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1. INTRODUCTION AND HYPOTHESES

In severe accident scenarios leading to partial or total core melting, we get a mol-
ten mixture, called "corium” in the following text. Corium may be liquid or solid
(debris bed). In this paper we propose a thermo-mechanical model allowing an
assessment of the corium crust stability. Knowledge of physical properties about
corium is very insufficient, however studies about UO2 show that the mechanical
characteristics are a function of a lot of parameters (porosity, grain size, tempera-
ture, ...), most of them being very difficult to estimate. We assume the following
hypotheses:

e  Hypothesis 1

There is a ductile/brittle transition temperature Tt (1500 K for UO2) [2]

e  Hypothesis 2

The Young modulus is a linear function of temperature and equal to zero at melt-

ing temperature, E = E'(If —T), with E' = -%.

e  Hypothesis 3

The ductile part is submitted to the following mechanical loadings:

- pressure AP (hydrostatic, degassing of the substratum...)

- shear stress t (natural or/and forced convection)

e  Hypothesis 4

The temperature profile is linear in the crust

e  Hypothesis 5

We consider three criteria for the crust failure:

- immediate plastic instability: o* > o,,,, (o* being Von-Mises stress)
- delayed plastic instability (creep): € > €max

- melting of the crust resistant part

e  Hypothesis 6

There is no physico-chemical (diffusion) interaction between corium and substra-
tum.

2. PLANE CRUST AT THE FREE LEVEL

If we assume liquid corium, a crust appears at the free level of the pool or at the
free level of corium spreading on a structure such as a core-catcher. For solid
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corium too, the internal melting may also create a crust. The formation mode is
important for the thermomechanical loading (tension in one case, compression in
another).

2.1. Study of the thermal stresses
2.1.1. Solidification of the liquid corium

We study a flat plate with all edges fixed. This stucture is submitted to a linear
thermal gradient across the thickness (see fig. 1). In this case, we can calculate the
thermal stresses elastically, we have:

-F.a

o,=0 or=0,=0,= T -TOQ)
1-v

If we use hypothesis 2 with reference temperature 70 identified as the melting tem-
perature, we find:

o.E’ 2
= T -T,
or = 2E 1 - 17)

and from hypothesis 4 we have:
’ 2
or = 2E_ Ar2(X 1y
1-v e
Finally we obtain a parabolic distribution of stress across the thickness (see fig 1).

With hypothesis 1, the crust is divided in two parts: the ductile part and the brittle
part. The brittle thickness e is defined by:

e :eTt-—Te
F=5 AT

In the transition area, the stress o+ has to be calculated. Let ¢z be the damaged
thickness, we must consider three cases:

e casel: o >0 et Tt >Te then ex = ex

e case 2: o <0p et Tt > Te then ez <ep

e case 3: Tt < Te the crust is totally ductile ( ez =0)
2.1.2. Melting of the solid corium

In this case, the reference temperature is equal to the initial corium temperature
and then we obtain:

o.E 2 Te-T Te — Tc
or = T AT (D) + (5 - ) - S

The stress repartition is parabolic (see fig 3). The previous arguments may be
repeated to assess the damaged thickness.
2.2. Study of the primary stress

Two geometries are considered: flat rectangular or circular plates (see fig 2). The
pressure gives a bending stress. The maximum bending stress can be written as: [1]
2
o= B.AP.b

2
€res

with e,., resistant thickness (e, = ¢ — ez)

B= [3(%) is a parameter equal to 0.49 for a flat circular plate.

The shear stress can be modelized by: 1 = —g—.p.vZ

where V is the fluid velocity
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and C is a friction coefficient (we may use a correlation with Reynolds number and
rugosity surface ).

1

N No? 312
With this stress, we can apply the rupture criteria (hypothesis 5).
3. PLANE CRUST ON THE SUBSTRATUM

In the framework of severe accidents scenarios, a crust may appear locally on a flat
plane structure.

3.1. Study of thermal stress
If we consider hypothesis 6, equations are the same ones as in the previous case.
3.2. Study of primary stress

A crust can be in the three following different situations as a function of the sub-
stratum state because the later may begin to melt or degass ( case of concrete for
exemple).

