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ABSTRACT

Twelve heavy-water-moderated research reactors of
significant power level (5 MW to 125 MW) currently operate
in a number of countries, and use highly enriched uranium
(HEU) fuel. Most of these reactors could in principle be
converted to use uranium of lower enrichment, subject in
some cases to the successful development and demonstration
of new fuel materials and/or fuel element designs. It is,
however, generally accepted as desirable that existing
fuel element geometry be retained unaltered to minimise
the capital costs and licensing difficulties associated
with enrichment conversion.

The high flux Australian reactor, HIFAR, at Lucas
Heights, Sydney is one of Dido-class reactors in the
above group. It operates at 10 MW using 80% 235U HEU

fuel. Theoretical studies of neutronic, thermohydraulic
and operational aspects of converting HIFAR to use fuels
of reduced enrichment have been made over a period.

It is concluded that with no change of fuel element
geometry and no penalty in the present HEU fuel cycle
burn-up performance, conversion to MEU (nominally 45%
235U) would be feasible within the limits of current
fully qualified UAl fuel materials technology. There
would be no significant, adverse effects on safety-related
parameters eg. reactivity coefficients) and only small
penalties in reactor flux. Conversion to LEU (nominally
�0% 235U) a similar basis would require that fuel mater-
ials of about 23 g U cm-3 be fully qualified, and would
depress the in-core thermal neutron flux by about 15 per
cent relative to HEU fuelling.

In qualitative terms, similar conclusions would be
expected to hold for a majority of the above heavy water
moderated reactors.

INTRODUCTION

Twelve medium to high power (5 to 125 MW) heavy-water-moderated research
reactors using high enrichment uranium (HEU) fuel are currently operating in
various countries around the world. Their aggregate replacement fuel require-
ments constitute a significant annual traffic in HEU, which could be reduced if
those reactors for which it is technically and economically feasible were con-
verted to use fuel of reduced enrichment level.
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In common with other types of research reactor, the key to satisfactory
conversion of heavy-water-moderated research reactors lies in the use of fuel
materials of greater uranium density. The Reduced Enrichment Research and Test
Reactors (RERTR) programs now well advanced in several countries include as part
of their aim, development and irradiation testing of suitable high uranium
density fuel materials, followed by extensive performance demonstrations of
practical fuel elements incorporating the new materials.

The above group of heavy-water reactors includes five Dido-class reactors
of which the high flux Australian reactor (HIFAR) at Lucas Heights is one.
HIFAR operates at 10 MW and currently uses 80% enriched uranium fuel, and can
reasonably be considered "typical".

Theoretical studies of nucleonics, thermohydraulics and operational aspects
of converting HIFAR to use fuel of lower enrichment have been made over a
period. This paper reviews a selection of these calculations to illustrate the
general conclusions which can be reached.

HIFAR

HIFAR is a Dido-class reactor with 25 fuel elements on a 152.4 ma square
pitch in a 46,5,6,4 array with the central row displaced one half-pitch. The
heavy water for the moderator and reflector is contained in a cylindrical
aluminium tank, 2 m diameter and 12.7 mm thick. The dished, 16mm thick bottom
of the tank provides an equivalent uniformly 04 m thick bottom heavy water
reflector. The top D20 reflector extends 078 m above the active core. Further
radial and bottom reflectors of 06 m thick graphite are located outside the
tank, and a large number of horizontal beam tubes and vertical facilities extend
into the heavy water reflector. The reactor is controlled by six "signal arm"
absorber blade$, and operates at 10 MW on a 28-day cycle of which about 24 days
are at power.

The standard fuel element contains 150 g 235U at 80% 235U enrichment, and
consists of four concentric fuel tubes, each of 066 mm thick UAl alloy "meat"
clad in 043 mm thick aluminium. The active length is 601 m. Each fuel tube
is made up of three curved plates welded together and the consequent aluminium
seams between plates reduce the notional volume available for fuel meat by
9.1%. The inner radii of the fuel tubes are 30.39, 35.29, 40.19 and 45.09 mm.
Inner and outer aluminium. tubes, of inside radii 25.36 and 49.90 mm and thick-
nesses 163 and 159 mm respectively, complete the element and provide five
coolant channels of width (inner to outer) 340, 338, 338, 338 and 329 mm.
In normal operation, coolant flow creates a pressure differential of 26.5 kPa
between the inlet and outlet of the coolant annuli.

