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METHODOLOGY FOR DETERMINING THE CONDITIONS
FOR THE OCCURRENCE OF STEAM EXPLOSIONS DURING
ACCIDENTS WITH COMPLETE POWER OUTAGES
AND INTER-CIRCUIT LEAKS AT NUCLEAR POWER
PLANTS WITH VVER

B. Cxanosybos, I'. [epbenvos, FO. Kayapcoxuii, €. Ma3syp, B. Kounesa. MeToauka BH3HAYEeHHSI YMOB BHHHKHEHHSI IMapOBHX
BHOYXiB mix 4yac aBapiii 3 MOBHMM 3HeCTPYMJIEHHSIM Ta MIKKOHTYPHMMH Te4yaMH Ha siiepHHUX eHeproycraHoBkax 3 BBEP.
Po3pobiieHo peTepMiHICTCHKHI METO BH3HAUCHHS YMOB 1 HACIIJIKIB MMAapOBUX BUOYXIB y IpoLeci aBapiii 3 MOBHUM 3HECTPYMJICHHAM Ta
MIXKKOHTYPHUMH T€YaMU SICPHUX €HEProycTaHOBOK 3 peakropamu tuity WWER/PWR. Heo0OxinHi yMOBH napoBux BUOYXIB BU3HAYAIOTHCS
Ha 0a3i NPUHIMIY TEPMOAMHAMIYHOI HECTIMKOCTI CHCTEM — OJHOYACHE 30UIBLICHHS THCKY 1 MacH B NapoBHX 00’eMax peakropa Ta/abo
IaporeHepaTopa BiAIOBiIa€ yMOBaM NapoBUX BUOyXiB. BuzHauanbHI mapaMeTpH YMOB NapOBUX BUOYXiB — HIBUAKOCTI 30UIBIICHHS TUCKY i
napoBoro 00’emy. Hacnifku napoBux BuOyXiB BU3HAUAIOTHCS €HEPrETHYHOO MOTYXKHICTIO MAPOBUX BUOYXIB, SIKA 3aJICKHUTH Bijl IIBUIKOCTI
301IbLIEHHS THCKY 1 TapoBoro 06’eMy. Ha 0cHOBI po3po0JieHOr0 MEeTO/ly BCTAHOBJICHO HAMOIIbII KPUTHYHI CUTYalil 010 YMOB i HACIiIKiB
napoBUX BHOYXIB IIiJ Yac aBapii 3 MOBHUM 3HECTPYMIJICHHSM Ta MK KOHTYPHHMH TeUaMH SICPHUX CHEPrOyCTAaHOBOK 3 PEAKTOPAMH THITY
WWER/PWR. YcraHoBneHO HEoOXiqHi yMOBH ycmimHoi kBamigikaiii Ha BiIKpPUTTS B yMOBaX MapoBHX BHOYXiB 3amoODKHHUX KJIallaHiB
peakTopa Ta MaporeHepaTopa, a TAKOX Mapo-CKUAAIBHUX NMPHCTPOIB MaporeHepaTopa. Y CTaHOBICHO HEOOXiIHICTh MOAEpHI3alii cucTeMn
aBapifHOro MiKMBJICHHA 00’€MiB TaporeHeparopa il e(EeKTHBHOTO YNpaBIiHHS aBapisMH 3 TOBHHM 3HECTPYMIICHHSIM Ta MiX-
KOHTYPHHUMH T€YaMHU SJEPHUX €HEProycTaHOBOK 3 peakTopamu Ty WWER/PWR Ta 3anobiranss ymMoBaM i HaciiKkaM mapoBHUX BUOYXIB.
Po3pobmneni Metoqu BHM3HAYEGHHS YMOB NapoBMX BHOYXIiB Ha SJIEPHUX EHEProyCTaHOBKaX MOXYyTh OyTH BKIIOYEHI 10 CKiIaxy
JETePMiHICTCEKHX KOZIB MOJEIFOBAHHS aBapiil 31 «IiIBHIM» PEaKTOPHIM KOHTYPOM/MIK-KOHTYPHHMH T€YaMH B 00’€Mi IaporeHepaTopis,
a TaKOX JI0 eKCIUTyaTaliitHOl ToKyMeHTallii (KepiBHULITBA/IHCTPYKIIT 3 yNIpaBiiHHS aBapisMu) Uil yJOCKOHAJICHHs/MOJEPHI3allii cTpaTerii
YTIpaBIIiHHS aBapisMH Ha AIEPHAX EHEProycTaHOBKax 3 peakropamu tuiry WWER/ PWR
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V. Skalozubov, H. Derbenov, Iu. Katsarskyi, Ye. Mazur, V. Kochnieva. Methodology for determining the conditions for the
occurrence of steam explosions during accidents with complete power outages and inter-circuit leaks at nuclear power plants with
VVER. A deterministic method has been developed to determine the conditions and consequences of steam explosions during complete
power outages accidents with inter circuit leaks at nuclear power plants with WWER/PWR reactors. The required conditions for steam
explosions are determined based on the principle of thermodynamic instability of systems — a simultaneous increase in pressure and mass in
the steam volumes of the reactor and/or steam generator corresponds to the conditions for steam explosions. The determining parameters of
the conditions for steam explosions are the rates of increase in pressure and steam volume. The consequences of steam explosions are
determined by the energy capacity of steam explosions, which depends on the rate of increase in pressure and steam volume. Based on the
developed method, the most critical situations regarding the conditions and consequences of steam explosions of complete power outages
accidents with intercircuit leaks have been found for nuclear power plants with WWER/PWR reactors. The required conditions for successful
qualification for opening the safety valves of the reactor and steam generator, as well as the steam dump devices of the steam generator under
steam explosion conditions, have been found. The need to modernize the emergency feed system of the steam generator volumes has been
recognized for the effective management of out with intercircuit leaks of nuclear power plants with WWER/PWR reactors and the prevention
of the conditions and consequences of steam explosions. The developed methods to determine the conditions for steam explosions at nuclear
power plants can be included in the deterministic codes for modelling accidents with a “tight” reactor circuit/intercircuit leaks in the volume
of steam generators, as well as in the operational documentation (manuals/instructions for accident management) for the improvement/
modernization of accident management strategies at nuclear power plants with WWER/PWR reactors.
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Introduction

