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Abstract

The irradiation of our first prototypes of MOX nuclear fuels fabricated in Argentina began in 1986 [1].
These experiences had been made in the HFR-Petten reactor, Holland. The six rods were fabricated in the a
Facility (GAID-CNEA-Argentina) [2]. The first rod has been used for destructive pre-irradiation analysis in the
KFK (Kemforschungszentrum Karlsruhe), Germany. The second one was a pathfinder for calibrating systems
in the HFR [3]. Another two rods included doped pellets based on iodine. One of them included Csl and auxiliary
components. The second one included elemental iodine. The concentration of iodine was intended to simulate 15
MWd/ton(M)of bumup [4]. We defined the power histories with the BACO code. We assumed a cycle of 15 days
that included interaction treatments of cladding and pellet due to the power cycling. The last ramp is let run until
stress corrosion cracking (SCC) is induced. The experience named BUI5 was done with the last two rods. The
final burnup was 15 MWd/ton(M), and a final ramp test was arranged for one of them. This burnup is the same
as the previous two rods. The power level during irradiation was low and without major solicitations, only the
normal shutdowns of the HFR. The ramp was similar to that used for the iodine test [5]. We attempt to see the
correct correspondence between the BU15 and the doping test. The pathfinder had an excellent behaviour in the
HFR reactor. The presence of microcracks inside the cladding was observed in the iodine test as we predicted
with the BACO code. The post-irradiation tests of the BU15 experience has just ended. The development of the
ramp was interrupted due to an increase of activity in the system. We presumed the presence of a failure in the
rod. The visual inspection of the rod shows an atypical failure for this kind of fuel, i.e. they found a small
circular hole. We use the BACO code for the behaviour analysis of the fuel rods. We take special care in the
stress analysis of the rod and the inventory of the fission gases. The maximum power levels reached in the
defective zone of the MOX rod were found similar to the threshold value to induce stress corrosion cracking
(SCC) or pellet-cladding interaction (PCI) failures. Additional post-irradiation analyses show that the hole in the
BU15 rod was an SCC failure. That is in good agreement with BACO [6]. In this paper, we give a description
of the different MOX fuel rod tests and we repeat the previous design work made with the BACO code, but now
using the real power histories. We present the final results of the comparison between experience and code
behaviour.

1. INTRODUCTION

1.1. BACO CODE

The BACO code (BArra COmbustible) simulates the fuel rod behaviour under operation conditions
in a nuclear reactor. BACO code includes the following calculus and models: strain-stress state of the
cladding and pellet system and cladding and pellet thermal-elastic-plastic analysis, pellet cracking, fission
gases inventory, grain growth, porosity histogram evolution, creep, swelling, cladding anisotropy, etc. [7,
8, 9].

The BACO code development began in 1974 in CNEA. A new version of the code is due to the
hardware and software new tools along with new behaviour models, a new set of experience, and new
requirement of design.

The IAEA CRP FUMEX1 about fuel modelling at extended burnup, required preliminary work
with the BACO code in order to verify, to correct and to change models, calculus structuring and
convergence analysis. From that work we obtained the BACO version 2.20. The job schedule is a

1 Co-ordinated Research Programme (CRP) on Fuel Modelling at Extended Burnup (FUMEX)
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Table 1: Fuel rods characteristics (U/Pu

Table la: Fuel rods type A.I, A.3 y A.4.

Rod
Length [cm)
Pellets number
Compensating pellets number
Doped pellets number
Dope material

Dope material [mgj

Simulated buraup [ MWd/ton(M) ]

Filling gasses
Filling pressure [atmosphere]
Gadding

Table l.b: Pellets

Density
Pellet height
Pellet diameter
PiiflK/U+PUffiK

Enrichment fU^+Pn)
O/M relation
Dishing volume

mixed oxide)

A.1
24.1

21
1
-
-

-

-

He
1.15

A.3
17.9

16
.
1
I

3.

