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1. INTRODUCTION 

This analysis basis (AB) document is part of a set of documents that: 

• Defines the classes of events; 
• Categorizes the postulated events according to the established classes; 
• Defines the acceptance criteria and performance targets for each class of events; 
• Defines the overall safety analysis objective; 
• Define the analysis scope; 
• Describes the analysis tools and methodologies that will be used to demonstrate how the 

safety analysis objectives, which include acceptance criteria and performance targets, will be 
met for the events in each particular class; and 

• Reports the results of the analyses 
At the top of the hierarchy of reports is the Safety Basis for ACR [1].  This document sets the 
bases for safety analysis in terms of classification of events, the acceptance criteria, performance 
targets, and basic analysis methodologies for each class of events, and justifies the proposed 
safety analysis approach with respect to both Canadian and relevant international safety 
requirements. 
An additional supporting document within this hierarchy is the Initial Conditions and Standard 
Assumptions Safety Analysis Basis report [2].  This document outlines the major plant system 
assumptions that are to be used when performing the safety analysis.  The assumptions pertain to 
the operating state of the reactor before a postulated event and to the plant response after the 
event, but are not necessarily specific to any particular analyzed event.  The purpose of this 
document is to ensure a consistent, well-supported approach to modelling the plant response to a 
postulated accident when performing design or safety analysis work. 
Within the set of documents required to complete the safety analysis, the analysis basis is the 
penultimate document.  This analysis basis is one of several documents that describes the 
acceptance criteria, system models, computer codes, and methodologies that will be used in the 
ACR-700 safety analyses to cover the thermalhydraulic analysis of the following three accidents 
related to the primary heat transport system: 

• Large Loss of Coolant Accident (LOCA), 
• Small Loss of Coolant Accident, 
• Single Channel Events. 
For each of these events three different scenarios will be analyzed.  These scenarios are: 

• Postulated event with all safety systems available, 
• Postulated event with loss of class IV power (all safety systems available), 
• Postulated event with an emergency core cooling (ECC) system impairment. 
The single channel events section is itself comprised of three sub-sections as follows: 
- Feeder break analysis, 
- Pressure tube rupture analysis, 
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- Flow blockage analysis. 

Note that for the ACR-700 *, there are two crash cooldown systems and two independent 
means of providing containment isolation.  Therefore, the failure of the crash cooldown and 
containment isolation functions are not considered.  
 

                                                 
*  ACR-700™ (Advanced CANDU Reactor™) is a trademark of Atomic Energy of Canada 

Limited (AECL). 
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2. ACCEPTANCE CRITERIA 

There are specific requirements that must to be met when performing safety analysis.  These 
requirements are derived from the Canadian Nuclear Safety Commission (CNSC) documents: 
• “Requirements for the Safety Analysis of CANDU Nuclear Power Plants,” CNSC 

Consultative Document C-6, Rev. 1 [3], 
• “Requirements for Shutdown Systems for CANDU Nuclear Power Plants,” Regulatory 

Document R-8 [4], 
• “Requirements for Emergency Core Cooling Systems for CANDU Nuclear Power Plants,” 

Regulatory Document R-9 [5] and 
• “The Use of Two Shutdown Systems in Reactors,” Regulatory Document R-10 [6].   
The objective is to clearly interpret the performance and safety requirements imposed by the 
above documents.  The key to the safety design and analysis framework is the definition and 
classification of events in and beyond the design basis of the plant.  All licensing approaches are 
based on the same risk-informed objective, that is, the most probable occurrences should yield 
the least radiological consequences, and situations having the potential for the greatest 
consequences should be least likely to occur.  The ACR Safety Basis [1] responds to this 
objective by providing a system of classification of events into five classes. 
Compliance with the regulatory documents is achieved by meeting the intent of C-6 Revision 1 
[3] in the full respect of a risk-informed safety design and analysis framework.  This consists of: 
• Adoption of five classes of events with associated radiological dose limits; 
• Following the basic interpretations of the C-6 Revision 1 Companion document [7] for 

classification and treatment of rare events; 
• Adoption of acceptance criteria and targets that are based on safety margins increasing with 

the likelihood of the events in a class; and 
• Using assumptions and methods that provide a good balance between the need to be 

conservative at the higher event likelihood end of the classification, and the reasonable use of 
a more design centred assessment at the lower event likelihood end. 

In line with the above compliance, ACR considers three categories of events: 
• Design basis events, 
• Limited core damage events, and 
• Severe core damage accidents. 

Design basis events fall into classes 1, 2 and 3.  The limited core damage category falls into 
classes 4 and 5.  The severe core damage accident category will not be considered here, but will 
be treated in the level 2 PSA.  
The plant response to design basis events is analyzed using conservative assumptions and 
detailed models.  The plant response to limited core damage events is analyzed using 
design-centred assumptions and detailed models.  The objective of the thermalhydraulic analysis 
is to provide a broad spectrum of thermalhydraulic conditions for subsequent analyses of fuel, 
fuel channel, containment and public dose that will determine acceptability as described in 
References [1], [2], [3], [4], [5] and [6].  Therefore, there is no specific acceptance criterion for 
the thermalhydraulic analysis covered in this AB. 
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3. REACTOR PHYSICS MODELLING AND METHODOLOGY 

In the reactor physics modelling, a three-dimensional ACR-700 core model is set up for the 
LOCA analyses.  The TIME-AVER module of the RFSP-IST code is used to calculate the 
steady-state, time-averaged power distributions.  The WIMS-AECL code is used to prepare fuel 
tables as functions of fuel burnup, fuel temperature, coolant temperature and coolant density for 
the reference fuel.  Lattice parameters corresponding to the fuel burnup and the local parameters 
at each time-step of the transient are used to calculate the corresponding power distribution with 
the CERBERUS module in the RFSP-IST code. 
The core model has 284 channels, which are grouped into two thermalhydraulic channel groups, 
with 12 bundles in each channel.  The coolant density and temperature as well as the fuel 
temperature of each bundle in each channel group are provided by the thermalhydraulics code 
CATHENA.  The neutronic-thermalhydraulics coupling is achieved in the following manner: 
CATHENA runs the first time iteration with an estimated power curve over a time period.  The 
fuel temperatures, coolant temperatures and coolant densities for each time step within this time 
period are calculated and supplied to CERBERUS.  Then, CERBERUS carries out a kinetic flux 
calculation over this time period, and creates a new power curve.  This new power curve is used 
by CATHENA to calculate the fuel temperatures, the coolant temperatures and the coolant 
densities of each time steps for the next iteration.  The iterations continue until the power curves 
output by CERBERUS are very close.  This methodology is applied to large LOCA events with 
relatively great changes in spatial fuel temperatures, spatial coolant temperatures and spatial 
coolant densities of the reactor core; however the iterations may not be required for small breaks 
with minimum impact on the neutronic behaviour of the reactor core. 
The CATHENA/CERBERUS iterative approach will only be applied for selected analysis cases, 
to assess the effect of reactivity feedback on the core power transient.  In general, the 
thermalhydraulic analysis will be performed assuming that the core power remains constant until 
the reactor trips.  This is conservative for large LOCA, because the void reactivity and fuel 
temperature reactivity effects will cause the core power to decrease even with the RRS 
attempting to maintain the reactor power constant. 
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4. LARGE LOCA THERMALHYDRAULIC ANALYSIS 

This section describes the main analysis assumptions, analysis methodology and event sequence 
for a large loss of coolant accident (large LOCA).  The events considered herein are large-sized 
breaks in large diameter pipes (e.g. headers) in the heat transport system.  A large break is 
defined as a break larger than the size of the largest feeder.   
The consequences arising from a postulated break of size greater than a feeder in the primary 
circuit are examined since such an event could lead to degraded fuel cooling in a large number of 
fuel channels.  The resulting increase in fuel sheath temperature could lead to fuel failure, and 
hence, the consequent release of fission products.  Analysis of these breaks provides a basis for 
assessing the design and effectiveness of the safety system performance. 
This section only covers the thermalhydraulic analysis of the primary and secondary heat 
transport circuits.  The fuel, fuel channel, containment, and public dose analyses are covered by 
other AB documents.   
Three scenarios will be analyzed, which are: 

• Large LOCA with all safety systems available, 
• Large LOCA with loss of class IV power (all safety systems available), 
• Large LOCA with an impairment of emergency core cooling system.  The impairments 

considered are: 
- Loss of LOCA signal 
- Loss of emergency coolant injection (ECI) and long term cooling  (LTC) injection to 

one header 

4.1 Large LOCA with All Safety Systems Available 

4.1.1 Introduction 

This section describes the event sequence, analysis methodology, analysis assumptions, break 
size survey, analysis scope and input to subsequent analysis for a large LOCA with all safety 
systems available.  A large LOCA with all safety systems available is considered a class 3 design 
basis event [1]. 

4.1.2 Event Sequence 

This section provides a qualitative description of the event sequence.  That is, the event sequence 
describes the behaviour that would be expected using the plant system assumptions outlined in 
Section 4.1.3. 
a) A large break is postulated to occur in a large diameter pipe of the heat transport system 

(HTS), discharging coolant into containment. 
b) The pressure, temperature and humidity of the containment atmosphere increase. 
c) The HTS depressurization causes coolant voiding in the core and a decrease in reactivity. 
d) The reactor shuts down on a process trip depending on break size and initial reactor power. 
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e) Containment isolation is automatically initiated on a high reactor building pressure signal [8].  
The high reactor building pressure signal also conditions the emergency core coolant 
injection and steam generator crash cooldown signals.  The timing of the high reactor 
building pressure signal is not modelled in the thermalhydraulics analysis. 

f) The heat transport system loses inventory and depressurizes at a rate depending on the break 
size and location. 

g) Following reactor trip, the turbine runs back.  The condenser steam discharge valves open to 
by-pass steam to the condenser but this is not credited in the safety analysis.  That is, the 
steam main flow is assumed to maintain the secondary side pressure constant.  The 
atmospheric steam discharge valves are not modelled in the analysis. 

h) The main feedwater system feeds the steam generators from the condenser hotwell.  
Eventually, this source of feedwater will be depleted, but the steam generators are not 
required to act as a heat sink after LTC operation is established. 

i) The HTS flow decreases faster in the core pass downstream of the break.  If the break is large 
enough, the flow will reverse in that pass.  For some break sizes, the flow momentarily falls 
very low as the break upstream of the core pass balances the pumps.  Some channels may 
become steam-filled and others may experience stratified two-phase flow, exposing some 
fuel elements to steam cooling.  Fuel temperatures rise.  A rise in fuel temperatures increases 
the internal fuel element gas pressures, whereas a rise in sheath temperatures reduces the 
sheath strength.  Increased internal fuel element gas pressure along with the decreased 
coolant pressure increases fuel sheath stresses.  If the fuel temperature becomes high enough, 
sheath failure can occur. 

j) The pressurizer discharges its inventory into the HTS.  The decreasing pressurizer level 
causes the light water bleed valves to close, and feed valves to open up, adding light water 
makeup to the HTS.  In this analysis, the feed and bleed are not credited. 

k) Following reactor trip, the average fuel temperature decreases as the heat generation rate 
decreases and the radial temperature profile in the fuel pin flattens out.  The sheath 
temperature increases depending on the heat transfer from the sheath to the coolant. 

l) When the HTS pressure falls below a specified setpoint, the LOCA signal that is conditioned 
by the high reactor building pressure is generated.  This signal results in the following events: 
1) High Pressure Emergency Coolant Injection (ECI) system is initiated by the LOCA 

signal.  The isolation valves and injection valves in the lines from the HP ECC water tank 
to the injection points into the HTS reactor inlet headers are opened.  The one-way 
rupture discs in each ECI line burst open at a pressure differential of no more than 
0.52 MPa (75 Psig) [2].  The ECC piping downstream of the rupture discs is pressurized 
to the heat transport system pressure.  Thus, the high-pressure injection flow will begin 
when the pressure in the heat transport system is no lower than 0.52 MPa below the 
high-pressure injection pressure maintained in the ECC water tanks.  High-pressure 
injection will continue until the respective high-pressure ECC tank is nearly empty. 

2) Valves on the ECI interconnect line between the reactor outlet headers open up on the 
LOCA signal to assist in establishing a cooling flow path [8].  

3) Steam generator crash cooldown is initiated after the LOCA signal through the automatic 
opening of the main steam safety valves (MSSVs).   
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4) On the LOCA signal, water is automatically introduced into the containment sumps and 
the LTC pumps start automatically [2].  When the water tanks are nearly empty, the ECI 
tank isolation valves close and the recovery stage begins.  LTC delivers flow to the 
reactor inlet headers, thereby utilizing the cooling flow path already established by the 
high pressure ECI system. 

m) Soon after ECC injection and steam generator crash cooldown, emergency coolant injection 
begins to refill the core passes.  As a result, fuel and sheath temperatures start to decrease. 

n) In some channels, the pressure tube (PT) may heat up and strain slightly.  No significant PT 
strain is expected to occur. 

o) If a fuel sheath fails, some fission products are released to the coolant, carried into 
containment through the break and can become airborne in the containment atmosphere, 
although most of the soluble radioactive material is carried with the liquid phase to the floor 
of the containment building.  Once in the containment atmosphere, a fraction of the fission 
products plate out on the walls and internal surfaces, and will decay away.  During the 
containment over-pressure period, some airborne fission products could leak to the outside 
environment. 

p) The ECCS refills both core passes and a flow pattern is established. 
q) Long-term cooling is maintained by the flow of ECCS coolant through the circuit, with decay 

heat removal by the LTC heat exchangers. 

4.1.3 Analysis Methodology 

Thermalhydraulic analysis determines primary heat transport system response to the break.  
Important variables determined are: core refilling time, break discharge rate and enthalpy, timing 
of safety system actions, coolant flow, flow pattern, pressure, temperature, inventory, and heat 
transfer coefficients among fuel, sheath and coolant.  The header conditions obtained from the 
circuit calculation are used as boundary conditions for the subsequent fuel and fuel channel 
analyses.  The break discharge rate and enthalpy results are used as input to containment 
analysis. 
As is discussed in Section 3, the analysis will generally be done by conservatively assuming the 
reactor power is constant up to the trip time.  For selected cases performed with neutronic 
feedback, the thermalhydraulic analysis requires the power transient as a boundary condition.  
This power transient curve will be obtained by performing a short (about 0 to 5 seconds) 
simulation, coupling the neutronics and thermalhydraulic calculations.  The CATHENA code, 
which is used for the thermalhydraulic calculation, provides fuel temperature, coolant 
temperature and coolant density to the CERBERUS module of the reactor physics code 
RFSP-IST.  CERBERUS then generates the reactor power data for the power curve.  This power 
curve is used by CATHENA to recalculate the fuel temperature, coolant temperature and coolant 
density.  The WIMS-AECL code is used to prepare fuel tables as functions of fuel burnup, fuel 
temperature, and coolant temperature and coolant density.  Lattice parameters corresponding to 
the fuel burnup and local parameters at each time-step of the transient are used by the 
CERBERUS module to calculate the corresponding power distribution. 
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4.1.3.1 System Modelling 

A CATHENA circuit model and single channel model will be used to perform large LOCA 
thermalhydraulic analysis.  The CATHENA circuit model consists of the heat transport system, 
steam and feedwater system, and ECC system.  The main components in the model include two 
inlet headers (RIH1 and RIH2), two outlet headers (ROH1 and ROH2), two steam generators, 
and 4 HTS pumps.  There are two core passes (in total 2 x 142 fuel channels); a single average 
channel represents each core pass.  CANFLEX fuel with 43 elements is modelled.  Two 
CATHENA fuel models are used to represent 43 elements, one for the two inner rings (IFUEL) 
and the other for the two outer rings (OFUEL).  The single channel model covers a single 
channel from inlet header to outlet header only.  The circuit model is used predict the circuit 
behaviour, including transient header conditions while the single model uses the transient header 
conditions as boundary conditions to assess single-channel thermalhydraulics.  For the single 
channel simulations, the highest power channel will be used.  The channel modelled assumes the 
licensing limit channel power of 8.0 MW [2]. 
The analysis is performed using the CATHENA MOD3.5d/Rev 0 computer code. 

