PNC TN9410 97-057 COMMERCIAL PROPRIETARY

Pu Vector Sensitivity Study
for a Pu Burning Fast Reactor

Part II : Rod Worth Assessment
and Design Optimization

May. 1997

OARAI ENGINEERING CENTER
POWER REACTOR AND NUCLEAR FUEL DEVELOPMENT CORPORATION



Enquires about copyright and reproduction should be addressed to:
Technology Management Section
Power Reactor and Nuclear Fuel Development Corporation
O-arai Engineering Center

4002, Narita-cho, O-arai-machi, Higashi Ibaraki-gun, Ibaraki-Ken, Japan

Copyright © 1997

Power Reactor and Nuclear Fuel Development Corporation




PNC TN9410 97— 057
May, 1997

Pu Vector Sensitivity Study for a Pu Burning Fast Reactor
Part II: Rod Worth Assessment and Design Optimization
Stuart Hunter¥*

Abstract

This study was based on a 'pancake' type fast reactor core design of
600 MW(e), which had been optimized for Pu burning with a feed Pu
vector appropriate to once-through irradiation of MOX fuel in a PWR.
The purpose of the study was to investigate the effects of varying
the Pu vector, examining various methods of offsetting the effects of
such a change, and finally to produce fuel cycles optimized for the
different gqualities of Pu vector within the same basic design. In
addition to the reference (once-through) Pu vector, two extreme Pu
vectors were examined: high quality Pu from military stockpiles; low
quality Pu corresponding to the equilibrium point of multiple
recycling in a Pu burning fast reactor.

Variations in Pu quality were overcome by changing the fuel inventory
- replac1ng some of the fuel by diluent material, and alterlng the
fuel pin size. Using absorber material (108,C) as diluent improves
the rod worth shutdown margin but degrades the Na void and Doppler
safety parameters, a non-absorber diluent has the opposite effects,
so a mix of the 2 material types was used to optimize the core
characteristics. Of the non-abgorber diluent materials examined, ZrH
gave significantly better performance than all others; 1!B,C was the
second choice for non-absorber diluent, because of its compatibility
with 19B,C absorber. It was not possible to accommodate the lower
quality (multi-recycled) Pu vector without a significant increase in
the fuel pin volume. It was not generally possible, especially with
the increased fuel pin size, to achieve positive rod worth shutdown
margins - this was overcome by increasing the number of control rods.
For the higher quality Pu vectors to maintain ratings within limits,
it was necessary to adopt hollow fuel pellets, or else to use the
diluent material as an inert matrix in the fuel pellets.

It proved possible to accommodate both extremes of Pu vector within a
single basic design, maintaining key characteristics within safe
limits; changes from the coriginal reference design could be limited
to an increase in pin size and in the number of control rods (both
are practical alterations); it was not necessary to resort to any of
the ‘advanced’ fuel concepts currently under development. That these
results could be produced within such restrictions is a clear
demonstration of the design flexibility of fast reactors for Pu
burning and associated roles.

* - Reactor Physics Research Section, Advanced Technology Division,
O-arai Engineering Center, PNC, Japan
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1 INTRCDUCTICN

A significant area in the nuclear fuel cycle which has yet to
be definitively resolved is the final disposal of long lived
radiotoxic waste. It is undesirable from ethical, political,
ecological and economic viewpoints to leave unnecessarily large
stocks of materials which may remain a potential hazard, whether real
or perceived, for many future generations. Transmutation of those
radiotoxic nuclides - plutonium (Pu), minor actinides and long lived
fission products - which produce the long term radiotoxicity of the
waste stream, is an attractive option for greatly reducing the long

term waste produced by the nuclear fuel cycle,

Considerable investigation has been taking place, both in
Japan{1-1 to 1-5} ang elsewhere(l-6 to 1-9)  jinto the use of fast
reactors to transmute Pu, minor actinides and long lived fission
products. The intense, hard neutron spectrum in a fast reactor makes
it particularly suitable for such a transmutation role. When Pu and
minor actinides are transmuted (fissioned) in a fast reactor, they
become a valuable fuel resource rather than a waste product
liability.

This docqment is the second of two reports, which between them
present the results of a reactor physics study that was undertaken to
investigate the feasibility, within a single design of core, for a Pu
burning fast reactor to utilize the full range of Pu isotopic
compositions that may become available. The potential flexibility of
a fast reactor to burn all grades of Pu is a further advantage.over
other methods of Pu transmutation - at the one extreme it allows
stockpiles of military Pu to be used directly, whilst at the other
the use of multiple recycling can minimize the Pu remaining in the
waste stream.

The gtudy was based on a 600 MW(e) fast reactor core design -
this design was taken from an earlier study, in which a core had been
optimized for Pu burning with a fixed Pu vector. The data and
methods for the calculations presented in the current report are in
general the same as those presented in the report on Part I of the

current study.
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Part T of the current study was a sensitiYity analysis carried
out to determine the most significant characteristics of cores with
different Pu vectors, and to assegs the effectiveness of methods of
allowing the cores to compensate for the effects of those '
differences. In Part IT of the study, the subject of the current
report, the sensitivity study was extended, primarily by the addition
of calculations of rod group worths and shutdown margins. In
addition, the results of the sensitivity study ﬁere used to produce a
gingle optimized core design, appiopriate for burning the range of Pu

vectors.,

Section 2 gives a brief summary of the results of Part I of the
sensitivity study (which was the subject of a previocus report). The
original conclusions of Part I of the study are emphasized and made
c¢learer by the inclusion a small number of calculations additional to

those of the original report.

The sensitivity study has been extended torincorporate the 3D
calculations necessary to make direct calculations of rod group
worths, and thus shutdown margins. Section 3 presents the methods
used in such calculations. Section 4 shows the results of the
shutdown margin analysis, and how they cause the conclusions from
Part I of the study to be modified. Alsgo in Section 4 is an
assessment of improving the shutdown margins by increasing the number
of control rods, and other cﬁanges found necessary as a conseguence

of the results of the shutdown margin calculations.

To produce the final optimized core designs, it was considered
appropriate to employ more detailed calculations than had been used
in the sensitivity studies. Section 6 presents the changes that were
made to models and methods. The production of and results for the

final optimized design are given in Section 7.
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2 SUMMARY OF PREVIQUS SENSITIVITY STUDIES

The following gives basic information on the assessment carried
out for, and the results and conclusions cbtained in, the sensitivity
study of Part I of the analysis. (For more detailed information see

the previous report.)

The reactor design used as a basis for the study has a power of
5600 Mw(e). The core has a ‘pancake’ shape, which gives it a good Na
void characteristic., The fuel is MOX; in order to allow a high Pu
enrichment - and thus a high Pu burning rate - the core has a low
fuel volume fraction and a high Na volume fraction. {Reprocessing
considerations limit the Pu enrichment to no more than ~45%.) The
core has a high rate of reactivity loss with burn-up, this is a
consequence of the high Pu enrichment, it is offset by a short cycle
length. Table 2.1 and Figure 2.1 give further details of the design.
This reactor design was initially produced as part of a previous
study(l"lo), in which the design was optimized for Pu burning (with

the reference Pu vector described below) .

Three Pu vectors were analyzed, encompassing the extremes that
might be encéuntered in practice; the compositions are given in Table
2.2. The high gquality Pu vector is military grade Pu. The reference
Quality Pu corresponds to that produced by once-through irradiation
of MOX fuel in an LWR. The low quality Pu vector is an equilibrium
composition obtained by multiple recycling in a Pu burner core, using

the reference Pu as make-up feed,

In assessing the acceptability of the core variants analyzed,
three types of parameters were most important: transient safety
parameters, the reactivity loss per dfcle and the peak linear rating.
A peak linear rating limit of 430 W/cm was used; for the remaining
parameters, values calculated for the reference Pu core were used as
targets against which all the core variants could be assessed -

values are given in Table 2.3.

There are 4 parameters of particular import to safety
transients: Na void worth and Doppler coefficient, and to a lesser
extent prompt neutron lifetime (1) and delayed neutron fraction (fB).

Composite parameters were used for ease of comparison: the ratio
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Na void-to-Doppler and, where values of T and B were available, the

following parametérs:

Void L
T — (from boiling faults)
Doppler.t
L (from non-boiling faults)
Doppler.t

Reactivity loss per cycle is a major and variable component of
the rod worth margin calculation. It was used as an indicator of the
rod worth margin, in the absence of the 3D calculations needed to

evaluate rod worths.

Two types of pin rating value were calculated. ‘Type A’ is
based on the assumption that all the diluent material in a fuel S/A
is mixed in the fuel pellets, so all 217 pins contain fuel. ‘*Type B’
rating corresponds to thé complete segregation of fuel and diluent

into separate pins.

The Part I sensitivity study examined the high and low quality
Pu vectors separately, the results are summarized in the 2 following

sub-gsections.

2.1 HIGH QUALITY Pu VECTOR

To compensate for the high reactivity of the Pu, the fuel
fraction was reduced by replacing some of it with a diluent material.
At first just three categories of diluent material were examined:
void, which corresponds to either empty fuel pins or hollow fuel
pellets; materials transparent to neutrons (MgO, Be®, CeO; and
A1,03); moderating materials (M1B,C, ZrH; 7). All these different
diluent materials had the same general effects:

safety parameters were improved,
reactivity loss per cycle was degraded (increased),
‘type B’ pin ratings were increased.
There was one particular diluent material, ZrH, which gave
significantly better results than any other, most especially by

increasing the Doppler constant. All the other diluent materials
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were similar in effect, 1B4C and BeO being slightly better than the

others.

A fourth class of diluent material was examined: absorber, in
the form of 1%B,C. The nuclear data calculations did not explicitly
model heterogeneity effects; to approximate these for 10p,c diluent,
it was represented as B4C with some of the 0B replaced by 11B. For
all plausible 0B fractions the same general results were obtained:

safety parameters were degraded,
reactivity loss per cycle was improved (reduced),
the fraction of 10B4C required was much lower than was the case for

other diluents.

It was clear that it would be possible to optimize a core
design, in terms of the safety parameters and reactivity loss per
cycle, by using a mixture of absorber and non-absorber materials as
diluent. Optimization would be achieved by varying the fractions of
the 2 components. Figure 2.2 illustrates the optimization, showing
how varying the absorber/non-absorber fractions alters the balance
between Na void-to-Doppler ratio and reactivity loss per cycle for
several different non-absorber diluents, all for a fuel cycle of 4
batches of 6 months. The cases for ZrH as non-absorber diluent are
additional to those presented in Part I; they clearly demonstrate the

superior performance of this material.

As demonstrated by Figure 2.2, only for ZrH as non-absorber
diluent was it possible to simultaneously achieve the targets for )
safety parameters and reactivity loss (with a fuel cycle of 4 batches
of 6 months). A number of sensitivities were assessed, using llB,C
as non-absorber diluent and varying both cycle léngth and number of
batches. It was determined that, with 11B;C non-absorber diluent, it
would be possible to meet targets if the cycle length were reduced,

either to 5.3 months, or to 5.7 months with a 3 batch cycle.

A design variant was assessed, in which a uniform Pu enrichment
of 45% was used, with the balancing of rating between the inner and
outer core zones being achieved by using different diluent fractions
in the 2 zones. The intent of the design was to maximize the ru

enrichment, and thus to maximize the Pu burning rate. Results were
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produced for a core with an optimized mixture of ZrH and 19B,C as

diluent, they are given in Table 2.3.

Table 2.3 gives results for the various optimized cases, and
also the reference case. (It is necessary to interpolate between the
cases for 11B«C non-absorber diluent to obtain the limiting cycle

lengths mentioned above.)

In reviewing the results for the variocus diluent materials
assessed, it was concluded that, in addition to 19B4C as absorber
diluent, there were 3 non-absorber diluent materials particularly
suitable for considering further:

ZxrH, because of the significantly better performance

(safety parameters and reactivity loss),

11g,c because it raises no questions of compatibility with

the 19B4C absorber diluent,

void because it can be placed in fuel pins (thus reducing

ratings) without raising compatibility gquestions.

2.2 LOW QUALITY Pu VECTOR

To allow criticality targets to be met with the low quality Pu
vector it was necessgsary to increases the fuel inventory, by
increasing the pin radius. The basic §/A design of pins supported by
grids and a high coolant volume fraction of 65% gives sufficient
margin for such a'change - Figure 2.3 shows the S/A cross-section for
various sizes of fuel pin. Alternative approaches to increasing
reactivity, by increasing Pu enrichment or reducing cycle length,

were found to be impractical.

A calculation with increased pin size showed that, compared
with the reference case, the low quality Pu core had the following
characteristics:

safety parameters were degraded,

reactivity loss per cycle was improved.
From the results obtained for the high quality Pu vector, it was
deduced that the addition of a small fraction of non-absorber diluent

to the low quality Pu core should improve the safety parameters;
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Adding the most effective diluent, ZrH, it was seen that a
range of options were able to simultaneously satisfy the targets for
both safety parameters and reactivity loss. As shown in Figure 2.4
for a 4 batch cycle, an increased fuel pin volume of at least 150% is
required (with a 6 month cycle length), but if the pin size is
increased to 180% then a cycle length up to 12 months is possible.
With a 3 batch fuel cycle the minimum allowable pin size reduces to
~140%,

Limited calculations were also done with other diluent
materials (void, 1'B,C, Al,03; and BeO). As with the high quality Pu
vector, all were seen to be similarly effective, but rather less so
than ZrH. For two of these diluents - 11B4,C and Al,0; - sufficient
calculations were done to define the limits of acceptable conditions.
Table 2.4 gives the results (those for 11B,C were not included in
Part I): the minimum pin sizes required, for a 4 batch, 6 month
cycle, are 200% and 220% for 11B;C and Al;03 respectively. With such
a large pin size the number of diluent pins required is such that the

peak ‘'Type B’ pin ratings are approaching the 430 W/cm limit.

2.2.1 EFFECT ON OTHER Pu VECTORS

Since the main purpose of the study was to consider a single
reactor design burning various compositions of Pu, it was necessary
to consider how the increased pin size necessary for the low quality
Pu affected the case for other Pu vectors. One possibility would be
to use several alternative sizes of gagging device in the S/A design,
g0 that the same S/3 pressure drop and flow can be obtained with
different sizes of fuel pin. If such an approach is possible, it
would greatly improve the freedom for optimizing a core design for a
wider range of Pu compositions. Consideration of whether such an
approach is feasible from a thermal hydraulics point of view is
beyond the scope of the current study. It was, conservatively,
assumed throughout the study that it was necessary to have a uniform

pin size for all Pu vectors

The effects of adopting an increased pin size were assessed for

both the reference and high quality Pu vectors. Results for some of
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these calculations are shown, in Table 2.5 for reference Pu and Table
2.6 for high quality Pu; they show results for 2 different non-
absorber diluents - 11B,C and ZrH - and for pin sizes of 150% and
200%. (These pin sizes are minima, taken from the low quality Pu
calculations.) As before, a mixture of absorber and non-absorber
diluents was used; the tables show cases with the diluent mixture
adjusted to produce a near limiting Na void-to-Doppler ratio, this
minimizes both reactivity losses and pin ratings. (Several of the

cases shown in the two tables were not included in Part I.)

The results' of Tables 2.5 and 2.6 show that the safety
parameter and reactivity loss targets can be met simultaneously
{though for the 150% pin size with !B4C non-absorber diluent the
margins are comparatively small). With ZrH non-absorber diluent the
‘type B’ peak rating approaches the 430 W/cm limit, and with 11B4C
the limit is clearly exceeded. To ensure that the 439 W/em limit is
not exceeded, it would be necessary for the diluent {(or at least a
fraction thereof) to be placed within fuelled pins. Any questions of
fuel-diluent compatibility can be avoided by using void as the
diluent positioned in the fuel pins {i.e. hollow fuel pellets) - this
need not significantly affect the results, since void and.11B4C were

shown to be approximately interchangeable as diluent materials.

2.3 CORRECTICN

Since Part I of the study was published, a minor error in the
PENCIL program has been discovered and corrected. This caused the
diluent fractions in certain of the calculations to be slightly
different from the reported valueg. The effect is too small to alter
any of the conclusions of Part I of the study, but corrections are
listed below, for the record (the table numbers refer toc the report

on Part I of the study).

