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INTRODUCTION

Operating reliability of RBIVIK fuel assemblies is differing significantly not only from one NPP to another,
but from one unit of the same NPP to another ones (Fig.1). It points to the fact that operating conditions
achieved in RBIVIK units have a considerable effect on the fuel element cladding failures, moreover these
conditions differ highly for various reactor plants even in the case operation regulations and schedule are the
same for all NPPs (Fig. 2.

It should be noted that the greatest difference in the number of discharged failure fuel assemblies is
observed in NPPs with cooling water characteristics varying widely.
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Fig.1 Time variations of the number of leaking fuel assemblies on the example of the 1' and the 3rd
LAES units
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Fig.2 Time failure intensity at different loads A, 13, C [1]
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Basing on results of the analysis of corrosion state of fuel assemblies, studies and modelling in the field
of corrosion and chemical technology of the water coolant, a model was developed taking into account the joint
effect of physical and chemical factors on corrosion of zirconium alloys under operation conditions of light-water
reactors. The model accounts for the influence of the content of impurities in the coolant and the vapour content.

A model was developed also to determine the fuel assembly reliability depending on quality parameters
of the water chemistry and corrosion of claddings.

1. PHYSICOCHEMICAL SUBSTANTIATION OF THE CORROSION MODEL

Corrosion of Zr-Nb alloys has a complex mechanism and depends on many parameters described in
details in the literature. At the initial oxidation stage, a thin protective black dense film is formed. Kinetics of
oxidation at this stage is practically parabolic. The film consists of the solid solution of Zr in rO2- It is

nonstoichiometric oxide rO(2-x)with a deficit of oxygen, generally no more than 3 pm thickness. As the oxygen
content in the film is increasing, nonstoichiometric oxide is transforming into white oxide rO2with no protective
properties. The white porous film is formed upon the black one, but not substitutes it. This plot of the kinetic
curve is known as transition. After the transition stage, the oxide film is growing linearly, and the corrosion rate
becomes practically constant; the oxide formation mechanism is not yet known. Under conditions of RBIVIK and
WWER the transition stage of oxidation in the Zr+lNb is observed generally within (3-5)-l 03 and (5-1 0).103

hours, respectively.
Available physicochemical models developed for estimation of the effect of various factors on Zr

corrosion are describing generally pre-transition stage oxidation and are based on the solid phase oxidation
mechanism. No influence of water chemistry is taken into account in this case. Under real operation conditions
of the NPP, it is vital to have a model taking into account parameters of water chemistry and describing the
second phase of oxidation which has an influence on the fuel assembly reliability. In our opinion, this corrosion
stage is controlled by the zirconium oxide solubility.

Comparison of solubility data of zirconium corrosion products with corrosion data under reactor
conditions (Fig.3) shows the adequacy of Zr corrosion rate variation to that of the sum of concentration values
Zr(OH)3' and Zr(OH)5-with pHT. This is used in our modelling 1,2].
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a) Solubility of zirconium corrosion products (mole/kg) in water at 3500C (calculated) depending

on pHT (_ - - - the sum of solubility values [Zr(OH)-5 Zr(OH)+3]) 2]

b, c) Dependence of Zr alloy corrosion under static conditions at 3600C _) and under reactor

conditions L --- ) on the pHT value; test period - 300-600 days 4, 5]

In the case of fuel element corrosion under reactor conditions, we obtained an equation considering iron

oxide deposition and available impurities, which could influence radiolysis (the content of H2 and Cu in the

coolant) 3]-.

dh� B (1)
V -_ K I exp +K2 O

t=O T + YM Fe 1 - a +

where: K, and K2 - coefficients depending on water chemistry-, Q/R; T - coolant temperature; a - outlet
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coolant vapour content-, -neutron flux; M F.= C F, .,r -the total of iron arrived in reactorduring i-th series

of observations; y -coefficient uniting q, p; coefficient accounting for the influence extent and the

concentration of impurities suppresed radiolysis.
The first item - the thermal component - is accounting for the temperature influence and overheating

due to deposition of iron corrosion products; actually it defines changing of rO2 oxide solubility in dependence

on pHT and the temperature.
The second item - radiation component - accounts for an indirect influence of irradiation.

It is well known that irradiation causes the zirconium alloy corrosion rate to increase, specifically in the

vapour formation zone (Fig.4), but the nature of this changing is not yet fully studied. We believe it to be caused

by changes in the coolant composition due to radiolysis (changing of the concentration of radiolysis products H2,

02, H202, NH30H, UH et al.)
h gm

00-

A Bde
150--

100-

50

0
0 200 400 600 800 1000

1, mm

hmin, AM

hmax, gm

Fig.4 Dependence of the Zr+1 %Nb alloy corrosion in the research reactor on the distance along the
active zone (1), mm

A - convection heating zone
B - steam generation zone

In the result of studies of the diffusion route, the life time and the concentration ratios of radiolysis
products, we came to conclusion that the agent accelerating zirconium corrosion under irradiation is H202.

