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The paper analyzes the approaches to improve the efficiency of blackout accident management taking into
account the lessons of the great accident at Fukushima Daiichi NPP in 2011. It is found that the afterheat
removal passive systems by natural circulation through steam generators cannot provide conditions for ade-
guate safety functions to remove heat from the reactor and maintain the required feedwater level in the
steam generator during blackout accidents and multiple failures of safety-related systems. The application of
alternative approaches using auxiliary feedwater steam generator driven pumps requires additional experi-
ment-calculated operability / reliability qualification for a blackout accident and multiple failures of NPP
safety-related systems. However, implementation of alternative SDEFP system requires in-depth qualifica-
tion for the conditions of blackout accidents. Safety systems of passive heat removal from the steam genera-
tor (adequately to active safety electrical systems) cannot ensure safety functions on control of required
feedwater level in the steam generator and heat removal from the reactor core during blackout accidents (at
least 72 hours) and multifailure accidents. The system of the steam generator driven emergency feedwater
pump can be the alternative solution to ensure safety functions on heat removal through the steam generator
during blackout accidents. Additional study of efficiency of steam driven pumps at the experimental facilities
that meet real-life criteria of hydrodynamic similarity is a necessary condition for implementation of system
of the steam driven emergency feedwater pump. Application of an integrated approach to manage blackout
accidents is reasonable. At the initial stage of accident with relatively high steam pressure in the steam gen-

erator it is required supply of feedwater by the steam driven emergency pump.
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1. Relevance

Many researches and scientific and technical re-
ports covers the analysis of the reasons, consequences
and lessons of great accident at Fukushima-Daiichi
NPP in 2011: TEPCO/operating organization, IAEA
experts [1], stress tests of National safety regulatory
inspectorates/commissions of the leading nuclear
states, the largest design and production companies of
nuclear power, independent scientific researches etc.
The analytical review of these works can be found, for

example, in [2, 3].

At the initial moment of accident, at Units 1, 2
and 3 BWRs were automatically stopped by earth-
quake recording signal (the other three power units
were under repair). A flooding of the NPP site and the
total loss of long power supply (blackout) were con-
sequences of a tsunami. After certain time, electric
pumps of the active safety systems (ASS) fail to fulfil
safety function on reactor heat removal (ARPS) be-
cause of blackout. The toroidal bubbler condenser is
the main passive safety system (PSS) of BWRs at
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Units 1 — 3 of Fukushima-Daiichi NPP. However, this
BWR PSS also could not fulfil required ARPS be-
cause of increasing pressure in reactors and contain-
ments. Therefore, the staff of Unit 1 made preventive
ventilation of containment to decrease pressure and
connect alternative low-pressure cooling systems. Af-
ter this ventilation, there was a destructive explosion
and highly radioactive material release. Ingress of hy-
drogen from the inert atmosphere of containment to
external air environment is a possible cause of explo-
sion. Different scenarios of severe accident progress at
Units 2 and 3 were depended on efficiency of the staff
actions to restore ARPS [1, 2]. It was also not suc-
ceeded to prevent destructive steam-gas explosion at
Unit 3. Loss of ARPS and/or ingress of hydrogen
from the next damaged unit are possible causes of ex-
plosions in rooms of a spent fuel pool at Unit 4.

Actual Fukushima lessons concerning blackout
accidents the followings:

— PSS have to fulfil safety functions for a long time,
adequately to ASS;

— PSS have to meet requirements for seismic stability
and other external extreme events, as well as the main
NPP equipment.

These lessons define the fundamental adequacy
principle of PSS and ASS to ensure critical safety
functions during blackout accidents.

Taking into account Fukushima lessons, results
of stress tests on safety review of nuclear power facili-
ties (NPF) with different reactors have found appro-
priateness of development of the alternative afterheat
removal passive systems (ARPS) for blackout acci-
dents [3]. ARPS from the reactor containment
(CARPS) are most developed. The representative
overview of this development is provided, for exam-
ple, in [4,5]. The primary function of CARPS is to
keep pressure and temperature in containment below
the safety limits for blackout accidents. To solve the
specified problem the work [6] proposes CARPS us-
ing closed evaporating and condensing devices, low-
temperature annular two-phase thermosiphons (TTS).
Because of transfer of the latent heat of steam genera-
tion of the intermediate coolant, TTS provides effec-
tive heat removal from containment to a terminal ab-
sorber. The evaporator of annular TTS is placed near
to dome part of containment; the condenser is placed
outside containment. The evaporator and the conden-
ser are connected by transport steam and condensate
pipelines (Figure 1).

