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ABSTRACT

Atucha 1, a nuclear power plant designed in the late sixties, is in commercial operation since June 1974.
In some internal components such as the coolant channels, the station has Stellite-6, a high cobalt
content alloy (up to 60%) for hard-facing application. The erosion and corrosion processes on the
surfaces of the piping and components of the primary coolant and moderator systems generate a varied
type of particles oxides called "crud". The crud and cobalt 60 produced by neutron activation of cobalt are
transferred by the water along the circuit of the coolant and moderator systems, producing deposits on
internal surfaces. The cobalt 60 deposits are dominant in radiation fields at working locations.
For years, the Authority allowed a considerable number of station workers incurring doses near the
limit since that installation had been built previously to introduction of the optimisation concept by ICRP
Publication 26. The recommendations included in ICRP Publication 60 made more than difficult the
radiological situation at the Atucha 1. For the facility, to comply with the new limit established by the
Authority in January 1995, meant to carry out a substantial modification of the radiological conditions,
specially the radiation fields due to cobalt 60. Some options to reduce individual and collective doses
were analysed by the Authority. To carry out the evaluation of the deposit mechanisms and the real
activity level of cobalt 60, a model of compartments connected by means of constant transfer
coefficients was designed. It was concluded that there was a necessity to the change of coolant
channels by new ones free of cobalt. It has been shown experimentally that radiation fields and
occupational doses were reduced, due to the replacement programme carried out by the utility, in a
similar way to the model predictions. At present after more than three years from the beginning of the
application of the new limits, and after carrying out partially the tasks for the reduction of the individual
doses, this installation complies with the dose limits imposed by the Nuclear Regulatory Authority.

1. INTRODUCTION

In the late sixties the Argentine government bought on a turnkey basis, a nuclear power station from
Siemens A.G. The Atucha 1 Nuclear Power Station (367 MWe gross power) built on the banks of the
Parana River was commissioned and put into operation in 1974. Since then, it has operated with an
availability factor of 0.7.

Concerned by potential wear by erosion-corrosion the supplier designers decided to include in some
locations of the reactor internals an Stellite-6 coating, a high cobalt content alloy (up to 60%) for hard-
facings application, as on the inlet-outlet areas of the coolant channels. Because of such decision,
there is an area of Stellite deposit of around 20 square meters, just above and below the reactor core.
It has been estimated that the channels coating constitute the 90% of the total amount of in-core
surface coated with high cobalt alloy. As it is known, the erosion and corrosion processes on the
surfaces of the piping and components of the coolant and moderator systems generate a varied type of
particles oxides called "crud". The crud, in suspension, is transferred by the water along the circuit of
the coolant and moderator systems, producing deposits on internal surfaces. The cobalt 60 activity
produced by neutron activation of cobalt is the largest component of radiation fields at working
locations [1][2][3].



Such situation concerned the Authority at the end of the 1970's. It was already was mentioned in
independent analyses of the offers for the Atucha 2 NPS in 1979. Upon the decision in favour of the
Siemens design, in 1981 the Authority issued a requirement for the elimination of Stellite or any other
cobalt alloy in the construction materials for piping and components of the primary/moderator systems
of Atucha 2 [4]. A second requirement defined the cobalt content in the nickel used for the steam
generators tubing alloy (Incolloy 800).

For years, the Authority allowed a considerable number of station workers at Atucha 1 incurring doses
near the limit since that installation had been designed and built previously to introduction of the
optimisation concept by ICRP Publication 26. However, radiation fields at working locations soared with
time and soon compliance of the dose limit was the most important component in the radiological
protection system. The Authority in 1988 began monitoring radiation fields at different points of the
primary/coolant system, especially in areas near the main components, (reactor coolant pumps, steam
generators channels heads, valves, etc.). In particular was evaluated the cobalt 60 contribution to the
occupational dose. Spectra measurement of radiation gamma fields confirmed the dominant energy
component was due to cobalt 60. It was determined that cobalt 60 caused 50% of the occupational
dose in normal operation and up to 90%, after the reactor being shutdown for 240 days [2][3].

Following the Authority requirement for elimination of cobalt alloys in the Atucha 2 reactor there was
coolant channels without Stellite, situation that obviously would solved partially the problem. Because
of the design change of the coolant channels decided by the Atucha 2 supplier after the breakage of
channel R06 in Atucha 1, there was available for replacement a larger quantity than needed.

