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Introduction

Due to mutual concerns in the USA and Japan about the proliferation

potential of highly-enriched uranium (HEU), a joint study program I was
initiated between Argonne National Laboratory (ANQ and Kyoto University
Research Reactor Institute (KURRI) in 1978. In accordance with the reduced
enrichment for research and test reactor (RERTR) program, the alternatives
were studied for reducing the enrichment of the fuel to be used in the Kyoto

University High Flux Reactor (KUHFR). 2 The KUHFR has a distinct feature in
its core configuration it is a coupled-core. Each annular shaped core is
light-water-moderated and placed within a heavy wat .er reflector with a certain
distance between them. The phase A reports of the joint ANL-KURRI program

independently prepared by two laboratories in February 1979, 3,4 concluded that
the use of medium-enrichment uranium (MEU, 45%) in the KUHFR is feasible,
pending results of the critical experiments in the Kyoto University Critical

Assembly (KUCA) 5 and of the burnup test in the Oak Ridge Research Reactor
6

(ORR).

An application of safety review (Reactor Installation License) for MEU
fuel to be used in the KUCA was submitted to the Japanese Government in March
1980, and a license was issued in August 1980. Subsequently, the application
for 'Authorization before Construction' was submitted and was authorized in
September 1980. Fabrication of MEU fuel -elements for the KUCA experiments by
CERCA in France was started in September 1980, and was completed in March
1981. The critical experiments in the KUCA with MEU fuel were started on a
single-core in May 1981 as a first step. The first critical state of the core
using MEU fuel was achieved at 312 p.m. in May 12, 1981. After that, the
reactivity effects of the outer side-plates containing boron burnable poison
were measured.

At Mich Meeting in Sept., 1981, we presented a paper on critical mass

and reactivity of burnable poison in the MEU core. 7 Since then we carried out

the following experiments: (1) temperature coefficient, 8 (2) flux

distribution, 9 and 3 void coefficient. 9

Due to a minor change of the KUHFR core design, the pitch of fuel plates
was changed f rom. 384 mm to 380 mm. Although 'in the present experiments,
both fuel pitches were seen as shown in Table 1, the 380 mm pitch would be
used thereafter.
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Table 1. Pitch of the fuel plates.

experiment Alich 1981) ANL 1982)

Critical Mass 3.84 mm 3.80 mm

Burnable poison 3.84 mm ---
3.80 mm

Temperature Coefficient --- 3.84 mm

Flux distribution 3.84 mm

Void effect --- 3.84 mm
3.80 mm

Experiments

Core Configuration

Figure I shows the view of the heavy water tank made f rom aluminum f or
the single-core experiments. Figure 2 shows the fuel elements assembled in a
cylindrical f orm, which is installed in the heavy water tank. The annular
shaped core is light-water-moderated and placed within a heavy water

reflector. 10 The core has a cylindrical center island of light water. The
fuel region is divided into two parts by the space for control rods, which are
called the inner and outer fuel regions, respectively. The inner region
consists of 6 fuel elements, while the outer region consists of 12 elements.
Each fuel plate which has some curvature, can be inserted one by one between
aluminum side-plates. Figure 3 illustrates the fuel plate and side-plates.
For the KUCA critical experiments using MEU fuel, the boron loaded side-plates
were fabricated. The plane cross-section of the assembly looks like a
Japanese fan or a kind of cake called Baumkuchen.

The core configuration employed in this work was called C38R(BK D 2 O)MEU

and is illustrated in Figs. 4 and 5. The outer fuel elements were numbered as
OUT-01 or E-01, OUT-02 or EX-01 and so on, while the inner as IN-01, IN-02
and so on. The maximum numbers of fuel plates which can be loaded in the
outer and inner fuel elements are 17 and 15 per element, respectively. The
core was mainly controlled by two rods, namely C2 and C3 rods, because all
safety rods were withdrawn to the upper limit at each operation and C1 rod was
apart from the core. The detectors were arranged around the heavy water tank.
The neutron source was located under the heavy water tank.

Critical Mass

The critical approach of the core, which all side-plates contained no
burnable poison and the pitch between the fuel plates was 380 mm, was
performed by the inverse multiplication method. The critical state of the
C38R(BK D2O)MEU core was achieved with 262 fuel plates of 380 mm pitch. This

number of fuel plates was the same for the 384 mm pitch core illustrated in
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Fig.4. The masses of 235 U and were also 4165.74 g and 9284 g, respectively.
The excess reactivity measured by the positive period was 0077 %Ak/k. Using
the measured mass reactivity coefficient for the fuel plate (0.018

%Ak/k/g- 235 U) , the least critical mass of the core was estimated as 4162
235

9- U or 9276 g-U. These results are listed in Table 2.

