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ABSTRACT

The TERRA (“Tecnologia de Reatores Rapidos Avangados”) project [1,2] is a Brazilian effort to develop the 
enabling technologies to generate electric power in space. Those technologies are: an independent reactor core 
concept [3, 4], a Stirling convertor to handle power in the range of 0.1 to 200 kW [1] and a Brayton convertor to 
handle power in the range 200 to 1000 kW [3]. Besides those technologies, it is also looked into heat pipes 
design and passive multi fluid turbines [3]. The first reactor core concept was finish in 2016 [4]. A complete 
paper is being prepared and it is in the review process at this moment. A developed Stirling machine works quite 
reasonably [1]. A second copy of this Stirling machine was built and is now undergoing testing. The Brayton 
cycle initial design project was intended to use a gas furnace to simulate the nuclear heat [1]. A design retrofit 
was necessary and decision was made to change the furnace from gas to electric. A detail electric design project 
was requested to the market. This detail design was delivered august 2016. It is hoped that the 300 kW electric 
furnace will be procured in 2018. A couple of new APUs was received in November 2016. One of these APUs 
will be used in the actual Brayton cycle under construction. 18 kg of Mo13Re was acquired for materials testing. 
A copper/water thermosyphon was developed and it is the first step to produce heat pipes. A new workbench is 
under development to test the passive multi fluid turbine. A passive multi fluid turbine is an evolution of the 
Tesla turbine. All these developments will be presented at the conference with a little more of detail.

1. INTRODUCTION

The TERRA (“Tecnologia de Reatores Rapidos Avangados”) [1,2] project is a Brazilian effort
to develop the technology to build a micro nuclear power plant. The name “micro” nuclear
power plant comes from the power values of interest. These lies in the range of 0.1 to 1000 
kW electrical [1]. A unity of this size is not supposed to power a Country or a State or, even, 
a large city. A comparison with the Angra nuclear reactors shows the difference in values. 
The Angra I nuclear reactor produces about 650.000 kW. The Angra II nuclear reactor 
produces 1.350.000 kW. These numbers are on the same scale of the interest range. Even the 
RMB the Brazilian Multipurpose Reactor the thermal power is approximately 35.000 kW. 
The Brazilian Nuclear submarine reactor said to be approximately 65.000 kW. At its highest 
electrical power value micro nuclear reactor will correspond to 0,15%, 0,07%, 2,9% and 
1,5% respectively from the above mentioned reactors. Why are we interested in such a low
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power values? The answer is quite simple; this micro reactor is supposed, mainly, to be used 
in space. Table 1 presents a collection of power values for several devices estimated, 
designed, or otherwise built in order to satisfy specific equipment, human or heat needs. The 
first two lines of Table 1 have to do with the Space Shuttle and ISS. These two do not used 
nuclear power, but the values serve as a good example of power need for built space devices. 
The next three lines show: Moon and Mars settlement and Mars space ship, these are more 
estimate or design values. The mars space ship is based on the low power range for the JIMO 
(Jupiter Iced Moon Orbiter) [5] design from NASA. The sixth line presents the true range 
value for an oil extraction platform. Furthermore, it exceed all other values. The seventh line 
shows the power value for the Mars Science Laboratory or, popularly known as Curiosity, the 
most advanced robot that NASA has send to Mars. Curiosity uses an advanced RTG 
(Radioisotope Thermal Generator). It carries powerful lasers, spectrometers and the robot is 
the size of a Beegle (“Fusca”). The next 9 lines present power numbers for several space 
reactors designed and/or built. SNAP-10 [6] is an American first and only nuclear reactor to 
go to space, was a test bed for power generation. A Consortium constituted mainly by US Air 
Force, Nuclear Atomic Commission and NASA produced this reactor. SP-100 [6] was an 
American design concept. Romanshka, Bouk and Topaz 1 were Russian space reactors and 
about 34 of them flew into space for several purposes [6]. Topaz 2 is also Russian, built but 
never flew.

