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Abstract

A coupled neutronics-thermalhydraulics analysis of a loss-of-coolant accident (LOCA) in
CANDU is presentE:d. The calculation is perfcrmed with the *CERBERUS (spatial-kinetics)
module of the finite-core code RFSP, coupled to the thermalhydraulics code FL~BIRD. The
power pulse which results fi om the hypothetical LOCA is assumed terminated by Shutdown System
I (SOS" I). The calculational methodology and the physics model used in the LOCA analysis are
detailed. The significant parameters which govern the results of the calculation are disclIssed.
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1. Introduction

The major finite-core computer program used for the design and analysis of CANDU
reactors is RFSP (Reactor Fuelling Simulation Program). The physics models used with RFSP are
the most detailed and realistic representations available for the CANDU core.

The early versions of RFSP were limited to steady-state calculations. Subsequently, a
spatial-kinetics module (*CERBERUS) was incorporated. The calculational methodology in the
*CERBERUS module is based on the Improved Quasi-Static method for the solution 0f the tir,'e­
dependent equation. RFSP therefore now provides the most sophisticated tools and the most
realistic physics models for the analysis offast neutronic transients.

The main application of spatial kinetics to CANDU ar.alysis is in the simulation of the power
pulse associated with loss-of-coolant accidents (LOCA). For this purpose, the *CERBERUS
module is couplecl to themlalhydraulics codes, such as FIREBIRD-!II and CATHENA, which rrlodel
the primary heat-transport system.

Inherent in the RFSP modelling ofthe core are bundle-specific lattice properties, fhnctions of
the bundle fuel irradiation (bumup). In addition, for kinetics ca!culations, the history-based local­
parameter methodology is used, where bundle-specific lattice properties are calculated consistent
with locally appropriate values of lattice parameters, such as coolant density, coo!ai1t temperature,
absolute fbx (power), and fuel temperature. The history-based methcdology facilitates individual
lattice calculations for each fuel bundle at ~l1.ch time in the transient. Bundle-specific delayed­
neutron fractions are also used.

The methodology for coupled neutronics-thermalhydraulics calwlations is illustrated here
with a sample calculation of a LOCA from a sp~cific instant in the operating history of a CANDU-6
reactor, i.e., an instantaneous flux distribution - specifically. at Full-Power Day (FPD) 2844 in the
core operating history. The LOCA is assumed to be initiated by a 100% pump-suction-pipe break,
with the pr~-accident reactor assumed to be at 103% FP, with a boron concentration of 0.625 ppm
in the moderator (corresponding to an excess core reactivity of 5 milli-k due to overfuelling) and
equilibrium levels of saturating fission products. The resulting power pulse is assumed terminated
by Shutdown System I (SDS-l).

2. The Spatial-Kinetics Methodology in *CERBERUS

2.1 Time-Dependent Neutron-Diffusion Equation

The basic methodology used is the time-dependent neutron-diffusion equation, solved in 3
spatial dimensions and 2 energy groups.

In fast transients, delayed-neutron effects are extremely important. We assume the delayed­
neutron precursors are represented by 6 distinct groups, or 15 groups if the photoneutrons are
treated separately from the delayed neutrons originating in the fuel. We shall denote the number of
delayed-neutron groups by G.



In matrix notation, the time-dependent neutron diffusion equation in two energy groups can
be written

where the two-group time-dependent neutron flux is represented by the vector

.J1-' (11\(1,1)\
'l'\rl)= I

, ¢'(1,1);

and the group inverse velocities are in the matrix

The operators in Eq. (2.1) are as follows.

M is the leakage, absorption, and scattering matrix:

(21)

(2.2)

(23)

and F is the prompl-neutron-production matrix:
p

(24)

(2.5)

where kois the initial multiplication constant of reactor. Its presence as a divisor of vLf ensures that
the transient simulated starts from a steady state initially. Note also that ko is not related to the time­
dependent dynamic reactivity p which will be calculated through the transient.

Note that the production matrix Fp acts on the thermal-neutron group only, i.e., all neutrons
are assumed born from thermal-neutron-induced fission (or, fast fissions are "lumped" with thermal
fissions).

13(1, t) is the total delayed fraction at position (1,1), the sum of the partial delayed fractions

for the G delayed groups:

G

f3=LfJ.
g=l

(26)



and Cg(r,t) is the space-time concentration of group-g delayed-neutron precursor, whose decay

constant is Ag.

The precursor concentration for each delayed-group g satisfies the balance equation which
contains the production term from fission and the lass term from radioactive decay:

(2.7)

2.2 Improved Quasi-Static (IQS) Method

The calculational proccdure in *CERBERUS is based on the Improved Quasi-Static (IQS)
method. The flux is (without loss ofgenerality) factorized into a space-independent amplitude A ;md
space-and-time-dependent shape function V~

¢(r,t) = A(thv(r,t)

The amplitude is n01maliz~d to an initial value of unity:

A(O) = 1

(2.3)

(2.9)

The principle of the !QS method is to cast most of the time dependence of the flux into the
amplitude. This is achieved by ensuring that an ir.tegral in the shape function remains constant in
time·

(2.10)

In this integral, as in aU integrals in the IQS method, a weighting function (vector) equal to

the initial adjoint flux (:f~:~) (also known as the importance function). The adjoint is used because

it has the pf0perty that it makes the value of reactivity a stationary function of the flux shape, thus
minimizing its sensitivity to possible numerical (e.g., wund-oft) errors in cakulating the flux.

