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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™®, Shac-Wen Chen®, ¥u Chiang®

2 Institute of Nuclear Enginesring and Science, National Tsing Hua University, 101 Section 2, Kuang Fu Rd., HsinChu,
TAIWAN
" Nuclear and New Energy Education and Research FoundationESS R200W, No. 101, Section 2, Euang-Fu Rd., Hsinchu
30013, TAIWAN

From the Fulushima accident, a natural disaster led
to great damage to a nuclear power plant in no time was
realized. It became clear more work was needed fo
address the plant ability to cope without sources of 4C
power which would otherwise be available to operate the
engineered safety features. The overall objective of this
research is to evaluate the Extended Loss of AC Power
{EL4P) event to determine what actions can be taken to
extend the coping capability of a Pressurized Water
Reactor (FWR) during an ELAP condition and fo
alleviate those condifions which inhibit the ability te
suecessfully survive such an event. This research studies
the thermal-hydraulic phenomena of the plant during
EI4AP with and without mitigation strategies. The
modeling and simulation works were dome by using
TRACE code. The applyving of mitigafion strategy during
ELAF is to secure reactor core water coverage and fiiel
integrity as long as possible, and the resulis show that it
can extend the time for core fuels to be uncovered for
various hours in different situations. Furthermore, the
duration gained by mifigation strategy is pessibly for
building up AC power sources and long-term cooling
system. This study can be used fo help develop and
incorporate emergency response guidelines, investigate
areas of hardware improvement and procure portable
equipment that could be used to help mitigate the ELAF
avent.

1. INTRODUTION

Tragedy in Fukushima Daiichi, Japan shows
significant consequences of the plant facing beyond
design basis accident without proper emergency
equipment and mitigation strategies. Taiwan 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 WPFP 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 (altermating current)
power available, only turbine driven auxiliary
feedwater system (TDAFW) can deliver cold water fo
steam generator (SG) to maintain the water level
inside 5G. If TDAFW frip 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 extended SBO situation by
using mitigation strategies and alternate injection
systems. In addition to regular ECCS and auxiliary
feedwater system, some alternate injection systems
such as diesel engine auxiliary feed pump and fire
engine pump can also inject water into SG or RCS,

but the operating pressure of the alternate systems
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Establishment of TRACE containment model and Maanshan ELAP
analysis
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ABSTRACT

The overall objective of thas research 1= divided mto two sections. The first 13 estabhishment of TR ACE
analy=is model, which mecludes the components of contamment The capabihity of smmlation for
TRACE model 15 verified by companng with the results of Final Safety Analysis Feport (FSAR)
durmg the Loss of Coolant Acadent (LOCA). The important parameters such as containment 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 nuclear power plant 15 3 twero-
unit Westinghouse 3-loop PWE. power station The amalysis results are focus to evaluate the
containment safety and integnity dwning the ELAP event. This research also studies the thermal-
hydraulic phenomena of the plant during ELAP with and without mitization strategies. The modeling
and smmulation works were done by using TRACE code. The cocldown of the RECS with the
subsequent depressunzaton 15 very beneficial to the fransient since this reduces break flow and gets
the accummlators in communication with the RCS which provides watal mass makeup and increased
RCS bulk boron concentration for suberifical margin. This model of core coohng wall contirne untl
enough liqud mass 15 lost through the leak sites such that the houwid phase cannot cover the core.

EEYWORDS

ELAP, TRACE, Maanshan, containment, TAF

1. INTRODUCTION

After the Fukushima aceident, it became clear more work was needed to address the plant abality to
cope without sources of AC power which would octherwise be available to operate the enmneered
safety features. When cooling to the Reactor Coolant Pumps (FCPs) seal packages 15 lost, water at
hgh temperatures will flash and force the leakage in the seal to become excessive. Without AC power
to the Emergency Core Cooling Svstem (ECCS), the Reactor Coolant System (RCS) camnot tolerate
this amount of mass loss for an extended time period.

