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U. S. Nuclear Regulatory Commission 
ATTN: Document Control Desk 
Washington, DC 20555-0001 

Dresden Nuclear Power Station, Units 2 and 3 
Renewed Facility Operating License Nos. DPR-19 and DPR-25 
NRC Docket Nos. 50-237 and 50-249 

Subject: 	License Amendment Request Regarding Spent Fuel Storage Pool Criticality 
Methodology and Proposed Change to Technical Specification 4.3.1, "Criticality" 

References: 1. Letter from Brenda L. Mozafari (U. S. NRC) to Exelon Generation Company, 
LLC, "Summary of August 23, 2013, Meeting with Exelon Generation 
Company, LLC Regarding AREVA XM Fuel Transition Request for Dresden 
and Quad Cities Nuclear Stations (TAG Nos. MF2422, MF2423, MF2424, and 
MF2425)," dated September 11, 2014 (ADAMS Accession No. 
ML14241A633) 

2. Letter from Brenda L. Mozafari (U. S. NRC) to Exelon Generation Company, 
LLC, "Summary of May 19, 2014, Meeting with Exelon Generation Company, 
LLC Regarding AREVA XM Fuel Transition for Dresden and Quad Cities 
Nuclear Stations (TAG Nos. MF2422, MF2423, MF2424, and MF2425)," 
dated September 11, 2014 (ADAMS Accession No. ML142266012) 

3. Letter from Brenda L. Mozafari (U. S. NRC) to Exelon Generation Company, 
LLC, "Summary of August 19, 2014, Closed Meeting with Exelon Generation 
Company, LLC (Exelon) Regarding AREVA XM Fuel Transition for Dresden 
and Quad Cities Nuclear Stations (TAC Nos. MF2422, MF2423, MF2424, and 
MF2425)," dated September 22, 2014 (ADAMS Accession No. 
ML14254A153) 

In accordance with 10 CFA 50.90, "Application for amendment of license, construction permit, 
or early site permit," Exelon Generation Company, LLC (EGG) requests an amendment to 
Renewed Facility Operating License Nos. DPR-19 and DPR-25 for Dresden Nuclear Power 
Station (DNPS), Units 2 and 3, respectively. Specifically, EGG is utilizing a new Criticality 
Safety Analysis (CSA) methodology for performing the criticality safety evaluation for legacy fuel 
types in addition to the new ATRIUM 10XM fuel design in the spent fuel pool (SFP). In addition, 
EGC is proposing a change to the DNPS Technical Specification (TS) 4.3.1, "Criticality," in 
support of the new CSA. EGG proposes to add a new TS 4.3.1.1.c that will require an in-rack k- 
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infinity limit for the fuel assemblies that are allowed to be stored in the DNPS Units 2 and 3 
SFPs storage racks. 

EGC participated in several meetings with the NRC Staff regarding the planned transition from 
Westinghouse Optima2 fuel to the new AREVA ATRIUM 10XM fuel design at DNPS and Quad 
Cities Nuclear Power Station (QCNPS). During these meetings, EGC's plan to submit this 
amendment request supporting the use of a new GSA methodology for performing the criticality 
safety evaluation in the spent fuel pool was discussed. A separate amendment request will be 
submitted to support the transition to ATRIUM 10XM fuel at DNPS and QCNPS. The attached 
evaluation addresses all the CSA methodology issues discussed at these meetings as 
summarized in References 1, 2, and 3. 

The following attachments are included in support of this proposed change: 

Attachment 1: Evaluation of Proposed Changes 

Attachment 2: Mark-up of Technical Specifications Page (Note that there are no TS Bases 
associated with the Design Features section of the TS) 

Attachment 3: Holtec International Report No. HI-2146153, Revision 1, "Licensing Report for the 
Criticality Analysis of the Dresden Unit 2 and 3 SFP for ATRIUM 10XM Fuel 
Design" (Proprietary) 

Attachment 4: Holtec International Report No. HI-2104790, Revision 1, "Nuclear Group 
Computer Code Benchmark Calculations" (Proprietary) 

Attachment 5: Holtec International Affidavit Requesting Proprietary Report be Withheld from 
Public Disclosure 

Attachment 6: Holtec International Report No. HI-2146153, Revision 1, "Licensing Report for the 
Criticality Analysis of the Dresden Unit 2 and 3 SFP for ATRIUM 10XM Fuel 
Design" (Non-Proprietary) 

Attachment 7: Holtec International Report No. HI-2104790, Revision 1, "Nuclear Group 
Computer Code Benchmark Calculations" (Non-Proprietary) 

Attachments 3 and 4 contain information proprietary to Holtec International. As Attachments 3 
and 4 contain information proprietary to Holtec International, these documents are supported by 
an affidavit (i.e., Attachment 5) signed by Holtec International, the owner of the information. The 
affidavit sets forth the basis on which the information may be withheld from public disclosure by 
the NRC and addresses with specificity the considerations listed in paragraph (b)(4) of 10 CFR 
2.390, "Public inspections, exemptions, requests for withholding." Accordingly, it is respectfully 
requested that the information which is proprietary to Holtec International be withheld from 
public disclosure. A non-proprietary version of Attachments 3 and 4 are provided in 
Attachments 6 and 7, respectively. 

The proposed change has been reviewed by the DNPS Plant Operations Review Committee 
and approved by the Nuclear Safety Review Board in accordance with the requirements of the 
EGO Quality Assurance Program. 



Patrick R. Simpson 
Manager — Licensing 
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EGC requests approval of the proposed change by December 31, 2015. Once approved, the 
amendment will be implemented within 30 days. This implementation period will provide 
adequate time for the affected station documents to be revised using the appropriate change 
control mechanisms. 

In accordance with 10 CFR 50.91, "Notice for public comment; State consultation," 
paragraph (b), EGC is notifying the State of Illinois of this application for license amendment by 
transmitting a copy of this letter and its attachments to the designated State Official. 

There are no regulatory commitments contained in this letter. Should you have any questions 
concerning this letter, please contact Mr. Timothy A Byam at (630) 657-2818. 

I declare under penalty of perjury that the foregoing is true and correct. Executed on the 
30th day of December 2014. 

Attachments: 
1. Evaluation of Proposed Changes 
2. Mark-up of Technical Specifications Page 
3. Holtec International Report No. HI-2146153, Revision 1, "Licensing Report for the 

Criticality Analysis of the Dresden Unit 2 and 3 SFP for ATRIUM 10XM Fuel Design" 
(Proprietary Version) 

4. Holtec International Report No. HI-2104790, Revision 1, "Nuclear Group Computer Code 
Benchmark Calculations" (Proprietary Version) 

5. Holtec International Affidavit Requesting Proprietary Report be Withheld from Public 
Disclosure 

6. Holtec International Report No. HI-2146153, Revision 1, "Licensing Report for the 
Criticality Analysis of the Dresden Unit 2 and 3 SFP for ATRIUM 10XM Fuel Design" 
(Non-Proprietary Version) 

7. Holtec International Report No. HI-2104790, Revision 1, "Nuclear Group Computer Code 
Benchmark Calculations" (Non-Proprietary Version) 

cc: 	USNRC Region III, Regional Administrator 
USNRC Senior Resident Inspector, Dresden Nuclear Power Station 
Illinois Emergency Management Agency — Division of Nuclear Safety 



ATTACHMENT 1 
Evaluation of Proposed Changes 

Subject: 	License Amendment Request Regarding Spent Fuel Storage Pool Criticality 
Methodology and Proposed Change to Technical Specification 4.3.1, "Criticality" 

1.0 SUMMARY DESCRIPTION 

2.0 DETAILED DESCRIPTION 

3.0 TECHNICAL EVALUATION 

4.0 REGULATORY EVALUATION 

4.1. Applicable Regulatory Requirements/Criteria 

4.2. No Significant Hazards Consideration 

4.3. Conclusions 

5.0 ENVIRONMENTAL CONSIDERATION 

6.0 REFERENCES 
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ATTACHMENT 1 
Evaluation of Proposed Changes 

1.0 SUMMARY DESCRIPTION 

In accordance with 10 CFR 50.90, "Application for amendment of license, construction permit, 
or early site permit," Exelon Generation Company, LLC (EGC) requests an amendment to 
Renewed Facility Operating License Nos. DPR-19 and DPR-25 for Dresden Nuclear Power 
Station (DNPS), Units 2 and 3, respectively. Specifically, EGC is utilizing a new Criticality 
Safety Analysis (CSA) methodology for performing the criticality safety evaluation for legacy fuel 
types in addition to the new ATRIUM 10XM fuel design in the spent fuel pool (SFP). In addition, 
EGC is proposing a change to the DNPS Technical Specification (TS) 4.3.1, "Criticality," in 
support of the new CSA. EGC proposes to add a new TS 4.3.1.1.c that will require an in-rack k-
infinity limit for the fuel assemblies that are allowed to be stored in the DNPS Units 2 and 3 
SFPs storage racks. 

2.0 DETAILED DESCRIPTION 

Spent Fuel Pool Criticality Safety Analysis  

EGC is planning to transition from Westinghouse Optima2 fuel to the new AREVA ATRIUM 
10XM fuel design at DNPS in third quarter 2016. Based on the EGC plans to transition to a new 
fuel design, the SFP criticality analysis is being revised by Holtec International to account for the 
new ATRIUM 10XM fuel in addition to the legacy fuel designs. While this revised SFP CSA 
supports the planned transition to ATRIUM 10XM fuel, this new analysis is not required to 
support the NRC review and approval of the separate fuel transition amendment request to be 
submitted in early 2015. 

This proposed change requests NRC approval of the new methodology for the CSA in support 
of storage of Boiling Water Reactor (BWR) spent fuel in the DNPS Unit 2 and Unit 3 SFPs. The 
DNPS Unit 2 and 3 SFP racks are identical and are designed to accommodate BWR fuel. 
Currently, the SFP racks credit BORAL for reactivity control. This new analysis will also credit 
the BORAL and will include a new fuel design, ATRIUM 10XM, in addition to the legacy fuel 
designs in the current CSA. The revised analysis shows that the effective neutron multiplication 
factor (keff) in the SFP racks fully loaded with fuel of the highest anticipated reactivity, at a 
temperature corresponding to the highest reactivity, is less than 0.95 with a 95% probability at a 
95% confidence level. Reactivity effects of abnormal and accident conditions are also 
evaluated to assure that under all credible abnormal and accident conditions, the reactivity will 
not exceed the regulatory limit. 

The analysis is performed consistent with existing applicable regulatory requirements and 
guidance. The calculations are performed using either the worst case bounding approach or the 
statistical analysis approach with respect to the various calculation parameters. The proposed 
CSA has been performed using NRC reviewed and approved methodologies. 

Proposed Changes to Technical Specifications  

The DNPS, Units 2 and 3 TS requirements related to spent fuel storage are contained in TS 
Section 4.3, "Fuel Storage." TS 4.3.1 identifies requirements pertaining to the design of the 
SFP storage racks. Specifically, TS 4.3.1.1.a currently requires keff  to be 5 0.95 if fully flooded 
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ATTACHMENT 1 
Evaluation of Proposed Changes 

with unborated water, which includes an allowance for uncertainties as described in Section 
9.1.2 of the Updated Final Safety Analysis Report (UFSAR). TS 4.3.1.1.b currently requires a 
nominal 6.30-inch center-to-center distance between fuel assemblies placed in the SFP storage 
racks. 

No changes to the existing TS 4.3.1.1.a or 4.3.1.1.b are proposed in this license amendment 
request. The proposed changes in this license amendment request include one new TS 
requirement, 4.3.1.1.c. This proposed change is as follows: 

"c. The combination of U-235 enrichment and gadolinia loading shall be limited to ensure 
fuel assemblies have a maximum k-infinity of 0.8895 as determined at 39.2°F in the 
normal spent fuel pool in-rack configuration." 

A mark-up of the proposed TS changes is provided in Attachment 2. The UFSAR will also be 
revised, upon implementation of the approved amendment, as part of EGC's configuration 
control process. 

The current DNPS TS were based on the Standard IS for General Electric BWR/4s in NUREG= 
1433, "Standard Technical Specifications General Electric Plants, BWR/4," Revision 1, April 
1995, with exceptions as approved during the DNPS, Units 2 and 3 TS conversion (see NRC 
Safety Evaluation Report dated March 30, 2001, ADAMS Accession No. ML011130121). 
NUREG-1433, Revision 1 (and the most recent revision; i.e., Revision 4) provide an option to 
include either the maximum k-infinity in the normal reactor core configuration at cold conditions; 
or the maximum average U-235 enrichment as part of TS 4.3.1.1. Neither of these options is 
included in these proposed TS changes as this exception was approved during the DNPS TS 
conversion referenced above. An in-rack k-infinity limit is included in proposed TS 4.3.1.1.c for 
DNPS, Units 2 and 3 in this amendment request. 

The in-rack k-infinity limit is an effective limiting specification because it accounts for the 
principal fuel assembly reactivity drivers of U-235 enrichment and gadolinia loading. 
Enrichment and gadolinia loading can vary from assembly design to assembly design. 
However, compliance with the in-rack k-infinity limit in proposed TS 4.3.1.1.c ensures peak in-
rack reactivity does not exceed the design basis supporting the TS limit. Using the in-rack k-
infinity limit ensures that the SFP criticality analysis remains bounding. This is the same 
protection offered by the in-core k-infinity limit proposed in the Standard Technical 
Specifications. 

3.0 TECHNICAL EVALUATION 

As described in the DNPS Updated Final Safety Analysis Report (UFSAR) Section 9.1.2, "Spent 
Fuel Storage," the design objectives of the DNPS spent fuel storage system are as follows: 

A. To provide a maximum underwater storage capability for 7074 fuel assemblies; 

B. To provide for underwater storage of reactor vessel internals; and 

C. To provide adequate protection against the loss of water from the fuel pools. 

D. To safely store fuel in Dry Cask Storage (DCS) systems per 10 CFR 72. 
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ATTACHMENT 1 
Evaluation of Proposed Changes 

To achieve these objectives, the spent fuel storage system is designed using the following 
bases: 

A. There will be no release of contamination or exposure of personnel to radiation in excess 
of 10 CFR 20 limits. 

B. The storage space in each of the Unit 2 and Unit 3 spent fuel pools is designed for a 
maximum of 3537 irradiated fuel assemblies. 

C. It is possible, at any time, to perform limited work on irradiated components. 

D. Space is provided for used control rods, flow channels, and other reactor components. 

E. The spent fuel pool is designed to withstand earthquake loadings of a Class I structure. 

F. The spent fuel assembly racks are designed to ensure subcriticality in the storage pool. 
A maximum Keff  of 0.95 is maintained with the racks fully loaded with fuel of the highest 
anticipated reactivity and flooded with unborated water at a temperature corresponding 
to the highest reactivity. 

G. Spent fuel storage in Dry Cask Storage (DCS) systems per 10 CFR 72. 

Each SFP contains 33 high-density spent fuel storage racks which provide storage for 3537 fuel 
assemblies. There are 18 racks arranged in a 9x11 array and 15 racks arranged in a 9x13 
array. The racks are constructed to form tubes of adequate size for fuel storage. The tubes are 
welded together along their length with angles or clips to provide the inter-tube connection. The 
center-to-center distance between assemblies stored in the tubes is 6.30 in. x 6.30 in. 

The fuel storage tube is constructed of stainless-steel-bearing Boral neutron absorbing material. 
Boral is a sandwich-type plate that has outer surfaces of Type 1100 aluminum and a core of 
boron carbide (B4C) uniformly dispersed in a matrix of Type 1100 aluminum. These plates are 
enclosed by inner and outer tubes made of Type 304 stainless steel designed to permit spent 
fuel pool water to enter and exit the Boral area. The inner and outer tubes maintain the Boral 
plate structural integrity during vibratory events. The plates are not required to carry load. The 
individual neutron absorbing tubes are connected in a checkerboard pattern forming the rack 
assembly. Along the side of the racks, a filler plate assembly is welded between the absorber 
tube assemblies to enclose the space between neutron absorbing tubes. 

The high density spent fuel storage racks were installed at DNPS in the early 1980s. At that 
time, a Boral coupon surveillance program was implemented to monitor the condition of the 
Boral in the racks. EGC continues to monitor the condition of the Boral in the high density spent 
fuel storage racks under the DNPS Boral coupon surveillance program. The proposed 
amendment does not modify this monitoring program in any way and DNPS intends to continue 
monitoring the Boral condition in accordance with this program subsequent to approval of the 
proposed amendment. 

Thirteen Boral coupons have been tested since installation of the high density spent fuel storage 
racks at DNPS. Blistering has only been seen on two of the coupons, with each coupon 
containing two blisters. The largest blister had a 1 inch diameter. Corrosion pits have also 
been seen on some of the coupons. The blistering and pitting does not impact the neutron 
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ATTACHMENT 1 
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attenuation properties of the coupons. All coupons tested have an areal density of 0.03g B-
10/cm2  or greater. Additionally, the areal density of all the coupons tested has exceeded the 
minimum certified areal density for the DNPS SFP racks of 0.02g B-10/cm2. 

There are various legacy fuel assembly designs, including the current Optima2 design and the 
future ATRIUM 10XM design, to be qualified for storage in the DNPS Units 2 and 3 SFPs. In 
addition, to support future operations, the ATRIUM 10XM fuel assembly is designed to be 
compatible with the DNPS reactor core and co-resident legacy fuel. The ATRIUM 10XM fuel 
assembly is constructed of similar materials within a spatial envelope that is similar to the 
currently licensed Westinghouse Optima2 legacy fuel type. 

A CSA for the DNPS, Units 2 and 3 SFPs has been performed to support the planned transition 
to ATRIUM 10XM fuel. A summary of that analysis is provided as Attachment 3. The CSA was 
performed using a peak reactivity lattice. This peak reactivity lattice bounds the lattice reactivity 
of any fuel assembly stored in either the Unit 2 or Unit 3 SFP and operating in either the Unit 2 
or Unit 3 reactor, to assure compliance with the spent fuel criticality control requirements in 10 
CFR 50.68(b) and Interim Staff Guidance (ISG) DSS-ISG-2010-01, "Staff Guidance Regarding 
the Nuclear Criticality Safety Analysis for Spent Fuel Pools," Revision 0 (Reference 2). The 
CSA uses a Boron areal density of 0.020g 13-10/cm2  in the Boral panels at DNPS. 

In the CSA, the term "peak reactivity" is defined as the reactivity of a fuel assembly lattice in the 
SFP storage rack geometry as determined by the three-dimensional Monte Carlo computer 
code MCNP5-1.51 (using the two-dimensional multigroup transport theory computer code 
CASMO-4 depletion calculation isotopic compositions). This peak reactivity considers nominal 
fuel assembly and storage rack dimensions and bounding core operating parameters. 

The reactivity of the DNPS, Units 2 and 3 SFP storage racks has been calculated using the 
computer codes CASMO-4 and MCNP5 (see Attachment 3). MCNP5 has been validated and 
verified for SFP storage rack evaluations by benchmarking calculations of light water reactor 
(LWR) critical experiments as discussed in Attachment 3, Section 2.2 Computer Codes and 
Cross Section Libraries, Subsection, 2.2.1, "MCNP5-1.51." The benchmarking report for the 
MCNP5-1.51 code, which is a three-dimensional Monte Carlo code, is included in Attachment 4, 
Holtec International Report No. HI-2104790, Revision 1, "Nuclear Group Computer Code 
Benchmark Calculations." 

The NRC has previously approved the use of the CASMO-4 code (see Reference 3) for reactor 
analysis (i.e., depletion) when providing reactivity data for specific 3D simulator codes as noted 
in Attachment 3, Section 2.2.2, "CASMO-4." 

NRC DSS-ISG-2010-01 (Reference 2) was reviewed and addressed, as applicable, in the 
criticality analyses. Guidance pertaining to soluble boron in the SFP is not applicable because 
DNPS is a BWR plant and has no soluble boron in the SFP. Table 1 below provides a cross-
ref erence between the ISG technical guidance topic and the location where this topic is 
addressed in the criticality analysis. 
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TABLE 1 
NRC DSS-ISG-2010-01 Cross-Reference to Criticality Analyses 

ISG Section Technical Guidance Topic Criticality Analysis Section 
(Attachment 3) 

1 Fuel Assembly Selection 

2.3.1 
5.1 

Appendix A 
Appendix B 

2- Depletion Analysis 

2.a Depletion Uncertainty 2.3.9 
Table C.7 

2.b Reactor Parameters 

2.3.2 
5.2 

Tables 5.2(a) and 5.2(c) 
Table C.1 

2.c Burnable Absorbers 2.3.1.1 
2.3.3 

2.d Rodded Operation 

2.3.2 
5.2 

Tables 5.2(b) and 5.2(c) 
Table C.1 

3 - Criticality Analysis 
3.a Axial Burnup Profile 2.3.1 

3.b Rack Model 5.3 
Table 5.3 

3.c Interfaces 2.3.12 
Table C.10 

3.d Normal conditions 

2.3.5 
2.3.6 
2.3.11 
2.3.14 
2.3.16 

Table 5.2(a) 
Appendix C 

3.e Accident Conditions 2.3.15 
Tables C.4 and C.11 

4- Criticality Code Validation 

4.a Area of Applicability 2.2.1.1 
Table 2.1(a) 

4.b Trend Analysis 2.2.1.1 
Table 2.1(b) 

4.c Statistical Treatment 2.2.1.1 
4.d Lumped Fission Products 2.3.10 
4.e Code-to-Code Comparisons N/A1  
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ATTACHMENT 1 
Evaluation of Proposed Changes 

TABLE 1 (Continued) 
NRC DSS-ISG-2010-01 Cross-Reference to Criticality Analyses 

ISG Section Technical Guidance Topic Criticality Analysis Section  (Attachment 3) 
5 - Miscellaneous 

5.a Precedents N/A2  
5.b References Throughout 
5.c Assumptions Throughout 

NOTES: 
	

1. Not used in this analysis. 
2. This analysis is a complete, stand-alone analysis and does not cite any 

precedents. 

The spent fuel rack configuration was analyzed for credible accident scenarios. The scenarios 
considered are presented in the bulleted list that follows and are discussed in Section 2.3.15 of 
Attachment 3. 

• SFP temperature exceeding the normal range 

• Dropped assemblies 

• Missing BORAL Panel 

• Rack movement 

• Mislocated fuel assembly (a fuel assembly in the wrong location outside the storage 
rack, including the platform area) 

The criticality analysis for the storage of BWR assemblies in the DNPS SFP racks with BORAL 
has been performed. The results for the normal condition show that keff is < 0.95 with the 
storage racks fully loaded with fuel of the highest anticipated reactivity, at a temperature 
corresponding to the highest reactivity. The results for the bounding accident condition, i.e. the 
Mislocated in the Corner of Three Racks, Closed Rack Gaps, Eccentric Fuel (Case 
2.3.15.6.3.4), also show that keff  is <0.95 with the storage racks fully loaded with fuel of the 
highest anticipated reactivity, at a temperature corresponding to the highest reactivity. 

Reactivity effects of abnormal and accident conditions have been evaluated to assure that 
under all credible abnormal and accident conditions, the reactivity will not exceed the regulatory 
limit of 0.95 with a 95% probability at a 95% confidence level. 

4.0 REGULATORY EVALUATION 

4.1 Applicable Regulatory Requirements/Criteria 

10 CFR 50.68, "Criticality accident requirements," paragraph (b)(4) states that the Ice of the 
spent fuel storage racks loaded with fuel of the maximum fuel assembly reactivity and flooded 
with unborated water must not exceed 0.95, at a 95 percent probability, 95 percent confidence 
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ATTACHMENT 1 
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level. The DNPS SFP criticality analysis, provided as Attachment 3 to this submittal, 
demonstrates that this requirement is met. 

Paragraph (b)(7) of 10 CFR 50.68 states that the maximum nominal U-235 enrichment of the 
fresh fuel assemblies is limited to 5.0 percent by weight. DNPS new fuel is below 5.0 percent 
by weight U-235 enrichment. 

The following General Design Criterion (GDC) is applicable to this amendment request. It 
should be noted that, although DNPS is not formally committed to the GDC due to the vintage of 
the station, an evaluation was performed addressing the DNPS conformance with the GDC. 
This evaluation is documented in the UFSAR Section 3.1, "Conformance with NRC General 
Design Criteria." This evaluation concluded that DNPS fully satisfies the intent of the (then 
draft) GDC. 

GDC 62, "Prevention of criticality in fuel storage and handling," states that criticality in the fuel 
storage and handling system shall be prevented by physical systems or processes, preferably 
by use of geometrically safe configurations. The evaluation of DNPS's conformance with GDC 
62 is discussed in Section 9.1.2, "Spent Fuel Storage," of the DNPS UFSAR. The racks in 
which spent fuel assemblies are placed, are designed and arranged to ensure subcriticality in 
the storage pool. The DNPS criticality analysis has been performed to demonstrate that, given 
the current spent fuel storage system design, keff  will remain less than or equal to 0.95 for 
legacy fuel types in addition to the new ATRIUM 10XM fuel design. 

4.2 No Sianificant Hazards Consideration 

In accordance with 10 CFR 50.90, "Application for amendment of license, construction permit, 
or early site permit," Exelon Generation Company, LLC (EGC) requests an amendment to 
Renewed Facility Operating License Nos. DPR-19 and DPR-25 for Dresden Nuclear Power 
Station (DNPS), Units 2 and 3, respectively. Specifically, EGC is utilizing a new Criticality 
Safety Analysis (CSA) methodology for performing the criticality safety evaluation for legacy fuel 
types in addition to the new ATRIUM 10XM fuel design in the spent fuel pool (SFP). In addition, 
EGC is proposing a change to the DNPS Technical Specification (TS) 4.3.1, "Criticality," in 
support of the new CSA. EGO proposes to add a new IS 4.3.1.1.c that will require an in-rack k-
infinity limit for the fuel assemblies that are allowed to be stored in the DNPS Units 2 and 3 
SFPs storage racks. 

According to 10 CFR 50.92, "Issuance of amendment," paragraph (c), a proposed amendment 
to an operating license involves no significant hazards consideration if operation of the facility in 
accordance with the proposed amendment would not: 

(1) Involve a significant increase in the probability or consequences of an accident 
previously evaluated; or 

(2) Create the possibility of a new or different kind of accident from any accident 
previously evaluated; or 

(3) Involve a significant reduction in a margin of safety. 
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Evaluation of Proposed Changes 

EGO has evaluated the proposed change for DNPS using the criteria in 10 CFR 50.92, and has 
determined that the proposed change does not involve a significant hazards consideration. The 
following information is provided to support a finding of no significant hazards consideration. 

1. 	Does the proposed amendment involve a significant increase in the probability or 
consequences of an accident previously evaluated? 

Response: No 

The proposed amendment involves a revised CSA for the DNPS Units 2 and 3 SFPs using 
a new methodology and proposes a new TS requirement limiting the maximum in-rack k-
infinity. The proposed amendment does not change or modify the fuel, fuel handling 
processes, spent fuel storage racks, number of fuel assemblies that may be stored in the 
SFP, decay heat generation rate, or the SFP cooling and cleanup system. 

The proposed amendment was evaluated for impact on the following previously evaluated 
events and accidents: 

• A fuel handling accident (FHA), 
• A fuel mispositioning event, 
• A seismic event, and 
• A loss of SFP cooling event 

The probability of a FHA is not increased because implementation of the proposed 
amendment will employ the same equipment and processes to handle fuel assemblies that 
are currently used. The FHA radiological consequences are not increased because the 
methodology used in support of the CSA does not impact the radiological source term of a 
single fuel assembly. Therefore, the proposed amendment does not significantly increase 
the probability or consequences of an FHA. 

Operation in accordance with the proposed amendment will not significantly increase the 
probability of a fuel mispositioning event because fuel movement will continue to be 
controlled by approved fuel handling procedures. These procedures continue to require 
identification of the initial and target locations for each fuel assembly that is moved. The 
consequences of a fuel mispositioning event are not changed because the reactivity 
analysis demonstrates that the new subcriticality criteria and requirements will be met for 
the worst-case fuel mispositioning event. 

Operation in accordance with the proposed amendment will not change the probability of a 
seismic event. The consequences of a seismic event are not increased because the 
forcing functions for seismic excitation are not increased and because the mass of storage 
racks has not changed. 

Operation in accordance with the proposed amendment will not change the probability of a 
loss of SFP cooling event because the systems and events that could affect SFP cooling 
are unchanged. The consequences are not significantly increased because there are no 
changes in the SFP heat load or SFP cooling systems, structures or components due to 
the proposed change in CSA methodology. Furthermore, conservative analyses indicate 
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that the current design requirements and criteria continue to be met with the presence of 
Boral blisters. 

Therefore, the proposed change does not involve a significant increase in the probability 
or consequences of an accident previously evaluated. 

