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ABSTRACT

Korea Advanced Energy Research Instil ulc! KAKK1)
started a research project to develop the PHWR
'CANDl!) nuclear fuel fabrication technology in
1981. Based on the results of the intensive de-
velopmental work, several prototype fuel bundles
were fabricated and tested in the Hot Test Loop
at KAHHI continuously in l!ltW and IHM. Aflcr
that, irradiation test and post.-irradiat ion ex-
amination were carried out. for two KAERI-niadc1

fuel bundles at Chalk River Nuclear Laboratories
in Canada in 1984. Since the results of in-pi 11-
and out-of-pile tests with prototype fuel bundles
proved to be satisfactory, 48 additional fuel
bundles were loaded in Wolsung reactor(CANDU) in
1984 and 1985, and all of them were discharged
without a defect after excellent performance in
the power reactor. In 1985, the Korean govern-
ment decided that KAERI supplies all the fuel
necessary for the Weisung reactor. For the mass
production of nuclear fuel bundle, several pro-
cess equipment, facilities and automation methods
have been improved making use of experience ac-
cumulated during research. A quality assurance
program was also established, and quality inspec-
tion technology was reviewed and improved to fit
the mass production. After mid-1987 when the
expansion of fuel manufacturing capacities and
establishment of quality assurance system are
to be completed, all the nuclear fuel for the
Wolsung power reactor will be supplied by KAERI.
This paper deals with the wherewithals and de-
velopment experience so far obtained with the
design and fabrication of the Korean PHWR fuel.

INTRODUCTION

Due to a dramatic industrial growth and Jack
of fossil resources in Korea, the needs for nu-
clear power were recognized and facilitated through
two global oil shocks in the 1970s. Today, Korea
is one of a few countries with active nuclear
power plant corstruction and related research and
development programs.

Along with the active nuclear power program,
the development of nuclear fuel fabrication tech-

nology Ui\r. been carried out as part of the local-
ization of the fuel cycle technology in Korea.
In this regard, Korea Nuclear Fuel Company(KNFC)
plans to construct a PWR fuel fabrication facil-
ity by the end of 1988 in corporation with Ger-
many, and KAKRI is proceeding with a plan to ex-
pand the facility CANDl) fuel fabrication for
mass production using the domestically developed
I'ucl technology.

In this paper, brief history and current
status of the development of PHWR(CANDU) fuel
technology in Korea art: reviewed. After that,
our experience during transition from laboratory
scale to mass production is presented.

BRIEF HISTORY OF DEVELOPMENT OF CANDU FUEL
FABRICATION TECHNOLOGY IN KOREA

KAURI has engaged in the research and de-
velopment of the nuclear fuel design and fabrica-
tion technology since the early 1960s. Based on
the experience accumulated during the basic re-
search, KAERI started the project to develop
the CANUU fuel fabrication technology in 1981
and succeeded in producing several prototype nu-
clenr fuel bundles in 1983.

In 1983 and 1984, KAERI performed a series
of out-of-pile tests to evaluate and guarantee
the performance of KAERI-produced prototype fuel
bundles and to show compatibility between CANDU
reactor components and KAERI fuel bundles by us-
ing the Out-reactor Hot Test Loop facility which
KAERI designed and constructed in 1982. The
tests done in the Hot Test Loop were pressure
drop test, strength test, impact test, cross flow
test and endurance test. Considering all the
test results, the test method and the evaluation
method which were very conservative, the integri-
ty and performance of the KAERI-produced proto-
type; fuel bundles were acceptable and com-
patible with the primary heat transport system,
fuel channel and fuel handling system.

Keeping abreast with the out-of-pile test,
two KAERI-produced fuel bundles were irradiated
and examined at Chalk River Nuclear Laboratories
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in Canada in l'J83 by use of the NKU reactor to
ascertain whether CANDII fur-] built by KAEHI be
haved in a similar' ir.nnnc-r ui Canadian built fuel
irr;id inted under I ho same conditions. One of
them was made of HO2 i?nri< hod to 1.58 wt percent
U-235 and the other"w;is fuel led with natural U02-
The results of the in-pi If test wore analyzed by
'Korean ami Canadian exports mid turned out to be
satisfactory by surpassing their target hurnups
without any defect.

