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ABSTRACT: With the continuous increase in wind turbine capacity, the heat dissipation demands of key components
such as converters and generators have become increasingly stringent. As a critical part of wind turbine thermal
management systems, the reliability of heat exchangers is closely related to overall system stability. In this study, an
efficient CFD–CSD coupling framework combined with a gas–liquid two-phase model was employed to establish a
reduced-dimensional modeling approach for investigating the flow-induced vibration of cylindrical heat exchange
tubes under cross-flow conditions. The proposed modeling strategy reduces computational complexity while retaining
the dominant fluid–structure interaction characteristics, enabling efficient evaluation of vibration responses under
different gas–liquid flow conditions. The coupled effects of gas–liquid phase evolution, hydrodynamic loading, flow
structures, and structural response were analyzed. The results show that the tube exhibits periodic vibration in both
drag and lift directions, while gas–liquid interaction leads to more complex flow structures and modifies the vibration
behavior. With increasing void fraction, the drag-direction response decreases, whereas the lift-direction response
shows a different variation trend. A transition from dispersed bubble structures to slug-like flow patterns was also
observed with increasing gas content. The present study provides insight into the mechanism of gas–liquid two-
phase flow-induced vibration and offers an efficient modeling approach for evaluation of heat exchanger vibration
characteristics in wind turbine applications.

KEYWORDS: Gas-liquid two-phase flow; flow-induced vibration; CFD-CSD coupling; wind turbine heat exchanger;
cylindrical heat exchange tube; structural stability

1 Introduction
With the rapid development of wind power technology, modern wind turbines are moving toward

higher rated capacity, higher power density and more compact nacelle layouts. These trends increase the
thermal load of generators, converters, gearboxes and control units, making heat dissipation a key factor
affecting efficiency, reliability and service life [1]. For direct-drive wind turbines, the cooling system is
essential for maintaining the generator and converter within safe thermal limits [2]. Recent studies on wind
power converters have also shown that liquid cooling structures can effectively improve the heat dissipation
performance of insulated-gate bipolar transistor modules [3]. In addition, thermal modeling of wind turbine
generators indicates that external operating conditions can significantly affect the thermal state and cooling
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requirements of wind turbines [4]. Therefore, the heat exchanger, as a core component of the cooling loop,
directly influences the stable operation of large-scale wind turbines.

When the cooling medium flows through or across heat exchange tubes, unsteady fluid forces are
generated on the tube surface, which may cause flow-induced vibration. Flow-induced vibration of cylin-
drical structures has been systematically discussed in classical vibration theory [5]. For heat exchanger tube
arrays, cross-flow-induced vibration is closely related to vortex shedding, turbulence-induced excitation
and fluidelastic instability [6]. Fluidelastic instability is generally regarded as one of the most dangerous
excitation mechanisms because the vibration amplitude may increase rapidly once the flow velocity exceeds
a critical threshold [7,8]. For shell-and-tube heat exchangers, previous studies have established relatively
complete analysis procedures involving flow excitation, damping, vibration response and fretting-wear
assessment [9,10]. In practical heat exchangers, tube spacing, support stiffness, adjacent-tube motion and
structural boundary conditions further change the dominant frequency and vibration amplitude. Recent
coupling vibration analysis of heat exchanger tube bundles has confirmed that the interaction among
neighboring tubes can significantly affect the vibration response of the target tube [11]. Hence, the vibration
characteristics of cylindrical heat exchange tubes must be considered in the design of wind turbine
heat exchangers.

Compared with single-phase flow, gas-liquid two-phase flow has more complex excitation characteris-
tics. The interaction between bubbles, liquid phase and tube walls causes local fluctuations in void fraction,
pressure and momentum, resulting in random and strongly nonlinear hydrodynamic loads. Experimental
investigation on two-phase cross-flow-induced vibration of a confined cylinder has shown that void fraction
and flow pattern strongly affect the vibration response [12]. For tube bundles, local-scale two-phase cross-
flow experiments further indicate that bubble behavior and phase distribution can change the vibration
characteristics of flexible tubes [13]. Equivalent load estimation in upward two-phase cross-flow also shows
that hydrodynamic excitation in tube bundles is strongly affected by gas-liquid phase interaction [14].
Moreover, studies on the instability threshold of tube arrays in air-water cross-flow indicate that the coupled
effects of liquid and gas phase Reynolds numbers should be considered when evaluating vibration risks [15].
These findings suggest that two-phase-flow-induced vibration remains a key uncertainty in the thermal-
fluid-structural design of heat exchangers. Recent reviews have also pointed out that two-phase flow-induced
vibration is affected by flow pattern, void fraction, mass flux, local geometry and structural boundary
conditions [16].

Numerical simulation provides an effective method for analyzing the interaction between complex
flow fields and structural vibration. For gas-liquid two-phase flow, the Volume of Fluid (VOF) method
can capture the interface evolution between gas and liquid phases [17]. For structural vibration, sim-
plified structural models such as the spring-mass-damping system are commonly adopted to describe
tube responses under transient fluid excitation [18]. Coupled fluid-structure interaction (FSI) methods
have been widely used to evaluate the deformation and vibration of elastic structures under unsteady
flow conditions [19]. Recent studies have further extended these approaches to multiphase flow-induced
vibration problems. Experimental investigations have demonstrated that two-phase flow regimes and phase
distribution characteristics significantly affect the vibration response of cylindrical structures under cross-
flow conditions [20]. Meanwhile, CFD-based fluid-structure coupling models have been successfully applied
to heat exchanger tube bundles, revealing the influence of flow field characteristics and structural parameters
on vibration behavior [11]. Compared with purely experimental approaches, coupled numerical simulations
can provide detailed pressure, velocity, phase distribution and vibration response information, which is
helpful for revealing the mechanism of two-phase-flow-induced vibration in wind turbine heat exchangers.
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In this study, an established computational fluid dynamics–computational structural dynamics (CFD–
CSD) coupling framework combined with a VOF multiphase model was employed to investigate the
flow-induced vibration of cylindrical heat exchange tubes in wind turbine heat exchangers under gas–liquid
two-phase cross-flow conditions. Unlike previous studies mainly focusing on single-phase flow-induced
vibration or simplified fluid–structure interaction problems, this work extended the application of the
coupling framework to multiphase flow environments relevant to wind turbine cooling systems. The effects of
void fraction on vibration characteristics, hydrodynamic forces, and flow-field evolution were systematically
investigated, with particular attention paid to the relationship between gas–liquid phase distribution, pres-
sure variation, wake evolution, and directional vibration response. The results provide further understanding
of the mechanisms governing gas–liquid two-phase flow-induced vibration and offer theoretical support for
improving the structural reliability of compact heat exchanger systems in wind turbine applications.

2 Analysis Methods
At present, research on flow-induced vibration caused by gas-liquid two-phase flow mainly includes two

aspects: experimental investigation and numerical simulation. Due to the inherent complexity of gas-liquid
two-phase flow, experimental studies are usually difficult to conduct. For the external flow around cylindrical
heat exchange tubes in wind turbine heat exchangers, the influencing variables become more complicated
when the gas-liquid two-phase medium flows across the compact tube array. Meanwhile, the flow pattern
becomes highly unstable, and the transient flow characteristics are difficult to predict accurately. In practical
wind turbine heat exchangers, the compact arrangement of cylindrical tubes and the interaction between
adjacent tubes further increase the complexity of the flow-induced vibration mechanism.

