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Abstract

In JOYO, the measured power coefficients in the beginning of the
operation cycle of MK-I and MK-II cores showed power dependence,
while the calculation without taking account of bowing predicted
little power dependence.

The bowing analysis was performed in order to investigate the
power dependence observed in the measured power coefficients and the
following conlusions were obtained.

(1) The evaluated power coefficients taking account of bowing effect
agree better with measured ones than the calculated ones without
taking account of bowing effect in MK-I core.

(2) In MK-II core, although the analytical results show not so good
agreement quantitatively wi bh the measured power coefficients, it
is suggested that they agree better depending on the uncertain
parameters such as the heat generation in the reflector region,
the threshold moment for leaning and the stiffness of the inner
reflector.

(3) It becomes clear from these results that the power dependence
observed in the measured power coefficients in JOYO is due to the
bowing effect.

I. Introduction

In power reactors, the bowing behavior of the core elements can be
observed usually as the reactivity feedback.

In JOYO, the reactivity measurements have been conducted
vigorously after its first critical, especially the power
coefficient, which is the feedback reactivity due to power change,
has been measured both at the BOC and the EOC in every operation
cycle. In parallel with those measurements, the bowing analysis has
also been performed, and the bowing behavior of subassemblies in JOYO
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is becoming clear through the comparison of the measured and the
analyzed results.

In addition, the permanent deformations of subassemblies are
investigated through the dimensional measurements in PIE.
Furthermore, it is tried to detect the subassembly deformation
through the withdrawal load measurements.

The measured and the analyzed results of the power coefficient in
a view point of the reactivity feedback are mainly described in this
paper.

II. Core Restraint System of JOYO

JOYO has experienced the two different type of core, MK-I core and
MK-II core, as shown in the operation history (Fig. 1).

MK-I core is a breeder core, and five rows of the core fuel
assemblies are surrounded by four rows of the blanket fuel
assemblies, and the stainless steel reflector elements are located at
the outermost row (Fig. 2). MK-II core is a irradiation bed, the
blanket fuel assemblies are replaced with the reflectors, and several
irradiation rigs are located in the core region.

All of the core elements have two kinds of spacer pads, upper and
lower spacer pads, located on the handling head and core midplane
portion respectively, to keep space each other (Fig. 3). All of the
core elements are self-standing just inserted into the core support
plate and not mechanically fixed, but constrained by two core
restraint rings located on the same axial positions as spacer pads
(Fig. 4).

Main specifications of core structure are shown in Table 1. The
lateral gap between any two adjacent lower spacer pads is much
smaller than the gap between the upper ones, so that the core is
mainly constrained at the lower restraint rings.

The clearance at the lower end of the entrance nozzle allows the
core elements to lean againt their neighbors. The leaning effect in
MK-II core is expected to be smaller than in MK-I core because of the
half size of the clearance.

The major differences between MK-I and MK-II cores are the reactor
power was increased from 75MW in MK-I core to 100MW in MK-II core,
and the blanket assemblies were replaced with the reflectors in MK-II
core. Therefore the temperature difference across the boundary of
the core is about 50°C in MK-II core, while it is about 30°C in MK-I
core.

III. Measurements Related to Core Distortion in MK-I and MK-II Cores

1. Power Coefficient

The power coefficient has been measured in every power ascent and
descent of each operation cycle after the first critical of MK-I
core. U),(2)
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The excess reactivity is measured in every 5MW power change
through the control rod positions at each power level. After the
corrections for the inlet coolant temperature deviation and for the
burn up reactivity loss are applied to the measured excess
reactivity, the power coefficient is obtained from the excess
reactivity change.

The experimental error is about 3% in a view point of
reproduciblity.

2. Post Irradiation Examination

The axial length, the face to face distance of wrapper tube, the
bowing and the torsion of a subassembly have been measured in PIE.
The subassembly deformation can be evaluated as the permanent
deformation from these data.

The results of PIE obtainted at present are mostly related to the
fuel assemblies of MK-I core. PIE for the core elements of MK-II
core is in progress.

3. Withdrawal Load

The withdrawal load measurement has been conducted in every
refueling for the subassemblies to be refueled.

All of the core fuel assemblies were measured exceptionaly befor
the second cycle operation in MK-I core, and all of the core elements
were measured at the core conversion from MK-I core to MK-II core.

The withdrawal load change with the lapse of operation cycle is
shown in Fig. 5. The withdrawal load goes up to its peak at the time
when the withdrawal is started, then falls down to a contant value as /
shown in the figure. This is considered to be because the spacer -'
pads have mechanical interactions with the adjacent spacer pads when
the withdrawal is started, and the mechanical interactions decrease
after passing by the spacer pad portion.

