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QUALIFICATION OF THE PRESSURE COMPENSATOR 

SYSTEM FOR THE MANAGEMENT OF ACCIDENTS WITH 

COMPLETE LOSS OF LONG POWER SUPPLY  

FROM VVER POWER PLANT 

В.І. Скалозубов, В.М. Спінов, Д.С. Пірковський, Т.В. Габлая, Р.М. Рафальський. Кваліфікація системи компенсатора тиску 
для управління аваріями з повною втратою тривалого електропостачання енергоустановок з ВВЕР. Для розробки 
ефективних стратегій управління аваріями з повною втратою тривалого електропостачання на ядерних енергоустановках необхідна 
кваліфікація діючих і перспективних пасивних систем безпеки, які не потребують електропостачання. Одним з підходів вирішення 
цієї проблеми є кваліфікація системи компенсатора тиску на умови аварій з повною втратою тривалого електропостачання. 
Представлений оригінальний метод кваліфікації системи компенсатора тиску на умови аварій з повною тривалою втратою 
електропостачання з урахуванням суттєвої динаміки теплогідравлічних процесів в реакторі. В результаті розрахункового 
моделювання за розробленим методом кваліфікації системи компенсатора тиску для умов аварії з повною тривалою втратою 
електропостачання встановлено, що ефективна дія системи компенсатора тиску з підтримки необхідного рівня теплоносія в 
реакторі здійснюється до 900 сек з початку аварійного процесу. На 2000 секунді з моменту початку аварійного процесу тиск в 
компенсаторі тиску збільшується до максимально припустимих значень і відбувається автоматичне відкриття запобіжних клапанів 
імпульсно-запобіжного пристрою компенсатора тиску. В рамках розробленого методу визначені критерії, умови та наслідки 
виникнення гідродинамічних ударів внаслідок переповнення теплоносієм компенсатора тиску, трансзвукових режимів течії 
двофазного потоку в проточній частині запобіжних клапанів компенсатора тиску і неприпустимо прискореного закриття 
запобіжних клапанів при зниженні тиску в паровому обсязі компенсатора тиску менше максимально допустимих значень. Отримані 
критерії, умови та наслідки гідродинамічних ударів в системі компенсатора тиску добре узгоджуються з відомими 
експериментальними даними. В результаті проведеного розрахункового аналізу встановлено, що в процесі аварії з повною втратою 
тривалого електропостачання можливе виникнення гідродинамічних ударів внаслідок переповнення теплоносієм обсягу 
компенсатора тиску при відкритті запобіжних клапанів і трансзвукових режимів течії двофазного потоку в проточній частині 
відкритих запобіжних клапанів. Ефективним заходом запобігання гідродинамічних ударів у системі компенсатора тиску є 
збільшення гідродинамічного опору у верхній частині компенсатора тиску шляхом установки дистанційних решіток.Необхідна 
кваліфікація альтернативних пасивних систем безпеки, що забезпечують ефективне управління аваріями з повною втратою 
тривалого електропостачання з 900 секунди початку аварійного процесу. 

Ключові слова: кваліфікація, компенсатор тиску, аварії з повною втратою тривалого електропостачання ядерних енергоустановок 

V. Skalozubov, V. Spinov, D. Pirkovskiy, T. Gablaya, R. Rafalskyi. Qualification of the pressure compensator system for the 
management of accidents with complete loss of long power supply from VVER power plant. Developing effective accident management 
strategies with complete loss of long-term power supply at nuclear power plants requires the qualification of existing and promising passive 
safety systems that do not require power supply. One of the approaches to solving this problem is to qualify the system of pressure 
compensator for accidents with complete loss of long-term power supply. The original method of qualification of the system of pressure 
compensator for the conditions of accidents with complete loss of long-term power supply is presented, taking into account the significant 
dynamics of thermo-hydraulic processes in the reactor. As a result of the computational modeling of the developed method of qualification of 
the pressure compensator system for the conditions of failure with complete loss of long power supply, it is established that the effective 
action of the pressure compensator system to maintain the required level of coolant in the reactor is carried out up to 900 s from the 
beginning of the emergency process. At 2000 seconds from the start of the emergency process, the pressure in the pressure compensator 
increases to the maximum permissible values and there is an automatic opening of the safety valves of the pulse-relief device of the pressure 
compensator. Within the developed method defines the criteria, conditions and consequences of occurrence of water hammers due to 
overflow of the pressure compensator coolant, transonic modes of flow of two-phase flow in the flowing part of the pressure compensator 
relief valves and unacceptably accelerated closure of the safety valves at the maximum steam. The obtained criteria, conditions and 
consequences of water hammers in the pressure compensator system are in good agreement with the known experimental data. As a result of 
the calculated analysis it is established that in the process of an accident with a complete loss of long-term power supply, water hammers 
may occur due to the overflow of the volume of the pressure compensator when opening the safety valves and the transonic modes of flow of 
the two-phase flow in the flow part of the valve. An effective measure to prevent water hammers in the pressure compensator system is to 
increase the hydrodynamic resistance at the top of the pressure compensator by installing remote grilles. Qualified alternative passive safety 
systems that provide effective accident management with complete loss of long-term power supply with 900 seconds of start of the 
emergency process. 

