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FOREWORD

Requests for severe accident investigations and assurance of mitigation measures have
increased for operating nuclear power plants and the design of advanced nuclear power plants.
Severe accident analysis investigations necessitate the analysis of the very complex physical
phenomena that occur sequentially during various stages of accident progression. Computer
codes are essential tools for understanding how the reactor and its containment might respond
under severe accident conditions.

The TAEA organizes coordinated research projects (CRPs) to facilitate technology
development through international collaboration among Member States. The CRP on
Benchmarking Severe Accident Computer Codes for HWR Applications was planned on the
advice and with the support of the IAEA Nuclear Energy Department’s Technical Working
Group on Advanced Technologies for HWRs (the TWG-HWR).

This publication summarizes the results from the CRP participants. The CRP promoted
international collaboration among Member States to improve the phenomenological
understanding of severe core damage accidents and the capability to analyse them. The CRP
scope included the identification and selection of a severe accident sequence, selection of
appropriate geometrical and boundary conditions, conduct of benchmark analyses,
comparison of the results of all code outputs, evaluation of the capabilities of computer codes
to predict important severe accident phenomena, and the proposal of necessary code
improvements and/or new experiments to reduce uncertainties. Seven institutes from five
countries with HWRs participated in this CRP.

The IAEA expresses its appreciation to T. Nitheanandan (Canada) for leading this CRP as
chairperson. The IAEA officer responsible for this publication was J.H. Choi of the Division
of Nuclear Power.
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1. INTRODUCTION

1.1. BACKGROUND

Heavy Water Reactors (HWRs) possess a number of inherent and designed safety features
that make them resistant to core damage accidents. The heavy water moderator in CANDU
reactors provides a significant heat sink to prevent or delay the progression of an accident into
the severe core damage realm. The fuel is surrounded by three water systems: heavy water
primary coolant, heavy water moderator, and light water in the calandria vault and shield
water system. The water inventories in the emergency core cooling system and the dousing
system at the dome of the containment can also provide fuel cooling and water makeup to
prevent severe core damage or mitigate the consequences of a severe core damage accident,
should it occur.

A severe core damage accident is defined as a beyond design basis accident in which the
reactor core is damaged significantly, irrespective of whether there are serious off-site
consequences [1]. The term Severe Accident (SA) characterizes the transition of core
geometry from an intact coolable state to a state that is more difficult to cool with the state of
the core progressively deteriorating, starting from the fuel channels [2].

The severe accident phenomena in HWRs are complex and different than the severe accident
phenomena in a Light Water Reactors (LWR). In a HWR, the core damage accidents are
categorised into two accident classes [3]:

-~ The limited core damage accidents (LCDAs) where the core geometry is preserved, and;
- The severe core damage accidents (SCDAs) where the core geometry is lost.

The severe core damage accident progression is a step beyond the LCDAs that can be
terminated at the moderator heat sink. The SCDAs in CANDU reactors begin with the
depletion of liquid moderator, exposing the top row of internally voided fuel channels to
steam cooling conditions on the outside. The uncovered fuel channels heat-up, deform and
break-up into core debris. The large inventories of water passively reduce the rate of
progression of the accident, prolonging the time for complete loss of engineered heat sinks.
The calandria vessel and the containment are two engineered barriers that retain core debris
(non-volatile radioactivity) and volatile fission products, respectively. These barriers ensure
public safety against risk resulting from an inappropriate or uncontrolled release of
radioactivity. Additional engineered features are provided to prevent phenomenological
challenges, or mitigate consequences of challenge to these barriers.

The consequence analysis of severe core damage sequences are performed using a number of
computational tools. For example, some of the computational codes used in severe accidents
are MAAP-CANDU, ISAAC, SEVAX, RELAP/SCDAP, MELCOOL, and ASTEC. Plant
specific severe core damage accident assessments rely on using best estimate codes, separate
effects data, analytical solutions and failure criteria. The representative severe core damage
sequence is performed using integral codes to quantify the:

- Changes to important variables with time and;
- Timing of major events.

These calculations are supported by sensitivity studies, expert opinion, single effect
experiments, and mechanistic code calculations to estimate the overall uncertainties of the
predicted behaviour in selected cases. The important variables include containment pressure,
containment temperature, hydrogen generation, and activity release of Cs-137 and I-131.
These plant specific consequence assessments are used to support the development and
assessment of event trees in Level 2 Probabilistic Safety Assessment (PSA) and Severe
Accident Management Guidelines (SAMG).



Despite significant progress in the understanding of severe accident phenomena, the
application of the available knowledge for benchmarking integral codes remains limited
because of the difficulties in incorporating realistic boundary conditions of experiments into
integral codes. The extremely high temperatures impose additional challenges to realistic
measurement of the phenomena, rendering the data itself to have significantly large
uncertainties. As a result, the analysis results from integral severe accident codes can have
significantly large uncertainties compared to the design basis accident analyses.

The Coordinated Research Project (CRP) described in this document is a benchmarking of
severe accident analysis codes used for the analysis of severe core damage accidents in HWRs.
The exercise promoted international collaboration among IAEA Member States to improve
the phenomenological understanding and analysis capability of severe core damage accidents.
The scope included the identification and selection of a severe accident sequence, selection of
appropriate geometrical and boundary conditions, conducting benchmark analyses, and
comparing the results of all code outputs, evaluating the capabilities of existing computer
codes to predict important severe accident phenomena and suggesting necessary code
improvements and/or new experiments to reduce uncertainties.

1.2. OBJECTIVES

The objective of the CRP is to conduct a benchmark exercise on severe accident computer
codes used for consequence analysis of HWRs. The purpose is to compare the integrated
effects of embedded models in the codes, gain an understanding of their limitations, assess the
level of uncertainties, and thereby increase the confidence in severe accident code predictions.
The code-to-code comparisons are likely to provide the justification required for model
improvement and reduction of uncertainties.

The specific research objectives are:

— Identification of models and computer codes applicable to specific phenomena for in-
vessel and ex-vessel phenomena of HWRs;

— Identification of database for specific phenomena during severe accident progression in
HWRs;

— Standard Problem Exercise for specific sequence by different codes or models;

— Evaluate code capability and applicability, model applicability and limitations to specific
phenomena of severe accident progression;

— Suggestions for code/model improvements and new tests for future.

1.3. STRUCTURE OF REPORT

Section 1 of the report provides a brief introduction of the CRP specifying its background and
objectives. Section 2 discusses the scenario considered with major assumptions used in
analysis, describing the details of reference plant, failure criteria, initial conditions of the plant
and common assumptions used in the analysis by all participating organizations. Section 3
describes the models/computer codes used by each participant and describes the details of
nodalization, assumptions made in the analysis and results of computations from phase 1 to 4.
Comparison of results predicted by different participating organizations is discussed in
Section 4. The lessons learnt from the exercise are discussed in Section 5. Major conclusions
and recommendations from the exercise are provided in Section 6.



2. REFERENCE SCENARIO AND ASSUMPTIONS

2.1 REFERENCE PLANT AND SCENARIO

The Heavy Water Reactor plant considered for the benchmarking analysis is a generic
CANDU-6 power plant with 2064 MW thermal output to the steam generators. Some of the
design features of the CANDU reactor are: (1) the pressure boundary of the reactor core
established by a number of small diameter fuel channels, (2) heavy water (D,0O) for low
pressure moderator and high pressure fuel cooling systems, (3) on-power refuelling, (4)
reactivity devices located in the cool low pressure moderator not subjected to high
temperatures or pressures, (5) natural uranium fuel, and (6) two fully capable safety shutdown
systems, independent from each other and the reactor regulating system.

The CANDU 6 station consists of a reactor building, service building, turbine building, and
other auxiliary structures. The reactor building (Fig. 2-1) contains all the equipment directly
associated with the production of steam, e.g., Primary Heat Transport System (PHTS), steam
generators, reactor assembly and other components.

The reactor assembly consists primarily of a calandria vessel, which is penetrated by 380
horizontal fuel channels and contains heavy water moderator (Fig. 2-2). Each fuel channel
consists of a pressure tube, a calandria tube and 12 fuel bundles containing 37 fuel elements
each. The calandria vessel is located inside a steel-lined concrete reactor vault. The reactor
vault is filled with light water, which provides shielding and maintains the calandria vessel at
nearly a constant temperature during normal operation. End-shields at both ends of the
calandria vessel provide shielding at each end of the reactor.

The PHTS is designed to circulate pressurized heavy water through the fuel channels to
remove the heat produced in the fuel (Fig. 2-2). The heat is carried by the reactor coolant to
the steam generators, where it is transferred to light water to produce steam to drive the
turbine generator. The coolant leaving the steam generators is returned to the inlet of the fuel
channels. The low pressure steam exhausted by the low pressure turbine is condensed in the
condensers by a flow of condenser cooling water. The feed water system processes condensed
steam from the condensers and returns it to the steam generators via pumps and a series of
heaters. The steam supply system’s power production process functions like any other nuclear
steam supply system, with controlled fission in the reactor core.

Neutrons produced by nuclear fission are moderated (slowed) by the D,O in the calandria.
The moderator D,0O is circulated through systems that cool and purify it, and control the
concentrations of soluble neutron absorbers used for adjusting the reactivity.

Fuelling machines connect to each fuel channel as necessary to provide on-power refuelling;
this eliminates the need for refuelling outages. The on-power refuelling system can also be
used to remove a defective fuel bundle in the unlikely event that a fuel defect develops.
CANDU 6 reactors have systems to identify and locate defective fuel.

The CANDU 6 pressure and inventory control (P&IC) system consists mainly of a pressurizer,
degasser condenser, D,O storage tank, D,O feed pumps, bleed cooler, pressurizer relief valves
and heat transport system liquid relief valves. Pressurizer relief valves, steam bleed valves and
PHTS liquid relief valves (LRV) discharge into the degasser condenser. The degasser
condenser has spring-loaded relief valves which discharge to a containment compartment.
The LRVs are air-operated, with back-up instrument air, and are designed to fail open.
Normally this back-up air supply should maintain the valves in operation for two hours
following power loss (for example, in case of station blackout) and loss of normal instrument
air. Pressurizer relief valves are designed to fail open. Further details of CANDU 6 power
plant configuration can be found in References [4] and [5].



Station blackout scenario

A station blackout is defined as an event initiated by a complete loss of off-site alternating
current (AC) power concurrent with turbine trip and unavailability of the class IV and all back
up power including loss of all on-site standby and emergency electric power supplies, i.e., the
diesel generators. This may result in the loss of decay heat removal capability, if left
unmitigated, leading to core damage.

The team of analysts participating in the Coordinated Research Project benchmarking analysis
selected the Station Blackout (SBO) scenario as a postulated initiating event. The main
reasons for selecting the SBO scenario are:

- The progression of the accident is slow and therefore it is reasonable to expect the
analysis results to be less affected by numerical convergence issues;

- It is amenable to closed-form back-of-the-envelope numerical calculations for
comparison with computer code outputs;

- A majority of the severe accident phenomena are captured in the sequence;

- The sequential events can be anticipated and tracked: moderator temperature increase
secondary side boiloff, coolant inventory boiloff, primary side liquid relief valve opening,
fuel channel heatup, calandria vessel rupture disk opening, core heatup and collapse.

If the high pressure, medium pressure and the low pressure emergency core cooling, crash-
cooling function, shut-down cooling and shield cooling systems are not available, the loops
not isolated from each other, the local air coolers and operator intervention are assumed
unavailable, the SBO accident sequence can progress to a severe core damage accident.

2.2. FAILURE CRITERIA

In a reactor the systems and components have limiting design conditions beyond which they
cannot operate, but could restart if conditions allowed. For example a pump can restart
provided the supply of electrical power, cooling water and the control system signals are
restored. There are more extreme conditions beyond which the reactor systems and
components are assumed to fail and cannot be reasonably expected to be restored. For
example, in the case of the fuel sheath, its primary function as a barrier to fission products
cannot be confidently restored if the sheath temperature exceeds the phase transformation
temperature of Zircaloy-4. A severe accident analysis is required to identify the limiting
conditions for each plant component that can potentially fail. These limiting conditions are
called the failure criteria.

In addition to the analysis assumptions and models employed, the results of the analysis will
depend on the failure criteria for components such as containment, calandria vessel, fuel
channel, reactor vault, etc. Failure criteria may be identified as limiting temperatures, masses,
pressures, fluid levels, and the status or geometry of plant systems or components, which
specify the conditions that this component does not perform the initially prescribed function.
The failure criteria may also be a combination of factors, and there may be multiple sets of
criteria for the same final state of a particular plant component.

2.2.1.  Fuel sheath failure

A typical approach for fuel failure is to assume that the fuel cladding fails if the average fuel
element temperature is higher than a specified value. A value of 1,073°K (800°C) for fuel
sheath temperature was recommended and used as the fuel sheath failure criteria for present
analysis. Sheath temperature of 2,123°K, the Zircaloy melting temperature, was used as the
bundle slumping criteria for the present analysis.



The Politechnica University of Bucharest used a different model using RELAP5/SCADAP to
calculate cladding ballooning and rupture using a mechanistic model to calculate the elastic-
plastic deformation using the theory of Hill [6] and the Prandtl-Reuss equations [7].

2.2.2. Fuel channel failure

Fuel channel failure is defined as a perforation in its pressure boundaries followed by mass
transfer between the environment inside the pressure tube and the calandria vessel, which
means that both the pressure tube and calandria tube are perforated.

The mechanism for fuel channel failure depends on the Primary Heat Transport System
(PHTS) pressure. At high PHTS pressure, the non-uniform circumferential temperature
distributions lead to pressure tube rupture. An approximation is to assume that the pressure
tube fails when it reaches a temperature at which it starts to deform, i.e., balloon. Therefore,
the channel is assumed to have failed under high pressures and temperatures when the
ballooning criterion is satisfied. A value of 1,000°K at pressure tube inner surface was used
for the present analyses.

At low PHTS pressure (< 1.0 MPa(a)), fuel channels may fail because of a local melt-through
or sagging of pressure and calandria tubes. Fuel channel melt-through occurs if the local
volume-weighted-average of the pressure-tube and the calandria-tube temperature is greater
than the melting point of oxygenated zirconium, or if either tube is hotter than user input
temperature currently used as 2,125°K. The fuel channel is assumed to fail by sagging when
the fuel channel temperature exceeds 1,473°K.

The Reactor Engineering Division of Bhabha Atomic Research Centre and Nuclear Power
Corporation of India Limited used a mechanistic model to predict the high temperature
behaviour of the pressure tube based on accumulated strain. However, no failure occurs until
the fuel channel disassembly when the average pressure tube and calandria tube temperatures
reaches 1,473°K.

2.2.3.  Fuel channel disassembly

Disassembly is a process during which fuel and channel structural materials are separated
from the original channel and relocate downward to either the suspended debris or to the
terminal debris bed. The suspended debris bed will transfer to the calandria vessel bottom
when the core collapses. An axial segment of the fuel channel is deemed to be disassembled if
and when the average temperature of the pressure tube and calandria tube reach 1,473°K for
the uncovered channel.

2.2.4. Core collapse

The term core collapse refers to a massive relocation of suspended debris and some intact fuel
channels to the bottom of the calandria vessel. When a large amount of core debris becomes
lodged above the water level on top of the supporting channels (submerged channels) and the
total debris mass exceeds the load-bearing capacity of the supporting channels, the supporting
channels along with the debris bed can collapse. It is assumed that the suspended debris is
supported by the calandria tubes rather than the pressure tubes since the latter could be hot
and weak. Under those conditions two main calandria tube failure mechanisms are considered.
The supporting calandria tubes can either pull out from the rolled joints or shear. When the
suspended debris bed mass exceeds 25,000 kg per one PHTS loop, the core material in the
suspended bed, plus some of the intact channels covered by the moderator relocate into the
bottom of the calandria vessel. The 25,000 kg mass is equivalent to seventy channels [3],
assuming seven consecutive channels above a submerged channel are able to support the
accumulated mass. Under some conditions partial core relocation may also occur, as molten



core material relocates, depriving sufficient mass from accumulating in the suspended debris
bed to reach core collapse criteria (25,000 kg).

The analysis by Shanghai Jiao Tong University assumed that core relocation to the bottom of
the calandria vessel to start at a cladding oxide layer temperature of 2,500°K (2,227°C). The
relocation process continues as individual channel segments reach the oxide layer temperature.

2.2.5. Calandria vessel failure

The calandria vessel can fail due to creep, over-pressurization or attack from molten corium.
As a result, a number of failure criteria may be employed to determine the failure of calandria
vessel:

—  Failure by creep: this involves calculating the hoop-stress on the calandria vessel wall at
a given temperature and pressure. It then uses the stress and Larson-Miller parameter to
obtain the creep rupture time and the conditions to fail the calandria vessel by creep;

—  Failure by high pressure: calandria vessel pressure of 2.25 MPa;

—  Failure due to molten metal layer attack: this requires calculation of the erosion due to
impingement of the jet, until the wall is breached;

—  Failure due to reduced external cooling (prolonged film boiling/dryout).

The Reactor Engineering Division of Bhabha Atomic Research Centre used the calandria
vessel creep and the calandria vessel steel reaching melting temperature as the failure criteria.

2.2.6. Calandria vault (concrete) failure

The calandria vault can fail in two different modes under severe accident conditions. The first
failure mode is a pressure-induced failure mode that occurs due to internal pressurization. It
normally involves a gradual pressure excursion, so no dynamic load needs to be examined.
The second failure mode is a temperature-induced failure mode that can be defined as the loss
of the structural integrity (normally because of the molten corium-concrete interaction) of the
calandria vault concrete bottom or sidewall that facilitates a relocation of core debris out of
the vault. Thus, the failure criteria for the calandria vault are as follows:

- Over pressurization — the calandria vault can be deemed to have failed if a preset
pressure differential between outside and inside is achieved;
- Rupture disk failure — 70 kPa differential pressure across rupture disk;

- Corium-concrete interaction — the calandria vessel can be deemed to have failed either as
the wall is breached, or when a certain thickness remains.

When the core debris/corium is relocated into the reactor vault after the calandria vessel
failure, the reactor vault floor erodes as a result of core-concrete interaction. The thickness of
the reactor vault concrete floor is 2.45 m. When the eroded concrete thickness reaches a user-
specified value, the floor can no longer support the weight of concrete and corium and the
reactor vault is considered failed. This eroded concrete depth is set to 2 m in the present
work.

2.2.7. Containment failure

Two containment failure criteria are proposed:

- Containment equipment airlock seal failure at 334 kPa(a) with an failure cross sectional
area 0of 0.027871 m’;

- Containment failure under pressure loads when containment pressure of 500 kPa(a) is
reached with an failure surface area of 0.1 m”



The failure cross sectional area is normally taken up by the inflatable seals. In reality, the
airlocks connect the reactor building (containment) with the service building. In this
document, the term environment represents anything outside the containment boundary.

In the current analyses it was conservatively assumed that the seals on both the inner and
outer airlock doors failed together, with no time delay to pressurize the airlock volume
between the doors. Therefore, an airlock seal blowout, connecting the containment to the
environment, was assumed to happen as soon as the containment pressure reached 334 kPa(a).
This assumption also covered the possibility that an airlock door was open during the accident.

In addition to the airlock seal blow out model, the containment was assumed to leak at a
maximum rate of 0.5% of containment volume in 24 hours, when pressurized to 224 kPa(a).
The leakage rate was modelled to be proportional to the pressure differential between
containment and the environment. No fission product retention mechanisms are credited
through the containment leakage openings.

There was no other model or criterion employed, in the current study, for a large scale
containment failure (i.e., concrete cracking), if there was a large pressure rise that could not
be accommodated by the airlock seal blowout.

2.2.8.  Fission products release

The initial release of fission products from fuel sheath occurs when the combined fuel
sheath/UO, temperature reaches a user defined value. At this value the noble gases in the gap
are released from the fuel bundle. In the current analysis, fission product release from the
sheath is assumed to occur as the sheath fails. The remaining fission products are released
depending on the fuel temperature based on the fractional release models. During core
disassembly process, when fuel bundles leave the original core boundary, fission products are
released from the suspended debris bed in the calandria vessel. During core collapse and
calandria vessel failure (leading to corium-concrete interaction), fission products are released
from the terminal debris bed and containment, respectively.

A brief summary of the failure criteria used by various analysis codes in the benchmarking
study are compared in Table 2-1.

2.3. COMMON ASSUMPTIONS

A severe accident at a nuclear power plant would involve numerous physical and chemical
processes, which are complex phenomena to model. Therefore, several assumptions were
required for the analyses reported in this document. Where possible, best estimate
assumptions were used for this study, including some conservative or bounding assumptions
when information was limited. Several assumptions for plant systems, component and
phenomena were made for SBO scenario analysis. These are summarized in Tables 2-2 and 2-
3.

The purpose of the benchmarking is to compare code capabilities and therefore it is
imperative that all code inputs used by the participating organizations are based on the same
assumptions and initial conditions. The common assumptions which are shared among the
participating organizations will be described in this section. They are discussed in detail in the
report on CANDU 6 plant parameters [8]. The assumptions used in the benchmarking analysis
of a SBO sequence are intended for a direct comparison of code outputs and the efficacy of
embedded models in the analysis code. Therefore, the assumptions made in this analysis do
not represent any real nuclear power plant design.

The assumptions used in the benchmarking analysis are:



— AC Power and all outside standby emergency power (Class III and IV) are unavailable;
— Reactor shutdown is initiated immediately after accident initiation;

— Moderator cooling and shield cooling are unavailable;

—  Shut down cooling is not available;

— Main and auxiliary feed water are unavailable;

— Steam Generator (SG) main steam safety valves (MSSVs) are available, they open and
close at set point to relieve pressure. Their set points are 5.11 MPa(a). The steam flow
rate at that pressure is 99.1 kg/s per valve and they open/close within 1 second;

—  Turbine main stop valves are closed after accident initiation. The valve closure time is
assumed to be 20 s;

— Containment leakage is considered. Each participant used an appropriate opening area to
satisty the leakage rate of 0.5% of free space volume per 24 h at 124 kPa(g). The leak
location is assumed to be at stack;

— Emergency Core Cooling System (high, medium, and low pressure) are unavailable;
— SG Crash cool-down not credited;

— Dousing is not credited;

— Local Air Coolers (LACs) are not available;

— Air-operated Atmosphere Steam Discharge Valves have no back-up air and springs. They
are fail-closed and are not considered in the case of SBO;

— All operator Interventions are not credited,

— PHTS Liquid relief valves are assumed to be connected to the containment directly. They
open and close based on the open set point of degasser condenser relief valve. The water
flow rate of 26.7 kg/s (D,0) is used at the opening set point of 10.157 MPa(a);

— Under steady state conditions, the following heat balances are used: core power of
2155.9 MW, PHTS pump power of 17 MW, thermal power to SG 2064 MW, heat loss to
containment 3 MW, and heat load to moderator of 105.9 MW;

— Pressurizer initial inventory of 30,600 kg is assumed for light water. This is
approximately 27,567 kg of heavy water (according to the ratio of heavy water to light
water density);

—  The structural data are given by AECL and the data in the AECL report [8] are used;

In addition, the CANDU 6-specific PHTS configuration with elevation data is used for the
PHTS modeling. Figure 2-3 shows the CANDU 6 PHTS dimensions used for the accident
simulation and Table 2-3 gives the dimension list for the 23 items shown in Figure 2-3. Also
Figure 2-4 shows the channel power distribution.

2.4. INITIAL CONDITIONS

Although care was taken to apply consistent initial conditions in the codes used in the
benchmarking study some variations were unavoidable due to how the codes interpret the
supplied initial conditions. The variations in the input conditions are however documented so
that they can be factored in the comparisons to make useful observations and conclusions. The
major initial conditions are given by AECL and they are shown from Tables 2-4 to 2-7. Table
2-4 shows the core inventories and geometry. Table 2-5 shows the Calandria Vessel geometry
data. The active and stable fission products in a generic CANDU 6 core are shown in Table 2-
6. The steady state conditions used by each participant are given in Table 2-7. When the given
information is not enough for the accident simulation, each participant used their own data
along with the AECL information.



(DoLTTT)
M005Z Jo armerodud) 10Ae] 9pIxo Juipper)

door 10d 3 00057 JO ssewr [ouuey)

osdeq[oo 210)

[ouueyd pardAooun 10§ (D,0021)
Mo€L11 J0 (1D pue 1d) 2amerodurd) a5e1oAy

A[quossesip
[ouueyd [9n4g

*SUOT)B[o1100 dodIo TeuIpnIISuo] WoLy
- (D60021) oL 1 JO o1meIoduo] 9qn) 9INSsalg

[ouuByd MO[oq
0} Sur33es [ouueyod [on,J

ormerodwo) poryroads
1B SSoIIS 9JeWIN[N SPAIIXD SSAI)S NI} [BIO]

(250021 Mo€LV1
Jo axmerodwo) dinjrey [ouueyo [onJ 2Inssard Mo

o0®JINS Jouul I J 18
(DoLZL) JMo0001 JO ormerodwo) danjref (30BIU09
ye 1D % Ld) [Puueyo [ony aanssoxd Y3ty

aIn[rey [QuUUBYO [oN{

(20001) Mo€LTT JO onJea Jndur-1asn pautjopard
B SPa0oxd drme1odwo) oqn) 2InssaId ¢

Joje1dpowr Aq poIoA0d 9q SN [QUUBYD [N 7
(dmyerodwdy Sunow Aofeonz)

(D60S81) Mo€TTT JO dmyesadwad) pe[) |
:uoneuUIqUIO) pUy

Surdwnys ojpunq [ong

dVdoOSs ur uoneutioyop
onse[d-onse[d Ay} 9Je[No[Ed 0} [OPOW JIISTUBYIIA

(25008) Mo€L0T 2Imperadua) yyeays

aIn[rey yreays [ong

NLLS

qa0nd

TIDdN

[4av

asdy
-odvd

ady
-odvd

1049V

BLIONID)

BUIWOUYJ

VIYH.LIED TOYLNOD VNAINONHHd 40 NOILVOI'lddV '1'C 4 19V.L




01

A 1°0 — (B)edy 00§ Jo oanssaxd justureIuo))

M T1L8L70°0 — (B)edY veE
1B oIn[IEy 189S Yoo[re judtudinbe juswureuo)

2InJrey JuUSWIUIRIUO))

-

UONRIPAYSP 03 NP e[S 9J2I0U0D [B10) JO UONR[qQY

(W 637 JO SSAUNOIY} [BUISLIO WO PIPOIS W 7)
W G°() JO SSAWONY) Sururewdl ;DO Aq dIn[re,|

aanjrey
J[eA eLIpUR[R))

(200091 Mo€L8T) AD JO dmesodwo) SunpN

- |=

AD Jo doa1o 1800[ 2401

[9A9] SLIGOP MO[dq S[[BJ [9AJ] JOIBAN

[[eM [9SSOA BLIpUE[ED
uo Surdurduwur 3o[ Jjowr JUSIOYOO 01 Onp dIn[re,|

(®edIN
67 7 SuIpaooxd a1nssaxd [eUIdIUI 01 ONp dIN[Ie,]

J1910tered
IO[[IN-USSIET 0} 9Np 2IN[Ie] [9SSOA BLIpUE[R))

aanjrey
[9SSOA eLIpUE[R))

NLS

qa0nd

TIDdN

[4av

asdy
-odvd

ady
-odvd

1049V

BLIONID)

BUIWOUYJ

(QINNILNOD) VIIALIID TOYLNOD VNAWNONAHA 40 NOILVOITddV '1'C 419V.L




TABLE 2.2. SBO ANALYSIS ASSUMPTIONS FOR SYSTEMS AND COMPONENTS

System

Assumption

Available

Not available

Class IV power

\/

Class III power

\/

Reactor shutdown

\/

PHTS loop isolation

NPCIL, KAERI

Emergency Power Supply

D,0 supply system

D,0 recovery system

D,0 make up system

< | 2| 2| <] <

Turbine main stop valve closure

Main feedwater system

< |

Auxiliary feedwater system

Emergency water supply system

Main steam safety valves (MSSV)

\/

(Use lowest setpoint of
5.11 MPa(a) only)

Main steam isolation valves (MSIV)

\/

Air-operated
valves (ASDV)

atmospheric steam discharge

\/

(assume fail-closed)

Condenser steam discharge valves (CSDV)

\/

Steam generator crash cool-down

Moderator cooling system

Shield cooling system

Shutdown cooling system

High pressure ECCS

Medium pressure ECCS

Low pressure ECCS

Dousing spray

Local air coolers in containment

P I - I = ) ) )

Moderator rupture disk rupture

Calandria bleed valve

NPCIL

H, recombiners (PARs)

Hydrogen igniters

Containment Isolation system

Containment ventilation system

< | 2| <

Calandria (or Reactor) vault rupture disk rupture

\/

PHTS liquid relief valves (LRV) open

\/

(Assume degasser
condenser relief valve at
LRV location)

Degasser condenser tank and related pressure &
inventory control components

Operator interventions

11



TABLE 2-3. CANDU PHTS DIMENSION LIST

Item # Value (m) Description
1 0 Elevation of calandria inside bottom (at zero elevation)
2 3.380 Elevation of calandria center line
3 0.863 Elevation of ROH bottom
4 0.534 Height of ROH
5 9.8814 Elevation of RIH bottom
6 0.483 Height of RIH
7 10.269 Elevation of bottom of SG inlet at ROH
8 4974 Length of SG inlet
9 1.263 Height of SG bottom to tube sheet top
10 12.508 Elevation of SG tube sheet top
11 21.860 Elevation of SG U tube top
12 9.352 Height of SG U tubes
13 0.394 SG tube sheet thickness
14 4.776 Length of pump suction line
15 10.9775 Elevation of bottom of pump suction line
16 2.655 Height of pump discharge line
17 10.307 Elevation of RIH top
18 6.760 Elevation of calandria inside top
19 6.789 Elevation of calandria outside top
20 16.216 Elevation of pressurizer bottom
21 29.550 Length of pressurizer surge line (to SG inlet)
22 0.281 Pressurizer surge line ID
23 0.0214 Pressurizer surge line wall thickness

12



TABLE 2.4. CORE INVENTORY AND GEOMETRY DATA

Description Value Units Comments
.. . 21.67 * 12 * 380
Initial mass of UO, in the whole core 98815.2 kg
(21.67 kg/bundle)
Fuel channel length (12 bundles) 5.944 m
Fuel bundle length 0.495 m
. . PT inside diameter (ID)
Outside diameter of a pressure tube 0.112064 m
=0.103378
Wall thickness of the pressure tube 0.004343 m
Outer diameter of calandria tubes 0.1317 m
Calandria tube wall thickness 0.0014 m
Calandria tube pitch 0.2860 m

TABLE 2.5. CALANDRIA VESSEL (CV) GEOMETRY DATA

Description Value Units Comments

Number of CV rupture disks 4 -
Difference of CV

CV Rupture disk opening 137.8 kPa pressure with
containment pressure.

Rupture flow area per disk 0.1642 m’

Delta pressure for next disk rupture 4.594 kPa

Flow area of all bleed and relief valves 0.008908 m’

Gauge pressure for opening of CV bleed valves | 29.7 kPa

13




TABLE 2.6. INITIAL FISSION PRODUCT (ACTIVE AND STABLE) INVENTORY IN A
GENERIC CANDU 6 CORE

FP Fission product Average atomic weight* used in ittt v (s
Number element group MAAP4-CANDU (kmole/kg)
1 Xe 131 53.82
2 Kr 84 3.88
3 I 131 2.60
4 Rb 86 3.55
5 Cs 133 25.36
6 Sr 88 11.83
7 Ba 138 14.28
8 Y 89 5.89
9 La 139 12.28
10 Zr 91 35.01
11 Nb 109 1.73
12 Mo 96 27.4
13 Tc 99 8.46
14 Ru 101 23.72
15 Sb 122 0.184
16 Te 128 4.81
17 Ce 140 33.84
18 Pr 141 9.19
19 Nd 144 30.51
20 Sm 150 4.94
21 Np 237 7.94
22 Pu 239 206.5

14
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FIG. 2.2. A schematic of a CANDU primary heat transport system (Legend: 1. steam line
leading to turbines, 2. pressurizer, 3. steam generator, 4. pumps, 5. inlet headers, 6. calandria
vessel, 7. fuel channel, 8. moderator circulation pump, 9. moderator heat exchanger, and
10. online refueling machines).
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FIG. 2.4. Channel power distribution in CANDUG6 reference plant.




3. PARTICIPANT’S MODELS AND RESULTS
3.1. AECL

3.1.1. Computer codes

AECL used the severe accident code MAAP (Modular Accident Analysis Program) for the
Coordinated Research Project. The version MAAP4-CANDU v4.0.6A was executed on a PC
Pentium IV 3.2 GHz computer. MAAP is an integral nuclear plant analysis code for
modelling severe core damage accidents [9]. The code was developed for pressurized and
boiling light water reactors by Fauske and Associates Incorporated (FAI), and is owned by the
Electric Power Research Institute (EPRI). The MAAP4-CANDU Channels System is the
portion of the MAAP4-CANDU code that models the thermal-hydraulic, thermal-chemical,
and thermal-mechanical behaviour of the CANDU horizontal channels as they heat up and
disassemble into debris.

The MAAP4-CANDU can simulate the response of the CANDU power plant during severe
accident sequences, including actions taken as part of accident management. These
predictions encompass the evolution of a severe accident starting from full power conditions,
when provided with a set of system faults and initiating events, through events such as core
melt, primary heat transport system failure, calandria tank failure, shield tank failure, and
containment failure. Furthermore, models are included to represent the actions that could stop
the accident by cooling the debris in the calandria tank or containment. The code can also
model the thermal-hydraulics and fission product behaviour in the primary heat transport
system, steam generator and pressurizer in loops 1 and 2, calandria tank, shield tank,
containment, and vacuum building. Models are included for engineered safeguard system
logic and performance. Operator actions can also be simulated by specifying intervention
conditions and responses.

The MAAP4-CANDU Channels System is a segment of MAAP4-CANDU code that
simulates the characteristic fuel channels and their contents after the channels are dry (i.e.,
empty of water) and during the channel heat up and subsequent processes (e.g., Zr-steam
reaction, channel disassembly, suspended debris behaviour). Each characteristic channel
represents a larger number of associated channels with similar power, elevations within the
core, and feeder geometries. The core heat-up processes are modelled in the characteristic
channels only after the channel is deemed dry (i.e., when the water remaining in the channel,
attached feeders and end fittings is less than a user input value, which is typically 1.0 kg). The
Channels System also models the disassembly of the fuel and fuel channel into suspended
debris, but the processes after the debris (solid and molten) has moved to the terminal debris
bed are modelled by a different system in the MAAP4-CANDU code.

The modelled processes and phenomena, which control the core behaviour in the MAAP4-
CANDU Channels System, include:

— The fuel / fuel-channel heat up and temperature excursion, and fuel bundle / sheath
melting;

— Heat transfer from dry channels to the calandria vessel steam and water;
— Pressure tube / calandria tube ballooning and rupture at high pressure;
— Steam / hydrogen flow in the channels and channel remnants;

— The zirconium-steam reaction in fuel channels and suspended debris;

— The thermal-mechanical failure (perforation) of calandria tubes;

— The disassembly of fuel channels to the suspended debris;
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— Tracking fission products that remain within the in-channel fuel and within suspended
fuel debris, plus the heat generation;

— The formation of suspended solid debris and molten debris, and;
— The motion of solid and molten suspended debris to the terminal debris bed.

The CANDU core is different from that of PWRs and BWRs. The disassembly of the
horizontal channels and core relocation during a severe accident is more complex. Several
phenomenological models [10, 11, and 12] specific to the CANDU core have been
implemented by best-estimate calculations. The MAAP4-CANDU Channels System is
computationally intensive. A modular code structure was used to provide code architecture
that decouples the MAAP4-CANDU Channels System from other MAAP4-CANDU
components and from MAAP4 generic routines, to allow better code maintainability, model
improvements, and adjustments to other CANDU reactor configurations. Code improvements
are thus performed in a more secure and independent manner. The basic architecture of the
MAAP4 CANDU code is shown in Figure 3-1. The design of this architecture enables
MAAP4 CANDU to be developed and maintained in a reasonably independent manner,
minimally affected by generic MAAP4 updates. The MAAP4-CANDU Channels System
architecture is shown in Figure 3-2. The “.F” denotes a FORTRAN source file.

CANDU COMPONENTS
HTS, CALANDRIA
VESSEL

MAAP-CANDU
CHANNELS
SYSTEM

MAAP GENERIC ROUTINES

FIG. 3.1. MAAP4-CANDU architecture.

The MAAP4-CANDU parameter file for the CANDU 6 station consists of ~5,000 parameters,
which describe the most important systems and components. It is not practical to list all input
data here. The input data was provided separately in a document [13]. The concrete
composition is an important parameter that will determine the erosion progression and gas
release into containment during corium-concrete interaction. The concrete composition can
vary from one station to another. Each fission product element group is composed of all the
constituent isotopes (radioactive plus stable), and has an average atomic weight, as listed in
Section 2.4.
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FIG. 3.2. MAAP4-CANDU Channels system modularization.

3.1.2.

In this section the system idealization, the major initial and boundary conditions used in the
benchmark analysis will be described. The CANDU 6 station consists of a reactor building,
service building, turbine building, and other auxiliary structures. The reactor building contains
all the equipment directly associated with the production of steam, e.g., PHTS, steam
generators, reactor and other components. The PHTS is designed to circulate pressurized
heavy water through the fuel channels to remove the heat produced in the fuel. The heat is
then transferred to ordinary light water in the steam generators, where the boiling produces
the steam to drive the turbine generator.

Phenomena and system idealization

The reactor assembly consists primarily of a calandria vessel, which is penetrated by 380
horizontal fuel channels and contains heavy water moderator. Each fuel channel consists of a
pressure tube, a calandria tube and 12 fuel bundles containing 37 fuel elements. The calandria
vessel is located inside a steel-lined concrete reactor vault. The reactor vault is filled with
light water, which provides shielding and maintains the calandria vessel at nearly a constant
temperature during normal operation. End-shields at both ends of the calandria vessel provide
shielding at each end of the reactor.

3.1.2.1.

The CANDU 6 containment is a very complex engineered enclosure consisting of many
compartments and rooms. It is impractical to model each room as a single node. For example,
if large openings connect several rooms, the gas pressure will be very similar in those rooms;
therefore these rooms may be combined. In the present work, the containment has 13 nodes
and 31 flow junctions (Fig. 3-3). Details of the containment rooms were obtained from the
CANDU 6 containment design drawings.

Containment model
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FIG. 3.3. Nodalization scheme for CANDU 6 containment.

Solid lines represent open junctions between nodes, and dotted lines represent failure
junctions opened by pressure differences or (for J29) due to the molten corium — concrete
interaction. J30 is containment failure junction open to the environment, and J26 represents
the rupture disk between the reactor vault and containment. Junction 32 represents the
containment leakage. Junction 17 is a hatchway, but it is kept sealed by imposing a very large
pressure differential.

The containment nodalization used reactor vault and end shields as containment Nodes 10 and
11, respectively. The steam generator rooms are modelled as 2 nodes in MAAP4-CANDU. A
total of 90 wall heat sinks (walls and floors) in containment are modelled in the present work.
Structural steel in the containment (steel beams, columns, gratings, etc.) with a total mass of
820,000 kg is represented as a “two-sided” steel plate with a thickness of 2.54 cm and a total
surface area of 8,200 m®. The structural steel mass is distributed within the containment
compartments.

3.1.2.2.  PHTS Nodalization

The CANDU 6 Primary Heat Transport System is comprised of two loops, each loop serving
190 of the 380 fuel channels. Each loop contains two steam generators, two pumps, two inlet
headers, and two outlet headers. Feeders connect the inlet and outlet end of fuel channels to
the reactor inlet and outlet headers, respectively. In CANDU 6, the flow through the fuel
channels in one loop follows the shape of “figure of eight” with some channels carrying the
flow inward and others outward from each reactor face. This “figure of eight” PHTS
configuration is modeled in MAAP4-CANDU. The following PHTS components are
modelled as 14 nodes in MAAP4-CANDU (Fig. 3-4):

Pump discharge line before inlet header 1

Reactor inlet header 1

Reactor outlet header 2

Inlet piping of steam generator 2

Hot leg tubes of steam generator 2

Cold leg tubes of steam generator 2

kL=
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7. Pump suction line after cold leg tubes of steam generator 2
8. Pump discharge line before inlet header 2
9.  Reactor inlet header 2

10. Reactor outlet header 1

11. Inlet piping of steam generator 1

12. Hot leg tubes of steam generator 1

13. Cold leg tubes of steam generator 1

14. Pump suction line after cold leg tubes of steam generator 1

Feeder pipes connecting headers and fuel channels are modeled as part of the fuel channel
nodalization scheme. As discussed below, the 380 inlet feeder pipes are modelled as 18 nodes
and the 380 outlet feeder pipes are modelled as an additional 18 nodes. MAAP4-CANDU has
models of heat sinks of all the above-mentioned 14 PHTS components and all PHTS feeder

pipes.

