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SUMMARY

The number of fuel rods puncturing during an LWR LOCA must be estimated in or-
der to get a realistic view of the radiological consequences of the accident. Due to the
great number of fuel rods in the core and the great number of contributing parameters,
many of them associated with wide uncertainty and/or truly random variability limits,
probabilistic methods are well applicable.

A computer model MCRF has been developed for estimating the number of fuel rods
puncturing during an LWR LOCA due to the pressure acting over the clad. MCRF is
planned to be coupled with the multi-purpose fission product release code ACCREL. It
is expected that the MCRF model is best applicable, and also most useful, in cases where
the failed rod fraction is in the range 0.1-10%.

The reactor core is divided into up to 15 rod groups, each of which consists of an ar-
bitrary number of like fuel rods. The damage fractions in the rod groups and the whole
core and their statistical error limits are determined. The statistics of variables are either
local, that is, different in each rod group, or global, that is, the same in the entire core.

Different distributions and truncation limits are allowed. To achieve a reasonable con-
sumption of processing time, the degree of detail in the physical and mathematical models
have been chosen so that there is a reasonable balance between the quality of available
input data and approximations in the model. The modular structure of ACCREL and
MCRF codes makes it easy to improve any submodel when necessary and possible.

The program allows the user to choose between two different failure criteria: simple
rupture strength vs. rupture temperature curve derived from burst tests, and a more flex-
ible method based on the concept of life fraction integral. The strengthening effect of clad
oxidation is included in the model. Systematical space dependent effects within fuel bun-
dles can be considered too. In addition to estimating the damage fraction, the program
can, as an option, also supply an estimate of flow channel blockage in each rod group.

Illustrative test calculations carried out for the Loviisa nuclear power station employing
WWER-440 PWR’s are described. WWER-440 has some unique features, which make it
different from western PWR designs, such as the triangular grid of fuel pins and Zr-1%
Nb cladding material. Hence, some calculations with values representative of western
PWR’s are described too. A brief comparison with some other deterministic and statistical
methods is given.

The experience available so far has demonstrated the general usefulness of the ap-
proach. In the continuation, special attention will be paid to the verification of the model.
At the time being there is very little relevant data but the many new experiments now
under way or planned, in particular LOFT and rod cluster tests inpile and with sophis-
ticated fuel pin simulators, will improve the situation in a few years.
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1. Introduction

One of the steps in the estimation of the radioactivity release from a light water re-—
actor (LWR) plant after a design basis loss—of-coolant accident (LOCA) is to calculate the
source release, i.e. the amount of activity released from the reactor core to the contain-
ment. Usually the major contributor to the source release is the so-called gap release, i.e.
activity accumulated during the normal reactor operation in the voids of fuel rods, released
from punctured rods, and finally transported from the reactor core to the containment.

At the Technical Research Centre of Finland a succession of probabilistic computer mod-
els have been developed for estimating the extent of fuel rod damage during an LWR LOCA due
to the pressure differential acting over the clad. The first model, called BURST, can be
characterized to be analytical and, consequently, crude approximations and severe limitations
could not be avoided. The next model, MCBURST, was based on the same physical fuel behaviour
model but made use of the Monte Carlo technique. It was mainly devised to study how serious
certain approximations and limitations of the BURST code were. Experience from BURST and
MCBURST resulted in the development of the more sophisticated and versatile MCRF code. MCRF
is described here in some detail but BURST and MCBURST are only outlined to the extent neces-
sary to allow a few illustrative comparisons.

All the models described here have been devised to be used together with the multi-pur-
pose fission product release code ACCREL [1], or even to be integrated with it. All these
models aim at reasonable computer costs to allow extensive parametric studies. To achieve
this goal the level of detail in the physical and mathematical models of the code submodules
have been chosen by keeping in mind the guality of related input deta and the relative impor-
tance of the various phenomena. The modular structure of the code mekes it easy to modify

any submodel when necessary and possible.

2. Analytical and Simple Monte-Carlo Models

These models have been described in detail elsewhere [2]. Hence, only an outline is
given below.

