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ABSTRACT

The results of neutronics calculations are presented for
the JMTR equilibrium core with LEU silicide fuel, boron
and cadmium burnable poisons in the sideplates, and a
cycle length of 24 days instead of 11 days with the
current HEU fuel. The data indicate that several options
are feasible provided that silicide fuels with high ura-
nium densities are successfully demonstrated and licensed.

INTRODUCTION

The Japan Materials Testing Reactor (JMTR) is a 50 MW light-water-moder-
ated reactor using ETR-type fuel. JAERI is participating in a joint study
with ANL in the RERTR Program to investigate the possible use of 20Z enriched
(LEU) silicide fuel in the JMTR after conversion to 45Z enriched (MEU) alumi-
nide fuel in early 1986.

In conversion to LEU fuel, JAERI would like to make the following changes
in JMTR operation: (1) extend the cycle length from 11 days in th*» present
HEU core to 24 days in the LEU core, and (2) introduce burnable poison in the
sideplates of the LEU elements to reduce the reactivity swing during the cycle.
Boral plates and cadmium wires are candidate materials for the burnable poison.

The successful development and demonstration of LEU silicide fuels with
high uranium densities are necessary to accomplish these goals without changing
the current fuel element geometry. In this case, the thermal-hydraulic para-
meters of the core are not expected to change significantly.
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Boral is a candidate material for the burnable poison because irradiations
and post-irradiation-examinations (PIE) have been successfully completed1 in
JMTR using a 0.5 mm thick slab matrix of homogenized natural boron and aluminum
sandwiched between aluminum plates. Cadmium wire is a potential candidate
material for the burnable poison because irradiations and PIE have been success-
fully completed2 on two full-sized fuel elements each containing 20 Cd wires
with a diameter of 0.S mm in the HFR reactor at Petten, the Netherlands.

This paper describes the results of burnup and experiment performance
calculations of the JMTR cote with silicide fuel, various uranium densities
(3.85 - 5.7 g/cm3), and various contents of boron and cadmium burnable poisons
using the ANL computer code system.

REACTOR MODEL

General Description

The JMTR core is a 5 * 7 element arrangement with 22 ETR-type standard
fuel elements and 5 control elements with fuel followers. The core is re-
flected on all four sides by two rows of beryllium reflector elements.
Figure 1 shows a cross section of the core used for modelling purposes.
Design parameters for the standard and follower elements with HEU and LEU
fuels are shown in Table 1 and Fig. 2.

Cross Sections

The EPRI-CELL code was used to generate burnup dependent cross section
data with five groups (upper energy boundaries: 10 MeV, 0.82 MeV, 5.53
keV, 1.855 eV, 0.625 eV) for the fueled regions of the standard and follower
elements at 16 time steps to a burnup of approxiamtely 50 atom percent of
the contained U. Since the fuel elements for the core burnup calculations
were modeled with separate fuel and non-fuel regions, separate cross sections
with and without burnable poison were also generated for the non-fuel regions.

The boron poison content of the sideplates was represented discretely as
three separate slab regions with an Al/l0B homogeneous mixture in the center.
The depletion of 10B in the poison region was represented by three mesh points.
Cross sections for the sideplate regions with Cd wires were generated in an
EPRI-CELL model with cylindrical geometry. A wire was placed in the center
of the cylinder followed by successive rings of: sideplate Al, a mixture of
end of fuel plate Al and water, several rings of alternating clad, fuel meat,
and water, and an appropriate volume of extra region material.



Table 1 JMTR Standard and Follower Element
Designs with HEU and LEU Fuels

Standard fuel

fuel Element
Number of Hates

Fuel Heat

Thickness, mn .

Uidth, im

length, nut

Fuel Plate

Cladding Thickness, mm

Total Thickness, mm

Side Plate thickness, mm

Standard
19

0.51

59.5

750

0.36

1.27

A.H

Follower
16

0.51

47.6

750

0.38

1.27

4.8

With Burnable Poison in the Side Plates

Potsim Part Bora! PUles

Thickness,
tftdth,

Length,

Poison Part

mm
mm

mm

Cadnium Mires

Outer Diameter, mm

0.5
66.0

750

0.4 -

0.

