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Abstract

TOUTATIS is the modular program (both modules 2D and 3D are included) from the METEOR project
developed by the French Atomic Energy Commission " CEA ". The model allows the user to calculate the
deformations connected to the pellet-clad system, and hence the Pellet-Cladding Interactions " PCI" induced by
unilateral contact. Furthermore TOUTATIS provides sufficient versatility to allow the simulation of almost any
phenomena, from creep and plasticity to the stress corrosion (residual stresses, dish filling of the pellets from the
center, thermo-mechanical feedback) or fuel cracking (3D). The general approach provides a unique capability for
understanding different phenomena, some of which remain still unexplained. The first example is related to rod
bending, since this phenomenon has been observed in some experimental reactors. Several possible explanations
have been put forward, such as flux dipping, buckling or thermohydraulic perturbations... Indeed a spatial
parabolic distribution of the flux induces a shift of the isopower area in the pellets, but its effect decreases
progressively as the distance from the center of the pellet is increased. So the variations on the clad temperature
are just a few degrees and cannot produce the stated rod bending.The second hypothesis was based on a
thermohydraulic perturbation.Both chosen configurations (azymutal area/small spot), which induced a thermal
perturbation (corroborated by shift of the bubble area), are nevertheless insufficient to bring about the recorded
strains.Lastly the calculations performed with the 3D model showed clearly that this rod bending was caused by
single buckling induced itself by the immobilization of the rod in experimental channel. The second example
concerns the RIM effects: indeed the characteristics of this area are more and more different from those of the
pellet, as the burn-up increases.These thermal, mechanical and physico-chemical differences induce varied effects
depending on whether the regime is steady-state or transient.This study is currently in progress. The results of the
analysis confirm the accuracy of the component models in TOUTATIS.In addition, the mutual interest of the
modeling, numerical simulation and experimentation should be emphasized in order to evaluate more accurately
some feedbacks and laws. ROD BENDING: The bowing of the fuel element has been observed during some
irradiations.Simulations have been carried out with TOUTATIS code in order to determine the origin of this
phenomenon.This bowing could be produced by the following reasons: radial and/or azimuthal redistribution of
power; thermohydraulic anomaly on the external surface of the fuel rod; lock up of the thermal dilatation in the
rod holder inside the reactor. The two first hypothesis induce a radial temperature gap between the front-and
backside rod (relatively to the core), and therefore the thermal differential dilatation could activate the strain mode
of the fuel element and finally its bowing.The last hypothesis can cause the bowing of the rod and its buckling.

1. RADIAL/AZIMUTHAL POWER REDISTRIBUTION DUE TO HIGHER NEUTRONIC
FLUX IN FRONT OF THE CORE

The distribution of localized volumic power is assumed to be 5 % higher on the inner surface of
the rod (closer to the core) and 5% decreased on the outer side, as shown by the experimental conditions
(see chart N° 1). The calculations have established that the eccentricity of the isothermal curves (see chart
N° 2) and hence the thermal differential dilation can not only account for this bowing (see chart N° 3).

This result can be proved by the following assessment: the gradient of temperature on the
peripheral area i.s too low to activate a mode of strain in bending (10° C on the outer side of the pellet.
2°C on the inner side and equal temperature on the outer side of the clad due to boundary conditions).
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FIG. 1. Isovalues of volume power (W/m3) of the pellets

FIG. 2. Isothermal values (K) of the simulated rod
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FIG. 3. Magnification (x50) clad deformation

2. THERMOHYDRAULIC ANOMALY ON THE OUTER SURFACE OF THE FUEL ROD

The simulated fuel rod is composed of two half pellets which have been presumably irradiated
(modifications of the size due to creep and swelling). A power ramp up to 460 W/cm according two
different sets of boundary conditions in temperature is simulated hereafter.

2.1 AZIMUTHAL GRADIENT OF TEMPERATURE ALONG THE ROD

A sector of the outer surface of the clad (90°) is overheated of 20°C and 300°C - see chart N°4.
The bowing of the rod is pointed out constant (circular strain), then its total deflection can be expressed
as a function of the calculated parameters of the simulated rod deflection and rotation angle of its section
see chart N° 5.

1 - cos - ^
F =

- cos5
A deflection of 0,70 mm is obtained, corresponding to a temperature gap of 20°C, respectively

6.43 mm and 300°C. Noticing the linearity of the relation leads to find a minimal value of its azimuthal
temperature gradient higher than 250°C on the total length of the rod, in agreement with the experimental
bowing of 5.05 mm. This result seems unrealistic and therefore the previous hypothesis can not account
for this bowing.

