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ABSTRACT

Rotating machinery such as centrifugal fans is often exposed to unsteady
aerodynamic loads that can induce fatigue damage during prolonged industrial
operation. This study investigates the fatigue life of a centrifugal fan (FN280)
used in a cement plant through a one-way fluid—structure interaction (FSI)
approach. Transient aerodynamic loads were computed using ANSYS Fluent
and subsequently transferred to ANSYS Mechanical for structural fatigue
analysis. Since the original fan geometry was unavailable, a detailed three-
dimensional model was reconstructed via reverse engineering to ensure accurate
aerodynamic representation. The unsteady numerical simulations were
performed under four operating conditions and validated against experimental
performance data. The comparison shows a satisfactory level of agreement,
confirming the reliability of the adopted modelling approach. Simulation results
indicate that most regions of the fan exhibit fatigue safety factors between 1 and
15, suggesting generally safe operation. However, localized stress
concentrations near the blade root and shaft—disc junction display safety factors
slightly below unity, indicating potential sites for early fatigue crack initiation.
The estimated fatigue life is approximately 2.8 x 10° cycles, emphasizing the
significance of accounting for aerodynamic loading effects in fatigue
assessment. Overall, the study demonstrates the capability of FSI-based
numerical simulations for predictive maintenance and reliability evaluation,
while further experimental validation is recommended.
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1. INTRODUCTION

In the design of rotating machinery, controlling rotor
vibrations is essential, as excessive vibration can lead to
failure through instability or fatigue. Fatigue is one of the
important domains of research in this field, especially
since rotating machines such as turbines and centrifugal
fans are regularly exposed to fluid flows. The passage of
fluid through these machines causes pressure fluctuations,
which in turn generate variable loads that affect their
service life (Choi et al., 2003; Wolfram & Carolus, 2010).

These machines are widely used in various industrial
processes, where operational reliability is critical to
prevent costly downtime. In cement production plants, for
instance, centrifugal fans are subjected to turbulent
airflow, which can lead to excessive vibrations and
fatigue-related failures. Despite their widespread use, the
influence of turbulent flow characteristics on the fatigue
behavior and service life of these fans remains

insufficiently understood, emphasizing the need for
continued research in this area.

Over the past years, numerous studies have been
conducted to understand the effect of vibrations on the
performance of centrifugal fans, which pose a technical
challenge impacting operational efficiency and
performance stability. In this context, Nan et al. (2024b)
showed that the installation angle of stationary blades in
gas turbine compressors directly affects the dynamic
forces generated on the rotating blades, causing vibrations
that lead to changes in the blades 'dynamic response and a
reduction in their lifespan due to cyclic fatigue,
particularly in the blade root regions, which are subjected
to high dynamic stresses.

In line with this, the study conducted by Zhou et al.,
(2023) investigated the flow-induced vibration of a
centrifugal pump under the effect of stator—rotor
interaction using a one-way FSI approach. Their results
revealed that the blade passing frequency and the shaft
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NOMENCLATURE

N(t)s fluid domain at time t py  fluid density

0,(t) solid domain at time t pg  fluid dynamic viscosity

I;5(t) fluid-structure interface u solid displacement vector

ng unit outward normal vector on the fluid side 1 solid velocity vector

ng unit outward normal vector on the solid side (n; = —n;) i solid acceleration vector

v fluid velocity vector ps solid density

p fluid pressure o  fluid Cauchy stress tensor

f body force per unit mass o, solid Cauchy stress tensor

€ strain tensor in the solid E  Young’s modulus of the solid

v Poisson’s ratio of the solid A, i Lamé parameters

1 second-order identity tensor S fluid rate-of-strain tensor
rotational frequency are the main characteristic interactions, as in molten salt pumps, while Zhang et al.,

frequencies responsible for pressure pulsations and
dynamic responses in the pump. Furthermore, the study by
Zhou et al. (2025) addressed the response of centrifugal
fan arms, analyzing vibration modes and resonance at
maximum operating speeds. Multi-objective optimization
methods were employed to reduce peak vibration speed
and minimize resonance risks, thereby enhancing
structural reliability and overall fan performance.

In a related context, other studies have examined the
effect of turbulent airflow and the resulting dynamic loads
on the performance of centrifugal fans, as well as their
connection to vibrations and mechanical failure. For
example, Fakhfekh et al. (2025) demonstrated that rotor
blade flexibility in a turbulent flow environment leads to
bending and twisting deformations that alter flow patterns
and wake vortices, which in turn affect aerodynamic
forces such as lift, drag, and thrust, thereby influencing the
overall performance of the fan. Dadhich et al. (2015) noted
that fans, during operation particularly in start-up and
shutdown phases are subjected to centrifugal, bending,
and vibrational loads. The repetition of these leads to
increased cyclic stress and eventual failure of fan
components, making in essential to conduct precise
analyses to avoid resonance phenomena that could
exacerbate the damage.

Dadhich et al. (2015) demonstrated that changing the
inlet closure level causes variations in both static and
dynamic pressure inside the fan casing, leading to
increased turbulence intensity and vibrations, which in
turn affect service life and performance efficiency.

Moreover, numerous studies have addressed the
impact of airflow, as well as various operational and
design factors, on the performance of centrifugal fans and
their relationship to vibrations, noise, and mechanical
failure (Alphin et al., 2025; Danilishin et al., 2020; He et
al., 2021; Liu & Liu, 2024; More et al., 2020; Ottersten et
al., 2022; Wei et al., 2022).

