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The Fukushima Dai-ichi nuclear power plant accident shows that natural disasters such as
earthquakes and the subsequent tsunamis can cause station blackout for several days. The
electric energy required for essential systems during a station blackout is provided from emer-
gency backup batteries installed at the nuclear power plant. In South Korea, in the event of an
extended station blackout, the life of these emergency backup batteries has recently been ex-
tended from 8 hours to 24 hours at Shin-Kori 5, 6, and APR1400 for design certification. For
a battery life of 24 hours, available safety means system, equipment and procedures are stud-
ied and analyzed in their ability to cope with an extended station blackout. A sensitivity study
of reactor coolant pump seal leakage is performed to verify how different seal leakages could
affect the system. For simulating extended station blackout scenarios, the best estimate
MARS-KS computer code was used. In this paper, an APR1400 RELAP5 input deck was de-
veloped for station blackout scenario to analyze operation strategy by manually
depressurizing the reactor coolant system through the steam generator's secondary side. Ad-

ditionally, a sensitivity study on reactor coolant pump seal leakage was carried out.
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INTRODUCTION

Station blackout (SBO) is the complete loss of al-
ternative current (AC) electric power to Class 1E and
non-Class 1E switchgear buses. The SBO scenario in-
volves the loss of offsite power (LOOP) concurrent with
a turbine trip and failure of the onsite emergency diesel
generators (EDG). SBO does not include the loss of
available AC power to buses fed by station batteries
through inverters or the loss of power from alternate AC
(AAC) sources. In the event of an SBO, a non-Class 1E
AAC gas turbine generator (GTG) with sufficient capac-
ity, capability, and reliability provides power for the set
of required shutdown loads to bring the plant to safe shut-
down [1, 2].

The accident at the Fukushima Dai-ichi nuclear
power plants demonstrates that the total loss of all AC
power could be a result of the complete failure of both
offsite and onsite AC power sources. If ACC sources
were not available in the event of a SBO, only active
equipment powered from station batteries, passive
systems pressurizer relief valves and safety valves are
assumed to be available. An extreme natural disaster
can prevent the proper restoration of electric power for
several days, so-called extended SBO [3, 4].

* Corresponding author; e-mail: hwhw000@naver.com

Following the complete loss of total AAC
power, the reactor coolant pump (RCP) seals would
lose their cooling support system as the seal flow is
lost. Component cooling water to the RCP would also
be unavailable. Leakage of reactor coolant system
(RCS) fluid through RCP seals would occur without
makeup sources readily available, which may eventu-
ally lead to exposing the reactor core.

The results [5] indicate mitigation measures
against extended SBO sequences with 8 hours of sta-
tion battery life and evaluate the external injection into
the RCS and steam generator (SG) before RCS and SG
dryout. The overall extended SBO coping capability
of the APR1400 is examined to assess the effective-
ness of external water injection.

The study [6] investigates the optimal mitigation
procedure using external emergency injection into the
RCS and SG in the event of a SBO with a conserva-
tively assumed RCP seal leakage. The analysis is done
up to 12 hours after the initiation of SBO. The effec-
tiveness of external emergency injection is evaluated
as a key feature of the procedure.

The study [7, 8] dealing with Krsko two-loop pres-
surized water reactor station blackout scenarios per-
formed station blackout analyses up to 7 days or the heat
up of the core up to 1500 K using RELAP5/MOD3.3.



W. Kim, ef al.: Extended Station Blackout Analyses of an APR1400 with ...
Nuclear Technology & Radiation Protection: Year 2016, Vol. 31, No. 4, pp. 318-326 319

These scenarios were analyzed with depressurization to
specified SG pressure with different RCP seal leakages.

Results [9, 10] show that the importance of the
SBO initiating event in assessing the implications of
strengthening the SBO mitigation capability for the
safety of the nuclear power plant is based on probabil-
istic safety assessment (PSA). The analysis was car-
ried out with different operable times of the tur-
bine-driven auxiliary feedwater system.

