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Article History Abstract

Biomass gasification is a crucial technology for sustainable energy conversion;
Received 2 May 2026 however, its continuous operation and overall efficiency are heavily dependent on
Accepted 9 June 2026 the reliable extraction of solid by-products. This study investigates the structural

Available 31 August 2026 integrity and fatigue life of a char removal system used in high-temperature

biomass gasification. The system operates under severe thermo-mechanical
conditions, including elevated temperatures and varying mechanical loads, which
may lead to structural degradation and failure. A Finite Element Analysis (FEA)
approach using ANSY'S was employed to evaluate the performance of ASTM A36
steel under mechanical loads of 100 kg, 150 kg, and 200 kg, combined with thermal
conditions of 800 °C, 1,000 °C, and 1,200 °C. Key parameters analyzed include
equivalent stress, elastic strain, total deformation, safety factor, and fatigue life.
The results indicate that while temperature variations have minimal influence on
peak stress values, they significantly affect the distribution of strain and
deformation due to material stiffness degradation. In contrast, mechanical loading
has a dominant impact on structural performance, leading to increased stress,
deformation, and reduced safety factors. Fatigue analysis reveals that while the
structure maintains a theoretical infinite design life of 1 x 10° cycles across all
loads, the minimum fatigue safety factor drops significantly from 2.92 at 100 kg to
1.46 at 200 kg. In conclusion, ASTM A36 steel is structurally adequate and can
safely withstand the applied thermo-mechanical loads without premature fatigue
failure. However, the reduced safety margins under elevated mechanical loads
highlight the critical need for load control and targeted geometric reinforcements
at structural joints to ensure long-term reliability. To ensure long-term reliability
and operational safety in biomass gasification systems, it is imperative to
implement targeted geometric reinforcements at connection points or substitute the
standard carbon steel with high-temperature-resistant alloys.
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1. Introduction

Biomass gasification has emerged as a promising technology for converting renewable resources into
clean and sustainable energy, particularly in addressing the growing demand for alternative energy
sources and reducing dependence on fossil fuels (Prabir & Priyanka, 2024; Saputro et al., 2025;
Supriatna et al., 2025). In this process, solid biomass is thermochemically converted into syngas at high
temperatures, typically ranging from 800 °C to 1,200 °C (Lestari et al., 2025; Sadasivam et al., 2020;
Supriatna et al., 2024). However, the efficiency and reliability of gasification systems are highly
dependent on the performance of their mechanical components, especially those exposed to extreme
thermal and mechanical conditions. One critical component in this system is the char removal unit,
which plays a vital role in ensuring continuous operation by removing residual solid particles from the
reactor.

Biomass gasification systems involve complex interactions between thermal, mechanical, and material
factors that significantly influence structural performance. The mechanical properties of biomass-
derived materials, such as char, are strongly affected by thermal conditions, where higher pyrolysis
temperatures enhance hardness and stiffness due to structural evolution (Das et al., 2015). Temperature
also plays a critical role during gasification, affecting particle characteristics, separation efficiency, and
overall system performance (Yang et al., 2012), while variations in pyrolysis conditions modify char
structure and porosity, influencing its interaction with mechanical components (Ates & Tezcan-Un,
2013). In practice, biomass gasification systems also face significant challenges related to tar and char
by-products. Tar condensation can cause operational and environmental issues such as blockage,
corrosion, and catalyst deactivation, making effective removal technologies essential (Zeng et al.,
2020). Meanwhile, char accumulation can obstruct gas flow and reduce system efficiency, requiring
mechanical char removal systems to ensure continuous operation. However, these systems operate
under complex thermo-mechanical conditions, including high temperatures, cyclic loads, and
continuous material flow, which can lead to structural degradation and fatigue failure (Yang et al.,
2012).

The combined effects of thermal exposure and mechanical loading accelerate crack initiation and reduce
material lifespan, with failures typically occurring at stress concentration points such as joints and
welds. Furthermore, high-temperature operating environments can affect both particle removal
efficiency and structural stability (Ates & Tezcan-Un, 2013), while dynamic effects such as vibration
and damping significantly influence stress response and fatigue behavior, where inaccurate assumptions
may lead to large errors in fatigue life prediction (Munson et al., 2017). Therefore, accurate prediction
of fatigue behavior and crack propagation is essential to ensure structural reliability and effective
maintenance planning (Alshoaibi & Ali-Fageehi, 2022).

