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Pressurized heavy water reactor (PHWR) has been operated
worldwide as one of the most efficient nuclear reactors
owing to its superior neutron efficiency and flexibility to
consider broad range of alternative fuel cycles. With the
efforts for the life extension of the old reactors as well as
the post-Fukushima safety enhancement, development of
advanced PHWR safety technologies draws attention across
the world.This issue on advanced PHWR safety technologies
compiles 12 papers dealing with subjects such as moderator
experiment and severe accident for PHWR, aging and plant
life management, continued operation for PHWR, reactor
physics and fuel performance technology for PHWR, and
current PHWR safety R&D status in Canada.

For moderator experiment, the research on the CANDU-
6 moderator circulation and related experiments including
the scaling study, flow and temperature measurement tech-
niques, and a CFD analysis are discussed.

For severe accident, the potential hazard of MCCI
(molten corium-concrete interaction) with the uncertainties
owing to the possibility of a calandria vault floor melt-
through is discussed. Also, based on the Fukushima expe-
rience, new safeguards have been proposed for PHWRs.
The Fukushima accident is reviewed in terms of protec-
tion, electric power, and cooling. Recommendations include
increasing the seismic rating of certain systems in addition to
constructing external barriers for floods.The bunker concept

enhances safety through electrical redundancy and diversity.
The addition of an elevated external coolant tank increases
the cooling duration time.

In the area of plant aging, mathematical fundamentals to
deal with the pressure tube creep problem are formulated.

For reactor physics, as an alternative way to generate the
two-group constants necessary for the CANDU-PHWR core
analysis, utilizing B1-theory-augmented Monte-Carlo few-
group-constant-generation method is proposed and success-
fully applied to CANDU-6 core analysis.

For fuel performance technology, CHF enhancement of
advanced 37-element fuel bundles is discussed, in which
two approaches to enlarge the flow areas of the peripheral
subchannels of a center element are considered to investigate
the impact of the flow area changes of the center subchannels
on the CHF enhancement.

For the PHWR safety R&D status, an overview of the
CANDU safety R&D activities at CANDU Owners Group
(COG), Atomic Energy of Canada Limited (AECL), Candu
Energy, Canadian Nuclear Safety Commission (CNSC), and
Canadian Universities including SCWR activities, R&D for
aging reactors, and regulators oversight strategy against aging
are discussed.

By compiling these papers, we hope to have a precious
chance to share the results of R&Defforts for the development
of advanced PHWR technologies as well as to enrich our
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readers and researchers with respect to these emerging
CANDU safety issues in the aftermath of the accidents at the
Fukushima Daiichi nuclear power plant.

Jin Ho Song
Wei Shen

Malcolm Griffiths
Bo Wook Rhee

YongMann Song
Masanori Naitoh
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Korea Atomic Energy Research Institute (KAERI) started the experimental research on moderator circulation as one of a the
national research and development programs from 2012. This research program includes the construction of the moderator
circulation test (MCT) facility, production of the validation data for self-reliant computational fluid dynamics (CFD) tools, and
development of optical measurement system using the particle image velocimetry (PIV). In the present paper we introduce the
scaling analysis performed to extend the scaling criteria suitable for reproducing thermal-hydraulic phenomena in a scaled-
down CANDU- (CANada Deuterium Uranium-) 6 moderator tank, a manufacturing status of the 1/4 scale moderator tank. Also,
preliminary CFD analysis results for the full-size and scaled-downmoderator tanks are carried out to check whether themoderator
flow and temperature patterns of both the full-size reactor and scaled-down facility are identical.

1. Introduction

The CANDU-6 reactor has a square array of horizontal fuel
channels surrounded by heavy water moderator contained
in a horizontal, cylindrical tank called a calandria. Each fuel
channel consists of two concentric tubes: a pressure tube
(PT) inside a calandria tube (CT), with a gap that contains
CO
2
insulating gas. During normal operation, the moderator

water absorbs about 5% of the reactor thermal power as
a result of absorbing neutron kinetic energy and gamma
radiation generated by the fuel and in-core structures (guide
tubes, calandria tubes, etc.). The moderator water is pumped
out of the outlet ports of calandria and cooled through
heat exchanges and then returned to the calandria via a set
of inlet nozzles. However, following a large loss of coolant
accident (LOCA) without emergency core injection (ECI),
the PT significantly heats up as a result of the initial power
pulse and degraded coolant flow. Consequently, some PTs
balloon and come into contact with the CTs. Following this
PT/CT contact, the PTs are cooled as they transfer some
of the absorbed heat to the moderator via conduction at
contact locations. As long as a sustained CT dryout does
not occur, the CT surface temperature remains below the
creep threshold temperature and no further deformation is

expected. Consequently, a sufficient condition to ensure the
fuel channel integrity following a large LOCA is the avoid-
ance of a sustained CT dryout. If the moderator available
subcooling at the onset of a large LOCA is greater than
the subcooling requirements [1], a sustained CT dryout is
avoided.The subcooling requirements are determined from a
set of experiments known as the fuel channel contact boiling
experiments [2].The difference between available subcooling
and required subcooling is called subcooling margins. The
local temperature of the moderator is a key parameter in
determining the available subcooling. To predict the local
temperature in the calandria, numerous experimental and
numerical researches have been carried out.

Koroyannakis et al. [3] experimentally investigated the
flow phenomena generated by the inlet jet and internal
heating of a fluid in a calandria-like cylindrical vessel of SPEL
(Sheridan Park Engineering Laboratory).These experimental
results give an intuitional observation on the relationship
between the moderator circulation pattern and the inlet flow
rate and heat load.

Huget et al. [4] performed experimental and numerical
investigation of the moderator circulation test in a two-
dimensional (2D) slice-type facility at the Stern Laboratories
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Inc. in Canada. It was a useful intermediate step to the
complicated three-dimensional (3D) test and provided pre-
liminary information on moderator circulation flow patterns
and assisted in tuning instrumentation, data recording, and
data analysis techniques needed for themassive data collected
in the 3D test.

The experimental programs at Chalk River Laboratories
in Canada comprised a number of single-effect and integral-
effect tests. The separate-effect and component experiments,
performed in specially designed test sections and test loop
configurations, include the round jet development test, mod-
erator inlet diffuser characterization, tube bank pressure loss
experiments, wall jet development studies, and buoyant jet
experiments. Khartabil et al. [5] conducted 3D moderator
circulation test in the main moderator test facility (MTF).
The 1/4 scale calandria vessel of MTF was fitted with 480
electrically heated tubes to simulate reactor calandria tubes.
Power distributions in the heated tubes were designed to
represent reactor conditions in both axial and radial direc-
tions. The temperature measurements in the MTF provided
the local temperature at more than 300 locations in the test
facility. In addition to temperature measurements, the MTF
tests also included 3D velocity and turbulence measurements
using laser Doppler anemometry (LDA) instrumentation.
The MTF test program provided data for the validation
of the computational fluid dynamics (CFD) code, MOD-
TURC CLAS [6] which is employed by the CANDU industry
to predict moderator flow and temperature distributions for
a moderator subcooling analysis.

Korea Atomic Energy Research Institute (KAERI) started
the experimental research onmoderator circulation as one of
the national research and development programs from 2012.
The motivation of this research is to secure the experimental
data base to validate the CFD code for licensing.This research
program includes construction of moderator circulation test
(MCT) facility, production of the validation data for self-
reliant CFD tools, and development of optical measurement
system using the particle image velocimetry (PIV) and laser
induced fluorescence (LIF) techniques. In this paper we
present the scaling analysis performed to obtain the scaling
criteria suitable for reproducing thermal-hydraulic phenom-
ena of a full-size CANDU-6 moderator tank in 1/40, 1/8,
and 1/4 small-scale model tests [7]. The reason why 1/40 and
1/8 scaled-down models are studied to identify the potential
problems of the flowvisualization andmeasurement expected
in themain 1/4 scaleMCT facility is concluded.The technical
description of the selected 1/4 scale moderator tank and
preliminary CFD analysis results are shown in this paper.The
results of CFD analysis provide the flow, thermal, and heating
boundary conditions with which the various flow patterns
expected in the full-size CANDU-6 moderator tank can be
reproduced in the experiment.

2. Scaling Analysis for CANDU-6
Moderator Tank

2.1. Scaling Approach. The purpose of the present scaling
analysis is to derive a set of scaling criteria suitable for

reproducing thermal-hydraulic phenomena in a scaled-down
CANDU-6moderator tank similar to that in a full-size power
plant during steady state operation and accident conditions
[5–7]. The major phenomena of the author’s interests are
the moderator flow circulation and temperature inside the
moderator tank during steady state condition and the major
accident conditions.

In the scaling analysis, the governing equations are
initially transformed into dimensionless equations based on
the representative characteristic values of the basic design
such as the time, tank diameter, inlet fluid velocity, and
average temperature rise, and 3 dimensionless numbers,
Re, Pr, and Ar, are identified as those characterizing the
major phenomena of the system. The relevant boundary
conditions are then identified in a dimensionless form and
compatibility of keeping these 3 dimensionless numbers,
the volumetric heat source distribution, and the boundary
conditions in dimensionless forms the same for both full-
size and scaled-down tanks are examined, and some of them
which are less important are relaxed so as to find a practically
implementable set of constraints.The size of the scaled-down
moderator tank and the corresponding inlet velocity are then
found for the available power supply capacity. As an example,
the present geometric scaling ratio is 1/4 with a power supply
capacity of about 1.5MWas compared to 100MWfor the full-
size reactor.

2.2. Scaling Criteria. According to a previous study by
Khartabil et al. [5], the following dimensionless governing
equations can be derived:

∇
∗
𝑉
∗
= 0, (1)
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To obtain above dimensionless equations, the dimensionless
variables are defined as
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and then the following dimensionless numbers are defined as

Pr =
𝜇𝐶
𝑝

𝑘
, (5)
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𝜇
, (6)
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2

𝑖

, (7)

𝑞
∗
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𝑞𝐷

𝜌ref𝐶𝑝𝑈𝑖Δ𝑇
, (8)

where 𝑉 = fluid velocity (m/s), 𝑈
𝑖
= inlet velocity magnitude

(m/s), 𝜌ref = reference density (kg/m3), 𝑃 = fluid pressure
minus the static head at the reference density (Pa), 𝑇 =
fluid temperature (∘C), 𝑇

𝑜
= outlet fluid temperature (∘C),

Δ𝑇 = temperature difference between inlet and outlet (∘C),
𝑡 = time (s), 𝐷 = vessel diameter (m), 𝑔 = gravity constant
(m/s2), 𝜇 = fluid dynamic viscosity (kg/m-s), 𝑘 = thermal
conductivity (W/m-∘C), 𝐶

𝑝
= specific heat (J/kg-∘C), 𝛽ref =

reference thermal expansion coefficient, and 𝑞 = local heat
generation rate (W/m3), a function of space and time.

If the same working fluid is used for both the full-size and
the scaled-down facilities, Pr in (5) can bewell conserved.The
Re in (6) is defined by the system parameters such as the inlet
velocity and the tank diameter and shown to be larger than
104 for both the full-size and the scaled-down facilities. This
Re number is sufficiently large to guarantee that the relative
contributions of the diffusion processes represented by the
Laplace operator on 𝑉

∗ and 𝑇
∗ to the overall balances in (2)

and (3) are negligible and, thus, the Re number equivalence
can be abandoned.

The dimensionless volumetric heat source (𝑞∗) and Ar
would depend on Δ𝑇, 𝑈

𝑖
, and 𝐷. Therefore, if any combina-

tion of Δ𝑇, 𝑈
𝑖
, and 𝐷 for which Ar and 𝑞

∗ may be kept the
same for both facilities, the hydrodynamic similarity inside
the moderator tank is maintained.

2.3. Scaling Procedure. The scaling of the moderator is to
determine the tank size, nozzle size, heater power, inlet mass-
flow rate, and inlet and outlet temperature of the calandria.
Given the geometry scaling at the beginning of scaling, the
scaling can be done to determine the heater power, mass-
flow rate, and inlet and outlet temperature using the integral
scaling of natural circulation.

(1) Establish conditions and geometry of a full-size calan-
dria to be scaled down. Check whether the given
conditions of calandria,Δ𝑇, andmass-flow rate of the
full-size reactor using the energy balance equation are
appropriate.

(2) For an example of 1/4 scale, all linear dimensions are
scaled simply by the same factor of 1/4. The volume
scale will be 1/64. The number of inlet nozzles is the
same as the full-size reactor but can be scaled with a
scaled number (in this case, an equivalent hydraulic
diameter may be applied).

(3) Choose an appropriate Δ𝑇 = 𝑇out − 𝑇in, as high as
possible for the best measurement resolution while
keeping within the pumping and heating constraints.

(4) Calculate properties (𝛽, 𝜌) for the full-size and scaled-
down model using averaged temperatures of 𝑇in and
𝑇out and estimated pressures of the full-size and
scaled-down model.

(5) Using the given mass-flow rate and nozzle configura-
tion for the full-size reactor, calculate the velocity in
the nozzle of the full-size reactor.

(6) Calculate the Ar number of the full-size reactor. In
this number, the length scale is the calandria vessel
diameter, and the velocity is the inlet velocity of the
fluid at the nozzles.

(7) Using the similarity of Ar number of the full-size
reactor, calculate the velocity in the nozzle of the
model with the scaled nozzle diameter by the follow-
ing scaling ratio:

(i) scaling ratio of the inlet velocity:

𝑈
𝑖𝑅

= (
𝛽
𝑅
Δ𝑇
𝑅
𝐷
𝑅

Ar
𝑅

)

0.5

, (9)

where subscript 𝑅 is the ratio of scaled-down
model to full-size reactor.

(8) Calculate the mass-flow rate in the nozzles of the
model using the velocity and scaled-down nozzle
configuration.

(9) Calculate the power of the scaled-down model using
the energy balance equation andΔ𝑇. Check the power
of the model whether it is available in the power
supply system for the test facility.

(10) Check the volumetric power of the full-size and
scaled-down model; distortion may be inevitable.

(11) Calculate the dimensionless volumetric heat source
numbers for the full-size and scaled-downmodel, and
they will give the same values.

2.4. Scaling Results. According to the present scaling proce-
dures, the main design parameters for the small scales of 1/40
and 1/8 test facilities and the main 1/4 scale MCT test facility
can be determined as shown in Table 1. All scaled-down
models are preserving the dimensionless parameters of Ar
and 𝑞
∗. For the 1/40 scaled-down model, the porosity, which

is the ratio of fluid volume to total volume, is maintained
while the tube diameter and the tube pitch are not linearly
scaled due to the geometric limitation of the manufacturing
and flow visualization.

If we reduce the volumetric power while preserving the
dimensionless parameters of Ar and 𝑞

∗, total heater power
andΔ𝑇 (temperature difference between inlet and outlet) can
be reduced as shown in Figure 1. The heater power becomes
495 kW with 8∘C of Δ𝑇.

3. Description of Moderator Circulation Test
(MCT) Facility

Moderator circulation test (MCT) facility installed at KAERI
in 2014 is the large-scale facility designed to reproduce
the important characteristics of moderator circulation in a
CANDU-6 calandria under a range of operating conditions.
It is reduced in a 1/4 scale and a moderator test vessel is built
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Table 1: Comparison of the main design parameters for the full-size and scaled-down models.

Model Full-size CANDU-6 1/40 scale 1/8 scale 1/4 scale
Reference heating power 1 × 105 kW 1.839 kW 214.6 kW 1,566 kW
Tank diameter (𝐷) 7.6m 0.181m 0.98m 1.9m
Area of an inlet nozzle 5.7456 × 10−2m2 3.258 × 10−5m2 9.506 × 10−4m2 3.591 × 10−3m2

(1 of 8)
Inlet and outlet temperature difference (Δ𝑇) 23∘C 10∘C 15∘C 17∘C
Calandria tube (heater) diameter 0.131m 0.017m 0.017m 0.033m
Tube pitch 0.286m 0.037m 0.037m 0.072m
Number of tubes 380 12 380 380
Archimedes number (Ar) 0.21 0.21 0.21 0.21
Dimensionless heat (𝑞∗) 0.013 0.013 0.013 0.013
Porosity in the tube bank 0.83 0.83 0.83 0.83
Inlet flow rate 1,019 kg/sec 0.042 kg/sec 0.863 kg/sec 22.3 kg/sec

6 8 10 12 14 16 18 20

Temperature difference, ΔT (∘C)

100

300

500

700

900

1100

1300

1500

1700

H
ea

te
r p

ow
er

 (k
W

)

Figure 1: Choice of heater power with temperature difference (Δ𝑇)
for 1/4 scale model.

to the specifications of the CANDU-6 reactor design, where a
working fluid is subcooled water with atmospheric pressure.

The MCT consists of the primary and secondary water
circuit as the same as CANDU-6 moderator system.The pri-
mary circuit, as shown in Figure 2(a), includes a moderator
tank, a circulating pump, a heat exchanger, and intermediate
pipe lines. The circulating pump enforces the cold water to
enter the tank through eight nozzles, four nozzles at each side,
and heated water exits from two outlet pipes at the bottom
of the tank. When water flows through the heat exchanger
tubes, primary hot water is cooled by the secondary side
water circulating through the external cooling tower. Then
cold water comes back to the inlet nozzles via a circulating
pump.

The inner diameter and axial length of test vessel are
1900mmand 1500mm, respectively.Themain design param-
eters ofMCT are listed in Table 1.The test vessel is equipment
with 380 acrylic pipes (for nonheating test) or electric heaters
simulating the horizontal fuel channels (for heating test).
The electric heaters are designed to provide axial and radial
power profiles representative of CANDU-6 power profiles.
An axial power profile is a symmetric cosine profile with a
peak-to-average ratio of 1.4. A radial power profile is created

by arranging the heaters in two concentric power zones, with
an individual heat power ratio of 1.4 between the inner and
the outer zones.

Tank walls with 5mm of thickness and other support
structures are made of SUS 304 stainless steel. Several trans-
parent sections are incorporated into the vessel to facilitate
flow visualization tests. The front and rear side of both ends
of the tank are individually made of a polycarbonate plate
with 15mm thickness.These plates are sealed by two stainless
steel flanges (each of 35mm and 25mm thickness) with a
silicone O-ring placed between the plate and flange as shown
in Figure 2. Eight view ports are installed to each side of the
tank wall.

The MCT facility is thoroughly instrumented to provide
data suitable for code validation. The test conditions are
tightly controlled using a data acquisition and control system
(DAS). The instrumentation can be divided into test vessel
and loop instrumentation.

The velocity and temperature profiles in the test vessel
are measured by the particle image velocimetry (PIV) and
the laser induced fluorescence (LIF) measurement systems,
respectively. An access tank (950mm × 650mm) on top of
the vessel allows the exposure of the laser beam as well as
thermocouple measurements inside the vessel.

The PIV measurement system consists of a TSI Pow-
erView Plus 2MP CCD camera and a dual Nd-Yag. The
double pulse laser operates at 15Hz with a 200mJ/pulse. The
laser beamwasmodifiedusing a spherical and cylindrical lens
combination to forma thin light sheet on the𝑥-𝑦plane. 10 𝜇m
sized silver coated hollow spheres were used as flow tracing
particles.The 2MPCCD camera records scattering light from
the tracer particles. INSIGHT 4G software is used to control
the image capture and perform the data analysis.

The thermocouple rods are inserted in the 7 × 5 arrays
of guide ports (Figure 2(b)) penetrating the upper part
of the tank wall and the access tank. The thermocouple
measurements can be used for auxiliary temperature mea-
surements as well as calibration of the LIFmeasurements.The
loop instrumentation consists of flow rate, temperature, and
pressure measurements. The multistage centrifugal pump is
used to circulate water in the primary loop and a total flow
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(a) Overview of the primary water circuit of MCT

Outlet direction

Inlet nozzle
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#380 heater pipes
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(b) Cross-sectional view of the moderator tank

Figure 2: Geometric configuration of the MCT facility.

rate is adjusted by the inverter control. The flow rate to each
side of inlet nozzles is measured by a vortex flow meter and
the flow split to each side is automatically controlled by 3-
way valve. The flow rates to individual inlet nozzles can be
monitored and adjusted by rotameters. The inlet and outlet
temperatures are measured by T-type thermocouples. The
inlet temperature is controlled by adjusting bypass flow in the
secondary side of the heat exchanger. Pressure tap can be used
to measure the pressure drop between the inlet and outlet of
the pump.

4. Preliminary CFD Analysis for MCT Test

Two numerical CFD simulations for the full-size and scaled-
down moderator tanks are carried out to check whether the
moderator flow and temperature patterns of both the full-size
reactor and scaled-down facility are identical.

4.1. CFD Model. A commercial CFD code, ANSYS CFX
version 14.0 [8], is used to simulate the full-size reactor and
MCT for the normal operating condition.

The CFX code is based on the finite volume method
(FVM) modified with the shape function used in finite
element methods (FEM) to make the construction of a node-
centered computation possible [9].

The governing equations consist of conservative laws on
mass, momentum, and energy. They are written as follows in
tensor form:

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥
𝑗

(𝜌𝑈
𝑗
) = 0, (10)
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𝑗
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𝜕𝑥
𝑗

+

𝜕𝜏
𝑖,𝑗
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𝑗

+ 𝑆
𝑀𝑖

, (11)
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Figure 3: Mesh configuration for the full-size and scaled-down model.
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(12)

where 𝜌,𝑈
𝑗
,𝑝, 𝜏
𝑖,𝑗
, and𝑇 are density, velocity vector, pressure,

shear stress, and temperature, and so forth; the coefficient
𝜆 is thermal conductivity. The shear stress tensor in (11) by
the Navier-Stokes equation and total enthalpy, ℎtot, in (12) by
energy equation are defined as

𝜏
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1

2
𝑈
2

𝑗
,

(13)

where the coefficient 𝜇 is viscosity, and ℎ = 𝑒 + 𝑝/𝜌; 𝑒 is the
internal energy per unit mass.

The 𝑘-𝜀 model with scalable wall functions is applied
for turbulence model. The incident turbulence intensity is
assumed to be 5%.

In the convergence, the relative tolerance of time iterative
error is set to 10

−5 for the steady solution.
The accuracy on both time and space is of second order.
The 𝑦+ value is defined as, Δ𝑦, the normal length of the

first grid neighbouring the wall:

𝑦
+
= Δ𝑦√

𝜌

𝜇

Δ𝑢
𝑡

Δ𝑦

𝑦=𝑦
𝑤

, (14)

where 𝑢
𝑡
is the tangentially transformed velocity component

along the wall. To get the proper result of computation with-
out wall functions, the dimensionless wall distance should be
guaranteed 𝑦

+
< 1 as in the whole computational domain.

However, the required number of grids can be reduced
with the use of wall functions [9]:

𝑦
+
= max(

𝜌

𝜇
Δ𝑦𝐶
1/4

𝜇
√𝑘, 11.06) , (15)

where 𝑘 is the turbulence kinetic energy and 𝐶
𝜇
is a coef-

ficient. Therefore, the grids in the range of 𝑦+ < 11.06 are

neglected due to being unnecessary, and𝑦+ < 300 is sufficient
for the capture of the outer layer in a low Reynolds number
flow for engineering computation.The𝑦+ value ismaintained
𝑦
+
< 300 for all grid points.

4.2. Mesh Generation. ICEMCFD version 14.0 [10] is used to
generate the mesh of moderator tank and boundary surfaces.
Hexagonal mesh (around the tube region) and unstructured
mesh (inlet nozzle region) are combined to produce a total
of 638,000 and 658,000 mesh elements for the full-size and
scaled-down model, respectively. The full-size and scaled-
down model use the same mesh model except the step end
region as shown in Figure 3.

4.3. Boundary Conditions. Flow boundary condition is
applied to 8 inlet surfaces and outlet boundary condition to
2 outlet surfaces. Moderator enters the calandria with the
velocity of 4.0 and 1.0m/s through each inlet nozzle for full-
size and scaled-down model, respectively. Volumetric heat
source is set to fluid domain. An axial power profile is a
symmetric cosine profile with a peak-to-average ratio of 1.4.
A radial power profile is simplified into two concentric power
zones, with a heat power ratio of 1.4 between the inner and the
outer zones.

4.4. Calculation Results

4.4.1. Temperature Distribution. Each simulation is carried
out with 3,000 iterations from initial condition. The results
of temperature and velocity profiles are unsteady but show a
unique pattern. Figure 4 shows the temperature distribution
inside themoderator tank for CANDU-6 andMCT.The tem-
perature contours for both cases show a typically asymmetric
pattern, which is called a mixed-flow due to a balance of
momentum and buoyancy forces.

Figure 5 shows that the axial temperature distributions
for both cases are not uniform and the hot temperature zone
is pushed down by cold impinging jets from the inlet nozzles.

4.4.2. Velocity Distribution. The velocity vectors for full-size
and scaled-down models are compared in Figures 6 and
7. The impingement point is located at the top right-hand
side of the tank for both cases (Figure 6). The maximum
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Figure 4: Temperature distribution on the axial center plane.
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Figure 5: Temperature distribution along the axial direction.

velocity vectors on the axial plane (𝑦-𝑧 plane in Figure 7) are
smaller than those on the cross-sectional plane (𝑥-𝑦 plane in
Figure 6).

5. Conclusions

The 1/4 scale of moderator circulation test (MCT) facility has
been manufactured as the design parameters determined by
the scaling analysis to reproduce the moderator circulation

behaviour in the CANDU-6 calandria tank. It includes a
primary circulation loop (pipe lines, a primary side pump,
a heat exchanger, valves, and flow meters) and a secondary
side loop (pipe lines, a secondary side pump, and an external
cooling tower).The loop leakage test andnonheating test have
been performed.

