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7. INTRODUCTION AND SUMMARY

In the framework of the Cooperation Agreement N° 150-75
PIPGD among the Commission of the European Communities,

the Kernkraftwerk RWE-Bayernwerk GmbH (KRB) and the XKraft-
wverk Union AG Frankfurt (KWU) a programme of post-irradia-
tion analyses of the fuel assemblies B23 and C16 unloaded
from the Gundremmingen Reactor at the end of the fifth ir-
radiation cycle, was carried out in the Ispra and Karlsruhe
Establishments of the Joint Research Centre.

The main objective of the programme was the measurement of
the burn~up and isotopic composition of selected fuel sam—
Ples in order to obtain a set of data to be used for check-
ing the accuracy of nuclear code calculations. '

The other objective of the programme was the metallographic
analysis of the UOp fuel and of the zircaloy cladding.

In the LMA laboratory of the Ispra Establishment ten fuel
rods were subjected to optical inspection, metrology, me-
chanical tests on the fuel cladding and metallography. The
results obtained will be the subject of a separate report.

Gamma Scanning measurements on the fuel rods and gamma Spec-
trometry measurements were also carried out on the selected

rod positions.

Fuel samples chosen for radiochemical analyses were cut from
the rods at 440 mm and 2680 mm from the bottom of the fuel

stack.

The samples were dissolved in the laboratories of Ispra and
Karlsruhe and aliquots of the solutions were subjected to
radiochemical processes and to gamma, mass and alpha spec-
trometry determinations. Gamma spectrometry was mainly
used to determine the '°/Cs activity, from which the burnup

wvas derived,

Mass spectrometry, combined in some cases with isotope
dilution techniques, was used to determine the concentrations
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and/or the isotopic compositions of uranium, plutonium,
americium, of neodymium and of the krypton and xenon fis-

sion gases.

Alpha spectrometry was used to determine the concentrations
of some nuclides of plutonium, americium and curium. The
concentration of 148Nd was then also used for the evalua-

tion of the burn-up.

In section 3.1. all the original data of the gamma, mass
and alpha determinations are reported. These data were
processed in order to derive values of burn-up and of iso-
topic composition, build up and depletion of heavy isoto-
pes, which are reported in section 3.2, The nuclear data
used in the processing of experimental values are listed

in section 3.2.2.

The availability of the original experimental data, repor-
ted in section 3.1., also allows those interested to apply
a data processing based on different nuclear data or dif-

ferent assumptions.

In order to check the accuracy of the values of burn-up and
isotopic composition measured in our experiments three pro-

cedures were applied:
— Use of different methods in the measurement of the same

quantity : this procedure was applied for the burn-up
values which were determined both from 137cs and 148Nd

- Comparison between the results of different laboratories :

this procedure was applied by analysing 4 pairs of adja-
cent pellets in the laboratories of Ispra and Karlsruhe.

- Use of the isotope correlation approach (see'section 330 )

Similar programmes of post-irradiation examination had been
carried out on the fuel discharged from the Trino Vercellese
reactor, operated by ENEL, after the 1st and the 2nd irra-
diation cycles (1,2).




2. FUEL CHARACTERISTICS AND SELECTION OF FUEL SAMPLES

The Gundremmingen Nuclear Power Plant, operated by XRB, 1is
equipped with a dual cycle boiling water reactor rated at
250 MW (e).

Two fuel assemblies were chosen for examination : fuel ele-
ment B23 whose irradiation started on the 25th August 1969
and finished on the 5th May 1973, and fuel element C16 whoée
irradiation started on the 25th July 1970 and finished on
the Sth May 1973. ‘ '

The main characteristics of the Gundremmingen reactor core
are given in Table 1, More detailed information can be

found in Reference 3.

In Table 2 the irradiation history of the fuel elements B23
and C16 is shown.

The fuel assemblies B23 and C16 selected for post-irradiation
analyses were composed by 29 rods with initial enrichment

0f 2.53W% in 37U and by 7 rods with initial enrichment of
1.,87W% 1in 235U. B23 reached an average burn-up of 22,600
MWD/MTU while C16 reached an average burn-up of 17, 100 MWD/MIU.
The main characteristics of the fuel assemblies are re-—

ported in Table 3.

Schematic maps of the reactor core indicating the positions
of the selected fuel assemblies during the various irradia-

tion cycles are given in Figure 1,

Figure 2 shows the locations in the assemblies oOf the fuel

rods selected for the measurements.,

Figure 3 schematically shows the positions of the elements
B23 and C16 in respect to the control rod during the diffe-

rent irradiation cycles.

