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Abstract

Steam flow-induced vibration (FIV) of cooling tubes poses critical failure risks in nuclear
power plant condensers. However, accurate FIV prediction remains challenging due to
the complex three-dimensional flow structures in full-scale condensers, which are often
oversimplified in existing models. To address this gap, this study develops a novel full-scale
Computational Fluid Dynamics (CFD) model that uniquely integrates the low-pressure
exhaust cylinder, condenser throat, and tube bundles. This approach enables a compre-
hensive evaluation of shell-side flow characteristics and FIV phenomena under both Valve
Wide Open (VWO) and partial-load conditions (with either Modules A/C or B/D active).
The results quantitatively identify peak FIV risk coefficients in specific zones—particularly
at branch-shaped channel inlets and certain tube bundle corners where steam impingement
is most intense—with values reaching 0.7 under VWO, 0.67 with Modules A/C active, and
0.74 with Modules B/D active. Notably, the peak FIV risk under B/D active condition is
approximately 10.4% higher than under A/C active condition, indicating that partial-load
operation with Modules B/D active presents the highest FIV risk among investigated
scenarios. These findings provide novel insights into FIV mechanisms and establish a
critical theoretical foundation for optimizing condenser design and enhancing operational
safety protocols.

Keywords: condenser; steam flow-induced vibration; flow field; numerical simulation

1. Introduction
As critical large-scale heat exchangers in nuclear power plants, condensers exhibit

complex internal flow fields characterized by multicomponent, multiphase heat and mass
transfer phenomena [1]. During operation, thousands of cooling tubes are subjected to con-
tinuous steam crossflow. In particular, high-speed steam can induce fluidelastic instability
in titanium tubes, especially in peripheral regions where steam velocity is relatively high.
These flow-induced vibrations (FIV) may lead to fretting wear, structural fatigue, and even
tube rupture, posing serious threats to unit safety. Documented case studies confirm that
FIV under high-velocity steam impact has resulted in cooling tube fractures and seawater
intrusion in operating plants [2,3]. Therefore, a comprehensive analysis of internal steam
dynamics and the identification of high-velocity-induced vibration zones are essential for
condenser structural optimization and nuclear safety assurance.

Early foundational work by Patankar and Spalding [4] introduced the equivalent
porous media model, which abstracted tube bundles into a phase-changing porous medium,

Processes 2025, 13, 3990 https://doi.org/10.3390/pr13123990

https://doi.org/10.3390/pr13123990
https://doi.org/10.3390/pr13123990
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0001-7768-1770
https://doi.org/10.3390/pr13123990
https://www.mdpi.com/article/10.3390/pr13123990?type=check_update&version=1


Processes 2025, 13, 3990 2 of 20

making system-level thermal analysis computationally feasible. While useful for predict-
ing overall condenser efficiency and backpressure, this approach inherently sacrifices the
resolution needed to analyze localized flow dynamics around individual tubes. As a result,
many contemporary studies on condenser flow fields still rely on two-dimensional (2D)
simulations [5,6] or focus primarily on the effect of tube bundle arrangement on macro-
scopic thermal performance [7]. A more recent study by Zu et al. [8] directly investigated
FIV in a nuclear condenser using a 2D numerical model limited to the throat and tube
bundle area. However, this model omitted the upstream exhaust cylinder, despite the fact
that the highly uneven steam flow field at the cylinder’s outlet significantly influences flow
uniformity within the condenser. Although computationally efficient, such 2D approaches
are fundamentally unable to capture three-dimensional vortical structures and asymmetric
flow effects, which are critical for accurate FIV assessment. This limitation arises because
2D models cannot resolve velocity components and spatial gradients in the out-of-plane
direction, which are essential for representing the full dynamics of vortex formation and
flow asymmetries.

These limitations become particularly evident when compared with the state-of-the-
art in FIV research for other engineering systems. In broader FIV studies, high-fidelity
three-dimensional Computational Fluid Dynamics (CFD) has become the cornerstone
for unraveling complex vibration mechanisms. For instance, Pan [9] et al. employed
Large Eddy Simulation (LES) to capture transient vortex interactions in the flow around
multiple flexible cylinders, demonstrating the importance of resolving 3D vortical struc-
tures for accurate vibration prediction. Similarly, Ding [10] et al. used full 3D CFD to
investigate the vibration response of helical tube arrays—a geometry with intrinsic three-
dimensionality—underscoring the necessity of 3D modeling for non-uniform flow paths.
Furthermore, advanced CFD analyses are being extended to more complex flow condi-
tions, as shown by Emmerson [11] et al., who analyzed multiphase flow-induced forces,
highlighting modern numerical tools’ capability to handle coupled physics relevant to
industrial safety. The trend even extends to integrating CFD with data-driven models, as
seen in the work of Chen [12] et al., who combined CFD with an artificial neural network to
predict vortex-induced vibration mechanisms, pushing the frontier of predictive capability.