In Table 5.8, alter the ByC fractions,
from: 0 4 6 8 10 13.2
to: 0 3.23 5.07 7.08 9.28 13.2

In Table 5.8, the 3 cases do not have identical ByC fractions:

void diluent 5.07 pins of B4C
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BeQ/Al,05 diluent 6 pins of ByC

In Table 5.11, in the ZrH moderator case,
alter the B4yC fraction from 3 pins to 3.05 pins

In Table 6.12, alter the ByC fractions,
from: 2 5

to: 2.03 5.16
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Table 2.1 Main parameters of reference core design

Reactor Power

600 MWe / 1560 MWth

Core Diameter 4,0 m
Core Height 0.6 m
Fuel Type MOX

Pu Enrichment

37.5% {inner core)

45.0% {outer core)

Numbers of S/As Inner Core 295
Outer Core 246
Main Rods. 27
Backup Rods 9
Core Volume Fractions Fuel 18.00%
Steel 16.32%
Coolant 64.46%
No. of Pins per S/A 217
Fuel Pellet Diameter 4.781 mm
Clad Thickness 0.4185 mm
Clad Outer Diameter 5.778 mm
Wrapper Thickness 3.9 mm
Inter-Wrapper Gap 5.8 mm

Core Pitch

158.1 mm (a/f)

Pin Support grids
Cycle Length 6 months
Fuel Irradiation 4 batches

Table 2.2 Isotopic compositions of the three Pu vectors (w/o)

{(multi-recycled)

Pu Quality Pu 238 | Pu 239 | Pu 240 | Pu 241 | Pu 242 | am 241
High
(military) 0.0 6.0 0.0 0.0
Reference
(once through) 1.8 22.3 11.1 5.5
Low 3.4 39.38 8.0 15.4

- 10 —




Table 2.3 Sensitivity study results for reference core and for high quality Pu cases optimized with 100% pin size
Reference Uniform Uniform B4C Diluent B4C Diluent T ByC
Pu Core Diluent 45% Pu 4 batch * 6 month 4 batch * 5 month Diluent
Fraction | Enrichment ) 3 * 6 mon.
Diluent Material None zrh/108,c | zzh/10B,c B4C B4C B4C ByC ByC
1 0
’B Fraction - 92% - 92% 5% 3% 5% 3% 3%
Diluent Fraction (pins) - 23/4.08 ggggg g 40.91 46.04 43.70 49.43 50.75
_Fuel Cycle 4*6 month | 4%6 month | 4*6 month | 4*6 month | 4*6 month | 4*5 month | 4*5 month | 3*6 month
Pu Enrichment (inner) 37.5. 39.07 45.0 38.97 39.14 38.34 38.46 38.54
(%) {outer) 45.0 44 .84 45,0 45,00 44,98 44.96 45.00 44.99
Na Void {%Ak/kk®) 1.631 1.548 0.887 1.489 1.39% 1.474 0.995 0.980
Doppler Constant -.00573 ~.00572 -.00730 -,.00434 -.00506 -.00429 -.00510 -, 00506
Void:Doppler Ratio -285"° =271 =122 ~343 -276 -344 =185 ~194
Peak Pin {‘type A') 27%.9 287.2 280.3 292.4 294 .4 288.4 289.6 296.3
Rating {W/cm) (‘type B‘) 279.9 328.2 375.6 360.3 373.7 361.1 375.0 386.7
Reactivity Loss/ (70ap) 4.304 3.614 3.903 4,622 4.945 3.835 4.128 4.888
Cycle (%Ak/kk') {7gp) 4.237 3.695 4,113 4.591 4,935 3.810 4,117 4.886
EOC Keff {(70gp} 1..04708 1.00124 1.00399 0.99864 0.99976 0.95878 0.59995 1.00005
{7gp) 1.05233 1.00493 1.00399 1.00445 1.00488 1.00444 1,00482 1.00485
Pu Burn Rate {2ll) 72.3 71.4 73.4 75.7 72.3 73.5 72.6 72.5
(Kg/TwWhe) (figsile) T74.6 98.5 104.3 94.7 95.5 96.8 96.8 97.0
Neutron Lifetime 0.619 0.717 0.670
{sec x 10-6)
}?:}ayed Neutron Fraction 0.2954 0.2352 0.2429
safety V/D.t —460 ~169 2512
Comparators B/D.t -83 45 —84
Average Irradiation 102.1 114.1 125.0 125.7 129.5 106.5 110.1 99.9

{GWd/te})
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Table 2.4

both 11B,C and Al,0, diluents

Sensitivity study results for low quality Pu: variation with pin size for a 4 batch * 6 month cycle,

(GWd/te)

Diluent Material 11p,c tlg,c Aly04 A1,04 Al,04
Pin Size 160% 200% 180% 200% 220%
Na Volume (%) 48.68 38.17 43.42 38.17 32,981
Diluent Fraction (pins) 26.7 58.5 45.4 60.1 72.1
Pu Enrichment {inner) 37.90 38.51 38.10 38.42 38.71
(%) {outer) 45.00 44 .97 45,00 44 .,9% 45.01
Na Void ($Ak/kk'} . 2.944 2.146 2.665 2.312 1.975
Doppler Constant -.00650 -.007%24 -.00621 -~-.00646 -.00669
Void:Doppler Ratio -453 -270 -429 -358 ~295
Peak Pin (A} (BOC) 282.9 285.5/285.0 283.3/283.4 284.4/285.7 285.7/287.8
Ratings {EOC) 283.2/283.2 281.1/281.5 283.6/283.3 285.4/285.3
(inner/outer) (B) (BOC) 322.6 390.9/390.2 358.3/358.4 393.3/395.1 427.9/431.0
{(W/cm) (EOC) 387.7/387.7 355.5/356.0 392.2/391.8 427.4/427.3
Reactivity Loss (70gp) 2.468 2.342 2.414 2.359 2.310
per Cycle (%Ak/kk') {7gp) 2.430 2,324 2.388 2.333 2.306
EOC Keff {70gp) 1.00457 1.00920 1.00787 1.01034 1.01259
{(7gp) 1.00465 1.00521 1.00496 1.00496 1.00483
Pu Burn Rate {all} 67.7 66.2 66.9 66.6 66.4
(Kg/TWhe) (fissile) 32.9 32.6 32.8 32.6 32.5
Neutron Lifetime 0.458
(sec x 10-6)
I():}ayed Neutron Fraction 0.3152
Safety v/D.T -645
Comparators B/D.t ~-103
Average Irradiation 72.7 69.9 71.7 70.6 69.5

for
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Table 2.5

Sensitivity study results for reference quality Pu: cases optimized with 150% & 200% pin sizes, for ZrH
and 11B,C non-absorber diluents

(GWd/te)

Diluent Material ZrH ZrH ig,c 11g,c
Pin Size 150% 200% 150% 200%
Na volume (%) 51.34 38.17 51.34 38.17
Diluent Fraction (pins) 5 / 32 6.5 / 41 72.0 (1.6%) 95.7 (1.9%)
Pu Enrichment (%) {inner) 40.00 41.03 39.20 39.93
{outer) 45. 05 44,86 45,00 45,07
Na Void (%Ak/kk') 2.077 1.610 1.699 1.569
Doppler Constant -.00693 ~.00571 -.00618 -.00562
Void:Doppler Ratio =300 -282 -274 -279
Peak Pin Ratings (A) (BOC) 284.0/273.3 283.4/280.5 295.6/269.2 297.4/276.5
{inner/outer} (EOC) 274.6/274.3 279.6/280.0 273.5/274.0 279.5/7279.7
{(W/cm) {B) (BOC) 342.4/329.5 362.8/359.2 442.4/402.9 532.0/494.6
{EOC) 331.0/330.7 357.9/358.4 409.3/410.1 500.0/500.4
Reactivity Loss per (70gp) 2.340 1.606 4.006 3.193
Cycle (%Ak/kk')} {7gp) 2.345 1.622 3.963 3.165
EQC Keff (70gp) 1.00079 1.01117 1.00257 1.00644
(Top) 1.00475 1.00446 1.00446 1.00514
Pu Burn Rate (all) 75.7 78.8 71.5 72.9
{Kg/TwWhe} (fissile) 80.3 84.0 75.8 78.1
Average Irradiation 79 7 62.9 101.8 91.2
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Sensitivity study results for high cuality Pu:

Table 2.6
: 11p,C non-absorber diluents

cases optimized with 150% & 200% pin sizes, for ZrH and

Diluent Material ZrH ZrH 11g,c 1ip,c
Pin Size 150% 200% 150% 200%
Na Volume (%) 51.34 38.17 51.34 38.17
Diluent Fraction (pins) 5.1 / 53 5.6 / 65 93.1 (2.0%) | 113.8 (2.1%)
Pu Enrichment (%) (inner) 40.76 41.56 39.78 40.39
{outer) 44.950 44 .75 44,84 45.09
MNa Void (%Ak/kk') 1.400 1.082 1.307 1.295
Doppler Constant ~.00511 ~-.00368 ~-.00522 -,00460
Void:Doppler Ratio -274 -294 -250 -281
Peak Pin Ratings (A) (BOC) 288.2/269.5 288.4/277.1 302.6/265.4 303.8/273.7
{inner/ocuter) (EOC} 272.1/272.3 278.3/278.1 272.6/272.8 278.6/278.9
{W/cm) (B) (BOC) 393.6/368.0 427 .4/410.7 530.0/464.8 638.8/575.5
{EOC} 371.7/371.9 412.5/412.2 | 477.4/477.8 585.8/586.4
Reactivity Loss per ({(70gp) |  2.097 1.419 4,079 3.228
Cycle (%Ak/kk:*) {7gp}) 2.205 1.463 4,112 3,250
EOC Keff {70gp} 1.014%4 1.02010 1.00062 1.00205
(7gp) 1.00486 1.00436 1.00440 1.00472
Pu Burn Rate (all) 71.4 72.4 71.7 72.5
{Kg/Twhe) {(fissile) 104.3 107.1 97.6 99.86
Average Irradiation
(GWd/te) 90.0 72.8 119.1 107.3
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Figure 2.2
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High quality Pu sensitivity study: Void:Doppler ratio as a function of reactivity loss, for various
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200%

Figure 2.3 S/A cross-section 'as a function of fuel pin size
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3 ROD WCRTH AND SHUTDOWN MARGIN - METHODS

In Part I of the study, reactivity loss per cycle was used as
an indicator of the margins between rod group worths and the
requirements for reactor shutdown. This approximation has now been
superseded, by extending the calculations to include explicit
assessments of the rod group worths and requirements, This section

describes the methods used for those calculations.

Shutdown margins were calculated for the BOC core conditions,
since it is at this condition that the shutdown reguirements are most
difficult to meet. Two different rod configurations were assessed:

- the worth of the PCR group with the BCRs fullvy withdrawm; the worth
of the BCR group with the PCRs 50% inserted (a nominal BOC
insertion). In each case the worth was calculated for the rod group
moving from fully in to fully out, with the worst single rod

remaining at the fully out position.

The assessments of shutdown margins were restricted to the
above two conditions. It should be noted that there is a possibility
of other conditions occurring which have the potential to be more
restrictive of shutdown margin than those conditions analyzed.

During fuel handling operations the following two situations should
be considered, since they could be the result of a single operator
error: 2 control rods withdrawn at the same time {a second rod being
erronecusly removed when one is already withdrawn for maintenance); a
control rod replaced by a fresh fuel S/A (replacing the wrong S/A
type when a rod is removed for maintenance, the outer S/a geometries

are the same).

There are several stages to the calculation of shutdown margin.
Nominal rod group worths are calculated; these are obtained from the
difference in Keff values from flux snapshot calculations - because
of the asymmetry associated with one stuck rod, 3D calculations are
required and the MOSES program(3‘l) was used. A series of
adjustments are applied to the nominal reod worth, to cover both
calculational uncertainties and systematic errors in the
calculaticnal method. The shutdown requirement is the sum of several
values, these include the reactivity effects of reducing core

temperatures to 200°C (from both nuclear data changes and thermal
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expansion) which can be calculated for each case. The shutdown
margin is obtained by comparing the adjusted rod worth with the

shutdown reguirement.

3.1 WORTH ADJUSTMENTS AND SHUTDOWN REQUIREMENTS

The various components used in the calculation of rod worths
and shutdown margins were taken from calculations used in a design

study of a 600 MW(e) fast breeder reactor (6-1),

Table 3.1 shows the various multiplicative factors used to
adjust the nominal rod group worths calculated using MOSES. There
are a series of factors to compensate for known inaccuracies in the
calculational model. A correction for the condensation to 7 energy
groups used in the calculation (x0.972). A combined correction
factor for mesh and transport effects (x1.021). A correction for not
modelling the hetercogeneity of the control rod absorber (x(.88). A
correction for not modelling the burn-up of 1“8 in the absorber
(x0.95). A correction for differences between the MOSES program and
that used (CITATION) in the assessment of correction factors (x1.0).
A final correction factor obtained from comparing calculated rod
worths with experimental values (from the JUPITER experiments on
ZPPR-10C) (x1.018}). In addition to the above factors a multiplier
of %0.9 is applied; as an allowance for éalculational uncertainties
at the 20 level. When combined, the total correction factor is

x0.761.

The components of shutdown regquirements are given in Table 3.2.
They differ between PCR and BCR rod groups, with the only common
component the reactivity worth of reducing the core temperatures £rom
the operating conditions to a shutdown state of 200°C. There are two
contributions to this temperature effect: one from changing nuclear
data (the Doppler effect); the other from thermal expansion effects.
These two factors are calculated independently, the calculations are

described in Sub-sections 3.3 and 3.4 below.

For the BCR there are just two further components of the

shutdown requirement. An allowance of O.Z%Ak/kkf to cover the

— 90 -
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reactivity imserted during a fault. An uncertainty allowance of

0.24%Ak/kk', a 20 value based on experimental measurements at JOYO.

The PCR shutdown requirement has several compconents, in
addition to the temperature effect. The reactivity loss per cycle,
which at BOC these rods are inserted to offset; obtained from the
standard SLAROM-JOINT-CITATION calculations for each core variant. A
margin of 0.2%Ak/kk' tc allow some rod insertion for control at EQC.
An allowance of 0.1%Ak/kk' for reactivity variations between
different refuelling batches. An allowance for uncertainty in cycle
length, comnsisting of 3 values all assessed at the 20 level and
combined in guadrature: 0.3%Ak/kk' for fuel fabrication
uncertainties; 0.24%Ak/kk' uncertainty in reactor measured power; a
fraction (20%) of the calculated reactivity loss per cycle. An
allowance for uncertainties in shutdown margin, compriging 2 wvalues
combined in guadrature: a 20 allowance of 0.3%Ak/kk' for
uncertainties in fuel fabrication; a 1o allowance of 0.44%Ak/kk' for

uncertainties in the calculated Keff values.

3.2 3D MOSES PROGRAM

To produce the Keff values from which nominal rod group worths
were calculated, the 3D program 108ES (3-1) was used. A 3D model is
required to model the effects of a stuck rod in the withdrawn group:;

a 360°, full core height core, representation is used.

In most cases a hex-Z mesh structure with one mesh per S/A was
used, thig incorporates a radial interpolation(3‘2) based on the
Askew method to give a pseudo-tri-Z representation. MOSES
incorporates an option for true tri-Z geometry, in a few cases in
which the hex-2 model experienced convergence difficulties, a tri-2
mesh with 6 points per S/A was used. A case was done using both hex-
Z and tri-Z geometries, no significant systematic differences in Keff

were found.

The calculations were done in 7 energy groups, this was
necessary to avoid excessive computer time requirements. Nuclear
data is input to MOSES in the form of a microscopic cross-section

library file. This is basically the same 7 group datafile as used to
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run PENCIL calculations, but it required a modification in the form
of adding data for the rod absorber region (absorber was not modelled
in the calculations for Part I of the study}. To create data for
this absorber material, the SLAROM-JOINT-CITATION calculation that
created the original 7 group microscopic library file is repeated,
but with a central region equal in volume to 1 S/A replaced by
control rod absorber: the 7 group data calculated for this absorber

region are appended to the original library file.

The calculations used number densities taken from 7 group,
PENCIL, burn-up calculations. The rod abscorber number densities come
from the following composition: volume fractions of 42.5% Na, 22.6%
steel and 33.3% ByC, the B4C has 92 at% 198 and 95% of theoretical
density. The MOSES calculations used a less detailed number density
representation than was used in other calculations of the sensitivity
study: rather than the 31 separate regions (20 of them in the core}
shown in Figure 3.1 of the report on Part I of the study, just 15

regions (11 in the core) were used, as seen in Figure 3.1.

3.3 SHUTDOWN TEMPERATURE - NUCLEAR DATA EFFECTS

The effects of nuclear data changes when reactor temperatures
reduce from operational to shutdown values are readily evaluated.
The calculations that produced the 7 group microscopic data library
used in the MOSES calculations were repeated, but with the material
temperatures altered appropriately. This produced a second 7 group
library, for the lower (200°C) temperature condition. These two
nuclear data libraries were then used in otherwise idéntical MOSES
calculationg, and the Keff difference gives the reactivity worth of
this component of the temperature change. The MOSES calculations

used were for PCRs 50% inserted and BCRs fully withdrawn.

3.4 SHUTDOWN TEMPERATURE -~ THERMAL: EXPANSION EFFECTS

The calculation of the effect of thermal expansion on core
reactivity consists of three parts. Calculating reactivity

coefficients for changing core size at constant number density.

- 22 -
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Calculating reactivity coefficients for changing number densities of
different core materials (at constant core size). Combining these
factors with temperature change and thermal expansion coefficient

data, to give an overall reactivity change.

A series of reactivity coefficients, represented Ky, are
calculated, they are the fractiomal change in reactivity relative to
the fractional change in the parameter indicated by 'k’ - either a
core dimension or the density of one of the core constituent

materials.