2. Does the proposed amendment create the possibility of a new or different kind of accident 
from any accident previously evaluated? 

Response: No 

Onsite storage of spent fuel assemblies in the DNPS, Units 2 and 3 SFPs is a normal 
activity for which DNPS has been designed and licensed. As part of assuring that this 
normal activity can be performed without endangering the public health and safety, the 
ability to safely accommodate different possible accidents in the spent fuel pool have been 
previously analyzed. These analyses address accidents such as radiological releases due 
to dropping a fuel assembly; and potential inadvertent criticality due to misloading a fuel 
assembly. The proposed amendment does not change the method of fuel movement or - - 
spent fuel storage and does not create the potential for a new accident. 

The proposed use of a new methodology for performing the DNPS SFP CSA and addition 
of a new TS requirement limiting the maximum in-rack k-infinity does not change or modify 
the fuel, fuel handling processes, spent fuel racks, number of fuel assemblies that may be 
stored in the pool, decay heat generation rate, or the SFP cooling and cleanup system. 
The potential for blistering on the Boral has been evaluated and the neutron poison will 
continue to fulfill its function. 

The limiting fuel assembly mispositioning event does not represent a new or different type 
of accident. The mispositioning of a fuel assembly within the fuel storage racks has 
always been possible. The proposed amendment involves a revised CSA for the DNPS 
Units 2 and 3 SFPs using a new methodology. The associated analysis results show that 
the storage racks remain sub-critical, with substantial margin, following a worst-case fuel 
misloading event. 

Therefore, the proposed change does not create the possibility of a new or different kind of 
accident from any previously evaluated. 

3. Does the proposed amendment involve a significant reduction in a margin of safety? 

Response: No 

The proposed amendment involves a revised CSA for the DNPS Units 2 and 3 SFPs using 
a new methodology and proposes a new TS requirement limiting the maximum in-rack k-
infinity. This change was evaluated for its effect on margins of safety related to criticality 
and spent fuel heat removal capability. 

DNPS TS 4.3, "Fuel Storage," Specification 4.3.1.1.a requires the spent fuel storage racks 
to maintain the effective neutron multiplication factor, keff, less than or equal to 0.95 when 
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fully flooded with unborated water, which includes an allowance for uncertainties. 
Therefore, for spent fuel pool criticality considerations, the required safety margin is 5 
percent. 

The proposed change ensures, as verified by the associated criticality analysis, that keff  
continues to be less than or equal to 0.95, thus preserving the required safety margin of 
5 percent. In addition, using the in-rack k-infinity limit ensures that the SFP criticality 
analysis remains bounding and provides adequate protection to ensure public health and 
safety in that it determines the reactivity limit for the fuel assemblies that are allowed to be 
stored in the SFP storage racks. 

The proposed use of a new methodology for performing the DNPS SFP GSA does not 
affect spent fuel heat generation or the spent fuel cooling systems. A conservative 
analysis indicates that the design basis requirements and criteria for spent fuel cooling 
continue to be met with Boral blistering considered. 

In addition, the radiological consequences of a dropped fuel assembly remain unchanged 
as the anticipated fuel damage due to a fuel handling accident is unaffected by the use of 
a new methodology to perform the GSA. The proposed change also does not increase the 
capacity of the Unit 2 and Unit 3 spent fuel pools beyond the current capacity of not more 
than 3537 fuel assemblies. 

Based on the above, EGG concludes that the proposed amendment does not involve a 
significant hazards consideration under the standards set forth in 10 CFR 50.92(c), and, 
accordingly, a finding of no significant hazards consideration is justified. 

4.3 Conclusions 

In conclusion, based on the considerations discussed above, (1) there is reasonable assurance 
that the health and safety of the public will not be endangered by operation in the proposed 
manner, (2) such activities will be conducted in compliance with the Commission's regulations, 
and (3) the issuance of the amendment will not be inimical to the common defense and security 
or to the health and safety of the public. 

5.0 ENVIRONMENTAL CONSIDERATION 

EGG has evaluated this proposed operating license amendment consistent with the criteria for 
identification of licensing and regulatory actions requiring environmental assessment in 
accordance with 10 CFR 51.21, "Criteria for and identification of licensing and regulatory actions 
requiring environmental assessments." EGG has determined that these proposed changes 
meet the criteria for a categorical exclusion set forth in paragraph (c)(9) of 10 CFR 51.22, 
"Criterion for categorical exclusion; identification of licensing and regulatory actions eligible for 
categorical exclusion or otherwise not requiring environmental review," and as such, has 
determined that no irreversible consequences exist in accordance with paragraph (b) of 10 CFR 
50.92, "Issuance of amendment." This determination is based on the fact that these changes 
are being proposed as an amendment to the license issued pursuant to 10 CFR 50, "Domestic 
Licensing of Production and Utilization Facilities," which changes a requirement with respect to 
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installation or use of a facility component located within the restricted area, as defined in 
10 CFR 20, "Standards for Protection Against Radiation," or which changes an inspection or a 
surveillance requirement, and the amendment meets the following specific criteria: 

(i) The amendment involves no significant hazards consideration. 
(ii) There is no significant change in the types or significant increase in the amounts of 

any effluent that may be released offsite. 
(iii) There is no significant increase in individual or cumulative occupational radiation 

exposure. 

Therefore, in accordance with 10 CFR 51.22, paragraph (b), no environmental impact statement 
or environmental assessment need be prepared in connection with the proposed amendment. 
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I. INTRODUCTION

'ì-his report documents the criticality safety evaluation for the storage of BWR fuel in the Unit 2
and Unit 3 spent fuel pools (SFPs) at the Dresden Station operated by ìlxelon. The Unit 2 and

Unit 3 SFP racks are identical and are designed 1o accommodate BWR fuel. Currently, the SF'P

racks credit BORAL for reactivity control. This analysis will include a new fuel design,
ATRIUM 1OXM. This analysis will show that the effective neutron multiplication factor (k"¡¡) in
the SFP racks fully loaded with fuel of the highest reactivity, at a temperatue corresponding to
the highest reactivity, is less than 0.95 with a 95% probability at a 950/o confidence level.
Reactivity effects of abnomal and accident conditions are also evaluated to assure that under all
credible abnormal and accident conditions, the reactivity will not exceed the regulatory limit.

Criticality control in the SFP, as credited in this analysis, relies on the following:

o Fixed neutron absorbers
o BORAL fixed to the SFP rack cell walls

o Integrated neutron absorbers
o Gadolinium (Gd) in the fuel (peak reactivity isotopic composition).

Criticality control in the SFP, as credited in this analysis, does not rely on the following:

. Crediting burnup
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2. METHODOLOGY

2.7 General Approach

The analysis is performed consistent with regulatory requirements and guidance. The
calculations are performed using eilher the worst case bounding approach or the statisfical
analysis approach with respect to the various calculation parameters. The approach considered
for each parameter is discussed below.

2.2 Computer Codes and Cross Section Libraries

2.2.1 MCNP5-1.51

MCNP5-l.51 is a three-dimensjonal Monte Carlo code developed at the Los Alamos National
Laboratory [11. MCNPS-I.51 calculations use continuous energy cross-section data based on
ENDF/B-VII. MCNP is selected because it has history of successful use in fuel storage criticality
analyses and has most of the necessary features (except for fuel depletion analysis) for the
analysis to be perforrned for Dresden Station SFP.

The convergence of a Monte Carlo criticality problem is sensitive to the following parameters:
(1) number ofhistories per cycle, (2) the number ofcycles skipped before averaging, (3) the total
number of cycles and (4) the initial source distribution. All MCNP5 calculations are performed
with a minimum of 12,000 histories per cycle, a minimum of 300 skipped cycles before
averaging, and a minimum of 300 cycles that are accumulated. 'I'he initial source is specified as

uniform over the fueled regions (assemblies).

2.2.1.1 MCNP5-1.51 Validation

I A positive bias which results in decrease in reactivity is truncated to zero [3].
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2.2.2 CASiI{O-A

Fuel depletion analyses during core operation are performed with CASMO-4 Version 2.05.14
(using the 70-group cross-section library), which has been approved by the NRC for reactor
analysis (depletion) when providing reactivity data for specific 3D simulator codes. CASMO-4 is
a two-dimensional multigroup transport theory code based on the Method of Characteristics and
it is developed by Studsvik of Sweden [4]. CASMO-4 is used to perform depletion calculations
and to perform various sensitivity studies. The unceltainty on the isotopic composition of the
fuel (i.e., the number density) is considered as discussed below (see Section 2.3.9). A validation
for CASMO-4 to develop a bias and bias uncertainty is not necessary because the results of the
CASMO-4 sensitivity studies are not used as input into the k"r¡ calculations. However, the code
authors have validated CASMO-4 against MCNP and various critical experiments [5].

2.3 Analysis Methods

2.3.1 Design Basis Fuel Assembly

There are various fuel designs stored in the f)resden SFP. For the purpose of this analysis, the
reactivity of each design is evaluated and the most reactive fuel bundle lattice is detemined for
use as the design basis fuel assembly (a single lattice (most reactive) along the entire active
length) to determine keir at the 95/95 level. This approach follows the guidance in [6] and [7],
and is furlher described bclow.
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2.3.1 .1 Peak Reactivity

The BWR fuel designs used at the I)resden Station use Gd as an integral burnable absorber.
lnitially, the Gd in the fuel assembly holds down the fresh fuel assembly reactivity and then, as

core depletion occurs, the Gd begins 1tl burnout until it is essentially fully depleted. As the Gd
depletes the reactivity ofthe fuel assembly increases until it reaches a peak. This peak reactivity
is the fuel assembly's most reactive condition. Note that most BWR fuel designs are composed

of various axial lattices (including blankets) that can have different axial lengths, uranium
loadings, fuel pin aruangements including partial or part-length rods, Gd pin locations and

loading, etc. These various lattice components can all elfect at what burnup the peak reactivity
occurs and the magnitude of the peak reactivity. The axial lattices within a single fuel assembly
can therefore all have different peak reactivity. Therefore, for each fuel design type, an

assessment is made of every lattice to determine the bounding lattice (highest peak reactivity).
These ale the screening calculations described in Section 2.3.1.2 and are performed with
CASMO-4 only. Note that using the CASMO-4 code is appropriate since all lattices are

compared as axially infinite models.

Note that for the purposes of this analysis, the term "peak reactivity" is defined as the reactivity
of a fuel assembly lattice in the SFP storage rack geometry as determined by MCNP5-1.51
(usingCASMo-4depletioncalculationisotopiccompositionsf¡.this
pr:ak reactivity considers nominal fuel assembly and storage rack dimensions. For the purpose of
determining the design basis fuel assernbly and its bounding lattice (see Section 2.3.1 .2 and
Section 2.3.1.3), the core operating pârameters (COP) are varied using four sets. For all 1ìrÍhcr
calculations using the design basis fìel assembly lattice bounding core operating parameters are

used (see Section 2.3.2). Note that the fì¡el assernbly orientation in the core with respect to its
control blade does not change and therefore the CASMO-4 depletion calculations consider the

only possible configuration.

2.3.1.1.1 Peak Reactivity and Fuel Assembly Bumup

Typically, a spent fuel assembly is characterized by its assembly average bumup (over all lattices
or nodes). In this analysis methodology the fuel assembly average burnup is ofno concern and is

not credited for reactivity control. Rather, the methodology credits the residual Gd and other
depletion isotopic compositions at the fuel assembly peak reactivity (most reactive lattice peak

reactivity). While the peak reactivity occurs at some specific lattice burnup, the peak reactivity
lattice burnup varies from lattice to lattice within a fuel design. Therefore, independent
calculations with MCNP5-l.51 

- 

(see Section 2.3.1.1.2) are
perfomed for every lattice thar is selected as a result of the screening calculations (see Section
2.3.1.2) and all further design basis calculations using MCNP5-1.51. The MCNP5-1.51
calculations are perfòrmed over a burnup range to determine the burnup at peak reactivity for
every lattice in the storage rack geornetry. Since each lattice is considered at its peak reactivity
(and therefore the lattice or nodal bumup at which that occurs), the fuel assembly average burnup
or fuel assembly burnup profile is not applicable because the analysis already considers each

lattice at its most reactive composition, independent ofthe fuel assernbly average burnup.
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-2.3.1.2 Screening Calculations for the Design Basis Fuel Assembly

The SFP holds various legacy fuel assemblies designs, the current Oplima2 design and the future
ATRIUM 10XM design to be qualified for storage. For many of the legacy fuel designs, it is
not necessary to perform calculations because they have a very low lattice average enrichment.
Since it is known that the design basis lattice will have a high lattice average enrichment, a

simple assessment ofthe legacy fuel population is all that is required to determine that they are

bounded by the design basis lattice. Therefore, for legacy fuel designs with low lattice
enrichments (i.e. less than about 4.3 % lJ-235), engineering judgment is used to determine that
these designs will not need soreening calculations since they are well bounded by the more
recent fuel designs with much higher lattice average enrichments.

For all of luel design lattices that require screening calculations, the first step (Step l) is to
pelform CASMO-4 calculations to detemine the lattices that have the highesf peak reactivity in
the storage rack geometry (see Appendix A). For Step 1, an arbitrary value of k¡,'¡ > 0.8500 is
used to determine the lattìces that have the highest peak reactivity in the storage rack geometry.
This arbitrary value was selected using engineering judgment.

Each of the Step 1 screening calculations using CASMO-4 includes the in core depletion and

restart in SFP rack cell. Note that for the core depletion calculations, four sets of core operating
parameters are used and the maximum reactivity over all four is determined (see Section 4.2).
'fhese four scts ofcore operating parameters are presented in Table 5.2.(c) and have been selected to

bound the effects of the most important parameters (i.e. void fraction, control blade use and

temperatue s).

Based on the results of Step 1, the most reactive fuel lattices are identified by selecting the subset of
lattices that have a reactivity greater than 0.8500 (see Appendix A). The lattices which meet this
criteria are then used for Step 2 calculations as described below.

2.3.1.3 Determination of the Design Basis Fuel Assembly Lattice

As discussed in Section 2.3.1 .2, the Step I screening calculations are performed with CASMO-4
for each of the selected lattices. Based on the results of these screening calculations, the most
reactive lattices are determined by comparison to the criteria of k¡,r> 0.8500. Step 2 calculations
are then performed using in-rack MCNP5-l.51 to determine the peak reactivity for each of the
most reactive lattices selected in Step 1. See Appendix B.
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Step 2 determines the peak reactivity for the most reactive latlices using MCNP5-1.51
calculations in the storage rack geometry. Note that the peak reactivity of the CASMO-4
depletion calculation model is used only for the screening calculations and is not the peak
reactivity as determined by MCNP5-1.51 in rack models. MCNP5-i.51 calculations are
perfomred over a bumup range to independently detemine the peak reactivity.

I'he result of the Step 2 calculations are then compared, and the most reactive fuel assembly
lattice is determined. Note that the results of the Step 2 lattice calculations in MCNP5-l.51 are
useful to show important trends in the reactivity effect of lattice enrichment, Gd rod location,
nurnber and loading. These trends are expected to show that the most reactive lattices are those
with the highest lattice average enrichment, lowest number of Gd rods and lowest Gd rod
loading. The most reactive lattice is then used to construct a new lattice that is much more
bounding by increasing the lattice average enrichment to the maximum value (i.e. 4.95 wt% U-
235), decreasing the number of Gd rods to the minimum expected (i.e. 10) with the minimum
expected Gd loading (i.e.3%). This new constructed lattice is then used as the design basis fuel
assembly lattice and is modeled along the entire active length for all calculations used to
determine ker at the 95/95 level.

2.3.1.4 Design Basis Model

The analysis design basis MCNP5-1.51 model is a 2x2 array (and larger array sizes as noted
below) that considers the formed and fabrjcated cell design of the storage racks. The storage
rack cell wall, poison, and sheathing are all explicitly modeled along the active length of the
design basis lattice. The BORAL panels are considered at their minimum thickness and loading.
The design basis model explicitly considers the fuel pellet, pellet to cladding gap, cladding,
water box and fuel assembly channel (unless otherwise noted below). Various studies are
performed with the design basis model to determine the reactivity effect of SFP water, radial
position of'the fuel assernbly within the storage cell, and radial orientation ofthe fuel in the 2x2
array with respect to the comer ofthe bundle which was adjacent to the control blade in the core.
The reactivity impacts from these studies are discussed in detail in the sections below. The
MCNP5-I.51 model uses periodic boundary conditions radially and 12 inches of water as axial
reflectors. The assembly lattice is considered along the full active length. 'the storage rack is
considered along the full active fuel length only.

The design basis model is used for all calculations used to show compliance with the regulatory
limit. All calculations with the design basis model are presented in Appendix C. The
basis model differs sliehtly from the model used to determine the lattice (i.e

(see Appendix B).

Calculations are performed with the design basis model for the four sets of COP to confirm the
selection of the bounding set from Appendix B. The design basis MCNP5-1.51 model is
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presented in Figure 2.2. Note that all calculations are performed at zero hours cooling time.
Justification ofthis cooling time is also presented in Appendix C.

The lollowing cases are considered:

. Case 2.3.1.4.1: This is the design basis model. It is a2x2 anay cases MCNP5-1.51 with
the fuel assembly centered in the rack cell. The COP used is the "min" set (see Table
5.2(c)). See Fig:ure 2.2.

. Case 2.3.l .4.2: Same as Case 2.3.l .4.1 except that the COP used are in "nom" set.

¡ Case 2.3.1.4.3: Same as Case 2.3.1.4.1 except that the COP used are in "max" set.

o Case 2.3.1.4.4: Same as Case 2.3.1.4.1 except that the COP used are in "minr" set.

. Case 2.3.1.4.5: Same as Case 2.3.1.4.1 except that the isotopic compositions are aT 72
hours cooling time.

The results ofthese calculations are presented in Table C.1. The results presented in Table C.1

also provide the bounding case frorn Appendix B so that a comparison can be made between the
two calculations.

2.3.2 Core Opcrating Paramctcrs

As pleviously discussed, CASMO-4 is used to perl'olrn depletion calculations to determine the
spent fuel isotopic composition. The opelating palametels for spent fuel depletion calculations
are discussed in this Section. 'Ihe core operating parameters which may have a significant impact
on BWR spent fuel isotopic composition are void fraction, control blade history, moderator
temperature, fuel temperature, and power density. Other pâramete.rs such as the effect of
burnable absolbers and axial enrichment distribution are discussed in Section 2.3.3 and Section
2.3.4, respectively. For the purpose of determining the bounding set of COP for each lattice, four
sets of COP are used (see Table 5.2(c)). The bounding set of COP is determined using both
CASMO-4 and MCNP5-1.51 calculations (see Appendix A and Appendix B),. The bounding set

of COP for the design basis lattice is used for all design basis lattice calculations (sce Appendix
c).

2.3.3 Intcgral Reactivity Control l)evices

Tbe only type of bumable absorber used for the fuel assemblies covered in this analysis is Gd.
The use of Gd does not increase the reactivity ofthe assembly, compared to an assembly lattice
where all rods contain fuel and no Gd. As discussed in Section 2.3.1.1.1, the Gd in the fuel
assembly holds down the fresh fuel assembly reactivity and then, as core depletion occurs, the
Gd begins to burnout until it is essentially fully depleted. As the Gd depletes the reactivity of the
fuel assembly increases until it reaches a peak. This peak reactivity is the fuel assembly's most
reaclive condition, which is used for design basis condition.
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2.3.4 Axial and Planar Enrichmcnt Variations

All calculations were performed with the design basis fuel assembly lattice pin specific
enrichment(s), without any axial variation.

2.3.5 Fucl Assembly Ecccntric Positioning and Fuel Assembly Dc-Channeling

The BWR fueì that is loaded in the SFP racks may not rest exâctly in the center of the storage
cell, therefore the potential reactivity effect of this eccentric positioning should be evaluated.
The ATRIUM 10XM fuel assembly (the most reactive fuel assembly, as will be shown in
Section 7) may be de-channeled, therefore the potential reactivity effect of de-channeling should
be evaluated. These two parameters, storage cell eccentric positioning and the fuel assembly de-
cha:rneling may occur sirnultaneously and may impact the reactivity effect of each other.
Therefore the two parameters should be evaluated together. Evaluations are therefore perlormed
to determine the most limiting fuel radial location for fuel with and without a channel.

The following cases with the fuel assembly channel present are analyzed:

. Case 2.3.5.1: This is the reference for the 2x2 array cases, Case 2.3.5.2 and Case 2.3.5.3.
The MCNP5-1.51 model used herein is a 2x2 array with the fuel assembly centered in the
rack cell. This model is the same model as the design basis model. See Figure 2.2.

. Case 2.3.5.2: Every fiel assembly is positioned toward the center as shown in Figure 2.3.

. Case 2.3.5.3: Every fuel assembly is positioned toward one colner as sl.rown in Figure
2.4.

. Case 2.3.5.4: This is the reference for Case 2.3.5.5 a¡d Case 2.3.5.6.'Ihe MCNPS-1.51
model used herein is an 8x8 array with the fuel assembly centered in the rack cell. The
model is the same as the design basis model but the array size is larger.

¡ Case 2.3.5.5: Every fuel assembly is positioned toward the center as shown in Figure 2.5.

. Case 2.3.5.6: Every fuel assembly is positioned toward one corner as shown in Figure
2.6-

The following cases with the fuel assembly channel NOT present are analyzed:

. Case 2.3.5.1:'This is the reference for the 2x2 array cases, Case 2.3.5.8 and Case 2.3.5.9.
The MCNP5-1.51 model used herein is a 2x2 a-nay with the fuel assembly centered in the
rack cell. This model is the same model as the design basis model except that the fuel
channel has been removed.

. Case 2.3.5.8: Every fuel assembly is positioned toward the center as shown in Figure 2.7.
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. Case 2.3.5.9: Every fuel assembly is positioned toward one corner as shown in Figure
2.8.

¡ Case 2.3.5.10: This is the reference f'or Case 2.3.5.11 and Case 2.3.5.12. The MCNP5-
1.51 model used herein is an 8x8 array with the fuel assembly centered in the rack cell.
The model is the same as the design basis model but the array size is larger.

o Case 2.3.5.11: Every fuel assembly is positioned toward the center as shown in Figure
2.9.

. Case 2.3.5.12: Every fuel assembly is positioned toward one corner as shown in Figure
2.10.

The maximum positive reactivity elfect of the MCNP5-I.51 calculations for the fuel eccentric
positioning and de-channeling is added as the bias and the corresponding 95/95 uncertainty is
statistically combined with other uncertainties to detemrine k"¡¡.

2.3.6 Fuel Bundle Orientation in SFP Rack Cell

As described in Section 2.3.1 .1.2, fuel assemblies have various radial fuel enrichments and
gadolinium distribution. Also, one comer of each fuel assembly is adj acent to the control blade
during the depletion in the core. As a result, the fuel depletion is not uniform and therefore one
fucl assembly corner nÌay be more reaotive lhan olher cornels and the fuel assembly orientalion
in the SFP storage cell rnay have an impact on reactivity.

Five cases are analyzed to assess the fuel assembly orientation varialions and to determine the
most limiting fuel orientation in SFP rack cell.

The MCNP5-1.51 model of the reference case is the design basis fuel in the 2x2 array, as shown
in Figure 2.2. The MCNP5.1.51 models of the other four cases are the same as that of the
reference case, except with different orientations. The following cases are considered:

o Case 2.3.6.1: This is the reference for the 2x2 array cases, Case 2.3.6.2 through Case
2.3.6.5. This model is the same model as the design basis model where the corner of the
lattice adj acent to the control blades in the core is oriented towards the north west. See

Figrre 2.2.

¡ Case 2.3.6-2: The fuel assembly in each cell in i"he 2x2 array is oriented as shown in
Figure 2.1 1 .

. Case 2.3.6.3: The fuel assembly in each cell in fhe 2x2 anay is oriented as shown in
Figt:re 2.12.

. Case 2.3.6.4: The fuel assembly in each cell in fhe 2x2 anay is oriented as shown in
Figure 2.13.
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. Case 2.3.6.5: The fuel assembly in each cell i¡ fhe 2x2 aruay is oriented as shown in
Figure 2.14.

Note that the evaluations use the same MCNP5-1.51 models with periodic boundary conditions
used in the design basis calculation. The isotopic cornpositions of the fuel rods are the same as

those ofthe design basis fuel assembly.

'fhe maximum positive reactivity effect of the MCNP5-l.51 calculations for the fuel bundle
o¡ientation is added as the bias and the conesponding 95/95 uncefiainty is statistically combined
with other uncertainties to determine k"n

2.3.7 lìeactivity Effect ofSpent Fuel Pool \ ater Temperaturc

The Dresden Station SFP has a normal pool water temperature operating range below 150'F.
For the nominal condition, the criticality analyses are to be performed at the most reactive
temperature and density [6]. Also, there are temperature-dependent c¡oss section effects in
MCNP5-l.51 that need to be considered. In general, both density and cross seotion effects may
not have the same reactivity effect for all storage rack scenarios, since configurations with strong
neutron absorbers typically show a higher reactivity at lower water temperature, while
configurations without such neutron absorbers typically show a higher reactivity at a higher
water temperature. For the SFP racks which credit neutron absorbers, the nrost reactive SFP

water temperature and density is expected Iobe af 39.2 oF'and 
1 g/cc, respectively.

The standard cross section temperature in MCNP5-1.51 is 293.6 K. Cross sections are also

available at other ten'rperatures, however, not usually at the desited temperature for SFP

criticality analysis. MCNP5-1.51 lias the ability 1o automatically adjust the cross sections to the

specified temperature when using the TMP card. Furthermore, MCNP5-1.51 has the ability to
make a molecular energy adjustment for select materials (such as water) by using the S(o,B) card.

The S(o,p) card is provided for certain fixed temperatures which are not ahvays applicable to
SFP criticality analysis. Rather, there are limited temperature options, i.e., 293.6 K and 350 K,
etc. Additionally, MCNP5-1.51 does not have the ability to adjust the S(o,p) card for
temperatures as it does for the TMP card discussed above. Therefore, additional studies are

performed to show the impact ofthe S(u,B) card at the two available temperatures.

To determine the water temperature and density which result in the maximum reactivity,
MCNP5-1.51 calculations are run using the bounding values. Additionally, S(o,lì) calculations
are performed lor both upper and lower bounding S(o,B) values, if needed. Additional cases are

added to cover the potential increase in temperature beyond normal conditions (i.e. accident
condition).

The following cases are considered:

o Case 2.3.7.1 (reference case): Temperature of 39.2 "F (277.15 K) and a density of 1.0

glcc arc used to determine the reactivily a1 the low end of the temperature range. The

S(o,B) card corresponds to a temperature of68.8l 'F (293.6 K).
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Case 2.3.7.2: Temperature of 150 'F (338.71 K) and a conesponding density of 0.98026
g/cc are used to detennine the reactivity at the high end of the temperature range. The
S(a,B) card corresponds to a temperature of68.81 'F (293.6 K).

Case 2.3.7.3: Temperature of 150 'F (338.71 K) and a coresponding density of 0.98026
g/cc. The S(u,B) card corresponds to a temperature of 170.33 "F (350 K).

Case 2.3.'l .4: Temperalure of 212 "F (373.1 5 K) and a conesponding density of 0.95837
g/cc. The S(o,B) card corresponds to a temperatule of 170.33 "F (350 K). This is a SFP

water temperature accident condition.

Case 2.3.7.5: Temperature of 212 oF (373.15 K) and a coresponding density of 0.95837
g/cc. The S(tr,B) card corresponds to a temperature of 260.33 "F (400 K). This is a SFP

water temperature accident condition.

¡ Case 2.3.7.6: Temperature of 255 "F (397.04 K) and a corresponding density of 0.84591
g/cc. The S(o,B) card corresponds to a temperature of 260.33'F (400 K). In this model,
it is assumed that the water modeled includes 10% void. Void is modeled as 10%
decrease in density, compared to the density of water af 255 "F. This is a SFP water'
temperatüe accident condition.

The bounding water temperature and density (the temperature and its corresponding density
which result in the maximum reactivity) of the above cases are applied to all furlher calculations
so that the most reactive watcr tenperature and density is considered. Note that the evalualions
use the same MCNP5-1.51 models used in the design basis calculation. The pin specific isotopic
compositions ofthe luel rods are tbe same as those of the design basis fuel assembly.

2.3.8 Fuel and Storage Rack Manufacturing Tolerances

In order to determine the k"r of the SFP aI a 95't/;o probability aT a 95%o confidence level,
consideration is given to the effect of the BWR fuel and SFP storage rack manufacturing
tolerances on reactivity. The reactivity effects of significant independent tolerance variations are
combined statistically [6]. The evaluations use the same MCNP5-1.51 models used in the design
basis calculafion.