4.1.3.2 Analysis Assumptions 

This section describes the important assumptions and parameter values for the process and safety 
systems.  Conservative values will be used for the initial and boundary conditions for these 
analyses.  For example, the initial power is assumed to be 102% full power to account for bulk 
reactor power uncertainty. 
The analysis is performed for end-of-life conditions.  These conditions assume a combination of 
SG tube fouling and pressure tube diametral creep which tend to result in higher peak sheath 
temperatures.  A sensitivity case will be performed for beginning of life conditions.  The axial 
power distribution for the thermalhydraulics circuit analysis will be based on equilibrium 
operation.  
The analysis will be performed assuming the mitigating systems for the event operate as 
designed, except for a limiting single component failure [1].  Application of the single failure 
criterion includes consideration of a single active failure in the short and long term, and a single 
passive failure in the long term.  A preliminary list of limiting single failures assumed in the 
design basis events analysis is given in Table 4 of Reference [1].  These limiting single failures 
will be included for the thermalhydraulics analysis, and will be confirmed by a separate 
assessment.  The limiting single failures for large LOCA are [1]: 

• One of the ECI tank discharge valves fails to open, or 
• One of the large outlet header interconnect valves fails to open. 

4.1.3.2.1 Process Systems 

Primary Heat Transport System: 
• Heat transport pumps:  All HT pumps are assumed to run until the automatic pump 

protection system is initiated.  The automatic pump trip is initiated on sustained low pressure 
in either reactor outlet header. 



CONTROLLED - Licensing 10810-03500-AB-001 Page 4-5 
 Rev. 1 
 

10810-03500-AB-001 2004/01/14 

• Pressurizer:  The pressurizer is modelled and provides a source of light water make-up to the 
HTS. 

• Feed and bleed are not modelled. 

Secondary Heat Transport System: 
• Main Steam System:  Steam generators are depressurized (and cooled) by the automatic 

opening of the main steam safety valves (MSSVs) after the initiation of crash cooldown.  All 
eight MSSVs are assumed to open.  A sensitivity case will be performed assuming fewer than 
eight MSSVs are available to assess the sensitivity of the results to the number of MSSVs 
which open and to confirm that a single failure leading to a reduced number of MSSVs 
opening is not a limiting single failure for large LOCA. 

• Steam Generator Feedwater System:  Assuming that the SG level control maintains nearly 
constant SG mass, the feedwater flow is set equal to the steam flow.  The feedwater 
temperature assumed in the analysis is 220°C [2].  When class IV power is lost, the available 
auxiliary feedwater flow is assumed to be 4% of the normal flow [2]. 

• Turbine:  Turbine begins to unload when the first steam generator pressure reaches 90% of 
its normal operating pressure and finishes unloading at 85% of the normal operating pressure. 

• Reactor trips related to the secondary side HTS (e.g. low steam generator level or low steam 
generator feed line pressure) are not relevant for this event and therefore, not modelled. 

• ASDVs and CSDVs are not credited. 

Reactor Regulating System: 
• Reactor regulating system is not modelled for large LOCA analysis. 

Electrical Power System: 
• All power supplies, class I, II, III and IV power systems, are assumed to be available 

throughout the transient. 

4.1.3.2.2 Safety Related Systems 

Reactor Shutdown System: 
• Both shutdown systems, SDS1 and SDS2, are assumed available but only the less effective 

shutdown system is assumed to trip the reactor.  The trip time is taken to be the later backup 
trip.  The shutdown characteristic is taken to be that for shutdown system No. 1, which has a 
lower rate of reactivity insertion than shutdown system No. 2, and ignores the contribution of 
the two most effective shutoff rods.  Neutronic trips are not modelled, nor are they expected 
to be generated following large LOCA.  

• Note that the use of the less effective shutdown system, the backup trip, and ignoring the two 
most effective shutoff rods introduce conservatisms beyond the requirements of the single 
failure criterion.  A sensitivity case will be performed assuming reactor shutdown occurs on 
the first trip of the more effective shutdown system. 
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Emergency Core Cooling System: 
• ECC injection to both RIHs, each consisting of a high pressure ECI water tank with a 

compressed gas bubble at the top portion of the tank, an LTC (long term cooling system) 
pump, and an LTC heat exchanger, are modelled.  Only one of the two parallel ECI valves is 
assumed to open in the most effective ECI injection line (i.e. the line connected to the intact 
RIH for an RIH break LOCA).  Although it has not been identified as a limiting single 
failure, a case will be performed in which only one of the parallel LTC injection valves is 
assumed to open. 

• In addition to the 6” outlet header interconnect pipe which has no valves on it, a large (12”) 
ECI outlet header interconnect pipe with valves is modelled.  The valves in the large outlet 
header interconnect pipe open on a LOCA signal or on the second crash cooldown signal.  
Both of the two parallel valves are assumed to open for cases in which the failure of an ECI 
valve to open is the assumed limiting single failure.  Otherwise, one of the two valves is 
assumed to open. 

• In general, it is not necessary to assume the two limiting single failures occur in the same 
case.  However, this may, conservatively, be done in order to limit the number of cases to be 
analyzed. 

Reserve Water System  
• In the event of a LOCA, the reserve water tank provides makeup water by gravity to the two 

reactor inlet headers.  The injection valves open on the LOCA signal or the second crash 
cooldown signal.  This source of emergency cooling is modelled.  

4.1.4 Break Size 

A break size survey searches for the limiting break size at different heat transport circuit 
locations, which could lead to the limiting fuel or fuel channel conditions.  Fuel sheath failures 
are most likely to occur when the sheath temperature is high and coolant pressure is low (failure 
by overstraining).  Pressure tube straining is most likely to occur when PT temperatures are high 
and the coolant pressure is high. 
Breaks are assumed to occur only in the large-sized piping at the header level and above.  The 
postulated break locations are the reactor inlet header (RIH), reactor outlet header (ROH) and 
pump suction (PS) pipe. 
The largest break size considered at any location is a 100 percent break.  The 100 percent break 
has a break area equal to twice the cross-sectional area of the pipe assumed to fail.  A guillotine 
break, resulting in double-ended discharge from the pipe, is not assumed to occur.  Smaller 
breaks are expressed as a percentage of this maximum sized break. 
Based on the past experience and ECC design assist analysis, the following break sizes are 
assessed: 
- RIH Break (%):   5, 10, 15, 20, 25, 30, 35, 40, 100 
- ROH Break (%):   70, 80, 90, 100 
- PS Break (%):   20, 30, 40, 50, 60, 70, 100 
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The list of cases to survey is capable of identifying the limiting case for each assumed break 
location.  In general, the limiting break size results in the highest peak sheath temperature.  The 
100% breaks are assessed regardless of the fuel-cooling situation to maximize the discharge to 
containment for assessing peak post-LOCA pressures and temperatures. 
In addition to the above cases, a 100% break in the large outlet header interconnect, and a 100% 
break in an ECI injection line will be analyzed. 

4.1.5 Analysis Scope 

After the limiting break for each location has been identified, further circuit analyses will 
concentrate on those particular break sizes.  In addition, 100% break for each location will be 
performed to obtain the bounding break discharge for the containment analysis. 
The transient headers conditions generated by the circuit calculation are then used as boundary 
conditions in the single channel thermalhydraulic calculations.  These header conditions are used 
as input to the detailed fuel and fuel channel analyses if necessary, i.e. if the 
CATHENA-predicted fuel and pressure tube temperature predictions are considered to be high 
enough to warrant it. 

4.1.6 Input to Subsequent Analysis 

A list of variables obtained from the thermalhydraulic analysis cases to be used for subsequent 
analysis is summarized as follow: 
a) Containment analysis: 

- Break discharge flow (kg/s), 
- Break discharge enthalpy (mixture) (kJ/kg), 
- Break discharge specific volume (mixture) (m3/kg). 

b) Transient header conditions as boundary conditions for the single-channel thermalhydraulic 
calculations and for the fuel channel analysis: 
- Coolant pressure (Pa), 
- Coolant (liquid and steam) enthalpy (kJ/kg), 
- Coolant void (fraction). 

4.2 Large LOCA with Loss of Class IV Power (All Safety Systems Available) 

4.2.1 Introduction 

This section describes the event sequence, analysis methodology, and analysis assumptions, 
break size survey, analysis scope and input for subsequent analysis for a large LOCA with loss 
of class IV power (all safety systems available).  A large LOCA with loss of class IV power (All 
Safety Systems Available) is considered a class 3 design basis event [2].  Class IV power is 
assumed to be lost when the turbine begins to unload.  This is the earliest time at which the 
LOCA could result in loss of class IV power as there are no automatic signals to trip the turbine 
or the HT pumps which would be generated during a LOCA.  Following the loss of class IV 
power, the heat transport pumps as well as the main feedwater pumps are tripped.  The standby 
diesel generators start up on the LOCA signal.  The diesel-generators come up to speed and 
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accept key loads within 30 seconds and full load within 180 seconds of the start signal [2].  
Class III power operates the auxiliary feedwater pumps and the LTC pumps. 

4.2.2 Event Sequence 

This section provides a qualitative description of the event sequence.  That is, the event sequence 
describes the behaviour that would be expected using the plant system assumptions outlined in 
Section 4.2.3.2. 
a) A large break is postulated to occur in a large diameter pipe of the heat transport system 

(HTS), discharging coolant into containment.  The event sequence is the same as that 
described in Section 4.1.2 before the turbine begins to unload. 

b) As the turbine begins to run back, some electrical loads must switch from the station to the 
grid.  There is a small probability that this switch is unsuccessful and a station-wide loss of 
class IV power occurs.  It is assumed in the analysis that a loss of class IV power occurs 
when the turbine runback begins. 

c) Feedwater flow to the steam generators via the main feedwater pumps stops when class IV 
power is lost.  The feedwater pumps are conservatively assumed to run down 
instantaneously. 

d) The heat transport pumps and moderator pumps also trip when class IV power is lost. 
e) The local air coolers and cooler fans stop when class IV power is lost.  The diesel generators 

for class III power are started up on the loss of class IV power or after the LOCA signal, 
whichever comes first.  Class III powered equipment becomes operative after a delay, which 
for each piece of equipment depends on the loading sequence.   

In the absence of forced circulation, refill sometimes is slower than that if the heat transport 
pumps are running.  The remainder of the event sequence is similar to that following large 
LOCA with class IV power available described in Section 4.1.2. 

4.2.3 Analysis Methodology 

4.2.3.1 System Modelling 

The same system modelling described in Section 4.1.3.1 is used except for the assumed loss of 
class IV power. 

4.2.3.2 Analysis Assumptions 

The important assumption and parameter values for the process and safety systems are the same 
as that described in Section 4.1.3.2 with the following exceptions. 

4.2.3.2.1 Process Systems 

Primary Heat Transport System: 
• All heat transport pumps will continue to run until the loss of class IV power. 
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Secondary Heat Transport System: 
• The main feedwater pumps are assumed to trip on loss of class IV power.  Auxiliary 

feedwater pumps (operated by class III power) start after the main feedwater pump trip.  
Feedwater flow to the steam generator stops until the class III auxiliary feedwater pump 
becomes available.  The steam generator feedwater flow rate is assumed to be 4% of the 
normal feedwater flow, consistent with the auxiliary feedwater pumps design. 

Electrical Power System: 
• Class IV power is assumed to be unavailable when the turbine begins to unload. 
• Class I, II, and III power are assumed available.  

4.2.3.2.2 Safety Related Systems 

The same safety system assumptions described in Section 4.1.3.2.2 are used.  It is assumed that 
the class III power is available to power the LTC pumps by the time the LTC isolation valves 
open.  

4.2.4 Break Size 

The break size survey described in Section 4.1.4 will be performed to identify the worst break 
size for each break location. 

4.2.5 Analysis Scope 

The same analysis scope as described in Section 4.1.5 will be analyzed. 

4.2.6 Input to Subsequent Analysis 

The same input to subsequent analysis as described in Section 4.1.6 will be obtained. 