From the scaling analysis the representative characteristic
values of the basic design such as the time, tank diameter, inlet
fluid velocity, and average temperature rise are determined
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Figure 6: Velocity vector on the axial center plane.
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Figure 7: Velocity vector along the axial direction.

to design the scaled-down model. As a way to confirm the
similarity between CANDU-6 reactor and MCT facility, two
numerical CFD simulations have been carried out with the
boundary conditions at the inlet and outlet ports and on
the walls of the solid structures, such as the moderator tank
and calandria tubes, which were derived from those of the
dimensionless scales to check if the moderator flow and
temperature patterns of both the full-size reactor and scaled-
down facilities are identical or at least similar. The results
of both simulations are compared with each other to study

the effects of scaling on the moderator flow and temperature
patterns. There is no significant difference of results between
the full-size and scaled-down model.

For future works, optical measurement results for the
isothermal test in theMCT facility will be compared with the
CFD predictions. After isothermal test, acrylic pipes will be
replaced by heater rods for heating test. Test data obtained
from themoderator circulation test facility can be utilized for
development and validation of moderator models of the CFD
codes.
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In Canada, safe operation of CANDU (CANada Deuterium Uranium; it is a registered trademark of Atomic Energy of Canada
Limited) reactors is supported by a full-scope program of nuclear safety research and development (R&D) in key technical areas.
Key nuclear R&D programs, facilities, and expertise are maintained in order to address the unique features of the CANDU as well
as generic technology areas common to CANDU and LWR (light water reactor). This paper presents an overview of the CANDU
safety R&D which includes background, drivers, current status, challenges, and future directions. This overview of the Canadian
nuclear safety R&D programs includes those currently conducted by the COG (CANDU Owners Group), AECL (Atomic Energy
of Canada Limited), Candu Energy Inc., and the CNSC (Canadian Nuclear Safety Commission) and by universities via UNENE
(University Network of Excellence in Nuclear Engineering) sponsorship. In particular, the nuclear safety R&D program related to
the emerging CANDU ageing issues is discussed. The paper concludes by identifying directions for the future nuclear safety R&D.

1. Introduction

1.1. Importance of Nuclear Safety Research. Nuclear energy
deploymentmust be based on a firm technical understanding
to ensure safety at every stage of the life cycle, from develop-
ment to decommissioning and waste management. Nuclear
power programmes have required a continued investment in
safety research both by industry—to meet its responsibility
for ensuring safe operation—and by government to ensure
that the regulatory organization has the competence and
independence to discharge its responsibility. The current
safety record as well as success of nuclear power worldwide
is built upon a foundation of research. Such research has
been sponsored by governments and industry and has led to
innovative designs, safer and more reliable plant operation,
and improved operating plant efficiency.

In recent years, funding for long term strategic activi-
ties such as research, preserving corporate knowledge and
maintaining technical expertise, has been reduced in many
countries. Industry funding by the designers and operators
has been reduced on the assumption that the research needed
for the initial design of plants has been completed, with
absence of commitment to build new plants and a highly

competitive market place which make it difficult to support
long term programmes such as research.

Safety research has never lost its importance, but its scope
and emphasis have changed as potential challenges to safety
have arisen. Past successes in safety research have permitted
the nuclear industry to grow, maintaining public confidence
through well founded designs and operating limits and
through sound regulatory practices. However capabilities
need to bemaintained by both the industry and the regulatory
organization to ensure the safety of nuclear plants is not
compromised.

1.2. Nuclear Safety Research and Development (R&D) in
Canada. Canada has a long and proud history regarding
the development of the well established CANDU—PHWR
(pressurized heavy water reactor) technology. Safe operation
of CANDU reactors is supported by a full-scope program of
safety R&D in key technical areas. Nuclear R&D in the 1940s
and 1950s was directed towards basic heavy-water reactor
technology (physics, control, fuel, chemistry, etc.). As basic
technology became established, progressively more emphasis
was placed on safety R&D. Major safety R&D programs
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started in the late 1970s and early 1980s and many have con-
tinued to the present. Key nuclear R&D programs, facilities,
and expertise are retained in addressing the following two
main areas.

(i) Unique features of the CANDU such as fuel, physics,
fuel channels, and moderator. Physically realistic
models used in the CANDU safety analysis are built
based on solid understanding of phenomena gained
from experiments.

(ii) Generic technology areas common to CANDU and
LWR (light water reactor) such as world-class work
in hydrogen ignition and detonation and iodine
behaviour. Both industry and the regulatory body
work cooperatively with the international community
in areas of mutual interest.

Basically, the R&D program required for due diligence
in CANDU safety is dominated by AECL (Atomic Energy of
Canada Limited) and COG (CANDUOwners Group), while
the R&D program required for innovation and advancement
of CANDU designs to further enhance safety, economic, fuel
cycle flexibility, and fuel sustainability is dominated by the
nuclear vendor (CANDU Energy Inc.) with the underlying
technology and support provided by AECL. The regulator
does a small amount of independent and confirmatory
safety research and reviews and critiques the industry R&D
program. Over the years, CANDU safety issues [1] have
carried over from gaps in knowledge in the original design,
or discovered through R&D and experience, either as a
plant event or as an evolving understanding. Resolving the
CANDU safety issues identified by the Canadian Nuclear
Safety Commission (CNSC) is one of key drivers for the
industry’s ongoing nuclear safety R&D programs.

Canada is one of few nations that have exported reactor
technology—CANDU based designs are used in Argentina,
Korea, India, Pakistan, Romania, and China. It should be
noted that, as a vendor nation that has exported CANDU
technology to other countries, it is expected that Canada
will continue to maintain an adequate nuclear R&D infras-
tructure in all aspects of the technology required to support
CANDU reactors and their services worldwide. This is an
expectation for theCANDUnations thatmay not yet have the
domestic expertise required to independently support their
CANDU nuclear safety programmes.

2. Nuclear Safety R&D Conducted by COG

2.1. Overview of COG R&D Program. Formed in 1984 to
improve the performance of CANDU stations worldwide
through member collaboration, COG is a not-for-profit
corporation with voluntary funding from CANDU-owning
utilities and AECL. The COG R&D Program and the Indus-
try Standard Toolset (IST) Program are sponsored by the
Canadian Utilities Ontario Power Generation (OPG), Bruce
Power (BP), andNew Brunswick Power Nuclear Corporation
(NBPN); by Societatea Nationala Nuclearelectrica S.A (SNN-
SA) of Romania; and byAECL.HydroQuebec had sponsored
the program for about three decades prior to the end of

the service of its Gentilly-2 CANDU 6 reactor. Since 2012,
the Korea Hydro and Nuclear Power Company (KHNP) has
started to sponsor two of COG’s R&D programs, namely,
Safety and Licensing, and IST.

The current COG R&D program comprises five distinct
programs: (i) fuel channels, (ii) safety & licensing, (iii)
health, safety & environment, (iv) chemistry, materials &
components, and (v) IST.Themajor suppliers to the five R&D
programs have been AECL, CANDU Energy, Kinectrics,
AMEC NSS, and Stern Laboratories. There are a number of
organizations with specialized capabilities that are also used
as suppliers on an as-needed basis.

Over the years, COG R&D programs have supported the
safe, reliable, and efficient operation of CANDU reactors.
With the sustained R&D funding in recent years, the industry
has been able to maintain the infrastructure needed to sup-
port the emerging CANDU ageing issues (more discussions
can be found in Section 8.1).

2.2. Fuel Channels R&D. The fuel channels R&D program
addresses the issue of fuel channel life cycle management
through technical support for fitness for service (CSA
N285.8) [2] while also reducing the conservatism in models
to predict deformation, corrosion, and deuterium ingress.
The current R&D program includes but is not limited to the
following areas:

(i) assessment of the risk of cracking from in-service
flaws,

(ii) deuterium ingress,
(iii) hydride blister avoidance,
(iv) fitness-for-service guidelines,
(v) deformation,
(vi) assessment of fracture toughness of pressure tubes at

end-of-life.

2.3. Safety and Licensing R&D. The safety and licensing R&D
program addresses issues related to the safety design basis
and safe operating envelope of existing nuclear plants and has
a strong focus on supporting the resolution of outstanding
generic safety and licensing issues. In part, this work also
supports safety assessments for new plant designs and assists
in maintaining the core capabilities, scientific expertise, and
the infrastructure necessary for an ongoing nuclear safety
R&Dprogram.There are four disciplines under this program:
containment and severe accidents, fuel and fuel channels
and fuel NOC (normal operating condition), physics, and
thermalhydraulics. The current R&D program includes but
is not limited to the following areas:

(i) fuel channel integrity,
(ii) hydrogen behaviour in containment,
(iii) fuel and fission product (FP) behaviour in accidents,
(iv) critical heat flux,
(v) research supporting safety analysis software,
(vi) severe accident R&D.
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Table 1: List of COG IST codes in four disciplines.

Code group (discipline area) Computer codes
Containment and severe accident GOTHIC, SMART, ADDAM, MAAP-CANDU
Thermalhydraulics ASSERT-PV, MODTURC CLAS, TUF, CATHENA
Physics RFSP, WIMS, DRAGON, DOORS/ORIGEN, MCNP
Fuel and fuel channels ELESTRES, ELOCA, SOPHAEROS, SOURCE, TUBRUPT

2.4. Health, Safety, and Environment R&D. Thehealth, safety,
and environment R&D program addresses issues related to
radiation monitoring, radiation protection, and dosimetry,
including the establishment of the risks of radiation expo-
sure to workers, the public, and the environment. Aspects
of ecological impact; emission, environmental, and waste
management; and techniques for monitoring emissions and
the environment, managing spills, and pollution prevention
are also addressed.The current R&D program includes but is
not limited to the following areas:

(i) external and internal dosimetry,
(ii) radiation monitoring,
(iii) environmental impacts and biodiversity,
(iv) occupational radiation protection,
(v) environmental management systems,
(vi) waste management and pollution prevention.

2.5. Chemistry, Materials, and Components R&D. The chem-
istry, materials, and components R&D program covers a
diverse range of issues that can impact on the safe, reliable,
and efficient operation of the major CANDU systems and
their auxiliaries, such as the primary heat transport (PHT),
moderator, steam generators, heat exchangers, emergency
core cooling, and containment. This includes optimizing
the chemistry control regimes and understanding material
ageing effects in order to predict, manage, and mitigate
component degradation on key components, such as pressure
tubes, feeders, and steam generators, and hence improve
safety and reliability and extend the asset life. There is also a
strong focus on smaller, but no less important, components,
such as valves, cables, sealants, lubricants, and other organi-
cally basedmaterials.The current R&D program includes but
is not limited to the following areas:

(i) chemistry,
(ii) containment boundary degradation,
(iii) improved components, materials, maintenance, and

processes,
(iv) reactor vessel and piping material degradation,
(v) steam generators and heat exchangers integrity and

cleaning.

2.6. Industry Standard Toolset (IST). The COG IST program
is a consolidation of the qualification, development, main-
tenance, and support activities on different computer codes
used for the design, safety analysis, and operational support

of CANDU reactors. Currently there are 16 IST codes in the
following four disciplines as listed in Table 1:

(i) containment and severe accident [3],
(ii) thermalhydraulics [4],
(iii) physics [5–8],
(iv) fuel and fuel channels [9, 10].

2.7. Joint Projects. In addition to the above five distinct
programs, the industry provides significant funding through
COG for participation in EPRI’s nuclear sector R&Dprogram
and for COG-organized joint projects such as fuel channel
fracture toughness at the end of life, pressure tube material
surveillance, fuel channel life management, and LLOCA
(large-break loss-of-coolant accident) analytical solution. A
brief illustration about the COG joint projects on the LLOCA
analytical solution is provided below for demonstration
purposes.

LLOCA is a design basis accident (DBA) that is postulated
to occur as a result of a sudden failure of a large diameter
pipe in the heat transport system (e.g., a reactor inlet or
outlet header, pump suction, or discharge pipe). Due to the
existence of a large positive coolant void reactivity (CVR)
coefficient, the initial phase of the event is characterized by
a large power pulse combined with a severe degradation in
core cooling. LLOCA not only represents the most severe
accident scenario within the CANDUDBA set, but also plays
a key role in establishing certain design requirements of the
special safety systems such as shutdown systems, emergency
core cooling, and containment. Difficulties of characteriz-
ing the CVR coefficient, fuel behaviour in a large power
pulse, and fuel behaviour at high temperature following
high energy deposition and difficulty in validating computer
codes for such conditions have led to the formulation by the
CNSC of several category-3 CANDU safety issues (Canadian
Nuclear Safety Commission defines category-3 issues as
follows: “The issue is a concern in Canada. Measures are in
place to maintain safety margins, but further experiments
and/or analyses are required to improve knowledge and
understanding of the issue, and to confirm the adequacy of the
measures.” [11]). The LLOCA safety margin issue has led over
the years to deratings, more restrictive limits on operational
parameters, and design changes.

In 2008, a joint industry/CNSC LLOCA working group
was established to identify possible options for a resolu-
tion path to address the issues associated with LLOCA
safety margin in existing CANDU reactors. Two resolution
strategies (risk control measures) were evaluated by the
working group: a composite analytical approach (CAA) [12]
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Figure 1: Illustration of composite analytical approach [4].

and a design change approach which includes changes to
operational practices,modifications to the shutdown systems,
and implementation of the low void reactivity fuel (LVRF).
The industry chose to focus its efforts on the development of
the CAA and a COG joint project (JP-4367) was established
by the industry to implement the CAA and establish the plans
for design change as a contingency.

TheCAA approach, as illustrated in Figure 1 [12], involves
consolidating a number of individual approaches in amanner
that alleviates reliance on any single analytical method or
activity. Using this multilayered approach, the objective of
this composite solution is to use a variety of reinforcing
analytical approaches such that they complement one another
to collectively form a robust solution. The CAA approach
involves four technical areas (TA) with objectives as follows.

(i) TA1: reevaluation of the uncertainty associated with
the CVR and kinetics parameters.

(ii) TA2: reevaluation of LLOCA DAC (derived accep-
tance criteria), accounting for the available experi-
mental database and uncertainties.

(iii) TA3: further development and application of BEAU
(Best estimate and uncertainty) analysismethodology
to provide a more realistic representation of the
margins.

(iv) TA4: reclassification of different break sizes into DBA
and beyond design basis accident (BDBA) categories
according to the break probability, implementation of
a more realistic model for break opening characteris-
tics.

As indicated in Figure 1, each technical area relies upon
industry R&D performed by the COG in addition to analyses
and assessments performed within the LLOCA joint project.
Note that activities in TA1 and TA2 have been identified as
ones which must be completed regardless of the resolution
strategy (CAA or design change). Completion of these

two fundamental activities will contribute to resolving the
LLOCA associated CANDU safety issues.

3. Nuclear Safety R&D Conducted by AECL
(Including CANDU Energy)

3.1. AECL R&D Program. AECL is a Canadian federal
Crown corporation and Canada’s largest nuclear science and
technology laboratory. AECL developed the CANDU reactor
technology starting in the 1950s and in October 2011 licensed
this technology to CANDU Energy Inc. Until October 2011,
AECLwas also the vendor ofCANDU technologyworldwide,
providing services to nuclear utilities around the world. Its
business activities included the design and construction of
nuclear reactors and related products, services, life extension,
decommissioning, and waste management, as well as the
supply of medical radionuclides.

AECL has been undertaking a strong R&D program for
over six decades including operating a nuclear-licensed site
with extensive research facilities. Over the years, AECL’s R&D
program has supported the design and licensing basis for
existing CANDU nuclear power plants, the development of
new reactor concepts, and the development of products and
services for commercialization to nuclear utilities worldwide.
In October 2011, the Federal Government completed the
first phase of AECL restructuring with the divestiture of
its CANDU Reactor Division (i.e., industrial/vendor arm of
AECL) to CANDU Energy Inc. Since then AECL has been
focusing its nuclear research focuses on the following areas:

(i) nuclear and radioactive material management,
(ii) irradiation and postirradiation services,
(iii) nuclear safety, security, and risk management,
(iv) radiation biology, radioecology, and dosimetry,
(v) materials and chemistry in nuclear applications,
(vi) advanced nuclear fuels and fuel cycles,
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(vii) systems engineering,
(viii) advanced computing, modelling, and simulation,
(ix) hydrogen and hydrogen isotopes management,
(x) environmental remediation and nuclear waste man-

agement.

The Federal Government is now moving forward on the
next phase of restructuring of AECL’s Nuclear Laboratories
as a Government-Owned Contract-Operated (GoCo)model.
During the restructuring process, AECL continues its daily
operations and R&D activities focusing on its new mandates:

(i) addressing the government’s legacy liabilities obli-
gations (for waste and decommissioning) through
dedicated funding,

(ii) supporting the government’s nuclear role and respon-
sibilities through Federal S&T (science and technol-
ogy) funding,

(iii) ensuring third party access to AECL’s facilities, but
with S&T services moving to full cost recovery.

Being part of the Federal Nuclear S&T Committee, the
CNSC is being engaged with other federal agencies to ensure
that AECL’s nuclear research after restructuring supports the
government’s nuclear role and responsibilities which include
research and testing to support the CNSC in identifying
safety issues and developing and applying nuclear safety and
regulatory standards. Hence the CNSC is in a position to
confirm research activities needed at AECL to meet CNSC
needs and the facilities and capabilities required for safe and
effective regulation of the nuclear sector. As a consequence,
AECL is expected to be engaged more with the CNSC to
strategically align with prioritized regulatory objectives. The
changes in theAECL laboratory’s role are, in fact, a significant
opportunity for the CNSC to shape the direction of future
nuclear safety research.

3.2. CANDU Energy R&D Program. After privatizing the
industrial/vendor arm of AECL, CANDU Energy’s (CE)
R&D program is mainly focused on the continuing support
for the design, safety analysis, and licensing of its flagship
product—EC6 (Enhanced CANDU 6) [13]. Building on
proven high performance of the CANDU 6 design, the EC6
design meets up-to-date Canadian regulatory requirements,
including post-Fukushima lessons learned. The EC6-related
R&D program covers the following areas: generic action
items and CANDU safety issues, confirmatory testing and
analysis program for the SSCs (systems, structures, and
components) with the design changes, test program for
end shield heat transfer, use of TSUNAMI methodology to
determine reactor-physics code biases and uncertainties, and
so forth.

In collaboration with Chinese utility partners since
2008, CE has been actively developing the natural uranium
equivalent (NUE) fuel to be fully implemented in Chinese
CANDU reactors at Qinshan [14–16]. The NUE fuel contains
a combination of recycled uranium (RU) and depleted ura-
nium (DU) that simulates natural uranium (NU) behaviour.

The project for full-core implementation of NUE fuel in
Qinshan CANDU reactors was approved by China National
Nuclear Corporation (CNNC) in 2011.The preliminary safety
assessment indicates that the conversion of both Qinshan
CANDU units to NUE fuel would not impose significant
negative impact on existing licensing and operating basis.

The advance of theNUE full-core implementation project
resulted in the initiation of two other R&D programs which
are being actively conducted at CE: one R&D program is the
exploration of higher burnup CANDU reactor fuel with the
advanced fuel CANDU reactor (AFCR) which is an EC6-
based design optimized for alternative fuels, including RU
and thorium fuels. CANDU Energy and partners jointly
showed that the CANDU 6 reactor design can efficiently use
high burnup RU and LEU-Th fuel with minimal changes.
The other R&D program is the development of CANMOX
fuel design for the disposition of United Kingdom (UK)
plutonium stockpiles with EC6 reactors. A feasibility study
for UK’s Nuclear Decommissioning Authority (NDA) has
been completed. CE is now further developing the CANMOX
proposal with UK stakeholders.

4. Nuclear Safety Research
Conducted by the CNSC

It is recognised that the practices of regulatory organisations
vary from country to country and that the degree to which
regulatory-sponsored research is conducted and utilised in
the regulatory process also varies. However, in general, the
role of research sponsored by regulatory organisations is to
provide those organisations with the capability and expertise
to assess reactor safety issues, review designs, and perform
their various other functions, independent from those seek-
ing regulatory approval or promoting nuclear energy. Such
independent capability and expertise provides the regulatory
organisation with a deeper understanding of the activities it
regulates. This deeper understanding can result in insights
that contribute to the quality, timeliness, and thoroughness of
the regulatory review, confidence in the information provided
by the industry, or identification of potential safety issues that
may have gone undetected.

To generate knowledge and information to support
CNSC staff in its regulatory activities, a dedicated research
and support program oversees the execution of objective
driven research, in line with short, medium, and long term
regulatory priorities. All regulatory-sponsored research is
categorised according to a research area where, at present,
research needs to exist in the following eight areas: human
performance management, safety analysis, physical design,
fitness for service, radiation protection, environmental pro-
tection, waste management, and safeguards and nonprolif-
eration. For example, research on aging systems, structures,
and components would fall under the “fitness for service”
research area. For illustrative purposes, Figure 2 summarizes
the “safety analysis” research area of the CNSC research and
support program. It should be noted that regulatory research
is not intended to duplicate what is industry’s responsibility,
but rather to provide a check on its completeness and quality
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in an independent fashion. This capability and expertise by
the regulator is fundamental to public confidence as well
as contributing to safety by enhancing the efficiency and
effectiveness of regulatory programs.

5. Nuclear Safety R&D Conducted by
Universities via UNENE Sponsorship

University involvement in CANDU R&D is considered
important for the development and retention of the R&D
capabilities that the nuclear industry will require to support
the CANDU plants for the long term future. The University
Network of Excellence inNuclear Engineering (UNENE) [17]
was launched in 2002 as an alliance of universities, utilities,
research, and regulatory agencies (members are shown in
Figure 3) dedicated to the support of education and research
in nuclear engineering. The UNENE initiative has resulted
in the establishment of the following six industrial research
chairs (IRCs) in Ontario:

(i) Advanced Nuclear Materials (Queen’s University);
(ii) Control, Instrumentation and Electrical Systems

(University of Western Ontario);
(iii) Health Physics and Environmental Safety (University

of Ontario Institute of Technology);
(iv) Nuclear Safety Analysis (McMaster University);

(v) Corrosion and Materials Performance in Nuclear
Power Systems (University of Toronto);

(vi) Risk-Based Life Cycle Management (Waterloo Uni-
versity).

These IRCs became anchors for establishing research
programs and competent research teams within their respec-
tive universities. Industry funding of the IRC programs has
also served to leverage additional funds from federal and
provincial research grants, thus widening the scope and size
of these programs.

UNENE has also created small collaborative R&D (CRD)
grants to universities to support research projects of interest
to the CANDU Industry, as proposed by existing faculty
members at Canadian universities. The CRD topics are
closely tied to the IRC programs such as seismic risk analysis,
subchannelmixing,D2Ochemistry, stress corrosion cracking
(SCC) in Alloy 800, nondestructive testing (NDT) sensors
for feeders, thermalhydraulics, and delayed hydride cracking
(DHC).

6. Nuclear R&D on Canadian SCWR

The super-critical water reactor (SCWR) is one of six candi-
date reactor concepts selected by the Generation-IV Interna-
tional Forum (GIF) [18] for meeting GIF design goals, which
include enhanced safety, resource sustainability, economic
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benefit, and proliferation resistance. As a member of GIF,
Canada is developing a pressure-tube type SCWR, which has
the potential to fulfil all major GIF goals. A national program
has been established in Canada to support R&D studies for
the Canadian SCWR design. It covers key areas of interest
(such as thermalhydraulics, safety, materials, and chemistry)
to participants in the GIF SCWR designs. Administrated
under NRCan (Natural Resource Canada) and networked
with 20 Canadian universities and laboratories, AECL is
leading the design of the Canadian SCWR, which evolves
from the well-established CANDU reactor [19–21].

7. Canadian Nuclear Safety R&D Facilities

Nuclear safety R&D spans a range of activities, from
small-scale laboratory work for developing the fundamental
understanding to large-scale demonstrations, with extensive
mathematical modelling of the various phenomena. These
activities require large, specialized active facilities such as
hot cells, research reactors, laboratories, and radioactive
materials handling equipment. It is costly and also takes time
to establish and operate such nuclear research facilities. Only
governments have the resources to establish and maintain
these facilities, and established nuclear power countries
usually maintain at least one national nuclear laboratory for
R&D in nuclear safety. This infrastructure is part of the
government obligation when the nuclear power is deployed.

Most of Canada’s nuclear safety experiments have been
done at AECL’s Chalk River Laboratories (in-reactor and ex-
reactor tests as shown in Figure 4) and Whiteshell Laborato-
ries (ex-reactor tests) with full-scale water CHF (critical heat
flux) and some ex-reactor tests having been done at Stern
Laboratories. The Whiteshell Laboratories R&D facilities
have been gradually decommissioned with the exception of
a few facilities such as RD-14M and LSVCF (large scale
vented combustion facility). Notwithstanding the ongoing

restructuring of AECLNuclear Laboratories, AECL envisions
to continue to offer the needed level of nuclear safety R&D
facilities to the CANDU community.

8. R&D Program to Support
Ageing CANDU Reactors

8.1. Industry’s Ageing Management Strategy. Ageing of a
CANDU nuclear power plant poses additional safety chal-
lenges on the plant safety. This is represented by increased
probability of common-cause failures, impact of HTS ageing
on fuel performance in NOC, and reduction over time of
safety margins for certain DBAs. Industry’s ageing manage-
ment strategy includes a number of initiatives and projects
(including R&D programs) whose objective is to delay or
preclude the need to derate:

(i) addressing root cause of ageing through steam gener-
ator cleaning and improving pressure tube (PT) data
collection;

(ii) changing operating conditions and/or procedures;
(iii) changing the CHF correlation methodology;
(iv) using a new NOP (neutron overpower protection)

analysis methodology to demonstrate extra margin in
the required NOP trip set points;

(v) adopting a new fuel bundle design with higher dryout
powers (37M fuel bundle project);

(vi) changing the shutdown system effectiveness crite-
ria by demonstrating that the previous criterion is
overly conservative (joint CNSC/COG ITP project on
derived acceptance criteria).

Among these initiatives and projects, design change such
as the 37M fuel bundle project makes physical improvement
to the fuel thermalhydraulic performance and offsets partially
the erosion of safety margin [22, 23].
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8.2. Regulator’s Ageing Oversight Strategy. The CNSC’s res-
ponse to early signs of CANDU reactor ageing followed
“regulation-by-feedback” process, to ensure that when com-
ponent degradation was discovered, licensees investigated
the degradation, assessed its safety impact, and adjusted
controls to mitigate further degradations. The CNSC has
adopted a comprehensive and systematic strategy to ageing
management which includes regulatory requirements and
documents [24], adequate research, implementation plan,
and compliance verification. The CNSC requires the Cana-
dian utilities to have ageing management programs in place
to ensure long-term safe operation of CANDU plants.

