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Abstract

Changes in the reactor power result in relative movements between
the fuel rod bundle and grid spacers, due to thermal expansion of fuel rods.

Contact load, which is caused by deformation of fuel rods or axial_
alignment of grid spacers, is set up on the contact surfaces.

From this reason, changes in reactor power are the cause of galling
between fuel rods and grid spacers.,

In this work, wear between fuel rods and grid spacers in sodium
was evaluated quantitatively under simulated reactor conditions, and a
mock-up test in sodium was carricd out in order to evaluate designs of the

fuel rod, grid spacers, and grid spacer mounting methods,
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1. Purpose of Experiment

Grid spacers and cladding tubes in the grid-type fuel assembly of an
FBR are subject to axial relative displacement on their contracting sur-
faces caused by i) power ramp during normal operation and ii) power
ramp at the time of abnormal operation., This is due to the difference in
thermal expansion between the grid spacer holders (such as wrapper tube
and tie-rods for instance) and fuel pins,

Even in the case where such a design consideration has been given
as to provide a nominal dimensional gap between the grid spacer dimple
and the cladding tube at the initial time of their manufacture, a lead is
produced on their contacting surfaces due to the following reasons:

i ) Positional displacement of grid spacers which are axially

arranged inside the wrapper tube,

ii ) Bowing of the fuel pins within tolerance produced during fabri-

cation,

iii) Bowing of fuel pins during reactor operation,

Because of the above phenomena, the relative movements caused by
the power ramp of a reactor produce axial friction (galling) on the
contacting surfaces between the grid spacer dimple and the cladding tube.

It is estimated that further load will be applied on the contacting
surfaces at the time when the initial contact gap has disappeared as the
result of swelling of the cladding tube caused by the progress of burn-up
of the fuel.

Therefore, it is the purpose of this experiment to evaluate the wear-
ing condition of the grid spacer holders and the <ladding tubes by the repe-
tition of galling in a series of in-sodium mockup tests, and thus to obtain

the necessary design date for grid spacers and fuel pins,



2.

Test Method

2-1. General Description of Test Method

The present experimental work involved the test of grid elements

made and supplied by various fuel fabricators and the test of fuel assembly

including grid spacers and full-bundles. The grid spacers and cladding
tubes employed for this experiment have the same specifications as those
of the prototype FBR, "MONJU",

The test of elements was performed to make quantitative evaluation
of their correlations by combination of such parameters which are con-
sidered to affect the galling test results, And by grasping the wearing
mechanism on the grid spacer dimple and the surface of cladding tubes
by galling, evaluations ol various grid elements were undertaken to pro-
vide uselul data for design of grid spacers and fuel pins,

For the fuel assembly tests, the experimental conditions were
prepared to simulate the real use conditions as much as possible, in
order to observe the wearing phenomena caused by galling in an actual
fuel and to reflect the results upon the design of grid type fuel assembly.

The tests were undertaken by exposing the test specimens com-
prising grid spacer and fuel pins to sodium in which the fuel pins or
pin-bundles were moved up-and-down by a driving mechanism so that
galling movements were created on the contacting faces between the
grid spacer and the cladding tube, The measurement of the load was
taken by the tension-compression type load cell which was installed on

the axis of the driving mechanism.

2=-2, Outline of Test Loop
The vertical driving mechanism installed to the Na test tank and
the test specimens are as shown in Figs, 2-1 and 2-2. The photographs

of the test loop and the test specimens are given in Photos 1 to 19,

- 2.

2-2-1, Vertical Driving Mechanism
The vertical driving mechanism is coupled with the test specimen
and the fuel pins, and is designed to move vertically the driving axis
(crank shaft) to produce up-and-down crank movements so that galling
can be created.

The main specifications are as follows:

Sliding stroke 10mm
Repetition velocity 3rpm
Max. load 100kg

2-2-2, Test specimen
a) Test of Elements

The specimens for the element test are as shown in Fig, 21
and Photos 4 to 13. But in this case, the test specimen is composed
of grid elements, grid element spacer, fuel pins and the wrapper tube,
and is able to hold six kinds of grid elements at a time in cach test,

In respect of the load condition setup at the contact faces between
grid element and fuel pin, it will be described in details in later pages.
But referring to it briefly here, it is that, by moving slightly the grid
element holes in the grid spacers which are arranged at 200mm inter-
vals in the axial direction, the positions of fuel pins are forcibly
changed to create load.

The list of the grid elements employed for this test is given in
Table 2-1 and Fig. 2-11,

b) Test of Fuel Assembly

The test specimen of the fuel assembly is shown in Fig. 2-2 and
Photos 14 to 19.

