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Abstract

A series of critical experiments and analyses on the 7Xx7 PuO.,-UO, lattices in a light-water
moderated UQ, core were carried out using the TCA critical facility. The purposes of the present
study were: (1) to compare the criticality as well as the neutron flux and power distributions of
the plutonium fueled core with those of the uranium fueled core, and (2) to evaluate the accuracy
of the current calculational technique in applying to plutonium fueled cores.

Multi-regional cores used in this experiments consisted of the central 7x7 test lattice with
34wt9% PuO,-UO, or 2.6wt%UQO, fuels, and the surrounding driver lattice with 2.6wt% UO;
fuels. Water-to-fuel volume ratio of the 7x7 lattice was parametrically changed as 1.76, 2.00,
2.38, and 2.95. Critical core configuration as well as activity and power distributions were measured
for every core of them.

The unit cell calculations were performed using the multigroup transport code LASER. The
neutron balance calculations for the critical cores were performed using the two-dimensional
diffusion code PDQ-5. The calculated results agreed with measured values in +0.3% for the
effective multiplication factor, while for the neutron density and power distributions the maximum
differences between the calculated and measured values were 16% and 9%, respectively.

The work has been performed under the joint research by the Japan Atomic Energy Research Institute and the
Power Reactor and Nuclear Fuel Development Corporation.
** Power Reactor and Nuclear Fuel Development Corporation.

***  Visiting researcher from Chubu Electric Power Co., Ltd.
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1. Introduction

During the last decade, interest in using plutonium in light-water reactors is increasing.
This is due to the rapidly rising surplus of plutonium from the light-water reactors. Plutonium
as a fuel material is more valuable in fast reactors than in the thermal reactors. However,
storage of the plutonium for use in the fast reactors does not seem desirable, because a sufficient
number of them are not expected to be available enough to use the surplus plutonium.

Substitution of plutonium into the uranium fueled light-water reactors will require reoptimi-
zation of uranium lattices for plutonium®>?»®. The most significant factors in the lattice reop-
timization for the water reactors are plutonium fuel composition, lattice pitch, and fuel rod size.
When plutonium fuel assemblies are placed next to uranium fuel assemblies of the same fissile
enrichment, the specific power will be higher in the plutonium fuel. This creates serious power
peaking problems.

Significant experimental programs®:9:9 concerned with the physics of the plutonium recycling
and fuel technology have been carried out at many laboratories throughout the world. It is
recognized that knowledge in the fields of physics and technology of plutonium utilization in
thermal reactors has reached now the point where the plutonium recycling can be started in
existing power reactors. The physics characteristics of plutonium enriched reactors are, however,
inherently more difficult to calculate than those for uranium enriched reactors. Problems which
occur in predicting the behaviour of the uranium fueled reactors are also present in the plutonium
system, because the fuel of interest is a mixture of the oxides of plutonium and uranium. The
experimental information for the plutonium fueled reactors is sparse relative to that available for
the uranium fueled system. Thus, it is required to conduct more works for the plutonium system.

A program of critical experiments concerned with plutonium utilization in light-water reactors
is being conducted”>® under the joint research by the Japan Atomic Energy Research Institute
and the Power and Nuclear Fuel Development Corporation. The general objectives of the
program are to investigate the characteristics of plutonium fueled lattices, and to evaluate and
improve the calculational methods so that the reliable engineering design can be made for fuel
loadings containing plutonium.

As a step of this program, multi-regional experiments using 3.4 wt% PuO,-UO, and 2.6
wt% UO, fuels were conducted at various lattice pitches in the TCA critical facility. The atomic
number density of the fissile materials of the PuO,-UO, fuel was designed to be the same as
that of the UO, fuel. The fourty-nine PuO,-UO, or UO, rods were arranged into 7Xx7 square
geometry and surrounded by UO, fuels.

The purposes of the present study were: (1) to compare the criticality as well as the neutron
flux and power distributions in the plutonium fueled core with those in the uranium fueled core,
and (2) to evaluate the accuracy of the current calculational technique in applying to plutonium
fueled cores. The results of these analyses will be described in subsequent chapters and the

numerical values of the foil activation and power distributions are available in the appendices.
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2. Experimental facility

2.1 Tank-type Critical Assembly (TCA)

The critical assembly TCA has been used for reactor physics experiments on the light-water
moderated lattices. It has a very flexible construction, and many kinds of cold critical experiments
can be carried out for various systems from a simple regular lattice to a complex mock-up
system of a power reactor.

The core is assembled at the central part of the cylindrical tank (183.2cmg x 207.8cmh).
The fuel rods are vertically inserted, and positioned by the upper and the lower grid plates.
These fuel rods are arranged to form a square lattice. The water-to-fuel volume ratio of the
lattice is determined by the lattice pitch of the grid plates. The grid plates are changeable, and
the proper set of plates is selected for each experiment. Usually, the reactivity control on
operation is performed by the adjustment of water level and any other control element is not
used to avoid the undesirable neutron flux disturbance. The general view and the mechanical
construction are shown in Figs. 1, 2 and Photo. 1.

2.2 Fuel rods

Three kinds of fuel rods were used in this work. They are described as the PuQ,-UQ,,
the JP-II.UQ,, and the 26PA.UQ, in this report, respectively. The specifications of these fuel
rods are shown in TABLE 1 and Fig. 3, and the general description of them are as follows.

(1) PuO.-UO,

Forty-nine mixed oxide (PuQ,-UQ,) fuel rods were used. The enrichment of PuQ, and
the density of pellet were designed so as the fissile atomic number density (#%U, 23¢Pu, and 24'Pu)
of the fuel to be equal to that of the JP-II.UO,. Besides, the diameters of the fuel pellet and
the Zircaloy-2 cladding were fabricated to be the same as those of the JP-II-UQO,. The reason
why such design was chosen was to compare directly the nuclear properties of PuO,-UO, fuel
with that of UO, fuel under the same experimental condition. The fuel pellet was fabricated
by the cold-press-dewax-heating technique and the density was 6.82g/cm? (62.29 of theoretical
density). It was about two-third of the density of usual sintered pellet. The active length of
this fuel rods was 70.6cm, in other words, it was about one-half of the other type of the fuels.
This type of fuel was loaded at the central region of the core.

(2) JP-II.UG,

This type of fuel was fabricated to simulate the nuclear properties of the fuel for the
JPDR-II core?. The active size was 1.07cm in diameter and 144.15cm in length, and the fuel
material was 2.6wt% enriched UO, pellet. The fuel pellets were clad in aluminum cladding.
Forty-nine fuel rods of this type were used for comparing with the PuO,-UQ, fuel rods. These
were also loaded at the central region of the core.

(3) 26PA.UO,

The surrounding driver region of the core consisted of this type of fuel. The adjustment
of the critical water level was performed by triming the size of the driver zone. The active
size of this fuel rod was 1.25cm in diameter and 144.15cm in length. The fuel material was
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2.6 wt% enriched UO, pellet clad in aluminum cladding.
2.3 Core construction

The every critical core was so constructed that the plan view was a square or almost square
to maintain the symmetry. Examples of core configuration were illustrated in Photo. 2 and
Fig. 4. The cores consisted of a central test region and a surrounding driver region except the
reference core of single region which consisted entirely of the 26 PA-UQO, fuel. The central test
region was formed in a square lattice of seven by seven rod array. Hereafter the test region is
described as the 7x7 region in this report. The PuO,-UO, or the JP-II.UO, fuel rods were
loaded in the 7x7 region, and the 26PA-UOQO, fuel rods were added in the driver region. The
number of driver fuels was adjusted to obtain the assigned critical water level for each measure-
ment.

The water-to-fuel volume ratio of the driver region was fixed to be 1.83, while four kinds
of volume ratio were used for the 7x7 region. When the volume ratio of the 7x7 region was
1.76, 2.00, or 2.38, a water gap existed between the 7X7 region and the driver region. Their
widths of the gap were 0.058, 1.788 and 1.452cm, respectively. The definition of the water gap
was the width between the outer boundary of the unit lattice cell of the 7x7 region adjacent
to the water gap and that of the driver region.

Two kinds of test fuel, 7.e. the PuQO,-UQ, and the JP-II.UO, fuel, and four kinds of
lattices of the 7x7 region made eight combinations of the experimental core. Another one was
the single regional core made of the 26 PA-UQ, fuel. The name of each core and the dimension
are shown in TABLe 2. The core configurations are shown in Fig. 5.

As mentioned before, the active length of the PuQ,-UO, was about a half of others, and
in case of use, the bottom ends of the active parts were set at the same height. The experimental
water level* was always kept lower than the upper end of the fuel. When the PuO,-UO, were
loaded, the water level was lower than 70.6cm, and when the JP-II.-UQO, were loaded, it was
lower than 144.15cm. Thus, the mixed region of the fuel, the cladding, the upper end-plug and
air existed above the active core, and the another mixed region of the lower end-plug, the water
reflector, the lower grid plate and the fuel support plate existed under the active core. The
horizontal reflector was thick enough. The vertical arrangement of the core are shown in
Fig. 6.

* The height from the bottom end of the active fuel to the water surface.



4 Critical Experiments and Analyses on 7X7 PuO:-UQO; JAERI 1234
Lattices in Light-Water Moderated UO: Core
TABLE 1 Fuel specifications.
Fuel type PuQO.-UO: JP-II.UO; 26PA-UQ,
Fuel pellet Pre-sintered Sintered Sintered
Density, g/cm?® 6.82+0.01 (62.2+0.1%T.D.) 10.4 +0.1 10. 4
Diameter, mm 10. 70+0. 06 10. 70+0. 04 12.5
. PuO,
0 . 37+0. . 2. 588 +0. 006(235 2. 596 (235
Enrichment, wt% 3.37+0.03 (PuOﬁ—UOz) +0. 006(23U) (235U)
Fuel rod
Cladding material Zircaloy-2 Al Al
Cladding 1.D., mm 10. 83+0. 04 10.83+0. 10 12. 65
Cladding thick., mm 0. 70+0. 07 0. 70+0. 07 0. 76 _
Fuel length, mm 70.55+1.0 1441.5+3.0 1441.5
Mass of Pu, g/rod 12.9
Composition, wt%
=5y, 288U Natural
239Py 90. 64+0. 06
240py 8.46+0. 03
Hipy 0.84+0. 02
242py 0.05+0.01
TABLE 2 Core specifications.
7% 7 region Water gap Driver region
Core name . . Note
Lattice Volume . Lattice Volume
Fuel type pitch, cm ratio Width, cm | Fuel type pitch, cm ratio
1. 76Pu 1. 660 1.76 0. 058
2. 00Pu 1. 725 2.00 1. 787
2.38Pu | PuOxUO: | g2 | 238 1. 454
2. 95Pu 1. 956 2.95 none Multi-
26PA-UO. 1. 956 1.83 regional
1. 76U 1. 660 1.76 0. 058 core
2.00U 1. 725 2.00 1. 787
2.330 | JPIUC: | 4 99 | 238 1. 454
2. 95U 1. 956 2.95 none
" Single
1.83TU Same as driver region none regional
core
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2. Experimental facility

#
Photo. 1 General view of Tank-type Critical Assembly (TCA).

Photo. 2 Upper grid plate.
Fuels in the central 7X7 region are not loaded.
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3. Criticality

3.1 Criticality measurements

3. 1.1 Critical configurations

The critical core configurations were determined under a room temperature for eight types
of the multi-regional cores and for one single regional core. The measured quantities were the
number of the driver fuel rods and the water level which were required to maintain the core
critical. Those measured quantities are shown in TABLE 3 with the calculated effective multiplication
factors.

The critical water level was determined to an accuracy of about 0.0lcm by means of the
servo-manometer ; the total absolute ambiguity of the critical water level was estimated to be
about 0.05cm, because the ambiguity of about 0.04cm should have been taken into account on
the correspondence between the bottom end of the active fuel and the reference reading of the
servo-manometer. The equivalent reactivity worth corresponding to the level difference of 0.05
cm was about 5.0x10-% 4k/k. The reactor water temperature shifted from 16.0°C to 21.0°C during
the experimental period, while it was assumed to be 20°C in the calculation. The maximum
temperature difference of 4°C was equivalent to the reactivity worth of about 3.2x10-*4k/k.
Consequently, the measured effective multiplication factor to be compared with the calculated one
was considered as 1.0000=+0.0004.

3. 1.2 Material bucklings and critical masses

The critical cores determined in this measurements were multi-regional except the 1.83TU
core. The power fraction of the 7x7 region was about 25% or less of the whole core. Then
the contribution to the criticality from the 7x7 region was relatively small.

The measured multiplication factors of those multi-regional cores can be used to evaluate
the calculational method for estimating the effects on criticality by the partial substitution of
the PuO,-UQ, fuels for the UO, ones. However, from the point of view of obtaining the
multiplying characteristics of those lattices, and verifying the calculational method for those
lattices, the results on multi-regional cores were not explicit. .

In order to obtain the more explicit information about the multiplying characteristics of the
lattices of the 7x7 region, the material bucklings B,? and the critical masses M. of the lattices
were derived from the measured geometrical bucklings, and the calculated values were compared
with the derived results.

(1) Estimation of material buckling

It is well known that the material buckling B,.? of a multiplying medium is equal to the
geometrical buckling B,? of the single regional bare critical core. Even when the single regional
core is surrounded by a thick reflector, the theory is applicable for the most of practical cases
by adopting an appropriate reflector saving.

When a core consists of two different multiplying media, such as the central 7X7 region
and the surrounding driver region, the shape of the eigen function is not simple. In general,
the definition of the geometrical buckling and the relation between the material and geometrical
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bucklings are obscure for such a multi-regional core. But when the physical properties are not
so different from that of the driver region, the existence of the central 7x7 region is considered
to be a partial disturbance to the single regional core entirely composed of the driver region.
For that case, the treatment based on perturbation theory is applicable to define the buckling B2
of the whole core!®.

If the 7x7 and driver lattices have the material bucklings B,2 and B,?, respectively, it can
be shown that the material buckling of the whole reactor is given by

B2=B2- W(R,) + B:2« W(R,). 3.1)

The factors W{(R,) and W(R,) are the statistical weights of the 7x7 and driver regions, and
are defined as

{ g2-av
W(R="R (3.2)
{ gav
core N
where R assigns a region and ¢ is a solution of P2+ B?-¢=0. The coefficient B? can be
considered as the synthesized material buckling for the multi-regional core.

On the contrary, if B? and B,? are known, the other material buckling B,? of the 7x7

lattice can be obtained by
Bﬁ:———B‘;—(gﬁBzz (3.3)

The material bucklings of the 7x7 lattices of the Pu and the U systems were obtained by
Eq. (3.3). The buckling B? was determined as the geometrical buckling for each critical size of
the outer shape of the core. The reflector savings were assumed to be equal to those of the
reference core 1.83TU. They were 1444+0.03 and 125+0.2cm in horizontal and vertical
directions according to the results of the variable loading method!?. The value of B,%2 was
9.317x 107 3cm2, which was obtained for the 1.83TU core. The cosine function was used as the
eigen function.

The measured critical cores were not necessarily complete rectangular parallelepiped, while
the W(R,) were calculated for the nearest size of rectangular parallelepiped. The correction for
the B? due to the difference of the shape was carried out considering of the reactivity worths
of the water level and the fuel rods loaded at periphery of the core.

In case of the cores of which water-to-fuel volume ratios in the 7 X7 region were 2.00 and
2.38, a water gap existed between the 7x7 and the driver regions. The water gap had some
negative reactivity worth. In other words, the B? of those cores were slightly decreased due to
the negative reactivity effect by the water gap. The correcting amount 0B? were estimated
under the assumption that the reactivity effect due to the water gap was proportional to its area,
when the variation of the area were small in a core.