Keywords: qualification, pressure compensator, accidents with complete loss of long-term power supply of nuclear power plants 
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Introduction  
According to IAEA terminology, qualification refers to a design, experimental, or design and ex-

perimental justification of the reliability and performance of systems/equipment in the operational, 
transient and emergency modes of nuclear power plants (NPPs). 

The consequences of the accident with a complete long-term loss of power supply (LLPS) caused 
by the flooding of the tsunami at the Fukushima-Daiichi NPP site in 2011 were the following: nuclear 
fuel damage, destructive combined-cycle explosions and catastrophic radioactive pollution of the envi-
ronment [1]. One of the most important lessons and conclusions of the Fukushima accident is the lack 
of effective strategies of management of accidents with complete loss of long power supply at NPP. 
This conclusion was confirmed by double inspections of the USA Nuclear Regulatory Authority 
(NRC) at all USA nuclear power plants. 

The development of effective strategies of accident management with a complete long-term loss 
of power supply determines the need for qualification of both new passive safety systems (which do 
not require power supply) and existing passive safety systems in the conditions of LLPS. 

One of these pressing issues is the qualification of a pressurizer system for accident conditions of 
accident with LLPS in a nuclear power plant. This article is devoted to this article. 

Analysis of literature data  
Design and beyond design basis accidents with deenergizing of nuclear power plants were con-

sidered in the reports of the operating organization for safety analysis of nuclear power plants with 
VVER reactors (VVER) [2, 3, 4]. The main goal of these developments is to determine the acceptable 
time for restoration of power supply and/or alternative means of accident management (mobile diesel 
generators, filling the reactor with fire engines and others. However, the analysis of the Fukushima 
accident determines the insufficient possibility and effectiveness of such measures to prevent damage 
to nuclear fuel and destructive combined-cycle explosions. In addition, the methodological support of 
the calculation justifications does not take into account the possibility of the occurrence and conse-
quences of various types of thermohydrodynamic instability in the equipment/systems of nuclear pow-
er plants. One of the dominant consequences of vibrational and aperiodic thermohydrodynamic insta-
bility is water hammers (WH), which can significantly affect the reliability, performance and equip-
ment life of systems that are important for the safety of nuclear power plants. WH are accompanied by 
a pulsed high-amplitude increase in pressure and a sharp inhibition of the coolant flow [5, 6]. 

The use of the well-known Zhukovsky formula for calculating the maximum pressure amplitude 
during water hammer, depending on the density and speed of sound in water, as well as the difference 
in flow rates before and after the WH in the pressurizer system, is unreasonable for the following main 
reasons: 

– the formula does not determine the reasons and conditions for the formation of the WH in the 
pressurizer system; 

– the formula is justified for stationary conditions of thermohydrodynamic parameters. 
For the pressurizer system of a nuclear power plant with VVER, the conditions of the WH on the 

pressurizer case and on the shut-off elements of the safety valves of the pulse-safety device (SV PSD) 
of pressurizer are priority. In [5], the boundaries of the regions of conditions for the occurrence of 
WHs on the PS case were determined in the format of defining criteria K1, K2, K3, K4: 
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where ρl – coolant density;  
 iv, il – specific (per unit mass) enthalpies of steam and coolant, respectively;  
 vH – the rate of rise of the level of coolant in the pressurizer when opening the SV PSD of pres-
surizer;  
 H0, HK – the initial level of coolant in the pressurizer and the total height of the pressurizer, re-
spectively;  
 ξK – total coefficient of hydraulic resistance of pressurizer;  
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 ΠK – coolant flow area in pressurizer;  
 G0 – nominal coolant flow in the reactor loop;  
 0 0,vKP P  – accordingly, the initial vapor pressure in the pressurizer and the pressure in the pressur-
ized tank / bubbler tank of the nuclear power plant, respectively.  