The mockup assembly employed for the test has the same specifi-
cations as those of prototype FBR, "MONJU", Two types of grid
spacers such as the ring type grid spacer made by MAPIL and the

.3 -



combined grid made by Toshiba were used for the grid spacer test. : deformation mode under various load conditions are shown in Figs.

( Photos 14 and 15, and Figs. 2, 12, and 13). : 2-4 and 2-5. The load at this time is calculated theoretically as

This test was aimed at observing the wearing condition of fuel | follows:
pins and grid spacers in the actual assembly. Incorporating at the (1) Calculation Model
same time bowing fuel pins, application of the results of the element

test was tried,

The posgitions of the bowing pins are shown in Fig. 2-10, Mo C

X
Also for verification of grid spacer supporting technique, the screw
fixing method which was proposed for "MONJU" was tested for the
Toshiba-made combined grid, while the method whereby supporting
framework holding both sides of the grid spacer was resistance spot
welded to the wrapper tube was tested for the MAPl-made ring-type (2) Basic Equations
grid gpacer. The outline of these methods are as given in Fig. 2-9 Mo+ 23Ry +(23-£, )Ry +(L3~24; )Ry =0 st @
and Photos 18 and 19, Ry+ Ry +Hy+Ry = 0 s ()
2-2-3., Sodium Purification Loop My = My + Ryx 05 xS g e snene @
For the impurity control of the sodium inside the test tank, a My = Mg+ Ryx +Ry (x=81) £, Sx KLy vvveeeniennn 9
joint operation was performed for both the test loop and the cold trap My =Mo+Ryx+Rp (x~2 Y+By (x~2; )
loop. By Sx S8y e )
The outline of the test loop and the cold trap loop is given in (3) Deflection 2 3
| X X
' 2 i \‘m‘""'"lh{o""""al""’ ngs_e‘ ............... @
Fig. 2-3. The impurity control was carried out under the following ! 5 2 6
conditions: | . o2 . _’f.3 cn xsm.@lxz |
CT Operation Temperature <150 °C 2T ORT 2 ) 2% % 2
PI o R1.2f Raly? <, < ;
Temperature <150 °C + > X7 . } Ly S xS 4y e @
Sodium Flow Rate About 102 /min
| 2 3 3 2
yq @ 11\40% +B|-§—~ +n,2(i‘é- _é%f,.., )
2-3. Test Loop Setup and Verification ol
! }
2-3-1, Tast of Elements ‘ ty ( Rgl,® +Bylp® ) x~ T ( Rpty” + Ratly® ) |
The 1 . rleme - Y g _
¢ load conditions for the element test were set up by forcibly | Ly 5% S Ly P g
displacing the fuel pins at the grid spacing position. The fuel rod Where, El: Modulus of rigidity

. .5 .



(4) When load is sought from the deflection mode (Fig. 2-4 to Fig.
2-6 under various load conditions, it is as shown in Table 2-2,
After assembling the test specimen, the tensile load of the fuel

pin was measured to verify the load condition. The tensile load of

the fuel pin is calculated theoretically as follows:

i ) Calculation Model
¥

Ra
a
£:=2a
it) Basic Equations
“‘A + R‘B +W§m () LR R N SRR (D
‘Vrﬂ{.lia.ﬂm 0 --------- Trenns IR I, Pravssse @
My =3 R,x 0K xS a N )
My = Ty + W(xa) AN KL e @D
iit) Deflection
Y=o ™ 0 @
| W ’
Yemn ™ 1 ( et o) e e, @®
: (-3W-+a’ + 6 Qya )
_ =3 e - ) > 3 H AR N L N YN S RN r'.'
y.‘:*%ﬂ 6RI a 18 o)

Where, C) ¢ Integral constant

El ¢ Modulus of rigidity

Calculated value of W, Rp and Ry under various load conditions,

are as shown in Table 2-3. Consequently, assuming the in-air

- G -

coefficient of static friction for grid and cladding tube as p=0.2t
0.4, the tensile load under various load conditions is then as given
in Table 2-4.

