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In general, containment leakage testing of nuclear power plants with VVER reactors by elevated pressures
using the compensatory leakage detection method (CLDM) can be performed at pressures and pressure increase
rates higher than those stipulated by the regulations using the absolute pressure method (AP method). Elevated
pressures and pressure increase rates under certain conditions can violate safety limits of the containment
systems and/or decrease the reliability/life of containment structures and equipment. These factors determine
the need to qualify the CLDM to promote conditions for reliability and safety. A non-stationary thermodynamic
model of the qualification conditions for CLDM testing of the containment was developed. The criteria for CLDM
qualification conditions are the maximum allowable pressure and pressure increase rate during testing. The
CLDM condition for recording leakage in the containment is pressure stabilization in the containment systems.
Based on the developed CLDM thermodynamic model, it was established that the containment leakage rate is
determined by the flow rate of air entering the containment systems and by the thermodynamic state of the air
inside and outside the containment systems. The established qualification conditions were used to determine
conditions for the minimum recorded leakage sizes within CLDM and the maximum allowable ambient air flow
rates and test duration. A prerequisite for justifying the qualification and implementation of the CLDM is to
revise/amend regulatory and technical requirements for the maximum allowable pressure and pressure change
rate in the containment systems and for the conditions for disconnecting containment systems passive heat
removal systems (if any) during testing.
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Introduction insufficient validity of HPT methods for leakage

recording.

Currently, the regulatory and operational
The urgency of improving the regulations for documentation [1], [2] establishes annual Cl HPT. It
high-pressure testing (HPT) of containment integrity should be noted that the terms of the Cl HPT meet
(CI) at nuclear power plants (NPPs) with VVER reactors the conditions of a "small" accident. Under these
is determined by the following main reasons: conditions, structures of the NPP containment
insufficient justification of the HPT frequency and systems (CS) are under increased dynamic loads
duration; that can significantly affect the reliability/life of CS
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components. In addition, containment CI HPT is
always on the critical path of scheduled outages of
VVER units, and the duration of containment leakage
tests reaches up to two days [3], [4].

For example, according to the feasibility study of
the Energoatom Company’s "Program for Increasing
the Installed Capacity Factory" [3], a 10-day reduction
in the duration of scheduled outages in the entire
industry is equivalent to commissioning a new
VVER-1000 unit.

At the same time, according to the experience of
the United States, France, Japan, the Czech Republic,
Finland and other countries, the frequency of outages
is determined as every 3-10 years [3]. The justification
for this outage frequency is usually based on the
experience in operation and testing, as well as on the
results of safety analysis using risk-based methods.

Canada, France and other countries have also
developed approaches for continuous monitoring
(without CI HPT in scheduled maintenance) over the
containment condition [3].

Inthe operational programs of CI HPT for NPPs with
VVER-1000, leakage rates are determined indirectly
by changes in thermodynamic parameters [2].

Scheduled CI HPT outages are performed at
relatively low pressures (no more than 0.1 MPa), and
the coolant leakage rate is determined using the
equation of thermodynamic state justified only by
ideal gas conditions.

As a result, these provisions of the regulatory
method for Cl HPT lead to a relatively longer duration
and insufficient correctness of the calculated
estimates of the containment leakage flow rate.

Thus, the issues of improving the regulations for
the CI HPT at NPPs with VVERs are relevant both for
ensuring the reliability and safety and improving
operational efficiency.

Analysis of literature sources

Paper [3] presents a risk-based method for
predicting the need for CIHPT based on the experience
of previous tests, individual for each power unit, and
assessing the probability of violating the regulatory
conditions for the acceptability of containment
leakage for the tests to be performed.

However, the general shortcomings of
probabilistic methods due to the uncertainty of the
calculated estimates [5] and the use of leakage cost
data obtained by the regulatory indirect method
[2] determine the need for further improvement of
the methods for justifying the frequency of Cl HPT
outages.

Paper [4] presents an analysis of the experience in
conducting HPT within NPP VVER-1000 containment
leakage inspection, based on which the authors
consider the following:
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insufficient validity of the duration of the HPT
involving the regulated indirect absolute pressure
method (AP method) [2];

insufficient validity of the AP method itself, based
on the equation of the thermodynamic state of the
ideal Mendeleev-Clapeyron gas.

Therefore, [4], [6] proposed an alternative
compensatory leakage determination method
(CLDM) based on the establishment of leakage
parameters by the balance of the controlled incoming
air flow and the air leaking from the CS.

