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ABSTRACT

The Nuclear Technology Development Center (CDTN) is a research institute administered by the
Brazilian Nuclear Energy Commission (CNEN) located in Belo Horizonte/Brazil). The CDTN is
equipped with a Triga Mark | nuclear reactor with almost 60 years of operation. Most of its fuel
elements are in the core since the first criticality, and corrosion may occur that threaten the
integrity of fuel claddings. The reactor coolant must be treated and controlled in order to maintain
its low electrical conductivity and pH close to neutrality, in order to minimize the corrosion of the
reactor components, mainly the fuel elements. The objective of this work is to present the leak
monitoring system developed for the verification of possible leaks in the Triga fuel elements based
on the sipping test. A correlation was also developed to find the diameter of a hypothetical small
cylindrical hole in the fuel cladding as a function of Cs-137 activity values to be measured.

RESUMO

O Centro de Desenvolvimento de Tecnologia Nuclear (CDTN) é um instituto de pesquisa
administrado pela Comisséo Nacional de Energia Nuclear (Cnen), localizada em Belo
Horizonte/Brasil. O CDTN esta equipado com um reator nuclear Triga Mark | com quase 60 anos
de operacdo. A maioria de seus elementos combustiveis estd no nicleo desde a primeira
criticalidade, e pode ocorrer corrosdo que ameaca a integridade dos revestimentos de combustivel.
O refrigerante do reator deve ser tratado e controlado, a fim de manter sua baixa condutividade
elétrica e pH préximo a neutralidade, a fim de minimizar a corrosdo dos componentes do reator,
principalmente, os elementos combustiveis. O objetivo deste trabalho é apresentar o sistema de
monitoramento desenvolvido para a verificagdo de possiveis vazamentos nos elementos
combustiveis Triga baseados no teste de sipping. Também foi desenvolvida uma correlagéo para
encontrar o diametro de um pequeno buraco cilindrico hipotético no revestimento de combustivel
como uma funcéo dos valores de atividade do Cs-137 a serem medidos.

1. INTRODUCTION research reactors, since the late 1950s
continues to design and install Triga reactors
around the world and has built Triga reactors
in a variety of configurations and capabilities,
with steady state thermal power levels ranging
from 100 kW to 16 MW.

Triga reactors are the most widely used
research reactor in the world. There is an
installed base of over sixty-five facilities in
twenty-four countries on five continents.
General Atomics (GA), the supplier of Triga
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Triga reactors are used in many diverse
applications, including production of
radioisotopes for medicine and industry,
treatment of tumors, nondestructive testing,
basic research on the properties of matter,
and for education and training. The Triga
reactor is the only nuclear reactor in this
category that offers true "inherent safety,”
rather than relying on "engineered safety."
It is possible due to the unique properties of
GA's uranium-zirconium hydride fuel,
which provides unrivaled safety
characteristics, which also permit flexibility
in sitting, with minimal environmental
effects [1].

The IPR-R1 Triga (Instituto de Pesquisas
Radiativas - Reactor 1, Training Research
Isotope General Atomic) reactor, located at
the Nuclear Technology Development
Center - CDTN (Belo Horizonte/Brazil), is
a typical Triga Mark | light-water and open-
pool type reactor. The fuel elements in the
reactor core are cooled by water natural
circulation. The heat removal capability of
this process is great enough for safety
reasons at the current maximum 250 kW
power level configuration.

The IPR-R1 reached its first criticality
on November 1960 with a core
configuration containing 56 aluminum clad
standard Triga fuel elements, and a
maximum thermal power of 30 kW. In
order to upgrade the IPR-R1 reactor power,
nine stainless steel clad fuel elements were
purchased in 1971. One of these fuel
elements was instrumented in the centerline
with three type K thermocouples. On
December 2000, four of these stainless steel
clad fuel elements were placed into the core
allowing to upgrading the nominal power to
250 kW. In 2004 the instrumented fuel
element was inserted into the core and
monitored the fuel temperature [2]. The
basic safety limit for the Triga reactor
system is the fuel temperature, both in
steady-state and pulse mode operation.

The IPR-R1 Triga core (Figure 1) is
placed at the bottom of an open tank of
about 6 m height and 2 m diameter. The
tank is filled with approximately 18 m2 of
water able to assure an adequate radioactive
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shielding. The core has an annular graphite
reflector and cylindrical configuration of
six rings with 90 positions able to host
either fuel rods or other components like
control rods, graphite dummies (mobile
reflector), irradiating and measurement
channels.
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Fig. 1 - The IPR-R1 Triga nuclear reactor [2].