In this paper, a sensitivity study of RCP is per-
formed to verify how different seal leakages could af-
fect the system. For simulating extended SBO scenar-
i0s, the MARS-KS 1.4 version was used. The
backbones of the MARS-KS 1.4 are RELAP5/MOD3
[11] and COBRA-TF [12] codes which constitute the
bases of 1-D and 3-D modules of the MARS code, re-
spectively. New features in RELAP5/MOD3.2.2 have

Table 1. Extended SBO scenario analyzed for RCS
depressurization using ADV

Time [s] Event
0 SBO accident initiates
TDAFWP provide the water to SG
* MSSV are opened to prevent over-pressure until
ADV are opened
180 RCP seals fail
1800 ADV are manually opened for depressurization
* Safety injection tanks (SIT) injection
TDAFWS is unavailable due to put of station
28800 battery (8 hours)
Severe accident analysis guideline initiates

"It depends on the boundary condition

been implemented in MARS-KS 1.4. In the present
work, only the 1-D module is used.

This study investigates the effectiveness of sta-
tion battery extension with different RCP seal leak-
ages, the effect of different safety injection tank (SIT)
operating pressures, RCP seal leakage, and operation
strategy of manually depressurizing the secondary
side using atmospheric dump valves (ADV).

METHODOLOGY DESCRIPTION

SBO model implementation

To analyze SBO scenarios, the nodalization of
the RELAPS input deck for an extended SBO was
modified from an input deck for a large break loss of
coolant accident (LBLOCA) used in APR1400 analy-
ses, as shown in fig. 1. For more information on the
MARS-KS code, the reader can refer to [ 13]. To model
RCP seal leakage, four valves were added to the dis-
charge piping of RCP. The flow area of these valves
was adjusted to set the RCP seal leakage rate as stated
intab. 1. It is assumed that the seal leakage flow rate is
1.325 I/s, the most probable flow rate per RCP[14] and
the maximum seal leakage rate per RCP is described as
7.57 I/s at 15.2 MPa in the RCP technical manual of
Shin-Kori 3 and 4 [6].

ADYV and main steam safety valve (MSSV) flow
areaare sized as 138.6 kg/s at 6.895 MPa, 251.9 kg/s at
8.09 MPa, respectively [2].

Motor driven auxiliary feedwater pumps
(AFWP) and safety injection pumps (SIP) are unavail-
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Figure 1. MARS nodalization diagram for extended SBO scenario of NPP with APR1400
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able due to loss of electric power. The auxiliary
feedwater (AFW) flow rate is determined based on the
turbine driven auxiliary feedwater pump (TDAFWP)
design flow rate which is 41.01/s [3]. The turbine
driven auxiliary feedwater (TDAFW) flow control
valve is powered by a DC battery and TDAFW flow
rate is controlled to meet the steam generator (SG) wa-
ter level wide range. It is assumed that it takes opera-
tors 30 minutes to open the ADV after the initiating ex-
tended SBO.

Extended SBO scenario analysis

The APR1400 has a three-phase approach for
mitigating external events (BDBEE) beyond the de-
sign basis. Phase 1 is the initial response phase using
installed equipment, phase 2 is the transition phase us-
ing portable equipment and consumables, phase 3 the
indefinite sustainment of these functions using offsite
resources. The initial phase requires the use of in-
stalled equipment and resources to maintain or restore
core cooling, the containment function, and spent fuel
pool (SFP) cooling capabilities.

The transition phase requires providing suffi-
cient, portable, onsite equipment and consumables to
maintain or restore these functions. The initiating
event is assumed to be a loss of offsite power (LOOP)
with a concurrent loss of all AC power and loss of ulti-
mate heat sink (LUHS) during full-power operation.
Given the afore mentioned parameters, the APR1400
will consider the following event sequence to address
a diverse and flexible coping strategy (FLEX) for
full-power operation. Phase 1 is determined to go from
0 to 8 hours [3].

After the extended SBO is initiated, operators
follow operation strategies using installed equipment
during phase 1. Two TDAFW pumps automatically
start the auxiliary feedwater actuation signal (AFAS)
to provide core cooling through the SG and to main-
tain station battery life [2]. TDAFW pumps take suc-
tion from auxiliary feedwater storage tanks (AFWST).
Steam generated in the SG is released through the
MSSV. Class 1E batteries supply direct current (DC)
power to essential instruments and control (I1&C)
equipment and the operation of the TDAFW pumps.
During this phase, RCS is maintained at hot standby
condition by natural circulation, without any action on
the part of the operator.