Table 4 indicates the position in which the fuel rods were
irradiated, the locations of the fuel pellets analysed, the
laboratories (Ispra and Karlsruhe) where the analyses of the
various fuel sections were carried out,
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All the fuel section were cut at 2680 mm from the bottom of
the stack, in the steam-water zone, having an average void
fraction of about 50%.

Only rod Al was cut also at 440 mm from the bottom, in the
water phase, The two different cutting levels of rod A1 are
indicated in this work as:

A1(1) the sample cut at 440 mm level

A1(2) the sample cut at 2680 mm level

3. DETERMINATION OF BURN-UP AND ISOTOPIC COMPOSITIONS

3.17. Experimental Procedures

A total of ten fuel rods belonging to both B23 and C16 assem—
blies were subjected to non-destructive gamma spectrometry
measurements in the LMA laboratory to determine the 13703 ac-
tivity.

In the selected position (see Table 4) six rods of the Ffuel
assembly B23 and four rods of the fuel assembly C16 were cut
and samples, 10 mm thick, were prepared for radiochemical
analysis. The cutting positions were determined with an un-
certainty of % 3 mm. The fuel samples were dissolved in
nitric acid in hot cells. Small aliquots of the fuel solu-
tions, which can be handled without heavy shielding, were
transferred to glove-boxes for radiochemical processes. In
the Karlsruhe laboratory the fission gases were collected
during the fuel sample dissolution.

The analyses were performed at Ispra (10 samples) and Karls-
ruhe (2 samples + 4 for cross checking).

Radioactive fission products were determined by gamma spec-
trometry, 148Nd, plutonium and uranium nuclides were deter-
mined by isotopic dilution and mass spectrometry. The isoto-
pic composition of the fission gases krypton and xenon was

236Pu 238Pu 241Am 242Cm

Y

determined by mass spectrometry.
and 244Crn were determined by alpha sSpectrometry.

4 1 ’
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In the present work a short description of the experimental
procedures adopted at Ispra and Xarlsruhe is given. These
procedures are described in detail in ref. (1,2,4,5).

3.17.7. Gamma spectrometry

Gamma sSpectrometry measurements were carried out both on

the entire fuel rods to determine the 137Cs activity and on
the fuel solutions to determine the activities of 13705,
134Cs,and 154Eu.

Non-destructive and destructive measurements of 13705 were
used to evaluate the burn-up of the fuel samples. The measure-—
ments of 134Cs and 154Eu were used to check other experimen-
tal determinations (burn-up and isotopic compositions) by

means of the isotope correlation technique.

a) The measurements on the entire fuel rods were carried out
with a coaxial type Ge(Li) detector having a FWHM of
2.6 KeV at 1332 XeV of 6000, comnected to an Intertech-
nigue PLURIMAT 20.

They were performed on the position at 2680 mm from the
bottom for nine rods at 440 mm from the bottom For three
rods and also at 1750 mm from the bottom for one rod.

The standard deviation of the measurements was about 2.0%.

b) The measurements on fuel solutions were carried out with
a coaxial type Ge(Li) detector, having a FWHM of 2.3 KeV
at 1332 XKeV of 6000, connected through a preamplifier and
amplifier to a minicomputer LABEN 701,

The standard deviation for 134cs and 137Cs was about 1.5%,
while the standard deviation for 154Eu was about 5%.
Further details of measurement techniques are given in Refe-
rences 1 and 2.
5ix fuel peliets, four of which were adjacent to those ana-
ly ed at Ispra, were examined at the Karlsruhe JRC Establish-
ment. A1l the results obtained at Xarlsruhe (4) and the data
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137, 134 154
?

obtained at Ispra for Cs and Eu expressed as
dis/sec/g of final uranium at reactor shut—-down are reported
in Table 5. The agreement between the 13705 data of the two
laboratories can be considered quite satisfactory. Fission
products diffusion was detected by gamma-scanning at the
cutting position of the rod E5 of the C16 assembly. Similar
diffusion was also detected on the samples A1 (1), A1 (2) and
E3 of the B23 assembly and on the samples A1 (2) and C5 of

the C16 assembly.

3.1+2. Radiochemical Procedures

The purpose of the radiochemical processes is to obtain from
the original fuel solution, purified samples of uranium,
plutonium, americium and neodymiwm to be analyzed by mass
and alpha spectrometry. Part of the purification processes
was carried out after an isotopic dilution step. At Ispra
uranium and plutonium were individually purified by means

of solvent extraction techniques (2). At Karlsruhe an ion-
-exchange technique was used to reduce the ratic between
uranium and plutoniuwm and to purify both the elements in the
same Step. At Ispra the neodymjum and americium purifica-
tion procedure, which is described, was slightly modified
and improved in respect to the one used for Trino Vercellese
reactor fuel samples.

