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Monitoring and assessment of the technical condition of underground pipelines of process systems
important to safety is a relevant task of the ageing management process for existing NPPs. Methods applied
in other industries having underground pipelines (oil/gas/public utilities) could be considered. The paper is
devoted to theoretical issues of overcoming the interfering redundancy contained in the mutually correlated
functions of the acoustic method for inspection of underground pipelines. The method has been tested in
intensive leak inspection of urban heating pipelines and potentially could be beneficial for detecting leaks in
the early stages of their occurrence in underground pipelines of the essential service water system at NPPs.
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Introduction

Ukraine’s NPP sites have a well-developed network
of underground pipelines of normal operation systems
important for safety. A failure of those buried pipelines
can lead to a failure of NPP safety systems and have a
negative impact on the performance of safety
functions. An essential service water system
(hereinafter — ESWS) is an example of such a system.
ESWS is a normal operation system important to safety
with safety class 3 (NP 306.2.141-2008 “General Safety
Provisions for Nuclear Power Plants”), group C
(NP 306.2.227-202 “Safety Requirements on Design
and Operation of Equipment and Piping of Nuclear
Power Plants”), and the first category of seismic
resistance (NP 306.2.208-2016 “Requirements for
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Seismic Design and Assessment of Seismic Safety of
Nuclear Power Plants”).

ESWS is designed for heat removal from the
reactor core through the emergency cooling heat
exchanger, heat removal from the spent fuel pool
and other safety related equipment. The system's
pipelines are laid underground at a depth of
2-6 meters.

ESWS is a part of the NPP Ageing Management
Program. ESWS underground pipelines were
covered in the ENSREG peer review in 2017 on
the topic of “ageing management” [1]. Resulting
from the peer-review, it was decided to develop
a special program to manage the ageing of ESWS
underground pipelines. Also, several theoretical
aspects of solving the problem of underground
pipe inspections were discussed in [2], [3], such
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as: improving the detection of defects in the early
stages of their occurrence and improving the
clarity of operational information about the object
conditions.

Due to the inaccessibility of ESWS pipelines
for external and internal inspection, it is necessary
to use contactless diagnostics of ageing effects
(metal thinning, corrosion changes, etc.) in relation
to identified ageing mechanisms (cyclic fatigue,
corrosion, etc.).

Acoustic methods that use a cross-correlation
function (hereinafter - CCF) are widely deployed
for diagnosis of underground pipelines. CCF signals
from two space-separated sensors are an effective
way to detect leakage of underground pipelines [4],
flange connections in reactor shafts [5], and leaks of
other vessels with gas or liquid under pressure.

Generally, useful information in the CCF carries its
maximum that includes information on the degree
and coordinate of the damage. However, in practice,
this maximum is not always clear, distinct, and
formed by important acoustic signals for analysis.
This is due to the small signal-to-noise ratio, which
is caused by both strong interference and an early,
acoustically weak, stage of the diagnosed damage.
Lack of accurate data on the frequency range of
useful signals and the sensitivity of CCF to sensor
locations are also complicating the CCF analysis. The
complexity of decision-making in such conditions
requires the development and application of a
special parametric tool that simplifies and improves
the analysis of CCF.

Analysis of the literature and statement
of the problem

Improvement of correlation signal processing
based on the use of the CCF spectrum in the analysis
of pressure waves that occur during transients in
the pipeline is discussed in [6]. The advantage of
this method is an ability to use the reflected waves
from obstacles in their path, in particular, from leaks.
However, creation of such waves requires a sharp
change in pressure in the pipeline. With regard to
the analyzed area, this condition is technologically
inconvenient and not always acceptable in terms of
equipment wear, high safety requirements for the
operation of pipelines at nuclear power plants, etc.

The method of selecting the signal sources
by means of their frequency-time distributions is
presented in [7]. The advantage of the method is
the consistency of spatial and frequency selection of
sources. However, this method is designed for non-
stationary signals. It is not advisable to use transients
in pipes, etc.

