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a b s t r a c t

A loose part monitoring system is used to detect unexpected loose parts in a reactor coolant system in a
nuclear power plant. It is still necessary to develop a new methodology for the localization and mass
estimation of loose parts owing to the high estimation error of conventional methods. In addition,
model-based diagnostics recently emphasized the importance of a model describing the behavior of a
mechanical system or component. The purpose of this study is to propose a new localization and mass-
estimation method based on finite element analysis (FEA) and optimization technique. First, an FEA
model to simulate the propagation behavior of the bending wave generated by a metal sphere impact is
validated by performing an impact test and a corresponding FEA and optimization for a downsized
steam-generator structure. Second, a novel methodology based on FEA and optimization technique was
proposed to estimate the impact location and mass of a loose part at the same time. The usefulness of the
methodology was then validated through a series of FEAs and some blind tests. A new feature vector, the
cross-correlation function, was also proposed to predict the impact location and mass of a loose part, and
its usefulness was then validated. It is expected that the proposed methodology can be utilized in model-
based diagnostics for the estimation of impact parameters such as the mass, velocity, and impact location
of a loose part. In addition, the FEA-based model can be used to optimize the sensor position to improve
the collected data quality in the site of nuclear power plants.
© 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

The purpose of a loose part monitoring system (LPMS) is to
detect unexpected objects in the primary coolant systems of pres-
surized water reactors (PWRs). These include nuts, bolts, pins,
sections of tubing, and hand tools used for maintenance. These
objects are referred to as loose parts and could damage, amongst
others, the steam-generator (SG) tubes, reactor internals, and
reactor coolant pumps [1e4].

There are two major goals in monitoring loose parts in nuclear
vessels: (1) localization, which indicates the position of a loose part
that may exist in the primary coolant system, and (2) mass esti-
mation of the loose part. There are some successful approaches for
localization such as the hyperbola, circle, and the triangular inter-
section methods [4e7]. However, an additional study for the mass
estimation of a loose part is still required. There are two
by Elsevier Korea LLC. This is an
conventional methods for the mass estimation of a loose part. One
is a frequency ratio (FR) method, but this has a wide uncertainty
range of approximately 0.7 decades for the estimated mass [8].

The other is the commonly used analytical method based on
Hertz's impact theory and Lamb's general solution for a membrane.
Mayo [2] proposed a map as a means for investigating signal
properties (or feature vectors) as a function of the mass and ve-
locity of spherical objects. That is, a metal sphere signal map rep-
resenting the relationship between the center frequency and the
peak acceleration as a function of the mass and velocity of a steel
sphere as a simulated loose part. The solution for the propagation of
two-dimensional bending waves away from a localized force was
developed by Lamb, and Raman showed that the initial half period
of the bending wave is a factor of 1.6 shorter than the impact
contact time [2,9]. An important parameter, the center frequency of
bending wave acceleration, is calculated as follows:

fc ¼1:6 = ð2thÞ (1)

where fc is the center frequency, and th is the duration of the impact,
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which can be calculated from Hertz's impact theory. The other
parameter, the magnitude of the bending wave peak acceleration,
Aplate, is defined by the following:

Aplate ¼ Fmax

.
Meff (2)

where Fmax is the impact force calculated from Hertz's impact
theory, and Meff is the effective mass of the plate volume that re-
sponds during the impact contact time. However, these approaches
can hardly provide accurate information on the plate acceleration
response for identifying the impact source without calibration us-
ing experimental data [2]. In addition, because the mass of a loose
part is estimated after the localization, the accuracy of the mass
estimation is greatly affected by the localization.

To overcome the problems of conventional methods, a machine-
learning technique [10] and model-based diagnostics [11e13] have
been recently employed. Owing to the increase in computing po-
wer, a finite element analysis (FEA) method has become an avail-
able option to calculate the impact response behavior for a real
large structure, and has the advantage that evaluation can be
conducted while considering the realistic geometry of the
structure.