Table 2 The results of critical mass.

pitch number U-235 U excess
fuel (mm) of (g) (g) reactivity

plates (%Ak/k)

MEU (44.87%) 3.80 262 4165.74 9284 0.077

MEU (44.87%) 3.84 262 4165.74 9284 0.211

HEU (93.14%) 3.84 276 3524.46 3784 0.468

The change of fuel plate pitch caused a slight change in excess
reactivity, due to spectral hardening.

Neutron Flux Distributions

For the measurement of neutron flux distributions, the activation foil
technique was employed. Gold wires, with and without a cadmium sheath were
activated. Relative neutron flux distributions were obtained for various
positions in the core with and without a void at the center o the reactor.
The values of reflector savings were obtained for a few positions in the core
without the void. The positions of foil irradiations in the C38R(BK D 2O)MEU

core are shown in Figs. and 6 with its configuration. From these figures,
the differences of distributions between two cores are seen at the center
island region and the outer fuel region. In Fig. 5, all fuel elements except
one outer element contain boron burnable poison. An acrylic void tube of 
cm o.d. and 92 cm i.d. is located at the center island. In Fig. 6 one half
of outer fuel elements contain no burnable poison and there is no void at the
center island. Two hundred and ninety four fuel plates are fully loaded in
both cores. The numerical symbols (1 u 11) in Figs. and 6 indicate the
positions where gold wires were set vertically. The alphabetical symbols (a
p) indicate gold wires set horizontally.

Bare gold wires of 0.5 mm diameter were set at all positions. To obtain
thermal-neutron flux distributions, gold wires covered with cadmium sheaths 
0.5 mm thick and mm i.d. ) were set as shown in Fig. 6 The gold wires were
irradiated at approximately W. Each irradiation time was 30 minutes. After
the irradiations, gold wires were cut into small pieces (I 2 cm). The

gamma-rays emitted fom the decay of 198 Au were counted with an automatic
sample changer in which a well-type NaI(Tl) scintillator was installed. The
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weight of each piece of gold wire was measured. The counts measured by the

automatic 'sample changer were corrected with the decay of induced 198 Au
activities to obtain values proportional to the saturated activities. Those
values were normalized by the weights of gold wires and by the reactor power
levels of irradiations. The difference between such values with and without a
cadmium sheath was assumed to represent a relative flux of thermal neutrons.

Horizontal Neutron Flux Distributions

The horizontal neutron flux distributions are shown in Figs. 7 8 9 and
10. These neutron flux distributions were measured in the core with the
acrylic void tube at the center island.

Figures" 7 and show the neutron flux distributions in the fuel region
and in the heavy-water reflector, respectively. In Fig. 7 neutron flux
distributions (j 11, m) measured at the middle height of fuel plates between the
side-plates, have some depressions in the fuel region. The reason is that the
side-plates contained boron burnable poison. In the void region, the f lux
distribution (g) is flat. At the outside of the inner fuel region, the flux
distribution (f) measured on the top of fuel plates was reduced more than that
of (i). It is because there was the lower edge of the safety rod S4 near that
position, though S4 was withdrawn to its upper limit. In Fig. the neutron
flux in heavy-water reflector, measured at 44 mm below the middle height of
fuel plates, has no peak and decreases rather rapidly with the distance from
the center of the core. This phenomenon reflects the facts that there is a
light-water gap of approximately 25 cm thick between the outer fuel region
and the heavy-water tank and 30 cm thick layer of heavy-water is not
sufficient for a neutron reflector.

Figures 9 and 10 show the neutron flux distributions at the middle height
of fuel plates along the inner circular direction of the inner fuel region and
along the outer circular direction of the outer fuel region, respectively. In
Figs. 9 and 10, there are peaks near the side-plate regions, though the
regions contain boron burnable poison.

Vertical neutron flux distributions

The vertical neutron flux distributions in the core with a void at the
center island are shown in Figs. 11, 12 and 13; those for the core without
void in Figs. 14 and 15. Asymmetric features were observed in all of the
vertical distributions. Namely, the neutron flux near the upper edge of fuel
plates was higher than that near the lower edge. The reason was that the
thickness of light- or heavy-water layer was not the same at the upper and
lower site. At the upper site it was much thicker. In addition to that,
there were layers of other materials such as aluminum and stainless-steel at
the lower site. These materials are not favorable for the reflection of
neutrons. In fact, neutrons are strongly absorbed in te stainless-steel
layer.

