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ABSTRACT 
 

The study consisted of developing a computer simulation of a nuclear research reactor using 
the MCNPX. The reactor modeled is the Argonauta located at IEN (Rio de Janeiro) designed 
by Argonne National Laboratory (USA), which is primarily used for non-destructive testing 
with neutron beam and teaching purposes. It was entirely modeled with geometric fidelity, 
including detailed material description, shielding and irradiation channels. When available, the 
model was based on the as-built drawings. Four different simulations were made, the first set 
of two for criticality calculations and the other set for flux measurement. The first simulation 
set consisted of estimating the reactors reactivity. The second set consisted of placing detectors 
on specific places where the reactor is monitored and on the fuel axis covering the 
multiplicative and non-multiplicative media. Based on this data, the thermal neutron flux 
profile was plotted. All the outputs were compared with experimental data. Since it is a 
stochastic method, the statistical convergence was successfully checked for all simulations. 
The results were in good agreement with the experimental values. For the criticality 
calculations, the relative error was smaller then 1%. The flux measurements were also very 
well reproduced. The values were normalized for a reference point and the proportionality 
between the different spots was respected. The neutron flux profile along the core had the 
expected shape and values. Based on the good results, it can be said that the model is validated. 

 
 

1. INTRODUCTION 
 

All theoretical calculations relating to reactor conducted to date were made from nuclear 
codes based on deterministic methods. These methods require geometry simplifications, i.e., 
conversion of complex to symmetric forms in order to enable analytical solutions to the 
neutron transport equation. What has also been made, are simulations of fragments of the 
reactor, such as irradiation channels and hot spots. The results were always in good 
agreement with those measured experimentally, but they are approximate values at points 
where the spatial variation of the flux is small, i.e., regions of low gradient. 
 
When detailed information flux in regions close to the fuel is wanted, it is impossible to 
obtain them by deterministic methods mentioned above, given its inherent limitations. In this 
case it is essential to use methods that consider small structure and characteristics variations 
as well as the influence of all parts that make up the whole reactor. 
 
The study consisted of developing a computer simulation of a nuclear research reactor using 
the MCNPX. The reactor modeled is the Argonauta located at IEN (Rio de Janeiro) designed 



by Argonne National Laboratory (USA), which is primarily used for non-destructive testing 
with neutron beam and teaching purposes. It was entirely modeled with geometric fidelity, 
including detailed material description, shielding and irradiation channels. When available, 
the model was based on the as-built drawings.  It was first drafted as a 2D cross sectional 
using AutoCAD in order to check possible geometry inconsistency in the execution of the 
project. The final input file was simplified by the use of “macrobody” and “universe-fill” 
concepts. Additional programs were used to check the geometry: VisEd – powerful tool to 
plot 2D cross sections and check volumes superimposition; Moritz – 3D rendering software 
with capability to draw particle tracks and to inspect geometry arrangement.  
Four different simulations were made, the first set of two for criticality calculations and the 
other set for flux measurement. The first simulation consisted of estimating the reactors 
maximum reactivity. The second was made with a control rod disposition aiming to set the 
reactor critical (keff=1). The second set consisted of placing detectors on specific places 
where the reactor is monitored and on the fuel axis covering the multiplicative and non-
multiplicative media. Based on this data, the thermal neutron flux profile was plotted. All the 
outputs were compared with experimental data. 
Since it is a stochastic method, the statistical convergence was successfully checked for all 
simulations. The results were in good agreement with the experimental values. For the 
criticality calculations, the relative error was smaller then 1%. The flux measurements were 
also very well reproduced. The values were normalized for a reference point and the 
proportionality between the different spots was respected. The neutron flux profile along the 
core had the expected shape and values. The reflection phenomena of thermal neutron could 
be noticed in the interface between the fuel and reflector, where the local minima was located 
on the multiplicative media and the local maxima in the reflection region. Based on the good 
results, it can be said that the model is validated. 
 
From the validated model, one can calculate information that would hardly be obtained 
experimentally. These difficulties arise from limitations or unavailability of measurement 
equipment, areas of difficult access or where the placement of detectors is precluded by 
elements of the reactor itself. Besides the possibilities mentioned, one can still develop design 
changes without the need to physically carry them to know the result.  
 
 

2. THE REACTOR 
 
This is a low-power thermal reactor, whose main use is to perform non-destructive testing 
with thermal neutrons in the areas of industry, environment and biology and production of 
radioisotopes for use as tracers. Moreover, the reactor is also used in classes, participating in 
technical training of professionals. 
 