The reactivity coefficients of changing core size were obtained
from CITATION calculations which repeated cases for the BOC
condition, but with either the axial or radial mesh uﬁiformly
expanded by a nominal amount (1%). These calculations gave the

following reactivity coefficients for height (Ky) and radius (Xg),

Ak/ - Ak/
defined by K, = /kk K, = Ak

My A%

The reactivity coefficients for changing number density were

calculated with first order perturbation theory using PERKY, in 18
energy groups. Associated with this usage of PERKY are pre- and
post-processor codes PREPK and POSTPK; these transform input and
output data into suitable formats, PREPK also initiates a CITATION
calculation that produces direct and adjoint fluxes used by PERKY.
Since the calculation is in 18 energy groups, SLAROM—JOINT-CITATION
calculations were run first to produce nuclear data files condensed
to 18 groups. The route calculates separate values of density )
reactivity coefficients for 3 categories of component materials -
fuel, coolant and structure - the calculation method incorporates the
diluent within the structure material category. The density
reactivity coefficient values are provided for each region of the
reactor model; combined values appropriate to the reactor core were
obtained, the sum of values for the inner core, outer core and
follower regions (the latter reduced by the fraction of that region

actually within the core}. The values produced are the coefficients
KF, KC and Ks,
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Akkk Akkk' A%k
Pr Pc Ps

The assessment of thermal expansion effects considers the core
to be made up of 5 components - fuel, Na coolant, diluent, clad and
wrapper (the last 2 both made of steel} - other minor components
(wire/grids) are ignored. There are a number of factors to the core
expansion, providing a number of contributions (F; - Fs) to the
overall reactivity change with reactor temperatures. In the
following expressions, AT is a temperature change, ¢ is a thermal
expansion coefficient {(a function of temperature), V is a fraction of
core volume, and K is a reactivity coefficient as already defined.

Where not defined above, subscoripts are obvious in meaning.

Overall radial core expansion is controlled by the steel
support structure on which the §/As rest - this increases core size,
but reduces the number density of all solid materials in proportion,
the increased volume is filled by coolant, increasing its number

density.

1- a
F1= AT s Osteet(Tsnp) - (KR ~2(Kr+Ks)+2 % Kc;)
. Na

Within each S/A the wrapper expands radially, as does the clad,
each displacing a volume of coolant. For the clad it is actually the
pin volume that expands - it is assumed to be the clad expansion,
"rather than that of its contents, which determines the pin expansion.
Since the steel is only being repos;tioned within the S/a, its

density is unaltered.

Vwmp

N KC‘ - AT;:M * asrcel(TclM’) "2~ me ) KC

Fr=— ATwrap * asfeel(Twmp) 2
Na VNa

The fuel expands axially, this is assumed to be driven by its
own expansion {i.e. fuel pellets are not bonded to the clad). This
increases the height of the core, but reduces the fuel number

density.

F3= AT pua* O et Tpuet) (K1t — K r)

~ 24 —
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The clad, diluent and wrapper all expand axially, decreasing
their number densities. The wrapper and clad are both driven by
their own thermal expansion. The diluent is assumed to be stuck to

the clad and so expands with the clad.

Ve
Fa=— AT ciu" a.sreei(Tclad) : o ) Kstear + Kan | —

(Vrlnd' + Vwrap
Vwrap

i K stee
(Vclad + Vwrap) ol

ATwrap * O steel (Twrap) '

The final component comes from the thermal expansion of the

coolant. Note that whilst all other o values are linear expansion

coefficients Oy, is a density coefficient (and so of opposite sign}.
Fs=AT - aNa(TNa) ‘K¢

Values of temperature changes and expansion coefficients (AT
and @) were taken from calculations for the 600 MW{e) fast breeder
reactor design study(s'l), rather than assessed specifically for the
current study. The temperatures reduce to 200°C, starting from 380,
455, 455, 475 and 1073°C for suppeort, coolant, wrapper, clad and fuel
respectively. The temperature éveraged expansion coefficients for
fuel, clad, wrapper and support are 1.439x10°5, 2.016x10°3, 2.003x10°5>
and 1.949x10°5 Al/1l per °C respectively. The coolant density
coefficient is -2.841x107% Ap/p per °C. The values of volume
fractions (V) come from the core gecmetric data. The reactivity
coefficient values (K) are calculated as described previously, except
that separate Kgree1 and Kgi) values, as used in F,, are not
calculated. However, since Kg = Kgreel + Kgiz and Tgiag = Tyrap wWe

can modify ¥4 to -

Fs=—AT ctaa" asreei(chad) ) Ve ) "Ks— AT wrap* asfeel(Twrap) ) ( £ Ks

(chad + Vwrap Vctad + Vwmp)

It was to facilitate this approximation that the assumption of

diluent being bonded to the clad was made.

- 925 —
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Table 3.1 Components of adjustment to nominal rod group worths
Effect Adjusted Factor
Effect of Condensation to 7 energy groups *x0.972
Conbined Mesh and Transport correction factor x1.021
Control Rod Heterogeneity correction factoxr x0.88
Rod 108 purn-up correction factor x0.95
Difference between MOSES program and reference x1.0
{(CITATION) used in assessing corrections
Adjustment for difference from experimental x1.018
values (based on JUPITER core ZPPR-10C)
Allowance for calculational uncertainty (2¢) x0.9
Total Correction Factor x0.761

Table 3.2

Components of rod group shutdown worth requirements

Components of Primary Control Rod (PCR) Shutdown Margin

Effect of reducing core temperature to 200°C o
Reactivity loss per cycle B
Margin for control at EOC 0.2 %Ak/kk!
Margin for variations in refuelling batches 0.1 $Ak/kk’
Uncertainties in cycle length #
Reactor measured power uncertainty (20) 0.24 %Ak/kk'.
Fuel fabrication uncertainties (20) 0.3 %Ak/kk"
Uncertainty in reactivity loss/cycle (20} 20% of o

Uncertainties in shutdown margin #

Uncertainty in calculated Keff (10)

Fuel fabrication uncertainties (20)

0.44 %Ak/kk!

0.3 %Ak/kk'

Components of Backup'Control Rod (BCR) Shut

down Margin

Effect of reducing core temperature to 200°C o
Margin for reactivity inserted during fault 0.2 $Ak/kk’
Uncertainty, based on JOYO measurements (2d) 0.24 %Ak/kk’

#

values of «,p are evaluated for each case

components are combined in guadrature

- 26 —




INNER OUTER QUTER INNER QUTER CONTROT,
S/A CORE CORE (1) CORE (2) SHIELD SHIELD ROD
No. of §/As 295 138 . 108 90 180 36
Materials
1-4 Inner Core
5-11 out
45 cm 13 13 13 13 uter Core
12 Inner Shield
14 13 Outer Shield
14 Rod Follower
15 cm 12 12 12 15 Rod Absorber
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6 cm 3 7 10
9 cm 2 6
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15 em 12 12 12
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Figure 3.1 Axial mesh

representation in sensitivity study MOSES rod worth calculations
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4 ROD WORTH AND SHUTDOWN MARGIN - CALCULATIONS

The calculations of rod worths and shutdown margins, as
described in the previous section, were applied to a range of the
cases from Part I of the study. Only those cases with the diluent
materials identified as most suitable, ZrH and B,C, were examined. A
widespread failure to meet shutdown margins was observed, this was
addressed by increasing the number of both control and backup rods in
the reactor design (see Section 5}. As a consequence of high pin
rating results, an additional series of sensitivity calculations was
undertaken, using hollow fuel pellets for the high cquality Pu vector

with a 200% pin size (see Sub-section 4.2).

At this stage of the analysis, the reactivity worth of thermal
expansion effects was only calculated for a limited number of cases
{the calculations were quite time consuming). Cases done for a range
of conditions, see Table 4.1, showed that the effect displayed
comparatively little variation between cases. For the purposes of
the current section, a nominal value of 0.5%Ak/kk' reactivity worth
from thermal expansion was assumed; the error introduced is at most

0.1%Ak/kk".

The results of the rod worth and shutdown margin calculations
are shown in Tables 4.2 to 4.5. The first table is for cases with
the nominal pin size; the other 3 tables are for increased pin sizes,

"with the low quality,treference and high quality Pu vectors
respectively. There are two values of rod group worth and shutdown
requirement given for each case - for the PCR and the BCR rod groups.
The margin is given both as a reactivity difference, and in terms of

the rod worth as a fraction of the requirement.

The results for the nominal pin size, in Table 4.2, include the
case of the original reference core. The results are in reascnable
agreement with the calculations of a preceding study (the source of
the 600 MW(e) reference design) which gave PCR worths of T7.3%Ak/kk",
BCR worths of 2.1%Ak/kk', and shutdown requirements of 6.7%Ak/kk’
and 1.2%Ak/kk' respectively. Table 4.2 also includes several cases
for the high quality Pu vector, where a mixture of absorber and non-
absorber diluent materials had been used to produce conditions

optimized for safety parameters and reactivity loss per cycle. With
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B4C as both absorber and non-absorber diluent, the shutdown
requirements were met with margins that were an improvement on those
for the reference core. With a mix of ZrH and 1°B,C diluent, the
margins deteriorated noticeably and shutdown requirements were not

met.

Table 4.3 shows rod worth margins for the low quality Pu
vector, for a range of increased pin sizes and cycle lengths, and for
the two different diluent materials ZrH and !1B4C. Although cases
were well within the 4.30%Ak/kk' target for reactivity loss per cycle
{adopted in lieu of calculations of rod worths), the actual rod
worths were found in almost all cases to be short of requirements,
often significantly so. Thus, the reactivity loss per cycle was not,
in practise, a very good predictor of shutdown margins. It is clear
from Table 4.3 that, at least for the low gquality Pu wvector, it would
not be possible to achieve shutdown targets with a 6 month cycle
length. Whilst the margin for the PCRs could be improved by further
reducing the cycle length, this would not improve the margin for the

BCRs.

Rod worth margins for the reference and high quality Pu vectors
are shown in Tables 4.4 and 4.5 respectively. They are for a range
of increased pin sizes with the two non-absorber diluent materials
zrH and 1B, (all also have 9B4C absorber diluent}, all for a 4
batch 6 month fuel cycle. For (almost} every pin size and non-
absorber diluent material combination, there is a case with the
safety parameters are close to the target of a void-to-Doppler ratio
of -285., 1In Tabkle 4.4, just for the 150% pin size, there are also
cases - those with the higher diluent fractions ~ where the safety
parameters are below the limit. As with the low guality Pu, the ‘
shutdown requirements are not met, with margins either negative or so
low as to be inadequate. It is noted that with 11B4C as diluent the
ghortfall in rod worth is less than with ZrH, it also reduces as the

pin size gets smaller,
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4.1 RE-EVALUATION OF EARLIER CONCLUSIONS

The earlier results of the sensitivity study are modified by
the availability of calculated values of shutdown margin, rather than
relying on the reactivity loss per cycle as an indicator of such
parameters. As a consequence, some re-evaluation of conclusions

drawn in Part I of the study was required.

Summarized in tables 4.6 to 4.8 are the key parameters for the
most significant cases, for the low quality, reference and high
quality Pu vectors, respectively. The limits set for these values
were a positive shutdown margin, a pin rating <430 W/cm, and a void-
to-Doppler ratioc no less than -285 (this latter limit is less rigid
than the others, some flexibility being allowed). With one
exception, noted in Table 4.6, the cases are for a 6 month fuel cycle

of 4 batches.

In each case for the low quality Pu vector a single diluent
material was used, the fraction being adjusted to ensure criticality
with the desired peak Pu enrichment of 45%. Possible-variations are
obtained by altering the fuel pin size: increasing the fuel pin size
causes the safety parameters to improve, but both pin rating and
shutdown margin to degrade. The cases shown are (near) minimum pin
sizes compatible with safety parameters within their chosen limits -
in all cases the shutdown margin requirements were not met,
demonstrating a requirement for some improvement, The pin ratings

remained below 400 W/cm for all options.

The cases presented in Tables 4.7 and 4.8, the reference and
high gquality Pu vectors, are similar to one another. For the 2
limiting pin sizes as identified in Table 4.6, calculations were done
with two different non-absorber diluent materials. As previously,
the diluent fraction was adjusted to ensure criticality at a 45% peak
Pu enrichment. The diluent was a mixture of absorber (fixed as
10p,c) and the non-absorber material {as specified in the tables);
the ratio of components was used to vary the conditions:-reducing the
absorber fraction caused the safety parameter to improve, but made
both pin rating and shutdown margin worse. The cases shown are for
safety parameters close to the limit. Althqugh shutdown margins are

better with 1B4C, rather than ZrH, as non-absorber diluent, they are

- 30 —
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inadequate in both cases. For ZrH as non-absorber diluent, pin
ratings remain below the 430 W/cm limit, though for the larger (200%)
pin size they are only just below. For 11B,C as non-absorber diluent
the ‘type B’ {diluent in sgeparate ping) ratings are all >430 W/cm,
though the ‘type A‘ (diluent as fuel pellet matrix) ratings barely
exceed 300 W/cm.

Although acceptable from linear rating considerations, the
‘type A’ ratings are based on fuel and diluent materials being mixed
together in the same pin. Whilst R & D work to validate the use of
such an inert matrix for fuel pellets is currently under way, it was
decided that the current study should not presume on the results of
such work. Thus the only diluent to be considered in fuel pins was

void, in the form of hollow pellets.

The inadequate results, in terms of shutdown margins and also,
pogsibly, pin ratings identified above required some modification to
the reference design, the basis of the study, in order for the
results to be made acceptable. It had previously been found
necessary to adjust the reference design - altering the fuel pin and
pellet size, though no other ‘fixed’ parameter, in order to

accommodate the low quality Pu vector.

To improve shutdown margins, it was appropriate to increase the
worth of control rods: the alternative approach of changing cycle
length, whilst effective for PCR shutdown margin would not materially
affect the BCR margins. The rod absorber already has 108 enriched to
.92%, so the only option was to increase the numbers of rods. B2An
assessment of possible changes to the rod numbers and positions is

presented in Section 5 below.

There were several reasons for also considering how to reduce
the ‘type B’ peak pin ratings. Depending on to what degree the
shutdown margins could be improved, the option of ZrH as non-absorber
diluent {(which produced the lower pin ratings) may not have been
viable. The linear ratings quoted are firom 2D calculations for a
uniform burn-up; more detailed calculations will inevitably increase
the peak ratings, so some margin to the 430 W/cm limit is required.

With ZrH as non-absorber diluent, 1f this has to be segregated from
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the absorber (198,C) diluent, then there may be some distortion of

ratings within S/As, further increasing peak values.

In Sub-section 4.2, there is a brief assessment of the
introduction of hollow peliets to high quality Pu fuel with a 200%

pin size -~ the case with most difficulty achieving pin rating limits.

4,2 RATING REDUCTION USING HOLLOW PELLETS

As the results summarized in Tables 4.7 and 4.8 showed, with
either 11B4C as the non-absorber diluent material or the higher,
200%, pin size (and especially with both), the ‘type B’ pin ratings
will exceed the 430 W/cm limit.

This Sub-section presents an extension of the sensitivity
study, undertaken to demonstrate that mixing diluent material in fuel
pellets éould be effective in reducing pin ratings. The only diluent
material which this study considered practicable to mix in the fuel
pellet was woid, included in the form of hollow pellets. The results
in Part I of the study demonstrated that replacing 11B4C diluent with
void should have little effect on the core characteristics, so a
change of (part of) this diluent material to the void in hollow

pellets would present no problem.

The peak pin ratings calculated in the sensitivity studies do
not take into account the following factors. There are effects not
modelled by the 2D (RZ) calculations of the sensitivity studies which
will significantly increase peak ratings over the values in the
tableg., The peak ratings can show a gignificant imbalance between
inner and outer core‘zones at BOC; it will to a large extent be
possible to balance these ratings using different insertions for the
different rings of rods (the sensitivity calculations balanced
ratings at ECC, when rods are essentially fully out). These effects
are addressed in Sub-section 6.4 and explicitly included in the fiﬁal

optimized calculations.

Calculated peak ratings can be adjusted by altering how many of
the 217 pins'are assumed to contain fuel: since the SLAROM cell model

does not represent the fuel/diluent distribution within a S/A, the
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total S/A power is unaffected by the fuel-diluent distribution and
the peak pin rating i1s just inversely proportional to the number of
pins that contain fuel. A ‘type A’ rating corresponds to fuel and
diluent mixed together in all 217 pins, whereas a ‘type B’ rating has

all fuel segregated in separate pins from the diluent.

The highest ‘type B' pin rating of the cases in Tables 4.7 and
4.8 was 639 W/cem, for a 200% pin gize with 11B,C non-absorber

diluent, a case with 113.8 pins of B4C diluent, which corxrresponds to
(217 — 113.8) = 103.2

pins of fuel. Scaling the number of fuel pins by the inverse of the

rating shows that to maintain peak ratings below 430 W/cm (for thg

present, neglecting any margin for modelling inaccuracies) would

require the fuel to be present in at least

103.2 = 639430 = 154

pins. Since there are only sufficient fuel to £ill 103.2 pins, each

fuel pellet would require a diluent fraction of at least

(154 — 1032) _ ..o
154

This corresponds to a hollow pellet with a bore 0.574 of the outer

diameter {assuming that the effect of replacing the requisite amount

of 11B;C diluent with void is negligible).