We now substitute the form (2.8) into Eqs. (2.1) and (2.7) to derive equations for the shape
function If and the precursor concentrations Cg . We get

and

( M ) (-) 1~ A (- )(1') (1) A(t) (_ ) Olj/(r,t)
- +Fp IfT,t + A(t)~ gCg r,t~O)= -;;- A(t)lfT,t + it

Compare Eq. (2.11) to the time-independent neutron-diffusion equation:

(2.11)

(212)

(2.13)



We can see that Eq.(2.11) is similar, except that it ha:.; extra terms in the amplitude.and in the

precursor concentrations. Eq. (2.13) is solved in its finite-difference form, in the same manner as
Eq. (2.11). Since the flux is calculated at typically tem of thousands of mesh points in the finite­
difference model, the solution requires an iterative scheme.

The equation for the amplitude is obtained by integrating Eq.(2.11) over the core, once again
using the steady-state adjoint as weighting factor. When we do this, we get a point-kineiics-like
equation:

(214)

where the parameters p, fleff, 11, and TJg have the following significance and are computed as core
integrals.

P is the dynamic reactivity:

P()
_ (d:(r),MIf/(r,t))

t- 1- ( ( ))if: (r), F,-If/ r, t
(215)

iosses=1- .
production

A is the prompt-neutron lifetime:

(2.16)
K

A(t) =( • _ _)
¢ (r ),FTIf/(r ,1)

fleff is the effective total delayed-neutron fraction:

(2.17)

The TJg values are the adjoint-weighted integrated precursor concentrations:

g=I, ...G (2.18)

By integrating Eq. (2.11) over the core in a similar manner, with the adjoint as weighting
fi.mction, we find that the integrated precursor concentrations satisfY the balance equations

(2.19)



The IQS calculational methodology is now complete. The original time-dependent neutTon­
diffusion equation is equivalent to a coupled system of equations for the shape function'll, the
amplitude A, and both the space-dependent and the integrated precursor concentrations Cg and TJg·
This coupled system consists of the sp~ce- and time-dependent differential equations (211), (2.12),
and the equations (2.14) and (2.19) which are dependent on time only. This system depends on the
integrated quantities defined in (2.15)-(2.18).

2.3 Two-Tiered Scheme of Time Intervals

While we have replaced a single equation by a system of coupled equations, the scheme we
have obtained has the advantage that most of the time dependence has been cast into the amplitude.
Consequently, the space-dependent equation fur the shape function, which requires a much greater
computational effort to solve than the point-kinetics-like equations for the amplitude, can be solved
much less frequently (through the transient). In this way, the IQS method significantly reduces the
overall computational effort.

*CERBERUS thus employs a two-tiered strategy in the time variable:

• solve the shape equation only at relatively large time steps (macro intervals), and
• solve the point-kinetics-like equatio:1s for the amplitude ap.d integrated preC\!rsor

concentrations at sm<!ll time steps (micro intel"Vals).

This two-tiered scheme in time is illustrated in Figure 2.1.

We start by selecting the points in time in the transient, II = 0, 12, 13,..., at which we wish to
calculate the shape function l{/. These define the macro intervals. For typical CAATIU tra'lsients,
the following macro intervals are generally found to be appropriate:

• at the start of a LOCA, before shutdown-system actuation, 50-100 ms;
• during shutdown-system action, until full system insertion, the time interval it takes for

the shutdown system (tip of shutoff rods or leading edge of poison along the injecting
nozzle) to travel an additional lattice pitch; this time varies during the action of the
shutdown system but is typically of the order of 10-50 IDS;

• followmg shutdown-system full insertio~, larger intervals in the range of a several tenths
of a second to a few seconds.

The starting point of the process is the solution of the pre-event (Le., II = 0) steady-state
problem. The solution of the shape equation (2.12) then follows recursively from one ("macro")
point in time to the next, IJ to li+ I. However, since the amplitude and its rate of change appear in
Eq. (2-12), this requires that equations (2.14) and (2.19) be solved over micro intervals within the
macro interval. In fact, the coupling of all the equations forces the iterative solution of the entire
set over each macro ir,terval, until self-consistency is attained in each quantity: flux shape,
amplitude, reactivity, precursors.

In *CERB!:RUS, the calculation at a given macro time step Ii in the transient is called a
"case", and the cases are numbered:

• Case I is the initial steady state at II = O.
• Case 2 is the steady-state adjoint, also at II = 0; this is needed to calculate all subsequent

core integrals.
• Cases 3, 4, 5, ... are the time-dependent cases at times 12, 13, 14, etc.



3. Lattice Properties and the History-Based Method

The fuel-management code RFSP is the major finite-core computer program for the design
and analysis of CANDU reactors. The core models used with RFSP are the most accurate and
realistic. While RFSP was initially only a steady-state code, these attributes ensured that its
extension to a kinetics capability would be a natural developillent. This development took the form
of the *CERBERUS module, whose mathematical basis is described in the previous section.

RFSP incorporates within it the cell cod::l POWDERPUFS-V, which evaluates the nuclear
properties (cross sections) of the Jartice POWDERPUFS-V is a semi-empiric;ai code, based on
research-reactor measurements on heavy-water-moderated lattices. The mathematical framework of
POWDERPUFS-V is quite simple, and its exec;ution time is a very small fraction (about 1/200"') that
of a transport code such as WIMS-AECL.

