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ABSTRACT

Identifying the flow regimes and the heat transferdes is important for the analysis of accidenthsas the
Loss-of-Coolant Accident (LOCA). The aim of thispeat is to identify the flow regimes, the heat tfans
modes, and the correlations used in the RELAP5/MQIgama code in ANGRA 2 during the Small-Break
Loss-of-Coolant Accident (SBLOCA) with a 100&nupture area in the cold leg of primary loop. Tleapter
15 of the Final Safety Analysis Report of ANGRARSAR - A2) reports this specific kind of accidefihe
results from this work demonstrated the several flegimes and heat transfer modes that can berriesthe

core of ANGRA 2 during the postulated accident

1. INTRODUCTION

Identifying the flow regimes and the heat transfevdes is important for the analysis of
accidents such as the Loss-of-Coolant Accident (RDThe LOCA has been studied since
the Three Mile Island and Chernobyl accidents, beedhis kind of accident is considered a
design basic accident in the nuclear power plants.

The aim of this paper is to identify the flow re@gsy the heat transfer modes, and the
correlations used in the RELAP5/MOD3.2.gama [1]ead ANGRA 2 during the Small-
Break Loss-of-Coolant Accident (SBLOCA) with a 1@@erupture area in the cold leg of
primary loop — described in detail in the Chaptgrof the Final Safety Analysis Report of
ANGRA 2 (FSAR-A2) [2].

The accident consists of the partial break of thid teg of the Angra 2 nuclear power plant.
The rupture is the 100 émand the efficiency of the Emergency Core Coolast&n (ECCS)
is also verified for this accident.



2. THE NODALIZATION OF ANGRA 2 USING THE RELAPS5 CODE

The RELAPS was developed by the Idaho National tafooy. This code was originally
designed for the analysis of thermal hydraulic grants in Pressurized Water Reactors
(PWR). The RELAPS can model the primary and secgndaoling systems of experimental
facilities and of Nuclear Reactors with geometrietadls. The program uses the non-
homogeneous non-equilibrium two-fluid model, andsiders the conservation equations of
mass, momentum and energy for the liquid and gasqsh One-dimensional model is used to
treat the fluid flow and the heat conduction in #teictures; however, in some special cases
such as the cross flow in the reactor core andeWwetting region in flooding model, the two-
dimensional model is used [1].

For each postulated LOCA, the ECCS performance isréifie The Chapter 15 of the Final
Safety Analysis Report of Angra 2 (FSAR-A2) repoitie ECCS actuation [2] for each
accident.

The SBLOCA is characterized by a slow blowdownhi@ primary loop; until reaching the set
point of the actuation of the high-pressure in@ttsystem, when the water is introduced in
the circuit again. The thermal-hydraulic procességrent the accident phenomena, such as
primary loop vaporization and consequently an imappate fluid distribution in the reactor
core. It can lead to a reduction in the core lidaiel and the ECCS is capable to refill it.

In this case failure and repair criteria for the@®E&components were adopted as specified to
this event in the FSAR-A2 in order to verify thesegm operation, preserving the integrity of
the reactor core and to guarantee its coolingresepted in Table 1.

Table 1: Injection by the ECCS for SBLOCA

ECCS Components Injection
Loop 10 Loop 20 Loop 30 Loop 40
hot | cold| hot| cold] hot cold ho colg
Safety Injection Pumps 1 _ 1 | SF _ RC |
Accumulators 1 1 1 1 1 1 1 1
Residual Heat Removal 1 1 SF RC
Pumps

SF: Single failure of diesel engine, RC: Dieseliraglown for repairs

Figure 1 shows the nodalization of the Angra 2 cAtiough, the cooling primary loop was
modeled in the simulation using RELAPS5, it is noégented in the figure. The boundary
conditions used were taken from FSAR-A2. The actiddarted after 100 seconds of the
steady state simulation time.

The input file was based in the work performedhmry Technical Cooperation amolmgtituto

de Pesquisas Energética Nucleares(IPEN), Centro de Desenvolvimento Tecnoldgico
Nuclear(CDTN), andComissao Nacional de Energia Nucld@NEN) [3]. Furthermore, the
research published in the VIII Congress of Mecharimgineer held itJberlandiawas used
as reference to the work [4].
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Figure 1: Angra 2 nuclear reactor core nodalizationto RELAP5 code.

The RELAPS code is capable to identify fifteen eliéint flow regimes, which are presented
in Table 2. Each one associated to an integer nurib®se numbers are obtained from
RELAPS5S code output file to specify the fluid behavior each control volume during the
accident simulation

Table 2: Flow regime number (RELAPS5)

Flow regime Number

High mixing bubbly 1
High mixing bubbly/mist transition 2
High mixing mist 3
Bubbly 4
Slug 5
Annular mist 6
Mist pre-CHF 7
Inverted annular 8
Inverted slug 9

Mist 10
Mist post-CHF 11
Horizontal stratified 12
Vertical stratified 13
Level tracking 14
Jet junction 15
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Table 3 shows the numbers that correspond to thae thensfer mode and the correlations
used in the RELAPS5 code. They were accessed dthmgxecution of the program to this
case, and the results are presented in item (BjoWwork.

