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QUALIFICATION OF AFTERHEAT REMOVAL PASSIVE
SYSTEM FROM REACTOR TO MANAGE BLACKOUT
ACCIDENTS

B.U. Cranoszybos, B.M. Cnunos, /].B. Cnunos, T.B. I'abnas, B.IO. Kounesa, K.B. Ckano3y6os. KBanidikauisi cucreMu nacuBHoro
BiIBOAY Temja Bil peaKkTOPHOI YCTAaHOBKHM /Il YNPABJiHHA aBapisiMH 3 MOBHMM TPHBAJIMM 3HecTpymuleHHsM. Kpurepismu Tta
yMoBaMH KBautiikauii mpame3faTHocTi I HaAIHOCTI MPONOHOBaHOI B POOOTI CHCTEMH MAaCHBHOIO BiIBOLY TeIUla BiJ peakTopa s
YIOpaBIiHHS aBapisMH 3 [OBHHM TPHUBAIMM 3HECTPYMIICHHSAM € KPUTepii YMOBH sIEPHOI OE3MMEKH MO MAaKCHMAIbHO IOMYCTHMHM
TEeMIIepaTypaM sICPHOTO MaNMBa i 00OJIOHOK TEIUIOBUAUISIOUHX €IEMEHTIB; 10 HAIOPY THCKY 1 BUTPATi TEIIOHOCIS aBapiiiHUM HAacocoM 3
HapOIPUBOJIOM 1 3a TaOAPUTHUMH OOMEXEHHSM ITACHBHOI CUCTEMH BiJBOMY TeIlIa NPUPOAHON0 HUPKYIIALieto. Po3pobieHo koHcepBaTHBHA
TEIUIOTiAPOANHAMIYHA MOJENb KBami(ikauii CHCTEeMH MAacHBHOTO BiZBOLY TeIUIAa BiJ peakTopa Ui YIPaBIiHHS aBapisiMH i3 TOBHUM
TPUBAIUM 3HECTPYMIICHHSIM. B pe3ynbTaTi po3paxyHKOBOrO MOJIENIOBAHHS, 33 3alIPOHOHOBAHOI0 KOHCEPBATHBHOIO MOJEIUIIO BCTAHOBJICHO,
II0 TNPOEKTHA CTpaTeris YNPaBIiHHA aBapi€l0 3 IOBHUM TPHBAIMM 3HECTPYMJICHHSM He 3abe3ledye yMOBH SICPHOI Oe3MeKH.
MonepHizoBaHa cTpaTeris ynpaBiIiHHS aBapi€r0 CUCTEMOIO MTACHBHOTO BiJIBE/ICHHS TEIUIA Bifl peakTopa 3a0e3neuye YMOBH SIEpHOT Oe3neku
NIPU JTOCUTH KOHCEpPBATHBHUX IPUITyLICHHSIX. BixnoBigHo mo excnepumenranbHux panux O.B. KoponwpoBa, mpanespatHicTs aBapiifHOro
Hacoca 3 NMapoIpHBOAOM 3abe3reyeHa NpH THCKY B peakTopi Oumbme 0,3 MITa. Ilpy MeHmmX THcKax, QYHKIIT OS3MeKH M0 0XOIOKEHHIO
AKTHBHOI 30HH 1 MIATPUMKHU PIBHS TEIJIOHOCIS B PEaKTOpi, 3a0€3MeUyOThCS KBali(piKOBAHOIO IiJICUCTEMOIO NMACHBHOTO BiJBECHHS TeIlIa
MIPUPOAHOIO IUPKYIIILieto. OTpuMaHi B poOOTi pe3yIbTaTH MO>KHA BUKOPUCTOBYBATH JUIsl MOACPHI3aLlii sIIEPHIX SHEPreTHYHUX YCTAHOBOK 3
METOIO ITiABHIIEHHS ¢()eKTUBHOCTI yIPABIIHHS aBapisMH 3 IOBHHM TPHBAJIUM 3HECTPYMIICHHSM, a TaKOX ISl BIOCKOHAJICHHSI CHMIITOMHO-
OpIEHTOBAHUX aBAPIMHMX IHCTPYKLIN 1 KEPIBHUITB 3 yNPABIiHHA BOXKUMHU aBapisiMU 3 MOLIKOKECHHSM SIEpPHOTO nanuBa. [IponoHoBaHy
CHCTEMy YIPAaBIIHHS aBapisiMH 3 IIOBHUM TPHBAJIMM 3HECTPYMIICHHSIM MO)KHA JIOTIOBHUTH IACHBHUMH CHCTEMaMH O€3IIeKH 3 BiJIBOIOM IapH
gepe3 HaporeHepaTopH sACPHUX SHeproycTaHoBOK 3 pekropamu turna BBEP. IlpomoHoBaHa macuBHa cucteMa € eeKTHBHOIO JIMIIE UL
aBapiil 3 IMOBHUM TPHBAIMM 3HECTPYMJICHHSIM Ta BEIMKHMH TC€YaMU PEAKTOPHOTO KOHTYPY (B TOM YHCII i Ui MAaKCHMAIBHOI MPOEKTHOL
aBapil 3 PO3PHBOM PEaKTOPHOro KOHTYpY). PesynbTaTu, mpeicraBiieHi B il poOOTi, BUKOPHUCTOBYIOThCS B y40OBOMY Iporeci JUIs
iITOTOBKH, NEPEMiArOTOBKY Ta MiIBUICHHS KBamiQikaiii GpaxiBLiB saepHOI eHEPreTHKU YKpaiHH.
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Introduction. Blackout accident is a basic cause of catastrophic consequences at Fukushima-
Daiichi NPP. Therefore, world nuclear power faced the problem to develop and implement effective
blackout accident management strategies in the reactor. Development and implementation of the
promising passive safety systems that do not need long-term power supply is one of the directions of
solving the above problem.

