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ABSTRACT

The standard HEU fuel cycle characteristics are compared
with those of several different LEU fuel cycles in the new
vessel configuraton. The primary design goals were to pro-
vide similar reactivity performance and neutron flux pro-
files with a minimal increase in 235U loading. The fuel cycle
advantages of Cd burnable absorbers over 10B are presented.
The LEU fuel cycle requirements were calculated also for an
extended 32-day cycle and for a reload batch size reduction
from six to five standard elements for the standard 26-day
cycle. The effects of typical in-core experiments upon
neutron flux profiles and fuel loading requirements are
also presented.

INTRODUCTION

The Reduced Enrichment Research and Test Reactor (RERTR) Program, the
Joint Research Centre (Petten Establishment), ad the Netherlands Energy Research
Foundation have been engaged in a joint study to determine the most suitable LEU
fuel element design for the High Flux Reactor at Petten (HFR-Petten). This paper
presents results obtained to date from neutronics and fuel cycle calculations.
The initial phase of this study was devoted to development of a fuel cycle calcu-
lational model that would adequately predict core reactivity, control rod worth,
neutron flux, and core power distribution for the current HEU core. Comparisons
were made of calculational results from XY and XYZ diffusion-theory models
with measured core reactivities, power distributionsand differential control
rod worths. The agreement between calculated and measured results was found
to be acceptable for the HEU benchmark core.

Several different LEU fuel elements were modeled in order to find the
optimal design for the fuel cycle requirements of the FR-Petten. All
comparisons of LEU fuel cycle performance were made relative to the standard
HEU fuel cycle using 420 g 235U standard elements and 290 g 235U control fuel
followers in the new vessel configuration. The standard elements contained
1.0 g of 10B in the side plates. Most of the calculations reported here have
been performed with dummy experiments (aluminum blocks with various fillers)
in -the in-core irradiation positions; however, one set of (-calculations with
detailed models of the in-core experiments has been made to date comparing HEU
to LEU fuel.
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DESIGN GOALS FOR LEU FUEL CYCLE CALCULATIONS

A number of design goals served as constraints upon the choice of LEU
fuel element designs: 1) mantaining the performance of experiments, 2 pro-
viding adequate EOEC excess reactivity for anticipated experiment loads, 3)
minimizing shifts in the spatial flux distribution during a cycle, 4 minimiz-
ing increases in power peaking factors, 5) maintaining control rod worths,
6) minimizing fuel meat density so that further fuel cycle performance up-
grades could be easily achieved, and 7 minimizing overall fuel cycle costs.
The current use of the boron burnable absorber serves to minimize spatial
flux changes during the cycle by a reduction in control rod movement. The
selection of a possible replacement burnable absorber must perform this same
function in the LEU core. Comparative overall fuel cycle costs are not
addressed in this paper. However fuel meat density and the reload batch size,
which are factors in the cost, are addressed.

DESCRIPTION OF CORE AND HEU FUEL

The core contained 33 standard HEU fuel elements containing 23 curved
plates and six control elements consisting of a Cd control zone attached to a
19-curved-plate fuel follower section. The basic core configuration used is
shown in Fig. 1. The HEU fuel meat was a dispersion of UAl. in Al with

3a thickness of 0.51 mm and U density of I 016 g/cm in the standard element
and 0895 g/cm3 in the control fuel follower. The initial 235U loading for
fresh fuel was 420 g and 290 g in the standard element and control fuel
follower, respectively. Placed in each side plate of the standard element was
a 1.0 x 67.4 x 600.0 mm burnable absorber region cntaining 500 mg of 10B
mixed with Al.

The core has been designed to accommodate nine inner and eight peripheral
irradiation positions. The core is Be reflected on three sides and water
reflected on the other side. There are 11 beam tubes located along the Be
reflected sides of the core, and the Poolside Irradiation Facility Is located
on the water reflected side. The core is located inside an aluminum core box
which is approximately 5 cm thick.