To address these challenges, numerical simulation methods, particularly Finite Element Analysis
(FEA), have become essential tools for evaluating structural integrity and fatigue performance. FEA
enables detailed analysis of stress distribution, deformation, and crack propagation under complex
thermo-mechanical loading conditions. Fracture mechanics approaches integrated with FEA, such as
stress intensity factor evaluation and failure assessment diagrams, have been widely used to assess
structural integrity and predict failure behavior in engineering components (Barrionuevo et al., 2020).
Moreover, advanced simulations using ANSYS combined with fatigue models, such as Paris’ law, allow
accurate prediction of crack growth paths and fatigue life, with results showing strong agreement with
experimental observations (Alshoaibi & Ali-Fageehi, 2022).

Despite extensive research on mechanical components in industrial systems, studies focusing
specifically on char removal units in biomass gasification reactors remain limited. Most existing
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research emphasizes geometric optimization or material enhancement, while the combined influence of
varying mechanical loads and high-temperature conditions on fatigue life has not been comprehensively
investigated. Consequently, a detailed analysis that integrates structural behavior and fatigue
performance under realistic thermo-mechanical operating conditions is still required.

To clearly position this study and highlight its novelty, a comparative analysis with several relevant
previous studies is presented in Table 1. These selected studies represent major approaches commonly
used in this field: fracture mechanics-based analysis, standard-based structural integrity assessment, and

fatigue life prediction under mechanical loading.

Table 1. Comparative analysis with previous research.

Aspect Our Study Alshoaibi & Ali- Barrionuevo et  Fu et al. (2017)
Fageehi (2022) al. (2020)

Research Structural integrity Fatigue crack Structural Fatigue life of

Focus and fatigue life of propagation and integrity using screw blades
char removal system  crack path BS7910 and FAD under extreme

prediction load

Application  Biomass gasification =~ Compact Tension Penstock/pressure Screw sand
system (real Specimen vessel washing machine
component) (MCTS)

Methodology ANSYS FEA ANSYS APDL + BS7910 + FEA+ FEA +P-S-N
(thermo-mechanical LEFM + Paris’ FAD curve +
analysis) Law Soderberg

method

Loading Combined thermal Cyclic loading Internal pressure ~ Extreme

Condition (800-1,200 °C) and (mixed-mode I- + cyclic loading ~ mechanical load
mechanical load 1)

(100-200 kg)

Thermal Explicitly considered ~ Not considered Not dominant Not considered

Effect

Key Stress, strain, Stress Intensity Kr, Lr, fracture Stress, fatigue

Parameters deformation, safety Factor, crack toughness life, blade
factor, fatigue life path, crack thickness

growth

Failure Fatigue failure based  Crack initiation & Fracture and Fatigue failure at

Mechanism  on stress propagation plastic collapse blade root
concentration

Critical Load dominates Geometry Structure safe if ~ Fatigue life

Findings fatigue life; strongly affects within FAD limit  increases with
temperature affects crack trajectory blade thickness
deformation

Limitation No crack propagation  Simplified Limited thermal ~ No thermal effect
modeling geometry consideration

As observed in Table 1, previous studies generally focus on specific, isolated aspects of fatigue and
structural analysis. For instance, Alshoaibi & Ali-Fageehi (2022) emphasize crack propagation behavior
using fracture mechanics but limited their scope to simplified geometries. Barrionuevo et al. (2020)
introduce a standards-based approach effective for evaluating structural safety under defect conditions,
yet lacked consideration of thermo-mechanical coupling. Meanwhile, Fu et al. (2017) focus on fatigue
life prediction of rotating components under extreme mechanical loads without incorporating
temperature effects.

In contrast, the present study bridges these gaps by integrating combined thermo-mechanical loading
conditions into the structural analysis of a real industrial component within a biomass gasification
system. This approach allows for a more comprehensive evaluation of structural performance,
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considering not only mechanical stress but also the critical influence of high temperatures on material
behavior. By bridging the gap between fracture mechanics, standards-based assessment, and practical
engineering applications under realistic operating conditions, this study aims to provide a more holistic
understanding of fatigue behavior in high-temperature systems.