3.1.2.3.  Core nodalization

The CANDU 6 core has 380 fuel channels arranged in 22 rows and 22 columns (Fig. 3-5). In
MAAP4-CANDU not every fuel channel is modelled; rather, a simplified core model was
used. The 22 rows were divided into 6 vertical nodes, with 4, 4, 3, 3, 4, 4 rows in each node.
Within each vertical node, the fuel channels were divided into 3 fuel power groups; the
highest power group within the given vertical node (high power channels), the medium power
group within the given vertical node (medium power channels), and the lowest power group
within the given vertical node (low power channels) (Fig. 3-6). The 22 columns of fuel
channels were divided into 2 loops symmetric about the vertical axis. The left 11 columns are
in one loop and the right 11 columns are in the other loop. Thus, we reduced 380 fuel
channels to 2 loops, and each loop has 18 (= 6 x 3) representative channel groups.

Steam Steam
Generator 1 Generator 2

C : Cold
H : Hot

FIG. 3.4. Nodalization scheme for CANDU 6 Primary heat transport system heat sinks.
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PHTS Loop #1 PHTS Loop #2 Channels
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M 8 2 1
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FIG. 3.5. Nodalization Scheme for CANDU 6 Core (time-averaged power for each channel is
shown with four digits in [kW]). The notations H, M and L in the right hand box refer to high,
medium and low power groupings per loop.

Wertical Core Mode T

///_/_7/_/""/// Ceec, -
Axial Core Mode T //-1’/;/ PHTS Loop 2

Characteristic Channel Humbers
14710 13 16 High power
258111417 Wedium power
369121518 Low Power

PHTS Loop 1

FIG. 3.6. Nodalization scheme for CANDU 6 Core.
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FIG. 3.7. CANDU 6 Fuel bundle consisting of a calandria tube, a pressure tube and 37 fuel
elements.

FIG. 3.8. CANDU 6 Fuel channel nodalization scheme used in MAAP4-CANDU.

In a CANDU 6, each fuel channel has 12 fuel bundles. In this study each fuel bundle is
modelled as one axial node (see Fig. 3-6). Thus, the 380 channels, each containing 12 fuel
bundles are modeled by a total of 432 =2 x 6 x 3 x 12 nodes (Fig. 3-6). Each fuel channel in
a CANDU 6 consists of a calandria tube, a pressure tube, and 37 fuel elements arranged in 4
rings (central, inner, intermediate, and outer rings, see Fig. 3-7). We modelled each of the

inner, intermediate, and outer fuel rings as 2 rings. Thus 9 rings represent a CANDU 6 fuel
channel (Fig. 3-8).

3.1.2.4. Calandria vessel wall nodalization

MAAP4-CANDU models a two-dimensional temperature distribution in the calandria vessel
walls. Two types of the CV walls are considered: one wall-type (flat) represents the front and
back face of the vessel and the other represents the cylindrical shell of the vessel. Both types
of walls are sliced horizontally into 15 nodes from the vessel floor to the ceiling along the
elevation levels (Fig. 3-9). The CV wall thickness is divided into radial nodes. The node
thickness is determined by the code and is used for the CV wall internal heat conduction
calculations. MAAP4-CANDU code assumes that the CV circumferential wall slice has the
same temperature along the surface at a given time. The wall temperature of each slice of the
front and back face of the calandria vessel is also uniform in the vertical direction.
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FIG. 3.9. Nodalization for CANDU 6 calandria vessel wall.

3.1.2.5.  Steam generator model

The steam generator secondary side is represented as one node in MAAP4-CANDU. The
primary side of the steam generator is represented as two nodes (cold legs and hot legs). A
number of parameters for the primary and secondary sides of the steam generator are used in
the MAAP4-CANDU input deck to describe the steam generator design. The parameters
include the pressure set point for safety relief valves, the total volume of the primary side, the
total number of U-tubes, the inside diameter of the U-tube, the diameter of tube sheet, the
height of the shell above the tube sheet, a table of volume versus height in the secondary side,
etc.

3.1.2.6.  Pressure and inventory control system modeling

The CANDU 6 pressure and inventory control (P&IC) system consists mainly of a pressurizer,
degasser condenser, D,O storage tank, D,O feed pumps, bleed cooler, pressurizer relief valves
and HTS liquid relief valves. Pressurizer relief valves, steam bleed valves and PHTS liquid
relief valves discharge into the degasser condenser. The Degasser condenser has spring-
loaded relief valves which discharge to a containment compartment. The LRVs are air-
operated, with back-up instrument air, and are designed to fail open. Normally this back-up
air supply should maintain the valves in operation for two hours following power loss (for
example, in case of SBO) and loss of normal instrument air. Pressurizer relief valves are
designed to fail open.

The P&IC system is represented in MAAP4-CANDU by a pressurizer, which is connected to
reactor outlet header. The line connecting the pressurizer with the reactor outlet header
contains a motor operated pressurizer isolation valve, which is designed to be closed
automatically in case of a LOCA. The closing pressure set point and valve closure time are
user-specified in the parameter file.

All the basic thermal hydraulic processes such as boiling and condensation, flashing and rain
out, behaviour of fission products as well as pressurizer heaters are modelled in MAAP4-
CANDU. The degasser condenser, however, is not modelled in this analysis. MAAP4-
CANDU models the PHTS LRVs which discharge directly to a user-specified containment
compartment. The relief capacity of the HTS LRVs is assumed to be equal to the LRV design
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value. Sensitivity analyses conducted for SBO shows that the relief capacity of HTS
LRVs/degasser condenser relief valves has no significant contribution to the accident
consequences and timing of events.

To model the P&IC system configuration in the current SBO analysis, the following
assumptions are made:

— pressurizer steam bleed valves (PCV5 and PCV6) do not operate, because they are not
spring-loaded; they are assumed closed all the time;

— pressurizer relief valves (PV47 and PV48), which have higher set points than the PHTS
LRVs, are also considered closed all the time, and;

— opening and closing set-points for the LRVs are artificially assumed to be equal to the
set-points of the degasser condenser spring-loaded relief valves RV-11 and RV-21 in the
parameter file. We assumed no back-up instrument air to maintain LRV operation after
SBO initiation available.

In addition to the analysis assumptions and models employed, the results of the analysis will
depend on the failure criteria used to fail various CANDU 6 components, such as
containment, calandria vessel, fuel channel, reactor vault and so on. Some of the criteria used
in the analysis require user input values. Other criteria are calculated and applied by MAAP4-
CANDU code. These failure criteria have been developed from experimental results, when
available. If experimental data are not available, engineering judgment was used. A
description of the failure criteria used in the present analysis is given in Section 2.2.

3.1.2.7.  Phenomena important for station blackout scenario

The severe accident analysis is required for the determination of timing of events,
containment integrity, and the level of fission product release. As opposed to design basis
accidents, the timing of events in a severe accident occurs in hours rather than in seconds. As
a result, only macroscopic behaviour of the core and other components is predicted. The

phenomena required for the severe accident analysis have been identified as shown in
TABLE 3.1.

TABLE 3.1. PHENOMENA RELEVANT TO CANDU SEVERE ACCIDENT ANALYSIS

Phenomenon Name Phel;(]))n;enon Phenomenon Name Phel;(]))n;enon

Core Heat up SA1 Debris Coolability SA12

Clad Oxidation SA2 Core-Concrete Interaction (CCI) SA13

Fission Product Release SA3 Reflective Insulation SA14

Aerosol Transport and Deposition SA4 Wall Ablation SA15

Hydrogen Combustion — Complete SAS Fan Cooler SA16

frll};c(i)zglg)f:teCombustlon B SA6 Re-evaporation SA17
Primary Heat Transport

In Vessel Cooling SA7 System(PHTS) Thermal- SA18
hydraulics

Vessel External Cooling SAS8 Containment Natural Circulation SA19

Molten Debris Heat Transfer SA9 Containment Strain SA20

Debris Fragmentation SA10 CANDU Fuel & Fuel Channels

Debris Dispersal SAll Thermal Response SA2l
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3.1.3.  Analysis results
Phase 1

3.1.3.1.

The results of the Station Blackout consequence analyses performed using MAAP4-CANDU
code are presented below. The station blackout scenario was considered to be a transient
scenario initiated by a loss of off-site AC (Class IV) power with subsequent loss of all on-site
standby (Class III) and emergency electric power supplies. The analysis assumptions for the
SBO case are summarized in Section 2. The SBO sequence was run up to 500,000 s. The
execution time was ~61 min. Table 3-2 lists the sequence of significant events observed
during this simulation.

TABLE 3-2. SIGNIFICANT EVENTS TIMING COMPARISON FOR SBO SCENARIO

Time (h) Time (s) Events

0.0 0 AC power loss (Class IV & III)

0.0 0 Reactor trip due to loss of power.

0.0 0 Turbine main stop valves (MSIVs) closed

0.0 0 Moderator and shield cooling systems off

0.0 0 Main and auxiliary feed water off

0.0 0 Containment dousing system forced off

0.01 55 First opening of main steam safety valves in the SGs to the atmosphere
1.62 5818 Calandria vessel bleed/relief valves open

2.31 8332 LRV first opening

2.65 9559 Steam generator secondary side is dry, Loops 1&2

285 10 245 Reactor Vaplt rupture disk opens to Node 8 (lower SG room), end shield water

starts to boil off

3.35 12 058 Water and steam phases are separated in Loops 1&2 (PHTS coolant stagnant)
3.63 13 082 Fuel bundles are uncovered inside fuel channels in Loops 1&2

4.04 14 567 Pressurizer is empty

4.92 17 708 At least one channel is dry Loops 1&2 — Channel 7

4.97 17918 Pressure and calandria tubes are ruptured Loop 2 — Channel 7

5.02 18 088 Calandria vessel rupture disk 1 is open to Node 8 (lower SG room)

5.04 18 147 Moderator in calandria vessel reaches saturation temperature

5.51 19 833 Beginning of the core disassembly in Loop 1

5.51 19 849 Beginning of the core disassembly in Loop 2

9.18 33 054 Containment failed
14.62 52614 Water is depleted in calandria vessel
14.63 52 695 Core collapse to bottom of calandria vessel, Loops 1&2
14.87 53 554 Reactor Vault water reaches saturation temperature
14.93 53749 End of core relocation onto calandria vessel bottom, Loops 1&2

556 200 189 Calandria vessel bottom wall failed (due to creep), core debris relocates to

Reactor Vault

55.63 200 250 Calandria vessel rupture disks 2&3 is open to Node 8 (lower SG room)
63.78 229 621 Water is depleted in Reactor Vault
68.47 246 481 Molten corium-concrete interaction begins in Reactor Vault
68.25 245711 Hydrogen/Carbon monoxide burning predicted in containment Nodes 8&11
68.53 246 711 Hydrogen/Carbon monoxide burning stopped in containment Node 11
N/A N/A Reactor Vault floor failed because of the molten core-concrete interaction.
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Primary heat transport system and steam generators response

The postulated initiating events for the SBO accident scenario are imposed at the start of the
run. Figure 3-10 shows the pressure in the PHTS Loops 1 and 2. The pressure in the
pressurizer is shown in Figure 3-11. As expected the pressure in both loops show similar
behaviour. Initially the pressures in both loops decrease slightly with time. Such a decrease in
pressure is mainly due to the following reasons: (1) the loss of fission power in the reactor
core, (2) the core decay heat is transferred through the PHTS (no break in the PHTS yet) to
the steam generators, and (3) the secondary side of the steam generators has sufficient heat
sink capacity to absorb the decay heat. The heat transfer from the PHTS to the steam
generators causes the water in the steam generator secondary side to boil off. As a result, the
pressure in the secondary side of the steam generators increases gradually (Fig. 3-12) and
causes the MSSVs to open and to discharge steam from the secondary side to the environment
outside the containment. The secondary side steam generator pressure then oscillates at the
MSSV set point as the MSSVs open and close. Figure 3-12 shows that all four steam
generators have similar behaviour since the curves almost overlap each other. The water level
in the steam generators decreases as a result of boil-off (Fig. 3-13).

When the steam generator secondary side inventory is depleted (Figs 3-13 and 3-14) at
~9,559 s (~2.7 h), the steam generators dry out and no longer act as heat sinks to remove heat
from the PHTS. Note that Figure 3-13 shows the reduction of the water level in the SG; zero
level corresponds to the bottom of the wetted SG surface. The pressure in the PHTS increases
until it reaches the PHTS liquid relief valve set point, 10.24 MPa(a), which was assumed to be
the same as the degasser condenser relief valves set-point. The pressure in the PHTS then
oscillates at the relief valve set point (Fig. 3-10). The degasser condenser tank is not modelled
in this simulation, thus the coolant is assumed to discharge through the liquid relief valves
into the containment rather than the degasser condenser. Continuous loss of inventory through
the LRVs results in fuel channel dryout. In parallel, the moderator level in the CV decreases
gradually as a result of decay heat from the core leading eventually to the uncovering of some
top fuel channels. Subsequently, heat up of the calandria tubes and pressure tubes at the PHTS
pressure of 10 MPa results in the PT ballooning and the rupture of the both tubes, causing a
rapid blow-down from the PHTS into the calandria vessel. The PHTS pressure drops
drastically at ~18,000 s (~5.0 h) (Fig. 3-10), because of a fuel channel rupture at high pressure
in PHTS Loop 1. For the PHTS loop inventory blow-down into the CV, MAAP4-CANDU
assumes the blow-down flow area is equivalent to the flow area of a single fuel channel and
that the blow-down is from both ends of the ruptured fuel channel.

Loop isolation valves are not closed to isolate the pressurizer from the PHTS when the
pressure in the PHTS drops to 5.5 MPa (pressurizer isolation set-point) because the function
of the PHTS isolation valves was not credited in this analysis. Therefore, the pressure in the
pressurizer behaves similarly to the PHTS as shown in Figures 3-10 and 3-11. After the fuel
channels in both loops rupture, the steam generator secondary side pressure decreases
gradually (Fig. 3-12) because heat is no longer transferred from the PHTS to the steam
generators.

Figures 3-15 to 3-17 show heat to PHTS and Steam Generators, water level in the Pressurizer,
and water masses in PHTS Loops 1 and 2 to illustrate the events during SBO scenario.
Figure 3-18 shows the loop void fractions and LRV steam and water flows from Loops 1 and
2. The amount of heat transferred to the moderator from the fuel channels and the amount of
heat transferred to reactor vault water and gas/steam are shown in Figures 3-19 and 3-20,
respectively.

31



32

Pressure MPa (a)

Pressure MPa (a)

12

10

12

10

Time (seconds)
FIG. 3.11. Pressurizer pressure (0 — 20,000 s).

L i 1 i

- LRVsiopen | 14— PHase separation, /tc;opz

i i bath loops ua:u"e”
A e, _ﬂ_,_W\E\/_\/W\/ﬁé Lo':n II;)e(:;’)S
L 1 i ill

L \ } \ | : I z;nnected
: Y i ! ‘;;:'aé'smﬁiéf'
[ MSSVs openand close, i LRV open and close

- maintaining SGs at 5.1 MPa (a) !

[ and removing enough heat !

" tomaintain PHTS at~9 MPa (a) !

: A

| 1

i 1

L ! SGs dryout, \

C both Joops L
0 2 4 6 8 10 12 14 16 18 20

Thousands
Time (seconds)
FIG. 3.10. Primary system loops l1and 2 pressure (0 — 20,000 s).

C LRVs open

_ B ———

C Initial drop as PHTS cools ?

r and PHTS coélant shrinks .

C PHTS coolant thermal expansion

C after SGs dryout and heat sink lost
0 4 8 12 16 20

Thousands



—— SBO87D05.D47 - SG #1, PBS(1) —— SB0O87D05.D47 - SG #2, PUS(1)
—— SBO87D05.D47 - SG #3, PBS(2) —— SBO87D05.D47 - SG #4, PUS(2)

A6 o
3 L
E 5 "—"—"““m— .
= \
4
= r 7
§ SGsdryout, Loop 1 Channel7
a3 bothloops ruptured
o
P
[}]
c
[}]
O 1
€
S
- 0 . . . . . .
”n
Thousands

Time (seconds)

FIG. 3.12. Steam generator secondary side pressures for PHTS Loops land 2 (0 — 25,000 s).

——SBO087D05 Loop 1-SG #1, ZWBS(1) ——SBO87D05 Loop 1-SG #2, ZWUS(1)
——SBO87D05 Loop 2 - SG #3, ZWBS(2) ——SBO87D05 Loop 2 - SG #4, ZWUS(2)

147

g L

= 12 N

o -

£ \

s 10 T

c R

[ C \

O 8+ .

€ - \ :

3 6+ !

n \ :

= 4 : SGsdryout; both loops; loss

4 \ i~ ofSGsas HTS heatsinks

o 2 1

- :

g0 N

= 0 5 10 15 20 25

Time (seconds) Thousands

FIG. 3.13. Steam generator water levels for PHTS loops land 2 (0 — 25,000 s).

33



34

40000

kg

35000

30000

25000

20000

15000

10000

Water in Steam Generator

(&)
o
o
o

o

—— SB087D05.D32 - QWCRT(1,1)
1.E+04 ¢

1.E+02

1.E+01

Heat to PHTS and SGs (MW)

1.E-01

50

100

150

Time (seconds)

FIG. 3.14. Water mass in steam generator (0 — 300,000 s).

200 2

50 300

Thousands

——SBO0O87D05.D32 - QSGTOT(1)

First fuel uncovi
water decrease

ered: heat transfi
s as channel inve

erto PHTS
ntory drops,

1 1
PECAUSTITIOTE 1

4 £ !
Ediirdarsicrreau

O

1.E+00 +

moderatorand iend shield water
Decay heat still transferred
tothe PHTS, afterSGs dr\’/ out
SGs dry out, \4}\ \
both-loops;loss \
of secondary side water
0 5 10 15 20 25
Thousands

Time (seconds)

FIG. 3.15. Heat to PHTS and steam generators (0 — 25,000 s).



18
- 1 Loops 1 and 2 reach saturation
Initial drop as !
16 LRVs open i conditions; 50 PHTS
PHTS coals P : pressurizes above 10.2 MPa.
E 14 / and-PHTS-coolant A : LRVs stay oper continuously
- ’ shrinks | and PHTS inventory
ln\l: 12 iw_‘_/— y dropsrapidly
o — \\
£ 10 //ﬂ \
T>’ 8 PHTS coolant thermal
a expansjon afterSGs dry \
qh, 6 out-and-heat sink-tost Pressurizer
© \ water
= 4 \ /depleted
2 \/
0 1 1 1 1 1 1 1 1 L — 1
0 4 8 12 16 20
Thousands
Time (seconds)
FIG. 3.16. Water level in the pressurizer (0 — 20,000 s).
— SB0O87D05.D32 - MWPL(1,1) — SB0O87D05.D32 - MWPL(1,2)
60000 T
r LRVsopen [ \
L LRVs open and close)
S 50000 == i when pressure exceeds
x g Yy *~x€01|wpam)
L T
@ 40000 |
S MSSVs open and close, \ ! Phase separation,
) mdintaining SGs at 5.1 MPa (a) 1 both |oops
g_cu 30000 and removing enough heat |
8 to maintain!PHTS at ~9 MPa (a ' Loop 1 Channel 7 ruptures,
(&) 20000 \ both loops still connected
2 I~ via pressurizer
E i SGsdry out,
10000 bothlloops \\\éi
0 L I T T 1

0 2 4 6 8 10 12 14 16 18 20
Thousands

Time (seconds)

FIG. 3.17. PHTS Loops land 2 water masses (0 — 20,000 s).

35



36

100% T
c - Global voidfrattion assumedwhen two-phase PHTS
.‘g fluid separatesjnto i
8 80% liquid and vapour phases |
i
2 60% | I
S L il Tadi B I
o
g 40% i
-l
%) B
£ 20% ;
B} W M|
0% e TR
0 4 8 12 16 20
Thousands

Heat transferred to moderator

(water and gas) (W)

—— SB087D05.D32 - VFPS(1)
—— SB0O87D05.D31, LRV Water Flow - WWLRV(1)
—— SB0O87D05.D31, LRV Steam Flow - WGLRV(1)

Thousands

Time (seconds)

FIG. 3.18. Loop void fractions and LRV steam, and water flows for PHTS loops land 2

0

- 20,000 s).

——SB087D05.D43, Total - QLOSSMOD
——SB087D05.D40, to Water - QWCRCT

——SB087D05.D40, to Gas - QGCRCT

40

35

30
25
20
15
10

5
0

LRV Flows (kg\s)

100000

90000

80000

70000

60000

50000

40000

30000

20000

10000

0

0

100

-10000 ©

Time (seconds)

Thousands

FIG. 3.19. The Amount of heat transferred to moderator from the fuel channels (0 —
100,000 s).



——SB087D05.D40, to Water - QWHSCTRB
——SB087D05.D40, to Gas - QGHSCTRB

c
© .
g 14000
8 e -
< 812000 +
E B
>2 F 10000
38 8000 +
o :
- 6000

] i
e® 4000 |
5< :
by I
% 2000
g °1 400 500
I I

-2000 Thousands

Time (seconds)

FIG. 3.20. The amount of heat transferred to reactor vault water and gas/steam
(0— 500,000 s).

Fuel channel response

Table 3-2 shows that the first fuel bundles are uncovered inside fuel channels at ~13,082 s
(~3.6 h) in both loops. Uncovering fuel elements is the result of one or more of the following
phenomena: (1) the decay heat from core boils off coolant, (2) the loss of coolant through the
PHTS liquid relief valves, and (3) the loss of a heat sink at the steam generators with the loss
of water inventory from the secondary side. When sufficient PHTS coolant is lost from a fuel
channel, the fuel elements inside the fuel channel start to uncover. When the temperature of
the pressure and calandria tubes rises to approximately 900°K, the PT and CT rupture at
~17,918 s (~5.0 h) (Table 3-2) in Channel 7, Loop 2. The channel rupture is caused by
ballooning at high temperature and high pressure. The temperatures of the pressure and
calandria tubes, as well as fuel in Bundle 7 (Channel 1) are presented in Figures 3-21 to 3-23.
Prior to the first fuel channel dryout, calculations of PT, CT and fuel temperatures are not
performed in the current code; it is assumed that the core decay heat goes directly into PHTS
coolant. Therefore, the PT, CT and fuel temperatures remain constant up to ~18,700 s (~5.2 h)
(Fig. 3-21). When a fuel channel is dry at ~18,700 s (~5.2 h), the channel module of the code
is initialized and the fuel channel conditions, PT, CT and fuel temperatures are analysed at
every time step. After PT and CT rupture at ~17,918 s (~5 h), PHTS inventory is discharged
through the break. Therefore, fuel and subsequently PT and CT temperatures increase at
~19,000 s (~5.3 h). This fuel temperature increase is assisted by a moderator level (and mass)
decrease in the CV (Fig. 3-24) because of moderator discharge through the CV relief pipes
into containment. More details about the CV response are given in the next section.

When the pressure and calandria tubes reach disassembly conditions, fragments of the fuel
channel relocate to “holding bins” and stay temporarily there in the form of a suspended
debris bed. The core material in the suspended debris bed heats up further from the decay heat.
The Zircaloy/steam exothermic reaction provides additional heat resulting in partial melting
of the debris. Eventually the molten material relocates from the suspended debris bed to the
bottom of the calandria vessel and is quenched in the water. When the suspended debris bed
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mass in the core exceeds a user- specified value (25,000 kg per PHTS loop is used in the
present work), the core material in the suspended bed and most of the intact channels relocate
to the bottom of the calandria vessel.

The dynamics of channel disassembly and relocation phenomena are represented in Figure 3-
25 to 3-27. Figure 3-25 shows that the mass of UO, in the intact core-material in each loop
decreases rapidly at ~20,000 s (~5.6 h). It is the result of material transfer to the holding bins
and relocation of molten material to the calandria vessel bottom. In accordance with the above
explanation, Figures 3-26 and 3-27 show that corium mass in suspended debris bed increases
rapidly at ~20,000 s (~5.6 h) and becomes essentially zero at ~52,700 s (~14.63 h) as a result
of core collapse. The temperature of the suspended debris bed in vertical core Nodes 1, 4, 5,
and 6 are shown in Figure 3-28. Similarly, the debris temperatures in the vertical core Node 6
for axial Nodes 1 and 2 are shown in Figure 3-29.
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FIG. 3.21. Calandria tube temperatures bundle 7, channel 1, loops I and 2 (14,000 —
22,000 s).
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FIG. 3.22. Pressure tube temperatures bundle 7, channel 1, loops 1 and 2 (14,000 — 22,000 s).
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FIG. 3.28. Temperature of the suspended debris bed (vertical core nodes 1, 4, 5, and 6, axial
Node 3, PHTS loop 1), (0 — 50,000 s).
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FIG. 3.29. Temperature of the suspended debris bed (vertical core Node 6, axial Nodes 1 and
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3.1.3.2.  Phase?2
Calandria vessel response

Figures 3-30 and 3-31 show the two-phase water level and pressure in the calandria vessel,
respectively. The moderator temperature in the calandria vessel is assumed to be 342°K prior
to the accident. As a result of the accident, the moderator temperature and pressure in
calandria vessel increase because of the loss of moderator cooling and the heat transfer from
the core. At 17,918 s (about 5.0 h), the PT and CT rupture and PHTS inventory is discharged
into CV. Pressure inside the calandria vessel reaches the set point of the rupture disk,
238 kPa(a), and the CV rupture disk fails at 18,088 s (about 5.0 h) (Table 3-2). This
phenomenon is associated with a rapid decrease in the calandria vessel water level (Fig. 3-30).
After the initial rapid moderator expulsion, the moderator continues to discharge gradually
into the containment as a result of continued moderator boil off due to the heat transfer from
the core (Fig. 3-30).

The rapid increase of the calandria vessel pressure at about 20,000 s (5.1 h), up to 340 kPa
(Fig. 3-31), is the result of a major relocation of core material from the suspended debris bed
into the moderator inside the calandria vessel, as a result of core collapse. Also, at 52,600 s
(14.6 h) the moderator inside the calandria vessel is depleted (see Fig. 3-24); therefore, no
steaming source is available for pressure increase. The water in the reactor vault acts as a heat
sink to cool the external calandria vessel wall. The calandria vessel pressure (Fig. 3-31)
decreases after 33 000 s (9.2 h) due to containment failure.

At about 53,000 s (14.7 h), the calandria vessel pressure begins to increase because water
inside the reactor vault, surrounding the calandria vessel, starts to boil off (see Fig. 3-31).
Steam generated on the CV outer wall is released from the reactor vault into containment. The
CV and containment are connected via the CV relief ducts; therefore, any increase/decrease in
containment pressure results in pressure increase/decrease in the CV. At 200,189 s (55.6 h),
the calandria vessel falls (Table 3-2 and Fig. 3-31). The failure of the CV was predicted by
creep of the cylindrical shell at low elevation.

The calandria vessel pressure spike at 200,189 s (55.6 h) is the result of the calandria vessel
failure and subsequent relocation of corium from the calandria vessel to the reactor vault floor
(Fig. 3-32). The molten core concrete interaction begins in the reactor vault at 246,481 s
(68.5 h) (Table 3-2).

Figure 3-32 shows the total mass of debris (including particulates, corium crust, and molten
corium), the mass of the corium crusts (bottom, side, and top surfaces) and the mass of
particulates in the calandria vessel. The mass of corium particulates and the mass of the
corium crust in the calandria vessel are shown in Figures 3-33 and 3-34, respectively. A crust
is formed on the CV walls soon after the core collapses onto the CV bottom.

After the water in the CV is depleted, the core debris in the calandria vessel starts to heat up
and eventually the particulates melt to join the molten debris pool at 66,000 s (18.3 h) (Fig. 3-
33). The corium and molten pool temperature are shown in Figures 3-35 and 3-36,
respectively. When the calandria vessel fails, all corium falls into the reactor vault at
200,189 s (55.6 h).

Figure 3-37 shows the inside surface temperature of calandria vessel wall for the top node The
surface temperature of 10th node and the temperatures of four bottom nodes of the calandria
vessel cylindrical shell are shown in Figures 3-38 to 3-39. As mentioned in Section 3.1.2, the
calandria vessel wall is sliced horizontally to 15 nodes from the vessel floor to the ceiling
along the elevation levels (see Fig. 3-9). Initially the temperature of all these nodes at
different elevations is about the same because the CV shell is immersed in the water in the
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reactor vault. At 50,000 s (13.9 h), the two bottom nodal temperatures show a spike. This
temperature spike is caused by core collapse, the major relocation of hot core material from
the suspended debris bed into the calandria vessel bottom. At 52,550 s (14.9 h) the water in
the reactor vault starts to boil off (Fig. 3-40) and at 65,000 s (18.0 h) for the top node of
calandria vessel is not immersed in the water. Therefore, the temperature of the top node and
10th Node sharply increase to 445°K (Figs 3-37 and 3-38). The temperatures of the top nodes
are relatively low because heat is transferred from the top wall nodes by several mechanisms:
1) to bottom nodes by circumferential conduction and eventually to the water in reactor vault,
and ii) by convection/radiation to the RV steam and concrete walls. Therefore, the top nodes
of calandria vessel wall do not fail even though they are not covered by reactor vault water.
When the water level in the reactor vault decreases to 2.5 m at 195,600 s (54.3 h) (Fig. 3-40),
the calandria vessel bottom heats up rapidly. As mentioned, the CV bottom fails due to creep
at 200,189 s (55.6 h). When the calandria vessel fails, the debris relocates into the reactor
vault and is cooled by the water in the reactor vault. As a result, the calandria vessel wall
temperatures drop as shown in Figure 3-37. The molten fraction of the debris in the calandria
vessel is shown in Figure 3-41.
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FIG. 3.30. Calandria vessel two-phase water level (0 — 220,000 s).
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FIG. 3.37. Calandria vessel wall temperatures (top node) (0 — 500,000 s).
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FIG. 3.38. Calandria vessel wall temperatures (nodes 4 and 10) (0 — 500,000 s).
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3.1.3.3.  Phase 3
Reactor vault and end-shield response

Figures 3-40, 3-42, and 3-43 show the water level and pressure in the reactor vault and end-
shields. The pressure and water levels increase gradually after the initiating event. This
behaviour is caused by the loss of shield and moderator cooling and heat transfer from the
core to the moderator and end-shield. The reactor vault and end-shield have combined vent
lines, and two rupture disks are connected to the combined vent lines to relieve the over-
pressure caused by boiling the reactor vault and end-shield water. As mentioned in Reference
[13], there are combined vent lines for RV/end shields for steam/water relief. Thus the
pressure in the reactor vault and end-shield has the same behaviour (Figs 3-43 and 3-44). At
10,245 s (2.9 h) the shield cooling system rupture disks burst due to pressure build up
resulting from water thermal expansion and subsequent RV water boiling (see Fig. 3-43).
Steam is discharged from the end-shield into the containment. As a result, the water level in
the end-shield decreases as shown in Figure 3-42.

Because of the larger water inventory in the reactor vault the boil off in the reactor vault takes
longer. The reactor vault inventory starts to boil off at 53,550 s (14.9 h) resulting in a gradual
water level decrease. At 200,189 s (55.6 h), the CV bottom fails and corium in the CV
relocates onto the reactor vault floor. Eventually all the water in the reactor vault is
evaporated at 230,000 s (63.8 h) (Fig. 3-40). Then corium reacts with the concrete floor. The
amount of ablated concrete depth in reactor vault floor due to corium concrete interaction is
shown in Figure 3-45. There was no failure of the reactor vault floor predicted. The
containment pressure history is shown in Figure 3-46.

Figures 3-47 and 3-48 show the corium mass and corium temperature in the reactor vault. In
these figures, “corium” represents a mixture of core debris and any other structural material
including dissolved molten concrete. Initially the corium mass in the reactor vault is zero. At
200,189 s (55.6 h), the calandria vessel fails and the corium in the calandria vessel relocates
into the reactor vault floor. As a result, the corium mass and corium temperature in the
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reactor vault rapidly increase, as shown in Figures 3-47 and 3-48. The corium is then
quenched by the water in the reactor vault and the corium temperature drops rapidly. At
246,500 s (~68.5h), the corium is re-heated by the decay heat. At that time the corium

temperature increases to 2,200°K (Fig. 3-48) and thus the corium-concrete interaction is
initiated.

The capability of the code to model corium crust behaviour in the RV is shown in Figure 3-49.
The initial crust thickness is high because of rapid solidification of corium on the cooler
concrete surface. As a result of core-concrete interaction the concrete is dissolved by the
corium, decreasing its melting point. At 268,000 s (74.4 h) the crusts disappear as a result of
this process.
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FIG. 3.42. Reactor vault (blue) and end shield (red) water level (0 — 500,000 s).
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FIG. 3.49. Crust thicknesses (downward-blue, upward-red, sideward-green) in reactor vault
(0— 500,000 s).

3.1.3.4. Phase 4
Containment response

Figure 3-46 shows the pressure in containment Node 8, i.e., lower half of steam generator
enclosure. Initially, the containment pressure is 100 kPa(a). After the accident initiation, the
containment pressure increases gradually because water is discharged into the containment
through the PHTS liquid relief valves. Note that the dousing system is assumed to be
unavailable in the present analysis. The rapid increase of containment pressure at 9,000 s
(2.5 h) is due to PHTS coolant release via the LRVs. The increase of containment pressure at
25,000 s (6.9 h) is due to the rupture of pressure and calandria tubes and PHTS coolant release
to and from the CV through the CV rupture disks in the containment. Containment pressure
decreases after that (it is not clearly visible in the figure due to scale) because of the steam
condensation on the containment walls and structures such as steel beams, columns, stairs,
etc.; in the accident initial period these structures are relatively cool. The rapid increase of
containment pressure at 200,200 s (55.6 h) is due to corium relocation into the basement after
the calandria vessel failure following intensive steam generation.

Containment pressure gradually increases and at 33,054 s (9.18 h) reaches the failure set point
of air lock seal 335 kPa(a) (Fig. 3-46). At this time the containment fails. At 53,554 s (14.87
h), water in reactor vault reaches the saturation temperature and starts to boil off (Table 3-2).
The RV water gradually evaporates and steam is released in the containment. The
containment gas temperature in the lower steam generator room is shown in Figure 3-50. The
mass of water in the containment basement and the volume fraction of steam in the lower
steam generator room are shown in Figures 3-51 and 3-52, respectively.

Fission product release and distribution

The initial inventory of fission products (radioactive plus stable) in a generic CANDU 6
station core is summarized in Table 2-6 of the current document.
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Figure 3-53 shows the mass of noble gases released in the calandria vessel (“in-vessel”) and
to the environment. As shown in Figure 3-53 the major portion of the noble gases is released
into the CV from the fuel and the suspended debris bed during core disassembly and core
collapse, starting from 19,833 s (5,51 h) until 53,749 s (14.93 h). In the present analysis,
containment leakage is modelled at 0.5% free volume per day. Eventually all the noble gases
are released to the environment after the containment fails at 33,054 s (9.18 h).

Figure 3-54 to 3-59 show the mass of Csl and RbI released in-vessel (inside the CV), ex-
vessel (outside the CV) and to the environment along with the mass in the PHTS, calandria
vessel, and containment. At 17,918 s (5.0 h), pressure and calandria tubes rupture and the fuel
element temperatures exceed 1,000°K. Because the calandria vessel rupture disks opened at
18,088 s (5.0 h), the fission products are released through the calandria vessel relief ducts into
the containment (Fig. 3-59). Figure 3-59 shows that the mass of CsI and Rbl in the
containment (including airborne and deposited) remains at 4.59 kg until 500,000 s (138.9 h).

The water in reactor vault is almost depleted at 229,621 s (63.78 h). After that, the corium
reacts with the concrete and fission products are released ex-vessel (outside calandria vessel,
Fig. 3-54). Because almost all of the Csl and RbI are retained in the containment by various
fission product retention mechanisms, only a very small amount (9.36%) is released to the
environment when the containment fails.

Hydrogen release and concentration

Figure 3-60 shows the hydrogen released from PHTS Loops 1 and 2, respectively. The
releases include all the hydrogen generated in fuel channels and in the suspended debris beds
prior to corium relocation to the reactor vault. At 17,708 s (4.9 h), some fuel channels dry out;
steam inside the channel reacts with the fuel cladding and inner surface of the pressure tube.
Such reactions at high temperature produce hydrogen, but the mass of hydrogen produced is
relatively small during this period, which is not clearly seen in Figure 3-60 because of scaling
of the figure. The hydrogen production, however, increases rapidly after pressure and
calandria tube failure (at 17,918 s or 5.0 h) as shown in Figure 3-60 because most of the
coolant from the channel is lost through the break, and fuel/Zr heat up. At 52,695 s (14.6 h),
the core collapse was predicted and core debris relocates into the calandria vessel bottom
followed by the depletion of moderator in the calandria vessel. The code assumes no
hydrogen generation from the debris located at the calandria vessel bottom after core collapse,
because of crust formation on top of the debris bed. Therefore, hydrogen generation reaches
almost a plateau.

It should be noted that Figure 3-60 represents the hydrogen generated in one PHTS loop only.
The behaviour of the other PHTS loop is similar as shown in Figure 3-60, so the total amount
of hydrogen generated in PHTS is twice as much as indicated in Figure 3-61. Figure 3-61
shows the total amount of hydrogen generated in the reactor vault. Major quantities of
hydrogen are generated in the reactor vault due to the jet break-up of molten debris in the
water pool and the molten core - concrete interaction. At 200,189 s (55.6 h), the calandria
vessel was predicted to fail and corium relocates into the reactor vault. At 229,621 s (63.8 h)
the water inside reactor vault is almost depleted, and at 246,711 s (68.5 h) molten corium
starts to interact with the reactor vault concrete floor, which results in an increase of hydrogen
release (Fig. 3-61). In addition to the oxidation of Zircaloy, iron from rebar in the concrete is
also oxidized to produce hydrogen.

Figure 3-62 shows the hydrogen volume fraction in containment Node 8, the lower half of the
steam generator rooms. It should be noted that hydrogen igniters are not credited in this
sequence. Figure 3-62 is consistent with Figure 3-61. Note that Fig 3-61 represents hydrogen
generated from both PHTS loops as well as from the reactor vault. After pressure and
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calandria tubes fail at 17,918 s (5.0 h), the hydrogen released within the calandria vessel
enters containment through the calandria vessel rupture disk openings. As a result, the
hydrogen concentration increases rapidly as shown in Figure 3-62. At 52,695 s (14.6 h), core
collapse was predicted and core debris relocates to the calandria vessel bottom. The
moderator inside the calandria vessel is subsequently depleted and no more hydrogen is
produced. Thus the hydrogen concentration in containment shows a rapid decrease (see
Fig. 3-62). Subsequently, the hydrogen concentration starts to increase at 250,000 s (69.4 h)
as a result of MCCI in RV.

At 53,554 s (14.9 h), the water in the reactor vault reaches saturation temperature (Fig. 3-63)
and begins to boil off. Steam from the reactor vault starts to discharge into containment
(Figures 3-64 and 3-65). As a result, steam concentration in the containment increases rapidly.
On the other hand, the mass of hydrogen remains approximately constant. Thus the increase
of the steam mass in the atmosphere results in a decrease in the hydrogen concentration
(Fig. 3-62). When containment fails at 33,054 s (9.18 h), hydrogen is released into the
environment resulting in a rapid decrease in the hydrogen concentration in containment.

