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FOREWORD 
 
The format of this annual report is changed from that of previous years.  The goal of this and future 
annual reports will be briefly describe accomplishments and refer the reader to topical reports on the 
subject matter.  Detailed technical descriptions will, in general, not be included in the report.  In those 
instances where the content of a study was insufficient to merit a separate topical report, the study 
will be presented in an appendix to this report with minimal discussion in the body of the report. 
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ABSTRACT 
 

This report documents progress made during FY 2009 in studies of converting the High Flux Isotope 
Reactor (HFIR) from high enriched uranium (HEU) fuel to low enriched uranium (LEU) fuel. 
Conversion from HEU to LEU will require a change in fuel form from uranium oxide to a uranium-
molybdenum alloy.  With axial and radial grading of the fuel foil and an increase in reactor power to 
100 MW, calculations indicate that the HFIR can be operated with LEU fuel with no degradation in 
reactor performance from the current level.  Results of selected benchmark studies imply that 
calculations of LEU performance are accurate.  Studies are reported of the application of a silicon 
coating to surrogates for spheres of uranium-molybdenum alloy.  A discussion of difficulties with 
preparing a fuel specification for the uranium-molybdenum alloy is provided.  A description of the 
progress in developing a finite element thermal hydraulics model of the LEU core is provided. 
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1.  INTRODUCTION 
 

Design studies for a low-enriched uranium (LEU) core for the High Flux Isotope Reactor (HFIR) 
were conducted according to the plan documented in ref. 1. Lists of the studies that had been 
planned for fiscal year (FY) 2009 — published in ref. 1 — are shown in Tables 1.1 and 1.2.  
Progress in reactor analysis studies and material development are presented in separate sections 
of this report.  The final section of this report is devoted to a discussion of tasks planned for 
FY 2010. 
 

Table 1.1.  Reactor analysis activities proposed for FY 2009 

Task area Subtask 
Title Description 

Reference U-10Mo fuel design 
(axial grading of foil) 

Neutronics/thermal hydraulics 
design 

Document neutronics and thermal 
hydraulics studies of reference 
LEU-10Mo design 

Process development 
Develop and document 
engineering drawings and fuel 
specification for reference LEU 
fuel 

Computation model 
verification/validation 

Compare ALEPH/MCNP to post-
irradiation HEU measurements 

Transition cycles (modify 
current HEU fuel to achieve 
LEU design burnup) 

Neutronics 
 

Determine U-235 loading and 
grading profile 

Process development  
 

Determine changes to existing 
process to create higher-loaded 
HEU fuel plates 

Improved U-10Mo fuel design 
(no axial grading) 

Development of COMSOL based 
methodology 

Multidimensional, steady state 
heat transfer model; turbulent 
mixing, incorporate diffusion 
barrier and nonbond assumptions 
in thermal-hydraulic model 

Thermal hydraulic committee --- 
Preparation for regulatory 
review 

Research publications for LEU 
validation; develop plan for LEU 
validation studies 

--- 

Methods/model development 

Cross section processing Document 2-D SCALE model 
Deterministic methods 
implementation 

Transport methods (ATTILA 
model); REBUS model 

Upgrade Monte Carlo Depletion 
methods 

Migrate from ALEPH software  
to VESTA software 

Probabilistic combination of 
uncertainties (if funding is 
available) 

Review/update TASHA code 
developed under Advanced 
Neutron Source Program 

Program management --- 
Report preparation 
Travel 
Meeting attendance 
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Table 1.2.  ORNL fuel development activities proposed for FY 2009 

Task name Comment 

Graded fuel development program Perform tasks as identified by Idaho National Laboratory 

Fuels program management Includes support to review committees, meeting attendance, travel, 
and report preparation 
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2.  REACTOR ANALYSES 
 
The goal of reactor analyses in FY 2009 was to confirm that High Flux Isotope Reactor (HFIR) 
performance with a reactor fuel based on low enriched (19.75 wt %) uranium-molybdenum alloy 
(90 wt % uranium, 10 wt% molybdenum; termed U-10Mo) could be maintained at the same level 
as with the current, high enriched (HEU) fuel.  This goal was accomplished as documented in the 
September 29, 2009 letter from K. J. Beierschmitt, Oak Ridge National Laboratory (ORNL) to 
Parrish Staples, National Nuclear Security Administration (NNSA).   
 
Verified and validated neutronics methods were used to develop a reference U-10Mo design.  
Studies of an advanced, simplified U-10Mo fuel plate continued with three dimensional, finite-
element based methods with the goal of replacing the capabilities available from an existing, one 
dimensional conduction computer program2.  Other activities included consideration of fuel 
qualification issues and further refinement of a schedule for conversion of the HFIR to LEU fuel. 
 
2.1 Reference U-10Mo Fuel Design 
 
Currently used neutronics methods for the design of an LEU core are considerably advanced 
beyond the level of technology used in the design of the HFIR HEU fuel.  Thermo-hydraulic-
mechanical behavior of the LEU core is still analyzed with methods developed for the HEU fuel 
in the late 1960s.2  With these tools, engineering analyses indicate that LEU fuel will have to be 
graded (spatial variation in fuel thickness) in both the radial and axial direction whereas the 
current HEU fuel is only graded radially.  With two dimensional grading and an increase in 
reactor power to 100 MW from the current value of 85 MW, the flux performance at selected 
experimental locations (both magnitude of the flux and energy spectral distribution) is essentially 
unchanged from current operation. 
 
2.1.1 Neutronics/thermal hydraulics design  
 
Physics methods, fuel grading studies, and reactor performance are documented in ref. 3.  Only 
the lowermost 3 cm of the fuel foil will be graded axially and radially.  The remainder of the foil 
(47.8 cm length) will be graded radially.  Further refinement of the radial and axial grading 
profiles requires definition of and input from the fuel fabrication processes. 
 
2.1.2 Fuel specification (fabrication process development) 
 
Though LEU fuel fabrication is not the responsibility of ORNL, the LEU fuel specification for 
HFIR will be the responsibility of the contracting operator for HFIR.  During this year, 
considerable thought was given to developing a HFIR fuel element specification for an LEU foil 
fuel. Using the current HFIR fuel element specification for the HEU dispersion fuel,4 an attempt 
was made to modify this document for the LEU foil fuel. Drafts of several sections from this 
specification were attempted but it was apparent that the fabrication data to support this type of 
specification do not exist.  
 
Modifications to the detailed flow sheets presented in ref. 5 were attempted to identify the 
inspection points required to develop a specification for a LEU foil fuel.  It was apparent that 
information on the foil properties (i.e., uranium composition, trace elements, alloy homogeneity, 
grain size and mechanical properties) required for developing and controlling the contour forming 
process had not been generated.  In flat foil development, very limited data are available on 
allowed tolerance variations in the thickness of the foils (i.e., statistical process capabilities data) 
and the thickness and allowed tolerance variations in the co-rolled zirconium diffusion barrier.   
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Available specifications for the requirements of the zirconium diffusion barrier bonding to the 
U/Mo foil and the aluminum cladding are very limited to nonexistent. No information is available 
on the allowed defect level, inspection method, and inspection standards.  Data for the forming of 
the foils into the involute shape required in the assembly of the HFIR fuel elements and the 
defects induced into plates from forming do not exist. Methods for inspecting for possible defects 
in formed plates do not exist. Also the impact of formed HFIR LEU fuel plates on channel 
spacing is unknown (differences from the behavior of current, HEU fuelled plates).  
 
At this point it is apparent that an updated, detailed reference flow sheet similar to the ones shown 
in ref.5 is urgently needed. These flow sheets should tentatively identify all inspection points and 
requirements that will be needed to develop a fuel element specification. In any manufacturing 
process, the principal axiom to total quality management is “if you cannot measure the process 
parameters you cannot control the process.”   
 
