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Abstract

As a critical component of nuclear and thermal energy conversion systems, the long-
term safe operation of a steam generator depends on the structural integrity of its tube
bundles. Foreign objects introduced into the secondary side can induce flow-induced
vibrations and wear, potentially causing tube wall damage and unplanned outages, thereby
affecting overall system reliability. This study systematically investigates the flow-induced
vibration behavior of foreign objects within steam generator tube bundles and explores the
influence of object geometry through three-dimensional fluid–structure interaction (FSI)
simulations. The foreign objects are modeled as single-degree-of-freedom rigid bodies, and
their dynamic responses are captured using a coupled flow–motion framework. Results
reveal that object geometry significantly influences flow separation, variations in lift and
drag forces, and displacement characteristics. Cylindrical and irregular objects exhibit
stable, low-amplitude vibrations; plate-shaped objects experience restricted motion due to
large drag areas and symmetric contact constraints; whereas helical objects show the largest
displacements arising from coupled axial–radial vibrations and complex vortical structures.
These findings demonstrate that the interplay between aerodynamic forces and geometric
complexity strongly governs the flow-induced vibration of foreign objects, offering insights
into their motion behavior and potential impact on steam generator tube bundle integrity.

Keywords: steam generator; secondary-side foreign object; fluid–structure interaction;
flow-induced vibration

1. Introduction
The steam generator, as a key component in nuclear and thermal energy conversion

systems, plays a crucial role in ensuring the overall safety and reliability of the plant [1,2].
However, foreign objects on the secondary side can interact with the tube walls through
impact, sliding and flow-induced vibration, causing fretting and contact wear that may
progressively thin the tube wall and ultimately produce through-wall penetration, coolant
leakage and unplanned outages [3,4]. Among the various failure mechanisms, fretting wear
induced by foreign objects has a particularly significant impact on the long-term structural
integrity of steam generators. Fretting wear refers to gradual material loss occurring at
contact interfaces due to small-amplitude relative motion. When foreign objects exist
on the secondary side of the steam generator, they interact with the inner walls of the
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heat transfer tubes under fluid-induced forces, leading to fretting wear and potential tube
degradation [5–9].

To address the issue of fretting wear caused by foreign objects on the secondary side
of steam generators, extensive research has been conducted both domestically and inter-
nationally [10,11]. Mahey S et al. [12] revealed through experiments that minor geometric
changes in foreign objects could significantly alter their root-mean-square amplitude. These
objects primarily exhibit planar response characteristics within tube bundles, with the
amplitude response in the Z direction being particularly prominent. Their interactions
mainly manifest in the form of sliding. This finding is significant for understanding the
dynamic behavior of foreign objects in tube bundles and their impact on steam generator
performance. Kima H. N. et al. [13] used a zonal approach and single-span modal analysis
to predict tube wall wear, ensuring the integrity of tube walls and the safe operation of nu-
clear power plants without removing foreign objects. Njuki Mureithi et al. [14] investigated
the characteristics of turbulence forces acting on foreign objects within steam generator
tube bundles, revealing a close correlation between the turbulence forces on foreign objects
and those on the tube bundles, and proposed a drag coefficient prediction method based
on turbulence force correlation.

However, due to the highly random nature of fluid-induced vibrations (FIV) caused
by the movement of foreign objects within tube bundles, fully predictive studies of fret-
ting wear remain challenging, and the application of three-dimensional fluid–structure
interaction (FSI) simulations in this context is relatively limited [15–17]. The U.S. EPRI has
conducted extensive simulations of foreign object motion within tube bundles, employing
a combined CFD and Simulink approach to calculate object displacements [18]. However,
this method neglects the feedback effects of object motion on the surrounding flow field.
Instead of directly calculating wear, this work focuses on the influence of object geometry
on FIV, enabling indirect inference of potential wear trends. Accordingly, three-dimensional
FSI numerical simulations are employed to capture the motion of foreign objects on the
secondary side of steam generators, and the simulation methodology is validated against
existing experimental data. The results of this study help to investigate the characteristics of
flow-induced vibrations of foreign objects and provide a reference for the potential damage
caused by such vibrations in steam generator tube bundles.