In this chapter, the CFD–CSD coupling framework combined with a gas–liquid two-phase flow model
was extended to analyze the flow-induced vibration of cylindrical heat exchange tubes in wind turbine
heat exchangers. A numerical model was developed and validated against experimental results, providing
a reliable basis for investigating the vibration response mechanisms under gas–liquid two-phase flow
conditions. The technical solution is illustrated in Fig. 1a.

2.1 Control Equations and Turbulence Model
For the two-dimensional incompressible viscous flow, the continuity equation is given by:

∂ui

∂x
+ ∂vi

∂y
= 0 (1)

where i denotes the fluid phase, and ui and vi are the velocity components in the x and y directions,
respectively.

The corresponding Navier–Stokes momentum equations are expressed as:
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(2)

In the equation, ρi represents the density of the fluid; fx and fy represent the external forces acting on
a unit volume of the fluid; μi is the dynamic viscosity; and pi is the pressure.



4 Comput Model Eng Sci. 2026;149(1):16

Figure 1: Numerical model and computational domain: (a) technical route; (b) two-degree-of-freedom vibration
model; (c) tube-array computational domain.

Based on the evaluation by Tang et al. [21], the Transition shear stress transport (SST) model was
selected due to its superior agreement with experimental data and its capability in resolving vortex shedding
at the tube wake. The boundary conditions are summarized in Table 1. Pressure–velocity coupling was
handled using the SIMPLEC algorithm, and spatial gradients were computed using the Least Squares Cell-
Based method. The governing equations, including momentum, turbulent kinetic energy, specific dissipation
rate, and intermittency, were discretized using a first-order upwind scheme, with pressure interpolation
performed via the PRESTO! method. A convergence criterion of 10−6 was imposed for residuals. Default
under-relaxation factors were adopted to ensure numerical stability. Transient simulations were conducted
using a first-order implicit scheme.

Table 1: Boundary conditions for single tube model.

Project Content
Solving Type Pressure-based solver

Solving Method Transient
Turbulence Model Transition SST

Fluid Medium Water/Air
Inlet Condition Velocity inlet

Outlet Condition Pressure outlet
Upper and Lower Boundaries Symmetric boundary condition

Heat Exchange Tube Wall No-slip wall
Two-phase Flow Model VOF model
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The Transition SST model was employed to resolve the near-wall transition, flow separation and wake
evolution around the cylindrical tube. The transport equations for the transition momentum thickness
Reynolds number R̃eθ t and intermittency factor γ are written as [22]:

∂(ρR̃eθ t)
∂t

+
∂(ρU jR̃eθ t)

∂x j
= Pθ t +

∂
∂x j
[σθ t(μ + μt)

∂R̃eθ t

∂x j
] (3)

∂(ργ)
∂t
+

∂(ρU jγ)
∂x j

= Pγ1 + Pγ2 − Eγ1 − Eγ2 +
∂

∂x j
[(μ + μt

σγ
) ∂γ

∂x j
] (4)

The transport equations for turbulent kinetic energy k and specific dissipation rate ω are:

∂(ρk)
∂t
+ ∂(ρkui)

∂xi
= ∂

∂x j
(Γk

∂k
∂x j
) +Gk − Yk (5)

∂(ρω)
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+
∂(ρωu j)

∂x j
= ∂

∂x j
(Γω

∂ω
∂x j
) +Gω − Yω + Dω (6)

In the equation, Pγ1 and Eγ1 represent the transition sources; Pγ2 and Eγ2 represent the sources of
destruction and re-laminarization; σγ is a constant in the equation; Pθ t is the source term of the transport
equation for R̃eθ t ; Gk and Gω are the production terms of turbulent kinetic energy and specific dissipation
rate, respectively; Γk and Γω are the effective diffusion coefficients; Yk and Yω are the dissipation terms; and
Dω is the cross-diffusion term.

2.2 VOF Model
The gas–liquid two-phase flow was modeled using the Volume of Fluid (VOF) method, an Eulerian

interface-capturing approach. Air and water were treated as immiscible phases sharing the same velocity and
pressure fields, with the gas–liquid interface tracked by the local phase volume fraction. Under constant-
temperature adiabatic conditions without phase change, interphase mass transfer and energy transport
were neglected.

The volume fractions of the gas and liquid phases satisfy:

αg + αl = 1 (7)

where αg and αl denote the gas and liquid volume fractions, respectively. The transport equation for the gas
volume fraction is expressed as

∂αg

∂t
+∇ ⋅ (αgu) = 0 (8)

where u is the shared velocity field. The liquid volume fraction is obtained as αl = 1 − αg . The local mixture
density and dynamic viscosity are evaluated from the phase volume fractions:

ρm = αg ρg + αl ρl (9)
μm = αg μg + αl μl (10)

where ρm and μm are the mixture density and dynamic viscosity, respectively, and the subscripts g and l
represent the gas and liquid phases.
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The void fraction α in this study was defined as the inlet volumetric gas fraction:

α =
Qg

Qg + Ql
(11)

where Qg and Ql are the inlet volumetric flow rates of the gas and liquid phases, respectively. A uniform
mixture velocity was imposed at the inlet, and the inlet gas and liquid volume fractions were specified
according to the prescribed void fraction.

The gas–liquid interface was captured using an interface reconstruction scheme in the VOF formulation.
Surface tension was treated using the continuum surface force (CSF) formulation:

Fσ = σκ∇αg (12)

where σ is the surface tension coefficient and κ is the local interface curvature.
The computational domain was initialized using the same gas–liquid volume fraction as the corre-

sponding inlet condition to maintain consistency between the initial phase field and the imposed inlet phase
composition. The main VOF-related parameters and numerical settings are summarized in Table 2.

Table 2: VOF-related parameters and numerical settings.

Parameter Setting/Value
Gas/liquid phase Air/water

Phase change and mass transfer Not considered

Phase properties ρg = 1.225 kg⋅m−3, μg = 1.789 × 10−5 Pa⋅s;
ρl = 998.2 kg⋅m−3, μl = 1.003 × 10−3 Pa⋅s

Interface scheme Geometric reconstruction
Surface tension treatment CSF model; σ = 0.072 N⋅m−1

Wall contact angle Not explicitly considered
Gravity g = 9.81 m⋅s−2, negative Y-direction

Single-tube cases V = 0.1~0.6 m/s, α = 0.32
Tube-array cases V = 0.2 m/s, α = 0.04~0.20

Reynolds number range Re ≈ 1.57 × 103–9.40 × 103

Time step/CFL Δt = 7 × 10−5 s; CFL < 1.0

2.3 Structural Model
Because the deformation of the tube was negligible in practical applications, the influence of elastic

deformation of the heat exchange tube was ignored in this study. Therefore, the tube was modeled as a rigid
body. The vibration process was then simplified as a two-degree-of-freedom spring–mass–damper system,
as shown in Fig. 1b. The vibration control equations are given as follows [23]:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Fx(t) = m d2x
dt2 + c dx

dt
+ kx

Fy(t) = m d2 y
dt2 + c d y

dt
+ ky

(13)
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In the equation, Fx(t), Fy(t) are the drag force and lift force, m is the mass per unit length, c is the
damping coefficient, k is the stiffness, x , y are the vibration displacements of the heat exchange tube in the
X and Y directions, respectively.