THERMOHYDRAULIC STUDIES

The margin between normal operating conditions and the onset of excursive
flow instability is an important ther-mohydraulic safety index. HIFAR, in common
with most reactors, uses a core configuration in which the fuel coolant channels
are connected hydraulically in parallel between common plena located at the
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inlet and outlet. The external pressure differential between the plena (i.e.
the available pump head or supply curve) is therefore approximately constant and
independent of the coolant flow conditions in any one channel. However, the
pressure drop (or demand curve) generated by the flow of coolant through the
passages of a fuel channel depends on the operating conditions (power input,
coolant inlet temperature and pressure, flow rate, etc.).and geometrical
dimensions.

For a given power input, inlet temperature and pressure, a typical demand
curve consists of an all-liquid region of positive slope in the upper flow rate
range, a two-phase (steam/water) region of negative slope, and an all-steam
region of positive slope in the low flow-rate range. For normal operation, the
minimum (Apm) in the pressure drop-flow characteristic coincides with the
onset of subcooled boiling. For a particular coolant passage, the operating
point is defined by the intersection of the demand characteristic with the
supply characteristic (Aps), normally on the all-liquid characteristic. An
operating point in the negative slope region is unstable, and flow excursions
will proceed to intersection points on either the all-steam or all-liquid
characteristics. These occur when Apm > Aps, and the power level at this
condition is denoted as the instability threshold power (ITP). The ITP,
normalised with respect to the average operating power, is denoted as the
instability power ratio (IPR).

Two computer codes, FLEX and LOCO')2)3)4 were developed to assess the
stability limits of the HIFAR multi-annular fuel channels. The codes predict
the demand characteristics of individual annular passages within a fuel element
and the locus of the pressure drop minima with variations in power input and
coolant inlet temperature. This permits ITPs to be plotted as a function of
coolant inlet temperature and so yield a stability map of the fuel channel.
These stability maps enable the stability limits for different coolant channels
to be compared.

Thermohydraulic stability margins would change if the geometry of the HIFAR
fuel element were altered to accommodate, for example, thicker fuel meat as an
alternative to increasing the uranium density in fuel meat of the-present
dimensions. To investigate this change, the stability limits for a range of
channel/fuel/cladding dimensions, including the standard fuel element, were
calculated using the LOCO code. Only the fuel plate thickness and corresponding
coolant channel width were varied between cases, with the mean radii of the fuel
annuli kept constant. The results are presented in Fig. 1. They are based on
the following assumptions:

(1) the pressure differential between the inlet and outlet of the annular
coolant gaps is 26.5 kPa 384 psi);

(2) the coolant inlet temperature range is 50 to 80'C;

(3) the coolant gap between the two outermost fuelled tubes is the least
-stable annulus of the fuel.element, and is used as the reference for
assessing the fuel element stability limits;

(4) the fuel element/annulus power ratio is 3554, and does not vary
between cases.

An alternative presentation of the results is to display ITP and IPR as a
function of coolant gap width g, for a given coolant inlet temperature. This is
shown for the normal HIFAR inlet temperature of 50'C in Fig. 2 The ITP/IPR
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vs g relationships are linear in the gap-range considered, and are described by
the equations

ITP (kW) = 856 g - 535,

or IPR = 0.9011 g - 05629,

where ITP = 950 IPR and g is in mm.

In approximate terms, the IPR for the currently authorised maximum fuel
element power of 950 kW would be reduced by 0.1 for each 0.1 mm reduction in
coolant gap width.

NEUTRONICS STUDIES

Although the neutronics of quite a wide range of possible reduced enrich-
ment fuel options for HIFAR have been studied, only two are considered in this
paper. Im ortant reactor physics parameters for HIFAR with the standard
REU 150 g MU at 80% enrichment fuel elements 054 g U cm--3) are compared with
those for fuelling with MEU 155 g 235U at 45% 098 g U m-3) and LEU 160 g 235U

at 20% enrichment 23 g U cm-3) where both retain the standard HEU fuel ele-
ment geometry. The MEU and LEU 35U loadings were selected for reasonable
.. end of program keff" match with the HEU case for both the low and high burn-
up cycles considered.

The calculations were undertaken using the AUS modular code scheme
developed at Lucas Heights5. Four modules, MIRANDA6, ANAUSN7' CHAR8 and EDIT
were used cyclically to derive from the AUS 128 group ENDFB-IV based library,
cross sections for the core as a function of burn-up in five groups (boundaries
0.821 MeV 5531 keV and 0618 eV) condensed over a near-critical spectrum. The
module PW9, was then used for core calculations in xy-geometry.