Maanshan Muclear Power Plant (MNPF) 15 a two-unit Westinghouse three-loop PWE power plant
operated by Tarwan Power Company (TPC) since 1984, If an intense earthquake and tsunamu hat the
plant, the sea water pumps, switch vard, onsite electnic systems, emergency diesel generator or 1ts fiel
supply may be damaged and hard to recover. Since mo AC power avalable, only turbine drven
awaliary feedwater system (TDAFW) can deliver cold water to steam generators (SG) to maintain the
water level maide 5G If TDATW tip due to some reason, water in the 3G will boul off eventually,
losmg the heat sink of primary side. In the primary side, ECCS cannot operate without AC power, so
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HIGCHLIGHTS

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

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

« Reverse flow in the T-junction decreases with increasing flowrate in main pipe.
« v2fturbulence model can capture the reverse flow from the branch injection.
« RKE model can reprduce the thermal mixing chamcteristics ina T-junction

ARTICLE INFOD

ABSTRACT

Artide histary:
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Thermal mixing

Reverse flow

T-junction

FD

Stesdy-state turbulence made]l

A three-dimensional { 3-D) comipu tational fluid dynamics (CFD ) methedology is developed to simulate the
thermal mixing and reverse flow chamcteristics in an in-house T-junction. Different steady-state mirbu-
lence models are adopted in the simulations and assessed against the measured data of temperature dis-
tributions at various cross-sections of the main pipe The unsteady-state turbulence models may be
suitable for msolving the amplinde and frequency of temperamre oscillation in a Tjuncrion
However, T-junctions are just one component in an entire complex piping system. The steady-state tur-
bulence models therefore attract some interest for T-junction smulations in engineering applications.
Two cases, with the flowrate combinations of 30200 and 30/400 in the branch/main pipes, are used to
validate CFD smulations with different turbulence models. The reverse flow from the branch back
upstream of the T-junction intersection is more significant for the lower flowrate of the main pipe, which
can be confirmed by both measured data and predicted resulis. Based on the temperature comparison of
the measurements and the predictions, the v2f turbulence model is most suitable for capturing the flow
reversal characteristics in the T-junction, while the realizable k—e turbulence model reprod uces the mea-
sured data more accurately for the T-junction with the higher flowrate in the main pipe and the lesser
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 turbulence models.

@ 2016 Elsevier Lrd. All rights reserved.

1. Introduction

for piping design, Many simulations using computational fluid
dyramics (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
pants, electronic cooling  applications, molecular  biological
processes, power plants, etc It is cucial to comprehensively
understand the thermal-hydraulic characteristics in a T-juncton

+ Comesponding authar at: Department of Engineering and System Science,
Institute of Nudear Engineering and Sceince, 101, Sec. 2 Kuang-Fu Rl Hsinchu
3001 3. Taiven, ROC.

E-muil address: ymfernp@esinthusdutw (YM. Ferng)
bt e i 5101 01 5] ap plthermal eng 2016.03 124
1353-431 1 2016 Bsevier Lt All rights reserved.
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ducted to investigate the mixing characteristics 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 characeristics of multiple and multi-set
opposing jets. Good agreement between the simulated and the
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HIGCHLIGHTS

« Discuss the problem of EOPs at the time of Fukushima accident to deal with the prolonged SB0.

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

« Describe a special guideline to cope with Fukushima-like accidents and provide its technical basis.
« Point out 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 Daiichi accident is the emergency operating procedures
(EOPs) have to be improved. The BWR Owners’ Group revised the emergency procedure guidelines and
addressed the lesson leamed from the Fukushima Daiichi accident in revision 3 in order to avoid los
of turbine-driven makeup water systems during meactor depressurization. However, the improve ment
deserves much mone 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 exhavsted. The improved EOPs must not only permit eardy reactor pres-
sure vesse| depressurization, but also addres the risk accompanied with the emergency depressuriza-

tion For this reason, Taiwan Power Company proposed the Ulfimate Response Guideline (UREG) to cope
with Fukushima-like accidents. The main content of the URG is a two-stage depressurization strategy,
namely the controlled depresunzation and the emergency depressurization. The technical basis of the
twio-stage depressurization strategy was discussed in this paper. The effectiveness of the LIRG was veri-
fied by using TRAC/RELAP Advanced Computational Engine (TRACE]. Besides, the emergency responses
performed by Fukushima Daini nuclear power plant (Fukushima Daini NPP) were found to be very similar
o the URG. The consequences of Fuluzhima Daini NPP somehow demonstrate that the URG is effective
for Fukushima-like situation. Effective strategies for coping with Fukushima-like accidents are worth-
while to be integrated into the improved EOPs. The Fulushima Daiichi accident might have been pre-
vented if the improved EOPs had been used, even with the exizxing design of Fukuzhima Daiichi NPP

at the time of the accident.

