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ABSTRACT

LWR fuel testing at the High Flux Reactor (HFR) and the Hot Cells at Petten has been successfully
performed with pre-irradiated fuel rod segments. The testing methods have been extended with hot cell
techniques for (1) re-fabrication of test fuel rods from full length fuel rods from power reactors, (2) re-
instrumentation of pre-irradiated fuel rod segments with pressure sensors, and (3) instrumentation of re-
fabricated fuel rods or fuel rod segments with central thermocouple and/or pressure sensors.

Full length LWR fuel rods are shipped directly from the commercial power reactor to the Petten Hot Cells
for re-fabrication. Prior to segmentation, the fuel rods are punctured for fission gas analysis, pressure and
void volume determination. The segments are characterized by NDT methods (e.g. gamma-scanning, eddy
current measurement and profilometry), prepared for insertion of isolation pellets and new end plugs. After
welding of the end plugs, leak testing and re-filling with helium (or optionally fission gas from puncturing)
up to the previous gas pressure are performed. Finally, the fuel rods arc characterized and checked again
by the same NDT methods as used earlier, and by neutron radiography prior to HFR irradiation testing.

The re-instrumentation of pre-irradiated fuel rod segments consists of the application of pressure sensors
for on-line fuel rod pressure monitoring during HFR irradiation testing. In this method, a pre-assembled
re-instrumented head is remotely welded to the top side of the fuel rod segment The re-instrumentated
head contains 2 pressure transducers and a sampling valve for gas filling of the measuring system after
welding to the fuel rod. Connection of fuel rod plenum and measuring head is performed by an integrated
drill in the re-instrumentated head. The re-instrumentated head provides means for sampling of the fission
gases and further analysis, and/or for re-filling during an irradiation test programme.

The method for instrumentation of re-fabricated fuel rods allows the installation of a central thermocouple
in the fuel stack and/or the application of pressure sensors. This technique is applicable to pre-irradiated
fuel rod segments and to segments prepared for re-fabrication. If pre-irradiated fuel rod segments are to
be re-instrumented with thermocouples, the top end plug and components in the plenum region are
removed. For installation of a central thermocouple, a bore is drilled into the top end of the fuel stack,
using subcooled solidified CO2 for fixation of the fuel. After drilling, a molybdenum tube is inserted as a
support for the pellet fragments, and for guidance and protection of the thermocouple. Then a special top
end plug is welded to the fuel rod. A pre-assembled measuring head, consisting of a connection piece to
the top end plug, a zircaitoy/stainless steel joint, a central thermocouple and/or pressure sensors and the
connection system to the out-of-pile installation, is attached as an integral component to the fuel rod,
welded and handled by the same technique as used for re-instrumentation.

After re-fabrication and/or instrumentation the fuel rods are transported to the HFR, where they are
remotely loaded into the standard LWR fuel rod testing facilities. These facilities provide a wide range of
testing capabilities under typical LWR system conditions (both PWR and BWR) including various types
of transient scenarios. Several fuel rods have been re-fabricated and two fuel rod segments have been re-
instrumented, and successfully tested at the HFR. Studies and preparations for re-instrumentation of fuel
rods with a central thermocouple and/or pressure sensors are in progress.



1.0 INTRODUCTION

For more than 20 years, the High Flux Reactor (HFR) Petten [1] and the Hot Cell Laboratory (HCL) at
Petten have been supporting the LWR fuel irradiation programmes related to the investigation of fuel rod
performance under various operation modes, mostly transients. The test fuel rods for these programmes
consist mainly of pre-irradiated fuel rod segments which have previously been operated in commercial
power reactors.

The testing methods employed at Petten are being constantly improved. During the last 4 years they have
been extended with hot cell techniques for (1) re-fabrication of test fuel rods from full length power reactor
fuel rods, (2) re-instrumentation of pre-irradiated fuel rod segments with pressure sensors, and
(3) instrumentation of re-fabricated fuel rods or fuel rod segments with a central thermocouple and/or
pressure sensors.

During 1992, the re-fabrication system was installed at the Petten HCL in order to cope with the increasing
demand for HFR testing of advanced and/or high burn-up fuel rods, of which only pre-irradiated full length
fuel rods from commercial power reactors are available. Meanwhile several test fuel rods have been re-
fabricated and successfully tested in programmes related to the investigation of power transient behaviour.
In addition, this new technique provides the basis for the preparation of pre-irradiated fuel rod segments
and of segments from full length fuel rods, for re-instrumentation with central thermocouples, pressure
sensors and other instruments.

