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Summary

The methodology and analysis procedure to qualify the Mark-V and Mark-VA fuels for
the Experimental Breeder Reactor II are summarized in this paper. Fuel performance data and
design safety criteria are essential for thermal-hydraulic analysis and safety evaluations. Normal
and off-normal operation duty cycles and transient classifications are required for the safety
assessment of the fuels. The temperature limits of subassemblies were first determined by a
steady-state thermal-structural and fuel damage analysis, in which a trial-and-error approach was
used to predict the maximum allowable fuel pin temperature that satisfies the design criteria for
steady-state normal operation. The steady-state temperature limits were used as the basis of the
off-normal transient analysis to assess the safety performance of the fuel for anticipated,
unlikely and extremely unlikely events. If the design criteria for the off-normal events are not
satisfied, then the subassembly temperature limit is reduced and an iterative procedure is
employed until all design criteria are met.

I. Introduction

The Experimental Breeder Reactor II (EBR-II) is a sodium cooled liquid metal reactor
(LMR) plant, and it has a thermal power of 62.5 MWt and a corresponding electric power of
20 MWe. The power of EBR-II is generated by uranium/plutonium metallic fuels, and they are
contained in stainless steel tubes (fuel-cladding) to form the fuel pins. The core of EBR-II is
composed of up to seven rows of driver subassemblies, and each subassembly is composed of
61 fuel pins contained in a hexagonal duct. Gaps between fuel pins, and between fuel bundle
and the subassembly duct are the flow channels, through which the sodium coolant carries heat
from the reactor to the intermediate heat exchanger (IHX) where heat is transferred to the
secondary steam system and to the turbine generator. The outside flat-to-flat distance of the
subassembly duct is 2.29 in. (58.2 mm) and the gap between subassemblies in the reactor is 28
mils (0.71 mm).
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The EBR-II is a part of Argonne National Laboratory's Integral Fast Reactor (IFR)
concept, which is a complete nuclear plant power generation system including a reactor and a
closed Fuel Cycle Facility (FCF). The design codes and standard presented in the paper can be
used as guidelines in the safety assessment of future reactor development.

The basic safety requirement in nuclear reactor operation is to limit the radiation release
from the reactor to the environments, such that the public can be protected. In EBR-II , like
other reactors, there are three layers of protection to separate the radioactive material from the
environs, and they are the fuel-cladding, the primary tank, and the reactor containment building.
Since fuel-cladding is the first layer of protection, it is important to limit the number of fuel-
cladding failure to an acceptable value through the fuel operation life including normal and off-
normal operations. The fuel-cladding damage is primarily caused by the creep phenomenon,
which is a function of the cladding temperature, time at temperature, and hoop stress in the fuel-
cladding caused by the plenum pressure in the fuel pin. The plenum pressure is the result of
fission gas release, which is almost linearly proportional to the fuel burnup. In reactor and fuel
pin designs, the total reactor power, flow, and fuel target burnup are design parameters, and
preferred not to be changed in the reactor operation. The limit on the fuel-cladding temperature
is therefore required to ensure fuel pin integrity during reactor operation.

There are thousands of fuel pins in the reactor core, detailed and cumbersome thermal-
hydraulic analysis would be required to predict the fuel pin temperatures for each reactor run
if individual fuel pin temperatures were to be used as the temperature limits for the fuel
management. Such a procedure would be impractical in reactor operation. An alternative is to
regulate the subassembly coolant outlet temperature, which is a direct indicator of the fuel-
cladding temperature. The average subassembly coolant outlet temperature can be obtained
based on the power-to-flow ratio and a correlation between the average and the peak
subassembly temperature. The subassembly temperature limits can then be regulated through
a fuel management program. In the EBR-II Technical Specifications (T.S.) the subassembly
temperature limit is addressed in terms of the peak coolant temperature, however, in the reactor
operation, the average subassembly outlet coolant temperature is employed as the guideline.