4.3 Large LOCA with an Emergency Coolant System Impairment 

4.3.1 Introduction 

In this part of the analysis basis (AB), large LOCA with a loss of emergency core cooling system 
(LOECC) is considered.  A large LOCA with emergency core cooling system impairment 
(LOECC) is considered a class 5 limited core damage accident (LCD accident)[2].  The 
following cases will be analyzed: 

• Loss of LOCA signal 
• Loss of ECI and LTC injection to one RIH 
Note: the parallel isolation valves in the large outlet header interconnect are diverse and highly 
reliable in design.  Each valve receives signals from two independent systems.  It is therefore 
incredible that both of these valves would fail to open following a LOCA. 
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4.3.2 Event Sequence 

4.3.2.1 Loss of LOCA signal 

This section provides a qualitative description of the event sequence.  That is, the event sequence 
describes the behaviour that would be expected using the plant system assumptions outlined in 
Section 4.1.3.2.  Up to the time of the ECC injection, the event sequence is the same as 
Section 4.1.2. 
a) After a loss of primary coolant, the heat transport system depressurizes and discharges mass 

and energy into containment causing the low heat transport system pressure setpoint, and 
high containment pressure conditioning setpoint to be reached, generating the LOCA signal 
to begin ECC operation.   

b) ECC injection (ECI) does not operate in the absence of the LOCA signal.  However, valves 
on the ECI interconnect line between the reactor outlet headers open.  In the analysis, the 
second crash cooldown system is credited.  Second crash cooldown is initiated by a low HTS 
pressure signal accompanied by a conditioning signal (sustained low HTS pressure, high RB 
pressure, high moderator level), resulting in the following actions: 
- Sends signal to open all main steam safety valves   
- Open valves from reserve water tank to HTS (RIHs) 
- Open valves from reserve water tank to R/B sump. 

c) Inventory in the loop continues to deplete without makeup.  As the inventory decreases, the 
heat transport pumps become less and less effective until they trip automatically.  Thus, flow 
decreases; fuel and pressure tube temperatures increase.  Decay heat continues to heat the 
fuel and channel.  Later, when the HTS pressure falls below the RWT static pressure, the 
reserve water system also provides a backup supply of demineralized light water for heat 
transport system makeup. 

d) The fuel heats up slowly to high temperatures and fuel sheath failures begin to occur, 
releasing fission products from the fuel-sheath gap.  Fission products begin to diffuse out of 
the fuel and are released to the heat transport system.  Transient release of fission products 
from the fuel matrix begins. 

e) Temperatures may get high enough for oxidation of Zircaloy components if there is a 
sufficient supply of steam to the fuel channels.  Oxidation of the Zircaloy in the channel 
produces additional heat and hydrogen.  Most of the hydrogen eventually escapes to the 
containment atmosphere. 

f) Eventually, the pressure tubes may get hot enough to deform in the radial direction.  By this 
time, the HTS pressure is too low to drive pressure tube creep.  Any subsequent pressure tube 
heat up may result in sag contact with the calandria tube. 

g) The portion of the pressure tube, which contacts the cold calandria tube, drops in temperature 
significantly.  Heat is transferred from the calandria tube to the surrounding moderator.  The 
moderator cooling system removes heat from the moderator. 

h) Long-term cooling of the fuel is provided by radiation heat transfer to the pressure tube, 
conduction through the PT tube and calandria tube and convective heat transfer to the 
moderator. 
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4.3.2.2 Loss of ECI and LTC Injection to One RIH 

This section provides a qualitative description of the event sequence.  In this section, the 
emergency core cooling system (ECCS) is not credited with fully performing the various 
functions for which it was designed.  
ECC system effectiveness requires successful operation of both the ECI and LTC systems.  
Considering an RIH break, if the ECC injection is lost to the broken header, cooling of the intact 
core pass is affected by the progressive loss of flow and by the impairment ECI and LTC, but is 
expected to behave similarly to the case with ECCS available because one ECC still injects water 
through the core.  The core pass downstream of the break is expected to be the most affected.  If 
ECC is lost to the unbroken header, most of the injected water may be lost out the break, and 
both core passes may be strongly affected.  The pressurizer provides some makeup for the HTS.  
The event sequence describes the behaviour that would be expected using the plant system 
assumptions outlined in Section 4.1.3.2.  Up to the time of the ECC injection, the event sequence 
is the same as Section 4.1.2. 
a) After a loss of primary coolant, the heat transport system depressurizes and discharges mass 

and energy into containment causing the low heat transport system pressure setpoint, and 
high containment pressure conditioning setpoint to be reached, generating the LOCA signal 
to begin ECC operation.   

b) After the LOCA signal is initiated, ECC injection is assumed to operate with  ECI and LTC 
injection to one RIH only.  However, valves on the ECI interconnect line between the reactor 
outlet headers are opened.  The LOCA signal is initiated by low HTS pressure and 
conditioning signal (sustained low HTS pressure, high R/B pressure, high moderator level) 
and results in the following actions: 
- Initiate emergency coolant injection (open ECI injection valves, large ROH interconnect 

valves) 
- Open main steam safety valves 
- Open valves from reserve water tank to HTS (RIHs) 
- Open valves from reserve water tank to R/B sump 
- Start LTC pumps 
- Start class III diesel generators 

c) Inventory in the loop continues to deplete with makeup to only one RIH. 
d) As the inventory decreases, the heat transport pumps become less and less effective until they 

trip automatically.  Thus, flow decreases; fuel and pressure tube temperatures increase.  
Decay heat continues to heat the fuel and channel.  Later when the HTS pressure is less the 
RWT static pressure, the reserve water system also provides a backup supply of 
demineralized light water for heat transport system makeup. 

e) The fuel heats up slowly to high temperatures and fuel sheath failures begin to occur, 
releasing fission products from the fuel-sheath gap.  Fission products begin to diffuse out of 
the fuel and are released to the heat transport system.  Transient release of fission products 
from the fuel matrix begins. 
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f) Temperatures may get high enough for oxidation of Zircaloy components if there is a 
sufficient supply of steam to the fuel channels.  Oxidation of the Zircaloy in the channel 
produces additional heat and hydrogen.  Most of the hydrogen eventually escapes to the 
containment atmosphere. 

g) Eventually, the pressure tubes may get hot enough to deform in the radial direction.  By this 
time, the HTS pressure is too low to drive pressure tube creep.  Any subsequent pressure tube 
heat up may result in sag contact with the calandria tube. 

h) The portion of the pressure tube, which contacts the cold calandria tube, drops in temperature 
significantly.  Heat is transferred from the calandria tube to the surrounding moderator.  The 
moderator cooling system removes heat from the moderator. 

i) Long-term cooling is maintained by the flow of LTC coolant through the circuit, with decay 
heat removal by the LTC heat exchanger and through the break.  Radiation heat transfer to 
the pressure tube, through the calandria tube and to the moderator may also provide a heat 
sink for some channels. 

4.3.3 Analysis Methodology 

For the scenario of loss of LOCA signal, both ECI and LTC are assumed not functioning.  For 
loss of ECI and LTC injection to one RIH, injection to the other RIH is assumed to be working.  
For both postulated scenarios, the reserve water tank injecting to reactor inlet headers and the 
valves in the large outlet header interconnect are assumed to be working, since the initiation of 
these systems is activated by two independent signals, LOCA and second crash cooldown 
signals.  The circuit analysis determines the system response to the assumed impairment.  The 
header conditions obtained from the circuit calculations are used as boundary conditions for the 
subsequent fuel and fuel channel analyses.  The break discharge rate and enthalpy are used as 
input to containment analysis. 

4.3.3.1 System Modelling 

The same system modelling described in Section 4.1.3.1 is used except for an impairment of the 
emergency core cooling system. 

4.3.3.2 Analysis Assumptions 

The important assumption and parameter values for the process and safety systems are design-
centred [2].  For example, the initial power is assumed to be at 100% full power.  

4.3.3.2.1 Process System 

Primary Heat Transport System: 
• Same as Section 4.1.3.2.1. 

Secondary Heat Transport System: 
• Same as Section 4.1.3.2.1, except that all of the MSSVs are assumed to open.   

Reactor Regulating System: 
• Same as Section 4.1.3.2.1. 
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Electrical Power System: 
• Same as Section 4.1.3.2.1.  

4.3.3.2.2 Safety Related Systems 

Reactor Shutdown System: 
• First reactor trip is credited for the analysis. 

Emergency Core Cooling System: 
• For the loss of LOCA signal scenario, both ECI and LTC are assumed not working.  For the 

accident scenario of ECI and LTC injection to one RIH only, injection to the other RIH is 
assumed to be working and all the injection valves to this RIH are assumed to open. 

• Both valves in the large outlet header interconnect pipe are assumed to open. 

Reserve Water System: 
• The system of reserve water tank injecting to reactor inlet headers is assumed working.  All 

the injection valves are assumed open on the LOCA signal or the second crash cooldown 
signal. 

4.3.4 Break Size 

The limiting break sizes identified in Section 4.1.4 will be analyzed. 

4.3.5 Analysis Scope 

Same as Section 4.1.5. 

4.3.6 Input to Subsequent Analysis 

The same input to subsequent analysis described in Section 4.1.6 will be obtained. 
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5. SMALL LOCA THERMALHYDRAULIC ANALYSIS 

This section describes the main analysis assumptions, methods and acceptance criteria for a 
small loss of coolant accident (small LOCA).  The section is comprised of three parts.  
Section 5.1 discusses the small LOCA with all safety systems available.  Section 5.2 covers the 
analysis for small LOCA with a loss of class IV power and with all safety systems available.  
Section 5.3 covers the small LOCA with ECC impairments. 
The events considered herein are small-size breaks in large diameter pipes (i.e., headers) in the 
heat transport system.  Small breaks are defined as breaks up to the size of the largest feeder.  
This roughly corresponds to a 2.5% reactor inlet header break. 

5.1 Small LOCA with All Safety Systems Available 

5.1.1 Introduction 

This section describes the main assumptions, methods and acceptance criteria for the analysis of 
small LOCA with all safety systems available.   

5.1.2 Event Sequence 

This section provides a qualitative description of the event sequence for this analysis.  That is, 
the event sequence describes the plant behaviour expected using the plant system assumptions 
outlined in Section 5.1.3.  A description of the expected relevant events during a small LOCA is 
given below: 
a) A small break is postulated to occur in the HTS piping, discharging coolant into containment. 
b) The pressure and inventory control systems respond to maintain nominal conditions.  For 

break sizes beyond the capacity of this system, the HTS has a net inventory loss and 
depressurizes.   

c) The containment pressure and temperature rise.  Heat transfer takes place between the 
containment atmosphere and wall surfaces, and local air coolers, which condense steam. 

d) If the break discharge is high enough, the reactor building pressure sensors will be among the 
first devices to detect the accident.  These can initiate a high R/B reactor trip and 
containment isolation.  High R/B pressure also conditions the ECCS and steam generator 
crash cooldown signals. 

e) The HTS depressurisation causes voiding in the core, which produces a negative reactivity 
feedback.  The reactor regulating system (RRS), if available, acts to attempt to keep the 
reactor power constant until trip.  For the cases where failures of RRS are postulated, power 
will decrease due to voiding. 

f) Should a reactor trip on high reactor building pressure not occur, the gradual loss of 
inventory continues, causing further depressurisation and reduction of overall circuit flow.  
As a result, process trip signals on low HTS pressure, and low pressurizer level (or low flow) 
will be generated by both shutdown systems.  For the case with the reactor regulating system 
assumed frozen, reactor power can decrease for low initial operating power levels due to 
negative void reactivity insertion and can result in a pressure decrease, hence process trips 
are applicable also for this case.  The following discussion describes the expected behaviour; 
assuming that the reactor does not trip until these later signals are received. 
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g) The reactor trips on one of the process trips on one of the shutdown systems.  For the purpose 
of the analysis, only the second most effective trip of either shutdown system is assumed to 
operate. 

h) After reactor trip, fuel and sheath temperatures decrease with a small delay.  A detailed trip 
coverage analysis for small LOCA will be performed separately. 

i) Immediately after reactor trip, the pressure and temperature of the primary coolant drop more 
rapidly.  Consequently the rate of heat transfer to the steam generators falls.  Because the rate 
of heat removal via the turbine exceeds the power to the steam generators, the steam 
generator pressure falls, causing the turbine to run back.  The condenser steam discharge 
valves open to by-pass steam to the condenser, but this is not credited in the safety analysis.  
The atmosphere steam discharge valves are also not credited in the analysis. 

j) Containment isolation is automatically initiated on a high containment pressure signal, if the 
break discharge is large enough.  Otherwise manual isolation can be performed, if required. 

k) The HTS pumps continue to run until tripped by the protective system as described in 
Section 5.1.3.2.1.  

l) The emergency core cooling system (ECCS) operates as follows: 
• For larger breaks of the small break range, automatic high-pressure ECC injection and 

steam generator crash cooldown occur on low HTS pressure (LOCA signal), conditioned 
by high containment pressure. 

• When the LOCA signal is received, the ECI valves open automatically.  The rupture discs 
burst open when the HTS pressure drops below the rupture pressure of the rupture discs.   
The ECC piping downstream of rupture discs is pressurized to the heat transport system 
pressure.  Thus, the high-pressure injection flow will begin when the pressure in the heat 
transport system is less than the high-pressure injection pressure from the ECI water 
tanks.  High-pressure injection will continue until the respective high-pressure ECI tank 
is nearly empty.  When the ECI water tank supply is almost depleted, the corresponding 
high-pressure injection valves close automatically. 

• The automatic opening of the main steam safety valves (MSSVs) provide steam generator 
crash cooldown. 

• For very small breaks, because the containment pressure conditioning setpoint is not 
reached, the sustained HTS low pressure signal will condition ECI injection and steam 
generator crash cooldown. 

• On the LOCA signal, the water in the reserve water storage tank located inside the reactor 
building is dumped to the sump.  When the ECI tanks are nearly empty, the ECI tank 
isolation valves close and the recovery stage begins by pumping water from the sump, 
thus initiating the LTC system.  LTC delivers flow to the reactor inlet headers, thereby 
utilizing the cooling flow path already established by the high pressure ECI system. 

m) The local air coolers cool the containment atmosphere. 
n) Cooling in the HTS is maintained by forced circulation if the HTS pumps are running or 

thermosyphoning/intermittent flow if the pumps are tripped, with the steam generators and 
the LTC heat exchangers as a heat sink.   
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o) Long-term cooling is maintained by the flow of ECCS coolant through the circuit, with decay 
heat removal by the LTC heat exchangers and through the break, aided by steam generators.  
For very small breaks, the steam generators would function as the main heat sink. 

5.1.3 Analysis Methodology 

This section gives a description of the methods used to analyze the event.  The thermalhydraulic 
analysis determines the HTS response to a small break, thus giving the transient values of the 
important system variables, such as break discharge and enthalpy, core refilling time, coolant 
flow, inventory and pressure.  The header conditions obtained from the circuit calculation are 
used as boundary conditions for single channel thermalhydraulic calculations, fuel and fuel 
channel analyses. 

5.1.3.1 System Modelling 

The CATHENA circuit and slave channel models will be used to perform small LOCA 
thermalhydraulic analysis.  The CATHENA circuit model consists of a one-loop heat transport 
system, steam and feedwater system, and ECC system.  In the CATHENA model, there are two 
inlet headers (RIH1 and RIH2), two outlet headers (ROH1 and ROH2), two steam generators, 
and 4 HTS pumps.  There are two core passes (in total 2 x 142 fuel channels); a single average 
channel represents each core pass.  CANFLEX fuel with 43 elements is modelled.  Two 
CATHENA fuel models are used to represent 43 elements, one for the two inner rings and the 
other for the two outer rings.  The slave channel model covers a single channel from inlet header 
to outlet header only.  The circuit models predict the circuit behaviour, including transient header 
conditions while the slave model uses the transient header conditions as boundary conditions to 
assess single-channel thermalhydraulics.  For the slave channel simulations, the highest power 
channel will be used.  The channel modelled assumes the licensing limit channel power of 
8.0 MW [2]. 
The initiating event is modeled as a hole in the reactor inlet header (RIH2).  An RIH break is 
considered because it tends to reduce the flow in the downstream core pass more than other 
possible break locations.  The upper limit of the small break range is roughly the size of a 
2.5% RIH break. 
The analysis is performed using the CATHENA MOD3.5d/Rev0 computer code. 