Amid these complexities, the field of FSI analysis has
witnessed significant advancements, becoming an
essential tool for understanding the intricate relationship
between flow and structural analysis to comprehensively
assess the effect of aerodynamic loads on structural
response.

For example, Li et al. (2023) applied FSI analysis to
study fan deformations resulting from flow-structure
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(2020) used two-way FSI analysis to investigate the effect
of unsteady flow on pump rotor vibrations. Similarly, a
study by Danilishin et al. (2020) applied FSI to air
compressors, highlighting that incorporating flow-induced
forces into structural analysis is essential at high pressures
to improve the accuracy of structural evaluations.

In addition, the study by Wu et al. (2019)
demonstrated how FSI simulation combined with
cavitation models can clarify the effect of cavitation
bubbles on the forces and pressures acting on pump
blades, leading to changes in deformations and natural
frequencies, and thereby improving the prediction of
fatigue life and structural degradation.

Furthermore, numerous studies have addressed FSI
analysis and its applications in investigating vibrations in
fans, as well as in estimating service life and fatigue
(Badshah et al., 2019; Liu et al., 2023; Santo et al., 2019;
Sun et al., 2022).

Despite the growing interest and significant progress
in the application of FSI simulations studies, those that
address the use of these methods to estimate the fatigue
limit and assess the effect of turbulent flow on the service
life of industrial centrifugal fans remain extremely scarce.
This severe lack of research reduces the accuracy of
predicting fan durability under real operating conditions,
which may lead to operational issues and high
maintenance costs. Therefore, there is an urgent need for
dedicated studies to fill this gap and enhance the reliability
of centrifugal fan design.

This study aims to fill this research gap by using FSI
simulations to evaluate the effect of aerodynamic loads
generated by turbulent flow on the service life of the
FN280 centrifugal fan. Given the limited availability of
detailed geometric data for the fan under investigation and
the absence of a ready-made 3D model of its blade, the
model was created using reverse engineering techniques,
an essential step to ensure the accuracy of the FSI
simulation under aerodynamic turbulence conditions.

Accordingly, this study seeks to assess the impact of
aerodynamic loads resulting from turbulent flow on the
service life of the FN280 centrifugal fan by applying FSI
simulation to estimate fluctuating stresses in the fan. The
study hypothesizes that these loads significantly
contribute to reducing the fan’s service life by increasing
stress fluctuations.
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To achieve this, the aerodynamic loads were
calculated using computational fluid dynamics (CFD)
simulation, and the structural response was analyzed
through transient structural analysis within the framework
of FSI simulation, using a one-way coupling approach.

The remainder of this paper is structured as follows:
Section 2 describes the fan model and its geometric
reconstruction process. Section 3 introduces the adopted
fluid—structure interaction (FSI) methodology. Section 4
outlines the numerical modeling approach, including the
governing equations, mesh generation, and boundary
conditions applied in both CFD and FEA analyses. Section
5 presents and discusses the aerodynamic and structural
results. Section 6 summarizes the key findings and
conclusions, while Section 7 addresses the study’s
limitations and suggests directions for future research.

2. DESCRIPTION OF THE FAN UNDER STUDY
AND DESIGN

2.1 General Characteristics of the Fan

The centrifugal fan under study is equipped with a
single large inlet and is used to transport hot gases
containing a limited amount of dust particles, making it
suitable for industrial applications, particularly in cement
factories. The fan consists of an outer casing, an impeller
equipped with a drive shaft, and two bearings. The shaft is
made of steel to ensure the strength and durability required
to withstand high operational loads and speeds. Spherical
thrust roller bearings are used, with the first bearing acting
as a guiding element mounted near the motor, while the
second bearing is mounted in a way that allows it to move
within its housing.

These bearings are installed in cast bearing housings
of the FLS type, which are themselves mounted on a metal
base to provide the necessary support and stability during
operation. To ensure efficient performance under high-
temperature conditions, a cooling fan is installed on the
shaft near the outer casing (see Fig. 1). The fan impeller
consists of 16 backward-curved blades and operates at a
rotational speed of 985 revolutions per minute (RPM). The
detailed technical specifications of the fan are summarized
in Table 1, based on data obtained from the manufacturer’s
technical datasheet for the FN280.

2.2. Modeling of the Fan

2.2.1 Reconstruction of the blade using reverse
engineering

Due to the unavailability of technical data related to
the blade of the FN280 centrifugal fan, shown in Fig. 2,
and the complexity of its geometric shape which made it
impossible to reconstruct using traditional methods a
reverse engineering approach was adopted to recreate its
geometry. Reverse engineering is defined as the process
of systematically analyzing a physical object to ascertain
its specifications and design.

The objective of reverse engineering is to reproduce
or modify the object in question. This process goes
through several sequential stages, ultimately leading to the
creation of a 3D CAD model. Figure 3 presents a schematic
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Table 1 Fan technical data

Type FN 280
Number of blades 16
Blade thickness 8 [mm]
Impeller tip speed, U2 115.46 [m/s]
Qu (design flow rate) 53.9 [m3/s]
AHd (design Total pressure rise) 6148 (Pa)
Temperature 84 [°C]
Rotational speed, 985 RPM
Roller bearings bearing 1 22328/C3
bearing 2 22332/C3
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Fig. 1 Pictures of the section where the FN280
centrifugal fan is placed in the plant with pictures of
the impeller
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Fig. 2 Real photo of a fan blade
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illustrating the different stages of the reverse engineering
process.

