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Abstract
According the licensing procedures the designers of the PWRs reactor have to prove the meeting

of special safety requirements. One criteria on effectiveness of the Emergency Core Cooling
System is not to exceeding some limited conditions of the fuel cladding during LOCA accidents
(typical example Tna. <1200 0C, ECR<0,17 & oth.).

The damage of fuel element in the core during LOCA is caused by the oxidation of the cladding,
its embrittlement and thermal shock stresses after initiation of the heat removal by a cold water
from emergency core cooling system.
In the paper the conservatism in criteria Lo avoid brittle ruptures of the fuel elements is discussed.

Taking into account the influence of fuel burnup on the property of the cladding and a potential
presence of air in the steam, it is believed that criteria of survivability of the zircaloy fuel cladding
during LOCA may not be enough conservative.

1. Regulatory requirements on PWRs fuel elements during LOCA

The safety of the nuclear power plants is achieved by responsible activities during the
designing, equipment manufacturing, construction, testing and operation of the plants,
based on strict Safety Standards. To get a licensing permission a designer have to prove the
meeting of many criteria and conditions for a normal operation and for the accidents.
Among such criteria there are acceptance criteria for emergency core cooling systems
(ECCS), which have to be actuated (luring a loss of coolant accidents (LOCA). A key
question of the studies is to show that conditions of the fuel during or after an accident
could be considered as admissible from the point of view of the integrity of the fuel and its
handling.

In short ((Acceptance criteria for ECCS for PWR reactors>> demand the ensuring [1]

* peak cladding temperature shall not exceed 1200 'C,

* a total oxidation of the cladding (equivalent cladding reacted- ECR) shall nowhere
exceed 0,17 times the total cladding thickness before the oxidation,

* maximum hydrogen generation shall not exceed 0,01 times the total hypothetical amount
of hydrogen from a reaction of the total metal of the fuel with water or steam,

* changes in core geometry shall be such that the core remains amenable to cooling (and

* handling).
Similar to these requirements (Tarz <1200 TC, ECR<0,18 & oth.) are in the Russian

nuclear standards and norms for Zrl%Nb claddings [ 2 ]. In Japanese nuclear standards

ECR=O, 15 is adopted.
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Such criteria have been established in the middle of the seventies to limit the excessive
oxidation of the claddings and to avoid the decreasing of its resistance for embrittlement
and ruptures after LOCA.

A lot of experiments have been carried out to check the sufficiency in such limits for
unirradiated fuel. A vast scattering of the results was observed, caused by differences in
conditions of tests, in properties of specimens and by influence of many uncontrolled
factors (fuel constraint, cooling rate et al). It was shown such specification provide
sufficient margins of safety for fresh unirradiated fuel with zircaloy cladding [3]. On the Fig
I results of Japanese investigation of the rupture of the zircaloy fuel after LOCA [4 ] are
shown.
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Fig. 1 Failure map for zircaloy-4 cladding
by thermal shock under restrained
condition.

It is worthwhile to investigate also the validity of such ECCS criteria during fuel life in
the reactor. Are they rather conservative for fuel element during the long operation and
significant bumup?
Here we discuss the question about the chances of the loss of the function of the claddings
during the LOCA accident caused by embrittlernent of the irradiated fuel of PWR. Taking
into account an influence of the burnup of the fuel on mechanical properties of the Zircaloy
cladding and influence of the air in the steam on the oxidation rate it seems that adopted
criteria are not enough conservative.

2. An Oxidation of the Cladding of the Fuel during LOCA.

During a LOCA an inadequate heat removal from core causes an overheating of the fuel.
High temperature of the fuel stimulates the chemical interaction of the cladding with the
uranium oxide and a vapour of water.
To prevent overheating of the fuel the ECC Systems have to be actuated.
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A lot of tests and analytical investigation are devoted to problems of the effectiveness of
such ECCS. A key question of the studies is the ability of the fuel to overcome the
dangerous regimes and to avoid the ruptures of the cladding.
A high temperature oxidation of the cladding is a process of decomposition of the water, a
creation of the layer of the zirconium oxide and diffusion of 02 in the body of cladding.
The distribution of oxygen in the cladding is being usually described by the equation of
diffusion of oxygen

