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1 INTRODUCTION

The thermal stress and damage analysis of the light water reactor (LWR) vessel is
considered in a severe accident conditions. The high temperature corium accumu-
lates on the vessel bottom and necessary condition of its holding is intensive cooling
of vessel. External flooding with outside cooling of the LWR vessel is one of the
accident management strategies being proposed to ensure the integrity of the ves-
sel after a severe accident. If efficiency of cooling is sufficient for unmelting of the
bottom, then a possibility of vessel integrity will be depended on vessel behaviour
under a thermal loading.

The various approaches of thermal stress analysis of the reactor vessel in a se-
vere accident condition are suggested. Ritter (1994) takes into account only time-
independent material behaviour and carries out finite element analysis with using of
plastic flow theory. Cenerino and Strub (1994) take into consideration creep effects.
In this case failure time increases with a decrease of excessive pressure and accounts
approximately 107 hours for absence of pressure case.

During severe accident of WWER-640 reactor being developed according low
pressure scenario, effective cooling of vessel bottom provides by the feed of wa-
ter in concrete vault and organization of natural circulation between the concrete
vault and emergency reservoir. The excessive pressure decreases to zero value for
the stabilization state. The configuration of unmelted part of vessel is defined by
the distribution of thermal flux from corium.The three models of configuration of
remained unmelted part of vessel and corresponding temperature field distribution
were considered for obtaining more reliable results. In first model the inner wall sur-
face temperature is near to the melting temperature of the vessel steel (~ 1500°C).
The another models take into account the effect of chemical interaction between
corium melt and vessel steel, which prevents the formation of the stable corium
crust on the inner bottom surface and is modelled by parametric decrease the vessel
wall thickness with corresponding decrease inner surface temperature up to 1000°C
and 500°C.

2 THERMAL ANALYSIS
A transient two dimensional uncoupled thermal analysis of the axisymmetrical model

of WWER-640 reactor was performed using the FEA finite element program system
[Borovkov et al. (1991)]. Determination of non-stationary temperature fields in
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heterogeneous anisotropic media consists of the solution of the following non-linear
differential equation

VK, T)- VT)] +ar,T) = aulr, Dol T g, (1)

where T'(r) is temperature in the point with vector-radius »; K(r,T) is the tensor of
the heat conductivity coefficients, depending on the temperature; ¢,(v, T) is specific
thermal heat capacity; p(r,T) is a density of material; ¢,(r,T) is intensity of the
internal heat sources.

Modelling of the melting process is approximated by means of definition of es-
sentially non-linear dependence of thermo-physical characteristics K(r,T), c,(r,T),
p(r,T) on temperature.

3 STRESS ANALYSIS

The two models of material behaviour approximation were used: the time-indepen-
dent model based on elasto-plasticity theory and the time-dependent model taking
into account creep.

3.1 Thermo-elasto-plastic stress analysis

The thermo-elasto-plasticity theory considered here is capable for predicting of time
independent irreversible response of material under variable and high intensive ther-
momechanical loads. The description of the thermomechanical state of the used ma-
terial model is defined by the variables: e - strain tensor, T - absolute temperature,
p - microstress tensor and &° - effective plastic strain. The temperature plays a
particular role in the equations, as long as it appears in the coefficients. Thermome-
chanical coupling effects are neglected in present analysis. A von Mises yield surface
and associated flow rule are adopted here. The Bauschinger effect is described by
using a mixed isotropic-kinematic hardening model.

In this case we can obtain the rate form [Borovkov and Semenov (1993),(1995)]
of constitutive relations of the thermo-elasto-plastic material, belonging to the class
of first-order tensorial quasi-linear differential equations with two internal state vari-
ables:

6 = D%(o,p,&*,T)- - + R?(0,p,&",T) T, (2)

where the tensors of thermo-elasto-plastic moduli D and R present themselves
difference of the elastic and plastic parts respectively:

DcP—_-D——%D..a a..D7 (3)
. r Y
R”=R—-—5D~-a<a-~R—b-T>. (4)

The values Y and a appear in (3) and (4) are defined by the yield surface presenta-
tion, which is given by von Mises type expression:

F(a,p,EP,T)i\/%(s—-p’)--(s—p’)—Y(éP,T)=0, (5)
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where 8 = devo and p’ = devp are the deviatoric parts of & and p. Tensor a is a
normal to the yield surface and one is defined as @ = g—g =3(s-p")/Y.

Definitions (3) and (4) contain the zero-one parameter I' which depends on the
type of the deformation process:

0, fF<0,o0or F=0, 8—F--&+8—YT§0
o oT
= dF oY (6)
1, if F=0,a—a‘-'0+a—T'T>0
Hardening function A is given by
3 oY
h=a--D~a+-2—C+%, (7

where C is parameter of kinematic hardening, introduced by equation p = C(T, 7).
The first addend in (7) is the slope of elastic branch of stress-strain diagram for
isotropic materials and the sum of second and third addends is the slope of uniaxial
isothermal stress-plastic strain curve.