2.2 LOCALIZED TEMPERATURE GAP

This gap could be due to the rod holder. This last one could modify the nature of the flow of the
coolant fluid, change the cooling and favor the formation of a dry vapor bubble, which could then overheat
the surface in close contact with it. This area is modeled by a 90°sector (7mm high and 5cm2 square
surface) overheated of the intermediate (250 °C) and ultimate (600 °C) AT temperature gap - see chart N°
6.
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FIG. 4. Magnification (x50) clad deformation, seen on the axial plane through the rod axis, in
which occurs the curvature (temperature)
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FIG. 5. Extrapolation from the simulated column to the total rod in the case of a constant radius
rod.
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FIG. 6. Magnification (X50) of the cladding seen on the axial plane through the rod axis in which
occurs the curvature (temperature)
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Assuming that only the area of the rod closer to the overheated zone undergoes deformation, the
deflection of die complete fuel rod is defined as a function of its length L and some calculated parameters
(length 1, deflection f and rotation angle of its section d ) see chart N° 7.

F = f •+ (L/2-l)tg6

For areas overheated of 250°C and 600°C, the deflections are respectively 0.25 mm and 0,375
mm. Aldiough more realistic than the previous one, this hypothesis of thermohydraulic anomaly can not
induce the bowing observed experimentally, in regard to usual localized temperature increases.

So we can conclude tot this thermohydraulic anomaly is just a consequence of the bowing of the
fuel rod and that the bowed rods undergo overheating. This is confirmed by the pretty good agreement
between the experimental and simulated eccentricity of the isothermal curves - see macrography N°8 and
9 respectively. The boundary between the darker internal and brighter intermediate zones corresponds
to an isothermal curve of about 1330 °C.
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FIG. 7. Modelling of the total rod in the case of specific bowing related to the overheated area.
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FIG. 8. Macrographic view of the cross section of the rod. Off-centering of the central dark zone
(towards the clad rupture area: thermal heterogeneity)
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FIG. 9. Isothermal values on the cross section of the simulated rod. Their off-centering towards
the overheated area (on the right, periphery view) is similar to the one observed in the
macrographic view (FIG. 8)

3. ROD BUCKLING BY BECK UP THE LONGITUDINAL THERMAL DILATATION.

Hie buckling can induce a large amplitude bowing, if a longitudinal loading is transmitted to the
rod through its holder and reaches the critical Euler's value (for which the rod is laterally unstable). The
first condition is met because an interaction of the rod with its holder has been observed experimentally.
The second condition is checked by simulating the buckling with two simplified models which encompass
the rigidity of the actual rod (whose description is complex).

3.1 CALCULATIONS WITH THE MODEL MINORING THE ROD RIGIDITY

Let's consider a rod with open radial gap and without pellet-clad interaction. The rigidity only
has to be taken into account in the buckling, the fuel rod and the clad being not interacting (the stiffness
of the spring assuring the load of the pellets is neglected). Therefore the rod is simulated by a cylinder
with the characteristics of the clad, and some different interfaces rod-holder are considered (see chart

1) 2 balls-and-socket joints,
2) 1 ball-and-socket joint and 1 embedding,
3) 2 embeddings

Assuming the anchor of the rod in its holder, we take too into account the differential thermal
dilatation of the rod-holder. Within the experimental conditions, the dilatation of the modeled rod
(cylinder) due to the thermal loading, which is assumed homogeneous in the thickness and equal to outer
surface temperature of the ciad (344 °C), is impeded by the nature of its contact with the holder, which
transmits a longitudinal loading F of about 550 N. The critical Euler's load of buckling Fc in each system
(simulated rod, contacts) is also computed:

Fc = k 7t2EI/l2

where E is the Young's modulus of the structure, I the moment of inertia of its section, 1 its free length
of buckling and k a parameter characterizing its mechanical boundary conditions. Then each critical
buckling loading Fc is compared to the axial loading F - see chart N° 10.

X = Fc/F
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Under this load the only less rigid interfaces allow the buckling of the simulated rod with a
minored rigidity (X < 1). In these conditions, the critical load is equal 524 N . On the other side,
according to the Euler's theory, the following equation is verified:

Fc3 (2114 N) - 2 Fc2 (1076 N) = 4 Fcl (524 N)

3.2 CALCULATIONS WITH THE MODEL MAJORING THE ROD RIGIDITY

Let's consider a rod with closed radial gap and a strong pellet-clad interaction, modelled by
coupling of the pellets and the clad together. This last hypothesis seems to be confirmed experimentally
by comparable elongations (about 1 %) of clad and fuei.