In [6], the boundaries of the region of WH in the through section of open SV PSD of pressurizer VS-99 
from Sempell were determined in the format of defining criteria: 
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K K ,  

where LiK – SV confuser length;  
 gradz(ΠiK) – the average gradient of the change in the area of the bore along the longitudinal co-
ordinate z in the confuser part of the SV. 

However, the boundaries of the WH regions defined in [5, 6] in the pressurizer system do not 
take into account the dynamics of thermohydrodynamic processes directly in the reactor during acci-
dents with LLPS, which determines the relevance of the work presented. 

The main objective of the study is to qualify the reliability and efficiency of the NPP pressure 
compensator system in the event of an accident with a LLPS. 

To achieve this goal, the following tasks must be solved: 
– To develop a method for qualifying pressurizer in an accident with a LLPS taking into account 

the dynamics of thermohydrodynamic processes in a reactor. 
– Determination of the conditions for the occurrence of WH in the pressurizer system, taking into ac-

count the dynamics of thermohydrodynamic processes in the reactor in the event of an accident with LLPS. 
– Determining the time of the effective operation of the pressurizer system for accident manage-

ment with LLPS. 
The main provisions of the qualification method of the pressure compensator system for ac-

cident management with LLPS 
Key points/assumptions of the method: 
1. Timeline of accident sequences with LLPS: 
– emergency shutdown of the reactor; 
– a complete failure of active safety systems (ASS) using electric pumps to ensure the safety 

functions for removing residual heat (SF RH) with power N(t) and maintaining the required level of 
feed water in the steam generator (SF SG); 

– accident management passive safety systems (PSS) that do not require long-term power supply 
– the lack of the possibility of restoring the power supply of own needs and the use of effective al-

ternative means of ensuring the SF RH and SF SG within 72 hours from the beginning of the accident. 
2. The failure of the ASS leads to a decrease in the flow of coolant through the reactor, the be-

ginning of vaporization in the active zone, an increase in vapor pressure in the reactor. 
3. The influence of “run-out” of the stopped main circulation pump (MCP) and natural circula-

tion in the 1st circuit on the feasibility of SF RH and SF SG are not conservatively taken into account. 
4. When the maximum permissible pressure values (Pmax) are reached in the steam volume of the 

pressurizer, the safety valves of the pulse-safety device (SV PSD) automatically open and close when 
the pressure drops below Pmax. 

For one channel of the PSD of pressurizer, Pmax=18.5...19.2 MPa, and for the other two channels 
Pmax=19.0...19.6 MPa. Accordingly, at the closure of the SV – 17.0 MPa and 17.4 MPa. 

5. When opening/closing the SV PSD of pressurizer, three types of water hammer (WH) may oc-
cur, which are critical for the reliability of accident control with LLPS [5, 6]: 

–  WH on the pressurizer case due to overflow of the full volume of the pressurizer with the cool-
ant (WH type WH1); 

– WH when closing the SV PSD of pressurizer, caused by condensation pressure pulses during 
transonic flow regimes of two-phase flows in the SV flow path (WH type WH2); 

– WH when closing the SV, caused by an unacceptable speed of closing the SV (WH type WH3). 
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The design scheme of qualification of the pressurizer 
system for accident conditions with LLPS is shown in Fig. 1. 
The structural and technical data of the reactor and pressurizer 
required for the design justification of the qualification are 
given in Tables 1, 2. The structural and technical data of the 
SVPSD of pressurizer are given in [7]. 

