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ABSTRACT

Estimates of fuel management data for the equilibrium
operation of a specific CANDU reactor have been obtained by simulating
a period of the reactor's history using the Fuel Management Design

Program (FMDP).

The collapsing procedure in FMDP has been tested and
improved. This procedure prepares a coarse mesh model of the reactor
core from a detailed fine mesh calculation. The program calculates
a set of coarse mesh parameters which, when used in the flux calculation,
will regenerate exactly the same eigenvalue and flux distribution as
the fine mesh model. These parameters can then be used with the coarse
mesh, to calculate flux distributions for a series of perturbations from

the refétrence calculation used in collapsing.

Several coarse mesh models were generated and studied. It was
found that coarse mesh calculations with collapsed parameters result in
large savings in computing costs compared to the same calculations with

fine mesh, but with very little loss in accuracy.
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1. INTRODUCT IGN

1.1 Project Objectives

This study had two objectives. The first was to simulate
a period of operation of a specific CANDU reactor using the Fuel Management
Design Program (FMDP) to obtain estimates of the following equilibrium

data:
(i) the maximum channel and bundle powers,

(ii) the' refuelling rate required to maintain

criticality,

(iii) the average discharge bundle irradiation
for the two regions (inner and outer

core), and
-~ (iv) fuelling power changes

The method of selection of channels for refuelling will be

discussed,

The second objective was to test and improve the collapsing
procedure in FMDP. A description of this procedure and its uses is given in
Section 1.3 following an outline of the types of calculations which can

be done with FMDP.

1.2 Description of FMDP

FMDP is a two group, three dimensional, neutron diffusion
computer program designed to do a wide range of fuel management
calculations for CANDU reactors. Reactor operation is simulated by

computing flux distributions at a series of time steps. Irradiation



values for each fuel bundle in the core are increased at each time

step using the current thermal flux. Cross sections for the flux
calculation are obtained by interpolation in a table of cross sections
as a function of irradiation. The tabulated cross sections are obtained

from-the lattice cell code POWDERPUFS-V(]).

The program is also capable of calculating flux distributions
for a random distribution of fuel bundle burnups. This simulates a snapshot
of a possible distribution of irradiation in the core at some possible
instant during core life and will be referred to in this report as the
instantaneous calculation. These calculations do not require a simulation

of the previous history of the reactor.

In addition, the program does a time-averaged calculation. The
code computes a flux distribution which is an average over a long period
of equilibrium operation., This calculation also, does not require

simulation of reactor history,

Details of these calculations are contained in Appendix A

and in the FMDP documentation(2’3)'

The method used by the code to simulate the reactor is
described in Appendix B. Note that for the purpose of the flux
calculation, the reactor can be modelled with fine mesh, normal

mesh or coarse mesh as follows:

(i) in the fine mesh model each controller
is represented by small mesh volumes of the
order of the physical size of the device.
This model contains a large number of mesh
cells and the flux calculation is detailed,

but expensive.



(ii) In the normal mesh model, the
mesh planes coincide with the
lattice cell planes, so that
there is one mesh point per
fuel bundle., The mesh cell
size is one lattice pitch by 1
lattice pitch by 1 bundle length
(1151) .

(iii) In the coarse mesh model, there are. fewer

than 1 mesh point per fuel bundle.

For the normal and coarse mesh models, incremental cross
sections for the controllers can be smeared across the mesh cells by
volume weight averaging, or can be generated using the collapsing

procedure. This is described in the following section.

FMDP is still under active development. Each modification is
identified by a version number indicating the date and status of the
version. TST indicates a test version. ALW indicates that the version
has been approved by A.L. Wight. The later versions should give

better answers to the calculations.

Calculations in this study were done on the CDC 6600 computer
located at the Chalk River Nuclear Laboratories. The operating system
was SCOPE 3.4. Towards the end of the project some calculations were
done on the newly installed CYBER 175 computer with the NOS/BE operating
system. Jobs were submitted through terminals located at AECL Power

Projects, Sheridan Park and Meadowvale.



1.3 Collapsing Procedure

The collapse module in FMDP prepares a normal or coarse

mesh model of the reactor core from a detailed fine mesh reference
calculation. The program calculates a set of normal or coarse mesh
parameters which, when used in the flux calculation, will regenerate
exactly the same eigenvalue and flux distribution as the fine mesh
model. These parameters can then be used with normal or coarse mesh
to calculate flux distributions for a series of perturbations from

the reference case. The decreased number of mesh points with respect
to fine mesh, results in lower computing costs. A penalty in terms of

some loss in accuracy is incurred,

The proposed use of the collapsing procedure is illustrated
by considering the study to optimize the fuel load of a CANDU reactor
at startup with fresh and depleted fuel. The study requires ‘the
simulation of the reactor operation from startup with various initial
fuel Tbads to onset of fuelling in 5 or 10 Full Power Day (FPD) steps.
This period is of a transient nature and lasts for about 100 FPD. The
initial fuel load is the configuration of natural and depleted fuel at
startup. The objective of the study is to determine the UO2 content
of the depleted bundles and their location which give the most
satisfactory reactor operation over the initial transient. A detailed

discussion of this study is contained in Ref. L.
The study can be done with FMDP using the following procedure:
(i) Generate a fine mesh reactor model.

(ii) Convert to a coarse mesh model using the

collapsing procedure.



(iii)  Run the simulation with coarse mesh for
various initial core configurations.

Select the optimum configuration.

(iv) Repeat the simulation with the optimum core

configuration but with the fine mesh model.

Step (iv) gives the 'correct' answer for operation with the

optimum core configuration.

The degree of coarseness which can be tolerated in step (iii)
depends upon the difference in the fuel management data which are
obtained for each initial core loading. This difference must be
significantly greater than the error which results from using the coarse
mesh model. The error must be known from previous testing of the
collapsing procedure (step (iv) serves as a check on the error).

For example, suppose the maximum bundle power over the initial transient
with @ particular initial loading is A kW. A second initial loading
gives a maximum bundle power of B kW. The predicted percentage error

in these values is C%. The coarse mesh model used to obtain X and Y is

acceptable if TZA::§%7E x 100 is significantly greater than C.

The advantage of simulating operation with coarse mesh in
step (iii) is in terms of reduced computing costs - the coarser the mesh
used, the cheaper the study. Note that in the design of the larger

CANDU reactors, fine mesh simulations become prohibitively expensive,

The collapsing procedure is as follows: The reference fine
mesh distribution is volume weight averaged over the coarse mesh cells,

A Za and v&,. is then calculated for each coarse mesh volume from
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where
neighbouring fluxes,
g" is the cell volume averaged flux in group n(n = 1,2),

vfo, Zg“ are the fission source and thermal absorption
cross-sections which will reproduce the given flux

distribution,
1. .
2r is the group removal cross section,

(= = +%

r a 1—92)’ z

132 is the group 1 to 2 transfer cross-

section, and

k is the fine mesh eigenvalue,
Note that these are simply the seven point finite difference two group
diffusion equations rearranged to solve for the unknown cross-sections

with a given flux distribution,

The program then generates and stores the set of cross-section

increments for further use. Thus

WAvZf = vZf - vZ#
AZ% = E% - Z%

The sz and Zg are the normal cell cross-sections unperturbed

by an absorber.

6
d{n =z bingi is the sum of the coupling coefficients times the

(1.3-3)

(1.3-4)



The fine mesh reference flux distribution can be generated with
a time-averaged calculation to produce time-averaged collapsed parameters,
or by the instantaneous calculation to produce instantaneous collapsed

parameters,

By way of example, consider the simplified section of a core shown
modelled in fine mesh in Fig. la. It consists of one lattice cell,
perturbed by a thermal absorber. One mesh point is at the centre of
each of three fine mesh cells, Suppose we want to generate the normal
mesh model. The normal mesh boundaries are shown in Fig., 1b and
coincide with the lattice cell boundaries. |In preparation for collapsing,

a set of normal mesh cross=-sections are calculated for the normal mesh

cell; the thermal cross-sections are E% = ngODERATOR + EaFUEL and
vzf = vZfFUEL where the fuel cross-sections are previously calculated by
the lattice cell code by flux volume weight averaging, Note that the
effect of the absorber is not included in these smeared cross-sections.

The next step is to generate a fine mesh reference flux

distribution and eigenvalue. For the section of the core considered,
1 gl ﬂ1 )
CEL& 1 CEL% 2’ "CELL 3

CELL 1V’ o CELL 2, 0 CELL 3)'

there will be three vaiues for the fast flux (@

and three values for the thermal flux (ﬂz

The fine mesh flux distributions are collapsed to normal mesh

by volume weight averaging

1 ] 1

i.e. g WP e V9P e 2 T V3P ceut s
NM v
2 2 2
2 P e 1 T Y e 2t V5P Rl 3
and o\ = v

g]NM and QZNM are the fluxes, perturbed by the absorber, at the centre

of the normal mesh cell. V], V, and V_ are the volumes of the fine mesh

2 3

cells, and V is the normal mesh volume.