Since the results of out-of-pile and in-pile
tests were satisfactory, KAER1 loaded 48 fuel
bundles in the KNU No. 3 Wolsung power renc-lor in
19Ö4 and 1985.

Based on the successful performance of 48
KAERl-produced fuel bundles satisfying the aver-
age burnup und maximum power output requirements
without showing any defect in the power reactor,
KAER1 decided to expand the capacity of the CANDII
fuel fabrication facility to produce all the fuel
needed to operate the Wolsung reactor(nnnual re-
quirements of about 5,000 bundles, 100 tonnes of
UO2).

OUTLINE OF CANDII FUEL AND FABRICATION PROCESSES

The CANDII reactor fuel bundle is made up of
six components, that is, uranium dioxide pellets,
graphite coated Zircaloy sltcnt.li, Zirenly end cap,
37 closely packed fuel rods which are welded to
the two end plates to form the cylindrical shape
of fuel bundles. Seperation between fuel rods
can be maintained by the spacers which are brazed
to the fuel rod using beryllium metal as a filler
for brazing. Bearing pads are also brazed to
outer fuel rods of bundles to maintain space be-
tween pressure tube of reactor core and fuel
bundles. In a fuel rod, about thirty UO^ pellets
are stacked and sealed by resistance welding of
end caps and filled with He gas. The graphite
coating of inside of cladding tubes is used to
reduce the pellet-cladding interaction. The
pellets are made of natural uranium dioxide in
the form of compacted, sintered and ground cylin-
drical pellet shape.

Fuel fabrication processes are composed of
(1) pelletizing process to produce UO2 pellets
from UO2 powder through compaction, sintering and
grinding, (2) fuel rod manufacturing through Be
coating, tack welding and brazing of spacers and
bearing pads around Zircaloy sheathes and end cap
welding after loading the pellets into graphite
coated Zircaloy sheathes and (3) assemblying of
37 fuel rods to produce a fuel bundle by welding
of fuel rods to the end plates.

TRANSITION FROM LABORATORY SCALE PRODUCTION
TO MASS PRODUCTION

KAERI is at present trying to expand the
production capacity of CANDU fuel based on the
experience and technology which were developed
and accumulated during the research period. The

transition from pilot plant to mass production
is not simple expansion of production facilities
but presents many obstin Irs "S'hirh enn nol be an-
ticipated in the development prriod. Some of the
process tet'hnol oj; v which rnuseil no proli lems in
the pilot plant hove turned out difficult to con-
trol nl the mass product i0:1. For the successful
accomplishment of the commercial scale production
of nuclear fuel, KAEHI should demonstnie its a-
bility to produce nuclear fuel which consistently
meets I lie stringent quality criteria with com-
petitive pricing as an on-time supplier of nu-
clear fuel. Major problems during transition can
be grouped into process technology, quality as-
surance and quality control.

Process Technology-

Major changes in the process technology for

the mass production .ire as follows.

Even though we have used AUC(Ammonium Uranyl
Carbonate) powder during research period, wo are
supposed to use ADU(Ammonium Piuranate) powder
for the mass production following the contract
with the utility. In case of ADU powder, contra-
ry to the AUC powder whose flowability is good,
we have to use the precompactioii and granulation
due to the poor flowability of ADU powder. There-
fore, we designed and installed the powder prep-
aration facility which can treat both kinds of
UO2 powder as shown in Fig. 1.

Fig. 1. UO2 powder preparation facilities



In order to improve the production capacity
of compaction, we have installed a new rotary
press as shown in Fig. 2.

The green pellets wore sintered by use of
push-type sintering furnace in cracked ammonia
atmosphere instead of pure hydrogen for an eco-
nomic reason.

The diameter and surface roughness of pel-
lets can be controlled by one pass of grinding
with two grinding wheels connected in series.

Due to the improvement in spacer and pad
loading for tack welding' and in rotating of l üb«
for positioning controlled by the stepping motor
and micro processor, the efficiency of position-
ing of Be coated spacers and bearing pads at
exact positions for tack welding have been much
improved as shown Fig. 3.