55.

750

0.5

5
0

SF : Standard Fuel Element

FF : Follower Fuel Element

('i • Experiment

Fl ' j . I Iron Section of the JMTR KY7. Model

Follower Fuel

A
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Fig. Z JHTR Standard and Follower Element Designs with IILU and LEU Fuels
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Figure 5 shows the reactivity profiles for each of the cases in Table 3.
From these results, the optimum uranium density is estimated to be in the
range of 5.3 - 5.5 g/cm3, and the optimum 10B content per standard fuel ele-
ment is estimated to be 0.4 - 0.5 g since the reactivity profile during the
cycle is nearly flat after the xenon concentration has reached its equilibrium
value. If the calculations had been done with HEU fuel, the optimum 10B con-

O'KfKtent would have been about 1 g per standard element. Because of the
present in LEU fuel, the optimum 10B content is in the range of 0.4 - 0.5 g
per standard element.

For the 10B loadings considered here, the poison is essentially infinitely
dilute and its microscopic cross section is near its maximum value. However,
this cross section is too small for efficient burnout and the uranium density
must be increased above 4.8 g/cm3 (the LEU case with no poison) to compensate
for the 10B that resides in the core at EOC. To obtain the most efficient
fuel cycle, nearly all of the poison should be burned out after one cycle
residence in the core. The tradeoff, however, is that the reactivity profile
would not be as flat.

Table 3 shows the percent 10B depletion in the first and second residence
cycles, the percent 10B residual in the discharged elements, the percent 10B
in the core at EOC and its reactivity worth, and the corresponding cycle
length penalty in days relative to cases with the same uranium density but no
poison. About 60-67% of the 10B that burns is depleted during the first cycle
of residence and about 202 is depleted during the second residence cycle.
Figure 6 shows a plot of the percent 10B in the core at EOC, its reactivity
worth, and the cycle length penalty as functions of uranium density and
initial 10B content per element.

It is also feasible to operate the JMTR with 10B burnable poison and a
nearly flat reactivity profile using a uranium density of 4.8 g/cm3 if the cycle
length were reduced appropriately, but further calculations similar to those
described above would need to be performed.

Cadmium Burnable Poison

In dilute form, cadmium burns out very quickly because of its large micro-
scopic cross section. However, because of self-shielding in wire form, cadmium
depletion rates can be adjusted by changing the wire diameter. Total poison
worth can be controlled by changing the number of wires in the sideplates of
each element. Fuel utilization can be made very efficient by choosing the
number and diameter of the wires so that nearly all of the poison burns out
after one cycle residence in the core. However, the reactivity profile over
each cycle will not be as flat as with l0B.

For natural csdmium wire diameters of 0.4, 0.5, and 0.6 mm, Fig. 7 shows
the il3Cd thermal (<0.625 eV) microscopic absorption cross sections obtained
from EPRI-CELL calculations as a function of the 113Cd burnup and Fig. 8 shows
the 23SU burnup as a function of il3Cd burnup. About 95% of the 113Cd is
depleted at a i35U burnup of 20%.
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Fig. 9 Reactivity Profiles for the JHTR Equilibrium Core
(Stage 1 and Stage 2 Corresponding to two 24 Day
Cycles with a Naff-Core Fuel Replacement Pattern)
with LEU Sil icide Fuel, 4.8 g U/cm3, and Three
Variants of Cd Burnable Poison in the Sideplates.