The first stage of the reverse engineering process
consists of the scanning phase, during which a Coordinate
Measuring Machine (CMM) was used (see Fig. 4a). This
device enables high-precision scanning of geometric
points on both the outer and lower surfaces of the blade,
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Fig. 4 Blade alignmentor Scanning phase a) Blade
position on CMM table, b) Digital data of the blade

including the mating surface. Subsequently, the scanned
data is converted into a digital representation in the form
of a point cloud of the blade, using the PC-DMIS software
dedicated to the CMM, with a recorded standard deviation
of 0.1 microns. This data is then processed using the tools
available in GEOMAGIC DESIGN X (2022). Figure 4.b
illustrates the point cloud of the blade.

Given that the collected data contained distortions
caused by deviations in the leading and trailing edges,
which reflect surface irregularities on the blade, a hybrid
modelling technique combining parametric modelling and
surface reconstruction was adopted.

This methodology consists of several sub-steps (3D
Systems, 2013) (see Fig. 5), with surface reconstruction
selected for its effectiveness in handling complex
geometric surface shapes. To implement this technique,
the mesh regions were first accurately defined using the
identification of surfaces. Then, the blade surfaces were
manually created using the Mesh fit tool, following the
steps in Fig. 6. After generating all surface and reference
planes (see Fig. 5.e), the final 3D model of the fan blade
was obtained (Fig. 5.f).

2.2.2 Accuracy analysis of the reconstructed blade

The accuracy of the 3D model of the blade was
analyzed and evaluated by comparing the CAD model,
created using GEOMAGIC DESIGN X (2022) software,
with the digital data (point cloud) recorded by the CMM
scanning device. Similar approaches employing
GEOMAGIC DESIGN X for reverse engineering and
geometric reconstruction have been reported in previous
studies, confirming its reliability and precision for
complex surface modeling (Mahboubkhah et al., 2018;
Wu et al., 2022).

This process is carried out using GEOMAGIC
CONTROL X (2022) software, where the CAD file of the
blade and the STL file containing the scan data must first
be imported, as shown in Fig. 6.a and b. After importing,
an alignment operation between the CAD and STL files is
performed using dedicated tools within the software, as
illustrated in Fig. 6.c,

Based on the analysis report generated by the software
(Fig. 7), the geometric deviation between the
reconstructed model and the scan data was quantified.
Figure 7.b presents the statistical distribution of these
deviations: the maximum and minimum deviations
were +0.0785 mm and —0.0785 mm, respectively, with an
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Fig. 5 Fitting Surface Modeling(a) Fitting Region, (b)
ISO lines, (c) surface fitting of suction and pressure
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CAD model of the blade

[x] |
i // \\

[£]

[a]

[c]
—

Fig. 6 CAD-ready data file (a) Digital data of the
blade, (b) CAD model of the blade, (c) Alignment
between CAD and STL

MI
04

025

[a]

0.0000 b
04

08

1.0000

1 _ ~
-0.0894 Average: 0.0012 0.0894

Fig. 7 Verification of the Final Model Accuracy (a)
comparison deviation chromatograms, (b) Total
distributions of comparison errors

average deviation of just 0.0012 mm. Given the functional
and aerodynamic requirements of the blade, these
deviations are considered minimal and within acceptable
engineering tolerances

Figure 7a displays a color map that visualizes the
deviation magnitudes across the blade surfaces. The
tolerance range was set between —0.2 mm and +0.2 mm.
Regions within this range are shown in green, indicating
good agreement between the CAD and scan data. Areas in
red and blue indicate surfaces that are slightly oversized
or undersized, respectively.

Such small geometric deviations are not expected to
significantly affect global stress or fatigue life predictions.
However, minor local variations may occur in regions
with high stress gradients, such as the blade root and
transition fillets. Moreover, it is important to note that the
blade root area is subject to welding during
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manufacturing, which inherently limits the achievable
geometric accuracy in this region. Consequently, slightly
larger deviations are considered acceptable at the blade
root, without compromising the overall structural or
fatigue performance of the component.

2.3. Modeling of the Remaining Components

A precise 3D model of the fan components was
created using the engineering modeling techniques
provided by SolidWorks. This design included the
components for which complete and accurate engineering
information was available. The dimensions of these parts
were based on direct measurements and original technical
drawings. The final assembly of these components was
carried out within the SolidWorks environment. Figure 8
illustrates the complete 3D model of the fan.

Fig. 8 3D model of FN280 centrifugal fan

3. FLUID-SOLID INTERACTION METHODS

FSI simulation is a branch of multiphysics in which
fluid dynamics and structural mechanics are the coupled
systems under consideration. The coupling process is
represented by the interaction between circumferential or
internal fluid flow and moving or deformable structures
(Ahamed et al., 2017; Hou et al., 2012). In such problems,
both physical fields, their governing equations, and the
associated boundary conditions must be satisfied
simultaneously. The coexistence of fluid and structural
domains inherently produces interaction surfaces, across
which information such as forces and displacements is
exchanged.

Numerical methods used to solve FSI problems can
generally be classified into two main approaches:
monolithic methods and partitioned methods. In
monolithic methods, the fluid and solid governing
equations are solved simultaneously using a single
algorithm (a unified matrix formulation). In contrast,
partitioned methods solve the equations of each physical
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field separately and in a sequential manner, with coupling
achieved through iterative data exchange between the
solvers. In this project, the partitioned approach was
adopted, which can be further classified into one-way
coupling and two-way coupling.