2.3.8. 1 F'uel Manufacturing Tolerances

The BWR fuel tolerances for A'II{IUM 1OXM design basis lattice (which is the most reactive
fuel design evaluated herein) are presented in Table 5.1(h). Fuel tolerance calculations are
performed using the design basis fuel assembly lattice only because the reactivity of the design
basis lattice is much greater than lattices from other fuel bundle designs. Therefore, only the
tole¡ances applicable to that lattice are applicable. Separate CASMO-4 depletion calculations are
performed for each fuel tolerance and the full value of the tolerance is applied for each casc in
both the depletion and in rack calculations. Pin specific compositions are used. The MCNP5-l.51
tolerance calculation is compared 1o the MCNP5-l.51 reference case (nominal parameter values)
at the 95% probability at a 950lo confidence level using the following equation:

Projecf No. 2393 I{eport No. III-21 461 53 Page I 3



delta-kcårc = (kcarcz - kcarcr) + 2 * I (612 + o22)

'Ihe following luel manufacfuring tolerances cases are considered in this analysis:

. Case 2.3-8.1.1 (reference case): This is the reference for all the other fuel tolerance cases.
This MCNPS-1.51 model is the same model as the design basis model. See Figure 2.2.

. Case 2.3.8.1.2: This is the fuel pellet density increase tolerance.

. Case 2.3.8.1.3: This is the fuel pellet diameter increase tolerance.

. Case 2.3.8.1.4: This is the fuel pellet diameter decrease tolerance.

. Case 2.3.8.1.5: This is the minimum cladding thickness tolerance. ln this model, thc
maximum cladding inner diameter and minimum cladding outer diameter are applied
together.

o Case 2.3.8.1.6: This is the increased rod pilch tolerance.

¡ Case 2.3.8.1.7: This is the decreased rod pitch tolerance.

n Case 2.3.8.1.8: This is the increased channel thickness tolerance.

r Case 2.3.8. I .9: This is the deoreased channel thickness toleranse.

. Case 2.3.8.1.10: This is the increased fuel enrichment tolerance. All fuel pins have an
increase in U-235 enrichment, including the Gd rods, of 0.05 wt% U-235.

¡ Case 2.3.8.1 .1 1 : This is the decreased Gd loading tolerance.

The maximum positive reactivity effect of the MCNP5-l.51 calculations for each tolerance is
statistically combined with the other tolerance results, and this result is then statistically
combined with other uncertainties when determining the k"¡¡ value.

2.3.8.2 SFP Storage Rack Manufacturing Tolerances

The SFP rack tolerances are presented in Table 5.3. The full value ofthe tolerance is applied for
each case. The MCNP5-1.51 tolerance calculation is compared to the MCNPS-I.51 reference
case with a 95% probabilify af a 95o/o confidcncc lcvel using the following equation:

delta-kcatc: (k"n¡"2 k.u¡"l) ì 2 * ",1 ço12 + o22¡

The following rack manufacturing tolerances cases are considered in this analysis:

. Case 2-3.8.2.1 (reference case): This is the reference fbr all the other rack tolerance cascs.
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This MCNP5-l.51 model is the same model as the design basis model. See Figure2.2.

¡ Case 2.3.8.2.2: This is the increased storage cell inner diameter (lD) tolerance.

o Case 2-3.8-2.3: This is the decreased storage cell inner diameter tolerance.

. Case 2.3.8.2.4: This is the increased wall thickness tolerance. Note that the tolerance
associated with the wall thickness is assumed to be 10% ofthe wall thickness.

o Case 2.3.8.2.5: This is the decreased wall thickness tolerance. Note that the toleranoe
associated with the wall thickness is assumed to be 10% of the wall thickness.

o Case 2.3.8.2.6: This is the increased storage cell pitch tolerance.

o Case 2.3.8.2.7: This is the decreased storage cell pitch tolerance.

¡ Case 2.3.8.2.8: This is the increased BORAL width tolerance.

. Case 2.3.8.2.9: This is the decreased BORAL width tolerance.

The maximum positive reactivity effect of the MCNP5-I.51 calculations for each tolerance is
statistically combined with the othe¡ tolerance results, and this result is then statistically
coml¡ined with other uncertainties when determining the k"¡¡ value.

'Ihe evaluations use the same MCNP5-I.51 models used in the design basis calculation. The
isotopic compositions ofthe fuel rods are the same as those ofthe design basis luel assembly.

The poison thickness and loading a¡e used at their minimum values for all calculations; i.e., they
are treated as a bias instead ofuncertainty, for conselatism and simplification.

2.3.9 Fuel Depletion Calculation Uncertainty

To account for the uncertainty of the number densities in the depletion calculations performed in
CASMO-4, a 5% depletion unceÍainty factor as described in [6] and [7] is used. Note that an
additional r.urcerlainty factor is used to account for the uncertainty in the cross sections; for fission
products see Section 2.3. 10.

The depletion uncertainty is applied by multiplying it with the reactivity difference (at
95%/95%) between the MCNP5-l.51 calculation with spent fuel at peak reactivity (includes
residual Gd) and a corresponding MCNP5-1.51 calculation with fresh fuel (without Gd2O3).

The uncertainty is determined by the following:

Uncertainty¡ro¡on¡"r:[(k"ur.-z-k"arc-r)*2*{(o"rr"-12+o"ol"-22)]*0.05

with
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k"o¡"-¡ : k"u¡" with spent fuel
k"o¡"-2 : k"o¡" with fresh fuel
ocalc-t = Standard deviation of k.r¡"-1

ooàtc-2 : Standard deviation of k"u¡"-2

The following case is considered:

. Case 2.3.9.1 (reference case): This is the reference case. This MCNP5-1.51 model is the
same model as the design basis model. See Figure 2.2.

. Case 2.3.9.2: This is the fresh fuel with no Gd case.

The result of the MCNP5-1.51 calculation for the fuel depletion calculation uncertainty is
statistically combined with other uncertainties to determine k"¡¡.

I
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2.3.11 Depletion Related Fuel Asscmbly Geometry Changcs

During iradiation the BWR fuel assembly may experience depletion related fuel geometry

changes. These changes can be fuel rod growth and cladding creep, crud buildup, fuel rod bow
and the fuel channel may bow and bulge. These fuel assembly geometry changes can affect the

neutron spectrum during depletion by changing the fuel to moderator ratio. In the spent fuel pool,
lhere ale two potential impacts from the depletion related fuel geometry changes: first, thc effect
durhg depletion rnay lead to a different isotopic composition, second, the fuel geometly change

itself can also irnpact reactivity by the change in the fuel to n'ìoderatol' ratio. The elïect of these

possible fuel geometry changes on the reactivily of the fuel in the SFP are discussed below.

Note that since the peak reactivity for the design basis fuel assembly is below 20 GWd/mtU (i.e.

is about 1 1 GWd/mtU), there is no expected significant reactivity impact associated with any

minimal fuel geometry changes which occur below that exposure value.

2.3.11.1 Fuel Rod Geometry Changes

Possible changes to the fuel rod geometry may occur as a result of fuel rod growth, cladding
creep, and crud buildup. These geometry changes have the potential to change the fuel-to-
moderator ratio in the geometry, thus potentially increasing reactivity, and are therefore
discussed below.

2.3.11 .1 .1 Fuel Rod Growth and Cladding Creep

Fuel rod growth and cladding creep is not expected for the design basis lattice at the peak

reactivity burnup (i.e. about 11 GWd/mtU). Therefore, no additional calculations are performed.

2.3.11 .1 .2 Fuel Rod Crud Buildup
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Crud buildup on the fuel rod cladding decreases the amount of water around the fuel rods and
thus increases the fuel-to-moderator ra1io. The amount of crud buildup at peak reactivity is not
expected to be significant. Therefore, no fuilher evaluations are performed.

2.3.11.1.3 Fuel Rod Bow

Fuel rod bow is a depletion related geometry change that alters the fuel rod pitch. The effect of
the fuel rod bow is similar to the fuel rod crud buildup (see Section 2.3.11.1.2). The reactivity
impact of this geometry change to the fuel in the SFP is evaluated using the depletion related fuel
rod pitch positive tolerance provided in Table 5.1(h).

'l'he following fuel rod bow cases are considered:

. Case 2.3.11.1.3.1 (reference case): This is the reference case. This MCNP5-l.51 model
is the same model as the design basis model. See Figure 2.2.

. Case 2.3.11.1.3.2: This is the fuel rod bow case. The isotopic compositions are taken
from CASMO4 runs with this geometry change included. The geometry change is also
included in the geometry of the MCNP5- 1 .5 I model.

The results of the MCNP5-l.51 calculations are used to determine a bias and bias uncerlainly.
T'he lrias and bias uncerlainty are applied to the design basis results as discussed in Section
¿.3. I J.

'fhe maximun positive leactivity effeot of the MCNP5-1.51 calculations for the fuel rod bow is
added as the bias and the conesponding 95/95 uncertainty is statistically combined with other
unceftainties to determine k"¡¡

2.3.11.2 Fuel Channel Bulging and Bowing

Fuel channel bulging and bowing is a depletion relaled geometry change thât changes the
proximity of the channel to the fuel rods. Since the proximity of the channel relative to the fì-¡el

rods may change, the temperature and density of the modelator during depletion may change
(volume of moderator inside the channel may change). The reactivity effect of fuel channel
bulging and bowing is evaluated using the channel outer exposed width tolerance presented in
Table s.1(h).

The following fuel channel bulging and bowing cases are considered:

. Case 2.3.11 .2.1: This is the fuel channel bulging and bow case. The isotopic
compositions are taken from CASMO4 runs with this geometry change included. The
geometry change is also included in the geomelry of the MCNPS-I.51 model.
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'l-lre results of the MCNP5-l.51 calculations are used to determine a bias and bias uncerlainty.
The bias and bias uncertainty are applied to the design basis results as discussed in Section
z.-t .I J.

The maximum positive reactivity effect of the MCNP5-l.51 caloulations 1'or the fuel channel
bulging and bowing is added as the bias and the corresponding 95/95 unceÍainty is statistically
combined with other unceftainties to determine k"n

2.3.12 Sf'P Storage Rack Interfaces

The Dresden SFP storage racks are all the high density egg crate design. BORAL panels ale
fixed to the outside of all fabricated cells and these fabricated cells are joined to create formed
cells. Along the outside of each rack rnodule, BORAL panels are not fixed to the locations
where the formed cells reach the edge, thus there is no BORAL panel every other location. For
each rack module, the fabricated cell is placed in each comer of the module so that there is
always a BORAL panel beginning and ending each rack module edge. For the location where
the fomed cell is along the rack module edge there is a steel filler plate welded to cover the hole.

The rack design method creates a configulation where there may be no BORAL between two
fuel bundles in adjacent rack rnodules, only the steel filler plates. Therefore, the reactivity effect
of this interface condition is evaluated.

The following interface cases are considered:

. Case 2.3.12.L The MCNPS-1.51 model is a 16x16 array model. The array is the same as

the design basis rnodel except that along cvery 8 columns of cells every other location
has both BORAL panels removed. The two steel sheathings were left in the model to
represent the steel plate. Thus, the steel plate thickness considered in the model is thinner
than the actual steel plate (see Table 5.3). Note that in this model the gap between racks
is not included inthe model at all. All fuel is cell centered. See Figure 2.15.

. Case 2.3.12.2: This is the same as Case 2.3.12.7 excepT the fuel is eccentric towards the
center of the model.

For the purpose offhe interface calculations, two 16x16 array models that are larger arrays ofthe
design basis model (one cell centered and one with the fuel eccentric towards the center of the
model), are used as reference cases. The results of the MCNI'5-1.51 caìculations are used to
determine a bias and bias uncertainty.

The maximum positive reactivity effect of the MCNP5-l.51 calculations for the storage rack
interface is added as the bias and the corresponding 95/95 unceÍainty is statistically combined
with other uncertainties to determine k"r¡
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2.3.13 Maximum þ¡ Calculation for Normal Conditions

The calculation of the maximrun k"n of the SFP storage racks fully loaded with design basis fuel
assemblies at their maximurn reactivity is determined by adding all uncertainties and biases to the

calculaled reactivity. Note that the BORAL thickness and its B-10 loading are taken at their worsl
case values in all design basis cases.

hr is determined by the following equation:

k"¡: k"o¡" * uncellainty + bias

where uncertainty includes:

r Fuel manufacturing tolerances
¡ SFP storage rack manufacturing tolerances
. Fuel eccentricity bias uncertainty
o Fuel orientation bias uncefainty
. Fuel channel bow bias unceÍainty
. Fuel rod bowbias unceÍâinty
¡ Depletioncalculationuncertaintyi,..,E
. MCNP5- 1.51 bias uncertainty (95% probability aT a 95%o confidence level)
o MCNPS-1.51 calculations statistios (95% probability at a95o/o confidence level,2o)
o Interface bias uncertainty

and the bias includes

o Fuel eccentricity bias
. Fuel orientation bias
. Fuel channel bow bias
. Fuel rod bow bias
¡ MCNP5-1.51 bias
. Interface bias

Note that each uncertainty is statistically combined with other uncertainties, while biases are

added together in order to determine k"n.

2.3.14 Fuel Movement, Inspection and Reconstitution Opcrations

Fuel movement procedures govern the movement and inspection ofthe fuel at all times that the
fuel is onsite. The new fuel enters the SFP via the fuel prep machine (FPM). The FPM has a
single fuel assembly capacity. 'Ihere are two IrPMs in each SFP, which could be loaded with fuel
at the same time. Flowever, the FPMs are greater than six feet apart, which is a low reactivity
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configuration because of the distance between either FPM so no fuÍher analysis beyond the
normal condition is necessary. The fuel is then picked up by the refueling platform, which also
has a single fuel assembly capacity at any given time, and moved into a storage location in the
storage rack. lhe fuel is always moved above the rack and never moved along the side of the
rack. From the storâge rack, the fuel is picked up by the refueling platform and moved through
the refueling slot for lranspolt to the core. The return trip uses the same process in reverse. All ol
these fuel movement operations involve a single fuel assembly that is never in close enough (i.e.,
directly adjacent) proximity to any other fuel that the configuration is not bounded by the
analysis for normal conditions.

The FPM is no1 considered to be a long-term storage location for fuel but it is physically possible
that a fuel assembly in the FPM could be approached by another fuel assembly in the refueling
platform. The FPM is only single capacity; therefore, once a fuel assembly is in the FPM there is
no normal operation that would allow the presence ofanother fuel assembly in close proximity to
the FPM. This configuration (i.e., two fuel bundles in or around a FPM) is not considered a

normal configuration.

Due to the location of the FPM, only one of the two refueling platforms can ever physically use
the F-PM at any given time. Furthermore, dimensions for distance from the F'PMs to the nearest
SFP rack is 7 inches, which is more than the dimensions of a fuel assembly.

2.3.15 Accident Condition

The acciclents considered are:

. SFP temperature exceeding the normal range

. Dropped assemblies

. Missing BORAL Panel
o Rack movement
o Mislocated fuel assembly (a fuel assembly in the wrong location outside the storage rack,

including the platform area)

Those are briefly discussed in the following sections.

Note thât the double contingency principle as stated in [6] specifies that'two unlikely independent
and concurent incidenls or postulated accidents are beyond the scope ofthe required analysis." This
principle precludes the necessity of considering the simultaneous occurrence of multiple accident
conditions. The k"n calculations performed for the accident conditions are done wiTh a 95Yo

probability at a 95%o confidence level.

The accident conditions are considered at the 95/95 level using the total conections from the design
basis case. Note that the design basis lattice is used for the accident analyses.
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2.3.15.1 Ternperature and Water Density Eflècts

The SFP \rr'ater temperature accident conditions for consideration are the increase in SFP water
temperature above the maximum SFP operating temperature of 150'F (the decrease in temperature
was already considered for the temperature coefficient determination as discussed in Seclion 2.3.7).
The increase in SFP temperature accident cases are discussed in Section 2.3.7 and are bounded by
the calculations at reduced temperature.

2.3.15.2 Dropped Assembly - Horizontal

For the case in which a fuel assembly is assumed to be dropped on top of a rack, the fuel assembly
will oome to rest horizontally on top of the rack with a separation distance between the fueled
portions ofthe two assemblies ofmore than 12 inches. Thus, the horizontally dropped assembly is
decoupled from the fuel assemblies in the rack. This accident is also bounded by the mislocated
case, where the mislocated assembly is closer to the assembly in the racks. Theref'ore, the
horizontalìy dropped fuel assembly is not evaluated fufiher in the report.

2.3.15.3 Dropped Assembly - Vertical into an Empty Storage Cell

It is also physically possible to vertically drop an assembly into a location that might be empty and

such a drop may result in deformation of the rack baseplate. In that case some patt of the active fuel
length may extend beyond the BORAL panel out of the bottom of the rack. This potential
configuration is physically similar to the normal condition ofinsefion and removal offuel lrom the
storage rack. In the normal conclition of insertion and removal of a fuel assemb)y from the storage

cell, the active fuel in the rack remains well within the length of the BORAL panels, while the part

ofthe moving fuel bundle that is above the length of the BORAL panel is physically separated from
the fuel in the rack by a sufficient amount of water to preclude neutron coupling. lìor the case

where the fuel assembly is dropped into an empty cell, the fuel assembly could potentially break
through the baseplate. 'l-he design ofthe rack is such that each storage cell location has a baseplate

that is not connected with the adjacent cells. Therefore, this accident condition is physioally the
same as the nomal condilion of insertion and removal of fuel in the rack. However, this case is

considered to show that there is no reactivity eflect associated with this conftguration.

The following vertical drop cases are considered:

. Case 2.3.15.3.1:]ìis MCNPS-1.51 model is the same model as thc design basis model
but the array is 16x16. In the center localion, the active length is extended below the
active length ofthe other fuel by the thickness of the baseplate and the distance from the
baseplate to the pool floor (see Table 5.3). All fuel is centered in the storage cell. See

Figure 2.16.

. Case 2.3.15.3.2: Same as Case 2.3.15.3.1 but the luel is eccentric in the storage cell
towards the dropped fuel.
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2.3.15.4 Missing BORAL Panel

The missing BORAL panel accident is considered to cover the potential that a BORAL panel may
have been inadvertently not installed during consfuction of the rack or that a panel might become
dislodged by some other accident force.

The following cases are considered:

o Case 2.3.15.4.1: This MCNP5-1.51 model is the same model as the design basis model
but the array is 8x8. The cell in the center of the model has 1 BORAL panel removed.
All fuel is centered in the storage cell. See Figtre 2-17 -

o Case 2.3.15.4.2: This is the same as Case 2.3.15.4.1 but the fuel is eccentric toward the
missing BORAL panel.

Z.:. t S.S Ru"t rnovement

The racks may move due to seismic activity and the gaps between racks may close. However,
the design basis analysis already considers the interface of the racks without any gap, and

therefore this condition is already analyzed.

2.3.15.6 Mislocated Fuel Assembly

The Dresden SF'P layout was reviewed to determine the possible worst case locations for a

nrislocated fuel assembly. Five hypothetical locations where a fuel assembly rnay be mislocated are:

. Adjacent to the storage rack side where there is no BORAL panel
o In the comer between two racks
o In the corner between three racks
. Between the SFP rack and the FPM
o Between the two locations on the FPM.

The cited scenarios are evaluated, as follows.

2.3.15.6.1 Mislocated Fuel Assembly Adjacent to the Storage Rack

A fuel assembly may be mislocated adjacent to the storage rack in one of the alternating locations
where there is no BORAL panel. The reaclivity effect ofthis accident is discussed below.

The following cases a¡e considered:

. Case 2.3.15.6.1.1: This MCNP5-1.51 model is the same model as the design basis model
but the array is 80x80. The mislocaled fuel assembly is placed adjacent to the storage

rack on one side, aligned vertically with the fuel in the storage rack and in a localion that
is face adjacent to a location with no BORAL panel. The fuel in the storage rack is cell
ccntered.
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. Case 2.3.15.6.1.2: This is the same as Case 2.3.15.6.1.1 but the fuel in the storage rack is
eccentrically positioned toward the center of the model.

2.3.15.6.2 Mislocated Fuel Assembly in the Corner between Two Racks

There are some places in the SFP, but outside of the racks, where the mislocated fuel assembly may
be in the comer between two racks (thus the mislocated fuel assembly would be adjacent to the fuel
assemblies in racks from two sides). flb evaluate the effect of the mislocated fuel assembly in the
comer between two racks, the following cases are evaluated:

. Case 2.3.15.6.2.1: This MCNP5-1.51 model is the same model as the design basis model
but the anay is 80x80 with a comer cut out to model the junction of two racks. The
mislocated fuel assembly is in the comer between two racks. The two rack faces where the
fuel assembly is mislocated do not have BORAL panels. This configuration is not
physically possible because the racks are designed so that the BORAL panels are always in
the first location along the outer edge. However, this model is conseruative. The fuel in the
storage rack is cell centered. See Figure 2.18.

o Case 2.3.15.6.2.2: The MCNP5-l.51 model is the same as Case 2.3.15.6.2.1, except with all
fuel assemblies in the storage rack eccentric toward the misplaced fuel assembly.

2.3.15.6.3 Mislocated Fuel Assembly in the Corner belween'Ihree Racks

There is a location in the SFP where the mislocatecl fuel assembly may be in the corner between
three racks (thus the mislocated fuel assembly would be adjacent to the fuel asscmblies in racks
from three sides, although there is a significant gap for the third face). To evaluate the effect ofthe
mislocated fuel assembly in the corner between three racks, the following cases are evaluated:

. Case 2.3.15.6.3.1: This MCNP5-1.51 model is the same model as the design basis model
but the array is 80x80 with a corner cut out to model the junction of three racks. The
mislocated fuel assembly is in the corner between The three racks. The two rack faces where
the fuel assembly is mislocated do not have BORAL panels. This configuration is not
physically possible because the racks are designed so that the BORAL panels are always in
the lìrst location along the outer edge. However, this model is conservative. The fuel in the
storage rack is cell centered. See Figure 2.19.

o Case 2.3.15.6.3.2: 'the MCNP5-i.51 rnodel is the same as Case 2.3.15.6.3.1, except with all
fuel assemblies in the storage rack eccentric toward the misplaced fuel assembly.

Case2.3.15.6.3.3:TheMCNP5-l.5lmodelisthesameasCase2.3.l5.6.3.l,exceptthatthe
gap between the mislocated fuel assembly and the third rack is closed.

Case 2.3.15.6.3.4: The MCNP5-1.51 model is the same as Case 2.3.15.6.3.3, except with all
fuel assemblies in the storage rack eccent¡ic toward the misplaced fuel assembly.
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2.3.15.6.4 Mislocated F-uel Assembly in the FPM

The FPM is located adjacent to the SFP storage racks. The FPM has a fuel assembly capacity of
two, where the pitch between the two locations on the FPM is specified in Table 5.3. There is a

possibility that a fuel assembly could be mislocated between the two FPM locations or between
the FPM locations and the storage rack. Note that the pitch is large enough to preclude neutron
coupling between F'PM locations. However, for conservatism, the evaluation of this potential
mislocated fuel assembly accident condition considers that the distance between the two FPM
locations is reduced to about 12 inches and one of them is face adj acent to a missing BORAL
panel location. The gap between the FPM location and the storage rack is 7 inches.

The following Þ'PM mislocated fuel assembly accident cases are considered:

. Case 2.3.15.6.4.1: The FPM mislocated MCNPS-l.51 model is a large 80x80 array. The
model includes two FPM fuel assemblies. No FPM strrctural materials are considered. The
mislocated fuel assembly is placed between the 1wo FPM fuel assemblies with a small gap

þosition 1) to the closest location. The fuel is centered in the SFP storage rack cells. See

F'igure 2.20.

o Case 2.3.15.6.4.2: This is the same as Case 2.3.15.6.4.1 but the fuel is eccentric in the SFP

storage rack cells toward the F'PM.

. Case 2.3.15.6.4.3: This is the salne as Case 2.3.15.6.4.1 but tlie mislocated fuel is at a

distance þosition 2) from the closest FPM location.

¡ Case 2.3.15.6.4.4: ll'his is the same as Case 2.3.15.6.4.3 but the fuel is eccent¡ic in the SFP

storage rack cells towards the mislocated fuel assembly.

. Case 2.3.15.6.4.5: This is the sarne as Case 2.3.15.6.4.1 but the mislocated fuel is at a
distance (position 3) from the closest FPM location.

¡ Case 2.3.15.6.4.6: This is the same as Case 2.3.15.6.4.5 but the fuel is eccentric in the SFP

storage rack cells toward the mislocated fuel assembly.

. Case 2.3.15.6.4;7: This is the same as Case 2.3.15.6.4.1 but the mislocated fuel is at a
distance þosition 4) from the closest FPM location.

. Case 2.3.15.6.4.8: This is the same as Case 2.3.15.6.4.1 but the fuel is eccentric in the SFP

storage rack cells tow¿rd the mislocated fuel assembly.

o Case 2.3.15.6.4.9: This is the same as Case 2.3.15.6.4.1 but the mislocated fuel is directly
adjacent to the closest FPM location þosition 5). See Figure 2.21

o Case 2.3.15.6.4.10: This is the same as Case 2.3.15.6.4.9 but tlie fuel is eccentric in the SiìP
storage rack cells toward the mislocated fuel assembly.
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. Case 2.3.15.6.4.11: 'lhis is the same as Case 2.3.15.6.4.1 but the mislocated fuel is between
the SFP rack and the FPM fuel. The mislocated fuel is directly adjacent to the SFP storage

rack location without a BORAL panel þosition 6). See Figure 2.22.

. Case 2.3.15.6.4.12: This is the same as Case 2.3.15.6.4.11 but the fuel is eccentric in the
SFP storage rack cells toward the mislocated fuel assembly.

. Case 2.3.15.6.4.13: This is the same as Case 2.3.15.6.4.11 but the mislocated fuel is directly
adjacent to the closest FPM location þosition 7). See Figure 2.23.

o Case 2.3.15.6.4.14: This is the same as Case 2.3.15.6.4.13 but the fuel is eccentric in the
SFP storage rack cells toward the mislocated fuel assembly.

2.3.16 Reconstituted Fuel Assemblies

The SFP contains various reconstituted assemblies. The entire population of previously
reconstituted fuel has been examined to determine if the reconstitution may have created a more
reactive lattice than those which have been evaluated for this analysis. The evaluation of the
population ofreconstituted fuel shows that most ofthe fuel is very old low reactivity legacy fuel and

that there has been no reconstituted bundles that may pose a risk of not being bounded by the

analysis. The evaluation also showed that there is a small set of newer Optima2 fuel bundles that
have been reconstituted. I lowever, the enrichment ofthese bundles is less than 4.2 wto/o U -235,and
therefore clearly bounded by the analysis. Thelefore, all previously reconstituted fuel is oonsidered

bounded by the analysis and no furlher analysis is rcquired. All future reconstituted bundles will
have to be evaluated to deteimine if they are bounded by the analysis.
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3. ACCEPTANCE CRITERIA

Codes, standard, and regulations or pertinent sections thereof that are applicable to these

analyses include the following:
¡ Code ofFederal Regulations, Title 10, Part 50, Appendix A, General Design Criterion 62,

"Prevention of Criticality in Fuel Storage and LIandling."
o Code ofFederal Regulations, TitÌe 10, Part 50.68, "Criticality Accident Requirements."
o USNRC Standard Review Plan, NUREG-0800, Section 9.1.1, Criticality Safety of Fresh

and Spent Fuel Storage and Handling, Revision 3 - March 2007.
. L. Kopp, "Guidance on the Regulatory Requirements for Criticality Ànalysis of Fuel

Storage at LighfWater Reactor Power Plants," NRC Memorandum from L. Kopp to'f.
Collins, August 19, 1998.

o ANSI ANS-8.17-1984, Criticality Safety Criteria for the Handling, Storage and
Transpoftation of LWR Fuel Outside Reactors (withdrawn in 2004).

. USNRC, NUREG/CIì-6698, Guide for Validation of Nuclear Criticality Safety
Calculational Methodology, January 2001.

. DSS-ISG-2OI0-01, Revision 0, Staff Guidance Regarding the Nuclear Criticality Safety
Analysis for Spent Fuel Pools.
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4. ASSUMPTIONS

The analyses apply a number of assumptions, either for conservatism or to simplify the
calculation approach. lmportant aspects ofapplying those assumptions are as follows:

1. Bounding or suffìciently conservalive inputs and assumptions are used essentially
throughout the entire analyses, and as necessary studies are presented to show that the
selected inputs and parameters are in fact conservative or bounding.

2. Neutron absorption in minor structural members of the fuel assembly is neglected, e.g.,
spacer grids are replaced by water.

3. The neutron absorber length in the rack is more than the active region ofthe fuel, but it is
modeled to be the same length.