2.1.3 Computational model verification/validation 
 
The only reactors known to have operated or proposed to have been operated with uranium-
molybdenum metal fuel (the Health Physics Research Reactor and the organic cooled and 
moderated reactor) are not typical of HFIR geometry, configuration, or neutron energy spectra.  
Consequently the best method for validating HFIR neutronics methods is to use critical 
experiment data and reactor operating data for the current, HEU fuel.  Results of the ability to 
accurately calculate reactor cycle length by modeling a current fuel cycle1 and the ability to 
predict power distribution within the reactor by modeling critical experiments6 were reported last 
fiscal year.   This fiscal year, studies were conducted to compare end-of-cycle measured uranium 
isotopic spatial distributions with calculated values.7  Agreement was very good and indicated, in 
an integral sense, good ability of the neutronics methods to calculate spatial power distributions at 
all irradiation times during the fuel cycle.   
 
No further validation studies are planned for the near term though some existing, non-HFIR-
geometry LEU critical experiments could be useful for validating future criticality safety analyses 
for fuel storage and transportation.  Conversion of the other, U.S. high performance reactors to 
LEU fuel may be another source of useful validation measurements. 
 

2.2 Transition Cycles 
 
A transition cycle, for HFIR, was proposed as modifying the current HEU fuel to achieve the 
design basis, end-of-cycle burnup expected for LEU fuel.  (Since the LEU fuel cycle operates at a 
higher power level than the current HEU cycle — 100 MW vis-à-vis 85 MW — maintaining the 
same cycle length in days yields an LEU end-of-life burnup greater than that of the current, HEU 
fuel cycle.)  Upon review of the proposal, the program office directed that, “the HEU parity issue 
is not considered HEU minimization, nor do we want to support that from the NNSA perspective” 
and “this demonstration is not in line with GTRI’s mission goals and presentation of the novel 
approach could jeopardize international partnerships on reactor conversions.”  Consequently 
these studies were terminated. 
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2.3 Improved U-10Mo Fuel Design 
 
Removal of the axial grading requirement for LEU fuel would simplify the fuel fabrication 
process.  This design requirement is believed to result from unnecessarily conservative 
approximations in the current HFIR thermo-hydraulic-mechanical analysis program.2  State-of-
the-art three dimensional, finite element based methods will remove some of the unnecessary 
conservatism due to current methods being limited to one-dimensional heat transport. 
 
2.3.1  Development of COMSOL based methodology 
 
The finite element methodology was instigated in FY 2008 and the results of initial studies are 
documented in ref. 8.  Various problems encountered in FY 2008 related to mesh generation, 
boundary layer treatments, and comparison to the current HFIR analysis methodology were 
resolved during FY 2009 and some of this work is documented in ref. 9.  Since conference 
proceedings are not always readily available, ref. 9 is reprinted in this document as Appendix A. 
 
2.3.2  Thermal hydraulic committee 
 
The committee was formed and met for the first time at Argonne National Laboratory on Feb. 3-
4, 2009.  An analytic benchmark problem, proposed by University of Missouri, provides an initial 
area of mutual computational investigation.  The development of a flow test loop at Oregon State 
University provides for mutual development of experiments. 
 

2.4 Other Studies 
 
The recently available depletion simulation tool, VESTA, was received at ORNL.  The 
computational package has the same author as ALEPH and is based on the same methodology but 
with extended computational capabilities.  This Monte Carlo depletion capability will be 
implemented during FY 2010 and verified and validated with previously constructed HFIR 
ALEPH models.   
 
2.4.1  Cost/schedule for HFIR conversion 
 
A first attempt at a plan for conversion of the HFIR from HEU to LEU fuel, including tasks, 
costs, and schedules, was developed to provide input to the multi-reactor conversion program 
integrated plan. The model is documented in ref. 10.  Using Microsoft Project, a detailed outline 
of the conversion program was established and consists of LEU fuel design activities, a fresh fuel 
shipping cask, improvements to the HFIR reactor building, and spent fuel operations. Current-
value costs total $76 million dollars, include over 100 subtasks, and will take over 10 years to 
complete. The model and schedule follow the path of the fuel from receipt from fuel fabricator to 
delivery to spent fuel storage and illustrates the duration, start, and completion dates of each 
subtask to be completed.  This plan is subject to revision based on feedback from the multi-
reactor conversion program manager and other emerging developments. 
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2.4.2  Statistical assessment of the quantity of irradiation tests planned for certification of LEU 
fuel for HFIR 
 
Reference 11 notes that “The AFIP-9 experiment will be focused on testing fuel plates with both 
burnable poison and a graded fuel zone in a full-size scale.  The experiment will consist of at least 
two plates.”  The AFIP-9 experiment is currently the only irradiation experiment planned for full-
size HFIR plates.  Since HFIR contains two types of fuel plates — an inner element plate and an 
outer element plate — prudent planning for HFIR fuel qualification should be based on the 
irradiation of a single inner element plate and a single outer element plate although the phrase “at 
least” in Ref. 11 implies that the number could be larger. 
 
Appendix B contains documentation of a statistical study conducted under the assumption that the 
process variables to be monitored for an LEU plate have the same manufacturing tolerances as 
exist for the current HEU fuel — tolerances being identified, design basis deviations from the 
nominal values of measured parameters.  A study was conducted to determine the needed 
standard deviations of the measurement techniques for these parameters under the assumption 
that only a single fuel plate will be tested — the AFIP-9 experiment — and the probability of 
failure is less than 1 in 540, i.e., the initial LEU core loaded to HFIR will not fail.   
 
The conclusion was that the ratio of design basis parameter tolerance-to-standard deviation of the 
measurement technique for that parameter should be at least five.  That is, given the current level 
of planned fuel qualification, the uncertainty in the measurement technique for any given 
parameter should be 1/5 of the design basis tolerance value for that parameter.  This finding 
relates to requirements reported earlier in Section 2.1.2.  To date, no specification of process 
measurement techniques, much less the accuracy and precision thereof, has been reported to 
ORNL.  
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3.  FUEL DEVELOPMENT 
 
At the direction of INL, studies in FY 2009 were related to fluidized bed chemical vapor 
deposition of silicon onto surrogate dispersion fuel powder.  In an effort to control the 
composition of the interface between the uranium-molybdenum (U-Mo) particles and the 
aluminum matrix in low enriched dispersion fuels, it is desirable to investigate the deposition of a 
layer of silicon onto U-Mo particles.  To accomplish this, silicon deposition process development 
was done using stainless steel powder as a surrogate for the U-Mo.  Specifically, fluidized bed 
chemical vapor deposition (FBCVD) methods using silane as a precursor to deposit a silicon layer 
onto representative stainless steel powders have been developed.   
 
3.1 System Description 
 
A schematic of the FBCVD system is shown in Fig. 3.1, and photographs of the system are 
provided in Figs. 3.2 and 3.3.  The coating system developed for depositing Si onto surrogate 
dispersion fuel powder consists of a conical stainless steel coating chamber through which argon 
fluidizing gas and silane reactant gas flow.  The gas flows are controlled by electronic mass flow 
controllers.  The conical section of the coating chamber, where the powder charge is located, is 
positioned within the hot zone of the furnace to facilitate silane dissociation and thus silicon 
deposition on the surface of the powder.  The furnace temperature is maintained by a furnace 
controller using a thermocouple that is inserted from the top of the furnace into the fluidized 
powder bed.  The argon and silane supply lines are configured so that they can be evacuated and 
backfilled to remove air from the system prior to operation.  There is a catch cup under the 
coating chamber where the coated powder is accumulated after the fluidizing gas is turned off.  
Although not shown in the flow diagram, there is a knockout pot in the exhaust line to catch any 
powder that becomes entrained in the exhaust gas stream and is carried out of the coating 
chamber.  Also not shown in the flow diagram, there is an additional inert gas supply connected 
to the furnace exhaust line to provide additional diluents to the exhaust stream.   
 