13761±
4933

He
1.15

""' I
A.4

17.95
16

.
3

ICs
Mo

6.604 ±017
1.373 ±0.036
14800 ±390

He
1.15

Zry-4

1
10.52 ± 0.04 gr/cnr*

11.2 ±0.1 mm
10.40 ± 0.01

0.53 %
1.25 %

2.00
25. ± 5. mm3
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feedback work. That is to say, we use the code to define the experience of irradiation and, in the next
stage, we use these outputs in order to upgrade the code. Due that, we prefer to present this paper in a
chronological way. We illustrate the steps that have improved the BACO code with each irradiation.

The emphasis in this paper is put in Plots, Figures and Tables.

1.2. FUEL RODS DESCRIPTION

The original design of the rods was made for utilization of the MZFR reactor (Karlsruhe,
Germany). The decommissioning of that reactor compelled us to find another place to make the irradiation
tests.

We realised the experiences in the HFR-Petten reactor. We modified the rods in two ways. First,
some rod dimensional changes. These were the fuel length and the plug design compatible with the HFR
assemblies. Second, a new definition of the original experience. We intended to emulate extended burnup
with Iodine doped pellets.

Figure 1 shows the rods and indicates the position of the doped pellets. Table I presents the
characteristics of doped rods.

2. PATHFINDER IRRADIATION

2.1. IRRADIATION TEST AND CALCULUS DESCRIPTION

The first irradiation was with the A. 1.4 rod. We intended to calibrate the HFR reactor
instruments. That experience verified the response of the HFR reactor detection systems with our MOX
rod.

The duration of the irradiation was about 100 hours. It included a final ramp test. The maximum
power level reached was similar to the next rods.

The A. 1.4. rod behaviour was excellent. There were no fabrication failures and it was not
necessary to do extra calibration in the reactor instrumentation.

We used the BACO code considering only one axial section and we included two cases [10]:

1) All the rods at the average linear power,
2) All the rods at the maximum linear power.

We assumed that the output with the maximum linear"power:"informs us the behaviour of A.1.4
fuel rod at greatest demand. Using the average linear power history we obtained the standard values for
mis first irradiation.

2.2. RESULTS

Table II shows some input-output parameters. Table Ha gives the maximum values for the
average and maximum power histories used and obtained during irradiation. Table lib includes some final
output parameters.

The plot presents the average power history (Fig. 2). It includes a steady state condition with a
brief cycling and a final power ramp.

The central and surface pellet temperatures were acceptable.
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FIG. 2. Power history for the A. 1.4 pin

MOX fuels irradiated at Pcttcn reactor. Pathfinder rod.
Table 2 : BACO output using average and maximum' power histories.

Table 2.a : Maximum values reached during irradiation.

Linear power
Pellet central temperature
Pellet surface temperature
Hoop stress
Contact pressure
Pellet centre von Misses'
equivalent stress
Surface crack scope
Cladding radial strain
Cladding axial strain

(^average)
403.

1330.
403.
178.
36.

150.

0.245
0.201
0.137

J2!&2£L
439.

1458.
409:
190.

39.
150.

0.245
0.273
0.134

Units
W/cm

•c
»c

MPa
MPa

cm

cm
%
%

Table 2.b : Reached values at final irradiation and zero power.
Time = 4.35 days.

Pellet radius
Cladding inner radius
Cladding outer radius
Stack length
Associated cladding length
Radial cladding strain
Axial cladding strain

qKavcragc)
0.5202
0.5213

..0.583.7
24.048
24.020
-0.133
0.085

0.5202
0.5216
0.S840
24,047 1
24.018
-0.094
0.076

Units
cm
cm
cm
cm
cm
%
%

^ . ) : A v e r a g e d l inear p o w e r .
) : M n x i m l inear p o w e r . P e a k factor = 1 1 4

120



I S O •

100

C L SO •

' - ' o
V)
VI

£ -60
to

-too

•150

Hoop Stress
Pathfinder rod

) 1 2 3 4

Time (days)

\

5
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The small diametrical gap used induced a pellet-cladding contact conditions in the first stage of
the irradiation. The radial stresses between pellet and cladding was strong (see Table II).

There was no stress reversal during the cycling before the final ramp (Figure 3). The tangential
stress in the inner surface of the cladding (hoop stress) reached the values corresponding with stress
corrosion cracking (SCC) threshold limit for the Atucha-I fuels The burnup (and the fission gases
inventory) is low in order to induce these kinds of failures at beginning of life (BOL).