The estimated results of the material bucklings are shown in TABLE 4 and Fig. 7 with the
calculated values. The calculated values were obtained as the solution of the following equation
with the constants in TABLE 8.

1= vy +- v . 2
Yut+2a+D Bt Y+, + DB Yy+3n+Dy B
L v2'5, ) 2 . e (3. 4)
Yt DyBt Y+ +Di+B? Yp+23n+ DB
The validity of the above mentioned method was checked by additional experiment. In the

experiment, the size of the central test lattice of which water-to-fuel volume ratio was 2.95, was
changed from one cell to 7Xx7 cells, and it was recognized that the term (B?— B,%)/W(R,) was
constant within experimental errors for the test lattices of larger than 4x4 cells. The results of
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this additional experiment are shown in Fig. 8.

The results of the material bucklings shown in Fig. 7 indicate the following differences
between the UQ, and PuQ,-UO, lattices in the range of this experiments when their fissile
atomic number densities are similar.

a) The reactivity effect of PuO,-UQO, lattice is apparently larger than that of UO, lattice in
the range of water-to-fuel volume ratio from 1.76 to 2.95.

b) The difference of the reactivity effect increases as the volume ratio. When a single regional
core has the geometrical buckling about 10-2cm~?, the difference in effective multiplication
factors is estimated to be 3.5 and 6.3% for the lattices of which volume ratios are 1.76 and
2.95, respectively.

¢) The volume ratios corresponding to the maximum material bucklings are different. The
PuO,-UQ, lattice has the maximum material buckling at the larger volume ratio. This
means that the PuQO,-UQ, lattice under consideration has a larger reactivity coefficient
against the ratio of moderator to fuel atomic number densities than the usual uranium fueled
light-water lattices.

(2) Estimation of critical mass

The critical mass of a single regional core can be estimated setting Bn?=B,? and determining
the core size corresponding to Bg2. By using the estimated results on the material bucklings,
the critical masses of the cores which consist of the PuO,-UQO, lattices used in this experiment
were estimated by

M.(Pu)=N-W, @.5)
2 2
L _2.6x\ [E—1444
N|B _|B. (3.6)
L L ,
BXZZB,,,ZEBZZZ(BJ—LSZWX 107) (o2 3.7

where
M, (Pu) : required critical mass of Pu,

W : weight of Pu in a fuel rod,

N : number of fuel rods in the core,

0x : horizontal reflector saving,

L : lattice pitch,

B,?: vertical buckling.
The cores were assumed to be single regional, rectangular parallelepiped, and fully reflected. The
results are shown in TABLE 5 and Fig. 9. The values based on the experimental results at BNWL®
are also shown in Fig. 9.

The fuel rods of the BNWL experiments consisted of 2wt% mixed oxide sintered pellets
and Zircaloy-2 cladding. The Pu composition was almost the same as the present experiments.
The slight difference between the BNWL values and the present values should be admitted
because the BNWL cores were cylindrical and consisted of the triangular lattices. Still, the both
results are close in both points of quantity and inclination with H/Pu atomic number density
ratio. It seems to show that the estimation made in this experiment is appropriate.



14 Critical Experiments and Analyses on 7x7 PuO:-UO: JAERI 1234
Lattices in Light-Water Moderated UO: Core

3.2 Criticality calculations

3.2.1 Two-dimensional diffusion calculation with three group constants

The criticality calculation was carried out according to the procedure as shown in Fig. 10.
Few group constants in the 7x7 and driver regions were obtained by the LASER code!® which
was developed for the burn-up calculation and was equivalent to MUFT-THERMOS'® codes.
The constants in the water gap and reflector regions were obtained by the UGMG41'4 (equivalent
to MUFT) and the THERMOS codes. The number of few groups was two for fast groups and
one for a thermal group. Cut-off energies of the groups were 5.53keV and 1.855e¢V. The
number of the fine thermal energy groups was thirty-five, and the width of a energy band was
made narrow in the neighborhood of the resonances of 2¥Pu and 2%'Pu. Calculational conditions
on using the codes described above are summalized in TABLE 6. The atomic number densities of
materials in each region of the fuel unit cell are shown in TABLE 7. Few group constants of each
lattice and water regions are listed in TABLE8. The volume of the void region between the fuel
pellet and the cladding was smeared into the cladding region and the apparent atomic number
density of the cladding was decreased.

The effective multiplication factor k. as well as the neutron flux and power distributions
of each core were obtained by using the two-dimensional diffusion calculation code PDQ.5'%).
The vertical neutron leakage was estimated by the vertical buckling which was determined with
the measured critical water height of each core and the measured vertical reflector saving of
12.0cm as shown in Section 5.1.3. An example of the arrangement of spatial meshes in the
diffusion calculation is shown in Fig. 11. The thickness of the reflector region is more than 20
cm in all cases. The calculated ket are shown in TABLE3 and Fig. 12. The measured k.
correspond to the calculated values are 1.0000+0.0004.

From the comparison between the calculated and the measured k. the following remarks
were obtained :

(a) Except 2.38Pu and 2.95Pu cores the calculated values are underestimated.

(b) The errors of the calculated values are within +0.3%.

(c) The calculated values for the Pu system are 0.1~0.49% higher and closer to the measured
values than for the U system.

(d) The dependence of the calculated values on the water-to-fuel volume ratio are recognized for
the Pu system. Otherhand, the values of the U system are almost constant in all water-to-
fuel volume ratio.

(e) The calculated value for the 1.83TU core which consists of uniform UQ, lattice is 0.1% lower

than the measured value, and closer to the experiment than for the multi-regional cores.

3.2.2 Dependence of accuracy on the calculational conditions and the core geometries

Dependence of the calculated Z.; were examined on the conditions in the diffusion calculation
and on the geometry of the critical core.

(1) Condition in diffusion calculation

(a) Spatial mesh

To examine the error in k. due to the spatial mesh width, two-dimensional diffusion
calculations were performed for the several combinations of the spatial meshes in 2.00Pu core as
shown in Fig. 13 with calculated results. Case 1 was standard and had the finest allocation, and
Case 5 had the most coarse spacings. The ke of Case 5 was greatest, but the difference of k.
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from the standard case (Case 1) was only 0.19% and negligible.
(b) Error of the measured vertical reflector saving
The measured reflector saving had the error of +0.1cm. The influence of this error on the
calculated k.r was examined by using two-group constants of the PuO,-UO,, JP-II.UO,, and
26PA-UO, fuel cells. The variation of k. by the change of the reflector saving is expressed
by
dkes __ kei(0, + 40,) — kers(8,)

48, 26, , (3.8)
> v >
b= Vaqy 2, & .
O i Zut DB Syt DB Sit Snt DB, (3.9)
2o (. ’ (E)Z
B=2 (X> “Z) (3. 10)
Z=H+o, (3.11)

where
0. : vertical reflector saving
H : critical water height
X : horizontal core width with reflector saving.
The change of 0.lem of 8, resulted 0.0001 of k. for all cores as shown in TABLE 9.
(2) Dependence on core geometry
The most remarkable geometrical characteristic of the cores in this experimental series was
the presence of the water gap. The water-to-fuel volume ratio also specified the geometrical
characteristics. The relations between the geometrical characteristics and the calculated k. were
examined.
(a) Water gap
The cores having water-to-fuel volume ratio of 1.76 and 2.95 had little or no water gap.
To examine the water gap effect in those cores, the water gaps of which width was about 2.0
cm were made at the boundary between the 7x7 and driver regions as shown in Fig. 14, and
their critical water heights were measured. The results of the two-dimensional diffusion calculation
are shown in TABLE 10 and Fig. 15. From the comparison between the calculated and the measured
ks, the following remarks were obtained.

(1) The calculated k. for the Pu system are influenced more than for the U system by the
water gap.

(i1) The calculated ke of the 1.76Pu and 1.76U cores with water gap become smaller by
about 0.1~0.2% than that of the cores without water gap. However, the calculated k.
of the 2.95Pu and 2.95U cores are scarecely affected by the water gap.

(b) Water-to-fuel volume ratio

The calculated k. for the cores with water gap could be thought to show the dependence on
the water-to-fuel volume ratio, because the cores had approximately the same cross-sectional area
of water gap as shown in Fig. 15. As the effect of water-to-fuel volume ratio, the followings
were obtained.

(i) The calculated k.; of the U and Pu systems become greater with the increasing volume
ratio.

(ii) The Pu system has more dependence on the volume ratio than the U system.

(iii) The dependence (i) is consistent with that of material buckling as shown in Fig. 7. But
the ratio of the calculated to the measured material bucklings shows the greater dependence
on water-to-fuel volume ratio for the U system than for the Pu system. This fact is
inconsistent with (ii) and can be thought due to the water gap and the reflector. The
characteristics on the uniform lattices should be necessary to be studied.
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3.3 Summary on criticality

The ratio of neutron absorption and emission in the PuO,-UO, lattice of the multi-regional
core used in this experimental series was about 20% of the whole core. In these cores the
reactivity effects of the PuO,~-UO, fuel rods surrounded by the low enriched UQ, fuel rods
were measured and compared with that of the JP-II-UO, fuel rods which had the almost same
atomic number density of fissile materials as the PuO,-UO, fuel rods. Water-to-fuel volume
ratio in the 7x7 region ranged from 1.76 to 2.95. An accuracy of the calculational method was
also examined for the multi-regional cores composed of above mentioned fuel rods. The con-
clusions reached as a result of this study are as follows:

(1) The PuO,-UO, fuel rod has greater reactivity effect, or material buckling, than the JP-II-UQO,
fuel rod. This difference of the reactivity effect becomes greater with increasing water-to-fuel
volume ratio. This is due to the fact that material buckling of the PuO,-UQO, lattice has
maximum point at the greater water-to-fuel volume ratio than the JP-II.UO; lattice.

(2) The above fact suggests that by adjusting the enrichment of plutonium in a mixed oxide
fuel rod, the reactivity effect of both fuel lattices could be made as same at any water-to-fuel
volume ratio. However, particular attention should be called to the fact that the reactivity
coefficients, such as void or temperature coefficients, may be different.

(3) Calculated ks are within the error of +0.3% of the measured ones. From these results,
the LASER code which was developed for burn-up calculation of uranium dioxide fueled
cores, can be used for mixed oxide fueled cores in good accuracy.
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TABLE 3 Measured critical core configurations and calculated effective multiplication factors e

Core Run number and | Water gap | No. of driver | Critical water | Core temp., | Calculated

name core identification* | width, cm fuels level, cm °C Rett
1. 76 Pu 3804, A 0. 058 288 68. 72 18.9 0. 9993
2.00Pu 3837, B 1. 787 260 68. 15 20. 6 0. 9988
2.38Pu 3744, C 1. 454 236 69. 28 16. 2 1. 0006
2.95Pu 3829, D none 244 69. 26 20.4 1. 0026
1.76U 3821, E 0. 058 288 75. 88 21,0 0.9974
2.00U 3840, F 1. 787 284 68. 80 20.8 0.9977
2.380 3710, G 1. 454 260 80. 85 16.0 0. 9981
2.95U 3833, H none 276 66. 53 20.0 0. 9985
1.83TU - 3872, 1 none 285 137. 22 21.0 0. 9988

* Reffer to Fig. 5 on alphabetical letters.

TABLE 4 Material bucklings of lattices.

Fuel Water-to-fuel Experimental Theoretical
v volume ratio Bt x1073%cm™? Bn? x1073%cm™2

1.76 9,22 8.88

2.00 9. 64 9. 28

JP-1I.UO, 2.38 10. 08 9. 59

2.95 9. 60 9. 63

1.76 10. 41 9.43

2.00 10. 95 10. 14

PuO;-UO: 2.38 .1 10. 89

11, 86
2.95 11,94 11. 58
26 PA-UO: 1.83 9.32 9.22
TABLE 5 [Estimated critical masses of PuO;-UQ; fuel.
Volume ratio Atomic number Experimental Theoretical
(lattice pitch, cm) | density ratio H/Pu critical mass, kg critical mass, kg

1.76

(1. 660) 230.0 4,90 5. 77
2. 00

(1. 725) 261. 4 4.17 4.74
2.38

(1. 820) 311.1 3. 37 3.78
2.95

(1. 956) 385.6 2.82 2.95
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TaBLe 6 Calculational conditions for few group constants.

JAERI 1234

Energy boundary of few groups

10 MeV—5.53keV, fast group

5.53keV—1.855¢V, epi-thermal group

1.855eV—0¢eV, thermal group

Temperature

20°C

Fast and epi-thermal
groups

Number of groups
Spatial dependence

Slowing down model

Resonance escape
probability

50

Bl approximation

Greuling-Goerzel approximation for H, Consistent age
approximation for other nuclides

L-factor : Strawbridge’s procedure for 23U,

: 1.0 for other nuclides

Thermal group

condition

Number of groups
Scattering model
Cell boundary

35

Nelkin with transport correction

Isotropic scattering

TABLE 7 Atomic number densities.

Fuel Unit: x10*'ecm™*
' Fuel type
26 PA-UQO; PuO,-UO; JP-11-UO,
Nuclide
35y 6. 086 x 10~¢ 1.062x 107 6. 0861074
0] 2.255x 1072 1.460x 1072 2.262x107?
239Pu 4.632x 107
240py 4.305x 1075
2lpy 4. 257x 1078
242py 2.523x1077
(0] 4.725x 1072 3.044x 1072 4. 6461072
Cladding
Nuclide Zircaloy-2 Aluminum
Zr 4.217x107°?
Fe 9.917x1078
Cr 7.418x 1075
Ni 4.013x107°
Al 6.034x1072
Moderator
Nuclide Water
H 6.676x 1072
O 3.338x1072




JAERI 1234 3. Criticality 19
TasLe 8 Few group constants.
26PA-
Region UQz PuO:-UQ: lattice JP-1I.UQ; lattice
lattice - H.0
Water-tofuel |y g3 | 176 | 200 | 238 | 295 | 1.7 | 200 | 238 | 2.9
volume ratio
D, i1.432 1. 608 1,592 1. 601 1.578 1. 433 1.440 1. 458 1. 466 1. 508
Fast ¥.110. 003454/0. 002744[0. 002598/0. 002418/0. 002191;0. 003502/0. 0033080. 0030600, 002755|0. 0002317
(10MeV~ | 3 |0. 04719 (0. 04467 |0. 04655 0. 04941 10. 05224 10. 04622 0. 04818 {0. 05079 [0. 05365 (0. 07281
5.53keV) b3 0. 00430710. 0034950. 003272/0. 0029790. 0026140, 004374/0. 004114/0. 003767/0. 003327/0. 0
> 10, 001543/0. 00121110. 001133i0. 001031]0. 000904/0. 0015680. 001473/0. 001347|0. 001188(0. 0
D, 0.7004 [0.7574 |0.7420 [0.7231 0.7022 [0.7090 [0.6985 [0.6856 |0.6710 |0. 6071
Epi-thermal >.210. 02163 10. 02131 |0. 01999 0. 01828 0. 1612 |0. 02268 (0. 02129 |0. 01945 (0. 01714 |0. 0006211
(5.53keV~| 3210, 08878 |0. 08626 (0. 09197 [0. 1000 [0.1088 (0. 08580 (0. 09176 0. 09963 (0. 1087 0. 1681
1.855eV) 1,510 01058 0. 01393 (0. 01298 [0. 01178 [0. 01028 {0. 01076 [0. 01001 [0. 009051/0. 0078840. 0
12 10. 004355(0. 00496010. 004621/0. 004192j0. 003658{0. 0044320. 0041230. 0037280. 003247(0. 0
D5 10.2899 10.3066 |0.2908 |0.2719 10.2515 [0.2997 |0.2847 0.2668 0. 2473 (0. 1564
Thermal Y.3]0. 08735 10. 1374 |0.1292 {0.1181 [0.1044 0. 08974 (0. 08602 (0. 08070 |0. 07362 |0. 01906
(()1685\5})6"” U350, 1388 10,2241 [0.2101 [0.1906 [0.1659 [0.1437 [0.1359 [0.1249 |0.1103 (0.0
Ss 0. 05683 [0. 07871 (0. 07379 (0. 06699 (0. 05832 (0. 05885 0. 05566 (0. 05114 |0.04519 [0.0
Taste 9 Effect of increasing vertical reflector saving 0, on calculated
effective multiplication factor Zets.
Water-to-fuel . Akegt
Fuel type volume ratio Core height, cm due to 46;=0.1cm
1. 76 68.72 1.2x107¢
2. 00 68. 15 1.2
Pu0,-UO; 2.38 69. 28 1.0
2.95 69. 26 1.0
1.76 75. 88 0.9
2.00 68. 80 1.2
JP-1I-UO: 2. 38 80. 85 0.7
2.95 66. 53 1.1
26 PA.-UO; 1.83 137. 22 1.0
TABLE 10 Water gap effect on effective multiplication factor kerr.
Experiment Calculation
Core
name Water gap Number of Critical water Temperature, £ Ak
width, cm driver fuels level, cm °C eff elf
0. 058 288 68.72 18.9 0. 9993
1.76 Pu 2,014 268 67. 84 12.3 0. 9971 0. 0022
0. 058 288 75. 88 21.0 0. 9974
1.76U 2,014 284 72.13 12.9 0. 9961 0. 0013
0.0 244 69. 26 20.4 1. 0026
2.95Pu 1,956 236 69, 14 12.8 10031 | —0-0005
0.0 276 66. 53 20.0 0. 9985
2.95U 1,956 202 69. 55 110 0.9988 | —0-0003
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4. Neutron flux distributions