While numerous studies have established numerical models for condenser analysis,
most focus on overall thermal performance and efficiency [13,14]. Although these models
successfully predict macroscopic parameters, they often lack the resolution to capture
localized flow phenomena around tube bundles, which are the root cause of FIV. More-
over, existing FIV assessments in such systems frequently rely on post-design analysis or
empirical guidelines, offering limited proactive risk mitigation [15,16].

In recent years (2020–2024), several studies have employed full 3D simulations for
condenser analysis. For example, Lu et al. [17] (2024) conducted a 3D transient pressure
analysis for the HPR1000 nuclear unit, focusing on system-level dynamics. Other con-
temporary works have advanced the modeling of complex multiphase flows in related
components, such as the sophisticated Large Eddy Simulation and VOF models used by
Chen [18] et al. to investigate transient flow and bubble distribution in submerged entry
nozzles, demonstrating the capability of high-fidelity 3D models to resolve complex fluid
phenomena. However, these studies often focus either on global system parameters or on
specific localized phenomena, confined to the tube bundle region without coupling the
low-pressure cylinder, and without fully integrating the upstream turbine exhaust effects
for a comprehensive FIV assessment. This gap distinguishes our work, which specifically
employs a fully coupled exhaust-condenser 3D model to establish a direct link between the
simulated flow field and FIV risk identification—an approach not yet widely reported in
the recent literature on nuclear condensers.
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Overall, the literature review reveals a clear research gap: although existing studies
have provided valuable insights into the thermal performance of condensers, there is a
lack of high-fidelity, fully three-dimensional, and coupled simulations capable of resolving
the local flow structures that lead to FIV in nuclear power condensers. In particular, no
previous study has integrated the low-pressure exhaust cylinder with the full condenser
shell-side flow field in a 3D model to accurately predict high-risk vibration zones.

To bridge this gap, this study establishes a high-fidelity, full-three-dimensional CFD
model of a nuclear power condenser that is directly coupled with the low-pressure exhaust
cylinder. This coupled approach enables accurate simulation of the non-uniform inlet steam
flow and its impact on internal flow dynamics. The primary novelty and contribution of this
work are twofold: First, it moves beyond thermal-efficiency-focused models and simplified
2D/quasi-3D FIV analyses by providing a high-resolution, physically complete simulation
framework. Second, it leverages this high-fidelity model not merely for simulation, but as
a proactive risk assessment tool. The model is designed to identify high-FIV-risk zones for
targeted sensor placement and structural optimization, thereby directly enhancing nuclear
condenser safety protocols and offering data-backed guidance for design and operation.

2. Physical and Numerical Models
2.1. Physical Model and Computational Domain

The condenser for this nuclear power unit features a dual-shell, single-pass, constant-
backpressure surface configuration. Key components include the throat section, tube bundle
modules (A–D), hotwell, flash tank, water chambers, dual low-pressure heaters, condensate
polisher, and vacuum system. Four tube bundle modules (labeled A through D from right
to left when viewed from the circulating water inlet) condense exhaust steam from the
low-pressure turbine. Figure 1 illustrates the condenser configuration, the structure of the
model mainly includes Exhaust hood, Condenser throat region, Condenser bundle region,
coupled low-pressure(LP) cylinders and Lp heater, with essential parameters provided in
Table 1.

Figure 1. Condenser model diagram.

Table 1. Parameters of the condenser.

Parameters Size

L1 23.588 m
L2 17.2 m
L3 30.66 m

Diameter of tube Φ22.225/21.225 mm
Number of spans 30

Thickness of baffle plate 0.013 m
Elastic modulus of titanium tube 110,000 MPa

Span 0.55 m
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The prevailing approach in prior numerical simulations was to concentrate on the tube
bundle domain, while the low-pressure cylinder was seldom included. Since the upper
structure of the condenser substantially affects the flow field uniformity at the throat outlet,
we established a model coupled with the low-pressure cylinder. This methodology yields a
superior reflection of the true flow field behavior.

2.2. Grid Independence Verification

Unstructured meshes were selected for their superior adaptability to complex con-
denser geometries (e.g., tube bundles, tube sheets, curved ducts), effectively minimizing
discretization errors from grid distortion. These meshes enable targeted refinement in
boundary layers and high-gradient regions, significantly enhancing resolution of fluid flow
phenomena. Additionally, they offer substantial advantages in grid generation efficiency
and adaptation flexibility, accelerating simulation workflow while maintaining accuracy.