In the one-way coupling FSI simulation employed in
this study, the fluid field is solved independently without
considering structural deformation. In this approach, the
CFD analysis is carried out until convergence is achieved.
The resulting pressure loads are then transferred from the
fluid dynamics analysis to the structural analysis (Hou et
al., 2012). The schematic representation of the one-way
coupling procedure is in Fig. 9.

FEM

CFD

Generate computational Solution of structure
domain (SPACECLATM) r (FEM Solve)
¥ 1
Generate CFD mesh - late T
(AﬂSyS ICEM CFD) nterpolate rorces on
v structure mesh

Solution of fluid
(CFD Solve fluent)

C ]

Fig. 9 Schematic diagram of the one-way coupling

In the two-way coupling simulation, the pressure
loads obtained from the fluid dynamics analysis are
transferred to the structural analysis. In turn, the structural
deformations are fed back to the fluid domain, updating
the flow solution accordingly. This iterative exchange
continues until convergence is achieved and generally
requires significantly more computational resources than
the one-way coupling method.

4. NUMERICAL MODELLING

4.1 Mathematical Model Formulation

The coupled FSI problem is formulated by combining
the governing equations of the fluid and solid domains for
the incompressible fluid and the deformable solid,
together with appropriate interface coupling conditions
(Tu et al., 2015). Let 02,(t) denote the fluid domain,
0, (t)the solid domain, and I;5(t) = 042 (t) N 002,(t) the
moving interface between them. The outward unit normal
are ng (pointing into the fluid) and ng = —n, (pointing
into the solid). The primary variables are: fluid velocity v,
fluid pressure p, solid displacement u, solid velocity u,
Cauchy stress tensor o, density p, and body force per unit
mass f.

The fluid within the fan domain is modeled as an
incompressible Newtonian medium with constant density
P and dynamic viscosity ur. In Eulerian coordinates, the
governing equations are the incompressible Navier-Stokes
equation (Ferziger et al., 2019).

Vyv=0 1)
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ov
P ( Py + v.ij 2)

The Reynolds stresses were modeled using the eddy-
viscosity turbulence model namely the SST k-w. The
adoption of this model was justified by the high curvature
of the impeller blades and its reliable performance in
predicting flow separation under adverse pressure-
gradient conditions.

~Vp+u N +p, f

In the solid domain, the structure is modeled in a
Lagrangian reference frame, where material points are
tracked over time. The linear momentum balance is
written as:

3)

with p, the solid density and o, the Cauchy stress tensor.

V.o, +p,f=p,iin Q (1)

The analysis assumes small strains and linear elastic
material behavior, the kinematic and constitutive relations
are:

“
6))

where ¢ is the strain tensor, A and u are the Lamé
constants, given in terms of the Young’s modulus Eand
Poisson’s ration v by:

Ev

(1 +v)(1—2v)

& =%(Vu+(Vu)T)

o, = Atr(&)I+2ue

A= (6)

u= (7

2(1+v)

At the FSI, displacement compatibility and force
equilibrium are enforced to ensure accurate coupling
between the two domains on [}4(t) via kinematic and

dynamic continuity:

v=u

®)
No-slip / no-penetration condition

(€))
Traction equilibrium

where oy is the fluid stress tensor, which for a Newtonian
fluid is:

o = —pl +20S (10)

1
With S = E(VV + (VV)T) the rate-of-strain tensor

4.2 Computational Fluid Dynamics (CFD)

4.2.1 Computational domain of the fan

Due to the use of the one-way coupling FSI method in
this study, the fluid field must be solved independently
until convergence is reached. Therefore, a computational
domain was created, including the inlet and outlet pipes as
well as the impeller. The fluid field and flow components
were modeled using SPACECLAIM software. A straight
section was added at the top of the inlet. To minimize
interference from the physical model in the numerical
calculations and allow for adequate flow development, the
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Stationary Region
(Casing)

Rotating Region
(Impeller)

Fig. 10 Computational domain for the fan

inlet length was extended to twice its diameter. Similarly,
to prevent backflow, the outlet was extended to four times
its diameter. The CFD analysis of the developed domain
was then performed using ANSYS Fluent. Figure 10
illustrates the complete computational domain of the fan.

4.2.2  Meshing procedure

The mesh of the fluid domain was generated using the
ICEM CFD software. To enable the rotation of the fan, the
computational domain was divided into separate regions.
Due to complexity of the geometry and the large curvature
of the impeller blades, an unstructured tetrahedral mesh
was applied in areas with complex shapes, rather than
throughout the entire domain. Particular attention was
given to regions of high importance in the numerical
simulation, such as the blade surfaces, the casing neck, and
the blade passages inside the impeller. The mesh density
was refined in these areas, with a smooth transition from
coarse to fine elements. To allow proper flow transfer
between rotating and stationary regions, interface
boundaries with a non-conformal mesh were used. Figure
11 shows the complete computational domain mesh.

Fig. 11 View of the entire computational domain mesh

Prism layer elements were generated around the
blade surfaces to satisfy the mesh accuracy requirements
of the several trial simulation to ensure that the non-
dimensional wall distance (Y*)remained within the
recommended rang for the SST k- turbulence model, i.e.,
Y* <1(Zigh & Solis, 2013). A total of 12 prism layers
were applied along each boundary layer wall (Goetten et
al.,, 2019; van Druenen & Blocken, 2024). Figure 12
presents a cross-section of the impeller mesh, highlighting
the near-wall region of the blade surface used in the

numerical simulation. The Y values on both the high-
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Fig. 12 cross-section of the impeller mesh and the
exact mesh in the area near the wall for the blade
surface

pressure and low-pressure sides of the blade were
meticulously monitored throughout the duration of the
simulation process.