So the rigidities of the fuel and clad (considered parallel on the total free length of buckling) and
the hypothesis of anchoring (different from anchoring of the fuel rod to its support) contribute to increase
the rigidity of the actual fuel. A segment of the rod (2 pellets high), embedded at its base and free at the
other end is modelled. By symmetry with regard to its basic plane, this system is equivalent to a fuel rod
which is 4 pellets high and which is joined at its ends (see the first contact, §3.2).

Within this configuration (modelling the 4 pellets rods) and the experimental conditions, the critical
loading of buckling F,,,, and the axial loading F due to the lock up of the thermal dilatation of the rod - see
chart N° 11- are computed:

X = Fc4/F = 1.87

In the same configuration of interface (2 ball-and-socket joints), the critical Euler's load in the
complete rod contact (n pellets) is calculated from the Euler's equation of Fc4, seeing that the free length
of buckling (expressed as a function of the pellet size h) is the only one variable parameter:

Fc4 = k n2EI/(4h2) ; Fcn - k 7rEI/(nh2) = = > Fcn /Fc4 = (4/n)2

Considering a discontinued stack of pellets (and hence with a discontinued rigidity) induces an
error by extrapolating the free length of buckling. This one has been checked less than 5% with a "beam
model" of a rod (with discontinuous rigidity). Since the thermal field in the complete rod is in good
agreement with the actual thermal field in the simulated rod, the differential thermal dilations and then the
axial loadings F are identical.

F= 41 000 N

This value is much higher than the one related to the rod with minored rigidity because in this last
case only the temperature in the clad was taken into account.
So the result for the complete rod is expressed as:

Fcn /Fc4 = (4/n)2 (Fcn /F) = (4/n)2.(Fc4 IV ) (Fcn /F) = (4/n)2A4

For the configuration of interfaces with 2 balls-and-socket joints and with the following set of data
(A. = 1.87 and n = 36), it is obtained:

F / F « 0.023 < ! = = = > BUCKLINGCD

Fcn = 946 N

The critical loadings for the other configurations of interface can also be determined:
(2) 1 joint and 1 embedding: Fc = 2 x 946 = 1886 N
(3) 2 embeddings: Fc = 4 x 946 = 3776 N
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FIG. 10. Rod's buckling calculation (with reduced stiffness) in each considered configuration of the
connection system

FIG. 11 Calculation of the buckling of the simulated rod (4 pellets) with an increased stiffiiess
jointed to its extremities (metric system: model of the upper lArod):X4 = 1,87
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So we notice tfiat the critical loading of the rod with majored rigidity remains lower than the axial
loading (# 41000 N), which implies its buckling in all the configurations of interfaces.

4. CONCLUSION

The most realistic modeling of loading is the one with majored rigidity (and actual thermal field
of the rod). Since that the rigidity of the actual rod is lower than in the model, it can be concluded that
the bowing is certainly due to buckling. In the case of non anchoring but slippage of the rod inside its
holder, the hypothesis of buckling remains valid if the friction factor is high enough to transmit one tenth
of the axial loading (41000/10 = 4100 > 3772 = = = > buckling).

RIM EFFECT

The modeling of all phenomena connected to the pellet (and hence to the clad) is necessary to
insure the integrity of the clad. One of these phenomena is the RIM EFFECT.

The characteristics of this area are more and more different from those of the pellet, as the
burn-up increases. The burn-up, the porosity, the rate of Pu strongly increase and a non negligible part
of the radioactivity is included within this zone despite its low thickness. Its peripheral location induce
varied effects:
** amplification of the consequences of a clad breaking. An accurate knowledge of the stress field

is needed.
** direct relation to the stresses within the clad because:

*** the important porosity induces a decreasing of the local thermal conductivity. So it can
be assumed that the rim is a thermal screen between the pellet and the clad, which implies
increasing of the central temperature of the pellet, of its dilatation and hence of the
stresses of the clad.

*** the mechanical characteristics decrease and should let the stresses decrease in opposition
with the effects of the temperature.