5.1.3.2 Analysis Assumptions 

This section describes the important assumptions and parameter values for the process and safety 
systems relevant to small LOCA.  Conservative values will be used for these analyses.  For 
example, the initial reactor power is assumed to be at 102% power to account for bulk reactor 
power uncertainties.  Following a small break, the reactor power remains constant before trip and 
follows the power rundown curve, after trip. 
The analysis is performed for end-of-life conditions.  These conditions assume a combination of 
SG tube fouling and pressure tube diametral creep which tend to result in higher peak sheath 
temperatures.  A sensitivity case will be performed for beginning of life conditions.  The axial 
power distribution for the thermalhydraulics circuit analysis will be based on equilibrium 
operation.  
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The analysis will be performed assuming the mitigating systems for the event operate as 
designed, except for a limiting single component failure [1].  Application of the single failure 
criterion includes consideration of a single active failure in the short and long term, and a single 
passive failure in the long term.  A preliminary list of limiting single failures assumed in the 
design basis events analysis is given in Table 4 of Reference [1].  These limiting single failures 
will be included for the thermalhydraulics analysis, and will be confirmed by a separate 
assessment.  The limiting single failure for small LOCA is [1]: 

• MSSVs in one channel fail to open. 

5.1.3.2.1 Process Systems 

Primary Heat Transport System: 
• HT Pumps:  All HT pumps are assumed to run until the automatic pump protection system is 

initiated.  The automatic pump trip signal used is sustained low pressure in either reactor 
outlet header.  

• Pressurizer: The pressurizer is modelled and provides a source of light water make-up to the 
HTS. 

• Feed and bleed are not modelled. 

Secondary Heat Transport System: 
• Main Steam System:  Steam generators are depressurised (and cooled) by the automatic 

opening of the main steam safety valves (MSSVs) after the initiation of the crash cooldown 
system.  The number of MSSVs assumed to open will be consistent with the limiting single 
failure. 

• Steam Generator Feedwater System:  Normal feedwater control is available. 
• Turbine:  Turbine begins to unload when the first steam generator pressure falls and reaches 

the pressure set point.  
• Reactor trip related to the secondary side HTS (e.g. low steam generator level) is not relevant 

for this event and therefore, not modelled. 
• ASDVs and CSDVs are not credited. 

Reactor Regulating System: 
• RRS is assumed to be available to maintain reactor power constant prior to reactor trip. 

Electrical Power System: 
• All power supplies, class I, II, III and IV power systems, are assumed to be available 

throughout the transient. 

5.1.3.2.2 Safety Related Systems 

Reactor Shutdown System: 
• Both shutdown systems, SDS1 and SDS2, are assumed available but only the less effective 

shutdown system is assumed to trip the reactor.  The trip time is taken to be the latest backup 
trip.  The shutdown characteristic is taken to be that for shutdown system No. 1, which has a 
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lower rate of reactivity insertion than shutdown system No. 2, and ignores the contribution of 
the two most effective shutoff rods.  Neutronic trips are not modelled, and are not expected to 
be generated following a small LOCA.  

• Crediting of the least effective shutdown system, the backup trip, and ignoring the two most 
effective shutoff rods introduce conservatisms beyond the requirements of the single failure 
criterion.  A sensitivity case will be performed assuming reactor shutdown occurs on the first 
trip of the most effective shutdown system. 

• Following a small break, the reactor power is assumed to be held constant by RRS before trip 
and to follow the power rundown curve after the trip occurs. 

Emergency Core Cooling System: 
• ECC injection to each RIH, each consisting of a high pressure ECI water tank with a 

compressed gas bubble at the top portion of the tank, an LTC long term cooling system) 
pump, and an LTC heat exchanger, are modelled.  Both ECI valves are assumed to open in 
the injection lines. 

• In addition to the 6” outlet header interconnect pipe, a large (12”) ECI outlet header 
interconnect pipe with valves is modelled.  The valves in the large outlet header interconnect 
pipe open on a LOCA signal or on second crash cooldown signal.  Both of the parallel valves 
are assumed to open. 

• The coolant injection line from the RWT (reserve water tank) to the RIH is modelled.  The 
RWT isolation valve is opened on LOCA signal or second crash cooldown and the RWT 
water can be injected to the RIH depending on the HTS pressure. 

5.1.4 Break Size 

Five break sizes are chosen for this analysis.  They are 0.15%, 0.5%, 1.0%, 2.0%, and 2.5% RIH 
breaks.   

• For large break sizes, the high reactor building pressure signal is credited.  Thus, the ECC 
injection is conditioned by the high reactor building pressure conditioning signal, and the 
first process trip is assumed to trip the reactor. 

• It is assumed that for smaller break sizes, the high reactor building pressure signal is not 
triggered.  Thus, the sustained low HTS pressure conditions the ECC injection, and the 
second process trip is assumed to trip the reactor.  The threshold break size for the high 
reactor building trip to occur from 100% full power is determined in the containment 
analysis. 

5.1.5 Analysis Scope 

The simulations consider breaks in a reactor inlet header because an inlet header break tends to 
reduce the flow in the downstream core pass more than other possible break locations.  An initial 
power of 102% of nominal full power is assumed. 
Each analysis case consists of a circuit simulation followed by a single channel run, which uses 
the transient header conditions as boundary conditions.  Analysis cases are terminated when the 
effectiveness of the ECCS in refilling the fuel channels is demonstrated.   
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The transient header conditions generated by the circuit calculation are used as boundary 
conditions for the single channel thermalhydraulic calculations.  These header conditions are 
used as input to the detailed fuel and fuel channel analyses if necessary, i.e., if the CATHENA 
fuel and pressure tube temperature predictions are high enough to warrant it. 

5.1.6 Input to Subsequent Analysis 

The header conditions generated from the circuit run are used as input to the detailed fuel and 
fuel channel analyses if necessary, i.e., if the CATHENA fuel and pressure tube temperature 
predictions are high enough to warrant it. 

5.2 Small LOCA with Loss of Class IV Power (All Safety Systems Available) 

5.2.1 Introduction 

This section describes the acceptance criteria, event sequence, main analysis assumptions and 
analysis methodology for a small LOCA with loss of class IV power (all safety systems 
available).  Class IV power is assumed to be lost when the turbine begins to unload.  Following 
the loss of class IV power, the heat transport pumps as well as the main feedwater pumps are 
tripped.  The diesel generators for class III power are started up immediately after the loss of 
class IV power.  Class III power operates the auxiliary feedwater pumps and the LTC pumps. 

5.2.2 Event Sequence 

This section provides a qualitative description of the event sequence following a small break in 
the heat transport system with a loss of class IV power following reactor trip.  The detailed 
response would depend largely on the size and location of the break; however, the general 
behaviour of the system is representative for a wide range of small breaks.  The response is the 
same as for small breaks with class IV power available until the time that class IV power is lost.  
The following event sequence is consistent with the system assumptions outlined in 
Section 5.2.3.2. 
a) A small break is postulated to occur in the heat transport system piping, discharging coolant 

into containment. 
b) For a break with a large enough break discharge rate, the reactor building pressure will reach 

the reactor trip and containment isolation setpoint, and the conditioning signal for emergency 
core coolant injection and steam generator crash cooldown will also be generated.  

c) Should a reactor trip on high reactor building pressure not occur, the gradual loss of 
inventory continues, causing further depressurization and reduction of overall circuit flow.  
At some later time, trip signals on low heat transport system pressure and low pressurizer 
level (or low flow) will be generated by both shutdown systems.  For the case with the 
reactor regulating system assumed frozen, reactor power can decrease for low initial 
operating power levels due to negative void reactivity insertion and can result in a pressure 
decrease, hence process trips are applicable also for this case.  The following discussion 
describes the expected behaviour assuming that the reactor does not trip until these later 
signals are received. 

d) Before and immediately following the reactor trip, the steam generators remain the major 
heat sink.  The pressurizer provides some make-up of inventory to the loop, but at the upper 
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end of the small break range, it cannot compensate completely for the break discharge and 
hence there is a net inventory loss.  Immediately after reactor trip, the pressure and 
temperature of the primary coolant decreases more rapidly.  Consequently the rate of heat 
transfer to the steam generators falls.  Since the rate of heat removal via the turbine would 
then exceed power to the steam generators, the steam generator pressure decreases. 

e)  The steam generator pressure control program then signals the turbine to unload to keep 
secondary side pressure from falling.  

f) Although unlikely, at some point during the unloading of the turbine, class IV buses may 
become de-energized. 

g) In addition to the loss of power to the four heat transport pumps, other consequences of a loss 
of class IV power include loss of power to the main steam generator feedwater pumps, the 
HTS feed, the moderator circulation pumps, the LTC pump, and the pressurizer heaters.  The 
last four functions are restored on class III power.  Restoration of class III power also starts 
the electrically powered auxiliary steam generator feed pump. 

h) For breaks in a reactor inlet header, the break works against the forces promoting forward 
flow in the channels downstream of the break, during and after pump rundown.  The pump 
provides these forces, before it runs down completely.  Depending on the break size, fuel 
channels downstream of the break may experience low flow, stagnation or even reverse flow.  
If flow stagnates or if stratified flow develops, fuel cooling can become degraded, leading to 
increased fuel and sheath temperatures.  If stagnation occurs early in the pump rundown, it 
would not last long since forward or reverse flow is established when the pump has run down 
completely, thus ending the period of fuel heat up before injection begins.  Breaks which are 
too small to cause stagnation before the pumps have run down can lead to a more prolonged 
stagnation, after pump rundown.  With a near-zero pressure drop between the headers, some 
channels, especially those at higher elevations, may have reverse flow, while low elevation 
channels maintain forward flow.  For these breaks, the fuel continues to heat up in any 
stagnated or stratified channels until cold emergency core coolant enters the circuit and refills 
the channels.  For even smaller breaks, forward flow is maintained in channels downstream 
of the break during and after pump rundown. 

i) The break discharge rate decreases quickly following trip, although the discharge enthalpy 
remains high before emergency core coolant injection begins.  The lower discharge rate also 
tends to cause the containment pressure to decrease, as the heat load to containment falls 
below the total heat sink capacity due to the air coolers and steam condensation on cool 
surfaces.   

j) The pressure in the reactor headers decreases to the HTS low pressure setpoint.  This low 
pressure signal, preceded by the high reactor building pressure conditioning signal, initiates 
automatic high pressure emergency core coolant injection and steam generator crash 
cooldown.  This signal also causes the LTC pumps to start. 

k) Breaks with a small discharge may not pressurize containment sufficiently to initiate the 
emergency core cooling conditioning signal.  For these smaller breaks, the LOCA signal is 
generated from the sustained low heat transport system pressure condition.  Automatic 
containment isolation on high building pressure would not occur for these small breaks; 
instead, the operator would isolate containment. 
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l) High-pressure emergency core coolant injection would begin when the primary circuit 
pressure falls sufficiently below the pressure in the injection tanks to cause the rupture discs 
to break. 

m) The broken loop is refilled in a few minutes after ECC injection.  Flow in the broken loop 
decreases significantly, and stagnation in individual channels can develop if the density head 
difference between inlet and outlet feeders is balanced by the pull of a break upstream of the 
channel.  This initial subcooled stagnant channel condition is called the “standing-start” 
condition.  Other channels in the broken loop may exhibit forward or reverse flows 
depending on their power, elevation and feeder resistances.  Different channels experience 
the standing-start condition at different times.  Fuel heat up can occur during the period of 
stagnation, but fuel failures do not occur.  The flow stagnation is terminated by venting of 
steam from the channel, and the flow pattern following the steam venting is, in general, either 
subcooled single-phase or intermittent flow.  The latter flow pattern is simply a repetition of 
the standing-start cycle (i.e., flow stagnation, coolant boiling and stratification, steam venting 
and channel refilling).  The duration of stagnation in the subsequent cycles is shorter and 
hence the sheath and pressure tube temperature excursions are lower than in the first cycle.  
The steam generators remove the decay heat by natural circulation flow or by reflux 
condensation. 

n) Long-term cooling is maintained by the flow of ECC coolant through the circuit, with decay 
heat removal by the LTC heat exchangers and the steam generators.   

5.2.3 Analysis Methodology 

5.2.3.1 System Modelling 

Same system modeling described in Section 5.1.3.1 is used except for loss of class IV power. 

5.2.3.2 Analysis Assumptions 

The important assumption and parameter values for the process and safety systems are same as 
that described in Section 5.1.3.2 with the following exceptions. 

5.2.3.2.1 Process Systems 

Primary Heat Transport System: 
• All heat transport pumps will continue to run until the loss of class IV power. 

Secondary Heat Transport System: 
• Main feedwater pump is assumed to trip on loss of class IV power.  
• Auxiliary feedwater pump (operated by class III power) starts with a time delay after main 

feedwater pump trip.   

Electrical Power System 
• Class IV Power is assumed to be unavailable when the turbine begins to unload. 
• Class I, II, and III Powers are assumed available. 
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5.2.3.2.2 Safety Related Systems 

The same safety system assumptions described in Section 5.1.3.2.2 are used. 

5.2.4 Break Size 

The same break sizes listed in Section 5.1.4 will be repeated with loss of class IV power.  They 
are 0.15%, 0.5%, 1.0%, 2.0%, and 2.5% RIH break. 

5.2.5 Analysis Scope 

The same analysis scope described in Section 5.1.5 will be analyzed. 

5.2.6 Input to Subsequent Analysis 

The same input to subsequent analysis described in Section 5.1.6 will be obtained. 

5.3 Small LOCA with Loss of ECCS 

5.3.1 Introduction 

In this section, a small LOCA with loss of the emergency core cooling injection is considered.  
This event is classified as LCD accident (limited core damage accident), and includes 
representative failure modes of ECCS, i.e., complete loss of ECC (loss of LOCA signal) and 
partial loss of ECC (loss of ECI and LTC injection to one RIH). 

5.3.2 Event Sequence 

This section provides a qualitative description of the event sequences for this analysis.  That is, 
the event sequences describe the plant behaviour that would be expected using the plant system 
assumptions outlined in Section 5.3.3.2.  Up to the time at which the loss of ECCS occurs, the 
event sequence is the same as for the single failure case presented in Section 5.1.2, except that 
the analysis assumptions are design-centred rather than conservative.  The subsequent system 
response would depend on the failure mode of the ECCS, and the following event sequences 
describe the system behaviour for loss of LOCA signal and loss of ECC injection to one RIH, 
respectively. 

