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Abstract 

A methodology called the Multi-step Approach to Code-coupling for 

frogression Induced .s.evere Accidents in CANDU nuclear power plants 

(MACPISA-CANDU) was developed and applied. MACPISA-CANDU was used 

to couple a MA TLAB single fuel channel model with a primary heat transport 

system model developed in MELCOR (MELCOR 1.8.5) to model a small break 

loss of coolant accident (SBLOCA) in conjunction with a loss of emergency 

coolant injection (LOECI) in a CANDU 6 nuclear power plant. The specific type 

of SBLOCA modelled was an individual reactor inlet feeder stagnation break 

(8.03cm2
). The early stages of the SBLOCA-LOECI event were the focus of this 

thesis. 13 seconds after the initiation of the break it was predicted that the 

pressure tube would heat up to 1473 K and rupture. It is assumed that the 

calandria tube ruptures along with the pressure tube causing coolant to return to 

the fuel channel and flow out of the rupture into the calandria vessel. It predicted 

that the moderator within the calandria vessel would be able to act as an ultimate 

heat sink and end the transient at 298 seconds. In addition, the MATLAB single 

fuel channel model· was replaced by a single fuel channel model created in 

SCDAP/RELAP5 (RELAP/SCDAPSIM Mod 3.4 (bi7)). The coupled 

SCDAP/RELAP5-MELCOR simulation predicted that the pressure tube would 

rupture at 23 seconds and subsequently the transient would end at 403 seconds. 
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The results from both code-coupled simulations are shown to be in reasonable 

agreement with the results of other validated computer models. 
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M.A.Sc. Thesis - D. J. Pohl McMaster University - Engineering Physics 

1. Introduction 

1.1 Objective 

This work outlines and applies a modern approach to modelling the 

progression of severe accidents in CANDU nuclear power plants using computer 

codes. The method is called the Multi-step Approach to Code-coupling for 

£rogression Induced .s.evere Accidents in CANDU nuclear power plants 

(MACPlSA.:.CANDU). In an application of this method, a single fuel channel 

model that was developed in 1\1ATLAB was coupled with a primary heat transport 

system model developed in the U.S. NRC computer code MELCOR (MELCOR 

1.8.5) (MELCOR Manuals). This was done in order to simulate a small break 

loss of coolant accident (SBLOCA) in conjunction with a loss of emergency 

coolant injection (LOECl) in a CANDU 6 nuclear power plant. The specific type 

of SBLOCA analyzed was a stagnation break (8.03 cm2
) in an individual reactor 

inlet feeder that is attached to a high powered fuel channel (7.3 MW). As a 

validation of MACPlSA-CANDU methodology, the aforementioned SBLOCA

LOECl event was also modelled with a single fuel channel model developed in 

SCDAP/RELAP5 (RELAP/SCDAPSIM Mod 3.4 (bi7)) (RELAP Manuals) which 

was also coupled with the MELCOR primary heat transport system model in an 

effort to improve the results of the simulation. 
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1.2 Motivation for Severe Accident Analysis 

Modelling of severe accidents is an increasingly important part of reactor 

safety analysis that conforms to modem international standards (IAEA SRS No. 

23, 2001). Severe accidents have a very low frequency of occurrence, but may 

have significant consequences resulting from degradation in cooling of nuclear 

fuel. The infrequent nature of some severe accident sequences has led the nuclear 

industry to use overly conservative analysis guidelines in some scenarios. 

Nevertheless, in the recent past the Canadian nuclear industry has moved towards 

risk-informed decision making and towards best estimate code development 

(Lux at et aI., 2000). 

Computer codes are essential tools for understanding how a nuclear reactor 

and its containment might respond under severe accident conditions. Codes are 

used to support engineering judgment and mitigation features in the event of 

severe accidents. With the progress in computer technology and advancement of 

severe accident codes, accident analysis has increasingly been focused on the 

following (Nguyen et aI., 2008) (IAEA-TECDOC-1594, 2008): 

1. Support for probabilistic safety assessment (PSA) 

2. Resolution of severe accident issues/severe accident research 

3. Development of training programs 

4. Analytical support for accident management programs 

5. Use of computer codes in simulators for severe accidents 

6. Support for new designs 

2 
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Support for PSA activities was one of the earliest uses of the integral severe 

accident computer codes (IAEA SRS No. 50-P-8, 1996). Calculations were 

performed using codes for representative groups of sequences of events in order 

to establish: 

1. Results for impOliant variables as a function of time 

2. Timing for major events 

3. Source terms for high frequency release sequences or sequences expected 

to have large releases of fission products (i.e. high consequence) 

The results of these calculations were supported by sensitivity studies, expert 

opinion and sometimes by mechanistic code calculations in order to estimate the 

overall uncertainties of the results. These results were then used to generate 

accident progression event trees and the associated probabilities for different 

branch points. These results were used as a part of a level 2 PSA (IAEA

TECDOC-1594, 2008). The present thesis is of value to level 2 PSA in that it 

outlines the important variables as functions of time as well as the timing for 

major events. In the current analysis, it was determined that no fission products 

were released for the single reactor inlet feeder stagnation break event in 

conjunction with a loss of emergency coolant injection for the period of time 

considered. However, the worst case scenario for fission product release is 

considered. 

Computer codes have been used to design and analyze severe accident 

experiments and to resolve technical issues. These uses often result in additional 

3 
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modelling insights and improvements and lead to the release of new versions of 

the severe accident codes (IAEA-TECDOC-1594, 2008). In particular, little work 

has been done to qualify the LWR (light water reactor) codes SCDAP/RELAP5 

and MELCOR for the purpose of analyzing CANDU type reactors. The limited 

qualification can be attributed to the difficulty in modelling the horizontal fuel 

channels. Nonetheless it is possibte to derive results using the MACPISA

CANDU methodology and to analyze the progression of a severe accident. The 

value in doing such an analysis is that it provides a valuable independent check of 

experimental work and results from CUlTent CANDU validated severe accident 

computer codes. In addition, such an analysis highlights the possible areas for 

model improvements within the MATLAB, SCDAP/RELAP5 and MELCOR 

codes for modelling the progression of severe accidents in CANDU nuclear power 

plants. 

Combining code specific user training along with generalized training of 

severe accident phenomena and research is also an effective way to train 

engineering analysts and other technical staff. Specifically, engineering analysts 

familiar with system thermalhydraulic codes used for design basis analysis can be 

trained quickly to use mechanistic codes for severe accident conditions. Plant 

models developed for system thermalhydraulic design basis accident analysis can 

be extended by use of the mechanistic codes, and thus convenient conversion can 

take place between data used for design basis accident calculations and data used 

for severe accident calculations (IAEA-TECDOC-1594, 2008). 

4 



M.A.Sc. Thesis - D. 1. Pohl McMaster University - Engineering Physics 

One of the most frequent applications of severe accident analysis is the 

development of accident management programs (Nguyen et aI., 2008) (IAEA

TECDOC-1594, 2008). Clearly, the primary purpose of reactor safety is to 

prevent any accident from occurring in order to achieve extremely low core melt 

probabilities. This fact aside, should an accident become severe, then the priority 

is to stop or at least slow the accident progression in order to mitigate releases of 

radioactive material by exploiting all means of accident management available at 

the nuclear power plant site. Accident analysis related to mitigation is important 

because it is required to understand the plant's response to beyond design basis 

accidents and severe accidents, to understand which accident phenomena are 

important for the specific plant, to understand and rank challenges to fission 

product boundaries, and to provide a basis for the investigation of preventive and 

mitigation measures of the accident management program. There are specific 

IAEA reports devoted to accident management programs and to their review 

(IAEA SRS No. 32,2004) (IAEA SRS No. 56,2008). These reports highlight the 

motivation for three categories of analysis needed to support preparation, 

development and implementation of accident management programs. These three 

categories of analysis are (IAEA SRS No. 32,2004): 

• Preliminary analyses - provide an understanding of the response of the 

plant to various types of accidents and basis for selection of recovery 

strategies 

5 
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• Procedure and guideline development analyses - detailed confirmation of 

the choice of recovery strategies adopted, to provide necessary input to 

set-point calculations and to resolve any other open items identified during 

the previous step 

• Validation analyses for procedures and guidelines - demonstrate the 

capabilities and choice of appropriate strategies and optimize some aspects 

of these 

The current work falls in the preliminary analyses category. It is informative 

in nature and provides basis for selection of recovery strategies in that it provides 

an understanding of the response of the plant to the early stages of a SBLOCA

LOECI event. 

The application of severe accident analysis and computer codes to simulators 

and simulation techniques in general accident management training is described in 

the lAEA report SRS No. 56 (2008). In the report, a simulator is characterized as: 

'A computer based assembly of software and hardware, which is capable of presenting 

the physical behaviour of the whole nuclear power plant or the part of it during various 

operational states and malfunctions. The simulators are typically equipped with an 

advanced user interface (graphical or hardware interface) suitable for interactive operation 

and particularly suitable for training purposes.' 

Generally, the simulators are subdivided into engineering simulators (i.e. used 

for design purposes and in particular for justification of the design) and training 

6 
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simulators. Given the robustness of both the L WR codes SCDAP/RELAP5 and 

MELCOR it is possible that either or both codes could possibly be employed as 

engineering simulators. 

For new reactor designs, developing mitigation measures specifically to cope 

with severe accidents has started to be considered. Such measures have been the 

focus of many international research programs (IAEA-TECDOC-1594, 2008). 

Activities are being carried out to understand the main phenomenological aspects 

and to develop the most suitable preventative and mitigating measures. Some of 

the generation 111+ reactor designs have incorporated severe accidents into their 

design and licensing approach. A combination of calculations using mechanistic 

system codes is typically needed. Calculations often have to be complemented by 

special experiments. To account for large uncertainties in calculations, 

compensation is required to make the design more robust. Given that there are 

relatively few severe accident codes qualified to model CANDU nuclear power 

plants, namely MAAP4-CANDU and ISAAC, providing cross code validation 

with internationally recognized codes, such as SCDAP/RELAP5 and MELCOR, 

would provide further support for the robustness of a given reactor design. 

1.3 Scope of the Problems Addressed 

There are very few fully-integrated severe accident codes for analyzing 

CANDU nuclear power plants. Namely these codes are MAAP4-CANDU and 

ISAAC. MAAP4-CANDU is used within the Canadian nuclear industry whereas 

ISAAC was developed for the South Korean nuclear industry. For 

7 
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intercomparison and validation purposes alone, more diversity is needed for the 

modelling of severe accidents in CANDU nuclear power plants. Moreover, 

although these codes have been seen to yield successful predictions (Brown, 

Petoukhov and Mathew, 2009) they have limitations associated with their nature 

of being fully-integrated codes. The computational time of a large fully

integrated code is not as easy to optimize as smaller individual mechanistic 

models. In addition, when using fully-integrated codes the user is limited to the 

models provided with the code itself. New versions of these codes are only 

released when they are altered with major changes. Hence, incremental updating 

with the latest research and experimental results is not possible. A clear solution 

to these problems is to use a multi-step approach in which codes are coupled in 

order to incorporate the latest research, optimize computational time, and to 

specify individual step requirements as needed. Hence, a generalized 

methodology for code-coupling is required in order to simulate the sequential 

nature of CANDU severe accidents. 

Secondly, there are benefits in using codes that have not specifically been 

qualified for CANDU nuclear power plants. Often mechanistic codes specifically 

qualified for CANDU nuclear reactors are not available for an individual analyst, 

as these codes are often proprietary in nature. Even if they are available, using 

other codes for the same purpose allows for cross code validation. 

SCDAP/RELAP5 and MELCOR are two LWR codes that have generally not been 

qualified for CANDU nuclear power plants to any great extent. Nonetheless, 
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these codes are in wide use intemationally and have vanous advantages. 

SCDAP/RELAP5 is a best-estimate computer code and offers the ability to model 

horizontal fuel channels. On the other hand, MELCOR is a fast fully-integrated, 

parametric severe accident code capable of simulating a full reactor core and 

containment. 

Finally, SBLOCA-LOECI events are a very important type of accident to 

study. This category of accident usually terminates as a limited core damage 

accident (LCDA) and falls at the boundary between the design basis accident 

(DBA) and beyond design basis accident (BDBA) categories in terms of 

frequency of OCCUlTence and fuel damage. Whether the accident is a DBA or 

BDBA depends on the moderator system acting as ultimate heat sink (Luxat, 

2007). The relevance of SBLOCA-LOECI with regards to severe accident 

analysis is that LCDAs are usually precursors to severe core damage accidents 

(SCDAs) and thus provide valuable information for the progression of severe 

accidents. The specific event analyzed in this report is a stagnation break in a 

single reactor inlet feeder attached to a high powered channel in conjunction with 

a loss of emergency coolant injection. The specific focus of the accident analysis 

within this thesis will be on the early stages of this event, with particular attention 

on how the fuel channel experiencing flow stagnation affects the moderator. 

1.4 Structure of Report 

Section 2 of this thesis presents a background for severe accident 

progression within CANDU nuclear power plants. It also outlines CUlTent 
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computer codes and approaches used in modelling severe accidents for CANDU 

nuclear power plants. Section 3 presents the generalized methodology used in the 

multi-step code-coupling for the purposes of analyzing severe accidents within 

CANDU nuclear power plants. It also presents how this method was specifically 

applied to coupling the single channel models in MATLAB and SCDAP/RELAP5 

with the primary heat transport system model in MELCOR. In addition, Section 3 

outlines the details of the single fuel channel model created in MA TLAB and 

SCDAP/RELAP5 and the details of the full figure-of-eight primary heat transport 

system model created in MELCOR. Section 4 presents a detailed description of 

the stagnation break in a single reactor inlet feeder attached to a high powered fuel 

channel. It also presents the results and analysis of the event in addition to the 

validation and intercomparison of the computer models. Section 5 presents the 

limitations of the present analysis and recommendations for further work. Section 

6 outlines the conclusions of the thesis. 
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2. Background 

2.1 Severe Accidents and Definition of Event Classes 

The term' severe accident' is often referred to in different ways. For instance, 

it sometimes refers to beyond design basis accidents, or accidents that fall below a 

certain cut-off frequency. In other instances, severe accidents are accidents that 

involve fuel damage or core damage. The current lAEA defInitions are used 

within this thesis and are as follows (IAEA-TECDOC-1594, 2008): 

• Beyond Design Basis Accidents (BDBAs) - Accident conditions more 

severe than a design basis accident and may or may not involve reactor 

core degradation 

• Severe Accidents (SAs) - Accident conditions more severe than a design 

basis accident and involve signifIcant reactor core degradation 

Severe accidents involve very complex physical phenomena that take place 

sequentially during various stages of the accident progression. For a CANDU 

nuclear reactor, accidents that result in damage to the reactor core fall naturally 

into two classes (IAEA-TECDOC-1594, 2008): 

• Limited Core Damage Accidents (LCDAs) - An accident where the 

reactor core geometry is preserved 

• Severe Core Damage Accidents (SCDAs) - An accident where the reactor 

core geometry is lost 

11 



M.A.Sc. Thesis - D. J. Pohl McMaster University - Engineering Physics 

SCDAs are within the above definition of a severe accident. On the other 

hand, LCDAs are typically considered as part of the design basis for CANDU 

nuclear reactors. As such, there are provisions for their prevention and mitigation, 

and severe accident management is not required. However, LCD As are typically 

precursors to SCDAs. A SBLOCA-LOECI event is usually within the category of 

a LCDA. This type of event may be at the boundmy between DBA and BDBA 

depending on the integrity of the moderator system to act as an ultimate heat sink 

(Luxat, 2007). Therefore, a SBLOCA-LOECI is a relevant event class for 

analysis because it could well be a precursor to a SCDA. However, the specific 

focus of the accident analysis within this thesis will be on the early stages of this 

event. Particular attention will be paid to how the fuel channel experiencing flow 

stagnation affects the moderator. 

2.2 Characteristics of a CANDU 6 Nuclear Power Plant 

A CANDU 6 nuclear power plant incorporates special safety systems with the 

pnmary intent of mitigating severe accidents. These special safety systems 

include: 

• Emergency Core Cooling System (ECCS) 

• Shutdown Safety System 1 - Shutdown Rods 

• Shutdown Safety System 2 - Poison Injection 

• Containment 
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Besides these special safety systems, other plant features can affect the 

progression to a severe accident. Table 1 below lists some of the main CANDU 6 

nuclear power plant design features and their characteristics with respect to severe 

accident prevention and mitigation. 

Table 1: CANDU 6 design features-severe accident prevention and mitigatIOn characteristics 

Plant 
Feature 

Fuel and 
Fuel 

Channels 

Calandria 

Calandria 
Vault 

Primm)! 
Heat 

Transport 
System 

Moderator 
System 

Design Description 

• 380 horizontal fuel channels 
• Zirconium/niobium alloy pressure tube surrounded by zircaloy-2 
calandria tube with CO2 gap in between 

• Each channel has 12 fuel bundles 
• Fuel bundles have 37-elements 
• Each element is made of zircaloy-4 tube with U02 pellets 
• Calandria shell is a horizontal cylinder made of austenitic stainless steel 
~ Ends of shell enclosed by stainless steel tubesheets 
• Cover gas system maintains a pressure ofless than 27.6kPa above 
moderator 

• Over pressure protection is provided by rupture discs at upper ends of 
four pressure relief pipes 

• Made of concrete and filled with light water for biological shield under 
normal operating conditions 

• Reactor building ventilation system provides venting of calandria vault, 
end shields, and delay tanks 

• Rupture discs are provided on the combined vent lines to relieve over 
pressure caused by boiling of the vault water or failure of cover gas 
system 

• Comprised of 2 figure-of-8 loops 
• Each loop serves 190 ofthe 380 fuel chalmels 
• Each loop divided by the vet1ical center plane of the reactor 
• Each loop contains 2 pumps, 2 steam generators, 2 inlet header and 2 
outlet headers 

• Feeders connect the inlet and outlet headers to the fuel channels 
• Pressurized heavy water circulates through the fuel channels to remove 
heat produced by fission of natural uranium fuel 

• Heat is h"ansported by the reactor coolant to steam generators where it is 
transferred to light water to generate steam, which drives the turbine 

• Steam generators, PHTS pumps and header are located above the reactor 
• Reactor outlet headers at one end of the reactor are connected to a 
common pressurizer 

• Heavy water moderator thermalizes fast neutrons produced by fission 
• Operating pressure at the moderator is maintained slightly above 
atmospheric pressure 

• Fully independent of heat transp011 system 
• Includes 2 100% pumps and 2 100% tube and shell heat exchangers 
• Level controlled by moderator system head tank 
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Severe Accident Prevention 
and Mitigation 
Characteristics 

• Fuel channels maintain 
integrity and fuel is below 
melting even when heat removal 
by flowing coolant is not 
available 

• Adequate discharge area for 
heavy water flow to containment 
for simultaneous pressure tube/ 
calandria tube rupture at full 
system pressure 

• Passive heat sink under severe 
accident conditions 

• Will inherently remove decay 
heat from calandria through the 
calandria wall 

• Vault floor has large spreading 
area for potential core debris 

• Two layers of concrete under 
vault floor provides large 
amount of time for ablation by 
molten debris 

• Loops can be isolated from 
each other, which reduces 
reactor coolant loss in the event 
of a loss of coolant accident 

• Steam generators, PHTS pumps 
and headers are located above 
the reactor to facilitate 
thetlliosyphoning (natural 
circulation) when the PHTS 
pumps are unavailable and the 
reactor is shut down 

• Low temperahlre and pressure 
D20 moderator provides 
effective heat sink under some 
accident scenarios 
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2.3 Severe Accident Progression in a CANDU 

There is significant commonality in how severe accidents progress in 

CANDU nuclear power plants. A convenient way to represent severe accident 

progression is to define a small number of core damage states (CDSs). A CDS is 

a quasi-steady state during which the decay heat is absorbed into its surrounding 

environment. Although the timing of progression from one state to the next can 

be affected by the initiating event, the detailed design and operator actions, CDSs 

are independent of the initiating event and generally independent of station design 

(IAEA-TECDOC-1594, 2008). There are five such typical CDSs for CANDU 

nuclear power plants that are listed in Table 2 below. 
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Table 2: 5 Core Damage States (CDSs) for a CANDU NPP and brief description of events 
(lAEA-TECDOC-1594,2008) 

Core Damage 
Description of Events 

State 
• Fuel channels have lost water inventory, dried out and heated up 

• Fuel sheath is oxidized and pressure tubes have ballooned o,r sagged into 

CDS] 
contact with calandria hlbes 

• Moderator removes most of decay heat 

• Telminal state of a LOCA plus loss of ECI 

• Sustainable as long_as the moderator level can be maintained 

• Moderator level has dropped exposing several upper channels (due to 
moderator rupture disk bursting due to boiling or in-core LOCA) 

• Exposed channels have heated up, sagged, oxidized and broken apart 

CDS2 
collapsing onto lower submerged channels or dropping to bottom of 
calandria vessel 

• Most of decay heat is removed from submerged channels as well as some of 
decay heat of the collapsed fuel channels that are now submerged 

• Adding water to calandria vessel can prolong this state 

• Moderator inventOlY is gone (moderator boiled off slowly or drained 
quickly due to type and location of break) 

• All channels have heated up, sagged, oxidized and broken apart leaving a 
rubble pile of 'corium' (mix of fuel and core structural materials) at bottom 

CDS3 
of the calandlia vessel 

• Steel calandria vessel and sun-ounding biological shielding materials (water 
and steel in the shield tank, or concrete) remove some of decay heat 

• Structure is not capable of removing all decay heat and corium will 
eventually melt through; however, adding water to calandria vessel can 
prolong this state 

• Corium has penetrated through calandria vessel, biological shield and is on 
CDS4 concrete floor 

• Accumulated water will quench molten corium 

• Due to lack of water or insufficient contact area for boiling, or due to 
fonnation of an upper crust, cOlium attacks concrete referred to as molten 
core concrete interaction 

• Ablation of concrete produces steam, Hz, CO and CO2 

• Degree to which the molten core concrete interaction can be tenninated 
CDS5 depends on decay heat (diminishes with time), surface area of the melt 

(affects rate of cooling by a water layer, limited by critical heat flux) and 
availability of water 

• Rate of ablation is slow (about 2 cm/hour with decay power at 1 %) and the 
basemat is thick (> 1m), and decay power diminishes with time, basemat 
penetration is unlikely 

2.4 Single Channel Events 

As mentioned above, the CANDU nuclear reactor accidents that could 

result in damage to the reactor core fall naturally into two classes: LCDAs and 

SCDAs. The former can involve single channels or the whole reactor core. For 
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instance, a feeder break can result in overheating of the fuel in the affected 

channeL On the other hand, a large break loss of coolant accident with a loss of 

emergency coolant injection (LBLOCA-LOECI) could lead to widespread fuel 

damage. However, in both cases the presence of the moderator with sufficient 

subcooling as a secondary heat sink prevents failure of the fuel channels and core 

degradation. In this sense, the LCDAs are distinct from the accident sequences 

for a light water reactor (L WR) as they can involve fuel damage without core 

relocation. 

