
Conference Paper

Atomic Energy of
Canada Limited

Chalk River, Ontario
Canada K0J 1J0

Énergie Atomique du
Canada Limitée

Chalk River (Ontario)
Canada K0J 1J0

Wang David Fangyou - Research
Scientist

Prepared by
Rédigé par

Wang Shujun -
Thermalhydraulics Analyst

Hanna Bruce N -
Thermalhydraulics Specialist

Reviewed by
Vérifié par

Krause Matt - Manager -
Thermalhydraulics

Approved by
Approuvé par

A CATHENA MODEL OF THE
CANADIAN SCWR CONCEPT
FOR SAFETY ANALYSIS

COMPANY WIDE

CW-112020-CONF-005

Revision  0

2012/12/18
UNRESTRICTED

2012/12/18
ILLIMITÉ



The 6
th

 International Symposium on Supercritical  Paper # 023 
Water-Cooled Reactors (ISSCWR-6)  CW-112020-CONF-005, Rev. 0 

Shenzhen, China, 2013 March 03-07  UNRESTRICTED 

 

A CATHENA MODEL OF THE CANADIAN SCWR CONCEPT FOR 

SAFETY ANALYSIS 

 

D.F. Wang and S. Wang 

Atomic Energy of Canada Limited,  

Chalk River Laboratories, Chalk River, Ontario, CANADA K0J 1J0 

Abstract 

The Supercritical Water-Cooled Reactor (SCWR) is one of six reactor concepts under 

development in the Generation-IV International Forum (GIF).  As a member of GIF, Canada is 

developing a pressure-tube type SCWR, which has the potential to fulfill all major GIF goals on 

enhanced safety, sustainability, economics, and proliferation resistance.  The Canadian SCWR 

concept employs light water as coolant and heavy water as moderator.  High-pressure 

supercritical water (at 25 MPa and 625°C) from the reactor core is directly fed into the turbines; 

this results in higher thermodynamic efficiency than the current fleet of nuclear reactors and also 

eliminates the need for steam generators.  The Canadian SCWR concept is equipped with safety 

features that enable passive decay heat removal achieving potentially “no-core-melt” condition 

under postulated accident scenarios. 

The system thermalhydraulics code CATHENA will be used in the safety analyses for the 

Canadian SCWR.  Based on the current conceptual design of the Canadian SCWR, a CATHENA 

idealization has been developed.  This model includes all 336 fuel channels with a detailed 

model of heat transfer in the reactor core.  Also modeled are the main pumps, inlet plenum, 

outlet plenum, turbines, and heavy water moderator.  In this paper, the CATHENA idealization 

of the Canadian SCWR conceptual design is described.  Simulation results for steady-state 

normal operations are also presented for the current Canadian SCWR conceptual design. 

Keywords: Supercritical, reactor, SCWR, CATHENA, thermalhydraulics, safety analysis. 

1. INTRODUCTION 

AECL is developing the Canadian SCWR [1], which has evolved from the well-established 

pressure-tube type CANDU
®1

 reactor.  A National Program has been established in Canada to 

support R&D studies for the Canadian SCWR design [2].  Safety analysis is required to 

demonstrate an acceptable safety case for any reactor design.  This report documents the 

CATHENA thermalhydraulic idealization for the Canadian SCWR based on the current 

conceptual design.  This model will be updated as the design evolves, and will be used in the 

safety analyses of the Canadian SCWR.  Postulated accident scenarios such as loss-of-flow 

accidents and loss-of-coolant accidents will be analyzed in stages over the next few years. 

                                                

1 CANDU – Canada Deuterium Uranium, is a registered trademark of Atomic Energy of Canada Limited (AECL). 
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2. THE CANADIAN SCWR CONCEPTUAL DESIGN 

2.1 General 

The main objectives for the Canadian SCWR design include:  higher thermal efficiency (between 

45% and 50%) for electricity production; better economics through simplification and use of 

existing fossil-fuelled supercritical water-compatible turbine components and technologies; 

enhanced safety and licensability through inherent passive safety systems and negative reactivity 

coefficients; and sustainable fuel cycle by using fuel designs that maximize fuel utilization and 

minimize waste and proliferation risks. 

