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PERFORMANCE OF 19.75% UO2 FUEL MATERIAL IN THE CORE OF NIGERIA 

MINIATURE NEUTRON SOURCE REACTOR (MNSR) 
 

1- The focus of the work is a proposal to change of fuel system of reactor NIRR-1, from HEU type to LEU 

type. However, many parts of the text of the manuscript gives the impression that the change has already 

been made. This is confusing to the readers. 

2- Results presented in Tables and Figures refer to the proposed LEU fuel system. Nevertheless, it is useful 

to include data and illustrations that allow comparisons against the existing HEU fuel system. 

3- The work do not address reactivity changes that may occur during a hot shut down to full power 

condition. 

4- It is convenient to consider variations in power coefficient of reactivity. 

5- Include data on temperature changes of the moderator. 

6- From an initial fresh fuel charge to equilibrium fuel burn up there is a large increase in negative 

reactivity arising from buildup of long lived neutron absorbing fission products and depletion of fissile 

material. It is convenient to provide relevant Figures for reactor NIRR-1. 

7- It is convenient to include a table of values of the rate of reactivity loss for the proposed change from 

HEU to LEU. 

8- Figures 2 and 3 are quite similar to trends reported in the literature. Suggest inclusion of figures 

illustrating differences between HEU and LEU cases. 

9- A large number of papers have already been published on possible changes in fuel system of NIRR-

1. The manuscript does not make clear how the results of the present study depart from those 

considered in earlier works. 

 

  



 

ABSTRACT 

Investigation has been done concerning the performance possible use of 19.75% Uranium Dioxide 

(UO2) fuel material in the core of the Nigeria Research Reactor-1 (NIRR-1), a Miniature Neutron 

Source Reactors (MNSRs) manufactured by China Institute of Atomic Energy (CIAE) using. In 

this study use has been made of SCALE 6.1 code system and VENTURE-PC code. This is in line 

with the current efforts to convert the core of NIRR-1 from Highly Enriched Uranium (HEU) core 

system (90.2% enriched UAl4-Al fuel) to Low Enriched Uranium (LEU) core system (19.75% 

enriched UO2-Zircaloy-4 fuel). The geometry and dimensions of HEU and LEU cores were are 

exactly the same except the increase in the fuel cell diameters from 1.2384cm to 1.632cm. Results 

obtained shows that the total control rod worth of 7.23mk (723pcm), clean cold core excess 

reactivity of 4.04mk (404pcm), keff of 1.0119634, shutdown margin of 3.19mk (319pcm) and 

neutron flux profile of 1.24 × 1012 ncm-2s-1 for the potential LEU core were are slightly greater 

than that those of the current HEU core. 
 

Keywords: NIRR-1, LEU, HEU, SCALE 6.1 code, VENTURE-PC code, Neutronics, core 

geometry and dimensions, control rod worth, excess reactivity, k-effective, shutdown margin, 

neutron fluxes, model. 

 

INTRODUCTION 

Despite the availability of numerous type of nuclear fuel materials that can be used in reactor 

systems, majority of commercial reactors in the world are using Uranium Dioxide (UO2) as fuel 

(Sunghwan, 2013), the most common ceramic fuel. Some of the benefits of using UO2 as reactors 

fuel include strong non-proliferation characteristics, chemical inertness, compatibility with 

potential cladding materials such as stainless steel and Zircaloy, dimensional stability under 

irradiation, very high melting point and excellent resistance to corrosion when exposed to high 

temperature and pressure (Lyons et al., 1972; Sunghwan, 2013). The Nigeria Research Reactor-1 

(NIRR-1) is one of the few reactors in the world with a core that requires allows conversion from 

HEU to LEU fuel. A number of feasibility studies have been carried out for this reactor to 

investigate the possibility of using 12.5% UO2 material to convert the core from HEU to LEU fuel 

(Jonah et al., 2009; Salawu, 2012; Jonah et al., 2012; Ibrahim et al., 2013). The results from of 

these types of studies, using based on various nuclear analysis tools (such as MCNP, CITATION 

and VENTURE-PC), has shown that there will be a slight reduction in the thermal neutron flux in 

the core of NIRR-1 when fuel with 12.5% UO2 material. In addition, these studies have also 

revealed that the hydrogen to uranium ratio will decrease from about 180 in the current HEU core 

of NIRR-1 to about 18 in the proposed LEU core (Salawu, 2012). This could be the possible cause 

of the observed reduction in the thermal neutron flux of NIRR-1 as the core is left with less number 

of hydrogen to thermalize the neutron. Our major interest in this particular study is to find a means 

of increasing the hydrogen content in the core by replacing 12.5% UO2 material in the proposed 

