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EVALUATION OF EXTENDED LOSS OF AC POWER EVENT AND MITIGATION STRATEGY IN
MAANSHAN PWR USING TRACE CODE

Tung-Hua Yang™®, Jong-Rong Wang™*, Chunkuan Shih™, Shao-Wen Chen®, Yu Chiang®

2 Institute of Nuclear Engineering and Science, National Tsing Hua University, 101 Section 2, Euang Fu Rd., HrinChu,
TAIWAN
* Nuclear and New Energy Education and Research FoundationESS R200W, No. 101, Secrion 2, Euang-Fu Rd.,, Hsinchu
30013, TAIWAN

From the Fulushima accident, a natural disasier led
to great damage to a nuclear power plant in no finme was
realized. It became clear more work was needed fo
address the plant ability to cope without sources of AC
power which would otherwise be available to operate the
enginesred safety feanures. The overall objective of this
research is to evaluate the Extended Loss of AC Power
(ELAP) event to determine what actions can be taken to
extend the coping capability of a Pressurized Water
Reactor (PWRJ during an ELAP condition and fo
alleviate those conditions which inhibit the ability fo
successfully swrvive such an event. This research studies
the thamal-hydraulic phenomena of the plant during
EIAP with and withoui mifigation sirategies. The
modeling and simuladion works were done by using
TRACE code. The applying of mifigation strategy during
ELAP is to secure reacior core water coverage and fiiel
integrity as long as possible, and the results show thart it
can extend the fime for core fuels fo be uncovered for
various hours in different situations. Furthermore, the
duration gained by mitigation smategy is possibly for
building up AC power sources and long-term cooling
system. This study can be used to help develop and
incorporate emergency response guidelines, investigate
areas of hardware improvement and procure portable
equipment that could be used fo help mitgate the ELAP
gvant.

1. INTRODUTION

Tragedy in Fukushima Daiichi, Japan shows
significant conseguences of the plant facing beyond
design basis accident without proper emergency
eguipment and mitigation strategies. Tamwan is
located at the intersection of two tectonic plates
where earthquake frequently happen. With the fact
that all NPPs sit near the shore, enhancing the
induced

tsunami or other beyond design basis accident is a

capability of dealing with earthquake

must.
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Maanshan NPP is a two-unit Westinghouse
three-loop PWR operated by Tawan Power
Company since 1984. If an intense earthquake and
tsunami hit the plant, the sea water pumps, switch
yard, onsite electric systems, emergency diesel
generator or its fuel supply may be damaged and
hard to recover. With no AC (altemnating current)
power available, only turbine driven auxiliary
feedwater system (TDAFPW) can deliver cold water to
steam generator (SG) to maintain the water level
inside SG. If TDAFW trip for some reasons, water in
the SG will boil off eventually, primary side will lose
the heat sink. Emergency core cooling system
(ECCS) cannot operate without AC power so that
there is no cooling water injection capability in the
reactor coolant system (RCS) except passive
accumulators (ACC) action (when RCS pressure is
lower than ACC nitrogen gas pressure). Under such
circumstance  without using any  mitigation
equipment or strategies, core damage will happen
within a few hours.

Tamwan Power Company has enhanced the
capability of coping with exitended SBO situation by
using mitigation strategies and altemate injection
systems. In addition to regular ECCS and auxliary
feedwater system, some alternate injection sysfems
such as diesel engine auxiliary feed pump and fire
engine pump can also inject water info SG or RCS,

but the operating pressure of the aliermate systems
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analysis
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ABSTRACT

The overzll objective of this research 1= divided mto two sections. The first 15 establishment of TRACE
analyzis model, which meludes the components of confzmment The capabiity of smmlaton for
TRACE model 15 verified bv companng with the results of Final Safety Analvsis Feport (FSAR)
durmg the Loss of Coolant Accident (LOCA). The mmportant parameters such as confamment pressure
and contaimment temperature will be discussed. The second work 15 evaluation of Extended Loss of
AC Power (ELAP) event in Maanshan nuclear power plant. Maanshan ouclear power plant 15 3 fwro-
umt Westimghouse 3-loop PWE power station The znalysis results are focus to evaluate the
contaimment safety and infegrity durng the ELAP event. This research also studies the thermal-
hydraulic phenomena of the plant during ELAP wath and without mtgation strategies. The modehing
and simulation works were done by using TRACE code. The cooldown of the RCS with the
subsequent depressurization 15 very beneficial to the fransient simce this reduces break flow and gets
the accumulators In commumicaton with the BCS which provides vital mass makeup and increased
F.CS bulk boron concentrafion for subentical margin. This model of core cooling wall continue unhl
encugh liquid mass 15 lost through the leak sites such that the houd phase cannot cover the core.