One circular cylinder was mounted as a spring-damper-mass system to study the fluid-elastic perfor-
mances of the cylinder bundle according to the assumption in [23]. The cylinder can be free to vibrate in
response to flow-induced forces in both the drag direction and the lift direction. The governing equations
of motion with two Degree of Freedoms were obtained from Newton’s second law of motion, which were
described by [24]:

ms ẍ + cs ẋ + ks x = Fx(t, x , ẋ , y, ẏ) (14)
ms ÿ + cs ẏ + ks y = Fy(t, x , ẋ , y, ẏ) (15)

where m is the mass of the cylinder, c is the damping of the system, F is the fluid-induced force, x and y
represent the vibration displacements of the tube in the drag and lift directions.

The equivalent structural parameters adopted in the two-degree-of-freedom model are summarized
in Table 3. The natural frequency and damping ratio are obtained from the standard mass–spring–damper
relationships:

fn =
1

2π

√
k
m

; ζ = c
2
√

km
(16)

where m, k, and c denote the equivalent mass, stiffness, and damping coefficient of the tube, respectively.

Table 3: Structural parameters.

Parameter Symbol Value
Equivalent mass per unit length m 0.367 kg⋅m−1

Equivalent stiffness per unit length k 4.62 × 104 N/m2

Equivalent damping coefficient per unit length c 2.60 N⋅s/m2

Equivalent natural frequency f n 56.5 Hz
Damping ratio ζ 0.01

The lift coefficient and drag coefficient are defined as:

CL =
FL

0.5ρdlV 2 ; CD =
FD

0.5ρdlV 2 (17)

In the formula, FL and FD represent the lift and drag forces on the cylinder, respectively, and ρ is the
density of the fluid; d is the diameter of the pipe; V is the inlet flow velocity; l is the axial length of the heat
exchange tube and for the two-dimensional models, it is usually assigned the default value of 1 m.

In the reduced-order structural model, the support constraints of the heat exchange tube are represented
by equivalent linear stiffness and damping in the drag and lift directions. This treatment allows the model to
capture the dominant in-plane vibration response induced by cross-flow excitation, while avoiding the high
computational cost of resolving the distributed flexibility of the full tube. Spanwise bending modes, tube-
end constraints, contact between the tube and supports, and fretting-related nonlinearities are not explicitly
resolved; therefore, the present structural model is used to evaluate the dominant force–displacement
coupling and relative vibration trends rather than local structural stress or wear behavior.
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2.4 CFD/CSD Coupling Algorithm for Gas-Liquid Two-Phase Flow
The CFD–CSD coupling framework adopted in this study is a well-established partitioned two-way

fluid–structure interaction approach that has been developed and validated in our previous work [23].
In the present framework, the transient gas–liquid flow field is first solved using the CFD solver, and
the instantaneous hydrodynamic forces acting on the heat exchange tube are transferred to the structural
solver. The calculated structural displacement is subsequently returned to the fluid domain to update the
tube boundary and mesh deformation, enabling time-accurate coupling between the flow field, structural
response, and mesh motion. Compared with our previous study, which focused on the development and
validation of the coupling methodology under simplified flow conditions, the present work extends its
application to gas–liquid two-phase cross-flow in wind turbine heat exchanger systems. Therefore, the
emphasis of this study is placed on revealing the physical mechanisms of two-phase flow-induced vibration
rather than further developing the numerical coupling algorithm.

The coupling procedure within each physical time step is implemented as follows (Fig. 2):

(1) The transient two-phase flow field is solved, and the instantaneous drag and lift forces are obtained by
integrating pressure and viscous stresses over the tube surface;

(2) The computed hydrodynamic forces are transferred to the structural solver as external excitation loads;
(3) The structural dynamic response is solved using a four-step Adams–Bashforth time integration scheme

to obtain the tube displacement;
(4) The displacement is mapped back to the CFD domain, and the dynamic mesh is updated accordingly

to accommodate the tube motion. Local mesh smoothing and re-meshing are applied when necessary
to maintain mesh quality under large-amplitude oscillations.

Figure 2: Schematic of CFD–CSD coupling procedure.

The heat exchange tube was treated as a rigid moving boundary, and the surrounding mesh was
updated using a dynamic mesh technique. The outer boundaries remained fixed, while mesh deformation was
mainly confined to the near-wall region to preserve boundary-layer resolution and numerical stability. Local
smoothing and remeshing were applied when necessary to maintain mesh quality during large-amplitude
oscillations. At each time step, the coupled system was iterated until the flow residuals decreased below 10−6,
with the transferred fluid forces and structural displacements reaching stable convergence. The time-step
size was determined through temporal independence analysis and the characteristic vibration scale of the
system to ensure adequate resolution of the dominant fluid–structure interaction response while maintaining
computational efficiency.

2.5 Numerical Calculation Model
The numerical model represents the cross-flow region of compact tube-type heat exchangers in wind

turbine thermal management systems rather than a specific commercial unit. A water–air two-phase flow
was adopted as a representative working medium to account for gas entrainment, degassing, or incomplete
venting in liquid cooling loops. The tube geometry, flow conditions, and equivalent support parameters



Comput Model Eng Sci. 2026;149(1):16 9

were defined to capture the dominant characteristics of two-phase-flow-induced vibration. Therefore, the
model should be regarded as a physics-based representation for investigating vibration mechanisms rather
than a direct reproduction of an industrial heat exchanger. To reduce computational cost while preserving
the dominant flow-induced vibration characteristics, a two-dimensional model was employed. Since the
present study focuses on cross-flow-induced vibration in the plane normal to the tube axis, the drag-
and lift-direction responses can be effectively captured. Previous studies have shown that two-dimensional
models accurately predict the dominant vibration amplitudes and frequencies of circular-cylinder cross-flow,
although three-dimensional effects may influence local flow structures and instantaneous responses [25].
Therefore, despite neglecting spanwise variations, tube-end effects, and complex three-dimensional gas–
liquid structures, the present model is sufficient to capture the dominant wake evolution, hydrodynamic
excitation, and relative vibration trends under different void fractions.

The outer diameter of the heat exchange tube, d, is 15.875 mm, and the overall size of the computational
domain is 10d × 25d. The cylindrical heat exchange tube is positioned at a distance of 10d from the inlet to
ensure that the incoming flow has sufficient development space before reaching the tube. The single-tube
configuration is shown in Fig. 1c.