4.1 Measurements on neutron flux distributions

4.1.1 Method of activation traverses

The horizontal neutron flux distributions were obtained by activation traverses. The detectors
used were small pellets of pure gold (hereafter described as Au pellet) with or without cadmium
cover, and of aluminum-dysprosium alloy (hereafter described as Dy-Al pellet). The information
on the epi-cadmium and the sub-cadmium neutron flux distributions and the spectral change in
these cores were deduced from the activation travereses by the gold detector.

The detector pellets were planted in sample holders made of polymethylmetacrylate as shown
in Fig. 16. The holder was set in cell moderator between fuel rods, so as to traverse the every
core region, i.e. the 7x7, the water gap, the driver, and the reflector regions. The detector
pellets were irradiated by about 400 W.min. After about 30min of cooling time, the detector
pellets were taken out of the core, then they were removed from the sample holder into counting
holders which were small cups made of polymethylmetacrylate. The each counting holder was
put in a well-type Nal(T/) scintillation counter, and the y-ray activity was counted. The final
activity results were obtained after making several corrections, which were regarding the back-
ground, the resolving time of the counting system, the time decay factor of activity, and the
relative activation sensitivity of detector pellet. The sensitivity was assumed to be proportional
to the weight of the detector pellet.

(1) Activation traversing by Dy-Al pellets

The Dy-Al pellet containing 10.5wt% dysprosium was shaped into thin-short cylinder with
O.lcm in diameter and 0.2cm in length. The Dy-Al pellets were planted in three sample holders
which were used to traverse the core at an irradiation since the lattice pitches in the 7x7 and
in the driver regions were different. The three holders were fixed horizontally at the same height
around the vertical mid position of the effective fuel zone. A typical example of detector
positioning in the 2.00U core is shown in Fig. 17. The detail dimensions of detector setting are
shown in Fig. 18 for each core. The y-ray from %Dy (half-life: 139min) were counted with
the discrimination level of 30keV.

(2) Activation traversing by Au pellets

The Au detector pellet of which purity was 99.993wt% was also shaped into a small cylinder
with 0.1cm in diameter and 0.2cm in length. The bare pellets were positioned for each a quarter
interval of a lattice pitch in the west-side of the core, while the Cd-covered pellets were set in
the opposite side for each a half lattice pitch. The typical example is shown in Fig. 19 for the
200U core. The cadmium covers were of 0.35cm in outer-diameter, 0.28cm in height and 0.05
cm in thickness. The equivalent cut-off energy by this cadmium cover was evaluated to be about
0.5eV by the method in the Ref. 16. The discrimination level of v-ray energy was fixed at
0.3MeV so as to include the photo peak of 0.412MeV from %8Au. The cadmium ratios of the
Au pellets in the lattices were derived by the following,

Rc4=Nyare/Nea 4.1
where
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Nuare: y-ray activity of bare detector,
N.a: vy-ray activity of Cd-covered detector.
The statistical errors on counting and on weighing were considered to be dominant among
the sources of the error, therefore the relative error on the activity ratio of each detector pellet
was estimated by the followings,

0=+0,2 1052, 4.2

0,=v'N|N, . 3)
n
L | B we-wy
S D) 4. 4)
where

o, : relative standard error on counting,

o, : relative standard error on weighing,

N: v-ray counts,

n: repeating number of weighing for a pellet,

W . average weight of the pellet weighed 7 times,

W : weight of the i-th weighing for the pellet.

The counting rate was 3,500~20,000counts/30sec for the bare Au and the Dy-Al pellets,
and 1,600~3,500counts/min for the Cd-covered pellets. The average weight of each pellet was
obtained by weighing the pellet three times. The Au pellets which were around 30mg were
weighed by a balance having an accuracy of +0.02mg. A finer balance having an accuracy of
+-0.003mg was used for weighing the Dy-Al pellets, because their weights were around 4mg.

4,1.2 Features of activation traverses

The measured results of the activation traverses by the Dy-Al and Cd-covered Au are shown
in Figs. 20 through 37. with the corresponding calculated results. The measured results on the
cadmium ratios are shown in Figs. 38 through 46. The experimental errors were estimated on
the counting statistics and on the weighing accuracy by Eq.(4.2). The relative errors of the
measured quantities were estimated to be less than 1.5% for the activity distributions by the Au
and Dy-Al pellets and less than 3% for the cadmium ratios. The amounts of the errors are
involved within the circles indicating the measured values in the figures.

Other sources of the experimental errors could be suggested. They were the neutron flux
depression around and inside the detector pellet, and the neutron flux distortion due to the
polymethylmetacrylate sample holder. The former effect was considered to be very small and
neglected, because the measurement was to aim at the relative flux distribution. The latter effect
was evaluated by carring out the supplemental experiment measuring the activity distributions of
Dy-Al wires in a polymethylmetacrylate holder and in water through a lattice and a water gap
regions. The water gap was made in the 26PA-UO;, fueled core and its width was 3.9cm.
The cross-sectional dimension of the holder was 0.5x3.3cm and considerably large compared
with that of the holder used in the neuiron density distribution measurement described in Section
4.1.1. In this supplemental experiment, the depression rate of the activity by the holder was
only 3.6% at the center of the water gap. Thus, the neutron flux distortion in the neutron
density distribution was considered to be much less than above mentioned experimental errors
and no correction was applied to the results, since the width of water gap was less than 1.8cm
and the cross sectional dimension of the holder was 0.3 xX1.5cm.

The followings were observed from the measured reults.

(1) Activity distributions by Dy-Al
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The activity distributions obtained by the Dy-Al pellets are understood as showing the
distribution of thermal neutron density in the cores because of the 1/v cross-section characteristic
of Dy. It is interesting in observing the measured results to compare the distribution in the Pu
system with that in the U system, to watch the change of distribution with the water-to-fuel volume
ratio, and to distinguish the difference between the UO, and the PuQ,-UQO, 7x7 lattices. The
peak activity in the reflector of every core were selected as a reference level and the ratios of
the averaged activity in the central 3x 3 lattice to that of the peak activity in the reflector were
examined. The ratios are plotted against water-to-fuel volume ratio in the 7x7 region in Fig. 47.
The followings were observed on the -activity ratios.

(i) The ratio increases as the increase of the water-to-fuel volume ratio for both cases of the
U and the Pu systems.

(ii) The ratio in the U system is apparently larger than that in the Pu system under the
same water-to-fuel volume ratio.

(iii) When a PuO,-UO, lattice has the same atomic number of fissile materials as a UQ,
lattice, the water-to-fuel volume ratio in the PuQ,-UQ, lattice should be much larger
than that in the UO, lattice to get the same ratios as the U and the Pu systems. As
an example, a PuO,-UQ, lattice of which water-to-fuel volume ratio is 2.95 has almost
the same ratio as that of the UO, lattice of which water-to-fuel volume ratio is 2.00.

(2) Activity distributions by Au

The results on the sub-cadmium activity distributions indicated the similar features as those
by the Dy-Al pellets. The epi-cadmium activity distributions had monotonous convex planes for
all cores as shown in Figs. 29 through 37. The core with water gap around the 77 region
seems to have a slightly flater distribution in the 7x7 region. This property is same in both of
the Pu and the U systems.

(3) Distributions of cadmium ratio

The distributions of cadmium ratio minus 1.0 (R.q—1.0) were almost flat in the central 3x3
lattice of the 7x7 region for all cores as shown in Figs. 38 through 46. The relation between
R.q—1.0 of the 7x7 region at the center and the water-to-fuel volume ratio is shown in Fig, 48.
It shows that R.q—1.0 increases monotonously and almost linearly with the water-to-fuel volume
ratio. This inclination was similar for the both lattices of the U and the Pu systems. The
quantities of R.q—1.0 in the UO, lattice, however, were about 1.6 times larger than those in the
PuO,-UQ, lattice.

The value of R.q—1.0 in the uniform UQ, lattice (1.83TU core) agreed well with that in
the U system. .

The driver and the 2.95Pu lattices had the almost same cadmium ratio and the activity

distribution was continuous throughout these two regions like as in an uniform lattice.

4.2 Andlysis on neutron flux distributions

4.2.1 Correlations of measurements and calculations

(1) Activity distributions by thermal neutrons

The measured activity distributions obtained by the Dy-Al are understood to express the
relative thermal neutron density distributions. When the one-to-one correspondence between
distributions of the measured activity and the calculated neutron flux is tried, firstly the calculated
thermal neutron flux should be converted to the thermal neutron density, secondly the positional
difference between the setting point of the detector and the mesh point in the calculation should
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be taken into account, and thirdly the activity and the neutron density should be normalized to
make the direct comparison possible. '

The neutron flux ¢(v) is connected with the neutron density N(v) and the neutron velocity
v under the relation of

$(v)=N(v)-v. (4.5)

Therefore, the thermal neutron density was obtained by dividing the thermal flux resulted from
the diffusion calculation by the thermal neutron velocity obtained from the fuel cell calculation.
The thermal neutron velocity depends on the position in the fuel cell. The average velocity T
of the thermal group on the fuel cell boundary was used for converting the neutron flux to
the neutron density, because the detector pellets were set on the fuel cell boundary. The fuel
cell calculation were performed for the cylindrical geometry, while the shape of the actual fuel
cells were square. But the differences on the average velocity due to the geometrical difference
were neglected. .

Second factor to be noticed was that the neutron density obtained by the above procedure
indicated the average value in the fuel cell, while the measured neutron density corresponded to
that on the fuel cell boundary. Therefore, the calculated neutron flux ¢ should have been
corrected by the ratio d of the neutron flux ¢, on the fuel cell boundary to the neutron flux

.. averaged in the fuel cell. Namely, the calculated neutron density on the cell boundary was
deduced by

N= (4. 6)

The numerical values of d and v are listed in TABLE 11,
The average values of the measured and calculated neutron densities across the 7x7 region

were normalized to unity as follows. The calculated relative neutron density was obtained by

SR
Nnor__¢ d/’ 17)' (4 7)
Vi El

where
Nt : normalized thermal neutron density at mesh point

¢ : thermal neutron flux at mesh point Z,
%, : Neutron velocity at the cell boundary of a region which includes mesh point 7,

d; : ratio of the neutron flux at mesh point 7 on the fuel cell boundary to the

neutron flux averaged in the fuel cell,

l; - mesh width,

n: total number of mesh points along correlating direction in the 7x7 region.
On the otherhand, the normalization was made for the measured relative neutron densities by,

A nor_A / (4 8)

m

2L

where

A7 : normalized relative thermal neutron density at position j,
A; : measured activity at position 7,
L;: interval represented by measured point j,
m: total number of measured points along correlating direction in the 7x7
region.
(2) Epi-thermal neutron flux distributions
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Calculated distributions of epi-thermal neutron flux were compared with the Cd-covered Au
activity distributions. The calculated epi-thermal flux was that of the second group in the few
group diffusion calculation and had the energy range of 1.855eV to 55keV. The experimental
epi-thermal flux was obtained from the activity of the Cd-covered Au which were irradiated by
above 0.5eV neutron. The measured epi-thermal flux could be considered as almost as that of
49eV, because "Au has a giant resonance absorption at that energy.

4.2.2 Remarks on correlations

(1) Thermal neutron density distributions

The comparisons between the measured and calculated neutron densities are shown in Figs. 20
through 28.

The both distributions of the measured and the calculated neutron densities were normalized
in the 77 region and correlated each other. Mean deviations of the theoretical results from the
experimental ones in each region are listed in Table 12. The deviations in the driver region
were less than 3% except the 2.95U core and its dependence on the water-to-fuel volume ratio
were not recognized. In the reflector region, the deviations became smaller as the water-to-fuel
volume ratio increased. The deviations in the multi-regional cores were, however, considerably
great and were in the range from —39% to —169%. No distinct tendencies of the deviations were
observed between two kinds of the fuels loaded in the 7x7 region.

On the uniform lattice core (1.83TU), the deviations in the reflector region was 296 and less
than in the multi-region cores.

The deviations over the core were not affected by the presence of the water gap having the
width less than 1.8cm, because the deviations in the driver regions of the core with the water
gap were not so changed compared with that of the core without the water gap.

On the uranium fueled cores, the deviations in the reflector regions of the multi-regional
cores were greater than that of the uniform lattice core. This means that the few group constants
and other parameters o; and d have some ambiguities in the water gap and the regions near the
boundary.

(2) Eqi-thermal neutron flux distributions

The calculated neutron flux distributions were in good agreement with the experimental
values. The normalizations of the measured and calculated distributions were made with the
averaged flux levels in the 7X7 region, respectively. Comparisons between the experimental and
theoretical values are shown in Figs. 29 through 37. In the water gap and the reflector regions,
however, the calculation underestimated the distribution slightly. This cause was due to the
difference of cut-off energies for the epi-thermal neutron between the experiment and calculation.
They were about 0.5eV and 1.855eV, respectively, and the measured values were affected by the
peaking of thermal neutron in water.

(3) Cadmium ratios

The relation between the cadmium ratios in the central 3x3 lattice and the cross-section
ratio of the epi-thermal slowing down to the thermal absorption, ,,/5.,, were examined. In an
infinite uniform medium, the ratio Y.,/ ,; is related to the ratio of the epi-thermal to the thermal

neutron fluxes by the simple diffusion theory as

Srz ¢3

“r2_Ps 4.9

233 ¢2- ( )
Thus, the cadmium ratio has the following relation to the cross-section ratio as

cadmium ratio —1.0cc 212 (4. 10)

X
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This relation is plotted with the experimental values in Fig. 49. A linear relationship exists between
cadmium ratio—1.0 and the cross-section ratio over the U and the Pu systems.

