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Cyclones play a crucial role in particle separation from fluid streams due to their high
efficiency and low cost. In this study, the performance enhancement of a gas cyclone was
investigated through step-by-step geometric modifications. These changes were aimed at
improving flow guidance, reducing turbulence fluctuations, and increasing particle-wall
interactions to improve overall cyclone performance, a concept referred to in this study
as flow control. Initially, the Stairmand cyclone was selected as the baseline model, and
its performance was analyzed using numerical simulations with the Reynolds Stress
Model (RSM) and the Eulerian-Lagrangian approach in ANSYS Fluent software. A
structured mesh was generated, adhering to quality criteria to ensure accurate results. The
numerical model was validated against published experimental data, demonstrating good
agreement with less than 10% error. Geometric modifications were applied to four main
sections of the cyclone: the inlet, vortex finder, body, and collection section. The results
showed that the 360-degree turning inlet design, by better guiding the flow and increasing
particle-wall collisions, enhanced the separation efficiency by 11.52% and reduced the
cut-off diameter by 12.14%, though it caused a 22.04% increase in pressure drop. The
addition of a curved vortex finder reduced the pressure drop by 7.49% compared to the
first modification and had a positive overall effect. Introducing a cylindrical vortex-
stabilizing rod in the cyclone body reduced flow oscillations and further improved
separation efficiency by 1.15% compared to the previous stage. Finally, the
implementation of a reverse cone in the collection section enhanced fine-particle
separation, reducing the cut-off diameter to 1.3 micrometers. These findings provide a
foundation for further cyclone optimizations and highlight the potential for improving
their performance in industrial applications.

Introduction

A major limitation of conventional cyclones is reduced
efficiency for particles smaller than 5 pm, often accompanied

Cyclones are widely used for gas—solid separation in
industries such as oil and gas, petrochemical, metallurgy, and
mining due to their simple design, absence of moving parts,
and low maintenance cost. Despite their structural simplicity,
the internal flow is highly complex and strongly influenced
by geometry, inlet conditions, and vortex dynamics. Cyclone
performance is commonly described by collection efficiency,
n(Dy), and cut-off diameter, dso, which represents the particle
size collected with 50% efficiency. A smaller dso indicates
better fine-particle separation capability.

by increased pressure drop when design modifications are
introduced. Therefore, optimizing cyclone geometry to
enhance separation performance while controlling pressure
loss has become a central research focus.

Although traditional analytical models provide initial insight
into cyclone behavior, modern computational fluid dynamics
(CFD) enables more accurate analysis of internal flow
structures. Unlike previous studies that modified individual
components, the present study evaluates sequential and
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combined geometric modifications to the inlet, vortex finder,
body, and dust collection sections to improve overall
performance.

Methodology

A standard Stairmand high-efficiency cyclone was selected
as the baseline geometry (Fig. 1). All geometric parameters
were defined proportionally to the main body diameter
according to conventional design ratios. The three-
dimensional model was created in SolidWorks, prepared for
simulation in SpaceClaim, and meshed using ICEM CFD, as
illustrated in Fig. 2. A structured mesh was generated to
improve numerical stability and solution accuracy.

The Reynolds Stress Model (RSM) with standard wall
functions was employed to accurately capture the highly
swirling and anisotropic turbulent flow inside the cyclone.
Boundary conditions included a uniform inlet velocity of 16.1
m/s, a pressure outlet condition, and no-slip walls (Table 2).
The SIMPLEC algorithm was used for pressure—velocity
coupling, while the PRESTO scheme was applied for
pressure discretization. Second-order upwind schemes were
used for momentum and turbulence quantities, and first-order
upwind was applied for Reynolds stress equations (Table 3).

A mesh independence study was conducted using grids
ranging from 100,000 to 1.4 million cells. Results showed
negligible variation in pressure drop and velocity profiles
beyond approximately 500,000 cells (Fig. 3); this mesh size
was therefore selected as optimal.

Model validation was performed by comparing axial and
tangential velocity profiles at Z = 0.75D with experimental
data (Figs. 4 and 5). Pressure drop predictions were validated
at inlet velocities of 6, 10, 16.1, 20, and 25 m/s (Fig. 7).
Additionally, particle separation efficiency was evaluated for
a 0.3-m diameter cyclone using talc particles and compared
with experimental results (Fig. 8). A particle number
independence test (Fig. 9) confirmed numerical stability and
justified the one-way coupling approach.

Results and Discussion

Four geometric modifications were sequentially applied to
the baseline Stairmand cyclone, targeting the inlet, vortex
finder, body, and dust collection section (Fig. 10). The
objective was to control internal flow behavior, reduce
turbulence intensity, stabilize the vortex core, and enhance
particle-wall interaction.

Funding: This research did not receive any specific grant
from funding agencies in the public, commercial, or not-
for-profit sectors.

Conlflicts of Interest: The authors declare no conflict of
interest.

In the first stage, implementing a 360° spiral inlet
significantly improved flow guidance toward the cyclone
wall. This modification increased collection efficiency by
11.52% and reduced the cut-off diameter by 12.14%,
although pressure drop increased by 22.04% relative to the
baseline model.

In the second stage, replacing the flat vortex finder roof with
a curved design reduced the pressure drop by 7.49%
compared to the previous stage, while maintaining similar
separation performance.

The third modification involved adding a vortex stabilizer to
the cyclone body. This reduced flow fluctuations in the core
region and decreased the cut-off diameter to 1.39 um.
However, pressure drop increased by 15.14% relative to the
baseline model.

Finally, introducing a twisted, inverted hybrid solid cone in
the dust collection section enhanced fine-particle separation.
Collection efficiency increased by 16.87%, and the cut-off
diameter decreased to 1.3 pm, while pressure drop remained
within an acceptable range. Although the effects were not
strictly additive, the combined configuration resulted in
overall performance improvement.

Conclusion

This study investigated the sequential application of four
geometric modifications to a Stairmand cyclone using a
validated CFD model. The results demonstrated that the 360°
spiral inlet had the most significant influence on improving
separation efficiency and reducing cut-off diameter, albeit at
the expense of higher pressure drop. Subsequent
modifications, including a curved vortex finder roof, vortex
stabilizer, and twisted inverted hybrid cone, contributed to
flow stabilization and enhanced fine-particle separation.

Although the interaction between modifications was not
purely synergistic, the combined design achieved superior
overall performance compared to the baseline model. The
findings confirm that integrated geometric optimization of
multiple cyclone components can provide a practical strategy
for designing next-generation industrial cyclones with higher
efficiency and controlled pressure drop.

Author Contributions: All authors contributed to the
reported work for conceptualization, methodology,
validation, writing-review and editing, and supervision.
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Table 1. Geometry of the benchmark cyclone.
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Quantity Value
D 290 mm
D./D 0.5
B./D 0.375
D4/D 1
H/D 1.5
H/D 2.5
L4«/D 1
L./D 0.5
L/D 0.85
a/D 0.5
b/D 0.2
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Figure 1. Schematic of the benchmark cyclone
and its parameters geometric.
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Figure 2. Cyclone geometry design (left), preparation of the cyclone geometry for simulation (middle), and structured
computational mesh (right).
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Tabe 2. Boundary conditions in cyclone problem.

Boundary Boundary Condition Type Description
Inlet Velocity Inlet Inlet velocity: 16.1 m/s; usin-g hyd.raulic diameter and
turbulence intensity
Outlet Outflow Natural outlet a.ll.lowing flow Fo exit without
additional constraints
Other surfaces Wall No-slip wall
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Table 3. The adjustments in the numerical method.

. Selected o e
Variable Method Description
Pressure— Suitable for

velocity Simple-C | steady flow with
coupling fast convergence
. Pres§ur§ PRESTO Optlrplzed for
discretization swirling flows
Momentum and Second- Higher accuracy
Kinetic ener Order for other
&y Upwind variables
Reynolds stress F irst-Qrder Improves solver
Upwind convergence
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34 Semi Implicit Method for Pressure Linked Equations
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Figure 4. Validation of numerical results against

experimental data for tangential velocity at the Z =
0.75D section.
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Figure 5. Validation of numerical results against

experimental data for axial velocity at the Z = 0.75D
section.
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Figure 6. The velocity and pressure contour in the
nominal condition.
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Figure 9. Independence study for the particle numbers
in the benchmark cyclone.
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Figure 7. validation of the numerical simulation versus
experimental data-pressure drop.
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Table 4. Result for the change in the cyclone inlet
geometry.

Performance Base New Value
Parameter Case (Percentage
Change (%))
Pressure drop (Pa) 1386.3 | 1691.91(+22.04%)

Separation efficiency
(%)
Cut-off diameter (um) 1.73

76.35 | 85.15(+11.52%)

1.52(—12.4%)
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Figure 12. View of a cyclone with a curved vortex-finder.
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Figure 10. The evolution in the geometry of cyclone.
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Figure 11. View of the cyclone with an integrated spiral
inlet.
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Table 5. Result for the change in the cyclone vortex finder section.

Performance Base Previous New Value Percentage Change vs.
Parameter Case Value (Percentage Change (%)) Base Case (%)
Pressure drop (Pa) 1386.3 1691.9 15.15(-7.49%) +12.9%
o offici
Separat“z‘(}/‘; ielency 76.35 85.15 85.31(-+0.18%) +11.72%
0
Cut-off diameter (um) 1.73 1.52 1.51(-0.66%) -12.71%
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Table 6. Result for the adding vortex stabilizer column.

Performance Parameter Base Previous New Value Percentage Change
Case Value (Percentage Change (%)) vs. Base Case (%)
Pressure drop (Pa) 1386.3 1565.15 1596.29(+1.98%) +15.14%
Separation efficiency (%) 76.35 85.3125 86.3(+1.15%) +13.02%
Cut-off diameter (um) 1.73 1.51 1.39(=7.94%) -19.65%
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Figure 15. Comparison chart of the cumulative
particle separation efficiency of each modification
stage.
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Table 7. Result for the addin

a conic in the dust bin section.

Performance Parameter Base Previous | New Value (Percentage Percentage Change vs.
Case Value Change (%)) Base Case (%)
Pressure drop (Pa) 1386.3 1596.29 1584.84(-1.47%) +13.45%
Separation efficiency (%) 76.35 86.3 89.24(+3.4%) +16.87%
Cut-off diameter (um) 1.73 1.39 1.3(-6.47%) —24.85%
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Health monitoring of rotating machinery, particularly wind turbines, has become
increasingly important due to the demand for reliability, efficiency, and reduced
maintenance costs in renewable energy systems. Wind turbine blades, being large
composite structures subjected to dynamic loading and harsh environmental
conditions, are highly vulnerable to damage such as crack initiation and growth.
Early detection of such damage is critical to prevent catastrophic failures and costly
downtime. This study applies vibration-based modal analysis in combination with
fracture mechanics principles to monitor the health of a composite wind turbine
blade. A finite element (FE) model was developed in ANSYS to simulate the
structural response of the blade under different crack lengths and positions. The
natural frequencies and mode shapes were extracted for both healthy and defective
blades. Results reveal a clear relationship between crack growth and frequency
reduction. Critical crack depths were identified: 250 mm for cracks near the root, 300
mm for cracks in the middle, and 350 mm for cracks near the tip. Furthermore, each
mode exhibited different levels of sensitivity to crack location, with bending modes
more responsive near the root and torsional modes more affected near the tip. These
findings highlight the potential of modal analysis as a practical tool for structural

health monitoring (SHM) of wind turbine blades in real-time applications.

Introduction

The rapid expansion of wind energy as a major renewable
resource has led to significant growth in the deployment of
large-scale wind turbines. Ensuring the structural integrity of
their blades is critical because any failure in these
components directly impacts energy production, operational
costs, and safety. Wind turbine blades, typically made of
fiber-reinforced composites, experience continuous dynamic
loading from wind forces, gravitational effects, and
centrifugal stresses during operation. Over time, these loads
can initiate cracks that propagate, leading to stiffness
reduction and eventually catastrophic failure.

Traditional non-destructive testing (NDT) methods such as
ultrasonic, eddy current, or radiography are not always
feasible for in-service blades due to accessibility challenges,
cost, and limited reliability under real operating conditions.
As an alternative, vibration-based methods, particularly
modal analysis, offer a promising solution. Modal parameters
such as natural frequencies and mode shapes are highly

sensitive to structural changes. Any alteration in stiffness or
mass distribution caused by cracks or delamination manifests
as detectable shifts in these parameters.

Previous studies have explored the relationship between
notches or cracks and modal behavior in gas turbine
compressor blades, steam turbine blades, and scaled wind
turbine models. However, limited research has addressed the
systematic identification of critical crack depths in full-scale
wind turbine blades and the comparative influence of crack
positions along the blade span. The present study fills this gap
by numerically analyzing a 9.65 m composite blade through
finite element modeling and modal simulations.

Methodology

The methodology integrates finite element modeling, fracture
mechanics, and modal analysis to assess the effect of crack
size and location on the dynamic response of a wind turbine
blade.
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The blade under investigation has a length of 9.65 m and was
modeled according to actual design specifications. A
carbon/epoxy laminate with a thickness of 7.65 mm was used,
providing high strength-to-weight ratio. The layup consisted
of multiple sub-laminates oriented at £45° and 0°, ensuring
anisotropic stiffness representative of real composite
structures.

A full-scale 9.65 m carbon/epoxy blade (7.65 mm total
thickness, layup shown in Fig. 3) was modeled in ANSYS
using 2nd-order tetrahedral elements. Singular elements were
placed near crack fronts to capture stress intensity. Mesh
independence was confirmed (Fig. 6). Root boundary
conditions simulated a clamped hub permitting rotation about
one axis; operating speed 40 rpm (1.6 MW turbine).

Cracks were modeled at root, mid-span and tip; depths
increased from 0 to 400 mm in increments of 50 mm. Modal
analyses extracted modes 14 (three bending, one torsion).

For the healthy blade, the corresponding frequencies were 9
Hz, 19 Hz, 31 Hz, and 40 Hz, respectively. We define the
critical depth as the smallest crack depth where the frequency
drop rate increases sharply.