The lattice properties calculated by the cell code are the basic data for use in any finite­
reactor calculation. For a given lattice and fuel geometry. the major determinant of the lattice
properties is the fuel irradiation. In this context, Figure 3.1 s!lows the v<:riatton with iri"adiation of
1<", the "infinite-lattice" multiplication constant, for 37-e1ement natural-ur<:niur.l fuel irradiated under
nominal conditions. In <:dditi0n, the void reactivity is also <: function of fuel irradiation: it is of the
order of 15 !Uk for fres!l fuel, and 10 mk for mid-buffiup fuel. These factors demonstrate how
impUltant it is to mod::ll the spatial distributior. offuel irradiation in (he RFSP core model.

Given the lattice properties, RFSP tackles the finite-core problem. For steady-state
problems, RFSP solves the time-independent neutron-diffusion equation. Two types of models are
essentially available here:

• the time-average model, which is intended to provide an "average" picture of the core
configuration over the long term. In this model, each bundle does not have a single
irradiation value, but instead is represented by a range of irradiations which the fuel
experiences at that location. This model does not include the "fuelling ripple" associated
with the discrete, daily refuelling operations;

• the instantaneous ("snapshot") model, representing the picture of the core on some
specific day in the reactor's operating history. This model explicitly includes the fuelling
ripple due to the sequence of refuelling operations leading to the specific day being
modelled.

In both models, lattice properties are bundle-specific, be:ause the values of irradiation
(buffiup) are individual to each fuel bundle in core. In the snapshot model, some channels have been
refuelled very recently, others have not been visited for a long time, and are nearing the time when
they will be refuelled once again. Thus, the fuel irradiation in the core ranges from 0 (or near 0) to
values near the expected exit value. Since irradiation is the most important parameter determining
the nuclear properties, the lattice properties must be evaluated separately for each bundle.

However, other parameters, such as the absolute lOCal flux value, the fuel temperature, the
coolant density, etc., also have an impact on the lattice properties, and these parameters are not
uniform through the core. It is therefore desirable that lattice properties be calculated with "focal­
parameter" methodologies which capture the local variation in lattice conditions. The most accurate
methodology available in RFSP is the "history-based" method: at each successive snapshot in the
reactor's operating history (i.e., each burn step), individual POWDERPUFS-V lattice calculations
for each bundle to update its properties based on the bundle's changing irradiation and the local



parameters at the bur-die's location at that time. Thus, true to its name, the history-based method
reflects changes due to the local history of each bundle. This is particularly important in simulations
of hypothetical accidents such as LaCAs, where major space-dependent changes in lattice properties
are taking place.

Thus, the 'CERBERUS module of RFSP, developed specifically to analyze fast transients
such as LOCAs, is designed to function within the context of the history-based methodology. This
is well suited to calculations of the "perturbation" type, where changes in the basic lattice properties
due to sudden ever,ts or accidents must be modelled, and especially when these changes are likely to
vary widely across the core.

Note however that in view of the thousands of lattice calculations required (there are 4560
fuel bundles i:l the CANDU 6), the histOly-based methodolog-j is practical only if the lattice code
executes sufficiently rapidly: the advantage of POWDERPUFS-V is that the cell calculations faT all
4560 bundles take only about one minute on an HP workstation.

Because the number of delayed neutrons from plutonium fissions is smaller than that from
uranium fissions, the delayed-neutron fractions needed for the kinetics calculations depend on the
isotopic nuclide concentrations in the fuel, i.e. they are also irradiation dependent. For
'CERBERUS, bundle-specific delayed-neutron fractions are ~alculated within the history'-ba.>ed
method.

4. Neutronic-Thermalhydraulic Coupling

In the LOCA application, the driving feature is the coolant-density transient. In a large
break, thi, evolves rapidly in time. There are also significant variations in the density transient in
space, 5ince the voiding will initially be in the critical pass of the broken loop, and even within that
pass it will depend on the local power and on the channel's position in the core.

Therefore, to capture the effect of the rapid changes in coolant density on the lattice
properties, the latter must be re-evaluated at each "flux-shape" time step, using densities imported
from a thermalhydraulics calculation. Since the local power also drives the voiding to some extent,
the 'CERBERUS module has been coupled to a thermalhydraulics calculation (done, e.g., by a code
such as FIREBIRD or CATHENA).

A detailed thermalhydraulics model of the primary heat-transport system must be assembled.
Even with the increased power of modem computers, it is still not practical in therm'llhydraulics
models to represent every channel in the core individually. However, a fair degree of detail can be
obtained by subdividing the fuel channels into a reasonable number of thermalhydraulics groups,
each representing channels with similar expected density transient.

The coupled neutronics-thermalhydraulics calculation then proceeds through the transient in
one "go-through" as follows. RFSP calculates the flux and power distributions (including fission-­
product decay power) at the discrete ("flux-shape") macro time steps described earlier. At each
macro time step, RFSP sums up the bundle powers for each of the channel groups used in the
thermalhydraulics model. The thermalhydraulics code then uses this information to compute coolant
densities, fuel temperatures and coolant temperatures for the next macro time interval in the
transient. In this way the LOCA simulation steps through the transient, alternating between the
neutronics and thermalhydraulics components of the calculation.



5. LOCA Simulated

The LOCA tra'1sient simulated here to illustrate the methodology is a hypothetical 100%
break in the pump-suction pipe cf pump 4, located in loop 2, at the pressurizer end of a CANDU 6
(see Figure 5.1). The break size corresponding to this break is about 0.308 m2 The critical core
pass is the pass between reactor headers till8 and lID5.

