
2011 International Nuclear Atlantic Conference - INAC 2011 
Belo Horizonte,MG, Brazil, October 24-28, 2011 
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR - ABEN 
ISBN: 978-85-99141-04-5 

 

THE TERRA PROJECT, A SPACE NUCLEAR MICRO-REACTOR 
CASE STUDY 

 
Lamartine N. F. Guimarães1,2, Jamil A. Nascimento1, Eduardo M. Borges1, Paulo D. 

Castro Lobo1, Guilherme M. Placco2 and Ary G. Barrios Jr2 

 
1 Divisão de Energia Nuclear 

Instituto de Estudos Avançados 
Trv. Cel. Av. José Alberto Albano do Amarante, no. 1 

12228-001, Putim, São José dos Campos, SP 
guimarae@ieav.cta.br 

jamil@ieav.cta.br 
eduardo@ieav.cta.br 
plobo.a@uol.com.br 

 
2 Faculdade de Tecnologia São Francisco (FATESF) 

Av. Siqueira Campos, no. 1174 
12307-000, Jacareí, São Paulo, SP 

guilherme_placco@ig.com.br 
arygarcia89@yahoo.com 

 
 
 
 

ABSTRACT 
 
The “TEcnologia de Reatores Rápidos Avançados” project, also known as TERRA Project is been conducted by 
the Institute for Advanced Studies – IEAv. The TERRA project has a general objective of understanding and 
developing the key technologies that will allow (Brazil) the use of nuclear technology to generate electricity in 
space. This electricity may power several space systems and/or a type of plasma based engine. Also, the type of 
reactor intended for space may be used for power generation in very inhospitable environment such as the ocean 
floor. Some of the mentioned technologies may include: Brayton cycles, Stirling engines, heat pipes and its 
coupled systems, nuclear fuel technology, new materials and several others. Once there is no mission into which 
apply this technology, at this moment, this research may be conducted in many forms and ways. The fact 
remains that when this technology becomes needed there will be no way that we (Brazilians) will be able to buy 
it from. This technology, in this sense, is highly strategic and will be the key to commercially explore deep 
space. Therefore, there is the need to face the development problems and solve them, to gain experience with 
our own rights and wrongs. This paper will give a brief overview of what has been done so far, on experimental 
facilities and hardware that could support space system development, including a Brayton cycle test facility, 
Tesla turbine testing, and Stirling engine development and modeling. Our great problem today is lack of human 
resources. To attend that problem we are starting a new graduate program that will allow overcoming that, given 
the proper time frame. 
 
 

1. INTRODUCTION 
 
The “Tecnologia de Reatores Rápidos Avançados” project, also known as TERRA[1] project 
is been conducted at the Nuclear Energy Division (ENU) of the Institute for Advanced 
Studies (IEAv). The general objective of the TERRA project is to ascertain, understand and 
develop the key technologies that will allow (Brazil) the use of nuclear technology to 
generate electricity and/or produce propulsive effect to explore deep space beyond Earth’s 
orbit. In the next few decades with the shortage of high tech materials with low Earth 
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abundance, the search for these materials will become a necessity for our continual economic 
and wealth growth. This effort may be realized by robotic probes initially, but the sequence 
will require Human exploration. In any case, these searches will require a lot of electrical 
energy. Also, it will require getting there fast and with maneuverability, which can only be 
achieved by the use of nuclear power. Nuclear Technology is in all counts sensitive. That 
means that control of it, is always exercised. A few Nations in the world are now redirecting 
their research in the area. The Americans are building a simulator (based on hardware) for the 
Moon reactor intended to generate 45 kWe in the surface of the Moon [2]. The Russians are 
continuing with their development effort [3, 4, 5]. The French are developing a concept for a 
space propulsion nuclear reactor of around 400 kWth, with the possibility of electricity 
generation up to 100 kWe [6]. Up to this point in time, the USA flew, successfully, in space 
the SNAP-10A [7] reactor, and tested, also successfully, on land at least 5 other types of 
space propulsion reactors [8, 9, 10, 11, 12]. The Russians have put into orbit 34 nuclear 
reactors for electric and heat power generation [12]. In spite of these early starts, along more 
than 40 years of development, final objectives have changed quite considerably. These 
changes in final objectives worked like a blending of everything. Whatever were the 
differences in technology developments, they were greatly reduced. This fact creates 
opportunity to catch up, for those who can. This is clearly the case of IEAv. The TERRA 
project is been conducted with this opportunity in mind. With the TERRA project, IEAv aims 
to allow the Brazilians to be recognized as interested party in space exploration and more 
than that, capable of doing so. This means that IEAv has to go through the development of the 
involved technologies, make decisions about it and carry its rights and wrongs. Also, as 
sensitive as this technology is, there is a window of opportunity for development. Not taking 
advantage of it, means not developing it at all. This technology can not be bought or 
negotiated, now or in the future. Therefore, the self development way is the only way.  
 
