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in NSRR with Fuel Rod Pre-irradiated in JMIR

Kiyomi ISHIJIMA, Sadamitsu TANZAWA, Toyoshi FUKETA
Kozo HOMMA and Toshio FUJISHIRO

Department of Fuel Safety Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken
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This report presents experimental data for Test JM~1 which is the
first pre-irradiated fuel rod test performed in Nuclear Safety Research
Reactor (NSRR) in July, 1989. A fuel rod used in this test 1is a short-
sized PWR (14 x14) type cne pre-irradiated in Japan Materials Testing
Reactor (JMTR) up to a fuel burnup of approximately 20,000 MWd/t.

Pulse irradiation of the rod was performed under stagnant water
cooling conditions of atmospheric pressure and ambient temperature
using a newly developed double container type experimental capsule.
Energy deposited in the rod by the pulse irradiation was estimated to
be less than 126 cal/g+U0, (95 cal/g:U0, in terms of peak fuel enthalpy)
by chemical FP analyses. No fuel fatlure was observed.

This report contains test design and conduct, fuel burnup measure-
ments, transient behavior of the rod during pulse irradiatiom and re-

sults of post-pulse irradiation examination.

. Keywords: NSRR, PIA, IMTR Pre-irradiated, Reactor Fuel, Pulse, PIE

Transient

Note: This work has been done in co-operation with Department of JMIR
' Project, Department of Research Reactor, Department of Chemistry
and NSRR Operation Division, Department of Fuel Safety Research.
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1. Introduction

In Nuclear Safety Research Reactor (NSRR) which is the only pulsing
reactor in Japan and is operated by Japan Atomic Energy Research Insti-
tute (JAERI), extensive experimental studies on the reactor fuel failure
behavior under simulated Reactivity Initiated Accident {R14) conditions
have been continued since the start of the test program in 1875, The
number of fuel irradiation tests performed so far reached approximately
950 runs and accumulated experimental data were used as the fundamental
data base of the safety evaluation guideline for reactivity initiated
events in light water cooled nuclear powef plants established by the

nuclear safety commission on Jaruary 19th, 1984°"

All of the experimental data used to establish the guideline were
. however, limited to those derived from the tests with fresh fuels as
the test samples because of the limitation of experimental facilities on
the handiing of highly radioactive materials. In times past, the tests
with pre-irradiated fuels were conducted in SPERT and PBF projects ‘< *’
at ldaho National Engineering Laboratory in the United States of America
The number of the tests performed in these projects was, however, limit-
ed to 13 runs in all and, seems to be insufficient for completely clari-
fying the influences of fuel burnup on fuel behavior under RIA condi-
tions. The present Japanese safety evaluatiocon guideline, therefore, in-
troduces the peak fuel enthalpy of 85 cal/g-U0: which was adopted from
the SPSRT data as a provisional failure threshold of pre-irradiated fuel
under RIA conditions and, says that this value should be modified based
on NSRR experiments in the future. Recent trend of nuctear fuel develop-

ment includes the extension of fuel burnup. This brings ancther subject

in the nuclear safety study.

According to the above Tequirements, new NSRR experimental program
with pre-irradiated fuel as the test sample was started in July, 1983
sfter the complietion of necessary modifications of the experimental fa-

eilities. The objectives of this program are;

D to understand the basic behavior of pre-irradiated fuel under RIA
conditions,

@ to determine the failure thresholds of pre-irradiated fuels with
respect to amount of fuel burnups, initial rod power and fuel de-

sign parameters,
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@ to clarify the failure modes and the failure mechanisms of pre-ir-
radiated fuels and,

@ to clarify the consequences of the failure of pre-irradiated fuels.
Pre-irradiated test fuels are prepared by the following two ways;

®© refabrication of 4 m long fuel tods pre-irradiated in commercial
PWRs and BWRs into shert segments and,

@ pre—irradiation of short-sized test fuels with similar design to
the present NSRR standard test fuel (14X 14 PWR type fuel) in Japan
Materials Testing Reactor {(JMTR) owned and operated by JAERI.

Fuels already procured from commercial power reactoers include;

@D B¥R fuel from Tsuruga Reactor 1 of Japan Atomic Power Co.
fuel burtnup : 22,000 MWd/t (assembly average)
initial enrichment : 2.8 %

@ PWR fuel from Mihama Reactor 2 of Kansai Electric Power Co.
fuel burnup : 32,000 MWd/t (assembly average)
initial enrichment : 2.6 %

@ PWR fuel from Genkai Reactor 1 of Kyushu Electric Power Co.
fuel burnup : 35,000 MWd/t (assembly average)

initial enrichment : 3.4 %

Refabrication of these fuel rods into short segments is performed

at rector fuel examination division, JAERI

Pre-irradiation of the test fuels in JMTR started in March, 1§82
and presently irradiation of 29 capsules (containing 87 test fuels) has
completed or been progressing. These test fuels will accumulate fuel
burnups ranging from 10,000 té 36,000 MWd/t. Among these, some fuels
have higher initial enrichment (20 %) or different rod design (e.g. gap

width).

The first pre-irradiated fuel test in NSRR was performed with the
test fuel pre-irradiated in JMTR up te a burnup of approximately 20,000
MWd/t and this report presents its test design and conduct, results of
burnup measurements, transient behavior of the fuel during pulse irradi-

ation and results of post-pulse irradiation examination.
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2. NSRR Design and Capabilities

NSRR is a modified TRIGA-ACPR (Annular Core Pulse Reactor). It was
built for studying reactor fuel behavior under RIA conditions and went
to the initial criticality in May,1975. As shown in Fig. 1, the reactor
core is mounted on the bottom of 3.6 m wide, 4.5 m long and 9 m deep

open pool and cooled by natural circelation of pool water.

At the center of "NSRR core, there exists large experimantal cavity
whose inner diameter is 22 cm where the test fuel rods contained in a
capsule or a loop are subjected to a power burst. Access to the experi-
mental cavity is provided either by the vertical loading tube or the
offset loading tube. The vertical one is used for a long-sized experi-
ment such as a loop and the offset one is selected for a short-sized
capsule type experiment. Due to the offset location, no radiation
shielding plug is required in the offset loading tube. This allows easy
insertion and removal of the capsule into/from the experimental cavity
As a matter of fact: more than one hundred tests have been done per year

using short-sized capsules containing fesh fuels.

The operational core configuration is shown in Fig. 2. The reactor
core contains 149 driver fuel rods, 2 safety rtods, B8 regulating rods and
3 transient rods. The driver fuel rod consists of 3 blocks of U-ZrHi .=
and graphite end reflectors clad with stainless steel thin tube. The sa-
fety and the regulating rods consist of natural B«C blocks elad with
stainless steel and fuel~-follower and, are moved by electric drive me~-
chanisms. The transient rod consists of enriched BAC blocks c¢lad with

aluminum alloy thin tube and air-follower and, is fired off by pneumatic

drive mechanism.

The operation modes and their reactor power characteristics are
listed in Table 1. Steady state operation of up to 300 k¥ is controllied
by slow mevement of the regulating rods. Natural pulse operation is re-
alized by quick withdrawal of 3 transient rods at the same time under
zero power condition. The maximum reactivity insertion of 3.43 %A k/k
($4.7) is allowed to produce peak reactor power of up to 23,000 MW and
burst energy of up to 130 MWs. This type of pulsing operation can simu-
iate an RiA event from nearly zero power. Shaped pulse opeartion is a
prolonged power transient from a few seconds to a few minutes of up to

10 MW produced by fast movement of the regulating rods and is used to

i3_
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study fuel behavior under abnormal power transient such as ATWS. Com-
bined pulse operation is a combined power transient of a shaped pulse
and a natural pulse operations produced by fast movement of the regulat-
ing rods and quick withdrawal of the transient rods. Reactivity inser-
tion by the transient rods in this mode is Iimited to $4. Combined pulse
operation is mainly used to study fuel behavior under an RiA from rated
power. The maximum allowable burst energy in a shaped or combined pulse
operation is 110 MWs and slightly lower than that of a natural pulse

operation.
Table 2 summarizes the major characteristics of NSKE.
35, Test Design and Conduct

This echapter describes the test design and the conduct for the 1st
pre-irradiated fuel test in NSER {(Test JM-1).

