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NEUTRONICSSTUDY OF NIRR-1 FUELLED WITH 19.75% UO,MATERIAL USING
VENTURE-PC AND SCALE 6.1 CODES

ABSTRACT

A comprehensive neutronics analysis using VENTURE#&hd SCALE 6.1 computer codes
system has been performed for the core conversimy ©f Nigeria Research Reactor-1 (NIRR-
1).The computed reactor core physics parametehgd@cgroup neutron fluxes profiles, power
density distributions and neutron flux distribusomhe number of active fuel pins used for this
analysis is approximate 200 pins, which show thatftiel pins have been reduced to about 58%
when compared with the present Highly Enriched Wmnan(HEU) fuel (UAL-AI) of 347 pins.
These reductions in the number of fuel pins hasrmgnoom for more moderators in the core and
hence increase the number of hydrogen availablthéomalize the neutron in the potential
19.75% UQ fuelled core for Nigeria Research Reactor-1 (NIRRThe diffusion theory based
calculated values of thermal flux profiles for thertical as well as for the horizontal radial
directions has been found to agree well with simgkculations using different nuclear analysis
tools. The results obtained will qualify uraniunoxide (UQ) fuel as the potential material for
future Low Enriched Uranium (LEU) core conversioh Migeria Miniature Neutron Source
Reactors (MNSRs).

Keywords:Neutronics, VENTURE-PC code, SCALE 6.1 code, NIRRMNSR,parameters,
neutron, fluxes, core, power density, LEU fuel, Hitddl, model, Zircaloy-4, cross section.

INTRODUCTION

Uranium dioxide(UQ®), a ceramic fuel is presently the most commongdusuclear fuel for both
research and power reactors. Uranium dioxide nadisrthe fuel of choice for most reactorsdue to
its high melting point (280T), high neutron utilization, excellent irradiatiostability,
exceptional corrosion resistance in conventionalamts, good fission product retention,no phase
change up to the melting point, compatibility wafadding (Zircaloy and stainless steel), ease of
fabrication, and high specific power and power yoat length of fuel pin (Sundaran and Mannan,
1989; Sunghwan, 2013). Y®as a fabrication density of 10.3g/tand offers a relatively high
uranium loading of about 9.1g/émThe use of highly enriched uranium (HEU) mateital
research reactors has leads to a set of inevitatakferation risks. HEU fuel is the last

remaining civilian application of a direct-use oftarial, which is easily utilize in a nuclear
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explosive device (Franz et al., 2005). NIRR-1 ig @h the world MNSR reactors that still uses
HEU as fuel and therefore presents a potentialeaugbroliferation threats to global security.
NIRR-1 core was initially designed by China Ingetwf Atomic Energy (CIAE) with computer
codes HAMMER and EXTERMINATOR-2 and 90.2% enrichg#ll ,-Al as fuel (FSAR, 2005).
HAMMER and EXTERMINATOR are the first set of codesed to solve reactor physics
problem using diffusion theory method followed byiM$& and CITATION codes (Balogun,
2003). To model and analyze the NIRR-1 core a 2;B) fieutronics models was developed
using the recent version of diffusion theory coléSNTURE-PC and SCALE 6.1).VENTURE-
PC consists of VENTURE module (which solves reagtbysics problems based on the
multigroupneutronics finite different diffusion thig) and EXPOSURE computational module
plus several other processing modules. It is anteeersion of diffusion theory based
deterministic code (White and Tooker, 1999) that ba used like CITATION (Balogun, 2003)
to perform neutronics analysis for the NIRR-1 sysfthe VENTURE-PC code is used to
generate the group fluxes profiles, power densgyriutions and criticality information within
the Nigeria Research Reactor-1 core.lt is also usedompute the effective multiplication
factor,the neutron flux distributions at differdatation within the coreof the proposed 19.75%
UO, material for core conversion studies of NIRR-InfrelEU to LEU.SCALE code provides a
“plug-and-play” framework with 89 computational moes, including three deterministic and
three Monte Carlo radiation transport solvers thia selected based on the desired solution
(Salawu, 2012). The SCALE 6.1 code is used to geadhe cross section libraries used in this
work.Achieving the core conversion of NIRR-1 to mgge on the LEU fuel would be a useful
step toward, an effort to reduce and eventuallynieiate the civil use of HEU material in
research reactors. This work attempt to designséesy with a higher performance in the area
such as high neutron fluxes, higher fuel burn-upsger fuel cycle length and other reactor

design parameters as compared with a similar shatyuses 12.5% UQOnaterial as the fuel.

