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a b s t r a c t

In the SG (steam generator) of PWR (pressurized water reactor) for a nuclear plant, hundreds of U-
shaped tubes are used for the heat exchanger system. They interact with primary pressurized cooling
water flow, generating flow-induced vibration in the secondary flow region. A simplified U-tube model is
proposed in this study to apply for experiment and its counterpart computation. Using the commercial
code, ANSYS-CFX, we first verified the Moody chart, comparing the straight pipe theory with the results
derived from CFD (computational fluid dynamics) analysis. Considering the virtual mass of fluid, we
computed the major modes with the low natural frequencies through the comparison with impact
hammer test, and then investigated the effect of pump flow in the frequency domain using FFT (fast
Fourier transform) analysis of the experimental data. Using two-way fluid-structure interaction module
in the CFD code, we studied the influence on mean flow rate to generate the displacement data. A
feasible CFD method has been setup in this research that could be applied potentially in the field of
nuclear thermal-hydraulics.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In a pressurized water reactor (PWR) of a nuclear power plant, a
steam generator (SG) transports heat to produce steam provided to
the turbine [1,2]. Generally, the steam generator consists of a
number of U-shaped heat transfer tubes stacked inside itself. Since
the first unit of Kori Nuclear Power Plant was operated in South
Korea in 1978, which is a type of PWR, the steam generator has
been experienced on various forms of problems such as pitting
corrosion, wear, and subsequent exposures suffered from corro-
sion and cracking of various sizes and shapes. It has been reported
that accidents related with nuclear power plants have been
frequently brought about due to the failure of heat-exchanger
pipes [3]. However, analysis and prediction seem to be very diffi-
cult for the various causes of such possible accidents because of its
complexity.

There may be many reasons for damage of a conduit tube. Much

of the cause has been identified as flow-induced vibration, which is
fluid-elastic instability, or excitation due to unsteady pressure
fluctuations, shedding of vortices, and turbulence [4e7], etc. In the
steam generator, friction often occurs between the tube support
plate (TSP) and the tube due to vibration originated from fluid-
structure interaction (FSI), which causes the possible damage of
pipes after long run. Therefore, the understanding of FSI mecha-
nism is very important that generates the unnecessary vibration. In
the previous research [7], the authors categorized three kinds of
vibration frequencies in a simplified U-tube model for the range of
1e500 Hz: 1) low-frequency structural oscillation, 2) intermediate-
frequency pump BPF (blade pass frequency), and 3) high-frequency
interaction modes.

The progress in the recent technology in computational fluid
dynamics (CFD) allows us to obtain the unsteady real-time data on
the full experimental system. However, the complicated pattern of
peak frequencies from the FFT (fast Fourier transform) data often
frustrates us from clear understanding in such cases because it
includes highly complex multi-physics such as three-dimensional
structural vibration, turbulent fluid dynamics, and FSI. For an
appropriate analysis, a systematic approach is inevitable evenwhen
applied to a simplest model.
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In this paper, our interest is focused on the low-frequency
modes in a single U-tube model used in Ref. [7]. A recently devel-
oped two-way or feed-back coupling analysis has been improved
using both CFD and structural FEM (finite element method) at each
time step, which will be compared quantitatively with its coun-
terpart experimental data.

2. Verification of models

2.1. Straight pipe model

Before the U-tube simulation, a simplifiedmodel of straight pipe
is used for the verification of the numerical model with ANSYS-CFX.

Fig. 1. Verification of CFD code with the moody chart.

Fig. 2. Experimental U-Tube model: (a) Model I, (b) Model II.
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The inner diameter of a straight pipe is 16.91mm; the length is 1m;
and 258,877 grids are used for computation in total. The governing
equations are three-dimensional incompressible Navier-Stokes
equations:

V,V ¼ 0 (1)

r

�
vV
vt

þ V,VV
�

¼ �Vpþ mV2V þ rg (2)

where V is velocity vector(m=s); p is pressure(Pa); r is
density(kg=m3); m is dynamic viscosity(Pa,s); and g is gravitational
acceleration(9:8 m=s2).

If we consider the force balance of the whole pipe in the steady

state, the following relation must be satisfied:

t Lpd ¼ Dp
p

4
d2;

t ¼ Dp
d
4L

(3)

where t is wall shear stress;Dp is pressure difference between inlet
and outlet; d is inner diameter of the pipe; and L is total pipe
length.