During mesh partitioning, the physical domain is partitioned into four distinct regions:
throat, periphery, intermediate connection, and chamber. The throat and intermediate
connection regions employ default tetrahedral/polyhedral meshing with a base size of
3500 mm. This approach combines computational efficiency with robust geometric adapta-
tion, automatically generating conformal meshes that resolve complex topological features
while minimizing user intervention.

Sweep meshing was implemented for the peripheral and chamber regions, and the
geometric refinement is performed simultaneously. The refinement size of the peripheral
region is 50 mm, and the refinement size of the chamber region is 35 mm. This method has
the advantages of high efficiency and high quality in grid partitioning, especially suitable
for stretching, rotating, or geometries with regular cross-sections. It can efficiently create
high-quality hexahedral or prismatic meshes and improve computational accuracy by
extending an initial face along a specific direction or path to generate meshes. Its structured
topology provides exceptional size uniformity, enhancing computational accuracy while
reducing cell counts. For fluid domains connected across tube sheets, non-conformal
interfaces were established. The complete meshing strategy is visualized in Figure 2.

The present study employs a steady-state solver to obtain the time-averaged flow field
and related parameters. The governing equations were discretized using the second-order
scheme for spatial accuracy. For the iterative solving process, a pseudo-time-stepping
approach was adopted to enhance convergence robustness. The term time step in this
context refers to a relaxation parameter under the steady-state formulation, which does not
represent a physical time advance and thus has no bearing on the temporal accuracy of
the final solution. The value of 0.05 for this pseudo-time step was selected based on the
solver’s default settings for similar applications and was confirmed to provide stable and
efficient convergence for all cases in this work, with the root-mean-square residuals of all
governing equations dropping below 10−6.

However, it must be pointed out that the current numerical methods have limitations.
This study used a steady-state framework, which provides solutions for time-averaged
flow fields. Although this method is computationally efficient and highly suitable for
predicting global performance parameters, it cannot analyze the inherent transient vortices
and pulsation characteristics in shell-side steam flow. Therefore, all results presented in
this paper must be interpreted as time-averaged values. In the future, transient simula-
tion methods such as LES or transient RANS will be needed to further investigate these
important dynamic details.
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Figure 2. The meshing scheme for distinct computational domains: (a) Throat region mesh; (b) Con-
nection mesh; (c) Peripheral region mesh; (d) Chamber region mesh; (e) The condenser mesh.

In contrast to the iterative time step, the spatial discretization (grid resolution) sig-
nificantly influences the computational accuracy of the steady-state solution. While mesh
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refinement enhances solution precision, it proportionally increases computational demands.
Therefore, grid independence was verified through five systematically refined cases under
VWO conditions: 50.90, 53.22, 55.53, 57.85, and 60.16 million cells. The maximum FIV
risk coefficient and the maximum velocity served as the convergence metrics (Table 2).
Results demonstrate asymptotic convergence of both the maximum excitation value and
the maximum velocity beyond 55.53 million cells, with the former stabilizing at 0.700
(∆ < 0.5% between 57.85 M and 60.16 M cases) and the latter showing variations of less
than 0.3% in the same range. Full FIV risk distributions are analyzed in Section 3. The
57.85-million-cell mesh was selected for subsequent simulations, achieving an optimal
accuracy/computational cost balance while ensuring convergence of both key parameters.

Table 2. Grid independent verification under VWO condition.

Number of Grids Maximum Velocity Maximum FIV Risk Coefficient

50.90 million 142.8 m/s 0.698
53.22 million 146.9 m/s 0.735
55.53 million 143.2 m/s 0.700
57.85 million 143.2 m/s 0.700
60.16 million 143.1 m/s 0.700

2.3. Calculation Method and Boundary Condition

The three-dimensional simulation employs the Shear Stress Transport (SST) turbulence
model. This model is widely used in engineering simulations [19] and combines the k–ω

model for near-wall flow with the k–ε model away from the wall, achieving enhanced
predictive capability for flow separation phenomena [20]. The governing equations are
expressed as:

∂(ρk)
∂t

+
∂
(
ρujk

)
∂xj

= P − β∗ρkω + Dk (1)

∂(ρω)

∂t
+

∂
(
ρujω

)
∂xj

= P − βρω2 + Dω + Cω (2)

where ρ is the density; k is turbulent kinetic energy; ω is the specific dissipation rate; t is
time; uj is the component of velocity in the j direction; xj is the component of x in the j
direction; P is the turbulent kinetic energy generation term; β is the model constant; β* is
the model constant; Dk is the diffusion term in the k equation; Dω is the diffusion term in
the ω equation; Cω is a cross diffusion term.

