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ABSTRACT

The University of Missouri Research Reactor (MURR), the highest-powered University-owned
research reactor in the U.S. designed to operate at a maximum steady-state power level of 10
MWy, is one of five U.S. high performance research reactors that use HEU fuel that is actively
collaborating with the U.S. Department of Energy to find a suitable LEU fuel replacement. A
conversion feasibility study, using U-10Mo monolithic LEU fuel, is currently being performed at
MURR. At first, broad scoping studies where conducted using the transport code MCNP, where
the core water-to-metal ratio was varied by altering the thickness or width of the plate cladding,
fuel meat, and coolant channel gaps, and varying the number of fuel plates. From these studies, an
optimal LEU core design was chosen based on the following calculated parameters: power
peaking factors, excess reactivity, and the fast and thermal fluxes available to the experimental
facilities. Fuel burnup calculations are now being performed using the 3-D diffusion theory code
REBUS. Also included in this paper are some preliminary safety analyses, including parametric
studies using the reactivity transient code PARET-ANL and hydraulic calculations using the light-
and heavy-water thermal-hydraulic transient code RELAP5/MOD?3.3.

l. Introduction

This paper is the second in a series of papers discussing the feasibility of converting the facility’s
current highly-enriched uranium (HEU) fuel to low-enriched uranium (LEU) fuel. Because of its
compact core design (33 liters), which requires a much higher loading density of **°U, the
University of Missouri Research Reactor (MURR) cannot perform its mission with any
currently-qualified LEU densities. A BOLD VENTURE 3-D model, benchmarked against the
only MURR destructively analyzed fuel element, was used in 1986 to demonstrate that a silicide
LEU core loaded to density of 7.2 gU/cm’, and with no fission product inventory, would result in
a K of less than 1.0 [1]. However, the MURR is actively collaborating with the Reduced
Enrichment for Research and Test Reactors (RERTR) Program, and four other U.S. high-
performance research reactors that use HEU fuel, to find a suitable LEU fuel replacement.

1. Facility Description and Basic Reactor Design

The MURR is a multi-disciplinary research and education facility providing a broad range of
analytical and irradiation services. Scientific programs include research in archaeometry,
epidemiology, health physics, human and animal nutrition, nuclear medicine, radiation effects,
radioisotope studies, radiotherapy, and nuclear engineering; and research techniques including
neutron activation analysis, neutron scattering, and neutron interferometry.

The reactor is a pressurized, light-water moderated and cooled, reflected, heterogeneous, open
pool-type design, which first achieved criticality on October 13, 1966. The reactor was



originally designed for 10 MW operation, but was initially licensed to operate at only 5 MW
until reactor utilization and operating experience were sufficient to justify full power operation.
In 1974, additional cooling equipment was added and the process instrumentation and reactor
safety systems were modified as required to facilitate operation at the current full design power
of 10 MW.

The reactor core assembly is located eccentrically within a cylindrically-shaped, aluminum-lined
pool, approximately 10 feet (3.0 m) in diameter and 30 feet (9.1 m) deep. The reactor core
consists of three major regions: fuel, control blade, and reflector. Horizontal and 3-D views of
the reactor core assembly are shown in Figures 1 and 2, respectively.
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Reactor Core Assembly — Horizontal View Reactor Core Assembly — 3D View

The fuel region has a fixed geometry consisting of eight (8) fuel elements having identical
physical dimensions placed vertically around an annulus in between two cylindrical aluminum
reactor pressure vessels. FEach fuel assembly is comprised of 24 circumferential plates
containing uranium enriched to approximately 93% in the isotope **°U as the fuel material. The
control blade region is an annular gap between the outer pressure vessel and the inner reflector
annulus, so that no penetration of the pressure vessels is required. Five (5) control blades — four
(4) boral and one (1) stainless steel — operate vertically within this gap, controlling reactor power
by varying neutron reflection. The reflector region consists of two concentric right circular
annuluses surrounding the control blade region. The inner reflector annulus is a 2.71-inch (6.9
cm) thick solid sleeve of beryllium metal. The outer reflector annulus consists of vertical
elements of graphite canned in aluminum, having a total thickness of 8.89 inches (22.6 cm).