2. Development of the Fluid–Structure Interaction (FSI) Model for
Foreign Objects

Flow-induced vibration (FIV) of foreign objects involves the coupled interaction
between the fluid and solid domains, which substantially increases the computational
complexity and cost of numerical simulations. Therefore, based on computational fluid
dynamics (CFD) methods, a simplified FSI model was developed in this study by combin-
ing a rigid-body structural assumption, dynamic mesh technology, and the user-defined
expression functionality in ANSYS CFX 2020 R2, Canonsburg, PN, USA.

2.1. Simplification of the Foreign Object Structure

Since foreign objects inside the tube bundle are in an unconstrained state with complex
motion patterns, a representative single-degree-of-freedom (1-DOF) motion was selected
for modeling. Specifically, the foreign object is subjected to flow-induced forces and
moves along the axial direction between two adjacent heat transfer tubes, as illustrated
in Figure 1. The motion in the x-direction is defined as the primary vibration direction,
while displacements in the y- and z-directions, as well as rotations about all three axes,
are constrained. Only the translational motion along the x-axis is retained. This modeling
approach is consistent with the typical configuration adopted in related EPRI studies [18].
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Figure 1. Motion relationship between foreign objects and heat transfer tubes.

In the 1-DOF configuration, the vibration direction of the heat transfer tubes is orthog-
onal to the motion of the foreign object. Dynamic mesh simulations under such conditions
may lead to mesh distortion or collision. Considering that the tube vibration exerts mini-
mal influence on the flow-induced forces acting on the foreign object, the tube bundle is
treated as a stationary boundary condition representing the flow environment. Thus, the
vibration of the heat transfer tubes is neglected during the simulation of the foreign object’s
flow-induced vibration.

2.2. Dynamic Model of the Foreign Object

A dynamic interaction model between the foreign object and the adjacent heat transfer
tubes was established, as illustrated in Figure 2. In this study, gravitational and buoyant
forces were neglected because the simulation focused on the unsteady fluid-induced forces
that dominate the motion of foreign objects within the tube bundle. This simplification
is consistent with the approach adopted in Ref. [19], where the mean component of ex-
ternal loads was removed before dynamic simulation. Consequently, the object oscillates
around an equilibrium position without a net unbalanced force, allowing the transient
motion to be driven solely by the fluctuating hydrodynamic loads. Under such assump-
tions, gravity would merely shift the equilibrium position and has little effect on the
vibration characteristics.

 
Figure 2. Dynamic contact model of the foreign object and heat transfer tubes.

Accordingly, the foreign object is modeled as a rigid body with one translational
degree of freedom along the x-axis. The forces acting on the foreign object during the
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two-way fluid–structure interaction simulation are shown in Figure 2. In the figure, FL

and FN represent the drag force and lift force acting on the foreign object, respectively; Ff

represents the contact friction force between the object and the tube surface.
During the simulation of wear between foreign objects and heat transfer tubes, the

magnitude and direction of frictional forces often change with contact conditions. Therefore,
incorporating a dynamic friction force based on the Coulomb friction model provides a
more accurate representation of the wear behavior between foreign objects and heat transfer
tubes [20–22]. This model’s significance lies in its ability to dynamically adjust the frictional
force’s magnitude and direction according to variations in resistance.

Ff = µFNsgn(v) (1)

sgn(v) =


1, v > 0
0, v = 0
−1, v < 0

(2)

where
sgn(v)—sign function indicating the direction of the frictional force;
µ—coefficient of friction;
v—relative velocity of the foreign object;
FN—normal hydrodynamic force acting on the contact surface.

3. Numerical Model and Methodology
3.1. Establishment of the Foreign Object Model

The shape of foreign objects in steam generators has a direct and significant influence
on their flow-induced vibration characteristics [12]. Therefore, geometry was chosen as the
primary factor to investigate the interaction between foreign objects and the heat transfer
tubes. All selected geometries were organized into a parametric matrix to systematically
study the flow-induced vibration behavior of foreign objects on the secondary side of the
steam generator.