EEYWORDS

ELAP TRACE, Maanshan, containment, TAF

1. INTRODUCTION

After the Fukushima accident, 1t became clear more work was needed to address the plant abality to
cope without sources of AC power which would otherwise be avalable to operate the enmineered
safety features. When cooling to the Beactor Coolant Pumps (B.CPs) seal packages 15 lost, water at
high temperatures will flash and force the leakage in the seal to become exceszive. Without AC power
to the Emergency Core Coohing System (ECCS), the Eeactor Coolant System (F.CS) camnot tolerate
this amount of mass loss for an extended time penod.

Maanshan Nueclear Power Plant (NPF) 1= a two-umit Westinghouse three-loop PWE power plamt
operated by Tarwan Power Company (TPC) since 1984, If an intense earthquake and tsunam hit the
plant, the sea water pumps, switch vard, onsite elecine systems, emergency diesel pensrator or 1ts fiel
supply mav be damaged and hard to recover. Since no AC power available, only twrbine drven
awaliary feedwater svstem (TDAFW) can deliver cold water to steam generators (50G) to maintain the
water level m=side SG If TDAFW mp due to some reason, water m the 5G will boul off eventually,
losmg the heat mink of promary side. In the primary side, ECCS cannot operate without AC power, so

1/13
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HICHLIGCHTS

« CFD simulates the thermal mixing and reverse in a T-junction.

» Steady-state turbulence models are adopred in this paper.

» Reverse flow in the T-junction decreases with increasing flowmte in main pipe.
« V2 frurbulence model can capture the reverse flow from the branch injection.
« RKE model can repmduce the thermal mixing chamoeristics in a Tjuncton

ARTICLE INFOQO

ABSTRACT

Artide history:
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Heywards:

Thermal mixing

Reverse flaw

T-junction

FD

Spezdy-state turbulence: mods]

A three-dimensional { 3-1 ) computational fluld dynamics (CFD | methoedology is developed o simulare the
thermal mixing and reverse flow chaacteristics in an in-house T-junction. Different steady-state furbu-
lence models are adopted in the simulations and assessed against the measured data of tempe@mure dis-
mriburions at varous cross-wctiens of the main pipe The unsteady-state mrbulence models may be
suitable for mesolving the amplitude and frequency of temperature oscillation in a T-juncrion
However, T-junctions are just one component in an entire complex piping system. The steady-state tur-
bulence models themefore ammac some Interest for THunction smulatons in engineering applications.
Two cases, with the flowrare combinations of 307200 and 30/400 in the banchimain pipes, are used o
validate CFD simulations with different turbulence models. The reverse flow from the branch back
upstream of the T-junction intersectien |5 more significant for the lower Alowrate of the main pipe, which
can be confimed by both measured data and predicted results. Based on the temperatu e companson of
the measurements and the predictions, the vaf turbulence model is most suitable for capturing the flow
reversal chamcteristics in the T-junction. while the realizable k—e turbulence model reprod uoes the mea-
zured data more accurately for the T-juncrion with the higher flowrate in the main pipe and the leszer
reverse flow. The present results can provide a useful reference for simulating the thermal mixing and
reverse flow in a T-junction with various steady-state murbulence models.

D 2016 Elsevier Lid All rights resered.

1. Introduct on

for piping design. Many simulabions using computational fuid
dynamics (CFD) with different turbulence models have been con-

T-junctions are commonly used in piping systems and multi-
channel networks in various industries, including petrochemical
plants, electronic cooling  applications, molecular  biological
processes, power plants, etc It is cucial to comprehensively
understand the thermal-hydraulic characteristics in a T-junction

+ Comesponding suthar at: Department of Engineering and System Science,
Institite of Nudear Engineering and Sceince, 101, S2c. 2 Kuang-Fu Rl Hsinchu
0013, Taivean, ROC

E-mail address ymiemg@esonthy sdwiw (Y M. Femg].

itp: i £rgi 10101 6{j applthermaleng 316,03 124
135943118 2016 Bsevier Ltd All rights reserved

95

ducted to investigate the mixing characeristics of T-junctions.
Hu and Kazimi [1] studied temperature fluctuations caused by
thermal mixing in T-junctions using the large eddy simulation
(LES) turbulence model. The results showed that the calculated
maximum temperatures were somewhat higher than the measure-
ments, Wang and Mujumdar [2] developed a three-dimensional
(3-D) model with the standard k—e turbulence model to predict
the flow and mixing characteristics of multiple and mult-set
opposing jets. Good agreement between the simulited and the
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HIGCHLIGHTS

« Discuss the problem of EOPs ar the fime of Fukushima accident to deal with the prolonged SBO.