In the traditional safety analysis of nuclear power plants with VVER/PWR reactors, the possibil-
ity of a steam explosion was excluded based on the results of design and operational tests of the reac-
tor safety valves and steam generator, which were carried out at a quasi-static (“slow”) increase in
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pressure to the level of maximum permissible values.

However, the conditions of design and operational tests of safety valves by a “slow” increase in
pressure can differ significantly from the conditions of a steam explosion, which are characterized by a
pulsed (“rapid”) increase in pressure. Therefore, in the conditions of a steam explosion, the safety
valves may not have time to react to a “rapid” increase in pressure.

In addition, it should be noted that the failures of the reactor safety valves became the main cause of a
serious accident at the TMI-2 NPP (USA, 1979) and an emergency incident at the Rivne NPP (2009).

During accidents with a sufficiently large intercircuit leak, steam explosion conditions may occur
in the volume of the steam generator isolated from the 2nd circuit (requirements of accident manage-
ment instructions). Under such emergency conditions, the “hot” coolant of the 1st circuit, which enters
the volume of the steam generator, boils, which leads to an increase in steam pressure in the volume of
the steam generator. At certain sizes of the intercircuit leak, the increase in steam pressure in the vol-
ume of the steam generator can be of a pulsed (“high-speed”) nature, when the steam boiler safety sys-
tems of the steam generator do not “have time” to work, which determines the conditions of a steam
explosion in the volume of the steam generator in the process of accidents with intercircuit leaks.

With sufficiently small flow sizes, steam explosion conditions can occur in the Ist circuit in the
case of a fairly rapid (impulse) increase in pressure in the reactor.

Thus, in the general case, when modeling and analyzing accidents in nuclear power plants, it is
necessary to take into account the possibility of occurrence and consequences of a steam explosion.

For nuclear power plants with VVER/PWR, the conditions of a steam explosion can be realized
in accidents with compete power outages of power units (an analogue of one of the causes of the Fu-
kushima accident) and intercircuit leaks in steam generators (the dominant group of accidents in nu-
clear power plants with VVER/PWR), which determines the relevance of the presented work.