The recommendations included in ICRP Publication 60 made more than difficult the radiological situation
at the Atucha 1 NPS. The Authority had intended to implement the new limit of individual dose as soon as
possible advising the utility to take the pertinent steps to solved the situation at the nuclear power station.
For the facility, to comply with the new limit established by the Authority in January 1995, meant to carry
out a substantial modification of the radiological conditions, specially the radiation fields due to cobalt 60.
Given the existent situation at the beginning of the 90's in the Atucha 1 was necessary to carry out a
series of evaluations to support a regulatory decision regarding the operation of the nuclear power station.
It was decided the elimination of cobalt 60 source was essential for a significant reduction of occupational
doses. Consequently, it was evaluated in depth the replacement of coolant channels containing Stellite,
since it implied a significant burden to the collective dose and for some specialised workers, high
individual dose. It was modelled the behaviour of cobalt 60 activity in deposit locations on the heat
transport and the moderator cooling systems. Different options were studied for deposit elimination [5].
The validation of the semiempiric model was carried out through radiation fields measurement at different
locations on the Nuclear Steam Supply System (NSSS) [6][7].

2. ATUCHA 1 NUCLEAR POWER STATION

Although classified in the IAEA PR IS database as a PHWR the Atucha 1 Nuclear Power Station has a
unique design among all operating nuclear power plants, not a PWR, nor a CANDU. A heavy water
cooled and moderated natural uranium core is contained in a large pressure vessel. Its fuel elements
(253 of them 5.3 m long) are load on line vertically into coolant channels distributed axially in the
moderator tank. The whole water inventory (225 tonne) is kept at the same pressure (11.6 MPa) but in
order to sustain reactivity 54% of it (moderator system) is maintained at an average temperature
around 185-195 °C. The primary heat transport water temperatures varies from around 264 °C at the
reactor inlet to 303-316 °C at the outlet.

Special features of the Atucha 1 design are the reactor internals. The moderator tank built in 347 SS
(Figure 1) accommodates all core components, separates the moderator from the coolant, and, with
the reactor pressure vessel, forms the annulus for the in-flowing coolant. The bottom of the tank serves
as the lower fixing point for the coolant channels and the control rods guide tubes. The tank shell
serves as thermal shielding. The coolant channels built in Zircaloy 2 consists of vertically-arranged
tubes which house the fuel bundle column, direct the rector coolant flow and separate the reactor
coolant from the surrounding moderator. The reactor coolant flows inside the coolant channels in an
upward direction. After passing through the fuel, it leaves the channel through slots and enters the



upper plenum formed by the moderator tank closure head. The channel walls are relatively thin, as
there is not a pressure difference between primary and moderator coolants. Heat transfer from reactor
coolant to the moderator is keep to a minimum by an external insulation consisting of two metal foils
arranged on the outer surface of the channel with gaps filled by stagnant water.

Regarding reactor coolant and moderator chemical parameters, although similar materials has been used
for the Atucha 1 NSSS (Stainless steel cladding in reactor vessel and piping) there are differences with
light water PWRs:

- System operates all the time at a high pH (around 10 at 25 °C).
- No hydrogen is injected into the coolant

In August 1988, the nuclear reactor suddenly suffered a lost of reactivity and it was necessary to
shutdown the station. It was found out that a coolant channel; due to bending finally broke allowing hotter
water from the primary coolant into the moderator. In service inspection showed several channels bent
due to neutron irradiation growth. An extended outage for several cooling channel replacements (the
broken tube and other serious damaged) allowed carrying out detailed measurements of radiation fields.
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Figure 1: Atucha 1 Reactor vessel internals.

3. RADIOLOGICAL SITUATION OF ATUCHA 1 AT THE DAWNING OF THE 1990'S

The average annual collective dose (1974-1990) was 7.5 man Sv. Of the total collective dose incurred by
inspection and maintenance work, 50% were from work on the main pumps and on the steam generators.
Another 25% were incurred while working on the moderator circuit. The internal contamination with tritium,
contributed about 13% of the total dose. The analysis of the distribution of individual dose showed that
near 30% of the workers (of an average of 500 people including subcontractors) received an annual dose
larger than 20 mSv, contributing with 70% to the value of the collective dose. Around 15% of the workers
were over 100 mSv (5-year interval) [4][8][9]. A rough estimation of the extra personnel needed to comply
with the new limit can be assessed from the following expression:

N>Ni(Ei-E0)E0-
1
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Where N is the number of extra workers be added; Nj is the average number of workers that receive
doses greater than the new limit, Eo; and Ei is the individual mean dose for the group Nj. For Atucha 1,
the extra workers should be at least 25% more (of the order of 120 persons). These workers would be
engaged to work in those groups that receive the higher doses, such as maintenance team. In this
case, the maintenance staff should be doubled [4].