Таble 2 

The main structural and technical data of the VVER 1000 pressure compensator 

№ Structural and technical parameters  Value 
1 Stationary mode nominal pressure  15.7+0.3 МPa 
2 Nominal coolant temperature of stationary mode 346 ± 2 °С 
3 Working environment steam, 1st circuit water 
4 Capacity (full volume) 79 m3 
5 Water volume at nominal mode 55 m3 
6 Pressure Compensator Height 12.940 m 
7 Inner diameter 3.000 m 
8 Minimum flow rate at the inlet to the 1st circuit 1.0 
9 Coolant flow rate in the 1st circuit in nominal mode on the pressure compen-

sator loop  
(20…27)⋅103 m3/h 

5.55…7.5⋅m3/s 
10 Diameter of the bore of the connecting pipeline with the 1st circuit  0.35 

 
Mass balance equations for volumes of steam and coolant in pressurizer: 

 vK

vK

d(ρ ) d dρ d d 
d d d d d
v vK vK v

v vK l K iK
V V P HV G
t t P t t

= ρ + = −ρ Π − .  (1) 

  d
d

l K iK
H G
t

ρ Π = − .  (2) 

Table 1 

The main structural and technical data  
of the nuclear reactor VVER 1000 

№ Structural and technical parameters Value 
1 Reactor height 10.897 m 
2 Inner diameter 3.680 m 
3 Working pressure 15.7 MPa 
4 Design pressure 17.7 MPa 
5 The temperature of the coolant at the reac-

tor inlet 289.7 °С 

6 The temperature of the coolant at the outlet 
in nominal mode  320 °С 

7 Nominal thermal power 3000 МW 
8 Maximum permissible thermal power 3200 МW 
9 Hydraulic resistance (without inlet and 

outlet nozzles) 
0.37+0.06 

МPa 
10 The coolant level in the reactor at nominal 

mode  8.747 м 

11 Maximum coefficient of hydraulic re-
sistance at the inlet / outlet pipes of the 
coolant 

1.1 

12 Total minimum flow rate from pressure 
compensator to reactor 0.1 
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Fig. 1. Calculation scheme of 

qualification of the pressure compensator 
system: 1 – reactor (R); 2 – pressurizer;  
3 – reactor main coolant pump (MCP);  

4 – vapor volume in the reactor;  
5 – the volume of coolant in the reactor;  
6 – steam volume in pressurizer; 7 – the 

amount of coolant in the pressurizer;  
8 – safety valves of the pulse-safety device 

of pressure compensator (SV PSD of 
pressurizer); 9 – connecting line of the 

pressure compensator with the 1st circuit; 
10 – tank bubbler 
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Start conditions: 
 0 00( 0) ;  ( 0) ( )vK vK vKV t V H t H V= = = = ,  (3) 
 0 0( 0) ( )vK vR lP t P g H L= = −ρ + .  (4) 

Mass flow from pressure compensator to the 1st circuit: 
 2 [ ( )]iK K T l vK vR lG P P g H L= µ Π ρ − + ρ + ,  (5) 
where ρv, ρl – the density of steam and coolant, respectively;  
 VvK – pressure compensator steam volume;  
 t – time;  
 РvK, PvR – the pressure in the vapor volume of the pressure compensator and the reactor, accord-
ingly;  
 H, L – the height of the coolant level in the pressure compensator and the connecting pipe (Fig. 1);  
 respectively ΠK, ΠT – accordingly, the flow area of the pressurizer and the connecting pipeline;  
 g – gravity acceleration ;  
 µK–total minimum flow coefficient from the pressure compensator to the 1st circuit (see Table 2);  
 GiK – flow through the system SV PSD of pressurizer: 

 0 max2 ( ), for opened SV PSD of pressurizer ( )
0, for closed SV PSD of pressurizer                                                 
iK iK vK vK

K
P P P PG

µ Π ρ − ≥= 


,  (6) 

where µiK – flow rate through SV PSD of pressurizer (РvK<Pmax);  
 ΠiK – minimum flow area SV PSD of pressurizer;  
 ρ – density of the medium ;  
 Р0 – containment pressure;  
 Pmax– the maximum pressure in the vapor volume of pressurizer. 

Necessary conditions for the occurrence of water hammer on the body of the pressure compensa-
tor and SV PSD of pressurizer [5, 6]: 
 for WH1 – H=HK; (7) 

 for WH2 – Mach criterion 0

0

( ) 1
( )

iK

TF iK

v
a

Π
Μ = ≥

Π
; (8) 

 for WH3 – closing speed of SV PSD of pressurizer 0 0
2

0
02

0

2( )2
d

iKvKiK iK

iK

P Pd
t t G

− ρΠ Π Π
≥ − ξ 

 
, (9) 

where НK – hight of pressurizer;  
 v(Πik0) – two-phase flow rate with fully open SV PSD of pressurizer with a minimum flow area Πik0;  
 aTF – speed of sound in a two-phase flow;  
 ξ0 – coefficient of hydraulic resistance when SV PSD of pressurizer fully open;  
 t0 –pressurizer design opening / closing time. 