Therefore, this study aims to evaluate the structural integrity and fatigue life of a char removal system
in high-temperature gasification using ASTM A36 steel. The analysis is carried out under varying
mechanical loads (100 kg, 150 kg, and 200 kg) and thermal conditions (800 °C, 1,000 °C, and 1,200
°C) using ANSYS-based Finite Element Analysis (FEA). Key parameters, including equivalent stress,
elastic strain, total deformation, safety factor, and fatigue life, are systematically evaluated. The results
are expected to provide a comprehensive understanding of the interaction between thermal and
mechanical effects on structural reliability, as well as to offer design insights for improving the
durability and operational safety of char removal systems in biomass gasification applications.

2. Methods and Materials

The research process begins with a literature study, followed by the design phase and the input of
material properties. Subsequently, the researcher performs the meshing process and defines boundary
conditions, which include force variables of 100 kg, 150 kg, and 200 kg, a fixed support, and thermal
conditions at temperatures of 800 °C, 1,000 °C, and 1,200 °C. The simulation proceeds to the solution
stage to obtain data on total deformation, equivalent stress, equivalent elastic strain, and safety factor.
If the simulation run fails, the process reverts to the meshing stage; however, if successful, the
researcher proceeds to data analysis and discussion until the study is completed. Figure 1 illustrates the
gasification unit design, where the 3D design process is conducted using SolidWorks software.
Subsequently, the simulation data collection for this research is performed using Ansys software. The
detailed specifications of the equipment and materials are further elaborated in Table 2. The entirety of
this research was conducted at the National Research and Innovation Agency (BRIN) and Universitas
Pamulang.
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Figure 1. Gasification equipment design.
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Table 2. Research tools and specifications.

Tool / Software Specification / Description

SolidWorks 2022 Computer-Aided Design (CAD) software used for 3D modeling

ANSYS Workbench 2020 R1  Simulation software used for data acquisition and numerical analysis

2.1 Data Acquisition Techniques

The data acquisition process is conducted through four integrated stages to ensure the accuracy of the
structural and thermal analysis. Initially, technical and dimensional data are collected by documenting
engineering drawings and specifications of the gasification unit, specifically the char removal system.
This phase includes the extraction of material properties, such as Young’s modulus, yield strength,
ultimate tensile strength, and density, from official technical datasheets and standards. Subsequently,
operational load measurements are performed to determine the static and dynamic forces, alongside
temperature monitoring using thermocouples to establish the thermal environment of the components.
The numerical simulation phase is then executed using Ansys software, where specific boundary
conditions including applied forces, rotational velocity, and torque are defined based on the previously
gathered operational data. To ensure the reliability of the numerical results, a mesh sensitivity study is
conducted prior to performing a comprehensive fatigue analysis to predict the structural life of the
components under cyclic loading. As this study focuses on a purely computational and predictive
approach, the reliability of the results is established through rigorous mesh sensitivity analysis to ensure
numerical convergence. Empirical validation using a physical prototype under actual gasification
conditions is acknowledged as a limitation of the current scope and is reserved for future investigations.
All numerical results are systematically documented in the form of tables and graphical representations
to facilitate a rigorous analysis and discussion.

2.2 Numerical Simulation Procedure Steps

The initial stage of this research involves geometric modeling, where the detailed design of the char
removal unit is illustrated in Figure 2(a). The second step is the definition of material properties used
in the simulation. In this study, ASTM A36 carbon steel is utilized, with its properties configured within
the Ansys Engineering Data environment as shown in Figure 2(b). Specifically, the ASTM A36 material
is defined with a density of 7,850 kg/m?. For the isotropic elasticity characteristics, a Young’s Modulus
of 200 GPa and a Poisson’s Ratio of 0.26 are applied. Furthermore, the material strength parameters are
established with a Tensile and Compressive Yield Strength of 250 MPa and a Tensile Ultimate Strength
of 400 MPa. These parameters are essential to ensure the accuracy of the static structural results and
the subsequent fatigue life analysis of the components.

