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Introduction
The Nuclear Engineering Center has shown, along several years, expertise in the field
of nuclear, energy systems, and correlated areas. Due to the experience obtained during
decades in research and technological development at the Brazilian Nuclear Program,
personnel have been trained and started to actively participating in the design of the
main system that will compose the Brazilian Multipurpose Reactor (RMB) which will
make Brazil self-sufficient in the production of radiopharmaceuticals. The institution has
participated in the monitoring and technical support concerning the safety, licensing
and modernization of the research reactors IPEN/MB-01 and IEA-R1. Along last two
decades, numerous specialized services of engineering for the Brazilian nuclear power
plants Angra 1 and Angra 2 have been carried out. The contribution in service, research,
training, and teaching in addition to the development of many related technologies
applied to nuclear engineering and correlated areas enable the institute to fulfill its
mission that is to contribute in improving the quality of life of the Brazilian people.
During the last several years, a special effort was made to refurbish the old
components and systems of the IEA-R1 reactor, particularly those related with the
reactor safety improvement, in order to upgrade the reactor power. The primary
objective was to modernize the IEA-R1 reactor for safe and sustainable operation
to produce primary radioisotopes, such as 99Mo and 131I, among several others,
used in nuclear medicine, by operating the reactor at 5 MW on a schedule of
120 hours/week continuous operation. Since early 2015, due to legal issues, the
reactor is operating in a new schedule of 8.5 hours/day, 4 days/week. In the middle
of 2014, the replacement of most part of the primary cooling circuit was concluded
and, in 2015, the additional cooling tower of the secondary circuit was installed.
The Nuclear Fuel Center (CCN) of Ipen has proudly acquired 32 years of experience
in the manufacture of MTR-type fuel elements (Materials Testing Reactor) being the
only plant that is able to feed the national research reactors with their fuel elements.
It is also the only plant accredited to fabricate nuclear fuels for continuous operation
of IEA-R1. The serial production started in 1988, when the first nuclear fuel element
was delivered for IEA-R1. In 2011, it was fabricated its 100th nuclear fuel element.
In 2005, U3O8 were replaced by U3Si2-based fuels, and the research of UMo is still
under investigation. R&D activities were carried out to support the nationalization
of radioisotopes for nuclear medicine through the development of UMo-based fuels
and irradiation targets for the production of Mo99. To make feasible the operation of
RMB, it will be necessary to fabricate 1000 uranium targets and increase its annual
production capacity from ten to sixty fuel elements. To achieve this goal, CCN is
about to conclude a brand new and modern Nuclear Fuel Plant which will provide not
only a new infrastructure for scaling up, but also a safer and greener production.
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Reactor Engineering
and Energy Systems
Reactor Physics benchmarks
at the IPEN/MB-01
During the last decades, the reactor physics
group of the nuclear Engineering Center of
IPEN is participating in two international
programs for elaboration of benchmarks of
experiments on critical facilities. The programs are the working groups ICSBEP (International Criticality Safety Benchmark Evaluation Project) and IRPhE (International Reactor
Physics Evaluation Program) both sponsored
by INL (Idaho National Laboratory, USA) and
NEA (Nuclear Energy Agency). ICSBEP is devoted to criticality safety benchmarks and
IRPhE is more related to reactor physics experiments in general. The purpose of ICSBEP
is: a) identify a comprehensive set of critical
benchmark data and, to the extent possible,
verify the data by reviewing original and
subsequently revised documentation, and
by talking with experimenters; b) evaluate
the data and quantify overall uncertainties
through various types of sensitivity analyses;
c) compile the data into a standardized format; d) perform calculations of each experiment with standard criticality safety codes;
e) formally document the work into a single
source of verified benchmark critical data.
The work of ICSBEP group is documented
as an International Handbook of Evaluated
Criticality Safety Benchmark Experiments.
The IRPhE project aims to provide the nuclear
community with qualified benchmark data
sets by collecting reactor physics experimental data from nuclear facilities worldwide.
More specifically, the objectives of the expert
group are as follows: a) maintaining an inventory of the experiments that have been
carried out and documented; b) archiving
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the primary documents and data released in
computer-readable form; c) promoting the
use of the format and methods developed and
seeking to have them adopted as a standard.
The experiments have been performed at the
IPEN/MB-01 research reactor facility. Several
experiments have been designed, executed
and analyzed. More than 100 critical configurations have been approved to be included
in the ICSBEP handbook. From these experiments, it is possible to mention the critical
configurations with borated stainless steel
used in the storage pool of Angra-I and AngraII power plants to save storage space. Another
experiment was a central void simulation
with an aluminum block. More recently, the
reactor physics group completed a series of
experiments with a heavy reflector made of
SS-304 to give support to the EPR development
in Europe. In the reactor physics area (IRPhE),
a series of benchmark experimental problems
on the isothermal reactivity coefficient of
light water reactors were carried out. Those
experiments contributed to give support on
data evaluation of 235U in the thermal energy
region of neutron.

New Core in the IPEN/MB-01 Reactor
to Support Licensing Needs of the
RMB (Multipurpose Brazilian Reactor)
The fuel elements for the Brazilian Multipurpose Reactor (RMB) will be produced in Brazil
and, consequently, there will be needs of experimental support of several quantities related to the operational behavior of these fuels,
mainly taking into consideration the future
licensing needs of this reactor. By means of a
research contract with FINEP, the IPEN/MB-01
reactor is being totally adapted for accommodation of a new core with fuel elements of
RMB. The project involves several blanches of
Nuclear Engineering: Reactor Physics, Instrumentation and Control, Structural and Me-
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chanical Analysis, Accident Analysis, Nuclear
Fuel, among others. The foreseen schedule is
that this new core will be in operation at the
end of 2018. Among the several challenges
of this project, it resides the fixation and the
geometry preservation of the RMB burnable
poison (Cadmium wire 0.4mm diameter) in
the fuel element. The reactor physics experiments to be performed will have a dual purpose: to support of RMB licensing needs and
at the same time to be benchmarks for the
international nuclear community. In this research project under consideration, part of the
experiments will be performed in the actual
core of the IPEN/MB-01 reactor and part will
be performed during the commissioning of
the new core. The experimental results will
be evaluated and submitted to ICSBEP and to
IRPhE. Parallel to that, modernizations in the
control and in the interlock systems of the
IPEN/MB-01 reactor will be performed. Figure
1 shows a schematic layout of the new core.
This is an array of 4 x 5 fuel elements with a
massive aluminum block at its center. Also,
heavy water reflector is employed in order to
have some RMB similarities.