5.3.2.1 Complete Loss of ECC Due to Loss of LOCA Signal 

a) After the LOCA occurs, the primary circuit would depressurize to the LOCA signal setpoint.  
However, the LOCA signal is not generated.  Therefore, the ECC functions do not start.    

b) The second crash cooldown system works to open the main steam safety valves, causing a 
crash cooldown of the steam generators.   

c) Cooling of the loop is similar to the case with emergency core cooling (ECC) available, 
except there is no make-up from ECCS as the loop cools down.  With forced circulation or 
thermosyphoning, fuel cooling is adequate. 

d) Secondary side pressure and temperature will reduce rapidly, reducing the primary circuit 
pressure.   
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e) When the HTS pressure decreases to a low level at which the hydraulic head of RWT water 
is enough to inject RWT water into the RIH, a passive injection of RWT water begins and 
provides HTS coolant make-up.    

f) After the water in the RWT is depleted, the HTS inventory continues to deplete without 
make-up.  As the inventory level and system pressure decrease, flow decrease and heat 
removal from fuel channels decreases.  Fuel and pressure tubes heat up and may deform. 

g) Fuel channel temperatures may get high enough to cause oxidation to some of the Zircaloy 
components, if there is enough steam in the fuel channels.  The oxidation process is an 
exothermic reaction, which produces heat and hydrogen. 

h) Eventually, the pressure tube may get hot enough to expand in the radial direction, if the 
primary circuit pressure remains high.  If the expansion is uniform, the pressure tube integrity 
depends on the moderator subcooling.  For example, the pressure tube will not fail if the 
calandria tube does not dryout.  Should the pressure tubes experience circumferential 
temperature gradients at high channel pressure, and then it is possible that failure prior to 
contact with calandria tube will occur.  If the channels remain cool and the primary circuit 
pressure is not high enough, then any subsequent pressure tube heat up may result in sag 
contact with calandria tube. 

i) The portion of the pressure tube, which contacts the cold calandria tube, cools down quickly.  
Heat is transferred from the calandria tube to the surrounding moderator.  The moderator 
cooling system removes heat from the moderator. 

j) The channels are expected to heat up to high temperatures, as most of the coolant is lost 
through the break.  These high temperatures could result in some fuel failures and fission 
product releases from the fuel.  A small portion of the fission products released to 
containment could leak outside. 

5.3.2.2 Partial Loss of ECC 

This event is represented by the loss of ECI and LTC injection to one RIH, and all the ECC 
functions are available except for the impaired makeup capacity of ECI and LTC.  Therefore, the 
HTS response is expected to be similar to the case for small breaks with ECC available, as 
presented in Section 5.1.2.  The detailed response would depend on the break location and the 
RIH affected by the ECCS impairment; however, the general behaviour of the system is 
representative for a wide range of the cases.     
a) After the LOCA signal is generated, the ECCS injection to one RIH functions the same as for 

the case of small breaks as described in Section 5.1.2.    
b) Cooling in the HTS is maintained by forced circulation if the HTS pumps are running or 

thermosyphoning/intermittent flow if the pumps are tripped, and the steam generators remove 
decay heat.  

c) Depending on the make-up capability of the ECCS flow to one RIH, fuel channel 
temperatures may get high enough to cause oxidation to some of the Zircaloy components or 
deformation of pressure tubes.   



CONTROLLED - Licensing 10810-03500-AB-001 Page 5-11 
 Rev. 1 
 

10810-03500-AB-001 2004/01/14 

5.3.3 Analysis Methodology 

For the scenario of loss of LOCA signal, both ECI and LTC are assumed not functioning.  For 
loss of ECI and LTC injection to one RIH, injection to the other RIH is assumed to be working.  
For both postulated scenarios, the reserve water tank injecting to reactor inlet headers and the 
valves in the large outlet header interconnect are assumed working, since the initiation of these 
systems is activated by two independent signals, LOCA and second crash cooldown signals.  The 
circuit analysis determines the system response to the assumed impairment.  The header 
conditions obtained from the circuit calculations are used as boundary conditions for the 
subsequent fuel and fuel channel analyses.  The break discharge rate and enthalpy are used as 
input to containment analysis. 

5.3.3.1 System Modelling 

The same system modelling will be used as described in Section 5.1.3.1. 

5.3.3.2 Analysis Assumptions 

The important assumption and parameter values for the process and safety systems are 
design-centred [2].  For example, the initial power is assumed to be at 100% full power.  

5.3.4 Break Size 

Because the HTS response is expected to be similar to that with ECC available, only the largest 
of the small break sizes (2.5% RIH break) will be analyzed. 

5.3.5 Analysis Scope 

In general, the same analysis methods described in Section 5.1.5 are applicable.  
Thermalhydraulic analysis determines the general circuit response.  The header conditions 
generated from the circuit simulations are used as boundary conditions for slave channel 
thermalhydraulic analyses.  The break discharge is used as input to the containment analysis.  
Since larger breaks cause more rapid inventory loss, the 2.5% RIH break gives the earliest 
coolant inventory reduction at higher decay power level than smaller breaks and therefore is 
expected to bound the results for the other breaks. 

5.3.6 Input to Subsequent Analysis 

This input will be the same as in Section 5.1.6.   
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6. SINGLE CHANNEL EVENTS THERMOHYDRAULIC ANALYSIS 

This section describes the event sequence, system assumptions and analysis methodology for 
three different postulated events that a single channel within the heat transport circuit may 
experience.  These postulated events are feeder break, pressure tube/calandria tube (PT/CT) 
rupture and channel flow blockage.  This section only covers the thermalhydraulic analysis of the 
primary and secondary heat transport circuits.  The fuel, fuel channel, containment, in-core 
damage, moderator system, and public dose analyses are covered by other AB documents.  Three 
scenarios will be analyzed for each of the three postulated event mentioned above.  These 
scenarios are: 

• Postulated event with all safety systems available, 
• Postulated event with loss of class IV power (all safety systems available), 
• Postulated event with an Emergency Core Cooling (ECC) system impairment. 

6.1 Feeder Break 

6.1.1 Feeder Break Analysis with All Safety Systems Available 

6.1.1.1 Introduction 

The overall system behaviour following a break in a feeder is very similar to that resulting from 
a small break in the associated reactor inlet or outlet header.  However, the behaviour in the 
channel where the break is assumed to occur can be quite different.  For a particular range of 
inlet feeder break sizes, the flow in the channel is reduced sufficiently that fuel and channel 
integrity can be significantly affected.  These accidents have the potential to lead to fuel and fuel 
channel damage in the affected channel, while the remainder of the core remains adequately 
cooled. 
For a very small break in an inlet feeder, the flow in the downstream channel remains in the 
forward direction and can provide adequate fuel cooling.  On the other hand, a complete 
severance of an inlet feeder causes the channel flow to quickly reverse and thus both the flow 
from the reactor inlet header and from the channel exit at the break.  The channel flow, although 
in the reverse direction, is large and therefore still provides adequate fuel cooling.  Between 
these two break sizes there exists a range of break sizes in which progressively lower flow is 
attained.  Over a narrow range of break sizes, the flow in the downstream channel can be more or 
less stagnated due to a balance between the pressure at the break on the upstream side, and the 
reverse driving pressure between the break and the downstream end.  In the extreme, this can 
lead to rapid fuel heat up and fuel damage and failure of the fuel channel.  Such an inlet feeder 
break scenario is called a stagnation break, and is categorized as class 5 [1] [2], and is therefore a 
limited core damage event.  For an inlet feeder break, which is larger or smaller than that for the 
stagnation break case, the result is a channel flow which is low enough to result in fuel failure 
but high enough that the pressure tube remains intact.  This event is identified as the 
off-stagnation break (class 2) [1] [2].  The off-stagnation feeder break event will be analyzed as a 
design basis event since it is a class 2 event, and the stagnation break will be analyzed as a 
limited core damage event since it is a class 5 event. 
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6.1.1.2 Event Sequence 

6.1.1.2.1 Event Sequence for Stagnation Feeder Break 

a) A small initial break is postulated to occur in an inlet feeder pipe of the heat transport system 
(HTS), discharging coolant into containment. 

b) The pressure, temperature and humidity of the containment atmosphere increase. 
c) The HTS behaviour other than the affected channel is similar to that following a small loss of 

coolant accident of equivalent break size. 
d) After the break occurs, the flow in the channel becomes almost stagnant and the channel 

becomes filled with superheated steam.  This results in rapid fuel and pressure tube heat up, 
substantial fuel damage, including fuel sheath failure and the release of fission product 
inventories, and rapid failure of the pressure tube. 

e) The pressure tube may fail due to non-uniform deformation, caused by temperature gradients 
around the pressure tube, followed by calandria tube failure due to overheating and 
overpressurization.  Channel failure may also be caused by contact of molten material with 
the pressure tube and calandria tube.  The timing of the failure depends on the extent of the 
flow stagnation.  A small forward or reverse channel flow results in a later channel failure. 

f) After the channel fails, a high coolant flow in the channel from each header to the channel 
break begins.  This flow also begins to cool the fuel.  The break discharge flow into the 
moderator provides the high moderator level-conditioning signal for the emergency core 
cooling system (ECCS).  The temperature of the moderator liquid increases due to the influx 
of hot liquid from the HTS.  The discharge of light water into the heavy water moderator 
produces a negative reactivity feedback, which is counteracted by the reactor regulating 
system (RRS).  

g) The pressure and temperature inside containment increases due to the discharge of mass and 
energy into the accident vault via the broken feeder and into the boiler room through the 
calandria relief ducts following the pressure tube break.  Containment isolation may occur 
automatically on a high radiation level signal or a high reactor building pressure signal. 

h) The primary circuit depressurization causes voiding, which produces a negative reactivity 
feedback.  The RRS can counteract the reactivity decrease and keep the reactor power 
constant until the reactor trip. 

i) After channel failure, the reactor remains at full power until reactor trip occurs.  The timing 
of reactor trip depends upon the break size and location.  The reactor may be tripped on low 
HTS pressure, or high reactor building pressure. 

j) The primary circuit behaviour following reactor trip is similar to that for a small out of core 
break. 

k) Following reactor trip, the turbine runs back. 
l) The ECC system is activated when the primary circuit pressure falls below the ECC initiation 

set point.  The automatic high-pressure ECC injection and steam generator crash cooldown 
occur on low HTS pressure, conditioned by high moderator level or reactor building high 
pressure.  When the ECC water supply is almost depleted, the corresponding high pressure 
injection valves close. 
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m) On a LOCA signal, the Long Term Cooling (LTC) system is initiated following the operation 
of the ECI system.  A signal from the ECI system is provided to start the LTC pumps and 
open the sump isolation valves, and dump water from the RWT to the R/B sump upon 
detection of a LOCA.  When the ECI water tanks are nearly empty (signalled by a low level), 
the ECI tank isolation valves close and the recovery stage begins by pumping water from the 
sumps into the HTS via the LTC heat exchangers and thus the LTC system operation is 
initiated.  LTC delivers flow to the reactor inlet headers, thereby utilizing the cooling flow 
path already established by the high pressure ECI system.  The water subsequently escapes 
from the break in the feeder or through the moderator, falls to the reactor building sump and 
is recirculated by the pumps to provide a long term heat sink for the decay heat removal. 

n) The reserve water system also provides a backup supply of cooling water for heat transport 
system makeup during the LOCA with the opening the isolation valves (two normally closed 
valves in series), which allows water flow into the inlet header. 

o) Before pump trip by the automatic pump protection system, the operating HT pumps provide 
forced circulating flow and influence the blowdown and refilling pattern in the loop.  At 
some time before pump trip, the two core passes are refilled by the ECC system. 

p) The local air coolers cool the containment atmosphere. 
q) During any containment overpressure period and before containment isolation, some fission 

products may escape from containment. 

6.1.1.2.2 Event Sequence for Off-Stagnation Feeder Break 

The thermalhydraulic behaviour of the HTS, including all of the unaffected channels, for most 
off-stagnation break cases is similar to the stagnation break case, except that the timing of the 
circuit event sequences (reactor trip, loss of coolant signal, ECC injection, automatic HT pump 
trip time) are delayed, since there is no pressure tube break. 

6.1.1.3 Analysis Methodology 

The thermalhydraulic analysis determines the system response to a break, thus giving the 
transient values of the important process variables, such as the timing of relevant process trip 
parameters, emergency coolant injection, automatic pump trip time, and break discharge and 
enthalpy into containment or moderator if the affected channel fails.  The header conditions 
obtained from the circuit calculation are used as boundary conditions for the subsequent slave 
channel fuel and fuel channel analyses.  For an off-stagnation break, the limiting case, which is 
the break size resulting a small reverse flow that does not lead to channel failure, is considered.  
With reverse flow, radionuclides released from failed fuel can enter containment directly through 
the feeder break without being mixed in the primary coolant.  Also, to determine the channel 
failure time for the system thermalhydraulics analysis, a failure criterion of maximum pressure 
tube temperature of 600°C is assumed.  

6.1.1.3.1 System Modelling 

The CATHENA circuit model including a single parallel channel, and the slave channel models, 
will be used to perform feeder break thermalhydraulic analysis.  The CATHENA circuit model 
consists of a one-loop heat transport system, steam and feedwater system, and ECC system.  In 
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the CATHENA model, there are two inlet headers (RIH1 and RIH2), two outlet headers (ROH1 
and ROH2), two steam generators, and four HTS pumps.  There are two core passes (in total 
2×142 fuel channels).  One core pass is represented by a single average channel (142 channel 
averaged).  The other core pass is represented by an average channel (141 channels averaged) in 
parallel with a single channel.  The parallel single channel modelled corresponds to a high power 
channel with channel power set at the licensing limit of 8.0 MW [2]. 
The feeder break is modelled as occurring in the inlet feeder of the single parallel channel.  
CANFLEX fuel with 43 bundles is modelled.  Two CATHENA fuel models are used to represent 
43 elements, one for the two inner rings and the other for the two outer rings.  If the channel 
failure criterion is predicted to be exceeded, a break will be modelled in the corresponding 
channel location to predict the subsequent channel and circuit behaviour. 
The slave channel model, which is used to analyze the response of the unaffected channels, 
covers a single channel from inlet header to outlet header only.  The circuit models predict the 
circuit behaviour, including transient header conditions while the slave model uses the transient 
header conditions as boundary conditions to assess single-channel thermalhydraulics.  For the 
slave channel simulations, the highest power channel will be used. 
The analysis is performed using the CATHENA MOD3.5d/Rev0 computer code. 

6.1.1.3.2 Analysis Assumptions 

This section describes the important assumption and parameter values for the process and safety 
systems.  Conservative values will be used for these analyses.  For example, the initial power is 
raised to 102% [2] full power to account for bulk reactor power uncertainty.  Once the 
stagnation break size has been identified, the stagnation break event will be analyzed using 
design-centred parameters, such as 100% full power. 

6.1.1.3.2.1 Process Systems 

Primary Heat Transport System: 
• HT Pumps:  All HT pumps are assumed to run until the automatic pump protection system is 

initiated. 
• Pressurizer:  The pressurizer is modelled and provides a source of light water make-up to the 

HTS. 
• Feed and bleed are modelled. 

Secondary Heat Transport System: 
• Main Steam System:  Steam generators are depressurized (and cooled) by the automatic 

opening of the main steam safety valves (MSSVs) after the initiation of the later of the two 
crash cooldown systems.  The number of MSSVs assumed to open for off-stagnation break 
analysis will be consistent with small LOCA analysis.  For the stagnation feeder break all 
MSSVs are credited. 

• Steam Generator Feedwater System:  Assuming that the SG level control will maintain 
approximately constant SG mass, the feedwater flow is assumed to be equal to the steam 
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flow.  The feedwater flows are, however, limited to three times the nominal steam flow.  The 
feedwater temperature is 220°C [2].   