In 1989, a system for re-instrumentation of pre-irradiated fuel rod segments with pressure sensors was
introduced in the Petten HCL. Fuel rods re-instrumented by this method have been successfully tested in
programmes addressing transient fission gas release phenomena.

Both the re-fabrication and the re-instrumentation techniques together with a special drilling and assembly
method, provide the basis for re-instrumentation of both types of fuel rod segments with central
thermocouples, pressure sensors and other instrumentation. Studies and preparatory work for various
combinations have been performed. The systems required for installation of central thermocouples will
become operational at the Petten HCL during the course of 1993.

This contribution addresses the hot cell methods developed and employed at Petten for re-fabrication and
instrumentation, and highlights some typical examples.

2.0 RE-FABRICATION

The re-fabrication technique at the Petten HCL is based on the method developed earlier.at the Ris0
National Laboratory (NL) in Denmark [2]. Detailed information on this method, the drilling technique, for
accommodation of a central thermocouple in the fuel and its installation procedure, has been obtained
within the framework of a know-how transfer contract between the Petten HCL and the Riso NL. In view
of other boundary conditions and availability of equipment at the Petten HCL, several details of the re-
fabrication technique had to be adapted to the requirements of the Petten HCL and are therefore different
in comparison to the reference method.

2.1 Reception of the full length fuel rods and preparation for re-fabrication

In most cases, the pre-irradiated full length fuel rods are directly delivered from the commercial power
reactor to the Petten HCL. For the transport of fuel rods with lengths exceeding 2 m and up to approx.
4.5 m total length, the R52-type container has been selected. Provisions for reception of R52-type
containers have been made and are operational at the Pctten HCL.

The available handling space in the Petten HCL is limited to 2 m for objects which need to be handled in
all directions. Therefore, full length fuel rods are first punctured and segmented into operable lengths.
After the non-destructive investigations, further segmentation into the lengths needed for re-fabrication is
performed. Table 1 gives a sequential overview of the preparatory activities. Because the main hot cells
at the Petten HCL are not alpha-tight cells, the segmentation is performed within a closed, local



containment formed by a plastic bag. For segmentation, a pipe cutter, situated in this plastic bag, with seals
at both sides of the cutting area, is employed. After cutting, the pipe cutter and the two sides of the plastic
bag are tightened and isolated by several welds across the plastic bag. The bag is then cut between the
welds and provides a temporary seal to the open end of the fuel stack.

Table 1 Delivery, reception and preparatory work prior to re-fabrication of test fuel rods

Step Activities

At the commercial power reactor fuel storage pond

1 Withdrawal of the full length fuel rod from the fuel element Loading into a transport
container (e.g. R52, max. fuel rod length approx. 4.5 m).

Direct shipment to the Petten Hot Cells.

At the Petten hot cells, main hot cell section

2

3

4

5

Reception of the transport container, unloading of the full length fuel rods
and temporary storage.

Puncturing for pressure measurement, void volume determination and fission gas analysis.

Segmentation of the full length fuel rod for handling purposes (length < 2 m).
Investigation and fuel rod characterization by non-destructive methods like gamma-

scanning, eddy current check, profilometry, oxide layer measurement or visual inspection.

Selection of the fuel rod sections for re-fabrication and further segmentation.
Typically, fuel rod segments for re-fabrication are cut into lengths of approx. 400 mm

before they are transferred to the alpha-tight hot cell section for re-fabrication.

2.2 Re-fabrication of LWR test fuel rods

The re-fabrication of the test fuel rods is performed with dedicated re-fabrication devices. The steps in the
re-fabrication procedure and characterization of non-instrumented fuel rods as summarized in table 2.

A typical lay-out of a re-fabricated fuel rod is shown in Figure 1.
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Figure 1 Typical lay-out of a re-fabricated LWR fuel rod



Table 2 Re-fabrication and fuel rod characterization sequence

Step Activities

At the alpha-tight hot cell section (in argon atmosphere)

1

2

3

4

5

6

7

8

9

Cutting of the lower end of the fuel rod to precise length using a rotating saw with a
diamond-cutting blade.

Removal of one pellet by drilling and machining of the cladding tube internally and
externally for preparation of the insertion and welding of a new end plug.

Determination of the fuel stack position by depth measurement relative to the cladding.

