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ABSTRACT

Fuel rod irradiations in reflector positions of the materials
testing reactor BR2 are becoming increasingly important. A typical
example is that of irradiation devices containing single LWR fuel
rods, to be tested in the framework of a new international fuel
investigation and development programme. Some of the irradiations will
comprise power transients with central fuel melting (at 2800*C), the
power increase being obtained by decreasing the pressure in a He-3
neutron absorbing screen and/or by varying the BR2 reactor operating
power. A total power variation by a factor of at least 2.5 in the fuel
rod irradiated could thus be achieved.

In some of the rods, central temperature measurements (up to
2000* C) will be carried out. Both fresh and pre-irradiated fuel rods
are concerned in the programme. For these irradiations, the accurate
knowledge of the neutron-induced fission heating and of the gamma
heating is required, as one of the purposes of the programme consists
in establishing the correlation among the thermal conductivity, the
burn-up and the irradiation, temperature. Calibration work among
various measuring methods and between measurements and one- and
two-dimensional calculations is being pursued.

The paper describes:

- the preliminary test irradiations in BR2 at full operating power
(about 66 MW) with the irradiation device containing either a
fuel rod or only water. The rod power was determined by
subtracting the gamma heating rate (in the water and the
structural materials) measured by thermal balance in the "empty"
device from the total power (fission heating rate + gamma
heating rate in the fuel rod, the water and the structural
materials) measured by thermal balance in the device with fuel
rod.
The measurements were carried out at various He-3 pressures. The
perturbation due to the He-3 pressure variation and to the
presence of the fuel rod in the device has been determined, in
the empty device and in the neighbouring BR2 channels (over the
total axial height of the BR2 core), with the aid of
calorimetric probes (measuring the gamma heating rate and the
thermal neutron flux) as well as by one- and two-dimensional
calculations (also inside the device with fuel rod). Because of
discrepancies between measurements and calculations, additional
neutron flux measurements will be carried out with activation
dosimeters, probably at low reactor power."



the power determination method that will be used during the
irradiation proper, at full reactor operating power. This will
consist essentially of thermal balance determinations in the
irradiation device. In addition, the neutron flux and the gamma
heating rate in the neighbouring or in similar BR2 channels will
be further monitored with the aid of calorimetric probes. The
(very high) temperature in the central hole of the fuel rod will
be measured in some cases with adequate thermocouples.
Calculations are planned to link the whole of the measurements.

the off-line examinations to be carried out at the end of each
fuel rod irradiation. These will consist of non-destructive
gamma spectrometry of the fuel rod over its whole length and of
destructive radiochemical measurements (determination of the
final burn-up of the fuel rod) . Here again, all measurements
will be correlated by means of calculations.

The paper will be presented by:

B. PONSARD Tel. : 32-14-332430
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1. INTRODUCTION

Up to the end of 1989, CEN/SCK carried out transient tests on BR3 fuel
rods in the Materials Testing Reactor BR2. These fuel rods were enriched UO
(up to 7 X U-235/U) , MOX or gadolinium-doped rods, pre-irradiated in the
BR3 PWR test reactor. The pre-conditioning linear power and the maximum
linear power reached during the transients were correlated with the results
of Post Irradiation Examinations (PIE).

Since 1990, CEN/SCK is also involved in transient and ramp irradiation
campaigns in BR2 on short segments of PWR and BWR rods. Some of these are
instrumented with central thermocouples, others are submitted to a power-
to-melt transient test. Most of these rods have acquired a high burn-up in
another reactor before the irradiation campaign in BR2. One of the main
objectives of these irradiation tests is the determination of the thermal
conductivity and power-to-melt criteria of different fuel types at high
burn-up. Therefore, the linear power has to be correlated with accurate
central temperature measurements. Hence, the objectives of the irradiation
campaigns in BR2 changed drastically from the ordinary carrying-out of
transients on fuel rods to the in-pile measurement of the fuel characte-
ristics.

The major problem met in these programs is the accuracy on the rod
power determination. There are two ways to determine the rod power:
On the one hand, the rod power can be determined with the in-pile instru-
mentation of the irradiation rig (see chapter 3). On the other hand, the rod
power can be confirmed after irradiation in BR2 by non-destructive
(so-called "burnotheque" or Ba-La method:see chapter 4) and by destructive
determinations.

The first method is on-line power determination (e.g. thermal balance)
whilst the second one is off-line power determination (e.g. gamma-spectro-
metry). At the present time, an error analysis is in progress to estimate
which of both is the most accurate.

In comparing both methods, the gamma heating intervenes in the
calculation of the rod power. If we assume that the thermal balance is
nearly perfectly measured, the uncertainty on the rod power determination is
proportional to the uncertainty on the gamma heating rate determination
multiplied by the ratio of the gamma heating rate to the total rod power.

During the first irradiation campaigns, a high ratio of instrumented
rod segments between the gamma heating rate and the rod power, as compared
to previously irradiated BR3 rods, has been measured. This phenomenon is due
to different facts.

Firstly, the fuel column length of the segments was about one third of
the fuel column length of a BR3 rod (1 meter). These segments, irradiated at
the maximum BR2 neutron flux plane level in capsules designed for BR3 rods
(i.e. with the same supporting structure) gave only about half of the power
delivered by an equivalent BR3 rod.

Secondly, the burn-up of the fuel was very high (up to 60 000 MWd/tM).
This high-burn-up fuel gave a very reduced power compared with fresh fuel,
even in the channels of BR2 with the highest fluxes.
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Thirdly, the enrichment of power plant reactor fuel is normally less
than the enrichment of BR3 fuel due to the small dimensions of the BR3 core.

And finally, the thermal conductivity data are not only interesting at
high power and high temperature but also below the nominal conditions and
therefore data were also collected at low rod power conditions (starting
from 10 2 of the nominal rod power) , where the gamma-heating has a relati-
vely high contribution.

The conclusion of the foregoing was that the rod power determination
and mainly the on-line rod power determination by the thermal balance method
had to be improved.