MATERIALSAND METHOD

Reactor physics codes are typically used to supperiperformance of the core as well as to
provide results used in the system thermal hydragibdes for accident analysis. The
VENTURE-PC code is used in this work to compute gheup fluxes profiles, power density
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distributions and criticality information within ¢hNigeria Research Reactor-1.The SCALE 6.1
code is usedto generate the cross section libragedorm the multigroup neutron flux
calculations, as well as provide k-infinity frometbne dimensional criticality calculations for the
proposed 19.75% UfQmaterial for core conversion studies of NIRR-1.eTt¢ore ofNIRR-1
contains fuel cage, fuel pins (which serves asiiaa energy source), control rod with a guide
tube (which is provided to facilitate the movementthe control rod), three dummy rods and
four tie rods. The specific reactor physics caltatafor the generation of the cross section
libraries in this reactor required a collectiontlofee cell models for the primary core elements,
one each for the fuel rod, the control rod and nete outside the core regions.The top and
bottom plate of the fuel cage is replaced withamam material in the LEU core. About nine
different modules of SCALE code system is used &fgom the cross section libraries
development and these modules include AJAX, WORKERAWDAD, BONAMI, CENTRM,
PMC, PALEALE, XSDRNPM and WAX modules (Salawu, 2DThe volume fractionff) for

the zones in the fuel cell were determined by fiedtulating the volume of each zones and then
divide each values by the total volume of the eglaint fuel cell. Table 1.0 shows the calculated
region volume fraction for the zones in the NIRR1&l cell model.

Table 1.0: The region volume fractig)i) for the zones in the NIRR-1 fuel cell model (W00
active fuel pins)

S/N Region Volume (cA | Tot. vol. (cnf) | Vol. fraction(f;) | Tot. vol. fraction
1. Fuel 0.1452 0.0694

2. Clad 0.0924 2.0918 0.0442 1.0000

3. | Moderator 1.8542 0.8864

The molecular weight of uranium and atom densitEsarious isotopes in Zircaloy-4 in the
proposed LEU fuel material was calculated fromr#iations:

1 w
M, : M;
wipNy
N; = llVI =V X Npix (2-0)
i
Atoms of i
Vi (3.0)

" Total atoms
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Where,M,, is the molecular weight of natural uranium in thel materially; is the region atom
densities N, is the Avogadro’s numbep, is the density of Zircaloy-4y; is the weight percent

of i andM; is the molecular weight of i.

The results of the atom densities of various natsmdopes present in the individual nuclide of
Zircaloy-4 are used to obtain the material compmsitata (atoms/b-cm) for the LEU fuel cell
modelas shown in table 2.0. This result is therdusecalculate average homogenized atom

density(N;,) for the LEU fuel material in the water mix regitmr the Zircaloy-4.

Table 2.0: The material composition data (atomsi)-tor the LEUfuel (19.75% U¢) cell
model

Material #| Material Name Nuclide ZAID # Region atom densitg;)

92235 4.7267e-3

1. LEU Fuel 92238 1.8963e-2
8016 4.7380e-2

40090 2.165e-2

40091 4.721e-3

40092 7.217e-3

40094 7.314e-3

40096 1.178e-3

50112 5.054e-6

50114 3.549¢e-6

50116 7.818e-5

50117 4.130e-5

50118 1.302e-4

50119 4.619e-5

. 50120 1.752e-4

2. Zircaloy-4 (Clad) 50122 > 49065
50124 3.113e-5

26054 1.040e-5

26056 1.633e-4

26057 3.772e-6

26058 5.020e-7

24050 3.623e-6

24052 6.987e-5

24053 7.923e-6

24054 1.972e-6

72174 7.186e-9

72176 2.362e-7

72177 8.353e-7

72178 1.225e-6
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72179 6.117e-7

72180 1.575e-6
3. Moderator (HO) 1001 6.6434e-2

8016 3.3217e-2

The effective multiplication factorvalues generateg the VENTURE-PC code for different
shim thickness were used to compute the reactivitsth of the top beryllium shims (see table
3.0), the value fok,, at critical height is 1.0112886. The reactivityrtoand the control rod

worth may be expressed mathematically as:

kesr — keps at critical height

Reactivity,p = (4.0)

kesr at critical height

Control rod worth = Reactivity worth + Shutdown margin (5.0)

Where the shutdown margin is the negative reagtihi¢ reactors core present when the control
rod is fully inserted (Henry et al., 2014).

Table 3.0: Shim thickness, k-effective and reattifor the NIRR-1 2-D model

S/N Shim thickness (cm) Reactivity (k)
(Top Beryllium thickness)

1. 1.2 4.7336636e-3
2. 2.2 7.6673464e-3
3. 3.2 9.8483262e-3
4, 4.2 1.1468734e-2
5. 5.2 1.2669479e-2
6. 6.2 1.3556070e-2
7. 7.2 1.4208110e-2
8. 8.2 1.4686114e-2
9. 9.2 1.5035569e-2
10. 10.2 1.5290788e-2
11. 10.95 1.5437037e-2

The SCALE 6.1 code was used to generate the thiager ndifferent cross section libraries

developed in this work.

