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ABSTRACT 
 
 

The National Nuclear Security Administration (NNSA) has funded staff at Oak Ridge National 
Laboratory (ORNL) to study the conversion of the High Flux Isotope Reactor (HFIR) from the 
current, high enriched uranium fuel to low enriched uranium fuel.  The LEU fuel form is a metal 
alloy that has never been used in HFIR or any HFIR-like reactor.  This report provides 
documentation of a process for the creation of a fuel specification that will meet all applicable 
regulations and guidelines to which UT-Battelle, LLC (UTB) – the operating contractor for 
ORNL - must adhere.  This process will allow UTB to purchase LEU fuel for HFIR and be 
assured of the quality of the fuel being procured. 
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1.0  INTRODUCTION 
 

The National Nuclear Security Administration (NNSA) has funded staff at Oak Ridge National 
Laboratory (ORNL) to study the conversion of the High Flux Isotope Reactor (HFIR) from the 
current, high enriched uranium (HEU) fuel to low enriched uranium (LEU) fuel.  The LEU fuel 
form – a metal alloy composed of uranium and 10% molybdenum by weight (U-10Mo) - and a 
tentative production scheme have been documented in Ref. 1.  The fuel will not be fabricated at 
ORNL (as the initial HEU fuel was) nor will the operating contractor for HFIR – UT-Battelle, 
LLC (UTB) – have any manufacturing role in the production of the LEU fuel.  The UTB role will 
be limited to the purchase of the product.   
 
The LEU fuel is a different physical form than the current HEU fuel; the HEU being a mixture of 
U3O8 and aluminum powders.  The U-10Mo alloy has never been used in HFIR or any HFIR-like 
reactor.  Furthermore, limited experience exists within the HFIR staff regarding the creation of 
fuel production processes since the HFIR HEU fuel specifications and production procedures are 
essentially unchanged since the HEU fuel fabrication process was created in the mid-1960s.   
 
Reference 1 notes that the start of the LEU production process is the assignment of HEU to the 
production scheme.  Thus the initial steps in LEU production will be in the secure area of the Y-
12 National Security Complex.  Subsequent to blend-down of HEU to LEU, economic 
considerations will lead to the remaining LEU plate production steps being outside the secure 
area. Thus there are at least two geographic locations for the LEU process and likely, but not 
necessarily, at least two vendors.  By coincidence (and history), this same separation occurs in the 
current HEU process and results in two fuel specifications for HEU fuel.  These two 
specifications are reproduced in Appendices A and B and it is the development of U-10Mo 
counterparts to Appendix A and the plate production processes in Appendix B that are the 
subjects of this study.  As noted in Ref. 1, after HFIR fuel plates have been fabricated, the 
remainder of the LEU fuel production process will be the same as for the current, HEU fuel.  The 
authors’ goal is the establishment of a process for the creation of a fuel specification that will 
meet all applicable regulations and guidelines to which UT-Battelle, LLC must adhere.*

 

 This 
process will allow UTB to purchase LEU fuel for HFIR and be assured of the quality of the fuel 
being procured. 

Operation of the Y-12 National Security Facility is the responsibility of the NNSA.  LEU 
program management have informed HFIR staff that once a production process for LEU has been 
developed, the portions of the process following the blend-down of HEU would be in a facility 
that would be the responsibility of another entity in the Department of Energy (possibly Office of 
Nuclear Energy or Office of Science).  The HFIR is a Department of Energy, Office of Science 
facility.  Thus an established, LEU fuel cycle for HFIR will require cooperation among multiple 
entities within the Department of Energy. 
  

                                                 
* The authors recognize that the LEU fabrication process may have multiple vendors and multiple fuel 
specifications.  For simplicity, references to vendors and specifications are made singular in tense. 
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2.0  PROCESS FOR THE CREATION OF FUEL SPECIFICATIONS 
 

Research and development of the LEU, U-10Mo fuel (monolithic form) is the responsibility of 
the Global Threat Reduction Initiative (GTRI) Reduced Enrichment for Research and Test 
Reactors (RERTR) program.  Responsibility for the research and development operations has 
been assigned to the Idaho National Laboratory.  An assumption made for this study is that the 
research and development being conducted by INL is being performed in accordance with nuclear 
quality assurance standard, NQA-1 Subpart 4.2.  
 