Some of the major aspects of the current Canadian SCWR conceptual design that are directly 

related to the thermalhydraulic modelling are described in the following subsections.  Note that 

the Canadian SCWR conceptual design has not been finalized.  This means that the design may 

change and/or evolve over time.  It also implies that information on all the components, systems 

and structures (CSS) is not available or complete at this time.  Conservative assumptions were 

made in such cases as far as it affects the thermalhydraulic analysis presented here. 

2.2 Direct Cycle 

In the Canadian SCWR conceptual design, high-temperature and high-pressure supercritical 

water (SCW) from the reactor core is directly fed into the SCW turbines.  This direct cycle 

contributes to improved thermodynamic efficiency.  Note that the direct cycle is also used in 

boiling-water reactors (BWRs) but at lower temperatures and pressures.  The Canadian SCWR 

thermodynamic cycle is designed for high-pressure turbines operating at 25 MPa and 625°C.  

Variations of the direct thermodynamic cycle are possible, e.g., with reheat channels [1]. 

2.3 Reactor Core 

The current Canadian SCWR conceptual design is described in [3].  A schematic of the current 

Canadian SCWR reactor core design is shown in Figure 1.  A cross-section of the Canadian 

SCWR fuel channel is given in Figure 2.  The conceptual Canadian SCWR design preserves a 

modular design that separates the coolant from the moderator, as in current CANDU reactors.  

The reactor core consists of 336 fuel channels, each housing a 5-m long fuel assembly.  It is 

designed to generate 2,540 MW of thermal power or about 1,200 MW of electric power.  It 

should be pointed out that the current conceptual design has evolved from the original concept 

described in [1].  In the current conceptual design, as shown in Figure 1, light water coolant 

enters the inlet plenum.  It then flows down the central flow tube (or re-entrant tube) of the 

channel.  Near the bottom of the channel, the coolant exits the central flow tube, flows upward to 

pass through the fuel elements (fuel assembly), and finally arrives at the outlet plenum.  From the 

outlet plenum, the high-temperature and high-pressure coolant is directly fed to the high pressure 

turbine. 

The calandria vessel houses the relatively low-pressure and low-temperature heavy water 

moderator that surrounds the fuel channels, reactivity control mechanisms and the emergency 

shutdown devices.  The conceptual development and positioning of the control rods, shut-off 

rods and the gadolinium injection nozzles are currently in progress. 
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2.4 Fuel and Fuel Channel 

A high-efficiency channel (HEC) is adopted for the Canadian SCWR conceptual design [4], [5].  

The current reference fuel channel design consists of a pressure tube, an outer liner tube, an 

insulator, and a liner tube.  A schematic of the HEC is shown in Figure 2.  Channel geometry and 

relevant dimensions are presented in Table 1.  A zirconium-modified stainless steel flow tube is 

located in the centre of the channel.  The pressure tube is made of zirconium alloy.  It is designed 

to withstand the high coolant pressure.  An outer liner tube made of zirconium alloy is placed 

between the insulator and the pressure tube.  The non-porous insulator is made of 

Yttrium-Stabilized Zirconia (YSZ) which is refractory and has low neutron absorption properties 

and excellent resistance to neutron damage.  As a result, the insulator thermally protects the 

pressure tube from the high coolant temperature inside the fuel channel.  A stainless steel liner is 

placed between the fuel assembly and the insulator, thus minimizing potential mechanical 

damage to the insulator by the fuel assembly.  One of the potential advantages of using the HEC 

is that in the unlikely event of a LOCA with a coincident loss-of-emergency core cooling, the 

heat in the fuel will be transferred by thermal radiation to the liner tube and then conducted to the 

moderator through the insulator. 

As depicted in Figure 2, the Canadian SCWR fuel bundle conceptual design has two (inner-, and 

outer-) concentric rings of fuel elements with a total of 62 elements [6].  Each of the two rings 

has 31 identical fuel elements with the outer-ring elements having a slightly larger diameter than 

the inner-ring elements.  Detailed information on the fuel assembly for the Canadian SCWR 

conceptual design is given in Table 2. 