The comparison between the above calculated results and the
measured results is shown in Fig. 2-8 which indicates generally good

consistency and the load condition setup is satisfied,

2-3-2., Test of Assembly

The load and deflection mode of the bowing fuel pins in an as-
sembly are illustrated in Fig. 2.7,

Tensile tests were also undertaken the same as in the case of
the element tests for the confirmation of load condition setup. The

results are as shown in Fig, 2-8,



3, Measurement and Examination

3-1. Measurement of Changes in Frictional Force

The wear under repeated frictional motion of the fuel pins and
grid spacers was observed at their contacting faces by measuring the
tensile and compression load as mentioned in the previous section,

The frictional force at the contact faces between fuel pins and grid

spacers may be estimated by the following principle:

(1) The tension and compressed load measured by loadcell are the
synthesized load with the following forces:

i) TForce required for vertical movement by the vertical driving
shaft alone, and
ii) Static frictional force and dynamic frictional force,

(2) The force required for driving the vertical driving shaft is
estimated to produce some cyclic load since bellows are used for
sealing of the driving shaft from the sodium test tank ( Fig. 3-1-(a)).
Actually the driving force is calculated as shown in Fig. 3-2-Ca).

(3) In the next, the static frictional force is expected to have a peak
at the time when grid spacers and fuel pin begin to slide on their
contacting faces and also when their sliding motion finishes (Fig.
3-1-(b); A, B and C),

The dynamic frictional force is to be observed while in their sliding
motion (Fig. 3-1-(b).

(4) Consequently, both the static and the dynamic frictional forces
may be obtained as Fs, Fk from the synthesized load curve shown
in I'ig, 3~1-(c), In the actual case, this synthesized load curve

is the same as shown by Fig. 3-2-(b).

3-2, Measurement of Wear
3-2-1. Measurement of Wear at Grid Dimple
The wear at grid dimple in the element test was fneasured as a
change of the height from the standard level of the gri-:i dimple before
and after the test using a multipurpose projector, Pliloto 20 shows
the main part of the apparatus, |
The evaluation of the wear at the grid spacer diiaple in the fuel
assembly test was performed by examining the change:s before and
after the test in the internal contacting circle formed by the dimples.
3-2-2, Measurement of Wear of Cladding Tube
For the measurement of the wear at a cladding. ‘tube was conducted
by use of three-dimensional measuring apparatus,-"&nd an electric
micrometer was employed as the measuring sm;.-"éor. The edge of the
feeler was in a spherical form of 0.5R, Tht;:."“apparatua used for this

measurement is as shown in Photos 21 and 22.

3=-3. Observation of Surface Condition

Examination of morphology of wear anc. degeneration on the friction-
worn surfaces of the cladding tube and the grid dimple was conducted
by scanning electron microscopic surface observation and metallographic

microscopic observation.

3-4., Strength Test
3-4-1, Hardness Test
The hardness change on the worn surfaces of cladding tube and
grid dimple before and after the testing was examined by Micro-Vickers
hardness tester to see strength change and existence of degenerated
layer.
3-4-2., Rupture Test of Cladding Tube

A hydpraulic burst test was performed on the cladding tube after

-9 .



galling test to examine the rupture strength,
3-4-3. Compression Test of Grid Dimple
A compression load test to measure the spring constant and yield

strength was performed on grid dimple after galling test in order to

examine its strength deterioration,

3-5. Fuel Assembly Test and Integrity Test of Grid Spacer
For the evaluation of integrity of grid spacers after the test of

fuel assembly, the spacing of each grid element and external appearance

were examined,

- 10 -

4.

Assessment of Test Conditions

4-1, Temperature Condition

The test temperatures were sét in consideration of the design tem-
perature ranges of grid spacers and fuel pins as shown below:
i) 400 °c Equivalent to the temperature at the core inlet
ii) 550 °C  Equivalent to the mean temperature for the entire assembiy
iit) 650 °C Equivalent to the temperature on the surface of cladding

tube

The design temperatures of fuel pin, wrapper tube and coolant are shown

4-2. Repetition Times

According to the recent studies on fretting wear, it is reported
that the wear behavior changes at around the fretting amplitude of 70 ¢ m,
and that above this level, the wear increases drastically::)'?’)

Therefore, those wear phenomena which are caused by the power
ramp during reactor operation of which fretting amplitude is extremely
small should be considered as fretting wear, -

This experimental work handles such galling phenomena as caused
by comparatively large power ramp during FBR operation, The power
ramp of "MON]JU" is represented by Table 4- 127)

According to this table,

i) Frequency of power ramp under normal operation is about 1,200
timesg¥

i1 ) Frequency of power ramp under abnormal operation is about 30
timos¥*

Most of the power ramps are those due to the load following opera-
tion of the reactor, which is believed to occur about 1,000 times during
the life of a fuel. The test cycle numbers were set as follows

-1l .



" ot

considering the above:

(a) 500 times, (b)) 1,000 times, (c) 1,500 times

4-3. Load Conditions

(1) The loading condition of fuel pin which has the severest contact
load condition in the MONJU's adjustment design stage 1l is as shown
in Fig. 4-2. According to which, the maximum contact load at the
initial life cycle is about 0.5kg, and at the end life cycle about 1,0kg.