The following six experimental facilities support the facility’s service and research programs: the
center test hole (flux trap); the pneumatic tube system; the graphite reflector region; the bulk



pool; the (six) beamports; and the thermal column. The first four provide areas for the placement
of sample holders or carriers in different regions of the reactor assembly for the purposes of
material irradiation. The beamports channel neutron radiation from the reactor core to
experimental equipment that is used primarily to determine the structure and properties of solids
through neutron scattering. The graphite thermal column is designed for the purpose of
performing neutron radiographs and large sample irradiations.

I1l.  Current Fuel Design and Operating System

The current MURR 775-gram fuel element is a product of the UAly dispersion fuel system that
was developed at the Idaho National Engineering Laboratory (INEL) for the high flux, high
power Advanced Test Reactor (ATR) and subsequently used at the Materials Test Reactor
(MTR) and the Engineering Test Reactor (ETR) prior to its use at the MURR [2] [3].

The fuel elements have an overall length of
32.5 inches (82.55 cm). Each element is
longitudinally-symmetrical with 24 fuel
bearing plates. The fuel plates are segments
of concentric circles 0.050 inches (1.27 mm)
thick separated by a coolant channel gap of
0.080 inches (2.03 mm). The fuel meat in
each plate is 0.020 inches (0.508 mm) thick
with 0.015 inches (0.38 mm) of aluminum
cladding on each side. Additional fuel
element specifications can be found in Table
3. A drawing of the MURR fuel element is
shown in Figure 3. Figure 3

MURR Fuel Element — Pictorial View

Table 1 provides the current MURR fuel operating characteristics, including maximum fuel
burnup, core MWDs with the control blades full out, core refuelings, and fuel cycle.

Table 1
Current MURR Fuel Operating Characteristics

Maximum Burnup: 150 MWD/element (1200 MWD/core) due to insufficient excess reactivity
— this achieves less than 1.8E+21 fissions/cc burnup; Technical
Specification limit is 2.3E+21 fissions/cc

Control Rods Full Out: | ~700 MWD core with equilibrium xenon activity (56% of 1200 MWD)

Refuelings: Weekly — replace all eight fuel elements; fuel elements are used in 18 to 20
core loadings to achieve 145 to 150 MWD burnup (~24% burnup)
Fuel Cycle: 24 elements used per year; 32 fuel elements in active fuel cycle

V. Initial LEU Fuel Studies

The initial work of MURR’s fuel conversion feasibility study included defining the fuel
requirements, describing the HEU core, and defining experimental facility performance
indicators. Some of the potential concerns in performing a conversion include (1) matching the



performance capabilities of the current 775-gram *>°U fuel element, (2) not increasing the fuel

storage requirements, (3) having sufficient excess reactivity in order to decrease the loading in
fuel plates with high peaking factors, and (4) maintaining or enhancing neutron flux in the center
test hole (flux trap), graphite reflector, and beamport regions.

The first technical task performed was a comparison of core excess reactivity between the
MURR’s current UAly dispersion HEU fuel and U-10Mo and U-7Mo monolithic LEU fuels.
Using the transport code MCNP, broad scoping studies were performed. The first comparison
consisted of replacing the 0.020-inch (0.508 mm) thick UAl;, HEU fuel meat with the two
different U-Mo LEU fuels. No other physical changes were made to the core — the same fuel
plate and coolant channel dimensions were maintained. Although this resulted in lower Ke's
even with the 2°U loading more than doubling, the K.y's were still high enough to ensure
sufficient excess reactivity with the core operating at 10 MW. However, the LEU cores would
require a greater number of fuel elements in the fuel cycle, thus exceeding our fuel storage
capacity.