RCP seals can maintain their function for a maxi-
mum of 30 minutes if seal leak-off valves are manually
closed within one minute following the simultaneous
loss of seal injection and cooling water. Based on the
emergency operation procedure (EOP), closing the
leak-off valves within 1 minute is highly unlikely. It is
assumed that RCP seals fail 3 minutes after the ex-
tended SBO is initiated [6].

Current extended SBO coping procedure

After the extended SBO is initiated, RCS pres-
sure will begin to decrease due to control rod insertion
followed by maintaining the pressure by no heat being
released through the SG.

SG pressure will increase because of the turbine
trip, until it reaches the setpoint of the MSSV. MSSV
are opened to prevent the main streamlines from
overpressurizing. RCS pressure will rapidly decrease as
a result of heat transfer to the SG. TDAFW flow rate
will continuously decrease as the decay heat decreases.

However, if the operator's action to recover the
existing electric power is not successful until battery ex-
haustion time, the TDAFW system is terminated. Con-
sequently, the reactor core starts to boil off after SG in-
ventory dries out and, eventually, the RCS inventory is
depleted. If the restoration of electric power is not suc-
cessful, mitigation measures are not available.

Based on the SBO mitigation operation, water
from the SIT is not available since the pressure of RCS is
maintained higher than that of the head of SIT. For exter-
nal injection, a portable generator provides electricity to
open the pilot-operated safety and relief valves
(POSRYV), due to the difference in high pressure. Once
POSRYV are opened, the inventory of the RCS will rap-
idly decrease making it hard for the operator to take ac-
tion to mitigate the uncovering of the core.

Numerical model of extended SBO

During phase 1, the operator should consider
taking actions to cool down the RCS and SG using
available sources. Once the pressure of the primary
side has decreased to less than the pressure of SIT, wa-
ter from the SIT can be injected into the RCS. The SIT
contain borated water pressurized by a nitrogen cover
which amounts to a passive injection system since no
operator action or electrical signal is required for the
operation.

Each SIT contains borated water to a maximum
of 2.5 weight percent boric acid of 4,400 ppm and a
minimum of 2,300 ppm [2]. In this calculation, the
minimum of boric acid (2,300 ppm) is applied. The
SIT are pressurized to a nominal pressure of 4.21 MPa
for normal operation. The design pressure of SIT is
4.82 MPa, their design temperature 93.3 °C.

In the event of an extended SBO, water from the
SIT could be the only source available to passively op-
erate until external injection or restoration of electric-
ity is available. At the primary side, the water from the
SIT is injected into the RCS, while the water from the
RCS is leaked through the RCP seal. At the secondary
side, water from the TDAFW is provided to the SG to
sustain battery life and the steam from the SG dis-
charged to ADV.
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Therefore, by opening the ADV, providing water
using TDAFW and releasing the steam from SG
through the operation of ADV, is available at the sec-
ondary side. The cool-down rate depends on the ADV
opening size and AFW flow rate as high feedwater
provided to SG and the high release flow rate through
the ADV result in an increased cool-down rate of RCS
and SG. Based on EOP, the SG water level should be
maintained between 25 % ~ 88 % (wide range). The
operating condition of TDAFWP requires supplying
steam pressure and temperature ranging from 0.482
MPa, 157.7 °C to 8.41 MPa, 298.8 °C.

At the primary side, the borated water from SIT
is injected into the RCS, providing the cooling of the
core to minimize fuel damage following its uncover-
ing. Based on the RCP technical manual, the maxi-
mum seal leakage of a RCP can be 7.57 I/s.

The sensitivity study of RCP seal leakage per-
formed for the most probable seal leakage flow rate to
the maximum RCP seal leakage (3.155 liter/s, 4.732 li-
ters/s, 6.31 liters/s, and 7.57 liters/s) is shown in tab. 2.
A different seal leakage rate per RCP is assumed in the
sensitivity study with TDAFWP assumed to be avail-
able for battery life (8 hours). The leakage area is mod-
elled by assuming that the density of water was 754.15
kg/m? and normal operation pressure and temperature
were 15.5 MPa, 561 K, respectively.