2.4.1 Description of System Behaviour 

The focus of this section will be on the system behaviour as it pertains to 

single channel events. A stagnation break in a reactor inlet feeder attached to a 

high powered channel in conjunction with a loss of emergency coolant injection 

falls into this category. 

2.4.1.1 Thermalhydraulic Behaviour 

When the coolant flow in a single fuel channel is reduced, the remaining flow 

will increasingly be converted to steam. Nonetheless, the lessened flow is still 

capable of removing heat from the fueL High reductions in mass flow are 

required before the fuel, sheath and pressure tube temperatures experience any 

significant increases. In fact, it is reported that the flow would have to reduce by 

a corresponding amount to blockages greater than 90% of the flow area of the fuel 

channel for them to experience large temperature increases (IAEA-TECDOC-
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1594, 2008). Events that could potentially lead to core damage are those that 

result in a severe reduction in coolant flow with subsequent temperature 

excursions for the fuel and fuel channel. The limiting case is flow stagnation, 

during which there is no net flow in the fuel channel. The primary thermal and 

hydraulic phenomena of interest are: 

• Heat transfer within the fuel 

• Heat transfer from fuel to coolant 

• Heat transfer from coolant to pressure tube 

• Thermal radiation 

• Phase separation of the coolant in the channel 

• Feedback of phase separation on thermal behaviour 

The fuel channel experiencing a severe reduction in coolant flow will 

eventually rupture due to thermal-mechanical deformation allowing the 

reintroduction of coolant from the reactor headers. 

2.4.1.2 Fuel Behaviour 

For severe reductions in coolant flow in an individual fuel channel, the fuel 

undergoes a rapid temperature excursion. The phenomena of primary interest are 

those that can lead to fuel bundle deformation and to failure of the fuel cladding. 

These phenomena include: 

• Fuel element bowing 

• Zircaloy oxidation 
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• Be-braze penetration 

The high coolant pressure tends to prevent clad ballooning. If the pressure 

tube does not fail due to circumferential temperature gradients, there can be clad 

melting and relocation onto the pressure tube, which is predicted to cause failure. 

However, if delayed failure is assumed, there can be fuel melting (IABA

TECDOC-1594, 2008). 

2.4.1.3 Fuel Channel Behaviour 

The temperature of the pressure tube will rise as heat is transferred to it 

from the fuel. As its temperature starts to increase, material deformation can 

occur due to the highly pressurized coolant in the primary heat transport system. 

Stratification of the coolant in the fuel channel will keep fuel temperatures lower 

in the bottom of the fuel channel. The stratification of coolant will lead to a 

circumferential temperature gradient which in tum causes the top of the pressure 

tube to deform more quickly and fail. On the other hand, if the fuel channel 

becomes rapidly devoid of coolant a more uniform temperature will persist around 

the circumference of the pressure tube. In this case, the pressure tube will balloon 

(i.e. expand uniformly) into contact with the ca1andria tube (IABA-TECDOC-

1594,2008). Ca1andria tubes are thinner than the pressure tubes. If the pressure 

tube fails prior to ballooning into contact with the ca1andria tube, the annulus 

between the tubes will become pressurized causing the ca1andria tube to fail as 

well (ABCL, 2002). 
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2.4.1.4 Reactor Core Behaviour 

A primary reason for analyzing single channel events is the possibility for 

propagation of the event to additional channels. The mechanisms for this are 

shown in Figure 1. The three means of propagation are: 

• Failure of the initiating channel leading to failure of the calandria vessel 

• Propagation of the initiating failure to neighbouring channels 

• Ability to shutdown could be impaired by damage to control and shutoff 

rods and by displacement of poisoned moderator by heavy water coolant 

Figure 1: Core behaviour phenomena in single channel events (IAEA-TECDOC-1594, 2008) 

When a fuel channel fails, coolant discharging into the calandria vessel 

can form a large steam bubble that displaces the liquid moderator and pressurizes 
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the calandria vessel. In addition, ejection of hot fuel materials can deposit 

additional energy into the moderator, producing more steam (Figure 2). 

shallow melt pool on bottom of channel 

1 a's milliseconds 

early gas break-through 

hole enlarges by mechanical stresses & ablation of wall 

~~ • melt· 

Figure 2: Conceptual schematic of forced melt/water interaction 

(IAEA-TECDOC-1594,2008) 

If there is liquid material in the effluent, the possibility of a steam 

explosion should be considered even though it is believed to be unlikely for high 

pressure ejection (IAEA-TECDOC-1594, 2008). 

Pressure relief ducts are attached to the calandria vessel, which are 

designed to accommodate sustained coolant discharge from the primary heat 

transport system. However, there is an initial pressure spike in the calandria 
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vessel, when the rapidly growmg steam bubble displaces the incompressible 

liquid. The effect of the pressure spike is dampened by the collapse of 

neighbouring calandria tubes onto their pressure tubes. The resulting early loads 

on the walls of the calandria vessel are approximately the value of the calandria 

tube collapse pressure, and the vessels ofCANDU reactors have been shown to be 

able to withstand these loads (IAEA-TECDOC-l594, 2008). 

The discharge of high enthalpy coolant into the calandria vessel also 

produces strong jet impingement loads onto the surrounding channels as well as in 

core devices. Surrounding components can also be struck by the ruptured channel 

(i.e. pipe whip) and by projectiles consisting of fuel bundles or fragments of fuel 

bundles. These phenomena have been assessed and there is no damage 

propagation to the adjacent fuel channels and enough shut-off rod guide tubes are 

undistorted to maintain adequate shutdown capability (IAEA SRS No. 29, 2003). 

In addition, the poison inventory of the second shutdown system is adequate to 

ensure shutdown even if poisoned moderator is displaced by primary coolant 

(IAEA-TECDOC-1594, 2008). 

2.4.1.5 Fission Product Behaviour 

F or a single channel event, the maximum fission product release is the 

complete inventory of the fuel channel. For a severe reduction in channel flow, 

the release could occur very rapidly. With the wide range of possible conditions, 

it is simplest to evaluate the fuel releases parametrically, assuming varying 

magnitudes of release up to the total channel inventOlY and release rates up to an 
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essentially instantaneous release of the volatile fission products. While some 

fission products could remain dissolved in the primary heat transport system or in 

the moderator, such retention is not typically credited. Fission product behaviour 

in containment is determined by wet aerosol phenomena and the complex 

chemistry of radioiodine (Wren, 2001). 

2.4.1.6 Containment Behaviour 

There are significant safety issues related to containment behaviour for 

single channel events. Some hydrogen could be produced during the transient (up 

to the amount equivalent to all zircaloy in the fuel bundles of one fuel channel), 

but the maximum amount is too small to cause flammable concentrations in the 

containment (IAEA-TECDOC-1594, 2008). 

2.4.2 Initiating Events 

Single channel events are a particular subset of SBLOCAs affecting only one 

reactor fuel channel. They consist of the following SBLOCA accidents (IAEA 

SRS No. 29, 2003): 

1. A 'spontaneous' pressure tube rupture, assumed for the purpose of 

analysis to result also in rupture of the calandria tube. 

2. A break in an individual feeder pipe. A special case is a break in an inlet 

feeder of exactly the correct size to temporarily cause the flow in the 

channel to stagnate. This can then result in channel overheating and 

failure. 
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3. Failure of the end-fitting attached to the pressure tube, and assumed 

ejection of the fuel. 

4. Blockage of the flow in a channel, assumed to be complete enough to 

cause channel overheating and failure. 

2.4.3 Acceptance Criteria 

Table 3 below lists the acceptance criteria as applied to single channel 

events in CANDU reactor safety analysis (IAEA SRS No. 29,2003). However, 

the criteria regarding fuel and fuel channel damage do not apply to the affected 

channel. 
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T bi 3 A a e : t . ~ h ccepl ance CrIterIa or smgle c anne events 
Criteria # Description of Acceptance Criteria 

1 Dose to the most exposed individual in the critical group is below the Event Class 2 
limit. 

2 There should be no systematic fuel failures. Systematic fuel failures mean that some 
fuel elements initially operating within the allowed operating limits are predicted to 
have a high probability of failure when subject to the event transient. This does not 
include fuel with an incipient defect that might fail due to the stresses caused by the 
event. Prevention of significant fuel failure is sufficient but not necessary to meet 
the dose limit; it also reduces the economic risk of a small LOCA. There are two 
periods of interest: at high power (before reactor trip) and at low power (due to 
prolonged dry-out at low flows). The fuel sheath will remain intact if: 

I. There is no fuel centreline melting (centreline temperature lower than 
2840°C). 

11. There is no excessive strain (unifonn sheath strain less than 5% for 
temperatures lower than 1000°C). 

iii. There are no significant cracks in the surface oxide (uniform sheath strain 
less than 2% for temperahlres higher than 1000°C). 

iv. There is no oxygen embrittlement (oxygen concentration less than 0.5% by 
weight over half the sheath thickness). 

v. There is no penetration by the beryllium braze at spacer and bearing pad 
locations. 

vi. Various times at the temperarure limits can be used as a conservative 
surrogate for these physical requirements. 

3 The channel geometry must remain coolable. There are two sufficient 
criteria: 

l. The amount of fuel sheath oxidation must not embrittle the sheath on rewet 
to maintain fuel integrity. 

ii. The amount of sheath strain must be limited so that coolant can flow 
through the channel. 

4 Channel integrity is maintained. 
Sufficient conditions include: 

I. There is no fuel melting. 
ii. There is no sheath melting. 

iii. There is no constrained axial expansion of the fuel string. 
IV. For cases where the pressure hlbe strains or sags, it is sufficient if: 
v. The pressure tube does not fail prior to contacting the calandria tube. This 

criterion is satisfied if the pressure tube local strain is less than 100% at 
any location. 

VI. The calandria tube remains intact after pressure tube contact. This criterion 
is satisfied if the calandria tube outer surface does not go into prolonged 
fihn boiling. 

5 Pressure within the containment is below the design pressure. 
6 Pressure within containment compartments does not cause internal structural 

failures. 
7 A safe shutdown state is maintained. Manual action may be credited in the long 

tenn to supplement the shutdown system reactivity. 
8 The failure does not propagate to other reactor fuel channels. 
9 The calandria vessel pressure transient does not cause vessel failure or loss of 

moderator (other than through the relief pipes), and any vessel defonnation does not 
prevent operation of the shutdown systems. 
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2.4.4 Relevant Event Combinations 

Single channel events are also combined with the impairments of 

containment, Class IV power and emergency core cooling system (ECCS). For a 

single channel event the requirement on the integrity of the fuel channels and their 

fuel applies to all fuel channels except the affected fuel channel. Particular 

attention is paid to moderator temperature for in core breaks, which will undergo 

an initial excursion due to the flow of high temperature coolant into the 

moderator. If an in core break is combined with an impairment in ECCS, some of 

the other channels may sag or strain (eventually) into contact with their calandria 

tubes. This means that the moderator temperature must be kept low enough to 

prevent prolonged dryout of the calandria tube (IAEA SRS No. 29, 2003). 

The specific focus of the accident analysis within this thesis will be on the 

early stages of a reactor inlet feeder stagnation break in conjunction with a loss of 

ECI event. Particular attention will be paid on how the fuel channel experiencing 

flow stagnation affects the moderator. Given that the ECI could be seen to trip on 

low system pressure, the effect of ECI do not come into play within the time 

frame of interest. 

2.5 Approaches to Modelling Severe Accidents 

2.5.1 MAAP4-CANDU 
The MAAP4-CANDU (Modular Accident Analysis Program for CANDU 

Nuclear Generating Station) code was developed from the MAAP4 code used for 

PWRs (pressurized water reactors) and BWRs (boiling water reactors). 
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For the CANDU 6 model developed in MAAP4-CANDU a simplified fuel 

channel model was used in the core. The 22 rows by 22 columns of a CANDU 6 

were divided into 6 vertical nodes and 6 horizontal nodes. The 3 horizontal on 

left are one loop and the 3 horizontal nodes on the right are the other loop. 

Therefore, the 380 fuel channels have been reduced to 36 representative channels 

and 18 representative channel groups for each loop. As for the 12 fuel bundles, 

they are divided into 5 axial nodes. Thus, each loop is modelled as 90 nodes in 3-

dimensions as seen in Figure 3. 

RCS loop 2 

Figure 3: Nodalization of CANDU 6 core in MAAP4-CANDU (Mathew et aI., 2008) 

The fuel channel, which consists of a calandria tube, pressure tube and 37-

element fuel bundle was converted into elements arranged in 4 rings (central, 

inner, intermediate and outer rings) and is shown in Figure 4 below. 
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Figure 4: Nodalization offuel channel in MAAP4-CANDU (IAEA-TECDOC-1594, 2008) 

The primary heat transport system (Figure 5) was modelled to contain two 

steam generators, two pumps, two reactor inlet headers, and two reactor outlet 

headers. The feeders connect the inlet and outlet end of fuel channels to inlet and 

outlet headers respectively. The flow through one ioop follows the shape of 

figure-of-eight with some channels carrying the flow inward and others outward 

from the reactor face. 

H c 

c C..;: 
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Figure 5: Primary heat transport system as modelled in MAAP4-CANDU 

(IAEA-TECDOC-1594, 2008) 
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2.5.2 ISAAC 
The ISAAC (Integrated Severe Accident Analysis code for CANDU 

plants) code was developed from MAAP and it employs most of the MAAP 

models for severe accident phenomena in general. The use of ISAAC allows the 

simulation of accident scenarios that could lead to a damaged core and eventually 

to containment failure at the Wolsong nuclear power plants of the Republic of 

Korea, which contain CANDU 6 type reactors. 

For the CANDU 6 model developed in ISAAC a simplified fuel channel 

model was used in the core. The 380 fuel channels were reduced to 28 (up to 74) 

representative fuel channels or 14 (up to 37) representative channel groups for 

each loop (Figure 6). As for the 12 fuel bundles, they are divided into 12 axial 

nodes. 

calanli"ia Tank 

Figure 6: Nodalization ofCANDU 6 core in ISAAC (IAEA-TECDOC-1594, 2008) 

The fuel channel, which consists of the calandria tube, pressure tube and 

37-element fuel bundle was converted into a single fuel pin surrounded by the 

pressure tube and calandria tube (Figure 7). 
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Figure 7: Nodalization offuel channel in ISAAC (lAEA-TECDOC-1594, 2008) 

The pnmary heat transport system has been modelled with two 

independent figure-of-eight loops. Both loops and all four steam 

generators/pumps are modelled individually. The arrows in Figure 8 below 

indicate the direction of coolant flow in the figure-of-eight loop. 
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Figure 8: Primary heat transport system as modelled in ISAAC 

(IAEA-TECDOC-1594,2008) 
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2.5.3 Multi-step Code-coupling Approach 
Recently a multi-step approach to code-coupling has been employed to 

analyze the core damage of pressurized heavy water reactors (PHWRs). In the 

multi-step approach, computed data in one step is used as a boundary condition 

for the next step. In turn, each step addresses specific phenomena. This 

procedure helps to reduce computational time and numerical problems, while 

increasing the ability to select specific requirements for each step (IAEA-

TECDOC-1594,2008). This fits well with the sequential nature of CDSs in that 

each code can sequentially be employed. Recently the codes SCDAP/RELAP5, 

ASTEC and ANSYS have been used in this manner to analysis severe accidents 

(IAEA-TECDOC-1594, 2008). 

Mladin et aL (2008, 2009) have made the most current attempts at 

modelling a CANDU 6 fuel channel in SCDAP/RELAP5. They used a standard 

5.94-m long CANDU 6 fuel channel, containing twelve 37-element fuel bundles. 

Using RELAP/SCDAPSIM Mod 3.4 (bi7) they modelled fuel as depicted in 

Figure 9 below. 

Inle! brancll 

Inlet junclion 
,-___ -, rUmo.dependent") 

Inlet volume 
('llroo.depenoonl' ) 

Outlet branch 

Outlet volume 
('time-deptmdant' ) 

Figure 9: Hydrodynamic representation of the CANDU 6 fuel channel (Mladin et aI., 2009) 
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There are many techniques for coupling advanced codes. In essence, the 

coupling may be either loose (meaning the codes only communicate after a 

number of time steps) or tight such that the codes update one another time step to 

time step. Whether a loose coupling or a tight coupling is required depends on the 

phenomena that are being modelled and analysed. During a relatively slow 

transient, close coupling of codes in not required and thus the codes of interest do 

not have to communicate time step by time step. In contrast, the behaviour of 

fluid moving through the core region, where a portion of the core is modelled in 

great detail using a CFD code while the remainder of the core is modelled using a 

system analysis code, would require tight coupling if the two codes were linked, 

since dramatic changes may occur during a nuclear power plant transient (IAEA 

SRS No 32, 2008). 
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3. Methodology and Models 

The Multi-step Approach to Code-coupling for Progression Induced 

Severe Accidents in CANDU nuclear power plants (MACPISA-CANDU) is a 

generalized methodology for modelling severe accidents in a CANDU nuclear 

power plant. The logic for this methodology as applied to coupling different 

codes is presented as a flow chart in Figure 10. Based on the characteristics of a 

given CANDU reactor design, there are a number of phenomena that can occur. 

The computer codes selected to analyze a particular sequence depends on the type 

of phenomena that are encountered in that sequence. Within the computer codes 

there may be more than one model available for simulating a particular 

phenomenon. The model selection is based on the progression of a severe 

accident. In the case of severe accident progression in a CANDU nuclear power 

plant, these phenomena can be seen to take place sequentially in the 5 quasi-static 

core damage states (CDSs) shown in Table 1. This allows each phenomenon to 

be modelled in sequence with separate codes. The results from one code are the 

boundary conditions for another until a terminal core state is reached. The 

terminal state is reached when there is no further deterioration in the state of the 

plant. 