2.5 Safety Systems 

Safety concepts and system for the Canadian SCWR are currently being evaluated and 

developed.  In particular, passive safety concepts have been incorporated into the conceptual 

design to achieve the improved safety goals set for the next generation nuclear reactors.  These 

include the following: 

 A negative coolant void reactivity coefficient for the Canadian SCWR fuel.  This would 
eliminate large power pulses under postulated large-break LOCA scenarios. 

 Separation of the primary coolant from the moderator, a unique safety characteristic in 

CANDU reactors, is preserved in the Canadian SCWR design.  The moderator provides a 
large heat sink in the event of LOCA within the primary heat transport system. 

 The high-efficiency channel (HEC) design can potentially achieve no core melting in the 

event of LOCA without emergency core cooling due to the passive heat rejection through the 

insulator into the moderator. 

 A passive moderator cooling system is being developed to remove decay heat from the fuel 

in a large-break LOCA to ensure the effectiveness of long-term cooling.  This passive 

moderator cooling system could potentially meet the moderator heat removal requirements 

under accident conditions.   
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3. THE CATHENA THERMALHYDRAULIC MODEL 

3.1 The CATHENA Code 

The acronym CATHENA stands for Canadian Algorithm for THErmalhydraulic Network 

Analysis.  The CATHENA code was developed by Atomic Energy of Canada Limited (AECL) 

primarily for analysis of postulated LOCA events in CANDU reactors.  It has also been used in 

safety analyses for research and other types of reactors.  CATHENA uses a transient, 

one-dimensional two-fluid representation of two-phase flow in piping networks.  In the 

thermalhydraulic model, the liquid and vapour phases may have different pressures, velocities, 

and temperatures.  The thermalhydraulic model consists of solving six partial differential 

equations for the conservation of mass, momentum, and energy for each phase.  Interface mass, 

energy, and momentum transfer between the liquid and vapour phases are specified using 

constitutive relations obtained either from the literature or developed from separate-effect 

experiments.  The code uses a staggered-mesh, one-step, semi-implicit, finite-difference solution 

method, that is not transit time limited.  The extensive wall heat-transfer package includes radial 

and circumferential conduction, solid-solid contact, thermal radiation, pressure-tube deformation, 

and the zirconium-steam reaction.  The heat-transfer package is general and allows the 

connection of multiple wall surfaces to a single thermalhydraulic node.  The code also includes 

component models required to complete loop simulations, such as pumps, valves, tanks, break 

discharge, separators, and an extensive control system modelling capability.  A more complete 

description of the CATHENA system thermalhydraulic code is provided in [7]. 

Enhancements and modifications have been implemented in CATHENA MOD-3.5d/Rev 3 (and 

later releases) to enable simulations under supercritical conditions that are relevant to the 

Canadian SCWR. 

3.2 Model Description 

The CATHENA idealization of the Canadian SCWR was developed based on the current 

conceptual design of the Canadian SCWR.  The model includes all 336 fuel channels.  This 

model will be updated and enhanced in future as the Canadian SCWR design evolves and as 

more information becomes available. 

The 336 channels in the reactor core are divided into four groups of 84 channels based on the 

overall channel powers: 

 Average power channels (denoted as “AP”) with 100% of nominal channel power, 

 High power channels (“HP”) with at least 105% of nominal channel power, 

 Medium power channels (“MP”) with 102% of nominal channel power, and 

 Low power channels (“LP”) with 95% of nominal channel power. 

The high-power channels are expected to receive more attention in the deterministic safety 

analysis as they have higher channel powers and their accident responses would potentially 

bound those in other channels.  As a result, the high-power channels are further subdivided into 

two groups with identical channel geometry:  one group of 83 channels (denoted as “HP” with 

105% of nominal channel power) and another group of 1 highest power channel (denoted as 



The 6
th

 International Symposium on Supercritical  Paper # 023 
Water-Cooled Reactors (ISSCWR-6)  CW-112020-CONF-005, Rev. 0 

Shenzhen, China, 2013 March 03-07  UNRESTRICTED 

 

“HHP” with 133% of nominal channel power
2
).  Channel powers assumed in the current model 

for the Canadian SCWR conceptual design are given in Table 3. 