To ensure mesh accuracy, the required number of
cells was determined using shaft power (W,qs,) as an
indicator for grid independence. This analysis was
conducted under steady-state conditions, with a fixed
blade position and at the designed flow rate (Q4). The
numerical results for different mesh sizes are presented in
Table 2. As shown, when the number of cells exceeds 5.57
million, further grid refinement has no significant effect
on the results. Therefore, a mesh containing 5.57 million
cells was selected to reduce computational cost while
maintaining accuracy.

4.2.3 Boundary condition

The boundary conditions in this simulation were
applied by fixing the volumetric flow rate through
prescribing a velocity profile at the inlet and static pressure
at the outlet. The velocity profile was adjusted for each
flow case under study, and this approach was adopted due
to its fast convergence. At the inlet, a uniform velocity
profile was imposed for each rate, where four flow cases

were considered: 0.89Q, (487"?3), Design flow rate (Qy),
58.82m’s, and 1.33Q, (72").

At the outlet, atmospheric pressure was imposed as
the boundary conduction. To specify the turbulence
parameters at the boundaries, uniform values were adapted
to represent a medium turbulence level, with turbulence
intensity of 5% and turbulence viscosity rate of 10. A no-
slip condition was enforced on all wall surfaces.

The SIMPLEC algorithm was employed for pressure—
velocity coupling to enhance convergence efficiency in
simulations involving a large number of computational
cells. Second-order upwind schemes were used for the
discretization of convection terms, while central
differencing was applied to diffusion terms. For the
unsteady simulations, a second-order implicit scheme was
utilized to discretize the time-dependent terms.

To maintain numerical stability and provide sufficient
temporal resolution for unsteady interactions, a small-time
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step of 8.46024 x 10~5 was selected. This time step size
corresponds to an impeller rotation of 0.5°.

4.2.4  Grid Independence study

To ensure mesh accuracy, the required number of
cells was determined using shaft power (Wg,qs,) as an
indicator for grid independence. This analysis was
conducted under steady-state conditions, with a fixed
blade position and at the designed flow rate (Q;). The
numerical results for different mesh sizes are presented in
Table 2. As shown, when the number of cells exceeds 5.57
million, further grid refinement has no significant effect
on the results. Therefore, a mesh containing 5.57 million
cells was selected to reduce computational cost while
maintaining accuracy.

Table 2 Sensitivity of grid density on power shaft

number  of

nodes 4.3 5.1 5.57 | 5.58 | 5.98
(Million)

Wihapi [kw] 495.3 | 492.1 | 488.4 | 488.1 | 487.9

4.3 Structural Calculation
4.3.1 FEA meshing

For the solid domain, an unstructured tetrahedral
mesh was generated to account for the structural load
acting on the centrifugal fan, which arises from the
pressure distribution obtained in the fluid dynamics
analysis. Due to the fan’s complex geometry, the
SOLID185 element was employed. This element is a 3D
solid element with eight degrees of freedom per node,
allowing accurate representation of the structural behavior
(Aimeur & Menasri, 2022). The mesh consisted of
1,371,960 nodes and 642,749 elements, as illustrated in
Fig. 13. The minimum element size was 5 mm, while the
maximum element size reached 20 mm.

Fig. 13 Meshes for structure

4.3.2  Material properties and assumptions

The impeller, shaft, and supporting structure were
made of structural steel. The material properties used in
the simulation were as follows: density p = 7850K g/m?3,
Young’s modulus E = 2.1 x 105MPa, and Poisson’s ratio
v =0.3. The material was assumed to behave linearly
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elastically under small strain conditions. The contacts
between the hub, blades, and shaft were modeled as
bonded, assuming perfect adhesion and no relative
motion. Geometric simplifications were applied by
omitting the screw threads of the bolts and nuts to reduce
mesh complexity while preserving the overall stiffness
and mass distribution of the model. These assumptions
and simplifications allowed achieving a good balance
between computational efficiency and result accuracy.

4.3.3 Boundary condition FEA

In the transient structural analysis, performed using
ANSYS Mechanical, constraints and loads were applied to
the rotor shaft of the centrifugal fan. The loading
conditions included the internal and external fluid pressure
acting on the fan, as well as the centrifugal force generated
by its rotation. The fan operated at a rotational speed 985
RPM, with the centrifugal force applied in the direction of
rotation. The flow-field pressure distribution was obtained
from the CFD results and transferred to the fan structure
through the FSI coupling. The bearing supports of the
rotor shaft were simplified to cylindrical representations,
which were applied as axial and radial constraints. A fixed
time step of 0.001 s was used in the transient structural
analysis to ensure numerical stability and convergence.

Figure 14 illustrates the boundary conditions used in
the transient structural analysis.

Fig. 14 Boundary conditions applied to the fan

5. RESULTS AND DISCUSSION

5.1 CFD

To validate the modeling approach adopted in this
study, the numerical predictions were compared with the
experimental data of the FN280 fan. Fig. 15 illustrates the
unsteady simulation results, obtained by averaging the
computed quantities over the final cycle and comparing
them with the corresponding experimental performance
curves. The aerodynamic performance of the studied fan
was experimentally determined in accordance with the
requirements of the industrial fan testing standard ISO
5801. The unsteady solution started to exhibit periodic
behavior after approximately 1.5 impeller rotations. Each
time step was iterated until the residuals were reduced to
10°% for the continuity equation and 1075 for the
momentum and turbulence quantities. On average, 15
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iterations per time step were sufficient to achieve the
specified convergence criteria. Each operating point
required approximately 15 days of computation on a 12-
core CPU with 128 GB of RAM, owing to the fine time-
step resolution and high mesh density adopted in this
study.
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The results in Fig. 15 show that the unsteady
simulation curve closely follows the experimental
performance curve, with only minor deviations, thereby
confirming the reliability of the approach in predicting the
fan’s flow field. The time-averaged total pressure rise was
underestimated by up to 2.55% at a flow rate of 0.89 Qq,
and by 0.39% at the design operating flow rate.
Conversely, the shaft power was overestimated by up to
3.81% at the flow rate of 1.33Qq.