3.1 Test fuel rod deéign

Figure 3 illustrates the design of the test fuel rod. The test rod

contains 10 U0z pellets initially enriched to 10 % in °© *U whiech compose
the main part of fuel stack of 100 mm in height. At the both ends of it,
a natural and a 5 %-enriched U0z pellets are located to avoid undesira-
ble axial power peaking at the both ends of 10 %-enriched fuel stack
during pre-irradiation and pulse irradiation. On the top of fuel stack,
an alumina pellet for thermal insulation and an iron core for the stack
elongation measurement are placed. These items are clad with zircaloy-4
thin tube (outer diameter is 10.72 ma and wall thickness is 0.62mm). In-
side of the rod is filled with pure helium of approximately 0.1 MPa. The

initial radial gap width is 0.095% mm.

3.2 Pre-irradiztion of test fuel rod in JMTR
3.2.1 Pre-irradiation of test fuel rod

Pre-irradiation of the test fuel rod used in Test JM-1 was per-
formed in JMTR. JMTR in Oarai Research Estalishment, JAERI is a reactor
with the highest neutron flux in Japan for testing materials and operat-
ed at 50 MW for irradiation tests of reactor materials and fuels to meet

the needs of JAERI itself as well as from outside and, post-irradiation

_4_
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study fuel behavior under abnormal power transient such as AT¥S. Com-
bined pulse operation is a combined power transient of a shaped pulse
and a natural pulse operations produced by fast movement of the regulat-
ing rods and quick withdrawal of the transient rods. Reactivity inser-
tion by the transient rods in this mode is limited to $4. Combined pulse
operation is mainly used to study fuel behavior under an RIA from rated
power. The maximum allowable burst energy in a shaped or combined pulse
operation 1s 110 MWs and slightly lower than that of a natural pulse

operation.
Table 2 summarizes the major characteristics of NSRER.
3, Test Design and Conduct

This echapter describes the test design and the conduct for the 1st
pre-irradiated fuel test in NSRR {(Test JM-1).

5.1 Test fuel rod design

Figure 3 illustrates the design of the test fuel rod. The test rod

contains 10 U0z pellets initially enriched to 10 % in “*%U which compose
the main part of fuel stack of 100 mm in height. At the both ends of it,
a natural and a 5 %-enriched U0z pellets are located to avoid undesira-
ble axial power peaking at the both ends of 10 %¥-enriched fuel stack
during pre-irradiation and pulse irradiation. On the top of fuel stack,
arn alumina pellet for thermal insulation and an iron core for the stack
elongation measurement are placed. These items are clad with zircaloy-4
thin tube (outer diameter is 10.72 mm and wall thickness is 0.62mm). In-
side of the rod is filled with pure helium of approximately 0.1 MPa. The

initial radial gap width is 0.0895 nmm.
3.2 Pre-irradiation of test fuel rod in JMTR
3.2.1 Pre-irradiation of test fuel rod
Pre-irradiation of the test fuel rod used in Test JM-1 was per-
formed in JMTRE. JMTR in Oarai Research Estalishment, JAERI is a reactor
with the highest neutron flux in Japan for testing materials and operat-

ed at 50 MW for irradiation tests of reactor materials and fuels to meet

the needs of JAERI itself as well as from outside and, post-irradiation

_4_
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examinations are carried out at the hot laboratory attached to JMTR.
(1) Irradiation capsule

Capusule used for the pre-irradiation of the test fuel rods in JMTR
is illustrated in Fig. 4. The capsule is made of aluminum alloy and con-
tains 3 test fuel rods in a vertical array. Heat generated by the test
fuei rods during the pre-irradiation is removed using heat transfer me-
dium of aluminum alloy closely fitted to the rods. The capsule is filled

with pure helium of atmospheric pressure.

Figure 5 shows the core configuration of JMTR at the operation cy-
cle No. 78 containing the capsules for this research. Those are capsules
81F-3A and 81F-4A and, were located in the aluminum reflector region far
apart from the fuel region. This was intended to avoid excessive in-
crease of cladding temperature of the test fuel rod during the pre-irra-

diation due to the poor heat removal capability of the capsule.

The capsule 81F-3A contained NJBOT7, 08 and 09 rods and, the capsule
81F-44 contained NJB10, 11 and 12 tods. The usage of these test rods is

as follows;

Capsule 81F~3A
Rod NJBOT (upper position) : used for Test JM-1
Rod NJBOS (middle position): used for Test JM-2
Rod NJB0OS (lower position) : used for Test JM-3

Capsule 81F-44
Rod NJB10 (upper position) : used for Test JM-4
Rod NJB11 (middle bosition): used for Test JM-3
Rod NJB12 (lower position) : used for destructive test (reference rod)

(2) Irradiation history

Irradiation histories of the capsules 81F~3A and 4A are shown in
Fig. 6. The pre-irradiation of these capsules in JMTR started at the
operation cycle No. 58 (March 13, 1982) and completed at the operation
eyele No. 81 (April 17. 1988). During this heriod. accumulated irradia-

tion time reached 11,412 hours (in 50 M¥ equivalent time).
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Expected fuel burnup is 20,000 MWKd/t. The estimated maximum fuel
burnups for the capsules 81F~3A and 44 were 20,318 and 19,314 MWd/t,
respectively. The maximum linear heat rates during the pre-irradiation
for the capsules B81F-3A and 4A were also estimated to be 380 and 361
W/cm, respectively. These estimations were made by neutronic calculation

for axial peak power location.
(3) Fast neutron fluence

Each capsule was provided with iron wires tc measure fast neutron
fluences (>1 MeV) for the cladding tubes using ““Fe {n,p) "*Mn reaction.
Figures 7 and 8 give the results of fast neutron fluence measurements
including the locations of the test fuel rods for the capsules 81F-3A
and 44, respectively. These results reflect the axial power distribution
of JMTR core. The measured maximum fast neutron fluences for the cap-

sules 81F-3A and 44 were 2.15% 1629 and 2.55x 1022 n/em®, respectively
3.2.2 Results of pést—irradiation examination

After the completion of the pre-irradiation, nondestructive tests
vere performed for all of the test fuel rods contained in the capsules.
Destructive tests were, however, performed only for NJB12 rod contained

in the capsule 81F-44.
{1) Nondestructive test

Nondestructive tests performed for the test rods include visual ob-
servation and photography, X-ray radiography, 7 -ray scanning and spec-
trum measurement, dimensinal measurement and eddy current measurement.
Here we summarize the results of nondestructive tests for NJBO7 rod used
in Test JM-1 and NJB12 rod supplied to destructive tests without pulse

irradiation.

For both test fuel rods, no abnormality was observed through visual
ovservations and X-ray radiographies except the slight discolorations of
the claddig surfaces in the active fuel regions. These discolorations
are probably due to oxidation by the residual air in the capsules in

spite of the substitution process of air by helium.

Photographs 1 and 2 include the appearances of the test fuel rods

_67
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NIBGT and NJB12 after the completion of the pre-irradiation, respective-

ly.

v -ray scannings of the test fuel rods were performed by selecting

the following ¥ —-Tays;

gTOoss 7 -rays . energy range from 40 to 1642 keV
v -rays from 987, _9%Np : energy range from 719 to 770 keV
v -rays from '*7Cs - . energy range from 657 to 6687 keV.