The next step was to increase the water-to-metal ratio by decreasing either the plate cladding or
fuel meat thickness, or both, while increasing the width of the coolant channel gap. First, the
standard 0.015-inch (0.381-mm) thick aluminum cladding was decreased to 0.012 inches (0.305
mm), while the coolant channel gap was increased from 0.080 to 0.086 inches (2.032 to 2.184
mm). Next, a 0.010-inch (0.254-mm) cladding thickness was modeled with a 0.090-inch (2.286-
mm) coolant channel gap. For the U-10Mo core, with a lower *°U density than the U-7Mo, the
MCNP results indicated sufficient excess reactivity that could achieve even more MWD’s per
fuel element than the current design; assuming that fuel element performance can handle the
higher burnup values. Finally, using the current 0.015-inch (0.381 mm) thick cladding, the fuel
meat thickness was decreased to 0.018 inches (0.457 mm) and then to 0.016 inches (0.406 mm),
while increasing the coolant channel gap to 0.0821 and 0.0842 inches (2.085 and 2.139 mm),
respectively. The MCNP analyses indicated that equivalent or slightly higher K¢ values were
obtained using less **°U than with standard 0.015-inch (0.381 mm) thick aluminum cladding on
the proposed LEU core. The cores modeled validated the need to increase the water-to-metal
ratio in order to gain reactivity [4].

Only the results from the U-10Mo studies are listed in Table 2 since U-10Mo has exhibited the
least amount of swelling as a function of fuel burnup during irradiation testing, making it the
preferred choice from an operational perspective. Reducing the number of fuel plates in order to
increase the water-to-metal ratio was also analyzed to compare the results from reducing the
cladding and fuel meat thicknesses. Table 2 combines some of the better results of both reducing
the thickness of the cladding and fuel meat and reducing the number of fuel plates. The proposed
core discussed in Section V is inserted at the end of the listed 24 plate cores for comparison.
Reduction in the number of fuel plates seems to provide comparable positive results until the
increase in average heat flux is factored in, which results from the corresponding reduction in
heat transfer surface area. For a high-performance research reactor such as the MURR, the hot
stripe heat flux is the power/flux limiting factor. Therefore, reducing the number of fuel plates is
no longer being considered as a preferred way to increase the water-to-metal ratio in order to
gain reactivity. Additionally, uniformly loaded LEU results in much higher heat flux peaking
factors and would also significantly reduce the maximum power limit and neutron flux.



Table 2
UAl and U-10Mo Fuel Comparison

No. Fuel Meat Clad Plate Channel Core K Flux Trap® Flux Trap®
Plates (inches) (inches) (inches) | (inches) (Kg) eff | Therm Ratio | Fast Ratio
24! 0.020 0.015 0.050 0.080 6.20 1.086 1.000 1.000
24 0.020 0.012 0.044 0.086 13.0 1.076 0.885 0.951
24 0.018 0.012 0.042 0.088 11.7 1.079 0.889 0.955
24 0.020 0.010 0.040 0.090 13.0 1.086 0.867 0.921
24 0.018 0.010 0.038 0.093 11.7 1.090 0.874 0.937

2 0.009 to 0.010 to 0.038 to
24 0018 0.020 0.049 0.0916 11.3 1.079 0.884 0.916
23 0.020 0.012 0.044 0.092 12.5 1.082 0.885 0.949
22 0.025 0.012 0.049 0.093 14.9 1.082 0.875 0.951
22 0.022 0.012 0.046 0.097 13.1 1.084 0.876 0.950
22 0.018 0.012 0.042 0.101 10.7 1.086 0.880 0.935
21 0.022 0.012 0.046 0.104 12.5 1.087 0.878 0.931
20 0.022 0.012 0.046 0.112 11.9 1.094 0.876 0.927
'Current Al, HEU core.

*Proposed U-10Mo LEU core.

*Flux in proposed LEU core divided by the flux in current HEU core with both cores operating at 10 MW.
This overestimates for cores with less than 24 plates because of the total plate surface area reduction,
which will reduce the maximum safe power level.

V. Proposed LEU Core Design

To fully explore the possibilities of an LEU core design that could match or exceed current
performance capabilities, the MURR tasked the RERTR Program to answer some key questions
on the following fuel design/manufacturing limitations: peak burnup, minimum thickness of the
fuel meat and cladding, minimum thickness of the curved plate to ensure sufficient rigidness, and
the magnitude of engineering peaking factors due to reducing the thickness of the fuel meat.
From discussions over the past year at the U.S. high-performance research reactor RERTR
meetings, the facility has proposed an LEU core design based on the following assumed answers
to those questions:

What is the peak fuel burnup limit? ~ 7E21 fissions/cc

How thin can acceptable U-10Mo foils be fabricated? < 0.005 inches (0.127 mm)

What is the minimum acceptable cladding thickness? < 0.010 inches (0.254 mm)