The next step is to adjust two of the normal mesh cross-sections
so that, when the diffusion equations are solved for our normal mesh
1
cell, @ NM

the core are strong thermal absorbers which strongly perturb the thermal

and ¢2NM will result., Most of the devices which are added to

flux distribution. For this reason the two thermal cross-sections
(vZF and Ea) are most affected and were selected as the adjusted cross-

sections,
Thus for the cell in Fig. 1b,
> 2 ] 1 1
vi; ve S o= k(z e - &)

and
2

¥ _ 1 1
0 = (B vy KD
The cross sectional increments are then generated (Eq. 1.3-3

and 173-4) and stored for use in perturbation calculations,

A normal mesh model can also be generated by simple smearing
of the absorber cross-section across the normal mesh cell. (The fine

mesh model is not required for this.)

VoS ABSORBER
i e AT ABSORBER _ "2 "a
T aNM v
where
ZEABSORBER is the cross-section of the pure absorber, and
AZEQESORBER is the smeared cross section for the cell.

However, when used in the unperturbed flux calculation the correct,

collapsed reference valueswill not be regenerated. Perturbation calculations
with a model generated by this procedure were not done in this study. The
calculations will presumably be less accurate than when the same coarse mesh

is used but with parameters generated by the collapsing procedure,



[ Description of Reactor

The reactor modelled in this study, is a right circular cylinder
lying on its side and containing 480 horizontal fuel channels of which
208 are in the inner (high burnup) region and 272 are in the outer region.
There are 13 bundles per channel of which 12 are in the active core.
One half of a bundle at each end of the channel is outside the core.
Refuelling occurs on power and is bidirectional. The reference refuelling
scheme is eight bundle shift. The reactor is moderated and cooled with
heavy water. Full core power is 2695 MW thermal to coolant. Spatial

control is by vertical, light water zone controllers,

1.5 Previous FMDP Studies

(5)

The mesh spacings for half core symmetry are shown in Fig., 2. Average

The fine mesh model of D.G. Parkinson was used in this study.
discharge irradiations of 1,78 n/kb for the inner region and 1.50 n/kb

for the outer region were obtained from an eight bundle shift time-
averaged calculation. This calculation was used as a reference throughout
this project. The channel power distribution is shown in Fig., 3 and the

bundle powers for eight specific channels are shown in Fig. 4.

A representative set of instantaneous power distributions have

(5)

preliminary testing of the collapsing procedure.

been obtained by D.G. Parkinson One of these was used in the
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2. INVESTIGATION OF THE COLLAPSING PROCEDURE

2.1 CP Factor Improvement

The first two collapsed parameters (AZa and AvZf) when used
for the reference flux calculation with coarse mesh, exactly
regenerate the same eigenvalue and flux distribution as the fine
mesh model. However, the bundle power distribution is of more
interest in fuel management studies. To regenerate the correct
reference power distribution, a third collapsed parameter is
required. Before this can be defined, the procedure used to

calculate the bundle powers must be described.

This procedure is as follows. The thermal flux distribution
obtained by the iterative solution of the diffusion equations, is
volume weight averaged over the lattice cell array generating the
unnormalized cell flux array, CELLFLUX. The unnormalized power is then

‘computed for each bundle using the following equation:
POWER = CELLFLUX*H FACTOR (2.1-1)

where the conversion factor, H Factor, is a tabulated function of the
bundle irradiation obtained from POWDERPUFS-V. Powers and fluxes are

then normalized using the core design thermal power to coolant.

The cell fluxes, and hence the bundle powers, which result
from volume weight averaging the reference coarse mesh flux distribution
are not the same as result from volume weight averaging the reference
fine mesh distribution. This can be seen from the series of figures

on Page 49.
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Fig. 5a shows the reference (time-averaged) thermal flux distribution
aTong channel D-4. Each point is the flux at the centre of a fine mesh
cell, The open circles mark the coarse mesh values obtained after collapsing
the fine mesh distribution to I%1%k cell size (see Fig. 6). Note that for
this particular channel, the fine mesh, coarse mesh, and lattice cell
boundaries coincide in the radial (x and y) direction and differ only in
the axial (z) direction. This is not generally the case with other channels,
and D-4 was chosen as an example to simplify the discussion. Volume weight

averaging is required only in the axial direction.

Fig. 5b shows the cell flux distribution along D-4 which results after
volume weight averaging the coarse mesh distribution over the lattice cells,
These fluxes, when used in Eq. 2.1-1 do not generate the correct bundle

powers for channel D-4,

The third collapsed parameter can now be defined:

—~—

FM
CP FACTOR = E—Ei"—F—wi-cﬁ at each lattice cell | (2.2-2)
CELL FLUX
CELL FLUXFM is the cell flux generated by the fine mesh reference

flux distribution (Fig. 5b), and

CELL FLUXCM is the cell flux generated by the coarse mesh flux
distribution (Fig. 5c).

The CP FACTORS for channel D-4 which would be obtained from this
particular reference fine mesh flux distribution and coarse mesh cell size,
are shown in Fig. 5d. These would be used in subsequent perturbation
calculations with coarse mesh 1*1%4 to give a better estimate of the bundle
power distribution. This occurs after the perturbed cell fluxes are

adjusted using the following equation:
Adjusted CELL FLUX = CELL FLUX*CP FACTOR at each lattice cell,

The increase in computing costs to generate, store and use the

CP FACTOR array is negligible.
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2.2 Preliminary Testing

Preliminary testing of the collapsing procedure was.carried

out as follows:

(i) A half core instantaneous calculation with
NRAN = 6389 (see Appendix A) was done with
fine mesh

(ii) Time-averaged collapsed parameters. (the AT,
and AVZ, of Eqs. 1.3-3 and 1.3-4 and the

.F
CP FACTORS of Eq. 2.2-2) were obtained by

collapsing the time-averaged fine mesh cal-

culation to coarse mesh,

(iii) The instantaneous calculation of step (i)

N was repeated with the coarse mesh model
of step (ii). The power and cell flux
distributions were compared with the 'correct'
distributions of step (i) using the
analyze module in FMDP. This computed the
ratio of each element in the distributions
from the coarse mesh calculation to the
corresponding element from the fine mesh
distribution. The average ratio and the
standard deviation were then calculated.
The latter is a measure of the accuracy
of the coarse mesh distribution - the larger it
is the greater the inaccuracy and, assuming an
average ratio of unity, the higher the

maximum error,

Steps (ii) and (iii) were done for a series of coarse mesh, half

core geometries. These are shown in Fig. 6.
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Results of Preliminary Testing

Important data from the fine mesh instantaneous calculation
are tabulated in Table 2. The calculation was done twice; with
version JUNI776TST and with version DECOI76ALW about 6 months later.
The answers obtained were significantly different. The reason
for this inconsistency has not been determined., Note, however,
that there was minimal difference in the time-averaged calculations

with versions JUNI776TST and SEPO176ALW (Table 1).

Statistical comparison with time-averaged data is contained
in Table 3. The standard deviation here is a measure of the degree
of perturbation. Additional comparison of the channel powers,
in Fig. 7 showed a mean difference from time-averaged values of

11.5 percent.

Ihe effect of the CP FACTORS on the accuracy of the 1%1%6
calculation is shown in Fig. 8. The bundle powers along channel
D-12 from the coarse mesh calculation with and without the CP FACTORS
are compared with the fine mesh powers obtained from version JUN1776TST.

The accuracy was considerably increased when the factors were used.

Results from the instantaneous calculation with 5 coarse mesh models
are presented in Table 4. Note that the calculation with normal
mesh (case 1%1:%1) was done without the CP FACTOR improvement to be
consistant with the normal mesh simulation described in the next
section. This simulation was started before the program changes

were ready.

Comparison with the fine mesh result is contained in Table 5.
Case 1*1*1, run with version JUNI776TST, was compared with the
JUN1776TST fine mesh calculation, while cases 1%1%2, 114, 1%1%6
and 2%2%2 run much later in the project, were compared with the
DECO176ALW fine mesh calculation.
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The results show that, of the coarse mesh calculations done,
the most accurate answer is obtained from case 1%1%2, The channel
power distribution for case I*1*1 is second in order of accuracy,
but the 1*1*%1 bundle and cell flux distributions are a little
less accurate than the distributions for case I*I*4, [f case
15¢1%] were repeated with the CP FACTOR improvement, it would
presumably give the most accurate results (i.e. closest
to the fine mesh results), Of the coarse mesh models tested,

the normal mesh model contains the largest number of mesh cells,

Note that all distributions for case 2%2%2, in which the reactor
is modelled with 1440 mesh points, were closer to fine mesh than the
bl*l*6 (with 2720 mesh points) distributions. Also, the maximum channel
and bundle power and keff were more accurate in the former calculation,
An explanation of this result is as follows, Suppose the error in
the flux calculated at each coarse mesh cell is a function of the
mesh';pacings, and that this function is separable in the X,Y and Z

directions:
i.e. Error = cle" + CZAYm + C3AZP (2.2-1)
If the constants and powers have roughly the same value.

