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Abstract

As operational experience shows, it can hardly be excluded that some detached or loosened parts and even foreign
objects (hereinafter referred to as the ‘loose parts’) may appear in the main circulation loop of VVER reactor plants.
Naturally, the sooner such incidents are detected and evaluated, the more time will be available to eliminate or at least
minimize damage to the reactor plant main equipment. The paper describes a method for localizing the impact of loose
parts located in the coolant circulation circuit of a VVER reactor plant. To diagnose malfunctions of the reactor plant
main equipment, it is necessary to accurately determine the place where the acoustic anomaly occurred. Therefore, if
some loose parts make themselves felt, it is important to track the path of their movement along the main circulation
circuit as well as their location using physical barriers.

The method is based on the representation of the surface, along which an acoustic wave travels, as a 3D model of the
reactor plant (RP) main circulation circuit. The model has the form of a graph in which the vertices characterize the
control points on the RP surface and the edges are the distances between them. The method uses information about
the acoustic wave velocity and the time difference of arrivals (TDOAs) of the signal received by various sensors. It is
shown that, when the effect is received by more than three sensors, along with an estimate of the impact coordinate,
it becomes possible to estimate the average acoustic wave velocity. To determine time of arrival, the signal dispersion
change point detection method is used. Provided that the average size between the control points on the RP surface
was 300 mm, the average localization error was about 600 mm. The developed algorithm can be easily adapted to any
VVER reactor plant. The obtained deviation values are acceptable for practical use.
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Intr OdlICtIOIl (LPMS), which function is detecting and evaluating the

parameters of loose parts in the coolant circulation cir-
One of the main condition monitoring systems of VVER  cuit. Loose parts can move with the coolant flow in the
reactor plants is the Loose Parts Monitoring System circulation circuit and cause damage to the RP primary
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circuit equipment. They can to some extent block the
coolant flow, resulting in deteriorated heat transfer, pos-
sible overheating of the fuel element claddings, changes
in the fuel temperature, and increased fuel swelling rate.
Another negative consequence may be the risk of these
parts falling into the movable mechanisms of the control
and protection system working bodies. In case of their
untimely detection in the coolant circulation circuit, the
costs of measures taken to eliminate the damage caused
by them increase significantly.

Currently, most NPPs with pressurized water reactors
(PWR, VVER) are equipped with LPMSs. There are se-
veral international standards defining the requirements
that LPMSs must meet:

— U.S. Nuclear Regulatory Commission (NRC) Regu-
latory Guide 1.133 (1981) (Regulatory Guide 1.133
1981);

— American Society of Mechanical Engineers (ASME)
Standard OM-2017 (Operation and Maintenance
2015);

— International Electrotechnical Commission (IEC)
Standard IEC-609887 (IEC 60988 Nuclear power
plants 2009).

Localizing the impact source is one of the most im-
portant functions of the LPMS when diagnosing the
RP equipment (ISO 13379-1-2015 2015). To diagnose
malfunctions of the RP main equipment, it is necessary
to accurately determine the place where the acoustic ano-
maly occurred. Therefore, if some loose parts appear, it is
important to track the path of their movement along the
main circulation circuit as well as their location.

To date, a large number of studies on impact source
localization methods have been performed (Olma 1985,
Szappanos et al. 1999, Kim Jung Soo et al. 2003, Choi et
al. 2011, Park and Kim 2006, Park Gee Yong et al. 2006,
KiHI et al. 2017, Figedy and Oksa 2005, Liska and Kun-
kel 2017, Zheng et al. 2008). The traditional and most tri-
vial method localizes the source of the acoustic anomaly
to the equipment controlled by the sensor that first detec-
ted the impact. If there is a registered effect in more than
one sensor, the source is localized using TDOAs of the
wave in two or more measuring sensors.