How thin can sufficiently rigid curved fuel plates be fabricated? 0.038 inches (0.965 mm)
Magnitude of engineering peaking factors for thin U-10Mo foils? < UAl. HEU factors

The high peak fuel burnup limit means that the high nuclear peaking factors do not need to be
reduced by decreasing the *°U density to avoid limiting fuel element lifetime. Lowering the
U density would have required using LEU with significantly lower enrichment in the fuel
plates with high peaking, which would then greatly complicate fuel fabrication. Therefore, the
hot stripe heat flux peaking can be reduced by just reducing the thickness of the fuel meat.
Using this approach, the proposed core design consists of fuel meat thicknesses that vary by a
factor of two. Most plates have a fuel meat thickness of 0.018 inches (0.457 mm), while the



thinnest fuel meat is 0.009 inches (0.229 mm) thick. All but the outer two fuel plates (number-1
and -24) are 0.038 inches (0.965 mm) thick with corresponding 0.010-inch (0.254-mm) thick
cladding, except for plate number-2. Plates number-1 and -24 are 0.049 inches (1.245 mm) thick
for two reasons: (1) the cladding on these plates are more susceptible to being scratched or
bumped during fuel handling, and (2) they are located between coolant channels with different
widths, thus potentially creating a differential pressure across the plate. Table 3 compares the
current HEU fuel element with the proposed LEU fuel element design.

Table 3
Summary of MURR Fuel Element Specifications — Current and Proposed
Description |  CurrentHEU Fuel | Proposed LEU Fuel
Fuel
Material UAI (mostly UAL;) U-10Mo
Enrichment 93% *°U 19.75% U
Thickness 0.020 inches (0.508 mm) 0.009 inches (0.229 mm)
to 0.018 inches (0.457 mm)
Cladding
Material Aluminum
Thickness 0.015 inches (0.381 mm) 0.010 inches (0.254 mm)
to 0.020 inches (0.508 mm)
Fuel assembly
Number of Fuel Plates 24
Overall Fuel Assembly Length 32.5 inches (82.550 cm)
Overall Fuel Plate Length 25.5 inches (64.770 cm)
Overall Active Fuel Length 24.0 inches (60.960 cm)
Fuel Plate Thickness 0.050 inches (1.270 mm) 0.038 inches (0.965 mm)
to 0.049 inches (1.245 mm)
Distance Between Fuel Plates 0.080 inches (2.032 mm) 0.0916 inches (2.327 mm)
Maximum **°U Loading 775 grams 1410 grams
Fuel Density 1.5 to 1.6 grams/cm’ 3.03 grams/cm’
Weight ~6Kg ~11Kg

The current fuel design of 0.050-inch (1.270 mm) thick plates with 0.015-inch (0.381 mm) thick
cladding is based on the initial tests for the ATR performed in the 1960°s and early 1970’s for
improving the original MTR alloy fuel design to the current UAly dispersion fuel. With
dispersion fuel fabrication methodology, there is more variation in the cladding thickness due to
the number of times the plate must be rolled. There is also the concern of stray fuel particles
being pressed into the cladding. Consequently, the cladding thickness is nominally 0.015 inches
(0.381 mm) to ensure that the required minimal cladding thickness of 0.010 inches (0.254 mm) is
achieved and that no stray fuel particles are within 0.008 inches (0.203 mm) of the cladding
surface.

The possible fabrication techniques for the new U-Mo monolithic fuel plates should require less
rolling. Additionally, the monolithic “foil fuel meat” should also substantially reduce or
eliminate the chance of fuel particles being pressed into the cladding. This could allow a 0.010-
inch (0.254 mm) nominal cladding thickness. However, the fabrication methodologies must be
further developed and tested before the thinnest allowable nominal cladding thickness can be
confirmed. Flow validation tests also need to be performed to ensure that the 0.038-inch (0.965
mm) thick plates have sufficient stability and rigidness to fully withstand the hydraulic forces



imposed by a primary coolant flow velocity of 26.1 ft/sec (7.96 m/sec). Because their
contribution to stiffness can differ, plate stability may also vary depending on the relative
thicknesses of the fuel meat and cladding. These values need to be determined to complete the
optimum core design. Additionally the minimum cladding blister temperature needs to be
determined in order to evaluate the margins in the safety analyses.