4. The fuel density is assumed to be equal to the pellet densify for the design basis
calculations, and is conservatively modeled as a solid right cylinder over the entire active
length, neglecting dishing and chamfering. This is acceptable since the amount of fuel
modeled is more than the actual amount.

5. All models are laterally infinite arrays of the respective configuration, neglecting lateral
leakage. The exception is where the model boundaries are water, as specified.

6. All fuel cladding materials are modeled as pure zirconium, while the actual fuel cladding
consists of one of several zirconium alloys. This is acceptable since the model neglects
the trace elements in the alloy which provide additional neutron absorption.

7. The SF'P stolage rack cell ID and cell wall thickness tolerances are assumed values
presented in Table 5.3.
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5. INPUT DÄTA

5.1 Fuel Assembly Specification

The SFP racks are designed to accommodate various fuel assembly types used in Dresden Unit 2
and Unit 3. A subset of these fuel designs are prescnted here for information purposes (the much
older fuel designs are not shown):

'fhe specifìcations for the above fuel assemblies designs are presented in Table 5.1. Note thatthe
fuel assembly tolerance information is provided for the bounding fuel design only. As it can be
seen in Section 7.1, the reactivity dilference between the reactivity ofthe bounding latticc from
the most reactive fuel design and the next most reactive design is large enough to preclude
tolerance calculations for both designs.

Additional Specification of the ATRIUM 1OXM

2 Note: This is the expeoted actual IMPAE; the design basis lattice uses 4.95 wt"/o IJ-235.
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5.2 Reactor and SFP Operating Parameters

The reactor core and SF'P operating parameters are provided in Table 5.2(a). The reactor control
blade data are provided in Table 5.2(b). The reactor control parameters used in CASMO-4
screening and design basis calculations are provided in Table 5.2(c).

5.3 Storage Rack Specífication

The spent fuel pool rack parameters are provided in Table 5.3. The rack cells ate constructed by
fixing BORAL panels to the outside of a fabricated steel cell box with shealhing. 'fhe fabricated
cells are then joined to create formed cells. On the exterior of every rack module, the location ol
the formed cells along the exterior \^/ithout BORAL is closed with a filler plate. Thus, beginning
at the corner of each module, the first location has BORAL and then every other location does

not have BORAL.

'the SFP layout is shown in Figure 5.1 .

5.4 Material Compositions

The MCNP5-1.51 material specification is provided in Table 5.4(a) for non-fuel materials, and
Table 5.4(b) specifies isotopes followed in the fuel pellet.
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6. COMPUTERCODES

The following computer codes were used in this analysis.

. MCNP5-1.51 [1] is a three-dimensional continuous energy Monte Carlo code developed
at Los Alamos National Laboratory. This code offers the capability of performing full
three dimensional calculations for the loaded storage racks. MCNP5-1.51 was run on the
PCs at Holtec.

. CASMO-4 [4] is a two-dimensional multigroup transpofi theory code developed by
Studsvik. CASMO-4 is used to perform the depletion calculation for the pin-specific
approach, and for various studies. CASMO-4 was run on the PCs at Holtec.
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7. ANALYSISRESULTS

7 .I Determination of the Design Basis Fuel Assembly Lattice

As discussed in Section 2.3.1, a complete evaluation ofthe legacy fuel bundles, cunent Íìrel bundle
designs and future fuel bundle designs (i.e. the ATRIUM 10XM design) has been performed.
Based on the method described in Section 2.3.1, and the discussion presented in Appendix A,
CASMO-4 screening calculations were perfonned f'or all Optima2 lattices, all ATRIUM IOXM
lattices, three ATRIUM 9B lattices and one GE14 lattice. l'he results of the screening calculations
determined a subset of lattices wilh an in-rack CASMO-4 reactivity greater than 0.8500. The subset

of most leactive lattices has been fuither evaluated using MCNP5-l.51 to determine the bounding
lattice. This evaluation is documented in Appendix B.

7 .2 Core Operating Parameters

As discussed in Section 2.3.2, fhe effects ol the core operating parameters on the reactivity were
evaluated both during the design basis lattice screening calculations in Appendix A and Appendix
B, as well as in the final design basis models calculations presented in Appendix C, Table C.l. As
can be seen from the results in Appendix C, Table C.l the bornding COP for the design basis lattice
is the '1nin" set (see Table 5.2(c)). Therel'ore, all design basis calculations use the "min" set of
COP. Since the bounding configuration is determined for the various design basis calculations,
there is no bias and bias uncertainty associated with COP.

7 .3 Fuel Assembly Eccentric Positioning and þ-uel Assembly De-Channeling

As discussed in Section 2.3.5, fhe reactivity effect of the fuel assernbly position in the stolage
cell and the reactivity effect of the channel have been evaluated. The results of these

calculations are presented in Appendix C, Table C.2. The result show that the bounding fuel
assembly position is cell centered and thc bounding condition is channeled fuel. Therefore, all
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design basis calculations consider the fuel cell centered and with a channel with the exception of
specific cases that are otherwise noted. Since the bounding configuration is determined for the
various design basis calculations, there is no bias and bias uncertainty associated with fuel
assembly eccentric positioning and fuel assembly de-channeling (i.e. the value is ze¡o as

presented in Table 7 .1 and 7 .2).

7.4 Fuel Bundle Orientation in the SFP Rack Cell

As discussed in Section 2.3.6, fhe reâctivity effect of the fuel assembly orientation (i.e.
orientation of the in core control blade corner) has been evaluated. The results of these
calculations are presented in Appendix C, Table C.3. The results of these calculations show that
Case 2.3.6.2 has a small bias and bias uncertainty. This small bias and bias uncertainty are
therefore considered inthe determination of k"n (see Table 7.1 and7.2).

7.5 Reactivity Effect of Spent Fuel Pool Water Temperature

As discussed in Section 2.3.7,|he effects of water temperature, and the corresponding water
density and temperature adjustments (S(c,B)) were evaluated for SFP racks. The results of these
calculations are presented in Appendix C, Table C.4.

The results of the SFP temperature and density calculations show that as expected (for poisoned
racks) the most reactive water temperature and density for the SFP racks is a temperature of
39.2oF at a density of I g/cc, and these values are used for all calculations in SFP racks with fhe
exoeption of specific acoident cor.rditions.

7 .6 Fuel and Storage Rack Manufacturíng T'olerances

7.6.1 Fuel Manufacturing Tolerances

As discussed in Section 2.3.8.1, the effect of the BWR fuel tolerances on reacfivity was
determined. The results of these calculations arc presented in Appendix C, Table C.5. 'Ihe

ma-rimum positive delta-k value for each tolerance is statistically combined.

The maximum statistical combination of fuel assembly tolerances is used to determine k"¡ in
Table 7.1 andTable 7 .2.

7.6.2 SFP Storage Rack Manufacturing Toleranccs

As discussed in Section 2.3.8.2, Ihe effect of the manufàcturing tolerances on reactivity of the
SFP racks was determined. The results of these calculations are presented in Appendix C, Table
C.6. The maximum positive delta-k value for each tolerance is statistically combined.

The maximum statistical combination of the Sl.'P rack tolerances is used to determine k"r in
T able I .1 and, T able 7 .2 .
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7.6,3 Fuel Depletion Calculation Uncertainty

As discussed in Section 2.3.9, the unceltainty of the number densities in the depletion calculations
was evaluated. The results ofthese calculations are presented in Appendix C, Table C.7. Ascanbe
seen in Appendix C, Table C.7, the depletion uncefiainty is calculated as 5% of the reactivity
difference between the design basis case and a calculation with fresh fuel and no Gd.

The depletion uncertainty is included in the statistical combination of uncertainties used to
determine k"¡¡ in 1'able 7.1 and Table 7 .2.

7.6.5 Depletion Related Fuel Asscmbìy Geometry Changes

As discussed in Section 2.3.11,|he reactivity effect of depletion related fuel assembly geometry
changes has been evaluated. These evaluations are discussed further below.

7.6.5.1 Fuel Rod Geometry Changes

is discussed in Section 2.3.1l.l,the reactivity eflèct of fuel rod geometry changes is evaluated.
These evaluations consider fuel rod growth and cladding creep, fuel rod crud buildup and fuel
rod bow and are discussed below. As previously discussed, the fuel assembly is not expected to
undergo significant depletion related geometry changes at peak reaclivity (i.e. about 11

GWdimtU). However, specific effects are evaluated as discussed below.

7 .6.5.1.1 Fuel Rod Growth, Cladding Creep and Fuel Rod Crud Buildup

As discussed in Section 2.3.11 .1 .1 and Section 2.3.11 .1 .2, the effect of the fuel rod growth,
cladding creep and fuel rod crud buildup on reactivity was not evaluated due to the low burnup at
peak reactivity.

7.6.5.1.2 Fuel Rod Bow

As discussed in Section 2.3.11.1.3, the reactivity effect of the fuel rod bow was evaluated by
calculation. The fuel rod bow calculation results are presented in Appendix C, Table C.9. The
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results presented in Appendix C, 1'able C.9 show a small bias and bias uncertainty. This bias and

bias uncerlainty are considered in the determine of k"¡¡ as presented in 'Iable 7 .1 and 7 .2.

'/ .6.5.2 Fuel Channel Bulging and Bowing

As discussed in Section 2.3.11.2, the reactivity effect of fuel channel bulging and bowing was
evaluated by calculation. The fuel channel bow calculation results are presented in Appendix C,
Table C.9. The results presented in Appendix C, Table C.9 show a small bias and bias
uncertainty. This bias and bias uncedainty are considered in the determine of k"¡ as presented in
Table 7 .1 and 7 .2.

7.7 SFP Storage Rack Interfaces

As discussed in Section 2.3.12, the reactivity effect of the SFP storage rack interfaces,
specifically the interface of one storage rack module with another storage rack model has been
evaluated. The calculation lesults are presented in Appendix C, Table C.10. The results
presented in Appendix C, Table C.10 show a bias and bias uncertainty. This bias and bias
uncertainty are considered in the determine of keff as presented in Table 7.l and7.2.

7.8 Maximum k"¡Calculations for Normal Conditions

As discussed in Section 2.3.13, the maximum k"¡for normal conditions is calculated. The results are

tabulated in Table 7.1. The results show that the maximum þ¡¡ for the normal conditions in the
SFP racks is less than 0.95 at a 95% probability and al a 95o/o confidence level.

7.9 Fuel Movement, Inspection and Reconstitution Operation.

As discussed in Section 2.3.14, Ihe fuel movement, inspection and reconstitution operations are

normal conditions that are bounded by the analysis. No further evaluations are required.

7.10 Abnorntal and Accident Condítions

As discussed in Sections 2.3.15, the effects ofvarious accident conditions has been evaluated. The
results of these calculations are presented in Appendix C, Table C.4 (increased SFP temperature
only) and Appendix C, Table C.l I (all other accidents). The maximum reactivity accident has been

determined to be Case 2.3.15.6.3.4, "Mislocaled in the Comer of Three Racks, Closed Rack Gaps,

Eccentric Fuel". The calculated results of this accident are used, along with all applicable biases

and uncertainties, to show compliance with the regulatory ìimit in Table 7.2. As it can be seen in
'lable 1 .2, the maximum calculated reactivity is less than 0.95 at a 95% probability and aT a 95Yo

confidence level.
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8. CONCLUSION

The criticality analysis for the storage of BWR assemblies in the f)resden SFP racks with
BORAL has been perfonned. The results for the normal condition show that k"¡ is ! with
the storage racks fully loaded with fuel of the highest anticipated reactivity, whioh is the

, at a temperature corresponding to the highest
reactivity. The results for the bounding accident condition, i.e. the Mislocated in the Corner of
l hrce Iìacks. Closcd Rack Gaps. Eccentric Fuel lCase 2.3.15.6.3.-+). show that k",y is ! with
rhe storagc racks lully loadcd with fuel of the highest anticipated reactivity. which is I

-, 

at a temperature corresponding to the highest reactivity.
The maximum calculated reactivity for both normal and accident conditions include a margin for
uncertainty in reactivity calculations with a 95% probability aI a 95%o confÌdence level.
Reactivity effects of abnormal and accident conditions have been evaluated to assure that under
all credible abnormal and accident conditions, the reactivity will not exceed the regulatory limit
of 0.95.
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Table 2.1(b)
Analysis of the MCNP5-1.51 calculations [2]
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Table 2.1(c)
Bias and Bias Uncertainty as a Function of Independent Parameter for SFP Racks Filled with Pure Water [2]
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Table 5.1(e
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Table 5.1
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Descrintion (Unit) Value
Reactor

Licensed thermal nower lMW,'.)
Power densitv lWialj)
Maximum luel Din lcmDcraturc lK)

Moderator tempelature range ('F)

Moderator saturation temperature (oF) I
Design basis core average void
fraction l%l I
Maximum bundle core exit void
fraction (%) I

Spent fuel pool

Maximum temperature ('F)

Table 5.2(a)
Reactor Core and Spent Fuel Pool Parameters
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Table 5.2(b)
Reactor Control Blade Data
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Table 5.2(c)
Reactor Core Pârameters used for CASMO-4 Screening and Design Basis Calculalions

-
-
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I

Project No. 2393 Reporl No. lIl-2146153 Pagc 5 I



Table 5.3

SFP Storage Rack Parameters and Dimensions

tThese at" assumed values.
llThis is the design value. The value used in the interface model (see Section 2.3.12) ir I
inches.
l*I This representation of the fuel prep machine (ËPM) is a simplification. There are two
physically sepârate FMPs in the SFP each with a capacity of one assembly.
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'I'able 5.4(a)
Non-Fuel Material

T The material composition was expanded to represent the full list of natural isotopes for each
chemical element.
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Iable 5.4(b)
Summary of the Fuel and Fission Product Isotopes Used in Calculations
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Table 7.1

Maximum k"6 Calculation for Normal Conditions in SFP Racks

Parametcr Value
(Incertainliesl

Fuel tolerance uncertainty, from Table C.5 I
Rack tolerance uncertainty, from Table C.6 I
Fuel eccentricity and de-channeling bias unceÍainty, from Table C.2

Fuel orientation bias uncertainty, from Table C.3

Fuel channel bow bias uncefiainty, from 'Iable C.9 I
Fuel rod bow bias unceÍainty, from Table C.9

Depletion rurcefainty, from Table C.7

-

MCNP5-1.51 code bias uncertainty (95%o195%o), fiom Table 2.1(b)

MCNP5-1.51 calculations statistics (95%/95%,2o), from Table C.1 I
Interface bias uncefainty, from Table C.I 0

Statistical combination of unceúainties

ßiases

Fuel eccentlicity and de-channeling bias, from l'able C.2

Fuel orientation bias, from Table C.3

Fuel channel bow bias, lronr Tablc C.9 I
Fuel rod bow bias, from Table C.9

MCNP5-l.51 code bias, from Table 2.1(b)

Interface bias, from Table C.10 I
Determination of ku¡

Calculated MCNP5-1.51 k*r", from Table C.1 I
Maximum k"n I
Regulatory Limil I
Margin to Limit I

I The provided value is the 95%/95% delta kca,c uncefiainty

Note 1 : The negative biases were conservatively truncated.
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Table7.2

Maximum k"¡ Calculation for Abnor¡ral arid Accident Conditions in SFP Racks

Parameter Vnlue

Uncertaintiesl

Fuel tolerance uncertainty, from Table C.5 r
Rack tolerance uncertainty, from Table C.6 I
Fuel eccentricity and de-channeling bias uncertainty, from Table C.2 I
Fuel orientation bias uncertainty, from Table C.3 I
F'uel channel bow bias uncertainty, from Table C.9

Fuel rod bow bias uncenainty, from Table C.9

Depletion uncertainty, from Table C.7 I
MCNP5-l.51 code bias unceftainTy (95%195%o), from Table 2.1(b)

MCNP5-l.51 calculations statistics (95%/95%,2o), from Table C.11

Interface bias uncerlainty, from Table C.10

Statistical combination of uncerlainties

Bioses

Fuel eccentricity and de-channeling bias, 1ì'om 'I-able C.2 I
Fuel orientation bias, from Table C.3 I
Fuel channel bow bias, from Table C.9

I
Fuel rod bow bias, from Table C.9

MCNP5-1.51 code bias, from Table 2.1(b)

Interface bias, from Table C.10

Determinalion of k"¡¡

Calculated MCNPS-1.51 k",¡", from Table C.11 I
Maximum k.¡¡ I
Requlatory Limit I
Marsin to Limit I

T The provided value is the 95%/95% delta kcarc unceÍainty.

Note 1: The negative biases were conservatively truncated.
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Figure 2.1

A representation of the Design Basis CÀSMO-4 Model with the Design Basis Lattice.

The figure is proprietary
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Figure 2.2
A 2-D Ilepresentation of the MCNP5-1.51 Design Basis Model with the Dcsign Basis Lattice,

Case 2.3 .7 .4.1

T'he figure is proprietary
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Figure 2.3

A 2-D Representation of the 2x2 Channeled Fuel Eccentric Positioning MCNP5-1.51 Model,
Case 2.3.5.2

The figure is proprietary
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Figure 2.4
A 2-D Representation of the 2x2 Channeled Fuel Eccentric Positioning MCNP5-1.51 Model,

Case 2.3.5.3

The figure is proprietary
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Figure 2.5
A 2-D Representation of the 8x8 Channeled Fuel Eccentric Positioning MCNP5-l.51 Model,

Case 2.3.5.5.

The figure is proprielary
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Figure 2.6
A 2-D Representation of the 8x8 Channeled Fuel Eccentric Positioning MCNP5-1.51 Model,

Case 2 .3 .5 .6 .

1'he fìgure is proprietary
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Figwe2.7
A 2-D Representation of the 2x2 De-channeled Fuel Eccentric Positioning MCNP5-1.51 Model,

Case 2.3.5.8.

'I'he figure is proprietary
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Figure 2.8
A 2-D Representation ofthe 2x2 De-channeled Fuel Eccentric Positioning MCNP5-1.51 Model,

Case 2.3.5.9.

The figure is proprietary
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Figure 2.9
A 2-D Representâtion ôf the 8x8 De-channeled Fuel Eccentric Positioning MCNP5-1.51 Model,

Case 2.3.5.1i

The figure is proprietary
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Figure 2. 10

A 2-D Representation of the 8x8 De-channeled Fuel Eccentric Positioning MCNP5-1.51 Model,
Case 2.3.5.12

The figure is proprietary
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Figure 2.1 I
A 2-D Representation of the 4x4 Fuel Orientation MCNP5-1.51 Model, Case 2.3.6.2

The figure is proprietary
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Figure 2. l2
A 2-D Representation of the 4x4 Fuel Orientation MCNP5-1.51 Model, Case2.3.6.3

The figure is proprietary
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F'igure 2.13
A 2-D Representation of the 4x4 Fuel Orientation MCNP5-1.51 Model, Case 2.3.6.4

The figure is proprietary
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Figure 2.14
A 2-D Representation of the 4x4 Fuel Orientation MCNP5-l.51 Model, Case 2.3.6.5

The figure is proprietary
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Figule 2.15
A Partial 2-D Representation of the MCNP5-l.51 Interface Model, Case 2.3.12.1

The fìgure is proprietary
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F'igure 2.16
A parliaÌ 2-f) Representation of the l6x 16 Vertical Fuel Drop Accident MCNP5-1.51 Model,

Case 2.3.15.3.1

The figure is proprietary

ProjectNo.2393 Report No. III-2146153 Paga72



Figure 2.17

A partial 2-D Representation of the 8x8 Missing BORAL Panel Accident MCNP5-1.51 Modol,
Case2.3.l5.4.l

The figure is proprietary
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Figure 2. I 8

A paúial 2-D Representation of the 80x80 Mislooated in a Corner ofTwo Racks Accident
MCNPS-1.5 1 Model, Case 2.3.1 5.6.2.1

The figure is proprietary
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F'igure 2.1 9

A partial 2-D Representation ofthe 80x80 Mislocated in a Corner ofThree Racks Accident
MCNP5-1.5 1 Model, Case 2.3.15.6.3.1

The figure is proprietaly
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Figure 2.20
A partial 2D representation of the SFP Platforrn Mislocated Fuel Assembly Accident MCNP5-

1.51 Model, Position 1 (Case 2.3.15.6.4.1)

The figure is proprietary
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Figre 2.21

A partial 2D representation of tlie SF'P Plalform Mislocated F'uel Assembly Accident MCNP5-
1.51 Model, Position 5 (Case 2.3.15.6.4.9)

The figure is proprietary
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Figure 2.22
A partial 2l) representation of the SFP Platfonn Mislocated Fuel Assembly Accident MCNP5-

1.51 Model, Position 6 (Case 2.3.15.6.4.11)

The figure is proprietary

Project No. 2393 Rcport No. ÍIl-2146153 Page 78



Figlre2.23
A partial 2D represenlation of the SFP Platform Mislocated Fuel Assembly Accident MCNP5-

1.51 Model, Position 7 (Case2.3.15.6.4.13)

'fhe figure is proprietary
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Figure 7.1

The figure is proprietary
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Figtxe 7 .2

The figure is proprietary
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Figure 7.3

The figure is proprietary
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The appendix is proprietary
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Summary of Revisions 
 
Revision 0 

Original Issue 
 
Revision 1 

Additional criticality experiments were added to Appendix B. The index numbers of 
criticality experiments in Appendix C were updated to be consistent with a new revision 
of Appendix B. The benchmark of MCNP5-1.51 with ENDF/B-VII was added in 
Appendix D. 
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1.0 Introduction 
 

This report documents the criticality experiment benchmark validation calculations for the 
following computer codes and libraries combinations and establishes the criticality code bias and 
bias uncertainty for these codes: 
 
MCNP5-1.51 with ENDF/B-V (Appendix C) 
MCNP5-1.51 with ENDF/B-VII (Appendix D) 
 
For that purpose, results from the codes are compared to the critical experiments referred to as 
the Haut Taux de Combustion (HTC) experiments and to the selected critical, presented in 
Appendix B, with geometric and material characteristics similar to that of spent fuel storage and 
transport casks. The simulated fuel rods used in these experiments contained uranium or mixture 
of uranium and plutonium oxides. In the HTC experiments the plutonium-to-uranium ratio and 
the isotopic compositions of both the uranium and plutonium were designed to be similar to what 
would be found in a typical pressurized-water reactor (PWR) fuel assembly that initially had an 
enrichment of 4.5 wt % 235U and was burned to 37,500 MWd/MTU.  
 
The purpose of the calculation is to determine the code bias and bias uncertainty consistent with 
standards such as ANSI/ANS-8.1 [1] and ANSI/ANS-8.17 [2]. Criticality safety standards 
ANSI/ANS-8.1 and ANSI/ANS-8.17 apply to criticality methods validation and to criticality 
evaluations, respectively. ANSI/ANS-8.1 requires that a validation be performed on the method 
used to calculate criticality safety margins and that the validation must be documented in a 
written report describing the method, computer program and cross section libraries used, the 
experimental data, the areas of applicability and the bias and margins of safety. ANSI/ANS-8.17 
prescribes the criteria to establish sub-criticality safety margins. 
 
2.0 Methodology 
 
Validation of the computer code and continuous energy data library to perform criticality safety 
calculation has been performed following reference [5] methodology. The validation allows the 
understanding of the accuracy of the calculational methodology to predict subcriticality. 
Validation includes identification of the difference between calculated and experimental neutron 
effective multiplication factor (keff), called the bias. A set of appropriate critical experiments are 
selected so bias trends can be drawn through statistical analyses. The range of the benchmark 
parameters used to validate the calculational methodology primarily defines the area of 
applicability (AOA), which establishes the limits of the systems that can be analyzed using the 
validated criticality safety methodology. 
 
Determination of Bias and Bias Uncertainty 
 
Following reference [5] guide, the statistical analysis to determine the mean multiplication factor 
(𝑘𝑒𝑓𝑓������) and the bias uncertainty (Sp) approach involves determining the weighted mean that 
incorporates the uncertainty from both, measurements and calculation method as follows: 
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𝜎𝑖 = �𝜎𝑐𝑎𝑙𝑐−𝑖2 + 𝜎𝑒𝑥𝑝2      (2-1) 

 
where σi is the uncertainty for the ith keff, σexp is the measurement uncertainty and σcalc-i is the 
calculation uncertainty. Then, the weighted mean multiplication factor 𝑘𝑒𝑓𝑓������and the bias 
uncertainty (Sp) are given by: 

𝑘𝑒𝑓𝑓������ =
∑ 1
𝜎𝑖2

(𝑘𝑒𝑓𝑓−𝑖)

∑ 1
𝜎𝑖2

 

    (2-2) 
𝑆𝑝 = √𝑠2 + 𝜎�2     (2-3) 

 
where s2 is the variance about the mean and 𝜎�2 is the average total uncertainty, given by: 
 

𝑠2 =
� 1
𝑛 − 1�∑

1
𝜎𝑖2

�𝑘𝑒𝑓𝑓−𝑖 − 𝑘𝑒𝑓𝑓�������
2

1
𝑛 ∑

1
𝜎𝑖2

 

    (2-4) 
𝜎�2 =

𝑛

∑ 1
𝜎𝑖2

 

     (2-5) 
 
where n is the number of critical experiments used in the validation and keff-i is the ith value of the 
multiplication factor. 
 
Bias is determined by the relation: 
 

𝐵𝑖𝑎𝑠 = 𝑘𝑒𝑓𝑓������ − 1    if 𝑘𝑒𝑓𝑓������ is less than 1, otherwise 𝐵𝑖𝑎𝑠 = 0   (2-6) 
 
Because a positive bias may be nonconservative, a bias is set to zero if the calculated average keff 
is greater than one. 
 
Statistical Methods 
 
Single Sided Tolerance Limit Method 
 
If the benchmark calculated neutron multiplication factor does not exhibit trends with the 
parameters, the lower tolerance limit or single sided tolerance limit method can be used. A 
weighted lower limit tolerance (KL) is a single lower limit above which a defined fraction of the 
population of keff is expected to lie, with a prescribed confidence and within the area of the 
applicability. The term “weighted” refers to a specific statistical technique where the 
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uncertainties in the data are used to weight the data point. Data with high uncertainties will have 
less “weight” than data with small uncertainties.  
 
A lower tolerance limit can be used when there are no trends apparent in the critical experiment 
results and the critical experiment results have a normal distribution. The method is applicable 
only within the limits of the validation data without extrapolating the AOA. The single sided 
lower tolerance limit is defined by the equation: 
 

𝐾𝐿 = 𝑘𝑒𝑓𝑓������ − 𝑈 × 𝑆𝑝     (2-7) 
 

If 𝑘𝑒𝑓𝑓������ ≥ 1, then 𝐾𝐿 = 1 − 𝑈 × 𝑆𝑝    (2-8) 
 
where Sp is the square root of the pooled variance used as the mean bias uncertainty when 
applying the single sided tolerance limit for a normally distributed data and U is the single sided 
lower tolerance factor, determined from the following equations [6]. Note that for groups with 
larger than 50 samples, the single sided lower tolerance factor for 50 samples was conservatively 
used. 
 

𝑼 =
𝒛𝟏−𝒑 + �𝒛𝟏−𝒑𝟐 − 𝒂𝒃

𝒂  
        (2-9) 

𝒂 = 𝟏 −
𝒛𝟏−𝜸𝟐

𝟐(𝑵− 𝟏) 

       (2-10) 

𝒃 = 𝒛𝟏−𝒑𝟐 −
𝒛𝟏−𝜸𝟐

𝑵  
       (2-11) 

 
where z1-p is the critical value from the normal distribution that is exceeded with probability 1-p 
and z1-γ is the critical value from the normal distribution that is exceeded with probability 1-γ. 
  
 
Confidence Band with Administrative Margin Method 
 
If the benchmarks calculated neutron multiplication factor exhibit a trend with a given parameter, 
the method based on a confidence band with administrative margin can be used. This method 
applies a statistical calculation of the bias and its uncertainty plus an administrative margin to a 
linear fit of the critical experiment benchmark data.  
 