In the analytical BURST code tle clad hoop stress 9, and the rupture strength Og &re
assumed to be independent random variables. The failure probability Py of a single fuel rod

is then
o

Py I £, (x)Fp(x)ax (1)
(o]

where fh(x) is the probability density function of 0, and F (x) is the cumulative distribu-

R

tion function of Og-

If the distributions of f, and f_ are normal Dy is obtained simply from

h R
5,22, (2)

b, = 6(-(5, - 3, )/(s° +
where ¢ is the cumulative distribution function of the standard normal distribution, o end
Bh are the mean values of clad strength end hoop stress and sR2 and 5h2 are the corresponding
vaeriances. The number of failed rods in the whole reactor core is obtained by dividing the
reactor core into an arbitrary number of rod groups, each of which consists of an arbitrary
number of nominally like fuel rods, by calculating the failure probability in each rod group

and, finally, by combining the results of the rod groups.
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Because of the many simplifying assumptions in the physical and mathematical models,
certain problems associated with parameter correlations, skew distributions, etc., arose.
To investigate the consequences of these simplifications a Monte Carlo version of BURST code,
the MCBURST code, was developed and used to study the effects of different forms for the

probability distributions, correlations between certain variables, etc.

3. MCRF, the ILatest Monte Carlo Model

Based on the experiences from the BURST and MCBURST models a more sophisticated and
flexible Monte Carlo model, called MCRF, was developed. The preliminary stages of its de-
velopment have been described elsewhere [2].

To achieve reasonable computing costs it was decided not to include detailed calculation
of fuel pin temperature distribution in the model. Instead, an arbitrary number of reference
time histories of cladding and fuel temperatures and system pressure are input and nominal
conditions for individual rods are obtained by interpolating the reference data. The number
of Monte Carlo trials and the lengths of time steps can be chosen freely. Two versions of
the code exist at present: the MCRF-3 version divides the fuel into three axial nodes, where-
as MCRF-1 employs a hot spot + one equivalent node model.

Most of the statistical variables are of local type, that is, they can have different
characteristics in each rod group. A few variables are of global type, that is, their statis-—
tics affects uniformly the whole reactor core. The allowed distributions are at present nor-
mal and lognormal, both can be augmented with arbitrary upper and lower truncation limits.

The model includes also an optional feature which allows certain systematical effects
within fuel rod bundles to be considered. In the present version local distributions of rod
power, burnup, gas release and clad hot spot temperature can be accounted for. This feature
can be easily modified to accommodate additional effects.

The clad hoop stress is in this model calculated from

B (YTmfF + Nfz)R ros ~ ro + W,
o, = - - N P e (3)
K N v V.. w ext
) <g,k L 48,k f1!k> L Pl ¢ ¢
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vwhere ~ marks random variable, y is the fission gas yield per unit burnup, T is the burnup,
me, is the mass of fuel column, F is the rod average fission gas release fraction, K is the
number of axial nodes in the fuel pin, Nfg is the mole amount of fill gas, R is the gas con-
stant, Vg,k and Tg,k are the volume and temperature of the effective fuel-clad gap in axial
node k, Vds,k is the dishing (and/or other correspondingly distributed) volume in axial node

K Vei ok i,k
Vpl and ‘I‘pl are the volume and temperature of the axial gas plenum, T is the clad inner

and T are the volume and temperature of the fuel central hole in axial node k,
radius, LA is the cladding wall thickness and Poxt is the primary system pressure.

Fuel swelling and densification as well as clad corrosion and creepdown can be accounted
for by simplified models in the calculation of nominal values of Vg,k’ Vfi,k’ Vo Togo ete.
Modelling of these phenomena related to the prior-to-accident phase is, of course, best done
in a steady state fuel rod behaviour model supplying initial conditions to the MCRF. The

present option is, however, practical in many parametric studies.
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Selecting & reasonably realistic and flexible but at the same time simple enough clad
failure criterion is a problematic task, because the clad failure resistance is affected by
many physical processes acting before and during the transient. Two different failure crite-
ria are included in the present version of the MCRF code.

A simple criterion in the form of a curve of rupture strength vs. rupture temperature
has been derived from burst tests. This failure criterion has, however, severe limitations.