MURR’s steady state safety limits to avoid DNB are based on tests performed by Argonne
National Laboratory (ANL) in the early 1960’s for the ATR design[5][6]. The current HEU core
has the same fuel plate and channel gaps as the ATR. Coolant channel burnouts were
determined for channel lengths of approximately 50 inches (1.27 m) with three different coolant
gaps: 0.054, 0.072 and 0.094 inches (1.37, 1.83, 2.39 mm). For the LEU core, the water-to-metal
ratio was increased by creating wider coolant channels. The proposed 0.0916-inch (2.326-mm)
coolant channel gap for the LEU core design still falls within the range of channels covered by
the analysis for the ATR and is conservative for the MURR since the MURR fuel element has
half the channel length of the ATR [7].

Therefore, the heat flux peaking factors LEU CR @ 13" Power Peaking Factors
for the proposed LEU core design were
directly compared to the current HEU
core peaking factors. For MURR’s HEU
fuel with uniform fuel meat thickness,
the power and heat flux peaking factors
are approximately the same. However,
for LEU fuel with wvariable meat
thicknesses, the power peaking factors
are reduced by the reduction factor of
the fuel meat thickness to obtain the heat
flux peaking factors. To select a
proposed LEU core, various core designs
were modeled in MCNP to determine the Figure 4

power and heat flux peaking factors. LEU Core Design — Power Peaking Factors
The flux trap and graphite reflector
irradiation position fluxes were also
determined. The proposed LEU core
was selected based on comparing Kegr,
fluxes, and heat flux peaking factors,
with only the optimal proposed core
included in Table 2. The power and heat
flux peaking factors for the proposed
LEU core are shown in Figures 4 and 5,
respectively. The reduction in heat flux
peaking comes from reducing fuel meat
thickness for plate number-1 by 1/2,
plate number-2 by 3/4, and plate
number-24 by 17/18 as indicated by
comparing the peaking.
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LEU Core Design — Heat Flux Peaking Factors



Figure 6 shows the HEU core peaking factors, which are the same for both power and heat flux
because of uniform fuel meat thickness. In Figures 4, 5 and 6, the control rods are half out (13-
inch withdrawn position), which is approximately the cold clean new core critical position. The
LEU core fuel meat thicknesses have been reduced enough such that the heat flux peaking
factors are less than those of the current HEU core. With the desire to maintain current
experimental performance and capabilities (i.e., flux levels), the goal is to obtain peaking factors
that will allow for a power increase to 12 MW. Note: All of the MCNP evaluations were based
on cores with no depletion.

HEU CR @ 13" Power & Heat Flux Peaking Factors To expand the evaluations to include
s B fuel depletion, REBUS-DIF3D and
. = REBUS-MCNP models are being
50 <= | | developed. Dr. John Stillman, ANL, is
35 et leading the work on the REBUS-DIF3D,
5 //_\’"\\ whereas Dr. John Stevens, ANL, is

Iz e S serests leading the work on the REBUS-MCNP.
These models are first being
benchmarked against the Kcg’s of the
initial critical tests performed in 1971 on
the first MURR UAI, core — identical in

Heightin FuslPlates (inches) design as the current HEU fuel element.

This is being coupled with bench-

Figure 6 marking the depletion analysis against

HEU Core Design — Peaking Factors the burnup data of fuel element 775-F3

from that first core. After the core had
operated for 650 MWD, fuel element 775-F3 was shipped to INEL for destructive analysis. All
24 plates were gamma scanned longitudinally along the center line to profile burnup in that
element. In addition, five samples were analyzed for burnup employing the Nd-145, 146, and
148 isotope technique. Transverse scans were also performed at the burnup sample locations.
The linear relationship between gamma activity and burnup was used to convert the longitudinal

scans to values in fissions/cc. It should be noted that all fuel elements in this core were flipped at
242 MWD.
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maintaining the same height during
the depletion runs.