One of the most well-known methods using TDOAs is
the method of intersecting hyperbolas (Olma 1985, Park
and Kim 2006), which is carried out in manual mode and
requires additional expert knowledge from the system
operator. The algorithm has a simple analytical solution
for the plane, but it is not adapted for the complex surface
of the RP primary circuit.

Another method (Szappanos et al. 1999, Figedy and
Oksa 2005, Liska and Kunkel 2017) is based on the se-
arch for the closest match to the recorded TDOAs cal-
culated earlier. To do this, the primary circuit is divided
into segments of a small area or control points. Given
that the velocity of acoustic waves in metal is known, it
is possible to pre-calculate the wave propagation time

from individual segments to the sensors. The obtain-
ed TDOA values are stored in the database. When an
acoustic anomaly is recorded, its location is selected
from the database as the nearest stored vector to the
measured one in accordance with the Euclidean distan-
ce. In (Liska and Kunkel 2017), the errors of the loca-
lization method and its structural limitations are ana-
lyzed. To determine the time of arrival, it is necessary
to know the acoustic wave velocity. Since it depends
on the material, kinetic energy of interaction, mass and
shape of loose parts, as well as other parameters, this
method introduces great uncertainty in assessing the
acoustic anomaly source localization.

The proposed algorithm automatically performs locali-
zation to a point on the surface of the RP primary circuit.
It is based on calculating the shortest path along a 3D mo-
del of the surface of the RP primary circuit. The algorithm
is flexible and easily adaptable to any pressurized water
reactor plant.

Leading edge arrival time
determination

One of the key factors in localizing the source of the
acoustic anomaly is determining the time of arrival
(TOA) of the impact wave for each sensor that recorded
the effect. There are several approaches to the TOA deter-
mination. One method is to approximate the root-mean-
square (RMS) value of the signal by means of a piecewise
smooth function:

F;z(t) =da,

_ t<t,,
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where F () is the constant value approximating the
background noise; F(¢) is the linear function approxi-
mating the leading edge in the interval from the TOA
(t,,,) to the RMS maximum time (¢ ), with F (¢
Fyltyy) = Flt,y,).

Another widespread approach is based on statistical
sequential analysis methods that are used to detect the
acoustic effect. These include the Wald sequential pro-
bability ratio test (WSPRT) and the CUSUM test (Page
1961). In (Liu Mingzhou et al. 2017), a method is propo-
sed for determining the impact signal TOA based on the
Hilbert-Huang transform (HHT) and the Akaike informa-
tion criterion (AIC).

To determine the TOA, the present work involves
the method for detecting changes in the parameters of a
random process. The original signal is pre-filtered (Mak-
simov et al. 2018). A non-stationary random process
Y=V, - Y,y is considered. It is assumed that the signal
y is piecewise stationary. At some point in time ¢, the
signal dispersion changes dramatically. This point in time
is called a ‘change point’ Assessing the ¢, change point

TOA) =
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is the task of finding the minimum of the objective func-
tion (Truong et al. 2018, Lavielle 2005). Since it is neces-
sary to split the signal into only two parts, the objective
function can be defined as

F(tp)=cy, ., )+ C(y,TOA,,,,N ), (2)

troa

where c(y, tj) is the function that measures the uniformity
(stability of parameters) of the signal part Vi s

The function c(y, tj) for the signal dispersion change
problem can be defined as

co’(y, )=, [xlogo’, 3)

where [yl.mj| is the length of the signal part; czl.mj is the sig-
nal part dispersion. The values of the objective function
are expected to be low for uniform parts of the signals and
large with significant dispersion changes. Therefore, the
TOA of the impact wave is defined as follows:

Lo, = arg min F(z,, ). 4

This method is illustrated in Fig. 1. If there is an acoustic
effect (Fig. 1a), the objective function has a single pro-
nounced minimum, which corresponds to the VP. In the

case of a signal exclusively of background noise (Fig. 1b),
the values of the objective function are stationary and a
global minimum is not observed.