Production of reactor fuel is a joint responsibility of the reactor owner and the fuel vendor.  The 
reactor owner is responsible for:  creating and maintaining the fuel specification, being informed 
as to the procedures of the fuel vendor that are created by the vendor in order to produce a 
product that meets the specification, accepting responsibility that the quality assurance procedures 
created by the fuel vendor are adequate to assure that the fuel produced meets the specification, 
and for auditing the vendor to insure that the procedures are followed.   
 
The operating contract for ORNL (including HFIR) between UT-Battelle and the United States 
Department of Energy (DOE) specifies rules and regulations that are applicable to HFIR 
operations and HFIR fuel procurement.  The contracting requirement most applicable to the study 
presented here is the stipulation that “Contractors conducting activities, including providing items 
or services, that affect, or may affect, the nuclear safety of DOE nuclear facilities must conduct 
work in accordance with the Quality Assurance criteria in (Code of Federal Regulations, CFR) 
Sec. 830.122.”  In addition to 10 CFR 830, UTB is contractually obligated to DOE Order 414.1C 
(the quality assurance order).  That Order requires that UTB adopt a consensus QA standard.  
UTB/HFIR staff have adopted NQA-1 2000 Part 1 through the Department of Energy  process 
identified as “work smart standards.”  The work smart standards are incorporated into the UTB 
contract with the Department of Energy.  
 
Adherence to fuel procurement regulations – those that are non-business related – is achieved via 
the quality assurance portions of the fuel specifications, i.e. the fuel specifications demonstrate 
adherence of UTB (HFIR) to NQA-1.  The achievement of operation requirements is documented 
in the HFIR Safety Analysis Report (SAR).2  That report will have to be updated for LEU fuel 
based on analyses performed by HFIR staff and data obtained from the NNSA LEU fuel 
development program.3  In many instances, the sources of input to the analyses that are the basis 
for the HFIR SAR are the fuel specifications.   Thus the new fuel specification to be developed 
for LEU fuel is one of the mechanisms for insuring the nuclear safety of HFIR as required by 10-
CFR830 and the mechanism for insuring adherence to DOE Order 414.1C. 
 
The Research Reactors Division at ORNL maintains an “internal” document, RRD  Systems 
Engineering procedure SEP-0225, the stated purpose of which is “to control the initial 
development, and subsequent revisions to System Design Descriptions (SDD), Component 
Design Specifications (CDS), Material Specifications (MS) Job Specifications (JS), and General 
Procurement Specifications (GPS).”  Note that fuel specification is not specified though could be 
considered as being a “component specification” or a “material specification.”  Review of this 
procedure showed that it presents, in general terms, the expected content of a specification but not 
the procedure for creating a specification, especially when outside organizations must be involved 
in specification development, nor does it specify the time in the development process at which a 
specification should be developed.  The procedure seems based on the implicit assumption that a 
product, component, or material is available. 
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The creation of a fuel specification for HFIR U-10Mo should follow the process established by 
the International Organization for Standardization.4  While the authors acknowledge that ref. 4 is 
intended for use among countries for established products, the philosophy employed in this 
process is applicable to the development of an LEU fuel cycle.  The ISO process is described by 
an extensive set of references available from the link that is ref. 4.  A brief summary of the 
process is presented below but with text modified to be applicable to LEU fuel for HFIR. 
 
International standards are developed by ISO technical committees (TC) and subcommittees 
(SC) by a six-step process: 
 
• Stage 1: Proposal 
• Stage 2: Preparatory 
• Stage 3: Committee  
• Stage 4: Enquiry  
• Stage 5: Approval 
• Stage 6: Publication 
 
Stage 1: Proposal Stage (unneeded, LEU is a new process so there must be a new standard). 
 