As resulted from MELCOR 1.8.5 calculation,
containment parameters do not reach design limits
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that threaten the containment integrity [6] during any
of the postulated accidents. The worst (conservative)
scenario — a complete steam line guillotine rupture at
the exit from the steam generator (SG) and the main
two-side steam outflow into containment — was cho-
sen for the computer analysis. It provides the greatest
containment pressure increase as at the initial stage of
accident, and further. Residual energy releases of a
nuclear core are discharged together with steam
through the damaged SG into containment in the con-
ditions of natural coolant circulation.

Figure 1 — The autonomous CARPS based on
annular TTS: 1 — Reactor, 2 — Containment, 3 — Air
channel, 4 — Evaporator, 5 — Condenser, 6 — Steam
pipeline, 7 — Condensate pipeline, 8 — Penetration,

9 — Collecting receiver, 10 — Dispensing receiver.

As to found results of computer modelling [6], to
substantiate efficiency of CARPS with TTS at black-
out it is required the followings:

1. Experimental verification of computing meth-
ods and means is needed to substantiate the design
and technical parameters of CARPS with TTS. Espe-
cially it concerns the heat-transfer coefficients on an
external surface (100 W/m?/K) and from an outer sur-
face of a plate-condenser (500 W/m?/K) because of
these coefficients determine directly the TTS sizes,
quantity of plate-condensers, and the thermal power
discharged by TTS.

2. Analysing heat hydrodynamic parameters of
containment during an out-vessel stage of a severe ac-
cident it is necessary to consider essential effect of
surface area and temperature of fusion. It is required
the additional analysis of pressure and temperature of
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the containment steam-gas environment depending on
these factors during severe accidents.

3. The work [6] determines accident of a double
ended rupture of main steam lines in case of feedwater
non-isolation of SG as the worst conditions for in-
creasing pressure and temperature of the containment
steam-gas environment. In case of such non-isolation
the required level of boiler water in SG is keep by
emergency and/or auxiliary feedwater pumps
(EFWP/AFWP). In case of blackout these pumps fail
and do not fulfil safety functions on keeping required
level of the SG boiler water and heat removal from the
reactor core.

Thus, to fulfil safety functions on keeping re-
quired level of feedwater in SG and heat removal
from the reactor during blackout accidents, it is need
to develop and implement alternative systems based
on the adequacy principle of passive and design active
safety systems.

2. The analysis of afterheat removal passive
systems through the steam generator

Afterheat removal system through the secondary
SG (SG ARPS) is one of the perspective ARPS for
VVERS/PWRs. A basic function of SG ARPS is to
ensure safety function on control of required level in
SG (SF SG) during blackout accidents and heat re-
moval from the reactor (SF HR).

The analysis of SG ARPS operated and designed
allows drawing preliminary conclusions:

1. SG ARPS actually are auxiliary systems for
active safety systems providing SF HR. Therefore, ac-
cording to the IAEA experts, air-cooled SG ARPS
provides heat removal from a reactor up to 2% of the
rated power of the reactor. Such conditions may be
sufficient to remove residual heat from the shutdown
reactor (SF HR). However, it is needed to consider
one of the main Fukushima lessons: modelling, ana-
lysing and emergency actions have to be developed
for multifailure accidents (including improbable fail-
ures). If emergency protection of a reactor shutdown
fails, SG ARPS does not provide SF HR.

Safety function on control of required water level
in SG (SF SG) is also provided insufficiently for a
long time (not less than 72 hours). Decrease in water
level in SG can lead to damage of heat-exchanging
SG pipes and to beyond design basis interloop-break
accidents.

2. To ensure required natural circulation, the air-
or water-cooled SG ARPS heat-exchanging surface
has to be placed at high altitude outside containment.

Such approach greatly reduces resistance of SG ARPS
and containment to external extreme actions, as to the
NPF main equipment.