At 200,189 s (55.6 h), the calandria vessel fails and corium relocates into the reactor vault
causing a small spike in hydrogen concentration (Fig. 3-62). At 229,621 s (63.8 h), the water
inside the reactor vault is depleted, and molten corium eventually reacts with the concrete of
the reactor vault floor. When the corium temperature gradually increases (Fig. 3-48) molten
corium/concrete interaction begins at 246,481 s (68.5 h) and hydrogen is produced. This
results in a rapid increase in the hydrogen concentration after 250,000 s (69.4 h). After
296,000 s (82.2 h), the CO, volume fraction inside compartment #8 increases rapidly as a
result of MCCI (Fig. 3-66). The CO, is produced in the RV as a result of CaCOs;
decomposition during corium-concrete interaction. The CO, reacts with the metallic
components in the corium (Zr and steel) and therefore is not released from the melt to the
containment until all the Zr and steel are oxidized, which occurs at 290,000 s (80.5 h). On the
other hand, the mass of hydrogen remains more or less at a constant value. Therefore, the CO,
mass increase in containment causes the hydrogen concentration decrease. The behaviour of
0, Ny, and CO gases are shown in Figure 3-66.
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FIG. 3.50. Containment gas temperatures in lower SG room (Node 8), (0 — 500,000 s).
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3.2. BARC-RED

3.2.1. Computer codes

The entire accident progression has been divided into four phases:

Phase 1: Accident Initiation to start of fuel channel uncover;
Phase 2: Start of fuel channel uncovery to core collapse;
Phase 3: Core collapse to calandria vessel failure;

Phase 4: Calandria vessel failure to containment failure.

The modelling strategy for each phase is given in Table 3-3.

Phase 1 and 2 are simulated using the code RELAPS5 [14]. In Phase 3, after the core collapse
and relocation into calandria, the heat transfer behaviour for debris bed has been simulated
using the model by Sinha et al [15]. After the calandria water gets evaporated, the heat
transfer in dry debris and its melting has been simulated using the code ANSWER. Stresses in
the calandria are predicted by the code CAST3M. In Phase 4, after the molten corium is
relocated into the reactor vault, the corium concrete interaction is modelled with the code
MELCOOL-CCI. The details of the codes are as given below.

TABLE 3.3. MAJOR PHENOMENA AND MODELING STRATEGY

Phase Phenomena Modelling strategy

- Steady state loop thermal hydraulic behaviour
- Accident initiation

1 — PHT thermal hydraulic response RELAP5/Mod3.2
— Fuel and fuel channel thermal response
— Containment heat transfer

— PT Thermo-mechanical behaviour
— PT-CT contact
- Ballooning

Thermo-mechanical
Modelling

2 -

- lédo‘ﬁelr;tcogvfr";l off RELAP5/Mod3.2

— Core collapse Mass based criteria

- Debris coolability Heat transfer correlation
3 — Debris heat-up and melt pool formation ANSWER

— Calandria thermo-mechanical behaviour CAST3M
4 - Core-concrete interaction MELCOOL-CCI

3.2.1.1.  Computer code ANSWER

The ANSWER™ software package is a comprehensive mathematical model for simulation of
fluid flow, heat and mass transport processes in laminar or turbulent, compressible or
incompressible, flows at any speed can be used to simulate transient or steady state problems
in Cartesian or cylindrical geometry. It provides a unified theoretical treatment of concepts
relevant to fluid flow and transport. The physical processes incorporated in the software are
shown in Figure 3-67. As can be seen from this figure, various levels of interaction and
coupling exist between the different components of the flow system. In the ANSWER™
software package, these components may be employed either in a coupled or uncoupled mode.
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FIG. 3.67. Models in ANSWER.

For ANSWER™ the governing equation for momentum is modified to account for porosity of
the medium as shown below.

a(491/)+a(¢9vv)— O (025\~ 9 9P | pog — Syr+s
ot PPV T ax \POVYS) = Gx \MW ax, ox; * PP9;T OBE TS

SBF = 92(1 + CFReK)%V]

p6|VIVK
Rey =
U

Where:
t is the time
X; is the coordinate in i™ direction
p is the mass density
0 is the porosity of the medium
V; is the ] component of the fluid velocity
1) is the viscosity
p is the fluid thermodynamic pressure
g is the gravitational acceleration in j™ direction
Sger is the Brinkmann Forchheimer drag term
S is the source term
Cr is the Forchheimer-Ergun drag coefficient
Reg is the Reynolds number based on permeability length scale
K is the permeability of the medium
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Similarly, the energy equation is modified using the porosity of the medium to calculate the
average thermal conductivity of the bed.

3.2.1.2.  Computer code CAST3IM

CAST3M is a computer code for the analysis of structures by finite element method (FEM).
The development of CAST3M enters within the framework of an activity of research in the
field of mechanics; the goal being to build a high level instrument, being able to be used as a
valid support for the design, dimensioning, and the analysis of structures and components, in
the nuclear field as in the more traditional industrial sector.

Accordingly, CAST3M presents a complete system, integrating not only the functions of
calculation themselves, but also of the functions of construction of the model (pre-processor)
and of processing of the results (post-processor). CAST3M is a powerful, flexible analysis
and optimization program for mechanical linear elastic problem in statics and dynamics
(vibration, extraction of eigenvalue), thermal and heat transfer problem, nonlinear problem
(elastic, plastic, creep materials), step by step dynamic problem.

In CAST3M, different types of analyses (strains or stresses plane, axisymmetry, etc.) can be
done. Also, different types of elements (beams, hulls, etc.), properties of material, and
geometrical characteristics which cannot be deduced from the meshes and the boundary
conditions can be modelled. Different types of material behaviour models like elastic, plastic,
elasto-plastic, viscoelastic, viscoplastic etc. can be used in the code. In present problem,
elasto-viscoplastic analysis with Chaboche model has been carried out.

3.2.1.3.  Computer code MELCOOL-CCI

A code MELCOOL-CCI has been developed for predicting the ablation of concrete and
evolution of gases due to thermal decomposition of concrete under heat load.

(a) Governing equations of MELCOOL-CCI

2-D transient conduction equation in melt pool:

e, T2 (1), 2 (i)
o ox\ ox) oy\ oy

2-D transient conduction equation in Concrete layer:

C aTvcon _ﬁ(k 87—;0”}+£ kaT'con
Peonrn 50 “ox\" ox ) oyl oy

Boundary conditions:

T, =T

concrete

Temperature continuity

Flux continuity

concrete
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(b) Phenomena taking place during MCCI

For T >100°C, loss of evaporable water

H,0

,——>H,0,, AH=2258kJ/kg

For T ~ 500 - 600°C, dehydration of Ca(OH),

Ca(OH)2 —>CaO+H,0,

" AH=1340kJ / kg

For T > 750°C, decomposition of lime
CaCO,—>CaO+CO,,,  AH=1637 kJ kg
Melting of Concrete at about 1400°C.

(c) Solution Strategy: Enthalpy Temperature hybrid method

The equations can be written in form of enthalpy-temperature hybrid form as follows
T
pcon a(hc()n) :ﬁ(k 87—;()1’[ j +£ k a con
ot ox ox oy oy

1) Take into account the C, of concrete as a strong function of temperature as shown in
Figure 3-68 which is converted into h = f(T) = [ C,dT (Fig. 3-69) to take into
account all the chemical reactions

This method allows us to:

Ca(OH)z
decomposition
Water
evaporation CaCO;
decomposition

FIG. 3.68. C, vs Temperature of concrete.
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FIG. 3.69. Enthalpy vs temperature for concrete.

2) Ease in tracking the melt front in the concrete as enthalpy is continuous even though
concrete may melt at different temperature.

The interface is tracked as follows:

B B
If b, >k, +—L2% and '} <h, 4L
»J solidus 2 L solidus

hfus[on h
solidus . . . .
x=—=——— which will give the contour position.
hn+1 _ hn
i~ g

The equations are solved by simple explicit method. Since the time frame involved in melting
phenomena is quite large, we can have a sufficient stability by using explicit method.

These enthalpy-temperature relationships are specific for each type of concrete. In the present
code, there are three main types of concrete which can be taken into account:

- Haematitic aggregates

- Basaltic aggregates

- Limestone and Common Sand (LCS)

The libraries contain the information regarding enthalpy — temperature data, density, thermal
conductivity and mole fraction of main components of the concrete.

3.2.2. Phenomena and system idealization

3.2.2.1.  Primary and secondary system modelling

The CANDU 6 Heat Transport System (HTS) has been modelled in RELAP5/Mod3.2 as
shown in Figure 3-70. It represents both the loops of the HTS system. The 380 channels of
CANDU 6 reactor have been represented by 20 channels, 10 in each loop of which five are
forward and five backward as shown in Figure 3-71. The 12 bundles in a CANDU 6 fuel
channel are modelled as 12 axial nodes with individual peaking factors. The rest of the system
includes inlet headers, feeders, outlet headers, feeders, steam generators primary side tubing
and reactor coolant pumps. The two loops are connected by pressurizer. The secondary
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system consists of steam generator (SG) downcomer, riser, steam separator and steam dome
as shown in Figure 3-72. The turbine has been simulated with a Time Dependent Volume
(TDV) so as feed water pumps. Moderator system has also been modelled consisting of
Calandria as a pipe component and considering heat loss through PT and CT to the moderator
(Fig. 3-73).

329

331

332 334

335

337

338

340

30

343

LOOP # 1

FIG. 3.70. CANDU nodalization in RELAP5/MOD3.2.

FIG. 3.71. Division of half core into 10 channels.
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FIG. 3.72. RELAPS Nodalization of secondary side.
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FIG. 3.73. Moderator system nodalization.

3.2.2.2.  Modelling of heat transfer in Debris bed:

Figure 3-74 shows the modelling strategy and boundary conditions for heat transfer from the
flooded debris bed to the moderator. The heat transfer is calculated by Sinha-Nayak
correlation [15] for film boiling in heat generating debris.

Once the debris is dry, the heat transfer from debris to calandria and to the vault water is
calculated by the code ANSWER. Calandria vessel nodalization for debris bed heat transfer in
ANSWER is shown in Figure 3-75.

An analysis of the thermal stresses inside calandria wall was carried out using the computer
code CAST3M. Half cylindrical geometry has been modelled in 3D as shown in Figure 3-76.

The molten core concrete interaction has been simulated using the code MELCOOL-CCI.
The nodalization scheme and boundary conditions have been given in Figure 3-77.
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FIG. 3.74. Modelling of heat transfer in debris bed inside calandria.
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FIG. 3.75. Calandria vessel nodalization for debris bed heat transfer in ANSWER

FIG. 3.76. Calandria vessel nodalization scheme for structural analysis
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3.2.2.3.  Containment modelling

The containment has been modelled in RELAPS. The nodalization given by AECL has been
adopted. The horizontally cross connected volumes are grouped together. The cross section
areas, volumes and heat transfer areas of each node provided by AECL have been preserved.
The RELAPS nodalization scheme is as shown in Figure 3-78. Number 1 to 5 in Figure 3-78
are RELAP nodes used in calculation.
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FIG. 3.78. Containment nodalization.

3.2.3.  Analysis results

Table 3-4 shows the timing of events taking place during the progression of accident.

3.2.3.1.  Phase 1 and 2 of accident progression

After initiation of the SBO, the pumps coast down. Immediately the reactor is also tripped.
This leads to slight depressurization of primary system. The pressure in the ROH and RIH are
shown in Figure 3-79. The corresponding pressures in SG are shown in Figure 3-80. Due to
the box-up of secondary side, the secondary side pressure rises and is relieved by opening of

74



MSSVs (Fig. 3-85). As a result of which, the inventory in the SG continuously depletes (Fig.
3-81). Also, as level depletes, the heat transferred to secondary side reduces (Fig. 3-82). At
around 6,000 s, the inventory in all the four SG’s is completely boiled off. As a result, the
primary side pressure starts rising to the set point of the LRVs at around 6,198 s (Fig. 3-79).
When the pressure increases above the LRV set point, it opens and discharges the inventory
into the containment. During this time, the inventory in primary side depletes. As shown in
Figure 3-83, the pressurizer becomes empty in 7,500 s and at around 10,000 s, the primary
inventory completely depletes (Fig. 3-84).

The mass flow rate in the primary side is shown in Figure 3-86. After tripping of the pumps,
the mass flow rate reduces due to combined action of the pump coastdown and built up of
thermosyphon. However, after nearly 6,700 s, the thermosyphon flow rate is very small
because of no heat removal from secondary side. Due to this, channels get completely voided
as shown in the Figure 3-87.

TABLE 3.4. SUMMARY OF THE EVENTS

Events Time (s)
Class IV and Class III Power loss 0
Turbine stop valves closed 20
Reactor trips 0
First opening of MSSV 28
LR Vs open for the first time, PHTS Loop 1 6198
LRVs open for the first time, PHTS Loop 2 6198
SG secondary sides are dry, Loop 1 6100
SG secondary sides are dry, Loop 2 6100
Calandria vault rupture disk open 13 647
Pressurizer empty 7500
At least one channel is dry Loop 1 (complete boil-off) 7880
At least one channel is dry Loop 2 (complete boil-off 7880
Fuel sheath failed in fuel channel 3, bundle 7, 11 000
Calandria vessel rupture disks #1-4 open 13 647
Moderator reaches saturation temperature 14 010
Beginning of the core disassembly, Loop 1 17 040
Beginning of the core disassembly, Loop 2 17 040
Core collapse (loop 1) to calandria vessel bottom 17 691
Core collapse (loop 2) to calandria vessel bottom 17 691
Water is depleted inside calandria vessel 36 000
Water in calandria vault reaches saturation temperature 62 000
Calandria vessel failed 204 000
Water is depleted inside calandria vault 200 000
Molten corium-concrete interaction begins in calandria vault 205 000
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The corresponding temperatures of Fuel, clad, PT and CT are shown in Figures 3-88 to 3-92
for channels 1-5 (Fig. 3-70). Since the channels are completely voided and there is no flow,
the clad surface temperature is found to start rising after 6,000 s. After around 7,500 s, the
clad temperature starts rising significantly in the hottest channel (Channel 3, Fig. 3-90)
whereas, for low power channels, it starts rising after 10,000 s. At around 10,000 s, the
temperature of PT rise to about 900°K for channel 3. At such a high temperature, Zircaloy
behaves as a superplastic material as shown in Figure 3-93. Due to this condition [16], PT-
CT balloons at such high pressure and temperature and touches the CT.

However, for low power channels the contact occurs at nearly 11,000 s. Subsequent to contact,
PT temperature does not rise further. At the same time, heat transfer to calandria increases as
a result of PT-CT contact (Fig. 3-94). It leads to rise in pressure inside calandria (Fig. 3-95).
At around 13,647 s, the calandria rupture disc bursts. It leads to flashing of liquid inside
calandria causing the calandria level dropping to about 6 m (Fig. 3-96). As a result, the top
two channels (1 & 2) become uncovered. This leads to increase in CT temperature of channel
1 and 2 (Figs 3-88 and 3-89) whereas channel 3-5 remain submerged and their CT
temperature is lower. When CT average temperature reaches 1,400°K, channel disassembly
takes place at 17,000 s for channel 1 and at 17,040 s for channel 2. Whereas the other
channels (3-5) are still submerged. Due to disassembly of uncovered channels, the primary
pressure reduces to atmospheric pressure (Fig. 3-79) at around 17,200 s.

During this time, the calandria boiloff takes place and the level continuously decreases. At
approximately 17,691 s the level falls to 5 m which corresponds to uncovery of 7 rows. After
7 rows are exposed, the core is considered to be collapsed at around 17,691 s. The total steam
discharged to containment which includes release from LRV and calandria rupture disc is
shown in Figure 3-97 and corresponding variation in the containment pressure variation is
shown in Figure 3-98.
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3.2.3.3.  Phase 3 of accident progression

After the core collapse, the uncovered hot channels as well as submerged channels fall into
the calandria forming a debris bed. The debris so formed continuously gets cooled by boil-off
of moderator. Figure 3-99 shows the temperatures in various regions of debris. The top region
includes the low power uncovered channels (channel 1 and 2 in Fig. 3-71). The middle region
corresponds to high power channels (channel 3 in Fig. 3-71) and the bottom region consists of
the low power submerged channels (channel 4 and 5 in Fig.3-71).

After boil-off of the moderator at around 36,000 s (Fig. 3-96), the temperature of the debris
continuously increases (Fig. 3-100). The heat transfer from debris to calandria wall is
considered by combination of conduction and radiation from calandria wall to vault water by
nucleate boiling. The debris at the central region is found to be at very high temperature as
compared to bottom and top. This is due to poor thermal conductivity of debris bed. At the
bottom part, due to large heat sink, the temperatures are near saturation temperature of water.
The vault water continuously gets heated and evaporated. The temperature and inventory of
the vault water is shown in Figure 3-101. It can be seen that, it takes up to 200,000 s from
start of SBO to evaporate the vault water. The total heat transferred to calandria vault water is
given in Figure 3-102.

After the water from vault boils off, the calandria wall temperature starts rising (after 200,000
s in Fig. 3-100). The corresponding debris temperature also rises. The temperature
distribution inside calandria vessel as predicted by ANSWER is given in Figure 3-103. It can
be seen that most of the debris in the central region is in molten state.

With the boundary conditions obtained from this, analysis of stresses in the calandria vessel
walls have been carried out using the code CAST3M. The elasto-viscoplastic Chaboche [17]
material model was used for analysis. Plastic strain accumulation in calandria under thermal
and structural loading was calculated. Figure 3-104 shows maximum plastic strain
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accumulation in calandria wall and Figure 3-105 shows the deformed geometry of the
calandria vessel. It can be seen that, as temperature difference across the vessel is less due to
small thickness, high thermal conductivity and also the internal pressure being low, the plastic
strain accumulation is insufficient to cause failure (~ 9.5 %). Hence, it can be said that,
calandria does not undergo creep failure because of temperature and structural loading. Hence,
it is considered to be failed due to melting only.

The total hydrogen generated at the end of phase 3 is given in Figure 3-106. At the start of
Phase 3, because of core collapse, there is lot of hydrogen generation as hot debris falls into
the moderator. At the end of phase 3, around 478 kg of hydrogen is generated. The variation
of containment pressure during the phase 3 is given in Figure 3-107. It can be seen that,
initially, the vault water evaporation causes containment pressurization from around 225 kPa
to 325 kPa. At 113,950 s, containment RD opens as the differential pressure between
atmosphere and containment exceeds 224 kPa which causes the containment depressurization
which indicates containment failure at this time. Containment wall heat load and internal
energy change in containment is given in Figure 3-108.
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FIG. 3.99. Temperature of fallen debris channels in calandria.

87



88

Temperature °C

Temperature

2400 |- ' ' ' ' ' ' I
2200 gzll:’?sdgn\t/;?srz;ion ]
2000 |- debris top region .
1800 |
1600 |
1400 |
1200 |
1000 |

800 |

600 |

400 F

200 |

50000 100000 150000 200000
Time (s)

FIG. 3.100. Temperature history in debris.

380 . - . - . - . — 600000

Vault water Temperature 500000

Inventory 400000

300000

200000

100000

50000 100000 150000 200000

Time (s)

FIG. 3.101. Temperature and mass of calandria vault water.

Inventory (kg)



1.60E+012 T " T y T g T
1.40E+012 -
1.20E+012 -
1.00E+012 -
8.00E+011 -
6.00E+011 -

Energy (J)

4.00E+011
2.00E+011

0.00E+000

-2.00E+011

1 L 1 L 1 L 1 L
50000 100000 150000 200000 250000
Time (s)

FIG. 3.102. Total heat transferred to reactor vault.

-000172

T

3.50e+003
319e+003
2.8Te+003
2.56e+003
2250+003 | %2
1.848+003
1.62e+003

1.31e+003

994,

G8E.

-3.88 T s
0 000E7E 1.02 3.85

v W
FIG. 3.103. Debris temperatures in calandria just after vault water exhausts (200,000 s).

&9



90

Plastic strain (%)

10+

EE-E-ENm

T T T T T T T T
200000 201000 202000 203000 204000
Time (s)

FIG. 3.104. Plastic strain accumulation with time.

FIG. 3.105. Deformation of calandria vessel.



Cumulative mass of hydrogen (kg)

500 T

450

400

350

300

250

200

150

100

50 -

Phase |

Phase Il

Phase Il

— 4 0.100

0.075

0.050

0.025

S 0.000

2000 4000 6000 8000 10000 12000 14000

time

FIG. 3.106. Hydrogen generation

16000 18000

350

300

250

200

150

100

Containment Pressure (kPa)

50 -

113950 s

1 L 1
100000 200000

Time (s)

1
300000

400000

FIG. 3.107. Containment pressure transient

Volume fraction in containment

91



— 6000

30 Containment Internal Energy

Heat load on containment wall

20

z _
= &)
:/ é
- c
9 ( {4000 &
c
£ 15p 5
b= c
S 3
S 1ot .
o | >
3 o
S 5r 2
- (0]
E i 4 2000 3
0 o
[ S
5 A ] A ] A ] A ] A
0 100000 200000 300000 400000 500000

Time (s)

FIG. 3.108. Heat transfer inside containment.

3.2.3.4.  Phase 4 of accident

After the calandria failure at 204,000 s, it is assumed that, all the molten corium is relocated
onto the reactor vault basement. The basemat still contains large amount of water below the
calandria level. The molten mass falls in the water and quickly vaporizes it. During this time,
the molten mass reacts with water and causes lot of hydrogen is generated as shown in Figure
3-109. A total of 1,340 kg of hydrogen is generated.

After all the water is evaporated, the molten core- concrete interaction starts. Considering the
vault floor area, the molten mass will form a height of 0.3 m on the vault floor. The Molten
core — concrete interaction has been modelled using the code MELCOOL-CCI.

Figure 3-110 shows the ablation of the concrete floor of reactor vault. Initially, the rate of
ablation is higher but later on it decreases. It was observed that, up to 40,000 s, the complete
concrete ablation observed. When the melt falls on the concrete, the bottom part of the corium
cools initially, but later on, due to heat generation, its temperature rises again. The corium
loses heat from top surface due to radiation; hence the top surface gets cooled faster.

Figure 3-111 shows the temperature history in MCCI region. It can be seen that, the concrete
temperatures start rising after the melt falls on the concrete. As more and more concrete gets
mixed with corium, its solidus temperature starts decreasing and melting occurs at lower
temperature. During the MCCI, the amount of CO; released is shown in Figure 3-112. Total
0f20,000 kg of CO; is released during the interaction.
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3.3. BARC-RSD

3.3.1.

The CRP included analysis of progression of severe accident with Station Black out as the
initiating event. Since different types of thermal hydraulic and heat transfer mechanisms
dominate at different stages of the accidents, various computer codes, modules and
combinations were used to analyse accident evolution through different phases. The
categorization of the codes/modules used for each phase along with the components and
phenomena modelled using the specific code is tabulated in Table 3-5.

Required systems models and software used

The evolution of each stage of the accident depends to a large extent on the initial condition
for that stage of the accident as well as on the evolution of previous stage of accident.
Keeping in mind the relative importance of the mechanisms in consecutive stages of the
accident, a particular sequence of calculations was adopted. Figure 3-113 shows the schematic
of the sequence of codes used and the parameters obtained during each stage of evaluation.
The above mentioned methodology to estimate source term has been established and applied
to estimate the source term for LOCA with Loss of ECCS event for 220 MWe PHWR [18].

TABLE 3.5. COMPONENTS AND PHENOMENA MODELED AND CODES/MODULES
USED

Phase Components & phenomena modelled Codes Used
Phase 1: Plant thermal hydraulic systems
e - RELAPS/SCDAP
From SBO Initiation to | Fyel, pressure tube and calandria tubes heat up
First Channel Uncovery Pressure tube deformation (sagging and ballooning) PTCREEP
Phase 2: Plant thermal hydraulic systems and heat structures
. - RELAPS/SCDAP
First Channel Uncovery to | Fuel, pressure tube and calandria tubes heat up
Core Disassembly Fission product release from fuel PHTACT
Fission product transport in PHT system ASTEC
Phase 3 : Relevant thermal hydraulic systems
: - RELAP5/SCDAP
Core  Disassembly  to | Debris bed heat up
Calandria Vessel Failure Fission product release from fuel PHTACT
Fission product transport in PHT and calandria vessel ASTEC
Phase 4 : Relevant thermal hydraulic systems and fission product
Calandria Vessel Failure | dispersion in containment
to Calandria Vault Failure | Molten core concrete interaction ASTEC
Containment iodine chemistry
Fission products release from corium PHTACT
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3.3.1.1.  RELAP5/SCDAP code

Thermal Hydraulic models of RELAP5/SCDAP code [14, 19] is being used for simulation of
PHT and steam generator, moderator simulation etc. The RELAPS5/SCDAP code has been
developed for best-estimate transient simulation of light water reactor coolant systems during
an accident. The code is based on a non-homogeneous and non-equilibrium model for the
two-phase system that is solved by a partially implicit numerical scheme for economical
calculation of system transients. Light water and heavy water properties are available in this
code. The code includes many generic component models from which general systems can be
simulated. The SCDAP Module solves integral form of the heat conduction equation for an
isotropic solid continuum in a two dimensional cylindrical coordinate system. Radiation heat
exchange between various solid, liquid and gases as participating media are also considered.
RELAPS5/SCDAP models have been validated through the Independent Code Assessment and
Code Assessment and Maintenance Programs. These programs were organized by the US
NRC and have involved between 20-30 organizations around the world over period spanning
more than 2 decades. This code has been used in international standard problem exercises
conducted by the Organization for Economic Cooperation and Development. Applicability of
RELAPS thermal hydraulic models and the core degradation models present in SCDAP have
been compared with various experiments related to LWRs such as FLCHT-5, PBF SFD 1-1,
PBF SFD 1-4, PBF SFD ST, KFK CORA-13, PHEBUS etc. The code has been used
extensively for HWR and validated against experimental data from RD-14M test facility for
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scenarios like large and small break LOCA as well as natural circulation under depleted
inventory conditions [20].

The thermal hydraulic behaviour of systems post core collapse has been modelled using
COUPLE Module of code RELAPS5/SCDAP. This module uses a 2-dimensional heat
conduction model for calculating temperature distribution in the debris. Effect of radiation
heat transfer at high void fraction (>0.8) is incorporated into the conductivity of the material
calculated as effective conductivity. This model is developed for PWR debris configuration in
lower plenum which is having a porosity of around 0.5 and particle diameter as 10 mm.
Special heat transfer and the pressure drop models are developed and validated for this
configuration for avoid fraction over 80%. Below 80% of void fraction the heat transfer and
pressure drop model are similar to the pipe flow system. The model is adopted for HWR
debris heat up calculation. Considering a unit cell with four slumped reactor channels with
fuel bundle, PT and CT, the porosity is calculated to be 0.6. It is assumed that the pressure
drop and heat transfer characteristics are similar over 80% of void fraction and applicable to
HWR debris configuration. However, experimental program to study HWR debris bed is in
progress to find the applicability of heat transfer and pressure drop models developed for
PWR debris bed.

3.3.1.2.  ASTEC Code

The code ASTEC [21] is capable to simulate core degradation, fission product release and
transportation, and containment behaviour under severe accident conditions of PWRs.
Different modules of this code are being used to simulate some of the phenomena for HWR
severe accident. Different modules like CPA, SOPHAREOS, and MEDICIS are being used.

The CPA module of the code is used for containment thermal hydraulics and fission product
dispersion and is composed of two main sub-modules, respectively in-charge of the
computation of thermal-hydraulics and aerosol behaviour in the reactor containment. The
containment discretization uses a lumped-parameter approach in which volumes represented
by nodes connected by junctions simulate simple or multi-compartment containments such as
tunnels, pits, dome etc., with possible leakage to the environment or to other buildings. For a
realistic description of nuclear power plant accidents, a number of specific models
representing the main phenomena involved in engineered safety systems (e.g., the
Containment Spray System, hydrogen re-combiners, pressure suppression systems) are
models in the CPA module. The module is well validated against series of experiment like
BNWL, DEMONA, PHEBUS-FPD, PANDA etc.

The SOPHAEROS module of code ASTEC has been used to assess and analyse the transport
of fission products in the PHT system of HWRs in the event of a postulated accident scenario.
The module considers 60 elements (oxygen, hydrogen, caesium etc.) and 150 compounds (O,
Csl, and I, etc.) in gaseous phase which includes volatile elements and compounds. In the
condensed phase (aerosols or condensates), volatile and non-volatile species can be found.
The number of non-volatile groups is limited to 20. The module is validated against
PHEBUS-SFD experiments.

The MEDICIS module of code is used for Molten Core Concrete Interaction (MCCI). It
simulates MCCI using a lumped parameter approach with averaged melt/crust layers. Corium
remaining in the cavity interacts with concrete walls. This module assumes either a well-
mixed oxide/metal pool configuration or pool stratification into separate oxide and metal
layers. It describes concrete ablation, corium oxidation and release of non-condensable gases
(H,, CO, CO,) into the containment. Most convective heat transfer correlations from the
literature are implemented in the MEDICIS module. MEDICIS consist of models of corium
coolability in case of water injection upon the corium pool surface, including water ingression
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through the upper crust and corium eruption through the upper crust towards the overlying
water pool. Different models of evolution of corium pool configurations with homogeneous
and stratified pools are available. Shapiro diagrams are used to indicate the hydrogen and CO
concentrations in various compartments of the containment and the possibility of hydrogen or
CO burning and hydrogen detonation.

3.3.1.3.  PTCREEP code

In HWRs LOCA or SBO can lead to significant temperature rise in the Pressure Tube (PT).
This high temperature can cause metallurgical and geometrical changes in the PT. PT would
deform plastically due to internal pressure and fuel weight and eventually burst. An
indigenous code PTCREEP [22] was developed to model the pressure tube ballooning and
burst. Ballooning creep model in ‘PTCREEP’ is based on the transverse strain rate equations
developed by Shewfelt et al. These correlations were developed based on uni-axial creep tests
on Zr-2.5 wt% Nb test specimen. Creep tests under biaxial stress condition indicated that the
axial stress had little effect on the transverse creep rate. PTCREEP does not simulate the heat
transfer process and hence the PT temperature is needed to be imposed as boundary condition.
The code is validated against BARC experiments [23].

3.3.1.4. PHTACT code

PHTACT Code [24] is used to calculate the release rate for each species at each node in the
different channel. Following two methods of computing the release is given in the code.

(a) Method 1

The following temperature dependent relation as below gives fractional release coefficient in
this method:

FRC = A(LJ)*EXP(B(LJ)*T)

Where T is temperature in °C, A and B are constants dependent upon I" species and J*
temperature range. The three temperature ranges for which constant is defined are 900 —
1,400°C, 1,400 — 2,200°C, and 2,200 — 2,760°C. Maximum temperature for any node is
2,760 °C. The values of these constants are taken from NUREG-0772 (U.S. Nuclear, 1981),
in which attempt is made to reduce experimental data into single usable data set through
consideration of experimental condition and informed engineering judgment of data points
available. For the case of Te, the value of FRC calculated using A and B value in the
temperature range of interest is reduced by a factor of 40 if nodal extent of Zr oxidation is less
than 70%. This method of calculation is recognized as being non mechanistic and no attempt
is made to account for any scaling effects to which release coefficient may be subject in
transition from the experiment to accident situation.

(b) Method 2

This method makes use of a more physical description of release process. In this method
release rate coefficients are given by Arrhenius type equation of the form:

FRC = KO(I)*EXP(-Q(I)/(1.987E-3*T))
Where T is the nodal temperature in Kelvin, KO and Q are species dependent constants.

3.3.2.  Modelling details

The plant specific model is based on the CANDUG6 Plant data provided by IAEA [25]. The
CANDU 6 plant model for severe accident has been built with RELAP5/SCDAP code
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coupled with several other codes namely ASTEC, PTCREEP, and PHTACT to address
different stages of accident progression. The model simulates the following systems:
—  Primary Heat Transport system: Two loops including Fuel Channels, Inlet & Outlet Headers, inlet

and outlet feeders, Primary Circulation Pumps (PCP), Steam Generators, Pressurizer, Liquid
Relief Valves (LR Vs) etc.;

—  Secondary Heat Transport System: Steam Generator Secondary side which includes Steam
Separator, down comer, riser, and steam drum. Governors, Main Steam Safety Valves (MSSVs)
and Atmospheric Steam Discharge Valves (ASDVs) are also modelled;

- Moderator System: Calandria Vessel with moderator and Over Pressure Rupture Disks (OPRD),
the connecting relief lines and bleed valves;

— Calandria Vault and End Shield: Calandria Vault and End shield with water and structural
material along with common rupture disk;

- Containment System: Containment with 12 compartments, leakage provision, and rupture disk.

Details of the different models have been given below.

3.3.2.1. Reactor core model

The CANDU reactor core is symmetric by geometry about vertical axis. The core was divided
into 8 zones for each loops depending upon the elevation of fuel channels. Division of 8 zones
for one of the loops has been shown in Figure 3-114. Number of channels is clubbed in a zone.
Elevation of the clubbed channels from Calandria vessel bottom and the average power for
the representative zones are given in Table 3-6.

The convective heat transfer characteristic is conserved in the clubbed channel by providing
equivalent fuel pins with internal heat generation, PT and CT with their corresponding surface
areas. Equivalent flow rate has been provided in the clubbed channel to conserve the energy
balance and the dimensionless numbers like Nusselt number, Reynolds number. The radiative
heat transfer characteristics is conserved for a single channel and applied to the entire clubbed
channel. SCDAP “fuel” and “shroud” components are used for fuel elements and PT-CT
elements respectively. Shield plugs at the end of each fuel channel are also modelled with
“fuel” component in the SCDAP structure with zero power generation.

TABLE 3.6. CLUBBED CHANNEL DISTRIBUTION IN EACH LOOP

Zone/clubbed | No. ofchannels | Elevation from calandria Average power per
channel No clubbed bottom(m) channel (MW)
1 16 1.085 4.03
2 36 2.081 5.42
3 18 3.225 6.46
4 25 3.225 5.57
5 13 4.369 6.56
6 30 4.369 5.66
7 36 5.513 5.42
8 16 6.508 4.05
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3.3.2.2.  Primary heat transport system model

RELAPS specific CANDU 6 PHT system model has been developed based on the data
provided by TAEA [13]. The PHT system consists of 2 loops, each loop contains 190 reactor
channels. These channels are modelled with eight representative channels. Each channel is
sub divided into 10 control volumes. The 190 inlet feeders and outlet feeders of a single loop
are clubbed into eight equivalent flow paths. Individual inlet and outlet headers are modelled.
The flow path between the headers and the steam generators are modelled individually as well
as the steam generators. Each steam generator consists of 3530 number of tubes. All tubes are
clubbed and represented by a single tube with equivalent flow area. The hydraulic diameter
and heated equivalent diameter of this clubbed single tube is conserved for a proper thermal
hydraulic calculation. PHT circulation pumps are modelled individually with RELAP “pump”
component model. The pump coast down is modelled with coast down data as communicated
by TAEA. Two pump down-stream flow paths are clubbed to represent a single flow path.
Two LRVs mounted on outlet headers of both loops are modelled with “motorized valve”
component. Flow areas of these valves are adjusted to get the desired flow at desired pressure.
The Nodalization of one loop has been shown in Figure 3-116. The Pressurizer is modelled
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with RELAPS hydraulic and heat structure components. The stored heat of the pipe walls for
all the systems are modelled with RELAP heat structures with convective heat transfer as
boundary condition.

3.3.2.3.  Secondary heat transport system model

The secondary heat transport system consists of steam generator secondary side, governor
valves, main steam line stop valves and steam generator feed system. Figure 3-117 shows the
Nodalization of one of the four steam generators along with the corresponding steam drum,
separator, feed line etc. Heat structures have been used to model the structural part of steam
generator that simulates heat transfer from the primary circuit to the secondary circuit.

The steam obtained from all the steam generators is fed to a common header and the Main
Steam Safety Valves (MSSV), Atmospheric Steam Discharge Valves (ASDV), governor etc.
are connected to this common header as shown in Figure 3-118.

3.3.2.4.  Moderator calandria vault (CV) & end shield system model for phase 1-2 analysis

Moderator, calandria vault and end shield model includes hydraulic volumes for the
Moderator, End Shield Water, Calandria Vault Water, Calandria OPRDs, and Calandria Vault
RDs. Figure 3-119 shows the Nodalization for this system. RELAPS heat structure component
is used to simulate all the heat structures like Calandria vessel walls, Calandria Vault SS liner
and concrete, Calandria tube sheet, end shield CS balls.
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FIG. 3.116. Nodalization of One Loop of PHTSystem
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3.3.2.5. Moderator, calandria vault (CV) & end shield system model for phase 3 analysis

During the Phase 3 of the accident, entire core is assumed to have slumped at the initial
condition in the form of debris. The COUPLE mesh used for the lower part of the Calandria
Vessel has been shown in Figure 3-120. This COUPLE model along with RELAPS hydraulic
and heat structure components for Calandria Vessel, CV and End Shield are model and
represented in Figure3-121.

Inventories and thermal-hydraulic conditions like pressure, fluid and structure temperatures,
and void fraction of Calandria Vessel, Calandria Vault, and End Shield at the time of core
collapse as obtained at the end of phase 2 calculation are assigned as initial conditions for 3
phase calculation.

The Calandria Vessel failure is considered from failure from ‘“creep” or from vessel
temperature exceeding the “melting” temperature of the Calandria Vessel material. The
stainless steel “creep” model is being used for the analysis. A melting temperature of 1873°K
is considered for the failure.

In the COUPLE model, initial debris porosity of 0.5 and particle radius of 10 mm are used for
the analysis. Mass of UO;, ZrO,, and Zr are considered as a debris material. Shield plug is not
considered in the composition of debris.
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FIG. 3.120. COUPLE Mesh for Calandria Vessel Bottom.
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3.3.2.6. Containment model

The containment model consists of modelling of several compartments of containment,
exhibiting thermal hydraulic volumes, heat structures representing walls, various rupture disks.
The model calculates thermal hydraulic behaviour of volumes, fission gas release and
deposition on the Calandria Vault wall. It also takes care of the Molten Core Concrete
Interaction (MCCI). The Nodalization used for the containment modelling is the same as that
of AECL. The model is built on the information available in reference 2 and later received
communication from TAEA. Different boundary conditions like steam flow rate, hydrogen
flow rate, fission product flow rates and molten corium flow rate are given in this model at
different phases of the accident. Leakage area is calculated based on the leakage condition
given as 5% volume per day at 224 kPa. This calculated area has been used throughout the
transient.

For performing the Molten Corium Concrete Interaction (MCCI) analysis it is assumed that
molten corium, which consists of UO,, ZrO,, Fe, Cr, Ni, spreads uniformly in the Calandria
vault after vessel rupture. The Calandria vault is lined with a 6 mm steel liner on the inner
surface. It is assumed that after corium pouring in the Calandria vault, this liner will melt and
instantaneously mix homogeneously with the corium. Analysis has been carried out for
homogenous corium configuration considering the water level in the Calandria vault above
the corium surface. A water inventory of 112.5 tons (water inventory in the Calandria vault
based on water level just below the Calandria) is used above the molten corium at the
beginning of MCCI. The initial corium temperature has been taken as 2,273°K. The concrete
Calandria vault is assumed to be limestone common sand concrete. Mixtures of different
species do not have single melting points. Instead, they change from solid to liquid over a
range of temperatures, between so-called solidus and Liquidus temperatures. Figure 3-122
shows the Solidus and Liquidus Temperatures of UO,-ZrO, mixtures for limestone common
sand concrete [25] and is being used for the analysis.
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3.3.2.7.  Fission product release and transport model

FP release has been calculated with the PHTACT code specific model. The code needs plant
specific information like initial species inventory and their distribution in different channels at
different nodes along with the temperature history. The transport has been modelled with the
SOPHAREOUS module of the ASTEC code. This module requires accident specific
information like the time history for fluid mass inventories and flow rates in different control
volumes, junctions and inter connection of different control volumes as obtained from PHTS
calculations. The code computes release rates verses time for different species groups in
different core volumes, distribution of each species in PHT and releases into containment.