The objective of this study is to propose a new methodology to
predict the impact location and mass of a metal sphere as a simu-
lated loose part using an FEA-based model that can be used to
simulate the impact behavior between a simulated loose part and a
dispersive plate structure, such as reactor vessels and SG vessels.
This paper is structured as follows: Section 2 provides technical
background and a preliminary study of the problem. Section 3 in-
troduces an FEA technique to model the bending waves generated
by impact loading, which was validated by performing an impact
test for a quarter-scale SG. Section 4 presents a newmethodology to
predict the impact parameters of a simulated loose part using an
FEA-based database and a weighted objective function to find an
optimal set of impact parameters. In Section 5, the important
findings of the research are briefly summarized.
Fig. 1. Change of WignereVille distribution according to the change in geometry.
2. Technical background and preliminary study

When a loose part impacts the inner boundary of a plate-like
structure, such as pressure vessels and piping, mechanical
bending waves are generated that then propagate through the
structure. The bending waves are measured with accelerometers
placed on the outer boundary of the structure. Conventional
methods for the mass estimation use an analytical solution and
simplified input geometry such as a flat plate. One of the most
commonly used conventional methods for the mass estimation
uses a metal sphere signal map [2], in which the center frequency
and amplitude of the bending wave signal obtained by Hertz's
impact theory and Lamb's general solution are used as important
parameters. If, however, there are obstacles between the impact
location and the sensor position, the measured signal becomes
distorted and it makes it more difficult to estimate the loose-part
mass with the simplified analytical solutions. As an example,
Fig. 1 shows the WignereVille distributions (WVDs) of impact
signals calculated around obstacles such as a nozzle, and a tube
sheet in a quarter-scale SG. The center frequency (fc) obtained from
WVDs was changed according to the sensor positions (or the ge-
ometry change).

Therefore, it is believed that the realistic geometry of the
structure should be considered to estimate the accurate impact
response behavior.
3. Impact wave propagation simulation

3.1. Impact wave propagation test

In this study, the impact wave propagation test for a shell
structure, which is a quarter-scale SG of Korea Standard Nuclear
Power Plant (KSNPP), was conducted to measure the metal sphere
impact behavior such as the acceleration-time history of bending
waves in the plate-like structures using simulated metallic loose
parts (metal spheres). Bending waves (antisymmetric mode of
guided wave) are the most important waves for excitation and



Fig. 2. Impact test setup for a quarter-scale SG.

Table 1
Mechanical properties of 304 stainless steel.

Young's modulus (GPa) Poisson's ratio Density (kg/m3)

205 0.3 7850
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detection in plate-like structures because it is the primary excita-
tion of these waves through impacts normal to the surface and
large surface displacements, which contributes to their detection,
so bending waves can be measured using an accelerometer.

A quarter-scale SG, whose thickness is 32 mm, is presented in
Fig. 2(a) and was used to measure the acceleration signal of the
bending wave in the structure. The structure was made of 304
stainless steel; its material properties are listed in Table 1. A metal
sphere with a mass of 105 g and a velocity of 1.2 m/s impacted the
outer surface of the SG in a normal direction via a pendulum
movement as shown in Fig. 2(b). The acceleration signals were then
stored at a sampling rate of 200 kHz by eight accelerometers
attached on the SG outer surface as shown Fig. 2(c). The impact load
was entered at 245 mm away from the top of the tube sheet, and
the acceleration was measured by accelerometers, which were
attached at 0.05, 0.1, 0.2, and 0.3m away in the horizontal direction,
and at 0.1, 0.34, 0.55 and 0.65 m in the vertical direction from the
impact entry point.
3.2. Determination of equivalent impact load

In the previous study [11], the propagation behavior of the
bending wave generated by a simulated loose part (a metal sphere)
was simulated in a plate structure. The FEA model was validated by
performing a series of impact tests and FEAs for a flat plate as well
as a curved plate, and various impact parameters such as ampli-
tude, center frequency, group velocity and the attenuation ratio of
bending wave acceleration signals were investigated. In the pre-
vious study, a metal sphere with an initial velocity was modeled as
shown in Fig. 3, and a contact surface was defined between the
metal sphere mesh and the structure mesh to input the metal
sphere impact load to the structure.