Increasing the number of personnel for reducing high individual doses was an unacceptable option for the
Authority. Indeed a higher number of workers would receive annual doses close to the limit, while the
collective dose would remain unchanged or increased. Therefore, other options such as the elimination of
cobalt 60 sources, decontamination of localised zones of the NSSS such as the moderator heat
exchanger, and introduction of robots in some maintenance operations should be considered.

4. CORRECTIVE ACTIONS CARRY OUT AT ATUCHA 1 COOLANT CHANNELS REPLACEMENT

The behaviour of radioactive cobalt in the Atucha 1 NSSS responds to very complex processes. Many
aspects of the production, transport and accumulation mechanisms are only hypothetical matters. On
the other hand, the operation parameters and the unique design of this installation do not allow
extrapolating experimental data arisen in other facilities. In Atucha 1 there was scarce information
about the deposit mechanisms and the real activity level of cobalt 60 on the internal surface of pipes
and components of the heat transport/moderator system. Consequently, it was necessary to adopt
certain hypothesis to simplify the problem with the purpose of obtaining useful information from the
point of view of radiological protection [5].

In Atucha 1 at the coolant/moderator pH value, the cobalt 60 released to medium clings immediately to
the "crud". Moreover, the hydrodynamic conditions allow ignoring the diffusion processes for the size of
the particles that are in suspension. Consequently, the deposit rate depends on the hydrodynamic and
geometric conditions, while the resuspension rate is more affected by the type of interaction between
surfaces and particles [10][11]. In spite of having historical data of the concentration of cobalt 60 in
water and of the activity retained in resins, the data did not give information on localise deposits.

To carry out the evaluation, a model of compartments connected by means of constant transfer
coefficients was designed. It was assumed that Stellite wear products were released at constant rate. It
was assumed the cobalt 60 was produced by activation in situ from Stellite and from cobalt in water.
Were defined two systems of equations, the one that relates variable n(t,e) of the real system and one
that relates variable x(t,ei), of a system that was called "virtual". It was also assumed that circulating
water produce a weak coupling between different deposits and consequently, the variables related with
the deposits depend essentially on the local conditions. In other words, the quantity of cobalt 60
deposited and later resuspended in the sector i, does not affect the dynamics of the rest of the
deposits, allows applying the principle of lineal overlapping of effects [5]. The equations (2) and (3),
that represent to part of the real system, they describe the time variation of the cobalt 60 in the water of
the primary/moderator system and at location i of deposit:

3t n2(t,e) = f2(t) + eft n^t.6) + S eri n4i(t,e) - (e, + X + £ e^ V, A/o) n2(t,£) (2)
3, n4i(t, e) = edi(V/V0)n2(t, e) + aft n3i(t,e) - (sri + A,)n4i(t, e) (3)

The quotient V/Vo or T/To is a scale constant that considers the permanency of the hydrodynamic
conditions characterised for th The set of equations that represent the real system does not have solution.
In consequence, an alternative system of equations allows evaluating the evolution with time of the
"virtual" deposits. In such simplified model, the equation (2) and (3) becomes equation (4) and (5):

3t X2(t,£i) = f2(t) + Oft Xi(t,8|) + 8ri X4i(t,8i) - (8f + X + 8di) X2(t,8i) (4)
3t X4i(t,Si) = 8diX2(t,8i) + Oft X3i(t,8i) - (8n + X)X4i(t,ei) (5)



Comparing both systems is observed that if the equalities given in (6) and (7) were true, with the
solution of the so-called virtual system, information would be obtained about the deposit areas and
gross quantities.

n4i(t,e) = V/V0X4i(t,ei) (6)
n2(t, e) = I , (Vi/Vo)X2i(t,ei) « x2(t,ei) (7)
Ai(t) = Xn4i(t,£) = X (V/Vo) x4i(t,8i) (8)

Equality (6) it indicates that each real deposit depends on its own dynamic conditions, t-,. Equality (7) it
would be valid if the variable x2(t,£,) were not very sensitive to the variations of £,. Both equalities can be
adopted as valid, because they are compatible with the original hypothesis of weak coupling between
different deposits. Finally, the expression (8) gives the relationship between the real activity of cobalt
60 in a deposit area and the "virtual" activity.
The virtual system was resolved using the quotient zjt,; like variable. From the radiological point of
view it is important to know the information related with the dynamic of the deposits. Given a deposit
area of cobalt 60, is possible to know Vi/Vo. The measurement of the kerma rate in air from a deposit
allows estimating the deposited real activity. With this, one can obtain the virtual activity and finally the
value of £j. In particular to estimate the effective half-live of activity reduction.