VD(r, T)VC

and equation of the energy

cp dY = V(r, T)VT` + q

with proper initial and boundary conditions.
A specific feature of the high temperature oxidation of Zr is production of heat, creation of

the film of ZrO2 and layers of Zr with allotropic transformation of the a, 13 forms (a-
hexagonal close packed , P-body centered cubic structures).
A diffusion of the oxygen in the body of the cladding is accompanied with the precipitation
of the additives and creation of the enhanced paths along the grains for migration of the
oxygen.
The layers of the oxide and a-Zr stabilized by the oxygen are brittle and can't carry loads.
Only P-phase in Zr is in a position to withstand the stresses. But the real chance for the fuel
to survive depends on thickness of 13-phase .
In the literature there are many approaches for solving the problem numerically or
experimentally [ 5,6 ].

A simplest method of presentation of results of the oxidation of cladding is the empirical
Arrhenius -type correlation of the parabolic growth rate of oxide scale

6 j2(i, T) = A exp(- -07

where 6 is a parabolic rate constant of oxygen consumption, which can be determined on
weight gains during the oxidation, Q-energy of the reaction, R- universal gas constant.
R=8,314 J,/mol.0 K ,T- effective temperature, "K.

The situation is complicated by the temperature dependent deformation of the claddings.
Besides burst rupture of the cladding provides the intake of the water into inside of the fuel
and caused the internal oxidation of the cladding [ 7 ].

In some research considerable influence of a presence of the air in the steam on the
kinetics of cladding oxidation was observed [ 8 ].
Another peculiarity of the LOCA accident is a strong interaction of the uranium oxide

pellets with cladding [ 7 ].

3. Embrittlement of the cladding after oxidation.

On the last stage of the accident, during operation of the emergency core cooling system,
the fuel elements are being exposed to a very quick cooling down with appreciable thermal
stresses.

The layers of ZrO2 and a-phase of Zr are considered as brittle ones. The P-phase
undergoes the transition in P'-phase, a mixture of a-phase seeds and regions with high
concentration of the oxygen. This structure is also rather brittle if the initial oxygen
concentration is high.
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It is important to remember, that during operation of the reactor, as burnup of the fuel is
increasing, mechanical properties of Zircaloy cladding are noticeably degraded, particularly
through the precipitation of hydrides and radiation damage. Such phenomena cause the
rather large decrease of the peak fuel enthalpy at failure during Reactivity Initiated
Accidents (RIA) [9]. On next Figure data from various RSA experiments with irradiated
fuel are shown [10].
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Fig. 11 Fucl burnup and peak enthalpy in irradiated fuel experiments

It can be expected that similar influence of the burnup can be in the case of the LOCA.

4. Probability of brittle rupture of the cladding during reflooding or handling.

It was clear for a long time a probabilistic approach to the problem of brittle rupture of the
fuel element in LOCA accidents mav be rather informative. Based on known data it is
possible to propose a criterion for the assessment of the probability of brittle rupture during
cooling phase or post accident handling as a Weibull distribution function,

W(x, T)= 1- exp{- (7 Xo/Xol-Xo) }
where P-parameter of distribution, -/m -oxidation with probability cladding rupture equals

0,632, X, -oxidation where embrittlenment is enough to start the brittle rupture (a threshold

for loss of load-bearing abilities of thc fuel). As X a relative thickness of the cladding with
P-phase may be used. Data on Eailure probability of the Zircaloy cladding can be rather well

described with XO==0,1
7 and X,2=0,2, f3=2.

It is important, that ,, is a function of burnup of the fuel (Xa is decreasing when burnup is

increasing). And in high temperature situation during LOCA, despite of annealing some
burnup effects, it is possible to expect, that the ECCS criteria for Zircaloy fuel may be non
conservative.

From RIA experiments with fuel elements having Zrl%Nb cladding it is known that a fuel
burnup influence to the failure threshold is rather weak [ 1 1. It is believed to be connected
with better corrosion resistance of this alloy.
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