| Properties of Outine Row 3: ASTM A3% X
A B c £
1 Property [ vae | um R
2 T4 Matenal Field Variables § 3 Table [ '
3 $3 Density 7850 [gmr3 =]
4 |3 94 Isotropc Bastaty [ | I
s | Derive from | Young's ... ;' | =
6 Young's Moduus | Z=+11 I =
7 Poisson’s Ratio | 0,26 | 1
8 Bulk Modulus " 1,388%€+11 | Pa |
) Shear Moduus [ 79%=+10 |Pa [
10 |@® U4 Stanifepaameters | | (3]
B |@ 94 sNCuve [0 Tabuar | |
2 4 Tensle vield Strength | 2,5408 Pa ~|
23 T4 Compresave vield Strength | 2,5408 I'Pa =~
24 T4 Tensle Uitmate Strength | €408 I'pa ~|
25 (El Compressive Utmate Strength [ 0 ‘Pe :I
(b)

Figure 2. Geometric model char removal (a) properties ASTM A36 in ANSYS (b).
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It is important to note that for this specific comparative study, a simplified linear elastic model with
constant baseline material properties was utilized across all temperature variations. Temperature-
dependent property degradation was intentionally excluded to isolate and evaluate the direct impact of
mechanical loading on structural fatigue.

The subsequent stage involves defining the Boundary Conditions, with the mechanical load being the
primary parameter. As illustrated in Figure 3(a), the pressure is applied to the uppermost frame of the
char removal unit, where the load is subsequently distributed throughout the entire structure. The input
force values are 981 N, 1471 N, and 1962 N, which are derived from the gravitational force calculation:

F=m.g (1)

Thermal Conditions are established to simulate the internal environment of the biomass gasification
reactor. During operation, the reactor temperature can reach up to 1,200 °C; therefore, this study utilizes
temperature variations of 800 °C, 1,000 °C, and 1,200 °C, as depicted in Figure 3(b). The final boundary
condition is the Fixed Support, which defines the components that remain stationary. The selection of
the fixed support corresponds to the geometry of the lower reactor section, specifically where the edges
of the charcoal grate base interface with the bottom part of the reactor, as shown in Figure 3(c).

" (o)
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0ose 0
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Figure 3. Mechanical load (a), thermal condition (b), fixed support (c), and meshing (d).

Meshing is employed to discretize the model into small elements, ensuring that the numerical
calculations achieve high accuracy. To ensure grid independence, a mesh sensitivity study was
conducted by systematically evaluating element sizes of 0.005 m, 0.003 m, and 0.002 m. While the
0.005 m configuration computed quickly, further refinement was necessary to accurately capture stress
concentrations at the structural joints. The refinement to a 0.003 m element size yielded stable and
converged results. An attempt to refine the mesh further to 0.002 m was executed; however, this
exceeded the physical memory capacity (8§ GB RAM) of the computational hardware, resulting in a
solver crash. As illustrated in Figure 3(d), the mesh is distributed densely and uniformly across the
entire surface of the char removal unit. This refined distribution indicates a high level of analytical
detail in the simulation, resulting in a total of 832,003 nodes and 469,683 elements. In this context,
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nodes represent the grid intersection points, while elements are the fundamental structural subdivisions
computed during the simulation. The substantial number of elements and nodes signifies that the
simulation requires significant computational resources; however, it provides more accurate analytical
results for parameters such as stress, strain, and fatigue-induced damage. By implementing an ideal
mesh density, this simulation is expected to yield valid and representative calculations that closely align
with actual operational conditions.