Figure 1: Plate Type Core of the IPEN/MB-01 Reactor
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STAR Test Section for of loss of coolant
experiments in IEA-R1 Research Reactor
STAR Test Section was designed to simulate
loss of coolant experiments using the Instrumented Fuel Assembly EC-208 of the IEA-R1
Research Reactor. STAR has received financial
support of the Nuclear Engineering Center of
the IPEN-CNEN/SP. The STAR was designed to
conduct experiments of partial and complete
uncovering. The proposed experiments aim is
the reproduction of heat transfer conditions
similar to those expected in loss of coolant
accident in researches reactors, with safe
and controlled way. Experimental data can
be used to validation or development of computational tools for LOCA analysis. STAR Test
Section comprises a base, a cylindrical stainless steel vessel, and the instrumentation. It
uses the compressed air system of the IEA-R1
reactor for uncovering process. In addition to
the fourteen thermocouples of the EC-208,
STAR has more four thermocouples and one
differential pressure transducer to the water
level measurement inside the vessel. Figure
2 shows the base, with a “dummy” fuel assembly, representing the EC-208, and the Fig.
3 shows the STAR with the vessel mounted
on the base.

Figure 2. Test Section for Refrigerant Loss Accident Simulation (STAR).
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fuel in the world. Increasing the uranium
density in the reactor fuel will result in a configuration with fewer fuel elements than the

Figure 3. Fuel miniplates of UMo-Al produced by CCN-IPEN and acrylic irradiator.

Neutronic Analysis of Nuclear Fuel with
UNo-Al with Addition of Burnable Poison
This project aims to perform a neutron analysis of the fuel the dispersion of UMo-Al and
comparison with the fuel of U3Si2-Al. The
U3Si2-Al uranium density was varied from 3.0
to 5.5 gU/cm3 and that of the UMo-Al from
4.0 to 7.5 gU/cm3 and with the mass percentage of Molybdenum at 7 and 10 %. Fuel with
higher uranium density allows reducing the
size of the reactor core. The core of the simulated reactor was similar to that of the RMB
(Brazilian Multipurpose Reactor) composed
of a 5x5 position arrangement with 23 fuel
elements and two aluminum blocks. Burning
calculations were performed considering a
power of 30 MW for three cycles of the 97day RMB.

Proposal for a New Configuration
for the IEA-R1 Reactor Core with
High Density Uranium Fuels
This project aims to propose a new configuration for the core of the IEA-R1 using fuel elements of U3Si2-Al with density of 4.8 gU/cm3,
maximum density qualified for this type of
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Figure 4. Configuration for the core of the
IEA-R1 using fuel elements of U3Si2-Al

current configuration (5x5), providing higher thermal and fast neutron fluxes, reduced
core volume, better fuel utilization, higher
Production of radioisotopes for medical use
in the country and shorter irradiation times
for qualification of materials used in nuclear
reactors.

Neutronic Calculations using Different
Methodologies (Transport and Monte
Carlo) to Characterization and technical
Specification Generation of targets
for 99Mo Production by Fission
The objective of this work was to develop
studies on the characterization and technical
specification of targets for production of 99Mo.
A detailed bibliographical study selected three
types of targets: UAlx-Al plate type, and U-Ni
cylindrical and plate types. Neutronic calculations were performed to analyze whether the
targets would produce the minimum required
amount of 99Mo, 450 Ci per week, that meets
demand from Brazil, and to verify the target
impacts in the reactor operation. The cross
sections of all the reactor core materials were
generated with HAMMERTECHNION. The CITATION was used to make the 3D modeling of
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the reactor core and to determine parameters
such as k-effective, neutron flux and power
density. The program SCALE 5.1 was used to
find the targets burnup, and the inventory of
nuclides generated. Neutronic calculations
showed that the current Brazilian demand
of 99Mo, 450 Ci per week, and the projected
future demand of 1000 Ci, can be met by using targets of UAlx-Al and U-Ni. The analyzes
were realized for the same amount of uranium present in the targets (20,1 g) and the
same irradiation conditions. From equation
{[N * (σ1Φ1 + σ2Φ2 + σ3Φ3 + σ4Φ4) * V * y *
(1-e-λt)] / 3.7 * 1010} and from the microscopic
fission cross sections produced and collapsed
into 4 groups by HAMMERTECHNION, it was
possible to calculate the expected results and
compares them to the results generated with
the SCALE 5.1.For UAlx-Al and U-Ni plate type
targets the expected calculations converge to
values very close to those performed by the
SCALE, but for the U-Ni cylindrical target, the
results were inconsistent. The inconsistency
was due to the fact that the HAMMERTECHNION does not have a module for calculating
self-shielding, which makes it unsuitable
for this analysis. To solve the problem, the
software package AMPX from the Oak Ridge
National Laboratory was used to generate
the cross sections of the homogenized cell
(aluminum radiator + U-Ni cylindrical target
+ cooling channels) of the U-Ni cylindrical
target. This program package contains the
module Rolaids(,) which executes an integral
transport calculation to handle the effect of
self-shielding in multi- regions. The programs
SCALE 5.1 and MCNP 5 were utilized for calculation the cross sections of the reactor core
materials, the 3D modeling of the core and
to determine parameters such as k-effective,
the neutron flux and power density. The calculations were compared with each other to
ensure consistency of methodology.
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Neutronic and Thermal-hydraulic
Analysis of a Device for Irradiation
of LEU UAlx-Al targets for 99Mo
Production in the IEA-R1 reactor
Technetium-99m (99mTc), the product of radioactive decay of molybdenum-99 (99Mo), is one
of the most widely used radioisotope in nuclear medicine, covering approximately 80%
of all radiodiagnosis procedures in the world.
Nowadays, Brazil requires an amount of about
450 Ci of 99Mo per week. Due to the crisis and
the shortage of 99Mo supply chain that has
been observed in the world since 2008, IPEN
decided to develop a project to produce 99Mo
through fission of uranium-235. The objective
of this work was the development of neutronic
and thermal-hydraulic calculations to evaluate the operational safety of a device for 99Mo
production to be irradiated in the reactor core
IEA-R1 at 5 MW. In this device, ten targets of
UAlx-Al dispersion fuel with low enriched
uranium (LEU) and density of 2.889 gU/cm³
were placed. For the neutronic calculations,
the computer codes HAMMER-TECHNION
and CITATION were utilized and the maximum temperatures reached in the targets
were calculated with the code MTRCR-IEAR1.
The analysis demonstrated that the device
irradiation will occur without adverse consequences to the operation of the reactor. The
total amount of 99Mo was calculated with
the program SCALE, obtaining an activity of
620 Ci for 3 days irradiation, 831.96 Ci for 5
days and, after 7 days irradiation, the activity
was 958.3 Ci.