It was noticed that the cadmium ratios and the cross-section ratios were nearly the same
between the driver lattice and the 7x7 lattice of the 2.95Pu core, and the neutron density
distributed smoothly through those lattices. Therefore, as an indication to get a neutron flux
matching between those different regions, a cadmium ratio or a cross-section ratio X.,/2.; are
suggested to be useful.

4.3 Summary on neutron flux distributions

The followings were summarized as the results of the study on the neutron density and flux
distributions.

(1) The neutron density level in the 7x7 region relative to that in the driver region increases
with the increase of the water-to-fuel volume ratio in the 7 X7 region. The neutron
densities distributed smoothly between the driver and the 7Xx7 regions of the 2.95Pu or
the 1.76 U core, and their lattices had a good neutron density matching. In those cases, the
cadmium ratios were almost constant through the both regions.

(2) There were no distinct differences between accuracies of the calculated values for the multi-
regional cores of the U and the Pu systems.

(3) However, the calculational accuracies for the multi-regional cores were worse than the uniform
lattice core. This causes were considered due to the ambiguities in the few group constants
and other parameters of the water gap and the regions near a boundary.
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TasLe 11 Correction factors for neutron density distribution.
Neutron speed at .
Region Wzliter-to-fltx.el cell boundary, Depression factor
volume ralio 2200 m/sec unit

1.76 1. 650 1.113

Pu0,-UO:; lattice 2.00 1.590 1.112

2.38 1.521 1. 109

2.95 1. 449 1.104

1.76 1.526 1.073

JP-I1.UO; lattice 2.00 1.484 1.074

2,38 1.434 1.074

2.95 1. 382 1.072

26PA-UO:; lattice 1.83 1. 493 1. 090

H.O — 1,149 1. 000
TasLe 12 Difference between experimental and calculational thermal neutron density

distributions.
M\\‘\‘\;\'\ Difference; (Cal.—Exp.)/Exp., %

Core nam o Egi?\ 7% 7 lattice Water gap Driver Reflector
1.76Pu 0.0 — —2.7 —12.7
2.00Pu 0.0 -3.7 1.2 —7.7
2.38Pu 0.0 -3.8 —0.6 —8.8
2.95Pu 0.0 — —-3.2 —8.7
1.76U 0.0 — —0.9 —15.9
2.00U 0.0 —5.7 - —3.4 —8.2
2.38U 0.0 2.9 3.2 —7.4
2.95U 0.0 — 11.9 —-3.3
1.83TU — 0.0 2.2
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Fig. 17 Measured points of Dy activity in 2.00U core.
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20

Distance from core center (cm)

(O: Measured with Dy, —: Calculated.

25

30

7x7

[€——— PuOz-U02

26 PA-UO,

]

1

Reflector

]

10

Fig. 23 Thermal neutron density distribution in 2.95Pu (RUN 3830) core.

QONAC

Distance from core center

20

(cm)

(O : Measured with Dy, —: Calculated.

25

30



JAERI 1234 4. Neutron flux distributions 33
1 | | | |
Water gap
Tx7
3.0f«——JP-I-U0, 26 PA UOz- Reflector —
25 -

Relative thermal neutron density

Relative thermal neutron density

20

0.5

1

0.0
0

nininiiely

5 15 20 25 30

Distance from core center (cm)

O : Measured with Dy, —: Calculated.

Fig. 24 Thermal neutron density distribution in 1.76U (RUN 3816) core.
| | T I I
7x7 Water
3.0 ‘—JP'H'UOZ gap 26 PA- U0z Reflector —
25— —
20— -
o

1.5 ? —

o

0.5

0.0

Fig. 25 Thermal neutron density distribution in 2.00U (RUN 3883) core.

1 NOnnor,

Distance from core center

(cm)

O : Measured with Dy, —: Calculated.

25

30



34

Relative thermal neutron density

Relative thermal neutron density

3.0

2.5

2.0

3.0

2.5

2.0

0.5

0.0
o

Critical Experiments and Analyses on 7x7 PuQ.-UO;

Lattices in Light-Water Moderated UO2 Core

JAERI 1234

7
< JP-II'UO,

Water

Mgap™]

pe—————— 26 PA:U0,

Wﬁﬁﬁﬁﬁ,

Reflector

iialy

0.0
0

Distance from core center
— : Calculated.

O: Measured with Dy,

20
(cm)

Fig. 26 Thermal neutron density distribution in 2.38U (RUN 3845) core.

30

x7

| |

=~ JP-I:U0;

I

26 PA-UO3

Reflector

101017

anaalEng

Distance from core center

O: Measured with Dy, —

20

{cm)
: Calculated.

Fig. 27 Thermal neutron density dlstrlbutxon in 2.95U (RUN 3835) core.

30



JAERI 1234

neutron density

Relative thermal

30

2.5

2.0

0.5

0.0

Relative activity of epi-Cd Au ond epi-thermal neutron fiux

4. Neutron flux distributions

35

[ 26PA-UO;

Reflector

IOOAOGO0

15 20 25
Distance from core center (cm)
QO : Measured with Dy, —: Calculated.
Fig. 28 Thermal neutron density distribution in 1.83TU (RUN 3872) core.
'S l | | 1
e 7% 7Pu0, -UO2 26PA-UO, Reflector

1.0

0.5

0.0

siniaialh

Distance from core center (cm)

O: Measured, —: Calculated.
Fig. 29 Epi-thermal neutron flux distribution in 1.76Pu (RUN 3813) core.

20 25

30



36

Relative activity of epi~Cd Au and epi-thermal neutron flux

Relative activity of epi-Cd Au and epi-thermal neutron flux

Critical Experiments and Analyses on 7x7 PuQO2-UQ,
Lattices in Light-Water Moderated UOz Core

JAERI 1234

1.5
I

7x7 Water

<—— Pu0;-U0, gap

0.5

26 PA-UO,

Reflector

Jilnialn

OO0

Distance from core center (cm) -

O: Measured, —: Calculated.

20 25

Fig. 30 Epi-thermal neutron flux distribution in 2.00Pu (RUN 3838) core.

7x7 Water
[<— Pu02~ UOz ——— > gap

0.5

<——— 26 PA- UO,

i

Reflector

Jilainla

100

(O: Measured, —: Calculated.

Distance from core center (cm)

20 25

Fig. 31 Epi-thermal neutron flux distribution in 2.38Pu (RUN 3877) core.



JAERI 1234

Relative activity of epi-Cd Au and epi-thermal neutron flux

Relative activity of epi-Cd Au and epi-thermal neutron flux

1.5

0.0

4. Neutron flux distributions

7x7 PuOp—UOp——>|

e ——— 26PA-UO,

],

Reflector

0 5

1.5

0.5

Distance from core center

10O0An

(cm)

O : Measured, —: Calculated.
Fig. 32 Epi-thermal neutron flux distribution in 2.95Pu (RUN 3831) core.

20

25

— UP-II-UO,

26 PA- U0,

Reflector

Jilalah

5

ninnininn

Distance.

from core center (cm)

(O : Measured, —: Calculated.

20

Fig. 33 Epi-thermal neutron flux distribution in 1.76U (RUN 3822) core.

25

37



Critical Experiments and Analyses on 7x7 PuOz:-UQ: JAERI 1234
Lattices in Light-Water Moderated UO: Core

1.5
E | I | |
e
c
£
Frd Wat
& [=——JP-II-U0; 9ap - 26PA - UO2 Reflector
g
E
O
f- 1.0
a
(0]
he)
=
(=]
3
<
3
8 os
6
>
=
=
3
2
5
[+
€ oo I 111 |
0] 5 10 15 20 25
Distance from core center (cm)
O: Measured, —: Calculated.
Fig. 34 Epi-thermal neutron flux distribution in 2.00U (RUN 3884) core.
x 1.5
2 1 | | i
=
e
5
(4]
= Water
5 s~ JP-I1-UQp ——=~ gap [ 26PA-U0; Reflector
E
(]
£
T 10 -
Q.
()
e
c
o
3
<
el
?
g o5 -
“
o
el
=
k3
O
® (o]
2
o
£ oo ' l ]
5 10 i5 20 25

Distance from core center (cm)

(O : Measured, —: Calculated.
Fig. 35 Epi-thermal neutron flux distribution in 2.38U (RUN 3846) core.



JAERI

Relative activity of epi-Cd Au and epi-thermal neutron flux

Relative activity of epi-Cd Au and epi-thermal nentron flux

1234

4. Neutron flux distributions

39

_.
3]

o]

o
w

26 PA - UO2

Reflector

L

alaininininlnln

Distance from core center (cm)

O : Measured, —: Calculated.
Fig. 36 Epi-thermal neutron flux distribution in 2.95U (RUN 3834) core.

20 25

o

[}

o
)

26PA-UO2

Reflector

=}
o
o

Fig.

ialalninin

Distance from core center (cm)

15

(O : Measured, — : Calculated.

20 25

37 Epi-thermal neutron flux distribution in 1.83TU (RUN 3872) core.



40 Critical Experiments and Analyses on 7X7 PuO.-UO: JAERI 1234
Lattices in Light-Water Moderated UQ2 Core

!
Represented direction
|
> : R direction
400~ o
o ]
|
3000 =
4 .
.
300}
L o *
2500 f- . - .
—6 b=y
_ o E . Y
=] A . £ . ]
—e
£ E . .
. n L] . 'e® A °
E 2000 e —5 Al .
3 . > 200~ a . ]
L o s’ o . = o’ 4 % ¢ 5
. o i 5 @ o o
> 15002 es * % % e o «® . .
g oo & . % ° -la
2 .o o’ . o 3 *
5 o — < A 'l .
o oA -3 ! A o
3 T ab & -3 n
< 1000~ a s 28 ® Au activity o a %, 3
a - 100 ad a @
AAAA A Reg-t0 —H2 a ® Au activity
a —2
a AAAA AAA A Rg-10
500+ A_, 7 Woter gap Woter gap
= POy OS]~~~ 26 PA UG, ———={=—Refloctor < pae-tos] 26 PA Y02 ——t<— Reflector -y
L0000 0O0000 . L0060 000060
(0] 5 10 15 20 (em) (4} 5 10 15 20 (cm)
Distance from core center Distance from core center
Fig. 38 Distributions of bare Au activity and cadmium Fig. 39 Distributions of bare Au activity and cadmium
ratio— 1.0 in 1.76Pu core. ratio— 1.0 in 2.00Pu core.
M R ted direction
Represented direction ‘ /_%
400}— » ;
.o. . r F .
L]
700~ *
> o ¢ . W . ° -9
L]
']
L]
LY P
600~ .
o® 300~ o .
L ] -— '. L]
L) S ° -7
£ L]
500~ P . A
. ® . P £ .
i~ o * E “. ot -6
£ of b Ae ) o q®
£ . = .
(=3 - ) -
o 400 ® e *% ¢ 3 Z 2001 —15 o
- % o% 2 A =
. 5] ]
S .. o o
= ' A . * —14 3 2
£ 300 a8 ., E -4 &
o
= A
5 .... a.. -'— A
= & SV Ts a Ao activity |
200 — a a o N a A ¢ Au activity
a8 aba 1008 4, 8a,, a 8% & Reg-10
A -2 . A -2
Cyxy__Moter gop 26PA- U0, Reflect
100 [P0, - U0; 2 eflector "ng—uog 26 PA'UO, Reflector
® Au octivity ! -1
I i o
A0 AOAAGRODAann,
0 o 0
0 5 10 15 20 {cm) o 5 10 15 20 {em)
Distance from core center Distance from core center
Fig. 40 Distributions of bare Au activity and cadmium Fig. 41 Distributions of bare Au activity and cadmium

ratio—1.0 in 2.38Pu core. ratio—1.0 in 2.95Pu core.



JAERI 1234

4. Neutron flux distributions

|
|
. Represented direction
— o
j
|
300
o
£
£ .
E .
L ] Y —
& . 6
z n .
2 o
S 200 -5
8 o ® ey o ° ¢
2 o 0% %yt .
. ® A —4
(IR
oo .
o.'o R =)
o0l LR
A O
100 |- A Ba pplals o«
AAAA A A
-2
7 Water gap
= JPoIrgos|[~— 26PA'UO; ———=1=Reflector
® Au octivity —{1
ninininin
nNGRN N
o o]
[o] 5 10 15 20 tem)

Distance from core center

Fig. 42 Distributions of bare Au activity and cadmium
ratio— 1,0 in 1.76U core.

400

300

200

{c/min-mg}

Au activity

8

-

JP-1I-UOz

000

Represented direction

AA
A

Water gap
pe——26 PA-UOg -

¢ ¢ A ®
es o o0®

age
AA

t=— Reflector

® Au activify]
& Reg-10

Req -10

—

0 5

NANRNN

20

Distance from core center

o]
em)

Fig. 44 Distributions of bare Au activity and cadmium
ratio—1.0 in 2.38U core.

41
Represented direction
oo
7001
L ]
L]
600 [~ [
. .
(R .
— * *
500 oo .
g ™. A e 6
- * o
£
3 [ d .
~ * L ]
£ 300 a . ] 5
z La o, |
>
k] h 4
® 00| ® e 4
E *t . o
a e -"' oot 3 T
a AdAp A . o
A L
200 a 5 B o
a
Water gap A a
‘Bgflifubz < - - 26 PA-UO2 >t Reflector
100 = @ Au activity
& Reg-10
1000 ANAGAAA,
OO 5 10 15 20 (em) 0
Distance from core center
Fig. 43 Distributions of bare Au activity and cadmium
ratio—1.0 in 2.00U core.
Represented direction
LU
id
o 500e- ®  ee®,
€ X
.
E o e o
~
£ 400 . N —s
L ]
L ]
z e N
2 okt 2.8 o, i 1°
o A A P A
A o
=3 A A [ ] 0 - 'I'
=4 Lol V- —3 ©
a A8 & . o
200 |- A a o«
7x7. 13
~—p-11-00; 26PA-UG, Reflector
100~ ® Au activity :
A Rgyq-10
1N00NGROOAM o
OO 5 10 15

20

Distance from core center

{cm)

Fig. 45 Distributions of bare Au activity and cadmium

ratio—1.0

in 2.95U core.



42

Critical Experiments and Analyses on 7X7 PuO:-UO:
Lattices in Light-Water Moderated UO:z Core

I e
- Regresented direction
L ]
L]
1500 f~
L]
- . .
g' e o .
£
E
s ‘.
> 1000~ e -0
s ¢ .
S
(=]
=]
g e - — 26PA-UQ, —-—— >t<-—— Retlector
L]
4 Q
500 [~ s
. k]
A @
® Au activity
Ao, b A A Reg-10
. OO0,
0 5 10 15 20 (cm)
Distance from core center
Fig. 46 Distributions of bare Au activity and cadmium
ratio—1.0 in 1.83TU core.
5.0

PuO2z -U02
1.0 -
1 [l 1 ' L 1 i i l L L ] 1
0o 2.0 25 3.0
Water-to-fuel volume ratio in 7x7 region
Fig. 48 Cadmium ratio— 1.0 in central 33 lattice of 7x7

region.

JAERI 1234

1.1 T T T T
+~ 10 n
L
O I
&2
% o.sr 1
£
S A
= 08 7
3
a
¥ o 4 ° 1
a
k]
= 06} b
3 A
8 ®
£ 05 o 7
e/
3
5 04T o o0 Pu0,-U0, |
j s
€ ° a JP-T-U0,
8 o3t -
c ® 26PA-UO,
=
0‘2 1 1 1 |
1.0 20 3.0
Water-to-fuel volume ratio in 7x7 region
Fig. 47 Ratios of Dy activity averaged in central 3x3
lattice of 7Xx7 region to that at peak position
in reflector.
4.0 T T
Water-to-fuel %
volume ratio —» 2.95 /
/
v
/
/
7/
/
3.0f / .
/
2.38 /é
2 2002 7
' s
2.95
s.7s,§/
2.0F / .
/’%2.38
/ 0 Pu0,-U0,
//§2.00 a Jp-T-Uo,
A o PaL0,
7
1.0 1 !
0.5 1.0 15 2.0
Cross-section ratio X, /T .3
Fig. 49 Relation between cadmium ratio—1.0 and ratio of

cross-sections of epi-thermal slowing down and
thermal absorption in central 3x3 lattice of
7x7 region. A dotted straight line passes
through the origin.



