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In-core small loss of coolunt accidents(LOCAs) have been analyzed over a wide
range of possible initial core states including that of a high moderator
poison concentration. The in-core rupture of a pressure tube and its
calandria tube represents a unique class of small breaks due to the
possibility of damage to in-core reactivity devices such as the shutoff rod
(SOR) and mechanical control absorber (MCA) guide tubes. 1In addition, the
potential displacement of moderator poison by the unpoisoned coolant discharge
would provide an additional positive reactivity source. The upper limit of
moderator poiscon considered was that which would occur if the reactor is
restarted after being shutdown, just after being overfueled by the maximum
permissible amount, for a long enough period that all saturating fission
products have decayed. 1In the case of a pre-equilibrium core analysis, the
reactor is assumed to have shut down at or near the plutonium peak core state
(with no overfueling prior to the shutdown).

ACCIDENT SCENARIO

The postulated break is a spontaneous rupture of a pressure tube and
simultaneous failure of it calandria tube. This is unlikely!.

Conseguential Damage

The discharge of high pressure, high temperature coolant from the ruptured
PT/CT into the moderator causes a complex hydrodynamic transient in the
calandria, as well as other phenomena which could result in damage to the
calandria or other in-core structures. Possible mechanisms for consequential
damage are-:

1 Pressure Pulse. The initial, short duration, pressurization of a localized
volume in Lthe vicinity of the break could cause deflection and possible
interference between guide tubes, fuel channels and other in-core structurec.
2 Jet Force. The long-term, two phase Jet force could exert a force on
neighbouring channels or guide tubes.

3 Pipe whip. The thrust of the exhausting steam/water mixture could deflect
the failed channel and cause it to impact upon other 1n-core structures.

4 Fuel Bundles. Ejected fuel bundlecs could potentially impact upon in-core
structures or calandria walls.

The location of the PT/CT break is chosen to maximize the consequences of
damage to in-core structures. In the assessment of reactor regulating system
(RRS) and core response, the maximum damage to MCA guide tubes is ascumed to
challenge the ability of the RRS to maintain reactor power constanlL ptior to a

’ Thanks to N. Koy and A.L. Wight f{or early development of the
methodology.
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credited reactor trip, as shown in Figure 1. For determining the long term
subcriticality margin, up until credited operator action, the maximum damage
to SOR guide tubes is assumed (Figure 2).

Moderator Poison

A unique feature of this accident is that if soluble poison is present in the
moderator for reactivity hold down, the displacement or dilution of the poison
by unpoisoned heat transport system coolant will increase the reactivity of
the system. A large amount of poison is present when the reactor has been
fuelled ahead and has just been brought to power after a long shutdown The
reactivity change depends also on the difference in isotopic purity between
the coolant and the moderator. The situation which maximizes the increase in
reactivity is when the maximum allowable amount of poison is present in the
moderator and when the coolant isotopic purity is high. System response
following a PT/CT rupture is analyzed for limiting conditions of maximum
poison load in the moderator in combination with several representative values
of differential isotopic purity between the moderator and the heat transport
system coolant.

METHODOLOGY

The analysis of PT/CT breaks involve interaction with several nuclear
disciplines. Thermal hydraulic and physics analysis must agree upon the core
bulk power transient and void/fuel reactivity transients. This iterative
process is minimal in PT/CT breaks as the void reactivity effect is small
compared with the several neutronic and process reactivity transients due to
changes in moderator conditions. Safety system initiation involves tracking
reactor trip parameters to determine when the reactor is credited as tripped,
also assessing parametric coverage of possible operating states’ . Potential
fuel or fuel channel failure and containment analysis complete the assessment.-
This is "illustrated in Figure 3. ’

The physics analysis of in-core breaks consists of two distinct objectives.
The first of these is to assess the reactor regulating system response (RRS)
to a range of possible reactivity transients and determine the core bulk and
spatial power transients. Through interaction with the thermal hydraulics and
safety system groups, these power transients are further analyzed to assess
channel dryout times and trip parameter effectiveness. The second objective
1s to calculate an overall reactivity balance to assess the subcriticality
margin up until operator action is credited (fifteen minutes after unambiguous
indication of the accident).

RRS and Core Response

For trip parameter effectiveness, the study considered a range of possible
break sizes, a range of moderator to coolant isotopic purity differences, two
characteristic initial zone controller levels (70 and 40 percent full), as
well as various initial power levels. Reactor trip is credited only after
both shutdown systems’ ' have registered two credible trips. As the

transients are quite slow with respect to shutdown system reszponse, activation

cf. “Assessment of Shutdown System TriR Parameter Effectiveness of
CANDU Keactore Following In-core Lozs of Coolant Accidento” by A.F. Oliva and
L.J. Watt clsewhere in these procecdings.

'One in Pickering NGS A
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of the shutdown systems is not simulated. The location of the in-core damage
zone is chosen to maximize the consequential damage to the reactor regulating
system. For this range of parameters, the moderator poison load was assumed
to be at its maximum level corresponding to a restart following a long
shutdown. A reactivity equivalence between the moderator poison displacement
and moderator purity degradation was established allowing assessment of lower
moderator poison concentrations.