In each case, the scanning speed was 10 mp/min. Measured axial distribu-
tions of the 7 -ray intensity for the above three different 7 -rays had
almost the same behavior. Here, therefore, we give the results for gross
y -rays only in Fig. 9. The figure includes the resulits for NJBOT rod
located in upper position in the capsule {a) and for NJB12 red located
in lower position {(b). These distributions clearly reflect the axial po-
wer distribution of JMTR core as in the case of fast neuiron fluence
measurements and the:presence of pellets with lower enrichments at the
both ends of 10 %-enriched fuel stack and, also show the positions of

pellet-pellet boundaries. There exists no abnormal part.

v -ray spectrum measurement of each test fuel rod was performed at
84.5 mm from the bottom (10 %-enriched fuel stack region) approximately
8 months after the completion of the pre-irradiation. Data accumulations
were continued for 2000 s. Results for NJBO7 and NJB12 rods were almost
the same and, therefore, that for NJBO7 rod only is given in Fig. 10,
Detected major radioactive isotopes are “S7p, “SNp, '?7Ru, f“BRh, i340s,
1370 144ce 144pp and '®“Bu. Radioactive isotopes with relatively

short half-lives such as '*®La and 149p, were not detected.

Dimensional measurements of the test fuel rods were performed using
laser scanning micrometer. Measured items wWere outer diameters in 0° and
90° directions along axial direction (axial profile) and total length of
rod AccuTacies of the measurements are +0.005 mm for diameter and
+0.05 nm for length. For NJBOT rod, cross-sectional profile was also
measured at 79 mm from the bottom. Figures 11 and 12 give the axial pro-
files of NJBO7 and NJB1Z rods, respectively. Axial profile of KJBOT7 rod
in 0° direction (Fig. 11) only has a few small peaks due to deposits on
the cladding surface. Outer diameters and total lengths for beth rods

measured before pre-irradiation were approximatety 10.73 mm and 220.3 nmm,

_Ti
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respectively. On the other hand, outer diameters and total lengths for
both rods measured after pre-irradiation were approximately 1I0.73~10.74
mm and 220.3~220.4 mm, respectively. If we consider the accuracies of
the measurements, these results suggests that there was no severe pellet
-¢lad mechanical interaction during pre-irradiation. Figure 13 presents
the tesult of cross—-sectional profile measurement for NJBOT rod. Fronm

the figure, only slight ovality toward 0° direction is recognized.

Figures 14 and 15 give the representative results of eddy current
measurements at phase angle 40° for NJBO7 and NJB12 rods, respectively,
together with those for reference tube with standard defects. Scanning
speed was 20 mm/s in any case. Detected major signals (B, C, D in Fig.
14 and A in Fig. 15) were identified as those due to small deposits on
the cladding tube surfaces. Other signals (A in Fig.14 and B ia Fig. 13)
are presently estimated to be due to small ridge formations and are un-
der the detailed investigation in the hot laboratory attached tc JMTE.
These results show that no significant defect of the cladding tube was

formed during the pre—irradiation of the both test fuel rods.
(2) Destructive test

Major destructive tests performed.for NJB12Z rod to obtain reference
data for NJBO7 rod which was used in Test JM-1 are collection of FP gas
(rod puncture test), measurement of fuel pellet density, micro 7 -ray
scanning., and metallography including X-ray microprobe analysis and ob-

servation of inner surface of cladding tube.

Plenum of the test fuel rod was punctured by FP gas coliection de-
vice and, free volume in the rod, amount of released gases and internal
rod pressure were measured. Volume ratics of the released gases and a-
bundances of isotopes were also measured using mass spectrograph. Mea-
surcd free volume and released gases were 2.1 X 107% m® and 2.02x 107"
m® in STP, respectively. This means internal rod pressure of 0.106 MPa
at 25 °C. The rod was initially filled with helium c¢f atmospheric pres-
sure (approximately 0.1 MPa). Therefore, FP gas release into free volune
during the pre-irradiation was very small and estimated to be about 0.2

¥ Measured volume ratios of the released gases and abundances of isoto-

pes were as follows;:
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{(Volume ratios of the reteased gases)
He : 96.11 % Kr : 0.70 % - ke : 3.19 %

(Abundances of isotopes)

S5Kr : 13.59 % " 1Xe : 11.06
S4Kr : 28.68 % '3%Ke : 18,33
SSKr o : 5,61 % 12%Ke : 81.03
86Kr : 52.12 % 17%Xe : 39.58

3?2 a8 a2 2"

These results also suggest small FP release during the pre-irradiation.

Density of the fuel pellet was measured by weighing a piece of pel-
let in the substitution liquid (meta-xylene) with a balance under atmos-
pheric pressure. Two samples were téken from 10 %-enriched fuei stack
and measured densities for each sample were 95.07 %TD. This result means

that there was no density change of pellet during the pre—-irradiation.

Micro ¥ -ray scﬁnnings of fuel pellet were performed for one sample
taken from 10 %-enriched fuel stack along two radial directions. Gross 7
_ray (energy range : 40 ~ 2000 keV) and 7 -ray from '“'Cs (energy range

£56 ~ 667keV) were selected for the measurements. Scanning speed was
5 mm/min in each measurement. Figure 16 presents the result of the mea-
surement for one direction. As shown in the figure, the distributions of
the 7 -ray intensities for both gross 7 -ray and 7 -ray fronm '37Cs are
governed by the fission density distribution and have concave shapes. 7
-ray spectrum measurement was also attempted at the center of the fuel
pellet and the detected nuclides were essentially the same as those de-
tected in the 7 -ray spectrum measurement of the test fuel rod performed

during non-destructive test stage.

Two samples of the radial sections from the maximum (139 mm from
the bottom of the rod) and average (390 mm from the bottom) power posi-
tions and one sample of longitudinal section from the minimum power po-
sition (40~ 50 mm from the bottom) were used for metalliography. Etchings

of the samples were performed using the following methods.

Etehing liquid for pellet HzS04 : K20z =1 : 8
Etehing method for pellet Dip method {90 s)
Etching liquid for cladding HNO=z : Hz0z : HF = 43 : 43: {4

Etching method for cladding Swab method (10 s)

79-
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Photograph 3 gives the macroscopic view of 5 magnifications of the
cross—-sectional sample taken from the top pellet of 10 %-enriched fuel
stack (this pellet had the maximum linear heat rate during the pre-irra-
diation) after etching treatment. Some large cracks of the pellet which
are typieal to the burnup fuels are shown in the photography. It seems
that relatively large pores are rather uniformly distributed, however,
density of small ones is larger in the peripheral region. Microscopic
photographies of the same sample of 400 magnificatios were performed at
the central. middle and peripheral positicns and, the resuits are given
in Photos. 4, 5 and 6. From these photographs, the average grain sizes
in central, middle and position were estimated to be approximately 11,
12 and 9 u m, respectively. Only .slight growth of the grain is recogni-

zed at the inner part of the pellet.

Photographs 7 and 8 show the microscopic view of 200 magnifications
of the inside and the outside of the ¢ladding tube which belongs to the
same sample. [t seems that there are no significant change in microsco-

pie structure and no significant oxidation due to the pre-irradiation.

Exampies of the precipitation of hydride in the cladding tube are
shown in Photos. 9 for the cross-sectional sample taken from the top
pellet of 10 %-enriched fuel stack and 10 for the longitudinal sample
taken from the bottom pellet where the linear heat rate was minimum,
From these photographs, it can be concluded that the precipitation of
hydride is rather significant in the region of low linear heat rate but,

still very smaltl.

X-ray microprobe analyses were performed for a few samples. Photo-
graph 11 shows the secondary electron image of 3000 magnifications for
the inner surface of the cladding tube which clads a pellet in the cen-
tral part of 10 %-enriched fuel stack. Many small particles stick to the
surface. Photographs 12 and 13 gives the results of suface analyses by
wave length dispersion method performed at the same place to identify
materials and, show the presence of uranium and zirconium, respectively.
These results indicate that the main material stuck to the inner surface
is U0z powder. Point analyses by energy dipersion method were alsc per-
formed at the several positicns in the same sample to detect other mate-
rials. However, no special material other than uranium was detected.
This means that there was no significant release of FPs to the gap dur-

ing the pre-irradiation.
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Secondary electron images of 1000 magnifications for the peripheral,
middle and central positions of the fuel sample taken from the central
part of 10 %-entriched fuel stack are shown in Photos. 14, 15 and 1§,
respectively. There is no indication of the formation of onset FP gas

bubble in any position.