The afterheat removal passive system (ARPS R) can be a perspective passive safety system of a
reactor. It consists of two subsystems: the core cooling system with steam-driven emergency pumps
(ARPS R1) and afterheat removal passive system from a reactor using natural circulation (ARPS R2).

According to the current nuclear laws, development and implementation of ARPS R defines need
for the corresponding qualification. In our case, the qualification is to substantiate operability and reli-
ability of ARPS R for effective blackout accident management.

Qualification of ARPS R defines relevance of the represented work.

Analysis of publications. The work [1] presents calculation modelling of design and beyond de-
sign basis accidents at nuclear power plants with WWER. However, modelling of blackout accidents
at nuclear power plants are studied insufficiently. The work [2] considers modelling of severe nuclear
fuel damage. However, this work dose not consider severe accidents as a result of an initial emergency
event of blackout. The work [3] analyses nuclear safety of diversification of nuclear fuel for the max-
imum design accident of a double-ended break of reactor coolant pipe. This work also does not con-
sider blackout accidents.

The work [4] researches behaviour of nuclear fuel during accidents. However, this work also
does not consider blackout accidents. The work [5] analyses thermomechanical behaviour of fuel
claddings during loss-of-coolant accidents. This work also does not consider blackout conditions.

The work [6] considers short-time or partial power failures at nuclear power plants with WWER.
Therefore, results of these calculation substantiations cannot be used for blackout accidents. As a re-
sult of the calculation modelling of blackout accidents, the work [7] has recognized that design black-
out accident management strategy does not ensure nuclear safety conditions for the maximum admis-
sible temperature of fuel claddings. Therefore, definition of more effective blackout accident man-
agement strategy is topical issue.

Complex use of the promising passive safety systems that do not need long-term power supply is
effective blackout accident management strategy. ARPS R can be one of such passive safety systems.
Qualification of ARPS R with alternative conservative methods of heathydrodynamic modelling of
blackout accidents.

Main Obijective and tasks of Work. Qualification of operability and reliability of afterheat re-
moval passive system of the reactor (ARPS R) for blackout accident management is the main objec-
tive of work.