Stage 2: Preparatory Stage — A working group of experts from or contracted to ORNL, the 
chairman (convener) of which is the project leader, is set up for the preparation of a working 
draft.  The working group will also include representatives from the vendors.  Successive 
working drafts may be considered until the working group is satisfied that it has developed the 
best technical solution to the problem being addressed.  
 
Stage 3: Committee Stage — At this stage, the draft is forwarded to ORNL and vendor 
management for the consensus-building phase.  Once consensus has been attained, the text is 
finalized for submission as a draft Research Reactors Division (RRD) specification. 
 
Stage 4: Enquiry Stage — The draft RRD standard (DIS) is circulated to all Department of 
Energy (DOE) bodies including NNSA, Office of Science, and whichever office or entity is 
responsible for the fuel plate fabrication facility.  Comments should be made within a period 
of five months.  It is approved for submission as a final RRD standard if approved by the DOE 
Office of Science.  If the approval criteria are not met, the text is returned to the originating 
Stage 2 for further study and a revised document will again be circulated for approval and 
comment as a draft RRD standard. 
 
Stage 5: Approval stage (linked with stage 4 for the LEU process). 
 
Stage 6: Publication Sage — Once a final draft RRD standard has been approved, only minor 
editorial changes, if and where necessary, are introduced into the final text.  The final text is 
sent to RRD Document Control which publishes the specification. 
 
The ISO process includes a useful “stage code table” that allows for tracking of the standard 
development process.  The table is reproduced as Fig. 1.  Certainly, many of the steps are 
unnecessary for LEU process development but the implied rigor of standard development 
should be adopted for the LEU process. 
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Fig. 1.  ISO stage codes used to track standard development (ref. 4). 
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3.0  ESTABLISHMENT OF INITIATION DATE FOR FUEL SPECIFICATION 

DEVELOPMENT  
 
Obviously the process described in Section 2.0 would have to be completed prior to the 
production of the first HFIR LEU core.  However the process cannot be initiated until an 
adequate amount of fuel research and development has been completed.  That R&D is needed to 
enable the industrial process to be defined to the level of precision that will yield quantitative 
input on manufacturing tolerances and measurement uncertainties.  A useful categorization of 
industrialization stages is presented Appendix C (ref. 5) though many other references provide 
similar discussion.  Clearly many steps on the tables in Appendix C are not applicable to the LEU 
fuel development program but the stage definitions are useful. 
 
Based on the “Key Questions” table in Appendix C for HFIR LEU fuel, the RERTR program is 
currently at Stage 2, Step 6, since a prototype of a HFIR LEU fuel plate has not yet been 
fabricated.  Based on the “Activities Table” in Appendix C, the standards development process 
described in Section 2.0 should begin in Stage 4, Step 10. 
 
Figure 2 is the LEU conversion schedule for high performance, United States reactors that was 
presented at NNSA and distributed in March 2010.  While the designations in Fig. 2 do not map 
well to Appendix C, the date of January 2012 for commercial contract awarded would seem to 
match to Stage 4, Step 10 of Appendix C and thus should be the nominal starting time for fuel 
specification development. 
 
A prototype, HFIR, U-10Mo fuel plate has not yet been constructed.  Consequently it is not yet 
time to begin the fuel specification process.  The process is expected to be initiated at the time 
that a commercial fabricator is selected.  However, because initial LEU fabrication steps will 
involve HEU, that contractor (BWXT-Y12) is known and specifications for the “head end” of the 
process could be initiated prior to the selection of the commercial fabricator.  Final approval of 
the “head end” fuel specification should await selection of and review by the commercial 
fabricator. 
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Fig. 2.  Portion of NNSA, U.S. high performance reactor conversions schedule, March 2010. 
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4.0  CONCLUSIONS 

Development of an LEU-10Mo fuel specification that corresponds to existing HEU fuel specifications is 
the mechanism for implementing quality assurance regulations to which the contractor for ORNL is 
obligated.  Because the research and development (R&D) of the U-10Mo fuel is not the responsibility of 
UT-Battelle/ORNL, the assumption is made that all such work is in conformance with Nuclear Quality 
Assurance Standard 1 (NQA-1), Subpart 4.2.  It is the responsibility of the LEU R&D contractor(s) to 
provide documentation to UT-Battelle of the validity of the assumption. 

