
OPERATIONAL EXPERIENCE WITH THE FIRST EIGHTEEN
SLIGHTLY ENRICHED URANIUM FUEL ASSEMBLIES
IN THE ATUCHA-1 NUCLEAR POWER PLANT

IIIIII mm

XA9846618
M. HIGA*, R. PEREZ*, J. PINEYRO*, J. SIDELNIK*,
J.A. CASARIO**, L. ALVAREZ**, J. FINK*

* Nucleolectrica Argentina,
Buenos Aires, Argentina

** Comision Nacional de Energia Atomica,
Buenos Aires, Argentina

Abstract

Atucha I is a 357 Mwe nuclear station, moderated and cooled with heavy water, pressure vessel type of German design,
located in Argentina. Fuel assemblies (FA) are 36 active natural UO2 rod clusters, 5 3 meters long and fuelling is on power. Average
FA exit burnup is 6 MWd/kg U. The reactor core contains 252 FA. To reduce the fuel costs about 6 MUSS/yr a program of utilization
of SEU (0.85 %w U235) fuel was started at the beginning of 1995 with the introduction of 12 FA in the first step. The exit burnup
of these FA is •= 10 MWd/kgU. It is planned to increase gradually the number of them up to having a full core with SEU fuel, with
an expected FA average exit burnup of 11 Mwd/kgU . The SEU program has also the advantage of a strong reduction of spent fuel
volumes, and a moderate reduction of fuelling machine use. This paper presents the satisfactory operation experience with the
introduction of the first 12 SEU fuel assemblies and the planned activities for the future. The fresh SEU fuel assemblies were
introduced in six fuel channels located in an intermediate zone located 136 cm from the center of the reactor and selected because
they have higher margins to the channel powers limits to accomodate the initial 15 to 20 % relative channel power increase. To verify
the design and fuel management calculations, comparisons have been made of the calculated and measured values of the variation
of channel AT, regulating rods insertion and dux reading in in-core detectors near to the refuelled channel. The agreement was good
and in most of the cases within the measurement errors. Cell calculations were made with WIMS-D4, and reactor calculations with
PUMA, a fuel management 3D diffusion program developed in Argentina. With SEU fuel with a greater burnup in the central, high
power core region, new operating procedures were developed to prevent PCI failures in fuel power ramps that arise during operation.
Some fuel rod and structural assembly design changes were introduced on the first 12 SEU FA. Other specific design changes are
also being implemented in the next SEU FA series in order to improve the fuel behaviour at higher burnups and in power ramps.

1 INTRODUCTION

Atucha I is a 357 Mwe (gross) nuclear station, pressure vessel type designed by
Siemens (Germany), moderated and cooled with heavy water, located in Argentina, 120
km NW of Buenos Aires. Fuel assemblies (FA) are 36 active natural UO2 rod vertical
clusters, 5.3 meters long and fuelling is on power. Average FA exit burnup is 6 MWd/kg
U and maximum rod burnup (m.r.b) » 8.4 MWd/kgU. With the objective of reducing
the fuel costs about 6 MU$S/yr (app. 25 %) a program of utilization of slightly enriched
uranium (SEU) (0.85 w% U235) fuel was started at the beginning of 1995 with the
gradual introduction of 18 FA during the year. Six of them were taken out of the reactor
with an average exit burnup of « 10 MWd/kgU.

It is planned to increase gradually the number of them up to having a full core
with SEU fuel, with an expected FA average exit burnup of 11 Mwd/kgU (m.r.b.«14
MWd/kgU). The SEU program has also additional advantages of a strong reduction
(almost one half) of spent fuel volumes, and a moderate reduction of fuelling machine
use. This paper presents the operation experience with the irradiation of the first 18 SEU
fuel assemblies and the planned activities for the future.
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2 BRIEF DESCRIPTION OF THE ATUCHA-I REACTOR

The Atucha I reactor has a gross electrical power of 357 MWe and a thermal
power of 1179 MWth. The reactor core contains 252 coolant channels which contain the
FA and separate the coolant from the moderator. The average coolant temperature is
280°C and the average moderator temperature is 190°C. A section of the core can be
seen in fig.l.