The SMOKIN’ code was used to model the reactor regulating system response,
the resulting power excursion, and the neutron overpower trip times. Spatial
coolant voiding and fuel temperature transients were calculated based on
thermal hydraulic data provided by the SOPHT! code. Moderator temperature
changes were calculated by the SOMASS® code. The discharged coolant was
assumed to mix rapidly (relative to the 900 second timeframe of the analvsis)
with the moderator, resulting in global reactivity transients due to moderator
poison displacement, moderator purity degradation by the coolant, and changes
in moderator temperature due to the higher temperature of the discharging
coolant. These global reactivity contributions were calculated using a
spreadsheet point reactivity model® based on reactivity variations calculated
by the POWDERPUFS module of the OHRFSP’ code.

The moderator poison displacement and moderator purity degradation reactivity
transients are calculated based on the initial moderator poison load and
relative moderator to coolant isotopic purities, the relative displacement of
the moderator, and moderator poison and moderator purity reactivity
coefficients. The moderator temperature reactivity equation consists of a
third order polynomial in the primary variable (moderator temperature) with
first order multivariable terms proportional to the product of the primary
variable and the secondary variables moderator poison concentration and
moderator isotopic purity. That is:

Rho (MT, MB, MP)= ml*MT+m2*MT?+m3*MT’+mbl*MT*MB+mpl*MT*MP -

where: .
Rho is the change in reactivity

MT is the change in moderator temperature

MB is the change in moderator poison concentration

MP is the change in moderator isotopic purity

ml, m2, m3, mbl, mpl are reactivity coefficients as described below

The reactivity coefficients used in the spreadsheet reactivity model are
calculated from a least-square fit of POWDERPUFS-generated data for a variety
of moderator temperature, poison concentrations and purities. Figure 4
illustrates the interaction of these codes as used in the analysis of core and
regulating system response for small LOCAs.

Subcriticality Margin Assessment

For assessing the subcriticality margin up until operator action is credited,
the spreadsheet reactivity model is used. The location of the in-core damage
zone is chosen to maximize the consequential damage to the shutoff rod guide
tubes, reducing shutdown system one's reactivity depth. The reactivity worths
of the shutoff rods and regulating system devices are calculated using the
TIME-AVER or SIMULATE modules of OHRFSP for the equilibrium or pre-equilibrium
core respectively. In addition to the three moderator reactivity eguations
described above (poison displacement, purity degradation, and temperature),
the spreadsheet model includes polynomial equations for fuel temperature and

~oclant veiding as deccribed in Reference 6. The coclant is assumed to be at
its maximum value, with respect to the moderator, as opposed to the range of
values considered in RRS and core response. Note that while the spreadsheet

model includes contributions from the RRS prior to reactor trip, the
implementation is quite simple compared with that of SMOKIN. :



This model is used to calculate an overall reactivity balance as a function of
time in order to assess the subcriticality margin after the reactor is shut
down. The subcriticality margin is a funclion of the time of assumed reactor
trip since the RRS is assumed to freeze when the reactor trips. The
subcriticality margin is assessed both for an immediate trip following the
break and at the latest possible trip time. This trip time is that which
would occur if the RRS does maintain reactor power constant and NOP trips are
not registered/credited. The subcriticality margin is also calculated both
with and without boiler crash cooldown available. The emergency coolant
injection system is assumed unavailable. The development and implementation
of the spreadsheet reactivity model is illustrated in Figure 5.

RESULTS

RRS and Core Response

Although the results depend on the specific reactor being considered,
generally the reactor regulating system could not completely compensate for
reactivity transient for the limiting cases considered. Figure 6 illustrates
the reactivity transients for a 225 kg/s rupture of a Bruce NGS B pressure
tube and calandria tube with a moderator isotopic purity one percent higher
than the coolant isotopic purity. Figure 7 illustrates the resulting core
bulk power transient, a candidate hot channel power transient (selection of
candidate hot channels is described in Reference 6), and the neutron overpower
detector signals of the third safety channel of the shutdown system one and
shutdown system two detectors. Figure 8 illustrates the wide range of
possible core response depending on the differential isotopic purity between
the moderator and the HTS coolant.

The spatial changes in .the core power distribution resulting from such an

asymmetrical MCA insertion are not easy to visualize. Figures 9 through 12 =

illustrate snapshots of a simulated core channel power distribution during the
225 kg/s transient described above. These figures are.contour surface plots
of channel power and capture only two of the three spatial dimensions
involved. That is, they do not illustrate the axial power variations along
the bundles in each channel. Figure 9 shows the initial (time-averaged)
channel power distribution. Figure 10, just after NOP trips have been
registered (but not credited) at 80 s, shows a little shift in the power shape
towards the bottom left of the core. Figure 11 shows this combination
top/bottom and side/side tilt more clearly. as the two MCA are partially
inserted. At 200 s in Figure 12, just before the second trip on SDS2, the
tilt is predominantly side/side as the MCA are almost fully inserted. The
reactor is shut down a few seconds later.

Subcriticality Margin Assessment

Table 1 illustrates the subcriticality margin calculation for the same break
with the minimum operating limit of 0.2 weight percent isotopic difference.
The case shown resulted in the smallest margin to criticality of 6.3 mk and
assumed the latest possible trip time, loss of emergency coolant injection and
no boiler crash cooldown following reactor trip.

CONCLUSION

The in-core rupture of a pressure tube and calandria tube has been analyzed
nver a wide range of initial ccre states. The positive reaclivity Liansient
associated with such a break occurring when the moderator 1s heavily poisoned
has been shown to require special consideration during these shorlL operating
periods.
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Basic Interactions in a Small LOCA Analysis
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SMOKIN Analysis of an In-Core Small LOCA
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