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Abstract

This research presents neutronic calculations for heavy water research reactor core substituting hydride fuel
for uranium dioxide fuel. The aim of this research is feasibility analysis of reactor utilization with its original
design using a new proposed fuel and changing the coolant and moderator circuit to light water. The required
group constants for the CITATION code will be calculated using WIMSD-4 code. Neutronic calculations
such as multiplication factors, radial and axial power peaking factor and fuel burn-up calculations are carried

out by the CITATION code.
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1. Introduction

Since many years of nuclear power plant operation, ura-
nium dioxide fuel has been used as the most common fuel
in light water reactors. The history of using Uranium-hy-
drate-zirconium composition as a fuel is older than ox-
ide-type fuel. The properties of Uranium-zirconium hy-
dride fuel have been reviewed in Olander et al. work [1].
Although nuclear power plants have been used for many
years, scientists are seeking methods to produce optimized
and economic power in nuclear power plants. Therefore, a
group of scientists from University of California, and
Massachusetts Institute of Technology, with financial and
scientific support from Westinghouse Company, carried
out a comprehensive research on hydride fuel, and decided
to establish power nuclear reactors and research reactors
using this type of fuel [2-4].

It has been tried in this paper to design a generic heavy
water research reactor core with Uranium-zirconium hy-
dride fuel, and carry out the reactor core neutronic calcula-
tions for feasibility analysis of reactor utilization and
changing the coolant and moderator circuits to light water.

2. Methods and Materials

The methodology in this research consists of neutronic
calculations of the generic 40 MW power research reac-
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tor core considering hydride fuel and light water mod-
erator instead of uranium dioxide fuel and heavy water
[5,6].

Since diffusion equations are less accurate than trans-
port equations in mediums such as those near the boun-
daries as well as mediums with strong neutron absor-
bents, diffusion equations could not be used, and trans-
port equations are applied instead. For simulation of fuel
assembly, WIMSD-4 code has been used. WIMSD-4 is a
general lattice cell program, which uses transport theory
to calculate the flux as a function of energy and position
in the cell. WIMSD-4 code has been extensively used for
effective cross-section computations [7]. Reactor core is
simulated by CITATION code and group constants such
as diffusion coefficient and macroscopic cross sections,
infinite multiplication factor (kinf), effective multiplica-
tion factor (keff) and fuel burn-up are calculated. This
code was designed to solve problems involving the fi-
nite-difference representation of diffusion theory treating
up to three space dimensions with arbitrary
group-to-group scattering. The neutron flux-eigenvalue
problems are solved by direct iteration to determine the
multiplication factor or the nuclide densities required for
a critical system [8].

Thus, using CITATION code and incorporating para-
meters related to transport equation which are resulted
from WIMSD-4 code, the following neutronic parame-
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ters could be obtained [9].

Neutron flux; total path length covered by all neutrons
in one cubic centimeter during one second. Mathemati-
cally, ¢=nv, where, ¢ is neutron flux (humber of
neutrons per cm? per second), n is neutron density, and v
is neutron velocity.

Power distribution; in order to ensure predictable
temperatures and uniform depletion of the fuel installed
in a reactor, numerous measures are taken to provide an
even distribution of flux throughout the power producing
section of the reactor. Varying the fuel enrichment (fuel
concentrations) in the core radially, axially, or both, var-
iation in the poison loading (poison zoning), and sup-
pressing the flux fluctuations in the vicinity of the con-
trol rods are the main approaches to reach uniform power
distribution.

Power peaking factor (PPF); axially power peaking
factor (however radial ones is present) has been calcu-
lated by dividing maximum power in each plane to
axially averaged power in hot fuel assembly. Minimiza-
tion of the power peaking can be obtained by making the
core’s power distribution as flat as possible (to increase
margins to thermal limits, e.g., critical heat flux and fuel
temperatures).

Infinite multiplication factor and effective multiplica-
tion factor; a measure of the increase or decrease in neu-
tron flux in an infinite reactor, which has no neutron
leakage, is the infinite multiplication factor, kinf (k_ ). In
other words, infinite multiplication factor is the ratio of
the neutrons produced by fission in one generation to the
number of neutrons lost through absorption in the pre-
ceding generation. The multiplication factor that takes
leakage into account (in a finite reactor) is the effective
multiplication factor (keff), which is defined as the ratio
of the neutrons produced by fission in one generation to
the number of neutrons lost through absorption and lea-
kage in the preceding generation.

A fuel assembly containing 18 fuel rods, similar to the
present reactor fuel assembly, is simulated. Figure 1
demonstrates a fuel assembly similar to a generic heavy
water research reactor with hydride fuel [5].

In order to decrease central temperature in hydride
fuel rods, helium has been replaced by the liquid metal
(Pb-Bi-Sn) in the gaps. For more information on hydride
fuel properties, see [1,2].

Considering the usage of hydride fuel in the calcula-
tions, it is obvious that light water plays roles of both
coolant and moderator. The properties of the fuel rod
used in the simulation are presented in Table 1 [4].