Also, we analysed an additional power history including the cycle but without the shutdown
previous to the final ramp (see Fig. 2). The output reached the same values as the previous observances.
That means the influence of shutdowns in these kinds of analyses is irrelevant.

2.3. CONCLUSIONS

code.
According with the disponible experimental information there was a good agreement with the

From here, we recommend a post-irradiation examination, in the cladding inner surface. We
intend to find the presence of microcracks into the cladding. In order to compare with the next irradiation.

3. DOPED MOX FUEL RODS A.3 (WITH IODINE) AND A.4 (WITH CSI)

3.1. INTRODUCTION

The experiment started with the irradiation of two fuel rods similar to pathfinder, both containing
Iodine compounds as dope to simulate the effect of extending burnup [1].

Fuel rods A.3 and A.4 have been employed for this second experiment. This irradiation, carried
out during 15 days consisted of a power cycling between 120 and 290W/cm and a final ramp to reach 400
W/cm [11]. This final power level lead to a "hoop stress" of about 170 MPa which is likely to induce
microcracks in the inner surface of the cladding, representing an incipient defect produced by stress
corrosion cracking, without reaching the failure threshold of the tubing.
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BACO code was employed to design the power history. The experimental power history was in
good accordance with the proposed power history. Rod A.3 and A.4 behaved as expected:

there were no failures in the cladding,
no fabrication defects have been detected, and
microcracks in the inner surface of the cladding were detected during PIE.

3.2. EXPERIMENT DESCRIPTION

During the fission of UO2 or PuQ some of the fission products produced are volatile and
corrosive. Once they come out of the fuel pellet they can react with the cladding during irradiation.
Besides the chemical interactions there are possible mechanical interactions between pellet and cladding.
As long as the burnup increases the gap between pellet and cladding becomes smaller and can reach the
contact, these mechanical interactions are more important during power ramps because the fuel pellet
expands faster than the cladding as long as temperature increases.

For safety reasons it is worth knowing how the Zry-4 cladding of the fuel rods behaves towards
this combination of mechanical and chemical interactions during power ramps.

Both inpile and out of pile experiments indicate that a failure in Zry-4 tubing due to SCC may only
occur when:

1. A certain stress threshold is reached in the tube, and
2. After reaching a certain burnup. Besides stresses it is necessary a critical concentration of fission

products in the pellet-cladding gap.

In order to reduce the irradiation time needed to generate fission products, the fuel oxide can be
doped with simulated fission products, employing only those considered mainly responsible for the
chemical interactions with the cladding.

The fission product considered responsible for the failures in Zry4 tubing during power ramps is
iodine, which has to be introduced in the fuel rod in an adequate chemical state.

Thermodynamics considerations and results of PIE, indicate that Iodine should be combined with
Cs, which is present in excess in the fuel rods as Csl, which has no influence on the mechanical properties
of Zry4 as it indicated by experimental results.

However, in the presence of oxygen, Csl can dissociate in Cs oxide and gaseous iodine, depending
on the oxygen potential and the possible formation of ternary Cs oxides [12].

Csl can also dissociate by radiolysis [13]. Production of Cs uranate and Cs molybdate also lead
to a great iodine potential.

Due to these mechanisms, after a certain burnup, a chemical condition can be reached in the fuel
rods of a LWR or a HWR that can lead to partial pressures of iodine capable of inducing failures due to
SCC in Zry-4 tubing. To simulate these conditions, besides Csl, elemental Mo should be added.

The iodine inventory, corresponding to 20 % of an EOL burnup of 15000 MWd/ton(M), was
calculated using Table II of Reference 14.

Rod A.4:

Csl and Mo were mixed with UO2, the mixture was introduced in central holes drilled in three pellets and
hand pressed. The whole amounts were:
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m(Csl) = 6.604 ± 0.17 mg
m(Mo) = 1.373 ± 0.036 mg

Corresponding to a simulated burnup of:
Bu = 14800 ± 390 MWd/ton(M)

Rod A.3:

Pure iodine was introduced in one pellet with the aim of comparing its effect on the cladding with that of
combined iodine (Csl).