Thermal Power Electric Power
l(kW) i

Space Shuttle
ISS 75
Moon Settlement 10-100

Mars
(settlement)

20-60

Mars (space 
ship)

10-200

Oil extraction
Platform

50-100 MW

Curiosity 0.1
SNAP-10 45.5 kW 0.65
SP-100 2000 100
Romanshka 40 0.8
Bouk <100 <5
Topaz 1 150 5-10
Topaz 2 135 6
SAFE 400 400 kW 100
JIMO 800-1200 kW 200-300
FSP 150 kW 45
MEGAHIT 4 MW 1MW
DEMOCRITOS 400 kW 100 kW

Kiwi A 100 MW
Kiwi B 1000 MW
Phoebus 1 1000- 1500 MW

Phoebus 2 5000 MW

Table 1: Shows estimated power values for several stations, power plants and space 
power units.
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SAFE 400 [6], JIMO [5] and FSP [7] are American concepts for different case studies. SAFE 
400 was a study in compactness. JIMO was part of a propulsion power plant. In addition, FSP 
was a fission surface power generator, in principle is supposed to be installed on the Moon 
surface. All the space reactors presented so far are part of a class know as NEP or Nuclear 
Electric Power. NEP are supposed to generate electricity, which generates power and, 
eventually, propulsion. MEGAHIT [8] and DEMOCRITOS [8] are efforts and concepts made 
by the Europeans and the Russians in the last 6 years. The last four reactors Kiwi A and B
[6], and Phoebus 1 and 2 [6] are in class of they own. They were built as a ground experiment 
in the 60's. Their class is called NTP or Nuclear Thermal Propulsion. These reactors generate 
a massive amount of power and very high temperature, this high temperature heats up the 
fuel, which also acts as a reactor coolant. The heated gas expands in a nozzle, generating a 
great impulse, which is larger than the conventional liquid rocket engines because the reactor 
temperature is higher than the highest combustion reaction temperature.
The TERRA design belongs to the NEP class. Its primary function is to generate electric 
energy. That electric energy will be used in space for satellites, space ships and surface power 
generation. Figure 1a shows a schematic for the TERRA nuclear micro power plant. The 
reactor core generates heat, heat pipes extracts it and delivered it at the hot heat exchanger. A 
Brayton cycle based on a turbine (APU) will generate electric energy. Cold heat pipes 
transfer the excess heat to a radiator and in the case of a space system, the excess heat 
radiates to space. At the TERRA project, the possibility of using this system to generate 
electricity at the deep ocean floor, as an aid to pre-salt exploration, is also considered [4, 9]. 
This concept will produce electricity in the range of 50 up to 1000 kW.

Figure 1a: Schematic of a NEP for the TERRA micro nuclear power plant, considering 
a Brayton cycle converter.
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Another concept explored in the TERRA project is related with a Stirling machine. This 
concept may be seen in Figure 1b. Just for sake of explanation the IPEN critical unity's name 
was bored. A couple of thermo-syphons collects heat produced by the critical unity. A 
thermo-syphon is a heat pipe that uses the gravity force as the recovering force as part of the 
pumping mechanism. This heat is transferred to the hot side of a Stirling machine. The 
Stirling machine has a linear piston that in this case moves up and down following the 
vertical axis of the Figure 1b, generating mechanical energy, which may eventually be 
converted to electricity. This concept will produce electricity in the range of 0.1 up to 200 
kW. As may be noticed there is an overlap between the use of Stirling and Brayton as an 
electric convertor.

I Stirling Machine 

Cooper Block

Thermosyphons/heat pipes set

n Critical Unity or a very low power reactor 
(ex. IPEN MB-01)

Figure 1b: Schematic of a NEP for the TERRA micro nuclear power plant, considering 
a Stirling machine converter.

Based on the description given so far one may infer that the technologies of interest to the 
TERRA project includes advanced and innovative fast micro nuclear reactor core, thermal 
cycles like Brayton and Stirling and heat pipes. Together it was also recognized as relevant a 
passive multi fluid turbine, an evolution of the Tesla Turbine. In addition, advanced materials 
are of essence to the TERRA development. The following sections will describe synthetically 
all the efforts with updates. Finally, it is also of paramount importance the collaboration 
efforts that was achieved and the HR that have been capacitated.