Three solutions have been envisaged to improve the accuracy of the
determination of the fuel rod power:

The first was to reduce the ratio of the nuclear heating rate to the
rod power by a proper choice of the BR2 channel. Measurements carried out by
means of calorimetric probes nevertheless show that the ratio of the gamma
flux to the thermal neutron flux is nearly constant and independent of the
position of the channel in the BR2 reflector (Fig. 15).

The second solution was the use of gamma screens (bismuth, tungsten)
around the irradiation rigs. Unfortunately, calculations indicated that
there was little chance to reduce the gamma flux more than the thermal
neutron flux by means of screens.

The third (and last) solution was to improve our knowledge of the gamma
and neutron fluxes in BR2. During the last two years the "Nuclear Reactor
Experiments Research Unit" of CEN/SCK devoted a lot of time to this ob-
jective. This work will be described in chapter 2 of the present paper,
which is to be considered more as a progress report than as a final report.

A first report was already presented during an internal seminar at Mol
in November 1991. The in-pile instrumentation was then focused [1].

A comparison between 2-D calculation results and experiments was made
in a second paper presented at the European Working Group on Irradiation
Technology at Saclay in May 1992 [2].
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2. IN-CORE NEUTRON AND GAMMA FLUX MEASUREMENTS AND CALCULATIONS

2.1. INTRODUCTION

The post-irradiation examination (PIE) of the first power transients
executed in the BR2 reflector gave rise to certain doubts about the linear
powers actually reached in the fuel rods. These doubts were confirmed after
the irradiation of short segments (about 30 cm) characterized by a high
burn-up (up to 60 000 MWd/tM). For this reason a special effort was made in
recent years to improve the determination of the nuclear heating in the
reflector channels.

At the beginning, the experimenters were mainly interested in the fast
fluxes in BR2 and the calculation method applied to obtain the nuclear
heating in the reactor core was satisfactory [3].

Later on, it appeared that the extrapolation of this method to deter-
mine the nuclear heating in BR2 reflector channels led to an important
underestimation of this heating. The comparative study of nuclear heating
values in the reflector channels measured with calorimetric probes and
calculated with the codes GEXBR2-TRPT2/TRPT3 indicated a discrepancy by a
factor situated between 1.5 and 3.5, depending on the number of fuel chan-
nels surrounding the considered channel.

The out-of-pile thermal calibration of a calorimetric probe in Al,
described in the next paragraph, made it possible to correct the whole of
the measurements performed before cycle 04/90 by a factor of 1.13 [4] and to
use the calorimetric probes for the absolute determination of the nuclear
heating in aluminium.

2.2. DESCRIPTION OF THE CALORIMETRIC PROBE

The calorimetric probe [5] is a device that allows the instantaneous
measurement of the axial distribution of the radiation (gamma and thermal
neutron) in the reactor channels. Strictly speaking, one should mention
"nuclear heating" instead of "gamma heating", as the energy deposited in
materials subjected to radiation in the BR2 core consists of:

- energy resulting from the absorption of gamma rays (93 2).
- energy resulting from the absorption of beta rays (3.5 Z).
- energy resulting from the slowing-down of fast neutrons (3.5 Z).

The active part (fig. 1) of the calorimeter consists of two independant
probes:

- the "neutron probe" is made of two aluminium rods, with a diameter of
3.5 mm, in which Al-U-235 (1.2 mg under the form of U 0 ) and Bi-209
pellets as well as Chromel-Alumel (0.5 mm diameter) thermocouples are
mounted. The heat produced flows axially towards the base support,
which is in metallic contact with the outer tube of the calorimetric
probe. This heat is proportional to the thermal neutron flux and the
beta-gamma energy for the U-235 pellet and to the beta-gamma energy for
the Bi-209 pellet.
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The temperature difference indicated by the two thermocouples is
therefore directly proportional to the thermal neutron flux. It allows
the measurement of a thermal neutron flux up to a value of
7 E+14 n/cm2s.

- the "nuclear heating probe" is based on the same principle of axial
flow of heat, which in this case is produced by absorption of the
radiation in a pure aluminium cylinder. The temperature difference
measured along the flow path by two Chrome1-Alumel thermocouples
(0.5 mm diameter) is a direct measure of the heating rate. It allows
the measurement of a nuclear heating up to a value of 24 W/g . .

The active part of the calorimetric probe is enclosed in a watertight
envelope-tube in aluminium. This tube, under Ne pressure, is suspended at
the top of the irradiation device, which itself is fixed to the upper
reactor vessel cover.

An axial displacement mechanism makes it possible for the envelope-tube
to travel over a distance of 1400 mm into the channel. The compensation
wires of the four thermocouples are led with the aid of a flexible tube
through.a penetration in the wall of the reactor pool towards a differential
thermoelectric tension measuring device.

The measurements are then stored in a data acquisition system.

The calorimetric probe can be loaded inside a fuel element (core) or
inside a beryllium filling piece (reflector).

The calorimetric measurements are carried out upon demand (approxi-
mately three times per week). When not in use, the active part of the probe
is kept outside the neutron flux.

2.3. THE CHOICE OF THE IRRADIATION CHANNEL

The method used to determine the neutron flux in the CCD device loaded
with the fuel rod to be tested is based on perturbation theory. The unper-
turbed neutron flux is calculated in the irradiation channel loaded with a
beryllium plug and a beryllium obturator using the integral transport theory
in large cells, considering five energy groups: code GEXBR2-TRPT3 [6]. The
perturbed thermal neutron flux in the fuel rod, depending of the He-3
pressure in the CCD device, is calculated with integral transport theory
with the flat flux assumption in discretized annular sub-cells, using the
diffusion boundary condition and the epithermal flux ratio.

The method used to determine the gamma heating in the CCD -device is
based on a comparison of the power produced in the empty CCD device and the
calorimetric probe. The calorimetric probe is also able to measure the axial
distribution of the thermal neutron flux, giving the required data to
calculate the axial perturbed neutron flux in the fuel rod and therefore the
axial shape factor depending of the neighbouring shim rod position.