The simulated burnup was:
Bu = 13761 ± 4933 MWd/ton(M)

3.4. RESULTS

The BACO input data correspond to direct measurements made during fabrication and quality
control stage. Then we had some discrepancies with dates provided for design planes and references, of
course ever with the tolerances[15].

MOX fuels irradiated at Petten reactor
Table 3 : BACO outputs for the doped rods (A.3 and A4) using average and maximum

power histories^.

Table 3. a : Maximum values reached during Irradiation.

Potcncia lineal fW/ctn]
Temperature central del pellet | °C ]
Temperature superficial del pellet [ °C ]
Hoop stress [MPal
Preston de contacto [MPal
Tension cquiv. de von Misses en Rp(0)

[MPal
Radio dc Alcance de las fisuras (out) [cm]
Dcformacion radial de la vaina (%)
Dcformacion axial de la vaiiuJ%L_

A.3

Ql(«w.)
418.

1392.
413.
193.
39.

150.

0.243
0.18
0.11

QlfmaxJ
446.

1487.

417.
196.
40.

150.

0.243
0.22
0.11

A.4

Ql(w».)_
352.

1168.
402.
160.
34.

150.

0.277
0.08
0.13

QJfmai]

423.
1408.
414.
192.
39.

216.

0.243
0.19
0 11

Tabe 3.b : Reached values at EOL, cero power and S.T.P.3 conditions (days=15.27 days).

Pellet radius [cm]
Cladding inner radius [cm]
Gadding outer radius (cm]
Gapjfim]
Pellets stack length [cml
Asociated Gadding length [cm]
Cladding radial strain [%]
Cladding axial strain [%]

A3

0.5201
0.5207
0.5830

6.
17.973
17.986

-.266
-.077

0.5188
0.5208
0.5831

20.
17.971

17.984
-.247
-.088

A.4

Qlfmr.1
0.5186
0.5203
0.5825

17.
17.979
17.994

-.339
-.036

0.5189
0.5208
0.5830

19.
17.973
17.987

,_ -.250
-.074

* Q!,~»): Averaged linear power
Ol-^i: Maxim linear power. Peak factor » 1.063 (B.C. A.3)

Peak factor- 1.202 (B.C. A.4)
S.1 P. : Standard Temperature and Pressure

T O 0 0 K
P * ! atmosphere
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FIG. 6. Radial stress between pellet and cladding A. 3 pin
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We used the BACO code calculating with just one axial section [11] as follows:

1) All the rods at rate linear power,

2) All the rods at maximum linear power

We resumed the calculus with four BACO final outputs, two of each rod.

First, we defined a new scheme for the mesh point distribution in the code.

Table III shows some parameters of BACO output.

The plot in Figure 4 shows the averaged power history.

We have no post-irradiation information about the temperatures reached in the rods. The code
shows that temperatures in gap and pellet were acceptable. The gap between pellet and cladding closed
in the start-up and it was opened with each power-down cycle. BACO determined an open gap of 20 /xm
at EOL. (End Of Life) and STP conditions (Standard Temperature and Pressure). Post-irradiation
determined an open gap of 20 pm for the A.3 rod, and 20-30/xm for A.4 rod [15].

There was no stress reversal during the cycling in the steady state stage (Figure 5).

The stresses between pellet and cladding were strong (Fig. 6). The hoop stress reached the
threshold for SCC [21]. The corrosive fission gases inventory simulated with Iodine is enough to induce
SCC. The inner surface showed microcracks appeared during irradiation [15]. See pictures included in
Figures 25 and 26.

We calculated a grain growth from 6.2 (im to 7.2 (an. There are good agreements between post-
irradiation and BACO code output, specially about stress analysis and gap dimension.

4. BU15 EXPERIENCE: A1.2 AND A.1.3 MOX RODS BEHAVIOUR ANALYSIS

4.1. INTRODUCTION

The third irradiation experiment was carried out with fuel rods A. 1.2 and A. 1.3, botfi similar to
the pathfinder. A burnup of approximately 15000 Wd/ton(M) was reached in both rodlets. This required
531.5 irradiation days. Rod A.1.3 was submitted to EOL power ramp.