Overall, Fig. 15 indicates that the shaft-power
deviation correlates with the flow rate. These
discrepancies fall within the typical range reported in the
literature for centrifugal fans and compressors, where
deviations between CFD and experimental data usually
range from 2% to 6% and may increase up to 9% under
off-design conditions (Ivanov et al., 2022; Nagaraj &
Karanth, 2023). Hence, the present model demonstrates a
satisfactory predictive capability and can be considered
reliable for further analysis of the fan’s internal flow field.

To better understand the flow and structural behavior
of the centrifugal fan, three cross sections, Z1, Z2, and Z3,
were created on the rotation axis at different areas of the
impeller, where Z1 =0.04 m, Z2 =0.14 m, and Z3 = 0.24
m, as shown in Fig. 16, the static pressure and flow
velocity are shown in different areas of the impeller and
the casing area. These are shown according to the design
flow rate.

Fig. 16 Cross sections Z1, Z2, and 73
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Fig. 18 Velocity contours on cross-section at design flow rate Qa a) Z1, b) Z2, ¢) Z3

Figure 17 show the distribution of pressure at the
level of the cross sections Z1, Z2, and Z3, respectively.
The figure depicts that the pressure has almost the same
distribution in Z1 and Z2, and the difference is in the
maximum and minimum values, as it appears from the
figure that the pressure increases as the impeller enters the
outlet, and the pressure value is at its maximum at the neck
of the casing.

When the impeller rotates, this results in the
conversion of dynamic pressure into static pressure along
the length of the housing, with a high-pressure gradient in
the radial direction. As for the distribution of pressure on
the cross-section Z3, it is slightly different, especially at
the tip of the housing flap, where it is at the lowest value
due to its location, which is at the top of the impellerblade,
and the pressure is lower than that when compared to Z1
and Z2.

As for the blade passages (from blade to blade) of the
impeller, the pressure on the suction side is lower than on
the pressure side of the blade, as at the tip of the front edge
of the blade, the pressure is at its lowest value. It can also
be noted that when the blade passes in front of the cover
tongue, the pressure is higher, and when the blade rotates
from the neck of the casing to the large discharge section
of the helix, the pressure decreases. This is due to the
asymmetric helix geometric design, which in turn leads to
the pressure being distributed on the blades in an irregular state.

Our observations regarding the similarity in pressure
patterns between Z1 and Z2 are consistent with previous
studies on centrifugal fans operating at low flow rates. In
one such study, it was reported that the first section
(Z=0.015 m) and the second section (Z=0.030 m)
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exhibited nearly identical pressure profiles despite their
different axial positions, whereas the upper section
displayed a more uniform distribution (Lun et al., 2019).

Additional investigations have confirmed that both
velocity and static pressure increase with the rotor radius,
which is consistent with the pressure rise toward the outlet
tip observed in our results (Lun et al., 2019). Similarly, an
analysis on the internal flow in a three-stage rotor
demonstrated that the increase in total pressure can induce
vortices and backflow inside the passages, explaining the
non-uniform distribution observed in Z3 (Ding et al.,
2019).

Figure 18 illustrate the velocity distribution across the
three cross-sections Z1, Z2, and Z3, respectively, under
the design flow condition. The results reveal noticeable
variations in both the distribution and magnitude of the
flow velocity among the three sections. Specifically, the
lowest velocity values are observed in the tongue region at
Z1 and Z2, whereas in Z3 the same area exhibits relatively
higher velocity values. The behavior is mainly attributed
to the large curvature of the blades, which strongly
influences the local flow acceleration.

High-velocity regions are also identified at the
loading edges of the blades, near the pressure side, and at
the impeller outlet. The velocity contours also show that
there are flow interruptions in most of the blade passages
right after the leading edge. This shows how important the
blade inlet angle is in controlling the flow entering the
impeller channels. The tongue region is characterized as a
stagnation zone where flow separation is consistently
present across all three sections. This phenomenon is
primarily caused by the inappropriate blade inlet angle
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combined with excessive blade curvature, which prevents
the incoming flow from being properly guided around the
impeller passages.

In summary, the findings suggest that optimizing the
blade inlet angle and reducing the excessive blade
curvature are essential design considerations, as they can
minimize flow separation and enhance the overall
aerodynamic performance of the impeller.

Our observations regarding the low flow velocity near
the tongue region in Z1 and Z2 and its subsequent
increases in Z3 are consistent with previous research
emphasizing the role of blade inlet angle and curvature
reduction in enhancing fan performance. Several studies
have reported that the velocity profile within blade
passages is strongly affected by inlet and outlet geometry
and that optimizing these angles helps reduce flow
disturbances and improve overall flow uniformity (Wang
et al., 2022). Furthermore, Ren et al. (2019) demonstrated
that decreasing the blade angle and refining its distribution
can effectively mitigate flow separation and significantly
enhance the hydraulic efficiency of pumps, which is
consistent with the results obtained in this study.