To ensure a robust numerical analysis, the initial and boundary conditions of the simulation were
explicitly defined. The simulation was initiated by establishing the initial conditions, which include the
geometry, material properties, and mesh configuration of the char removal system. The geometry was
created using SolidWorks and subsequently imported into ANSYS Workbench 2020 R1. ASTM A36
steel was selected as the structural material, defined with a Young’s Modulus of 200 GPa, a Poisson’s
Ratio of 0.26, a yield strength of 250 MPa, an ultimate tensile strength of 400 MPa, and a density of
7,850 kg/m?. The meshing process employed a fine mesh configuration, generating 832,003 nodes and
469,683 elements to ensure high computational accuracy. Furthermore, the boundary conditions were
defined to accurately represent the actual operating environment of the biomass gasification system.
Mechanical loads of 100 kg, 150 kg, and 200 kg, equivalent to vertical forces of 981 N, 1471 N, and
1,962 N, respectively, were applied to the upper frame of the char removal unit. Additionally, thermal
conditions of 800 °C, 1,000 °C, and 1,200 °C were applied to simulate the internal operating
temperatures of the gasification reactor. Finally, a fixed support was implemented at the lower reactor
frame to constrain structural displacement, mirroring the actual mounting conditions during operation.
To provide a clear overview of the overall simulation setup, the detailed baseline conditions and
parameters applied in this study are summarized in Table 3.

Table 3. Summary of simulation baseline conditions.

Parameter Value / Condition Description

Material ASTM A36 Steel Structural material used for char
removal unit
Young’s Modulus 200 GPa Elastic modulus of ASTM A36
Poisson’s Ratio 0.26 Poisson’s ratio of the material
Yield Strength 250 MPa Yield limit of material
Ultimate Tensile 400 MPa Maximum tensile strength
Strength
Density 7,850 kg/m? Material density
Mechanical Load 100 kg, 150 kg, 200 kg Applied vertical load on upper frame
Equivalent Force 981 N, 1,471 N, 1,962 N Force converted from mass
Thermal Condition 800 °C, 1,000 °C, 1,200 °C Reactor operating temperature
Boundary Condition Fixed Support Applied at lower reactor frame
Software ANSYS Workbench 2020 R1  Simulation software
Mesh Type Fine mesh Mesh density applied to the geometry
Number of Nodes 832,003 Total simulation nodes
Number of Elements 469,683 Total simulation elements
Analysis Type Static Structural & Fatigue Simulation approach used
Analysis

3. Results and Discussions
3.1 Thermo-Mechanical Structural Response under Variable Loads

The structural behavior of the char removal unit is governed by the combined effects of mechanical
loading and temperature-dependent material degradation. Across all evaluated conditions, the results
demonstrate that mechanical load predominantly controls the magnitude of stress, strain, and
deformation, whereas temperature primarily affects their spatial distribution. This trend is consistently
observed in the simulation results presented in Figures 4-8.
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Figure 4. Full structural view and identification of the critical stress concentration region at the
structural joints.
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Figure 5. Detailed comparison of equivalent stress distribution at the critical joint under varying
mechanical loads (100 kg, 150 kg, 200 kg) and thermal conditions (800 °C, 1,000 °C, 1,200
°C).

To clearly illustrate the structural response and address the subtle changes induced by thermal
variations, Figure 4 identifies the critical stress concentration region, which is consistently located at
the structural joints of the char removal unit. A detailed, zoomed-in observation of this critical region
under varying loads and temperatures is presented in Figure 5. As shown in the localized stress contours,
the peak equivalent stress is predominantly driven by the mechanical load. However, adjusting the
visualization focus clearly reveals that temperature variations (800 °C, 1,000 °C, and 1,200 °C) visibly
affect the spatial distribution and expansion of the high-stress zones. Higher temperatures cause the
high-stress contours to spread wider across the joint due to localized material softening and a reduction
in stiffness.

For the baseline condition of 100 kg, the maximum equivalent stress remains constant at 48.479 MPa
across temperatures of 800 °C, 1,000 °C, and 1,200 °C, confirming that temperature does not
significantly influence peak stress values. A similar pattern is observed in elastic strain and total
deformation (illustrated in Figure 6), where identical peak values are maintained, but the affected zones
become broader at elevated temperatures. This behavior reflects how thermal variations influence the
spatial expansion and redistribution of the high-strain zones across the joint geometry, even when the
underlying macroscopic material stiffness parameters are held constant in the numerical setup.
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(a) Total Deformation Temperature 1200 °C (b) Total Deformation Temperature 1000 °C (c) Total Deformation Temperature 800 °C
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Figure 6. Total deformation temperature 1,200 °C (a), total deformation temperature 1,000 °C (b),
total deformation temperature 800 °C (c), safety factor temperature 1,200 °C (d), safety
factor temperature 1,000 °C (e), safety factor temperature 800 °C (f) for the baseline
condition of 100 kg.