JAERI 1234 43

5. Power distributions

5.1 Measurements on power distributions

5.1.1 Gomma scanning of fuel rods

The horizontal and vertical power distributions were obtained by scanning the v-rays emmited
from the fission products in the irradiated fuel rod. The core was operated at the power level
of 30 W for about 5min. After shutdown the fuel rods for the power distribution measurement
were withdrawn from the core, and the fission product v-rays above 0.6 MeV from each fuel rod
were counted in the cooling time of 30 min to 3hr. An example of the fuel rod position used
for the gamma scanning is shown in Fig. 50, and the block diagram of the counting system is
shown in Fig. 51.

The detector for the y-ray counting was a solid type of a 3in.dia.x3in. thick Nal(T/)
scintillation counter and was shielded with lead blocks as shown in Fig. 51. Between the fuel
rod and the detector, a slit was settled and its width was adjusted in 2cm for the horizontal and
1cem for the vertical distribution measurements. The countings was made for 20 sec and repeated
twice to watch the reproducibility. The corrections for the resolving time of the counting sys-
tem, background from the fuel rod and the room, and the decay of the fission product y-ray
were applied to the recorded count rates.

The value of the decay correction was obtained by a supplemental experiment described in
Ref. 17. The samples of the fuel rods used in the experiment were 2.7 wt% and 3.2 wt% enriched
UO, fuels and nine kinds of mixed oxide fuels of which plutonium enrichments were 2.5, 2.1, and
14 wt% in PuO,-UO, and diameters of the fuel pellets were 12.5, 10.7, and 9.3 mm. Plutonium
composition of the samples was almost the same as the PuO,-UO, fuel. The difference of the
decay characteristics could not be recognized between two UO, fuels. The difference between
nine plutonium samples could not be also recognized. Between the decay characteristics of the
UQ, and mixed oxide fuels, some differences could be recognized as shown in Fig. 52, but they
were in the range of the experimental errors. So, the decay correction factors of the mixed oxide
fuel was also applied to the 2.6 wt% enriched JP-II-UQO, and 26PA.UO, fuels.

5.1.2 Horizontal power distributions

In this series of the experiments, three kinds of fuel rod were used, which are classified into
two kinds of fuel material or two kinds of fuel pellet diameter. Applying the gamma scanning
method to the measurement of the horizontal power distribution in those multi-regional cores,
following corrections should be applied to the measured count rate.

(1) Correction for the difference between the fission product y-ray activity per fission of
plutonium and uranium.

(2) Correction for the y-ray shielding factor of fuel pellet and for the geometrical efficiency
of the y-ray counting due to the difference in pellet diameters. That is the case of
the PuQ,-UQ, or JP-II-UQO, fuel rod relative to the 26PA-UO, fuel rod.

The details of these correction factors are described in Section 5. 2.
The corrected values as the power distribution are shown in Figs. 53a through 61b with the
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calculated values. The values at the symmetric and eqgivalent positions in the lattice are plotted
in the same figure. The averaged numerical values are listed in Appendix 3. The average power
in the 7x7 region was normalized to unity.

The random errors in the measured power were due to the statistical error of the y-ray
counts, to bowing of the fuel rod and to the inhomogeneities of the fuel pellet. The systematic
errors in the correction factors are described in Section 5.2.2. The statistical standard errors in
the y-ray counts were maximum 2% and almost less than 1%. In the figures, the error is within
the represented symbol. The mean values in Appendix A3 have the errors in almost less than
29% which is smaller than the errors of the correction factors. This standard error of the mean
value became generally greater at the position where a gradient of the power distribution was
great.

From the experimental results, following remarks were obtained.

(1) In case of the same water-to-fuel volume ratio in the 7 x7 PuO,-UO, and JP-II-UO,
regions, the power of the PuO,-UOQ; fuel rod relative to the power in the driver region
is higher than that of the JP-II-UQO,; fuel rod.

(2) The maximum power of the PuO,-UQ, fuel rod relative to the average power in the
7x7 region is higher than that of the JP-II.UQ, fuel rod except the case of the
water-to-fuel volume ratio 2.95.

(3) The Dy activity in the 7x7 lattice relative to the driver lattice of the U system is
higher than that of the Pu system, however, the power distribution is in an opposite
relation. This relation is evidently observed between the 1.76Pu and 1.76U cores or
the 2.95Pu and 2.95U cores. This fact can be explained as the PuO,-UQ,; fuel has
stronger absorption and fission of neutrons than the JR-II-UQO, fuel.

5.1.3 Vertical reflector saving

The vertical reflector saving 8, was deduced from the vertical power distribution in the 1.76Pu,
2.38Pu, and 2.95U cores used for the horizontal power distribution measurements. The positions
of the measured fuel rod were at the center of the 7x7 region and at a mid point of the driver
region as shown in Fig. 62.

The measured power distribution Y was fitted to the function

Y(x)=A-cos(B-x+C), (5.1)

where A, B and C are constants to be determined and x is vertical measured position. The data
Y(x) were omitted stepwise from the end points of the fuel rod towards the center and the variation
of fitted values of the constants were observed. The values in the range of minimum variation
of the fitted values were adopted as the most probable A, B and C, and their values are listed
in TABLE 13. An example of the fitted function is shown in Fig. 62.

The reflector saving 8, was deduced by using the constant B by

_T_
o.=5—H. (5.2)

where H is the effective fuel height, that is effective core height. The vertical reflector saving
of each core is listed in TABLE 14, and their mean value was 12.0+0.1cm. The difference of 4,
between the 7x7 and the driver regions could not be recognized as significant. The dependence
on the water-to-fuel volume ratio in the 7Xx7 region could not be also recognized. In order to
check the dependence on the water level, the measurement of 0, in the 1.76Pu core was made
at the low water level of 50.79 cm and compared with the value at the higher water level of
69.19cm. There was no significant difference between them and they were within the limit of
the experimental errors.



JAERI 1234 5. Power distributions 45

5.2 Analysis on power distributions

5.2.1 Correction factors for power distributions in multi-regional cores
The ratio of calculated thermal power created in a lattice cell in the driver region to that
in the 7x7 region is defined by

Thermal power of a lattice in the driver region (k- @3 )or, i+ Vor

‘Thermal power of a lattice in the 7x7 region

(5.3)

Me|iMe

(B+@2e)rx7,i* Vixr

1

i

il

where
k: thermal power per fission, W.sec/fission,
$#X:: number of fissions per volume of a lattice cell, fission/cm?-sec,
V: volume of a lattice cell per length of a fuel rod, cm?,
i: energy group number,

DR: driver region,

Tx7: Tx7 region.
The calculation was made by using the two-dimensional diffusion code PDQ-5 as described in
Chapter 3.

In the comparison between the experimental and theoretical power distributions, the measured
counts of the fission product y-rays from a fuel rod should be converted to the thermal power
of the corresponding lattice cell. The vy-ray count of the fuel rods must be corrected for the
number of fissions per fuel length, fission product vy-ray activity per fission, time decaying of
fission product v-ray activity and vy-ray attenuation by fuel pellet. On the PuO,-UO, fuel, the
fission rates of plutonium and uranium in the mixed oxide fuel must be taken into consideration.
Thus, the measured powers of the 26PA.UOQO, fuel rod in the driver region and of the PuO.-
UO, fuel rod in the 7x7 region are expressed as

A, 2pacc (P2 SeD)osparwu ) «foepa, (6. 4)
1(t)2pa
t)pu t
Ayrres <¢2[-S-z>puR-{Rm-wPu- ﬁ%mu-w ;f(’(t))—u}f , (5.5)

where
A, : measured count rate of fission product y-ray from a fuel rod,
$3¢+S+1: number of fissions per fuel length / observed from the y-ray detector,
S : cross-sectional area of a fuel pellet,
W

fission product v-ray activity per fission,

u(t): decay factor of fission product y-ray activity at cooling time t,
f . «-ray attenuation factor,
R : fission ratio between plutonium or uranium and mixture of plutonium and ura-

nium [see Egs. (5.11) and (5.12)],
é: ¢:S¢(Z)-dr,r is duration time of irradiation.

Sufhixes are
26PA : 26PA-.-UO, fuel rod,
PuR: PuO,-UO, fuel rod,
JPII: JP-1I.UO, fuel rod,
U: wuranium,

Pu: plutonium.
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The measured power ratio of the PuO,-UQO; fuel rod in the 7X7 region to the 26PA.UQ,
fuel rod in the driver region is derived from Egs. (5.4) and (5.5) as

’CU'(¢2PV’)ZGPA:A7,26PA.[RP W 4(t)pu R .ﬁ(t)i}.ff’ﬁ.xl}:Ay,ZGPi\.c
kv (@2 Vpur Ay, pur : faspa M A, pur

v, Pus

(5. 6)

wu « #(t)pur v 2(t)pur

where

M: mixture of plutonium and uranium

V’: volume of fuel pellets observed from the vy-ray detector, S-/.
In Eq. (5.6), the relations Lepa=/Ip.r and g(t)u=p(t)pa are assumed. The measured value ex-
pressed by Eq. (5.6) can be directly compared with the calculated one of Eq. (5.3), since the
fissions in the volume V' is equivalent to the fissions in the volume V in Eq. (5. 3).

In the same manner as the case of the PuO,~-UO, fuel rod, the measured power ratio of the

JP-II.UQ, fuel rod in the 7 x 7 region to the 26PA.UQ, fuel rod in the driver region is expressed
as

KU (@21 V" epa Ay oepa Tipn Ay 2epa I
BB s Sy 20A P S BRALC Ly, 5.7
kU (@2 Vien A, gen faepa A, g1 »Y (6.7)

In this equation, it is not necessary to take into consideration about the fission product +y-ray

activity per fission.
To obtain the power distribution in the multi-regional core, the ratio of the measured values
A, must be corrected with the correction factor C, as shown in Eqgs. (5.6) and (5.7). This cor-

rection factor was conveniently separated into three parts as shown below and evaluated respectively.

Co=We MO g, o MO
wu #(t)per ©(t)par
:{wPu.u(t)pu.RP +Ru}- #t)u (. 8)
wuy p(t)u ¢ L(t)pur, )
szfPuR orfJPII (5.9
foopa  fospa,
c,=fu (5. 10)

kM.

The numerical values of these factors are shown in TABLE 15.

(1) C,: Intensity ratio of fission product y-ray activities per unit thermal power

This correction factor is necessary for the plutonium system. The ratio of wpy+u(t)ps/wuy-
#(t)u in Eq. (5.8) was measured by using a double fission chamber!®. The ratio varied with the
cooling time. The gamma scanning was made for the cooling time ranging from 54 min to 140
min. Therefore, the time dependent correction was applied to the each measured count of y-ray.

The time decay correction factor of uranium w(t)u was assumed to be the same as that of
pultonium g(t)p.r, because, the ratio of the correction factors between the uranium and the plutonium
fuel rods as shown in Section 5.1.1 was nearly 1.0 in the time duration of the measurement.

The fission rates of plutonium and uranium in the PuO,-UQO, fuel rod (Rp, and Ry) were
difficult to be deduced experimentally, and were obtained by using the calculated macroscopic

fission cross-section X'y, and the calculated neutron flux ¢ as
3

> (G2 )pu,i

Rp,="3" (5.11)
2 (@Y )m.i
S (@300,

Ry="- (5.12)

(@2 M, '

-
il
-
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(2) C,: Ratio of y-ray shielding factors

When diameters or densities of each fuel pellet are different, the loss of y-rays by attenuation
must be corrected. The shielding factors f were obtained by calculation of y-ray attenuation for
disk sources with the observing point at side. The numerical results of the ratio C, were 1.15
for the PuO,-UQO, fuel and 1.05 for the JP-II.UQO, fuel.

The accuracy of the calculational method was examined by the supplemental experiment. For
the experimental purpose it was necessary to use the fuel pellets which had various diameters and
uniformely distributed vy-ray sources in a sufficient amount. Eleven natural-UO, pellets which
consisted of six kinds of diameter, were fabricated. Gamma-rays of 0.767 and 1.001 MeV emitted
from 2*Pa were counted by the Nal(T!) scintillation detector. Protactinium-234 is a daughter
isotope of 28U and is uniformely distributed throughout the fuel pellet. The measured and the
calculated y-ray count rates are shown in Fig. 63. The calculated values were normalized to the
measured ones by least square fitting. The theoretical dependence of the y-ray attenuation on
the pellet diameter agreed well with the experimental one. .

(3) C;: Ratio of thermal powers per fission

The ratio of thermal powers per fission is taken into consideration in case of the measure-
ment on the multi-regional core composed of mixed oxide and uranium dioxide fuels. The nu-
merical values on respective fissile materials are 193 MeV/fission for uranium and 199 MeV/fission
for plutonium!®. The ratio C; was, however, cancelled out in the present theory-experiment cor-
relation, since the same ratio was included in both the experimental and the calculational powers.

5.2.2 Correlations of calculations and experiments

The comparison between the measured and calculated power distributions were made using
Egs. (5.3), (5.6), and (5.7). The calculated power distributions at every mesh point and in
each fuel cell are shown in Figs. 53a through 61b with measured ones. The average power in
the 7x7 region was normalized to unity as well as the measured power. The calculated and
measured powers, and the differences between them are shown in Appendix A3. To investigate
the accuracy of the calculation over the core, the standard deviation of the differences was observed
in the 7x7 and the driver regions, respectively. The numerical values of the standard deviation
are shown in TABLE 16.

From the comparison, following remarks are noticed.

(1) In the 7x7 regions, the standard deviations o7; of the differences between the calcula-
tion and the experiment are 1~49% relative to the experiment. There is no significant
difference between the Pu and the U systems, and in both systems the standard deviation
becomes greater in case of the core with water gap.

(2) The standard deviations ot in the driver regions are 5~10% in the Pu system and 2~
7% in the U system.

(3) In the neighborhood of the boundary of the lattice adjacent to the reflector or the water
gap, the gradent of the measured power distribution is larger than the calculated dis-
tribution. While, there is no significant difference in the neighborhood of the lattice
boundary between the 7 x7 and driver regions without water gap.

The difference between the calculation and experiment on the Pu system is greater than the

U system as described above. One of the reasons of this tendency is considered to be caused by
the factors C, and C,. In the Pu system, the corrections with C; and C, were necessary, and
these factors had the error of +29% for C, and +79% for C,;. Total error due to both factors
was +7.3%. In the U system, otherwise, only C, was necessary and had an error of +7%. By
considering these errors, the calculated values of both systems were in the range of the errors of
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the experiments.

The calculated power fractions in the 7x7 and the driver regions were examined in the Pu and
the U systems. The results of the diffusion calculation are shown in TABLE 17. In the Pu system,
the fractional powers of the 7x7 region were 15~239% respect to the total core, and in the U
system they were 15~219%. In the case of the comparison between 1.76Pu and 1.76U cores
which had same numbers of the fuel rods in the driver region, the gross power of the PuO,-UQ,
fuel rods in the 7x7 region was 3.59% higher than that of the JP-II-UQO, fuel rods in the

same region.

5.3 Summary on power distributions

The following relation were obtained by the experimental and theoretical analysis on the PuO,-
UO; and the JP-II.UO, fuels in the 7x7 region within the range of the water-to-fuel volume

ratio used in this experiment.