2. REACTOR CORE CONCEPT

The TERRA first reactor core concept was produced in a paper by Nascimento et.alli [3, 4, 9,
10]. The calculation was performed with the Monte Carlo N-Particle program MCNP. The
micro reactor is a fast reactor. The nuclear fuel is uranium nitride (UN) in the HEU
composition. The UN is set in the form of microspheres of three sizes. A mixing is performed
and the result is presented in Figure 2a. The space in between spheres is filled with Lead.
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Figure 2b shows the canister containing the compacted nuclear fuel. The fuel region is 
represented by the red color, the metal canister are the hexagon contour in blue. Moreover, 
the yellow dots are the heat pipes inserted in the fuel region to allow the heat extraction. 
Canister hexagon has 125 mm distance from wall to wall. The active core height is 120 mm. 
This calculation was performed considering the canister material and the core support 
material made of Mo13Re. That means molybdenum 13% in mass of rhenium. The TERRA 
project has acquired a 18 kg of the Mo13Re alloy to perform material testing and properties 
measuring. The TERRA management is seeking laboratories interested in participating in this 
research. Figure 2c shows the critical set for the reactor core. It is formed of seven canisters, 
which mean that the actual active core diameter is 375 mm.

Figure 2a: UN microspheres mixing, nuclear fuel concept for the TERRA 
microreactor.[4]

Figure 2b: Canister that contains the reactor fuel for the TERRA microreactor.[4]

Figure 2c: Critical arrangement of canister composing the reactor core for the TERRA 
microreactor.[4]
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Figure 2c also shows a set of blue cylinders and a green region subsequent to these cylinders. 
The blue cylinders represent the control drums and the brown thin arc stick to the drum 
surface is made of neutron absorbers. The green region subsequent to the drums is filled with 
lead and acts as shielding and reflector. Basically, the control works by rotating each drum, as 
the larger absorber area is show to the reactor neutron population is reduced. As the absorber 
cross section area is reduced neutrons are reflected in. This is a nice idea and it was invented 
by the Russians. The calculation performed with the MCNP for this core was for a continuous 
full power burn in an 8 years period. After that the reactor shuts down.
It is important to emphasize that this first concept was realized as a study case. The TERRA 
project has now a good geometric idea of reactor size and may evolve with the neutronics and 
thermos-hydraulics matching. This concept is not a final decision about the TERRA 
microreactor. It represents a good start. At this moment there is a IEAv employee realizing a 
PhD program at the Colorado School of Mines. In this program another option is being 
studied, one that uses uranium oxide (UO2). This work will investigate also the pros and cons 
for working with LEU and HEU. This work is supposed to be complete by the end of 2018. 
The TERRA project is also seeking collaborators interested in pursuing this line of 
investigation. The actual details of how this could be achieved maybe discussed with the 
authors of this paper at the conference.