Two new types of fuel pins, Mark-V and Mark-VA were designed for the EBR-II core.
Both fuels are made of U-20Pu-10Zr and have an outside cladding diameter of 0.23 in. (5.842
mm). Mark V has a fuel slug diameter of 0.168 in. (4.27 mm) and a HT-9 cladding wall
thickness of 18 mils (0.457 mm) while the fuel diameter and stainless steel cladding thickness
of Mark-VA are 0.173 in. (4.39 mm) and 15 mils (0.381 mm), respectively. The design target
burnup of Mark-V/VA fuel pins is 10 at .%. These fuel types utilize fuel manufactured
remotely, using reprocessed fuel, in the Fuel Cycle Facility at Argonne National Laboratory.

In the qualification of the Mark-V/VA fuel subassemblies, it is necessary to ensure that
safety, control and blanket subassemblies in the reactor meet the functional requirements in a
Mark-V/VA core environment. In addition, major components in EBR-II, such as the primary
tank, reactor vessel, IHX, superheater, and primary piping system have to be analyzed to ensure
that their design safety criteria are met with the new fuel forms and corresponding changes in
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the operating environment.

II. Information Supporting Safety Analysis

The determination of T.S. limiting subassembly temperature involves the safety analysis
of fueled subassemblies and aii iterative procedure between steady-state and transient fuel pin
damage calculations. In the safety analysis the following information is required which serves
as input to the thermal-hydraulic and damage calculations:

(1) Normal Operation Conditions

Instead of the nominal 100% power and flow normal operation, the Limiting
Condition of Operation (LCO) is considered as the normai operation in the safety analysis. In
EBR-II the limiting safety system settings for the power, flow, and Subassembly Outlet
Temperature (SOT) rise trip functions are at 115, 88, and 115% of the nominal values,
respectively, while the power and SOT trip alarms are set at 105%. In principle it is possible
that the reactor could operate at 105% power without operator intervention. The 105%
overpower is defined as the LCO in EBR-II. (Normal operation is confined to 2% overpower
by the operating practice.)

(2) Off-Normal Transients and Duty Cycles

In the analyses of reactor operation there are many possible failure modes to be
evaluated, and it is impractical to analyze all of those off-normal events. However, the possible
faults can be divided into a few well known classes based upon the similarity of response of the
core. In the selection of transients for the safety analysis, we 1) list all transients and their
corresponding frequency of occurrence based on Probabilistic Risk Assessment (PRA) and
operation experience, 2) group events based on similarity (loss-of-flow (LOF), transient
overpower (TOP), etc.) and frequency of occurrence, 3) select the "umbrella" transient in each
group based on severity and 4) determine number of duty cycles in each group. The off-normal
events are caused by either single or multiple equipment failure, and are classified into five
categories; and they are normal, anticipated (upset), unlikely (emergency), extremely unlikely
(fault), and beyond design basis events. The categorization is based on frequency of
occurrence, operation experience, tradition, and engineering judgement.

(3) Neutronic Analysis

Neutronic calculations provide total powers and power distribution of
subassemblies as well as reactivity feedbacks of the reactor. Reactivity feedbacks have
significant effect on the reactor temperature for unprotected loss-of-flow (LOF), transient
overpower (TOP) and loss-of-heat-sink (LOHS) events. The magnitude of the decay heat also
affects LOF transients.

(4) Fuel Performance

Collection of fuel performance data requires considerable efforts including in-pile
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and out-of-pile tests, data interpretations and analysis. In addition to thermal and mechanical
material properties that are required for thermal-hydraulic and structural analysis, information
required for fuel pin damage evaluation includes the threshold fuel-cladding eutectic liquefaction
temperature, eutectic penetration rate, cladding wastage caused by fuel-cladding and sodium-
cladding chemical interactions. The fuel-cladding eutectic liquefaction temperature for Mark-V
and-VA fuels was chosen conservatively to be 1202°F (650°C) for all burnup and fuel/clad
combinations, while the cladding thinning parameters are a function of the fuel composition,
temperature and time at temperature. It should be noted in the fuel qualification and surveillance
test plans that the measured data should correspond to the data required for reactor operation as
well as for the safety analysis. In the safety analysis the calculation is performed based on the
worst-case scenarios, and the safety evaluation is on the hottest fuel pin including uncertainties.
In contrast in most of the in-pile test irradiations, the focus was naturally on the average-
temperature fuel pin performance. As a result, the high-temperature fuel pin performance data
needed for the safety case are limited. The result of this lack of data is the conservative
estimation of key life-limiting fuel behavioural phenomena (e.g. threshold temperature). An
early coordination between the fuel/material and safety analysis personnel is essential.