LEU core with 19.75% UO2 material plus in addition to a corresponding decrease in the number 

of fuel pins in the core. Decreasing the number of fuel pins in the core from 347 to 200 will give 

room for more moderators in the core and this could increase the number of hydrogen available to 

thermalize the neutron in the proposed LEU core for NIRR-1. Hence the hydrogen to uranium ratio 

will increase with a corresponding increase in the thermal neutron flux. The current Nigeria 



research reactor core was originally designed by China with in which use has been made of a 

diffusion theory codes HAMMER and EXTERMINATOR-2 (FSAR, 2005). These design 

calculations were repeated in Nigeria with WIMS/CITATION and MCNP (Balogun, 2003). A 

recent version of the diffusion theory code called VENTURE-PC were used in this work to perform 

the neutronics analysis with a recent version of SCALE code system (SCALE 6.1) to generate a 

cross section library for the proposed LEU core for NIRR-1. A licensed user of the codes 

performed the actual calculations and generated the output data used to perform this analysis. We 

carryout comprehensive neutronics analysis of Nigeria Research Reactor-1 (NIRR-1) core using 

19.75% UO2 material as the fuel. In this work the effective multiplication factor for the system, 

excess reactivity, the reactivity worth of the control material, the shim worth and power 

distribution at different locations within the Nigeria Research Reactor-1 (NIRR-1) core were 

determined. In addition, the relative flux levels at different locations within the system were 

calculated. These locations include the inner and outer irradiation sites in the core of NIRR-1 

system using 19.75% UO2 material as the fuel. 

 

MATERIAL AND METHOD 

Uranium dioxide (19.75% UO2) fuel of volume density 10.6g/cm3
 is the proposed LEU fuel 

material selected to perform this the core conversion study for NIRR-1 with Zircaloy-4 as the 

cladding material. Zircaloy-4 has a density of 6.56g/cm3
 with a natural Zirconium of 98.23 weight 

percent (w/o) (Salawu, 2012). The geometry, dimensions and material composition of other reactor 

components in the proposed LEU core will be the same as in the HEU core except a decrease in 

the fuel cell radius caused by a reduction in the number of fuel pins in the core of NIRR-1. There 

are approximate 200 active fuel rods of LEU fuel materials (19.75% UO2) in the proposed LEU 

core for NIRR-1. The It is proposed that three (3) aluminum dummy pins and four (4) aluminium 

tie rods in the HEU core were be replaced by Zircaloy-4 material of the same dimensions. The 

proposed values for the active fuel length, active fuel diameter and fuel cell diameter are 23.0cm, 

0.43cm and 1.632cm respectively (figure 1). The uranium in the active fuel region (indicated with 

in red colour of his figure) of the LEU fuel material in figure 1.0 is enriched to (19.75% U-235) 

with each fuel rod containing 6.162g of U-235. 

 

[RC: It is convenient to provide details of the HEU fuel system along with the proposed 

modifications for the LEU fuel system.] 
 

The computed average homogenized atom density (Niz) is done calculated by multiplying the 

region atom density (Nif) by the region volume fraction (f1) for the zones in the NIRR-1 fuel cell 

(equations 1 and 2). 

 



where, Nij is the atom density of isotope i in region j, fi is the volume fraction of region j in zone z. 

Vj is the volume of region j and Vz is the composite volume of all the regions within the zone of 

interest. 
 

 

Figure 1: The height and diameter of the active fuel cell and fuel rod models for the potential 

LEU core for NIRR-1. 
 

The effective density of the nuclides in the moderator region and that of the mixture of the four 

aluminium tie rods and three dummy pins of the LEU fuel cell model were obtained by multiplying 

the region atom density (Ni) by the volume fraction (fi) obtained for the proposed assembly of two 

hundred active fuel rods of LEU fuel materials in the core of NIRR-1. The results of the calculated 

average homogenized atom density (Niz) for the LEU fuel material is shown in table 1 and the 

average homogenized atom density in the water mix region for the Zircaloy-4 were tabulated in 

table 2. 

[RC: Include corresponding data for HEU fuel. Indicate the water mix region] 

The diffusion theory analysis code (VENTURE-PC) was used to generate values of the effective 

multiplication factor (keff) at different depth of insertion of control rod. These data were then used 

to calculate the reactivity worth (i.e. measure of the deviation of a reactor from criticality) of the 

control rod (see table 3) for the NIRR-1 core model. 

[RC: Include corresponding values for HEU case] 



Table 1: The average homogenized atom density (atoms/b-cm) for the LEU fuel cell model. 

Material 
Volume 

Fraction (fi) 

Nuclide 

ID 
Nij 

(atom/(b-cm)) 

Nij x fi 

(atom /(b-cm)) 

Niz 

(atom /(b-cm)) 

 

 

 

 



Table 2: The Zircaloy-4 average homogenized atom density in the water-mix region (Not 

identified) 

Material 
Volume 

Fraction (fi) 

Nuclide 

ID 
Nij 

(atom/b-cm) 

Nij x fi 

(Atom / (b-cm)) 

Niz 

(atom /(b-cm)) 

 

 

 

 

 

 

 

 



Table 3: Control rod withdrawal distance, k-effective (values are missing) and reactivity for the 

LEU fuel cell model for NIRR-1. 

