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Abstract: Helical tube steam generators are often used in nuclear power plants because of their
compact structure and high heat transfer efficiency. The impact of the internal fluid causes the
vibration of the tube bundle, which leads to the failure of the integrity of the safety structure.
Aiming at flow-induced vibration (FIV) of helical tube arrays, a finite element model of the helical
tube was established to consider the constraint of the support structure. The computational fluid
dynamics (CFD)/computational structural dynamics (CSD) coupling calculation method based on
the superposition of three modes was used to study the FIV characteristics of helical tube arrays at
different flow velocities. The influence of adjacent helical tubes’ vibration on the vibration of the
target tube was also investigated. The results show that when FIV occurs in the helical tube, with
the increase of inlet velocity, the axial amplitude will be greater than the radial at the same velocity.
When some tubes vibrate, the vibration of the target tube will be enhanced; while adjacent tubes
vibrate, it will weaken the impact of the fluid on the target tube and obviously weaken the vibration
of the target tube.

Keywords: helical tube steam generator; flow-induced vibration; mode superposition; CFD/CSD cou-
pling

1. Introduction

The helical tube steam generator is often used in small modular nuclear reactors in the
field of nuclear engineering [1]. The shell side flow is mainly composed of single-phase
fluid, and the tube side internal flow is the second one [2–4]. In the history of the operation
of nuclear plants, a considerable number of steam generators fail every year, and the
internal FIV is the main cause of tube rupture [5]. FIV induces fretting wear and fatigue,
resulting in the growth of preexisting defects, ultimately leading to serious tube failure,
which affects the safe operation of heat exchange equipment. Therefore, a complete FIV
analysis of the tubes in the heat exchanger is necessary.

In recent years, scholars have carried out extensive research on the FIV behavior of
straight tubes and U-shaped tubes [6,7], but the research on the FIV of helical tubes is still
in its infancy. Jo [8] studied the flow-induced vibration and fretting wear of the helical
tube of the once-through steam generator of an integral nuclear reactor under the action of
external transverse flow and internal multiphase flow. The effects of the support number,
helical diameter and pitch of the helical tube on the mode of the helical tube are simulated
by the finite element method, and the effects of these conditions on turbulent buffeting,
flow elastic instability and fretting wear are analyzed by theoretical calculation. Yuan
et al. [9] carried out a numerical study on FIV of a fan-shaped helical tube array model,
but only one-way coupling was used in the study. The pressure load generated by the
fluid was transferred to the structure, and the structural displacement would not be fed
back to the fluid. Lee et al. [10] established a five-layer helical tube bundle experimental
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device, as shown in Figure 1. The vorticity in the five-layer tube bundle was studied using
the sector tube bundle interface of 22.5◦, and the flow field at different inlet velocities was
measured using particle image velocimetry. This study was only aimed at the tube bundle
flow field in the shell side and did not analyze the tube bundle vibration. Delgado et al. [11]
established a 24◦ fan-shaped helical tube array interface device to study the flow direction
and transverse velocity field distribution under different axial sections. It can be found
that the current research on helical tubes has been focused on the shell side flow field in
the simplified fan-shaped tube array interface. The FIV essentially revolves around the
theoretical level for rough calculation and evaluation. However, numerical simulation of
the FIV of the helical tube array is rarely carried out.
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Figure 1. Experimental model of helical tube array [10].

The CFD method can visualize the flow phenomenon in the fluid domain, but the
fluid dynamics is not enough to predict the FIV [12,13]. The structural responses of the tube
caused by the flow conditions are equally important. The tube structure affects the flow
characteristics; therefore, the most comprehensive analysis is related to the fluid-structure
coupling method, so that the flow field and tube structure can respond and interact with
each other. CFD and CSD can be integrated to predict the fluid elastic response in the time
domain. The coupling method of CFD/CSD has been proved to be reliable because of its
rapid response, high accuracy, and continuous development and improvement [14]. Li
et al. [15] reported, based on the loosely coupled CFD/CSD calculation method, that this
method has high accuracy for the analysis of unsteady aeroelastic loads of rotor, and can
accurately capture the peak pressure and shock position on the blade surface. Tang et al. [16]
proposed a high-order CFD/CSD coupling method, which uses the linear multistep tight
coupling fluid elastic coupling method to improve the accuracy of the calculation results.