A pellet bore of nearly 60% of the pellet diameter was judged
to be rather too large to be practical. Based on the range of values
that have been considered in the CAPRA project (4-1), it was decided
te consider fuel pellets with a bore no greater than 45% of the
pellet diameter, for which the central hole corresponds to 0.2025 of
the pellet volume (the reference oxide CAPRA core(4-1l) has a bore of
41%). Using the same type of scaling as in the previous paragraph:
in the case of 150% pin size with !!B,C non-absorber diluent,
adopting hollow fuel pellets of 45% bore would reduce the peak pin
rating from 530 W/cm to 423 W/cem, within the limit but providing no

margin for modelling inaccuracies.

With a pin size of 200%, when 11B4C non-absorber diluent was
used then the pellet bore required to reduce pin ratings below the
430 W/cm limit was too large to be considered practical. 1In order to

get pin ratings below limits with a 200% pin size it is necessary to

have a mix of both ZrH and ByC diluent materials. Rather than just
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using 1°B,C absorber, considering a variable 9B fraction - so that
there is both ZrH and 1B,C as non-absorber diluent - gives an

additional degree of freedom for optimizing core conditions.

A series of calculations were carried out based on the above
considerations for reducing pin ratings: a 200% pin size was
modelled, with hollow pellets of 45% bore; a mix of ZrH and B,C
diluents was used, with a range of 1B enrichments examined. A
maxirum of 30% B was permitted, to ensure that unmodelled
heterogeneity effects can be allowed for (this overcomes a
shortcoming in the earlier calculations for ZrH non-absorber diluent,
which used 92% 1B in the absorber, making no allowance for

heterogeneity) .

Table 4.9 shows the results from the calculatioms; it includes
the extreme cases of a single non-absorber diluent (from Table 4.8)
for comparison. For each %98 fraction, the ratio of ZrH to ByC
diluent was varied to produce safety parameters close to the -285
void-to-Doppler ratio limit. For those limiting cases the ‘type B’
peak pin ratings decrease as the 1B fraction increases, showing
peak ratings of ~365 W/cm (~39%0 W/cm for imbalanced BOC ratings) for
a 0B fraction of 15% or greater. The shutdown margins are
significantly improved over the cases where %rH was the sole non-

absorber diluent, though they remain negative.

To summarize, the results demonstrate that it is possible to
produce peak pin ratings with a significant margin to the 430 W/cm
limit even with the 200% pin size - by the expedient of -both adopting
hollow fuel pellets, and using a mixture of B4C and ZrH as diluent.
For the less restrictive 150% pin size, although the use of hollow
pellets together with just B4C as diluent would be unlikely to

provide an adequate margin to the rating limit, a mixture of ZrH and

ByC as diluent (even with solid fuel pellets) would provide a margin.
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Table 4.1 Reactivity worth of thermal expansion to cold shutdown
temperatures, for a range of cases

Pu Control Rod | cycle pin {diluent Diluent |Expansion

Quality { Option length size|material(s) | Fraction|Reactivity
{months) {pins) ($Ak/kk!')

low original 12 180% | ZzrH 18 0.391

low original 6 150%| 2xrH 12 0.446

» v w » w » 0.447

" VII v » w " 0.414

ref. original 6 150%]{ zrH & 10Byc |32 / 5 0.493

ref. original 6 200% | B4C 895.7 0.580

high original 6 150% | B4C 93.1 0.445

high original 6 150% | zxH & 19Byc |53 / 5 {0.559

high original () 200% | ZrH & B,uC, 32 / 24 10.582

hollow fuel
» v » » n 0.594
. VII . . - . 0.583

— 85 —




Table 4.2

Rod worths: sensitivity study and reference case for high quality Pu - cases

optimized for 100% pin size

Pu vector Reference {High High High High
Diluent Material None ZrH&10B4C | ZrH&IOB4C [ B4C B4C
Case uniform Pu ugiform 4*Smonth 4*6month
diluent

Reactivity Loss pexr
Cycle {(%Ak/kk') 4.30 3.90 3.61 4,13 4,62
Temperature Effect

(nuc. data) |©.60 0.72 0.53 0.50 0.42
(3Ak/kk') {expansion) 0.5 0.5 0.5 0.5 0.5
Shutdownn Worth (PCR} |7.18 6.82 6.29 6.87 7.38
Required (%Ak/kk') (BCR) |1.54 1.66 1.47 1.44 1.36
Rod Worth (PCR) ]7.97 5.48 6.24 8.72 8.48
(%Ak/kk') (BCR) {2.01 1.21 1.65 2.32 2.28
Fraction of (PCR) }1.11 0.80 0.99 1.85 1.15
Requirement {BCR} [1.30 0.73 1.13 1.61 1.67
shutdown Margin  (PCR) [|+0.79 -1.35 -0.05 +1.27 +1.11
(%Ak/kk') (BCR) |+0.47 ~0.45 +0.19 +0_88 +0.92
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Table

4.3 Rod worths: sensitivity study for low quality Pu - various pin sizes and cycle lengths, for 2ZrH & 1BC
diluents

Diluent Material ZrH ZrH ZrH ZrH 1lp,c 1igyc 11g,c

Pin Size 140% 150% 180% 180% 160% 200% 220%

Cycle length 3*6 months |6 months 6 months 12 months }6 months 6 months 6 months

Reactivity loss per 2

cvele (3Ak/KK') 2.62 2.50 2.4%9 4,33 2.47 .34 2.30

Temperature effect

(nmic. data) |1.08 1.24 2.11 1.36 0.75 0.92 1.00

(%Ak/kk '} (expansion) | 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Shutdown Worth (PCR) | 5.867 5.70 6.55 7.96 5.18 5.20 5.23

Required (%Ak/kk') (BCR) §2.02 2.18 3.05 2.30 1.69 1.86 1.94

Rod Worth (PCR) |5.86 5.31 31.66 4.12 5.96 5.18 4.81

($Ak/kKk*) (BCR) J1.41 1.25 0.86 1.00 1.39 1.15 1.05

Fraction of {(PCR) J1.03 0.93 0.56 0.52 1.15 1.00 0.92
-FRequirement (BCR} J0.70 10.57 0.28 0.43 0.82 0.62 0.54

Shutdown Margin (PCR) §+0.18 1-0.39 -2.89 -3.84 +0.78 -0.02 -0.42

($Ak/kk') {BCR) §~0.61 -0.93 -2.19 -1.30 -0.30 -0.71 -0.89
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Table 4.4

Rod worths: sensitivity study for reference Pu - ZrH & 11B,C non-absorber diluents, 4 batch * 6 month
cycle - optimized cases for various pin sizes and various cases for 150% pin size

Diluent Material ZrH ZrH ZrH ZrH 11p,c 1ig,c 11p,c Lig,c
Pin Size 150% 150% 150% 200% 150% 150% 200% 220%
Diluent fraction (pins) ]2/57 4/38 5/29 6.5/41 76.4 (1.0) 72.0 (1.6)|95.7 {(1.9)}119 {(0.4)
Void:Doppler ratio -88 -204 =300 -282 -212 -274 =279 -89
Reactivity loss per
Cycle (%Ak/kk') 3.28 2.48 2.34 1.61 4.31 4,01 3.19 4.27
Temperature effect

(nuc. data) §1-36 0.79 0.61 0.48 0.71 0.64 0.58 0.98
($Ak/kk') {expansion) §0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Shutdown Worth {PCR) §6.73 5.23 4.89 3.93 7.29 6.86 5.85 7.52
Required (%Ak/kk') (BCR) }2.30 1.73 1.55 1.43 1.65 1.58 1.52 1.92
Rod Worth {PCR) | 3.69 3.93 4.02 2.73 6.70 6.60 5.17 5.33
(3Ak/kk"'} {BCR) 1 0.98 0.96 0.58 0.61 1.7%9 1.68 1.25 1.40
Fraction of (PCR)  0.55 0.75 0.82 0.69 0.92 0.9%6 0.88 0.71
Requirement (BCR) | 0.42 0.56 0.63 0.43 1.08 1.07 0.82 0.73
Shutdown Margin (PCR) §-3.04 - =1.30 ~0.87 -1.20 -0.59 -0.26 -0.69 -2.19
(5Ak/kk") {BCR) {-1.33 ~-0.77 -0.57 -0.82 +0.14 +0.11 -0.28 -0.52
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Table 4.5

4 batch * 6 month

Rod worths: sensitivity study for high quality Pu - ZrH & *'B4C non-absorber diluents,
cycle, optimized cases for various pin sizes
Diluent Material ZxH ZrH llp,c 11p,c 11p,c
Pin Size 150% 200% 150% 200% 220%
Diluent Fraction (pins) ]5.1 / 53 5.6 / 65 83.1 113.8 130.5
Reactivity loss per
cvele (%Ak/kk') 2.10 1.42 4.08 3.23 3.83
Temperature effect
{nuc. data) |¢-50 0.37 0.49 0.42 0.65
{3Ak/kk'} {expansion) {0.5 0.5 0.5 0.5 0.5
Shutdown Worth (PCR)} §4.459 3.59 6.80 5.73 6.67
Required (%Ak/kk') (BCR) f1.44 1.31 1.43 1.36 1.59
Rod Worth (PCR) | 3.45 2.37 6.86 5.37 5.39
($Ak/kk*) (BCR) ] 0.86 0.54 1.80 1.32 1.43
Fraction- of (PCR) }0.77 0.66 1.01 0.94 0.81
Requirement (BCR) | 0.60 0.41 1.26 0.97 0.90
Shutdown Margin {PCR} | -1.04 -1.23 +0.06 -0.36 -1.29
{$Ak/kk') {BCR) | -0.58 -0.77 +0.38 -0.04 -0.17

150 — L6 OIFPENJI ONd
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Table 4.6 Summary of sensitivity study results for low guality Pu -

optimized cases for 4 batch * 6 months

Diluent Material ZrH lig,c
Pin Size 140% * 150% 200% (targets)
Na Void (%Ak/kk') 2.917 2.707 2.146 {1.631}
Doppler Constant -.00992 -.01147 -.00794 {-.00562}
Void:Doppler -294 -236 ~-270 (»-285)
Peak Pin Rating, BOC (A} f281/278 283/278 286/285 {<430)
(inner/cuter}) (W/cm) {B} }292/289 259/294 391/390
Shutdown Margin (PCR) }+0.18 -0.39 -0.02 (>0.0)
(%Ak/kk') (BCR) |-0.61 ~-0.93 -0.89 {=0.0)
* 3 batch fuel cycle
Table 4.7 Summary of sensitivity study results for reference Pu -
optimized cases for 4 batch * 6 months
Non-Absorber Diluent ZrH lip,c
Pin Size 150% 200% 150% 200%
Na Void (%Ak/kk') 2,077 1.610 1.699 1.569
Doppler Constant ~.00693 -.00571 -.00618 -.00562
Void:Doppler -300 -282 -274 -279
Peak Pin Rating, BOC (A) }284/273 283/281 296/269 2977217
(inner/outer} (W/cm) {B) 1342/330 363/359 4427403 53274895
Shutdown Margin (PCR) §1-0.87 -1.2 -0.26 -0.69
(%Ak/kk') (BCR) 1-0.57 -0.82 +0.11 ~-0.28
Table 4.8 Summary of sensitivity study results for high quality Pu
- optimized cases for 4 batch * 6 months
Non-Absorber Diluent ZrH 11p,c
Pin Size 150% 200% 150% 200%
Na Void (%Ak/kk') 1.400 1.082 1.307 1.295
Doppler Constant -.00511 -.00368 -.00522 -.00460
Void:Doppler -274 ~-294 -250 -281
Peak Pin Rating, BOC {A) §288/270 2887277 303/265 304/274
{inner/outer) (W/cm) {B} |393/368 4277411 530/465 | 639/576
Shutdown Margin {(PCR) |-1.04 -1.23 +0.06 -0.36
(¥Ak/kk ') o (BCR) |-0.58 ~0.77 +0.38 -0.04
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Table 4.9 Hollow pellets with ZrH + 11B,C non-absorber diluent - 200% pin size, high quality Pu
108 Fraction (%) 2.1 15 92
Diluent Fraction,
B,C/ZrH (pins) 113.8/ 0§ 60 / 13 | 59 / 14 30 7/ 22 | 25 /7 30 24 / 32 | 15 7 31 12 / 41 }5.6 / 65
Fuel Pellet Voidage 0 0.2025 0.2025 0.2025 0.2025 0.2025 0.2025 0.2025 0
Na Void (%Ak/kk') 1.285 1,401 1.369 1.586 1.325 1.271 1.170 1.082
Doppler Constant -.004860 -.00451 -.00466 -.00298 -.00408 -.00435 -.00450 -.00368
Void:Doppler ~281 -311 -294 -532 -325 =292 -260 -294
Reactivity Loss per Cycle
($Ak/kk ') - 3.228 2,591 2.578 2.018 2.000 2.004 1.894 1.419
Peak Pin Ratings (BOC) (A}|] 304/274 2957273 295/273 289/274 28972713 290/273 288/274 288/273 2887277
{inner/outer} (W/cm) (B} | 639/576 4457411 | 445/411 380/361 | 387/366 390/368 | 366/347 3B1/361 | 427/411
Pu Burning Rate (all) 72.5 73.1 73.0 74.7 73.0 72.8 72.5 72.4
(kg/Twhe) (fissile) 99.6 101.4 101.86 102.4 103.6 104.0 108.9 107.1
JAve, Trradiation (GWd/te) 107.3 96.4 96.4 84.1 85.7 86.2 81.2 84.6 72.8
Temperature Reactivity
Effect (nuc. data)| 0-42 0.37 0.38 0.38 0.41 0.370
{$Ak/kk"') {expansion) 0.5 0.5 0.5 0.5 0.5 0.5
Shutdown Worth (PCR) 5,73 4,94 4.94 4.27 4.18 3.59
Required (%Ak/kk') {BCR) 1.36 1.31 1.32 1.32 1.35 1.31
Rod Worth (%Ak/kk'} {(PCR) 5.37 4.48 4.43 . 3.52 3.24 2.37
(BCR} 1.32 1.08 1.07 0.83 0.77 0.54
Fraction of {PCR) 0.94 0.91 0.90 0.82 0.78 0.66
Requirement (BCR) 0.97 0.83 0.81 0.63 0.57 0.41
Shutdown Margin (PCR} -0.36 -0.46 -0.51 -0.75 ~-0.93 -1.23
(%Ak/kk"*) {BCR) -0.04 -0.23 =-0.25 ~0.48 -0.59 -0.77
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5 ADDITIONAL: CONTRCL RODS

As was clearly demonstrated by the results discussed in Sub-
section 4.1, there were severe difficulties encountered in trying to
achieve the required shutdown margins. To offset this, variations of
the original reference core design were examined in which the numbers
of control rods were increased, with the aim of increasing rod group
worths. The reference absorber design already included ByC enriched
to 92% 0B, so the option of increasing 9B enrichment was not
available for increasing rod group worths, Whilst increasing the
number of rods to some extent reduces the effectiveness of the
existing rods, it was possible to produce the fairly modest increases

in rod group worths necessary.

In examining possible rod positions, two design rules were
chserved. DNo rod was placed at the centre of the core. A minimum of

at least 2 non-rod S/As separated each neighbouring pair of rods.

A total of 7 altermative core rod distributions were examined,
as shown in Figure 5.1 The designs included variants where the core
centre does not correspond to a point in the repeating pattern of rod
positions. Where it was beneficial, a minor change in the core
enrichment boundary, coinciding with the rélocation of a ring of
rods, was incorporated. The total number of rods was increased from

36 to between 45 and 54,

The suitability of the different rod distributions was examined
using channel power distributions for PCRs at insertions of 0%, 50%
and 100%. Important features of these rating distributions are
summarized in Table 5.1. From examination of these results, the
following conclusions were drawn: rod distributions III and IV were
eliminated, because of the high rating peaks around BCR positions
when PCRs are inserted; distribution VII is preferable to both V and

VI, because it avoids a high (5 MW} peak with PCRs 100% inserted.

To further compare the different rod distributions, MOSES
calculations of rod group worths, and the associated shutdown
margins, were calculated for 3 different core states. These core
states were chosen to represent a wide range of conditions, they

encompassed the 3 Pu vectors assessed and the different diluent

— 42 —
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material options. They are fairly typical of the cases for which rod
worths must be improved, being:

low guality Pu, 4 * 6 months, 150% pin size, ZrH (12 pins)
diluent

reference Pu, 4 * 6 months, 200% pin size, ByC (95.7 pins,
' 1.9% 108) diluent

high quality Pu, 4 * 6 months, 200% pin size, ZrH (32 pins) &
B4C (24 pins, 15% 19B) diluent, hollow pellet (45% bore).