Figure 11 shows the neutron flux distribution in the heavy-water
reflector. The irregular points near the peak in Fig. 11 might be caused by
the horizontal aluminum pipe installed in the bea�ry-water tank for the
measurement of neutron flux distributions.
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Figure 12 shows the neutron flux distributions in the inner fuel region
(between IN(B)-05 and 06) and outer fuel region (between EX-01 and 02,
OUT-07 and EX-08). In Fig. 12, the neutron flux 7 in the inner fuel region
is larger than those of 6 and (8) in the outer fuel region. The difference
between 6 and (8) in te outer fuel region was caused by the OUT-07 element
which contains no boron burnable poison.

Figure 13 shows the neutron flux distributions in the center island,
inner fuel region (IN(B)-06) and outer fuel region (EX-01, OUT-07). Figure 14
shows the neutron flux distributions in the center island, outer fuel region
(OUT-11) and heavy-water reflector. In Figs. 13 and 14, the neutron flux in
the center island is distinctly higher than the others for either core with
and without a void.

The thermal neutron flux distributions are shown in Fig. 15 in the center
island, outer fuel region (OUT-11) and heavy-water reflector.

Reflector savings

Neutron flux distributions measured with cadmium sheath were fitted by
the least square technique to a cosine curve and reflector savings were
obtained as follows:

Y=Acos (B(x-C)),

where

A, B, C : constants for a cosine fit,
y neutron flux,
x distance from the surface of grid plate (cm).

As the length of the fuel meat was 60 cm, the axial reflector savings (cm)
was obtained from the following equation,

Tr6=(- - 60)/2.
B

These results are listed in Table 3 Table 3 shows that the extrapolation
distance in the heavy-water reflector is larger than those in the fuel and the
center island of light-water, while the center position of the flux
distribution, C, is same in all regions.
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Table 3 Axial reflector saving and extrapolation distance.

A B C 6
(n/sec-cm 2 (1/cm) (cm) (cm)

heavy water reflector 0.27 3.949xlO-2 40.4 9.8+0.3

outer fuel region 1.01 4.158xlO -2 40.2 7.8+0.1

center region -2
of light water 1.01 4.119x1O 40.0 8.1+0.1

Temperature Coefficients

The temperature reactivity coefficients were measured for two core
configurations. One had an acrylic void pipe at the center island of light
water and the other had no such a void. The outer diameter of the acrylic
void pipe was 100 mm and the inner diameter was 92 mm. In advance of the
measurements, 294 fuel plates were fully loaded in the core. The criticality
was adjusted by the number of side-plates containing burnable poison. All of
the inner and one half of the outer fuel elements contained poison, while, in
the core with the acrylic void pipe, all the fuel elements except only one
outer element contained burnable poison. The temperature of light and heavy
water were raised simultaneously by the electric heater installed in both
region and was adjusted to be the same in both regions. The temperatures of
several locations in the core were monitored by the thermocouples set there.
The excess reactivities of the core at seven temperatures from 20 C to 70 C
were measured by the positive period method and the temperature coefficients
of the core were obtained. In Fig. 16, the temperature reactivity
coefficients are shown.

For the core without void, the temperature coefficient was positive
beyond 70 C while it changed sign from positive to negative at approximately
33 C for the core with acrylic void pipe at the center island of light water.
Two curves of the temperature coefficients were almost parallel to each other
and both curves tended to be linear beyond 35 'C. The difference between the

two was approximately 9 x 10-5 Ak/k/0C.

Reactivity Effects of Void

The reactivity effects of a void were measured by two different methods.
The one was that aluminum pipe was employed to simulate the void in the 384
mm pitch core% The other was that a N 2 gas bubbling was employed in the 380
mm pitch core.

The reactivity effects of a void, simulated by aluminum pipe, were
measured at four locations in the 384 mm pitch core, 294 full loaded. The
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locations were (1) the middle of the cylindrical center island of light water,
(2) the space for control rods, 3 the light water gap between the heavy
water tank and the outer fuel region and 4 the middle of the heavy water
reflector. Aluminum void pipes of several diameters were employed to simulate
the void. The excess reactivity was measured before and after pouring light
or heavy water into the pipe by the positive period method. The difference
between two reactivities before and after the injection corresponded to the
effects of the voids.