The CNSC also actively participates in national and
international initiatives related to plant degradation such as
cooperation with OECD-NEA and IAEA, participation in
the IGALL (International Generic Ageing Lessons Learned)
Project, initiation of joint CNSC and Industry R&D activities
in supporting current industry initiatives related to plants’ life
extension and long-term operation.

9. Summary and Recommendations

The Canadian nuclear R&D program has a long and proud
history starting from the pioneer R&D activities that led to
the original CANDU design to today’s R&D activities. Safe
operation of CANDU reactors is supported by a full-scope
program of safety R&D in key technical areas. Key nuclear
R&D programs, facilities, and expertise are maintained in
order to address the unique features of the CANDU as
well as generic technology areas common to CANDU and
LWR. The R&D program required for due diligence in
CANDU safety is dominated by AECL and COG, while the
R&D program required for innovation and advancement of

CANDU designs to further enhance safety, economic, fuel
cycle flexibility, and fuel sustainability is dominated by the
nuclear vendor (CANDU Energy Inc.) and supported by
AECL. University involvements in CANDU R&D, through
six UNENE Industrial Research Chairs, constitute an impor-
tant contribution to the development and retention of the
R&D capabilities that the nuclear industry will require to
support the CANDU plants for the long-term future. Finally,
to generate knowledge and information to support CNSC
staff in its regulatory activities, a dedicated CNSC research
and support program oversees the execution of objective
driven research, in line with short, medium, and long term
regulatory priorities.

As a vendor nation that has exportedCANDU technology
to other countries, it is expected that Canada will continue
to maintain an adequate nuclear R&D infrastructure in
all aspects of the technology required to support CANDU
reactors and their services worldwide. Government policy (at
various levels) continues to support CANDU reactors as an
important long term source of energy, contributing to the
overall energy supply mix in Canada. The restructuring of
AECL Nuclear Laboratories represents an important shift in
Canada’s nuclear landscape, which industry and the CNSC
will follow very closely. The CNSC, along with other stake-
holders, is actively engaged in the process and every effort
will be made to ensure that Canada continues to benefit
from the high level of nuclear competence and capacity it has
now for the foreseeable future. Notwithstanding the ongoing
restructuring of AECLNuclear Laboratories, AECL envisions
to continue to offer the needed level of nuclear safety R&D
services to the CANDU community.

Future nuclear safety R&D directions would include but
not be limited to the following areas: regulatory compli-
ance, development tools for CNSC independent verification,
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improved operation margin (e.g., design modifications),
plant life cycle management and plant life extension, com-
puter code development and qualification, and severe acci-
dent management.
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In order to simulate the CANDU-6 moderator circulation phenomena during steady state operating and accident conditions, a
scaled-down moderator test facility has been constructed at Korea Atomic Energy Institute (KAERI). In the present work an
experiment using a 1/40 scaled-downmoderator tank has been performed to identify the potential problems of the flowvisualization
and measurement in the scaled-down moderator test facility. With a transparent moderator tank model, a flow field is visualized
with a particle image velocimetry (PIV) technique under an isothermal state, and the temperature field is measured using a laser
induced fluorescence (LIF) technique. A preliminary CFD analysis is also performed to find out the flow, thermal, and heating
boundary conditions with which the various flow patterns expected in the prototype CANDU-6moderator tank can be reproduced
in the experiment.

1. Introduction

The CANadian Deuterium Uranium (CANDU) reactor has
a square array of horizontal fuel channels surrounded by
heavy water moderator contained in a horizontal, cylindrical
tank called a calandria. Each fuel channel consists of two
concentric tubes, a pressure tube (PT) inside a calandria
tube (CT), with a gap that contains CO

2
insulating gas.

As a CANDU reactor has a high pressure primary cooling
system and an independently cooled moderator system, the
moderator in the calandria would act as a supplementary
heat sink during a loss of coolant accident (LOCA) if the
primary cooling and emergency coolant injection systems fail
to remove the decay heat from the fuel.

The CANDU industry had widely accepted that fuel
channel integrity could be ensured if the moderator available
subcooling at the onset of a large LOCA is greater than
the subcooling requirements. The premise of this approach
is based on a series of contact boiling experiments [1]
which derived the subcooling requirements [2] to preclude
a sustained calandria tube dryout by the minimum available

moderator subcooling and the pressure tube/calandria tube
contact temperature. The local temperature of the moderator
is a key parameter in determining the available subcooling.
However, in order to predict the moderator temperature
distribution, numerous experimental and numerical studies
have been performed, because only the inlet/outlet tem-
perature can be measured in the real CANDU reactor.
The moderator temperature distribution in the calandria is
developed as a result of the flow patterns and circulation
characteristics which themselves are generated as a result of
interactions between the inertia forces (arising from inlet jets)
and buoyancy forces (arising from heat generation) in the
calandria.

To study the moderator circulation phenomena in a
CANDU reactor, KAERI started experimental research on
moderator circulation as one of a national R&D research
programs from 2012. This research program includes the
construction of the moderator circulation test (MCT) facility
[3], production of the validation data for self-reliant CFD
tools, and development of an optical measurement system
using particle image velocimetry (PIV) [4] and laser induced
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Figure 1: 1/40 scaled-down test facility for CANDU-6 moderator
tank.

fluorescence (LIF) techniques. Small-scale 1/40 and 1/8 small-
scale model [3] tests were performed prior to installation of
the main MCT facility to identify the potential problems of
the flow visualization and measurement expected in the 1/4
scale MCT facility.

For the present study a flow field is measured with a PIV
measurement technique under an isothermal state, and the
temperature field is visualized using a LIF technique in the
1/40 scaled-down moderator tank. In the PIV system a Nd-
YAG double-cavity laser [5] beam comes from the vertical
side of a CCD camera. A light sheet is created in the tank,
and traces of particles that react with a laser are visualized and
captured to obtain the velocity profile by computer system. A
preliminary CFD analysis is also performed to find out the
flow, thermal, and heating boundary conditions with which
the various flow patterns expected in the prototype CANDU-
6 moderator tank can be reproduced in the experiment.

2. 1/40 Scaled-Down Test Facility

Figures 1 and 2 show the 1/40 scaled-down test facility and
cross-sectional view of the test section, respectively.

The test section is a scaled-down tank model by the cor-
responding scaling ratio, having an inner diameter of 180mm
and an axial length of 200mm. The simulator of a calandria
tube in the moderator tank consists of 12 electric heaters with
a 17.3mmouter diameter and 3 kWdesign power.The pitch of
the heater rods is 37mm, and this geometric scale preserves
the actual porosity, 0.83 of the CANDU-6 moderator tank.
The heater power is controlled such that the set point of the
K-type thermocouple temperature on the outer surface of
the heater may not be exceeded. The surface of the heater is
black colored to reduce the refraction of light, and both end
plates of the tank are made of polycarbonate, which is good
at visualization and heat insulation. Distilled water (H

2
O) is

used in the test as a working fluid instead of heavy water in

the CANDU-6 moderator tank. Water is circulated by a DC-
power pump and heated by 12 heater rods and cooled by a
plate-type heat exchanger with a maximum cooling capacity
of 10 kW.The inlet water temperature is controlled by the heat
removal rate in the water reservoir in the secondary side of
the heat exchanger. The inlet flow rate is measured using a
Rotameter with±1% of uncertainty.Theflowbalance between
the two inlet nozzles is maintained by adjusting the opening
of the flow valves installed at each side. Two inlet nozzles are
located near the horizontalmiddle plane of the tank and fitted
with slit nozzles that point upwards. Water flows in through
these slit inlet nozzles and goes out through an exit nozzle
located at bottom of the tank.

The temperature measurements inside the tank are per-
formed at 3 different axial locations (center, 65.4mm apart
from both ends). For each axial location, 3 different mea-
surement points are at the center, 5mm below the top, and
5mm above the bottom of the tank. Therefore, there are 9
measurement points inside the tank. Additionally two inlet
temperatures and one outlet temperature are measured.

3. Preliminary CFD Analysis

It is known that the flow patterns inside the moderator tank
can be identified into three types of flow, that is, momentum
dominant flow, mixed-type flow, and buoyancy dominant
flow, according to the ratio of buoyancy force (arising from
internal heating) to inertia force (arising from the inlet jet) as
shown in Figure 3. In the present work, these 3 flow patterns
are simulated by the CFD analysis using the fixed boundary
conditions of inlet flow rate and heating power.

CFX version 13.0 [6] is used in the present CFD analysis.
CFX-13.0 is based on the finite volume method (FVM)
modified with the shape function used in finite element
methods (FEM) to make the construction of a node-centered
computation possible.This is different from FLUENT using a
classical cell-centered FVM scheme.

The governing equations consist of conservative laws on
mass, momentum, and energy. They are written as follows in
tensor form:

𝜕𝜌

𝜕𝑡
+

𝜕
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(3)

where 𝜌, 𝑈
𝑗
, 𝑝, 𝜏

𝑖,𝑗
, and 𝑇 are density, velocity vector,

pressure, shear stress, and temperature, respectively, and the
coefficient 𝜆 is thermal conductivity. The shear stress tensor



Science and Technology of Nuclear Installations 3

Slit nozzle
(3 × 25mm)

37

17.3

TC1

TC2

TC3

TC4

TC5

TC6

TC7

TC8

TC9

Heaters

Thermocouples

200

20
0

18
0

Figure 2: Test section and the measurement points.

Momentum dominant flow Buoyancy dominant flowMixed flow

Figure 3: Flow characteristics in the moderator tank.
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Figure 4: Mesh generation for 1/40 scaled-down test.

in (2) by the Navier-Stokes equation and total enthalpy, ℎtot,
in (3) by energy equation are defined as

𝜏
𝑖.𝑗
= 𝜇{(

𝜕𝑈
𝑖

𝜕𝑥
𝑗

+

𝜕𝑈
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) −
2

3
𝛿
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𝜕𝑥
𝑗

} ,

ℎtot = ℎ +
1

2
𝑈
2

𝑗
,

(4)

where the coefficient 𝜇 is viscosity and ℎ = 𝑒 + 𝑝/𝜌; 𝑒 is the
internal energy per unit mass.

The boundary condition at the solid surface is a no-slip
condition while the heat flux is given on the outer surface of
the heater rods. The inlet condition specifies the mean mass
flow rate, and the pressure is set to ambient at the outlet.

The 𝑘-𝜀 model with scalable wall functions is applied
for turbulence model. The incident turbulence intensity is
assumed to be 5%, and turbulence length scale is set to the
diameter of a tube.

From the scaling analysis [7], the flow pattern inside the
moderator tank is determined depending on the ratio of the
buoyancy to inertia forces, represented by the nondimen-
sional Archimedes number (Ar), defined as

Ar =
𝑔𝛽𝑄𝐷

𝜌𝐶
𝑝
𝐴𝑢3

, (5)

where 𝐴 is inlet nozzle area [m/s2], 𝐶
𝑝
is specific heat

[J/kg∘C], 𝐷 is diameter [m], 𝑄 is heater power [W], 𝑔 is
gravity constant [m/s2], 𝑢 is inlet velocity [m/s], 𝛽 is thermal
expansion coefficient, and 𝜌 is fluid density [kg/m3].

From (5) , Ar number becomes 0.90, 0.21, and 0.06 for
3 different inlet flow rates 0.8 LPM, 1.3 LPM, and 2.0 LPM,
respectively, for a heating power of 1.84 kW. For the full power
steady state operation conditions of the CANDU-6 reactors,
the Ar number is 0.21, which results in a mixed-type flow in
the moderator tank.

The CFX calculations with an inlet flow of 0.8 LPM, 1.3
LPM, and 2.0 LPM are performed to confirm that these 3
cases of calculations reproduce buoyancy dominant, mixed-
type, and momentum dominant flows, respectively.

The mesh used for the present simulation adopts the full
geometric details of the tube bundle. The mesh adjacent to
the rod wall is fine enough to resolve the boundary layer
flow as shown in Figure 4. The CFX modeling of the test
facility is confined to the tank sectionwith the inlet and outlet
nozzle faces. The total number of nodes is 671,400 for this
CFX modeling. The constant velocity boundary conditions
corresponding to the specified flow rates are given to the inlet
nozzle faces and the uniform heat flux boundary condition
with 1.84 kW of total heating power to the heater surface.

The temperature and velocity distributions on the cross
section of the tank are obtained from the steady-state solu-
tions for 3 flow cases of 0.8 LPM, 1.3 LPM, and 2.0 LPM, as
shown in Figure 5. These cross-section views are on the axial
middle plane of the tank.

For the case of 0.8 LPM, the inlet jets are weak relative
to the buoyancy force. These jets do not penetrate the top of
the tank, an instead turn around in the middle of the top-
half and flow down toward the outlet nozzle throughout the
first and third column of tube bundles resulting in a buoyancy
dominant upward flow throughout the center of the tube
columns.This produces a stratified temperature distribution,
where temperatures at the bottom of the tank are close to the
outlet temperature, and temperatures at the top of the tank
are significantly higher than the outlet temperature.

For the case of 1.3 LPM, the inlet jets reach the top
of the tank, collide with each other a little left from the
top center, and form downward moving flows. Since the jet
collision occurs slightly asymmetrically, a larger recirculation
loop is formed at the right side and a smaller one at the
left side. The large recirculation loop pushes down the high
temperature-zone from the top of the tank resulting in an
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Figure 5: Temperature (left) and flow distributions (right) according to the flow boundary conditions in the CFD analysis.
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Figure 6: PIV and LIF system arrangement for the test facility of a
1/40 scaled-down moderator tank.

asymmetric temperature distribution. The peak temperature
is significantly higher than the outlet temperature.

For the case of 2.0 LPM, the inlet jets are strong relative to
buoyancy forces; they penetrate to the top of the tank andpro-
duce a downward flow through the center of the tube columns
towards the outlet nozzle, with buoyancy driven recirculation
loops on both sides. This results in a temperature field with
the high temperature zone confined inside the recirculation
loops. The peak temperature is slightly higher than the outlet
temperature and is attained at an elevation well below the
top of the tank. The flow and temperature are in symmetric
distributions.

From the preliminary CFD analysis for a 1/40 scaled-
down test, we can confirm that themixed-type of flow pattern
observed in the CANDU-6 moderator tank during normal
operation conditions [8] is reproduced by the CFD simu-
lation using boundary conditions with 1.84 kW of heating
power and 1.3 LPM of inlet flow rate, which preserves the
sameAr number as the prototype. Other flowpatterns such as
the buoyancy flow andmomentum dominant flow are shown
to be reproduced by decreasing (0.8 LPM) or increasing (2.0
LPM) the inlet flow boundary condition, respectively.

4. Experiment Works

4.1. Flow Measurement. The PIV method is used to measure
the velocity field inside the moderator tank. In this section,
the preliminary measurement results by the PIV method in
the 1/40 scaled-down moderator tank are introduced as a
feasibility study of the PIV measurement for application to
the moderator experiment.

Figure 6 shows the measurement arrangement for the
1/40 scaled-down model [3]. The arrangement consists of
a TSI POWERVIEWTM Plus 2MP CCD camera and a
Dual Nd-Yag laser with a 200mJ capacity as a light source.
INSIGHT 3G software is used to control the image capture
and perform the data analysis. Silver coated hollow spheres
10 𝜇m in diameter as tracing particles and Rhodamine B
spheres as a temperature-dependent fluorescent dye are
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Figure 8: Velocity field at 40mm from the inlet nozzle center plane
(inlet flow rate of 2.2 LPM).

mixed in the water. A 610 nm (±10 nm) band-pass filter is
placed in front of the camera to enhance the image quality.

Figures 7 and 8 show the velocity fields by the PIV in the
cross-sectional planes. In Figure 7, the plane coincides with
the inlet nozzle center plane. In Figure 8, the plane is 40mm
from the inlet nozzle center plane.The flow rate (for each two
inlet nozzles) is 2.2 LPM, which is the maximum flow rate
in the present circulation system. No heat is added to these
preliminary tests. The water jets from the two inlet nozzles
move up along the tank wall to the top and collide with each
other, creating a stagnation point at the top of the tank.On the
whole, the flow is symmetric; there are two counter-rotating
flows. The inlet jet is spread from the inlet nozzle face and
the maximum upward velocity measured at the inlet nozzle
center plane is higher than that at 40mm from the inlet nozzle
center plane. The PIV flow image has a spatial resolution
of 0.15mm/pixel, and image analysis is conducted with a 32
pixel×32 pixel interrogation window.

There are tube bundle shadows in the particle image.
The lack of tracing particles in the shadow regions as well
as a curvature of the tank wall in the upper and lower part
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of the cross-sectional plane results in an inaccurate velocity
measurement. Thus, to enhance the performance of the PIV
measurement, we are considering that the measurement area
is focused on a local region rather than on the whole region of
the cross-sectional plane, and the laser beam is split to reduce
the area of the shadow regions.

The area-averaged velocity at the inlet nozzle is calculated
for each inlet flow rate and compared with the maximum
velocity measured by the PIV in Figure 9. Since the inlet jets
slow down as they go upward along the tank wall and the
measurement cannot capture the rapid velocity change near
the exit of the inlet nozzle, the maximum velocity measured
downstream of the inlet jets is much smaller than the area-
averaged velocity at the inlet nozzle. However, the linear
increase of the measured velocity with an increase of the inlet
flow rate is shown well in Figure 9.

4.2. TemperatureMeasurement. TheLIF technique [9] is used
to measure the temperature field in the 1/40 scaled-down
moderator tank.Themeasurement arrangement for the LIF is
the same as that for the PIV.A one-colormethod is applied for
the LIF measurement. Heat is not added to the model during
the LIF measurement. Therefore, the water temperature is
uniform throughout the tank and is the same as the inlet
water temperature.

Figure 10 shows the variation of the light intensity cap-
tured by a camera with water temperature. Water with Rho-
damine B dye is illuminated by a 532 nm Nd-Yag laser sheet.
The water temperature is controlled in the range of 20∼35∘C,
with an uncertainty of ±0.1∘C. To obtain the relation between
the temperature and light intensity, T-type thermocouples
(±0.2∘C) are used. Figure 10 shows the linear trend of the
fluorescence intensity with the water temperature.

Figure 11 shows the temperature distribution in the
cross-sectional plane. The temperature distribution is recon-
structed by the calibration curve shown in Figure 10. Since the
temperature is determined by the scattered light intensity, it
is of vital importance to secure the uniform illumination.The
results show the spatial temperature variation even though
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Figure 10: Temperature calibration with LIF measurement.

the water temperature is uniform. This unphysical result
originates from the shadows by the tubes. Therefore, we
will make use of a beam-splitting technique or measure
the temperature field in local regions. In addition, the LIF
measurement will be validated against the local temperature
measurement by thermocouples.

5. Conclusions

A 1/40 small-scale of moderator circulation test is performed
to identify the potential problems of the flow visualization
and measurement expected in the 1/4 scale of MCT facility.

Prior to the experiment, a preliminary CFD analysis
is performed to find out the flow, thermal, and heating
boundary conditions with which the various flow patterns in
the prototype CANDU-6 moderator tank can be reproduced
in the experiment. If the same Ar number as the prototype
is preserved, the mixed-type of flow pattern observed in the
CANDU-6 moderator tank during normal operation condi-
tions is reproduced by the CFD simulation. It is shown that
the various flow patterns arising from complex interaction
between the buoyancy and the inertia forces can be simulated
in the 1/40 scaled-down test according to the ratio of the flow
and heating boundary conditions.

In the present experiment the flow and temperature
fields are measured using the PIV and LIF, respectively.
These two techniques are based on optical methodologies.
In particular, the key point is to illuminate the region of
interest as uniformly as possible. In the present model, 12
tubes inside the tank deteriorate the image quality. As a result,
the velocity and temperature fields in the shadow regions
are unphysical and unbelievable, and this limitation must be
avoided. The lack of tracing particles in the shadow regions
as well as a curvature of the tank wall in the upper and
lower part of the cross-sectional plane results in an inaccurate
velocitymeasurement. Hence, more effort is needed to secure
the uniform illumination using a beam-splitting method, or
measurements are to be done for local regions.

The momentum dominant flow pattern is reproduced in
the experiment since the flow boundary condition used in the
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Figure 11: Variation of temperature measurements with different inlet water temperatures.

experiment is similar to that used in the CFD prediction of
the same flow pattern. It is observed that the water jets from
the two inlet nozzles move up along the tank wall to the top
and collide with each other, creating a stagnation point at the

top of the tank. On the whole, the flow is symmetric; there
are two counter-rotating flows. For other flow patterns the
measurements of velocity and temperature distribution will
be compared with the CFD predictions in the future work.
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The role of nuclear energy is to supply electric power on a stable basis tomeet increasing demands, reduce carbon dioxide emissions,
and maintain stable electric power costs while ensuring safety. The Fukushima accident taught us many lessons for creating safer
nuclear power plants. Considering the design of systems, the areas of weakness at the Fukushima nuclear power plants can be
divided into three categories: plant protection, electricity supply, and cooling of the nuclear fuel. In this paper, focusing on these
three areas, the lessons learned are proposed and applied for pressurized heavy water reactors. Firstly, hard protection against
external risks ensures the integrity of components and systems such that they can perform their original functions. Secondly,
additional emergency power supply systems for electrical redundancy and diversity can improve the response capabilities for an
accident by increasing the availability of active components.Thirdly, cooling for removing decay heat can be augmented by adopting
diverse safety systems derived from other types of reactors. This study is expected to contribute to the safety enhancement of
pressurized heavy water reactors by applying design changes based on the lessons learned from the Fukushima accident.

1. Introduction

Background. Although more than four years have passed
since the Fukushima accident, the impacts of this accident are
still immensely felt both in Japan and globally.This illustrates
that the influence of a nuclear accident is greater than the
estimated impact when the social effects are considered.
Immediately after the Fukushima accident, several countries,
including Japan, declared that they would stop operating
and constructing nuclear power plants (NPPs). However,
some countries, including the United States, China, and
India, are still pursuing increased electricity production using
nuclear energy. Additionally, Japan revised its original plan
of total shutdown and reviewed the reoperation of 16 NPPs
following the introduction of new regulatory requirements
(as of January 1, 2014). Four NPPs (Takahama-3, 4 and
Sendai-1, 2) obtained preliminary approval from the nuclear
regulation authority (NRA) of Japan (as of December 18,

2014). Germany, however, declared the shutdown of all of
their NPPs, and they have experienced a sharp increase in
the cost of electricity. It is predicted that the global electricity
demand in 2040will be approximately 80 percent higher than
that in 2012 [1]. To meet this high demand, nuclear energy
is arguably a necessary energy source. However, NPPs must
not be operated without considering the lessons from the
Fukushima accident.

Many reports have been published by international and
national organizations with various views on the accident.
The Tokyo Electric Power Company (TEPCO) published
investigation reports on the Fukushima accident. An interim
report was published on December 26, 2011 [2], and the
final report was published on July 23, 2012 [3]. These reports
described the events after the occurrence of the natural
disaster and analyzed the effects of the accident that were
exacerbated by human errors and the complicated command
structure within the electrical power company. Varieties of
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solutions in terms of systems and management strategies
have been proposed for increasing the safety of NPPs in the
reports.

The OECD/NEA (Organization for Economic Co-opera-
tion and Development/Nuclear Energy Agency) published
the report “The Fukushima Daiichi Nuclear Power Plant
Accident: OECD/NEA Nuclear Safety Response and Lessons
Learnt” [4]. In this report, the responses and actions follow-
ing the accidents were described, focusing on regulations,
safety, radiological protection, and legal framework. Practical
responses, including enhancements for public protection,
were proposed based on insights into the entire accident.

The ASME (American Society of Mechanical Engineers)
published a paper entitled “Forging a New Nuclear Safety
Construct” based on the background and a new direction
from the Fukushima accident [5]. This report was focused
on the need of a new nuclear safety construct because the
sociopolitical and economic consequences of NPP accidents
were not fully addressed in the previous safety goals.The pro-
posed “New Nuclear Safety Construct” is shown in Figure 1.
In the construct, because the primary safety requirements
that govern the design of a NPP are contained in the “General
Design Criteria for NPPs,” the design basis must be robust
for new plants as well as for existing plants. In addition to
the design basis and severe accidentmanagement, “Emerging
Safety Construct” such as the FLEX (diverse and flexible
coping capability) built in the United States was included
for enhancing nuclear safety as a post-Fukushima strategy.
Finally, the safety guideline was to forge the necessary
elements of a construct that addressed accidents based on
an all-risk approach. Thus, a key aspect implies that the
structures, systems, and components in both design basis and
extended design basis are directly responsible for and capable
of preventing, interdicting, and mitigating accidents in the
framework of the construct [5].

The Fukushima accident was also comprehensively revie-
wed in terms of safety and security in the United States
[6]. This review considered the lessons learned from the
Fukushima accident based on plant operations, safety regu-
lations, off-site emergency management, and nuclear safety
culture. The study specifically contained comparison anal-
yses of boiling water reactors (BWRs) in Japan and the
United States. Recommendations for improving the training
of human resources, strengthening capabilities for assessing
risks from beyond-design basis accidents and incorporating
modern risk concepts into nuclear safety regulations were
also proposed.

Summary of Relevant Safety Assessments for the PHWR.There
are 437 operable NPPs worldwide. Of these, 48 pressurized
heavy water reactors (PHWRs) are in an operational state.
In addition to the currently operable plants, 5 PHWRs are
under construction in Argentina and India [7]. Although
a PHWR has different fuel cycle characteristics and neu-
tron economics compared with pressurized water reactors
(PWRs) and BWRs, there are still commonalities that apply
to all. The safety of a PHWR is equally important as that of
a PWR and a BWR and has to be continuously reviewed and
checked.