It is more possible that the H202 action is caused by reactions of the type:

2Zr + H20 + 4H202 = ZrO3-2H20 + Zr(OH)4 + H2T,

ZrO2 + H20 + 2H202 = ZrO3.2H20,
(_ 1 0-3� 1 0-4

while ZrO3.2H20 is an unstable compound and Zr(OH)4 has the high solubility mole/1).

The action of hydrogen peroxide is of nonlinear character and at H202 concentration values

corresponding to those in the active zone of the RBMK-1000 (CH202 > 1 mg/1) it may accelerate corrosion of the

cladding alloy because of formation of unstable fast-soluble compounds of the ZrO3.nH20 type.

The rate of corrosion process is defined meanwhile by the hydrogen peroxide concentration:

km = f[H2021c, (2)

where [H2021,, is the stationary concentration of H202; it depends on many parameters: radiation intensity,

temperature, chemical composition of the environment, vapour content and so on.

Thus, under steady-state physical conditions J, q, O-const.) the equation (1), from the "chemical" point

of view has form as follows

V = KT ICZ�O, I + Km ICHO, 1 (3)

where KT, K4, - coefficients, CZ,02 - solubility of the ZrO2 oxide, CH202 - hydrogen peroxide concentration.
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There is good agreement between the calculated and experimental values. This is an important proof of

applicability of developed models and derived equations. In the case of boiling reactors (RBMKs) the radiation

item of the equation (1) is prevailing in more than 50% of all cases, whereas the temperature item - in 20 of

our whole data array (Fig.5).
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Fig.5 Correlation between calculated and experimental data for nodular corrosion for loops and reactors
with boiling water (correlation factor 077)

2 INFLUENCE OF OPERATION CONDITIONS ON THE RELIABILITY OF RBMK FUEL
ASSEMBLIES

To understand problems of the influence of operation factors on the reliability of fuel assemblies, the

most instrumental and useful thing would be to analyze NPP realities.

In Fig. 6 there are shown data of studies of corrosion of RBIVIK claddings and spacing grids.

Mean values of water quality indices for multiple forced circulation circuits (MFCC) of various NPP and

the number of leaking fuel assemblies over the last 10 years, as well as the general content of salts in cooling

water of steam turbine condensers are presented in Table 1. As can be seen in Table 1, observed (annual

average) values of water chemistry indices at all plants are much lower than those specified in normal

documents. However annual average quantities of leaking fuel assemblies discharged from the core before their

design burn-up period is elapsed are different for various NPPs and are linearly correlated with the content of

salts in cooling water. It should be noted that at gnalinskaya NPIP fuel assemblies are operated at thermal loads

1.25 - 13 times higher than at other RBMKs.
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Fig.6 Corrosion of alloy 1 1 0 under reactor conditions at the LAES versus fuel burn-up 6,7]

Table 1. Annual average quantities of leaking fuel assemblies and water chemistry values of MFCC over

the period of 1989-1997 [8 9]

Total salt Quantity of
content of leaking fuel

NPP X PM/cm [0], ppb [Fe], ppb [Cu], ppb cooling water, assemblies,
PPM per year-unit,

n
Smolenskaya 0.15 0.04) 3.2 (1.1) 4.3 3.1) 3.3 (0.5) 100-200 7 (3)'
Kurskaya 0.16 0-03) 6.6 1.2) 4.7 1.4) 400-500 13 (8)
Leningradskaya 0.20 0.03) 8.0 (1.8) 1.9 (0.8) 1500-1800_ 18 9)
Ignalinskaya 0.14 8.7 10.3 3.4 100-300 15 (8)

Standardization 1.00 100 50 20 -
value

* bracketed values are standard deviations (Cy)

Therefore, when estimating the fuel assembly reliability, the influence of the water chemistry quality

should be taken into account. The essential parameters defining the quality of water chemistry impurity content,

and respectively deposition forming on fuel elements and activity accumulation, are the conductivity of water, pH

value and the concentration of corrosion products in the coolant. On the quality level, it is clear that the higher

the content of salts and Fe corrosion products in the MFCC water, the higher the failure possibility of fuel

assemblies before achieving of their service life (Fig.7,8).

There it should be noted that at NPPs the chemical factor - the coolant composition - is the principal

one used to determine an individual number of failure fuel assemblies in addition to their minimum number

conditioned by manufacturing defects, which are the same for all blocks.
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Fig.7. Correlation between the concentration of iron corrosion products in RBMK feed water and the
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Fig.8 Correlation between the concentration of iron and chlorine in the MFCC water at gnalinskaya NPP

and at the LAES (monthly average values)

In Fig.9 the correlation between the concentration of 131, (in a N year) and of iron (in a N-1 year) in

coolants of RBMKs and WWER is shown.