A simplified diagram of the IPR-R1 Triga
reactor is show in Figure 2. The prototypical
cylindrical fuel elements are a homogeneous
alloy of zirconium hydride (neutron
moderator) and uranium enriched at 20% in
235U (Fig. 3). The reactor core has 58
aluminum-clad fuel elements and five stainless
steel-clad fuel elements. The fuel rod has
about 3.5 cm diameter; the active length is
about 37 cm closed by graphite slugs at the top
and bottom ends, which act as axial reflector.
The power axial distribution factor in the fuel
is 1.25 [3]. The moderating effects are carried
out mainly by the zirconium hydride in the
mixture and on a smaller scale by light water
coolant. The characteristic of the fuel elements
gives a very high negative prompt temperature
coefficient and is the main reason of the high
inherent safety behavior of the Triga reactors
[4]. The power level of the reactor is
controlled with three independent control rods.

In the IPR-R1 Triga reactor the 59 original
aluminum-clad fuel elements have the wall
thickness of 0.76 mm. The five stainless steel-
clad fuel elements have a wall thickness of
0.50 mm [5]. These wall thicknesses are
designed to be as thin as possible in order to
improve the heat conduction and the neutron
flux. But, on the other hand, it makes delicate
the fuel elements manipulation. The stainless
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Fig. 2 - IPR-R1 TRIGA reactor pool and core [2].
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Fig. 3 - Constructive details of a Triga aluminum-clad
fuel element [9].

steel-clad fuel elements are mechanically more
resistant than the aluminum-clad fuel elements
due to the different properties of these
materials [6] [7].

During the normal operation of a nuclear
reactor, fission product gases accumulate in
the fuel-to-clad gap as the uranium dioxide
fuel pellets experience nuclear fission. When a
fuel clad fails during normal reactor
operations, coolant can enter the fuel-to-clad
gap, releasing fission products such as volatile
species of noble gases or iodine into the
primary cooling system [8].

The IPR-R1 Triga is a reactor with almost
60 years of operation. It has been widely used
in reactor operator training. In the practical
classes the manipulation of the fuel elements
occurs, for example, in the subcritical

approximation classes. Handling causes
cladding friction and can lead to damages such
as scratches and holes. In the visual inspection
performed by Alencar et al. [10] using a
submerged camera (Fig. 4) some corrosion
pits were observed on some aluminum-clad
fuel elements. Other fuel elements had defect
on the bottom end-fixture (Fig. 5).

With the modifications introduced into the
reactor over the years of operation, especially
the inclusion in the core of stainless steel-clad
fuel elements. The main reason for the pitting
corrosion is the galvanic pair formed between
different metals in the same body of electrolyte
dispersion [11].

Although the electrolyte diffusion in the
reactor pool water is minimal, there is always
the incorporation of air dust in the water,
causing the presence of dissolved materials.
The pool of research reactors is almost open to
environment. Therefore, the possibility exists
of the presence of foreign matter in the water
with the possibility of fuel channel blockage.
This event has different characteristics
depending on the flow direction. Downward
cooling flow can lead to blockage due to
objects dropping into the pool. Upward
cooling flow can lead to blockage due to
objects inside the primary cooling system
piping being dragged into the core by the
action of the pump [12]. Reis et al. [13]
performed a theoretical evaluation of the
consequences of this accident for the IPR-R1
Triga reactor.

Fuel channel blockage incidents were
reported by the IAEA [14] in research reactors.
Two events identified that debris of
inappropriate material used in the cooling
water circuit caused water flow blockages.
One of these events occurred in the 1970s in
which the primary coolant hold-up tank inner
surface rubber liner got separated from the
tank. Pieces of the rubber liner blocked the
primary circuit pump inlet and caused a flow
reduction. The other event from the 1990s
reported a blockage of the continuous
sampling circuit due to debris of plastic lining
of the primary cooling circuit.

Oxidizing gases such as the dissolved
oxygen itself in the pool water can increase the
concentration of dissolved ions in the coolant.
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There is a study conducted by Sabino [15]
which report that most of the floating material
in pool water is made up of microorganisms.
Among these organisms it can mention
Tricoderma sp. Residues of the water
purification resin itself were also present.
Precipitates can be viewed on the pool wall
(Fig. 6). Mitigating measures were taken to
avoid the presence of resin particles in pool
water.

Fig. 4 - Camera immersed in the pool for visual
inspection [10].

However, the presence of microorganisms
remains and there is a possibility of acidifica-
tion of water by microbiological activity due to
the production and release of organic acids,
caused by the microorganism Trichoderma sp
[15], [16], [17]. These organic acids, which
although generally have a high acid disso-
ciation constant in water (pKa), can lead to
attacks, especially on aluminum and stainless
steel components. These metals are exactly the
components of the structures found in the IPR-
R1 Triga reactor. This condition may favor the
formation of galvanic cells that can lead to
electrochemical corrosion in the various
structures of the reactor, including the cladding
of some of the core fuel elements [11].