Study of necessary equipment for
cogeneration viability in commercial
installations at concession area of
the São Paulo Gas Company
This study aims to identify the characteristics of the equipment, to generate the energy
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balance, and to assess the potential for energy conservation that different equipment
configurations may offer and to make them
economically attractive in commercial facilities of São Paulo. To achieve the above goals,
energy balance studies were carried out in
detail accounting for thermal energy flow
rejected for different temperature ranges of
engines and turbines used for CHP. The results
were applied to heat recovery systems, assembling different retrieval settings, such as
domestic hot water, steam, chilled water production (Lithium Bromide-water absorption
chiller) cold production at low temperature
(Ammonia-water absorption chiller). Figure 5
shows the schedule for cogeneration system
using natural gas engines for hot and cold

water production from flue gases. Surveys
were also conducted in the field of commercial premises, where it would be possible to
apply cogeneration, such as laundries, data
centers, supply centers (central food supply),
among others. Important research was conducted at the Port of Santos in order to evaluate the energy matrix of the harbor and the
possibility of implementing cogeneration
thermoelectric generation from natural gas.
The purpose would be the supply of power
to both terminals on land and to make the
cold ironing, namely the supply of electricity to ships at berth. This electricity supply
mainly aims at reducing emissions for ships
that currently use oil to generate the energy
required for this step. Figure 6 shows a photo

Figure 6. Picture of Cap San Marco,
docked at the Porto of Santos.

Figure 7. Simulation schedule of the CCE-USP cogeneration system with six microturbines and three absorption chillers.
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of a large container ship, the Cap San Marco
docked at Santos. This type of vessel carries
containers, including refrigerated / frozen
,called reefers, that require electricity while
remaining on ships as well as when they are
downloaded to the terminals on land. In that
case, they must be connected as fast as possible, while providing operative power from
the terminal. The application of cogeneration
in data centers is a system that has more possibilities for deployment in Brazil. The energy
consumption per square meter will be higher
because of the concentration of processing
volume. The challenge of this new generation
of data centers will be the pursuit of energy
efficiency. The project involved a survey carried out in ECC (Electronic Computing Center)
of the University of São Paulo. The Electronic
Computer Center (ECC) of the USP involves

Figure 8. Cogeneration system with six microturbines and three absorption chillers.

coordinating body of the main functions of
computer and data communication at the
University of São Paulo, also providing computer services to the university community
of the USP. Figure 7 shows a picture of the
data center. Surveys and records electrical
equipment currently used in air conditioning and ventilation system were made from
the center. The part of the field survey was
conducted by IEE - USP. Several simulations
were also performed to evaluate the installation of cogeneration systems in CCE-USP.
A schematic is shown in Fig. 8 consisting of
6 microturbines of 65kWe and three absorption chillers of 66 TR each one. In this case,
we would still have plenty of energy of ~ 6%
compared to the peak demand of heat and
only 5% compared to the thermal demand
currently installed. This research is part of a
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research project for Distributed Generation
and Cogeneration with Natural Gas: Technological and Institutional Barriers and were
conducted in conjunction with the IEE-USP.

Figure 9. Pressure in the Angra-II NPP core (RELAP5 and FSAR).

Figure 10. Flow mass in the break (RELAP5 and FSAR).

Figure 11. Primary system mass (RELAP5 and FSAR).
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Flow regime identification and
heat transfer coefficient in the
core of ANGRA-II nuclear power
plant during small break LOCA
simulated with RELAP5 code
The present project aims to use RELAP5/
MOD3.2 gamma code to simulate the behavior of Angra-II nuclear reactor core for
a postulate loss of coolant accident in the
primary circuit, Small Break Loss of Coolant Accident (SBLOCA). This accident and
boundary conditions are described in detail
in Chapter 15 of the Final Safety Analysis
Report of Angra-II – FSAR. The accident consists basically of the total break of a pipe
of the hot leg Emergency Core Cooling System (ECCS) of Angra-II, which is a PWR reactor with four primary loops, and power
of 1,400MW(e). The rupture area is 380 cm2,
which represents 100% of the ECCS pipe flow
area. In this simulation, failure and repair
criteria are adopted for the ECCS components, in order to verify the system operation,
in carrying out its function as expected by
the project to preserve the integrity of the
reactor core and to guarantee its cooling.
SBLOCA accidents are characterized by a
slow blowdown in the primary circuit, the
high pressure injection system is activated.
The thermal-hydraulic processes inherent to
the accident phenomenon, such as hot leg
of ECCS vaporization and consequently core
vaporization causing an inappropriate flow
distribution in the reactor core, can lead to
a reduction in the core liquid level, until the
ECCS is capable to refill it. Results were obtained with RELAP5 to the core of ANGRA2,
for the considered SBLOCA. Figures 9 to 11
summarize the obtained results of SBLOCA
of Angra-II analysis using RELAP5 code. Pressures, flow rates and primary system mass
results, were compared obtained with FSAR,
and seemed to be in a reasonable agreement.
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Integrated environmental
management: a case study at the
federal office of Brazilian Research
The globalization process establishment has
been a major impulse for profound transformations as to environmental issues in the
social, political and economic scenario of both
industrialized and developing countries. Within this scope, the concern with climate changes, global warming, biodiversity, population
growth and public health have promoted the
dissemination of environmental values and
the induction to a community participative culture. Notwithstanding, a growing demand by
the society related to the environment and social issues has been evidenced, converging the
environmental theme to a holistic approach
and, also, to the life quality concern. Therefore,
private and public organizations have given
more attention to issues involving their internal and external clients and/or users, in view
of their products or services and social aspects,
including those covering their workers and collaborators health and safety: with this overall
purpose, an Integrated Management System
(IMS) for Quality, Environment, Health and
Safety was created. This management policy
has been, commonly, employed in the private
sector, even though a small, but yet expressive
part of it refers to the public area. In face of
this scenario, it may be foreseen that the motivations for adopting such management tool
and the methods used for this goal may differ,
according to the economic context. Under this
point of view, this work had the target of analyzing, qualitatively, the process of setting
the IMS in a public institution. Eventually, a
targeted result was to identify advantages and
disadvantages for a public institution.