Error a:c](Ax” + aY" + az™M)

L

28.575, AY = 28.575, 62 = 297.18
57.15, AY = 57.15, AZ = 99.06

For cell size 1%1%6, AX

For cell size 2%2%2, AX

Error,) ox 57.15" + 57.15" + 99.06"
Error w6 28.575" + 28.575" + 297.18"

For positive values of n greater than .25, this ratio is less than 1
and the flux calculated for a cell with 2%2%2 dimensional is the more

accurate,
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The bundle powers obtained in specific channels, including
D-12 which has the maximum value, are compared in Figs. 9 and 10,
The percentage error is indicated after each value. Consider Fig,l0
Most of the bundle powers calculated with coarse mesh in D-12 are
slightly lower and closer to the time-averaged (reference) values.
For example, consider bundie D-12, No. 5. The reference power is
685.1 kW (see Fig.L4). The instantaneous power calculated with fine
mesh is 883.5 kWw. This is a 29.0 percent perturbation from reference.
The instantaneous powers calculated with 1%1%2, 1%1%4, 1*%1%6,
2*%2%2 cell size are 883.1 (28.9), 878.7 (28.3), 861.6 (25.8), and
867.7 kW (26.7) respectively. The degree of perturbation from reference
indicated,in parentheses after each value,is decreased for each coarse
mesh case and for the 1*1*n series of geometries, decreases with increasing

cell size.

Now consider channel Q-1 which has a high negative perturbation
from reference. The bundle powers calculated with coarse mesh are
generally greater than when calculated with fine mesh and, again, the
degree of perturbation from reference generally decreases with increasing

cell size,

These results apply to most of the bundle and powers, but not.all.

They are explained by the following hypothesis:

The degree of perturbation of an instantaneous calculation
is generally reduced slightly when the calculation is done with coarse mesh

using time-averaged collapsed parameters.

Note also that the excess reactivity obtained with coarse mesh is
low and closer to the time-averaged value in all cases (see Table L),

This further supports the above hypothesis.

A L*lly coarse mesh model was also generated. The instantaneous

flux calculation did not converge. The incremental cross~sections
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were printed so that the adjusted thermal cross-sections used in

the flux calculation could be determined at various mesh points.

It was found that at some mesh points, particularly at the core edge,

a negative adjusted cross-section resulted., It was concluded that there is

a limit in coarseness to the collapsing procedure which is exceeded by
the 4*L*l model.

2.3 Accuracy of coarse mesh simulations with Collapsed Parameters

The error in the power and flux distributions and excess reactivity
obtained with a specific coarse mesh mode! at some time in a simulation,

is compounded of two factors. These are:

(i) The degree of perturbation from the fine mesh
flux distributions and eigenvalue used in

collapsing, and

Gi) The error in the bundle irradiation

distribution.

The first factor is investigated using the instantaneous calculation with

the procedure of the previous section. The second is discussed below.

Consider a simulation with fine mesh. When the first time step
is taken, the bundle irradiation array is incremented.using the bundle
flux and F factor from the initial flux calculation as shown in the

following equation,

FM N FM FM FM _
wy (t]) = wy (to) + FK (wo)ﬂKO At for bundle K (2.3-1)

The superscript indicates the fine mesh reactor model. The

nomenclature is provided in Appendix A,

The corresponding equation for the reactur modelled in coarse mesh

with collapsed parameters is

cM cM cM CM i



CRY i

For the same starting conditions

FM CM

6QK1 is the error in the bundle flux from the coarse mesh calculation
with respect to the bundle flux calculated with fine mesh. For a
particular coarse mesh geometry, this error depends upon the perturbation
of the first flux distribution from the fine mesh flux distribution used
in collapsing. |f there is no pasrturbation, 6@1 is zero. The error

in the irradiation of bundle K after the first time-step is therefore
Gﬂg FKCM( ab)At] and the lattice cell cross-sections, computed from

fuel tables, for the coarse mesh flux calculation at t] will not be the

same as those obtained for the fine mesh model.

After n times steps, the error in the irradiation at bundle K is

1 2 n
6¢K§fK(‘”o)Atl + 6¢K FK( w])At2 o + GQK fK( wn_])Atn.

Note that the error in the F-factor, a weak function of irradiation,
has been taken as megligible at each time-step. Note also that the number
of error terms at each bundle location does not increase indefinitely.
When the channel is refuelled and bundle K is replaced with a fresh bundle
the error at.this location becomes zero. (This is, of course, provided
that the fuelling schedules for fine mesh and coarse mesh simulations
are the same) The irradiation of each refuelled bundle is known exactly
(i.e. 0.0 n/kb).

The irradiation distributions from a coarse mesh simulation can
be compared, at each time step, with the exact fine mesh answer. Since

8@ is as likely to be positive as negative, it is expected that the

CM
average ratio at each time step will be unity. i.e. 4 't
FMI dig
e
where m = number of bundles in core. )2 m

K=0
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However, the standard deviation and maximum érror would increase
with time and approach steady state values. After a long period of
simulation (greater than the average residence time of bundles in the
core) the maximum error will always occur at a bundle location with the

maximum (or close to) number of error terms,

To investigate the above rigorously, a fine mesh reference
simulation is required, followed by the same simulation with a series
of coarse mesh reactor models. Unfortunately, the full core fine mesh
model required more central memory than was available at the time. The
reference simulation was done with normal mesh. Time-averaged collapsed
parameters (without CP FACTORS) were generated for normal mesh geometry
(see Fig. 6) using the half core fine mesh model, and unfolded to full
core. Start conditions were generated by the instantaneous module with
a ""patterned channel age distribution'' (see Appendix A). This reduced
power tilts and the clustering of channels with fresh fuel to a minimum
and, hence,"the initial core conditions could be regarded as optimized.
The simulation proceeded for 70 Full Power Days (FPD) with a 5 or 10 FPD
step between each flux calculation. Criticality was maintained with the
manual refuelling procedure described in Sect. 3.2, Each zone controller

was kept at 40 percent fill.

The simulation was repeated with two other coarse mesh geometries
(1*%1*%4 and 1*1*%6 cell size) and started for a third (2%2*2). Time-averaged
collapsed parameters, including the CP FACTOR arrays, were used. The
irradiation distributions were compared at each time step with the distributions

generated with the normal mesh model.

" Comparison of Simulation Data

The simulation data are compared in this section. A detailed

discussion of the normal mesh simulation is contained in Sect. 3.
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For convenience, the starting point for each simulation has
been set to 0 FPD. Only one flux calculation was done at O FPD. This
was for the normal mesh simulation. The coarser mesh simulations were
started not only with the same irradiation distribution, but also with
the same bundle and flux distributions. [t would have been better to
do the flux calculation at 0 FPD for each case. The burns for the first

time step are identical.

Tables 6, 7 and 8 show respectively the bulk excess reactivity
and the maximum channel and bundle powers, with location, for each simulation
as a function of time. Although there is very little difference in the
values at each time step, the order of accuracy was predicted from the
instantaneous calculations of Sect. 2.2. Note, however, that the maximum
powers obtained at the first flux calculation with 2%2%2 cell size seem
less accurate than the 1%1%6 values (taking the 1:¥1%*] channel powers and
1*%1*h bundle powers to be the closest to the fine mesh answers) and are
probably greater than the fine mesh result.

Average irradiations of bundles discharged in 4 specific timesteps
are compared in Table 9. The values increase with increasing mesh coarseness

and, as expected, the difference increases slightly with time.

The power and cell flux distributions were compared at four specific
times in the simulation and the irradiation distributions were compared at
every time step. These results are shown in Table 10 and Fig, 11. The
difference in channel power and irradiation distributions increases with time
as expected, although the difference in the bundle power distributions remains
fairly constant. The average irradiation ratio at each time step was not
unity but decreased with time. The reason for this may be because the CP Factor
array was not used in the reference simulation, but was used for the other
two cases. If a fine mesh simulation becomes possible, the analysis should

be repeated with the fine mesh answer as reference.

Simulation results for 5 specific channels are presented in
Figs. 12 to 36 permitting absolute comparison of the data. The percentage

difference from reference is indicated after each value.
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2.4 Cost Analysis

Sect. 2.2 and 2.3 have determined the loss in accuraéy
which results from Fuel Management calculations with mormal and
coarse mesh reactor models generated by the collapsing procedure in
FMDP, The purpose of this subsection is to estimate the sévings

which result from lower computing costs.