At present, the research on helical tubes focuses on flow field monitoring of the
established HTSG simplified model using PIV technology. The model selection method
is to intercept a sector area to simplify the whole model, taking into account the amount
of calculation and accuracy. These have good guiding significance for understanding
the helical tube steam generator, but the understanding is very limited. The numerical
simulation is also mainly aimed at the transverse flow field at the shell side when the helical
tube bundle is not vibrated. The flow-induced vibration of the helical tube is also roughly
calculated and evaluated around the theoretical part. Research on the flow field response
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and tube bundle response when the helical tube bundle is vibrated is very rare at present,
and research on the flow-induced vibration behavior of the tube bundle is an essential part.
Therefore, research on this subject is of great significance. Furthermore, the CFD/CSD
coupling method has been applied to many studies, and many scholars have proved the
correctness and reliability of this method. Moreover, when studying FIV behavior of
heat exchange tubes, only the first-order mode vibration response is considered [17–19],
but the vibration of heat exchange tubes is a multi-order mode superposition process. It
is necessary to superimpose the heat exchange tube mode into the coupling calculation
method, considering the effect of the multi-order mode on the flow-induced vibration of the
heat exchange tube, and understand the flow-induced vibration behavior of the helical tube
bundle more comprehensively. In addition, it is found that the vibration of adjacent tube
arrays affects each other. The problem of coupled vibration between adjacent tubes that we
have studied before was mainly aimed at the 2D U tube [20], and the mode superposition
effect on the 3D helical tube was not considered; this paper is based on the previous work.
Based on the CFD/CSD coupling method, this paper mainly studies the flow-induced
vibration characteristics of helical tube bundles under multi-order mode superposition and
the influence of adjacent tubes on the vibration of target tubes.

2. Numerical and Modeling Method
2.1. CFD Method

In the paper, the fluid is controlled by incompressible Navier–Stokes equations:

∂ui
∂xi

= 0 (1)

ρ

(
∂ui
∂t

+
∂uiuj

∂xj

)
=

∂

∂xj

[
(µ + µt)

∂ui
∂xj

]
− ∂p

∂xi
(2)

where t is the time, s; u is the velocity, m/s; p is the pressure; Pa; ρ is the fluid density,
kg/m3; µ is the dynamic viscosity coefficient, kg/m·s; and µt is the turbulent viscosity.

The root mean square (RMS) lift coefficient is defined as follows:

CL(RMS) =

√
1
n

n

∑
i=1

CLi
2 (3)

where CL is the lift coefficient, mm. The root mean square values of other parameters are
solved according to Equation (3).

The k-ε and k-ω, SST k-ω, and Transition SST were used to measure the distribution
of the time average pressure coefficient on the cylinder surface, as shown in Figure 2.
The results were compared with those measured experimentally by Achenbach [21]. It
can be concluded that the time average pressure coefficient CP of all the models is in
good agreement with experimental data before 70◦ from Table 1. However, the deviation
between the Transition SST model and experimental data is 2.51% at the maximum CP,
and the maximum deviation of the transition SST model in the range of 120~240◦ is 8.70%.
However, the deviation was large when using other simulation models. The data results
show that the maximum positive CP simulated by the Transition SST model is 1.0, which is
consistent with the theoretical value. The minimum negative CP is in good agreement with
the results of the experiment, although there is a small deviation in the range of 120~240◦.
Therefore, it can be approximately considered that the calculated results are consistent
with the experimental data, so the Transition SST model is used in this study. It is proved
that the numerical calculation model selected in this paper can solve the flow field of tube
arrays well, and the conclusion obtained is also reliable as an academic reference.
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Figure 2. Comparison of the time−averaged pressure coefficient distribution on the tube.

Table 1. Coefficient deviation under various turbulence models.

Model Deviation at Maximum
Negative CP

Range Maximum
Deviation

RANS model

k-ε 8.12% 64.53%
k-ω 23.34% 40.10%

SST k-ω 14.47% 26.74%
Transition SST 2.51% 8.70%

2.2. CFD/CSD Coupling Method under Mode Superposition

In the flow field calculation of a three-dimensional elastic helical tube, the fluid force
load is obtained by UDF (User−Defined Function) and loaded into the element node. The
helical tube is vibrated by fluid force in the radial and axial directions, and its motion
control equation:

[m]
{ ..

x(t)
}
+ [C]

{ .
x(t)

}
+ [k]{x(t)} = {Fx(t)} (4)

where [m] is the mass matrix of the helical tube, kg; [C] is the damping matrix of the helical
tube, N·s/m; [k] is the stiffness matrix of the helical tube, N/m; x(t) is the helical tube
displacement in the radial direction, m; and Fx(t) is the directional fluid force, N. Fx(t),
which represents the resultant force of external forces on the spiral tube, is the integral
of normal force as well as the tangent force against the cylinder surface. In this equation,
the mass matrix, stiffness matrix, and damping matrix can be extracted from the modal
calculation of the spiral tube through finite element analysis.