The brazing of ;:; endage are performed by
upe of induction heat^sg. The second inductor
were developed to make it possible to braze 28
tubes at a time while it can maintain a uniform
temperature through the brazed areas of tubes.

' Since the length of CANDU fuel rod is shorter
than the other type of fuel rods, end cap welding
is more frequent. Moreover, since the end cap
welding is very crucial for the integrity of fuel
rod, and the wall thickness of CANDU cladding
tube is especially small, we have chosen the re-
sistance welding method because it has high pro-
ductivity and reliability. In mass production,
we have used multi-cycle control of the welding
current density with pneumatic force forging(low
inertia) while single-cycle control of welding
current density with magnetic force forging(high
inertia) was used during research period even
though both methods can satisfy the design re-
quirements, each method has its own advantages.
In case of magnetic force forging, the grain size
is small but the shape of the weld flash is ir-
regular(Fig. 4-a). In case of the pneumatic
force forging, the grain size is a little larger
but the shape of the weld flash is uniform and
smooth(Fig. 4-b). In addition, we have used the
vacuum chamber to evacuate air out of the rods
and to fill them with He gas during research
period. But for the mass production, we can
reduce the time for evacuation of air and filling
of He gas by use of He purging methods.

If we machine out the bearing pads and spa-
cers from the Zircaloy plates by shearing and
punching, the wear of dies and punches and burr
of machined pads cause some trouble. By the use
of rectangular wire, it was possible to enhance
the quality and the production efficiency.

Besides the difference in the production
scale, many factors are different between a pilot
scale production and mass production. Actually
the scaling up of production equipment is not a
major problem. ..Production capacity can be per-

Fig. 2. Rotary compaction press of UO2 powder

Fig. 3. Tack welder of spacers and bearing pads

formed by use of additional equipment or equip-
ment of slightly larger capacities. Even though
the basic technology for each fabrication process
is same irrespective to the size of production,
the comprehensive understanding of underlying
manufacturing technology is a prime requirement
for the success of the transition to mass pro-
duction.
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Fig. 4. Microstructures of end cap weld
(a) Magnetic force forging
(b) Pneumatic force forging

During several years of laboratory scale pro-
duction, a comprehensive parameter study for each
process could not be performed. In addition, cer-
tain process variables which have to do with the
quality variation of raw materials or which have
to be adjusted following the time lapse can not
be completely studied due to the limited output
of the pilot plant.

The extent of plant automation for mass pro-
duction is decided in the balance between the in-
vestment, its return and the labor costs. Since
Korea has one unit of CANDU reactor and the de-
mand for fuel for one reactor is still small for
the commercial scale poduction, the automation
is only limited to the minimum required level.

Since the production flow should be con-
tinuous and smooth for the mass production, we
can not apply 100 percent quality inspection but
should apply sampling inspection. However, in
order for the sampling inspection to be effective,
the processes have to be stable and consistent.
Therefore, the processes will be monitored and
controlled by use of control charts and trend
analysis.

Quality Assurance and Quality Control

Nuclear fuel must perform well under severe
operating conditions while in the reactor. One
of the important factors for producing consistent
and reliable nuclear fuel is an adequate quality
control(QC) method operating under a suitable
quality assurance(QA) system.

Quality assurance is defined as "all those
planned and systematic actions necessary to pro-

vide adequate confidence that structure, system
or component will perform satisfactorily in ser-
vice". This means that there must be an organ-
ized and systematic approach to assuring that
quality is considered during all phases of
budgeting, planning, designing, fabrication,
testing, constructing and operating.

In case of laboratory scale production, in-
formal documentation system and informal communi-
cation and interface between the related depart-
ments are sufficient. In mass production,
formal documentation system, reporting system,
quality system and quality department which will'
administer all the quality-related activities are
essential to get rid of any potential risks of
making errors.

The quality assu.once practices conducted
in the nuclear industry today are in large mea-
sure responsive to the requirements contained in
QA standards developed and published by organi-
zations of both government and industries. KAERI
adopted the U.S.A.'s QA standard, i.e., 10 CFR 50
Appendix B, which would be used as a basis for
the establishment of QA system for commercial
scale production of nuclear fuel.