Calorimetric measurements are systematically performed in the reflector
channels to allow an accurate determination of the unperturbed irradiation
conditions of the chosen channel for the irradiation, taking into account
the load of the surrounding channels.
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The irradiation of empty [PWC-CCD] rigs (i.e. without fuel rod) showed
that the accuracy of the method used for the determination of the nuclear
heating is about ± 15 2, ± 10 2 in most of the cases, (Fig. 3). The method
is based on the assumption that the fuel rod loaded in the [PWC-CCD] rig
(see description in chapter 3) does not modify the nuclear heating in the
structural materials of the rig itself.

2.4. DETERMINATION BY MEASUREMENTS OF THE INFLUENCE OF THE HE-3 PRESSURE
CHANGE AND THE INTRODUCTION OF THE FUEL ROD ON THE NUCLEAR HEATING

In order to get a clear insight into the gamma heating problems and to
verify the validity of the hypothesis according to which the presence of a
fuel rod in the [PWC-CCD] rig does not modify the gamma heating in the
structural materials of the rig itself, a measurement campaign with calori-
metric probes was carried out in channels H337, H323 and K349 during BR2
cycle 03/91AB (Fig. 2).

During cycle 03/91A the [PWC3-CCD4] rig was loaded without fuel rod
(water occupied the space normally occupied by the fuel rod) in channel
H337, characterized by a gamma heating rate of 2.18 W/g Al at 100 2 of the
nominal reactor power (NR). In the present case NR amounted to 54 Mtf. The
reactor was stopped after an energy production of 289 MWd and the completion
of the measurements in the rig itself as well as in the adjacent channels
H323 and K349 with the aid of the calorimetric probes R0631 and R0633. The
probes were introduced into various BR2 fuel environments from the neutron
and gamma point of view in order to be able to generalize the effects
measured: probe R0631 in H323 was surrounded by two BR2 fuel elements while
probe R0633 in K349 had no fuel neighbour (Fig. 2).

The only modification of the BR2 loading during the shutdown 03/91B
(after irradiation cycle 03/91A) consisted in replacing the PWC3 capsule by
an identical capsule, PWC1, containing a fuel rod (UO - Gd 0 with U-235
enrichment ranging from 4.3 to 5.6 2 according to the axial burn-up and with
initial Gd content of 10 2). The CCD4 screen was kept. No other modifica-
tion was brought to the BR2 loading in order to maintain the load charac-
teristics during cycle 03/91B and to enable the comparison of measurements
carried out during the two parts of the cycle. The calorimetric measure-
ments performed before and after the interruption of 2-days of cycle 01/91A
indeed made it possible to verify that the gamma heating remained the same -
in absolute value and in location - in a same loading and at an equivalent
control rod position [7]. Measurements made with an empty [PWC-CCD] during
cycle 03/92B confirm this result. It has also been demonstrated that the
nuclear heating is exactly proportional to the power of the reactor, this
power being measured by the integration of the N-16 activity.

Calorimetric measurements were also performed during the two parts of
cycle 03/91 in channels H323 (probe R0631) and K349 (probe RO633) for
various pressures of the CCD4 He-3 screen.
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2.4.1. Influence of the He-3 pressure in CCD4

The calorimetric measurements carried out in channels H323 and K349 are
very sensitive to variations of the He-3 pressure of the CCD4 screen in the
PWC capsule loaded in the neighbouring channel H337.
Indeed, the effect of the pressurization of the He-3 screen from 3 to 33 bar
has, for instance, been measured during the two parts of the cycle; repre-
sentative measurements show following effects [8]:

| Cycle 03/91A Cycle 03/91B

fuel rod present in [PWC-CCD] ?

effect on the thermal neutron flux in H323
effect on the gamma heating in H323

effect on the thermal neutron flux in K349
effect on the gamma heating in K349

no

- 7 Z
- 4 Z

- 9 Z
- 4 Z

yes

- 7 Z
- 3 Z

- 7 Z
- 3 Z

Equivalent measurements had been carried out during cycle 08/90A in
channel K49 during the irradiation of an instrumented segment in the ad-
jacent channel G60. The pressurization of screen CCD1 from 5 to 34 bar
resulted in similar effects [9], e.g.:

- effect of - 8 Z on the thermal neutron flux in K49.
- effect of - 5 Z on the gamma heating in K49.

One can deduce from the foregoing that the effect measured does not
depend on the channel considered and conclude that the total pressurization
of a He-3 screen has an effect of about - 8 Z on the thermal neutron flux in
an adjacent channel and of about - 4 Z on the gamma heating.

Measurements executed in capsule PWC5 without fuel rod have shown that
the pressurization of the He-3 screen from 4 to 37 bar results in a decrease
of the gamma heating in the capsule itself by 5 Z.

2.4.2. Influence of the introduction of a fuel rod into the rig

The calorimetric measurements made in channels H323 and K349 are very
sensitive to the loading of a fuel rod into a PWC capsule in the neigh-
bouring H337 channel (Fig. 2), and this phenomenon is very pronouncedl

Indeed, a proper choice of representative measurements in the two parts
of cycle 03/91 (He-3 pressure, height Sh of the control rods, etc) indicates
following effects:

effect on the thermal neutron flux in H323
effect on the gamma heating in H323

effect on the thermal neutron flux in K349
effect on the gamma heating in K349

3 bar
Sh=470

+ 5
+ 1

+ 16
+ 0

He-3
mm

1
1

1
Z

20
Sh

bar
=520

+ 8
+ 3

+ 21
+ 2

He-3
mm

Z
Z

Z
Z
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2.5. DETERMINATION BY CALCULATIONS OF THE INFLUENCE OF THE HE-3 PRESSURE
CHANGE AND THE INTRODUCTION OF THE FUEL ROD ON THE GAMMA HEATING

Two-dimensional neutron and gamma calculations [2] were carried out in
order to help interpreting the measurements cited in the preceeding para-
graph.