Neodymium and americium purification
148Nd

Known aliquots of the sample solution (1 - 2 /ug of ,
dissolved in 7 M HNOS) and of the spike solution (about
1 /ug of 150Nd) were mixed, evaporated to dryness and the

residue dissolved in 9.5 M HCl.

The solution was loaded onto a column, 0,5 cm internal dia-
meter, filled with 0.6 g DOWEX 1 x 8 (200 - 400 Mesh) resin
in order to separate the rare earths from the bulk of the
most important gamma-ray emitters. The flow-rate was about
1 ml/min. Uranium, plutonium and fission products remained
fixed on the resin and the rare earths were eluted with

9.5 M HCl.
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The solution containing rare earths and transplutonium ele-
ments was evaporated to dryness and the residue dissolved
in 0.05 M hydrochloric acid. Selective separation of neo-
dymium from its neighbouring rare earths was carried out
utilising the method described by L. Koch and coworkers (5).
The 0.05 M HCl solution was percolated through a DOWEX 50

x 8 (200 - 400 mesh) resin colum (0.3 cm internal diameter
and 6.5 cm long) with a flow rate of 0.20 ml/min., The co-
lumn was then washed with 0.05 M HCl and water. Rare earths
were then eluted with 0,05 M alpha-hydroxyisobutyric acid
at pH = 4.6.

In such conditions, being the americium eluted just before
the neodymium, both the elements were collected in the same

fractions,

In order to eliminate the alpha-hydroxyisobutyric acid the
Fraction containing Am and Nd was added with an equal volume
of 14 M HNO5, then evaporated to dryness.

The elimination of possible traces of organic products was
performed by heating the residue in a oven at 500 - 600°C.
One or two drops of 14 M HNO3 were then added. The operation
was repeated twice if traces of organic materials were still

present.

The residue was then redissolved in 1 M HNO3 in order to have
a suitable solution for mass spectrometric analyses.

A total of six samples were purified for each dissolved cross

section : three unspiked and three 1soNd spiked.

3.1.3. Mass Spectrometry

At the Ispra laboratory mass spectrometric measurements were
performed on uranium, plutonium and neodymium, using a micro-
mass type VG 30 A spectrometer equipped with thermal ioniza-
tion triple-filament sources.

For each fuel sample, three spiked and three unspiked, inde-

pendently purified solutions of U, Pu and Nd, were prepared.
In general, the third solution of each group was analised
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only in case of a poor agreement in the results; for each
fuel sample two mass spectrometric runs for the different
types of solutions were normally carried out., Finally, for
each run at least ten scans of the isotopes group were exe-

cuted,.

Corrections have been introduced for mass-discrimination ef-
fects as determined by isotopic standards of the National
Bureau of Standards (USa).

The atom ratios for uranium and plutonium are reported in
Table 6 with the date of the measurement.

The average standard deviations of the measurements of the
di fferent isotopic ratios are given in Table 7.

The concentration of uranium and plutonium nuclides have
been determined by means of isotopic dilution techniques,
using as spiking isotopes, 233U and 242Pu. The spike solu-
tions were calibrated against weighed solutions prepared
with pure material supplied by the National Bureau of Stan-—
dards. The total error in the determination of the concen-
trations of uranium and plutonium is about 0.5%. This error
includes the uncertainties due to the isotope dilution pro-

cedures,

The concentration of 148Nd was determined again by the iso-
topic dilution technique with 1SONd as a spike. A correc-
tion has been introduced for the contamination due to natural

neodymium on the basis of the determination of 142Nd.

The presence of 1420e and 150Sm has been verified and sui-

tably corrected. The spike solution of 150Nd has been cali-
brated against a natural neodymium supplied by the Central

Bureau of Nuclear Measurements in Geel. The total error in

the determination of 148Nd, inclusive of the uncertainties

due to the isotope dilution procedures, is about 1%.

The 148Nd/238U, the 137c3/238U and 239pu/238U atom ratios

and the total Pu/U mass ratio are reported in Table 8.
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The Karlsruhe laboratory also performed isotopic composi-
tion measurements by mass spectrometry on the krypton and
xenon fission gases,

The results of these measurements are reported in Table 9.
Thelr average standard deviations are reported in Table 7.

A detailed comparison between the results obtained at Ispra
and Karlsruhe is presented in section 3.,3.

3.1.4. Alpha spectrometry

The alpha spectrometry measurements were carried out at the
Ispra and Karlsruhe laboratories. Without any chemical treat-
ment, an aliquot of fuel solution containing about 0.01 mg”
of uranium was dropped onto a tantalum counting plate.

The alpha Spectra were obtained by means of a semiconductor
silicon detector, connected, through an amplifier either to
a multichannel analyzer or to a LABEN 701 small computer.