In the equations, the first three terms on the right-hand side represent the turbulence
production term, dissipation term, and diffusion term, respectively. The C term in the ω

equation denotes the cross-diffusion term. The values of the closure coefficients in these
equations can be found in Reference [21]. The equilibrium wet steam model (steam1vl) is
adopted, with thermodynamic properties referenced from the IAPWS-IF97 standard for
working fluids [22].

A fluid domain model of the condenser was developed, as shown in Figure 3. The
tube bundles were partitioned into four distinct modules (A, B, C, and D). Numerical
simulations were performed under two operational configurations:

(1) Full-load (VWO condition): All modules (A–D) active.
(2) Partial-load configurations:

- Modules A and C activated
- Modules B and D activated



Processes 2025, 13, 3990 7 of 20

Figure 3. Fluid domain model diagram of condenser.

Given the substantial number of heat exchange tubes, a coupled analysis would
necessitate an excessively large mesh, consuming significant computational resources.
Practical engineering observations, however, indicate that flow-induced collisions and
wear predominantly occur at the outermost section of the bundle—the upstream face.
Thus, to conserve computational resources, the outermost boundary is modeled as an
outlet, and the excitation risk region of the outermost tube bundle is assessed based on the
derived velocity distribution. This approach provides valuable guidance for evaluating the
flow-induced excitation characteristics and identifying high-risk zones on the outermost
side of the bundle area.

Table 3 summarizes the three operational cases and corresponding computational
domain boundary conditions. The total temperature and the mass flow inlet boundary
conditions and the humidity are used to define the properties of the flow at inlet boundaries.

Table 3. Boundary conditions.

Operating Conditions Operation
Chambers

Inlet Flow
Rate (kg/s)

Inlet
Temperature

(K)

Humidity
(%)

Outlet
Pressure (kPa)

VWO case A, B, C, D 232.7068 308.377 10.261 5.7
Partial-load case (modules B/D active) B, D 232.5757 319.764 8.21 10.5
Partial-load case (modules A/C active) A, C 232.5757 319.764 8.21 10.5

• Valve Wide Open (VWO) case: four inlet mass flow rates, inlet temperature and the
humidity of steam are set to be 232.7068 kg/s, 308.377 K, 10.261%, respectively. For
the outlet of the chamber, the pressure is set to be 5.7 kPa.

• Partial-load cases (modules A/C and B/D active): the four inlet mass flow rates, the
inlet temperature and the humidity of steam are set to be 232.5757 kg/s, 319.764 K,
and 8.21%, respectively. The outlet boundary condition is set to “pressure outlet” with
the outlet pressure of 10.5 kPa.

All cases employed pressure outlet boundary conditions. Back pressures were speci-
fied as 5.7 kPa (VWO) and 10.5 kPa (partial-load), respectively.

2.4. The Evaluation Method of the Steam-Flow-Induced Vibration Risk Coefficient

The assessment of flow-induced vibration (FIV) due to crossflow in tube bundles
requires a criterion to predict the onset of fluid-elastic instability—a primary excitation
mechanism that can lead to rapid tube failure. For this purpose, this study adopts the
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critical velocity criterion outlined in the Chinese National Standard GB/T 151-2014 “Heat
Exchangers,” which is based on the well-established Connors formula.

The Connors formula defines the critical crossflow velocity (Vc), which represents the
threshold flow velocity above which the damping capacity of the tube is exceeded, and
self-exciting, destructive fluid-elastic vibrations will initiate. The calculation formula of Vc

is [23]:

Vc = Kc f1d2

(
mδ

ρd2
2

)b

(3)

where m is the mass per unit length of the tube, including the mass of the fluid, kg/m; ρ is
the density of the fluid outside the pipe, kg/m3; f 1 is the natural frequency of the tube, 1/s;
δ is the logarithmic decay rate of the tube; Kc is an empirical stability constant dependent
on tube array geometry.

When the heat exchange tube decays, the natural logarithm of the ratio of the am-
plitudes of any two adjacent periods is the natural decay rate, expressed in δ, and the
calculation formula is [23]:

δ = 0.314
n − 1

n

(
tb
lm

)0.5
(4)

where n is the number of spans of the cooling pipe; tb is the thickness of the tube sheet; lm
is the span of the cooling pipe.