2.S.I. Influence of the He-3 pressure in CCD4

The effect on the thermal neutron flux and on the gamma heating in all
channels of the variation of the He-3 pressure in the [PWC-CCD] rig in
channel H337 can be deduced from the two-dimensional calculations. In order
to compare the results with the measurements only the channels H323 and K349
were considered. The effects calculated for pressure variations from 1 to 20
bar and from 1 to 40 bar were further interpolated for a pressure variation
from 3 to 33 bar, corresponding to the measurements (see chapter 2.4.1):

fuel rod present in FWC-CCD?

effect on the thermal neutron flux in H323
effect on the gamma heating in H323

effect on the thermal neutron flux in K349
effect on the gamma heating in K349

Cycle 03/91A

no

- 5.0 2

- 1.2 2

- 7.4 2
- 0.8 2

Cycle 03/91B

yes

- 5.5 2

- 1.6 2

- 7.8 Z
- 1.2 2

The comparison of the present table with that of the measurements shows
that the calculated effect of the He-3 screen pressurization on the thermal
neutron flux in the neighbouring channels is practically the same as the
measured effect. The calculated effect on the gamma heating, on the contra-
ry, is more than two times smaller than the measured effect.

The calculated gamma heating decrease inside the PWC capsule amounted

to:

- 0.9 2 for a He-3 pressure increase from 1 to 20 bar
- 2.0 2 for a He-3 pressure increase from 1 to 40 bar.

Interpolation of these results for a He-3 pressure increase from 4 to
37 bar leads to a (calculated) gamma heating decrease of 1.7 2, to be
compared with the measured value of 5 2, indicated in chapter 2.4.1.

2.5.2. Influence of the introduction of a fuel rod into the rig

The calculated effects on the thermal neutron flux and on the gamma
heating in channels H323 and K349 are indicated hereunder.

effect on the thermal neutron flux in H323
effect on the gamma heating in H323
effect on the thermal neutron flux in K349
effect on the gamma heating in K349

1 bar

+ 1.3
+ 0.7
+ 1.8
+ 0.7

He-3

2
2
2
2

20 bar

+ 0.7
+ 0 .1
+ 1.0

0 .0

He-3

2
2
Z
2
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One easily observes that the calculated effect on the thermal neutron
flux is much smaller than the large measured effect (both the calculated and
the measured effect on the gamma heating are small). There hence remains a
total disagreement between calculated and measured effect of the introduc-
tion of a fuel rod into the [PWC-CCD] rig on the thermal neutron flux in the
neighbouring channels. This point will have to be further investigated by
means of a benchmark irradiation.

3. DESCRIPTION OF THE IRRADIATION FACILITIES AND TRANSIENT PROCEDURE

3.1. THE IN-PILE FACILITIES

The IN-PILE facilities are designed for a 84 mm BR2 reflector channel.

3.1.1. Previously used facilities: description and operation (Fig. 4)

The power transients in the previous programmes were carried out in 3
Pressurised Water Capsules (PWC-1, PWC-2 and PWC-3) .which simulate the
coolant pressure and temperature encountered in PWRs.

The PWC capsules can accept UO and MOX as well as UO -Gd 0 BR3 rods.
The rod is centred in a 26 mm diameter thimble tube filled with demine-
ralized water pressurized at 14 MPa and has a cladding diameter of 9.5 mm,
while the fuel column has a i m length.

One thermocouple (TE) and 3 Self-Powered Neutron Detectors (SPND or
NFE) are situated in the pressurized water at the hot-plane.

The nuclear heat produced by the fuel is radially dissipated by heat
and mass transfer through the stagnant water annulus. The heat transfer in
the pressurized water annulus occurs by natural convection, nucleate boiling
at the fuel rod surface and condensation at the inner surface of the pres-
sure tube, the outer surface of the pressure tube being cooled by the forced
convection of BR2 primary water.

A droplet water flow is maintained through the in-pile section for
evacuating radiolytic gases and detecting cladding rupture by the presence
of fission gases. Presently, the capsules are not designed and qualified to
operate longer with a failing cladding. In that case BR2 should immediately
be scrammed.

The rig is reloadable in the BR2 hot cells or in the BR2 pool facility
with fresh or pre-irradiated fuel rods.

The PWC capsules are surrounded by one of three existing Control and
Calibration Devices (CCD-1, CCD-2 and CCD-3).

The CCD measures the dissipated power of the fuel rod. The 2 mm He-3
screen is a thermal insulator and a thermal neutron absorber. It controls
the fission power of the rod generated by thermal neutrons.
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The fuel rod fission power can be modified by changing the pressure in
the He-3 gas gap. A depressurization from 4 MPa absolute to 0.1 MPa absolute
approximately doubles the rod power.

PWC-2 was damaged during a "power-to-melt"
handling. Both devices were dismantled.

test and CCD-3 through

3.1.2. New facilities: modifications and improvements.

In order to replace dismantled facilities, to carry out new programmes
and to improve the performances, 2 PWCs (PWC-5 and PWC-6) and 1 CCD (CCD-4)
were constructed. The operation principle of the new devices remained the
same. PWC-5 was designed to accept PWR and BWR fuel segments instrumented by
a high temperature tungsten-rhenium central thermocouple. The number of
thermocouples at the hot-plane has been increased from 1 to 3. The centring
pieces were adapted to accept rod segments from 9.5 mm to 13.5 mm in dia-
meter. The segments are prolonged by screwed Zircalloy extension pieces.
Three thermocouples (TE) and 3 Self-Powered Neutron Detectors (SPND or NFE)
are situated in the pressurized water at the hot-plane. Irradiations have
been performed with the central temperature of the fuel reaching 2000°C
(fig. 6)'.

PWC-6 was designed to accept BWR and PWR non-instrumented fuel seg-
ments from 9.5 mm to 13.5 mm in diameter and up to about 1 meter in length.
These extension pieces increase the length of the segments to that of a
classical BR3 rod and centre it on the hot-plane. 3 thermocouples (TE) and 3
Self-Powered Neutron Detectors (SPND or NFE) are situated in the pressurized
water at the hot-plane. There are 3 thermocouples (TE) in contact with the
cladding at the hot-plane. A Linear Variable Differential Transducer (LVDT
or DE) has been added above the core to measure the elongation of the rod
(Fig. 7).

CCD-4 was designed to increase the power factor from 2 to 2.3. The
head of the rig was modified to allow the instrumentation hose to be re-
placed in case of damage.

Table 1 and 2 give a comparison of the performances of all the rigs.
They are easily reloadable in hot-cells or in the BR2 pool facility.