Since the alpha-decay energies partly overlap, only the ac-

tivity ratios:

241Am 242Cm

239Pu + 240Pu

238 244Cm

Pu +
239Pu 240

239 240

+ Fu Fu + ru

were determined.

For each fuel sample solution two sources were prepared and
each source counted two or three times, The standard devia-
tions of the measurements of the alpha activity ratios are

between 2 and 5%.

Samples purified Ffor mass spectrometry also served for the
measurement of the activity ratios :

238 236

Pu

239Pu + 240Pu

Pu

239Pu + 240Pu

and

The average re=lative standard deviation for the measurement
of the 238Pu/(239Pu + %%0py) patio is about 1%, while that
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236 239 240

Pu) is about 10%. This is
236

For the ratio Pu{“’“pPu +
due to the very small quantity of
Ples and consequently to the very low counting rate.

Pu present in the sam-

241

The estimated uncertainty in the determination of E;gr—
3 Pu +

Am
240Pu

is about 10%.

The results of alpha spectrometry measurements carried out
at Ispra and Karlsruhe laboratories, are reported in Table 10.

3.2. Processing of the experimental data

148

3.2.17., Burn-up determination by the Nd and 13705 methods

The processing of the rough analytical data in order to ob-

tain the burn-up from 148Nd or 13705 atom content of the

samples, has been extensively illustrated in previous re-
ports / 1,2,4,5,11_/.

In the present work only a few remarks are done concerning
the updated nuclear data used.

The 14BNd amount measured has been corrected to take
into account:

a) the 148Nd burn out by neutron capture. Correction Ffactors
not higher than 1% (0.5 + 1.0% for different burn-up le-
vels ) have been applied

b) the 148Nd build up from 147Nd capture., The amount of the
correction (1.0 + 1.5 % according to the different burn-up
levels) has been evaluated on the basis of a work by Maek
et al. (6) in which the value of the activation cross-

section of 147Nd is suggested as

147

o, = 440 £ 150 b

The measured 13705 has also been corrected for in-pile decay,
applying correction Ffactors of the order of 5.0% (4.5 + 5.5%
according to the irradiation histories).
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The burn-up has also been evaluated from the non-destructive
13705 measurements already referred to (see 3.71.1.).

The 13705 activity values measured have been converted to
burn-up by means of a calibration curve obtained by using
four burn-up values derived from 148Nd measurements carried

out at the Karlsruhe laboratory, as indicated in Table 11.

The following correlation has been established:

Y = 2,21 X - 281

where : Y = MWD/MTU

X = counts/min 137

Cs measured at the fuel rod.

The correlation coefficient of the regression equation has
been in this particular case, better than 0.999 and the stan-
dard error of the regression line has been evaluated as:

143 MWD/MTU

This equation has been considered as a calibration line for
the determination of other burn-up values.

The procedure used at Karlsruhe for burn~up determination
from 137Cs measurements is different because the ratio bet-
ween '97Cs and initial uranium wveight is directly determi-
ned. This procedure is described in reference (4).

The burn-up values determined at Ispra and Karlsruhe from
14854 ana '37¢cs are reported in Table 11.

3.2.2. Nuclear data

148 137

The average fission yields calculated for Nd and Cs at
different burn-up levels, using the nuclear data of Table 12
(7,8) and the fission fractions for the various nuclides at
different burn-up, supplied by XWU, are the following:
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148Nd 1370
MWD/MTU o . . S .
average fission yield average fission yield

-2 -2
12,500 1.744 x 10 6.430 x 10
17,500 1.751 x 1072 6.470 x 102
22,500 1.759 x 1072 6.499 x 10”2
27,500 1.767 x 1072 6,524 x 1072

In order to keep the error introduced in burn-up evaluation
at a negligible level with respect to the experimental one,
we have adopted the following average fission yields:

~ for burn-up values up to 20,000 MWD/MTU (fuel assembly C16)

% = 1.747 x 1072 - 6.450 x 1072

Y
148Nd 137CS

- for burn-up values higher than 20,000 MWD/MIU (fuel assem-

bly B23)

= 1.763 x 1072 Y - 6,512 x 1072

Y

148Nd
Using the energy release per fission of Table 12 and the
values of fission fractions given by XwU, the following average

values of MeV/fission have been calculated at different burn-

up levels:
MeV/fission
MWD/MTU (average value)
12,500 205.76
17,500 206.56
22,500 207.23
27,500 ~ 207.83

Due to the small differences among the average values at dif-
ferent burn-up levels, the value of 206.8 MeV/fission has
been used for all the samples.
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The half-lives of Pu, Am and Cm isotopes utilized in this
work are those reported in Reference 2,

3.2.3. Determination of Isotopic Composition, Build up and
Depletion of Heavy Isotopes

From the mass spectrometry data (Table 6) the isotopic com-
position of uranium was calculated and presented in Table 13.