 

Are values of K significant up to 7th decimal figure? 

 

RESULTS AND DISCUSSION 

The The geometry and dimensions of various components in the proposed LEU core for NIRR-1 

were have been kept identical with that those of the present HEU core of the system. This is to 

ensure that the thermal-hydraulics characteristic of NIRR-1 system remains unaltered. The 

geometry of the LEU fuel cell model used in this calculation is given illustrated in figure 1. A plot 

of the variation in k-infinity (not defined earlier) as a function of hydrogen to uranium ratio is 

shown presented in figure 2 while that of reactivity as a function of control rod withdrawal distance 

for the proposed 19.75% LEU core for the system is shown presented in figure 3. 

 

[RC: Include corresponding figures and tables for HEU case] 

 

The method used involves no apparent spatial dependence of cross sections in the active fuel 

region, because they were as it is treated as constant in the homogeneous regions. However, in the 

actual system of NIRR-1, there is a spatial dependence of cross sections in the active fuel region 

because each fuel pin is surrounded with clad and water and there are several configurations of 

fuel/clad/water within the NIRR-1 core. The results generated for the total number of hydrogen 

atoms in each of the fuel cell radii is shown in table 4 while the data generated for k-infinity as a 

function of Hydrogen to Uranium (H/U) is shown in table 5. A Matlab programming language 

script was used to plot this data, as shown illustrated in figure 2. 
 

[RC: Include corresponding figures and tables for HEU case] 
 



Table 4: Total number of hydrogen atoms in each of the fuel cell radii. 

 

[RC: Convenient to include a corresponding table for HEU case] 
 

Table 5.0: The ratio of Hydrogen to Uranium (H/U) and k-infinity for the LEU (19.75% UO2) 

fuel cell model. 

 

 

[RC: Convenient to include a corresponding table for HEU case] 
 

 

 

 

 



 

Figure 2.0: Plot of k-infinity as a function of H to U ratio for the LEU (19.75% UO2) core. 

[RC: Include corresponding figure for HEU case] 
 

The figure above show the result of an increase in the multiplication factor as hydrogen (H) to 

uranium (U-235) ratio increases up to a value of 1.735 at 18.7 the position of the reference NIRR-

1, this value decrease for any further increases in the hydrogen (H) to uranium (U-235) ratio. Due 

to the vital role of hydrogen in the scattering process in a typical thermal reactor system, the high 

hydrogen to uranium ratio in the LEU core will result to an increase in the thermal neutron flux 

and decrease in flux level in the high energy region of the composite flux spectrum of the LEU 

fuel system. The data generated for the effective multiplication factor (keff) at different level of 

control rod withdrawal length were used to compute the reactivity worth of the control rod (see 

table 3.0). This was used to produce the graph of reactivity versus control rod withdrawal length 

for the proposed 19.75% LEU core for NIRR-1 (figure 3.0). 
The clean cold core excess reactivity calculated for the 19.75% LEU core for NIRR-1 was 4.04mk, 

the shutdown margin was 3.19mk and the corresponding value of keff was 1.0119634 for the 

proposed LEU (UO2) fuel. The thermal neutrons flux level calculated in the 19.75% LEU core for 

NIRR-1 was 1.24 × 1012 ncm-2s-1. This value is in good agreement with the nominal value of 1.1 × 

1012 ncm-2s-for the present HEU core of NIRR-1. The thermal neutron flux in the 12.5% UO2 core 

from similar calculation was observed to be slightly lower than the thermal neutron flux in the 

HEU core. This implies that the total number of neutrons that were able to get to the thermal energy 

is slightly higher in the 19.75% UO2 core with 200 active 143 fuel pins than in the 12.5% UO2 core 

with 347 pins. 



 

 

Figure 3.0: Reactivity (mk) versus control rod withdrawal length (cm) of active LEU (19.75% 

UO2) fuel region. [RC: Include corresponding figure for HEU case] 
 

 

CONCLUSION 

Comparison of the results obtained from the neutronics calculation using the VENTURE-PC 

computer code in this work clearly shows that the model is accurate for conducting neutronics 

analysis for NIRR-1 and useful in the core conversions of Miniature Neutron Source Reactors 

(MNSRs) to LEU. The proposed 19.75% LEU core is very reactive relative to the core of the HEU 

system. Therefore the number of regulatory rod in the current HEU core might not be sufficient to 

reduce the reactivity of the system to a critical level. The results from the calculation performed in 

this work has shown that 19.75% UO2 material can also be considered for a more detail analysis 

for the core conversion studies of NIRR-1 from HEU to LEU. The results of the reactor parameters 

generated in this work were as expected. The model developed in this work will be very useful in 

the development of computational models for future analytical studies of the proposed LEU-

fuelled NIRR-1 core. 
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