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INTERPRETATION OF RIA TESTS. BUCKLING OF FUEL PLATES
Jean-Marie GATT
Engineer, CEA, France
ABSTRACT

This paper presents an interpretation of transgxmteriments using a low enriched uranium silicide
miniplate fuels prepared for the Japan Researcltt®ed. These tests were performed for the Nuclear
Safety Research Reactor (NSRR) at Japan Atomiaigriestitute (JAERI). The miniplates are submitted
to power pulses to simulate RIA accident. Accordinghe deposited energy, a geometrical instability
can be observed. In the first part of this papee, methods by eigen modes and perturbation are
presented in the framework of the study of a shatermal compression. In the second part a detsmni

of the tests will be performed. Different approahe interpret these tests, using finite elementsamn
analytical approach will be presented. The firgirapch uses the Eigen modes. To take into acchant t
geometrical defects of the plate, we propose toayserturbation method. The defects are modelledyus
the first Eigen mode. These two approaches assuneastic behaviour of the structure. To take into
account of the plasticity, a perturbation methodsied. The different experimental results, as thekling
temperature and the final shape of the plate,@aned.

INTRODUCTION

This paper presents an interpretation of powerstesm experiment (RIA: Reactivity Initiated Accidgn
using a low enriched uranium silicide and aluminidaiplate fuel. This kind of fuel is used in the
research reactors. The power pulses were carriednoNuclear Safety Research Reactor (NSRR) at
Japan Atomic Research Institute (JAERI) betweerl1®®d 1995 [1][2][3]. Above 390°C, the buckling
of the miniplate can be observed. In the first pafrtthis paper, the methods by eigen modes and
perturbation are presented in the framework ofstely of a shell in thermal compression. In theoadc
part the tests and observations are presentetielthird part, these methods are used to simufatbe
elastic domain, the miniplate behaviors. In therttowpart, an application in the plastic domain is
proposed and compared to experimental resultsllfFinahe last part an analytical approach is msgd

to check the trends of numerical simulations.

THE SHELL BUCKLING
The buckling of a shell can be studied from thnggraaches: analytical, eigen modes and perturbation
Analytical approach and eigen modes

In the elastic domain, there is an analytical sotufor the shell buckling [4]. The shell is embeddthe
radial dilatation is allowed) between two walls drahted. The critical temperature reads:

e
AT, = ————=904°C
© aR3(1—?)
With e the thickness of the shell: 1.37 mm, R twius: 41 mm@ the thermal dilatation: 22.6 2™

andv the Poisson coefficient: 0.33
The eigen mode method gives a critical temperaiftiB®0°C (error 0.4%).
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Perturbation approach

The approach consists to take into account someeteical defects in the structure. This method lsan
decomposed in tree steps:

1. Performing a finite elements calculation to obthia first eigen mode.
2. Using the normalized deformation of this mode nplikid by the maximal size of the
defect (Figure 2).

3. Performing a finite elements calculation on this-distorted structure.
The last step must be performed using a specialerivah method: driving in strain. If the strain
increment is upper that a criteria (0.5% for exahpghe time step must be divided by a factor. This
process allows detecting the bifurcation point, mtfee structure buckling starts. Of course, we ralst
into account large deformations of the structuterahe bifurcation. The results of these calcalaiwith
different defect sizes () 10" and 5.1 mm) are shown in the Figure 3. The more the défesmall
and the more the solution converges toward analysiglution and eigen mode solution.

TESTSAND RESULTSPRESENTATION

These tests performed in the NSRR were carriebpWAERI to study fuel miniplates behavior (made
with an aluminide border and a meat aluminid&i) submitted to speed power pulse (during some
millisecond) to simulate a RIA. The miniplate sizes (Figure 1):

* For the meat (mm) : 70 length x 25 width x 0.5tkhiess

» For the cladding (mm) : 130 length x 35 width x®tBickness
The meat was made of;8i, particles in A5 (French standard) matrix. The dlag was made of AG3
(French Standard). These tests highlight four diffé behaviors according to the power and therdfare
plate temperature:

» At low temperature, the plate was stable with gmigicant damage

» When the temperature increases the crack appearsebdimensional stability remained

good

» At higher temperature a buckling of the plate isaslred

» the plate is molten, when the melting temperatsireached
There are seven thermocoupl@dgure 1) on the active part of the plate (partiuding meat and
cladding) and two on the cladding out of activetpahe first crack appeared for a mean cladding
temperature of 26#718°C. The buckling is activated for a mean claddergperature of 4184°C. For a

mean temperature lower than 391 °C (no incertitaldede is no buckling. A partial melting is obsetve
for some plates when the temperature is above 640&ing temperature of aluminum).