Rods A. 1.2 and A.1.3 behaved during the stationary phase as was expected:

no rod failures were detected,

no fabrication defects were evident.

During the EOL power ramp, rod A. 1.3 behaved as follows:

a maximum power of 390 W/cm was reached,

the power ramp had to be finished earlier than planned due to an increase in activity in
the coolant circuit,
visual inspection of the fuel rod revealed the existence of a small circular hole in the
cladding
this kind of failure is likely to be produced by SCC.

The aim of this step of the experiment was to study the stresses in the rod submitted to the power
transient in order to determine the causes of the failure.
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4.2. IRRADIATION POWER HISTORY

The power history for this irradiation test was proposed after the completion of calculus made with
the BACO code. The target duration of the irradiation was an averaged burnup of 15000 MWd/ton(M),
more or less the twice of final burnup for Atucha I. The scheduled preconditioned power level was 200
W/cm with a final ramp at high power level of 420 W/cm max. [16].

The real power history includes the normal cycle operation, it means, reactor shutdowns,
variations from the planned average power in the fuel rods of approximately 100 W/cm and a final ramp
test for one of the fuel rods (A.I .3 fuel rod) interrupted at 52 minutes from the started time.

The total time for this test was of 1020.2 calendar days, corresponding to 26 irradiation periods
(531.5 days) and 26 periods on which the fuel rods were not irradiated due to changes of irradiation
capsules, reactor shutdowns or non availability of a suitable in core position.

After the pre-irradiation time the A. 1.3 fuel rod was cooling for 49 days and 9 hours before
starting the preconditioned irradiation period and the final ramp test.

The preconditioned test starting with an increased power rate of around 7.2 W/cm.min, during
42 minutes until reaching an average fuel rod power of 250/260 W/cm, where it remained in that condition
for 39 minutes. After that the fuel rod power is reduced during 5 minutes at a power rate of 48 W/cm.min
until reaching an average fuel rod power of 10 W/cm. After 10 minutes the ramp test started with an
average ramp rate of 43 W/cm.min which, maintained for 8 minutes, gave a final average rod power of
350/360 W/cm. This power was held during 52 minutes.

At 28 minutes operation at the ramp power level an increase of the activity of the primary water
was detected. This activity peak had a total duration of 6 minutes coming back to the previous level. As
this event gave reason for assumption of a fuel rod failure the experiment was 24 minutes after the start
of the activity release shutdown with a power rate of 175 W/cm.min lasting 2 minutes for that operation.

It is noteworthy that at beginning of life, the A. 1.2 and me A. 1.3 fuel rods reached maximum
peak fuel rod power of 430 W/cm and 380 W/cm respectively. The average for the assembly was 330
W/cm. These maximum peak power levels, during that pre-irradiation period, were higher or equal to
the maximum power reached during the final ramp test for the A. 1.3 fuel rod.

For the calculus with BACO we consider four different cases:

The individual power histories of A. 1.2 and A. 1.3 fuel rods.
For these cases we used the maximum values of power reached during the irradiation (Figs. 7 and
8). With this assumption we supposed to have the worst irradiation condition for both fuel rods.

We suppose that both fuels rods were assembled to form a single rod. It is considered the
averaged behaviour of this assembly for the pre-irradiation periods and it is included the final
power ramps. In this case we obtained the standard values for the third test of our MOX rods
(See Fig. 9 ) .

For the fourth case, we analysed the real situation of the A. 1.3 fuel rod. All the values considered
corresponded to the physical location of the defect produced during the ramp. It means, the
minimum values during the pre-irradiation phases and the peak values during the ramp test. That
was due to the axial core position fixed for the fuel rod during the test. See Figures 10, 11 and
12, these plots show the defect location. Figure 13 includes the A. 1.3 power history.

