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FOREWORD

The International Atomic Energy Agency, in response to the recommenda-
tions from several Member States, has prepared this Guidebook on Onsite Non-
Destructive Techniques for Irradiated Water-Cooled Power Reactor Fuel with
the assistance of a number of experts and organizations in this field.

The project to develop the Guidebook was started in November 1977 when
a first draft was written with the help of consultants. Subsequently,
organizations and companies known to be active in providing services or
products for onsite characterization of irradiated water-cooled power
reactor fuel or otherwise involved in the subject matter were invited to
provide material that could be included in the Guidebook and to participate
in the further Consultants' Meetings devoted to this topic.

During the preparation of this report it became evident that a
comparison between different techniques is a most difficult task and
depends on a number of factors related to fuel design, plant characteristics
and operating conditions. Consequently the emphasis of the report is on the
survey of different techniques presently available. It is also to be noted
that because the degree of development for any given technique varies
significantly among organizations, it is understood that the report should
not to be used as consensus standard of the minimum capabilities for each
class of techniques, nor does it give recommendations in the regulatory
sense. Furthermore, the inclusion of some commercial pieces of equipment,
services and other products are for illustrative purposes only and neither
implies any preference by the Agency nor can the Agency be liable for any
material presented in the report.



The final draft prepared with the assistance of consultants vas
reviewed by an International Working Group on Nuclear Fuel Performance and
Technology established "by the Agency. Additional comments resulting from
such review have been incorporated into this Guidebook.
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l. Introduction

Onsite nondestructive examination techniques are technical skills used
to monitor the integrity of the fuel assemblies within the core and to
carefully scrutinize the properties and dimensions of fuel components
and changes that result from exposure to the neutron irradiation environ-
ment in a watercooled power reactor. Subsequent to the scrutinization
by these techniques, the fuel will be either reloaded into the reactor,
placed in long-term storage, or transported for processing. Thus, the
techniques must not damage any fuel components.

A working knowledge of these techniques is essential (1) to objectively
confirm the actual fuel performance, (2) to identify and isolate failed
fuel components, or (3) to demonstrate the benefits of design changes
under consideration. This Technical Report is intended to provide the
essential knowledge about onsite nondestructive examination techniques
that are currently available. The Technical Report also provides useful
information for nuclear safety authorities and nuclear research centres.
The IAEA has prepared this Technical Report through its International
Working Group on Nuclear Fuel Performance and Technology and with the
help of experts in the field.

There are many variations among the techniques used for onsite nonde-
structive examinations. These variations stem from the various purposes
that these techniques have served. Onsite nondestructive examination
techniques have been prompted by (1) indication of fuel failures by in-
creased radioacivity levels in the coolant, (2) the known occurence of
abnormal operating conditions, (3) the insertion of demonstration fuel
having design changes, or (4) regulatory requirements. Although the var-
iations in purposes are many, the basic operating principles and the
skills needed are reasonably common among the applications. Thus, in de-
scribing the techniques, the chapters are structured to discuss the pur-
pose, physical background, operating principles, experiences gained, and
anticipated developments associated with each technique.

Many fuel performance characteristics are directly observable from on-
site nondestructive examination techniques. Several techniques allow
the observation of more than one fuel performance characteristic of in-
terest. The relationships among the examination techniques and the per-
formance characteristics are tabulated (Table 1) to aid the reader. In
the table, the rows identify the fuel performance characteristics that
can be observed by the techniques discussed herein and the chapters in
which the discussion can be found. A document that provides some com-
parison between techniques is given in réf. /!/. Reference is also made



to the Agency's previously published Technical Report /2/, where also
inspection of irradiated fuel is briefly discussed.

The Technical Report is not intended to provide a comparison between
techniques. This Technical Report provides a survey of available tech-
niques. Because the degree of development for any given technique varies
significantly among organizations, the Technical Report should not be
used as concensus standard of the minimum capabilities for each class
of techniques.

2. Objectives of onsite MOT

The development of power reactor fuel has progressed through initial
nuclear engineering design and layout work and irradiation testing to
surveillance of the production fuel assemblies and specially character-
ized assemblies during operation. Each phase has its specific objectives
and experience has been gained by careful evaluation of all observations
and measurements. Many of the onsite techniques and their refinements
currently used were derived from the techniques used for hot cell exam-
ination of irradiated fuel assemblies. It can be stated that the devel-
opment of reactor fuel technology has led to an overlap of interest of
plant operators, fuel suppliers and the regulatory authorities, rather
than to divergence. The historical background and the objectives of the
various parties concerned is outlined in more detail in the following
chapters.

REFERENCES FOR CHAPTER 1
/!/ Assessment of Current Onsite Inspection Techniques for Reactor Fuel

Systems, NUREG-CR 1380, to be published during 1980.
/2/ Storage, handling and Movement of Fuel and Related Components of

Nuclear Power Plants, IAEA Technical Report Series No. 189,
Vienna 1979.
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TABLE 1. IRRADIATED FUEL CHARACTERISTICS OF INTEREST ANDTHE RELATED
EXAMINATION TECHNIQUE
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2.1 Historical background

Generally the purpose for examining irradiated water-cooled power reac-
tor fuel is either to confirm the expected fuel performance or to observe
previously unknown phenomena. Historically, fuel examinations were an
integral part of the development of the first nuclear power plants in
the early 1960s. Initially the onsite examinations were minimal and most
of the fuel examinations were done at remote hot cell laboratories spe-
cifically designed to examine irradiated material. Through the years,
refined hot-cell examinations techniques have been modified for onsite,
underwater application which greatly improved the quality of information
obtained from onsite examinations. Additionally, onsite examinations are
performed on fuel immediately without the cooling periods to allow radio-
active decay prior to transportation to a hot cell. The increasing use
of onsite techniques is expediting the rate of obtaining information.
Generally, the use of hot cell laboratories necessitates disassembly of
the fuel assemblies and is done only upon final discharge of components.
The onsite techniques discussed herein are nondestructive and allow the
fuel to be reinserted into the core.

The sophistication of techniques used to conduct onsite fuel examinations
varies with the task requirements such as the number of examinations
scheduled, the complexity of the technique, and the desired accuracy of
the data. Yet, the fuel problems experienced to date were discovered by
the more routine (less sophisticated) techniques. The assessment of toler-
able deviations from normal performance are obtained with more sophisti-
cated techniques. The routine examination techniques have identified the
following unanticipated problems at operating reactors: primary hybrid-
ing, fuel column gaps, flow channel wear, rod bowing, control element
guide tube wear, fuel rod growth, spacer grid damage.

2.2 Plant operator objectives

The plant operator's objective is to maximize the electrical energy
output at the lowest cost and radiation exposure to plant personnel while
meeting all safety requirements. For onsite examinations the scope of the
plant operatosrs objective covers primarily the direct appraisal (nega-
tive or positive) of the fuel's mechanical integrity during either
reactor operations or shutdown, (cf chapter 5.1.2) If, during the cycle,
the operator saw no indication of fuel failures, then his need for on-
site examination of the fuel is significantly reduced. However, if the
operator saw indications of fuel failures, then he is interested in on-
site examinations for both reliability and exposure reasons.

Fuel failures directly impact the plant's safety as it increases the
potential for exposure of operating personnel. Because of the conserva-

12
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tive nature of the conditions of operating licenses, fuel failures can
decrease operational margins to safety limits.

The total costs associated with failed fuel depends upon the number of
fuel bundles involved. It may not be practical for an operator to aim
for no fuel failures. The costs of designing and operating to obtain a
diminishingly small number of failed fuel rods can become increasingly
expensive (schematically shown in figure 2.2.1). Contrary to this trend
is the increased costs of replacing failed bundles, replacement power,
and the inspection itself. From a knowledge of the costs for a specific
plant, the operator can minimize his incronental costs. Also from such
information, the operator can efficiently apply resources to gain the
best benefit.

Ccnmercial agreements of fuel supply normally include a clause on the
integrity of the fuel. Thus it can be useful to tine plant operator to
know: (1) whether or not a fuel bundle is defective and, (2) whether
or not the cause of failure was the result of design deficiencies, manu-
facturing errors, or operational occurrences.
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Schematic Minimization of Incremental Costs Associated with Failed Fuel.

Fig. 2.1.1. Schematic cost factors associated with failed fuel.
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2.3 Fuel manufacturer"s requirements

The requirements of the fuel manufacturer (in the following known as
the Supplier), are not far removed from those of the Operator. It is
in both the Supplier's and the Operator's interests that the supplied
fuel operates safely while conforming to the terms of the Fuel Supply
Contract, which binds them.

The Supplier's interests are:
- verification of operating plant fuel performance
- verification of the success of corrective actions
- evaluation of advanced fuel concepts

It is evident that the Supplier can:
- direct his fuel technology towards better reliability and,
- improve the fuel design
in order to

- increase the fuel performance obtained,
and,

- diminish radiation doses for operating personnel

The fuel designers at the Supplier can only attain these objectives by
using data from:
- constant monitoring of irradiated fuel behaviour
and

- onsite post-irradiation examniation during reloading periods
- for detailed evaluations additional examinations at the hot cells
may be conducted which is destructive to the assembly.

Individual development programmes of new fuel may include the following:
- appraisal of overall fuel behaviour and in particular clad integrity

(by means of visual examination, sipping tests, eddy current or ultra-
sonic examinations of the rods),

- determining or checking special behaviour, such as:
formation of corrosion product deposits from the reactor coolant
system

- - rod and assembly deformation (elongation, bowing, clad creep)
- - densification and/or fuel stack growth by means of rod stack

gamma-scanning.
- determination of power distribution in certain assemblies, in order
to calibrate design codes, and axial distribution of fission products
in the rods.

14



An understanding of fuel behaviour is also important for power-cooling-
mismatch accident and transient analyses of the plant in the sense that
no new constraints would be introduced for reactor operation.

2.4 Regulatory Objectives

The regulatory objectives applicable to onsite fuel examinations are
characterized by the basic safety requirement to maintain the radio-
activity in the primary system as low as reasonably achievable. The
largest amount of radioactive material in water-cooled power reactors
is the fuel. There are relatively few regulations governing directly the
design and manufacture of reactor fuel. Many existing regulations
/!/, /2/ and /3/ define evaluation programs more than precise design rules.
The evaluation programs employ nondestructive techniques for irradiated
fuel to provide assurance that the basic safety requirement is attained.

The safety adequacy of reactor fuel is an integral part of the design
that can not be separately added onto a fuel design. Rather than relying
upon a few regulations, fuel designers tend to rely upon actual perform-
ance in power reactors to confirm the safety adequacy of a fuel design,
particularly a new fuel design. A residual performance margin must exist
to allow for adequate performance during postulated events that did not
occur in the fuel's actual irradiation history. Although allowances for
fuel problans were made in the past, the extent of specific problems that
have occurred were predicted by neither the designers nor the safety
authorities. Therefore, the continued use of onsite nondestructive exam-
ination techniques for irradiated water-cooled power fuel is considered
a prudent safety measure.

The regulatory objectives of fuel design are to demonstrate that safety
has been considered and that adequate and acceptable margins are included
for both normal operations and moderate frequency events. At this point
the objectives of the plant operator and the fuel supplier do not differ
greatly from the objectives of the regulatory authorities. For example,
both the safety and coitmercial aspects of fuel cladding design functions
include (1) containing fission products, (2) maintaining core geometry,
and (3) providing a coolable, heat-transfer surface. (4)

Safety authorities applaud innovatively improved fuel designs developed
through both extensive cut-reactor programmes and the selective insertion
of a few demonstration assemblies into innocuous core locations. The
experience gained in-reactor is an irreplaceable step in confirming
technological decisions made during design and fabrication for given
operating conditions and irradiation. It is therefore not surprising to
find that the U.S. MRC stresses the importance of surveillance programmes

15



to determine the performance of newly designed fuels and advocate non-
destructive techniques for such a programme /2/. Programmes for direct
observation of fuel at the reactor should demonstrate the validity of the
conclusions drawn from conceptual design /3/.

In France, similar considerations have been translated into an extensive
surveillance programme determined by both the Supplier and the Operator.
The programme has been approved by the safety authorities. This program-
me covers the reactor cores for the £ irst four nuclear power plants in
France's Nuclear Energy Programme.

In the Federal Republic of Germany, no general regulatory demands on
fuel inspection exists. Usually the licensing authorities charge an
authorized inspection agency to do an expert analysis concerning the
safety aspects of the refueling of a plant. This analysis has to take
into consideration the regulation of the Ministry of the Interior. In
general the examinations that are being done on the fuel depend,
on the type of the fuel, the activity concentration in the coolant and
the operation procedures of the plant.

Regulatory authorities are aware that there are potential safety consi-
derations associated with the onsite techniques themselves. There are
three considerations associated with poolside fuel inspections: (a) First
is the potential for mishandling of fuel which includes both the
considerations that the fuel components are radioactive and the consi-
derations of physically damaging a fuel component. To date, there
appears to have been no over-exposure of a fuel inspector during a pro-
gramme, (b) Next is the potential for misleading of either fuel rods or
bundles, (c) Finally there may be a potential for the inspection technique
itself or the handling operation to adversely affect subsequent fuel per-
formance. An example is the potential for overheating during bundle
sipping.

Regulatory authorities remain interested in the following technical pro-
blems under discussion (1) a conventional definition of failed fuel,
(2) calibration among NDTs, (3) the uniform reporting of results,
(4) the full definition of detrimental effects of the onsite techniques
on fuel performance and (5) the potential safety considerations in the
procedures for fuel inspections.

In summary, existing regulations require some surveillance on new fuel
designs to confirm the performance of its safety functions. Additionally,
experience has shown that continued use of onsite nondestructive exami-
nation techniques for irradiated water-cooled power reactor fuel is con-
sidered a prudent safety measure.

16
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3. Fuel Characterization Procedures with Different Water Reactor Systems

3.1 Brief Description of Fuel

The detailed description of the fuel assemblies of water cooled reactors
is outside the scope of this publication. A brief description of the main
fuel types for water reactors is given in Table 3.1 /!/. In the following
chapters just the essential features of the fuel assemblies are outlined
concentrating on the characteristics that are important for the applica-
tion of the nondestructive examination techniques.

3.1.1 Pressurized Water Reactor

The fuel assembly consists of rods normally in a 17x17, 16x16, 15x15, or
14x14 array. (An example of a 16x16 assembly is shown in Figure 3.1.1.)
The fuel assembly structure consists of a bottom end fitting, top end
fitting, guide tubes and spacer grids. The fuel rod consists of UC>2
pellets contained in slightly cold-worked Zircaloy-4 tubing which is
plugged and seal welded at the ends to encapsulate the fuel and fission
products. A single fuel rod is schematically presented in Figure 3.1.2.
The UÛ2 pellets have been compacted by cold pressing and then sintered
to an optimum density to minimize the effects of pellet specific volume
changes. Some pellets are dished slightly on the ends to allow greater
axial expansion at the center of the pellets. An internal void volume
is provided to accomodate fission gasses released from the fuel. There
is a radial gap between the cladding and the fuel to accomodate the
differential thermal expansion between the cladding and the fuel, and
fuel density changes during burnup. A helical spring at the top of the
fuel column prevents its shifting during handling or shipping. Fuel rods
are internally pressurized with helium during the final welding process
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Table 3.1 Main fuel types for water reactors (Western countries, based on /!/)

Type

PWR

PWR

BWR
BWR

HWR

Reactor
Manufacturer

Babcock & Wilcox
and BBR
Combustion
Engineering
Exxon Nuclear

Kraftwerk Union

Westinghouseb
and Framatome
ASEA Atcm
Exxon Nuclear

Gen. Electric0 und
Kraftwerk Union
AECLe
(D20-CANDU)
Kraftwerk Union
(PHWR)
UKAEA./BNFL
(SGHWR)

Former fuel design
Number
of rods

15x15-17

14x14-4x5
14x14
15x15
16x16
14x14-16
15x15-20
14x14-17
15x15-21
8x8
6x6
7x7
8x8
10x10
11x11
6x6
7x7d

19/28

37/36

36

Rod o.d.
(mm)

10.92

11.18
9.3-10.8
9.3-10.8
9.3-10.8
10.75

10.72
12.25
14.3
14.3
12.8
10.0
11.5
14.3

15.2

11.9

16.0

a Number of plants ( 20MW(e) ) in operation since
b Including Mitsubishi.