The condition for the effective influence of the pressure compensator on SF RH: 
 / 0  for   KdH dt t t≤ ≤ .  (10) 

Mass balance and thermal energy equations for volumes of steam and coolant in a reactor: 

 (ρ ) ρ v vR vR v vR
v vR iv

vR

d V dV d dPV G
dt dt dP dt

= ρ + = ,  (11) 

 ( )l R K iv gP
dh G G G t
dt

ρ Π = − + ,  (12) 

 ( ) ( ) ( )iv v vR l R v l
dhG i P i i N t
dt

+ ρ Π − = .  (13) 

Under the initial conditions: 
 0 0 00 0( 0) ; ( 0) ;  ( 0) ; ( 0) ; ( 0)vR vR vR vR v v l lV t = = V  P t = = P  h t = = h  i t = = i  i t = = i , (14) 
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 0 (1 / )gP BG G t t= − ,  (15) 
where VvR, PvR – steam volume and pressure in the reactor;  
 Giv– vaporization flow rate in the reactor core;  
 ΠR, h – flow area and coolant level in the reactor core, respectively;  
 iv, il – specific (per unit mass) enthalpy of steam and coolant, respectively;  
 N(t) – residual heat power;  
 GgP(t) – run-out flow of the stopped main coolant pump;  
 tВ – full run-down time of the main recirculation pump. 

The maximum water hammer amplitude (∆Pgm) on the pressure compensator body at Н=НK can be 
determined from the energy conservation equation when the kinetic energy of braking of the coolant lev-
el is converted into the energy of the pressure water hammer pulse in the isometric approximation: 

 
2d 0

2 d
l

l
d Н i
dt t
 ρ   + =  

   
.  (16) 

After the transformations, it follows from (16): 

 
2

2
0 0

d
g gt t

l
gm

l

dP dH d HP d
d di dP d d

ρ
∆ = τ = − τ

τ τ τ∫ ∫ ,  (17) 

where / ; g K l lt H a a=  – the speed of sound in the coolant. 
In the criteria (dimensionless) format of the equation of mass balance and thermal energy: 
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Initial conditions: 
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where are the similarity criteria: 
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 (23) 

 µS – total flow rate at the inlet to the reactor;  
 ΠGp – flow area of the coolant of the main circulation pipe. 
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The system of equations (18) – (23) is nonlinear and in the general case can be solved by the nu-
merical Runge-Kutta method. 

Analysis of the results of computational modeling 
In accordance with (7), (8), (9) and the developed method, the criteria and qualification condi-

tions of pressurizer system for water hammers in the process of an accident with LLPS: 

 for WH1 – 1 7 13( , ..., ) 1K
K

H
H

= <K K K , (24) 

 for WH 2 at PvK≥Pmax– 02 5 13( , , ..., ) 1K iK=Μ Π <K K K , (25) 

 for WH3 at PvK≥Pmax– 0

12
max 0

3 02

2( )1 1
2

iK
K

iK

P P
G

−− ρΠ 
= − ξ < 

 
K . (26) 

The feasibility of qualification conditions (24), (25) is determined by the results of integrating the 
system of nonlinear equations by the Runge-Kutta method. 

To verify the proposed method for determining the conditions and parameters of water hammer 
in a pressure compensator, the well-known experimental data of A.V. Korolev obtained on the model 
of a pressure compensator VVER-440 were used [8]. Fig. 2 shows the experimental data [8] on the 
relative maximum amplitude of WH1 ΔPgm=ΔPgm/P0 for various shutter diameters of the pressurizer 
VVER-440 model (SV PSD of pressurizer simulator ). From the presented results it follows that the 
calculations according to the well-known formula N.E. Zhukovsky have underestimated ΔPgm values 
with respect to experimental data, and solutions of equations (17), (18) – (23) have quite satisfactory 
conservative estimates. 