The process of conducting a coating run begins with the elimination of air from the supply system 
via a series of repeated evacuation and inert gas back-filling steps.  After the supply lines have 
been sufficiently evacuated and back-filled, the argon fluidizing gas flow is established and the 
particle charge is loaded into the coating chamber.  The coating chamber and exhaust lines are 
then purged with argon for several minutes while the furnace is brought up the desired coating 
temperature, thereby removing the air from the remainder of the system.  After the furnace has 
reached the desired temperature and has been sufficiently purged, the silane reactant gas flow is 
established thus beginning the coating run.  When the coating run is complete the silane gas and 
the furnace power are turned off.  The coating system is allowed to purge with argon while the 
furnace cools.  After the furnace is cooled, the argon fluidizing gas is turned off and the coated 
powder falls into the catch cup under the coating chamber. 
 
3.2 Coating Exper iments 
 
A summary of coating experiments is provided in Table 3. 1.  The table includes coating 
temperature, gas flows, and coating time.  The initial experiments (experiments 1-4) were carried 
out using pure silane as the silicon source.  Pure silane tended to react inside the flow meters 
which resulted in clogging.  No silicon layers were observed in the first four coating experiments.  
Fig. 3.4 provides SEM images of polished cross sections of particles and a particle x-ray 
diffraction (XRD) pattern from coating run Si-3.  The results from Si-3 are typical of the first four 
runs; silicon was not detectable in either the SEM or XRD results. 
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Starting with run number Si-5 a gas mixture of argon 5% silane was used instead of the pure 
silane.  The flow meter plugging issue was solved, and due to the observation of un-reacted silane 
at the furnace exhaust, the coating temperature was raised slightly to increase the reaction rate of 
silane dissociation.  SEM and XRD results for coating run Si-5 are shown in Fig. 3.5 and 
represent the first evidence of successful Si coating.  The SEM image shows a distinct layer on 
the outside of the particle and the XRD phase identification indicated the presence of Si.  Note 
that the XRD was conducted on intact coated particles and the composition derived from the 
XRD results is a result of diffraction from both the coating and the underlying powder. 
 
Un-reacted silane was also observed at the furnace exhaust during Run 5, so for Run 6 the 
temperature was increased further to 580°C.  Unfortunately, this caused deposition-induced 
clogging of the cone inlet.  In order to sustain a high enough temperature to allow for complete 
silane reaction but maintain the cone inlet cool enough to mitigate clogging, the cone was 
lowered slightly in the furnace to position the inlet in a cooler portion of the furnace.  Coating 
Runs 7 through 11 were conducted with varied gas flows and varied cone position within the 
furnace in an attempt to find a set of conditions that produced silicon coatings without excessive 
buildup in the cone inlet.  The silane flow was also decreased to further slow deposition in the 
cone inlet.   
 
Fig. 3.6 includes SEM and XRD results from powder coated in run Si-7.  Fig. 3.7 and 3.8 show 
SEM images of polished cross sections from samples of particles in Runs 8 and 9, respectively.  
Silicon coatings were observed in all of these experiments, but unfortunately excessive amounts 
of the powder charge were becoming entrained in the gas flow and were carried out of the furnace 
and into the knockout pot in the furnace exhaust line.  In order to prevent the entrainment of the 
powder, a 25µm screen was installed in the top of the coating chamber for run number Si-12.  
The screen proved advantageous, but still allowed the fines from the powder charge to pass into 
the exhaust.  The SEM and XRD results from run 12 are provided in Fig. 3.9 for reference. 
 
The powder entrainment problem was minimized in Runs 13 and 14 by extending the length of 
the coating chamber through the use of an extension fixture (see Fig. 3.3) that provided a section 
of increased inside diameter above the existing coating chamber.  This larger section provided 
more length to the chamber and the increased inside diameter reduced the gas velocity.  Both the 
increased length and the reduced gas velocity allowed the majority of the entrained powder to fall 
back into the fluid bed.  Using the extension piece on the coating chamber reduced the losses 
from powder entrainment to less than 1%. 
 
Even with the chamber extension installed, a small portion of the powder charge is still ejected 
from the fluid bed.  Fig. 3.10 provides a photographic comparison of uncoated powder, coated 
powder from Si-13 (with the extension installed), and powder from the knockout pot of Si-13.  
The photographs show the powder that is ejected from the coating chamber consists primarily of 
the smaller particles from the original size distribution.  Although it was not tried, it is possible 
that removing the fines from the powder prior to coating would help further alleviate the powder 
entrainment issue.   
 
The SEM and XRD results from Runs 13 and 14 are shown in Fig. 3.11 and 3.12, respectively.  
The results demonstrate that reproducible deposition of a silicon layer onto surrogate fuel powder 
is feasible.  
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3.3 Conclusions 
 
The work to date demonstrates that a silicon layer can be applied to surrogate dispersion fuel 
powder.  The average thickness of the layer can be controlled by coating time from sub-micron to 
an estimated 10 microns (coating thicknesses greater than ~5 microns were not attempted but are 
thought feasible).  The density of the stainless steel surrogate powder is less than that of the U-
Mo; therefore the transition to U-Mo will require some additional process development.   
 

Table 3. 1.  Summary of Si coating experiments 
 

Run number Si- Coating temperature 
(°C) 

Run time (min.) Total gas flow 
(sccm) 

SiH4 
(% of TGF) 

1 500 Furnace malfunction 
2 500 120 1100 9.1 
3 500 120 1100 9.1 
4 500 160 1000 30.0 
5 537 120 1000 5.0 
6 580 120 1000 5.0 
7 570 120 2500 1.0 
8 570 120 2500 2.0 
9 570 240 2000 1.3 
10 570 240 2000 1.3 
11 575 240 2000 1.3 
12 580 180 2000 1.3 
13 580 120 2000 1.3 
14 580 125 2000 0.6 
 

1. Coating batch weight for all runs 12g 
2. Runs 1-3 used pure SiH4, all subsequent runs used 5% SiH4 in Ar. 
3. TGF is total gas flow. 
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Fig. 3.1.  Schematic flow diagram of the powder coating system. 
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Fig. 3.2.  Photograph of the powder coating furnace and chamber. 
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Fig. 3.3.  Photograph of the powder coating system showing the chamber extension, 
vacuum pump and furnace controller. 

 

 
Fig. 3.4.  SEM and XRD results for Si-3. 

Particle XRD determined 
composition 100% Iron-Nickel 

Si-3, 500°C, 1100 sccm TGF, 9.1% SiH4 
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Fig. 3.5.  SEM and XRD results for Si-5. 

 

 
Fig. 3.6.  SEM and XRD results for Si-7. 

Si-7, 570°C, 2500 sccm TGF, 1% SiH4 

Particle XRD determined 
composition 29.1% Si,  

70.9% Iron-Nickel 

Particle XRD determined 
composition 47% Si,  

53% Iron-Nickel 

Si-5, 537°C, 1000 sccm TGF, 5% SiH4 
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Fig. 3.7.  SEM results for Si-8. 

 
 
 
 

 
Fig. 3.8.  SEM results for Si-9. 

 
 
 
 

Si-9, 570°C, 2000 sccm TGF, 1.3% SiH4 

Si-8, 570°C, 2500 sccm TGF, 2% SiH4 
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Fig. 3.9.  SEM and XRD results for Si-12. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Si-12, 580°C, 2000 sccm TGF, 1.3% SiH4 

Particle XRD determined 
composition 33.6% Si,  

66.4% Iron-Nickel 
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Fig. 3.10.  Photographs of uncoated, coated, and ejected powders. 

 

Uncoated SST powder 

Coated powder (Si-13) 

Ejected powder  
(Si-13 knockout pot) 
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Fig. 3.11.  SEM and XRD results for Si-13. 

 

 
Fig. 3.12.  SEM and XRD results for Si-14 

 
 

Si-14, 580°C, 2000 sccm TGF, 0.6 % SiH4 

Particle XRD determined 
composition 48.4% Si,  

51.6% Iron-Nickel 

Si-13, 580°C, 2000 sccm TGF, 1.3% SiH4 

Particle XRD determined 
composition 50.9% Si,  

49.1% Iron-Nickel 
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4.  STUDIES PLANNED FOR FY 2010 
 

The work plan for FY 2010 has been approved by the program office at INL.  Areas of study are 
presented in Table 4.1.   