When the load increases to 150 kg, as shown in Figure 7, the structural response intensifies significantly.
The maximum equivalent stress rises to 72.718 MPa, accompanied by an increase in elastic strain
(3.9948 x 10* m/m) and total deformation (1.6913 x 10~* m). Despite these increases, the effect of
temperature remains consistent with the previous case, influencing only the spread of deformation rather
than its magnitude. Notably, the minimum fatigue safety factor decreases to 1.95. Despite this reduction,
the value remains comfortably above unity, indicating that the structure operates within safe margins
and successfully maintains an infinite design life of 1 x 10° cycles under this specific load.

At the maximum load of 200 kg, the structural response reaches a critical level, as presented in Figure
8. The maximum equivalent stress increases to 96.958 MPa, while the elastic strain and total
deformation increase to 5.3264 x 10* m/m and 2.2551 x 10~* m, respectively. These results confirm a
near-linear scaling of mechanical response with applied load. At the maximum load of 200 kg, the
minimum fatigue safety factor drops further to 1.46. Although this value indicates a reduced safety
margin compared to the baseline, it remains strictly above unity. This ensures the structure does not
transition into a failure-dominated regime and continues to successfully sustain 1 x 10° cycles without
immediate risk of crack initiation at the structural joints.

A direct comparison across the three loading conditions reveals a clear load-dependent scaling of the
structural response. The maximum equivalent stress increases from 48.479MPa at 100 kg to 72.718
MPa at 150 kg, and further to 96.958 MPa at 200 kg, indicating a near-linear relationship between
applied load and stress intensity. A similar trend is observed in the elastic strain, which rises from
2.6632x10* m/m to 3.9948x10* m/m and reaches 5.3264 x 10 m/m at the highest load. Likewise,
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total deformation increases proportionally from 1.1275x10# m to 1.6913x10* m and finally 2.2551x10-
4
m.

(b) Total Deformation Temperature 1000 °C (c) Total Deformation Temperature 800 °C

(e) Safety Factor Temperéture 1,000 °C

(f) Safety Factor Temperature 800 °C
Figure 7. Total deformation temperature 1,200 °C (a), total deformation temperature 1,000 °C (b),
total deformation temperature 800 °C (c), safety factor temperature 1,200 °C (d), safety

factor temperature 1,000 °C (e), safety factor temperature 800 °C (f) for the 150 kg.

This consistent increase across all mechanical parameters confirms that the structural response is
primarily governed by the magnitude of the applied load, following elastic scaling behavior. In contrast,
temperature variations do not significantly affect the peak values of stress, strain, or deformation, but
instead contribute to the spatial expansion of the affected regions. This indicates that within the
investigated range, temperature acts as a secondary factor, amplifying deformation distribution rather
than increasing structural intensity.

More importantly, while the maximum stress increases linearly, the structural reliability, evaluated
through the minimum fatigue safety factor, decreases proportionally. The fatigue safety factor drops
from 2.92 at 100 kg to 1.95 at 150 kg, and down to 1.46 at 200 kg. However, because all safety factors
remain > 1, the fatigue life across all three scenarios consistently achieves the infinite life threshold of
1 X 10° cycles. This confirms that within the evaluated 100—200 kg load range, the char removal unit
remains structurally safe from high-cycle fatigue failure, though the safety margin is substantially
narrowed at peak loads. To clearly present these quantitative changes for thorough analysis, the
extracted values of stress, strain, deformation, and safety factor under all evaluated thermo-mechanical
conditions are summarized in Table 4.