5. RESULTS OBTAINED FROM THE MODEL

The concentration of cobalt 60 in the coolant calculated agrees with laboratory values [6]. It allows to
predict the activity remaining in the deposit locations is proportional to the rate of removal of Stellite
and to ed. If ef < £d, significant variations of that activity do not take place. The concentration of cobalt
60 in water is inversely proportional to ed and the activity retained in resins shows a similar behaviour to
the concentration in water. The sensibility of the model to variations of the parameter £f, indicates that
the purification system is efficient [5].

It was found that the activity of cobalt 60 produced by in situ activation of the cobalt from the Stellite
coating released to the water, it is more than two orders of magnitude larger than the amount of cobalt
60 produced from activation of the cobalt present in the crud deposited on the fuel elements. It should
be reminded that Atucha 1 reactor is refuelled on line on the average 1.5 fuel elements per day. The
fuel remains in the reactor around 200 days. A similar time residence for the crud deposited on the fuel
has been reported [5][11].

The results obtained for different removal options are detailed in Figure 2. It is observed that after 6
years 70% of the maximum activity is reached. Activity values tend to stabilise for times superior to 10
years (Figure 2-1). Results agree with the kerma rate in air, measured at different deposit locations in
1989-1992 [5][6].

The Figure 2-2, it shows how inefficient is eliminating cobalt 60 of the deposit locations, without
removing the source. After four or five years, situation would return to original.

After the total replacement, (Figure 2-3 and Figure 2-4), the activity in the deposits decays with an
effective half-life xu smaller or equal, to cobalt 60 half-life. For high values of ta/e,, the slopes of the
curves tends to the value of X. The v, obtained for different analysed deposit locations, would indicate
that, except for the moderator's coolers, (ejtt =103), the other deposits would experiment a significant
activity reduction along few months. While the channel replacement is carry out (several annual
outages) the cobalt 60 activity from deposits decays near 50% when job is finished [5].
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Figure 2: cobalt 60 deposited vs. EFPY.

Channel replacement strategies after 14 EFPY

1 . No replacement.
2. Decontamination of primary coolant/moderator systems,

without removing channels.
3. Total number of channel replace in only one outage.
4. Total replacement in 4 years.
5. Total activity taking into consideration channels replaced until 1996.

Substitute all channels for others without Stellite in just one intervention would produce the maximum
reduction of dose due to cobalt 60. Anyway, if the total substitution were carried out in four or five
annual outages, still would be possible to reduce between 50% to 70% the occupational doses the
personnel would incur if replacement were not carry out. (Figure 2-4) [5]. Such action, together with the
optimisation of the water purification flow, with later chemical decontamination treatment and some
components replacement, will allow to reduce purification times with the correspondent decrease of
occupational dose in normal operation and very especially during planned outages.

6. RADIOLOGICAL SITUATION OF ATUCHA 1 IN RECENT YEARS

Normal operation and planned outages

In 1992, 1993 and 1994 there were outages two months long the first years and one-month the last.
Each time in service inspection and maintenance work was carrying out on the main components. In
1994, there was 10-coolant channel replacement. The radiological expenditure of those years was
14.9, 11.4 and 8.2 man Sv, respectively. [9] In 1996, there was an outage two months long, during
which 61 channels were replaced. The collective dose was 9.7 man Sv. In such occasion were carried
out important efforts to control individual doses; in particular, by using extra shielding and special tools,
robotics, planning and optimisation of the time spent in each task [7][9][12].

Dose incurred/averted due to coolant channel replacement

In 1989 started the replacement of the coolant channels for others some without Stellite. (It was
possible to refit the coolant channels available at the Atucha 2 site after the decision that a redesign
was necessary to avoid problems due to neutron growth and bending). Up to 1996, the total number of
coolant channels without cobalt coating was 50. The average collective dose was 44 man mSv per
channel [7]. During the 1996 outage, 125 people worked in the extraction and replacement of 61
channels. Among those workers, only 16% were over 20 mSv and the accumulated collective dose



was 26.4 man mSv per channel, 70% incurred by the mechanical maintenance team [9][12]. The
radiological cost diminished 40% respect previous values, due to the introduction of improvements in
tools used and in the way of carrying on the job [7][12]. Evaluations carried out by the ALARA group of
the installation gives a value of 18 man mSv per channel for future replacements [7]. It implies
replacement of remaining 140 channels would mean a collective dose of 2.5 man Sv. On the other
hand, the Figure 2-5 shows that if the replacement of the original channels is cancelled, the radiation
fields at the deposit locations will recover with the corresponding increment of the occupational doses.
The model shows that there is a plateau in activity growth that would extend until the end of 1999.