The grid quality is critical to the reliability of numerical simulations. Considering the regular arrange-
ment of the heat exchange tubes, a structured grid was adopted in this study. The structured mesh provides
improved orthogonality and controlled grid distribution around the tube surfaces, enabling accurate
resolution of near-wall flow characteristics while maintaining computational efficiency for transient CFD-
CSD coupling. The grid model is shown in Fig. 3. Due to the large velocity gradient of the fluid around
the pipe wall, a more detailed grid was needed to accurately capture the flow field changes. Therefore, the
boundary layer mesh with a geometric growth rate was set near the pipe wall in this paper to ensure the
calculation accuracy of the flow field near the pipe wall. To ensure the dimensionless wall distance y+ < 1
in the calculation, the height of the first layer grid at the wall was 8 × 10−3 mm, the mesh growth rate was
set to 1.1, with a total of 20 layers. And set this part of the grid as a rigid body, the red part in the picture.
The grid area within a certain range near the heat exchange tube was set as a dynamic region to ensure that
the grid could shrink or expand to fit the new boundary region when the heat exchange tube was displaced
instantaneously, as shown in the orange region.

Figure 3: Structured mesh of the tube-array model.

Independence verification is an important step in the process of grid division, mainly to ensure that the
grid model and time step are independent of the simulation results. Systematic grid convergence analysis and
temporal resolution verification were implemented as demonstrated as shown in Fig. 4. The baseline grid
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counts that satisfied the fundamental boundary layer resolution criterion (y+ < 1) were established firstly,
successive coarsening and localized refinements were systematically implemented to evaluate sensitivity
across critical flow regimes. A total of five different grid models were established, with the number of grids
being 16,600, 18,000, 19,400, 20,900, and 22,300. The uniform velocity water flow was used as the boundary
condition of the inlet, and the lift coefficient of the target heat exchange tube surface was monitored. Then,
the time domain signal of the lift coefficient was converted into a frequency domain signal by fast Fourier
transform (FFT), and its maximum Power Spectral Density (PSD) was extracted, which is an important
parameter to describe the power distribution of the signal response in the frequency domain. The peak
value of power spectral density corresponds to the power of the amplitude at a specific frequency. The
higher the power spectral density is, the larger the amplitude of the lift coefficient is. The maximum power
spectral density of the heat exchange tube was calculated to verify the influence of the number of grids
on the simulation results, as shown in Fig. 4. The increase in maximum PSD from 16,600 to 19,400 cells is
attributed to the improved resolution of near-wall flow and wake fluctuations, as the relatively coarse mesh
may underestimate the hydrodynamic response. Further refinement beyond 19,400 cells leads to negligible
PSD variation, indicating that the dominant flow characteristics are adequately resolved. Therefore, the
19,400-cell mesh was adopted in the present study.

Figure 4: The independence verification of grid counts and time step size.

In numerical simulation, the time step is the discretization interval of the simulation time, which defines
how often the solver updates the solution during the simulation. Generally speaking, the smaller the time
step, the higher the accuracy of the simulation results, especially when dealing with rapidly changing flow
fields, but too small a time step will often increase a lot of calculation time. However, too large a time step
will reduce the accuracy of the simulation results, but in some cases, adjusting the time step properly can
help speed up the convergence of the calculation. Therefore, the choice of time step is very important for the
accuracy and efficiency of numerical simulation results. The time step was rigorously determined through
a CFL condition guided initial estimation followed by systematic scaling analysis, thereafter, four different
time steps of 3 × 10−5 s, 5 × 10−5 s, 7 × 10−5 s, and 9 × 10−5 s were tested respectively using the verified
grid model. Since the time step had a great influence on the frequency accuracy of the dynamic response
of the heat exchange tube, this paper verified the influence of the time step on the simulation results by
extracting the frequency corresponding to the amplitude of the maximum lift coefficient. As the time step was
9× 10−5 s, the frequency corresponding to the amplitude of the maximum lift coefficient of the heat exchange
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tube was only 24.444 Hz; when the time step was reduced to less than 7 × 10−5 s, its frequency was stable
around 31 Hz. With the decrease of the time step length, the calculation results remained basically unchanged.
Therefore, the maximum time step while ensuring the accuracy of the calculation was selected, the time step
taken in all calculation conditions in this paper was 7 × 10−5 s taking into account both calculation accuracy
and efficiency.

2.6 CFD/CSD Coupling Calculation Method Verification
To ensure a reasonable and reliable numerical simulation, it is of great significance to verify the

accuracy of the CFD/CSD coupling solution method used in the current research. Therefore, a numerical
calculation model was mainly established based on the flow around a single cylinder test conducted by
Khalak and Williamson [26], and the accuracy of the CFD/CSD coupling method and two-dimensional
model adopted in this paper was verified. The natural frequency of the cylinder was set to 0.62625 Hz
following the methodology described in the reference. Bidirectional coupling between the cylinder motion
and hydrodynamic forces was achieved by using the aforementioned User-Defined Function (UDF) and
dynamic mesh settings. Based on the single-tube configuration, the transient solver method discussed
in Section 2.2 was employed to calculate the cylinder’s vibration response across varying flow velocities.

A comparison of the maximum dimensionless amplitude (Y/D) at different reduced velocities (U/f nD)
between the experimental measurements and numerical results is presented in Fig. 5. The experimental
data are shown as scatter points, while spline-interpolated curves are used only to illustrate the overall
response trends. The relative errors at selected points, represented by gray bars, were calculated based on the
fitted curves. The numerical results show good agreement with the experimental measurements, accurately
reproducing the increasing trend of vibration amplitude with increasing reduced velocity and capturing the
characteristic vortex-induced vibration (VIV) response near the critical reduced velocity of approximately
2.5. The maximum relative deviation between the numerical and experimental results was approximately
15%, which is mainly attributed to differences between the numerical model and experimental conditions,
including structural simplifications and experimental uncertainties. This deviation is considered acceptable
because the simulation successfully reproduces the main vibration trends and characteristics observed
experimentally, demonstrating the reliability of the CFD–CSD coupling framework and the two-dimensional
tube model for investigating flow-induced vibration responses.

Figure 5: Comparison of dimensionless vibration amplitude (Y/D) under different reduced velocities (U/f nD).
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The above benchmark primarily validates the CFD–CSD coupling response under reference conditions.
Additional support for the two-phase framework is provided by previous experimental and validated numer-
ical studies. Experimental investigations have demonstrated the sensitivity of cylinder and tube-bundle
vibrations to gas–liquid cross-flow conditions [12,13]. Meanwhile, VOF-based simulations of two-phase
heat exchangers have shown reliable predictions of flow patterns and interface evolution, with deviations
generally within acceptable ranges [27,28]. These studies support the phase-dependent excitation and gas–
liquid interface mechanisms considered in this work. Therefore, the present validation is mainly intended
to verify the reliability of the CFD–CSD coupling framework rather than provide a complete quantitative
validation of all two-phase tube-array phenomena.

3 Vibration Response of the Heat Exchange Tube
Compared with single-phase flow, multiphase media exhibit more complex flow characteristics due to

interfacial interactions and phase distribution variations, making their transient behavior more difficult to
predict. Additionally, the presence of gas–liquid interfaces introduces additional complexity and instability
into the flow patterns compared with single-phase flow conditions [29]. The heat exchange tube will be
affected by the gaseous and liquid components at the same time. The vortex shedding, transverse force, and
coupled vibrating are the prerequisites that the two-phase flow influences the tube. Therefore, research on the
vibration of one single tube was conducted to verify these phenomena. Detailly, six different flow rates were
selected, and water and air were used as the flow medium to observe the change of displacement response,
velocity response, and lift force of the heat exchange tube under different flow speeds. The void fraction was
set to 0.32 in the gas-liquid two-phase condition and the single-phase flow condition for comparison.