To quantitatively evaluate the structural degradation, a percentage-based analysis of the data presented
in Table 4 reveals a direct proportional relationship in the static mechanical response. A 50% increase
in the applied mechanical load (from 100 kg to 150 kg) results in an exact 50.0% increase in the
maximum equivalent stress (from 48.479 MPa to 72.718 MPa). Similarly, doubling the load to 200 kg
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(a 100% increase) proportionally doubles the maximum stress to 96.958 MPa. However, interpreting
these linear static results alongside the dynamic fatigue data demonstrates a severe, non-linear
degradation. While the stress scales linearly, interpreting these static results alongside the dynamic
fatigue data demonstrates a proportional reduction in safety margins. The initial 50% increase in load
results in a 33% reduction in the fatigue safety factor (from 2.92 to 1.95). Doubling the initial load to
200 kg halves the safety factor (a 50% reduction, down to 1.46). Despite this structural degradation, the
component maintains a fatigue cycle life of 1 x 10, verifying that the unit operates safely within its
high-cycle fatigue limits without entering a critical failure regime.

(d) Safety Factor Temp&ature 10:200 °C

(f) Safety Factor Tefr'lperaturé 800 °C
Figure 8. Total deformation temperature 1,200 °C (a), total deformation temperature 1,000 °C (b),
total deformation temperature 800 °C (c), safety factor temperature 1,200 °C (d), safety

factor temperature 1,000 °C (e), safety factor temperature 800 °C (f) for the 200 kg.

The observed structural behavior can be explained through the interaction between load-driven elastic
response and temperature-induced material degradation. The increase in mechanical load directly
amplifies the internal stress and strain following a near-linear elastic scaling, as evidenced by the
proportional rise in stress, strain, and deformation from 100 kg to 200 kg. However, this mechanical
response is further influenced by thermal effects, particularly through the degradation of Young’s
modulus at elevated temperatures. As temperature increases, the reduction in atomic bonding stiffness
facilitates wider deformation propagation, resulting in an expansion of strain distribution rather than an
increase in peak stress values.

In addition, stress concentration plays a critical role in governing structural failure. The simulation
results consistently indicate that critical regions are localized at frame intersections and joint
connections, where geometric discontinuities act as stress risers. Under cyclic loading conditions, these
regions become the primary sites for crack initiation. This behavior is further intensified by thermo-
mechanical coupling, where repeated loading combined with elevated temperatures accelerates material
degradation. Consequently, thermo-mechanical fatigue (TMF) emerges as the dominant failure
mechanism, surpassing the influence of static strength criteria such as safety factor alone. This explains
why structures with comparable safety factor values can exhibit drastically different fatigue lives under
varying load conditions.
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Table 4. Summary of extreme values for structural responses under varying thermo-mechanical
conditions.

Parameter Load 800°C 1,000°C 1,200°C

Max. Equivalent Stress (MPa) 100 kg 48.479 48.479 48.479
150 kg 72.718 72.718 72.718

200 kg 96.958 96.958 96.958

Max. Elastic Strain (X 10™ m/m) 100 kg  2.663 2.663 2.663
150kg  3.994 3.994 3.994

200kg  5.326 5.326 5.326

Max. Total Deformation (x 10*m) 100kg  1.127 1.127 1.127
150kg  1.691 1.691 1.691

200kg  2.255 2.255 2.255

Min. Safety Factor 100kg  2.920 2.920 2.920
150kg  1.950 1.950 1.950

200kg 1460 1.460 1.460

The results of this study are consistent with previous findings indicating that thermal gradients
predominantly influence the distribution and expansion of stress—strain regions rather than significantly
increasing the peak equivalent stress (Bhowmik et al., 2020; Nwigbo & Nwoye, 2015). This behavior
is governed by non-uniform thermal expansion, which generates internal constraints and redistributes
stress fields across the structure. As temperature increases, the reduction in elastic modulus and yield
strength of low-carbon steels such as ASTM A36 leads to a progressive enlargement of high-strain
zones, even when the applied mechanical load remains constant (Agrawal et al., 2025; Nikulin et al.,
2021). In contrast, studies on high-temperature alloys reveal significantly improved structural stability
due to their superior resistance to thermal softening and creep deformation (Cao et al., 2021). Materials
containing chromium and nickel are capable of maintaining higher safety factors under extreme
temperatures, highlighting the critical role of material selection in thermo-mechanical applications.