Common foreign objects (FOs) found in steam generators—such as metal wedges,
flat plates, check valve pins, threaded rods, and welding electrodes—typically possess
well-defined geometries and are generally classified as cylindrical or plate-like objects.
In contrast, FOs with irregular or complex shapes, including debris such as gravel, rust
flakes, sponge particles, steel brush filaments, wood chips, and fragmented metal pieces,
are categorized as helical or irregular types. These geometries constitute the majority of
FOs detected on the secondary side of steam generators [23].

The representative foreign objects selected in this study were chosen based on their
practical relevance and occurrence frequency in operating nuclear power plants. Specifi-
cally: Cylindrical objects simulate typical rod-like components (e.g., welding electrodes
and bolts) that may accidentally fall into the secondary side during maintenance; Plate-like
objects represent flat debris or spring fragments, which are frequently observed during
field inspections and post-service examinations; Helical objects correspond to twisted or
coiled fragments, such as springs or curled metal pieces; Irregular objects include other
fragments with complex shapes.

The chosen geometric models cover the most common foreign object morphologies
encountered in practice. For comparison purposes, all models were assigned the same
mass. Detailed schematic representations of these classifications are shown in Figure 3.
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Figure 3. Schematic diagram of foreign bodies with different shapes: (a) Cylindrical 1; (b) Cylindrical
2; (c) Plate 1; (d) Plate 2; (e) Helical 1; (f) Helical 2; (g) Irregular1; (h) Irregular2.

3.2. Development of the Numerical Model

Foreign objects in tube bundles are in contact with heat transfer tubes. During simula-
tion, this contact state can result in mesh distortions and negative volume errors caused
by mesh intersections between the heat transfer tubes and foreign objects. To address
this issue, the foreign object was modeled with a small separation from the heat transfer
tube, creating a finite gap to prevent computational errors caused by mesh interference.
A comparative analysis of lift forces and drag forces for different gap sizes (0.05–0.5 mm)
showed that when the gap is within 0.1 mm, its influence on the flow field around the
foreign object can be considered negligible. Based on the findings of Wu Hao [24] in his
study of fluid-elastic instability in square tube bundle arrangements, the axial dimension of
the model must be at least equal to the tube diameter. To reduce computational complexity,
the axial dimension of the straight tube segment in the model is set to 19.05 mm, as shown
in Figure 4.

Figure 4. Establishment of the three-dimensional model.

The specific parameters of the three-dimensional model are shown in Table 1. and the
detailed parameters for foreign objects are summarized in Table 2.

Table 1. Heat transfer tube parameters.

Parameters Numerical Values

tube diameter (mm) 19.05
pitch-to-diameter Ratio 1.44

arrangement Square arrangements
span (mm) 900

wall thickness (mm) 1.09
unit mass (kg) 0.72

material Alloy 690
density (kg/m3) 8140

Poisson’s ratio 0.289
elastic modulus (GPa) 211
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Table 2. Foreign object parameters.

Parameters Numerical Values

diameter (mm) 2
Length (mm) 25.4

shape cylindrical, square, helical, irregular
position 0.1 mm in front of the heat transfer tube
material Alloy 690

friction coefficient 0.3
density (kg/m3) 8140

3.3. Grid Parameter Settings

To ensure computational stability and accuracy when foreign object displacement
is significant, the flow field around the foreign object is divided into regions and mesh
refinement is applied. In this model, the boundary of the foreign object is set as a dynamic
mesh, while all other boundaries are treated as walls. A hybrid mesh division approach
is employed using zoning operations, with refined mesh applied to the foreign object
boundary. The meshing process utilizes the cutting function in SolidWorks 2019 (Waltham,
MA, USA) in combination with the ANSYS Meshing module. The overall schematic of the
mesh division is shown in Figure 5.

Figure 5. Grid partition.