REACTOR FUEL CYCLE MODEL

The five-broad-group neutron cross sections for use in diffusion theory
calculations were generated using EPRI-CELL (ECELL).' ECELL combines a GAM-1
68-group homogeneous epithermal spectrum calculation above 1.855 eV with a
35-group, one-dimensional, integral-transport theory (THERMOS) treatment for
E < 1.855 eV. The cross section library was based primarily on ENDF/B-IV
cross section data.
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The mid-cycle fuel element cross sections were generate using a slab
geometry, 1/2-element unit cell model with zero current boundary conditions.
The fuel zone of the unit cell was a discrete odel of the fuel plates and
moderator for a distance equal to 12 of the fuel meat width, and the remainder
of the cell was a mixture of aluminum and water with the boron burnable
absorber represented discretely in the case of the standard element. The
non-Euel-material cross sections were calculated using a standard element fuel
driver adjacent to either reflector or irradiation materials. Burnup-dependent
cross sections were calculated for the boron burnable absorber.

The standard fuel elements were modeled in XY geometry using an inner
homogenized fuel-clad-moderator zone and two outer side plate zones. The
control fuel followers were modeled in a similar fashion except for a larger
non-fueled A/H20 side plate zone completely surrounding the inner fuel zone.
The Cd control zone was not modeled in these fuel cycle calculations since
the control rods were assumed to be fully withdrawn during all equilibrium
cycle calculations. A different cross section set was created for each type
of irradiation experiment and for the Be reflector elements. The beam tubes
were modeled by a density of H20 and the structural materials outside the
core box were modeled as suggested by HFR-Petten staff.2 The average XY mesh
cell area was 624 cm2 in the fuel zone and 147 cm2 in the. side plate zone.
This resulted in a 40 x 38 mesh inside the core box and a 92 x 81 mesh for
the entire model of the reactor.

The equilibrium fuel cycle characteristics were obtained using REBUS-3.3
Given the fuel element loading, fuel management scheme, and cycle length,
beginning- and end-of-equilibrium cycle (BOEC and EOEC) reactivities, power
distributions and burnup distributions were calculated. The standard fuel
cycle assumes a 26-day cycle length with six fresh standard elements and 1.5
fresh control elements loaded at the beginning of each cycle. The loading
scheme for the control elements was intended to simulate the alternate loading
of one element at the beginning of one cycle and and two elements at the
beginning of the next cycle. The residence time was four cycles for control
elements, five cycles for one-half of the standard elements, and six cycles
for the other half of the standard elements.

COMPARISON OF LEU AND REU FUEL CYCLE CHARACTERISTICS USING 0B BURNABLE ABSORBERS

A summary of the equilibrium cycle characteristics is presented in Table I
for the reference HEU element and for two LEU elements with IOB burnable absorb-
ers (cases I and 2. In order to minimize fuel meat U density, a 20-plate,
0.76-mm. meat-thickness design and a 19-plate, 1.00-mm meat-thickness design
were chosen for initial comparison. The meat U densities required to provide
reac tivi ty perf ormance comparable to that of the ref erence HEU cycle were 4 40
g/cm3 and 394 g/cm3 for the 20-plate and 19-plate elements, respectively.
On1v half as much 0B burnable absorber was needed to provide the desired
reactivity swint� during the LEU cycle primarily because the smaller fractional
decreases in 23�,U loading of the core results in a smaller reactivity change
per unit energy produced. The 10% U density reduction achieved by using
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thicker meat in the 19-plate design compared to the 20-plate design was
accompanied by a 12% increase in total U loading. The peak core power density
for each of these two LEU fuel cycles was the same or slightly less than that
for the reference HEU case. The 235U loadings of the LEU elements were 21%
and 35% greater than that of the reference HEU element, respectively, for the
20- and 19-plate designs.

