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ABSTRACT

A whole-core demonstration of LEU fuel in the

ORR is expected to begin during November 1985. Fuel
elements will contain U3S'2 at 48 Mg U/m3 and shim
rod fuel followers will contain U3S'2 at 35 Mg U/m3.
Fuel fabrication is underway at B&W, CERCA, and NKEM,
with shipments scheduled to commence in October.

The primary objectives of the demonstration are

to provide data for validation of LEU and mixed-core
fuel cycle calculations and to provide a large-scale
demonstration of the acceptable performance of produc-

tion-line U3S'2 fuel elements. It is planned to
approach the full LEU core through a series of mixed
cores. Measurements to be made include flux distribu-
tion, reactivity swing, control rod worth, cycle
length, fuel discharge burn-up, gamma heating rate,

aeff/f , and isothermal temperature coefficient.
Measurements will also be made on fresh LEU and

fresh HEU critical configurations.

Preliminary safety approval has been received

and the final safety assessment is being reviewed.
Key issues being addressed in the safety assessment
are fuel performance, radiological consequences, mar-
gin to burnout and ransient behavior. The LEU core

is comparable in all safety aspects to the HEU core
and the transition core is only marginally worse

owing to higher power seeking factors.
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INTRODUCTION

The U.S. Reduced Enrichment Research and Test Reactor (RERTR)
Program has planned, since the early years of its existence, to
perform a whole-core demonstration in a reactor of reasonably high
power in order to provide data for validation of fuel cycle calcu-
lations. The excellent performance of the 3Si2 dispersion fuel,
developed by the Program and tested in cooperation with commercial
fabricators of plate-type dispersion fuel, led to its selection
for use in a whole-core demonstration in the Oak Ridge Research
Reactor (ORR). Thus, large-scale demonstration of the acceptable
performance of production-line U3S'2 fuel elements will also be
provided. Approval in principle to proceed with such a demonstra-
tion was given in September 1983 by Oak Ridge National Laboratory
(ORNQ after calculations performed by the RERTR Program had
demonstrated that only minor changes in experiment performance
were to be expected. The fuel elements will contain U3S'2 at 48
Mg U/m3 340 g 235U) and the shim followers will contain U3S'2 at
3.5 Mg U/m3 200 g 235U). In all other aspects the fuel element
and shim follower designs are unchanged from the present designs.
The fuel procurement process was begun in April 1984 and contracts
were signed during the first quarter of 1985. Shim rod assemblies
(12) and/or fuel elements (100) are currently being fabricated by
B&W in the U.S.A., by CERCA in France, and by NUKEM in Germany.
Shipments of fuel elements are expected to begin in October 1985.

Three major aspects of preparing for the demonstration were
the preparation of fuel specifications, the preparation of a
safety assessment and the obtaining of requisite safety approvals,
and the preparation of an experiment plan. This paper will
address the latter two aspects.

It is planned that full-core operation with low-enriched
uranium (LEU) fuel will be approached through a series of mixed
LEU/HEU transition cores, starting from the normal high-enriched
uranium (HEU) core.

SAFETY ASSESSMENT

Major issues addressed in the safety assessment of the whole-
core demonstration in the ORR were the irradiation performance of
the fuel, fission-product release and radiological consequences,
minimum margin to burnout, and transient response. Except for
fuel performance, these issues were addressed on a relative basis,
comparing the behavior of the LU and mixed LE'O/HEU transition
cores to that of the current EU core. A brief description of
some of the analyses are presented in this section.
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The assessment of the irradiation performance characteristics
of the U�Si2 fuel was based upon the very good results obtained
during t e tests of four miniature fuel plates (at 37 Mg /m3)
and six full-sized fuel elements identical to those proposed for
the demonstration (at 48 Mg U/m3). Two elements were fabricated
by each of the three fabricators from which the fuel elements for
the demonstration were subsequently ordered. The irradiation
tests covered the full range of burnups expected in the fuel
elements and shim rod fuel followers. The results of the element
irradiations are discussed elsewhere.1

The assessment of the relative severity of the radiological
consequences for the LEU core versus the HEU core following an
accident postulated to release a given fraction of available
fission products and plutonium was based upon a generic assessment
performed by Woodruff.2 Although the generic analysis assumed the
release of 1% of the plutonium contained in a fuel element and
showed that the plutonium dose was not the limiting factor, there
appears to be no credible mechanism for release of any plutonium
during the types of accidents which the ORR could hypothetically
experience.