3. BRAYTON CYCLE

The Brayton cycle research is nowadays the area with most work being performed [11, 12, 
13, 14, 15, 16]. At the moment of this writing there are four master thesis works being 
realized in this topic, most of them doing mathematical modelling of the process. In addition, 
one undergraduate work deals with the volute design for the gas turbine of the cycle. 
Nevertheless, the work of actually building the cycle continues. The Brayton cycle is a 300 
kW thermal cycle. A 300 kW electric furnace will produce heat, emulating the nuclear heat 
coming from a reactor. The furnace heats up a heat exchanger that contains inside its metal 
tubes volume dry air, as a working fluid. The heated air drives a turbine (a modified 
aeronautic APU). After passing through the turbine, the fluid goes through the shell part of a 
recuperator heat exchanger, depositing part of its thermal energy at its structure. Thereby, 
heating the cold fluid coming from the compressor that flows inside the metal tubes of the 
recuperator. After passing through the recuperator shell the fluid is drive to heat sink. The 
heat sink is a heat exchanger that seats inside a 4.500 water tank. The waste heat deposited in 
the metal structure of the heat exchanger and, subsequently absorbed by the large water 
deposit. The cold working fluid driven through the turbine compressor and it heats up as it 
passes through the metal tube part of the turbine recuperator. After the recuperator the 
warmed fluid goes to the heat exchanger located inside the furnace and the process starts 
again. The highest furnace temperature is 750 oC (1023 K). The lowest heat sink temperature 
is 29 oC (302 K). The gage pressure after the compressor is 34.5 kPa. These numbers are at 
this moment design values, to be verified as the Brayton cycle comes online. So far, the built 
components are both heat exchangers from the heat source and the sink, the 4.500 l water box 
and all the diagnostic sensors (temperature, pressure and flow) and the data acquisition 
system. One marginal item necessary is the metallic support for the water box. This metallic 
frame is with all its parts ready to start welding. One expects that this support will be ready 
by the end of this year (2017). A detailed project for the 300 kW furnace was acquired, 
pending the procurement of the furnace itself. One expects that the furnace procurement will 
be implemented in 2018. In addition, the Thermal System Laboratory requires a high voltage 
delivery system to feed electricity to the furnace. One also expects that installed in 2018. The
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connections, such as, elbows and their flanges, joints and their flanges are all in the process 
of acquisition for this year (2017). Most of the piping and flanges will be retrofit from other 
IEAv experiments that are in the process of disassembling. So far, four (4) APUs turbines 
were donated to the project. APU stands for Auxiliary Power Unit. These turbines, called 
micro turbines, are the start-up of a jet aircraft main turbine. Two are from the old Mirage III 
and two are from the Mirage 2000. These turbines are in the process of retrofit to be adapted 
to work as a closed Brayton loop. The under graduate work, mentioned above, is designing a 
couple of volutes for the entrance and exit turbine flow. This work is performed with the 
ANSYS FLUENT. One of the master thesis is modeling the flow inside the recuperator. This 
work is also realized with the ANSYS FLUENT. Another master thesis is modeling the entire 
Brayton using the RELAP5-3D. The importance of these works are on the fact that they are 
papers submitted at this conference. If there are no budget cuts, assembling for the cycle will 
occur in 2019. First tests and runs will be in the first semester of 2020.

Figure 3a: Brayton cycle layout. This drawing is to scale.

4. STIRLING MACHINE

As may be observed in Figure 1b the Stirling machine works as a thermo-electric convertor 
for low power sources. As defined previously, low power is in the range of 0.1 to 200 kWe. 
This compact system uses a linear piston to generate electric energy by induction. The DUFF 
[17, 18, 19, 20, 21] set up showed the experimental verification of this concept. At IEAv, as 
part of the TERRA project, two of these machines were built. These machines are show at 
Figure 4. EMBRAPA donated the machine label with (1.) to IEAv. It was used as a model to 
build the other two, labeled (2. and 3.). Now, this line of investigation is building another 
copies of the machine to increase the ability to experiment with it, and developing 
computational and mathematical models that allows optimization of the design and parameter 
variation studies. The possibility being considered to launch a copy of it that allow the 
verification of the geometry design and materials choice robustness for the construction of 
the machine. This line of investigation has guaranteed the realization of at least 7 (seven)
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under graduation works. Figure 4 is also a demonstration of the results of these realizations. 
Now the heat is provided by Bunsen flame, but more intense and direct heat deposit such as 
induction heating is considered. In addition, a movement to acquire a radiation source based 
on Am-241 was initiated and it is evolving quite slowly. The TERRA management is 
considering taking the problem to IPEN and evaluating the possibility of driving the heat of 
the critical unity to generate electric power. A few talks have been realized and they require 
continuity.

1. 2. 3. .
Figure 4: 1. First Stirling machine (donated to IEAv), 2. Second Stirling machine, built 

at IEAv, 3. Third Stirling machine, built at IEAv.