The following equation has been used, until quite

recently, by the computing centre for costing jobs

Cost in § = %'—ig— [0.293*CP + 0.109%10 + 0.408x10 Hx(cP + 1g)*(avg CM)Z:I

where avg CM = i E£(0.001CP + 0.0011¢) F1. kilowords
CP + 140

FMDP periodically writes to output current memory and CP
and 1@ times during the execution of a module so that a value for
each of these parameters can be estimated for each subcomputation
within the moduie. The costing equation can then be applied to
each subcomputation. This allows a more complete indication of

the savings (and where they occur) for the calculations with coarse

mesh,
Results

The breakdown of the system requirements and costs for the
various computations and core models are given in Tables 11 and 12. The

system requirements are based on version DECOI76ALW and the costs were

calculated using equation 2.4-1., Note the following:

The value of the CP time for the flux calculation (in millisecs
per iteration per mesh point) was the average over 14 runs done during
November and December 1976 on the CDC 6600 computer. The standard

deviation was 0.0102,

(2.4-1)
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The average CM for some of the computations was sometimes
difficult to determine without detailed examination of the coding. The
values recorded are the author's best estimate from the current CM which
is periodically written to output during a job, The values for the flux
calculation are, however, exact except for the full core fine mesh which,

before reaching this step, exceeded the system CM available.

Total costs for various jobs were determined using Tables 11 and
12, and are shown in Table 13, Average CP and If times were used for
reading data from tape to mass storage at the start of each job and for writing
back to tape at the end. Note, however, that with coarse mesh there is less
data than with fine mesh resulting in lower costs. This saving is not reflected
in Table 18 but is relatively small. The fine mesh half core insténtaneous

calculation was about 2-1/2 times the cost of the calculation with 2%2%2 mesh,

FMDP uses considerable amounts of extended core storage. The
maximum is printed at the end of each job, Less ECS is used with coarse
mesh sa_that savings would be greater than shown in Table 18 if there

had been a charge for ECS.

A particular job was broken down into its components and the
total cost estimated using the above procedure, but with the actual
CP and I@ times for the flux calculation and for reading from and writing
to tape. The answer agreed to within 4 percent of the cost for the job

listed in the monthly statement.

2,5 Further Testing of the Collapsing Procedure

2.5.1 Instantaneous Collapsed Parameters

This study has examined the loss in accuracy and savings in
cost for calculations with time-averaged collapsed parameters for

various coarse meshes, FMDP also provides for the generation and use
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of instantaneous collapsed parameters. For a simulation, these would

be generated using the fluxes and eigenvalue from the fine mesh
calculation with the start reactor conditions. The initial power
distribution from the coarse mesh calculation is exactly the same as

the distribution from the fine mesh calculation. It is therefore more
accurate than the initial distribution obtained with time-averaged
parameters. As the simulation proceeds and the irradiation distribution
differs more and more from the initial distribution, the accuracy will
decrease and eventually become less than the accuracy obtained with
time-averaged parameters. However, a new set of instantaneous parameters
can be generated periodically by a fine mesh calculation with the current

reactor conditions.

2.5.2 Compound Incremental Cross=-sections

The effect of a thermal absorber on the thermal cross=-sections
is increased in regions of high thermal flux and decreased in regions of

low thermal flux. This means that, for each cell,

—

when QP > ﬂR, IAvZfP > AvZfR and

p
IAZ > | AT »
a a

R

- and

and when ﬂP < ﬂR, IAvZfP < |AVE

IAZP < lag B
a a

The subscript indicates that the value is for the perturbation

or reference calculation.

The cell flux will generally be greater than the time-averaged value
if the cell contains fresh fuel and less than the time-averaged value if the
fuel is high burnup. (This may not be the case with extreme cell boundary

conditions). This means that generally the following conditions hold:



when ﬁP > ﬂR, z P < T R and
a a
P R
vzf > vzf
and when ﬂP < ¢R, ZaP > ZaR and
P R
vzf < vzf

The incremental cross-sections from the absorber can be made dependent

upon cell conditions by storing compound incremental cross-sections.

R o R vz, R R
These are £ ', AY ~ and . % and vI_. are the coarse mesh
a a vE R a f

.F

reference cross-sections unperturbed by the absorber. AEaR and AvZfR are

the incremental cross-sections generated in the normal way by the
collapsing procedure,
The incremental cross-sections for a particular perturbation

calculation are generated as follows:

R
b3
AEaP = 2. AZaR
=
a
and
AvE R v P
AVS P _ f f
f R

(2.5-1)

(2.5-2)
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3. DISCUSSION OF NORMAL MESH SIMULATION

3.1 Fuelling Objectives

After each flux calcuation, the irradiation and channel power
distributions were used in the selection of channels for refuelling in
the next time step. Channels were selected in order to achieve the

following objectives:

(i) Minimize the maximum ratio of channel power
to reference (time-averaged) channel power.
This is abbreviated to''maximum channel
overpower'' in this report and is expressed
as a percentage. Since tHe reference power
distribution is normally used to set
channel flow rates, this parameter is an
indication of channel outlet temperature or

- outlet quality if the channel is boiling.

It is desirable to keep the channel over=-
power low in order to minimize problems

associated with boiling in the channels.

(i) Minimize the maximum bundle power. To
reduce fuel defects, fuel element centre
temperatures and fission gas pressure, it
is desirable to keep fuel rating low,

The total power which can be obtained from

the core is limited by this parameter.

(i7i1) Minimize the fuelling rate which keeps the

reactor critical.



- 25 -

3.2 " Fuelling Rules

To achieve the third objective, preference was given to
the oldest channels. Channel ages were calculated at each time

step using Eq. 3.2-1,

AVERAGE IRRADIATION OF THE 8 BUNDLES WHICH ARE (3.2-1)
DISCHARGED WHEN CHANNEL 1S FUELLED

TIME AVERAGED EXIT [RRADIATION

CHANNEL AGE =
The two major reasons for high channel overpowers are as follows:

(i) The channel effect; the bundle power
per unit flux varies with time. The
power increases in a natural uranium
bundle owing to plutonium buildup and
then decreases until the minimum is

reached at the time of refuelling.

(ii) The local effect; the channel effect
will be amplified if a channel is
refuelled in a region that tends to
show a clustering of fresh channels.
P. Stevens7 obtained a relationship
between the additional increase in
power for a channel and the average
burnup of the eight neighbouring

channels,

When a channel was refuelled in the simulation, one of its
neighbours was refuelled only after the core burnup had increased by

at least 15 FPD to minimize the local effect.

To keep a uniform power distribution throughout the simulation,

the core was divided radially into seven zones (Fig. 3). At each time

step, the ratio of each zonal power to the corresponding time-averaged
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zonal power was calculated. Channels were selected for refuelling
in the subsequent timestep in an attempt to obtain ratio values of
unity for each zone. The fuelling rate in a zone with a ratio of
less than 1 was increased, and decreased when the ratio was

greater than 1.

3.3 Simulation Results

Fig. 37 shows the excess reactivity plotted against core
burnup. The excess reactivity changes linearly with burnup for each

step because of uniform refuelling.

The equilibrium fuelling rate, averaged over 70 FPD was
2.821 channels per FPD. This is an adjusted value to allow for the
difference in excess reactivity at the start and end of the simulation.
An excess reactivity decrease of 0.417 milli-k per FPD in the absence
of fuelling was assumed.

The average discharge irradiatipns for outer and inﬁer
core bundles were 1.506 and 1.775 n/kb respectively. These are within

1/2 percent of the values obtained from the time-averaged calculation.

Maximum bundle and channel powers were 874 kW and 7100 kW
respectively. The maximum channel overpower (12.5%) occured in the

outer core at channel A-14 (see Table 14).
The above data are summarized in Table 15,

An example of fuelling is given in Fig. 39 which shows the
channels chosen for fuelling in the interval 30 to 40 FPD. Each
selected channel is marked with a 'X' and the age and power of the
eight neighbouring channels at 30 FPD have been recorded. The

tomplete fuelling history is contained in Appendix C.



- 27 -

Zonal overpowers, overall power tilts and the fuelling
history by zones are recorded in Table 16. The maximum zonal
overpower was 6 percent and occured in zone 3 at 20 FPD. The top
to bottom power tilt at this time was 3.24 percent. No channels
were fuelled in zone 3 in the next burnup interval and the zonal

overpower decreased to -4 A percent at the next flux calculation.

Note that the simulation was somewhat short to reliably
estimate the maximum powers and the fuelling rate to be expected
during equilibrium operation, The simulation should be continued
to about 150 FPD.

3.4 Analysis of Simulation Results

The following is an attempt to identify the cause or causes
of the maximum channel power and overpower which result at 60 FPD.
First note that:

(i) the maximum channel ‘power was 7091 kW

occuring at 0-8 in the adjusted region,

(ii) the maximum channel overpower was 10.75
percent occuring at 0-7 also in the
adjusted region., 0-7 was refuelled
at 56 FPD.