 

 
 
 
 

Table 4.1.  ORNL activities scheduled for FY 2010 

Subtask Comments 

Policy decisions 

There has been little communication directly between HFIR staff and Office of 
Science Staff.  It is anticipated that at least one meeting will be required to inform 
SC staff of work conducted at HFIR over the past four years. Likely several 
interested parties both inside and outside ORNL will wish to participate in this 
discussion.  The HFIR staff believes that several policy issues — enumerated in 
ref. 10 of this report — must be understood by all participants in the conversion of 
HFIR. 

Quality assurance 
operations outside HFIR 

site 

Quality assurance for the reactor fuel is a joint responsibility of the reactor owner 
and the fuel vendor.  The reactor owner is responsible for approving the quality 
assurance plans of the fuel vendor and for auditing the vendor to ensure that the 
plans are followed.  Facilities outside the HFIR site include LANL, Y-12, and 
BWXT Lynchburg. 

Neutronics/thermal 
hydraulics 

ORNL has developed a reference, LEU U-10/Mo fuel design that is believed to be 
feasible provided adequate fuel qualification data are supplied.  This design 
requires radial and axial grading.  Current HEU fuel is only graded in the radial 
direction, not the axial direction.  The HFIR staff believes that with additional 
analyses using state-of-the-art methods, the requirement for axial grading could be 
removed. 

Oregon State University 
test loop participation 

OSU has stated that their loop could be engineered to provide electrical heating of 
the fuel.  It is likely that this will be required but more study/assessment is 
needed.  This task will include the following: 
(1) Investigate/review/describe tests related to hydraulics and thermal hydraulics 

that were done for HFIR for HEU fuel.  Document the configuration of the 
experimental apparatus used for HEU fuel and  provide a brief summary of 
measurements taken. 

(2) Receive description of LEU fuel plates from neutronics/thermal hydraulics 
task. 

(3) Discuss which data from 1) are still applicable and which are not. 
(4) If some data are not applicable and thus new tests needed, develop a test plan.  

Define conditions in experiments, how many tests should be done, what 
should be measured. 

Materials science support To provide support to the fuel development task led by INL. 

Operation at 100 MW: (1) 
fuel qualification tests for 

LEU fuel 

In cooperation with staff at INL and LANL, HFIR staff will prepare a report on 
HFIR fuel qualification identifying measurements needed to support operations 
and safety analyses and development of an LEU fuel specification. 

Operation at 100 MW: (2) 
infrastructure upgrades/ 

analyses to achieve 
100MW 

HFIR staff will identify components of the reactor plant and infrastructure that are 
impacted by an increase in operating power; assess level of effort needed to 
upgrade and certify these elements and develop a preliminary schedule for 
implementation 
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APPENDIX A 
 

THE ROLE OF COMSOL TOWARD A LOW-ENRICHED URANIUM FUEL DESIGN FOR 
THE HIGH FLUX ISOTOPE REACTOR 
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APPENDIX B 
 

STATISTICAL CONSIDERATIONS IN THE DETERMINATION OF THE ADEQUATE 
NUMBER OF IRRADIATION TESTS 

 
“There are known knowns.  These are things we know that we know.  There are known 
unknowns.  That is to say, there are things that we know we don’t know.  But there are 
also unknown unknowns.  There are things we don’t know we don’t know.  So when we 
do the best we can and we pull all this information together, and we then say well 
that's basically what we see as the situation, that is really only the known knowns 
and the known unknowns.” 

Secretary of Defense, Donald Rumsfeld, June 6, 2002. 
 
While it is the responsibility of the INL to qualify the LEU fuel for use in U.S. high performance reactors, 
it is the responsibility of the operating contractor for HFIR to determine if the qualification tests 
conducted by INL are adequate for HFIR and the responsibility of the Department of Energy Office of 
Science to concur or not concur with the judgment of the HFIR operating contractor.  The INL 
experimental program is documented in ref. 11.  The studies reported here are a first attempt to determine 
the number of tests needed to be confident that the fuel plates will meet defined standards.  Given that the 
responsibility of the GTRI program to HFIR extends only through the irradiation of the first LEU core, 
the goal of these studies is to have the plates fail less than 1 in every 540 times (there are 540 plates in a 
HFIR assembly).  To determine the adequacy of the proposed irradiation experiments, we need to 
consider four different components: the confidence level, the power, the standard deviation, and the 
margin of error.   
 
The confidence level is a measure of the reliability of the calculation; it is expressed as a percentage and 
indicates how often the conclusions derived from consideration of our sample will agree with the true 
population.  By choosing the confidence level we wish to attain we can predict the degree of reliability of 
our research.  Using above a 95% confidence level is usually sufficient.  A Z-score is the parameter that 
corresponds to the number of standard deviations a particular value varies from the mean.  After 
determining our confidence level, we can find the corresponding z-score value using the statistics table 
provided in Table B.1. 
 
 

Table B.1.  Z-scores for a 2-sided calculation 
Confidence Level Zα 

99.9% 3.2908 
99% 2.5762 

95%* 1.9604 
90% 1.6452 
85% 1.4398 
80% 1.2817 
75% 1.1504 
70% 1.0364 

68.3% 1.0000 
65% 0.9345 
60% 0.8415 
55% 0.7552 
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Our reliability is also determined by the statistical power of our calculations.  Power is our ability, in this 
case, to detect a faulty plate if it exists.  A power level is the probability that a test will not make a type II 
statistical error, i.e. the test will not produce a false negative result.  Using a power above 80% is usually 
sufficient.  After determining our power level, we can find the corresponding z-score value using the 
statistics table provided in Table B.2. 
 

Table B.2.  Z-scores for selected 
power values 

Power level Zβ 
70% 0.53 

80%* 0.84 
90% 1.28 
95% 1.64 

97.5% 1.960 
99% 2.326 

Note: It is conventional to use at least 80% 
power and a 95% confidence level 

 
Each parameter that needs to be tested with regard to the fuel has its own measurement standard deviation 
and design basis margin of error.  The standard deviation is associated with the measurement technique 
used to determine the value of the parameter.  It describes the variation in measurement about the sample 
mean and, therefore, the population mean.  A large relative standard deviation will lead to a requirement 
for a large number of tests (sample size) to be conducted in order for the sample set to be representative of 
the population. Process parameters and standard deviations for measurement techniques for those 
parameters were obtained the production of the current, HEU fuel as well as expert opinion and are shown 
in Table B.3.   
 
The margin of error is the design tolerance for the parameter; the range in which the value of the 
parameter can vary from the nominal value and be accepted for use in the reactor.  A large design 
tolerance will lead to the requirement for a large sample size for a given confidence value, as more 
variability will require a higher number of tests (sample size) to be conducted.  The margin of error values 
are shown in Table B.4 and were obtained from current, HEU fuel specifications where appropriate and 
otherwise from expert opinion. Data for LEU fuel do not currently exist for all the parameters noted in 
Tables B.3 and B.4 though a minimal amount of data for fuel foil thickness are available and are shown in 
Table B.5. 
 
The following formula (eq. B.1) comes from Ref. B.1.  The author of that reference, Cochran, was a 
statistician during the early-mid 1900’s and has made several notable contributions to the field of 
statistics.  Much of his work included experimental design, analysis and observational studies.  The 
formula we will be applying “uses two key factors: (1) the risk the researcher is willing to accept in the 
study, commonly called the margin of error, or the error the researcher is willing to accept (in this study, 
the design basis tolerance for a parameter), and (2) … the level of acceptable risk the researcher is willing 
to accept that the true margin of error exceeds the acceptable margin of error (otherwise known as our 
confidence level)” (Ref. B.2).  This formula is designed to test sets of continuous data, i.e., data that has 
specific values, and not solely categorical labels.   Additional information regarding this statistical 
technique and definitions of statistical parameters can be found in Ref. B.3 through B.5.  Examples of the 
use of the formula are found in Appendix C. 
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( )2 2

2

Z Z *s
N

E

α β+
=  (Eq. B.1) 

 
        N =    sample size 
 Z = the Z-statistical value 
 Zα = the Z-Statistical value relating to our level of Confidence 
 Zβ = the Z-statistical value relating to our level of Power 
 s = standard deviation 
 E = margin of acceptable error  
 
Using data from Tables B.3 and B.4 and applying Eq. B.1, then number of tests (number of plates) needed 
to be fabricated for HFIR fuel is shown in Table B.6.  Obviously at higher confidence levels and powers, 
it is necessary to test more fuel samples.   Note that zero (0) is a numerical artifact and that one plate 
would always be the minimum number tested.  
 