The LEU core/HEU core midplane neutron flux ratios along the middle of
row for groups 1 2 and are presented in Figs. 2 and 3 for the LEU designs
using 10B burnable absorbers. Fast fluxes (groups and 2 were slightly
lower in the Poolside Facility and slightly higher near the Be reflected
side of the core, indicating a small core power shift. The group-5 thermal
fluxes <0.625 eV) were significantly de ressed in the fuel zones A-5, B-5,
D-5, F-5, and H-5 due to the additional MU and 238U loading in LEU fuel.
The group-5 flux ratio increases rapidly as the side plate zones are approached
due to the lower loading of 10B in the side plates of the LEU fuel elements.
The thermal flux in the irradiation positions was - % less in the 20-plate
LEU core than in the reference core because of the harder spectrum in the LEU
cores. The thermal flux depression is greater in the 19-plate core than in
the 20-plate core (15% in the irradiation positions) due to the increased U
loading and reduced moderator volume in the fuel elements. The fast flux tilt
across the core has also increased slightly.

COMPARISON OF LEU FUEL CYCLES WITH 0B AND CD-WIRE BURNABLE ABSORBERS

As reported previously, the use of Cd wires instead of 10B as a burnable
poison results in lower 235U requirements since the faster4depletion rate of
Cd results in a lower absorber reactivity penalty at EOEC. 5 Cadmium wires
have been chosen as the most suitable form for this burnable poison because
one can control the rate of depletion by the choice of te wire diameter and
the total worth by the number of wires loaded per element. Wires were assumed
to be located at the bottom of each side plate groove, i.e., two per plate, up
to a maximum of 40.

Included in Table are comparative 19- and 20-plate LEU designs with
the loading that was required for the 10B absorber (cases 3 and 4 and
with the reduced U loading required to provide an EOEC reactivity comparable
to that of the reference HEU cycle (cases and 6. The EOEC reactivity has
increased by 1435 pem and 1291 pcm for the 20- and 19-plate LEU fuel cycles,
respectively, by using Cd wires instead of 0B as a burnable absorber. in
addition, the reactivity swing during the cycle has been reduced -12% in each
case. The other two LEU fuel cycles with Cd wires illustrate the reduction in
U loading and density if performance equivalent to that of the HEU cycle is
desired instead of an increased EOEC reactivity. The reductions in U loading
(U meat density) are 68% 25 g 235U) and 42% 23 g 235U) for the 20- and
19-plate LEU elements, respectively. This reduces the U meat density require-
ment to 41 g/cm3 for the 20-plate design and 376 g/cm3 for te 19-plate
design.

The group-dependent neutron flux ratios through the center of row are
presented in Figs. 4 and for the 465-g, 20-plate and 536-g, 19-plate elements
(cases and 6 at BOEC. The fast fluxes are very close to the same as for
the cases using 10B absorbers, but the thermal fluxes are higher, primarily in
the irradiation positions, because of the lower U loadings.
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CH",ACTERISTICS OF LEU FUEL CYCLES FOR 23-, 19-, and 18-PLATE ELEMENTS USING
CD ABSORBERS

In order to better understand the advantages of one fuel element design
relative to another, three other LEU fuel elements were modeled in the standard
equilibrium cycle. The first had the identical 23-plate, 0.51-mm fuel-meat-
thickness geometry of the reference HEU element, and the second and third were
19- and 18-plate designs with 0.76-mm fuel meat thickness. The equilibrium
fuel cycle characteristics are presented as cases 7 8, and 9 in Table I for
comparison with those of the reference HEU cycle. he 235U loading required for
the 23-plate design was approximately the same as for the 20-plate case (5) but
with a U meat density of 524 g/cm3. Note that for cases 7 8 9 13, and 14
the U density in the fuel followers has been reduced to -% of that in the
fuel elements. The power peaking has also increased by 2 relative to the
20--plate case and 57% relative to the reference HEU case.