As a partial validation of this methodology, two distinct code-coupling 

simulations were performed. First, a single fuel channel model programmed in 

MATLAB was coupled with a primary heat transport system model in MELCOR. 
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This is shown in Figure 11 below. Second, a single fuel channel model in 

SCDAP/RELAP5 was coupled with a primary heat transport system model in 

MELCOR. This is shown in Figure 12 below. Each of these simulations has been 

chosen to model a small break loss of coolant accident with loss of emergency 

coolant injection (SBLOCA-LOECI) in a CANDU 6 nuclear power plant. Based 

on the characteristics of the CANDU 6 reactor design, there are a number of 

phenomena that occur for this event. The capabilities of the MATLAB, 

SCDAP/RELAP5 and MELOCR codes to model these phenomena that occur for 

SBLOCA-LOECI are listed in Table 4. The input data for the models was taken 

from a report comparing the primary heat transport systems and components 

between Darlington NGS, Bruce 'B' and CANDU 6 done by Atomic Energy of 

Canada Limited (AECL, 1991). 
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Figure 10: Multi-step Approach to Code-coupliug for Progression Induced Severe Accidents 

in CANDU nuclear power plants (MACPISA-CANDU) 
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CANDU 6 Design 
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Figure 11: Coupling MATLAB and MELCOR for SBLOCA-LOECI event 
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Figure 12: Coupling SCDAP/RELAPS and MELCOR for SBLOCA-LOECI event 
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T bl 4 C d bTf £ d Ir SBLOCA LOECI h a e : o e cap a I lIes or mo e mg - pI enomena 
Phenomena for SBLOCA-LOECI MATLAB SCDAP/RELAP5 MELCOR 

in CANDU 6 Model Model Model 

• Single phase and two phase 
thermalhydraulics in the Yes Yes Yes 
PHTS and containment 
thermalhydraulics 

iii Reactor header flow 
No Yes 

stratification 
Yes 

• Channel flow stratification No Yes Yes 

• Radiation heat transfer 
among the fuel pins, pins to 
the pressure tube and also No Yes No 
from pressure tube to the 
calandria tube 

• Pressure tube deformation 
by sagging or by 

No No No 
symmetric/asymmetric 
ballooning 

• Calandria Tube outer 
surface boiling heat Yes Yes Yes 
transfer 

• Fuel element metallurgical 
deformations and release of No Yes Yes 
fission gas from fuel matrix 

• Sagging of the fuel bundle Yes Yes Yes 

• Bundle behaviour during 
asymmetric fuel pin No No No 
heating 

• Steam-zircaloy-U02 
reaction and formation of 

No Yes No 
the eutectic ofU-Zr alloy 
and hydrogen generation 

• Transportation of the 
radioactive material in the No No No 
PHTS 

• Ex-channel molten fuel-
coolant (moderator) No No No 
interaction 

• Debris bed-molten pool 
No 

behaviour 
No No 
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3.1. MATLAB Single Fuel Channel Model 

3.1.1 Types of Thermalhydraulic Models 
Generally there are three types of models used within nuclear 

thermalhydraulic system codes. These formulations of the mass, momentum and 

energy conservation equations are the homogenous equilibrium mixture (HEM) 

model, the drift-flux model and the two-fluid model. 

The homogeneous equilibrium mixture (HEM) model is the simplest of 

the two-phase fluid transport models. The HEM transport equations are derived 

from the two-phase mixture equations by assuming that the velocity of each fluid 

phase is equal (homogenous) and that both phases are at saturated conditions. 

The assumption of equilibrium means that the thermodynamic properties of each 

fluid phase can be expressed as a function of saturation pressure (Reyes, 2009). 

The most widely employed version of the drift-flux model uses four field 

equations from the elimination of one energy and one momentum equation from 

the original six field equations of the two-fluid model. Hence, the relative motion 

and energy difference between the phases should be expressed by additional 

constitutive equations. These effects are taken in to consideration by using a 

continuity equation for one of the phases and supplementing it with kinematic and 

phase-change constitutive equations (Chexal and Lellouche, 1985). 

The two-fluid model is the most detailed and accurate formulation of the 

thermalhydraulic behaviour of two-phase systems. The mathematical equations 

for the two-fluid model are expressed by the six conservation equations consisting 
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of mass, momentum and energy equations for both phases (Ishii and Hibiki, 

2006). 

The HEM is a straightforward model to formulate and solve hence it was 

the model used in the development of the single fuel channel model developed in 

MATLAB. Although, two phase flow always involves some relative motions of 

one phase with respect to the other, the HEM model is assumed to be appropriate 

for the reactor inlet feeder stagnation break because the coolant is no longer 

flowing within the fuel channel. However for comparison with this HEM model, 

a SCDAP/RELAP5 single fuel channel model was also used to model the event 

since it uses the more rigorous two-fluid model. 

3.1.2 Conservation Equations 
The flow chart for the derivation of the general balance equation is shown 

in the diagram below. 

General Integral Balance 

Leibnitz Rule 

Green's Theorem 

Axiom of Continuum 

General Balance Equation 

Figure 13: Derivation of general balance equation (Ishii & Hibiki, 2005, p. 14) 
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The general integral balance for each phase, designated by k, can be 

written using the fluid density Pk, the efflux Jk, and the body source Dk of any 

quantity \Ilk which is defined for a unit mass. This is expressed as the following 

equation: 

Equation 1 

In this equation, V m is a material volume with a material surface Am. It 

states that the time rate of change of Pk\llk in V m is equal to the influx through Am 

plus the generation with the V m. As alluded to above, the subscript k refers to the 

kth -phase. If the functions appearing in equation above are sufficiently smooth 

such that the Jacobian transformation between the material and the spatial 

coordinates exists, then the differential form of the balance equation can be 

obtained by using the Reynolds transport theorem (Ishii & Hibiki, 2005, p. 14). 

This is expressed as the following equation: 

Equation 2 

In this equation, Fk is a general function associated with phase k and Vk 

represents the velocity of a fluid particle in phase k. Green's theorem gives a 

transformation between a certain volume and surface integral: 

Equation 3 
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Hence from Equations 2 and 3 we obtain: 

Equation 4 

Reynolds transport theorem is also sometimes called the 'Leibnitz-Reynolds 

transport theorem' given that it is a three dimensional generalization of the 

Leibnitz integral rule. The Leibnitz integral rule is given by: 

Equation 5 

In this equation, Vet) is an arbitrary volume bounded by A(t) and u·n is the 

surface displacement velocity of A(t). Substituting Equations 3 and 4 into 

Equation 1 we obtain the general differential transport theorem for phase k (Ishii 

& Hibiki, 2005, p. 15). 

Equation 6 

The first term on the left hand side of the equation above is the time rate of 

change of the quantity per unit volume. The second term on the left hand side of 

the equation is the rate of convection per unit volume. The first term on the right 

hand side of the equation is the surface flux. The second term on the right of the 

equation is the volume source. By replacing the quantity 'l'k, the efflux Jk, and the 

body source Dk with appropriate terms the conservation equations for mass, 

momentum and energy are obtained. These terms are listed in Table 5 below. 
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T bi 5 V 'bi d fi 't' ~ d'ff a e : ana e e Illi Ions or I eren t f f (I h oo & H'b'ki 2005) conserva Ion equa IOns S II I I , 
Conservation 

J k Dk Equation \jIk 

Mass 1 0 0 
Momentum Uk PkI-Lk gl< 

Energy ik+Uk2
/ 2 qk-Tuk gk'Uk+ qJpk 

System thermalhydraulic codes are usually one dimensionally averaged, 

In addition, another common simplification is to consider the fluid in a two phase 

system as a mixture, Given that the mixture is usually contained within a 

structure, such as pipe, other source terms may need to be considered as welL 

The one dimensional mixture general balance equation is: 

Equation 7 

After inserting the variables in Table 5 into Equation 7 we obtain the following 

conservation of mass, momentum and energy conservation equations: 

Equation 8 

Equation 9 

~[A(pl1lell -p)]= -~(Apl1Iul1lel1l)-2PA aa +q"H SH at 1 az at 

Equation 10 
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Where, 

Pill' UIIl , Till W' Sill W' elll are the mixture properties. , , 

The assumptions made in deriving these there equations are: 

• The flow is horizontal and one dimensional 

• Internal generation of mass, momentum and energy can be 

neglected 

• Mean values of velocity and density are assumed to exist across an 

area normal to flow 

• The flow area is constant along the length of the channel; z 

• Pressure across an area normal to the flow is uniform 

• There is no removal or addition of mass through the channel walls 

• Viscous dissipation of energy can be neglected 

• Surface tension can be neglected 

• Turbulence can be neglected 

• Axial heat conduction heat transfer can be neglected 

• The mechanical terms of the total enthalpy, e, are relatively small 

compared to the value of the specific enthalpy, h 

It is worth reiterating that in obtaining the general differential transport 

theorem we are also assuming that a continuum exits; otherwise known as the 

'continuum hypothesis'. This is a fundamental principle in thermalhydraulics. It 

is often impractical and unimportant to study fluid behavior on a molecular basis. 

Therefore, we use a macroscopic approach and defme a differential volume to 
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represent a point in a given fluid. This involves using the average values for fluid 

properties at each point in space thus allowing the fluid properties to vary 

continuously throughout the fluid. In other words, by ignoring the behavior of 

individual molecules of the fluid and assuming that the fluid consists of 

continuous matter we can define unique values for the flow variables: P, T, V, 1, 

p, etc. For example, for statistical averages to become meaningful we must define 

density at a point for fluid as a continuum according to: 

= lim (sm) 
P OV-+OV' SV 

Equation 11 

Where 8Y' is a differential volume that contains a sufficient number of 

molecules. For all liquids and for gases at atmospheric pressure, the limiting 

volume is about 10-9 mm3 (Massoud, 2005, p. 225). 

Having defined flow field variables at a point, we use partial derivatives to 

determine the change in such variables between two points separated by elements 

of length. For example, if pressure, P, is located at point x, y, z in the Cartesian 

coordinate system, then the pressure at a point located some distance dx, dy, and 

dz away is P+dP. Where, 

Equation 12 
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3.1.3 Correlations 
In order to solve the mass, momentum and energy conservation equations 

empirical correlations are required. The required correlations to solve the 

equations are the single phase friction factor, fluid mixture properties or two-

phase frictional multiplier, onset of significant void (OSV), void fraction, mass 

quality, mixture viscosity, critical heat flux (CHF) heat transfer, and post dryout 

(PDO) heat transfer. All thermalhydraulic correlations that are available for used 

within the MATLAB single fuel channel computer code are detailed in the 

following sections. 

3.1.3.1 Single Phase Friction Factor 
Two correlations were required for the single phase friction factor in order 

to cover the range of Reynolds numbers that could be obtained while running the 

computer code. A good approximation for laminar flow (Re<2300) is the Darcy 

friction factor (Shaughnessy, Katz, and Schaffer, 2004). 

f= 64 
Re 

Equation 13 

This correlation was also used as a rough estimate of the friction factor for 

Reynolds numbers between 2300 and 4000. For turbulent flow (Re>4000) the 

friction factor can be obtained by using the Haaland correlation (1983): 

_1 = -1.810g[((& / D))l.ll + 6.9] 
..J7 3.7 Re 

Equation 14 
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This correlation is in ± 1.5% agreement with the Colebrook-White 

equation (Haaland, 1983). It is beneficial to use the Haaland correlation because 

it is simple and quick given its explicit nature. Moreover, it is accurate given that 

it reduces to the appropriate limiting equations for the smooth regime and the 

fully rough regime. Alternatively, if we chose to iterate the Colebrook-White 

equation, the results would still have an error of 3-5% as compared to the 

experimental data (Haaland, 1983). Furthermore, unlike the Haaland correlation, 

Colebrook-White equation takes a large amount of time to compute. Hence, to 

aid functionality of the code the Haaland correlation was chosen over the 

Colebrook-White equation. 

3.1.3.2 Mixture Fluid Properties and Two-Phase Frictional 
Multiplier 

Generally, there are two methods that can be employed to account for two-

phase friction pressure loss. One method is to defme mixture fluid properties and 

use them to evaluate the single-phase friction factor. The second method is to use 

single-phase fluid properties to evaluate the friction factor and then adjust the 

single-phase friction factor with a two-phase frictional multiplier. Both 

approaches are outlined in the following sections. 

3.1.3.3 Mixture Fluid Properties Approach 
In the mixture fluid properties approach, mixture properties are defined in 

order to evaluate the conservation equations. One of these mixture properties is 
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the mixture density which is a weighted fraction of the saturated liquid and vapour 

densities using the void fraction. 

Equation 15 

A direct result of the HEM assumptions is that the mixture velocity is the 

same both the liquid and vapour velocities. 

Equation 16 

The shear stress for two-phase flow is defined as (Shaughnessy et aI., 

2004): 

Equation 17 

Where, 

Equation 18 

There are many correlations that can be used for the mixture viscosity. 

Nonetheless, the form of the relationship between the mixture viscosity and the 

quality must be chosen in order to satisfy the following limiting conditions: 

x = 0, Jim = Jil; 

X = 1, Jim = Jiv 

Three acceptable formulations are listed below (Collier and Thome, 2001,). 

The McAdams Correlation, 
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1 x (I-x) 
- = - + --'-----'-
Pm Pv PI 

Equation 19 

The Cicchitti Correlation, 

Pm = xPv + (1- X)PI 

Equation 20 

The Dukler Correlation, 

Equation 21 

3.1.3.4 Two-Phase Frictional Multiplier Approach 
In the two-phase frictional multiplier approach, single-phase properties are 

used to determine the single-phase friction factor. However, to determine the 

increased pressure drop due to fhction of the vapour phase, the single-phase 

friction factor is multiplied by a two-phase frictional multiplier, Of02. 

Equation 22 

There are many different correlations for the two-phase frictional 

multiplier, Of0
2

, but one of most accurate and widely applicable two-phase 

multipliers is the one provided by the Friedel correlation. This is due to the large 

database (25000 points) that was used to develop the two-phase multiplier for 

vertical upwards and horizontal flow in round tubes (Collier and Thome, 2001). 
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Where, 

Equation 23 

Equation 24 

( J
O.91( JO.19( JO.7 

eF2 =XO.
78

(1_X)0.24;: :: 1-:: 
Equation 25 

G2 

Fr=---,,-
gDHP,;, 

Equation 26 

Equation 27 

Friedel found that the standard deviation of the data relative to the 

correlation was approximately 30%. The correlation has been recommended for 

use when (IlJllv) < 1000 (Collier and Thome, 2001, p. 67), which is the case for 

this code. 

3.1.3.5 Onset of Significant Void (OSV) 
The Saha-Zuber correlation (1974) for the point of net vapour generation 

is used to determine the OSV within the pipe. 
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q" 
xosv = -154 __ w_ 

puhJg 

Equation 28 

This correlation was developed out of attempts to predict net vapour 

generation using bubble detachment models. It is good at predicting the point of 

OSV for Pec1et number, Pe, values which are greater than 70000 (Zuber & Saha, 

1974). The Pec1et number is a ratio of the convective forces to diffusive forces. 

Given that in this problem diffusion is assumed not to occur, the Pec1et number is 

effectively infinite and thus justifies the use of this correlation for the prediction 

ofOSV. 

3.1.3.6 Void Fractions for HEM Model 
For two-phase flow, predicting the void fraction is required in order to 

determine the acceleration and gravitational head components of the pressure 

drop. It has been shown that several of void fraction correlations can be 

approximated by the flowing form (Carey, 2007): 

[ ( 
_ )/1 ( )/2( )/3]-1 a = l+BB ~ Pv f.1L 
X PL f.1v 

Equation 29 

The constants BB, nl, n2 and n3 are listed in Table 6 below. 

T bl 6 V 'd f t a e : 01 raction cons ants or genera I B tt u erwor th ~ t' (C orma Ion arey, 2007) 
Correlation or Model BB n1 n2 n3 
Homogeneous Equilibrium Model 1 1 1 0 
Lockhart and Martinelli 0.28 0.64 0.36 0.07 
Thom 1 1 0.89 0.18 
Baroczy 1 0.74 0.65 0.13 
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The HEM values only yield realistic results for limited conditions. The 

most realistic results would be expected for bubbly or dispersed droplet flows, 

because the slip velocity between the phases for these flow regimes is small. The 

Lockhart-Mmiinelli correlation has been shown to yield accurate results for a 

wide variety of two-phase flow conditions in round tubes and simple channel 

geometries. It is expected to yield the most realistic predictions at low pressures 

for adiabatic or boiling flows at low heat flux levels, given the database from 

which this correlation was derived. The Baroczy correlation is said to give good 

agreement with experimental data for a wide variety of conditions. Moreover, 

Baroczy found that this correlation was within ±20% agreement with a large set of 

experimental data (Carey, 2007). 

3.1.3.7 Mass Quality 
The thermodynamic equilibrium quality was obtained from the flowing 

expression: 

h-h x - I 
th - h -h 

v I 

Equation 30 

The tme mass quality is defined as: 

Equation 31 

Given that the tme mass quality expression calmot be solved directly 

without knowing the void fraction, a correlation converting the thermodynamic 

51 



M.A.Sc. Thesis - D. J. Pohl McMaster University - Engineering Physics 

equilibrium quality to true mass quality can be employed. An empirical 

expression of the mass quality as a function of the thermodynamic quality is given 

below (Ahmad, 1970). 

Equation 32 

Where, 

Equation 33 

Equation 34 

This formulation is based on the assumptions that bubble condensation can 

be neglected and that sub cooled boiling begins at the point of bubble detachment 

(Ahmad, 1970). 

3.1.3.8 CHF Heat Transfer 
In order to predict the time at which CHF occurs three different 

correlations were employed: Biasi, Katio and Bowering (Collier and Thome, 

2001). 
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The Biasi correlation, 

[ 
1.883xl03 [f(P) ] 

max = ¢CRlT = D"GI/6 Gl/6 -x(z) 
d. = 3.78xl0

3
h(p)[l-x(z)]l 

,'rCRIT D" GO.6 !J 
F 

Equation 35 

The Biasi correlation has the advantage of being continuous with respect 

to the variable pressme in the system with little loss of accmacy. CHF is 

determined by the higher of the two values presented in Equation 35 above. The 

error was 7.26% for the 4500 data points examined and 85.5% of all points were 

correlated within ±l 0%. 

The Katto correlation, 

Equation 36 

The Katto correlation presents CHF as a function of X and K. X and K are 

in tum functions of three dimensionless groupings. 

Z'=z/ D 

Equation 37 

R'= Pv / PL 

Equation 38 

Equation 39 
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The Bowring correlation, 

A, = A'+DG(l1isUB)/4 
'f'CRIT C'+z 

Equation 40 

The Bowring correlation is based on the 'local conditions hypothesis', 

which suggests that the CHF is solely a function of the mass quality at the point of 

overheating. CHF is a function of A' and C', which are in tum functions ofF!, 

F2, F3, and F4. Values ofF), F2, F3, and F4 are generated by linearly interpolating 

with respect to the pressure. 

Collier and Thome (2001) compare the Katto and Bowring CHF 

correlations to different data sets. The performance of each CHF correlation is 

listed below in Table 7 for two of the different data sets. 

Table 7: Comparison of Bowring and Katto correlations with experimental data sets 
(Collier and Thome, 2001) 

Deviation (%) No. of data 
No. of with Fluid Data Range 
data 

Correlation 
deviation Mean Average 

>30% 

Water All data 427 Katto 16.1 +3.1 51 

Water All data 427 Bowring 18.6 -9.6 86 

Verified range of 
Water Bowring 251 Katto 14.1 -3.2 17 

correlation 
Verified range of 

Water Bowring 251 Bowring 11.7 -3.9 19 
correlation 

It can be seen in Table 7 that the Katto correlation can outperform the 

Bowring correlation in predicting CHF data for water. Nonetheless, both are 

available for use in the computer code. 
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3.1.3.9 PD~ Heat Transfer 
In order to predict the wall temperature for post dry out three different 

correlations were employed: Groeneveld, Dougall and Rohsenow, and 

Groeneveld and Delorme (Carey, 2007). The Groeneveld correlation, 

Equation 41 

Where, 

Y = 1- O.1(~v -lJ°.4 (1- x)O.4 
rL 

Equation 42 

The values of the constants a, b, c and d for tubes are 0.00109,0.989, 1.41 

and -1.51 respectively. This correlation is reported to match experimental data to 

an RMS (Root Mean Squared) error of 11.5%. 