During phase 2, RCS depressurization is prereq-
uisite, since the external injection pump shutoff head
is relatively low [2]. Essentially, to depressurize the
RCS, the preparation of an external power generator is
required since the POSRV cannot be opened manually
due to the inaccessibility of the inside of the contain-
ment. If a portable power generator is in place, the op-
erator opens two out of four POSRV 30 minutes after
the severe accident analysis guideline (SAMG) entry
condition because the power generator can provide
only one of two electric trains. Then SAMG mitiga-
tion-3 (injection into RCS) initiates [15].

RESULTS AND DISCUSSION
Base extended SBO case analysis

Thirty-four calculations are performed for five
scenarios at seven different SG depressurizations, as
shown in tab. 2.

Table 2. Set of scenario analyzed for sensitivity study
of RCP seal

Scenario Iséeéllljlﬁz/i;( (r;;fn]i‘;ﬁ AE\]?)VP ADV MSSV
s21 1.325 (21) On 3900/:%05;211 Yes
S50 3.155(50) | On 37()()(%;,?;;1 Yes
875 4732 (75) On Nlé)oof}ff;; Yes
S100 | 6.31(100) On jé)otzz,oop;:n Yes
S120 | 7.57(120) | On ffotzﬁ,oflf:n Yes

“gpm: gallon per minute
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Figure 2. RCS and SG pressure as function of
depressurization —S21
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Figure 3. RCS and SG pressure as function of
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Figure 4. RCS and SG pressure as function of
depressurization — S75
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Figure 6. RCS and SG pressure as function of
depressurization — S120

Figures 1 through 6 represent the impact of
depressurization in an extended SBO as a function of
the ADV opening size in case of different RCP seal
leakages and the impact of the RCP seal break size in
an extended SBO. RCS local pressure drops in figs. 2,
4, 6, 8, and 10 mean that the water from the SIT is be-
ing injected into the RCS at the time. When RCS pres-
sure is lower than 40.3136-10° Pa, the borated water
from the SIT is injected into the RCS. As soon as the
water from the SIT is injected, SIT pressure drops due
to the volume expansion of the covered nitrogen gas
whereupon the SIT injection is stopped until the RCS
pressure is lower than the pressure of SIT.

The analysis of different SIT operating pressures
only performed scenario S21 described in tab. 2, since
the probable RCP seal leakage is applied and in view-
point of RCS pressure, scenario S21 is the most con-
servative case [5]. The leak flow rate from the RCP
seal is small in comparison to the water from the SIT
that cannot be injected into the RCS. ADV opening
size has a considerable influence on RCS pressure.

Therefore, the conclusion is that the effect of bo-
rated water from the SIT is less effective than
depressurizing the RCS through the secondary side,
since the SIT injection with high pressure keeps RCS
pressure higher than 4.41 MPa, 4.3 MPa, 4.29 MPa,
and 4.51 MPa in case of S21 for 8 hours. However,
RCS pressure was not decreased to lower than the shut
off pressure of the external injection pump of 1.5 MPa
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[5]. By opening the ADV 80 %, only in one instance _ " (1)---10 % ADV open
can the RCS pressure be decreased to 1.44 MPa for 8 ng (2)—20 % ADV open
hours. The implementation of mitigation procedures n (3)—--30 % ADV open
should not to be based on a single case. % L (4)——40 % ADV open
o
g
Effectiveness of station battery extension 5
Recent design changes have station battery life
extended from 8§ to 24 hours and have been applied to 0
the NRC DC and Shin-Kori 5 and 6 nuclear power 0 4 8 12 16 Tmfg[h] 24
plant project. Detailed recommendations for strength-
ening the SBO mitigation capability for design basis 10
and beyond it are referred to in [16]. - i;: Mgy i
To evaluate the extension of battery life, three op- L3 (3) —--30 % ADV open
eration limitations are considered. First, the TDAFW e e mditesiohis
pump can be operated with the steam condition from é 6
0.482 MPa, 157.7 to 8.41 MPa, 298.8. Second, the op- o
erator keeps the SG water level between 25 % and 88 %, ? 4
i.e. within the wide range of the SG water level. Third,
the RCS cooldown rate limitation is less than 311 K per 2
hour (100 per hour). All scenarios meet the RCS
cooldown rate limitation. 0

Figures 7, 9, 11, and 13 show the impact of
depressurization on RCS pressure for 24 hours in case
of S21, S50, S75, and S120, respectively. RCS pres-
sure shown in figs. 7,9, 11, and 13 closely follows the
secondary side depressurization.