The first two cases are taken from the limiting conditions identified
in Tables 4.6 & 4.7. The third case is from Table 4.9, a case

optimized for hollow fuel pellets.

Shutdown margins were calculated for each of the three cases
described above, for the various rod position options. As with the
initial calculations for Section 4, the thermal expansion
coefficients of reactivity were not calculated for every case. The
assumption of a fixed value (0.5%Ak/kk') in the analysis will not _
materially affect the conclusions drawn. (Calculations for cores V
and VII, in addition to those for the original core, showed only
small variations in this reactivity coefficient - a maximum variation

of 0.03%Ak/kk', with <0.01%Ak/kk' typical.)

The results of the shutdown margin calculations are shown in
Tables 5.2 to 5.4, for the low, reference and high quality Pu cases
respectively. Rod distribution options I and II both fail to meet
shutdown requirements for BCRs, these cptions were therefore
eliminated from further consideration. Of the options V, VI and VII,
the latter is preferable because it results in rather larger PCR
shutdown margins: the PCR shutdown requirement includes the
reactivity loss, which is cycle length dependent, so a large PCR
margin gives scope for increasing cycle lengths beyond 6 months.
Therefore core option VII was chosen as the best variant to adopt for
the optimized core calculations. However, the BCR margins are
comparatively small for option VII; in the event of difficulties with

BCR margins, core option V would be adopted as a fallback positicn.

Within each of the Tables 5.2 to 5.4 the calculations used
fixed number density data, just altering the core map of fuel and rod
S/As to evaluate the effects of different core geometries. Further
calculations were done, to aésess the effect of changing rod

distribution when incorporéted within the entire calculation route,
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Table 5.5 shows the results of two sets of calculations, all for the
same high quality Pu case as Table 5.4: first the diluent fraction is
unaltered, just the Pu enrichment is increased to maintain the target
criticality; in the second set of calculations the diluent fraction
was adjusted to regain an ~45% peak Pu enrichment and safety
parameters at the target. With the exception of shutdown margins,
the variations in parameters (including diluent fractions) was small
- rating variations with rod distribution are largely a consequence
of the variation in the number of fuelled S/As. Comparing Table 5.5
with the equivalent cases of Table 5.4, the shutdown margin is seen
to be somewhat sensitive to Pu enrichment, and also to ZrH diluent

fraction.

A further set of variations are presented in Table 5.6, showing
the effect of increasing the cycle length beyond 6 months. The PCR
shutdown margin shows the expected strong dependence on cycle length,

unlike the BCR value which is seen to be insensitive to cyele length.



Table 5.1 Effect of varying rod distribution on channel ratings

Channel Power, MW
Distj?ﬁition PCRs 0% inserted PCRs 50% inserted PCR= 100% inserted
centre | inner | outer | core |centre| inner | outer | core }centre| inner | outer core
S/A core core edge S/A core core edge S/A core core edge |
original 3.13 3.30 3.65 1.356 2.61 3.59 4,08 1.49 2.07 3.85 4.51 1.61
I 3.19 3.42 3.58 1.36 2.31 3.61 3.62 1.47 1.61 3.96 4.00 1.55
IT 3.27 3.45 3.94 1.41
III 3.19 3.42 3.58 1.36 2.68 4.14 3.66 1.34 2.12 4.88 3.87 1.30
v 3.27 | 3.45 | 3.04 | 1.41
v 4.36 4.36 3.26 1.39 3.70 3.70 3.76 2.11 2,82 3.63 4.97 3.04
VI 3.52 3.68 3.44 1.45 3.03 3.79 3.91 2.12 2.29 4.23 5.00 2.98
VII 3.52 3.68 3.44 1.45 3.55 3.84 3.85 1.78 3.34 4.06 3.71 2.18

.

imnmer & outer core are maximum values, edge is a minimum value

LS00~ 16 Q0TP6NL ONd
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Table 5.2 Shutdown margin variation with rod distribution: low
gquality Pu case :
Rod Distribution Orig. |I II v Vi VII
Reactivity loss per
Cycle (3Ak/kk') 2.50 2.50 2.50 2.50 2.50 2.50
Temperature Effect :
{nuc. data) |1-24 1.27 1.25 1.27 1.21 1.23
($Ak/kk') {expansion) 0.5 0.5 0.5 0.5 0.5 0.5
Shutdown Worth (PCR) ]5.70 5.73 5.71 §5.73 5.67 5.68
Required (%Ak/kk') (BCR) 12.18 2.21 2,19 2.21 2.15 2.17
Rod wWorth (PCR) {5.31 6.67 7.28 7.77 '7'.32 9.29
($Ak/kk*) (BCR) 11.25 2.03 1.56 3.49 3.59 2.36
Fraction of (PCR) J0.93 1.16 1.27 1.36 1.29 1.64
Reguirement (BCR) 10.57 0.92 0.71 1.58 1.67 1.09
Shutdown Margin {PCR) |-0.39 |+0.94 |+1.57 |+2.04 [j+1.66 |+3.61
{%Ak/kk ') {BCR) ]-0.93 |-0.18 |-0.63 |+1.,28 {+1.44 {+0.19
Table 5.3 Shutdown margin variation with rod distribution:
reference quality Pu case
Rod Distribution COrig. |I Ir v VI VII
Reactivity loss per
Cycle (%Ak/kk') 3.19 3.1% 3.19 3.1¢ 3.19 3.19
Temperature Effect
(nuc. data) {058 0.60 0.59 0.60 0.57 0.58
{$Ak/kk') {expansion) 0.5 0.5 0.5 0.5 0.5 0.5
Shutdown Worth (PCR) |5.85 5.87 5.86 5.87 5.84 5.85
Required (%Ak/kk') (BCR) ]1.52 1.54 1.53 1.54 1.51 1.52
Rod Worth (PCR)} |5.17 6.53 7.12 7.67 7.38 9.13
{%AK/kk') {(BCR) §1,25 2.01 1.50 3.34 3.45 2.31
Fraction of (PCR) J0.88 1.11 1.22 1.31 1.26 1.56
Requirement {BCR} }0.82 1.30 0.98 2.17 2.29 1.52
Shutdown Margin {({PCR} §-0.69 {+0.66 |+1.26 |+1.80 |+1.54 }[+3.28
{FAk/kk') (BCR) [-0.28 §+0.47 | -0.03 {+1.80 |+1.94 [+0.79
Table 5.4 Shutdown margin variation with rod distribution: high
quality Pu case
Rod Distribution Orig. I II A2 vi VII
Reactivity loss per
cycle (3Ak/kk') 2.00 2.00 2.00 2.00 2.00 2.00
Temperature Effect
(nuc. data) f0-38 0.38 0.38 0.38 0.37 0.38
{EAk/kk') {expansion) 0.5 0.5 0.5 0.5 0.5 0.5
Shutdown Worth {PCR} |4.27 4.27 4.27 4.27 4.26 4.26
Required (%Ak/kk') (BCR) j1.32 1.32 1.32 1.32 1.31 1.32
Rod Worth (PCR) |3.52 4.39 4.73 5.02 4.77 6.28
(3Ak/kk') (BCR} J0.83 1.33 1.00 2.35 2.46 1.53
Fraction of {({PCR) ] 0.82 1.03 1.11 1.18 1.12 1.47
Requirement (BCR) |0.63 1.00 0.76 1.78 1.88 1.16
Shutdown Margin (PCR) 1-0.75 |+0.11 (+0.46 }+0.75 |+0.51 |+2.02
($Ak/kk ') (BCR) | -0.48 0.0 -0.32 |+1.03 |+1.15 |+0.22




Table 5.5 Effect of improved rod distribution on calculation of all parameters (high quality Pu)

Rod Option Original v VII v v

Pu Enrichment

(inner/outer) (%) 40.80/45.01 41.14/47.12 41,21/45.39{39.17/45.22 39.30/45.24

Diluent Fraction

LG0 — L6 OTP6NL ONd

(B,C / ZrH) (pins) 24 / 32 24 / 32 24 / 32 24 / 27 23 / 29
Na Void (%Ak/kk') 1.271 1.227 1.230 1.314 1.260
Doppler Constant -.00435 -.00421 -.00425 -.00434 -.00462
Void:Doppler ratio -292 =291 -290 -303 -273

Peak Pin Rating (B) (BOC) |390.2/367.8 411.1/383.4 424.1/389.8[395.1/373.7 400.0/374.7
(inner/outer) (W/cm) (EOC) [371.0/370.8 386.4/386.7 392.5/392.6|375.4/375.7 377.1/377.5

Reactivity Loss per Cvcle

($Ak/kk ') _ 2.004 2.052 2.093 2.080 2.085

EQC Keff {70 groups) 1.01619 1.01477 1.01497 1.01350 1.01417
{7 groups) 1.00516 1.00492 1.00482 1.00505 1.00499

Average Irradiation

(GWd/ te) 86.2 88.5 88.6 85.9 86.5

Shutdown Margin {PCR) -0.75 +0.11 +1.89 +0.29 +0.20

{%Ak/kk') {BCR) -0.48 +1.34 +0.38 +1.48 +1.41
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Tahle 5.6 Effect of varying cycle length for an improved rod
distribution (high quality Pu)

Rod Option VII VIT VII VII

Pu Enrichment (%) 41.21/45.39|43.11/45.09{43.43/45.06|44.22/44.8%

Diluent Fraction

(B4C/ZrH) (pins) 24 / 32 25 / 27 24 / 29 24 / 27

Fuel Cycle 4*& months | 4*9 months | 4*9 months | 4*10.5 mon

Na Void (%Ak/kk') 1.230 1.338 1.285 1.319

Doppler Constant -.00425 -.00432 -.00459 -.00468

Void:Doppler ratio -290 -310 -280 ~283

Peak Pin Rating (BOC) [424.1/389.8|481.8/361.01492,.8/360.9(500.3/351.2

(B) (W/cm) (ECC) |392.5/392.6|378.2/378.4]380,1/380.2{376.8/377.1

Reactivity Loss per

cvcle  (3Ak/Kk*) 2.093 3.444 3.485 4.219

EQOC Keff (70 gp) 1.01487 1.01365 1.01440 1.01331
(7 ap) 1.00482 1.00481 1.00481 . 1.00434

Average Irradiation

(GWA/ te) 88.6 129.86 130.4 150.2

Shutdown Margin (PCR) +1.89 +0.92 +0.78 +0.13

(%Ak/kk '} {BCR} +0.38 +0.39 +0.33 +0.33

~ 48 -
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Figure 5.1 Alternative control rod configurations
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6 OPTIMIZED DESIGN - METHODS

For the calculations that produced the final optimized designs
of this study, a number of improvements in modelling methods and
assumptions were made, with compared those used throughout the
sensitivity survey. These qhanges represent both a response to
conclusions drawn from the sensitivity survey, and also the adoption
of more detailed and time-consuming calculations that would havé been

unsuitable for the wider ranging sengitivity survey.

The above and below core structure has been changed. The
nominal uniform composition ({80% steel, 20% Na) was replaced by a
more detailed.Structufé;ﬁ_This new structure was_ﬁaken.from the_600
MW (e} fast breeder reactor design study (6-1) carried out at PNé{jwith
breeder regions deleted. Tﬁis modelling improvement was instigatéd
by calculapions-carried out by CEA, which showed that results can be

sensitive to . the axial reflector structure.

The rod absorber material is included in the.model'used for the
RZ calculations. This reguires the full core height to be modelled,
rather than just half the core with a reflective boundary at the
centre plane. It was considered appropriate to incqrporate.the
absorber, both for the effect on Keff and because its presence may

modify the fraction of ByC diluent required in the fuel S/As.

The PENCIL burn-up calculations that produce the BOC and EOC .
number densities were altered from 7 to 18 energy groups for the_ 
final calculations. This was done because the condensation_(froﬁ 70
groups) that produced the 7 group nuclear data was seen to be unduly
sensitive to small changes in core composition. Using a condensation

to 18 groups improved the situation.

Peak pin ratings were taken from 3D (hex-2Z) MOSES calculations,
rather than 2D (RZ) CITATION calculations. These MOSES calculations
incorporated 3D burnFup modelling. The individual fuel cycle batches
were modelled explicitly. It was considered that such a detailed
calculation was necessary to achieve a realistic assessment of'peak

pin ratings.

The model used to represent fuel in the SLAROM cell lattice

program was altered. The homogeneous representation being replaced

— 50 —
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by a 2 region RZ ‘infinite pin‘' model, the inner region consisting of
just the fuel pellet material (with the same radius as the fuel
pellet). The main reason for adopting this model improvement was so
that fuel and non-fuel materials could be given different
temperatures and thus Doppler constants correctly calculated for just
fuel temperatures changing. It alsoc has the advantage of modelling

fuel pin heterogeneity.

In the RZ calculations the radial meshes at the core edge were
refined, making them of comparable size to the axial edge meshes.
The improvement in accuracy from this change was not expected to be
very great. The MOSES calculations of rod group worths used at first
a coarse and later a more refined number density mesh representation
of the core. Both these meshes differed from that in Figure 3.1 used

for the sensitivity study calculations of Section 4.

6.1 ABOVE AND BELOW CORE STRUCTURE

The sensitivity study calculations used a very simplistic
representation of the above and below core axial structures: a
uniform composition of 80% steel / 20% Na was assumed. Calculations
by CEA have shown that using a more realistic representation of
above/below core structures can have a significant effect on the
results: using axial structures based on the CAPRA core design caused
a reduction in EOC Keff of ~7.5%, this required the fuel inventory to
be increased by ~12% in order for criticality criteria to be re-
attained (the comparison is complicated by the CEA calculations also

including rod absorber in the above core region) .

For the optimized calculations of the current study, a detailed
axial structure for fuel $/As was taken from data for the 600 MW(e)
breeder design of reference 6-1. Figure 6.1 is a S/A schematic
diagram for the design of reference 6-1, it includes axial breeder
regions, which are of course not wanted in a Pu burning core. Based

on this source, the following axial structure was assumed:
upper axial shield 500 mm

above pin gap 70 mm
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upper pin plug 30 mm
upper pin plenum 50 mm
fuel 600 mm
lower pin plug 20 mm
lower pin plenum 700 mm
lower axial shield 330 mm.

This structure is axially asymmetric: it is necessary to represent
the whole core height, rather than just a half-height core with a
reflective centre-plane boundary. The structure is somewhat

different from that addressed by CEA.

The number densities for the various regions were calculated on
the following basis. The plug and plena regions were taken to have
the same composition as the fuel region, except that the fuel pins
were taken to be filled with steel and void, respectively. The above
pin gap comprises just Na and wrapper, the steel of the latter is
9.3% of the S/A volume. For the remaining regions, the design of
reference 6-1 gives the following volume fractions: upper axial
shield 20% Na, 80% steel; lower axial shield 29% Na, 31.5% steel,
39.5% natural B4C {at 90% of theoretical density).

To examine the effect of the changed axial structure, the final
optimized cases for both high and low quality Pu vectors were re-run
with all the above and below core shielding regions altered te the
original composition of 20% Na, 80% steel. The result was an

increase in EOC Keff values of ~1.4%.

6.2 ROD ABSORBER

In addition to the axial above/below core structures described in the
previous Sub-section, the modelling of non-core- structures was
improved by the addition of rod absorber materials in all

calculations. For the 2D (RZ) calculations, both burn-up and

— 52 —
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reactivity (Keff), the absorber was placed immediately above the

active core.

For the rod group worth calculations it was appropriate to use
a homogeneous cell model for the absorber (as in the calculations of
Section 4), since the adjustment factors applied to nominal rod group
worths included an allowance for heterogeneity effects. For other
purposes, it was more appropriate to use a heterogeneous cell model
for the absorber, since this would result in a more accurate
representation of the effects of the rods on reactivity and rating

distribution.

It was therefore necessary for the calculations that produced
condensed nuclear datasets (for 7 and 18 energy groups) to produce
data for both hbmogeneous and heterogeneous models of absorber. Both
condensations used the same flux, calculated in a 70 group SLAROM-
JOINT-CITATION calculation which used the heterogeneous absorber

model .

The heterogeneous absorber cell model represented the absorber
from a complete absorber rod as a single cylinder, in a 1D ‘infinite
pin‘ model. The cell model used § separate regions, 5 of which
represent the absorber S/A: ByC absorber, a voidage gap, a steel
sheath, Na coolant, S/A wrapper and a surrounding fuel region. The
region radii were - 4.7901, 4.9038, 5.7652, 7.9071, 8.3008 and
27.1527 cm. The outer region corresponds to 9.7 fuel S/a, its

composition was taken from a typical equilibrium core case.

To examine the effect of the absorber material, the final
optimized cases for both high and low quality Pu vectors were re-run
with all the rod absorber regions altered to rod follower. The

result was an increase in EOC Keff values of ~2.4%.