The confidence band W is defined for a confidence level of (1-γ) using the relationship: 
 

W = max{w(xmin),w(xmax)}    (2-12) 
 

where 



REPORT HI-2104790   6  
 

 

𝑤(𝑥) =  𝑡1−𝛾 × 𝑆𝑝�1 +
1
𝑛

+
(𝑥 − 𝑥̅)2

∑ (𝑥 − 𝑥̅)2𝑖=1,𝑛
 

(2-13) 
and 

n is the number of critical experiments used in establishing kcal(x), 
 
t1-γ is the Student-t distribution statistic for 1-γ and n-2 degrees of freedom, 
 
𝑥̅ is the mean value of the parameter x in the set of calculations, 
 
xmin, xmax are the minimum and maximum values of the independent parameter x, 
 
Sp is the pooled standard deviation for the set of criticality calculations given by: 
 

𝑆𝑝 = �𝑠𝑘(𝑥)
2 + 𝑠𝑤2       (2-14) 

 
where S2

k(x) is the variance of the regression fit and is given by: 
 

𝑠𝑘(𝑥)
2 =

1
(𝑛 − 2)

�� (𝑘𝑒𝑓𝑓−𝑖 − 𝑘�)2 −
�∑ (𝑥𝑖 − 𝑥̅)(𝑘𝑒𝑓𝑓−𝑖 − 𝑘�)𝑖=1,𝑛 �2

∑ (𝑥𝑖 − 𝑥̅)2𝑖=1,𝑛𝑖=1,𝑛

� 

(2-15) 
 

𝑘� is the mean value of the calculated keff and sw
2 is the within-variance of the data: 

 

𝑆𝑤2 =
1
𝑛
� 𝜎𝑖2
𝑖=1,𝑛

 

(2-16) 

where 𝜎𝑖 = �𝜎𝑐𝑎𝑙𝑐−𝑖2 + 𝜎𝑒𝑥𝑝2  is the uncertainty for the ith keff, σexp is the measurement uncertainty 

and σcalc-i is the calculated uncertainty. 
 
Non-parametric Statistical Treatment Method 
 
Data that do not follow a normal distribution can be analyzed by non-parametric techniques. The 
analysis results in a determination of the degree of confidence that a fraction of the true 
population of data lies above the smallest observed value. The more data is available in the 
sample, the higher the degree of confidence. 
 
The following equation determines the percent confidence that a fraction of the population is 
above the lowest observed value: 
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𝛽 = 1 − �
𝑛!

𝑗! (𝑛 − 𝑗)!
(1 − 𝑞)𝑗𝑞𝑛−𝑗

𝑚−1

𝑗=0

 

     (2-17) 
where 

q is the desired population fraction (normally 0.95), 
 
n is the number of data in one data sample, 
 
m is the rank order indexing from the smallest sample to the largest (m=1 for the smallest 
sample; m=2 for the second smallest sample, etc.). Non-parametric techniques do not 
require reliance upon distributions, but are rather an analysis of ranks. Therefore, the 
samples are ranked from the smallest to the largest. 

 
For a desired population fraction of 95% and a rank of order of 1 (the smallest data sample), the 
equation reduces to: 
 

β = 1 – qn = 1 – 0.95n     (2-18) 
 
This information is then used to determine the Non-parametric Margin from Table 2.2 in 
Reference [5]. 
 
For non-parametric data analysis, KL is determined by: 
 
KL = Smallest keff value – Uncertainty for Smallest keff – Non-parametric Margin (NPM) (2-19) 

 
Single-Sided Tolerance Band Method 
 
When a relationship between a calculated keff and an independent variable can be determined, a 
single-sided lower tolerance band may be used. This is a conservative method that provides a 
fitted curve above which the true population of keff is expected to lie. The tolerance band 
equation is actually a calibration curve relation. 
 
The equation for the single-sided lower tolerance band is 
 

𝐾𝐿 = 𝐾𝑓𝑖𝑡(𝑥)− 𝑆𝑃𝑓𝑖𝑡 ��2𝐹𝑎
(2,𝑛−2) �

1
𝑛

+
(𝑥 − 𝑥̅)2
∑(𝑥𝑖 − 𝑥̅)2

� + 𝑧2𝑃−1�
(𝑛 − 2)
𝜒1−𝛾,𝑛−2
2 � 

(2-20) 
where: 

Kfit(x) is the function derived from the trend analysis, 
 
p is the desired confidence (0.95), 
 
Fa

(fit,n-2) is the F distribution percentile with degree of fit, n-2 degrees of freedom. The 
degree of fit is 2 for a linear fit, 
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n is the number of critical experiment keff values, 
 
x is the independent fit variable, 
 
xi is the independent parameter in the data set corresponding to the “ith” keff value, 
 
𝑥̅ is the weighted mean of the independent variables, 
 
z2P-1 is the symmetric percentile of the Gaussian or normal distribution that contains the P 
fraction, 
 
γ = (1 – p) / 2,          (2-21) 
 
χ2

1-γ,n-2 is the upper Chi-square percentile, 
 

𝑆𝑃𝑓𝑖𝑡 = �𝑠𝑓𝑖𝑡2 + 𝜎�2          (2-22) 

 

𝑠𝑓𝑖𝑡2 =

1
𝑛 − 2∑�

1
𝜎𝑖2

�𝑘𝑒𝑓𝑓𝑖 − 𝐾𝑓𝑖𝑡(𝑥𝑖)�
2�

1
𝑛 ∑

1
𝜎𝑖2

 

(2-23) 
 

Area of Applicability 
 
The area(s) of applicability refers to the key physical parameter(s) that define a particular fissile 
configuration. This configuration can either be an actual system or a process. The determination 
of the AOA of the validation is determined following NUREG/CR-6698 steps [5]. The approach 
used in developing the AOA consists of the following steps: 
 
i. Identification of the key parameters associated with the system to be evaluated. 
ii. Establishment a "screening" AOA for critical experiments. 
iii. Identification of criticality experiments that are within the "screening" AOA. 
iv. Determination of the detailed AOA based on the selected criticality benchmark 

experiments. 
v. Demonstration that the system to be evaluated in within the AOA provided by the critical 

experiments. 
 
Steps i. and ii. are presented in subsections 2.3.1 and 2.3.2, respectively. Step iii. is presented in 
Appendix B. Steps iv. and v. are presented in Appendix C and D. 
 
Key Parameters Identification 
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This validation will cover a number of designs but all the designs will consider the same key 
parameters in defining the applicability area. These parameters fall into three categories: 
materials, geometry and neutron energy spectra. 
 
Regarding material, the fuel is a uranium or mixture of uranium and plutonium oxides pellets 
clad in a zirconium alloy. The moderator and reflector is water which in some cases has 
dissolved boron or gadolinium solutions. Absorber plates made of borated steel, Boral®, Zircaloy 
Boroflex or cadmium and absorber rods made of steel, aluminum, Gd2O3, Pyrex®, Vicor® or 
borated aluminum will be included in this validation. Some experiments were performed with 
steel or lead reflector screens. 
 
Regarding geometry, the fuel in the HTC experiments is in square lattices with pin diameter – 
9.5 mm and pitch in the range found on Table B-1 through Table B-6. The geometry parameters 
of other selected critical experiments are varied in a wide range and they can be found in 
references [B.6] through [B.12]. The fuel assemblies may be separated by water, water and an 
absorber plate or water and absorber rods. The system may be water reflected or steel/lead 
reflected. 
 
Regarding the neutron energy spectra, they are thermal with EALF values in the range of 0.07 
and 1.55 eV. 
 
Table 2-1 presents the key physical parameters for AOA selected. 
 
Screening Area of Applicability 
 
For the key parameters selected in section 2.3.1, Table 2-1 summarizes the range of parameters 
for which the validation applies. These data are the base for the selection of the critical 
experiments, which span the range of parameters.  
 
3.0 Assumptions 
 
No substantial simplifying assumptions were made in the modeling of the critical experiments 
used for benchmarking: all experiments were modeled as full three-dimensional geometries, fuel 
rod arrays were modeled as lattices, all fuel rod details were modeled, and the water between the 
rods was modeled as specified in the experiment description. However, structures further away 
from the experiment, such as building walls and foundations, were not included in the models. 
 
4.0 Computer Files 
 
All computer files to support this analysis are provided on the Holtec server in 
\Projects\0\Reports\HI-2104790 and its subdirectories. 
 
5.0 Summary 
 
The criticality experiment benchmark validation calculations for the computer codes and 
libraries shown in Section 1.0 were performed for the validation of the Holtec International 
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criticality safety methodology. The results of calculations and the criticality code bias and bias 
uncertainty for these codes are presented in appropriate appendices. The similarity between the 
chosen experiments and the actual systems has been based on a set of screening criteria as is 
stated in the NUREG/CR-6698 [5]. 
 
The summary of biases and bias uncertainties for the validated computer codes is shown in Table 
5.1. 
 
6.0 References 
 
[1] ANSI/ANS 8.1-1983, American National Standard For Nuclear Criticality Safety In 

Operations With Fissionable Materials Outside Reactors, American Nuclear Society, La 
Grange Park, Illinois. 

 
[2] ANSI/ANS-8.17, “American National Standard for Criticality Safety Criteria for the 

Handling, Storage, and Transportation of LWR Fuel Outside Reactors,” American Nuclear 
Society, La Grange Park, Illinois. 

 
[3] Criticality Benchmark Guide for Light Water Reactor Fuel in Transportation and Storage 

Packages, NUREG/CR-6361 (ORNL/TM-13211), U.S. Nuclear Regulatory Commission, 
March 1997. 

 
[4] J.R. Taylor, An Introduction to Error Analysis (University Science Books, Mill Valley, 

California, 1982). 
 
[5] Guide for Validation of Nuclear Criticality Safety Calculational Methodology, 

NUREG/CR-6698, U.S. Nuclear Regulatory Commission, January 2001. 
 
[6] M.G. Natrella, Experimental Statistics, National Bureau of Standards, Handbook 91, 

August 1963. 
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Table 2-1 Key Criticality System Parameters and Range of those Parameters in Expected Designs 

Parameter Critical Experiment Requirement Range of Key Parameters 

Fissionable Material 235U, 239Pu, 241Pu 235U, 239Pu, 241Pu 
Isotopic Composition   

235U/Ut < 5.0wt% 0.16wt% to 5.74wt% 
Pu/(U+Pu) < 20wt% 1.104wt% to 20wt% 

Physical Form UO2, MOX UO2, MOX 
Moderator Material (coolant) H H 

Physical Form H20 H20 

Density Normal pressure & temperature 
condition around 1.0 g/cm3 

Reflector Material H H 
Physical Form H20 H20 

Density Normal pressure & temperature 
condition around 1.0 g/cm3 

Interstitial Reflector Material   
Plate Steel or Lead Steel or Lead 

Absorber Material     

Soluble None, Boron or Gadolinium None, Boron (0 to 2550 ppm) or 
Gadolinium (0 to 197 ppm) 

Rods Boron Pyrex®, Vicor®, Steel or B-Al 
Separating Material     

Plate Water, B-SS, Boral or Cadmium Water, B-SS, Boral, Boroflex, 
Zircaloy or Cadmium 

Geometry     

Fuel Square/Triangle lattice of fuel 
pins 

Square/Triangle lattice of fuel 
pins 

Neutron Energy Thermal spectrum Thermal spectrum 
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Table 5-1 Summary of Biases and Bias Uncertainties for the Validated Computer Codes 

Computer Code Total Bias Bias Uncertainty 

MCNP5-1.51 with ENDF/B-V (Appendix C) -0.0020 0.0082 

MCNP5-1.51 with ENDF/B-VII (Appendix D) 0.0000 0.0110 
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B.1. Introduction and Purpose 
 
The purpose of this Appendix is to document the description of the full set of critical 
experiments selected for the benchmark validation of computer codes. 
 
B.2. Physical Description of HTC Critical Experiments 
 
In the 1980s, a series of critical experiments referred to as the Haut Taux de Combustion (HTC) 
experiments was conducted by the Institut de Radioprotection et de Sûreté Nucléaire (IRSN) at 
the experimental criticality facility in Valduc, France, between 1988 and 1990. The fuel rods 
were fabricated specifically for this set of experiments. The fuel consisted of 1-cm-long pellets 
contained within Zircaloy-4 cladding. The plutonium-to-uranium ratio and the isotopic 
compositions of both the uranium and plutonium used in the simulated fuel rods were designed 
to be similar to what would be found in a typical pressurized-water reactor fuel assembly that 
initially had an enrichment of 4.5 wt % 235U and was burned to 37,500 MWd/MTU. The fuel 
material also includes 241Am, which is present due to the decay of 241Pu. The fuel rods were held 
in place by an upper and a lower grid and were contained in one or four assemblies placed into a 
rectangular tank. The critical approach was accomplished by varying the water or solution level 
in the tank containing the fuel pin arrays. The critical condition was extrapolated from a 
subcritical configuration with a multiplication factor within 0.1% of 1.000. 
 
This section provides a summary description of the materials and physical layouts of the 156 
critical configurations. Detailed descriptions of the critical experiments are presented in 
references [B.1] through [B.4]. The HTC experiments include configurations designed to 
simulate fuel handling activities, pool storage, and transport in casks constructed of thick lead or 
steel and were categorized into four phases. 
 
B.2.1. Phase 1: Water-Moderated and Reflected Arrays 
 
The first phase included 18 configurations, each involving a single square-pitched array of rods 
with rod pitch varying from 1.3 to 2.3 cm.  
 
The tank was incrementally filled with water at room temperature, water being injected at the 
bottom of the tank. A measurement needle provided water height. Therefore, the water was used 
as core moderator and as reflector beneath the fuel and around the array on four sides. The 
critical approach parameter was the water level. 
 
Eighteen experiments have been performed with various arrays and all are considered acceptable 
for use as benchmark experiments:  

• 5 square or almost square array - square pitch 1.3, 1.5, 1.7, 1.9, 2.3 cm – 15 experiments,   
• 1 rectangular centered array – square pitch 1.7 cm – 2 experiments,   
• 1 rectangular no-centered array – square pitch 1.7 cm – 1 experiment. 

 
The experiments key physical parameters are summarized in Table B-1. 
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B.2.2. Phase 2: Reflected Simple Arrays Moderated by Poisoned Water with Gadolinium 
or Boron 

 
The second phase included 41 configurations that were similar to the first phase except that the 
water used as moderator and reflector included either boron or gadolinium in solution at various 
concentrations.  
 
The tank was incrementally filled with poisoned solution at room temperature, this solution 
being pumped in the bottom of the tank. A measurement needle provided solution height. The 
critical approach parameter was the water level.  
 
Forty one experiments are evaluated and all are considered acceptable for use as benchmark 
experiments. Twenty of them are performed with gadolinium solutions, and the others with 
boron solutions. 
 
The experiments key physical parameters are summarized in Table B-2 through Table B-3. 
 
B.2.3. Phase 3: Pool Storage 
 
The third phase simulated fuel assembly storage rack conditions and included 26 configurations 
with 1.6 cm square rods pitch arranged into four assemblies in a 2 × 2 array. These assemblies 
with, in some cases, canisters, were placed on a pedestal centered inside a parallelepiped tank 
which was itself located on the floor in the middle (approximately) of a large room. The spacing 
between assemblies was varied, and some of the assemblies had B-SS, Boral®, or cadmium 
plates attached to the sides of the four assemblies.  
 
The tank was incrementally filled with water at room temperature, water being pumped in at the 
bottom of the tank. A measurement needle provided water height. Therefore, the water was used 
as core moderator and as reflector beneath the fuel and around the array on four sides. The 
critical approach parameter was the water level. 
 
Twenty six experiments are evaluated and all are considered acceptable for use as benchmark 
experiments. Eleven of them were performed with neutron absorbing canisters around the four 
arrays, and the others without any. 
 
The experiments key physical parameters are summarized in Table B-4. 
 
B.2.4. Phase 4: Shipping Cask 
 
The fourth phase simulated cask conditions and included 71 configurations similar to the Phase 3 
configurations except thick steel or lead shields were placed around the outside of the 2 × 2 array 
of fuel assemblies. These assemblies with, in some cases, canisters, were placed on a pedestal 
centered inside a parallelepiped tank which was itself located on the floor in the middle 
(approximately) of a large room. Space between assemblies and between assemblies and screen 
varied from one case to another. 
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The tank was incrementally filled with water at room temperature, water being pumped in at the 
bottom of the tank. A measurement needle provided water height. Therefore, the water was used 
as core moderator and as reflector beneath the fuel and around the array on four sides behind the 
reflector screens. The critical approach parameter was the water level.  
 
Seventy one experiments are evaluated and all are considered acceptable for use as benchmark 
experiments. Thirty eight experiments were performed with lead reflector screens and thirty 
three with steel reflector screens. Twenty six among the former and twenty one among the latter 
used absorbing canisters around the four arrays, and the others without any. 
 
The experiments key physical parameters are summarized in Table B-5 through Table B-6. 
 
B.3. Physical Description of the Selected Benchmark Critical Experiments 
 
The benchmark experiments are selected to cover a wide range of code applications for fresh and 
spent fuel storage analysis. This section provides a summary description of the materials and 
physical layouts of the 135 critical configurations with fresh and selected actinides for spent fuel. 
For the fresh fuel assumption, the code is compared to the critical experiments of un-irradiated 
UO2 systems with geometric and material characteristics similar to that of fuel storage systems. 
For the spent fuel assumption with burnup credit, additional comparisons are made to un-
irradiated mixed-oxide (MOX) fuel of similar characteristics to spent fuel. The UO2 experiments 
address 234U, 235U and 238U. The MOX critical experiments address 238Pu, 239Pu, 240Pu, 241Pu, 
242Pu and 241Am. Detailed descriptions of the critical experiments are presented in references 
[B.6] through [B.12]. 
 
Description of the selected critical experiments is summarized in Table B-7. 
 
B.4. References 
 
[B.1] F. Fernex, “Programme HTC – Phase 1 : Réseaux de crayons dans l’eau pure (Water-

moderated and reflected simple arrays) Réévaluation des expériences,” 
DSU/SEC/T/2005-33/D.R., Institut de Radioprotection et de Sûreté Nucléaire, 2008.  

 
[B.2] F. Fernex, Programme HTC – Phase 2 : Réseaux simples en eau empoisonnée (bore et 

gadolinium) (Reflected simple arrays moderated by poisoned water with gadolinium or 
boron) Réévaluation des expériences,”  DSU/SEC/T/2005-38/D.R., Institut de 
Radioprotection et de Sûreté Nucléaire, 2008. 

 
[B.3] F. Fernex, “Programme HTC – Phase 3 : Configurations “stockage en piscine” (Pool 

storage) Réévaluation des expériences,”  DSU/SEC/T/2005-37/D.R., Institut de 
Radioprotection et de Sûreté Nucléaire, 2008. 

 
[B.4] F. Fernex, “Programme HTC – Phase 4 : Configurations “châteaux de transport” 

(Shipping cask) - Réévaluation des expériences,” DSU/SEC/T/2005-36/D.R., Institut de 
Radioprotection et de Sûreté Nucléaire, 2008. 
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[B.5] C. Portella, C. Woillard “Programme “HTC” - Expériences de criticité avec des crayons 
combustibles HTC (type REP à haut taux de combustion) - Résultats de l’étude 
paramétrique avec de l’eau gadoliniée.” [Translation: ““Hbu” program – Criticity 
Experiments with Hbu fuel rods (LWR type at high burn up) – Results of parametric 
study with poisoned water with gadolinium.”] Note technique IPSN/SRSC n° 90.01. 

 
[B.6] International Handbook of Evaluated Criticality Safety Benchmark Experiments, 

NEA/NSC/DOC(95)03, NEA Nuclear Science Committee, September 2008 Edition 
 
[B.7] G.S. Hoovier et al., Critical Experiments Supporting Underwater Storage of Tightly 

Packed Configurations of Spent Fuel Pins, BAW-1645-4, Babcock & Wilcox Company, 
November 1991. 

 
[B.8] L.W. Newman et al., Urania Gadolinia: Nuclear Model Development and Critical 

Experiment Benchmark, BAW-1810, Babcock and Wilcox Company, April 1984. 
 
[B.9] J.C. Manaranche et al., "Dissolution and Storage Experimental Program with 4.75% 

Enriched Uranium-Oxide Rods," Trans. Am. Nucl. Soc. 33: 362-364 (1979). 
 
[B.10] S.R. Bierman, Criticality Experiments with Neutron Flux Traps Containing Voids, PNL-

7167, Battelle Pacific Northwest Laboratory, April 1990. 
 
[B.11] S.R. Bierman, Criticality Experiments with Fast Test Reactor Fuel Pins in Organic 

Moderator, PNL-5803, Battelle Pacific Northwest Laboratory, December 1986. 
 
[B.12] E.G. Taylor et al., Saxton Plutonium Program Critical Experiments for the Saxton Partial 

Plutonium core, WCAP-3385-54, Westinghouse Electric Corp., Atomic Power Division, 
December 1965. 

 
[B.13] Evaluation of the French Haut Taux de Combustion (HTC) Critical Experiment Data, 

NUREG/CR-6979 (ORNL/TM-2007/083), U.S. Nuclear Regulatory Commission, 
September 2008. 
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 Table B-1 Key Physical Parameters of the HTC Phase 1 Critical Experiments [B.1] 

Case Reference Experiment 
number 

Pitch 
(cm) 

Number of Rods Date of 
experiment 

Temperature 
(°C) 

Critical water 
height (cm) (a) Along edge Total 

1 MIX-COMP-THERM-HTC-001 2327 
2.3 

50 × 50  2500 05/05/88 22.5 61.41 ± 0.06  
2 MIX-COMP-THERM-HTC-002 2335 38 × 37  1406 06/06/88 21.1 87.68 ± 0.06  
3 MIX-COMP-THERM-HTC-003 2336 37 × 37  1369 06/07/88 21.0 90.38 ± 0.06  
4 MIX-COMP-THERM-HTC-004 2337 

1.9 
27 × 27  729 06/09/88 20.7 63.77 ± 0.06  

5 MIX-COMP-THERM-HTC-005 2339 25 × 25  625 06/13/88 20.5 81.95 ± 0.08  
6 MIX-COMP-THERM-HTC-006 2340 25 × 24  600 06/14/88 20.7 90.22 ± 0.06  
7 MIX-COMP-THERM-HTC-007 2341 

1.7 
26 × 26  676 06/15/88 20.2 65.11 ± 0.07  

8 MIX-COMP-THERM-HTC-008 2342 25 × 25  625 06/16/88 21.0 74.86 ± 0.06  
9 MIX-COMP-THERM-HTC-009 2343 25 × 24  600 06/16/88 20.8 82.25 ± 0.06  
10 MIX-COMP-THERM-HTC-010 2345 

1.5 
29 × 29  841 06/26/88 21.1 59.92 ± 0.06  

11 MIX-COMP-THERM-HTC-011 2347 27 × 27  729 06/23/88 21.3 76.72 ± 0.06  
12 MIX-COMP-THERM-HTC-012 2348 27 × 26  702 06/23/88 21.1 84.57 ± 0.06  
13 MIX-COMP-THERM-HTC-013 2349 

1.3 
39 × 39  1521 06/29/88 21.3 53.77 ± 0.06  

14 MIX-COMP-THERM-HTC-014 2352 34 × 34  1156 07/05/88 21.3 80.16 ± 0.06  
15 MIX-COMP-THERM-HTC-015 2353 34 × 33  1122 07/06/88 21.3 86.35 ± 0.06  
16 MIX-COMP-THERM-HTC-016 2355 

1.7 
50 × 18  900 07/19/88 21.0 69.07 ± 0.06  

17 MIX-COMP-THERM-HTC-017 2357 50 × 17  850 07/21/88 21.4 83.15 ± 0.08  
18 MIX-COMP-THERM-HTC-018 2361 50 × 18 (b) 900 07/28/88 22.4 80.16 ± 0.07  

 (a) given at a level of confidence of 95%       
 (b) no-centered array        
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 Table B-2 Key Physical Parameters of the HTC Phase 2 Critical Experiments with Gadolinium Solutions [B.2]  

Case Reference Experiment 
number 

Pitch 
(cm) 

Number of Rods Date of 
experiment 

Temperature 
(°C) 

Critical water 
height (cm) (a) 

Gadolinium 
conc. (g/l) 

(b)  
Along 
edge Total 

19 MIX-COMP-THERM-HTC-019 2405 

1.3 

38 × 38  1444 01/20/89 20.3 81.86 ± 0.04  0.052 
20 MIX-COMP-THERM-HTC-020 2406 38 × 37  1406 01/23/89 19.7 87.16 ± 0.04  0.052 
21 MIX-COMP-THERM-HTC-021 2407 42 × 42  1764 01/23/89 20.1 80.13 ± 0.04  0.100 
22 MIX-COMP-THERM-HTC-022 2408 42 × 41  1722 01/25/89 19.7 84.38 ± 0.04  0.099 
23 MIX-COMP-THERM-HTC-023 2409 41 × 41  1681 01/25/89 19.6 89.54 ± 0.04  0.099 
24 MIX-COMP-THERM-HTC-024 2410 46 × 46  2116 01/26/89 20.1 81.33 ± 0.04  0.151 
25 MIX-COMP-THERM-HTC-025 2411 45 × 45  2025 01/27/89 20.0 89.49 ± 0.04  0.148 
26 MIX-COMP-THERM-HTC-026 2412 50 × 50  2500 01/30/89 20.7 85.83 ± 0.04  0.200 
27 MIX-COMP-THERM-HTC-027 2415 50 × 49  2450 02/01/89 19.6 90.03 ± 0.05  0.197 
28 MIX-COMP-THERM-HTC-028 2417 

1.5 

50 × 50  2500 02/09/89 19.6 89.67 ± 0.04  0.196 
29 MIX-COMP-THERM-HTC-029 2419 42 × 42  1764 02/14/89 21.4 85.88 ± 0.05  0.147 
30 MIX-COMP-THERM-HTC-030 2420 42 × 41  1722 02/15/89 21.0 90.51 ± 0.05  0.147 
31 MIX-COMP-THERM-HTC-031 2422 36 × 36  1296 02/21/89 22.1 83.86 ± 0.05  0.098 
32 MIX-COMP-THERM-HTC-032 2423 36 × 35  1260 02/21/89 22.6 89.85 ± 0.04  0.098 
33 MIX-COMP-THERM-HTC-033 2425 32 × 32  1024 02/24/89 20.9 73.60 ± 0.05  0.048 
34 MIX-COMP-THERM-HTC-034 2427 31 × 31  961 02/27/89 20.6 84.14 ± 0.04  0.048 
35 MIX-COMP-THERM-HTC-035 2430 1.7 31 × 30  930 03/01/89 21.1 85.87 ± 0.05  0.048 
36 MIX-COMP-THERM-HTC-036 2434 1.9 35 × 35  1225 03/08/89 21.7 89.61 ± 0.04  0.048 
37 MIX-COMP-THERM-HTC-037 2436 

1.7 
39 × 39  1521 03/13/89 22.5 85.86 ± 0.05  0.097 

38 MIX-COMP-THERM-HTC-038 2433 50 × 23  1150 03/07/89 21.7 84.35 ± 0.04  0.048 
 (a) given at a level of confidence of 95%        
 (b) nominal values given in the report [B.5], not 

retained       
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 Table B-3 Key Physical Parameters of the HTC Phase 2 Critical Experiments with Boron Solutions [B.2]  

Case Reference Experiment 
number 

Pitch 
(cm) 

Number of Rods Date of 
experiment 

Temperature 
(°C) 

Critical 
water height 

(cm) (a) 

Boron conc. 
(g/l)  Along 

edge Total 

39 MIX-COMP-THERM-HTC-039 2437 

1.3 

37 × 37  1369 04/17/89 23.0 78.80 ± 0.04  0.100 ± 0.001  
40 MIX-COMP-THERM-HTC-040 2438 37 × 36  1332 04/18/89 22.8 83.84 ± 0.04  0.106 ± 0.001  
41 MIX-COMP-THERM-HTC-041 2441 39 × 39  1521 04/20/89 23.5 84.04 ± 0.04  0.205 ± 0.002  
42 MIX-COMP-THERM-HTC-042 2444 42 × 41  1722 04/26/89 23.0 85.40 ± 0.05  0.299 ± 0.003  
43 MIX-COMP-THERM-HTC-043 2446 45 × 44  1980 05/09/89 24.2 84.14 ± 0.04  0.400 ± 0.004  
44 MIX-COMP-THERM-HTC-044 2447 44 × 44  1936 05/10/89 24.7 88.63 ± 0.05  0.399 ± 0.004  
45 MIX-COMP-THERM-HTC-045 2448 47 × 47  2009 05/11/89 26.3 88.44 ± 0.04  0.486 ± 0.005  
46 MIX-COMP-THERM-HTC-046 2449 50 × 50  2500 05/17/89 25.1 90.64 ± 0.04  0.587 ± 0.006  
47 MIX-COMP-THERM-HTC-047 2459 

1.5 

49 × 49  2401 06/05/89 24.7 88.88 ± 0.04  0.595 ± 0.006  
48 MIX-COMP-THERM-HTC-048 2468 43 × 43  1849 06/15/89 22.7 89.46 ± 0.04  0.499 ± 0.005  
49 MIX-COMP-THERM-HTC-049 2470 39 × 39  1521 06/19/89 23.6 85.37 ± 0.05  0.393 ± 0.004  
50 MIX-COMP-THERM-HTC-050 2471 35 × 35  1225 06/21/89 23.6 88.90 ± 0.04  0.295 ± 0.003  
51 MIX-COMP-THERM-HTC-051 2473 32 × 32  1024 06/27/89 23.5 87.02 ± 0.04  0.200 ± 0.002  
52 MIX-COMP-THERM-HTC-052 2475 30 × 29  870 07/03/89 23.6 82.48 ± 0.04  0.089 ± 0.001  
53 MIX-COMP-THERM-HTC-053 2478 