However, given the contact condition, the difference in the
relative radius of curvature of the metal sphere and the structure
results in the degree of freedom increasing because the mesh
should be very densely constructed. In addition, the analysis-time
increment during transient analysis is determined according to
the minimum element size, which causes the increase in the
analysis time, and so, the impact load input conditions should be
simplified, especially for the three-dimensional finite element
analysis for the real structures.

In this study, instead of the impact loading condition defined
with impact velocity and contact surface between an impacting
object (ametal sphere) anda structure, the input loadwas simplified
to equivalent concentrated force. Elastic or near-elastic impacts
between a metal sphere and a metal plate are generally character-
ized by a contact-force time history that is very close to a half-sine
function by Hertz impact theory [10]. The acceleration of the
impacting object during the time of contact is proportional to this
force throughNewton's second lawofmotion. FEAswere performed
to compare the impact responsewhen an impacting object (a metal
sphereof amassof 68gand impact velocityof 3.0m/s)wasmodeled,
when the impact contact-force was assumed as a concentrated load
in the form of the sine function (A0sin (2pt/T)) and themodified sine
function (1.1(A0sin (4p/T-p)) þ A0/2) which was proposed in the
research as shown in Fig. 4. A0 is the amplitude of the input load, and
T is the period of the sine function. Fig. 5(a) and (b) show the results
of the impact behaviors in time domain and frequency domain. In
both time and frequency domain, the concentrated load in the form
of modified sine functionwas more consistent with the impact load
than the load in the form of sine function. Thus, it is concluded that
the impact response characteristics can be better simulated when
the input load is modeled as a modified sine function than as a sine
function by Hertz impact theory.

Therefore, in this study, the modified sine impact load was
defined as the equivalent load for the metal sphere impact, and the
equivalent load was applied to the impact analysis for the three-
dimensional FEAs of the SG.



Fig. 3. Two-dimensional finite-element mesh of a metal sphere and a half-scale SG.
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3.3. Impact wave propagation simulation

The impact wave propagation behavior in the plate-like struc-
tures was estimated through elastic FEA, and the results were then
compared with the corresponding experimental results. The FEA
was performed with an implicit solver in the ABAQUS [14] Version
6.14 package. Fig. 6 shows a configuration and a finite element
mesh for a 1/4 downsized SG. The mesh was constructed with
approximately 1.5 million 20-node solid elements, C3D20R (20-
node quadratic brick, reduced integration element) in ABAQUS. As
an efficient way to simulate the metal sphere impact load onto the
SG, the equivalent load for the metal sphere impact was applied as
described in subsection 3.2. The acceleration data were stored at a
sampling rate of 200 kHz.
Fig. 4. Input-concentrated load by metal sphere impact.

Fig. 5. Acceleration response signals at 0.3 m away from impact point.
3.4. Impact wave behavior in SG

Fig. 2(c) shows the lower part of the SG used for impact tests and
analyses, indicating the impact load input position and the accel-
eration sensor positions. The impact load was entered at 245 mm
away from the top of the tube sheet, and the acceleration was then
measured with accelerometers attached in both the horizontal
(S01 ~ S04) and the vertical (S11 ~ S14) directions. Fig. 7 shows the
calculated and measured impact responses for the downsized SG,
which are filtered with a low-pass filter with a cut-off frequency of
15 kHz, which the most frequency content by impact of an inter-
ested loose part is lower than [15].

Fig. 8 shows the decrease in acceleration amplitude along the
distance from the impact entry point. An impact against a plate-like
structure excites a cylindrical wave whose amplitude decreases
with time as thewave propagates away from the impact entry point
because of the increasing volume covered by the wave. The
decrease in amplitude of a bending wave because of the increasing
distance from the impact point can be expressed as follows [2]:



Fig. 6. Finite element mesh for a 1/4 downsized steam generator.
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AaðrÞ
A0

¼H0ðkrÞ � H0ð�jkrÞ (3)

where Aa(r) is the displacement amplitude at a distance r from the
impact point, Ao is the acceleration amplitude at the impact entry
point, andHo is the Hankel function of the second kind. In Fig. 8, the
attenuation behavior of the test data is very similar to the case of
Eq. (3) where the bending wave is propagating in the horizontal
direction. However, the amplitude of the bending wave propa-
gating in the vertical direction sharply decreases after passing
through the tube sheet because the wave propagates into the tube
sheet. To estimate the impact response behavior accurately, the
realistic geometry of the structure should be taken into
consideration.