Thus, the adequacy principle of PSS and ASS is
not sufficiently provided during blackout and multi-
failure accidents.

Design and technical restrictions to ensure the
adequacy principle for the SG ARPS and design ASS
can be shown on the example of the simplified con-
servative heat hydraulic model of SG ARPS at NPF
with VVER (Figure 2).

The heat hydraulic equations for SG ARPS can
be presented in quasistationary approximation:

G(i"—i')+C, -G-AT, =aFAT, (1)
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where G — is a SG ARPS flow, i, i— is a saturated
steam and condensate enthalpy, respectively, C, — is
the condensate specific heat capacity, AT, — is a tem-
perature difference of the saturated (Ts) and cooled
(Ty) condensate, AT, — is an average temperature dif-
ference between the circulating flow and environment
(To), x— is a heat transfer coefficient between the cir-
culating flow and environment [4], F — is a heat-
exchange area of SG ARPS, p, p, — is liquid and
steam density, respectively, g— is acceleration of grav-
ity, H — is SG ARPS height, &, — is total drag coeffi-
cient for steam and liquid section, respectively [5], 4,,
A, — is the average throat area of SG ARPS for steam
and liquid section, respectively.

Then, conditions for ensuring the adequacy prin-
ciple of the SG ARPS and EFWP follow from (1), (2):

i"—i'+C_-AT,
F>F = P 1.6
min O(,'ATZ (3)
éuz_’_ E.’Iz
HeH —PA PA .
(pl_po)g ()

Minimum values of the throat area of the con-
densed flow in natural circulation circuits can be esti-
mated from conditions for lack of condensation water
hammers [9]:

1
G 4A\4
F = 1 —1 <1
Condensation water hammers violate conditions
for steady circulation in a SG ARPS circuit.
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Then, lower limit of the throat area of SG ARPS
is from a condition (5):

4.G*
Ay =3—==

Figure 2 — Standard scheme of SG ARPS of VVER:
1 — Reactor, 2 — SG, 3 — Main circulation pump
(MCP), 4 — Turbine feed pump (TFP), 5 — Deaerator,
6 — AFWP, 7 — EFWP, 8 — EFWP water storage tank,
9 — Main steam isolation valve (MSIV), 10 — Stop
valves, 11 — Containment, 12 — SG ARPS condensers,
13 — Water storage tank (for water-cooled SG ARPS
condensers).

The upper limit of the throat area (45) can be de-
termined from condition that stresses (o) in metal of
SG ARPS of the mass of M(A) under seismic effects
do not exceed maximum stress c,,x [10, 11]:

o[M(Ay).Hya, |<o,,

where Hy — is the maximum height of SG ARPS
above the ground, a. — is a response of earthquake ac-
celeration on site ground.

From the equation (3) it follows that for an once-
through smooth pipe heat-exchange surface of SG
ARPS under air heat removal, condensate temperature
no more than 320 K, and compensation of a EFWP
flow (about 30 kg/s): Fyin>3.510° m%.

The problem of implementation and the large
heat exchange area of SG ARPS can be solved by ac-
tions to increase intensity of external heat exchange
(for example, external ribbing of a heat-exchange sur-
face) and install compact modular heat exchangers
(see Fig. 2). However, the hydraulic resistance of a
circulation circuit of SG ARPS much increases in this
case. According to a condition (4), it results in need to

(6b)
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increase the general height of SG ARPS above con-
tainment surface by a few hundred meters. These
leads to a great decrease in seismic stability (6b) and
decrease in the general safety level against external
extreme effects.

Under similar conditions and water heat removal,
minimum area Fn;, can be reduced by some orders
due to an intensification of external heat exchange
(o). However, in this case there are restrictions for the
volume of the cooling water heat exchanger during the
minimum operation time z of SG ARPS for accident
progress. Operability of safety systems (including
passive systems) for at least 3 days (z = 25.92-10%s)
is one of Fukushima lessons [1]. Thus, the water in-
ventory in the SG ARPS heat exchanger has to be suf-
ficient before full steam generation for a time at least
7.