The Darcy friction factor, f is calculated from the simple relation:

Fig. 3. FFT measurements: (a) Only structure, (b) Structure filled with water for model I; (c) Only structure, (d) Structure filled with water for model II.
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Substituting Eq. (5) to Eq. (3), shear stress is specified at the wall
boundary as

t ¼ 1
8
f rU2 (6)

If the average flow velocity is given, Reynolds number based on
the inner diameter is defined as

Red ¼ rUd
m

(7)

For a given volume flow rate, Q ¼ pUd2=4, the differential
pressure Dp is computed from the CFD solution, which is converted

Fig. 4. Computed modal shapes: (a) Only structure, (b) Structure filled with water for model I; (c) Only structure, (d) Structure filled with water for model II.

Table 1
Frequencies of leading modes: Model I (unit: Hz).

Mode Left sensor Right sensor Computation

Only structure With water Only Structure With Water Only Structure With Water

0 e e 26 22 26 22
1 44 35 41 34 43 34
2 70 58 70 58 73 60
3 102 84 e e 108 89
4 138 115 139 115 143 119
5 192 158 192 158 197 164
6 225 190 225 190 240 199
7 298 254 298 254 301 250
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to the normalized friction factor f in Eq. (4).
The plot Eq. (4) versus (7) is given in Fig. 1, the well-known

diagram called Moody chart for various relative roughness, ε=d.
The generally accepted theory based on an empirical correlation [8]
is

1ffiffiffi
f

p ¼ �1:8 log

"
6:9
Red

þ
�
ε=d
3:7

�1:11
#

(8)

The comparison of numerical result with Eq. (8) is also given in
Fig. 1, and the accuracy has been known as the accuracy within 10%.

For the proper consideration of turbulence, the normalized size
adjacent wall, yþ is defined with the physical size of Dy (distance
between the first grid point and the wall), or the vertical distance
from the wall.

yþ ¼ Dy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

m

vu
vy

����
wall

s
(9)

To get the coincidence in Fig. 1, the dimensionless grid size must
be restricted to yþ <1. k� u SST (shear stress transport) turbulence
model is applied for all the computation with no specific wall
functions [7e9]. Generally standard k� ε models are applied with
wall functions for various engineering problems, but we found that
it should be improved for yþ≪30 in the validation of Moody chart
problem.

2.2. Impact hammer test

The experimental U-tube model is tested for two kinds of
models: model I hung under the ceiling of laboratory and model II
fixed with clamp points as shown in Fig. 2. The model II is used for
the further experiment after verification. Two acceleration sensors
are installed on the same level at left and right position of the U-
tube of different branch length: see Fig. 2(a). In Fig. 2(b), two points
are fixed at the middle of left branch bolted with a tripod stand
while the right end is fixed to a heavy weight on the ground, and
the acceleration sensors are located at the same position as those of
model I. The hammer impact is given from an arbitrary point near
the right tip of U-tube, which should be checked independent on
the vibrational peak frequencies.

When the U-tube system is impacted with a hammer, the time-
history analog signal is accumulated to convert into digital onewith
a data logger. Then the stored data is transformed to the frequency
domain with FFT algorithm by a multi-scan device. In Fig. 3, the
experimental results for model I and II are shown for the frequency
domain, and the peak frequencies are traced to find primary natural
modes of harmonics.When the pipe is filled with water, themass of
system is increased and the natural frequency, fr is decreases since

Table 2
Frequencies of leading modes: Model II (unit: Hz).

Mode Left sensor Right sensor Computation

Only structure With water Only Structure With Water Only Structure With Water

0 19 11 19 18 17 12
1 41 34 41 34 44 34
2 60 51 60 52 67 56
3 107 76 107 75 101 73
4 120 119 124 117 117 116
5 178 152 176 152 174 e

6 180 166 182 176 179 178
7 257 236 256 238 263 236

Fig. 5. Experimental setup for the model of main interest: (a) Schematic, (b) Drawing
for the sensor position.
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fr ¼ 1
2p

ffiffiffiffiffi
k
m
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where m is mass, and k is stiffness.
The mass of U-tube is 2.03 kg while the filled water is 0.917 kg

overall, and therefore the frequency ratio should be 0.83 from Eq.
(10), which coincides exactly with experimental observation. To
find the modal shapes for the corresponding modes, a counterpart
computation has been done with the ANSYSeSTRUCTURAL mod-
ule: see Fig. 4. The visualization of modes obtained from the
computation with model I and II displays the modal shapes with
the combination of nodes in each vibration mode. The material of
U-tube is Inconel 690 alloy, and its thickness is 1.07 mm. Thus, the
density is corrected with just adding the virtual mass to consider
the mass of water filled in the pipe [5].