New Nuclear Safety Construct
(based on an all-risk approach)

Emerging Safety Construct

NRC near term task force
recommendations and orders
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Other
global
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Figure 1: A new nuclear safety construct proposed by ASME [5].

Closely related with this research, the safety of NPPs
in European Union (EU) countries has been assessed by
performing “stress tests” following the Fukushima accident.
The stress test was defined as a targeted reassessment of the
safety margins of NPPs in light of the events that occurred
at Fukushima: extreme natural events challenging the plant
safety functions and leading to a severe accident [8]. The
stress tests were conducted under assumed conditions of
severe natural disasters, including earthquakes and floods,
loss of electrical power, loss of primary ultimate heat sink, and
severe accidents leading to core damage.Member states in the
EU have been implementing national action plans developed
based on the results of the comprehensive assessments of the
risk and safety of NPPs. The reports from the stress tests
contained proposed measures for enhancing the safety of
each NPP in the EU.

The hard protection described in this paper is closely
connected with the evaluations of earthquakes and floods
from the stress tests. The proposed design concepts for
electricity and cooling are based on the stress test results
concerning loss of electrical power and loss of ultimate
heat sink. In the EU, there are two PHWRs, both of which
are located in Romania: Cernavoda units 1 and 2, whose
electrical power is 706.5MWe each [9]. At Cernavoda, some
of the post-Fukushima action plans have been implemented,
and the others are still in progress [10]. Some improvement
activities in Romania related to three solutions in this paper
are cited and explained together in the following chapters.

CANDU (CANada DeuteriumUranium), which is a rep-
resentative PHWR, was first developed by Atomic Energy
of Canada Limited (AECL). The assessments for all of the
current CANDUs showed that the safety was sufficiently
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robust; however, COG (the CANDU Owners Group Inc.)
developed awhole-site PSA (Probabilistic Safety Assessment)
methodology reflecting the risks derived from the Fukushima
accidents [11]. Many of the post-Fukushima recommenda-
tions have been implemented for CANDU reactors. Con-
nected with this paper, Canadian utilities have procured
portable water pumps and emergency generators for prevent-
ing fuel failure.This emergencymitigating equipment (EME)
includes portable AC power generators, system connections,
and piping [12]. EME was installed on-site and off-site.

AFCR (Advanced Fuel CANDU Reactor) is being devel-
oped by Candu Energy Inc. as a Generation III reactor
based on the CANDU 6 and EC6 (Enhanced CANDU 6)
reactors [13]. This reactor uses both recycled uranium and
thorium-based fuels, and it also meets the recent Canadian
and international standards for aGeneration III reactor based
on the lessons from the Fukushima accidents.Therefore, from
a safety system perspective, the criteria for the principles of
separation, diversity, and high reliability are enhanced in an
AFCR [14]. A larger volume of water in the calandria vault
provides the second passive heat sink for the core. Moreover,
the AFCR includes gravity-driven, passive water supply lines,
and a pump-driven recovery circuit for containing any severe
core damage within the calandria vessel [14].

In response to the lessons from the failures that occurred
in the Fukushima accidents, regulatory bodies have presented
recommendations for enhancing the safety of CANDU reac-
tors. The CNSC (Canadian Nuclear Safety Commission)
released “the Fukushima Task Force Recommendations,” as
shown in Table 1 [15]. The action plans have been imple-
mented in a phased approach. In Korea, 56 short- to long-
term improvements were identified to secure safety in May
2011. The plans to enhance the diversity of emergency power
supply systems and emergency injection systems were cov-
ered and implemented. For the four CANDU reactors in the
Wolsong site, Korea, stress tests based on the EU stress test are
being conducted by regulatory bodies, operating utilities, and
environmental groups. These stress tests include assessments
for various external risks, such as storm surges, wave setups,
and tornados.

Objective and Scope. This paper is divided into two chapters
according to the two main aims of this study. Each chapter
consists of the three categories: plant protection, electricity
supply, and cooling of the nuclear fuel. The first aim of
this paper is to review the Fukushima accident in terms
of macroscopic losses, particularly for units 1 through 3 of
the Fukushima Daiichi nuclear power station. Several parts
associated with this aim are based on the findings in the
interim and final reports of TEPCO [2, 3]. The second aim
is to propose design concepts for safety enhancements of
a PHWR based on the described losses and the previous
studies. The concrete applications described in this paper
follow a companion paper written by one of the coauthors
[16]. The ranges of views and contents are extended from
the previous paper for application designs according to the
design of a PHWR.

The safety systems in NPPs are designed to perform one
of three fundamental safety functions: controlling reactor

Table 1: CNSC Fukushima task force recommendations [15].

Strengthening reactor
defense in depth

(1) Verifying robustness of NPP designs
(2) Assessment of site-specific external
hazards
(3) Enhancing modeling capabilities

Enhancing emergency
response

(4) Assessing emergency plans (onsite)
(5) Updating emergency facilities and
equipment
(6) Offsite emergency plans and
programs

Improving the
regulatory framework
and processes

(7) Class I Nuclear Facilities Regulations
amendments

(8) Radiation Protection Regulations
amendments
(9) Updating regulatory document
framework
(10) Amending power reactor operating
licenses
(11) Implementation of periodic safety
reviews

Enhancing international
collaboration

(12) Enhancing collaboration with
CANDU owner countries
(13) Enhancing international
cooperation

power, cooling the fuel, and containing radiation (regarded
as the 3Cs) [12]. The recommendations in this paper concern
the successful removal of decay heat for the prevention of core
melt. The scope of this paper does not address the sequences
covering the shutdown process of the core immediately
following an accident or the release of radioactive materials
after the core melt. Therefore, the first assumption is that the
core is shut down. Even if the proposed systems can be used
for severe accidents, the possibility of utilizing such systems
during severe accidents is not discussed here.

Each category in this paper is related to the others. First,
an earthquake and a tsunami were the initial events at the
Fukushima site. Even with the occurrence of an earthquake
and a tsunami, cooling systems should be protected from
damage by hard protection for external risks. A cooling sys-
tem requires coolant, a flow path, driving power, and cooling
capacity. The driving power for cooling systems generally
consists of either electrical power or natural phenomena.
Therefore, an electrical power failure is directly associated
with a loss of driving power for active safety systems. In the
Fukushima accident, the loss of protection against external
risks caused the loss of electrical power. Accidents that
cause electrical power loss necessitate passive safety systems
operated by natural phenomena such as gravity, natural
circulation, or pressure differences. For cooling medium in
a cooling system, cooling capacity refers to the role of a heat
sink. Generally, for water-cooled reactors, water is used both
as coolant and as heat sink.

This study does not include the failures of cooling
spent fuel caused by the losses in the Fukushima accidents.
However, some of the proposed systems could be used to cool
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the spent fuel bay based on the estimations of the application
possibilities. The application of the spent fuel bay could be
positively reviewed due to the accessibility of the location
connected to the external containment. In addition, the
problems and effects from human factors, coping strategies,
and policies are not thoroughly discussed to avoid reiteration,
although they were the main contributors to failures in
the Fukushima accident. This paper only addresses systems
installed on-site or off-site.

2. Losses of the Fukushima Accident

2.1. Loss of Protection against External Risks. All NPPs are
always exposed to external risks. These risks include earth-
quakes, fires, floods, tsunamis, tornados, and terrorist attacks.
The units in the Fukushima site were designed for external
risks, including earthquakes and tsunamis. However, the
degrees of the external risks were considerably higher than
the designed values. A 9.0-magnitude earthquake occurred at
the hypocenter at 14:46 on March 11, 2011. Additionally, a 6+
magnitude earthquake was observed in the Fukushima pre-
fecture [2]. Subsequently, numerous earthquakes occurred.
Following the first earthquake, the first tsunami reached the
Fukushima site at 15:27, and the second tsunami, which was
considerably higher than the first, reached the site at 15:35 [2].
Many subsequent tsunamis struck the site.

The earthquake was detected by the plant protection
system, and the reactor was automatically scrammed. The
critical damage resulting from the earthquake was failure of
electrical supply from off-site power. None of the external
electric transmission lines were available due to damage to
the components of each line. The durability of the electric
components in the switch gear yard, transformer substation,
and transmission line against an earthquake was not high.
Additionally, the fire protection systems and the in-plant
roads at the site were severely damaged by the earthquake.
The tsunami almost completely flooded the major building
areas and washed away cars and tanks, and large amounts of
rubble were scattered at the site. Because the elevation of the
reactor and turbine building areawas approximately 10m and
the height of the tsunami was between 11.5m and 15.5m, the
inundation depth was between 1.5m and 5.5m [3].

There was a time gap between the first earthquake and the
first tsunami. However, for some components in the plant, it
was not possible to determine whether the cause of damage
was the earthquake or the tsunami because there was no
opportunity to survey the plants due to the aftershocks and
the following tsunamis on the site. Additionally, it is known
that several specific damaged locations have not yet been
investigated [3].

The loss of protection against external risks has two
general implications other than the direct damage caused by
the earthquake and tsunami. Firstly, the loss of protection
resulted in a loss of main element transfers, such as electricity
and coolant. Although the earthquake and tsunami did
not damage the complete structural integrity of the reactor
pressure vessel and primary containment vessel, they affected
the lines for supplying electricity and coolant. Secondly,

the damage caused by the external risks became larger than
that in the initial state. The external risks had wide and
continuous effects on the site. Breaks in reactor pressure
lines and damage to safety systems were not found in the
initial state. Therefore, accurate analyses were not possible
due to damage to several components. As the pressure in
the reactor vessel increased, the conditions worsened due
to the extension of broken parts. Consequently, the loss
of protection should be prevented not only to ensure the
integrity of a component but also to avoid the occurrence of
other losses and extension of the loss.

2.2. Loss of Electricity. The loss of electricity is divided into
three physical losses.

The first is the loss of off-site AC power. Seven off-
site electricity supply lines were connected to the site of
the Fukushima NPPs. Six lines were connected from the
Shin-Fukushima transformer substation. The other line was
connected from the electrical network of the Tohoku Electric
Power Company. However, all the supplies from the lines
were unavailable due to the earthquakes. Figure 2 illustrates
the damage to electrical installations for the external supply
of AC power. In units 1 and 2, the power-receiving circuits at
the nuclear power stations were damaged. In units 3 and 4,
the damage to supply lines at the Shin Fukushima substation
caused disconnection of the AC power supply. Additionally,
the cable on one supply line from the electrical network of
Tohoku was damaged due to the earthquake [3].

The second is the loss of on-site emergency AC power.
All the emergency diesel generators (EDGs) were operated
as designed after the loss of off-site AC power. However,
the tsunami flooded the EDGs installed on the basement
floor of the turbine building. Although two EDGs on the
ground floor of the common spent fuel storage building
were not inundated, the tsunami submerged their metal-clad
switchgear installed on the basement floor.

The third is the loss of on-site emergency DC power.
The batteries of units 1, 2, and 4 were inundated due to the
tsunami. The remaining batteries that survived the flooding
were operated for approximately two days for detection and
control of the systems at unit 3. However, because the capacity
was not designed for several days, the remaining batteries
eventually lost all capacity.

There was also a critical problem of an unseen loss of
electrical power in the Fukushima accident. The electricity
supply systems in a shutdown state are classified as off-site AC
power, on-site emergency AC power, and on-site emergency
DC power. Although most of the supply systems failed due
to the earthquake and tsunami in the Fukushima Daiichi
NPPs, they were originally designed to supply electricity for
a designed time, excluding off-site AC power. The design
operation time of EDGs and batteries is normally set based
on the assumption that the external AC power would be
restored before the depletion of EDGs andbatteries.However,
it took approximately 10 days to repair and reconnect the
off-site AC power due to the external conditions of the site.
The off-site AC power supplies were lost immediately after
the earthquake, and the on-site supplies failed at 15:42 on
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Figure 2: Damage to electrical installations in the Fukushima NPPs site [2].The figure does not include L1 and L2 of the Futaba Transmission
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March 11.The external AC power at units 1 and 2 was restored
on March 20. The external AC power at units 3 and 4 was
restored onMarch 22 [3]. However, the coping time for a SBO
is generally 8 or 72 hours. In terms of the off-site conditions,
it is necessary to change the approach for managing systems
from being treated by outside systems to being mitigated by
systems installed on-site. Additionally, the time to restore
off-site power first has to be actually estimated for NPPs
considering severe external risks. The mitigation methods in
the severe accident management guideline (SAMG) have to
be established based on the estimated time.

2.3. Loss of Cooling. The release of radioactive materials was
caused by core melt in the Fukushima accident. Core damage
could be thermally prevented by removing decay heat. To
remove decay heat, a continuous coolant supply is required
after a shutdown.

A BWR generates steam for electricity generation in
one pressure boundary. In the Fukushima Daiichi NPPs,
unit 1 was BWR-3 and units of 2 to 5 were BWR-4. In
preparation for cooling the fuels in accidents, there were
two isolation condensers (ICs) and a high-pressure injection
system (HPCI) in BWR-3.There were a reactor core isolation
cooling system (RCIC) and aHPCI in BWR-4. In an accident,
steam vaporized from the core goes to ICs. An IC tank
filled with normal temperature water has a heat exchanger in
which steam from the core flows in tubes. Condensed water
cooled in the IC tanks returns to the core by gravity. The
RCIC and the HPCI are systems to supply water from the
condensate storage tank or suppression chamber by turbine-
driven pumps using steam from the core.

Water was filled in the reactor vessel and the suppression
chamber under normal operation before the reactor shut-
down caused by the earthquake. At unit 1, the ICwas operated
for approximately one hour after the earthquake. However,
because the flooding caused the total failure of AC and DC
power, the ICs and the HPCI could not be operated. The
water in the vessel and chamber was maintained for only
a few hours. The cladding was exposed to the steam in the
core due to the lack of supplying the coolant. At unit 2, even
though the total power was failed due to the flooding, the
RCIC was operated for approximately three days. After the
trip of the RCIC, the water level in the core dropped and the
core was damaged. All the AC power sources at unit 3 were
also failed due to the flooding. On the other hand, because
DC batteries were installed at the higher elevation than the
ground level, the RCIC and HPCI could be operated by the
intact DC power. However, the coolant was not continuously
supplied due to the failure of an injectionmode shift from the
HPCI to low-pressure coolant injection (with a diesel-driven
fire pump) [18]. Finally, the reactor core at unit 3 was also
damaged.

The fuel could not also be protected by the off-site coolant
injection. The Sakashita dam, located approximately 9 km
from the Fukushima Daiichi NPPs, was prepared to supply
off-site water. However, the water could not be conveyed
because the water supply system for moving water to the
plants was damaged and failed, even though the water could

flow by gravity from the dam [16]. Furthermore, the coolant
injection from fire engines could not prevent a coremelt acci-
dent because the fire trucks were connected to the injection
lines after the core uncovery. Additionally, the seawater next
to the plants could not be used as an ultimate heat sink due
to the loss of electrical power to pump the water. This means
that additionalwater has to be supplied fromadjacent systems
to minimize the failure rate on supply lines. In addition, it
would be better for cooling systems to be operated by natural
phenomena using the installed injection lines.

3. Solutions from the Losses

The design of CANDU-6, which is a representative PHWR,
is described as a reference reactor in this chapter [19].

3.1. Hard Protection against External Risks. In the concept
of defense in depth, because the containment is the final
barrier for preventing the release of radioactive materials
to the containment outside, protecting the integrity of the
containment is directly connected with avoiding contami-
nation for the public and environment. Regarding the con-
tainment structure of the BWR in the Fukushima site, the
primary containment vessel (PCV), which is composed of
steel, consists of a flask-shaped dry well, a doughnut-shaped
pressure suppression chamber (wet well), and vent pipes in
Mark-I BWR. The reactor pressure vessel is located in the
dry well. The wet well in the pressure suppression chamber
was connected to the dry well by vent pipes, which were
designed to penetrate the dry well. In the event of an ex-vessel
core melt accident, failures of components in the dry well,
vent pipes, suppression chamber, or reactor building could
cause a large release of radioactive materials to the outside.
Although the reactor building as secondary containment was
composed of reinforced concrete, it could not withstand the
unexpected hydrogen explosion at Fukushima. In contrast,
the reactor containment in a PHWR has a solid protection
boundary that consists of a foundation slab, a cylindrical wall,
and a partly spherical dome. It is structurally separated from
the primary system, which includes a calandria assembly and
steam generators. The minimum thickness of the cylindrical
wall in a PHWR is approximately 1.1m. It is stronger than the
BWR containment for external risks such as tsunamis and
tornados. Additionally, the BWR containment is designed
primarily for condensing steam due to the inherent character
of the reactor type. Accordingly, because the containment
free volume of a PHWR is considerably larger than that of
a BWR, it can have a longer safety duration time to protect
the integrity of the containment.

For harder protection against an earthquake, the seismic
class of several specific components has to be higher. In the
case of the fire protection systems in the Fukushima accident,
the seismic class was classified as C. It was designed to be
used for injecting alternative water and for extinguishing fires
in emergency conditions. However, because the protection
lines, fire plugs, and intake ports were damaged by the
earthquake, the system could not be properly operated [2].
Accordingly, it caused loss of the function to inject water
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into the NPP as the final provision of supplying coolant. In
the stress tests implemented for the two Cernavoda NPPs
(CANDU 6 design) in Romania, improving the seismic
robustness for the existing Classes I and II DC batteries
was adopted and implemented as one of the post-Fukushima
action plans [10]. Accordingly, an elevated seismic class of
systems, such as the fire protection and DC power sources
for PHWRs, can be considered for decreasing the risk caused
by the occurrence of an earthquake.

The risk of damage by a tsunami can be decreased by
a high barrier along the sea outside NPPs. Although the
height of the tsunami barrier in the Fukushima accident
was designed using the previously established criteria, the
actual tsunami that occurred in the accident was higher
than the tsunami barrier. Additional work to raise the 18m
tsunami barrier that was constructed after the Fukushima
accident to 22m is under way at the Hamaoka site in Japan.
Additionally, the tsunami barrier at the Kori site in Korea
was extended from 7.5m to 10m as a post-Fukushima action.
With respect to components, waterproof shielding is needed
for components that perform safety functions both inside and
outside the containment. For Cernavoda NPPs, volumetric
protection by replacing selected access doors with resistant
doors and room penetration sealing was recommended from
a “stress test” peer review [10]. It guarantees safety against
tsunamis and floods by securing spatial isolation.

3.2. Electrical Redundancy and Diversity. First, the electrical
power in a NPP can be enhanced by simply increasing the
number of current power systems that supply electricity. The
concept of redundancy can be applied in the supply systems
for off-site electricity, on-site emergency AC electricity, and
on-site DC electricity.

Redundant power supply systems can be modified and
adopted together with the concept of diversity. Examples of
diversification of power supply systems to be applied are
provided in Table 2.

The diversification of systems decreases the risk of com-
mon cause failure, which is one of the dominant causes of
failure in a large system. Transmission lines from substations
are typically installed on the ground. A new underground
transmission line can be connected using underground
power transmission cables. In addition, it is necessary to
diversify the locations of EDGs. General EDGs and diesel
tanks, including those in the Fukushima NPPs, are installed
on the ground or underground. These are designed and
installed for the security of NPPs. However, from the per-
spective of safety in the event of a tsunami and flood, the
risk to an elevated EDG would be lower than that to an
underground EDG. Furthermore, the availability of EDGs
can be increased by diversifying the cooling type of EDGs.
The diversification of installation locations also has to be
considered forDCbatteries. Another option for adding diver-
sity to supply electrical power is to make diesel generators
and DC batteries portable. CNSC reviewed the usability of
portable uninterruptible power supplies as the deployment of
EME [12]. It will secure the make-up water capabilities with
portable diesel pumps for primary heat transport system and

steam generators.The Cernavoda CANDUs in Romania have
already procured mobile diesel generators on-site as part of
the post-Fukushima action plan [9].They have been tested to
enhance protection against SBO scenarios.

The bunker concept that integrates redundancy and
diversity was proposed in Europe for enhancing the ability
of supplying electrical power. It was designed to be applied
in the Beznau NPP [17]. Unit 1 of the Beznau NPP located in
the northern part of Switzerland is the oldest operating PWR
in the world, which began operation in September 1969. The
original design objective of the bunker concept was to backfit
the plant for continued operation [20]. There are additional
safety systems for reactor shutdown, feedwater supply to the
steam generators, and electricity supply from the installation
of diesel generators in the bunker. The outer wall of the
bunker is concrete-steel with a thickness of 1.5m. Figure 3
shows a bunker system installed adjacent to a containment
building.The original design of the bunker concept increases
the availability of heat removal systems as well as that of
electrical power supply systems through providing additional
systems for redundancy and diversity. After the Fukushima
accidents, one emergency electrical power supply system
installed in a bunker has been considered as a prospective
system in terms of both safety and security even though
the original bunker concept includes many components for
cooling, emergency power sources, and emergency control
room. In addition to safety-grade EDGs, an alternative AC
(AAC) power source installed inside the bunker can guar-
antee high reliability of operation even in extreme weather
events. Because it can be installed for two PHWRs as a
non-safety-grade system, the efficient utilization in the high
integrity will be secured by covering an accident affected on
single or multiple plants in a site.

3.3. Cooling Redundancy and Diversity. To ensure successful
cooling, redundancy and diversity of the coolant source, heat
sink, and connected lines have to be secured. First, the safety
of cooling can be enhanced through redundancy of current
safety systems. An increase in the number of safety systems
decreases the probability of system failures to cope with
an accident. Second, diversification of coolant sources can
enhance the safety and security of cooling. In addition, the
application of new coolant refilling systems can increase the
coping time for an accident by an increase in the capacity of
the coolant source during which decay heat can be removed.
The following methods can be adopted to refill the coolant
tanks:

(i) provision using fire trucks and fire cisterns;
(ii) coolant tanks and connections outside the contain-

ment building on-site;
(iii) artificial reservoir and connections on-site;
(iv) water conveying system from lakes, rivers, or dams.

Third, the diversification of final heat sinks can also
enhance the cooling capacity. The ultimate heat sink for
emergency cooling systems at Fukushima was seawater. For
the designs of emergency cooling systems, a lake, river, dam,
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Table 2: Systems to be diversified for electrical safety and security enhancement.

Offsite power Onsite emergency
AC power Onsite DC power

Name of Systems

(i) Connection with neighboring
power stations
(ii) Connection with plural substations
(iii) Transmission lines
(iv) Underground transmission cable

(i) Water-cooled EDGs
(ii) Air-cooled EDGs
(iii) Turbine generators
(iv) Mobile AC generators
(v) Higher and lower locations

(i) DC batteries
(ii) Mobile DC generators
(iii) Battery stocks
(iv) DC battery charged by wind
power or solar power on site
(v) Higher and lower locations
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Figure 3: Bunker concept applied in Beznau NPP [17].

artificial reservoir, or atmosphere can be used as a diversified
final heat sink according to the conditions of each site.

In addition, the safety of a PHWR for cooling the fuels
can be enhanced in various ways by applying design concepts
of safety systems proposed for other type of water-cooled
reactors. Examples of safety systems for the application to
a PHWR are introduced in the next subchapters under two
categories: cooling by natural circulation and injection.

3.3.1. Cooling via Natural Circulation. Passive cooling sys-
tems operated by natural circulation are divided into two

categories according to the primary or secondary pressure
loop designed in a PHWR.

Even though the coolant is heavy water, the single-phase
natural circulation can be used for removing decay heat
from the core. The passive residual heat removal system
(PRHR) in a PWR is a representative example. The PRHR
designed for the primary side of AP1000 removes decay heat
throughPRHRheat exchangers, which can be operated under
a pressure of 17.2MPa [21]. The heat is directly transferred
from the core to the PRHRheat exchangers. It is similar to the
design of the IC in a BWR to circulate coolant in the primary
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loop; however, the IC is operated by the two-phase natural
circulation in the primary side.

A design for the removal of decay heat using natural cir-
culation in the secondary pressure loop is a passive auxiliary
feedwater system (PAFS) developed in Korea [22]. The PAFS
consists of steam and feedwater lines connected to a steam
generator, heat exchanger, and condensate cooling tank. The
steam from a steam generator goes to the heat exchanger in
the water of the cooling tank. Steam is condensed, and the
water flows to the steam generator again. This system also
decreases the failure risks caused by human errors. Because
four steam generators are installed in the secondary circuit in
CANDU-6, this cooling concept can be used for enhancing
the passive safety of a PHWR in a shutdown state. One of the
merits of this system is the lack of a need for a discharging
steam to the outside. The decay heat is removed by being
transferred from the core to steam generator and from the
steam generator to the atmosphere as the final heat sink.

The cooling tanks of these systems have to be continu-
ously refilled because the cooling capacity is set for a designed
time on-site. Refilling the coolant into the tanks installed
inside the containment is difficult due to the accessibility of
the containment inside as shown in the Fukushima accident.
Therefore, the coolant tank for the auxiliary injection is
recommended to be installed outside the containment.

This type of system for cooling via natural circulation
can be applied to new plants to be constructed. However, the
applicability on current operating reactors is very low due
to large design modifications from the original design even
though the performance is guaranteed without the use of AC
power.

3.3.2. Cooling via Injection of Coolant or Feedwater. In this
subchapter, systems that can inject coolant or feedwater into
the calandria vessel, primary heat transport system, or steam
generators are introduced.

For emergency core cooling in primary heat transport
system, there are two high-pressure injection tanks as a saf-
ety-grade system inCANDU-6.The accumulator is the repre-
sentative system that uses the pressure difference between the
primary heat transport system and the water tank connected
to the compressed gas tank. As the need for passive safety
systems that can be operated without AC electrical power has
increased after the Fukushima accident, an application of a
safety injection tank designed with the higher gas pressure is
being reviewed for new advanced water-cooled reactors.

One of the effective methods for removing decay heat is
to supply feedwater into a steam generator while preserving
the integrity of the primary side by all means available
in unprepared emergency conditions in a PHWR. After
shutdown of the reactor in an accident, feedwater supply
pumps powered by AC power in the secondary side inject the
water into the steam generators. Steam generators are utilized
to transfer heat from the primary side to the secondary side,
as coolant in a primary loop can be circulated by natural
convection, from a lower reactor vessel as a heat source and a
higher steam generator as a heat sink.