(2) From the above viewpoint, it will be good enough to evaluate the
contact load up to the range of the maximum load of lkg. But since
this experimental work has to evaluate various grid elements within
the given period of time, it is difficult to obtain its correlation with
wear rate within the load below lkg when considering the established
daceuracy of the load conditions,

(3) In this respect, it is thought desirable to obtain data over the
wider range of load condition taking high fluence core in the future

reactors into consideration.

(4) The load conditions were set as follows considering the above

items:

(a) 0.5kg, (b) 1.0kg, (c) 2.0 kg.

4-4, Other Conditions

4=4-1. Sliding Length
The sliding length was set at 10mm in this experiment. This
experiment, This width was calculated from the temperature distri-
bution of the fuel assembly as shown in Fig. 4-1 and from the thermal
cxpansion gap between the fuel rod and the grid spacer holding mate-

rials (wrapper tube, for instance),

According to this calculation, although the designwise conceiv-

able sliding length is about Smm, considering the accuracy of the wear

measuring technique ( responding capacity of measuring technique to

the wearing variation of the sliding length), it is set at 10mm for the

present experiment. This treatment is thought to be not wrong since
the wear of cladding tube depends only on the number of repetition.

The wear of the grid dimple was arranged not by cycle number
but by friction distance ( sliding length x 2 x cycle number).

4L-4-2. Effect of Repetition ( Friction) Velocity

As was stated before, the load following operation is the most
frequent cagse of the power ramp operation of a reactor. The power
ramp rate in this reactor operation is 1 5%/ min .according to "MONJU"
plant design. The friction velocity is about 10#m/sec at 100% of
reactor power if the sliding length is 10mm. The repetition friction
velocity in the present experiment is 1mm/sec.

However, when friction velocity is extremely low as in the case
of this experiment or in the real reactor system, it can be assumed
there is no much difference in the wear ratessd)) 26

That is, it will be all right to consider the effect of wemperature
on the [riction surfaces by friction velocity Ws (f) as shown below
is constant, and wear rate 4 W proportionates to contact pressure
4P and friction distance 4L, etc.

4W = Ws(#):P +4L

Hardly any difference was observed between static frictional
force and dynamic frictional force in the actual measurement of fric-

tional force. This, therefore, may be said an experiment of static

friction.

4=%5, TFuel Assembly Test Conditions

It can be said that the present experiment is & general test where

the wear and frictional behavior of fuel pins and grid spacers in the

- 13 -



fuel assembly were tested and measured, 5. Inspection Data of Test Specimens Prior to In-Sodium Testing

itions and load conditions were
Consequently, temperature condition 5.1. Cladding Tube

that th ould constitute average conditions of a fuel as- ’
selected so ey w g (1) The results of the inspection ¢f the outer diameter of the cladding

lv in the reactor core, Also, in order to observe the effect of _
sembly i ’ tube which was exposed to test are in Fig. 5-1.

i i id axially arranged inside the wrapper
displacement of various gric spacers d & PP (2) The hardness of the cladding tube prior to test is as shown in

tube to wear and frictional phenomena, the tests were conducted by in- Fig. 5-6

i i db ing t ly load.
stalling both straight and bowed pins to apply (3) The results of the burst test of the cladding tube prior to in-sodium

The above mentioned test conditions are summarized as follows: . .
test and also those of after in-sodium test are shown in Fig. 6-19,

Temperature condition 550 °C
Contact load condition 0.3 kg max., 5-2. Grid Elements
Cycle No. . 1500 | (1) The results of the inspection of the internal contact surface

circle diameter of various grid elements which were subjected to
test are in Figs. 5-2 to 5-5,
(2) Fig. 5-6 shows the pre-test hardness of various grid elements.
(3) The results of the compression test of dimples of various grid
elements before in-sodium test are illustrated together with those

of post-in-sodium test in Fig. 6-20.

5-3. Grid Spacer

(1) The results of the inspection of the internal contacting surface
circle diameter of the combined grid of Toshiba and the ring-type
grid of Mitsubishi are in Figs. 6-22 to 6-23.

(2) Similarly, the results of the inspection of the fuel pin arrangement
pitches in various grids are shown for both before and after in-sodium

testing in Figs, 6-24 to 6-25.