As mentioned above, the activity deposits of cobalt 60 on different parts of, the NSSS produces 50% of
the individual dose from external irradiation. On the other hand, the modelling of the behaviour of the
sources and deposits of cobalt 60, predicts that if all Stellite is eliminated in the next two years, would
be possible to avert 50% of the collective dose that might produce the permanence of the cobalt 60
source during such time. It would avert 25% of the current value of the collective dose in normal
operation or during outages. The collective dose incurred during the last planned outage was 4 man Sv
(without considering the collective dose from channels replacement). At present, the collective dose in
normal operation is 1 man Sv per year [9][12]. Adding the two outages needed for removal of all
remaining channels with Stellite coating, the total collective dose would be 10 man Sv. Consequently,
the averted collective dose would be around 2.5 man Sv, similar to the estimated replacement
collective dose of the remaining 140 channels. From 2000 on there would not be coolant channels with
Stellite coating inside the reactor. Even without chemical decontamination of the primary and
moderator systems, the collective dose due to the cobalt 60 remaining, will decrease with an effective
half-life smaller than two years [5].

Current radiological situation in Atucha 1

Radiation fields measurements made on the areas of interest following the start up after the 1996
outage, indicate that:

•s The radiation fields coming from large components, as well those measured in contact of the
primary/moderator system pipes have been reduced between 30% and 50% [6][7].

s The concentration of cobalt 60 in water and the dose rates from filters of the purification system of
heavy water have been reduced in more than 20% [6].

In normal operation, the monthly collective dose for external irradiation during 1998, has diminished of
the order of 35%, respect to average values in 1996 [9].

In operation, the individual doses for external irradiation, of two control groups, mechanical maintenance
engineers and laboratory personnel are 20% and 35% respectively lower, comparing with averages
values 1990-1996. Both groups in normal operation carry out different tasks inside containment make up
and purification system filters replacement, sampling primary and moderator systems, etc.) [7][9].

Furthermore, considering the channels removal carried out so far, the model predicts (Figure 2-5), that
in 1998, the activity of cobalt 60 in the primary/moderator system would be between 35% and 40%
smaller that the existent in 1996, for most of the deposit locations.

Finally, an evaluation of the distribution of effective doses accumulated from 1995 up today, shows that
only 1.5% of the workers is over 70 mSv, mostly supervision and mechanical maintenance personnel.
It should be highlighted that great part of the individual doses incurred during outages, is due to tasks
related with the dose reduction [7][9][12].

7. CONCLUSIONS

Has been shown radiation fields are reduced, especially near large components, and individual doses
are lower, as the model predicts. The model not only describes qualitatively the process but also is
able to carry out correct quantitative inferences.



Results obtained replacing channels coated with Stellite allow concluding the regulatory requirement
was appropriate. Replacement termination is planned for the end 1999.

More than three years after starting application of the five year interval limit for individual dose, and with
only partial reduction of radiation fields, the personnel at site complies with the dose limit imposed by
the Nuclear Regulatory Authority.

NOMENCLATURE

X: cobalt 60 desintegration constant, and %: effective half-life of elimination of the activity in location i.
Tf, xa, xr: characteristic times (purification, deposit and re suspension respectively).
£f =Ti"1, ed=Td"1, £r = Tr"

1: transfer coefficients, (purification, deposit and resuspension rates respectively).
o: activation cross-section for the cobalt 59 and fy: neutrons flux at location i.
Vo: volume of the primary/moderator system and W characteristic volume of the deposit place i.
Qo: main pumps flow. Ti = Vi/Qo and To = Vo/Qo.
s : (£di,eri,£fi,Vi), variable that defines the deposit place i, with 1 < i < n, being n the number of deposits.
e : (£i,£2,£3,--,£n), variable that defines the whole system deposits.
n2(t,£) y X2(t,£i): cobalt 60 in the water of primary system, (real and virtual system respectively).
n4j(t,e) y X4i(t,£i): cobalt 60 in deposit area i, (real and virtual).
ni(t,£) y Xi(t,&): cobalt 59 in the water of primary system, (real and virtual).
n3i(t,£) y X3i(t,£i): cobalt 59 in deposit area i, (real and virtual).
f2(t): source term cobalt 60 from Stellite released to water and A,(t):real activity of cobalt 60 in deposit area i.
The variables with subscript i denote the specific places of activity accumulation and those that do not have it
represent gross quantities. The symbol "9t" represents the time variation of variables.
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