3.2.1. Substratum not damaged
In this case we have o, = AP
3.2.2. Substratum damaged locally

Let f be the maximum deflection of the crust and let & be the molten thickness of
the substratum:

Finally, the Von-Mises stress can be calculated, o* =

o AP.b*
E.e,e 3

f =

o= a(%) is a parameter equal to 0.1706 for a flat circular plate [1]. We have two
cases:
e  First if £ > § then we have two another cases:
-Case in figure 3 (external pressure is greater than internal pressure). Crust is sub-
mitted to an imposed strain:

. _RO-b

! b
-Case in figure 4 (external pressure is lower than internal pressure). The crust is
submitted to a bending stress:

e  Secondly, if f <& then we have a bending stress (fig 4 or 5):

AP b?
g, =B. 2

Cres

3.2.3. Substratum damaged globally
Here we find again the case of the free level crust.
3.2.4. Rupture criteria

We can calculate the Von-Mises function: ¢* = —\/%.\Jo,,’ +37

With this stress we can apply the above rupture criteria (hypothesis 5).
4. OTHER CRUST CONFIGURATIONS

We may consider other simple crust geometries like cylindric or spheric ones. The
analysis of these structures follows the same way than the above studies.
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A cylindrical crust at the free level is used to study corium spreading on a core-
catcher (front evolution), and in contact with substratum on any cylindrical struc-
tures (cylindrical area of reactor vessel, fuel rod ...).

A spherical crust is used to study corium accumulation stability, and occurs on any
spherical structures (spherical bottom head of reactor vessel for exemple).

5. EXEMPLE OF APPLICATION:Corium accumulation on a plane

5.1. Immediate plastic instability

We study the corium spherical accumulation stability on a plane substratum (fig 6).
We assume that all the heat flux is evacuated upwards through the spherical area:

h
=g BR -k
with q the volumetric heat source.
We assume that the steady state is reached, @ = %.AT, with AT = (Tf - Te)

The crust is submitted to a hydrostatic pressure and a linear thermal gradient across
the thickness:

- PR _Ea _
Y 2~eru or 1-v -(Tman T)

with T,.. mean temperature of resistant thickness.

With these hypotheses we obtain a thermal stress parabolic distribution across the

thickness and then the resistant thickness can be evaluated. If we define: p = f.p.g.h

(0 < B <1 a parameter) we obtain the following stability condition:

Ifv< dxA(Tf —Tt)
B.pgq

With: 6, the ultimate stress, g gravity acceleration, p corium density, A corium

conductivity,

( We have considered that whole the brittle area is cracked )

Numerical application:

We take Tf =2500°C, Te = 1000°C, Tt = 1500°C, p = 8000 kg/m? and A =3 Wim/K.

We obtain that 67% of the thickness is ductile and if V < 2,36 m® then the accumu-

lation is stable (we have taken 6,,, = SMPa).

5.2. Creep

We take the following law to modelize the crust creep [3]:

142.1072
d*

.Omax then the volume V is stable.

with 6 = YV, we have ¢ = 1%

p.8.9
4xA(Tf = T1).
where d is the grain size. In the Bohaboy law [3] we have taken only the linear
part to simplify and obtain an analytical expression.

If we want a stable accumulation within a given time t, we must have: € < €, and
then:

Eman.d?
2241021
Numerical application: With gy, = 0.1, 1 = 3600s and 4 <d <35 um we find:
V < Ve With: 2102 <V, < 1.52 m®.
Another examples are shown in [4] with a corium on a plane substratum.
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6. CONCLUSION

We propose a model of corium crust stability. This model is based on a thermo-
mechanical approach and on the hypothesis of ductile/brittle transition temperature.
Knowledge of physical properties about corium is very insufficient, and then we
get a high scattering of the solutions. However, this model allows a comparative
study on the different parameters taken into account. The present objective is to
introduce this model in the severe accident scenario codes. The main difficulty is
linked to the identification of the crust configuration at every time-step in various
scenario situations.
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