As there is no mission to use this technology yet, it is possible to work it in several ways. The 
choice is to concentrate efforts in the fuel element and reactor core together with a suitable 
heat/electricity convertor system. This satisfies two given conditions: the expertise existent in 
ENU/IEAv and the necessity to have a space nuclear power plant overall design. Safety and 
costs concern have made the choice for fuel element and nuclear reactor core design to go 
entirely as a computational project, for the moment. For this computational project there is a 
couple of papers being presented in this Conference [13, 14]. As for the heat/electricity 
convertor a combination of computational and experimental design is the chosen way. The 
convertor is based on a closed Brayton cycle loop. This Brayton cycle is based on a gas 
turbine used as an APU (auxiliary power unit) for the Mirage airplane. Other pieces of 
technology were also identified as of interest, this includes: Stirling engines, heat pipes and 
Tesla turbine to name a few. Also, the development of software to simulate cycle loops. This 
paper will describe more the developments made on the heat/electricity convertor and will 
leave the fuel element and nuclear reactor core development for other papers [13, 14]. 
 

2. THE CLOSED BRAYTON CYCLE LOOP EXPERIMENT 
 
The closed Brayton cycle loop (CBCL) is one of the possibilities for heat/electricity 
conversion system to be used in a space nuclear power plant. The CBCL being built at IEAv 
is not optimized. But it will help to optimize future designs, as for instance, the one to 
actually be used in space (Brazil`s case). It will serve as test bed for new ideas, as for 
instance, the Tesla turbine being built at IEAv will be tested in the CBCL. It will be a real 
simulator and demonstrator for the energy conversion technology, and it will help to learn 
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how to control it and to understand the physics associated with different working fluids. The 
IEAv´s CBCL will have a section that will allow testing heat pipes and its coupled systems. 
The IEAv´s CBCL will be an experiment for multipurpose type of testing and will allow 
multiple configuration arrangements. The CBCL will use a gas heated furnace (300 kWth) as 
a hot source to simulate the nuclear heat. The gas turbine will be a modified Mirage plane 
APU (Auxiliary Power Unit) called NOELLE 60290. However, with the proper fitting it will 
accept any other turbine. And the heat sink will be a steel made water box with a heat 
exchanger submerged in the water. Fig. 1 shows a drawing of this arrangement.  
 
The CBCL gas furnace, simulating the nuclear heat, will heat up a SS316 metal tube heat 
exchanger located inside the furnace and connected with the NOELLE 60290. The gas inside 
the heat exchanger will be heated to temperatures between 650 to 700 oC. The design 
calculations were performed considering dry air as the working fluid. But it is considered also 
as option: N2, He, Xe, He-Xe, Ne, Ar and CO2 so far, at this moment. Fig. 2 gives a closer 
view of the CBCL, without the furnace.  
 