Ave.LHGR
(W/cm)

177-200

184-194
150-220
150-220
150-220
177-226

150-220
126-155
140-180
140-180
140-180
140-180
140-180
150-234

80-260

116/232

210

January 1978

Number of
Plants3

8

6
3
3
2
1
3
17
16
3
2
1
3
1
1
7
30

8

2

1

d
e

Present fuel design
Number
of rods

17x17-25

16x16-4x5
14x14
15x15
16x16
16x16

17x17-25
8x8-1
6x6
7x7
8x8
10x10
11x11
8x8-2

37

-

60

8x8 reload
50 cm lengt

Rod o.d.
(ran)

9.63

9.70
9.3-10.8
9.3-10.8
9.3-10.8
10.75

9.50
12.25
14.3
14.3
12.8
10.0
11.5
12.5

13.08

-

12.2

since 1973/74
h of bundle.

Ave.LHGR
(W/cm)

170-180

170-180
150-220
150-220
150-220
207

170-180
158-175
140-170
140-170
140-170
140-170
140-170
170-200

210

-

-

Number
of plantsa

0

0
3
3
2
2

6
2
2
1
3
1
1
4

2

-

0



in order to control oompressive cladding stresses and creep due to
coolant pressures and to reduce the adverse effect of fission gas re-
lease upon the gap thermal conductivity.

The bottom end fitting is a bar-like grid which serves as a bottom struc-
tural component of the fuel assembly and directs the coolant flow dis-
tribution into the assembly. Coolant flow through the fuel assembly is
directed from the plenum in the bottom end fitting upward through the
grid to the regions between the fuel rods. Axial loads imposed on the
fuel assembly and the weight of the fuel assembly are transmitted through
the bottom nozzle to the lower core plate. Any lateral loads on the fuel
assembly are transmitted to the lower grid through locating pins.

The top end fitting is the upper structural component of the fuel assem-
bly providing a partial protective housing for reactivity control com-
ponents. The top end fitting also has a grid to permit the flow of the
coolant upward through the top nozzle and to prevent the upward ejection
of fuel rods from the fuel element. Assembly hold-down springs are mount-
ed on the top end fitting.

The guide tubes are structural members that provide channels for the
neutron absorber rods, burnable poison rods, or neutron source assem-
blies. They are normally attached to the top and bottom end fittings,
whereas the central instrumentation tubes are sometimes secured by other
means.

The space grids provide lateral support for the fuel rods and the lateral
spacing between the rods throughout the design life of the assembly.
They are located at intervals along the length of the fuel rods. The
detailed design of this component varies slightly between different manu-
facturers, but in principle they all contain support dimples, springs
and mixing vanes.

3.1.2 Boiling Water Reactors

The main differences other than dimensions of BWR fuel assemblies as
compared to the previously described PWR assemblies are as follows.

The cladding material used is Zircaloy-2, and the fuel rods are normally
placed in an 8x8 or 7x7 array (an example is shown in Figure 3.1.3) . The
assemblies are surrounded by Zircaloy-4 flow channels. The control rods
have a cruciform cross section and are inserted between the fuel assem-
blies from below the core.
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Total length 4 835
Active length 3 900
Total weight 820
Fuel weight 523
Number of fuel rods 236
Number of control rod guides 20
Number of spacers 9

MM
MM
KG
KGU

Fig. 3.1.1 PWR fuel assembly, 1300 MWe Class
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3.1.3 Pressurized Heavy Water Reactors

There are major differences between PHWR fuel and LWR fuel, and also
major differences in operating procedures for the reactors. The PHWR
system can refuel at power and its fuel assembly is not re-inserted into
the reactor once it is put into the storage bays.

In the Canadian Deuterium Uranium (CÄNDU) System, 37 fuel rods (each
50 mm long) are welded to two end plates to form the cylindrical assem-
bly (an example is shown in Figure 3.1.4). The end plates maintain se-
paration among the rods in the assembly. The lateral spacing among the
rods at the bundle mid-length is maintained by the spacers that are
brazed to the rods.

The assembly is supported on bearing pads brazed to the outer rod
cladding near the element ends and at mid lenght. Their function is to
provide adequate separation between the fuel assembly and the pressure
tube and to provide an acceptable interface between the pressure tube
and the fuel.

3.2 Fuel Examination Programs

The present use of. fuel characterization techniques varies considerably
frcm plant-to-plant and even among cycles at a plant depending upon the
previous operating experience and whether a new fuel design was used.
The available examination techniques are combined to form a fuel exam-
ination program. A combination is determined primär-il y by the overall
objectives of the examination program. The purpose for an examination
program can be either (1) to objectively confirm the actual fuel per-
formance, (2) to identify and isolate failed fuel components, or (3) to
danonstrate the benefits of design changes considered. An individual pro-
gram may include the following:
a. An appraisal of the overall fuel performance, in particular, the

cladding integrity.
b. An appraisal of particular performance of interest such as crud de-

position and dimensional changes.
c. An appraisal of the axial power distributions in certain assemblies

to calibrate design calculations.

If anomalies are detected during the scheduled examinations, then further
examinations may be performed. The exact nature of any further examina-
tions depends upon the nature of the observations, their functional Im-
plications, and the resources available for further examinations. The
further examinations may lead to the reconstitution of fuel assemblies.
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As mentioned in Chapter 1, seme examination programs may have been
prompted by indications of fuel failures by increased radioactivity levels
in the coolant. These programs rely heavily upon those techniques that
can identify either failed assemblies or failed rods.

The examination programs for Pressurized Heavy Water Reactors tend to be
smaller in scope. Because Pressurized Heavy Water Reactors can refuel
during power operations, can partially isolate failed assemblies, and do
not reload fuel assanblies, they employ relatively little on-site exam-
inations. The programs for Pressurized Heavy Water Reactors focus -upon
delayed neutron techniques and crud sampling techniques.

References for Chapter 3

/!/ F. Garzarolli, R. von Jan, H. Stehle, "The Main Causes of Fuel
Element Failure in Water-Cooled Power Reactors, "Atomic Energy
Review/ Vol. 17, No. 1. page 31.

4. General Criteria for Examination Equipment

Non-destructive on-site examination facilities of irradiated fuel have
been developed by several companies in different countries. They are
designed for the examination of either fuel rods or assemblies and can
either be permanently installed in a plant (generally in the spent fuel
pool) or can be transported from one site to another. Their design and
level of sophistication are based on the desired accuracy of results.
However, all these facilities, regardless of the constructor or objec-
tives, have to meet a certain number of known criteria dictated by the
very nature of the area where they are located, in either the reactor
cavity or the spent fuel pool.

These criteria are mainly linked to the safety, environmental, and
operating considerations of which we give a few examples.

4.1 Design criteria for safety considerations

The mobile equipment of the examination facility and the assembly should
not come into contact during operation. However if this contact is ob-
viously required (for example: repair of fuel assembly, rod removable
fuel assembly) special safety considerations have to be made regarding
accident prevention and accident conditions with the procedures for all
operations with components (checklist) and for final examinations of
that fuel assembly.
- The assembly must not be subjected to any undue mechanical stress,
other than that resulting from normal storage during examination.
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- In the event of an accident connected with the operation of the exam-
ination facility, the other equipment at the plant mast retain its
functional and mechanical integrity.

- The safety related parts of the examination facility should conform
with the seismic requirements for the nuclear plant.

- A dose rate at the operating floor level should be lower than the re-
gulatory rules.

4.2 Design criteria for environmental considerations

The following criteria can be listed for these considerations:
- The facilities must fit into the available space.
- The submerged parts of the facilities, in many cases, remain per-
manently in the approximately 12 meter deep pool containing demineral-
ized water with around 2000 ppm of boron in the form of boric acid

- The water temperature in the pool may vary from 15°C to 50°C in normal
operation -

- The underwater parts should be able to withstand without failure an
integrated dose of at least 10̂  Rad,

- The facilities should be able to be assembled and dismantled under-
water in the pool.

- The ambient temperature on the operating floor, where the control
equipment is located, is between 15°C and 40°C with a relative humidity
of between 30% and 100%.

4.3 Design criteria for operating considerations

These criteria are based on different factors, such as:
- The duration of examinations, which should be as short as possible
- The independence of the facilities in relation to the reactor instru-
mentation and control system

- The non-obstruction of other pool and cavity equipment
- The personnel necessary for operations, and their exposure duration,
must be kept to a minimum.

- Assembly dismantling, adjustment or calibration, maintenance, de-
contamination, handling and transport should all be as easily accom-
plished as possible when necessary for normal operation of the exam-
ination facilities.

Finally it must be remembered that the design of examination facilities
must conform to the different standards in force and must meet quality
assurance requirements in most cases. Operational testing of new pieces
of equipment under realistic conditions prior to their installation in
a contaminated pool has proven to be very important in order to avoid
changes or modifications in the equipments that would be contaminated
after the initial use.
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Examples of the standards are ASME (American Society of
Mechanical Engineers) Section III, Subsection NF, Linear
Supports in the USA, CPFC (Cahier de Prescription de
Fabrication et de Contrôle) and UTE in France, KTA (Kerntechnische
Ausschuss) and DIN (Deutche Industrie Normen) in Germany, Fed. Rep.

Online fuel monitoring methods

This Chapter describes techniques available to a utility for
monitoring of the fuel assembly integrity within the core during
all modes of the plant operation.

Methods to detect a leakage in general

During LWR operation the fission product concentration and the
relation between different fission product nuclides in the coolant
are the only indicators for fuel clad integrity. Thus, the problem
is to monitor this activity in order to detect clad failures.
Changes in the activity concentration and in the relation between
different fission product nuclides are indicators for additional
fuel rod failures. Two main release mechanisms exist for the
escape of fission products from failed fuel rods, namely:

- free fission gases in the void volume of a leaking rod escape
through the leak after pressure equalization between the inside
and outside of the fuel rod by several mechanisms, ie. diffusion,
and/or small pressure fluctuations.

- fission products react with water or water vapor entering the
fuel rod partly forming volatile chemical compounds which there-
after may escape similar to the fission gases or being carried
outside the fuel rod as dissolved species.

The release behaviour of the various fission products differs
greatly but nevertheless leads to specific activities in the
coolant which are constant in time provided that the reactor
is operated at constant power, and that the mode of operation
of the purification system and the number and type of fuel rod
defects do not change during the period under consideration.

Careful evaluation of the time dependence of fission product release in
the operating power plants combined with thorough post irradiation
examination of the fuel can provide a valuable data base for prediction
of the number of leaking fuel rods.
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However all such correlations require an intelligent guess of the linear
heat rating for the leaking fuel rods and knowledge of some influencing
factors (e. g. purification rate, decontamination factor, carry over
factor in BWR's) to arrive at the correct release function.

Several methods are used in power reactors, and all depend on measuring
the ß, Y , or neutron activity.

It should be noted that even if past experience has shown that sophisti-
cated and costly measurements and localization are not compulsory for
monitoring reactor operation, the advantages of efficient monitoring
are such that the user, supported by the fuel manufacturer, is
increasingly acquiring the appropriate means and methods to interpret
the nature of leaks and to estimate the number of defective fuel rods.

All methods used in light water reactors tend to characterize the
average condition for the core, leading to the difficulty in localizing
leakage. In order to characterize the average core condition one can
use:

- indirect methods based on samples
- direct methods based on the reactor coolant system itself.

5.1.1 Indirect methods

These methods are well established and most widely used in order to
control the activity in the primary coolant or other systems.

5.1.1.1 General remarks on sampling problems

These apply to all the following measuring methods. The sample taken
shall meet the following requirements:

- determination of the optimum conditions of temperature, pressure and
volume flow rate for the sample collection

- continuous flushing of sample line and the sample collecting tank in a
fixed time shedule prior to sampling

- separate sampling of water soluble radionuclides, suspended particles,
and fission gas isotopes. Sampling of fission gas isotopes in a special
gas sample collecting tank with degasifier

- consistency of the sampling conditions as time goes on.
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5.1.1.2 Gamma measuring of the reactor coolant water

This is the method most commonly employed. It uses modern techniques of
radiation detection. Ge (Li) detectors with multichannel analysers and
microprocessors are "being used as well as the scintillation counters for
total gamma activity.

Gamma spectrum analysis and overall gamma measurement

The overall gamma measurement can be used for information purposes and
consists of measuring on a sample, normally cooled for 15 mins., the
total Y -activity "by means of a Nal (Tl) crystal detector with electronic
components allowing integration over a given range of energies. The

137components are calibrated against a known nuclide such as Cs, for
example. The application of the overall gamma measurement as an
indicator for fuel clad integrity is disturbed by the activation products,
which contribute to the measuring result. For this reason this inaccurate
method has no advantage in relation to gamma spectrum analysis. Only the
evaluation of detailed radionuclides relates to proper information of
core condition.

Today modern gamma spectrum analyser with computer assisted data evaluation
allow a rapid and low cost evaluation of radionuclide data in coolant and
gas samples even for a daily comparision of reactor operation.

Some aspects are significant for the validity and accuracy of the evaluation
of coolant activity data by gamma spectrometry, namely:

- the proper collection of water or gas samples as well as the correct
determination of the point of time for the sample collected. The latter
is of great significance in the case of short lived isotopes

- a careful calibration of the gamma spectrometer and an accurate relation
of the gamma energies to the radioisotopes determined in the measured
gamma spectrum.

Definition of the spectrum

Inspite of the industrial nature of the measurements, optimum geometrical
counting conditions have to be arranged for each sample. Other important
features are the optimum coolant time in order to minimize background
radiation and optimum counting periods in order to get a convenient peak
to background ratio.
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Calibration of the spectrometer

A proper energy calibration and optimum sensitivity calibrations for the
used geometrical counting arrangements are of specific interest.

5.1.1.3 Data interpretation

This is one of the actual phases where possible improvements can be made.
It is based on the selection of the best leakage indicator according to the
possible operating scheme. Actual tendencies take into account the given
source strength ratios of pairs of radioisotopes such as Kr/ Kr,
Too 135 131 133Xe/ Xe and I/ I. In connection with the given activity con-
centrations the source strength ratios indicate
whether there is a failure or not. In some cases the source strength ratios
may give an idea of the magnitude and the location of the failure. The

23Qactivity concentration of 7Np works as another indicator for the magnitude
of a clad failure.

Q £•

It could be shown that some short-life fission gas isotopes such as -'mKr
and 'Kr, as well as the iodine isotopes 131 and 133 are the most suitable
indicators for the estimation of the number of defective fuel rods. For
this purpose the activity concentration in the coolant is evaluated. In
the case of BWE additional information comes from the activity concentration
of the noble gasses in the off-gas system prior to delay line. In the case
of very small failures (e, g. pinholes), especially short time after defection
of a fuel rod, only the fission gas isotopes are reliable indicators
(Table 5-1.1).

5.1.1.U Beta measurements of reactor coolant systems

The beta measurement is more time consuming than the gamma spectrum
analysis and not commonly used in order to control routinely the activity
concentrations in the primary coolant.