To quantitatively evaluate the FIV risk, we calculate an excitation risk coefficient (α)
for each tube. This coefficient is defined as the ratio of the local, actual steam flow velocity
(V) to the Vc of that tube [23]:

α =
V
Vc

(5)

The arrangement of condenser heat exchanger tubes is regular triangle arrangement.
According to the literature, heat exchanger: GB/T 151-2014 [23], b = 0.5, and the calculation
formula of proportional coefficient Kc is:

Kc = (S/d0 − 0.9) (6)

where S is the center distance of the heat exchange tube and d0 is the outer diameter of the
cooling tube.

According to the literature heat exchanger: GB/T 151-2014 [23], the calculation formula
of mass m per unit length of cooling pipe is:

m = mi + m0 + m1 (7)

where mi is the mass of fluid in the heat exchange tube; m0 is the virtual mass of fluid
outside the tube, which is displaced by the vibrating tube; m1 is the mass of empty tube.

In general, the support condition of the heat exchange tube is that it is fixed at the end
of the tube sheet and simply supported at the baffle. The cooling pipe in the condenser is
treated with equal span, and the number of spans is n = 30. According to the literature heat
exchanger: GB/T 151-2014 [23], the frequency constant λn of equal span straight pipe is
found to be 9.9, and the calculation formula of natural frequency of equal span straight
pipe is:

fn = 35.3λn

√
E
(
d4

0 − d4
i
)

ml4 (8)

where E is the elastic modulus of titanium tube; l is the span.
Based on the condenser model, the main parameters have been determined: Kc =2.41,

b = 0.5, f 1 = 108.99 Hz, δ = 0.0467, m = 0.507 kg/m.
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Finally, the FIV risk coefficient α is expressed as:

α =
V√

1
ρ × 40.38

(9)

3. Results and Discussion
3.1. Condenser Flow Field Characterization

VWO represents the maximum design operating condition, used to assess extreme
risks. The two partial load conditions represent the most common operating range of the
power plant and the state that is most prone to flow instability. Therefore, we have chosen
these three key and representative operating modes as the simulated operating conditions.

3.1.1. Model Assumptions and Limitations

The model’s boundary conditions (uniform velocity inlets, constant pressure outlets)
represent idealized operational states. In reality, transient fluctuations and non-uniformities
at the condenser inlet could modify the internal flow dynamics.

Regarding the underlying assumptions of the turbulence model, the employed SST k-
ω model operates on the RANS framework, which assumes turbulence can be represented
by an isotropic eddy viscosity (Boussinesq hypothesis). While this provides a good balance
of accuracy and robustness for the steady-state, wall-bounded flows in this study, its
potential limitation lies in imperfectly capturing complex, anisotropic turbulent structures.
This could impact the quantitative accuracy of local flow field details, such as shear layer
development or mixing rates.

The validity of the current steady-state model has been established for the three
representative operational conditions simulated (VWO and two partial loads). Its predictive
accuracy under strong transient scenarios (e.g., rapid startup or trip) or extreme off-design
conditions remains unverified, as these might involve flow physics outside the calibrated
range of the employed turbulence model.

3.1.2. Flow Field Characterization in Condenser Under VWO Condition

Figure 4a illustrates the three-dimensional streamline distribution under VWO condi-
tions. Steam velocity decreases progressively from top to bottom, with minimum values
observed in the condenser’s central connecting regions and bottom zone. Figure 4b details
the tube bundle flow patterns, revealing a peak steam velocity of 141 m/s in this region.

Qualitative velocity distribution analysis employed two cross-sections: at x = 1 m and
z = 10 m (Figure 5). The color on the cross-sections indicates the VWO-condition velocity
distribution on these cross-sections, as specifically shown in Figure 6, revealing that the
maximum velocities occur near the shell wall in the region above the tube bundle. This
velocity concentration results from flow field non-uniformity at the condenser throat exit
(Figure 6b). Collectively, steam velocities in upper tube bundle regions exceed those in
lower zones. This velocity gradient likely arises from operational dynamics: when all four
tube bundle modules are active, steam discharges efficiently from upper regions, while
steam flow velocity decreases in the bottom tube bundle region as it must circumvent
the tubes.
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(a) 

 
Module D Module C Module B Module A 

(b) 

Figure 4. Steam flow streamlines within the condenser under VWO condition: (a) Global view of the
exhaust section and tube bundle; (b) Detailed view of the tube bundle region.

  
(a) (b) 

Figure 5. Schematic diagram of cross sections: (a) cross section at x = 1 m; (b) cross section at z = 10 m.
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Module D Module C Module B Module A 
(a) 

 
(b) 

Figure 6. The velocity distribution at different cross-sections under the VWO condition: (a) The
velocity distribution at the cross-section (x = 1 m); (b) The velocity distribution at the throat exit
(z = 10 m).