Table 2 lists the signal properties (or feature vectors) such as the
center frequency (fc), and the amplitude (A) of the impact signal
(which are commonly used for loose-part mass estimation) as well
as the cross-correlation function (XCF) between the test signal and
the simulated signal, which is proposed for loose-part mass esti-
mation in this research. XCF is a measure of the similarity of two
signals. For discrete functions f and g, that is defined as:

ðf * gÞ½n� ¼
X∞

m¼�∞
f ½m�g½mþn� (4)

where f ½m� denotes the complex conjugate of g½m�, and n is the
displacement, also know as lag (a feature in f at m occurs in g at
m þ n). The amplitude (A) is defined as the peak-to-peak value of
the time-acceleration signal. All calculated signal properties in the
table were normalized with the test results. The FEA results of the
amplitude showed a good agreement with the test results within a
30% difference. In this study, the Wigner-Ville transform was used
for time-frequency analysis, because it is known that compared to
the short-time Fourier transform and continuous wavelet trans-
form, the Wigner-Ville transform give higher resolution in both
time and frequency domain for transient signals [16]. Time-
frequency analysis results for the FEAs and the tests for accelera-
tion signals at S11 and S14 are presented in Figs. 9 and 10. In
addition, the center frequency obtained from the tests and the FEAs
are in good agreement within a 13% difference.

In this study, a novel methodology to estimate the impact
location andmass of a loose part is proposed, which is based on the
amplitude (A) and the XCF between a simulated signal and a
measured signal. The details are described in the next section.
When the XCF is used, data are analyzed in the time domain
without any data conversion to the frequency domain, thereby
making it possible to eliminate some problems that may occur in
the frequency analysis. In addition, the XCF, as shown in Table 2,
shows the reliability of equivalent levels with other impact
parameters.

4. Localization and mass-estimation method for loose-part
impact

An LPMS estimates the location and mass of a loose part by
measuring bending waves using accelerometers attached to the
outer boundary of the coolant system, and analyzing the bending
waves generated by the impact of a metallic loose part. However, if
geometry changes in plate-like structure such as nozzle parts,
thickness changes, amongst others, exist on the impact wave
propagation path from the impact location to the sensor, the
measurement signal is distorted, which means signal properties
such as the amplitude, and frequency contents are changed, and it
is not possible to make an accurate analysis. A new methodology
was, therefore, proposed in the present study to estimate both the
impact location and the mass of a loose part simultaneously in a
real structure, wherein several geometric changes exist.

If several sensors were used to detect the transient bending
wave, each will generally get different acceleration signals since the
distance and the geometry between the impact point and each
sensor are generally different. Thus, each unique point on the
structure surface, a potential impact location, has a unique signal of
acceleration. Conversely, themeasured acceleration signal uniquely
determines the impact parameters such as the impact location (x, y,
z), mass (m), and impact velocity (v) of a loose part. Therefore, the
problem of impact-parameter detection can be formulated as an
inverse problem in which the objective is to find an optimal set of
signal properties (or feature vectors) describing the impact signal of
the structure.

Using the FEA approach mentioned in Section 3, time-
acceleration signals for an impact loading can be calculated for
various impact parameters, including impact location (x, y, z), mass
(m) and impact velocity (v) of a loose part. Some feature vectors
such as amplitude (A), center frequency (fc) of the signal, and XCF
between the calculated and measured signals can be extracted.
Thus, when a sufficiently rich set of impact parameters, X, Y, Z, M,
and V, is constructed by a series of FEAs, the corresponding feature
vectors such as A, fc, and others are determined. In addition, XCF can
be calculated with themeasured and simulated impact signals. This
structure is stored in a database, S, as a table in which elements are
the impact parameters (x, y, z, m, and v) and corresponding feature
vectors (A, fc, and XCF). The database can be expressed as follows:

S¼fðx; y; z; m; v; Aðx; y; z; m; vÞ; fcðx; y; z; m; vÞ;
XCFðx; y; z;m; vÞÞ; x2X; y2Y ; z2 Z;m2M; v2Vg

(5)

Localization andmass estimation from a givenmeasured impact
signal is a process of finding its nearest set from the database.