The difference between the peak load and the plateau (see Fig. 5)
is defined as the "peak load" and the "peak load" is taken as the
withdrawal load.

IV. Analytical Method

A series of analysis was performed in order to obtain the
reactivity change due to bowing (see Fig. 6). .Since the details of
the analytical method can be found elsewhere,(3),(4) on]y an outline
of the method will be given.

The gamma heating in reflector region has to be evaluated
precisely for the bowing analysis of MK-II core, because the
reflectors are directly adjacent to the core fuel assemblies in MK-II
core. A detail gamma heating analysis including the gamma ray
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transport analysis was performed to obtain the subassembly wise power
distribution which is the input of the thermal hydraulic analysis
code.TETRAS. TETRAS uses the porus body model developed by Khan et
a1.(5), and takes into account the transverse heat transfer between
core elements.

The three-dimensional structural analysis code HIBEACONl6)
analyzes the whole core bowing behavior at various power levels
during power ascension. It can treat the subassembly leaning caused
by the clearance gaps at the lower end of the entrance nozzle.

In these analyses, a 180° sector of the core was calculated,
assuming the boundary condition of rotational symmetry. Conserning
the threshold moment for leaning, an almost completely free model was
taken.

V. Results and Discussions

1. Power coefficient

The power coefficients measured in the beginning of the
operation cycle of MK-I and MK-II cores are shown in Fig. 7 together
with the calculated power coefficients which didn't take account of
bowing effect.

Following four characteristics of the measured power
coefficients are summarized from the figure.

(i) The measured power coefficients showed power dependence,
while the calculation without taking account of core distortion
predicted little power dependence.
(ii) The power coefficients measured in MK-I and MK-II cores
corresponded each other below the power level 65MW.
(iii)The sharp increment toward negative direction was observed
above the power level 50MW in MK-I core.
(iv) In MK-II core, the increment toward negative direction was
suppressed above the power level 65MW, and the absolute values
of the power coefficients decreased above the power level 85MW.

/Among these characteristics, (iii) and (iv) can be considered to
originate in the difference between MK-I and MK-II cores. The major
differences between MK-I and MK-II cores are, as already described,
the reactor power was increased from 75MW to 100MW and the blanket
assemblies were replaced with the reflectors in MK-II core. These
induce larger temperature difference across the boundary of core and
reflector in MK-II core.

The subassembly outlet coolant temperature distribution in MK-I
and MK-II cores are shown in Fig. 8. The temperature difference
across the boundary of core is 20°C-45°C in MK-I core and 40OC-65°C
in MK-II core respectively, and the tempetature difference in MK-II
core is about 20°C larger than that in MK-I core. It can be supposed
that the larger temperature difference in MK-II core produces
different thermal bowing bahavior and different radial displacements
from those in MK-I core.
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The displacements of core elements in MK-I and MK-II cores
calculated by HIBEACON are presented in Fig. 9 and Fig. 10
respectively. Both upper and lower spacer pad portions are strained
in the outward direction in MK-I core. Furthermore, the displacement
ratios of the upper pads to the lower pads are almost equal to the
ratio of the distances from the core support plate, so that the core
elements are supposed to be leaning toward outward rather than
bowing.

The other hand in MK-II core, the upper spacer pad portions are
strained in the outward direction extremely while the displacements
at the lower spacer pads are small, so that core elements are bowing.

The calculated reactivity changes due to these radial
displacements are shown in Fig. 11. The reactivity changes toward
negative direction with the power ascension, and this tendency is
extreme after the power exceeds about 50 MW in MK-I core, because the
mechanical interactions among core elements begin to occur around
that power level.

In MK-II core, the reactivity change shows almost the same
tendency to that in MK-I core up to 65MW, but the increment toward
negative direction is suppressed above that power level, and the feed
back reactivity due to power ascension becomes positive after the
power exceeds about 85MW. This can be explained as below.

The mechanical interactions among core elements around control
rods begin to occur at 50 MW, and the lower spacer pad portions begin
to move in the outward direction. This causes the reactivity to
change toward negative direction rapidly. The inner reflectors and
the outer reflectors begin to contact at the upper spacer pads around
the power level 65MW, then the core fuel assemblies and the inner
reflectors begin to contact at the lower spacer pads. Consequently
the outward displacements of the core fuel assemblies are suppressed
from this power level. After the power exceeds 85MW, the mechanical
interactions at the upper spacer pads increase and then the contacts /
of the core fuel assemblies with the inner reflectors at the lower
spacer pads increase too. Therefore the outward displacements of the
core fuel assemblies at the lower spacer pads are suppressed more and
more, and some of the core fuel assemblies are put back to inward
direction, causing the reactivity feedback due to power ascension
becomes positive.