Bac

kground and assumptions of
the localization method

When loose parts collide with the surface of the RP equip-
ment, an acoustic impact wave is generated. It is assumed
that it spreads in the RP equipment material every which
way at an equal velocity, which does not depend on the
location of the source and direction. As a result, the wave
travel time between two points on the surface is uniquely
determined by the length of the shortest path along the
surface between these points. Therefore, the time between
the impact moment and its detection by the sensor de-
pends on the distance and wave velocity.

To localize the anomaly in a linear section, it is en-
ough to have signals from two sensors that recorded the
burst. For a plane or surface, which can be represented
as a plane, the TDOA pairs of sensors determine the ge-
ometric location of the points of the source possible po-
sition. To accurately determine the impact site, a signal
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Figure 1. Estimation of the time of arrival of the acoustic signal: a) with an acoustic effect; b) without an acoustic effect (1 — signal,

2 — objective function).
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of the third sensor is required. Then the location of the
impact wave source is defined as the center of the circle
passing through the coordinate of the sensor installation,
corresponding to the sensor that was the first to record the
impact wave, and tangent to the other two, with the radi-
us At xV, where At is the TDOA of the acoustic wave
between the sensor that was the first to record the impact
and i-th sensor with respect to the time of arrival; V' is the
velocity of sound in the medium (Fig. 2).

2

Impact point

V‘At13

Figure 2. Graphic representation of the TDOA-based acoustic
anomaly localization method: 1, 2, 3 are the sensor sensors num-
bered according to the time of arrival.

The average wave velocity, considered in the target
frequency range, is of the order of 2500 m/s (Szappanos et
al. 1999). This velocity is used to calculate the coordinate
of the impact site when the acoustic effect is recorded by
no more than three sensors. When the effect is recorded
by four or more sensors, the wave velocity is calculated
along with the coordinate of the impact site.

Data preparation

To obtain the coordinate of the acoustic anomaly source
localization in real time, it is necessary to prepare data for
the calculation. The main data is taken from the RP and
LPMS design documentation:

— a geometric model of the RP surface; and
— positions of the sensors on the RP equipment.

The geometric model is the shape of the boundaries of
the pipelines and the main equipment of the MCC, i.e.,
the surface along which an acoustic wave travels. The
positions of the sensors are the fixed sites in which the
sensors are installed. They are described by coordinates
on the geometric model.

The data preparation stage includes as follows:

1. Selection of control points on the geometric surface
(Fig. 3). These points characterize potential impact
sites. To facilitate further calculations, they are se-
lected as vertices of a uniformly triangulated surface
(grid). The higher the resolution of the grid (the num-
ber of vertices), the smaller the error in determining
the impact site. On the other hand, with a fairly small
partition, the resources expended in memory and pro-
cessor time during the algorithm operation increase.
As a result, we obtain the control points C, i =1, ...,
M, where M is the number of control points.

2. Binding of sensor positions to the nearest control
points. The coordinates of the sensors on the RP

@ Sensor

B Impact hammer
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T

Figure 3. Geometric model of the RP surface and the location of the sensors and hammers.
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equipment are compared with the control points. Tri-
angulation of the surface should be carried out in such
a way that the control points of the grid correspond to
the coordinates of the sensors. As a result, we obtain
the positions of the sensors S, i =1, ..., N, where N is
the number of the sensors.

3. Calculation of the shortest distances between the
control points and sensors using Dijkstra’s algo-
rithm (Dijkstra 1959) to find the minimum path in
a weighted graph. The control points are conside-
red nodes of the graph, and the lengths of the edges
of the grid are weights of the graph. Dijkstra’s al-
gorithm is easy to use, but the result is sensitive to
the quality of the surface partition. To improve the
results, it is necessary to produce a uniform trian-
gulation of the surface, where the grid edges have
approximately the same length.