Power regulation is made through six absorber rods, three made of hafnium,
usually called black, and three made of steel, called gray. The rods are inserted with an
angle of 15 to 21° with the vertical. They normally have an insertion corresponding to an
excess reactivity of 6.5 mk in normal operation. Additional 21 hafnium rods are used for
shutdown purposes. Power measurements for the regulation are obtained with four out
of core compensated ion-chambers.

The fuel movement scheme is radial, and the core is divided in three
approximately concentric annular regions. The fresh fuel is introduced in the
intermediate zone, left there until it reaches 2.7 MWd/kgU, transferred to the central
zone until it reaches 5.1 MWd/kgU, then moved to the outer zone, from where it is
taken out at 6 MWd/kgU. In some cases fuel is moved through 4 positions instead of
three to reduce power ramps in the fuel.

The coolant flow in the fuel channels is reduced from the center to the periphery
of the core according to the channel powers, in such a way as to have approximately
constant outlet channel temperatures. The temperature increase in the channels at full
power is about 35 °C. No coolant boiling is allowed at the channel outlets. To obtain
that there are 8 "hydraulic regions" with different nozzles, numbered 1 to 8, from the
periphery to the center. To keep an adequate margin to outlet boiling, channel power
limits are defined for each hydraulic region.

The reactor has outlet temperature measurements in 28 channels, and 41 in-core
vanadium flux detectors give indications of local flux to the operators.

3 PROGRAM OF INTRODUCTION OF SEU FUEL

A program of introduction of SEU FA was prepared, increasing gradually the
fraction of the core with SEU fuel up to having a full core with this type of fuel.

Phase 1 consists in the introduction of three groups of six SEU F.A. not exceeding
twelve at any time in the core. It began in January 1995 and is expected to last until May
1996. From then, in Phase 2 the number of SEU FA in the core will gradually be
increased up to sixty and it is expected to cover until around July 1997. In Phase 3 the
number of SEU FA in the core will be gradually increased from sixty to a full core. This
period is expected to last for about three years.

The fresh SEU FA were introduced in six predetermined channels (shown in fig.l)
selected because thay have the following features:

A larger margin to the channel power limits which is important to accomodate the
higher power increase when introducing fresh SEU fuel.
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Fig 1: Section of the Atucha-I core indicating refuelling zones aDd fuel channels selected
for the introduction of fresh SEU fuel in Phase 1 of the irradiation program

• Flux detector assemblies

The channel power is relatively high, which reduces the irradiation time, until the
FA is transferred to another position.

They have outlet channel temperature measurements and five out of the six have
in-core detectors in the vicinity. This allows taking measurements of outlet
temperatures and in-core detectors to compare with calculations.

The main objectives of the Phase 1 of the irradiation program are:

To verify the performance of the SEU fuel in the core with exit burnups close to
the values expected for the equilibrium full SEU core. In particular, to verify the
behaviour in power ramps arising in refuelling operations, reactor power
increases, and startups from low power.

To verify predictions of neutronic calculations like reactivity gain, channel power
increase and detector flux increase when introducing SEU fresh FA.

To test operating procedures developed for SEU fuel.
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4 ECONOMIC ASPECTS

It is well known that in heavy water reactors, initially designed for natural uranium
fuel, a slight increase in enrichment from 0.711 w% U235 to values from 0.85 to 1.2 %
has a strong improvement in fuel exit burnup and fuel economy. This has already been
reported for Siemens pressure vessel type and CANDU type heavy water reactors (see
for example refs. 1 and 2 ).