BUCKLING OF THE PLATE

The maximum temperature of the plate is reachesr & milliseconds. The temperature rate is very

important. This remark allows considering a plashavior of the plate. The viscoplastic behavior i

negligible. Further, the thermic gradient throuphk thickness of the plate is also neglected. Indiwd

temperature of the active part of the plate is itamed uniform. Furthermore, the temperature of the

border (out of the active part) is assumed constqial to room temperature. A simple calculatibn o
2

time constant = = = 380 ms < 50 ms (the water is not considered, so this time is walaed) allows

a
showing that the frame stays to constant temperattiith: “a” the thermal diffusivity and “L” the tegth
of frame (5 mm).
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The active part of the plate, made with tree laysrgonsidered uniform. Its properties are evaddty
homogenization (see below).The meshing of the pkatshowed Figure 4. The finite element used is
guadratic (20 nodes). This meshing is optimizedafgood accuracy with a reasonable calculation.time
One side of the plate is embedded. Atthe temperature is assumed uniform equal to 20t
temperature increases up to a maximal temperaftine. frame is maintained cold (20°C). The
temperature increment imposed to the plate is:

AT(°C) = Typgx — 20
Elastic analysis

The high temperature reached by the plate induggldstic behavior. Therefore, the goal of this titas
analysis is to compare the perturbation approacheigen mode method for the plate. This step allows
working out the numerical methods for perturbatamproach. Indeed, the eigen method can be used as
the reference method.

Behavior models

The mechanical behavior is assumed elastic (Youndutns E, Poisson coefficienmt and thermal
dilatationa).

For the frame: E70000 MPay=0.33,a.= 23.08.10 K™

For the active part (“c” for cladding and “m” foreat):

+ E=65000 MPay=0.33,0.= 24.2.1F K™*
« E,=68100 MPay,=0.29,0,,= 22.61C° K*
The three layers are parallel, neglecting in firster the Poisson coefficient, the following eqoasi can

be used to estimatefanda,. for the active part [5]:
( _ 2e.E; +enEy

ac — e
2e.E.a. +enEqnanm
Aac = eE

ac
With e. and g, the cladding and meat thickness respectively,eanrd2g + g, the thickness of the plate.
These equations give the following resultg=B6245 MPag = 23.6.10 K. The Poison coefficient is:
V,=0.29

Eigen mode appr oach

The calculation is performed in two steps. Thet fagnsists to perform an elastic calculation of the
structure. The second uses a special process tBMande which evaluates the buckling eigen modes
and the associated eigen valugsTkese values give the multipliers to obtain thtcal temperature for
different modes. For the first mode:

AT, = kAT
The results for the three first modes are showedrgi 5. The buckling temperature for each mode is:
404°C, 506°C and 721°C. The last mode is not phigeicause the temperature is above the melting
temperature. It can be remarked that, this appraagds buckling temperatures close to experimental
temperatures.

Perturbation approach

This approach consists in introducing in the stirecta defect in the initial geometry. This defext |
evaluated with the first mode calculated by thevaebmethod, from the eigen mode method. The
numerical method used is explicit. Some very shialé steps are necessary close to the bifurcation o
the plate. For that a control strain is used. Thimerical method allows devising the time stephd t
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strain increment is upper than a critical valu&43or example). Despite this, an optimization betwe
the time step and the meshing must be found to geatiee bifurcation and avoid the negative Jacobiens
and non-convergence. The calculations are perfofforedifferent defect sizes from 1mm to 10um. The
displacement of the plate is evaluated from thie¥ahg equation:

— / 2 2 2
d = max |uy +uj +ug
nodes

With: i(u,, uy, u,) the displacement field of the nodes of the stmectu

The Figure 6 shows for each defect the maximal laigment evolution of the plate versus the
temperature increment between active part and ftalde. These results are compared to a reference
calculation without defects. For a large defect,oier of magnitude of the plate thickness, the
bifurcation appears earlier, with a progressivelwian of the displacement of the plate. In oppasior
small defects, the bifurcation appears later witHfast evolution of the plate displacements. The
temperature bifurcation is 400°@T=380°C) for a defect size of 10um and less fogdardefects. This
result is in good agreement with eigen mode approac

PLATIC ANALYSIS

Behavior model

The active part and the frame are assumed to hkweaa cinematic plastic behavior. As shown inura
7 this model is characterized by two parametehsreness (h) modulus and yield stregs

g; 0; — Oyj i 1 1 1

E h with no E—,l E

(i=1 for the frame and i=2 for the active part)

The hardening modulus is assume small and the &arbeth materials (frame and active part)

For the plastic part, the following parameters hla@en considered.