Analysis of known developments on the topic and problem statement

In the paper [1], based on the analysis of the experience of overcoming and learning from the
Chornobyl accident, it was found that it was a powerful destructive steam explosion that became the
main cause of catastrophic environmental consequences — the total emission of highly radioactive nu-
clides cesium and iodine into the environment amounted to more than 5.0-10'® Bq.

Based on the analysis of the causes and consequences of the accidents at the Fukushima nuclear
power plant (Japan, 2011), the IAEA mission of experts [2] established the causes of the steam explo-
sion at the 2nd power unit. A devastating steam explosion at Unit 3 triggered the next hydrogen explo-
sion and catastrophic environmental consequences in the environment. According to various experts,
the total emission of highly radioactive nuclides cesium and iodine amounted to (0.3—1.4)-1018 Bq [3,
4]. At the same time, “Fukushima” highly radioactive nuclides were also recorded in the Kyiv region
[5].

The paper [6] analyzes the results of operational tests of safety valves of reactors and steam gen-
erators in the process of scheduled repairs of power units with VVER. It was established that all tests
were carried out in the mode of “slow” pressure increase to the maximum permissible value, corre-
sponding to the opening of the reactor/steam generator safety valves.

In the paper [7], an analysis of the known results of simulation of accidents at nuclear power
plants with VVER/PWR/SMR was carried out. It was established that the issue of determining the
conditions and consequences of a steam explosion in the course of accidents was not considered. The
main reasons for this situation are related to the fact that a priori the “absolute” reliability of the safety
valves of reactors/steam generators was assumed, as well as the lack of sufficiently substantiated
methods for determining the conditions and consequences of a steam explosion in nuclear power
plants with VVER/PWR reactors.

The analysis of the known results allows you to formulate the purpose and objectives of the pre-
sented work.

The purpose of the study is to develop a method for determining the conditions and conse-
quences of steam explosions during accidents with compete power outages of power units and inter-
circuit leaks in nuclear power plants with VVER/PWR reactors.

Main objectives of the study

1. To develop a method for determining the conditions and consequences of steam explosions
during accidents with compete power outages of power units and intercircuit leaks (CPO-ICL).
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2. To analyze the impact of the emergency state of the 5 6
nuclear power plant on the conditions and consequences of 4 _\ \* Abt
a steam explosion during accidents with MB-IL.
Model of a steam explosion during accidents with com- _\ 7
pete power outages of power units and intercircuit leaks
Basic provisions and assumptions 8
1. A generalized scheme of the model of the nucle-
ar installation with VVER/PWR in the process of an ac-
cident with CPO-ICL is shown in Fig. 1.
2. The following chronology of the initial stages of 9
the accident is accepted:

— registration of signals/symptoms of an accident I
with the CPO-ICL; 11

— emergency shutdown of the reactor;

— emergency stop of the circulation pump; \_A_éf

— insulation of the 2nd circuit with shut-off valves
of the steam pipeline and the supply water pipeline of  Fig. 1. Generalized diagram of the model of
the steam generator, as well as shutdown of the turbine nuclear power plants with VVER/PWR:
plant. 1 — active zone; 2 — reactor vessel; 3 — pressure

3. As a result of a complete de-energization of the ~Ccompensator; 4 — pressure compensator safety
power unit, the failure of all active safety systems (with valve; 5 — steam generator; 6 — steam generator
electric pumps) for the accident control of the reactor safety valve; 7, 8—1ns.ulat1c-)n fittings of the 2nd

. circuit during an accident; 9 — heat exchange
core coohpg and emergency power supply of the steam tubes of the steam generator; /0 — intercarrier
generator is expected. leak; // — main circulation pump

4. A refusal to open the safety valves of the pres-
sure compensator, safety valves and steam discharge
devices of the steam generator in the conditions of a steam explosion with a pulsed (“fast”) pressure
change in the reactor/steam generator is conservatively provided. The basis for such an assumption is
the lack of design and operational tests of experimental qualification of pressure compensator safety
valves, safety valves and steam generator spray devices under steam explosion conditions [6, 7].