• Turbine:  The turbine begins to unload when the first steam generator pressure decreases to 
the pressure set point.   

• Reactor trip related to the secondary side HTS (e.g. low steam generator level) is not relevant 
for this event and therefore, not modelled. 

• ASDVs and CSDVs are not credited. 

Reactor Regulating System: 
• RRS is assumed to maintain the reactor power constant up to the time of reactor trip. 

Electrical Power System: 
• All power supplies, class I, II, III and IV power systems, are assumed to be available 

throughout the transient. 

6.1.1.3.2.2 Safety Related Systems 

Reactor Shutdown System: 
• Both shutdown systems, SDS1 and SDS2, are assumed available but only the less effective 

shutdown system is assumed to trip the reactor.  The trip time is taken to be the latest backup 
trip.  The shutdown characteristic is taken to be that for shutdown system No. 1, which has a 
lower rate of reactivity insertion than shutdown system No. 2, and ignores the contribution of 
the two most effective shutoff rods.  Neutronic trips are not modelled, and are not expected to 
be generated.  

• Note that the use of the least effective shutdown system, the backup trip, and ignoring the 
two most effective shutoff rods introduce conservatisms beyond the requirements of the 
single failure criterion.  A sensitivity case will be performed assuming reactor shutdown 
occurs on the first trip of the most effective shutdown system. 

• Following a small break, the reactor power is assumed to be held constant by RRS before trip 
and to follow the power rundown curve after the trip occurs. 

Emergency Core Cooling System: 
• ECC injection to both RIHs, each consisting of a high pressure ECI water tank with a 

compressed gas bubble at the top portion of the tank, a LTC pump (actually there are two 
pumps), and a heat exchanger, are modelled.  Both of the two parallel ECC injection valves 
are assumed to open.   

• The reserve water system also provides a backup supply of cooling water for heat transport 
system make–up during the LOCA by opening the isolation valves (two normally closed 
valves in series).   
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6.1.1.4 Analysis Scope 

Both the stagnation feeder break event (class 5 event) [1] [2], which is categorized as a limited 
core damage event and off-stagnation breaks (class 2 event) [1] [2], which is categorized as a 
design basis event are analyzed. 

6.1.1.5 Input to Subsequent Analysis 

A list of variables obtained from the thermalhydraulic run to be used for subsequent analysis is 
summarized as follows: 
a) Containment and moderator response analysis: 

- Break discharge flow (kg/s), 
- Break discharge enthalpy (mixture) (kJ/kg), 
- Break discharge specific volume (mixture) (m3 /kg). 

b) Fuel channel integrity: 
- Inlet and outlet header conditions, 

• Header void, 
• Header pressure (Pa), 
• Header liquid enthalpy (J/kg), 
• Header gas enthalpy (J/kg). 

6.1.2 Feeder Break Analysis with Loss of Class IV Power (All Safety Systems 
Available) 

6.1.2.1 Introduction 

This section describes the acceptance criteria, event sequence, main analysis assumptions and 
analysis methodology for a feeder break with loss of class IV power (all safety systems 
available).  Class IV power is assumed to be lost when the turbine begins to unload.  Following 
the loss of class IV power, the heat transport pumps as well as the main feedwater pumps are 
tripped.  The diesel generators for class III power are started up three minutes after the loss of 
class IV power.  Class III power operates the auxiliary feedwater pumps. 
The off-stagnation feeder break with loss of class IV power is categorized as a class 3 event [1] 
[2], which is a design basis event.  The stagnation feeder break with loss of class IV power is a 
class 5 event. 

6.1.2.2 Event Sequence 

This section provides a qualitative description of the event sequence, which is same as that 
described in Section 6.1.1.2 before the turbine begins to unload.  That is, the event sequence 
describes the behaviour that would be expected using the plant system assumptions outlined in 
Section 6.1.2.3.2. 
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a) A small initial break is postulated to occur in an inlet feeder pipe of the heat transport system 
(HTS), discharging coolant into containment.  The event sequence is same as that described 
in Section 6.1.1.2 before the turbine begins to unload. 

b) As the turbine begins to run back, some electrical loads must switch from the station to the 
grid.  There is a small probability that this switch is unsuccessful and a station-wide loss of 
class IV power occurs.  It is assumed in the analysis that a loss of class IV power occurs 
when the turbine runback begins. 

c) Feedwater flow to the steam generators via the main feedwater pumps stops when class IV 
power is lost. 

d) The heat transport pumps, heat transport system, feed pumps and moderator pumps trip when 
class IV power is lost. 

e) The local air coolers and cooler fans stop when class IV power is lost.  The diesel generators 
for class III power are started up on the loss of class IV power.  Class III powered equipment 
becomes operative after a delay, which for each piece of equipment depends on the loading 
sequence.   

f) In the absence of forced circulation, refill sometimes is slower than that if the heat transport 
pumps are running.  The other event sequences are similar to those following feeder break 
analysis with class IV power available described in Section 6.1.1.2. 

6.1.2.3 Analysis Methodology 

6.1.2.3.1 System Modelling 

Same system modelling described in Section 6.1.1.3.1 is used except for loss of class IV power. 

6.1.2.3.2 Analysis Assumptions 

The important assumption and parameter values for the process and safety systems are same as 
that described in Section 6.1.1.3.2 with the following exceptions.  

6.1.2.3.2.1 Process Systems 

Primary Heat Transport System:  
• All heat transport pumps will continue to run until the loss of class IV power. 

Secondary Heat Transport System: 
• Main feedwater pump is assumed to trip on loss of class IV power.  
• Auxiliary feedwater pump (operated by class III power) starts within three minutes after the 

main feedwater pump trip.  The steam generator auxiliary feedwater flow rate is 4% of the 
normal feedwater flow, consistent with the auxiliary feedwater pumps design. 

Electrical Power System: 
• Class IV power is assumed to be unavailable when the turbine begins to unload. 
• Class I, II, and III power are assumed available. 
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6.1.2.3.2.2 Safety Related Systems 

The same safety system assumptions as described in Section 6.1.1.3.2.2 are used. 

6.1.2.4 Analysis Scope 

Loss of class IV power is only analyzed for the off-stagnation break (class 3 event [1] and [2]). 

6.1.2.5 Input to Subsequent Analysis 

Same as in Section 6.1.1.5. 

6.1.3 Feeder Break Analysis with an Emergency Core Coolant Impairment 

6.1.3.1 Introduction 

In this part of the analysis basis, a feeder break combined with an impairment of the ECC system 
is considered. 
Only the off-stagnation feeder break with an ECC impairment (class 5 event [1] and [2]) is 
analyzed. 

6.1.3.2 Event Sequence 

6.1.3.2.1 Complete Loss of ECC Due to Loss of LOCA Signal 

a) The inlet feeder break occurs, causing a slow depletion of the heat transport system 
inventory. 

b) The primary circuit would depressurize to the LOCA signal setpoint; however, it is assumed 
that ECC injection does not function.   

c) For an off-stagnation feeder break with a loss of ECC, the HTS inventory continues to 
decrease, reducing effective heat removal in the intact fuel channels.  Fuel and pressure tubes 
heat up, and may deform. 

d) Due to the continued net loss of inventory, the HTS pressure would continue to fall.  When 
the second crash cooldown system acts to open the MSSVs, the secondary side pressure and 
temperature will decrease rapidly, in turn, reducing the primary circuit pressure.  When the 
HTS pressure is low enough, RWS water is supplied to the inlet headers, and refills the HTS. 

e) The loop inventory will deplete when the RWS makeup flow runs out.  As the inventory and 
system pressure decrease, the loop void increases and core flows continue to decrease.  
Eventually, the flow in the fuel channels would be low enough that the fuel would begin to 
heat up.  Stratified flow would develop in some channels and they would become filled with 
steam.  A wide variety of flow conditions in the fuel channels can exist with fuel channels 
receiving various steam flowrates.  Eventually the steam flows would become very small as 
the mass inventory in the loop decreases. 

f) The fuel in all channels heats up sufficiently so that fuel failures occur.  Consequently, there 
is a release of fission products into containment or moderator.  In addition, hydrogen is 
produced in fuel channels due to the exothermic interaction between steam and Zircaloy fuel 
sheaths at high temperatures.  Hydrogen generated in the channels can also be released 



CONTROLLED - Licensing 10810-03500-AB-001 Page 6-9 
 Rev. 1 
 

10810-03500-AB-001 2004/01/14 

directly into containment via break.  The oxidation process would produce additional heat 
and hydrogen.  Eventually, the release of fission products and hydrogen stops as the fuel 
reaches equilibrium conditions with decay heat generation transferred through the pressure 
and calandria tubes to the moderator. 

g) Under these high temperature conditions, heat generated in the fuel bundles is transferred 
primarily by radiation to the pressure tube.  The intact pressure tubes may get hot enough to 
expand in the radial direction if the primary circuit pressure remains high enough.  If the 
expansion to contact the calandria tube is uniform, then pressure tube integrity depends on 
calandria tube to moderator heat transfer conditions.  For example, the pressure tube will not 
fail if the calandria tube does not dry out.  Should the pressure tubes experience 
circumferential temperature gradients and high pressure, then non-uniform pressure tube 
strain can occur.  If the channels remain cool until the primary circuit pressure falls low 
enough, then any subsequent pressure tube heat up may result in sag contact with the 
calandria tube. 

h) The portion of the pressure tube, which contacts the cold calandria tube, drops in temperature 
significantly.  Heat is transferred from the calandria tube to the surrounding moderator.  The 
moderator cooling system removes heat from the moderator. 

i) The hydrogen produced from the zircaloy/steam reaction bubbles through the moderator and 
out of the calandria tank relief ducts into containment, or through the break in the feeder to 
containment.  

6.1.3.2.2 Partial Loss of ECC  

The ECC impairment considered in this section is: 

• Loss of ECI injection to one RIH and  
• Loss of the corresponding  LTC injection 
Water flow from the RWT to the RIH is credited, since the valves are opened by both LOCA and 
second crash cool signal. 
Since the coolant discharge resulting from a single channel break is small, ECC injection to one 
RIH should be sufficient to provide the necessary make-up and cooling; therefore, the event 
sequence is expected to be the same as Section 6.1.1.2; analysis will be done to confirm this 
expectation. 

6.1.3.3 Analysis Methodology 

For the scenario of loss of the LOCA signal, both ECI and LTC are assumed not to function.  For 
loss of ECI and LTC injection to one RIH, injection to the other RIH is assumed to work as 
designed.  For both postulated scenarios, the reserve water tank injection to reactor inlet headers 
and the valves in the large outlet header interconnect are assumed to work as designed, since the 
initiation of these systems is activated by two independent signals, LOCA and second crash 
cooldown signals.  The circuit analysis determines the system response to the assumed 
impairment.  The header conditions obtained from the circuit calculations are used as boundary 
conditions for the subsequent fuel and fuel channel analyses.  The break discharge rate and 
enthalpy are used as input to containment analysis. 
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6.1.3.3.1 System Modelling 

The same system modelling as described in Section 6.1.1.3.1 is used except for the assumed loss 
of the complete or a partial emergency core cooling system. 

6.1.3.3.2 Analysis Assumptions 

The important assumption and parameter values for the process and safety systems are 
design-centred [2].  For example, the initial power is assumed to be at 100% full power.  

6.1.3.4 Analysis Scope 

A loss of ECC is only analyzed for the off-stagnation feeder break (Class 5 event) [1] [2], which 
is categorized as a limited core damage event. 

6.1.3.5 Input to Subsequent Analysis 

The same input to subsequent analysis as described in Section 6.1.1.5 will be obtained.   

6.2 Pressure Tube/ Calandria Tube (PT/CT) Rupture 

6.2.1 PT/CT Rupture with All Safety Systems Available 

6.2.1.1 Introduction 

A spontaneous pressure tube / calandria tube rupture is a single channel event and is an in-core 
break.  For this postulated event the heat transport system behaviour is similar to that in a small 
loss of coolant accident.  
Past reactor operating experience has shown that, in most instances, a pressure tube will leak 
long before the critical crack size is reached.  Hence, the pressure tube will exhibit a leak before 
break behaviour.  However, the analysis assumes the most limiting case of a spontaneous 
complete rupture of the pressure tube.  The calandria tube surrounding the ruptured pressure tube 
is assumed to fail simultaneously, such that all the fuel bundles in the channel are ejected into the 
moderator.  Partial breaks would result in smaller break discharge than a guillotine rupture of 
PT/CT.  For some smaller pressure tube breaks, the channel flow may stagnate and cause fuel 
overheating in the affected channel.  The HTS system response is similar to transients caused by 
stagnation or off-stagnation feeder breaks. 
If a pressure tube were to rupture and the calandria tube remain intact, then the annulus bellows 
would fail due to large stresses caused by the coolant pressure.  The general HTS behaviour 
following a bellows failure is similar to a small out of core break. 

The PT/CT rupture is categorized as a class 3 event [1] [2], which is a design basis event. 

6.2.1.2 Event Sequence 

a) A spontaneous break occurs in a pressure tube. 
b) If the calandria tube does not fail after the initial pressure tube rupture, then the annulus 

bellows may fail due to large stresses caused by the coolant pressure.  The sequence of 
events following a bellows failure is similar to a small out of core break.  
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c) A much less likely scenario is that the calandria tube surrounding the ruptured pressure tube 
fails.  The sequence of events for guillotine rupture of PT/CT is described below. 

d) The moderator pressure and temperature rise as primary coolant is ejected into the calandria 
vessel.  The discharging coolant flashes to steam and condenses to a large degree as it mixes 
with the moderator.  The degree of condensation depends on the break discharge energy and 
the broken channel elevation in the core.  The increase in moderator pressure and 
temperature may cause damage to some in-core structures. 

e) The pressure and inventory control system for the heat transport system (HTS) responds to 
maintain nominal conditions.  For break discharges above the capacity of this system, the 
HTS has a net inventory loss and depressurizes. 

f) The depressurization of the HTS creates void in the core, which produces a negative 
reactivity feedback.  The discharge of light water coolant into the heavy water moderator also 
produces a negative reactivity feedback.  The reactor regulating system (RRS) acts to 
maintain constant reactor power until a reactor trip occurs.  

g) Fuel lodged in the broken channel remains well cooled due to the high break discharge flow.  
Ejected fuel bundles which may break out into single fuel elements or a cluster of elements 
are cooled by the moderator. 

h) The water level in the calandria vessel rises up in the four calandria relief ducts.  The LOCA 
conditioning signal is initiated on high moderator level.  As the moderator pressure continues 
to rise, the relief duct rupture discs rupture, discharging liquid into containment.  Fission 
products from any broken fuel elements are released into the moderator water and 
subsequently into containment. 

i) The reactor trips on one of the process trips for shutdown system 1 or shutdown system 2. 
j) Following reactor trip, the turbine runs back.  The atmospheric steam discharge valves and 

the condenser steam discharge valves open to control the steam generator pressure. 
k) The HTS pumps continue to run until they are tripped by the automatic pump trip system. 
l) ECI and steam generator crash cooldown occur on a low header pressure signal, conditioned 

by high moderator level, high containment pressure or sustained low ROH pressure.  ECI 
refills the HTS. 

m) Long-term cooling of the core pass with the broken channel is provided by the LTC system.  
The energy lost through the break may be a sufficient heat sink for the HTS. 

n) During any containment overpressure period and prior to containment isolation, some fission 
products may leak out of containment. 

o) Discharge of the HT coolant causes dilution of moderator neutron poison concentration.  This 
can result in an insertion of positive reactivity to the system, especially under some 
conditions, when the initial moderator poison concentration is relatively high.  The negative 
reactivity effect of the light water discharge into the moderator counteracts any positive 
reactivity effect of poison dilution. 

