tavg = 37.87°C) to 235.2 MPa
at Case 5(Tavg = 156.97°C), corresponding to an 18.9% reduction relative
to the reference yield strength of 290 MPa. This reduction follows the linear
temperature-dependent softening relation, indicating a progressive reduction
in the available material strength margin as thermal exposure increases. The
structural significance of this trend becomes evident when the temperature-
dependent yield strength is evaluated together with the predicted maximum
von Mises stress, as summarized in Table 6.

The maximum predicted stress increases substantially from 32.15 MPa
at Case 1 to 246.45 MPa at Case 5, while the safety factor decreases from
8.80 to 0.95 due to simultaneous temperature-induced material softening.
Between Case 4 and Case 5, the safety factor crosses below unity, with
linear interpolation indicating an approximate critical temperature range of
240-245°C for the adopted material model. This threshold is considered an
indicative condition-monitoring limit rather than an experimental failure tem-
perature. The results demonstrate that incorporating temperature-dependent
yield strength is essential for reliable structural assessment, as neglecting
material softening may overestimate safety margins at elevated temperatures.
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Table 6 Yield strength degradation and structural reliability margin across operating cases.
Tavg=average operating temperature (°C); oy( T) = temperature-dependent yield strength
(MPa); 0 max = maximum induced stress (MPa); SF (oy/o max) = safety factor, defined
as the ratio of temperature-dependent yield strength to maximum induced stress; Aoy vs.
Ref. = percentage reduction in yield strength relative to the room-temperature reference value
(290 MPa); Reliability Status = qualitative structural safety classification derived from the
safety factor value (Safe/Marginal/Critical)

Tavg oy(T) omax SF Aoy vs.
Case (°O) (MPa) (MPa) (oy/omax) Ref. (%) Reliability Status
1 37.87 2829 32.15 8.80 —2.5% Safe (high margin)
2 67.64 270.9 85.72 3.16 —6.6% Safe
3 97.42  259.0 139.30 1.86 —10.7%  Safe (reducing margin)
4 127.20  247.1 192.87 1.28 —14.8% Marginal
5 156.97 235.2 246.45 0.95 —18.9% Critical (SF < 1)
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Figure 11 Required torque vs temperature. Torque rises from 864.5 Nm to 1414.6 Nm,
exceeding the safe operating limit at Case 5.

5.4 Digital Twin Evaluation

Analysis of the health status of the knife gate valve under increasing temper-
atures and its risk is evaluated by comparing the essential indicators of the
valve, such as the torque, the seal pressure, and the remaining useful life. The
shift under normal to warning condition is recorded, which shows the effects
of thermal loading on the performance of the valve.

Figure 11 presents the dependence on the number of the case and the
required torque with an increase in temperature. The graph shows that the
required torque was increasing linearly as a result of an increase in tempera-
ture, and the values of the torque neared the maximum limit as temperature
increased. Case 5 has surpassed the maximum torque limit indicating that
there may be an issue with operation.
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Figure 12 Safety factor declines from 8.80 to 0.95, falling below the minimum acceptable
threshold (red dashed line) at Case 5.

Table 7 Operating metrics and Digital Twin status. Torque = required actuator torque (Nm);
Seal = seal contact pressure (MPa); Health = valve health score (%); RUL = Remaining
Useful Life (years); Torque/Seal/Stress Alert = binary Digital Twin fault-flag indicators
(yes/no) based on threshold exceedance; Status = overall Digital Twin condition classification
(NORMAL/WARNING)

Torque  Seal  Health  RUL  Torque Seal  Stress

Case (Nm) (MPa) (%) (Years) Alert Alert  Alert Status

1 864.5 1.183 100.0 74.57 no no no NORMAL
2 981.0 1.154 100.0 51.30 no no no NORMAL
3 11103 1.126 75.0 38.27 yes no no NORMAL
4 1254.0  1.097 75.0 29.93 yes no no NORMAL
5 1414.6  1.069 55.0 24.14 yes no yes WARNING

Figure 12 provides the safety factor of each case, which shows a strong
reduction in the safety with the increase in temperature. The lower limit of
the safety factor is shown by the red dashed line. In Case 1, the safety factor
is much higher than the minimum whereas in Case 5, it is lower than the limit
of the acceptable level, which means that it is riskier. The graph shows the
declining structural reliability with increase in operating temperature.

