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FOREWORD
With the large number of reactors in operation and the low activity release
levels set by licensing authorities, surveillance programmes become of increasing
importance for further fuel development. Non-destructive examinations are widely
used to monitor power reactor fuel performance during operation as well as to assure
safe operations and provide data for further design improvements. These examinations are performed mostly in the reactor spent fuel pools for a speedy availability
of the data and are often followed by more detailed examinations in the hot cells.
To date a significant quantity of data has been collected and published. However,
additional work is required for evaluation of extended burnup effects and provision
of a database for probabilistic design methods. The types of data needed may require
improvement of existing examination methods or development of new methods. In
view of the great variety of examination methods and differences in documentation
of the existing data a need for a compilation of the most commonly used methods
was recognized. This compilation can be used as a basis for improvement of existing
methods or development of new ones.
With this in mind, the IAEA initiated a Co-ordinated Research Programme in
1983 under the title of 'Examination and Documentation Methodology for Water
Reactor Fuel (ED-WARF)'. The programme involved meetings of technical consultants and contributions from programme participants and detailed discussions of
these contributions. Based on these discussions and contributions, this Guidebook on
the nondestructive examination of water reactor fuel has been prepared. The Guidebook gives a complete survey of non-destructive techniques available to date for
application in the spent fuel pool as well as in hot cells, thereby supplementing the
IAEA Guidebook, TECDOC-245. It is expected that this Guidebook will provide
IAEA Member States with information on the examination methods for water reactor
fuel and a basis for further innovations in this field.
The IAEA wishes to thank the Working Group which prepared this publication
and all those participants who contributed to its preparation through their comments
and participation in discussions.
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1. INTRODUCTION
To date, a significant quantity of data has been collected and published on
power reactor fuel examination to determine the performance when subjected to
radiation. The data have been published in technical reports and papers in technical
journals. However, the usefulness of the published data to the IAEA Member States
is limited. This is due to a number of reasons, including the large variety of examination methods, incomplete documentation of the data and lack of sufficiently
detailed information on pre-irradiation data and irradiation history. In addition, some
of the published data tend to be applicable to specific types of fuel and not easily
adapted to other types of fuel.
To alleviate some of these problems, the Agency initiated a Co-ordinated
Research Programme (CRP) in 1983 entitled "Examination and Documentation
Methodology for Water Reactor Fuel (ED-WARF)". This programme had two
major objectives: (1) to identify and document a uniform set of procedures for major
measurement techniques, and (2) to develop and recommend a common methodology
for documentation of post-irradiation data and relevant pre-irradiation data along
with irradiation history. The CRP, conducted under the leadership of the Agency,
involved several meetings of technical consultants and programme participants
representing a number of Member States. Results of these meetings include the
following:
— Identification of specific examination techniques including precision and
accuracy;
— Detailed descriptions of measuring equipment, including the design of the
equipment;
— Detailed discussion of data needs regarding as-fabricated characteristics and
irradiation conditions;
— Discussion of newer methods under development.
The programme meetings usually involved technical contributions from the
programme participants, followed by a detailed discussion of the various examination methods presented in these contributions. Based on these discussions and contributions, a guidebook on the examination and documentation methodology for light
and heavy water reactor fuel has been prepared. The guidebook addresses the most
commonly used examination methods for the various water reactor fuel systems.
Limitations of each of the measurement techniques are also discussed, including their
accuracy and precision. A detailed description of the measurement equipment is
given and the common methods of documenting the data are also addressed.
With the adoption of the uniform set of procedures and documentation
methods, it is hoped that the IAEA Member States will be able to use effectively both
the existing data and the future data from the various national programmes. It is also
expected that this guidebook will be useful for adaptation of measurement techniques
that are unique to specific fuel systems to other fuel types.
1

2. DEFECT SURVEILLANCE AND DETECTION
2.1. OBJECTIVES
Today light water reactor (LWR) and pressurized heavy water reactor
(PHWR) fuel assemblies have reached a remarkably high level of manufacturing
quality and operational reliability. Therefore, many reactor cycles are completed
without any fuel rod failure [1, 2]. However, occasional fuel rod failures do occur,
causing a release of fission products into the primary coolant system. Fission gases
accumulated in the free volume of a fuel rod escape through the clad defect after
pressure equalization by diffusion between the inside and outside of the fuel rod.
Water or water vapour entering the fuel rod react with fission products, forming
volatile chemical compounds. These volatile compounds may escape similarly to the
fission gases, other compounds may dissolve and be carried outside the fuel rod as
dissolved species. The resulting coolant activity concentration is a balance between
the release of the radial active species through the cladding perforation, the decay,
and the removal of radioactive species by the purification system of the primary
circuit.
The release of fission products is a complex function of the plant operational
characteristics and can occur in several different ways:
(a)

a slow or sudden release of stored fission gases during the process of clad
perforation;
(b) a steady release of fission products through existing clad perforations during
constant power operation;
(c) fission product spiking during shutdown, startup, rapid power changes, and
coolant depressurization;
(d) a moderately increasing release rate during non-steady operation of the plant.
Since nuclear plants have licensing limits for the release of volatile fission
products to the environment (off-gas limits) detailed monitoring of the development
of clad failures is necessary. Activity concentration levels near licensing limits can
lead to losses in operational flexibility (load follow and in some cases may even
require a reduction in plant power).
2.1.1.

Techniques

During reactor operation fission product concentrations and the ratio between
different fission product nuclides in the primary coolant are the only indicators of
fuel clad failures. Therefore, the only means for detecting fuel clad failures on-line
are:
(a)
(b)

2

monitoring the coolant and off-gas activity concentrations, or
measuring the flux of delayed neutrons emitted by some short-half-life fission
products.

After shutdown various sipping techniques are available to identify defective
fuel assemblies.
An ultrasonic inspection technique allows the pinpointing of failed fuel rods
within an assembly. For defect testing of individual fuel rods after withdrawal from
the assembly an eddy current technique can be applied. This technique not only
indicates through-wall clad defects but also reveals non-penetrating cladding
imperfections and incipient cracks. Additional techniques are available in the hot
cells to locate defects on individual fuel rods (see Section 2.4.3).
A general survey of the procedure of defect surveillance is given in Fig. 1.

FIG. 1. General procedure for defect surveillance in nuclear power plants.
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2.2.

2.2.1.

ON-LINE MEASUREMENTS

Measuring techniques

In LWRs measurements of the coolant and off-gas activity yield results which
are characteristic for the average core condition. Measurements are performed using
a gamma spectrometer with a Ge(Li) detector with a multichannel analyser and
microprocessors or an on-line computer.
The coolant activity can either be determined from individual samples taken
from the primary coolant or continuously on-line at a suitable bypass position in the
primary circuit. In order to obtain representative samples the following precautions
have to be taken:
— 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 schedule 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.
In contrast, the continuous 'on-line' measurement of the primary coolant
activity as applied in some WWER-440 reactors in Czechoslovakia removes a great
deal of sampling method imperfections, but special care has to be taken to avoid high
background activity due to corrosion product buildup. It enables one to obtain nearly
immediately information about the activity levels of a great number of various
nuclides, not only radioiodine but rare gases too. Continuous monitoring of fission
product behaviour facilitates selection of the optimal time period for fuel rod
surveillance, i.e. steady state conditions.
In order to bracket the position of defective fuel assemblies within the core the
power distribution can be varied locally by distinct control assembly movements.
Changes in fission product activity or in the ratio of fission products are indicative
of fuel clad failures in those assemblies influenced by the control assembly
manoeuvre [3].
In PWRs and in pressure tube reactors with fuel channels the activity can in
principle be monitored separately in each individual fuel channel so that failed fuel
assemblies can readily be identified. For that purpose the Argentina Atucha-I PHWR
is equipped with a manifold valve receiving selectively the water of all the fuel
channels.
In pressure tube reactors (Canadian CANDU-type) an overall indication that
there is failed fuel in the reactor core is obtained by monitoring for gaseous fission
products and iodine in the coolant. A gamma spectrometer measures continuously
the gamma activity in the coolant sampling lines of each heat transport system loop.
4

It determines when failures occur and in which loop. In addition, coolant samples
are taken periodically from a pump discharge line and from a steam generator inlet
line in each heat transport system loop.
Location of defects in the core is by delayed neutron (DN) monitoring of
coolant samples from individual fuel channels [4]. Each line carries coolant to
sample coils immersed in a water filled moderator tank, where BF3 thermal neutron
detectors are lowered. The system uses an on-line computer and measures neutrons
emitted by iodine (137I, 24 s half-life) and bromine (87Br, 55 s half-life). The DN
system locates the defective bundle by channel and by position in the channel when
the refuelling is performed.
2.2.2.

Data evaluation

Measurements of the coolant activity are inconclusive and need further
evaluation with regard to the number of failed fuel rods. Routinely measured radionuclides are summarized in Table I. However, not all these nuclides are equally
suitable for failed fuel rod analysis. It is common practice to convert the measured
specific activities to source strength values [5]. The source strength of a certain
isotope describes its escape rate from the defective fuel rod into the coolant in a
quantitative manner. The source strength of an isotope from a single rod is calculated
from its activity in the coolant after equilibrium conditions are reached, taking into
account its half-life, the coolant mass flow, the purification flow rate and the overall
number of defective rods. Such an evaluation requires an accurate knowledge of the
actual number of failed rods and their defect size, as can be obtained, for instance,
from detailed pool examinations. In addition, rod power and fuel structure (e.g. open
porosity) have to be taken into account.
Interpretation of the measurements is based on the selection of the best leakage
indicator according to the possible operating scheme. Currently, the tendency is to
take into account the given source strength ratios of pairs of radioisotopes
such as 85Krm/87Kr, l33Xe/135Xe and 131I/133I. In connection with the given activity
concentrations 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 activity concentration of 239Np works as another
indicator for the size of a clad failure. In France, 134I resulting from uranium
contamination of the primary circuit is used for the qualitative and quantitative
determination of fuel rod deterioration [6].
It could be shown that fission gas isotopes such as 133Xe, 135Xe, 85Krm and
87
Kr, as well as 131I and 133I, 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 case of a BWR, additional information comes from the
activity concentration of the noble gases in the off-gas system prior to the delay line.
In the case of very small failures (e.g. pinholes), especially shortly after a fuel rod
defect occurring, only the longer lived fission gas isotopes are reliable indicators.
5

TABLE I. ROUTINELY MEASURED RADIONUCLIDES IN THE COOLANT
OF WATER COOLED POWER REACTORS AND APPROPRIATE LEAKAGE
INDICATORS
Nuclide

Half-life

Method of production"

Indicator for fuel failure

Xe-133

5.29 d

FP

BWR dominant

Xe-135

9.17 h

FP

BWR dominant

15.3 min

FP

PWR, BWR

4.48 h

FP

PWR, BWR

76.3 min

FP

PWR, BWR

Xe-135m
Kr-85m
Kr-87
Kr-88

2.8 h

FP

PWR, BWR

1-131

8.04 d

FP

PWR, BWR

1-132

2.38 h

FP

—

1-133

20.8 h

FP

PWR, BWR

1-134

52.0 min

FP

—

FP

PWR, BWR in special cases

second order FP via Cs-133

PWR, BWR in special cases
—

1-135

6.59

CS-134

2.06 a

Cs-136

13.0 d

second order FP via CS-135

Cs-137

30.1 a

FP

PWR, BWR in special cases

Cs-139

32.2 min

FP

—

Sr-90

28.5 a

FP

—

AP

PWR, BWR in special cases

Np-239
a

2.35 d

AP = activation product
FP = fission product

The resulting high 133Xe/131I activity ratio is indicative of rather small defects
because of the different release mechanisms. Any further increase in coolant activity
during power changes or control rod movements is attributed first to incipient cracks
extending and later in life to the arising of secondary hydriding defects, leading to
a lower 133Xe/13lI ratio [7].
As an indicator for the burnup of the failed fuel rods the ratio 134Cs/137Cs has
successfully been applied in Czechoslovak reactors in cases where all failures
occurred in fuel assemblies of similar burnup.
6

2.3. IDENTIFICATION OF DEFECTIVE FUEL ASSEMBLIES
2.3.1.

Summary of sipping techniques

For the identification of defective fuel assemblies various sipping techniques
are being applied. All sipping techniques make use of the fact that a rise in temperature caused by the decay heat drives dissolved fission products or fission gases out
of the defective rods [8].
A first indication of defective fuel rods can be obtained by a sipping technique
that utilizes the release of gaseous fission products while the assembly is contained
in the refuelling machine. In LWRs the refuelling machine consists of a pole guiding
the fuel assembly but also suppressing natural convection. On pulling the fuel
assembly into the pole of the refuelling machine, changes of the hydrostatic pressure
occur, resulting in a release of gaseous fission products from a failed fuel rod. The
gaseous fission products are collected in a measuring chamber connected to a Ge(Li)
detector and a multichannel analyser. The measured activity is a measure for the
integrity of a fuel assembly. In order to increase the activity level in French nuclear
power plants the fission products are entrained by air injected underneath the bottom
end fitting [9].
In the Atucha-I PHWR the refuelling machine allows refuelling operations at
full reactor power. Monitoring the heavy water activity in the refuelling machine
enables detection of failed fuel assemblies during their extraction or reshuffling. The
refuelling machine exchanges burned fuel with new fuel, with an average frequency
of 1.5 assemblies per day. During the same operation, it reshuffles fuel working at
reactor pressure. Once finished, it transfers the spent fuel to the pool, and for that
the refuelling machine is depressurized 40 minutes after reshuffling. At this point in
time, all fission products should have been emitted from failed rods, and activities
with lifetimes higher than 10 minutes can be detected.
Immediately after depressurization the refuelling machine is washed with
D 2 0, and the water circulates through the condenser (TW40), where the fission
products are detected (Fig. 2). A crystal of Nal shielded in a lead cask is positioned
under the condenser and collimated in order to receive only the radiation beam
coming from the condenser tubes containing the heavy water. Two energy ranges can
be selected for measuring. The main background is produced by corrosion products
which contaminate the system, the ^Co being the main component. As is shown in
Table II, in the range above the ^Co energy there are several nuclides of good
abundance and with decay periods longer than 10 minutes. Table II shows for each
one the period, energy and amount produced per rod in the average Atucha-I fuel
when extracted.
Two energy ranges are thus measured, 400-600 keV, and 1575-2275 keV.
The low energy window has the disadvantage of having a low signal to background
ratio due to the corrosion products contamination. The high energy window has a
good signal to background ratio, as can be seen in Fig. 3, where the record for a
7