The HIFAR Model

The xy HIFAR model included a detailed representation of both horizontal
and vertical facilities in the heavy-water reflector and a typical rig loading.
Although such detail was not strictly essential for the present purpose, it is
generally needed to achieve criticality in calculations and obtain reasonable
flux distributions. In comparing different fuel enrichments for the reactors
with large amounts of reactivity invested in rig loading and fuel burn-up, it is
preferable whenever possible, that the rig burden be included directly in the
calculation.

The horizontal beam tubes, which were the most difficult to represent, were
treated byan approximate model, with the results normalised to an rz Sn cal-
culation of the major 1OH beam tube. The reactivity worth of the radial reflec-
tor facilities included in this way is 5.0%. An additional reactivity worth
2.2% (measured value) for reflector rigs was included by inserting the required
amount of thermal absorber at the rig locations. A typical in-core rig loading
of 23% spread over five fuel elements was also simulated by insertion of local-
ised thermal absorbers.

Bucklings for the xy geometry calculations were obtained from rz: calcula-
tions which included smeared representations of the structure in the radial and
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axial heavy water reflectors. Centre-plane bucklings were used throughout in
preference to core-height-average bucklings. This implies that the fluxes
quoted are for the mid-height plane, and they have been so normalised.

The reactivity scale used requires some explanation. Instead of the normal
definition of reactivity i.e. p = 00 (1 - 1/keff), it is practice with
HIFAR operational data to use a "% reactivit P?.. which is the equivalent
reactivity in a core containing 32 kg of 23�L This has the advantage that
the change in p caused by a rig, a fuel change, or movement of the control
arms, is independent of the fuel loading. The relationship used to derive
calculated pvalues is

P p(M/3.2)0.7

where M is the reactor 235U loading in kg. To compare fuels of various
enrichment, however, allowance must be made for the 239Pu as well as the 235U
loading. To account for the higher cross section of 239pu twice the 239pu mass
has been added to the 235U mass to obtain an "equivalent D5U- mass. The reac-

tivities given in the preceding paragraphs are p values derived in this way.

Results

All the results calculated are for cores of uniform burn-up. This approach
has been used for simplicity, but its adequacy has been confirmed by some com-
parisons with more detailed core-follow studies.

HIFAR fuel cycle data averaged over a sequence of 21 recent programs are
presented in Table 1. It is evident that the rig burden is currently low, and
the fuel burn-up correspondingly high. Because the rig burden of HIFAR may vary
considerably in the future, two cases which cover the likely range have been
considered. The first is based on the core state at the end of program 251
which had an average burn-up of 45.16 MWd/element and an in-core rig p of
2.3%. The second., also for standard HEU fuel, has a burn-up of 33.68
MWd/element and an extra in-core rig p of 39% to give the same keff. The
extra rig burden was included via a uniform thermal absorber in the 20 elements
not already having an explicit rig loading.

Reactivity data obtained from xy calculations using bucklings from the
appropriate rz calculation are given in Table 2 and show that the reduced
enrichment cases have a similar or higher reactivity than standard fuel over
this burn-up range, and that the reactivity performance of low enrichment fuel
improves with higher burn-up.

The data in Table 2 for rate of change of p with burn-up were derived via
additional calculations for the low burn-up cases without the extra rigs
included. These figures can be interpreted as the rate of reactivity loss
(excluding transient effects) within a program, and demonstrate that the control
required to balance this loss is smaller for the reduced enrichment fuels.

A selection of reactivity coefficients and other safety related parameters
which have been calculated by perturbation theory are compared in Table 3 The
fuel coefficient for the central eement gives the change in 6k/k per g of
235U burnt and includes all long term burn-up effects. The absorber coef-
ficient varies considerably but this mainly results from the change in fuel
loading, and there is a much smaller variation in values of p per c2. The

prompt neutron lifetime also shows some variation with fuel loading. The
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Table 1. Average Fuel Cycle Data

In-core rigs, p 2.79%

Reflector rigs, p 2.19%

Excess p at shutdown 1.64%

Power 10 W

Energy per program 227.8 MWd

New fuel elements per program 3.52

Discharge burn-up per element 64.7 Mqd

Average burn-up per element at shutdown 40.5 Kid

235U loading at shutdown 2.48 kg

Table 2 keff and Reactivities

End of API/A

Fuel Program Reactivitie Burn-up
Fissile keff s

type Mass PM P'M (% per

(kg) MWd/element)