(iii) channel 0-19 is almost symmetrically
opposite to 0-7 and both channels have
similar time-averaged powers (6380 and
6369 kW). 0-19 was refulled at 57 FPD
but the overpower at 60 FPD was only 1.5

percent .

The age and power history of the channels in the section of
the core containing 0~7 were compared with the history of the channels

neighbouring 0-19 on the other side of the core. These two sections
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are defined in Fig. 4O and each contain 25 channels. The Local
Average Age (LAA) and Local Average Power (LAP) about 0-7 and 0-19
have been calculated at 60 FPD and also at 50 and 40 FPD. These
values and other relevant data are recorded in Table 17. Note that
while the age and LAA at 60 FPD are similar, LAP (0-7)
considerably greater than LAP (0-19)

60 Feg | ®

60 FPD° This explains the high

power at 0-7 at 60 FPD.

The reason for the high LAP (0-7) must now be decided.

60 FPD
Relevant data are supplied in Table 18, The high value was caused
by refuelling too many channels in the left half of the core in the

energy interval 30 to 4O FPD,

A relatively large number of fresh bundles in the left half
reach their plutonium beak 20 to 30 FPD after charging resulting in a
large left to right power tilt. This reinforces the channel effect at
0-7 at 60 FPD.

During actual operation,-the controllers would be-filled
differentially to remove the tilt and the high overpower at 0-7 would
not occur. However, the fuelling engineer should attempt to keep the

power distribution uniform to minimize stress on the control system.

bt SUMMARY AND CONCLUS IONS

Estimates of fuel management data for the equilibrium operation
of a specific CANDU reactor, have been obtained using the code FMDP.

Results are given in Table 15.

The collapsing procedure has been studied and improved. It
was found that the use of time-averaged collapsed parameters in
instantaneous calculations and simulations with coarse mesh gives
a large saving in computing costs compared to fine mesh costs,with

very little loss in accuracy.
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Further testing needs to be done to determine the accuracy
of calculations with instantaneous collapsed parameters. These would
be used only in simulations when start conditions are known and can
be regenerated periodically, after a fine mesh calculation with

current reactor conditions, to maintain a desired level of accuracy.

The accuracy of coarse mesh calculations may be further
increased by storing compound collapsed parameters. When these are
used, the incremental cross-sections are dependent upon the cell

conditions for the perturbation calculation.
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TABLE 1 SUMMARY OF TIME-AVERAGED RESULTS FOR THE

8 BUNDLE SHIFT FUELLING SCHEME

VERSION OF FMDP JUNT776TST SEPO176ALW
Fission Power (kw) 2854600 2854600
Thermal Power (kW) 2695600 2695600
Max. Channel Power (kW) 6484 6480
Max. Bundle Power (kW) 796 799
Excess Reactivity with
Zone Controllers at 40% 0.40 0.42
Fill

milli-k
Average Discharge
irradiation n/kb
inner core 1.78 1.78
outer core 1.50 1.50
Zonal Power+ .
Zone } 364594
2 366415
3 L16916
4 L02966
5 L13710
6 364594
7 366415

+ See Fig. 3 for Zonal Boundaries.
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TABLE 2 RESULTS OF INSTANTANEOUS CALCULATION (NRAN=6389)
WITH FINE MESH

VERSION OF FMDP JUNT1776TST DECO176ALW
Number of Mesh Points 13984 13984
Excess Reactivity 2.17 3.61

milli-k
Max. Channel Power (kW) 7999 8268
and Location D-11 D-12
Max. Bundle Power (kW) 1017 ' 1037
and Location D-12, No.7 D-12, No.7
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TABLE 3 DEGREE OF PERTURBATION OF THE INSTANTANEOUS
CALCULATION (NRAN=6389) WITH FINE MESH FROM THE
TIME-AVERAGED CALCULATION

CHANNEL POWER BUNDLE POWER
RATI0S RATI0S
Whole 0.9963 0.9935
Core
]
& Outer
o Region
>
<
Inner
Region
oy
o)
o
o
> 0.1331 0.1301
&
o
)
w
2
3
(]
e 1.25 1.289
£
3
E
X
(]
=
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RESULTS OF INSTANTANEOUS CALCULATION (NRAN=6389)
WITH VARIOUS COARSE MESH MODELS

CELL SIZE ] 11 1312 %]k fxel] 6 2750939

NUMBER OF MESH POINTS 7616 4352 2720 2176 1440

VERSION OF FMDP JUN]776TST+ SEPO176ALW DECO176ALW DECO176ALW DECO176ALW

Excess Reactivity 2,22 3.61 3.56 3.42 3.44
milli-k

Max. Channel Power 8064 8270 8200 8081

(kW) and Location D-11 D-12 D-12 D-12 E-11

Max. Bundle Power 1017 1038 1037 1008 1014

(kW) and Location D-12,No.7 D-12,No.7 D-12,No.7 D-12,No.7 D-12,No.7

Channel Power at

Location of Fine Mesh 8064 8270 8200 8081 8129

Maximum Value

Percent Error _ 0.81 0.02 -0.82 -2.26 -1.68

Bundle Power at

Location of Fine Mesh 1017 1038 1037 1008 1014

Maximum Value

Percent Error 0.0 0.10 0.0 -2.30. =2.22

+ This version did not contain the CP Factor improvement.

¥ See Table 2.




TABLE 5

COMPARISON OF COARSE MESH INSTANTANEOUS RESULTS WITH THE FINE MESH ANSWER AS REFERENCE

CHANNEL POWER RATI0S

BUNDLE POWER RATIO0S

CELL FLUX RATIOS

1*17%1 INSTAN
FINE MESH INSTAN

1%1%2 |NSTAN
FINE MESH INSTAN

1%1°4 [NSTAN
FINE MESH INSTAN

116 INSTAN
FINE MESH INSTAN

27272 |NSTAN
FINE MESH INSTAN

AVERAGE STD. DEV.| MAXIMUM AWERAGE STD, DEV.| MAXIMUM AVERAGE STD. DEV. | MAXIMUM
Whole 0.99985 8L g 1.051 1.00893 0.03458 1.129 1.00883 0.03078 1.1154
Core
Quter 1.0008 0.00827 1.045
Inner | 0.9987 0.01377 1.051
zg:;e 1.000666 0.004461 1.020 1.000892 0.0049 1.0236 1.00045 0.0048 1.0236
Quter 1.000799 0.004691 1.020
I nner 1.000506 0.004161 1.0091
Whole | 1.00211 | 0.0171 1.033 | 0.9925 | 0.01656 | 1.0612 | 0.99861 | 0.01649 | 1.0612
OQuter 1.0034 0.01328 1.033
Inner 1.000564 0.009261 1.0239
gg:;e 1.005054 0.02989 1.0747 1.00254 0.0293 1.1058 1.001445 0.02845 1.1058
Outer 1.006417 | 0.03L446 1.0747
| nner 1.00342 0.02314 1.0614
gg?;e 1.00269 0.0243 1.0666 ].000]9. 0.0240 1.0817 1.00145 0.0239 1.0817
Outer 1.00447 0.02349 1.0666
Inner 0.9952 0.0243 1.0504

¢
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TABLE 6  EXCESS REACTIVITY HISTORY
CELL SIZE 111 11 17176 24272
NO. OF MESH| 14336 5120 L096 2592
POINTS
ENERGY CLOCK

FPD

5 0,014 milli-k 0.05 0.03 -0.103

10 -0.349 -0.259 | -0.234

20 -0.795 -0.697 | -0.619

25 -0.87 -0.762 | -0.696

30 0.08 0.11 0.08

Lo _ 0.31 0.30 ~0.30

50 -0.186 -0.147 | -0.109

60 0.18 0.18 0.22

70 0.29 0.28 0.26
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TABLE 7 MAXIMUM CHANNEL POWER HISTORY
CELL SIZE %] Toeldely | 116 | 2%2%2
ENERGY CLOCK
FPD
5 6918 kw | 6870 6850 7046
at E-14 | D-14 D-14 D-14
10 6944 6896 6857
E-14 E-14 E-14
20 7100 7049 6967
E-14 E-14 E-14
25 6900 6868 6843
N-5 N-5 N-5
30 7034 6986 6943
- E-14 E-1h E-14
Lo 6932 6897 6825
N-L N=4 N-L
50 6948 6912 6869
F-15 F-15 F-15
60 7091 7039 6986
0-8 0-8 0-8
70 6902 6881 6858
F-17 N-L E-16
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TABLE 8 MAXIMUM BUNDLE POWER HISTORY
CELL SIZE 1711 BRI 116 2%2%2
ENERGY CLOCK
FPD
5 853 kw 856 865 88L
D-13,No.7 D-13,No.7 D-14,No.6 | D-13,No.7
10 864 871 861
V=14 ,No.7 V-14,No.7 | V-14,No.6
20 867 867 858
Location not known D-15,No.7 D-13,No.7
25 867 840 837
Location not known| O0-L4 No.7 0-4,No.7
30 862 866 854
- D-15,No.7 D-15,No.7 D-15,No.7
L0 855 861 842
N-L,No.7 N-4,No.7 N-4,No.7
50 826 829 828
D-11,No.7 D-11,No.7 D-11,No.7
60 872 875 862
0-4,No.7 0-4,No.7 0-4,No.7
70 860 868 852
N-4,No.7 N-4,No.7 N-4,No.7