"fhe power pulse is assumed to be terminated by SOS-1. This is in fa(;t the reasol' for
assuming the pipe break is in loop 2. For SOS-1 action, this is more conservative t/'.an a break in
loop 1. the SOS-I ian chambers being on the loop-l side of the calandria, their response will be
slower to a break in loop 2

S.l RFSP Neutronics Model

The LOCA was assumed. to occur at a particular day, FPO 2844. in the CANDU 6 operating
history. A "history-based" snapshot model corresponding to FPD 2844 was used as the basis of the
simulation. The core was in a nominal configuration at full power.

Note: same of the figures presented in the discussion show two sets ofresults:

• those obtained with the snapshot model, usi'1g RFSP (*CERBERUS module); these are
labelled "p-Fsr simulation", and

• those obtained with an earlier, "self-standing" CERBERUS code (no~ within RFSP),
using the same IQS method, but with a crude version of the time-average model instead
of a snapshot model; these are labelled "CERBERUS simulation".

5.2 Prevailing and Simulated Initial Conditions

This section discusses the pre-event core conditions prevailing in the core on the FPO
selected, and how some of these were modified in the simulation for reasons of conservatism.

5.2.1 Moderator Poison

FPO 2844 in the operating history was selected because it represented a nominal core
configuration at full power, following a period with a high rate of refuelling. As a result, the core
had about 0.4 ppm of boron in the moderator, corresponding to an excess reactivity ofabout 1 milli­
k. However, in the simulation the moderator poison concentration was for conservatism increased
to 0.625 ppm of boron, corresponding to 5 milli-k of excess reactivity, tp~ maximum amount
allowed by the station operating procedures. The presence of moderator poison increases the void
reactivity and therefore the severity of the power pulse.

5.2.2 Reactor Power

Although the reactor was operating at full power 011 FPD 2844, an uncertainty of 3% in the
measured power was assumed in the simulation. Therefore the initial power was increased to 103%
FP (~ 1.03*2061.4 = 2123.2 MW). The higher power would increase thc voiding rate and
(;or,sequently the severity ofthe power pulse. It would also increase the initial fuel temperature (and
therefore the initial stored energy), and the energy added to the fuel for the same relative power
pulse.



5.2.3 Coolant Purity

The coolant purity at FPD 2844 was 98.89 atom % D20. The purity was downgraded in the
simulation, te artificially increase the void reactivity, to account for a possible under~stimation ofthe
void reactivity by the cell code POWDERPUFS-V. A lower coolant purity results in greater
parasitic absorption when the coolant is present, and therefore a greater reactivity addition when the
coolant is voided. The value used in the simulation was 94.26 atom %, corresponding to the
minimum vperational purity allowed at the station, 97.15 atom %, and an assumed void-reactivity
uncertainty of 1.6 mk.

5 2A Pressure-Tube Creep

Pressure-tube radial creep was incorporated in the mode!. Although FPD 2844 corresponds
to ~ period of operation of 9 years at 90% capacity factor, the simulation assumed 20 years of creep
at a 90% capacity facter. Four different values of creep were used, corresponding to two radial
regions (inner and outer cores) and two axial core regions.

5.3 FIREBIRD Thermalhydraulics Model

rhe thermalhydraulics computer code used was FIREBlRD.

The thermalhydraulics circuit was divided into 8 channel groups, as show:! in Figure 5.2. The
greatest detail and subdivision was used in the critical pass, the one dowr.stream of the break m the
broken leop. This pass features the fastest density transients. Here five thermalhydraulics groups
(1-5) were selected, to distinguish between the high-power and low-power channels in the inner and
oute, regions of the core, and within each region to distinguish between the different elevations of
channels. The non-critical pass of the broken loop features much slower density transients, and a
single thermalhydraulics group (channel group 6) was used to medel the 95 channels. Similarly in
each ofthe two passes of the intact loop (channels groups 7 and 8).

The core region in each channel group in the critical pass (i.e. channel groups 1 to 5) was
represented by 12 FIREBIRD nodes, corresponding to one axial bundle plane each. For channel
groups 6 to 8, where core voiding was not significant, a 4-node axial representation was used.

5.4 Shutdown-System Actuation

The hypothetical LOCA transient was assumed terminated by SDS-I acting alone.

Figure 5.3 shows a face view of the core with the shutoff rods fully inserted. Figure 5.4 is a
top view of the reactor, showing the shutoff-rod positions. In order to accommodate the shutoff
rods in the model mesh lines, the RFSP model makes some conservative assumptions about the
shutoff rod length. The length is reduced from the actual active length to 18 lattice pitches for the
long rods (a shortening of almost one lattice pitch), and to 17 lattice pitches for the short rods.

In the LOCA analysis, two of the 28 shutoff rods are assumed to be inoperative. 'The rods
which leave the least effective set of 26 rods vperative are assumed absent; these are rods SORO1
and SOReS. From Figure SA it may be seen that assuming the~e rods are inoperative leaves a large
corner of the reactor not covered by the shutdown system.



The reactor shutdown system is actuated by the reactor protection system. The neutro,ic
components of the protection system consist of out-of-core ion chambers and in-core Regional
Overpower Protection (ROP) detectors. The.e are also non-neutronic, i.e., process, components of
thp- protection system, but these were not simulated here.

The protection system actuates the shutdown system on the first trip signal encountered.
The simulation however ignored the first trip signal and assumed instead the second (i.e., the
backup trip signal).

The *TRIPDPG module of RFSP computes the shutdown-system actuation time.
*TRIPDPG models all the detectors and the ion chambers and their electronics. The trip logic is
triplicated, and although the tripping of two logic channels is sufficient to trip the entire system, the
simulation required all three logic channels to trip before actuating the shutdown system.