The reactivity changes obtained through the bowing analysis both
in MK-I and MK-II cores are converted to power coefficients and added
to the power coefficients calculated without taking account of bowing
effect. These are shown in Fig. 12 and Fig. 13 in comparison with
the measured power coefficients.

The power coefficients evaluated with bowing effect agree better
with measured ones in MK-I core. In the view point of threshold
moment for leaning, infinite threshold moment model agrees better
with measured values up to the 60MW power level but free to lean
model agrees better with measured values above 60MW. So that it
can't be concluded by this result which model is better.

In MK-II core, the evaluated power coefficients taking account of
bowing effect agree well with the measured ones up to 60MW and show
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not so good agreement above 60MW. This is because the bowing effect
is overestimated, in other words, the contacts between the core fuel
assemblies and the inner reflectors at lower spacer pads begin at
lov.er power level in analysis. Therefore the suppression of the
radial displacements of core fuel assemblies is overestimated.

Although the bowing analysis overestimated the bowing effect in
MK-II core, it became clear that taking account of bowing effect can
explain qualitatively the power dependence of the measured power
coefficients.

o Key Paremeter Analysis

There exists a tendency of overestimation in MK-II core as
described above. Therefore the perameter survey for the following
key factors which affect bowing analysis was performed.

(i) Threshold moment for leaning : 0.0 or oo
(ii) Clearance at the lower end of entrance nozzle : nominal value or

manufacturing tolerance included
(iii)Stiffness of inner reflector : 172.9cm4 or 43.35cm4

An inner reflector consists of wrapper tube and seven rods
as shown in Fig. 3. Central rod is fixed both at top and
bottom ends, though other six rods are not perfectly fixed
having freedom to slide. Second geometrical moment of area
of wrapper tube including seven rods is 172.9cm4, and that
of wrapper tube including central rod is 43.35cm4.

(iv) Power distribution of reflector : detail analysis including
gamma ray transport effect was performed or not.

The results of the parameter analysis concerning reactivity change
are shown in Fig. 14, from which following points can be drawn.

(1) In the case of threshold moment is infinite, no leaning occurs
even if the mechanical interactions begin to occur at the power
level around 45MW, therefore reactivity change toward negative
direction is small. Futhermore, the power level at which the
suppression against the outward displacements of the core fuel
assemblies begins to occur shifts to the higher power level.

(2) Smaller stiffness of the inner reflector makes the suppression
weaker against the outward displacements of the core fuel
assemblies after the core fuel assemblies began to contact with
the inner reflectors at the lower spacer pads over the power level
around 65MW, so that the reactivity change toward positive
direction is smaller.

(3) The gamma heating in the inner reflector increases about 50% if
the detail analysis including gamma ray transport effect was
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applied, and the temperature difference across the the boundary of
core and inner reflector decreases. Consequently^ the power level
at which the core fuel assemblies begin to contact with the inner
reflectors at the lower spacer pads shifts toward higher power
level, and the suppression effect against the outward
displacements of core fuel assemblies begin to occur at higher
power level too.

(4) The evaluation of heat generation in the reflector region has
larger influence on reactivity change than such factors as
threshold moment, clearence at the lower end of entrance nozzle
and stiffness of the inner reflector.

The discussions described above suggest that the evaluated power
coeffcients agree better with the measured ones than shown in Fig.13
if larger threshold moment and smaller stiffness of the inner
reflector are taken.

The results of the perameter survey concerning displacements and
contact forces are summarized in Table 2, from which following two
points can be drawn.

(1) The maximum displacement doesn't depend on calculational cases
and is about 6mm.

(2) The maximum contact force in the case of small stiffness of the
inner reflector is about half of those in other cases.

2. Others

Dimensional Measurements of MK-I Core Fuel Assemblies in Post
Irradiation Examination

The face to face distance changes (AR/R) at the lower spacer pads
were less than 0.13% and within the error of measurement. This
corresponds to the fact that the maximum fluence in MK-I core was
about 6 X 1022n/cm2 and relatively low, and this means the swelling
was not the main contributor to the core distortion in MK-I core.
The residual displacements didn't show meaningful differences from
the fabricated , this corresponds to the analytical results that the
bowing effect is not so large in MK-I core.