3.1 Displacement Time Domain Signal
The time-domain displacement responses of the tube subjected to single-phase and gas–liquid two-

phase cross-flows at various inlet velocities V are presented in Fig. 6, where V denotes the uniform inflow
velocity prescribed at the computational domain inlet. Under single-phase conditions, the response under-
goes a brief initial transient before converging to steady periodic oscillations, characterized by well-defined
waveforms and nearly invariant peak amplitude with no evident attenuation or stochastic fluctuations in
the steady regime. In contrast, two-phase flow exhibits distinct temporal behavior: an initial transient with
elevated X-direction amplitude decays progressively until a statistically stationary state is reached; unsteady
gas–liquid interfaces and local void fraction perturbations introduce stronger temporal irregularity and
amplitude fluctuations relative to the single-phase case. Quantitatively, the X-direction vibration amplitude
under two-phase flow is consistently larger across all tested velocities, and the overall vibration intensity
increases monotonically with inflow velocity for both regimes; as V rises from 0.1 to 0.6 m/s, the peak
X-direction displacement and corresponding RMS amplitude under two-phase flow increase from 0.0462
to 0.2788 mm and from 0.0065 to 0.0570 mm, respectively, vs. 0.0010–0.0476 and 0.0009–0.0378 mm
for single-phase flow. These findings corroborate that gas–liquid two-phase flow substantially amplifies
vibration unsteadiness, which may exacerbate flow-induced fatigue risk in heat exchanger tubes under
prolonged service.
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Figure 6: Time-domain vibration displacement responses of a single heat exchange tube.

The root mean square (RMS) amplitude in the X and Y direction were compared as shown in Fig. 7.
In the X direction, the RMS amplitude under two-phase flow conditions is generally higher than that under
single-phase conditions. At inlet velocities below 0.5 m/s, the RMS amplitudes of the two cases exhibit similar
trends, although the gas–liquid two-phase flow produces a higher vibration response. As the inlet velocity
increases to 0.6 m/s, the difference between the two cases becomes more significant, indicating an enhanced
influence of gas–liquid interaction on tube vibration. This phenomenon is attributed to intensified gas–
liquid interactions and wake disturbance at higher flow velocities, which enlarge the gap in hydrodynamic
loading between single-phase and two-phase flows. In the Y direction, the vibration displacement of the heat
exchange tube fluctuates around the equilibrium position at Y = 0 mm. The dominant vibration frequency of
the tube rises with increasing flow velocity, while the Y-direction vibration amplitudes of the two cases are
largely comparable. As the flow velocity increases from 0.1 to 0.6 m/s, the Y-direction vibration amplitude of
the two-phase case increases from 0.0011 to 0.0482 mm, with the corresponding RMS amplitude rising from
0.0003 to 0.0186 mm. For the single-phase case, the vibration amplitude increases from 0.0008 to 0.0496 mm,
and the corresponding RMS amplitude rises from 0.0005 to 0.0291 mm. Overall, two-phase flow enhances the
X-direction RMS amplitude but reduces the Y-direction RMS amplitude. This divergent trend between drag-
direction (X) and lift-direction (Y) responses stems from their distinct excitation mechanisms. The drag force
is dominated by momentum transfer from the continuous liquid phase, and gas–liquid interfaces further
augment flow unsteadiness and drag loading. In contrast, the lift response is governed by periodic vortex
shedding. The presence of gas phases disrupts the coherent wake structures and weakens vortex shedding
intensity, resulting in a lower lift-induced vibration amplitude under two-phase flow conditions.
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Figure 7: Comparison of RMS amplitudes in X and Y direction.

3.2 Velocity Time Domain Signal
The velocity response of the structure is a critical issue in the fluid-induced vibration of the heat

exchange tube. The influence of fluid flow on the vibration can be understood by monitoring the velocity
response of the heat exchange tube. Vibration is due to the fluid-structure interaction where flow produces
active forces on the structure surface, causing the tube to vibrate. On the other hand, tube vibration also
changes the generated active forces interactively. For the gas-liquid two-phase flow, the velocity response is
also affected by the gas-liquid two-phase distributions and flow patterns. In this section, the velocity response
of a single heat exchange tube with different flow rates was monitored and analyzed.

The vibration speed of the heat exchange tube increases with the flow rate, as shown in Fig. 8. In the X
direction, the velocity response is consistent with the displacement response of the two-phase case. A large
vibration amplitude is found at the initial stage, the amplitude was gradually weakened and converged to a
constant range as time went by. When the flow rate increased from 0.1 to 0.6 m/s, the RMS velocity of the
heat exchange tube in the X direction increased from 2.311 to 19.34 mm/s of the two-phase case, while the
one increased from 0.0006 to 0.4892 mm/s of the single-phase case. In the Y direction, the velocity RMS
of the heat exchange tube increased from 0.1075 to 6.4836 mm/s of the gas-liquid two-phase case, while the
one increased from 0.0041 to 1.4083 mm/s of the single-phase case. The velocity response was enhanced by
the gas–liquid two-phase flow in both the X and Y directions, which differs from the displacement response.
Under low flow velocity conditions, the velocity response of the single-phase case remains almost the same,
without obvious vibration period and amplitude change. When the flow velocity increased to 0.5 m/s, the
velocity response gradually began to show a dominant period and amplitude, as shown in Fig. 8b. It is also
estimated that liquid with a larger density increased the tube vibration in the drag direction while a smaller
amount of gas decreased the tube vibration in the lift direction.

3.3 Frequency Characteristics of the Heat Exchange Tube
To further analyze the vibration frequency under the gas-liquid two-phase flow, the vibration displace-

ments of the heat exchange tube under different flow velocities were transformed into the frequency domain
using the Fourier transform. At present, the vibrating mechanism of heat exchange tubes in single-phase flow
have been investigated to find the periodic, stable, and corresponding flow patterns. However, the vibration
amplitude of the heat exchange tube in the X direction is often larger than that in the Y direction under the
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erosion of gas-liquid two-phase flow. Therefore, the vibration amplitude and frequency in the X direction
cannot be ignored for the gas-liquid two-phase case, and the frequency domain displacement response with
different flow rates are further compared as shown in Fig. 9.

Figure 8: Time-domain vibration velocity response of single heat exchange tube.

Figure 9: Frequency domain response of vibration displacement in the X direction.