Photograph 17 shows the appearance of the inner surface of the
cladding tube which was used in the X-ray microprobe analyses. The marks
of the fuel pellet edges and some stuck materials can be recognized.

However, no defect such as a crack is identified.
3.9 Experimental capsule design

The experimantal capsule used in Test JM-1 is a newly deveioped
double-container type one (type X-l atmospheric pressure capsule) for
pre~irradiated fuel test. Schematic configuration of this capsule is
given in Fig. 17. Outer capsule is a sealed container of 130 mm in inner
diameter and 1,250 mm in height. Jnner capsule is a sealed pressure ves-
sel of 72 mm in inner diameter and 680 mm in height. In the design work
of the capsule, the easiness of assembling and disassembling jobs by re-
mote handling was the major concern as well as structural strength. Type
X-1 capsule was specially designed for the test with the test fuel rod
pre-irradiated in JMTR and can be used in the test where energy deposi-
tion in a rod is less than 250 cal/g-U0z. The capsule contains an in-
strumented test fuel rod, is filled with water of ambient temperature
and atmospheric pressure, and is subjected to a pulse irradiation in

NSRR.
3.4 Instrumentation

Figure 18 iflustrates the instrumentation used in Test JM-1. The
test fuel rod was equiped with 6 thermocouples (Pt/Pt-13%Rh, 0.2 mm g )
to measure cladding surface temperature. T/C#1(T/C#4), T/C#2(T/C¥5) and
T/C%3(T/C#6) were located at the centers of No.9, No.B and No.3 pellets
(from the top of 10 %-enriched fuel stack)., respectively. The inner cap-
sule was instumented with 2 thermocouples (CA) to measure coolant {stag-
nant water) temperature near the center and the top of the test rod. The
reactor power and its integrated value during the power burst were moRi-
tored using two micro fission chambers located in the periphery of the

reactor core to correlate with the transient fuel rod behavieor.
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3.5 Test conduct

Figure 19 shows the outline of general procedure used in the pre-
irradiated fuel rod test in NSRR. Test fuel rods pre-irradiated in JMTR
or refabricated from the rods pre-irradiated in commercial power reactor
are transported to NSRR. In NSRR, the test fuel rod is instumented using
remotely controlled device in a small hot cell and assembled intc a ex-
perimental capsule using automatic assembling device in a hot cave. Us-
ing capsule lecading device, the assembled capsule is transported from
the cave to the inlet of off-set loading tube, inserted Into the experi-
mental cavity and irradiated by a pulse operation of NSRR. Using the
same device, the irradiated capsule iIs removed from the core and return-
ed to the hot cave. Only the outer capsule is disassembled there after
the cofirmation of the shields in the capsule. The inner capsule contain
ing the test fuel rod is transported from NSRR to a hot laboratory. In
the hot laboratory, the inner capsule is disassembled to remove the test
fuel rod and the detailed examination of the rod is performed. Small
sample taken from the rod is transfered to the chemical analysis center
to evaluate the base burnup due to the pre-irradiation in JMTR and the

energy deposition dde to the pulse irradiation in NSRR for the test rod.

Pulse irradiation in Test JM-1 was performed at 14:32:00, July 20,
1989. Inserted reactivity was $2.55. The initial coolant temperature was
25.8 °C.

4. Fuel Burnup Measurements

The long-term burnup (base burnup) due to the pre-irradiation In
JMTR and the short-term burnup {energy deposition) due to pulse irradia-
tion in NSRR were evaluated by the chemical FP analyses of the sample
taken from the test fuel rod NJBOT after the completion of the pulse ir-

radiation.

After resin injection, a slice of the test rod of approximately 2
mm thick was cut off at the center of the second pellet position fron
the top of 10 %-entiched fuel stack. This slice was boiled and dissolved
in 8 Mol-nitric acid solution for 5 hours. After dilution of the solu-
tion with pure water and 4 Mol-nitric acid solution to 1/1000, the sanm-

ple of 5 ml containing 1.422 mg of U0z was taken for chemical analysis.
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3.5 Test conduct

Figure 19 shows the outline of general procedure used in the pre-
irradiated fuel rod test in NSRR. Test fuel rods pre-irradiated in JMTR
or refabricated from the rods pre-irradiated in commercial power reactor
are transported to NSRR. In NSRR, the test fuel rod is instumented using
renotely controlled device in a small hot cell and assembled into a ex-
perimental capsule using automatic assembling device in a hot cave. Us-
ing capsule loading device., the assembled capsule is transported from
the cave to the inlet of off-set loading tube, inserted into the experi-
mental cavity and irradiated by a pulse operation of NSRR. Using the
same device, the irradiated capsule is removed {from the core and return-
ed to the hot cave. Only the outer capsule is disassembled there after
the cofirmation of the shields in the capsule. The inner capsule contain
ing the test fuel rod is transported from NSRR to a hot laboratory. In
the hot laboratory, the inner capsule is disassembled to remove the test
fuel rod and the detailed examination of the rod is performed. Small
sample tazken from the tod is transfered to the chemical analysis center
to evaluate the base burnup due to the pre-irradiaticn in JMTR and the

energy deposition due to the pulse irradiaticon in NSRR for the test rod.

Pulse irradiation in Test JM-1 was performed at 14:32:00, July 20,
1989. Inserted reactivity was $2.55. The initial coolant temperature was
25.8 °C. '

4. Fuel Burnup Measurements

The long-term burnup (base burnup) due to the pre-irradiation in
IMTR and the short-term burnup (energy deposition) due to pulse irradia-
tion in NSRR were evaluated by the chemical FP analyses of the sample
taken from the test fuel rod NJBO7 after the completion of the pulse ir-

radiation.

After resin injectiocn, a slice of the test rod of approximately 2
mm thick was cut off at the center of the second peliet position fron
the -top of 10 %-enriched fuel stack. This slice was boiled and dissolved
in & Mcl-nitric acid solution for § hours. After dilution of the solu-
tion with pure water and 4 Mel-nitric acid solution to 1/1000, the sam-

ple of 5 ml containing 1.422 mg of U0z was taken for chemical analysis.
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4.1 Bvaluation of long-term burnup due to pre-irradiation in JMTR

Burnup measurement was performed by determining the fractional am-
ounts of isotopes of neodymium, uranium and plutonium using the isotopic
dilution method. For this purpose, traceable amounts of ‘®9Nd, #°%U and
242p. yere added to the sample. Traceable amount of '*“Ba was also added

for the evaluation of short-term burnup which will be mentioned later.

The first stage of the chemical analysis was the separation of ura-
nium., plutonium, neptunium, zirconium and FPs with anion exchange method
in hydrochrolic acid system. Isotopic fractions of the separated uranium

and plutonium were measured with mass spectrograph as follows;:

Uranjum Plutonium

4.7866x 10'" Atoms/g-soln 8,4435x 10'* Atoms/g-soln
234y . 0.083 Atom. % #%2py . 0.121 Atom. %
22505 . 7.847 Atom. % 238py . 90,223 Atom. %
238 0.442 Atom. % 248py . §.395 Atom. %
TE2Y . 91.648 Atonm. % 241py 1 1,200 Atom. %
Pu/U : 1.764x 1072 242py & 0.062 Atom. %

From this result, fuel burnup was estimated to be 2.102 %FIMA.

The second step of the chemical analysis was the separation of neo-
dymium, americium, curium, a group of barium and eurcpium and.a group of
cesium, strontium and yttrium with anion exchange method in methanol-

nitric acid system. Isotopic fraction of the separated neodymium w%as

measured with mass spectrograph as follows:

V46Ng ;14,914 Atom. %
LaZnd . §.305 Atom. %
‘EO9Nd : 3.301 Atom. %
T4ENd . 1.7030x 10'* Atoms/g-scin

14284 : 0.129 Atom.
T45Nd : 26.945 Atom.
TA4NG @ 27.458 Atom.
T45Nd : 18,948 Atom.