5. The necessary conditions of a steam explosion can be determined according to the princi-
ple of thermodynamic instability (TDI) [5] — a simultaneous increase in the system (in this case, it
is the steam volume of the reactor circuit/steam generator) P and mass (volume) V' determines the
conditions of the TDI.

6. According to the requirements of the accident management instructions in the accident pro-
cess, the SG is isolated from the 2nd circuit for steam and feed water.

In this case, the conditions of steam pressure and explosion due to TDI in the steam volume of
the reactor circuit/steam generator are required:

10

dP v,
v,=—>0 and v, =—X>0. 1
"odt "odt )
Sufficient conditions for the occurrence of a steam explosion due to pulsed TDI:

VP Z(VP)C;»Q (2)

where (vp).r — critical for steam explosion conditions pressure increase rate.

According to known experimental data on the parameters of the steam explosion obtained on
model installations [5], the conservative estimate of (vp)er = 1.0 MPa/s.

7. Energy power of a steam explosion (which determines the consequences of a steam explosion) [5]

v 4@
¢ dt

=V,v,+Pv,, 3)

where V, — vapor phase volume.
Taking into account the accepted provisions and assumptions, the equation of heat and mass bal-
ance in the reactor and steam generator during the accident with the CPO-ICL
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FPul = AG. “)
APV i)
Vl;zt Ly AGVRIVR , (5)
APV )
jt AGVR - GT ’ ©)
W NR_Q_AGVR(iVR_iZR_iLR)’ (7)
d(PyVss)
FPiee) G, ®)
W = Q + GTiR + AGVG (iVG - iL’G - iLG) ’ (9)
d(pLG ) AGVG +GT s (10)
dt
%:Q_AGVG(Z-VG_iLG_iLG)'i'GT(iLR_iLG)’ (11)

where:
prr, Prc — Steam density in the reactor and steam generator;

Vg, Vve — Steam volume in the reactor and steam generator;

ivr, ivc — Specific enthalpy of steam in a reactor and steam generator;

prr, prc — Density of the liquid phase in the reactor and steam generator;

Vir, Vic — Volume of liquid phase in reactor and steam generator;

irr, iz — Specific enthalpy of the liquid phase in the reactor and steam generator;
Grr, Gy — Mass flow rate of vaporization in the reactor and steam generator;
Nz, O — reactor power and heat removal in the volume of the steam generator;
Gr—mass flow rate of coolant in an intercircuit leak

GT:“'TFT pLR(PR_PG)’ (12)

where:
ur— cost coefficient in ICL;
Fr—ICL Cross-sectional area;
Pr, Pc — Pressure in the reactor and steam generator;
I'tr, I'Le — Specific enthalpy of liquid phase saturation in a reactor and steam generator.

Given:
Ve =V v Vs
Vie =V,o + V55
dp_dpdp _dP ..
dt dpdt dr
di_didp_dp
dt dPdt di "
After transformations of equations (4) — (12), we get a system of nonlinear equations:
dP,
dtR :vPR(NR’Q’PR7PG’lLR’ LG’ T) (13)
dv,
d;R =V (N, O, B By 1) (14)
dP,
7:: PG(NR’Q7PR’PG’ZLR’ LGJFT) (15)
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dv. . ..

d;o :vVG(NR’Q’PR’PG’ILR’ILG’FT)’ (16)
di ..

ﬁ:va(NRagaf)R,PG’ILR’ZLG’FT)’ (17)

where:

Vor, Vo — “free” from structures internal volume of the reactor circuit and steam generator;

a — Speed of sound,

Cr— Isothermal heat capacity;

P, P — average pressure in the reactor circuit and the volume of the steam generator.

Thus, the necessary conditions for a steam explosion (1) in the reactor and in the volume of the
steam generator:

v,, >0 and v, >0, (19)
V,; >0 and v, >0. (20)
Sufficient conditions for a steam explosion due to pulsed TDI:
Ver Z (Vo). » 21)
Vg 2 (V). - (22)

Analysis of the obtained results

The analysis of the obtained dependencies (13) — (18) of determining the conditions of the steam
explosion (19) — (22) of the CPO-ICL accident in the reactor/steam generator of the nuclear power
plant with VVER/PWR established the following.