Ap>Ay (5.13)
Br<By (5. 14)
Ap - B P AU - BU

Ay <AL (5. 15)

where

A, Tnean power of the PuO,-UO, fuels in the 7x7 region
mean power over the core

A, —ean power of the JP-II.UQ; fuels in the 7X7 region
mean power over the core

B, - [ean thermal neutron density in the PuO,-UQ, lattice of the 7x7 region
P_ " -
mean thermal neutron density over the core

B, — mean thermal neutron density in the JP-II-UO, lattice of the 7x7 region
mean thermal neutron density over the core

These relations have following meanings.

(1) In case of the same water-to-fuel volume ratio, the PuO,-UQO, fuel produces much
larger power than the JP-II.UOQO, fuel.

(2) Mean thermal neutron density in the PuO,-UQ, lattice is less than that in the JP-II-
UO; lattice. '

(3) The difference of the distribution patterns in the U system between the power and the
thermal neutron density is more distinguishable than in the Pu system.

In addition to the above relations, following remarks are noticed.

(4) In respect to the power peaking factor in the 7x7 region, the Pu system of the 2.00Pu
and 2.38Pu cores has greater factor than that of the U system of the 2.00U and 2.38U
cores. These all cores have the water gap.

(5) The calculated powers in the driver region of the Pu system were 5~99% higher than
the experimental ones as shown in the fifth column of TaBLe 16. Otherhands, the cal-
culated powers of the U system were in the range of —1~49; of the experimental ones.
One of the causes of this discrepancy is considered due to the several correction factors,
namely the fission product y-ray activity per unit power and the y-ray shielding factor.

To improve the accuracy of the experiment, following studies are necessary;

(a) Experiments of the factor of the y-ray activities per unit power of plutonium and ura-
nium in improved accuracy, or the development of direct measuring method of the
number of fissions or thermal power in the fuel rod.

(b) Experiment of the y-ray shielding factor of the fuel pellet in improved accuracy.
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Taste 13 Fittéd function of vertical power distribution in 2. 38Pu core.

Region 7x7 . Driver

Fuel PuO,;-UO: 26PA-UO:
Fitting parameters

A 1.0000. 002 1. 000+0. 003

B, radian/cm 0. 0387+0. 0001 0. 0387 +0. 0002

C, radian —1.315+0. 005 —1.320+0. 006

Function Y(x)=A-+cos(B-x+C)
Y(x): relative power
x : vertical position, cm

TABLE 14 Measured reflector savings.

Reflector saving 0z, cm
Core name Water level, cm
7x7 region Driver region
2. 95U 66. 86 12.2+1.0 not measured
2. 38Pu 69. 27 11.9+0.1 11.840.1
1. 76Pu 69. 19 12.0+0.5 12.3+0. 4
1. 76Pu 50. 79 12.0+0.6 11.6+0.6
Average \\ 12.0+0. 1*

¥ standard error of mean value.

TABLE 15 Correction factors used in obtaining power distribution in multi-regional cores.

System Pu U
Core name 1.76Pu | 2.00Pu | 2.38Pu | 2.95Pu | 3 L0 5000
Power fraction in the Rpu 0. 8522 0. 8605 0. 8564 0. 8556
PuO.-UO: fuel Ru 0. 1478 0.1395 0. 1436 0. 1444
Ci depends on cooling time —
C: 1.15 1.05

Cs 0. 965 —
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TaeLe 16 Differences between measured and calculated power distributions.

Region T>7 Driver
Core name ~—_ or*Y, % ar*P, 9% A %

1. 76Pu 1.2 9.8 8.4
2. 00Pu 4.0 8.6 7.2
2. 38Pu 2.5 10. 2 8.9
2. 95Pu 0.6 6.4 5.0
1. 76U 1.0 52 4.0
2. 00U 3.7 4.7 1.5
2.38U 2.5 6.9 5.4
2.95U 0.7 3.1 —0.8
1.83TU —_— 2.8 E——

Not 49 2
ote cal — meas. ) % 100}

,:1 meas. /i

*1) orr= 491

where 7 is the nurnber of measured fuel rods.

Taste 17 Calculated region-wise and energy-wise fractions of power in multi-regional cores.

Regi . Energy-wise power fraction
. egion-wise power
Core name Region fraction
actio Fast Epi-thermal Thermal
TX7 0. 150 0. 049 0. 079 0.872
1. 76Pu Driver 0. 850 0. 053 0. 060 0. 887
TX7 0. 203 0. 035 0. 057 0. 908
2. 00Pu Driver 0. 797 0. 047 0. 053 0. 900
X7 0. 229 0.033 0. 053 0.914
2. 38Pu .
Driver 0. 771 0. 047 0. 053 0. 900
Tx7 0. 224 0. 035 0. 056 0. 908
2.95Pu Driver 0. 776 0. 051 0.057 0. 892
TX7 0. 145 0. 060 0. 069 0.871
1.76U Driver 0.855 0. 052 0. 059 0. 889
 7x7 0. 185 0. 042 0. 048 0.910
2.00U Driver 0.815 0. 047 0. 053 0. 899
TX7 0. 210 0. 040 0. 045 0.915
2.38U Driver 0. 791 0. 047 0. 053 0. 900
X7 0. 194 0. 042 0. 049 0. 907
2.95U Driver 0. 806 0. 051 0. 057 0. 892
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6. Conclusions

The purposes of this series of the experiments were,

(1) to compare the criticality as well as the neutron flux and power distributions in the
plutonium fueled core with those in the uranium fueled core,

(2) to investigate the accuracy of a calculational method for plutonium recycle cores.

For these purposes, the multi-regional cores were assembled and the several parameters of
mixed oxide and uranium dioxide fueled lattices were measured and analyzed. In the central zone
of the core, two kinds of the fuel rods, the PuO,-UQO,; and the JP-II-UQ, fuels, which had the
same diameter and the approximately same atomic number density of the fissile materials, were
loaded.

From the analyses of the experiments, following remarks were obtained.

(1) The reactivity effect of the PuO,-UO, fuel is larger than the JP-II.UO, fuel and
its difference between both fuels becomes larger ‘as the water-to-fuel volume ratio in-
creases. _

(2) By observing the neutron density distributions, it can be said that the PuO,-UQO, fuel
has the larger neutron absorption than the JP-II.-UO, fuel.

(3) The cadmium ratio in the PuO,-UO, fueled lattice is lower than in the JP-II-UQ,
fueled lattice under the condition of the same water-to-fuel volume ratio between both
lattices. The neutron spectrum in the central part of the 7x7 region, is not affected
by the spectrum of the driver or the water gap region and has its own spectrum.

(4) From the comparison of the power distributions, the PuO,-UQO, fuel produces much
power than the JP-II.-UQO, fuel under the same neutron flux level.

(5) The power peaking factor of the PuO,-UQO, fuel in the 7X7 region is greater than
that of the UO, fuel.

(6) In the point of view of the matching bztween the 7x7 and driver regions, the 2. 95Pu
core is most optimum in the studied four cores. Where, the matching means that when
UQ, fuel rods in a uniform lattice are substituted by PuO,-UO, fuel rods, power and
neutron flux distributions, and neutron spectrum in the core is not affected so much.

The reasons why the 2.95Pu core is optimum on the matching are,

(a) the power distribution through the core is smoothly continuous and close to the dis-
tribution of cosine function,

(b) the neutron flux distribution is also smooth through the core,

(¢) the cadmium ratio of Au is almost same in both regions. The reactivity effect of the

Pu0,-UQ,; fuel is, however, greater than the UO, fuel.

In substituting of mixed oxide fuel assemblies into a light-water moderated power reactor,
it has been pointed out theoretically that relatively large water-to-fuel volume ratio is necessary
from the point of view of the power matching under the same dimension of the assembly?>2»9,
As far as the mixed oxide fuel having the same atomic number density of fissile material, the
same result was obtained experimentally in this study.

Calculations were performed by using the LASER and PDQ-5 codes and following remarks
were obtained.

(1) The effective multiplication factors ks are in the range of from 0.997 to 1.003 for the
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critical cores.

(2) The calculated ks of the Pu system is greater than that of the U system.

(3) On the neutron density distribution in the 7x7 region under the normalization in the
driver region, the difference between the calculated and measured values in the Pu
system is greater than in the U system. '

(4) The difference between the calculated and measured neutron densities in the multi-
regional lattice is greater than in the uniform lattice.

(5) The calculated neutron density distribution has a tendency to become lower in the re-
flector and higher in the lattice than the measured values.

(6) On the power distribution under the normalization in the 77 region, the differences
of the calculated values from the measured in the driver region are 5~99% for the Pu
system and —1~59% for the U system.

From described results above, the conventional calculational technique are adaptable for the

core loaded with the mixed oxide fuels which have power fraction of 20% of total power.
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PUOz"UOZ

JP-1I. U0,

26PA.' UOz

1.76Pu, 2.00Puy,

2.38Pu, 2.95Pu :

1.76U, 2.00U,

238U, 2.95U :

1.83TU
Pu system

U system

Nomenclatures

Plutonium and uranium mixed oxide fuel used in this experimental series. The
enrichment of PuQ; is 34 wt% and the active size is 1.07cm in diameter and
70.6 cm in length.

Uranium dioxide fuel of which enrichment is 2.6 wt% and the active size is
1.07cm in diameter and 144.15cm in length. This fuel rod was loaded in the
central 7x7 region.

Uranium dioxide fuel of which enrichment is 2.6 wt% and the active size is
1.25cm in diameter and 144.15cm in length. This fuel rod was loaded in the
driver region.

Names of the multi-regional cores consisted of the central PuO,-UOQO, fuel and
the surrounding 26PA-UQO, fuel lattices. Water-to-fuel volume ratios of the
central 7x7 region are 1.76, 2.00, 2.38, and 2.95, respectively.

Names of the multi-regional cores consisted of the central UO; fuel and the sur-
rounding 26PA-UQO, fuel lattices. Water-to-fuel volume ratios of the central
7xT region are 1.76, 2.00, 2.38, and 2.95, respectively.

Name of the single regional core consisted of 26PA-UQ, fuel lattice.

General name for the 1.76Pu, 2.00Pu, 2.38Pu, and 2.95Pu cores.

General name for the 1.76U, 2.00U, 2.38U, and 2.95U cores.
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Appendix Al. Distributions of Dy activity

The numerical values of the measured distributions of Dy activity are listed in TABLES Al. 1
through Al. 6.
Nomenclatures in the tables are;

RUN : run number of the measurement,
NO. : position number of Dy-Al pellet in the core,
DISTANCE . detector position from the center of the core,

RELAT. DISTRI.: relative activity normalized to unity in the 7x7 region.

TABLE Al.1 Dy activities in 1.76Pu (RUN 3799) and 2.00Pu (RUN 3837) cores.
TABLE Al1.2 Dy activities in 2.38Pu (RUN 3746) core.
TABLE Al1.3 Dy activities in 2.95Pu (RUN 3830) and 1.76U (RUN 3816) cores.

TABLE Al.1 TABLE Al.2 TABLE Al.3
1.76PU KUN 3799 2.38PU RUN 3T4¢ 2.95PU RUN 3850
NGO+ DISTANCE(CM) RELAT. DISTRI. NUs  DISTANCE(CMY RFLAT. DISTRI. NO: DISTANCE(CHM)  KELAT. DISTRI.
1 0.0 0887 3 .0 0817 H 0.0 9-933
2 U4l 2,971 2 3.“ 0.‘;;« § ‘7": "g“;
3 0.R3 3 or01 iabed 2 0:98 1. g.
4 1.25 " 1.37 04912 M Tlee 1.023
5 1.60 5 1.62 0.815 . .98
& 2.07 6 2,21 0.899 H E3bee 1o
7 2,49 7 2,73 0.980 . .07
® 2.90 s 3.9 0943 H 33 1.001
9 3032 9 364 3,871 1 o FapeD
10 2.7 10 4.1y 0.980 e ey -026
u 4.13 1 4,85 1.079 ] 38 1-037
12 457 5.00 1,080 15 32 0.968
13 .98 13 5.06 i.081 » 5 0.9
18 5.9 1 501 1,277 is FoRed g.ar%
is 5.1 15 6.1l 1.4a2 12 44 PR
16 6.3 16 636 1137 e 3
17 6,85 17 6 37 Lie20 17 1.8 0,808
13 7.3 18 660 1,173 18 HH ot
19 1,82 19 6,85 1,992 s 0.839
B T T et
'S 21 T34 1,953 Nt 152
22 9.29 22 705 1,722 22 10.217 o1
24 10,27 24 8.07 1,881 25 11,14 T66h
23 1u.76 25 8.31 1.337 2 . u- et
26 11,25 26 856 1,207 2¢ i2:22 010
27 11,74 27 880 1.179 2 1302 “'6“
28 12.22 28 9.05 126 29 2 v.e
29 12,71 29 9.29 1171 2 1.4 0.378
30 13.2¢ 30 9.54 1178 2 bodis] .68t
31 13069 N 9.78 1113 : 0.62°
32 13.18 32 10.03 0.976 32 13 o-889
33 a7 33 10,27 0,988 3 o4 oite
34 15.16 3a 1o.51 0.862 35 Totes 0.7 "
33 15.65 3 0176 Ora3s 3 i8:63 0830
36 lo.14 3 11.c0 0.856 3 o 20
37 16,63 37 11125 o.8a7 -0 1.02
38 17:11 38 11.49 0.881 3 20 FRTH
39 17.60 39 11,74 0.838 o4 15038 340
a0 1s.09 40 11,08 0.866 o 2. Saaee
1 18,38 o1 12.22 0.785 3 2033 11362
42 19.07 a2 12,47 0.729 :, 2‘-5 YY)
43 19.36 43 12,71 0.66% b 2.2 1208
48 20,54 “s 12496 0,707 ped 2387 1147
s 21.52 as 13.20 0,711 * 0-98
46 22,49 4e 13,45 0.738 .
.7 23,87 a7 13.69 749
:. g;:; a8 13,94 3.91‘ 1.760 RUN 3816
9 b4 Taie 9608 NO. DISTANCF(CW) RELAT. DISTRI.
51 16,67 0.644
2.00Py RUN 3857 52 14.91 063 3 a1 bt
53 15.16 0,724 3 0e83 1.074
NO« DISTANCE(CM) RELAT. DISTRI. ;; i;:g 0-;;" s 1.25 1,001
P . 0.778
1 .0 0:764 % 15.89 0.762 H o 2i9in
2 0,43 04826 37 16.14 0.771 7 2,09 1.061
3 0.86 0.896 28 16x38 0783 8 2190 0,999
e 1,29 0.830 5y 16.63 0.814 9 3,32 0,931
s .12 04797 60 le.e7 9. 854 10 3.74 1,012
6 2.16 0.841 61 1791 1,938 11 415 1.048
7 2.59 0-908 62 17.36 1.081 12 4,57 1,021
] 3.02 2,902 63 17.€0 1.30d 13 4,98 0,931
9 3,45 0.871 64 17,85 1376 14 5139 V.97R
10 3,88 1.003 65 15.09 1.516 15 Sipl 04970
1 431 11130 66 18,34 1.558 16 6.36 1,055
12 ,.74 1.14s 67 18.58 1.639 17 6,85 1000
13 5,17 1.183 68 18483 1.658 1s 7.3 1,062
14 5,61 1.416 69 19,07 1.78% 19 7.82 1.08]
13 6,04 1.738 70 19,32 1,754 20 8.31 3.924
16 6.85 2355 n 19.%¢ 1.882 21 8.80 0.879
17 7.34 2.333 12 20.29 1.784 22 9,29 0.939
e 7.82 1,963 73 20,54 1.84a 23 9,78 0.993
19 8.31 1,563 74 21,21 1.763 2 10.27 0.877
20 8.80 1.298 75 2l.22 1.70L 23 10.76 0837
21 9.29 1.298 76 22,25 1.5%) 26 11.25 0870
22 9,78 1.258 77 22.49 1.530 21 11.74 0.841
23 10.27 1.136 I8 23,23 1.358 28 12.22 0,781
24 10.76 0,961 79 23.47 1.381 29 12.71 0.713
25 11,25 1.000 89 24.21 1.133 39 13,20 04778
26 11.74 0.993 81 24,45 1.ie4 31 13.69 0.799
27 12,22 Q845 82 25,18 1.01% 32 14.18 0:T24
28 12,71 0.803 a3 25.63 D.956 33 1u.67 2.678
29 13.20 0-838 34 15.1¢ 0730
30 13.69 0.892 3s 15.65 0-811
3 14,18 v.81% 3% 16,14 0,835
32 14,67 0. 714 37 16.63 0.889
33 15.16 0.80% 38 17.11 1.093
3a 15,65 0.857 39 17.60 1.368
35 le.14 0.876 %0 18,09 1.627
36 16.63 04909 41 18+58 1.813
37 17.11 1.164 a2 19,07 1.463
38 17.60 10506 a3 19,36 1,945
39 18.09 1,747 44 20454 2.018
40 18,58 1,980 a5 21,52 Ll.oga2
41 19.07 2,121 a6 22.09 1,651
42 19,56 2,101 47 23047 1477
a3 20,05 2.183 ag 24,45 1,248
4 21,03 {.151 49 25,43 1,078
45 22,01 t.94n
a6 22,98 14690
47 23,96 1.492
48 24,94 1.280