Neutronics data for the margin-to-burnout and transient
analyses were obtained from three-dimensional diffusion-theory
calculations of the HEU, LEU, and transition cores, using standard
RERTR methods and codes. Fuel cycle calculations for a core
containing 28 fuel elements and six shim rods were performed to
obtain fuel loading distributions for subsequent use in more-
detailed stand-alone calculations to obtain values of safety-
related parameters. The fuel cycle calculations were performed
with four of the shim rods banked at their estimated middle-of-
cycle position (two shim rods are normally fully withdrawn during
ORR operation) in order to obtain approximately the correct axial
burnup distribution. What is believed to be a worst-case arrange-
ment of experiments in the core (in terms of power distribution)
was used. Some results from the equilibrium core calculations
are listed in Table 1. Power distributions for the margin-to-
burnout and transient analyses were determined for startup
conditions, i.e., beginning-of-cycle fuel loadings were used, the
core was Xe free, all previously irradiated elements contained
saturated Sm concentrations, and the four banked shim rods were
half inserted.

The margin to burnout, with critical heat fluxes calculated
using the Labuntsov correlation, has traditionally been used to
assess the steady-state thermal-hydraulic safety of the ORR. An
extensive assessment of the minimum margins to burnout was per-
formed for the HEU, LEU, and transition cores. Margins were cal-
cul.atgd both on the basis of core power (Mq PF) and heat flux
(MqPIF) for various power (P) and flow (F) conditions. Core
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Table 1. Comparison of Basic Equilibrium Cycle Parameters
for 285-g HEU and 340-g LEU ORR Cores.

Parameter 285-g HEU Core 340-g LEU Core

Banked Shim Rod Position,
cm (in.) withdrawn 56.655 22.305) 58.415 22.998)

keff (BOEC)a 1.0502 1.0435

keff (MOEC)a 1.0152 1.0160

keff (EOEC)a 0.9853 0.9941

keff (EOEC)a 1.0174 1.0152

Ap/full-power day % 0.299 0.181

215U (BOEC), kg 6.247 7.644

235U (EOEC), kg 5.491 6.799

Cycle Length, fpd 20.0 24.0

Core 235U Burnup, g/MWd 1.26 1.17

Ave. Discharge 235U Burnup
of Standard Element, 59.9 55.9

Ave. Discharge 235U Burnup
of Shim Follower, 81.4 79.9

Control Rod Worth (BOEC)
All Rods, 7Ak/k -26.25 -25.05

aBOEC, MOEC, EOEC: Beginning, middle, and end of equilibrium
cycle.

bWith all shim rods fully withdrawn.
cBased upon reactivity change from MOEC to EOEC.

powers used in the analysis were the normal operating power, 30 MW,
and the limiting safety system setting for power, 47 MW. Total core
flow rates used were the normal operating flow rate, 117 m3/s,
the flow-rate limiting safety system setting, 0.85 m3/s, and an
intermediate flow rate, 096 m/s. A considerable number of
conservatisms were used in the calculations to account for possi-
bilities allowed by the fuel specifications or for uncertainties in
measured and calculated quantities. Some of the results of these
calculations are listed in Table 2 It is seen that the minimum
margin for limiting power and flow conditions occurs at the bottom
of the fuel element. The LEU and HEU cores are comparable, but a
somewhat larger power peak in he transition core results in a
reduced margin. The margins during the transition can be main-
tained at the levels of those for the HEU core by raising the low-
flow-rate safety system setting.
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Table 2 Margins to Burnout in Limiting Channel of Standard Fuel Element in Hottest Core Position

q3O q47
max max

a 2 .30,1.17 .30,1.17 MW/.2 47,0.96 _47,0.96 ,47,0.85 -47,0.85
Core x , m MW/m q -Q Mq q FIQ 