Tables 1 and 2 are the values of frequencies for the eight leading
modes from model I and II, respectively. The measured sensor
signals, left and right, are compared with those from computation.
For the higher modes, the accuracy is decrease, and the maximum
errors lie in the range of 7.1% for model I, and 15% for model II. Even
somemodes are invisible in Tables 1 and 2, but most of frequencies,

Fig. 6. FFT Data Measured from the Experimental Apparatus: (~ah) are Matched with the Locations [~A H] in Fig. 6(b).

Table 3
Frequencies of leading modes: Primary model (unit: Hz).

Station Mode

1 2 3 4 5 6

Structure þ Water (Model II) Left 34 51 76 119 152 166
Right 34 52 75 117 152 176

(a) 31 51 85 118 148 183
(b) 32 51 99 119 144 177
(c) 32 51 104 120 156 e

(d) 31 51 77 118 151 178
(e) 20 51 97 118 156 183
(f) 32 51 104 118 146 177
(g) e 53 104 116 146 187
(h) 32 52 104 117 151 177

Fig. 7. Schematic diagram for the two-way FSI with ANSYS codes.
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at least leading several modes, can be discerned very exactly from
the result of both experiment and computation.

3. Model of primary interest

3.1. Experimental setup and result

Experimental apparatus is shown in Fig. 5 for the model of main
interest. Fig. 5(a) is a schematic diagram for the setup of pump-
driven test bed where the clamp of U-tube is the same as model
II in the previous section. From the water reservoir, a centrifugal
pump, Hanil PSS 120e096 with the flow rate of 4.5 m3=h, the rate
rotational speed of 3170 rpm, and five blades, feeds water to the
system that is recirculated. The sampling rate must be selected
sufficiently high to avoid aliasing, and set to 20 kps. The control-
lable flow rate can be measured with a vortex flowmeter [10]. In
Fig. 5(b), eight stations for the sensor position are marked in the
drawing. The signal is sampled at those locations to convert to FFT
data to trace the peak frequencies.

To get the pseudo-steady state, we measured the data after 30-
min stabilization from the starting action of pump motor. Fig. 6
displays the measured data from [~A H] in Fig. 6(b), and the peak
frequencies are extracted in Table 3. Most of frequencies are the
same as natural frequencies in the previous section, but, however,
the third and the sixth modes are ambiguous for this case. The
rotational angular speed of pump is 332 rad/s, and f0 ¼ u

2p ¼
52:8 Hz. The BPF is therefore five times this value because the rotor
has five blades, or fB ¼ nf0 ¼ 264 Hz. Note that all the modes in
Table 3 are lower frequencies than the BPF.

The BPF can be hardly identified in Fig. 6 because it results in
no resonance with natural frequencies of the structure, which is
soon dissipated to be invisible. Most of the leading six modes in
Table 3 are related with the natural modes of model II, or the
combination of structure and water is just affected with the mass
of system where no flow circulation effect can be found at least
for the low frequencies. However, the peaks of flow-structure
interaction can be observed at the frequency higher than BPF,
such as 297 and 415 Hz in Fig. 6(f) and (h) at stations where the
acceleration is sufficiently large for the measurement [7]. Recall
that they are too tiny to be distinguished in other locations: see
Fig. 7(aee) and (g).

3.2. Computational setup and result

A schematic is given in Fig. 7 for the computational method. The
counterpart numerical analysis for the present experiment has
been done by two-way coupling of multi-physics with ANSYS code.
The fluid region is computed with the CFD method explained in
section 2.1, and the structure is analyzed through FEM with
consideration of fluid pressure given by the CFD module. The
deformation computed in the structural module gives the
geometrical variation of wall shape updated for the next time step,
and vice versa. As fluid and structure are interacted with each other
at every time step, this method becomes two-way, or feed-back FSI,
which is different from the one-way coupling used in Refs. [7,11].
The structural material is Inconel alloy 690.

The computational domain and grids are shown in Fig. 8. Hex-
ahedral meshes are used, and allocating 486,284 for fluid domain
while 17,910 for structure domain. The structural boundary condi-
tion is the same as that of model II. For the artificial forcing
boundary condition to generate a resonance of fluid-structure
interaction, 10% amplitude of fluctuation (ε ¼ 0:1) in the sinusoi-
dal oscillation of flow velocity is enforced at the inlet of pipe:

U ¼ U0ð1þ ε sin 2 pf0tÞ (11)

where the mean velocity U0 is calculated from the given flow rate.
The outlet pressure is ambient, and the inner surface roughness of
pipe is 0.5 mm from specification of the real U-tube data. The
transient pressure from the solution of flow analysis is integrated to
give the force at the inner wall boundary of pipe for the structural
analysis.