Besides the establishment QA system, the
appropriate quality control method should be set
up. In the development period, we have used very
tight sampling plan with as many inspection
points as possible to be cheked in order to get
an idea about the effects of various operation
paramenters in the fuel fabrication. But for the
muss production, the sampling plan should be re-
vised and selected so as to satisfy manufactur-
er's interest of inspection cost and production
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efficiency and the importance of the inspect ion
characteristics on the integrity and performance
of fuel. We approached the selection of ac-
ceptance sampling plan using of statistical
quality control techniques.

As illustration, two examples of our pract-
ices developed for the application to the CANDU
fuel fabrication are shown below.

Example 1:

The purpose of mechanical testing of incom-
ing Zircaloy cladding tubes is to check if the
incoming cladding tubes have the required stre-
ngth and elongation by tensile and burst tests.
Since the mechanical testing is a destructive
testing, the number of specimen should be small_
as long as it can represent the quality of incom-
ing materials.

Usually we didn't know the values of stan-
dard deviation of the mechanical properties of
Zircaloy tubes because we purchased them from
foreign vendors. Therefore, if we apply the
unknown-standard deviation plan of MIL-S'l'Il-414,
the number of specimens to be tested are so many
that the inspection is costly. Resides that, it
can not specify the user's risk because it is
based on Acceptable Quality Level(AQL) plan.
Therefore, we designed a stipulated sampling in-
spection plan for variable with a known-standard
deviation which is based on the ÄQL, probability
of accepting good lot and Lot Tolerence Percent
Defective(LTPD) and probability of accepting bad
lots.

The example of the inspection plan which was
designed to accept 95 percent of lots submitted
which has 0.1 percent defectives and to accept

10 percent of lots submitted which has 5 percent
defective is shown in table 1. In this case, n
is 4 and k is 2.28 from the table. That is, if
we select 4 samples from a lot and the average
is larger than the lower specification limit plus
2.28 times the standard deviation, it is accep-
table. Using this plan, il becomes possible to
protect the user's risk with a small number of
test specimens.

Example 2:

Since end cap welding is a very crucial
process for the integrity of fuel rod, tight
sampling plan should be applied. Cut it is a
destructive inspection and is costly because it
requires des tuet ion of fuel rods which already
passed many fabrication processes such as brazing
of bearing and spacer pads and graphite coating.

Therefore the welding process should at
first be qualified. Then the process is monitored
and evaluated by the control chart method using
process monitoring samples. In other words, the
purpose of sampling from a batch is not for the
evaluation of quality of batch but for the
monitoring of capability of the welding process
in combination with control chart.

The example of JT-R control chart for the
sound welds is shown in Fig. 5. The values of
upper and lower control limits were determined
from the results of the previous qualification
test. By plotting the results of process moni-
toring samples which were selected from each
batch in the control chart, the welding process
can be monitored. In this way, we can save the
number of specimens for destructive testing of
fuel rod while assuring the quality of welding
of fuel rods.
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By use of statistical sampling methods,
sampling plans can be constructed for an almost
unlimited variety of situations. However, practi-
cal production circumstances such as attitudes
-of factory personnel and factory situation may
be of much more importance than theoretical
factors in designing the sampling plan.

Prior to the construction of statistical
sampling plan, the quality target at which the
plan aims and what risk can be taken if the de-
fective items pass should be established. The
sampling plan has no answer for this question.
The sampling plan states nothing about the plan
of action when defectives are found in samples
but it merely specifies the probabilities that
items which contain acceptable defectives will
pass the quality inspections. Since KAERI is
just about to start mass production of nuclear
fuel, we need more experience in this area.

SUMMARY

KAERI has succeeded in developing the CANDU
fuel fabrication technology and plans to expand
its research facilities into mass production bas-
ed on the experience and accumulated technology
obtained during the research period.

The transition from pilot plant to mass pro-
duction is not simple expansion of production
facilities but presents many problems in the fie-
lds of manufacturing technology and quality ass-
urance and quality control. Some of the obsta-
cles we have encountered during the transition
were highlighted.
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