FIG. 2. Detection of failed fuel assemblies in the refuelling machine of the Atucha-I reactor
(CNEA).

failed fuel is shown. Following the time axis, in the first stage the cask containing
a fresh fuel is connected to the refuelling machine. In the second stage the refuelling
machine is connected to a channel (P07), receives a partially burnt fuel and delivers
the fresh one, then is disconnected and depressurized. In the third stage, the
refuelling machine is again pressurized, connected to a second channel (L10),
receives a spent fuel, delivers the partially burnt one, and is disconnected, depressurized and washed with D 2 0.
The spent fuel was examined under water and a circumferential crack (Fig. 4)
was observed. Although there was high contamination in the condenser system, the
8

TABLE II. NUCLIDES USED FOR IDENTIFICATION OF
ATUCHA-I FUEL ASSEMBLIES DURING REFUELLING (CNEA).
keV (% abundance)

FAILED

kcurie/rod

Nuclide

Half-life

1-132

2.3 h

1400 (6.8)

5

1-134

53 min

1800 (5.6)

8.2

1-135

6.7 h

1457( 10)-1678( 12)-1791 (9)

7.2

Br-84

31 min

1897(32)-2484( 13)

0.8

Kr-87

78 min

2554 (8.6)

2

Kr-88

2.8 h

1530( 11 )-2196( 15)-2192(38)

3

Kr-89

3.2 min

1533(11)-1472(9)

4

Xe-138

17 min

1768(16)-2015(11)

7

record clearly shows the signal corresponding to the instant at which the refuelling
machine started to be washed.
BWR fuel assemblies are surrounded by flow channels. This provides the
opportunity to perform the sipping test with the fuel assembly still in the core
immediately after removal of the upper pressure vessel internals. A hood is placed
over the upper ends of the flow channels and natural convection of water in the flow
channel is stopped by a gas cushion (Fig. 5). The decay heat causes a temperature
rise in the fuel rods, thereby driving fission products out into the water surrounding
the fuel rods (wet sipping). A water sample is taken from the flow channel and
analysed by gamma spectrometry for fission products.
In many cases special sipping equipment is permanently installed in the spent
fuel pool. It normally consists of a thermally insulated sipping box (sometimes
equipped with an external heater) and the associated operating and sampling station
as shown in Fig. 6. The upper end of the can is sealed by a hood and water circulation
due to natural convection is interrupted by a gas cushion. After heating up by some
10 K, water samples are taken and analysed as described previously.
In both cases, the in-core sipping (BWR) and the special sipping box (PWR
and BWR), the surrounding pool water provides inherent safety against overheating
of the fuel assembly being tested, should the system malfunction.
There are certain variations in the sipping technique such as:
— forced circulation of the water in the sipping can in order to extract water
soluble fission products from the defective rods
— replacing the water in the sipping box partially or completely by gas (dry
sipping)
9

CPS

TIME

FIG. 3. Activity record of a failed Atucha-I fuel assembly.

— using a partial vacuum on top of the fuel assembly to force especially fission
gases out of defective fuel rods
— continuous measurement of fission product release during heatup of the fuel
assembly in the sipping box.
2.3.2.

Analysis of sipping data

If reliable results from a sipping test are to be obtained, the fission products
used for analysis must fulfil the following requirements:
— they must be produced in measurable quantity;
— they must emit an intensive, high energetic and long lived /3 or у radiation;
— they must be sufficiently water soluble or in gaseous form;
10

FIG. 4. Illustration of failure of a fuel element (CNEA).

Suitable fission products are listed in Table III.
The appropriate nuclides to be analysed are chosen depending ón decay time
after irradiation burnup of the assembly. In the wet sipping test the most commonly
measured isotopes are 1311,134Cs and 137Cs. The determination of the activity of the
water sample is done using a Ge(Li) detector with multichannel analyser. Measurements can be performed in the radiochemical laboratory of the plant without
additional chemical treatment of the water samples.
If however, due to a low burnup, the concentration of fission products in the
rod is very low, a chemical separation of the relevant caesium isotope from the
samples can be performed.
Applying the dry sipping technique the Ge(Li) detector has to be installed in
the gas flow loop of the sipping box near the spent fuel pool.
The criteria used for discriminating between intact, suspect, and defective fuel
assemblies vary among users of the sipping test. All criteria require the background
activity (sipping box without fuel assembly) to be determined frequently by separate
samples. The decision whether the tested fuel assemblies are defective or intact is
given by the ratio:
f =

activity of box-water sample with FA
activity of box-water sample without FA

= sipping factor

FA = fuel assembly
11

FIG. 5. Schematic view of the standard BWR "in core " sipping system

(Siemens/KWU).

Fuel assemblies are considered sound if the activity ratio f < 1.5-2. Fuel
assemblies with activity ratios 1.5 < f < 3-5 appear suspect, and fuel assemblies
with activity ratios f > 3-5 are considered as defective. A sequence diagram of
sipping factors is shown in Fig. 7.
However, since the background activity may vary, these criteria are not static
either. The reliability of the interpretation of the sipping result is increased when all
nuclides measured show similar activity ratios. For suspect fuel assemblies it is
recommended to repeat the test at a somewhat increased temperature.
12

2.4. IDENTIFICATION OF DEFECTIVE RODS
2.4.1.

Inspection techniques without removal of fuel rods

Visual inspection usually is the first technique used to identify defective fuel
rods once a fuel assembly has been recognized as being defective. Such a visual
inspection can be done in practically all power plants either with equipment permanently installed in the spent fuel pool or with transportable systems that can be used
at different reactor sites [10].
Most commonly a radiation resistant underwater TV camera is used mounted
to a special manipulator (Fig. 8). The manipulator can move the TV camera in all
13

TABLE III. FISSION PRODUCT NUCLIDES DETERMINED IN SIPPING
TEST
Fission product

Half-life

y radiation energy (MeV)

Cs-137

30.1 a

0.662

Cs-134

2.0 a

0.605

Cs-136

13 d

1.046

1-131

8 d

0.637

Xe-133

5.3 d

0.347

Kr-85

10.7 d

0.514

; Sipping factor

m

C s

100
Sipping repeated
A«
10

8

N

•

rB

С•

1

- Sequence of testing

FIG. 7. Sequence diagram of the sipping factors f

(Siemens/KWU).

directions to adjust the field of view in vertical and horizontal viewing angles. The
fuel handling machine provides the axial movement and rotation of the assembly in
front of the TV camera. The inspection is usually performed on a TV screen. Photographs taken from the screen and video recording are used to document the
observation.
The nuclear power plants of the German utility Rheinisch-Westfálische
Elektrizitatswerke AG (RWE) are equipped with a lead glass window in the wall
14

Refuelling machine

FIG. 8.

Visual examination

of fuel assemblies

using a closed circuit

TV camera

system

(Siemens/KWU).

of the spent fuel pool (Fig. 9). Visual examinations are performed through this
window using telescopes and photographic cameras or a regular TV camera with
telelenses [11].
In many PHWRs an underwater telescope and/or a periscope are often used
for visual examination [12]. These are mounted on the handrail of the spent fuel pool
wall (Fig. 10). Fuel assemblies are placed on a rotator table in front of the
telescope/periscope extension tube. Cameras are fitted to the telescope/periscope for
photographic documentation.
However, it should be borne in mind that only half to two thirds of outer row
fuel rods at the circumference are accessible to a visual inspection. Defects occurring
at the back of the outer row of fuel rods will not be visible. Also, defects occurring
in fuel rods located inside the assembly can be identified only by chance.
In order to pinpoint failed fuel rods within an assembly without disassembling,
an ultrasonic test technique has been developed [13]. An ultrasonic probe traverses
the fuel rod rows, thereby transmitting ultrasonic waves circumferentially around the
cladding wall of each individual fuel rod. The amplitude of the receiving waves is
influenced by water inside the fuel rod and hence can be used as an indicator for
failed/non-failed fuel rods as shown in Fig. 11 [14]. The transmitter and receiver can
be separate or contained in one probe.
15
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2.4.2.

Inspection techniques after withdrawal of fuel rods

The most common technique used so far is the eddy current test. In order to
perform this test fuel rods have to be withdrawn from the assembly. Prior to withdrawal of fuel rods this involves removal of an end fitting (PWR) or tie plate
(BWR/PHWR) of the fuel assembly with a special grapple tool. Since the fuel rod
exchange device can already be equipped with an encircling eddy current coil, the
fuel rod being withdrawn is simultaneously eddy current tested [15].
The technique of eddy current testing applicable in the spent fuel pool as well
as in the hot cells can be described as follows.
The fuel rod passes through the high frequency electromagnetic field of the
encircling coil system. The alternating magnetic field induces eddy currents that tend
to flow in the cladding in circumferential direction around the centre axis of the fuel
rod. These eddy currents in turn set up their own magnetic field superimposing the
original magnetic field of the coil system, thereby affecting the impedance of the coil
system. When defects are encountered in the fuel rod the flow of eddy currents in
the cladding is altered. As a consequence the magnetic field of the eddy currents is
perturbed, causing a change in the impedance of the coil system. This change in
impedance is electronically translated into changes in magnitude and phase and thus
becomes the means for describing cladding imperfections and defects.
Figure 12 illustrates with a schematic diagram the principle of eddy current
testing.
16

FIG. 10. Telescope for visual examination of CANDU type fuel assemblies in the spent fuel
pool (CNEA).

The encircling coil system used consists of two closely spaced differentially
wound coils. Thus, two narrow sectors of the rod cladding are compared. In order
to achieve high sensitivity for the detection of small imperfections in the cladding,
the impedance of the two coils is matched using a Wheatstone bridge circuit. When
the bridge is balanced, e.g. the impedance of the two coils is equal, there will be
a zero output voltage signal. Artificial defects and imperfections are used for
17
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Schematic diagram of test standard for eddy current defect testing of BWR fuel rods

calibration of the systems and interpretation of the signals. Interpretation of the
results of eddy current testing is based on both signal height and phase angle shift
with regard to calibrated throughwall defects.
To localize a defect with eddy currents in the USSR a pulse method is being
used. In contrast to the classical method this consists of exciting a transmitter coil
by signals of square wave form with a steep (less than 1 ms) increase in the induced
signal and its registration of the symmetrically arranged and differentially connected
receiver coil. The prompt values for the signal amplitude, and the delay time relative
to an excitation moment are recorded. The device is calibrated to a certain type of
anomaly (outer/inner defects, etc.).
2.4.2.1. Calibration and data recording
The choice of test frequency depends on the electrical and magnetic properties
as well as the internal diameter and the wall thickness of the cladding. A lower
frequency gives greater depth of penetration and is more sensitive to subsurface
defects, whereas a higher frequency is more sensitive to surface defects. Probe coils
can normally operate over a broad range of frequencies, though the characteristics
change with frequency. The best operating frequency for a particular probe and fuel
element of particular dimension must be determined by testing. Typical test
frequencies range from 200 kHz to 400 kHz. Multifrequency testing may be
necessary to better characterize the type of defect.
Test standards are required in order to establish test system operation and
sensitivity. Test standards are made using representative fuel rod cladding with well
defined artificial defects machined into the outer and inner surface of the cladding
(Fig. 13). The geometry of the artificial defects is such that they produce eddy
current signals that are indicative of real defect signals. Calibration procedures first
19
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establish initial system sensitivity and then the phase angle setting is adjusted. The
sensitivity is increased to the point where the smallest artificial defect of the test
standard can clearly be detected but the failure-free test standard sections yield no
signal. The phase angle setting is typically adjusted so that a throughwall defect
(hole) appears at an arbitrary chosen angle on the oscilloscope screen and yields
signals on the x and y axes of identical magnitude but in an opposite direction to those
on the strip chart recorder.
2.4.3.