 
A prototype, HFIR, U-10Mo fuel plate has not yet been constructed.  Consequently it is not yet time to 
begin the fuel specification process for fuel plates.  However, a separate specification document could be 
prepared for the initial stages of the fuel production process.  The contractor for the HEU stages will be 
BWXT-Y12 and a specification for the production step through the creation of U-10Mo foils could be 
initiated prior to the selection of the commercial fabricator for fuel plate and element production.   
 
Creation of a fuel specification can be achieved by following a process similar to that endorsed by the 
international standards organization.  A committee composed of staff from the reactor operator and the 
fuel vendors should be formed to create the specification.  The specification will be the property of and 
maintained by the reactor operator. 
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APPENDIX A 
 

FUEL SPECIFICATION FOR THE PRODUCTION OF U3O8 POWDER 
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PHASES, STAGES, & STEPS 
 

 TECHNICAL MARKET BUSINESS 
CONCEPT PHASE 

 
Stage 1 
 
Investigation 

 
 
 

TECHNICAL ANALYSIS 
 

STEP 1 
 

 
 
 

MARKET NEEDS 
ASSESSMENT 

 
STEP 2 

 

 
 
 

VENTURE ASSESSMENT 
 

STEP 3 
 

DEVELOPMENT PHASE 

 
Stage 2 
 
Feasibility 

 
 
 

TECHNICAL FEASIBILITY 
 

STEP 4 
 

 
 
 

MARKET STUDY 
 

STEP 5 
 

 
 
 

ECONOMIC FEASIBILITY 
 

STEP 6 

 
Stage 3 
 
Development 
 
 
 

 
 

 
ENGINEERING PROTOTYPE 

 
STEP 7 

 

 
 
 

STRATEGIC MARKET PLAN 
 

STEP 8 
 

 
 
 

STRATEGIC BUSINESS PLAN 
 

STEP 9 
 

 
Stage 4 
 
Introduction 
 
 

 
 
 

PRE-PRODUCTION PROTOTYPE 
 

STEP 10 
 

 
 
 

MARKET VALIDATION 
 

STEP 11 
 

 
 
 

BUSINESS START-UP 
 

STEP 12 
 

COMMERCIAL PHASE 
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Stage 5 
 
Growth 

 
 
 

PRODUCTION  
 

STEP 13 
 

 

 
 
 

SALES AND DISTRIBUTION 
  

STEP 14 
 

 
 
 

BUSINESS GROWTH 
 

STEP 15 

 
Stage 6 
 
Maturity 

 
 
 

PRODUCTION SUPPORT 
  

STEP 16 
 

 
 
 

MARKET DIVERSIFICATION 
  

STEP 17 
 

 
 
 

BUSINESS MATURITY  
 

STEP 18 
 

 
 
 

THE TECHNOLOGY COMMERCIALIZATION MODEL 
 

KEY QUESTIONS 
 

 TECHNICAL MARKET BUSINESS 
CONCEPT PHASE 

Stage 1 
 
Investigation 

TECHNICAL ANALYSIS 
STEP 1 

 
Is this product new, unique, and 

technically feasible? 

MARKET NEEDS ASSESSMENT 
STEP 2 

 
Does this product meet a clear 

market demand or solve a 
problem? 

VENTURE ASSESSMENT 
STEP 3 

 
Will this product or venture 
opportunity make a profit? 