6.3 7/18 GROUP BURN-UP CALCULATIONS

In preparing data for the optimized cases, it was observed that
calculated values of Keifif showed an undue sensitivity to the core
state for which the 7 group nuclear dataset had been condensed. For

example, 7 group datasets were produced for two low cquality Pu cores,

— 53 —
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differing only in cycle length (9 and 10.5 months) and in the number
of ZrH diluent pins in inner core fuel S/As {34 and 21). Using these
2 sets of nuclear data in 7 group PENCIL (burn-up) calculations for
jdentical conditions produced EOC Keff values that differed by more
than 0.6%, whilst 70 group CITATION calculations produced using
number density data from these two conditions were virtually
identical. More generally, any small change in the conditions of the
convergence to 7 energy groups was liable to have a disproportionate

effect on the resulting Keff value in PENCIL,

The minor differences in the conditions producing the 7 group
datasets were insufficient to explain the variation in Keff. Later
calculations demonstrated that the true effect of the diluent
fraction changes on the nuclear data was only to alter Keff values by

~0.01%, a difference small encugh to be neglected.

It was concluded that the instability in Keff values was a
direct consequence of the 7 energy group structure used. The
moderated flux spectrum associated with the presence of diluent in
the Pu burning core designs requires more detail than the 7 group
representation provides, if it is to be modelled accurately. It was
decided to use a less coarse spectrum, a standard 18 group spectrum

used within PNC (see Table 6.1).

Table 6.2 presents the results of a number of calculations,
demonstrating the effect of changing the number of energy groups
used. There is comparatively little variation - at most ~0.05%,
generally much less - in Keff values from 70 group CITATION
calculations, whichever nuclear data was used in the burn-up
caleulation. The difference between 7 and 18 group calculations
using identical nuclear data was large - 0.35 to 1.0%. Keff values
calculated for 18 groups and using nuclear data condensed for
different conditions had only small differences - 0.02 to 0.07%. The
results were sufficient to demonstrate that the use of an 18 group
spectrum was both necessary and adequate to give an acceptable level

of accuracy.



PNC TN9410 97 — 057

6.4 3D (MOSES) BURN-UP CALCULATIONS

In the sensitivity study, the calculated peak pin ratings were
taken from 2D (RZ) models; this provides an acceptable comparison of
different design options, but is inadequate for preducing accurate
values of peak rating. To provide more detailed modelling of peak
ratings, 3D MOSES burn-up calculations were used to calculate peak

ratings; they also produced values of peak irradiation.

The MOSES calculations explicitly represented the 4 separate
batches of the fuel cycle, each being locaded in seguence in the burn-
up transient., Each burn-up calculation modelled a total of 9
irradiation batches: 5 to reach fuel cycle equilibrium, then one step
for each of the 4 distinct batches. PFigure 6.2 shows the 4 batch
loading scheme that was used for the core with rod distribution
option VII - it was devised both to aveid (as far as possible}
adjacent S/As in the same refuelling batch, and to avoid clusters of
S/As with a mean irradiation much different from the enrichment zone

average. A 120° rotational symmetry was obtained.

The MOSES calculations used a hexagonal-Z mesh with one mesh
point per S/A, though an approximation based on askew(373) was used
to produce a pseudo-tri-Z representation of ratings. (An option to
use a similar 6-point-per-8/A irradiation representation is yet to he
implemented in MOSES.) Whilst MOSES possesses an option for full
tri-Z calculations, the pseudo-tri-Z calculation is adeguate for
calculating peak rating values(3-1) and a full tri-Z calculation
would make excessive demands on computing time. For similar reasons
of economy, the MOSES burn-up calculations were done in 7 rather than
18 energy groups, whilst this may result in incorrect Keff values
{see Sub-section 6.3), a test case with 18 groups showed the peak

ratings to differ by no more than ~2%.

In addition to the above changes, the burn-up calculation
differed from those of the sensitivity study by dividing the
irradiation for each refuelling batch into two steps: BOC to MOC and
MOC to EOC. For these 2 timesteps, different PCR insertions were
used - BOC insertions for the first step and EOC (0% insertion) for
the second step. This gives a more realistic representation of

average rod positions during burn-up. The relative insertions of

— B§ -



PNC TN9410 97 — 057

different rings of PCRs were adjusted for the BOC steps, with the
purpose of optimizing the inner:outer peak rating ratio at BOC. (The
EOC rating ratio, with rods 0% inserted, is cptimized by the choice

of Pu enrichments and diluent fractions.}

6.5 HETEROCGENEQOUS FUEL LATTICE MODEL

In the sensitivity study, the fuel S/As were treated as
homogeneous cells for the purposes of the SLAROM calculations
evaluating nuclear data. This had 2 main effects on the
calculations: because the heterogeneity of the fuel was not modelled,
fuel self-ghielding effects were under estimated; Doppler
coefficients were calculated for all the S/A materials increasing in

temperature, rather than just fuel pellet materials.

For the optimized calculations, a heterogeneous fuel cell model
was used in SLAROM: a 1P cylindrical ‘infinite pin’ model, with 2
regions. The inner region comprised the fuel materials and had the
same radius and mean density as the fuel pellet. The outer region
comprised a mix of all other materials, to the amount and volume
associated with a single fuélled pin. The inner zone had a
temperature of 1373 K (increasing to 1873 K for Doppler

calculations), the outer zone was fixed at 703 K.

Perturbation analysis in Part I of the sensitivity study showed
that non-fuel isotopes (principally Fe and Cr) contributed typically
10-30% of the calculated Doppler effect. Doppler feedback from
structural materials is of dubious value, since it will only occur
with some heat transfer time delay. Therefore the optimized
calculations excluded structural materials from the assessment of

Doppler constants

The target for safety parameters was not altered when the
Doppler calculation was changed to excluding structural materials, so
the final optimized calculations effectively used a limit for the
safety parameters that was in the region of 20% more restrictive than

the limit used for the sensitivity studies.
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Some of the final optimized calculations of Section 7 were for
hollow fuel'pellets. An attempt was made to represent hollow pellet
fuel with a 3 region SLAROM cell model, the additional region being
the void at the centre of the pellet. The calculations encountered
difficulties, as exemplified by the Doppler constants, all for the
same core, shown in Table 6.3, The table shows values of Doppler
constant calculated for 3, 2 and 1 region models, aqd with non-fuel
temperatures set to either 703 K or the same temperature as the fuel.
From these and other calculations it was concluded that the
representation of different temperatures in the 3 region SLAROM model
was faulty. The optimized calculations were restricted to using the

2 region model.

Table 6.3 shows that compressing the fuel into its actual
annular volume (rather than smearing it over the whole pellet) had
the effect of reducing the Doppler constant by one thirxrd, it also
reduced the EOC Keff by 0.16%. It is not certain whether this is a
real effect of the fuel self-shielding, or related to problems with
temperature modelling in SLAROM. However, given the apparently
disproportionate effect of changing from 2 to 3 regions (compared
with the difference between 1 and 2 regions), and the temperature
errors identified above, it seems most likely that the results are an
artifact of the calculation. These phenomena should be the subject
of further investigation, since the reduction of Doppler constant for

hollow fuel pellets (should it be a real effect) was significant.

6.6 MESH REPRESENTATION

With the ahsorber explicitly modelled and the above/below core
structure modelled in detail, there is no longer axial symmetry and
it became necessary to use a full core height model in the 2D
calculations. The core radial number density mesh was modified from
that used in the sensitivity study: two narrow meshes of 3 and 6 cm
were created from the outside of the outer enrichment zone, other
than this there was a single radial region for each enrichment zone.
With the core axial number density mesh doubled to 8 meshes, this
gives a total of 32 core number density regions. The purpose of this

change was to mimic the axial edge mesh modelling at the core radial

- 57 -
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edge - it was demonstrated in Part I of the study that this level of
detail was necessary to effectively model axial leakage effects.

Figure 6.3 is a representation of the 2D mesh structure used.

All the MOSES calculations used a radial $/A distribution taken
from the map for case VII in Figure 5.1 (for the MOSES burn-up
calculations, only a 120° segment is modelled, with 4 separate fuel
batches represented, as in Figure 6.2). 2all the MOSES calculations
used the same axial structure for the non-core regions: a simplified
version of that for the 2D calculations, shown in Figure 6.3, but
with no differentiation between different areas with identical

compositions.

Twenty meshes were used for the core axial flux representation
in MOSES. Two different core number density representations were
used for the rod worth MOSES calculation, both are shown in Figure
6.4. At first a simple mesh structure was used, with just 4
different sets of number densities for each enrichment zone, arranged
with reflective symmetry about the core centre plane. Later
calculations used a more detailed representation of 3 radial groups
of S/As, the extra group being 48 outer S$/As corresponding to the
outer 2 meshes in the 2D representation; each group had a full 8§ mesh
number density representation. The MOSES burn-up calculations also
used 8 axial number density meshes, but the radial modelling

represented each S/A separately.
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Table 6.1 Energy group structure
Groups Upper Energy Groups Upper Enerqgy
7G | 18G | 70¢ TG 18G | 70G
i 1 10.0 (MeV} 15 38 | 961.12 (ev)
1 2 7.7880 39 |748.52
2 3 6.0653 40 | 582.95
4 4.7237 16 41 | 454.00
3 5 3.6788 6 42 |353.58
2 & 2.8650 43 | 275.36
4 7 2.2313 17 44 | 214.45
8 1.7377 45 |1167.02
5 9 1.3534 46 |130.07
10 1.0540 18 47 |101.30
6 11 0.82085 48 78.893
12 ~0.63928 49 61.442
13 0.49787 50 47 .851
3 7 14 0.38774 51 37.267
15 0.30197 52 29,023
16 0.23518 53 22.603
8 17 0.1831¢ 54 17.603
18 0.14264 55 13.710
185 0.11109 (MeV} 56 10.677
9 20 186.517 (kev) 57 8.3153
21 167.379 7 58 6.4760
22 152.475 59 5.0435
10 23 140.868 &0 3.9279
4 24 |31.828 61 3.0590
25 |124.788 62 2.3824
11 26 |19.305 63 1.8554
27 |15.034 64 1.4450 -
28 |11.709 65 1.1254
12 29 9.1188 66 0.87642
30 7.1017 67 0.68256
31 5.5308 68 0.53158
13 32 4.3074 69 0.41399
5 33 3.3546 70 0.32242 (eV)
34 2.6126
14 35 2.0347 Minimum energy, 107° ev
36 1.5846
37 1.2341 {keV)
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Table 6.2 The variation of Keff with no. of energy groups for the
nuclear data and the conditions of it is condensation

Conditions of Keff Calculation

Conditions
of 10.5 month cycle, 9 month cycle,
Condensation 21/0 ping ZrH diluent 34/0 pins ZrH diluent
Calculation Keff Calculation Type | Keff Calculation Type
No. of PENCIL CITATION PENCIL CITATION
groupsgt (7/18 gp) {70 group) (7/18 gp) (70 group)
9 month cycle
31/4 pins zrH 7 1.01573 1.00446 1.00557 0.99830
- 18 1.00564 1.00477 1.00023 0.99824
10.5 month cycle
21/0 pins ZrH 7 1.00933 1.00444 - -
” 18 1.00579 1.00436 1.00093 0.99778

Table 6.3 Effect of fuel cell model on Doppler constant for hollow
fuel pellets

Temperature of

Non-fuel Regions 3 Region-Model | 2 Region Model } 1 Region Model

703 K (fixed) ~-0.003%4 ~0.00495 -

same as fuel -0.00395 -0.00588% -0.00620

- 80 —




PNC TN9410 97 - 057

\ y
-
]
1300
I g | B—
Axial
360 Blanket
B SRR, A
B A
4300
Core 10060
2550
et v emmimem e Y -
T J
Axial .
360 Blanket
20 ::::{:::.:. ——— | | IS f.
Gas
Plenum |
700 1400
I SO - i |7 | l -
=
\u/ ............................... A &
Entrance T
Nozzle 600
Lo -

Figure 6.1 5/A schematic used as basis for above/below core
structures



REFUELLING SCHEME S/A NUMBERING

1-4 fuel batches 1-91 inner core

5 PCRs 92-183, 189-193, '
6 BCRs 203-207 outer core
7 shield

Figure 6.2 4 batch refuelling pattern and S/A numbering scheme (120° model)
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INNER OUTER SHIELD CONTROL
S/A CORE CORE ROD
No. of S/As 235 288 210 54 | IMPROVED CORE REPRESENTATTON
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Figure 6.4 Axial mesh representations for optimized MOSES rod worth calculations
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7 OPTIMIZED DESIGN - CALCULATIONS

The calculations to produce an optimized core design are
readily described in 3 stages, as represented by the following Sub-
sections. First are preliminary scoping calculations using the
nodified calculational route, to confirm values for parameters common
to the different Pu vectors - primarily the fuel pin size. For each
of the extreme Pu vector, there are calculations to identify an
optimized condition, demonstrating that margins to safety criteria
exist providing for design flexibility; each optimized condition is

examined in detail.

7.1 PRELIMINARY CALCULATIONS

The main aim of the initial calculations was to define the fuel
pin size to be adopted. The sensitivity study calculations for low
quality Pu had identified two workable minimum pin sizes - 150% and
200% of the reference design value - depending on the diluent
material adopted for use with that Pu vector. The increase in peak
pin ratings associated with the use of the more accurate 3D MOSES
burn-up calculations (see below) effectively precludes the viability
of the 200% pin size option, since peak ratings were already marginal
for this pin size. As a result, the low quality Pu options were
restricted to ZrH as diluent. The changes to above/below core
structure and absorber rod modelling required an increase in fuel
inventory by around 10% in order for criticality to be maintained

without reducing cycle lengths.

The minimum effective pin size was expected to be in the range
160 - 170%. Table 7.1 shows the results of cases that were examined
to identify an optimum pin size. The first 2 cases were for low
cquality Pu, using ZrH diluent. As with the optimized low gquality Pu
calculations, a uniform Pu enrichment was used, with diluent fraction
being used to control the inner:outer zone rating ratio (the balance
that is sought is of ‘type A’ ratings, effectively balancing channel

powers) .

The first case of Table 7.1 was for a pin size of 170% with a

cycle length of 12 months. The peak pin ratings are acceptably low,
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a maximom of 337 W/cm (‘type B’) and the safety parameters are within
the limits adopted for the study (though the Na void worth is fairly
high at 2.02%Ak/kk'}. The PCR shutdown margin is negative, but this
should be rectified by reducing the ¢ycle length to around 9 months.
Of some concern is the BCR shutdown margin, which though positive is

rather small.

The second case in Table 7.1 has the pin size reduced to 165%
and the cycle length reduced to 9 months. As can be seen, these
changes are sufficient to increase the shutdown margins to an
acceptable level (there is sufficient PCR margin to allow a cycle
somewhat longer than 9 months). The safety parameters are improved
over the previous case - Na void worth reduces to 1.81%Ak/kk' - but

there is a notable increase in peak pin rating to 366 W/cm.

Considering the above results in the light of Figure 2.3 from
the sensitivity study, it was concluded that 165% was the most
suitable pin size as far as the low quality Pu was concerned. BAny
higher size would bring BCR margins that were too small to be
acceptable, whilst any smaller pin size would prejudice the
capability to maximize cycle length without producing unacceptable
safety parameters. The high peak pin rating corresponds to the limit
of acceptable values, taking into account the expected effects of

more detailed 3D burn-up calculations (see below).

The third case in Table 7.1 is for the high gquality Pu vector,
a calculation intended to demonstrate that the 165% pin size will
also be acceptable for this second extreme Pu composition. With this
Pu ‘vector there is a greater scope for optimizing core conditions,
represented by the relative fractionsg of ZrH, BysC and void (hollow
pellets) comprising the diluent. Table 7.1 shows a single case, the
hollow pellet bore was set at 45% of the pellet diameter, with 16
pins of 2ZrH and 12 pins of B4yC (30% 1OB enrichment), for a 6 month
cycle. The results show good shutdown margins, indicating that a
cycle length significantly longer than 6 months should be possible.
The peak pin rating is 358 W/cem, gimilar to the low quality Pu case
for the same pin size. Whilst the safety parameters are ocutside
targets, this would be readily corrected by adjusting the diluent

composition - Figure 2.2 from the sensitivity study indicates that
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this would only result in a small decrease in the ample PCR shutdown

margin.

A 3D MOSES burn-up calculation was done for the high guality Pu
case from Table 7.1, to determine the magnitude of the difference in
peak pin ratings between 2D and 3D calculations, and hence an
effective pin rating limit appropriate to 2D calculations. In the 3D
calculation, no attempt was made to medify the BOC rod insertions to
balance the rating distribution, a uniform 50% insertion was used.
Table 7.2 shows the peak pin ratings produced by the 3D burn-up
calculation; the maximum values are 403.1 W/cm at BOC and 390.0 W/cm
at EOC, these are 16.7% and 13.0% higher than the equivalent values
in the 2D burn-up PENCIL calculation. It was concluded that a peak
rating limit of 380-365 W/cm should be adopted for the 2n
caleulations used to identify the optimized core conditions, to
ensure that the more accurate 3D calculations do not exceed the 430

W/cm rating limit.