Special hot cell techniques

A number of additional techniques are being used in the hot cells at Battelle
and Bhabha Atomic Research Centre (BARC) to detect failed fuel rods and to locate
the defect. Among these techniques, shown schematically in Fig. 14, are:
Soap bubble test: This test is applied to confirm the breach on the cladding
when visual examination reveals features such as a deep fretting mark or crack
on the cladding. The soap solution is applied on the surface of the fuel element
at the suspected location and the other end of the fuel element is heated by
means of an infrared lamp. The suspected area is watched under the periscope
for the formation and growth of any gas bubble.
Glycol test: During glycol leak testing, the entire fuel element is immersed in
ethyl glycol in a transparent container. The open end of the container is closed
with a rubber gasketed flange and suction is applied to create a dynamic
vacuum of 600 mm Hg. The fuel element surface is visually observed for the
formation and growth of any gas bubble. Normally in the event of a leak a
stream of gas bubbles starts rising through the glycol column, thus revealing
the location of the leak.
Liquid nitrogen-alcohol test: The liquid N2 alcohol method is a very sensitive
leak detection test. It is fairly easy to carry out this test in the hot cells. The
fuel element is dipped in a liquid N2 bath and allowed to thermalize with the
bath temperature for a period of 10 minutes. After thermalization, the fuel
element is quickly transferred to an alcohol bath. As the fuel element warms
up, the expanding gas from inside the fuel element starts emerging from the
leak site.
Helium pressurization test: An internal pressurization test is applied when the
above mentioned leak tests do not reveal any leak and the subsequent test for
fission gas collection does not yield any gas. In the case of a BWR type fuel
element with a gas plenum, the fuel element is sectioned at the plenum region.
Both parts of the fuel element are internally pressurized with helium gas. The
fuel element is kept immersed in a water bath while it is being internally pressurized so that the escaping stream of gas from the leak site can be
easily detected. In the case of PHWR fuel elements, the pressurization
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is done through the fission gas puncture hole in the end plug. Helium gas
from a cylinder is used and the fuel elements can be pressurized up to
100 atm. 1
A variation of the helium pressurization test is applied on unsectioned, full
length fuel rods. A specially designed apparatus is used for leak testing individual
fuel rods. This apparatus consists of a chamber connected to a pressure gauge and
an evacuation line. The fuel rod is loaded into this chamber and sealed off with
Swagelok fittings. The chamber is then evacuated to 50 /xm. Helium at a known pressure (200 lbf/in 2 ) is then expanded into the chamber. 2 The drop in helium pressure
is noted and compared to that expected for a non-leaking rod. A leaking rod exhibits
a much higher drop in pressure. A solid rod of the same dimensions as the fuel rod
may be used to obtain a value for a non-leaking rod. When several rods are leak
tested, the pressure drop values obtained on some of the rods may be used as the
appropriate value for a non-leaker.
The fuel rod chamber is then pressurized to 200 lbf/in 2 and allowed to stand
for one hour. Then the fuel rod is removed and checked for helium leakage from
within the rod using a helium leak detector.

3. VISUAL INSPECTION
3.1.

OBJECTIVES

Visual observation is the oldest examination technique employed and
unquestionably one of the most important techniques used in hot cell laboratories or
spent fuel reactor pools. Considerable importance has been attached to the need to
examine the condition of fuel assemblies to allow optimization in operating
conditions, e.g. maximizing the fuel burnup whilst maintaining an acceptably low
probability of failure, and to further understanding of reactor operation. With ever
growing emphasis on nuclear reactor safety, the pressure to obtain the maximum
possible information by optical inspection is considerable.
Visual examination of the fuel assembly and its components (peripheral rods,
upper and lower end fitting plates, springs and spacers) is designed to determine their
mechanical integrity and their surface appearance. Attention is mainly paid to
comparison with the as-built condition and the recognition of deviations. The
observed phenomena can include: clad failures, presence of cracks, rod or fuel
assembly deformations, corrosion, crud deposits or loss of material by wear. A
representative cross-section of assemblies is usually inspected; additionally,
1
2
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1 atm = 1.01235 x 105 Pa.
1 lbf/in 2 (1 psi) = 6.895 x 103 Pa.

assemblies that have shown a positive signal during sipping tests and rods with
advanced design require specific and appropriate examination.

3.2. EXAMINATION OF FUEL ASSEMBLIES AND FUEL RODS
Depending upon the size of the assembly, 30-60% of rods in the assembly are
located on the periphery. However, even peripheral rods cannot be completely
examined while located within the assembly. Furthermore it should be noted that
examination of peripheral BWR fuel rods requires removal of the flow channel from
the assembly. Visual examination of fuel assemblies is currently carried out by
standard TV cameras, by periscopes or through lead glass windows in the spent fuel
pool wall.
Detailed macroscopic examination of fuel assemblies demands good viewing
conditions and provision for high quality photography. Where viewing windows are
of good size and of optical quality, binoculars can permit detailed examination and
photography can be carried out with cameras of long focal length. Although
periscopes and TV cameras are often employed, there are some drawbacks to their
use. Periscopes are hindered by their lack of mobility, their insufficient versatility
and their restricted viewing angle. These disadvantages can be overcome by moving
the object, but the large size and weight of complete fuel elements makes their
manipulation and precise clamping in varied positions difficult. Television is more
versatile but the large amount of associated equipment can be a disadvantage. TV
cameras, however, unless they are very bulky, generally tend to'provide only a
limited range of image sizes of good quality.
The TV cameras used for this examination must withstand a gamma dose rate
of approximately 106 Gy/h and must be capable of operating approximately 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 deferred
time by reading a videotape recording. The most recent development in this field is
the use in Japan of high resolution cameras in combination with a TV zoom lens,
allowing underwater examination of fuel assemblies and single rods at arbitrary
magnifications.
Today high radiation resistant underwater television cameras are normally
used for the visual inspection because it has been shown that 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.
The periscopes are used in particular for the detection of supplementary information after the TV camera has been used, and especially for displaying colours.
Future developments in visual examinations are described in more detail in
Section 3.5.
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FIG. 15. Fuel assembly examination system (top view)

(Westinghouse).

3.3. EXAMINATION OF FUEL ASSEMBLIES OR FUEL RODS IN SPENT
FUEL POOLS
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 periscope are used.
These examinations allow the detection of possible defects on rods, and the
determination of subsequent examinations to be performed (e.g. the most appropriate
places for crud sampling) and the evaluation of deformations (rod bow).
Overall or detailed examination of peripheral rods can be carried out without
fuel assembly dismantling. The TV camera or periscope is placed on a manipulator
or a stand so that it can be moved only for visual examination.
In other cases the equipment for visual inspection can be part of a more
complex apparatus designed for complementary non-destructive examination of
irradiated fuel. This technique has been described in a previous chapter.
3.3.1.

Independent fuel assembly examination system

A fuel examination system has been developed in the United States of America
which can be used independently of all other equipment for performing the
inspections (Figs 15, 16) [16, 17].
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This fuel assembly examination system (FAES) consists basically of the
following:
— 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 visual examinations, the fuel assembly is positioned in the FAES,
standing on the bottom nozzle with no contact with the lateral support. A retractable
support is located at the fuel assembly upper end fitting which permits a maximum
unsupported lean of 50 mm in any direction when fully retracted. The fuel assembly
can either be fixed or in a free standing position. The fuel assembly lower end fitting
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.
3.4. EXAMINATION OF SINGLE FUEL RODS IN HOT CELL
Irradiated fuel assemblies from nuclear reactors are generally inspected in the
pool. In the case of suspected failures or unexpected behaviour, sometimes detailed
analysis of single fuel rods is requested. Fuel rods of interest are removed from the
assembly and transferred to the hot cell facility equipped for non-destructive examination. Viewing and photography play an important role in collecting primary
information.
Shielding windows for general viewing are essential components of hot cells.
Television systems have been investigated but have not been found satisfactory as
substitutes for viewing through shielding windows in research cells or by means of
periscopes [17].
Mercury and sodium vapour lamps are most widely used for hot cell
illumination. White light mercury vapour lamps are favoured due to colour
rendition, low heat emission, and low power consumption. Most cell operators find
the colour fringes associated with white light not seriously detrimental or annoying.
However, for detailed vision at distances which are shorter than a few times the
window thickness, monochromatic lighting (sodium vapour or low pressure clear
envelope mercury vapour lamps) is used to eliminate chromatic aberration.
Periscopes are widely employed for close-up and detailed viewing, again in
preference to television equipment. A magnifying periscope is to be found in virtually every hot cell facility. Low power monocular scanning periscopes are very
popular, and periscopes with stereo viewing at magnifications up to 60x find wide
application. Stereo periscopes are non-scanning due to physiological viewing
difficulties associated with deficiencies in the optical system. Remote controlled
stages are required for focusing as well as positioning of the specimen for
observation.
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The ability to make photographic records of visual observations is almost as
important in hot cell work as the visual examinations themselves. Camera equipment
is available for all of the commercially, available periscopes, and photography at
magnifications up to 60x without auxiliary microscopes is routinely practised.
Excellent photographs are also obtained with cameras viewing directly through
shielding windows despite the fact that lenses are not corrected for the thick window
interference. Magnifications generally are less than unity unless long focal length
lenses and long bellows extensions are provided.
High intensity illumination is required for photography because of the transmission losses through thick shielding windows or long periscope optical systems.
The cell illumination system is often augmented by additional light sources to
facilitate ground glass focusing and to reduce exposure times. Professional lighting
equipment is in general use, including electronic flash units which are especially
helpful in providing an intense light source that can be positioned close to the subject.
Incandescent spotlights are useful in illuminating small specimens. However,
pyrophoric specimens can ignite as a result of the added heat.

3.5. OTHER CONCEPTS
As another possibility, the use of fibre optics has been investigated. The
problem with this, in principle interesting, technique is that the material is sensitive
to radiation and becomes opaque after relatively low doses. However, fibre optic
materials and viewing systems are being developed with an improved radiation
resistance [18, 19].
Another development is the possibility of obtaining three dimensional pictures
of the irradiated fuel assemblies by holography: this is not the place to explain except
in the broadest terms the process by which a thin photographic emulsion can be used
to diffract light in such a manner that the image of a complex three dimensional
object can be reconstructed in almost exact detail [20].
In the United Kingdom a compact holocamera has been developed. It can be
fitted to an access tube to the caves in such a way that the holographic plate can be
shielded from the worst of the fuel elements' radiation and yet be placed within about
l | m of the element. Using a 250 mm x 200 mm plate the Fourier resolution limit
of this camera would be 6 /xm (N = 170 line pairs/mm) at the front and 10 /¿m
(N = 100 line pairs/mm) at the back. These limits will only be approached,
however, if great care is taken with the design and construction of the laser, the
holocamera and the reconstruction facility.
A major uncertainty relates to the levels of radiation to which a holographic
plate can be subjected without significant loss of quality in the image. Experiments
have recently been undertaken with test holographic plates at the hot cells, and it has
been found that nuclear radiation should not pose a significant problem.
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In conclusion, the main interest of these concepts is the potentially significant
advantages for post-irradiation examination over conventional photography primarily in terms of information storage capacity and depth of field.
Endoscope system
A special endoscope combined with a submerged camera was developed by
Framatome, allowing the visual examination of fuel rods and guide tubes located
within the fuel assembly.
The design of this endoscope is such that it can move within the fuel assembly
(thickness: 0.7 mm), avoiding the grids and leave the fuel assembly when preset
permissible force is exceeded.
The acquisition and processing of video signals provided by the endoscope are
performed by special equipment. The pictures are numbered, stored and analysed in
order to identify the nature of surface defects on the examined fuel rods.

4. DIMENSIONAL MEASUREMENTS
4.1. OBJECTIVES
It is well known that Zircaloy undergoes changes in dimensions when subjected
to neutron irradiation. Therefore, measurements of the dimensions of fuel rods and
fuel assemblies 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. These measurements are also important for
assessing in-reactor performance of fuel rods and assemblies and they provide
valuable information on fuel integrity. The measuring methods applied depend on the
task and the requisite accuracy of the measurement. For example, diameter measurements on irradiated fuel rods constitute one of the most important non-destructive
characterization activities with respect to fuel rod performance evaluation. Any
change in fuel rod diameter during irradiation is a very useful indicator of a number
of performance parameters such as fuel swelling, excessive fission gas release, clad
ridging and pellet-clad mechanical interaction (PCMI). In recent years, diameter
measurements by profilometry have also been used for fuel rod failure investigations. Local diameter variations caused by hydride blisters, clad ridging, etc., can
be correlated with the data from eddy current scans and gamma scans for determining additional destructive examinations to identify the cause of fuel rod failures.
4.1.1.

Types of measurements

A number of different types of dimensional measurements are routinely made
either in the spent fuel pool or hot cells. These include:
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Fuel assemblies — Length, flow channel, rod to rod gap
and spacer grid width
F.uel rods
— Length, diameter and cold gap.
The above measurements are essentially non-destructive and thus the rods and
assemblies can be reinserted into the reactor core, if desired, for subsequent
irradiation.
A description of each of the types of measurements follows.

4.2. FUEL ASSEMBLY DIMENSIONAL MEASUREMENTS
The dimensional measurements are often performed underwater in the reactor
spent fuel pools as a part of surveillance programmes. However, the techniques used
are as well suited for post-irradiation examinations in the hot cell facilities.
4.2.1.

Length measurements

Fuel assembly length measurements are made to determine the extent of
growth of the fuel assembly during irradiation. The change in length is a measure
of the growth rate of the control rod guide tubes of the fuel assembly. This measurement, along with the length measurements on individual fuel rods, will provide
information on the adequacy of clearance between the end fittings of the fuel
assembly and the fuel rods for subsequent irradiation. If the growth rate of the guide
tubes is significantly less than that of the fuel rods, this could lead to inadequate
clearance, which in turn could lead to contact between the fuel rods and upper end
fitting plate and subsequent bowing of the fuel rods. Thus, periodic measurement of
fuel assembly length is important to monitor the change in the rod to end fitting
clearance.