The Dougall and Rohsenow correlation, 

Equation 43 

Like the Groeneveld correlation, the Dougall and Rohsenow correlation is 

similar to the relation that came from the homogeneous flow model. A major 

deficiency of these over simplified correlation is that they do not account for non-

equilibrium conditions (Carey, 2007). 
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The Groeneveld and Delorme Correlation, 

O.008348kv,f [(GDJ( Pv J]0.8774 0.6112 h= - x+-(l-x) Pr D V,saf 
flv PL 

Equation 44 

Groeneveld and Delorme proposed a modified correlation to account for 

the non-equilibrium effects. The modified equilibrium correlation employs a 

single-phase heat transfer correlation, modified for two-phase flow. Once the heat 

transfer coefficient is obtained from one of the three aforementioned correlations 

the wall temperature itself can be directly computed using Newton's law of 

cooling. 

q" 
TW = TSAT +-

h 

Equation 45 

3.1.4 Discretization of Equations and Numerical Method 
Since the semi-implicit method for pressure linked equations (SIMPLE) 

algorithm was first proposed by Patankar and Spalding (1972), it has been widely 

applied to the field of computational fluid dynamics (CFD) and numerical heat 

transfer (NHT). Over the last three decades at least ten variants have been 

proposed to improve the convergence performance, and these algorithms consist 

of the 'SIMPLE-type' (also called 'SIMPLE-series' or 'SIMPLE-family') 

solution algorithm. Today the SIMPLE-type algorithm is the most popular 

algorithm for solving incompressible Navier-Stokes equations with primitive 

variables. Among the different variants, the most often used algorithms are 
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SIMPLE, SIMPLE revised (SIMPLER), SIMPLE consistent (SIMPLEC) and 

SIMPLE extrapolation (SIMPLEX). It has been shown that SIMPLE and 

SIMPLEC have the least computational time whereas SIMPLEX and SIMPLEC 

have superior robustness (Zeng and Tao, 2003). For these reasons the specific 

algorithm used for the solution of the conservation equations for the MATLAB 

single fuel channel model is SIMPLEC. 

One method to solve the coupled, non-linear, partial differential 

conservation equations is to linearize and discretize them in space and time. 

However, if we were to discretize the conservation equations such that every 

variable were calculated at each grid point, unrealistic solutions could be 

obtained. For example, the momentum equation could generate a pressure 

difference between two alternate grid points and not between two adjacent ones, 

which overall is not a physically realistic solution to the problem (Patankar, 

1980). Similarly, unrealistic solutions could also be obtained for the velocities in 

the continuity equation and the enthalpies in the energy equation. These 

difficulties are usually associated with the first derivatives of the Taylor series 

expansion (Patankar, 1980). The staggered grid method can be used to eliminate 

these problems, which was first used by Harrow and Welch (1965). This method 

calculates the velocities at the faces of the pressure, enthalpy and fluid property 

control volumes and vice versa. The staggered grid representation for one 

dimensional flow can be seen in Figure 14 below. 
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P1 P2 P3 Pi-1 ~i 1l+1 0 0 0 ••• 0 0 , 
I 

X X * * * x x x 
lI1 lI2 lIj _2 lIj_1 lIj 

0= node center for presslIre, P, enthalpy, h, and fllIid properties 

x = node center for velocity, 1I 

Prl 
* •• 0 

* * * x 
lIn-1 

Figure 14: Staggered grid discretization for the MATLAB single fuel channel model 

X 
lin 

An alternative to the staggered grid discretization is the co-located grid 

discretization. Three test cases using orthogonal rectilinear grids were studied by 

Peric, Kessler and Scheuerer (1988) comparing the staggered and collocated 

grids. The results of the computations demonstrate that the convergence rate, 

dependency on under-relation parameters, computational effort and accuracy are 

almost identical for both solution methods. Hence, for the purposes of the 

MATLAB single fuel channel model either method could have been used. The 

original staggered grid method employed by Patankar was used. However, it is 

worth mentioning that if multigrid techniques and non-orthogonal grids are 

considered the co-located grid converges faster in some cases and has logistical 

advantages. In these cases the co-located grid should be used. 

3.1.4.1 Steady State Case 
To solve the transient conservation equations, first initial conditions are 

needed. These are generated from the steady state case. The set of steady state 

equations are not listed in this section because they are just a simplified set of the 
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transient equations. Specifically, the steady state equations can be obtained 

directly from the transient equations, by setting the derivative time terms (i.e. 

terms including L1t) equal to zero, such that the parameters do not change with 

time. The discretization of the transient equations and the numerical methods 

used to solve these equations are presented below. 

3.1.4.2 Transient Case 
There are three ways to develop the transient set of conservations 

equations: fully-explicit, fully-implicit or semi-implicit. First, the fully-explicit 

method evaluates the system variables at the current time step (i.e. at time t). This 

method is good in that these variables are known however; it has an associated 

limitation in the Courant limit, which is defined as: 

L1z 
L1t<

u 

Equation 46 

The Courant limit tells us that the distance the fluid travels in one time 

step should not be greater than the discretization. Hence, one is restricted by a 

very small time step, which detracts from the functionality of the code. For the 

fully implicit method, the system variables are calculated at the next time step (i.e. 

at time t+L1t). However, the drawback here is that the method is more time 

consuming in some cases than the fully-explicit method. A semi-implicit method 

is in between a fully-explicit and a fully-implicit method; evaluating some 

variables at the current time step and some variables at the next time step. 

Nonetheless, the inherent robustness of the implicit method makes it the method 
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of choice for this program. Thus, as will be seen in the following sections, the 

development of the code is maintained as fully-implicit as possible. 

3.1.4.3 Momentum Conservation & Generation of Velocity Vector 
Referring to the Equation 9 and Figure 14, the general discretized 

momentum conservation equation is: 

Equatiou 47 

This equation is linearized by assuming that pu is a constant. Multiplying 

through by A and I'1z the equation becomes: 

AI'1z (pt.+I1' '.+11') _ AI'1z (p'. t ) = _ A(p'+111 1+11' \..1+111 + A(pl+I1I U 1+11, \.. ,+11, _ AM. ,+I!., 
I'1t J U J I'1t J U J e U e JU e 1I']v JU 11' J 

- Ap'.+I1'g sin BI'1z - rl+~t S I'1z 
J W,J W 

Equatiou 48 

As seen in Equation 22 above, the shear stress at the wall is a function of 

the velocity of the current node, 

I { -1+11' Iu t.+111 1\ .1+11' 
1+11, \PJ J Jl J r -----~~~----
W,j - 8 

Equation 49 

Substitution of Equation 49 into the 48 yields: 
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A& (p'+111 '.+1;')_ A& ( 'u'.) = _ A(p'+111 ,+111 l-'+11I + A( 1+111 ,+111 l-'+11I _ AM'+I;' 
!J.t j uj !J.t Pj j e Ue fUe Pw Uw fUll' j 

f( '+1111 1+1;'1\'+111 
-A ,+111 . LlA__ Pj U j flj S A_ p. gSillut= wt= 

j 8 

Equation 50 

Now the question is what are the values for Ue and uw? This is dependent 

on the differencing scheme used. Noting that for large Peclet numbers the central 

differencing scheme is unstable, the upwind differencing scheme is used since it is 

inherently stable (Patankar, 1980). The values ofue and Uw are equal to the values 

of u at the grid points on the upwind (or upstream) sides of the respective faces, 

see Figure 14. Thus, 

Hence, 

f+At f+At 
U e = Uj , 

Uf+At _f+At 
e -Uj +l , 

and 

A(pf+I>.'u'+I>.,\·f+I>., =uf+I>.'lnax[Ap'+I>.'u'.+I>.' O]-U'.+I>.'lnax[-Ap'.+Atu '.+I>., 0] 
e e JUe J J+I J+I' J+I J+I J+I' 

Equation 51 

Equation 52 

Once Equation 52 and 51 are substituted into Equation 50, the following 

general expression is obtained: 
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Equation 53 

Where, 

HAl [ A HAl HAlO] a j+I = max - p j+I U j+l , 

HAl _ rna [ApHAt HAlO] a j-I - X j U j-I , 

j{ - 1.+At lu l+ AI 1\ 1.+At A& I+At 
t.+At = rna [ApHAt HAt 0]+ max[- Apt.+At t.+At 0]- \p] ] p] S & + Pj a] x ]+1 U ]+1 , ] U ]-1 , 8 W 

I1t 
A&pt.u t. 

b = - AM:+At - Apt+A! g sin e& + ] ] 
] av,] I1t 

In order to solve this system of equations, one has to make an initial guess 

at the axial pressure profile and axial velocity profile. Once this is done the set of 

equations can be solved for the velocity, u, which can be represented using the 

following matrix notation: 

Au=b 

Equation 54 

Equation 55 

However, given that we have linearized a non-linear equation our solution 

will have to be iterative. A good convergence criterion would be to compare the 

velocity vector from the previous iteration to the updated velocity and once the 

'norm' of the difference between the two is less than a certain value, Eu, the 

solution has converged. Let the norm be defined as the maximum value of the 
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standard deviation of a vector. Specifically, the flowing convergence criterion 

was used in the computer code: 

norm[UOld -U l1ew ]<£lI =10-3 

Equation 56 

In other words, this means to iterate until the norm of the difference 

between the old and new velocity vectors is less than tu, which is equal to 10-3
. 

The new velocity is made to be a function of both the old and new velocity 

in order to relax the solution. The weighted equation for the velocity used in the 

next iteration is: 

U = ru new + (1- r)uo1d 

Equation 57 

Where, r is the relaxation factor or the proportion of the new velocity 

guess that will be used for the next iteration. This is done so that the velocity will 

eventually converge. If the relaxation is not done, the new velocity could 'jump' 

around the solution preventing the program from converging. 

The above discretization allows one to obtain a converged solution of the 

velocity vector. Nonetheless, we have assumed a pressure profile, thus this is just 

an educated guess at the velocity vector. To determine the velocity for given fluid 

conditions, we have to conect the pressure by some value. To determine the 

pressure conection required we tum to the mass conservation equation in order to 

determine the mass defect which will indicate how well we have guessed. 
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3.1.4.4 Mass Conservation and Pressure Correction 
As we have seen above, the momentum conservation equation to 

determine the real velocities is: 

Equation 58 

However, as already mentioned we only have guesses at the velocities 

from the momentum balance given the guessed pressure profile. In order to 

distinguish that these are guesses we will implement the notation, u*, which needs 

to be corrected by a velocity, u'. The same notation will be used for the pressure. 

Thus, 

u = u*+u' 

Equation 59 

P=P*+P' 

Equation 60 

In order to obtain an expression for the correction required we subtract the 

real equation from the guessed equation to obtain the correction equation: 

A~ tu t 

(
_) _ a'-.+l:1t u ~,t+l:1t + t+l:1t. *,t+/),.t _ t.+l:1t. ~,t+/),.t = _ A!1P*,t+/),.t _ Apt+/),.t & + P j j 

j+1 j+l a j u j a j-I U j-I j aV,j g /j,t 

_ t+l:1t ',t+/),.t + t+l:1t ',t+l:1t _ t+/),.t ',t+/),.t _ _ A!1P',t+/),.t 
a j+1 U j+1 a j U j a j_1 U j_1 - j 

Equation 61 
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Given that the effect of the aj+1 and aj-l terms are neglected in the SIMPLE 

algorithm (Patankar, 1980), this equation reduces to: 
F 

Equation 62 

Refening to the mass conservation equation, Equation 8 and Figure 14 above, the 

discretized mass conservation can be written as: 

P f+Atuf+At _ pf+At U I+111 
e e w w 

I1t 

Equation 63 

Multiplying through by I1z we get: 

& ( f+111 _ pl)= pf+111 .1+111 _ pl+111 I+At 
I1t P e U e 11' U w 

Equation 64 

Knowing that: 

u =U *+u I e e e 

Equation 65 

Equation 66 

We can substitute Equation 66 and 65 into Equation 64 to obtain: 

P
I+111 ',1+111 _ pf+At ',1+111 = pf+111 U ',f+At _ pf+111 *,1+111 + & (pI _ pf+111 ) 
w U w e U e e e w U w I1t 

Equation 67 

Re-writing the momentum conservation conection equation: 
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Equation 68 

This result is derived from Figure 15 below. 

Pj-1 
0 ~j F1+1 

0 

X X 
Uj_1 uj 

w e 
~~z~~z~~z~ 

0= node center for pressure, p, enthalpy, h, and fluid properties 

x = node center for velocity, U 

Figure 15: Staggered grid discretization for pressure correction 

Thus using Equation 68 and Figure 15 we can obtain expressions for U w and ue: 

_ A(P:"+M _ p:,t+I1I) 
',H111 ',1+111 } }-I 

UlI' = U j-I = a
'
+I1' 
j-I 

Equation 69 

Equation 70 

Substitution of Equation 69 and 70 into 68 yields, 
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F 

Equation 71 

Letting, 

Equation 72 

Substitution of Equation 72 into 71 yields, 

_pl+!J.I dl+!J.t (p:'I+!J.I _p:'I+!J.t) +pl.+!J.I dl+!J.I (p:,I+!J.I _ p:'I+!J.I) = pl+!J.IU \I+!J.I _pl+!J.I ~,I+!J.t + /).z (pl. _pl+!J.I) 
J-I J-I J J-I J J J+I J J J J-I U J-I /),t J J 

Equation 73 

Expanding, collecting like terms and rearranging, 

P t+!J.I dl+!J.I p:'I+!J.t _ (pl+!J.I dl+!J.t + pl+!J.I dl+!J.t )p:'I+!J.I + pl+!J.I dl+!J.I p:'t+!J.t = pl+!J.t ~,I+!J.I _ pl.+!J.t ~,t+!J.t + /).z (pI _ pt+!J.t) 
J J J+1 J-I J-I J J J J-I J-I J-I J U J J-I U J-I /),t J J 

Equation 74 
Where, 

A A 
d.= andd·_1=-----

} ap(j,j) } ap(j -l,j -1) 

This is now in the tri-diagonal form we have seen before: 

Equation 75 
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The set of equations can now be solved for P', which can be represented in matrix 

notation: 

BP'=c 

Equation 76 

Equation 77 

Where, 

b. = pt.+1'.! dt+1'.! 
j+1 j j 

b = pt+"'t dt+"'t 
j-I j-I j-I 

b. = _(pt.+1'.! dt.+"'t + pt+1'.! dt.+"'t) 
j j j j-I j-I 

C = pt.+"'t U ~,t+"'t _ pt.+1'.! U ~,t+1'.! + !J.z (pt. _ pt+"'t) 
j j j-I j-I I.1t j j 

Given that these are corrected pressures, and that the pressures are actually 

known at the boundaries, no boundary conditions are needed for the c-vector. 

This will yield the pressure correction vector which can be used to update the 

pressure profile. 

In order to assure convergence, the relaxation factor is used again. The 

pressures are made to be a function of both the old and the corrected values in 

order to relax the solution. The weighted equations for the velocity and the 

pressures are: 

Equation 78 
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Where, r is the relaxation factor or amount of the pressure correction that 

will be used for the next iteration. 

The mass defect is summed for every c-vector until the defect is less than 

a given value, cp'. At this point the solution is considered to have converged. 

Specifically, the flowing convergence criterion was used: 

norm[ defect] < G p' = 10-3 

Equation 79 

In other words, this means to iterate until the norm of the defect is less cp. 

3.1.4.5 SIrVIPLE-C Aigorithm 
In section 3.1.4.4 above, the aj+l and aj-l in Equation 61 were neglected as 

per Patankar's SIMPLE algorithm (1980). However, the algorithm can be 

improved by making an adjustment for this approximation. The SIMPLE-C 

algorithm is one way to improve the algorithm (Zeng and Tao, 2003). 

The equations and sequence of steps in the SIMPLEC algorithm are 

identical to those in SIMPLE with the following exceptions (Doorball and 

Raithby, 1984): 

1. The d's are computed from Equation 80 below. 

2. These d's replace the previous d's in the P' coefficients and in the 

velocity correction equation. 

3. P' should not be under-relaxed. 
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Equation 80 

Where, 

Equation 81 

3.1.4.6 Energy Conservation and Fluid Properties 
Referring to Equation 10 for energy conservation equation and Figure 14, 

the general discretized energy conservation equation is: 

1+111 1 

_2pl+MA a -a "S ----+q H H 
f...t 

Equation 82 

Multiplying through by f...z and rearranging the equation becomes: 

Af...z (_1+111 1+111)= _~(pl+111 U1+111 \_1+111 _ (pl+M U1+111 \_I+M)+ q" S f...z + Af...z p'.e f 

f...t VJJ eJ ~ e e;ee w W;ell' H H f...t J J 

Equation 83 

We now have to determine the values of ee and ew as was done in the case 

of velocity in the momentum equation. The values of ee and ew are equal to the 

values of e at the grid points on the upwind (or upstream) sides of the respective 

faces. (Figure 14) Thus, 
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1+111 1+111 ee = ej , if Apl+~1 1+111 > 0 
av,) u) 

el+l11 = e l.+ 111 
e )+1 , 

and 

Hence, 

A(p 1+111 U 1+111 'L 1+111 = e 1.+111 rna [Ap 1+111 1.+111 0] _ 1.+111 [_ A I+l1t 1+111 0] e ere ) X av,) u)' e )+1 max p av,) u) , 

Equation 84 

A(p1+111 U I+111 \_1+111 = e l.+111 Inax[Apl+l1t 1.+111 0] _ 1.+111 [_ Apl+l1t 1.+111 0] 
1V W rw )-1 av,) U )-1' e) max av,) U )-1 , 

Equation 85 

Once Equation 84 and 85 are substituted into Equation 83 the following general 

expression is obtained: 

Equation 86 

The set of equations can now be solved for e, which can be represented in matrix 

notation: 

Ce=d 

Equation 87 

Equation 88 

Where, 
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t+!!.t [ A I+!!.t I+/';I 0] 
C J+I = max - Pm,J um,J ' 

t+/';f [A t+/';I t+/';I 0] 
C J-I = max Pm,J+I Um,J-I' 

A~pl+~1 
t+!!.t = max[Apl+/,;1 t+!!.t 0]+ max[- Apl+~1 Ut+~1 0]+ m,} c} m,} um,} , m,}-I 1Il,}-I' I'1t 

d - "S A~ I I A~ (pi pt+/';I) 2pt+/';1 A~ (I t+!!.t ) -q +--p.e. +-- . -. + a -a 
H H I'1t Ill,} m,} I'1t }} I'1t 

In order to assure convergence, the concept of the relaxation factor is used 

agam. Where, r is the relaxation factor or amount of the new enthalpy value that 

will be used for the next iteration. 

enew = re + (1- r)eo/d 

Equation 89 

A good convergence criterion is to compare the enthalpy vector from the 

previous iteration to the updated enthalpy and once the norm of the difference 

between the two is less than a certain value, ee, the solution has converged. 

Specifically, the flowing convergence criterion was used in the code: 

Equation 90 

In other words, this means to iterate until the norm of the difference 

between the old and new enthalpy vectors is less than Be. Once the enthalpies 

have converged, they are used to update the fluid properties for the next iteration 

in time. 
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3.1.5 Temperature within Fuel, Sheath and Pressure Tube 
To determine the temperature distribution in the fuel that is generating 

heat we can use general form of the heat equation in cylindrical coordinates: 

Equation 91 

At steady-state, for a constant thermal conductivity and when there is only 

heat transfer in the radial direction. The heat equation reduces to: 

Equation 92 

Two boundary conditions can be applied to this system. The first 

condition results from the symmetry of the situation. That is, for the solid 

cylinder the centerline is a line of symmetry for the temperature distribution and 

the temperature gradient must be zero. The second condition is that at the outer 

radius of the fuel pin the temperature is that of the surface of the fuel. 