In the case of a PWR, motor-driven auxiliary feedwater
pumps (MDAFPs) and turbine-driven auxiliary feedwater
pumps (TDAFPs) supply the feedwater into steam generators
in accidents, excluding most cases with loss of coolant in the
primary side.TheMDAFP such as the feedwater supply pump
in a PHWR supplies the feedwater into steam generators
when AC power is available. The TDAFP can supply the
feedwater into steam generators despite a total loss of AC
power. The auxiliary feedwater system with the TDAFP
powered by a small turbine is similar to the RCIC in a BWR.
As there are four steam generators that can be used for the
removal of decay heat in the CANDU-6, the applications of
the design concepts such as the RCIC and TDAFP can be
considered in preparation for accidents with a total loss of AC
power.

Cooling water from an external water reservoir has to
be pumped into steam generators when the general safety
system is not operable. An on-site reservoir and fire trucks
were installed on CANDU reactors at the Wolsong site in
Korea. Figure 4 shows the design concept for removing decay
heat in either the primary side or the secondary side. In
the emergency system, an on-site emergency water supply
storage pool or a fire truck serves as a water source. An
emergency core cooling heat exchanger is used as a heat
sink. In addition, a mobilized fire truck and emergency
pumps provide active driving power to deliver coolant.There
are various methods to inject or circulate coolant in this
emergency cooling system. One method is to inject water
from an emergency water supply storage pool to a steam
generator by a mobilized fire truck situated in a place for the
direct injection. When the steam generators are unavailable,
the coolant can be directly injected into the core with
depressurization in the primary side. The decay heat can also
be removed by circulating coolant from the sump to the core
through an emergency core cooling heat exchanger and a
pump. This system is controlled by several valves installed in
each line.The function of this system is similar to that of EME
used by installing the movable power generator, portable
water pumps, and connection lines on the specified location
in an accident.

In contrast to the designs of other LWRs, the CANDU
reactor has a dousing water tank situated at high elevation.
This water tank is located on the top of the inner containment
below the outer containment. The opening part of the tank is
installed below the inner containment. Because the tank is
filled with approximately 2100 tons of water that can be used
for emergency core cooling and containment spray operation,
the safety duration time dependent on the on-site water
capacity can be longer than those of other types of reactors
[19].

As one of the safety systems for emergency cooling, an
integrated passive safety system (IPSS) was proposed for
beyond design basis accidents, including a SBO and a total
loss of feedwater (TLOFW), based on the design of a PWR
after the Fukushima accident [23].The IPSS consists of pipes,
heat exchangers, and large water tanks at high elevation
outside the containment. The design concept of the IPSS can
also be applied to a PHWR. An application example of the
IPSS on a PHWR is shown in Figure 5. Because a water tank
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Figure 5: Integrated passive safety system (IPSS) on a PHWR.

is installed at high elevation, such as at the top of a service or
turbine building in a PHWR, it can serve as a heat sink for
forming natural circulation with steam generators, and the
coolant can be injected by gravity.

The IPSS performs five functions using the water in two
large tanks, named integrated passive safety tanks (IPSTs).
The first function, that is, a passive decay heat removal
(PDHR), can be performed by installing one of the two
design options. For the first option of the PDHR, feedwater
and steam are circulated through steam generators and heat
exchangers designed in the IPSTs by natural circulation. The
second of the PDHR is a steam generator gravity injection
system (SGGI) to fill steam generator by gravity with water

from the IPST. The vaporized steam from steam generators
is discharged to the atmosphere outside the containment
through atmospheric steam dump valves (ASDVs). The sec-
ond function of the IPSS is a passive safety injection system
(PSIS) to inject coolant into the core through the emergency
core cooling system after the depressurization in the primary
side. The other functions are passive containment cooling
system (PCCS), passive in-vessel corium retention through
external reactor vessel cooling (PIVR), and containment
filtered venting system (CFVS) for mitigating a core melt
accident.The functions of the IPSS can be selectively installed
for a PHWR. The applicability of the SGGI can be relatively
higher when an IPST is installed outside the containment and
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pipes penetrate the containment through originally designed
penetration holes. Furthermore, even if a large water tank
is installed only for refilling on-site water tanks, the cooling
duration time could be increased before outside emergency
treatment.

4. Conclusions

Three macroscopic losses of the Fukushima accident were
reviewed in terms of installed systems and components. In
light of the three losses, the design concepts for enhancing
the safety of PHWRs were proposed. Using the approaches
based on redundancy and diversity, the accidentmanagement
strategy can be strengthened for the prevention of core
damage. First, the need for hard protections for a fire system
and a DC power source against earthquake was proposed.
In addition, a tsunami site barrier and volumetric sealing
isolation are conducive to the hard protection for a PHWR.
Second, the diversification of emergency electrical power
supply system can enhance the usability of active safety
systems in a SBO. Amethod is to install diverse cooling types
of AAC power sources in independent locations. Movable
EDGs and DC batteries can supply emergency electrical
power with high reliability; the systems are recommended to
be prepared at the higher elevation than the ground level.
The bunker concept is an integrated concept for supplying
emergencyACpower besides containment, which is designed
based on hard protection. Third, solutions for enhancing
the function of cooling a core were proposed for a PHWR.
Diverse coolant sources and heat sinks will guarantee the
increase of coping time before the recovery of off-site AC
power.

As proposed, the designs concepts of the existing safety
systems such as PRHR, RCIC, and PAFS in other types of
water-cooled reactors can be applied to a PHWR; however,
it will cause many license issues because of the main mod-
ifications of a reactor design inside the containment. Also,
it actually has to be designed according to the applicable
standards, codes, and regulatory requirements as a system
on safety-grade. For enhancing the safety with fewer design
modifications, several countries, including Romania and
Korea, have adopted emergency systems that can mitigate an
accident by arranging movable pumps with the connection
lines outside containment. The system can inject a coolant
or feedwater into a calandria vessel, primary heat transport
system or steam generators through nozzles, and waterway
connected from the outside. The IPSS was proposed as an
additional safety system installed outside containment. The
subsystems in the IPSS are designed to be operated without
the AC power for removing decay heat or preventing the
release of radioactive materials.

There have been previous studies regarding PSA for some
systems proposed in this paper. For the design of a PWR,
an emergency water supply system (EWS) similar to EME
reduced the SBO contribution portion to the total CDF (core
damage frequency) by half [24]. In the case of the IPSS, the
CDF from LOOP (loss of off-site power) and LOFW (loss of
feedwater) reduced by less than half [25].When themass flow

rate from an emergency pump was low or the preparation
time for the injection was later than one hour from the SBO
occurrence, the core damage could not be prevented in the
case using the EME.On the other hand, the IPSS did not need
the preparation time, but the analysis results were sensitive to
the failure events related with depressurization systems and
human errors. The results of the cost-benefit analysis were
primarily dependent on the risk aversion factor, which was
estimated by the public in a local, relocated, or regional group
near a NPP [24, 26]. In consideration of the increased risk
aversion factor after the Fukushima accidents, the application
of EME or IPSS to a PHWR would provide cost-effective
benefits.

This study implies that a design concept of a large water
tank at high elevation, such as an IPSS, and a dousing water
tank, supplied by passive methods, needs to be applied in
LWRs for enhancing the safety of the emergencywater supply.
Considering an accident that affects an overall NPP site with a
wide range of damage, such as the case of the Fukushima acci-
dent, it is possible that emergency water supplies prepared
by off-site actions will be difficult to mobilize due to severe
external conditions.The accidentmanagement strategy needs
to be modified to use systems installed on-site.

Several systems are proposed for enhancing the safety
of a PHWR in this paper, as the follow-up actions of the
Fukushima accidents. It is not intended that the safety
of a PHWR is low and must be enhanced more by the
proposed systems without foundation.The determination for
the application of a system is completely dependent on the
government, regulatory bodies, operation and management
companies, and public acceptance. As the further work of
this paper, the study of PSA and cost-benefit analysis for
the comparison of the proposed systems will show the
quantitative effects from the applications.

Highlights

The Fukushima accident is reviewed in terms of pro-
tection, electric power, and cooling.

Setting a time for the restoration of external ACpower
is critical for designing safety systems.

Emergency provision systems for a PHWR are pro-
posed.

The bunker concept enhances safety through electri-
cal redundancy and diversity.

The addition of an elevated external coolant tank
increases the cooling duration time.
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A standard 37-element fuel bundle (37S fuel bundle) has been used in commercial CANDU reactors for over 40 years as a reference
fuel bundle. Most CHF of a 37S fuel bundle have occurred at the elements arranged in the inner pitch circle for high flows and at
the elements arranged in the outer pitch circle for low flows. It should be noted that a 37S fuel bundle has a relatively small flow area
and high flow resistance at the peripheral subchannels of its center element compared to the other subchannels. The configuration
of a fuel bundle is one of the important factors affecting the local CHF occurrence. Considering the CHF characteristics of a 37S
fuel bundle in terms of CHF enhancement, there can be two approaches to enlarge the flow areas of the peripheral subchannels
of a center element in order to enhance CHF of a 37S fuel bundle. To increase the center subchannel areas, one approach is the
reduction of the diameter of a center element, and the other is an increase of the inner pitch circle. The former can increase the
total flow area of a fuel bundle and redistributes the power density of all fuel elements as well as the CHF. On the other hand, the
latter can reduce the gap between the elements located in the middle and inner pitch circles owing to the increasing inner pitch
circle. This can also affect the enthalpy redistribution of the fuel bundle and finally enhance CHF or dry-out power. In this study,
the above two approaches, which are proposed to enlarge the flow areas of the center subchannels, were considered to investigate
the impact of the flow area changes of the center subchannels on the CHF enhancement as well as the thermal characteristics by
applying a subchannel analysis method.

1. Introduction

Wolsong unit 1, which is one of four CANDU units at the
Wolsong site in Korea, was recently shut down after reaching
the end of its 30-year life time. It had been refurbished
during the last several years. One of the main refurbished
components was the aged pressure tube, which was expanded
diametrically as well as axially owing to irradiation damage
over a long period of time. It is known that the diametrical
expansion of the pressure tube can deteriorate the CHF per-
formance and finally reduce the thermal margin or operating
power. There have been many studies on enhancing the CHF
and/or critical channel power (CCP), which is determined by
the dry-out andhydraulic characteristic curves of the primary
heat transfer system of a CANDU reactor. In the late 1970s,
a turbulent promoter was invented to increase the turbulent
intensity surrounding the fuel elements in a fuel channel [1].
The axial position or the number of bearing pad planes was
changed, or the number of spacer pad planes was increased
to enhance the CHF by means of increasing the turbulent

intensity or flow mixing within a fuel passage [2]. These
attempts provided a CHF increase, but an adverse effect on
the CCP existed to worsen the hydraulic characteristics of the
primary heat transfer system when increasing the pressure
drop of the fuel channel [3].

Recently, one of the studies to enhance the CHF was
the development of the CANFLEX fuel bundle, which is
composed of two element sizes and attaches the CHF
enhancement buttons to 43-element fuels [4]. It is known
that the CANFLEX fuel bundle achieves a remarkable CHF
enhancement by attaching a special appendage called a CHF
enhancement button on the fuel element [5]. However, it has
not been commercialized yet owing to amore complex design
and higher fabrication cost potentially than those of a 37S fuel
bundle.

In particular, a 37S fuel bundle has 37 fuel elements which
are arranged circularly. It contains four pitch circles, that
is, center, inner, middle, and outer pitch circles, to properly
configure the circular bundle structure. From the previous
CHF experiments, most CHF of a 37S fuel bundle have
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occurred at the elements arranged in an inner pitch circle
at high flows [6] or under reactor conditions of which the
reference flow rate is 24 kg/s [7]. It should be noted that a
37S fuel bundle has a relatively small flow area and high flow
resistance at the peripheral subchannels of the center element
compared to the other subchannels. The configuration of a
fuel bundle is one of the important factors affecting the local
CHF occurrence. The diameter effect of the fuel elements
arranged in the center, inner,middle, and outer pitch circles of
a 37S fuel bundle has recently been studied [8]. It was shown
that the dry-out power of a fuel bundle has a tendency to
increase as the element diameter decreases within the size
limitation.

Considering the CHF characteristics of a 37S fuel bundle
in terms of CHF enhancement, there can be two approaches
to enlarge the flow areas of the peripheral subchannels of
a center element in order to enhance the CHF of a 37S
fuel bundle. To increase of the center subchannel areas, one
approach is the reduction of the diameter of a center element
and another is the increase of the inner pitch circle.

The former can increase the total flow area as well as
the center subchannel area of a fuel bundle. Additionally,
the power densities of the other 36 fuel elements can be
increased to compensate for the power density reduction
of a small center element. It was noted that a 37S fuel
bundle with a small center element can enhance the CHF
and finally improve the thermal margin of a CANDU fuel
bundle. However, it can redistribute the power density of the
remaining 36 fuel elements and increase the maximum fuel
temperature of the hottest elements arranged in the outer
pitch circle. Moreover, it may deteriorate the safety margin
related to the coolant void reactivity by increasing the coolant
volume in the fuel channel.

On the other hand, the latter can also increase the
flow area of the peripheral subchannels of a center element
without any change in the total flow area or bundle configu-
ration. However, it can reduce the gap between the elements
arranged in the middle and inner pitch circle owing to an
increase in the inner pitch circle. This can affect the enthalpy
redistribution of the fuel bundle as well as the radial CHF
locations and dry-out power. Finally, it can enhance the CHF
without any impact on the safety margin and fuel fabrication
cost.

In this study, the above two approaches which were
proposed to enlarge the flow areas of the center subchannels
were examined in terms of the CHF or dry-out power
enhancement by using the subchannel analysis code, ASSERT
[9]. In addition, the thermal characteristics of two kinds of
modifications were compared to those of a 37S fuel bundle.

2. Subchannel Modelling

A 37-element fuel bundle is composed of 37 fuel elements
and two types of appendages such as spacers and bearing
pads. Those appendages are welded onto the surface of the
fuel elements to maintain the gap among fuel elements and
between the fuel bundle and pressure tube, respectively. In
addition, two end plates were welded at both ends of 37
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Figure 1: Cross-sectional view of a 37S fuel bundle.
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Figure 2: Rod and subchannel numbers of a 37S fuel bundle.

fuel elements to configure a bundle structure. Twelve fuel
bundles are loaded horizontally into a horizontal pressure
tube. Figure 1 shows the cross-sectional view of a 37S fuel
bundle located in a pressure tube. When the coolant flows
into the fuel channel, the channel flow can be distributed
into the open spaces among the fuel elements and pressure
tube depending on the flow resistance of the subchannels,
which are divided by the hypothetical line connected between
the centers of the fuel elements, as shown in Figure 1. The
number of total fuel elements and subchannels is 37 and
60, respectively, as shown in Figure 2. When the subchannel
analysis is being performed, the minimum symmetric angle
should be 180 degrees because a fuel bundle can be laid down
at the bottom inside of a horizontal pressure tube. However,
the present subchannel modeling of a 37-element fuel bundle
selects a full bundle configuration, not considering a symmet-
ric angle.

2.1. Area of Center Subchannels. A 37S fuel bundle is com-
posed of four pitch circles, that is, the center, inner, interme-
diate, and outer circles.The center subchannels are composed
of subchannel numbers 1 through 6, the inner subchannels
are composed of subchannel numbers 7 through 18, the
middle subchannels are composed of subchannel numbers
19 through 42, and the outer subchannels are composed of
subchannel numbers 43 through 60, as shown in Figure 2. To
increase the flow area of the center subchannels, there may
be two approaches: one is the modification of the inner pitch
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Table 1: Geometries of the modifications of standard 37-element fuel.

Pitch circle identification Pitch circle radius, mm Element diameter Number of elements
37S fuel Mod. pitch 37S fuel Mod. diam.

Center 0 0 13.08 11.50 1
Inner 14.88 14.88∼15.38 13.08 13.08 6
Middle 28.75 28.75 13.08 13.08 12
Outer 43.33 43.33 13.08 13.08 18

Inner pitch circle

(a) Modification of center pin (b) Modification of pitch circle

E1

R1E2
R2

Figure 3: Schematic views of increasing the flow area of the center subchannels.

circle and the other is a modification of the diameter of the
center element discussed in the previous section. When an
inner pitch circle is increased, the flow areas of the center
subchannels can be increasedwhile the gap between the inner
6 elements and middle 12 elements should be reduced, as
shown in Figures 2 and 3.

In the case of the diameter decrease of a center element,
however, the total flow area and element power densities
of the remaining 36 elements should be increased, if even
slightly. This may affect the fuel safety, such as on the
void reactivity and the maximum fuel temperature, as well
as fuel management costs. These modifications can affect
the subchannel flow and enthalpy distributions and finally
change the CHF location and dry-out power. The geometries
of both types of modifications are summarized in Table 1.

The lengths of the inner pitch circle can be increased
up to 15.38mm, considering the minimum gap interference
between the inner 6 elements and middle 12 elements, as
studied in [10]. On the other hand, for the element diameter
modification, the diameter of a center element was selected
as 11.5mm, which was already used for the development
of a 37M fuel bundle [11]. The flow area variation of the
center subchannels and total subchannels for the inner pitch
modification were plotted and compared to that of the
modification of a center element, as shown in Figure 4.

For the present calculation, the length of the inner pitch
for the pitch circle modification was selected as 15.28mm,
which gave almost the same flow area of the center subchan-
nel as that of a center element diameter of 11.5mm, as shown
in Figure 4. The ratios of the increased flow area of a center
element modification to the center subchannel area and total
flow area of a 37S fuel bundle were found as 18% and 0.9%,
respectively.
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2.2. Modelling of AFD and RFD. A CANDU-6 core is com-
posed of 380 fuel channels, and each fuel channel accommo-
dates 12 fuel bundles resting horizontally. Hence, theCHFof a
fuel bundle can be affected by the radial power profile (RFD)
of a fuel bundle, as well as the axial power profile (AFD)
in a fuel channel. Figure 5 shows the typical AFD of a 37S
fuel bundle in a fuel channel [7]. For a subchannel analysis
of the 37S fuel bundle and its pitch circle modification, the
same AFD can be used because the change of the inner pitch
radius does not affect the AFD. However, the power density
of the 37 elements by increasing the radius of the inner pitch
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Table 2: Length effect of inner pitch circle on the relative power density of the fuel elements.

Parameters Relative power density of each pitch circle (% change)
Inner pitch circle, mm Reference (14.88) 14.98 15.08 15.18 15.28 15.38
Center pitch 0.8218 0.8230 (0.14) 0.8243 (0.31) 0.8258 (0.49) 0.8271 (0.65) 0.8285 (0.81)
Inner pitch 0.8538 0.8547 (0.1) 0.8552 (0.16) 0.8556 (0.21) 0.8565 (0.31) 0.8567 (0.34)
Middle pitch 0.9308 0.9305 (−0.03) 0.9303 (−0.05) 0.9302 (−0.07) 0.9299 (−0.1) 0.9298 (−0.11)
Outer pitch 1.1048 1.1046 (−0.01) 1.1045 (−0.02) 1.1044 (−0.03) 1.1043 (−0.04) 1.1042 (−0.05)
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Figure 5: Normalized axial flux distribution (AFD) of a 37S fuel
bundle and center element modifications.

circle may be affected due to changes in the radial position of
the 6 inner rods. It was examined using the WIMS code [12]
for different inner pitch circles, as summarized in Table 2. It
is shown that a small change of the inner pitch from 14.88
to 15.38mm affected RFD negligibly. Hence, the same RFD
was used for the present calculation of the inner pitch circle
modification.

On the other hand, the radial power density of the 37
elements for decreasing a center element size can be changed
due to small uranium materials of the center element. The
normalized RFD for a center element size of 11.5mm instead
of the original size of 13.08mm can be calculated by the
averaged volume and compared to those of a 37S fuel bundle,
as shown in Figure 6.

3. Subchannel Analysis

When the twelve fuel bundles are loaded in the horizontal
pressure tube, the upper section of the fuel bundle has a
larger flow area than the lower section owing to gravitational
force. Even if the symmetric angle of the cross-section is
180 degrees, as shown in Figure 2, this study considered a
full bundle geometry for the subchannel analysis, and the
total numbers of fuel rods and subchannels were 37 and
60 respectively, as shown in Figure 2. The subchannels are
composed of three types, that is, triangular, square, and wall
subchannels. The minimum gap between the elements of
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Figure 6: Relative power densities (RFD) of a 37S fuel bundle and
center element modifications.

a 37S fuel bundle was designed as 1.8mm. When increasing
the inner pitch circle of 6 rods, the gap between the inner 6
elements andmiddle 12 elements can be reduced up to 1.3mm
in the case of themaximum outwardmovement, 0.5mm.The
1.3mm minimum gap could be accepted by the Fuel Design
Manual [7].

For the sensitivity studies of the effect of the inner pitch
circle and small center element size on the CHF or dry-
out power of a fuel bundle, the subchannel analysis was
performed using theASSERT code [9], whichwas transferred
from AECL to KAERI under a technology transfer arrange-
ment (TCA) between KAERI/AECL. The ASSERT code is
originated from the COBRA-IV computer program [13, 14].
It has been developed to meet the specific requirements
for the thermal hydraulic analysis of two-phase flow in
horizontally orientedCANDU fuel bundles. In particular, it is
distinguished fromCOBRA-IV in terms of following features
[15].

(i) The lateral momentum equation is also considered
with the gravity term in order to allow gravity driven
lateral recirculation.

(ii) The five-equation model was applied to the two-
phase flow model in consideration of the thermal
nonequilibrium and the relative velocity of the liq-
uid and vapour phases. Thermal nonequilibrium is
calculated from the two-fluid energy equations for
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Figure 7: Enthalpy and void fraction distributions of the 37S fuel bundle, inner pitch, and center element modifications.

the liquid and vapour. Relative velocity is obtained
from semiempirical models.

(iii) The relative velocity model accounts for the different
velocities of the liquid and vapour phases in both axial
and lateral directions.The lateral direction modelling
contains features that consider (a) gravity driven
phase separation or buoyancy drift in horizontal flow,
(b) void diffusion turbulent mixing, and (c) void drift
(void diffusion to a preferred distribution) as well.

To find the subchannel and axial locations of the first CHF
occurrence in a fuel channel, the calculation will continue
until the convergence tolerance is reached at the specified
criteria, “ODVTOL” in the ASSERT code. Once the first CHF
for the given mass flow and inlet temperature has occurred
at any subchannel and axial location during iteration, the
calculation is stopped and all flow parameters are printed out.
Onset-of-dry-out iteration for the first CHF occurrence can
be found as follows:

MCHFLO ≤ MCHFR ≤ MCHFUP, (1)

where “MCHFLO” and “MCHFUP” are the lower and
upper bounds, respectively, for the target minimum CHFR
(MCHFR), and “MCHFR” is the minimum CHF ratio and is
defined as

MCHFR = min(
𝑞


𝑐𝑟

𝑞
) , (2)

where 𝑞
𝑐𝑟
is the CHF and 𝑞 is the zonal heat flux. “ODVTOL”

is the relative convergence tolerance on the iteration param-
eter, which is defined as follows:



Ψ
𝑛
− Ψ
𝑛−1

Ψ
𝑛−1



≤ ODVTOL, (3)

where Ψ is the iteration parameter and 𝑛 is the iteration
number. Ψ and 𝑛 are given as 1.00004 and 20, respectively,
for the present calculation.

4. Results and Discussion

Subchannel analyses were performed for themodifications of
the inner pitch circle and center element size of a 37S fuel
bundle using the ASSERT code with a CHF lookup table
[16]. To examine the dry-out power enhancement for the
present calculation, the inlet temperatures were selected as
256∘C, 262∘C, and 268∘C, and the inlet mass flow is selected
as 20 kg/s, 24 kg/s, and 30 kg/s. The inner pitch circle of a 37S
fuel bundle is selected as 15.28mm, which gave almost the
same flow area of the center subchannel as that of a center
element diameter of 11.5mm, as shown in Figure 4.

4.1. Axial Enthalpy and Void Fraction. The bundle averaged
enthalpies for the 37S fuel bundle and those modifications
were calculated at each axial location from the channel
entrance. As shown in Figure 7(a), it is shown that the bun-
dle averaged enthalpies are increasing as the coolant flows
downstream. The axial enthalpy distributions for a 37S fuel
bundle and those modifications have similar trends but the
enthalpy rise for the modifications is higher than that of
a 37S fuel bundle owing to increasing dry-out power of
the modifications. The axial void fraction distribution has
the same trend as the enthalpy distribution, as shown in
Figure 7(b), and the void formations for three types of
calculations are starting almost at the same axial location or
the middle of the fuel channel.

4.2. Subchannel Enthalpy. Figure 8 shows a comparison of
the subchannel enthalpy distributions of a 37S fuel bundle
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Figure 8: Enthalpy distributions of the standard 37-element fuel and its modifications for 256∘C.
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Figure 9: Enthalpy distributions of the standard 37-element fuel and its modifications for 268∘C.

and its modifications for an inlet temperature of 256∘C. Since
the enthalpies of the center subchannel numbers 1 through
6 for a 37S fuel bundle are much higher than those of other
subchannels for the inlet temperature of 256∘C, as expected,
the first CHF occurrence of a 37S fuel bundle was found
at subchannel number 1, as shown in Figure 8(a), while
those of the inner pitch and center element modifications
were found at subchannel numbers 10 and 32, respectively, as
shown in Figures 8(b) and 8(c). It was noted that the large
flow area of the center subchannels makes the subchannel
enthalpy distribution more uniform than that of a 37S fuel
bundle. In addition, the first CHF for the inner pitch and
center element modifications was moved from the center
subchannel to the inner and outer subchannels, respectively.
When compared with the subchannel enthalpies of twomod-
ifications, the center subchannel enthalpies for a small center
element are lower than those of the large inner pitch because

the small center element has a low power density, as shown
in Figure 6. Additionally, the inner subchannel enthalpies
of the large inner pitch were higher than those of the small
center element, as shown in Figures 8(b) and 8(c).This caused
the flow area of the inner subchannels to be reduced by
enlarging the inner pitch, even when the flow areas of the
center subchannels of two modifications were the same.