Beta measurements are not used in connection with the detection of fuel
rod failures. However these measurements are common for questions

90concerning the radiology. There is need of measuring e.g. Sr coolant
concentration or the beta activity of the liquid waste.

In order to measure beta-emitting radionuclides, a radiochemical isolation
of the species is necessary.
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Table 5-1.1

Routinely measured radionuclides in the coolant of water-cooled
power reactors and appropriate leakage indicators

Nuclide

^*e
135 Xe
155 mXe
85 mKr
87 Kr
88 Kr
131 j
132 -£

133 z
134 I
135 j

Cs

136 r

137 CS

158 Cs
90
239

Half Life

5.29 days
9.17 hours

15.3 minutes
4.48 hours

76.3 minutes
2.8 hours
8.04 days
2.38 hours

20.8 hours
52.0 minutes
6.59 hours

2.06 years

13.0 days
30.1 years

32.2 minutes
28.5 years
2. 355 days

a)Way of Production J

FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP

1 33second order FP via ^ Cs

135second order FP via ^Gs

FP

FP
FP
AP

Indicator for fuel
failure

BWR dominant
BWR dominant
PWE, BWE
PWE, BWE
PWR, BWE
PWE, BWE
PWE, BWE
-
PWE, BWR
-
PWR, BWR in
cases
PWR, BWR in
cases
-
PWR, BWR in
cases
-
-
PWR, BWR in

special

special

special

special
cases

a) AP = activation product
FP = fission product
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The measuring devices used depend on the given task:

Geiger-Muller counter and proportional counter are the regular equipment
for "beta emitters. If there is need in some case for measuring low energy
beta emitters, e.g. H, a liquid scintillation counter has to be applied.

5.1.1.5 Precipitation method

This method could be applied to water reactors after gas extraction from
the water. Non gaseous decay products from gaseous fission products like
89 138 235 239Kr or Xe coming directly from U or Pu fission or their

OQ 1 "3 Aprecursors ( Br, I) in the decay chain are used. The non gaseous
Qr\ 1 "3Adecay products Rb and Cs are collected on a negative electrode and

are detected by beta spectrometry. There is yet no commercial application
of this method in LWR's. But it is still in use in the heavy water reactor
MZFR.

5.1.2 Direct Methods

These methods have the advantage of supplying continuous information.
However the greatest problem lies in the difficulty of minimizing background
radiation. For this reason these promising methods are not commercialy
used in the detection of clad failures.

5.1.2.1 Direct Gamma Spectrometry on the coolant system

The results, both for the in-line and the, indirect gamma spectrometry, are
of course different in the minimum detectable concentration of the fission
products. In the case of in-line gamma spectrometry the background radiation
caused by the short life radionuclides and the activation products in the
coolant on the one hand and by the contamination of the detector system on the
other hand, strongly influences the sensitivity of the measurements.

The radiation of the short life radionuclides, in particular of the N, can
be eliminated by placing the Ge (Li) detector in a reactor coolant system
position, which allows about 2. minutes delay, the half-life of H being
7,1 s.

The background radiation caused by the above mentioned activation product
species can be minimized by working in specific energy bands for the selected
fission products.

However the long time problem is the increasing contamination of the detector
system, which can not be eliminated by special measuring arrangements.
Perhaps this problem can be overcome in the future by using special designed
measuring devices or by using a measuring device with special surface coatings.
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In general this metnod calls for sophisticated gamma spectrometry equipment
coupled with computer assisted data evaluation.

5.2 Localization Methods

The ideal method would "be to locate the defective assembly during operation
"by means of a continuous measuring apparatus particular to each assembly,
but this technology does not yet exists.

Currently, for localizing the defective assemblies, the tendency goes in the
direction to determine the relationship of the defective assemblies to the
third part (PWR) or the quarter (BWB) of the core. That means there are
parts of the core, which have the same burnup history, e. g. in the case
of an equilibrium PWR core one third of the assemblies is for the first
time, one third for the second time and one third for the third time in
the core. It is only possible to adjoin the failed assemblies to these
parts of the core, if the major quantity of the failed assemblies have
the same burnup history. If there is an ideal distribution over the
different core parts, there is no great chance in reality to find a
relationship .

Some methods have been proposed :

- The determination of the enrichment of U0?-fuel released from defective
fuel rods to the coolant .

- The control of the increase of fission product activity in the coolant
or of changes of the ratio of fission products during power distribution
variations due to control rod maneuver.

- The determination of Cs/ Cs ratio during full load operation phases
after short shut down periods.

- The detection of delayed neutrons which are emitted by certain short half-
life fission products at each reactor loop.

All methods proposed for localizing defective fuel assemblies in the core
of light water reactors are still in a more or less experimental stage, they
are not routinely used at commercial power stations at the present time.

5-2.1 Determination of a core fraction by mass spectrometry

The initial enrichment of a core fraction and its burnup history may be used
for localizing defective fuel assemblies. For this purpose particular isotopes
are determined in samples of particles trapped by filters from the reactor
coolant. The mass spectrometry allows identification and measurements for

235 236 238 239the uranium isotopes U, U and U and the plutonium isotopes Pu,
2UlPu, Pu and Pu present in the samples. The system is shown in

Fig. 5.2.1.
33



~» » W*yolume (control
tank 1

sairple loop
or filter

cooling

Sampling room
Fig. 5.2.1 Scheme of a sampling circuit. water satnole

34



Given the sensitivity of mass spectrometry (o,l ,ug sufficies for analysis)
this method can "be applied even to a low UO- content in the coolant. From
the resulting analysis and by introducing the burnup, the defective fraction
of the core may be determined.

This method works only in the case of larger defects with a direct exposure
of UO fuel to the coolant leading to a loss of fuel into the coolant.
Small failures do not lead to a nominal amount of U0_in the coolant and
cannot therefore be detected.

This method has been successfully tried at the Central Nucléaire des Ardennes
plant. It may perhaps allow the number of assemblies to be tested in a
sipping cell during reactor shut down to be reduced.

5.2.2 Determination of a core fraction by reactor control
variation and flux tilt gamma detection_______

This technique is based on changes in the reactor coolant system activity
caused by X and Y power distribution variations due to control assembly
movement when the reactor is at constant power, normally around 50$ and
70%. Step by step, the region indicated by the increasingly "localized"
activity measurements can be better distinguished.

If the power density is increased near the defective region, the release
rate of fission products and thus the coolant activity increases.

5.2.3 Determination of a core fraction by monitoring the
ratio of certain isotopes_____________________

Another method that can be used is based on monitoring the developments of
i -3-7 ,i -sk -tvrthe °'Cs/ ° Cs ratio. Both Cs isotopes are released from the fuel. olCs

13Uis a fission product, and Cs is a so called second order fission product,
which is an activation product from a final and stable nuclide of a fission

•TOOchain (in this case Cs).

The Cs/ Cs ratio depends on the initial fuel enrichment and the
burnup and in principle thus characterizes the different fuel batches
in the reactor core. In addition to using the ratio to localize the
leaking fuel batch it can be used to determine the burn-up without needing
to know the quantity of fissile material to be measured.

It should be pointed out that still, at the present time, there are
conflicting results in localizing defective fuel elements within a core
fraction by monitoring changes in the reactor coolant system activity
during power distribution variation due to control assembly movement or
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by monitoring the development of the Cs/ Cs ratio during power
change phases. It is recommended that these methods should be further
tested in the future.

5-2.1* Clad failure detection using delayed neutrons (PHD)

Operating principles

The scope of this technique is also to detect and localize clad failure
occuring during reactor operation by continuously monitoring the reactor
coolant. This enables the recording of neutron flux caused by delayed
neutrons emitted by certain short half-life fission products quickly released
from fractured clads.

The delayed neutron activity in the reactor coolant also permits the
correlation between fracture evolution and reactor operation.

The operating principle is based on the fact that certain fission products
are delayed neutron emitters. The period for the six groups of precursors
which are normally distinguished (essentially iodines and bromines) last
from 0.2 to 55 seconds. The longest periods permit detection outside the
core. They are nevertheless sufficiently short so that this means of
defect detection is only possible if the transit time in the cladding
defect is very short.

The energies of emitted neutrons are included between 200 and UOO keV
which implies that they are slowed down before being counted by a thermal
neutron detector such as BF_, Helium 3, boron deposit or fission chamber
counter tube. A delayed neutron detector block is thus composed of a
thermal neutron moderator counter unit placed around a channel containing
the reactor coolant.

2The flux to be measured is very weak, approximately one neutron per cm . s
and the detector block must be located in a zone where activity is low.
This is often insufficient and necessitates providing extra protection
around the block.

For detection alone, one DUD system installation sufficies , however,
the installation of a DUD system on each reactor loop would enable
information to be obtained in order to localize assemblies showing
leakage (by zones). Where the mixing coefficients between loops are
known, correlations can be made between signal amplitudes measured on
each loop and the core region where the fuel rod failues occur. The
flowrate and the reactor core-block detector transit time have to be
identical on the three or four reactor loops in order to carry this out.
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Another way is to have an automatic correction system based on K
activity measured during the first start up of the power plant.

A comparision of the DHD measurement with a direct gamma measurement
may be valuable for the interpretation of the results (sec. 5.1.2.1.).

Though there are a few DND systems installed in power stations, they
are not or not routinely used to determine fuel rod failures.

5-3 Conclusion on methods used during reactor operation

The fundamentals of the release behaviour of the fission products, the
correlation between the activity levels of different fission products in
the coolant and the number of defective fuel rods and correlations
between the appearance of fission product nuclides in the coolant or in
the off-gas system and the type of cracks have not been dealt with here.
Only methods which are used to detect a leakage in general and which
seem likely to be developed have been discussed briefly.

The measurement of different fission product concentrations is the
coolant and in the off-gas system combined with the evaluation of the
time dependence of the fission product release is, till now, the most
widely used method to detect fuel rod failures and to characterize the
core condition in operating power plants.

However, the tendency goes in the direction of continous activity
monitoring systems with computer assisted data evaluation and towards
methods which allow localizing failed fuel rods during plant operation.
Perhaps a detection - localisation compromise can be met using one
method or two interconnected methods. Such a process seems promising
if all manufacturing and software problems can be solved.

In spite of the great experience acquired during the past, there remains
a number of questions which need further studies of fission product
release in power reactors as well as special experiments under defined
conditions in test loops of research reactors.
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6. Fuel assembly inspection methods

The inspection technique described within this chapter apply to
fuel assemblies and components associated with the assemblies.
Also multiple examination facilities are described that combine
several techniques used on fuel assemblies and the related components.

For radiation protection purposes the inspections are performed
remotely under generally some 8 meters of water in the spent fuel
storage area.

6.1 Sipping Test

The sipping test is used to identify fuel assemblies with leaking
fuel rods. It is normally performed during the refueling period,
if the monitoring of the coolant during the preceeding plant
operating cycle indicated fission product leakage. Removal of
the leaking fuel assemblies from the core prior to the subsequent
operating cycle stops the fission product leakage from these
assemblies to the coolant, thus reducing radiation exposure of
plant personnel during maintenance.

Due to the present shortage of reprocessing capacity for spent LWR
fuel, long time intermediate underwater storage is planned. Sipping
of the fuel assemblies enables to separate leakers, which can either
be repaired by removal of the leaking rods or be stored in special
cans to avoid fission product leakage to the storage pool. Radiation
levels of the water surface will be reduced and water cleanup systems
require less capacity. Also contamination of the cask during
transport to the reprocessing site can be avoided.

6.1.1 Measuring principle

When a fuel rod developes a leak during operation water will enter
through the penetration until the pressure inside the fuel rod
equals that of the surrounding coolant (PWR'~'155 bar, BWR~/TO bar).
After plant shutdown the leaking fuel rod will contain gas within
its free volume (partly the fission gases Xenon and Krypton) and
water with dissolved fission products like Cesium and Iodine.

All sipping techniques make use of this fact by isolating the fuel
assembly in a defined volume (sipping can) and extracting fission
products into the medium contained in this volume. A representative
sample of the medium will than be analysed by radiospectrometry
methods for presence of suitable fission products. By the nature
of the medium (gas or water) one distinguishes "dry" or "wet"
sipping systems.
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6.1.2 Description of the sipping techniques

In PWR systems the sipping test is either performed in the pool
within the containment or in a separate fuel storage pool outside
of the containment building. Since BWR fuel assemblies are contained
in flow channels the sipping test can also be performed within the
pressure vessel without unloading of the fuel.

6.1.2.1 Dry sipping technique

The assembly is placed in a cell closed at the top and the water is
replaced by gas (mostly air). After an appropriate heat up time the
gas is relaeased to a vent system passing a detector arrangement which
measures and records the specific activities of the fission gas
isotopes Xenon 133 and Krypton 85. Fig. 6.1.1 illustrates a schematic
array.
The advantage and the drawback of this technique are the high heat-
up rate of the fuel assembly in the dry condition which results in
short test times but also requires a fair amount of control equipment
to prevent over-heating of the fuel assembly during the test.

To the knowledge of the authors application of this technique
has been limited to prototype plants with small size fuel
assemblies. Only little is known about performance experience
and reliability of the results.

6.1.2.2 Wet sipping technique
Nearly all commercially used sipping systems apply the wet
sipping technique. Two methods to drive out fission products
from the leaking rod can be distinguished:
a) thermal expansion of the gas content in the leaking rod

to drive out dissolved fission products and/or fission
gases,

b) as under a) but additionally expansion of the gas content
by pressure changes, preferably partial vacuum or high speed
water circulation.

In both cases either the dissolved fission products Iodine 131
and Cesium 13̂ , 137 or the fission gases Xenon 133 or Krypton
85 can be used as defect indicators.

The sensitivity of the wet sipping technique is dependent on
1) the effectivity to extract fission products from the leaking rod
2) the dilution of the fission products in the water surrounding

the fuel assembly, and
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3) the activity concentration of the defect indicator isotopes
in this water at the beginning of the test cycle.

Design of the equipment and water purity prior to the test
cycle have to be optimized in order to yield reliable results.

Most sipping systems make use of the decay heat to effect a
temperature rise of the assembly. A thermal insulation of the
sipping cans is often provided to increase the final temperature
and the heating rate during the heat up cycle. In cases of
insufficient decay heat (after long storage time or after small
burnup) electrical heating is used.

Stripchari /
recorder

00
oo

Rate Meter
detector ( ß o r j r }

HXHX-
Compressed
air supply

To active gas
vent system

Pressure gauge
for water level
indication

sipping cell

„water level during
heat up phase

Schematic flow sheet of a dry sipping test
iDuring testing the water level in the sipping cell is lowered byinjection of compressed air. After appropriate heating of the fuel
assembly the air is released to the active gas vent system via anactivity detector system.
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Additional pressure changes are used in some systems to increase the
fission product extraction, especially in cases where only fission
gases are used as defect indicators. This requires the sipping box to
be fully leak tight towards the pool water during the test cycle which
impairs the inherent safety against overheating of the fuel assembly
in case of malfunctioning of the system.

The normal sequence of events during testing is :

- flushing of the sipping can
- insertion of the fuel assembly and closing of the lid
(air cushion or mechanical seal)

- heating of the assembly and the water inside the sipping can (the heating
also provides for the required mixing of expelled fission products with
all the water}.

- taking a water sample
- opening of the lid and removal of the fuel assembly.

The determination of the activity concentration of the water samples is
normally done with a Ge (Li) detector in the radiochemical laboratory of
the plant by direct measurement without chemical treatment. If however,
due to low burnup, the fission product concentration in the fuel is very
low, a chemical separation of the Cesium isotopes from the sample can be
performed / 1 / .