The isotopic compositions of plutonium presented in Table 14
(atom %) was calculated from the mass spectrometry data
(Table 6) and alpha spectrometry data (Table 10) which were
combined using simple equations.

The heavy isotope data were also processed in order to ob-
tain the build up and depletion of the different isotopes.

The build up and depletion of U, Pu, Cm and Am isotopes, in

atoms are presented in Tables 15, 16 and 17.

3.3 Analysis of the Accuracy of the Values of Burn-up and

Isotopic Composition

The evaluation of the accuracy of the experimental values of
burn-up and isotopic composition was carried out following

three different procedures:

~ The burn-up values were determined by means of two diffe-
rent techniques. A comparison between independently deter—
mined burn-up values provides a check of the validity of

the results.

- Four pairs of adjacent fuel sections were analyzed at
Ispra and Karlsruhe. Comparison between the results of
the two laboratories provides a check of the validity of
the values of burn-up and isotopic composition.

— Isotope correlations between different nuclides in irra-
diated fuels and between nuclides and burn-up have been
extensively used (1,4,10,11,12,13,14).
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3.3.1. Comparison Between Burn-up Values Determined by Dif-
ferent Experimental Techniques

The total error in the determination of the burn-up values
can be evaluated by combining the statistical errors of the
measurements, and the nuclear data uncertainties are reported

in Table 7.

148

A comparison between the burn-up values obtained from Nd

and 13705 is presented in Table 11,

The values derived from 13705 are generally higher than those

derived from 140Nd.

The average difference between the values obtained at Ispra
erom 37¢s and '8¢ is 2.3%.

The 137Cs measurements performed at Karlsruhe present, on the
contrary, a larger discrepancy.

The agreement between the burn-up values from 13705 measured
at Ispra and Karlsruhe for three pairs of adjacent fuel sec-
tions is about 2.3%.

Samples in which a migration of fission products was evidenced
by gamma scanning were not considered in the comparison.

In the same Table 11 the comparison between burn-up values
determined from destructive and non-destructive measurements

of 13703 is also presented.

The samples in which a cesium migration was detected were not
considered in this comparison. The average difference between
the two sets of data is about 4.4%.

3.2.2. Comparison Between Values of Isotopic Composition,
Build up and Depletion of Heavy Isotopes Determined
at Ispra and Karlsruhe

The statistical errors in the determination of atom ratios
by mass spectrometry and of activity ratios by alpha spec-
trometry, expressed as standard deviations of the measure-
ments, were reported in section 3.7.
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The systematic errcrs in these determinations are much more

difficult to evaluate.

However we consider that the comparison between the results

obtained in different laboratories is a very effective tool

for the evaluation of the total error in the measured quan-—

tities.

The average differences between the values measured at Ispra
and Xarlsruhe for the four pairs of adjacent pellets, are

presented in Table 18.

The agreement between the two laboratories in the determina-
tion of the uranium and plutonium isotopes is excellent. The

242 244Cm is also

agreement in the determination of Cm and

very satisfactory

3.3.3., Isotope correlations

A consistency check of the most important quantities deter-~
mined by the post-irradiation analyses has been attempted by
means of the isotope correlation technique.

Both spectrum independent and dependent correlation could
serve to test the experimental data and/or to obtain answers
on the physical behaviour of cell parameters.

In the Fig. 4 the Pu/U mass ratio is plotted against the

uranium depletion

235

where WOS and w5 are the percentage weight of U in the

fresh and irradiated fuel.

The different lines drawn show the different Pu production
rates of the various fuel rods, according to the spectrum
hardening towards the inner cluster zones.

The different samples correlate coherently with their posi-
tion in the fuel element, apart sample B4 which perhaps should
have been closer to the B3 line.
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The discussion of the analytical post—-irradiation data is
difficult due to the channel complex spectrum structure

present.

An important dispersion of the lines was expected, because
of the poor correlation between 239Pu (55-65% of the total

238U resonance capture product, and the para-
235y
?

Pu)} which is a
meter DS linked with the capture cross—section of
which is less dependent from the spectrum structure.

These facts determine the strong dependence of the correla-
tion Pu/U against Dg from the radial position (e.g. from
the spectrum structure) in the cluster.

Similar conclusions may be drawn from Fig. 5 where the
build up of Plutcnium isotopes is plotted against the burn-up:
again the 239Pu data lay on quite dispersed lines, according

to their radial positions.

235U‘and 239Pu Fissions are the major contributors to burn-up
and their fission cross—sections are less sensitive to the

spectrum shifts then 238U capture cross-section.