The investigation of dominant vibration frequencies holds critical significance, revealing not only
resonance risks when matching structural natural frequencies which substantially accelerates fatigue, but also
serving as a diagnostic marker for distinguishing failure mechanisms. Its multifaceted implications extend
to operational health monitoring and standards-compliant vibration mitigation design. The frequency and
amplitudes associated with the dominant frequency were compared for both single-phase and gas-liquid
two-phase conditions, as shown in Fig. 10. An obvious peak value in the low-frequency region is observed
in the single-phase flow condition in the X direction, which was regarded as the dominant frequency. The
dominant frequency was only 2.38 Hz when the gas flowed at 0.1 m/s, and it increased with the flow velocity.
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Another secondary frequency was observed which was larger than the dominant frequency. In contrast, the
dominant frequency of the two-phase flow is mainly concentrated within 56~58 Hz, which was much higher
than the one in the single-phase flow conditions. It is interesting to find a clear linear correlation between
the vibration frequency and the flow rate for the single-phase condition. Conversely, the vibration frequency
appears to be independent of the flow rate for the two-phase condition and confined to a narrow range. The
amplitude increased steadily with the flow rate until reaching 0.5 m/s and then rapidly increased for the
two-phase case. Notably, the amplitude in the gas-liquid two-phase case was substantially greater than in the
single-phase case at the same flow rate.

Figure 10: Comparison of dominant frequency and amplitude in X direction.

In the Y direction, the vibration exhibited similarities to the X direction for the gas-liquid two-
phase case, the amplitude escalated as the flow rate. The dominant frequency was predominantly confined
within the range of 55 to 59 Hz, which is broader than the single-phase case. The dominant frequency
showed no obvious dependence on flow velocity, whereas the vibration amplitude generally increased with
increasing flow velocity, unlike the single-phase case. Interestingly. The amplitude of the single-phase case
was larger than that of gas-liquid two-phase flow which is contrary to the X direction. Furthermore, the
comparative analysis of the dominant frequency in different directions of single-phase flow indicated that
the dominant frequency of the X direction is approximately twice the Y direction for each flow rate then
brought the characteristic “8” shaped vibration trajectory. The analysis elucidated that the heat exchange
tube primarily produced vibrations in the y-direction with a relatively narrow frequency range of single-
phase case. In contrast, under the gas-liquid two-phase case, a broader frequency spectrum and a higher
dominant frequency were exhibited with smaller amplitudes. The lift force was mainly associated with vortex
shedding-induced pressure fluctuations, while the drag force was dominated by momentum transfer from
the continuous liquid phase.

4 Investigation of the Two-Phase Flow on Tube Array Vibrations
Compared with single-phase flow, the hydrodynamic interactions of gas-liquid two-phase flow are more

complex, which may produce bubbles, liquid film, slippage, and other phenomena, which lead to uneven
fluid distribution on the shell side, making the fluid force on the surface of the tube more difficult to predict.
There are relatively many characteristic parameters to characterize the flow field, the void fraction (α) is
an important parameter because it is necessary to determine density, pressure, and other variables [30],
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which could change the flow rule and pattern of gas-liquid two-phase flow [31], resulting in various vibration
amplitudes of the heat exchange tube. This chapter carried out the calculation under different void fractions,
comprehensively analyzed the influence on the fluid-induced vibration of the tube array from the perspective
of the time domain and frequency domain, and observed the flow field distribution and flow characteristics.

4.1 Tube-Array Numerical Calculation Model
Wind turbine heat exchangers usually contain compactly arranged cylindrical heat exchange tubes to

meet the cooling requirements of high-power components. In practical operation, the cooling medium flows
across the tube bundle, and the interaction between the unsteady flow field and the tube structure may induce
vibration of the heat exchange tubes. To analyze the flow-induced vibration characteristics under gas-liquid
two-phase flow conditions, the complex heat exchanger structure was simplified into a two-dimensional
cylindrical tube array model, as shown in Fig. 11. The middle tube in the tube array was selected as the target
monitoring tube, denoted as T1. In the tube array model, the diameter of the cylindrical heat exchange tube,
d, is set as 15.875 mm. The transverse tube spacing, l , and the longitudinal tube pitch, h, are set as 23.622 and
23.707 mm, respectively. To reduce the influence of the upper and lower wall boundaries on the internal flow
structure, the tubes located at the upper and lower boundaries are simplified as half tubes, and symmetric
boundary conditions are applied. The computational model contains 31 circular tubes and 8 half tubes with
symmetric boundaries. To better capture the flow structure and wake evolution around the tube bundle, a
refined mesh region with a length of 5d was arranged downstream of the tube array. In addition, inlet and
outlet extension sections with a length of 20d are set before and after the tube array, respectively, to ensure
sufficient flow development at the inlet and reduce the influence of the outlet boundary on the internal
flow field.

Figure 11: Two-dimensional tube-array model of the heat exchanger.

The height of the first layer grid at the wall was set as 8 × 10−3 mm according to the y+ criterion, the mesh
growth rate was set to 1.1. The red-colored grid region was designated as rigid-body domains, as illustrated
in Fig. 12. The grid area within a certain range near the heat exchange tube was set as a dynamic region to
ensure that the grid could shrink or expand to fit the new boundary region when the heat exchange tube
vibrated instantaneously, as shown in the orange region.
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Figure 12: Rigid-body and dynamic-mesh regions of the tube-array model.

In this paper, six grid models with different cells (296,800, 364,800, 434,100, 502,200, 569,000, 637,000)
were established to analysis the grid number independence. The uniform flow was used as the boundary
condition of the inlet, and the lift coefficient of the target heat exchange tube was monitored. The calculation
of the maximum power spectral density (PSD) to verify the independence of grid number, as shown
in Fig. 13a. When the grid number reaches 502,200, the number has an insignificant impact on the maximum
power spectral density. Finally, the 502,200 cells model was adopted for flow-induced vibration study of
gas-liquid two-phase flow considering numerical accuracy and efficiency. On the other hand, time step
independence verification is also crucial for numerical simulation. Four different time steps (3 × 10−5,
5 × 10−5, 7 × 10−5, 9 × 10−5) were set to study the independence verification of time step size using the
verified grid model. Similarly, the Fourier transform (FFT) was used to obtain the frequency response of
the calculated lift coefficient, as shown in Fig. 13b. It is shown that the time step has a great influence on the
frequency accuracy. The dominant frequency is 24.4 Hz when a time step with 9 × 10−5 s was used. When
the time step was reduced below 7 × 10−5 s, the dominant frequency converged to a stable value of 31 Hz.
Therefore, 7 × 10−5 s was adopted as the time step in the current investigation.

4.2 Dynamic Responses of the Tube
Under different void fractions, the flow law and flow pattern are very different, the fluid force generated

becomes more complex, and the vibration amplitude of the heat exchange tube is also different, as shown
in Fig. 14. The dominant frequencies of vibration range from 53 to 56 Hz. In the X direction, the peak
frequency response amplitude decreases with increasing void fraction. When the void fraction is 0.08, the
peak response amplitude decreases by only 1.6%, while the reduction becomes more evident with further
increases in void fraction. The tube vibration is mainly dominated by the X direction, whereas the Y-direction
vibration amplitude is smaller. In the Y direction, the peak response amplitude shows no clear variation trend
with void fraction. When the void fraction increases from 0.04 to 0.16, the peak response amplitude fluctuates
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significantly, and it decreases when the void fraction reaches 0.16. In the low-frequency region, a secondary
dominant frequency was found with 15 Hz only in the Y direction. The secondary vibration amplitude was
slightly higher than the X direction, and the secondary vibration amplitude gradually decreased with the
increase of the void fraction.

Figure 13: Grid independence verification: (a) the influence of the number of grids on the maximum power spectral
density; (b) the influence of time step on frequency accuracy.