3.3.3.  Analysis results

Table 3-7 shows the major sequence of events.
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TABLE 3.7. SUMMARY OF IMPORTANT EVENTS

Scenario Time (s) Time (hr)
Class 3 and class 4 power loss 0.0 0.0
Turbine stop valves closed 0.0 0.0
PHT pump trip 0.0 0.0
Feed isolation 0.0 0.0
Reactor trip 0.001 0.0
Steam isolation 20.0 0.0
MSSYV opens for the first time 100.0 0.027
- Calandria vessel bleed opens 200.0 0.054
L SG Dryout in loop 1 6000.0 1.81
5_:‘:‘ SG Dryout in loop 2 6000.0 1.81
LRV Opening in loop 1 6900.0 1.91
LRV Opening in loop 2 6900.0 1.91
Fuel Failure 7000.0 1.94
Pressurizer PORV opens 7400.0 2.05
At least 1 channel dry in loop 1 8000.0 2.222
At least 1 channel dry in loop 2 8050.0 2.236
OPRD rupture 10 885.0 3.023
First Channel uncovery 10 900.0 3.027
PT-CT Rupture in loop 1 11 500.0 3.194
PT-CT Rupture in loop 2 11 550.0 3.208
~ Moderator reaches saturation temperature 11 500.0 3.194
Q First clubbed channel disassembly in both loops 13 607.0 3.77
;% Second clubbed channel disassembly in both loops 15 666.3 4.35
Third clubbed channel disassembly in both loops 17 936.0 4.98
Core collapse to calandria vessel bottom for both 17 936.0 4.98
loops
Calandria vault and end shield RD opens 18 000.0 5.0
‘8 Vault water reaches saturation temperature 23 200.0 6.44
a Water depletion inside calandria vessel 40 060.0 11.13
é Containment failure 51 800.0 14.38
Calandria vessel failure 95 710.0 26.58
< MCCI begins in calandria vault 95 710.0 26.58
L Pressurizer empty Never Never
E Calandria vault water depletion 177 539.0 49.31
A Calandria vault structure failure by ablation 205 228.0 57.00
3.3.3.1.  Phase I (0—10,900 s)

Phase 1 of the analysis begins with initiation of Station Black Out at time t = 0.0 s, and ends
at uncovery of first fuel channel. In the present analysis the uncovery of first fuel channel
occurs at 10,900 s. Following figures show the transients for various parameters with respect
to time, post SBO initiation: The outlet header temperature and pressure is shown in Figure 3-

123.

As the SBO is initiated at t = 0 s, the PHT pressure drops owing to coasting down of primary
circulation pumps. This results in decrease in the PHTS mass flow rate as shown in Figure 3-
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124. Steam Generator Secondary side pressure rises to the relief valve set point as Steam
Generator inventory starts acting as heat sink for the natural circulation through the primary
loops and removes heat by boil-off through Steam Relief Valves (Main Steam Safety Valves)
till Steam Generator dryout occurs at 6,000 s. Figures 3-125 and 3-126 show the steam
generator pressure and steam generator level respectively.

The maximum fuel sheath temperature starts rising post SG dryout as shown in Figure 3-127.
The primary side relief valves (LRVs) open leading to loss of inventory on the primary side.
The flow rates through the LRVs have been shown in Figure 3-128. Loss of Primary
Inventory and pressure also leads to voiding of the primary channels as shown in Figure 3-
129.

Figure 3-130 shows the average temperature for the topmost channel, PT-CT. This
temperature is the highest among all the modelled channels.

Continuous addition of heat to the moderator causes pressurization in the Calandria Vessel
and subsequent depressurization due to OPRD rupture which has been shown in Figure 3-131.
There is initial drop in moderator temperature due to reduction in heat load from channels as
reactor trips. Subsequently the temperature rises due to continuous addition of heat to the
moderator (Fig. 3-132). Loss of moderator inventory through the OPRD also causes decrease
in the moderator level as shown in the Figure 3-133. The top most of the channels thus gets
un-covered and the CT temperature of that channel goes high as shown in Figure 3-134.

Ballooning of PT due to a rise in temperature is shown in Figure 3-135 for the channel
experiencing the highest temperature. Contact of PT-CT is observed for the maximum
temperature channel till phase 1, thus modelling of heat transfer due to contact conductance
between PT and CT is not essential. In this analysis channel rupture occurs at 11,500 s and
11,550 s for Loop 1 and Loop 2 respectively. This is based on the thermal criteria of 1000°K
and high pressure of 9.9 MPa(a).

Since the fuel temperature does not rise beyond 980°C during this phase of the accident the
hydrogen generation due to Zr oxidation is negligible small and is shown in Figure 3-136.
However the containment pressure varies because of the steam released from LRVs and
OPRDs. The variation in the containment pressure has been shown in Figure 3-137.
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3.3.3.2. Phase 2 (10,900 — 17,936 s)

Phase 2 begins from the uncovery of first reactor channel (t = 10,900 s) to the disassembly of
the entire reactor core (t = 17,936 s). As the temperature in the top most channels increases
due to decrease in the moderator level, the channels reach disassembly temperature.
Disassembly of 70 channels per loop, in such a manner, amounts to a weight of 25,000 kg on
the intact channels below. These channels thus collapse under core collapse criteria leading to
total core collapse. The following figures show the transients of various parameters during
this phase of accident.

Continuous addition of heat to the moderator causes increase in the moderator temperature to
boiling point. This also results in increase in Calandria vessel temperature. The vessel
temperature follows the moderator fluid temperature as shown in Figure 3-138.

Further addition of heat to the moderator causes boil off of the moderator. Figure 3-139 shows
the flow rate through the OPRD and the drop in level in the moderator is shown in Figure 3-
140. Due to a drop in the moderator level the channels start getting exposed one by one. Lack
of external cooling for the exposed channel results in an increase in the Calandria tube and
pressure tube average temperature and subsequently reaches the disassembly criteria of
1,473°K for channel disassembly as shown in Figure 3-141.

Figures 3-142 and 3-143 show a corresponding increase in the fuel channel temperature and
sheath temperature respectively.

A rise in fuel temperature triggers oxidation of the fuel clad Zr material. Figure 3-144 shows
the corresponding release of hydrogen due to clad oxidation reaction.

Since the core collapse criteria is 25 tons of weight for one loop, disassembly of top three
clubbed channels is required. The time required for the top three clubbed channels to reach
the channel disassembly temperature is 17,936 s. Instantaneous core collapse can be assumed
to occur at 17,936 s.
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3.3.3.3.  Phase 3 (17,936 - 95,710 s)

Phase 3 of the calculations begins from core collapse at 17,936 s and extends up to Calandria
vessel failure. The moderator present in the collapse channels inside the Calandria vessel boils
off due to decay heat. Further the collapsed channels degrade to form a mixture of solid debris
and molten corium mass. As the only heat sink available is the Calandria Vault water, it boils
off up to a level below the Calandria vessel level. Loss of cooling of the Calandria vessel
from the outside causes an increase in its temperature up to its failure temperature (assumed
as its melting point here). Failure of the Calandria vessel results in discharge of the corium
mass into the Calandria vault. As the initial condition all the channels were assumed to have
collapsed to the Calandria vessel bottom half. The water inventory present in the Calandria
vessel at the time of collapse is such that the moderator in the Calandria vessel post core
collapse attains a level of 2.6 m. The corresponding Calandria vault water level is also
considered. Variation of some of the parameters with respect to time has been shown in
following Figures:

As the channels get collapsed into the Calandria vessel bottom, they are assumed to have
formed debris which continues to generate heat as per the decay heat. This causes heat up of
debris and the maximum debris temperature is shown in Figure 3-145. Decay heat is being
removed by the moderator boil off in the form of latent heat of vaporization which is reflected
in the fall in the moderator level as shown in Figure 3-146.

The maximum debris temperature rises with total boil-off and stabilizes at 2,273°K. At this
temperature part of the debris has formed a U-Zr-O eutectic mixture. With depletion of
moderator, the Calandria vault water is the only heat sink available. The Calandria vault water
reaches its boiling temperature at 23,340 s. Boiling of the Calandria vault water causes
pressurization of the Calandria vault beyond the RD set point and the RD opens. This has
been shown in Figure 3-144. The depletion in the Calandria Vault water level has been shown
in Figure 3-148.

The Calandria vessel attains a temperature of 700°K during the moderator boil off period. It
rises to 800°K after the moderator dries out. A sharp increase in temperature is observed when
the Calandria vault water drops to a level below the Calandria vessel as shown in Figure 3-
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149. The Calandria vessel is found to fail as the vessel wall has reached the melting
temperature of 1,772°K. Extremely low creep of the vessel is being found. As a large section
of the vessel attains the melting temperature, a large section of the vessel failure is assumed.
This leads to the end of phase 3 at 95,710 s. Hydrogen generated due to the Zr oxidation
reaction has been shown in Figure 3-150. As debris oxidation progresses from internal to
external, the total hydrogen generation rate also changes.

Figures 3-151 and 3-152 show the progress of debris heating. The temperature distributions in
the debris bed as calculated by the COUPLE module for four time instants are furnished. The
temperature contours show that almost half of the fallen debris is melted. Figure 3-152 shows
that the Calandria vessel wall has undergone melting during this instant to large extent. Hence
instant release of the molten material is assumed for the next phase calculation. The molten
material discharge content and thermal state has been provided for the next stage calculation.

Significant release of fission products occurs in this phase of the accident due to very high
fuel temperatures close to the clad melting temperature. The rise in containment pressure is
shown in Figure 3-153. The pressure in the containment (SG room) rises steadily. The
containment follows the atmospheric pressure after containment airlock seal failure (334
kPa(a) at 51,800 s). The rise in pressure is attributed to a large hydrogen generation (659.8 kg)
during the debris bed heat up.

Figures 3-154 and 3-155 show the Shapiro diagrams for various compartments of the
containment indicating possibility of hydrogen and CO burning at a time close to the end of
Phase 3. The concentrations in the Basement and Floor Area reach the hydrogen burning
concentrations for some period of time during the transient. The pressure variation in the
Vault and the End Shield is shown in Figure 3-156.
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3.3.3.4.  Phase 4 (95,710 — 205,228 s)

Phase 4 of the accident begins from the Calandria vessel failure at 95,710 s and runs up to the
failure of the Calandria vault floor due to ablation. With the discharge of corium into the
Calandria vault the molten core concrete interaction begins. Ablation of concrete is
accompanied by large release of hydrogen in the containment. The analysis is carried out up
to complete ablation of the Calandria vault floor takes place. Due to failure of the Calandria
vessel, the molten and solid parts of the debris present in the vessels get relocated to the
Calandria vault. In presence of the Calandria vault water, the Zr-oxidation reaction continues.
At the same time the, due to the molten core concrete interaction, concrete ablation begins.
Figures 3-157 and 3-158 show the variation of containment atmosphere temperature and
pressure respectively.

From the analysis it is observed that hydrogen present in the SG volume is significantly
higher than other compartments as shown in Figure 3-159. The total mass of hydrogen
generated is 2,208.0 kg of which 1,329.0 kg of hydrogen is produced due to MCCI. Since the
containment is open to atmosphere after the RD rupture at 51,800s, some part of the
hydrogen generated gets released to the atmosphere. Around 1,515.0 kg of hydrogen is
released to the atmosphere until 205,228 s and the remaining 693 kg of hydrogen is retained
in the various compartments of the containment as shown in Figure 3-160.

As the molten core interacts with concrete, the concrete ablation begins. About 254,274 kg of
concrete gets ablated till 205,228 s. This has been depicted in Figure 3-161.

Figure 3-162 shows the carbon monoxide concentration transient in the containment nodes.
Variation of Calandria vault wall temperature and the corium-concrete mixture temperature
has been shown in Figures 3-163 and 3-164 respectively.

Ablation of concrete takes place in the vault walls as well as in the floor of the Calandria vault.
The ablated thickness in the vertical direction (ablation of floor) and in the radial direction
(ablation of vault walls) has been shown in Figure 3-165.

Figures 3-166 and 3-167 show transient behaviour of the molten pool on concrete.
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Figures 3-168 through 3-170 show the concentrations of steam, hydrogen and carbon
monoxide in various containment compartments respectively.

Figures 3-171 and 3-172 show the Shapiro diagrams for the hydrogen-carbon monoxide
mixture. The mixture in the end shields enters the burning zones for hydrogen and carbon
monoxide. The mixtures in all the remaining compartments enter the hydrogen burning zone
for some period of time.

The variation of upper crust thickness with time has been shown in Figure 3-173.

Table 3-8 shows the fission product released during Phase 4 of the accident. Entire inventory
of the noble gases and volatiles gets released from the fuel up to the Phase 4 of the accident.
However some amounts of semi volatiles and almost entire mass of refractory are retained
within the molten corium owing to very high temperatures of melting and boiling for this
class of elements.

Evolutions of the degradation parameters with respect to each phase have been tabulated in
Table 3-9. A summary on fission product inventory and release is provided in Table 3-10.

TABLE 3.8. FISSION PRODUCT RELEASE DURING PHASE 4

Type Element Initial Release up Release in | % Release up | % Release to
inventory to phase 4 phase 4 to phase 4 containment
(kg) (kg) (kg) in phase 4

Noble gases | Kr 3.88 3.88 6.20E-01 1.00E+02 1.60E+01
Xe 53.8 53.82 8.50E+00 1.00E+02 1.58E+01
Volatiles Cs 26.36 25.36 4.86E+00 1.00E+02 1.84E+01
I 2.6 2.6 4.30E-01 1.00E+02 1.65E+01
Rb 3.55 3.55 1.84E+00 1.00E+02 5.18E+01
Te 4.81 4.81 8.10E-01 1.00E+02 1.68E+01
Semi Ba 14.28 14.28 1.22E+01 1.00E+02 8.53E+01
volatiles Sr 11.83 0.931 9.29E-01 | 7.87E+00 7.85E+00
Refractories | Ru 23.73 6.55E-01 6.55E-01 2.76E+00 2.76E+00
Tc 8.46 2.30E-03 2.30E-03 2.72E-02 2.72E-02
Zr 35.01 6.70E-03 6.69E-03 1.91E-02 1.91E-02
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TABLE 3.9. EVOLUTION OF DEGRADATION PARAMETERS

Parameter Units Phase 1 Phase 2 Phase 3 Phase 4
Maximum fuel sheath oK 1442.4 1688.0 _ _
temperature
Fuel channel (PT-CT) average oK 1037.3 1611.0 _ _
temperature
Maximum calandria tube oK 407 3 1490.0 _ _
temperature
Maximum debris temperature °K -- -- 2325.0 --
Maximum calandria vessel oK 373.0 3730 1873 _
temperature
Maximum corium-concrete oK _ _ _ 2500.0
temperature
CO produced per phase kg -- -- -- 23,600.0
H, produced per phase kg 20.23 198.97 659.8 1329.9
Zr material oxidized per phase % 1.14 11.23 37.52 52.37
Concrete ablation per phase kg 0.0 0.0 0.0 254,274.0
Noble gases released Kr Y 2.52E+00 5.21E+01 2.94E+01 1.60E+01
per phase from core Xe ’ 2.52E-01 5.20E+01 2.94E+01 1.58E+01

Cs 4.00E+00 4.93E+01 2.81E+01 1.84E+01
Volatiles released per 1 o 1.45E+00 5.27E+01 2.93E+01 1.65E+01
phase from core Rb ’ 1.68E-06 2.12E+01 2.69E+01 5.18E+01

Te 6.56E-02 5.32E+01 2.99E+01 1.68E+01
Semi-volatiles released Ba o 8.86E-05 1.27E+01 1.94E+00 8.53E+01
per phase from core Sr ’ 8.24E-05 1.28E+00 6.93E-02 7.85E+00

Ru 5.98E-11 8.93E-03 3.37E-05 2.76E+00
Refractory released per | % 5.54E-11 4.59E-07 1.56E-05 2.72E-02
phase from core

Zr 8.96E-11 4.87E-03 6.86E-05 1.91E-02
Noble gas fission product released Kr -- -- 27.06
to atmosphere per phase Xe -- -- 26.95 60.8260.96

127




TABLE 3.10. SUMMARY OF IMPORTANT PARAMETERS

Total hydrogen release In-vessel 879 kg
Total hydrogen release Ex-vessel 1329.9 kg
Kr 3.88 kg
. Xe 53.82 kg
Total noble Gas, Cs and iodine released from core
Cs 2536 kg
I 2.6 kg
Kr 0.0 kg
. o Xe 0.0 kg
Total noble Gas, Cs and iodine retained in PHT
Cs 10.0 kg
I 1.15 kg
Kr 0.30 kg
. : : . Xe 4.07 kg
Total noble gas, Cs and iodine retained in containment
Cs 9.86 kg
I 0.85 kg
Kr 3.58 kg
. : Xe 49.75 kg
Total noble gas, Cs and iodine release to environment
Cs 5.5kg
I 0.56 kg
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3.4. KAERI

3.4.1. Computer codes

Current study uses a computer code of ISAAC (Integrated Severe Accident Analysis code for
CANDU plants) [26]. The ISAAC computer code provides a flexible, efficient, integrated tool
for evaluating the in-plant effects of a wide range of postulated accidents and for examining
the impact of operator actions on accident progressions. The code can predict the progression
of hypothetical accident sequences from a set of initiating events to either a safe, stable, and
coolable state or to an impaired reactor building (RB) and depressurization.

The ISAAC code is constructed in modules covering individual regions in the plant: primary
heat transport system, pressurizer, steam generators, calandria, reactor vault, end-shields,
degasser condenser tank, and RB. Every major engineered safety features are represented in
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the code: shutdown cooling system, emergency core cooling system, moderator and shield
cooling system, RB local air coolers, igniters, passive autocatalytic recombiner (PAR), and
dousing spray system.

The code evaluates a wide spectrum of phenomena including steam formation, core heat-up,
cladding oxidation and hydrogen generation, vessel failure, corium-concrete interactions,
ignition of combustible gases, fluid entrainment by high-velocity gases and fission-product
release, transport, and deposition. The code also addresses important engineered safety
systems and allows a user to model operator interventions. Moreover, mathematical solution
techniques are implemented to maintain a quick-running code suitable for extensive accident
screening and parameter sensitivity analysis applications.

The generic models of ISAAC are evolved from the MAAP4 code developed by Fauske and
Associates, LLC (FAI), for pressurized light water reactors [27]. Some of these models
required minor modifications to adapt them to CANDUG6 design features and to be integrated
with the rest of the code, but these models were fundamentally unchanged from the generic
MAAP4 models. As the CANDUG6 type reactor differs from typical PWRs, the CANDUG6-
specific features are newly modeled and added to the ISAAC code. The CANDUG6-specific
models include the primary heat transport system (PHTS), calandria vessel, end shields,
reactor vault, pressure and inventory control, and engineered safety systems (e.g., dousing,
emergency core cooling).

One of the most important distinguishing features between ISAAC and other MAAP4
versions is the CANDU reactor core with fuel bundles situated inside horizontal pressure and
calandria tubes. In addition, the large quantities of relatively cool water (moderator and
reactor vault water) provide significant heat sinks, distinguishing the CANDU models from
LWR models. The ISAAC models a broad spectrum of physical processes in the core that
might occur during an accident, such as the:

— Fuel and fuel channel temperature excursions, deformation of fuel and fuel channels, and
interactions with the moderator system;

— Zirconium-steam exothermic reaction;

— Thermal mechanical failures of fuel channels;
— Disassembly of fuel channels;

— Formation of suspended debris beds;

— Motion of solid and molten debris;

— Interaction of the core debris with steam.

In particular, ISAAC models the CANDU feeders, end-fittings, fuel channels and fuel. The
models concentrate on the behaviour of these core components within the calandria vessel as
the fuel channels disassemble, form suspended debris supported by intact channels, and
relocate to the debris bed within the calandria vessel. Each characteristic channel represents a
larger number of channels with similar powers, elevations and feeder geometries.

The ISAAC PHTS thermal hydraulic models are simplified by using assumptions such as
coarse nodalization, equilibrium within a fluid phase, a uniform loop pressure and a single
global void fraction at which phase separation occurs. The ISAAC PHTS thermal hydraulics
results cannot be expected to be as accurate as those from more detailed PHTS models
associated with a thermal hydraulic code such as CATHENA. Most importantly, however,
ISAAC is an integrated code that models the interactions amongst many systems that are
modelled in an integrated fashion. Thus, ISAAC calculates the effects of the interplay
between the RB, calandria vessel, PHTS, reactor vault, core, etc. In addition, ISAAC has the
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ability to input operator actions by enabling, disabling or modifying a system when the user
requests.

The ISAAC code uses two files containing input data. The input data used to execute the code
are entered in the plant-specific parameter file and the sequence-specific input deck. The user
initially defines the reactor plant, e.g., primary system and RB, in the parameter file. The
parameter file contains specific nuclear generating plant data such as component geometries
and main operating parameters: pressures, temperatures, equipment volumes, water
inventories, etc. The input deck file contains characteristics of the sequence to be analyzed
(whether it is a station blackout, a small LOCA, etc.). The input deck provides run-specific
information such as the run title, start and end times, whether it is an initial run or a restart
run, and sequence-specific parameter changes. The input deck, through parameter changes,
operator intervention and actions, and user-defined event codes, can be used to override or
supplement data, which are initialized in the parameter file.

The separation of these files allows the ISAAC user to make desired changes in a flexible
manner. The analyst uses an input file to apply specific analysis values or select certain
options to model a particular accident scenario. This technique can be used to study the effect
of different parameters or system availability on severe accident consequences, while using
the same basic plant-specific information that is usually specified in the parameter file. The
user implements a single large parameter file, in conjunction with different input files, to
model series of different accident scenarios for the same reactor design, or to perform a
parametric study of different model controls using the same plant data.

For this analysis, the parameter file is being prepared, using plant-specific information
obtained from drawings, design manuals and analysis reports specific to the plant. The
parameter file incorporates the following types of data:

—  Station-specific data representing physical systems and system models,

— such as volumes representing the RB geometry;

— Phenomenological data, such as control flags;

— Component and system failure criteria, such as temperatures and pressures;
— Reactor initial conditions, including system pressures and temperatures;

—  Program control parameters (e.g., data output, calculation time steps).

3.4.2. Phenomena and system idealization
3.4.2.1. Phenomena

When the severe core damage occurs, four phases of accident progression are expected. Phase
1 covers the accident initiation to fuel channel dryout and Phase 2 from the fuel channel
dryout to core collapse. The fuel channel heatup, failure and collapse, moderator boil-off,
suspended debris bed formation and fission product/hydrogen behavior are treated in Phase 2.
After core collapse to the calandria vessel failure and to the containment failure, Phases 3 and
4 include the phenomena regarding the debris melting and molten pool formation in the
calandria vessel, calandria vessel cooling by reactor vault water, calandria vessel failure, ex-
calandria vessel fuel-coolant interaction, molten corium-concrete interaction on the reactor
vault bottom floor and containment pressurization. In this section, these phenomena are
described briefly in order.

(a) Phasel

ISAAC models each fuel channel with fuel rods, a pressure tube, a calandria tube, coolant,
and moderator, and Figure 3-174 shows the channel configuration. Though there are thirty
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seven fuel rods inside the pressure tube, a single representative fuel rod is modeled in ISAAC.
Each channel has a maximum of twelve nodes, having equal length and configuration. In each
node, temperatures of the fuel, cladding, pressure tube and calandria tube are calculated
separately. A parabolic temperature profile within the fuel element is assumed to calculate the
heat conducted out to the cladding. The core power after scram can be either given by the user
or calculated by the code using the ANSI decay power correlations.

Each core node contains six components: fuel, cladding, pressure tube, calandria tube, coolant,
and moderator. The fuel contains UO,, the cladding contains Zr, ZrO,, and a U-Zr-O mixture,
the pressure tube and calandria tube contain Zr and ZrO,, the coolant and moderator contain
H,, steam, and water. Light water properties are used for heavy water. Since the uranium may
dissolve into the cladding to form the U-Zr-O mixture, decay heat may also be generated in
the cladding material under accident conditions.

The energy equations for the heat transfer are written for each core node components. In this
heat transfer model, a computational cell is comprised of four core material components plus
coolant (water or steam) and moderator (water or steam) in the calandria vessel: 1) one ring of
fuel pellets, 2) one ring of cladding, 3) pressure tube, 4) calandria tube , 5) water coolant, and
6) water moderator and gas in the calandria tank.

At high temperatures, Zr can react with water to produce H,. These exothermic reactions can
produce significant chemical power to accelerate the fuel cladding temperature and hence
progression of a severe accident. This oxidation is assumed to take place at the Zr/ZrO,
interface leading to an increase in the oxide layer thickness. The oxidation calculation is
employed for cladding, pressure tube, and calandria tube. After the fuel cladding ruptures, the
code can model oxidation on either side of the cladding (a user option). It is assumed that in
metal-water reaction, the heavy water steam behaves identically to the light water steam
including the reaction energy. The kinetic rate law uses the Baker-Just model above 1,875°K
and the Cathcart model below 1,850°K, and an interpolated rate between 1,850°K and

1,875°K.
(b) Phase 2

The fuel cladding may balloon due to pressurization as a result of the heating up the internal
gases and fission products. When the fuel rod internal pressure exceeds the primary system
pressure, the cladding forms a small leak. A typical approach for fuel failure is to assume that
the fuel cladding fails if the average fuel element temperature is higher than a specified value.
For example, a value of 1,000°K is used for LWR fuel, based on PHEBUS-FPTO
experimental results. This value is conservative for CANDU fuel, as it has a lower internal
gas pressure. A more realistic value would be 1,273°K. Currently ISAAC uses the more
conservative value of 1000K (TCLRUP=1000.), though 1,073°K was the reference value in
this benchmarking exercise. However this difference shows a negligible difference in the
accident progression. The other way to find out whether the clad fails is to calculate the clad
damage fraction based on Larson-Miller parameter first and then compare the clad oxide
thickness against the minimum oxide thickness which needs to keep the clad intact. In
ISAAC, 50% of Zr oxidation is assumed to keep the clad intact (FZORUP). After the
cladding failure, cladding ballooning stops and fission products start to be released into
PHTS.

Fuel channel failure is defined as a perforation of both the pressure tube (PT) and the
calandria tube (CT), resulting in mass transfer between the pressure tube and the calandria
vessel. This means by definition that both the pressure tube and the calandria tube have to be
perforated for the fuel channel to fail. The mechanism for fuel channel failure depends on the
PHTS pressures, some mechanisms being applicable at low PHTS pressure and others at high
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PHTS pressure. At high pressure scenarios, high temperature fuel channel experiments have
shown that non-uniform circumferential temperature distributions lead to pressure tube
rupture. The calandria tube then fails due to pressurization and impingement of hot steam, etc.
from the pressure-tube break. ISAAC models fuel channel failure with two options. The first
option defines the channel failure when the pressure tube starts to balloon, considering the
non-uniform deformation process (IPTRUP=1). The other determines the failure based on
Larson-Miller calculation based on PT/CT average temperature assuming the uniform
deformation of the pressure tube (IPTRUP=0). In the current calculation, the first option is
used. When the fuel channel fails at high pressure, the perforated channel may whip and affect
the adjacent intact channels. However, this dynamic effect is not considered in the current
model. At low PHTS pressure, the fuel channels may fail because of a local melt-through or
sagging of pressure and calandria tubes. For melt-through, the channel can be assumed to fail
when a portion of the fuel channel exceeds the melting temperature for Zircaloy. Sagging is
more complex. Again, a simplified approach is assumed that the fuel channel fails when the
average temperature of the pressure tube and the calandria tube exceeds the Zircaloy melting
temperature.

Fuel channel disassembly is another complex process, during which fuel and channel
structural materials separate from the original fuel channel position and relocate downward,
forming a suspended debris bed in the holding bin defined inside the calandria vessel. The
corium in the suspended debris bed will be transferred to the calandria vessel bottom when
either the molten corium formed in the suspended debris bed overflows to the calandria
bottom or the core collapses. In ISAAC fuel channel disassembly starts with the channel
sagging. When the average temperature of the pressure tube and the calandria tube exceeds a
user specified value (7SAGKT=1,473°K), the corresponding channel sags. These sagging
process of the heated channels causes less heat transfer to the moderator due to the piling up
the sagged calandria tubes on the underneath channels.

ISAAC, hence, moves the sagged core material, as well as the fission products associated with,
to holding bins or suspended debris bed and lets them heatup adiabatically by their own decay
heat or allow heat transfer to the surrounding environment. ISAAC assumes the fuel material
relocation by bundles. That is, when the channel fails, the integrity of each bundle is checked
based on the average temperature of the pressure tube and the calandria tube using the Larson-
Miller approach. ISAAC uses TPTMAX to control channel disassembly process and 2,200°K
is currently used in this simulation. As the recommended value was 1,473°K, however, it may
cause discrepancies with other benchmarking results. According to the new calculation with
1,473°K, the channel disassembly occurs about 1,200 s earlier than the current results.
Though containment fails about 970 s later, calandria vessel fails about 10,000 s earlier in the
new calculation. When more than 10 bundles are relocated, then the rest are assumed to
relocate too. In addition, the bundles whose two adjacent bundles have been moved, will
relocate to the holding bins, and the two end bundles will also relocate to the holding bins
when all other bundles in the channel have been moved. The molten mass in the holding bin
will subsequently relocate to the calandria vessel bottom.

In ISAAC, users define the number of holding bins for the suspended debris bed using
INVHDB for the vertical (radial) locations (max. of 6) and INHHDB for the horizontal (axial)
locations (max. of 4) each loop. Hence maximum of 24 suspended debris bed locations can be
defined per loop. Inside the suspended debris bed, heat transfer and oxidation process are
modeled for the hydrogen generation and core collapse. The core materials, UO,, ZrO,, Zr
and U-Zr-O are assumed to be mixed as a new U-Zr-O mixture in the holding bins.

(c) Phase3 & 4
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Core collapse is a massive relocation of core material and some intact fuel channels within the
moderator onto the bottom of the calandria vessel. When a large amount of core debris
becomes lodged above the water level on top of the supporting channels (submerged
channels) and the total debris mass exceeds the load-bearing capacity of the supporting
channels, the supporting channels along with the debris bed can collapse. It is assumed that
the suspended debris is carried by calandria tube rather than pressure tube since the latter
could be hot and weak. Two main calandria tube failure mechanisms can be considered:
pullout from the rolled joint and shearing of the calandria tube. The former failure
mechanism, however, is the most dominant failure mechanism since it requires significantly
less load. The suspended debris bed mass per PHTS loop, which will trigger core collapse,
can be estimated from the load required to cause calandria tube pullout from the rolled joint.
Currently 25 tons of corium in each loop is used as the critical mass [3]. Once the corium
mass exceeds this critical mass of the supporting submerged channels, ISAAC assumes the
total corium in the suspended debris bed to be relocated to the bottom of the calandria.

The corium bed formed in the bottom of the vessel interacts with water and the calandria
vessel wall and the following phenomena are considered:

- Quenching of corium as it drops into water;

- Jet break-up and particle entrainment as corium drops into water pool;
- Oxidation (H, generation) of entrained particles;

- The particulated and non-particulated (continuous) debris regions;

- The crust and the molten pool for the continuous region;

- The steel layer on top of the crust;

— Radiation from the corium bed to the calandria vessel walls;

- Possible steam explosion.

The heat transfer between the wall and the water outside the vessel, so called ex-calandria
vessel cooling, is modeled in ISAAC. It considers forced and natural convection heat transfer
and nucleate boiling heat transfer. For the natural convection, the correlation recommended
by McAdams is used. When there is a forced convection flow, the heat transfer coefficient is
calculated by the Dittus-Boelter correlation. If the forced water flow is low and the heat sink
temperature is higher than the saturation temperature, the nucleate boiling heat transfer
coefficient is calculated using the Rohsenow correlation. The calandria vessel can fail due to
creep, over-pressurization or attack from molten corium. At present four failure criteria are
modeled in ISAAC: 1) Failure of the calandria vessel wall by creep based on the Larson-
Miller parameter, 2) Failure by high pressure through the rupture disks, 3) Failure of the
vessel bottom wall due to debris impingement, and 4) Failure due to molten metal layer
attack.

During a severe accident with core disassembly, water in the reactor vault can play an
important role as an inherent heat sink outside the calandria vessel and impact core debris
behavior within calandria vessel. However a boil-off of reactor vault water below the core
debris bed level could eventually cause the failure of calandria vessel wall, causing the corium
to relocate into the reactor vault bottom floor. While the reactor vault pressure increases due
to the steaming of the vault water, the overpressure protection rupture disks open and a path is
formed between the reactor vault and the RB. Currently, ISAAC defines the failure junction
between the reactor vault and the boiler room and the junction opens when the pressure
difference exceeds 68.9 kPa(d). The other failure mode is related with the ablation of the
reactor vault concrete bottom or sidewall that facilitates a relocation of core debris out of the
vault. Corium relocated onto the bottom concrete interacts with the concrete itself (molten
corium-concrete interaction) and the concrete ablation process depends on water inventory as
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well as the corium pool state. Currently ISAAC defines a corium failure junction between the
reactor vault and the basement, and the junction opens when the downward ablation thickness
exceeds the bottom floor thickness. Currently 2.0 m of ablation thickness is used as a criterion
for concrete melt-through.

The failure to isolate the RB can lead to a direct release of radioactivity. A leak in the RB by
failure to close the normally open lines (including airlocks) in contact with the environment
opens a significant release pathway. The isolation failure also can be simulated with ISAAC
by defining the junction between the RB and the environment with the opening area.
Currently a leakage junction is defined in the input file for the source term evaluation during
the intact RB sequences. According to the accident analysis approach for the source term
assessment, 0.5% of reactor building volume in 24 h at a constant 124 kPa(g) reactor building
pressure was considered to define the leakage area. The most dominant RB failure mode will
be caused by the steam over-pressurization. Once the PHTS has voided (via break or boil-off),
steam in the calandria vessel (as the first stage) and the reactor vault (as the second stage)
gradually pressurizes the RB. Also non-condensable gases from the interaction of molten core
material with the concrete basemat of the reactor vault (as the third stage) increase RB
pressure. This pressurization process could last from hour to several days, depending upon
stages and the effectiveness of engineered safety features. The local air coolers (LACs) are
effective in condensing steam produced by decay heat emanating from the debris. Also the
availability of the shield cooling system removes decay heat from the debris to avoid the RB
pressurization (second stage). At the current analysis, two failure modes are taken into
account. One is the containment equipment airlock seal failure at the pressure of 334 kPa(a)
with 0.027871 m” area. Then the global failure is assumed to occurs at 500 kPa(a) with the
area of 0.1 m’.

3.4.2.2.  System idealization
(a) PHTS nodalization

The CANDU 6 PHTS comprises two loops and each loop has 190 fuel channels. The normal
coolant flow passing the fuel channels in one loop follows a “figure-of-eight”, with adjacent
channels having flow in opposite directions. Each PHTS loop, containing two steam
generators, two PHTS pumps, two reactor inlet headers, and two reactor outlet headers, is
modeled in ISAAC. Figure 3-175 shows the schematic of the ISAAC PHTS modeling.
Though ISAAC handles each loop as a single control volume for a gas flow and pressure
distribution, 14 nodes are defined for the PHTS components for the wall temperature and
water level calculation. According to the PHTS information for the reference plant, shown in
Figure 2-3, PHTS input data are prepared. Inlet and outlet feeders are also modeled in ISAAC.
Because numbers, vertical lengths and the elevations of feeders depend on the definition of
representative fuel channels in the core, these information is generated automatically in the
code based on channel configurations defined by the user. Though the code identifies the
feeder configuration from the channel information, users need to provide the inside diameter
and the thickness of the inlet and outlet feeders, respectively. As a single variable is assigned
for both loops, the channel configuration in both loops should be the same.

Circulation of two-phase mixture persists even after the primary pumps trip because of the
buoyancy driven natural circulation. As the void fraction increases in the system, the phases
eventually separate; the water settles on the bottom and the gas rises to the top. This results in
formation of two separate water pools in each leg. From here on, two sets of mass and energy
are tracked. After the phases separate, water pools are considered to be collapsed; boiled-up
water levels are not considered. The water pool in each leg will split again when the water
level falls below the bottom of the primary pump; the water in the pump bowl becomes
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isolated, and its mass and energy will be tracked separately from now on. Lastly, when the
water level in each leg falls below the headers, the water is split into multiple channels. From
here on, the mass and energy of water in an individual channel are tracked. The process may
reverse when the emergency core cooling injection fills up the primary system; multiple water
pools merge into fewer pools until a single contiguous two-phase mixture circulates in the
system.

(b) Core nodalization

In order to simulate 190 fuel channels in each loop, users may define representative fuel
channels vertically (representing for 22 columns) and horizontally (for 22 rows of channels).
In this report, 6 vertical and 3 horizontal core channels are defined in the ISAAC input for
each loop. The 3 horizontal channels consider the channel power distributions of high,
medium and low at the same elevation. The channel power distribution is shown in Figure 3-
176, where four digits indicate the power in kW. High power channels are assigned to
channels #1, #10, #4, #13, #7, and #16, and medium power to channels #2, #11, #5, #14, #8
and #17, and finally low power to #3, #12, #6, #15, #9, and #18. Table 3-11 shows the
information of each representative channel including actual channel locations, numbers,
average powers and peaking factors.

Figure 3-177 shows the core configuration of 9+9 type fuel channels. While the representative
channels #1 to #9 are connected between RIH2 and ROH3, channels #10 to #18 are between
RIH4 and ROHI. Three channels are defined at the same elevation with different power
distributions (e.g., #1, #2, and #3). The same core configuration is defined in the other loop.
Each fuel channel has 12 fuel bundles, and each fuel bundle is assigned to one axial channel
node in the ISAAC input. As ISAAC tracks the channel behavior bundle-wise, 216 channel
nodes (18 channels with 12 bundles) have their own characteristics of severe core damage
progression. Once the fuel channel fails and starts to disassemble, the damaged bundles
relocate into the holding bins (suspended debris beds). ISAAC could define up to 6 vertical
bins and up to 4 axial bins, resulting in maximum of 24 suspended debris beds per loop.
Figure 3-178 shows the location of 24 holding bins in the 9+9 type fuel channels. The
relocation scheme can be controlled by the user with the ISAAC input parameters. In this
report, vertically 6 and axially 4 holding bins are defined for the fuel material relocation after
core damage.

Each fuel channel consists of 37 fuel elements arranged in four fuel-element rings (central
fuel element, inner, intermediate, and outer rings), pressure tube, calandria tube, coolant and
moderator. Inside the pressure tube, for each axial node, 37 fuel rods are represented by a
single fuel pellet with clad, as shown in Figure 3-174.

(c) Calandria modeling

The calandria vessel module calculates the thermodynamic properties and the rates-of-change
of dynamic variables in the calandria vessel. The module calculates a number of key
quantities:

- Thermal-hydraulic variables in the calandria such as the pressure, gas and water
temperatures, water level, steaming from the heavy water, flows in and out of the
calandria vessel, and heat losses from the calandria to the shield tank;

- Modeling of corium, water, and calandria vessel wall heat transfer such as the quenching
of corium dropping into the calandria water pool and oxidation of entrained particles,
modeling of corium debris bed in the bottom of the vessel, and modeling of several
calandria vessel failure mechanisms;

- Fission product transport in the calandria such as the source of fission products flows
from ruptured calandria tubes and removal due to flows from the calandria vessel through
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either the rupture valve or failed calandria vessel, the transport of fission product within a
compartment such as depositing on heat sinks or water pools.

ISAAC also models a two-dimensional temperature distribution in the calandria vessel walls.
Two types of calandria vessel walls are considered: a flat wall type represents the front and
back face of the vessel (the tube sheets), and the other wall type represents the cylindrical
shell of the vessel. Both types of walls are sliced circumferentially into 15 nodes from the
vessel bottom to the top along the elevation levels. ISAAC represents the calandria vessel
wall thickness with three radial nodes, and calculates the inner and outer surface temperatures
for the heat transfer inside and outside the calandria vessel. The vessel wall failure is modeled
based on temperatures and pressure differences.

(d) Steam generators modeling

Though ISAAC can model the steam generator secondary with two-region nodalization
scheme, the current analysis uses typical one control volume model with a collapsed
downcomer water level and a boiled-up level in the tube bundle region. Also four steam
generators are connected through the main steam common header, resulting in the same
pressure behavior among the steam generators.

A number of parameters for the primary and secondary sides of the steam generator are used
in the ISAAC parameter file to describe the steam generator design. The parameters include:
the pressure set points for the main steam safety valves (MSSVs), total volume of the primary
side, total number of U-tubes, inside diameter of the U-tube, diameter of tube sheet, height of
the shell above the tube sheet, and a table of volume versus height in the secondary side.

(e) Reactor building (containment) nodalization

As ISAAC adopts the general containment model, users may define the RB compartments for
their analysis purposes. Based on the CANDU 6 reference plant containment elevation (refer
to Fig. 3-179), Figure 3-180 shows the containment nodalization with elevation data:
basement (compartment 1), reactor vault (2), front fueling machine room (3), rear fueling
machine room (4), moderator room (5), access area (6), boiler room (7), upper dome (8),
dousing tank (9), degasser condenser tank (10), two end-shields (11 & 12)and the
environment (13). Flows of water, steam, non-condensable gases and molten corium between
the compartments, are defined through a junction connecting two compartments. 19 junctions
are defined, most of which are normally connected except for the failure junctions that open
when a certain condition such as a RB failure (J18) or concrete floor melt-through (J14) is
satisfied.