4.3. RESULTS

Table 4 shows some BACO output parameters, refer to it in each case.
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FIG. 7. Maxmum power irradiation history for the A. 1.2 rod
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FIG. 8. Maximum power irradiation history for the A. 1.3 rod

Averaged Linear Power
A. 1.2 and A. 1.3 rods assembly
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Averaged power irradiation history for the assembly

127



Thermal Neutronic Flux
HFR core irradiation

'o
w

e
r

Lm
e<

N
or

m
a

1.2 •

1 •

0.8

0.6

0.4

0.2 •

0

Konc/>a» Attti\ j r

\ /

TOP • ; — •- - 1 r ~• ^ ^ ^ j Bottom

20 40 60
Relative Axial Position of the Rods

80 100
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irradiation and final power ramp stages.
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Linear Power History
MOX Rod type A. 1.3
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FIG. 13. Minimum power irradiation history and maximum power ramp for the A. 1.3 rod.

MOX fuels irradiated at Petten reactor
Table 4: BACO outputs for the BU15 experience using average, maximum and minimum

power histories4 . (A. 1.2 and A.I.3. rods).

Table4.a: Maximum values reached during irradiation. BU15 experience.

Linear power [W/cm]
Pellet centre temperature [°Cj
Pellet surface temperature [°C]
Hoop stress [MPa]
Contact pressure [MPa]
von Misses* equivalent stress at pellet
centre [MPa]
Surface crack scope [cm]
Cladding radial strain f%]
Cladding axial strain [%]

Assembly

360.
1182.
419.
134.
32.

240.

0.4848
0.1113
0.1105

A1.2.

430.
1505.
421.
91.
26.

248.

0.4854
0.3433
0.1138

A1.3.

QI(m»«)
389.

1322.
432.
135.
32.

168.

0.4854
0.2254
0.1107

Qlfmln)
389.

1264.
422.
207.

43.
222.

0.4507
0.0803

0.1138

Table 4b : Reached values at EOL, ccro power and STP conditions. BU15 experience. ]

Pellet radius [cm]
Cladding inner radius [cm]
Cladding outer radius [cm]
Gup |um]
Pellets stack length [cm]
Asociatcd cladding length fem]
Cladding radial strain [%]
Cladding axial strain (%1
Gas pressure [MPal
Fission gases released fraction [%]
Released gases STP Volume fctti3)
Gases STP volume at GB fcmJ)

EnsambJe

Q| ( o w .j

0.5197
0.5193
0.5825

10.8
23.852
23.851

-0.3488
-1.045
0.183

1.44
1.23

30.90

A1.2.
QljBMjJ

0.5180
0.5184
0.5814

4.4
23.861
23.868
-0.528
-0.972
0.150

0.62
0.53

32.18

A1.3

L 0.5185
0.5196
0.5825

10;9
23.850
23.850
-0.338
-1.046
0.232

2.47
2.09

31.44

Qljmm^
0.5180
0.5180
0.5913

0.00
23.969
23.925
-.S522
-.0733
0.374

2.58
1.23

12.21

Ql<iv<r): Averaged linear power
Ql(im»): Maxim linear power
Ql(mmi : Minim linear power »(the steady state «rd Maximum power ramp increase.
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Pellet Centre Temperature
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Pellet centre temperature for the rod A. 1.2
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Pellet Centre Temperature
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FIG. 17. Pellet centre temperature for the rod A. 1.3
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We had pellet and cladding contact in the first days of irradiation due to the small gap and high
power condition. The gap was opened when shutdowns take place. It was easy to identify the densification
and swelling behaviour (Figure 14).

Pellet centre and cladding inner surface temperatures were acceptable. As an example of the
difference between the studied cases (see Figure 15) with centre temperature for the assembly, Fig. 16 for
the A. 1.2 rod and Fig. 17 for the A. 1.3 rod. The temperatures are in Kelvin. We have not post-
irradiation temperature analysis.

Figure 18 shows the fission gas inventory evolution. That was equivalent for all the cases. We
discriminate:

produced fission gases (upper curve),
released fission gases (lower curve, just above the x axis),
fission gases trapped in the UO2 matrix, inside the grain (medium upper curve), and
fission gases kept in grain boundary (medium lower curve)

There was a tendency to saturate the grain boundary.

Figure 19 completes the above information with the released gases fraction. The fraction released
for the A.1.3 rod was 2.5%. The fraction for the A.1.2 rod was 0.6%. The difference is due to the A.1.3
last ramp. We can see that the ramp is more important than the steady temperature for fission gas release.