The inlet and outlet regions feature regular geometries and low turbulence intensity;
therefore, hexahedral grids with a mesh size of 2 mm were applied to reduce the total
number of elements and improve numerical efficiency. In contrast, the tube bundle region,
where the flow field becomes highly complex due to the presence of foreign objects, was
discretized with tetrahedral elements to better capture curved surfaces and local flow
separation. Specifically, the mesh around the foreign object and the adjacent heat transfer
tubes was refined with five near-wall grid sizes: 0.05 mm, 0.1 mm, 0.3 mm, 0.5 mm, and
1.0 mm. The remaining tube bundle region used a mesh size of 1 mm. Table 3 presents the
mean values of drag force in the transverse flow direction for a cylindrical foreign object of
6 mm diameter under different mesh resolutions. After grid independence verification, the
optimal mesh size around the foreign object and surrounding tubes was determined to be
0.1 mm, with the total number of elements in the entire model reaching 6,893,215.

Table 3. Grid independence verification.

Grid Size (mm) Number of Mesh Mean Drag Force
(N)

Percentage
Difference (%)

0.05 11,621,602 0.199 —
0.1 6,893,215 0.201 1.00
0.3 5,630,854 0.195 2.01
0.5 4,539,351 0.191 4.02
1.0 1,429,034 0.216 8.54
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3.4. Simulation Boundary Condition

Table 4 summarizes the simulation setup and boundary conditions. The front and rear
planes were defined as symmetry planes, and the heat transfer tubes were modeled as rigid
walls. To model turbulence, the standard k–ε model was primarily adopted. This model
has been widely validated for cross-flow around cylinders and tube bundles, particularly
under moderate Reynolds numbers (103–105), where it provides stable and computationally
efficient results. Rodriguez et al. [25] compared several RANS models and confirmed that
the standard k–ε formulation offers reliable predictions of mean flow and transverse force
characteristics in incompressible cross-flow simulations [26].

Table 4. Simulation parameter settings.

Parameters Setting

Analysis Type Transient Analysis
Analysis Duration 0.6 s

Time Step 0.0005 s
Inlet Condition Uniform inflow

Outlet Condition Zero-pressure outlet
Turbulence Model k–ε model

Wall Function Scalable wall function
Convergence Control Minimum coefficient loops: 1; Maximum coefficient loops: 20

Residuals 1 × 10−4

Inlet Velocity 1 m/s
Fluid Material Liquid water (998 kg/m3)

In this study, due to the presence of slits and unsteady vortex shedding, a comparative
simulation of the k–ω SST turbulence model was performed on a 6 mm cylindrical foreign
object. The results show that the differences in the average lift cand drag forces predicted
by the two turbulence models are both less than 3%. Therefore, for the sake of numerical
stability and computational efficiency, all subsequent simulations adopted the standard
k–ε model.

As shown in Figure 6, an independent coordinate system was established for the
foreign object, which was modeled as a rigid body. Monitoring points for lift forces
coefficient, drag coefficient, and displacement were assigned to the foreign object. The heat
transfer tubes were modeled as rigid and thus excluded from monitoring.

Figure 6. CFX simulation setup.

The inlet boundary condition is specified as a velocity inlet, while the outlet boundary
condition is set as a pressure outlet with a relative pressure of 0 Pa. The tube bundle wall
surfaces are modeled as no-slip wall boundaries. As the top and bottom surfaces represent
half-tube structures, they are treated as symmetric boundary conditions.

3.5. Feasibility Analysis of Numerical Simulation Method

To evaluate the feasibility and reliability of the proposed numerical simulation ap-
proach, a verification study was conducted based on the EPRI Case 19 configuration [18].
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The model consists of a cylindrical foreign object with a diameter of 6.35 mm positioned
between two heat transfer tubes in a square tube bundle. The calculated lift forces and drag
forces, as well as the displacement amplitude of the foreign object, were compared with
the corresponding EPRI data in terms of mean and standard deviation, as summarized in
Table 5. The results indicate that the present simulation is in good agreement with the EPRI
data, with percentage differences within 10% for all force-related parameters. Specifically,
the mean lift forces and drag forces differ by −5.71% and 7.14%, respectively, while the
standard deviations vary by less than 3%. The predicted displacement amplitude (6.59 mm)
also shows reasonable agreement with the reference value (7.9 mm), with a deviation of
16.6%. Considering the inherent randomness of flow-induced vibration and geometric
simplifications in the model, these discrepancies are acceptable.