@ 2016 Ekevier BV, All rights reserved.

1. Introduction

On March 11, 2011, a2 massive carthquake of magnitude 9.0
occurmed in east of the Padfic coast of the Tohoku region. Right
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before the earthquake hit, the unit 1, 2 and 3 of 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 accekeration 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 earthquake, Hereafter,
emergency diesel generators (EDGs) were started to supply AC
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Artidde histary Im this study, Zn15AL Al and Inconel 625 coat ngswene applied on low carbon steel substrates by fwin wire arc
Received 29 Nevember 2015
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SPray process as a cormosion and wear protection barnier against the marine atmosphere. The wear be havior of
the coating layer was characterized by a pin-on-disk appararus at a combin ation condition of three nomal
loads and two sliding speeds. The wear tests were mnducted in a 3.5 wik NaCl solution to evalsate the wear re-

Availabie amfine 4 April 2016 sistance of the coatings in a crmsive environment. The results suggested that the |nconel 525 coating had a bet-
Feywords: ter wear resigtance in a 15 wi¥ NaCl solution a5 compared to the ZnAl and Al specimens. Zny/ 1541 coatings
Are thermal spray revealed less wear resistant ina comrosive environmentd ue to the rupture of the oxide filmon the coating surfae
Fn/15A1 during wear. For the sacrificial protection coatings of Zn/15A1 and Al, t he characteristics of surface aide film play
Al a vital rode in the wear resistance of the coating materials.

Ineome] 625 D 2016 Elsevier BA. Al rights reserved.
Wear

Carrsion

1. Introdudion atmaosphere due to the noble activity of Al [8.9). The dectrochemical

In the marine industry, cormsion, wear and emsion of the materials
have been a concern for the coastal and offshore structures. For struc-
tures made af carbon steels, the service life of the components depends
on the corrosion- and wear-resistance of the materials. Arc thermal
spray has been used to apply a functional coating layer on many
structure materials thanks toits low cost, high effidency and superor
productivity [1-3 . The coating layer acts a5 a wear/erosion barrier but
also provides cathodic protection for the substrate against cormsive
environments.

Long-term marine expasure tests of the Zn, ZaAl and Al thermal
spray coatings have been camied out by several authors [4-6). In
an 18-year Beld test of various arc- and fame-sprayed materials ata
coastal area, the ZnAl coating shows higher comosion resistance to the
seawater than the Zn and Al coatings [4]. It has been reported that the
galvanic protection of Zn and the passivation of Al are the mechanism
responsible 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 chloride-containing

* Corresponding authar.
E-mail addre < iechen@inergov tw [T-C Chen L

hapyd s daiorg 10107 6fjsurfonat 201603095
Q257-8972/8 2N 6 Bleevier BN, All righits reserved.

impedance spectrascopic [(EIS) examinations of the Al-coated mild
steels show higher impedance values than the uncoated s pecimens
after salt spray test for 1500 hours, which could be related to the sealing
ol internal pores by the corrosion producs [10). Zn coating applied by
the pulsed air arc deposition (PAAD ) was found to decrease the corm-
sian rate of the underlying low carbon steds [11]. The results of a salt
spray test for thermal-sprayed Zn suggested that the corrosion product
of the coating is composed of hydrated zine oxides and chlorides, in
which hydrated zinc oxides provides a protective bamier for the coat-
ings againstthe corrosive enviconments [ 12].

Superalloys have been designed for use in hash setvice envimn-
ments because of their excellent oxidation resistance and superor
mechanical properties [ 13,14]. Little work has been done to study the
wear resistance of the arc-sprayed superalloy coating in corrosive envi-
mnments. Accordingly, this study was intended to investigate the wear
behavior af the are-sprayed Zn/15AL Al and Incond 625 coatings on the
55 + Nlow carbonsteel (IS S5490C) substrates in asaline erv iron-
ment. Wear rate, coefficent of friction (COF) and wear track profile
wiere measured to determine the wear resistance of the coatings, The
wear track morphology and oxide distribution on the worn surface
were ecamined using scanning elecdron microscopy (SEM) and energy
dispersive spectmscopy (EDS), respectively. Corrosive wear mecha-
nisms for the arc-sprayed Zn /1541 and Al coatings are thereby 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 FaNG
National Cheng Kung University, Depariment of Civil Engineering, Tainan City, Taiwan
e-mail: cfang @mal. ncku.edu fu