Results and Discussion

At the root, Mode 1 decreased by >6% at 250 mm crack
depth. At mid-span, Mode 4 decreased >6% at 300 mm. Near
the tip, Mode 4 decreased ~20% at 400 mm. demonstrate that
crack growth induces significant and mode-dependent
reductions in natural frequencies. For cracks located near the
root, frequency reduction begins as early as 150 mm of crack
depth, with a sharp decline observed at 250 mm, particularly
in the first bending mode. At this stage, Mode 1 experienced
a reduction of more than 6%, whereas higher modes exhibited
milder changes, indicating that root cracks primarily affect
the bending stiffness of the blade. In the case of mid-span
cracks, frequency delayed until
approximately 300 mm crack depth. Both Modes 1 and 4
showed higher sensitivity, with the torsional Mode 4
exhibiting a drop exceeding 6% for deeper cracks. This
suggests that the influence of mid-span cracks extends to both
bending and torsional behaviors. For cracks near the tip,

reductions  were

frequency reduction remained negligible until a depth of
about 350 mm, after which Mode 4 became highly sensitive,
showing up to 20% reduction at a crack depth of 400 mm.
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Lower bending modes were only marginally affected in this
region, reflecting the localized impact of tip damage on
torsional stiffness. A comparison of modal sensitivities
reveals that the first bending mode is the earliest and most
reliable indicator of root damage, while the torsional mode
provides the most effective signal for cracks occurring farther
from the root. Modes 2 and 3, by contrast, exhibited relatively
smaller frequency variations and are less effective for early
damage detection. Overall, the study identifies critical crack
depths of 250 mm near the root, 300 mm at mid-span, and
350 mm near the tip, which mark the thresholds where
frequency reductions become abrupt and thus demand
immediate attention in a health monitoring system.

Conclusions

This study establishes the effectiveness of vibration-based
modal analysis as a tool for structural health monitoring of
composite wind turbine blades. Using finite element
simulations, the relationship between crack growth and
natural frequency reduction was quantified. The findings
highlight three major contributions:

1. Critical crack depths: Distinct thresholds were
identified  for  different  blade
approximately 250 mm near the root, 300 mm at
mid-span, and 350 mm near the tip beyond which
frequency drops became sharp and significant.

locations

2. Mode sensitivity: The results highlighted that
bending modes, especially the first mode, are most
sensitive to cracks close to the root, while torsional
modes are strongly influenced by cracks located
toward the tip.

3. Damage localization: By observing the behavior of
specific modes, it is possible not only to confirm the
presence of a crack but also to estimate its
approximate location along the blade span.

In conclusion, modal analysis, combined with fracture
mechanics principles, provides a reliable and cost-effective
approach for real-time health monitoring of wind turbine
blades.

Author Contributions: All authors contributed to the
reported work for conceptualization, methodology,
validation, writing-review and editing, and supervision.
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Fig. 3(a). Material layering according to the angle of the
substrate (thicknesses are in millimeters and angles are in
degrees).
a5 65,518 sasl & azgi Lok Lz gogxi ()Y UKD
(o 4 y0 4 bagly g yio Lo 4 wls ualg)

E2 - ’ \ e
G127 /90 088eri0
. 4 /’,.,.,‘.\ ‘ I|“ I'|I r)\?\2\§e+1 o - .
D k ',]l'.%4:8\4e+10,‘z"
- [ A e X
s e 1 I
A 0 )
. SIS S
i N

Fig. 3(b). Polar mechanical properties of the
material. (Young's modulus and shear modulus
values are Pascal and angles are degrees).
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Fig. 7. Von-mises stress contour.
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Table 1. Natural Frequencies of normal blade in 4 first

modes.
Mode Frequency (Hz) Type
1 9 Bending
2 19 Bending.
3 31 Bending.
4 40 Torsion
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Fig. 10(a). Graph of the ratio of the change in natural
frequency to the initial value as a function of crack depth
for a crack near to the root.
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Fig. 10(b). Graph of the ratio of the change in natural
frequency to the initial value as a function of crack depth
for a crack in the middle.
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Fig. 10(c). Graph of the ratio of the change in natural
frequency to the initial value as a function of crack depth
for a crack near the tip.
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Fig. 8(a). Location of crack near to root.

Fig. 8(b). Location of crack in the middle of blade.
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Fig. 8(c). Location of crack near to tip.
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Fig. 11(a). Percentage drop in frequency of modes after
critical length for a crack near the root.
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Fig. 11(b). Percentage drop in frequency of modes after
critical length for a crack in the middle.
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Fig. 11(c). Percentage drop in frequency of modes after
critical length for a crack near the tip.
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Table 2. Percentage of natural frequency drop for a
crack length of 400 mm at different positions.

Mode Root Middle Near Tip
1 6.8 4.46 0.02
2 0.85 0.37 2.72
3 0.46 1.71 12.90
4 1.40 6.72 20.71
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In this study, an integrated system for producing clean hydrogen from eucalyptus biomass
was designed and analyzed. The system consists of four main units: a gasification reactor,
a steam-methane reforming reactor, a water-gas shift reactor, and a palladium membrane
for hydrogen separation. The equations of the process were implemented and solved
using Engineering Equation Solver (EES) software and the outcomes were validated
against experimental data reported in the literature, showing good agreement. The
findings indicate that gasification temperature plays a decisive role in determining the
composition of the produced gas. Specifically, with increasing temperature, the hydrogen
fraction at the gasification reactor outlet rose by 15.26% in the gasification reactor outlet
and by 20.71% in the steam-methane reforming reactor, while it decreased by 2.12% in
the water-gas shift reactor. Moreover, higher temperatures enhanced the hydrogen flux
through the palladium membrane from 0.29 to 1.52 J/m2s, highlighting the strong

multipliers,

clean hydrogen,
Water-gas shift reactor,
Palladium separation
membrane.

influence of operating conditions on system performance.

Introduction

The combustion of fossil fuels results in greenhouse gas
emissions, which are among the main drivers of climate
change and global warming. Therefore, the design and
development of clean and sustainable energy systems have
received increasing attention [2]. Clean energy systems play
a crucial role in ensuring sustainable energy supply and
mitigating environmental degradation, making them a
fundamental pillar in the transition toward a livable and
sustainable future [3]. Biomass is recognized as one of the
most important renewable energy resources and includes
natural organic materials such as wood residues, agricultural
residues, and forest wastes that can be converted into energy
[4]. Due to its renewability and wide availability, biomass
utilization offers an effective solution for reducing

dependence on fossil fuels and limiting greenhouse gas
emissions. Biomass gasification is an efficient
thermochemical conversion process in which biomass is
transformed into syngas at high temperatures in the presence
of gasifying agents such as steam [5]. The produced syngas
mainly consists of hydrogen, carbon monoxide, carbon
dioxide, and methane and can be used as fuel in various power
generation systems. The development of biomass-based
gasification systems not only reduces environmental
pollutants but also promotes efficient resource utilization and
sustainable energy production [6,7].

Methodology

Figure 1 illustrates the configuration of the proposed system.
Initially, eucalyptus along with steam enters the gasification
reactor, where the biomass undergoes thermal decomposition
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at high temperatures, leading to the production of syngas
through gasification reactions. The resulting syngas consists
of hydrogen, carbon monoxide, methane, carbon dioxide, and
steam. Subsequently, the syngas is directed to the steam
methane reforming reactor, in which methane is converted
into hydrogen and carbon dioxide, thereby increasing the
hydrogen content of the gas mixture. The hydrogen-enriched
syngas then enters the water-gas shift reactor, where the
reaction between carbon monoxide and steam produces
additional hydrogen and carbon dioxide, further enhancing
the hydrogen fraction. In the final stage, the syngas is fed into
a palladium-based separation membrane, which selectively
separates hydrogen from the remaining gas components. Eq.
(1) represents the steam gasification process of eucalyptus
biomass, where CH,Op denotes the chemical composition of
the biomass [25], and o and B indicate the hydrogen-to-carbon
and oxygen-to-carbon ratios, respectively. According to Egs.
(2) to (11), the coefficients of the syngas components are
determined using a combined Gibbs free energy minimization
and Lagrange undetermined multipliers method [21-24]. For
a reactive system at constant temperature and pressure, the
Gibbs free energy minimization approach is applied subject
to elemental balance constraints. The unknown molar
amounts in the steam methane reforming (Eqs. (12) and (14))
and water-gas shift reaction (Eqgs. (13) and (15)) [26] are also
calculated using this combined thermodynamic method.
According to Egs. (16) and (17), hydrogen permeation
through the palladium membrane is described using a
temperature-dependent permeability model, highlighting the
strong influence of operating temperature on hydrogen flux
[27].

Results and Discussion

Figure 2 shows system validation, where a good agreement is
observed between the present simulation results and the
experimental data reported in Ref. [21]. The variation of
syngas composition versus the steam-to-biomass ratio
(STBR) is illustrated in Figure 3. Increasing STBR enhances
steam participation, which decreases the molar fraction of
carbon monoxide significantly due to the intensified water-
gas shift reaction. Meanwhile, molar fractions of hydrogen
and carbon dioxide also decrease. The effect of temperature
on syngas composition is presented in Figure 4. As
temperature increases, steam and methane fractions decrease,

Funding: This research did not receive any specific grant
from funding agencies in the public, commercial, or not-
for-profit sectors.

Conlflicts of Interest: The authors declare no conflict of
interest.

with methane dropping from 5.12% to 0.02%. In contrast,
hydrogen and carbon monoxide increase from 35.32% to
40.71% and from 9.93% to 18.85%, respectively, while
carbon dioxide decreases from 15.74% to 8.82%, mainly due
to the Boudouard reaction.

After gasification, the syngas enters the steam methane
reforming reactor. As shown in Figure 5, increasing
temperature raises hydrogen and carbon monoxide fractions
while reducing carbon dioxide by about 4.17%, consistent
with Le Chatelier’s principle. The temperature effect on the
water-gas shift reactor is illustrated in Figure 6, where
hydrogen slightly decreases and carbon dioxide increases due
to the exothermic nature of the reaction. Figure 7 shows that
increasing temperature enhances hydrogen permeation
through the palladium membrane, with hydrogen flux
increasing from 0.29 to 1.52, indicating improved separation
performance.

Conclusion

This study investigated the feasibility of energy production
and hydrogen purification from eucalyptus biomass through
a gasification-based process. The integration enhanced
system efficiency and produced clean hydrogen. The main
findings can be summarized as follows:

v' Increasing the temperature reduced the hydrogen
fraction from 61.31% to 60.01% of the water-gas shift
reactor while increasing carbon dioxide from 10.22% to
12.13%.

v Higher temperatures reduce the carbon dioxide fraction
in the reforming reactor by
approximately 4.17%..

steam methane

v' Increasing temperature improved hydrogen permeation
through the palladium membrane from 0.29 to 1.52 and
enhanced hydrogen and carbon monoxide fractions in
the gasification reactor outlet.

Author Contributions: All authors contributed to the
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validation, writing-review and editing, and supervision.
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Figure 1. Schematic of the system contains the gasifier,
SMR, WGSR reactors and palladium separation
membrane.
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Table 1. Gibbs free energy minimization approach
coupled Lagrangeundetermined multipliers method.
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Table 2. Baseline and input parameters18-1% 23-25]

Parameter Value | Unit
Pressure of gasifier 500 kPa
;F];::;gﬁiglre of gasifier 250 °C
Steam to Eucalyptus ratio 1.5 -
Pressure of SMR 498.1 kPa
Temperature of SMR 823.2 °C
Pressure of WGSR 497.1 kPa
Temperature of WGSR 623.2 °C

Pressure of palladium membrane | 496.2 | kPa

Temperature of palladium

623.2 °C
membrane
Exponent of palladium
0.5 -
membrane
Thickness of palladium
6 um
membrane

Activation energy of palladium 16700 | T/mol

membrane

Pressure drops 5 %

Atmospheric pressure 101.3 | kPa
Atmospheric temperature 25 °C

Eucalyptus chemical data (wt %)

Ultimate analysis Proximate analysis

Carbon 52.80 | Combustible 88.70

Hydrogen | 6.40 Moisture 0.70

Oxygen | 40.40 Ash 10.60

Nitrogen | 0.40

Sulfur -
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process syngas versus temperature.
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Article Info Abstract

Rotating systems such as axial flow fans and wind turbines play a vital role in cooling
Article history: processes and clean energy generation. However, a major challenge in their operation is
Received: 5 October 2025 the noise produced by flow instabilities, particularly tip-leakage vortices. Consequently,
Revised: 18 December 2025 the development of advanced noise-reduction technologies has become an important

research priority. Recent studies have demonstrated that incorporating porous casings can
significantly mitigate noise levels. In this study, porous structures based on Triply
Periodic Minimal Surfaces (TPMS) were employed to evaluate their aeroacoustic
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performance. First, the sound absorption coefficient of these structures was analyzed, and

Keywords: the Gyroid with 50% porosity was identified as the optimal design. This structure was
Sound absorber, then applied to two key case studies: the casing of an axial fan and the duct surrounding
aeroacoustics, a ducted wind turbine. A combined numerical and experimental analysis was conducted
noise reduction, to investigate both aerodynamic characteristics and the mechanisms of noise generation

porous media. and suppression. The results indicate that the TPMS-based casing effectively reduces the

strength and size of tip-leakage vortices while attenuating turbulence intensity near the
casing wall. Moreover, the optimized design suppresses both blade passing frequency
(BPF) noise and turbulence-interaction noise. Quantitatively, the proposed approach
achieved a 6 dB reduction in OASPL (approximately 11%) for the axial-flow fan,
corresponding to a 36% decrease in accumulated acoustic energy. For the ducted wind
turbine, the porous structure improved acoustic behavior, leading to an 8% reduction in
overall sound pressure level (OASPL). These findings confirm that TPMS-based designs
offer a promising and efficient aeroacoustic solution for noise reduction in rotating

machinery.
Introduction cardiovascular risks [4-6]. Conventional porous absorbers
Noise pollution is among the most pervasive environmental (polymeric  foams and metal foams), despite their
problems in industrial societies. It arises from diverse effectiveness, suffer limitations in mechanical strength,
sources, particularly rotating equipment such as wind environmental durability, and broadband performance,
turbines and industrial fans, which affect environments and restricting their use under strong flows [9-11]. Triply
human health [1-3]. Continuous exposure to such noises periodic minimal surface (TPMS) structures, manufacturable
causes consequences beyond annoyance, including sleep via additive methods, offer high surface-to-volume ratios,
disturbance, reduced performance, mental health issues, and tunable porosity/permeability, and favorable mechanical
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properties, making them a promising alternative [12]. Studies
report that TPMS can provide broadband absorption and
significant frequency reductions, in some cases exceeding 20
dB [13]. In turbomachinery, primary noise sources are tip-
leakage flows and associated vortices, which increase both
noise level and spectral extent [14,15]. To address the limited
investigation of TPMS-based porous treatments for radial
noise attenuation, this study first measures experimental
absorption coefficients of TPMS samples and selects an
optimal geometry, then evaluates noise-reduction capacity
and the interaction mechanisms between the porous structure
and turbulent flow through combined
experimental analyses on a fan casing and a turbine duct.

numerical—

Methodology

To demonstrate the effectiveness of porous structures for
noise mitigation, two key applications are investigated: an
axial-flow fan and a ducted wind turbine. For the axial fan, a
combined approach is adopted, comprising experimental
acoustic tests and a purely aerodynamic numerical analysis.
The experiments aim to quantify the real acoustic
performance of porous casings in an anechoic chamber, while
the numerical simulations focus on elucidating the physical
noise-reduction mechanisms, such as modifications of tip-
leakage vortex structures, reductions in turbulent kinetic
energy, and changes in the near-wall flow field, rather than
achieving strict quantitative aeroacoustic matching. In
contrast, for the ducted wind turbine, practical limitations in
prototype fabrication and testing motivate a fully numerical
framework that integrates aerodynamic simulations with
aeroacoustic  post-processing, enabling a
assessment of noise sources and the influence of TPMS

continuous

linings. In both systems, the use of advanced porous
architectures is expected to improve aeroacoustic behavior
and reduce overall noise levels, demonstrating an efficient,
transferable strategy for airflow-noise control. For the axial-
fan casing, TPMS-based liners were first designed using
MATLAB and subsequently fabricated via additive
manufacturing. Performance was evaluated experimentally in
an acoustic chamber and numerically using XFlow. The
tested fan measured 120x120%25 mm, featured seven blades,
operated at 1200 rpm, and had a blade-passing frequency of
140 Hz; the hub radius, tip radius, and tip clearance were 23,
55, and 2 mm, respectively. TPMS casings were printed from
PLA, selected for its printability and ability to reproduce
complex geometries with high accuracy. Measurements were

Funding: This research did not receive any specific grant
from funding agencies in the public, commercial, or not-
for-profit sectors.