Table 7 displays the operation health and risk assessment of the knife gate
valve with the Digital Twin in increasing temperature conditions. The table
has a correlation between actuator torque, seal pressure, health score, and
remaining useful life and alert status of torque, seal, and stress limits. The
gradual deterioration and state of normal operation to warning state can be
easily noticed as the thermal loading progresses in Case 1 to Case 5.

Seal pressure is an important indicator of valve sealing performance
under elevated-temperature operation. In the Digital Twin framework, the
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Table 8 Seal pressure degradation and leakage-risk assessment across operating cases.
Tavg = average operating temperature (°C); Seal Pressure = effective seal contact pressure at
the gate-seat interface (MPa); Reduction vs. Baseline = percentage decrease in seal pressure
relative to the Case 1 reference value; Seal Alert (DT) = Digital Twin binary fault-flag indica-
tor (Yes/No) triggered when seal pressure falls below the defined safe threshold; Leakage-Risk
Level = qualitative risk classification (Low/Low-Moderate/Moderate/Moderate-High/High)
derived from the seal pressure trend and its proximity to the alert threshold

Tavg Seal Reduction vs. Seal Leakage-Risk
Case °O) Pressure (MPa)  Baseline (%)  Alert (DT) Level
1 37.87 1.183 0.0 No Low
2 67.64 1.154 2.5 No Low
3 97.42 1.126 4.8 No Low-Moderate
4 127.20 1.097 7.3 No Moderate
5 156.97 1.069 9.6 No Moderate-High

temperature-dependent seal pressure is monitored across the five operating
cases to assess progressive sealing degradation and associated leakage risk.
As temperature increases, thermal expansion of the valve components and
reduced elastic recovery of the EPDM sealing material contribute to a gradual
reduction in effective seal contact pressure. Therefore, Table 8 presents the
case-wise seal pressure, percentage reduction from the baseline condition,
Digital Twin seal-alert status, and corresponding model-based leakage-risk
classification.

Table 8 shows a consistent decline in seal pressure from 1.183 MPa in
Case 1 to 1.069 MPa in Case 5, representing a 9.6% reduction relative to the
baseline. Although the Digital Twin seal alert remains inactive throughout
the evaluated cases, the continuous reduction indicates progressively increas-
ing sealing risk with temperature. In Case 5, reduced seal pressure occurs
together with 0.80682 mm deformation and an active stress alert, indicating
combined structural and sealing deterioration.

5.5 Critical Case Analysis (Case 1 to Case 5)

Case-wise analysis is the summary of thermal, structural, and operational
behavior of the knife gate valve with the gradually increasing temperature
conditions. The findings suggest increasing thermal loads and stress rates and
declining safety margins, which point to the situation when operating stability
at high temperatures is increasingly limited.

Table 9 presents a comprehensive case-wise summary of the thermo-
mechanical and operational response of the knife gate valve under progressive



134 Long Na and Gan Rundong

BJIN 690°T = 2Inssaid [edS
WN 9§y = anbioy,

BN L60' T = 2Inssald [e35
wN 0 S = onbiog,

BJIN 9C1°[ = 2Inssald [edS
wN 9z0111 = onbiog,

BJIN $S1°1 = 2Inssald [BdS
wN 20’186 = enbiog,

BJIN €81°1 = 21nssald [BdS
wN 898 = anbioy,

W £08000'0 = UOBEWLIOF
CdIN SP'9PT = SISIA UOA

W z€9000°0 = uoneuiojoq
BJIN L8'TOHT = SOSIA UOA

W £$1000°0 = uoprwLIojoq
BdIN 0E'GET = SOSIA UOA

w 7820000 = uoneuiojaq
BJIN TL'S8 = SSSIAl UOA

w /01000°0 = uoneulojoq
BJIN S1°CE = SSSIAl UOA

S6'0=dS
edIN GL'T8T = %4%0
edIN ST 9¥C = Xeu

8C'1 =4S
vdIN 50" €FT = #*%0
edIN L8°C6T = X"™o

981 =4S
vdIN 62°€0T = #*%0
edIN 0£°6€T = *®™0

9I'¢ = AdS
BN LG°€9 = F4%0
BJIN TL'G8 = *¥™o

08°'8=dS
edIN 78°€T = %40
BN GT'GE = **™o

(quapuadog
-aimerodway)

BdIN 1T GET

= (durey Sae)fio
(quopuadoq
-omerodway)
BN CT°LVT

= (durey Sae)fio
(quopuadoq
-omjerodway)
edIN €0°6GC

= (durey Sae)fio
(quopuadoq
-ormerodway)