Infig. 7, in the case 0of 40 % ADV open, SG pres-
sure is lower than the limitation of the minimum oper-
ating pressure of the TDAFW pump. In fig. 8§, SG wa-
ter level of 10 %, 20 % ADV open is maintained higher
than the maximum wide range of the SG water level.
Percentages of 30 % and 40 % ADV open are accept-
able since the operator maintains the SG water level
between 25 % and 88 %. In figure 8, the SG tempera-
ture 0f 40 % ADV open decreases below the limitation
of the minimum operating temperature of the TDAFW
pump.

Therefore, the operating range for depressurizing
the secondary side is determined as the 30 % ADV open
scenario in case of S21, while the 40 % ADV open sce-
nario is acceptable up to 13.6 hours, satisfying the re-
quirement of the maximum SG water level in fig. 8.

In figs. 9 and 10, it is determined that the operat-
ing range to meet the limitations is the scenario of 30 %
ADV open up to 10.45 hours and 40 % ADV open up
to 13.33 hours in the case of S50. In figure 10, SG wa-
ter level is increased to the maximum SG water level at
10.45 hour in a 30 % ADV open scenario and at 13.33
hours in a 40 % ADYV open scenario, respectively. In
the 30 % ADYV open scenario, the operator needs to
control the TDAFW valve to decrease the flow rate or
open ADV to decrease the SG water level before the
10.45 limit.

Based on figs. 11 and 12 for meeting the limita-
tions of the TDAFW pump, the 10 % ADV open sce-
nario is not acceptable. It is determined that the ac-

Figure 7. RCS and SG pressure as function of
depressurization during 24 hours — S21
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Figure 8. SG water level and temperature as function of
depressurization during 24 hours — S21
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Figure 9. RCS and SG pressure as function of
depressurization during 24 hours — S50

E
3
=
3
Bﬂ
i N ) B (1) ---- 10 % ADV open
) (2) — 20 % ADV open
(8) —— 30 % ADV open
8 (4) ——- 40 % ADV open
o 4 8 12 16 20 24
Time [h]
600
580 (1)---- 10 % ADV open
< (2) —— 20 % ADV open
=560 L.
g (3) — — 30 % ADV open
& 540 | R (4) ——-40 % ADV open
25201 \\\\_ ‘/(1) Limitation of TDAFWP
F 500 .
480
460
440
420
400 :
0 4 8 12 16 20 24
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Figure 11. RCS and SG pressure as function of
depressurization during 24 hours — S75

ceptable operating range is the 30 % ADV open sce-
nario up to 10.18 hours and that of 40 % ADV open up
to 10.99 hours in the case of S75.

Figures 13 and 14: to meet the limitations of the
TDAFW pump, the 10 %, 20 %, 30 % ADV open sce-
narios are not acceptable since the water level is main-
tained higher than the maximum SG level. It is deter-
mined that the operating range to meet the limitations
is the scenario of 40 % ADV open up to 9.84 hours in
the case of S120.

CONCLUSIONS

Based on the results of our analyses, between the
opening of ADV and RCP seal leakage, the impact of
ADV on an extended SBO scenario is definitely the
more significant one.

In the extended SBO, since the leak flow rate
from the RCP seal is small, the borated water from SIT
cannot be injected into the RCS based on the sensitiv-
ity study of RCP seal leakage, the operation pr devel-
oped procedure with the expected magnitude of RCP
seal leakage during the event of an extended SBO.