Conflicts of Interest: The authors declare no conflict of
interest.

conducted in a 3x3x4 m anechoic chamber with a 100 Hz cut-
off frequency. Sound pressure was recorded at 12 locations
distributed on a sphere of 0.8 m radius around the rotor. The
setup followed ISIRI 6184 standards; signals were acquired
using a PRM1 microphone at 44.1 kHz and 24-bit resolution,
processed in MATLAB, and corrected for background noise.

Results and Discussion

Experimental acoustic tests demonstrate that a gyroid porous
casing at 50% porosity outperforms both a solid casing and
the uncased condition: average Sound Pressure Level (SPL)
reductions of about 3—4 dB across frequencies and an
approximate 36% reduction in accumulated sound energy
(ASE) were observed (Fig. 8). OASPL distributions show
directional noise reductions and a mean drop of 6 dB
(approximately 11%) with the porous casing, although
localized higher levels appear due to counterclockwise rotor
motion and interactions between separation vortices and
succeeding tip vortices (Fig. 9). Results indicate the porous
casing alters the near-wall flow, reduces absolute velocities,
and weakens tip-leakage vortices, thereby lowering leakage
momentum and producing a smoother flow field (Fig. 11). In
the ducted-wind-turbine study, leading-edge and inner-
surface regions near the hub were identified as dominant
noise sources (Fig. 12); implementing gyroid liners over
~10% chord downstream of the leading edge and ~30% of the
inner surface produced notable SPL reductions and lowered
OASPL from 56.75 dB to 52.16 dB (~8% overall) (Figs. 14—
15). The primary noise-mitigation mechanism is vortex
fragmentation: TPMS layers break large coherent vortices
into many smaller, dissipative structures, increasing viscous
loss and suppressing strong tonal sources.

Conclusion

This study evaluated porous TPMS-based architectures for
noise reduction in axial fans and ducted wind turbines.
TPMS—vparticularly a gyroid at 50% porosity—provided
effective sound absorption with minimal aerodynamic
penalty. Experimental results for the fan showed an average
OASPL reduction of about 6 dB (approximately 11%) and a
36% decrease in accumulated acoustic energy. In the ducted
turbine, TPMS lining produced an overall sound-pressure-
level reduction of roughly 8%. Numerical analyses indicate
the dominant mitigation mechanism is vortex fragmentation
and dispersion, increasing viscous dissipation and thereby
weakening coherent noise sources.

Author Contributions: All authors contributed to the
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validation, writing-review and editing, and supervision.
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Table 1. Mathematical formulation and microscopic detail for various types of TPMS structures.
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Table 2. Porosity relations and extracted pore size coefficientsfor different TPMS structures.

Structure Range of C Variations Derived Porosity Relation Extracted Pore Size Coefficients
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Figure 1. Porosity and pore size distribution and fitting curves for different types of TPMS structures.
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Figure 2. Various TPMS-based porous casings showcased: (a) Type G with 50% porosity, (b) Type G with 35% porosity,
(c) Type P with 50% porosity, and (d) Type D with 50% porosity.
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Figure 3. Impedance tube setup for testing sound
absorption properties.
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Figure 4. Impact of TPMS Structure Type on Sound
Absorption.
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Figure 5. Influence of Porosity on Sound Absorption for
Gyroid.
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Figure 8. Comparative analysis of sound pressure level
and accumulated sound energy spectra for fan with
solid casing, uncased, and Gyroid porous casing under
identical operating.
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Figure 7. A schematic of the experimental setup for
measuring axial flow fan noise using a single
microphone: (a) Overall view of the acoustic chamber
apparatus, (b) the casings under investigation and (c)
Fan casing geometry.
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and boundary conditions, and (b) discrete schematic
diagram of domain.
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Figure 9. OASPL distribution curve for fan with solid
casing, uncased, and Gyroid porous casing under
identical operating conditions.
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Figure 11. Comparison of aerodynamic characteristic contours for solid and porous casings: (a) streamlines contour, (b)
velocity vectors contour, and (c) vorticity contour.
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Article Info Abstract

Interfacial cracking between solder joints and printed circuit boards (PCBs) can
Article history: compromise the mechanical reliability of electronic assemblies subjected to severe
Received: 7 December 2025 vibration. This study develops an interfacial fracture criterion for predicting crack
Revised: 31 August 2026 initiation under mixed-mode I/II loading. The formulation is based on the maximum

strain energy release rate criterion and incorporates the T-stress as the non-singular term
Accepted: 6 September 2026 . . . . .
of the near-tip stress field. The PCB is modeled as an orthotropic material using the
reinforced isotropic solid concept, while the solder is treated as isotropic. The resulting

formulation accounts for the influence of material anisotropy and T-stress on mixed-

Keywords: mode interfacial fracture. The predicted fracture limit curves are compared with available
Electronic board, experimental data for validation. The results show that inclusion of the T-stress improves
interfacial fracture, agreement between the theoretical fracture limit curves and experimental observations,
T—st'ress term, demonstrating its importance in predicting interfacial fracture under mixed-mode
strain energy release rate. loading

Introduction Rice and Sih [8]. These solutions reveal oscillatory stress

The design and precision manufacturing of space systems are variations and crack surface overlap near the tip.

critically important due to their extremely high costs.
Electronic boxes constitute the primary components of these
systems [1]. Accurate modeling, analysis, and detailed
investigation of electronic boxes represent a core requirement
in the aerospace domain. Solder joints frequently fail due to
cracking within the solder or along the interface with the
circuit board under thermal and mechanical loading
encountered during assembly, testing, or service [2-3].

Various theoretical criteria for mixed-mode I/II fracture in
composites have been proposed in the literature, based on
energy or stress concepts. Among stress-based criteria, the
maximum principal stress criterion [11“has been proposed”
or "is widely used.". Regarding energy-based approaches, the
maximum strain energy release rate [12] and minimum strain
energy density [13] criteria have been proposed for
composites.

Fracture mechanics assessment of an interfacial crack
between two dissimilar materials is essential for evaluating
the integrity of adhesive bonds, composites, and similar
structures [4]. The elastic solution for the stress field around
an interfacial crack tip has been derived, with stress intensity
factor definitions discussed by Williams [7], Erdogan [5], and

The literature review indicates a clear need for developing
mathematical tools to assess and predict interfacial fracture.
This study investigates interfacial fracture between solder
joints and electronic boards. The maximum strain energy
release rate criterion is extended to include the out-of-plane
stress component for improved fracture prediction under in-
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plane loading. The electronic board is modeled as an
orthotropic material using a reinforced isotropic solid model.
To validate the proposed criterion, the resulting fracture limit
curve is compared with experimental data.

Methodology

Experimental observations indicate that a crack with any
arbitrary orientation relative to the fibers in orthotropic
materials tends to rotate toward the fiber direction and
subsequently propagates through the isotropic matrix phase
of the composite [18]. Accordingly, in the fracture process of
orthotropic materials, it is assumed that the crack resides
within the isotropic matrix, which is reinforced by fibers.
Based on this experimental evidence, the reinforced isotropic
solid model is introduced. From the derived relations,
reinforcement coefficients relating the normal and shear
elastic moduli are obtained.

Fracture in solder joints predominantly occurs near the
electronic board, although crack initiation adjacent to
electronic components has also been reported in experimental
studies [21]. This fracture typically initiates from the outer
edges of the joint.

In this section, fracture and interfacial crack growth between
orthotropic and isotropic materials under mixed-mode I/IT
loading are investigated. The crack length is denoted by a.
Loading is considered as a combination of shear and tensile
loads. The stress field around the tip of an interfacial crack in
an isotropic material under mixed-mode I/I loading is
presented, including the T-stress term. It is important to note
that the T-stress term differs for the two dissimilar materials
[19].

The development and derivation of the maximum strain
energy release rate criterion begin with presenting the
mathematical relations governing stresses in the orthotropic
material. The tangential stress in the orthotropic material is
expressed through the concept of the reinforced isotropic
solid.

Finally, the magnitude and direction of the T-stress term in
both isotropic and orthotropic materials are examined.
Subsequently, the maximum strain energy release rate
criterion is extended to incorporate the T-stress parameter.
The first step in this development is to derive the stress fields
of the orthotropic material while accounting for the T-stress
term. In this manner, the stress field in the orthotropic
material is expressed via the reinforced isotropic solid model.

Funding: This research did not receive any specific grant
from funding agencies in the public, commercial, or not-
for-profit sectors.

Conlflicts of Interest: The authors declare no conflict of
interest.

Results and Discussion

In this section, the maximum strain energy release rate
criterion is validated for predicting interfacial fracture onset
in laminated composites under in-plane loading. Theoretical
fracture limit curves obtained from this criterion are
compared with experimental data to evaluate prediction
accuracy. The experimental results are derived from
interfacial fracture tests on unidirectional glass/epoxy
composites, as reported in reference [26]. In these tests,

critical stress intensity factors for pure mode I ( K, ) and pure

mode II ( K, ) were determined.

Fig (4) demonstrates that incorporating the T-stress term
shifts the theoretical fracture limit curve toward convergence
with experimental data. This finding confirms that the T-
stress is a crucial parameter for predicting interfacial fracture
onset. The improvement in prediction accuracy highlights the
importance of including higher-order terms in the stress field
expansion near the crack tip, particularly for materials with
significant anisotropy.

For further validation of the proposed mixed-mode fracture
criterion, the fracture limit curve based on the maximum
strain energy release rate criterion is derived for an IM7/977-
2 composite laminate with a [0, 45] layup orientation, as
shown in Fig (5). The good agreement between the fracture
limit curve and experimental data indicates that this criterion,
through proper modeling of material anisotropy, accurately
predicts interfacial fracture behavior in composite materials.
This consistency across different material systems and layup
configurations confirms the robustness and general
applicability of the proposed criterion for practical
engineering applications.

Conclusion

This paper investigates interfacial fracture between
components of a satellite electronic board. The reinforced
isotropic solid model is used to model the orthotropic
material, accounting for stress fields in both fibers and matrix.
The T-stress term is included in the normal and shear stress
equations around the crack tip for improved accuracy. By
developing the stress field for an interfacial crack between
orthotropic and isotropic materials under mixed-mode I/II
loading, the maximum strain energy release rate criterion is
proposed. For validation, fracture limit curves based on this
criterion are compared with experimental results. The
comparison confirms that the proposed criterion provides
sufficient accuracy for predicting interfacial crack growth
onset between isotropic and orthotropic materials.

Author Contributions: All authors contributed to the
reported work for conceptualization, methodology,
validation, writing-review and editing, and supervision.
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Figure 5. Comparison of the predicted surface fracture
limit curve with experimental data [34] for [0, 45]
composite laminates.
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Table 1. Mechanical properties of the UE400REM/ET443
unidirectional lamina.’!

E (GPa) | E,(GPa) | G,(GPa) | v, V,, V,
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Figure 4. Comparison of the predicted interfacial
fracture limit curve with experimental data,”** for [0, 90]
composite laminates.
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This study investigates the Extended Kalman Filter (EKF) and Unscented Kalman
Filter (UKF) for fusing wheel encoder and digital compass measurements in a
differential-drive mobile robot. A nonlinear kinematic model predicts position and
heading from encoder data, while compass measurements correct the estimated
heading. The algorithms are implemented in MATLAB using Arduino-acquired data. A
camera-based tracking system provides the reference position for two predefined
trajectories. For Path 1, the overall position root-mean-square error (RMSE) decreases
from 1.2016 m for encoder-only localization to 1.1453 m with EKF and 1.1007 m with
UKF, corresponding to reductions of 4.69% and 8.40%. For Path 2, RMSE decreases
from 0.9184 m to 0.8367 m and 0.8099 m, corresponding to reductions of 8.89% and
11.81%. UKF additionally reduces RMSE relative to EKF by 3.90% and 3.20% for the
two paths. Although UKF provides the lowest error, its improvement over EKF is
limited under the investigated conditions. The results indicate that encoder-compass
fusion improves localization accuracy and that UKF can provide a modest advantage

Unscented Kalman Filter. over EKF.

Introduction

Accurate localization is essential for autonomous mobile
robots because navigation and control depend on reliable
estimates of position and orientation. Single-sensor methods
suffer from measurement noise, hardware limitations, and
cumulative errors; therefore, sensor fusion is widely used to
combine complementary measurements [1]-[3]. Previous
studies have fused encoders with other sensors [5]-[23],
although some approaches several additional sensors or
complex computation.