Withdrawal Load

The measured withdrawal loads have a tendency to increase with
operation cycle (Fig. 5). But the residual displacements were not
detected in PIE of MK-I fuel assemblies, furthermore, the bowing
analysis suggests that the contact force at the spacer pads is less
than lkg at refueling of the MK-I I fourth cycle. So that the
withdrawal load increase can't be related directly to the core
distortion.
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VI. Conclusion

The measured power coefficients in the beginning of the operation
cycle of MK-I and MK-II cores showed following characteristics.

(i) The measured power coefficients had power dependence» while the
calculation without taking account of core distortion predicted
little power dependence.
(ii) The power coefficients measured in MK-I and MK-II cores
corresponded each other below the power level 65MW.
(iii)The sharp increment toward negative direction was observed above
the power level 50MW in MK-I core.
(iv) In MK-II core, the increment toward negative direction was
suppressed above the power level 65MW, and the absolute values of the
power coefficients decreased above the power level 85MW.

The bowing analysis was performed in order to investigate these
observed characteristics and the following conclusions were obtained.

(1) The evaluated power coefficients taking account of bowing effect
agree better with measured ones than the calculated ones without
taking account of bowing effect in MK-I core.

(2) In MK-II core, the above characteristic (iv) can be explained
qualitatively that it is because the outward displacements of core
fuel assemblies are suppressed by bowing at high power level.
Although the analytical results show not so good agreement
quantitatively with the measured power coefficients, it is j /
suggested that they agree better depending on the uncertain
parameters such as the heat generation in the reflector region,
the threshoi ' moment for leaning and the stiffness of the inner
reflector.

(3) It becomes clear from these results that the power dependence
observed in the measured power coefficients in JOYO is due to the
bowing effect.
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Table 1 Main Specification of 3OYO Core Structure

Number of Core Elements

Core Element Length

Arrangement Pitch of Core Element

Outer Wall Flat-to-Flat Distance

Axial Height of Spacer Pad* Upper

Lower

Gaps between Spacer Pads Upper

Lower

Wrapper Tube Thickness
Fuel Assembly

Control Rod

Reflector

Entrance Nozzle Length

Clearance Gap at Lower End
of Entrance Nozzle

Gaps between Reflector and
Core Restraint Ring Upper

Lower

MK- I Core

313

2970mm

81.5mm

78.5mm

2390mm

1170mm

1.2mm

0.1mm

1.9mm

1.8mm

25.0mm

510mm

0.2mm

1.35mm

0.25mm

MK-II Core

. do

do

do

do

do

do

do

0.3mm

do

do

5.0/1.94/25.0

do

0.1mm

do

do

* Distance from Core Support Plate

Table 2 Summary of Parameter Analysis
______^ Case

Paramete —

Threshold Moment (Kg »cm)

Clearance at E/N (mm)

Inner Reflector Stiffness (cm4)

Gamma Heating in Reflector

Maximum Displacement (mm)

Maximum Contact

Force (Kg)

Upper Pad

Lower Pad

1

0.0

0.1

172.9

rough

6.3

23.2

16.4

2

oo

*

*

6.2

32.3

18.6

3

*

0.15

*

*

6.3

26.6

16.3

4

*

*

43.4

*

6.1

18.0

8.3

5

*

*

detail

5.9

23.6

11.0
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YEAR

REACTOR

POWER

1978 1979

75MW

1980

(D (2) (3)

1981

(4) (5) (6)

1982 1983 1984

(3X4X5X6)

nnnn
! ! ! !

ill;
nil

Max Fluence
(n/cni. E>01MeV)

I
64X10" 55X10"

MK-I Core MK-II Core

Core Conversion

Fig. 1 Operation History of 3OYO
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(MK-I)
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Irradiation
Subassembly

© Control Rod
© Core Fuel Assembly

(MK-II)

0 Inner Reflector
O Outer Reflector (A)
© Outer Reflector (B)
® Neutron Source

Fig. 2 Core Configuration
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"~ Spacer Pad

—Wrapper
Tube
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Nozzle

Entrance-
Nozzle

— Handling
Head

^Upper
Spacur Pad

Lower
"Spacer Pad
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Element

Inner Reflector Outer Reflector

(MK-E)
Fig. 3 Core Element

Upper Restraint Ring

Lower Restraint
Ring

Core Midplane

Core Barrel

High Pressure
Plenum

Low Pressure
Plenum

Fig. 4 3OYO Core Restraint System
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