4.2.1.1. Summary of measurement techniques
Fuel assembly length measurements are generally made in the reactor spent
fuel pool using a comprehensive fuel inspection stand. Occasionally, however, these
measurements are made in a hot cell facility when the fuel assembly is selected for
hot cell examination and capability for such measurements is not available at the
reactor pool.
Typically, the length of PWR fuel assemblies is measured by measuring the
inside length of guide thimble tubes using a device built on the principle of a vernier
calliper. The device is calibrated in the pool using a length standard. The accuracy
of such a measurement is within ±0.1 mm. Another method used consists of linear
variable differential transducers. Accuracy of these measurements is also of the order
of ±0.1 mm [21].
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In the hot cells, fuel assembly length is measured using a micrometer device
[22]. The device for fuel assembly length measurement is designed such that the
length between the top of the lower end fitting and the bottom of the upper end fitting
can be measured. The device contains a long V-trough with two short plates attached
at the two ends. The plate at one end is movable and is attached to a micrometer
head. The device is placed on the assembly holder strongback with the two short
plates in contact with the upper and lower end fitting plates. A stainless steel length
standard is placed on the V-trough.
Micrometer readings are taken for the standard and the fuel assembly. Fuel
assembly temperature is measured using a probe thermocouple at the centre of the
assembly at the midspan of spacer grids. Appropriate temperature corrections are
made to the readings to obtain the length of the fuel assembly. Fuel assembly length
measurements are accurate to within +0.5 mm.
The above procedure is also adaptable to measure the length of the assembly
under water while it is suspended vertically from the assembly grappling tool.
In the case of BWR fuel assemblies, the length is measured in two different
ways [21]. In one method a tape measure fixed to a TV camera is connected to the
upper edges of the flow channel and the distance to an accurately known and clearly
identifiable edge at the bottom end fitting is read off directly. This method is applied
also for length measurements on flow channels.
The second, more accurate, method is mainly used for the determination of the
fuel rod length changes. This method requires the withdrawal of the rod bundle from
its flow channel, the removal of the upper tie plate and the withdrawal of one fuel
rod, which is replaced by a length standard. A multipin gauge is placed on the top
of the bundle, allowing the length of each fuel rod to be evaluated relative to this
standard. The accuracy of these measurements is ±0.1 mm. The length of the rod
bundle is given in principle by the length of the shortest tie rod. In practice it was
found that the bundle length is closer to the average length of all the eight tie rods.
A high precision optical measurement technique is used in France for a variety
of dimensional measurements [23]. This technique involves the use of an inspection
device which consists of a high precision camera and lighting system and carriage
allowing movement in X, Y and Z directions. Accurate measurements of the
following dimensions are possible with this device.
(a)
(b)
(c)
(d)
(e)
(f)

Distances between end fittings
Peripheral rod/end fitting distances
Rod-to-rod spacing at each span
Assembly twist
Assembly bow
Holddown spring height.

Additional information is needed for evaluation of the results and includes
as-fabricated or nominal reference dimensions, irradiation history, material specifications, and temperature corrections.
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Displacement
gauge

Array of measuring probes

FIG. 17. Schematic view of the fuel assembly flow channel measuring device (BWR) [21].

4.2.2.

Flow channel measurements

Flow channel measurements are made on BWR fuel assemblies to determine
the extent of channel deformation during irradiation due to creep.
4.2.2.1. Summary of measurement techniques
To monitor the dimensional behaviour of the flow channels and to provide
input data for an appropriate channel management, Germany has developed a special
measuring device, shown in Fig. 17. Each of the four channel sides is simultaneously
measured by three linear variable differential transducers (LVDTs) mounted on a
measuring frame. This frame is vertically moved up and down the channel, resulting
in a complete record of its envelope [21]. These data allow the determination of
channel displacement, bow, bulging, and twist by a computer code. The system can
also measure axial channel growth. On each measuring track the LVDTs pass a
precisely machined steel block for their calibration. The accuracy of the
measurements is within ±0.1 mm.
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A similar measurement device using LVDTs is used in the Loviisa nuclear
power station in Finland [24]. However, the primary purpose of the measurement
is to determine the twist, bow and lateral dimension of the fuel assembly shroud.
Information needed to assist in the evaluation of the measurements includes
pre-irradiated dimensions, material characteristics and irradiation history.
4.2.3.

Fuel assembly width

4.2.3.1. Summary of measurement techniques
The dimensional changes of the Zircaloy spacer grids are measured using a
U-shaped measuring gauge [21]. This gauge is mounted on the manipulator with a
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TV camera for positioning across the grid to be measured (Fig. 18). One U-leg is
pressed onto the grid and the span is measured with a pneumatically operated LVDT
mounted at the other U-leg. The gauge is calibrated on a standard whose dimensions
correspond to the nominal grid dimensions. The reproducibility of this method is
+ 0.01 mm.
An alternative method consists of using a wide U-shaped caliper with a
micrometer attachment or a vernier scale attachment [22]. This method provides a
direct measurement without the use of a calibration standard. The accuracy of this
technique is +0.05 mm.
A third technique for fuel assembly with measurement consists of using two
knife edges mounted on a flat plate on the fuel inspection stand. As the fuel assembly
is moved during inspection, the gap between the knife edge and the edge of the grid
is measured on each side using a filar eyepiece on the periscope. The width of the
assembly at the grid location is obtained by knowing the precise distance between
the two knife edges. The accuracy of this technique is generally in the range of 0.05
to 0.1 mm.
Information needed for evaluation of the results is the same as that for fuel
assembly length measurements.
4.2.4.

Fuel assembly bow measurements

The lateral bow of PWR fuel assemblies is of significance with respect to local
perturbations in the fuel to water (moderator) ratio and with respect to potential
restrictions on fuel shuffling.
4.2.4.1. Summary of measurement techniques
There are very small variations between various techniques. In one method
bow measurements are made underwater with the assembly hanging freely from the
handling tool [22]. The technique consists of attaching a specially designed fitting
to the bottom of the assembly. From this fitting, a stranded cable wire (1.6 mm
diameter) is pulled taut against the face of the fuel assembly. This wire serves as a
straight edge. The extent of bow in the fuel assembly is obtained by measuring the
gap between the wire and the face of the fuel assembly at each spacer grid location.
This measurement is accomplished with an underwater periscope equipped with a
filar eyepiece.
Assembly bow measurements are obtained on all four faces of the assembly.
The measurements are accurate to within 0.5 mm. In Germany, a ruler scale fitted
to a TV camera is used for measuring PWR assembly bow [21]. Here the distance
between a fuel assembly edge at spacer positions and a straight tensioned wire fixed
at the upper and lower end fittings is determined.
A third method for assembly bow measurement involves the use of a knife edge
mounted on a flat plate of the fuel inspection stand. An underwater periscope
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FIG. 19. Schematic of Sulo probe.

equipped with a filar eyepiece is used to measure the gap between the edge of the
spacer grid and the knife edge at each grid location. The extent of change in the
measured gap is used to obtain the extent of fuel assembly bow in relation to the
upper or lower end fittings.
At Loviisa nuclear power station in Finland, fuel assembly bow is measured
using LVDTs [24]. In this case, the assembly bow is measured with the shroud in
place. In France, fuel assembly bow and twist are optically measured using a high
precision camera [23].
Fuel assembly locations in the core and irradiation history should be provided
with these measurements for evaluation of the results.
4.2.5.

Fuel assembly rod to rod gap measurement

Rod to rod gap measurements in the fuel assembly are important in determining localized changes in flow channel dimensions due to fuel rod bow. Regulatory agencies in many countries have imposed requirements to maintain minimum
channel closures for safety reasons. Excessive channel closures could lead to
localized hot spots in rods due to inadequate cooling and subsequent fuel rod failures.
The importance of these measurements is indicated by the fact that earlier measurements indicating excessive channel closures have resulted in fuel assembly design
changes. These design changes consisted of changes in spacer grids and the number
of grids per assembly.
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FIG. 20. Rod to rod measuring device (Sulo probe)

(Siemens/KWU).

4.2.5.1. Summary of measurement techniques
The most common technique for measuring rod to rod gap within the fuel
assembly involves the use of strain gauge probes mounted on a carriage assembly
[21]. The probe in most general use is the 'Sulo' probe, shown in Fig. 19. In
operation, the probe is inserted into a channel and the leaf springs are deflected as
they contact fuel rods on either side. The strain gauge converts the deflections to
electrical signals which are transmitted to an amplifier and in turn to a strip chart
recorder. A TV camera is usually mounted on the carriage assembly for visual
monitoring of the operation (see Fig. 20). Sulo probe traces through the assembly
are obtained for all channels at different assembly elevations, and, after correcting
the data for biases, the channel closures are presented as histograms.
Calibration of the probe is accomplished by using pins located on the carriage
and the probe is pushed between these pins at the beginning of insertion into each
channel. The precision and accuracy of these measurements are of the order
of +0.5 mm.
A high precision optical system has also been used in France for measuring
rod to rod spacing [23].
4.2.6.

Fuel assembly rod to end fitting gap measurements

Fuel assembly rod to end fitting gap measurements are important to determine
the adequacy of clearance between the upper end fitting and top of the fuel rods for
further irradiations. In evaluating the results of these measurements it is important
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FIG. 21. Determination of the distance between fuel rod and upper end fitting, using a ruler
scale on a TV camera (IAEA).

to know if there is a gap between the top of the lower end fitting and the bottom of
the fuel rods. It is the total clearance that is relevant in determining the impact of
fuel rod growth during subsequent irradiation.
4.2.6.1. Summary of measurement techniques
Fuel assembly rod to end fitting gap measurements are usually made in the
reactor pool using a periscope or TV camera. The measurements are almost always
direct reading using a ruler or a filar eyepiece fitted with a micrometer head.
Figure 21 shows the use of a ruler in the determination of the rod to upper end fitting
gap [8]. Because of the nature of the techniques used, only the peripheral fuel rods
are involved in the measurements. Measurements of interior rods may be made using
similar approaches if warranted by an unusually high growth rate of specific rods
but the accuracy of these measurements may not be as high.
In general, the accuracy of the measurements using the ruler or the filar
eyepiece is in the range of ±0.25 to 0.5 mm.

4.3. FUEL RODS
With the use of reconstitutable fuel assemblies, dimensional measurements on
individual fuel rods on an interim basis have become possible. It is now quite
common to dismantle selected fuel assemblies and withdraw any of the fuel rods for
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non-destructive characterization. The fuel rods are usually returned to their respective locations within the assembly and the assembly reinserted in the core for the next
cycle of irradiation. The reactor pool inspection campaigns are structured in such a
way as to complete the entire operation within the refuelling outage schedule.
Many of the techniques used in the reactor pool for non-destructive characterization of individual fuel rods have been adapted from hot cell techniques and have
been found to work extremely well.
As in the case of fuel assembly measurements, the data on fuel rods should be
reported along with pre-irradiation dimensions, material fabrication data and
irradiation history.
4.3.1.

