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1. Introduction

There have been quite significant advances in
understanding of CANDU core degraded behavior since
ISAAC [1] was developed from a MAAP PWR code [2]
for application to Wolsong CANDU reactors over 20
years ago. The code consists of a large number of
models that are common with those for PWRs and some
models that had been specifically developed for
adaptation of MAAP to CANDUs. The code has served
well its original intent and provided useful information
about CANDU severe accidents [3]. However, present
requirements that evolved since Fukushima as well as
internal reviews recommend a need for upgrades to the
CANDU specific features of the code. Simultaneous
development of a new state of the art CANDU specific
severe accident analysis code ROSHNI provides an
opportunity to implement a number of its features
within ISAAC.

Amongst the applications of integrated severe
accident analysis codes like ISAAC, the principal are to
a) help develop an understanding of the severe accident
progression and its consequences; b) support the design
of mitigation measures by providing for them the state
of the reactor following an accident; and ¢) to provide a
training platform for accident management actions.
After Fukushima accident there is an increased
awareness of the need to implement effective and
appropriate mitigation measures and empower the
operators with training and understanding about severe
accident progression and control opportunities. An
updated code with reduced uncertainties can better
serve these needs of the utility making decisions about
mitigation measures and corrective actions. Optimal
deployment of systems such as PARS and filtered
containment venting require information on reactor
transients for a number of critical parameters. Thus
there is a greater consensus now for a demonstrated
ability to perform accident progression and
consequence assessment analyses with reduced
uncertainties. Analyses must now provide source term
transients that represent the best in available
understanding and so meaningfully support mitigation
measures [4]. This requires removal of known
simplifications and inclusion of all quantifiable and risk
significant phenomena.

Advances in understanding of CANDUG6 severe
accident progression reflected in the severe accident

integrated code ROSHNI are being incorporated into
ISAAC using CANDU specific component and system
models developed and verified for Wolsong CANDU 6
reactors. A significant and comprehensive upgrade of
core behavior models is being implemented in ISAAC
to properly reflect the large variability amongst fuel
channels in feeder geometry, fuel thermal powers and
burnup. The aim is to not only apply a best effort
methodology but also to do so without any unnecessary
simplifications providing sufficient detail so that
transients in source terms (combustible gas, fission
products) are captured in a detail consistent with
response characteristics of the mitigation equipment.
The upgrades result in a ~10 fold increase in core
nodalization, evaluation of flows through the channels
and inclusion of phenomena such as gradual boiloff of
liquid inventory within the fuel channel, heatup and
oxidation of end fittings and feeders. Preliminary results
show that these have a profound effect on source terms
as well as timing of events. There also are significant
improvements in modeling of core debris and inclusion
of additional failure models for fuel bundles, channels,
vessels and structures. The code improvements provide
stronger bases for increased confidence in results and
allow the users to perform sensitivity analyses with
enhanced confidence. The paper summarizes the models
that have been added and provides some results to
illustrate code capabilities.

22 rows, 22 columns

Fig. 1. New ISAAC modeling of all fuel channels
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2. Upgrades to Core modeling

Geometrically, all fuel bundles in all 380 Wolsong
fuel channels are exactly the same. Channels belong to
one of the 2 flow loops (each half of the core) and to
one of the 2 flow passes within each loop (adjacent
channels are in opposite passes) — Fig. 1. However
channels differ from each other in total thermal power,
axial power profile (Fig. 2), burnup and feeder
geometry.
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Fig. 2. Channel power map for Wolsong - 8 groups of channel
power (See map below with channel power groups in kW)

Vertical location of a channel within the
core also determines its response to a loss
of cooling event by the boundary
conditions imposed on the channel by the
moderator. Just the free volume inside
feeders has an appreciable effect on the
time at which a particular channel would
heatup and degrades under steam flow
conditions. The feeder design criterion is based on
trying to flow-power match the feeders so that their exit
fluid enthalpy is roughly the same for all the channels.
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Thus it was decided to model all fuel channels and
reduce any errors that may be caused by an averaging
process. Recognizing that the individual channel
response to a degradation in cooling is a strong function
of location of the channel within the core, the thermal
hydraulic and thermo-mechanical-chemical response of
all fuel channels and all fuel bundles is modeled with
considerations of variations in power, axial power
profiles, fuel burnup, feeder geometries and external
boundary conditions including presence of debris,
proximity to in-core devices and other thermal
hydraulic boundary conditions. This entails modeling of
each of the 12 bundles in each of the 380 channels
along with their 760 feeders and 760 end fittings. This
level of detail facilitates a more detailed evaluation of

source terms for energy, fission product and
combustible gas loads to the containment and
development of more realistic accident management
strategies. The earlier ISAAC model treated 18 fuel
channels per loop.