1.7 

28 × 28  784 07/06/89 23.8 85.10 ± 0.04  0.090 ± 0.001  
54 MIX-COMP-THERM-HTC-054 2483 32 × 32  1024 07/19/89 24.2 87.06 ± 0.04  0.194 ± 0.002  
55 MIX-COMP-THERM-HTC-055 2485 37 × 37  1369 07/21/89 24.5 89.65 ± 0.04  0.286 ± 0.003  
56 MIX-COMP-THERM-HTC-056 2487 45 × 44  1980 08/09/89 23.8 88.72 ± 0.04  0.415 ± 0.004  
57 MIX-COMP-THERM-HTC-057 2482 50 × 21  1050 07/17/89 24.0 77.74 ± 0.04  0.100 ± 0.001  
58 MIX-COMP-THERM-HTC-058 2490 

1.9 
39 × 38  1482 09/08/89 22.9 88.41 ± 0.04  0.220 ± 0.002  

59 MIX-COMP-THERM-HTC-059 2492 31 × 30  930 09/14/89 22.0 86.95 ± 0.04  0.110 ± 0.001 
 (a) given at a level of confidence of 95%        
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 Table B-4 Key Physical Parameters of the HTC Phase 3 Critical Experiments (pin pitch 1.6 cm) [B.3] 

Case Reference Experiment 
number 

Canister 
Type 

Number of Rods Date of 
experiment 

Temperature 
(°C) 

Critical water 
height (cm) (a) 

Water 
Gap 
(cm) Along edge Total 

60 MIX-COMP-THERM-HTC-060 2518 

Borated 
Steel 

25 × 25  625 01/04/90 18.3 88.83 ± 0.34 3.5 
61 MIX-COMP-THERM-HTC-061 2520 25 × 24  600 01/09/90 18.7 49.55 ± 0.34 0.0 
62 MIX-COMP-THERM-HTC-062 2521 25 × 24  600 01/10/90 18.8 71.45 ± 0.34 2.0 
63 MIX-COMP-THERM-HTC-063 2522 25 × 24  600 01/10/90 19.0 89.96 ± 0.34 3.0 
64 MIX-COMP-THERM-HTC-064 2523 25 × 24  600 01/12/90 18.9 58.23 ± 0.34 1.0 
65 MIX-COMP-THERM-HTC-065 2514 Boral 25 × 25  625 12/28/89 20.6 90.03 ± 0.34 0.0 
66 MIX-COMP-THERM-HTC-066 2511 

Cadmiu
m 

25 × 25  625 12/21/89 21.1 82.16 ± 0.34 2.0 
67 MIX-COMP-THERM-HTC-067 2524 25 × 24  600 01/15/90 18.7 55.33 ± 0.34 0.0 
68 MIX-COMP-THERM-HTC-068 2525 25 × 24  600 01/16/90 19.0 67.95 ± 0.34 1.0 
69 MIX-COMP-THERM-HTC-069 2526 25 × 24  600 01/17/90 19.1 79.83 ± 0.34 1.5 
70 MIX-COMP-THERM-HTC-070 2527 25 × 24  600 01/18/90 19.1 58.66 ± 0.34 0.5 
71 MIX-COMP-THERM-HTC-071 2509 

  

25 × 25  625 12/19/89 20.9 84.75 ± 0.34 18.0 
72 MIX-COMP-THERM-HTC-072 2531 25 × 24  600 01/23/90 19.0 88.2 ± 0.34 14.5 
73 MIX-COMP-THERM-HTC-073 2532 24 × 24  576 01/24/90 19.1 81.18 ± 0.34 11.0 
74 MIX-COMP-THERM-HTC-074 2533 24 × 23  552 01/25/90 19.3 82.12 ± 0.34 10.0 
75 MIX-COMP-THERM-HTC-075 2534 23 × 23  529 01/26/90 19.4 81.2 ± 0.34 9.0 
76 MIX-COMP-THERM-HTC-076 2535 22 × 22  484 01/30/90 19.7 86.17 ± 0.34 8.0 
77 MIX-COMP-THERM-HTC-077 2536 20 × 20  400 01/31/90 19.7 82.08 ± 0.34 6.0 
78 MIX-COMP-THERM-HTC-078 2537 17 × 17  289 02/01/90 19.9 77.92 ± 0.34 4.0 
79 MIX-COMP-THERM-HTC-079 2538 17 × 16  272 02/02/90 20.0 90.28 ± 0.34 4.0 
80 MIX-COMP-THERM-HTC-080 2539 14 × 14  196 02/05/90 20.2 75.99 ± 0.34 2.0 
81 MIX-COMP-THERM-HTC-081 2541 13 × 13  169 02/06/90 20.0 83.17 ± 0.34 1.0 
82 MIX-COMP-THERM-HTC-082 2544 13 × 13  169 02/07/90 20.4 79.46 ± 0.34 0.0 
83 MIX-COMP-THERM-HTC-083 2547 25 × 25  625 02/19/90 20.9 29.46 ± 0.34 0.0 
84 MIX-COMP-THERM-HTC-084 2548 25 × 25  625 02/20/90 20.9 37.96 ± 0.34 4.0 
85 MIX-COMP-THERM-HTC-085 2549 25 × 25  625 02/20/90 21.0 64.43 ± 0.34 10.0 

 (a) given at a level of confidence of 95%     
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Table B-5 Key Physical Parameters of the HTC Phase 4 Critical Experiments with the Lead Screen (four 25 × 25 arrays with 1.6 cm 
pitch) [B.4] 

Case Reference Experiment 
number 

Canister 
Type 

Date of 
experiment 

Temperature 
(°C) 

Water Gap 
(cm) (a) 

Screen array 
distance (cm) 

(b) 

Critical water 
height (cm) 

(c) 

86 MIX-COMP-THERM-HTC-086 2562 

Borated 
Steel 

03/16/90 22.8 0.0 0.0 42.53 ± 0.34 
87 MIX-COMP-THERM-HTC-087 2563 03/19/90 23.1 0.5 0.0 44.79 ± 0.34 
88 MIX-COMP-THERM-HTC-088 2564 03/20/90 23.3 1.0 0.0 47.86 ± 0.34 
89 MIX-COMP-THERM-HTC-089 2565 03/21/90 23.1 1.5 0.0 51.3 ± 0.34 
90 MIX-COMP-THERM-HTC-090 2566 03/22/90 23.3 2.0 0.0 54.65 ± 0.34 
91 MIX-COMP-THERM-HTC-091 2567 03/22/90 23.4 3.0 0.0 62.04 ± 0.34 
92 MIX-COMP-THERM-HTC-092 2568 03/23/90 23.6 3.5 0.0 66.10 ± 0.34 
93 MIX-COMP-THERM-HTC-093 2569 03/26/90 23.5 2.0 0.5 55.87 ± 0.34 
94 MIX-COMP-THERM-HTC-094 2570 03/27/90 23.1 2.0 1.0 57.33 ± 0.34 
95 MIX-COMP-THERM-HTC-095 2571 03/27/90 23.0 2.0 1.5 58.68 ± 0.34 
96 MIX-COMP-THERM-HTC-096 2572 03/28/90 22.9 2.0 2.0 59.78 ± 0.34 
97 MIX-COMP-THERM-HTC-097 2586 

Boral 

04/23/90 21.9 0.0 0.0 72.47 ± 0.34 
98 MIX-COMP-THERM-HTC-098 2587 04/24/90 22.0 0.0 0.0 72.49 ± 0.34 
99 MIX-COMP-THERM-HTC-099 2588 04/24/90 22.2 0.0 0.5 74.70 ± 0.34 

100 MIX-COMP-THERM-HTC-100 2624 07/13/90 21.6 1.0 0.0 86.06 ± 0.34 
101 MIX-COMP-THERM-HTC-101 2625 07/18/90 22.4 0.5 0.0 76.69 ± 0.34 
102 MIX-COMP-THERM-HTC-102 2577 

Cadmium 

04/05/90 22.7 0.0 0.0 46.13 ± 0.34 
103 MIX-COMP-THERM-HTC-103 2578 04/05/90 22.6 1.0 0.0 52.89 ± 0.34 
104 MIX-COMP-THERM-HTC-104 2579 04/06/90 22.6 2.0 0.0 63.52 ± 0.34 
105 MIX-COMP-THERM-HTC-105 2580 04/09/90 22.4 2.5 0.0 69.83 ± 0.34 
106 MIX-COMP-THERM-HTC-106 2581 04/11/90 22.5 2.0 0.5 65.84 ± 0.34 
107 MIX-COMP-THERM-HTC-107 2582 04/11/90 22.5 2.0 1.0 68.63 ± 0.34 
108 MIX-COMP-THERM-HTC-108 2583 04/12/90 22.4 2.0 1.5 71.21 ± 0.34 
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Case Reference Experiment 
number 

Canister 
Type 

Date of 
experiment 

Temperature 
(°C) 

Water Gap 
(cm) (a) 

Screen array 
distance (cm) 

(b) 

Critical water 
height (cm) 

(c) 

109 MIX-COMP-THERM-HTC-109 2584 04/12/90 22.4 2.0 2.0 73.36 ± 0.34 
110 MIX-COMP-THERM-HTC-110 2621 07/03/90 22.3 3.0 0.0 76.25 ± 0.34 
111 MIX-COMP-THERM-HTC-111 2622 07/04/90 22.3 3.5 0.0 83.38 ± 0.34 
112 MIX-COMP-THERM-HTC-112 2550 

No 

02/23/90 21.4 0.0 0.0 27.45 ± 0.34 
113 MIX-COMP-THERM-HTC-113 2551 02/26/90 22.1 1.0 0.0 28.00 ± 0.34 
114 MIX-COMP-THERM-HTC-114 2552 02/28/90 21.8 2.0 0.0 29.37 ± 0.34 
115 MIX-COMP-THERM-HTC-115 2553 03/01/90 21.8 4.0 0.0 34.65 ± 0.34 
116 MIX-COMP-THERM-HTC-116 2554 03/02/90 21.3 6.0 0.0 41.60 ± 0.34 
117 MIX-COMP-THERM-HTC-117 2555 03/05/90 20.7 8.0 0.0 48.65 ± 0.34 
118 MIX-COMP-THERM-HTC-118 2556 03/06/90 20.7 10.0 0.0 54.74 ± 0.34 
119 MIX-COMP-THERM-HTC-119 2557 03/07/90 20.9 12.0 0.0 59.57 ± 0.34 
120 MIX-COMP-THERM-HTC-120 2558 03/09/90 21.3 2.0 0.5 29.43 ± 0.34 
121 MIX-COMP-THERM-HTC-121 2559 03/12/90 21.7 2.0 1.0 29.46 ± 0.34 
122 MIX-COMP-THERM-HTC-122 2560 03/13/90 21.9 2.0 1.5 29.55 ± 0.34 
123 MIX-COMP-THERM-HTC-123 2561 03/14/90 22.3 2.0 2.0 29.62 ± 0.34 
 (a) Water gap between arrays.         
 (b) Water gap between screen and array.        
 (c) Given at a level of confidence of 95%       
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Table B-6 Key Physical Parameters of the HTC Phase 4 Critical Experiments with the Steel Screen (four 25 × 25 arrays with 1.6 cm 
pitch) [B.4] 

Case Reference Experiment 
number 

Canister 
Type 

Date of 
experiment 

Temperature 
(°C) 

Water Gap 
(cm) (a) 

Screen array 
distance (cm) 

(b) 

Critical water 
height  (cm) 

(c) 

124 MIX-COMP-THERM-HTC-124 2602 

Borated 
Steel 

05/21/90 23.6 0.0 0.0 42.11 ± 0.34 
125 MIX-COMP-THERM-HTC-125 2603 05/21/90 23.4 0.5 0.0 44.14 ± 0.34 
126 MIX-COMP-THERM-HTC-126 2604 05/22/90 22.9 1.0 0.0 46.96 ± 0.34 
127 MIX-COMP-THERM-HTC-127 2605 05/29/90 20.4 1.5 0.0 50.16 ± 0.34 
128 MIX-COMP-THERM-HTC-128 2606 05/30/90 20.1 2.0 0.0 53.43 ± 0.34 
129 MIX-COMP-THERM-HTC-129 2607 05/31/90 20.0 2.0 0.5 54.71 ± 0.34 
130 MIX-COMP-THERM-HTC-130 2608 06/05/90 20.2 2.0 1.0 56.32 ± 0.34 
131 MIX-COMP-THERM-HTC-131 2609 06/05/90 20.1 2.0 1.5 57.96 ± 0.34 
132 MIX-COMP-THERM-HTC-132 2610 06/06/90 19.7 2.0 2.0 59.16 ± 0.34 
133 MIX-COMP-THERM-HTC-133 2611 06/08/90 19.5 3.0 0.0 60.38 ± 0.34 
134 MIX-COMP-THERM-HTC-134 2612 06/12/90 20.1 3.5 0.0 64.19 ± 0.34 
135 MIX-COMP-THERM-HTC-135 2589 

Boral 
04/26/90 22.4 0.0 0.0 69.82 ± 0.34 

136 MIX-COMP-THERM-HTC-136 2626 07/19/90 22.6 0.5 0.0 73.44 ± 0.34 
137 MIX-COMP-THERM-HTC-137 2613 

Cadmium 

06/13/90 20.5 0.0 0.0 44.70 ± 0.34 
138 MIX-COMP-THERM-HTC-138 2614 06/13/90 20.6 1.0 0.0 51.00 ± 0.34 
139 MIX-COMP-THERM-HTC-139 2615 06/14/90 20.6 2.0 0.0 60.26 ± 0.34 
140 MIX-COMP-THERM-HTC-140 2616 06/15/90 20.7 2.0 0.5 62.54 ± 0.34 
141 MIX-COMP-THERM-HTC-141 2617 06/18/90 21.0 2.0 1.0 65.85 ± 0.34 
142 MIX-COMP-THERM-HTC-142 2618 06/19/90 21.3 2.0 1.5 68.70 ± 0.34 
143 MIX-COMP-THERM-HTC-143 2619 06/20/90 21.5 2.0 2.0 71.00 ± 0.34 
144 MIX-COMP-THERM-HTC-144 2620 06/21/90 21.7 2.5 0.0 65.76 ± 0.34 
145 MIX-COMP-THERM-HTC-145 2590 

No 
04/27/90 22.4 0.0 0.0 27.77 ± 0.34 

146 MIX-COMP-THERM-HTC-146 2591 05/09/90 24.4 1.0 0.0 28.34 ± 0.34 
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Case Reference Experiment 
number 

Canister 
Type 

Date of 
experiment 

Temperature 
(°C) 

Water Gap 
(cm) (a) 

Screen array 
distance (cm) 

(b) 

Critical water 
height  (cm) 

(c) 

147 MIX-COMP-THERM-HTC-147 2592 05/10/90 24.4 2.0 0.0 29.74 ± 0.34 
148 MIX-COMP-THERM-HTC-148 2593 05/10/90 24.3 2.0 0.5 29.68 ± 0.34 
149 MIX-COMP-THERM-HTC-149 2594 05/11/90 24.5 2.0 1.0 29.66 ± 0.34 
150 MIX-COMP-THERM-HTC-150 2595 05/11/90 24.4 2.0 1.5 29.68 ± 0.34 
151 MIX-COMP-THERM-HTC-151 2596 05/14/90 24.7 2.0 2.0 29.76 ± 0.34 
152 MIX-COMP-THERM-HTC-152 2597 05/15/90 24.6 4.0 0.0 35.33 ± 0.34 
153 MIX-COMP-THERM-HTC-153 2598 05/15/90 24.6 6.0 0.0 43.24 ± 0.34 
154 MIX-COMP-THERM-HTC-154 2599 05/16/90 24.7 8.0 0.0 51.30 ± 0.34 
155 MIX-COMP-THERM-HTC-155 2600 05/17/90 24.7 10.0 0.0 58.73 ± 0.34 
156 MIX-COMP-THERM-HTC-156 2601 05/18/90 24.6 12.0 0.0 64.84 ± 0.34 
 (a) Water gap between arrays.         
 (b) Water gap between screen and array.        
 (c) Given at a level of confidence of 95%       
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Table B-7 Description of the Selected Benchmark Critical Experiments [B.6] 

Case Reference Identification U, wt% Pu, 
wt% 

157 LEU-COMP-THERM-011-001 Core I 2.46 - 
158 LEU-COMP-THERM-011-002 Core II 2.46 - 
159 LEU-COMP-THERM-011-004 Core IIIB 2.46 - 
160 LEU-COMP-THERM-011-015 Core IX 2.46 - 
161 LEU-COMP-THERM-051-001 Core X 2.46 - 
162 LEU-COMP-THERM-051-003 Core XIB 2.46 - 
163 LEU-COMP-THERM-051-009 Core XII 2.46 - 
164 LEU-COMP-THERM-051-010 Core XIII 2.46 - 
165 LEU-COMP-THERM-051-012 Core XIV 2.46 - 
166 LEU-COMP-THERM-051-013 Core XV 2.46 - 
167 LEU-COMP-THERM-051-014 Core XVI 2.46 - 
168 LEU-COMP-THERM-051-015 Core XVII 2.46 - 
169 LEU-COMP-THERM-051-016 Core XVIII 2.46 - 
170 LEU-COMP-THERM-051-017 Core XIX 2.46 - 
171 LEU-COMP-THERM-051-018 Core XX 2.46 - 
172 LEU-COMP-THERM-051-019 Core XXI 2.46 - 
173 BAW-1645-4 [B.7] S-type Fuel, w/886 ppm B 2.46 - 
174 BAW-1645-4 [B.7] S-type Fuel, w/746 ppm B 2.46 - 
175 BAW-1645-4 [B.7] SO-type Fuel, w/1156 ppm B 2.46 - 
176 BAW-1810 [B.8] Case 1 1337 ppm B 2.46 - 
177 BAW-1810 [B.8] Case 12 1899 ppm B 2.75 - 
178 French [B.9] Water Moderator 0 gap 4.75 - 
179 French [B.9] Water Moderator 2.5 cm gap 4.75 - 
180 French [B.9] Water Moderator 5 cm gap 4.75 - 
181 French [B.9] Water Moderator 10 cm gap 4.75 - 
182 LEU-COMP-THERM-017-012 Steel Reflector, 1.321 cm separation 2.35 - 
183 LEU-COMP-THERM-017-013 Steel Reflector, 2.616 cm separation 2.35 - 
184 LEU-COMP-THERM-017-014 Steel Reflector, 3.912 cm separation 2.35 - 
185 LEU-COMP-THERM-001-008 Steel Reflector, Infinite separation 2.35 - 
186 LEU-COMP-THERM-010-016 Steel Reflector, 1.321 cm separation 4.306 - 
187 LEU-COMP-THERM-010-018 Steel Reflector, 2.616 cm separation 4.306 - 
188 LEU-COMP-THERM-010-019 Steel Reflector, 5.405 cm separation 4.306 - 
189 LEU-COMP-THERM-004-010 Steel Reflector, Infinite separation 4.306 - 
190 LEU-COMP-THERM-013-003 Steel Reflector, with Boral Sheets 4.306 - 
191 LEU-COMP-THERM-010-021 Lead Reflector, 0.55 cm sepn. 4.306 - 
192 LEU-COMP-THERM-010-022 Lead Reflector, 1.956 cm sepn. 4.306 - 
193 LEU-COMP-THERM-010-023 Lead Reflector, 5.405 cm sepn. 4.306 - 
194 LEU-COMP-THERM-002-004 Experiment 004/032 – no absorber 4.306 - 
195 LEU-COMP-THERM-009-005 Exp. 009 1.05% Boron Steel plates 4.306 - 
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Case Reference Identification U, wt% Pu, 
wt% 

196 LEU-COMP-THERM-009-007 Exp. 009 1.62% Boron Steel plates 4.306 - 
197 LEU-COMP-THERM-009-009 Exp. 031 – Boral plates 4.306 - 
198 PNL-7167 [B.10] Experiment 214R – with flux traps 4.306 - 
199 PNL-7167 [B.10] Experiment 214V3 –with flux trap 4.306 - 
200 LEU-COMP-THERM-014-001 Case 173 – 0 ppm B 4.306 - 
201 LEU-COMP-THERM-014-005 Case 177 – 2550 ppm B 4.306 - 
202 PNL-5803 [B.11] MOX Fuel – Type 3.2 Exp. 21 0.71 20 
203 PNL-5803 [B.11] MOX Fuel – Type 3.2 Exp. 43 0.71 20 
204 PNL-5803 [B.11] MOX Fuel – Type 3.2 Exp. 13 0.71 20 
205 PNL-5803 [B.11] MOX Fuel – Type 3.2 Exp. 32 0.71 20 
206 MIX-COMP-THERM-003-001 Saxton Case 52 PuO2 0.52” pitch 0.72 6.6 
207 WCAP-3385 [B.12] Saxton Case 52 U 0.52” pitch 5.74 - 
208 MIX-COMP-THERM-003-002 Saxton Case 56 PuO2 0.56” pitch 0.72 6.6 
209 MIX-COMP-THERM-003-003 Saxton Case 56 borated PuO2 0.72 6.6 
210 WCAP-3385 [B.12] Saxton Case 56 U 0.56” pitch 5.74 - 
211 MIX-COMP-THERM-003-005 Saxton Case 79 PuO2 0.79” pitch 0.72 6.6 
212 WCAP-3385 [B.12] Saxton Case 79 U 0.79” pitch 5.74 - 
213 MIX-COMP-THERM-002-030 0.700-in. pitch 0 ppm B 0.72 2.0 
214 MIX-COMP-THERM-002-031 0.700-in. pitch 688 ppm B 0.72 2.0 
215 MIX-COMP-THERM-002-032 0.870-in. pitch 0 ppm B 0.72 2.0 
216 MIX-COMP-THERM-002-033 0.870-in. pitch 1090 ppm B 0.72 2.0 
217 MIX-COMP-THERM-002-034 0.990-in. pitch 0 ppm B 0.72 2.0 
218 MIX-COMP-THERM-002-035 0.990-in. pitch 767 ppm B 0.72 2.0 
219 MIX-COMP-THERM-003-004 Saxton Case PuO2 0.735” pitch 0.72 6.6 
220 MIX-COMP-THERM-003-006 Saxton Case PuO2 1.04” pitch 0.72 6.6 
221 MIX-COMP-THERM-006-001 8 wt% 240Pu 0.80” pitch 0.71 2.0 
222 MIX-COMP-THERM-006-002 8 wt% 240Pu 0.93” pitch 0.71 2.0 
223 MIX-COMP-THERM-006-003 8 wt% 240Pu 1.05” pitch 0.71 2.0 
224 MIX-COMP-THERM-006-004 8 wt% 240Pu 1.143” pitch 0.71 2.0 
225 MIX-COMP-THERM-006-005 8 wt% 240Pu 1.32” pitch 0.71 2.0 
226 MIX-COMP-THERM-006-006 8 wt% 240Pu 1.386” pitch 0.71 2.0 
227 MIX-COMP-THERM-007-001 16 wt% 240Pu 0.93” pitch 0.72 2.0 
228 MIX-COMP-THERM-007-002 16 wt% 240Pu 1.05” pitch 0.72 2.0 
229 MIX-COMP-THERM-007-003 16 wt% 240Pu 1.143” pitch 0.72 2.0 
230 MIX-COMP-THERM-007-004 16 wt% 240Pu 1.32” pitch 0.72 2.0 
231 MIX-COMP-THERM-008-001 24 wt% 240Pu 0.80” pitch 0.72 2.0 
232 MIX-COMP-THERM-008-002 24 wt% 240Pu 0.93” pitch 0.72 2.0 
233 MIX-COMP-THERM-008-003 24 wt% 240Pu 1.05” pitch 0.72 2.0 
234 MIX-COMP-THERM-008-004 24 wt% 240Pu 1.143” pitch 0.72 2.0 
235 MIX-COMP-THERM-008-005 24 wt% 240Pu 1.32” pitch 0.72 2.0 
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Case Reference Identification U, wt% Pu, 
wt% 

236 MIX-COMP-THERM-008-006 24 wt% 240Pu 1.386” pitch 0.72 2.0 
237 MIX-COMP-THERM-005-001 18 wt% 240Pu 0.85” pitch 0.72 4.0 
238 MIX-COMP-THERM-005-002 18 wt% 240Pu 0.93” pitch 0.72 4.0 
239 MIX-COMP-THERM-005-003 18 wt% 240Pu 1.05” pitch 0.72 4.0 
240 MIX-COMP-THERM-005-004 18 wt% 240Pu 1.143” pitch 0.72 4.0 
241 MIX-COMP-THERM-005-005 18 wt% 240Pu 1.386” pitch 0.72 4.0 
242 MIX-COMP-THERM-005-006 18 wt% 240Pu 1.60” pitch 0.72 4.0 
243 MIX-COMP-THERM-005-007 18 wt% 240Pu 1.70” pitch 0.72 4.0 
244 LEU-COMP-THERM-001-001 1 Cluster 2.35 - 
245 LEU-COMP-THERM-001-002 3 Clusters, Separation 11.92 cm 2.35 - 
246 LEU-COMP-THERM-001-003 3 Clusters, Separation 8.41 cm 2.35 - 
247 LEU-COMP-THERM-001-004 3 Clusters, Separation 10.05 cm 2.35 - 
248 LEU-COMP-THERM-001-005 3 Clusters, Separation 6.39 cm 2.35 - 
249 LEU-COMP-THERM-001-006 3 Clusters, Separation 9.01 cm 2.35 - 
250 LEU-COMP-THERM-001-007 3 Clusters, Separation 4.46 2.35 - 
251 LEU-COMP-THERM-002-001 1 Cluster, 10x11.51 4.306 - 
252 LEU-COMP-THERM-002-002 1 Cluster, 9x13.35 4.306 - 
253 LEU-COMP-THERM-002-003 1 Cluster, 8x16.37 4.306 - 
254 LEU-COMP-THERM-002-005 3 Clusters, Separation 7.11 cm 4.306 - 
255 LEU-COMP-THERM-003-001 1 Cluster, 614.4 Rods, Gd water impurity 2.35 - 
256 LEU-COMP-THERM-003-002 1 Cluster, 529.3 Rods 2.35 - 
257 LEU-COMP-THERM-003-003 1 Cluster, 523.9 Rods 2.35 - 
258 LEU-COMP-THERM-003-004 1 Cluster, 525.3 Rods 2.35 - 
259 LEU-COMP-THERM-003-005 1 Cluster, 595.4 Rods 2.35 - 
260 LEU-COMP-THERM-003-006 1 Cluster, 485.8 Rods 2.35 - 
261 LEU-COMP-THERM-003-007 1 Cluster, 523.8 Rods 2.35 - 
262 LEU-COMP-THERM-003-008 1 Cluster, 505.4 Rods 2.35 - 
263 LEU-COMP-THERM-003-009 4 Clusters, Separation 2.59 cm 2.35 - 
264 LEU-COMP-THERM-003-010 2 Clusters, Separation 1.68 cm 2.35 - 
265 LEU-COMP-THERM-003-011 4 Clusters, Separation 4.27 cm 2.35 - 
266 LEU-COMP-THERM-003-012 4 Clusters, Separation 5.95 cm 2.35 - 
267 LEU-COMP-THERM-003-013 4 Clusters, Separation 5.11 cm 2.35 - 
268 LEU-COMP-THERM-003-014 4 Clusters, Separation 6.66 cm 2.35 - 
269 LEU-COMP-THERM-003-015 4 Clusters, Separation 7.53 cm 2.35 - 
270 LEU-COMP-THERM-003-016 4 Clusters, Separation 9.00 cm 2.35 - 
271 LEU-COMP-THERM-003-017 4 Clusters, Separation 9.97 cm 2.35 - 
272 LEU-COMP-THERM-003-018 4 Clusters, Separation 11.45 cm 2.35 - 
273 LEU-COMP-THERM-003-019 4 Clusters, Separation 13.87 cm 2.35 - 
274 LEU-COMP-THERM-003-020 3 Clusters, Separation 9.88 cm 2.35 - 
275 LEU-COMP-THERM-003-021 3 Clusters, Separation 6.78 cm 2.35 - 
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Case Reference Identification U, wt% Pu, 
wt% 