For the frameoy; = 130 MPa and h = 750 MPa

For the active part, the yield stress is considared parameter of this approach:

e Oy =40, 50 and 60 MPa
e h=750MPa

& =

Perturbation approach

The perturbation method, in the plastic case, ésghme as in elastic case; the difference is dry t
material behavior. The defect taken into accourgvialuated from first eigen mode evaluated in the
elastic domain. Its maximal size is 10um. The wheklt has been simulated: temperature increasing up
to 420°C and decreasing up to 120°C (from 120°Gehwgerature decreases lower). The Figure 8, Figure
9 and Figure 10 show the displacement evolutiorthef plate versus the temperature increment for
different levels of temperature {Jx = 270°C, 320°C, 370°C et 440°C) and different higpsis on the
yield stress of the active part (40, 50 and 60 MRA#&Eese calculations are compared to a reference
calculation without defect at 440°C. The simulasicghow that the buckling appears during the cooling
for a temperature between 370 and 440°C. The tanperrange is in good agreement with experimental
results. For a temperature increment of 420°C (i) a bifurcation appears during the temperature
increasing. The results depend on the choice ofitlld stress. Nevertheless this choice does nalifgno
drastically the order of magnitude of buckling tergdure.
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ANALYTICAL APPROACH

The analysis proposed below allows confirming withsimplified analytical approach the buckling
mechanism observed in the numerical simulationg &kial thermal plate dilatation is free, so in the
coordinate system presented in the Figure 11, dhgitudinal balance (the stress in “y” direction is
negligible) of the plate reads:

2L10'x1 + L20'x2 =0
We have: I, = 5mm and L= 25 mm. Therefore:

2L,
Oy = — Oy1 = —0.40,4
The elastic solution of this problem is:
P10 4 AT = 0422 4 AT
E1 Ez E;
And then: {ze — _0A4FE*aAT wzth + 5,

For AT = 400°C, the stress in active part equal to: VF&.

During the loading:

The plastic solution of this problem when the aztart yielded in first (foAT = 400°C and
oy, = 40MPa) is:

h with — =— -
Oy = —0.40,, = —45 MPa E; Ei E,
The plastic solution of this problem when the frapart yielded in first (forAT= 400°C and
Oyp = 60MPa) |S

{0x1=13"2 (aAT——)_112MPa 1 1 04

~ O
{o—xl =B (abT+—*)=135MPa 01 _1 1
E

Oy = =040, = —54 MPa 1 E" A
If we consider the active part as a rectangulareptmsed and submitted to uniform compression, the
critical buckling stress reads:

Elastic: o,,, = %2 (B + m)

bZe B
- -
Plastic:o,,p, = 1: <i + % %)

With: g = 2.8 the ratio length to width of the plate,= 12(1 the bending rigidity of the plate,
b=70mm the width, e=1.27mm the thickness of theepran" is an mteger representing the wave number

minimizing (E + E) or(£4+2 E) andE = —*EE —— the Von Karman reduced modulus.
m B m B\E (\/—+\/_)

The numerical application givess,,, = 512 MPa and o,,, = 202 MPa. These values are certainly
underestimated, because in this analysis the calde in traction is not taken into account. In aages,
with or without yielding of the active part, theests stays largely lower than the critical stresseduated

by analytical approach. Therefore, the buckling'tcappear during power increasing, but instead when
the power decreases (the temperature decreases).

During the unloading:

Several cases can be studied: If the active paftaone yielded or not during the load, during the
unloading: the active part can yield or the frarae gield or the unloading is totally elastic. Thesn
conservative case is when the frame has yieldethgluhe loading and unloading. In this case the
solution is:
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~ Oy1
{axl = By —* = ~128 MPa
Oy = _0'40-)61 = 51 MPa

In the other configurations, the stress in the &asrgreater.

The Figure 12 summarizes the behavior in the cdsravthe active part yields during the temperature
increase. If the frame is considered as a beamadin vith the following sizes: (length x thickness)
L=70mm, e=1.27 mm. The critical stress reads:

. 2e%E
+ Elastic:o,, = ”127 =18 MPa
n2e?E 1

S T =2 =~ 0 MPa
(1+ F)
Low values of this estimations show that the plaiekling during unloading is more likely that dugin

the temperature increase. This very simplified apph allows understanding the solutions of nhumkrica
simulations.

* Plastic.osy =

CONCLUSION

This study allows a better understanding of thalte®btained during NSSR tests. Three approadhes,
the elastic domain, have been proposed. These dgtiice the same results. In the plastic domam, th
perturbation approach has been used. The simutatimsing this method, give results very closed to
experimental results. The buckling appears dutiegunloading of the structure.
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