Tensor of thermal influence R is defined by the thermal expansion tensor a and
rates of temperature alteration of thermo-elastic moduli D:

_ Jdo oD 1
R=-D --a—-D '8T(T—To)+a—T-~D o, (8)

The evolution equations (Prager - Ishlinsky kinematic hardening rule [Prager
(1955), Ishlinsky (1954)] and Odquist isotropic strain-hardening rule) can be pre-
sented for variable temperature case in the form:

p=C a%[a--D--é—f—(a--R—g—;)T} (9)
3:%[a--D~-é+(a--R—%§—)T] (10)

3.2 Creep stress analysis
For metals operating at elevated temperatures, the strain is known to be a function
of time, for constant stress of magnitude even below the conventional elastic limit.
For description time-dependent material behaviour is used the Norton’s law [Norton
(1929)]. The creep strain rate tensor is given by the simple formula

€° = pa, (11)

where p = A(T)Y™D), a = 32s/Y. In this case the analog of rate form of consti-
tutive equation (2) is relation

o=D(T) ¢+ R(T)T +Q(e,T) 1, (12)
where @ = —pD(T) - - a.
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3.3 Computational peculiarities

Effect of temperature influence on the constitutive equations requires the appli-
cation of more accurate schemes of their integration. Therefore the set of follow
improvements is used:

- exact integration thermo-elastic parts;

- implicit time integration scheme;

- finite load steps strategy;

- exact computation of the plastic multiplier AJ;

- subincremenal technique;

- separation of purely elastic periods in loading and unloading.

4 DAMAGE ANALYSIS

The integrity evaluation of the structure was carried out on the base of the damage
values and its field distribution, which reflects a degree of material failure. Compu-
tation of the dessimenated damage was implemented on the base of kinetic equation
of power type:

t
1

D= [o--&d, (13)
e

where D is damage, D € [0,1]; de? is irreversible (plastic or visco-plastic) strain;
WP is scaling coeflicient, depending on temperature, and one equals irreversible
ductile failure work.

5 NUMERICAL RESULTS AND DISCUSSION

Thermal analysis defines the configuration of unmelted part of reactor vessel, which
is base for the stress and damage analysis. The finite element mesh (Fig. 1) of
unmelted part of vessel consists of 528 the 8-noded isoparametric axisymmetric
quadrilaterial elements. Non-uniformness of bottom vessel melting results to the
stress concentration in the locations of abrupt thickness change. The most dangerous
zone is situated in the region of corium melt *mirror”, where the thickness alteration
changes most sharp. Here the maximal displacements (Up,q = 2.32¢m) are occurred
also (see Fig. 2).

In Fig. 3 some temperature and stress radial distributions inside the wall are
shown for the most dangerous cross-section. This results correspond to the three
characteristic time points up to stable state. The comparative analysis shows that
the weight loading of the melt don’t exert considerable influence on the stress state
of reactor vessel. Main contribution in the stress-strain state is provided by temper-
ature loading.

The curves of damage distribution along the meridianal lines on outer cylindrical
and ellipsoidal parts of vessel are shown in Fig. 4. The damage distributions for the
three different models of unmelted part of vessel (mentioned in sec. 1) are compared.
The most damageable zone locates near melt "mirror” and one moves to the upper
part with a decrease of wall thickness. For the three considered models the values
of damage have the similar order of magnitude, which is less in several times of the
permissible level.

Influence of the creep effects on the stress-strain state was investigated. The
time history of the inner wall temperature is supposed as linear increasing (during
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Fig. 1 Finite element model of the Fig. 2 Deformed state of the
unmelted part of reactor vessel unmelted part of reactor vessel
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Fig. 3 Time-dependent temperature and von Mises stress inside the wall
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8000s) function up to the melting point and then one keeps this constant value.
Computations were performed on the base flow theory with using the Norton’s law.
The von Mises stress time distribution in the most stressed point at the outer wall for
the time dependent material behaviour is presented at the Fig. 5. The stresses don’t
demonstrate the visible relaxation effects even in long term investigations during 107
hours. The cooled outer layers restrain the creep flow of the high temperature inner
layers of the vessel bottom.

6 CONCLUSIONS

The multimodel and multivariant computations are shown that the integrity of the
WWER-640 reactor vessel keeps in a severe accident with intensive cooling condi-
tions. This result is confirmed both time-independent and time dependent models
of material behaviour.

The numerous multivariant computations are feasible due to application of the
well-known and original effective schemes of integration stress-strain relation and
non-linear finite element system solution in the non-isothermal conditions.
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