6.2.1.3 Analysis Methodology 

The thermalhydraulic analysis determines the system response to an in-core break, thus giving 
the transient values of the important process variables, such as the timing of relevant process trip 
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parameters, emergency coolant injection, automatic pump trip time, and break discharge and 
enthalpy into containment or moderator if channel fails.  The header conditions obtained from 
the circuit calculation are used as boundary conditions for the subsequent slave channel fuel and 
fuel channel analyses. 

6.2.1.3.1 System Modelling 

The CATHENA circuit model including the single parallel channel, and the slave channel 
models, will be used to perform PT/CT rupture thermalhydraulic analysis.  The CATHENA 
circuit model consists of a one-loop heat transport system, steam and feedwater system, and ECC 
system.  In the CATHENA model, there are two inlet headers (RIH1 and RIH2), two outlet 
headers (ROH1 and ROH2), two steam generators, and four HTS pumps.  There are two core 
passes (in total 2×142 fuel channels).  One core pass is represented by a single average channel 
(142 channel averaged).  The other core pass is represented by an average channel (141 channels 
averaged) in parallel with a single channel.  The parallel single channel modelled corresponds to 
a high power channel with channel power set at the licensing limit of 8.0 MW [2]. 
The in-core break is modelled as occurring at the inlet of the single parallel channel.  CANFLEX 
fuel with 43 bundles is modelled.  Two CATHENA fuel models are used to represent 43 
elements, one for the two inner rings and the other for the two outer rings. 
The slave channel model, which is used to analyze the response of the unaffected channels, 
covers a single channel from inlet header to outlet header only.  The circuit models predict the 
circuit behaviour, including transient header conditions while the slave model uses the transient 
header conditions as boundary conditions to assess single-channel thermalhydraulics.  For the 
slave channel simulations, the highest power channel will be used. 
The analysis is performed using the CATHENA MOD3.5d/Rev0 computer code. 

6.2.1.3.2 Analysis Assumptions 

This section describes the important assumptions and parameter values for the process and safety 
systems.  Conservative values will be used for these analyses.  For example, the initial power is 
assumed to be 102% power to account for bulk reactor power uncertainty. 

6.2.1.3.2.1 Process Systems 

Primary Heat Transport System: 
• HT Pumps:  All HT pumps are assumed to run until automatic pump protection system is 

initiated. 
• Pressurizer:  The pressurizer is modelled and provides a source of light water make-up to the 

HTS.  
• Feed and bleed are modelled. 

Secondary Heat Transport System: 
• Main Steam System:  The steam generators are depressurized (and cooled) by the automatic 

opening of the main steam safety valves (MSSVs) after the initiation of crash cooldown.  The 
number of MSSVs assumed to open will be consistent with the small LOCA analysis. 
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• Steam Generator Feedwater System:  Assuming that the SG level control maintains constant 
SG mass, the feedwater flow is set equal to the steam flow.  The feedwater flows are, 
however, limited to three times of the nominal steam flow.  The feedwater temperature is 
220°C.   

• Turbine:  The turbine begins to unload when the first steam generator pressure decreases to 
the pressure set point. 

• Reactor trip parameters related to the secondary side HTS (e.g. low steam generator level) 
are not relevant for this event and therefore, not modelled. 

• ASDVs and CSDVs are not credited. 

Reactor Regulating System: 
• RRS is assumed to maintain the reactor power constant up to the time of reactor trip. 

6.2.1.3.2.2 Safety Related Systems 

Reactor Shutdown System: 
• Both shutdown systems, SDS1 and SDS2, are assumed available but only the less effective 

shutdown system is assumed to trip the reactor.  The trip time is taken to be the latest backup 
trip.  The shutdown characteristic is taken to be that for shutdown system No. 1, which has a 
lower rate of reactivity insertion than shutdown system No. 2, and ignores the contribution of 
the two most effective shutoff rods.  

• Note that the use of the least effective shutdown system, the backup trip, and ignoring the 
two most effective shutoff rods introduce conservatisms beyond the requirements of the 
single failure criterion.  A sensitivity case will be performed assuming reactor shutdown 
occurs on the first trip of the most effective shutdown system. 

• Following a small break, the reactor power is assumed to be held constant by RRS before trip 
and to follow the power rundown curve after the trip occurs. 

Emergency Core Cooling System: 
• ECC injection to both RIHs, each consisting of a high pressure ECI water tank with a 

compressed gas bubble at the top portion of the tank, a LTC (long term cooling system) 
pump (actually there are two pumps), and a heat exchanger, are modelled.  Both of the two 
parallel ECC injection valves are assumed to open.   

• The reserve water system also provides a backup supply of cooling water for the heat 
transport system during a LOCA by opening the isolation valves (two normally closed valves 
in series).  

6.2.1.4 Analysis Scope 

The PT/CT break location that generates the highest break discharge flow is identified as the 
limiting case, since it maximizes the rate of moderator temperature increase and activity releases 
to containment.  Since all PT/CT ruptures generate similar channel break discharge flows, the 
single parallel channel analysis will be performed with the break located at the inlet of the 
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channel.  This thermalhydraulic analysis will examine the relationship between break size/ 
location and fuel channel conditions as well as the transient HTS response following a break.   
To simplify the scope of the PT/CT rupture analysis, the high-powered channel is chosen as the 
single parallel channel with a PT/CT rupture near the channel inlet.  The transient header 
conditions generated from the single parallel channel simulations will be used as boundary 
conditions for a detailed channel analysis to be done separately.   

6.2.1.5 Input to Subsequent Analysis 

A list of variables obtained from the thermalhydraulic run to be used for subsequent analysis is 
summarized as follows: 
a) Containment and moderator response analysis 

- Break discharge flow (kg/s), 
- Break discharge enthalpy (mixture) (kJ/kg), 
- Break discharge specific volume (mixture) (m3 /kg). 

b) Fuel channel integrity 
• Inlet and outlet header conditions: 

- Header void, 
- Header pressure (Pa), 
- Header liquid enthalpy (J/kg), 
- Header gas enthalpy (J/kg). 

6.2.2 PT/CT Rupture with Loss of Class IV Power (All Safety Systems 
Available) 

6.2.2.1 Introduction 

This section describes the acceptance criteria, event sequence, main analysis assumptions and 
analysis methodology for a PT/CT rupture with loss of class IV power (all safety systems 
available).  Class IV power is assumed to be lost when the turbine begins to unload.  Following 
the loss of class IV power, the heat transport pumps as well as the main feedwater pumps are 
tripped.  The diesel generators for class III power are started up immediately after the loss of 
class IV power.  Class III power operates the auxiliary feedwater pumps and the LTC pumps. 

The PT/CT rupture with loss of class IV power is categorized as a class 3 event [1] [2], which is 
a design basis event. 

6.2.2.2 Event Sequence 

This section provides a qualitative description of the event sequence, which is same as that 
described in Section 6.2.1.2 before the turbine begins to unload.  That is, the event sequence 
describes the behaviour that would be expected using the plant system assumptions outlined in 
Section 6.2.2.3.2. 
a) A spontaneous break occurs in a pressure tube and leads to its complete rupture.  The 

calandria tube surrounding the ruptured pressure tube fails.  The moderator pressure and 
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temperature rise as primary coolant is ejected into the calandria vessel.  The event sequence 
is same as that described in Section 6.2.1.2 before the turbine begins to unload. 

b) As the turbine begins to run back, some electrical loads must switch from the station to the 
grid.  There is a small probability that this switch is unsuccessful and a station-wide loss of 
class IV power occurs.  It is assumed in the analysis that a loss of class IV power occurs 
when the turbine runback begins. 

c) Feedwater flow to the steam generators via the main feedwater pumps stops when class IV 
power is lost. 

d) The heat transport pumps, heat transport system, feed pumps and moderator pumps trip when 
class IV power is lost. 

e) The local air coolers and cooler fans stop when class IV power is lost.  The diesel generators 
for class III power are started up on the loss of class IV power.  Class III powered equipment 
becomes operative after a delay, which for each piece of equipment depends on the loading 
sequence.   

In the absence of forced circulation, refill sometimes is slower than that if the heat transport 
pumps are running.  The other event sequences are similar to those following PT/CT rupture 
analysis with class IV power available described in Section 6.2.1.2. 

6.2.2.3 Analysis Methodology 

6.2.2.3.1 System Modelling 

Same as in Section 6.2.1.3.1 except for loss of class IV power. 

6.2.2.3.2 Analysis Assumptions 

Same as in Section 6.2.1.3.2 with the following exceptions. 

6.2.2.3.2.1 Process Systems 

Primary Heat Transport System 
• All heat transport pumps will continue to run until the loss of class IV power. 

Secondary Heat Transport System 
• Main feedwater pump is assumed to trip on loss of class IV.  
• Auxiliary feedwater pump (operated by class III power) starts within three minutes after the 

main feedwater pump trip.  The steam generator auxiliary feedwater flow rate is 4% of the 
normal feedwater flow. 

Electrical Power System 
• Class IV power is assumed to be unavailable when the turbine begins to unload. 
• Class I, II, and III power are assumed available. 

6.2.2.3.2.2 Safety Related Systems 

Same as in Section 6.2.1.3.2.2. 
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6.2.2.4 Analysis Scope 

Same as in Section 6.2.1.4. 

6.2.2.5 Input to Subsequent Analysis 

Same as in Section 6.1.1.5. 

6.2.3 PT/CT Rupture with an Emergency Core Coolant Impairment 

PT/CT rupture with an impairment of emergency core cooling system is a severe core damage 
accident and is not analyzed in this report. 

6.3 Channel Flow Blockage 

6.3.1 Channel Flow Blockage with All Safety Systems Available 

6.3.1.1 Introduction 

This section describes the event sequence, system assumptions and thermalhydraulic analysis 
methodology for a single channel flow blockage event with all safety systems available.  The 
blocked channel initially operates at approximately full system pressure and full nominal power 
but under reduced flow, which may result in heat up of the fuel and channel depending on the 
severity (completeness) of the blockage.  For analysis purposes, a “blockage” is defined as a 
sudden increase of flow resistance, which reduces the coolant mass flow in a single channel.  The 
blockage is assumed to occur at the channel inlet:  a severe blockage at the channel outlet leads 
to an earlier rupture in the pressure tube, and hence a shorter channel heat up time.  A blockage 
at the inlet is therefore a more conservative assumption. 
For small blockages, the fuel bundles in the affected channel do not dry out and hence channel 
conditions are similar to normal operating conditions.  Large blockages, which severely restrict 
the coolant flow, result in formation of superheated steam in the channel.  This causes the fuel 
bundles and pressure tube to heat up rapidly, likely leading to pressure tube and calandria tube 
failure.  If the pressure tube were to rupture and the calandria tube remain intact, then the 
annulus bellows most likely would fail due to large stresses caused by the coolant pressure.  The 
general behaviour following a bellows failure is similar to a small out of core break.  The heat 
transport system behaviour following a severe flow blockage which leads to rupture of both the 
pressure tube and calandria tube is similar to that of an in-core break, which in turn has the 
overall system response similar to a small break in the primary heat transport system.  Severe 
flow blockages, leading to PT/CT rupture are considered in this report. 

Severe flow blockage is categorized as a class 5 event [1]  [2], which is a limited core damage 
event.  

6.3.1.2 Event Sequence 

The plant response to a flow blockage in a single channel depends on the degree of flow 
reduction caused by the blockage.  Flow blockages can be divided into four groups, with the 
blockage size increasing from one group to the next.  The four groups are as follows: 
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a) Blockages that have little effect on fuel cooling.  Although flow in the channel is reduced, 
fuel and sheath temperatures do not increase significantly.  These blockages do not present 
an immediate safety concern since the fuel bundles remain well cooled. 

b) Blockages that result in transition boiling on some fuel sheaths.  As the blockage size is 
increased in this group, film boiling begins to occur on the sheaths of the hottest bundles.  
These blockages may result in sheath failure due to oxygen embrittlement.  However, the 
time required for sheath failure would be quite long (several hours), depending on the extent 
of film boiling.  In this case, the gaseous fission product monitoring system would show an 
increase in radionuclides in the primary circuit coolant.  The failed fuel would be located and 
removed, and the flow blockage would be detected either during the refuelling process or 
during periodic temperature monitoring at reduced power. 

c) Blockages that result in fully developed film boiling on the fuel sheaths.  These blockages 
may result in fuel failures due to oxygen embrittlement within about half an hour after the 
time of the blockage.  Fuel temperatures depend on channel power, but fuel centreline 
melting does not occur except possibly for the highest-rated elements.  When fuel failures 
occur, fission products are released from the fuel into the primary circuit.  Since the primary 
circuit is intact, the radionuclides are not released to containment.  The high level of activity 
in the primary circuit triggers an alarm from the gaseous fission product monitor.  If the 
I-131 concentration reaches a specified level, the operator shuts down the reactor. 

d) Blockages that result in superheated steam being formed in the channel.  For these blockages, 
the fuel bundles and pressure tube begin to heat up rapidly.  Pressure tube circumferential 
strain occurs due to the high pressure in the channel.  Pressure tube failure prior to contact 
with the calandria tube is possible, since only a small variation in temperature around the 
circumference of the pressure tube is required to cause significant local strain and failure at 
high pressures.  For the most complete blockages, the formation of molten Zircaloy in the 
hottest bundles may result in molten Zircaloy contacting the pressure tube and failing it.  Fuel 
failures occur close to the time of pressure tube failure.  Pressure tube failure likely results in 
calandria tube failure thus pressurizing the calandria vessel.  Calandria vessel pressurization 
following the channel rupture is a function of the fuel conditions at the time of rupture.  
Damage to certain in-core components near the failed channel, such as shutoff rod guide 
tubes could be caused by the various, associated forces (mechanical and hydrodynamic). 