5-4. Fuel Pin Bundle Holders

The results of the fuel pin arrangement pitches of fuel pin bundle
holders which were subjected to the fuel assembly test are as shown in
Fig. 5-7.
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6. Results

6-1. Test of Elements
6-1-1, Measurement of Frictional Force

(1) Figs. 6-1 to 6-3 represent the estimation of the variation of
frictional force during its two-way sliding motion on the contact-
ing faces between grid spacer and fuel pin, This estimation was
made from the load obtained by loadcell and using the theory given
in Fig, 3-1,

(2) Estimating the static fricrion coefficient between fuel pin and
grid spacer in sodium from this measurement of frictional force,
it is as follows:

ps « 0,40 - 0.6014)

(3) The results of the load at this time were analyzed according to
the theory given in Fig, 3-1., It was shown that there was no
difference between statical friction force and kinetic friction force,
and that the condition of the two-way sliding velocity in this test
was the coelficient of static friction.

6-1-2, Wear and Wear Rate of Cladding Tube

(1) The test vesults of the wear of cladding tube under the test
conditions of sodium temperature at 400 oC, loadIO.S ~ 2 kg, and
cycle number 500 ~ 2000 are as shown in Fig. 6-4.

(2) The test results of the wear of cladding tube under the test
conditions of sodium temperature at 550 °C, load 0.5 ~ 2 kg, and
cycle number 500 ~ 1500 are as shown in Fig, 6-6.

(3) The test results of the wear of cladding tube under the test
conditions of sodium temperature at 650 °C, load 0,5 ~ 2 kg, and
cycle number 500 ~ 1500 are as shown in Fig. 6-8,

(4) The wear of cladding tube can be expressed as follows by use of

- 16 -

wear rate Kc:3)’8)
d = Ke*N-W
Where, d = Wear of cladding tube (measured value) (gm)
K¢ = Wear rate (2 m/cycle kg)
N = Number of repetition
W = Load on ¢ontacting surface (kg)

(5) The relations between wear rate and cycle number at various
temperatures are shown in Figs, 6-5, 6-7 and 6«9 respectively
with load condition as parameter.

(6) From these data, it is known that the wear rate Ko becomes
small under the test conditions of 2kg load and 1500 cycle,
Consgequently, wear is thought to make no abrupt increase when
conditions reach this stage and that thereafter it remains at
normal and constant wearing. |

(7) Fig. 6-10 shows the temperature effect on the wear rate Ko with
contacting load and ecycle number as parameters,

6-1-3, Wear and Wear Rate of Grid Dimple

(1) The test results of grid dimple wear under the conditions of
sodium temperature 400 °C, load 0.5 ~ 2 kg, and cycle number
500 ~ 2000 (equivalent to frictional distance of 10 ~ 40 m) are as
shown in Fig, 6-11,

(2) The test results of grid dimple wear under the conditions of
sodium temperature 550 °¢, load 0.5 ~ 2 kg, and cycle number ‘
500 ~ 1500 ( equivalent to frictional distance of 10 ~ 30 m) are
as shown in Fig. 6-13.

(3) The test results of grid dimple wear under the conditions of
sodium temperature 650 °c, load 0.5 » 2 kg, and cycle number
500 ~ 1500 (equivalent to frictional distance of 10 ~ 30 m) are
as shown in Fig, 6-15,
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(4) Grid dimple wear can be expressed as follows by use of wear

rate Kg same as in the case of cladding tube:3)’8)
d = Kg + L - W
Where, d = Wear of grid dimple ( measured value) (pm)
Kg = Wear rate (pgm/m-kg)
L = Frictional distance (m)
W = Load on contact surface (kg)

(5) The relations between wear rate Kg and frictional length at
various test temperatures are as shown in Figs. 6-12, 6-14 and
6-16 with load condition as parameter.

(6) The wearing phenomena of grid dimple showed small wear rate
Kg similarly to the cladding tube under the test conditions at 2.0kg
load and 1500 cycle number, and is estimated to have transitted to
normal and constant wearing.

(7) Fig, 6=-17 represents the temperature effect of wear rate using
contact surface load and cycle number as parameters.

6-1-4. Observation of Surface Condition of Worn Section

(1) The typical external appearances of surface wearing of cladding
tube and grid dimple are represented in Photos 23 and 24,

(2) Scanning electron microscopic observation of surface conditions
and wear morphology of both cladding tube and grid dimple was
conducted, of which results are as shown in Photos 25 ~ 30.

This electron microscopic observation revealed the following

points:

*shear-breaking traces considered to have been caused by coagula-
tional friction were observed in the cladding tube and grid dimple,

*On both ends of the sliding direction on the sliding surfaces,
deposition of abrased particles was observed, In particular, on

the contacting surface of cladding tube, this type of deposition

- 18 -

was quite evident,

*No difference in wear morphology by the difference of configura-
tion of grid dimple was observed. Difference in the contacting
surface area was evident particularly in the observation photo-
graphs of grid dimples.