(5) Uncertainty and Hot Channel Factors

In the standard thermal-hydraulic analysis of fuel pins and subassemblies, nominal
calculations are usually performed based on best-estimated values of power, flow, geometry and
material properties of the fuel pin and the subassembly. In reality, true values of these
parameters will deviate from the ideal values. In the safety assessment of the fuel pin,
uncertainty factors are required to be bound the effects of this deviation in the analysis to ensure
safe reactor operations. The hot channel factor is the ratio of temperature rises obtained from
analyses with and without uncertainty factors. The uncertainty factors considered in the Mark-
V/VA safety analysis include the effects of 1) power level measurement, 2) neutron and gamma
flux distributions, 3) subassembly flow rates, 4) subassembly flow distribution, 5) manufacturing
tolerance of the fuel pin, 6) material thermal and mechanical properties, and 7) transient
overpower. The overall uncertainty was obtained through a direct and a statistical combination
of individual uncertainty factors. The hot channel factor and uncertainty factors are the inputs
for steady-steady and transient thermal-hydraulic analyses, respectively. Uncertainty factors of
either 2 or 3<r level are generally accepted for the safety analysis.

(6) Design Safety Criteria

Although the design safety criteria are not input parameters for thermfd-hydraulic
and fuel pin damage analysis, they are required for safety evaluation and provide guidelines for
safety analysis. The development of design safety criteria of fuel pins and subassemblies are
essential for safety evaluations, and all criteria must be satisfied in order to meet functional
requirements and performance objectives of the fuel pin in a safe and reliable manner. It would
be desirable to have a single set of criteria for all operation conditions, however, because of the
widely different time scales, severity and frequency of occurrence that are involved, the design
criteria are usually separated into those that are applicable to normal, anticipated, unlikely, and
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extremely unlikely operations. The beyond design base events are usually not addressed in the
safety analysis. In general, the design criteria are less stringent for the events with a lower
frequency of occurrence.

The safety criteria were established based on material safe/fail test data, analysis,
operation experience and equipment limitations. For instance, during fuel handling in EBR-II
the subassembly is first stored in a storage basket until decay heat decays to a manageable level.
The gap between the subassembly and the position hole in the storage basket is 40 mils
(1.016mm). The dilation of the subassembly duct due to swelling and creep is therefore limited
to 40 mils (1.016 mm). The design safety criteria of the fuel-cladding for steady-state normal
operation include limits on the fuel-cladding temperature (the eutectic liquefaction temperature
is the limit), the cladding stress and strain, the Cumulative Damage Function (CDF), the fuel
temperature (the solidus temperature is the limit) and the sodium temperature (the boiling
temperature is the limit). The criteria for the off-normal transients, however, do not include
limits on the stress and temperature of the fuel-cladding.

The safety design criteria for the Mark-V/VA fuel-cladding were developed to
limit the fuel-cladding damage and prevent a "significant" number of breaches through the life
of the fuel. A "significant" number of breaches that acceptable in EBR-II operation is defined
as that with a 95% confidence that no more than one in 3000 elements will fail. There are
approximate 6000 fuel pins in a given core loading.

III. Methodology and Analysis

In the determination of the T.S. limiting subassembly temperature through the safety
analysis of fuel pins, separate steady-state and transient analyses were performed for the Mark-
V/VA fuels, and to ensure all design safety criteria are satisfied.

A parametric steady-state analysis of the fuel pin was performed to determine the
maximum temperature of the fuel pin that satisfies the design safety criteria for normal
operation. In the evaluation of the Mark-V/VA steady-steady safety performance, the LIFE-
METAL computer code [Ref. 1] was used. The current, state-of-art metallic fuel behavior was
incorporated in the LIFE-METAL code, which provides detailed thermal and mechanical
analysis including the fuel and cladding mechanical interaction. The analysis indicates that for
a EBR-II reference core, the fuel pins in the inner rows are limited by the fuel temperature,
while the outer-row fuel pins are limited by the fuel-cladding temperature for the Mark-V fuel
and by the CDF for the Mark-VA fuel. The subassembly limiting temperatures are therefore
obtained in a row-by-row basis.