Let consider this problem also in the framework
of the conservative heat hydrodynamic model consist-
ing of a heat-exchange surface of the area F sub-
merged in the heat exchanger with a cooling water
volume V and initial temperature T.

The heat transfer equation in a cooling water volume:

dT
VplE:OL'F(TS—T) (7)

T(t=0)=T, (8)
where T, — is condensate saturation temperature in a
circulation circuit of SG ARPS.
Then, the necessary a cooling water volume is
from the decision (7), (8):

vev =g 9F (r.-T.)

, —In.—*=
" p (LT ©)
where Ty — is boiling temperature in volume of the
SG ARPS heat exchanger.

Thus, the main restrictions for application of wa-
ter cooled SG ARPS are connected with need of unre-
alistically large water volumes for each SG at consid-
erable height above containment.

Therefore, search of alternative approaches to en-
sure safety functions on heat removal and control of
SG level during blackout accidents and multifailure
accidents of the safety related systems is an actual
task.

3. The alternative ensuring the adequacy
principle of passive and active safety sys-
tems at blackout

The works of Professor Korolev A.V. provide the
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original technical solution using steam power to feed
steam generators at NPP blackout [12]. Use of the
steam generator driven emergency feedwater pump
(SDEFP) is proposed to ensure the adequacy principle
of PSS and design ASS (Figures 3 and 4).

The disk pump is chosen for reasons of its cavita-
tion stability during the operation with large pressure
differences. According to the researches, these pumps
can reach a head of 5.0 MPa at one stage in the cavi-
tation free mode. The main advantages of SDEFP as
to SG ARPS to manage blackout accidents:

a) Possibility in principle of full compensation of
EFWP failure to ensure SF HR and SF SG,

N R
|

! I
Figure 3 — The combined driven disk pump (SDEFP)

b) No need to place elements of safety systems at
high altitude outside containment.
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Figure 4 — A key connection diagram of SG SDEFP at blackout accidents:
1-SG, 2 - MSIV, 3 - Stop valves, 4 — EFWP, 5 — hydraulic reservoirs of EFWP,
6 — SDEFP, 7 — Deaerator, 8 — NPF turbine

However, implementation of alternative SDEFP
system requires in-depth qualification for the condi-
tions of blackout accidents. In particular, definition of
conditions for steady operability/reliability of SDEFP
system in the transitional and steady modes is neces-
sary. These conditions can be defined as results of op-
erational tests and/or experiments at the facilities
meeting requirements of identity of criteria of hydro-
dynamic similarity [13].

4. Main conclusions

1. Safety systems of passive heat removal from
the steam generator (adequately to active safety elec-
trical systems) cannot ensure safety functions on con-
trol of required feedwater level in the steam generator
and heat removal from the reactor core during black-
out accidents (at least 72 hours) and multifailure acci-

dents. Great design and technical restrictions as to
overall dimensions to ensure adequacy of safety func-
tion are a main reason for this. Besides, placing heat-
exchange surfaces (as elements of safety systems)
outside containment at high altitude from the ground
reduces the general safety level of the power unit as to
external extreme effects (earthquakes, tornados, hurri-
canes, etc.).

2. The system of the steam generator driven

emergency feedwater pump can be the alternative so-
lution to ensure safety functions on heat removal
through the steam generator during blackout acci-
dents. Main advantages of such approach:
— Fulfilment of safety functions on control of boiler
water level in the steam generator and heat removal
from the reactor core during at least 200 days/a safety
system channel (if needed) adequately to emergency
feedwater electric pumps;
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— Effective use of steam generated in the steam gener-
ator during accident without steam release into the
turbine condenser and/or environment;

— No need of placing elements of safety systems at
high altitude outside containment.

3. Additional study of efficiency of steam driven
pumps at the experimental facilities that meet real-life
criteria of hydrodynamic similarity is a necessary
condition for implementation of system of the steam
driven emergency feedwater pump.