The above CFD/CSD coupling method is aimed at the vibration response of the
cylinder under the first-order mode. In the paper, the vibration under the superposition of
three-order modes is considered. Firstly, the modal matrix of the helical tube is obtained
from the finite element software, and the motion control Equation (4) is transformed into (7)
by decoupling. Combined with the dynamic grid method to predict the coupled vibration of
the helical tube, motion control equation for coordinate transformation {x(t)} = [N]{s(t)}:

[m][N]
{..

s(t)
}
+ [c][N]

{ .
s(t)

}
+ [k][N]{s(t)} = {Fx(t)} (5)



Energies 2022, 15, 9082 5 of 16

Multiply each side of Equation (5) by normalized modal matrix [N]T resulting the
Equation (6):

[I]
{..

s(t)
}
+ 2ξnωn

{ .
s(t)

}
+

ω2
1

. . .
ω2

n

{s(t)} = {Fs(t)} (6)

where {Fs(t)} is the generalized fluid force, N; ξn is the nth modal damping rate of the
helical tube; ωn is the natural frequency of the nth mode of the helical tube; and [N] is the
normalized helical tube modal matrix.

3. Computational Domain and Meshing Strategy
3.1. Physical Modeling

In this paper, the calculation is principally based on the five-layer helical tube array
structure designed by Lee et al. [10], which is shown in Figure 3a. Taking into account
the calculation efficiency and accuracy, an appropriate sector area is intercepted along the
circumference of the helical tube, as shown in Figure 3b. This design mainly includes three
anti-clockwise helical tube layers and two clockwise helical tube layers, which are arranged
alternately in the radial direction. The pitch of the counterclockwise helical tube layer
is 426.6 mm, and the pitch of the clockwise helical tube layer is 995.3 mm. The distance
between the layers is 23.62 mm, and the diameter of the middle helical layer is 2020 mm.
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Figure 3. Helical tube array model and its simplified model: (a) Five-layer helical tube array model,
(b) simplified to a 8◦ sector model [22].

Due to the similarity of shell side flow in a heat exchanger, to reduce the calculation
cost, the shell side flow region is simplified and limited to a small region. Duan et al. [23]
used five rows of tubes to simulate the flow distribution of three-dimensional helical tube
arrays. Tang et al. [24] studied a series of tube arrays contrasting the experimental data with
the calculated results, and found that an acceptable level of consistency can be achieved
when there are three or more rows of tubes in the transverse direction. Based on the above
analysis, the tube arrays studied in this paper are selected as 5 × 5 tube arrays in the black
box in Figure 3a. The C3 tube in the red frame is set as the target vibration tube, and the
rest are set as the adjacent tubes. The calculation model is determined as shown in Figure 4.
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Figure 4. Helical tube arrays calculation model.

It is essential to accurately predict the near-wall flow behavior to find a solution to
the turbulent mixing phenomenon. This paper adopted the ‘two-layer’ wall y+ treatment
approach for all helical tube vibration simulations. The ‘two-layer’ wall treatment is
a hybrid treatment that approximates the low-y+ wall treatment for fine meshes (wall
boundary y+ ~ 1), and the high-y+ wall treatment for coarse meshes (wall boundary y+ >
20).

As shown in Figure 5a, the helical tube bundle region, the top region above the helical
tubes, and the bottom region below the helical tubes comprised the three regions of the
simulation domain. The closer the distance to the helical tube region, the denser the top
and the bottom region grids are. A coarse and gradient grid structure mesh resolution was
used because the flow behavior in the top and bottom regions is less complex and has little
effect on the flow fluctuation in the steam generator regions.
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For the helical tube bundle region, through the pointwise y+ calculator, the thickness
of the first boundary layer of the tube wall was calculated. Then, the boundary layer
expanded along the helical angle to yield hexahedra at a growth rate of 1.1. Finally, the
outermost boundary layers of all helical tubes were connected with each other, and the 2D
unstructured grid was generated and swept along the helical angle to yield hexahedra. So
far, all volume grids were generated. The overall grid model and grid near C3 tube was
determined as shown in Figure 5.