(3) Metallographic Cross Sectional Observation

Longitudinal and transverse cross sectional metallographic

observation was performed on the worn surfaces of cladding tube

and grid dimple for the purpose of examining wear morphology and
surface degenerated layer. " The results are as shown in Photos

31 and 32, which indicate the following points:

*The transverse cross sectional metallographic pictures clearly
present rough surface of worn section, while the longitudinal
cross gectional metallographic pictures indicate deposition of
abraged particles.

*This cross sectional metallographic observation revealed no
compositional or structural changes on the abrased surfaces.

6-1-5, Strength Test
(1) Maeasurement of Hardness Change in Abrased Sections

Changes of surface hardness on the worn surfaces of cladding

tube and grid dimple before and after testing were examined in

order to verify the strength change and existence of degenerated
layers.

The results are as shown in Fig., 6-18,

The measured positions were the five locations as indicated in

Fig. 6-18. Each location had three measuring points, and the

mean value of so measured values is shown in terms of hardness,

The measured resulis were compared with the pre-test data given

in Fig. 5-6 to observe the changes in surface hardness., This
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comparative observation revealed no evident change indicating
good consistency with the results of the cross sectional metallo-

graphic observation.

(2) Rupture Test of Cladding Tube

Hydraulic pressure burst test was performed to examine strength
deterioration in the abrased section of cladding tube after testing
( pressurization rate about IOOkg/cmZ/sec.E) The results are as
shown in Fig. 6-19. The test result indicated that the tested
rupture strength exceeded the manufacturing specifications of the
cladding tube for "MONJU". Rupture took place even in other
sections than the worn section. But the worn section indicated
high rupture probability. Rupture pressure was low for the test
specimen at the sodium temﬁeramre of 650 °C. This was thought
as the result of annealing phenomenon taken place during the

galling test,

(3) Compression Test of Grid Dimple

The spring constant and yielding load were measured in order to
examine the strength deierioration of grid dimple after testing.
The results are as shown in Fig, 6-20., The measured data were
compared with the pre-test data to observe changes. But no obvi-

ous change was presented.,

Fuel Assembly Test

6-2-1, Measurement of Frictional Force

(1)

The changes in frictional force during two-way slidding fric-
tional motion estimated from the load obtained by use of tension
compression type load cell for 100 kg load by the same technique
as applied to the element test, and the results are shown in Fig,

6-21., The so measured frictional force in this case was for the

- 20 -

load at the contact points of 169 fuel pins with grid (3 points in

axial direction),

(2) The measured results of frictional force were 15 ~ 30 kg in the

initial cycle period and 50 ~ 70 kg in the end cycle period (1500

cycles) as shown in Fig. 6-21,

(3) The average contact load between fuel pin and grid spacer, from

the coefficient of friction of g~ 0.50 to 0.60 estimated from the
element test at 550 °C, was estimated about 0,07 ~ 0.12 kg for the
initial cycle period and about 0.16 ~ 0,28 kg for the end cycle

period.

(4) The contact load of the bowed pin incorporated into the fuel

assembly was 0,07 ~ 0,3 kg as shown in Fig, 2-7. The gross
total of the frictional force (for 28 bowed pins) was 15 kg, and
indicated generally reasonable value in the initial cycle period.
The reason for comparatively large values for the combined grid
was that, due to the finish of the weld-assembling of wave beam
type plates with the surrounding honeycome type grid, there were
some places where fuel pin charging was not smoothly done at the

time of the assembling of the test specimen.

(5) The frictional force in the end cycle period of the test had

reached equilibrium, but its value was considerably large. This
is approximately equivalent to 169 bowing pins having maximum
contact load of 0,3 kg.

This phenomenon is thought to indicate the variation of contact
load created during the galling motion witkin the assembling
tolerance between fuel bundles and grid spacers (for instance, by
the positional displacement of the axially arranged grid spacers,
there was created contact load between fuel ping and grid).,

Frictional coefficient indicated small value as shown in Tig. 6-21
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and had reached equilibrium,
6-2-2, Wear Rate of Cladding Tube

(1) To facilitate the observation of the wear condition of cladding
tube after test, metallographic photographs of external appearance
are presented in Photos 33 and 34,

(2) For the measurement of wear of cladding tube, a total microscope
was employed since both the width and depth of flaw are so small
that it was impossible to measure them by the same measuring
technique as employed for element test.,

(3) The wear of cladding tube was observed as 20 to 40 pm for
bowed pins (max. contact load about 0.3 kg) and <5 to 20 #m for
straight pins, These values are approximately consistent with the
results of the element test,