5. HEAT PIPES

In the TERRA project, heat pipes play two important tasks. The first one is to extract the 
thermal energy produced in the reactor core [22] and take the heat to the thermo-electric 
conversion cycle. The second one is to radiate the excess heat from the thermo-electric 
conversion cycle into space that being in the space reactor case [23]. Some adaptation will 
have to be provided in the case of a reactor used in a liquid medium, as for instance the deep 
ocean floor as part of the pre-salt oil exploration [4, 9]. In the case of the core heat extractor, 
by design concept, the heat pipe made of Mo13Re was imposed, which is briefly described in 
section 2. In this case, the metal tube would be made of Mo13Re and the working fluid could 
be Na, Na-K or Li. In the case to irradiate the excess heat, the made choice was for copper 
tubes and water as working fluid. Figure 5a shows a schematic for a heat pipe work. The 
white arrows at the figure left side represents added heat to the heat pipe. This is the hot 
region. The vaporized working fluid moves from left to right. Following to an adiabatic 
region where there is no thermal exchange. Moreover, to the far right, there is the cold region 
where draw out heat represented by outward white arrows. Noticed that the condensed fluid 
enters an annular dark grey region. The dark grey annular region may be made of a wick or 
very narrow parallel and longitudinal cuts on the internal metal surface. These two options 
creates the capillarity forces that pumps the liquid back to the hot region and the process 
starts again. Figure 5b shows the experiment with a thermo-syphon build at IEAv in 
collaboration with INPE. A thermo-syphon is a heat pipe without wick or narrow
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parallel/longitudinal cuts. It does not use capillarity pumping; instead, it uses gravity as a 
pumping force. Therefore, it requires being in a vertical position for optimal performance. In 
spite of this handicap, it has to go through the same preparation process that a heat pipe 
would go through, minus the wick installation or the narrow parallel/longitudinal cutting. 
Nevertheless, the production and testing of that thermo-syphon was an important step 
towards understanding the application of this technology. The next step is to build a full heat 
pipe. The thermo-syphon preparation and testing work report was transformed in a 
undergraduate work of a student. The continuation of the work will be eventually a master 
thesis of this student.

Figure 5a: Heat pipe graphic model, it shows the hot region (I), the adiabatic region (II), 
and the cold region (III). [22]

Figure 5b: Testing of a thermo-syphon wrapped in a grey themo-tissue. The hot side is 
immersed in a hot water bath. The cold side is inside a PVC tube that allows circulation 

of water around it. Temperature distribution is measured in the adiabatic region.
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6. MULTI FLUID PASSIVE TURBINE

The Multi Fluid Passive Turbine [24, 25] (TPMF, the Portuguese name actually is the base 
for the acronym) is an added novel concept to space technology. This turbine is an evolution 
of the Tesla turbine. The first idea is to use the turbine in tandem with the APU of the 
Brayton cycle to increase efficiency of the Brayton itself. Nevertheless, it is also in 
consideration the possibility that, adding a compressor, this turbine becomes the only Brayton 
cycle turbine. Figure 6 shows several aspects of the work performed with the TPMF and a set 
of tests realized for its preliminary characterization. The Tesla turbine or the TPMF are 
different from a conventional turbine. They do not have blades. The have disks as may be 
seen from Figure 6. The disks as attached (or welded) to a central axis. The working fluid 
enters the turbine chamber in such a way that it flows tangential to the side of the disk. 
Viscous forces pushes the disk, thereby rotating the axis and generating mechanical power. 
The lower left hand side of Figure 6 shows a velocity profile calculation of the flow. Several 
experiments were performed, such as 55 W generation lighting a headlight bulb, a Schlieren 
flow visualization and a TPMF power control to energize a set of four led lamps. This work 
so far has produce several undergraduate works, one master thesis and currently one PhD 
dissertation. This line of investigation will merge with the Brayton cycle's line as soon as the 
Brayton cycle is set online (2018/2019). It is interesting to mention that it was proposed the 
use of TPMFs as a passive safety feature for Fukushima type reactors [25]. The rational is 
because the TPMF may be left on stand-by and may be put to work at once with only steam 
availability. The experiments realized at IEAv have indicate that a 600 KPa difference may 
generate more than 65,000 RPM. This is a good indication of applicability and worth the 
investigation.