Risk Communication Importance
Risk Communication has shown its importance
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in the elaboration of emergency plans in the
Chemical industry. In the 90’s, the UNEP developed the APELL (Awareness and Preparedness for Emergency at Local Level) plan, a risk
management methodology used by dangerous
chemical facilities. The methodology comprises the commitment of both Government and
the community located in the risk area in the
development of the emergency plan. In the
nuclear sector, there is no similar methodology developed so far. However, establishing a
communication channel between the nuclear
segment and the community is essential. In
Brazil, the construction of Angra-III NPP and
the RMB (Multipurpose Research Reactor) project stand as nuclear initiatives that improve
the importance of a good communication with
the public. Security issues of these projects
are natural sources of concernment to the
public, which is aggravated by events such as
the Fukushima disaster. Without an effective
communication about what the presence of
nuclear plants and reactors in a specific area
means, the interested public will only have an
alarmist vision of the subject, given by those
against these facilities.

Experimental and numerical thermalhydraulic studies on plate type fuels
for research nuclear reactors
The objective of this research project is to carry
out experimental and numerical thermal-hydraulic studies on plate type fuels for research
nuclear reactors. One of the research in development is the test of an instrumented fuel
element pattern, plate type, for thermal-hydraulic evaluation of the cooling of the fuel
plates, especially the side plates, which form
channels between adjacent elements, and thus
provide information, not available in the literature, to improvements in design, construction
and operation conditions of cores of research
reactors. This was motivated by ensuring the
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(a)

(b)

(c)

(d)

(e)

Figure 12. Numerical modelling of the plate type fuel for research reactor: a) geometry general view; b) geometry detail of fuel top section; c) geometry detail of fuel bottom section (nozzle); d) numerical mesh detail of fuel bottom section (nozzle); e) numerical mesh detail of top fuel section.

safety of the IEA-R1 reactor increasing power
up to 5 MW. Another research project aims to
design and build a test section for the study
of induced flow in fuel elements of nuclear research reactors parallel plate type vibrations.
The study of the dynamic of the parallel plate
fuel elements behavior is of great importance
to the safety of nuclear research reactors where
the flow of cooling fluid may reach high operational conditions (critical speeds) causing
vibrations and may, in the latter case lead to
the collapse of fuel plates, which can result
in serious accident proportions. Knowledge
of the operational limits of the fuel elements
designed to be used in the research reactor
under development in Brazil requires the testing that can be compared with the criteria
required for your license of operation. In this
research project, an experimental test bench
for fuel elements of nuclear research reactors
was designed and reconstructed at the Center
for Nuclear Engineering (CEN-IPEN-CNEN/
SP). The tests consists of analysis of vibration
induced by the flow in the channels formed
between the plates and deformation of fuel
plates. Numerical simulations on plate type
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fuel for research reactors were carried out as
it can be seen in Fig. 12.

Mechanical Analysis of Nuclear
Research Reactor IEA-R1 Pipelines
An engineering project was developed to
identify the kind of failure of the decay pipeline, brackets, flanges and screws in channels of the nuclear research reactor IEA-R1
at IPEN-CNEN/SP. The project analysis recommended the work of a consulting firm
specialized in corrosion testing with gammagraphy pipe channels of IEA-R1. It was
performed a stress analysis simulation of
primary circuit pipeline of IEA-R1 coupled
pipe, props and equipment indicating a
probable scenario for pipe failure. The after
failure scenario of the pipeline indicated: a
new project supported channels and changes in the design of some supporters of the
primary circuit. The stress analysis, coupled
pipe, props and equipment of primary circuit
pipeline of IEA-R1 indicated design modifications of the media. Technical reports were
prepared as part of the announcement to
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reform the pipeline with the following specifications: specification of the pipe; specification supports; pipe stress analysis; stress
analysis of media. It was detected in advance
the problems that occurred with the pipe
IEA-R1, new project of supported channels,
and specifications for piping and brackets
were developed (Figure 13).

Figure 13. Schematics of the Nuclear Research Reactor IEA-R1 primary circuit pipeline and pool.

due to sudden failures, difficult to predict,
in equipments related to industrial plants,
pressure vessels, high-pressure piping, ducts,
and structures. One gives three following examples: (i) Silver Bridge collapse in 1967, over
Ohio River at Point Pleasant, West Virginia,
USA with 46-killed people; (ii) Catastrophic
disk rupture of a steam turbine from nuclear
power plant Hinkley Point Power Station, England in 1969, with enormous material losses,
machine destruction, and financial losses due
to the long period of operation impeachment;
(iii) Flixborough accident, England in 1974,
due to a reactor failure, has caused 28 killed
people, several injured people, and big material losses. SCC may be classified as an Environmental Assisted Cracking (EAC), besides
Corrosion Fatigue (CF) and Hydrogen Induced
Cracking (HIC).
The relationship between these three types of
failures can be showed in Fig. 14 where the
EAC domain is the union of the three circles,
each one representing the three failure modes.
The SCC is caused by three main factors: (i)
Material susceptibility; (ii) Environmental condition; (iii) Tensile stresses (applied and residual). Sometimes, CF is considered a particular
case of SCC, where the load is cyclical, and HIC
should be considered as a mechanism of SCC.

On Stress Corrosion Cracking
Stress Corrosion Cracking (SCC) is a sudden and
difficult-to-predict severe degradation mode
of failure of nuclear, petrochemical, and other
industries. This chapter aims to give a general
view for SCC based in the authors experience
on more than ten years working with this
kind of failure (mainly in PWR Nuclear Plant)
in the Brazilian Energy and Nuclear Research
Institute.
SCC is a cause of several serious accidents
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Figure 14 Diagram showing the relationship between
SCC, CF, and HIC. When the frequency ν is less than 0.1Hz,
SCC and HIC are possible; above this value it is C
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Residual Stress Assessment
Applied to Finite Element Pressure
Hull Instability Analysis
Residual stress produced by cold bending and
welding processes contributes to collapse pressure reduction on submarine hulls. Usually,
the residual stress profiles used to quantity
this reduction is obtained from analytical or
numerical models.
However, such models have limitations to take
into account in the same time cold bending
and welding. Hence, experimental analyses are
necessary to better quantify the residual stress.

Figure 15. Residual stress profile.