5.2 Results Finites Elements Method

The one-way coupled FSI simulation provides
valuable insights into how various components of a
centrifugal fan structurally respond to aerodynamic loads
obtained from transient CFD analysis. The aerodynamic
pressure field is mapped onto the structural model to
conduct transient structural analysis. The results include
the displacement and stress distributions, along with a
fatigue limit estimate. This estimate helps assess whether
the transient fluid pressure should be considered in fatigue
life predictions

Figures 19 and 20 illustrate the total deformation
behavior of the rotor under flow-induced loads as obtained
from a one-way FSI simulation. Fig. 19 shows that the
maximum deflection (= 5.0 mm) occurs at the leading
edge of the impeller blades. Similar findings have been
reported in numerical studies of pumps and
turbomachinery, where deformation decreases from the
blade tip to the root, with the highest values consistently
located at the leading edge or the outer periphery of the
rotor (Pei et al., 2016).

Figure 20 further indicates that the transient
oscillations of deformation gradually decay over time,
reflecting the stabilization of the rotating system. A rough
engineering estimate based on the CFD pressure field
confirms the plausibility of this displacement magnitude.
However, as highlighted by recent studies on rotating
blades (Algolfat et al., 2022), the effect of centrifugal
stiffening can significantly reduce the net deformation (by
up to ~21.5% along the shaft direction). Therefore, the
reported maximum value should be interpreted with
caution and ideally validated through a steady-state
structural analysis or a two-way FSI model, as well as by
performing mesh convergence and refined contact
modeling to avoid numerical stress spikes.

Figures 21 and 22 depict the equivalent von Mises
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Fig. 20 Time history of maximum total deformation

stress distribution and its time history on the rotor under
one-way FSI loading. Figure 21 shows that the maximum
stress (~867 MPa) is concentrated at the blade-disk
junction—consistent with findings in centrifugal
pump/impeller FEA studies, which often report stress
concentrations at the blade root or hub interface where
bending and aerodynamic loads combine (Bai et al.,
2022).

Figure 22 reveals that the stress oscillates cyclically,
with transient peaks sometimes exceeding 1.8 GPa. These
peaks are likely numerical artifacts (stress spikes) induced
by the bonded contact assumption and mesh-related
discontinuities—an effect highlighted in several FSI
studies (Bang et al., 2022; Wang et al., 2014; Wong et al.,
2013). A mesh refinement analysis confirmed that the
stress distribution in the critical regions stabilized with
finer mesh densities, indicating numerical convergence.
These localized spikes have a negligible influence on the
global fatigue life estimation, as the fatigue analysis relies
on the averaged cyclic stress amplitude rather than isolated
peak values. Nevertheless, future work will consider
smoother contact modeling (e.g., merged mesh or
frictional contact) and two-way FSI simulations to further
enhance prediction accuracy.

Fatigue is considered a weakening of the material that
results from repeated application of loads, and it can also
be considered crack growth since when a load is applied
each time, the cracks grow slightly. Average stress
and alternating stress are parameters that have a significant
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impact on the fatigue life of the fan, as fatigue strength
increases with a decrease in alternating stress and/or
average stress, and fatigue strength decreases with an
increase in one or both of them. To verify the fatigue
behavior for the current study, a lifetime fatigue model
was used to conduct fatigue analysis. The model does not
differentiate between crack initiation and propagation, and
the fatigue life determines the total life of the joint and is
based on the S-N curve of the material, which is often
established from experimental tests. The fatigue life model
also deals with high cycle stress, and the stress ratio

(R=0,;,/0, ) isused.

The fatigue and stress model for the fatigue unit
allows the inclusion of average stress effects through
direct interpolation between the experimental S-N data.
Due to the unavailability of this experimental data,
experimental relationships can be used that work to use the
experimental relationships for the properties of static
materials with the S-N data, which enables us to calculate
the average stress effects. The Gerber equation was used
because the fan used in the current study is made of iron.
It was also used in the fatigue analysis as a stress element
to convert the multi-axial stress obtained from the FEA to
the uniaxial stress state for the experimental fatigue data,
which is the equivalent stress (von-mises).

The fan is manufactured from iron material whose
mechanical behavior is comparable to standard structural
steel. Therefore, the “Steel Standard” dataset from the
ANSYS material library was employed for fatigue and S-
N analysis, providing consistent and validated reference
data in the absence of specific experimental material
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Fig. 23 Biaxiality indication for the rotor

properties. This approach ensures that the overall fatigue
trends and critical regions remain accurately represented,
even if minor deviations in material parameters exist.

The results of the biaxiality indication analysis
revealed that most regions of the rotor are subjected to
uniaxial stress (Fig. 23), as indicated by the dominant
green color across the majority of the blades. This
corresponds to biaxiality values ranging between 0.1 and
0.33, confirming that the structural behavior of most of the
rotor body can be accurately represented using an
equivalent uniaxial stress state. In contrast, localized
regions exhibited biaxial stress (highlighted in red, 0.78—
0.99) or pure shear (highlighted in blue, —0.33 to —0.77),
predominantly concentrated at the blade roots and
geometric transitions. These areas correspond to zones of
increased sensitivity to fatigue initiation, consistent with
the observed damage patterns.

The color legend indicates the type of stress
according to the biaxiality parameter, where +1
corresponds to pure biaxial tension, 0 to uniaxial tension,
and —1 to pure shear (see Table 3).