The method for determining the coordinates of
the leaks, based on the use of generalized cross-
correlation is outlined in [8]. It allows to take into
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account the multi wavelength and dispersion of the
waves. However, this method requires significant
hardware costs and complexity of data analysis
causes difficulties in its application.

A coherence function is used when searching
for leaks [9]. This function gives the operator
information on which frequencies the correlation
of signals is appeared in more or less extent. The
information is used to adjust the frequency filters.
However, this only reduces statistically unrelated
barriers. Interference distortion caused by the
registration of sensors of several coherent waves is
not included. The coherence function does not give
a clear frequency dependence of coordinates and
other useful parameters, e.g., the signal-to-noise
ratio considering statistically related interference,
and does not take into account the impact on CCF
sensor positions on the pipeline.

There is a method of applying the linear phase
frequency spectrum of the CCF [10] which gives
additional information about the frequency
ranges needed to be considered by an operator.
However, the method does not provide the required
parametric picture.

There is a method of frequency-time analysis of
correlationfunctions,whichincludesa3-dimensional
representation of narrow range components of CCF
[11], [12]. Its advantage is the good completeness of
the frequency and time content of the CCF. However,
in relation to the problem to be solved, the method
carries a lot of redundant information and does not
take into account the impact on CCF positions of
sensors on the pipeline.

Thus, it is important to develop a correlation
parametric method for detecting and locating leaks
which meets the requirements: the method should
provide parametric and visual information to the
operator about the dominant power of the signal
source in frequency ranges with high resolution;
the number of simultaneously analyzed frequency
ranges should not be significantly limited by the
way information is presented; the method should
consider a sensitivity of the CCF to the locations of the
sensors, in particular due to interference distortion;
solve the problem of operational registration of
damage in the early stages of occurrence with the
definition of their coordinates.

Approbation results and experimental part

The accuracy of obtaining the initial data for
the proposed method, estimates of the CCF, was
ensured in accordance with methods [13], [14].
These references contain methods of coordinated
selection of signal levels from sensors, the number
of bits of analog-to-digital conversion, parameters
of digital filters and algorithms for fast convolution
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in the development of correlation detectors. At the
same time, the values of shifts and statistical errors
of CCF estimates obtained through instrumental
errors do not exceed the specified limits.

The approbation of the signal-to-noise ratio Q in
relation tothe CCF was performedin[15]in developing
algorithms for automatic adjustment of the CCF filter,
including the adaptive algorithm. It is shown in [15]
that the maximization of Q in decomposing the
original CCF on an orthogonal basis has an analytical
solution: at the first stage the achievable maximum
ratio for each CCF reading is determined and at the
second stage is the graph of Q values.

The study of the impact on CCF spatial position
of sensors on the pipeline was conducted in [16]-
[18]. It was found that interference distortions of
complex signals that occur during their registration
can be taken into account by targeted and consistent
parametric selection of signal recording points at
the technological access points to the pipeline and
frequencyrange, the appropriate method is proposed.

The first version of the parametric method was
proposed in [19]. The method has passed many
years of successful testing in Kyivenergo as a part
of the diagnostic equipment for leak searching in
the heating pipelines developed in the G. E. Pukhov
Institute for Modelling in Energy Engineering of the
National Academy of Sciences of Ukraine.

The basic assumptions of the method are
discussed below. Firstly, the CCF is decomposed
into narrow frequency range components using
digital filters. Then, the parameters of the delay at
which the maximum correlation is observed are
determined for each frequency range considering
the quality of the maximum correlation function
(expressiveness, signal-to-noise ratio) and power. The
results of the calculations are presenting in the form
of three combined graphs as a function of the center
frequency of the range filters. The plurality of waves,
signal sources and space-frequency mechanism of
their separation, as well as the final justification for
the parameters of the CCF taking into account the
spatial positions m of a pair of sensors on the pipeline,
are justified in [20]. As a result, for a fixed position, m
sensors received three spectra: power Am(f), signal-
to-noise relationship Qm(f) and coordinates Lxm(f).
There are L (f) frequency-resistant areas with
almost the same coordinate values LXm (f). Each such
section is described by a set of coordinate values
and the corresponding frequency range f = f1 ... f2,
within which LXm (f) =~ const. This set of coordinates
and the range of frequencies of its demonstration
in the frequency-time structure of the CCF, which is
convenient for correlation analysis, is conveniently
called the coordinate flat part [18], [20] and is denoted
as part of the coordinate spectrum LXm (f) as Lxm%.
Based on the flat parts, the probable coordinates of
the damage could be justified and the appropriate
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values Am(f), Qm(f) and fz - f, determine the reliability
of these coordinates. Therefore, these parameters,
including Qm(f), are parameters of different quality of
correlation and the corresponding coordinate flat part.