Table 5. Comparison of simulated and EPRI results for lift forces, drag forces, and displacement.

Case EPRI Present Simulation Percentage
Difference (%)

Mean Lift (N) 3.5 × 10−2 3.7 × 10−2 −5.71%
Mean Drag (N) 7.0 × 10−2 6.5 × 10−2 7.14%
Std Dev Lift (N) 5.7 × 10−2 5.6 × 10−2 1.75%

Std Dev Drag (N) 3.5 × 10−2 3.6 × 10−2 −2.86%
Displacement (mm) 7.9 6.59 16.58%

As illustrated in Figure 7, the simulated lift forces and drag force profiles exhibit
fluctuation patterns consistent with those reported by EPRI, and the displacement response
demonstrates comparable dynamic characteristics. These results confirm that the proposed
fluid–structure interaction method can reliably reproduce both the unsteady flow forces
and vibration behavior of a cylindrical foreign object within a tube bundle.

  

 

Figure 7. Comparison of simulated and EPRI results for lift forces, drag forces, and displacement.
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4. The Impact of Foreign Object Shape on Secondary Side Wear in
Steam Generators
4.1. Flow Field Analysis

As shown in Figure 8, the flow fields around foreign objects of different shapes
exhibit distinct characteristics, with the primary regions of flow separation and vortex
shedding highlighted by red circles. The cylindrical object maintains relatively stable
flow attachment with a narrow and symmetric wake. The square object induces early
flow separation at its sharp edges, leading to stronger velocity fluctuations. The helical
object exhibits coupled axial and transverse velocity components, forming a periodic and
layered wake structure, which causes the most pronounced interference with the inter-tube
flow. Irregular 1, whose geometry resembles a distorted cylinder, exerts a relatively minor
influence on the surrounding flow, whereas irregular 2, featuring a plate-like midsection
with a larger drag area, produces stronger flow disturbances similar to those observed for
the plate-shaped object.

 

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

Figure 8. Comparison of lift force time domain curves: (a) Cylindrical 1; (b) Cylindrical 2; (c) Plate 1;
(d) Plate 2; (e) Helical 1; (f) Helical 2; (g) Irregular 1; (h) Irregular 2.

4.2. Lift Forces and Drag Forces Analysis

Figure 9 illustrates the lift forces and drag forces characteristics of foreign objects with
different shapes. Results (Table 6) indicate that the fluctuation amplitude of lift forces
and drag is strongly influenced by geometry. Cylindrical objects show the most stable
response, with lift forces and drag forces standard deviations of 3.28 × 10−4–3.75 × 10−3 N
and 3.65 × 10−3–1.48 × 10−2 N, respectively, suggesting periodic yet stable vortex shed-
ding. Plate-shaped objects exhibit the largest drag fluctuations (up to 1.61 × 10−1 N),
primarily due to their large lift-to-drag area ratio and strong flow separation at sharp edges.
Helical objects show moderate fluctuations, where the superposition of axial and transverse
vortices enhances lift forces and drag variations (lift forces ≈ 1.47–1.97 × 10−2 N). Helical-2,
being essentially a twisted plate, inherits a relatively high drag feature. Irregular objects
display non-periodic force responses with smaller amplitudes, reflecting asymmetric and
unstable wake structures arising from their composite cylindrical geometries. Overall,
flow separation and wake symmetry induced by shape have a pronounced effect on un-
steady aerodynamic forces, with plate and helical geometries being the most sensitive to
flow perturbations.
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(a) (b) 

Figure 9. Lift forces and drag forces analysis for different foreign object shapes: (a) Lift; (b) Drag.

Table 6. Mean and standard deviation of lift forces and drag forces for different shapes.

Shape Std Dev Lift (×10−3 N) Std Dev Drag (×10−3 N)

Cylindrical 1 0.33 14.8
Cylindrical 2 3.75 3.65

Plate 1 16.4 161
Plate 2 1.89 94.3

Helical 1 14.70 17.8
Helical 2 19.70 23.6

Irregular 1 2.42 5.89
Irregular 2 1.32 18

These variations in aerodynamic loading directly affect the displacement response and
vibration behavior of the foreign objects, forming the basis for the subsequent analysis.