Fuel rod diameter measurements

Diameter measurements on irradiated fuel rods constitute one of the most
important non-destructive characterization activities with respect to fuel rod performance evaluation. In recent years, diameter measurement by profilometry has also
been used for fuel rod failure investigations. Local diameter variations caused by
hydride blisters, clad ridging, etc., can be correlated with the data from eddy current
scans and gamma scans for determining additional destructive examinations to
identify cause of fuel rod failures.
4.3.1.1. Summary of measurement techniques
In view of the importance of irradiated fuel rod diameter measurements,
several different techniques have been developed. By far the most common technique
involves use of LVDT. This technique is used in both hot cells and reactor pools.
In all these cases, the LVDTs contact the fuel rod surface as they traverse along the
length of the fuel rod. Rotation of the fuel rod during the motion of the LVDTs
provides a spiral trace of the fuel rod diameter. A typical design of the profilometer
using LVDTs is summarized below.
The profilometer primarily consists of a sensing head's carriage (shown
schematically in Fig. 22) and recording equipment [22]. The carriage portion of the
profilometer is a precision device for holding the rod while the sensing heads
traverse the length of the fuel rod section. The rods are held vertically and axially
stationary in the rotating chuck for scanning. For each revolution of the rod, the
transducer sensing heads move 3.2 mm axially, yielding a spiral trace of the rod.
The travel of the sensing heads is continuous so that the full length of the fuel rod
can be scanned. The sensing devices are two opposed LVDTs. Each LVDT is
mechanically driven by a sensing-head assembly which floats in an air-bearing
chamber. The sensing heads which ride directly on the rod are approximately 3 mm
diameter sapphire rods.
The transducer outputs are fed into the amplifying electronics and a strip chart
recorder to give a permanent trace of the LVDT signals. The chart recorder can be
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equipped with a pen to place axial location 'tick marks' on the chart. Each tick mark
represents a certain distance of travel along the profiled rod segment.
Prior to profiling a rod, a step standard of diameters above and below the fuel
rod nominal diameter is run for calibration. The rod is loaded into the profilometer
and scanned from bottom to top at a rate of about 1 mm/s axial travel of the sensing
heads. The step standard is run after each rod profile to assure standardization to
within +0.005 mm.
The profilometry strip charts are converted into numerical data using the
graphics digitizing system. In digitizing the chart, the curves defining the upper and
lower boundaries of the spiral trace are taken at a density of about 2 points per
50 mm of chart, and in the process they are automatically coded with the numbers
1 or 2 to distinguish the upper from the lower curve.
After completing the data transformation, the upper and lower boundaries of
the diameter are plotted as a function of distance along the rod. To create a smooth
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curve representing the average diameter, a value is calculated for each 6 mm of rod,
for a total of almost 600 points per 3.8 m rod. Since the digitized points are initially
chosen at random, the values at 6 mm intervals are calculated from the upper and
lower curves by linear interpolation from existing nearest-neighbour points. The
average diameter at each 6 mm interval is then simply calculated as the arithmetic
average of the corresponding interpolated upper and lower values, and the resulting
values are plotted as a function of distance along the rod, using the computer
graphics package and the on-line graphics system.
For CANDU type fuel elements, Canada has developed an underwater
profilometer system which also uses LVDTs. A brief description of the system
follows [25].
In view of the short length of the CANDU fuel elements, the profilometer is
reasonably compact (overall dimensions are 1.3 m width, 1.3 m height, and 0.5 m
depth) and resembles a small lathe. It is constructed mostly of stainless steel for
corrosion resistance and easy decontamination. For operation, the profilometer is
placed in a track that is permanently attached to the pool wall; this track guides the
machine in and out of the water. The profilometer is also routinely used out of water
at a clean work station adjacent to its underwater location to dimension fuel elements
before irradiation.
To provide good underwater access and visibility, fuel elements are loaded into
the profilometer when it is horizontal. For measurements, the profilometer is rotated
underwater by an air motor to the vertical position to reduce errors from sag.
The measuring instrument is a single LVDT with the plunger core mounted in
an air bearing. The end caps of experimental fuel have small grooves and a conical
recession machined on their end faces so they can be held in the machine and their
radial orientation indexed.
Measurements are made by placing an element in guides on both grippers that
permit automatic indexing, positioning, and measurement with the LVDT. During
measurement the element is rotated 360°, and the LVDT advanced axially before
each further revolution, according to a preprogrammed sequence. The LVDT
measures the distance between an element's surface and the machine's centre of
rotation, at known angular and axial positions. Data are recorded on magnetic tape
for computer analysis.
The profilometer is also used for the measurement of fuel element length. The
overall accuracy for measuring fuel is about ±0.007 mm on radial deviations and
±0.015 mm on overall length between tapered shoulders. A typical diameter trace
obtained is shown in Fig. 23.
While the use of the LVDT profilometer has been very common, other
techniques have been developed in recent years. One of these involves the use of
lasers. This technique is used only in the hot cell facilities. In the USA, both the
Los Alamos and the Idaho hot cell facilities use the laser profilometer [26, 27]. The
principle of the system is father simple. The laser unit measures by traversing a laser
beam across a narrow band at 150 scans per second, timing the period the laser beam
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is obscured by any object in its path, and converting the time to the equivalent
distance.
The Los Alamos profilometer is a dual axis scanning beam laser system which
measures two diameters (X and Y) 90° apart in the plane of the laser scan synchronized with the fuel rod axial drive (Z) for longitudinal positioning. Two values of
X and Y are recorded for each value of Z. The computer determines the median of
each 10 successive readings of X, Y and Z and records both median diameters and
median axial position on magnetic tape. Printouts of the measurements and various
plots of the fuel rod profiles are generated using computer graphics. A schematic of
the Los Alamos laser profilometer is shown in Fig. 24.
A third method of fuel rod diameter measurement involves the use of ultrasonic
transducers. This device has been developed in the USSR and is used for underwater
measurements [28]. The unit can be focused on a fuel rod of interest with the help
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FIG. 24. LASL 'Lasermike ' profllometry

system (LASL).

of both the TV camera above it and the ultrasonic transducers (USTs) located under
it on the snap gauge. Spring loaded probes of the transducers are introduced via a
pneumatic actuator in the inter-rod gaps and pressed to a fuel rod from different
sides. The fuel diameter is determined from the sum of the signals from the two
transducers. To measure the gaps between the rods, the probes move in the gaps with
the help of electromagnets. The accuracy of the unit measurement is not less than
10 цт. The advantage of the ultrasonic methods is their contact-free operation and
the wide range of measurements of high accuracy. For the realization of ultrasonic
methods, use is made of both commercial USTs and devices (flaw detectors, thickness gauges), and specially designed instruments of higher accuracy giving automatic
correction of the results when measuring the temperature of water.
Figure 25 shows the scheme of measuring geometric characteristics of a fuel
assembly on cross-sectional scanning with a pair of USTs. In testing experiments
using an electrically heated mock-up fuel assembly, the accuracy of measuring the
cross-sectional size was 100 ^m. Pulse-echo USTs are also employed to determine
the co-ordinates of the table with the gauge in the horizontal plane. The information
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on the amplitude of ultrasonic echo signals is used for the accurate focusing of
measuring transducers on a fuel rod.
4.3.2.

Length measurements

Fuel rod length measurements are commonly obtained as part of fuel rod
performance evaluations. These measurements are made both in the reactor pool and
the hot cell facilities.
4.3.2.1. Summary of measurement techniques
Length measurements on individual fuel rods are generally made directly using
an accurate scale or vernier caliper device. In Germany, fuel rods to be measured
are placed in a special cassette together with an accurately premeasured Zircaloy
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standard [21]. Measurements are performed with a caliper device calibrated against
the standard. The accuracy of this measurement is within +0.1 mm.
In the hot cells, the fuel rod is placed flat in a V-shaped groove on the measurement rig. The rod is placed flush against the stop on one end. The other end contains
a micrometer barrel which is adjusted to contact the top of the end plug. From
comparison of the reading on the micrometer against that obtained on a standard the
length of the rod is obtained. The accuracy of measurement on typical PWR/BWR
fuel rods is within ±0.25 mm.
Fuel rod length measurements on peripheral rods in a fuel assembly can be
obtained indirectly [24]. Rod to end fitting clearance is obtained on all peripheral
rods at the top and bottom. With the distance between the two end fittings known
(either by using a standard or by direct measurement), fuel rod length is calculated.
A schematic of this measurement method is shown in Fig. 26. The accuracy of this
measurement is within ±0.5 mm or better.
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4.3.3.

Cold gap measurements

Measurements of the cold gap between fuel and cladding in irradiated fuel rods
is of interest in determining the extent of change in a fabricated gap during irradiation. This measurement provides an indirect assessment of combined effects of
cladding creep and fuel swelling. At the present time, use of this measurement is not
widespread.
4.3.3.1. Summary of measurement techniques
Measurement of the cold gap has been performed in Norway (Kjeller),
Germany (hot cells) and Switzerland. In this technique, the cladding of the fuel rod
is ovalized elastically over a length of 15 mm until the cladding is supported by the
fuel pellets underneath. The amount of elastic deformation in principle is a measure
of the diametral gap. The fuel rod to be measured is fixed horizontally on a flat
support. A rectangular lever applies a force over a length of 15 mm along two
opposite lines of the fuel rod. The force necessary to ovalize the rod is measured
by a force transducer incorporated in the lever. The displacement of cladding is also
measured by an LVDT. The signals of the two transducers are amplified and
recorded on an X-Y recorder. The measurement is performed in steps of about
100 mm along the entire length of a fuel rod. Each position is measured twice and
the force/displacement curves are recorded at increasing and decreasing load.
For calibration of the displacement transducer, a square head standard of fuel
rod dimensions with steps of 60, 120, and 180 ¡im is used. The calibration is checked
by a dial gauge. The force transducer is set to zero before measuring.

5. OXIDE LAYER THICKNESS AND CRUD MEASUREMENTS

5.1. OBJECTIVES
In LWRs and PWRs Zircaloy is used as cladding material for fuel rods as well
as material for structural components (control rod guide thimbles, spacer grids) of
the assembly and flow channels.
During service in the reactor Zircaloy is subjected to corrosion. Corrosion of
Zircaloy in high temperature water or steam initially follows a cubic rate law resulting in a smooth, continuous black or grey/black lustrous, adherent oxide layer,
which is protective in nature. With increasing oxide layer thickness the corrosion
kinetics change to a linear rate law (transition at 2.5 ¡xm layer thickness). The oxide
itself changes colour from black to grey and finally tan while retaining its adherence
to the underlying metal.
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The determining factor for PWR corrosion is the temperature at the metaloxide interface. This temperature increases with increasing oxide layer thickness
because of the temperature rise from the rod surface to the metal-oxide interface due
to the heat flow [29]. Hence, PWR fuel rod corrosion exhibits an acceleration with
time (provided the rod power stays at a sufficiently high level) which at high burnup
can finally lead to inadmissible high corrosion rates and oxide layer thickness. In
addition, irradiation causes a general enhancement of the corrosion rate of the
material in a reactor environment [30].
The uniform corrosion in a BWR system is much lower because of the lower
coolant temperature. However, BWR fiiel rods show in many cases in addition to
the thin uniform oxide layer thicker individual oxide nodules (nodular corrosion)
whose size and extension increase with increasing burnup [31].
Economic considerations as well as the need for improved uranium utilization
provide strong incentives for an increase of the discharge burnup of the water reactor
fuel assemblies. Efforts have, therefore, been concentrated on extending the average
discharge burnup from 33 GWd/t U to 50 GWd/t U for PWR and from 28 GWd/t U
to 40 GWd/t U for BWR fuel assemblies respectively. Under such aspects the
knowledge of waterside corrosion becomes of great importance.
Depending on coolant chemistry conditions a crud layer may develop on top
of the oxide layer. Such a crud layer could cause an additional rise in corrosion
temperature and hence in corrosion rate. Determination of crud layer thickness, if
present, is therefore of equal importance.

5.1.1.

Technique and application

Traditionally, Zircaloy oxide thickness data have been obtained solely by
destructive examinations in the hot cells. Because this technique is costly and time
consuming and does not allow intermediate measurements, a non-destructive eddy
current technique had been developed [32].
By means of an eddy current proximity probe the thickness of electrically
insulating layers on electrically conductive, non-ferromagnetic basis material can be
measured [33].
The probe, equipped with a wear resistant diamond tip, consists of a coil which
is excited by a high frequency (2-3 MHz) current. The net coil impedance is affected
by the proximity of the coil to the metal, which is the sum of the thickness of the
insulating oxide layer, the thickness of crud (if present), and the distance of the coil
from the diamond tip. The change in impedance is electronically transformed into
a signal showing directly the thickness of a non-conductive layer on top of a metallic
conductive base material. The response is essentially linear over the oxide thickness
range of interest. This method is used successfully to measure the oxide thickness
on both peripheral fuel rods within the assembly and single fuel rods withdrawn from
the assembly that, if required, can be reinserted after the measurement for further
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FIG. 27. Oxide thickness
(Siemens /KWU).
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burnup accumulation. The same method is also being applied for measurements of
layer thicknesses on flow channels and spacer grids.
The technique originally developed for application in the fuel pool has meanwhile been transferred to hot cells and also been applied successfully there.

5.2. MEASUREMENTS ON FUEL RODS
5.2.1.

Summary of measuring techniques

Without disassembling a fuel assembly, only peripheral rods are accessible to
layer thickness measurements by the non-destructive eddy current technique used in
the spent fuel pool. The probe itself is spring loaded, housed in a guide piece to
ensure perpendicularity relative to the surface to be measured. The guide piece with
the probe is fixed to a TV camera (Fig. 27) and the whole system is mounted on a
manipulator. The fuel handling machine serves for axial movement of the assembly
whilst the guide piece with the probe is pressed against a peripheral fuel rod to be
measured. At spacer grid positions the probe is lifted from the fuel rod. This method
yields oxide layer thickness values on a straight line (linear scans) of peripheral fuel
rods between the spacer grid positions. In Germany and in France it is applied for
surveillance of the assemblies at regular intervals during refuelling outages [34, 35].
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More automated equipment consisting of a pneumatically actuated positioning
and translation device for the eddy current probe is used in Finland. The fuel
assembly to be measured is transferred to the measuring position with the refuelling
machine. In order to minimize the movements of the irradiated assembly, the system
was designed so that during examination the assembly is held in place and the
changing of the measuring point is performed by the movement of the probe along
the assembly.
The oxide thickness measuring unit mounted on the gamma lift is schematically
shown in Fig. 28(a). The unit positions the probe perpendicular on the fuel rod and
transfers the probe to another measuring point on a certain axial level. Each side
from the assembly can be measured pointwise at different axial levels. The axial
movement is performed with the gamma lift. The measuring arrangement is shown
in Fig. 28(b). The device is also equipped with a brush to remove loosely adherent
crud deposits which may affect the readings of the eddy current probe. Oxide layer
thickness is measured at discrete axial points on one line of the circumference of a
fuel rod.
In order to measure the oxide layer thickness around the circumference of a
fuel rod, the fuel rod has to be withdrawn from the assembly. Special reconstitution
equipment aids access to the fuel rods of the different assemblies.
Individual fuel rods can either be measured in the spent fuel pool or in the hot
cells. For measurements in the spent fuel pool a multiple measuring device has been
developed in Germany (Fig. 29). The multiple measuring device provides precision
guidance for the fuel rod to be measured and is equipped with an encircling coil for
eddy current defect testing, a gauge head with linear variable differential transducer
(LVDT) for diameter profilometry, an eddy current probe for oxide layer thickness
measurements, and a TV camera for visual examination. The fuel rod to be measured
is handled by the fuel rod exchange device for axial and rotational movement through
the measuring device. Both linear and helical scanning can be performed. The probe
and guidance used in the multiple measuring device for single rod oxide layer
measurements are identical to those described above for measurements on peripheral
fuel rods within the assembly.
Oxide layer thickness measurements in the hot cells are performed on a
measuring bench, holding the fuel rod in a horizontal position. The probe is mounted
in a guiding device of high precision in order to maintain orthogonality. The probe
and guiding device are connected to a carriage that travels along the fuel rod, whilst
the probe itself is pressed with a moderate load on the fuel rod. The oxide layer thickness is either measured on a linear line or in form of a spiral trace. For spiral traces
the rod is rotated in addition to the axial movement of the carriage.
5.2.2.