Mathematically, these two boundary conditions are represented as follows: 

dTI -0 
dt r=O 

Equation 93 

Equation 94 

Hence after integrating twice and applying the above boundary conditions 

we obtain the following temperature distribution: 
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Equation 95 

Respectively, the outer fuel temperature, the sheath temperature 

and the pressure tube temperature can be estimated using a series of thermal 

resistances posed by the cladding and the coolant: 

Equation 96 

T.v = 1;, + ql( 1 J 
2:rRcoh 

Equation 97 

7;, ~ Tb - q{ 2n!"h J 
Equation 98 

3.1.6 MA TLAB Model Structure and Logic 
As stated above, the MATLAB single fuel channel model has been developed 

using a numerical method that is a variant of Patankar's SIMPLE (Semi-Implicit 

Method for Pressure-Linked Equations) algorithm (1980) called the SIMPLEC 

algorithm. The model presented in this thesis couples the energy equation and 

updates the fluid properties only after the velocity and the pressure correction 

values have converged for a given set of fluid properties and enthalpies. 

Furthermore, once the onset of significant void (OSV) is determined, the true 
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mass quality, the void fraction and the mixture properties of the fluid are 

calculated. It is assumed that the saturation properties can be employed for this 

purpose. However, the OSV is a function of density and therefore it is neceSSalY 

to converge on the density to ensure that the correct OSV criterion is being used. 

In addition, if it is determined that the heat flux is larger than the critical heat flux 

the fuel, sheath and pressure tube temperatures are then calculated. Once the 

sheath temperature is calculated to be larger than l200°C (1473 K) the program 

terminates and the output is used as boundary conditions for the high power fuel 

channel experiencing flow stagnation in the MELCOR primary heat transport 

system modeL A verbal description the algorithm used in this code is as follows: 

1. Set the pressure profile, -dP/dt. (-dP/dt=O for stagnate flow) 

2. Solve the momentum equation to obtain the velocity, u. 

3. Solve the for the pressure correction, P', using the mass defect as the stop 

criterion. 

4. Once the values of P and u are obtained, solve the energy equation for the 

enthalpies, h. 

5. Using the values ofh, update the fluid properties and return to Step 2. 

6. Once the converged values of u, P, and h are obtained, the steady state 

(t=O) solution has been obtained. Use the steady state values ofu, P, and h 

as the initial conditions for the transient case. 
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7. Once the thermodynamic quality of the fluid has reached the Saha-Zuber 

criterion for onset of significant void (OSV) boiling has occurred in the 

horizontal fuel channel. 

8. Calculate the new mixture properties including void. 

9. Calculate the critical heat flux, q"CHF. 

10. Once the heat flux, q", is higher than the critical heat flux, q"CHF, calculate 

the temperature of the fuel, sheath and pressure tube temperatures. 

11. Stop the program once the sheath temperature, Tw, is larger than 1473 K. 

The MA TLAB single fuel channel code structure is shown as a flow chart 

in Figure 16. Within the MATLAB model light water properties were used and 

obtained from the program X Steam Tables for MATLAB®. 
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NO 

Figure 16: Flow chart of code structure and logic 
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3.2. SCDAPlRELAPS Single Fuel Channel Model 
Similar to the approach use by Mladin et al. (2008, 2009), a hydrodynamic 

representation of single, horizontal fuel channel modelled in SCDAP/RELAP5 is 

shown in Figure 17 below. 

111 ~ 130 I _~ 131 
injun chan ---,.- obrjun1 -----. ROH 

tmdpjun '-___ pip_8 __ ---' sngljun 

110 

RIH -----. 

tmdpvol tmdpvol 

150 

Figure 17: RELAP/SCDAPSIM CANDU fuel channel 

The single fuel channel model uses 2 time-dependent volumes (tmdpvol), 

1 time-dependent junction (tmdpj un) , 1 pipe component (pipe) and 1 single 

junction (sngljun). The 2 time-dependent volumes represent the reactor inlet 

header and the reactor outlet headers and simulate pressure and temperature for 

steady state runs and pressure and static quality for transient runs. The inlet time 

dependent junction facilitates flow from the reactor inlet header and controls the 

mass flow rate boundary condition for steady state runs and controls the mixture 

of water and steam for transient runs. The pipe component simulates the fuel 

channel and the single junction facilitates the flow from the channel to the reactor 

outlet header. Each internal junction of the fuel channels (5 in total) have local 

pressure loss coefficients summing up the contributions of the end plates and of 

the mid-plane spacers were assumed to be 0.82 for the channel. 

The fuel was modelled continuously over length of the fuel channel where 

2 fuel bundles are represented by 1 axial node (i.e. 6 axial nodes in total). The 
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individual fuel rods have the same geometry, power history, axial power profile, 

radial power profile, void volume and internal pressure as individual elements in a 

37-element fuel bundle. The pressure tube (PT), carbon dioxide filled gap and 

calandria tube (CT) are modelled using the SCDAP shroud component. The face 

of the inner shroud component (i.e. inner face of the PT) is thermally connected 

with the hydrodynamic channel and exchanges energy by radiation with the 

outside of the fuel bundle. The face of the outer shroud component (i.e. outer face 

of the CT) is thermally connected with the moderator which is modelled as a large 

stagnant heavy water volume at 122 kPa and 71°C. 

There are 3 modes of fuel channel deformation to consider for CANDU: 

1. PT ballooning - Occurs at high pressure PT balloons into uniform 

contact with CT 

2. PT sagging - Occurs at low pressure PT sags into local contact with 

contact angle, '1'0 

3. Fuel bundle slumping - Occurs for both ballooning and sagging 

Given that sagging is the limiting case, because it causes higher 

temperatures in the fuel (a lower limit of 850 °C) tlus is the phenomenon that was 

modelled (Mladin et aI., 2009). Once the channel sags and the PT comes into 

contact with the CT heat transfer is enhanced. The enhanced heat transfer due to 

PT sagging into contact with the CT was calculated as follows (Mladin et aI., 

2009): 
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k'co2 = C· kco2 

Equation 99 

Where; 

C = a + b . IIF + C • IIF • T + d . T 
't' 0 't' 0 P P 

a = 0.03, b = -0.964, C = 0.000355, d = 0.00437 

For a contact angle of 5°, a typical value of Cis 6. This is used above the 

sagging threshold. This model of enhanced heat transfer was used in order to 

compare against the approached used by Mladin et aL (2008, 2009). For 

comparison purposes, the temperature dependence of k' co2 was linearly introduced 

starting at 873 K and in full effect by 1083 K. At sheath temperatures of 1473 K 

to 1673 K the fuel bundle slumping occurs for both ballooning and sagging which 

leads to 'close-packed configuration' as seen in Figure 18. 

Figure 18: a) Sagged pressure tube in contact with the calandria tube 

b) Close-packed configuration as a result of bundle slumping (Mladin et aI., 2009) 
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It should be noted that this method of modifying the heat transfer is not 

representative of post-contact sagged PT heat transfer behaviour. Experimental 

studies have shown that high temperature sagged pressure tubes contacting 

calandria tubes shows that they contact over a 120 degree angle due to plastic 

creep deformation associated with bundle loading. (Luxat, 2009) 

It is also noteworthy that the SCDAP/RELAP5 has no adequate models for 

relocation of the metallic/ceramic melt in horizontal fuel channels. Therefore a 

null melt velocity was imposed in the input file to prevent any melt relocation. 
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3.3. MELCOR CANDU 6 Model 

3.3.1 Fuel Model 
In order to aid the nodalization of a typical 37-element CANDU 6 fuel 

bundle in MELCOR, the fuel bundle's geometry was changed to a single fuel pin 

using a heat structure (Figure 19). As described in Section 2.5.2 this was the 

same approach used in the ISAAC code. 
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Figure 19: Transformation of 37-element fuel bundle into single fuel pin 

The concentric ring approach to modelling the fuel bundle employed in 

MELCOR (Section 3.1) was also considered (Figure 20). 

Figure 20: Transformation of 37-element fuel bundle into concentric rings 
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Through initial attempts at simulating the fuel channel in MELCOR it was 

found that the single fuel pin model yielded a more realistic temperature profile 
F 

and had greater computational efficiency than the concentric ring model. The 

CPU time taken to simulate the concentric ring fuel bundle model took 20 times 

longer for a single fuel channel. Therefore the single fuel pin model of the fuel 

bundle was deemed a more appropriate heat structure for simulating the fuel 

bundle within MELCOR. 

3.3.2 Reactor Core and Moderator System Model 
For the reactor core, a simplified fuel channel model was used. The model 

used was similar to the approaches taken in the MAAP4-CANDU and ISAAC 

models as discussed in Sections 2.5.1 and 2.5.2 respectively. The 380 fuel 

channels were reduced to 36 representative fuel channels or 18 representative 

channel groups per each loop as seen in Figure 21. Each representative fuel 

channel represents 10.56 actual channels. This takes the form of 6 rows by 6 

columns in the calandria vessel. Each of the primary heat transport system loops 

is composed of 6 rows and 3 columns and they are separated from each other by 

the central vertical plane of the reactor. The flow through the core is in a typical 

'checker board' pattern and flows through the primary heat transport systems in a 

figure-of-eight. The 12 fuel bundles per channel were only coarsely nodalized 

into 1 representative axial node within the MELCOR model. 
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Figure 21: Moderator system model 

The moderator system was modelled as a large stagnant volume of water 

at 122 kPa and 71°C. The calandria tubes are in contact with the moderator and 

are a source of heat input into this system. The heat injected into the moderator 

system was removed at a constant heat flux of 120 MW, which is the maximum 

rating for the moderator cooling system. 

3.3.3 Primary Heat Transport System Model 
The primary heat transport system model nodalization (Figure 22) is 

similar to the approaches taken in the MAAP4-CANDU and ISAAC model 

discussed in sections 2.5.1 and 2.5.2 respectively. Each loop was modelled to 

contain 2 steam generators, 2 pumps, 2 inlet headers, and 2 outlet headers. The 

feeders connect the inlet and outlet end of fuel channels to reactor inlet and 

reactor outlet headers respectively. The flow through one primary heat transport 

system loop follows the shape of figure-of-eight with some channels carrying the 

flow inward and others outward from the reactor face. Each pass through figure-

of-eight loop consists of 14 hydrodynamic control volumes and 14 flow paths. 
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Figure 22: Figure-of-eight nodalization of loop in CANDU 6 primary heat transport system 

In total, the MELeOR primary heat transport system is modelled with 140 

control volumes, 156 flow paths and 22 heat structures. The steam generator 

secondary sides, the calandria vessel and the containment make up another 4 

control volumes. 
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4. Results and Analysis of Stagnation Feeder Break 
A small break loss of coolant accident (SBLOCA) in an individual reactor 

inlet feeder pipe of exactly the right size can cause flow stagnation in the fuel 

channel to which it is attached. The location of this break was chosen to be near 

the top of a reactor inlet feeder close to the reactor inlet header. For conservatism, 

the inlet feeder is chosen as one that is attached to a high power channel at high 

elevation. The coolant inventory leaving the reactor enters the containment 

building, which is seen in Figure 23. 

Figure 23: Stagnation inlet feeder break in high power channel. 

It is assumed that the reactor is initially at full power. It is also postulated 

that the emergency core cooling system (ECCS) fails and thus there is a loss of 

emergency cooling injection (LOECI). 
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By defInition, during the flow stagnation there is no net flow leaving or 

entering the fuel channel. It was during this period of stagnant flow that the high 

powered fuel channel was modelled independently from the rest of the reactor. 

Modelling of the fuel channel was done using the MA TLAB single fuel channel 

model and the SCDAP/REALP5 single fuel channel model discussed in Sections 

3.1 and 3.2 respectively. The MELCOR model, as discussed in Section 3.3, was 

also used to detelmine the behaviour of the rest of the reactor during this 

stagnation period. This fIrst simulation with the MELcaR model determined the 

mass flows, void distribution and the system pressure where as the MA TLAB and 

SCDAP/RELAP5 models separately determined the fuel temperature. In addition, 

the SCDAP/RELAP5 model also determined the fIssion product generation and 

hydrogen production in the high power fuel channel experiencing flow stagnation. 

The fIrst MELCaR simulation implied that the flow would become stagnant and 

the channel would become devoid of coolant after 1.0 second, which was used as 

the basis for the flow rundown in the high powered fuel channel in the MATLAB 

and SCDAP/RELAP5 simulations. Moreover, through trials with the MELcaR 

model, the stagnation break size was determined to be 8.03 cm2 (i.e. 14% of twice 

the cross sectional area of a feeder). 

Both the MATLAB and SCDAP/RELAP5 models were run until the sheath 

temperature of the fuel in the high power channel experiencing flow stagnation 

was equal to 1473K, which is used as a simplifIed threshold temperature. It is 

assumed that both the pressure tube and the calandria tubes ruptured at that 
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temperature which is similar to the approach used in the MAAP4-CANDU model. 

The mass flows, pressures, void distribution and temperatures from these two 

simulations were then used as boundary conditions for a continuing transient in 

another MELCOR simulation. The MELCOR model was renodalized (Figure 24) 

with the following features: 

• Fuel is located at the bottom of the high power fuel channel, resting upon 

the pressure tube 

• A break establishing a flow path between the fuel channel and the 

calandria, which is assumed to be equal in size to the reactor inlet feeder 

break and is not large enough to release any fuel from the fuel channel 

• A single rupture disk break establishing a flow path between the calandria 

and the containment, which is sized to accommodate all flow from the 

single channel event 

Figure 24: Fuel sags to bottom of fuel channel rupturing pressure tube. 
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The reactor was assumed to have tripped at the start of this second 

MELCOR simulation. The simulation was terminated once the moderator cooling 

system was able to accommodate the generated decay heat. Given the time scale 

of the current analysis, the effects of losing ECCS were minimized. 

4.1 MATLAB-MELCOR Simulation 

4.1.1 Feeder Break, Calandria Rupture Disk and PT -CT Rupture 

As mentioned above through trial and error tests with the MELCOR 

primary heat transport system model, the stagnation break was determined to be 

14% of the largest permissible SBLOCA (i.e. the break was 14% of twice the 

cross sectional flow area of a feeder or 8.03 cm2
). The mass discharge and 

enthalpy for this break can be seen respectively in Figures 25 and 26. 
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Figure 25: Inlet feeder break mass discharge into containment building 
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The mass discharge through the break exited the feeder and entered the 

containment building at 50 kg/s, which is approximately twice the nominal flow 

rate through the channeL The increased flow rate out of the feeder was attributed 

to the large pressure difference between the primary heat transport system and the 

containment building. At steady state, the primary heat transport system is 

pressurized to approximately 11.5 MPa in the reactor inlet header, which was 

similar to the initial value of the pressure at the break. The pressure in the 

containment building however was near atmospheric pressure. Initially this mass 

discharge decreased as the pressure of the primary heat transport system 

decreased. 

As seen in Figure 26 below, the enthalpy of the coolant exiting through the 

break increased and rapidly reached a plateau twice during the course of the 

transient. The initial increase was obviously due to the start of the transient. The 

coolant enthalpy reached a plateau of approximately 1450 kJ/kg due to the steady 

flow of coolant out of the break. The next rapid rise in coolant enthalpy exiting 

through the break is due to declining coolant inventory. The coolant inventOlY 

decreased much more rapidly than the decay heat in the fuel from fission 

products. Roughly the same heat input into a smaller amount of coolant caused 

the coolant to heat up and tum into vapour. This resulted in a rapid rise in break 

enthalpy, which steadied once new quasi-static flow rates were established. 
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Figure 26: Inlet feeder break enthalpy discharge into containment 

At 13 seconds after the initial inlet feeder break, the fuel had heated up to 

the point where it had slumped into closed packed configuration (Figure 18) and 

ended up resting on top of the pressure tube. At this time the pressure tube has 

also sagged into contact with the calandria tube and both are assumed to rupture 

instantaneously, which established a flow path between the high powered fuel 

channel and the calandria vessel. The transient flow from the high powered fuel 

channel to the calandria vessel can be seen in Figure 27. 

At the onset of the pressure tube rupture, the pressure difference between 

the primary heat transport system and the moderator was very high and thus 

provided a large driving force for the high flow rate from the fuel channel to the 

calandria vessel. This maximum flow rate is 41 kg/s and is established at 45 
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seconds. This flow rate is maintained until the 288 second mark of the transient at 

which point the flow statis to gradually decrease. As the flow into the high power 

channel decreases so does the flow of coolant from the channel to the moderator. 

At 372 seconds, the flow in the high power fuel channel underwent a rapid 

decrease in flow rate. 

45 

40 

~ ~ 

35 -'!! I 
OJ 
6 

30 $ 
0 

u::: 25 Q) 
10... 
:J 

15.. 
:J 

20 I 

0::: 
15 - ! I-

() 
I I I- 10 0... 

5 

O~-------,--------~-------,~-------,------~ 

a 200 400 600 800 1000 

Time (5) 

Figure 27: Flow rate through break in PT-CT into calandria vessel after rupture 

A single rupture disk break was assumed to occur at the same time as the 

pressure tube rupture given the rapid pressurization of the calandria vessel. The 

mass discharge through the rupture disk is presented in Figure 28. 
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Figure 28: Flow rate through rupture disk from calandria vessel to containment building 

As the high temperature, high pressure coolant was injected into the 

moderator it started to boil off. Once it started to boil off, the heavy water exited 

the calandria vessel at rate of approximately 60 kg/so Over time, as the heat load 

to the moderator decreased, less moderator boiled off and thus decreased mass 

discharged through the mpture disk. 

4.1.2 Loop Inventory and Void Distribution 

As expected for a SBLOCA-LOECI, the broken loop inventOlY decreased 

over time, as seen in Figure 29. 
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Figure 29: Broken loop inventory 

The coolant inventory initially started to decrease at a rate proportional to 

the loss of coolant through the single inlet feeder break. Toward the end of the 

transient the rate of coolant loss slowed due to the decreased rate of 

depressurization of the primaIY heat transport system, which limited the driving 

force for the flow exiting the reactor through the feeder break, pressure tube 

rupture and calandria rupture disk. 

The average amount of void in the primary heat transport system increased 

steadily over time as seen in Figure 30. Void generation occurs when the heat 

input into a given amount of coolant is high enough to cause a phase change. The 

decay heat from the fission products in the fuel continually decreased with time 

however this is a slow process as seen in Figure 31; after the reactor trip occurs. 
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The coolant inventory is continually lost from the primary heat transport system at 

a relatively fast rate. These two factors combined with the LOECI, contributed to 
F 

the fact that the void continued to rise in the primary heat transport system. The 

rate of average void generation did decrease towards the 1000 second mark of the 

transient due to the reduced coolant flow rate out of the break. The moderator 

acts as an ultimate heat sink for the decay heat. It is expected that the void 

fraction will eventually reach a maximum and start to decrease due to the 

diminishing amount of decay heat produced from the fission products. 
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Figure 30: Average void fraction for broken loop 
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Figure 31: Power history for high power and average power fuel channels 

Although Figure 30 indicates how the average void in the broken loop is 

increasing with time it does not indicate the distribution of the void within the 

system. As seen in Figure 32, most of the void accumulated in the reactor 

headers. The vapour is less dense than the liquid coolant and tends to move to 

high elevation and remain there. Given that the headers are higher than the fuel 

channels they were found to have collected more void. Given that the flow is 

driven through the core partially by the hydrostatic pressure difference between 

the headers once the reactor inlet header reached a void fraction of close to 1.0 the 

density gradient became drastically smaller. Here we anticipate that the flow 

through the core will be reduced. 
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Figure 32: Void fraction in reactor inlet and reactor outlet headers of broken loop 

4.1.3 Primary Coolant Flow in the Core 

Flow in the core was reduced upon introducing a single inlet feeder break. 

As shown in Figure 33 the flow through the core was reduced from a steady state 

flow rate of 10640 kg/s to 8300 kg/so After reaching this local minimum the flow 

increased as flow was re-established in the high power channel that experienced 

flow stagnation. The values for the flow through the core ranged from 7500kg/s 

to 9000 kg/s up until the point where the void fraction in the reactor inlet head 

becomes close to 1.0. This occurred at approximately 340 seconds and flow 

dropped rapidly to approximately 2700 kg/s at 414 seconds. 
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Figure 33: Total primary coolant f low through core 

Observing the flow through the core does not highlight the specific flow 

rate occurring in individual fuel channels. On closer inspection, once the reactor 

inlet feeder broke, the flow was reduced in an average power fuel channel from 

the steady state mass flow rate of 28 kg/s to approximately 23 kg/s, as seen in 

Figure 34. Given that all feeders were modelled with the same diameter and 

connected to the headers at the same elevation, flow was similarly reduced in all 

of the other average power channels. However, the flow of coolant in the high 

powered channel was reduced to 0 kg/s for the stagnation break (i.e. by definition) 

until the pressure tube ruptured at 13 seconds. 