It is designed to reach up to 5 kilowatts of power, although in usual operation does not 
exceed 200 watts. Your weekly charge is 5 days and may work a maximum of 6 hours per 
day. It consists of two concentric cylindrical tanks made of aluminum, a provision that form a 
cylindrical crown. The inner cylinder of smaller radius is filled with graphite, and this region 
named internal thermal column. The eight fuel elements consist of seventeen spaced 
aluminum plates so that the water that permeates the space between the plates and fills tanks 
has a function of neutron moderator and coolant. 
The cermet consists of a mixture of sintered aluminum powder and uranium oxide (U3O8) 
coated by aluminum. The mixture with aluminum is needed for the cermet coating can adhere 
to, preventing the leakage of radioactive material into the water. The core is surrounded by 



graphite blocks that work as neutron reflector and shielding. Besides that, some blocks can be 
removed to open irradiation channels. 
 
 

3. METHODOLOGY 
 
Given the complexity of the reactor, this step was divided into three parts: 2D cross sectional 
drawings made in AutoCAD; geometry considerations; and simulation arragements. 
 
3.1. Cross Sectional Drawings 
 
To guide the development of the simulation, a two-dimensional drawing was done in 
AutoCAD 13 that would comply with those measures. This design served to highlight any 
geometric inconsistencies, since the core is formed by a large number of structures arranged 
one beside the other, filling a volume of well-defined size. Therefore, any misunderstanding 
of the extent of these elements would be propagated and multiplied by a considerable factor. 
 
3.2. Geometry considerations 
 
The model was constructed based on the original project and the as-built drawings. Given the 
complexity of the reactor, some simplifications were made especially in the fuel element. The 
latter has some small structures like screws, pins, housings, etc. made of aluminum which is 
“transparent” to neutron, for that reason they were disregarded in the project. Some other 
structures had their geometry simplified (Fig. 1) in order to reduce computational cost 
without affecting the outcome. 
 
 

 

 
 

 
ORIGINAL  SIMPLIFICAITON 

Figure 1. Example of a simplification made in the model. 
 
 
The graphite blocks that fill the spaces where there is no fuel elements were individually 
designed. This concern is due to the fact they do not fully complete the remaining space 
along the circumference of the tank. Since these parts were manufactured in the 60s, there 
were many limitations in machining processes, so there are interstices between the blocks 
that are filled by water. 
 
 
 



3.3. Model Construction 
 
The MCNPX code allows the creation of three-dimensional geometry from a syntax-based on 
parametric surface. There are mnemonic codes for each surface and the user defines the 
coefficients. The orientation of each surface is positive if its normal is also positive. For 
example, to define a cube, just trace corresponding to the six planes and six faces of the guide 
surfaces so that a desired volume is understood by the plans. To generate other shapes, you 
can join surfaces, make their intersections, subtract them, etc., widely used resource when 
trying to devise ways more real and less symmetrical. 
When it comes to a reactor, where the geometry is rich in detail and consists of repetitive 
structures, the definition of generatrices planes can get a little confusing and extensive. 
Therefore an alternative approach was adopted to construct the model: macrobodies. 
 
The reactor has many complex structures that are repeated on a regular basis. So to avoid 
redundant descriptions of geometry, we used the concept of the universe and fill. When there 
is a universe within the system, a new coordinates system is attributed to it, so that everything 
that belong to this universe has to be referenced in its own coordinates system. The 
boundaries of this universe will also be limits to any body that belongs to him. Its duplication 
involves the replication of all the structures that compose it, respecting their relative positions 
on the original arrangement. 
 
3.3.1. Auxiliary programs 
 
When designing the geometry of the reactor through code lines, serious errors are often 
committed without being noticed. Although computer can "read" and represent the codes 
corresponding to the areas and volumes, man needs a graphical display. For this, there are 
programs that interpret the code and convert it into a user friendly image. 
 
The first used was AutoCAD, because it allowed the definition of the geometry from a two 
dimensional cross section core containing all the fuel elements, wedges and blocks of 
graphite. All the dimensions of these components were modeled from the as-built drawings, 
so they have an associated uncertainty. Since there are many parts, any small difference will 
have a significant effect, because the sum of its dimensions cannot exceed the circumference 
of the aluminum tank. For this situation, AutoCAD was very efficient. 
 
Another program used was MCNP Visual Editor - VisEd. This is an interface that displays 
the lines of programming in graphical form. It has the ability to show different 2D sections of 
the model with the possibility of generating an image in 3D. Allows you to go through all 
regions and expand the system indicating the coordinate (x, y, z) of each point traversed by 
the mouse. 
 

 



 
Figure 2. Cross sections generated by VisEd. 