The RB surface area and the compartment volume are important to evaluate the RB pressure
behavior. In ISAAC, distributed heat sinks for the RB walls and floors, and the lumped heat
sinks for the steel structures are defined. As shown in Figure 3-181, 25 distributed heat sinks
and 12 lumped heat sinks are used in this analysis. Total surface area of the concrete used in
current study is 22,797 m?, and the total surface area of the structural steel is 8,648 m?. The
total “free” volume of the RB compartments was 51,325 m’. And the steel ball mass in each
end shield is around 88 tons and the total of 820,000 kg of steel is located in the containment
building [13].

(f)  Pressure and inventory control system modeling

The major equipment in the CANDUG6 pressure and inventory control (P&IC) system to
achieve the pressure and inventory control of the PHTS system are a pressurizer, liquid relief
valves (LRVs), a degasser condenser tank (DCT), feed pumps, feed and bleed valves. The

pressurizer is connected to one of the reactor outlet headers in each loop. The line connecting
the pressurizer with each reactor outlet header contains a motor-operated isolation valve,
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which is closed automatically upon receipt of the loop isolation signal in case of a LOCA.
Loop isolation is initiated on a pressure set point of 5.516 MPa(a) (PLOCA) with a valve
closure time (TDPSIS, 20 s is used), which are ISAAC inputs.

For the high pressure scenarios like a station blackout, the PHTS pressure is mainly controlled
by LRVs and degasser condenser tank (DCT). The LRVs are air-operated with backup
instrument air, and are designed to fail open. Normally, this back-up air supply should
maintain the valves in operation for two hours following power loss (for example, in the case
of a station blackout) and loss of normal instrument air. During the station blackout sequence,
the LRVs fail open and the steam and water flow into DCT. In this analysis, however, LRVs
are assumed to open at their set point of 10.16 MPa(a) with the area of 7x10™ m” to allow the
flow rate of 26.7 kg/s to the containment. The DCT is not considered here.

3.4.3.  Analysis results

The station blackout (SBO) sequence is chosen for the benchmarking analysis. As there is no
electric power available for the safety systems, all the cooling systems like a shutdown
cooling, moderator cooling, shield cooling and an emergency core cooling fail initially. Also
the main and auxiliary feedwater systems are unavailable and a crash cooldown operation is
not credited. Main steam safety valves open at their set points to relieve the pressure from the
secondary side. Though the liquid relief valves in the PHTS are designed to fail-open, they
are assumed to open when the PHTS pressure reaches their set points, as no degasser
condenser tank is modeled in this analysis. The passive containment dousing sprays are not
credited during a station blackout accident. Local air coolers are assumed to be unavailable
and all the operator interventions are not credited. The accident was simulated with ISAAC
4.02 and the major event timings are summarized in Table 3-12.

3.4.3.1. Phase 1

The loss of all electrical power causes an immediate reactor shutdown and only decay power
is generated from the fuel. The PHTS pressure, which is shown in Figure 3-182, drops from
the beginning after reactor scram and later increases due to less heat transfer to the steam
generators as the feedwater stops. The peak pressure is controlled at the set point of LRV
(10.16 MPa(a)) and the LRVs are first open around 6,200s (1.7 h). As the LRVs were
assumed to remain open, the pressure stays below the LRV set point. The fuel channel fails at
around 10,178 s (2.8 h) into the accident when the pressure tube starts to balloon, and the
PHTS pressure drops suddenly at this time. After a large blow down from the PHTS to the
calandria tank through the failed tube, the pressure in the PHTS decreases to the calandria
pressure. Pressurizer is isolated at 10,202 s (2.8 h) due to the LOCA signal generated when
the PHTS system pressure drops below 5.516 MPa(a) and it shows the independent pressure
behavior from the PHTS. The PHTS water (or steam when there is no water) temperature is
given in Figure 3-183.

The pressure, water levels and water inventories in the steam generator are shown in Figs 3-
184, 3-185, and 3-186, respectively. As a result of the heat transfer from the PHTS, the steam
generator pressure increases and stays at the set point of MSSVs (5.11MPa(a)) until the fuel
channel failure occurs at around 10,178 s (2.8 h). The steam generators lose water inventory
through the MSSVs and they are depleted around 7,446 s (2.1 h). Figure 3-187 shows the
amount of heat transferred to the steam generators. The jump around 85 s is caused by a
different calculation path in the code after there is no coast-down flow into the steam
generators following a RCP trip. It will be fixed in the next version of ISAAC.

As the steam generator water level goes down (refer to Figure 3-185), the primary heat
transport system fluid heats up and the pressure of PHTS increases to the LRVs relief set
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point (10.16 MPa(a)) after 6,217 s (refer to Fig. 3-182) and PHTS subsequently loses water
inventory through the LRVs to the containment. Figure 3-188 shows the PHTS water masses.
Initial water inventory in the PHTS including pressurizer water mass is about 113 tons and the
inventory starts to decrease following the LRVs opening at 6,217 s. The loops are isolated
around 10,202 s just after pressurizer is empty following the channel failure. The water levels
in each fuel channel are shown in Figure 3-189. Initially homogeneous two-phase flow is
circulating around the PHTS. When the void fraction becomes larger than 0.5 (around
7,500 s), the PHTS phases become separated and non-equilibrium thermodynamic model is
turned on. The sudden drop of the fuel channel water levels around 7,500 s is caused by this
modeling assumption in ISAAC. The channel depletion timings in each fuel channel depend
on water masses left in the feeders which are connected to the corresponding fuel channels.
Figure 3-190 shows average void fractions in each loop. The steam and water flow rates
through the LRVs are given in Figure 3-191. Mostly water flows out at the beginning and
then steam goes out after phase separation. In this simulation, LRVs are assumed to remain
open once they open at their set point.

Figures 3-192 and 3-193 show the central fuel bundle (6th) temperatures in channel 1 (top-
most) of both loops (refer to Fig. 3-177), respectively, as a function of time. The pressure tube
temperature follows the fuel/cladding temperature behavior. The coolant of channel #1 in both
loops is completely boiled off around 11,496 s and 10,584 s, respectively (refer to Table 3-12).
Hence the accident progression up to around 11,000 s can be categorized as Phase 1, which
covers the accident to the channel dryout. The fuel temperatures drops down after 16,000 s,
and it means fuel material at that channel is completely relocated.

3.4.3.2. Phase?2 & 3

Phases 2 and 3 cover the accident progression from fuel channel dryout to core collapse, and
to the calandria vessel failure, respectively. The channel dryout will cause channel heatup and
temperature increase of the fuel elements. Figure 3-192 and 3-193 shows the temperature
increase in the fuel, sheath, and pressure tube after 11,000 s. The sudden drop of PHTS
pressure around 10,000 s in Figure 3-182 is also related with channel dryout, causing the fuel
channel failure due to non-uniform ballooning of the pressure tube.

The severe core damage and the subsequent core material relocation are closely related with
the moderator behavior in the calandria vessel. The moderator temperature and the pressure in
the calandria vessel initially increase due to both the lack of moderator cooling and the heat
transfer from the core (PHTS) to the water through the calandria tubes and gamma-ray
heating from the core. Figures 3-194 and 3-195 show the moderator/steam temperatures and
calandria pressure, respectively. Calandria vessel pressure is controlled initially with the bleed
valves and then after 6,000s it keeps increasing until rupture valves open at 10,178 s
following the fuel channel failure. Initially, the moderator water in the calandria was
subcooled, and the moderator gets saturated at about 12,000 s. The moderator level and
inventory are indicated in Figures 3-196 and 3-197, respectively. Though moderator gets
depleted around 38,271 s, the moderator level remains around 1m because of corium pool
volume in the calandria vessel. When the fuel channel fails at 10,178 s, the calandria vessel
rupture disks also fail and moderator starts to be discharged to the containment boiler room.
Figure 3-198 shows the water and steam flow rates through the rupture disks. The heat
transfer rates from the fuel channel to the moderator and to the steam in the calandria are
shown in Figure 3-199 and the total heat transferred to the moderator in Figure 3-200.

When the moderator level goes down, the uncovered fuel channel starts heating and relocation
process begins. As Figure 3-201 indicates the maximum fuel temperature regardless the
location, the temperature peaks mean the relocation timing with time. Figures 3-202 and 3-
203 show the corium mass behavior in the core and in the calandria vessel, respectively. The
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relocation of molten material from the core to the suspended debris bed starts from around
15,840 s in both loops. The mass difference between the leaving mass from the channel and
the staying mass in the suspended debris bed goes to the calandria vessel bottom and
Figure 3-203 shows the summation of collected mass from both loops. In this case most of
corium is relocated to the calandria vessel by 50,000 s gradually without collapsing, because
the corium mass collected in the suspended debris bed is less than the global collapsing
failure criteria of 25 tons. Finally about 134 tons of corium is delivered to the calandria vessel
bottom before calandria vessel fails at 160,794 s (44.7 h). Figure 3-204 shows the corium
temperature in the vessel. As the vessel fails at 160,794 s, the corium temperature after failure
is meaningless.

The calandria vessel wall temperatures at lower nodes (3rd & 4th) and upper nodes (12th &
15th) are shown in Figure 3-205. The wall temperatures changes along with corium relocation
into the vessel and the water levels inside and outside the calandria. The 3rd node fails at
160,794 s.

3.4.3.3. Phase 4

Phase 4 covers the accident progression after calandria vessel failure. The calandria vessel
failure is closely related with the shield water inventory in the reactor vault. The water masses
in the reactor vault and in the calandria are shown in Figure 3-206. Though moderator is
depleted at 38,271 s, the calandria is still intact thanks to the heat transfer to the shield water
surrounding the vessel. However, the shield water also evaporates after moderator depletion.
When the bottom of the vessel is uncovered, then no more ex-calandria cooling is available
and vessel fails at 160,794 s.

The containment pressure, which is shown in Figure 3-207, depends on the accident
progression inside and outside the calandria vessel. When the moderator provides steam to the
containment due to fuel channel failure and moderator evaporation, the containment pressure
increases. After the calandria tank moderator was depleted at 38,271 s, the containment
pressure decreases for a short period until steam is produced from the reactor vault after
52,200 s, causing containment pressure to rise again. The containment fails at 80,697 s (22.4 h)
when the pressure reaches at 324 kPa(a). The containment pressure shows another peak at
160,794 s following calandria vessel failure. .

The corium masses in the reactor vault and in the basement are shown in Figure 3-208. After
calandria vessel failure, corium mass of about 134 tons is relocated into the reactor vault floor
and about 700 tons of corium and concrete slags are delivered to the basement around
378,904 s (105.3 h). Figures 3-209 and 3-210 show the corium temperature and the concrete
ablation thickness, respectively. Though the reactor vault floor thickness is 2.45 m, it is
assumed that 2 m ablation causes concrete melt-through.

The compositions of containment atmosphere in the steam generator boiler room are shown in
Figure 3-211. The hydrogen mole fraction reaches about 16.1% around 287,500s. The
containment gas and wall temperatures at the boiler room are shown in Figure 3-212. The
temperature peaks are related with the calandria vessel failure and reactor vault melt-through.

In-core hydrogen can be generated from the oxidation of fuel sheath (clad), pressure tube,
calandria tube, and from the suspended debris bed. Figure 3-213 shows the mass of hydrogen
generated from the core in Loop 1. The similar mass of hydrogen is generated from Loop 2. It
can be noted that about 58% of the hydrogen comes from the suspended debris bed in this
scenario. That is, the unoxidized Zircaloy relocated into the suspended debris bed is exposed
to the steam and generates hydrogen. Hydrogen also can be generated from the unoxidized
metal in the corium relocated onto the reactor vault. Figure 3-214 shows the amount of
hydrogen coming from molten corium-concrete interaction (MCCI) as well as inside the
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calandria vessel. About 1,960 kg of hydrogen is generated from the reactor vault, while about
504 kg is coming inside the calandria vessel.

Regarding the fission product release, Figure 3-215 shows the release fraction of the noble gas
to the environment. When the containment failed around 80,697 s, most of the noble gas is
released outside the containment. In the meantime, about 1.2% of the initial inventories of Csl
and CsOH are released to the environment. The released mass fractions of MoO,, SrO and
TeO; to the environment are given in Figure 3-216. The distribution of Csl at both loops,
calandria and containment, which is shown in Figure 3-217, indicates that about 27% is
deposited in the PHTS loops and the rest kept inside the containment.
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TABLE 3.11. CHARACTERISTICS OF REPRESENTATIVE FUEL CHANNELS BASED
ON CORE POWER DISTRIBUTION FROM FIGURE 3-176

Channel | Rows Columns No of Power Avg. power Peaking
No included included channels | distribution (kW) factor
1 D-F 12-15 10 High 6245.1 1.277
2 A-F 12-19 25 Medium 4836.1 0.989
3 A-F 13-14, 17-20 7 Low 3269.7 0.668
4 J-L 12-19 23 H 6395 1.307
5 J-L 19-21 7 M 5190 1.061
6 J-L 22 3 L 3406 0.696
7 P-S 12-17 18 H 6439 1.316
8 P-S 15-21 17 M 5225 1.068
9 Q-S 21-21 3 L 3425 0.700
10 G-H 12-17 11 H 6427.8 1.314
11 G-H 15-21 8 M 5248.3 1.073
12 G 21 1 L 3491 0.714
13 M-O 12-19 23 H 6486 1.326
14 M-O 19-21 7 M 5195 1.062
15 M-O 22 3 L 3384 0.692
16 T 12-14 3 H 6008 1.228
17 T-W 12-18 16 M 4436 0.907
18 T-W 13-14, 17-18 5 L 2936 0.602
Sum: 190 g‘ﬁ': ‘;88%:33 Avg: 1.0
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TABLE 3.12. LIST OF SIGNIFICANT TIMING OF EVENTS/OTHER SIGNIFICANT
RESULTS FOR SBO SCENARIO

Time (hr) Time (s) Events
0 Class IV and Class III Power loss
20 Turbine stop valves closed
0 Reactor trips
46 First opening of MSSV
0.23 817 Calandria vessel bleed valve opens (delta P=29.7kPa(d))
1.73 6217 LR Vs open for the first time, PHTS Loop 1
1.73 6217 LRVs open for the first time, PHTS Loop 2
2.07 7446 SG secondary sides are dry, Loop 1
2.07 7446 SG secondary sides are dry, Loop 2
2.83 10178 Pressure and calandria tubes are ruptured Loop 1
Calandria vessel rupture disks #1-4 open
2.83 10186 Pressurizer empty
2.83 10202 Pressurizer isolated
2.84 10205 Reactor vault rupture disk open
2.85 10248 Pressure and calandria tubes are ruptured Loop 2
2.94 10584 At least one channel is dry, Loop 2 (complete boil-off)
2.95 10615 Fuel sheath failed in fuel channel 1, bundle 6, Loop 2
3.19 11496 At least one channel is dry, Loop 1 (complete boil-off)
3.33 12000 Moderator reaches saturation temperature
4.40 15837 Beginning of the core disassembly, Loop 1
4.40 15841 Beginning of the core disassembly, Loop 2
10.6 38271 Water is depleted inside calandria vessel
14.5 52215 Water in calandria vault reaches saturation temperature
16.1 57904 Hydrogen/CO burning predicted in containment node #1
22.4 80697 Containment failed
42.0 151254 Core mass all gone (loop 1) to calandria vessel bottom
42.0 151319 Core mass all gone (loop 2) to calandria vessel bottom
44.7 160794 Calandria vessel failed
- Not occurred | Quenching of debris occurred in calandria vault
493 177630 Water is depleted inside calandria vault
52.8 190130 Molten corium-concrete interaction begins in calandria vault
105.3 378904 Calandria vault floor failed because of concrete ablation (2.4m
ablation)
Total amount of Hydrogen release “in-vessel” (in PHTS and in Calandria Vessel”) in | 252 kg
PHTS loop 1
Total amount of Hydrogen release “in-vessel” (in PHTS and in Calandria Vessel”) in | 252 kg
PHTS loop 2
Total amount of Hydrogen release “ex-vessel” (outside of the Calandria Vessel”) 1960 kg
Total amount of noble gases released to environment (initial mass of 57.7 kg) 57.7 kg
Total amount of Cs and I released to environment (initial CsI mass of 5.24 kg) 0.063 kg
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FIG. 3.174 Representative fuel channel configuration in ISAAC.
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FIG. 3.175. Schematic diagram of ISAAC modeling for primary heat transport system
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FIG. 3.177. Core configuration of 9+9 fuel channels per loop.
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FIG. 3.184. S/G Secondary side pressure for PHTS loops 1 & 2 (0 - 25,000 s).
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FIG. 3.188. PHTS Water inventories in loop 1, 2 and pressurizer (0 - 25,000 s).
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FIG. 3.194. Temperatures of moderator/steam in the calandria (0 - 50,000 s).
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FIG. 3.195. Calandria vessel pressure (0 - 50,000 s).
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FIG. 3.196. Calandria vessel water level including corium volume (0 - 25,000 s).
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FIG. 3.197. Moderator mass (0 - 50,000 s).
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3.5. NPCIL

3.5.1. Computer codes

For modeling of complete accident progression, different computer codes are used at various
stages of accident progression. Computer codes used for different phases of the accident
progression are summarized in Table 3-13.

A brief description of the codes used in the analyses is given below and their coupling is
given in section 3.5.1.8.

TABLE 3.13. PHENOMENA AND COMPUTER CODES USED

Core thermal Containme | Activity
Phase Phenomena hydraulics and nt response | release
mechanical behavior
Accident initiation to start of fuel channel
uncovery, i.e. the calandria rupture disk
blowing
1 —  Core thermal hydraulics upto channel ATMIKA-T
dryout
—  Fuel channel heatup, thermo STAR &
mechanical behaviour and OPRD CONTACT, SEVAX PACSR ACTREL
rupture
) Start of mel chanr}e,l uncovery (i.e. the SEVAX
rupture disk blowing) to core collapse
3 Core collapse to calandria vessel failure SEVAX
4 Ce}landria vessel failure to containment MCCI
failure

3.5.1.1. ATMIKA-T

The initial phase of SBO is modelled by using the code “ATMIKA-T”, which is a system
thermal-hydraulic neutronic computer code for simulation of transients and LOCA. The entire
system (primary and secondary) is divided into a number of control volumes, called nodes.
Nodes are connected by means of flow paths. A flow path is defined along with a valve or a
pump or both. Nodalization is done keeping in view the requirement of analysis and physical
configuration of piping network. Usually control volume is chosen such that its boundaries
coincide with the junctions of the flow paths, where there is a change in the geometry of the
pipe or a valve/pump exists. In some cases a piping of same geometry throughout may have to
be divided into two or more control volumes as per the requirement of the analysis. A
multiple connection or a network of piping is modelled by considering the junction of two or
more pipes as a nodal point. Following Figure 3-218 shows a sample network used.

To simulate the thermal-hydraulic transients of entire system, following models are used:
(a) Fluid dynamic model

Thermal-hydraulic part of ATMIKA is based on unequal velocity equal temperature
(UVET) model. Governing equations of UVET model consist of 3 conservation
equations of mass, energy and momentum. Unequal velocities between two phases are
derived from drift flux correlation. A staggered mesh arrangement where pressure,
density and enthalpy are defined at the node and flow is defined along the flow path at
the junction of two control volumes is used. Mass and energy conservation equations
are applied on lumped control volume and momentum equation is applied on flow paths.
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FIG. 3.218: A sample network.

(b) Heat transfer model

Heat Transfer Model consists of empirical correlations applicable in different heat
transfer regimes. The correlations are chosen considering their applicability over wide
range. All the correlations are made to have correct parametric and asymptotic trend in
the region of consideration.

(c) Heat conduction in fuel

The maximum rated fuel pin at each node of core is taken as a representative fuel
element. Heat conduction is assumed to dominate along radial direction of fuel pin.
The fuel pin is divided radially into N number of zones with two fixed on sheath.

(d) Heat source in fuel

An accurate prediction of power and temperatures in a nuclear reactor in an accidental
condition is very important. This requires the solution of space-time kinetics equation.
There are two options in the code for solving these equations:

I. By point neutron kinetics model it is assumed that the heat generation is uniform
throughout a fuel element and neutron flux shape remains same.

II. By 3-D neutron kinetics model using computer code IQS 3D based on flux
factorization technique.

At elevated sheath temperature, zirconium in sheath reacts with water leading to the
generation of hydrogen. This metal water reaction is an exothermic one and can be
represented in simple terms by the equation

Zr + 2D,0 — ZrO, + 2D, + Energy (586.9 kJ/gm-mole of Zr)
(e) Heat loss

The heat loss is heat transfer from fluid to outside system through piping wall
(conduction wall). Conduction wall is lumped as single mass and energy balance is
applied.

(f) Stratification

Two phase flow at low velocity and high void in a horizontal pipe can be stratified.
Stratification is identified by Froude’s number. Non equilibrium during stratification is
defined by a correlation. Appropriate fuel model is used to calculate fuel temperature
during stratification.
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(g) Pressurizer model

Pressurizer is considered as two separate volumes of liquid-vapour mixture phase and
vapour phase. Mass and energy balance are applied to both the volumes assuming
pressure is same for both. The steam flow from the interface is calculated as a function
of the voids in the liquid-vapour mixture zone, surface area, etc. using a correlation
derived from the experimental data. In this calculation, total volume of the pressurizer
is maintained constant. Level tracking is done using the liquid-vapour mixture zone
volume and its cross section. This gives the swell level. As far as instrumentation is
considered, it is the collapsed level in the range of the instrument.

Nodalization scheme of ATMIKA.T used for the analysis is shown in Figure 3-219. Four
channels (representing highest, higher, intermediate and low power) per pass are modeled.
Each channel is having three nodes in the core, one in end fitting and one in feeders. Model
includes all headers, primary circulating pumps, steam generators, and pressurizer. On
secondary side atmospheric steam discharge valves and steam relief valves are modeled
(however as per analysis assumptions atmospheric steam discharge valves are considered

unavailable).
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FIG. 3.219. ATMIKA.T Nodalization diagram.
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3.5.1.2. CONTACT

“CONTACT?” is thermal hydraulic computer code used for simulation of thermo mechanical
behaviour of coolant channels. The channels are grouped depending on their power. Analysis
is carried out on a representative channel of each group with maximum channel power in the
group assigned to the representative channel of the group. The channel grouping used for the
analysis is shown in Table 3-14.

TABLE 3.14. CHANNEL GROUPING IN CONTACT

Group Channel power range in kW Representatl‘ve Cliaet Number of channels
power in kW
1 2548 - 3500 3500 44
2 3500 — 4500 4500 56
3 4500 — 5500 5500 58
4 5500 — 6100 6100 44
5 6100 — 6380 6380 60
6 6380 — 6465 6465 56
7 6465 — 6609 6609 62

The representative channel is divided into axial elements corresponding to fuel bundles in the
channel. In the cross section of the channel the fuel elements, pressure tube and calandria tube
are modeled by a system of annular rings for calculation of heat transfer.

The pressure tube deforms under high temperature creep and contacts with calandria tube. If
the internal pressure within the channel is high (> 1 MPa) the principal deformation of the
pressure tube is radially outwards (ballooning) and contact with calandria tube occurs
completely around the circumference. If the channel pressure is low (<1 MPa) then the
principal deflection is downwards(sags) and contact occurs in elliptically shaped patch at the
bottom of pressure tube [28, 29].

A representative fuel channel model is shown in Figure 3-220. A representative fuel element
in each segment of the ring is chosen for fuel thermal behaviour studies. Convective heat
transfer on each fuel node has been coupled with “ATMKA-T” fuel element. Following
voiding in the channels heat generated in fuel bundles is transferred by radiation to the
pressure tube and calandria tube and then convective heat transfer to the moderator. Code uses
internationally accepted validated correlations and is validated against experiments.

Calandria Tube
Annual Gas

Pressure Tube

Fuel Ring (Outer)
Fuel Ring (Third)

Fuel Ring (Second
Central pin (First)

Steam Channel

FIG. 3.220. Fuel channel model.
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3.5.1.3. SEVAX

Computer code “SEVAX” is capable of modeling the complex sequence of severe accidents
like channel heat up, metal-water reaction, moderator expulsion, slumping of the channels,
core melt down and cooling of the corium at the bottom of calandria with calandria vault
water cooling. The channel grouping of “CONTACT” described in Section 3.5.1.2 is used in
“SEVAX”. However for the purpose of analysis all channels are modeled and the highest
power in the group is assigned to each channel of the respective group. This way all
380 channels in the core are modeled at their respective physical location. Following
Figure 3-221 shows grouping of channels in core.

V|| N|ojJUn | H|WIN|E

FIG. 3.221. Group wise distribution of channels.

Till the time average temperature of PT and CT is below 1,200°C, analysis is carried out by
using “CONTACT” code. Once average temperature of PT and CT reaches 1,200°C, analysis
is shifted to “SEVAX” code and the entire fuel channel is considered as lumped. As PT and
CT average temperature of 1,200°C is considered as fuel channel dislocation criteria, it is
assumed in the analysis that the lumped mass of the dislocated fuel channel will be relocated
on the underneath intact channel. No inventory transfer from PHT to moderator is considered
upon failure of channel. In accident progression the underneath fuel channel also dislocates,
when it meets the dislocation criteria and it is assumed that it gets lumped with dislocated fuel
channels supported by it. This process continues till core collapse criteria is met (which is, a
single fuel channel can withstand maximum of seven fuel channels load). After reaching the
core collapse criteria, all channels (dislocated as well as intact in that particular column) are
relocated to calandria bottom. The core collapse is modeled column wise and calculations are
done for all columns of fuel channels in the core. At the time of complete core collapse (i.e.
all columns of fuel channels falling to the calandria bottom), there may still be moderator
inventory left in calandria, which will eventually be boiled off. It is assumed that channel
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columns take a rectangular cask shape upon falling in the calandria and rest on calandria shell.
As the moderator continues to evaporate, fallen channels get re-exposed and reheat due to the
decay heat and oxidation.

After boiloff of entire moderator inventory, due to complete loss of heat sink, the debris
reaches their melting point. It is assumed that oxidation of exposed channels is limited up to
the calandria tube thickness. As the debris continues to heat up and reaches to 70% of its
melting (i.e., Energy stored is equal to 70% of latent heat of melting), debris redistributes
uniformly in the calandria. Debris upon redistribution forms a uniform porous structure,
composed of UO,, ZrO, and Zr in their actual proportions. The dimensions of the debris bed
are defined by mass and densities of debris material and assumed porosity (considered as
50%). The shape of debris is considered as calandria shape at the bottom and a flat surface at
the top.

Body fitting co-ordinates have been used for discritization of debris (Fig. 3-222). The heat
transfer within the debris bed is modeled with an equivalent conductivity including the effect
of the conduction in the solid and gas phases, as well as the radiation between solid particles.
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FIG. 3.222. Grid model used for debris in calandria vessel.

After calandria vessel failure, whole of the lumped mass is considered to be instantaneously
transferred to calandria vault basement and it is assumed that corium takes the shape of half
cylinder above the calandria vault floor (See Fig. 3-223).

3.5.14. McCcCI

Two-dimensional heat conduction equation is solved for the temperature distribution
throughout the corium and concrete basement.

Concrete ablation at each node is in proportion to percentage evaporation of water content in
the node [30]. Linear proportionality is considered between ablation rate and the evaporation
rate [31]. It is assumed that ablated concrete will be uniformly mixed in the corium. Weighted
average is considered for estimation of the change in the thermal conductivity of the node.

For modeling MCCI, body fitting co-ordinates are used [32]. Finer grid is considered at the
interface of corium and the concrete. Corium debris on the calandria vault floor and grid used
for mathematical model is shown in Figure 3-223.
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FIG. 3.223. Corium debris on the calandria vault floor and grid used for MCCL

3.5.1.5. PACSR

Analysis of containment pressure and temperature is carried out by computer code PACSR
(Post Accident Containment System Response). The method involves breaking up the whole
duration of the event into small time steps and then considering the effect of energy and mass
addition in the small time interval for arriving at the pressure/temperature at the end of the
time step using the applicable thermodynamic laws.

This code can simulate any number of compartments. In the analysis reported here, the
containment has been simulated by total 15 volumes. Each compartment is divided into two
regions: a liquid region containing water, and a vapors region containing uniform mixture of
air, water vapor and liquid droplets. Vapor region is assumed to be in thermodynamic
equilibrium, and have uniform temperature and density throughout the region. The flashed
coolant (steam) is assumed to mix instantaneously and uniformly in the vapour region of high
enthalpy area (F/M Vaults, Pump room, Dome area etc.). The separation of the two regions in
each volume allows a more realistic assessment of the pressure and temperature in the
containment atmosphere by removing the liquid droplets from vapour region and adding them
to liquid region. It also allows consideration of transient super-heating condition in the event
of a direct energy input.

The code can also simulate the containment walls and structures for their heat absorption and
conduction calculation. It can generate the temperature profile across the wall thickness at any
instant of time.

The mass and energy flow entering or leaving any compartment are based on lumped
parameter approach. That means that an atmospheric flow leaving a zone will be of the
average composition and temperature of this zone. The equation for calculation of transient
flow through junctions is based on conservation of momentum.

The diffusion of steam, air and other non-condensibles (hydrogen) from high concentration
compartment to low concentration compartment through the cross- section of junction is
modeled by using Fick’s 1st law.
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3.5.1.6. STAR

Computer code STAR (Source Term Analysis and Release) is used to calculate release
fraction of fission products from overheated fuel. The verification of the code “STAR” is
carried out with bench mark problems given in open literature. Initial core inventories,
fraction gap inventories, geometry data related to core, temperature transient, percent
oxidation of Zirconium, channel power and fractional contribution of pins within a bundle,
and axial power factors are input to the code. The code calculates transient release of
specified fission products. The equilibrium core inventory and fractional gap inventories are
calculated by ORIGIN-2 and in-house developed code GAPin respectively.

The code contains various release models like CORSOR, CORSOR-M, KRESS/BOOTH
relative volatility, CORSOR-BOOTH, ORNL-BOOTH and ORNL-BOOTH modified to
estimate the release of the fission products from the fuel. The code can estimate the release of
about 23 important radio nuclides; these are selected based on their health effects upon release.
There is zirconium trapping effect consideration for the species like tellurium. For present
estimation, ‘CORSOR-M’ which is the first order release rate model, is used.

3.5.1.7. ACTREL

Computer code “ACTREL” (ACTivity RELease) is used for Radiological Impact Assessment
(RIA) of an accident scenario in NPP. It estimates radio nuclides released to the environment
from containment, the concentration in air and ground contamination, and the doses imparted
to a hypothetical individual of general public. ACTREL models primary containment as a
single compartment. It incorporates radioactivity removal by radioactive decay, plate out and
other engineered safety features. ACTREL uses Gaussian Plume Model, for dispersion
calculation of radio nuclides. The Time Integrated Concentration (TIC) is corrected for
reactor building wake effect and sampling time. ICRP dose conversion factors are used to
estimate the dose.

3.5.1.8.  Coupling of all codes

Since different codes are used at various stage of accident progression, coupling of codes and
their interaction is shown in the flow diagram (Fig. 3-224).
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FIG. 3.224. Flow diagram of the analysis.

3.5.2. Phenomena and system idealization

An extended and unmitigated Station Black Out (SBO) could lead to severe accident. At time
t=0 s, SBO is initiated and reactor is also tripped. Due to sudden loss of SG feed water supply,
SG pressure increases and leads to opening of the SRVs, which open and close as per their set
point (atmospheric steam discharge valves are considered to be unavailable). Opening of
SRVs lead to loss of inventory and ultimately SGs dry out.

After SG inventory is completely boiled off (i.e. SG dryout), PHT system starts swelling due
to loss of heat sink. Pressuriser level, PHT pressure and sheath temperature starts increasing.
PHT pressure increases at a faster rate once pressuriser is completely filled up. The pressure
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reaches to LRV set pressure and after LRV opening PHT inventory starts getting lost to
degasser condenser.

Decrease in PHT inventory leads to voiding of coolant channels. As the channels completely
void, sheath temperature starts rising. Due to loss of moderator cooling, moderator
temperature and calandria pressure starts rising as it continues to get heat from the coolant
channels. After the SGs inventory boil off, rate of calandria pressure rise increases due to
more heat load coming from PHT. When calandria cover gas pressure reaches to rupture disk
bursting set pressure, rupture disks rupture and moderator spills out of calandria. After rupture
disks rupture, calandria is at atmospheric pressure and the already heated moderator starts
boiling and is lost from the calandria. It leads to reduction of moderator inventory.

As the moderator evaporates, rows get uncovered progressively. Respective uncovered row
channels get heated up due the decay heat, metal water reaction heat and no heat sink
available. Each channel gets heated up and at high temperature, pressure tube and calandria
tubes lose their strength, get deformed and dislocates by creep-rupture under the imposed
gravity loads. PT and CT are expected to fail within a few minutes after channel uncovery and
relocates on the underneath intact channel. No inventory transfer from PHT to moderator is
considered upon channel failure. After the underneath fuel channel also dislocates, it gets
lumped with already dislocated fuel channels supported by it. As the moderator evaporates
lower row channels also start uncovering and channels slumping progresses.

It is estimated that a submerged channel can support upto seven additional channels before its
pullout from rolled joint occurs. Therefore, it is assumed that after seven channels get lumped
together, all the remaining channels in the column fail and fall to the calandria bottom and get
lumped together. It is assumed that fallen channels take a rectangular cask shape resting on
calandria shell. As the moderator continuous to evaporate fallen channels will re-expose after
some time and reheat due to the decay heat and oxidation. After complete moderator boil off,
due to complete loss of heat sink debris reaches to their melting point. During this heat up
there is no heat transfer from debris to calandria vault due to line contact between solid debris
and calandria shell. Channel oxidation is assumed to be limited up to the calandria tube
thickness

As the debris continues to heat up and reaches to 70% of its melting (i.e., Energy stored is
equal to 70% of latent heat of melting), debris redistributes uniformly in the calandria and
heat transfer to calandria vault establishes. Because of the heat removal from the debris to the
calandria vault water debris get cooled. It is also assumed radiation heat transfer from debris
to calandria shell will be effective only after debris re-distribution. During the period of heat
removal from debris by calandria vault water, temperature of calandria vault water rises and
reaches its boiling point. Upon reaching boiling, calandria vault water also starts escaping and
its level starts falling.

As the calandria vault water level falls below debris level in calandria, the heat transfer from
debris to calandria vault water gets degraded. Due to degradation in heat transfer, calandria
shell temperature increases. The calandria bottom heats up rapidly by the heat from the core
debris inside the calandria and calandria fails due to creep and the partial molten debris
material falls down in the calandria vault water which quenches the debris. The remaining
calandria vault water starts boiling off into containment. Corium also starts reacting with
concrete floor and resulting into failure of the concrete floor. Molten corium concrete
interaction leads to calandria vault basement failure.

3.5.3.  Analysis results

The major sequence of events is summarized in Tables 3-15 and 3-16.
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3.5.3.1.  Phase 1 (Accident initiation to calandria rupture disk blowing — 20,251 s)
(a) Steam generator dryout (9,080 s)

At time t=0 s, SBO is initiated. The loss of off-site power causes reactor trip. Due to reactor
trip, there is a dip in PHT pressure for initial few seconds (Fig. 3-225) and also reduction in
flow of PHT (Fig. 3-258). Further flow in core is governed by natural circulation and heat
removal through SGs. As there is no feed water supply to SGs, their pressure increases. As
atmospheric steam discharge valves are considered unavailable, SG pressure continues to rise
till SRV set point is reached (Fig. 3-226). SRVs open to relieve pressure but continued heat
up causes them to open again. This cyclic opening and closing of SRVs cause loss of
inventory from SGs (Fig. 3-227). Due to loss of inventory, SGs level also decreases (Fig. 3-
228) and SGs dry out occurs at 9,080 s. Till the time SGs dry out, they provide heat sink to
PHT (Fig. 3-229) and as such PHT pressure decreases (Fig. 3-225). During the time when
PHT pressure was reducing, there is inventory transfer from pressurizer to PHT main circuit
and as such there is fall in pressurizer level (Fig. 3-230). As heat from PHT is getting
removed through SGs, PHT temperature (Fig. 3-257) and fuel sheath temperature (Fig. 3-237)
also remain low.

(b) LRV opening (10,980 s)

After SGs dry out (9,080 s), PHT starts to swell due to loss of heat sink and PHT pressure
starts increasing (Fig. 3-225). The rise in PHT pressure causes inventory transfer to
pressurizer and as such pressurizer starts getting filled up (Fig. 3-230). As cooling to PHT is
lost, there is gradual rise in fuel sheath temperature (Fig. 3-237) and PHT temperature (Fig. 3-
257). After SG heat sink is lost, heat transfer from PHT to moderator increases (Fig. 3-259)
causing rise in moderator temperature (Fig. 3-260) and cover gas pressure (Fig. 3-236). PHT
pressure continues to rise till it reaches LRV set pressure at 10,980 s (Fig. 3-225). Thereafter,
it is maintained at LRV set pressure till channels failure.

(c) Calandria rupture disk blowing (20,251 s)

Due to LRV opening there is a net loss of PHT inventory (Fig. 3-231). Opening of LRVs
causes a momentary dip in PHT pressure, which increases again due to continued heat up
leading to opening of LRVs and such cycles continue (Figs 3-225 and 3-234). Due to loss of
PHT inventory (Fig. 3-231) channel voiding increases (Fig. 3-233). After the channels gets
completely voided fuel sheath temperature (Fig. 3-237) shoots up.

Loss of moderator cooling and continued heat transfer from coolant channels causes
continuous heat up (Fig. 3-259) of moderator in the calandria. This causes calandria cover gas
pressure (Fig. 3-236) to rise, which reaches calandria over pressure relief disk burst pressure
and rupture disks rupture at 20,251 s.

(d) Containment response:

Due to LRV opening, steam is released into the containment and a rise in containment
pressure is noted (Fig. 3-241). Subsequently, due to condensation of this steam on the
concrete structure, containment pressure reduces and mass of water in the containment
basement increases (Fig. 3-249).

3.5.3.2. Phase 2 (Calandria rupture disk blowing to core collapse — 44,946 s)
(a) Fuel channel failure (23,791 s)

Due to calandria rupture disk opening, a sudden dip in calandria cover gas pressure (Fig. 3-
236) and loss of moderator inventory (Fig. 3-235) due to flashing is noted. As calandria cover
gas pressure is reduced to atmospheric pressure, moderator in the calandria starts boiling and
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the resulting steam gets into the containment (See Figure 3-262 for steam release to
containment). The opening of relief path provides an escape path for moderator and
moderator inventory and its level in calandria fall continuously (Fig. 3-235).

With moderator getting lost from calandria, coolant channel rows progressively get exposed
(i.e. they are no longer submerged in moderator). First row uncovery occurs at 20,711 s. The
exposed channels get heated up due to decay heat and heat generated due to metal water
reaction. Due to metal water reaction, hydrogen is generated (Fig. 3-261). As there is no heat
sink for the channels they continue to heat up and their temperature reaches up to 1,200°C. At
this temperature it is considered that the channel fails and dislocates from its position and
rests on the channel underneath. The first fuel channel failure occurs at 23,791 s.

(b) Core collapse (44,946 s):

This kind of disassembly of fuel channels in a channel column continues as fuel channels are
progressively getting exposed (due to loss of moderator inventory) and reaching the
dislocation criteria. As more channels get dislocated, the UO, mass in the intact channels get
reduced (Fig. 3-238).

When seven channels in a channel column get lumped with each other, the core collapse
criteria is satisfied and that particular channel column (i.e. dislocated channels and intact
bottom channels) falls to the bottom of calandria and upon collapse of columns, all channels
in the column are considered to be lumped together. Figure 3-239 shows the number of
channels falling with time at calandria bottom. Figure 3-242 shows weight of these channels
on calandria.

The starting of core collapse is at 32,976 s and complete core collapse at 44,946 s.
(c) Containment response:

Due to calandria rupture disk opening, containment pressure shows a spike (Fig. 3-241),
which gets arrested due to condensation of steam on concrete structure. Subsequently during
boiling of calandria inventory, containment pressure shows an increasing trend. During
collapse of first column of coolant channels (32,976 s), more heat is transferred to calandria
resulting in more steam generation and therefore containment pressure rises faster. During this
phase mass of water in sump continues to rise as steam from calandria is getting condensed on
concrete walls (Fig. 3-249).

Hydrogen & steam concentration (%v/v) are shown in Figure 3-250. Hydrogen, steam & air
concentration (%v/v) are shown in Figure 3-251 on the ternary diagram. During this phase
hydrogen concentration will be out of deflagration and detonations zones. Figure 3-252 shows
Containment temperatures in lower SG room and basement room. The temperature and
pressure rises during boiling of moderator.