As a second alternative we have studied the feasibility of a failure criterion based on
the concept of life fraction. A structural component, in this case a cladding tube, is pre-
dicted to fail at time t under transient loading and temperature conditions when

t

LF(t)=J tR%,T_)Zk’ (1)
o]

where tR(U,T) is the stress rupture life of the material subjected to a constant engineering
stress O at a constant temperature T, and k is the failure limit. The functional form of
IF(t) is based on empirical findings. k may be a function of variables related to certain
pretransient phenomena, such as neutron irration damage, corrosion and oxidation. Alterna-
tively, the effects of these complicating factors can be included in the correlation for tge
In the present application cladding oxidation during the LOCA transient is a factor that must
be considered. In the MCRF code the value of k is adjusted.

The life fraction approach has proved to be successful for stainless steel materials [3,
4]. The zirconium alloys exhibit very complicated behaviour in the temperature range of most
interest in LOCA analyses and, hence, problems may arise in deriving the Larson-Miller,
or Dorn or any other empirical correlation for the failure life tge Our data base is too
limited so far to allow definitive Jjudgements. In any case, the life fraction method is
very flexible and still reasonably simple.

The fuel rod physical behaviour and failure model assumes that a clad tube fails if bal-
looning once starts.. This is a conservative assumption. Model studies indicate, however,
that this assumption is not too unrealistic in the case of full length power reactor pins.

A complicated mechanistic clad ballooning and puncture model, which would require a detailed
fuel pin temperature model too, would be excessively costly in core wide’analyses. Further-
more, even most complicated clad ballooning and failure models have not so far been able to
give much better results than simpler ones. Clad ballooning and puncture is a random pro-
cess, the details of which are still inadequately known.

Recently & probabilistic coolant channel blockage model was also built as an option into

the MCRF code.

L.  Applications
Table I summarizes results from calculations carried out by the BURST, MCBURST and MCRF

codes for a WWER-L4LOPWR. This reactor exhibits several special features in the design of fuel,
reactor core and primary circuit. The average fuel linear heat rating is only about 13 kW/m,
which results in very low fuel temperature and, therefore, low fission gas release. In the
present context, the Zr-1%Nb cladding and non-prepressurized fuel pins are also of special

importance. Cladding temperature during the transient and gas release from the fuel during
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the preaccident phase were calculated by highly conservative models, The maximum clad hot
spot temperature was 1120°C in the highest rated rod group. The MCRF-1 version was used in
these calculations because the fuel model is very similar to that used in the BURST

and MCBURST codes. The temperature histories used in the MCRF-1 calculations were chosen so
that conditions after 50 s after the start of the accident were as similar as possible to
those used in the BURST and MCBURST calculations.

Table II gives an estimate of computer costs by using the UNIVAC 1108 system. It should
be borne in mind that the MCRF codes simulate the whole accident history whereas BURST and
MCBURST calculate the core damage at one predetermined point of time only. In the case of
the MCRF codes the running time depends on the chosen failure criterion, the life fraction
criterion takes more time. The indicated times for the MCRF models are for the base case,
options for clad ballooning model or fuel bundle internal structure were not used. Plugging
in these options would increase computing time by 5-10 s.

A second set of calculations was performed later for the WWER-4LO PWR with more realis-—
tic input data. Especially the peak clad temperatures were much lower than in the pre—
vious example. The core failed rod fraction using this input data was 0.000, not a single
rupture was produced by the 15x500 Monte Carlo trials.

The sensitivity of results to some central variables was then analyzed by parametric
studies. TFigure 1 depicts the effects of global clad hot spot temperature variation if other
conditions are the same as in the base case.

Differences between life fraction and the rupture strength failure criteria were signif-
icant. Mainly due to the scarcity of the basic material property data our present failure
life correlation, based on the Dorn-formulation, is associated with such wide uncertainty
limits that conclusive judgements are not possible on the benefits of the life fraction fail-
ure criterion.