Measurement of the fission gas concentration with gas sampling can be
performed at the pool with a special detector system installed in the
gas circuit. In contrast to the in-line measurement of the dissolved
isotopes Iodine 131 and Cesium 137 no contamination of the measuring
chamber has been observed. Background activities of other radioactive
isotopes can be shielded to allow discrimination of the proper energy
peaks.

Since the sipping test is generally performed during the refuelling
period the rate of testing ié very important. The incore sipping in
BWR's is therefore performed on h - 16 assemblies simultaneously. The
time required for testing all 532 assemblies of a 800 MWe reactor is
about 72 hours.

PWE sipping systems being installed in a pool use two parallel testing
stations, so that during the test phase of the first station, the fuel
assembly can be exchanged in the other station. With a fast fuel trans-
port system 3-h assemblies per hour can be tested which means about 60
hours for testing all 193 assemblies of a 1300 MWe reactor.
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The success of the sipping test in eliminating all leakers can be checked
by monitoring the activity concentration (especially for the long life
isotope Cesium 137) during the startup after the refuelling. There must
be no increase of the Cesium 137 level during the non-nuclear heat up
phase of the core.

6.1.3 Examples of existing systems

6.1.3.1 Systems installed in the pool

In most cases these systems are permanently installed in the fuel storage
pool, but in some cases they are also designed to be transportable.

The KWU sipping system is an example for using the decay heat to expell
the water soluble fission products Iodine 131 and Cesium 13^ and 137 as
defect indicators. It is schematically shown in figure 6.1.2 / 2,3 /.
Two thermally insulated sipping cans, open on both ends are installed
in the fuel storage pool. The hydraulically actuated covers seal the
upper end of the cans with air cushions to interrupt the natural
circulation.

Flow indicator

samplingflask
suction —line

flushing line ^ p

Water pump

Fuel storagepool

Compressed air

-04-

Exhaust

W7'

Sipping can

J?ig. 6.1.2: Plow sheet of a pool sipping system (KWU)
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All other components (e.g. operating control equipment, sampling station)
are contained in a small control console installed besides the storage
pool. The sipping cans may be equipped with electrical heaters to
substitute the decay heat for long time stored fuel assemblies.

The reliability of the KWU sipping test method presently achieved is
illustrated in figure 6.1.3 by the large margin between fuel assemblies
of the group "free of leaks" and "leaking".

The use of an air cushion for sealing provides for inherent safety against
overheating of the fuel assemblies. At the onset of boiling, rising steam
pushes the air out of the hood so that natural convection of the water is
restored.

The Framatome system (figure 6.1.U) is an example for a wet sipping system
which provides for leak indication either by water soluble fission products
or by fission gases. During testing the sipping cell containing the fuel
assembly is mechanically sealed by a pneumatically actuated cover. While
water samples are taken similarly as in the KWU system, leak detection by
fission gases uses a gas stripping method first applied by NOK in Beznau,
Switzerland / U /.

A gas circulation system feeds a stream of nitrogen gas to the bottom of the
sipping box. The rising gas bubbles strip the dissolved fission gases from
the water which are measured by gamma or beta sensitive detectors.

Another system designed by KEMA / 5 / and installed in the fuel storage
pool of the BWR plant at Dodewaard (Netherlands) makes use of pressure
changes, resulting from forced circulation of the water content in the
sipping cell, to extract watersoluble fission products. The operating
manual recommends flushing of the system for loose crud removal and
backfilling with make-up water thus reducing the background activity to
obtain reliable results.

General Electric (GE) has published the use of a newly designed "vacuum
sipping system" for use either in the fuel storage pool or in the upper
part of the reactor vessel / 6 /. A partial vacuum is used to drive
out fission gases and other fission products. The prefered method to

Q,-

indicate fuel leakage is measuring Kr in a stripping gas circuit by
means of a beta scintillation detector. An improved reliability of this
method (r*s99 % of non-recoil off-gas removal) is claimed compared to the
normally used "in-core" sipping method.
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6.1.3.2 "In-Core" Systems
BWR fuel assemblies are separated from each other in the core by their
flow channels. This provides the opportunity to perform the sipping test,
while the fuel assemblies are still in the core directly after removal of
the upper pressure vessel internals.

water
supply

The most commonly applied "in-core" system (GE and KWU) uses a special
hood to cover the upper ends of the flow channels, which extend several
centimeters above the upper core grid (see figure 6.1.5).

exhaust

sampling flask

compressed air
——IX]———

sipping hood

mast of manipulator
crane

fuel
assembly

Fig. 6.1.5. Schematic view of the standard BWR
"in-core" sipping system (KWU)
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Also here filling the hood with an air cushion provides for stopping the
natural circulation in the channel. Sample collection from the tested
channels and radioisotope analysis are done in a similar way as in the
case of the pool system of KWU described in the chapter before. However,
since the temperature rise of the fuel assembly is limited due to the
heat transfer through the thin channel walls, reliable test results
require much care in operating the reactor decay heat removal systems
and keeping the background activity low enough throughout the sipping
campaign.

""" COMPRESSED AIR

OUTLET FOR
=30GAS SAMPLES

COMPRESSOR

OUTLET FOR
WATER SAMPLES

SUCTION HOOD

FUEL ASSEMBLY 6.1.6 Plow sheet of a special "in-
core" sipping system (ASEA-ÀTOM)
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The only other "in-core" sipping system (figure 6.1.6) has "been designed
"by ASEA-ATOM 111. One speciality of the system is a hydraulic lifting
gear to raise the fuel assemblies during testing by about 30 cm above the
upper core grid. The channels are then tightly connected to separate
chambers in the suction hood. After proper heating the water surrounding
the fuel assembly is pumped by a jet pump to a tank where the gases are
extracted from the water by reducing the pressure. Their total gamma
activity concentration is measured. Gas and water samples can also be
taken for laboratory analysis.

The system has been used by ASEA-ATOM since 197̂ .

References to chapter 6.1

1. Stöckert, H. et al: Ultra-sensitive detection of defective fuel rods
(sipping test) with low core burn-up and long decay period, Siemens
Forsch.- und Entwickl. Ber. Bd.8 (1979) No.2, 98, Springer Verlag

2. Knaab, H. et al: KWU Nuclear Fuel Service, Kerntechnik 19 (1977) No.3,

3. Knaab, H. and Knecht, K.: Pool-site fuel inspection and examination
techniques applied by the KWU fuel service, Proceedings of the 26th
Conf. on Remote Systems Technology, (1978) kk

H. Samuel, J. et al: Über die Beurteilung der Dichtheit von Brennelementen
bei Druckwasserreaktoren während des Betriebes und beim Brennstoffwechsel
Nuclex 1972, Factagung 5A

5. Private communication by KEMA (N.V. tot Keuring von Elektro-technische
Materialien, Arnhem, The Netherlands)

6. Green, T.A.: Detection of defective fuel using vacuum sipping technique,
Trans. ANS 9th Biannual Conf. (1979) 2

7. Private communication by ASEA-ATOM Västeras, Sweden

50



6.2 Visual Examination

6.2.1 Objectives and physical background

Visual examination of the fuel assembly and its components (peripheral
rods, rods located inside of the assembly, guide tubes, upper and lower
plates, springs) is designed to determine their mechanical integrity
and their surface appearance. Main attention is paid to the comparison
with the as-built condition and the recognition of deviations. The ob-
served phenomena can include: clad failures, presence of cracks, rod
or fuel assembly deformations, corrosion, crud deposits or reduction of
material by wear. A representative cross-section of assemblies is usu-
ally inspected and additionally in particular assemblies that have
shown a positive signal during sip testing and on those rods having
been manufactured differently to standard rods (distinguished during
manufacture).

The portions of rods in the assembly that are located on the periphery
varies from 30 percent to 60 percent depending upon the size of the
assembly. Even peripheral rods cannot be completely examined while
located within the assembly. However, almost all the top end fittings
can be observed while located in the assembly. It should be noted, that
examination of peripheral BWR fuel rods requires removal of the flow
channel from the assembly. Visual examination of peripheral rods is
presently carried out by standard T.V. cameras or by periscopes x).

Observation of fuel assemblies and identification can also be performed
by binoculars. Rods located inside the assembly may be examined only
after withdrawal from the assembly.

The T.V. cameras used for this examination must withstand a gamma dose
rate of approximately 10̂  Rad/h and must be capable of operating app-
roximately 12 m below the water surface at elevated temperature. The
examination is performed in real time by observing pictures transmitted
by the camera to a screen or in defered time by reading a video-tape
recording.

The periscopes are used in particular for the detection of supplementary
information after the T.V. camera has been used, and especially for dis-
playing colours.

x) A periscope is an optical instrument consisting of a tube holding
a system of lenses with a mirror at either end arranged so that a
person looking through the eyepiece at one end can see objects re-
flected by the mirror at the other end. An endoscope is a flexible
optical instrument containing image conducting fibers to examine
otherwise non-observable parts of components.
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Future developments in visual examinations are described in more detail
in Chapter 6.2.4 nay include 3D T.V. cameras, colour TV cameras and holo-
graphy.

6.2.2 Examination procedures for different fuel rod locations

6.2.2.1 Examination of peripheral rods

The reactor vendors and different fuel service companies have developed
systems which permit the visual examination of peripheral rods by T.V.
camera or by periscope.

The examination may either be overall or detailed. In the latter case,
the camera (or periscope) approaches the assembly under examination by
means of a mechanical or electronic zoom lense. The T.V. camera or peri-
scope is placed on a stand so that it can be moved only for visual exam-
ination, or forms part of a more complex apparatus designed for several
different non-destructive examinations of irradiated fuel, an example
is described in Chapter 6.10.

The position is determined either by encoders or by a graduated scale.

6.2.2.2 Examination of rods located inside the assembly

Visual observation is made of either single rods - rods removed from the
assembly for repair or for examination of removable rods (see Chapter 6.9)
- or on the four vertical faces of the assembly's peripheral rods. The
addition of two well-positioned mirrors permits observation by camera
of the base and the upper face of the assembly.

6.2.3 Description of various examination techniques with some examples

Visual examination is currently used in practically all power plants
in the world either with equipment permanently located in the spent
fuel pool or with equipment which can be transferred from one site to
another. In most cases, both the TV camera and the endoscope are used.

These examinations permit the detection of possible defects on rods,
the determination of other examinations to be performed (e.g. the most
appropriate places for crud sampling) and the evaluation of deformations
(rod bow).

Today high radiation resistant underwater television cameras are nor-
mally used for the visual inspection because it has been shown that
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these systems have the following essential advantages over periscopes:
- easy, quick handling by use of a suitable manipulator
- accessibility for several observers
- fast recording of the picture by photography and videotape.

Periscopes are recommended to be used in those special cases where the
colour is needed as an additional piece of information.

They also can be used for taking photographs due to the better image
quality.

6.2.3.1. Endoscope system

The system for the visual examination of rods and guide tubes located
inside the fuel assembly, which was developed by Framatome, used a
special endoscope, see Fig. 6.2.1, combined with a submerged nuclear
camera.

fuel assembly

light source

Detail A: special
endoscope

Vp^11irrors <J. $p>
^ ^C^v,\ i;;. Hi'J,-!)

V Viih ?\>

rotating disk

Fig. 6.2.1 Visual examination system using an endoscope.
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The penetration through the assembly for special endoscope (the thickness
is 0.7 mm) is such that it can leave the assembly in order to avoid the
grids and then repenetrate. The endoscope leave the assembly also if
the determined permissible force value is exceeded.

The acquisition and processing of endoscopie video signals are performed
by special electronic equipment. The pictures are numbered, stored and
translated into false colours in order to ease the identification of
surface defects on the examination rods.

6.2.3.2. Periscope and TV systems using the fuel handling machine

Another system for visual inspection of fuel assemblies that has been
developed by reactor manufacturers utilize the existing fuel handling
machine. In Figure 6.2.2 and Figure 6.2.3 two variations of the system
are shown/ one using an underwater periscope, the other using a TV camera.
In both cases the fuel handling machine serves for axial movement and
rotation of the assembly. In the case where a TV camera is used, it can
be mounted on a side of a special manipulator, hanging besides the mast
of the fuel handling machine. The manipulator can move the TV camera in
all directions to adjust the viewing field in vertical and horizontal
viewing angles.

The inspection can be performed on several TV screens in parallel and
also outside the controlled area. Photographs from the screen and video
recordings are ideal means to document the observations. A photograph
of a system utilizing the existing utility equipment is shown in
Fig. 6.2.4. In the case where a periscope is used, direct observations
are made and photographs can be taken of interesting observations.

The pieces of equipment described above are very simple to set up but
their evident disadvantage is that they tie up the equipment that may
be needed for other purposes.

6.2.3.3. Independent Fuel Evaluation Examination System

Another fuel assembly examination system (FÄES) developed by Westinghouse
is an independent fuel examination system- This is a system which can be
used independently of all other equipment for performning the inspections.
Top and side view schematic diagrams of this system is shown in Figures
6.2.5 and 6.2.6.

This system consists basically of the following:
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Visual inspection of a PWR fuel assembly
with underwater close circuit television
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Fig. 6.2.3 Examination of fuel assembly external features with
a periscope.
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1. Mast of the fuel handling machine
2. Periscope
3. Fuel assembly
4. Lighting
5. Spent fuel racks

Fig. 6.2.h Installation and operation of the visual
examination system
(Courtesy of Kerncentrale Doel KCD - Belgium)

- A support stand assembly and associated components which are fixed
to the stand (positioned underwater).

- A control console positioned adjacent to the spent fuel pit for remote
operation of the underwater systems.

During the visual examinations, the fuel assembly is positioned in the
FAES so that it sits on the bottom nozzle with no contacting lateral
support. A retractable support is located at the fuel assaribly top nozzle
which permits a maximum unsupported lean of 2 inches ( 5 cm) in any di-
rection when fully retracted. Thus, the assembly can either be fixed or
permitted to assume a free standing unsupported position. The fuel as-
sembly bottom nozzle is positioned on a rotary actuator with vertical
alignment pins similar to those in the core. The actuator can remotely
rotate the fuel assembly through a full 360° to permit inspection of
all four sides of the assembly.
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The underwater TV camera is mounted inside the FAES support stand on a
carriage assembly. The carriage rides on a single vertical standpipe and
can traverse fron above the top nozzle of the fuel assembly to below
the bottom nozzle. The camera can also be removed horizontal to the
assembly, to cover its full width, and normal to the assembly to obtain
the desired magnification.

The FAES also includes four fuel assembly storage racks.

The major system components for the FAES are:

- Support Stand (including top and bottom grids):
The support stand is a 4-foot (1.2 m) wide x 7-foot (2.1 m) long x
12-foot (3.7 m) high stainless steel structure that supports and
houses the system components. Bolted to the stand are a top grid which
are used primarily to provide support for the fuel assembly storage
racks.

- Fuel Assembly Visual Stand: The visual stand is bolted to the support
stand and is the fixture into which the fuel assembly is positioned
during examination. The stand includes the fuel assatibly actuator and
the retractable support located at the fuel assembly top nozzle..

- Fuel Assembly Actuator: The fuel assembly is positioned at the bottom
of the fuel assembly visual stand. It supports and rotates the fuel
assembly, in 90° increments, to permit visual inspection and dimension-
al measurement of each assembly face. The assembly can also be rotated
at less than 90° increments if required.

- Fuel Assembly Examination Fixture: The fuel assembly examination
fixture consists of a camera assembly with underwater lights mounted
on a carriage and column assembly. The camera can be moved in the
X, Y, Z direction by means of hydraulic cylinders. This remote control
permits location of the camera where desired within the inherent po-
sitioning limits of the system.

- Fuel Assembly Storage Racks: The fuel assembly storage racks are
similar in design to standard assembly storage racks and house either
a fuel assembly of fuel rod storage rack. The racks are bolted to the
support stand bottom grid and vertically aligned by four horizontal
bolts secured to the top grid.