4.3. Displacement Analysis

Figure 10 shows the displacement time histories for foreign objects of different shapes.
The results indicate significant differences in both mean displacement and fluctuation
amplitude among the various geometries. Cylindrical and plate-shaped objects exhibit
relatively small displacements, with mean values ranging from −0.10 to −0.02 mm and
standard deviations below 0.05 mm, characterized by low-frequency, primarily unidirec-
tional, and relatively stable motion. Among them, Plate 2 demonstrates the most stable
displacement, with a standard deviation of only 6.53 × 10−3 mm. This stability is mainly
attributed to its larger drag area and the two symmetric contact points, which create a force
balance and effectively limit the vibration degrees of freedom.

Helical objects show notably larger displacement amplitudes. Helical 1 reaches a
mean displacement of −3.34 mm with a standard deviation of 2.60 mm, far exceeding
the values observed for other shapes. This behavior indicates that the helical geometry
induces complex axial–radial coupled vibrations, which may lead to rotation or oscillation
in real flow conditions. Helical 2 exhibits relatively stable displacement (standard deviation
of 3.81 × 10−3 mm), which is related to its nature as a twisted plate-like structure and
relatively weak vortex shedding. Irregular objects show small displacement amplitudes
(mean around −7 × 10−3 mm) with limited fluctuations, consistent with their lift forces
and drag forces characteristics. Due to similar drag areas and lack of significant twisting,
their overall dynamic behavior is closer to that of cylindrical objects.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 10. Displacement time history for different foreign object shapes: (a) Cylindrical 1; (b) Cylin-
drical 2; (c) Plate 1; (d) Plate 2; (e) Helical 1; (f) Helical 2; (g) Irregular 1; (h) Irregular 2.

Overall, the geometry of foreign objects significantly affects their displacement re-
sponses by altering the distribution of flow-induced forces and contact constraints. Among
the shapes studied, helical structures are most sensitive to flow disturbances, exhibiting
stronger vibration responses.

5. Discussion on the Influence of Foreign Object Geometry on
Flow-Induced Vibrations

The results presented in Section 4 indicate that the geometry of foreign objects plays a
critical role in determining their flow-induced vibration characteristics. By analyzing the
displacement and force data (Figures 9 and 10, Table 6), the underlying mechanisms of
motion can be better understood.

The corresponding mean and standard deviation of displacement for each object are
summarized in Table 7.

Cylindrical objects exhibit relatively small lift and drag forces and stable displace-
ment responses. For instance, Cylindrical 1 and Cylindrical 2 show lift standard devia-
tions of 3.28 × 10−4 N and 3.75 × 10−3 N, respectively, and drag standard deviations of
1.48 × 10−2 N and 3.65 × 10−3 N (Table 6). Their displacement standard deviations remain
below 0.05 mm (Figure 10a–b). This stable behavior is attributed to their symmetric drag
areas, which produce balanced hydrodynamic forces along the primary vibration direction
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and minimize transverse fluctuations. Similarly, irregular objects, with comparable drag
areas and no significant twisting, display mean displacements around −7 × 10−3 mm and
limited fluctuations (Figure 10g–h), resulting in overall motion patterns close to those of
cylindrical objects.

Table 7. Mean and Standard Deviation of Displacements for Different Foreign Object Shapes.

Shape Std Dev Displacement
(×10−2 mm)

Mean Displacement
(×10−2 mm)

Cylindrical 1 1.62 2.35
Cylindrical 2 5.1 100

Plate 1 2.67 80
Plate 2 0.653 0.42

Helical 1 260 334
Helical 2 0.381 0.558

Irregular 1 1.1 0.7
Irregular 2 0.5 0.83

Plate-shaped objects demonstrate different behavior due to their large drag areas
relative to the lift area. The enhanced frictional resistance limits the displacement, leading
to more constrained motion. Among the plate objects, Plate 2 exhibits the most stable
displacement, with a standard deviation of only 6.53 × 10−3 mm (Figure 10d), primarily
due to its larger drag area and the presence of two symmetric contact points. These features
create a force balance. As a result, the vibration degrees of freedom are effectively restricted.
Plate 1 shows slightly larger fluctuations (standard deviation of 1.64 × 10−2 N for lift forces
and 1.61 × 10−1 N for drag forces, Table 6; displacement in Figure 10c) due to its higher
lift-to-drag ratio and stronger flow separation at sharp edges.