4.1. Weighted objective function

The solution process of the inverse problem aims to seek an
optimal set of impact parameters that models the loose-part impact
signal via minimization of a user-defined error function. This
function describes the discrepancy between the measured wave



Fig. 7. Acceleration response signals of the impact wave at sensor locations.
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signals from the real structure and the predicted wave signal from
the proposed FEA model in this study.

In general, the objective function can be defined simply as the
mean square error between the measured and simulated time
histories, which has been widely used in optimization-based sys-
tem identification [17,18]. In this study, the objective function was
defined using the combination of the feature vectors, A, fc, and XCF.
However, considering all of the feature vectors with the same level



Fig. 8. Fraction of initial amplitude for a quarter-scale SG.

Fig. 9. WignereVille distribution at sensor S11.
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of importance may not be suitable for identifying the impact
response. Hence, different weights were applied to the feature
parameters. The objective function is as follows:

gðx; y; z; m; vÞ ¼
XN

i¼1

wið1� riðx; y; z; m; vÞ
�2

(6)

where N is the number of feature vectors for the optimization, wi is
the weighting coefficient, and ri is the ratio of the calculated feature
vector to the measured feature vector in the case of the amplitude
and center frequency, or the similarity such as the XCF.

4.2. Application of localization and mass-estimation method to
simplified plate structure

In this study, a novel localization and mass-estimation meth-
odology of a loose part in a nuclear power plant using an impact
database based on FEAwas proposed. For the feasibility study of the
proposed model, the impact analysis and test were performed for a
thick and wide stainless-steel plate (that is, a 2.0 m � 2.0 m square
plate with 10.0 mm thickness) instead of a real structure. Fig. 11
shows the test specimen and the schematic diagram showing the
impact and sensor location. A series of FEAs were performed for the
various impact parameters in order to construct the impact data-
base, S. The x and y coordinates ranged from �400 mm to 400 mm
in increments of 100 mm, the mass ranged from 25 g to 150 g in
increments of 25 g, and the velocity ranged from 0.2 m/s to 1.0 m/s
Table 2
Signal property estimates normalized with test results for identifying impact signal.

Sensor ID Normalized Center Frequency

S01 1.05
S02 1.02
S03 1.12
S04 1.05
S11 1.06
S12 1.03
S13 1.13
S14 1.02
in increments of 0.2 m/s. To verify the usefulness of the new
method for estimating the impact parameters of a loose part, five
blind tests were performed. The impact loadingwas generatedwith
29, 36, 45, 67, and 135 g metal spheres of which the initial velocity
was 0.581 m/s.

The test results and estimated results are presented in Table 3. In
order to predict the impact parameters, two objective functions
were defined with two combinations of feature vectors: XCF and A,
Normalized Amplitude Cross-correlation

1.05 0.98
1.02 0.95
0.89 0.93
0.84 0.93
1.13 0.96
1.12 0.98
1.30 0.94
1.10 0.83



Fig. 10. WignereVille distribution at sensor S14.

Fig. 11. Experimental setup of the plate for the impact wave propagation test.
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and fc and A, in Eq. (5). Fig. 12 shows the change rate of the feature
vectors according to the change rate of the unit mass and velocity.
The weighting coefficients for XCF, A, and fc were determined to be
1.0, 760.0, and 22.0, respectively, reflecting the change rate of
feature vectors to give the same level of importance. As shown in
Table 3, when the XCF and A were used as feature vectors, the
impact location, the mass, and the impact velocity were well esti-
mated within the resolution of the impact parameter (Dx, Dy,
Dz¼ 100 mm, Dm¼ 25 g, and Dv ¼ 0.2 m/s). However, when fc and
Awere used, the mass, and the impact velocity were well estimated
within the resolution of the impact parameter, while the impact
location was incorrectly detected in some cases. Therefore, it is
believed that the XCF is better than fc as the feature parameter for
the estimation of the impact parameters because the XCF repre-
sents the overall similarity of the measured and calculated signal.
4.3. Validation of localization and mass-estimation method by
machine learning algorithm

For the validation of the localization and mass-estimation
methodology, this section explores artificial neural network
(ANN) for localization and mass estimate of a simulated metallic
loose part with the impact database. An impact database consisting
of a total of 2800 data was constructed for analysis. The impact
database had 11 elements that were impact parameters (x, y, z, m,
and v) and corresponding feature vectors (A, fc, and TOAD (Time of
Arrival Difference)) extracted from the calculated impact signals at
each of four sensors.