BdIN ¥6°0LC
= (durey m>dvmb

(quopuadoq
-ormerodway)

BdIN G8°C8C
= (durey Sae)fio

MIA9Y'T

MAE6']

MI6ET

MI 980

MATE0

D,L679GT = #4%,
D,2L70E = X*UL

02,0221 = 4%,
D698 79T = *X*™[

D68V L6 = 7L
D07 F3T = ¥*™[

D799 = 342,
D,68°78 = XM

DoL8°LE = F4°f,
2,60 77 = X"

D0,0€C = LV
0,062 = "L

D0,08T = LV
0,002 = "L

J0,0€T = LV
D,08T = “L

2,08 = LV
2,001 = “L

0,0¢€ = IV
0,08 = “L

G ose)

 ase)

¢ ase)

7 9se)

1 9seD)

synsay reuoneradp

S)NsSaY [eInionng

S)nsay ssang

Q3uang plRIX

MOT] JedH

S)NSY [BWLIAY L,

uonIpuo)

ase)

(edIN) 2anssaid 10vIU0D [BIS = AINSSAI] [82S ‘(W N) 2nbioy 10jenjoe paxmmbar = anbioj,
‘(ur) Juowraoe[dsIp [eTXe = uoneULIOJo(] ‘I010e) KJojes = S (edIN) SSems paonpul aSeloae/wunwIxewl = SAeo/xewo ((edA) 2rmerodurs)
93eraae Je Y1Suans path = (dway ae)Lo (D) smmeradwa) paurene sSeroAe/wnwIXew = SART/XeW], (919 )08 D ,0€) SOUIISJI WOIJ ISLI
amjeradwa) = 1%y ‘ermjeradwe) apis-joy Jo3Ie) = Y, "(S aseD 03 | ase)) S)nsar [euonerodo pue ‘[eInjonis ‘ewIoy) jo Arewung ¢ dqeL



Performance Evaluation Research of Digital Twin Model of Knife Gate 135

Figure 13 Digital Twin operational monitoring and predictive maintenance system (Case 1
and Case 2). Case 1 shows stable NORMAL status, while Case 2 begins triggering alerts on
actuator health and torque, signaling early performance deviation.

temperature rise from 50°C to 250°C. The findings have shown that there is
a definite rising trend in maximum and mean temperatures, heat flow, and
stresses caused by temperature and the decrease in the strength of yield and
safety factor with temperature. The rates of structural deformation and von
Mises stress gradual grow with temperature contributing to high actuator
torque requirement and progressive decline of seal pressure, which points
to high potential of functional deterioration and the development of unsafe
operating conditions as thermal load intensifies.

As Figure 13 displays, the Digital Twin of the knife gate valve is being
monitored in two operation conditions. Case 1 shows the valve in its normal
work, and the indicators are all in green, which means stable operation.
Case 2, however, has alerts in numerous parameters of operation, including
actuator health and actuator torque, which points to the transition towards
the abnormal maintenance conditions and, thus, the possibility of closer
monitoring and possible maintenance. The system offers useful indications
as to the performance of the valve such as the health scores, torque, and the
pressure that is vital in terms of predictive maintenance.

The Digital Twin operational monitoring system of the knife gate valve
in Case 3 and Case 4 is illustrated in Figure 14. In Case 3, the valve is
yet operating within the normal range with all indicators indicating green
meaning that it is in a stable state of operation. In Case 4, however, some
alerts have been activated, especially on the state of actuators and the torque,
which points to the fact that the valve is nearing some critical conditions.
The system gives live feedback on different operational parameters and this
gives information that is important in predictive maintenance as well as taking
timely action to avert failures.

In Figure 15, the Digital Twin monitoring system of Case 5 of a knife
gate valve, the system also reports that the status is a “WARNING” state.
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—
NORMAL

Figure 14 Digital Twin monitoring for Case 3 and Case 4. Case 3 remains NORMAL,
but Case 4 activates torque and actuator alerts, indicating the valve is approaching critical
operating conditions.

DIGITAL TWIN - KNIFE GATE VALVE MONITORING & PREDICTIVE MAINTENANCE SYSTEM
T —

Figure 15 Digital Twin monitoring for Case 5-knife gate valve performance. The dashboard
reports a WARNING status as maximum stress (246.5 MPa), torque, and reduced seal pressure
jointly indicate elevated failure risk and reduced remaining useful life.