3.5.3.3.  Phase 3 (Core collapse to calandria vessel failure — 117,111 s)
(a) Moderator boil off (53,086 s):

After complete core collapse (i.e. falling of all columns of channels), all channels are at
bottom of the calandria and submerged in moderator. Boiling of moderator continues and this
keeps debris temperature low (Fig. 3-243). In this period due to debris temperature being less
than 800°C, there is no oxidation of debris. It is assumed that fallen channels take a
rectangular cask shape at the bottom of the calandria. As the moderator continuous to
evaporate, fallen channels re-expose after some time and reheat due to the decay heat and
oxidation. Moderator will be completely boiled off by 53,086 s. Figure 3-235 shows the
variation of inventory of moderator and level of moderator. In this figure, level in calandria at
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the time of complete boil off indicates debris height. Heat transfer from moderator to
calandria vault is neglected till redistribution of debris in calandria vessel.

(b) Calandria vessel failure (117,111 s)

Debris temperature (Fig. 3-243) starts rising after complete boil off of moderator inventory.
During this heat up of debris there is no heat removal from debris to calandria vault water due
to line contact between solid debris and calandria shell. Channel oxidation is limited up to the
calandria tube thickness

As the debris continuous to heat up and reaches to 70% of their melting, debris redistributes
uniformly in the calandria. Redistribution of debris takes place at 53,536 s. At this point heat
transfer from debris to calandria vault water increases (Fig. 3-244 shows the solidification of
debris due to heat removal from calandria vault) and as such calandria vault water
temperature shoots up (Fig. 3-240) and reaches saturation at about 56,976 s. With calandria
vault water boiling off steam release to containment starts again (Fig. 3-262). The level in the
calandria vault keeps on falling and the calandria vault water falls below debris level in the
calandria at about 117,061 s. The calandria vessel gets devoid of cooling and calandria vessel
temperature shoots up (Fig. 3-245). Calandria vessel failure is considered when calandria
vessel temperature reaches 800°C at 117,111 s. With failure of calandria vessel, corium from
the calandria relocates to calandria vault (Fig. 3-246).

(c) Containment response:

After complete boil off of moderator inventory, there is no steam generation and as such
containment pressure reduces (Fig. 3-241). After steam generation from calandria vault water
starts, rise in containment pressure is noted again. Containment pressure reaches 334 kPa(a) at
which equipment airlock seals fail and containment pressure drops. Mass of water in the
containment basement is shown in Figure 3-249. It is seen that mass continues to rise due to
condensation of steam on the concrete structure.

Hydrogen & steam concentration (%v/v) are shown in Figure 3-250. Hydrogen, steam & air
concentration (%v/v) are shown in Figure 3-251 on the ternary diagram. Figure 3-252 shows
Containment temperatures in lower SG room and basement room. The temperature and
pressure rises during boiling calandria vault water and containment equipment airlock seal
opens at 334 kPa(a) around 97,000 s . Pressure and temperatures starts falling due to opening
of containment equipment airlock seal at 334 kPa(a) and transfer of heat from Inner
Containment Wall (ICW) to outside environment. Figure 3-253 shows Hydrogen
concentration in different compartments of containment. It is also seen from the analysis that
hydrogen concentration reaches to deflagration zone and then comes out of this zone.
Hydrogen concentration never reaches to detonation zone.

3.5.34.  Phase 4 (Calandria vessel failure to containment failure due to ablation of
containment basement floor — 191,171 s)

(a) Molten core concrete interaction (MCCI):

The remaining calandria vault water continues to boil off and corium at the calandria vault
bottom heats up further and generates hydrogen (Fig. 3-261) due to metal water reaction. Due
to MCCI, calandria vault basement concrete temperature increases and corium penetrates
(Fig. 3-247) into the calandria vault basement concrete thickness. Figure 3-248 shows ablated
concrete depth. Failure of calandria vault basement concrete due to ablation of calandria vault
basement is predicted at 191,171 s. Due to MCCI Oxygen and CO; is generated (Figs 3-263
and 264).
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(b) Release to environment:

Initial release from the containment is due to leakages from the containment due to high
pressure in the containment. It is seen that all release from containment is from the ground
level. In the analysis radioactive decay of active fission product is not considered. A sudden
release from the containment is due to opening of containment rupture disk at 334 kPa around

97,000 s.

Figure 3-254 shows mass of noble gas release to environment. Figure 3-255 shows mass
Cesium release to environment and Figure 3-256 shows mass lodine release to environment.

TABLE 3.15. CHRONOLOGICAL ORDER OF ACCIDENT PROGRESSION

Event Timing (Sec)

Phase — 1

Class IV and Class III power loss 0

Reactor shutdown 0

First opening of MSSV 27.5

SG complete dry out 9080

LRV ‘s first opening 10 980

Channel void reaches 0.9 for the entire length of channel

for the first time in a channel 15400

Calandria rupture disk rupture. 20 251
Phase -2

First channel uncovery occurs 20711

First fuel channel failure 23 791

Starting core collapse 32976

Complete core collapse 44 946
Phase-3

Complete moderator boil off 53 086

Calandria vessel failure 117 111

Calandria vault water below debris level 117 061
Phase-4

Containment failure due to failure of equipment airlock

seals 97 000

Calandria vault basement concrete failure due to ablation 191 171
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TABLE 3.16. LIST OF SIGNIFICANT TIMING OF EVENTS/OTHER SIGNIFICANT
RESULTS FOR STATION BLACKOUT SCENARIO

Time (hr) Time (s) Events
0 Class IV and Class III Power loss
0 Turbine stop valves closed
0 Reactor trips
27.5 First opening of MSSV
2.52 9080 SG secondary sides are dry, Loop 1
2.52 9080 SG secondary sides are dry, Loop 2
3.05 10 980 LR Vs open for the first time, PHTS Loop 1
3.05 10 980 LRVs open for the first time, PHTS Loop 2
4.27 15400 At least one channel is dry Loop 1 (complete boil off)
4.27 15400 At least one channel is dry Loop 2 (complete boil off)
5.62 20251 Calandria vessel rupture disks #1-4 open
5.62 20 251 Moderator reaches saturation temperature
6.60 23791 Pressure and calandria tubes are ruptured Loop 1
6.60 23791 Pressure and calandria tubes are ruptured Loop 2
9.16 32976 Beginning of the core disassembly, Loop 1
9.16 32976 Beginning of the core disassembly, Loop 2
12.48 44 946 Core collapse (loop 1) to calandria vessel bottom
12.48 44 946 Core collapse (loop 2) to calandria vessel bottom
26.94 97 000 Containment failed due to equipment air lock seals failure
14.74 53 086 Water is depleted inside calandria vessel
15.82 56 976 Water in calandria vault reaches saturation temperature
32.51 117 061 | Calandria vessel failed
32.53 117 111 | Quenching of debris occurred in calandria vault
53.10 191 171 | Water is depleted inside calandria vault
32.53 117 111 | Molten corium concrete interaction begins in calandria vault
53.10 191 171 | Calandria vault floor failed because of concrete ablation
Total amount of Hydrogen release “in-vessel” (in PHTS and in Calandria Vessel”) in PHTS loop
1 =245kg
Total amount of Hydrogen release “in-vessel” (in PHTS and in Calandria Vessel”) in PHTS loop
2=245kg
Total amount of Hydrogen release “ex-vessel” (outside of the Calandria Vessel”) = 214 kg
Total amount of noble gases released to environment = 57.7 kg
Total amount of Cs and I released to environment = 1.02 kg (Cs) and 0.105 kg (I)
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ATMIKA-T: Plant Transient Analysis for CANDU-6
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FIG. 3.225. PHT Pressure variation in Loop-1.
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FIG. 3.226. Steam generators pressure variation.
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ATMIKA-T: Plant Transient Analysis for CANDU-6
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FIG. 3.230. Pressuriser level variation.
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SEVAX: Severe Accident Analysis for CANDU-6
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FIG. 3.248. Ablated concrete depth in calandria vault.
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FIG. 3.254. Mass of noble gases released from containment.
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FIG. 3.256. Mass of iodine released.
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FIG. 3.260. Moderator temperature variation.
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FIG. 3.262. Steam released to containment during accident.
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FIG. 3.263. Oxygen production during MCCL
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FIG. 3.264. CO; production during MCCI.

3.6. PUB

3.6.1. Computer codes

The SCDAPSIM/RELAPS code was used to analyse the progression of the severe accident
and CATHARE2 code was used for containment analysis. SCDAPSIM/RELAPS [19] code
has been developed in US for best-estimate simulation of light water reactors (LWR)
transients during nuclear power plant accidents. It uses publicly available RELAP5/MOD?3.3
and SCDAP/RELAP5/MOD3.2 models, developed by the US Nuclear Regulatory
Commission in combination with advanced numerics, advanced programming, and SCDAP
Development and Training Program (SDTP) member-developed models and user options.
The code models the coupled behaviour of the cooling system, reactor core and fission
products release during the accident. It is the result of the coupling between RELAPS,
modelling thermal hydraulic, control system, reactor kinetics and the transport of
noncondensable gases, and SCDAP code modelling the behaviour of the reactor core during
severe accidents.

The thermal hydraulic models for the hydrodynamic systems are integrated in the RELAPS
part of the code. The code is based on a non-homogeneous and non-equilibrium model for the
two-phase system that is solved by a fast, partially implicit numerical scheme. RELAPS
solves the conservation equations for each phase within a control volume. The variables in
these equations are time and volume averaged and time and one space dimension are the
independent variables. A control volume is characterized by one single pressure and two
temperatures for the liquid and gas phase. Control volumes are connected by junctions
through whom transport of hydrodynamic materials takes place.

The constitutive relations are formulated using empirical correlations. Those constitutive
relations, needed to solve the two-fluid equations, include models for defining flow regimes

210



and flow regime related models for interphase drag, wall friction, heat transfer and interphase
heat and mass transfer. The applied two-phase flow regime maps are defined by a simplified
mapping technique which controls the use of the constitutive relations. A generic modelling
approach is used that permits simulating a variety of thermal hydraulic systems.

Heat structures provided in RELAPS permit calculation of the heat transferred across solid
boundaries of hydrodynamic volumes. Modelling capabilities of heat structures are general
and are assumed to be represented by one-dimensional heat conduction in rectangular,
cylindrical, or spherical geometry. Surface multipliers are used to convert the unit surface of
the one-dimensional calculation to the actual surface of the heat structure. Temperature
dependent thermal conductivities and volumetric heat capacities are provided in tabular or
functional form either from built-in or user-supplied data. The heat transfer model in RELAPS
is based on the boiling curve which is used to govern the selection of the heat transfer
correlation.

The RELAPS code was used to simulate all hydrodynamic systems of CANDU plant and heat
transfer surfaces except fuel channel and calandria vessel wall during late phase of severe
accident.

The SCDAP code is modular, a series of components being defined in the input deck in a
similar manner as RELAPS components (the latter can be volumes, pipes, junctions, pumps,
heat structures etc.). Besides the general input options (general core input or severe accident
core behaviour input), the user has the possibility to introduce in his model the some generic
SCDAP core components.

Each of these SCDAP components has a series of associated physical models which are
invoked by the code whenever the corresponding component is used. Obviously, many
models are dedicated to PWR or BWR to such an extent that makes them inapplicable to
CANDU. Nevertheless, some models are sufficiently general to make their use to CANDU
severe accidents possible.

SCDAP code is used to describe the core components. Treatment of the core includes fuel rod
heat-up, ballooning and rupture, fission product release, rapid oxidation, Zircaloy melting,
UQO; dissolution, ZrO, breach, flow and freezing of molten fuel and cladding, and debris
formation and behaviour. The code also models control rod and flow shroud behaviour.

A two-dimensional, finite element model based upon the COUPLE code is used to calculate
the heat-up of debris and/or surrounding structures.

The two-dimensional debris and surrounding structures model takes into account the decay
heat and initial internal energy of slumped debris and then calculates the transport by
conduction of this heat in the radial and axial directions to the wall structures and water
surrounding the debris. Perhaps the most important use of this model is to calculate the heat-
up of the vessel wall so that the time at which the vessel may rupture can be determined.
Notable capabilities include the modeling of the following phenomena and conditions: (a)
spatially varying porosity, (b) thermal conductivity of porous material, (c) a debris bed whose
height grows sporadically with time, (d) radiation heat transfer in a porous material, and (e)
natural circulation of melted debris. The limitations of this model are: (a) molten material
does not flow into an adjacent porous region, (b) oxidation does not occur in the debris bed,
and (c) fission product release does not occur in the debris bed.

The rate of heat transfer from a debris region into a structure in contact with the debris is a
strong function of the conditions at the interface between the debris and structure. The
modelling of this heat transfer is performed using the concept of a null element, which is an
element with zero volume and whose nodes overlay the interface between the debris and the
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structure. Null elements are defined by the code user along possible interfaces between debris
and structure.

The COUPLE model has been employed for PWR/BWR situations, with vertical core and
hemispherical lower head. Although the actual hemispherical geometry was used to model
this phase of CANDU severe accident [33], improvements in COUPLE was made which
allow properly modelling of an horizontal cylinder (calandria vessel) [34].

The CATHARE2 code (Code for Analysis of Thermal-Hydraulics during an Accident of
Reactor and Safety Evaluation) is developed to perform best-estimate calculations of
pressurized water reactor accidents: PWR loss of coolant (large or small break, primary and
secondary circuit), reactivity insertion, steam generator tube rupture, etc. [35]. It is developed
in Grenoble by the French Atomic Energy Commission (CEA) and it is owned by four
partners: CEA, EDF, FRAMATOME-ANP, and IRSN.

CATHARE?2 includes several independent modules that take into account any two-phase flow
behaviour:

- Mechanical non-equilibrium:

- Vertical: co- or counter-current flow, flooding counter-current flow limitation (CCFL),
etc.;

- Horizontal: stratified flow, critical or not critical flow co- or counter-current flow, etc.;

- Thermal non-equilibrium: critical flow, cold water injection, super-heated steam,
reflooding (vertical fuel only), etc.;

- All flow regimes and all heat transfer regimes.

In order to take into account these phenomena the CATHARE?2 code is based on a two-fluid
and six equation model with a unique set of constitutive laws. Various modules offer space
discretization adapted to volumes (0D), pipes (1D) or vertical vessels (3D). CATHARE?2 is
limited to transients during which no severe damage occurs to fuel rods; more precisely, fuel
ballooning and clad rupture are assumed to have no major effect on water flow in the primary
circuit. Includes oxidation model but only for vertical rods defined by means of FUEL
operator. Time discretization is fully implicit (semi-implicit for 3D).

Related to capability of CATHARE2 to simulate the fission products transport, radio-
chemical components can be specified and associated to the circuit. There are 13 predefined
radio-chemical components, out of which 4 fission products: Kr-87, Xe-133, I-131, Cs-137,
treated separately, i.e. without chemical interactions of the released species. The relationship
between mass and radioactivity is governed by the weight of one GBq:

- Kr-87,9.52E-13 kg;

- Xe-133, 1.44E-10 kg;

- 1-131, 2.18E-10 kg;

- Cs-137, 3.10E-7 kg.

One possibility, besides using predefined activity functions for fission products to be released

when clad rupture is calculated by the code (for PWR), is to externally define fission products
activity in a gas or liquid source placed inside the circuit at user’s choice.

Related to containment analysis capabilities, CATHARE2 is limited to maximum 4
noncondensable gases from the list: hydrogen, helium, oxygen, nitrogen, argon, air. The
reactor containment may be modelled using a VOLUME module or a set of VOLUME
modules. Special models have been developed to take into account containment components
(circuits, exchangers related to safety systems), a break between the primary coolant system
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and the containment, or specific physical phenomena occurring in the containment such as
film condensation on the containment walls. Several available correlations exist for heat
transfer from walls to fluid in case of film condensation. The recent versions of the code
include also specially designed water properties tables for low pressure applications.

3.6.2. Phenomena and system idealization

The plant model includes the representation for the two loops, fuel channels, inlet headers,
feeders and end fittings, outlet headers, feeders and end fittings, associated reactor coolant
pumps, pressurizer, steam generators and a simplified model for balance of plant systems.
Generally, all plant components are modelled using RELAPS components, except for the fuel
and fuel channel thermal response which are modelled using SCDAP components and the
debris bed modelled by the COUPLE module. Containment is modelled using both RELAPS
and CATHARE?2 code.

3.6.2.1.  Primary heat transport system modelling

The nodalization scheme used for the Primary Heat Transport System (PHTS) is shown in
Figure 3-265. In this approach, two hydrodynamic characteristic channels per pass, eight in
total, are considered. Each representative channel is subdivided into 12 control volumes.
These two hydrodynamic characteristic channels per pass represent the average channels for
each pass located in the upper, respectively the lower half of the calandria vessel (CV). This
representation was considered adequate to represent the fuel channels behaviour after the
rupture of the calandria vessel rupture disk. However, a sensitivity analysis considering up to
four representative channels per pass has shown that no major hydrodynamic behaviour
differences was observed for SBO accident scenario when only one representative channel per
pass was used instead of two or more representative channels per pass.

The heat losses from the PHTS to the containment environment are modelled with RELAP
heat structures with convective heat transfer as boundary condition.
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FIG. 3.265. Primary heat transport system nodalization.

3.6.2.2.  Steam generators modelling

Figure 3-266 shows the nodalization scheme for the steam generator (SG) and main steam
lines. The U-Tubes are discretized in 8 nodes and separate nodes for the inlet and outlet
plenum are provided. The secondary side consists of the preheater, riser, separator, drum and
downcomer volumes discretized in different number of nodes to properly model the steam
generator performances. The turbine and condenser are represented by time-dependent
volumes. The feed water is injected in the preheater, a time-dependent volume gives the
temperature and a time-dependent junction is used as a boundary condition for the feed water
flow rate.

3.6.2.3.  Fuel channels modelling
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In a fuel channel, the 37 fuel elements of the fuel bundle, the pressure tube (PT) and the
calandria tube (CT) are modelled using SCDAP core components, Figure 3-267. All fuel
elements which belong to the same fuel bundle are considered to have the same power. The
pressure tube, the CO, filling the annular space between PT and CT, and the calandria tube
are modelled using shroud components. The 12 bundles in a CANDU fuel channel were
modelled as 12 axial nodes.

The fuel rod component include models for UO,; pellets, gap, and Zircaloy sheath behaviour.
Together with the heat conduction model, this component has a series of associated physical
models which are invoked by the code whenever the corresponding component is used. These
models are: material oxidation model, fission product release models, fuel rod cladding
deformation model and fuel rod internal gas pressure model.

To tnain steam line

5G2

Condenser

Turbine

MEER

conlant

pressune ube

calandria fube

FIG. 3.267. SCDAP model for the fuel channel.

The shroud component represents cylindrical structures with a wall thickness much smaller
than the radius of the cylinder. The temperature distribution in the structure is calculated using
the basic heat conduction equation. An internal heat generation term can also be specified by
the user. The structures can be defined by multiple layers of materials, at least three materials,
with the possibility to input a user defined material layer. Modelling the heat transfer in the

215



internal gas layer of the shroud component to take into account for the pressure tube sagging
was realized by altering the thermal conductivity of the input declared material, which
simulates the carbon dioxide inside the annular gap. First, it was calculated an effective
conductivity of the annulus material, incorporating the radiation heat transfer between the
pressure tube and the calandria tube. Second, enhanced heat transfer due to sagging is
calculated by multiplying with a constant the value of the gas thermal conductivity in the
above expression of the effective conductivity.

Four representative channels per core pass were considered to simulate the thermal response
of fuel channels. The core power map and the division into representative channels are shown
in Figure 3-268. Two representative channels, modelled as SCDAP components, are linked to
one hydrodynamic characteristic channel modelled with RELAPS5 components. Thus,
channels 1 and 2 shown in Figure 3-268 are linked to the hydrodynamic channel located on
the lower half of calandria vessel whereas channels 3 and 4 are linked to the hydrodynamic
channel located on the upper half of calandria vessel for each core pass. For each core pass
the fuel channel were grouped according to their elevation irrespective to their power. Related
to the time scale of the severe accident events, single channel analysis illustrates that more
important is the channels elevations that the channels power for the timing at which core
collapse occur [36]. This happen because as once the fuel channel uncover occurs, the
calandria tube temperature increase rapidly leading to the core disassembly. Thus, when the
number of the modelling fuel channels is restricted as present SCDAPSIM/RELAPS mod 3.4
code version does, the consideration of a larger number of channels with different elevation
would be more significant that consideration of many fuel channels with different power but
same elevation. Moreover, as loop behaviour channels of one loop are modelled using
RELAPS heat structures whereas the channels of the other loop are modelled using SCDAP
components, as analysis had shown that the thermal response of fuel and fuel channel for the
two PHTS loops are similar when compare to the severe accident time scale. Two separate
runs were done using this nodalization, each loop being modelled alternatively by SCDAP
component.

This modelling approach was required as the actual SCDAPSIM/RELAPS5 mod 3.4 code
allow only 16 SCDAP core components as input.
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FIG. 3.268. Core power map and the division into representative channels.
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3.6.2.4.  Calandria vessel modelling

Calandria vessel is modelled as two parallel pipe components with three sub-volumes having
vertical orientation. Each pipe component simulates half of the calandria volume representing
the moderator surrounding fuel channels of one PHTS loop. The analogous volumes of the
two parallel pipes are connected through cross flow junctions. The four calandria pressure
relief ducts are modelled as pipe components with three sub volumes having vertical
orientation. Calandria over pressure rupture disk (OPRD) is modelled as a trip valve and
connects CV with containment. Figure 3-269 shows the CV model.

3.6.2.5.  System modelling after calandria vessel dryout

The SBO analysis is carried out in two steps. In the first step, the entire plant is modelled as
described above. The aim of this step of analysis is to study the CANDU plant behaviour until
the core collapse occurs. In the second step, once the fuel channels collapse on the bottom of
the calandria vessel, the debris and the calandria wall are modelled using the COUPLE
module. Improvements in COUPLE module were made which allow properly modelling of a
horizontal cylinder (calandria vessel) [34].

The models included with COUPLE in SCDAP are capable of calculating the heat up of the
debris and of the surrounding structures. A two-dimensional finite element mesh is generated
by COUPLE based on the coordinates input of a selected number of nodes. The COUPLE
model for the bottom of the CV is shown in Figure 3-270.
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FIG. 3.269. Calandria vessel nodalization.
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User-defined slumping of debris was imposed inside the COUPLE mesh at start of this phase,
defining the mass, the composition, the porosity and particle diameter of the debris. When
using the 'no-slumping' option, the elements of the mesh are filled by the code user with
debris and structure material on the desired locations and timing. The rate of heat generation
per unit volume has to be defined for the debris material. This imposes the heat load towards
the CV wall. Convection and radiation heat transfer take place from the upper boundary of the
debris bed towards other connected volumes. Convection heat transfer from the CV wall to
surrounding RELAPS5 hydrodynamic volumes is considered. As such, it is possible to create a
detailed mesh representing the CV filled with debris, connected to volumes at the inside of the
mesh that stand for the CV internals and volumes at the outside of the mesh representing the
contents of reactor vault (RV).

The RELAPS hydrodynamic system consists of two independent systems: the first system
represents the CV internals and the second system represents the RV. Both CV and RV are
connected to the containment.

The following materials are included in the mesh: (1) debris (corium) that consists of UO,,
oxidized Zircaloy, and Zircaloy, (2) stainless steel for the calandria vessel wall, and (3) null
material used to model the debris-to-vessel heat transfer coefficient (or gap heat transfer
coefficient). The null material is a virtual material defined to be present in the elements
describing the corium-vessel interface. When debris relocates to the lower head, the thermal
contact between the debris and the structural material is reduced because of surface roughness
and gas trapped between the debris and the surface of the vessel. These interface elements do
not possess a 'height' but, by filling them with null material, it is possible to assign a
convective heat transfer coefficient to each of these elements and to enable heat transfer
between the corium and the vessel wall.

The heat generated in the corium is conducted through the vessel wall, is eventually removed
from the CV by the water in the RV surrounding the CV, and is transferred directly to the
containment by radiation. A fictitious heat slab on the top of the COUPLE debris-bed is
modelled to allow for radiation heat transfer between the debris-bed and the upper calandria
wall. The temperature of this fictitious heat slab is the same as the temperature of the top
debris bed nodes. The model used for late phase of the severe accident calculation is shown
in Figure 3-271.
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FIG. 3.271. Late phase of the severe accident calculation model.
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3.6.2.6. Containment model

The containment is modelled using CATHARE 2 code. All fluid discharged from PHTS, CV
and RV is considered to occur into boiler room. The volume which represents the
environment is also connected to the boiler room to account for the containment leakage and

for the containment failure. The nodalization used for the containment modelling is the same
as that of AECL.

The transport and deposition of fission product in PHTS is not calculated, hence is assumed
that the fission products are released from fuel directly to containment. The behaviour of
fission product in containment is also modelled using CATHARE 2 code.

The same containment nodalization was also used to model containment with RELAPS code.
The results presented here are from CATHARE?2 simulation as no fission product transport
and deposition is calculated in RELAPS.

3.6.3.  Analysis results

Event timing summary is presented in Table 3-17.

TABLE 3.17. LIST OF SIGNIFICANT TIMING OF EVENTS FOR STATION BLACKOUT
SCENARIO

Event Event timing (h) Event timing (s)
Class IV and Class III Power loss 0 0
Turbine stop valves closed 0.0056 20
Reactor trips 0 0
First opening of MSSV 0.038 136
Calandria vessel bleed valve opens 1.23 4428
LR Vs open for the first time 2.41 8676
SG secondary sides are dry 2.08 7488
Calandria vault rupture disk open 7.68 27 648
Pressurizer empty 3.05 10 980
At least one channel is dry (complete boil-off) 3.22 11592
First fuel sheath failure 5.38 19 368
Pressure and calandria tubes are ruptured 3.63 13 068
Calandria vessel rupture disks #1-4 open 3.63 13 068
Moderator reaches saturation temperature 3.63 13 068
Beginning of the core disassembly 5.02 18 072
Core collapse to calandria vessel bottom 7.85 28 260
Containment failed 20.14 72 504
Water is depleted inside calandria vessel 11.58 41 688
ater in calandria vault reaches saturation
Xm;eraufre dria vault reaches saturatio 15.75 56 700
Calandria vessel failed 50.55 181 980
Quenching of debris occurred in calandria vault 50.9 183 240
Water is depleted inside calandria vault 51.5 185 400
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3.6.3.1. Phase 1

The Phase 1 of the analysis begins with the initiation of Station Black Out (SBO) and ends
with the blow of the calandria rupture disk which occurs at t=13,068 s.

The SBO is initiated at time t=0.00 s. The initiation of accident will trip the reactor and close
the turbine stop valves with 20 s delay. As PHTS loop isolation valves are not closed, both
loops show similar pressure behaviour as depicted in Figure 3-272. Initially the pressure in
both loops decreases with time, as the heat extracted initially from the coolant at SGs location
is greater than the heat input to the coolant due to the loss of fission power from the reactor
core. The heat transfer from the PHTS to the steam generators causes the water boil-off and
the increase of the pressure in steam generators secondary side. When the steam generators
secondary pressure reaches the set point for the opening of MSSVs, the steam is discharged
from the secondary side to the environment outside the containment. First opening of the
MSSV occurs at 137 s. The secondary side steam generator pressure then oscillates at the
MSSYV set point as the MSSVs opens and closes (Fig. 3-273).

Following SBO primary pumps trip and the flow rate through reactor core decreases rapidly
to the level of natural circulation. Therefore, the heat transfer through SG is reduced
drastically (Fig. 3-274) to the level of core decay heat. Consequently, the primary pressure
remains roughly constant during this period.

The SGs mass inventories and therefore the water level in the steam generators continuously
decrease as a result of boil-off (Figs 3-275 and 3-276). At t=7,488 s the SG secondary sides
are dry. When the SGs secondary side inventories are depleted, the SGs are no longer a heat
sink to remove heat from PHTS and the natural circulation in PHTS is ceased. Following this
moment, the pressure in the PHTS increases until it reaches the PHTS liquid relief valve set
point and then it oscillates at the relief valve set point. LRVs open for the first time at
t=8,700 s. At this moment, the liquid relief valve water (LRV) flow is about 83 kg/s (Fig. 3-
277).

Although the amount of heat transferred to the moderator from the fuel channels increases
after SG dry-out (Fig. 3-278), the loss of SGs as heat sink together with the continuous loss of
inventory through the LRVs result in a rapid increase of average PHTS void fraction (Fig. 3-
279) and decrease of loops inventory (Fig. 3-280). The decay heat from the core boils off the
coolant, eventually leading to fuel channels dry-out at about 11,600 s in Loop 2 and at about
11,900 s in Loop 1.

The boil-off of the coolant inside the fuel channel gives rapid rise to the fuel channel
temperatures. When pressure tube wall reaches 1,000°K, the fuel channel ruptures. This
happens at 13,068 s for both loops.

The rupture of the pressure tube and calandria tube of fuel channels in each loop generates a
rapid blow-down from the PHTS into the CV. When PHTS inventory is discharged into CV,
the pressure inside the calandria vessel increases rapidly (Fig. 3-281) and reaches the set point
of the rupture disk. The CV rupture disks open at 13,068 s.

During this phase, generally the fuel is well cooled; the temperature of sheath begins to rise at
the end of the phase. As the sheath temperature increases and the fuel channel is filled with
steam, the Zircaloy oxidation starts at about 12,700 s. However, at the end of the phase only a
small amount of Zircaloy is oxidized, which generates about 1.4 kg of hydrogen.
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FIG. 3.272. PHTS pressure (outlet header).

FIG. 3.273. Steam generator pressure.
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FIG. 3.274. Heat transfer through SG.

FIG. 3.275. Steam generator level.

222



FIG. 3.276. Steam generator mass inventories.

FIG. 3.277. Liquid relief valve total flow rate.
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FIG. 3.278. The amount of heat transferred to the moderator from the fuel channels.

FIG. 3.279. The PHTS Loop 1 void fraction.
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FIG. 3.280. Mass inventories in the primary HTS Loop 1 (including all pressurizer
inventories).

FIG. 3.281. Average calandria vessel pressure.
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3.6.3.2. Phase 2

The Phase 2 starts when the rupture disk blows i.e. at t=13,068 s and ends with the core
collapse that occurs at t=28,249 s.

When the rupture disks open, a rapid decrease in the CV water level occurs (Fig. 3-282). After
the initial rapid moderator expulsion, the moderator continues to discharge gradually into the
containment as a result of continued moderator boil-off due to the heat transfer from the core
(Fig. 3-289).

Following initial rapid moderator expulsion, about half of the fuel channels located on the
upper side of CV becomes uncovered. Consequently, fuel, sheath, PT and CT temperatures
increase rapidly (Fig. 3-283). First sheath failure is predicted to occur at t=19,367 s from the
beginning of the accident. The sheath failure is predicted to occur at bundle 8, channel 3 of
pass 4 (see Fig. 3-268). The sheath failure is due to high temperature under compression
loading. Sheath temperature is predicted to be 1,900°K at this point. As a result, the fission
products from gap inventory start to be released in PHTS (Fig. 3-284).

The temperature of the calandria tube in the uncovered fuel channels increase rapidly as those
channels had lost the moderator as heat sink. First time the disassembly criteria is met at
bundle 6, channel 4 of pass 3 at t=18,067s. Since the present version of the
SCDAPSIM/RELAPS code has no specific CANDU model for core disassembly, in our
analysis the suspended debris remains in its initial location until either the axial disassembled
segment of the fuel channel relocates on the bottom of the calandria vessel or the core
collapse criteria is met. A temperature of 2,500°K was considered for debris relocation from
suspended debris to the bottom of the calandria vessel.

Once the core disassembly starts, the mass of suspended debris increases rapidly to about
20,000 kg per loop. This is the result of uncover of the fuel channels located in the upper half
of the caldaria vessel after CV rupture disks opens. Following this increase, for the next
approximately 9,000 s the mass of the suspended debris remains roughly constant as the mass
added to it from the new disassembled fuel channel segment is compensated by the mass lost
due to relocation of debris parts on the bottom of the calandria vessel (Fig. 3-285). When
decreased moderator level uncovers the fuel channels located in the lower half of the CV
(channels 2 on Fig. 3-268), the rate of added mass becomes higher than the rate of mass
removed by relocation. Then again the mass of suspended debris increase rapidly and when
the mass of suspended debris bed exceeds 25,000 kg per loop, the core material in the
suspended bed and the intact channels relocate to the bottom of the calandria vessel at
28,249 s. The mass of UO, in the undeformed intact channels in core and the mass of terminal
debris are shown in Figures 3-286 and 3-287 respectively.

During this phase, almost all Zircaloy oxidation is calculated to occur and thus almost all “in-
vessel” hydrogen is generated, i.e. 285 kg (Fig. 3-288).

At the end of this phase, about 30% of the initial fuel inventory fission products are released
into PHTS. Only Xe, Kr, I, and Cs were considered in the analysis (Fig. 3-284).

The containment pressure starts to increase by LRV opening at 8,676 s (Fig. 3-290). Steam
condensation on containment wall and steel wall initially decreases the pressure; then the
pressure increases again at a slower rate as the moderator boils.

A small amount of fission products is released into the environment through containment
leakage, Figures 3-293 and 3-294. By the end of phase 2, 0.005 kg of Kr, 0.114 kg of Xe,
0.0055 kg of I, and 0.054 kg of Cs are released into the environment.
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FIG. 3.282. Collapsed water level in the calandria vessel.
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FIG. 3.283. Fuel channel temperatures (axial segment 8, channel 3, core pass 4).

227



FIG. 3.284. Amount of fission product (Xe, Kr, Cs, 1) in PHTS (% of initial fuel inventory).

FIG. 3.285. Mass of corium in the suspended debris per loop.
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FIG. 3.286. Mass of UO; in the undeformed intact channels in core.

FIG. 3.287. Mass of terminal debris.
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FIG. 3.288. Accumulated hydrogen generation from “In-Calandria Vessel”.

FIG. 3.289. Steam flow rate from the calandria vessel to the containment.

230



400

—CATHARED =———RELAPS

350 4

300 +

250 +

200 4

Containment Pressure (kPala))

o 20 a0 &0 a0 100 120 140 1a0 180 200 220 240
ﬂm{ﬂ Thinesands

FIG. 3.290. Containment pressure.

FIG. 3.291. The containment gas temperature (CATHARE? calculation).
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FIG. 3.292. The percent volume of steam in the containment atmosphere (CATHARE?2
calculation).

FIG. 3.293. The amount of noble gas released at the containment boundary (CATHARE?
calculation).
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FIG. 3.294. The calculated amount of Cs and I released at the containment boundary
(CATHARE? calculation).

3.6.3.3. Phase 3

The Phase 3 starts with core collapse at t=28,249 s and ends with the calandria vessel failure
which occurs at t=181,987 s.

At the moment of core collapse the moderator level is 1.72 m (Fig. 3-282). As a result, the
debris relocated on the CV bottom is quenched by the water remaining in the CV at this time.
Continuously heat transfer from the relocated debris to the remaining water in calandria vessel

eventually leads to boiling of remaining water. The calandria vessel water is depleted at about
41,717 s.

Consequently, the debris relocated into the CV bottom heats up rapidly (Fig. 3-295). The
debris starts to melt at about 50,700 s and begins to form a molten pool surrounded by a crust.
The molten fraction of the debris increases rapidly to about 46%, and then it remains almost
constant until depletion of RV water occurs (Fig. 3-296). Then the fraction suddenly increases
to 75%. However, the non-melt corium temperature is close to the melting temperature, as it
can be seen from the values for maximum and average debris temperature shown in Figure 3-
295.

The water in the reactor vault acts as a heat sink and cools the CV wall, maintaining the
calandria vessel integrity. After the initiating event the RV pressure increase gradually due to
the loss of shield and moderator cooling. At 27,648 s the RV rupture disks burst due to
pressure build up resulting from water thermal expansion. The reactor vault inventory reaches
the saturation temperature and starts to boil at about 56,700 s. Consequently, the reactor vault
water level begins to decrease (Fig. 3-297). Eventually, the water level in the RV falls below
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the CV bottom level at about 179,500 s. Subsequent to this moment, the CV bottom heats up
rapidly and fails due to creep, at about 181,987 s (Fig. 3-298).

During this phase an amount of about 19.6 kg of hydrogen is generated. After the calandria
vessel water depletes, generation of “in-vessel” hydrogen is not considered, as steam is not
available.

During phase 3 about 46% of the initial fuel inventory fission products are released into
PHTS, thus at the end of this phase about 76% of the initial fuel inventory fission products are
released (Fig. 3-284).

At the beginning of the phase, the containment pressure continues to increase as the
moderator boils (Fig. 3-290). Then the containment pressure decreases during the period
between the moment when the calandria vessel water depletes and the moment when the
reactor vault water starts to boil. When RV water starts to boil, the containment pressure
gradually increases and at 72,504 s reaches the failure set point of air lock seal (Fig. 3-290).
RELAPS calculation shows a similar trend for the containment pressure. However, the
condensation rate calculated by RELAS is lower than those calculated by CATHARE?2 code,
so the containment failure occur at 63,000 s. Also the pressure in the lower SG room
calculated by RELAPS is constantly higher than the pressure calculated by CATHARE2
during the transient by about 30 to 50 kPa.

The containment gas temperature in the lower steam generator room is shown in Figure 3-291
and the volume fraction of steam in the lower steam generator room are shown in Figure 3-
292. Soon after the containment failure, almost all amount of noble gas, I and Cs existing in
lower SG room are released in the environment, Figures 3-293 and 3-294. By the end of the
phase 3, 0.032 kg of Kr, 35.34 kg of Xe, 1.734 kg of I, and 17.73 kg of Cs are released into
the environment through containment leakage, Figures 3-293 and 3-294.
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FIG. 3.295. Temperature of the debris bed.
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FIG. 3.296. Molten fraction of the debris.

FIG. 3.297. Reactor vault water level.
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FIG. 3.298. Calandria vessel wall temperature at the bottom.

3.6.3.4. Phase 4

The Phase 4 starts with the calandria vessel failure at t=181,987 s. Subsequent to the CV
bottom failure, the corium in the CV relocates onto the reactor vault floor. Rapid steam
generation is predicted by the code as a result of debris quenching (Fig. 3-299). Eventually,

all the water in the reactor vault dries out at about 185,387 s (Fig. 3-297).

During the quenching of corium, a large quantity of steam is produced causing a rapid

increase of containment pressure (Fig. 3-290).

The total amount of fission products released to environment is presented in Table 3-18.

No other parameters were calculated for this phase.

TABLE 3.18. TOTAL AMOUNT OF FISSION PRODUCTS RELEASED TO

ENVIRONMENT
Fission product Amount released (kg) % of initial core inventory
Xe 36.2 67.3
Kr 0.032 0.8
Cs 18.24 71.9
I 1.78 68.4
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FIG. 3.299. Amount of heat transferred to the reactor vault water.

3.7. SJTU

3.7.1. Computer codes
The SCDAP/RELAPS Mode 3.4 has been used in the CANDU severe accident analysis.

The SCDAP code could be used to model the core behaviors during the severe accidents and
includes detailed core components. The core treatment includes the fuel rode heat up,
ballooning and rupture, rapid oxidation, Zircaloy melting, UO, dissolution, freezing of molten
fuel and cladding, debris formation. The control rods and flow shroud could be also modeled
with the code. The COUPLE model in the code could simulate the lower plenum debris and
vessel structures.

As the best-estimate transient analysis code used in light water reactor postulated accidents,
the RELAP5/MOD3 series codes are based on a non-homogeneous and non-equilibrium
model for the two-phase system [14]. The code includes component models that could be
used to simulate reactor systems. The component models include pumps, valves, pipes,
reactor kinetics, heaters, turbines, separators, accumulators, and control systems. Additionally,
special models are also included, such as choked flow, counter-current flow limitation, flow at
the abrupt area change, and non-condensable gas transport.

Comparing with the previous versions of the code, the MOD 3.4, which has most advanced
models for severe accidents analysis, could runs more reliability than the previous versions of
SCDAP/RELAPS code. The code improves numeric and minimizes “water property” failures.
The improved code allow the user to run new classes of thermo-hydraulics problems, such as
spent fuel storage and research or pool type reactor transients, and the detailed SCDAP fuel
behavior.