- Control Console and TV Monitor: The FAES Control console and TV monitor
are positioned next to the pool and connected to the underwater stand
by waterproof electric cables and hydraulic hoses. The X, Y, Z posi-
tioning of the camera and carriage are controlled hydraulically. Lights
and camera focus are controlled electrically.

A portable fuel inspection stand, that attaches to a spent fuel storage
rack has been developed by Combustion Engineering /3/. This "Mini Stand"
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utilizes a TV camera for visual observations and the spent fuel handling
machine for bundle movement. The television camera, along with other
possible measuring devices, is mounted on a gear drive which rotates
the camera 360 aroung the bundle, see Fig. 6.9-9- This allows complete
access to the fuel assembly as it is being inserted or withdrawn from
the fuel storage rack. This is especially useful when the spent fuel
handling machine does not have the capability to completely rotate
the bundle.
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Fig. 6.2.5 Fuel assembly examination system (top view)
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6.2.4 Future development

The development of irradiated fuel visual examination systems will in
the future be directed towards perfecting existing methods and particu-
larly towards the examination of rods located inside the assembly and
the inside of guide tubes of PWR assemblies.
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As one possibility, the use of fiber optics has been investigated /6/.
The problem with this, in principle interesting technique, is that the
material is sensitive to radiation and becomes opaque after relatively
low doses /7/-/12/.

However, fiberoptic materials and viewing systems are being developed
with an unproved radiation resistance.

Another development is the possibility of obtaining three dimensional
pictures of the irradiated fuel assemblies or area forecasts of fuel
assemblies:
- In one way, the fuel assembly will be examined with two TV cameras
which are used to form one single image on a screen. Using special
glasses the operator looking at the TV reception seems to have a
3 D picture /13/.

- In another way the assembly is illuminated by a source of coherent
light of unique wavelength which is partially reflected into a light
sensitive plate. The same source also radiates spherically to the
plate. The light sensitive emulsion is therefore located at a position
where light interference occurs and the latter is in fact recorded
by the plate. After plate processing, the image is reproduced using
another source of the same wavelength. The spherical waves are
diffracted by the plate to give a direct image. Given certain condi-
tions, the object image is reproduced without any distortion. This
holographic technique is actually at an experimental stage.

The main interest of these developments will be to obtain 3 D pictures
with the maximum amount of reliable and representative data in the
shortest possible time.

In seme cases, coloured pictures are very useful to obtain complete
information on surface appearance, therefore colour W cameras for the
inspection of irradiated fuel assemblies should be developed.
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6.3 Gamma Scanning

6.3.1 Objectives

Among the NDE technique for irradiated fuels, gamma scanning is partic-
ularly useful in that information on the neutronic history of fuels and
their condition inside the cladding tubes can be obtained.

Ganma scanning implementation is more or less complex according to the
quality of information required, going from a simple ionisation chamber
to check fuel stack continuity, for example, to the use of one or more
intrinsic Ge or Ge(Li) detectors for the precise determination of the
power distribution, burnup or fission product inventories.

For water reactors, gamma scanning can be applied to whole fuel assem-
blies or to removable rods which are withdrawn from the assemblies during
the period necessary for measurements to be made.

Gamma scanning objectives can be classified in two main categories:
one concerning the determination of neutronic parameters (power history),
and the other concerning structural data (fuel conditions).

For the former, the following points can be mentioned:

gualification of neutronic calculation codes
The gamma scanning of irradiated fuels offers the possibility of adding
to data for reactor operation monitoring while not requiring the complex
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implementation of destructive examinations. Direct comparison between
calculation results and the actual situation of parameters which are
closely correlated to power distributions and fuel composition varia-
tions is made possible by using non-destructive measurements to deter-
mine the precise concentrations of a certain number of fission products,
or more generally, the precise distributions at different points in the
core or in the assemblies.

gubsequent power distribution examination
Independent of code qualification it can be useful to examine power
distribution, either over the whole core or, more finely, inside a fuel
assanbly or near local heterogenous discontinuities. Gairena scanning,
specifically used for determining the isotopic activity of short life
fission products, thus permits the subsequent determination of such power
distributions.

Burnup measurements
Certain long life fission products are characteristic of the burnup rate
and once again garnie spectrometry allows the determination of relative meas-
urements and even under certain conditions, absolute measurements, for
burnup. Such determinations can be useful under special conditions of
irradiation which make the theoretical determination poor or inaccurate.
This is often the case for research reactors where there can be a need
for examination when the identity of fuel assemblies is known in a
spent fuel pit or refuelling cavity.

For the second category, the activity of fission products is not used
for determining their concentration and neutronic parameters but for
accurately localizing the fuel within the fuel tubes or for examining
the physical condition of the fuel as elaborated below.

Fuel integrity examination
Gamma scanning permits the performance of autoradiography on fuel likely
to show fissile stack continuity defects, abnormal stretching, rod
deformation, etc... In this case, no one fission product is of interest
and with perhaps the exception of steel clads, it is the overall gamma
activity which forms the best indicator, from either a precision or
localization point of view.

Detailed examination of defective zones in fuel
In the event of a more or less clearly defined clad failure or the
detection of defects in the fuel stacks by integrity examination
it is possible to perform finer measurements from both the resolution
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and the energy aspect, and to obtain, through the clad, information
on the structure of defects and the relative quantities of the various
fission products.

6.3.2 Measurement principles

Having taken into account the vast field of application for gamma
scanning as a non-destructive measurement technique, it is advisable
to work directly with the best performing Ge(Li) detectors in order
not to restrict the information that can be obtained. Therefore not only
total gamma activity is measured for fission products but also good
spectrometers should be used which allow separate determination of the
activities of the main gamma ray emitters.

For determination of the relative burnup distribution the collimator
must be designed to suppress local variations in the fuel distribution
and the scanning geometry has to be very precise to avoid systematic
variations in the counting rate. This normally requires that the
ŷ scanning is performed on single rods or a total assembly and the use
of a Ge(Li) detector for high discrimination of energy peaks.

To measure fuel column length and to detect small gaps in the column
requires high axial resolution of the collimator and a fixed ratio
between the speeds of the object and the scan recorder. A Nal-detector
is sufficient for this application.

Four types of fission product are particularly interesting:

- those of very short life which are practically in radioactive equi-
librium at the end of irradioation and which allow the determination
of the power distribution at this moment,

- those of a long life in relation to the irradiation period, and
which give the number of accumulated fissions, representing the burn-
up,

- the isotopes of gaseous or volatile elements which are particularly
interesting for determining the condition of the fuel,

- gamma ray emitters formed by neutron capture in the fission products;
the fission product being produced according to an approximately
linear law as a function of the flux, and the daughter product
following a parabolic law for which the quotient or power varies
from a first approximation with the flux or burnup, and is independ-
ent of the total fuel mass.
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As a general rule, these are relative measurements between differential
spatial points or between the emission at different energies, supplying
all the desired information without needing complex calibrations or those
difficult to interpret, with the exception of the calibration of the
response curve as a function of the range under consideration.

It is absolutely necessary to make off-site evaluation using powerful
computer methods along with on-site evaluation which, although necessary
to ensure that measurements are valid, is inevitably limited by the
size of equipment and by restrictive environmental conditions inside
plants.

6.3.3 Description of some facilities for entire fuel assemblies

It is estimated t̂ at about 10 gamma scanning facilities are at present
in use in light water reactors. These facilities differ in their tech-
nical details, layout and their data processing capabilities depending
on the requirements given by the user.

Certain facilities are installed with the Ge(Li) detector and data acqui-
sition units located outside the spent fuel pool, the collimator block
penetrating the pool wall (Obrigheim in Germany Fed.Rep., JPDR in Japan,
Trino in Italy and Dodewaard in Holland).

Among the installations where the detector unit is submerged, one can
mention for example those manufactured by Westinghouse (see Fig. 6.3.1)
(overall radiation measurement) which have been successfully used in
several American reactors and at Zorita in Spain for the examination of
removable fuel rods, and that of the Nuclear Assurance Corporation for
the examination of assemblies (overall Y -activity measurement and
spectral analysis) .

This Westinghouse Fuel Rod Gamma Scanner subsystem consists of two ganma
scanner assemblies, a gamma scanner assembly spacer, gamma scan support
stand and control and readout instrumentation. Each gamma scanner assembly
consists of a pressurized housing assembly, Geiger-Müller (GM) tube,
stationary collimator and detector shield.

The ganma scanner spacer separates the two gamma scanner assemblies by
72 inches (183 cm) so that the half of the rod is scanned by each of the
two detectors. The fuel rod is traversed through the gamma scanner with
the fuel rod handling tool which provides a constant profile speed and
accurate readout of rod position.
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Fig. 6.3.1 Fuel rod Gamma Scan System Setup

Systems developed by KWtJ have been used in the fuel storage pools of
power plants KHO, KKS and KRB. One example of mobile equipment is shown
in Fig. 6.3.2 which has been used to determine fuel column length changes
on the corner rods of PWR-fuel assemblies. The resolution of gaps was
found to be about 0.2 mm.

A prototype facility for assembly measurement in the spent fuel pool at
the Ardennes reactor plant has been produced by the French CEA and operat-
ing experiences have been collected since 1974. The facility is described
in more detail in the following.
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Fig. 6.3.2 Gaimia scanning on corner rods of PWR fuel assanblies in the
fuel storage pool.

The installation is sutmerged in the reactor spent fuel pool. In order
to minimize the dimensions of the apparatus, and in order to keep handling
of fuel assemblies to a minimum, the final mechanical design comprises a
basket which holds the component under investigation and which is fixed
to a simple rotating platform and a detection system which moves verti-
cally over the entire height of the fuel assembly and which is also free
to move horizontally in the plant perpendicular to the lines of sight.
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The actual apparatus consists of:
- a 20 mm slit in the counting stack
- two collimator blocks/ each spaced at 540 mm, having a lead thickness
of 100 mm. The corresponding slits have respective widths of that against
the stack and 100 mm for that against the assembly. The thickness of
these slits can be regulated fron 0 to 20 mm by a single mechanical
device which acts simultaneously on the ta» slits.

- an air tube which separates the two collimator blocks,
- an extra lead shield with a maximum thickness of 70 mm which may be
inserted between tha assembly and the collimator.

The sight line fixture is designed to obtain radially "integrated" values
(slit width 100 mm) with an axial scan accuracy to be defined as a function
of the desired requirements and a count rate acceptable to the detector.

The Ge(Li) detector in its cryostat, with a liquid nitrogen reserve for
60 hours operation is located in a flexible leaktight tube which links
the vertical counting stack channel to the upper platform. The tube is
sufficiently flexible to enable it to follow the counting stack travel
in axial scanning over more than 3 meters of vertical travel.

The pre-amplifier is placed in the cryostat detector assembly inside the
leaktight tube and is connected to the electronic equipment at the side
of the pit. A multichannel selector with tape and print out units allows
spectrum collection for analysis. Also an on-line computer can be used
for sane examinations.

The average time for a measurement is typically one hour. For this length
of time, for an assembly having been cooled for 30 days, with a 1.5 mm
collimation, and without a screen, a spectrum can be obtained from which
the l̂ Pla activity can be extracted with an accuracy of i2 %, the 95zr
activity with ±1.5 % accuracy and the 144pr activity with ±10 %. This
latter's accuracy could be improved at the expense of others by adding
a screen and a more open collimator.

The number of measuring points per assembly varies according to the
required results and generally falls between 4 (one face) and approxi-
mately 10 (accurate axial scanning or more detailed peripheral measure-
ments) . A time period which varies should be taken into account according
to the assembly fron its rack to the equipment and vice-versa, which
means that between 1 and 3 assemblies can be examined per day, depending
on the scope of the examination.

From the current experience with this equipment the following conclusions
have been drawn:
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- It is possible to produce an accurate y-scanning apparatus for fuel
assemblies equipped with high resolution detectors and the operation
of such facility has not raised any insurmountable problems.

- Optimization of the detector unit with its shields and the alignment
device requires special supervision and depends very much on the ob-
jective in view.

- The operation of an on-line computer for the analysis of spectra is of
essential assistance. It, however, seems indispensable to retain a
parallel system of recording spectra (punch paper tape, magnetic tape)
which can subsequently be used for a more detailed analysis and which
forms a safety system in the event of computer failure. This remark is
not only valid for computers but is particularly relevant also for other
fragile and sophisticated electronic equipment. These are sensitive
during adverse transport conditions and because of their complexity
they are practically irrecoverable in the event of a contamination
accident.

- A few days after reactor shutdown a power distribution map can be ob-
tained at the end of cycle from l̂ °La and more integrated values from
the whole cycle with 9$2r and ^•^'Pr. After several months the measure-
ment of cesium enables comparison of the different burnup rates.

6.3.4 Gamma scanning installation for removable rods

This is designed by FRAMATOME (see also Chapter 6.9) for removable fuel
rods for the Tihange, Fellenheuir and Bugey plants. In this case the
gamma scanning apparatus, submerged in the spent fuel pools, is located
on a platform inside a frame containing the handling and measurement
equipment for withdrawing, examining and placing removable fuel rods for
PWR assemblies.

The detector apparatus is fixed at a water depth of 7 m and the rod is
moved vertically in front of the collimator slit. The detector apparatus
comprises of:
- a stainless steel nitrogen pressurized leaktight housing containing a
Ge(Li) detector, the cryostat and the pre-amplifier

- a shield system in DENAL having a minimum thickness corresponding to
25 cm of lead

- a collimator unit comprising a variable slit unit, a mobile attenuator,
a collimator and a fixed slit unit

- the variable slit block placed against the rod allows the collimation
to be adjusted to a thickness between 0 and 4 mm in steps of 0.1 mm.
The collimator is controlled from the operating floor

- the graduated stepped attenuator is located behind the variable slit
unit and allows an equivalent of 0 to 60 urn of lead to be interposed
in the beam
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- the collimator is a leaktight tube of approximately 40 cm long placed
between the attenuator and the fixed slit unit

- the fixed slit unit, with a slit unit of 4 mm is placed against the
detector and further defines the photon beam seen by the detector.

The Ge(Li) detector is placed in its cryostat inside the leaktight housing
and is connected to an external tank of 200 liters which ensures an auto-
matic supply of liquid nitrogen (approximately 10 days self-sufficiency).
The detector is connected to a POP 11 computer and a 4000 channel analyzer.

6.3.5 Installation of a gamma scanning unit on a multiple examination facility

This apparatus has been produced by FRAMATQME for direct examination of
fuel assemblies at the Fessenheim plant. This was put into operation
fron the first loading towards the end of 1978. It is also a submerged
type of apparatus and it is located in the spent fuel pools (see Fig.6.3.3),
It allows gamma spectrortetry analysis of corner rods, a rod row or an
assembly face. This gamma scanning unit is further illustrated in
Fig. 6.3.4 and a typical gamma scan is given in Fig. 6.3.5.

The submerged part of this gamma scanning facility resembles that de-
scribed in the previous paragraph.

The most suitable differences concern both the length of the alignment
slits, which are very much larger for assembly face measurements and on
the other hand very much narrower for corner rods.

Furthermore, the gamma scanning facility moves in relation to the fuel as
a part of a multiple examination facility for irradiated fuel.

The assembly is placed on a support having a base which can rotate
through 360°. The gamma scanning facility is locked to a carriage and can
be moved along the length and the height of the assembly on a frame. The
carriage can also be moved transversally to a distance of 320 mm, which
allows alignment with any rod row and the corner rods.