276 LEU-COMP-THERM-003-023 3 Clusters, Separation 6.176 cm 2.35 - 
277 LEU-COMP-THERM-004-001 1 Cluster, 225.8 Rods, Gd water impurity 4.306 - 
278 LEU-COMP-THERM-004-002 1 Cluster, 216.2 Rods 4.306 - 
279 LEU-COMP-THERM-004-003 1 Cluster, 216.6 Rods 4.306 - 
280 LEU-COMP-THERM-004-004 1 Cluster, 218.6 Rods 4.306 - 
281 LEU-COMP-THERM-004-005 1 Cluster, 167.85 Rods 4.306 - 
282 LEU-COMP-THERM-004-006 1 Cluster, 203 Rods 4.306 - 
283 LEU-COMP-THERM-004-007 1 Cluster, 173.5 Rods 4.306 - 
284 LEU-COMP-THERM-004-008 2 Clusters, Separation 2.83 cm 4.306 - 
285 LEU-COMP-THERM-004-009 3 Clusters, Separation 12.27 cm 4.306 - 
286 LEU-COMP-THERM-004-011 3 Clusters, Separation 12.493 cm 4.306 - 
287 LEU-COMP-THERM-004-012 4 Clusters, Separation 4.72 cm 4.306 - 
288 LEU-COMP-THERM-004-013 4 Clusters, Separation 8.38 cm 4.306 - 
289 LEU-COMP-THERM-004-014 4 Clusters, Separation 10.86 cm 4.306 - 
290 LEU-COMP-THERM-004-015 4 Clusters, Separation 11.29 cm 4.306 - 
291 LEU-COMP-THERM-004-016 4 Clusters, Separation 12.02 cm 4.306 - 
292 LEU-COMP-THERM-004-017 4 Clusters, Separation 13.64 cm 4.306 - 
293 LEU-COMP-THERM-004-018 4 Clusters, Separation 14.98 cm 4.306 - 
294 LEU-COMP-THERM-004-019 4 Clusters, Separation 19.81 cm 4.306 - 
295 LEU-COMP-THERM-004-020 4 Clusters, Separation 8.50 cm 4.306 - 
296 LEU-COMP-THERM-006-001 19x19, Rod Pitch - 1.849 cm 2.596 - 
297 LEU-COMP-THERM-006-002 20x20, Rod Pitch - 1.849 cm 2.596 - 
298 LEU-COMP-THERM-006-003 21x21, Rod Pitch - 1.849 cm 2.596 - 
299 LEU-COMP-THERM-006-004 17x17, Rod Pitch - 1.956 cm 2.596 - 
300 LEU-COMP-THERM-006-005 18x18, Rod Pitch - 1.956 cm 2.596 - 
301 LEU-COMP-THERM-006-006 19x19, Rod Pitch - 1.956 cm 2.596 - 
302 LEU-COMP-THERM-006-007 20x20, Rod Pitch - 1.956 cm 2.596 - 
303 LEU-COMP-THERM-006-008 21x21, Rod Pitch - 1.956 cm 2.596 - 
304 LEU-COMP-THERM-006-009 16x16, Rod Pitch - 2.15 cm 2.596 - 
305 LEU-COMP-THERM-006-010 17x17, Rod Pitch - 2.15 cm 2.596 - 
306 LEU-COMP-THERM-006-011 18x18, Rod Pitch - 2.15 cm 2.596 - 
307 LEU-COMP-THERM-006-012 19x19, Rod Pitch - 2.15 cm 2.596 - 
308 LEU-COMP-THERM-006-013 20x20, Rod Pitch - 2.15 cm 2.596 - 
309 LEU-COMP-THERM-006-014 15x15, Rod Pitch - 2.293 cm 2.596 - 
310 LEU-COMP-THERM-006-015 16x16, Rod Pitch - 2.293 cm 2.596 - 
311 LEU-COMP-THERM-006-016 17x17, Rod Pitch - 2.293 cm 2.596 - 
312 LEU-COMP-THERM-006-017 18x18, Rod Pitch - 2.293 cm 2.596 - 
313 LEU-COMP-THERM-006-018 19x19, Rod Pitch - 2.293 cm 2.596 - 
314 LEU-COMP-THERM-008-001 Core XI, 1511 ppm 2.459 - 
315 LEU-COMP-THERM-008-002 Core XI, 1335.5 ppm 2.459 - 
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Case Reference Identification U, wt% Pu, 
wt% 

316 LEU-COMP-THERM-008-003 Core XI, 1335.5 ppm 2.459 - 
317 LEU-COMP-THERM-008-004 Core XI, 1182 ppm, 36 Pyrex Rods 2.459 - 
318 LEU-COMP-THERM-008-005 Core XI, 1182 ppm, 36 Pyrex Rods 2.459 - 
319 LEU-COMP-THERM-008-006 Core XI, 1032.5 ppm, 72 Pyrex Rods 2.459 - 
320 LEU-COMP-THERM-008-007 Core XI, 1032.5 ppm, 72 Pyrex Rods 2.459 - 
321 LEU-COMP-THERM-008-008 Core XI, 794 ppm, 144 Pyrex Rods 2.459 - 
322 LEU-COMP-THERM-008-009 Core XI, 779 ppm, 144 Pyrex Rods 2.459 - 
323 LEU-COMP-THERM-008-010 Core XI, 1245 ppm, 72 Vicor Rods 2.459 - 
324 LEU-COMP-THERM-008-011 Core XI, 1384 ppm, 144 Al2O3 Rods 2.459 - 
325 LEU-COMP-THERM-008-012 Core XI, 1348 ppm, 36 Al2O3 Rods 2.459 - 
326 LEU-COMP-THERM-008-013 Core XI, 1348 ppm, 36 Al2O3 Rods 2.459 - 
327 LEU-COMP-THERM-008-014 Core XI, 1363 ppm, 72 Al2O3 Rods 2.459 - 
328 LEU-COMP-THERM-008-015 Core XI, 1362 ppm, 72 Al2O3 Rods 2.459 - 
329 LEU-COMP-THERM-008-016 Core XI, 1158 ppm 2.459 - 
330 LEU-COMP-THERM-008-017 Core XI, 921 ppm 2.459 - 
331 LEU-COMP-THERM-009-001 0% Boron Steel plates, dist. 0.245 cm 4.306 - 
332 LEU-COMP-THERM-009-002 0% Boron Steel plates, dist. 3.277 cm 4.306 - 
333 LEU-COMP-THERM-009-003 0% Boron Steel plates, dist. 0.428 cm 4.306 - 
334 LEU-COMP-THERM-009-004 0% Boron Steel plates, dist. 3.277 cm 4.306 - 
335 LEU-COMP-THERM-009-006 1.05% Boron Steel plates, dist. 3.277 cm 4.306 - 
336 LEU-COMP-THERM-009-008 1.62% Boron Steel plates, dist. 3.277 cm 4.306 - 
337 LEU-COMP-THERM-009-024 Al plates, dist. 0.105 cm 4.306 - 
338 LEU-COMP-THERM-009-025 Al plates, dist. 3.277 cm 4.306 - 
339 LEU-COMP-THERM-009-026 Zircaloy-4 plates, dist. 0.078 cm 4.306 - 
340 LEU-COMP-THERM-009-027 Zircaloy-4 plates, dist. 3.277 cm 4.306 - 
341 LEU-COMP-THERM-010-001 Lead Reflector, 0 cm separation 4.306 - 
342 LEU-COMP-THERM-010-002 Lead Reflector, 0.660 cm separation 4.306 - 
343 LEU-COMP-THERM-010-003 Lead Reflector, 1.321 cm separation 4.306 - 
344 LEU-COMP-THERM-010-004 Lead Reflector, 5.405 cm separation 4.306 - 
345 LEU-COMP-THERM-010-009 Steel Reflector, 0 cm separation 4.306 - 
346 LEU-COMP-THERM-010-010 Steel Reflector, 0.660 cm separation 4.306 - 
347 LEU-COMP-THERM-010-011 Steel Reflector, 1.321 cm separation 4.306 - 
348 LEU-COMP-THERM-010-012 Steel Reflector, 2.616 cm separation 4.306 - 
349 LEU-COMP-THERM-010-013 Steel Reflector, 5.405 cm separation 4.306 - 
350 LEU-COMP-THERM-010-014 Steel Reflector, 0 cm separation 4.306 - 
351 LEU-COMP-THERM-010-015 Steel Reflector, 0.660 cm separation 4.306 - 
352 LEU-COMP-THERM-010-017 Steel Reflector, 1.956 cm separation 4.306 - 
353 LEU-COMP-THERM-010-020 Lead Reflector, 0 cm separation 4.306 - 
354 LEU-COMP-THERM-011-003 Core IIIA 2.46 - 
355 LEU-COMP-THERM-011-005 Core IIIC 2.46 - 
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356 LEU-COMP-THERM-011-006 Core IIID 2.46 - 
357 LEU-COMP-THERM-011-007 Core IIIE 2.46 - 
358 LEU-COMP-THERM-011-008 Core IIIF 2.46 - 
359 LEU-COMP-THERM-011-009 Core IIIG 2.46 - 
360 LEU-COMP-THERM-011-010 Core IV 2.46 - 
361 LEU-COMP-THERM-011-011 Core V 2.46 - 
362 LEU-COMP-THERM-011-012 Core VI 2.46 - 
363 LEU-COMP-THERM-011-013 Core VII 2.46 - 
364 LEU-COMP-THERM-011-014 Core VIII 2.46 - 
365 LEU-COMP-THERM-012-001 0% Boron Steel plate, Gd water impurity 2.35 - 
366 LEU-COMP-THERM-012-002 1.1% Boron Steel plate 2.35 - 
367 LEU-COMP-THERM-012-003 1.6% Boron Steel plate 2.35 - 
368 LEU-COMP-THERM-012-004 Boral B plate 2.35 - 
369 LEU-COMP-THERM-012-005 Boral C plate 2.35 - 
370 LEU-COMP-THERM-012-006 Boroflex, 1.84 cm separation 2.35 - 
371 LEU-COMP-THERM-012-007 Boroflex, 1.73 cm separation 2.35 - 
372 LEU-COMP-THERM-013-001 Steel Reflector, 0% Boron Steel plate 4.306 - 
373 LEU-COMP-THERM-013-002 Steel Reflector, 1.1% Boron Steel plate 4.306 - 
374 LEU-COMP-THERM-013-004 Steel Reflector, Boroflex, 8.37 cm separation 4.306 - 
375 LEU-COMP-THERM-014-002 Borated Water, 490 ppm 4.306 - 
376 LEU-COMP-THERM-014-006 Unborated Water 4.306 - 
377 LEU-COMP-THERM-014-007 Borated Water, 1030 ppm 4.306 - 
378 LEU-COMP-THERM-016-001 0% Boron Steel plates, dist. 0.645 cm 2.35 - 
379 LEU-COMP-THERM-016-002 0% Boron Steel plates, dist. 2.732 cm 2.35 - 
380 LEU-COMP-THERM-016-003 0% Boron Steel plates, dist. 4.042 cm 2.35 - 
381 LEU-COMP-THERM-016-004 0% Boron Steel plates, dist. 0.645 cm 2.35 - 
382 LEU-COMP-THERM-016-005 0% Boron Steel plates, dist. 4.042 cm 2.35 - 
383 LEU-COMP-THERM-016-006 0% Boron Steel plates, dist. 0.645 cm 2.35 - 
384 LEU-COMP-THERM-016-007 0% Boron Steel plates, dist. 4.042 cm 2.35 - 
385 LEU-COMP-THERM-016-008 1.05% Boron Steel plates, dist. 0.645 cm 2.35 - 
386 LEU-COMP-THERM-016-009 1.05% Boron Steel plates, dist. 4.042 cm 2.35 - 
387 LEU-COMP-THERM-016-010 1.62% Boron Steel plates, dist. 0.645 cm 2.35 - 
388 LEU-COMP-THERM-016-011 1.62% Boron Steel plates, dist. 4.042 cm 2.35 - 
389 LEU-COMP-THERM-016-012 Boral plates, dist. 0.645 cm 2.35 - 
390 LEU-COMP-THERM-016-013 Boral plates, dist. 4.442 cm 2.35 - 
391 LEU-COMP-THERM-016-014 Boral plates, dist. 0.645 cm 2.35 - 
392 LEU-COMP-THERM-016-028 Al plates, dist. 0.645 cm 2.35 - 
393 LEU-COMP-THERM-016-029 Al plates, dist. 4.042 cm 2.35 - 
394 LEU-COMP-THERM-016-030 Al plates, dist. 4.442 cm 2.35 - 
395 LEU-COMP-THERM-016-031 Zircaloy-4 plates, dist. 0.645 cm 2.35 - 
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396 LEU-COMP-THERM-016-032 Zircaloy-4 plates, dist. 4.042 cm 2.35 - 
397 LEU-COMP-THERM-026-001 Hex, 621 Rods, Temperature 20.1C 4.92 - 
398 LEU-COMP-THERM-026-002 Hex, 889 Rods, Temperature 231.4C 4.92 - 
399 LEU-COMP-THERM-026-003 Hex, 1951 Rods, Temperature 19.3C 4.92 - 
400 LEU-COMP-THERM-026-004 Hex, 2791 Rods, Temperature 206.0C 4.92 - 
401 LEU-COMP-THERM-026-005 Hex, 325/680 Rods, Temperature 20.8C 4.92 - 
402 LEU-COMP-THERM-026-006 Hex, 325/912 Rods, Temperature 212.1C 4.92 - 
403 LEU-COMP-THERM-051-002 Core XIA 2.46 - 
404 LEU-COMP-THERM-051-004 Core XIC 2.46 - 
405 LEU-COMP-THERM-051-005 Core XID 2.46 - 
406 LEU-COMP-THERM-051-006 Core XIE 2.46 - 
407 LEU-COMP-THERM-051-007 Core XIF 2.46 - 
408 LEU-COMP-THERM-051-008 Core XIG 2.46 - 
409 LEU-COMP-THERM-051-011 Core XIIIA 2.46 - 
410 LEU-COMP-THERM-062-001 No Boron Steel plates 2.6 - 
411 LEU-COMP-THERM-062-002 0% Boron Steel plates, 3 mm, dist. 0 2.6 - 
412 LEU-COMP-THERM-062-003 0% Boron Steel plates, 6 mm, dist. 0 2.6 - 
413 LEU-COMP-THERM-062-004 0% Boron Steel plates, 6 mm, dist. 0.5 2.6 - 
414 LEU-COMP-THERM-062-005 0% Boron Steel plates, 6 mm, dist. 1 2.6 - 
415 LEU-COMP-THERM-062-006 0.67% Boron Steel plates, 3 mm, dist. 0 2.6 - 
416 LEU-COMP-THERM-062-007 0.67% Boron Steel plates, 6 mm, dist. 0 2.6 - 
417 LEU-COMP-THERM-062-008 0.67% Boron Steel plates, 3 mm, dist. 0.5 2.6 - 
418 LEU-COMP-THERM-062-009 0.67% Boron Steel plates, 6 mm, dist. 0.5 2.6 - 
419 LEU-COMP-THERM-062-010 0.67% Boron Steel plates, 3 mm, dist. 1 2.6 - 
420 LEU-COMP-THERM-062-011 0.67% Boron Steel plates, 6 mm, dist. 1 2.6 - 
421 LEU-COMP-THERM-062-012 0.98% Boron Steel plates, 3 mm, dist. 0 2.6 - 
422 LEU-COMP-THERM-062-013 0.98% Boron Steel plates, 6 mm, dist. 0 2.6 - 
423 LEU-COMP-THERM-062-014 0.98% Boron Steel plates, 6 mm, dist. 0.5 2.6 - 
424 LEU-COMP-THERM-062-015 0.98% Boron Steel plates, 6 mm, dist. 1 2.6 - 
425 LEU-COMP-THERM-065-001 No Boron Steel plates 2.6 - 
426 LEU-COMP-THERM-065-002 0% Boron Steel plates, dist. 0 2.6 - 
427 LEU-COMP-THERM-065-003 0.67% Boron Steel plates, dist. 0 2.6 - 
428 LEU-COMP-THERM-065-004 0.98% Boron Steel plates, dist. 0 2.6 - 
429 LEU-COMP-THERM-065-005 No Boron Steel plates 2.6 - 
430 LEU-COMP-THERM-065-006 0% Boron Steel plates, dist. 0 2.6 - 
431 LEU-COMP-THERM-065-007 0% Boron Steel plates, dist. 0.5 2.6 - 
432 LEU-COMP-THERM-065-008 0% Boron Steel plates, dist. 0 2.6 - 
433 LEU-COMP-THERM-065-009 0% Boron Steel plates, dist. 0.5 2.6 - 
434 LEU-COMP-THERM-065-010 0.67% Boron Steel plates, dist. 0 2.6 - 
435 LEU-COMP-THERM-065-011 0.67% Boron Steel plates, dist. 0.5 2.6 - 
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436 LEU-COMP-THERM-065-012 0.67% Boron Steel plates, dist. 0 2.6 - 
437 LEU-COMP-THERM-065-013 0.67% Boron Steel plates, dist. 0.5 2.6 - 
438 LEU-COMP-THERM-065-014 0.98% Boron Steel plates, dist. 0 2.6 - 
439 LEU-COMP-THERM-065-015 0.98% Boron Steel plates, dist. 0.5 2.6 - 
440 LEU-COMP-THERM-065-016 0.98% Boron Steel plates, dist. 0 2.6 - 
441 LEU-COMP-THERM-065-017 0.98% Boron Steel plates, dist. 0.5 2.6 - 
442 LEU-COMP-THERM-081-001 Otto Hahn, ZrB2 and B4C rods 5.423 - 
443 LEU-COMP-THERM-082-001 IPEN/MB-01 (580 pins) 4.3486 - 
444 LEU-COMP-THERM-082-002 IPEN/MB-01 (560 pins) 4.3486 - 
445 LEU-COMP-THERM-082-003 670 pins, Al2O3-B4C rods 4.3486 - 
446 LEU-COMP-THERM-082-004 672 pins, Al2O3-B4C rods 4.3486 - 
447 LEU-COMP-THERM-082-005 668 pins, Al2O3-B4C rods 4.3486 - 
448 LEU-COMP-THERM-082-006 668 pins, Al2O3-B4C rods 4.3486 - 
449 LEU-COMP-THERM-090-001 664 pins, 16 steel rods 4.3486 - 
450 LEU-COMP-THERM-090-002 662 pins, 18 steel rods 4.3486 - 
451 LEU-COMP-THERM-090-003 658 pins, 14 steel rods 4.3486 - 
452 LEU-COMP-THERM-090-004 660 pins, 12 steel rods 4.3486 - 
453 LEU-COMP-THERM-090-005 660 pins, 12 steel rods 4.3486 - 
454 LEU-COMP-THERM-090-006 661 pins, 17 steel rods 4.3486 - 
455 LEU-COMP-THERM-090-007 662 pins, 16 steel rods 4.3486 - 
456 LEU-COMP-THERM-090-008 634 pins, 12 steel rods 4.3486 - 
457 LEU-COMP-THERM-090-009 620 pins, 26 steel rods 4.3486 - 
458 LEU-COMP-THERM-091-001 668 pins, 0 steel rods, 4 Gd2O3 rods 4.3486 - 
459 LEU-COMP-THERM-091-002 648 pins, 0 steel rods, 8 Gd2O3 rods 4.3486 - 
460 LEU-COMP-THERM-091-003 672 pins, 0 steel rods, 4 Gd2O3 rods 4.3486 - 
461 LEU-COMP-THERM-091-004 646 pins, 4 steel rods, 4 Gd2O3 rods 4.3486 - 
462 LEU-COMP-THERM-091-005 656 pins, 4 steel rods, 4 Gd2O3 rods 4.3486 - 
463 LEU-COMP-THERM-091-006 664 pins, 4 steel rods, 2 Gd2O3 rods 4.3486 - 
464 LEU-COMP-THERM-091-007 670 pins, 2 steel rods, 2 Gd2O3 rods 4.3486 - 
465 LEU-COMP-THERM-091-008 664 pins, 2 steel rods, 2 Gd2O3 rods 4.3486 - 
466 LEU-COMP-THERM-091-009 656 pins, 0 steel rods, 2 Gd2O3 rods 4.3486 - 
467 MIX-COMP-THERM-004-001 23x23, 1.825 cm pitch 0.72 3.01 
468 MIX-COMP-THERM-004-002 23x23, 1.825 cm pitch 0.72 3.01 
469 MIX-COMP-THERM-004-003 23x23, 1.825 cm pitch 0.72 3.01 
470 MIX-COMP-THERM-004-004 21x21, 1.956 cm pitch 0.72 3.01 
471 MIX-COMP-THERM-004-005 21x21, 1.956 cm pitch 0.72 3.01 
472 MIX-COMP-THERM-004-006 21x21, 1.956 cm pitch 0.72 3.01 
473 MIX-COMP-THERM-004-007 20x20, 2.225 cm pitch 0.72 3.01 
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474 MIX-COMP-THERM-004-008 20x20, 2.225 cm pitch 0.72 3.01 
475 MIX-COMP-THERM-004-009 20x20, 2.225 cm pitch 0.72 3.01 
476 MIX-COMP-THERM-004-010 21x21, 2.474 cm pitch 0.72 3.01 
477 MIX-COMP-THERM-004-011 21x21, 2.474 cm pitch 0.72 3.01 
478 MIX-COMP-THERM-006-007 8 wt% 240Pu 1.05” pitch, Al Rods 0.72 2.0 
479 MIX-COMP-THERM-006-013 8 wt% 240Pu 1.05” pitch, B4 Rods 0.72 2.0 
480 MIX-COMP-THERM-006-014 8 wt% 240Pu 1.05” pitch, B3 Rods 0.72 2.0 
481 MIX-COMP-THERM-006-015 8 wt% 240Pu 1.05” pitch, B2 Rods 0.72 2.0 
482 MIX-COMP-THERM-006-016 8 wt% 240Pu 1.05” pitch, B1 Rods 0.72 2.0 
483 MIX-COMP-THERM-006-017 8 wt% 240Pu 1.05” pitch, Al+Cd Rods 0.72 2.0 
484 MIX-COMP-THERM-006-023 8 wt% 240Pu 1.05” pitch, B4+Cd Rods 0.72 2.0 
485 MIX-COMP-THERM-006-024 8 wt% 240Pu 1.05” pitch, B3+Cd Rods 0.72 2.0 
486 MIX-COMP-THERM-006-025 8 wt% 240Pu 1.05” pitch, B2+Cd Rods 0.72 2.0 
487 MIX-COMP-THERM-006-026 8 wt% 240Pu 1.05” pitch, B1+Cd Rods 0.72 2.0 
488 MIX-COMP-THERM-006-027 8 wt% 240Pu 1.05” pitch, Air+Cd Rods 0.72 2.0 
489 MIX-COMP-THERM-006-028 8 wt% 240Pu 1.05” pitch, H2O+Cd Rods 0.72 2.0 
490 MIX-COMP-THERM-006-029 8 wt% 240Pu 1.32” pitch, Al Rods 0.72 2.0 
491 MIX-COMP-THERM-006-035 8 wt% 240Pu 1.32” pitch, B4 Rods 0.72 2.0 
492 MIX-COMP-THERM-006-036 8 wt% 240Pu 1.32” pitch, B3 Rods 0.72 2.0 
493 MIX-COMP-THERM-006-037 8 wt% 240Pu 1.32” pitch, B2 Rods 0.72 2.0 
494 MIX-COMP-THERM-006-038 8 wt% 240Pu 1.32” pitch, B1 Rods 0.72 2.0 
495 MIX-COMP-THERM-006-039 8 wt% 240Pu 1.32” pitch, Al+Cd Rods 0.72 2.0 
496 MIX-COMP-THERM-006-045 8 wt% 240Pu 1.32” pitch, B4+Cd Rods 0.72 2.0 
497 MIX-COMP-THERM-006-046 8 wt% 240Pu 1.32” pitch, B3+Cd Rods 0.72 2.0 
498 MIX-COMP-THERM-006-047 8 wt% 240Pu 1.32” pitch, B2+Cd Rods 0.72 2.0 
499 MIX-COMP-THERM-006-048 8 wt% 240Pu 1.32” pitch, B1+Cd Rods 0.72 2.0 
500 MIX-COMP-THERM-006-049 8 wt% 240Pu 1.32” pitch, Air+Cd Rods 0.72 2.0 
501 MIX-COMP-THERM-006-050 8 wt% 240Pu 1.32” pitch, H2O+Cd Rods 0.72 2.0 
502 MIX-COMP-THERM-007-005 16 wt% 240Pu 1.386” pitch 0.72 2.0 
503 MIX-COMP-THERM-007-006 16 wt% 240Pu 1.05” pitch, Al Rods 0.72 2.0 
504 MIX-COMP-THERM-007-012 16 wt% 240Pu 1.05” pitch, B4 Rods 0.72 2.0 
505 MIX-COMP-THERM-007-013 16 wt% 240Pu 1.05” pitch, B3 Rods 0.72 2.0 
506 MIX-COMP-THERM-007-014 16 wt% 240Pu 1.05” pitch, B2 Rods 0.72 2.0 
507 MIX-COMP-THERM-007-015 16 wt% 240Pu 1.05” pitch, B1 Rods 0.72 2.0 
508 MIX-COMP-THERM-007-016 16 wt% 240Pu 1.05” pitch, Al+Cd Rods 0.72 2.0 
509 MIX-COMP-THERM-007-022 16 wt% 240Pu 1.05” pitch, B4+Cd Rods 0.72 2.0 
510 MIX-COMP-THERM-007-023 16 wt% 240Pu 1.05” pitch, B3+Cd Rods 0.72 2.0 
511 MIX-COMP-THERM-007-024 16 wt% 240Pu 1.05” pitch, B2+Cd Rods 0.72 2.0 
512 MIX-COMP-THERM-007-025 16 wt% 240Pu 1.05” pitch, B1+Cd Rods 0.72 2.0 
513 MIX-COMP-THERM-007-026 16 wt% 240Pu 1.05” pitch, Air+Cd Rods 0.72 2.0 
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514 MIX-COMP-THERM-007-027 16 wt% 240Pu 1.05” pitch, H2O+Cd Rods 0.72 2.0 
515 MIX-COMP-THERM-008-007 24 wt% 240Pu 1.05” pitch, Al Rods 0.72 2.0 
516 MIX-COMP-THERM-008-013 24 wt% 240Pu 1.05” pitch, B4 Rods 0.72 2.0 
517 MIX-COMP-THERM-008-014 24 wt% 240Pu 1.05” pitch, B3 Rods 0.72 2.0 
518 MIX-COMP-THERM-008-015 24 wt% 240Pu 1.05” pitch, B2 Rods 0.72 2.0 
519 MIX-COMP-THERM-008-016 24 wt% 240Pu 1.05” pitch, B1 Rods 0.72 2.0 
520 MIX-COMP-THERM-008-017 24 wt% 240Pu 1.05” pitch, Al+Cd Rods 0.72 2.0 
521 MIX-COMP-THERM-008-023 24 wt% 240Pu 1.05” pitch, B4+Cd Rods 0.72 2.0 
522 MIX-COMP-THERM-008-024 24 wt% 240Pu 1.05” pitch, B3+Cd Rods 0.72 2.0 
523 MIX-COMP-THERM-008-025 24 wt% 240Pu 1.05” pitch, B2+Cd Rods 0.72 2.0 
524 MIX-COMP-THERM-008-026 24 wt% 240Pu 1.05” pitch, B1+Cd Rods 0.72 2.0 
525 MIX-COMP-THERM-008-027 24 wt% 240Pu 1.05” pitch, Air+Cd Rods 0.72 2.0 
526 MIX-COMP-THERM-008-028 24 wt% 240Pu 1.05” pitch, H2O+Cd Rods 0.72 2.0 
527 MIX-COMP-THERM-009-001 8 wt% 240Pu 0.55” pitch 0.16 1.5 
528 MIX-COMP-THERM-009-002 8 wt% 240Pu 0.60” pitch 0.16 1.5 
529 MIX-COMP-THERM-009-003 8 wt% 240Pu 0.71” pitch 0.16 1.5 
530 MIX-COMP-THERM-009-004 8 wt% 240Pu 0.80” pitch 0.16 1.5 
531 MIX-COMP-THERM-009-005 8 wt% 240Pu 0.90” pitch 0.16 1.5 
532 MIX-COMP-THERM-009-006 8 wt% 240Pu 0.93” pitch 0.16 1.5 
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C.1 Introduction 
 
This Appendix presents the analysis of the validation results for MCNP5-1.51 code and includes 
the results of the calculations, normality test, the detailed statistical trending analysis, calculation 
bias and bias uncertainty for each distinct area of applicability of the parameters of interest. 
 