Key assumptions and assumptions of CLDM

1. The fact of establishing the balance between
the controlled (measured) incoming flow and the
flow out of the CS is recorded when the pressure in
the CSis stabilized during the test and there is no flow
in the control vessel systems.

2. To reduce the test duration and ensure
isothermal exchange processes in the CS, a relatively
accelerated ("fast") air intake from the CS environment
is provided.

3. To verify the results of the CLDM, the results of
the regulatory AP method are taken into account.

The following comments are necessary regarding
the main assumptions of CLDM.

1. In the absence of coolant leaks (or rather
insignificant leaks), pressure stabilization in the CS
under certain conditions of the CLDM test may lead to
violations of the maximum allowable pressure limit in
the VVER-1000 CS (0.5 MPa) established by regulatory
and operational documentation.

2. The CLDM assumption that the flow rate (G,)
from the environment and the leakagerate (G,) when
the pressure in the CS is stabilized is not sufficiently
justified, since the leakage rate also depends on the
thermodynamic state and compression of the air in
the CS and the leakage capacity. Therefore, in general,
the values of (G,) and (G,) can differ significantly
when pressure is stabilized in the CS.

3. The accelerated (intensive) filling of the CS with
external airandthe correspondingincreasein pressure
during leakage tests also has limitations in terms of
reliability and safety. The intensive pressure increase
in the CS actually corresponds to the conditions of the
initiating event with increased dynamic loads on the
CS structures (containment, reinforcement, etc.) and
can significantly affect the reliability and final service
life of these structures under certain conditions.

4. The verification of the CLDM test results with
the test results of the regulatory AP method is also
insufficiently justified, since the test conditions of
these methods (maximum pressure, pressure change
rate, etc.) may differ significantly.

During the modernization of containment
systems at NPPs with VVERs, stable pressure and

S

LIEHTP 3 YAEPHOI TA PALIALIMHOI

° [NEPXABHE MIANPUEMCTBO
[AEPYKABHUM HAYKOBO-TEXHIYHUIA
s BE3MEKN



Qualification of Compensatory Test Methods Involving Pressure Increase in the VVER Containment System

temperature of the air-steam environment in the CS
are maintained by a passive heat removal system
(PHRS). The PHRS ensures stable constant pressure
in the CS in normal operation, emergencies and
CLDM testing, regardless of the presence and/or size
of a coolant leak.

The PHRS is classified as a confining safety system
and disconnection of the PHRS during testing requires
additional justification to ensure safe conditions.

Goal and objectives of the work

The goal of the work is to justify the criteria and
conditions for CLDM qualification in accordance with
the requirements for ensuring the effectiveness of
testing and reliability and safety of CS.

To achieve the goal of the work, the following
tasks are necessary.

1. Develop a thermodynamic model for CLDM
qualification.

2. Analyze the qualification conditions for CLDM
based on the thermodynamic model.

Thermodynamic model of CLDM qualification

Main provisions and assumptions.

1. Criteria (parameters) for the CLDM qualification:
maximum allowable pressure of containment
leakage testing P, ;
maximum allowable rate of increase in pressure
of containment leakage tests P, .

2. Qualification conditions of the CLDM

P<P (M

c!

ap

p <P, ()
where P is the pressure in the containment vessel;

tis the time.

Qualification criteria P_ and P, must meet the
regulatory requirements for confining safety systems
[71.

3. The volume of airin the CS (V,) is modeled by
the average thermodynamic parameters (pressure,
temperature). The average air temperature in the CS
(T,) during the tests [4] is assumed to be constant.

The equation of the mass and heat balance of the
volume V. in the unsteady-state mode of air supply
from the environment [5] is as follows:

dp
V4 —O:G -G ’
o dt a<t> O(t) (3)
VO%:GH (t)lﬂ _GO (t)lo <t)l (4)
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where p, is the air density in the CS; G, (t) is the
mass flow rate of the air supply from the environment
controlled by the flow meter; G, (t)is the mass flow
rate in the coolant leakage; io and i, are the specific
enthalpy of air in the environment and in the CS.

Mass flow rate in the containment leakage [8]:

G,(t)=1F\Jp. (t)[(R.()-P))] (5)

where u is the leakage capacity parameter (flow
coefficient) [8]; F, is the equivalent cross-sectional
area; P ,P, are the air pressure in the CS and the
environment.