Once the pressure tube ruptured, the average flow into the high power 

channel was quickly re-established and well surpassed the steady state flow rate, 
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reaching a value of 43 kg/s at 24 seconds. The flow maintained a quasi-static 

flow rate until 404 seconds into the transient at which point void in the reactor 

inlet header become appreciable and decreased flow through all fuel channels. 
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Figure 34: Primary coolant flow through core in high and average powered channels 

4.1.4 PHTS Pressure 

As seen in Figure 35, the primary heat transport system pressure decreased 

over time. This was due to a continual loss of coolant through the inlet feeder 

break and subsequently through the pressure tube rupture. As less coolant is 

present in the primmy heat transport system to transfer the decay heat from the 

fuel, the coolant undergoes a phase change from liquid to vapour. Vapour 

contributes to a larger pressure drop due to friction as the transient progresses. 
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Figure 35: Reactor inlet and outlet header pressure transients 

4.1.5 Fuel Channel, Fuel and Sheath Temperatures 

From the simulation of the high powered fuel channel undergoing flow 

stagnation in the MA TLAB single fuel channel model, it was determined that the 

temperatures from axial node number 18 would be used for the temperature 

boundary conditions in the renodalized MELCOR transient simulation. As seen 

in Figure 36, the temperature of the sheath, and subsequently the pressure tube, 

first reached the threshold temperature of 1473 K at axial node 18. The 

temperatures from axial node number 18 were used as boundary conditions for the 

second MELCOR transient, at 13 seconds. 
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Figure 36: MATLAB simulation showing sheath temperature at 6 different axial nodes 

Once the pressure tube ruptures at 13 seconds, there was a sharp decline in 

the fuel temperature and even sharper in the sheath temperature, as seen in Figure 

37. This rapid reduction in fuel and sheath temperatures was due to the 

restoration of coolant flow through the high power fuel channel. 
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Figure 37: Fuel and sheath temperatures for hottest bundle in high power fuel channel 
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Figure 38: Pressure tube temperatures for location next to hottest bundle in high powered 
channel 

The pressure tube temperatures can be seen in Figure 38. The fuel sag and 

eventual contact between the fuel and the pressure tube caused a rise in the 

pressure tube temperature up to the threshold temperature of 1473 K. This caused 
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the pressure tube to mpture. To reiterate, it is assumed that once the pressure tube 

mptured that calandria tube would also mpture. Upon mpture, a flow path was 

established between the high power fuel channel and the calandria vessel. 

Coolant quickly began to flow through the fuel channel arresting any further 

deformation of the channel and preserving the integrity of the core geometry. 

With flow occurring on the inside of pressure tube as well as the outside of the 

calandria tube the inside temperature of the pressure tube initially fell below that 

of the interior portion of the tubes. Once the heat is removed from the tubes the 

inside of the pressure tube returns to being the highest in temperature given that it 

is next to the coolant which is higher in temperature than the moderator. 

4.1.6 Hydrogen Production 

Hydrogen production was not modelled within the MATLAB single fuel 

channel model. It is therefore suspected that if the exothelmic reaction between 

hydrogen and Zircaloy were modelled that the sheath and pressure tube 

temperatures would increase at faster rate. 

4.1.7 Moderator Transients 

As the high pressure, high temperature coolant is injected into the 

calandria vessel it initially undergoes a very rapid pressure transient. This rapidly 

exceeded the rating of the rupture disks in the calandria vessel (i.e. 238 kPa) at 24 

seconds. In this accident only one mpture disk was modelled to break, although 

there are 4 attached to the calandria vessel. It is seen that these other mpture disks 
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were not necessary to depressurize the calandria because the calandria vessel 

never again went above the rupture disk rating. 
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Figure 39: Moderator pressure transient and rupture disk rating 

The moderator temperature initially increased as the fuel channel heated 

up as seen in Figure 40. The largest temperature of 378K was reached at 446 

seconds but decreased as the heat load to the moderator decreased. 
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The heat load to the moderator is shown in Figure 41. The limited flow of 

heat to the moderator was initially due to convection heat transfer of the coolant 

from the fuel to the pressure tube' which then conducted the heat to the carbon 

dioxide gap and then the calandria tube. The highest spike in heat transfer to the 

moderator occurred when the pressure tube ruptured. At 24 seconds, the flow of 

hot coolant back into the channel and then into the moderator increased the heat 

input into the moderator, to a maximum of 2000 MW. The moderator cooling 

system has the capability of removing heat up to 120 MW. This cooling system 

regains the ability remove all the heat at the rate it's being produced at 71 

seconds. 

The integral amount of heat deposited in the moderator is seen in Figure 

42 below. The excess heat going into the moderator can be seen as causing the 

moderator to boil off. 
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Figure 42: Integral heat load to moderator and integral moderator cooling system capability 
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If the moderator cooling system was fully operational at the start of the 

event then it would regain the ability to remove all heat at 298 seconds. 

4.1.8 Containment and Fission Product Release 

Given that the containment was modelled as a single large control volume 

with no compartments or control systems the containment pressure and 

temperature remained constant over time. That is to say the temperature and 

pressure of the containment were constant at 298.15 K and 124 kPa respectively. 

Nevertheless, the containment has a leakage rate of 0.5% at these nominal values 

of temperature and pressure (Doria, 2001). 

No fission product release was modelled in this simulation. However, in 

the worst case scenario for a single channel event the entire fission product 

inventory for the channel could be postulated to be released into the containment. 

See Table 8 below for the maximum power channel inventories in a CANDU 

reactor. 

Table 8: Ma . Xlmum power c anne mven ones m h I . t .. CANDU t (H reac or . 1989) ussem, 

Channel 
Maximum Maximum Maximum 

free 
bundle channel bundle 

Element 
activity 

free total total 
activity inventory inventory 

(Ci) 
_(Ci) (Ci) (Ci) 

1311 12140 3380 164873 20947 

Xe+Kr 36724 12960 1526154 193900 

Using this leakage rate and the free inventory of the maximum power 

channel in a CANDU reactor as seen Table 8 above, at 298 s the total activity 

released outside containment would be estimated to be: 
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1211: 12140Cix 0.005 x day x 298sec=0.21Ci 
day 24 x 3600sec 

Xe + Kr : 36724Ci x 0.005 x day x 298 sec = 0.63Ci 
day 24 x 3600sec 

Fortunately, the rupture of the pressure tube in a timely manner enabled 

the moderator to act as an ultimate heat sink and prevented the fuel from heating 

up to the point of this release. 

4.1.9 Major Event Sequence Summary 

T bI 9 M . a e : a~or event sequence f MATLA & MELCOR d or B co r I . e-couplmg Slmu atIOn 
Time 

Event Codes Used 
Hours Seconds 

0.0 0.0 • SBLOCA - single inlet feeder break MATLAB& 

• LOECI MELCOR 

• Broken loop isolated 

• Reactor at full power 
0.0 1.0 • Reduced flow in all fuel channels MATLAB& 

• Flow stagnation in high power fuel MELCOR 
channel attached to broken reactor 
inlet feeder 

0.00 13.0 • Closed pack configuration MATLAB& 

• Pressure tube lUpture MELCOR 

• Reactor trip 

• Calandria lUpture disks breaks due to 
overpressure 

• Moderator boil-off begins 
0.01 24.0 • Flow re-established in high power MELCOR 

fuel channel 
0.08 298.0 • Moderator cooling system capable of MELCOR 

removing remaining decay heat 

• Tennination of accident 
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4.2 SCDAPIRELAP5-MELCOR Simulation 

4.2.1 Feeder Break, Calandria Rupture Disk and PT -CT Rupture 
F 

The mass discharge and enthalpy for this break can be seen respectively in 

Figures 43 and 44. 
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Figure 43: Inlet feeder break mass discharge into containment building 

The mass discharge through the break exited the feeder and entered the 

containment building at 50 kg/so This is approximately double the nominal flow 

rate through the channel. The increased flow rate out of the feeder was attributed 

to the large pressure difference between the primary heat transport system and the 

containment building. At steady state, the primary heat transport system is 

pressurized to approximately 11.5 MPa in the reactor inlet header, which was 

similar to the initial value of the pressure at the break. The pressure in the 
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containment building however was near atmospheric pressure. Initially this mass 

discharge decreased as the pressure of the primary heat transport system 

decreased. 

As seen in Figure 44 below, the enthalpy of the coolant exiting through the 

break increased and rapidly reached a plateau twice during the course of the 

transient. The initial increase was obviously due to the start of the transient. The 

coolant enthalpy reached plateau of approximately 1450 kJ/kg due to the steady 

flow of coolant out of the break. The next rapid rise in coolant enthalpy exiting 

through the break is due to declining coolant inventory. The coolant inventory 

decreased much more rapidly than the decay heat in the fuel from fission 

products. Roughly the same heat input into a smaller amount of coolant cause the 

coolant to heat up and tum into vapour. This break enthalpy steadied once new 

quasi-static flow rates were established. 
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Figure 44: Inlet feeder break enthalpy discharge into containment 

At 23 seconds after the initial inlet feeder break, the fuel had heated up to 

the point where it had slumped into closed packed configuration (Figure 18) and 

ended up resting on top of the pressure tube. At this time the pressure tube has 

also sagged into contact with the calandria tube and both are assumed to rupture 

instantaneously, which established a flow path between the high powered fuel 

channel and the calandria vessel. The transient flow from the high powered fuel 

channel to the calandria vessel can be seen in Figure 45. 

At the onset of the pressure tube rupture, the pressure difference between 

the primary heat transport system and the moderator was very high and thus 

provided a large driving force for the high flow rate from the fuel channel to the 

ca1andria vessel. This maximum flow rate is 41 kg/s and is established at 55 

seconds. This flow rate is maintained until the 393 second mark of the transient at 
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which point the flow starts to gradually decrease. As the flow into the high power 

channel decreases so does the flow of coolant from the channel to the moderator. 

A single rupture disk break was assumed to occur at the same time as the 

pressure tube rupture given the rapid pressurization of the calandria vessel. The 

mass discharge through the rupture disk is presented in Figure 46. 
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Figure 45: Flow rate through break in PT-CT into calandria vessel after rupture 
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Figure 46: Flow rate through rupture disk from calandria vessel to containment building 

As the high temperature, high pressure coolant was injected into the 

moderator it started to boil off. Once it started to boil off, the heavy water exited 

the calandria vessel at rate of approximately 55 kg/so Over time, as the head load 

to the moderator decreased, less moderator boiled off and thus decreased mass 

discharged through the rupture disk. 

4.2.2 Loop Inventory and Void Distribution 

As expected for a SBLOCA-LOECI, the broken loop inventOlY decreased 

over time, as seen in Figure 47. 
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Figure 47: Broken loop inventory 

The coolant inventory initially started to decrease at a rate proportional to 

the loss of coolant through the single inlet feeder break. Toward the end of the 

transient the rate of coolant loss slowed due to the decreased rate of 

depressurization of the primary heat transport system, which limited the driving 

force for the flow exiting the reactor through the feeder break, pressure tube 

rupture and calandria rupture disk. 

The average amount of void in the primary heat transport system increased 

steadily over time as seen in Figure 48. Void generation occurs when the heat 

input into a given amount of coolant is high enough to cause a phase change. The 

decay heat from the fission products in the fuel continually decreased with time 

however this is a slow process as seen in Figure 49; after the reactor trip occurs. 
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The coolant inventory is continually lost from the primary heat transport system at 

a relatively fast rate. These two factors combined with the LOEel, contributed to 
F 

the fact that the void continued to rise in the primary heat transport system. The 

rate of average void generation did decrease towards the 1000 second mark of the 

transient due to the slowed coolant flow rate out of the break. The moderator acts 

as an ultimate heat sink for the decay heat. It is expected that the void fraction 

will eventually reach a maximum and start to decrease due to the diminishing 

amount of decay heat produced from the fission products. 
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Figure 48: Average void fraction for broken loop 
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Figure 49: Power history for high power and average power fuel channels 

Although Figure 48 indicates how the average void in the broken loop is 

increasing with time it does not indicate the distribution of the void within the 

system. As seen in Figure 50, most of the void accumulated in the reactor 

headers. The vapour is less dense than the liquid coolant and tends to move to 

high elevation and remain there. Given that the headers are higher than the fuel 

channels they were found to have collected more void. Given that the flow is 

driven through the core partially by the hydrostatic pressure difference between 

the headers once the reactor inlet header reached a void fraction of close to 1.0 the 

density gradient became drastically smaller. Here we anticipate that the flow 

through the core will be reduced. 
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Figure 50: Void fraction in reactor inlet and reactor outlet headers of broken loop 

4.2.3 Primary Coolant Flow in the Core 

Flow in the core was reduced upon introducing a single inlet feeder break. 

As seen in Figure 51 the flow through the core was reduced from a steady state 

flow rate of 10640 kg/s to 8300 kg/s. After reaching this local minimum the flow 

increased as flow was re-established in the high power channel that experienced 

flow stagnation. The values for the flow through the core ranged from 7500kg/s 

to 9000 kg/s up until the point where the void fraction in the reactor inlet head 

becomes appreciable. This occurred at approximately 287 seconds and flow 

dropped rapidly to approximately 2700 kg/s at 424 seconds. 
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Figure 51: Total primary coolant flow through core 

Observing the flow through the core does not highlight the specific flow 

rate occurring in individual fuel channels. On closer inspection, once the reactor 

inlet feeder broke, the flow was reduced in an average power fuel channel from 

the steady state mass flow rate of 28 kg/s to approximately 23 kg/s, as seen in 

Figure 52. Given that all feeders were modelled with the same diameter and 

connected to the headers at the same elevation, flow was similarly reduced in all 

of the other average power channels. However, the flow of coolant in the high 

powered channel was reduced to 0 kg/s for the stagnation break (i.e. by definition) 

until the pressure tube ruptured at 23 seconds. 

Once the pressure tube ruptured, the average flow into the high power 

channel was quickly re-established and well surpassed the steady state flow rate, 
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reaching a value of 41 kg/s at 34 seconds. The flow maintained a quasi-static 

flow rate until 371 seconds into the transient at which point void in the reactor 

inlet header becomes close to 1.0 and decreased flow through all fuel channels. 
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Figure 52: Primary coolant flow through core in high and average powered channels 

4.2.4 PHTS Pressure 

As seen in Figure 53, the primary heat transport system pressure decreased 

over time. This was due to a continual loss of coolant through the inlet feeder 

break and subsequently through the pressure tube rupture. As less coolant is 

present in the primary heat transport system to transfer the decay heat from the 

fuel, the coolant undergoes a phase change from liquid to vapour. Vapour 

contributes to a larger pressure drop due to friction as the transient progresses. 
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Figure 53: Reactor inlet and outlet header pressure transients 

4.2.5 Fuel Channel, Fuel and Sheath Temperatures 

From the simulation of the high powered fuel channel undergoing flow 

stagnation in the SCDAP/RELAP5 single fuel channel model, it was determined 

that the temperatures from axial node number 6 would be used for the temperature 

boundary conditions in the renodalized MELCOR transient simulation. As seen 

in Figure 54, the temperature of the sheath, and subsequently the pressure tube, 

first reached the threshold temperature of 1473 K at axial node number 3. 
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Figure 54: SCDAPlRELAP5 simulation showing sheath temperature at 6 axial nodes 

The sheath temperature remained below the melting point of Zircaloy (i.e. 

2098 K) and prevented the release of fission products from the fueL The 

temperatures from axial node number 3 were used as boundary conditions for the 

second MELeOR transient, at 23 seconds. 

Once the pressure tube ruptures at 23 seconds, there was a sharp decline in 

the fuel temperature and even sharper in the sheath temperature, as seen in Figure 

55. This rapid reduction in fuel and sheath temperatures was due to the 

restoration of coolant flow through the high power fuel channeL 
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Figure 55: Fuel and sheath temperatures for hottest bundle in high power fuel channel 
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Figure 56: Pressure tube temperatures for location next to hottest bundle in high powered 
channel 

The pressure tube temperatures can be seen in Figure 56. The fuel sag and 

eventual contact between the fuel and the pressure tube caused a rise in the 

pressure tube temperature up to the threshold temperature of 1473 K. This caused 
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the pressure tube to mpture. To reiterate, it is assumed that once the pressure tube 

mptured that calandria tube would also mpture. Upon mpture, a flow path was 

established between the high power fuel channel and the calandria vessel. 

Coolant quicldy began to flow through the fuel channel arresting any further 

deformation of the channel and preserving the integrity of the core geometry. 

With flow occurIing on the inside of pressure tube as well as the outside of the 

calandria tube the inside temperature of the pressure tube initially fell below that 

of the inteIior portion of the tubes. Once the heat is removed from the tubes the 

inside of the pressure tube returns to being the highest in temperature given that it 

is next to the coolant which is higher in temperature than the moderator. 

4.2.6 Hydrogen Production 

Although no fission products were released, hydrogen production did 

occur, as seen in Figure 57. After the pressure tube mptured, hydrogen generation 

drops quickly because the sheath temperature dropped to nominal values. The 

total hydrogen produced in this accident is seen to be approximately 6.4-4 kg. 

This amount of hydrogen is too small to lead combustible concentrations in the 

containment building. 
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Figure 57: Actual hydrogen generation in high powered fuel channel 

Hydrogen production occurs due to the oxidation reaction occurnng 

between zirca10y and the steam generated the high power fuel channel. This 

oxidation reaction is exothermic and does contribute to fuel heat up. (Figure 58) 

The production of hydrogen starts at 13 seconds when the fuel sheath has reached 

a temperature of approximately 1000 K. The hydrogen generation rate reaches a 

maximum at 23 seconds when the temperature of the sheath is the highest and 

then drops. The hydrogen production stops altogether at 72 seconds. 
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Figure 58: Heat generation from decay heat and oxidation 

4.2.7 Moderator Transients 

As the high pressure, high temperature coolant is injected into the 

calandria vessel it initially undergoes a very rapid pressure transient. This rapidly 

exceeded the rating of the rupture disks in the calandria vessel (i.e. 238 kPa) at 34 

seconds. In this accident only one rupture disk was modelled to break, although 

there are 4 attached to the calandria vessel. It is seen that these other rupture disks 

were not necessary to depressurize the calandria because the calandria vessel 

never again went above the rupture disk rating. 
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Figure 59: Moderator pressure transient and rupture disk rating 

The moderator temperature initially increased as the fuel channel heated 

up as seen in Figure 60. The largest temperature of 378K was reached at 456 

seconds but decreased as the heat load to the moderator decreased. 

126 



M.A.Sc. Thesis - D. 1. Pohl McMaster University - Engineering Physics 

390 

380 

370 
g 
~ 360 :l ro 
L.. 
Q) 
Cl. 350 E 
Q) 

I-
340 

330 

320 

0 

4.0E+03 

3.5E+03 

3.0E+03 

~ 2.5E+03 
E-
""0 2.0E+03 ro 
0 

...J 

ro 1.5E+03 
Q) 

I 
1.0E+03 

5.0E+02 

O.OE+OO 

-5.0E+02 

200 400 600 800 1000 

Time (8) 

Figure 60: Moderator temperature transient 

,: 
I 
i 
I 

I 

i I , 

200 400 600 800 

Time (8) 

:, - Heat Load to 
! Moderator 

10pO 

-Moderator 
Cooling 
System 
Capability 

Figure 61: Heat load to moderator and moderator cooling system capability 
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The heat load to the moderator is shown in Figure 61. The limited flow of 

heat to the moderator was initially due to convection heat transfer of the coolant 

from the fuel to the pressure tube which then conducted the heat to the carbon 

dioxide gap and then the calandria tube. The highest spike in heat transfer to the 

moderator occurred when the pressure tube ruptured. At 42 seconds, the flow of 

hot coolant back into the channel and then into the moderator increased the heat 

input into the moderator, to a maximum of 3400 MW. The moderator cooling 

system has the capability of removing heat up to 120 MW. This cooling system 

regains the ability remove all the heat at the rate it's being produced at 86 

seconds. 

The integral amount of heat deposited in the moderator is seen in Figure 

62 below. The excess heat going into the moderator can be seen as causing the 

moderator to boil off. 
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Figure 62: Integral heat load to moderator and integral moderator cooling system capability 
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If the moderator cooling system was fully operational at the start of the 

F 

event then it would regain the ability to remove all heat at 403 seconds. 