This study presents a compact encoder-compass fusion
method using EKF and UKF for an indoor differential-drive
robot. Encoder measurements provide motion information,
while the digital compass provides an independent heading
measurement. The estimated trajectories are compared with
a camera-based reference system. Data acquisition is
performed using an Arduino board, and the filtering is
implemented in MATLAB.

Methodology

Robot Modeling and Sensor Fusion

To Cite this article:

The experimental robot has two independently driven front
wheels and a passive rear caster. Each driving wheel has an
incremental encoder, and a compass is mounted near the
robot center. The wheelbase is 0.56 m and the wheel radius
is 0.053 m. A kinematic model is considered sufficient for
the low-speed indoor experiments; wheel slip and
unmodeled effects are represented through process
uncertainty.

Encoder measurements are used to calculate linear and
angular velocity, and the forward kinematic model updates
position and heading. The robot state consists of the X and
Y positions and the heading angle. The model and tracking-
error definitions are given in Egs. (1)—(10), with the
experimental configuration shown in Figs. 1-3 [12].

Extended Kalman Filter

The EKF combines encoder-based prediction with compass-
based heading correction. The nonlinear process and
measurement models are presented in Eqgs. (11)—(14), and
the required Jacobian matrices are given in Egs. (15) and
(16). Prediction and measurement-update operations follow
Egs. (17)—(21).
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The measurement-noise covariance R is determined from
the characteristics of the CMPS14 compass. Its angular
resolution is 0.1°, corresponding to approximately 0.00175
rad. The process-noise covariance Q is estimated
experimentally from variations in  encoder-derived
velocities. The sampling interval is 0.164 s, and the resulting
covariance values remain constant during the tests. The
initial state covariance is selected as a diagonal matrix
representing initial uncertainty. The sensor-fusion structure
is shown in Fig. 4.

Unscented Kalman Filter

The UKF is used for comparison with EKF. Instead of
linearizing the nonlinear model through Jacobians, The UKF
propagates sigma points through the process and
measurement models [24], [25]. Because the state contains
three variables (X, Y, and heading), seven sigma points (2n
+ 1) are used. They are generated from the estimated state
and covariance and propagated through the same model
used by the EKF. Compass heading is then used for
measurement correction.

The UKF and EKF use identical measurements, initial
conditions, model, and noise assumptions. UKF avoids
explicit Jacobian calculation and directly captures the
nonlinear transformations.

Results and Discussion

Encoder and compass measurements are acquired with
Arduino and processed in MATLAB. The robot uses a PID-
based wheel-speed controller. Two predefined trajectories
are tested at a maximum speed of approximately 0.1 m/s.
Encoder-only, EKF, and UKF estimates are compared with
camera-based reference positions, as shown in Figs. 5-8.

Encoder-only localization accumulates error with travel
distance, while compass fusion reduces this error.
Remaining discrepancies may result from wheel slip, sensor
noise, model uncertainty, and synchronization differences
between the onboard sensors and camera system.
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For Path 1, overall position RMSE is 1.2016 m for encoder-
only localization, 1.1453 m for EKF, and 1.1007 m for
UKF. Thus, EKF and UKF reduce the error by 4.69% and
8.40%, respectively. For Path 2, RMSE is 0.9184 m, 0.8367
m, and 0.8099 m for encoder-only, EKF, and UKEF,
respectively, giving reductions of 8.89% and 11.81%. These
results demonstrate the benefit of sensor fusion.

Comparison of EKF and UKF

Trajectories are presented in Figs. 9 and 10. UKF achieves
lower overall position RMSE on both paths. For Path 1,
RMSE decreases from 1.1453 m with EKF to 1.1007 m with
UKEF, an additional reduction of 3.90% relative to the EKF.
For Path 2, RMSE decreases from 0.8367 m to 0.8099 m,
corresponding to an additional reduction of 3.20%.

This limited difference may result from the weak
nonlinearity of the model and the use of a single angular
measurement. Therefore, EKF remains an effective solution
under these conditions, while UKF provides a modest
accuracy improvement.

Conclusion

This study investigated indoor mobile-robot localization
using wheel encoder and digital compass fusion with EKF
and UKF. Encoder measurements predict robot motion
through a nonlinear kinematic model, while compass
measurements correct heading. Camera-based evaluation
showed that both filters improve localization.

Overall RMSE decreased from 1.2016 m to 1.1453 m with
EKF and 1.1007 m with UKF on Path 1, and from 0.9184 m
to 0.8367 m and 0.8099 m on Path 2. UKF achieved
additional reductions of 3.90% and 3.20% relative to EKF.
UKF gave the lowest error in both tests. Future work could
integrate additional absolute-position sensors, such as
LiDAR or vision, with encoder and compass measurements
to further reduce accumulated localization errors.

Author Contributions: All authors contributed to the
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Figure 1. Overall view of the indoor mobile robot
hardware.
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Figure 4. Data fusion diagram of compass and encoder.
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Figure 6. Estimation of robot position and orientation
using EKF and encoder for the second trajectory.
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Encoder 0.3562 1.1476 1.2016 —
Path 1 EKF 0.4035 1.0718 1.1453 4.69
UKF 0.3902 1.0292 1.1007 8.40
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Article Info Abstract
This study investigates the static bending behavior of single-walled carbon nanotubes
Article history: (SWCNTs) using Love’s shell theory combined with Eringen’s nonlocal elasticity to
Received: 7 February 2026 properly account for size-dependent effects. The nonlocal model incorporates the
influence of neighboring strains on stress, improving the representation of nanoscale
Revised: 11 August 2026 behavior. The governing equations are formulated based on Love’s shell theory and are
Accepted: 23 August 2026 solved using the generalized differential quadrature method (GDQM), which Achieves

high accuracy using few grid points .The influence of key parameters—including the
nonlocal length scale, geometric dimensions, boundary conditions, and loading type—on
the bending response is examined. Numerical results are compared with those predicted
Keywords: by classical beam theory. The comparison shows that while both models agree reasonably
well for large length-to-radius ratios in the absence of size effects, significant
discrepancies arise once nonlocal behavior is considered. The results demonstrate that
nonlocal effects reduce the bending stiffness and increase deflection, indicating that beam
theory cannot reliably capture the actual bending behavior of CNTs at the nanoscale.

Bending of nanotubes,
shell theory,

nonlocal elasticity theory,
generalized differential
quadrature method
(GDQM),

nanoscale analysis

Introduction Eringen’s nonlocal elasticity theory [5] addresses this
limitation by accounting for the influence of neighboring
regions, enabling improved modeling of nanoscale
structures. Shell theories also provide a more realistic
representation of CNT geometry than beam models,
particularly when circumferential and longitudinal stresses
are important. Various shell theories, including Love,
Donnell, Sanders, and Fliigge, have been used to study the
vibration, buckling, and instability of CNTs [23-31].
However, studies specifically addressing CNT bending and
deflection using nonlocal shell theory remain limited. This
motivates the present work, which investigates the bending
behavior of single-walled CNTs under various loading and
boundary conditions using Love’s shell theory combined
with Eringen’s nonlocal elasticity. The governing equations
are solved using the generalized differential quadrature
method (GDQM), and the results are compared with beam
theory to assess The applicability of the latter in predicting
CNT deflection.

Carbon nanotubes (CNTs), owing to their outstanding
mechanical, thermal, and electrical properties, have attracted
significant attention in applications such as nanosensors,
heat-transfer systems, and composite reinforcements.
Understanding their mechanical behavior, particularly
deformation, vibration, and buckling, is essential for the
reliable design of nanoscale devices. Atomistic approaches
such as molecular dynamics (MD) provide accurate
predictions [1-2], but their high computational cost limits
their application to larger nanoscale systems. Molecular
structural mechanics, which represents interatomic
interactions using equivalent stretching, bending, and
torsional springs within a finite element framework, has also
been applied to CNT analysis [3—4]. However, continuum
mechanics models remain widely used because of their
computational efficiency. Classical elasticity cannot
adequately capture size-dependent effects, as it assumes that
stress at a point depends only on the strain at that point.
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Methodology

The bending and deflection behavior of single-walled carbon
nanotubes (SWCNTs) is modeled using thin shell theory. A
schematic representation of the CNT shell model is shown in
Fig. 1, where the nanotube has length L, mean radius R, and
is described in the cylindrical coordinate system (x, r, 0),
with x aligned along the tube axis. The external distributed
loads on the surface of cylinder q,(x,0), qs(x,0), and qx(x,0)
are applied in the radial, circumferential, and axial
directions, respectively. The displacement field of the
nanotube is represented by the axial, circumferential, and
radial components u(x,0), v(x,0), and w(x,0) according to Eq.
(1) [32]. Owing to the small wall thickness of CNTs, the
radial normal strain €z and transverse shear strains yxz and
v6z are neglected. The strain components of the shell are
obtained using Eq. (2) [32].

To capture Small-scale (size-dependent) effects, Eringen’s
nonlocal elasticity theory [5] is employed. The integral form
of the nonlocal constitutive relation is given in Eq. (3) [5],
where vy is the nonlocal kernel function, t is the nonlocal
parameter (t=eoa/L), and Q denotes the domain of the
structure. This model accounts for the influence of atomic-
scale interactions on the continuum response. To avoid the
complexity of The integral equations, the differential form of
the nonlocal constitutive relation, shown in Eq. (4) [5], is
adopted, where p=(epa)> represents the small-scale
parameter.

This formulation enables efficient incorporation of nonlocal
effects into the shell governing equations, which are
subsequently solved under various boundary conditions
using the generalized differential quadrature method.

Results and Discussion

The dimensionless deflection for the nanotube is defined in
Eq. (31).

A sinusoidal axial pressure is applied to the single-walled
carbon nanotube as defined in Eq. (36). The effect of the
length-to-radius ratio (L/R) on the deflection (w") at the
midspan (x=L/2, 6=0) is presented in Fig. 3. For u=0 (black
solid line), the shell theory prediction converges to unity as
L/R increases, indicating excellent agreement with the
classical beam theory (w"=1) for long nanotubes. However,

Funding: This research did not receive any specific grant
from funding agencies in the public, commercial, or not-
for-profit sectors.

Conflicts of Interest: The authors declare no conflict of
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for smaller L/R values, the shell theory predicts significantly

larger deflections compared with beam theory, reflecting the
limitations of Euler-Bernoulli beam assumptions for short
and thick tubes (L/h<10). The influence of the nonlocal
parameter g on w" is also evident, showing that nonlocal
effects reduce the bending stiffness.

The variation of w" for three different boundary conditions
is illustrated in Fig. 4, confirming the influence of the
boundary conditions on the bending response. Fig. 5 presents
the deflection u, at 6=0, 6=n/2, and 6=n for varying L/R
ratios.

For large L/R, the displacements at =0 and 6=n/2 are nearly
identical, and uy approaches zero, indicating that the
nanotube cross-section remains approximately circular.
Conversely, for small L/R, not only are the displacements
unequal, but their signs also differ, leading to a deformation
in which the cross-section deviates from circularity: uy
becomes negative, showing contraction along the Y-axis and
expansion along the Z-axis.

Conclusion

In this study, a theoretical model combining Love’s shell
theory with Eringen’s nonlocal elasticity is developed to
analyze the bending behavior of single-walled carbon
nanotubes. To accurately solve the governing differential
equations, GDQM is employed. The numerical results
obtained from the proposed model indicate that nonlocal
effects significantly reduce the bending stiffness of carbon
nanotubes, leading to an increase in the predicted deflection.
Furthermore, the comparison between the shell model and
the beam model shows that, in the absence of size effects,
both models exhibit good agreement for large length-to-
radius ratios. However, once size effects are taken into
account, noticeable discrepancies appear even at high L/R
values, and the beam model fails to capture accurately the
bending behavior of the nanotube. These findings highlight
the necessity of using more refined theories—such as Love’s
shell theory combined with nonlocal elasticity—when
modeling nanoscale structures, particularly for problems
involving the deflection analysis of carbon nanotubes.
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Fig. 2. Cartesian coordinate axes for the nanotube and the
origin of the theta angle (6=0 coincides with the negative Z-
axis direction).

odgili (gl ool ¢ 3,15 Olaise gldyemxa ¥ JSCi
(Z y920 (i Ly p Gulaio 0=2) O sl Tuno g

8, Gl s gl by sy55 5 boes Oy @lie o a5 LT
ooliul Cranl 55 jglatads ¢ pblo gl 0 el o oolitsl nalssil
Sozer Al 53 dedlgdgil JSUynss el 0 diwg )95
b daiws 6,05 o st Gl b Sols U ccanl oads (i yod am o
5> oghie Cal sl wed ST Jgin —ihsl 5 Jae slesgiag
O 0 9 g ook w93 (50 Lulpd b (Jgin —shgl 55 st
5 ol 55 45 5, 5oty sl o ] Las lyicas (U=-) o5l S
5 el (Joip gl (695 ) odel sy ju3 (st p dlwg (5585
S5 kgl 5 St 2l 0ad (Fyme S S lgieds Cand
255 b ,l85,L sl ool s 90 (6550 Ll b (o9 (gAY
el Yo galaly &jg0ay q(X)=Q. SIN(AX/L) Jsb slivly ;5 owgioms

_lgl 1 pPC

_ __\ prr 30)
Wes = AR T 24 EL

)‘)’Oéb—”"l) )Qj.u A.vad_wo)b)l.vJSl.uf‘);P: Yq L/TC ‘U] )QAS
4]5.‘5;[4 J&lg )...‘> ‘wL..J‘ U"‘ » | g;‘“s"‘"‘*' f)b ‘_;oajz_.,.f )l.‘ d)Ja

g oo a5 VY gabal) &)jg0n

* w  27°El
W =——= —W Gl
Wep PL

Ll b alglgil Loy 15 dan g o Me a> 8 g o o 3] iy a3 b
Ol il pSua3 ) sae 4 U=+ 2l (sl 5 (S-S) ool w50 (5550

ksl (6195 g Mg 6595 lania o e Skl e o
sae |yl Cons (8 Falold ( blas 10 .0 )l 3525 B pesd jo Joip
Ui 50 (J9r bl 55 (698 b atwg (6,985 skl (rals Slas o

5 6yes 3l eolawl eyl il oy 4 aes e lis 5 cenladlglgils s

3 IS s s 5 5 sl S

S955 ol—lyy gy gl 15 (6,955 bl a8 el S8 L
St b 43 dglgil oSl galolas o xdgn e (GaZ il
vl .. .
Vel ¥V galal, & p0a
d? d*w
—(El —)=q(x)— X (32)
dxz( dxz) q(x)—pq . (x)
A 0 q(X)=qSIN(TX/L) & 500 gt go555 bos)ly b ST a8
LSAI@‘) Oy gods ]A.> )LA.E.A w0dlw clf:l,.SJ 90 S LS‘)? oTe S 4,3;
AT e Camoay YY

e DL 1+ u(Zy?)sinZ x)
e T I
PL3 T\» . T
i (1 (D sin( )