Initial conditions:

P,(t=0)=P,;i, (t=0)=i,(P,.T,). (6)
After transforming the mass and heat balance
equations (3) and (4), we obtain:

dp, G,-i,—G,"i

a a o o )

dt V,[p,-di,/dP,+i,-dp,/dP,]

The condition for compensation of incoming
and outgoing air at the end of the overpressure test

(t;) 4
dP
°(t=t.)=0. 8
=t ®

Then the leakage rate follows from (7) and (8):

G, (t;)=G,(t,)-i, /i, 9)

Thus, in general, the actual flow rate can differ
significantly from the controlled flow rate coming
from the environment.

Taking into account the qualification condition (1)
and the equation of air movement in the leakage (5),
the permissible area of the determinable leakage size
of the CLDM is given by:

maxG, -i,
Fo>- .
Io'p’.\/po'(er_PzJ

A priori, HPT CLDM does not know about the
presence of a air leakage in the CS. Therefore, the
qualification conditions (1) and (2) should be analyzed
for the maximum allowable flow rate of incoming air
(maxG,) and the minimum flow rate in the leakage
(G, ~0).

In these boundary conditions, equations (3) and
(4) after transformations become:

(10)

dP,
V,-a,>-—2==maxG,, (1)
dt
dP maxG, i,

o _ , (12)
dt V. |p,-di, /dP, +i,-a,>
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where a, =./dP, /dp,) is the speed of sound in
the air of the CS.

Then the qualification conditions (1) and (2) with
maxG,, taking into account (11) and (12), become:

t, <a,’-V,-(P, —P,)-maxG,", (13)

o [ cr [

a cr

maxG, <V,-[p,-di, / dP, +i,-a,|-i;"-P,. (14)

The qualification conditions (13) and (14) of
maxG, determine the maximum allowable flow rate
of air entering the CS and the duration of the HPT
in the established regulatory requirements for the
maximum allowable pressure and pressure change
rate.

Analysis of the results obtained

Analysis of the results from CLDM qualification
(10), (11), (13), and (14) for the containment leakage
tests allows the following comments:

1. When pressure in the CS is stabilized and the
compensation condition (8) is met, the leakage flow
rate is determined by the current flow rate of the
incoming air and the thermodynamic state of the air
outside and inside the CS (9); in general, the values
of G, and G, can differ significantly.

Taking into account the heat and mass exchange
processes between the air coming from the
environment and the air in the CS, the differences
between G, and G, decrease, and in the limiting
case, when i, =i, it follows that G, =G,.

2. The minimum size of the containment leakage
(10) that can be registered by CLDM is determined
by the incoming air flow rate, the thermodynamic
state of the air outside/inside the CS, as well as
the maximum allowable pressure in the CS during
testing and the leakage capacity.

3. Qualification conditions for CLDM by the
maximum permissible test duration (13) and air
flow rate in the CS (14) depend on the qualification
criteria (P, and P,), air volume in the CS (V,), and
thermodynamic state of air in the CS.

4. Qualification and practical implementation
of the CLDM into operation determines the need to
revise/supplement the regulatory requirements for
the leakage test programs for CS by:

maximum allowable pressure in the CS during
testing;

maximum permissible rate of pressure
increase in the CS during testing;

conditions for disconnecting the PHRS (if any)
during testing.
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Conclusions

1. A non-stationary thermodynamic model of
the qualification conditions for CS CLDM testing was
developed. Criteria for the qualification conditions of
CLDM are the maximum allowable pressure and the
pressure increase rate during testing. The condition
for recording the CLDM flow rate in the CS leakage is
the stabilization of pressure in the CS.

2. Based on the developed thermodynamic
model of CLDM, it was established that the leakage
flow rate is determined by the flow rate of air entering
the CS controlled by the flow meter, as well as the
thermodynamic state of air inside and outside the CS.

3. Based on the established qualification
conditions, conditions for the minimum recorded
leakage rates of the CLDM and the maximum
allowed ambient air flow rates and test duration were
determined.