(4) No difference in wear was observed between the central cell
section and the surrounding cell section of the straight pins,

6-2-3., Wear of Grid

(1) The internal contact diameter formed by the grid dimple was
measured before and after test in order to facilitate the examination
of wear rate of grid after test, The results are as shown in Figs.
6-22 and 6-23,

(2) The frequency distribution of the internal contact diameter changes
as shown in Figs, 6-22 and 6-23 were measured taking the samples
of the entire contacting sections of both the straight and bowed pins
of grid spacers. But in the case of the combined grid, only the
surrounding honeycomb grid was taken as sample. On the right
shoulder of the diagram, there are shown the mean value and
standard deviations of the data expressed in frequency distribution,

and at the same ﬁme, the mean value and the standard deviations of
the bowed pin contact section only were presented to show its effect,

- 22

(3) It is concluded that there was no evident change in grid wear,
judging from the bundle average data.

The max. changes of internal contact diameter before and after

test was about 40 #m for Toshiba combined grid and about 50 zm

for Mitsubishi ring type grid,
6-2-4., Integrity of Grid Spacers
(1) For the evaluation of the integrity of grid spacers after the
assembly test, grid arrangement pitches and external configura-
tion were examined to see whether there had been any changes,
The results are as shown in Figs, 6-24 ~ 6-27,
(2) The post-test grid spacers were observed to have changed

the configuration of lattice due to mechanical interaction between

fuel pin bundle and grid spacers as considered in the previous

Paragraph 6-2-1 ( Photo 35).

The configurational changes of Toshiba-made combined grid and

Mitsubishi-made ring-type grid are as indicated in Figs. 6-28 «~

6-29. There was found no immediate relation between the de-

formed sections and the location of the bowed pins. The following

reasons can be considered for the deformation of lattice:

(a) In the case of Mitsubishi-made ring-type grid, dimples are
forcibly deployed in the weaker section in the peripheral area
as shown in Fig. 6-28.

{b) In the case of Toshiba-made combined grid, since charging
of fuel pins during the assembling work had not been smoothly
done due to the finish up the weld-assembly of wave beam laitice
plates forming the peripheral honeycomb and central grid, the
consiraining load in this area remained as a load.

(e) This mechanical interaction is considered due to the end-plug

holding technique of the fuel pin bundle and the tolerance
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clearance of this end-plug holder. But in this test, it was

held tightly by use of the holders with such pitch arrangement

as shown in Fig. 5-7. Refer to Fig. 2-2 and Photo 17 for
the holding method.,

6-2-5. Integrity of Grid Spacer Holding Method

Integrity of the grid spacer holding method was verified after

the test, Both of the two holding methods were confirmed good,

Photo 35 shows the post-test grid spacer holders.

- 24 -
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Evaluation of the Results

7-1., Wear of Cladding Tube
(1) As to the wear of cladding tube, the resulis of its post-test
evaluation are summarized in Fig, 6-10,
(2) Based on the above data on the wear of cladding tube applicable

to fuel design are given in Figs, 7-1 and 7-3,

7-2, Wear of Grid Dimple

(1) The wear of grid dimple as evaluated from the results of the
test are summarized in Fig. 6-17.

(2) Based on the above data, the wear of grid dimple applicable to
fuel design are given in Figs. 7-4 to 7-5.

(3) No prediction was possible for the abrupt increase of grid dimple
wear during low cycle test unlike in the case of cladding tube.
For this reason, a low cycle test of 100 cycle at 650 °C was per-
formed to make up the evaluation data. As the result, it was

known that the wear of grid dimple progressed considerably even

in the initial cycle period contrary to the case of cladding tube.

Its data are as shown in Fig, 7-5.

7-3. Configuration Effect of Grid Spacer Dimple
(1) As to the effect of the configuration of grid spacer dimple to the
wear of cladding tube and of the spacer dimples themselves, it is
very effective to the wear of cladding tube at 400 °C in the case of

the wave beam type as seen in Fig. 6-4, but at 550 °c and 650 °C,

its affect shows a trend of decline, But no visible wear was
noticed on the dimples themselves as shown in Photo 24,
(2) Even in respect of oval-shaped dimple, its effect to cladding

tube is almost the same as in the case of semi-circular dimples.
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For its own dimple wear, as seen from Fig. 6-11, 6-13 and 6-15,

its wear is smaller than in the case of semi~circular dimples. .