 
 

 
 

Figure 1.  Design showing the closed Brayton cycle 
loop to be built at the Institute for Advanced 
Studies. 

 
 
 
Note in Fig. 2 the NOELLE 60290 appears in color. An electric generator extends from the 
NOELLE 60290 shaft. In a lower level there is a vacuum pump which is to be used in the 
working fluid exchange. Fig. 2 also shows all the sensors that are located throughout all the 
CBCL connecting metal pipes. So far, the building where the CBCL will be located (Fig. 3), 
and both heat exchangers: the one from the heat source (Fig. 4) and the one from the heat 
sink (Fig. 5) have been built. Projects for the reform of the NOELLE 60290, the 300 kWth 
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gas furnace assembling and the connecting metal pipes with the instrumentation are also 
completed. 
 
 
 

 
 

Figure 2.  Closer view of the closed Brayton cycle 
loop, without the gas furnace (heat source).  

 
 
 

 
 

Figure 3.  Photo of the closed Brayton cycle loop 
building . 
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Figure 4.  Photo of the heat source heat exchanger.  
 
 
 

 
 

Figure 5.  Photo of the heat sink heat exchanger.  
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3. OTHER IMPORTANT TECHNOLOGIES RELATED WITH THE 
HEAT/ELECTRICITY CONVERTION 

 
As experience was gained with this research, some technologies were identified as relevant 
for potential space application, this includes: Tesla turbines, Stirling engines and heat pipes 
and its systems. The Tesla turbines experiments are an on-going activity. It started in 2009 
with the building of a Tesla turbine to run with compressed air [15]. The experiments 
followed in 2010 and 2011. A new Tesla turbine was built and operated with saturated steam. 
The compressed air Tesla turbine operated with a ∆p of 6.5 bar. It had problems with its air 
inlet orifice due to poor design (Fig. 6). Nevertheless, it reached a maximum of 25,000 RPM. 
The steam turbine (Fig. 7) was built more robust and with a better designed steam inlet 
orifice. Fig. 8 shows the Schlieren photo of air exiting the steam Tesla turbine orifice. Note 
the perfect chock wave profile displayed [16]. This one reached the maximum of 66,000 
RPM and with only a ∆p of 2.5 bar. This is a very interesting result, once high RPM is 
desirable for the space energy conversion system, whichever it will be. The hope with this 
investigation is that the Tesla turbine to be used as part of an energy conversion space system. 
Also, it is necessary to be clear that in spite of the use of steam at this point of the 
development, it is not intended to apply steam for space systems. In this case steam was used 
as working fluid because it was easy to produce and it could easily introduce temperature 
effects in the experiment. Also, notice that Schlieren photo (Fig. 8) was made with 
compressed air. Therefore, this turbine may operate with both fluids (air and steam). What is 
intended for continuation of this work is to build a control system to set the RPM for power 
generation.  
 
The Stirling engine was given to IEAv by the EMBRAPA (“Empresa Brasileira de Pecuária e 
Agricultura”). The EMBRAPA is interested in the Stirling engine because of its building 
material robustness and its capability to work with any kind of fuel. In deep Brazilian country 
there are very poor quality materials and fuel (to burn) is usually left over from crop 
production. Fig. 9 shows a photo of the Stirling engine. This Stirling engine will undergo a 
disassembling for its parts measurement and latter the development of a first order 
mathematical model to run in MATLAB, in order to simulate it. This will allow the 
understanding of its internal work and opening the possibility to improve its operating 
condition. All the results of this work will be shared with EMBRAPA. It is important to 
emphasize that the starting point of this development is a very simple Stirling engine, but the 
objective is to develop a space worthy device such the ones presented and discussed on [17, 
18, 19, 20]. 
 
 
 



INAC 2011, Belo Horizonte, MG, Brazil. 
 