Interpretation of results and
their approbation

An example of the application of the correlation
parametric method for finding leaks in the heating
pipelines comprise of a pair of sensors m = 1 and
m = 2 is presented in Figure 1 and Table 1. Positions
m =1 and m = 2 differ from each other by the offset
in the thermal chamber of one of the sensors along
the axis of the pipeline by 2.4 m. Figure 1 (a) and (c)
shows the obtained output CCF R (T)atm =1 and
m = 2 respectively. In Figure 1 (b) and Figure 1 (d),
the spectra of their parameters are presented in the
normalized form. The actual leakage coordinate,
determined after the pipeline was excavated, was
22.1 m from the fixed sensor. The values of the
coordinate spectrum are calculated from the position
of this sensor L _(f) (see Table 1). Focus-resistant
coordinates deserve the main attention L, and
Lommax With maximum values A and Q  _ at the
respective frequencies f, ~ and f, . As it can
be seen from Figure 1, the coordinates L and

XAmmax

L ommax @re clearly demonstrated in the frequency
range with relatively small fluctuations Lxm(f) at
the frequencies of the coordinate flat parts. In this
example, they correspond to the frequency range
with the main energy of the CCF, which is indicated
by the graph A_(f). Outside this frequency range,
chaotic behavior is observed Lxm(f) at relatively
small values of the signal-to-noise ratio Qm(f). This
is caused by statistical error of estimates. As follows
from Table 1, the smallest error in determining
the coordinate of the leak is accompanied by
the highest quality parameters. It is the position
m = 2 and the coordinate L, = 21.6 m for
memax = 1020 Hz. In addition, the magnitudes of the
differences are indicative Af, =|f,, . —f | and
ALm = |LxAmmax ~ =xammax |*

If the CCF of the leak is dominant, the smaller
values give more accurate results of the leak search.
Hence, Af_and AL _are called discrepancies of power
maximum and signal-to-noise ratio in frequency and
coordinate. The discrepancies could be managed by
shifting sensors to points of access to the pipeline,
e.g., 0.5-3 m. It is observed that the value AL is often
a good estimate of the resulting leakage coordinate
error; therefore, AL is used as a criterion for the
adequacy of measurements. Resulting from a such
coordinated and frequency-spatial adjustment to
the necessary type of waves of hydraulic shock, the
smallest error of definition of coordinates of a leak is
provided, see in Table 1 AL, at m = 2 compared to
thevalueatm=1.
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Figure 1 - Initial CCF of the sensors in position 1 (a), the normalized graph of its parameters (b),
the graph of the original CCF of sensors in position 2 (c), the normalized graph of its parameters (d)
Table 1 - The results of the analysis of the CCF parameters
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Coordinate flat rates are convenient to express
indicator of the sensitivity of CCF assessment to
presence (or absence) of informative correlation. It is of
primary importance for the registration of the defect
at an early stage, when it has been not developed
into a large and clearly registered for CCF damage
(see Figure 2). Figure 2a shows that the interval of the
expressed informative correlationis not observedin the
original CCF.This is due to the fact that the main energy
of the CCF is indicated by the graph Am(f) in Figure 2b,
so far formed by background noise, as evidenced by
the highly oscillating type of the coordinate spectrum
Lxm(f) and low signal-to-barrier spectrum Qm(f).
However, at low frequencies, in the range indicated AfK
in Figure 2b, the damage that has already appeared is
in the form of a coordinate flat part with relatively small
oscillations in the coordinate Lxm(f) and in the form of
an increase in the spectrum Qm(f) signal-to-noise ratio.