The initial calculations identified 165% as the most
appropriate pin size to use. It was confirmed that the rod
distribution option VII provided adequate BCR shutdown ma;gins, and
that PCR shutdown margins would be acceptable with'cycle lengths in
the region of 9 months. The effect of the 3D burn-up calculations on
peak ratings was to effectively reduce the rating limit for 2D
calculations to ~365 W/cm (the limit should not apply to imbalanced
BOC ratings, since the 3D calculations will use PCR insertions to

bring those into balance).

7.2 LOW QUALITY Pu VECTOR

In this Sub-section are presented a series of calculations used
to identify the most suitable conditions for the optimized core with
the low quality Pu wvector. There is then a full set of calculations
for the identified optimized condition. A 165% fuel pin size was

used, as identified in Sub-section 7.1.

The first step was to condense a 7 group nuclear dataset for

conditions not too dissimilar from what will be the final optimized -
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design. A case with a 6 month cycle and 31/4 ZrH diluent pins was

used.

A series of 2D PENCIL burn-up calc¢ulations were done, varying
the cycle length over the range 2 to 12 months, and with ZrH diluent
fractions chosen to gilve appropriate values of Keff. Since in all
cages the difficulty was to reduce the inner zone rating sufficiently
to produce a balanced distribution, all cases used a zero diluent
fraction for the outer enrichment zone. A small number of 70 group
reactivity calculations demonstrated that in order for the 70 group
EOC Keff to achieve the target of 1.0048, then the target for the
equivalent 7 group PENCIL value should be approximately in the range
1.012 to 1.016.

Table 7.3 shows the key results of the PENCIL burn-up
calculations. Note that the unbalanced BOC ratings are not
significant, since these would be controlled by PCR insertions (as in
the 3D MOSES burn-up calculation of the final optimized case). The
following conclusions were drawn. Whatever the cycle length, there
were difficulties over providing sufficient inner zone diluent to
produce balanced channel powers (i.e. balanced ‘type A’ ratings) at
EQOC. For the shorter cycle lengths, ~9 months, the amount of diluent
required to achieve criticality targets is at its largest, this
restricts the number of fuelled pins and thus results in ‘type B’ pin
ratings approaching the 365 W/em limit identified in Sub-section 7.1.
For longer cycle lengths, around 12 months, the amount of diluent
that produces target criticalities is insufficient to produce
balanced EOC ratings - this imbalance results in peak ‘type B’
ratings that again approach the 365 W/cm limit., A c¢ycle length of
10.5 months was identified as the longest that was compatible with
approximately balanced EOC ratings (‘type A’ values within 15 W/cm)
and thus providing a reasonable margin to (‘type B’) peak pin rating

limits.

Calculations of safety parameters and rod group worths were
donne for 3 of the cases from Table 7.3, including the 10.5 month
cycle case; the results are shown in Table 7.4. For a 10.5 month
cycle length, the shutdown margins for both PCR and BCR are seen to
be reasonable,'with safety parameters within criteria (though Na void

worth is high at 2.01%Ak/kk'}.
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The case with a 10.5 month cycle and 21/0 ZrH diluent pins was
identified as the most suitable to use for the low quality Pu final
optimized case. New 7 and 18 group nuclear datasets were condensed
using this case. An 18 group 2D PENCIL burn-up calculation, followed
by 70 group CITATION calculations, produced a 70 group EOC Keff of
1.00436. An adjustment was made to bring this Keff closer to the
1.0048 target: the Pu enrichment was increased from 45% to 45.05%.
Using the adjusted Pu enrichment, a complete series of calculations

was carried out for the optimized condition.

Table 7.5 provides a summary of the results of the calculations
for the final optimized condition, it includes the equivalent case
for the high quality Pu vector. A full set of calculations was
carried out: first an 18 group 2D PENCIL burn-up calculation, then 70
group 2D CITATION reactivity calculations, a mass balance
calculation, wvarious PERKY perturbation calculations, 7 group 3D
MOSES calculations of rod group worths (including calculations of
core expansion factors), and finally a 7 group 3D MOSES burn-up
calculation. The main peoints to note in the results are: all safety
parameters are within targets, though Na void worth is high at
2.01%Ak/kk', so is the Doppler constant at -0.00821; good shutdown
margins are demonstrated of 0.55%Ak/kk' and 0.36%Ak/kk' Ffor PCRs
and BCRs respectively; although the peak (3D} rating of 417 W/cm is
as much as 24% higher than the value from the 2D calculation, there

ig an acceptable margin to the 430 W/cm limit.

Table 7.6 shows the peak pin ratings for each timestep in the
3D MOSES burn-up calculation. The small differences between cycles 5
and 9 demonstrate that the calculation had essentially achieved fuel
cycle equilibrium. The variation in BOC Keff between different
refuelling batches, 0.17%, is a result of small differences in the
nunber of channels refuelled, vafying between 129 and 133 (in
practise these should instead lead to minor variations in cycle
length - the effect isg not significant). Channel power distributions
for the 4 batches are shown in Figures 7.1 to 7.4 for BOC conditions

and Figures 7.5 to 7.8 for EOC.

To enable balanced BOC ratings to be produced in the 3D MOSES
burn-up calculation, PCR insertions were used that varied with rod

position, PCRes being considered as 4 different rings. The effect of
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rod insertion pattern was examined using 2D CITATION calculations,
then using 3D MOSES snapshot calculations, and finally using the 3D
MOSES burn-up calculation itself. The effect of rod insertions on
rating distribution differed somewhat between these 3 types of
calculation, hence the use of 3D burn-up calculations to f£inally
identify a suitable rod distribution. Figure 7.9 shows radial rating
distributions from 2D calculations: they clearly show the need to
reduce core centre ratings (exacerbated by the insertion of absorber
rods), which can be achieved by inserting the inner PCR ring -~-20%
more than the rest. Steady-state 3D calculations showed two digstinct
rating-peaks, at the core centre and around the innermost BCRs, both
in the inner enrichment zone; as shown in Figure 7.10, a 10% extra
insertion of the inner PCRs sufficed to balance peak channel ratings.
Examining the peak pin ratings for the 3D burn-up calculation, it was
found that to produce a balance betweeﬁ the 2 above mentioned peak
areas a rather larger difference in rod insertions was required - the
final BOC rod insertion used was 75% for the innermost ring and 50%

for all others.

7.3 HIGH QUALITY Pu VECTCR

In this Sub-section are presented a series of calculations used
to identify the most suitable conditions for the optimized core with
the high quality Pu vector. There is then a full set of calculations
for the identified optimized condition. A 165% fuel pin size was

used, as identified in Sub-section 7.1.

It was decided to fix the pellet bore at 45%, and the diluent
10 enrichment at 30%. The high bore value ensures a low diluent
fraction, and hence ninimizes peak pin ratings. The 198 enrichment
is low enough to correspond to a practical level of 10B enrichment

when unmodelled heterogeneity effects are allowed for.

The first step was to condense a 7 group nuclear dataset for
conditions not too dissimilar from what will be the final optimized
design. A case with a 12 month cycle and hollow pellets of 45% bore
with 16 ZrH and 12 B,C (30% 19B) diluent pins was used.
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A series of 2D PENCIL burn-up calculations were done, along
with the associated 70 group reactivity calculations and rod group
worth calculations. The cycle length was varied over the range 10 to
12 months, along with variations in the ratio of ZrH to ByC diluent.
The PENCIL calculations used a Keff target of 1.0089, with Pu
enrichments adjusted by PENCIL to meet the target (the corresponding
70 group Keff values varied between 1.004 and 1.009). The total
numbers of diluent pins were chogen to result in peak Pu enrichments
close to the 45% limit. The rod worth calculations used a fixed
thermal expansion reactivity factor of 0.6%Ak/kk', taken from the
high quality Pu case in Table 7.1.

Table 7.7 shows the results of the various calculations. The
void~to-Doppler ratic safety parameter is seen to be a function of
the number of B4C diluent pins; to ensure that the safety parameter
target is met, there should be less than 10 B4C diluent pins. In
some of the cases the shutdown margins are not met; increasing the
number of B4C diluent pins improves the shutdown margins, for the
PCRs the shutdown margin is also improved by reducing the cycle
length. At least 6 B4C diluent pins are required to ensure that
there is a reasonable BCR shutdown margin. It was decided that the
final optimized case should use 8 ByC diluent pins - anything less
would unnecessarily shorten the cycle length required to produce an
acceptable PCR sghutdown margin. The peak pin ratings (ignoring
imbalanced BOC values, which will be offset by differential PBCR
insertions in the 3D burn-up calculations) remain below the 365 W/cm
limit identified in Sub-section 7.1, provided that the total number

of diluent pins remains below ~40.

It was estimated that a cycle length of 9.75 months would be
short enough to give an adequate PCR shutdown margin with 8 B,C
diluent pins, and that in addition 23 ZrH diluent pins would result
in the reactivity target being achieved with a peak Pu enrichment
closest to 45%. New 7 and 18 group nuclear datasets were condengsed
using this case. An 18 group 2D PENCIL.burn—up calculation produced
a peak Pu enrichment of 44.76%. An adjustment was made to bring this
Pu enrichment closer to the 45% target: the nmumber of ZrH diluent

pins was increased from 23 to 24. Using the adjusted diluent
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fraction, a complete series of calculations was carried out for the

optimized condition.

Table 7.5 provides a summary of the results of the calculations
for the final optimized condition, it also includes the equivalent
case for the low quality Pu vector. A full set of calculations was
carried out: first an 18 group 2D PENCIL burn-up calculation, then 70
group 2D CITATION reactivity calculations, a mass balance
calculation, various PERKY perturbation calculations, 7 group 3D
MOSES calculations of rod group worths (including calculations of
core expansion factors), and finally a 7 group 3D MOSES burn-up
calculation. The key points of the results are: safety parameters
well within targets, with a Na void worth of only 0.822%Ak/kk' and a
Doppler constant of -0.00499; there is a good BCR shutdown margin of
0.67%Ak/kk', that for PCRs is just sufficient at 0.14%Ak/kk'; the
peak pin rating of 428 W/cm is only just below the 430 W/om rating

limit.

Table 7.8 shows the peak pin ratings for each timestep in the
3P MOSES burn-up calculation. As with the low cuality Pu case (Sub-
section 7.2), the transient produces a good approximation to fuel
cycle equilibrium, and the Keff variations between refuelling batches
are consistent with the variation in numbers of channels refuelled.
Unlike the low quality Pu case, there were significant variations in
peak pin ratings between the different refuelling batches: this made
it necessary to adopt different BOC PCR insertions for different
batches - the inner PCR ring varied between 55% and 65% inserted,
with the remainder fixed at 50% in. Channel power distributions for
the 4 batches are shown in Figures 7.11 to 7.14 for.BOC conditions
and Figures 7.15 to 7.18 for EOC.

7.4 MARGINS TO LIMITS

For both the extreme Pu vectors examined in the previoﬁs two
Sub-sections, it proved possible to produce a design which resulted
in the values of key parameters - peak pin rating, shutdown margins
and safety parameters (represented by the void-to-Doppler ratio) -

that were within limits. A reasonable margin to limits was
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demonstrated for at least one parameter; shutdown margin for low
quality Pu and void-to-Doppler ratio for high quality Pu. The final
optimized conditions are each representative of a set of similar

conditions, all of which would give acceptable results.

The final calculations were optimized for the calculation route
used in this study. The use of yet more detailed/accurate methods
may lead to some variation in the calculated core characteristics:
thus there may be some need for further adjustment of the optimized

conditions.

The diluent fraction is used to ensure criticality with a peak
(45%}) Pu enrichment. For the high quality Pu case the diluent
composition can be varied to ensure a good balance between the safety
parameters and shutdown margins; however, only a very restricted
range of compositions is possible, since the balance between these
parameters is very sensitive to small changes in the absorber diluent
fraction. After diluent parameters are set, the cycle length and pin

size are used to define the optimized core condition.

Any shortfall in PCR shutdown margin could be offset by a small
reduction in cycle length. Reducing the fuel pin size would have the
] effect of both reducing pin ratings and improving shutdown margins.
For the low quality Pu case the margin for adjusting either of these
parameters 1s limited. Cycle length has only a restricted range
before either the diluent fraction increases or an inner-outer zone
imbalance is caused, both increase the peak rating. A reduction in
pin sizé of at most a few percent is all that would be possible
before difficulties are encountered with the inmer-outer zone rating

balance.

In addition to the above, there are other parameters which
could be used to optimize core conditions. A comparatively small
increase in core height (~10-20%) could be beneficial: the
proportionate decrease in pin ratings may well be more significant
than the associated increase in Na void worth. A reduction in peak
Pu enrichment below 45% would reduce the diluent fraction required,
thus reducing pin ratings. Neither of these options were coﬁsidered
in the current study: they were not found to be necessary, and were

therefore not used since they represent respectively a departure
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from the reference core design and a reduction in the rate of Pu

burning.
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Table 7.1 Cases identifying the most suitable pin size for the
optimized calculations
Pu Quality low low high
Pu Enrichment (%) 45/45 45/45 37.96/44.03
Pin Size (%) 170 165 165
Diluent Material (s) ZrH ZrH ZrH & ByC
Diluent Fraction (pins) 22 / 0 30/ 0 16 & 12
Pellet Bore (%) {solid) {s0lid) 45
Cycle Length (months) 12 9 6
Na Void Worth (%Ak/kk') 2.021 1.811 1.141.
Doppler Constant -0.00812 -0.00912 -0.00294
Volid:Doppler ratio -249 -199 -388
Peak Pin Rating {BOC) 337 7 290 366 / 284 358 / 345
(‘type B') (W/cm) (EOC) 327 / 295 355 / 291 346 [/ 345
Shutdown Margin (PCR) -1.49 +1.10 +3.50
(3Ak/kk"') {BCR) +0.05 +0.22 +0.99
Table 7.2 3D burn-up peak pin ratings: high cuality Pu, 165% pin
size, 6 month cycle, hollow pellets, 16/12 pins ZrH/B,C
diluent
Irradiation Time in Peak Pin Rating (‘type B')
Cycle Cycle inner core outer core
BOC 389.9 392.6
6 MoC 367.2 392.3
EOC 364.8 388.9
BOC 387.0 397.4
7 MocC 363.9 380.8
EQC 361.5 378.0
BOC 370.7 403.1
8 MoC 357.2 393.7
EQC 355.3 390.0
BOC 382.9 399.1
9 MOC 360.9 385.0
EQC 358.8 381.9
2D BCC 358 345
values BOC 346 345 .
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Table 7.3 Low quality Pu, optimized calculations: rating and Keff
variation with cycle length and ZrH diluent fraction
cycle Diluent Peak Pin Rating
Length Fraction EOC Keff {inner/ocuter core) (W/cm)
{(months} | (inner/outer) | (7 group){ ‘type A’ ‘type B’
(Pins) EOC BOC EOC
9 30/ 0 1.01271 307/294 362/289 356/294
9 34 /0 1.00557 310/297 3737292 3687297
9.5 27 /7 0 1.01317 304/292 355/286 3477292
9.5 28 /0 1.01117 305/293 357/287 350/293
10.5 21 /0 1.01573 301/288 385/280 334/288
11 19 / © 1.01534 310/287 395/278 340/287
11 21/ 0 1.01043 298/288 383/280 330/288
12 12 / © 1.02448 350/282 434/271 3717282
12 16 / 0 1.01273 323/285 408/276 348/285
12 22 /0 0.99761 297/290 372/282 330/290
Table‘7.4 Low gquality Pu, optimized calculations: shutdown maigin
and safety parameter variation with cycle length
Cycle Length (months) 9 9.5 10.5
ZrH Fraction (pins) 34 /70 27 /0 21 /0
EOC Keff {7 group) 1.0055%7 1.01317 1.01573
{70 group) 0.99830 1.00457 1.00446
Na void (%Ak/kk') 1.762 1.877 2.009
Doppler Constant -0.00964 -0.00919 -0.00830
Void:Doppler ratio -183 -204 =242
Shutdown Margin (PCR) +0.56 +0.77 +0.57
($Ak/kk') - (BCR) +0.08 +0.23 +0.40
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Table 7.5 Final optimized cases - general results