Based on that, experimental residual stress
profiles through the material thickness were
approximated for each region on the normal
frame (see Figure 15). These profiles were introduced in a nonlinear finite element numerical
model to study the collapse pressure reduction.
Experimental results available on the literature
were also used.
Material and geometric nonlinearities were
considered on the analysis in a pressure hull
geometry defined based on open source documents. In the end, it was verified that the
residual stress reduces the collapse pressure as
a large part of the frame web has stress level
higher than the material yield.
The preload introduced by the residual stress
plays a less important role for collapse pressure reduction at higher out-of-roundness and
out-of-straightness defect amplitudes. (see
Figures 16 and 17).
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Figure 16. Nonlinear buckling failure mode with residual stress, displacements in mm.

Figure 17. Depth x radial displacement curves for 0.3%R out-ofroundness defect amplitude and no out-of-straightness defect.
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On Piping Systems Stress Analyses
Developing piping systems stress analyses is
an important task in the design of nuclear and
non-nuclear facilities. In the last three years,
several analyses were conducted, such as: (i)
IEA-R1 primary stress analysis; (ii) IEA-R1 primary system support stress analysis; (iii) steam
piping systems subjected to steam hammer
loadings (see Figures 18 to 21)

Figure 18. 3D Model of the IEA Primary Circuit.

Figure 19. Finite Elements Models and Stresses of the IEA-R1 Primary Circuit Supports.

Figure 20. Location of Stresses for IEA-R1 Primary Circuit Analysis.

Figure 21. Isometric view of a main steam piping system under steam hammer.
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Software for 3D images and Dose
Distribution Calculation
The “AMIGOBrachy” is a planning software for
treating cancer with brachytherapy sources
developed in MATLAB at the Nuclear Engineering Center. The main resources and tools
offered by the software AMIGOBrachy are:
Acquisition of tomographic images of clinical
diagnoses of patients and engagement with
the Monte Carlo code MCNP6 to calculate 3D
dose distribution in the patient; modeling of
radioactive sources used in cancer treatment;
compatibility for exchanging information with
commercial planning systems of large companies; incorporation of innovative resources for
planning and increased effectiveness in treating. Several studies have reported methodologies to calculate and correct the transit dose
component of the moving radiation source for
high dose rate (HDR) in brachytherapy planning systems. However, most of these works
employ the average source speed, which varies
significantly with the measurement technique
used, and does not represent a realistic speed
profile, therefore, providing an inaccurate dose
determination. In this work, the authors quantified the transit dose component of a HDR unit
based on the measurement of the instantaneous source speed to produce more accurate
dose values. The present work demonstrated
that the transit dose correction based on average source speed fails to accurately correct
the dose, indicating that the correct speed profile should be considered. The impact on total
dose due to the transit dose correction near
the dwell positions is significant and should
be considered more carefully in treatments
with high dose rate, several catheters, multiple
dwell positions, small dwell times, and several
fractions. Figure 22 shows some results from
“AMIGOBrachy” software.
Estimates of the contribution of the dose of
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Figure 22. Results from “AMIGOBrachy” software for
3D images and Dose Distribution Calculation.
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transit in Ir-192 brachytherapy treatments.
This study contributed to verify the velocity
profile during the movement of the radiation source inside the patient and how this
affects the dose distribution. The outcome of
these studies contributed to an increase in
the accuracy of the dose estimates provided
by the planning systems currently used in
radiotherapy clinics.
Study of models in MESH for simulations
of problems in medical physics. These new
computational models represent an advance
in the methodology of geometric modeling
of the components that involve the computational simulation of radiation transport in
biological systems.
Both projects contributed to the CAPES award
for the best thesis of 2016.

Study of the Energy Dependence
of MOSFET Detectors for
Use in Radiotherapy
The objective of this project is to evaluate the
accuracy of the MOSFETS response correction
model, which is usually based on the energy
dependence equation, and eventually propose
modifications by inserting a correction that
takes into account not only the average energy value of the photons in the target volume,
but also the energy spectrum of the photons.
Evaluations of differences in dose estimation
resulting from this new methodology will be
performed in clinical cases in brachytherapy and compared with data from planning
systems.

Nanofluids Applications in Nuclear Engineering
This research project aims to investigate the
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physical properties associated with nanofluids heat transport capacities, with a view
to a possible application in nuclear reactors.
The project consists of theoretical and experimental studies with nanofluids that result
in the advancement of knowledge about its
physical properties with and without the
influence of ionizing radiation. Nanofluids
used are solutions based on metal oxides of
Al2O3, TiO2, SiO2, ZrO2, admittedly efficient
in the transport process of high heat flows.
They have been deemed promising for use
in high-tech systems, but their behaviors
under the action of ionizing radiation are not
completely known. Its physical properties,
especially the thermal conductivity, are to be
classified as promising for fluid applications
in future generations of nuclear reactors, still
under development. In order to better understand the effects of ionizing radiation on
their physical properties and its heat transport capacity, analysis and experiments for
measuring some physical properties such as
thermal conductivity, density, viscosity, before and after irradiated samples have been
carried out. The project was a partnership of
researchers from other national institutions
that already have knowledge formed about
nanofluids, contributing to the development
of this knowledge at the national level. It was
found that, in general, there were changes
in thermophysical properties analyzed as
function of volumetric concentrations and
as function of temperatures tested. Similarly,
it was not proven significant changes in the
physical structure of the nanocomposites
tested, although images showed apparently
particles modifications or agglomerations.
The results of the investigations are important to the development of knowledge of the
behavior of nanofluids under the action of
ionizing radiation, making it possible, in the
future, its applications in new generations of
nuclear reactors, in addition to contributing to
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the development of knowledge and training
of new researchers in the area of nanotechnology and nuclear in Brazil. Figure 23 shows

Figure 23. Nanofluids samples before
irradiation (a), and after irradiation (b).

the nanofluids samples before and after irradiation, and Fig 24 shows the SEM image of
the nanoparticles investigated.

Figure 24. Nanoparticles of Al2O3 (a), SiO2 (b), ZrO2 (c), and TiO2 (d) obtained by SEM
technique.