HEU 0.613 1.91 4.69 2.67 2.99 1.81 1.33

HEU 0.542 2.00 4.73 2.87 3.13 1.94 1.43

HEU 0.486 2.28 4.33 2.92 3.57 1.87 1.46

HEU 0.365 2.39 4.52 3.48 3.74 2.15 1.77

LEU 0.613 1.94 4.59 2.63 3.04 1.75 1.31

LEU 0.489 2.25 4.36 2.90 3.53 1.86 1.45

LEU 0.433 2.39 4.29 3.07 3.75 1.93 1.55

LEU 0.368 2.43 4.42 3.41 3.81 2.09 1.73

TRNb 0.613 2.09 4.18 2.44 3.27 1.79 1.34 1.53 1.22

TRN 0.542 2.19 4.24 2.63 3.42 1.92 1.44 1.67 1.31

TRN 0.486 2.49 3.90 2.67 3.90 1.85 1.47 1.63 1.34

TRN -0 365 2.61 4.09 3.19 4.10 2.11 1.76 1.92 1.62

aDistance below top of fuel. The bottom of the core is at x = 0613 m; the peak heat flux

occurs at x = 037 m.

bTransition Core.
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Analyses of the response of the ORR to reactivity insertions

were analyzed using the ANL-modified ver 'sion of he PARET code. 3

Both startup (rod withdrawal) and rapid reactivity insertion acci-
dents were studied. Basically the same conservatisms were applied

in the transient analyses as were applied in the margin-to-burnout
analyses, since the relative responses of the systems studied would
be quite insensitive to the choice of conservatisms. No repre-

sentation is made that this choice of conservatisms is proper for
any but relative comparisons. The basic input parameters for the

calculations are shown in Table 3 and the results of the rapid
reactivity insertion analyses are shown in Table 4 In all cases
the LEU core is able to withstand a larger step insertion than the
HEU core before cladding melting begins. The transition core was

modeled as an HEU core with LETJ fuel meat properties and transition
core power peaking factors. 'Therefore, it could accommodate
slightly smaller step insertions than the HETJ core. However, the
differences are sufficiently small considering the conservative
(HEU) kinetics and reactivity feedback assumptions.

The safety assessments have been reviewed by the ORNL Reactor

Operations Review Committee and informal indications have been
received that no major issues remain to be resolved.

Table 3 Parameters for ORR Transient Analyses

Selected Parameter HEU LEU

Neutron Generation Time, ps 71.19 60.48
Effective Delayed Neutron Fraction, 0.7444 0.7132

Temperature Coefficients, $/'C
Water Temperature Only 1.991-02 1.545-02

Fuel Temperature 8.295-05 3.253-03
Coolant Void Coefficient, $/% Void 1.713-01 2.292-01
Fuel Thermal ConductivitT, W/m'K 175.0 30.0
Fuel Heat Capacity, Q/m 'K) 2.420+06 2.150+06

1.100+03
*T

Cladding Thermal Conductivity, W/m'K 180.0 130.0
Cladding Heat Capacity, J/m3'K 2.427+06 2.427+06

Rod Worths, $
B4, B6, D4, and D6 27.834 26.827

F4 and F6 4.002 4.131

Rod Withdrawal Rate, mm/s 2.12 2.12

Rod Scram Acceleration (relative to g) 0.6 0.6
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Table 4 Comparison of the Response of the ORR to a Rapid Reactivity
Step Insertion for HEU, LEU, and Transition Cores.
(Hot channel in standard fuel element; maximum differential rod worth)

Power Cool. React. Max. Max.
Init. Trip Flow Inlet Init. After Min. Max. Fuel Clad.
Power Level Rate. Temp. React. Step Period Power Temp. Temp.