4. Application of an integrated approach to man-
age blackout accidents is reasonable. At the initial
stage of accident with relatively high steam pressure
in the steam generator it is required supply of feedwa-
ter by the steam driven emergency pump. At the final
stage of accident with relatively low pressure in the
steam generator, it is required supply of feedwater by
natural circulation of secondary afterheat removal
passive system.
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AHanis cyyacHux nigxoaiB niaBuULeHHA eJ(EeKTUBHOCTI B YynpaBJliHHI

aBapiﬂMM 3 BTPaTOO eHepronoctav4yaHHA Ha AAepHUX eHeproyctaHoBKax
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123458 Onechkuil HALIOHATBHMI MOTITEXHITHUIN yHiBepcureT, np-T LlleBuenka, 1, M. Oneca, 65044, Ykpaina
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Y cmammi nposedenuii ananiz nioxoodie nioguujenHsa eexmusHOCmi YNpasiiHHa asapiamu 3 NOGHOI0 8MpPa-
MO0 MPUBANO20 EeNEKMPONOCMAYANHS 3 YPAXYBAHHAM YPOKI6 8enuxoi asapii na amomuiu cmanyii Qykyci-
ma-Haiiui y 2011 poyi. Ilokazano, wo cucmemu nacusHo2o 8i0800y menia NPUPoOHOI YUPKYIAYIEI uepe3
napoeeHepamopu He MoACYmsb 3a0e3neyumu ymMosu 00CMamHb020 GUKOHAHH QYHKYIU be3neKku wooo 6idée-
OeHHsI menaa 6i0 peakmopa i NiOMpUMKU HeOOXIOH020 Pi6HsL JHCUBUTLHOL 800U 8 NAPO2EHEPAMOpi NPU asapi-
SX 3 NOBHOIO 8MPANOI0 MPUBALO20 EJIeKMPONOCTNAYAHHS MA MHOJNCUHHUX 8IOMOBAX CUCTNEM, BAINCIUBUX 0I5
be3nexu. Bnposadoicenns anbmepHamuguux nioxodie iz 3acmocy8auHaM ABAPIUHUX JICUBUTLHUX HACOCI8 3
naponpusoooMm 6i0 Napo2eHepamopa UMazae 000amKo80i PO3PAXYHKOBO-EKCHEePUMEHMANbHOL Keanigikayii
npaye30amHoCmi/Hadiunocmi 6 ymMosax agapii 3 NOGHOI0 GMPAMOI0 MPUBALO20 eNeKMPONOCMAYAHHS A
MHOMCUHHUX 8IOMOBAX CUCIEM, BANCIUBUX O Oe3neku 0epHoi enepeoycmanosku. OOHAK 6npo6aAdI’CEHHs
anvmepramusroi cucmemu SDEFP sumacac noznubnenoi keanigixayii 3a ymosamu asapiii. Bcmamnosieno,
wo cucmemu Oe3neku NACUBHO20 BIOBeOeHHs MeNnid 8i0 napozeHepamopa (a0eK8amHo eieKmMpUdHUM CU-
cmemam 3 aKkmugHow 0e3neKor) He MoXCymy 3abe3neuumu QYHKYii 6e3neku wjooo KOHMpo HeobXIOH020
DIBHA JHCUBUNLHOL 800U 8 NAPO2EeHePaAmMopi ma 8i08e0eH s Menid 3 A0pa peakmopd nio 4ac aeapiil 8iOKII0-
YeHHs (MpuHalMHi 72 200uHu) ma 6a2amo3abiliHoCmi HewdacHi 8URAOKU. 3poblieHo BUCHOBOK, WO cucmema
napo8o20 HACOCHO20 HCUBUTLHOI 800U 3 NAPOLEHEPAMOPOM MOdHce OYMU ANbIMEePHAMUBHUM DIUUEHHAM O
3abe3neyenus QYHKYil be3nexku npu 8i08edenHi menia yepes napo2eHepamop nio 4ac aeapii GIOKIHYEHHS.
Hooamxoge oocniodcenns egexmugHocmi pobdomu naposux HACOCIi@ HA OOCTIOHUX YCMAHOBKAX, WO
8I0N0GIOAIOMb KPUMEPISIM PeabHOl HCUMMEILIbHOCMI 2i0POOUHAMIYHOL ROOIOHOCMI, GU3HNYULO HEOOXIOHY
YMOBY 0151 BNPOBAONHCEHHS CUCEMU NAPOBO2O HACOCHO20 HCUBUILHO2O0 Hacocd. Takum 4uHoM 3acmocy8anHsl
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