6. RESULTS

6.1 Steady State

The FIREBIRD steady-state assumed two-phase flow at 103% FP with an outlet-header
quality of3.6%. The reactor outlet header (ROH) pressures connected to the pressurizer were set at
9.99 MPa(a).

The ir:itial global flux distortions were very small. A contour map of the channel powers
"cross the core is given in Figure 5.5. Local power variations in the installtaneous model are
expected, 'is :hey are due to the refuelling ripple about the time-average power distribution.

The delayed-neutron data calculated in the steady state case is summarized i!l Table I,
showing the average values a,ui the variations for the 6 delayed-neutron groups. The total delayed
fraction j1 in steady state was found to be about (5.87 ± 0.92) x 10.3, where the ± value quoted is the
standard deviatlOn across the core. It is clear that the spatial variation in the delayed fraction is
subs!al1tiaL

6.2 Detector Response

The times at which the SDS-l detector:. reached tht'il setpoi!lts are listed in Table 2. The
SDS-I backutJ trip sigr:al was the rate-of-log-power signal. The time of 'ictuation of SDS-l was
495 ms after the break. Taking into account the time it takes for the shutoff rods t·) drop from their
parked position, their time ofentry into the core was 0.883 s after the break [A 100iJ-1 break would
have been detected earlier by the SDS-I ion chambers and would have led to an earlier SDS-I
actuation time.]

6.3 Thermalhydraulic Behaviour

From a thermalhydraulics point of view, void reactivity depends on the initial amount of
coolant in the core, and also on the voiding rate. The larger the coolant mass, the larger the amount
of coolant lost and the larger the core void reactivity. In addition, a faster voiding rate results from
an initial condition with some coolant boiling at the core exit. This is the reason for assuming an
initial power greater than design full power.

Figure 6.1 shows the (flux-square-weighted) average coolant densities in channel groups 1 to
5 of the critical pass and in channel groups 6 to 8 of the other core passes.

The channel voiding transient is shown in Figure 6.2. Figure 6.3 shows the total voio­
fraction transients in the intact and the broken loops (loops I and 2, respectively). The initial void
fraction in each loop is about 0.1, corresponding to the outlet boiling. The flows in channel groups
1 to 5 are shown in Figure 6.4. Figure 6.5 shows the header-pressure transients in the broken loop.
The break-discharge-flow transient is shown in Figure 6.6.



64 Neutronic Behaviour

The initial (positive) segment of the variation of core reactivity is shown in Figure 6.7.
Figure 6.8 shows the total r:lactivity fo. the entire transient (also in Table 3). The shutotfrods begin
to "bite" into the reactivity as soon as they enter the core. The reactivity reaches a peak positive
value of 4.08 milli-k at 0.883 s after the break. At that tillie the channels of the critical pass have
almost completely voided.

The r~activity becomes negative very quickly as the shutoff rods continue to drop into the
core. The rods reach full insertion at about 2.1 s. Thereafter, the flux shape does net change
appreciably, and the reactivity levels ont at approximately -76 milli-k.

Figure 6.9 shows the power transients for channel groups I to 5, at mid-axial location. Table
4 gives the relative powers of the entire reactor, the broken loop (loop #2 - low-x halfin the reactor
model) and the intact loop (high-x halt). Also shawn are the relative powers for the top and bottom
halves and the two axial halves. The total power and loop power, are plotted in Figure 6.10.
Because of the asymmetric coolant voiding, the broken-loop power rises faster than the intact-loop
power, resulting in a side-to-side power tilt of about 14% before the shutoff rods enter the core
(Table 5).

6.5 Fuel Enthalpy

The bundl~ which had t:le highest er.ergy derosited to 5 s was bundle P05-7. The power
versus time for this bundle is tabulated in Table 6 and graphically in Figure 6.11. In the RFSP
transient, the bundle reaches its peak pawer at 1.229 s; the increase over its initial lJOwer (827.6
kW) is a factor of3.65.

Over 5 s, the total energy added to the bundle was 3.557 MW's, or 4.298 initial-power­
seconds. Assuming the same relative power pulse were experienced by a hypothetical bundle
initially at the licensing limit of 935 kW, the total energy content (initial stored energy + energy
deposited by the power pulse) of fuel in the hot pin of the hypothetical bundle would be 589.6 Jig.
This is 250.4 Jig below a conservative limit of840 Jig for fuel break-up; the margin is 29.8%.

7. Summa..ry

The spatial-kinetics capability of the RFSP code has been ilh.:strated by means of the
simulation of a hypothetical LOCA transient. The calculation featured coupling of the RFSP
neutronics with a thermalhydraulics (FIREBIRD) model.

The LOCA was calculated for an instantaneous (snapshot) model of the core. However,
many reactor conditions were artificially changed to increase the severity of the power pulse, for
conservatism. The snapshot RFSP model is a very detailed representation of the core. The physical
properties of the lattice, including the delayed-neutron data, are bundle-specific in the calculation.

Prior to the development of the *CERBERUS spatial-kinetics module of RFSP, the
modelling of the core was cruder, with lattice propenies assumed homogeneous (or averaged) over
large regions of the core. The 'CERBERUS module allows neutron-kinetics analysis to be
performed with the most sophisticated reactor models. It also allows LOCA analysis to be
performed for arbitrary snapshots of the core, situations which could not previously be handled.