The 240Pu and 242Pu build up, also shown in Fig. 5, are less
spectrum dependent parameters being capture products of 239Pu
and 241Pu respectively. Capture cross-sections of these two

isotopes have, in fact, an important thermal part and a rela-

tively low resonance structure,

The above considerations suggest the conclusion that even
Pu isotopes are better correlated with burn-up (15) while odd
Pu isotopes correlate better with Pu/U (see Fig. 6).

In Fig. 7 the 235U/238U mass ratio is plotted agalnst the

burn-up obtained by the 48Nd technique,

It can be observed that also for this correlation the expe-
rimental points are grouped on different straight lines ac-
cording to their radial position in the cluster. Moreover the
points relevant to the two fuel elements can be apparently
grouped on different lines. This fact could be explained with
the different irradiation history of the two fuel assemblies.
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The ratio 236U/238

U against Dg 1s presented in Fig. 8. The
experimental points are not too much dispersed and it re-
sulted practically impossible to separate them according to
their radial position.

240Pu/239 235U/238U;

In Fig. 9 the ratio Pu is plotted against
also in this case the two parameters are quite strictly cor-
related and show theilr relative independence from spectrum

variation.

The burn~up is plotted vs. three different fission product
ratios in Figg. 10, 11 and 12.

The most spectrum dependent among the three indicators seems
to be the '34%s/137cs ratio (Fig. 10) while ratios '°2Xe/ > 'Xe
and 83Kr/84Kr appear better correlated with the burn-up.

242 244

In Figg. 13 and 14 the Cm and

burn-up levels are also presented,

Cm production at various
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TABLE 1 - Core Mechanical Data

CORE
Equivalent diameter 274,8 cm
Active height 330.2 cm
Number of square fuel assemblies 368
Initial enrichments 1.68 = 2.34%
Number of control rods 89
U0, in square fuel asSsemblies 52,982 Xg
To%al U weight 46,703 Kg

SQUARE FUEL ASSEMBLY
Rod array 6 X 6
Number of fuel rods 36
Side of square fuel section 17.352 cm
Total lenght 386.7 cm
Channing material Zry — 4
U0, weight 144.0 Kg

FUEL PELLET (both dished and undished)
UOp average density 10.5 g/cm3
Diameter 12,24 mm
Length of pellet stack in fuel rod 330.2 cm
Clad-pellet clearance 0.1375 mm
Temperature 650°C

. FUELD CLAD

Inside diameter 12,5 mm
Wall thickness 0.889 mm
Material Zry - 2

CONTROL ROD (cruciform)
Absorbing material B,C - powder
Absorber length 3%5.0 cm

MODERATION AND COOLING

Inlet temperature 266°C
Outlet temperature _ 286°C
Pressure 69 bar
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TABLE 7 =~ Average Standard Deviations of the Measurements

ISOTOPIC RATIOS OF U AN Pu
235, 238, 0.7 %
236, 238 rea %
240p,, 239y Oet %
2415, 23, 0.6 %
242, 239, 0.7 %

ISOTOPIC  RATIOS OF FISSION GASES
83gr/Békr 0e3 % 131%e/1 3%e 0e2 %
B4 oy 0e2 % 132y, /134 042 %
84pe /B3gr 0e3 % 136¢e/13%, 062 %

1320 A3y 0.2

BURN-UP DETERMINATION

148N 4 2 %
1376 (destructive) 4 %
13755 (non~destruc= 5 %

tive)
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TABLE B — Atom ratios of Neodymium, Cesium
and Plutonium referred to Ffinal

Uranium
Fuel Sample | Laboratory 148, (2) 137,._(2) 239 Total
Assembly Na Cs Pu
2380 238‘U’ 5335_ Maszuggtio

(x 1074 (x 10™3) (x 1073) (x 10-3)

B 23 A1 (1) | Ispra 4.88 2.12 3.89 6.98
Al (2) | Ispra 5.22 1.67 4.99 9.00

B3 Ispra 1.52 5.54 8.57

Karlsruhe 4.03 1.35 5.65 8.80

B4 Ispra 4,22 1.57 5.24 8.35

c5 Karlsruhe 4,36 1.78 5.12 8.42

E3 Ispra 4.58 1.597 5.02 8.1

ES Ispra 1.78 4,73 8,28

Karlsruhe 4,92 1.87 4.65 8.20

G16 Al (1) { Ispra 3.80 1.46 3.77 6.10
A1 (2) | Ispra 3.72 1.54 4.59 7416

B3 Ispra 1.05 4,84 6.65

Karl sruhe 2.73 1.10 4.87 6.71

cS Karlsruhe 2.96 1.26 4,59 £6.50

ES Ispra 1.10 4,31 6,58

Xarl sruhe 3.33 1.33 4,28 6.54

(a) The reported values have been corrected for:

148Nd burn out by neutron c¢aprture,

148 148

Nd build up by 147y4a (n,y) N@ reaction,

137¢s decay during irradiation.
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TABLE 11 - Burn-up Values (MWD/MTU) obtained

by Independent Experimental Tech-—

nigques
Fuel Sample Laboratory 148Nd 137Cs 137Cs (d)
Assembly : destructive non-destructive
B23 a1l (1) Ispra (a) 25,730 30,120 24,670
A1 (2) Ispra (a) 27,400 23,830 27,750
B3 Ispra 21,690 21,580
Karlsruhe 21,240 (*) 22,100
B4 Ispra 22,250 22,400 22,890
c5 Ispra (b) 18,820
Karlsruhe 22,970 (*) 25,330 23,530
E3 Ispra (c) 20,450
Ispra (a) 23,510 22,130 23,870
ES Ispra 25,380 21,380
Karlsruhe 25,190 25,900
Cc16 A1 (1) Ispra 20,300 21,120 20, 250
A1 (2) | .Ispra (a) 19,850 24,230
B3 Ispra 15,220 14,880
Karlsruhe 14,390 (*) 15,680
c5 Karlsruhe(s) 15,840 (*) 18,200 15,890
E5 Ispra (a) 15,970 19,750
Karlsruhe 17,490 19,240

(a) A fission product diffusion has been detected at the cutting positions, by
gamma scanning performed in LMA Laboratory.

(b) Cutting position at 440 mm from the bottom.
{c) cutting position at 1750 mm From the bottom.

(d) LMA Laboratory of JRC Ispra Establishment.

137

(*) calibration points For burn-up determination by Cs non-destructive

measurements,
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TABRLE 12 - Nuclear Data Used in the Determination of the

Burn-Up Values

ENERGY RELEASE PER FI3SION

235y 201.7 MeV

238, 205.0 MeV
FISSION YIELDS OF '5/Cs

233y 6.23 %

238y 6.28 9
FISSION YIELDS OF ‘“Ona

235y 1.69 %

238

U 2.13 %

239
241

Pu

Pu

239Pu

2475y

239Pu

241Pu

210.0 MeV

212.4 MeV

669 %
6.60 %

1.69 %
1.91 %
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TABLE 13 =~ Isotopic Composition of U from Mass Spectrometry
(atom %)
Aszz;tly Sample | Laboratory 235U 235U 238U
B 23 A1 (1) | Ispra 04669 0343 984988
A1 (2) | Ispra 0.718 06345 984936
B3 Ispra 14016 04307 984677
Xarisruhe 1035 G308 984657
B4 Ispra 0,948 0e315 984737
c5 Karlsruhe 0894 04328 984778
’ E3 Ispra 0903 04327 984770
E5 Ispra 0.700 0340 984560
Karlsruhe 0717 De348 984935
c 16 A1 (1) | Ispra 0e905 04319 984775
A1 (2) | 1Ispra 1,024 04301 984665
B3 Ispra 1353 0e252 984395
Karlsruhe | 14359 0e254 984387
C5 Yarlsruhe 14286 0.258 98456
ES Ispra 14072 0.280 984,648
Karlsruhe | 14096 ° 0287 984617
|
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TABLE 15 - Build up and Depletion of U Isotopes

-34-

(atoms/100 initial heavy atoms)

Fuel Sample Laboratory 235U 236U 238U
Assembly Depletion Build up | Depletion
B 23 A1 (1) Ispra 1.923 0.329 1.828

A1 (2) |Ispra 1.879 0.329 2,241
B3 Ispra 1577 0,297 1.808
Karlsruhe 1.557 0.298 1.889

B4 Ispra 1,656 0.302 1.839
C5 Karlsruhe 1.695 0.318 1.924
E3 Ispra 1.689 0.316 1.969
ES Ispra 1.886 0,328 1.992
Karlsruhe 1.869 0.336 2.057

C 16 A1 (1) Ispra 1.692 0.308 1.363
A1 (2) Ispra 14569 0.291 1.523
B3 Ispra 1.238 0.246 1.196
Karlsruhe 1.230 0.248 1.249

C5 Karlsruhe 1.305 0.252 1.289
ES5 Ispra 1.516 0.273 1,274
Karlsruhe 1.492 0.279 1.346




-35-

SEE*9 rbL 0 065°0 Eb*1L I Ltbo*o SYnIsTILA

89€*9 LSL*0 9650 Er°L SL*t LH0*0 9L°F exds1 ¢

0zZE€*9 860°0 LES*O XAl Al $£0'0 aynisTIeX %]