There was stress reversal with the assembly and the individual rods due to the shutdowns (Figures
20 and 21). The hoop stress maximum was 135 MPa in the A. 1.3. rod. That is lower than SCC threshold
[21]. The hoop stress of the A.1.3 rod with the real power history was equal to 207 MPa. That
corresponded to the defective zone and we can assume a direct relationship. The defective zone supported
the strongest mechanical solicitations and the value reached for the hoop stress is practically the SCC
threshold. The bigger power increment was the last ramp:

Ql(end) - Ql(initial) = 29O.W/cm

The radial contact stress between pellet and cladding was very strong too.

The final pressure in the rod due to free gases was about 0.2 MPa.

We calculated a growth in the grain size in the central zone of the pellet from R̂  (initial) = 6.2/xm
to Rg(end)= 16Mm.

The original MOX pins were not pressurised. The claddings were from MZFR reactor, that is
a little thicker than Atucha-I claddings. BACO solves correctly Atucha I and Candu fuels. That means
that the MOX rods are an intermediate case from the previous ones due to pressure filling gases, cladding
thickness and structure. From here we have a set of combined exigencies and that is a good improvement
in the BACO code.

The above set of calculus is to analyse the correspondences with some approximations using
simplified power histories and to fit the code sensibility.

The post-irradiation and the next detailed study validate the above simplifications showed.
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FIG. 20. Hoop stress for the assembly
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FIG. 21. Hoop stress for the rod A. 1.2
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FIG. 22. BU15 experience. Real power history for the rod A. 1.3 in the defective zone
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MOX fuels irradiated at Petten reactor
TabU 5 : BACO outputs for the A. 1.3. pin.

Table S.a : Maximum values reached during irradiation for each axial section.

Linear power fW/cmJ
Pellet centre temperature \"C\
Pellet surface temperature [°C|
Hoop stress fMPa]
Contact pressure fMPa]
Tension equivalent* de von Misses'
equivalent stress at pellet centre fMPa)
Surface crack scope [cm]
Cladding radial strain [%1
Claddinc axial strain \*/»]

Axial section
1
356.

1243.
409.
124.
30.

185.
0.208
0.170
0.110

2
337.

1109.
414.
164.
35.

151.
0.242
0.086
0.114

3
367.

1203.
420.
195.
41.

151.
0.243
0.084
0.112

4
383.

1255.
423.
202.

42.

191.
0.277
0.082
0.114

5
384.

1260.
423.
206.

42.

213.
0.278
0.081
0.114

Table S.b : Reached values for each axial section EOL, cero power and STP conditions

Pellet radius [cml
Claddinc inner radius [cm]
Cladding outer radius [cm]
Gap [urn]
Active stack length [cm]
Cladding length [cm]
Cladding radial strain [%]
Axial cladding strain [V.]
STP Produced gases volume fcmJ]
STP Released gases volume fcm^J
STP Trapped gases volume [cm1*]
STP Fission gases volume at grain
boundary [cmr]

Axial section
1

0.5203
0.5203
0.5835

0.0
4.779
4.769

-0.168
-1.076
22.62

0.25
12.25

10.12

2 •••

0.5200
0.5200
0.5832

0.0
4.780
4.771

-0.227
-1.030
19.89
0.28

11.62

7.99

3
0.5195
0.5195
0.5827

0.0
4.783
4.775

-0.304
-0.938
17.11
0.28

10.78

6.05

4
0.5188
0.5190
0.5822

1.5
4.789
4.780

-0.397
-0.841
14.20
0.25
9.69

4.26

5
0.5182
0.5185
0.5818

3.5
4.792

, 4 . 7 8 3
-0.467
-0.780
11.90
0.22
8.18

3.49

TabU S.c: Reached values for the rod at EOL, cero power and STP conditions.

Active stack length
Cladding length
Axial cladding strain
Gases pressure
Fraction gas release
Produced gases volume (STP)
Released gas«s volume (STP)
Trapped gases volume (STP)
Fission gases volume at grain boundary (STP)
% He
%Xc
%Kr

23.923
23.877
-0.925
0.405

1.5
85.716

1.287
52.520
31.909

60.
34.