Table 1. Void Reactivity vs Coolant Purity at 1.80 n/kb (Reaction-Rate Averaged)

Coolant

Purity

(atom%)

Reactiv\ty (milli-k)

.80640 g/cmJ voided

Dr

(mk)

Difference

from Reference slope

(mk) (mklatom%)

99.8 2.38485E-02 3.34682E-02 9.620 -0.739

98.929 10.080

98.4 2.27996E-02 3.31587E-02 10.359 0.000 -0.5282

97.0 2.17627E-02 3.28594E-02 11.097 0.738 -0.5269

95.0 2.03020E-02 3.24498E-02 12.148 1.789 -0.5255

92.5 1.85114E-02 3.19688E-02 13.457 3.098 -0.5238

90.0 1.67611E-02 3.15233E-02 14.762 4.403 -0.5220

88.0 1.53931E-02 3.11935E-02 15.800 5.441 -0.5191

85.0 1.34037E-02 3.07484E-02 17.345 6.986 -0.5148

Memo dpmsword rev, 0- mcatthur\loci\\VCiDF..,DOC { 18112/1997



Figure 1. POWDERPUFS-V Void Reactivity vs Coolant Purity
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Channel groups 1 to 5: crltlcal pase
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""1-Figure 1,3 -- Positive System Reactivity versus Time in

Simulation of 100% PS Break at 103% FP
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Figure 119- Total System Reactivity versus Time

in Simulation of 100% PS Break at 103% FP
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6.t()
Figure 1.ff -- Relative Powers versus T!me in

Simulation of 100% PS Break at 103% FP
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C, .11

FIGURE)A3. Power Pulse for Bund!es with Highest Stored Energy

in Simulation of 100% PS Break at 103% FP
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Table i Delayed-Neutron Data

Partial Fraction $V Tune Constant (A.;) (S-I)

Precursor InS1lUl1lUlteoUS Homog~neous Inswn1lUleOus Homogeneous I

Group Model* Mode! Model* Model

I (2.9767±OAI88) 2.96xlO-4 (6.1297±O.6063) 6.12xlQ-4
xlO-4 xl0-4

2 (1.1744±O.1625) 1.167xlo-3 (3.1537±O.O128) 3.1553xl0·2

x10·3 x10-2

I 3 (L042I±O.1602) l.036xI0·3 0.1221±O.OO28 0.1219
xlO-3

4 (2.3728±O.41ll) 2357xlo-3 0.3179±O.OO32 0.3176
xl0·3

5 (7.8559±1.l969) 7.84xlO-4 l.3894±O.OC52 1.3982
X10-4

6 (1.9727±O.2097) l.99xlO-4 3.7807±O.0675 3.7858
xlO-4

Greatest Value of Total Delayed Fraction
Smallest Value of Total Delayed Fraction

= 7.8512xlO-3

= 4.2769xlO-3

*Note: The '±' value is I standard deviation across the core. The homogeneous values are
uniform everywhere.

Fast-Group Ve!ocib'

7.648 x 1()6 cm/s

Thermal-Group Velocity

0.2708 x 1()6 crn/s
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Table i. Times at Which SDS1 Detectors Reach Assumed Setpoints
" (including times for homogeneous case)

,
Tune at Which Trip S.tpointI R.OPDerectors Caleulation of 5051 AcIUaliOll Tuneis Reached

CERBERUS RFSP Tune at Minimmnof Tune of Tune Used

Logic Delccror Model Mood Wtich Logic Previous AcIuaIion of as Origin of .
Relay Columllm 5051 Shutoff·R""ChaImeI Assembly WouldQear Each Ch3nne1 DropCllrve

(s) (s)
(s) (s) (s) (s)

D VFD05 03310 0.343C1 03695

VFD07 0.4170 0.4220 0.4485

VFD08 0.'1630 0.4660 0.4925

VFDIO 03350 03360 03625 0.3625

VFDI2 0349'3 03490 03755

VFDI4 O.4ll2O 0.4030 0.4295

VFD!5 0.4380 0.4370 0.4635

VFDI7 0.4890 0.4880 0.5145

VFD20 0.3790 03750 0.4015

VFD2Q 03910 03880 OAI4S
-

VF021 0.4250 0.4200 u.4465

VF022 0.4670 0.4650 0.4915
--

E VFD05 03260 0.3330 0.3595 03595

VFD06 0.3630 0.3700 0.3965

VFD07 0.4070 0.4110 0.4375

VFD07 0.4120 0.4190 0.4455

VFDIO 03340 0.3350 0.3615

VFOl2 0.369U 0.3680 0.3945

VFDI5 0.4300 0.4280 0.4545

VFDI7 0.4850 0.4860 0.5125

VFOl9 03680 0.3650 0.3915

VFD21 0.4310 0.4270 0.4535

VFD25 0.4150 0.4080 0.4345

F VFD02 03790 0.3930 0.4195

VFD06 03440 0.3530 0.3795

VfD06 03440 0.3560 03825

VFD08 0.4590 0.4630 0.4895

VFDIO 03430 03430 0.3695 0.3695

VFD13 0.3860 03830 0.4095

VF017 0.4810 0.4810 0.5075

VFD19 0.3590 0.3560 0.3825

VFD20 0.3750 0.3720 0.3985

VFD21 0.4340 0.4300 0.45S5

VFD22 0.4710 0.4680 0.4945



.J.