Moreover, geometric optimization has been shown to substantially influence fatigue performance by
reducing stress concentration and improving load distribution (Sun et al., 2024; Zhu et al., 2018) .
However, the present study indicates that fatigue life in the char removal unit is more sensitive to cyclic
load variation than to temperature alone, suggesting that thermo-mechanical fatigue (TMF) behavior
governs long-term failure. This interaction between cyclic loading and temperature has been widely
recognized as a key factor in structural degradation under high-temperature service conditions, where
both material properties and design configuration must be optimized simultaneously to achieve reliable
performance. Furthermore, while (Fu et al., 2017) achieved an operational life of 35 years by optimizing
blade thickness, this research shows that for the char removal unit, the fatigue life is more sensitive to
operational load variations than to temperature alone. This suggests that while ASTM A36 is
economically viable, it may require localized geometric reinforcement or high-temperature coating to
match the industrial reliability standards established in previous literature.

3.2 Fatigue Life Analysis

The fatigue analysis results, as illustrated in Figure 9, demonstrate the robust endurance of the char
removal unit under the specified operating conditions. Across all applied mechanical loads (100 kg, 150
kg, and 200 kg), the structure consistently achieves a fatigue life of 1 x 10° cycles. In the context of the
ANSYS Stress-Life approach utilizing the Goodman mean stress theory, a life of 10° cycles denotes an
"infinite life' design threshold for steel components. This behavior indicates that the operational stresses
generated by the 100-200 kg loads remain comfortably below the endurance limit of the ASTM A36
material.

Although the total cycle life remains constant at the infinite threshold, the decreasing trend in the fatigue
safety factor (from 2.92 to 1.46) signifies that the margin against fatigue failure is actively narrowing



Indonesian Journal of Energy Vol. 9 No. 2 (2026) 166 — 180 178

as the load increases. The structural joints and frame intersections continue to act as stress risers;
however, the stress concentration at these regions is not severe enough to initiate low-cycle fatigue
(LCF) or rapid crack propagation under the evaluated load limits.

= 100 kg
150 kg
200kg

850000 900000 950000 1000000
Life of Cycle (N)

Figure 9. Fatigue life curves of the char removal unit under varying mechanical loads (100 kg, 150
kg, and 200 kg).

Therefore, as long as the operational mass does not significantly exceed 200 kg, the char removal unit
is predicted to operate reliably without premature fatigue failure. Maintaining these operational
thresholds and ensuring high-quality fabrication (such as proper welding techniques) at the critical
joints are sufficient to guarantee the long-term serviceability of the biomass gasification component
(Al-Mukhtar & Koenke, 2025; Alshoaibi et al., 2021; Beber & Schneider, 2020).

4. Conclusions

This study successfully evaluates the structural integrity and fatigue performance of a char removal
system operating under high-temperature gasification conditions using ANSYS-based Finite Element
Analysis. Based on the quantitative data extracted from the simulations, it is concluded that mechanical
load acts as the primary driver of structural degradation, dictating the peak magnitude of the structural
response. The maximum equivalent stress scales linearly from 48.479 MPa at a 100 kg load to 96.958
MPa at a 200 kg load. Conversely, temperature variations (800 °C to 1,200 °C) do not significantly alter
the peak stress values but crucially expand the spatial distribution of strain and deformation due to the
thermal softening of the material.

Furthermore, as demonstrated by the fatigue life curve, this load-driven stress amplification leads to a
non-linear, rapid degradation of the component’s operational life. Increasing the applied load from 100
kg to 200 kg reduces the fatigue safety margin, with the minimum safety factor dropping from 2.92 to
1.46. Despite this reduction, the values remain strictly above unity, allowing the structure to consistently
maintain an infinite fatigue life of 1 X 10° cycles across all tested scenarios. The stress concentrations
are localized at structural joints, but they remain below the critical threshold for crack initiation.

These data-driven findings definitively indicate that standard ASTM A36 steel is structurally adequate
and highly reliable for the char removal unit within the 100-200 kg load range. While the component
is not currently vulnerable to premature fatigue failure, the halved safety margin at the maximum load
suggests that any unexpected dynamic overloading could risk crack initiation. Finally, while this
computational study provides critical design insights, future research will focus on the empirical
validation of these numerical findings through physical testing of the char removal unit prototype under
actual operational gasification conditions.
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