Because of the several unique features of the WWER-4LO reactor some calculations for a
hypothetical modern 1000 MWe PWR of western design-were also performed. An average linear
heat rating of 20 kW/m and fuel pin pre-pressure of 20 bar were assumed in the base case.
The core power and burnup distributions simulated high radial power peaking, Fuel and clad-
ding temperature histories and primary system pressure were obtained by adjusting the input
data for WWER-LLO reactor calculations. The upper part of fig. 2 gives the assumed time
histories of clad hot spot nominal temperature and the pressure differential over the clad in
two rod groups. The corresponding evolution of failed rod fraction in these rod groups and
in the whole core is shown in the lower part of fig. 2.

Table III presents further details of the hypothetical western PWR case: the main input
data and failure fractions at the end of the transient in the 15 rod groups. Table IV gives
the results of some variations of the base case. Inclusion of the fuel bundle internal
structure model increased the failure fraction relatively little. The change of the pre-
pressurization to 10 bar hed a strong reducing effect on the failure fraction. An approxi-
mately equal reduction was detected when the lineer heat rating was lowered by 10%, i.e.
from 20 kW/m to 18 kW/m.
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S. Discussion

From the point of view of radioactivity release the most interesting range of core fail-
ed rod fraction is from 0.001...0.01 to 0.1...0.2. The lower limit is set by the pre-accident
activity inventory in the primary coolant, the upper by the fact that rods with highest
rating and, consequently, with highest gap activity inventory fail first. About the same
limiting values - but now at a more localized level, "as in an individual fuel rod
bundle - seem to bracket also the validity range of the model. At a very low rod failure
probability mechanisms not included in the present model may contribute significantly to the
failure. In the upper end, neglecting rod - rod thermohydraulic and mechanical interactions
may not be justified.

Comparisons between models of varying sophistication indicate that even a simple ana-
lytical probabilistic model can be justified in many applications requiring a great number
of calculations. Such a model would also be useful as a submodule in a LOCA thermohydraulic
code to improve the realism of channel blockage analyses.

Parametric studies carried out so far give clear indications which parameters and uncer-
tainties or truly random effects are most essential. Because of the high computer coste we
have not been able to carry out enough relevant core thermohydraulic analyses with the RELAP-
type codes. Several reported studies tend to reveal relatively large error limits for calcu-
lated clad temperatures. The statistical characteristics of clad temperature - global and
local - are at present probably the most critical input data, Core power distribution and
its evolution during the pre-accident phase, fission gas release prior to the accident (es-—
pecially in the case of non-prepressurized fuel pins) and the fuel failure criterion are
other key parameters. On the other hand, many variables that have been treated as random
variables in the models developed so far could well be assumed deterministic,

Our studies have so far mainly addressed local rendom effects, Yet, global uncertain-
ties can have even greater impact on the final result. The MCEF code could well be extended
to treat global variability too, but the computer costs would probably be prohibitive as re-
gards the intended practical applications of the model. Therefore, under consideration are
now analyses based on the response surface method. After a set of initial caleculations, very
heavy in this case too, plenty of interesting information can be obtained by very modest ef-
forts by interpolating the once established response surface.

The differences between results obtained by the two different rod failure criteria (life
fraction and rupture strength, both derived to the greatest possible extent from the same ex-
perimental data) are significent, but not excessive. Actually, the data base available to us
so far is too limited to allow full exploitation of the potential bemnefits of the life frac-
tion method. The effect of clad oxidation on clad failure resistance is one central issue
requiring further studies.

It is recognized thet the fuel rod physical behaviour model is very simple and the ef-
fects of approximations can be significant. It is, however, clear that a fuel rod damage
model for core wide analyses cannot accommodate a detailed mechanistic fuel pin temperature
and mechanical behaviour model.

It is felt that the technical development status of the model is, in any case, already

satisfactorily compatible with the quality of available input data, such as material proper-
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ties, temperature data from core thermohydraulic analyses, core power distributions, and
fission gas release. As regards fission product analyses, the relative error limits for the
core failed rod fraction are probably comparable with or less than those associated with

some other central processes in the whole fission product release chain (containment leakage,
pre-accident gap inventory, chemical retention phenomena, etc.) [5,6].