This method in parametric and visual form provides
the operator with the necessary information about
the dominant power of the signal source. The number
of simultaneously analyzed parameters of the CCF
frequency ranges is almost unlimited. Coordinated

choice of frequency range and position of sensors on
the pipeline provides reliable selection of the most
informative and powerful waves with a known group
speed, in particular hydraulic shock waves, in terms of
their interference distortions. Parametric structures in
the form of coordinate flat rates and the corresponding
spatial-frequency parameters of the CCF allow to
quickly register damages in the early stages of their
appearance.

Conclusion

The developed parametric method is an efficient
tool to simplify and improve the analysis of CCF that is
confirmed by the practical experience of its application
in urban heating pipelines. Joint use of contactless
acoustic and magnetometric diagnostics can increase
the probability of detecting areas of various types of
defects in the metal of the pipeline, which is crucial to
determining the technical conditions of underground
pipelines inaccessible to contact non-destructive
contact methods [21].
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Figure 2 - The case of lack of visible useful correlation in the original CCF. The graph of the original CCF (a) and the normalized
graph of the spectra of its parameters (b) with the leak in the frequency range Af,
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Taking into account the specifics of NPP process
systems with underground (concealed) pipelines,
such as ESWS, and their importance to NPP safety, the
following aspects need to be considered:

1.The basic correlation method of finding leaks is
based on the registration of acoustic noise emitted
by the leakage from the damaged pipe. The acoustic
noise could be generated in case of sufficiently
high excess pressure in the pipeline. The minimum
pressure level required by typical conventional
correlation leak detectors is 1.5-2 kgf/cm? The
pressure in the ESWS underground pipelines is in the
range of 0.6-5.5 kgf/cm? [22]. Hence, the proposed
method can be used to inspect parts of the NPP
underground pipelines with operating pressure
higher than 2 kgf/cm?. Some exceptions could be
given for areas with a pressure close to 2 kgf/cm?
with a pipe length of about 200 m or more.

2. Regarding diagnostics for sections of NPP
pipelines with a pressure of less than 2 kgf/cm?, as well
as in the above exceptional cases, higher sensitivity
is required compared to the basic correlation
method. As demonstrated in Figure 2, the proposed
parametric method could ensure the needed senility
but additional testing needs to be done for low-
pressure NPP pipelines. The tests should be carried
out considering the actual design characteristics
and conditions of underground low-pressure NPP
pipelines. Sensitivity of the correlation parametric
method in decreasing operating pressure in the
pipeline should be further studied.
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MapameTpuyHUIA aHani3 KopenAauinHnux
$yHKUiN y 3alauax aKyCTYHOTO KOHTPOJIIO
i giarHocTUKM nig3emHnx Tpy6onpoBogis
AEC

Bnagumupcokuin O. A.’,
Bnagumupcokuii l. A.', An6au O. M.2

'THCTUTYT Npo6IeM MOLENIOBaHHA B eHepreTuli
im. I. €. TyxoBa HAH YkpaiHn, m. Knis, YkpaiHa
2BigokpemneHuin nigpo3ain «LleHTp iHHoBauji

B AlePHNX TEXHONOTiAX AnsA 6e3neyHoro
ManbyTHbOro» [lepKaBHoOro NiAnprMeEMCTBa
«[lep>KaBHMI HAYKOBO-TEXHIYHWI LEHTP 3
A0epHOT Ta pagiauiiHoT 6e3neKkn»,