The analysis of the flow blockage event concentrates on the consequences of the severe (last 
group) type of blockage.  This type has the most potential for radionuclide releases into 
containment and to the secondary side in the case of an existing steam generator tube leak, and a 
subsequent radiation dose to the public.  The sequence of events for the severe flow blockage is 
described below: 
a) Immediately following the flow blockage, the heat transport system (HTS) remains 

essentially unaffected, except in the blocked channel. 
b) The fuel and pressure tube where the blockage occurs heat up rapidly as the coolant in the 

channel superheats.  Since the channel pressure is high, pressure tube circumferential strain 
begins as the pressure tube heats up.  Also, a non-uniform temperature distribution develops 
on the circumference of the pressure tube due to uneven steam flow through the subchannels, 
bearing pad contact and/or fuel element contact with the pressure tube. 
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c) When the coolant pressure is high, a small non-uniform circumferential temperature 
distribution is sufficient to result in pressure tube failure.  Thus, it is highly likely that the 
pressure tube fails prior to contact with the calandria tube.  Following pressure tube failure, 
the gas annulus between the pressure tube and calandria tube pressurizes very rapidly.  Heat 
is transferred from the superheated steam discharging into the gas annulus to the calandria 
tube and from the calandria tube to the moderator.  It is likely that this heat flux quickly 
exceeds the critical heat flux on the outside surface of the calandria tube, causing film boiling 
to occur.  The calandria tube subsequently heats up rapidly.  Since the calandria tube burst 
pressure decreases with increasing temperature, the combination of high pressure and thermal 
loads very likely causes the calandria tube to rupture soon after the pressure tube ruptures. 

d) Although it is likely that the pressure tube ruptures prior to contact with the calandria tube, 
the possibility of contact prior to rupture cannot be ruled out entirely.  If contact occurs, the 
pressure tube temperature drops quickly and the pressure loading is transferred to the 
calandria tube.  Subsequently the calandria tube could dryout and fail.  If the calandria tube 
does not fail the fuel sheath would continue to heat up.  The fuel eventually operates dry at 
full power, and ultimately melting would occur.  Eventually, molten material runs down onto 
the pressure tube.  Even a thin layer of molten material in contact with the pressure tube 
causes the pressure tube and calandria tube to heat up rapidly.  The thermal transient is so 
rapid that failure temperatures are reached quickly. 

e) After channel failure, the contents of the channel, consisting of superheated coolant, fission 
products and possibly overheated or molten fuel, is rapidly discharged into the moderator.  
Fuel discharged into the moderator is quenched and cooled.  What remains in the channel and 
is located between the outlet of the channel and the rupture is effectively cooled by the 
reverse flow from the outlet header.  The fuel which remains in the channel between the inlet, 
where the blockage is located, and the rupture is cooled by the two phase coolant flowing 
into the channel and by coolant in the annulus between the pressure tube and the calandria 
tube. 

f) The rapid discharge of hot fuel and coolant into the calandria causes the moderator pressure 
and temperature to increase, which may cause damage to some in-core components.  The 
increasing pressure in the calandria pushes the moderator up into the four relief ducts at the 
top of the calandria, strains the calandria elastically, and may collapse some calandria tubes 
onto their respective pressure tubes by compressing the moderator.  The pressure continues to 
rise until the rupture discs break open.  Some of the radionuclides released from the fuel are 
ultimately transported to the containment through the calandria relief ducts. 

g) The discharge of light water coolant into the heavy water moderator produces a negative 
reactivity feedback.  The RRS operates to maintain the reactor power constant. 

h) Containment pressure and temperature may rise, depending on the location and rate of liquid 
discharge.  Air coolers and condensation on the containment walls cool the containment 
atmosphere.  Containment isolation is automatically initiated on the high containment 
pressure signal, if the pressure rise is high enough, or on the high radiation level signal. 
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i) The primary circuit behaviour following reactor trip is similar to that for an in-core LOCA or 
a small out-of-core break.  Eventually, the primary circuit pressure falls below the emergency 
core cooling initiation setpoint.  The ECC system is designed to prevent fuel sheath failures 
for small breaks in the HTS.  Thus, sheath temperatures in the intact channels remain near the 
coolant temperature and no systematic fuel failures are expected.  The only significant 
radionuclide release from fuel occurs in the ruptured channel. 

j) With time, the condensed coolant in the moderator mixes with the moderator heavy water.  
This continues to produce negative reactivity.  

k) The HTS pumps continue to run until they are tripped by automatic pump trip. 
l) ECI and steam generator crash cooldown occur on a low header pressure signal, conditioned 

by high moderator level, high containment pressure or sustained low ROH pressure.  ECI 
refills the core passes. 

m) LTC provides the long-term heat sink for the heat transport system.  The reserve water 
system also provides a backup supply of cooling water for heat transport system makeup 
during the event. 

n) During any containment overpressure period and prior to containment isolation, some fission 
products may leak out of containment. 

6.3.1.3 Analysis Methodology 

The thermalhydraulic analysis determines the system response to a break, thus giving the 
transient values of the important process variables, such as the timing of relevant process trip 
parameters, emergency coolant injection, automatic pump trip time, and break discharge and 
enthalpy into containment or moderator if channel fails.  The header conditions obtained from 
the circuit calculation are used as boundary conditions for the subsequent slave channel fuel and 
fuel channel analyses. 

6.3.1.3.1 System Modelling 

The CATHENA circuit model including the single parallel channel, and the slave channel 
models, will be used to perform channel flow blockage analysis.  The CATHENA circuit model 
consists of a one-loop heat transport system, steam and feedwater system, and ECC system.  In 
the CATHENA model, there are two inlet headers (RIH1 and RIH2), two outlet headers (ROH1 
and ROH2), two steam generators, and four HTS pumps.  There are two core passes (in total 
2×142 fuel channels).  One core pass is represented by a single average channel (142 channel 
averaged).  The other core pass is represented by and average channel (141 channel averaged) in 
parallel with a single channel.  The parallel single channel modelled corresponds to a high power 
channel with channel power raised to the licensing limit of 8.0 MW [2].  For the parallel channel, 
complete/partial blockage located at the interface of the inlet feeder and end fitting is modelled.  
For the subsequent channel failure, a guillotine channel break is assumed.  The channel failure 
location and timing within the blocked channel are determined in the analysis.  The fuel channel 
is represented by 12 (rather than one) CATHENA pipe components, so that the subsequent fuel 
channel failure can be modelled. 
The slave channel model covers a single channel from inlet header to outlet header only.  The 
circuit model predicts the circuit behaviour, including transient header conditions while the slave 
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model uses the transient header conditions as boundary conditions to assess single-channel 
thermalhydraulics.  For the slave channel simulations, the highest power channel will be used. 
CANFLEX fuel with 43 bundles is modelled.  Two CATHENA fuel models are used to represent 
43 elements, one for the two inner rings and the other for the two outer rings .   
The analysis is performed using the CATHENA MOD3.5d/Rev0 computer code. 

6.3.1.3.2 Analysis Assumptions 

This section describes the important assumption and parameter values for the process and safety 
systems.  Design-centre values will be used for this analysis.  For example, the initial power is 
assumed to be 100% [2] power. 

6.3.1.3.2.1 Process Systems 

Primary Heat Transport System: 
• HT Pumps:  All HTS pumps are assumed to run until the automatic pump protection system 

is initiated.   
• Pressurizer:  The pressurizer is modelled and provides a source of light water make-up to the 

HTS. 
• Feed and bleed are modelled. 

Secondary Heat Transport System: 
• Main Steam System:  Steam generators are depressurized (and cooled) by the automatic 

opening of the main steam safety valves (MSSVs) after the initiation of the later of the two 
crash cooldown systems.  All MSSVs are assumed to open. 

• Steam Generator Feedwater System:  Assuming that the SG level control maintains constant  
SG mass, the feedwater flow is set equal to the steam flow.  The feedwater flows are, 
however, limited to three times the nominal steam flow.  The feedwater temperature is 
220°C [2].   

• Turbine:  The turbine begins to unload when the first steam generator pressure decreases to 
the pressure set point. 

• ASDVs and CSDVs are not credited. 

Reactor Regulating System: 
• The effect of RRS is assumed to maintain constant reactor power up to the time of reactor 

trip. 

Electrical Power System: 
• All power supplies, class I, II, III and IV power systems, are assumed to be available 

throughout the transient. 
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6.3.1.3.2.2 Safety Related Systems 

Reactor Shutdown System: 
• Two shutdown systems, SDS1 and SDS2, are assumed available, and the first trip signal on 

the most effective shutdown system is credited.  All process trips for SDS1 and SDS2 are 
modelled in the CATHENA simulations as per design values.   

Emergency Core Cooling System: 
• ECC injection to both RIHs, each consisting of a high pressure ECI water tank with a 

compressed gas bubble at the top portion of the tank, a LTC (Long Term Cooling System) 
pump (actually there are two pumps), and a heat exchanger, are modelled.  Both of the two 
parallel ECC injection valves in each ECI line are assumed to open.   

• The reserve water system also provides a backup supply of cooling water for heat transport 
system make–up during the LOCA by opening the isolation valves (two normally closed 
valves in series).   

• Steam generator crash cooldown is credited. 

6.3.1.4 Analysis Scope 

The analysis will concentrate on the full blockage of a high power channel.  The transient header 
conditions generated from the single parallel channel simulations will be used as boundary 
conditions for the slave channel analysis. 

6.3.1.5 Input to Subsequent Analysis 

A list of variables obtained from the thermalhydraulic run to be used for subsequent analysis is 
summarized as follows: 
a) Containment and moderator response analysis 

• Break discharge flow (kg/s), 
• Break discharge enthalpy (mixture) (kJ/kg), 
• Break discharge specific volume (mixture) (m3 /kg). 

b) Fuel channel integrity 
• Inlet and outlet header conditions: 

- Header void, 
- Header pressure (Pa), 
- Header liquid enthalpy (J/kg), 
- Header gas enthalpy (J/kg). 



CONTROLLED - Licensing 10810-03500-AB-001 Page 6-22 
 Rev. 1 
 

10810-03500-AB-001 2004/01/14 

6.3.2 Channel Flow Blockage with Loss of Class IV Power (All Safety Systems 
Available) 

6.3.2.1 Introduction 

This section describes the acceptance criteria, event sequence, main analysis assumptions and 
analysis methodology for a channel flow blockage analysis with loss of class IV power (all 
safety systems available).  The class IV power is assumed to be lost when the turbine begins to 
unload.  Following the loss of class IV power, the heat transport pumps as well as the main 
feedwater pumps are tripped.  The diesel generators for class III power are started up 
immediately after the loss of class IV power.  Class III power operates the auxiliary feedwater 
pumps and the LTC pumps. 

6.3.2.2 Event Sequence 

This section provides a qualitative description of the event sequence, which is same as that 
described in Section 6.3.1.2 before the turbine begins to unload.  That is, the event sequence 
describes the behaviour that would be expected using the plant system assumptions outlined in 
Section 6.3.2.3.2. 
a) A severe channel flow blockage occurs, resulting in failure of the associated pressure tube.  

The calandria tube surrounding the ruptured pressure tube fails.  The moderator pressure and 
temperature rise as primary coolant is ejected into the calandria vessel.  The event sequence 
is the same as that described in Section 6.3.1.2 before the turbine begins to unload. 

b) As the turbine begins to run back, some electrical loads must switch from the station to the 
grid.  There is a small probability that this switch is unsuccessful and a station-wide loss of 
class IV power occurs.  It is assumed in the analysis that a loss of class IV power occurs 
when the turbine runback begins. 

c) Feedwater flow to the steam generators via the main feedwater pumps stops when class IV 
power is lost. 

d) The heat transport pumps, heat transport system, feed pumps and moderator pumps trip when 
class IV power is lost. 

e) The local air coolers and cooler fans stop when class IV power is lost.  The diesel generators 
for class III power are started up on the loss of class IV power.  Class III powered equipment 
becomes operative after a delay, which for each piece of equipment depends on the loading 
sequence.   

In the absence of forced circulation, refill sometimes is slower than that if the heat transport 
pumps are running.  The other event sequences are similar to those following the channel flow 
blockage analysis with class IV power available described in Section 6.3.1.2. 

6.3.2.3 Analysis Methodology 

6.3.2.3.1 System Modelling 

Same as in Section 6.3.1.3.1 except for loss of class IV power. 
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6.3.2.3.2 Analysis Assumptions 

Same as in Section 6.3.1.3.2 with the following exceptions. 

6.3.2.3.2.1 Process Systems 

Primary Heat Transport System 
• All heat transport pumps will continue to run until the loss of class IV power. 

Secondary Heat Transport System 
• Main feedwater pump is assumed to trip on loss of class IV.  
• Auxiliary feedwater pump (operated by class III power) starts three minutes after main 

feedwater pump trip.  The steam generator auxiliary feedwater flow rate is 4% of the normal 
feedwater flow. 

Electrical Power System 
• Class IV power is assumed to be unavailable when the turbine begins to unload. 
• Class I, II, and III power are assumed available. 

6.3.2.3.2.2 Safety Related Systems 

Same as in Section 6.3.1.3.2.2. 

6.3.2.4 Analysis Scope 

Same as in Section 6.3.1.4. 

6.3.2.5 Input to Subsequent Analysis 

Same as in Section 6.3.1.5. 

6.3.3 Channel Flow Blockage with an Emergency Core Coolant Impairment 

A severe channel flow blockage with an ECC impairment is a severe core damage accident and 
is not analyzed in this report. 
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8. ACRONYMS 

AB Analysis Basis 
ACR™ Advanced CANDU Reactor™ 
AECL Atomic Energy of Canada Limited 
ASDV Atmospheric Steam Discharge Valve 
CANDU®1 CANada Deuterium Uranium 
CNSC Canadian Nuclear Safety Commission 
CSDV Condenser Steam Discharge Valve 
CT Calandria Tube 
DE Design Basis Event 
ECC Emergency Core Cooling 
ECI Emergency Coolant Injection 
HTS Heat Transport System 
IAEA International Atomic Energy Agency 
LCDA Limited Core Damage Accident 
LOCA Loss Of Coolant Accident 
LTC Long Term Cooling 
MSSV Main Steam Safety Valve 
P&IC Pressure and Inventory Control 
PRA Probabilistic Risk Assessment 
PS Pump Suction 
PSA Probabilistic Safety Analysis 
PT Pressure Tube 
R/B Reactor Building 
RIH Reactor Inlet Header 
ROH Reactor Outlet Header 
RRS Reactor Regulating System 
RWS Reserve Water System 
RWT Reserve Water Tank 
SCDA Severe Core Damage Accident 
SDS1 Shutdown System 1 
SDS2 Shutdown System 2 
SG Steam Generator 
US NRC United States Nuclear Regulatory Commission 

 

                                                 
1  CANDU® (CANada Deuterium Uranium) is a registered trademark of Atomic Energy of 

Canada Limited (AECL). 


	Top of Document
	INTRODUCTION

	ACCEPTANCE CRITERIA

	REACTOR PHYSICS MODELLING AND METHODOLOGY

	LARGE LOCA THERMALHYDRAULIC ANALYSIS

	SMALL LOCA THERMALHYDRAULIC ANALYSIS

	SINGLE CHANNEL EVENTS THERMOHYDRAULIC ANALYSIS

	REFERENCES

	ACRONYMS