4.2.8 Containment and Fission Product Release 

In the simulation of the inlet feeder stagnation break, no fission products 

were generated. Given that the containment was modelled as a single large 

control volume with no compartments or control systems the containment 

pressure and temperature remained constant over time. That is to say the 

temperature and pressure of the containment were constant at 298.15 K and 124 

kPa respectively. Nevertheless, the containment has a leakage rate of 0.5% at 

these nominal values of temperature and pressure (Doria, 2001). 

Given that in the actual simulation no fission product release was observed 

a release from containment was also prevented. However, in the worst case 

scenario for a single channel event the entire fission product inventory for the 

channel could be postulated to be released into the containment. See Table 8 

above for the maximum power channel inventories in a CANDU reactor. 

U sing this leakage rate and the free inventory of the maximum power 

channel in a CANDU reactor from Table 8, at 403s the total activity released 

outside containment would be estimated to be: 

121/: 12140Ci x 0.005 x day x 403sec = 0.28Ci 
day 24 x 3600sec 

Xe + Kr: 36724Ci x 0.005 x day x 403sec = 0.86Ci 
day 24 x 3600sec 
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Fortunately, the rupture of the pressure tube in a timely manner enabled 

the moderator to act as an ultimate heat sink and prevented the fuel from heating 

up to the point of this release. 

4.2.9 Major Event Sequence Summary 

T bl 10 M . a e : ajor event sequence f SCD IRE AP or AP L 5&MEL C OR simulation 
Time 

Event Codes Used 
Hours Seconds 

0.0 0.0 • SBLOCA - single inlet feeder break SCDAP/RELAP5 & 

• LOECI MELCOR 

• Broken loop isolated 

• Reactor at full power 
0.0 1.0 • Reduced flow in all fuel channels SCDAP/RELAP5 & 

• Flow stagnation in high power fuel MELCOR 
channel attached to broken reactor 
inlet feeder 

0.0 13.0 • Hydrogen production starts SCDAP/RELAP5 

0.01 24.0 • Closed pack configuration SCDAP/RELAP5 & 

• Pressure tube rupture MELCOR 

• Reactor trip 

• Calandria rupture disks breaks due to 
overpressure 

• Moderator boil-off begins 
0.01 34.0 • Flow re-established in high power MELCOR 

fuel channel 

0.02 72.0 • Hydrogen production ends SCDAP/RELAP5 

0.08 403.0 • Moderator cooling system capable of MELCOR 
removing remaining decay heat 

• Tennination of accident 
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4.3. Intercomparison and Validation of Models 
In this section the intercomparison and validation is considered for the 

individual models in MATLAB, SCDAP/RELAP5 and MELCOR as well as the 

code-coupled MATLAB-MELCOR and SCDAP/RELAP5-MECLOR 

simulations. 

4.3.1 Validation of MAT LAB Model 
Multiple combinations of the correlations used in the MA TLAB single 

fuel channel model are shown in Table 11 below. The different combinations of 

the correlations were employed in order to isolate the effects of the individual 

correlations relative to the others. 
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Table 11: Correlation validation matrix with results for time to a sheath temperature of 
t t f 1200 °C (1473 K) empera ure 0 

Mixture Properties/ 
Viscosity CHF 

Time to 
Two-Phase PD~ Correlation 1200°C 
Multiplier 

Correlation Correlation 
(s) 

Dukler Baroczy Biasi Groeneveld and Delorme l3 

McAdams Baroczy Biasi Groeneveld and Delorme 14 

Cicchitti Baroczy Biasi Groeneveld and Delorme 10 

Friedel Baroczy Biasi Groeneveld and Delonne 18 

Dukler HEM Biasi Groeneveld and Delorme 7 

Dukler LM Biasi Groeneveld and Delonne 10 

Dukler Thom Biasi Groeneveld and Delorme 9 

Dukler Baroczy Biasi Groeneveld and Delorme l3 

Dukler Baroczy Biasi Groeneveld and Delorme l3 

Dukler Baroczy Katto Groeneveld and Delorme 10 

Dukler Baroczy Bowring Groeneveld and Delonne 4 

Dukler Baroczy Biasi Groeneveld 15 

Dukler Baroczy Biasi Dougall and Rohsenow 8 

Dukler Baroczy Biasi Groeneveld and Delonne l3 
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In order to compare the results of the validation matrix the arithmetic 

mean and standard deviation are computed for the time it takes for the sheath to 
F 

reach 1200°C (1473). These values are listed in Table 12 below. 

T bI 12 C a e : f ompanson 0 resu ts generate df rom valIdation matrIX 
Time for sheath temperature to reach 12000C (s) 

Mean (s) I Standard Deviation (s) 
11.2 I +/- 3.6 

Using one standard deviation as the criterion to determine an outlier we 

see that the Friedel correlation and the Bowring correlation generate results that 

that are considered outliers relative to the other correlations. Given the vast data 

set from which the Friedel correlation was derived indicates that it should differ 

somewhat in the predicted time at which CHF occurs. On the other hand, the 

Bowring correlation under predicts the time it will take the temperature to reach 

1200°C (1473 K). As discussed in Section 3.1.3.8, Katto correlation can 

outperform the Bowring correlation in predicting CHF data for water. For these 

reasons the Bowring correlation is suspected to be outside of its range of 

applicability. 

It is important to ensure that there is no spatial dependence on the times to 

the sheath temperature of 1200 °C (1473 K). To test this, multiple simulations 

were conducted by varying only the number of nodes. The results are graphed in 

Figure 63 below. 
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Figure 63: Spatial dependence on time to sheath temperature of 1200°C (1473 K) 

As illustrated in Figure 63, as the number of nodes is increased the time to 

a sheath temperature of 1200°C (1473 K) levels off at values of 13 seconds. 

Hence, to ensure that there is no spatial dependence present for a simulation a 

value of 16 nodes or greater should be used. The total operable number of nodes 

tested ranged between 2 and 30. 

Given that the numerical methods employed in the computer code are 

slightly semi-implicit there will still be some effect of the time step size on the 

results, given the Courant limit. The Courant limit is defmed as: 

I1t< & 
u 

Equation 100 
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The Courant limit tells us that the distance the fluid travels in one time 

step should not be greater than the discretization. It is therefore important to 

ensure that there is no temporal dependence on the time to a sheath temperature of 

1200°C (1473 K) during a simulation. To test this, multiple simulations were 

conducted by only varying the size of the time step. 
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Figure 64: Temporal variance on time to sheath temperature of 1200°C (1473 K) 
Figure 64 illustrates that as the time step decreases in size the times to a 

sheath temperature of 1200°C (1473 K) approach values of 13 seconds. This time 

of 13 seconds first occurs for a time step of 1 second. Hence, it is suggested that a 

time step of 1 second or less be used while running simulations with the code. 

The total operable time step sizes tested ranged between 0.01 seconds and 5 

seconds. 
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4.3.2 Intercomparison and Validation of SCDAP/RELAP5 
In order to validate the SCDAP/RELAP5 model it was compared with the 

results from Mladin et aI. (2009). Using RELAP/SCDAPSIM Mod 3.4 (bi7), 

Mladin et aI. (2009) developed a model with postulated boundary conditions to 

simulate the evolution of the fuel channel in a CANDU6 during a large break loss 

of coolant accident (LBLOCA) in conjunction with a loss of emergency cooling 

injection (LOECl). Given that the original SCDAP/RELAP5 model that had been 

created for SBLOCA-LOCEl event the power, pressure and flow rate transients 

were altered to coincide with the values used by Mladin et aI. Also available in 

the paper by Mladin et aI. (2009) were the results for a CHAN II model for the 

same accident boundary conditions, concerning the fuel and pressure tube 

temperatures, power components (generated and exchanged to the moderator) and 

hydrogen production. The LBLOCA-LOECl conditions for Mladin et aI., CHAN 

II (also available in Mladin et aI., 2009) and SCDAP/RELAP5 models are listed 

in the Table 13 below. 
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Table 13: Conditions for Mladin et aI., CHAN II and SCDAP/RELAP5 
F 

Model SCDAP/RELAP5 CHAN II 
SCDAP/RELAP5 

Conditions (Mladin et aI., 2009) (Mladin et aI., 2009) 

Radial power 0.778,0.817,0.915, 
Unknown 

0.778,0.817,0.915, 
peaking factors 1.130 1.130 

Steam mass flow 
5 g/s 5 g/s 5 g/s 

rate 

Time to liquid 
5 seconds 5 seconds 5 seconds 

phase = 0 g/s 

Pressure loss 
0.82 Unknown 0.82 

coefficients 

Max axial 
1.415 1.415 1.415 

power factor 

Radiation heat 
Yes Yes Yes 

transfer 

PTandCT 
EPT=0.85, ECT=0.95 EPT=0.7, ECT=O.2 EpT=0.7, ECT=O.2 

emissivities 

Large stagnant volume 
Large stagnant 

Large stagnant volume at 
Moderator volume at 1.25 bar 

at 1.25 bar and 74°C 
and 74 °C 

1.25 bar and 74°C 

Water 
Light water Light water Light water 

properties 

Fission products 
ANS79-1 ANS79-1 ANS79-1 

data 

Channel power 
7.3MW 7.3MW 7.3MW 

(max rating) 

Positive void 
Yes Unknown No 

reactivity effect 

Sagging Yes No Yes 

Contact angle 5° 5° 5° 

CO2 thermal 
Function of Temperature 0.043 W/mK Function of Temperature 

conductivity 
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Comparison with the Mladin et al. model and CHAN II code was done for 

both the fuel temperatures and the hydrogen production. The lowest amount of 

steam flow tested by Mladin et al. was 5 g/s. This steam flow rate was chosen for 

a basis of comparison given that is relatively close to stagnant flow conditions. 

The fuel temperature for each of the codes is shown in Figure 65. 
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Figure 65: Fuel surface temperatures comparison between SCDAP/RELAP5, CHAN II, 
Mladin et al. central and outer fuel and fuel temperature; steam flow: 5 g/s 

The temperature transient in the SCDAP/RELAP5 model is comparable to 

the results presented by Mladin et al. (2009). This was anticipated given the 

similarities between the two models. The only difference between the two models 

is the timing of the transient. Mladin et al. had modelled the fuel channel with 4 

pipe components including cross-flow junctions as seen in Figure 9 above. This 
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would have increased the convective heat transfer from the fuel and thus caused 

the fuel to cool faster. 

The temperature ill the SCDAP/RELAP5 model is higher than fuel 

temperature ill CHAN II for most of the time for the same mass flow rate. 

However, the peak temperature is up to 200 degrees lower than in CHAN II. The 

moments for attaining the temperature peaks are more or less the same in the two 

codes. A reason for lower temperatures in CHAN II could be the existence of the 

model for direct metal-metal contact, which is not modelled in SCDAP/RELAP5. 

In addition, CHAN II required an input criterion to trigger the simulation of the 

slumping bundle deformation model that would cause direct contact and flow 

bypass which seems not to be activated, otherwise CHAN II temperatures would 

be as low as SCDAP/RELAP5 results for the close-packed configuration for the 

given flow rates. 

Another source of differences in the results could be the heat transfer 

towards the moderator. The constant value of gas conductivity in CHAN II 

versus the temperature dependent conductivity in SCDAP/RELAP5 would have 

an effect on the temperatures. The temperature dependence of conductivity in 

SCDAP/RELAP5 should be more limiting with higher temperatures, since the 

CO2 conductivity is increasing with temperature. 

The comparison of the hydrogen produced during the transient is shown in 

Figure 66 below. The difference in hydrogen production for the codes can be 

attributed to the difference in the sheath temperatures within the codes. The level 
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of the hydrogen production is different by 28% between the three codes, in the 

range of maximum values. 
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Figure 66: Hydrogen production comparison between SCDAP/RELAP5, CHAN II, Mladin 
et al. central and outer fuel and fuel temperature; steam flow: 5 g/s 

The SCDAP/RELAP5 provides results that are comparable to the Mladin 

et al. fuel channel model and the CHAN II model. 

4.3.3 Intercomparison and Validation of MELCOR Model 
Brown, Petoukhov and Mathew (2006) compared simulation results for 

the initial primary heat transport system blow-down, during a large break loss of 

coolant accident (LBLOCA) in conjunction with a total loss of emergency cooling 

injection (LOECI), as postulated for a CANDU 6 nuclear power plant. The 

comparison was made between results obtained with two independent CANDU 6 

models using the computer codes MAAP4-CANDU v4.0SA and CATHENA Mod 

3.5 RevO. 
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The results from MAAP4-CANDU analyses support Level 2 PSA 

activities performed for CANDU stations. While CATHENA MOD 3.5 Rev 0 

was validated against critical and other sizes of reactor inlet header breaks in the 

RD-14M thermalhydraulic loop, among other phenomena and integral tests. 

Hence the MELCOR primary heat transport system model was compared to these 

codes to provide confidence in the use of MELCOR for thermalhydraulic 

phenomena involved in LOCA blow-down scenarios. The LBLOCA-LOECI 

conditions for MAAP4-CANDU, CATHENA and MELCOR models are listed in 

the Table 14 below. 
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Table 14: Conditions for CATHENA MAAP4-CANDU and MELCOR , 
Model CATHENA MAAP4-CANDU 

MELCOR 
Conditions (Brown et al. 2006) (Brown et al. 2006) 

Break 
35% of twice the cross- 35% of twice the cross- 35% of twice the cross-
sectional area ofRIH sectional area of RIH sectional area ofRIH 

Reactor trip 0.43 seconds 0.43 seconds 0.00 seconds 

Class III and 
Available continuously Available continuously Available continuously 

IV power 

Start of loop 
8.6 seconds 8.6 seconds 0.00 seconds isolation 

Start of crash Steam generator 

cooling 
38.7 seconds 38.7 seconds modelled with constant 

heat removal 

Moderator 
Available Available Available 

cooling 

Turbine steam 
Not applicable (steam 

valve close 
40 seconds 40 seconds generator modelled with 

constant heat removal) 
Large junction area Large junction area 

Large coarse volume at 
Containment (lOOm2

) at atmospheric (100m2
) at atmospheric 

conditions conditions 
atmospheric conditions 

Initial system (RIH ~ 11.3 8 MPa and 10.69MPa (single (RIH ~ 11.5 MPa and 
pressure ROH ~ 10.02 MPa) system pressure) ROH ~ 10.0 MPa) 

Water 
Heavy water Light water Light water properties 

Initial void 6.8% 6.8% 0.0% 

Discharge 
Hemy-Fauske Henry-Fauske Hemy-Fauske 

model 

Discharge 
0.61 0.61 0.61 

coefficient 

The companson of the results for CATHENA, MAAP4-CANDU and 

MELCOR can be seen in Figures 67 through 71 below. The codes show similar 

trends for the depressurization in Figure 67. However, it is noted that MAAP4-
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CANDU has one pnmary system pressure because no flow calculations are 

performed with the primmy heat transport system. The exceptions to this are the 
F 

break flow and the channel steam flow rates during the later core heat up stage. 
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Figure 67: Broken loop pressure 

The pressure within the headers is mostly affected by the mass discharge 

rate from the headers through the break. The mass discharge from the 35% inlet 

header break can be seen in Figure 68 below. 

It is worth noting that the CANTHEA LBLOCA-LOECI simulation was 

performed with heavy water properties, where as the MAAP4-CANDU and 

MELCOR simulations were performed with light water properties. To aid the 

comparison Brown, Petoukhov and Mathew divided the heavy water fluid masses 

predicted with CATHENA by 1.103 to give the equivalent light water masses. 

The value of 1.103 is the density ratio of liquid heavy water to liquid light water 
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at typical CANDU operating conditions. Hence the CATHENA fluid masses 

presented are in "light-water equivalent masses" of heavy water. 
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Figure 68: Total break flow rate 
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The total break flow rate for CATHENA was initially much higher than 

both the MAAP4-CANDU and MELCOR simulations. This provides the reason 

as to why the header pressures for the CATHENA simulation depressurized more 

rapidly. The Henry-Fauske two-phase critical flow break discharge model was 

used in the CATHENA simulation. In the CATHENA simulation, the primary 

heat transport coolant was discharged through the break in the reactor inlet header 

into a containment compartment at atmospheric conditions. Brown, Petoukhov 

and Mathew highlighted that the area of the junction connection between the 

primary heat transport system and the containment may cause the differences in 
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the break flow rate. It is suspected that the junction areas used in MAAP4-

CANDU and CATHENA were larger than in the MELCaR simulation. This may 

be why the integrated break flow mass is also lower for MELCaR as seen in 

Figure 69. 
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Figure 69: Integrated break flow mass 

The total mass within the primary heat transport system is shown in Figure 

70. The total mass within the system is approximately 20% higher for MELCaR 

simulation than the MAAP4-CANDU and CATHENA. This is due to two 

factors. First, both MAAP4-CANDU and CATHENA initially contained void 

within the primary heat transport system where as MELcaR did not. In fact, 

Brown, Petoukhov and Mathew (2006) stated that they initially adjusted the void 

fraction such that the total primary heat transport system fluid masses were the 

same. This would mean that there would be less liquid in the system and thus 
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there would be a lower total mass. Second, both MAAP4-CANDU and 

CATHENA had the rector trip occur at 0.43 seconds whereas the reactor trip 

occurred at 0.00 seconds for the MELCOR simulation. This initial extra heat 

input into the coolant would cause further void generation and further 

displacement of liquid with void within the primary heat transport system. 
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Figure 70: Broken loop total fluid mass 

This initial difference in the void of the system is seen in Figure 71. 

Basically if the void had been adjusted in the MELCOR simulation the integrated 

void fraction for the MELCOR simulation would match very well. Given that the 

void fraction was not adjusted for the MELCOR simulation, it was consistently a 

value of 0.1 to 0.2 smaller than the MAAP4-CANDU value throughout the course 

of the transient. 
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Figure 71: Integrated loop void fraction 

Beside the minute differences that can be attributed to difference in the 

way the three simulations are set up CATHENA, MAAP4-CANDU and 

MELCOR are in good agreement. The models display the same trends for key 

system variables. 

4.3.4 Code-coupling Intercomparison and Validation 
Hussein (1989) modelled an accident scenario in a CANDU nuclear 

reactor in which the flow in a single fuel channel at high power was reduced due 

to a reactor inlet feeder break. Hussein studied different break sizes, including a 

stagnation break (10.69 cm2
) and the release to the atmosphere (1311 and Xe+Kr). 

For the stagnation break the ABCL computer code F1REBIRD was used to 

simulate the thermalhydraulics of the primary heat transport system. The mass 

discharge rate and enthalpy were thus obtained and then introduced into the 
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containment response AECL code PRES CON to find the integrated overpressure. 

Estimates of the fission product inventories in the channel were obtained ,from the 

AECL computer code CURIES. Fuel centerline, fuel surface and sheath 

temperatures were calculated using the AECL computer HOTSPOT. 

The comparison of Hussein's results with the results of the code-coupling 

of MATLAB-MELCOR and SCDAP/RELAPS-MELCOR of mass and enthalpy 

discharge can be seen in Figures 72 and 73 respectively. 
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Figure 72: Inlet feeder break mass discharge into containment building 
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Figure 73: Inlet feeder break enthalpy discharge into containment 

It can be seen that the mass discharge for Hussein's simulation is higher 

than both MATLAB-MELCOR and the SCDAP/RELAPS-MELCOR simulations. 

This is due to the fact that the stagnation break for the FIREBIRD code was 10.69 

cm2 where as it was 8.03 cm2 for the MATLAB-MELCOR and the 

SCDAP/RELAPS-MELCOR simulations. This is a difference in area of 2S% 

where as the differences in mass and enthalpy discharges are 37.S % and 26% 

respectively. The difference in the mass discharge is most likely due to the loss 

coefficient used in modelling the break in MATLAB-MELCOR and the 

SCDAP/RELAPS-MELCOR simulations. The forward loss and reverse loss 

coefficient were kept at the default value of 1.0 within MELCOR. It is suspected 

that the loss coefficients within the FIREBIRD code would be somewhat less. 