ANNs learn to perform a task by considering data without being
programmed with any task-specific rules, and the output of each
node is computed by some non-linear function of the sum of its
inputs. In this study, a one-hidden-layer structure was used to train
the ANN for localization and mass estimation. The input layer had
11 nodes, the same as the number of feature vectors (acceleration
amplitude and center frequency at each sensor and the TOAD



Table 3
Impact parameter estimation results using i) the FEA-based impact database and
optimization technique, and ii) machine learning.

Method Coordinate of Impact
Location (mm)

Mass
(g)

Velocity
(m/s)

Test (0, 0, 0) 29 0.581
(0, 0, 0) 36 0.581
(0, 0, 0) 45 0.581
(0, 0, 0) 67 0.581
(0, 0, 0) 131 0.581

Estimation by Optimization
(XCF & A)

(0, 0, 0) 25 0.6
(0, 0, 0) 50 0.4
(0, 0, 0) 50 0.4
(0, 0, 0) 75 0.4
(0, 0, 0) 150 0.6

Estimation by Optimization (fc
& A)

(0, �100, 0) 25 0.6
(200, 0, 0) 25 0.6
(0, 0, 0) 50 0.4
(0, 0, 100) 75 0.4
(0, 0, 100) 125 0.4

ANN (Artificial Neural
Network)

(0, 13, 0) 31 0.574
(2, 9, 0) 35 0.513
(3, �9, 0) 51 0.502
(-4, �7, 0) 79 0.455
(3, �5, 0) 142 0.467
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between Sensor #1 and the others). The hidden layer had 70 nodes
and the output layer contained four nodes, which corresponded to
the impact parameters (x, y, m, and v). The transfer function was a
hyperbolic tangent.

Fig. 13 shows the impact parameter prediction results through
the prediction model trained with ANN using 2800 training data.
ANN-based predictionmodel estimated the training data (mass and
velocity) of a simulated loose part within 18.12 and 9.40%, respec-
tively, with a standard deviation of 2.14 and 0.86%, respectively. All
the models also predicted well the coordinate of the impact loca-
tion (within 20 mm). The blind test results were presented in
Table 3. The ANN-based prediction model estimated the mass and
impact velocity within 18% and 22%, respectively, and the predic-
tion results showed good agreement with the prediction results
using the proposed method in this study.

Therefore, a conclusion has been drawn that the novel loose-
part localization and mass-estimation methodology can be used
for real structures in a nuclear power plant. The method is based on
optimization and FEA. For the application, only limited information
such as drawings, material properties, and some test data for the
validation of FEA is need. Furthermore, the proposed methodology
will be used to estimate the impact parameters based on a
machine-learning technique, and to optimize the position of sen-
sors to improve the data quality.
Fig. 12. Feature vector error change rate according to mass and velocity change rate.
5. Conclusions

In this study, a novel methodology, which is based on FEA and
optimization techniques, is proposed to estimate the impact loca-
tion and mass of a loose part. The FEA model used to simulate the
propagation behavior of the bending wave generated by a metal
sphere impact is validated by performing impact tests as well as
corresponding FEAs for a downsized steam-generator structure. In
addition, a new feature vector, the XCF, was proposed to predict the
impact location and mass estimation of a loose part. The usefulness
was then validated using an FEA-based impact database and opti-
mization with the weighted objective function. The advantage of
the proposed methodology is that the location and mass of a loose
part can be estimated simultaneously, and accurate predictions can



Fig. 13. Impact parameter prediction error using the ANN algorithm.
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be made that consider the realistic geometry of structures. The
proposed methodology will be used to estimate the impact pa-
rameters by applying machine-learning techniques, and to opti-
mize the position of sensors to improve the data quality in the site
of nuclear power plants.
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