+ The bundle power data at this time step were lost,



TABLE 9

AVERAGE IRRADIATION OF DISCHARGED FUEL

39

IN SELECTED BURNUP INTERVALS

AVERAGE IRRADIATION OF DISCHARGED
FUEL IN BURNUP INTERVAL (n/kb)

1%1%6

CELL SIZE 12151 IE3EIN
BURNUP INTERVAL
Inner _
region 1.770 1.770 1.770
5 to 10 FPD '
Quter _
region = 1.501 1.501 1.501
1.81071 1.8112 1.81145
10 to 20 FPD
1.5108 ] 1.5112 1.51146
- 1.7871] 1,7886 | 1.7893
50 to 60 FPD
1.5149 | 1.5163 1.5177
1.7427 | 1.7449 1.7454
60 to 70 FPD
1.5024 | 1.5038 1.5052
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TABLE 13 COMPAR ISON OF COMPUTING COSTS

ELL SIZE (1/2 Core)

COMPUTING COSTS® ¢

FINE MESH

TOTAL FOR 1 READ TAPE

1 COLLAPSING PROCEDURE
1 INSTANTANEOUS CALC.

TOTAL FOR 10 READ TAPES

1 COLLAPSING PROCEDURE
10 INSTANTANEOUS CALCS.

1 RITE TAPE 10 RITE TAPES
102 1020
7445 655
53.3 L36
L5.5 365
43.0 340
39.9 314

ILL SIZE (FULL CORE)

FINE MESH
1%1%]
19150
15156
27D

TOTAL FOR 1 READ TAPE

1 COLLAPSING PROCEDURE

1 SIMULATION TIME STEP
(10 FPD WITH REFUELLING)

1 WRITE TO TAPE

TOTAL FOR 1 READ TAPE

1 COLLAPSING PROCEDURE
10 SIMULATION TIME STEPS
1 WRITE TO TAPE

252
166
104
93
81

2214
1075
531
L83
322

+ Calculated from TABLES 11 and 12.




TABLE 14

Lk

MAXIMUM CHANNEL AND BUNDLE POWERS OBTAINED DURING SIMULATION

ENERGY CLOCK

MAXTMUM CHANNEL POWER

MAXIMUM BUNDLE POWER

MAX IMUM CHANNEL OVERPOWER

FPD (kw) AND LOCATION (kw) AND LOCATION (%) AND LOCATION
0 6865 832 8.48
M-5 M-1
5 6918 853 9.
E-14 D-13,No.7 E-
10 69LL 86L 9.50
Ew Tl V-1L,No.7 E-14
20 » 7100 867 i 2.5
E-14 LOCATION NOT KNOWN A-14
25 6900 867 & 9.50
N-5 LOCATION NOT KNOWN N=-1
30 7034 862 10.92
E-14 D-15,No.7 E-14
Lo 6932 855 6.57
N-L4 N-4,No. 7 N-1
50 6948 826 11.00
F-15 D-11,No.7 g0
60 7091 872 10.75
0-8 0-4,No. 7 0-7
70 6902 860 9.40
F<17 N-4,No. 7 A-16

+ The bundle power data at this time step were lost.
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TABLE 15 SUMMARY OF EQUILIBRIUM FUEL MANAGEMENT DATA
OBTAINED WITH NORMAL MESH MODEL

Fission Power (kW)

Thermal Power (kW)

Maximum Channel Power (kW)
Maximum Bundle Power (kW)

Average Maximum Channel Power (kW)

Average Maximum Bundle Power (kW)

Feed Rate (Bundles/Day)

Average Exit Irradiation

Whole Core
Inner Region
Outer Region

Whole Core
Inner Region
Quter Region

2854600

2695600

22.
10.

12

7100
874
6963

856

569
237

.332

.628

775
.506
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TABLE 17 COMPAR ISON OF CORE CONDITIONS ABOUT CHANNELS 0-7 AND 0-19 I[N BURNUP INTERVAL 4O — 60 FPD

ENERGY CLOCK CHANNEL 0-7 CHANNEL 0-19
FPD
: Lapt L
AGE PﬂXfR LAAgennLs | “APgoumLs | AGE | POWER 1+ LAAg v s | “APgcunLs
kW kw KW
Lo 0.925 6295 0.535 6698 0.918 6151 0.531 6530
50 0.965 | 5858 0.578 6280 0.958 | 6022 0.56L 6Lk
60 0.343 | 7071 0.618 6883 0.336 | 6462 0.607 6282

+ LAA8CHNLS (0-7) is the average age of the 8 channels next to 0-7 (see Reference 5)

+ LAP

8CHNLS

(0-7) is the average power of the 8 channels next to 0-7

Al
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TABLE 18  LEFT TO RIGHT POWER TILT AND FUELLING HISTORY
IN BURNUP INTERVAL 30 — 60 FPD

ENERGY CLOCK LEFT TO RIGHT NUMBER OF
FPD POWER TILT CHANNELS FUELLED IN
PERCENT NEXT BURNUP INTERVAL

30- -2.1 Left 17

Right 11

40 0.91 Left 12

Right 18

) 50 -1.64 Left 4

Right 14

60 B 2.64
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X~-DIRECT ION
1 2
0.0 ,22.85

3 b 5

50

6

7 8 9 10 [RE 12

28.575 28.575 28.575 28,575 28.575 28.575 2h4.13 8.89 9.843 28.575

13 14 15 16 17 18 19 20 21 22 23
9.843 8.89 24,13 24,13 8.89 24,13 24,13 8.89 9.843 14.288 0.0
Y-DIRECT ION
] 2 31 32
0.0 ngz.Ss - 28 x 28.575 — 22.85 0.0
Z-DIRECTION
] 2 3 L 5 6 7 8 9 .10 11 12
o.oALﬁ7.625 50.8 49.53 L49.53 15.24 8.89 35.56 35.56 8.89 35.56 35.56
13 14 15 16 17 18 19
8.89 15.24 49.53 L49.53 50.8 L7.625 0.0

FiG. 2

HALF CORE FINE MESH SPACINGS (REF. 4)
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TIME~-AVERAGED CHANNEL POWER DISTRIBUTION
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CHANNEL
D-12

M=11

Q-1

E-T1

BUNDLE NO,

i 2 3 5 6 7 8 9 10 11 12 13
65.0 | 255.5 | 458.7 | 599.9 | 685.1 | 778.d | 796.8 | 779.7 | 682.4 | 586.3 | 436.8 | 241.2 | 61.8
70.6 264.8 L463,3 602.5 641,7 797.9 708.3 710.5 652.,2 633.7 505.8 292.3 76.0
25.7 116.9 232.2 339.0 Li12.0 467.5 479.3 L72.2 4251 357.6 251,1 127.7 28.0
68.7 | 268.0 | L71.5 | 616.2 | 664.0 747.2 | 750.5 | 750.1 | 661.2 | 59h.4 | 439.7 | 243.9 | 63.5
71.2 | 265.6 | 457.8 | 571.8 | 6o4.2 | 698.6 | 698.2 | 699.5 | 611.2 | 599.0 | 498.5 | 291.4 | 76.0
341 145.6 278 .4 390.3 L462.2 521.8 538.4 529.6 L71.1 390.3 268.6 137.2 32.0
3.5 | 146.8 | 279.9 | 389.9 | 461.7 | 523.7 | 537.1 | 524.8 | 460.9 | 382.8 | 267.8| 138.6 | 32.5
19.3 97.6 202.3 297.8 361.7 L12.7 L25,2 L17.6 372.7 313.9 219.5 107.2 21.2

FIG. 4 REFERENCE (TIME-AVERAGED) BUNDLE POWERS FOR 8 SPECIFIC CHANNELS
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http:1:;.;:I.JH