Multi Fluid Passive Turbine 
TPMF

• *
1 - Set or L ED lamps to 
bstodbylhs TPWP 
power
I - Papal guiding lamps 
to display Vie devices 
Dperabo-nal statut 
3 - Airflow regulating

4 - Cowpeng relay set
5 Bomeset
R-C1P 
7 - Row meter.
I-Current meter 
9 After ns tor 

10- Vodmeter 
11 - IPMF 3 turbine. 
12-System 
compressed air Inlet

tesla tab/rft
mode of SS 
niches 65 MO 
ftPM

Veuxjty profile 
ramftuxin Inr tre 
wortonq (had 
prfciirrrj and 
Ikwerej HtU’HSld- 
d chfik.
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Figure 6: This graphic shows several aspects of the TPMF and a set of tests realized for 
its preliminary characterization.

TPMF design and testing
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7. NATIONAL AND INTERNATIONAL COLLABORATION

The TERRA project has always sought National and International collaboration. Given the 
interest in space exploration, it is necessary to know what others have done, how to help and
to get help. The TERRA project has participation on the National Institute for Innovative
Nuclear Reactors - INCTRNI. This is a National (referring to Brazil) research program that 
put together several Brazilian Institutions to collaborate and share resources for the 
development of innovative nuclear reactors. This program is a MCTI/CNPq/CAPES/FAPs 
initiative proposed in 2014. It was approve in 2016 and put in hold because of financial 
situation of the country.
An international collaboration initiated is with the MEGAHIT/DEMOCRITOS [7, 26] 
programs. These are in reality two separated research programs supported by the European 
Science Foundation - ESF. These programs have participation of European Countries plus 
the Russian Federation since 2009. Earlier they had created two other programs HiPER [26], 
DiPoP (Disruptive technologies for space Power and Propulsion) [26]. DiPoP was from 2011 
to 2013. Apparently, these two early programs have no direct Russian participation. All the 
studies realized are in the area of NEP.
The MEGAHIT (Megawatt Highly Efficient Technologies for Space Power and Propulsion 
Systems for Long-duration Exploration Missions) [26] program, from 2013 to 2014, was a 
scope definition for an autonomous spaceship that would be powered by a 4 MWth nuclear 
reactor, with a thermal to electric convertor based on a Brayton cycle and ionic or plasma 
propulsion. The idea was to evaluate the necessary technology and to define or establish its 
TRL [27] value for each piece of technology. The TERRA contribution was to help evaluate 
the conversion system and the excess heat removal system. That evaluation revealed that a 4 
MWth power plant could raise problems very difficult to be solved and that would be highly 
recommended to reduce the thermal power for a better manageable value. The MEGAHIT is 
said to be an European plus Russian effort.
This resulted in a smaller spacecraft a (1 MWth) and a new project called DEMOCRITOS 
[26] (Demonstrators for Conversion, Reactor, Radiator And Thrusters for Electric Propulsion 
Systems), from 2015 to 2017, designed to establish the best detailed design possible. The 
results for the DEMOCRITOS are still in publishing process. The DEMOCRITOS is said to 
be European, Russian plus Brazilian effort. The TERRA project is very proud of that 
consideration. However, our participation may be more accurately defined as an 
“independent observer”.

CONCLUSIONS

This paper presented an overview of several aspects of TERRA project. The TERRA project 
are still gathering technologic options to complete the full development picture, which will 
allow the drawing of the TERRA project Roadmap.
The TERRA project has contributed great deal to the human resources capacitation at 
undergraduate, master and doctoral levels. In exchange, a lot of development has been 
achieved for the technical requirements of the project. The association of the TERRA project 
with the graduation program PG-CTE from ITA/IEAv/IAE has been quite profitable for both 
of them.
The main topics of interest to the TERRA project can be counted as reactor fuel UN or UO2,
LEU (19.5%) or HEU (40-60% or 95%); reactor core structural material; high and low
temperature heat pipes; thermal conversion cycles (Brayton and Stirling); and TPMF/Tesla
turbine. The people involved in the TERRA project, so far has addressed about 85 % of all
this. Clearly, help is needed, and opportunities there exist.
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So far, all participation into the TERRA project was restricted to IEAv personal, not because 
of imposition, but rather lack of opportunity and lack of awareness. Those who think that 
could contribute should get in touch with the TERRA management and talk about 
opportunities.
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