3.2.1 Thermalhydraulics 

The entire piping network is presented in this subsection.  This includes pipe components, tanks, 

volumes, and pressure boundaries.  Generally pipes are sub-divided into axial segments such that 

each segment is approximately 0.5 m in length.  The Crane handbook [8] was used to estimate 

flow resistances (K factors) due to bends and elbows.  Figure 3 presents the thermalhydraulic 

representation of the Canadian SCWR conceptual design.  The CATHENA idealization starts at 

the primary pump suction (PUMPSUC) which is currently modelled as a pressure boundary.  

Coolant from the primary pump passes through the pump discharge pipes (PUMPDIS1 and 

PUMPDIS2) and then enters the inlet plenum (IPLENUM).  From the inlet plenum, coolant is 

distributed down into the vertical central flow tubes (XXCCH1, XXCCH2, XXCCH3 and 

XXCCH4, where XX denotes channel power and can be HHP, HP, MP, AP, or LP).  Near the 

bottom of the channel, the coolant exist the flow tube and flows upward and passes through the 

“channel” (or the annulus between the flow tube and the pressure tube) represented by the 

branches XXCH1, XXCH2, XXCH3 (the 5-meter long fuelled section), XXCH4, XXCH5, 

XXEF1 and XXEF2.  High-temperature and high-pressure supercritical fluids from the channels 

are finally collected in the outlet plenum (OPLENUM), and flow through the outlet tubes 

(OLET1 and OLET2) to the inlet of the high-pressure turbine (HPTURBC). 

3.2.2 Heat Transfer 

Wall models are included in the GENeralized Heat-Transfer Package (GENHTP) to model heat 

transfer among the various walls, surfaces and coolant (central flow tubes, coolant inside the 

central flow tubes, fuel elements, coolant in the annuli between the central flow tubes and the 

pressure tubes, pressure tubes, moderator).  Heat transfer between the inlet plenum and the outlet 

plenum is also included in the model.  So are the loss losses from the general loop piping to the 

environment.  Radiation heat transfer could become significant especially during certain accident 

scenarios when fuel cladding (surface) temperature far exceeds 600°C.  Therefore radiation 

models are also included to account for radiation heat transfer among the fuel elements and the 

liner tubes. 

The steady-state channel powers are given in Table 3.  These are the total channel powers 

including the nuclear heating of the coolant in the given channels.  For each fuel bundle, the 

62 fuel elements are modeled as two separate rings.  The inner ring consists of 31 identical 

elements.  The outer-ring also has 31 identical elements.  The fraction of the total fuel bundle 

power assigned to each fuel ring is presented in Table 4.  Axially, the fuel section in the 5-meter 

long vertical channel is divided into 10 equal segments.  The axial power distribution, expressed 

as the ratio of a given axial node’s power to the total power for all 10 axial nodes, is plotted in 

Figure 4.  Transient channel powers can be either input (controlled) via an input table specifying 

                                                
2  The channel power for the highest power channel (HHP) was set to 5% higher than the estimated maximum 

channel power.  In this case, it was set to (9.5 MWx1.05=) 9.975 MW which works out to be approximately 133% 
of nominal channel power.  Note the average and maximum channel powers are approximately 7.5 MW and 

9.5 MW, respectively. 
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channel powers as a function of time, or calculated by the kinetics model.  Currently a kinetics 

model is included in the model.  Six delayed neutron groups are modelled.  Reactivity feedback 

effects from changes in coolant density, coolant temperatures and fuel temperatures are included 

in the model.  The reactivity feedback coefficients are set to zero (i.e., no feedback effects) for 

steady state simulations.  The kinetics model including the reactivity feedback coefficients will 

be determined and updated based on reactor physics calculations for the Canadian SCWR. 

3.2.3 System and System Control Models 

Junction resistance models are included to model minor losses throughout the loop.  A check 

valve is modelled at the primary pump discharge to prevent backflow.  Orifices are located at the 

channel inlets (between the inlet plenum and central flow tube) to regulate the channel flows.  To 

achieve uniform channel outlet coolant temperatures in the steady state simulations, control 

models are included to vary the open fractions of the individual channel orifices.  Note the 

orifice sizes would remain constant (at their steady-state values) in transient analyses. 

One primary pump is modelled.  It has enough head to supply coolant flows to all 336 channels 

to remove the heat generated in the reactor core.  This pump model will be revised as the design 

evolves and more information becomes available.  A pump trip model is included to trip the 

pump (or to start the pump rundown) upon loss-of-class IV power and/or other initiating events 

or process parameters.  Models to control the channel powers and to trip the reactor are also 

included. 