On the other hand, Figure 9 shows a comparison of
the subchannel enthalpy distributions of a 37S fuel bundle
and its modifications for an inlet temperature of 268∘C.
The subchannel enthalpy distributions of the modifications
as shown in Figure 9 were similar to those for the inlet
temperature of 256∘C, except that the first CHF location of the
large inner pitch was moved from inner subchannel number
11 for the inlet temperature of 256∘C to outer subchannel
number 32 for the inlet temperature of 268∘C. It was noted
that the subchannel enthalpy distribution and the first CHF
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Figure 10: Void fraction distributions of the standard 37-element fuel and its modifications at 256∘C.
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Figure 11: Void fraction distributions of the standard 37-element fuel and its modifications at 268∘C.

occurrences for the case of the high inlet temperature of
268∘C can be affected by mixing the characteristics among
the subchannels as well as the inlet temperature.

4.3. Subchannel Void Fraction. Figures 10 and 11 show the
void fraction distributions of a 37S fuel bundle and those
modifications at the location of the first CHF occurrence for
256∘C and 268∘C inlet temperatures, respectively. The void
fraction distributions of the modifications are more uniform
than those of a 37S fuel bundle, as shown in Figure 10. The
location of the first CHF occurrence of a 37S fuel bundle was
moved from subchannel number 1 to number 10 and number
33 for the inner pitch and center element modifications,
respectively. It was noted that the enthalpies or void fractions
of the inner subchannels are more prone to have the CHF
occur firstly as they are closer by increasing the inner pitch.
The axial CHF location of a 37S fuel bundle was 508.48 cm,
or at the axial 10th bundle from the channel inlet, while

that of the inner pitch and center element modifications was
478.82 cm and 481.69 cm, respectively, or at the 9th axial
bundle.

4.4. Dry-Out Power Enhancement. Dry-out powers of the
inner pitch and center element modifications under each
mass flow and inlet temperature were investigated and
compared to those of a 37S fuel bundle. To investigate the
enhancement of dry-out power of its modifications in terms
of a 37S fuel bundle, the dry-out power enhancement ratio is
defined as the ratio of dry-out power of its modification to
that of a 37S fuel bundle. Figure 12 shows the dry-out power
enhancement of the modifications for each mass flow and
inlet temperature conditions. It was shown that the dry-out
powers of the modifications are always higher than those of a
37S fuel bundle for all mass and inlet temperature conditions.
These results agree well with references 8 and 10. In addition,
most dry-out powers of the small center element are higher
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Figure 12: Comparison of dry-out enhancements of inner pitch and center element modificationsin terms of a 37S fuel bundle.

than those of the large inner pitch except for the low mass
flow condition of 20 kg/s. It was noted that the turbulent
intensity and mixing characteristics among the subchannels
of the small center element may be different from those of
the large inner pitch and can be affected by the low power
density and small heated area of the center element, as shown
in Figure 6.

While considering the dry-out power enhancement for a
mass flow of 20 kg/s, that of the large inner pitch is higher
compared to that of the small center element and this trend
becomes significant as the inlet temperature increases. How-
ever, for high mass flows, the dry-out power enhancement of
the small center element is higher than that of the large inner
pitch. It is noted that the higher dry-out power enhancement
of the center element modification should be caused by the
power density reduction of a center element, as well as the
large flow area of the center subchannels.

Even if the small center element resulted in a higher dry-
out power enhancement andmight bemore effective in terms
of the dry-out power enhancement, the adverse impact on the
safety and fuel management cost for its modification should
be considered.

4.5. Void Fraction Imbalance Factor. In this section, the void
fraction distribution or nonuniformity of the subchannel
void fraction was selected to investigate its correlation with
the dry-out power enhancement ratio. Also, the comparison
of the correlation between the nonuniformity of the subchan-
nel void fraction at the CHF locations and dry-out power
enhancement ratios for the fuel bundle modifications was

made under the same inlet flow conditions because the dry-
out power enhancement ratio is not the local properties such
as CHF and quality.

To investigate the correlation between the local void
fraction at the first CHF location and the dry-out power
enhancement ratio, the dry-out power enhancement ratio
and the local void fraction at the axial and subchannel loca-
tions corresponding to the first CHF occurrence were plotted
together for each flow condition, as shown in Figure 13. The
void fraction imbalance factor is defined as a local subchannel
void fraction divided by a section averaged void fraction at
the location of the first CHF occurrence. This shows that
the dry-out power enhancement ratio of the center element
modification is lower than that of the inner pitchmodification
(see “t262g20” and “t268g20” in Figure 13) if the void fraction
imbalance factor of the center element modification is higher
than that of the inner pitch modification. It was noted that
the dry-out power of a fuel bundle would be higher when the
local void fraction imbalance factor at the location of the first
CHF occurrence is lower.

5. Conclusion

The subchannel analyses were performed to investigate the
enthalpy distribution, void fraction distribution, and dry-
out power enhancement of the fuel bundle modifications of
a 37S fuel bundle. Two approaches such as the increase of
the inner pitch circle and the decrease of the center element
diameter to enlarge the flow area of the center subchannels
were considered to enhance the dry-out power of an existing
CANDU fuel bundle. The uncertainty of the dry-out power
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Figure 13: Comparison of void fraction imbalance factors and dry-out power enhancement ratioaccording to the flow conditions.

could be existed for a 37S fuel bundle and its modifications,
but it was not considered because of the sensitivity studies
for a 37S fuel bundle and its modifications. From the present
study, the following were concluded.

The subchannel enthalpy and void fraction of a 37S fuel
bundle modification were redistributed as expected when
the flow area of the center subchannels are enlarged by
increasing the inner pitch circle or reducing the center
element diameter. In addition, the subchannel locations of
the first CHF occurrence of those modifications were moved
to the other subchannels such as the middle subchannel or
outer subchannel. In addition, the axial locations of the first
CHF occurrence were moved from the 10th fuel bundle to
the 9th fuel bundle according to the modifications. Finally,
the dry-out powers of the two types of modification of a 37S
fuel bundle could be enhanced. In addition, two approaches
to enlarging the center subchannel area were revealed as very
effective ways to increase the dry-out power of a CANDU fuel
bundle or to overcome the power deration owing to an aging
CANDU power plant.

While considering the dry-out power enhancement for
a mass flow of 20 kg/s, that of the large inner pitch is
higher compared to that of the small center element and this
trend became significant as the inlet temperature increases.
However, for high mass flows, dry-out power enhancements
of the small center element are higher than those of the large
inner pitch. It was noted that the enthalpy and void fraction
distribution of the large inner pitch are different from those of
the small center element and should be caused by the power
density reduction of a center element, as well as the large flow
area of the center subchannels.
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To verify the periodic boundary condition (PBC) treatment which was implemented in a TRI-angle elements induced numerical
analyzer (TRIAINA), the pressure tube creep problem is chosen and examined with three cases of normal, 2.5% creep, and 5.0%
creep on the aspects of the multiplication factor and relative pin power. The McCARD code is used for the homogenized group
constants generation. It is shown that the differences are nearly negligible for the pressure tube creep problem.

1. Introduction

The pressure tube deformation including creep and sagging
is an important phenomenon related to nuclear power plant
(NPP) aging (Jung, 2011) [1]. It results in the power derating of
anNPPbecause it reduces the thermalmargin of theCANDU
system. It also affects the neutronic economy of the core. To
evaluate and assess the neutronic effects of the pressure tube
creep exactly, several quantitative researches are performed.
Ilas [2] calculated themultiplication factor and pin power dis-
tribution changes with HELIOS. Kim et al. [3] also calculated
the multiplication factor and pin power distribution changes
depending on the burn-up with the HELIOS code. These
researches also include the plutonium generation and void
reactivity changes with burn-up. However, those researches
have drawbacks that they only dealt with the creep in a two-
dimensional space. The sagging effect and global core effect
from summing up the individual lattice have never been
evaluated precisely.

The SHAFE code (Ryu and Joo, 2013) [4] is based on
the finite element method (FEM) and it accepts the general
geometry from tetrahedral mesh generators. However, to
treat the pressure tube creep in the lattice level, the PBC
treatment should be used; thus, it should be tested first.

The PBC is boundary condition which is often used to
approximate the large system with small cells. But it is
differentwith the reflective boundary condition (RBC). For 2-
dimensional space, we realize that the usual pin cell problem
gives no difference between result with RBC and result with
PBCbecause the center of the pin cell is positioned right at the
center of the cell. If a point is positioned arbitrarily in the cell,
the RBC copies it and locates it to a symmetric position about
geometric element such as a point, line, and surface with RBC
while the PBC copies it and locates it to a same position
about geometric element with PBC as illustrated in Figure 1.
To verify the methodology for the PBC treatment in FEM,
the TRIAINA code which is a 2-dimensional version of the
SHAFE code is tested for several cases. In this research, the
calculation ability of the PBC implemented in the TRIAINA
code is verified with the multiplication factor and relative
pin power distribution changes. Three cases of normal,
2.5% creep, and 5.0% creep are discussed with two separate
versions of the TRIAINA codes, which are based on the target
governing equations of P1 and SP3.

For the TRIAINA code calculation, homogenized cross
sections for internal regions of the lattice cell tube are
necessary. The McCARD code is used for the homogenized
cross section calculation. For the nonfissionable regions,
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the sign of absorption cross sections sometimes becomes
negative. Because of the large value of (𝑛, 2𝑛) and (𝑛, 3𝑛), the
cross section adjustment for the source and loss term balance
is not performed to make the sign of the absorption cross
sections positive in this research.Thus, the cross sections used
here are somewhat larger than the actual values.

The geometry is based on the fresh fuel dimensions
specified in the PDM report [5]. The half lattice cell is used,
and the geometry modelling and the meshing are done with
the GMSH generator [6]. To see the effect of the second order
basis function, the number of unknowns is almost the same
as the number of unknowns in the case of a linear basis
function. For the use of the second-order basis function, a
full mapping option is selected for all cases in the selective
mapping scheme.

2. Group Constant Generation

The TRIAINA code only accepts homogenized cross section
for each region.TheMcCARD code and the ENDF 7.0 library
are used for homogenized cross section generation with the
critical spectrum of the reference fresh fuel design. To obtain
the fine group spectrum of each region, a Monte Carlo
simulation is performed with a million particles and one-
thousand cycles including 200 inactive cycles. To obtain the
diffusion coefficient and critical spectrum, the 𝐵

1
equation

for homogenized system is solved. It is assumed that the cross
sections do not change when the creep occurs [7].

Two group cross sections for regions are generated with
the energy boundary of 0.625 eV. As mentioned in paragraph
3 of Section 1, the absorption cross section becomes negative
if the (𝑛,𝑋𝑛) cross section is included. Because theMcCARD
code does not accept negative cross section, it is impossible
to exclude the (𝑛, 𝑋𝑛) cross section from absorption cross
section [8]. Thus, the source term correction should be done
in theRFSP andTRIAINAcode, in principle.However, in this
research, the main objective is to see the difference between
results using different boundary conditions. Thus, the source
term correction is not done.

3. CANDU Bundle Geometry

The reference data are taken from the physics design manual
[5]. The fuel rod geometry including the pellet, gap, and
cladding is simplified to one fissionable region. The fuel rod
cross sections are distinguished by the distance from the
centre of the lattice.Thus there are a total of 9 identical regions
including fuel array 1, fuel array 2, fuel array 3, fuel array
4, coolant, a pressure tube, a gap, a calandria tube, and a
moderator.

TheGMSHutility is used for bothmodelling andmeshing
for all cases. For themodelling of the creep case, the boundary
between the coolant and pressure tube is determined by two
ellipses. In the case of 5.0% creep, one ellipse has a major axis
of 105% and a minor axis of 102.5% relative to the pressure
tube inner radius.The other ellipse has a major axis of 102.5%
and a minor axis of 100% relative to the pressure tube inner
radius as depicted in Figure 2 [3]. In addition, the area with

Table 1: Average pitch of triangle elements.

Normal 2.5% creep 5.0% creep
Linear Ftn.
PBC 0.173 cm 0.172 cm 0.173 cm
RBC 0.173 cm 0.172 cm 0.173 cm

Quadratic Ftn.
PBC 0.346 cm 0.344 cm 0.345 cm
RBC 0.347 cm 0.343 cm 0.344 cm

Periodic BC
Reflective BC

Figure 1: Comparison of the PBC and RBC. Implementation of
the periodic boundary condition: (i) difference of periodic BC and
reflective BC and (ii) physical interpretation. (a) Because the same
structure is repeated for the periodic BC, the flux values of the same
position on the every line on the periodic BC are the same. (b)
Because the GMSH gives the same coordinates for the nodes on the
periodic boundary condition, the implementation of the periodic
BC is much easier.

a grey color indicates the increased coolant region because
of creep. Figure 2 shows 5% creep case, 2.5% creep case,
and normal case from the left. For the case of a linear basis
function, about 5,400 nodes and 10,000 triangle elements are
used. For the case of a quadratic basis function, about 5,400
nodes and 2,600 elements are used. And the enlargement
of the geometry modelling on creep area is also shown in
Figure 3. Because of the large volume of the moderator, the
creep area in real scale is not easy to verify the creep area
clearly. The number of creeps in percent means that the
increased size for 𝑦-direction is the relative ratio about radius
of the inner radius of the pressure tube.

The mesh generation for the different basis functions is
done by conserving the number of unknowns. Because the
linear mapping cannot preserve the area of the fuel region,
the result using a quadratic basis function with full mapping
is more reliable although the average pitch of the linear basis
function case is half that of the quadratic basis function, as
shown in Table 1.

4. Fundamentals of the Implementation of
the PBC

The mathematical explanation of the PBC is the same flux
condition for the corresponding lines of the BC. In the case
of the 𝑦-directional PBC as the pressure tube creep problem,
the coordinate of the 𝑥-axis of nodes on the corresponding
lines is the same if the GMSH utility is used. Thus, the flux of
corresponding nodes should be the same.This is quite similar
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Figure 2: Geometry modelling.

Figure 3: Enlargement of the geometry modeling.

with the mathematical interpretation of the rotational BC. By
assigning the same indices to the corresponding two nodes
which have the same coordinate, the PBC can be reflected. In
this research, a general situation including different values of
the coordinate of the 𝑥-axis is not considered thanks to the
GMSH utility.

5. Numerical Results

The multiplication factors in pcm for both P1 and SP3 are
listed inTables 2 and 3. It is verified that the results of RBCand
PBC are the same for all cases. In the results of multiplication
factors, the difference from the different boundaries cannot
be distinguished at all in the pcm level.

In Tables 2 and 3, the quadratic basis function and
mapping effects are well revealed for every case. As the creep
value increases, it is observed that the multiplication factor
decreases linearly, and the amount of increment is about
110 pcm. It can be also expected and verified that the transport
effect in the CANDU bundle problem is very large. We can
confirm that the difference between the results of P1 and SP3
is 1,000 pcm for every case for the multiplication factor.Thus,
it is expected that the difference between solutions of the dif-
fusion equation and Boltzmann transport equation is much

Table 2: Multiplication factors of the TRIAINA-P1 code.

Normal 2.5% creep 5.0% creep
Linear Ftn.
Periodic BC 1.12206 1.12098 1.11992
Reflective BC 1.12206 1.12098 1.11992

Quadratic Ftn.
Periodic BC 1.11891 1.11782 1.11677
Reflective BC 1.11891 1.11782 1.11677

Table 3: Multiplication factors of the TRIAINA-P3 code.

Normal 2.5% Creep 5.0% Creep
Linear Ftn.
Periodic BC 1.11227 1.11114 1.11005
Reflective BC 1.11227 1.11114 1.11005

Quadratic Ftn.
Periodic BC 1.10894 1.10781 1.10673
Reflective BC 1.10894 1.10781 1.10673

larger than 1000 pcm. Also, the large transport effect can be
a rationale for the use of the transport code in the lattice
calculation.TheMcCARDcode solution of themultiplication
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Figure 4: Relative pin power errors with different BCs of the TRIAINA-P1 code.
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Figure 5: Relative pin power errors with different BCs of the TRIAINA-SP3 code.

factor for the normal case is 1.10377 with twomillion particles
and 1,000 cycles including 200 inactive cycles.

To see the difference between different two boundary
conditions, the pin power result should be investigated. In
Figures 4 and 5, the relative power errors for 19 pins to the
reference power using RBC are plotted and it can be verified
that all the relative errors lie on the interval between −0.02%
and 0.01%. Because the size of the errors is extremely small, it
can be said that the result using the PBC is almost the same

as the result using the RBC. Because the verification of the
TRIAINA code is done for the reflective boundary, it can be
said that there is no problem to use the RBC instead of the
PBC for the pressure tube creep problem.

As shown in Figures 4 and 5, the relative pin power errors
for different boundary conditions are nearly negligible for
all cases as was the case for the multiplication factors. By
considering that the reference pin power is close to the 1, the
magnitude of the pin power error is order of 10−4. Also, it
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Figure 6: Relative errors of pin power with creep of the TRIAINA-P1 code.

is revealed that the relative pin power is independent of the
order of basis function, the degree of creep, and the target
governing equation. This fact can be used also for the 3-
dimensional calculation of the pressure tube creep problem.
And it is not necessary to use the transport code such as
MCNP which allows the usage of the PBC for the reference
calculation for the pressure tube problem.

In Figures 6 and 7, the left figure is the result of linear basis
function and the right figure is the result of quadratic basis
function. Every result indicates that the pin powers in upper
quarter circle are decreasing when the creep occurred while
the pin powers in the remained quarter circle are increasing.
Note that the pin index starts from the inner ring to most
outer ring and increases with clockwise direction. Thus the
pin powers which have indices of 2, 5, 6, 7, 11, 12, 13, and 14 are
decreased with the degree of creep.

The linearity of the multiplication factor is showed again
for the relative errors of pin powers for every result in Figures
6 and 7. It is expected that relative error of pin power for 7.5%
creep case will be three times larger than that for 2.5% creep
case. But case with degree of creep more than 5% is not dealt
with in this research because it does not appear in the real
station in the permitted operation period [1].

6. Conclusions

In this research, it is shown that the difference between used
different boundary conditions is negligible for the pressure
tube creep problem by investigating multiplication factors
and relative errors of pin power by using the TRIAINA code
and the McCARD code.The differences of the multiplication
factors are zero in pcm level and the relative errors of pin
power are nearly negligible for all cases.Thanks to the GMSH
utility, realization and implementation of PBC were possible.

This fact enables the usage of the McCARD code for the
reference result generation even for the three-dimensional
space. This work is a start for exact evaluation of effects
of the three-dimensional pressure tube aging including the
creep and the sagging and integrated core. Although it is
revealed that the reflective boundary can be used for the
pressure tube problem, it seems that the exact derivation
for the periodic boundary for the three-dimensional space
is needed for the general usage for the SHAFE code for the
future. Also, for the investigation of the effects of pressure
tube aging and integrated core, the general CAD modelling
is required. Particulalry for the integrated core effect, the
parallelization of the SHAFE code is the work of first priority.
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Figure 7: Relative errors of pin power with creep of the TRIAINA-SP3 code.
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The current neutronics designmethodology of CANDU-PHWRs based on the two-step calculations requires determining not only
homogenized two-group constants for ordinary fuel bundle lattice cells by the WIMS-AECL lattice cell code but also incremental
two-group constants arising from the penetration of control devices into the fuel bundle cells by a supercell analysis code like
MULTICELL or DRAGON. As an alternative way to generate the two-group constants necessary for the CANDU-PHWR core
analysis, this paper proposes utilizing a B

1
theory augmented Monte Carlo (MC) few-group constant generation method (B

1
MC

method) which has been devised for the PWR fuel assembly analysis method. To examine the applicability of the B
1
MC method

for the CANDU 6 core analysis, the fuel bundle cell and supercell calculations are performed using it to obtain the two-group
constants. By showing that the two-group constants from the B

1
MC method agree well with those from WIMS-AECL and that

core neutronics calculations for hypothetical CANDU 6 cores by a deterministic diffusion theory code SCAN with B
1
MCmethod

generated two-group constants also agree well with whole coreMC analyses, it is concluded that the B
1
MCmethod is well qualified

for both fuel bundle cell and supercell analyses.

1. Introduction

A B
1
theory augmented Monte Carlo (MC) homogenized

few-group constant generationmethod [1, 2] (B
1
MCmethod

hereafter) has been proposed as an alternative way to generate
homogenized few-group constants of nuclear fuel systems
like fuel pins or fuel assemblies or bundles by deterministic
fuel assembly spectrum codes like CASMO [3], HELIOS [4],
WIMS-AECL [5], and so forth. The applicability of the B

1

MC method to PWR core analyses has been demonstrated
by showing that few-group constants from the method
implemented in a Seoul National University (SNU)MC code,
McCARD [6] lead to nodal core neutronics calculations
in a good agreement with whole PWR core reference MC
calculations [2]. The purpose of this paper is to demonstrate
that the B

1
MC method is also applicable to the neutronics

analysis of CANDU-PHWRs by showing that homogenized
two-group constants of fuel bundles of CANDU 6 from it can
result in core neutronics calculations that agree very well with
a reference CANDU 6 whole core analysis.

As described in detail in [2], the B
1
MCmethod generates

the homogenized few-group constants of fuel assemblies or
fuel bundles in much the same way as its deterministic
counterparts [3–5]. Like the latter, the former consists of
conducting the infinite medium spectrum (IMS) calcula-
tions to determine IMS-weighted homogenized multigroup
reaction cross sections of fuel assemblies or fuel bundles,
solving multi-group B

1
equations to determine the critical

spectrum (CS) and the critical buckling, and group condens-
ing to obtain the few-group constants including few-group
diffusion constants. Unlike the latter, however, the former
utilizes continuous energy cross section data available in the
evaluated nuclear data libraries and models the geometry of
fuel assemblies or bundles exactly as they are instead of using
built-in multi-group cross section libraries and approximate
modelling of the complex geometry of the fuel assemblies
or bundles. Because of these characteristics of treating the
nuclear cross section and geometrical data input exactly, the
B
1
MC method may perform inherently more exact IMS

calculations, which in turnmakes subsequent CS calculations
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conducted onmore precisemulti-groupB
1
equations, than its

deterministic counterparts.
The current neutronics design methodology of CANDU-

PHWRs is based on the two-step neutronics calculation
method represented by lattice cell spectrum codes WIMS-
AECL [5] and DRAGON [7] and the two-group diffusion
theory core analysis code RFSP [8]. The homogenized two-
group constants are obtained by performing the two types
of lattice cell computations: the standard unit lattice cell
and the supercell calculations. The former is designed to
obtain the homogenized two-group constants of a unit lattice
cell comprising a fuel bundle, coolant, pressure tube, and
associated moderator as a function of reactor state variables,
such as temperatures of fuel, moderator, and coolant and fuel
depletion, and is done by theWIMS-AECL code.The latter is
designed to obtain the incremental cross sections of various
control devices such as liquid zone controllers (LZCs),
adjuster rods (ADJs), and mechanical control absorbers. The
supercell means the standard cell penetrated horizontally or
vertically by various control devices. The supercell compu-
tations used to be performed by the MULTICELL code [9].
They are currently done by a 3-dimensional collision proba-
bility transport theory code, DRAGON, which is developed
to tackle the strong heterogeneity posed by the supercell
configurationmore satisfactorily than theMULTICELL code.

Asmentioned previously, the B
1
MCmethod is inherently

advantageous in handling the geometrical heterogeneity and
evaluated cross section data without approximation. There-
fore, it can serve as an alternative to the two-group constant
generation codes for CANDU-PHWR neutronics design,
WIMS-AECL and DRAGON. To warrant this qualification,
this paper will show how well the two-group constants
generated fromMcCARD [6] by the B

1
MCmethod compare

with those from WIMS-AECL. Needless to mention, the
comparison of the two-group constants from the B

1
MC and

deterministic methods alone is not sufficient to guarantee
the qualification of the B

1
MC method or its applicability to

neutronics design computations for CANDU-PHWRs. It is
prerequisite to show how well the two-group constants from
it can predict core neutronics design parameters including
the effectivemultiplication factor 𝑘eff and normalized channel
power distribution of CANDU-PHWRs. In order to do so,
this paper will perform McCARD whole core transport
calculations for three states of a reference CANDU 6 core
with all control devices out, a uniform level of LZCs at 50%fill
and all ADJs in. The McCARD whole core analyses for 𝑘eff’s
and normalized channel power distributions of the three core
states will be compared with the corresponding deterministic
neutronics analysis by a SNU diffusion theory code SCAN
[10] using the B

1
MCmethod-generated two-group constants

as inputs. The qualification of the B
1
MC method as the

two-group constant generator for two-step neutronics design
of CANDU-PHWRs is then demonstrated by showing that
deterministic SCAN and the reference McCARD analyses
agree well with one another.

Followed by this introduction, the B
1
MC method for

both the standard unit lattice cell and the supercell is briefly
described in Section 2 to make this paper self-contained. In
Section 3, the three hypothetical CANDU 6 core analysis

problems are specified against which the qualification of the
B
1
MC method as an alternative to the current CANDU-

PHWR fuel lattice spectrum codes is examined. The B
1
MC

method calculations and WIMS-AECL calculations for the
two-group constants of the CANDU 6 lattice cells as well
as the CANDU 6 core analyses by SCAN and McCARD are
compared in Section 4.