The results of computational modeling of steam pressure (РvK) and coolant level (Н) in the pres-
sure compensator are presented in Fig. 3. 

Fig. 3 shows the results of calculating the change in pressure at the outlet of the reactor (РvR) and 
the coolant level in the pressure compensator during accidents 
with LLPS. At the initial moments of the accident, the pressure 
in the reactor decreases due to shutdown of the main coolant 
pump (MCP). 

The rate of РvR decrease is determined by the rate of de-
crease in pressure head and flow of the MCP during the “run-
out” after the MCP shutdown. The pressure reduction in the re-
actor, on the one hand, determines the corresponding decrease in 
the coolant level in the pressure compensator. On the other hand, 
it intensifies the process of vaporization in the reactor core. The 
intensification of vaporization determines a corresponding in-
crease in steam pressure at the outlet of the reactor. From 910 
seconds of the emergency process, the second of the above fac-
tors becomes dominant and the pressure at the outlet of the reac-
tor, as well as the level of the coolant of the pressure compensa-
tor begins to increase. At the 1950 second of the emergency pro-
cess, the pressure in the steam volume reaches the maximum 
permissible values and the pressurizer safety valves are actuated, 
which is accompanied by a sharp increase in the coolant level in 
the pressurizer and water hammer on the inner surface of the 
pressurizer case (Fig. 3). 

At the time of the opening of the SV PSD of pressurizer , 
the qualification condition (24) for the absence of a water ham-
mer due to the overflow of the full volume of the pressure com-
pensator (WH type WH1) with the coolant is not provided. 
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Fig. 2. The maximum amplitudes of 

the pressure of hydroblow when filling 
out the experimental model of the 
VVER-440 pressure compensator 

depending on the shutter diameter d 
(SV PSD of pressurizer simulator ):  

1 – experiment [8]; 2 – calculation by 
the formula N.E. Zhukovsky;  

3 – calculation by formulas (17),  
(18) –(23) 
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The qualification results for the condi-
tions of the WH type WH2 are shown in 
Fig. 4 in the format of criteria K5 and K6. 
From the obtained results of computational 
modeling it follows that the qualification 
condition for WH2 (25) is also not provided. 

The feasibility of qualification conditions (26) for the absence of water hammer due to the accelerated clo-
sure of the SV PSD of pressurizer (WH type WH3) is ensured. 

Conclusions 
1. A conservative estimate of the time of effective operation of a pressure compensator system 

for management of accident with a complete loss of long-term power supply is about 900 seconds 
from the start of the emergency process. The conservatism of this estimate is determined by the fact 
that, according to the accepted assumptions, the influence of natural circulation in the reactor circuit 
and heat transfer in the volume of the steam generator on the heat transfer conditions in the reactor 
core were not taken into account in the calculation simulation of the emergency process. 

2. In the framework of the developed method, the criteria, conditions and consequences of the 
occurrence of water hammers due to overflow of the coolant of the pressure compensator, transonic 
flow regimes of a two-phase flow in the flow part of the safety valves of the pressure compensator and 
unacceptably accelerated closing of the safety valves when the pressure in the vapor volume of the 
pressure compensator is less than the maximum allowable values. The obtained criteria, conditions 
and consequences of water hammer in the pressure compensator system are in good agreement with 
the known experimental data. 

3. As a result of the calculation analysis, it was found that during an accident with a complete 
loss of long-term power supply, water hammers may occur due to the overflow of the pressure com-
pensator when the safety valves are opened and the transonic modes of the two-phase flow in the flow 
part of the open safety valves are opened. 

4. An effective measure to prevent water hammer in the pressure compensator system is to in-
crease the hydrodynamic resistance in the upper part of the pressure compensator by installing dis-
tance gratings. 

5. Qualification of alternative passive safety systems is required, providing effective management 
of accident with a complete loss of long-term power supply from 900 seconds of the onset of the 
emergency process. 
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Fig. 3. Change in the pressure in the reactor РvR = РvR/РR0  

and the level of the coolant in the pressure compensator  
Н = Н / Н0 in the event of an accident with the LLPS:  

1 – РvR; 2 – H; 3 – water hammer on the housing of the 
pressure compensator; 4 – pressurizer SV activation 
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Fig. 4. The range of conditions for the occurrence 
of water hammer as a consequence of aperiodic 
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