VY ey 9ot 503 Jlade 055 s 99 (550 Ll L 55 6l

33)

PL’ T, . X X, X )
- e u LA LRI 34
w 27r3E[( +ﬂ(L) )(SIH(L )+7f((L) L) 34)
el YO salaly & jg0a X=L/Y o T 61y J.a.:@ Gin o 1
* 72.
W g :(1+ﬂ(z)2)a S-S5

(35)
. T T
Wy = (1—2)(1+/1(E)2), c-C

A7



AY-YA. ae AF0 e o) oleds FY (60,90 iy i SolS (e (sole Gal=o

5 Y slagaz ,0 dolgil gl X=L/Y 4 0=") sahss o 15 lade lol
G55 (e 9 0D Al 10 S p 93 g ool pu 93 (5550 by sl ¥
oanlice el ool awnlio alwg ()98 (Fwote b YO a5l LS
5 5 Joe ot 07 ¢ adge 595 10 S, LR gl a5 058 0
G5 S b Jy ] Soop Kosee L ateg (658
Oglis Jgip bl 25 )95 5 Aiwgy )95 ity OF ) rig0ps
Slp Wl oo 15 (6985 (St W oo (LIS AT jls v b g5 b
Sl 0T o3 oy el yime o8 iy Al 40 (I oS sy
wher SR 6 pRedar jsbar Job sliwl, yo o3l ST Job al8l L as
bl 5o ojlal S51GBU i diwgy 9 25 (5985 (St IS
G395 (it 0 B e, Ve vgae yilidl cely oS il laiore

so Y slioly )0 dgdgils o)y go5 2l al po a5 ool w2l
e TV abaly Gillao Z gl 5o gl 2 00l b IS laie 5 ol
D9 s
P =q,LR 37)

0 (saaise 4 cond Y8 gabaly (5,151 bt > (sl b ol o
D50 398 S ol Jo g 0ud 00ld (pwgianS Sllie (54568 Lo
1 eadoslitul EMaz s sy > ol Kab dail s el b,
Slp ilizs 550 baalyd sl el oads 0ls GLATM L S ey 558 (5 o
(el oad )Y ooz o UEY NMT g U= - ndge il sl )l lade g
@500 (M=Y) calaz VU a8 6y Doz G331 L o] Gillas a5
e 0 Jool> el 3, F b sl 55 (sl go0e b

(L/R=Y+) 6‘1‘1 ©=m) YU C.bm 39 ©=-) Q,».:b be %9 x=L/Y) IS AJSJBJU B LS')'? @L.: dbiw N Jous
Table 1. Convergence of results for the deflection of nanotube at (x=L/2) on Bottom (6=0) and top (6=x) on nanotube

(L/R=30).
SS CcC SC
M
p=0 p=2 u=0 p=2 u=0 p=2

-1.0550 -1.4353 -0.2465 -0.3353 -0.3860 -0.5252
: 1.0552 1.4355 0.2467 0.3355 0.3862 0.5253

-0.9691 -1.2265 -0.1604 -0.1260 -0.3000 -0.3161
? 1.1411 1.6443 0.3328 0.5449 0.4722 0.7345

-0.9691 -1.2265 -0.1604 -0.1260 -0.3000 -0.3161
: 1.1411 1.6443 0.3328 0.5449 0.4722 0.7345

-0.9698 -1.2312 -0.1611 -0.1307 -0.3007 -0.3208
* 1.1404 1.6396 0.3321 0.5402 0.4716 0.7298

-0.9698 -1.2312 -0.1611 -0.1307 -0.3007 -0.3208
. 1.1404 1.6396 0.3321 0.5402 0.4716 0.7298

-0.9698 -1.2305 -0.1610 -0.1300 -0.3006 -0.3201
° 1.1404 1.6404 0.3321 0.5409 0.4716 0.7305

-0.9698 -1.2305 -0.1610 -0.1300 -0.3006 -0.3201
7 1.1404 1.6404 0.3321 0.5409 0.4716 0.7305
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Table 2. Comparison of shell and beam theory predictions for deflection of a simply-supported carbon nanotube at
(x=L/2, 0=0) under Type I loading, E-B: Euler-Bernoulli.

L/R=50 L/R=80

# E-B beam Shell theory E-B beam Shell theory

0 1.0000 1.0427 1.0000 1.0069
0.5 1.0004 1.1386 1.0001 1.0969

1 1.0007 1.2345 1.0003 1.1870
1.5 1.0011 1.3306 1.0004 1.2770

2 1.0014 1.4267 1.0005 1.3671
2.5 1.0018 1.5228 1.0007 1.4572

3 1.0021 1.6190 1.0008 1.4573
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Table 3. Comparison of shell theory and beam theory predictions for the deflection of a clamped-clamped carbon
nanotube at (x=L/2, 0=0) under loading Type L.

L/R=50 L/R=80 L/R=100
H E-B beam Shell theory E-B beam Shell theory E-B beam Shell theory
0 0.2146 0.2408 0.2146 0.2246 0.2146 0.2212
0.5 0.2147 0.2652 0.2146 0.2450 0.2146 0.2411
1 0.2148 0.2896 0.2147 0.2654 0.2146 0.2609
1.5 0.2148 0.3140 0.2147 0.2858 0.2147 0.2808
2 0.2149 0.3385 0.2147 0.3063 0.2147 0.3006
2.5 0.2150 0.3629 0.2147 0.3267 0.2147 0.3205
3 0.2151 0.3874 0.2148 0.3472 0.2147 0.3404
3 - : . :
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Fig. 5. Displacement at the midpoint of the nanotube

(x=L/2) at 6=0, 6=n/2 and 6=n versus L/R variations for
Simply-supported boundary conditions (p=0).
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Fig. 3 Variations in deflection at the midpoint (x=L/2) of
a simply-supported nanotube at =0 versus L/R
variations for different values of the nonlocal
parameter.
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Fig. 4. Variations in deflection at the midpoint of a
nanotube (x=L/2) at 0=0 versus L/R variations for
different boundary conditions (u=0).
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Fig. 6. Undeformed and deformed cross-selction of the nanotube under loading type 1.
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Fig. 7. Displacement ratio for different values of the
nonlocal parameter eoa under various boundary
conditions (L/R=50).
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Fig.8 Dimensionless deflection of the nanotube at (x=L/2,
0=0) versus the dimensionless Winkler parameter
(L/R=50).
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Fig. 10. Schematic diagram of loading on the nanotube
(Type II).
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Fig.9 Dimensionless deflection of nanotube at (x=L/2,
0=0) versus the dimensionless Pasternak parameter
(L/R=50).
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Table 4. Dimensionless deflection of the nanotube at its midpoint (x=L/2) on the bottom (6=0) and top (6=r) of nanotube
with simply-supported boundary condition.

p (nm?) 0 L/R=5 L/R=10 L/R=20 L/R=50 L/R=80
0 0 -2.0179 -1.2517 -1.0869 -1.0315 -1.0052
T 2.0179 1.2517 1.0869 1.0315 1.0052

0.5 0 -2.2740 -1.3747 -1.1860 -1.1234 -1.0946
] T 2.2740 1.3747 1.1860 1.1234 1.0946
1 0 -2.5428 -1.4998 -1.2855 -1.2155 -1.1841
T 2.5428 1.4998 1.2855 1.2155 1.1841

05 0 -2.8241 -1.6267 -1.3855 -1.3076 -1.2735
' T 2.8241 1.6267 1.3855 1.3076 1.2735
) 0 -3.1180 -1.7557 -1.4858 -1.3998 -1.3630
T 3.1180 1.7557 1.4858 1.3998 1.3630
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Table 5. Dimensionless deflection of the nanotube at its midpoint (x=L/2) on the bottom (0=0) and top (6=nx) of the
nanotube with clamped-clamped boundary condition.

pam) [ 8 |  L/R=5 L/R=10 L/R=20 L/R=50 L/R=80
0 0 -1.3057 -0.4629 -0.2794 -0.2296 -0.2229
n 1.3057 0.4629 0.2794 0.2296 0.2229

05 0 -1.4715 -0.5084 -0.3049 -0.2500 -0.2427
n 1.4715 0.5084 0.3049 0.2500 0.2427

| 0 -1.6454 -0.5546 -0.3305 -0.2705 -0.2625
n 1.6454 0.5546 0.3305 0.2705 0.2625

s 0 -1.8274 -0.6016 -0.3562 -0.2910 -0.2823
n 1.8274 0.6016 0.3562 0.2910 0.2823

) 0 -2.0175 -0.6493 -0.3820 -0.3115 -0.3022
n 2.0175 0.6493 0.3820 03115 0.3022
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Table 6. Dimensionless deflection of the nanotube at its midpoint (x=L/2) on the bottom (6=0) and top (0=n) of the
nanotube with clamped-simply supported boundary condition.

p (nm?) 0 L/R=5 L/R=10 L/R=20 L/R=50 L/R=80
0 0 -2.6756 -0.5476 -0.3464 -0.4409 -0.3865
b 2.6756 0.5476 0.3464 0.4409 0.3865

05 0 -3.0153 -0.6014 -0.3780 -0.4802 -0.4209
' i 3.0153 0.6014 0.3780 0.4802 0.4209

1 0 -3.3717 -0.6561 -0.4097 -0.5195 -0.4553
{1 3.3717 0.6561 0.4097 0.5195 0.4553

15 0 -3.7447 -0.7117 -0.4416 -0.5589 -0.4897
' T 3.7447 0.7117 0.4416 0.5589 0.4897
’ 0 -4.1344 -0.7681 -0.4736 -0.5983 -0.5241
b 4.1344 0.7681 0.4736 0.5983 0.5241
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Article Info Abstract

The Dynamic Mode Decomposition (DMD) method is recognized for enhancing the
computational efficiency of numerical and experimental studies of complex phenomena.
Using this method, a high-dimensional system is reduced to a low-dimensional one that
preserves the key features of the original system and reproduces its dynamics. DMD is
broadly adaptable and applicable in fluid dynamics and other data-driven fields.
Regression methods, in turn, are statistical techniques that model relationships between
two or more variables. In this study a fast and accurate technique is used to approximate
the velocity field of a fluid from precomputed velocity fields at neighboring Reynolds
numbers. Specifically, features of the velocity field are extracted from the decomposed
modes and then extended to other Reynolds numbers using regression. Finally, this
algorithm is applied to lid-driven cavity flow, with the velocity field studied at Reynolds
numbers between 400 and 600. The results show good agreement between the velocity
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decompositior, fields estimated by this method and those obtained from full simulati

computational fluid 1elds estimated by this method and those obtained from simulations.

dynamics,

regression.

Introduction cavity flow is considered. Assuming the features vary

Data-driven methods have attracted tremendous attention
owing to recent advances in computational capacity [1-4].
Unlike other developed methods, such as Proper Orthogonal
Decomposition (POD), DMD, as an effective Reduced Order
Model (ROM), can predict and estimate the flow field from
data and extract fundamental features, called spatial and
temporal modes [5-6].

Many researchers have investigated ways to extend the
capabilities of DMD and make it more robust [9-10]. Because
feature estimation is important in fluid dynamics [13], many
studies have been conducted. One DMD variant is parametric
DMD, which allows an estimate obtained for one system
condition to be extended to another.

In this study, a parametric DMD analysis is used to extract
features from three fluid flows. As a case study, a lid-driven

smoothly within the range of interest (here, Re = 400-600).
The novelty of this study lies in adapting the initial conditions
of the DMD-decomposed modes and regression method to
conduct a parametric study. This method thereby extends
DMD's capacity with less computation compared to the
existing pDMD methods.

Methodology

Parametric DMD comprises the DMD algorithm and a
conductor, such as regression and Radial Basis Function
(RBF) Neural Network, that establishes a meaningful
relationship among the decomposed modes. First, to apply
DMD, the snapshot matrices are defined as in Equation (1)
[16]. After the velocity data are arranged accordingly, the
algorithm seeks the matrix A. Using Equations (4) to (6), the
dynamical modes can be calculated. Therefore, as shown in
Equation (7), the flow field dynamics can be reproduced.
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To conduct the parametric study of the modes, regression on
the DMD features is used. The matrices of features are
arranged as in Equation (9). The value of p is determined by
the flow characteristics. The more complicated and nonlinear
the flow, the higher the value of p required to establish a
linear relationship with low estimation error.

To implement the method presented in this study, a lid-driven
cavity flow, as shown in Figure 1, is considered. The 2D flow
is driven by an oscillating lid with velocity u_ref cos(mt),
where the viscosity, Reynolds number, and frequency are

0.01 N.s/m?, 100, and 2?", respectively. As shown in Figure

2, the simulation results are consistent with those reported in
Ref. [20].

After validation, the simulation is repeated for fluid flows at
Reynolds numbers of 400, 500, and 600 to generate sufficient
data for the presented method. A laminar, transient solver
with the SIMPLE algorithm is used.

Results and Discussion

During mode decomposition, the modes' energies are
calculated and shown in Figure 5. The first nine modes
contain 99% of the energy and are therefore selected. The
spatial and temporal modes of the flow

Funding: This research did not receive any specific grant
from funding agencies in the public, commercial, or not-
for-profit sectors.

Conlflicts of Interest: The authors declare no conflict of
interest.

with Re = 400 are shown in Figures 4 and 6. Because the
flow is periodic, the modes occur in complex-conjugate pairs,
except for the DC mode. Therefore, only one mode from each
conjugate pair and the DC mode are included in the figures.
Figure 7 compares the spatial modes at Re = 400, 500, and
600; they are almost identical.

According to Equation (11), the initial conditions within the
specified span are identified. The flow fields at Re =425, 450,
475, 525, 550, and 575 are then reconstructed. Finally, Table
1 reports the percentage of nodes with a relative error above
5%. In this table, the percentage of nodes with a relative error
greater than 5% is reported. The highest error belongs to the
estimation of fluid flow with Re equal to 450, and then to 550.
This is attributed to the error increasing with the distance
between the estimation point and the nearest training point.