Table 1.

PWC RIG

PWC-1

PWC-3

PWC-5

PWC-6

ROD

BR3

BR3

9.5-->13.5

9.5-->13.5

TE(water)

1

1

3

3

TE(cladding)

-

-

-

3

TE(fuel)

-

-

1

-

SPND

3

3

3

3

LVDT

-

-

-

1
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CCD RIG

CCD-1

CCD-2

CCD-4

Table 2.

He-3 GAP
[mm]

2

2

4

POWER
MAX.

FACTOR : F
POWER/MIN. POWER

2

2

2.3

3.2. THE OUT-OF-PILE CIRCUITS

3.2.1. PWC OIJT-OF-PILE facility (Fig. 8 and 9)

This facility provides the pressurisation and circulation of the water
in the PWC rigs.

As the fuel rod is surrounded by stagnant water, the rod cladding
temperature is close to the coolant saturation temperature. Changing the
cladding temperature can thus be achieved by modifying the stagnant water
pressure.

The critical heat flux (CHF) - per cm fuel length - was determined by
out-of-pile tests with electrically heated rods at similar thenno-hydraulic
conditions. For example, the CHF at 14 MPa for a BR3 rod in the PWC geometry
with the BR2 primary water temperature at 40°C is about 900 W/cm. Transients
up to 720 W/cm can be carried out in BR2 for the determination of the
"power-to-melt" level.

In case of an accidental depr es sur ization of the PWC capsule, an
automatic action (2 out of 3) scrams the reactor immediately to prevent the
burn-out of the rod.

Rinsing water is not recirculated. After the activity measurement, the
water is sent to the warm-waste circuits.
In case of high level activity, the loop is automatically and immediately
isolated and the rinsing is consequently stopped.

There are 3 independent circulation loops for each of the PWC rigs but
only 2 pressurization pumps in parallel.

3.2.2. VNS (Variable Neutron Screen) (Fig. 9 and 10)

This OUT-OF-PILE facility provides the pressurization and circulation
of He-3 in the CCD screens.

During steady state conditions and slow power ramps, the He-3 pressure
is controlled via the secondary side of a bellow pressurizer which is itself
pressurized with nitrogen. A small He-3 gas flow is maintained through the
annular gap. The purpose of this flow is the purification of the He-3,
contaminated by tritium formed by neutron capture.
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Fast power transients are executed by a quick depressurization followed
normally by a reverse of the reactor. During the fast depressurization
phase, the He-3 is evacuated to the dump tank. The depressurization rate is
controlled by the position of the calibrated needle valve. The opening time
of this valve in the VNS installation is selected using formerly made
calibration curves. These curves give the residual He-3 pressure versus
opening time of the depressurization valve.

There are 3 independent circulation loops for each of the CCD rigs but
only 1 single and common pressurization bellows.

3.3. EXECUTION OF A TRANSIENT (Fig. 11)

The transients consist of a fast power increase, a hold time at high
power and a fast power decrease to well below the preconditioning power
level.

During slow power ramps, there is enough time for the instrumentation
stabilisation and for the operator to adapt manually the correct power.
However for fast power transients, the He-3 pressure corresponding to the
high power must be previously programmed.

Prior the start of the reactor, tests are made to adjust the position
of the regulating valve to the required slope of transient and to determine
the curves of residual He-3 pressure versus opening time of the electro-
magnetic valve.

During reactor start-up, power steps are made (e.g. 10Z NR, 202 NR,
40Z NR, 602 NR) to check the good choice of the irradiation channel. Extra-
polations of the rod power are made up to the regime reactor power
(e.g. 1202 NR). In case of an improper choice of the channel, the reactor
must be stopped and the irradiation devices must be displaced to another
channel.

Then, at reduced reactor power (e.g. 60 2) the He-3 pressure in the CCD
screen is changed from minimum to maximum, hereby recording the slow evo-
lution of the fuel rod power.

By extrapolation to the regime reactor power, the He-3 pressure during
the preconditioning period can be determined. The required power increase
during the transient is obtained by controlling the opening time of the
depressurization valve. During this period He-3 is evacuated to the dump
tank. Formerly made calibration curves of the residual He-3 versus the
opening time of the valve allow an easy and automatic control of the maximum
fuel rod power.

The high-power hold time can last from 1 minute in some programmes to
24 hours in other ones.

After that, the reactor is generally stopped by a reverse. Other
procedures are also possible to stop the transient : e.g. a fast He-3
pressurisation or the insertion of the control rod (or rods) surrounding the
experiment to its (or their) low position.
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During the pre-conditioning and the stable high power periods, the
absolute power of the fuel rod is determined by thermal balance with the
CCD. During depressurization, the relative power of the fuel rod is de-
termined by cobalt collectrons (Self-Powered Neutron Detector) or by He-3
pressure. During the reverse of the reactor, the relative power of the fuel
rod is determined by the fission chamber of the reactor itself.

The average fast depressurization time is about 10 to 15 seconds to
obtain a power factor 2. Power variation rates approach 25 W/cm.s. With a
reactor reverse, the decrease rate of the fuel rod linear power is generally
around 10 W/cm per s.

For greater power factor F, it is possible to start the transient with
a BR2 power increase by a factor of 1.3 (for example) in about 3 minutes and
then to follow with a fast depressurization of the CCD-4 by a power factor
of 2.3 In that way, it is possible to reach a power factor of 1.3 * 2.3 = 3.

3.4. OUT-OF-PILE INSTRUMENTATION

All. the signals provided by the IN-PILE and OUT-OF-PILE transducers
(thermocouple, collectron, pressure, differential pressure) are measured by
a digital voltmeter via a scanner and the values are recorded in Standard
Data File (SDF) of the Data Acquisition System for ON-LINE or OFF-LINE
analysis. Tables of values, screen graphics, plots on paper and additional
calculations can be obtained.