3.1.3. Partial-Load Flow Field Characterization in Condenser with Modules A/C Active

Numerical calculations were also conducted for the partial-load operating condition
where modules A and C were active, while modules B and D were shut down. As shown in
Figure 7a, steam velocity exhibits an overall gradual decrease from top to bottom under this
configuration, similar to the trend observed under the VWO condition. Figure 7b presents
the streamlines within the tube bundle region, where the maximum steam velocity reaches
81.5 m/s.

 
(a) 

 
Module D Module C Module B Module A 

(b) 

Figure 7. The steam flow streamlines under partial-load operation (modules A and C active):
(a) Global view of the exhaust section and tube bundle; (b) Detailed view of the tube bundle region.
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Figure 8a shows the velocity distribution at the cross-section under the partial-load
condition with modules A and C active. Steam velocities are higher in the regions beneath
module D and above modules A and C compared to other areas. This asymmetry arises
because the shutdown of modules B and D causes steam channeling and swirling near the
active modules (A/C), while flow acceleration occurs in geometrically constrained regions
due to reduced flow area. Conversely, steam above the inactive modules (B and D) cannot
be discharged efficiently, resulting in lower flow rates in these regions.

 
Module D Module C Module B Module A 

(a) 

 
(b) 

Figure 8. The velocity distribution at different cross-sections under partial-load operation (modules A
and C active): (a) The velocity distribution at the cross-section (x = 1 m); (b) The velocity distribution
at the throat outlet (z = 10 m).

3.1.4. Partial-Load Flow Field Characterization in Condenser with Modules B/D Active

Numerical calculations were performed for the partial-load operating condition with
modules B and D active (modules A and C shut down), using the boundary conditions
specified in Table 3. Figure 9a shows the velocity streamlines in the model. Similar to
previous cases, steam velocity generally decreases gradually from top to bottom. Lower
velocities occur in regions adjacent to the inactive modules (A and C), consistent with steam
stagnation above shutdown units. Figure 9b depicts streamlines within the tube bundle
region, where the maximum steam velocity reaches 103 m/s. A notable velocity difference
was observed between the two partial-load configurations: the maximum velocity with
modules B/D active (103 m/s) was approximately 26% higher than that with modules A/C
active (81.5 m/s).

To further investigate this disparity, Figures 8b and 10b present the comparative veloc-
ity contours at the condenser throat outlet. The velocity contour at the outlet demonstrates
clear asymmetry with localized velocity acceleration in the B/D configuration, whereas
the velocity distribution in the A/C configuration is more uniform. This distinct pattern
at the outlet provides clear indirect evidence of the inherent geometric asymmetry within
the throat, which causes a more pronounced flow diversion and acceleration in the B/D
case. This flow difference is further quantified by the maximum FIV risk coefficient α,
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which is 0.74 for B/D operation compared to 0.67 for A/C operation—a 10.4% increase that
underscores a significantly higher vibration risk.

 
(a) 

 
Module D Module C Module B Module A 

(b) 

Figure 9. The velocity streamline diagram under partial-load operation (modules B and D active):
(a) Global view of the exhaust section and tube bundle; (b) Detailed view of the tube bundle region.

 
Module D Module C Module B Module A 

(a) 

 
(b) 

Figure 10. The velocity distribution at different cross-sections under partial-load operation (modules
B and D active): (a) The velocity distribution at the cross-section (x = 1 m); (b) The velocity distribution
at the throat outlet (z = 10 m).
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From an engineering standpoint, this finding is of considerable significance. It clearly
identifies the B/D active configuration as the more severe service condition, which should
accordingly inform inspection planning and fatigue life assessments for the heat exchanger
tubes. The demonstrated link between geometric asymmetry, localized velocity acceleration,
and increased FIV risk provides valuable insight for condenser design and operational
strategy under partial-load conditions.

Figure 10a shows the cross-sectional (x = 1 m) velocity distribution under the partial-
load condition with modules B and D active. Results indicate elevated steam velocities
in regions beneath module A and above modules B and D. The activation state of bundle
modules significantly influences flow field distribution characteristics. Notably, steam
above inactive modules cannot discharge efficiently, creating localized low-velocity zones.
This flow obstruction further induces steam channeling and swirling phenomena.

3.2. Fluid Elastic Instability Characterization

Fluidelastic excitation (synonymous with fluidelastic instability) arises from coupled
hydrodynamic-structural interactions. When fluid velocity attains a critical threshold, the
net energy transfer from the fluid to the tube surpasses the energy dissipated through the
system’s inherent damping. This energy imbalance induces large-amplitude vibrations,
culminating in catastrophic structural failure within few vibration cycles.