The thermal parameters are found to be high, and the highest stress was
246.5 MPa which is above the acceptable range. There are also alarming
values of the operational parameters, such as torque and pressure. The levels
of structural parameters are also critical like stress and deformation. The
health score and remaining useful life are significantly lesser in the predictive
maintenance section, which shows that there might be risks of failure. The
system has raised several alerts, particularly on high-torque and stress and
advises on regular monitoring and possible maintenance procedures to avoid
failure.

5.6 Discussion

The discussion has pointed out an all-encompassing thermo-mechanical
analysis of a knife gate valve given the high temperature conditions by



Performance Evaluation Research of Digital Twin Model of Knife Gate 137

combining thermal analysis, structural response, and operational performance
into a Digital Twin system. The findings reveal an effect of temperature
increase to material softening, increase in stress, increase in deformation,
and decrease in safety margins in addition to the effect on actuator torque
demand and sealing reliability. The thermal structural cross coupling offers
a realistic view of working behavior allowing the early determination of
the critical temperatures, the stress concentration regions, and functional
risks that would not be easily detected with only mechanical or isothermal
assumptions.

In comparison to multiphysics investigation of thermally induced perfor-
mance drift in servo valves reported by [29] that concentrated on displace-
ment and pressure variations based on the transfer-function-based modeling,
the present study expands the analysis by incorporating full-field thermo-
mechanical finite element outputs into a Digital Twin model of a knife
gate valve. The method allows evaluating stress, deformation, safety factor,
actuator torque, and sealing degradation all at the same time with temperature
dependent material behavior. Therefore, the suggested framework provides
a more comprehensive and valve-centric performance and risk assessment
capability and is therefore more useful in forecasting structural safety and
operational reliability when operating in high-temperature industry environ-
ments. Temperature-dependent material softening significantly influences the
thermo-mechanical performance and operational reliability of the knife gate
valve. As temperature increases, yield strength decreases, reducing the mate-
rial’s resistance to combined thermal and mechanical stresses. In the present
study, yield strength decreases from 282.9 MPa in Case 1 to 235.2 MPa in
Case 5, while maximum von Mises stress increases correspondingly from
32.15 MPa to 246.45 MPa. Consequently, the safety factor decreases sharply
from 8.80 to 0.95. These results demonstrate that assuming constant room-
temperature material properties would significantly overestimate structural
safety at elevated operating temperatures. Therefore, explicitly accounting for
material softening is essential for accurately predicting yielding, deformation,
actuation resistance, sealing deterioration, and safe operating limits under
high-temperature service conditions.

5.6.1 Limitation
» Temperature-Dependent Yield Strength Assumption: The safety analysis
is based on the assumption of a temperature-dependent model of yield
strength of SS316 which might not take into account all material vari-
ations or possible factors of degradation. This assumption restricts the
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applicability of the findings to other materials or on the extremes of
temperatures not discussed in the research.

» Simplified Operational Conditions: The conditions of operation are
assumed to be steady, the paper does not look at the dynamic variation
of the operational conditions of the valve e.g. quick change in pressure,
temperature, or load. In practice, more complicated scenarios might
occur, which might impact the validity of the Digital Twin model and
the predictive maintenance results.

6 Conclusion

This study presents a comprehensive analysis of a knife gate valve in dif-
ferent thermal conditions is given with the consideration of thermal stress
distribution, performance, and reliability in operation. Yield strength of the
SS316 material of various temperature conditions was integrated to evaluate
the safety factor of varying thermal loads. The model of a Digital Twin was
created in order to track the most essential parameters, including actuator
torque, seal pressure, and stress, to anticipate possible failures. The health of
the valve, the remaining useful life as well as the critical operation metrics
were studied under five temperature conditions showing the shift between
normal use conditions to warning conditions with the rise of thermal loads.
The findings offered useful information on predictive maintenance and struc-
tural integrity evaluations to make sure that the valve does not operate out of
the safety range when the conditions are different.

Although developed and validated for a knife gate valve, the under-
lying methodology is not limited to this component. The integration of
temperature-dependent material behavior with coupled thermal-structural
FEA within a Digital Twin architecture is generalizable to other valve types,
such as ball, gate, and control valves, subjected to thermal cycling in process
industries. Beyond valves, the framework could extend to other thermally
loaded components with critical sealing or load-bearing interfaces, including
pipeline flanges, heat exchangers, and pressure vessel fittings. Such exten-
sions would primarily require recalibrating component-specific geometry,
material properties, and operational thresholds, while retaining the same
thermal-structural coupling and Digital Twin monitoring logic, broadening
applicability as a predictive maintenance tool.
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