 
 

Figure 6.  Photo of the compressed air Tesla 
turbine disassembled: 1- Cylindrical casing 2- air 
inlet orifice 3- ball bearings 4- air outlet orifice 5- 
turbine shaft 6- turbine disks 7- Lateral casing 
[15].  

 
 
 

 
 

Figure 7.  Photo of the disassembled steam Tesla 
turbine. Note that the steam inlet orifice was built 
attached in the cylindrical casing. 1 - lateral 
casing, 2 – turbine shaft, 3 – turbine disks 
assembled, 4 – turbine disks sample, 5 – nozzle, 6 - 
cylindrical casing, 7 – spacer, 8 - 15cm scale. [16] 

 



INAC 2011, Belo Horizonte, MG, Brazil. 

 

 
 

 
 

Figure 8.  Schlieren photo of air exiting the steam 
Tesla turbine orifice. Note the chock wave profile 
displayed [16].  

 
 
 

 
 

Figure 9.  Stirling engine built by EMBRAPA to 
undergo mathematical modeling and redesign at 
IEAv.  

 
 
 
It is very important at one point of the development of a project, such as TERRA, to have 
available a good safety analysis code for thermal loop development. A code such as this exist 
and for the type of reactor intended for the TERRA project a suitable option is the RELAP5-
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3D. Unfortunately, up to recently the cost of this code has been a little prohibitive to 
TERRA´s budget. So, it was decided to build an indigenous solution [21]. IEAv has available 
an old version of the NALAP code, which is an older RELAP3 version adapted to run loops 
of sodium cooled fast reactors. First the NALAP code was modified to run in modern 
computers, once that older version was designed to work in the old CDC supercomputer from 
the 80´s. The revived NALAP program was made to run in modern workstation. Then a set of 
gas properties [22] were inserted in the program at which point its name was changed to 
ESPARTA. What is required at this point to ESPARTA is a series of tests to validate its 
calculation capabilities. These tests are being performed at this writing. 
 
Heat pipe is an important device to be used as a passive heat rejection means for energy 
generation space systems. In spite of this realization, and also having this area as one of the 
interest for the TERRA project, it was not possible to start any developments so far. The main 
reason for that was lack of Human resources. As a matter of fact, the Stirling engine work 
started only after the proper Human resource was acquired. This lack of Human resources 
and necessity of complementing the work force is a general problem for IEAv and most of 
the Brazilian Scientific Institutes, public undergraduate and graduate Colleges. The way this 
problem has been addressed in IEAv was trough the establishment of a graduate program. 
This new graduate program is actually a summation of efforts from three Institutes: the 
“Instituto Tecnológico de Aeronáutica,” the “Instituto de Atividades Espaciais,” and the 
IEAv. This new graduate program is called Spatial Science and Technology – PG-CTE. The 
PG-CTE has been submitted to proper Brazilian Education Agency (CAPES) and is currently 
in its final analysis stage. Word is, it will receive approval to start by 2012, 1st semester. The 
PG-CTE has 5 major concentration areas, where Space Propulsion and Hipersonic is one of 
them. In side this concentration area there is a research line called Nuclear Propulsion. This 
research line is an effort to gather Human resources to the TERRA project and to preserve the 
knowledge produced so far. At this moment, there is a candidate to start her doctoral program 
in heat pipe development and its systems.  
 

 
4. CONCLUSIONS  

 
The TERRA project is, today, the only effort (Brazilian wise) who addresses the subject of 
providing tools for Brazilian deep space economical exploration. The tools are a set of 
technologies that will allow the use of nuclear technology to generate electric energy, heat 
and/or propulsive effect in space. It is important to emphasize that it is clear to IEAv that the 
development of the whole set of such a technology is a very expensive business. Therefore, 
an important consideration for IEAv is the recognition by potential international partners that 
Brazil is a wordy partner to consider for the endeavor of deep space economical exploration. 
Nevertheless, Brazilian developments in this area will continue inescapably.  
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