Digital radiographic images analysis applied
to the nuclear plate type fuel of RMB
The radiographic images used to control the
quality of the fuel plates produced for the
IEA-R1, as well as the core exchange of the
IPEN / MB-01 reactor, and in the future in
the RMB, are now digitally processed, allow-

Figure 25. Digital radiographic image of the plate type fuel.
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ing a precise analysis of the homogeneity in
the distribution of the aluminum mixture
with uranium silicide composing them. This
analysis is part of a methodology under development at the Nuclear Engineering Center
in conjunction with the Nuclear Fuel Center.
Figure 25 shows the digital radiographic image of the plate type fuel.
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System Design and Management
– System’s Engineering
IAEA-CRP: Nuclear Security Culture - Application of Systems Theoretic Process Analysis
(STPA) to evaluate the culture of security in
nuclear installations and its effects on safety. This work aims at practical applications
and will be done with the study of real cases
of incidents involving “insiders”. It will also
have applications in aspects of: Cyber Security,
Physical Protection, Intruders and Terrorism.
ITA Computer Department. Work aimed at
applying STPA for safety analysis in high risk
industries such as nuclear and aeronautics.
Security aspects involving computerized controls, especially embedded software in the case
of aircraft and automated controls in nuclear plants (activity being formalized), will be
studied.
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to the fuel elements of the IEA- R1, in order
to improve the cooling conditions of the fuel
elements and, thus, improve the safety of the
IEA-R1 reactor.

Modernization of the reactor
control table IPEN / MB-01
This line of development aims to modernize
some of the subsystems of the IPEN / MB-01
reactor that have become obsolete and difficult to maintain, making them suitable for the
advent of the design of the core exchange of
rods with the fuel elements of the type Plate,
providing adaptability to new experiments
through its intrinsic reprogramming capability, within the highest nuclear safety requirements. It consists in to develop a new digital
system for control rod drive (FIgure 26).

Collaboration with CTMSP. Study of the effects of electromagnetic interference on the
safety of nuclear installations (activity under
analysis).

Development of a new fuel element
“Dummy” Pressure and Flow
Measurement Device DMPV 2
In the early 2000s CEN, in partnership with
the CCN, designed and built a DUMMY Fuel
Element for Pressure and Flow Measurement
(DMPV-1), which allowed a better understanding of the flow distribution in the IEA-R1 reactor core and in the Cooling channels of the
fuel elements.
Based on the results obtained with the DMPV-1,
once again CEN, in partnership with the CCN,
is initiating the design and construction of
a new DUMMY fuel element (DMPV-2) with
the aim of proposing simple modifications

Figure 26. Digital system for control rod drive.

Experimental Analysis of Critical
Velocity in Flat Plate Fuel Element
for Nuclear Research Reactors
The fuel elements of a MTR (Material Testing
Reactor) type nuclear reactor are mostly composed of aluminum-coated fuel plates containing the core of uranium silica (U3Si2) dispersed
in an aluminum matrix. These plates have a
thickness of the order of millimeters and are
much longer in relation to their thickness. They
are arranged in parallel in the assembly forming the fuel element channels through which
there is a flow of the coolant (light water or
heavy water). This configuration, combined
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with the need for a flow at high flow rates to
ensure the cooling of the fuel element in operation, may create problems of mechanical
failure of fuel plate due to the vibration induced by the flow in the channels. In the case
of critical velocity, it may cause collapse of the
plates. Although there is no rupture of the fuel
plates during collapse, excessive permanent
deflections of the plates can cause blockage of
the flow channel in the reactor core and lead
to overheating in the plates. For this study,
an experimental bench and a test section
that simulates a plate-like fuel element with
three cooling channels were developed. The
test section was constructed with aluminum
and acrylic plates and was instrumented with
strain gauge sensors, pressure sensors, accelerometer and a tube of pitot. The dimensions of
the test section were based on the dimensions
of the designed fuel element of the Brazilian
Multipurpose Reactor (RMB). The experiments
performed attained the objective of reaching
Miller’s critical velocity condition with the

Figure 27. Loop and Test Section for the experiment.

Instituto de Pesquisas Energéticas e Nucleares

collapse of the plates. The critical velocity was
reached with 14.5 m/s leading to the consequent plastic deformation of the plates forming the flow channel. The central channel had
a 3mm aperture in its center, causing a large
blockage of the flow in the lateral channels.
This behavior was observed visually during
the disassembly of the test section. Blocking
of the channels was also observed by means
of graphs of pressure drop and graphs of the
deformations of the entrance, center and exit
of the plates against the average speed of the
section of tests. It was observed a decrease of
the hydraulic resistance of the section of tests
due to the increase of the transversal section
of flow in the central channel and an exponential increase of the deformations when
the critical velocity occurrence. Comparatively,
the value obtained for critical velocity in the
test section through the experiments was of
the order of 85% of the value obtained by calculation with Miller’s theoretical expression
(Figures 27 to 29).
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Figure 28. Test
Section to
critical velocity
experiments.

Figure 29.
Flow channel
deformation
after critical
velocity.

Development of a Calorimeter for
Determination of Heat of Decay
of Irradiated Fuel Elements
This line of research has the objective of designing, designing and developing a calorimeter for
the measurement of the decay heat of plate
type fuel elements of the IEA-R1 reactor and of
the mini fuel rods to be irradiated in the CAFE
circuit of the CTMSP (Figure 30).

uation of civilian projects of Angra 3 and
Naval Base .
• NEA / OECD Activities: Experiments carried
out in the IPEN / MB-01 reactor for IRPhE
(International Reactor Physics Benchmarks
Experiments); Benchmarks in subcritical systems - ICSBEP (International Criticality Safety
Benchmark Evaluation Project) Benchmarks
with Mo rods.
• Participation in IAEA activities - Benchmarks
in the production of Mo-99 in the reactor
IPEN / MB-01.

Figure 30. Setup for experiments with thermoelectric modules.

Main services developed by Nuclear
Engineering Center (CEN)
• Follow-up of the Angra 3 Piping and Pipe
Support Mechanical Project .
• CGRC / DRS / CNEN - Support for the eval-

• Participation in the RMB project - Design
and Design of the reactor-type core of the
IPEN / MB-01 Reactor (Project completed,
elaborating the RAS).
• Technical support for the CNAAA meteorological system (environmental and nuclear
licensing documentation and for civil engineering studies).
• Technical support for INB’s meteorological
system (commissioning documentation for
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environmental and nuclear licensing).
• Technical support for the IRD meteorological
system (analysis and monitoring of data for
the IAEA)
• Technical support for the IPEN meteorological system (analysis and monitoring of data
for IEA-R1 and licensing of IPEN facilities).
• Technical support for the RMB meteorological system (data analysis and monitoring,
environmental and nuclear licensing).