Table 3 Biaxiality values and corresponding
stress types in different regions

Region Stress Type | Biaxiality Value
Blade root Biaxial 0.78 —0.99
Mid blade Uniaxial 0.10-0.33

Tip / Transition areas | Pure shear | —0.33 ——0.77

The fatigue safety factor distribution (Fig. 24) reveals
that most of the rotor regions exhibit values between 1 and
5, corresponding to moderate stress levels caused by
combined centrifugal and bending effects. The highest
safety factor, reaching approximately 15, is observed in
the hub and support zones, where the stress amplitude
remains minimal due to their proximity to the rotational
axis and limited deformation. This spatial variation
reflects the realistic mechanical behavior of the fan, in
which the outer blade sections sustain higher dynamic
loads, while the central regions remain largely safe
throughout operation.

This trend is consistent with previous investigations
on centrifugal fans, which also reported higher fatigue
sensitivity near the blade root and lower stress
concentration in the hub region (He et al., 2021; Nan et al.,
2024a; Ul-Hamid et al., 2015).
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Table 4 summarizes the numerical range of the safety
factor corresponding to critical and safe regions.

Table 4 Numerical range of the safety factor
corresponding to critical and safe regions

Parameter Value Location
Maximum safety 15 Hub and support
factor (safe region)
Minimum safety 0.99 (<1) | Blade root, shaft
factor junction (critical)
Threshold value 1 Critical limit

In Fig. 25, the fatigue damage map revealed that the
majority of the fan regions experience negligible damage
(values close to the lower range of ~10°), whereas
localized zones at the blade root and shaft junction
exhibited markedly higher damage values, reaching
approximately 2.89 x 10¢, which exceeds the reference
critical value of 1. This indicates that failure is most likely
to initiate in these regions before the rotor attains its
overall design life. The color legend has been refined and
supplemented with annotations to highlight these critical
locations, while a numerical summary shows: Max
damage ~ 2.89 x 10¢ (critical) and Min damage =~ 1.0 x 10?
(negligible).

In Table 5 annotations highlight the most affected
zones, and the corresponding numerical data are
summarized below.

734

Table S Damage Levels and Most Affected Zones

Maximum 2.89 x 10° (>1) Failure initiation

damage likely (local zones)

Minimum 1.0 x 10? Negligible

damage

General trend <1 in most Safe operation
regions

Maximum 2.89 x 10°(>1) | Failure initiation

damage likely (local zones)

The effect of cyclic stresses on the centrifugal fan was
simulated using an approach similar to that adopted by
Dadhich et al. (2015) who employed ANSYS in
combination with Gerber’s theory to calculate fatigue life
and safety factors, which is consistent with the
methodology applied in this study. The analytical results
of this work were also in good agreement with findings
based on Miner’s cumulative damage method for
predicting blade life, as demonstrated in studies on high-
speed train cooling system fans (He et al, 2021).
Furthermore, this study accounted for the role of
geometric design in stress distribution, in line with recent
research highlighting the influence of blade thickness and
casing configuration on the fatigue life of centrifugal
rotors (Radgolchin & Anbarsooz, 2023).

6. CONCLUSION

3D FSI simulations were performed using the
ANSYS Workbench platform through a one-way coupling
strategy. Aerodynamic loads were computed in ANSYS
Fluent and then transferred to the structural module for
transient stress and fatigue analysis. The study focused on
the FN280 centrifugal fan installed in a cement plant, with
the blade geometry reconstructed by reverse engineering
to ensure accurate representation.

The aerodynamic field obtained from CFD was
validated against experimental performance data. The
deviation in total pressure rise at the design flow rate was
only 0.39%, while the maximum deviation in shaft power
reached 3.81% at off-design conditions. These deviations,
all within 4%, confirm the reliability of the aerodynamic
loads used in the subsequent structural and fatigue
analyses.

Based on these validated aerodynamic loads, the
structural analysis showed negligible deformations due to
the high stiffness of iron relative to the aerodynamic
pressures. The fatigue assessment revealed that the
majority of fan regions are safe, with fatigue safety factors
up to approximately 15, corresponding to a predicted
fatigue life of about 2.8 x 10° cycles. Nevertheless,
localized critical zones were identified near the blade root
and the shaft junction, where the safety factor dropped
below 1, indicating a high probability of premature failure
before the overall design life.

Despite these findings, certain limitations must be
acknowledged. The analysis was carried out using a one-
way FSI approach, which neglects feedback from
structural deformation to the flow field. In addition, the
material data used in fatigue evaluation were generic, and
direct experimental validation of stresses and fatigue life
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could not be performed due to the lack of a physical
prototype. Furthermore, although the blade was
reconstructed via reverse engineering, minor geometric
discrepancies may still exist.

Future work will focus on addressing these limitations
by:

e Incorporating experimental fatigue data and
literature-based benchmarks to strengthen the

validation of stress and fatigue predictions;

Refining the blade geometry and improving the
modeling of geometric transitions;

Adapting the model to simulate off-design and
transient operating conditions involving variable
rotational speeds, flow rates, and environmental
factors through comprehensive parametric studies;

Adapting the model to simulate off-design and
transient operating conditions, including variable
rotational speeds, flow rates, and environmental
factors, in order to assess their impact on fatigue life
predictions through comprehensive parametric
studies;

Upgrading the coupling approach to a fully coupled
two-way FSI scheme to better capture the mutual
aerodynamic—structural interactions, particularly
under highly unsteady conditions.

These planned improvements will enhance the
accuracy and reliability of fatigue life predictions and
broaden the applicability of the developed framework to
industrial centrifugal fans.
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