3.2.4 Boundary Conditions 

As indicated earlier, the suction side of the primary pump is modelled as a pressure boundary 

(PSUCBC).  A coolant pressure of 25 MPa and a coolant temperature of 350°C are specified for 

this boundary condition.  The moderator inlet (at 0.336 MPa and 55°C) is also modelled as a 

separate boundary condition (MODINBC).  In addition, the total heat to the moderator, 

excluding the heat transferred from the pressure tubes (which is already included in the model), 

is estimated to be 133 MW.  As a result, a heat input boundary condition is used to deposit a total 

of 133 MW nuclear heating into the moderator. 

3.2.5 Solution and Output Control 

CATHENA 3.5.4.4 Beta 4 was used in the analysis.  The maximum and minimum time steps are 

set to 0.25 s and 0.001 s, respectively.  Output models are included in the idealization to output 

key parameters at various locations (e.g., coolant pressure, temperature, flow, void fraction, 

maximum fuel sheath temperatures, and maximum fuel centreline temperatures). 

4. SIMULATION RESULTS FOR STEADY-STATE NORMAL OPERATIONS 

A simulation of the expected steady-state thermalhydraulic conditions was performed using the 

CATHENA idealization developed for the Canadian SCWR conceptual design.  Table 5 

summarizes the results for steady-state normal operations.  The total primary pump flow was 

1,254 kg/s.  Channel flows were regulated by adjusting the orifice sizes such that a uniform 

coolant temperature of 652°C was achieved at all channel outlets.  This in turn ensured a coolant 

temperature of 625°C at the outlet plenum.  The calculated channel flows ranged from 3.52 kg/s 

for the low power channels to 4.98 kg/s for the highest power channel.  The calculated maximum 
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fuel sheath temperatures were between 804°C (for the low power channels) and 815°C (for the 

highest power channel).  The maximum fuel centreline temperatures ranged from 1,772°C for the 

low power channels to 2,389°C for the highest power channel.  The calculated maximum 

pressure tube temperature among all the channels was 266°C. 

The temperature distribution inside the reactor core is briefly described as follows.  Light water 

coolant at 350°C enters the inlet plenum and then flows into the central flow tubes.  While 

flowing downward, the coolant inside the central flow tube picks up heat from the hot flow tube 

wall.  For the highest power channel, the coolant temperature reaches 371°C by the time it exits 

the central flow tube near the bottom of the pressure tube.  The coolant then changes direction 

and flows upward passing through the fuel assembly.  At the top of the fuelled section, the 

coolant temperature reaches its highest value of 652°C.  By the time the coolant reaches the high 

pressure turbine inlet, the coolant temperature drops to 625°C due to heat losses.  Figure 5 shows 

the calculated coolant temperature profile within the 5-meter fuelled section (which is divided 

into 10 axial nodes) for the highest power channel.  The calculated fuel sheath and fuel centreline 

temperature profiles are shown in Figure 6 and Figure 7, respectively, also for the highest power 

channel. 

5. SUMMARY 

A CATHENA idealization of the Canadian SCWR conceptual design has been developed.  It 

includes all 336 fuel channels with a detailed model of heat transfer in the reactor core.  The 

336 channels in the core with a total reactor thermal power of around 2,541 MW are divided into 

channel groups based on the overall channel powers.  The highest-power channel is assumed to 

have a channel power of 9.975 MW, or approximately 133% of the average channel power.  The 

lowest-power channel is assumed to have a channel power equivalent to 95% of the average 

channel power. 

Using the CATHENA idealization developed for the Canadian SCWR conceptual design, a 

simulation of the steady-state thermalhydraulic conditions was performed.  The total primary 

pump flow was 1,254 kg/s.  The calculated channel flows ranged from 3.52 kg/s for the 

low-power channels to 4.98 kg/s for the highest-power channel.  Channel flows were regulated 

by adjusting the channel orifice sizes to achieve a uniform coolant temperature of 652°C at all 

the channel outlets and a coolant temperature of 625°C at the outlet plenum.  The calculated 

maximum fuel sheath temperatures were between 804°C (for low power channels) and 815°C 

(for the highest-power channel).  The maximum fuel centreline temperatures ranged from 

1,772°C for the low-power channels to 2,389°C for the high-power channel. 