FINE %F
MESH 82683
1%1%6
WITHOUT 7796
CP FACTORS
1%1%6
WITH 8082
CP FACTORS

KEY

BUNDLE

NUMBER
1 2 3 L 5 16 74 8 9 10 11 12 13
80.6 |318.8 | 582.0 | 768.8 | 883.5 ]10i2.6 |1037.5 |lol2.4 }878.5 | 751.7 |557.5 [ 305.3 | 77.5
322.9 | 650.3 657.1 659.3 | 659.0 657 .7 657.4 657.8 | 656.6 | 6L46.0 |632.7 | 626.5 |312.7
300 104 12.9 | -14.2 | -25.4 =850 -36.6 =36, 00 =253 =141 I35 105 303
80.4 1315.3 | 571.0 | 752.1 861.6 982.2 1007.5 987.7 |[861.4 | 737.0 |547.0 |301.2 | 76.9
-0.25| -1.10| -1.89| =-2.30 -2.48 =3.00 -2.89 -2.44 | -1.95| -1.955| -1.88| ~-1.34} -0.77
CHANNEL D-12
BUNDLE POWER
PERCENT
ERROR
FIG. 8 EFFECT OF THE CP FACTORS ON THE ACCURACY OF THE

116 |INSTANTANEOUS CALCULATION WITH NRAN=6389
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FINE if
MESH  Loro
1%1*1 8052
0.69
FINE
MESH 5803
la 5797
e -0.10
FINE
MEsH 3285
e 3270
Bl G L

BUNDLE

NUMBER
1 2 3 L 5 6 7 8 9 10 1B 12 13
75.6 | 300.4 | 554.1 | 743.1 |861.3 | 992.0 | 1017.1 | 991.8 |854.8 |722.6 |527.2 |{285.1 [71.9
1
81.2 | 298.7 | 557.7 | 748.4 |88L4.4 | 983.7 1017.1 | 983.0 |[878.2 |727.6 |[530.6 | 283.5 |77.4
7.411 -0.57 0.65 0.71 2.681{ -0.84 0.0 -0.89 2.74 0.69 0.64| -0.561 7.65
CHANNEL D-12
67.4 | 248.0 | 425.9 |546.2 | 5841 640,3 638.7 | 640.3 596.5 584.4 1 476.1 282.0 | 73.4
71.7 2LL 7 Lok, 9 5449 599.5 621.0 640.7 621.7 612.0 583.3 L75.4 278.5 78.2
6.38| -1.33| =-0.23| =-0.24 2.64 =3.01 0.31] =2.90 2.30| =-0.19 | -0.15| =1.24| 6.54
CHANNEL M=11
24,0 | 107.6 | 209.8 ]301.8 |364.7 | L06.6 4L12.0 | L03.7 |367.1 |314.,8 |228.0 {118.9 | 26.1
26.1 105.4 | 208.4 | 299.7 |367.9 400}3 408.0 | 398.3 [370.6 |[313.4 |227.1 116.9 | 28.3
8.751 -2.04| -0.67|-0.69 0.88| -1.55 -0.98| -1.34 0.95| -0.44 ] -0.39| -1.68] 8.43
CHANNEL Q-1
FIG. 9 COMPAR ISON OF BUNDLE POWERS GENERATED BY THE INSTANTANEOUS CALCULATION (NRAN=6389)

WITH FINE MESH AND NORMAL MESH MODEL WITHOUT CP FACTORS
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APPENDIX A DESCRIPTION OF CALCULATIONS

The three main types of calculations done in this study are

outlined below.

1. Time Averaged Calculations

Flux and power distribtuions are computed using input physics
parameters for fuel bundles which are averaged over each bundle's
residence time in the core at a given position in the channel. The
distributions can be interpreted as an average over a suffftient]y

long time.

The basic steps are as follows., Note that this is an iterative

calculation.

(i) An initial estimate is made of the exit
irradiation in the two regions, the size
and shape of the inner region, and a
starting guess for the axial flux

distributions,

(ii) The initial and discharge irradiations for
each bundle are computed from the exit
irradiation; the axial flux shape, and the

fuelling scheme.

(iii) For each position in the channel, average
cross sections are calculated by integrating
from initial to final irradiation.

Figure A.l illustrates this procedure.
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(iv) With these cross sections, the flux
distribution, the eigenvalue and the

power distribution are calculated.

(v) Steps ii to iv are repeated until

the axial flux shape has converged.

(vi) The inner region irradiation is
adjusted to get a flat channel power
distribution in this region, the outer
region irradiation is adjusted to
produce the required excess reactivity
and the inner region size and shape is
adjusted to get the required form factor.
All of these factors are not necessarily
adjusted at every iteration. Currently

this step is done manually,
(vii) Steps ii through v are repeated until the
desired form factor and excess reactivity

are obtained.

Note that step v is a manual step done externally to the computer

so that the job must be resubmitted at each iteration,

2, Instantaneous Calculations

Power distributions which are more representative of those
which might be obtained at a particular time during operation are obtained
using an instantaneous calculation, This gives a snapshot of the
reactor core at a particular moment in the reactor's history. The code

assigns each channel in the core an age which represents the time since
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the channel was last fuelled as a fraction of its total residence
time. These fractions were selected from a uniform random
distribution over the interval (0,1) using a numerical random number
generator. Knowing the irradiations at the beginning and ending of
the dwell period from a time-averaged calculation, the irradiation of

each bundle in a channel can be calculated from the fractional age.

A different distribution is produced if a different starting

value (the variable NRAN) is used for the random number generator.

The age distribution may also be obtained other than with
the random number generator. A fuelling sequence may be read in to

produce a patterned distribution of channel ages.
3. Simulations

The time history of the flux and power distribution is calculated
at discrete time steps, with the irradiation distribution incremented
from the previous step using the previous flux distribution., The flow

chart is shown in Fig. A.2.

When a time step is to be taken, the new irradiation for each

bundle is calculated from:
o(tig) =9 () + f(w) g At

where w(ti) = G% is the previous irradiation

w(ti+]) is the new irradiation

fK(wi) is the flux depression factor for the particular bundle

ﬂK is the bundle flux from the previous time step

Ati is the time increment
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APPENDIX B REACTOR MODEL

1. Core Model - Mesh and Cell Arrays

For purposes of the flux calculation, the reactor is
partitioned by perpendicular mesh planes into small parallelepiped _
volumes. The flux in each of these volumes is assumed constant, and is assigned

to the point at the geometric centre of the volume.

Mesh planes are spaced closely in regions of rapidly changing

flux or material properties and farther apart elsewhere.

There is no fixed geometrical relationship between mesh points
and bundles. If each bundle is considered to occupy a volume equal to
one lattice pitch in the x and y directions and one bundle length in the
z direction (called a lattice ''cell") the mesh volumes defined by the
mesh planes do not necessarily coincide with these cell volumes. There
may be more than one mesh point per lattice cell, or one cell may overlap

several mesh points,

Mesh arrays are converted to cell arrays by volume weight
averaging all mesh point values which overlap each cell. This permits
the calculation of the power and burnup of the fuel bundles. These

quantities are of most interest in fuel management.

2. Lattice Cell Homogenization

Cross sections for the flux calculation calculated by lattice
physics codes (such as POWDERPUFS) are flux-volume weight averaged
over the entire volume occupied by the lattice cell. Thus, when more
than one mesh point is placed in a physical lattice cell to reduce
discretization error in regions of rapidly changing flux, the variation
in the flux values of individual mesh points within the geometric region
of the cell does not represent the flux distribution through the cell.
Rather, the average of the mesh point values is an approximation to the
average cell flux. The microscopic flux distribution through the cell is

treated by the flux depression factor F,
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The material composing the bundle and pressure tubes and
moderator are considered to be smeared out uniformly throughout the
cell. Thus the model produces power, irradiation, and burnup from mesh

points which may be geometrically within the moderator.

When structural material and control elements are present in
the region of a lattice cell, appropriate cross section increments are
added to the cell cross sections of the affected mesh points. This is
to ensure that the total effective number of U, Zr, etc., atoms is
unaffected by the introduction of additional material. The displacement
of moderator and the change in microscopic flux distribution through
the cell, in general non-zero increments will be added to all cross
sections. The correct values of increments are obtained from CHEBY

""'supercel 1'' calculations.

an Structural Materials and Controllers

Extraneous structural materials, control elements, etc.,
which are not included in the lattice cell calculation, are treated
by adding cross section increments to the cell cross sections at the
affected mesh points. Extra materials are considered to be of two types;

""fixed" structural material, and ''moveable' controllers.