« Elaborate the potential risk accompanied with the emergency depressurization in the SEQ.

« Describe a special guideline to cope with Fukushima-like accidents and provide its technical basis.
« Point our that Fulushima accident might have been prevented if improved EOPs had been used.

» Propose key points and suggestions for improving the EOPs.
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One of the lessons learned from the Fukushima Daiichl accident is the emergncy operating procedures
(EOPs) have to be improved. The BWER Owners’ Group revised the emergency procedure guidelines and
addressed the lesson leamed from the Fukushima Daiichi accident in revision 3 in order o avoid los
of turbine-driven makeup water systems during reactor depressurization However, the improvement
deserves much more attention. The existing EOPs at the time of the accident may not be adequate enough
for the prolonged station blackout condition, because resources required for performing the EOPs are
vastly unavailable or gradually exhausted The improved EOPs must not only permit early reactor pres-
sure vessel depressurization, but also addres the risk acoompanied with the emergency depressuniza-

ton For this reason, Taiwan Power Company proposed the Ultimate Response Guideline (URG) to cope
with Fukushima-like accidenrs. The main content of the URG is a nvo-stage depressurization strategy,
namely the contralled depresurization and the emergency depressurization. The rechnical hazis of the
two-stage depressurization strategy was discussed in this paper. The effectiveness of the URG was veri-
fied by using TRAC/RELAP Advanced Computational Engine (TRACE) Besides, the emergency responses
performed by Fukushima Daini nuclear power plant (Fukushima Daind NPP) were found to be very similar
to the URG The consequences of Fukushima Dainl NPF somehow demonsirare that the URG is effective
for Fukushima-like situation. Effecrive strategies for coping with Fukushima-like accidents are warth-
while o be integrated inte the improved EOPs. The Fulushima Daiichi accident might have been pre-
vented if the improved EOPs had been used, even with the exising design of Fukushima Daiichi NPP

at the time of the accident.

© 2016 Ekevier BV. All rights reserved.

1. Introduct on

On March 11, 2011, a massive carthquake of magnitude 9.0
occurred noeast of the Padfic coast of the Tohoku region. Right
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belore the earthquake hit, the unit 1, 2 and 3 ol Fukushima Daiichi
nuclear power plant (Fukushima Daiichi NPP) were operating in
rated power while the unit 4, 5 and 6 were in planned outage.
Due to the lage seismic acoe leration signals from the seismic trig-
ger, all units in power operation automatically scrammed. The loss
of off-site power (LOOP) was resulted from the damaged switch-
yard equipment, collapsed transmission line towers and broken
circuit breakers that was caused by the earthguake, Hereafter,
emergency diesel generators (EDGs) were started to supply AC
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ARTICLE 1NFO ABSTRACT

Artice histary I this study, ZnF5AL Al and Inconel 625 ooa ings were applied on low carbon steel substrates by twin wire anc

Received 29 Newersher 2015 Spray process as a cormosien and wear protaction barder against the marine atmasphere. The wear behavior of

Rewised 25 March 21 6 the coating layer was characterized by a pin-on-disk ap paratus at a combination condition of three nomal

ﬁﬁﬂm&ﬂﬁuﬂ ANs lt_:adsandtmslidi_ngsp_eedsﬁﬁwarw_mwm mnducted ina 3.5 wik Naﬂsdutionmwz]u.ﬂg the wear re-
sistance of the coatings ina mrmes ve envirenment. The results suggesed that the Inoenel 625 coating had a bet-

% % ter wear resistance in a 15 wrs Nall solution a5 compared to the ZnAl and Al specimens. Zn/ 15A] coatings

Are thermal spray revealed less wear resistant ina comsive envirenmentd ue txthe ruprure of the oxide film on the coating aurfe

Inj15Al diuring wear. For the sacrifi cial protection coatingsof Zn/15A1 and Al, the charactenistics of surfae meide film play

Al a vital mode in the wear resistance of the coating materials.

Incone] 625 D 2016 Elevier BV, All rights reserved.