3.5- CALCULATION OF THE MAXIMUM LINEAR HEAT RATE GENERATION

There are presently 3 methods to determine on-line the peak pellet
power. The first one is based on the thermal balance. It has been used for
years but gives now some problems of accuracy because of the" decreasing
ratio of the total rod power to the nuclear heating in the surrounding
structure of the rig due to the increasing burn-up of tested rods. The other
two are independent of (or less dependent on) the calculation or measurement
of the nuclear heating in the structure. They are developed to cover the
lack of accuracy in the thermal balance and to get some additional controls.
Anyway, these methods are still in progress and based on hypotheses which
still must be demonstrated experimentally.

3.5.1. Rod power measurement by the thermal balance (Fig. 12)

The total dissipated power (P total) is determined by making the
thermal balance of the inlet and outlet BR2 cooling water that flows through
the annulus between PWC and CCD. The inlet and outlet temperatures are
measured by 3 chromel-alumel thermocouples and the flow-rate is determined
by the differential pressure on a diaphragm.

After subtraction of the nuclear gamma-heating in the structural
materials situated inside the He-3 screen (P gamma), the total rod power
(P rod) can be determined.
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One has the following equations :

P gamma [W] = P gamma calculated [W] on the basis of calorimetric probe
measurements

or

P gamma [W] = P gamma measured [W] on the basis of the irradiation of an
empty capsule

and

P rod [W] = P total [W] - P gamma [¥]

The mean value of the linear heat generation rate can be determined by
dividing the total power by the length of the fissile column:

LHGR mean [W/m] = P rod [W] / length [m]

Taking into account the power profile in the rod by means of a shape
factor (B), one obtains the peak pellet linear heat generation rate
(LHGR max):

LHGR max [W/m] = LHGR mean [W/m] * B

B is the ratio of the peak pellet linear heat generation rate (LHGR max) to
the mean value of the linear heat generation rate along the rod (LHGR mean):

B = LHGR max [W/m] / LHGR mean [W/m]

For the piloting of the experiment, B can be determined by calculation
while for the analysis of the results, B must be determined more accurately
by gamma spectrometry (see chapter 4).

The thermal" balance is measured with sufficient accuracy : about IX of
the full scale between 1 kW and 20 kW. The CCD device was qualified with an
electrical heater in an out-of-pile loop.

Nevertheless, the nuclear heating cannot be predicted for a BR2 cycle
with an accuracy better than 10Z (see chapter 2.3). This uncertainty on the
nuclear heating can be multiplied by a factor of 4 for small rod segments at
a high burn-up. In this case the nuclear heating can represent 80Z of the
thermal balance while the total rod power represents only 202.

A method exists anyway to improve the accuracy of the nuclear heating
determination. It consists of measuring the thermal balance with the same or
a similar empty rig (i.e. without fuel rod) and with exactly the same
reactor loading (except the rod itself). This method is very cumbersome and
time-consuming because it requires stopping the reactor in the middle of a
cycle to load the rig with the rod. It nevertheless is technically possible.
One still has to demonstrate experimentally that the loading of the rod
itself does not change the gamma flux significantly (see chapter 2).

The method of the rod power determination by the thermal balance can be
compared to an axial calorimeter because the heat is evacuated vertically
from the top to the bottom of the rig.
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3.5.2. Determination of the nuclear heating rate and of the total rod power
by means of the central thermocouple (Fig. 13)

This method is independent of the determination of the nuclear heating
but is only suitable for thermocouple instrumented rods. It is based on the
assumption that the central temperature of the peak pellet does not change
if the peak pellet power remains the same independently of the neutron
spectrum.

Therefore, a rod, instrumented with a thermocouple, is irradiated with
the surrounding He-3 screen at low pressure (e.g. 0.18 MPa) and with BR2 at
low power (e.g. 65Z NR). The power of the reactor is then doubled (e.g.
130Z NR) compensating by a pressurisation of the He-3 screen (e.g. 3.69 MPa)
in such a way that the central temperature of the rod remains the same. The
rod power also is assumed to remain the same. A 1-D calculation has shown
that the power generation profile does not change significantly if the
neutron spectrum is modified due to the He-3 pressurisation in spite of the
fact that the epithermal flux is not negligible in the BR2 reflector and
that He-3 only absorbs thermal neutrons. The temperature profile in the fuel
rod should therefore be the same too and the central temperature should
remain constant (this assertion should be controlled with a thermo-mecha-
nical code like COMETHE).

This leads to a system of 2 equations with 2 unknowns, viz. the total
rod power (P rod) and the nuclear heating in the surrounding structure
(P gamma). The nuclear heating is proportional to the power of the reactor
(Z NR) . The rod power remains the same. The thermal balance (P total) can be
measured with a sufficient accuracy (see dotted lines in Fig. 13)
That gives for instance in a typical case the following equations :

P rod (130Z NR, P He-3 = 3.69 MPa)+ P gamma (130Z NR) = P total (130Z NR)

P rod (65Z NR,P He-3 = 0.18 MPa) + P gamma (65Z NR) = P total (65Z NR)

with

P rod (65Z NR) = P rod (130Z NR),

if the central temperature remains the .same

and

P gamma (130Z NR) P gamma (65Z NR)
reactor power (130Z NR) reactor power (65Z NR)

reactor power (130Z NR)
the ratio can be defined as F : the power factor.

reactor power ( 65Z NR)

In this example F=2 but the maximum power factor achievable is 2.3 with
CCD-4.
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That leads to the following system :

P rod (130Z NR)+ P gamma (130Z NR) = P total (130Z NR)

and

P rod (130Z NR) + (1/2 * P gamma (130Z NR)) = P total (65Z NR)

1/2 P gamma (130Z NR) is thus the difference between P total (130Z NR) and

P total (65Z NR)

Unfortunately, for all previous irradiations, the power factor F is
very low : 1.2 at most for couples of measurements at the same temperature.
As a consequence, the system is quasi-singular and cannot give an accurate
value for the 2 unknowns (the angle between the 2 straight lines is very
small; the intersection of the 2 bands is too much spread; the dotted lines
show the uncertainty zone of the measurement). Therefore the 2nd equation is
fictive and a new irradiation is planned with a maximum power factor F = 2.0
to 2.3 to test the method.