Most of the parameters from Tables B.3 and B.4 have relatively small standard deviations with respect to 
their margin of error.  This results in very few plates needing to be tested.  Due to the laws of normal 
distribution, 99.7% of the results will fall within three standard deviations of the mean.  Thus, as long as 
the margin of error is three times greater than the standard deviation, few tests need to be completed.  
This is the case for all of the parameters with known values, except for “Assembled plate thickness.”  
This parameter has a margin of error that is much smaller than the standard deviation, which results in an 
increased number of tests.  Requiring a higher confidence level and power increases the number of tests to 
be completed.  For example, at the extremely reliable and precise 99.9% confidence and 99% power, this 
parameter requires 3056 tests to be completed.  But, if confidence is dropped to 95% and power to 80%, 
which are the two conventional values for these components, the number of tests decreases to 760, an 
almost 75% decrease. 

 
For the parameters with unknown standard deviations and/or margins of error (present in LEU/Mo foil 
plate design but not in the current, HEU plate), a sensitivity study was conducted.  The study compared 
the ratio of a standard deviation to a margin of error.  In the case that the standard deviation was less than 
the margin of error, tests were conducted at varying confidence and power levels.  Results are shown in 
Tables B.7 
 
As the margin of error became several times larger than the standard deviation, the number of tests 
needed to be conducted approached zero.  Similarly, in the case that the standard deviation was greater 
than the margin of error, tests were conducted at varying confidence and power levels.  It can be noted 
that as the standard deviation became several times larger than the margin of error, the number of tests 
needed to be conducted approached infinity.   
 
The practical aspect of the cases in Table B.7 is to emphasize the importance of measurement techniques 
for process parameters for LEU fuel.  The limited irradiation test program scheduled for INL mandates 
that very accurate and precise measurement techniques be developed for all process variables important to 
quality assurance of the fuel.  A ratio of design tolerance-to-standard deviation of measurement technique 
of five seems to be required. 
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Table B.3.  Standard deviations for measurement techniques for parameters important 
to the manufacture of LEU fuel 

Parameter to 
be measured 

Expected 
value 

Standard deviation 
(same units as 

expected value) Assumed measurement 
technique 

Absolute 
Relative 

(std. dev./ 
mean) 

Weight of fuel foil ? ? 10-5 Scale 
Length zone 1 5.11 cm 0.025  

Real time radiography 

Length zone 2 4.46 cm 0.05  
Length zone 3 49.49 0.05  
Length zone 4 5.11 cm 0.05  
Length zone 5 4.46 cm 0.05  

Left margin U/Mo zone 1 >0.432 cm 0.025  
Left margin U/Mo zone 2 0.770 cm 0.025  
Left margin U/Mo zone 3 0.505 cm 0.025  
Left margin U/Mo zone 4 0.770 cm 0.025  
Left margin U/Mo zone 5 >0.432 cm 0.025  

Right margin U/Mo zone 1 >0.533 cm 0.025  
Right margin U/Mo zone 2 0.871 cm 0.025  
Right margin U/Mo zone 3 0.613 cm 0.025  
Right margin U/Mo zone 4 0.871 cm 0.025  
Right margin U/Mo zone 5 >0.533 cm 0.025  

Thickness of U/Mo various - 0.12 Modified homogeneity scanner 
Mo content 0.1 g Mo/g 0.001  Chemical separation? 

Wt. fraction U-235 0.1975 0.001  Mass spectrometry 
Density of U/Mo 17.02 g/cm3 0.001  Weight/volume 

Trace elements boron 
equivalent 0.1 mg/g U - .01 Various 

Boron loading in plate 10 g 0.05  Analysis from manufacturer 
Maximum non-bond size 

(fuel to Zr) 0.02 cm2 ?  Unknown; consider multipliers on 
margin of error, 1, 0.5,0.1,0.01 

Maximum non-bond size 
(Zr to Al) 0.02 cm2 ?  Unknown; consider multipliers on 

margin of error, 1, 0.5,0.1,0.01 
Zircaloy thickness above U/Mo 25 microns - 0.10 Modified homogeneity scanner with 

correlated measurement to U/Mo 
Zircaloy thickness below U/Mo 25 microns - 0.10 Modified homogeneity scanner with 

correlated measurement to U/Mo 
Zr length beyond U/Mo top 0.254 cm 0.025  New, tunable, real time radiography 
Zr length beyond U/Mo top 0.254 cm 0.025  New, tunable, real time radiography 
Zr Left margin U/Mo zone 0.254 cm 0.025  New, tunable, real time radiography 
Zr Left margin U/Mo zone 0.254 cm 0.025  New, tunable, real time radiography 
Assembled plate thickness 0.127 cm 0.025  Current practice 
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Table B.4.  Margin of error (design tolerance) for measured parameters 

Parameter to be measured Expected value 
Absolute margin U/Mo of error in design  

(∀ assumed equal unless otherwise 
specified) 

Weight of fuel foil ? 0.004 (relative margin) 
Length zone 1 5.11 cm 0.635 cm 
Length zone 2 4.46 cm 0.635 cm 
Length zone 3 49.49 4.460 cm 
Length zone 4 5.11 cm 0.635 cm 
Length zone 5 4.46 cm 0.635 cm 

Left margin U/Mo zone 1 >0.432 cm - 
Left margin U/Mo zone 2 0.770 cm 0.338 cm 
Left margin U/Mo zone 3 0.505 cm 0.074 cm 
Left margin U/Mo zone 4 0.770 cm 0.338 cm 
Left margin U/Mo zone 5 >0.432 cm - 

Right margin U/Mo zone 1 >0.533 cm - 
Right margin U/Mo zone 2 0.871 cm 0.338 cm 
Right margin U/Mo zone 3 0.613 cm 0.080 cm 
Right margin U/Mo zone 4 0.871 cm 0.338 cm 
Right margin U/Mo zone 5 >0.533 cm - 

Thickness of U/Mo various 12 microns 
Mo content 0.1 g Mo/g 0.01 g Mo/g 

Wt. fraction U-235 0.1975 0.001 
Density of U/Mo 17.02 g/cm3 0.17 g/cm3 

Trace elements boron equivalent 0.1 mg/g U 0.01 g U 
Boron loading in plate 10 g 0.1 g 

Maximum non-bond size measurement 
(U/Mo to Zr) 0.02 cm2 See Table B.3 

Maximum non-bond size measurement 
(Zr to Al) 0.02 cm2 See Table B.3 

Zircaloy thickness above U/Mo 25 microns 5 microns 
Zircaloy thickness below U/Mo 25 microns 5 microns 

Zr length beyond U/Mo top 0.254 cm 0.05 cm 
Zr length beyond U/Mo top 0.254 cm 0.05 cm 
Zr Left margin U/Mo zone 0.254 cm 0.05 cm 
Zr Left margin U/Mo zone 0.254 cm 0.05 cm 
Assembled plate thickness 0.127 cm 0.00254 cm 
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Table B.5.  Thickness measurements for selected foils 
(data provided by Y-12 National Security Complex) 