Calibration and data recording

The eddy-current proximity probe is calibrated using oxidized Zircaloy tube
samples with known oxide layer thicknesses. The calibration is checked at regular
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intervals to monitor its drift. Recalibration is performed if the drift exceeds ± 2 to
3 цт. Layer thicknesses determined by eddy current probe are within ± 5 /xm of the
values obtained by metallography. A slight bias of about ± 3 цт exists for the mean
value of the measurements at low oxide layer thickness.
The output of the measuring electronics, essentially consisting of a high
frequency generator, a bridge circuit, amplifier and a signal display, is recorded by
a strip chart recorder or an on-line computer.
Interpretation of the data has to state clearly if crud has been observed and
whether the layer thickness values quoted were derived from straight line measurements or spiral measurements. Since spiral measurements yield values showing the
layer thickness variation around the circumference it is essential to state also whether
the minimal, maximal or mean value is being quoted.
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5.3. DETERMINATION OF METAL LOSS
In addition, a new method for the determination of fuel rod corrosion
especially for application in BWR fuel rods has been developed and is currently in
the demonstration phase in Germany [34]. This method determines the loss of metal
caused by oxidation.
It is well known that BWR fuel rods in many cases show in addition to the thin
uniform oxide layer thicker individual oxide nodules (nodular corrosion) whose size
and extension increase with increasing burnup. Characterization of such an oxide
layer requires a determination of the oxide thickness and information with regard to
nodule size and surface coverage (density). At high surface coverage, measurements
with the oxide thickness probe provide a good assessment of the average oxide layer
thickness. At medium coverage or in the presence of adherent crud it may not be
possible to determine the corrosion in that way, and hence a new method had to be
applied.
In this new method two separate encircling eddy current coils are used to
compare the metal wall thickness of a virgin reference tube with that of the fuel rod
cladding tube. The resulting signal is proportional to the difference in the metal
thickness. The average oxide thickness or the weight gain can be calculated from the
amount of metal volume converted to oxide, taking into account that the molar
volume of the oxide is 1.56 that of the metal. These values can be compared to the
weight gain determined in autoclave tests. The new method used in conjunction with
the liftoff measurement also allows one to differentiate between the average oxide
layer thickness and a possible crud layer on top of the oxide.

5.4. MEASUREMENTS ON STRUCTURAL COMPONENTS
Measurements of the oxide layer thickness of flow channels and spacer grids
are performed with the identical equipment used for measurements of a straight line
or points on peripheral rods. However, the probe is calibrated using Zircaloy
samples with the same geometry as the object to be measured oxidized to well known
oxide layer thicknesses.

5.5. MEASUREMENTS OF CRUD
First information about the presence of crud can be obtained from visual
examination showing discolouration on fuel rods and assembly components that
deviate from the normal visual appearance. In order to determine the composition
and estimate the thickness of the crud, sampling techniques have been developed
[35, 36].
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The sampling equipment essentially consists of a sampling chamber pressed
against a peripheral fuel rod by means of a manipulator tool. A brush (nylon or
metal) or a stone (silica oxide) is moved pneumatically several times along the rod
to ensure complete removal of the crud. Sample water and suspended crud or
platelets of crud are collected via a suction line in a flask. The contents of the flask
are filtered for detailed chemical and radiochemical analysis.
In order to determine the thickness of the crud the area where the sample has
been taken must accurately be known and the density of the crud has to be determined. Together with the weight of the crud sample the thickness of the deposit can
then be evaluated.

6. GAMMA SCANNING
6.1. OBJECTIVES
Gamma scanning is used to provide data relevant to fuel behaviour, for
measuring fuel pellet stack lengths, locating fuel pellet interfaces, assessing gaps
between fuel pellets, and for studying the migration of volatile fission products in
fuel rods. The ability of this technique to give a quick measure of relative rod ratings
at an early stage of the post-irradiation examination is useful in making a selection
of rods for more detailed examination.
The gamma scanning of irradiated fuels offers additional experimental data for
monitoring reactor operation without requiring the complex implementation of
destructive examinations. Such scanning permits:
(a)

(b)

(c)

(d)

The determination of the concentrations of well defined fission products and
their distribution within the rods or assemblies, and hence direct comparison
between calculated and experimentally determined power distribution
parameters.
The determination of the isotopic activity of short half-life fission products and
hence the subsequent determination of power distribution, either over the
whole core or a fuel assembly.
Gamma spectrometry of some long life fission products characteristic of the
burnup rate, allowing relative measurements and under certain conditions,
absolute measurements of burnup. Such determinations can be useful when
irradiation conditions make the theoretical determination poor or inaccurate.
A further possibility is the use of the fission products distribution for accurately
locating the fuel stack within the fuel rods. In particular, the effects of
dimensional changes in fuel can be followed by this means and used to determine the safe operation of fuel rods. In this case, the gross gamma activity is
the best analytical tool.
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6.2. MEASURING TECHNIQUES: PRINCIPLES OF INSTALLATION
A gamma spectrometry installation in spent fuel pools or hot laboratories,
shown schematically in Fig. 30, includes four main sections, the scanning system,
the collimator, the detector, and the data acquisition and processing system.
The scanning systems used are differentiated chiefly by their dimensions,
which are adapted to the type of fuel examined. Movement generally is in two
directions (horizontal or vertical), and a third movement used is rotation of the fuel
element during analysis.
The collimators are of lead (d = 11.3 g/cm 3 ) or Denal (d = 18 g/cm 3 ).
Denal (sintered tungsten — a high-density material), makes it possible to reduce
the length of the collimator and thus to decrease the number of scattered photons
created along it.
The collimator slit (fixed or variable) is rectangular or trapezoidal. Its width
ranges from 0.2 mm to 1 mm, mainly depending on the 'definition' and the counting
rate required ('definition' in this case is characterized by the thickness of the fuel
bounded by the solid angle defined by the collimator).
The detectors are Ge(Li) or Ge (intrinsic detectors) which feature high resolution (2 to 3 keV) but have large volume (8 x 104 mm 3 ); this is particularly useful
for optimization of efficiency with long-decayed fuel rods. Also important is a high
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peak/Compton ratio, which facilitates detection and calculation of the area of the
gamma lines, particularly in the low energy region.
Data acquisition and processing systems have developed separately. Two types
of equipment can be distinguished:
— on-site acquisition systems and separate (off-site) computer processing. The
advantages are the use of a high capacity program and the short computation
time. The drawbacks are those associated with computers: slow result output,
card programs, lack of operating flexibility.
— on-site combined acquisition and minicomputer processing systems employing
simplified spectrum processing programs. Based on the display, the response
of the circuit is checked; real time operation combined with a communication
mode lead to rapid result output and great operating flexibility.
Hence it would appear that laboratories equipped with a minicomputer
combined with a gamma spectrometry circuit have the greatest capacity to present
directly processed results (fission product distribution curves, gamma spectra plots)
in minimum response time.

6.3. QUANTITATIVE GAMMA SPECTROMETRY
Quantitative analysis (measurement of the activity of the fission products)
generally proves indispensable; for instance, with respect to LWR and PHWR fuel
elements, it is especially useful to determine the burnup. These data serve to check
the expected irradiation conditions or to make a comparison of the fuels from a
single irradiation or from different irradiations. Furthermore, on both types of fuel
(LWR, PHWR), a special effort has been made in France to assess accurately the
special fission product concentrations located at preferential points (pellet interfaces,
end pellets) [37].
Depending on the objectives and also the financial and technical capabilities of
the laboratories in recent years, the various methods developed can be divided into
two categories.
6.3.1.

Indirect quantitative methods

In this case, gamma spectrometry measurements are relative, and quantitative
cross-checking is carried out by another method.
For determination of burnup, the comparison is made by local analysis of
148
Nd or by using a calibrated fuel sample.
Analysis of 148Nd concentration yields values for the burnup with an accuracy
of 2-3 %, but the method has the drawback of being destructive, time consuming and
costly [38].
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The second comparative method is also accurate, while being non-destructive
and rapid. However, it is generally limited to a single radionuclide, 137Cs; this
method assumed no Cs migration. Furthermore, it requires a large number of
calibrated fuel samples for adaptation to the different geometries investigated.
However, if the test fuel element geometries do not vary, self-calibration can be
carried out with 137Cs.
If the burnup is known for a given irradiation, then the amount of 137Cs
formed can be calculated. The efficiency, the ratio of measured to calculated
activities, is obtained immediately at 662 keV energy of the 137Cs total absorption
peak. For a given fuel element, the amount of 137Cs can then be calculated (total or
local).
6.3.2.

Absolute quantitative methods

This non-destructive, rapid, and low cost method serves to determine the
activity of all emitting fission products present at the time of measurement.
It requires calibration of the gamma spectrometry installation in absolute
values (curve of efficiency as a function of energy for given experimental conditions). The method described in Ref. [37] uses a 226Ra source whose gamma
spectrum, composed of many lines, serves to give the relative efficiency, and a
standard ^Co source is used for cross-checking the absolute value.
Since the geometries of the fuels and standard sources are different, it is
necessary to control fully the transmission phenomena of the gamma radiation
emitted. To do this the French CEA developed programmes adapted to cylindrical
geometry to eliminate the problems of self-attenuation and attenuation in the
structures surrounding the fuel.
This technique can be directly applied to the determination of the activity of
137
Cs and 106Ru/ 106Rh , which helps to evaluate the contribution of 239Pu and to
determine the burnup to within ±6% of any PWR fuel rod [39].

6.4. GAMMA SCANNING FACILITIES IN SPENT FUEL POOLS
The gamma scanning instrumentation is more or less complex according to the
nature and quality of information required. It ranges from ionization chambers to
check fuel stack length, for example, to the use of one or more intrinsic Ge or Nal,
Ge(Li) detectors for the precise determination of the power distribution, burnup or
fission product inventories.
In the case of LWRs and PHWRs, gamma scanning can be applied to fuel
assemblies or individual fuel rods removed from fuel assemblies.
The gamma scanning facilities presently in operation differ in their technical
details, layout and their data processing capabilities and these in turn depend on the
requirements of the user.
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Detailed description of these facilities can be found in the specialized literature
and hereafter we will restrict ourselves to the different types of facilities to be found.
6.4.1.

Fuel assembly examination

Two types of facilities according to the positioning of the detector can be
found:
(a)

(b)

Facilities installed with the Ge(Li) detector and data acquisition units located
outside the spent fuel pool, but with the collimator block penetrating the pool
wall (Obrigheim in Germany, JPDR in Japan, Trino in Italy, Dodewaard in
the Netherlands, TVO in Finland, etc.). In this particular design the spent fuel
pool has been provided with a plug through one of the walls where a gamma
ray beam collimator can be installed. The electronic detection and recording
system is thus installed in the available space outside the pool, thus avoiding
any submerged instrumentation. Supports in the pool wall enable the fixing and
positioning of assemblies or fuel rods. During measurement a device is driven
up and down in front of the collimator.
Facilities with a detector unit submerged, for example that developed in the
USA (overall radiation measurement). This type of installation has been
successfully used in several US reactors and at Zorita in Spain (overall gamma
activity measurement and spectral analysis).
This facility was developed for direct examination of fuel assemblies and is
located in the spent fuel pool. It allows gamma spectrometry analysis of corner
rods and assembly faces.
The most noticeable differences between this design and that described in
previous paragraphs concern the length of the alignment slits, which are very
much broader for assembly face measurements and on the other hand very
much narrower for corner rods.

6.4.2.

Individual fuel rod examination

Typical equipment, designed in France, is used for the examination of
removable fuel rods in the Tihange, Fessenheim and Bugey nuclear power plants.
The gamma scanning apparatus, submerged in the spent fuel pools, is located on a
platform inside a frame containing the handling and measurement equipment of 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 Ge(Li) detector and its cryostat are placed inside a leaktight housing and
are connected to an external tank of 200 L which ensures an automatic supply of
liquid nitrogen (approximately 10 days' supply). The detector is connected to a
computer and a 2000 channel analyser.
55

6.5. GAMMA SCANNING IN HOT CELL FACILITIES
6.5.1.

Objectives

Gamma activity measurements produce a wealth of data for a relatively small
investment in equipment and operating time. Basically there is a great similarity
between the objectives assigned to fuel assembly and fuel rod examination.
Gross activity measurements from point to point along a fuel rod are directly
proportional to the power generation and are suitable for plotting the relative burnup.
The measurement of longer half-life fission products can reduce potential errors
introduced by changing neutron flux spectrum and some laboratories, therefore,
prefer to measure at gamma energies that are more representative of long half-life
fission products. Generally, the discriminator is set so that gamma energies below
that of 137Cs (662 keV) are rejected.
Selected gamma energies may also be measured to provide a chart showing the
migration of specific fission products, such as 131I, 140Ba/ 140La and 137Cs. For this
application a multichannel analyser is employed to measure and record the relative
concentration of various energies at points along the fuel rod.
6.5.2.