In Argentina the Atucha-I fuel is manufactured by CONUAR, an Argentine
Company and because of the type of design, assembly, dimensions and small scale its
fabrication cost is high compared with other reactors of natural uranium and heavy
water. For that reason any improvement in the extension of the life of the fuel in the
reactor has an important economic impact in the unit energy cost.

Basically the advantages of using SEU fuel are reflected in four areas:

4.1 Reduction in the uranium mineral consumption

Considering an average load factor of 0.85 the number of F.A. consumed per year
is 397. The uranium mass per FA is 153.4 kg which implies a consumption of —62.2 Mg
of U in UO2 (or 63.5 Mg of U in U3O8).

For the condition of an equilibrium full SEU core, under the same assumptions,
the annual fuel requirements are reduced to 216.8 FA, corresponding to 33.9 Mg of SEU
0.85. At the present time the 0.85 % enriched UO2 was obtained by mixing 1.75 Mg of
U in 3.4% enriched UO2 (bought in the international market), with 32.2 Mg of U in
natural UO2 produced in Argentina. This implies a 48% savings in the natural UO2
consumption (considering the purchasing of the 1.75 Mg of the 3.4 % enriched UO2).

42 Reduction in the Unit Energy Cost

Presently the component of the unit energy cost due to fuel (front end fuel cycle
cost) is about 8.9 U$S/MWh. The reduction of the number of FA required per year,
implies a corresponding decrease in manufacturing costs. This reduction is not linear with
the reduction in the number of FA mainly because of two reasons.

i) The SEU UO2 cost has a higher cost per unit mass than natural UO2

ii) The fixed costs of the fuel manufacturing plant affect the manufacturing costs per
FA when changing the production scale.

Considering these factors the front end fuel energy cost for the SEU equilibrium
core is estimated at about 6.6 U$S/Mwh which implies a reduction of about 25 %.

43 Reduction in the Spent Fuel Volume

The reduction in the consumption of FA implies a decrease in the irradiated fuel
volume of about 45 %. Although detailed estimations of final spent fuel storage costs
have not been done, if values of 100 U$S given for CANDU fuel in [3], are used as a
lower bound, we obtain minimum annual savings of 2.8 MU$S for this concept.
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5 FUEL MANAGEMENT AND SAFETY STUDIES

5.1 Reactor Physics and Fuel Management Studies for Phase 1 and 2

In Phase 1 (up to 12 SEU FA in the core) the situation can be considered as a
relatively small perturbation of the natural uranium core, except for the larger channel
powers in the six channels where the fresh SEU FA are introduced.

The reactor physics studies were done with the British lattice code WIMS-D4 [4],
and the 3D reactor code PUMA [5], developed in Argentina, and used for the fuel
management calculations of the Atucha-I and Embalse operating stations.

Basically the objective was to review and analyze the effect of the SEU fuel in
stationary and transient operating conditions.

The main results can be summarized as follows:

Fuel management studies were done in two steps. The first step was with "time-
average" type calculations for a given fuel movement strategy. This calculations provide
the burnups at which the fuel is moved from one region to other and the exit burnup.
It also provides time averages of the flux and power distributions. It does not give
fluctuations due to refuelling operations. These types of studies are later completed with
detailed refuelling simulations for 6-12 months which permitted to make final
adjustments.

Before the beginning of Phase 1, a six month detailed simulation was made to
confirm the fuel strategy chosen. Time average studies for configurations with 12, 30, 60
and 252 FA (full core) have been completed. A detailed simulation was done for the
transition from 12 to 60 SEU FA.

52 Safety Related Studies

To study the effect of the presence of the SEU fuel in parameters related to
safety like void reactivity coefficients, fuel temperature reactivity coefficients and the
effective delayed neutron fraction (3eB, regulating and shutoff rod differential and total
reactivity worth, calculations were done with WIMS and PUMA using representative fuel
configurations for each Phase of the program (see table 1).