A sample of material collected in the water
filter was withdrawn from the reactor pool.
The material was dissolved in deionized water
and seen at a microscope. The images made,
from the optical microscopy system, show
elements in suspension.

Figure 7 shows three distinct regions with
peculiar behaviors. The region marked with a
yellow circle behaves like a precipitate of
inactive microorganisms. The blue circle labe-
led region shows smaller particles of clumps
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Fig. 5 - Aluminum-clad fuel element with kneaded
bottom end-pin [10].

of inactive microorganisms released in the
dissolution water stream. The region marked
in red shows moving particles of
microorganism that apparently manifest their
own movement, different from the common
movement caused by the Brownian effect
observed in the other regions. In the region in
red, possibly, it registers biological elements
with characteristics of protozoans in process of
resuscitation, after contact with the water of
dissolution. These results indicate that further
investigations should be conducted so that the
species present in the coolant are identified
and studied from the biological point of view.

Fig. 6 - Precipitates deposited on the inner wall of the
tank [18].

Fig. 7. - Material collected in the coolant filter with
magnification of 400x [18].
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2. METHODOLOGY
Sipping is the most common technique

used to locate fuel failures in both
Pressurized Water Reactors (PWRs) and
Boiling  Water  Reactors  (BWRS).

Identification of fuel rod failure is based on
detecting the activity of fission products
released through defects during sipping.
The measured radioisotopes include
krypton, xenon, cesium, and iodine [8].

Sipping is a non-destructive method used
to test for failed reactor fuel elements by
investigating the fission product released in
a fixed volume of core cooling water. This
method is usually implemented as a way to
monitor to the integrity of fuel elements in
research nuclear reactors that can be
affected by corrosion over long periods.
Sipping can also be employed to investigate
fuel elements, which are suspected to have
failed during the course of operation [19].

A device was constructed to receive a
small number of fuel elements (at most
three per test). The handling of the fuel
elements is performed through a tool
known as "Articulated Clamp for Handling
Devices and Remote Equipment”, a
patented registered by CDTN/Cnen [19].
The device has a vessel filled with
deionized water separated from the water in
the remainder of the reactor pool. After
about 16 hours of fuel elements maceration
in the water device container, the water will
be sampled. Aliquots of the leaching water
will be taken for analysis. Water samples
will be analyzed by gamma spectrometry
detection using HPGe (High Pure
Germanium  Spectrometer  Multichannel
Analyzer).

The analysis will detect and identify
fission products that are released in the
water sample. The presence of the isotopes:
Cs-137, La-140 and 1-131, indicates that
some of the fuel elements tested have leak,
that is, they are compromised. These
radioisotopes are indicative of leakage in
fuel elements from nuclear reactors. The
system will be adapted and will be available
to analyze and identify the presence of
chemical elements in the coolant in periodic
tests.

3. TESTS AND RESULTS

3.1. Sipping device

A device in which fuel elements are to
be inserted was designed and constructed as
shown in Figure 8. The device consists of
an aluminum container with a capacity of
about 40 liters of water. Inside the container
it is inserted a basket with capacity to be
placed up to three fuel elements per test.
The basket can be placed outside the pool
or positioned on the side of the reactor core
so that the operator can transport EC from
the core to the basket and vice versa.

e — — — Holder
| T h — Flange
1 Container
Basket for housing | Container
the fuel elements
‘ i | Guides
== tubes
= =
1 Basket

Fig. 8 - Simplified schematic of the sipping apparatus:
a) sipping container and basket; b) sipping basket inside
the container.

The photographs in Figure 9 show details
of the apparatus constructed for carrying out
the sipping test. In the photograph shown in
Fig. 9a there is the container where the basket
with the fuel elements will be inserted. The
photo of Figure 9b has the basket with three
fuel elements. Figure 9¢ and Fig. 9d shows
detail of the upper and lower terminals of the
fuel elements.
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Fig. 9 - Details of the apparatus for sipping test
built.
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Figure 10 shown the container of the
sipping system at the reactor pool bottom to
receive fuel elements for the test.

Figure 11 shown the container positioning
at the pool edge loaded with three fuel
elements submitted to the sipping test.
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Fig. 10 - Container of the sipping system at the
reactor pool bottom to receive fuel elements for the
test.

Sipping device
container

Fuel elements
inside the basket

Fig. 11 - Container positioning at the pool edge
loaded with three fuel elements submitted to the
sipping test.