RESULTSAND DISCURSION
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Results have been obtained for the neutronics ctearstic of the projected LEU fuel (YO

Zircaloy-4-clad) for NIRR-1 MNSR core using the VENRE-PC code and SCALE code
system. The proper averaged cross section usetthdanomogeneous model in this work was
generated using the heterogeneous fuel cell anttatarell models. This model was used by
SCALE 6.1 code to determine neutron flux as a fiencof both space and energy for each

location in the cell model.

Reactivity (mk) versus Shim thickness (om)
16 T T T T T T T T T

14

12

Reactivity (mk)
=

4 i i i i i i i i i
1 2 3 4 5 & 7 a8 3 10 11
Shim thickness {cm)

The above figure show the graph of measured regctiorth versus shim thickness during the
off-site zero-power test for the LEU core using the\NEJRE-PC code. The value of the total
control rod worth obtained for this work from theuf group calculation for the LEU core is
7.23mk which is in good agreement when compareth wimilar results calculated by G.I
Balogun using CITATION code (Balogun, 2003), S.Adb using MCNP code (Jonah et al.,
2007) and S. Abdulhameed using VENTURE-PC codea(@8al 2012). The value of reactivity

worth of the top beryllium shim was obtained focleahim thickness ranging from 1.2cm to
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10.95cm.The calculated magnitudes of axial distrdms of thermal, epithermal, resonance and
fast neutron flux in the inner and outer irradiatatrannels for the proposedLEU (19.75% O
core for NIRR-1 were plotted as shown in figure@ @d 3.0 respectively. The inner and outer
irradiation channels locations were selected aafalistances of 16.77cm and 26.79cm from the
core center. The figures (2.0 and 3.0) also shdwscomputed results of the 2-D vertical Y-
directed neutrons flux profiles expected at varioggion within the NIRR-1 (MNSRSs) core
model for the potential LEU core (19.75% &)OThe thermal neutrons flux level, peak power
density and maximum neutron density calculated hia potential LEU core ard.24 X
102 nem™2s71,4.31033e + 00 W /ccand  6.94535e — 6 neutron/cc  respectively. The
calculated thermal neutron flux level is approxiematequal to that of the present HEU core of
1.1 x 102 ncm™2s~1 for the present HEU core. We observed that thertaeneutrons flux
level in the potential LEU core is slightly lowehen compared with a similar neutrons flux in
the HEU core. This implies that the total numbenefitrons that were able to get to the thermal
energy in the moderation or thermalization processdower in the LEU core than in the HEU
core. Since the outer irradiation location is @lleith water, weobserved a symmetric neutron
flux profile in this region. We did not observedyaeflector peak in the high energy neutron flux
as shown in figures (2.0 and 3.0), this is duentofact that fast neutrons are not affected on the

average by the reflector materials (i.e. wateraryltium) in the NIRR-1 core.
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Figure 2.0: Vertical (Y)-directed neutrons flux pkes through the radial beryllium region for
the LEU core (19.75% U£for NIRR-1
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Figure 3.0: Vertical (Y)-directed neutrons flux fikes through the outer irradiation location for

the LEU core (19.75% U£for NIRR-1
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x 100t VENTURE X-Profiles for NIRR1 2-D rz Model (norm = 1)
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Figure 4.0: Horizontal (X)-directed neutrons flurofiles through the center of the LEU core
(19.75% UQ) for NIRR-1

Figure 4.0 shows the X-directed neutrons flux pesfistarting from the center of the active fuel
region in the axial direction. The reflector pedtown in the thermal neutron flux profile
represents the effect of the radial beryllium oa thermal neutrons.The above plots reveal that
the shapes of the neutron flux in the 19.75% LEt&amere similar to that of the present HEU
core of NIRR-1.The only different is that the nemtrflux level is a little bit different in the
19.75% LEU core as compare to the present HEU@odRR-1. The detail information shown
by these plots can be of great help in selectinggéon with high neutron flux for positioning
irradiation channels within the NIRR-1 reactor cdfes result is consistent with the fact that
Zircaloy-4 cladding gives higher neutron economyiolthhas positive impact on the excess

reactivity of the system.
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CONCLUSION

The thermal neutron flux in the proposed LEU caovgh( 19.75% UQ material) is a little bit less
than the present HEU core. This insignificant reiguncin the flux for the same power level has
shown that the NIRR-1 reactor can be fuelled wiid potential 19.75% UQLEU) with about

200 active fuel pins without any significant redantin the NIRR-1 performance.
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