DEVELOPMENT PHASE 
Stage 2 
 
Feasibility 

TECHNICAL FEASIBILITY 
STEP 4 

 
What are the total costs associated 

with producing the product? 

MARKET STUDY 
STEP 5 

 
Who will buy the product, how 

many will be bought and at what 
price? 

ECONOMIC FEASIBILITY 
STEP 6 

 
Does this opportunity generate 

sufficient returns to justify 
investment? 

Stage 3 
 
Development 
 
 
 

ENGINEERING PROTOTYPE 
STEP 7 

 
Do you have a prototype that exactly 

represents the product? 

STRATEGIC MARKET PLAN 
STEP 8 

 
Have you profiled and finalized 

the target market? 

STRATEGIC BUSINESS PLAN 
STEP 9 

 
Have you finalized your business 
model, identified total financial 

needs, and secured seed capital? 

Stage 4 
 
Introduction 
 
 

PRE-PRODUCTION PROTOTYPE 
STEP 10 

 
Have you completed a limited 

production and tested for performance 
and reliability? 

MARKET VALIDATION 
STEP 11 

 
Have you made sales? 

 

BUSINESS START-UP 
STEP 12 

 
Is the management team 

operational? 

COMMERCIAL PHASE 
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Stage 5 
 
Growth 

PRODUCTION 
STEP 13 

 
Is production process dependable, 

reliable and optimized? 
 

SALES AND DISTRIBUTION 
STEP 14 

 
Are you growing market share? 

 
 
 
 

BUSINESS GROWTH 
STEP 15 

 
Are you on course to achieve your 

business plan objectives? 

Stage 6 
 
Maturity 

PRODUCTION SUPPORT 
STEP 16 

 
Are you supporting the product? 

MARKET DIVERSIFICATION 
STEP  

 
Have you identified your next 

generation of products? 

BUSINESS MATURITY 
STEP 18 

 
Are you generating and/or 

maximizing a return on investment? 

 
 
 

Activities 
CONCEPT PHASE 

Stage 1 
 
Investigation 

TECHNICAL ANALYSIS 
STEP 1 

•  Define concept 
•  Confirm critical assumptions 
•  Survey state of the art 
•  Id critical barriers 
•  Evaluate applicability 
•  Determine technology 

MARKET NEEDS ASSESSMENT 
STEP 2 

•  Conduct market overview 
•  Id pricing structure 
•  Id market barriers 
•  Id risks 
•  Id distribution channels 
•  Id trends and competitors 

VENTURE ASSESSMENT 
STEP 3 

•  Estimate profit potential 
•  Conduct self, enterprise  
   and commercialization 
   assessments 
•  Id professional needs 
•  Id capital needs 

DEVELOPMENT PHASE 
Stage 2 
 
Feasibility 

TECHNICAL FEASIBILITY 
STEP 4 

•  Develop working model 
•  Test technical features 
•  Assess preliminary producibility 
•  Conduct manufacturing  
   assessment 
•  Assess safety & environmental  
   features 
•  Finalize designs 

MARKET STUDY 
STEP 5 

•  Id and quantify: 
•  Market size 
•  Customers 
•  Volume 
•  Prices 
•  Distribution 
•  Competitors 

ECONOMIC FEASIBILITY 
STEP 6 

•  Formulate financial 
   assumptions 
•  Develop pro forma 
•  Id seed capital 
•  Form advisory team 

Stage 3 
 
Development 
 

ENGINEERING PROTOTYPE 
STEP 7 

•  Develop prototype 
•  Id materials and processes 
•  Conduct tests 
•  Develop manufacturing methods 

STRATEGIC MARKET PLAN 
STEP 8 

•  Id marketing team 
•  Define target market 
•  Select market channels 
•  Field test 

STRATEGIC BUSINESS PLAN 
STEP 9 

•  Decide venture or license 
•  Finalize intellectual property 
•  Id management team 
•  Select organization structure 
•  Write business plan 

Stage 4 
 
Introduction 
 
 