£26*9 880°0 250 LL*1 69 ¥ £L0'0 aynIsTIey

99t 9 LBO*0Q 9£6"0 gLet 99 ¥ £€0°0 LE*E eadsT €d

226'9 g6L*0 9GL*0 z26"1L ov*t gt0*0 eadst (2) v

668G 6LL°0 v09°0 Skt 29°¢t 9€0*0 eadsI (1) v 9L 2
rSe°L EEE 0 2680 go*e St v 660°0 YNISTILA

9E6° L LEE0 8680 60°2 25 b L60°0 | vE*L eadsT ca

008" L 2z 0 vkg*o €81 08t t80*0 eadsI €a

1608 €920 648*0 S6°1 L6t 680°0 aYnIsTIR ]

££0°*8 2tz*0 6580 et to*s 2600 eadsT ¥a

ZA°2d] veeg*o F8g*o Lg*L Lb*s 9g0°*0 YNISTIRY

2628 I AL! LS8 0 L8t 62°6 080°0 vzt eadsT cd

809°8 gvbro geL°L SLee gLt goL* 0o L9451 eaxdsy {(g) Lv

6699 ¢gt*o 28L°0 08*L A 8900 L9701 eadsz (L) v €z €
q<mma na, na,, nd,, fdge Ry H%mmmmxv Azojeaoqen atdueg mﬁwwwwm<

{swoje AAeay TeT3ITUT 000 Iad

swoje) sadolosI wntuoinid JO dn pPIIng — §1 4A14avl




-36-

TABLE 17 - Build up of Cm and Am Isotopes

(atoms/10® initial heavy atoms)

Asgggély Sample | Laboratory 2420m 244Cm _(X2f3fg)
B 23 A1 (1) | Ispra | 9.92 8.65 3.73
A1 (2) | Ispra 14,32 19.28 6.55
B3 Ispra 9.37 8.46 3.70
Karlsruhe 9.22 8.36
B4 Ispra 9.17 9.16
c5 Karlsruhe 9.90 10.58 1.04
E3 Ispra 9.46 8.95 2.19
E5 Ispra 11.29 15.24 2.12
Karlsruhe 10.26 14.14 1.74
C 16 A1 (1) | Ispra 517 2.55 2.77
A1 (2) | Ispra 6.76 4,37 2,64
B3 Ispra 3.68 1.44 1.00
Karlsruhe 3,80 1.62 0.94
C5 Karlsruhe 3.76 1.89 0.32
ES Ispra 5.09 2.46 1.43
Karlsruhe 4,82 2.99 1.02
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TABLE 18 — Average Differences Between the Measurements Per-—
formed in Ispra and Karlsruhe Laboratories on Pairs
of Adjacent Pellets

ISOTOPIC RATIOS OF U AND Pu
235U/238U 1.8 %
236U/238U 1.47 %
24OPu/239Pu 0.3 %
239,238y 0.05 %
Total Pw/U 0.5 %

ISOTOPIC COMPOSITION OF U AND Pu
235y 1.75 % 239Pu Q.45 %
2360 1.5 % 240p,, Q.55 %
238y 0.02 % 2416, 1.3 %
238p, 0.45 % 2425, 2.95 %

BUILD UP AND DEPLETION CF U

238U 4.45 %

235y 1.1 % | 3% 1.45 %

BUILD UP OF Pu, Cm AND Am

238p, 1.2 % |2¥py 0.7 % 2420, 3.2 %
239%, 0.2 % |%*°py 0.2 % 24%en 6.4 %
240p,, 1.15 % |Total Pu 0.45 % | 2*'am  10.1 ¥%
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SECOND IRRADIATION CYCLE THIRD IRRADIATION CYCLE
FOURTH IRRADIATION CYCLE FIFTH IRRADIATION CYCLE

B ey

O FUEL ELEMENT B23 - Positions H-4 and J-4
B FUEL ELEMENT C16 - Positions J- and F-7

j FIG. 1 : SCHEMATIC CORE MAPS OF THE GUNDREMMINGEN REACTOR
DURING DIFFERENT IRRADIATION CYCLES
THE POSITION OF THE ELEMENTS B23 AND C16 ARE INDICATED
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ELEMENT B23 ELEMENT C16
A B C D E F A B C D E

0]

ENRICHMENT 1.87 wy 23U

SELECTED FUEL RODS (ENRICHMENT 2.53 w 233U)

FIG. 2 : LOCATION OF THE FUEL RGDS OF ELEMENTS B23 AND
C16 SELECTED FOR ANALYSES
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UZBS/UZEB

Mass Ratio
ix 103

. Fuel element B23
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