49 25492 1.066
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TABLE Al. 4 Dy activities in 2.00U (RUN 3883) core.
TABLE A1.5 Dy activities in 2.38U (RUN 3845) core.
TABLE A1.6 Dy activities in 2.95U (RUN 3835) and 1.83TU (RUN 3872) cores.
TABLE Al. 4 TABLE Al.5 TABLE Al.6
24000 RUN 3803 2.38U RUN 3845 2950 RUN 3835
NOs DISTANCE(CM) RELAT. DISTRI. NOs DISTANCE(CM) RELAT, DISTR!. NO+ DISTANCE(CMY RELAT. DISTRI
i 0.0 0.898 1 0.0 0,880 1 €425 1.03)
2 0.43 04906 2 0-934 2 Q.73 1.112
3 0.86 0,946 3 G981 3 1.22 1,109
4 1,29 0.873 4 0.938 4 1.71 1.005
5 1.72 0846 5 0893 5 2.20 0,987
6 2.16 04911 6 0.925 6 2.69 1.050
7 2.59 0.9%0 7 0.961 7 3.18 1.066
8 3.02 0.971 8 0,974 8 3.67 0.951
9 3.85 0.89) 9 0.917 9 4.16 0. 980
10 3.88 0,985 10 0.981 10 4,65 1,03%
11 431 1.095 11 1.069 11 5.13 0.991
12 4,74 1.093 12 1.065 12 5,62 0.931
13 5.7 1,062 13 1.042 13 6.11 0.888
14 5e61 1.263 14 1.182 14 6460 04863
15 6.04 1,540 15 1.399 1s 7.09 0.759
1o 6.36 1.722 16 1.439 16 7.56 0.697
17 685 1.872 17 1.510 17 8.07 0,646
i 7434 1,725 18 1.494 1g 8.56 04663
19 7,82 3.530 1y 14475 19 9.05 0.640
20 8.31 1.188 20 1,351 20 9,54 04556
21 5.80 0.979 21 1.269 21 1g.03 0.539
22 9:29 0.983 22 1.082 22 10,51 0.579
23 9.78 04934 23 1,004 23 10451 0.575
24 10.27 0864 24 0.866 24 11,00 0.383
25 10,63 0,788 25 04791 25 11.49 0.519
26 10,76 0686 26 0.791 26 11.98 04504
27 11,25 0.696 27 0. TRB 27 12,47 0.512
28 11,74 0699 28 0.84? 28 12.96 04491
29 12422 0,618 29 0.774 29 1345 00442
30 12.71 0.58) 30 0756 30 13,94 0,422
3L 13.20 0581 31 0.710 31 14,43 0,464
32 13469 04627 32 0.642 32 14,91 04473
33 la,18 0.571 33 0,635 33 15,40 04430
34 14467 0.515 34 0,585 34 15.80 0,435
33 15:16 0.518 33 04622 35 16.38 0.480
36 15,65 0.563 36 04630 36 16,87 0.482
37 16414 0.520 37 0.634 37 17,36 0.468
38 16463 0,468 38 0.564 38 17.85 0.502
39 17.11 0.509 39 0.581 39 1g.34 0676
40 17.60 0.568 40 0,501 40 18,83 0.819
41 18409 04545 al 0.521 a1 19.32 0.998
42 18458 0.574 42 0.494 42" 19.80 1.02%
43 19,07 0.683 43 0,505 43 20.29 1.120
44 19.56 0858 4% 0.542 45 20.7% 14108
45 20.05 1.085 45 0525 45 21.27 1.187
46 20,54 1.175 46 a.510 46 21,76 1.142
A7 21.03 1.233 47 0.469 47 22425 1.101
48 21,52 1.299 48 0,440 48 22,74 0996
49 22,01 1,258 49 0.413 49 23.23 0,988
50 22449 10259 50 0,428 50 23.72 0.875
51 2098 1.297 51 0449 51 24.21 0+880
52 23,47 1,240 52 0,465 52 24,70 0.790
53 23496 14167 53 0474 53 25.67 0:678
54 24,45 1.101 54 0.440
55 24,94 1.015 55 C.428
56 25143 0.978 26 0.334 1.83TU RUN 3872
57 23,92 0.895 ;1 0.419
58 26,41 01840 4 c,e18 +  DISTANCE (CM) . .
44 it 0880 2 e N0 DISTANCE(CM)  RELAT. DISIRI
50 28436 0.573 60 0.479 1 0.0 1.006
61 0.549 2 Q.98 1.107
62 0-491 3 1.96 1.003
63 0.511 » 2093 1198
o 9.4%3 5 3.91 1,045
s, 0.52¢ 6 4.89 1,173
bed Fove 7 5,87 0.981
e 8 6.85 1,029
a8 UeT0% 9 7.82 0.876
L34 0.804 10 8,80 0,984
70 0.906 1 9.78 0,866
n 0.964 1 10,76 0,937
12 1.039 13 11.74 0.765
3 1.079 14 12.71 0.922
Is 1144 15 13,69 0.907
_7,2 ili: 16 14,67 1.407
3 l'iu 17 15.6% 1.948
7 s118 18 16.63 2.157
8 1.06 19 17.60 2.187
19 1.02% 20 18.5¢ 2.065
80 0.943 21 19,56 1,846
81 0.939 22 20,34 1.606
a2 0.821 23 21.52 10412
83 v.788 24 22,49 1.21s
25 23,47 1.003
. 26 24.45 0.845
27 25.43 0:709
28 26,41 0.579
29 27.38 0471
30 28.36 0.389
31 29.30 0.327
32 30432 0,250
33 31.3p 0.207
34 33.25 0.175
35 35.21 0:106
36 37.1¢ 0.077
37 39,12 0.052

28 41.08 0037
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Appendix A2. Distributions of Au activity and cadmium ratio—1.0

The numerical values of Au activity and cadmium ratio minus one are listed in TABLES A2. 1
through A2, 9.

Nomenclatures in the tables are;

DISTANCE : detector pellet position from the center of the core,

BARE : count rate of v-ray from bare Au pellet,
CD COVER : count rate of y-ray from cadmium covered Au pellet,
R.4-1.0 : cadmium ratio-1.0 of Au detector by BARE/CD COVER-1.0
TABLE A2.1 Au activities and cadmium ratio-1.0 TABLE A2.2 Au activities and cadmium ratio-1.0
in 1.76Pu (RUN 3813) core. in 2.00Pu (RUN 3838) core.
1.76Pu RUN 3813 2.00Pu  RUN 3838
DISTANCE BARE CD COVER R.e-1.0 DISTANCE BARE CD COVER R.s-1.0
cm count/mg count/mg ed™ cm count/mg count/mg cd™
0.0 1346, 0 0.0 167. 4
0.41 1447.2 0.43 181.6
0.83 1520. 9 619.8 1.45 0. 86 183. 8 72.3 1.54
1.25 1431. 4 1.29 173.7
1.66 1371.7 617.6 1.22 1.72 180. 2 65. 8 1.78
2.07 1508. 9 2.16 179.2
2. 49 1514.5 613.9 1.46 2.59 189. 6 66. 0 1.87
2.90 1455. 4 3.02 191.4
3.32 1428.1 615.0 1.32 3.45 195.1 65. 2 1.99
3.74 1535. 2 3.88 196.8
4.15 1601. 4 601.0 1.66 4. .31 228.9 66.5 2.44
4.57 1550. 0 4.74 222.2
4.98 1518. 2 577.6 1.62 5.17 226.3 64.1 2.53
5.39 1577. 7 5.61 255.7
5.81 1695. 7 589. 1 1.87 6. 04 321.2 70.8 3.53
6. 36 1714.0 6.36 369. 5
6. 85 1688. 5 572.6 1.94 6. 85 401.4 66. 6 5.02
7.34 1710.8 7.34 403.7
7.82 1808.8 578.8 2.12 7.82 373.5 63. 2 4.90
8.31 1760. 8 8.31 309. 6
8. 80 1648. 3 535.8 2.07 8. 80 252. 6 60.5 3.17
9.29 1657.6 9.29 241.0
9.78 1732.1 504.7 2.43 9.78 233.5 55.7 3.19
10. 27 1696. 7 10, 27 212.0
10. 76 16537.1 471.3 2.26 10. 76 191.9 54,2 2.53
11.25 1503.5 1125 190.1
11,74 1565. 7 460. 8 2.39 11.74 182.7 48.6 2.75
12,22 1493.5 12. 22 171.1
12.71 1367.6 425.5 2.21 12,71 158.3 47.8 2.31
13.20 1333.3 13.20 152. 6
13. 69 1424.5 398. 4 2.57 13.69 159.6 40.4 2.95
14.18 1371.9 14.18 158.5
14, 67 1234.9 352.3 2.50 14. 67 138.4 37.8 2. 66
15. 16 1249.5 15. 16 141, 2
15. 65 1321.0 325.4 3.05 15. 65 146. 3 35.7 3.09
16,14 1407.4 16. 14 154. 6
16. 63 1400. 2 299.5 3.67 16. 63 146. 4 33.4 3.38
17.11 1451.0 17.11 161.6
17. 60 1734.8 267.6 5.48 17. 60 200.0 29.9 5.69
18.09 2075.5 18.09 245, 4
18.58 2356. 4 235.9 8.98 18.58 287.1 25.4 10. 30
19. 56 2646. 6 202.0 12,10 19. 07 289.3
20. 54 2625. 0 167.5 14, 67 19.56 292.1 21.5 12.55
21,52 2485.1 20. 54 318.5 18.0 16. 71
22,49 2258, 2 21.52 293.6 13.8 20. 33
23,47 1977. 4 22. 49 269. 7 11.5 22. 47
22,45 1701.3 23.47 226. 0 9.0 24.19
25, 43 1459.5 24. 45 199. 4 7.6 25. 17
26. 41 1213.3 25.43 173.8 5.4 31. 05
27.38 1015.3 26. 41 141, 2
27.38 120. 3

28. 36 92,1
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TABLE A2.3 Au activities and cadmium ratio-1.0

in 2.38Pu (RUN 3877) core.

2.38Pu  RUN 3877
DISTANCE BARE CD COVER Ru.s-1.0
cm count/mg count/mg ed=2-
0.0 329.8
0.45 337.4
0.91 366. 6 122.4 1.99
1.87 360.7
1.82 342.8 122.6 1.79
2.27 361.0
2.73 388.1 116. 3 2.33
3.19 368. 4
3.64 361.8 115.2 2.13
4.10 374.0
4.55 402.9 118.6 2.39
5. 00 409.7
5. 46 407.1 113.3 2.59
5.91 440.8
6.37 547. 6 116.9 3.68
6. 36 491.0
6. 85 574.1 120. 3 3.177
7.34 579.5
7.82 537.7 109.7 3.90
8.31 444.0
8.80 387.1 97.2 2.98
9.29 387.4
9.78 371.5 98.8 2.81
10, 27 346.8
10.76 309.8 86.7 2.57
11,25 295.5
11.74 306. 5 84.3 2.63
12.22 286. 5
12.71 258.8 75.4 2.43
13.20 255. 6
13.69 259. 6 74.1 2.50
14.18 252.7
14. 67 226.2 66.5 2.40
15.16 236. 6
15. 65 253.1 62.3 3.06
16. 14 257.1
16. 63 251. 9 56. 4 3.46
17. 11 272.1
17. 69 321.7 48.4 5.64
18. 00 398.7
18,58 448.6 43.8 9.24
19. 07 466. 3
19. 56 492, 2 38.4 11,82
20. 54 477.8 29.2 15, 38
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TABLE A2.4 Au activities and cadmium ratio-1.0

DISTANCE

cm

0.0
0.49
0.98
1.47
1.96
2.44
2.93
3.42
3.91
4.40
4.89
5.38
5.87
6. 36
6. 85
7.34
7.82
8.31
8.80
9.29
9.78
10.27
10. 76
11.25
11.74
12.22
12.71
13.20
13.69
14.18
14. 67
15. 16
15. 65
16. 14
16. 63
17.11
17. 60
18.09
18.58
19. 56
20. 54
21.52
22,49
23. 47
24.45

in 2.95Pu (RUN 3831) core.

295Pu RUN 3831
BARE CD COVER Rou-1.0
count/mg count/mg ed™

360. 3
375.3
385.5 111. 0 2.47
376.8
355.0 111.7 2,17
367. 2
381.4 113.0 2,37
359. 2
344.6 104.1 2.30
359. 6
365. 1 105.3 2. 47
350.3
333.1 98. 2 2.39
339.1
340.5 97.5 2.49
321.8
296. 0 89.2 2.32
304. 4
320.1 86.8 2.68
300. 9
277.1 82.4 2. 36
281.6
288.8 76.5 2.77
262. 4
249.1 72.2 2. 44
245.6
245.7 68. 3 2.59
238.3
217.8 63.5 2.43
220.2
232.1 55.2 3.20
238.4
228.8 51. 4 3.44
234.8
264.0 46.6 4. 66
281.9
308.0 41.2 6. 47
353.3
383. 3 34.1 10. 24
416.5 29.3 13.20
411.6 25.2 15. 30
385. 7 20.4 17.94
355. 3 16. 6 20. 37
302.4 13.3 21.82
268.2 9.9 26. 04
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TABLE A2.5 Au activities and cadmium ratio-1.0

in 1.76U (RUN 3822) core.