Model verification by comparison with experimental data should always be an integral
part of model building. The many new experiments now under way or planned - rod cluster
tests in-pile or with sophisticated fuel pin simulators - allow a sort of checking of the
single fuel pin failure model. The LOFT nuclear tests may yield some data also relevant for
evaluating whole core predictions. The present work is, however, partly aiming to give
answers to such questions that are difficult, excessively costly or impossible to tackle

experimentally.

6. Conclusion

The experience available so far has demonstrated the general feasibility and usefulness
of a probabilistic approach to predicting core wide fuel rod damage during an LWR LOCA.

The various models described here are mainly intended for parametric studies. Compre-
hensive sensitivity studies can, for instance,

- help us in directing further research efforts to such topics that the results obtain-
ed can in the best possible way inecrease our confidence in the safety of the present nuclear
power plants by quantifying margins of conservativeness in the present safety analyses,

- indicate ways to better engineering solutions and analysis methods, and

- demonstrate that there are needs and possibilities of improvements in safety criteria,

guidelines, etc.
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Table I  Comparison of core failed rod fractions calculated by the various models

under different assumptions.

Highly conservative assumptions in calculating fuel

temperature and gas release. WWER-LLO PWR.
Failed rod fraction
Case Highly Medium Low
Whole rated rod rated rod rated rod
Nr. Model Main assumptions core group group group
BURST anelytical 0.28 0.845 0.2h9 0.007

2 MCBURST normal p.d.f.'s, 0.2k 0.752 0.218 0.000
independent variables

3 MCBURST normal p.d.f.'s, clad and 0.28 0.810 0.316 0.000
effective gap tempersture
correlated

b MCBURST gas release lognormal, 0.31 0.852 0.350 0.000
otherwise as case 3

5 MCBURST  uniform p.d.f.'s, 0.32 0.8L2 0.267 0.000
independent variables

6 MCRF-1 baese case, rupture strength 0.27 0.854 0.240 0.000

failure criterion

Table II. Comparison of computer costs of the different codes using 15 rod groups,
UNIVAC 1108 computer.

Model Typical CPU Approx Number of
time cost Monte Carlo
(s) ($) trials

BURST 5.5 2

MCBURST 83 15 1000

MCRF-1 165-230 30-L0 500

MCRF-3 175-260 35-50 500

Calculation for one point of time
only

Simulation of the accident time
history from start to 120 s, approx.
7.5 s time steps

"
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Table III An example analysis by the MCRF-3 code for the hypothetical PWR of western
design. Base case input values and failure fractionsi Rupture strength UR)
failure criterion.

Rod Fraction Nominal input values
group of Failed rod
(nr,) whole Burnup Gas release Clad hot fraction
core (MWd /kg fraction spot maximum
(%) (%) temperature
(°c)
1 3.4 2h.2 0.69 800 0.010
2 10.3 2.8 0.10 628 0.000
3 8.6 11.3 1.78 888 0.266
L 18.9 21.3 1.7k 760 0.000
5 3.4 15.5 1.57 897 0.288
6 5.2 15.0 1.53 83h 0.064
7 6.9 25.4 1.49 821 0.030
8 8.6 b7 0.83 846 0.072
9 3.4 21.0 0.72 628 0.000
10 3.4 13.0 1.75 897 0.274
1 6.9 1h.8 2.22 682 0.000
12 8.6 h.h 0.50 810 0.016
13 5.2 1.9 2.46 9li2 0.4k
1 1.7 6.4 8.86 0Lk 0.886
15 5.5 5.1 1.57 893 0.218
Fgiled rod fraction in the whole core 0.112

Table IV

western design. Rupture strength (OR) failure criterion,

Case

(nr.)

Input values

ppre Loy

(bar) (kW/m)

20 20

20 20 local power distribution
included

2@ 18

10 20

Examples of parametric studies by the MCRF-3 code for the hypothetical PWR of

Core failed
rod fraction

0.112
0.128

0.033
0.030
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Fig. 1 The effect of global cled hot spot temperature variation on

the failure fraction of fuel rods.
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the hypothetical 1000 MWe PWR of western design. The upper
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the clad.
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