6.

Units
cm
cm
%

MPa
%

cm3

cnr>
cm-*
cm3

%
%
%
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FIG. 23. Hoop stress for the rod A. 1.3 in the defective zone
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FIG. 25. Pellet centre temperature. Defective zone in the rod A. 1.3
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5. BU15 EXPERIENCE: A. 1.3 MOX RODS BEHAVIOUR ANALYSIS

5.1. POWER HISTORY

The proposed irradiation would induce a failure similar to the Iodine Doped Test. The real
irradiation produced a defect in the A. 1.3 cladding (Fig. 22). We made an additional calculus with BACO
code using a complete set of A. 1.3 rod data. It means a detailed analysis of the defective rod. The post-
irradiation showed that the hole found was due to SCC failure [17] See Figures 28 and 29.

The power axial profile was obtained from Figure 2 in Ref. 18 (pre-irradiation stage), the figure
2 from Ref 19 (pre-irradiation ramp stage) and from Figure 2 Ref. 20 (power ramp). We "cut" the MOX
pin in 5 axial sections. There was correspondence between the axial section choice and the defective zone.
We saw maximum peak level in the failured section power.

5.3. RESULTS

Table 5 shows the parameters calculated with BACO code. We repeat the general observations
made with the averaged power histories (See the corresponding tables). Due to the lower power, the final
burnup for the A. 1.3 pin was lower than the assembly, and of course the local burnup in the defective zone
was the lowest.

We observed some direct correlation between one averaged power calculus and some axial section.
We determined that the maximum hoop stress was a success in the axial section corresponding with toe
failure (Fig. 23 and 24). We show in Figure 25 the relative low temperature during pre-irradiation period
and the increase in temperature in the final ramp.

There are good agreements between experience and BACO code predictions with this complete
calculus, especially with the relationship between the hole failure and the mechanical solicitations
predicted.

6. POST-IRRADIATION ANALYSIS

The irradiation-induced effects were studied in detailed post-irradiation examination which was
performed at the HFR site in Petten and later at the hot cells of the Karlsruhe Nuclear Research Center
[15, 22 and 23].

We do not give too much detail about this aspect of the experiment because the aim of the report
is about BACO code comparison. We indicate only the main post-irradiation analysis made with the pins
as follows:

Visual inspection (Fig. 28 shows the hole in the A 1.3 rod)
Eddy current check
Neutron radiography
Gamma scanning
Betatron-radiography
Dimensional control
Sectioning diagram
Ceramography (Fig. 27 shows the rod A.4)
Scanning Electron Microscopy (Fig. 26 y 29 show the microcracks inside the A.3 cladding and
the microcracks inside the rod.

The post-irradiation checks followed the BACO calculus for all the experiences.
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FIG. 26. Rod type A-3 showing the microcracks inside the tubing

FIG. 27. Ceramography of the rod type A-4 showing the crack pellet pattern
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FIG 28. Rod type A. 1.3 showing the hole in the cladding

FIG. 29. Rod type A. 1.3 after ramp showing the microcracks depth in the cladding
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7. CONCLUSIONS

7.1. BACOcode

We included some new improvement in the BACO code.

We changed the mesh point scheme.

We checked the creep and fission gases release models.
We verified the mathematical convergence of the code.
We developed a new set of tools with a Windows basis to processes the initial BACO output.

7.2. MOX rods

The absence of fabrication failures is a good achievement in our MOX program development.
The presence of microcracks inside the cladding indicated a good BACO code evaluation.
The pathfinder rod and the BU15 rods have similar structures. That indicates the convenience of
an additional methalographic post-irradiation with die pathfinder rod, in order to evaluate the inner
surface of the cladding.
The defective zone of the A.I .3 rod had the bigger mechanical solicitations. The calculated hoop
stress was ov =207 MPa. That value indicates that SCC was a possible way to produce the
failure. The defect and the hoop stress previously calculated with BACO show a good prediction
of the code.
We can say that BACO code had a good performance in the two aspects of calculus: thermal and
mechanics.
Finally, we expect a post-irradiation analysis of fission gases for the two rods in the BU15
experience in order to check the predictions of our code.
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