ID wt Thicknesses, 5 places along length, in mils length width wt of chem sample 
INL 3 211g 15.8 15.6 15.6 15.5 15.6   23 9/16" 2 3/32" 9g 
Agent X 192g 13.8 13.4 13.5 13.5 13.7   23 9/16" 2 3/32" 10g 
Agent Z 191g 13.8 13.6 13.6 13.4 13   23 9/16" 2 3/32" 10g 
INL 4-2A 208g 15.6 15.5 15.5 15.6 15.3   23 9/16" 2 3/32" 11g 
INL 6 94g 14.6 14.8 14.5 14.4 14.4   23 9/16" 2 3/32" 9g 
INL 8-1 204g 14.6 14.7 14.8 14.7 14.7   23 9/16" 2 3/32" 9g 
INL 10-1 674g 18.3 18.4 20 18.8 18.7   49" 2.6" 13g 
INL 11-3 677g 20 20 20 20 19   49" 2.4" 15g 
INL 6-2 835g 18.3 18.3 19 18.2 17.7   49" 3.2" (already have INL 6) 
INL 5-2 769g 17.3 17.8 18 20 19.7   49" 3.161" 10g 
INL 4 736g 21 20 21 21 18 18 49" 2.6" (already have INL 4-2A) 
INL 4-2 802g 17.7 17.6 17.5 17.8 17.8   49" 3.2" (already have INL 4-2A) 
INL 16-2 707g 17.4 17.5 17.6 17.5 16.8   49" 2.8" 12g 
INL 6 759g 19.3 18.9 17.5 16.9 16.9   49" 3.1" (already have INL 6) 
INL 16-3 627g 15 15 15.3 15.2 15.7   49" 2.8" (already have INL 16-2) 
FSM 12 711g 15.7 17.5 16.8 15.9 15.7   49" 3.0" (sampled under PDRD) 
INL 10-3 670g 15.7 15.9 15.8 16 15.8   49" 3.0" (already have INL 10-1) 
INL 5   715g 16.1 16.3 16.9 18.2 19   49" 2.9" (already have INL 5-2) 
INL 12-1 598g 19.2 18.3 18 18.9 18.8   49" 2.3" 11g 
INL 10-2 667g 15.6 16.1 16.1 16.3 15.8   49" 2.9" (already have INL 10-1) 
INL 8b 585g 16.3 16.6 16.8 16.5 17   48 5/8" 2.5" 10g 
INL 8a 635g 17.5 17.8 18.3 17.7 17.6   49" 2.5" 11g 
INL 9-3 714g 18.1 18.3 19.3 19.3 18.8   49" 2.7" 11g 
INL 11-2 561g 16.1 16.4 16.4 16.4 15.9   49" 2.4" (already have INL 11-3) 
INL 9-1 405g 13.4 13.5 13.4 13.3 13.1 bowed 49" 2.13" (already have INL 9-3) 
INL 12-3 489g 15.8 15.6 15 15 15.1   49" 2.2" (already have INL 12-1) 
INL 16-1 514g 13.2 13.1 13.5 14.6 15   49" 2.7" (already have INL 16-3) 
INL 2a 517g 14.8 14.9 15.2 16 15.2   49" 2.3" 10g 
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Table B.6.  Number of plates to be tested for (1/540) failure 

 

Parameter to be measured Confidence Zα Power Zβ (Zα +Zβ)2 s s2 E E2 # of trials 
Weight of fuel foil 99.9% 3.2908 99% 2.326 31.5484 0.00001 0.000000 0.004 0.000016 0 

Length zone 1 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.635 0.403225 0 
Length zone 2 99.9% 3.2908 99% 2.326 31.5484 0.05 0.002500 0.635 0.403225 0 
Length zone 3 99.9% 3.2908 99% 2.326 31.5484 0.05 0.002500 4.46 19.891600 0 
Length zone 4 99.9% 3.2908 99% 2.326 31.5484 0.05 0.002500 0.635 0.403225 0 
Length zone 5 99.9% 3.2908 99% 2.326 31.5484 0.05 0.002500 0.635 0.403225 0 

Left margin U/Mo zone 1 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 - - - 
Left margin U/Mo zone 2 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.338 0.114244 0 
Left margin U/Mo zone 3 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.074 0.005476 4 
Left margin U/Mo zone 4 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.338 0.114244 0 
Left margin U/Mo zone 5 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 - - - 

Right margin U/Mo zone 1 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 - - - 
Right margin U/Mo zone 2 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.338 0.114244 0 
Right margin U/Mo zone 3 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.08 0.006400 3 
Right margin U/Mo zone 4 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.338 0.114244 0 
Right margin U/Mo zone 5 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 - - - 

Thickness of U/Mo 99.9% 3.2908 99% 2.326 31.5484 - - 12 mic - - 
Mo content 99.9% 3.2908 99% 2.326 31.5484 0.001 0.000001 0.01 0.000100 0 

Wt. fraction U-235 99.9% 3.2908 99% 2.326 31.5484 0.001 0.000001 0.001 0.000001 32 
Density of U/Mo 99.9% 3.2908 99% 2.326 31.5484 0.001 0.000001 0.17 0.028900 0 

Trace elements boron equivalent 99.9% 3.2908 99% 2.326 31.5484 0.001 0.000001 0.01 0.000100 0 
Boron loading in plate 99.9% 3.2908 99% 2.326 31.5484 0.05 0.002500 0.1 0.010000 8 

Maximum non-bond size (U/Mo to 
Zr) 99.9% 3.2908 99% 2.326 31.5484 ? ? ? ? ? 

Maximum non-bond size (Zr to Al) 99.9% 3.2908 99% 2.326 31.5484 ? ? ? ? ? 
Zircaloy thickness above U/Mo 99.9% 3.2908 99% 2.326 31.5484 2.5 6.250000 5 25.000000 8 
Zircaloy thickness below U/Mo 99.9% 3.2908 99% 2.326 31.5484 2.5 6.250000 5 25.000000 8 

Zr length beyond U/Mo top 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.05 0.002500 8 
Zr length beyond U/Mo top 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.05 0.002500 8 
Zr Left margin U/Mo zone 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.05 0.002500 8 
Zr Left margin U/Mo zone 99.9% 3.2908 99% 2.326 31.5484 0.025 0.000625 0.05 0.002500 8 
Assembled plate thickness 95.0% 1.9604 80% 0.84 7.8422 0.025 0.000625 0.00254 0.000006 760 
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Table B.7  Sensitivity study using ratios of standard deviation to margin of error 

Case A:  Standard Deviation < Margin of Error 
Case A.1 
Standard deviation:Margin of error = 1:1 

          Confidence Zα Power Zβ (Zα +Zβ)2 s s2 E E2 # of Trials 

99.9% 3.2908 99.0% 2.326 31.5484 1 1.00 1 1.00 32 
99.9% 3.2908 97.5% 1.96 27.5709 1 1.00 1 1.00 28 
99.9% 3.2908 95.0% 1.64 24.3128 1 1.00 1 1.00 24 
99.9% 3.2908 90.0% 1.28 20.8922 1 1.00 1 1.00 21 
99.9% 3.2908 80.0% 0.84 17.0635 1 1.00 1 1.00 17 
99.0% 2.5762 99.0% 2.326 24.0316 1 1.00 1 1.00 24 
99.0% 2.5762 97.5% 1.96 20.5771 1 1.00 1 1.00 21 
99.0% 2.5762 95.0% 1.64 17.7763 1 1.00 1 1.00 18 
99.0% 2.5762 90.0% 1.28 14.8703 1 1.00 1 1.00 15 
99.0% 2.5762 80.0% 0.84 11.6704 1 1.00 1 1.00 12 
95.0% 1.96 99.0% 2.326 18.3698 1 1.00 1 1.00 18 
95.0% 1.96 97.5% 1.96 15.3664 1 1.00 1 1.00 15 
95.0% 1.96 95.0% 1.64 12.9600 1 1.00 1 1.00 13 
95.0% 1.96 90.0% 1.28 10.4976 1 1.00 1 1.00 10 
95.0% 1.96 80.0% 0.84 7.8400 1 1.00 1 1.00 8 