2. The B
1

Monte Carlo Method

A detailed description of the B
1
MC method is available in

[1, 2]. In order to make this paper self-contained, it is briefly
described here. The essential step of the B

1
MC method

involves infinite medium spectrum (IMS) calculations for
angular flux 𝜙(r, 𝐸,Ω) by the MC neutron transport calcu-
lations, which are performed to determine fine-group cross
sections of a nuclear fuel system like a fuel assembly or a fuel
bundle defined as

Σ
𝑥,𝑔
=

∫
𝑉
∫
Δ𝐸
𝑔

∫
4𝜋
Σ
𝑥
(r, 𝐸) 𝜙 (r, 𝐸,Ω) 𝑑Ω 𝑑𝐸𝑑r

∫
𝑉
∫
Δ𝐸
𝑔

∫
4𝜋
𝜙 (r, 𝐸,Ω) 𝑑Ω 𝑑𝐸𝑑r

, (1)

Σ
𝑛

𝑠,𝑔

𝑔

=

∫
𝑉
∫
Δ𝐸
𝑔

∫
Δ𝐸
𝑔


∫
4𝜋
Σ
𝑛

𝑠
(r, 𝐸 → 𝐸) 𝜙 (r, 𝐸,Ω) 𝑑Ω𝑑𝐸𝑑𝐸𝑑r

∫
𝑉
∫
Δ𝐸
𝑔

∫
4𝜋
𝜙 (r, 𝐸,Ω) 𝑑Ω 𝑑𝐸𝑑r

.

(2)

Σ
𝑥,𝑔

(𝑥 = scattering, absorption, fission) is the 𝑥-type IMS-
weighted 𝑔-group reaction cross section of the nuclear
system. Σ𝑛

𝑠,𝑔

𝑔
(𝑛 = 0, 1) is the IMS-weighted 𝑛th coefficient

of Legendre expansion of group transfer scattering cross
section. It must be noted that (2) for Σ1

𝑠,𝑔

𝑔
derives from an

approximation that the energy dependence of the 𝑃
1
com-

ponent of Legendre expansion of 𝜙(r, 𝐸,Ω) is proportional
to 𝑃
0
component [1, 2]. Once the IMS-weighted fine-group

cross sections in (1) and (2) are obtained through the MC
calculations, they are used to specify B

1
equations:

Σ
𝑡,𝑔
𝜙
𝑔
± 𝑖𝐵𝐽
𝑔
= ∑

𝑔


Σ
0

𝑠,𝑔𝑔
𝜙𝑔 + 𝜒𝑔,

±𝑖𝐵𝜙
𝑔
+ 3𝛼
𝑔
(𝐵) Σ
𝑡,𝑔
𝐽
𝑔
= 3∑

𝑔


Σ
1

𝑠,𝑔𝑔
𝐽𝑔 .

(3)

Like its deterministic counterparts, the B
1
MC method

makes use of the solution to the B
1
equations above, namely,

the critical spectrum 𝜙𝐵
𝑔
, the critical current spectrum 𝐽𝐵

𝑔
, and

the critical buckling 𝐵2
𝑐
, to determine the CS-weighted few-

group cross sections Σ
𝑥,𝐺

by

Σ
𝑥,𝐺
=

∑
𝑔∈𝐺
Σ
𝑥,𝑔
𝜙
𝑔

∑
𝑔∈𝐺
𝜙
𝑔

(4)
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Figure 1: Overview of the CANDU 6 core.

and the few-group diffusion constants𝐷
𝐺
by

𝐷
𝐺
=

±∑
𝑔∈𝐺
𝑖𝐽
𝐵

𝑔

∑
𝑔∈𝐺
𝐵
𝑐
𝜙𝐵
𝑔

. (5)

The B
1
MC method has been implemented into the few-

group generation module of the SNU MC code McCARD
[6]. The qualification of the method as a two-group constant
generator for the standard unit lattice cell and the supercell
will be examined in terms of the CANDU 6 core analysis
problems described below.

3. Hypothetical CANDU 6 Core
Analysis Problems

The hypothetical CANDU 6 reactor has the same geometry
and components as the typical CANDU 6 reactor. As shown
in Figure 1, it is composed of the reactor core, the D

2
O

reflector, and the stainless steel Calandria reactor vessel. The
Calandria is a horizontal cylindrical vessel which envelopes
380 fuel channels comprising the core and contains heavy
water moderator and reflector. Eighty out of the 380 fuel
channels are depleted ones while the rest are fresh ones. Each
fuel channel consists of 12 fuel bundles aligned horizontally
inside the pressure tube. Depleted fuel channels contain 2
depleted fuel bundles each, which are positioned at the 3rd
and the 4th sites of the 12 fuel bundle sites in the order from
the front or end of the fuel channel while all the fresh fuel
channels comprise the fresh fuel bundles. The depleted fuel
channels are arranged bidirectionally in the center region of
the core so that none of two adjacent depleted fuel channels
are aligned in the same direction. All the fresh fuel channels
are put outside the center region of depleted fuel channels.
The core has 4400 fresh fuel bundles and 160 depleted fuel
bundles loaded into 380 fuel channels. Figure 2 shows a cross

Table 1: Comparison of two-group constants generated by
McCARD andWIMS-AECL for the natural uranium fuel bundle.

Two-group1
constants McCARD WIMS-AECL Rel. Diff.2 (%)

Σ
𝑎1

1.64 × 10−3 1.66 × 10−3 0.72
Σ
𝑎2

3.48 × 10−3 3.56 × 10−3 2.16
VΣ
𝑓1 8.88 × 10−4 8.95 × 10−4 1.20

VΣ
𝑓2 4.30 × 10−3 4.38 × 10−3 1.84
Σ
𝑠12

8.62 × 10−3 8.88 × 10−3 1.66
Σ
𝑠21

6.60 × 10−5 6.09 × 10−5 −7.73
𝐷
1

1.37 1.36 −0.81
𝐷
2

0.87 0.87 −0.65
1Group 1 (>0.625 × 10−06MeV), group 2 (<0.625 × 10−06MeV).
2Rel. Diff: relative difference between McCARD and WIMS-AECL.

Table 2: Comparison of two-group constants generated by
McCARD andWIMS-AECL for the depleted uranium fuel bundle.

Two-group1
constants McCARD WIMS-AECL Rel. Diff.2 (%)

Σ
𝑎1

1.60 × 10−3 1.56 × 10−3 −2.07
Σ
𝑎2

3.14 × 10−3 3.13 × 10−3 −0.41
VΣ
𝑓1 7.97 × 10−4 7.93 × 10−4 −0.50

VΣ
𝑓2 3.36 × 10−3 3.32 × 10−3 −1.21
Σ
𝑠12

8.85 × 10−3 8.83 × 10−3 −0.19
Σ
𝑠21

5.46 × 10−5 5.66 × 10−5 3.66
𝐷
1

1.37 1.36 −0.81
𝐷
2

0.87 0.87 −0.65
1Group 1 (>0.625 × 10−06 MeV), group 2 (<0.625 × 10−06 MeV).
2Rel. Diff: relative difference between McCARD and WIMS-AECL.

sectional view of the core indicating the positions of the
depleted fuel channels.

In order to validate the effectiveness of the B
1
MCmethod

for the incremental two-group constant generation, three
different states of the hypothetical CANDUsuch as (i) all-the-
control-devices-free core, (ii) a core with all the LZCs filled
with 50% water, and (iii) a core with all the ADJs positioned
inside the designed locations in the core. Figure 3 shows
locations of 14 LZCs which are lumped into 3 types: type 1
representing 6 LZCs in regions 1, 4, 6, 8, 11, and 13, type 2 6
LZCs in 2, 5, 7, 9, 12, and 14, and type 3 the remaining 2 LZCs
in regions 3 and 10. In the LZC core model, the water level of
each LZC is set to 50%. Figure 4 shows the core configuration
in which all the six types of ADJs are inserted.

The hypothetical cores are presumed to be at hot full
power condition with fresh fuels, no xenon and no poisoning
material in moderator. Regional temperatures are set to
960.2 K at fuel, 561.2 K at coolant and cladding, and 342.2 K
at moderator and structure material. These problems call
for determining the 𝑘eff and the normalized channel power
distribution.



4 Science and Technology of Nuclear Installations

Eighty of depleted fuel channels

Three hundred
fresh fuel channels

Figure 2: Position of the depleted fuel channels.
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Figure 4: Front view of the CANDU 6 core showing ADJs.

Table 3: Incremental cross sections of liquid zone controllers.

Device-free Device type
Air-1 H2O-1 Air-2 H2O-2 Air-3 H2O-3

Σtr 1 2.4 × 10−01 ΔΣtr 1 −1.2 × 10−02 1.5 × 10−02 −1.4 × 10−02 1.7 × 10−02 −9.0 × 10−03 1.2 × 10−02

Σtr 2 3.8 × 10−01 ΔΣtr 2 −1.6 × 10−02 1.2 × 10−01 −2.5 × 10−02 1.4 × 10−01 −7.1 × 10−03 1.1 × 10−01

Σ
𝑎1

1.6 × 10−03 ΔΣ
𝑎1

−6.1 × 10−06 7.3 × 10−05 −1.5 × 10−05 8.3 × 10−05 2.7 × 10−06 6.3 × 10−05

Σ
𝑎2

3.5 × 10−03 ΔΣ
𝑎2

1.7 × 10−04 1.0 × 10−03 9.2 × 10−05 1.1 × 10−03 2.5 × 10−04 9.0 × 10−04

VΣ
𝑓1

8.9 × 10−04 ΔVΣ
𝑓1
−2.1 × 10−05 7.5 × 10−05 −3.4 × 10−05 8.8 × 10−05 −1.0 × 10−05 6.3 × 10−05

VΣ
𝑓2

4.3 × 10−03 ΔVΣ
𝑓2

2.9 × 10−05 −1.4 × 10−05 3.0 × 10−05 −1.1 × 10−05 2.6 × 10−05 −1.4 × 10−05

Σ
𝑠12

8.6 × 10−03 ΔΣ
𝑠12

−2.9 × 10−04 2.0 × 10−03 −5.6 × 10−04 2.3 × 10−03 −4.5 × 10−05 1.7 × 10−03

Σ
𝑠21

6.6 × 10−05 ΔΣ
𝑠21

4.2 × 10−07 −3.5 × 10−06 1.5 × 10−06 −4.4 × 10−06 −3.9 × 10−07 −2.8 × 10−06

Table 4: Incremental cross sections of adjuster rods.

Device-free Device type
A-inner A-outer B C-inner C-outer D

Σtr 1 2.4 × 10−01 ΔΣtr 1 9.0 × 10−04 8.0 × 10−04 1.7 × 10−03 1.6 × 10−03 6.2 × 10−04 6.7 × 10−04

Σtr 2 3.8 × 10−01 ΔΣtr 2 7.3 × 10−04 6.6 × 10−04 1.2 × 10−03 1.2 × 10−03 5.0 × 10−04 5.6 × 10−04

Σ
𝑎1

1.6 × 10−03 ΔΣ
𝑎1

2.7 × 10−05 2.5 × 10−05 4.7 × 10−05 4.7 × 10−05 1.9 × 10−05 2.0 × 10−05

Σ
𝑎2

3.5 × 10−03 ΔΣ
𝑎2

5.1 × 10−04 4.6 × 10−04 8.1 × 10−04 7.9 × 10−04 3.7 × 10−04 4.0 × 10−04

VΣ
𝑓1

8.9 × 10−04 ΔVΣ
𝑓1
−6.5 × 10−06 −5.6 × 10−06 −1.0 × 10−05 −1.0 × 10−05 −4.6 × 10−06 −4.8 × 10−06

VΣ
𝑓2

4.3 × 10−03 ΔVΣ
𝑓2

3.5 × 10−05 3.1 × 10−05 5.6 × 10−05 5.5 × 10−05 2.7 × 10−05 2.6 × 10−05

Σ
𝑠12

8.6 × 10−03 ΔΣ
𝑠12

1.4 × 10−04 1.3 × 10−04 2.1 × 10−04 2.1 × 10−04 1.0 × 10−04 1.1 × 10−04

Σ
𝑠21

6.6 × 10−05 ΔΣ
𝑠21

4.6 × 10−06 4.2 × 10−06 7.5 × 10−06 7.3 × 10−06 3.3 × 10−06 3.4 × 10−06
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Table 5: Comparison of 𝑘eff’s for the three core problems.

Core state Ref.1 keff
McCARD/SCAN (IMS-weighted FGC2) McCARD/SCAN (CS-weighted FGC)
𝑘eff Difference3 (pcm) 𝑘eff Difference3 (pcm)

No control devices 1.08709 ± 0.00001 1.08813 104 1.08655 −54
LZCs with 50% fill 1.08282 ± 0.00001 1.08381 99 1.08220 −62
All ADJs in 1.06977 ± 0.00001 1.07094 117 1.06934 −43
1Continuous energy McCARD whole core transport calculation.
2Few-group constant.
3McCARD/SCAN 𝑘eff − Ref. 𝑘eff.

4. Numerical Results and Discussions

The two-step deterministic solutions to the hypothetical
CANDU6 core analysis problems require specifying the two-
group constants for every 3-dimensional node. The required
two-group constants are produced through the standard
unit lattice cell and the supercell calculations by the few-
group generation module of the McCARD code based on
the B
1
MC method. Figure 5 shows the standard CANDU

6 lattice cell which comprises a 37-element fuel bundle,
pressurized heavy-water coolant in a pressure tube, and the
associated unpressurized heavy water moderator. Two sets
of two-group constants are produced from the standard unit
cell calculations with one set with the natural uranium fuel
bundle and another with the depleted bundle. Table 1 shows
a comparison of the two-group constants from theMcCARD
calculations and those from the WIMS-AECL Release 2–
5d calculations for the natural uranium fuel bundle unit
cell. Note that the B

1
MC and deterministic WIMS-AECL

calculations produce very similar two-group constants in
magnitude.The thermal and fast diffusion constants from the
twomethods are very close to each other with much less than
1% relative differences.The two-group reaction cross sections
from the two methods are also very similar with about 1∼2%
relative differences. The largest difference between the two is
observed in the thermal absorption cross section Σ

𝑎2
with

the relative difference of about 2.2%. Table 2 shows similar
comparison of the two-group constants from the B

1
MC

andWIMS-AECL calculations for the depleted uranium fuel
bundle cell.

To complete the specification of the two-group constants
for all nodes of the CANDU 6 core problems, it is necessary
to estimate the incremental cross sections representing the
effects of the presence of the reactivity devices as well as
their guide tubes inside the fuel bundle unit cell on the two-
group constants.TheB

1
MCmethod can estimate them in the

same way as the standard unit lattice cell through so-called
the supercell model. Figure 6 shows a supercell geometry
model adopted in this study for estimating the incremental
cross sections arising from the penetration of LZCs or ADJs
into the fuel bundle lattice cell. As noted in Figure 6, the
dimension of the supercell is 1 lattice pitch × 1 lattice pitch
× 1 bundle length, which represents the normal supercell
size. The incremental cross sections are computed by the
difference of two-group constants of the supercell with and
without the guide tube and its control device. Tables 3 and

4 show the B
1
MC method estimates for the incremental

cross sections of LZCs and ADJs. The second columns in
Tables 3 and 4 list the base two-group constants, Σbase

𝑥
, of the

fuel bundle cell without any control devices or guide tubes,
for example, LZC and its guide tube in Table 3. The air-n
(𝑛 = 1, 2, 3) columns in Table 3 list the incremental two-
group constants of type 𝑛 LZCs with their zone control units
filled with air, ΔΣair

𝑥
. The H

2
O-n (𝑛 = 1, 2, 3) columns list the

incremental two-group constants of type 𝑛 LZCs with their
zone control units filled with H

2
O.

As shown above, the B
1
MCmethod can generate the CS-

weighted two-group constants of the ordinary fuel bundle
cells free from control devices and the incremental two-group
constants of the supercell. In addition, the IMS-weighted two-
group constants are generated to investigate the effect of the
critical spectrum on the two-group constants. To validate
their qualification for the CANDU-PHWRneutronics design
calculations, they are used for the core neutronics analysis of
the CANDU 6 core problems by the finite difference method
option of the SCAN code [10]. The SCAN calculations are
conducted in the 84 × 68 × 40 fine mesh model with
reflector cross sections given with RFSP-IST version REL 3-
04 and zero flux conditions at extrapolated boundaries in
the axial and radial directions. Table 5 shows comparisons
of 𝑘eff’s of the three different core states of the hypothetical
CANDU 6 core calculated by SCAN with reference solutions
obtained by the continuous energy McCARD whole core
calculations with 1200 cycles including 200 inactive cycles
with 1,000,000 histories per cycle. One can see that 𝑘eff
from the SCAN calculations with the CS-weighted two-step
constants agrees very well with the referenceMcCARDwhole
core predictions. In this conjunction, it is noted that the
differences in 𝑘eff’s between SCANwith theCS-weighted two-
group constants and the reference McCARD are −54 pcm
for the no-control-device core, −62 pcm for the LZC-50% fill
core, and −43 pcm for the all-ADJ-in core while those from
SCAN with the IMS-weighted two-group constants 104 pcm,
99 pcm, and 117 pcm, respectively. Tables 6, 7, and 8 show
comparisons of the channel power distributions obtained by
folding the full core results in the 1/4 core model for the
three different core states with no control devices, LZCs at
50% fill, and all ADJs in, respectively. From these figures,
one can again see that the channel power distributions from
McCARD/SCAN two-step calculations agree very well with
those from the referenceMcCARDcalculations. Note that the
rootmean square (RMS) errors of the SCANpredictions with
the CS-weighted two-group cross sections to the reference
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Table 6: Comparison of normalized channel power distribution for the control-device-free core.

1.370 1.370 1.350 1.370 1.330 1.310 1.220 1.100 0.944 0.754 0.554
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
−0.11 −0.14 −0.07 −0.14 −0.18 −0.11 −0.14 −0.09 −0.28 −0.40 0.11
0.18 0.14 0.17 −0.27 −0.13 0.42 0.35 −0.02 −0.34 −0.49 0.13
1.370 1.360 1.350 1.360 1.320 1.280 1.190 1.070 0.918 0.729 0.530
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
−0.19 −0.17 −0.12 −0.18 −0.17 −0.08 −0.16 0.00 −0.18 −0.26 0.24
0.09 0.09 0.11 −0.25 −0.27 0.28 0.37 −0.12 −0.36 −0.43 0.20
1.350 1.350 1.330 1.340 1.340 1.240 1.140 1.020 0.867 0.682 0.496
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.05
−0.22 −0.14 −0.17 −0.14 −0.06 −0.06 −0.16 −0.14 −0.16 0.12 0.85
0.02 0.09 0.03 −0.33 −0.29 0.20 0.28 −0.26 −0.43 −0.09 0.83
1.330 1.330 1.310 1.310 1.290 1.180 1.060 0.950 0.795 0.625
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
−0.20 −0.18 −0.17 −0.21 −0.02 0.05 −0.03 0.02 0.04 0.73
0.00 0.01 −0.03 −0.36 −0.32 0.23 0.32 −0.32 −0.21 0.56
1.310 1.300 1.330 1.310 1.230 1.100 0.980 0.861 0.707 0.548
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
−0.20 −0.15 −0.07 −0.04 0.02 −0.02 −0.04 0.12 0.44 1.34
−0.07 −0.05 −0.05 −0.24 −0.36 0.16 0.28 −0.39 0.06 1.18
1.310 1.300 1.270 1.230 1.140 1.010 0.884 0.756 0.612
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
0.02 0.02 −0.02 −0.09 −0.06 −0.03 0.02 0.14 0.93
0.00 −0.01 −0.08 −0.31 −0.28 0.20 0.27 −0.21 0.72
1.220 1.210 1.170 1.120 1.030 0.903 0.771 0.637 0.499
0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.05
−0.14 −0.23 −0.19 −0.19 −0.14 −0.16 −0.13 0.41 1.39
−0.23 −0.32 −0.30 −0.43 −0.40 0.03 0.22 0.21 1.24
1.100 1.070 1.030 0.977 0.887 0.769 0.640 0.520
0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.05
−0.14 −0.09 −0.13 −0.11 −0.13 −0.04 0.32 0.78
−0.26 −0.22 −0.26 −0.34 −0.33 −0.05 0.37 0.86
0.929 0.908 0.865 0.806 0.719 0.610 0.504
0.03 0.03 0.03 0.04 0.04 0.04 0.05
−0.13 −0.14 −0.12 0.01 −0.04 0.32 1.00
−0.26 −0.27 −0.25 −0.16 −0.20 0.23 0.96
0.736 0.715 0.674 0.627 0.544 0.449
0.04 0.04 0.04 0.04 0.04 0.05
0.03 0.04 0.33 0.67 0.57 1.10
−0.08 −0.07 0.25 0.71 0.72 1.00
0.539 0.517 0.487 𝑃Ref

0.04 0.05 0.05 Rel. S.D. (%)
1.24 1.23 2.22 Diff.INF.

∗

1.26 1.26 2.33 Diff.CRI
∗∗

𝑃Ref = McCARD power, Rel. S.D. (%) = relative standard deviation of 𝑃Ref.
𝑃INF = McCARD/SCAN power by infinite medium spectrum.
𝑃CRI = McCARD/SCAN power by critical spectrum.
∗Diff.INF (%) = (𝑃INF − 𝑃Ref)/𝑃Ref × 100, and

∗∗Diff.CRI (%) = (𝑃CRI − 𝑃Ref)/𝑃Ref × 100.
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Table 7: Comparison of normalized channel power distribution for the core with LZCs at 50% fill.

1.367 1.391 1.392 1.369 1.33 1.309 1.22 1.102 0.944 0.754 0.554
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
−0.34 −0.14 −0.06 0.12 0.12 0.27 0.12 0.17 0.07 0.04 0.53
−0.08 0.06 0.12 0.27 0.21 0.26 0.04 0.04 −0.07 −0.09 0.53
1.371 1.387 1.384 1.36 1.317 1.283 1.188 1.074 0.917 0.73 0.531
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
−0.23 −0.02 0.04 0.05 0.05 0.14 −0.01 0.08 0.07 −0.03 0.50
0.02 0.17 0.21 0.19 0.12 0.16 −0.05 −0.06 −0.08 −0.15 0.51
1.371 1.378 1.368 1.342 1.334 1.241 1.136 1.022 0.868 0.683 0.497
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.05
−0.03 0.00 0.05 0.03 0.10 0.01 −0.14 −0.03 −0.11 0.30 1.00
0.16 0.18 0.20 0.13 0.11 0.01 −0.18 −0.16 −0.24 0.21 1.09
1.351 1.355 1.344 1.311 1.291 1.18 1.063 0.949 0.796 0.626
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
0.15 0.08 0.07 0.01 0.07 −0.19 −0.24 −0.01 0.11 0.76
0.31 0.22 0.17 0.07 0.03 −0.17 −0.25 −0.14 −0.02 0.75
1.309 1.316 1.35 1.309 1.23 1.104 0.979 0.86 0.707 0.548
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
0.17 0.14 0.17 0.14 −0.03 −0.23 −0.38 −0.09 0.41 1.42
0.28 0.20 0.16 0.09 −0.11 −0.23 −0.39 −0.22 0.33 1.51
1.281 1.296 1.282 1.233 1.145 1.017 0.885 0.757 0.613
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
0.01 0.14 0.10 0.00 −0.16 −0.39 −0.47 −0.21 0.69
0.05 0.09 0.02 −0.11 −0.28 −0.44 −0.51 −0.31 0.69
1.176 1.194 1.176 1.121 1.032 0.906 0.773 0.638 0.500
0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.05
−0.24 −0.15 −0.14 −0.20 −0.43 −0.61 −0.67 −0.09 0.97
−0.22 −0.25 −0.26 −0.33 −0.56 −0.68 −0.72 −0.16 1.06
1.043 1.057 1.035 0.977 0.889 0.772 0.642 0.522
0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.05
−0.29 −0.19 −0.17 −0.14 −0.44 −0.74 −0.52 0.13
−0.30 −0.32 −0.32 −0.28 −0.58 −0.84 −0.56 0.21
0.888 0.893 0.865 0.807 0.721 0.612 0.506
0.03 0.03 0.03 0.04 0.04 0.04 0.05
−0.31 −0.19 −0.14 −0.16 −0.41 −0.61 −0.14
−0.35 −0.32 −0.28 −0.29 −0.52 −0.66 −0.05
0.715 0.707 0.676 0.629 0.545 0.45
0.04 0.04 0.04 0.04 0.04 0.05
−0.30 −0.09 0.24 0.43 0.32 0.16
−0.38 −0.20 0.16 0.41 0.34 0.28
0.529 0.514 0.489 𝑃Ref

0.04 0.05 0.05 Rel. S.D. (%)
0.84 1.06 2.07 Diff.INF

∗

0.89 1.09 2.18 Diff.CRI
∗∗

𝑃Ref = McCARD power, Rel. S.D. (%) = relative standard deviation of 𝑃Ref.
𝑃INF = McCARD/SCAN power by infinite medium spectrum.
𝑃CRI = McCARD/SCAN power by critical spectrum.
∗Diff.INF (%) = (𝑃INF − 𝑃Ref)/𝑃Ref × 100, and

∗∗Diff.CRI (%) = (𝑃CRI − 𝑃Ref)/𝑃Ref × 100.
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Table 8: Comparison of normalized channel power distribution for the core with all ADJs in.