 
 
Another graphical interface employed was Moritz. It was designed to accelerate the process 
of building geometries in MCNP. Can also be used to convert project files of what you want 
to model into the format recognized by MCNP. Its 3D features are very well developed, 
where you can rotate, move, look through volumes, select which elements to display and 
trace the trajectory of particles in the system. 3D images are rendered by ray tracing method, 
which faithfully reproduces the geometry giving a touch of realism.  
 
3.4. Simulation Execution 
 
After completion and verification of the geometry, calculations were performed to estimate 
the multiplicative constant neutron effective - keff. Have been outlined two distinct 
configurations of positions of control rods for this calculation: 
 
1st - All the bars were completely removed from the reactor – bars 100% outside; 1000 
cycles were simulated with 100,000 particles each; 
 
2nd - The bars are arranged such that the reactor was critical, i.e., where the keff  was 
supposedly  equal to unity; 100,000 simulated particles in 1000 cycles. 
 
In both cases mentioned above, a simulation in which there was statistical convergence 
previously generated the initial distribution of fission neutron sources. 
 
Subsequently the criticality calculations, detectors were inserted into the model to perform 
measurements of neutron flux (φ = neutrons/cm2) for comparison with the experiments 
previously conducted by the team of Argonauta reactor. The detectors are only conceptual 
regions, not made of any specific material. They are small spheres made of the same material 
from the surrounding where they are located in regions where you want to measure flux. The 
detection points are show in Fig. 3: 
 
 



 

1 –J-9 channel output; 
2 –J-9 channel-core 
interface; 
3 – Plug 1; 
4 – Plug 2; 
5 – Internal thermal 
column; 
6 – Center of fuel element 
nr. 6; 
7 – Wedge; 
8 – Shielding water tank; 
 

Figure 3. Places where the flux was measured [1]. 
 

 

 

9 – the 40 detectors in-between the  
8th and 9th plates of the fuel element 
nr. 6. 
 

Figure 4. Location of detectors to trace the flux profile. 
 
 

4. RESULTS 
 
When running a simulation, a text file containing all the information about the simulation is 
generated. Include data separated by regions where fission neutrons are generated, number of 
scatterings, absorptions, captures and other nuclear reactions contained in the cross sections 
libraries. This information is very important to assess the validity of the data generated and 



verify the veracity of possible reactions in each material and check the statistical convergence 
of the results. Here, these will be presented in a more friendly way, through tables and graphs 
for better analysis and understanding. 
 
 
4.1. Results of simulation 1 
 

• Control rods 100% out, supercritical reactor; 
• Computational time: aprox. one week. 
Convergence graph (Fig. 5) from successive keff calculation cycles: 
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Figure 5. Convergence graph of the calculated keff. 

 
It may be noted that in the early cycles, when the calculated number of events is still low, the 
fluctuations are more intense and the relative errors are larger. As far to which accumulates 
counts, the errors become smaller and the value of keff is converging. In recent cycles, the 
calculated values fluctuate on average and exhibit no trend or indication of behavioral 
change. 
 

Table I. Obtained results for keff compared to experimental data [6]. 
 

 Calculated Experimental Percentage deviation (%) 
keff 1.01381 ± 0.00163 1.00542 0.83 

 
4.2. Results of simulation 2 
 

• The control rods were arranged in a configuration known experimentally that leaves 
the reactor critical; 



• Computational time: approximately one week. 
The graph of the statistical behavior is shown in Fig. 6: 
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Figure 6. Convergence graph of the calculated keff. 

 
 
Likewise the simulation 1, it can be noted that in the first cycles the amplitudes of the 
oscillations are big and have large relative errors associated. With the increasing number of 
cycles the value converges and the error decreases. 
 

Table II. Obtained results for keff compared to experimental data [6] 
 

 Calculated Experimental Percentage deviation (%) 
keff 0.9994 ± 0.00048 1.00000 0.06 

 
 
4.3. Simulation 3  - Flux Detectors 
 
In this simulation the thermal flux was analyzed in the internal and external columns, in the 
outputs of the plugs, in the water tank armor, the wedge and in the fuel element 06. 
 