R’ 3" 3k af

From this result, fuel burnup of 2.077 %¥FIMA was estimated

These Ttesults well agree with each other and give the fuel burnup
of approximately 20,100 Mid/t as a result of the pre-irradiation in JMTR

Additional burnup due tc the pulse irradiation in NSRR is negligibly
small compared with that due to th pre-irradiatiocn.
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4.2 Evaluation of short-term burnup due to pulse irradiation in NSER

Evaluation of the short-term burnup, that is, energy deposition due
to the pulse irradiation in NSRR includes severe difficulty because of
the presence of large amount of 7 -ray emitting fission products due to

the pre-irradiation.

To select the appropriate nuclide from FPs for the measurement of
energy deposition in the test fuel rod, FP inventory in a rod containing
10 10%-enriched U0z pellets pre-irradiated in JMTR up to a fuel burnup
of 20,000 MWd/t and that for a fresh rod were estimated using ORIGEN-2
code at 2 years after the completion of the pre-irradiation and at 60
days after a pulse irradiation in NSRR, respectively. The results for

the interesting FPs are as follows;

2 years after 60 days after
FP Half life pre-irradiation pulse irradiation
(Bq) (Bq)
137Ccg 30 years 1.6x 10'" 2.4x 10%
07 64 days 7.0x 10% 1.6x 107
“5Nb 35 days 1.7x 107 1.4x 107
14983 13 days <1 7.0x 10°
143y, 40 hours <1 7.8x 10°

As shown in the above table, '“PBa and '“PLa have relatively good
properties. As described later, however, separation of photo~peaks of
128p- and '%®La among the others by the direct 7 -ray spectrum measure-
ment of a rod after a pulse irradiation is almost impossible. Therefore
a chemical separation process cf these nuclides is essential to estimate
an energy deposition. By considering easiness of the chemical separation,

142p, was selected as the target isotope.

‘From the group of barium and europium obtained from the second step
of the chemical analysis for the evaluation of the long-term burnup, ba-
rium was separated with cation exchange method in nitric acid system.
Chemical yield of barium through these processes was estimated to be 68

1

% by the measurement of '““Ba activity.
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Figure 20 shows an example of the <7 -ray spectrum measurement for
the processed solution. The photo-peak of '33pa at 356 keV and that of
148pa at 537.3 keV can be identified. After the detailed measurements,
the number of fissions in the fuel (sampled 10 %-enriched U0Z) due to
the pulse irradiation in NSRR and the corresponding energy deposition

was estimated to be 1.92%x 10" and 126 cal/g-U0:, respectively.
5. Transient Behavior of Test Fuel Rod during Pulse Irradiation

In this chapter, transient data on the reactor power, the c¢ladding
surface temperature and the coolanti temperature measured during the

pulse irradiation are presented.

{1) Reactor power

The reactor power and the integrated reactor poOWer measured by two
micro fission chambers in Test JM-1 are shown in Figs. 21 and 22, re-
spectively. The maximum reactor power reached approximately 4,000 MW.
The half width at half maxumum was about 8 ms. The minimum reactor peri-
od was estimated to be 2.68 ms. The integrated reactor power reached

45, 2MWs at its maximum.

(2) Cladding surface temperature

One of the thermocouples for the cladding surface temperature mea-
surement (T/C#6: upper position) was failed during the preparation stage
of the test. The other thermocouples survived the pulse {rradiaticn.
Figs. 23, 24 and 25 give the measured tansient histories of the cladding
surface temperatures at the lower, center and upper locations, respec-
tively. The maximum cladding surface temperature of approximately 140 C
was attained at one of the thermocouples located in the center position.
In test JM-1, as shown in these figures, no DNB {departure from nucleate

boiling) occured on the cladding surface.
(3) Coolant temperature

Figure 26 presents the measured transient histories of the coolant
temperatures near the fuel center and the top of the test rod, respec-
tively. The coolant temperature measured by the thermocouple near the

fuel center increases rapidiy just after the initiation of the puise ir-
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Figure 20 shows an example of the 7 -ray spectrum measurement for
the processed solution. The photo-peak of '““Ba at 356 keV and that of
140pa 4t 537.3 keV can be identified. After the detailed measurements,
the number of fissions in the fuel (sampled 10 ¥-enriched U02) due to
the pulse irradiation in NSRR and the corresponding energy deposition

was estimated to be 1.92x 10'? and 126 cal/g-U0z, respectively.
5 Transient Behavior of Test Fuel Rod during Pulse [rradiation

In this chapter, transient data on the reactor power, the cladding
surface temperature and the coolant temperature measured during the

pulse irradiation are presented.

{1) Reactor power

The reactor power and the integrated reactor power measured by two
miero fission chambers in Test JM-1 are shown in Figs. 21 and 22, re-
spectively. The maximum reactor power reached approximately 4,000 M¥.
The half width at half maxumum was about § ms. The minimum reactor peri-
od was estimated to be 2.68 ms. The integrated reactor power reached

45, 2MWs at its maximum.

(2) Cladding surface temperature

One of the thermocouples for the cladding surface temperature mea-
surement (T/C#6: upper position) was failed during tae preparation stage
of the test. The other thermocouples survived the pulse irradiation.
Figs. 23, 24 and 25 give the measured tansient histories of the cladding
surface temperatures at the lower, center and upper locations, respec-
tively. The maximum cladding surface temperature of approximately 140 T
was attained at one of the thermocouples located in the center position.

In test JM-1, as shown in these figures, no DNB {(departure from nucleate

boiling) occured on the cladding surface.
{3) Coolant temperature

Figure 26 presents the measured transient histories of the coolant
temperatures near the fuel center and the top of the test rod, respec-
tively. The coolant temperature measured by the thermocouple near the

fuel center increases rapidly just after the initiation of the pulse 1ir-
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radiation, shows violent oscillation reflecting nucleate boiling on the
cladding surface, and reaches about 70 °C at its maximum. The thermo-
couple near the top of the test fuel rod shows the delayed increse and
rather mild oscillation of the coolant temperature. The maximum tempera-
ture of approximately 40 °C was attained. The initial coolant tempera-
ture in Test JM-1 was abcut 26 °C.

6. Results of Post-pulse Irradiation Examination

After the pulse irradiation, the innner capsule containing the test
rod NJBO7 was transported to the hot laboratory and there, the nonde-
structive tests including visual observation and photography, X-ray ra-
diography, dimensional measurement, eddy current measurement, 7 -ray
scanning and ¥ -ray spectrum measurement and the destructive tests in-

cluding metallography and X-ray microprobe analysis were performed.
6.1 Nondestructive tests

(1) Visual observation and photography

Before disassembling, the inner capsule containing the test fuel
was visually inspected to check the scundness and then photographed. As
shown in Photo. 18, no abnormality was identified. After disassembling
the capsule, the test fuel rod supported by the holder was visually ex-
amined and then photographed (Photo. 19). Through this ovservation, no

abnormality was identified, again.

After removing the holder, the test fuel rod was carefully observed
to check the presence of any abnormality and then photographed. Photo-
graph 20 gives the appearances of the rod in two directions. Only slight
discoloration of the ¢ladding surface aleong the active fuel region was
recognized. As desecribed in the section 3.2.2. this discoloration may be
caused by the slight oxidation of the cladding surface during the pre-
irradiation. Additional oxidation of the cladding surface by the pulse
irradiation can be neglected because of the measured low cladding tem-
peratures {(the measured maximum temperature was approximately 140 C in
Test JM-1).
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radiation, shows violent oscillation reflecting nucleate boiling on the
cladding surface, and reaches about 70 °C at its maximum. The thermo-
couple near the top of the test fuel rod shows the delayed increse and
rather mild eoscillation of the coclant temperature. The maximum tempera-
ture of approximately 40 °C was attained. The initial coolant tempera-
ture in Test JM-1 was about 26 °C.