7-4. Strength of Cladding Tube and Grid after Galling Test

(1) Hardness
Hardness of the worn surfaces of cladding tube and grid dimple
after and before the test were examined to see their hardness
change and existence of degenerated layers. No conspicuous
changes were observed within the conditions of measurement ( Na
temperature at 550 c’C, wear 20 to 75 gm), which concurred with
thﬁ results of the cross sectional metallographic observation,
(2) Rupture Strength of Cladding Tube
Strength deterioration of the worn section of cladding tube before
and after test was examined by hydraulic burst test, No conspicu-
ous strength deterioration was noticed upto the wear of 100 gm level,
But it may be said that rupture at the worn section took place with
a high probability, The test specimens after sodium exposure at
650 °C showed lower rupture pressure, This may be because of
the annealing effect.
(3) Compression Strength of Grid Dimple
Compression test was made for the post-test grid dimple to check
its strength deterioration, No conspicuous changes were observed
within the measured conditions (Na temperature at 550 °C, wear
20 to 70 £m),
(4) No information was obtained as to the mechanical property changes
(especially hardness) of cladding tube and grid. Further studies

are necessary for that purpose,
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7-5. Evaluation and Verification of "MONJU" Fuel Assembly from
It's Galling Behavior
(1) Wear of cladding tube was 20 to 40 gm in bowed pins (max.

contact load about 0.3kg) and 5 to 20 gm in straight pins.
From the results of the assembly test, the wear of cladding tube
in the assembled form by galling effect approximately agreed with
the data obtained in the element test.
The wear by the mechanica.l interaction between fuel pin bundle and
grid spacer during the galling movement was about 20 #m max, when
both of them were within the tolerance limit,

(2) The wear of the grid spacer dimple presented little problem within
the conditions of the present assembly test.

(3) From the above, it is considered that the knowledge on the wear
behavior of cladding tube and grid spacer during galling movement
in fuel assembly can be mostly obtained from the data of the element
test,

(4) But, as judged from the measurement of frictional force, the con-
tact load generated in the fuel assembly was observed to have caused
some deformation of grid during the galling movement, even if the
fuel was assembled within the tolerance limits, It will therefore be
necessary to pay more attention to the design and quality control of
fuel fabrication from this view point ( for instance, clearance be-
tween fuel pin and grid).

(5) In respect of the grid supporting method, the integrity of the two

methods which had been tested has proved to be acceptable.
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8.

(1) The present element test proved it possible to quantitatively evaluate

Conclusion

the wear behavior of cladding tube and grid spacer dimples during
the galling between fuel pins and grid spacers as a function of such
parameters as Na temperatures, repetition times, contact load condi-

tions, etc,

(2) It was possible by the fuel assembly test to evaluate grid type fuel

assembly for "MONJU" with regard to its galling behavior, and to

obtain data for its verification.

The assembly test indicated that the data obtained from the element test

could be effectively utilized,

(3) In respect of the utilization of the evaluation data obtained from the

results of the present experiment to the fuel design, it is considered
that the design wear rate should be determined after giving discrete
consideration to the contact load between cladding tube and grid
Spacer, temperatures, cycle numbers, frictional distance, etc.,
within the strength of the worn cladding tube (especially ¢reep charac-
teristics) and the tolerable wear of the verified integrity of the worn

grid spacer,
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Table 223 Caluculation Results to Confirm the Load
Conditions
Load (kg) 0.5 10 2.0
;a {mm) 200 200 200
£ (mn) 400 400 400
BI(kgemm?) 6 %108 6%10° %105
Y yemg CONIN) l"‘ 0.5 ~ 0.5 b N
PEPRCTY + 0.5 + 2.0 +2.0
W (kg) =013 - 03 2 - 045
Ry (kg + 0064 +016 +023
Rg (kg) +0.06 4 + 0.16 +023
3 e (W IR, MR 0.26 0.6 4 0.9 0
Table 24 Oaluculation Results of Tensile Force
Load (kp) 05 1.0 29
F e 0.2 0052 0.13 018
P yen 0.4 0.10 0.26 0.36
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Table 4.1 Changes in The Reactor Power
Cl%aaifi T ical No. of .
eaN(i’ on ypical case | yoiirrence Operation Mode Remarks
N1 Start-up 34 100 MP-57245
N1
8. 30
0 £
50C/hr
>
N 2 Regular 6 . e
R eactor 100 MP-=57245
Shutdown N 2
59°C/ hr
N3 Ramp type 1,000 MP-~57245
Power 100
Change - N3
.,
0 £5%/min
m
476
N 4 gteptwe 100 MP=57245
ower 100
Change 100 N4
(9
0 4=210%
660
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Photo 7

Grid element (Toshiba wave beam type}
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Photo 8 Grid element (Toshiba honeycomb type)

Photo 9 Grid element (NFI honeycomb type)
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