Figure Bl shows how the moveable absorber increments are added
to the mesh properties. Consider controller A. |t overlaps the mesh
volume between 1=1 and 2 and J=1 and 2 by 1/3, so that 1/3 of the incremental
cross sections of A are added to mesh properties for this mesh point.
Similarly for the other mesh volumes overlapped. Thus the increment is
smeared over the entire mesh volume. Controller B shows the more normal
situation in which the controller occupies the entire mesh volume except
at its tip. Controller A is modelled in coarse mesh. Controller B

is modelled in fine mesh.
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APPENDIX C REFUELLING HISTORY FOR SIMULATION
JERGY| CHANNEL REGION AVERAGE EXIT ENERGY| CHANNEL REGION AVERAGE EXIT
LOCK | REFUELLED AND IRRADIAT I ON CLOCK |REFUELLED AND IRRADIAT ION
FPD DIRECTION (n/kb) FPD DIRECT I ON (n/kb)
] V-14 - 0 1.443 22 0-12 + 1 1.86
] W-16 + 0 1.503 22 J-22 -0 1.515
2 F-16 + I 1.7781 22 K-8 + 1 1.853
2 E-14 -1 1.7167 23 R-18 -1 1.797
3 R-22 -0 1.448 23 W-20 +0 1.560
3 5-8 1 1.7683 2% J-6 -1 1.787
L B-8 + 0 1.509 24 K-24 +0 1.542
L A-1L4 -0 1.4668 24 R-2 -0 1.501
5 K-12 + I 1.800 24 T-15 + T 1.787
5 R-6 -0 1.467 25 N-18 -1 1.832
5 S-16 + I 1.799 25 T-17 + 0 12533
6 R-14 -1 1.736 25 E-16 -0 1.491
6 B-16 + 0 1.516 25 c-15 +0 1.53
7 J-18 =T 1. 733 26 R-8 -1 15732
7 K-L4 + 0 1.5297 26 G-15 + T 1.812
8 J-2 -0 1.462 26 R-16 - T 1.728
8 W-12 +0 1.529 26 V-16 - 1.491
9 N-14 - I 1.742 27 L-3 + 0 1.538
9 F-12 + I 1.810 27 L-11 + I 1.805
1415 1%1%6 27 e S 1.725
10 K-20 + T 1.826 1,826 1.826 21 P-15 + T 1. 792
10 _V-10 TiwB 1.489 1.489 1.489 28 v-12 -0 1.484
10 F-20 +0 1,555 1.53% 1.533 28 G-19 + 0 1.535
11 J-10 -1 1.772 V372 1.773 28 J-L -0 1.484
11 0-16 + 1 1.825 1.825 1.825 28 X-15 +0 1.533
12 E-10 -0 1.502 1.502 1,502 29 E-12 -1 1.732
12 0-8 1 T 821 1.82) 1,821 29 L-19 + 1 1.803
12 E-18 & 0 1.492 1.492 1.492 29 T-23 +0 1.473
13 F-L +0 1.539 1.540 1.540 29 c-11 + 0 1.53
13 N-22 -0 1.496 1.496 1.497 30 E-8 -0 1.468
14 K-16 + 1 1.829 1.829 1.829 30 P-3 +0 1.524
4 V-18 -0 1.495 1.495 1.496 30 N-16 -1 1.739
14 S-12 + 1 182 1.827 1.83) 31 G-11 + I 1.815
15 N-6 - T K77 Sk 1 775 31 J=-20 -1 1.74
15 F-8 I 1.55 1.551 1,551 32 X=11 410 1,535
16 R-10 -1 1.278  1.778. 1,779 32 R-20 -0 1.468
16 B-12 + 0 1.55 55 0155 32 c-7 + 0 1. 535
16 . J-14 =1 2 T B B W o 33 V-8 -0 1.474
|7 0-20 + T 1.84  1.844 1,844 33 P-7 + 1 1.82
17 E-22 -0 1.46  1.460 1.461 34 E-20 -0 1.49
8 0-4 T 1.850 1.850 1.850 34 L-15 * 1 1.824
'8 N-2 -0 1502 ), 503 1. 503 34 N-8 = i 115752
9 0-24 +0 1.551 1.552 1.552 35 T-11 + T 1.829
9 A-10 -0 1.482 1,483 1,483 35 R-4L -0 1.48
0 $-20 + 0 1.565 35 T-19 + 0 1.538
'0 E-6 -0 1.513 36 J-16 -1 1.76
0 w-8 +0 1.566 36 P-19 L | 1.826
4 N-10 -1 1.794 36 R=12 -1 1.758
] S-L +0 1.570 37 G-3 + 0 1.54
I V-6 -0 1.507 37 N-L -1 1.76
37 P-11 + I 1.822
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JERGY | CHANNEL REGION AVERAGE EXIT ENERGY| CHANNEL REGION AVERAGE EXIT
LOCK |REFUELLED AND IRRADIATION CLOCK |REFUELLED|-  AND IRRADIATION
FPD DIRECT ION (n/kb) FPD DIRECT ION (n/kb)
38 N-20 il 1.768 55 Ke15 = Vo758 ). 757 1. 757
38 G-7 + T 1.819 55 P-17 & T 1.820 1.821 1,821
38 N-12 -1 1.75 56 S-11 - I 1,786 1.759 V.28
39 L-23 + 0 1,536 56 G-21 +0 1.543 1.544 1,544
39 J-8 - I 1.747 56 0-7 ! 1.766 1,762 1.764
39 c-19 + 0 1h:51 57 L-13 A 1.830 1.830 1.830
Lo V-20 -0 1.470 57 <19 = 1 1.755 1.757 1.780
Lo P-23 410 1.563 57 =5 A 1.824 1.826 1.827
Lo A-16 -0 1.465 58 0-11 =l 1,750 1.753 1,754
b1 L-7 + 1 |1,827 58 c-17 +0 1.544 1,54k 1,544
L N-24 -0 1.460 59 K=i7 T 1.72h 1,726 1.727
L G-23 + 0 1.501 59 R=9 G L 1.833 1,835 1.835
L2 A-12 -0 1.465 60 0-23 -0 1.498 1.499 1.502
L2 c-13 + 0 1502 60 L-21 + T 1.830 1.833 1.833
L2 F-15 = 1R 61 B-11 -0 1.502 1.503 1.504
43 G-13 S ) 1,76 61 D-16 + 0 1.540 1.540 1.539
L3 S-15 - I 1.71 61 F-17 -0 1.473 1.475 1,475
L3 L-9 + I 1.76 62 u-16 +0 1.544 1,546 1.546
LL A-8 -0 1.467 62 K~=23 « 0 1.469 1.470 1.472
Ly X-19 + 0 1.512 62 X-9 + 0 1.538 1.539 1.541
Ll W=15 s 1.477 63 W-13 -0 1.463 1.466 1.468
45 T-3 +0 1.52 63 u-8 + 0 1.537 1.538 1.540
L5 V-4 - -0 1.461 63 S-5 -0 1.460 1.465 1,465
L5 X7 + 0 1.508 6l D-12 .+ 0 1.542 1,542 1.542
L6 K-11 w 1 1.718 6L W=7 -0 1.460 1.462 1.465
L6 X-13 +0 1.507 6L D-8 +0 1.534 1.535 1.537
L6 F-19 a 1.47 64 S-23 -0 1.451 1.452 1,454
L7 Tui? +0 .82 65 L-1 + 0 Fo532 1.533 1.533
47 J=2L e 1.4 65 w-19 -0 1.457 1.459 1.461
2; 8-?5 + cI) },504 65 H-20 + 0 1,627 1,530 1,530
i) i Wi 1515k 1%1%6
L8 c-9 +0 1.508 66 K=-9 - I 12783 1,716 ELFN]
L8 S=7 - 1 1572 66 H-L v, 1.523 1,524 1,524
49 L=17 1 162 66 F-13 -1 P OB 1. 701 alh
49 K~19 = V.71 67 Q-4 +.0 1.529:1.531 1,532
49 L= . 3.4 78 67 K-17 -1 V710 1,708 0 2k
1%1%hL 1%1%6 2; M=12 + I ].28] 1.781 1.781
50 E-L4 -0 1.518 1.519 1,52] 5=17 Sl 1.673 1.675 1.677
50 P-21 +0 1.561 1,564 1,565 gg H-16 + T 1.803 1.804 1.804
50 K-3 -0 1.497 1.498 1,499 K+5 -1 1.661 1.663 1.663
50 T-23 + 1 1.810 1.811 1.811 29 Q-Z? + 1 1.527 l.zso ]'Zsi
51 Fell -1 1.736 1,738 1,78 2 5-2 i 1.460 1.471 1.47
51 G-17 + I 1.802 1.804 1.803 69 M-L + 1 1.8002 1.802 1.8023
51 W=11 -0 1.497 1.499 1.501
3% G-9 e 1.808 1.810 1.810 Note: About the first 27 oldest channels at
: E5) ' 1.480 1.482 1,484 0 FPD are fuelled in the positive direction
2 T-5 + 0 11,553 1.555 1,556 ity L i '
33 0-3 g 1597 1.498 1.500 This is a peculiarity of the particular
3 T-21 Bl ]‘530 ]'53] ]'532 sFartlng pattern sele§ted. Thfough?ut.the
3 B-15 o 1.476 ]'477 l.h78 simulation, average discharge irradiations
14 P-13 + T 1:8]4 1:815 1:8]5 for channels fgelled positively genefally
dieenl e i e, R e e e
i | P=5 +1  [1.812 1.814 1.815 sontiiip S i

generally lower than the time-averaged value.
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