Based on the limiting subassembly temperature obtained in the steady-state analysis, the
transient analysis was performed to determine the fuel pin temperature and the fuel-cladding
damage for off-normal events, which include anticipated, unlikely and extremely unlikely
transients. A transient fuel-cladding damage analysis code DEFORM-5 [Ref. 2] part of the
system thermal-hydraulic and neutronic code SASSYS [Ref. 3], was used to predict thermal
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behavior and damage of the fuel pin, and to determine whether the fuel pin that satisfies the
steady-state design safety criteria also satisfies the criteria for off-normal transients. If the
design criteria for off-normal events are not satisfied, then the initial steady-state fuel pin
temperature must be reduced and the transient analysis repeated until all design safety criteria
for the event are satisfied.

In the Mark-V/VA calculations we found that the temperature limits of inner-row
subassemblies are governed by the TOP transient event because of the design limit on the fuel
temperature requiring that there be no fuel melting. The temperature limits of outer-row
subassemblies are governed by the design safety criteria for the steady-state normal operation.

Thermal-structural analysis of the subassembly duct is required to determine that the
design criteria (ASME code Section III, NE Standard F9-7, etc.) and dilation limit of the duct
are satisfied for the target fuel burnup. Two types of ducts were considered in the analysis, the
HT-9 duct of the Mark-V fuel and there 316 SS duct for the Mark-VA fuel. The THTB [Ref.
4] and ANSYS [Ref. S] computer codes were used in thermal and structural analyses,
respectively. Thermal loadings during transient are a consequence of the temperature gradient
across the duct wall. The dilation of the duct is primarily caused by thermal and irradiation
induced creep strains. The thermal creep strain is induced by the hydraulic pressure applied on
the duct, and it is a strong function of temperature. A two dimensional finite-element duct
model was developed for the structural analysis, in which the effect of duct-to-duct interaction
was considered. The subassembly at 10 at. % burnup corresponds to approximate a fluence of
1.0 x 1023 n/cm2 for the high flux subassemblies in row 2. The duct dilation is highly
nonlinear, to assure solution convergence, a total of 670 time steps were taken. The dilation of
the HT-9 duct is considerably smaller than that of the 316 SS duct for the temperature range
considered, and the results indicate that all design criteria were satisfied for the EBR-II
operation.

As pointed out in the introduction, the limits of the average subassembly sodium outlet
temperatures are used to constrain reactor operation, while the safety analysis determines the
limiting fuel pin conditions. In order to relate these local conditions to the average conditions
required for core management, a peaking factor, the ratio of hot channel temperature to the
average subassembly temperature, is used. Theoretically, the peaking factor is different from
subassembly to subassembly, but in practice only a peaking factor was chosen in the fuel
management. This factor was determined by the results obtained from the steady-steady whole
core thermal analysis code SUPERENERGY-2 [Ref. 6].

IV. Discussion and Conclusion

The proposed subassembly temperature limits for the Mark-V/VA fuels are specified on
a row-by-row basis. This specification is more complicated for fuel management than a single
temperature limit that applies to all driver subassemblies, as the current EBR-II T.S. currently
specifies. The row-by-row subassembly temperature limits are necessary for the Mark-V/VA
core in order to meet the target fuel burnup and reactor power output requirements and result
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from the need to consider three separate limiting phenomena: bulk fuel melting, steady-state
wastage and eutectic liquefaction.

The safety analysis performed for the Mark-V/VA fuels is conservative because 1) the
hottest fuel pin was chosen for the analysis, 2) the worst-case scenarios were considered for
either material properties or operation conditions, 3) uncertainty factors were applied in the
calculation, and 4) some key phenomena are not completely understood. Nevertheless, the limits
imposed upon these Mark-V and Mark-VA fuel subassemblies do not constrain the operation of
EBR-II.
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