Wear

Carrsian

1. Introduction atmosphere due to the noble activity of Al [8.9]. The dectrochemical

In the marine industry, cormsion, wear and emsion of the materiak
have been a concern for the coastal and offshore structures. For strue-
tures made of carbon steels, the service life of the components depends
on the corrosion- and wear-resistance of the materials. Are thermal
spray has been used to apply a functonal coating layer on many
structune materials thanks toits low cost, high effidency and supenor
productivity [1-3]. The coating layer acts as a wear ferosion barrier but
also provides cathodic protection for the substrate against cormsive
environments.

Long-term marine exposure tests of the Zn, ZnAl and Al thermal
spray coatings have been camied out by several authors [4-6] In
an 18-year field test of various arc- and flame-sprayed materials at a
coastal area, the ZnAl coating shows higher comosion resistance to the
seawater than the Zn and Al coatings [4]. It has been meported that the
galvanic protection of Zn and the passivation of Al are the mechanism
respansible for the adequate performance of ZnAl coating in a marine
environment | 7,8]: however, increasing the Al contents could lower
the galvanic protection of a ZnAl coating in the chloridecontaining

* Corresponding authar.
Eanail acdr= < iechen@inesgov itw [ T-C Chen

s dalorg 1010 G uritnat 20 1603 095
0257-89720 X0 6 Eleevier BV. All rights reserved.

impedance spedroscopic [ EIS) examinations of the Al-coated mild
steels show higher impedance values than the uncoated specimens
alter salt spray test for 1500 hours, which could be related to the sealing
of internal pores by the corrosion produds [10] Zn coating applied by
the pulsed air arc depasition (PAAD) was found to decrease the corm-
sion rate af the underlying low carbon steds [11]. The results of a salt
spray test for thermal-spayed Zn suggested that the corrosion product
ol the coating is composed of hydrated zinc oxides and chlarides, in
which hydrated dne axides provides a protective bamier for the coat-
ings against the corrosive environments [ 12],

Superalloys have been designed for usein hash service envimon-
ments because of their excellent oxidation resistance and supenor
mechanical properies [ 13,14]. Little work has been done 1o study the
weear resistance of the arc-sprayed superalloy caating in cormsive envi-
maments, Accordingly, this study was intended to investigate the wear
behavior of the arc-sprayed Zn/15AL Al and Incond 625 coatings an the
552 + Nlow carbon steel (IS 554900) substrates in asaline environ-
ment, Wear rate, coclffident of fridtion (COF) and wear track pmfile
were measured to determine the wear resistance of the matings, The
wear track morphology and oxide distribution on the worn surface
wiere examined using scanning eledron microscopy (SEM ) and energy
dispersive spectmscopy (EDS), respectively. Corrosive wear mecha-
nisms for the arc-sprayed Zn/15A] and Al coatings are therehy proposed
in this study.
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ON THE TURBULENT BOUNDARY LAYER OF A DRY GRANULAR
AVALANCHE DOWN AN INCLINE. I. THERMODYNAMIC ANALYSIS

CHUNG Fanc
National Cheng Kung University, Department of Oivil Enginesring, Toman Cidy, Toiwan
e-mail: cfang@molnokhe edu fw

Characteristics of the turbulent boundary and passive layers of an isothermal dry grano-
lar avalanche with incompressible grams are studied by the proposed zerc-order turbulence
closure model. The first and second lews of thermodynamics are applied to derive the equ-
thbrium closure relations satisfying turbulence realzability conditions, with the dynamie
responses postulated within a quasi-static theory. The established closure model 15 apphod
to analyses of a gravity-driven stationary avalanche down an incline to illustrate the distn-
butions of the mean schid content, mean veloeity, turbulent kinetic energy and dissipation
across the flow layer, and to show the mfluence of turbulent Auctuation on the mean flow
features compared with laminar Aow solutions. In this paper, detailed thermodynamic ana-
Iysis and equilibrium closure relations are summarized, with the dynamic responses, the
complete closure model and nnmerical stmmlations reported m the second part.