3.2. Model of diffusion of the Cs-137 in
the water of the sipping container

For sipping tests on irradiated fuel
elements stored for many years inside
reactor pool, the most suitable fission
product for use as failure monitor is
cesium-137, due to its long half-life (30.14
years), great fission yields and high
solubility in water [20] [21]. Thus, a
correlation was developed to find the
diameter of a hypothetical small cylindrical
hole in the fuel cladding as a function of
Cs-137 activity values to be measured.

The diffusion of cesium into a material
medium can be described by Fick's law,
which prescribes that the density of the
diffusion flux of a substance is linearly
proportional to its concentration gradient.
In the case described here, the medium is
the pool water of the Triga reactor. Then,
the diffusion of a fission product (Cs-137)
is described by the following partial
differential equation:

f=-Dl.c (1)

where f is a vector magnitude representing
the cesium activity flux density (Bq.m2.h),
D is the diffusion coefficient and Vc
represents the concentration gradient of
cesium activity in water. Therefore, the
diffusion coefficient D can be defined from
the Fick equation and expressed as:

D=f/"c )

The diffusion of a radioactive fission
product through a given medium is
described by means of the following partial
differential equation [22]:

DVp—Ap+S5=22 @)
where: p is the concentration of atoms or
ions of the fission product in the medium
(atoms/cm ), D is the diffusion coefficient
of the fission product in the medium
(cm?/s), / is the radioactive decay constant
of the fission product (1/s), and S is the
source term describing the rate of fission
product generation the in the medium
(atoms/cmqs).
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After several algebraic operations, it was
found the mean radius of a hypothetical
small cylindrical hole (Fig. 12) in the fuel
cladding as a function of Cs-137 activity,
shown in Equation 4:

—1 a.Vol3

- : 2.7 f. 4. So. (2. +6.D). A
’ (. (. (A (So(a? +6.D.1)) ))) Ve Vol V2 f.250 (@ ).A(D)
(4)

where:

ro = average radius of the equivalent cylin-
drical hole in the cladding;

So is the initial concentration of fission
product atoms in the fuel element
(atoms/cm?®), measured at the moment the
fault reaches the fuel , ie, whent =0.

Vol = volume of water contained in the con-
tainer of the sipping apparatus;

A(t) = activity at time t;

f= fraction of Cs-137 concentration
present in the irradiated fuel which is
limited by the leaching water in the
sipping container;

A = decay constant of Cs-137,
a = total hole length (depth);

D = diffusion coefficient of Cs-137 in the
leaching water;

t = test time of the sipping test.

Cladding
I

Fuel

____ Average concentration of 137¢s

Fig. 12 - Schematic drawing showing the behavior of the
Cs-137 concentration and the hypothesis of a mean
concentration upon reaching equilibrium after a long

time.

4. CONCLUSIONS

Sipping test is a non-destructive
technique employed to evaluate the
cladding structural integrity of irradiated
nuclear fuels, which is based on the
detection of radioactive fission products
leakage to the reactor coolant, by means of
gamma-ray spectroscopy. A sipping system
was developed to assess the integrity of
spent fuel elements irradiated in a Triga
reactor of Brazil. It is necessary to keep the
fission products inside the fuel elements
and to prevent their escape into the
environment. In the IPR-R1 Triga research
reactor the fuel elements is in operation for
decades and corrosion may occur causing
damage of the spent fuel.

The IPR-R1 was one of the first reactors
Triga to start operation in the world. It has
been widely used in the training of reactor
operators with practical classes with
manipulation of the fuel elements. Handling
causes cladding friction and can lead to
damages. In visual inspection carried out in
2006 it was verified the presence of pits in
the cladding of some fuel elements. With
the inclusion in the core of some stainless
steel-clad fuel elements together with
aluminum-—clad fuel elements increases the
possibility of pitting corrosion due the
galvanic pair formed.

In the IPR-R1 Triga reactor, despite its
almost 60 years of operation, a sipping test
was never performed. So it was constructed
a system for performing this test according
to the methodology described here. The
system is ready to perform the test. A
correlation was also developed between the
activity of a possible release of cesium-137
in water and the diameter of a hypothetical
hole. The result of this test will give
subsidies for decision making regarding the
need to recover or replace the failed fuel
element.

Brazil has four research reactors in
operation: the MB-01, a 0.1 kW critical
facility; the IEA-R1, a 5 MW pool type
reactor; the Argonauta, a 500 W Argonaut
type reactor and the IPR-R1, a 250 kW
Triga Mark | type reactor. Three of these
reactors have been operating for more than
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46 years, which means that they have
exceeded the 40-year life expectancy range
for research reactors. The methodology
described here, with some adaptations, can
be used to test the fuel elements of these
reactors. In the future it may also be used in
the Brazilian Multipurpose Reactor (RMB),
in the design phase. The incorporation of
procedures for the routine inspection of the
fuels will increase the useful life, with
reliability and safety in the operations.
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