Table,t. (continued)

IoRCNmheTs TIme .. Which Trip Selpoinl
CaIculalion of SDS! AcIUaliOll Tuneis Reachod

CERBERUS JUlSP Tune .. Minimmnof Tune of Tune Used

Logic Detecror Model Model Which Logic Previous AcIUalion of as Origin of

CIwmci Assembly Relay Cohmmin SDSl Siwroff·Rac!

(s) (,)
WouidClear EachO>mnel OropCurve

(s) {~) (s) (s)

D Ie! 0.4570 1l.456O 0.4950 0.4950

E tC2 0.4550 0.4560 0.4950 0.4950 0.4950 0.5110

!' 10 0.4520 0.4530 0.4920 0.4920

Note: The SDS l<ctuation time in the homogeneous case (Reference 3) was found to be 1 ms
later than the one c-.Jculated t.ere; i.e. the time of actuation of 5DS1 was 0.496 s in
the homogeneous mod~l.



TableI'- Reactivity vs Time·
(including reactivity from homogeneous case)

Homogeneous LlSWIIaIIeOUS ModelModel··

Case TlDle* Reactivity Reactivity Effective 13
Nwnber (s) (mk) (mk) (x 10-3)

1 0.000 O.llOOO 0.000 -
3 0.100 o.moo 0.057 5.840 --

4 0.100 0.5565 0.536 5.840

5 0.300 1.3824 1.383 5.840

6 0.400 2.2051 2.202 5.841

7 0.500 2.9082 2.936 5.842

8 0.600 3.5068 3.4~ 5.842

9 0.700 3.8617 3.806 5.843

10 0.800 4.1124 4.022 5.843

II 0.883 4.18% 4.0n 5.843

12 0.972 4.1978 4.064 5.M3
-- -

13 1.037 3.9426 3.805 5.842

14 Ll03 3.5086 3.358 5.842

15 Ll69 2.9271 2.719 5.841

16 1.229 2.2130 1.%9 5.8<!~

17 1 LllO 1.4201 1.149 5.840

i8 1.329 0.6116 0.338 5.840

19 1.380 -D. 1997 -D.491 5.839

20 1.429 -Ll498 -1.500 5.840

21 1.476 -2.3385 -2.697 5.841

22 1.521 -3.7857 -4.208 5.842

23 1.564 -5.9218 ~Jl49 5.844

24 1.655 -11.2021 -11.811 5.852

25 1.750 -21.5348 -22.472 5.86:;-

26 1.827 -38.84% -40.867 5.864

27 1.910 ~1.4535 ~.335 5.852

28 2.088 -74.2230 -76.764 5.841

29 3.000 -74.0341 -76.462 5.841

30 4.000 -73.7474 -76.093 5.841

31 5.000 -73.3445 -75.638 5.842

* Note Ihat the times for the homogeneous mode! are actually 1 ms later than the times for
the instantaneous model for cases ! 1 - 28. Thus, for example, case 11 is al 0.883 s for the
instantaneous model and at 0.884 s for the homogeneous model.

** The effective 13 was assumed to be a conslant value of 5.84 x 10-3 at all times.
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Table,15. Relative Powers vs Time
(including results from homogeneous case)

Broken Loop Intact Loop
TOOl1 Relalive Power Relative Power Relative Powern over

Relative Pow"," \Low x) (High x) Olher Core Halves

Case Tane~ Inst Hom. 1nsL Hom. 1nsL Hom. u-w High Low High
No. (s) Model Model Model Model Mcdel Model Y Y z z

1 0.000 OOסס..1 ooסס.1 OOסס.1 ooסס.1 ooסס.1 ooסס.1 ooסס.1 ooסס.1 ooסס.1 ooסס.1

3 0.100 1.0026 1.0034 1.0037 1.005:; 1.0014 UXH3 1.0026 1.0025 1.0036 1.0015

4 0.200 1.0263 1.0303 1.0391 1.0457 1.0135 1.0152 1.0279 1.0247 1.0342 1.0184

5 a.3oo 1.0944 1..1041 U326 1.1471 1.0562 1.0617 1.0983 1.0905 1.1060 1.0827

6 O.4a<l 1.2131 1.2315 1.2869 1.3127 1.1393 1.1513 1.2191 12071 1.2176 12085

7 0.500 1.3789 1.4076 1.4982 1.5364 1.2596 1.2804 13865 U713 1.3690 13888

8 0.6OCJ 1.5855 1.6301 1.7571 1.8162 1.4140 1.4461 1.5940 1.5770 1.5599 1.6112

9 0.700 1.8190 1.8882 2.0455 2.1356 1.5927 1.6437 1.8297 1.8084 I.W9 1.8603 I
iO 0.800 2.0674 2.1694 2.3479 2.4797 1.7870 1.8627 2.0797 2.0552 :'-0120 2.1231-
11 0.883 2.2756 2.4134 2.5972 2.7731 1.9541 2.0:;78 2.2886 7..26'17 2.2100 2.3416