The 19- and 18-plate LEU fuel elements with 0.76-mm meat thickness have
a larger water channel area than any of the other thick-plate LEU designs
considered in this paper, with the 18-plate design having the largest. The
primary effect on the fuel cycle of the introduction of more water and the
removal of fuel plates was to reduce the 235U loading requirement and increase
th U meat density slightly relative to the 20-plate design. Since fewer Cd
wires could be located at the ends of the fuel plates in the 18- and 19-plate
designs, a slight increase in the reactivity swing during the cycle resulted.
The Cd also depleted somewhat f aster in the sof ter spectrum of the more-highly-
moderated core. The power peaking was increased by 2 to 3 by reducing the
number of plates. The prima advantages of these 18- and 19-plate designs
are the reductions in the 23 7 loading requirements to only 2 and 66%, respec-
tively, above the reference 235U loadings and the consequent minimization of
flux changes in LEU core relative to the reference HEU core, especially in the
thermal energy range. The group flux ratios presented in Figs. 68 show the
minimization of the differences from HEU flux profiles as compared to the
I mnr-meat, 19-plate and 0.76-mm meat, 20-plate designs.

UPGRADED FUEL CYCLE OPERATIONS WITH HEU AND LEU FUEL

It has been suggested that operation with a cycle length of 32 days
might be desirable. This could be accomplished by either an increase in the
reload batch size from six to seven standard elements or an increase in the
2351j loading for each element. The equilibrium cycle characteristics of a
32-day HEU cycle as well as 32-day LEU cycles using 20- and 23-plate elements
are presented as cases 10, 12, and 13 in Table 1. The loading of seven
standard and two control reference HEU fuel elements would not be sufficient
to rovide the same excess EOEC reactivity as for the reference 26-day cycle.
By increasing the fuel meat density from 524 to 61 g/cm3' the 23-plate LEU
fuel cycle would have a 757-pcm higher EOEC excess reactivity than the refer-
ence fuel cycle. Similarly, by an increase in U meat density from 41 g/cm3
to 4.8 g/cm' for the 20-plate element, the excess EOEC reactivity would be
-1200 pcm greater than for the reference HEU 26-day cycle.
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A reduction in standard element reload batch size from six to five
elements could be achieved for the 26-day cycle using the same higher density
20- or 23-plate LEU element used for the 32-day cycle (cases 11 and 14). This
indicates one possible option for minimizing fuel cycle cost increases due to
increased fabrication costs of LEU elements.

COMPARISON OF THE REFERENCE HEU AND 20-PLATE LEU CORES LOADED WITH 17 EXPERI14ENTS

In order to assess the effect of modeling actual in-core experiments on
the LEU loading calculated as needed to match the reference HEU fuel cycle and
to assess experiment performance changes, explicit models of experiments were
used in all 17 irr-core irradiation positions. The 20-plate LEU element with 40
Cd wires was selected for this comparison. The six representative experiments
modeled in this comparison were the COBI, TRIO-X, MUS, MUS*, MUG, and BEST.
The TRIO-X and BEST experiments are fast reactor and HTR fuel irradiations,
COBI is a 60CO production rig, and MUS, MUS*, and MUG are non-fissionable
materials irradiations consisting of Na, graphite, and stainless steel.

The results of the comparison of reactivity and group flux profiles
demonstrated that the experiments have the same effects on an EU core as on
an LEU core. The predicted LEU element loading remains unchanged and the flux
ratios, shown in Fig. 9 are very similar to flux ratios obtained with dummy
experiments in the 17 irradiation positions. The ratios of fluxes averaged
over the active volumes of the 17 experiments are listed in Table 2 In the
worst cases, the thermal flux is decreased by only 7. In many experiments,
the fast flux is increased.

CONCLUSIONS

It appears that several LEU fuel cycles exhibit similar reactivity
trends to that of the reference HEU cycle without significant increases in
power peaking or changes in irradiation position fluxes. The LEU fuel element
requiring the lowest U meat density 376 g/cm3) was the 1.00-mm meat,19-plate
element. The lowest total 235U loading was obtained with the 18-plate, 0.76-mm
meat element, which required a U meat density of 420 g/cm3. In order to
provide for future upgrades in the fuel cycle without changing the geometry
of the element, the U meat density should be minimized after reactivity, power
density, and irradiation position flux requirements have been achieved.
Therefore, neutronics considerations tend to favor either the 19- or 20-plate
element with 0.76-mm meat thickness. The U density for these elements range
from 410 to 416 g/CM3 and could be easily increased to 48 g/cm3 to accommo-
date a 32-day cycle or a reduction in reload batch size with the 26-day cycle.
The 18-plate, 0.76-mm. element could be suitable as well but would require more
burnable absorber material in order to preserve the reference cycle reactivity
swing, which would increase the U meat density required above 42 g/cm3.