The electronic part is comprised of a nuclear spectrometer unit for data
acquisition, processing and display of results under the control of a
PDF 11 computer linked to a set of CftMAC and NIM modules. The special
conditions for operating this unit require, in addition to the standard
equipment:
- 1 line extension module, operating as a transmitter-receiver for dis-
tances equal to and over 300 m

- one floppy disc for quicker acquisition and processing

70



one fast print teletype for dialogue with the computer and for printing
data processing results,
one counting ratatieter for displaying the gamma radiation, information
at the operating floor level, the remainder of the eguipn\ent being
located outside the spent fuel pool enclosure
a second control terminal located on the operating floor.
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Fig. 6.3.4 FRAMATOME's multiple examination facility Y -scanning
equipment
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6.3.6 Gamma scanning installation outside the spent fuel reactor pool

All the previously described pieces of equipment have been designed to be
operated in the spent pool. For ASEA-ATOM designed BWR nuclear power
plants installation of scanning equipment has been prepared outside
the pool.

In this particular design the spent fuel pool has been provided with a
port hole in one of the walls where a gamma ray beam collimator can be
installed. The electronic detection and recording system - of arbitrary
design - is thus installed in the available space outside the pool, thus
avoiding any instrumentation to be submerged in pool water. Supports in

i the pool wall enable installation of a fuel assembly (or fuel rod) fix-
ture in which assemblies are positioned with the pool fuel handling machine.
For the scanning of the fuel the fixture is driven up and down past the
collimator.

Fig. 6.3.6 is a sketch of the in-pool mechanical hardware and a horizontal
section through the collimator in the pool wall. By use of a variable
speed hoist motor the fuel bundle fixture is raised or lowered in contin-
uous motion past the collimator slit for the scanning operation. The axial
position of the bundle fixture is indicated by a potentiometer circuit.
The lowest possible velocity of the fixture is about 3 mm/s, corresponding
to a scan time of about 20 minutes for the length of a fuel bundle. If
continuous scanning is not desired, the motor control circuits may be
complemented with a timing system such that measurements may be done for
selected stationary bundle levels. The vertical position accuracy of
about i 15 mm is mainly determined by hysteresis effects of the chain drive
which moves the fixture. If called for, this uncertainty can be reduced
by mounting a more accurate mechanical position indicator.

The square fuel bundles are oriented with any one of their sides facing
the collimator slit perpendicularly, originally because of space require-
ments. Although this arrangement is not optimal, experience has shown that
any fuel rod bowing which could cause measurement uncertainties has been
quite negligible.

The collimator unit is exchangable but must have a cylindrical form for
insertion into the port facility. The collimators used so far consist of
two half cylinders and have been machined from two longitudinally joined
iron bars. Thus the flat beam slit has been conveniently machined along
the collimator center line. Filler bodies enable variable slit heights
to be chosen up to 8 mm for bundle scans and up to 25 mm for rod scans.
The slit width has been such that the detector has seen the complete
bundle or rod width.
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The gamma ray beam passes fron the fuel through seme 410 mm of pool water
and then through 10 mm of the pool steel lining into the oollimator. The
beam intensity can be adjusted by varying the slit height as well as by
filtering the beam with e.g. a lead attenuates: which can be inserted into
a compartment in the collimator. For instance/ at two to three weeks after
reactor shutdown a 10 mm lead filter was found suitable for the 1 mm slit
height when measuring on 140La.

With these kinds of installations several gamma scan campaigns have been
carried out for scanning of complete bundles and of individual fuel rods
that have been removed from irradiated bundles. Suitable gamma ray intensi-
ties have been achieved both for measurements of 140La distributions and
of 144pr (relative burnup distributions for low burnups). Gamma detection
has been done with both Nal(Tl) and with Ge(Li) crystals.

6.3.7 Future development

There is still a need to improve shielding and collimation techniques and
more generally, measurement conditions. Work is also in progress on im-
provements to the spectra processing codes, especially for on-line pro- •
cessing, and the processing of results for use within the scope of pre-
viously specified objectives.

The interpretation stage for measured values is in effect very important
in the case of fuel assembly measurements because of the self shielding
in the gamma ray transmission through several rod layers. Codes have been
written in order to perform this interpretation and these will be pro-
gressively improved in the light of the results of experiments that will
be obtained.

References for Chapter 6.3
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6.4 Dimensional measuring devices

6.4.1 Objectives

Measurements of the dimensions of fuel assemblies and other core compo-
nents are made to ensure that changes caused by exposure to the reactor
core environment, such as neutron induced creep or growth, do not exceed
the permissible range allowed by the design. The measuring methods applied
depend on the task and the requisite accuracy of the measurement.

The following measurements are those most frequently made on fuel assem-
blies .
- On the assembly:
bowing
twist
relative grid positions

- On peripheral rods:
overall length
rod-to-rod gap
rod-to-nozzle gap
apparent bowing in the plane of the face under examination.

Additionally, measurements are made on
- Individual rods (removed from the fuel assembly):
bamboo ridging related to mechanical interaction
rod diameter and profilometry.

Figures 6.4.1, 2 and 3 illustrate such measurements.

Msasurements are also made on other core components such as passive
followers.
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Fig. 6.4-.4 Determination of the distance
"between fuel rod and upper end
fitting using a ruler scale on
a TV camera (KWU)

6.4.2 Measurement systems

6.4.2.1 Visual comparison techniques

Several deformation measurement systems have been developed, which may be
combined with other examination tools or systems to form part of a complex
non-destructive examination facility for irradiated fuel.

As an example, figure 6.4.4 shows the use of graduated scales attached to
the TV camera. This system has proved successful for the measurements of
up to 20 mm (e.g. relative elongation of tne fuel rods compared to the
fuel element skeleton, spacing between fuel rods, width of wear̂ marks
etc.). Relative accuracies of about ±10 % can be obtained. Measuring
devices built on the principle of the vernier calliper and calibrated
against standards may also be used in measuring the length of the fuel
assemblies, individual fuel rods and flow channels.

6.4.2.2 Systems using electromechanical transducers

Deformation measurements on individual fuel rods removed from an assembly
may be made on the external diameter (on two axes at 90°) and the length
of rods using linear electromechanical transducers. With the equipment
at present available, accuracy is to within ±0.005 itm for diameter meas-
urements and to within ±0.1 mm for length. A portable profilometry device
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Fig. 6.4.5 Schematic view of the fuel assembly flow channel measuring
device (BWR)

has been developed which is capable of measuring bamboo ridgxng of rods
while they are still in the fuel assembly. The data are simultaneously
recorded on magnetic tape and processed by computer for axial and radial
strain determinations.

To accurately follow the dimensional changes of the flow channels caused
by radiation induced creep under internal pressure (Fig. 6.4.5) a trans-
portable device has been developed.

Each of the four channel sides is measured by three linear voltage displace-
ment transformers (LVDT) over the total length, resulting in 12 tracers
describing the envelope. The measured values are analog recorded and
stored in parallel by a data logging system. This permits channel dis-
placement, bow, flatness and twist to be determined.

Deformation measurements on passive control rod followers are most often
based on the measurement of positions by sighting without contact with
the assembly.

The measuring channel comprises essentially of a TV camera (normally the
camera used for visual examinations) and its associated electronics,
position encoders and computer.
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Determination of a required parameter corresponds to the difference
between two values of positions obtained after alignment of these two
points, taking into account the correlation obtained by system calibration.
The position data are processed by a computer and by using different data
reduction programmes, results can be obtained in the form of tabled values
or in the form of a graphic display. For certain measurement systems, sep-
arate displacement detectors are used to detect deviations from a
standard value.

For illustrative purposes one facility designed for the deformation meas-
urements of passive control rod followers is briefly described below.

The structural part of the equipment consists of rigid tubular structure
in three parts, which ensure that the followers are supported and center-
ed, and provides guidance for measuring carriage. It also includes
standards for the calibration of the displacement detectors. The meas-
uring unit consists of a carriage with ten displacement detectors and
moves along two guide rails which have been machined on three faces.
The detectors are of a linear voltage displacement type with a travel of
±0.75 mm, and accuracy of 0.1 itm. The carriage movement is provided by
a motor-reducer drive at a speed of 2 m/min in both directions. The
carriage position in relation to the starting position 0 is determined
by a cursor.

The fuel rod profilometry measuring techniques developed for use in the
hot cells have been extensively applied in fuel storage pools.
Fig. 6.4.6 shows a transportable piece of equipment for fuel rod exam-
ination. The equipment provides for axial as well as helical diameter
traces. Simultaneous Eddy current testing and visual inspection of the
clad may also be performed. The system has the capability to add
additional measuring or testing heads. Another system used to perform
fuel rod profilometry consists of a profilometer head containing two
linear voltage differential transformers (LVDT's) for rod diameter meas-
urement, an alignment fixture and control and readout equipment.

6.4.2.3 Replica technique

This method is used to quantify dimensions of irregular shaped surfaces.
Replicas have been used for the determinations of wear of BWR flow channel
corners observed during visual examination. A two-component silicon rubber
in a plastic state is pressed into the surface under examination. After
polymerisation, the replica is removed for direct measurement by a dial
gauge. After forming a positive mould, precise measurement can also be per-
formed with the aid of a comparator (profile projector). The replication
equipment is attached to the TV camera, so that accurate positioning is
ensured.
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Fig. 6.4.6 Fuel rod examination; diameter measurement, eddy current
testing, visual inspection.

6.4.3 Future development

These methods of fuel examination have developed rapidly in recent years.
In particular, the visual examination apparatus can be considered to form
part of a plant's standard equipment. Further advances can be expected
for example from transportable profilometry devices and from eddy current
techniques for guide tube wall thickness and wear measurements.

REFERENCES for Chapter 6.4

/!/ Knaab, H,, Knecht K., Garzarolli F.
KWü AG Erlangen
KWU Nuclear Fuel Services
Kerntechnik 19 (1977), No. 3

/2/ Selig B.J., Nuclear Inspection Services
Combustion Engineering, Windsor,
Kerntechnik 19 (1977) No. 3

/3/ High Speed Basin Profilometer, Scandpower Bulletin (1978)

84



6.5 Identification of defective fuel rods within an assembly

6.5.1 Objectives
If a fuel assembly has given a positive indication during the
sipping test, the next step is to localize the failed rod(s)
in order to repair the assembly for further use or for safe
transportation to the reprocessing plant. After localization,
the defective rods may be exchanged as described in chapter 6.10.

6.5-2 Eddy current testing
The most commonly used technique is the eddy current test
which is sensitive to discontinuities of material with good
electrical conductivity and/or magnetic permeability. Generally
a probe with two encircling coils connected to a bride circuit fed
by a high frequency alternating current (10 - 800 kHz) is used.
If a cladding tube is passed through the probe, any local changes in
material cross-section or dimensions cause unbalances between the
eddy currents of the two coils in the tube which can be displayed on
an oscilloscope screen.
The signals give information not only on the size but also on the
type of defect i.e. penetration or partially penetrating internal
and external flaws. Fig. 6-5-1 compares two examples of types of
defect and types of signal. Large amplitudes and a U5 position of
the oscilloscope indication are typical for penetrating defects;
rotation of the signals to the vertical are typical for internal
defects, external defects causing a rotation to the horizontal.
Incipient cracks on the inside of the clad are indicated by small
amplitudes in vertical position.
Identification of defective fuel rods requires testing the rods
one by one during or after removal from the bundle. The method
also provides the axial position of fuel clad defects and detailed
information on the type of defect. This is obtained by a synchronous
drive of testing and recording devices and by a corresponding
calibration of the test signals based on test standards.

6-5-3 Other localization methods

All other localization methods which have been or are being
applied are based on detecting the presence of water in the
plenum of the defective rods.
The general aim of such techniques is to increase the rate
of testing by a reduction of fuel rod handling.
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c)

Eddy current testing of irradiated fuel rods.
a) signal from a hydride blister in the clad and
b) corresponding cross-section,
c) signal from an incipient crack on the clad inner

surface and
d) corresponding cross-section

Fig. 6.5,1.

6.5-3-1 The "defective rod detection system"
KWU has described this system in several publications /e.g. I/.
This system (Fig. 6.5-2) enables locating leaking fuel rods
without removal from the assembly (the tested rod is slightly
raised). During the tests the plenum of the rod is heated by
means of a small electrical heater. Water in a plenum of a
defective rod will start boiling. The rising vapour bubbles
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condense on the cooled inner face of the end plug. This dis-
turbs the acoustic coupling of the end plug to the water in-
side the plenum which is indicated by an ultrasonic transducer
placed above the end plug.

The system has been used with good success in several repair
campaigns on PWR fuel assemblies. However, commercial appli-
cation would require further development.

6.5.3.2 Fuel rod failure detection system (BBR)
Recently Babcock-Brown Boveri Reaktor GmbH (BBR) and Kraut-
krämer GmbH have described an ultrasonic localization system
which can be applied without dismantling of the fuel assembly /2/.

The measuring principle is based on the transmission of ultra-
sonic signals from a sender to a receiver via the tested fuel
rod clad wall in the plenum region. If water is present inside
the plenum, the energy of the ultrasonic signal is dissipated
into the water, thus the received signal is strongly diminished.
The important feature of the system is the miniaturized ultra-
sonic transducer (less than 2 mm thickness) which enables intro-
duction into the space between the fuel rods of the assembly.

Presently the system is being tested in several campaigns and
has shown high signal reliability.

6.5-^ Other proposed localization methods
During the last years many different localization methods have
been described in the patent literature. Also here the main
objective is the detection of water inside the defective rods
by many different physical phenomena. These range from gamma
spectrometric methods over infrared detecting of the "heat
pipe" effect of a wet fuel rod plenum to visual examination
techniques passing through the channels between fuel rods.

To the knowledge of the authors these methods are still in the
laboratory test stages for basic feasibility studies.

6.5-5 Conclusion and future development^
By far the most reliable system presently available is eddy
current testing. Although it requires total removal of the
rods from the assembly the results obtained are not only
qualitative but also quantitative.
Improvements in defect characterization may be expected by
application of the multi-frequency eddy current method pre-
sently under investigation for steam generator tube testing.
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The future development of the ultrasonic systems will mainly
concentrate on hardware improvements in order to obtain better
endurance and rigidity required for commercial application.
The target for better utilisation of nuclear fuel and, at the
same time for reduction of radiation exposure of the personnel,
defective fuel rod detection will obtain more attention in the
future as a key to fuel assembly repair.

References to chapter 6.5
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6.6 Fuel rod crud sampling analysis

6.6.1 Purpose

Crud sampling is performed on irradiated fuel rods in order to assess
the pattern and composition of crud deposits along the fuel rod cladding.
This, in turn, is used to evaluate the effect on temperature distribution,
clad corrosion and the transfer of contamination to the reactor coolant
system.

6.6.2 Methods

Crud samples are taken from either rods in the assembly or isolated rods
after examination in the spent fuel pit.

Sampling can be obtained by one of the three following methods:
- resin film technique
- fuel rod scrapping or abrasion
- fuel rod brushing.

The resin film technique consists of applying to a circular suface an
epoxy resin or a cellulose film which traps the deposit.

In the scraping or abrasion technique, the crud is mechanically removed
frcm the clad.

Brushing is similar to scraping and consists of the recovery of particles
removed by brushing fron fuel rod assembly.
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Fig. 6.6.1 Crud sampling equipment setup.

6.6.3 Crud sampling system description

The crud sampling system encompasses essentially a sampling tool and a
filter. The sampling tool (shown in Fig. 6.6.1) is used to rénove crud
fron a particular fuel rod and collect the sample suspended in spent fuel
pit water. The filtration system shown in Fig. 6.6.2 is used to filter
the crud for subsequent analysis. Both tool and filter assemblies are
tested to ensure leak-tightness before any crud collections are made.
Positioning of the equipment for crud sampling along the fuel rod is
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performed usually using binoculars in conjunction with a TV system. The
crud sample is obtained by placing the tool head (Fig. 6.6.1) against
the fuel rod surface and moving it several tunes along the rod. During
this operation, the vacuum pump draws sample water and suspended crud into
the flask. The contents of the flask are passed through a millipore filter
(Fig. 6.6.2}. The filter containing the crud sample is then dried in'a
vacuum dessicatô , placed in a plastic dish and sent to the laboratory
for detailed chemical and radiochemical analysis.