For the safety studies a complete revision of the Safety Report (SR) was prepared
and sumbitted to the Argentine Licensing Authority. An internal independent revision
group was established in the Project to review the SR and the technical reports
associated to it. As the SR has a deterministic methodology, the stationary, transient,
and accidental conditions of operation were analyzed considering the following
differences and similarities between natural and SEU FA.

a) The global core activity and the core or FA decay heat, immediately after a plant
shutdown (calculated with ORIGEN [7]) for a core with 60 SEU FA is practically the
same as in a natural uranium core or FA with the same power.
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TABLE 1:EFFECT OF THE PRESENCE OF SEU FUEL ON PARAMETERS RELATED TO SAFETY ASPECTS

PARAMETER

REACTIVITY CHANGE DUE TO COOLANT VOID

FUEL TEMPERATURE REACTIVITY COEFFICIENT

.MODERATOR BORON REACTIVITY COEFFICIENT

EFFECTIVE FRACTION OF DELAYED NEUTRONS

SHU^OFF RODS REACTIVITY WORTH

NATURAL

CORE

12.67

-0.664

-5.35

5.664

-94.6

12 SEU

FA

12.66

-0.661

-5.32

5.646

-94.3

60 SEU

FA

12.69

-0.640

-5.25

5.589

-93.8

252 SEU

FA

12.71

-0.611

-5.05

5.337

-88.9

UNIT

mk

.01 mk/°C

mk/ppm B

0.001

mk

b) The reactivity coefficients, the kinetics parameters, and the shutdown rod
effectiveness, for a representative core with 60 SEU show a very small, but in some cases
unfavourable variation with respect to the natural uranium core.

Considering a) and b), the Safety Report Revision divides the postulated accidents
in three categories:

Events for which the fuel type modification will not alter the evolution of the
plant. For these cases detailed studies were not done. It was shown that the
behaviour of the plant would be similar to the natural uranium case. As an
example this would apply to events such as loss of electricity, loss of main heat
transport pumps and loss of cooling in the fuelling machine.

Events in which the fuel type change has an effect on the evolution of the plant.
Basically this includes the reactivity accidents, mainly the pressure assisted
ejection of a control rod, and large loss of coolant events. These events were
reanalized with detailed neutronic and thermohydraulic simulations.

New postulated accidents that arise with the use of SEU fuel. In these category
the erroneous introduction of a fresh SEU FA in one of the central channels was
analyzed. The results of the studies show that although the operation limits for
channel powers are exceeded the acceptance values for accident conditions of
DNB critical or fuel rod centerline temperature are not exceeded. The possible
risks of criticality when using SEU fuel were also analyzed, but according to the
rules of the Argentine Regulatory Authorithy, with fuel enrichments below 1%,
there are no risks of criticality with moderators not more effective than light
water.

6 OPERATING EXPERIENCE

6.1 General Aspects

The irradiation of SEU fuel at the plant started in January 1995, with the
introduction of six SEU FA in the six preselected channels described before in the period
from the 9th to the 31st. During each introduction, relevant operating data like control
rod positions, inlet heat transport system temperatures, outlet heat transport
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temperatures at the six channels, in-core detectors, etc, were collected. Between May
22nd to June 26th, the first six FA were moved to the central region of the reactor, and
another set of 6 fresh SEU FA was inserted. Between October 30th and December 5th,
a third group of 6 fresh SEU FA was introduced, and the first group of six taken out of
the reactor with an average exit burnup of about 10 MWd/kgU.

The first SEU fuel assemblies remained in the channel they entered the core until
they reached an average burnup of 5.5 to 6 MWd/kgU, and were later moved to the
central region, were they remained until the average burnup reached ~ 8.0 MWd/kgU.
From there they were transferred to the central region until they reached 10 MWd/kgU.

The core reactivity gain when introducing fresh SEU fuel was about 0.7 mk
(compared with 0.35 mk for natural fuel), while the channel power increase was about
15 - 20 % (compared with a very small change for natural fuel).