Conclusion

Unlike common ROM, DMD dynamically reconstructs fluid
flow. In this research, a variant of parametric DMD with
lower computational effort is presented. The results show that
the regression between the training nodes, using the DMD
modes’ initial conditions, provides a sound basis for
estimating fluid flows at different Re numbers. However, for
highly nonlinear flows, more training points may be needed
to improve the estimates; this should be explored in future
work.
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Figure 1. The geometry of the lid driven cavity flow.
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Figure 6. The top 5 non-iterative modes of cavity
structures with movable lids for Re = 400.
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Figure 7. The 5 noniterative space modes of 9 modes with the highest energy in fluid flows with Re equals
to 400, 500, 600.
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Attitude determination is a critical component in the design and operation of satellites.
This study presents a novel framework for estimating the attitude of a geosynchronous
satellite by combining Sun and Earth sensors with artificial intelligence algorithms.
Using raw sensor data led to poor or unsatisfactory results, with the best prediction error
exceeding 10 degrees; therefore, the raw data were augmented through a preprocessing
step utilizing the TRIAD algebraic method. Several machine learning and deep learning
algorithms, including XGBoost, CatBoost, and multilayer perceptron (MLP) networks,
were then employed to estimate the satellite's rotation quaternions. The findings
demonstrated that the simultaneous and parallel use of four identical two-layer MLP
models, each predicting a single quaternion component from the preprocessed data,
coupled with output normalization, yielded a mean absolute error of 0.57 degrees. This
approach outperformed the TRIAD algorithm by approximately 10%, the best classical
method evaluated, and its computation time was shown to be compatible with real-time
onboard execution. This hybrid approach offers a cost-effective and reliable solution for

Sun sensor,
Earth sensor.

implementing attitude determination systems in satellites.

Introduction

The Attitude Determination System (ADS) is a critical
subsystem in satellite architecture, directly affecting
communication, navigation, imaging, and stabilization
performance [1]. Classical methods such as the Extended
Kalman Filter (EKF), Unscented Kalman Filter (UKF), and
algebraic approaches including TRIAD, QUEST, and Q-
Method require precise dynamic modeling and known
measurement noise, and their performance degrades under
environmental noise, sensor delays, or singularity points [3],
[4]. Recent advances in machine learning enable approaches
that learn the hidden relationship between sensor data and
rotation quaternions directly from training data, without
explicit dynamic modeling [5].

Sensor selection is a key design factor: star trackers offer high
accuracy but come at the expense of high cost, power, and
complexity, while Sun and Earth sensors are simple, compact,

and low-power, though individually insufficient for full
three-axis determination [6], [7]. Prior studies combining
multi-sensor data with deep learning — Kalman-filter-based
star tracker and gyroscope fusion for TianHui-1 [8], an
LSTM-based roll-angle estimator using GNSS jamming
energy [9], and inertial-celestial navigation fusion using
quaternions [10] — show that intelligent sensor fusion
reduces dependence on explicit dynamics while improving
accuracy in noisy, GEO environments.

This study proposes combining Sun and Earth sensors with
artificial intelligence as a practical, real-time, low-cost
solution for geosynchronous satellite attitude estimation.
Synthetic datasets were generated from dynamic modeling of
satellite motion, preprocessed using TRIAD and vector-based
feature engineering, and used to train and compare multiple
learning models for quaternion estimation [11].
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Methodology

The satellite is assumed to be in a circular geosynchronous
orbit with 23°30" inclination. Two coordinate frames are
defined: an orbital reference frame (index r), with its z-axis
pointing toward Earth's center, and a body frame (index b)
fixed to the satellite. The Sun and Earth are treated as
stationary over short intervals (a few days), with the Sun-
satellite-Earth system assumed coplanar and the satellite
position fixed.

Raw data consist of four unit vectors representing Sun and
Earth positions relative to the satellite in reference and body
frames, computed via geometric relations and quaternion-
based rotations (Egs. 4—12), with Gaussian noise added to the
body-frame vectors (Eqs. 13—14). Since raw vectors alone
proved insufficient, additional features were engineered: dot
products between Sun and Earth vectors in each frame, a
cross-product vector representing rotation-axis information
(Eq. 15), and twelve features derived from the classical
TRIAD algorithm (Eqgs. 16-21), addressing the algebraically
overdetermined nature of the problem.

Eight models were trained and compared: Decision Tree,
Random Forest, AdaBoost, CatBoost, HistGradientBoosting,
XGBoost, LightGBM, and MLP, the latter in two
architectures — four parallel single-output models and one
four-output model. Accuracy was evaluated using the exact
quaternion angular error (Eq. 22). Training used 12,996
samples generated by systematically varying 3, v (0°-180°)
and ¢ (0°-360°) in 10° steps; 2,600 random samples were
used for validation and 100,000 for testing. Real-time
feasibility was assessed by benchmarking local computing
power (Dhrystone 2.1) against the RAD750 spaceborne
processor [19] and comparing scaled inference time to typical
GEO control cycle rates [20].

Results and Discussion

Using raw sensor vectors without preprocessing gave poor
accuracy, with the best prediction error exceeding 10 degrees,
motivating the feature engineering described above.
Preprocessing with TRIAD proved essential: without it, all
models except MLP performed poorly, suggesting that tree-
based algorithms struggle to approximate the continuous,
trigonometric relationships underlying the raw vectors
without explicit geometric guidance, whereas MLP's
gradient-based optimization handles such relationships more
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from funding agencies in the public, commercial, or not-
for-profit sectors.

Conflicts of Interest: The authors declare no conflict of
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effectively. The best results of various artificial intelligence
models in estimating the rotation quaternions are presented in
Table 1 and Figure 3.

Among tree-based and boosting algorithms, CatBoost
achieved the best performance (MAE = 1.484° 0.004
ms/sample), though still less accurate than TRIAD and the
neural network models. Other models — LightGBM,
XGBoost, HistGradientBoosting, Random Forest, Decision
Tree, and AdaBoost — showed higher errors (2.56°—15.48°)
despite very low prediction times.

TRIAD, evaluated on the same noisy test data, achieved
0.622° error. The four parallel MLP models trained on
TRIAD-preprocessed data achieved the lowest error (0.57°),
about 10% better than TRIAD, at 0.21 ms/sample .The same
architecture without preprocessing yielded 0.656° error but
achieved the fastest execution (0.090 ms), while a single four-
output MLP achieved 0.622° at 0.157 ms.

This inverse accuracy-speed relationship, combined with
real-time feasibility analysis (approximately 37.5 ms on
RAD750, versus a 50-500 ms control-cycle budget),
confirms the TRIAD-preprocessed parallel MLP as the most
practical configuration.

Conclusion

This study demonstrated a practical, low-cost framework for
attitude determination of geosynchronous satellites using
only Sun and Earth sensors combined with artificial
intelligence  algorithms. TRIAD-based preprocessing
combined with a parallel four-model MLP architecture
achieved the best balance of accuracy and computational
efficiency, yielding a mean absolute error of 0.57° —
approximately 10% better than the classical TRIAD
algorithm alone — while remaining computationally
compatible with real-time onboard execution. These results
indicate that combining simple, low-cost sensors with
appropriate preprocessing and learning-based estimation can
serve as a viable alternative to more complex and expensive
classical attitude determination systems. Future work should
validate the proposed approach using real flight data, extend
the analysis across the full orbital range, evaluate
performance under measurement delays, and benchmark
against optimal statistical estimators such as QUEST.
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Table 1. Results of estimating quaternions using different artificial intelligence model.

Preprocess Mean Absolute | Prediction Time Per
Model Model Properties
Method Error Sample
Lr=0.03, n-es=10000
TRIAD Light GBM 2.56° 2.243ms
Max-depth=8
Lr=0.01, n-es=10000
TRIAD XGBoost 2.94° 0.054ms
Max-depth=5
TRIAD Hist Gradient Boost Lr=0.08, Max-depth=10 3.34° 0.004 ms
Lr=0.001, n-es=10000
TRIAD Cat Boost 1.484° 0.004ms
Max-depth=10
TRIAD Random Forest Max-depth=17 3.18° 0.013ms
TRIAD Decision Tree - 6.62° 0.001ms
TRIAD AdaBoost Lr=0.03, n-es=1000 15.48° 0.153ms
- TRIAD Algebraic Method 0.622° 0.12ms
n-1=2, w-1=164, 64
MLP - Single Model (4
TRIAD b-s =256, epochs = 250 0.622° 0.157ms
Quaternion Outputs)
act_func = relu, opt = adam
MLP — 4 Identical n-1=2, w-1=164, 64
- Single-Output Models b-s =256, epochs = 250 0.656° 0.090ms
(Parallel Structure) act_func = relu, opt = adam
MLP — 4 Identical n-1=2. w-1= 164. 64
TRIAD | Single-Output Models b-s = 256, epochs = 250 0.57° 0.21ms
(Parallel Structure) act_func = relu, opt = adam
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Table 2. Equivalent of the abbreviated expressions
used in the quaternion estimation results table.

o5 wle Golais! cadle
Learning rate Lr
n-estimator n-es
Number of layers n-1
Width of layers w-1
Batch-size b-s

Activation function act_func

optimizer Opt

Error =2cos™ (|qr -q.)) (22)
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Figure 3. Results of estimating quaternions using different artificial intelligence model.

(EFan wgp lido g Juw 3l colasw! b W ygu yileS  cmads gl Y ST

2 e Gilwdin § dwgn GileJled e 5l 6 So s Jodoas a¥ais
5 odb gwidige o Sy (ol Jleed oS5 0 i QU Lol
)3 TRIAD 5,58 (25,5 sy 2 (b né (el 50k

Sz &5 wes oo plis ol pnac (54 alises sl LSl sanslie jo
Silye Dygonr |y G5 lsS sadlge Sy plaS e o5 LSy MLP o
oSk b |y (e (5380 TRIAD (3l gt b i oo (e
50 el 00,5 &1l 4l Lo /Y)Y gl 2l loj g az o <OV Glas las
Szl oley g az,e <1208 Glas L (5310 5 oo ooy aline [l ¢ Jslis
a5 e e BB s Bis el adila -2
).».>‘ Ju\.n ):W O)Sl.o& ol 009 (omas 64&.&» » L;...uuo 6Lm)L>b
il o TRIAD (g, 5l ezl seiwl slaesls godS ids Sl
| sl sailie ez s 45 MLP s %05 (s 51 ool oo
<INOY Gzl ey gaz,0 < IFYY Glho glas b 5s cd) oo (s lojon
Szl gley bl icams o Sl ailie (55l50 Jow ez 4 Connd 4l Lo

el aily (g S

L TRIAD (53l sty b9y w5 45 28,5 a4l (lgies SIS psboas
o) Slawlre ey 9 B loo Ay Sily wYain a4
Sealine; slaolsale conds cwnd sl sl 5 a5 (225, 5 5 (o
L) TRIAD SeodlS o650l a0 s nid &5 Jow ol 0,91 o0 o2l
5,00 lyal cobld oSl oo oo @l (g YL CBs (a0 IFYY glas
2 SN slahs; lp e Rl plyer Wlgioe 5 S)ls 5

Dgds oolaiwl 595w 9 S5 (sloloale ladilolu

5 ool gdomiw slaosls oS5 aS wies oo lis ol el gl
ohee sy, boGeey s Sedysr Gl Res (2,5 aibe wiienS
wlgi oo scmmlie a2l i ) S0 Sope s Logas (esrae
2 Sandy eend Saptns (b slp 48 00,80 5 Sles s,
g aose Laid & 15 ie slaby, 550 wal B (598w 5 SsS (slaejlgale

o S50 5 eble 57053k g9 slapt 98 5 lg (e 5 et o>
5l eaelcwsd mls wloals bl o lsale o Coxsy pesd 6l
(o o glistal loj g uedd D83 (a5 wad oo s Laue (23
55 jiosks JESLo L lo e o 5,5b8 52,5 Sy (ssine sala,
S 0 i)l gaS o b Jg obisS e izl Hley cpmenal S0
&zl ley 9925 b igVauz  ae slaaSiis aile «joduzen o Jow a5

s oo 1 YL Colie a4y B0 iy oS

Cowl @il TRIAD (53l 5 i g, Jaid oo oy (sl Joe oylea 5o
S g, plu 09l 0k p 8ol sla Jaw o, Slas g sl (5 loline g
et LB e (sl 2alS 5 (6 eKatin 3B B3I A
s ys8l plo o Sas cayVaiz vac (6aS0d )0 jou a5 Cowl ol svslive

ol 00gr Jgu3 JB e g cins TRIAD 5ls o g 51 oolail g0

s 5 Silo bl o Shos 0 g2 CatBoost w2y 5801 585 slo b, 5
ool &Sl diged o (glp 4l e /o F izl ey g az 0 VITAT 5llas
5 Yoz wac sbaSld 5l 5ol lies QT CB5 ol dezg b el
u.:.-ul.a Lg)jél; Lglbp.u)ﬁi” ).sL-u el saile ‘5314 TRIAD SIS I3)
ol o, de Random Forest ¢ Hist Gradient Boost L
) Comdy pmess 385 sloop)5 ln p3¥ 280 (bl (Gt

.Jj‘o.))is w.o‘u

@ oty )il plo 4 cos Vs a4 i o Sles pgas o
ASl 0o b Jaw goolsils Dglae cousle 5l iU Cglay 1l a0 Has
Random Forest akz> ) peoad <30 5 e sloJos
L (LightGBM 4 XGBoost CatBoost AdaBoost
Sl S e Joo |y (Shg slad T ygme b bl n slasaieds
B 9 I slao s p WS Slilie g degy Ly, GBs )i
Sgz g0 (goold pox> L aS i jlo 5L laasls 51 gl ) oluss g Bos 4y il lo
a4 hlie 10 090 ced Bime oS jebay pol> yimghy o

2 Axis-Aligned Splits



Oen 5 sty (2o 05— stan Sien Slaei oSl jl oolaiul b (e g andyo3 5l K & seome Sl e 50,l90le S Cundy s

0, 8ee gy 5 09l plail Jlae blis coled (gl Comdg (eSS (pizren
slabls Coz > 10 57 Sk Syl jpam 5 555 slapzy Sl
Sodigh glaailoles darwg 0 Jhe (W5 WG e S Coamsy S8

il slo lyale

References - zsLlw

1. Orozco, M.L. and Giraldo, B.S., 2024. Attitude
determination and control in small satellites: A
review. IEEE Journal on Miniaturization for Air and
Space Systems, 5(3), pp- 182-186.
https://doi.org/10.1109/JMASS.2024.3402984.