The effect of a change of burnable absorbers from boron to cadmium reduces
the U meat density and 235U loading by 68% or adds 1435 pcm for an equivalent
235U loading for the 20-plate, 0.76-mm meat LEU fuel cycle. The cycle reacti-
vity swing is also lowered by using Cd wires, and the spatial flux shape within
the irradiation positions Is closer to that for the reference fuel cycle.

The presence of 17 experiments did not change the predicted LEU core
loading requirements. The neutron group flux ratios (LEU/HEU) in the irradia-
tion positions were not significantly altered by the representation of the
actual experiments in the fuel cycle calculations.
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Table 1. HFR-Petten Equilibrium Fuel Characteristics Using New Vessel Model. 10B and Cd are
Treated With Burnup Dependent Cross Sectons. No Control Rods Inserted During Cycle.

Reference
Case 02 #3 #4 05 06

Parameters REU LEU LEU LEU LEU LEU LEU

Cycle ength (days) 26 26 26 26 26 26 26

Reloads/cycle* 6/1.5 6/1.5 6/1.5 611.5 6/1.5 6/1.5 6/1.5
235U load, g/el.* 420/290 499/402 559/446 499/402 559/446 465/375 536/427

fplates/element* 23/19 20/17 19/16 20/17 19/16 20/17 19/16
channel g aP, cm 0.218 0.245 0.242 0.245 0.242 0.245 0.242
meat pu ,91cm3a 1.016/0.895 4.40/4.40 3.94/3.94 4.40/4.40 3.94/3.94 4.10/4.10 3.76/3.76
Fuel meat thk., mm 0.51 0.76 1.00 0.76 1.00 0.76 1.00
BA/element Ig OB 0.5g IOB 0.5g IOB 4OCdw(O.4) 3SCdw(O.4) 4OCdw(O.4) 38Cdw(O.4)

kHOEC 1.0558 1.0542 1.0482 1.0666 1.0592 1.0579 1.0534
kHOEC - -- - 1.0526 1.0464 1.0424 1.0401

kEOEC 1.0303 1.0297 1.0263 1.0451 1.0400 1.0342 1.0332
&k(B-EOEC) 0.0255 0.0245 0.0219 0.0215 0.0192 0.0238 0.0202

23SU load BOEC, kg 11.810 15.303 17.558 15.307 17.564 14.030 16.621
EOEC, kg 10.315 13.886 16.134 13.890 16.139 12.619 15.200

Burnable Abs. 10B IOB 108 113Cd 113cd 113Cd 113cd

BOEC, g 11.50 6.06 6.39 20.07 19.85 19.61 19.54
EOEC, g 5.58 3.14 3.50 2.65 3.30 2.19 2.99

Discharge
B.rnups, STD. 50.2 39.6 35.7 39.7 35.7 42.3 37.3

CONT, Z 52.8 38.3 34.0 38.2 33.9 41.2 35.4

Fissile Pu,
BOEC, kg 0.020 0.335 0.363 0.332 0.361 0.324 0.353
EOEC, kg 0.026 0.450 0.492 0.447 0.489 0.435 0.476