In another system the sampling is performed in two steps:
i Brushing
Li Abrasion

Both steps are carried out with a special pneumatic equipment. The brush
is made of nylon and the abrasive surface is either of a silica oxide or
an aluminum oxide stone.
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Brushing and abrasion are performed on the same surface which makes it
possible to measure the ratio between loosely and tightly adhering mate-
rials in the crud layer. The sample is sucked up from the fuel pool and
filtered through a 0.45/um filter membrane.

6.6.4 Analysis of crud deposits

6.6.4.1 Chemical and radiochemical composition

The analysis is normally performed in. two steps
a) Determination of the iron content, which is the main crud constituent
b) Determination of the secondary constituent concentrations.

Chemical analysis is carried out by X-ray fluorescence or emission spectro-
scopic method is usually preferred since accuracies of up to the p.p.b.
range are obtainable for certain elements.

To perform a reliable analysis, a minimum weight of dry crud sample of
0.1 gram is required.

After the dissolution of the sample the content of different metals is
determined with an atonic absorption spectrophotoneter and the radio-
activity with i.e. a Ge(Li)-detector.

6.6.4.2 Evaluation of crud thickness

Crud deposit thickness determination requires close characterisation of
the rod surface and the crud density must be determined. A knowledge of
the weight of crud deposit will then allow the determination of the thick-
ness. Additional details are given in Reference /!/.

6.6.5 Future developments

Crud sampling operations are currently done in the spent fuel pit. Some
doubts exists as to whether the sampled deposits are identical to those
apparent during reactor operations. Indeed, possible crud losses can
happen during fuel rod removal and handling operations. Also, chemistry
and temperature of spent fuel pit water can influence the deposits on the
fuel rods. The type of crud deposit also influences the accuracy of the
calculated layer thickness. In the case of crud firmly attached to the
clad, complete sampling is difficult to perform and is usually possible
only by using a hard tool. This risks removing the base material of the
clad and would thus distort the final results.
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The method using the resin film technique has the disadvantage of losing
the initial crystalline structure of the crud deposit. The resin is gener-
ally removed by high temperatures.

The complexity of the problems mentioned above and the need for a good
knowledge of the physical properties of the deposits mean that improve-
ments have still to be made in both the fields of sampling technique and
the subsequent analyses.

References to Chapter 6.6
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6.7 Measurement of oxide thickness

6.7.1 Objectives

Under pressurized or boiling water reactor conditions, the surfaces of
zircaloy components form oxide layers. These oxide layers have different
physical properties from the base metal, thus not only is the mechanical
strength of the component affected but also the heat transfer characteris-
tics are markedly influenced. A knowledge of the corrosion behaviour is
therefore important when considering the operating behaviour of zircaloy
components. Until recently, measurement of the oxide thickness of zircaloy
components was only possible using metallographic techniques in a hot cell.
However, a non-destructive method has now been developed for measuring
oxide layer thickness under water (1).

6.7.2 Measurement principle

The method is based on the measurement of Eddy currents to determine the
distance of a probe to an electrically conductive surface, see Fig. 6.7.1.
The probe consists of a small coil connected into a very high frequency
( 1(}6 Hertz) alternating bridge circuit. The tip of the probe is made
of a wear resistant non metallic material which is placed in direct con-
tact with the surface to be measured. The probe itself is retained in a
spring loaded guide to maintain it perpendicular tq this surface.i

6.7.3 Measurements of the oxide thickness of fuel assembly and flow channel

For this type of measurement, the probe is attached to a TV" camera and is
placed against the surface to be measured using a manipulator as described
in Chapter 6.2.2.3 for visual examination techniques. Point measurements
or linear scans can be obtained and compared to the visual appearance of
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6.7.4

the surface. Figure 6.7.2 shows the equipment arranged for oxide thickness
measurements on peripheral fuel rods of a PWR assembly.

Fuel rod measurements

In order to obtain the circumferential variation of oxide thickness, the
fuel rod must be removed from the fuel assembly. The fuel rod is placed
in a holder which is capable of rotation, which, together with the axial
displacement of the probe produces a spiral determination of the oxide
thickness. It can be observed for example how oxide thickness, along the
length of rods in comparison to the visual appearance of the rod surface.
In this case oxide thickness increases 'in the direction of coolant flow,
that is, with increasing surface temperature. At the fuel rod spacer
locations, the oxide layer is reduced due to the improved heat transfer
which is in turn due to higher coolant mixing. Above 10 p m oxide thick-
ness, the colour changes from black to grey.

Probe Tip (electrically non-conductive)

Coil

Oxide (electrically non-conductive)

Fig. 6.7.1. Schematics of oxide thickness measurement.
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Jig. 6.7-2 Oxide thickness measurement on peripheral
fuel rods of a PWE assembly during a visual
inspection campaign (KWU)
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6.8 Load displacement measurements

6.8.1 Objectives

The mechanical properties of the springs in fuel elements for fixing the
individual rods or the whole element in the core structure are influenced
by irradiation. To confirm the design in order to avoid unacceptable
movements of the components during operation it is useful to obtain in-
formation about the behaviour of the springs.

6.8.2 Rod breakaway and withdrawal force measuring system

Fuel rod breakaway and withdrawal forces are used to determine the amount
of grid spring relaxations which occur as a result of irradation. The
breakaway force is the force required to begin rod movement, and the with-
drawal force is the force required to maintain rod movement as it is re-
moved through the grids. The breakaway force measuring system consists
of a load cell with amplifier and recorder, and a manual fuel rod handling
tool. The system is shown in Fig. 6.8.1. As each rod is withdrawn from
the assembly with the fuel rod handling tool, the breakaway and withdrawal
forces are continuously monitored by the load cell and recorded on a strip
chart until the bottom of the rod has passed completely through the first
grid. Prior to beginning measurements the load cell system is calibrated
using known test weights over the 0 to 90 pound range.

6.8.3 Measurement of the hold-down spring characteristics

The aim of measuring the hold-down force of PWR fuel assemblies is to
determine that even at the end of life a sufficient safety margin exists
to prevent the fuel assembly lift-off in the coolant flow. A device was
developed to load the spring elements at the upper end fitting by water
hydraulics and to record the spring characteristic. Fig. 6.8.2 presents
the principle of the device.
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Pig. 6.8.2 Device for determination of the PWR
assembly hold-down spring characteristic (KWU)

6.9 Examination of assemblies with removable rods

6.9.1. Operating Principles

In order to increase the knowledge of fuel behaviour under irradiation,
one or several fuel assemblies, designed with some fuel rods removable,
may be introduced into the core of certain power plants. Other designs of
fuel assembly have essentially all rods removable. The fuel rods are de-
signed differently from standard rods in that the end plug is modified
to allow the attachment of handling tools.
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Thus during shutdown or outside the discharge and reload period, the rods
may be removed and submitted to nondestructive testing using specially
designed equipment.

These examinations may include the following: visual examination, crud
sampling, geometrical variation measurement (diameter, lencfh ,) gamma-
scanning and failure detection.

After testing, the rods can either be replaced in the fuel assembly in
order to continue irradiation or sent to hot cell laboratories for des-
tructive examinations or just stored. In this latter case, they are re-
placed by new rods, with a correspondingly reduced enrichment or simply
by inert rods of stainless steel or Zircaloy.

6.9.2. Description of equipment

On-site examination equipment for removable rods have similar functions
as hot cell equipment (removal, non-destructive examinations, and
insertion of rods) but differ in their technological development which
has been adapted to the specific conditions of the operating environment.

One of the more important problems encountered during non-destructive
examination of irradiated fuel is the problem of available space in the
power plant and in particular in the spent fuel pool. It is sometimes
impossible to perform these examinations without complex manipulations
which prolong the plant .shutdown period for discharging and reloading.
The following describes four types of multiple examination facilities
currently being constructed which provide solutions to the two problems.
On the one hand, a wide range of equipment for non-destructive examina-
tions and measurements is provided, and on the other, the equipment can
be installed in restricted spaces.

6.9.2.1. Examination facility type 1

This multiple examination facility developed by Framatome for irradiated
fuel (see Fig. 6.9.1) provides the capability to perform:
- visual examination of the six assembly faces (4 sides plus top and
bottom) by TV camera

- measurement of peripheral rod or assembly deformation
- gamma scanning of corner rods, rod rows or assembly faces
- direct observation of the four assembly faces by periscope.

The facility has been designed to incorporate other types of examination
at a later date (for example, the visual examination of rods located in
the interior of the assembly).
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Fig. 6.9.1 General view of the examination facility type 1

The complete System consists of:
- two bays located on the operating floor containing all the control
equipment and units required by the operators

- a relay cabinet located outside the fuel building (in order to avoid
unfavourable environmental conditions), which contains the electrical
supply and connectors

- equipment located in the air-conditioned power plant computer room,
consisting of a viewing screen enabling the operators to follow the
main stages of the operating sequences and the computer and peripherals
associated with the examination equipment.
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Description of the equipment

A three directional movement system is required to perform all the exam-
inations. This is provided in the form of a structure which consists of
a support frame, a three directional carriage to which each inspection
device is attached in turn, and a support for holding and rotating the
fuel assembly. The major components are described in detail below.

Support Frame
The support frame is common to all the examination equipment (see
Fig. 6.9-2). Its frame is a rigid structure, fixed to the pool floor
by means of a base plate and to the pool walls by means of anchor
points. It is also fitted with vertical parallel rails which serve
as guides for the carriage and which can support the weight of the
gamma-scanning equipment and the carriage. The carriage is free to
move in three orthogonal directions. Axial movement is provided by
a rack and pinion system, which is powered by a submerged electric
motor integral with the carriage.

The carriage (see Fig. 6.9.3) is 10 m and the movement can be either
continuous (0 to 2 meters/rain), or intermittent (stepped) (incremental
step 0.02 mm). Movement in a direction parallel to the assembly face
is provided by means of another submerged electric motor with variable
speed continuous movement at any value between 0 and 2 m/min over a
320 mm travel.

Movement in a direction perpendicular to the assembly face (closer or
further from the assembly) is by means of a third submerged electric
motor. The travel is 800 mm and the speed of movement is identical
to that of the parallel face direction.

The positioning system combines special industrial encoders with an
accurate riding rack and pinion system to determine the exact position
of the carriage in all three directions. Accuracy is * 0.05 mm in the
case of horizontal movement and 1 0.1 mm for vertical axial movement.
Orthogonality in the three directions is Î 1 .

The assembly support which holds the fuel assembly in a vertical
position and rotates it during examinations, is positioned on the
frame plate which is in turn fixed to the pit floor. During handling,
the assembly is continuously guided by a special system which is
retracted during the examination phase and is replaced by a holding
device at the top nozzle level. The assembly is rotated manually
through 360 using a linkage system and an angular readout to indicate
the assembly orientation.
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Fig. 6.9.2 Support frame for examinations facility type 1.

Prior to fuel pit flooding, the base plate and the anchor points are
foxed in place. The frame and asssribly support can be assembled and dis-
mantled under water. The carriage can move independently to the operating
floor level vAiere the examination equipment is changed.

The following capabilities can be listed fron the examination unit:

a) Visual Examination of the six Assembly Faces by IV Camera

This unit permits the examination of peripheral fuel rods and of the
underside and top of the fuel assembly. By moving the carriage and
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Fig. 6.9.3 Carriage with TV-camera for visoal and dimensional
measurements for examination facility type 1.

TV camera transversally and vertically, the total length of the peri-
pheral rods can be examined (the other faces are examined by rotating
the fuel assembly). These examinations can be made either overall or
in detail by moving the carriage perpendicularly to the assembly face.
The distance between the camera and the assembly face can be varied
between 64 mm and 740 mm, thus, the observation range varies from
two rods to the entire assembly face width of 17 rods.
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This system enables the detection of a defect of 1.5 mm on one of the
17 rods in overall observation, or a defect of 0.1 itro in detailed ob-
servation. The positions are identified by the encoder signals. Two
mirrors, placed beneath and on the fuel assembly support plate of the
frame, allow examination of the under side and the top of the fuel
assembly.

All these examinations are performed on site "by observation of the
TV screen or off-site by playback of the recording on the video
recorder.

b) Deformation Measurements

The following measurements can be made visually without any instru-
ment contact with the assembly:
- on the peripheral rods:
. rod length
. space between rods and nozzles

rod to rod space
. bowing of rods in the plane of the face under examination

- on the assembly:
assembly deformation
assembly twist

. relative grid positions

The principle of deformation measurement is based on position meas-
urements. These are obtained electronically, from the fixed position
encoders on the carriage after having aligned reference points using
the TV camera and graticule of the video analyser.

The electronic analyser for the deformation measurements was developed
by the Nuclear Assurance Corporation and was adapted to make it com-
patible with the examination facility.

Length measurements are obtained by a difference measurement from two
reference points which have been previously calibrated to a reference
standard. The measurement data is processed by a PDF 11/05 computer
and the appropriate software.

In addition to the cotiputer, graphic recorders, teleprinter, etc.
the electronic system includes
- an alpha-numeric keyboard (transfer of deformation-related data
to the computer)

- a video analyser (sighting signal for alignment, analysis of
light density)
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- a synchronization generator (signal stability and transfer to other
apparatus)

- special effects generator (different sorts of image mixes).

Results are available as tabulated values and as a graphic display
for rod bowing measurements.
The software programs permit:
- the direct corrections fron the encoders deduced from calibration,
and statistical corrections on the deformation of the vertical
guide rails

- calculation of the apparent rod bow (in the plane of the rod face
under examination), assembly twist and fuel rod length.

c) Gamma Scanning

This device is identical to that already described in Chapter 6.3.

d) Direct Observations with a Periscope

This device of a mechanical and optical assembly permitting a detailed
and direct observation of the four vertical faces of the assembly.

The device is integrated with the carriage and the TV camera, thus
permitting flexible operation of the two monitoring systems. The
periscope is of a telescopic type and is fitted with a scanning
photographic recorder. The image field is a minimum of 40 mm. A 3x
magnification gives an image-object ratio almost equal to one on the
photograph. Resolution is 20 lines per millimeter for a pulse
frequency of about 40/min (0,67 Hz). The image distortion is less
than 1 % with achromatic correction.

6.9.2.2 Examination facility type 2

The Westinghouse Independent Fuel Evaluation Fuel Examination Bridge,
Fuel Hod Handling Tool (FRHT), and Fuel Itod Examination System (FRES)
are used to perform fuel rod examinations during onsite fuel examin-
ations.

A. Fuel Examination Bridges

A photograph of the bridge is shown in Fig. 6.9.4 and top view schematic
diagram is shown in Fig. 6.9.5. The bridge is an independent over-the-
water work platform installed above the spent fuel cask pad area. The
bridge, mounted on rails, is used to work remotely over the fuel rod
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Fig. 6.9.4 Fuel examination bridge of the examination facility type 2.
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examination equipment and permits fuel rod evaluation programs to be
performed without interrupting normal refueling operations. The bridge
consists of two major subassemblies:

- Movable Bridge Base: The bridge base consists of the beams which span
the pool between rails, wheel trucks, drive shafts, and counter
weights. At Surry Unit 2, one end of the bridge was mounted on the
existing rail and the other end was mounted on a new rail installed
on the peninsula next to the Surry Unit 2 fuel assembly transfer canal.
Rail stops were used to limit the travel of the bridge, and thus,
prevent the bridge from contacting the existing utility bridge.