High Burn-up HEU 2.361 1.0105 1.04 0.84 0.347--
(45.16 MWd/element)

and

Low Core Rig Burden MEU 2.595 1.0163 1.60 1.38 0.322

(2.32% o) LEU 2.794 1.0156 1.54 1.40 0.294

Low-Burn-up HEU 2.714 1.0105 1.04 0.92 -

(33.68 Mwd/element)

and

High Core Rig Burden MEU 2.894 1.0128 1.26 1.17

(6.22% p) LEU 3.106 1.0088 0.87 0.85
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Table 3 Selected Safety Parameters

Centre Element Values Core Average Values

Reactivity Coefficients Reactivity Coefficients
Case Fuel Coeff. Absorber (6k/k per element) MA per element)

6k/k per g coefficient - Fuel Oeff
Fuel Coolant (s) Fuel Fuel Coolant

of U Burnt 6k/k per m2 Coolant Coolant
Temperature Temperature Vold Temperature Temperature Vold

High Burn-up

IIEU -2.066 x 10-4 2946 x 10-4 -0.6 x 1-7 54 x 10-6 54 x 10-5 644 x 10-4 6.92 x 10-3 04 x 10-7 36 x 10-6 35 x 1-5

to

MEU -1.831 x 10-4 2763 x 10-4 -5.4 x 1-7 54 x 10-6 52 x 1-5 624 x 10-4 682 x 10-3 31 x 10-7 37 x 10-6 34 x 0-5

LEU -1.596 x 10-4 2554 x 10-4 12.8 x 10-7 56 x 10-6 49 x 1-5 598 x 10-4 6.68 x 10-3 72 x 10-7 38 x 10-6 32 x 1-5

Low Burn-up

IIEU -1.814 x 10-4 2635 x 10-4 5.90 x 10-4 694 x 10-3

MEU -1.647 x 10-4 2500 x 10-4 No Significant Changes from Above 5.76 x 10-4 686 x 10-3 No Significant Changes from Above

LEU -1.452 x 10-4 2352 x 10-4 5.58 x 10-4 675 x 10-3
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small changes in the effective delayed neutron fraction, aeff, are due to the
variation in the 239pu contribution. Only one set of values is given for the
remaining coefficients in Table 3 as the variation with burn-up is less than
3%. There is a considerable increase in the fuel temperature coefficient (6k/k
per OC) with decreasing enrichment but this coefficient is of minor importance.
The fuel plus coolant temperature coefficient is the coefficient for constant
coolant density and must be combined with a density change and the void
coefficient to obtain a total temperature coefficient. The temperature
coefficient and void coefficient (Sk/k per void) both have minor changes with
fuel type. Values for total reactivity worth (p') of the top refelector were
9.2% for the HEU and 10.5% for the LEU case, with corresponding values for the
first 02 m only being 66% and 76% respectively.

Finally, the X-axis-neutron flux data are presented in Figs. 35, where the
"Fast Flux" is > 0.8 MeV, the "Epithermal Flux" is 1.1 eV to 9 keV, and the
"Thermal Flux" is Westcott. Axial form factor and fuel element annular power
distributions are not given as they were practically unchanged with enrichment,
the maximum difference being about 2%. The principal feature of the flux data
is therefore the reductions of about 7 and 15% respectively in the core average
thermal flux for MEU and LEU respectively.

CONCLUSIONS

The performance of HIFAR using 80% enriched 150 g 235U fuel elements can
be reasonably well matched in terms of reactivity, and without changes of fuel
element geometry by:

(a) 45% enriched 235U elements containing 155 g 235U as A1XAl at uran-
ium density of - 1.0 g cm 3. This fuel technology is within the
range in current use (in different geometries) in some other high per-
formance reactors. A reduction of about 7 in thermal neutron flux is
to be expected over the important region of the core;

(b) 20% enriched 235U elements containing 160 g 235U as U308-Al at uranium
density of - 23 g cm-3. The fuel technology is still in the
development and qualification stage. A reduction of about 15 in
thermal neutron flux is to be expected over the important region of
the core.

The largest performance penalty in using reduced enrichment fuel comes from the
reduced-'core thermal flux, and is substantial at 20% 235U. The thermal flux
penalty increases if lower density fuel meat (with corresponding fuel geometry
changes) is used. There are no particularly significant changes in safety-
related neutronics parameters. These findings should be applicable in general
qualitative terms to most heavy-water-moderated research reactors.
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