23SU b.rned/MWd, g 1.277 1.211 1.2 17 1.211 1.218 1.206 1.215

Peak Power
BOEC, W/cm3 951 939 918 980 948 983 948

07 #8 09 flo oil #12 013 Oi4
Parameters LEU LEU LEU REU LEU LEU LEU LEU

Cycle Length (days) 26 26 26 32 26 32 32 26
Reloads/cycle* 6/1.5 6/1.5 6/1.5 7 /2 5/1.5 6/1.5 6/1.5 5/1.5
235U load, gel.* 460/318 449/304 429/295 4201290 550/440 550/440 535/370 535/370
#plates/element* 23119 19/16 18/15 23/19 20/17 20/17 23/19 23/19
channel gap 'cm 0.218 0.258 0.289 0.218 0.245 0.245 0.218 0.218
meat P. . g/cm 3* 5.24/4.63 4.16/3.60 4.20/3.67 1.016/0.895 4.82/4.82 4.82/4.82 6.10/5.39 6.1015.39

Fuel meat thk., mm 0.51 0.76 0.76 0.?l 0.76 0.76 0.51 0.51
BAYelement 4OCdw(0.4) 38Cdw(O.4) 36Cdw(O.4) Ig B 4OCdw(O.4) 4OCdw(O.4) 4OCdw(O.4) 4OCdw(O.4)

kBOEC 1.0530 1.0555 1.0592 1.0619 1.0715 1.0722 1.0678 1.0660
kMOEC 1.0377 1.0384 1.0390 -- 1.0548 1.0527 1.0480 1.0492
kROEC 1.0294 1.0293 1.0292 1.0245 1.0463 1.0434 1.0384 1.0403
Ak(B-EOEC) 0.0236 0.0262 0.0301 0.0374 0.0252 0.0289 0.0294 0.0257

235U load BOEC, kg 13.465 13.041 12.308 12.012 16.679 16.368 15.463 15.778
EOEC, kg 12.058 11.633 10.903 10.171 15.269 14.638 13.740 14.373

Burnable Abs. 113 Cd 113 Cd 113 Cd 10B 113 Cd 113 Cd 113 Cd 113 Cd

BOEC, g 21.24 20.06 18.37 12.20 17.63 18.81 20.80 18.875
EOEC, g 2.23 1.99 1.24 5.26 3.12 1.39 2.09 3.033

Dis�-harge
Burnups. STD 7 43.2 44.2 46.1 52.7 42.8 44.0 45.4 44.2

CUNT, Z 45.7 47.4 49.5 50.4 35.4 42.7 48.0 40.3

FisRile Pu,
BOEC, kg 0.321 0.306 0.293 0.019 0.402 0.409 0.403 0.383
EOEC, kg 0.430 0.409 0.391 0.026 0.521 0.547 0.537 0.495

235U burned/Mwd. 9 1.203 1.203 1.201 1.278 1.205 1.201 1.197 1.201

Peak Power
BOEC, W/cm3 1005 1017 1030 984 1017 102C 1050 1002

*Fuel Element Value/Control Fuel FIlower Vlue.
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Table 2 LEU/HEU Average Flux Ratios over Active Volume of Experiments

Exeriment Core Flux Ratio Range
Type Locations �1(0.821-10.0 MeV) W5.53-821 keV) (05(<0.625 eV)

,rRIO-X C-5,G-3 0.96 - 1.05 0.98 - 107 0.96 - 103

BEST F-2 Vi-2 1.05 - 1.09 1.06 - I.10 0.96 - 0.97

COBI C-7,D-8,E-3 0.98 - I. 2 1.00 - 1.04 0.97 - 1.00

��G C-3,E-5,G-7 0.97 - I .0 5 0.99 - 1.07 0.93 - 0.99

MUS F-8,G-5,H-6,H-8 1.04 - 1.08 1.06 - 1.10 0.95 - 0.96

�fus D-2,E-7,H-4 1.00 - 1 06 1 02 - 1.08 0.93 - 0.98

B B!B BIBI BIB I I

2 1 El I E E B

3 E E I E B

4 C I I Cl C I El B

I E E I B

Ci I C! -11

7 I El jE E B L

8 i I E I EJ E ��LB

9 BI BIB B! B B

A B C D E F G H

Fig. 1. Core Configuration Used in Calculations.

= Be Reflector, C = Control Fuel

Follower, E = Experiment Position,

Blank = Fuel Element.
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