6. Results of Post-pulse Irradiation Examination

After the pulse irradiation, the innner capsule containing the test
rod NJBO7 was transported to the hot laboratory and there, the nonde-
structive tests including visual observation and photography, X-ray ra-
diography, dimensional measurement, eddy current measurement, 7 -ray
scanning and 7 -tay spectrum measurement and the destructive tests in-

cluding metallography and X-ray microprobe analysis were performed.
6.1 Nondestructive tests

(1) Visual observation and photography

Before disassembling, the inner capsule containing the test fuel
was visually inspected to check the scundness and then photographed. A4s
shown in Photo. 18&, no abnormality was identified. After disassembling
the capsule, the test fuel rod supported by the holder was visually ex-
amined and then photographed (Photo. 19). Through this ovservation, no

abnormality was identified, again.

After removing the holder, the test fuel rod was carefully observed
to check the presence of any abnormality and then photographed. Photo-
graph 20 gives the appearances of the rod in two directions. Only slight
discoloration of the c¢ladding surface along the active fuel region was
recognized. As deseribed in the section 3.2.2. this discoloration may be
caused by the slight oxidation of the cladding surface during the pre-
irradiation. Additional oxidation of the cladding surface by the pulse
irradiation can be neglected because of the measured iow cladding tem-
peratures (the measured maximum temperature was approximately 140 C in
Test JM-1).
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(2) X-ray radicgraphy

Before disassembling, the inner capsule containing the test fuel
rod was radiographed with X-tay to check the integrity of the rod. In
this step of the radibgraphy, no breakdown of the rod was confirmed.
After disassembling the capsule and removing the test fuel red from the
holder, the rod was radiographed with X-ray in two directions. Photo-

graph 21 shows the result of the radicgraphy. In some places, pellet-
pellet boundaries can be identified. No other finding such as a crack of

the fuel pellet could not be obtained.
{(3) Dimensicnal measurement

Quter diameter, bending and total length of the test fuel rod were
measured using a laser scanning micrometer. Accuracies of the measure-
ments are + 0.005 mm for diameter and = ¢.05 mm for bending and length
The total legths of the test fuel rod measured in 0° andl90° directions
were 220.24 and 220.23 mm, respectively. These rod lengths are siightly
shorter than that (220.39 mm) measured after the completion of the pre-
irradiation. This is probably due to the generation of the slight bend-
ing of the test rod. Figure 27 gives the measured rod bendings in 07 and
90° directions. The maximum bending was approximately 0.03 mm and very

small.

The axial profiles of the rod measured in 6° and 90° directions are
shown in Fig. 28. They are very smooth except some peaks due to deposits
on the c¢ladding tube and suggest that significant PCMI did not occur in

this test. Measured diameter approximately ranged from 10.74 to 10.75 mm

(4) Eddy current measurement

Figure 29 gives the result of eddy current measurement at phase an-
gle 30° for NJBOT rod. Test frequency was 400 kilz and scanning speed was
10 mmn/s. The positions of the significant signals except signal @ atl-
most correspond tc those detected before pulse irradiation {see Fig.14).
Signals @~ @ may be due to the small white deposits on the cladding

surface and signal ® due to small ridge-shaped deformation.
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(5) % -ray scanning and ¢ -ray spectrum measurement

7 -ray scannings of the test fuel! rods were performed by selecting

the following v -rays;

gross % -rays : energy range from 40 to 2342 keV

y -rays from '*"Cs : energy range from 656 to 666 kev.

In each case, the scanning speed was 5 mm/min. Measured axial distribu-
tions of the v -ray intensities for the above ¢ -rays are shown in Fig.
30. These distributions have almost the same shape as those measured be-
fore pulse irradiation (see Fig. .9). It may be, however, noted that 7 -
ray intensities from '“7Cs in S%-enriched UO: pellets at the both ends
of 10%-enriched fuel stack tend to increase at the lower temperature

sides.

y -ray spectrum measurements of the test fuel rod were performed at
5 locations near the center of 10%-enriched fuel stack (distance between
2 measuring points was 2.5 mm). Data accumulations were continued for

10,000 s. The result is summalized as follows;

Point Al Point AZ- Point A3 Point A4 Point AS

(lower) (center) (upper)
PA4Ce( 133. 53keV) 14,79 14.84 14.45 . 14,57 14.62
V44pr( 696.49%keV) 8.3% 8.26 7.67 3.32 8.29
L9%Ru( 497.08keV) 0.55 0.57 0.00 0.00 0.00
"9Y%Rh( 621.87keV) 8. 4% .39 7.61 8.34 3.31
Y28sh( 427.95keV) 2. 34 2.22 2.13 2.19 2. 10
1340s( 504, TdkeV) 28. 98 29.68 27.07 29.16 28.82
I57cs( 661.65keV) 242,21 241,19 221.11 241.08 23%.06
*Bgr( 756.T2keV)  10.98 10. 97 10. 04 10. 97 10.89
*SNb( 765, 79keV)  43.00 42.92 39.43 42,90 42.75
PETEu (1274, 45keV) 0.47 0.47 0. 44 0.47 0.47

{(unit:cps)

‘2%8bh is the only radioactive isotope newly detected in the measurement
after the pulse irradiation. '*®La and '“YBa were not detected, again.
Figure 31 gives the representative 7 -ray spectrum measured at point Al.
Long-term measurement {300,000 s) was attempted at point Al to detect

14014 or 19983 and failed to detect them.



JAERI-M 91127

6.2 Destructive tests

Two samples for metallography (a radial and a longitudinal samples)
and one sample for X-ray microprobe analysis were taken from 10%~enrich-
ed fuel stack as shown in Fig. 32. The figure includes macroscopic pho-

tographs of 5 magnifications before etching for the above three samples.
(1) Metallography

Etching was performed for fuel part only using the same method as

that described in section 3.2.2.

Photograph 22 gives the macroscopic photograph of 5 magnifications
and the microscopic photographs of 1000 magnifications at the central,
middle and peripheral parts of the fuel after etching for the sample of
radial section and, photograph 23 gives those for the sample of longitu-

dinal sample. The following findings were obtained through this work.

1) Generation of large cracks in the fuel pellet subjected to a pulse
irradiation was almost the same degree as that after the completion

of pre-irradiation (see Photo. 3).

2) Many small cracks toward the surface of the pellet generated at the
peripheral region. This is probably due to the very large tempecra-
ture gradient at the peripheral region brought by the pulse irradi-

ation.

3) Average gain sizes of the fuel estimated from these samples were
approximately 7 um and slightly smaller than those measured after
the completion of pre-irradiation (approximately 10 g m). Position

dependency of the average grain size is very small.

4) Separation of the grain boundary was rather significant at the pe-

ripheral region.

“5) Oxidation of the cladding inner and outer surfaces was very small

(less than 1 g m).
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(2) X-ray microprobe analysis

X-ray microprobe analysis was performed for one sample. Photograph
74 shows the secondary electron images of 100 and 1000 magnifications
for the inner surface of the cladding tube. Only adhesive and small par-
ticles stuck to the surface can be seen, No defect was identified.
The secondary electron images of 1000 and 3000 magnificaticns for the
fuel surface at the central, middle and peripheral regions are given in
Photo. 25. There is no indication of the formaticen of FP gas bubble in

any location.

Point anaiysis by energy qispersion method was also performed at
one point on the cladding inner surface and the result is given in Fig.
33 Presence of balium, cesium and tellurium was confirmed through this
measurement. This means that there exists the release of FP gases into

the gap region during the pulse irradiation.
7. Discussion
(1) Pre-irradiation

The pre-irradiation of the test fuel rods in JMTR itself was favor-
ably completed. There were, however, two problems. The first problem is
the discoloration of the cladding surface by the pre-irradiation. This
is probably due to oxidation by the residual air in the capsule in spite
of the substitution process of air by herium at the assembling stage of
the capsule. The destructive tests for the reference rod after the pre-
irradiation and for NJBOT rod after the pulse irradiation showed that
oxide thicknesses of the cladding outer surfaces for both rods were very
small (~1 um) and, therefore, the discololation could be negligible

for the assessment of the fuel behavior.