The reactivity effects of voids measured at four locations using aluminum
pipes are tabulated in Table 4 In the control rod space and at the middle of
the heavy water reflector, the reactivity effects of voids were negative.
While they were positive at the other locations. The void coefficient was

estimated as approximately I x 10-5 Ak/k/cm 3 at the middle of the center

island of light water, -5 x 10-6 Ak/k/cm3 at the space for control rods, 2 x

10-6 Ak/k/cm3 at the light water gap region between the outer fuel region and

the heavy water tank and 2 x 10-7 Ak/k/cm 3 at the middle of the heavy water
reflector, respectively.

Table 4 Reactivity Effects of Aluminum Void Pipes.

outer diameter inner diameter void reactivity

locations in the core cm cm ( %Ak/k

1.0 0.7 0.0249

2.5 1.9 0.171

middle of the center 2.5 2.1 0.212

island of light water 2.5 2.2 0.231

2.5 2.3 0.245

4.0 3.38 0.538

space for control rods 1.0 0.7 -0.0109

light water gap between 1.0 0.7 0.0042
the outer fuel region
and the heavy water tank 2.5 2.3 0.0632

3.5 2.9 -0.0096

middle of the 6.5 5.5 -0.0303

heavy water reflector 9.0 8.4 -0.0781
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The experiment of reactivity effects of void, simulated by N 2 bubbling,

consisted of an in-pile experiment on reactivity measurement and an
out-of-pile calibration on void fraction. The reactivity effects of void were
measured at six locations in the 38 mm pitch core, and measured in two
different cores, with and without burnable poison. The voids were produced in
the fuel elements by bubbling N 2 gas through a small needle-like nozzle which

was placed at the bottom of a fuel plate. Figures 17 and 18 show the core
configurations. The differences between the cores shown in Figs. 17 and 
are seen at the inner and outer fuel regions. In Fig. 17, strainless steel
tubes at the space for control rods between IN-02 and EX-07, 08 were utilized
for adjusting the excess reactivity of this core. In these cores,
measurements of reactivity as a function of N 2 gas flow rate were made in the

two fuel elements, IN-02, EX-04 (or IN(B)-02, EX(B)-04). The position of the
N2 gas outlet nozzle is shown in Fig. 19. With and without the N 2 gas

flowing, the excess reactivity was measured by the positive period method.
The difference between the two measurements gives the reactivity for each N 2

gas f low rate. The relation between f low rate and void ratio is now being
measured by an out-of-pile experiment.

The results f or various f low rates are shown in Figs. 20 and 21 and in
Tables and 6 where the space dependency of void coef f icient is clearly
observed. It is explained by the change of neutron spectra in the measured
locations. The location close to the moderator region, has a sof t neutron
spectrum; the other has a hard neutron spectrum. The dif f erence in void
coefficient by burnable poison is also observed.

The comparison between experiments and calculation will be done in
separate papers. The critical experiments with MEU fuel on a coupled core,
including measurement of dynamic parameter, will be follow as mock-up
experiments for the KUHFR.
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Table 5. Void reactivity for the flow rate in C38R(BK D 2 O)MEU
core without burnable poison.

IN-02 (without burnable poison) EX-01 (without burnable poison)

position flow rate reactivity position flow rate reactivity

(1/hr) (XIO-3 %Ak/k) (1/hr) (X10-3 %Ak/k)

50.1 - 0.52 50.0 - 356
inner 100.1 - 1.50 inner 100.0 - 663
flow 200.2 - 2.48 flow 199.9 -11.15
channel 300.3 - 3.54 channel 299.9 -15.10
(No.A) 400.5 - 4.30 (No.D) 399.8 -18.44

50.1 - 8.04 49.9 - 923
middle 100.2 -14.13 middle 99.8 -13.57
flow 200.3 -21.77 flow 199.6 -19.78
channel 300.4 -26.59 channel 299.4 -25.31
(No.B) 400.6 -31.23 (No.E) 399.1 -30.99

50.0 - 493 49.9 - 242
outer 99.9 - 918 outer 99.9 - 569
flow 199.8 -14.51 flow 199.7 - 747
channel 299.8 -20.22 channel 299.5 - 829
(No.C) 399.7 -23.03 (No.F) 399.3 -10.56

Table 6 Void reactivity for the flow rate in C38R(BK D 2 O)MEU
core with burnable poison.