176U RUN 3822

DISTANCE BARE CD COVER Rus-1.0
cm count/m count/m ed=2-
0.0 177.9
0.41 185, 8
0.83 190.9 58.3 2.27
1.25 187.1
1. 66 175. 4 55.7 2.14
2.07 180.9
2.49 191.5 59.8 2.20
2.90 183.4
3.32 174.9 54.9 2.18
3.74 188. 7
4,15 187.7 54,1 2.47
4.57 181.2
4,98 177.1 54.3 2.26
5. 39 180. 6
5.81 187.8 53.8 2.49
6. 36 192. 7
6. 85 180. 2 52.2 2. 45
7.34 183.0
7.82 191.3 51.8 2.69
8.31 178.5
8. 80 160. 7 48.8 2.29
9.29 158.3
9.78 172.0 50.5 2. 40

10.27 163.8
10. 76 152.2 45,1 2.37
11.25 145.7
11. 74 156. 3 43.7 2.57
12,22 144.6
12.71 133.7 38.4 2.48
13.20 127.0
13. 69 137.9 38.5 2.58
14,18 134.4
14. 67 119.3 33.2 2.59
15. 16 121.0
15. 65 129, 4 32.3 3.00
16. 14 134.8
16. 63 138.8 27.5 4.05
17.11 145. 6
17. 60 173.8 26.1 5. 66
18. 09 212.2
18,58 235.8 24.3 8.69
19. 07 245, 4
19. 56 256, 4 19.0 12,47
20. 54 263.5 15.9 15.61
21,52 244, 0 11.5 20. 16
22. 49 221.2
23. 47 194.8
24,45 184.0
25,43 141.3
26, 41 120. 1
27.38 100.2
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TABLE A2.6 Au activities and cadmium ratio-1.0

DISTANCE

cm

0.0
0.43
0.86
1.29
1.72
2.16
2.59
3.02
3.45
3.88
4.31
4.74
5.17
5.61
6. 04
6. 36
6. 85
7.34
7.82
8.31
8.80
9.29
9.78
10. 27
10. 76
11.25
11.74
12.22
12.71
13.20
13. 69
14.18
14. 67
15. 16
15. 65
16. 14
16. 63
17.11
17. 60
18.09
18.58
19.07
19. 56
20. 54
21.52
22.49
23. 47
24. 47
25.43
26. 41
27.38
27.87

in 2.00U (RUN 3884) core.

2.00U0 RUN 3884
BARE CD COVER

count/mg count/mg Rea-1.0
193.9
203.5
214.2 58.0 2.69
214.1
203.5 56. 2 2.62
210.0
215.3 56.8 2.79
211.1
213.9 56.0 2.81
221.7
246. 2 57.9 3.25
243.7
240.9 57.3 3.20
279.1
323.5 56. 4 4.73
340.1
365. 3 58.8 5.04
347.9
308. 6 54.9 4.62
247.6
211.8 52.3 3.04
211. 4
207.0 47.5 3.36
185.9
163.0 45.5 2.58
161.7
163.9 44.1 2.71
155. 3
138.3 41.8 2.30
140. 6
143.9 41.6 2.45
129.7
120.8 35.0 2.45
119.5
126. 5 34.0 2.72
120.5
108.9 30.0 2.63
111.5
119.1 28.1 3.23
120.9
122. 4 24.1 4.08
132.5
157.1 23.0 5,84
195.5
211.1 20.5 9.29
224.0
228.0 16.5 12.86
232.3
230.6 13.6 16. 01
220.9
215.3 10.3 19.9
205.3
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TABLE A2.7 Au activities and cadmium ratio-1.0
in 2.38U (RUN 3846) core.

238U RUN 3846
DISTANCE BARE CD COVER

cm count/mg count/mg Re-1.0
0.0 468.2
0.45 503. 4
0.91 500. 0 128.8 2.88
1.37 500. 4
1.82 463.5 123.8 2.74
2.27 489.2
2.73 516.8 134.1 2.85
3.19 502. 5
3.64 490.2 128.4 2,81
4.10 512.7
4.55 557.1 131.0 3.25
5.00 538.6
5.46 532.3 125.6 3.23
5.91 600. 0
6. 37 681.0 127.6 4.33
6.85 713.9 120. 2 4.93
7.34 713.3
7.82 647.0 118.7 4.45
8.31 528. 4
8.80 438.5 114.8 2.81
9.29 434.6
9.78 421.2 98.2 3.28
10. 27 404. 2
10.76 344. 3 95.9 2.59
11.25 335.0
11.74 340.1 99.5 2.41
12.22 314.7
12.71 283.0 90.3 2.13
13.20 298.8
13.69 301.9 91.2 2.31
14,18 286. 7
14. 67 245.1 79.1 2.10
15.16 253.2 _
15. 65 260. 2 74.9 2.47
16. 14 250.1 )
16. 63 228.8 70.5 2.24
17.11 245.0
17. 60 257.6 66. 4 2.87
18. 09 249.8
18. 58 251.9 51.5 3.89
19. 07 277.2
19, 56 349.1 50.6 5.90
20. 05 418.4 .
20. 54 440.9 39.7 10. 11
21.52 501.0 35.0 13.29
22.49 474.5 30.3 14. 63
23. 47 434.9 24.5 16. 76
24. 45 402. 4 22.1 17.22

25.43 340.9 15.9 20. 44

JAERI 1234

TABLE A2.8 Au activities and cadmium ratio-1.0

DISTANCE

cm

0.0
0.49
0.98
1.47
1.96
2.44
2.93
3.42
3.91
4. 40
4.89
5. 38
5.87
6. 36
6.85
7.34
7.82
8.31
8. 80
9. 29
9.78
10. 27
10.76
11.25
11.74
12.22
12.71
13. 20
13.69
14.18
14.67
15.16
15. 65
16. 14
16. 63
17.11
17. 60
18.09
18.58
19. 56
20. 54
21.52
22. 49
23. 47
24. 45

in 295U (RUN 3834) core.

295U RUN 3834

BARE

count/mg

505. 9
522.4
547.0
549.1
508. 6
546. 9
542.6
516.6
499.3
497.4
508. 0
492.2
450.9
435.6
439.2
403.6
352. 9
350.1
368. 6
343. 4
309. 6
311.0
316.7
307.0
281.3
276. 6
281. 4
261.2
245.5
245.8
258.7
237.9
215. 4
230.5
229.5
229.2
232.3
258. 4
321.3
437.6
467.7
467.5
433.0
391. 7
342.3

CD COVER
count/mg

111.8

113.5

110.2

107. 4

106. 4

107.8

99.4

95.0

88.4

85.8

84.0

79.9

74. 4

70.3

54.0

50.0

45,6

35.1
29.8
20.7
15.1
12.3

7.2

3.48

3.92

3.64

3.77

3.18

3.41

2.1

2.61
2.76
2.52
2.78
2.48
3.30
2.98
3.59
4.09
11.48
14,70
21.57
27.73

30. 97
46. 41
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TABLE A2.9 Au activities and cadmium ratio-1.0
in 1.83TU (RUN 3872) core.

1.83TU RUN 3872
DISTANCE BARE CD COVER

cm count/mg count/mg Rea-1.0
0.0 1287.0
1.96 1279. 1 399.5 2.20
3.91 1336.9 399. 2 2.34
5.87 1287.9 376.8 2.41
7.82 1107.6 350. 6 2.15
9.78 1082. 8 308.7 2.50

11.74 956. 0 257.5 2.71

13.69 1021. 7 2111 3.83

14. 67 1415. 3 197.4 6. 16

15. 65 1935.6 173. 2 10. 17

16. 63 2110.0

17. 60 2100.5

19. 56 1727.8

21.52 1318.7

23.47 929. 6

25. 43 643.0

27.38 430. 6

29. 34 284.7
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Appendix A3. Power distributions

The values of the measured and calculated power distributions are shown in Figs. A3.1 through
A3.9. In the figures, a quater of the core is illustrated and each block represents a unit fuel rod
cell. In a block, the first line shows the calculated value, the second is the measured one and
the third is the difference between both values in percentages. The measured power is the aver-

age of the values at the equivalent positions in the core.

7x7 PuOz-UO:

0.959 | 0.960 | 0.971| 1.029 )
0.947 | 0.949 | 0.958 | 1.033 26PA-UO:
SEN T N e 1167 | 1.165 | 1.094 | 1.009 | 0.93 | 1081
0.960 | 0.971 | 1.028 ‘ : : : : :
0.946 1 0.959 | 1036 1075 | 1.089 | 1010 | 0.946 | 0.882 | 1.051
15 | 1.3 |-0.8
0.978 | 1.029 8.6 7.0 8.3 6.7 9.1 2.9
0.973 | 1.034
0.5 |—-0.5
1. 060
1.090
—2.8
1.130 B
1. 049
.7
1.015
0. 944
7.5
0. 864
0.791
9.2
0.725
0.639
135
0. 649
0. 548
18,5

27 |e—calculated
11 |«—measured
«—difference

poo
SRS

Difference= (ga].:_mﬂ.) x 100, %.
meas.

Fig. A3.1 Power distributions in 1.76Pu (RUN 3799) core.
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7 %7 Pu0.-UO:

0.810 | 0.820| 0.876 | 1.088 26PA.UO:
0.770 | 0.776 | 0.841| 1.126 -
5.1 5.6 4.2 |-3.4 1.159 0. 898 0. 768 0.713 0.793
1.126 0. 832 0. 686 0. 642 0.751
0.830 | 0.885 1 1.094 3.0 8.0 11.9 11.0 5.6
0.800 | 0.844 | 1.123
3.8 49 |-2.6
0.934 | 1.129
0. 906 1,154
3.1 -2.2
1,281
1. 359
—5.7
Water gap
0. 801
0.797
0.4
B 0.647
0.597
8.4
0.532
0. 490
8.6
0.475
0. 423
12.2
0.531 |ecalculated
0.516 «measured
2.9 —difference
Difference= ((_:al.r—mgzg) x100, %.
meas.
Fig. A3.2 Power distributions in 2.00Pu (RUN 3838) core.
77 PuO2-UO:
0.874 | 0.879} 0.914 1.072 26PA-UO:
0.846 | 0.847 | 0.890 | 1.093
3.3 3.8 27 |—1.9 1. 040 0.816 0.698 0. 645 0.713
1.012 0.741 0. 622 0. 584 0.672
0.883 1 0.917 1.072 2.8 10.1 12.2 10.4 6.1
0.861 | 0.897 | 1.086 -
2.6 2.2 |—-13
0.945 | 1.087
0.927 | 1.107
2.0 —1.8
1.187
1.235
—-3.9
Water gap
0. 766
0.701
9.3
0. 591
0. 531
11,2
0.524
0. 460
13.9
0.613 |e—calculated
0.588 |—measured
4.2 —difference

Difference= (& _mis.‘) x 100, %.
meas.
Fig. A3.3 Power distributions in 2.38Pu (RUN 3848) core.
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Lattices in Light-Water Moderated UO. Core
7% 7 PuO2-UO: 26PA.UO:.
1. 082 1.072 1. 040 0. 987 0. 892 0. 816 0. 741 0. 690 0.717 0. 897
1. 060 1.072 1. 039 0. 993 0. 853 0. 754 0.723 0. 667 0. 696 0.909 |—
2.1 0.0 0.1 —-0.7 4.5 8.2 2.5 3.5 3.0 —-1.3
1. 062 1. 031 0. 977
1. 065 1, 022 0. 982
—0.3 0.9 —-0.5
1. 000 0. 949
1,001 0. 945
—0.1 0.4
0. 902
0.910
—0.9
0. 766
0.730
4.9
0. 648
0. 602
7.6
0.544
0. 496
9.6
’ 0.487
0. 439
11.0
0.546 |<calculated
0.538 |—measured
1.5 —difference
Difference= (cal.—meas) x 100, %.
meas.
Fig. A3.4 Power distributions in 2.95Pu (RUN 3830) core.
JP-11.UO-
1. 025 1. 021 1.011 1. 002
1.000 | 1.016 | 0.996 | 1.014 26PA-UO:
2.5 0.5 1.5 —-1.2
- 1. 306 1.225 1.131 1.038 0.992 1. 115
1. 017 1. 007 0. 998
1.007 | 0.999 | 1.008 1.289 1.187 1. 064 0. 984 0. 937 1.119
1.0 0.8 —1.0
0.991 | 0.986
0.5 —0.1
0. 968
0. 985
—-1.7
1194
1.191
0.3
1. 047
0. 997
5.0
0. 891
0. 857
3.9
0. 750
0.704
6.5
B 0.673
0.613
9.8
o 0.755 le—calculated
0.746 |—measured
1.2 F—difference
Difference= (cal.——mgs_.) x 100, 9%.
meas.

Fig. A3,5 Power distributions in 1,76U (RUN 3847) core,
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JP-1I.UO:
0.865 | 0.874| 0.918 | 1.060 26PA.UO:
.812 | 0.833 . 1. 080
2. 5 5.0 g 389 ~1.9 1. 220 0.932 0.788 0. 698 0. 655 0.730
- 1. 286 0. 902 0. 775 0. 664 0.634 0. 749
0.883 | 0.926 | 1.064 —5.1 3.3 1.7 5.1 3.3 ~2.5
0.841 1 0.895| 1.089 — —
5.0 3.5 |-2.3
0.962 | 1.088
0.938 | 1.120
2.6 |—2.9
1,178
1. 252 —— —
—5.9
Water gap
0. 883
0.872
1.3
0.679
0. 655
3.7
0. 566
0.537
5.4
0.512
0.477
7.3
0.578 |«—calculated
0.619 |«measured
—6.6 —difference

Fig. A3.6 Power distributions in 2.00U (RUN 3871) core. Differencez(ca"im) %100, %.

meas.
JP-11.UO:
0.918 | 0.922 | 0.948 | 1.047 26PA-UO:
0.890 | 0.899 | 0.926 | 1.060 - —
32 26 23 |_12 1.116 0. 863 0.733 0. 652 0.619 0.694
— 1,129 0. 817 0. 696 0.611 0. 561 0. 670
0. 926 0. 950 1. 047 —1.2 5.6 5.3 6.8 10.3 3.6
0.898 | 0.930 | 1.066 —
32 | 22 |-2.3
0. 970 1. 055
0.946 | 1.076
2.5 —2.0
1. 106
1.149
-3.7
Water gap
0.817 .
0.797
2.4
B 0. 630
0. 596
5.7
0.523
0. 481
8.7
0.470
0.422
11.4
B 0.529 le—calculated
0.526 [«—measured
0.6 —difference

Fig. A3.7 Power distributions in 2.38U (RUN 3846) core. Dif[erence=(caI'T—;n£§‘) %100, %.
S.



JAERI 1234
0. 760
0. 767

—0.9
—difference

0.633 [|—calculated
0.679 |—measured

0.679
0. 667
1.8

—6.7

[~
Som

— = oy

0. 720

0.728
—11

0. 551

0. 530

4.0

0. 890
0. 877
1.4

0. 797
L1

0. 796
0.2

0. 603
0. 596

26PA-UO:

) %100, %.

0. 922
0.928

—0.6

0.891
0. 896
0.710
0.710
0.0

—-0.5

meas.

cal.—mcas

26PA.UO:

arRap]
QY
OO

SN

(

1. 022

1.071
—4.6

0. 845

0. 865

—2.4

1. 062
1. 089

—2.5

Difference

Lattices in Light-Water Moderated UO2 Core
0. 966
0.974

—0.8
0. 956
0. 954
0.2
0. 923
0.918
0.6
0. 849
0. 834
1.8

Critical Experiments and Analyses on 7x7 PuQO:-UO:
Fig. A3.8 Power distributions in 295U (RUN 3834) core.

1.116
1.149

—2.9
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1. 074
—0.8

1. 054

1. 058
—0. 4

1.014

1.018

—0.4

1. 149
1.170
—-1.8

JP-1I.UO:
1.110
1.114

—0.4
1,097
1. 094
0.3

1. 161
1.133
2.5

1.121
1.112
0.8

76

0.666 |<—calculated
0.695 |—measured
;e—difference

—4.2

0. 581
0. 544

6.9

0.758
0.752
0.7

Difference

0. 993
0.992

0.1

Fig. A3,9 Power distributions in 1.83TU (RUN 3872) core,
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