3.7.2. Phenomena and system idealization
3.7.2.1.  Debris thermal hydraulics [37]
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Once the fuel channels collapse to the bottom of the calandria vessel, the debris and the
calandria wall were modeled with the COUPLE module. A model based upon the COUPLE
code is used to calculate the heat-up of reactor core material that slumps to the lower head of
the calandria vessel and is subsequently represented as debris. The debris thermal hydraulics
correlations include the heat conduction model, thermal conductivity model and gap
conductance model, which have been validated with some specific tests.

3.7.2.2.  Material oxidation model [37]

The material oxidation model calculates the generation of heat, production of hydrogen, and
reduction of steam. This model uses oxidation rate equations with material temperatures
defined by the component heat conduction model.

3.7.2.3.  Thermal mechanical deformation model [38]

The models used in the CANDU 6 severe accident simulation include the fuel rod cladding
deformation model and the vessel creep failure model. The former is to calculate the elastic-
plastic deformation that can occur in fuel rods, and the latter is to calculate creep damage and
rupture time of the vessel material.

3.7.2.4.  Fission product release model [37]

The models described calculate the rate of fission product release from intact fuel rods and
rods that have experienced fuel liquefaction or fragmentation, including the release model for
intact fuel and the release during UO, Liquefaction and Fragmentation.

The theoretical model is used for predicting the behavior of fission gas in UO,-based fuels
during steady-state and transient conditions. Fission products released from the fuel are
assumed to reach the fuel surface by successively migrating from the grains to grain faces and
then to the grain edges, where the fission products are released through a network of
interconnected tunnels of fission gas induced and fabricated porosity.

3.7.2.5. PHTS Model

The heat transport system model mainly insists of the core, pressurizer, heat transport pumps,
steam generators (SGs) and the corresponding pipes (Fig. 3-300).

The CANDUG6 core consists of 380 fuel channels arranged in 22 rows and 22 columns. A
simplified nodalization represented the numbers of fuel channels and there are four channels
considered. Each fuel channel correspond a reactor inlet header (RIH), heat transport pump
and a reactor outlet header (ROH), and two channels flow in inverse direction makeup one
loop respectively. The shield plug was modeled as pipe component and the end-fitting as
annulus component.

The fuel bundles in the CANDU fuel channel were modeled as 12 axial nodes and the 37 fuel
elements of the each fuel bundle, the Pressure Tube (PT), the Calandria Tube (CT) and the
gas-filled annulus were modeled with the SCDAP core components. The pressure tube,
calandria tube and the CO, between the PT and the CT were modeled with the shroud
component (as shown in Fig. 3-301).

The heat transport pump was modeled with the pump component. The one phase and two
phases curves of heat transport pump are generated according to the pump characteristic
curves.

The primary section of the SG model consists of inlet plenum, U-tube and outlet plenum, as
shown in Figure 3-302. The U-tube is modeled as one U-tube according to the total flow area
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and volume. The secondary section of the SG model consists of feeder water inlet, down
comer, separator, dryer, and drum.

For pipes of the core cooling system, inlet and outlet feeders, inlet and outlet headers, and
other corresponding pipes, were modeled as pipe components.

Preasurizer

Ty

pressure tube

calandria tube

FIG. 3.301. SCDAP model of the fuel channel
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FIG. 3.302 Steam generator model.

3.7.2.6.  Secondary system model

The secondary system includes the main feed water system and the main steam system. The
model of the main feeder water system consists of volume control components and flow rate
control valves. The model of the main steam system consists of main steam pipe, main steam
insulate valves and safety valves, and the turbine. The feeder water system was modeled as
the time-dependent volume and time-dependent junction components. The steam lines and
turbine were represented by the time-dependent volumes and the main steam isolation valves
and safety valves were modeled with the valve components, as shown in Figure 3-303.

FIG. 3.303 Main steam lines and turbine model.

3.7.2.7.  Moderator system model

The moderator system mainly consists of the caldaria vessel and cover gas. The calandria
vessel was modeled with the pipe component and the calandria over pressure rupture disk was
modeled with a trip valve connecting the calandria vessel with containment, as shown in
Figure 3-304.

Once the fuel channels collapse to the bottom of the calandria vessel, the debris and the
calandria wall were modeled with the COUPLE module. A two-dimensional finite element
mesh is generated by COUPLE based on the coordinates input of a selected number of nodes,
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20 in horizontal directions and 16 in vertical directions. The COUPLE model for the bottom
of the calandria vessel is shown in Figure 3-305.

The calandria vault model consists of the body and the corresponding pipes, which were
modeled with the pipe component.

To
Containment

Fuel Channels

FIG. 3.304. Calandria vessel model. FIG. 3.305. COUPLE meshes (the numbers
refer to the CV outside wall nodes).

3.7.2.8. Containment model

The containment is modeled as a single volume component. The coolant in the heat transport
system, the moderator in the calandria vessel and the water in the calandria vault, are vented
into the containment, which is modeled with junctions.

3.7.3.  Analysis results
3.7.3.1.  Phasel (0—11,750s)

This phase simulation is about the thermal hydraulics behaviors from the accident initiation to
the first channel uncovery. The Class III and Class IV Power loses at 0 s. The reactor shuts
down and the main feeder water turns off at the same time. Turbine main stop valves are
closed after accident initiation. The valve closure time is assumed to be 20 s.

The calculated results are shown in Figures 3-306 to 3-324. Initially, the channel flow rate
reduces (Fig. 3-306) after the reactor scram and the SG water inventory decreases (Fig. 3-307)
due to feed water close and steam discharge. When steam generator secondary pressure
reaches the set point for opening the MSSVs at 5.11 MPa(a) and 25 s after the accident
initiation, the steam is discharged from the secondary side of the SGs through the valves, and
the steam generators secondary side pressure oscillates at the MSSV set point with the
MSSVs opening and closing (Fig. 3-308). The water inventory in the steam generator
secondary side decreases as a result of steam discharging from MSSVs (Fig. 3-307) and the
steam generator secondary side depletes at about 6,380 s (Loop 1) and 6,400 s (Loop 2).

Before the steam generators lose inventory thoroughly, the maximum fuel sheath keeps in a
low level (Fig. 3-309). After the steam generators dry out, the pressure in the HTS increases
gradually until it reaches the set point for opening the liquid relief valves (LRVs) in the HTS
loop, 10.34 MPa(a) discharging the liquid coolant (Fig. 3-310) and then oscillates at this
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opening pressure as shown in Figure 3-311. The coolant in the ROH gets saturated and vapor
generated, as shown in Figure 3-312.

The water level decreases (Fig. 3-313) and HTS inventory loses due to discharge of coolant
through LRVs (Fig. 3-307). The void fraction in one channel of Loop 2 reaches 0.9 for the
entire channel at about 8,700 s (Fig. 3-314). The fuel sheath and the pressure tube is heated up
and the fuel channel ruptures when the pressure tube inner surface temperature reaches
1,000°K, and the moderator is heated-up and the pressure of calandria vessel increases
causing the rupture disk ruptures (Fig. 3-315), resulting in the moderator gets saturated (Fig.
3-316), the moderator level decreases (Fig. 3-317) and the HTS depressurization (Fig. 3-311).
Due to the pressure tube rupture, the fuel sheath temperature decrease, and then the loss of
moderator inventory leads to the fuel channel uncovered, therefore the temperature of fuel
clad increases (Fig. 3-309).

The hydrogen generates due to the fuel material oxidation, and the mass is about 4.5 kg as
shown in Figure 3-318. The containment pressure transient and the heat transfer through the
SG are shown in Figures 3-319 and 3-320, respectively. Fuel sheath oxide thicknesses for the
four channels are shown from Figures 3-321 to 3-324. The key events time is shown in Table
3-19.

TABLE 3.19. KEY PARAMETERS FOR PHASE 1

Parameters Unit Value
Time for first opening of MSSV S 25
Time for SG secondary side is dry s 6380, 6400
Time for LRV first opening s 6420
Time for pressurizer empty s 7670
Time for at least one channel is dry Loop 1 s 9060
Time for at least one channel is dry Loop 2 s 8700
Time for fuel sheath failed (fuel channel 3, bundle 7) s 9490
Time for pressure and calandria tubes are ruptured Loop 1 s 9850
Time for pressure and calandria tubes are ruptured Loop 2 s 9850
Time for Calandria vessel rupture disks #1-4 open s 9850
Time for moderator in calandria vessel reaches saturation temperature S 10 280
Time when first channel uncovery occurs (Channel 1) s 11750
Hydrogen generation mass kg 4.5
Moderator level remains m 6.07
Moderator mass remains kg 175 717
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3.7.3.2.  Analysis and results-phase 2 (11,750 — 23,850 s)

This phase simulation is about the behaviors of the accident process from the fuel channel
uncovery to the core collapse.

The moderator evaporates due to heat up by the fuel channel, and the mass and the level of the
moderator decreases gradually, shown in Figures 3-325 and 3-317. Sheath temperature
transient of the uncovered fuel channel is shown in Figure 3-309, and it shows that the sheath
gets to a high level. The molten pool forms with the core temperature increases as shown in
Figure 3-326. The core collapse into the calandria vessel bottom at about 23,850 s including
about 98,810.0 kg UO, (Fig. 3-327) and 38,645.0 kg Zircaloy (Fig. 3-328), the material down
to the vessel causes the rapid moderator evaporation. After the core collapse, the moderator
level is about 0.06 m. The hydrogen mass generation in this phase is about 69.6 kg, as shown
in Figure 3-318, and the fission products mass released is shown in Figure 3-329. For the non-
condensable fission product, about 565.8 kg mass is released and for the soluble fission
product, the mass is about 315.6 kg. During the phase process, the calandria vessel wall
temperature keeps at 69°C before the core collapse, and after the collapse, the temperature is
about 266.6°C, as shown in Figure 3-330. The Figure 3-331 shows the steam flow rate from
the calandria vessel, and it shows that the flow rate is low due to the slow moderator
evaporation rate until the core collapse which causes a peak flow rate. The moderator
evaporation into the containment, increasing the containment pressure, and after the core
collapse, the pressure gets to about 275.4 kPa(a), as shown in Figure 3-319.

The key parameters at the end of this phase are in Table 3-20.
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TABLE 3.20. KEY PARAMETERS FOR PHASE 2

Parameters Unit Value
Time for core collapse s 23 850
Hydrogen generation mass kg 69.6
Non-condensable fission product released kg 565.8
Soluble fission product released kg 315.6
Maximum sheath temperature °C 2579.8
Total mass of UO, in calandria vessel bottom kg 98 810.0
Total mass of Zircaloy in calandria vessel bottom kg 38 645.0
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FIG. 3.325. Moderator mass inventory.
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3.7.3.3.  Analysis and results-phase 3 (23,850 — 161,960 s)

This phase simulation is about the behaviors from the core collapse to the calandria vessel
failure.

During this phase, the relocated core material in the calandria vessel bottom is about
137,455.0 kg from the core collapse, including UO, and Zircaloy, as shown in Figures 3-332
and 3-333. The moderator depletes at 30,900 s due to the heat up by the slumping core
material in the calandria vessel bottom. After this, water in calandria vault is heated up and
the vault RD opens at about 40,280 s. The evaporation in the calandria vault decreases the
water level (Fig. 3-334), causing the wall of the calandria vessel heat up gradually (Fig. 3-
335). The steam discharge from the calandria vault leads the containment heat up and
increases the containment pressure as shown in Figure 3-336. At about 76,310 s, the pressure
in containment reaches to the failure set point of the equipment air lock seal and the broke
depressurizes the containment gradually, as shown in Figure 3-336. At about 161,960 s, the
calandria vessel failed when the wall temperature reaches to 1600°C, as shown in Figure 3-
335. During this phase, there is about 5.0 kg hydrogen generated, the released fission products
mass of the non-condensable and the soluble are 612.5 kg and 341.7 kg, respectively. The
total heat load to the calandria vessel is about 15,734.0 kW. Parameters summary about this
phase is shown in Table 3-21.

TABLE 3.21. KEY PARAMETERS FOR PHASE 3

Parameters Unit Value
Time for moderator depletion S 30900
Time for calandria vault RD opens s 40280
Time for containment equipment airlock seal failure s 76310
Time for calandria vessel failure s 161960
Non-condensable fission product released kg 612.5
Soluble fission product released kg 341.7
Hydrogen generated kg 5.0
Total heat load to calandria vessel kW 15734.0
Total mass of UO; in calandria vessel bottom kg 98810.0
Total mass of Zircaloy in calandria vessel bottom kg 38645.0
Total mass of relocated core material kg 137455.0
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4. COMPARISON OF KEY RESULTS

In this section the key results from the CANDU 6 station blackout analysis, performed by the
participating organizations, are compared. The comparison of key results is a form of
benchmarking and identifying "best practices", mainly the code capabilities and the user
effects. The search for "best practices" is to understand and evaluate the current state-of-the-
art within the user community and identify areas for improvement.

The following seven organizations took part in the benchmarking study:

- Atomic Energy of Canada Limited (AECL);

- Bhabha Atomic Research Center, Reactor Engineering Division (BARC — RED);

- Bhabha Atomic Research Center, Reactor Safety Division (BARC — RSD);

- Korea Atomic Energy Research Institute (KAERI);

— Nuclear Power Corporation of India Limited (NPCIL);

- Politechnical University of Bucharest (PUB);

- Shanghai Jiao Tong University (SJTU).

A variety of severe accident analysis codes or code combinations were used by the

organisations to simulate the station blackout scenario. The codes used by the participating
organizations are:

- AECL — MAAP4-CANDU v4.0.6A;

- BARC-RED — RELAP5 Mod 3.2, ANSWER, CAST3M, MELCOOL,;

- BARC-RSD - SCADAP/RELAP5 Mod 3.2/, PHTACT, ASTEC;

- KAERI-ISAAC 4.02;

—  NPCIL - ATMIKA.T, CONTACT, SEVAX, PACSR/STAR, ACTREL;

- PUB - SCDAPSIM/RELAPS Mod 3.4;

- SJTU - SCDAP/ RELAPS Mod 3.4.

The goal of the severe accident analysis benchmarking, through the Coordinated Research
Project, is to increase confidence and assess the validity of consequence analysis tools in
member states with HWR nuclear installations. The capabilities of the consequence analysis
tools vary significantly because of the complexity of the phenomena, behaviour of the
materials at extreme temperatures, and the numerical methods used for the solution of
conservation and constitutive equations. The benchmarking of severe accident analysis codes
was considered an effective way to get a common understanding and judgment about the
codes and user capabilities on an international basis. Comparing computer code calculations
of a given severe accident scenario is a convenient way to improve the understanding of code
capabilities, user effects and to some degree, the various physical phenomena applicable to
the physical problem the code is attempting to solve.

The objectives of the benchmarking exercise are to:

- contribute to a better understanding of the postulated severe accident sequence;

- compare and evaluate the code capabilities;

- suggest improvements to the code developers, and,

- improve the abilities of code users.

In the following sections the consequence analyses completed by the participating
organizations is compared to draw insights into the phenomena and code capabilities.
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4.1. PRIMARY HEAT TRANSPORT SYSTEM BEHAVIOUR

The station blackout accident cases were simulated with the reactor at full power at time =0 s,
when Class III and IV power was lost. The reactor trips immediately, because the shutdown
rods are held out of the core by electromagnetic clutches that de-energize upon loss of Class
IV power. The four heat transport system pumps, served by the Class IV buses, also begin to
run down. The Primary Heat Transport System (PHTS) is the first available heat sink, not
only because it contains a large volume of coolant, but also because it has large mass of pipes
that is able to conduct heat from the fuel to the steam generators (SG). After the heat transport
system pumps run down, it is assumed that natural circulation of water in the heat transport
system transports decay power from the core to the steam generators. In the steam generators
the secondary side water boils off the steam, and therefore, heat is discharged to atmosphere
via spring-loaded main steam safety valves (MSSVs).

The PHTS pressure transient calculated by all of the analysis codes following reactor trip
appears to be consistent, as shown in Figure 4-1, even though the magnitude of the pressure
drop varies by as much as 2 MPa within the first 5,000 s. The termination of the fission heat
input and the continued heat removal by the secondary side in the steam generators causes the
initial pressure drop in the PHTS. The PHTS pressure drop, during the initial period of the
transient, demonstrates that the codes have the appropriate models to simulate heat transport
phenomena from the fuel to the secondary side. The majority of the codes calculate the PHTS
repressurizing to approximately 10 MPa after the initial drop in pressure. The PHTS pressure
increases as the steam generator secondary side becomes dry around 2 h after reactor trip
(simulated between 1.69 and 2.65h by all codes). The mean time predicted for steam
generator becoming dry is 2.08+0.44 h for all codes and that the calculations are within half
an hour of the mean is encouraging.

The primary coolant remained at ~300°C (i.e., saturation) until about 7,500 s in all of the
seven analysis results (Fig. 4-2). In the simulation completed by BARC-RSD, the primary
coolant temperature after 7,500 s shown in Figure4-2 is steam temperature, with
thermodynamic quality greater than one, which increases to a maximum of about 830°C.
Figure 4-3 shows that the pressurizer water level either decreases (Figure 4-3) from ~15 m
(AECL, BARC-RSD, NPCIL, and KAERI) or ~10 m (BARC-RED, SJTU, and PUB) as water
flowed into the PHTS, while the PHTS inventory cooled and shrank. Although all seven
codes calculated the initial rapid drop in pressurizer water level, their quasi steady state after
the initial level drop was not consistent. As Figure 4-3 indicates, essentially two different
steady-state pressurizer water levels are predicted by the participating organizations. The code
calculations from BARC-RSD, AECL, KAERI, and NPCIL indicate the level to drop to
approximately 10 m whereas in SJTU, BARC-RED, and PUB calculated the level to drop to
approximately 4 m. In both cases the drop in the water level of the pressurizer is
approximately 6 m (i.e., from 16 to 10 m or 10 to 4 m); therefore it appears that inconsistent
initial conditions may have caused this difference in pressurizer levels. Also, all participating
organizations (except NPCIL) predicted pressurizer draining after the pressure-tube calandria-
tube rupture. In the NPCIL simulation, the pressure-tube/calandria-tube rupture did not occur
until much later in the sequence during fuel channel disassembly. After a pseudo-steady-state
period, the sharp drop in pressurizer level (except for NPCIL) indicates water inventory being
transferred in to the PHTS. This drop in the water level shown in Figure 4-3 for BARC-RED
and SJTU coincides with the time LRVs opened (i.e., when the primary coolant discharged
into the degasser condenser or containment). For KAERI, PUB, and BARC-RSD, the drop in
pressurizer inventory coincides with the pressure-tube calandria-tube rupture (i.e., when the
coolant discharges into the calandria vessel) and the PHTS pressure drops. In the AECL
analysis, the inventory transfer from the pressurizer coincides with the phase change in the
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PHTS as shown by the rapid increase in void fraction (Figure 4-4). At that time the
pressurizer water flowed into the PHTS, to be replaced by steam from the PHTS loop.

At 6,000 s (1.7 h) to ~11,000 s (3.1 h) the PHTS liquid relief valves open for the first time as
shown in Figure 4-5. After the steam generators dryout, the PHTS pressure increases, until the
LRVs open. The difference in the timing of the LRV opening for the first time among the
code calculations is small (i.e., ~1.4 h) and it is indicative of a reasonably comparable heat
input/output between the PHTS and the steam generator secondary side for all codes. The
pressurizer water level increased along with the LRVs opening (Figs 4-3 and 4-5), to
accommodate the primary coolant expansion. The continued rise in the pressurizer water level
was due to liquid thermal expansion as the sub-cooled primary coolant inventory heated to the
saturation temperature. The rise in PHTS pressure prior to LRV opening for the first time is
captured by most of the code calculations as shown in Figure 4-1. Subsequently, the channel
inventory is lost and a sudden drop in PHTS pressure occurs due to pressure-tube calandria-
tube rupture. This behaviour is generally seen in the results of most participating organizations,
as shown in Figure 4-1.

Some salient observations include:

- The timing of the PHTS pressure increase is different in each simulation, which can be
attributed to the differences in SG dryout time given in Section 4.2.

- In the KAERI study, a sharp drop in the PHTS pressure occurs at around 6,000 s, which is
coincident with the LRVs opening.

- The AECL and KAERI results indicate that the LRVs open before the SGs dryout. In the
BARC-RED, BARC-RSD or SJTU results, the difference in timing between LRVs
opening and SG dryout events is minimal whereas in the NPCIL and PUB studies the
LRVs opens after the SGs dryout. These differences could be explained by the differences
in the models used in calculating the heat transfer from PHTS to SGs.

- The sudden fall in PHTS pressure to ~0.1 MPa coincides with the fuel channel failure.
The PHTS pressure drop occurs first in KAERI and SJITU simulations and followed by
BARC-RSD, PUB, BARC-RED, AECL, and NPCIL. These differences in the timing of
fuel channel rupture can be attributed to the differences in the PHTS coolant inventory
histories, and the fuel channel failure criteria used. In the NPCIL and BARC-RED
calculations no pressure-tube calandria-tube rupture is predicted, despite the continuing
high pressure and loss of all primary coolant. The pressure falls when channel
disassembly occurs. In the AECL results, the coolant loss and channel voiding are much
slower and therefore the pressure-tube calandria-tube rupture occurs later than most of the
other codes.

The opening of the LRVs causes PHTS inventory to escape from the PHTS and in turn
increases the void fraction of PHTS loop 1 as shown in Figure 4-4. Loop 2 void fraction
histories should be almost identical, given the symmetric nature of the two loops and the lack
of loop isolation. The rapid rate of increase in void fraction is calculated in the analyses. The
AECL simulation shows the void fraction of about 0.5 quite similar to the rates calculated by
the other six participating organizations, and a second stage increase slower than the first
stage. The 0.5 void fraction is a user-input value at which the PHTS fluid was assumed to
change from a homogeneous two-phase fluid to separate liquid and gas phases, in AECL
analysis. The channel dryout timings as indicated by the transient void fraction in Figure 4-4
of SJTU, BARC-RED, and BARC-RSD are similar. The oscillations indicate partial void
collapse due to water transferring from the pressurizer. The trends of PHTS void fractions are
fairly consistent with each other among these three analysis simulations.

Figure 4-5 shows the LRV opening timings and Section 4.2 provides the SG dryout timings
(Fig. 4-11). A comparison of the two figures shows that AECL and KAERI predicted the
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LRV opening much earlier than the SG dryout. This may be due to heat transfer models from
PHTS to SG and the thermal expansion of the liquid, which is dictated by the SG level.

As the PHTS loop void fractions increased, due to boiling and the loss of coolant through the
LRVs, the loop water masses decreased rapidly as shown in Figure 4-6. The total mass in the
PHTS and pressurizer remained constant until the LRVs first opened (Fig. 4-5). Once the
pressurizer was empty, the PHTS void fraction increased because there was no more
pressurizer water to take the place of the expelled coolant.

Examining Figure 4-6 reveals the initial PHTS mass inventory used in the analyses by some
participating organizations was inconsistent. The PHTS mass inventory used by AECL, SJTU,
NPCIL, BARC-RED and BARC-RSD was close to 120,000 kg; whereas the initial inventory
used by KAERI and PUB were about 110,000 kg and 105,000 kg, respectively. The
difference between the lowest and the highest PHTS mass was ~15,000 kg which is 12.5% of
the nominal inventory. This level of variation is likely to have an impact on the timing of the
sequence progression.

Figure 4-7 shows the calculated mass flow rates from the liquid relief valves. The liquid relief
valves discharge from about 6,000 s to 16,000 s for all simulations. The discharges from
AECL, KAERI, BARC-RSD, SJTU and PUB show that the valves remain open for some time
before closing whereas in the calculated discharges of BARC-RED and NPCIL show the
relief valves opening and closing rapidly. Despite these differences, reasonable agreement is
shown, within about 6,000 s, in the first opening of the liquid relief valves.
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FIG. 4.1. A comparison of calculated PHTS pressure at ROH.
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4.2. STEAM GENERATOR SECONDARY SIDE BEHAVIOUR

The steam generator secondary side water was not replenished due to the loss of feedwater
when the power failed at 0 s. The SGs boiled dry from approximately 7,000 s to 9,000 s
(Fig. 4-8) in most of the analyses. The rate of boiloff (i.e., the slope of the curves) is
approximately in agreement with each other. The SG pressure (Fig. 4-9) stays approximately
constant as the MSSV open and close. After the PHTS emptied (by liquid and vapour
discharge through the LRVs, and then through the fuel channel failure), the secondary side of
the SGs depressurized slowly because the heat transfer from the PHTS decreased and was
insufficient to keep the secondary side (now steam) sufficiently hot. The steam generator
dryout ends the heat sink for the PHTS and therefore the PHTS pressure and temperature
begin to increase as shown in Figures 4-1 and 4-2, respectively. The agreement between
steam generator dryout and the PHTS temperature escalation is reasonably good among all
participating organizations. In case of BARC-RED and BARC-RSD, the steam generator
secondary side pressure in Figure 4-9 was terminated after approximately 15,000 s because of
fuel channel disassembly and therefore the calculation became redundant.

The SG water level histories are shown in Figure 4-10, the trends of SG level and SG mass
agree with each other as expected. The rate of SG water level decrease is similar among all
participating organizations except the NPCIL simulation. The level variation is a function of
the SG cross sectional geometry and therefore it appears the geometrical data used are
different amongst the simulations. The time of SG dryout was reasonably close among the
participating organizations as shown in Figure 4-11, with NPCIL and AECL lagging. The
maximum difference in the dryout timing is about 1 h. This difference can be attributed to the
differences in the assumed heat loss from piping which was not an input parameter supplied
to the participating organizations. Some differences in the assumed initial conditions and in
the models could also influence these results.

The SG level and mass histories dictate the timing of LRV opening because the SG heat sink
decreases the pressure in the PHTS. The SG dryout timing (Fig. 4-11) and the LRVs first
open time (Fig.4-5) show reasonable agreement among most of the participating
organizations however, in the case of KAERI and AECL the LRVs open before the SGs
dryout, whereas the simulations by others show the SGs dryout prior to the LRVs first
opening. The differences in the timing between these two events are about half an hour for all
participating organizations. Given the complexity of the heat transfer phenomena and the
complexity of the system geometry, the agreement within 0.5 h is reasonably good.

An examination of the SG mass inventory in Figure 4-8 shows that the liquid inventory does
not completely boiloff in NPCIL, BARC-RSD and PUB analyses. A residual mass of
approximately 2,000 kg to 5,000 kg remained in the SG. This residual mass in NPCIL is an
artefact of sectors such as down comer and riser in the boiler retaining trapped mass without
boiling off. The other contributor is (for PUB, NPCIL, BARC-RSD) steam mass within the
steam generator which is added to the mass inventory. The steam generator water level shown
in Figure 4-10, however, indicates complete dryout for BARC-RSD and PUB. The NPCIL
analysis shows approximately 0.5 m of water remaining in the SG at 15,000 s.

In the steam generators, the secondary side water boils off and the steam is discharged to
atmosphere via spring-loaded main steam safety valves (MSSVs). The timings of the MSSV
openings are shown in Figure 4-12. The secondary side of the SGs was saturated, at a pressure
below the opening set point pressure of the MSSVs. When the power was lost at 0's, the
feedwater flow stopped and the turbine stop valve closed. Thus the SG secondary side
pressure increased rapidly so the MSSV begins to open and release the steam. The differences
in this timing among most participating organizations were small, in the order of about 100 s.
The differences were very small between KAERI, BARC-RED, SJTU, NPCIL, and AECL.
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The timing was somewhat late for PUB and BARC-RSD compared to the other five
participating organizations. These differences may be due to the heat transfer modelled in the
SG and the length of time the secondary side pressure was maintained by the SG inventory,
which was slightly different among the participating organizations, as shown in Figure 4-8.

A comparison of heat transferred through the steam generator is shown in Figure 4-13, which
is a good indicator of the heat balance within the computer codes; however, the interpretation
of the term “heat transfer” may have different definitions in different codes. The heat transfer
rate through the steam generator is in reasonable agreement among all participating
organizations, however, a much more closer agreement is shown among AECL, BARC-RSD,
SJTU, BARC-RED, and KAERI. All codes show a rapid drop in heat transfer within a few
seconds of reactor trip and then reach a quasi-steady condition until the steam generator
inventory is boiled off.

The initial core heat to the SGs from both loops is expected to be ~2060 MW, which drops to
~1% (i.e., 20 MW) by 5,000s. The analyses of all participating organizations are in
reasonable agreement with this expectation. The agreement is indicative of reasonable heat
balance within the codes used in the benchmarking exercise.
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FIG. 4.8. A comparison of mass inventory in the steam generator.
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4.3. MODERATOR SYSTEM BEHAVIOUR

During the early stages of the accident progression, the moderator slowly heats up because of
the loss of the moderator cooling system and the addition of decay heat from the fuel. Heat is
transferred from the PHTS across the fuel channel annuli to the moderator, and is also directly
deposited in the moderator by absorbing gamma radiation from the fuel. Figure 4-14 shows
the amount of heat transferred from the fuel channels. The calculated heat transfer varies
significantly among the simulations until ~23,000 s, however, they converge to 10,000 kW
briefly until 29,000 s. The trends predicted by AECL, PUB, NPCIL, and KAERI are in
agreement; for example, the heat transfer decreases sharply as soon as the reactor is tripped
and then reaches a quasi-steady state from about 10,000 s to about 20,000 s. The heat transfer
increases to ~10,000 kW at the end of the quasi-steady-state period. In the NPCIL simulated
heat transfer from the fuel channel to the moderator after ~20,000 s shows spiked heat
releases. In this simulation, no pressure-tube/calandria-tube rupture was predicted and
therefore pressure tubes in various rows ballooned into contact with the calandria tube
sequentially, releasing stored heat in the pressure tube. The sudden heat spikes due to pressure
tube ballooning contact is reflected as spiked heat release to the moderator.

The time when moderator reaches saturation temperature is shown in Figure 4-15. In the
AECL and NPCIL simulations, the moderator reaches saturation temperature at 5 and 5.6 h,
respectively, while for the other participating organizations the moderator reaches the
saturation temperature an hour earlier between 3 and 4 h. It appears that the heat load from the
fuel channels is lower in case of NPCIL and AECL compared with the other participating
organizations. The comparison shown in Figure 4-15 also shows that the time moderator
reaches its saturation temperature calculated by BARC-RSD, AECL and PUB agree with
pressure-tube and calandria-tube rupture. In case of BARC-RED and NPCIL simulations, the
moderator reached its saturation temperature when the calandria vessel pressure reached the
saturation pressure due to heat flow from pressure-tube to calandria-tube contact. In KAERI
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and BARC-RED calculations the moderator reached the saturation temperature with a delay
following calandria rupture disks opening.

Figure 4-16 shows the calandria vessel pressure calculated by the severe accident analysis
codes. Except for PUB, the calculated pressure transients were consistent until about 10,000 s.
In case of PUB, a sudden pressure spike reaching approximately 1100 kPa was calculated at
~13,100 s which is coincident with the rupture of pressure-tube/calandria-tube and the
opening of the calandria vessel rupture disk. A similar pressure spike of 360 kPa was
calculated by AECL at approximately 17,900s, which is coincident with pressure-
tube/calandria-tube rupture. Similar pressure spikes, but with a lower peak pressures, were
also calculated by SJTU, BARC-RED, and BARC-RSD. A pressure spike was not calculated
by NPCIL because no pressure-tube/calandria-tube rupture was predicted, however, the
calandria vessel pressure decreased to ambient pressure at 20,000 s due to the rupture of Over
Pressure Rupture Disc (OPRD). The gradual increase of calandria vessel pressure was
calculated by AECL, KAERI and PUB from about 12,000 s. The NPCIL and BARC-RED
calculations predicted the rupture disk to open due to thermal expansion of moderator liquid,
whereas the others predicted the rupture disk to open when pressure-tube/calandria-tube
ruptured.

The level and the inventory of the moderator are compared in Figures 4-17 and 4-18. In
AECL’s simulation, the moderator bleed valves opened and closed initially to maintain the
pressure as the moderator heated and the level swelled due to thermal expansion. In the
simulations completed by other participating organizations, as shown in Figure 4-17, the
moderator level remained quasi-steady during the initial 10,000 s. Opening of the bleed valves
slowed the calandria vessel pressurization and contributed to the rate of pressure increase in
the containment; it also released some moderator to the containment, which resulted in a small
decrease in the moderator mass (Fig. 4-18). When the pressure inside the calandria vessel
reached the set point pressure of the rupture disk, i.e., 238 kPa (a), the calandria vessel rupture
disk failed and a rapid decrease in the calandria vessel water level was observed in most
calculations. After the initial rapid moderator expulsion, the moderator continued to boiloff
gradually into the containment due to the heat transferred from the core. In the boiloff phase
of the transient, the moderator level and the moderator mass show somewhat similar rate of
depletion in most of the calculations shown in Figures 4-17 and 4-18. In the case of KAERI
and NPCIL simulation, the water level in the calandria vessel (Fig. 4-17) does not dryout
because the level calculated includes the corium mass at the bottom of the calandria vessel.

As shown in Figure 4-18, the calculations by PUB and AECL estimate an expulsion of
approximately 80,000 kg of moderator inventory during the pressure-tube and calandria-tube
rupture. SJTU and KAERI estimated relatively small amounts of moderator loss during
pressure-tube calandria-tube rupture. The loss of moderator estimated by NPCIL due to
swelling and bursting of rupture disk was very small compared with the moderator expulsion
estimated by AECL and PUB. The loss of moderator mass calculated by BARC-RSD up to
the failure of the calandria vessel was about 60,000 kg.

There are two key opportunities in this benchmarking study to assess the robustness of energy
balances among the analyses. The first opportunity for an energy balance was provided in the
steam generator secondary side boiloff. The slopes of the curves in Figure 4-8 are directly
related to the decay power transferred to the steam generator secondary side water. The rate of
boiloff not only captures the decay power but also a large number of associated phenomena
involved in transferring the nuclear heat from the fuel to the steam generator secondary side
water through a convoluted path involving heat and mass transfer. If the boiloff curves have
approximately similar slopes, it would be indicative of a normalised similarity in the energy
transfer process from the fuel to SG secondary side steam. In a complex simulation like the
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station blackout analyses, expecting perfect agreement in the boiloff rates (i.e., slopes) of
Figure 4-8 would be very optimistic, however, the degree of agreement among the seven
simulations, shown in the figure, leads to cautious optimism in the benchmarked code
capabilities of primary heat transport system and the steam generator secondary side models.

The second opportunity for the energy balance is provided by the rate of moderator boil off.
The slope of the curve in Figure 4-18 is also related to the energy transfer from the fuel to the
moderator back up heat sink. Although not perfect, the slopes of the seven analyses provide
another cautious conclusion on the agreement in the benchmarking of all processes from the
fuel to the moderator within the analyses codes.

Figure 4-19 shows a comparison of time taken to boiloff the moderator in the analyses
completed by participating organizations. The AECL and NPCIL calculations indicate about
14.5 h to boiloff the moderator whereas KAERI, BARC-RED, BARC-RSD, and PUB show
approximately 10 to 12h to boiloff the moderator. The SJTU calculations show
approximately 8 h to boiloff the moderator. Although AECL expelled significant amount of
moderator inventory when the rupture disk failed, moderator takes longer to boiloff because
of the gradual disassembly of the core. Given the complexity of the channel disassembly and
core collapse phenomena, the differences in the moderator boiloff times appear to be
reasonable.

The hydrogen generated in-vessel includes the hydrogen produced in the fuel channels and in
the suspended debris bed. Major contribution to hydrogen production occurs after the
pressure tubes and calandria tubes fail due to excessive heating of the fuel and the channel
without cooling. Figure 4-20 shows the variation of in-vessel hydrogen generation during
accident progression. In case of PUB and BARC-RED, the curves end at 42,000 s and
50,000 s, respectively, because in-vessel hydrogen generations ended at these times and ex-
vessel calculations began for BARC-RED while PUB did not have the models to calculate ex-
vessel hydrogen. The maximum in-vessel hydrogen generation calculated by KAERI, BARC-
RED and NPCIL, as shown in Figure 4-21, is reasonably close, given the nature of the
complexity associated with steam availability for zirconium oxidation. Although the ex-
vessel hydrogen generation (to be discussed in Section 4.5) is comparable among the
participating organizations, the “in-calandria vessel” hydrogen generation calculated by
KAERI, BARC-RSD, and NPCIL is about twice than the amount calculated by AECL and
PUB. The BARC-RSD calculated hydrogen generation is the highest among all participating
organizations. In the simulation completed by NPCIL, the oxidation of the debris is calculated
during channel slumping and in the terminal debris which is one of the reason for the high
generation of hydrogen shown in Figure 4-20.

The calculations completed by BARC-RSD indicated that a significant amount of hydrogen
generation occurred inside the terminal debris bed (870 kg) within the calandria vessel from
the 35 tons of available Zr mass (un-oxidised clad, pressure tube and calandria tube). At this
time BARC-RSD estimated 88% of the 40 tons of Zr inventory is un-oxidised. The hydrogen
generation capacity for the 35 tons of Zr was estimated to be ~1.5 tons of hydrogen and the
steam required was ~15 tons based on stoichiometry. About 108 tons of moderator was
available for oxidation. According to BARC-RSD the generation of 870 kg hydrogen in their
analysis is well within the available moderator inventory that boils-off in this phase.

The availability of steam does not necessarily ensure accessibility of steam to unoxidized Zr
mass. For example, submerged channels cannot oxidize although steam is available above
these channels. Major constraints to hydrogen generation occur due to poor accessibility of
steam. The accessibility is also poor within the steam exposed channels. For steam to have
sufficient accessibility to the Zr mass contained within the intact channels, channel
perforation must occur at the inter-bundle junctions as channels sag and form the suspended
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debris. The amount of hydrogen generation calculated by BARC-RSD up to the core collapse
is about 200 kg. This is generated from the suspended debris and the amount is comparable to
the amount of hydrogen generated from the suspended debris by AECL and PUB and
(Figure 4-21). Large amount of hydrogen generation predicted by BARC-RSD is attributed to
the assumption of full accessibility of steam to Zirconium after core collapse.

The moderator temperatures predicted by the severe accident computer codes are shown in
Figure 4-22. The predicted trends are quite similar but the variation from the highest to the
lowest prediction is about 40°C. Except for the NPCIL prediction, all other simulations show
a sharp rise in the temperature following pressure-tube/calandria-tube rupture. These sharp
rises represent the increase in moderator temperature due to primary coolant mixing with the
moderator following pressure-tube/calandria-tube rupture.

100,000 -

1
10,000 -

2=
]
s 2
T 4
£
‘G ®
2 £ 1,000
m Y
-9 |
P | | ¥
™ i .
1] | b
Tz E 1
S 100

5 & ——AECL
€5 <+ses» BARC-RED
2 ® - -~ BARC-RSD
- ﬁ 10 | — —SJTU
E s - + -KAERI

— NPCIL

— .PUB \

1 - ' :_._.._I.. 1 1 141 1 T N AR RU U TN W U Y S A U - N N S -
0 10,000 20,000 30,000 40,000 50,000 60,000

Time (s)

FIG. 4.14. The calculated amount of heat transferred to the moderator from the fuel channels,
by conduction across the fuel channel annuli and by gamma heating.

275



-1
4
£
ua‘
E
=
2 +
1
Q..

q‘b 9

& & bg%f ¢9 =$‘° q° &
?_1-
b} ﬁ
Participating Organisation

FIG. 4.15. A comparison of the time when the moderator reaches saturation temperature.

1,100 -

- I ——AECL
1,000 - ! BARC-RED
5 i - == BARC-RSD
E 900 -_ 1 = =<0
= 800 - | — . -KAERI
@ ; ! — NPCIL
é 700 | - PUB
L% L
& 600 - i
2 s00 :
£ :
S 400 -
= i
=] ]
5 300 -
S 200 -
100
n : i i i i i : i & i i i i i i i i i i i i i i i i i i i &
0 10,000 20,000 30,000 40,000 50,000
Time (s)

FIG. 4.16. The transient calandria vessel pressure simulated by participating organizations.

276



Water Level in the Calandria Vessel (m)

Mass of Water in the Calandria Vessel (kg)

15

— AECL

v BARC-RED
=== BARC-RSD
SITU

=
%]

- + -KAERI
= NPCIL
— -PUB

L Y ey | . i
:_ ..... “ h- lg \
6 - ",'i.'.,‘ .
?b-,}
| NN
3 - i
: —" ;-
D Ll il i : |||||||||||||||||||||||||
0 10,000 20,000 30,000 40,000 50,000
Time (s)

60,000

FIG. 4.17. The moderator level predicted by severe accident codes.