4. A necessary condition for justifying the
qualification and implementation of the CLDM is the
revision/supplementation of regulatory and technical
requirements for the maximum allowable pressure
and pressure change rate in the CS during testing, as
well as conditions for disconnection during testing of
passive heat removal systems from the CS (if any).
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MutaHHA KBanidikayii komneHcauwinHNX
meTogAiB BUNpo6yBaHb NigBULLEHHAM TUCKY
B CUUCTEMi FrepMeTUYHOrO OropoAKeHHA
BBEP

Komapos 10. 0.", Lopox O. A.!, ®inartos B. 1.2

'HaBuanbHO-HayKOBWI IHCTUTYT EHEPreTUKK
HauioHanbHoro yHiBepcuteTy «Opecbka
nonitexHika», M. Ogeca, YkpaiHa
*HaBuanbHO-HayKOBWI IHCTUTYT aTOMHOI

i TennoBoi eHepreTukn HauioHanbHOro
TEXHIYHOrO yHiBepcuTeTy YKpaiHn «KniBCbKun
NONITEXHIYHNI IHCTUTYT iMeHi Iropsa
CikopcbKkoro», M. Kui, YkpaiHa

BunpobyBaHHs Ha repMeTUYHICTb 3axMCHOI 060-
JIOHKU AIePHUX EHEProyCTaHOBOK 3 BOAO-BOAAHVMU
E€HEePreTMYHMMUN PEeaKTOpPamMy  MiABULLEHHAM  TWC-
Ky KOMMEHCaLiiHUM METOAOM BW3HAUEHHS BUTOKY
(KMBB) 3arafiom moxke 34ilCHIOBATMCA NPY TUCKAX Ta
LWBMAKOCTI 36iNblueHHA TUCKY Ginblue, HiX nepenba-
UEHO PernamMmeHTOM METOLOM «abCOMIOTHOrO TUCKY»
(AP-meTtop). MigBuLeHi TUCKX Ta LWBUAKICTb 36inb-
LWIEHHA TUCKY 3a MEBHUX YMOB MOXYTb MOPYLUMTY
MeXi 6e3MneKkn CMCTEMM repMETUYHOTO OTOPOLKEHHS
(CTrO) Ta/abo npusBecTy 0o YMOB aBapiliHOT cuTyaLii,
Ta/abo OO 3MEHLUEHHs HafifHOCTI/ pecypcy KOH-
CTPYKUiN Ta obnagHaHHa CrO. Ui dakTopyn BM3Hava-
I0Tb HeobXxigHicTb KBanidikauii KMBB 3abe3neueHHs
YMOB HafinHOCTI Ta 6e3neku. Po3pobneHa HecTauio-
HapHa TepMoaMHaMiuHa Mogfenb yMOB Kaanidikauii
BunpobysaHb KMBB repmeTnyHOCTi 3axucHoi o6o-
noHku. Kputepii ymos kBanidikauii KMBB - rpaHuyHo
JOMNYCTUMUIA TUCK Ta LIBUAKICTb 30iNbLUEHHA TUCKY
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nig yac BunpobysaHb. YMoBa peectpauii KMBB Bu-
TpaT y BWUTOKY 3axMCHOI OOONIOHKM — cTabinisauin
Tucky B CIO. Ha ocHOBI po3po6nieHoi TepmogrHamiy-
Hoi mogeni KMBB BcTaHOBNEHO, WO BUTPaTa Yy BUTOKY
3aXMCHOT 0OOTOHKM BU3HAYAETLCA KOHTPOJTbOBAHOM
BUTPATOMIPOM BUTPATOK MOBITPA, AKe HagXxoaAuTb B
Cro, a TakoX TepMOANHAMIYHUM CTaHOM MOBITPSA BCe-
peavHi i 30BHI CIO. Ha ocHOBi BCTaHOBNEHNX YMOB
KBanidikalii BU3HAYEHi YMOBU 151 MiHIMANbHO pee-
CTpOBaHuX po3Mipis BUTOKY KMBB, a TakoX rpaHunu-
HO AOMYCTUMWX BWUTPAT MOBITPA 3 HABKOJULLIHbOrO
cepefoByLLa Ta TPMBANOCTI BUNpobyBaHb. HeobxigHa
YMOBa OOI'pYHTYBaHHA KBanidikauii Ta MpakTUYHOro
BnpoBagkeHHsA KMBB - nepernaa/nonoBHeHHA Hop-
MaTUBHO-TEXHIYHUX BUMOT O rPaHNyHO JONYCTUMUX
nig yac BUNpPoOyBaHb TUCKY Ta WBULKOCTI 3MiHW THC-
Ky B CIO, a TakoX YMOBU MOXNMBOCTI BiK/TIOUEHHA
nig Yac BUNpobyBaHb CCTEM MAaCUBHOTO BiiBEAEHHS
Tenna Big CIO (y pasi ix HaABHOCTI).

KntouoBi cnoBa: BunpobyBaHHs, KBanidikauis, cu-
CTeMa repMeTVUYHOrO OrOPOMAMKEHHS.
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