Characteristics of the turbulent boundary and passive layers of an isothermasl dry granu-
lar avalanche with incompressible grains are studied by the proposed zero-order turbulence
closure model. The first and second laws of thermodynamics are applied to derive the equ-
ilibrium clasure relations satisfying turbulence realizability conditions, with the dynamic
responses postulated within a quasi-static theory. The established closure model is applied
to analyses of a gravity-driven stationary avalanche down an incline to illustrate the distri-
butions of the mean solid content. mean velocity. turbulent kinetic energy and dissipation
across the flow layer, and to show the influence of turbulent fluctuation on the mean flow
features compared with laminar flow solutions. In this paper. detailed thermodynamic ana-
lysis and equilibrium closure relations are summarized, with the dynamic responses, the
complete closure model and numerical simulations reported in the second part.

Keywords: closure model. dry granular avalanche, thermodynamies. 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 instantaneous 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; Auslocs et al., 2005; GDR MiDi,
2004; Mehta, 2007; Pdschel and Brilliantiv, 2013; Rao and Nott, 2008). Depending on dominant
microstructural grain-grain interactions, the quasi-static, 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 distinct rheological characteristics (Oswald, 2009; Pudasaini and Hutter, 2007).

A dry granular flow experiences fluctuations on its macroscopic quantities, a phenomenon
similar to turbulent motion of Newtonian fluids in three perspectives: (i) it results from two-fold
grain-grain interactions, in contrast to that of Newtonian fluids induced by incoming flow in-
stability, instability in the transition region or low geometry (Batchelor, 1993:; Tsinober, 2009);
(ii) it emerges equally at slow speed in contrast to that of Newtonian fluids, which is dependent
significantly on flow velocity, characterized by the critical Reynolds number; and (iii) while tur-
bulent fluctuation 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 fluid
continuum with significant kinetic energy dissipation. Turbulent fluctuation induces energy ca-
scades from the stress power at the mean scale toward the thermal dissipation at the subsequent
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. IT - CLOSURE MODEL AND
NUMERICAL SIMULATIONS

CHUNG FANG
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Dynamic responses of the closure relations, specific turbulent Helmholtz free energy and
turbulent viscosity are postulated followed by experimental calibrations. The established
closure model is applied to analyses of a gravity-driven stationary avalanche with incom-
pressible grains down an incline. While the mean velocity and volume fraction increase from
their minimum values on the plane toward maximum values on the free surface exponen-
tially. two-fold turbulent kinetic energies and dissipations evolve in a reverse manner. Mast
two-fold turbulent kinetic energies and dissipations are confined within the thin turbulent
boundary layer immediately above the plane, with nearly vanishing two-fold turbulent kine-
tic energies and finite two-fold turbulent dissipations in the passive layer. The two layers are
similar to those of Newtonian fluids in turbulent boundary layer flows. and are preferable
recognized by the distributions of turbulent kinetic energies and dissipations.

Keywords: closure model. gravity-driven flow, passive layer, turbulent boundary layer
1. Introduction

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

0=v+0vV-v 0 = 4ov — div(t + R) —37b
0 =065 —V - (h+H)— 55 f 0-7Z-& (Z=7-10.2) (1.1)
0=wk—-R-D-V-K+30c 0=495—fH -V —V-L+4vH
for which
P = {p,v,v,Z,9M 47 3°)} ¢={t,R,hH f & ks KLz:cH} (1.2)

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

Q= {vo.7.1,81,7 = c1,82. 9" = e, 85,9", 84, 9%, 85, D, Z} C=6(Q) (1.3)
with ¢; and ¢, are constants, and g = gz = 0. Quantities in (1.1)-(1.3) have been defined
in Part 1. Miiller-Liu entropy principle has been investigated to derive the equilibrium closure

relations, with the results summarized in Table 1, in which the subscript E denotes that the
indexed quantity is evaluated at an equilibrium state, defined viz.,

Qlg = (w.7,0,1,61,0,c2,0,9",0,9°,0,0,Z) Q" = (7.g3.84,85, D) (14)

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