Techniques

The techniques employed for gamma scanning are similar among hot cell
facilities. The radioactive specimen is mechanically positioned or driven at constant
speed in the X or Y directions in front of a collimating slit located in an access port
in the hot cell and the emerging beam of gamma radiation is measured using a
Nal(Tl) or Ge(Li) detector and recorded continuously with equipment located outside
the cell. To date, the gamma detector signal has usually been transferred directly to
a minicomputer for data processing.
Collimating slits of various sizes, usually in the range of 8 to 32 mm 2 , and
specimen drive speeds in the range 0.1 to 1.5 mm per second, are typical; under
these experimental conditions the resolution is enough to disclose the location of
individual isotopes and to determine relative axial burnup distributions.
The accuracy in movement of the scanning system is generally better than
0.1%, corresponding to an uncertainty of less than 0.1 mm. The reproducibility in
positioning the fuel has to be achieved with an error of less than 0.1 mm.

6.6. OTHER DEVELOPMENTS
The following comments are devoted to developments in a particular aspect of
the gamma scanning technique called tomography, which is of increasing interest in
the examination of highly irradiated fuel rods.
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6.6.1.

Tomography

In order to study some aspects of the internal fuel rod chemistry, and the role
played by migrating volatile fission products in kinetic processes, radial profiles and
mappings of 137Cs, for example, can be determined.
Transverse gamma scanning is used to map the distribution of isotopes through
a cross-section of a fuel pin. Axial gamma scanning differs from transverse gamma
scanning in the following aspects: scanning along the axis of the fuel stack length
measures the variation of gamma activity, neglecting the influence of self-absorption
(directly associated with the variation of the amount of an isotope) because the
geometry of the installation maintains a constant volume of fuel analysed during the
scanning. On the other hand, in transverse gamma scanning the fuel is analysed from
different angles and in this case the measured gamma activity alters because of a
simultaneous variation of the amount of the analysed isotope and fuel volume. The
quality of the determination of the isotopic radial distribution strongly depends upon
the number of measurements carried out at different angles. The mapping is obtained
from these measurements by means of an algorithm similar to the one used in
medical tomography; in this specific case a correction is necessary due to the gamma
self-absorption and also due to a reduction of the total number of measurements, as
the time at one's disposal is limited by the need for a quick return of the assembly
for further irradiation. Different algorithms have been developed suitable for a low
number of gamma counts [40-43].
Tomography can be applied to the case of individual fuel pins and appropriate
programmes have been developed. Analysis by gamma spectrometry is currently in
use in France, Germany and the USA to obtain the l37 Cs isoconcentration curves in
fuel cross-sections using the specific codes [44, 45]. The measurement consists in
scanning the sample surface by means of a very narrow collimator with a slit of
0.5 mm X 0.5 mm. From the isoconcentration measurements it is possible to determine the average radial profiles (average of 24 measurements carried out at 15°
intervals) and to correlate them with the power levels or central temperatures reached
by the fuel sample.
6.6.2.

Advanced gamma scan system

An advanced state of the art gamma scan system was designed and built to
measure the point-by-point gamma activity of irradiated fuel rods in the USA at
Hanford (HEDL). The aim was to obtain information on the axial and radial distributions of fission products for correlation with physical measurements and fuel
thermal performance factors [46]
The HEDL integrated gamma scan system is composed of three separate
gamma detection and specimen positioning systems which utilize a common
computer and data processing system. Each system can be configured to perform a
different type of scan, depending upon the degree of precision desired. Each of the
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three gamma scan systems includes a remotely operated pin positioning mechanism,
a precision collimator, and an intrinsic germanium primary detector with associated
electronics. Two of the systems also include a sodium iodide Compton suppression
detector with associated electronics. The experimental data given by the three
systems are collected by a storage and processing system.
The system provides improved precision, automation, reliability, throughput,
flexibility and data processing capability, and meets or exceeds all performance
objectives compared to previous gamma scan systems.

7. NEUTRON RADIOGRAPHY AND X RAY RADIOGRAPHY
Some non-destructive testing applications use external sources of penetrating
radiation such as X rays, gamma rays or neutrons, despite the high levels of background radiation associated with irradiated fuel elements or fuel rods. Most of the
methods use a photosensitive emulsion as the final recording medium but some work
has been done using scintillation detection or television imaging devices using
semiconductor detectors. X ray tubes are preferred over gamma sources for film
radiography because of the higher beam intensities which are readily available.

7.1. NEUTRON RADIOGRAPHY
7.1.1.

Objectives

Neutron radiography affords an important specific contribution in the determination of the integrity of irradiated components, such as BWR control rods [47, 48]
and the inspection of irradiated rigs and in the study of the in-pile behaviour of fuel
rods and as a technique for dimensional measurement. The information gained from
this method constitutes a valuable complement to that from other non-destructive
techniques, allowing a high level of interpretation of the ongoing irradiation
experiments.
7.1.2.

Technique

Generally, thermal neutron beams are now being used to perform radiography.
The inspection method makes use of thin metallic foils of materials such as silver,
dysprosium, rhodium, gold, and indium. These foils are rendered radioactive by a
beam of neutrons. After a neutron beam has passed through an inspection object, its
intensity will be modified by variations in the attenuation caused by the specimen.
These variations in neutron beam intensity thus cause variations in the radioactivity
in the metal foil used as a detector. This is analogous to the X radiographic process
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in which attenuation of X rays through a specimen produces a latent image on a
photosensitive detector. The neutron induced radioactive image can be replicated or
made visible by allowing it to decay for a few half-lives in close contact with a photographic film. The gamma radiation from the inspection object will not influence the
final radiograph. The radioactivity of the screen is sufficiently low that the transfer
of the image to photographic film does not need to be done remotely [47, 48].
Most of the neutron radiographic work has been accomplished using beams
emergent from nuclear reactors. Specially designed shielded facilities have been built
adjacent to the reactor wall. As a typical example one such site has a neutron
intensity on the order of 1011 neutrons m"2s"' and the beam cross-section is
63.5 X 100 mm. The exposure time to the neutron beam varies according to the halflife of the screen material as well as the speed of the film emulsion on which the
autoradiograph of the screen is recorded. A typical exposure for irradiated fuel
capsules is 5 to 7 minutes in the neutron beam and a transfer time of three half-lives
decay. In practice a preliminary alignment radiograph is made to determine the
proper orientation of the capsule. A rhodium screen is used with a 15 s neutron
exposure and the decay transfer is made using a Polaroid X3000 film. After proper
alignment is attained, the high quality radiograph is made using fine grained X ray
film. In the presence of irradiated samples with a gamma activity greater than
5 x 103 R/h at 305 mm, the sensitivity has been adequate to detect thickness
changes of approximately 1-2% and resolution changes between 0.12 mm and
0.05 mm.
7.1.3.

Underwater neutron radiography facility

There follows a brief description of the neutron radiograph pool installation in
the Grenoble Nuclear Research Centre [49, 50] used for the examination of
irradiation rings. A similar facility is in operation in the Netherlands at the JRC
Petten.
An inspection of the rig is carried out systematically before irradiation is
started, then after each reactor cycle. The rigs are examined using an immersed
system in the actual reactor pool (Fig. 31), ensuring very fast transfer from the core
without the need for any special protection. The interruption of irradiation may take
less than 1 hour.
The main technical features of the set-up are listed in Table IV. The films are
developed, printed and reproduced in an air conditioned laboratory. A separate
workroom contains the instruments used to observe and interpret the pictures, and
to carry out dimensional and density measurements. These instruments are:
— an illuminated bench and negative-scopes
— a densitometer and scanning microdensitometer
— a profile projector with variable enlargement
— dimensional measurement instrumentation used in conjunction with the profile
projector.
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TABLE IV. TECHNICAL DATA OF A NEUTRON RADIOGRAPHY POOL
FACILITY
Description and numerical values

Item
Collimator

Rectangular diverging (B4C + In)
Horizontal travel to adjust the neutron spectrum
Ratio L/C = 380

Diaphragm

0 6 mm (Cd + In + Gd + Au + Dy)
ф л = 7.2 x 1013 n-cm" 2 -s"'

Manipulation

Metal-metal contacts between cassette, hood and
collimator by pneumatic jack
Maximum cross-section of subject: 140 x 140 cm

Useful beam

Height 400 mm x width 130 mm
ф л = 8.5 x 10' n-cm" z -s"'
4>spi = 7.9 x 106 n-cnT 2 -s~'

Method

Direct with cellulose nitrate CN 85
Indirect with Dy converter (50 or 100 cm) and
silver film Kodak R, single layer.

Exposure

8 min (modulated according to flux measurement by
miniature fission chamber)

The specific results of neutron radiography applied to irradiated fuels are used
together with the results obtained from other non-destructive testing methods for a
better understanding of in-pile behaviour.
Dimensional measurements from neutron radiographs are carried out systematically in Grenoble to monitor fuel pins during irradiation. The precision of
±50 цт makes this method a useful quantitative experimental tool.

7.2. X RAY RADIOGRAPHY
7.2.1.

Objectives

X ray radiography has found its most interesting applications in examining the
different mechanical components of fuel rods and, in particular, in the field of
dimensional measurements. A further application is the identification of structural
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changes within the fuel as well as cladding abnormalities, thus providing important
information for destructive examinations.
7.2.2.

Summary of techniques

X ray film radiography has found application despite the considerable
problems of background gamma radiation. The requirement is to minimize the total
exposure and response of the film to the incoherent background radiation while
enhancing the response to image forming radiation. Good quality images require the
following points to be maintained:
(a)
(b)
(c)
(d)
(e)

shielding of the film at all times other than the intended exposure
reduction of the image-forming exposure time with intense X ray sources
separation of the specimen from the film
shielding of the non-radiographed portion of the specimen
use of film which has been manufactured to have an enhanced sensitivity for
the softer X rays.

In France [49, 50], the film and the fuel element are screened from one another
and then passed together through a slit diaphragm [50]. As a result, only rays falling
perpendicularly to the film surface can have any effect; all oblique rays from the fuel
element are absorbed in the slit diaphragm. Fuel rods have also been successfully
tested by this method at the European Institute for Transuranium Elements in
Karlsruhe [51] using medium energy X rays.
In the case of fuel elements with very intense gamma radiation, a method first
demonstrated in Japan [52], where fuel rods were radiographed with the bremsstrahlung of a betatron, seemed the most suitable. Steel plates are set between the
specimen and the film; this has the advantage of reducing selectively the selfradiation of the fuel, as the absorption coefficient of steel is at its lowest in the
10 MeV range, where most of the betatron bremsstrahlung radiation is found. Consequently, the layer of steel acts as a filter which attenuates the test radiation far less
than the self-radiation, most of which is less than 1 MeV.
An 18 MeV betatron was therefore installed in the hot laboratory of the
Kernforschungszentrum Karlsruhe. Results of the first trials which produced satisfactory results were reported in 1968 [53].
The test conditions have in the meantime been considerably improved, using
reduced exposure times with increasing definition.
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8. FISSION GAS DETERMINATION
8.1. OBJECTIVES
Importance is attached to the gas that is released to the free volume of the fuel
rod during irradiation of fuel materials since it determines the gas pressure inside
a fuel rod. Fuel rod designs require that the internal pressure does not significantly
exceed the reactor system pressure to avoid thermal instability (non lift-off
criteria 3 ). The qualitative and quantitative analyses of these gases indicate the
fission gas retention characteristics of the fuel. When extended fuel performance is
required, the determination of the internal pressure is one of the major factors for
the assessment of residual life of fuel rods. Therefore a correlation of this internal
pressure with linear rating and burnup is also important for the technology.
In recent years considerable effort has been concentrated upon the development of fission gas release models, verification of which requires statistical
experimental data.

8.2. TECHNIQUE
The purpose of plenum puncturing is to determine the void volume of the fuel
rod, internal gas pressure exerted on the cladding, and elemental and isotopic composition of the fission gas released. This technique is generally used in the hot cell
laboratory.
The gas that collects in a fuel rod free volume is carefully removed for qualitative and quantitative analyses. The fuel rod is partially or totally enclosed in a
vacuum puncture chamber (in-cell) connected to a collection system with vacuum
pumps and sample bulbs outside the cell. The fuel rod is pierced usually at the
plenum level, permitting the escape of gases into the evacuated collection system.
Total gas volumes are computed from the pressure rise within a calibrated volume
of the system, and composition is determined by analysis of the bulb samples. Mass
spectrometry is usually employed, but gas chromatography and gamma spectrometry
are used also.
Puncture chamber designs vary to fit the fuel rod or capsules under investigation. Chambers for total enclosure accommodate large or irregular capsule
configurations; however, sensitivity of pressure measurement is sacrificed if the
amount of gas released is very small compared with the volume of the chamber.
Partial enclosure of the fuel rod or the capsule is generally preferred because
chamber volume is minimized.
3