Helical objects display the most complex dynamic responses, with larger displacement
amplitudes and greater variability. Helical 1 reaches a mean displacement of −3.34 mm
with a standard deviation of 2.60 mm (Figure 10e), significantly higher than other shapes.
The complex axial and radial coupling generated by the helical geometry, along with
superposed vortical structures (Figure 8e), induces strong oscillatory motion. In contrast,
Helical 2, which can be regarded as a twisted plate, exhibits relatively stable motion with a
standard deviation of 3.81 × 10−3 mm (Figure 10f) and lift forces/drag forces fluctuations
of 1.97 × 10−2 N and 2.36 × 10−2 N, respectively (Table 6). This suggests that the local
geometry and structural twisting can mitigate the sensitivity to flow-induced perturbations,
reducing the amplitude of vibration compared to fully helical structures.

Overall, the interplay between drag area, lift distribution, and geometric complexity
governs the flow-induced vibration behavior of foreign objects. Symmetric or uniformly
shaped objects (cylindrical and irregular) tend to produce small and stable displacements,
while complex geometries such as helical shapes amplify coupled oscillations and lead to
larger vibration amplitudes.

In addition, this study has several limitations. The displacement can be relatively large
(exceeding 2 cm) because the model considers only dynamic friction and lacks structural
constraints, such as tube sheets, to restrict object motion. The analysis currently covers
only a subset of typical object shapes, and does not encompass all possible geometries.
Systematic investigation of object size effects remains incomplete, and the modeling of
multi-degree-of-freedom object motion requires further refinement to more accurately
capture the complex dynamic responses under realistic operating conditions.
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6. Conclusions
This study systematically investigated the flow-induced vibration behavior of

secondary-side foreign objects in steam generator tube bundles, highlighting the criti-
cal influence of object geometry on displacement responses, lift forces and drag forces
fluctuations, and flow field characteristics. The findings provide a valuable reference for
predicting vibration behavior, assessing wear risks, and ensuring the safe operation of
steam generators. Key conclusions are summarized as follows:

1. Validation of Numerical Methodology: A three-dimensional fluid–structure interac-
tion (FSI) simulation framework, combining CFD with a single-degree-of-freedom
rigid-body model, was established. Comparison with EPRI data demonstrates that
the proposed approach reliably captures the unsteady flow forces and displacement
responses of foreign objects, with deviations within acceptable limits.

2. Impact of Object Geometry on Flow-Induced Forces: The shape of foreign objects
significantly affects flow separation, vortex shedding, and force fluctuations. Cylin-
drical and irregular objects produce relatively stable and low-amplitude lift and drag
forces, whereas plate-shaped objects exhibit higher drag fluctuations due to large pro-
jected areas and symmetric contact points. Helical objects generate complex, coupled
axial–radial vortices, leading to the most pronounced force variations.

3. Displacement Response Characteristics: Geometry governs vibration amplitude and
patterns. Cylindrical and irregular objects maintain small, stable displacements; plate-
shaped objects show constrained motion due to drag area and symmetric contacts;
helical objects experience the largest oscillations, reflecting coupled translational and
rotational motions induced by their complex geometry.

4. Implications for Steam Generator Safety: The interplay between drag area, lift dis-
tribution, and geometric complexity is key to understanding secondary-side foreign
object behavior. Symmetric or simple-shaped objects lead to predictable, low-risk
vibrations, while complex geometries like helical shapes amplify coupled oscillations,
increasing wear potential. These findings provide a valuable reference for assessing
the dynamic behavior of foreign objects in steam generators.
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