Main tasks of work:

— definition of criteria and conditions for ARPS R qualification to manage blackout accidents;

— development of conservative heat hydrodynamic model of system “Reactor — Steam generator —
ARPS R”;

— the analysis of results of calculation modelling and the conclusion on ARPS R qualification.

Conservative Heathydrodynamic Model of System “Reactor — Steam generator - ARPS R”.

The conservative heathydrodynamic model of system “Reactor — Steam generator — ARPS R” is
developed for two blackout accident management strategies:

— Design blackout accident management strategy (DAMS) with pressurizer system in a reactor
and secondary system of steam relief valves (SRV).

— Modernized blackout accident management strategy (MAMS) with systems of ARPS R, pres-
surizer, SRV.

Main conservative assumptions:

a) complete failure of all electric pumps of safety systems and lack of possibility of recovery of
auxiliary power supply of the power unit is accepted;
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b) effect of “run down” flow of the stopped turbine feed pump on feed conditions of the steam
generator is not considered,

c) feedwater temperature in volume of the steam generator is accepted equal to the saturation
boiling temperature (Tjs);

d) temperature of nuclear fuel (Tg) of the central part of a fuel matrix of the fuel elements is ac-
cepted maximum for a rated power operation of the reactor.

The calculation scheme of system “Reactor — Steam generator — ARPS R” is given below.

Criteria and conditions for the ARPS R qualification meet to criteria and conditions for nuclear
safety:

To<Tmo; Te <Tne, (1)
where Ty, Tg is temperature of fuel claddings and nuclear fuel, respectively, Tpo, Tir iS the maximum
admissible temperatures of fuel claddings and nuclear fuel, respectively. For WWER: T, = 1200 °C
and T,z = 2800 °C.

ARPS R1 qualification condition for pressure head (AP,) of the steam-driven emergency pump
(SDEP):

APA > PmR 3 (2)

where Py is the maximum allowable pressure in the reactor.
Qualification conditions for the ARPS R2 constructional and technical parameters:
F :Fmax; hzhmax; (3)

where Frax, hmax 1S maximum heat-transfer area and ARPS R2 height (for the placement in contain-
ment), respectively.
Equations of a mass and heat balance:

df;vt"v G ~Gu -Gy, (4)
pTddith—GTv+GK+Ggp+GA+Gv2, (5)

LYY G~ (Ga+Ga)- ©)

N{t)=R R (Tr —To) + are(Ts) - R, (7

pr dv;t'iT =—Gry -1, +Gx it +Gyp it +Ga-ira + G2 -ir2, (8)
Gz -1 =00 - Fneax (Tv = Tos) + Cp - Gz - (Tes — T2) . 9)

Motion equations in systems of pressurizer, a steam-drive of SDEP and ARPS R2 in qua-

sistationary approach:
G uk Fc+/2pr (P — Fr), P« > Ry; (10)
K =
-k Fe/2pr (P« —Rr), P <Ry,

at
Gu= ]vaFv 2pv(PR - PSA) ) (11)
Gy =n.\/p(p”‘p;)g'h”‘“ , (12)
2

where p,, pr is a steam and coolant density, respectively, V,, V7 is the steam and coolant volume in the
reactor, respectively, t is accident time, G, is a steam generation flow in the reactor, G,;, G, is steam
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flow consumption in the ARPS R1 and ARPS R2, respectively, Gk, Ggp, Ga is flow of coolant in pres-
surizer, of “run down” of the main circulating pump and SDEP, respectively, iy, it is specific enthalpy
of steam and the coolant in the reactor, respectively, r,, r. is latent heat of steam generation and con-
densation, respectively, N(t) is the afterheat power in the reactor, Fi, F, is the heat-transfer area in the
core and a pipe surface of the steam generator, respectively, gr, is heat flux density when boiling
feedwater in volume of the steam generator, T,, T, Tt IS temperature of steam, saturated condensate
and condensate at the outlet of ARPS R2, respectively, C, is the specific heat capacity of the coolant,
ita, io IS the specific enthalpy of the coolant in hydraulic reservoirs of emergency core cooling systems
of the reactor (ARPS R1) and at the outlet of ARPS R2, respectively, oy is heat-transfer coefficient on
a surface of ARPS R2, Ty is environment temperature in containment, Pr is pressure in the reactor, Ry
is thermal resistance of fuel element:

8 8y &
=t —+—,
A Ag Ao

where Jg, dg, o I thickness of a fuel matrix, gas gap and fuel cladding, respectively, Ag, Ag, Ao is heat
conductivity of nuclear fuel, gas gap and fuel cladding, respectively.