Pu Vector

Low quality Pu

High quality Pu

Pu Enrichment {(inner/outer) (%) 45.05/45.05 40.25/45.03
Diluent Material ZrH ZrH & B,C (30% 108)
Diluent Fraction (in/out) (pins) J21 / 0 24 / 8
Pellet Type Solid Hollow (45% hore)
Fuel Cycle 4 * 10.5 months 4 * 9,75 months
18 aroup 2D burn-up
JEOC Reff 1.00629 1.00317
Reactivity Loss/Cycle (3Ak/kk') 4.509 5.124
Peak Pin Rating (‘type A’) (BOC) 356.6 / 281.0 332.6 / 293.3
{W/cm) {(EOC) 303.3 / 290.1 296.9 / 297.3
Peak Pin Rating (‘tvpe B') (BOC) 3%4.8 / 281.0 3%90.2 / 344.1
{W/cm) {EQOC) 335.8 /7 290.1 348.2 / 349.1
|Average Irradiation (GWd/te) 116.9 152.8
70 group 2D reactivity
EQOC Keff 1.00490 1.00455
Reactivity Loss/Cycle (%Ak/kk') 4,545 4.878
Peak Pin Rating (‘type B’) (BOC) 396.2 / 281.7 388.3 / 344.8
(W/cm) (EOC) 337.3 / 290.7 350.2 / 349.8
Na Void (%Ak/kk') 2.013 0.822
Doppler Constant ~0.00821 -0.00499
Void:Doppler ratio -245 ~165
mass balance
Pu Burning Rate {(all Pu} 74.2 7.9
| (kg/TwWhe) {(fisgile Pu) 39.4 97.9
perturbatiog
Pelaved Neutron Fraction (%) 0.3176 0.2613
4 Prompt Neutron Lifetime (sx10-%) 0.5432 0.6220
Safety V/D.T -451 -265
{ Comparators B/D.% -71 -84
Na Void Components fission -10.1 -36.2
(% of total} capture +22.4 +73.9
scatter +168.7 +262.0
leakage -81.0 -199.7
Doppler Main Isotopes 239py -11.1 -56.2
(% of total) 240py +31.4 +13.6
242py +6.0 -
2385 +73.5 +147.7
19 n/a -5.5
rod group worths (3D)
Reactivity Loss/Cycle ($Ak/kk') 4.548 4.878
Temperature Effect {nuc. data) 0.947 0.519
{$Ak/kk") {expansion) 0.465 0.491
Shutdown Requirements (PCR} 7.777 7.785
(BAk/kk') {BCR) 1.852 1.450
Rod Group Worth (PCR} 8.328 7.905
(BAk/kk') {BCR) 2.215 2.117
Fraction of Requirements {PCR) 1.071 1.018
(BCR) 1.196 1.460
Shutdown Margins (PCR) +0.551 +0.138
($Ak/kk') (BCR) +0.383 +0.667
7 _group 3D burn-up
Peak Pin Rating (W/cm) 416.9 428.0
Peak Pin Irradiation (Gwd/te) 171.9 195.6
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Table 7.6 3D burn-up peak pin ratings: low quality Pu; final
optimized case

Irradiation Time in _Inner Core Outer Core
Cycle Cycle Keff Peak Rating|Pos’'n|Peak Rating|Pos’'n
{B) (W/cm} |(S/A)| (B} (W/cm)](S8/A)
BOC 1.06580
1 MOC 1.10341
EOC 1.07843
BOC 1.02976
2 MOC 1.06616
EOC 1.04246
BOC 1.00685
3 MOC 1.04239
EOC 1.01825
BOC 0.98715 415.0 67 339.4 107
4 MOC 1.03221 394.4 320.4 107
EOC 1.00920 389.2 5 317.5 107
BOC 0.99553 413.2 44 326.2 117
5 MOC 1.03020 402.5 2 312.5 110
EOC 1.00724 396.7 2 310.2 110
BOC 0.99423 411.9 1 328.9 94
6 MOC 1.03002 413.3 1 317.7 94
EQC 1.006926 406.2 1 315.1 94
BOC 0.99344 408.8 3 320.5 118
7 MOC 1.02871 411.0 3 311.3 101
EOC 1.00576 404.4 3 309.2 101
BOC 0.99508 416.9 67 340.2 107
8 MOoC 1.03009 397.9 7 321.1 107
EOC 1.00706 3%2.4 318.3 107
BOC 0.99471 413.7 44 327.0 117
9 MOC 1.02933 401.9 2 313.0 110
EOC 1.00638 3%6.1 310.7 110




Table 7.7

High quality Pu, optimized calculations: effect of varying cycle length and ZrH & B4C diluent fractions

Cycle Length {(months) |12 . 11 11 11 10 10

s T 16/ 12 14 / 10 26 / 6 36 / 4 22 / 8 29 / 6

Pu Enrichments (%) 40.68/45.82 | 40.00/45.06 40.90/44.97 A42,46/45.06 (40.11/45.08 40.54/44.97

EOC Keff {70 gp) §0.98726. 1.00597 1.00930 1.00642 1.00911 1.00885
(7.gp) |0.99137 1.00888 1.00890 1.00892 1.00892 1.00%05

Na void ({%Ak/kk') 1.323 1.113 0.675 0.497 0.825 0.625

Doppler -0.00280 -0.00360 -0.00615 -0.00775 -0.00496 -0.00638

Vold:Doppler ratio -473 ~308 -110 -64 -166 -98

Peak Pin Rating (BOC) |365.6/332.0 |368.5/331.2 402.6/340.2 451.6/347.5 |381.2/341.6 402.2/348.0

(B) (W/cm) {(Eoc) |332.1/334.4 {334.2/334.1 347.2/347.0 361.6/361.0 {345.4/344.8 354.1/353.5

shutdown Margin (PCR) |+0.025 +0.275 -1.367 -2.952 +0.012 -0.967

(%Ak/kk') (BCR) |+1.064 +0.870 +0.353 -0.0582 +0.550 +0,248

LG0 — L6 OTPBNL ONd
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Table 7.8 3D burn-up peak pin ratings: high quality Pu,

optimized case

final

Irradiation Time in Inner Core Outer Core
Cycle Cycle Keff Peak Rating|Pos’n|Peak Rating|Pos'n
(B) (W/cm) |(8/A)] (B) (W/cm}|(S/A)
BOC 1.08013
1 MOC 1.11054
' BOC 1.08464
BOC 1.04183 *
2 MOC 1.07133
EOC 1.04518
BOC 1.01736
3 MOC 1.04475
EOC 1.01842
BOC 1.00677 @ 417 .4 7 421.3 97
4 MOC 1.0322%9 @ 404.0 7 404.7 105
- EOC 1.00578 398.0 7 399.1 105
BOC 1.00318 415.5 2 419.2 117
5 julele) 1.02953 411.4 2 394.3 110
EOC 1.00298 405.2 2 388.9 110
BOC 1.00044 421.1 1 415.7 96
6 Moc 1.02870 427.5 1 405.7 96
EOC 1.00203 419.4 1 400.0 96
BOC 1.00033 428.0 3 417.5 118
7 MoC 1.02718 417.2 3 391.7 101
EOC 1.00061 410.2 3 387.0 ip1
BOC 1.00305 @ 422.1 7 424.3 97
8 MOC 1.02842 @ 408.0 7 407.3 105
EOC 1.00186 401.6 7 401.6 105
BOC 1.00161 415.4 2 420.7 117
9 MoC 1.02788 411.5 2 395.5 110
ECC 1.00131 405.3 2 380.1 110
* PCRs inserted 65/50/50/50%
@ PCRs inserted 55/50/50/50%
all other S0C/MOC cases PCRs 60/50/50/50% inserted
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Figure 7.2 Channel power distribution: low quality Pu final
optimized case, refuelling batch 2, BOC
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Figure 7.3 Channel power distribution: low quality Pu final
optimized case, refuelling batch 3, BOC
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Figure 7.4 Channel power distribution: low gquality Pu final
optimized case, refuelling batch 4, BOC
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Figure 7.5 Channel power distribution: low quality Pu final
optimized case, refuelling batch 1, EOC
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Flg“ure 7.6 Channel power distribution: low quality Pu final
optimized case, refuelling batch 2, EOC
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Figure 7.7 Channel power distribution: low quality Pu final
optimized case, refuelling batch 3, EQC
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Figure 7.8 Channel power distribution: low guality Pu final
optimized case, refuelling batch 4, EOC
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Figure 7.10 Low quality Pu optimized case - MOSES snapshot BOC
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Pigure 7.11 Channel power distribution: high quality Pu final
optimized case, refuelling batch 1, BQC
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Figure 7.12 Chamnnel power distribution: high guality Pu final
optimized case, refuelling batch 2, BOC
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Figure 7.13 Channel power distribution: high quality Pu final
optimized case, refuelling batch 3, BOC
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Figure 7.14 Channel power distribution: high guality Pu final
optimized case, refuelling batch 4, BOC
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Figure 7.15 Channel power distribution: high quality Pu final
optimized case, refuelling batch 1, EOC
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Figure 7.16 Channel power distribution: high gquality Pu final
optimized case, refuelling batch 2, EOC
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Figure 7.17 Channel power distribution: high quality Pu final
optimized case, refuelling batch 3, EOC
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Figure 7.18 Channel power distribution: high gquality Pu final
optimized case, refuelling batch 4, EOC
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8 CONCLUSIONS

The effects of varying the Pu vector in a 600 MW(e) design of
Pu burning fast reactor have been examined. A series of sensitivity
studies was carried out, culminating in the production of a design
optimized for a full range of Pu vectors. The conclusions encompass
both the work of the current document and that reported as Part I of
the study, including some revision of previous conclusions in the

light of more recent results.

The study adopted as a reference a core design which had been
optimized for Pu burning with a fixed, intermediate quality Pu
vector. The Pu vector was varied from military grade Pu (high
quality), to Pu multiply recycled in a Pu burner reactor (low
quality). Methods of modifying the core design that were effective
in offsetting the conseguences of Pu vector variation were those that
altered the fuel inventory appropriately: replacing some fuel with a

diluent material; altering the fuel pin size.

Two different groups of diluent materials were identified,
classified by their effects on certain significant reactor

parameters: .
non-absorber : improves the Na void/Doppler parameters

but degrades the shutdown margin

absorber improves the shutdown margin

but degrades the Na void/bDoppler parameters.

Just one absorber diluent material was examined, 0B4C. One
non-absorber diluent - ZrH - was identified ag having a significantly
better performance than any of the others examined. All the
remaining non-absorber diluents examined were rather similar in
effect; 1B4C and BeO were a little better than MgO, Al;03, CeO, or
‘void’. Because of its compatibility with the absorber diluent,
11p,¢ was considered further, along with ZrH. The use of a mixture
of absorber and non-absorber diluents gives an extra degree of
freedom for defining the fuel cycle design, optimizing the
combination of shutdown margin and Na void/Doppler values by
adjusting the ratio of absorber:non-abgsorber diluent.

To achieve criticality with a low quality Pu vector, the fuel

pin size had to be increased from that of the reference core. In
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addition, a small amount of non-absorber diluent was included, so
that acceptable values of Na void/Doppler parameters were produced.
The minimum fuel pin size required was ~150% or ~200% of the

reference pin volume, depending on whether ZrH or 11B4C was used as

the diluent.

If, for high quality Pu, the same increased pin sizes are used
as were necessary for the low quality Pu, then the amount of diluent
material required (to maintain criticality} is so high that the 430
W/cm pin limit can only be met if some fraction of the diluent is
mixed in the fuel pellets. The minimum proportion of diluent needed
in the fuel pellet increases as the pin size increases; if %rH rather
than 11B,C is used as non-absorber diluent the ratings decrease and
the limit can just be met without any diluent in the fuel pellet.
Increasing the pin size also decreases the shutdown margins; however,

there is a decrease in shutdown margins if B,C is replaced by ZrH.

An alternative to using fuel pellets that incorporaté diluent
material (as an inert matrix} is to replace some of the diluent
material with ‘void’, and place the ‘void’ in the fuelled pins (as
hollow fuel pellets). Since ‘void’ and 1B4C have similar effects as
diluents, reactor characteristics need be little changed. Fuel
pellet integrity considerations will limit the size of hole in a
hollow pellet; a maximum bore of 45% of pellet diameter was assumed.
For a 150% pin size, the hollow pellet reduced peak ratings to just
below 430 W/cm. For a 200% pin size with 1!B,C non-absorber diluent,
peak ratings remained well above the limit - adopting a mix of ZrH
and 11B4C as non-absorber diluent allowed a good margin to the rating
limit (without the sizable decrease in shutdown margin that occurs if

just ZxrH is used).

With the increased pin sizes, the rod group worth shutdown
margins were generally inadequate (i.e. negative}. It was shown
that, by increasing the number of absorber rods above that of the
reference core, the shutdown margins could be increased to an

acceptable level

Following the sensitivity assessment, the study was completed
by producing a single core design suitable for and optimized with the

range of Pu vectors. These calculations used models and calculation
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methods more detailed than would have been practical for the
sensitivity survey. The effects of the changes included a reduction
in core reactivity (compensated for by an increase in pin size), and
most significantly an increase in peak pin ratings by in the region
of 20% (from replacing a 2D model buy a 3D model). This latter
resulted in the option of a larger (~200%) pin size considered in the

sensitivity studies not being viable.

The optimized design was generally limited to considering
options that are within the scope of current operational experience,
rather than incorporating some of the design proposals whose
feasibility is the subject of ongoing R & D. Thus the f£inal
optimized designs were produced subject to the following
restrictions:

MOX fuel, with a peak Pu enrichment ~45%
no inert matrix included in the fuel pellet

the same pin size for all Pu vectors.

The optimized reactor/core design required some medifications
to the reference core designated as the starting point of the study
(ﬁhich reference core had itself been optimized for Pu burning, with
a fixed, intermediate guality Pu vector). One of the aims of the
study was to make as few alterations to the original reference core
design as possible - the intemtion was to provide a demonstration of
the flexibility of fast reactors in a Pu burning role, by showing
that we could still meet our other aims with this self-imposed

rigidity. The following modifications were made:
fuel pin volume increased, by 65%
number of absorber rods increased, from 36 to 54.

with just these two modifications, it proved possible to produce a
design capable of accommodating the range of Pu vectors - thus

demonstrating the flexibility of fast reactors in a Pu burning role.

The first of these changes was necessary to achieve criticality
with the lower qualities of Pu; the second change was required for
the rod shutdown requirements to be ﬁet with the increased pin size -
it was more than sufficient and allowed cyele lengths to increase to

~10 months {(a significant economic advantage, compared with a 6 month
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cycle). The pin size of 165% corresponds to a pin diameter of 7.422
mm, a fuel pellet diameter of 6.141 mm and a clad thickness of 0.538
mm. With these dimensions the core region has the following wvolume
fractions: coolant 47.37%, wrapper 9.26% and fuel pin 43.37%, the
latter includes 11.66% clad and 29.69% fuel. There are 235 fuel S/As
in the inner enrichment zone and 288 in the outer zone. Otherwise,
the reference design remains unaltered: a core of 0.6 m height x ~4.0

m radius, a S/A design with 217 pins and a pitch of 158.1 mm {a/f).

Optimized conditions were produced for the two extreme Pu
vectors. The low quality Pu case was for a fuel cycle of 4 batches
of 10.5 month, a uniform 45.1% Pu enrichment and 21 ZrH diluent pins
(only in the inner zone). The high quality Pu case was for a fuel
cycle of 4 batches of 9.75 months, hollow fuel pellets of 45% bore
with Pu enrichments of 40.3% and 45.0% in the 2 zones, a diluent of
24 ZrH pins and 8 B,C pins (30% 19B). A1l limits on parameters were
met, a comprehensive set of results is shown in Table 7.5, the key

parameters are:

low quality Pu high gquality Pu

Na void worth 2.01%Ak/kk’ 0.83%Ak/kk’
Doppler constant -0.00820 -0.00499
Void:Doppler ratio -245 -165

peak pin rating 417 W/cm 428 W/cm

PCR shutdown margin +0.55%Ak/kk +0.14%Ak/ Xk
BCR shutdown margin +0.36%Ak/kk! +0.67%Ak/kk"'.

The optimized core design was achieved with some margin to limits in

one or other of the parameters.

Some conclusions were drawn regarding the calculation methods

and these may be relevant to other studies:

- peak pip ratings are only modelled effectively by using a fuil 3D
representation. Peak pin ratings can be underestimated by around 20%
(for otherwise identical conditions) if a 2D (RZ) geometry is
modelled, rather than a 3D (pseudo-tri-Z)} geometry (used in the

calculation of burn-up as well as flux/rating distributions). There
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is an additional effect (of a few percent) from the explicit

representation of the separate fuel irradiation batches.

- the 7 group energy spectrum is not really adequate for a core,
such as the Pu burner with diluent, in which there is significant
moderation: uncertainties in Keff are increased by more than half a

percent. The 18 group structure is a significant improvement.

- in a breederless core the above and below core structures can have
a significant effect on reactivity, they should be modelled in some
detail. A breederless core also requires a detailed mesh at the core
edge, for number density as well as flux, if leakage is to be
modelled accurately - this can have a significant effect on Na void

worth.

- uging a 2-region model for fuel in SLAROM can significantly alter
the Doppler constant. Since this is the more realistic option - it
excludes any effect of structural materials at the same temperature

as fuel - it should be preferred.

- reactivity loss per cycle is inadeguate as a gquantitative (rather
than qualitative) indicator of shutdown margin variations. To
properly assess shutdown margins, 3D calculations of rod worth are

necessary.

Two areas were identified where further investigation is

warranted:

- the effect of unfuelled diluent pins on the within S/A rating

distribution and on thermohydraulics considerations.

- the apparent effect of fuel cell modelling, whereby changing from
solid to annular fuel pellet geometry altered the Doppler constant by
a third (see Sub-section 6.5}.
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