One particular concern about SEU fuel was the greater susceptibility to pellet
cladding interaction (PCI) failures in power ramps, considering that it has a higher
burnup than the natural uranium fuel.

62 Comparison between Calculations and Measurements of Relevant Parameters

The data was used for comparisons with neutronic calculations, similar to the ones
used for design and fuel management using WIMS-D4 and PUMA. In particular, the
relative increase in AT in the channels with the SEU fuelling was compared to the
relative increase of the calculated channel power, and the increase in the vanadium
detector readings close to the refuelled channels were compared with calculated values.
The consistency of the calculated and measured reactivity change due to the SEU
refuelling was done comparing the calculated core reactivity before and after the
refuelling with the corresponding rod positions in each case, which should be the same.

The main results of the comparisons are shown in table 2. It can be seen that the
agreement is good and in most of the cases within the uncertainty of the measurement
errors.

63 Fuel Performance

The performance of the 18 SEU FA during the irradiation period was good,
without any indication of failures. On the other hand the exit burnup of the natural
uranium bundles showed an increase of about 2 %, due to the positive contribution to
the core reactivity of the SEU FA, an effect that had been anticipated before.

After the 6 SEU FA that completed their cycle were taken out of the core,
examinations and measurements were performed showing no abnormalities and that the
elongation of the fuel rods was within the expectations considering the larger fuel
burnup.

6.4 Effects of the SEU Fuel on the Plant Fuel Consumption

During 1993 and 1994 the average fuel consumption per full power day (fpd) was
1.307 FA/fpd. In 1995 the average fuel consumption was decreased to 1.215 FA/ fpd. In
1995,18 SEU and 394 natural fuel assemblies were loaded, and 339 fpd were generated.

397



TABLE 2.C0MPARIS0N BETWEEN CALCULATIONS AND MEASUREMENTS
FOR THE FIRST TWO INTRODUCTIONS OF SEU FUEL IN ATUCHA-I

CASE

SEU FUELLING IN K27
RELATIVE INCREASE IN MEASURED CHANNEL DELTA-T

RELATIVE CHANGE IN CALCULATED CHANNEL POWER

RELATIVE CHANGE IN DETECTOR READINGS (ASSEMBLY 8)

DETECTOR 1

DETECTOR 2

DETECTOR 3

DETECTOR.5

DETECTOR 6

DETECTOR 7

INCREASE OF THE AVERAGE OF THE ACTIVE DETECTORS

INCREASE OF THE INSERTION OF REGULATING RODS

GRAY BANK

BLACK BANK

CORE REACT. CALCULATED BEFORE THE INTRODUCTION

SAME AFTER THE FUELLING KEEPING THE RODS POSITION

SAME AFTER THE FUELLING UPDATING THE RODS POSITION
REACT. DIF. BETWEEN AFTER AND BEFORE THE FUELLING

REACTIVITY CHANGE DUE TO THE FUELLING

SEU FUELLING IN P12

RELATIVE INCREASE IN MEASURED CHANNEL DELTA-T

RELATIVE CHANGE IN CALCULATED CHANNEL POWER

RELATIVE CHANGE IN DETECTOR READINGS (ASSEMBLY 6)

DETECTOR 4

DETECTOR 5

DETECTOR 6

DETECTOR 7

INCREASE OF THE AVERAGE OF THE ACTIVE DETECTORS

INCREASE OF THE INSERTION OF REGULATING RODS

GRAY BANK

BLACK BANK

CORE REACT. CALCULATED BEFORE THE INTRODUCTION

SAME AFTER THE FUELLING KEEPING THE RODS POSITION

SAME AFTER THE FUELLING UPDATING THE RODS POSITION

REACT. DIF. BETWEEN AFTER AND BEFORE THE FUELLING

REACTIVITY CHANGE DUE TO THE FUELLING

MEASUREMENTS

AVGE

20.4

6.66

7.74

7.95

7.97

8.42

8.38

7.90

26.0

4.0

20.94

6.62

6.25

7.33

7.43

6.86

28.7

5.7

SIGMA

2.55

1.15

1.18

1.23

1.32

1.34

1.57

2.00

1.60

3.21

1.17

1.18

1.30

1.30

2.0

1.6

CALC.