Figure 14: Vibration displacement of target tube T1.
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The peak response and root-mean-square (RMS) amplitudes were further calculated for the tube array
model. The vibration of the heat exchange tube is dominated by the X-direction component. In terms of
frequency response, the vibration amplitudes of tube T1 in the X direction are consistently larger than those
in the Y direction under all working conditions. The maximum X-direction vibration amplitude decreases
with increasing void fraction. As shown in Fig. 15a, the amplitude Dx decreases from 0.026 to 0.014, and
its descent rate becomes approximately constant when the void fraction exceeds 0.08. Fig. 15b presents
the RMS amplitudes of target tube T1 in both the X and Y directions. The X-direction RMS amplitude
decreases with rising void fraction, whereas the Y-direction RMS amplitude shows an increasing trend.
The X-direction vibration amplitude remains larger than its Y-direction counterpart across all cases. This
directional dependence of vibration amplitudes arises from the distinct fluid dynamic behaviors in gas–liquid
two-phase flows. The underlying physical mechanism is further elaborated in Section 4.3 through analysis
of pressure redistribution and gas–liquid flow evolution around the tube. As the X-direction response
dominates the overall vibration characteristics, it is the critical component for fluid-induced vibration
assessment and merits focused investigation.

Figure 15: Vibration response characteristics of target tube T1 under different void fractions: (a) peak displacement in
the X direction; (b) RMS amplitudes.

The lift/drag coefficient of the target tube T1 was monitored to obtain the time domain response. Then,
the Fast Fourier Transform was used to convert the time domain responses into the frequency domain
responses, as shown in Fig. 16. When the void fraction is 0.04, the maximum amplitude of the drag coefficient
achieves 0.0358, and the lift coefficient achieves 0.02. When the void fraction is 0.08, the maximum amplitude
of the drag coefficient achieves 0.0326, and the lift coefficient achieves 0.0149. Compared to the case with 0.04
void fraction, the maximum amplitudes of the drag coefficient and lift coefficient have been decreased by
8.9% and 25.5%, respectively. When the void fraction is 0.16, the maximum amplitude of the drag coefficient
achieves 0.0262, and the lift coefficient achieves 0.0128. When the void fraction is 0.2, the maximum
amplitude of the drag coefficient achieves 0.0223, and the lift coefficient achieves 0.0096. Compared to the
void fraction of 0.16, the maximum amplitudes of the drag coefficient and lift coefficient have been decreased
by 14.9% and 25%, respectively. As a result, there was no obvious change in the time domain response,
as shown in Fig. 16a. In addition, the maximum drag coefficient decreased gradually with increasing void
fraction. The peak lift coefficient showed an overall decreasing trend, except for an increase from 0.0116 at
α = 0.12 to 0.0128 at α = 0.16, corresponding to a 10.3% increase. This local rebound may result from the
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different responses of drag and lift forces to gas-liquid flow evolution, where the flow pattern transition
around α = 0.16 temporarily alters wake instability and enhances lift fluctuations.

Figure 16: Lift and drag coefficient of target tube T1.

4.3 Flow Patterns in the Gas-Liquid Two-Phase Flow
The representative pressure contour of the flow field is shown in Fig. 17. It can be observed that the

pressure field exhibits a continuous decay along the flow direction, while the pressure asymmetry around
the tube generates directional hydrodynamic loading. The pressure of the flow field remains similar under
different void fractions. For the same column of heat exchanger tubes, the pressure near the inlet was higher
than the outlet, and a 600 Pa pressure drop was found for the 7 rows of tubes. By contrast, there was no large
differential pressure in the Y direction.

The pressure distribution provides a direct link between the gas-liquid flow field and the vibration
response. The asymmetric pressure loading between the upstream and downstream sides of the tube
generates the dominant hydrodynamic excitation in the drag direction, which explains the larger X-direction
vibration response observed in Fig. 14. Meanwhile, the evolution of the gas-liquid interface modifies the local
pressure fluctuation and wake structure, resulting in changes in the unsteady fluid loading acting on the tube.

To analyze the pressure exerted on the target heat exchanger tube T1, the surface pressure coefficient
was used to characterize the pressure distribution around the tube. The pressure coefficient was calculated
using the following equation:

CP =
Pθ − P0
1
2

ρV 2
P

(18)



22 Comput Model Eng Sci. 2026;149(1):16

where θ is the angle between the flow velocity direction and the surface of the heat exchange tube illustrated
in Fig. 18, Pθ is the surface static pressure, P0 is the inflow static pressure, VP is the inflow velocity.

Figure 17: Pressure distributions of the flow field under different void fractions.
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Figure 18: Surface pressure coefficient of target tube T1 under different void fractions.

The surface pressure coefficient of the target tube T1 was extracted in different void fractions, as shown
in Fig. 18. As can be seen, the maximum pressure coefficient appeared at θ = 180○, which corresponds to the
central position on the inlet side of the heat exchange tube. The pressure coefficients on the bottom and top
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surface were generally less at θ = 90○ and θ = 270○. At the same time, the pressure coefficients on the top
and bottom surfaces had a relatively small differential pressure, whereas a significant pressure difference was
observed between the upstream (θ = 180○) and downstream (θ = 0○/360○) sides.

The typical velocity distribution of the flow field in different void fractions was illustrated in Fig. 19, it
can be observed that the velocity of the gas-liquid mixture fluctuated in the range of 0~0.9 m/s. However, due
to the decrease in the tube pitch, the velocity will be increased. When the gas-liquid mixture flowed around
the heat exchanger tube, it created a high flow velocity region on the top and bottom surface, which was the
maximum velocity in the flow field.

Figure 19: Velocity distributions of the flow field under different void fractions.

As shown in Fig. 20, the formation and disappearance of high flow velocity (v > 0.6 m/s) within a period
T. At 1/8 T, both the lower surface of A1 and the upper surface of A4 had a high flow velocity. As the calculation
time progresses, the high flow velocity area on the lower surface of A1 became smaller, while the high flow
velocity area on the upper surface of A4 became larger. At 4/8 T, the high flow velocity area on the lower
surface of A1 disappeared, while the high flow velocity area on the upper surface of A4 continued to increase.
In the whole process, there was no direct transfer between the two high-flow velocity areas, the formation
and disappearance appeared to be occurring synchronously. At 1/8 T, the upper surface of A3 had an obvious
high flow velocity area. At the same time, there was a persistent high flow velocity area on the lower surface of
A5. And from 1/8 to 4/8 T, there was a clear trend of increasing velocity. Therefore, it can be inferred that the
fluid within the high-velocity region on the upper surface of A3 was mainly transported to the lower surface
of A5, while the formation of the high-velocity region on the upper surface of A4 was mainly associated with
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fluid transported from the lower surface of A1. During the transfer process, the flow velocity did not remain
the characteristic of high flow velocity.

Figure 20: Evolution of high-velocity regions around the tube array.