Plate 1
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:Z: e | oz Figure 7 shows a good agreement
. between the predicted peak burnup
on each of the 24 fuel plates and the
measured values. Figures 8 and 9,
which provide the burnup for the
inner and outer fuel plates, indicate
that the initial models are not too far
from agreeing with the large
measured variation in power peaking
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Comparison — Peak Burnup in Plate Number-24

VI.  Preliminary Safety Analyses

Some preliminary steady-state and transient safety analyses are now being performed as part of
the fuel conversion feasibility study. This section presents some of the results obtained from the
initial scoping studies to determine the effect of varying some of the more important reactivity
feedback coefficients on step insertions of positive reactivity. Although we have not yet
completed the steady-state neutronic analysis to obtain the actual values of these reactivity
feedback coefficients, this parallel effort is being performed to better understand the limiting
case as far as reactivity transients are concerned.
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Figure 10
Reactivity Transient — Doppler Coeff. Feedback

With the use of PARET-ANL, the feedback coefficients

It is known from theory, as well as
from past experience of reactors that
have already converted to LEU fuels,
that the Doppler coefficient will be
the most significant change as a
result of conversion. From the
literature of similar-type reactors that
have either converted or in the
process of being converted, a range
of Doppler feedback coefficients was
selected — from no Doppler feedback
to -1.0E-3 and -1.0E-4 $/°C — in
order to investigate the effect on
reactivity addition transients. For the
moderator temperature and void
coefficients, values were varied on
either side of the currently accepted
values of the MURR HEU fuel.

were varied one at a time while the

others were kept at the “nominal” HEU value. For each case, at time zero, a positive step

reactivity insertion of 0.005 Ak/k (approximately $0.68)

was introduced into the steady-state

reactor operating at a full rated power of 10 MW. Nominal operating conditions of coolant flow,
and reactor core inlet temperature and pressure were assumed during initiation of the transients.
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Figure 11
Reactivity Transient — Temperature Coeff. Feedback

As can be seen by Figure 10
(Doppler Coefficient), Figure 11
(Temperature  Coefficient)  and
Figure 12 (Void Coefficient), the
peak reactor power level reached
following a positive step reactivity
insertion is not significantly different
for any of the cases considered.
Although the effect is more
pronounced with the void coefficient
variation, we expect the biggest
change to be in the Doppler
coefficient in converting from HEU
to LEU fuel. And it can be seen that
for several orders of magnitude
change in the Doppler feedback
coefficient, the change in peak power
is only less than 1.0 MW — with the
inclusion of Doppler feedback
helping to lower the peak power
compared to the non-Doppler case.
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VII.

At the time that this paper was
written, the revised model was just
being completed.

Figure 12
Reactivity Transient — Void Coeff. Feedback

Experimental Performance Indicators

Based on current and projected MURR utilization, the following three experimental locations
were selected for comparing the effect of an HEU to LEU fuel conversion.

VIII.

Center Test Hole (Flux Trap) Irradiation Position:

One of MURR’s primary missions is to produce high specific activity isotopes for
various applications including medical use. While the majority of isotopes are produced
through thermal neutron reactions, a few require fast neutron interactions. The current
unperturbed peak thermal flux in the flux trap region is 6E+14 n/cm’-s, whereas the peak
fast flux (> 1.0 MeV) is 6E+13 n/cm’-s.

Graphite Reflector Region Irradiation Positions:
The graphite reflector region has a number of sample positions that are used to irradiate
various sample materials. The average measured value of thermal flux can vary from
approximately 1E+13 n/cm’-s to 1E+14 n/cm’-s.

Beamports:

There are four (4) radial and two (2) radial-tangential beamports. The measured thermal
and epithermal beams emerging from the beam tubes are approximately 9.0E+9 n/cm’-s
and 2.7E+8 n/cm’-s, respectively.

Summary and Future Work

The completed broad scoping studies using MCNP indicate that U-10Mo monolithic fuel has the
potential to provide an LEU fuel that could be suitable at MURR. Over the next year, additional
feasibility studies will be performed. These include completing the fuel depletion studies based
on the optimal LEU core design identified in the MCNP broad scoping studies. Safety analyses



will be continued using worse case power peaking factors associated with mixed core loadings of
fresh and end-of-life fuel elements. Additionally, various possible methods of transitioning from
HEU to LEU fuel will be evaluated to determine the advantages and disadvantages of each.

There are cladding and fuel plate thickness and other fabrication design limit assumptions that
still need to be validated to finalize an optimal LEU fuel design.
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