Instituto de Pesquisas Energéticas e Nucleares
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NUCLEAR RESEARCH REACTORS,
OPERATION AND UTILIZATION
IEA-R1 Nuclear Reactor
In the triennial 2014-2016, the IEA-R1 Research Reactor has been operating most of the time at a
power of 4.5 MW and operation schedule of 62 hours per week, achieving the following results:
The results related to 2014 and 2015 were negatively impacted by an unscheduled stop of the
reactor due to problems detected in the primary cooling system and by operational schedule
changing to 8 hours per day for 3-4 days per week, due to administrative reasons, respectively.
In 2014, a special program of operation was set up to carry out, together with the CEN / IPEN
technical team, the experiment called STAR that simulates the loss of refrigerant with the discovery of a fuel element, using for this, an Instrumented Fuel Element.
Besides of the routine operational schedule, other activities were carried out to extend the operational lifetime of the reactor, improve the conditions to comply with user needs and allow
the operation in higher powers:

Improvement program
In order to extend the reactor operation lifetime, some equipments and systems are being replaced or rebuilt. These include:
YEAR

REACTOR
SYSTEM

ACTIVITY

COMMENTT

2014

Cooling
system

Partial Replacement of the stainless steel pipe of the Primary Cooling Circuit of the Reactor, with
manufacture and exchange of pipe
sections and flanges of diameters of 16", 12" and 10" (Fig. 31).

Service performed
by the company
WORK INDUSTRIAL of Sorocaba.

2015

Emergency system

Adequacy of the Emergency
Room of the reactor building.

Concluded.

2015

Support
system

Acquisition of 6061 T651 alloy aluminum plate, to be used in a new matrix plate to support the reactor core.

Waiting for fabrication /machine.

20152016

Instrumentation and Control System

A new Control Console for the Reactor - manufacture and supply by
the Ukrainian company RADIY.

Waiting for installation, testing and
operator training.
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BEFORE

AFTER

Figure 31. Stainless steel pipe of the Reactor Primary Cooling Circuit (before and after partial substitution)

2016

Instrumentation and Control System

Acquisition of 3 new chambers (fission, compensated ionization and
non-compensated ionization) to be
used as instrumentation of the electronic circuit for monitoring the
power and safety of the reactor.

Concluded.

2016

Monitoring
system

IPEN Meteorological Tower for data
acquisition for studies of radioactive dissipation in case of accidents
with release of fission products.

Reformed and
repositioned, in
conjunction with
the CEN / IPEN
technical team.

2016

Communication System

Telephone facilities of the
reactor building.

Reform concluded.

2016

Electric
System

Acquisition of a new Moto Generator of 220 Volts and power of
230 kVA, to replace an equipment
that has been operating since
1974, whose maintenance is difficult due to lack of spare part.

Waiting for installation.
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Training program
Besides of the internal operator retraining
program, it was started the training of eight
new operators.

Maintenance program
An extensive program of testing, preventive
maintenance and calibration was carried out
to assure performance and reliable measures
by equipments and systems related to reactor
operation and control.

Monthly activity report
A report containing the activities and monitored and controlled operational parameters
of the reactor are issued monthly. This report
encloses the number of reactor operation, dissipated energy, reactor core data, chemical
and physical characteristics of the pool water,
radioisotopes concentration in the pool water,
number of reactor shutdown, number of irradiated samples in the reactor core and pneumatic
system and, finally, the radioprotection data.

Management system
Since 2002, the Quality Management System
that supports the scope “Operation and Maintenance of the IEA-R1 Reactor and Irradiation
Services” was certified by Fundação Carlos Alberto Vanzolini in compliance with NBR ISO
9001, being submitted to annual internal and
external reevaluation.

Development of irradiation targets for
99
Mo production by nuclear fission
The use of radioisotopes in medicine is certainly one of the most important social uses of
nuclear energy. The 99mTc, generated from the
99
Mo nuclear decay, is the most suitable radionuclide for single photon emission computed
tomography imaging technique. The 99mTc is
supplied as 99Mo/99mTc generators, which provide 99mTc as the 99Mo decays. In Brazil, the
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generators have been imported. Currently, the
world’s 99Mo supplying depends on the operation of research reactors which are aged
around 40 years and, therefore, are not capable
of reliable operation. This situation makes the
99
Mo production chain particularly vulnerable.
Recent crises in the supply of 99Mo has profoundly affected the distribution of 99Mo/ generators in Brazil and encouraged the starting
of the RMB - Brazilian Multipurpose Reactor,
which has as one of the objectives to make
the country independent in the production of
radioactive isotopes for medicine. The success
of RMB Project will require the manufacturing
technology of irradiation targets for the 99Mo
production from nuclear fission. As IPEN in its
history has been developing fuel for research
reactors, and the manufacture of irradiation
targets is based on this type of technology,
IPEN began developing the technology to fabricate these targets. The manufacturing processes of two types of targets using low enriched
uranium (LEU) are being studied. The first one
is based on UAlx-Al dispersion targets, which
is being used commercially in Argentina and
Australia. The second one is based on thin foils
of metallic uranium, which was developed by
Indonesia with US support.
The UAlx-Al dispersion targets are fabricated
according to the picture-frame technique, as
shown in Figure 32. The roll billet consists of a
picture frame, two cover and briquettes. This
components were assembled and joined by
Tungsten Inert Gas (TIG) welding and then
rolled to form the targets. Prior to the rolling operation, the briquettes were degassed
at 250°C for 3 hours under vacuum of 0.8 x
10-3 mbar. The assemblies were hot-rolled at
450°C in four rolling passes. The final specified thickness for the target was reached with
two cold-rolling passes. Fifteen targets were
fabricated in a single rolling operation. The
intermetallic is prepared from a mixture of
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The tubular target uses a thin foil of metallic
uranium that is encapsulated between two
concentric tubes of aluminum. This kind of
target has four times more uranium than the
dispersion targets. The thin foil is rolled inside
a steel picture frame and inserted between
the aluminum tubes, as shown in Figure 33.
The extremities of the target are sealed with
TIG welding to prevent the uranium foil to be
exposed to the reactor environment. Figure 34
shows the finished target.
Figure 32. Assembling multiple targets for rolling.

metallic uranium and metallic aluminum
metal in stoichiometric proportions to obtain
UAl2 (81.5 wt% U). The starting materials are
charged into a zirconium crucible and melted
using a 15 kW induction furnace. Prior to the
melting, the furnace is purged with argon after
vacuum of 2.6 x 10-3 mbar. The UAlx ingot is
ground in a mortar under argon atmosphere.
A mixture of aluminum and UAlx powders corresponding to 50 and 45 vol% respectively has
been pressed to form the target meet, which
is called briquette.