The working medium is water with a density of 998.2 kg/m3, and the dynamic
viscosity is 1.003 × 10−3 kg/m·s. The main boundary conditions and calculation settings of
the tube array model and the single tube model are shown in Table 2. In addition, in order
to accelerate the convergence of the iterative process, the SIMPLEC algorithm is used to
solve the coupling of pressure and velocity, and the least squares cell-based method is used
for gradient calculation. Due to the high vortex number between the tube arrays studied
in this paper, Presto is used for pressure interpolation. The second-order upwind scheme
is used to discretize the momentum equation, turbulent kinetic energy, and turbulent
dissipation rate. The sub relaxation factor of all variables is set as the default value. In
order to improve the calculation accuracy, the convergence standard of the residual value
of each variable is set to 10−6.

Table 2. Boundary conditions and calculation settings.

Project Content

Solution type Pressure-based
Solution method Steady + transient

Turbulence model Transition SST
Fluid medium Water

Entrance condition Velocity inlet
Export condition Pressure outlet

Left and right boundary of flow field Symmetry
Tube wall No slip wall

3.2. Grid Independence Test Analysis

The calculated grids were divided into 600, 660, 700, 720, 760, and 8 million grid
numbers. The root mean square of the lift coefficient of the spiral tube C3 was used to
characterize the influence of the mesh number on the calculation results, and the obtained
verification results are shown in Figure 6. When the number of grid cells exceeds 7.2 million,
the degree of network density has little influence on the calculation results. Considering
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the cost and accuracy of the calculation, 7.2 million grids are selected for the calculation
model.
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4. Results and Discussion
4.1. Influence of Tube Arrays and Single Tube on Target Tube Vibration

In the coupled analysis of FIV, the first-order mode is usually used to establish the
vibration equation of the heat exchange tube [16,25], but the influence of higher modes on
vibration is ignored. In this paper, the analysis method considering multi-order modes
established in Section 2.2 is adopted. The single tube calculation model is established
as shown in Figure 7. The influence of tube arrays and the single tube on the vibration
response of the heat exchange tube is studied.
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When there are multiple adjacent tubes around the target tube, the fluid force of the
target tube will be affected [26], thereby affecting the vibration response of the target tube.
Therefore, this paper further studies the influence of adjacent tubes on the vibration of the
target tube under operating conditions (inlet velocity is 0.5 m/s). Figure 8 compares the
vibration response differences of target tube C3 in the tube arrays model and the single
tube model. It can be seen from the figure that the target tube C3 in both models has a
small amplitude oscillation due to the fluid excitation. In the single tube model, the target
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C3 oscillates with an amplitude of 0.017 mm at the equilibrium position of Y = −0.09 mm.
In contrast, the vibration equilibrium position of the target tube in the tube arrays is y =
−0.001 mm, and the maximum axial vibration amplitude is 0.002 mm, which is 12% of
the vibration amplitude of the target tube in the single tube model. The axial vibration of
the target tube gradually decreases, and the radial vibration gradually increases, which
means that the vibration gradually changes from axial to radial. As shown in Table 3,
when the inlet velocity is 0.5 m/s, the radial root mean square displacement of the target
tube decreases by 33%, and the axial amplitude of the target tube decreases by 88% at the
initial disturbance. The results show that the vibration of C3 is obviously weakened by the
existence of adjacent helical tubes. Figure 9 compares the z = 0 plane vortices near C3 in
the single tube and tube arrays at this velocity. The vortices form and fall off at 4D at the
tail of a single tube. In the tube arrays, the shear layer in the near-wall region of the helical
tube directly adheres to the target tube C3, then falls off and forms a counter vortex in the
wake region. However, due to the influence of the downstream helical tube, it does not
develop into a Karmen vortex street. Therefore, the existence of adjacent tubes weakens the
impact of fluid on the target tube, and obviously weakens the vibration of the target tube.
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Table 3. Radial root mean square displacement of the C3 vibration response.

Vinlet/m·s−1 Type Radial Root Mean Square
Displacement/mm

0.5
Tube arrays 4.081 × 10−4

Single tube 6.111 × 10−4
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4.2. Vibration Behaviors at Different Velocities

The FIV response calculation of the helical tube bundle under different inlet flow
velocities is carried out to obtain the RMS vibration amplitude of the target tube in axial
and radial directions, as shown in Figure 10. The results show that the amplitude of C3
increases gradually with the increase of inlet velocity, and the axial amplitude will be
greater than the radial at the same velocity. Moreover, with the increase of flow velocity,
the growth rate of axial vibration amplitude decreases gradually. The axial and radial
displacement response of C3 is shown in Figure 11. The axial amplitude gradually weakens
with time, and the radial amplitude is maintained at the x-axis, resulting in a slight up–
down vibration. With the increase of flow velocity, the fluctuation of vibration displacement
increases and the response period decreases, as shown in Figure 12. In conclusion, when
the FIV occurs in the helical tube, its amplitude is mainly axial vibration. With the increase
of flow velocity, the increase rate of axial vibration amplitude decreases gradually, and the
vibration period decreases gradually.
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Figure 12. Partial radial vibration displacement response of C3.