Fig. 3. Bundle model for degraded steam flow conditions

The fuel bundle modeling is significantly revamped.
Previous model represented a fuel bundle as a single pin
radiating to the pressure tube. The new model
represents a fuel bundle with 14 concentric rings with
two additional rings for pressure and calandria tube and
considers flow within the 4 flow subchannels (Fig. 3).
With 16x12x380 thermal nodes, the core thermal
behavior is captured in unprecedented detail.

Late expulsion of water in "dead space’
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Fig. 4. End Fitting

End fittings and feeders were not modeled in ISAAC
previously. Each end fitting is about 240 kg and
presents a heat transfer path for the PHTS fluid into the
end shields. They may also retain fluid within them (Fig.
4) while the channels are completely voided. Their
direct exposure to hot steam exiting the channels
prompts an investigation into their oxidation potential.

FEEDER

PRESSURE TUBE STUB

END FITTING BODY
LINER TUBE

20 g/s steam
o

Each component divided into 10 nodes

Fig. 5. End fitting and feeder heatup model

A model has been developed to calculate thermo-
chemical response of end fittings and feeders. The
model also includes the ~6.5 cm extension of pressure
tube within the end fitting and treats the end fitting
body, liner tube with 10 axial nodes. Feeders, which are
located inside an insulated feeder cabinet, are also
represented by 10 axial nodes (Fig. 5).
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Feeders are about 9.2 km in length in total and about
1800 m” in surface area available for heat transfer and
oxidation. Scoping analyses confirmed that both feeders
and end fittings have a significant effect on a severe
accident transient — both as heat sinks and as sources of
deuterium gas. In the updated ISAAC, they are modeled
in a number of different models depending upon the
accident progression stage. The most significant effect
of feeders is in their oxidation by hot steam exiting
degraded fuel channels. Thus thermal response of all
760 end fittings and potential oxidation of 760 carbon
steel feeders are now computed and a better accounting
of heat sources and heat sinks is now implemented.
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Fig. 6. Kinetics of oxidation of carbon steel feeders, stainless
steel end fittings and zircaloy sheaths

Fig. 6 shows the oxidation rate expressed as increase
in oxide thickness for the structural materials of interest
— stainless steel in end fittings, carbon steel in feeders
and zircaloy in the fuel channel. It is interesting to note
that the carbon steel oxidation, exothermic in nature
similar to zircaloy, is faster than for zircaloy [5]. It is
also noted that while growth of a stable oxide on a
zircaloy surface would tend to slow down oxidation, the
Waustite (FeO) oxide is unstable and subject to peeling
off. Modeling of steel oxidation can now also be
extended to other steel surfaces such as the headers and
main PHTS pipes.

3. Bundle and Channel Models

ALL 380 FUEL CHANNELS AND ALL FUEL BUNDLES, ALL END
FITTINGS, ALL FEEDERS MODELLED

Heat transfer
to moderator

Heat transfer
to end shields

Separate full bundle model for
each bundle represented by 14
fuel rings in each channel

Bundle heatup calculated for 14

No heatup while water level
fuel rings during gradual uncovery

above Grylock fitting to feeders

Fig. 7. Fuel channel heatup models

Reactor core and channel thermal hydraulic response
is modeled in three stages (Fig. 7).
1. High PHTS fluid inventory, flooded channels
2. Depleting PHTS fluid Inventory, fuel bundles
partially covered
3. Low PHTS fluid inventory, fuel bundles heating
up in steam environment

Sheath

Gap

Fuel

Fig. 8. Fuel modeling under conditions of adequate cooling

The first period of high fluid inventory is after a
reactor trip and prior to uncover of any part of any fuel
bundle in any channel. During this period, the decay
heat from fuel channels is removed either by thermo-
syphoning or bulk boiloff. Fuel temperatures are
evaluated using a simple internal heat generation model
for a fuel pin (Fig. 8).

Mo+AM

Fig. 9. Model for fuel heatup under channel boiloff conditions

During the period of liquid boiloff, a new model for
fuel heatup by gradual partial uncovery is used (Fig. 9).
While the water level in the channel is assumed to be
the same in all bundle locations, local heat generation
and removal rates consistent with local sub-channel
flows and steam temperatures are used to evaluate
transient fuel temperatures.

Fuel heatup upon gradual uncover is first calculated
based on uncover of actual fuel rings and then assigned
to the model of fuel and sheath rings associated with
each actual fuel ring (central, inner, intermediate or
outer). Calculations are performed sequentially for all
fuel bundles in a channel and the water level is taken to
be same in all fuel bundles in a given channel at a given
time.
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Fig. 10. Sixteen ring, dual surface bundle model

For evaluation of fuel heatup under steam flow
conditions, the fuel geometry is represented by a
generalized, multi-node annular ring model (Fig. 10).
Each ring is modeled in such a way that it preserves the
material properties, areas and volumes characteristic of
the component it represents. The number of rings
chosen is 16; the last two represent the pressure tube
and the calandria tube. The three fuel element rings
(containing 6, 12 and 18 fuel elements) are subdivided
into two radial nodes each. The division is along the
pitch circle diameters of the actual fuel element rings.
Each actual fuel ring is modeled by two fuel rings with
separate sheaths.