Rr

After transformation of combined equations (4) — (9) taking into account %:3—;% we
will receive:
d
(P, To o), (13)
dvr
T f2(Pr, Vi, To, Tr2), (14)
Guz - It — o - Fnax (Tv _TOS)
Tr2(t) =Tes — , 15
2(t) o (15)
N t - v
To(t)=Te - Ry M (16)
E
At initial conditions:
Pr(t=0)=PFro, Vr(t=0)=Vro, N(t=0)=No. a7)

Analysis of Qualification Results.

The combined equations (13) — (17) are decided with a known numerical method of Runge-
Kutta.

The main results of calculation modelling of blackout accident are given in Table.

The main results of calculation modelling of blackout accident

No Events Accident time, 107 s
B DAMS MAMS

1 Pressure decrease in the reactor before 1.0 before 1.0
Pressure increase up to the maximum admissible values

2 . . . after 2.0 -
(start of pilot-operated relief valves of the pressurizer)

3 Decrease in the coolant level below a core level 14.0 -

4 Fuel cladding temperature 1200 °C 20.0 -

At the initial stage of accident (before 1.0-10° s of accident), the reactor pressure decreases owing
to reduction of a pressure head of the stopped main circulating pump (MCP). The coolant level is
keeping with pressurizer system and a “run down” flow of the stopped MCP.
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Pressure reduction in the reactor intensifies processes of steam generation in a core and the corre-
sponding pressure increase. For DAMS, the reactor pressure reaches the maximum admissible values
(start of pilot-operated relief valves of the pressurizer) in 2.0-10° s of an accident. The coolant level in
the reactor decreases below a core level in 14.0-10%s.

For MAMS, ARPS R providing safety functions to cool a core and to keep the coolant level
compensates pressure increase and reduction of the coolant level in the reactor.

For DAMS with blackout, temperature of a fuel cladding reaches 1200 °C in 20.0 s of an accident
if the afterheat power of the reactor less than 1% of the rated power of the reactor. For MAMS with
blackout, temperature of a fuel cladding does not exceed 500 °C within 72 hours of an accident.

Thus, the modernized accident management strategy with ARPS R (unlike design strategy) pro-
vides necessary nuclear safety conditions (1).

The ARPS R1 qualification conditions are provided when the coolant flow and pressure head of
SDEP are corresponding to similar constructional and technical parameters of the electric high-pressure
pumps of the emergency core cooling system. The reactor pressure less than 0.3 MPa is the lower bound
of SDEP operability. When the reactor pressure less than 0.3 MPa, safety functions to cool a core and to
keep the coolant level are provided by ARPS R2 subject to qualification condition (3).

Conclusions. Nuclear safety criteria and conditions for the maximum admissible temperatures of
nuclear fuel and fuel claddings, for the pressure and coolant flow of the steam-driven emergency pump
and for dimensions of afterheat removal passive system using natural circulation are qualification cri-
teria and conditions for operability and reliability of the presented afterheat removal passive system
from the reactor to manage blackout accidents.

The conservative heathydrodynamic model of qualification of afterheat removal passive system
from the reactor is developed for blackout accident management. Calculation modelling with the pre-
sented conservative model has recognized that design blackout accident management strategy does not
ensure nuclear safety conditions. The modernized accident management strategy with afterheat re-
moval passive system from the reactor provides nuclear safety conditions.

According to Prof. Korolev’s experiments, operability of the steam-driven emergency pump is
provided when the reactor pressure is more than 0.3 MPa. For smaller pressure, the afterheat removal
passive subsystem using natural circulation provides safety functions.
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