3.2.1. Steam-Flow-Induced Vibration Risk Coefficient Characterization Under
VWO Condition

Figure 11 presents the distribution of FIV risk coefficients across the outermost side
of the bundle area under the VWO condition. Results indicate relatively uniform FIV
risk coefficients α (generally <0.5) throughout most bundle regions. However, maximum
risk coefficients (up to 0.7) occur at the condenser’s peripheral cooling pipes, particularly
at branch-like channel inlets and bundle corners, indicating heightened susceptibility to
flow-excited vibration in these zones. This elevated risk correlates with locally elevated
steam velocities in these specific regions.

  
(a) (b) 

  
(c) (d) 

Figure 11. Flow-induced vibration risk coefficient α distribution across the outermost side of the
bundle area under VWO condition: (a) Module A; (b) Module B; (c) Module C; (d) Module D. (The
red circle represents the high FIV risk area).
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Figure 12 displays the steam density distribution at the cross-section at x = 1 m under
the VWO condition. The highest density regions occur beneath modules A and D, likely
resulting from steam accumulation below the tube bundle that impedes flow. Above
the bundle, steam density is comparatively lower, though the spatial variations remain
moderate throughout the domain.

 
Module D Module C Module B Module A 

Figure 12. Cross-sectional (x = 1 m) distribution of density t under VWO condition.

3.2.2. Partial-Load Steam-Flow Vibration Risk Assessment with Modules A/C Active

Figure 13 displays the FIV risk coefficient α distribution across the outermost side
of the bundle area under partial-load operation (Modules A/C active). Maximum risk
coefficient reaches 0.67, with elevated-risk zones concentrated at branch-like channel inlets
and some corners within Modules A and C bundles.

  
(a) (b) 

Figure 13. Distribution of FIV risk coefficient α of the condenser across the outermost side of the
bundle area under partial-load operation (Modules A/C active): (a) Module A; (b) Module C. (The
red circle represents the high FIV risk area).

Figure 14 displays the steam density distribution at x = 1 m under partial-load opera-
tion (Modules A/C active). Elevated densities above inactive modules B and D result from
flow obstruction due to shutdown conditions, impeding steam discharge. These findings
demonstrate that module operational status governs density distribution patterns within
condenser tube bundles.
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Module D Module C Module B Module A 

Figure 14. Cross-sectional (x = 1 m) distributions of steam density with modules A/C active.

3.2.3. Partial-Load Steam-Flow Vibration Risk Assessment with Modules B/D Active

Figure 15 presents the FIV risk coefficient α distribution across the outermost side
of the bundle area under partial-load operation (Modules B/D active). Maximum risk
coefficient α reaches 0.74, with high-risk zones concentrated at branch-shaped channel
inlets and some corners within inactive Modules A and C bundles.

  
(a) (b) 

Figure 15. Distribution of FIV risk coefficient α of the condenser across the outermost side of the
bundle area under partial-load operation (Modules B/D active): (a) Module B; (b) Module D. (The
red circle represents the high FIV risk area).

Figure 16 displays the steam density distribution at x = 1 m under partial-load opera-
tion (Modules B/D active). Elevated densities in upper zones of inactive Modules A/C
result from shutdown-induced flow obstruction, causing steam accumulation.

 
Module D Module C Module B Module A 

Figure 16. Cross-sectional (x = 1 m) distribution of density with Modules B/D Active.

To quantitatively summarize and compare the key findings across the three operational
scenarios, Table 4 presents the velocity, and the FIV risk coefficient (α).



Processes 2025, 13, 3990 17 of 20

Table 4. Summary of Key Parameters.

Operating Conditions Operation Chambers Average Velocity
(m/s)

Maximum FIV Risk
Coefficient

VWO case A, B, C, D 70.95 0.70
Partial-load case (modules B/D active) B, D 51.50 0.74
Partial-load case (modules A/C active) A, C 40.75 0.67

Analysis of Table 4 reveals that the highest FIV risk (α = 0.74) occurs not at the
maximum flow rate (VWO), but during the BD Activated partial-load condition. This
indicates that the inherent flow instability (e.g., strong swirling or channeling) under this
specific off-design operation is a more critical driver of vibration than the average flow
velocity itself. The VWO condition, while having the highest velocity, results in a more
stable flow field with a lower relative risk. The non-monotonic relationship between flow
velocity and the FIV risk coefficient is a pivotal finding. This demonstrates conclusively
that inherent flow instability during specific off-design operations is a more critical driver
of FIV than the average flow velocity.