          Case A.2 
Standard deviation:Margin of error = 1:2 

          Confidence Zα Power Zβ (Zα +Zβ)2 s s2 E E2 # of Trials 

99.9% 3.2908 99.0% 2.326 31.5484 1 1.00 2 4.00 8 
99.9% 3.2908 97.5% 1.96 27.5709 1 1.00 2 4.00 7 
99.9% 3.2908 95.0% 1.64 24.3128 1 1.00 2 4.00 6 
99.9% 3.2908 90.0% 1.28 20.8922 1 1.00 2 4.00 5 
99.9% 3.2908 80.0% 0.84 17.0635 1 1.00 2 4.00 4 
99.0% 2.5762 99.0% 2.326 24.0316 1 1.00 2 4.00 6 
99.0% 2.5762 97.5% 1.96 20.5771 1 1.00 2 4.00 5 
99.0% 2.5762 95.0% 1.64 17.7763 1 1.00 2 4.00 4 
99.0% 2.5762 90.0% 1.28 14.8703 1 1.00 2 4.00 4 
99.0% 2.5762 80.0% 0.84 11.6704 1 1.00 2 4.00 3 
95.0% 1.96 99.0% 2.326 18.3698 1 1.00 2 4.00 5 
95.0% 1.96 97.5% 1.96 15.3664 1 1.00 2 4.00 4 
95.0% 1.96 95.0% 1.64 12.9600 1 1.00 2 4.00 3 
95.0% 1.96 90.0% 1.28 10.4976 1 1.00 2 4.00 3 
95.0% 1.96 80.0% 0.84 7.8400 1 1.00 2 4.00 2 
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Case A.3 
Standard deviation:Margin of error = 1:3 

          Confidence Zα Power Zβ (Zα +Zβ)2 s s2 E E2 # of Trials 

99.9% 3.2908 99.0% 2.326 31.5484 1 1.00 3 9.00 4 
99.9% 3.2908 97.5% 1.96 27.5709 1 1.00 3 9.00 3 
99.9% 3.2908 95.0% 1.64 24.3128 1 1.00 3 9.00 3 
99.9% 3.2908 90.0% 1.28 20.8922 1 1.00 3 9.00 2 
99.9% 3.2908 80.0% 0.84 17.0635 1 1.00 3 9.00 2 
99.0% 2.5762 99.0% 2.326 24.0316 1 1.00 3 9.00 3 
99.0% 2.5762 97.5% 1.96 20.5771 1 1.00 3 9.00 2 
99.0% 2.5762 95.0% 1.64 17.7763 1 1.00 3 9.00 2 
99.0% 2.5762 90.0% 1.28 14.8703 1 1.00 3 9.00 2 
99.0% 2.5762 80.0% 0.84 11.6704 1 1.00 3 9.00 1 
95.0% 1.96 99.0% 2.326 18.3698 1 1.00 3 9.00 2 
95.0% 1.96 97.5% 1.96 15.3664 1 1.00 3 9.00 2 
95.0% 1.96 95.0% 1.64 12.9600 1 1.00 3 9.00 1 
95.0% 1.96 90.0% 1.28 10.4976 1 1.00 3 9.00 1 
95.0% 1.96 80.0% 0.84 7.8400 1 1.00 3 9.00 1 

Case A.4 
Standard deviation:Margin of error = 1:4 

          Confidence Zα Power Zβ (Zα +Zβ)2 s s2 E E2 # of Trials 

99.9% 3.2908 99.0% 2.326 31.5484 1 1.00 4 16.00 2 
99.9% 3.2908 97.5% 1.96 27.5709 1 1.00 4 16.00 2 
99.9% 3.2908 95.0% 1.64 24.3128 1 1.00 4 16.00 2 
99.9% 3.2908 90.0% 1.28 20.8922 1 1.00 4 16.00 1 
99.9% 3.2908 80.0% 0.84 17.0635 1 1.00 4 16.00 1 
99.0% 2.5762 99.0% 2.326 24.0316 1 1.00 4 16.00 2 
99.0% 2.5762 97.5% 1.96 20.5771 1 1.00 4 16.00 1 
99.0% 2.5762 95.0% 1.64 17.7763 1 1.00 4 16.00 1 
99.0% 2.5762 90.0% 1.28 14.8703 1 1.00 4 16.00 1 
99.0% 2.5762 80.0% 0.84 11.6704 1 1.00 4 16.00 1 
95.0% 1.96 99.0% 2.326 18.3698 1 1.00 4 16.00 1 
95.0% 1.96 97.5% 1.96 15.3664 1 1.00 4 16.00 1 
95.0% 1.96 95.0% 1.64 12.9600 1 1.00 4 16.00 1 
95.0% 1.96 90.0% 1.28 10.4976 1 1.00 4 16.00 1 
95.0% 1.96 80.0% 0.84 7.8400 1 1.00 4 16.00 0 
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Case A.5 
Standard deviation:Margin of error = 1:5 

          Confidence Zα Power Zβ (Zα +Zβ)2 s s2 E E2 # of Trials 

99.9% 3.2908 99.0% 2.326 31.5484 1 1.00 5 25.00 1 
99.9% 3.2908 97.5% 1.96 27.5709 1 1.00 5 25.00 1 
99.9% 3.2908 95.0% 1.64 24.3128 1 1.00 5 25.00 1 
99.9% 3.2908 90.0% 1.28 20.8922 1 1.00 5 25.00 1 
99.9% 3.2908 80.0% 0.84 17.0635 1 1.00 5 25.00 1 
99.0% 2.5762 99.0% 2.326 24.0316 1 1.00 5 25.00 1 
99.0% 2.5762 97.5% 1.96 20.5771 1 1.00 5 25.00 1 
99.0% 2.5762 95.0% 1.64 17.7763 1 1.00 5 25.00 1 
99.0% 2.5762 90.0% 1.28 14.8703 1 1.00 5 25.00 1 
99.0% 2.5762 80.0% 0.84 11.6704 1 1.00 5 25.00 0 
95.0% 1.96 99.0% 2.326 18.3698 1 1.00 5 25.00 1 
95.0% 1.96 97.5% 1.96 15.3664 1 1.00 5 25.00 1 
95.0% 1.96 95.0% 1.64 12.9600 1 1.00 5 25.00 1 
95.0% 1.96 90.0% 1.28 10.4976 1 1.00 5 25.00 0 
95.0% 1.96 80.0% 0.84 7.8400 1 1.00 5 25.00 0 
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Case B: 

Standard Deviation < Margin of Error 

Case B.1 
Standard deviation: Margin of error  = 2:1 

          
Confidence Zα Power Zβ (Zα +Zβ)2  s  s2 E  E2 # of Trials 

99.9% 3.2908 99.0% 2.326 31.5484 2 4.00 1 1.00 126 
99.9% 3.2908 97.5% 1.96 27.5709 2 4.00 1 1.00 110 
99.9% 3.2908 95.0% 1.64 24.3128 2 4.00 1 1.00 97 
99.9% 3.2908 90.0% 1.28 20.8922 2 4.00 1 1.00 84 
99.9% 3.2908 80.0% 0.84 17.0635 2 4.00 1 1.00 68 
99.0% 2.5762 99.0% 2.326 24.0316 2 4.00 1 1.00 96 
99.0% 2.5762 97.5% 1.96 20.5771 2 4.00 1 1.00 82 
99.0% 2.5762 95.0% 1.64 17.7763 2 4.00 1 1.00 71 
99.0% 2.5762 90.0% 1.28 14.8703 2 4.00 1 1.00 59 
99.0% 2.5762 80.0% 0.84 11.6704 2 4.00 1 1.00 47 
95.0% 1.96 99.0% 2.326 18.3698 2 4.00 1 1.00 73 
95.0% 1.96 97.5% 1.96 15.3664 2 4.00 1 1.00 61 
95.0% 1.96 95.0% 1.64 12.9600 2 4.00 1 1.00 52 
95.0% 1.96 90.0% 1.28 10.4976 2 4.00 1 1.00 42 
95.0% 1.96 80.0% 0.84 7.8400 2 4.00 1 1.00 31 