As a result, we obtain the matrix D dimensioned [M x
N] with elements

D, =dist(C, S), ®)

where C, is the i-th control point; S, is the j-th sensor; dis-
«(C, Sj) is the the function of calculating the shortest dis-
tance over the geometric model surface.

Localization algorithm

The localization algorithm is performed every time an
event associated with an unknown acoustic anomaly and
(potentially) the presence of loose parts in the primary cir-
cuit is recorded. The input to the algorithm includes:

— the vector of the TDOASs of the acoustic wave At to
each sensor S

At, = TOA,— min(T0A), (6)
where TOA, is the time of arrival of the acoustic wave;

— the distance matrix D calculated by the formula (5);

— the initial value of the acoustic wave velocity in the
RP equipment material, which is assumed to be equal
to 2500 m/s.

The values of the TDOA vector represent a vector, the
size of which corresponds to the number of sensors M.
In cases when the time of arrival was not determined on
the sensor, the TDOA value remains undetermined. The
numbers of the sensors, in which the TDOA value was
determined, form the set K.

The algorithm for calculating the coordinate of the
acoustic anomaly occurrence includes as follows:

1. For each control point C, i = 1, ..., M the vector s
calculated:

r,=D,~AtxV, (7)

where V is the initial approximation of the acoustic wave
velocity; j € K are the sensor numbers where the TDOA
is determined.

2. For each vector r,, i = 1, ..., M the functional value is
calculated with the exception of empty values:

1 2
0, = (ri‘_rmi) . (®)
|K|jezK ’

3. The control point C, is found at which the value of o,
is minimal:

i = argmin (o). )

4. For the obtained control point C, the acoustic wave
velocity V. to the sensor Sjis re-calculated:

V,=(D,~D,)/ At (10)

ij0
where D, is the distance from C, to the sensor S| that was
the first to record the impact with respect to the time of
arrival; j € K are the sensor numbers where the TDOA
is determined.

5. For the calculated velocities V. the average wave
velocity is calculated

Ly
|K|jEK

m

(1)

6. The calculated average velocity V'™ is compared with
the initialized velocity V. If the velocity values coinci-
de, then the algorithm is completed. If the values differ,
the velocity V is taken equal to '™, and the algorithm
is repeated until the velocities V" and V" coincide.

Results

As a result of the algorithm implementation, the coordi-
nate of the acoustic anomaly source C and the average
acoustic wave velocity /" are determined. To estimate the
accuracy of determining the source localization, impacts
of impact hammers (IH) located on the RP pipelines were
considered (the arrangement of sensors and IHs is shown
in Fig. 3). Sensors are located on each RCPS, hot and cold
SG headers, SG vessel, as well as reactor inlet and outlet
nozzles. The IH produced an energy impact of ~ 1.8 J.

The geometric RP model in the form of a grid contain-
ed 30004 vertices (control points). The average distance
between two control points was 30 cm.

In total, 143 IM impacts were made on different loops.
The impacts were made under different operating modes
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Table 1. Experimental results.

Loop No. Location of IHs Number of impacts Average localization error, Average acoustic wave Distance to the nearest sensor,

mm velocity, m/s mm
1 U-shaped bend 29 624 2241 8803
2 Pipeline cold patch 38 708 2351 5998
3 Pipeline hot patch 38 473 2494 3769
4 U-shaped bend 38 768 2161 8654

.
Conclusions

of the power unit, and, accordingly, background acoustic
noise was different, which affected the accuracy of deter-
mining the time of arrival. The experimental results are
given in Table 1.

Provided that the average cell size was 300 mm, the
average localization error was 600 mm. As the distance
from the impact site to the nearest sensor becomes lon-
ger, the error increases. The main error is associated with
determining the time differences of arrival of the impact
wave. The grid edge size introduces a constant error pro-
portional to its length. Nevertheless, the deviation values
are completely acceptable for practical use, and the de-
veloped algorithm can be used to estimate the acoustic
anomaly source localization.
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