Core (MW) (MW) WS) (00 ($) ($) (Ms) (MW) (IC) (IC)

HEU 10-6 0.966 0.305 35.0 -1.0 1.90 3.3 336 589 583

LEU 10-6 0.966 0.305 35.0 -1.0 1.90 3.0 356 568 562

TRN 10-6 0.966 0.305 35.0 -1.0 1.85 3.4 240 568 563

HEU lo 43.5 8.17 35.0 -1.0 1.50 3.9 341 564 551

LEU 10-6 43.5 8.17 35.0 -1.0 1.70 3.2 435 566 491

TRN 10-6 43.5 8.17 35.0 -1.0 1.45 4.0 289 514 467

HEU 30 43.5 8.17 49.9 0.0 1.25 7.7 279 491 467

LEU 30 43.5 8.17 49.9 0.0 1.40 6.1 326 512 488

TRN 30 43.5 8.17 49.9 0.0 1.20 8.0 254 558 519



DEMONSTRATION PLAN

A plan for the phase-in of LEU fuel elements and shim rods
and the measurements to be performed on the HEU, LEU, and tran-
sition cores has been formulated to provide an orderly transition
and to provide the data required from both the operational and
programmatic points of view. Currently the ORR fuel cycle ranges
from 14 to 21 days. At each refueling three or four fresh HEU
(285 g 235U) elements are loaded into the core. The phase-in of
the LEU elements 340 g 235U) will be accomplished by substituting
fresh LEI) elements for fresh HEU elements and shuffling them
through the core on successive cycles. Since the ORR operates
with alternate cores to assure the availability of a Xe-free core,
the transition period will require approximately 11 months,
assuming 21-day cycles. Two fresh LEU shim rods will be introduced
at approximately three-month intervals, during quarterly shutdowns,
beginning after one quarter of mixed-core operation.

Measurements will be made on the mixed LEU/HEU transition
core after 7 14, 21, and 28 fuel elements and 0 2 4 and 6 shim
rods, respectively, have been introduced. The last of these cores
is the first all-LEU core but will probably have a fuel distribu-
tion which is somewhat different than that of an LEU equilibrium
core. The measurements are intended to verify acceptable maximum
operating heat fluxes and shim rod worths from an operational
point of view. The heat flux verification will be based on
fluxes derived from Co activation rates and fuel element 2uY5U
loadings. A number of wires will be placed in elements in which
maximum heat fluxes are expected. These data will also be
important in validating the neutronics model. For the validation
of fuel cycle calculations, it is important to have good estimates
of the fissile content of each element in the core. Currently,
data from the flux (Co activation) mappings are used to estimate
235U burnup. Since it is impractical through flux mapping to
account for radial flux gradients within elements, a high-
resolution gamma spectroscopy scanning device is being built. It
is planned to scan all elements from each core within a few days
after shutdown to determine the incremental fission density change
in the elements during the cycle (at least on a relative basis).
Following final discharge of the element the integrated fission
density of the element can be determined on the basis of long-lived
fission products. It is also planned to measure the parameter
aeffl' by determining the break frequency in the power spectrum of
the signal from a fission chamber with the reactor at a known
subcriticality.
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A similar series of measurements is planned for the "equili-
brium" HEU and LEU cores. Because of the varying requirements of
the experimenters and because of unscheduled shutdowns, the ORR
does not operate with an equilibrium fuel cycle. However, it is
expected that from the inventory of partially burned elements a
core can be assembled which is close to that calculated as an
equilibrium core. All of the measurements described for the
transition core will be made on the equilibrium cores. In
addition, it is planned to measure the isothermal temperature
coefficient over the limited temperature range available through
friction heating of the primary water and to measure gamma heating
rates. Fluxes at the beam holes and near the magnetic fusion
energy experiments may also be monitored. Finally a number of
reactivity worth measurements of experiments, fuel elements, and Be
reflector elements will be made to provide data which may be useful
in verifying the calculations.

In addition to the measurements on equilibrium HEU and LEU
cores, some benchmark measurements on cold clean critical
configurations will be performed. After the approach to critical,
neutron flux distributions, control rod worths, and $eff/k will be
measured. Valuable data for the validation of the fuel cycle
calculations could be obtained by operating a small core assembled
from fresh elements at 15 MW for approximately one week. How-
ever, constraints imposed by the experimenters may preclude this
possibility.

SUMMARY

A whole-core demonstration using U3S'2 fuel is expected to
begin soon in the ORR. Fuel fabrication is underway and fuel
shipments to ORNL should commence during October 1985. A safety
assessment has been prepared and reviewed at ORNL, and no major
problems are anticipated in obtaining final approval. A plan for
the conduct of the demonstration has been prepared which will allow
the collection of the data necessary to validate the neutronics and
fuel cycle calculations.
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