Data of distribution of discharged fuel assemblies by their leak tightness (determined by 131 1) are given

in Fig.10. The analysis of the whole set of data (Fig.9 and 10) shows that at least 70% of cases of cladding

failures are probably caused by the local (under the spacing grid) overheating of the cladding, boiling up of

water (because of low temperature and pressure margins) and accelerated corrosion (10-100 times more

intensive than on the average for the cladding). When discharged, these defects >50% of a sampling of

defective items) are generally undetectable. Fuel assemblies having been delivered to be studied have some

"interesting", visible defects, thus producing impression that debris damages are predominant. To prevent debris

damages, it is necessary to make requirements to standard water chemistry at the reactor startup more

stringent and use the optical system to control coolant impurities. Reduction of the iron concentration in the

circuit will decrease the probability of gas leaks, which could be caused by clogging of spacing grids by iron

corrosion products.
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Fig.9. Data correlation of the 1311 concentration (average for the N year) in water of RBMKs and WWER

and the iron concentration (average for the year N-11)
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Fig.10 Distribution of discharged fuel assemblies 2% enrichment) by defects (AA, signal of cladding
leaktightnesscontrol(CLC))(Im-cumulativevalue-probabilityofdefectwhen CLCsignal>AAi)

(KurAES)

While not excluding other mechanisms of development of primary defects, we would like to show, to

what extent water chemistry determine the number of discharged defective fuel assemblies. Increase of burn-up

is known to be accompanied by increase of fuel defects. In Fig. 1 1 data are shown indicating the total number of

defective fuel assemblies discharged annually at the block after the given burn-up level is achieved. From

Fig.10 it can be seen that every one of four NPPs using RBMKs - RBMK-1 000 and RBMK-1 500 (more than 1 00

reactor-years) shows linear relationship: n=n.+aB, where aa depends on X.
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Fig.1 1. Annual average number of leaking fuel assemblies per one block (the total number upon
achieving the given burn-up)

A model was developed to connect the fuel assemblies reliability with quality parameters of water

chemistry and respectively with the corrosion of fuel assemblies for NPPs with RBMK-1 000 9]:

N

n = n.Bi expE(b,,jVCd, (4)
k-= I

where: n. - nominal number of discharged defective fuel elements with the given burn-up; Bi - average burn-up

of all fuel assemblies of this series in the reactor; ni - number of fuel elements discharged in i-th series; Vcj-

variation of j-th covariate (in this case of fuel element cladding corrosion) per year determined from a set of

data; bcj - coefficient determining to what extent j-th covariate influences the fuel element failure rate

(essentially the bc coefficient may determine the fuel assembly design contribution to its reliability); N - the

number of considered parameters.

The probability of a debris damage is taken into account indirectly, through indices of the coolant quality

(X, CFe, CO, CiO2 and others), because any large particle inserted in the coolant is pulverized, partly dissolved,

and its chemical parameters are instantly changed.

In accordance with our model (formulae 1 4, the failure occurs at some coincidence of values (which

are close to maximum ones) of parameters of water chemistry, power and burn-up. If we imagine the relative

parameter values as some distances from the center of an arbitrary circle (radius values), with parameters

designated: - burn-up, W - power, X - quality of water chemistry, then the fuel assembly failure occurs when

all three circles are crossed (see Fig.12).

Fig.12 Conditions to arise the fuel assembly failures (a, b, c -

relative values of parameters X, B, W)

At present there are no calculation models allowing to assess how the fuel assembly design provides for

its reliability. We assumed that "unaccountable" failures are caused by combination of factors, which are not

taken into account in our model: fuel assembly design, manufacturing defects, servicing culture and so on. Our

model provides for the correlation factor between observed and calculated values more than 075, and in our

opinion it is enough for engineering purposes and for working out of recommendations to ensure fuel assembly

reliability of RBMKs.

The proposed model describes all available statistical data concerning fuel assemblies failures of

RBMKs and may be used for calculations when forecasting the average number of defective fuel assemblies on
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the base of water chemistry for a year or a more long time. In addition, the model allows to determine the

"corridor" of combinations of parameters W, B and water chemistry to predict single failures on the plateau of

the RBMK (see Fig. 13).
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Fig.13 Relationship of the maximum permissible concentration of chlorine in the channel water and the

fuel assembly power causing failure of the fuel assembly within 3 - 30 days (diagram of zones of fuel

assembly defects)

CONCLUSIONS

1 A model was developed to describe the joint effect of physical and chemical parameters on corrosion

of cladding zirconium alloys under LWR operation conditions. For the first time the influence of alloying

components content, coolant impurities and the vapour content is taken into account.

Verification of the model was carried out on the base of experimental and operation data on corrosion of

zirconium claddings of fuel elements in research loops and at the NPP.

2.The chemical part of the model is based on the influence of temperature, pHT values and the

concentration of hydrogen peroxide on solubility of corrosion products of zirconium alloys. The model describes
corrosion of zirconium alloy during the entire fuel cycle at the NPP (under normal operation of fuel assemblies in

the core and under of spent fuel storage in water ponds) and may be used to predict the influence of changing

of the water chemistry quality on corrosion.

3. The model of defect formation accounting for the debris-effect and CILC effects was developed.

Calculations showed that to achieve reliable operation of fuel assemblies of the RBMK (with cladding failures 2-

3 pc/block in a year) at burn-up 32 MW.day/kg U, it is necessary to make standards for water chemistry more

stringent.

Limitation of the number of large particles and corrosion products causing the debris-effect is realized

into proposed standards indirectly, through controlling the quality indices: X25, Cl-, SiO3 2-, Fe, Na, hardness.
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