Figure 33. Assembling uranium foil target.
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Figure 34. Finished uranium foil target.

Development of high uranium
concentration dispersion fuel elements
IPEN developed and made available for routine
production the technology for manufacturing dispersion type fuel elements for use in
research reactors. However, the current fuel
produced at IPEN allows the incorporation
of 3 gU/cm3, by using the uranium silicide
technology (U3Si2). Increasing the uranium
concentration of the fuel is interesting by the
possibility of increasing the reactor core reactivity and lifetime of the fuel. It is possible to
increase the concentration of uranium in the
fuel up to the technological limit of 4.8 gU/cm3
for the U3Si2-Al dispersion, which is well placed
around the world. Based on IPEN previous experience in developing and manufacturing dispersion type fuel, the objective of this project
was to promote an adjustment to the current
fuel manufacturing procedures, allowing the
incorporation of higher uranium concentra-
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tions to the fuel. The goal is to increase the
uranium concentration up to 4.8 gU/cm3 by
using the U3Si2-Al dispersion, and 3.2 gU/cm3
with U3O8-Al. These concentrations are the
maximum possible to be incorporated into the
fuel when adopting the dispersions technology.
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From the important parameters for fuel plate
qualification, it was found that the length and
width of the meat of all produced fuel plates
met the specification. Also, the microstructure
of the dispersions showed good appearance,
as showed in Figure 36.

The manufacturing process of the MTR type
fuel elements (U3Si2 uranium silicide type or
U3O8 uranium oxide type) has two main stages:
the pressing of briquettes, which are the fuel
meats, and the rolling operation for manufacturing the fuel plates. The briquettes are
assembled in an aluminum frame with two
aluminum cladding plates forming a “sandwich”. The set is then hot and cold rolled to get
a fuel plate. Figure 35 illustrates the set ready
for rolling and the final fuel plate fabricated.
In this project, the meat compositions were defined based on the maximum uranium density
that can be incorporated into the dispersion,
which is internationally defined as 45 vol%
for the fissile phase. For U3Si2-Al dispersions
the maximum uranium density is 4.8 gU/cm3
and for U3O8-Al the maximum is 3.2 gU/cm3.

Figure 36. Microstructure of the meat of fuel plates with high
uranium concentration. U3Si2-Al (left), U3O8-Al (right).

Fuel plates with high uranium concentration
were successful fabricated. -Al fuel plates
reached uranium density of 4.7 gU/cm3. U3O8Al fuel plates reached uranium density of
3.05 gU/cm3.

Studies on densification of UO2 in
LWR type fuels with burnable poison

Figure 35. MTR type dispersion fuel plate.

Light Water Reactors (LWR) use enriched uranium to increase the reactivity of nuclear fuel,
but this would have no use if it wasn’t possible
to extend nuclear reactions over time, allow-
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ing the nuclear fuel useful life to be extended.
Burnable poison is first of all a tool for longterm control of a nuclear reactor. Its function is
basically to control the neutron population. For
this purpose, the chemical element employed
should react with neutrons arising from nuclear fission of the uranium atom and besides, the
isotope formed (son of nuclear reaction) should
be unable to perform this function. Because of
this feature, the term burnable is established,
as this material will lose the ability to absorb
neutrons, while the fuel reactivity decreases.
For this purpose, the two burnable poisons
commercially used with the nuclear fuels are
Gadolinium and Erbium. Both burnable poisons belongs to rare earths family. They are
added to fuel in powder form as oxides, with
chemical formula Gd2O3 and Er2O3. The first one
is used with mass concentration between 6 to
10%. Erbium oxide is used with mass concen-

tration between 1 and 2.5%. These differences
in proportion are due to higher absorption
cross section of Erbium.
The study of densification using these two materials followed the same route. The powders
were mixed mechanically and pressed in order
to their green density reach 50% of theoretical
density of the mixture.
Experimentally, it was found that additions of
up to 4% of Er2O3 increase shrinkage to higher
values than for pure UO2, showing that erbium acts as a sintering aid agent and allows
its use without the need of additives. On the
other hand, Gadolinium Oxide, when added
to 7% in proportion by mass, causes a significant drop in shrinkage. It was possible to get
best results using nano-gadolínia, increasing
the shrinkage and also allowing to use it for
the manufacture of nuclear fuels without the
need of additives.
Figure 37. X-ray diffraction pattern of
uranium silicide sample, and calculated
diffractogram by the Rietveld Method.
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Quantification of crystalline
phases of uranium silicide
To synthesize of uranium silicide intermetallic
at the Nuclear Fuel Center, metallic uranium
and silicon are melted in an induction furnace at vacuum atmosphere. Even though
appropriate precautions are taken, due to the
considerable different vapor pressure of the
elements, a perfect stoichiometry of U3Si2 is
virtually impossible. Considering that the diverse compositions of this material have different behavior under radiation, the control
of the formed compounds is vital for the reactor performance and security. In this sense,
a method is being developed for quantification of crystalline phases of uranium silicide
using X-ray diffraction and data refinement
using the Rietveld method. Initial results are
promising, however, attention must be taken
in respect to sample preparation, considering the huge difference of atomic number of
silicon and uranium and its consequences
on X-ray scattering and phase quantification.
The study includes comminution of uranium
silicide compositions by hydration, automatic
grinding and mortar and pestle.

Analysis and Management of
Effluents Produced in the Nuclear
Fuel Production Process
Brazil, with the purpose of becoming self-sufficient in the production of radioisotopes and
radioactive sources used in nuclear medicine,
agriculture and the environment, has developed the project of a multipurpose reactor of
30 megawatts of power to meet the national
demand. At IPEN, the Centro de Combustível
Nuclear (CCN) is responsible for manufacturing
fuels for the IEA-R1 reactor and, possibly, the
multipurpose reactor fuels. In order to meet
the demand for the reactors, a new manu-
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facturing plant with a maximum capacity of
60 fuels per year has been designed, which is
currently ten. The increase in production will
consequently increase the volume of effluents generated. The current concern with the
environment makes it necessary to elaborate
a management plan to make the process sustainable, which will lead to environmental,
economic and social benefits. The production
process of the fuel generates several types of
effluents - containing uranium or not - being
solid, liquid and gaseous with varied physical and chemical characteristics. This activity
analyses the fuel manufacturing process to
characterize and quantify the generated effluents. The objective is to elaborate a management plan to deal with and to discard them
responsibly in the environment.
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