4.3. Influence of Adjacent Tube Vibrations on Target Tube Vibration

To study the influence of the vibration of adjacent tubes in helical tube arrays on the
vibration response of the target tube, which is based on the three-order modes superposition
coupling algorithm proposed in this paper, three adjacent tubes were set up in the tube
arrays according to the different positions of the helical tubes. The three helical tubes
vibrate at the same time, in which the C3 tube is the target tube, and the follow-up research
mainly focuses on the target tube. The setting of the vibrating tube is shown in Figure 13b–f,
including working conditions C2-C3-C4, B3-C3-D3, C2-C3-D3, C2-C3-B3, and D3-C3-C4.
The black tube in helical tube arrays indicates that the vibration can vibrate, while the white
tube cannot vibrate. The inlet velocity of the tube arrays is set to 0.3 m/s.
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The lift and drag coefficient of C3 under different working conditions are monitored
and compared. The time-domain distribution of the C3 lift-drag coefficient is obtained.
As shown in Figure 14, the RMS of the lift-drag coefficient of C3 under different working
conditions has different changes compared with the self-excited vibration of C3 in tube
arrays.
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Compared with the vibration of only three tubes and one tube of C3 in the helical
tube arrays, it can be seen from Figure 14 that for D3-C3-C4 and C2-C3-C4, when the
corresponding multiple tube arrays vibrate at the same time, the lift and drag fluctuation
of C3 is weakened. The corresponding radial vibration displacement under this working
condition is reduced by 55.9% and 10.7%, and the axial displacement is reduced by 2.2%
and 0.6%, respectively, as shown in Figure 15. For B3-C3-D3, C2-C3-D3 and C2-C3-B3,
respectively, when the corresponding multiple tube arrays vibrate at the same time, they
all increase the fluctuation of the lift and drag of C3, which causes the radial displacement
to increase by 6.8%, 2.4%, 8.8% respectively, and the axial displacement is increased by
1.1%, 0.1%, and 1.3%, respectively. As shown in Figures 16 and 17, the radial and axial
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displacement responses of these working conditions are also compared. It can be concluded
that when three adjacent helical tubes vibrate at the same time, B3-C3-D3, C2-C3-D3, and
C2-C3-B3 enhance the vibration of C3 in the direction of lift and drag, while C2-C3-C4 and
D3-C3-C4 weaken the vibration of C3 in the direction of lift and drag to varying degrees.
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5. Conclusions

In this paper, a three-order modes superposition coupling method based on CFD/CSD
is proposed, and the method is used to study the FIV of 3D helical tube arrays. Through
the modal analysis and FIV response analysis of the helical tube, the following conclusions
are obtained:

(1) When the FIV occurs in the helical tube, its amplitude is mainly axial vibration.
With the increase of flow velocity, the increase rate of axial vibration amplitude decreases
gradually, and the vibration period decreases gradually.

(2) Compared with a single tube, the helical tube in the tube arrays has a shear layer
near the wall and directly adheres to the target tube, then falls off and forms a counter
vortex in the wake region. However, due to the influence of the downstream helical tube, it
does not develop into a Karmen vortex street. Therefore, the existence of adjacent tubes
weakens the impact of fluid on the target tube, and obviously weakens the vibration of the
target tube.

(3) When adjacent tubes vibrate, the vibration response of the target tube will be
affected. The vibration of adjacent tubes changes the balance position of the target tube
vibration. In the FIV analysis of helical tubes, the influence of adjacent tubes needs to be
considered.

The three-order modes superposition coupling algorithm based on CFD/CSD pro-
posed in this paper only considers the first three natural frequencies and vibration modes
of the helical tube, and does not take more modes into account in the helical tube vibration
equation. Therefore, the algorithm proposed in this paper will be optimized in the future.
In this paper, the relevant research work was only carried out in single-phase fluid water. In
the follow-up, different fluid media can be studied, including two-phase flow and whether
phase transition occurs. This paper mainly studies the flow-induced vibration characteris-
tics of helical tube bundles under multi-order mode superposition, and the influence of
adjacent tubes on the vibration of target tubes has been determined. It can be estimated
that the current observations provide a basis and reference for the design and application
of spiral tube steam generators.
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