Introduction of an isolation disc and insertion of the lower end plug with a cone shaped fit

Welding of the end plug to the cladding by rotating the rod under a TIG welding head.

Closure of the central opening in the end plug with a valve type stem; attachment of the
lower centring piece and welding to the lower end plug.

Cutting of the upper end of the fuel rod to the specified length.

Removal of several pellets by drilling and machining of the upper end of the cladding tube
in order to adapt it to the upper end plug dimensions. Determination of the upper fuel

stack position by depth measurement relative to the cladding.

Insertion of an isolation disc and fixation of the fuel stack by a spring sleeve.
The spring sleeve is released automatically during the first start-up to power at the HFR.
Welding of the end plug to the cladding by rotating the rod under a TIG welding head.

Temporary sealing of the central bore in the top end plug.

Cleaning and decontamination of the fuel rod external surfaces.
Transfer of the fuel rod to the large main hot cell section.

At the main hot cell section

10

11

12

Removal of the temporary top seal and connection to the gas filling system.

Insertion into a tube furnace. Alternating sweeping of the fuel rod by evacuation with
vacuum and helium filling (above 100 6C). Finally at room temperature, void volume

determination and filling of the fuel rod to the specified pressure.
Closure of the opening in the top end plug.

Transfer of the fuel rod into the re-fabrication section of the hot cells.

At the alpha-tight hot cell section (in argon atmosphere)

13

14

Attachment of the upper centring and support pieces to the upper end plug and
TIG welding to the upper end plug.

Decontamination and transfer to the main hot cell section

At the main hot cell section

15

16

Characterization of the fuel rod by non-destructive methods (e.g. visual inspection, gamma
scanning, eddy current cladding check, profilometry or oxide layer measurement).

Loading of the fuel rod into a dedicated transport vessel. Transfer to the HFR.

At the HFR, prior to loading into the irradiation device, during intermediate inspections and after
irradiation, the following non-destructive methods are performed for fuel rod characterization

17 Mandatory: neutron radiography.
Optional: eddy current cladding check and profilometry.



Figures 2 and 3 show typical results of the remote welding on re-fabricated fuel rods.

Figure 2 Weld between irradiated
cladding and bottom end plug

Figure 3 Weld between top end plug
and upper support structure

3.0 RE-INSTRUMENTATION

Up to now, re-instrumentation of pre-irradiated fuel rod segments at the Petten HCL has only been
performed with pressure sensors for on-line fuel rod pressure monitoring during HFR irradiation testing.
However, preparations are in progress for re-instrumentation of pre-irradiated fuel rod segments and "of
re-fabricated fuel rods with central thermocouples, pressure transducers and/or other instrumentation (e.g.
linear displacement transducers for fuel stack length monitoring).

3.1 Re-instrumentation of pre-irradiated fuel rod segments with pressure sensors

The re-instrumentation of pre-irradiated fuel rod segments [3] is performed in the main section of the
Petten HCL. In this method, a pre-assembled, re-instrumented head, with two pressure transducers and
a sampling valve, is welded to the fuel rod segment. Connection of the fuel rod plenum and the measuring
system is performed by an integrated drill in the re-instrumented head. The gas inventory within the fuel
rod is not exchanged during this procedure and only changed a little by the helium originating from the
added free volume between the sensors and the end plug.
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Figure 4 Block diagram of the re-instrumented fuel rod and related out-of-pile systems



Two different versions of the re-instrumented heads are available. They differ mainly in the methods of
sealing the internal drill shaft and in doing so, they accommodate the differences between the type of end
fittings on PWR and BWR fuel rod segments. Commercially available pressure transducers are used as
pressure sensors. The pressure transducers and the sampling valve are situated at approx. 2.5 m distance
from the fuel rod, outside the neutron flux field. The interconnection tube is filled-up with a solid wire in
order to reduce the dead volume of the measuring system. The entire measuring system is placed in a
pressure controlled containment Figure 4 shows a block diagram of the re-instrumented fuel rod and the
measuring system. Figures 5 and 6 show some details of the interconnection zone of two different fuel rods.

re-instrumentation welding
instrumentation

, fuel rod 0V12.5 *[ead

re-instrumentation welding
instrumentation

fuel rod 0ii2.5

Figure 5 Interconnection section of
a pre-irradiated PWR fuel rod

Figure 6 Interconnection section of a
pre-irradiated BWR fuel rod

The re-instrumentation is performed with a dedicated welding and drilling device installed at the main
section of the Petten HCL. The welding operation is performed by a rotating TIG welding torch in a locally
sealed welding chamber. Figure 7 gives an overview of the main elements of the re-instrumentation rig.
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Figure 7 Block diagram of the re-instrumentation rig at the Petten HCL



The re-instrumentation procedure and characterization of the fuel rod segments includes the steps as
summarized in table 3.