This brief analysis emphasizes the interest on parametric studies in order to evaluate more
accurately the effects on the stresses within the clad. A first-step of the process is to let the thermal
conductivity K of this specific area change, then its mechanical characteristics (E) and finally both of them
simultaneously. Calculations have been performed with the code TOUTATIS.

1. DECREASING OF THE YOUNG'S MODULUS.

Clad ridges and thickness of the RIM are respectively about 15 and lOOfi. So a strong decrease
of the Young's modulus (80%) was presumably assumed to deteriorate the value of both ridges and strains
of the clad.

The results of the calculation however show a low variation of the radial strain (less than 1/t), as
fee E/Efj,,, ratio increases from 1 to 10. These calculations have been benchmarked with a 2D analytical
model (which does not take into account the axial effects).

If the range 1 < E/Erim < 10, the Urim can be expressed as following - see chart 13
1 < E/Erim < 10000 " " 14

aee " " 15
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FIG. 12. Calculation of the critical load for the total rod by extrapolation of the critical load of the
simulated rod: An = (4lnfX4 - 0,023< 1 buckling
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FIG. 13. External moving RIM = f(Er/E)
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FIG. 14. Clad moving total calculation TOUTATIS (log scale)
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FIG. 15. Maximum tangential stress (external part of the cladding)versus E/Erim (log scale)

413



2. DECREASING OF THE THERMAL CONDUCTIVITY

Calculations have been carried out with the same set of data as previously, except the ratio K^ /K
whose values vary from 1.0 to 0.4. It is well known that K ^ is lower than K and decrease with the
porosity, and the RIM is assumed to be more porous than the rest of the pellet. So the decrease of the
thermal conductivity in the pellet periphery - as a thermal screen - induces an increase of the central
temperature of the pellet - see charts N" 16, 17.

This effect is important: it goes from 1346 K to 1596 K as the ratio changes up to 2.5. Given that
the temperature is tiie key parameter in irradiation modeling, its strong correlation to the value of K is an
important factor (creep, fission gas release...)

If the range 1 < < 2.5, the Urim can be expressed as following - see chart 18

0 6 0 " " " " " 19
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FIG. 16. Core temperature versus K/Krim

Augmentation relative de T|
en fonettess d® tOKrim

1.18
1.16
1.14
1.12

1.08
1.06
1.04
1.02

1 i
1 1.2 1.4 1.6 1.8

K/Krtm

2.2 2.4 2.6

FIG. 17. Relative increase of T versus K/Krim
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3. THERMO-MECHANICAL COUPLING

Calculations with the following set of data (E/Erim — 10 and KJ¥iTim = 2) have been carried out
in order to estimate the coupling between the decreasing of the Young's modulus and thermal conductivity.
The list below allows the reader to compare these results to those with E and K decreasing separately
(effect number one and number two).

(0) absence de RIM

(1) E/Erim = 10 et
K/Krim = 1

(2) E/Erim = 1 et
K/Krim = 2

Superposition de (1) et (2)

E/Erim = 10 et
K/Krim = 2

T coeur

1346

1325

1510

1489

1489

ree max

312

264.4

435.4

387.8

395

F 7i max

-235.3

-161.9

-266.4

-192.9

-185.4

U

12.31

11.31

19.57

18.57

18.05

There is a pretty good agreement between these results obtained from the first set of data and those
corresponding to the superposition of the effect number one and number two. Moreover the list shows
clearly the non thermal coupling between the decreasing of E and K. The hypothesis of superposition of
the strains due to the thermal dilation of the RIM and due to the loadings seems justified "a posteriori".

CONCLUSION

The first parametric rim calculations confirm the non-impact of the decrease of the Young's
modulus (localized in the rim area with realistic ratio such as E/Erim = S) on the numerical results of the
simulation. For higher values of tiie ratio, both stresses and strains of the clad are noticeably reduced, but
such a degradation of the mechanical properties during commercial use of the rods has never been
highlighted.
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FIG. 18. Clad displacement versus K/Krim
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FIG. 19. Maximum tangential stresses of the cladding versus K/Krim

Related to the thermal studies, the relative increase of the central temperature and of the strains
and stresses of the clad is approximately as important as the K decrease. So the impact of K/K^ is much
higher ( > 10) than the one of E/Erim for values ratio lower 25. Furthermore calculations have clearly
showed that there is no significant coupling between the degradation of K and E parameters in the RIM
area.

However some other parameters have to be taken into account, specifically from the
thermo-mechanical point of view. All these first results are just preliminary.
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