Table 4 Comparison of the Present HEU Fuel and LEU Fuel with
a Uranium Density of 4.8 g/cm3 in the JHTR Equil ib-
rium Core with and without Cadmium Burnable Poison
in the Sideplates

HEU

LEU
without Cd

LEU
with Cd

Cd wire

0.0., mm

—

—

0.4

0.5

0.5

Number of

Standard

—

—

18

18

14

Cd wires

Follower

—

—

16

16

12

EOC

Ak/k, *

3.77

3.83

3.71

3.35

3.65

Cd
Residual
Ak/k, %

—

—

0.12

0.48

0.18

1.10T

1.09

1.04

1.03

1.02

18 Cd Wires, 0.4mm0.D.
'4.89 U/cm3

14 Cd Wires, O.SmmO.D.
4.8g U/cm3

18 Cd Wires, O.SmmO.D.
4.8g U/cm3

10

Operation Time

15
(days)

Fig. 10 Reactivity Profiles for the JHTR Equilibrium Core
(Averaged over two 24 Day Cycles with a Half-Core
Fuel Replacement Pattern) with LEU Silicide Fuel,
4.8 9 U/cm3, and Three Variants of Cd Burnable
Poison 10 the Sideplates.
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Calculated results for the JMTR equilibrium core obtained by repetitive
calculations of Stage 1 and Stage 2 using LEU silicide fuel v/ith 4.8 g U/cm3

and 18 wires with 0.4 mm diameter, 18 wires with 0.5 mm diameter, and 14 wires
with 0.5 mm diameter per standard element are shown in Table 4. Reactivity
profiles for Stages 1 and 2 are compared in Fig. 9 and the average values for
the two stages are plotted in Fig. 10 for each poisoned case along with the
profiles for the HEU and LEU cases without burnable poison.

The results indicate that the case with 18 wires of 0.4 mm diameter per
standard element would provide an acceptable reactivity swing with 4.8 g
U/cm3. The reactivity worth of cadmium burnup is greater than that of the 2 3 5U
burnup during the first six days of operation while the reactivity worth of

U burnup dominates after about 15 days of operation. Further refinements
with different numbers and thicknesses of wires may provide a flatter reactivity
profile with the required EOC excess reactivity.

EXPERIMENT PERFORMANCE

Table 5 shows the average fast and thermal fluxes at BOC and EOC with HEU
fuel and several LEU fuels for several typical incore and reflector experiment
positions. The incore positions are used mainly for irradiation damage
experiments where the fast flux is more important. The reflector positions
are used for isotope production and for irradiation testing of power reactor
fuel pins, where the thermal and epithermal fluxes are more important.

The cases in Table 5 arc arranged to show the effects on the fast and
thermal fluxes of increases in the 235U content due to three effects. These
effects and a summary of changes in the fast flux in the incore experiments
and the thermal flux in the beryllium reflector experiments are outlined below.
Percent changes in the fluxes are based on an average of the BOC and EOC values.

• Reduce Enrichment from 93% to 20%. The 235U per fresh standard element
would need to be increased by 18% from 279 g (0.7 g U/cm3) with HEU to
329 g (3.85 g U/cra3) with LEU.

Fast fluxes in the incore experiments would change by ±1%. Thermal
fluxes in the Be reflector experiments would decrease by 4-7%.

• Extend Cycle Length from 11 Days to 24 Days. The 235U per fresh LEU
standard element would need to be increased by 25% from 329 g (3.85 g U/cm3)
to 410 g (4.8 g U/cra3).

Fast fluxes in the incore experiments would decrease 1-2%. Thermal
fluxes In the Be reflector experiments would decrease by an additional
3-6%.
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Incorporate Burnable Poison In the Sideplates to Reduce Reactivity
Swing per Cycle! With boron poison, the *i:>u per fresh LEU standard
element would need to be increased by 10 - 15% from 410 g (4.8 g U/cm3)
to 453 - 470 g (5.3 - 5.5 g U/cm3). With cadmium poison, either no
increase or only a slight increase above 410 g (4.8 g U/cm3) per LEU
standard element is required.

For the case with 5.5 g U/cm3 and 0.5 g 10B per element, fast fluxes
in the incore experiments would increase by about 3%. Thermal fluxes
in the Be reflector experiments would be further reduced by 0 - 7%.