The second problem is the presence of the small deposits on the
cladding surface which was confirmed by the dimensinal and eddy current
neasurements of the test rod before and after the pulse irradistion.

As a matter of course, this kind of deposit was not observed before the
pre-irradiation. Therefore, these deposits were formed during the pre-
irradiation in JMTR. The cause of this phenomencn is not known and now

under investigation in the hot laberatory

— 20._
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(2) X-ray microprobe analysis

X-ray microprobe analysis was performed for one sample. Photograph
94 shows the secondary electron images of 100 and 1000 magnifications
for the inner surface of the ctadding tube. 0Only adhesive and small par-
ticles stuck to the surface can be seen. No defect was identified.
The secondary electron images of 1000 and 3000 magnificaticns for the
fuel surface at the central, middle and peripheral regions are given in
Photo. 25. There is no indication of the formaticen of FP gas bubble in

any location.

Point analysis by energy qispersion method was also performed at
one point on the cladding inner surface and the result is given in Fig.
33 Presence of balium, cesium and tellurium was confirmed through this
measurement. This means that there exists the reiease of FP gases into

the gap region during the pulse irradiation.
7. Discussion
(1) Pre-irradiation

The pre-irradiation of the test fuel rods in JMTR itself was favor-
ably completed. There were, however, two problems. The first problem is
the discoloration of the cladding surface by the pre-irradiation. This
is probably due to oxidation by the residual air in the capsule in spite
of the substitution process of air by herium at the assembling stage of
the capsule. The destructive tests for the reference rod after the pre-
irradiation and for NJBOT rod after the pulse irradiation showed that
oxide thicknesses of the ciadding cuter surfaces for both rods were very
small (~1 uxmn) and, therefore, the discololation could be negligible

for the assessment of the fuel behavior.

The second problem is the presence of the small deposits on the
cladding surface which was confirmed by the dimensinal and eddy current
peasurements of the test rod before and after the pulse irradistion.

As a matter of course, this kind of deposit was not observed before the
pre-irradiation. Therefore, these deposits were formed during the pre-
irradiation in JMTR. The cause of this phenomencn is not known and ncw

under investigaticn in the hot laboratory.
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(2) Transient behavior of the test fuel rod

Instrumentation of the test fuel rod (spot—weldings of the very
thin thermocouples on the cladding surface), installation of the test
rod into the holder with other instruments such as CA thermocouples and
assembling them into the double-container type experimental capsule were
performed in the hot cells using remotely controlled and partially com-
puterized equipments. Such jobs were the first experience for us. Tran-
sient responses of the instrumentation used in Test JM-1 showed that the
above procedures were successfully performed ( only one of the thermo-
couples attached on the cladding surface failed before the pulse irradi-

ation).
{3} Post-irradiation examination

Pucture test performed for the reference rod after the completion
of the pre-irradiation showed that FP gas release was vefy small. How-
ever, A-ray microprobe analysis of the cladding innersurface after the
pulse irradiation showed the evidence of FP release clearly and, genera-
tion of many small radial eracks and separation of the grain boundaries
observed at the peripheral region of the fuel pellet suggest the possi-
bility of the significant release of gaseous FP during the pﬁlse irradi-
ation. Unfortunately, puncture test for the rod used in Test JM-1 was
impossible at this moment due to the lack of the device and time. Esti-
mation of the energy deposition by chemical analysis of FP ('*7Ba) re-
quested quick transfer of the sample because of the short half-life of
148p, Presently, preparation for the puncture test was completed and
all of the test rod with no cladding failure will be supplied to the

puncture test to estimate the FP gas release due to a pulse irradiation.
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(1)

(2)

(4)
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Coneclusions
The following major conclusions were derived through this study.

Fffectivenesses of all of the test facilities and procedures for the
pre-irradiated fuel test in NSRR were confirmed through the conduct

of the first test, JM-1.

Pre-irradiation of tlie test fuel rods in JMTR was favorably complet-
ed. However, presence of the small white deposits on the cladding
surface was found by the dimensional measurement and eddy current
measurement of the test fuels.after the completion of the pre-irra-
diation. Slight discoloration of the cladding surface was another
finding. This is probably due to oxidation by the residual air in

the irradiation capsule.

PCM! did not occur during the pre-irradiation and swelling of the
fuel was not significant. Pucture test for the reference rocd showed

that FP gas release during the pre-irradiation was very small.

The test rod subjected to an energy deposition of 126 cal/g-U0z by
the pulse irradiation in NSRR did not fail. This energy deposition
exceeds the minimum energy of fuel failure observed in SPERT project

with pre-irradiated rods. No DNB occcurred in this test.

Newly observed phencmena by the examination of the test fuel rod af-
ter the pulse irradiation are generation of the many radial small
cracks and slight separation of the grain boundaries at the periphe-
ral region of the fuel pellet. No PCMI was identified through the

examination.
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Table 1 Operation modes of NSRR

Operation mode

Reactor power characteristics

300 kW
Steady state
Steady state
operation .
$4.7
Natural pulse Pulse fronm
operation Zero power
~ 10 MW
Powe; decrease
Shaped pulse from high power 4/////ij:1:i:__—_\\\\\\\
~ 10 M¥

cperation

Power increase ~ 3 MW
from high power ~ 10 s

Combined pulse

operation

gy S2~d
Pulse fronm ~ 3 MW
high power ~ 10 s

power and high

runout power

Pulse from zero AJ\ $2~14

i24_



L.
2.
3

4.

5.

6.

a) Steady state operation

b) Natural pulse operation
Max. reactor power
Max. burst energy
Max. reactivity insertion
Min. period
Min. pulse width

¢) Shaped pulse operation

d) Combined pulse coperation

T.

Reactor type

Beactor pool
Driver fue]

JAERI-M 91—-127

Table 2 Major characteristics of NSRR

Fuel type

Fuel enrichment
Cladding material
Fuel diameter .
Cladding diameter
Fuel stack length
Number of fuel rods

Equivalent core dia.
Control rods

Number

Type

Poison material
Rod drive

Transient rods

Number

Type
Poison material
Rod drive

Core performance

Max. reactor power

Max. reactor power
Max. burst energy

Max. reactor power

Max. burst energy

Max. reactivity insertion
Experimental tube

Inner diameter

- Modified TRIGA-ACPR (Annular Core Pulse Reactor)
3.6 m{wide)x 4.5 m{long) x 9 m(deep) open pool

12 wtkU~ZrH1. 5

20 wt¥% in =°°U

Stainless steel

3.56 cm

35.76 cm {outer diameter)

318.1 cm

157 (including 8 fuel-follower control rods)

8 {including 2 safety rods)
Fuel-followerd type

Natural Bs4C

Electric rack and pinion drive

2 fast transient rods and 1 adjustable
transient rod

Air-follovwered type

92% enriched BaC

Fast:Pneumatic drive

Adjustable:Rack&pinion and pneumatic drives

2,3000 MW

130 M¥s

$4. 7

1.17 ms (at $4.67)
4.4 ms {at $4.67)

10 MW
110 MWs

23,000 M¥ by transient rods
10 MW by regulating rods
110 MWs

$4.0

22 cm
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Capsule Hold-Down

Device \
-'o:_'

Contro.l Rop Drive
Water Level
L N\

Vertical Loading Tube\'

Offsef Loading Tube ~_

6 "

D »

Neutron 'Detéctors

o ]

o #Core L. . "

° Core cqp_wlg_-'?... Neu’(ron

| Fuel E: | Radiography
> Room

Capsule Gripping
Sub Pile Room | . °- Device

L_._J~°".0

Fig. 1 Vertical cross-section of NSRR
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Off —set Loading Tube Direction

i

+ 4+ + + 4+ + + + +

+
+
+
+
+
+

Core Shroud

Grid Hole

-+

@
®
®
@

Fuel Element

Regulating Rod with Fueled Follower

Safety Rod with Fueled Follower

Transient Rod with Air Follower

Fig. 2 Operational core configuration of NSRR
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2 3 )4 )6 ) 7)(8 )9
fee—d I
28 2 18 10 140 A,
62 203.8 05 |10
8 220"°
unit : mm
No. Item Material
1 Top end fitting Zry-4
2 Spring Inconel
3 | Spring holder SUS 304
4 Iron core MEIF
5 Cludding tube Zry-4
6 Alumina peliet Alp03
7 U0, peliet (Nat.) Uo-
8 U0, pellet (5%) Uo,
9 U0, pellet (10%) U0,
10 Disk SUS304
11 Spacer SUS304
12 Bottom end fitting Zry-4
Fig. 3 Design of test fuel rod
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Irradiation histories of the capsules 81F-3A and 4A.