12 0.972 2.4879 2.6653 2.8512 3.0750 2.1248 2.2603 2.4'58 2.4801 2.4116 25646

13 1.037 2.6137 2.8201 3.0056 3.2642 2.2219 2.3812 2.5843 2.6431 2.5302 2.6977

14 1.103 2.6744 2.9050 3.0858 3.3743 2.2632 2.4411 2.5676 2.7810 2.5&iO 2.7633
-

15 1.169 2.6427 1.8927 3.0585 3.3729 2.227a 2.4180 2.4243 2.8605 2.5535 2.7323

16 1.229 2.5249 2.7&56 2.9290 3.2601 2.1210 2.3167 2.1867 2.8622 2.4395 2.6108

17 1.280 2.3577 2.6176 2.7407 3.0731 1.9748 2.1673 1.9133 2.8010 2.2790 2.4368

18 1.329 2.1505 2.3982 2.5045 2.8222 1.7966 1.9792 1.6209 2.6788 2.0811 2.2203

19 1.380 1.9120 2.1369 2.2281 2.5180 15959 1.7602 1.3285 2.4939 1.8534 1.9708

20 1.429 1.6749 1.8731 1.9516 2.2083 1.3983 1.5417 1.0674 2.2808 1.6277 1.7223

21 1.476 1.4455 1.6132 1.6826 1.9016 1.2085 1.3282 0.8408 2.0487 1.4095· 1.4817

22 1.521 1.2284 1.3633 1.4280 1.6059 1.0288 1.1235 0.6490 1.8063 1.2033 1.2536

23 1.564 1.0280 1.1208 1.1921 13183 08638 0.9256 0.4942 1.5603 1.0129 1.0431

24 1.655 0.6494 0.(;742 a.7452 0.7916 0.5535 0.5581 0.2813 1.0164 0.6502 0.6485

25 1.750 0.3793 0.3592 0.4295 0.4226 0.3292 0.2966 0.1883 0.5698 0.3869 0.3717

26 1.827 0.2413 0.1993 0.2711 0.2366 0.2115 0.1622 0.1573 0.3251 0.2505 0.2320

27 1.910 0.1720 0.1178 0.1922 0.1423 0.1519 0.0936 0.1445 0.1995 0.1806 0.1634

28 2.088 0.1456 0.0869 0.1617 0.1059 0.1294 0.0681 0.1403 0.1508 0.1532 0.1379

29 3.000 0.1254 0.0664 0.1375 0.0807 0.1132 0.0523 0.1228 0.1279 0.1315 0.1192

3-'1 4.000 0.1128 0.0548 0.1227 0.0664 0.1028 0.0433 0.1110 0.1145 0.1180 0.1075

31 5.000 0.1040 0.0471 0.1125 0.0570 0.0955 0.0372 0.1026 0.1054 0.1086 0.0994
'---

• The homogeneOl's mode! times 2fe 1 ms later than the urnes for lhe instantaneous mlJdel from cases 11 - 28.
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Table~. Tilts in Three Spatial Directions vs Time

Horizontal Vertical Axial
Olse TIlDe Pow",Tdt PowerTdt PowerTdt

Number (s) (%) (%) (%)

1 0.000 ~.02 0.13 ...{l.26

3 0.100 0.10 0.13 ...{l.36

4 0.200 1.23 ...{l.02 -1.02
-

5 Q300 3.47 ~.23 -1.32

6 0.400 6.\l6 ...{l.36 ...{l.63

7 0.500 8.63 ...{l.42 0.46

8 0.600 10.&0 ...{l.41 . 1.36

9 0.700 12.43 ...{l.45 2.(11

10 0.800 13.55 ...{l.46 2.43

11 0.883 14.11 ...{l.44 2.64

i2 0.972 14.58 ...{l.19 2.82

13 1.037 14.97 1.26 2.95

14 1.103 15.36 4.12 3.06
1--.

1.169 15.71 3.3815 3.:3

16 1.229 15.98 13.51 3.14

17 1.280 16.22 18.% 3.09

18 1.37.9 16.44 24.73 2.98

19 1.380 16.51 30.61 2.81

20 1.429 16.50 36.36 2.57

21 1.476 16.38 41.91 2.24

22 1.521 16.23 47.24 1.79

23 1.564 15.95 51.99 1.22

24 1.655 14.74 56.73 ...{l.38

25 1.750 13.21 50.42 -2.26

26 1.827 12.33 34.90 -4.09

27 U:O 11.71 16.12 -5.26

28 2,088 11.06 3.75 -5.54

29 3.000 9.68 2.15 -5.16

30 4.000 8.80 1.70 -4.90

31 5.000 8.16 1.44 -4.66
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TableJ'. Relative Power vs Time for Bundle with Highest Stored

Energy at End of Transient
for Both Instantaneous and Homogeneous Cases

Relative Bundle Powec

Case TUDe"
Instant. Homog.

Number (s) Modei Model
(P05-7) (Q06-6)

I 1 0.000 1.0000 1.0000

3 0.100 b'OO29 1.0034

4 0.200 1.03851.~369

5 0.300 1.1612 1.1482

6 0.400 1.3476 13318

7 0.500 1.5913 1.5680

S 0.600 1.8891 1.8642

9 0.700 22217 2.1'>41

10 0.800 1.5620 25501

11 0.833 2.11416 2.852S

12 0.972 3.1333 3.1690

13 1.037 33540 3.4062

14 1.1!JJ 3.5417 3.62li

15 1.169 3.6481 3.7715

Ie 1.229 3.6515 3.8269

17 1.280 3.5714 3.7964

18 1.329 3.4109 3.6784

19 1.380 3.1669 3.4657

20 1.429 2.8853 32044

21 1.476 2.5800 2.9091

22 1.521 22627 2.5895

23 1.564 1.9408 2.2440

24 1.655 1.2378 1.4812

25 1.750 0.6661 0.8395

26 1.827 0.3478 0.4608

27 1.910 02023 02684

28 2.088 0.1629 0.1990

29 3.000 0.1367 0.1563

30 4.000 0.1213 0.1355

31 5.000 0.1109 0.1223

" The homogem-ous model times are 1 ms laIer than !he times for We inslanlaneous model from cases 11 - 28.
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