Flow through the fuel channels is calculated
iteratively for both intact and disassembled channels.
There are a number of options for channel flow
calculations with the limitation of the user inferring
header to header pressure drop from external analyses.
User can also specify any of a number of distributions
of channel flows. Momentum equation is solved for
each channel between the headers.

4. Moderator models
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Fig. 11. Calandria vessel level including effect of channels
and in-core devices

The calandria vessel is modeled with consideration
for the location of in-core devices and a volume to level
correlation developed within the code during input data
post processing (Fig. 11). Heat transfer from the
calandria vessel to the end shields and to the reactor
vault is modeled with consideration of changes in fluid
properties and fluid levels within the three volumes.

Voided space in the moderator upon depletion of
water is modeled interactively with the channel and
debris models. A 22x22x12 distribution of steam flow
and temperatures is used for evaluation of heat
exchange with intact fuel channels and debris.
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Fig. 12. Consideration of in-core devices

Effect of in-core devices (Fig. 12) is included during
evaluation of debris movement and water level changes
with water depletion in the moderator.

5. Failure Models
Models are included for the following:

. Sheath failures

. Bundle failure at high pressures

. Bundle failures at low pressures

. Pressure tube/calandria tube perforation due to
strain

5. Calandria vessel failures due to thermal strain from
debris.

. Heat transport system failures due to over pressure

7. Reactor vault failures due to over pressure
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6. Debris modeling
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Fig. 13. Modeling of debris stack as suspended debris



Transactions of the Korean Nuclear Society Spring Meeting
Jeju, Korea, May 7-8, 2015

Debris formed by disassembly of a fuel channel
segment is tracked on a per fuel bundle basis (Fig. 13).
When supported by underlying debris and constrained
by in-core devices from dropping into the moderator,
the debris are termed ‘suspended debris’. Their
interaction with steam environment for heat loss and
oxidation is modeled for each dissociated fuel bundle
(Fig. 14). Separate consideration is given to pressure
tube/calandria tube segments and the fuel bundle
compaction is modeled by specifying areca available for
heat transfer and oxidation.
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Fig. 14. Moderator gas space modeling for suspended debris
interaction with steam

Debris interaction with underlying channels includes
consideration of channel rolled joint pull out both of

calandria tube and pressure tube.

7. Sample results for early part of a SBO scenario
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Fig. 15. Time period over which various channels boiloff the
water within their feeders

Front end results for a station blackout scenario (SBO)
are summarized below. Fig. 15 shows the range of time
at which the water in the feeders is boiled off and the
channels begin to void. The time at which the water in
the heat transport system has drained to the level of the
headers is taken as time zero in this illustration. It is
evident that a significant variability exists even in the
time at which the first channel begins to just void.
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Fig. 16. Range of times after header uncovery for onset of
channel heatup under dry steam condition

Fig. 16 shows graphically the time range for onset of
channel heatup under voided conditions. This is the
time at which the channel is considered fully voided
and channel heatup is evaluated thereafter using the 16
ring model. This is the onset of core degradation as all
previous modes of heat transfer are deemed adequate to
maintain channel integrity.
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Fig. 17. Channel D-12 response in the early stages of a SBO
scenario

A typical channel thermal response averaged over its
12 bundles is given in Fig. 17. There are 4 distinct
periods of channel thermal response. The first period is
during channel boiloff during which period the bundle
temperatures are below 600°C. The early heatup is
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terminated by an in-core rupture in a lead channel
(channel G-08 in the sample simulation) and channel
cooldown during the blowdown period. The second
peak indicates a termination of sheath oxidation and the
third peak indicates accelerated heatup after channel
uncovery. Combustible gas production over the small
period of 8 hours is summarized in Fig. 18. Production
of D, gas by steel oxidation is appreciable (~170 kg) in
the first 8 hours and expected to exceed that produced
by zircaloy oxidation during the first 24 hours.
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Fig. 18. H, production over the first 8 hours since reactor trip

These results are only for illustration purposes. A
complete reanalysis of Wolsong SBO sequence is
pending.

8. Summary

ISAAC is being updated to meet the current
requirements and expectations. The detailed modeling
of the core allows for finer estimates of the source terms.
Inclusion of new severe accident phenomena is
expected to allow for a greater confidence in the
consequence assessments.
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