Fig. 6
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Fig. 7 Result of fast neutron fluence measurement for
81F-3A capsule
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Fast neutron fluence (X 1022 n/cm?)

Fig. 8 Result of fast neutron fluence measurement for
81F-4A capsule
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Fig. 9 Result of gross y-ray scanning for NJBO7 and NJBl12 rods

after the completion of the pre-irradiation
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FILE NC.G20803

wdkdek BIF-3A Cross-Section Profiie #sxws

NO.NJBOC7Y

ADDRESS 79 (MM)

04

02

gz

g4

Nl
S

180

Sheet No.t

Fig. 13 Cross-sectional profile of NJBO7 rod measured after
the completion of the pre-irradiation
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Fig. 16 Result of micro y-ray scanning for the sample taken
from NJB12 rod
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Capsule cap

Gas discharge valve

(Outer capsule)

Hanger fixing bolt

Flange bolt o
{Outer capsule) ©
Top closure
(Outer copsule} ™~ qi }
Gas discharge valve ﬁ Instrumentation plug
(Inner capsule) {Quter capsule)
. Water level
| —
Hanger rod ' (Quter capsule)
' Instrumentation plug
Water level \
(Inner capsule] | {Inner capsule)
_, { Fiange bolt
(Inner capsule)
Test fuel Top closure
{Inner capsule)
IRy

Capsule body
(Inner capsule)

Capsule body
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1100

1250

¢ 200

Unit (mm)

Fig. 17 Schematic configuration of experimental capsule
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Coolant temperature
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_1__
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Fig. 18 TInstrumentation for Test JM-l
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i fission chamber #1

Reactor power (MW)

0.2 ’ Time (s) 0.3

5000 —— :

i fission chamber #2
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Time (s)

Fig. 21 Reactor power measured by micro fission chamber in Test JM-1
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Fig. 22 Integrated reactor power measured by micro fission
chamber in Test JM-1
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Fig. 23 Transient histories of the cladding surface temperature
measured in Test JM-1 {(lower locatien)
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Fig. 24 Transient histories of the cladding surface temperature
measured in Test JM-1 (center location)
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Fig. 25 Transient history of the cladding surface temperature
measured in Test JM-1 (upper location)
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Fig. 26 Transient histories of the coolant temperature
measured in Test JM-1
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Data Analysis ——laser Bow vs. Distance Plot

Hot t.ab Number HlZ24

ta Collection: 4 Aug

1983
Rod Type P-IMTR

14:35:36
Fngle 8 Deg

Batlem

Date OFf Da
Rod NJIBQ?
[lep
e
=1
Max Bow .93 mm 5
At 3 mm g
Min Bow —.88 mm
At 51.5 mm
Length 228.24 mm

Distance

(mm)

Data Analysis

Date Of Data Collection:

~—l_aser Bow wvs.

Distance FPlot

4 Aug 13988 14:35:36

Red NIH@7 Hot Lab MNumber H1Z4¢ Rod Type P-IMTR Angle 98 Deg

fop BellGn

F oLl
e
£ |

Max Bow .©3 mm 3 223, 5
At 3 mm m

Min Bow —.B3 mm
At B7.5 mm

Length Z228.24 mm

Distance

(mm)

Fig. 27 Result of bending measurement for NJBO7 rod after

the pulse

irradiation
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Data Analysis —~Laser OD vs. Distance Plot
Date Of Data Collestion:

Rad NJBQ?

Max OD 1@.B8 mm
At 51.5 mm

Min QD ]9.53 mm
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Data RAnalysis

Hot Lak Number H124

4 Aug (38863
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T
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19 1 | I

B Distance (mm) 229.5

——Laser Q00 wvs.

Date Of Data Collection:

Rod NJIB@7

Max OD0 18.73 mm

At 18@.5 mm
Min OD ({@.51 mm
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Length 22@.24 mm

Hot Lab Number HiZ24
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Fig. 28 Result of axial profile measurement for NJBO7 rod
after the pulse irradiatiom
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Fig. 33 Point analysis of the cladding inner surface by energy
dispersion method after the pulse irradiation
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PHOTON. 21730 | MAG. X 0.5

PHOTONo. 21731 | MAG. X 1,0 |

Photo. | Appearance of NJBO7 rod after the completion
of the pre-irradiation
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PHOTONo 21732 | MAG. X 0.5 I

PHOTONo 21733 MAG. < 1.0

Photo. 2 Appearance of NJB12 rod after the completion
of the pre-irradiation
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PHOTONo. 21347 l11\/1AG_.>< 5 | L max etched

Photo. 3 Macroscopic photograph of the cross-sectional
sample taken from NJBl12 rod

PHOTONo 21348 | MAG. <400 | L max = etched Center

Photo. 4 Microscopic photograph of the cross—sect%ogal
sample taken from NJB12 rod (central position)
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PHOTONe 21349 . MAG X 400 | L, max etched Middle

Photo. 5 Microscopic photograph of the cross-sectional
sample taken from NJBL2 rod (middle position)

PHOTONo 21350 | MAG. x 400 | L max

etched Periph.

Photo. 6 Microscopic photograph of the cross-sectional
sample taken from NJBL2 rod (peripheral position)
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PHOTONe 213573 | MAG. X200 L mx etched Tnner
Photo. 7 Microscopic photograph of the inside of the cladding
tube which belongs to the cross—sectional sample
taken from NJB12Z

[ PHOTONe 21354 | MAG X200  |L mx etched Outer
Photo. 8 Microscopic photograph of the outside of the cladding
tube which belongs to the cross-sectional sample
taken from NJB12
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PHOTONo 21351 ‘MAG.XZOO %L mx etched Tnner

PHOTONo 21352 MAG. X200 . mx etched QOuter

Photo. 9 Precipitation of hydride in the cladding tube of the
cross-sectional sample taken from NJBI2 rod
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PHOTONo. 21385 NMAG.XZOO . min etched Inner

PHOTONo 21386 MAG. X200 L min etched Outer

Photo. 10 Precipitation of hydride in the cladding tube of the
longitudinal sample taken from NJB1Z rod
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PHOTON: 21397 [ MaGx 3000, SE I

Photo. 11 Secondary electrom image of the cladding inner surface
measured after the completion of the pre-irradiation

PHOTONe 21398 | maG. x 3000 U Ma

Photo. 12 Surface analysis of the cladding inner surface by wave
length dispersion method (uranium)
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PHOTON. 21399 | MAG.X 3000] Zr—La

Photo. 13 Surface analysis of the cladding inner surface by wave
length dispersion method (zZirconium)

PHOTON, 214372 MAG. X 1000 Periphery SEI

Photo. 14 Secondary electron image of the fuel sample
(peripheral position)
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T PHOTON: 21437 [ MAG. X

1_0()0{

Middle

SE I

Photo. 15 Secondary electrom image of the fuel sample
{middle position)

TPHOTON: 21445 | MAG. x

1000

Center

SE T

Photo. 16 Secondary electrom image of the fuel sample
{central position)
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PHOTONo. 213972 MAG. X g L 1-2

Photo. 17 Appearance of the cladding inner surface of the
sample for X-ray microprobe analysis
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1C. 0118

1C

1C.- 0116

1C. 0119

1C

180°

1C. 0117

1¢C

19 Appearance of the test fuel rod supported by the holder

Photo.,.

after the pulse irradiation
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