Table 3 Re-instrumentation for pressure monitoring and fuel rod characterization sequence

Step Activities

At the main hot cell section

1

2

3

4

5

6

Characterization of the fuel rod by non-destructive techniques (e.g. visual inspection,
gamma scanning, eddy current cladding check, profilometry or oxide layer measurement).

Removal of oxides and cleaning of the top end for welding by abrasion with emery
samplinge.

Positioning of the fuel rod into the welding and drilling stand.
Attachment of the re-instrumented head. Adjustment of the assembly for the correct

welding position. Closure of the welding head. The welding head is self-centring on the fuel
rod. Welding by a rotating TIG welding torch.

Pressure leak tests, determination of the void volume of the attached measuring system,
alternate sweeping of the measuring system with vacuum and helium.

Helium filling of the measuring system to the anticipated fuel rod pressure.
Isolation of the helium supply line.

Interconnection of the fuel rod plenum with the measuring system using the integrated drill.
The fuel rod pressure sensors are employed to supervise this operation.

Fixation of the drill and additional sealing of the drill by a metal sealing system.
Closure of the containment with the pressure measuring system.

Visual inspection and loading of the re-instrumented fuel rod into a transport container.
Transfer to the HFR.

At the HFR, prior to loading into the irradiation device, during intermediate inspections and after
irradiation, the following non-destructive methods are performed for fuel rod characterization

1 Mandatory: neutron radiography.
Optional: eddy current cladding check and profilometry.

3.2 Re-instrumentation of fuel rod segments and re-fabricated fuel rods with central thermocouples
and/or pressure transducers

The method for instrumentation of re-fabricated fuel rods allows the installation of a central thermocouple
in the fuel stack and/or the application of pressure sensors. This technique is applicable to segments
prepared for re-fabrication and also to pre-irradiated fuel rod segments. In the latter case, the top end plug
and components in the plenum region are removed and re-arranged. Figure 8 shows the schemes for
different instrumentation arrangements.

For installation of a central thermocouple, a bore is drilled into the top end of the fuel stack, using
subcooled solidified CO2 for Fixation of the fuel. After drilling, a 2.5 mm outer diameter molybdenum tube
is inserted as a support for the pellet fragments, and for guidance and protection of the thermocouple. A
special top end plug is then installed and welded to the fuel rod. These activities are performed in the
alpha-tight hot cell section.

A pre-assembled measuring head, consisting of a connection piece to the top end plug, a zircalloy/stainless
steel joint, a central thermocouple and/or pressure sensors and the connection system to the out-of-pile
installation, is attached as an integral component to the fuel rod. It is welded and handled by the same
equipment used for re-instrumentation.



If only pressure sensors are to be installed, the same re-instrumentation technique is employed as described
in the chapter 3.1.
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Figure 8 Re-instrumentation arrangements

3.3 Instruments for re-instrumentation

The instrumentation available for re-instrumentation is summarized in table 4. Beginning with fresh fuel
rods, instrumentation of this kind has been successfully used in several irradiation programmes [4]. In
addition, valuable experience was gained with the direct measuring fuel pressure sensors on re-instrumented
fuel rods as shown in chapter 3.1.



Table 4 Sensors used for re-instrumentation

Parameter

Central
temperature

Fuel rod internal
pressure

Fission gas analysis,
refilling of fuel rod
with gas

Sensor or device

High temperature thermocouple,
WRe type with BeO insulation,
molybdenum sheath,
length approx. 200 mm,
commercial product

Direct pressure measurement with
absolute pressure transducer, with
stainless steel diaphragm for flush
mounting and welding installation,
pressure range above LWR system
pressure (e.g. approx. 100 bar for
BWR and approx. 200 bar for
PWR), commercial product

Indirect measurement of pressure
with a membrane pressure switch and
an external pressure transducer, the
membrane of the pressure switch is
kept in a floating position by
adjusting the external balancing
counter pressure and supervision of
the membrane position by resistance
measurement of an electrical contact
between the membrane and an
electrical contact; Petten-made
product