- Stationary Trolley with Traversing Hoists: The stationary trolley
with traversing hoists consists of four vertical beams bolted and/or
welded together by structural bracing and an integral work platform.
Two electrical chain hoists, used for fuel rod examination operations,
are mounted on a monorail at the top of the bridge structure. Each
hoist has a 2000-lb (900-kg) capacity.
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B. Fuel Rod Handling Tool

The fuel rod handling tool (FRHT) provides the means for the removal
and insertion of irradiated fuel rods fron test assemblies, storage
racks, and rod examination fixtures. The tool is equipped with a high
response incremental positioning system which enables the automated
manipulation of the fuel rod. A schematic diagram of the tool is shown
in Fig. 6.9.6.

The fuel rod handling tool consists of two basic components: the tool
structure assembly and the control package. The tool structure assembly
is a stainless steel structure that contains the carriage assembly,
collet assembly, motor, gearbox, and related hardware for performing the
required operations. The tool assembly also contains load sensors to pre-
clude damage to the fuel rod being manipulated or to the tool. The con-
trol package contains the electronic instrumentation for the control
of the automated point-to-point incremental positioning system and the
load indicating system for measuring rod insertion or withdrawal force.
During rod withdrawal, transfer, or insertion operations, the rod is
contained in a protective tube which prevents bending or buckling of
the rod and provides protection against lateral forces.

C. Fuel RodJ&{aminatign System

Top and side view schematic diagrams are shown in Figures 6.9.7 and
6.9.8. The FRES consists of a support stand, fuel assembly storage rack,
thimble plug/guide plate storage fixture, television camera with pan
and tilt, rod cleaning system, rod profilcmeter system, rod length meas-
uring system, rod eddy current test system, rod ganma scan systan, and
associated components required to perform the fuel rod examinations.

Each individual subsystem or component can be remotely installed or re-
moved from the support stand to facilitate maintenance during an exam-
ination.
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Figure 6.9 . 8 Fuel Rod Examination System (Side View)
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A description of the individual FRES subsystems ana components follows:

- Support Stand including Top and Bottan Grids: The support stand is
a 4-foot (1.2 m) wide x 7-foot (2.1 m) long x 12-foot (3.7 m) high
stainless steel structure that supports the individual rod examination
subsystans. Bolted to the stand are a top grid and a bottcm grid.

- Fuel Assembly Storage Rack: The fuel assembly storage rack is similar
in design to a standard assembly storage rack and houses either a fuel
assembly or fuel rod storage rack. The rack is clamped t° the stand
botton grid and vertically aligned by four horizontal bolts secured
to the top grid.

- Fuel Rod Storage Rack: The fuel storage rack is similar in size to a
fuel assembly and consists of an octogonal array of 52 tubes within
the rack which houses individual fuel rods. Spacer plates, equally
spaced along the length of the rack, vertically align the tubes. The
top of the tubes are recessed into a plate which guides the rods into
the tubes. Bolted to the rack frame several inches above the guide
plate, is a fuel rod handling tool support plate. Etched into the
plate is an alpha-numeric coordinate system which references tube
locations. The rod storage rack is installed in a fuel assembly
storage rack in the stand.

- Fuel Rod Television Visual Examination Subsystem: The fuel rod visual
examination subsystem consists of a fuel rod handling tool (FRHT)
mounting block, rod receiver tube, TV camera and pan and tilt assembly.
The FRHT mounting block supports the FRHT and guides the rod to be
inspected into the receiver tube. The mounting block is secured to
a support plate by means of angle supports. The receiver tube is
bolted to the bottom of the support plate and receives the rod as
it is moved downward, protecting the rod and also supporting the
rod should it become disengaged from the FRHT.

- Fuel Rod Cleaning Subsystem: The fuel rod cleaning subsystem consists
of a component support stand, housing assembly, (which supports the
FRHT and encases the brush assembly) nylon brush assembly, remotely
removable crud collection filter, pump, interconnecting piping, and
rod receiver tube. The rod is traversed through the brush assembly
with the FRHT and loose crud is removed and collected via the pump/
filter system. Water from the pool is used as the recirculating fluid.
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Fuel Rod Profiloneter Subsystem: The fuel rod profilonteter subsystem
consists of a profilometer head containing two linear variable differ-
ential transformers (LVDT's) for rod diameter measurement, an align-
ment fixture (above the head for rod guidance), control and readout
equipment, and rod receiver tube. The rod is traversed through the
profilometer head with the FRHT which provides a constant profile
speed and accurate readout of rod position.

Fuel Rod Length Measuring Subsystem: The fuel rod length measuring
subsystem consists of a housing assembly supporting the FRHT and con-
tains an air-actuated LVDT and rod receiver tube assembly. The rod
receiver tube includes a shoulder bolt near the bottom of the tube
that provides support for the fuel rod. The fuel rod is placed in the
receiver tube with the FRHT. The LVDT is then positioned to contact
the top of the rod and obtain the length of the rod.

Fuel Rod Eddy Cuurent Test Subsystem: The fuel rod eddy current test
subsystem consists of a test coil (sealed in a protective housing
which is attached to a guide and support frame), rod receiver tube
attached to the support frame, and control and readout equipment. The
fuel is traversed through the eddy current test coil with the FRHT
which provides a constant traverse speed and accurate readout of rod
position.

• Fuel Rod Gamma Scan Subsystem: The fuel rod gamma scan subsystem con-
sists of two gamma scanner assemblies, a gamma scanner assembly spacer,
gamma scan support stand and control and readout instrumentation. Each
gamma scanner assembly consists of a pressurized housing assembly,
Geiger-Muller (GM) tube, stationary collimator, and detector shield.
The gamma scanner spacer separates the two gamma scanner assemblies
by 72 inches (183 cm) so that half of the rod is scanned by each of
the two detectors. The gamma scanner support stand is a two-tier
welded structure, approximately 13 feet (4 m) high which is bolted
to the fuel rod examination stand and supports the gamma scanners and
includes the fuel rod receiver tube assembly. The fuel rod is traversed
through the gamma scanner with the FRHT which provides a constant pro-
file speed and accurate readout of rod position.

• Rod Removal Guide Plate: The rod removal guide plate is installed
in the top nozzle of the removable rod assembly after the thimble plug
is removed. The guide plate provides support and guidance for the FRHT
during rod removal and insertion and also maintains alpha-numeric
identification of each rod. Because of tooling sizes, adjacent rods
cannot be removed with the guide plate in any one orientation. There-
fore, the guide plate must be rotated in four 90° increments to gain
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access to all removable rods. Due to the number of removable rods in
a 17 x 17 removable rod assembly, two guide plates are used to gain
access to all the rods.

- Thimble Plug/Guide Plate Storage Stand: The thimble plug/guide plate
storage stand is an approximately 8-1/2-inch (22 cm) square x 17-inch
(43 cm) long fixture which is bolted to the top grid of the support
stand between each storage rack and is used to store the removal guide
plate or assembly thimble plug.

- Grid Cell Measuring Subsystem: The grid cell measuring subsystem con-
sists of a 9-1/2 inch (24 on) long gauge with three accurately machined
diameters, the largest diameter being the same as the nominal diameter
of an unirradiated fuel rod. The gauge is attached to a 144-inch
(366 cm) long x 0.3-inch (0.8 cm) diameter extension rod which can
be picked up by the FBHT. Utilizing the FRHT, the rod/gauge is in-
serted in any empty grid cell to the bottom of the cell. The FRHT
is then used to withdraw the gauge at a constant rate while the load
sensors on the FKHT measure the force required to pull the gauge through
the grids.

6.9.2.3 Examination facility type 3

A portable comprehensive irradiated fuel inspection stand (FIS) has
been constructed, by Combustion Engineering /!/. The following in-
spection capabilities have been established:
Fuel Assembly Inspection
1. Visual examination of the overall assembly with photographic

documentation
2. Overall assembly length measurement
3. Assembly bow and twist measurements
4. Fuel rod length measurement in situ
5. Fuel assembly coolant channel measurements
6. Grid spacer measurements
Fuel Pea Inspections
1. Visual inspection of individual fuel rods with photographic

documentation
2. Fuel rod lenth measurement
3. Fuel rod profilonetry
4. Fuel rod eddy current testing
5. Fuel rod cleaning

A further developnient of this system, a so called "Mini-Stand" is
illustrated in Fig. 6.9.9.
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Fig. 6.9.9 A "Mini-Stand" fuel assenfcly inspection system.
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6.10 Fuel Assembly Repair

An extension of the fuel examination facilities has teen made
to include the "repair" of defective fuel assemblies. This
"basically consists of locating the defective fuel rod(s) and
replacing them "by either new fuel rods of suitable enrichment
or by inert rods of either zircaloy or stainless steel. Descriptions
of such facilities follow.

6.10.1 Examination/Repair Facility for PWR Fuel Assemblies

PWR fuel assemblies of KWU have lower end fittings fixed by
easily detachable screwed connections. During the repair the
assembly is tilted upside down (Fig. 6.10.1) by means of the
tilting device (tilting trestle with tilting basket). It is
transported in this position in the tilting basket to the
upper working console. The screws are removed there and the
lower end fitting taken off. The fuel rods are now freely
accessible to replace the defective rod using the fuel rod
exchange device, after the fuel assembly has been transferred
into the lower console to obtain a sufficient water level for
radiation shielding. Eddy current test and visual inspection
of the defective fuel rod is used to verify the defect condition.
After the defective rods are replaced with replacement rods the
lower end fitting is reconnected and the fuel assembly is tilted
back into its normal position. A repeat of the sipping test on
the fuel assembly confirms the successful repair.

Fig. 6.10.2 presents a photograph taken during a fuel repair
campaign -at Kernkraftwerk Stade. In the picture, a fuel rod
has been removed from the assembly with the fuel rod exchange
device and is being tested by moving it through the eddy current
probe mounted on top of the fuel rod basket. Using the compact
fuel rod examination head depicted in Fig. 6.U.9, any fuel rod
withdrawn from the assembly can be fully characterized for
dimensions, clad imperfections and visual appearance.

6.10.2 Examination/Repair Facility for BWR Fuel Assemblies

BWR Fuel assemblies are repaired with the aid of the modified
channel stripping machine. After unscrewing the nuts on the tie
rods, the upper tie plate is taken off. Subsequently all fuel
rods are individually accessible for eddy current testing or
other examinations. As an example, a device developed by ASEA ATOM
is described. BWR fuel assemblies can be repaired, examined and
measured for the following characteristics:
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a. Fuel bundle and channel can be separated from each other,
b. Periscope and T.V. examination of all sides on the fuel

bundle and channel or on an unloaded fuel rod.
c. Length measurement of channel and fuel bundle,
d. Eddy current test of rods removed from the bundle with

fuel. The bundle remaining in the channel.
e. Reconstitution of a defective fuel bundle. All rods

including tie rods can be exchanged.
f. All spacer grids in a fuel bundle can be exchanged,
g. Channel bow measurements,
h. Channel creep deformation measurements (in a complementary

device).

The main part of the repair and examination facility is "the
stripping machine", an elevator which may be moved vertically.
When the assembly to be examined is placed in the elevator all
above-mentioned operations can be performed by means of comple-
mentary tools and measuring equipment. Some of the tools have been
in use since 1972. It is possible to transport the device from
one site to another, since all the tools are designed to facilitate
decontamination.
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Vorderansicht
Front view

Seitenansicht
Site view

Schematische Darstellung der Brennelement-Reparatureinrichtung (DWR)
Schematic view of the fuel assembly repair equipment (PWR)
1. Defektstab-Ortungs-System 1.2. Brennstabziehvorrichtung 2.3. Spezial-Mutterngreifer 3«4. Deckelschrauber, kurz 4.
5. Mutternsicherungswerkzeug 5-6. Fußgreifer 6.
7. Schraubwerkzeug, lang 7«8. Einfachgreifer 8.9. Brennstabwechselvorrichtung 9-
10. Ablage für Fußstücke 10.
11. Wirbelstromsonde 11.
12. Abfallbehälter 12.13« Brennstabköcher 13.14. Schwenkkorb 14.
15. Schwenkbock 15.
16. Abhängekonsolen 16.17. Bohrvorrichtung * ) 17.

Defect rod detection systemFuel rod pulling deviceMultipurpose wrench and gripperWrench, shortNut locking tool
Grapple for lower end fitting
Wrench, longFuel assembly grapple
Fuel rod exchange device
Rack for lower end fitting
Eddy current probe
Waste boxFuel rod cask
Tilting basketTilting trestle
Working console
Drilling device *)

*) Fotografie nächstes Blatt, photo next page

Fig. 6.10.1
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Brennelement-Reparatur im Kernkraftwerk Stade (KKS), 1975
- Wirbelstromprüfung eines Brennstabes -(Beschreibung s.voriges Blatt
Repair of fuel assemblies at Kernkraftwerk Stade (KKS), 1975
- Eddy current testing of a fuel rod - (description see page before)

Pig. 6.10.2
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7- Future Trends and Conclusions

Increasing demands are placed on the reliable performance of reactor
fuel. The impact of fuel damage on nuclear power plant operation,
in particular the cost factors, is studied at several institutions.
It can be stated that the major cost elements arising from fuel
failures are those associated with the lost generation, i.e. lost
burnup, and possible derating with high failure rates. Other
possible cost elements include sipping or other inspection campaigns,
radwaste treatment and the maintenance of these systems, non-
optimized fuel management, and the general plant operation and
maintenance. The more stringent limits from regulatory agencies
on personnel exposure put pressure toward achieving minimum fuel
leakage rate.

At present the average discharge burnup of LWR fuel is about
30,000 MWd/t. One of the efforts to reduce the uranium require-
ments could be to implement extended burnup to some 50,000 MWd/t.
This would also place increasing demands on the long-term integrity
of the fuel.

In addition to extended burnup, the demands upon fuel integrity
could be increased as nuclear power plants operate in a mode that
follows daily load levels. Therefore, onsite fuel characterization
programs could be expected to verify the capacity of the fuel and
to develop improved fuel capabilities to meet these demands.

As delay in reprocessing occur or the reconstitution of fuel
assemblies becomes desirable, increased emphasis is expected to be
placed on the inspectability and repairability of fuel. Furthermore,
plant lay-out can significantly affect the time required to perform
the inspections, as it determines the necessary movements of irradiated
fuel between the core and the spent fuel pool. Therefore, the proper
design of the fuel transport path is essential.

In conclusion, the frequency for application of fuel characterization
techniques is expected to increase. The interation between design
features of both the fuel and the plant and the fuel characterization
techniques are expected to continue.

Although the techniques discussed herein are somewhat established,
further improvements of applied techniques can be expected and new
techniques will be developed as needed. Since the current techniques
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were derived from hot-cell and manufacturing techniques, it is
expected that new and innovative onside examination techniques will
te forthcoming. Some techniques are currently under development,
e.g., fiber optics, holography.

As discussed in Chapter 5, it is desirable to estimate the extent
of fuel cladding failures from radioactivity level signals received
at online monitors. To make such estimates requires an empirical
correlation between the monitor response and the verified character-
istics of the core. Thus, onsite nondestructive examination
techniques are needed to characterize irradiated fuel for developing
empirical correlations.

The development of individual inspection techniques is already
quite sophisticated.. Also, some multiple examination facilities
have been developed with considerations given to the limited amount
of space available onsite. Future development is expected to go
in the direction of more versatile multiple examination facilities.

Finally, the use of the techniques discussed in the Technical
Report is expected to increase. The techniques are expected to be
improved and, therefore, the reader should understand that the
present state-of-the-art has been reviewed and an updated version
of this Technical Report is expected in due course.
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