 
 
 



Tab. III. Calculated values for termal neutron flux, given in:  
[Φ= neutrons/cm2] 

 

Position Flux [Φ= neutrons/cm2] Relative 
deviation (%) Calculated Experimental [6] 

Plug 2 (1,52±0,017) E+08 1,60E+08 5,00 
Plug 1 (7,02±0,013) E+08 6,50E+08 8,00 
Channel (2,12±0,026) E+09 2,39E+09 11,30 
Wedge (2,20±0,027) E+09 2,11E+09 4,27 
Fuel El 06 (1,91±0,042) E+09 2,01E+09 4,98 
J-9 tank (1,81±0,03) E+09 1,60E+09 13,13 
J-9 outuput (1,98±0,015) E+05 2,24E+05 11,61 

 
4.5. Flux Profile 
 
In this simulation there was a concern to distribute the detectors in the gap between the plates 
of the fuel element 06. This is a central element, where it is assumed that the flux is the 
highest. Located between the eighth and ninth plate, the detectors cover the extension of 
water that is below the fuel elements up to the upper layer of water, covering the active and 
reflection zones. Both below and above the water exceeds about 25 cm in the size of the 
plates. The location of the detectors starts on the bottom of the aluminum tank and its axis is 
parallel to the generatrix of the tanks. The Fig.7 illustrates the position of the detectors. 

 
 

 
Figure 7. Spherical detector’s position with respect to the fuel element. Image made 

from VisEd. 
 

 



 
Figure 8. Fast, epithermal and thermal neutron flux profiles. 

 

 
Figure 9. Normalized thermal flux profile. 

 
 

5. CONCLUSIONS 
 
The following conclusions will be presented for each calculated result. Analyses will be 
made separately for easy understanding. Finally, a comprehensive analysis is made where the 
whole study will be discussed. 
 
5.1. Criticality simulations 
 
The calculated results for the effective neutron multiplicative constant - keff - are in good 
agreement with experimental values. In both settings the relative percentage deviation was 
under 1%. It is worth noting that in both situations, the calculated values are greater than the 
experimental values, what shows that the simulated reactor is more reactive than the real one. 
This might have some reasons: 
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• The simulation itself suppresses some phenomena that can influence the result; 
• The materials considered in the simulation are of nuclear purity. It gives graphite, for 

example, greater power of moderation. Consequently, there will be an increase in the 
population of thermal neutrons available for fission resulting in an increase in keff. 
Aluminum is a material of low cross section for neutrons, so when considering it pure, it 
will be more "transparent" to neutrons eliminating the possibility of captures by some 
impurity; 

• Water was also considered free of impurities; 
• The nuclear fuel considered in the simulation is in its original enrichment; depletion was 

not taken in account. The reactor in question operates at low power and therefore the fuel 
consumption rate is slow. However, through many years of operation, even at low power, 
led to decreased availability of uranium-235 and therefore reducing the number of 
fissions. The experimental value compared refers to the current situation, in which the 
fuel is depleted. This fact may also have contributed to the model overestimate the keff; 

• The graph representing the convergence of statistical calculations of keff performed quite 
well, where it can be noted that the relative errors decreased as the number of cycles 
increased. Moreover, there was no trend in value of the last cycles, they just oscillate 
around the average. 

 
5.2. Flux at Different Spots 
 
The calculated flux corresponds to a stationary cycle. To determine the flux at a given power, 
one can simply calculate it from the initial flux as shown by the following equation [2]: 
 
 

!(t) =!
0
!keff

n  (1) 

 
Where ϕ0 is the initial flux and n is the number of generations. Therefore, it suffices that the 
proportionality between the measured points remains the same for the result to be valid. The 
flux at different points was normalized to a reference value and thus may be noted that the 
simulation reproduced the flux ratios between the points of interest. 
 
5.3. Flux Profile 
 
The shape of the flux profile shows the expected behavior. In the multiplicative media there 
is a local maximum located exactly in its center. In the edges, there are two local minima and 
maxima, representing non-multiplicative media where the reflection of thermal neutrons only 
occurs. It is noteworthy that the local minima are located in the multiplicative media and 
local maxima in the reflective region. This behavior is well known and expected, confirming 
the validity of the model. 
 
5.4. Final Considerations 
 
The criticality simulation results showed excellent agreement with experimental data, with 
percentage deviations under 1% in both cases. It demonstrates that all interactions, as well as 
the geometry and composition of the simulated model are faithfully representing the reactor 
operation. The fluxes, which also behaved very close to reality, indicate that the neutronic 



characteristics of each region are being entirely reproduced. Thus we can say that the model 
was validated and can be used as a powerful tool for reactor operation and research. 
 
Given the validity of the model, its possible applications are: 
• Predict outcomes in different experimental arrangements; 
• Evaluate measurements made by detectors installed in areas of difficult access; 
• Develop possible changes of the reactor’s design, without having to execute them to see 

the result; 
• Optimize procedures performed with the reactor; 
• Teaching tool; 
• Feasibility Study for the reactor applications. 
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