2. Fathi Jegarkandi, M. and Safaei, R., 2024. Fractional
Order Sliding Mode Controller (FOSMC) Design for
Attitude Control of a Satellite with Coupled Rigid-
Flexible Structures Using Fractional Order Transfer
Function. Sharif Journal of Mechanical Engineering
(SIME), 40(2), pp- 3-14.
https://doi.org/10.24200/j40.2023.62462.1684.

3. Soken, H.E., Hajiyev, C. and Sakai, S.I., 2014. Robust
Kalman filtering for small satellite attitude estimation
in the presence of measurement faults. European
Journal of  Control, 20(2), Pp- 64-72.
https://doi.org/10.1016/j.ejcon.2013.12.002.

4. Hajiyev, C. and Guler, D.C.,2017. Review on gyroless
attitude  determination = methods for  small
satellites. Progress in Aerospace Sciences, 90, pp. 54-
66. https://doi.org/10.1016/j.paerosci.2017.03.003.

5. Dos Santos, G.H., Seman, L.O., Bezerra, E.A.,
Leithardt, V.R.Q., Mendes, A.S. and Stefenon, S.F.,
2021.  Static  attitude  determination  using
convolutional neural networks. Sensors, 21(19), p.
6419. https://doi.org/10.3390/S21196419.

6. Ni, S. and Zhang, C., 2011. Attitude determination of
nano satellite based on gyroscope, sun sensor and
magnetometer. Procedia Engineering, 15, pp. 959-
963. https://doi.org/10.1016/j.proeng.2011.08.177.

7. Kikuya, Y., Iwasaki, Y., Yatsu, Y. and Matunaga, S.,
2021. Attitude determination algorithm using Earth
sensor images and image recognition. Transactions of
the Japan Society for Aeronautical and Space

ol e aile ghlpd jo aSl s o SalS I, &, ¥lecew u;m
A5l IST LB o Sles 50 cwain sla SiuST £43g L ool > ylaas

t.‘a"d‘a 61.@00‘0) r 6OLG(M JM 45 09....464 »b'.e(.w.u ‘t_'v"—‘ u;Lﬁ‘UJUa.a &5‘)“
09 (39031 5 (53lwosly gadly sloyloe b (cdolesT Glaclyy 5l ol

Sciences, 64(2), pp- 82-90.

https://doi.org/10.2322/TJSASS.64.82.

8. Zhu, F., Qin, Y., Cai, Q., Chen, X. and Zhang, X.,
2025. Combining star tracker and gyroscope for
remote sensing satellite attitude determination:
algorithm design and performance evaluation with real
data. IEEE Transactions on Instrumentation and
Measurement, 74, pp- 1-15.
https://doi.org/10.1109/TIM.2025.3548235.

9. Li, R., Feng, L., Wu, P., Deng, X. and Shi, H., 2025.
A roll attitude determination method based on the
jamming energy of GEO satellites and an LSTM
neural network. Scientific Reports, 15(1), p. 17888.
https://doi.org/10.1038/s41598-025-01174-0.

10.Nobahari, H., Ghanbarpour Asl, H. and farhad Abtahi,
S.F., 2016. Investigation of Accuracy of Integrated
Inertial-Radar Navigation Systems in Autolanding of
Unmanned Air Vehicles. Sharif Journal of
Mechanical Engineering (SJME), 32.3(2), pp. 53-62.
https://dor.isc.ac/dor/20.1001.1.26764725.1395.323.2
1.8.

11.Sun, Z., Simo, J. and Gong, S., 2023. Satellite attitude
identification and prediction based on neural network
compensation, Space: Science & Technology, 3, p.
0009. https://doi.org/10.34133/SPACE.00009.

12.Quinlan, J.R., 1986. Induction of decision trees,
Machine Learning, 1(1), pp- 81-106.
https://doi.org/10.1007/BF00116251.

13.Breiman, L., 2001. Random forests, Machine
Learning, 45(1), pp- 5-32.
https://doi.org/10.1023/A:1010933404324.

14.Freund, Y. and Schapire, R.E., 1997. A decision-
theoretic generalization of on-line learning and an
application to boosting, Journal of Computer and

30 Delayed Measurements


https://doi.org/10.1109/JMASS.2024.3402984
https://doi.org/10.24200/j40.2023.62462.1684
https://doi.org/10.1016/j.ejcon.2013.12.002
https://doi.org/10.1016/j.paerosci.2017.03.003
https://doi.org/10.3390/S21196419
https://doi.org/10.1016/j.proeng.2011.08.177
https://doi.org/10.2322/TJSASS.64.82
https://doi.org/10.1109/TIM.2025.3548235
https://doi.org/10.1038/s41598-025-01174-0
https://dor.isc.ac/dor/20.1001.1.26764725.1395.323.2.7.8
https://dor.isc.ac/dor/20.1001.1.26764725.1395.323.2.7.8
https://doi.org/10.34133/SPACE.0009
https://doi.org/10.1007/BF00116251
https://doi.org/10.1023/A:1010933404324/METRICS

MYV a0 AP0 Lo o) o,leds FY (50,90 vy 1 Sl g_‘;““'\"ef"gs“l‘"&‘\'l’“

System Sciences, 55(1), pp- 119-139.

https://doi.org/10.1006/JCSS.1997.1504.

15.Prokhorenkova, L., Gusev, G., Vorobev, A.,
Dorogush, A.V. and Gulin, A., 2018. CatBoost:
unbiased boosting with categorical features. In
Proceedings of the 32nd International Conference on
Neural Information Processing Systems, pp. 6639-
6649.
https://dl.acm.org/doi/10.5555/3327757.3327770.

16.Ke, G., Meng, Q., Finley, T., Wang, T., Chen, W., Ma,
W., Ye, Q. and Liu, T.Y., 2017. Lightgbm: A highly
efficient  gradient boosting  decision tree.
In Proceedings of the 31st International Conference
on Neural Information Processing Systems, pp. 3149-
3157.
https://dl.acm.org/d0i/10.5555/3294996.3295074

17.Chen, T. and Guestrin, C., 2016. XGBoost: A Scalable
Tree Boosting System. In Proceedings of the 22nd
acm sigkdd international conference on knowledge

discovery —and data mining, pp. 785-794.

https://doi.org/10.1145/2939672.2939785.

18.Rumelhart, D.E., Hinton, G.E. and  Williams, R.J.,
1986. Learning representations by back-propagating
errors,  Nature,  323(6088), pp. 533-536.
https://doi.org/10.1038/323533A0.

19.Berger, R.W., Bayles, D., Brown, R., Doyle, S.,
Kazemzadeh, A., Knowles, K., Moser, D., Rodgers, J.,
Saari, B., Stanley, D. and Grant, B., 2001. The
RAD750™ - A Radiation Hardened PowerPC™
Processor for High Performance Spaceborne
Applications. In [EEE Aerospace Conference
Proceedings, Big Sky, MT, USA, 5, pp. 2263-2272.
https://doi.org/10.1109/AERO.2001.931184.

20.Pasetti, A., 2002. Background on Attitude and Orbit
Control Systems (AOCS). AOCS Framework Project,
PnP Software. Awvailable at: https:/www.pnp-
software.com/AocsFramework/AocsBackground.htm
1 [Accessed 9 Aug. 2026].



https://doi.org/10.1006/JCSS.1997.1504
https://dl.acm.org/doi/10.5555/3327757.3327770
https://dl.acm.org/doi/10.5555/3294996.3295074
https://doi.org/10.1145/2939672.2939785
https://doi.org/10.1038/323533A0;KWRD
https://doi.org/10.1109/AERO.2001.931184
https://www.pnp-software.com/AocsFramework/AocsBackground.html
https://www.pnp-software.com/AocsFramework/AocsBackground.html
https://www.pnp-software.com/AocsFramework/AocsBackground.html




Sharif Mechanical Engineering Journal (2026), 42(1), 119-132

Sharif University of Technology OO
Sharif Mechanical Engineering Journal

https://sime.journals.sharif.edu

Research Article

Investigation of Blade Parameterization Methods for Axial Compressors

Mohammad Farahani*, Mehrab Kalabi, Arman Mohammadi Joozdani and Sajjad Ghadiri

Department of Aerospace Engineering, Sharif University of Technology, Tehran, Iran.

* Corresponding author:(mfarahani@sharif.edu)

Article Info

Abstract

Article history:

Received: 11 July 2026
Revised: 16 September 2026
Accepted: 23 September 2026

Keywords:

Geometry parameterization,
turbomachinery,
axial compressor,

Geometry parameterization is essential for turbomachinery design, optimization, and
modeling of geometric deviations. A key challenge is achieving high geometric accuracy
with a minimal set of variables. While various parameterization techniques exist, a
comprehensive comparison of their efficacy for axial compressor blades remains limited.
This study implements and compares prominent acrodynamic parameterization methods:
curve-fitting, Class/Shape Function Transformation (CST), Hicks-Henne, Singular Value
Decomposition (SVD), and the Lange method, which are commonly used for
turbomachinery blades. To evaluate performance, two transonic compressor airfoils were
parameterized using parameter sets of 10 and 12. Results indicate that while curve-fitting
methods provide superior geometric accuracy, the Lange method offers highly
competitive performance owing to its explicit physical parameters and ease of
implementation. No single method is globally optimal, as the best choice depends on the
parameter count, specific geometry, and problem type. To facilitate decision-making, the

compressor blades,
manufacturing variability,
parametrization methods,
Lange method,

CST.

methods were ranked based on key criteria.

Introduction

Geometry parameterization is an indispensable step in high-
fidelity aerodynamic design and optimization. Shape
parameterization allows engineers to adjust design variables
systematically to achieve optimized geometries, simplifying
the process by reducing the design space to a manageable set
of control parameters. While various methods exist for the
parameterization of conventional airfoils in aerodynamics,
their specific effectiveness for turbomachinery blades
requires further clarification. A method that accurately
describes geometry with minimal variables is highly desirable

[11-[2].

Lauer and Ansell [3] reviewed widely used aerodynamic
parameterization methods, including B-splines, Bézier
surfaces, CST, and Hicks-Henne, summarizing their
applications in design and optimization. Masters [1] similarly
evaluated B-spline, Bézier, CST, Hicks-Henne, SVD, and
parametric section method (PARSEC) by approximating a

dataset of 1,064 airfoils. Subsequently, Masters [2] applied
these methods in numerical flow simulations to evaluate their
impact on predicted aerodynamic coefficients (lift and drag).

Despite extensive research on conventional airfoils, their
application to turbomachinery has received little attention.
Beyond accuracy, method selection must account for ease of
implementation, leading/trailing-edge representation,
parameter definition (explicit vs. implicit), and surface-
deviation modeling. This study evaluates the accuracy and
practical capabilities of these methods in parameterizing
turbomachinery blade geometries.

Methodology

This study evaluates several airfoil parameterization
techniques, focusing on axial compressor blade
parameterization. Two mid-span airfoils from axial
compressor rotor blades were examined. The first is the
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NASA Rotor 37 mid-span section, an MCA (multiple-
circular-arc) airfoil and a benchmark for transonic
compressor research, selected for its high-quality
experimental data. The second is a transonic DCA (double-
circular-arc) airfoil. These geometries (Figure 2 and Figure 3)
were represented in the (m’, 8) coordinate system.

The selected methods include curve-fitting techniques
(spline, B-spline, and Bézier), CST, SVD and the Lange
method as constructive methods, the The Hicks—Henne
method as a deformative method. Curve-fitting techniques
approximate surfaces using parametric curves. They are
flexible and accurate but highly sensitive to the number and
distribution of control points, particularly at the
leading/trailing edges.

CST method uses a limited number of implicit variables. The
SVD method parameterizes airfoils using orthogonal basis
modes extracted from a training library. The Lange method
describes blade sections using separate thickness and camber
distributions with dedicated leading- and trailing-edge
parameters. Finally, the Hicks—Henne method, a deformative
approach, uses local bump functions to modify a baseline
airfoil.

Results and Discussion

All methods were compared first using 10 parameters... and
the comparison was then repeated with 12 to evaluate the
effect of parameter count on reconstruction accuracy.

Figs. 10 and 11 present root mean square error (RMSE)
values for the MCA and DCA airfoils. In general, the errors
for the MCA airfoil are approximately 14—16% higher than
for the DCA airfoil. Increasing the number of parameters
reduces reconstruction error for all methods, though the
improvement varies widely, ranging from 6% to 50%.

Funding: This research did not receive any specific grant
from funding agencies in the public, commercial, or not-
for-profit sectors.

Conflicts of Interest: The authors declare no conflict of
interest.

Curve-fitting methods provide the highest reconstruction
accuracy, particularly near the leading and trailing edges.

While the Lange method is less accurate, it remains
sufficiently accurate in these regions. Furthermore, its
physically meaningful parameters (explicate variable) in
turbomachinery coordinates make it highly suitable for
compressor-blade generation.

Figure 12 and Figure 13 show the parameterized MCA
airfoils and chordwise error distributions. The CST method
exhibits lower accuracy near the leading and trailing edges
compared to the other parameterization methods, a trend also
observed for the DCA airfoil (Figure 14 and Figure 15).

The SVD method performs best for the MCA airfoil owing to
its richer training library. In contrast, Hicks—Henne is better
suited for local deformation of an existing baseline than for
generating new airfoil families (Figure 16). Table 2
summarizes the performance of all methods. Results indicate
that no single method is universally superior; the ideal choice
depends on the specific airfoil geometry, number of
parameters, and application.

Conclusion

This study implemented and compared several geometry
parameterization methods applied to two common axial-
compressor blade airfoils, evaluated using 10 and 12
parameters. Results indicate that the optimal parameterization
method depends on the airfoil geometry, problem type, and
parameter constraints. While increasing the parameter count
reduces error by 6-50%, this improvement is not always
significant across all geometries. Curve-fitting methods offer
the highest accuracy, while the Lange method provides a
physically intuitive approach for turbomachinery
applications.

Author Contributions: All authors contributed to the
reported work for conceptualization, methodology,
validation, writing-review and editing, and supervision.