INW-02 (with burnable poison) EX(B)-Ol (with burnable poison)

position flow rate reactivity position flow rate reactivity
3 3

(1/hr) (XIO %k/k) (1/hr) (X10 %Ak/k)

50.6 - 0.36 50.4 - 349
inner 100.7 - 1.85 inner 100.8 - 643
flow 201.5 - 1.21 flow 201.5 - 797
channel 302.2 - 2.30 channel 302.3 -12.34
(No.A) 402.9 - 3.14 (No.D) 403.0 -14.09

50.4 - 6.97 50.4 - 398
middle 100.7 -11.66 middle 100.7 - 779
flow 201.5 -17.08 flow 201.4 -12.87
channel 302.5 -22.36 channel 302.1 -18.04
(No.B) 402.9 -25.42 (No.E) 402.8 -22.79

50.3 - 523 50.4 - 358
outer 100.7 - 836 outer 100.7 - 320
flow 201.4 -12.79 flow 201.4 - 736
channel 302.1 -16.04 channel 302.2 - 986
(No.C) 402.9 -19.10 (No.F) 403.0 -10.56
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Fig. 1. View of the heavy water tank for a single-core.
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Fig. 2 View of the assembled fuel elements.
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Fig. 3 Illustration of the fuel plate and side-plates.
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IN-01 - IN-06 :Inner fuel elements (containing no burnable-poison)
EX-01 - EX-12 :Outer fuel elements (containing no burnable-poison)
C1 - C3 :Control rods
S - S6 :Safety rods
FC - FC3 :Fission chambers
UIC - IC6 :Uncompensated ionization chambers

EX-01 - EX-12 contain 17 fuel plates.
IN-01,-02,-05,-06 contain 10 fuel plates.
IN-03 - IN-04 contains 9 fuel plates.

Total 262 plates

Fig. 4 C38R(BK D 2O)MEU core configuration using the side-plates
with 38 mm pitch.
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Fig. 14. Vertical flux distributions in the C38R(BK D )MEU
2core without void at the center.
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Fig. 15. Thermal-neutron flux distributions in the
C38R(BK D 2 O)MEU core without void at the center.
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Fig. 16. Temperature reactivity coefficients.
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FC2

UIC5 EX-12 FX-01

IN-01

IN-03

EX-

FC1
7 EX-06

C3

D20 tank D20 ref I ector)

UI

LJ1C6

IN-01 - IN-06 Inner fuel elements (containing no burnable-poison)

EX-01 - EX-12 : Outer fuel elements (containing no burnable-poison)

C1 - C3 : Control rods

S - 6 : Safety rods

FC1 - FC3 : Fission chambers

UIC4 UIC6 : Uncompensated ionization chambers

00000 : Stainless tubes

EX-01 EX-12 contain 17 fuel plates.

IN-01 IN-05 contain 10 fuel plates.

IN-06 contains 9 fuel plates.

Total 263 plates

The 10th, 11th and 12th plates of IN-05 from the outside have been

removed.

Fig. 17. C38R(BK D 2O)MEU core configuration without burnable-poison

for the measurement of void reactivity effects.
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FC2

EX-12 EX-01

UIC5
EX-11 -02

IN-06 IN 

2 I N B

X B)
-04

IN-

E
FC1

EX-07

D20 tonk D20 ref I eclor)

0 UIC6

IN-01

IN-03 IN-06 :Inner fuel elements (containing no burnable-poison)

IN(B)-02 :Inner fuel element (containing burnable-poison)

EX-01 - EX-03,

EX-05 - EX-12 :Outer fuel elements (containing no burnable-poison)

EX(B)-04 :Outer fuel elements (containing burnable-poison)

C - C3 :Control rods

S - S6 :Safety rods

FC1 - FC3 :Fission chambers

U1C4 UIC6 :Uncompensated ionization chambers

EX-01 EX-12 contain 17 fuel plates.

IN-03 IN-05 contain 11 fuel plates.

IN-01, INW-02 and IN-06 contain 10 fuel plates.

Total 267 plates

Fig. 18. C38R(BK D 2O)MEU core configuration with burnable-poison

for the measurement of void reactivity effects.
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-PA, -04
or

SY- -04

Outer flow channel No.F

Middle flow channel No.E

nner flow channel No.D

Outer flow channel No.C

Middle flow channel No.B

Inner flow channel No.A

IN-
or IN(B)-02

Gas flow position the center of the flow channel ('Z4Z>)
A symbol shows the position of nozzle

N2 gas outlet nozzle the height of cm from the bottom of
fuel plate

The side plates of EX(B)-04 and IN(B)-02 contain boron burnable-poison.

Fig. 19. Position of 2gas outlet nozzle.
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Fig. 20. Comparison between void Fig. 21. Comparison between void

reactivity in the core with and reactivity in the core with and

without burnable-poison. without burnable-poison.
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