For an intuitive comparison, fixed points were selected to analyze the trends of FIV
values under different operating conditions. These points (a, b, c, d) are located in the
high-risk excitation region of the tube bundle, as shown in Figure 17. The resultant curves
are presented in Figure 18. Analysis reveals that when the module is closed, the absence of
forward steam flushing results in a very low flow rate, leading to minimal FIV. In contrast,
under steam flushing conditions, the increase in flow velocity corresponds to higher FIV
values. However, the FIV does not exhibit a linear increasing trend with flow velocity,
which is primarily attributed to the influence of factors such as density.

 

Figure 17. The points (a, b, c, d) selected in the high-risk excitation region of the tube bundle.
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Figure 18. Velocity and FIV risk coefficient Relationship Curve at the points (a, b, c, d) selected.

The main limitations of this work stem from its theoretical nature, including modeling
simplifications in turbulence and one-way fluid–structure coupling, while also ignoring
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the influence of FSI. This simplification means that we may underestimate the vibration
amplitude at specific frequencies, especially when the structural natural frequency is
close to the fluid vortex shedding frequency. However, the main objective of this study
is to identify high-risk areas and the spatial distribution of excitation forces. The most
critical next step is the experimental validation of these simulation results. Future work
must therefore focus on correlating the model predictions with measured data (e.g., outlet
pressures or vibration signatures) from an operational plant or a scaled experimental setup.
Subsequent studies should also extend the analysis to transient conditions, validating
the predicted quantitative relationship between operational parameters and FIV risk and
incorporate two-way fluid–structure interaction (FSI) for improved accuracy.

4. Conclusions
This study performed a comprehensive flow-induced vibration (FIV) risk assessment

of nuclear condenser cooling tubes using a full-scale CFD model that integrated the exhaust
cylinder, throat section, and tube bundle. Through numerical simulations under three oper-
ational scenarios—VWO and two partial-load configurations—the following key findings
were obtained:

(1) A full-scale CFD model revealed distinct steam flow patterns, with velocity decreasing
from top to bottom and exhibiting non-uniformity at the throat exit. Under VWO
conditions, velocity maxima localized near the shell wall.

(2) Partial-load operations led to steam channeling and swirling due to module shut-
downs, with all configurations showing FIV risk coefficient peaks at geometrically
complex regions such as branch-shaped channel inlets subjected to direct steam im-
pingement and corners of tube bundles. These findings offer a practical foundation
for enhancing nuclear condenser safety by enabling targeted monitoring through
strategic sensor placement in high-risk zones, guiding inherently safer design op-
timizations based on revealed flow mechanisms, and supporting the development
of operational strategies that avoid risk-aggravating conditions by understanding
off-design flow patterns.

(3) The purpose of our article is to identify the most dangerous areas in order to install
sensors in these areas and improve the intelligence level of the system. On this basis,
we can carry out further structural optimization in the future. Although this study
remains a theoretical investigation without experimental validation, but this work
will be carried out in the future.
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Abbreviations
The following abbreviations are used in this manuscript:

FIV Flow Induced Vibration
CFD Computational Fluid Dynamics
VWO Valve Wide Open
LP Low Pressure
LES Large Eddy Simulation
RANS Reynolds Averaged Navier–Stokes
SHM Structural Health Monitoring
FSI Fluid Structure Interaction

Nomenclature

n Number of spans

P
the turbulent kinetic energy
generation term

b exponent S
center distance of the heat exchange
tube, mm

Cω a cross diffusion term tb thickness of the tube sheet
d0 Outer diameter of cooling pipe, mm t Time, s

di Inner diameter of cooling pipe, mm uj
the component of velocity in the j
direction, m/s

d2 Outer diameter of cooling pipe, mm V actual flow rate of steam, m/s
Dk the diffusion term in the k equation Vc critical cross flow velocity, m/s
Dω the diffusion term in the ω equation xj the component of x in the j direction
E Elastic modulus, MPa
f n natural frequency, Hz
f 1 First order natural frequency, Hz
Kc Empirical coefficient Greek letters
k turbulent kinetic energy λn Frequency constant
l Span, m ω the specific dissipation rate
lm Span, m δ Logarithmic decay rate

m
Mass per unit length of cooling pipe,
kg/m

β the model constant

mi
mass of fluid in the heat exchange
tube, kg/m

β* the model constant

m0
virtual mass of fluid outside the
tube, kg/m

ρ Density of cooling pipe, kg·m−3

m1 the mass of empty tube, kg/m α FIV risk coefficient
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