3.5.3. Determination of the peak pellet linear heat generation rate by means
of the thermocouples in the PWC

Analysis of the results of different irradiations shows that there is a
univocal relation between the peak pellet LHGR and the temperature of the
thermocouples situated in the pressurized water or against the cladding.
(TE x.l, TE x.2, TE x.3, TE x.4, TE x.5, TE x.6, x being the number of the
PWC) (fig. 4,5,6,7). These thermocouples are situated at the hot plane of
the reactor, practically at the position of the peak pellet. The temperature
varies from 30°C for zero power of the rod up to 310°C for a peak pellet
LHGR of 720 W/cm (Fig. 14).

The temperature varies in a quadratic way : T = K * (LHGR)

This variation can be understood if one accepts a global heat transfer
coefficient (alpha) varying linearly with the temperature. This is nearly
the case for heat transfer in natural convection and for heat transfer by
boiling and condensation on a sub-cooled surface. The shape of the curve has
also been controlled by rig modelization with the RELAP code. The curves do
not seem to be dependent on the rod type and on the rod geometry but only on
the LHGR. A small correction can be made to take into account the variation
of the primary water temperature (20°C...40°C). The curve thus represents
the differential temperature between the thermocouple near the rod and the
temperature of the BR2 primary water in the CCD. The curve crosses the
origin of the axes (differential temperature is zero for zero power). The
greatest advantage of this method is the following:, it is less sensitive to
the nuclear heating than the thermal balance. This fact can be explained by
the presence of less absorbing material (about 2 times less). The thermal
balance is sensitive to the mean value of the rod power. This method is
sensitive to the peak pellet power. In case of a short segment (e.g. 0.33 m
fuel length) centred on the mid plane, the total rod power can be 2 times
smaller than the equivalent power for a normal BR3 rod.
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Finally, for short segments, the present method is 4 times less sensitive to
the nuclear heating than the thermal balance. Furthermore, the form factor
(B) does not intervene in the calculation. The peak pellet LHGR is given
directly by the method.

A drawback is the following : the mean temperature measured is that of
a mixture of steam and cold water; this temperature is less stable and more
"noisy" than the temperature of the primary water circuit.

The method of the peak pellet power determination by the thermocouple
inside the PWC capsule can be compared to a radial calorimeter because the
heat is evacuated radially from the cladding to the pressure tube of the
rig. Like the 2nd method, this 3rd method of the on-line rod power determi-
nation has to be qualified. Contrary to the 2nd method no additional irra-
diation is required for this 3rd method because irradiation results already
exist. Only analyses of these results are required and modelling. If this
last method gives reproducible results, one has still to calibrate it with
an electrically heated rod (in the so-called out-of-pile CHF loop) to obtain
the calibration characteristics of the temperature in the PWC versus the
LHGR.

4. NON-DESTRUCTIVE DETERMINATION OF BURN-UP AND LINEAR POWER

4.1. INTRODUCTION

After an irradiation has been performed, the test rod can be examined
by gamma-spectrometry in order to determine several parameters:

- total burn-up by examination of Cs-137
- linear power during the last irradiation by La-140
- fission gas release by Kr-85

In the next sections these gamma-spectrometric measurement methods will
be discussed. Since this paper mainly concerns burn-up and power measure-
ments, the Kr-85 measurements will not be dealt with.

Both non-destructive methods discussed below depend on the used fission
product yields, gamma yields and calculated self-shielding corrections. They
are completely independent of the gamma heating generated by the reactor in
the rod during the irradiation. When comparing with other methods it should
be taken into account that the total energy released per fission is used
(e.g. the energy of neutrinos is also included). With respect to the Ba-La
method, the dependence on the fission product yield and gamma yield can be
reduced by measuring more (short-lived) fission products. This could also
increase the possible time scale of the irradiation and of the time after
which one can examine the fuel rod in order to detect any traces of the
short-living fission products.

4.2. BURN-UP MEASUREMENTS

The burn-up of a fuel rod is determined using a long-living fission
product: Cs-137. This isotope has a half-life of 30.17 years and will there-
fore remain for a long time in the irradiated fuel.
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The cross section for capture is very small (0.1 barn), therefore Cs-137
will hardly be removed during neutron irradiation. The fission yields for
U-235 and Pu-239 differ 6-7Z, but this effect is compensated due to the
different values for the energy released per fission for U-235 and Pu-239.
For linear power values above 200-250 W/cm Cs-137 migrates partly to the
dishes**of the fuel pellets.

The method consists in performing comparative measurements of the
Cs-137 content of the fuel to be inspected and some well-known reference
fuel samples (the so-called burnotheque) [10]. These reference samples
originate from the SENA reactor and have different values for the burn-up.
The Cs-137 content of these reference samples has been well determined. The
original SENA fuel rods have been dismantled and the Cs-content of several
fuel pellets has been determined radiochemically. The neighbouring fuel
pellets have been used to serve as the reference samples of the burnotheque,
assuming the Cs-content of the neighbouring fuel pellets were the same. The
burn-up of these reference samples ranges from 13 000 to 30 000 Mtfd/tM. A
secondary burnotheque has been constructed using fuel samples of which the
burn-up has been determined with the help of the primary burnotheque. These
samples all have a burn-up of approximately 30 000 MWd/tM. For some samples
neighbouring fuel pellets have been removed for radiochemical analysis, but
the results are not available yet.

The results of the comparative measurements have to be corrected for
the different history and geometry conditions of the burnotheque and the
examined fuel rod. These corrections include:

- self-absorption in the fuel
- absorption by materials between fuel and detector
- decay of Cs-137 during the irradiation
- decay of Cs-137 during cooling time
- fission yield
- energy released per fission

The last two corrections are important if the measurement concerns
different fissile isotopes.

The uncertainty on the burn-up value is approximately 3Z, mainly due to
the uncertainties on the burn-up of the reference samples and the determi-
nation of the peak area of the Cs-137 gamma peaks. Due to the fact that the
primary burnotheque is not yet available on the hot-cell presently used, the
secondary burnotheque is used at the moment. Since the uncertainty on the
burn-up values of the secondary burnotheque is somewhat higher due to the
more indirect way of burn-up determination, an uncertainty of 4Z (1 a) is
attributed to the measurements with the secondary burnotheque. The total un-
certainty depends on specific measurement conditions. The value that is
given here can be considered as a maximum value, provided measurement
conditions are normal.