300,000

250,000
200,000
150,000

100,000 -

— AECL
------ BARC-RED
=== BARC-RSD

- = SITU
- - KAERI
= NPCIL

K27
_
/J'
x>
7 [ |
'jr-
7
"

50,000 - TN
1 5 \}?._‘n‘\
4 LY L
] LN
u --.J-l-.d--d-u--l.nl--l..t-e.-.l-.nl----l--I.-d--i-l-.l—+----l-nl--|--ht-lJ’}-W.i-&rﬂll"% - - - - &
0 10,000 20,000 30,000 40,000 50,000
Time (s)

60,000

FIG. 4-18. The calculated variation of moderator inventory.

277



16

14

12

10 -
g -
6 -
4 +—
2 4
0 -

Q o
q,v?

Time (h)

%
@
ﬁ‘i"

Participating Organisation

FIG .4-19. Comparison of time taken to boiloff the moderator inventory completely.

900 -

800 - ¥

700 -

600 -

500 -

-
5 wm w ==

400 -

300 -

200 -
3 ——AECL -« BARC-RED

=== BARC-RSD = = SJTU
-+ KAERI = NPCIL
| — puB

100 -

Total Accumulated Hydrogen Generation From
“In-Calandria Vessel" (kg)

T

0 20,000 40,000 60,000 80,000 100,000 120,000
Time (s)

FIG. 4.20. A comparison of hydrogen generated inside the calandria vessel.

278



>

B

g

fE g8 s

Hydrogen Generated in Calandria Vessel (kg)

=]

Participating Organisation

FIG. 4.21. The mass of in-calandria vessel hydrogen calculated by severe accident codes.

160 -
U -
o ]
= 140 -
g 107
g .
@ 120 -
e
-]
= 4
= 100 -
3 ]
£
w 80 -
=
5 {
S o]
e ]
E 1 +ssss BARC-RED
% 40 4 —m== BARC-RSD -
% ] - =SJTU
o 20 = - *KAERI
) 1 — NPCIL
= 01 PTOTTTE Mo, l. L
0 10,000 20,000 30,000 40,000 50,000

Time (s)

FIG. 4.22. The moderator temperature calculated by the severe accident codes.

279



4.4. CORE MELT RELOCATION BEHAVIOUR

The mass of UO, retained in the intact fuel channels during fuel channel disassembly and the
formation of the suspended debris bed is shown in Figure 4-23. As can be seen in the figure,
the disassembly begins between 14,000 s and 22,000 s in most of the simulations, except in
case of SJTU (not shown in the figure) and NPCIL calculations which indicated a delayed
fuel channel disassembly at 33,000 s. The differences in the initiation of core disassembly are
due to the fuel channel disassembly and slumping models used in the analyses. The UO, mass
tended to decrease in steps for AECL and KAERI, small steps representing a few channels
and larger steps representing several channels. The simulations completed by other
organisations show one, two or three step core disassembly. In KAERI simulation, the mass
of UO; includes the mass of Zircaloy in the fuel channels and therefore it is 40,000 kg higher
than the mass given by the other code users.

The total mass of suspended debris is shown in Figure 4-24. The mass increased as channels
disassembled, but some suspended material melted and moved to the terminal debris bed and
this relocation is represented by the undulations in the suspended debris bed mass. AECL,
BARC-RSD, and PUB calculated the suspended debris bed with a “core collapse”, occurring
upon reaching the core collapse criteria, representing a large scale relocation of debris and the
underlying channels to the terminal debris bed. This core collapse phenomena is represented
by the vertical line showing the disappearance of the mass from the suspended debris. The
time core collapse is predicted to occur in PUB and BARC-RSD simulation is about 25,000 s
and 40,000 s earlier, respectively, than the core collapse time calculated by AECL simulation.
The reason why such a large time difference occurs in the core collapse time requires further
investigation. In KAERI calculation, the suspended debris mass changed with time and
therefore no core collapse occurred because the accumulated debris mass in each loop was
less than the global core collapse criteria. BARC-RED, NPCIL, and SJTU did not provide the
suspended debris mass data.

Figure 4-25 compares the temperature of the suspended debris calculated by AECL, BARC-
RSD, and KAERI. Although timing of the debris bed appearance was inconsistent among the
calculations the peak temperatures between AECL and KAERI are in good agreement.
BARC-RED, NPCIL, PUB, and SJTU did not provide suspended debris bed temperature
calculations. The core material in the suspended debris bed is expected to heat up due to
decay heat and the exothermic Zircaloy/steam reaction until the debris remains suspended.
When the suspended debris relocates, the temperature in the suspended debris is expected to
decrease to the gas temperature. This behaviour is predicted somewhat by AECL, BARC-
RSD, and KAERI calculations. Eventually the molten material relocates from the suspended
debris bed to the bottom of the calandria vessel and is quenched in water. A comparison of the
time total mass of corium appears in the suspended debris bed as shown in Figure 4-24 for
AECL appears to have a mismatch with the time the temperature of the suspended debris bed
shown in Figure 4-25. The mass is calculated to be in the suspended debris bed between
~20,000 s and 53,000 s, whereas the suspended debris bed temperature is shown to exist
between ~50,000 s and 53,000 s. The mass in the suspended debris bed is calculated for all
nodes forming the debris bed, whereas the temperature information was plotted only for the
bottom most nodes where the debris appears only at the end of the debris relocation process
and therefore appears as a sudden spike lasting only for ~3,000 s between 50,000 s and
53,000 s.

As stated earlier, the mass in the suspended debris bed relocated to the bottom of the calandria
vessel when the debris bed mass exceeded a user- specified value. This relocation is captured
in Figure 4-26. The material transfer from the suspended bed to the calandria vessel bottom
can be verified by comparing Figures 4-24 and 4-26. The terminal debris accumulation starts
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at approximately at 20,000 s for AECL, PUB, BARC-RSD, BARC-RED, NPCIL and KAERI.
The maximum terminal debris mass is approximately equal (~140,000 kg) for PUB, NPCIL,
BARC-RED, BARC-RSD, and KAERI whereas for AECL, the maximum mass in the
terminal debris was approximately 5,000 kg higher than the others.

The amount of heat transferred to the calandria vault water was calculated by PUB, BARC-
RED, NPCIL, and AECL (Fig. 4-27). Until about 70,000 s, the amount of heat transferred is
approximately equal in all calculations, however, the AECL and BARC-RED calculated
amounts of heat transfer doubled compared to the amount calculated by PUB after 70,000 s.
At approximately 182,000 s, the amount of heat transferred to the calandria vault water
increased by about eight times in PUB calculation. Similar increases were also observed with
NPCIL and BARC-RSD simulations approximately at 55,000 and 40,000 s. The timing of
these increases, coincide with the time calandria vessel failure and debris quenching.

The predicted core collapse in the analyses ranged between 4.98 h (BARC-RSD) and 42 h
(KAERI results show that all corium is delivered into the calandria vessel through the normal
relocation process. No core collapse occurs). The fuel channel slumping models, oxidation
models and other assumed failure criteria dictate the timing of complete core collapse. The
range of predicted core collapse time is almost an order of magnitude wide.

The calandria vessel wall temperatures simulated by the participating organizations, excluding
SJTU, are compared in Figure 4-28 and the agreement among the calculated wall
temperatures is poor. Because of the large variation in the calculated calandria vessel wall
temperatures, the simulated calandria vessel failure times ranged between 26.58 h (BARC-
RSD) and 55.06 h (AECL). This range of variation is approximately 100,000 s (or ~28 h) and
this level of uncertainty in the code predictions requires further investigation to reduce the
uncertainty.

Figure 4-29 compares the timings of calandria vault water reaching saturation temperature.
The time calculated by BARC-RSD and SJTU is almost 8 h lower than the time calculated by
other participating organizations. The time taken for calandria vault water to reach saturation
is directly related to the amount of heat transferred to the calandria vault water shown in
Figure 4-27. The calandria vault water reaching saturation faster in BARC-RSD and SJTU is
indicative of relatively high heat transfer from calandria vessel walls earlier on in the
sequence in comparison to other simulations. The high heat transfer from the calandria vessel
to the calandria vault water is expected to be accompanied by an early moderator boiloff and
core collapse. An examination of Figure 4-15 reveals that BARC-RSD and SJTU predicted
the moderator to reach saturation approximately 0.5 to 2.5 h earlier than the time calculated
by the other participating organizations. In case of BARC-RSD, the upper region of the
moderator reaches saturation from the primary heat transport fluid coming out of channel
break. The moderator regions below attain saturation temperature with decay heat from the
channels and thermal mixing with upper regions of the moderator. The bottom most regions
of the moderator attain saturation about 0.3 h later, which is comparable with the timings of
KAERI and PUB. The time taken to boiloff the moderator, shown in Figure 4-19, is
approximately 2 to 6 h earlier in SJITU simulation compared with the other simulations.

Figure 4-30 shows the calculated molten fraction of the debris. The time of debris melting, as
calculated by NPCIL, KAERI, PUB, and AECL, appears to be consistent. The calculation by
BARC-RED shows slightly delayed melting of the debris. After a sharp increase (except
BARC-RED), the molten fraction reaches a plateau until it is expelled from the calandria
vessel. The calculated peak molten fraction ranged between 0.45 and 0.8.
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Debris Mass in Terminal Debris Bed in Calandria
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4.5. CONTAINMENT SYSTEM BEHAVIOUR

The containment pressure is expected to increase gradually as the water is discharged into the
containment through the PHTS liquid relief valves. A rapid increase to containment pressure
occurs when pressure tubes and calandria tubes rupture; and the PHTS coolant is released,
first to the calandria vessel and then to the containment through the calandria-vessel-rupture
disks. The containment pressure decreases following pressurization due to steam condensation
on the containment walls and structures such as steel beams, columns, stairs, etc. which are
relatively cold during the initial period of the accident. A rapid increase of containment
pressure can be expected if corium relocates to the basement after the reactor vault failure.

A comparison of the containment pressure calculated by the participating organizations is
shown in Figure 4-31. The variation in the predicted containment response is large. This can
be attributed to the variation in the rate of steam discharge into the containment during
accident progression. AECL, KAERI and PUB predicted sudden containment pressure
increase after the failure of pressure tube and calandria tube. The pressure subsequently
decreases due to wall condensation in AECL, BARC-RSD, KAERI, and SJTU calculations.
The containment pressure increases to 328 kPa at ~100,000 s in SJTU, NPCIL, KAERI and
BARC-RED calculations. The calculation by BARC-RED shows a sharp containment
pressure drop to about 180 kPa at approximately 114,000 s. The calculation by PUB, KAERI,
and AECL show a secondary pressure increase around 200,000 s due to corium relocation to
the reactor vault after calandria vessel failure. The corium relocation time is related to the
calandria vault water level shown by Figure 4-32. The rate of water depletion in the calandria
vault is consistent among AECL, BARC-RSD, BARC-RED, SJTU, PUB, NPCIL, and
KAERI, whereas only the initial depletion rate up to 51,000 s, calculated by BARC-RSD, was
in agreement with the other calculations. In KAERI’s simulation another pressure spike
occurs at ~380,000 s (Fig. 4-31). This spike is due to calandria vault failure which creates a
rapid pressure increase.

Figure 4-33 compares the failure times of containment equipment airlock seal among
participating organizations. The variation in the predicted failure time is approximately five
times among the participating organizations. The containment equipment airlock seal failure
predicted by AECL is the lowest among all participating organizations. In NPCIL and PUB
simulations, the estimated containment equipment airlock seal failure time coincides with the
calandria vessel failure time, whereas in all of the other simulations the containment
equipment airlock seal failures were related to steam generation from the reactor vault water.

The concrete ablation during molten core concrete interaction is shown in Figure 4-34. SITU
and PUB did not estimate concrete ablation in their analyses. The slope of the curves
representing the ablation rate is approximately equal for BARC-RSD, BARC-RED, KAERI
and AECL, although starting times are significantly different. The ablation rate of NPCIL is
significantly different from others. The differences are perhaps due to the methods used in
defining concrete ablation. For example, AECL and KAERI used the melting temperature of
concrete as ablation criteria, whereas BARC-RSD used ASTEC code estimate of concrete
ablation. NPCIL used dehydration phenomena as ablation criteria.

The total amount of hydrogen accumulation during in-vessel and ex-calandria vessel is shown
in Figure 4-35. The amount of hydrogen generated varied by a significant amount between
79 kg (SJTU) and 2400 kg (KAERI). The total amount of hydrogen differs mainly due to
oxidation models used in the fuel channels, core disassembly, slumping, debris cooling and
core-concrete interaction stages. The total amount of hydrogen generated is compared in
Figure 4-36. The SJTU and PUB did not calculate ex-vessel hydrogen generation as this
feature is not available in their codes. The total hydrogen calculated by KAERI, BARC-RSD
and AECL are consistent. In NPCIL’s calculation, as seen in Figure 4-21, hydrogen
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generation is continued in core as well as when the debris are at the bottom of the calandria.
NPCIL has predicted calandria vault failure at 191,000 s (53 h) and after that no further
hydrogen generation is considered inside the calandria vessel. The amount of hydrogen
calculated by BARC-RED is somewhat in between the two extremes described above.

The volume concentration of hydrogen and steam in the containment atmosphere are shown in
Figs 4-37 and 4-38. Not all participating organizations provided the transient concentration of
hydrogen and steam in the containment for comparison. Among those participating
organizations who provided the calculated data, there were significant variation in time and
magnitude. Typically the hydrogen concentration remained below 23% for KAERI, BARC-
RSD, BARC-RED, NPCIL and AECL. The hydrogen concentration beyond approximately
230,000 s was not provided by NPCIL, BARC-RED and BARC-RSD. The high steam
concentration (around 100%) was not coincident with high hydrogen concentrations predicted
by AECL and KAERI, leading to the potential for hydrogen detonation. In case of BARC-
RSD simulations, the steam concentration decreased from about 90% as the hydrogen
concentration increased from approximately 4% to 23%.

The calculated containment gas temperature is shown in Figure 4-39. All of the calculations
show a gradual increase to the containment temperature as expected during a station blackout
sequence. Both AECL and KAERI predictions show similar trends. The calculations provided
by NPCIL, PUB, BARC-RED, and BARC-RSD do not extend to 500,000 s. The peak gas
temperature predicted by PUB occurs earlier than KAERI and AECL predictions by about
130,000 s and 170,000 s, respectively. BARC-RED calculations indicate a drop in
containment gas temperature at 200,000 s while AECL calculation shows an increase in gas
temperature at the same time. The importance of such small differences in timing and
magnitude is not understood, however, they can be attributed to the differences in the models
used in calculating phenomena that controls gas temperature in the containment.
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4.6. FISSION PRODUCTS BEHAVIOUR

The escalation of fuel element temperatures would eventually lead to fuel sheath failure and
fission product releases to the PHTS. Some of the fission products released would be
deposited in the PHTS, depending on a number of factors such as chemical species,
agglomeration, adsorption, and deposition, etc. Additional fission product releases occur
during core disassembly and heat up of suspended debris. During core collapse, the release of
fission products would stop temporarily when the debris is submerged in water. The steam
discharged from the calandria vessel usually carries fission products into the containment. The
amount of fission products in the primary heat transport system, as a percent of the total fuel
inventory, is shown in Figure 4-40. The calculations by AECL and PUB agree reasonably
well while the amount calculated by BARC-RSD is slightly lower.

The amount of Csl calculated at the containment boundary by participating organizations is
shown in Figure 4-41. The amounts calculated show quite significant variation. The total
amount of Cesium lodide (Csl) released to the environment during the accident is shown in
Figure 4-42. The releases to the environment calculated by PUB, BARC-RSD, NPCIL,
KAERI, and AECL varied by an order of magnitude. The lowest amount of release was
calculated by KAERI and the highest value was calculated by PUB. While KAERI expects
very small release of Csl to the environment, the amount calculated by PUB is the sum of Cs
and iodine hence it appears as significantly higher than others. The variation of Csl release
can be attributed to the use of different retention mechanisms. In this analysis, BARC-RED
and SJTU did not provide Csl estimates.

The amount of noble gas released inside the containment is shown in Figure 4-43. The
amounts predicted has significant variations, however, AECL, NPCIL, KAERI, and BARC-
RSD values are somewhat closer after 200,000 s. These final noble gas released to the
environment, calculated by KAERI, BARC-RSD, NPCIL, and AECL, are very close, as
shown in Figure 4-44. The amount calculated by PUB is somewhat lower than the others. The
low value of noble gas release may have been due to the delayed containment failure. The
codes used by PUB, BARC-RED, and SJTU did not calculate ex-vessel fission product
release and therefore they did not provide either because there was no noble gases or the
values were low, when calculations were performed.
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5. LESSONS LEARNED

In general the Coordinated Research Project on benchmarking severe accident computer
codes for pressurized heavy water reactor applications gave an extensive and valuable outlook
on status of code performance because:

- Several different codes were compared amongst each other, and;
- Different users using the same code provided a measure of user effects.

There were seven different participating organizations in the benchmarking study who used
four different sets of severe accident analysis codes. Three of the codes had single users and
one code had three users, which provided some information on user effects. The following
code suites were used to perform the consequence analysis of station blackout sequence in a
CANDU 6 nuclear power plant:

- AECL - MAAP4-CANDU v4.0.6A;

- BARC-RED — RELAP5 Mod 3.2, ANSWER, CAST3M, MELCOOL,;

- BARC-RSD - SCADAP/RELAPS5 Mod 3.2, PHTACT, ASTEC;

—  NPCIL - ATMIKA.T, CONTACT, SEVAX, PACSR/STAR, ACTREL;

- KAERI-ISAAC 4.02;

- PUB - SCDAPSIM/RELAPS Mod 3.4;

- SJTU - SCDAP/ RELAPS Mod 3.4.

Most of the participating organizations initialized their codes very well based on the CANDU 6
plant parameters and input data provided, however, there were some rare instances for which
not all input conditions were met in their entirety, perhaps due to code limitations that required
a work around. The code limitations and the work around used are known to the users alone
and therefore the comparisons and the observations provided in this document should be used
for self guidance, reflection, and improvement of the codes.

Except for a very limited number of codes (MAAP4-CANDU and ISSAC), the current status of
some severe accident analysis codes is far from being able to cover the entire spectrum of the
severe accident sequence required to predict the consequences of an accident. The
benchmarking exercise therefore focused on carefully selected items to identify gaps.

The role of nodalization remains a major area not covered in this benchmarking study, however,
the decisions to choose an appropriate nodalization scheme was left with the code users, to
ensure they are sufficiently tested for establishing grid independence with appropriate node
density required for the problem. Oscillations in some analyses cases likely points to
convergence issues.

The station blackout sequence proceeded thorough distinct stages involving increasingly more
complex phenomena and these stages were used for the assessment of the code capabilities.
Five distinct stages of the sequence were compared using the average of the timing of an event
reported by participating organizations and the standard deviation of the spread for that event.
The selected stages in ascending degree of complexity, the average timing of the event (n) and
the standard deviations (c) for the event are given below:

- Steam generator secondary side dryout; p =2.1 h, 6 =0.4 h;

- Moderator reaching saturation temperature; L =3.9 h, 6= 1.0 h;

- Moderator in the calandria vessel becoming dry; p=11.4 h, 6 =2.2 h;

- Calandria vault water reaches saturation temperature; p = 13.3 h, c =4.2 h;
- Containment failed p =26.9 h, c = 14.2 h, and;
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- Calandria vessel failure; p =45.7h, c=11.4 h.

A comparison of the five stages is shown in Figure 5-1 and it is apparent that the calculated
timing has less dispersion between participating organizations during the early stages of the
sequence when the severe accident phenomena are relatively less complex. The phenomena
and the processes related to Phase 1, i.e., accident initiation to start of fuel channel uncover -
the rupture disk failure, require no special severe accident models. When complexity
increases towards core disassembly and corium vessel interactions, the agreement among the
predicted results is poor and more divergent (i.e., increasing standard deviation). This
observation is indicative of the need to improve the models, additional experiments to
understand phenomena, and validation of the models with experiments.

100

—4=5G dry

~#—Mederater at
Tsaturation

—Moderator dry

=t=Calandria vault
water at Tsaturation

~i-Containment failed

—-CV failed

KAERI
FPUB
BARC-RED
BEARC-RSD
SJTU
NPCIL
AECL

FIG. 5.1. A comparison of different stages of the station blackout sequence with increasing
complexity.

The average and the standard deviations provided above is intended only to illustrate the point
that the agreement among the codes used in the benchmarking analysis was diverging during
the late stages of the sequence where the phenomena are more complex and the temperatures
are extreme. The context of the numbers used is to qualitatively illustrate that the divergence
of the results requires additional review. These numbers taken alone are misleading and
therefore the context of the numbers is important. Without the context the numbers are
meaningless.

The failure criteria can alter the predicted behaviour, and they require experimental validation
to improve confidence in the simulation. The failure criteria were not consistently used by all
participating organizations. In some codes, some of the failure criteria could not be used. The
influence of the failure criteria was not studied. An assessment of the failure criteria and their
justifications will benefit code users.

In some accident analysis codes not all of the capabilities required to perform an analysis
were present. In these cases, a set of multiple codes simulating several complex and dominant
phenomena was used in the simulation at various stages of the sequence. An output from one

298



code was used as input to another code, which is not very conducive to the robustness of the
analysis. In some cases, the representation of the average channel in the code was difficult and
core disassembly was found to be more difficult to predict with channel disassembly
occurring in stages rather than the total mass of the channel slumping in the calandria vessel.

The expulsion of moderator due to OPRD rupture is sensitive to the Cover Gas System
parameters. Hence it is preferable to have cover gas system details with connecting line
lengths so that an accurate prediction of loss of moderator during OPRD rupture can be made,
and subsequent boil-off times can be predicted with better accuracy.

In some codes, significant challenges were encountered in modelling core collapses inside the
calandria vessel bottom, terminal debris transformation to molten pool and containment
thermalhydraulics behaviour. The limitations handicapped these users and may have
contributed to the divergence of calculated event timings. Improved core disassembly, core
collapse, and containment behaviour models are required in these codes to improve the
confidence in the predictions.

The ultimate objective of severe accident consequence analysis is to predict the dose to public
from a postulated severe accident. To satisfy this requirement the severe accident codes
should have the capability to estimate the hydrogen produced, noble gas release and the
airborne Csl content within the containment boundary and the estimated release to the
environment, if containment integrity is compromised. As can be seen from Section 4.6 and
Figures 4-40 through 4-44 not all participating organizations were able to estimate the fission
product release and hydrogen generation in the analyses. From the few that produced the
estimates, the variations were quite large. The phenomena leading to fission products release
are quite complex, nevertheless a concerted effort is required to improve the understanding of
the behaviour and improve modelling capabilities.

During the initial stages of the accident the in-vessel hydrogen generation predicted by the
participating organizations ranged between 100 kg and 450 kg with the average being 250 kg,
whereas with ex-vessel hydrogen generation, the range was between 860 kg and 2,070 kg
with the average being 1,290 kg. The main reason for the variation in the predictions is
modelling assumptions such as the surface area exposed to steam in the PHTS, suspended
debris bed and terminal debris bed to calculate the exothermic Zircaloy steam reaction. An
enhancement of models and improved code capabilities to calculate hydrogen production
during severe accidents are required.
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6. CONCLUSIONS AND RECOMMENDATIONS

A Coordinated Research Project (CRP) was completed to benchmark computer codes used for
consequence analysis of severe accidents at HWRs. The purpose of the benchmark was to
compare the integrated effects of embedded models in the codes, gain an understanding of
their limitations, assess the level of uncertainties, and increase the confidence in severe
accident code predictions. The exercise promoted international collaboration among TAEA
Member States to improve the phenomenological understanding and analysis capability of
severe core damage accidents. The scope included the identification and selection of a severe
accident sequence, selection of appropriate geometrical and boundary conditions, and
conducting benchmark analyses, comparing the results of all code outputs, evaluating the
capabilities of existing computer codes to predict important severe accident phenomena, and
suggesting necessary code improvements and/or new experiments to reduce uncertainties.

The severe accident benchmarking provided an opportunity to test the accuracy of energy
balances among the analyses. A comparison of the rate of boiloff of steam generator
secondary side coolant among the seven simulations revealed consistent amount of heat
removal. The agreement in the rate of liquid boiloff captured the decay power generation and
a large number of associated phenomena involved in transferring the nuclear heat from the
fuel to the steam generator secondary side water through a convoluted path involving heat and
mass transfer.

The rate of moderator boil off was predicted by seven participating organizations; however,
the reasonable agreement of the slopes of the seven analyses provides another cautious
benchmarking of all processes from the decay heat generated by the fuel to moderator boiloff
within the analyses codes.

The calculated timing of events was more consistent among the seven analyses during the
early stages of the sequence when the severe accident phenomena are relatively less complex.
In this respect, the phenomena and the processes related to primary heat transport system and
steam generator response required no special severe accident models. When complexity of the
phenomena increased towards core disassembly and corium-vessel interactions, the agreement
among the predicted results was more divergent from the mean and the standard deviation
increased. This observation is indicative of the need to improve the models, to conduct
additional experiments to understand phenomena, and validation of the models in the core
disassembly phase of the severe accident to molten core concrete interaction leading to severe
challenge to containment integrity.

Recommendations for future activities

— The coordinated research project identified that there was good agreement on timing of
predicted events among participating organizations at the less complex, early stages of
the sequence, whereas the processes involving more complex latter stages of the sequence
had poor agreement. More complex phenomena like core disassembly, debris oxidation,
and corium-vessel interactions require further research to improve the understanding. As
a first step towards initiating such a research program a detailed investigation of why
severe accident codes differed in their timing of events is required. The reason why the
predicted timings were in poor agreement could be due to the use of inconsistent initial
and boundary conditions or internal bugs in the implementation of the models in the code,
Although the coordinated research project made every effort to eliminate input
differences, the details of how code inputs are handled within the code was not verified.
The verification that the variation of the event timings was not due to inconsistent input
conditions or bugs in the codes is required,
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Porosity and its distribution in the debris bed (suspended and terminal) were not
consistent among the various codes used in the CRP. A collection of the current values
used by CRP participating organizations and a survey of the modelling of this
phenomenon in LWR analyses is useful to further the understanding. In particular it can
affect the overall corium relocation behaviour as well as hydrogen generation rate from
the calandria vessel. Following a systematic study of the use and the physical analysis
basis of the porosity numbers used by the participating organizations, a sensitivity
analysis is required to determine the effect of porosity in the range of 0.2 to 0.5. A
rigorous definition of the porosity and why is it used in the analysis is required;

The mechanism of steam generation after calandria vessel failure requires an improved
understanding as this would have an effect on the predicted containment pressure at the
latter stages of the accident sequence;

The core collapse and disassembly modelling requires additional research and improved
understanding. The current approaches followed in the various severe accident codes
require documentation along with the rationale for the approaches. One of the
approaches involve column-wise failure based on the load from seven channels stacked
on top of a channel that results in the shearing of the supporting channel. Another
approach is using the ZrO, melting temperature;

The oxidation of debris under different configurations (suspended and terminal debris bed)
controls the amount of hydrogen generation. The installation of passive autocatalytic

recombiners and hydrogen burners are dependent on these assessments and therefore how

steam availability to a complex geometry like the suspended debris influences hydrogen

generation requires additional research and improved understanding;

The rupture area of the fuel channel that ruptures first by initial fuel heat-up requires
additional experimental verification and assessment. Various assumptions are
implemented in the severe accident codes and these assumptions require a systematic
sensitivity analysis to determine the implications. The sensitivity analysis may be
performed by changing the break area and calculating the dynamic pressure on the
calandria vessel wall, PHTS pressure, and inventories of PHTS and calandria vessel. The
sensitivity assessment may be completed with 1 to 20 channel ruptures with an increment
of 5 channels;

The behaviour of the calandria vessel while the molten pool is formed requires
understanding and experimental data;

The rate and species of fission product release from the terminal debris bed requires
additional understanding as this would have an effect on the decay heat generation in the
terminal debris bed;

The end shield behaviour requires further understanding and experimental investigation.

301






[1]

[2]

[3]
[4]
[3]
[6]
[7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

REFERENCES

MATHEW, P.M., NITHEANANDAN, T., and BUSHBY, S.J., Severe Core Damage
Accident Progression within a CANDU 6 Calandria Vessel, ERMSAR Seminar, 3rd
European Review Meeting on Severe Accident Research, Nesseber, Bulgaria (2008).
NITHEANANDAN, T., Severe Accident R&D for Enhanced CANDU 6 Reactors,
Paper No. FA0050, The 18th Pacific Basin Nuclear Conference (PBNC 2012),
BEXCO, Busan, South Korea (2012).

INTERNATIONAL ATOMIC ENERGY AGENCY, Analysis of Severe Accidents
in Pressurized Heavy Water Reactors, IAEA-TECDOC-1594, IAEA, Vienna (2008).
ATOMIC ENERGY OF CANADA LTD., CANDU 6 Technical Summary, Reactor
Development Business Unit, AECL (2005).

INTERNATIONAL ATOMIC ENERGY AGENCY, Heavy Water Reactors: Status
and Projected Development, Technical Reports Series No.407, IAEA, Vienna (2002).
HILL, R., The Mathematical Theory of Plasticity, Oxford: Clarendon Press 317-325
(1950).

MENDELSON, A., Plasticity: Theory and Application, New York: MacMillan

100- 104 (1968).

AWADH, B. and PETOUKHOV, S.M., CANDU 6 Plant Parameters for Severe
Accident Codes Comparative Analysis for the Coordinated Research Project (CRP
NO. 1451), AECL Report 153-115380-440-006 (2010).

FAUSKE AND ASSOCIATES INC. AND OPG INC., MAAP4-CANDU - Modular
Accident Analysis Program for CANDU Power Plant, Volumes 1-3 (1998).
ROGERS, J.T., MENELEY, D.A., BLAHNIK, C., SNELL, V.G., and NIJHAWAN,
S., Coolability of Severely Degraded CANDU Cores, Heat and Mass Transfer in
Severe Nuclear Reactors Accidents, Begell House Inc., New York, Wallingford, UK
317-334 (1996).

ROGERS, J.T. and LAMARI, M., Transient Melting and Re-Solidification of
CANDU Core Debris in Severe Accidents, Proc. Canadian Nuclear Society Nuclear
Simulation Symposium, Niagara-on-the-Lake (1997).

MENELEY, D.A., BLAHNIK, C., ROGERS, J.T, SNELL, V.G., and NIJHAWAN,
S., Coolability of Severely Degraded CANDU Cores, AECL Report AECL-11110
(1996).

AWADH, B. and PETOUKHOV, S.M., CANDU 6 Plant Parameters for Severe
Accident Codes Comparative Analysis for the Coordinated Research Project (CRP #
1451), AECL Report, 153-115380-440-006 (2010).

NUCLEAR REGULATORY COMMISSION, NUREG/CR-5535, INEL-95/0174,
RELAP5/Mod3.2 Code Manual, Washington DC (1995).

SINHA, R., NAYAK, A.K., and SEHGAL, B.R., Modeling the Natural Convection
Heat Transfer and Dryout Heat Flux in a Porous Debris Bed, Journal of Heat
Transfer 130 ,104503-1 to 104503-4 (2008)

DUREJA, AK., SINHA, S.XK., SRIVASTAVA, A. SINHA, RK,
CHAKRAVARTTY, J.K., SESHU, P., and PAWASKAR, D.N., Flow behaviour of
autoclaved, 20% cold worked, Zr-2.5Nb alloy pressure tube material in the
temperature range of room temperature to 800 °C, Journal of Nuclear Materials 412
22-29 (2011)

CHABOCHE, J.L., Anisotropic Creep Damage in the Framework of Continuum
Damage Mechanics, Nuclear Engineering and Design 79 309-319 (1984).

GERA, B., KUMAR, M., THANGAMANI, I., PRASAD, H., SRIVASTAVA, A.,
MAJUMDAR, P., ANUDUTTA, V., VERMA, S., GANJU, B., CHATTERIJEE,
H.G., LELE, V., RAO V.S.S., and GHOSH, A K., Estimation of source term and

303



[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

304

related consequences for some postulated severe accident scenarios of Indian PHWR,
Nuclear Engineering and Design, Volume 240, Issue 3529-3538 (2010)

NUCLEAR REGULATORY COMMISSION, NUREG/CR-6150, INEL-96/0422,
SCDAP/RELAP5/MOD3.2 Code Manual, Volume II: Damage Progression Model
Theory (1997).

INTERNATIONAL ATOMIC ENERGY AGENCY, Inter comparison and
validation of computer codes for thermal-hydraulic safety analysis of heavy water
reactors, JAEA TECDOC 1395, IAEA Vienna (2004).

VAN DORSSELAERE, J.P., S., PIGNET, C., SEROPIAN, T., MONTANELLI, P.,
Giordano, JACQ, F., and SCWHINGES, B., Development and assessment of
ASTEC code for severe accident simulation, NURETH-11, Avignon, France,
October 2-6 (2005).

MAJUMDAR, P., CHATTERIJEE, B., NANDAN, G., MUKHOPADHYAY D., and
LELE, H.G., Assessment of the code “PTCREEP” for IPHWR Pressure Tube
Ballooning Study, Journal of Pressure Vessel Technology, Vol.133, 014503-1 to
014503-4 (2011).

NANDAN, G., MAJUMDAR, P., SAHOO, P.K., KUMAR, R., CHATTERIJEE, B.,
MUKHOPADHYAY, D., and LELE, H.G., Study of Ballooning of a completely
voided Pressure Tube of Indian PHWR under heat up conditions, Nuclear
Engineering and Design, vol. 243 ,301-310 (2012).

LELE, H.G., MAJUMDAR, P., MUKHOPADHYAY, D., GUPTA, S.K., and
VENKATRAJ, V., A Methodology for Estimation of Release of Fission Products
during LOCA with Loss of ECCS, IAEA TCM on Fuel Behavior under Transient
and LOCA Conditions, Halden, Norway (2001).

NUCLEAR SAFETY CENTER, Solidus/Liquidus of UO,-ZrO, Concrete mixtures.
Version 0 for peer review. INSC Material Properties Database (1998).

KOREA ATOMIC ENERGY RESEARCH INSTITUTE, ISAAC Computer Code
User’s Manual, Rep. KAERI/TR-3645/2008, KAERI, Daejeon (2008).

ELECTRIC POWER RESEARCH INSTITUTE, MAAP4 Modular Accident
Analysis Program for LWR Power Plants User’s Manual, Rep. 1015309 and
1015310, EPRI, Palo Alto, CA (1994-2005).

THOMSON, P.D. and KOHN, E., Fuel and fuel channel behaviour in accident
without availability of ECC System, AECL (Special meeting on water reactor fuel
Safety in off-normal and accident condition (1983).

SHEWFELT, R. S. W., LYALL, L. W., and GODIN, D. P., A High- Temperature
Creep model for Zr-2.5 wt% Nb Pressure Tubes, Journal of Nuclear Materials 125
(1984).

SEVON, T. and CORE, M., Concrete Interactions in Nuclear Accidents: Theory and
Design of an Experimental Facility, Master's thesis, Department of Engineering
Physics and Mathematics, Helsinki University of Technology, Finland, October 6
(2005).

Proceedings of an International Symposium on Thermodynamics of Nuclear
Materials, IAEA, Jiilich, Germany (1979).

THOMSON, J.F, WARSI, Z.U.A., and MASTIN, C.W., Numerical Grid Generation,
Foundations and Applications, Elsevier Science Publishing Company, New York
(1985).

DUPLEAC, D., PRISECARU, I., MLADIN, M., and NEGUT, G., Investigation on
Coolability of Severely Degraded CANDU6 Core — Preliminary Results,
Proceedings of ICAPP 08, Anaheim, CA USA, 1095-1101 (2008).



[34]

[35]

[36]

[37]

[38]

MLADIN, M., DUPLEAC, D., PRISECARU, I., and MLADIN, D., Adapting and
applying SCDAP/RELAPS to CANDU in-vessel retention studies, Ann. Nucl.
Energy Volume 37, Issue 6 845-852 (2010).

FAVARQUE, M., User’s manual of Cathare 2 v1.3E, CEA-CENG,
STR/LML/EM/91-61 (1991).

DUPLEAC, D., MLADIN, M., and PRISECARU, I., Effect of CANDU Fuel Bundle
Modelling on Severe Accident Analysis, Proceedings of Top Fuel 2009, Paris,
France (2009).

NUCLEAR REGULATORY COMMISSION, SCDAP/RELAP5/MOD3.2 Code
Manual Assessment of Modeling of Reactor Core Behaviour During Severe
Accidents, Vol. 5, Rev. 2, Rep. NUREG/CR-6150, INEL-96/0422, Office of Nuclear
Regulatory Research, Washington DC (1997).

NUCLEAR REGULATORY COMMISSION, SCDAP/RELAP5/MOD3.2 CODE
Manual MATROP—A Library of Material Properties for Light-Water-Reactor
Accident Analysis, Vol. 4, Rev. 2, Rep. NUREG/CR-6150, INEL-96/0422, Office of
Nuclear Regulatory Research, Washington DC (1997).

305






GLOSSARY

Beyond design basis accident (BDBA): Accident conditions more severe than a design basis

Bundle slumping:

Calandria;

Calandria tube:

Channel sagging:

Class III power:

Class IV power:

Core collapse:

Core damage:

Core degradation:

Core disassembly:

Core pass:

Corium;

accident. It may or may not involve core degradation.

A phenomenon likely to appear in both ballooned and
sagged pressure tube state and is due to deteriorating end
support for the fuel. The elements can slip from their
central spacers sideways, allowing the bundle to assume
a settled geometry.

Low pressure vessel containing the heavy water
moderator, through which the fuel channels run.

Zircaloy tube surrounding the pressure tube for each
channel, separated by an insulating gas gap.

High temperature plastic deformation of the pressure
tube which may contact the calandria tube.

Diesel generated emergency electric power. There are
two independent and widely separated sets of Class III
diesels: Group 1 diesels and Group 2 diesels. The latter
are seismically qualified.

Normal AC electric power from the grid or from the
turbine generator via the unit service transformer.

The collapse of supporting channels when significant
amount of debris becomes lodged on top and exceeds
their load bearing capacity. Under these conditions the
supporting channels are expected to pull out from the
rolled joints.

The loss of core geometry with release of radioactive
material due to overheating. The core damage affecting
more than one channel is known as severe core damage
whereas conditions affecting a single channel is called
limited core damage.

A process that leads to core damage.

Process leading to core geometry degradation caused by
failure of the fuel channels.

Transit of fluid between the inlet and outlet headers. The
typical CANDU heat transport system consists of one or
more figure-of-eight loops, each of which has two core
passes (i.e. fluid goes through the core twice before
returning to its starting point). From LOCA point of view,
the loop in which a LOCA is assumed to have occurred
is called the broken loop; the other loop is called the
intact loop.

Complex mixtures originating from the melting of the
constituents of a nuclear reactor at different stage of a
severe accident.
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Crash cooldown:

Debris:

Debris bed:

Degasser-condenser relief valves:

Design basis accident (DBA):

Dousing:

Emergency operating procedures:

Fuel channel:

Fuel channel disassembly:

Fuel channel failure:

Fuel channel perforation:

Fuel channel uncovery:

Molten pool:
Severe accident:

Sheath ballooning:

308

Rapid cooldown of the steam generator secondary side
through all main steam safety valves.

Degraded core state in which fuel and fuel channel
disintegrate due to overheating and oxidation.

A collection of debris in the suspended (suspended
debris bed) or terminal (terminal debris bed) state. The
debris bed is characterized by porosity and particle size.

Two spring loaded relief valves with pneumatic actuators
to provide over pressure protection for the degasser-
condenser.

Accident conditions against which a nuclear power plant
is designed according to established design criteria and
for which the damage to the fuel and the release of
radioactive material are kept within authorized limits.

Containment pressure suppression by spraying water
under gravity in some CANDU containments.

Plant specific procedures containing instructions to
operating staff for implementing measures to prevent
core degradation, for both DBA and BDBA.

Fuel channel consisting of a pressure tube and its
surrounding calandria tube.

Disassembly of fuel and channel structural materials
separating from the original channel.

Fuel channel failure is defined as a perforation of
pressure tube and calandria tube followed by mass
transfer between the fuel channel and the calandria
vessel.

Crack formation on the fuel channels as result of the
strain concentration between the fuel bundle junctions as
sagging leads to wall-thinning.

Exposure of the fuel channels to steam environment due
to the loss of moderator level.

Corium in a molten state is called molten pool.
An accident leading to severe core damage.

Plastic deformation of the fuel sheath during temperature
escalation that can lead to sheath rupture.
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