It is notable that boric acid is utilized as a neutron flux
controller in calculations. Boric acid density ranges over
0.15 - 0.55 x 10" (atom-cm 3).

Figure 2 demonstrates the simulated core in CITA-
TION code.
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Table 1. The properties of standard hydride fuel rod.

Fuel diameter 0.82cm
Clad inside diameter 0.83cm
Clad outside diameter 0.95cm
Weight fraction uranium in fuel, wU 0.45
Enrichment in 235U, e 0.125

Fuel density, g/cm® 8.3

Gap filler Liquid metal
Cladding material Zircaloy

According to Figure 2, the simulated research reactor
consists of 150 fuel assemblies, and neutronic calcula-
tions for the whole core have been performed by CITA-
TION code.

3. Result and Discussions

Using CITATION and WIMSD-4 codes, variations of
effective multiplication factor with respect to changes in
atomic density of boric acid has been calculated. It is
obvious from Figure 3, the multiplication factor de-
creases as boric acid atomic density increases. It should
be noted that the effective multiplication factor will be
about 1 for boric acid densities in the range of 0.15 - 0.20
x 10" (atom-cm ).

As a reactor is operated, atoms of fuel are constantly
consumed, resulting in the slow depletion of the fuel
frequently referred to as core burn-up. There are several
major effects of this fuel depletion. The first, and most
obvious, effect of the fuel burn-up is that the control rods
must be withdrawn or chemical shim concentration re-
duced to compensate for the negative reactivity effect of
this burn-up. Figure 4 illustrates the result of burn-up
calculation.

It could be seen that while reactor operation continues,
235U and 238U density decreases (however the 238U
decreases slowly in calculated period, which seems to be
constant in the figure) and 239Pu density increases. The
results show the slow decrease in burn-up rate in reactor
life cycle which is due to flat neutron flux in operation
time and better control of the reactor power.

Axial variations in power peaking factor are shown in
Figures 5. In the axial direction, maximum power for
each (axial) part is divided into average power of axial
hot-fuel assembly. In CITATION code, reactor core is
divided into 12 equal parts in the axial direction and 19
equal parts in the radial direction, and the power peaking
factor is calculated in both axial and radial directions.

Focusing on the objective of minimizing power peak-
ing, which could be considered as a constraint versus an
objective, this arises because of thermal limits on the fuel.
The thermal limits that are most likely to be active in-
clude the following [10]:

1) Loss of coolant accident (LOCA) peak clad tem-
perature (PCT) limit of 1205°C
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Figure 1. Cross-view of simulated fuel assembly in

WIMSD-4 code.
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Figure 2. Cross-view of simulated reactor core in CITA-

TION code.
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Figure 3. Changes in effective multiplication factor with

boric acid density change.
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Figure 4. Density changes in 2°U, 28U, and ?Pu during the
first working cycle (300 days).

11
]0‘ "'--._.- - el = 0313640
9~ "'-u-.-u.-_-.-"
81 “““h
8 -
§ 7
e 6] ~
k| H
L
3 o¢.-"'”‘
24 e
11 s
0
01 03 05 07 09 LI 13 15 17

Power peaking factor (ppf)

Figure 5. Power peaking factor changes in the axial state.

2) Critical heat flux (CHF), which denotes departure
from nuclear boiling (DNB) for a PWR and Dryout for a
BWR, not being exceeded during anticipated transients,
which limits the maximum average fuel pin linear power
density

3) Fuel cladding strain limit not be exceeded during
anticipated transients

Obviously, the calculated PPF for the generic reactor
should be below the safety limits. Therefore, the reactor
needs no more application of poison zoning and could be
safer in heat transport terms.

Finally, the Spatial (r, z) neutron flux distribution is
calculated for the reactor core and the result is presented
in Figure 6.

It is obvious from the figure that the neutron flux has
no fluctuations in the core that is resulted from uniform
power distribution in the core.

4. Conclusions

According to what has been stated so far, the following
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Figure 6. Spatial (r, z) neutron flux distribution of the reac-
tor in two energy groups is given (a) 0.005eV <E <4eV; (b)
9.118 keV < E < 10 MeV.

can be concluded:

Power density is higher in power plants operating hy-
dride fuel. Using hydrogen in hydride fuel results in
more neutron moderation and a flatter distribution of
neutronic spectrum.

Since hydride fuel atomic density (3.7159 g-cm ) is
less than uranium dioxide fuel density (9.187 g-cm®), a
higher percentage of enrichment is required, which ne-
cessitates an economic comparison between utilization
and construction expenses in the two cases. Since ther-
mal conductivity and volumetric heat capacity in hydride
fuel are greater than oxide fuel, utilizing hydride fuel in
comparison with oxide fuel is safer for power plants.

Finally, it should be mentioned that fuel burn-up and
power peaking factors calculations represent an econom-
ical and optimized reactor as compared to present oxide
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fuel reactors. Furthermore, as oxide fuel is replaced by
hydride fuel in the proposed design, operation of reactor
with light water moderator and coolant could be possible,
which may remove world concerns regarding heavy wa-
ter reactor utilization.
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