Keywords: closure model, dry granular avalanche, thermodynamees, turbulence

1. Introduction

Dry granular systems are collections of a large amount of dispersive solid particles with interstices
filled with a gas. When in motion, the interactions among the solid grains result from short-
-term instantaneons elastic and inelastic collisions and long-term enduring frictional contact
and sliding. They play a structural role in the macroscopic behavior, and are characterized
as the microstructural effect (Aranson and Tsimring, 2009; Ausloos et al, 2005 GDR MiDi,
2004; Mehta, 2007; Poschel and Brilliantiv, 2013; Rao and Nott, 2008). Depending on dominant
microstructural grain-grain interactions, the quasi-statie, dense and collisional flow states are
defined, by which the avalanche is classified as a flow with rapid speed (flow in collisional
state) (Pudasaini and Hutter, 2007; Poschel and Brilliantiv, 2013; Rao and Nott, 2008). The
microstructural effect significantly depends on flow speed, leading to a dry granular avalanche
exhibiting distinet rheological characteristics {Oswald, 2009; Pudasaini and Hutter, 2007).

A dry gramlar flow experiences fluctuations on its macroscopic quantities, a phenomenon
similar to turbulent motion of Newtonian fAuids in three perspectives: (i) it results from two-fold
grain-grain interactions, in contrast to that of Newtonian fluids induced by incoming fow in-
stability, instability in the transition region or flow geometry (Batchelor, 1993; Tsinober, 2000);
{ii) it emerges equally at slow speed in contrast to that of Newtonian fluids, which is dependent
significantly on flow veloecity, characterized by the eritical Reynolds number; and (iii) while tur-
bulent Auctnation induces most energy production with anisotropic eddies and energy dissipation
with fairly isotropic eddies at the scales similar to the integral and Kolmogorov length scales in
Newtonian fluids, respectively. Granular eddies at the inertia sub-range or Taylor microeddies
are barely recognized. These imply that a dry granular flow can be considered a rheological fAluid
continuum with sipnificant kinetic energy dissipation. Turbulent fluctuation induces energy ca-
seades from the stress power at the mean scale toward the thermal dissipation at the subsaquent
length and time scales (Pudasaini and Hutter, 2007; Rao and Nott, 2008).
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ON THE TURBULENT BOUNDARY LAYER OF A DRY GRANULAR
AVALANCHE DOWN AN INCLINE. II - CLOSURE MODEL AND
NUMERICAL SIMULATIONS

CHUNG FanG
Notional Cheng Kung University, Department of Ciml Enginesning, Toinan City, Toawvon
e-mail: cfang@maol nokhe edu fer

Dynamic responses of the closure relations, specifie turbulent Helmholtz free energy and
turbulent viscosity are postulated followsd by experimental calibrations. The established
closure model s applied to analvses of a gravity-driven stationary avalanche with incom-
pressible grams down an inchine. While the mean velocity and volume fraction increase from
their minimmim values on the plane toward maxirmmm velues on the free surface exponen-
tially, two-fold turbulent kinetie energies and dissipations evolve in a reverse manner. Most
two-fold turbulent kinetic encrgies and dissipations are confined within the thin turbulent
boundary laver immediately above the plane, with noarly vanishing two-fold turbulent lane-
tic encrgies and finite two-fold turbulent dissipations in the passive layer. The two layens are
similar to those of Newtonian fluids in turbulent boundary layer fows, and are preferable
rocognized by the distributions of turbulent kinetic energies and dissipations.

Keywords: closure model. gravity-driven How, passive layer, turbulent boundary layer

1. Introduction

This paper continues Fang (2016b), hereafter referred to as Part 1. The balance equations of the
mean fields for isothermal flows with incompressible grains are summarized in the following

D=¢+0V-¥ 0 = 7iv — div(t + R) — 57b
0= §ols —V - (h+ H) — 57 ] 0=F%-& (Z=7-0.7) (1.1)
0=7k—R-D- V- -K+ 7 0=4ps— M-V —-V-L+38H
for which
P ={p v T,oM a7, 0% C={t.RhH [ & ksKLzcH (1.2)

are introduced respectively as the primitive mean fields and closure relations based on the
turbulent state space given by

Q= {vo. 7, 0, 21.7 = 1. EzfﬁM = Cz, 33115T15411?G185:ETE} €= 'f'lQ}' (1.3)

with o and ep are constants, and gz = gz = 0. Quantities in (1.1}-(1.3) have been defined
in Part I. Miller-Liu entropy principle has been investigated to derive the equilibrinm closure
relations, with the resnlts summarized in Table 1, in which the subseript £ denotes that the

indexed quantity is evaluated at an equilibrium state, defined viz.,
Qg = (w0,7,0,81,01,0,e2,0,6",0,9°,0,0,Z) Q" = (5,83, 81,85, D) (14)

with @7 the dynamic sub-state space, upon which the dynamic closure relations should depend.
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