0.916 0.916 0.940 0.988 1.060 1.180 1.220 1.200 1.080 0.896 0.670
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04
−2.55 −2.29 −2.01 −1.57 −1.20 −0.56 −0.17 0.26 0.36 0.42 1.02
−1.80 −1.60 −1.40 −1.09 −0.90 −0.48 −0.25 0.07 0.10 0.15 0.86
0.932 0.932 0.958 1.010 1.080 1.200 1.220 1.190 1.060 0.872 0.645
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04
−2.35 −2.15 −1.82 −1.39 −1.01 −0.51 −0.15 0.27 0.37 0.46 0.96
−1.64 −1.50 −1.25 −0.96 −0.76 −0.47 −0.26 0.07 0.11 0.20 0.81
0.965 0.966 0.993 1.040 1.160 1.230 1.230 1.170 1.030 0.826 0.606
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
−1.96 −1.86 −1.56 −1.10 −0.63 −0.33 −0.04 0.30 0.44 0.81 1.50
−1.34 −1.29 −1.07 −0.76 −0.51 −0.34 −0.17 0.08 0.18 0.57 1.43
1.020 1.010 1.040 1.100 1.200 1.240 1.210 1.120 0.960 0.765
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04
−1.58 −1.42 −1.19 −0.87 −0.37 −0.15 0.16 0.50 0.76 1.51
−1.07 −0.96 −0.82 −0.61 −0.32 −0.23 −0.02 0.27 0.51 1.35
1.080 1.080 1.140 1.190 1.220 1.220 1.160 1.040 0.870 0.678
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04
−1.14 −0.97 −0.55 −0.37 −0.13 −0.05 0.26 0.57 1.12 2.06
−0.80 −0.69 −0.39 −0.30 −0.18 −0.18 0.05 0.33 0.90 2.00
1.190 1.180 1.190 1.210 1.200 1.170 1.080 0.936 0.765
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04
−0.36 −0.20 −0.10 −0.05 0.03 0.13 0.29 0.73 1.45
−0.27 −0.16 −0.11 −0.11 −0.10 −0.05 0.07 0.49 1.31
1.240 1.220 1.210 1.190 1.150 1.070 0.956 0.798 0.627
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
0.03 0.11 0.15 0.06 0.07 0.21 0.32 0.95 1.93
−0.02 0.06 0.07 −0.06 −0.09 0.00 0.09 0.75 1.89
1.200 1.180 1.150 1.110 1.040 0.932 0.798 0.654
0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
0.57 0.53 0.54 0.48 0.31 0.47 0.82 1.40
0.42 0.36 0.36 0.28 0.10 0.25 0.63 1.34
1.080 1.060 1.020 0.954 0.865 0.750 0.629
0.03 0.03 0.03 0.03 0.03 0.04 0.04
0.73 0.70 0.70 0.71 0.51 0.78 1.31
0.53 0.49 0.49 0.50 0.30 0.60 1.26
0.892 0.867 0.821 0.762 0.665 0.553
0.03 0.03 0.04 0.04 0.04 0.04
0.90 0.94 1.36 1.54 1.39 1.61
0.69 0.74 1.18 1.42 1.31 1.61
0.667 0.641 0.602 𝑃Ref

0.04 0.04 0.04 Rel. S.D. (%)
2.14 2.15 3.23 Diff.INF

∗

2.06 2.08 3.25 Diff.CRI
∗∗

𝑃Ref = McCARD power, Rel. S.D. (%) = relative standard deviation of 𝑃Ref.
𝑃INF = McCARD/SCAN power by infinite medium spectrum.
𝑃CRI = McCARD/SCAN power by critical spectrum.
∗Diff.INF (%) = (𝑃INF − 𝑃Ref)/𝑃Ref × 100, and

∗∗Diff.CRI (%) = (𝑃CRI − 𝑃Ref)/𝑃Ref × 100.
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Figure 6: McCARD supercell model.

McCARD calculations are 0.39%, 0.83%, and 1.36% and
thosewith the IMS-weighted two-group cross sections 0.36%,
0.80%, and 1.46% for (i) the no-control-device core, (ii) the
LZC-50% fill core, and (iii) the all-ADJ-in core, respectively.
Note also that the maximum channel power errors of the
SCAN predictions to the reference McCARD calculations
are 2.33%, 2.18%, and 3.25% for the core (i), (ii), and (iii),
respectively.

5. Conclusion

Theabove results show that not only do the CS-weighted two-
group constants generated by the B

1
MC method compare

well with those by WIMS-AECL but also core neutronics
analysis for the hypothetical CANDU 6 core problems by
the SCAN calculation with the B

1
MC method generated

two-group constants agrees well with that by the whole
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core reference McCARD calculation. Therefore, it is safely
concluded that the B

1
MC method is well qualified as a

two-group constant generator for the standard unit lattice
cell and the supercell and therefore it can serve a valuable
alternative to its deterministic counterparts for the neutronics
analysis of CANDU 6 reactors. The striking advantage of
the B
1
MC method as a two-group constant generator for

the neutronics analysis of CANDU-PHWR is its inherent
capability to utilize the continuous-energy cross section
library data and tomodel the geometrical heterogeneity of the
fuel bundle cells—particularly those with control devices—
exactly as they are. In this study, theCANDU-PHWRanalysis
utilized for the qualification test of the B

1
MC method has

been confined to the hypothetic core problems. Further tests
for the qualification of the B

1
MC method will be made in

terms of realistic CANDU 6 reactor core problems.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported by the National Research Founda-
tion of Korea Grant funded by the Government of Republic
of Korea (Ministry of Science, ICT, and Future Planning) (no.
NRF-2012M2A8A4011779).

References

[1] H. J. Shim, J. Y. Cho, J. S. Song, and C. H. Kim, “Generation
of few group diffusion theory constants by Monte Carlo code,”
Transactions of the American Nuclear Society, vol. 99, pp. 343–
345, 2008.

[2] H. J. Park, H. J. Shim, H. G. Joo, and C. H. Kim, “Generation
of few-group diffusion theory constants by Monte Carlo code
McCARD,” Nuclear Science and Engineering, vol. 172, no. 1, pp.
66–77, 2012.

[3] M. Edenius and B. H. Forrsen, “CASMO-3 a fuel assembly
burnup program user’s manual,” Tech. Rep. Studsvik/NFA-89-
3, Rev. 2, Studsvik AB, 1992.

[4] R. J. J. Stammler,HELIOSMethods, Studsvik Scandpower, 2002.

[5] J. D. Irish and S. R. Douglas, “Validation of WIMS-IST,” in
Proceedings of the 23rd Annual Conference of Canadian Nuclear
Society, Toronto, Canada, June 2002.

[6] H. J. Shim, B. S. Han, S. J. Jong, H. J. Park, and C. H. Kim,
“McCARD: Monte Carlo code for advanced reactor design and
analysis,”Nuclear Engineering and Technology, vol. 44, no. 2, pp.
161–176, 2012.

[7] G.Marleau, A.Hebert, andR. Roy, “A user’s guide forDRAGON
version DRAGON 980911 release 3.03,” Tech. Rep. IGE-174,
Revision 4, Ecole Polytechnique de Montreal, 1998.

[8] M. Ovanes, D. A. Jenkins, F. Ardeshiri et al., “Validation of
the RFSP-IST code against power-reactor measurements,” in
Proceedings of 22nd Annual Conference of Canadian Nuclear
Society, Toronto, Canada, June 2001.

[9] A. R. Dastur and D. Buss, “MULTICELL—a 3-D program for
the simulation of reactivity devices in CANDU reactors,” AECL
7544, Atomic Energy of Canada Limited, 1983.

[10] I. S. Hong, C. H. Kim, B. J. Min, and H. C. Suk, “Development
of CANDU-PHWR neutronics code SCAN,” in Proceedings of
the 7th International CANDU Fuel Conference, vol. 1, pp. 77–86,
Canadian Nuclear Society, Kingston, Canada, September 2001.



Research Article
Uncertainty Analysis of the Potential Hazard of
MCCI during Severe Accidents for the CANDU6 Plant

Sooyong Park, Kwang-Il Ahn, and YongMann Song

Korea Atomic Energy Research Institute, Daejeon 305-353, Republic of Korea

Correspondence should be addressed to Sooyong Park; sypark@kaeri.re.kr

Received 18 September 2014; Accepted 8 February 2015

Academic Editor: Arkady Serikov

Copyright © 2015 Sooyong Park et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper illustrates the application of a severe accident analysis computer program to the uncertainty analysis of molten corium-
concrete interaction (MCCI) phenomena in cases of severe accidents in CANDU6 type plant. The potential hazard of MCCI is a
failure of the reactor building owing to the possibility of a calandria vault floor melt-through even though the containment filtered
vent system is operated. Meanwhile, the MCCI still has large uncertainties in several phenomena such as a melt spreading area and
the extent of water ingression into a continuous debris layer. The purpose of this study is to evaluate the MCCI in the calandria
vault floor via an uncertainty analysis using the ISAAC program for the CANDU6.

1. Introduction

The phenomenon known as molten corium-concrete inter-
action (MCCI) has been recognized as an important aspect
of severe reactor accidents. During transients followed by
the failure of certain emergency core cooling systems, the
core may eventually melt due to the generation of decay
heat, leading to a severe accident. If the safety features of
the CANDU6 plant fail to arrest the accident within the
calandria vessel, the corium (molten core debris) will fall into
the calandria vault and attack the concrete walls and floor.

The potential hazard of MCCI is a failure of the reactor
building (R/B) owing to the possibility of a calandria vault
floormelt-through even though the containment filtered vent
system (CFVS) is operated. The calandria vault floor melt-
through refers to the process of concrete decomposition and
destruction associated with a corium melt interacting with
the concrete floor in the calandria vault. The concrete prop-
erties, corium amount, corium distribution in the calandria
vault, debris bed configuration and calandria vault conditions
(cooling water availability), debris power, and heat transfer
are important parameters affecting the calandria vault floor
melt-through.

MCCI phenomenon has large uncertainties in several
phenomena such as a melt spreading area, the particle size

if the debris is particulated, the particle size distribution
or debris bed permeability if significant particulation has
occurred, and the extent of water ingression into a continuous
debris layer.The purpose of this study is to evaluate theMCCI
in the calandria vault floor through an uncertainty analysis
using the ISAAC (Integrated Severe Accident Analysis Code
for CANDU Plant) computer program [1] for a CANDU6.

2. Methodology

This application was performed using an ISAAC model
of Wolsong-1 plant [2], which is a typical CANDU6, for
an estimate of the MCCI phenomena. A station blackout
(SBO) scenario, where all off-site power is lost and the diesel
generators (DGs) fail is simulated as an initiating event of
a severe accident sequence. The scenario has been taken as
a very low-frequency, but high-risk, accident event. During
an SBO event, the initiating event is a loss of class IV and
class III power, causing a loss of pumps used in systems such
as the primary heat transport system, moderator cooling,
shield cooling, steam generator feed water, and recirculating
cooling water. The class IV power supplies AC loads that can
be interrupted indefinitely without affecting the personnel or
plant safety and the class III power supplies AC loads that
can tolerate the short interruption (one to three minutes)
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required to start the standby generators without affecting
the personnel or plant safety but are required for safe plant
shutdown.

The thermal hydraulic and severe accident phenomeno-
logical analyses for the evaluation were performed using
the ISAAC 4.03 program. The ISAAC code is a system
level computer code capable of performing integral analyses
of potential severe accident progressions in nuclear power
plants, whose main purpose is to support a level 2 probabilis-
tic safety assessment or severe accident management strategy
developments. The ISAAC program has been developed
based on MAAP4 [3]. Therefore, most of the basic thermal
hydraulic and radiological models of those two computer
codes are similar. Only the plant specific system models
are different from each other [4]. The code employs lots
of user options for supporting sensitivity and uncertainty
analysis. The present application was mainly focused on
determining an estimate of the axial/radial concrete erosion
and corium coolability in the reactor cavity during MCCI.
The keymodeling parameters and phenomenological models
employed for the present uncertainty analysis were related
to heat transfer coefficients, concrete property, and corium
debris configuration.

The ISAAC contains molten corium-concrete interac-
tion models that evaluate a potential of concrete erosion
and its phenomenological consequences for those accident
sequences in which corium can accumulate in direct con-
tact with concrete in the calandria vault. Heat transfer
from corium can cause chemical decomposition of the
concrete which releases water vapor and carbon dioxide
off-gas and melting which causes concrete slag to enter
the corium. Essential aspects of the description of corium-
concrete interactions are heat transferred from the debris to
concrete, heat transferred within the concrete and its abla-
tion, debris crusting, and solidification, chemical reactions
within the debris, and effects of concrete slag addition into
core debris, and heat transferred to the overlying coolant
water.

The basic approach of this methodology was to (1)
identify the ISAAC input parameters, sensitivity coefficients,
and modeling options that describe or influence the MCCI
phenomena, (2) prescribe likelihood descriptions of the
potential range of these parameters, and (3) evaluate the
code predictions using a number of random combinations of
parameter inputs sampled from the likelihood distributions.
Thismethod of characterizing uncertainty in reactor accident
progression is similar to themethod used byGauntt [5] where
theMELCOR [6] code was used. In order to limit the number
of “realizations” (code calculations) needed to characterize
the full range of uncertainty, the Latin hypercube sampling
method (LHS) was used to sample the input parameter
distributions.

In order to quantify uncertainties addressed in the ISAAC
code, a computer program, MOSAIQUE [7], was applied,
which was recently developed by KAERI (Korea Atomic
Energy Research Institute). The program consists of fully
automated software to quantify uncertainties addressed in the
thermal hydraulic analysis models or codes.

Table 1: Timings of key events for the station blackout scenario base
case in the Wolsong-1 plant (based on ISAAC calculation).

Event Time (base case)
hours, (seconds)

SG inventory depletion 2.8 (10,032)
Pressure tube rupture 4.0 (14,272)
CFVS first open 6.7 (24,034)
Calandria vessel inventory depletion 11.5 (41,558)
Calandria vessel failure 45.6 (164,188)
Calandria vault inventory depletion 49.3 (177,502)
Calandria vault floor rupture 101.0 (363,473)
Reactor building failure 102.4 (368,484)

3. Analysis Results

3.1. Base Case Analysis. In advance of uncertainty analyses,
a simple base case analysis was performed. The selected
scenario was a typical station blackout sequence without any
recovery action. The base case does not credit any of the
active heat sinks (all of the emergency core cooling systems
and the feedwater systems) but relies only on passive heat
sinks, particularly the initial water inventories of the primary
heat transport system (PHTS), moderator, steam generator
(SG) secondary side, end shields, and calandria vault. There
was an assumption that the passive containment filtered
vent system (CFVS) was operated. The CFVS is assumed
to be operated with an opening pressure of 225 kPa(a) and
a closing pressure of 151 kPa(a), where the orifice diameter
was 0.2548m. Following the SBO accident, the sequence
progresses to a severe core damage accident. Heat transfer
from the PHTS to SGs causes the water in the SG secondary
side to boil off. As a result, the pressure in the secondary side
of the SGs increases gradually and causes the main steam
safety valve (MSSV) to open and discharge steam from the
secondary side to the environment outside the R/B. As the
boil-off proceeds, the water in the SGs is depleted at about 2.8
hours (10,032 seconds) (Table 1) and the SGs are no longer a
heat sink to remove heat from the PHTS. Thus, the pressure
in the PHTS starts to increase until it reaches the PHTS liquid
relief valve (LRV) set point of 10.16MPa.The PHTS inventory
is gradually lost through the LRVs resulting in a fuel channel
dryout.

In parallel, the moderator heats up and the water level in
the calandria vessel decreases gradually since the moderator
cooling is assumed to be unavailable. With the loss of
moderator as a heat sink, a fuel channelwith the highest decay
power ruptures at 4 hours (14,272 seconds). The channel
locates between 5.016m and 6.542m above the calandria
bottom. The channel is dried out at about 3.3 hours (12,000
seconds) and the calandria water level decreases to 6.0m
at 4.3 hours (15,335 seconds). Following the fuel channel
rupture and core material relocation, the remaining water
in the calandria vessel eventually boils off. The moderator
inside the calandria vessel is depleted at about 11.5 hours
(41,558 seconds) (Table 1) which is shown in Figure 1. The
water in the calandria vault acts as a heat sink to cool the
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Figure 1: Water level behaviors in the calandria vessel, calandria
vault, and R/B basement floor.

external calandria vessel wall and the vessel wall is intact as
long as the wall is covered with cooling water. There is an
assumption that the relocatedmolten coriumon the calandria
bottom would be coolable in the CANDU6 plant because
the so-called in-vessel corium retention by external vessel
cooling might be very feasible [8]. Steam generated in the
calandria vault is released into the R/B. When the water level
in the calandria vault reaches the calandria vessel bottom,
the vessel bottom heats up rapidly from the heat generated
by the core debris inside, and the vessel fails owing to creep
(Figure 1). When the calandria vessel fails at 45.6 hours
(164,188 seconds), the debris relocates into the calandria vault
(Figure 2), where it is cooled by water.The calculation results
are summarized in Table 1 and the time dependent behaviors
of important variables for the Wolsong-1 plant are illustrated
in Figure 1 through Figure 4. The value of ISAAC uncertain
input parameters, which will be discussed below, for this base
case was taken from the recommended value (the most likely
value) of Table 2.

In the base case, the analysis focused on the water level
behaviour in various locations, the corium mass behavior
in various locations, the axial/radial concrete erosion in
calandria vault, and the pressure behavior in R/B. After the
water depletion in the calandria vault at about 49.3 hours
(177,502 seconds) (Figure 1), the corium again started to
heat up and resulted in continuously increasing concrete
ablation (Figure 3). The calandria vault floor ruptured with
the depth of 2.3m at about 101.0 hours (363,473 seconds).
There was an assumption that the calandria vault floor would
be ruptured with the erosion depth of 2.3m due to the
mechanical instability even though the original floor depth
was 2.44m. When the calandria vault floor ruptured, the
corium discharged into the R/B basement floor (Figure 2)
and a large amount of steam generated owing to the heat
transfer between the hot corium and the accumulated water
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Figure 2: Fuel/corium mass behaviors in the core, calandria vessel,
calandria vault, and R/B basement floor.
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Figure 3: Axial/radial concrete erosion depth in the calandria vault.

of the basement floor. A great amount of steam generation
results in a sudden pressure peak in the R/B. Figure 4 shows
the pressure peak and the resulting R/B failure at 102.4 hours
(368,484 seconds), where the R/B pressure of 427 kPa(a) is
applied as the R/B failure pressure.

3.2. Uncertainty Analysis. In the severe accident analysis,
there are uncertainties in the physical phenomena. There are
also uncertainties in the ISAAC phenomenological models.
Users had control over the uncertainties through the so-
called “model parameters.” They were either used as an input
to a given physical model or to select between different
physical models. This feature of the code architecture was
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Table 2: MCCI phenomena related uncertain parameters and distribution assumption.

MAAP uncertainty
parameters (𝑥

𝑖
) Parameter description Most Likely Value Range Distribution

𝑥
1
= HTCMCR Axial heat transfer coefficient (HTC)

from molten corium to lower crust 3,500 (W/m2C) [2,450, 4,550] Triangle

𝑥
2
= HTCMCS Radial HTC from molten corium to

side crust 3,000 (W/m2C) [2,100, 3,900] Triangle

𝑥
3
= FCHF Flat plate CHF critical velocity

coefficient 0.1 [0.0036, 0.3] Log uniform

𝑥
4
= HTFB Film boiling HTC from corium to an

overlying pool 300 (W/m2C) [100, 400] Triangle

𝑥
5
= LHDEC

Energy absorbed in endothermic
chemical reactions during basaltic
concrete decomposition

275,000 (J/kg) [192,500, 357,500] Triangle

𝑥
6
= LHCN Latent heat of concrete melting 560,000 (J/kg) [392,000, 728,000] Triangle
𝑥
7
= DCSRCN Rebar density 600 (kg/m3) [420, 780] Triangle

𝑥
8
= ACMPLB(1) Corium debris surface area in the

calandria vault 62.54 [50.03, 62.54] Uniform
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Figure 4: Pressure in the reactor building (R/B).

included specifically to facilitate sensitivity or uncertainty
analysis. In this study, input variables related to model
parameters that affect the calandria vault concrete erosion
during severe accidents were identified, and their uncertainty
was characterized using a user specified distribution. These
parameters were selected based on ISAAC input parameter
files [2].

For the present uncertainty analysis, eight inputs were
selected and the corresponding uncertainty distributions
were defined as shown in Table 2. The most likely values of
the eight parameters are given in the code documentation [2]
while best-estimate value ranges are given for two parameters
(FCHF, HTFB) in [3]. User assumptions are made given
for the best-estimate value ranges of the other five parame-
ters (HTCMCR, HTCMCS, LHDEC, LHCN, DCSRCN, and
ACMPLB(1)) with a 30% increase or decrease from the most
likely values. In order to propagate these uncertain inputs
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Figure 5: Samples of the distribution of axial concrete erosion depth
in the calandria vault.

through the ISAAC code, they were sampled using the LHS
technique. The LHS method selected 𝑁 values randomly
from 𝑁 equally spaced intervals of the cumulative distribu-
tion, thereby ensuring a good sampling of the distribution
tails with a minimum number of samples.

The results of the 200 ISAAC analyses constitute samples
of the distribution of the MCCI related variables given the
uncertainties expressed in Table 2. In this study, no depen-
dency between parameters was considered in the sampling
process, and thus all parameters were treated as independent.

The behavior of the axial concrete erosion in the calandria
vault and the R/B pressure of all 200 ISAAC analyses are
shown in Figures 5 and 6. Since this application was focused
on determining an estimate of the concrete floor rupture time
in the calandria vault which has a potential hazard of an
R/B failure, the calculation results for relevant variables were
pointed out.The calculations were performed during 500,000
seconds.

As already mentioned, when the calandria vessel fails
at 45.6 hours (164,188 seconds), the debris relocates into
the calandria vault. Thereafter, the water depleted in the
calandria vault and the corium again started to heat up and
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Figure 6: Samples of the distribution of pressure behaviors in the
reactor building.

resulted in continuously increasing concrete ablation. It was
assumed that the calandria vault floor would be ruptured if
the erosion depth reached 2.3m in all the 200 calculations.
Figure 5 shows that the samples of the distribution of the
calandria vault floor rupture time ranged between 76.2 and
128.9 hours (274,474 and 464,144 seconds). And the 5th
and 95th percentiles of the rupture times were about 84
and 117 hours (303,000 and 420,000 seconds). Once the
calandria vault floor ruptured, the coriumdischarged into the
R/B basement floor and a large amount of steam generated.
A great amount of steam generation resulted in a sudden
pressure peak in the reactor building. Figure 6 shows the
samples of the distribution of the pressure peak. As uncertain
parameters are related to phenomena occurring after core
rupture and relocation in calandria vault, results only differ
after 45.6 hours.

A potential hazard of the pressure peaks in Figure 6 is a
failure of the reactor building. The calculation results show
that the 5th and 95th percentiles of the maximum pressure
were 234.8 and 516.6 kPa(a). And the maximum pressure
of 30 ISAAC analyses exceeded the R/B failure pressure
(427 kPa(a)). That means 15% of 200 analyses resulted in
the R/B failure during the time frame of 88.0–126.7 hours
(316,777–456,272 seconds).

In addition to characterizing the uncertainty distribution
of the predicted concrete floor rupture time in the calandria
vault, a type of linear regression analysis was also performed
in order to identify which of the uncertain input parameters
were most responsible for the uncertainty of the relevant
output. As a result, two parameters to assess the importance
in overall results were derived from the rank regression
analysis for the output variable (calandria vault floor rupture
time), the partial rank correlation coefficients (PRCC), and
standardized rank regression coefficients (SRRC) [9]. A
partial correlation coefficient (PCC) is ameasure of the linear
dependence of a pair of random variables from a collection
of random variables in the case where the influence of the
remaining variables is eliminated. A standardized regression
coefficients (SRC) estimates resulting froman analysis carried
out on variables that have been standardized so that their
variances are 1. This means the expected change in the

Table 3: Regression analysis results (number of samples: 200,
sampling type: LHS).

Input variables (𝑥
𝑖
) Rupture time of calandria vault

SRRC PRCC
𝑥
1
= HTCMCR −0.66 (1) −0.96 (1)
𝑥
2
= HTCMCS 0.51 (2) 0.93 (2)
𝑥
3
= FCHF 0.08 (7) 0.38 (7)
𝑥
4
= HTFB 0.02 (8) 0.07 (8)
𝑥
5
= LHDEC 0.17 (5) 0.64 (5)
𝑥
6
= LHCN 0.21 (4) 0.72 (4)
𝑥
7
= DCSRCN 0.15 (6) 0.59 (6)
𝑥
8
= ACMPLB(1) 0.29 (3) 0.81 (3)
𝑅
2 (𝑁 = 200) 0.96 0.96

Number in (): importance ranking.

dependent variable, per standard deviation increase in the
predictor variable. PRCC and SRCC are PCC and SRC,
respectively, based on ranks of the independent variables
rather than their original values. The results of regression
analyses are summarized in Table 3.

As a result of the regression analysis, the coefficients of
determination, 𝑅2, were estimated to assess the goodness
of fits. As shown in Table 3, the estimated coefficients of
determination were enough to rank dominant inputs to the
corresponding outputs according to their relative magni-
tudes, from a statistical point of view. Based on Table 3, the
model inputs of “HTCMCR,” “HTCMCS,” and “ACMPLB(1)”
were the key parameters to the concrete erosion in the
calandria vault. The axial and radial erosion parameters
(HTCMCR and HTCMCS, resp.) are competitive with each
other. As long as the total decay heat generated in the molten
corium is constant, the radial erosion depth is proportional
to HTCMCR and inversely proportional to HTCMCS.

4. Conclusion

In this paper, a sampling-based uncertainty analysis was
performed to statistically quantify uncertainties associated
with molten corium-concrete interaction (MCCI), based
on the key modeling parameters employed in the ISAAC
code and LHS samples of those parameters. The accident
sequence considered was a station blackout accident with the
containment filtered vent system in operation, calculated for
the Wolsong-1 plant. As a result, uncertainties related to the
MCCI of the calandria vault were quantified as a function
of time. Analyses results showed that the distribution of
the calandria vault floor rupture time ranged between 76.2
and 128.9 hours (274,474 and 464,144 seconds). And the
maximum R/B pressure in 15% of analysis cases exceeded
the R/B failure pressure during the time frame of 88.0–
126.7 hours (316,777–456,272 seconds). However, it should be
emphasized that analyses results may be quite uncertain due
to the limitation of the physical models and the adequacy or
validity of the selected range of input variables.
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In addition to characterizing uncertainties related to
MCCI, a type of linear regression analysis was performed in
order to identify which of the uncertain input parameters
were influencing the most the uncertainty of the relevant
output. As a result, two influence measuring parameters
(i.e., PRCC and SRRC) were derived for the calandria vault
rupture time. The so derived ranks can be used to identify
key areas where additional research may best be applied to
further reduce the residual uncertainties of the predictions
and thereby better apply limited research resources. The
regression analysis results showed that the model inputs of
“HTCMCR,” “HTCMCS,” and “ACMPLB(1)” were the key
parameters to the concrete erosion in the calandria vault.
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