AYY-W 4 jao AP0 Lo o) o,leds FY (50,90 vy 1 Sl (e u.o.l.c sal=o

https://sime.journals.sharif.edu

g3 4l
62970 S yom jroS 33 0 39 (53w yol sl SNy (o)

S Sl g S19393 sz oyl ( IS Ol peo F S 43 oz

Ol Ol iy o oKl Ladlgn wdige (soaSiils

nfarahani@sharif.edu)y Jsiws osiny s

ol

Alio wieMb|

25 985 e Wl (55570 Gl ygmeaS o Slae Jolos 5 (>lib anlb 50 0aliS et (B 0y (sawain (g5l el
lally shasd Gl ol & (pliws ) oS oKl ooy (Seabusg 5T o Shae o 23l slallas 31 L5 )
2 o Siles el sl il sty webier wamie oulol Ll sl adgil cds Lis g cwais
15590 3los el slagtsy oLl 5l pela (lamlie 3iST At S 00 Glaom; p 4 4295 L o)l S92y Saliyog 5
e Slaly) ol Gipgh 4o el 4,5 O jp0 (sl lacosklpas (18,5 1550 (rad (5950 g peS Glroy 4o
5 TS oSV (g g6 e palie (i (o8 S sl gblie oS 5 ST JU b ¢ poie (A5l i als
23 s by, 5l esliiul b (55970 (o ygm e S0 5 Jgliite hisd il £95 59 (385 (2l jshaiedr wloads (gluesky
im0 S YL Jlews adgiil cds (g (i3l p e o g, 4z ST wlesls lis s aileads (g5lecs el b
S5m0 505 (502 53los ol po (I3 b 0 Shos sl (s5lwooly 5 7 po (K508 (sl ol 5l eoliiasl b SIY g, Ll
<83 raile (alidee slajlins b oS0 slabg; o Shes siluis bl By (i QLD jshaiedy el 4l (55550
wlolis Bl ol iagh wload duglin g (ow)p (owdid ]zl adgr Sl da il )l £ g olaws cwais adgisl

VeIV 1l b
VB O/ F/YD 1 awsSlol g,
VB /oY by b

RS LR L
ddwsid (§3leis il
Ao udilagy g5
(5570 ygo oS

)9**’)—“5 Soxn
(ol slallas

dwdid posd glo by,

el @il 9ol 3 1) Galisee (sos IS 58 conlin bo,

IVRRCE SV PC iy LI

DR BeB e Slaws (p seS b wilgn a5 g, Sl JA) el o
[Ys)

].o)la U3 POWERLIVON-Y PRV B SRV G735 I DN
Elgl szt 3 Bome ot (Sy3p0 g S 5o (YV0) sl 5 Y
"‘;—aﬁw‘ —o el Salnog 5T j0 (siluis el 05 5 latg,
Al s Som - Sen JCST) 6% 5 o3 Jisl ol T o
Sibwante 5 b 0 ) bapl opls gl e,
G Gy S oemes ol wlbs S gluasdls (Sealiysg 5l
@logig; b igb il (B3l Blas jo 1y ol 0 Shae 5 o0l @i} (g5l 2l
[v].qﬂea)_f dwlie 50

Ssg, el SR 690 Gagh Ko 3 Y 10) o Sen 575 e

&6 i zob (el - (o Jold (Sealizsg 51 5o silucs el 005 2
1, '(SVD) (ol (slacilze Jdoss 5 o2 ~ St w05y 5 (oS Ji

5 Hicks-Henne
6 Masters
7 Singular Value Decomposition

doddio )
055 Mz p o Seeliang 5l soiem )0 s il 5 b 5z
Al 5 by sladolee J> @St oy awaia gilu el (ool
ook oid dwain gilwg ol )l (ol ol o ol jlanul jludige
slalas 4 cos me.,i\l.ef)al{ Sl 6;[;))] 9 t.s"l)‘b 6Lb..\.;.1~|)_é 5
Clyeiie 335 mebit oSl L & L3 cals e S e iyl ol
alp 5l (A e ladlzl 5 acgabipas I ilodue gln |

.Q”TSA P JERGIESI

b 5 Salingsl o silus el i slaitsy S 5 aSene
BURERCIFLY eaﬁf@ Syge b slad o pae Baa b laaileg e
IS sl pite 5l dgamme (lacgerme 4 sduzn sbbawain o dag
o slalhs Jlsl 5 iz sLa8 ool a5 @ e &5 o

! Lauer & Ansell

2 B-Spline

3 Bezier

# Class/Shape Function

i pl a4 olccwl

CODFY )8 Sl gwdige (5 5700 (5o 9 m0S 10 03 (silws el slo g, gy p N0 wlrw (g pad g QLA)T (19392 (saeze (ol po ( NS cdozmo o lal 8

https://doi.org/10.24200/j40.2026.68965.1774  AYY-1\4. ne

s © Hgo 3>

(OMOM

[ RO e S oKl syl

YEVE SFVYY Sy iUl L


https://doi.org/10.24200/j40.2026.68965.1774
https://doi.org/10.24200/j40.2026.68965.1774
https://sjme.journals.sharif.edu/
mailto:kheyroddin@semnan.ac.ir

oLl g Glal b dazme — (55970 SlajgmaS 13 05 (gluis ey S, (s

Ghay 3 ol g o SetwsST oy sadllas o [reve)
ooliiwl SAYY Lgd ol samain 3l awsse adg ol CST o3lus il b
2953 hgdpl adeiil 6l CST (3g; las Slape jedone a5 cilos S

el 0395 Ve T Ll

159y 6o, Sles 5 owain slacaabisac DY VM) o San 5 plal o
(o9 alor s 5 35 poie) owiin el F l oolital b 1, Lub Y
fooge b laline o DO(Ya10) e 5 T wlos,S oy
Ll yd g oy Jigdpl awain lojes iludinge 2 gm0 a8 (s 5luainge
Sibos el slp 05 g IS JBET &b (g, 5l g xSl (50 Ses
Lo DY) e 5 Tyl ailos,S ooliiul Jigdpl sdwain
St & 00 9 5 JU @i g, 9 S p o8l 5l oolana
@ (o pl gamwain dal,l5 ol b g aisloy jemmesges 6ol Gy
DYIY oY1) o g SSb5 slanily cows o Shee 10 45 B (sloogage
x50 3 rsS So sty >k sl o3l ok IS8 i i,
Solwaige Baa LIMY oy ) VSls g s oo S ooliiul aibois
o, 5l el an Ty 5l (LA slag (28,5550 b jgm a8 sl
.A.‘v‘oé; oolaiwl JJ}S)." GAwdid ‘_g)Lu‘_g)*A‘)L' ‘_gl).v U,V)Lw‘ 9 Y
Sy coahadpac LS}L%S:*S sl gy p )Q[H]‘(Y‘ YY) o) 4 \AG?
slp Ol —(o Ghgy 3l o g son Calis s
(LYY E) Mg g o> los,S ooliiul o slohigd nl (s5becs oyl
slecdloul (Bl wsie glaaabiose Gilo oS wyp 0 5
— 9 A sl Sy, Sl Sisme HgweS 50 st slayally
v¥f ‘JL.Q uly..::b Eddleo; oolazuwl oy J:}ﬁ).vl 6}1*”6]:“")%. 6‘)? u.;)L.w‘
S8 bgd ul slissl m3s5 s5los eyl sl 1y i (siomie J S sabads

...x.ﬂm,;

Sl 5 wsin iluaiagr an T 50 siles el Sl Coeslogzs L
O it Slagiaghy (o p S le GlalhaS 5l AU lacuakdeas
Johte lack 8 nl 1y s3locs b lizee slagg) (2 45 dos oo
O dd) il sais ob)l aels jebas bapyilegs g 5o eadboslaiul
Sl el aide sla by, ©8 50 Shoe malar () Baa b 5l
slallaz Sl 0,5 Bl L i(5 59700 (5l jgm aS sbvo py (gawain adgisls 5o
Silus el slaghsy; o lee oliie fon 4l 0ud bl (2L
» Sl g dbes slaad sllas wdgish s lajlee b s
(sooip lacdl ol 0 il CoblB (b g o) b el g5 e 3luosly
bl ISl g o auglin 5 o)y onily et slordsnin Wy oISl 5

sl a5l pl 3 1) il (sl IS o ite b,

il sbalhs glgil ) )

14 Ivanov

15 Xiang & Chen

16 Free-Form Deformation
17 Bestle & Flassig

18 Jl

19 Ji & Chu

slital b asles S ialesT isdpl Ve FF o, ,o 1) o] o Shee 5 2500
L ools SOl (sla g2l 51 A aSST (sl o] aallane ) Jol> s 4
b ke YO oScews Ll wigd 03 cuul cewlie o
oolitl LMY VY Lo jo s camgi 5o colial uiored .ol (69,0
J> 5 lodhsdnl (3,56 bl 5l (0l S5 (55l el slagy,
5 1 (Seabang il calyd ar (plzws L1y (o9 50 0 Shos bz s00e
O 2liws Gl a5 al ssnlin (536 Juegh o wils S iubesl Lay
b e #8 6 YA Ol el LB 5 585 (Seslindg gl cul o

Sl 5590

2 Siles bl sty (swyp 9 (B AUGEAYS: OhlSes 5 S5
9 oM JUES! b oMl — (0 sla gy (saumliie 9 20l L «Snlinog 3]
wolgsys tdol sloadlge Ll g (pa — wSin (s ul)b Zolaw 0 Sy
los )5 Sl g, e Olysar 1) ol sleadlie Jolos s,
Sl ey slogtgy sammlia b 5 Pl(Y a1 e) oljlSem 5" S
Tobas (0 =S (g5 B (St (Ml - ol o Salizog T
obolr ) il bl slagty, oSa 9 (5 Jisl &l 5 sl
Lo by, 5l (5o 095 sl el 2yl G cwilos 57 (g ) calizia sl lone

s bl

&5 S8 a4 gilug el (rbleg s o pamye slals, 5l (S
IV XY 5 VoY) o) Ken 5 Slg o agd pl sliwil a5 5 conles
2 Sl glhaasinl Bl cwyp gaie) 0 &S ciegh wiz o v
SO Shwin QQJSL;/;;A)L; 6‘,".’ Wilools fab;.?‘ & 97 )9..»]....«5 \)).Q.Q.c

Alos S oolawl >l gy 5l g peeS

on > Johie iles bl Sgpe slagts, 5l (S (SO b
OSe 5 g dgdisn ol bl VF Loy (] 53 45 canlajgun oS
Slodasnial Sl gy 5 risiomls slp SV 3y, 5 Hurevr

.J.Sloo)f oduim|)9.aj;.o5.>)il.o& 50 6)‘°ﬁ°)edg}t>‘5)l€;“|9é>h”

e laey Siloaig & 055 ek s TTY) ) Sen 5 Sl
LJ.QL» c0olw (oD /...ol)L\ Recs }‘ 1ags ‘C)] RN wla): Sy )9.4)4.&5
Ol Glp cead Gagly g wwlis Gaiiian wp (639,5 saly Sy Job
o, los Conhadone Deyevy) Olan 5 KI5 les S oolaiwl dwais
o> o) owiin Slss b Cou 1) 6y9me e S sloo
)l g ale slaad (sawain go8,5 b, " (TE) 1,8 sad 5 '"(LE)

Alos S Ly gwaim el )l 9o b

aiibe (owain sla il b slacslzal 51 DY YY) liKen o 7 Ll
r Fad Jbyz eSSy o Shes 3 0 agly 5 culs
ol cwain slaclzal 51 DYV V) ol Ses 5 5,005 aslos S
So o3l joly 0, glarl g eyis Job caiiinn Culies : plai el R JERRS

S99 Bolo Wiles Sy gam S loJoe b gy9mme (nye

8 Sripawadkul

° Prots

10 Leading Edge
! Trailing Edge
12 Altafi

13 Li

'YY



AYY-W 4 jao AP0 Lo o) o,leds FY (50,90 vy 1 Sl g_‘;““'\"ef"gs“l‘" sl

MCA airfoil
0.05F
oF
S

-0.05F 1

-0.1F
0 0.05 0.1 0.15 0.2
m'

Figure 2. NASA Rotor 37 mid-span airfoil.
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Figure 3. Transonic compressor blade mid-span airfoil.
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Figure 1. Visual classification of manufacturing errors
(Adapted from [21]).
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Figure 5. Fourth-order B-spline: control points and
corresponding knots (top) and basis functions (bottom)
(Adapted from [26]).
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Figure 4. Spline curve and Runge’s phenomenon in
high-order polynomial interpolation.
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Figure 6. Geometries generated by the CST method (Adapted from [27-29]).
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Figure 7. Explicit variables for defining explicit airfoils
in the PARSEC method(Adapted from [30].
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Figure 8. Modes extracted by the Singular Value Decomposition (SVD) method.
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Table 1. Airfoil parameters in the Lange method.

Symbol parameter.

ax.tan Axial and tangential position of the airfoil section
A Stagger angle
c Chord length

tig-trg Leading and Trailing edges thickness

POSy, - POSt,

Position of leading and Trailing edges

tmax " Wmax

Maximum thickness and maximum camber

postmax ' pOSWmax

Position of maximum thickness and camber

BLE' :BTE

Leading and trailing edges angles

Axial and Tangential Position Stagger angle and chord length

Tan
0

Ax m

Thickness distribution Camber distribution

Thic
Camber

X X

Figure 9. Airfoil parameters in the Lange method
(Adapted from [37]).
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Figure 12. MCA airfoil reconstructed using various
parametrization methods.
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Figure 13. Geometric errors in parametrized MCA
airfoils.
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errors at the leading edge, trailing edge, and mid-
section of the DCA airfoil.
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Figure 16. Implementation of non-uniform thickness
variationsusing the Hicks-Henne method.
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Figure 14. DCA airfoil reconstructed using various
parametrization methods.
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Table 2. Comparison of Parametrization Methods Based on Key Criteria (10 parameters).

Case study 1 Case study 2
(MCA airfoil) (DCA airfoil) L. L.
Ease of Parameter Deviation | unrealistic
Methd Error of Error of . modeling | geometry
Overall o Overall Implementation type - .
(%) o capability | generation
accuracy accuracy (%)
LE | TE LE | TE
B- 98%—5 | 8 | 23 | 794e->s 3 ] 30 Moderate Implicit Good Likely
Spline
Spline | 6.25¢—5 7 |37 ] 458e—-5 6 | 46 Easy Explicit Excellent | Very likely
Bézier | 8.0le—5 | 15 ]| 28 | 4.15¢—5 12 ] 22 Moderate Implicit Good Likely
Lange | 19.5¢-5 18 | 4 100e—5 | 27 | 4 Easy Explicit Fair Unlikely
CST 37.2¢—5 | 5 ] 60 | 363e-5 3 150 Moderate Implicit Fair Possible
SVD 4.55¢—5 6 9 8.0le —5 26 | 4 Complex Implicit Poor Unlikely
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