M. CnaByTuy, YKpaiHa

MOHITOpVHI Ta oOuiHKa TexHiYHOro cTaHy nia-
3eMHMX TPYOOMpPOBOAIB TEXHOMOMUHUX CUCTEM,
BaX/IMBUX ANiA 6e3neKu, € aKTyalbHUM 3aBAaHHAM
npouecy ynpasniHHA cTapiHHAM gitounx AEC. [Ona
BMPILLEHHA LbOro 3aBAaHHA MOXYTb 6yTh 3acTOCO-
BaHi meTogu, anpoboBaHi B iHWNX rany3sax NpoMuc-
NOBOCTI, ie B eKCnyaTauii 3HaxoAaTbca 3arnnbnexi
B 3eM/l0 HapTONPOBOAM, ra3onpoBoam, Tpybonpo-
BOAW KOMYHanbHO-MOGYyTOBUX Cnyx6 Towo. CTaTTs
NpUCBAYEHA TEOPETMUYHUM MUTAHHAM MNOAONAHHA
nepeLwKoaa4oi HaAMIPHOCTI, WO MICTUTbCA Y B3a-
EMHUX KOPenALinHnX GYHKLiIAX, aKyCTUUYHOFO MeTo-
Ly JocnigXeHHs nig3emHux Tpybonposogis.

HaBegeHun napameTpryHUn MeTof aHanisy 3a-
CHOBAHWI Ha CYMilLIEHOMY 3a YaCTOTOO BijoOpakeH-
Hi CNeKTpiB NOTYXHOCTI, BifHOWEeHHA cUrHan-nepe-
WwKoda i KoopAuHATU AN1A KOXKHOMO [OMiHYOUOro B
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OKpeMil CMy3i 4acTOT CnnecKy B3aEMHOI Kopenauin-
Hoi ¢yHKLUii. HaOuHiCTb i YacTOTHa NOBHOTa yABMEH-
HS Nulie HeoOXioHWX BNACTMBOCTEN KopenAauilHoi
dyHKUiT nonerwye ix NPoCTOpPoOBWIA aHani3. Takumn
aHari3 yacTo € HEOOXiAHUM Yepes BUCOKY Yy TIMBICTb
KopenauinHux ¢yHKUin fo Bubopy Mmiclb peecTpa-
uii curHanis. MNoka3aHo edeKTMBHICTb MeTomy nif
Yyac nouwyky BUTOKIB Yy Nif3eMHMX TpybonpoBogax B
ymMoBax iHTeppepeHUiliHNX CNOTBOPEHb Ta Manoro
BifHOLWEHHA cuMrHan-nepewkoga. CnekTp BiAHOCKH
CMTHan-nepellkoaa BuUpiye 3aBaaHHA GyHKUIT KO-
repeHTHOCTI, NPOTe 3 ypaxyBaHHAM KOpPeSibOBaHMUX
nepewKo Ta y 3pyyHin npus'a3li A0 KooOpAUHATU.
lNoKazaHO KOPUCHUI MPaKTUYHUI NPOAB Ta 3acTo-
CyBaHHA NapamMeTPUUHOI CTPYKTYpWU y BUMAAAQI Nno-
CKUX YaCTWH Y CMEeKTPi KOOPANHATU-KOOPANHATHUX
NONNYOK Ta MapameTpiB HeY3rod»KeHOCTi CnekTpis
NOTYXHOCTI Ta BiJHOLWEHHA CMrHan-nepewkoga nig
4ac NOLWYKY BUTOKIB.

MeTon nponwos anpobauito nig yac iHTeHCKB-
HOro NOLLUYKY BUTOKIB Yy MiCbKMX TEMNOBUX MepexKax
i MOXe OYyTU KOPUCHWUM AJiA BUSBJIEHHA BWTOKIB Ha
paHHix cTagifax X noABu B MiA3emMHUX TPybonpoBo-
JaX CUCTEeM TEXHIYHOT BOAW BiAMOBigaNbHUX CNOXKN-
Bauis AEC.

KniouoBi cnoBa: iHTepdepeHLUis, KoopanHaTa,
Kopenauis, napameTpuYHui, TeyelwyKaHHA,
Tpy6onposia.
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[NEPXABHE MIANPUEMCTBO
[AEPYKABHUM HAYKOBO-TEXHIYHUIA
LIEHTP 3 SEPHOI TA PAZIIALIAHOT
BE3MEKM
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