This model will be updated and enhanced as the Canadian SCWR conceptual design evolves and 

as more information becomes available. 
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Table 1 

Dimensions of Canadian SCWR High Efficiency Channel [3] 

Parameter Dimension (mm) 

Central flow tube inside diameter 89 

Central flow tube thickness 1 

Liner tube inside diameter 144 

Liner tube thickness 0.5 

Insulator thickness 5.5 

Outer liner tube thickness 0.5 

Pressure tube thickness 12 

Pressure tube outside diameter 181 

 

 

Table 2 

Conceptual Fuel Design for the Canadian SCWR [6] 

Parameter Value 

Total # of fuelled elements per bundle 62 

Inner-Ring 

# of elements 

pitch circle radius 

radius of fuel pins 

outer radius of pin cladding 

 

31 

5.30 cm 

0.415 cm 

0.475 cm 

Outer-Ring 

# of elements 

pitch circle radius 

radius of fuel pins 

outer radius of pin cladding 

 

31 

6.55 cm 

0.465 cm 

0.525 cm 
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Table 3 

Channel Powers 

Type of Channel 
Channel Power 

(MW) 

Relative to AP 

Channel Power 

Highest Power (HHP) 9.975 133% 

High Power (HP) 7.896 105% 

Medium Power (MP) 7.670 102% 

Average Power (AP) 7.520 100% 

Low Power (LP) 7.144 95% 

Total Power for all 336 Channels:  2,541 MW 

 

 

Table 4 

Fuel Ring Power Distribution [6] 

Fuel Ring Fraction of Bundle Power 

Inner-Ring 44% 

Outer-Ring 56% 
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Table 5 

Simulation Results for Steady-State Normal Operations 

Parameter Location Value Units 

Pressure 

Pump Suction 25 

MPa(a) 

Pump Discharge 26 

Channel Inlet (Highest Power)  25.2 

Channel Outlet (Highest Power) 25.1 

Outlet Plenum 25.1 

Inlet to Turbine 25 

Moderator Inlet 336 
kPa(a) 

Moderator Outlet 234 

Temperature 

Pump Suction 350 

ºC 

Pump Discharge 350.5 

Channel Inlet (Highest Power)  371.3 

Channel Outlet (Highest Power) 652.4 

Outlet Plenum 625.2 

Inlet to Turbine 625 

Moderator Inlet 55 

Moderator Outlet 89.3 

Flow 

Primary Pump 1,254 

kg/s 

Highest Power Channel 4.98 

High Power Channel 3.91 

Medium Power Channel 3.79 

Average Power Channel 3.71 

Low Power Channel 3.52 

Moderator 1,650 

Maximum Fuel 

Sheath Temperature 

Highest Power Channel 815 

ºC 

High Power Channel 807 

Medium Power Channel 806 

Average Power Channel 806 

Low Power Channel 804 

Maximum Fuel 

Centreline 

Temperature 

Highest Power Channel 2389 

ºC 

High Power Channel 1921 

Medium Power Channel 1876 

Average Power Channel 1846 

Low Power Channel 1772 

Maximum Pressure Tube Temperature 266 ºC 
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Figure 1 Schematic of Conceptual Canadian SCWR Core [3] 

 

 

Figure 2 Schematic of Canadian SCWR High Efficiency Channel [3] 
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Figure 3 Thermalhydraulic Representation of the Canadian 

SCWR Conceptual Design 

 

 

Figure 4  Axial Power Fractions (Power for Given Node Divided by Total Power for All 

10 Axial Nodes) 
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Figure 5  Axial Coolant Temperature Profile for Highest Power Channel (5-meter Fuelled 

Section Divided into 10 Axial Nodes) 

 

 

Figure 6  Axial Fuel Sheath Temperature Profile for Highest Power Channel (5-meter 

Fuelled Section Divided into 10 Axial Nodes) 
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Figure 7  Axial Fuel Centreline Temperature Profile for Highest Power Channel (5-meter 

Fuelled Section Divided into 10 Axial Nodes) 
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