The time-history data of total displacement is processed with
FFT algorithm at each location [~A H] in Fig. 5(b). The results are
compared with experimental ones in Fig. 9. When we try to
calculate the acceleration through the second derivative of
displacement, the data becomes very noisy due to numerical errors.
Therefore, the primitive data, or instant local displacement, is
directly converted to frequency domain, and it is the reason the
scale is different in the vertical axis of Fig. 9 for experiment and
computation.

In Fig. 9, the peak frequencies are traced with reference of
experimental result. The relative peak heights from computation are
somewhat different from those from experiment, but the peak fre-
quencies can be distinguished as shown in Table 4. The low fre-
quency modes are all from the structural vibration, indicating the

Fig. 8. Computational domain and grids for the present computation.
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natural modes. The forcing frequency, f0 ¼ 52:8 Hz, obviously ef-
fects on the second mode, but is not dominant in the computational
data. Instead, double of this frequency, 105 Hz reveals to be very
high in most of Fig. 9, except for (g), which is rapid dissipated in the
higher frequency modes. For example, the peak at 210 Hz, a har-
monics of mode 2, is obviously visible in Fig. 9(a and b) where the
pipe is almost fixed straight between two-clamp boundary condi-
tion, but smeared in other figures due to the lateral oscillation.

Consequently, the frequencies for leading modes are listed in
Table 5. The quantitative values differ up to 25% of relative errors
between experiment and computation, but the order of frequencies
can be traced separately. For higher frequency modes, the Nyquist
frequency must be considered, so the quality of grids must be
improved greatly from the present computation.

4. Conclusion

To study the flow-induced vibration for the U-tube consisting of

SG in PWR, a simple model for a single tube is proposed in this
investigation. Both experimental and numerical approach is used
for the analysis of this model. Before the model of main interest,
simplified models are considered for the verification of computa-
tional and experimental methods. In spite of the application of

Fig. 9. Comparison of FFT Data at the Locations [~A H]: Experimental Data are Repeated from Fig. 6.

Table 4
Comparison of frequencies: Primary model (unit: Hz).

Station Mode

1 2 3 4 5 6

(a) Comp. 37 52 67 106 157 174
Exp. 31 51 85 118 148 183

(b) Comp. 37 53 66 106 156 173
Exp. 32 51 99 119 144 177

(c) Comp. 38 54 68 106 158 173
Exp. 32 51 104 119 156 e

(d) Comp. 38 52 67 106 148 172
Exp. 31 51 77 118 151 178

(e) Comp. 38 53 67 105 151 173
Exp. 20 51 97 118 156 183

(f) Comp. 38 53 67 105 144 173
Exp. 32 51 104 118 146 177

(g) Comp. 36 52 67 112 151 173
Exp. e 53 104 116 146 187

(h) Comp. 38 53 68 106 143 173
Exp. 32 51 100 119 151 178

Table 5
Frequencies of each mode in experiment and computation.

Modes Range of frequency (Hz)

Experiment Computation

1 20e31 36e37
2 51e53 52e54
3 77e104 66e68
4 116e119 105e112
5 144e156 143e158
6 177e187 172e174
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reasonable models, the main experiment shows very complex re-
sults due to turbulence and fluid-structure interactions especially
in the range of high frequency, more than BPF.

The significant conclusive remarks on the phenomena are listed:

1) The error of normalized Darcy friction factor ranges about 10%,
and the dimensionless height scale, or yþ at the first grid from
the wall should be less than 1 to resolve properly the turbulence
of primary water flow.

2) When we change the boundary condition, the low-frequency
natural frequencies are varied, and the error between experi-
ment and computation is 15% maximum.

3) In the main experiment with driver pump, the effect of BPF is
observed, marking on 265 Hz, and the tiny peaks 297e415 Hz
are regarded as FSI effect that are different from harmonics of
low frequency modes. The FSI frequency is hardly visible for
many points due to the dissipation originated from lateral
vibration.

4) From the FFT data measured at eight positions on the tube, the
error increases up to 25% between experiment and computa-
tion, and low-frequency modes of first to sixth are resolved for
the range less than 200 Hz.

Although this experiment does not satisfy the dynamic simi-
larity with real-scale prototype system, the essential physics could
be extracted for the flow-induced vibration, and this method can be
extended to the application of prototype PWR. In spite of the lim-
itation, the method developed in this paper is possible to be used
for much more complicated nuclear thermal-hydraulic systems
such as real SG in PWR.
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