Results show that injecting water using the tur-
bine-driven auxiliary feedwater system with RCS
depressurization through the SG secondary side is
beneficial to delaying core uncovery, heat up and ef-
fective means for external injection.
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Figure 12. SG water level and temperature as function of
depressurization during 24 hours — S75

15
(1) --- 10 % ADV open
(2) — 20 9% ADV open
L\ (3) — - 30 % ADV open
4~ 40 % ADV open

RCS pressure [MPa]
)

0 . . v , .
0 4 8 12 16 20 24
Time [h]
10
(=== 10 % ADV open
) (2) — 20 % ADV open
<3 (3) —+-30% ADV open
E‘ (4) — — 40 % ADV open
=l Limitation of
2 TDAFWP
g 6
a
(O]
(]
4]
2]
ol
0 4 8 12 16 20 24

Figure 13. RCS and SG pressure as function of
depressurization during 24 hours — S120
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Figure 14. SG water level and temperature as function of
depressurization during 24 hours — S120

These results suggest that developing an opti-
mum strategy to maintain core cooling during an ex-
tended SBO scenario should scrutinize the operating
condition of the TDAFW pump, SG operating water
level and the RCS cooldown rate.

The extension of station battery life strengthens the
mitigation capability of an extend SBO and provides a
safe margin for restoring the safe operation of the plant,
as long as the integrity of the battery is maintained.
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Bynroae KM, Xjyursyk JAHT, Ceynrjonr OX, Canrjonr JIEE

AHAJ/IN3A OYTOTPAJHOT HECTAHKA EJEKTPUYHE
EHEPTUIE Y AIIP1400 IIOMOBY MARS-KS KOJA

AKXUupieHT y HykieapHo] enekTpanu ®ykymuma Jlanuu nokasyje fa NpupojHe HENoroge Kao
IITO Cy 3eMJbOTpEC M IpaTehy IyHamMu MOTy HM3a3BaTH BHUIEJHEBHM T'yOUTaK €JIEKTPUYHE E€HEPTHje.
Enexrpuuna enepruja norpeGHa BUTATHUM CUCTEMAMa TOKOM HecTaHKa cTpyje 00e36ebyje ce nomohHum
reHepaTopuMa IOCTaB/BEHUM Yy HyKieapHo] enekTpaHu. Y JyxkHoj Kopeju, y ciaydajy HecraHka
eJICKTPUYHE CHEPTIHje, paiHy KalalluTeT OBUX FTeHepaTopa NPOlysKeH je ca 8 yacosa Ha 24 yaca y lllmakopn
5 u 6 m ATTP1400, pagu cepTudukanmje au3ajaa. 3a ciydaj JyroTpajHOT HECTAHKA eJIEKTPUIHE eHEPrHje,
UCIUTaHU cy Oe30eJHOCHU CUCTEMHM, ONpeMa WU IOCTYNIM U U3BpIICHA je aHaiau3a MoryhHocru
ABaJieCETYETBOPOYACOBHOT PAIHOI Kamanurera reHeparopa. CTyauja OCeT/bHBOCTH Iypea BEHTHIIA
nynMe 3a xjabeme peakTopa CrpoBefieHa je Kako OM ce YTBPAMO YTUIAj Pa3iMuUTHX BPCTa Lypera
BEHTMJIA HAa CHCTEeM. 3a TOTpede cuMynanyje IyroTpajHuX ryouTaKa eJIeKTPUIHE HEePrHje yIoTpeOIheH je
nporpaMmcku naketT MARS-KS. Y oBoMm panly pa3BujeH je yina3uu naket noparaka APR1400 RELAPS 3a
ryOUTaK eleKTpUUYHE EHepruje y eJeKTpaH!u Kako Ou ce aHalu3upana onepaTHBHA CTpaTeruja pydyHoOT
CHMXXaBama MPHUTHCKA PEAaKTOPCKOI CHCTeMa 3a Xiabeme Kpo3 CEeKyHAapHy IpaHy HmaporeHeparopa.
ITopen oBora, 06aBIbeHA je M MPOLEHA OCETILIBOCTH LIypEHha BEHTUIA ITyIIME 3a XIabewe peakTopa.

Kmwyune peuu: oyzoilipajuu 2youitiax eaekiipuyite eHepzuje, bailiepuja eaexiipane, Uyperse 8eHluLd
ityilme 3a xaahemre peaxitiopa, MARS-KS