1. The most critical situation regarding a steam explosion in the reactor circuit under the follow-
ing conditions:

N,>Q, (23)

k<, = e louBi =R (24)
l’l’(lVR e lLR)

At Fr> (Fr)r the ICL actually “performs” the safety function of preventing the destruction of the
reactor vessel.

2. The necessary conditions for a steam explosion in the volume of a steam generator (20) can be
realized in the entire range of ICL sizes, and sufficient conditions for a steam explosion as a result of a
pulsed TDI (22) can be realized at Fr> (F7)cr-.

3. Prevention of steam explosion conditions during an accident with CPO-ICL, VVER/PWR nu-
clear power plants can be based on additional qualification/modernization of the safety systems of the
emergency feeding of the steam generator and the safety valves of the pressure compensator/safety
valves of the steam generator/steam dispensing devices.

The qualification of pressure compensator/steam generator safety valves/steam discharge devices
under steam explosion conditions can be based on a comparison of the time of inertial delay of open-
ing the valve #; and the propagation time of the steam explosion pulse 4

max P—F,

d ) 25
)., )

where:

P — Maximum permissible pressure of the start of reactor/steam generator destruction;

Py — operating pressure in the reactor/steam generator in normal operation.

Condition for successful qualification of pressure compensator safety valves/steam generator
safety valves/steam discharge devices:

<maxP—P0

t 26
U 20
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At present, based on the lessons of the Fukushima accident, the following upgrades of the emer-
gency system of the steam generator on NPP with VVER in the conditions of the accident with CPO
have been introduced/are being implemented:

— mobile pumping units installed at the NPP industrial site;

— emergency feeding of the steam generator with natural circulation from the deaerator units of
the turbine compartment (D-7).

Main limitations of the effectiveness of said systems for accident management with CPO:

— both systems are low-pressure and can feed the steam generator at a fairly low-pressure level in
the steam generator volume. Therefore, in the conditions of an accident with CPO-ICL, these systems
may not be effective enough for the entire duration of emergency processes;

— according to the lessons of the Fukushima accident, under extreme external conditions (flood-
ing of an industrial site, fall of large/explosive objects, etc.), mobile pumping units may also be insuf-
ficiently efficient [5].

Therefore, approaches to modernizing the emergency feeding system of the steam generator, car-
ried out by pumps with a steam drive from a steam generator, seem more promising [3, 4].

Conclusions

1. A deterministic method for determining the conditions and consequences of steam explosions
in the process of accidents with complete de-energization and intercircuit leaks of nuclear power
plants with WWER/PWR reactors has been developed.

2. The necessary conditions for steam explosions are determined on the basis of the principle of
thermodynamic instability of systems — a simultaneous increase in pressure and mass in the steam vol-
umes of the reactor and/or steam generator corresponds to the conditions of steam explosions. Deter-
mining parameters of the conditions of steam explosions — the rate of increase in pressure and vapor
volume.

3. The consequences of steam explosions are determined by the energy power of steam explo-
sions, which depends on the rate of increase in pressure and vapor volume.

4. On the basis of the developed method, the most critical situations regarding the conditions and
consequences of steam explosions during an accident with complete de-energization and intercircuit
leaks of nuclear power plants with WWER/PWR reactors were established.

The necessary and sufficient conditions for steam explosions in the reactor/SG have been estab-
lished. In general terms, the expressions (21) and (22) correspond to the conditions under which the
rate of pressure increase in the reactor/SG (depending on the current reactor power, current thermody-
namic parameters in the 1st and 2nd circuits, the size of the intercircuit leak) exceeds the critical rate
of inertial actuation of the reactor/SG safety valves, which are established by the technical documenta-
tion of the safety valves.

5. The necessary conditions for successful qualification for the opening of the reactor safety
valves and steam generator, as well as the steam generator vaporizer devices in the conditions of steam
explosions, have been established, namely, the flow rate of the coolant through the safety valves must
exceed the mass rate of vaporization in the reactor core.

6. It is established that it is necessary to modernize the system of emergency replenishment of
steam generator volumes for effective management of accidents with complete de-energization and
intercircuit leaks of nuclear power plants with WWER/PWR reactors and prevention of conditions and
consequences of steam explosions.
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