The gas–liquid two-phase flow pattern has a significant influence on the flow characteristics around
the cylindrical tube. To investigate the effect of void fraction on the flow regime, a series of simulations
with void fractions ranging from 0.04 to 0.20 was performed, as shown in Fig. 21. In the present study, the
flow regimes were qualitatively identified based on the morphology of the simulated gas–liquid interface
in conjunction with the corresponding void fraction. Therefore, the identified flow patterns represent the
evolution observed in the present numerical simulations rather than rigorous flow regime boundaries. As
the void fraction increases, the proportion of the gas phase (white region) gradually increases, resulting
in increasingly complex gas–liquid flow structures. When the void fraction is lower than 0.08, the flow is
characterized by dispersed bubble structures, with discrete gas bubbles uniformly distributed throughout
the liquid phase, as shown in Fig. 21a–e. As the void fraction increases, enhanced bubble interaction,
coalescence, and interfacial deformation promote the formation of elongated gas structures. At α = 0.12,
slug-like flow characteristics begin to appear, where elongated gas pockets intermittently separated by liquid
regions can be observed. This observation is based on the evolution of gas-phase morphology and interfacial
characteristics in the present simulations and should not be interpreted as a universal transition threshold.
With a further increase in void fraction, the elongated gas structures become more pronounced, indicating
a progressive evolution toward a slug-flow-dominated pattern. At α = 0.20, periodic vortex shedding is
observed, accompanied by periodic low-pressure regions in the wake. This phenomenon contributes to the
decrease in the time-averaged pressure coefficient on the rear side of the tube, as shown in Fig. 18.

Nine critical frames in a vibration period were extracted to study the dynamic change of the gas-liquid
two-phase flow to obtain the flow rule of the bubbles, as shown in Fig. 22. At tn, the relatively large bubbles
(Q1) occurred in the lower right corner of A1, as shown in Fig. 22a. At tn+2, the bubbles (Q1) were divided
into two parts. One part did not separate from the heat exchanger tube but adhered to the tube wall, and
the other part flowed downstream, which was the dominant part of the bubbles (Q1). At tn+7, the bubbles
began to separate into the bubbles (Q2) and the bubbles (Q3). The dominant bubbles flowed downstream to
come up with some new shedding bubbles, those bubbles paired up with each other to pass downstream as
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a pair of corotating bubbles till the flow outlet. The dominant bubbles and other auxiliary bubbles paired up
with each other to form a jet flow between neighboring tubes due to the staggered arrangement, as shown
in Fig. 22d–i. However, there were no two identical bubbles in the whole flow domain, which implied that
statistics and randomness were the two main characteristics of the bubble shedding.

Figure 21: Gas–liquid flow patterns under different void fractions.
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Figure 22: Bubble shedding and separation processes around the tube array: (a) tn; (b) tn+1; (c) tn+2; (d) tn+3; (e) tn+4;
(f) tn+5; (g) tn+6; (h) tn+7; (i) tn+8.

The foregoing analyses of phase distribution, pressure fields, velocity structures and wake evolution
yield a consistent physical explanation for the void-fraction-dependent vibration response. The tight corre-
spondence between gas–liquid flow behavior and structural oscillation confirms that the observed vibrations
arise from genuine two-phase fluid–structure interactions rather than numerical artifacts. At low void
fractions with dispersed bubble flow, the continuous liquid phase dominates cross-flow momentum transfer,
sustaining a large cross-tube pressure difference and pronounced drag-direction vibration; discrete small
bubbles minimally disrupt coherent wake vortex shedding, leaving the lift response governed by conventional
vortex-induced excitation. With increasing void fraction, bubble coalescence drives a transition to slug-like
flow with prominent intermittent gas–liquid interfaces: the diminished continuous liquid phase weakens
momentum transfer and reduces the time-averaged windward–leeward pressure difference, attenuating
drag-direction vibration, while large-scale gas pocket impingement and interface motion introduce intermit-
tent surface pressure fluctuations and modulate wake coherence, accounting for the slight rise in lift-direction
RMS amplitude. These results demonstrate that two-phase flow-induced vibration is governed by the coupled
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effects of flow pattern evolution, circumferential pressure redistribution and unsteady wake modulation, with
directional vibration responses intrinsically linked to local gas–liquid interaction behaviors.

5 Conclusion
In this study, the flow-induced vibration characteristics of cylindrical heat exchange tubes in wind

turbine heat exchangers under gas–liquid two-phase flow were investigated using a CFD–CSD coupling
approach. Based on the numerical results of the single-tube and tube-array models, the main conclusions
are drawn as follows:

(1) Compared with single-phase flow, gas–liquid two-phase flow significantly alters the vibration
response of the cylindrical heat exchange tube. For the single-tube configuration, the displacement
response becomes more irregular under two-phase conditions, and the vibration in the drag direction is
notably enhanced.

(2) For the single-tube model, the vibration response intensifies with increasing inlet velocity. When
the inlet velocity rises from 0.1 to 0.6 m/s, the maximum drag-direction displacement under two-phase
flow increases from 0.0462 to 0.2788 mm, indicating an elevated flow-induced vibration risk at higher
flow velocities.

(3) Frequency-domain results show that the dominant vibration frequency under two-phase flow is
mainly concentrated within 56–58 Hz in the drag direction for the single-tube model, and is insensitive to
inlet velocity variations. In contrast, the dominant frequency under single-phase flow increases markedly
with inlet velocity, indicating that two-phase flow fundamentally changes the flow excitation characteristics
of the tube. For the tube-array model, the dominant frequencies lie in the range of 53–56 Hz.

(4) In the tube-array model, the void fraction exerts a significant influence on the vibration response
of target tube T1. With increasing void fraction, the drag-direction vibration amplitude (both peak and
RMS values) decreases, whereas the lift-direction RMS amplitude exhibits a slight increasing trend. The
flow pattern evolves from dispersed bubble flow to slug-like flow as the void fraction increases, which is the
essential cause of the directional difference in vibration variation.

(5) Under gas–liquid two-phase cross-flow, the vibration response of the target tube in the tube array
is dominated by drag-direction motion. Therefore, drag-direction vibration should be given priority in
the structural stability evaluation and vibration control design of heat exchanger tubes in wind turbine
cooling systems.
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Nomenclature

Symbol Definition Unit
CD Drag coefficient –
CL Lift coefficient –
CP Pressure coefficient –
c Equivalent damping coefficient per unit length N⋅s/m2

d Outer diameter of heat exchange tube mm
FD Drag force N
FL Lift force N
f n Structural natural frequency Hz
g Gravitational acceleration m/s2

h Longitudinal tube pitch mm
k Equivalent stiffness per unit length N/m2

l Transverse tube spacing mm
m Equivalent mass per unit length kg/m
p Static pressure Pa
Re Reynolds number –
t Time s
V Inlet velocity m/s
α Void fraction (inlet volumetric gas fraction) –
ζ Damping ratio –
μ Dynamic viscosity Pa⋅s
ρ Density kg/m3

σ Surface tension coefficient N/m
Subscripts
g Gas phase
l Liquid phase
Abbreviations
CFD Computational Fluid Dynamics
CSD Computational Structural Dynamics
SST Shear Stress Transport
VIV Vortex-Induced Vibration
FSI Fluid–Structure Interaction
VOF Volume of Fluid
RMS Root Mean Square
FFT Fast Fourier Transform
PSD Power Spectral Density
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