 
Case B.2 
Standard deviation: Margin of error  = 3:1 

          
Confidence Zα Power Zβ (Zα +Zβ)2  s  s2 E  E2 # of Trials 

99.9% 3.2908 99.0% 2.326 31.5484 3 9.00 1 1.00 284 
99.9% 3.2908 97.5% 1.96 27.5709 3 9.00 1 1.00 248 
99.9% 3.2908 95.0% 1.64 24.3128 3 9.00 1 1.00 219 
99.9% 3.2908 90.0% 1.28 20.8922 3 9.00 1 1.00 188 
99.9% 3.2908 80.0% 0.84 17.0635 3 9.00 1 1.00 154 
99.0% 2.5762 99.0% 2.326 24.0316 3 9.00 1 1.00 216 
99.0% 2.5762 97.5% 1.96 20.5771 3 9.00 1 1.00 185 
99.0% 2.5762 95.0% 1.64 17.7763 3 9.00 1 1.00 160 
99.0% 2.5762 90.0% 1.28 14.8703 3 9.00 1 1.00 134 
99.0% 2.5762 80.0% 0.84 11.6704 3 9.00 1 1.00 105 
95.0% 1.96 99.0% 2.326 18.3698 3 9.00 1 1.00 165 
95.0% 1.96 97.5% 1.96 15.3664 3 9.00 1 1.00 138 
95.0% 1.96 95.0% 1.64 12.9600 3 9.00 1 1.00 117 
95.0% 1.96 90.0% 1.28 10.4976 3 9.00 1 1.00 94 
95.0% 1.96 80.0% 0.84 7.8400 3 9.00 1 1.00 71 
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Case B.3 
Standard deviation:Margin of error  =  4:1 

          
Confidence Zα Power Zβ (Zα +Zβ)2  s  s2 E  E2 # of Trials 

99.9% 3.2908 99.0% 2.326 31.5484 4 16.00 1 1.00 505 
99.9% 3.2908 97.5% 1.96 27.5709 4 16.00 1 1.00 441 
99.9% 3.2908 95.0% 1.64 24.3128 4 16.00 1 1.00 389 
99.9% 3.2908 90.0% 1.28 20.8922 4 16.00 1 1.00 334 
99.9% 3.2908 80.0% 0.84 17.0635 4 16.00 1 1.00 273 
99.0% 2.5762 99.0% 2.326 24.0316 4 16.00 1 1.00 385 
99.0% 2.5762 97.5% 1.96 20.5771 4 16.00 1 1.00 329 
99.0% 2.5762 95.0% 1.64 17.7763 4 16.00 1 1.00 284 
99.0% 2.5762 90.0% 1.28 14.8703 4 16.00 1 1.00 238 
99.0% 2.5762 80.0% 0.84 11.6704 4 16.00 1 1.00 187 
95.0% 1.96 99.0% 2.326 18.3698 4 16.00 1 1.00 294 
95.0% 1.96 97.5% 1.96 15.3664 4 16.00 1 1.00 246 
95.0% 1.96 95.0% 1.64 12.9600 4 16.00 1 1.00 207 
95.0% 1.96 90.0% 1.28 10.4976 4 16.00 1 1.00 168 
95.0% 1.96 80.0% 0.84 7.8400 4 16.00 1 1.00 125 

          Case B.4 
Standard deviation:Margin of error  =  5:1 

          
Confidence Zα Power Zβ (Zα +Zβ)2  s  s2 E  E2 # of Trials 

99.9% 3.2908 99.0% 2.326 31.5484 5 25.00 1 1.00 789 
99.9% 3.2908 97.5% 1.96 27.5709 5 25.00 1 1.00 689 
99.9% 3.2908 95.0% 1.64 24.3128 5 25.00 1 1.00 608 
99.9% 3.2908 90.0% 1.28 20.8922 5 25.00 1 1.00 522 
99.9% 3.2908 80.0% 0.84 17.0635 5 25.00 1 1.00 427 
99.0% 2.5762 99.0% 2.326 24.0316 5 25.00 1 1.00 601 
99.0% 2.5762 97.5% 1.96 20.5771 5 25.00 1 1.00 514 
99.0% 2.5762 95.0% 1.64 17.7763 5 25.00 1 1.00 444 
99.0% 2.5762 90.0% 1.28 14.8703 5 25.00 1 1.00 372 
99.0% 2.5762 80.0% 0.84 11.6704 5 25.00 1 1.00 292 
95.0% 1.96 99.0% 2.326 18.3698 5 25.00 1 1.00 459 
95.0% 1.96 97.5% 1.96 15.3664 5 25.00 1 1.00 384 
95.0% 1.96 95.0% 1.64 12.9600 5 25.00 1 1.00 324 
95.0% 1.96 90.0% 1.28 10.4976 5 25.00 1 1.00 262 
95.0% 1.96 80.0% 0.84 7.8400 5 25.00 1 1.00 196 
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As we test the plates and compare the number of plates to our expected number of failures, nominally 1 in 
every 540, how can we be certain that we have tested all of the existing parameters?  In other words, how 
do we know that there are not any unknown variables that haven’t been tested or controlled and could 
cause the fuel plates to fail if their values vary beyond the acceptable margin of error (the unknown 
unknowns)?   By testing the plates, if we produce more failures than we had previously expected, we can 
deduce that there is at least one “unknown parameter.”  Further tests can be conducted and plates can be 
inspected to qualify the parameter.  Otherwise, if our plate tests conclude that our failure rates are within 
the acceptable range, we can report with our given level of confidence that our fuel specification has 
included all needed tests, and that our fuel plates meet the requirements for LEU fuel and will operate 
successfully inside HFIR. 
 
The analyses presented here are based on the assumption that our measurements are independent of each 
other.  This is not strictly true but the assumption is conservative in that it will result in a greater number 
of plates being required for testing at a given confidence level than would be found necessary if co-
variances were considered. 
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APPENDIX C 
 

EXAMPLES OF SIMILAR STATISTICAL STUDIES 
 

In order to familiarize the reader with formula B.1 in Appendix B, the following examples from real-
world statistical problems are provided. 
 
Example 1: 
A cardiologist studying a particular genetic mutation that causes HCM (Hypertrophic cardiomyopathy, a 
common congenital heart disorder ) wishes to estimate the mean left ventricular mass of patients with this 
particular mutation within 10g and compare it to the mean for other patients with HCM.  If previous 
laboratory measurements suggest a standard deviation of 30g and he chooses a significance 95% 
confidence level, and a power of 90%, what size sample does he need? 
 

( ) ( )2 2

2
1.960 1.282 * 30

N 94.6 95
10

+
= = =  

 
Adapted from Ref. C.1. 
 
Example 2:  
We are doing an experiment to test topical anesthetics.  The sample size calculation consisted of an α 
level (type I error) rate of 0.01 for a two-tailed test and a β level (type II error) rate of 0.05. In both cases, 
we selected values at a more rigorous level than the standard α level of 0.05 and β level of 0.20. For the 
calculation, we used the standard deviations from topical anesthetic studies that also measured pain on 
injection using a VAS, which equaled 20.  We estimated that a difference of 20 mm on a 100-mm VAS 
would be considered clinically significant when comparing one group with another (precision/margin of 
error). The formula for the sample size calculation is 
 

( ) ( )2 2

2
2.58 1.64 * 20

N 17.8 18
20

+
= = =  

 
 Adapted from Ref. C.2. 
 
Example 3 
Suppose that a chemical that reduces appetite is to be tested to learn whether it alters the body weight of 
rats. In previous experiments, the mean body weight of the rats used was 400g, with a standard deviation 
of 23g.  Assume also that the scientist would like to be able to detect the change with a power (1-β) of 
90% and 95% confidence.  The use of the chemical causes of weight loss of 30g, with a standard 
deviation of 20 g and a margin of error of 10 g.  How many mice should be used in the experiment? 
 

( ) ( )2 2

2
1.96 1.28 * 20

N 41.99 42
10

+
= = =  

 
 
Adapted from Ref. C.3. 
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Example 4: 
A fast food company wants to determine the average number of times that fast food users visit fast food 
restaurants per week.  They have decided that their estimate needs to be accurate within plus or minus 
one-tenth of a visit, and they want to be 95% sure that their estimate does not differ from true number of 
visits by more than one-tenth of a visit, with a power of 80%.  Previous research has shown that the 
standard deviation is .7 visits.  What is the required sample size? 
 

( ) ( )2 2

2
1.96 0.84 * 0.7

N 384.16 385
0.1

+
= = =  

 
Adapted from Ref. C.4. 
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