Non-liftoff criteria: the outward creep rate of the cladding should not exceed the fuel
swelling rate.
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Piercing devices include needles driven hydraulically or mechanically, and
electric drills [54]. Hardened steel needles are capable of puncturing stainless steel
up to 1.6 mm thick.
Recent developments use a laser beam for puncturing fuel rods. Advantages
of this method are an easy sealing of the chamber because this equipment does not
need dynamic seals, and the possibility of welding after the puncture; furthermore
no contamination from fuels during transfer and storage may be expected [55].
Both mercury diffusion and Toepler pumping systems are used out-of-cell. If
the pressure rise after puncturing the capsule is very small, then Toepler pumping
techniques move the gas into a small calibrated volume where a pressure measurement can be made. However, if as little as 0.1 STP mL of gas is released into a smallvolume collection chamber, satisfactory pressure measurements can be made and
Toepler pumping techniques are not required.
The free volume of a fuel rod or a capsule may change during irradiation from
the effects of fuel swelling and distortion of the capsule wall. In either case the effect
on gas collection and analysis is insignificant. However, a small change in the void
volume can profoundly affect the pressure of the gas in the capsule, especially at the
temperature of irradiation.
A technique for measuring the free volume of fuel rod or capsule after irradiation utilizes gas collection apparatus. After a capsule has been punctured and the
gas removed, the system is vented to the cell atmosphere. The puncture hole then
is sealed, the system evacuated, and a new puncture is made, permitting the air in
the capsule to expand into the known volume of the vacuum system. The capsule void
volume is calculated from the pressure rise.
Another technique for measuring void volume after irradiation employs
equipment based on a design used for leak testing fuel rod closure welds in an
experimental fuel refabrication facility. In the leak test, the welded end of an element
is sealed in a partial-enclosure chamber which is then pressurized with a metered
volume of helium. If the gas pressure drops, the element is rejected on the basis that
gas leaked into the element. The flow of gas is controlled with O-ring valves,
operated with gas pressure, which are compact and give reliable, tight, seals. For
measurement of void volume, the equipment is modified by the addition of a
puncture needle. The chamber volume is determined, with the fuel rod in position,
by measuring the pressure after the introduction of a metered volume of helium. The
fuel rod then is punctured, the pressure measured, and the chamber is vented to the
cell atmosphere. A metered volume of helium is again introduced into the chamber
but this time the gas fills the punctured element, as well as the chamber, and the void
volume may be computed after a final pressure measurement is made. The accuracy
of the method depends on the gauge used but is generally better than ± 1 % ; the mass
spectrometry analysis gives the isotopic composition with an accuracy of ±3%.
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8.3. NON-DESTRUCTIVE DETERMINATION OF FISSION GAS RELEASE
In the past the determination of fission gases in the free volume of the rods was
carried out destructively. This destructive technique requires special remote
operation facilities and possibly long distance transport to such facilities, and after
measurement the rods could not be further operated.
Hence it appeared desirable to establish a non-destructive method for assessment of fission gas release which may be carried out at reactor pools, after each cycle
period. The accuracy could be somewhat less than that of the destructive examination. These considerations led to the development in Riso [56] of a method based
upon measurement of the gamma intensity of the fission gas 85Kr in the fuel rod
plenum. This method is now being used by other organizations too [57, 58].
8.3.1.

Principle of the method

Interest has been focused upon gamma spectrometric determination of the
Kr concentration in the fuel rod plenum. With a half-life of 10.73 a, 85Kr is the
only fission gas isotope which can be measured gamma spéctrometrically after even
short cooling periods (weeks). The low neutron capture cross-sections of 84Kr as
well as 85Kr in combination with the long half-life gives an acceptable memory for
long term irradiations (years).
Conversion of the 85Kr concentration to an absolute fission gas amount
requires knowledge of the size of the internal free volume as well as knowledge of
the composition of the gases. While the post-irradiation free volume may be
estimated from the pre-irradiation free volume, determination of the fission gas
composition constitutes a problem which may set limitations on the overall accuracy
attainable. The fission yield of the single fission gas isotopes depends on the
fissioning species. This leads to a burnup dependent fission gas composition in the
fuel because of plutonium buildup. Hence the composition of released gases relates
to the burnup of the fuel at the time of release. Additionally, the conversion of
135
Xe by neutron capture to 136Xe or by decay to non-gaseous isotopes depends
upon irradiation conditions. Depending on the accuracy of prediction required, the
ratio of 85Kr/total fission gases released to be used for calibration may be obtained
from model calculations, or by extrapolation from puncture test results of related
rods or by puncturing of rods selected from the non-destructively tested samples.
The measurement system consists of a high resolution Ge detector with
associated electronics, a heavily shielded detector housing, an adjustable collimator,
and data acquisition system. The measured 514 keV gamma ray count rate from a
well defined region of the plenum is related to the amount of fission gas released by
means of the system counting efficiency, the void volume from fuel rod design or
fabrication data, and the calculated (Kr + Xe)/(85Kr) ratio.
Comparison made between values of fission gas concentrations predicted from
non-destructive determinations and those obtained from puncture tests showed
deviations of less than 6%.
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9. TRANSFER, COLLECTION, DOCUMENTATION
AND STORAGE OF POST-IRRADIATION DATA

9.1. OBJECTIVES
In the last fifteen years the trend in spent fuel pools or hot laboratories is
towards producing more quantitative data following improvements in nondestructive techniques (metrology, gamma scanning, eddy current testing) together
with data from microstructural analysis. These data, obtained from post-irradiation
examinations of fuel assemblies, fuel rods and structural materials, have been
generally collected in files. Just collecting data is not enough and a further important
step is to use these experimental post-irradiation data for performance evaluation.
This requires that these data be correlated with manufacturing data operating
parameters such as irradiation history, fuel heat rating and coolant/clad temperature
in order to make an assessment of fuel performance.
Recently developments have been made to satisfy requirements for more flexibility of the collection system, an increased accessibility to potential users and also
a higher degree of safety against loss and destruction of data. This philosophy,
however, involves some problems and the consideration of certain conditions; these
can be summarized as follows:
— documentation of the data must be made in such a way that it can be used by
others;
— collection of data from different measurements must be possible by using
intermediate storage;
— a very high degree of reliability of the data storage and recovery system is
required, as an evaluation phase may be a long time after destruction or
disposal of the analysed samples;
— efficient methods of storage and recovery of data are required because of the
large amount of data.
Digital techniques involving the use of a computer are obviously a solution to
these problems. Consequently, computer based data acquisition and handling
systems associated with processing capabilities have been designed in different hot
cell laboratories.

9.2. BASIC EQUIPMENT
There follows a survey of the basic equipment and methods used for collecting,
transferring and storing data: they can be found in all facilities involved in this field.
We only consider the most current case and have restricted ourselves to facilities
such as spent fuel pools or hot laboratories for users working in these areas.
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Another possible policy in data storage and processing techniques is, of course,
to operate a centralized computer system with terminals or satellite computers in
different locations. With this system, computer programs and data files — stored
centrally on magnetic tapes and disks — are available directly to users situated in
all laboratories.
9.2.1.

Computer system and software

Each facility involved in data storage must have at its disposal a computer
system composed of the following units:
— a minicomputer with a central storage capacity;
— additional hard disks with a capacity depending on the workload of the
laboratory, connected to a backup unit (magnetic tape);
— a terminal for program control;
— a printer;
— an operating system of a multitask/multi-user type for the handling of primary
information. This system operates using dialogues in high level language.
Data concerning simultaneous measurements can be entered in a single session
when appropriate transfer and communication codes between the minicomputer and
each measurement device have been developed.
The availability of this software allows the different acquisition programs to
select and request the necessary information in dialogue with the operator. As an
example, the set-up of the software system in the alpha, gamma laboratory of the
European Institute for Transuranium Elements, Karlsruhe, Germany, is illustrated
in Fig. 32.
9.2.2.

Computer system-measurement device interfaces

Basically the connection of a given piece of apparatus to the computer system
requires:
— a compatible interface to transfer signals from an apparatus to the
minicomputer
— an appropriate communication software that enables the operator to transfer the
data and to conduct a dialogue with the code (Fig. 32).
The use of a data logger with the following functions is recommended:
— acquisition and digitalization of analogue values provided by sensors such as
thermocouples, flowmeters, pressure gauges, LVDTs, ratemeters, etc;
— conversion of digitized values into analogue values, for example in order to
impose a preset value on a temperature recorder/controller;
— an operational interface with the minicomputer that allows the transfer of data
from the different connections to the software.
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FIG. 32. Scheme of a data processing system used in a hot cell laboratory (JRG, Karlsruhe).

9.3. CONCEPT OF FILE STRUCTURE
The accessibility to the experimental data from any facility implies replies to
the following questions:
— How can the experimental data concerning a specific sample be recovered?
— How can a specific experimental datum be recovered from among the huge
mass of data stored?
In order to solve these basic problems a concept of file structure has to be
developed and the boundary conditions considered. These are:
(a)

(b)
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The identification of the sample must be made without any ambiguity and
include detailed information about the fabrication and irradiation of the
sample.
Collected in Table V is an example of the nature and type of information
required for identification or characterization.
The recovery of specific data acquired for a definite sample must be easy and
sure.

FIG. 33. Example
Karlsruhe).

of a data processing

system used in a hot cell laboratory

(JRG,

9.4. DATA CORRELATION
Basically data correlation has to take into consideration the following points:
(a)

A fuel assembly has, in fact, a four level hierarchical structure: fuel assembly,
fuel rod, cladding and fuel pellet. Manufacturing, operational and post irradiation examinations data for each of these hierarchical structures conveniently
fall into specific groupings as shown in Table V.
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TABLE IV. DATA TO BE CORRELATED
A.

Identification parameter

Sample type
— fuel assembly
— fuel rod
— cross-section of fuel rod

B.

Characterization parameter (before irradiation)

B.l.

Manufacturing data
— fuel assembly
— fuel rod
— clad
— fuel pellet

B.l.l.

Fuel assembly data
— geometric dimensions
— flow channel
— rod to rod spacing
— spacer grid width
— fabrication process and chemical composition of the different components

B.l.2. Fuel rod data
— positions in the assembly
— total length
— external clad diameter
— fuel column length
— plenum and free volume
— fuel to clad gap width
— chemical composition of filling gas
— pressure of filling gas
B.1.3. Cladding data
— outer diameter
— inner diameter
— fabrication process
— chemical composition
— microstructure
— surface treatment
— mechanical properties

70

TABLE IV. (cont.)
В. 1.4. Fuel pellet data
— diameter
— height
— central void diameter
— dishing radius
— dishing depth
— chamfer diameter
— chamfer depth
— density
— open porosity
— microstructure
— fuel chemical composition
B.2.

Irradiation data
— location in the core
— thermal neutron flux
— fast neutron flux
— total irradiation time
— burnup
— linear power as a function of irradiation time
— coolant temperature and pressure
— coolant chemistry
— coolant activity

C.

Characterization parameter (after irradiation)

C.l.

Characterization data
— fuel assembly
— fuel rod
— clad
— fuel pellet

С. 1.1. Fuel assembly data
— geometric dimensions
— flow channel
— rod to rod spacing
— spacer grid width
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TABLE IV. (cont.)
С. 1.2. Fuel rod data
— total length
— outer clad diameter
— fuel column length
— axial distribution of fission products
— axial distribution of linear power
— leak detection test
— plenum and free volume
— plenum analysis
— fuel to clad gap width
C.1.3. Clad data
— outer diameter
— inner diameter
— outer corrosion layer thickness
— inner corrosion layer thickness
— chemical composition
— microstructure
— mechanical properties
— clad integrity
С .1.4. Fuel pellet data
— diameter
— central void diameter
— crack formation
— microstructure
— secondary phases, radial distribution
— porosity, concentration and distribution; radial porosity distribution
— grain size, radial size distribution
— burnup
— fuel chemical composition
— fission product content, radial distribution

(b)
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Manufacturing data must be supplied by fuel vendors for all fuel assemblies
and components; these have to be stored and accessed using a specific
registered format. For each assembly information is given together with a
specified code as to reference materials and manufacturing route.
In addition to these data concerning fuel assembly other files have to be created
containing all fuel rod and pellet characterization data,
Operational data such as fuel assembly position in core, linear power, burnup
as a function of irradiation time, coolant data, flux distribution, must be stored

(c)

in the same way, using specified codes which reference the fuel element
component and the nature of the measurement,
Results of post-irradiation examinations on fuel assemblies, rods and pellets
must be stored using the same technique and should be retrievable for fuel
performance assessment.

In assessing fuel performance the first essentials are to review and select
appropriate data. From the files that have been established these functions are readily
achieved by using data displayed in tabular or graphical form (e.g. fission gas release
of different fuel rods versus their burnup).
Fuel performance assessment necessitates the development of codes for the
evaluation of specific in-pile behaviour such as fuel rod dimensional changes, clad
oxidation, fission gas release, load follow and transient response. These codes should
enable comparisons between fuel performance predictions based on reactor operating
data and results provided by post-irradiation examinations.

10. CONCLUSIONS
Increased demands are being placed on the reliable performance of water reactor fuel. In addition, the more stringent limits from regulatory agencies on personnel
exposure put pressure towards achieving minimum fuel leakage rate. The combination of these two factors has increased the need for more extensive surveillance programmes to detect potential fuel failures and to take appropriate countermeasures.
From the preceding chapters it is clear that many examination methods are
available to determine key fuel performance indicators and they appear adequate and
reliable. However, the need for further improvements exists, and the development
of new techniques should be pursued.
For many of the examination methods conducted in a reactor spent fuel pool
on individual fuel rods, a reconstitution capability is a necessary prerequisite.
Currently available techniques can also be successfully applied to the increased
burnup and expected design changes in future fuel.
Implementation of more frequent and extensive fuel surveillance programmes
will require existing examination methods to be improved with respect to increased
flexibility, automation and faster processing of the data obtained.
An important step in the prediction of in-pile fuel behaviour is a better understanding of the mechanisms operating during irradiation. In achieving this goal, the
techniques discussed in this Guidebook for spent fuel pool examinations may not be
entirely sufficient. More detailed examinations of individual fuel rods in the hot cells
may be required. In general, the hot cell facilities provide a combination of detailed
non-destructive and destructive examinations (e.g. metallography, radiochemistry)
which are necessary for a complete understanding of fuel performance.
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