Given that the enthalpy discharge scales appropriately with the difference in area 

and the mass discharge does not suggests that this is the case. 
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As seen in Figure 73, the enthalpy of the coolant exiting through the break 

increased and rapidly reached a plateau twice during the course of the transient 

MATLAB-MELCOR and the SCDAP/RELAPS-MELCOR simulations. The 

initial increase was obviously due to the start of the transient. The rapid rise in 

coolant enthalpy around 2S0 seconds exiting through the break is due to declining 

coolant inventory. The coolant inventory decreased much more rapidly than the 

decay heat in the fuel from fission products. Roughly the same heat input into a 

smaller amount of coolant caused the coolant to heat up and tum into vapour. 

Given that Hussein was only modelling a single fuel channel the effect of the void 

accumulating in the headers was not seen. 

The comparison of the fuel centerline temperatures for Hussein's model, 

MATLAB-MELCOR and SCDAP/RELAPS-MELCOR are seen in Figure 74 

below. 
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It is seen that the centerline temperatures are in reasonable agreement. 

The MATLAB-MELCOR model predicts a higher temperature than Hussein's 

model and the SCDAP/RELAP5-MELCOR model because it does not account for 

radiation heat transfer which would help cool the fuel at higher temperatures. 

The SCDAP/RELAP5 model predicts lower temperatures than Hussein's 

model. It is suspected that Hussein did not model the enhanced heat transfer due 

to pressure tube sagging into contact with the calandria tube. Regardless of this 

fact the trend of temperatures of both models are in good agreement with one 

another. This is also seen for the sheath and pressure tube temperatures which are 

seen in Figure 75 and Figure 76 respectively. 
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Figure 75: Fuel bundle sheath temperatures 
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Figure 76: Pressure tube temperatures 

Hussein's prediction is that the pressure tube will rupture at 25 seconds. 

This is in good agreement with SCDAPIRELAP5-MELCOR model which 

predicts that the pressure tube will rupture at 23 seconds. However, given that the 

MATLAB-MELCOR simulation does not take into account radiation heat transfer 

within the fuel channel experiencing flow stagnation accounts for the fact that it 

will experience the pressure tube rupture sooner (i.e. 13 seconds after the 

initiation of the feeder break). 
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5. Limitations and Recommended Future Work 

Although it has been shown that the CUlTent analysis is in reasonably good 

agreement with the results generated by the models of other computer codes, the 

analysis highlights the possible areas for model improvements within the 

MATLAB, SCDAP/RELAP5 and MELCOR models. In addition, some future 

work is recommended. 

5.1 Limitations of the MATLAB Single Fuel Channel Model 

One of the major iimitations within the MATLAB single fuel channel 

model is its ability to model fuel deformation. It was taken that the high power 

fuel channel experiencing flow stagnation rapidly becomes devoid of coolant. 

This leads to a uniform temperature that persists around the circumference of the 

fuel. This eventually leads to fuel end plate failure and the fuel elements resting 

at the bottom of the fuel channel in the close-packed configuration. The pressure 

tube will then rupture due to contact with the fuel at a temperature of 1473 K. 

Under high system pressure (as in the case for a SBLOCA) this would lead to 

ballooning of the pressure tube. Instead in the CUlTent analysis, sagging was 

modelled to occur instead so that higher temperatures persisted which made the 

analysis comparable to the work done by Mladin et al. (2009). However, if the 

fuel chatmel experienced slow coolant removal it would then be possible to have 

subsequent phase separation of the coolant in the fuel channel. This could lead to 

circumferential temperature gradients, clad melting and relocation onto the 
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pressure tube, which is predicted to cause failure. This would necessitate 

adequate models for relocation of the metallic/ceramic melt in horizontal fuel 

channels. 

Besides the sagging phenomena, the MATLAB model was limited in its 

ability to model fuel deformation. The model did not consider the following 

deformation mechanisms: 

o Fuel element bowing 

o Zircaloy oxidation 

o Be-braze penetration 

Another limitation of the MATLAB model was that it did not consider 

thermal radiation. At higher temperatures this would have increased the heat 

transfer from the fuel causing a longer time to pressure tube rupture. 

Fission product behaviour was another factor not considered within the 

MA TLAB model. This was not modelled due to the model limitations with 

regards to fuel deformation. 

The SCDAP/RELAP5 single fuel channel model was seen as an 

improvement to the MA TLAB single fuel channel in that it included: zircaloy 

oxidation, radiation heat transfer, enhanced heat transfer in the CO2 gap between 

the pressure tube and the calandria tube and fission product behaviour. Although 

it did resolve most deficiencies experienced with the MA TLAB single fuel 

channel model it had limitations as well. 
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S.2 Limitations of the SCDAPIRELAPS Single Fuel Channel Model 

Similar to the MATLAB single fuel channel model, the SCDAP/RELAP5 

model's major limitation was its ability to model fuel deformation, specifically 

within a horizontal fuel channel. 

In the current model, it was taken that the high power fuel channel 

experiencing flow stagnation rapidly becomes devoid of coolant. As stated above, 

this leads to a uniform temperature that persists around the circumference of the 

pressure tube. However, if the fuel channel experienced slow coolant removal 

and subsequent circumferential temperature gradients around the fuel it would 

then be possible to have subsequent phase separation of the coolant in the fuel 

channel. This could lead to clad melting and relocation onto the pressure tube, 

which is predicted to cause failure. It was found that RELAP/SCDAPSIM Mod 

3.4 (bi7) does not contain any adequate models for relocation of the 

metallic/ceramic melt in horizontal fuel channels. 

Within RELAP/SCDAPSIM Mod 3.4 (bi7) code, when melt is located in a 

hOlizontal hydrodynamic node it relocates to other nodes that are associated with 

the lower fuel. In other words, it relocates to the ends of the fuel channel. To 

prevent this from happening within the current model a null melt velocity was 

used. 

Further work will be needed in developing relocation of the 

metallic/ceramic melt in horizontal fuel channels, if SCDAP/RELAP5 is to be 

used beyond CDS 1. This challenge has been recognized by Mladin et al. (2009). 
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They are currently developing models for early phase degradation in a CANDU 

fuel for the SCDAP code. 

5.3 Limitations of MEL COR CANDU 6 Model 

Overall the MELCOR model produced the expected trends for the system 

variables. Even though the MELCOR model used the approaches taken in the 

MAAP4-CANDU and ISAAC models (Sections 3.1 and 3.2), further work could 

be done on investigating the affects of the nodalization scheme used on the fuel 

channels, moderator, steam generators and containment. 

The 12 fuel bundles of each fuel channel were only coarsely nodalized into 1 

representative axial node within the MELCOR model. The boundary conditions 

for this 1 axial node were taken from highest temperature node within the single 

fuel channel models. It would be worthwhile to investigate the effect of a finer 

nodalization. 

The moderator system was modelled as large stagnant volume of water at 122 

kPa and 71°C. The calandria tubes are in contact with the moderator and are a 

source of heat input into this system. The heat injected into the moderator system 

was removed at a constant heat flux of 120 MW, which is the maximum rating for 

the moderator cooling system. 

The steam generator secondary side was modelled in similar fashion to the 

moderator system. It was modelled as a large stagnant volume of water. The heat 

transferred to the steam was removed at a constant heat flux removal of 516 MW 
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from both the hot and cold legs of the steam generator, which is the normal 

operation heat removal rate. 

Moreover, the containment building was only modelled as a single large 

volume at atmospheric conditions. It is for this reason that the containment 

system does not undergo any noticeable pressure or temperature transient. 

5.4 Limitations of Code-coupling 

There are many techniques for coupling advanced codes. In essence, the 

coupling may be either loose (meaning that two or more codes only communicate 

after a number of time steps) or tight such that the codes update one another time 

step to time step. Whether a loose coupling or a tight coupling is required depends 

on the phenomena that are being modelled and analyzed. It has been assumed that 

the loose coupling between the models for a single channel and the primary heat 

transport system was sufficient for the case of stagnant flow. The effects of 

coupling the codes time step to time step should be studied. 

5.5 Further Work Recommendations 
It is recommended that further work be conducted regarding: the long term 

effect of LOECI, investigation and implementation of CANDU-specific 

mechanistic models regarding fuel channel failure, sensitivity analysis with 

respect to important model parameters and verification of the simulation accuracy 

with respect to experimental results. 
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The specific focus of the accident analysis within this thesis was on the 

early stages of a SBLOCA-LOECI event, with patiicular attention to how the fuel 

channel experiencing flow stagnation affects the moderator. Given that this 

occurred in a relatively short time frame the consequences of the LOECI was 

minimal. The time frame should be extended such that the coolant inventory 

continues to decrease to the point where the event consequences propagate to 

other fuel channels. 

A simplistic threshold temperature was used as the criterion for pressure 

tube rupture. A more mechanistic approach to this process should be employed in 

future work. 

Sensitivity analysis is needed on key model variables to understand the 

implications of some of the assumptions made during this analysis. One prime 

example is the time of reactor trip. The reactor was assumed to trip at the moment 

of pressure tube rupture. This is most likely not the case given that for a 

SBLOCA the usual trip is low HTS pressure. Determination of the exact trip time 

would lead to a more physically realistic simulation. 

Cross code intercomparison was used as validation technique because no 

experimental data was available. Determining the code accuracies with respect to 

experimental data should be conducted in order to give further confidence in the 

results. 
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If required please refer to the CD in the possession of my supervisor 

Professor John C. Luxat for the raw data and input files for the SCDAP/RELAP5 

and MELCOR models (Pohl, 2009). 
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6. Conclusions 
It has been shown above that the MACPISA-CANDU methodology has 

been successfully applied to the analysis of a small break loss of coolant accident 

(SBLOCA) with a loss of emergency coolant injection (LOECI) in a CANDU 6 

nuclear power plant. The type of SBLOCA analyzed was a stagnation break in a 

reactor inlet feeder attached to a high powered fuel channel. 

Coupling the MATLAB single fuel channel model with the MELCOR 

(MELCOR 1.8.5) primary heat transport system modelled the pressure tube to 

reach a temperature of 1473 K and rupture at 13 seconds. The moderator was 

subsequently able to act as an ultimate heat sink at 298 seconds. However the 

MATLAB model was simplistic in nature. The simulation was improved by 

replacing the MATLAB single fuel channel model with a single fuel channel 

modelled in SCDAP/RELAP5 (RELAP/SCDAPSIM Mod 3.4 (bi7)) that 

included: zircaloy oxidation, radiation heat transfer, enhanced heat transfer in the 

C02 gap between the pressure tube and the calandria tube and fission product 

behaviour. The improved SCDAP/RELAP5-MELCOR simulation predicted the 

pressure tube to reach a temperature of 1473 K and rupture at 23 seconds and that 

the moderator system was able terminate the accident at 403 seconds. It is noted 

that the SCDAP/RELAP5-MELCOR simulation could be further improved by the 

inclusion of adequate models for relocation of the metallic/ceramic melt in 

horizontal fuel channels. 
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The results of the models compared well to results from other validated 

models both individually as well as after being coupled. Individually, the 

SCDAP/RELAP5 model compared well with results from the Mladin et aL (2009) 

RELAP/SCDAP5 model and the CHAN II model. The MELCOR model 

compared well with the MAAP4-CANDU and CATHENA models. Whereas the 

coupled results from the MATLAB-MELCOR and SCDAP/RELAP5-MELCOR 

simulations compared well with the results from coupling the AECL computer 

codes FlREBIRD, PRESCON, CURIES and HOTSPOT, which predict the 

pressure tube to reach a temperature of 1473 Kat 25 seconds. 

In the final analysis, the MACPISA-CANDU methodology, and code-

coupling in general, has advantages over using fully-integrated severe accident 

codes for analyzing severe accidents in CANDU nuclear power plants. Code-

coupling provides the diversity needed for intercomparison and validation 

purposes. It allows for incremental updating of computer codes with the latest 

research and experimental results such as bundle slumping in order to aid 

engineering judgment. Code-coupling allows the easier optimization of 

computational time given that smaller mechanistic models can be individually 

tuned. For these reasons, the MACPISA-CANDU methodology, and code-

coupling in general, should be utilized as an alternative to fully-integrated codes 

to further the development of the nuclear industry in Canada. 
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Appendix: Severe Accident Experimental Facilities 

The following are blief descriptions of the main experimental facilities in 

Canada which are defined in the IABA-TECDOC-1594. These facilities are used 

to elucidate severe accident phenomena for severe accidents in pressulized heavy 

water reactors (PHWRs), including CANDU nuclear reactors, and to provide data 

for the development and validation of computer codes to model severe accident 

behaviour. 

A.I RD-I4M Test Loop Facility 
The RD-14M test loop facility is located at ABCL Whiteshelliaboratories. 

Experiments conducted in the RD-14M facility are used to gain an improved 

understanding of thermalhydraulic behaviour of a PHWR during loss of coolant 

accidents, under forced and natural circulation conditions during shutdown 

scenarios. The test loop is show in Figure 77 below. 
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1 SURGETANl< 
2 EGCTANl< 
3 BOlLER 1 
4 JET CONDENSER 
5 BOlLER2 
6 PRIMARY PUMP I 
7 SECONDMY HX 
8 SECONDARY HX 
9 SECONDARY PUMP 
10 SECONDARY PUMP 
11 PRIMMY PUMP 2 
12 ECCPUMP 
13 ECCPUMP 
14 PRIMARY HEADERS 
15 lEST SECTION 
16 BLOWDOWN STACK 

Figure 77: Schematic diagram ofRD-14M test loop facility 

(lAEA-TECDOC-1594,2008) 

RD-14M is an 11 MW, full-elevation scaled representation of PHWR 

primalY heat transport system. The reactor core is simulated by ten 6 m long, 

horizontal channels each of which contains seven electrically heated fuel element 

simulators. Each of the channels has end fitting simulators that are connected to 

headers by full length feeder pipes. This facility also includes full height steam 

generators and heat transport system pumps. The components are arranged in the 

standard figure-of-eight geometry. The facility operates up to a pressure of 10 

171 

F 



M.A.Sc. Thesis - D. J. Pohl McMaster University - Engineering Physics 

MPa and up to temperatures of310 °C, which are typical system values. The data 

collected from this facility are used to identify and examine phenomena observed 

in the heat transport system and forms a database for developing and validating 

thermalhydraulic computer codes used to predict PHWR behaviour. 

A.2 High Temperature Heat Transfer Laboratory 
The high temperature heat transfer laboratory is located at AECL Chalk 

River Laboratories. It is used to investigate the integrated thermal-chemical-

mechanical response of a CANDU fuel channel under accident conditions. 

Pressure Tube 
1750mm 

Leadwire Tap Thennocouple Support 

Subcooled Water 

Figure 78: Schematic diagram of thermal-mechanical fuel channel apparatus 

(IAEA-TECDOC-1594, 2008) 

The apparatus is capable of perfonning high temperature (~1700 °C) and 

high pressure (~1 0 MPa) transient heat transfer experiments. This facility can 

handle pressure tubes that are 1.5 to 2.5 m long. This is shown in the Figure 78 

above. The facility uses graphite heaters or fuel element simulators where the 
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fuel elements influence fuel channel behaviour. For instance, fuel element to 

pressure tube contact can be studied. Superheated steam can be flowed through 
F 

the pressure tubes and the calandria tube which are submerged in a water tame 

This simulates the moderator conditions. It is also equipped with instrumentation 

for pressure, mass flow and temperature measurements, deformation of the 

pressure tube and calandria tube, and hydrogen production. Test series have been 

performed to investigate heat transfer phenomena and to establish the conditions 

under which a pressure tube and calandria tube may fail. 

The large scale vented combustion test facility IS located at AECL 

Whiteshelliaboratories. The facility simulates a wide range of thermodynamic 

conditions that are relevant to the containment atmosphere after an accident. It 

was originally designed to quantifY effects of key thermodynamic and geometric 

parameters affecting pressure development during vented combustion under 

conditions relevant to ignition. This facility is seen in the Figure 79 below. 

173 



M.A.Sc. Thesis - D. 1. Pohl McMaster University - Engineering Physics 

Figure 79: Schematic diagram of large scale vented combustion test facility 

(IAEA-TECDOC-1594, 2008) 

The large scale vented combustion test facility is 10m long, 4 m wide, and 

3 m high, which accounts for a total volume of 120 m3
. It has a rectangular 

structural steel building designed to withstand an internal impulse pressure of 600 

kPa and an internal static pressure 300 kPa. The building is insulated and 

electrically heated up to 120 °e. The end panels of the building are designed to 

provide a variable vent area from 0.4 to 7.2 m2
. Internally, the building has three 

separate gas addition systems for steam, hydrogen and inert gases. Hydraulic fans 

inside the test chamber are used to mix the gases and can be used to provide 

turbulent conditions during combustion. Instrumentation includes pressure 

transducers, thermocouples, and gas sam.pling by a mass spectrometer, at various 

locations inside the test chamber. The facility has good control of initial 

thermodynamic conditions, is sufficiently large to capture the effects of scale and 

is geometrically similar to rooms within the nuclear power plant. 
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A.4 Large Scale Gas-Mixing Facility 
The large scale gas mixing facility as shown in Figure 80 below was 

located at ABeL Whiteshell laboratories. It was used to study containment 

thermalhydraulics, in particular the behaviour of steam and air mixed with helium 

(i.e. to simulate hydrogen). The facility was used to study mixing, buoyancy 

induced flows, stratification, condensation, and effects of containment partitions 

and has provided data for use in validation of containment thermalhydraulic codes 

and predictions of hydrogen distributions. 

Largo-Scalo Gas Mixing Facility 

Figure 80: Schematic diagram of large scale gas mixing facility 

(lAEA IAEA-TECDOC-1594, 2008) 

The facility was 1000 m3 in volume and was insulated and had injection 

points for steam and helium. Partitions were used to simulate sub compartments 

within the structure. Instrumentation included temperature measurements, 

condensate collection and gas phase sampling. The large scale gas mixing facility 
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was closed in 2001, and has been replaced by the large scale containment facility 

at the AECL Chalk River laboratories. 

A.5 Radioiodine Test Facility 
The radioiodine test facility was located at AECL Whiteshelliaboratories 

from 1988 to 1999. The radioiodine test facility provided many potential reaction 

combinations (i.e. gas phase, aqueous phase and a variety of surfaces) and 

conditions (i.e. pH, temperature, radiation, various initial concentrations and 

initial speciation of iodine) to simulate the containment building following an 

accident. The schematic diagram of the radioiodine test facility is shown in 

Figure 81 below. 
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Figure 81: Schematic flow diagram of radioiodine test facility 

(IAEA-TECDOC-1594, 2008) 

A.6 Molten Fuel Moderator Interaction Facility 
The molten fuel moderator interaction facility is located at AECL Chalk 

River laboratories. The purpose of this facility is to investigate the high pressure 
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ejection of corium melt into the moderator. The facility is shown in Figure 82 

below. 
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Figure 82: Schematic diagram of molten fuel moderator interaction facility 

(IAEA-TECDOC-1594, 2008) 

The experiments involve of heating up a mixture ofU02, Zr, and Zr02. 

This mixture is the molten material expected in a fuel channel, inside a short 

length of pressure tube during a severe accident. Once the molten material has 

reached the desired temperature (~2400 DC), the pressure inside the tube is set to 

10 MPa. The pressure tube then fails at a pre-machined flaw and releases the 

molten material into the surrounding tank of water. The experiments that are 

planned will cover two different amounts of molten material, and will investigate 
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the effects of the material interacting with tubes representing neighbouring fuel 

channels. 

A. 7 Blowdown Test Facility 
The blowdown test facility is part of the NRU reactor located at the ABCL 

Chalk River laboratories. Four blowdown test facility experiments were 

performed inside the NRU reactor to improve the understanding of PHWR fuel 

and fission product behaviour under accident conditions and to provide data for 

use in reactor safety code validation. The facility is seen in Figure 83 below. 

Figure 83: Schematic diagram of blowdown test facility in the NRU reactor 

(IAEA-TECDOC-1594, 2008) 

A.8 Core Disassembly Facility 
The core disassembly facility is located at ABCL Chalk River laboratories 

and is used to investigate the core disassembly process. The progression of a 

severe core damage accident in a PHWR is characterized by moderator boil off 
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and sequential failure of fuel channels as they become uncovered. It is based on a 

facility with 1/5 scale fuel channels, heated by individual tungsten heaters to 

simulate fuel bundles. An array of 4 channels can be subjected to a transient to 

investigate the formation of suspended debris through the interaction of failed 

channels with lower intact channels. Figure 84 shows the results of a typical test. 

Figure 84: Post-test view of core-disassembly test (IAEA-TECDOC-1594, 2008) 
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