Stainless steel sampling valve
situated in the measuring box close
to the direct measuring pressure
transducers; commercial product

Remarks

Correction for decalibration during
irradiation testing:
0.8% for a thermal neutron fluence
of 1024 m2

Pressure transducer mounted
outside the neutron flux field;
well suited for monitoring rapid
changes in pressure

Membrane pressure switch close to
fuel rod and in radiation field,
indirect pressure measurement by
external pressure transducer, not
suited for rapid changes in pressure

Operations are performed at the
Petten HCL, the sampling valve is
connected to the standard
equipment for pressure
measurement, void volume
determination and fission gas
analysis; puncturing is avoided; the
fuel rod can be further irradiated
after measurements and refilling

4.0 IRRADIATION TESTING AT THE HFR

After re-fabrication and/or re-instrumentation, the fuel rods are transported to the HFR. There they are
always checked by neutron radiography, and if-they fit into the under-water measuring system, are
optionally checked by eddy current measurement of the cladding and by profilometry.'Thereafter, in the
HFR pool, the fuel rods are remotely loaded into the standard LWR fuel rod testing capsules [5]. Figure
9 shows the standard type of LWR fuel rod irradiation capsule.

The LWR fuel testing facilities provide a wide range of testing capabilities under typical LWR system
conditions (both PWR and BWR). Various types of transient scenarios can be easily simulated. Table 5
summarizes the main features of these systems.



Legend

1 - Reloable irradaition device

2 - Fuel rod

3 - Ribbed basket

4 - Pressure vessel

5 - Fuel rod support

6 - Metal seal
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9 - Minitubes of primary system

10 - Self-powered neutron detectors

11 - Capsule carrier

12 - HFR core

13 - PSF table with trolleys

Cross s e c t i o n

Figure 9 Reloadable standard LWRfuel rod irradiation capsule at the HFR



TabkS Main characteristics of the LWRfuel testing facilities at the HFR Petten

Feature

No. of testing
systems

LWR system
conditions

Loading and
unloading of
fuel rods

Operation

Power control

Test scenario

Fuel rod failure
monitoring and
shut down of
the experiment

Characteristics

8 systems for parallel and independent operation are available

Any of the PWR, BWR and PHWR system pressures up to 160 bar,
typical fuel rod surface temperatures from approx. 150 W/cm linear heat
generation onwards, fuel rod surrounded by high pressure water

Remote loading and unloading in HFR pool,
fuel rods of up to 2 m length and 22 mm outer diameter can be handled,
intermediate inspections are feasible after approx. 3 days decay period

The experiments can be started and stopped independently of HFR operation

By controlled positioning in the Pool Side Facility (PSF) relative to the HFR
core

Individual test scenarios in the power range from 0 to 700 W/cm linear heat
generation and with controlled power change rates between 0.05 to
3000 Wcnvhnhr1 using standard enriched fuel are feasible

Continuous failure monitoring through activity monitors on return line of the
primary system, detection of fission gas release to the primary system within
approx. 5 minutes after the event;
immediate shut down of the experiment by fast withdrawal (< 1 minute) to
nearly zero power position; hence, fuel rod failures can be "frozen" in their
primary condition

Present experience relates to re-fabrication of fuel rods and re-instrumentation of fuel rod segments with
pressure sensors. The fuel rods have been tested at the HFR in projects addressing the power ramp
behaviour and fission gas release mechanisms.

5.0 CONCLUSIONS

The present paper provides an overview of the re-fabrication and re-instrumentation techniques already
available and under consideration at Petten.

The re-fabrication method of test fuel rods from irradiated full length fuel rods provides an important and
economically viable procedure to the LWR fuel research community, especially in view of the increasing
demand for tests with high burn-up fuel. It combines in a very efficient manner, the possibilities of a power
reactor and of a test reactor.

Irradiation testing has confirmed that the fuel rod behaviour of re-fabricated fuel rods is similar to that
experienced with segmented pre-irradiated fuel rods. ~

With the re-instrumentation technique for irradiated fuel rods, more meaningful and improved tests are
possible with on-line monitoring of important characteristics such as fission gas release, restructuring,
thermal behaviour, etc..

The combination of a technically, well-equipped, hot cell laboratory and a testing reactor, with versatile and
modular irradiation devices, flexible testing facilities and experienced staff is a pre-requisite for the
realization of projects using re-fabricated and/or re-instrumented fuel rods.
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