PRE-PRODUCTION PROTOTYPE 
STEP 10 

 
•  Develop production prototype 
•  Determine production process 
•  Select manufacturing equipment 
•  Design field support system 
•  Demo product features 

MARKET VALIDATION 
STEP 11 

 
•  Establish market    
   relationships 
•  Conduct limited sales 
•  Analyze sales 
•  Survey customers 
•  Refine marketing plan 

BUSINESS START-UP 
STEP 12 

 
•  Establish business function 
•  Hire staff 
•  Execute contracts 
•  Secure first-stage financing 

COMMERCIAL PHASE 
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Stage 5 
 
Growth 

PRODUCTION  
STEP 13 

 
•  Prepare commercial design 
•  Establish quality control 
•  Construct facilities 
•  Conduct full production 
•  Finalize internal distribution system 

SALES AND DISTRIBUTION  
STEP 14 

 
•  Expand distribution 
•  Analyze competitor 
   response 
•  Assess customer satisfaction 
•  Assess distributorsatisfaction 
•  Refine product features 

BUSINESS GROWTH 
STEP 15 

 
•  Monitor enterprise position 
•  Hire and train personnel 
•  Execute contracts 
•  Arrange financing 
•  Institute vision, mission  
   and management policies 

Stage 6 
 
Maturity 

PRODUCTION SUPPORT  
STEP 16 

 
•  Maximize production 
•  Establish after market support,  
   repairs and spares 
•  Warrantee service 
•  Implement training program 

MARKET DIVERSIFICATION  
STEP 17 

 
•  Develop market retention 
•  Establish market scan 
•  Id new markets 
•  Id new products 

BUSINESS MATURITY  
STEP 18 

 
•  Establish SWOT process 
•  Invest profits 
•  Monitor product life cycle 
•  Monitor business trends 
•  Monitor mgmt. technologies 
•  Implement innovations 
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DELIVERABLES 
 

 TECHNICAL MARKET BUSINESS 
CONCEPT PHASE 

Stage 1 
 
Investigation 

TECHNICAL ANALYSIS 
STEP 1 

 
Provisional patent, patent, copyright, 

patent scan, license agreement 

MARKET NEEDS ASSESSMENT 
STEP 2 

 
Background research materials 

VENTURE ASSESSMENT 
STEP 3 

 
Preliminary cost and revenue 

estimate 

DEVELOPMENT PHASE 
Stage 2 
 
Feasibility 

TECHNICAL FEASIBILITY 
STEP 4 

 
A working model of the product 

MARKET STUDY 
STEP 5 

 
Primary market research 

ECONOMIC FEASIBILITY 
STEP 6 

 
A financial model accurately 
representing the business 

opportunity 

Stage 3 
 
Development 
 
 
 

ENGINEERING PROTOTYPE 
STEP 7 

 
An accurate prototype representing the 
materials and functionality of the end 

product 

STRATEGIC MARKET PLAN 
STEP 8 

 
The final marketing plan based 

upon discussions with 
suppliers, market 

representatives, and customers 

STRATEGIC BUSINESS PLAN 
STEP 9 

 
The business plan 

Stage 4 
 
Introduction 
 
 

PRE-PRODUCTION PROTOTYPE 
STEP 10 

 
A limited production 

MARKET VALIDATION 
STEP 11 

 
Sales 

BUSINESS START-UP 
STEP 12 

 
An Enterprise 

COMMERCIAL PHASE 
Stage 5 
 
Growth 

PRODUCTION 
STEP 13 

 
Production 

SALES AND DISTRIBUTION 
STEP 14 

 
Growing sales 

 
 
 

BUSINESS GROWTH 
STEP 15 

 
Increasing revenues 

Stage 6 
 
Maturity 

PRODUCTION SUPPORT 
STEP 16 

 
Maximum production 

MARKET DIVERSIFICATION 
STEP 17 

 
New products 

BUSINESS MATURITY 
STEP 18 

 
Profits 
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