Table 3: Heat transfer mode numbers and correlatios used by RELAP5S

Number Heat Transfer Mode Correlation
i Convection to noncondensable- Kays, 1955; Dittus-Boelter, 1930; ESDU*; Shah, 1992;
water rmxture Churchill«Chu, 1975; McAdams, 1954
1 Sa'nf__:'.:-g'-lmslc liguid convection at G e
supercrnifical pressure
Single-phase liquid convection,
2 suhcooled wall, low void Same as mode 0
fractions
Chen, 1966
3 Subcooled nucleate boiling For horizontal bundle: Polley-Ralston-Grant, 1981; ESDU#;
Forster-Zuber, 1955
2 Saturated nucleate boiling Same as mode 3
2 Subcooled transition boiling Chen-Sundaram-Cekaynak, 1977
& Saturated transitton boiling Same as mode 3
__ Heper = Bromley, 1950; Sun-Gonzales-Tien, 1976; and mode 0
Saturated film boiling Com nh
orrelations
B Saturated film boiling Same as mode 7
Single-phase vapor convection or
] supercritcal pressure with the Same as mode 0
void fraction greater than zero
10 !:DDUEI]SH[EUI'.I whent the waid 15 Nusselt, 1916; Shah, 1979; Colburn-Hougen, 1934
less than one =
1 Cnnd.:.nsut:nr. when the void Srneas mode 10
equals one

* ESDU (Engineenng Science Data Unit, 73031, Nov 1973; ESDU Intemational Ple, 27, Corsham Street, London, N1
6LUA)

3. RESULTS

The main boundary conditions used in this simufatiere obtained from the FSAR-A2 [2]
and are presented as the following:

» reactor power - 106% nominal power;

» reactor trip from Reactor Coolant System (RCS3spure < 132 bar;

* 100 k/h secondary-side cooldowrr{2< 132 bar and containment pressure > 1.03 bar);
» ECC criteria met (Res< 110 bar and containment pressure > 1.03 bar).

The accident started after 100 seconds of the gate simulation time, when the valve 951
was opened. Valve 951 is connected to the branBH@tmary cold leg), which is connected
to the volume 960 (containment). The area of theevapening is 100 cmThis is the size of
the rupture considered in this case. Figures Dtshbw the results obtained from SBLOCA
of Angra 2 analysis using RELAP5 code. Some of dhessults were compared with the
results found in the FSAR-A2 [2].

Figure 2 shows the pressures in the primary anonsizcy loops to RELAPS and FSAR-A2.
The behavior of the results in both cases was sieniar.

Figure 3 shows the mass flow in the rupture.
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Figures 4 and 5 show a good agreement of the nagsdsults obtained from RELAPS and
FSAR-A2 in the lines of ECCS.
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Figure 2: Pressure in the primary and secondary loes of Angra 2 (RELAP5 and
FSAR-A2).
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Figure 3: Mass flow in the break (RELAP5 and FSAR-A2).
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Figure 4: Mass flow in the lines of ECCS — Loop 1(RELAP5 and FSAR-A2).
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Figure 5: Mass flow in the lines of ECCS — Loop 3(RELAPS and FSAR-A2).

Figure 6 shows the cladding temperature of therbdtin the lower part of the core of
Angra 2. It showed to be in reasonable agreemehttive FSAR-A2 [2].
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Figure 6: Hot rod cladding temperature in the lowerpart of the core of Angra 2
(RELAPS and FSAR-A2).

Figures 7 to 10 show the following variables in tigper region of the hot channel of the
core of Angra 2: the void fraction, hot rod cladglitemperature, the flow regimes, and the
heat transfer modes used by RELAPS5.

Figure 7 shows an increase in the void fractiothaupper region of the hot channel of the
core, between 400 and 550 seconds of simulatioanwhly vapor in the core was observed.

Figure 8 shows an increase of the temperature @tofh region of the core, in this range of
time, with maximum temperature of the hot rod clagabf 500 °C.

Figures 9 and 10 show the flow regimes and the tn@asfer modes on the top region of the
hot channel of the core, respectively, during timuation using RELAPS5 code. These
variables can be observed in the Tables 2 and 3.
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Figure 7: Void fraction on the top of the of the hé channelcore of Angra 2 (RELAPS5).
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Figure 8: Hot rod cladding temperature on the top éthe core of Angra 2 (RELAP5).
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Figure 9: Flow regimes on top of the hot channeidf the core of Angra 2 (RELAPS5).
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Figure 10: Hot cladding heat transfer modes on th&p of the core of Angra 2
(RELAPS).

The results showed the expected behavior duringSBEOCA. The blowdown was very
slow in this case.

4. CONCLUSIONS

In this work the flow regimes, the heat transferdem and the correlation used by
RELAP5/MOD3.2.gama code, during the SBLOCA with d®0 of rupture area in the cold
leg of primary loop were identified. The resultowsied the correct actuation of the ECCS,
guaranteeing the integrity of the reactor coreaddition, the results obtained using RELAP5
were similar to the results of the FSAR-A2.

REFERENCES

1. IDAHO LAB. SCIENTECH Inc., “RELAP5/MOD3 Code Manuablume Il: Appendix
A Input Requirements, NUREG/CR-5535Vel. Il App A , August (1999).

2. ELETRONUCLEAR S. A, “Final Safety Analysis ReportGentral Nuclear Almirante
Alvaro Alberto — Unit 2”,Doc: MA/2-0809.2/060000 -Rev,. &bril (2000).

3. R. C. Borges, A. A. Madeira, L. C. M. Pereira, E.PRImieri, C. V. G. Azevedo, N. S.
Lapa, G. Sabundjian e D. A. Andrade, “Simulacdo Alggra 2 com o cdédigo
RELAP5/MOD3.2gamma’Sessao Técnica Especialll Encontro Nacional de Fisica
de Reatores e Termo-hidraulicdantos, SP, Brasil, 11-16 de agosto (2002).

4. E. M. Borges e G. Sabundjian, “Simulacéo do Acidate Perda de Refrigerante na Linha
do Sistema de Resfriamento de Emergéncia do Nu€leoectada a Perna Fria do
Circuito Primario de Angra 2'VIIl Congresso de Engenharia Mecaniddberlandia,
MG, Brasil, 10-15 de agosto (2014).

INAC 2015, S&o Paulo, SP, Brazil.