Compared with the present HEU core with a cycle length of 11 days and no
burnable poison, fast fluxes in the incore experiments would increase by
0 - 32. Thermal fluxes in the Be reflector experiments would decrease
by 7 - 192.

Tabl* 5. Average Fait and Thermal Fluxes In Typical JKTI Experiment
Position* With HEU Fuel and Several LEU Fuela.

Experiment
Position

(see Flu. 1)

Incore,

Be Kefl.

Incore,

Be Bail .

Incore,

Be Ref'i.

Incore,

Be Refl.,

J9

WO

, KB

112

J9

K10

, «8

112

J9

K10

. Kg

112

J9

K10

, H8

112

Fait Flux « 1 0 U

O0.S2 HeV)

BOC

1.95

1.29

0.70

0.1S

EOC
AVI. of

BOC t EOC

Currant Fuel

HEU - 0.7

2.08

1.39

0.76

0.16

Thermal Flux
«0.62S

BOC

( U/em3 - No Poison

2.02

1.3*

0.73

0.16

Reduce Enrichment from

LEU - 3.85

1.9*

1.31

0.70

0.1S

2.06

1.40

0.75

0.16

2.67

2.2S

2.69

1.68

93Z to 20Z

K U/cm3 - No Poison

2.00

1.36

0.73

0.16

2.35

2.00

2.52

1.63

Extend Cycle Length from 11 Day* to 24 Daya

LEU - 4.8 g

1.89

1.28

0.68

0.1S

2.05

1.40

0.75

0.16

Incorporate

LEU -

2.00

1.36

0.71

0.15

• 5.5 x U/i

2.06

1.40

0.74

0.16

U/cm3 - No

1.97

1.34

0.72

0.16

Poison

2.06

1.79

2.32

l.SS

B Burnable Poison

cmJ - 0 . S !

2.03

1.38

0.73

0.16

'°B/Eleaent

1.81

1.59

2.18

I. SB

EOC

2.93

2.46

2.93

LSI

2.50

2.13

2.69

1.73

2.31

1.99

2.59

1.70

2.05

1.77

2.39

1.66

- 10"
*V)

A*(. of
BOC it EOC

2.80

2.36

2.81

1.75

2.43

2.C7

2.61

1.68

2.19

1.89

2.46

1.63

1.93

1.68

2.29

1.62
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CONCLUSIONS

Neutronics analyses of the JMTR core with LEU silicide fuel, various
uranium densities (3.85 -5.7 g/cm3), and various contents of boron and cadmium
burnable poisons have been performed using the ANL code system. In conversion
to LEU fuel, JAERI would like to extend the JMTR cycle length from 11 days in
the present HEU core to 24 days in the LEU core and reduce the reactivity
swing during the cycle by incorporating burnable poison in the sideplates.
Boral plates and cadmium wires are candidate materials for the burnable
poison.

The main conclusions are outlined below:

• Uranium densities of 3.85 g/cm3 and 4.8 g/cm3 in LEU silicide fuel
without burnable poison are required to obtain cycle lengths of 11 days
and 24 days, respectively.

• With boron burnable poison and a cycle length of 24 days, the optimum
uranium density is estimated to be in the range of 5.3 - 5.5 g/cm3,
and the optimum ^B content per standard fuel element is estimated
to be 0.4 - 0.5 g.

• With cadmium burnable yoison and a cycle length of 24 days, 18 wires
of 0.4 mm diameter per standard fuel element would provide an accept-
able reactivity swing with a uranium density of 4.8 g/cm3.

• Fast neutron fluxes for irradiation damage experiments in the core
would be increased by 0 - 32.

(» With 5.5 g U/cm3 and 0.5 g 10B per element, thermal fluxes in the
beryllium reflector positions that are used for isotope production
and irradiation testing of power reactor fuel pins would decrease by
7 - 19%. About 4 - 7 % reduction is due to the change from HEU to LEU
fuel, about 3 - 6 % reduction is due to extending the cycle length from
11 to 24 days, and about 0 - 7 % reduction is due to adding the 10B
burnable poison to reduce the reactivity swing per cycle.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
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