The fundamental parameter that is determined by these measurements is
in fact the Cs-137 content of the examined fuel. Due to the long half life
and the small capture cross section of this fission product the Cs-137
content is a direct measure of the burn up of the fuel. Indirectly the
linear power of the fuel rod can sometimes be determined. Should the irra-
diated fuel rod be fresh before the irradiation, one can determine the rod
power by simply dividing the measured burn-up by the irradiation time.
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In case the fuel rod has already been irradiated previously, the burn-up of
the fuel rod has to be determined before and after the irradiation.

It is clear that if there is just a small difference between the
burn-up before and after the irradiation, this way of linear power determi-
nation will not be very accurate or will not work at all. Problems could
also arise if there is not much time available to examine the fuel rod after
the irradiation has been performed. These problems are due to the fact that
it takes several months for the Cs-137 gamma-peaks to arise above the
Compton edges of the high energy gamma-peaks of short-living fission pro-
ducts .

Because of the above mentioned reasons a more direct method has been
developed to determine the linear power of a fuel rod that has been produced
during a recent irradiation.

4.3. LINEAR POWER MEASUREMENTS

The linear power of a fuel rod during irradiation is determined by use
of the short-living fission product La-140. Its half life is 40.27 hour. The
decay behaviour of La-140 is however determined by the half life of its
parent nuclide, Ba-140 (12.75 d). The capture cross section is 1.6 b, which
means that a negligable part is consumed by neutron capture. The fission
yields for U-235 and Pu-239 differ by 102; while the energies released per
fission differ by 4Z, this means that one has to take these facts into
account if MOX-fuel has to be measured.

Table 3. Fission yields of La-140 and Cs-137

fissile
isotope

U-235
Pu-239

fission yield
La-140 (Z)

6.28
5.55

fission yield
Cs-137 (Z)

6.24
6.65

energy released
per fission "

201.7
210.0

Due to the short half life of La-140/Ba-140, it is impossible to con-
struct reference samples of these isotopes. A more indirect method has been
developed to compare the La-140 activity in an irradiated fuel rod with a
well-known reference source. The reference source that is used during these
measurements is a 45.7 GBq (01-07-92) Eu-152 source, calibrated very pre-
cisely at CBNM at Geel, Belgium. This reference source and an irradiated
fuel rod are measured under the same geometrical conditions (position, slits
collimators). From the gamma spectrum of the Eu-152 source gamma-peak areas
can be determined for several different energies. With the known gamma
yields and calculated selfabsorption coefficients the gamma efficiency curve
can be determined for the detector at the specific measurement conditions.
An extrapolation of the gamma efficiency to 1.596 MeV can be executed, the
main gamma peak of La-140. In this way it is possible to determine which
counting rate at 1.596 MeV is equivalent with a certain amount of La-140
isotopes in the sample. The second step consists in a measurement of the
fuel that has to be investigated. The 1.596 MeV counting rate is determined
in this way.
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The following corrections are applied to determine finally the linear power:

- self-absorption in the fuel
- absorption by materials between fuel and detector
- decay of La-IAO during the irradiation
- decay of La-140 during cooling time "*
- production factor (i.e. ratio of Ba-140 and La-140 content)
- fission yield
- energy released per fission

The uncertainty on the linear power value is approximately 51 (1 a ) ,
mainly due to the determination of the efficiency curve, the gamma peak
areas and the source activity. As for the burn-up measurements, the total
uncertainty depends on specific measurement conditions. The value that is
given here can be considered as a maximum value, provided measurement
conditions are normal.

Contrary to the measurements with Cs-137, where the long half-life of
Cs-137 makes that the complete history of the fuel rod is considered, the
short half-life of La-140 makes that this type of measurements will only
consider the most recent irradiation circumstances of the fuel rod (say the
last two months before actual measurement). Globally speaking one can state
that the total burn-up of a fuel element can be best measured with help of
the Cs-137 isotope, while information about the most recent irradiation can
be best gained with the help of the La-140 isotope, certainly if the infor-
mation has to be available quickly (e.g. if the information is needed for a
subsequent irradiation).

5. CONCLUSIONS

To resume and conclude, there one on-line and off-line fuel rod power
determinations. These methods are more or less dependent on the nuclear
heating determination. The nuclear heating can be determined by calculation
or experimentally with calorimetric probes or by irradiation of empty PWC
capsules. That gives a set of experimental values. An error analysis and an
error estimate must be made for all the methods. This set of information
must converge towards a unique,coherent and accurate fuel rod power value.
It is foreseen to qualify this procedure next year with the irradiation of a
benchmark rod.
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FIGURES

Fig. 1 : The active part of the calorimetric probe.

Fig. 2 : Configuration 12E (cycle 03/91AB).

Fig. 3 : Gamma power measured by CCD versus calculated gamma heating.

Fig. A : CCD-l/PWC-1.

Fig. 5 : CCD-l/PWC-5.

Fig. 6 : CCD-l/PWC-6.

Fig. 7 : CCD-4/PWC-6.

Fig. 8 : PWC (pressurized Water £apsule).

Fig. 9 : Simplified flow sheet for a PWC-CCD irradiation campaign.

Fig.10 : VNS-2 Variable Neutron Screen.

Fig. 11 : Example of transient with BR2 and He-3 screen.

Fig.12 : Determination of the peak pellet linear heat generation rate.

Fig. 13 : Determination of the gamma heating and total rod power by means
of the central thermocouple.

Fig.14 : Peak pellet linear heat generation rate versus temperature in
the pressurized water capsule.

Fig.15 : BR2 Calorimetry.
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FIG. n : EXAMPLE OF TRANSIENT WITH BR2 AND He-3 SCREEN
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DETERMINATION OF THE GAMMA HEATING AND TOTAL ROD POWER

BY MEANS OF THE CENTRAL THERMOCOUPLE
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FIG.14: PEAK PELLET LINEAR HEAT GENERATION RATE VERSUS

TEMPERATURE IN THE PRESSURIZED WATER CAPSULE
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FIG. 15: BR2 CALORIMETRY
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