20.8

4.96

5.90

6.72

6.35

6.11

6.33

6.19

-2.00

-1.27

-2.02

-0.02

0.73

20.3

6.19

5.57

4.75

5.55

5.52

-2.07

-1.37

-2.23

-0.16

0.70

UNIT

%

%

%

%

%

%

%

%

%

cm

cm

mk
mk

mk

mk

mk

%

%

%

%

%

%

%

cm

cm

mk

mk

mk

mk

mk
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Assuming that the design value of 0.70 SEU FA / fpd corresponds to the SEU fuel, these
gives a value of 1.242 natural FA / fpd (= 5 % improvement).

6.5 Prevention of PCI Failures

The existing PCI prevention criteria were developed for natural uranium fuel and
was based on approximate estimations of maximum core linear power based on the
readings of in-core detectors. For SEU fuel new criteria were developed for fuel of
higher burnup based on the verification of the final linear powers and change in linear
powers for all the fuel assemblies in the core using data files with burnups and linear
powers from the fuel management calculations. These revised criteria was applied to
power ramps arising during operation as a result of fuel movements, reactor power
increases, and associated control rod movement and as a result of them the time to reach
full power in a start up was increased from 28 to 35 hours. The overall experience with
the new criteria seems good as no fuel failures were observed.

7 FUEL DESCRIPTION AND IMPROVEMENTS IN THE FUEL DESIGN

FA for Atucha-I consist of 36 fuel rods with natural UO2 pellets and one
supporting tube in the outer ring. Fuel rods are set in their positions by solid spacer
grids. About 3 cm long bearing pads welded to the fuel sheath provide interaction with
the spacers. Sliding shoes welded to the spacers or mounted to the supporting tube
provide the interaction with the fuel channels and keep the fuel assembly in the position.
Some sliding shoes are elastic.

Each fuel rod has a 5300 mm UO2 pellet stack with isolated pellets at both ends.
The fuel rod has also at the top of the pellet stack a gas plenum and a compression
spring. Fuel rods are prepresurized to 18 bar.

Several changes have been introduced to the design of the fuel rod to use UO2

pellet with SEU. The aim of these changes was to provide more space for gas release
and to assure reliably interaction between spacers and bearing pads during the whole
life of the fuel. Other changes, like modifications to the specification of the fuel sheath
material, were directed to reduce the fuel rod susceptibility to PCI failures. A very thin
coating of graphite oveT the internal surface of the fuel sheath will be introduced in the
future with the same objective.

The original material for the sliding shoes (Zircaloy) was replaced by INCONEL
718 to compensate the higher relaxation produced by the increase of the fuel life into
the reactor.

8 CONCLUSIONS

In January 1995, a program to irradiate SEU fuel in the Atucha 1 nuclear station
was started. During 1995 three sets of 6 FA were introduced in the reactor. The first set
was taken out after approximately 9 months with an average exit burnup close to 10
MWd/kgU, at the time the third set was introduced. The operating experience during this
period was good, mainly reflected in the following aspects:
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a) The operation of the plant showed no abnormalities attributable to the use of
SEU fuel. The fuel consumption showed a decrease from 1.307 FA/fpd in 1994
to 1.215 FA/fpd in 1995, with the loading of 18 SEU and 394 natural FA.

b) The performance of the SEU fuel and the response to power ramps was good.
PCI prevention criteria was revised to adapt it to SEU fuel with higher burnup.

c) The comparison of calculated channel power variations, reactivity increases and
detector reading changes with the introduction of fresh SEU fuel with measured
values showed good agreement.

d) Design improvements are being implemented to improve the fuel behaviour,
particularly in power ramps.
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