C.2 Computer Code Parameter Data 
 
The computer code MCNP5-1.51 [C.1] is the continuous energy Monte Carlo codes and treats an 
arbitrary three-dimensional configuration of materials in geometric cells bounded by first- and 
second-degree surfaces and fourth-degree elliptical tori. Thermal neutrons are described by both 
the free gas and S(α,β) models. All calculations were performed using the default data libraries 
provided with the code: the default continuous energy neutron transport data predominantly 
based on ENDF/B-V. The list of ZAIDs that were used in the analysis is presented in Table C.2-
1. The criticality source card was set to accumulate a total of 1.8 million neutron histories for 
every individual run. The neutrons start from an arbitrary distribution, causing a generally very 
large variance of results from the first cycles in comparison with the following cycles. Therefore, 
the results from the first 50 cycles were skipped when calculating the average keff. The calculated 
keff values have associated uncertainties due to the statistical nature of the Monte Carlo codes. 
 
C.3 Analysis of MCNP5-1.51 Validation Results 
 
C.3.1. Calculational Results 
 
The calculation results for the 156 HTC critical experiments and for the 135 selected critical 
experiments described in Appendix B are presented and discussed in this section. The calculation 
results are summarized by grouping the experiments in terms of the categories as set forth in 
Appendix B. Calculation results, including keff-I, σcalc-i and EALF, measurement uncertainties 
(σexp) and the calculation and measurement combined uncertainty (σi) are shown in Table C.3-1 
through Table C.3-5. 
 
Figure C.3-1 and C.3-2 are histograms showing the frequency of calculated keff and EALF for all 
291 benchmarks. The nominal calculated keff values range from 0.9906 and 1.0103. The EALF 
results values show a range between 0.0691eV and 1.5549eV. 
 
Descriptive statistics for the different group of experiments is summarized in Table C.3-6.  
 
C.3.2. Normality Test 
 
In order to assess the normality assumption, Shapiro and Wilk [5] test has been used for groups 
with fewer than 50 samples while the Pearson’s chi-square (χ2) test [4] has been used for samples 
larger than 20 samples. The tests are applied to the group of experiments in terms of the 
categories as set forth in Appendix B. 
 
For the Shapiro and Wilk test, Table C.3-7 shows the computed Wtest value, and W value that 
can be obtained for the number of experiments from [5] to accept the normality hypothesis. If W 
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is less than the test statistic, Wtest, then the data is considered normally distributed. For the χ2 
test, it is concluded normal for χ2 ≤ n, where n is a number of bins for the group of experiments. 
The probability 𝑃𝑑(𝜒�2 ≥ 𝜒�02) of obtaining a value of 𝜒�2 ≥ 𝜒�02 in an experiment with d degrees 
of freedom to confirm quantitatively that the agreement is satisfactory was taken or interpolated, 
if necessary, from Appendix D in Reference [4]. Thus, if 𝑃𝑑(𝜒�2 ≥ 𝜒�02) is large, the obtained and 
expected distributions are consistent; if it is small, they probably disagree. In particular, if 
𝑃𝑑(𝜒�2 ≥ 𝜒�02) is less than 5%, we say that the disagreement is significant and reject the assumed 
distributions at the 5% level. If it is less than 1%, the disagreement is called highly significant, 
and we reject the assumed distributions at the 1% level. 
 
As it is shown in Table C.3-7, all cases except Phase 1 test normal. Nevertheless, the group with 
all 291 experiments shows an agreement with the assumed normal distribution with the 
probability Pd = 7.36%. 
 
C.3.3. Trending Analysis 
 
Trends are determined through the use of regression fits to the calculated results. The equations 
used to identify trends are given below: 
 

Y(x) = a + bx       (7-1) 
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(7-4) 
The squared term of the linear correlation factor r defined below (from Reference [5]) is used to 
quantitatively measure the degree to which a linear relationship exist between two variables. 
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(7-5) 
The closer r2 approaches the value of 1, the better the fit of the data to the linear equation. A 
more quantitative measure of the fit can be found by using Appendix C in Reference [4]. The 
interpolation was applied, if necessary. For any given observed value r0, 𝑃𝑁(|𝑟| ≥ |𝑟0|) is the 
probability that N measurements of two uncorrelated variables would give a coefficient r as large 
as r0. Thus, if we obtain a coefficient r0 for which 𝑃𝑁(|𝑟| ≥ |𝑟0|) is small, it is correspondingly 
unlikely that our variables are uncorrelated; that is, a correlation indicated. In particular, if 
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𝑃𝑁(|𝑟| ≥ |𝑟0|) ≤ 5%, the correlation is called significant; if it is less than 1%, the correlation is 
called highly significant. 
 
The validation results are analyzed by grouping the experiments in terms of the categories as set 
forth in Appendix B. Independent variables used in the trending analysis by group, correlation 
coefficients and trending analysis results are summarized in Table C.3-8. The linear regression 
equations for the independent parameter with the significant correlation of keff were presented in 
Table C.3-8.  
 
C.3.4. Bias and Bias Uncertainty 
 
In this section, benchmark results are analyzed using the statistical method described in section 
2.2. 
 
The first step is to evaluate whether the four HTC phases and selected experiments, should be 
reduced to a single set. The mean keff of the Phase 1 data set is 0.99934 +/- 0.00288, the mean keff 
of the Phase 2 data set is 0.99816 +/- 0.00462, the mean keff of the Phase 3 data set is 0.99664 +/- 
0.00414, the mean keff of the Phase 4 data set is 0.99805 +/- 0.00328 and the mean keff of the 
selected experiments data is 0.99786 +/- 0.00424. The maximum difference between the means 
is just 0.00270 which is less than the uncertainty. These sets are water moderated uranium or 
mixed plutonium-uranium dioxide lattices. The addition of a absorber rods, separator plates or 
reflector plates is not introducing a significant increase in the ability to calculate keff. The Phase 1 
through Phase 4 sets and the selected experiments are considered one large set of 291 
experiments from now on. 
 
The analysis of the correlation coefficient in Table C.3-8 (combined set) and the plot of data 
trend (Figure C.3-3) show that there is a significant trend a function of the rod pitch. This is 
discussed in the Section C.3.5.2. 
 
The total bias (systematic error or mean of the deviation from a keff of exactly 1.000) of the 
MCNP5-1.51 code is shown in the table below 
 

Calculational Bias of the MCNP5-1.51 code 
Description Total Bias Bias Uncertainty 

HTC and Selected Experiments -0.0020 0.0082 

 
C.3.5. Applicability of MCNP5-1.51 Validation Results 
 
This subsection contains a more detailed evaluation of the set of critical experiments. Regarding 
the selected experiments, the following subjects are discussed: 
 

• Neutron absorber and neutron reflector materials 
• Fuel rod pitch trend 
• Neutron absorber geometry 
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• Fuel burnup 
• Unborated and borated water. 

 
The general focus is to justify that using the full set of critical experiments is appropriate. In 
some cases, subsets of full set of experiments are established. For those subsets, statistical 
evaluations are performed to determine bias, bias uncertainty, normality and trends. Trends are 
evaluated for fuel rod outer diameter, fuel rod pitch, fuel density, and EALF. 
 
C.3.5.1. Neutron Absorber and Neutron Reflector Materials 
 
The HTC and Selected Experiments consider the following neutron absorbers and reflectors: 

• Absorbers 
o Boron, in the form of soluble boron in the water, boron in solid form (B4C), and 

boron in borated steel 
o Soluble gadolinium in water 
o Cadmium 

• Reflectors 
o Steel 
o Lead 
o Water 

 
Some typical configurations do not contain gadolinium or cadmium neutron absorbers or lead 
reflectors. To verify that including those materials does not have a significant effect on the 
results of the benchmarking analyses, a subset without those experiments containing those 
materials was analyzed. The comparison with the full set is presented in Table C.3-9 and shows 
no significant differences when those materials are excluded. However, in both cases, a 
significant trend is observed, as a function of the rod pitch in the experiment. This is discussed in 
the next section. 
 
C.3.5.2. Fuel Rod Pitch Trend 
 
To better understand the observed rod pitch trend, the results for all 291 experiments are shown 
in Figure C.3-4 as a function of rod pitch. It appears that the trend is due to the experiments at 
higher rod pitch value (> 2 cm), which consistently show keff values well above 1.0. To evaluate 
the impact of those experiments at larger rod pitches, the Table C.3-10 shows a comparison of 
results with and without those experiments. When results above 2 cm rod pitch are excluded, a 
slightly higher absolute bias is observed, in this case with a lower uncertainty, and no significant 
rod pitch trend. Based on those results it could be concluded that the trend is only caused by the 
experiments at higher rod pitch values. To ensure that a potential trend would not be ignored, all 
following evaluations are performed for the two conditions used above, i.e. for all rod pitch 
values, and for experiments with rod pitch values limited to no more than 2 cm. 
 
C.3.5.3. Absorber Geometry 
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The criticality experiments analyzed in this report include experiments with Boron in the form of 
plates, absorber rods and soluble boron in water. No trend relating to these experiments is 
observed. 
 
C.3.5.4. Fuel Burnup 
 
The full set of critical experiments contains experiments with fresh UO2 fuel, with simulated 
spent fuel (37.5 GWd/MTU), and MOX fuel with Pu content between 2 and 20%, which is even 
higher than typically found in spent fuel. The experiments are therefore reasonably 
representative of burned fuel at different burnup levels. To verify that the experiments cover the 
burnup range sufficiently, the experiments are subdivided into fresh UO2 fuel, HTC experiments 
and MOX experiments, and compared to the results of the entire set. The comparison is shown in 
Table C.3-11. The comparison shows no significant differences between the entire set and the 
UO2 and HTC subsets, but for MOX the bias is now positive (i.e. truncated bias of 0.0), with a 
larger uncertainty, and some trends. However, this is based on relatively small sets of 
experiments. Bias values are comparable between sets with and without rod pitch values above 2 
cm, with a maximum absolute value of 0.0032. 
 
C.3.5.5. Unborated and Borated Water 
 
The full set of critical experiments contains both experiments with and without soluble boron. 
The entire set of analyses shows no significant trend when analyzed as a function of the soluble 
boron level. Nevertheless, sets with and without soluble boron are analyzed and compared to the 
full set that contains all experiments. The results are shown in Table C.3-12. Similar to the 
previous subsection, the comparison shows no significant differences between those subsets. 
Bias values are comparable between sets with and without rod pitch values above 2 cm, with a 
maximum absolute value of 0.0030. 
 
C.4 Summary 
 
A set of 291 critical experiments has been selected and has been used for the validation of the 
Holtec International criticality safety methodology. The similarity between the chosen 
experiments and the actual systems has been based on a set of screening criteria as is stated in the 
NUREG/CR-6698 [5]. Experiments have been categorized by common features as Phase 1 
through Phase 4 and selected experiments and parameterized by key variables such as lattice 
pitch / assembly pitch, absorber solution concentration, number of fuel rods, rod outer diameter, 
fuel density, screen array distance, fuel enrichment and EALF. Benchmark calculations have 
been performed using the Monte Carlo code MCNP5-1.51. It was determined that Phase 1 
through Phase 4 and selected experiments are in sufficient agreement that this sets are lumped 
together as a single set of 291 experiments. The bias and bias uncertainty are presented in section 
C.3.4. The applicability of validation results is considered in section C.3.5. 
 
The range of key parameters for the design application, benchmarks and validated AOA are 
summarized in Table C.3-13. A point by point comparison between design application and 
benchmarks shows that the experimental range covers all the parameters. The soluble boron 
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concentration is extrapolated generously since 10B is a 1/v absorber (as permitted on Table 2.3 of 
[5]).  
 
As for the fuel density, Table 2.3 of Reference [5] states there is "no requirement" and that 
"experiments should be as close to the desired concentration as possible". Since the experiment 
fuel density is 9.2 – 10.4 g/cm3 and the design application one is around 10.0 – 10.7 g/cm3, it is 
considered that the values are very close so the validated AOA covers the design application 
range. 
 
The fuel enrichment can be up to 5%. The experiments used go up to 5.74 wt% 235U. Therefore, 
it is considered that the validated AOA covers the design application range. 
 
C.5 References 
 
[C.1] "MCNP - A General Monte Carlo N-Particle Transport Code, Version 5”; Los Alamos 
National Laboratory, LA-UR-03-1987 (Revised 2/1/2008). 
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Table C.2-1 MCNP5-1.51 ZAIDs Used for Each 
Nuclide 

Nuclide ZAID 
1H 1001.50c 
10B 5010.50c 
11B 5011.55c 
C 6000.50c 

14N 7014.50c 
16O 8016.50c 

23Na 11023.51c 
Mg 12000.50c 
27Al 13027.50c 
Si 14000.51c 

31P 15031.50c 
32S 16032.51c 
Ca 20000.51c 
Ti 22000.50c 
Cr 24000.50c 

55Mn 25055.51c 
Fe 26000.55c 

59Co 27059.50c 
Ni 28000.50c 
Cu 29000.50c 
Zn 30000.40c 
Zr 40000.56c 
Mo 42000.50c 
Cd 48000.50c 
Sn 50000.40c 
Gd 64000.35c 
Pb 82000.50c 

234U 92234.50c 
235U 92235.50c 
236U 92236.50c 
238U 92238.50c 

238Pu 94238.50c 
239Pu 94239.50c 
240Pu 94240.50c 
241Pu 94241.50c 
242Pu 94242.50c 

241Am 95241.50c 
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 Table C.3-1 The MCNP5-1.51 Calculational Results and Measurements Uncertainties for Phase 

1 Critical Experiments: Water-Moderated and Reflected Arrays 

Case Evaluation Identification File-
name keff-i ± σcalc-i ± σexp ± σi 

EALF 
(eV) 

1 MIX-COMP-THERM-HTC-001 7p1c1 1.0017 0.0005 0.00182 0.00189 0.0720 
2 MIX-COMP-THERM-HTC-002 7p1c2 1.0018 0.0005 0.00182 0.00189 0.0692 
3 MIX-COMP-THERM-HTC-003 7p1c3 1.0006 0.0005 0.00182 0.00189 0.0691 
4 MIX-COMP-THERM-HTC-004 7p1c4 1.0019 0.0005 0.00182 0.00189 0.0888 
5 MIX-COMP-THERM-HTC-005 7p1c5 1.0002 0.0005 0.00182 0.00189 0.0866 
6 MIX-COMP-THERM-HTC-006 7p1c6 1.0011 0.0005 0.00182 0.00189 0.0859 
7 MIX-COMP-THERM-HTC-007 7p1c7 1.0001 0.0006 0.00182 0.00192 0.1078 
8 MIX-COMP-THERM-HTC-008 7p1c8 1.0000 0.0006 0.00182 0.00192 0.1062 
9 MIX-COMP-THERM-HTC-009 7p1c9 1.0001 0.0006 0.00182 0.00192 0.1048 
10 MIX-COMP-THERM-HTC-010 7p1c10 0.9999 0.0006 0.00182 0.00192 0.1492 
11 MIX-COMP-THERM-HTC-011 7p1c11 0.9979 0.0006 0.00182 0.00192 0.1439 
12 MIX-COMP-THERM-HTC-012 7p1c12 0.9999 0.0006 0.00182 0.00192 0.1419 
13 MIX-COMP-THERM-HTC-013 7p1c13 0.9951 0.0006 0.00182 0.00192 0.2769 
14 MIX-COMP-THERM-HTC-014 7p1c14 0.9956 0.0007 0.00182 0.00195 0.2525 
15 MIX-COMP-THERM-HTC-015 7p1c15 0.9973 0.0006 0.00182 0.00192 0.2485 
16 MIX-COMP-THERM-HTC-016 7p1c16 1.0003 0.0006 0.00182 0.00192 0.1068 
17 MIX-COMP-THERM-HTC-017 7p1c17 0.9995 0.0006 0.00182 0.00192 0.1045 
18 MIX-COMP-THERM-HTC-018 7p1c18 0.9952 0.0006 0.00182 0.00192 0.1072 
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Table C.3-2 The MCNP5-1.51 Calculational Results and Measurements Uncertainties for Phase 2 Critical 
Experiments: Reflected Simple Arrays Moderated by Poisoned Water with Gadolinium or Boron 

Case Evaluation Identification 
File-
name keff-i ± σcalc-i ± σexp ± σi EALF (eV) 

19 MIX-COMP-THERM-HTC-019 7p2g1 0.9953 0.0007 0.00504 0.00509 0.2752 
20 MIX-COMP-THERM-HTC-020 7p2g2 0.9938 0.0006 0.00504 0.00508 0.2716 
21 MIX-COMP-THERM-HTC-021 7p2g3 0.9956 0.0007 0.00504 0.00509 0.2946 
22 MIX-COMP-THERM-HTC-022 7p2g4 0.9930 0.0007 0.00504 0.00509 0.2919 
23 MIX-COMP-THERM-HTC-023 7p2g5 0.9941 0.0007 0.00504 0.00509 0.2856 
24 MIX-COMP-THERM-HTC-024 7p2g6 0.9941 0.0007 0.00504 0.00509 0.3114 
25 MIX-COMP-THERM-HTC-025 7p2g7 0.9924 0.0006 0.00504 0.00508 0.3029 
26 MIX-COMP-THERM-HTC-026 7p2g8 0.9922 0.0007 0.00504 0.00509 0.3243 
27 MIX-COMP-THERM-HTC-027 7p2g9 0.9916 0.0007 0.00504 0.00509 0.3202 
28 MIX-COMP-THERM-HTC-028 7p2g10 0.9922 0.0006 0.00504 0.00508 0.1831 
29 MIX-COMP-THERM-HTC-029 7p2g11 0.9935 0.0007 0.00504 0.00509 0.1744 
30 MIX-COMP-THERM-HTC-030 7p2g12 0.9929 0.0006 0.00504 0.00508 0.1730 
31 MIX-COMP-THERM-HTC-031 7p2g13 0.9951 0.0006 0.00504 0.00508 0.1648 
32 MIX-COMP-THERM-HTC-032 7p2g14 0.9961 0.0007 0.00504 0.00509 0.1637 
33 MIX-COMP-THERM-HTC-033 7p2g15 0.9986 0.0006 0.00504 0.00508 0.1568 
34 MIX-COMP-THERM-HTC-034 7p2g16 0.9980 0.0007 0.00504 0.00509 0.1539 
35 MIX-COMP-THERM-HTC-035 7p2g17 0.9994 0.0006 0.00504 0.00508 0.1129 
36 MIX-COMP-THERM-HTC-036 7p2g18 0.9985 0.0006 0.00504 0.00508 0.0929 
37 MIX-COMP-THERM-HTC-037 7p2g19 0.9944 0.0006 0.00504 0.00508 0.1206 
38 MIX-COMP-THERM-HTC-038 7p2g20 0.9990 0.0005 0.00504 0.00506 0.1124 
39 MIX-COMP-THERM-HTC-039 7p2b1 0.9969 0.0006 0.00247 0.00254 0.2675 
40 MIX-COMP-THERM-HTC-040 7p2b2 0.9936 0.0006 0.00247 0.00254 0.2653 
41 MIX-COMP-THERM-HTC-041 7p2b3 0.9957 0.0007 0.00247 0.00257 0.2752 
42 MIX-COMP-THERM-HTC-042 7p2b4 0.9979 0.0007 0.00247 0.00257 0.2854 
43 MIX-COMP-THERM-HTC-043 7p2b5 0.9986 0.0007 0.00247 0.00257 0.2980 
44 MIX-COMP-THERM-HTC-044 7p2b6 0.9981 0.0006 0.00247 0.00254 0.2942 
45 MIX-COMP-THERM-HTC-045 7p2b7 0.9997 0.0006 0.00247 0.00254 0.3012 
46 MIX-COMP-THERM-HTC-046 7p2b8 0.9985 0.0006 0.00247 0.00254 0.3105 
47 MIX-COMP-THERM-HTC-047 7p2b9 1.0007 0.0006 0.00247 0.00254 0.1772 
48 MIX-COMP-THERM-HTC-048 7p2b10 0.9999 0.0006 0.00247 0.00254 0.1719 
49 MIX-COMP-THERM-HTC-049 7p2b11 0.9992 0.0007 0.00247 0.00257 0.1663 
50 MIX-COMP-THERM-HTC-050 7p2b12 1.0001 0.0006 0.00247 0.00254 0.1594 
51 MIX-COMP-THERM-HTC-051 7p2b13 0.9990 0.0007 0.00247 0.00257 0.1544 
52 MIX-COMP-THERM-HTC-052 7p2b14 1.0017 0.0005 0.00247 0.00252 0.1487 
53 MIX-COMP-THERM-HTC-053 7p2b15 1.0041 0.0007 0.00247 0.00257 0.1087 
54 MIX-COMP-THERM-HTC-054 7p2b16 1.0026 0.0006 0.00247 0.00254 0.1127 
55 MIX-COMP-THERM-HTC-055 7p2b17 1.0051 0.0006 0.00247 0.00254 0.1167 
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Case Evaluation Identification 
File-
name keff-i ± σcalc-i ± σexp ± σi EALF (eV) 

56 MIX-COMP-THERM-HTC-056 7p2b18 0.9943 0.0006 0.00247 0.00254 0.1225 
57 MIX-COMP-THERM-HTC-057 7p2b19 1.0004 0.0006 0.00247 0.00254 0.1104 
58 MIX-COMP-THERM-HTC-058 7p2b20 0.9939 0.0006 0.00247 0.00254 0.0938 
59 MIX-COMP-THERM-HTC-059 7p2b21 0.9973 0.0005 0.00247 0.00252 0.0907 
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 Table C.3-3 The MCNP5-1.51 Calculational Results and Measurements Uncertainties for 
Phase 3 Critical Experiments: Pool Storage 

Case Evaluation Identification File-
name keff-i ± σcalc-i ± σexp ± σi EALF (eV) 

60 MIX-COMP-THERM-HTC-060 7p3d1 0.9971 0.0006 0.00322 0.00328 0.1308 
61 MIX-COMP-THERM-HTC-061 7p3d2 1.0017 0.0006 0.00355 0.00360 0.1490 
62 MIX-COMP-THERM-HTC-062 7p3d3 0.9973 0.0006 0.00322 0.00328 0.1366 
63 MIX-COMP-THERM-HTC-063 7p3d4 0.9988 0.0006 0.00322 0.00328 0.1313 
64 MIX-COMP-THERM-HTC-064 7p3d5 0.9978 0.0006 0.00322 0.00328 0.1426 
65 MIX-COMP-THERM-HTC-065 7p3d6 1.0003 0.0007 0.00489 0.00494 0.1377 
66 MIX-COMP-THERM-HTC-066 7p3d7 0.9965 0.0006 0.00322 0.00328 0.1366 
67 MIX-COMP-THERM-HTC-067 7p3d8 1.0036 0.0006 0.00435 0.00439 0.1476 
68 MIX-COMP-THERM-HTC-068 7p3d9 0.9955 0.0006 0.00322 0.00328 0.1418 
69 MIX-COMP-THERM-HTC-069 7p3d10 0.9964 0.0006 0.00322 0.00328 0.1378 
70 MIX-COMP-THERM-HTC-070 7p3d11 0.9953 0.0006 0.00322 0.00328 0.1450 
71 MIX-COMP-THERM-HTC-071 7p3d12 0.9991 0.0006 0.00254 0.00261 0.1188 
72 MIX-COMP-THERM-HTC-072 7p3d13 0.9984 0.0006 0.00254 0.00261 0.1185 
73 MIX-COMP-THERM-HTC-073 7p3d14 0.9975 0.0007 0.00254 0.00263 0.1180 
74 MIX-COMP-THERM-HTC-074 7p3d15 0.9969 0.0007 0.00254 0.00263 0.1174 
75 MIX-COMP-THERM-HTC-075 7p3d16 0.9961 0.0005 0.00254 0.00259 0.1173 
76 MIX-COMP-THERM-HTC-076 7p3d17 0.9959 0.0006 0.00254 0.00261 0.1155 
77 MIX-COMP-THERM-HTC-077 7p3d18 0.9933 0.0005 0.00254 0.00259 0.1126 
78 MIX-COMP-THERM-HTC-078 7p3d19 0.9917 0.0007 0.00254 0.00263 0.1099 
79 MIX-COMP-THERM-HTC-079 7p3d20 0.9906 0.0006 0.00254 0.00261 0.1078 
80 MIX-COMP-THERM-HTC-080 7p3d21 0.9935 0.0006 0.00254 0.00261 0.1098 
81 MIX-COMP-THERM-HTC-081 7p3d22 0.9964 0.0007 0.00254 0.00263 0.1116 
82 MIX-COMP-THERM-HTC-082 7p3d23 1.0021 0.0006 0.00254 0.00261 0.1183 
83 MIX-COMP-THERM-HTC-083 7p3d24 0.9991 0.0007 0.00254 0.00263 0.1583 
84 MIX-COMP-THERM-HTC-084 7p3d25 0.9939 0.0006 0.00254 0.00261 0.1344 
85 MIX-COMP-THERM-HTC-085 7p3d26 0.9980 0.0007 0.00254 0.00263 0.1218 
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Table C.3-4 The MCNP5-1.51 Calculational Results and Measurements Uncertainties for Phase 4 Critical 
Experiments: Shipping Cask 

Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

86 MIX-COMP-THERM-HTC-086 7p4l1 1.0032 0.0006 0.00499 0.00503 0.1606 
87 MIX-COMP-THERM-HTC-087 7p4l2 1.0016 0.0006 0.00305 0.00311 0.1581 
88 MIX-COMP-THERM-HTC-088 7p4l3 1.0027 0.0006 0.00305 0.00311 0.1534 
89 MIX-COMP-THERM-HTC-089 7p4l4 1.0000 0.0007 0.00305 0.00313 0.1507 
90 MIX-COMP-THERM-HTC-090 7p4l5 1.0013 0.0007 0.00318 0.00326 0.1469 
91 MIX-COMP-THERM-HTC-091 7p4l6 1.0007 0.0006 0.00318 0.00324 0.1414 
92 MIX-COMP-THERM-HTC-092 7p4l7 1.0014 0.0006 0.00318 0.00324 0.1393 
93 MIX-COMP-THERM-HTC-093 7p4l8 0.9992 0.0007 0.00232 0.00242 0.1457 
94 MIX-COMP-THERM-HTC-094 7p4l9 0.9990 0.0006 0.00232 0.00240 0.1453 
95 MIX-COMP-THERM-HTC-095 7p4l10 0.9994 0.0006 0.00232 0.00240 0.1436 
96 MIX-COMP-THERM-HTC-096 7p4l11 0.9966 0.0006 0.00232 0.00240 0.1439 
97 MIX-COMP-THERM-HTC-097 7p4l12 1.0026 0.0007 0.00511 0.00516 0.1431 
98 MIX-COMP-THERM-HTC-098 7p4l13 1.0028 0.0006 0.00511 0.00515 0.1433 
99 MIX-COMP-THERM-HTC-099 7p4l14 1.0009 0.0007 0.00511 0.00516 0.1420 

100 MIX-COMP-THERM-HTC-100 7p4l15 0.9994 0.0006 0.00247 0.00254 0.1379 
101 MIX-COMP-THERM-HTC-101 7p4l16 0.9975 0.0006 0.00247 0.00254 0.1411 
102 MIX-COMP-THERM-HTC-102 7p4l17 1.0060 0.0006 0.00480 0.00484 0.1572 
103 MIX-COMP-THERM-HTC-103 7p4l18 1.0006 0.0006 0.00226 0.00234 0.1509 
104 MIX-COMP-THERM-HTC-104 7p4l19 0.9999 0.0006 0.00245 0.00252 0.1441 
105 MIX-COMP-THERM-HTC-105 7p4l20 1.0008 0.0007 0.00245 0.00255 0.1401 
106 MIX-COMP-THERM-HTC-106 7p4l21 0.9974 0.0007 0.00245 0.00255 0.1430 
107 MIX-COMP-THERM-HTC-107 7p4l22 0.9969 0.0007 0.00245 0.00255 0.1409 
108 MIX-COMP-THERM-HTC-108 7p4l23 0.9980 0.0007 0.00219 0.00230 0.1402 
109 MIX-COMP-THERM-HTC-109 7p4l24 0.9963 0.0006 0.00219 0.00227 0.1393 
110 MIX-COMP-THERM-HTC-110 7p4l25 1.0006 0.0006 0.00180 0.00190 0.1379 
111 MIX-COMP-THERM-HTC-111 7p4l26 0.9999 0.0006 0.00180 0.00190 0.1352 
112 MIX-COMP-THERM-HTC-112 7p4l27 1.0014 0.0006 0.00582 0.00585 0.1822 
113 MIX-COMP-THERM-HTC-113 7p4l28 0.9983 0.0006 0.00582 0.00585 0.1731 
114 MIX-COMP-THERM-HTC-114 7p4l29 0.9975 0.0007 0.00582 0.00586 0.1654 
115 MIX-COMP-THERM-HTC-115 7p4l30 0.9961 0.0005 0.00582 0.00584 0.1519 
116 MIX-COMP-THERM-HTC-116 7p4l31 0.9981 0.0007 0.00136 0.00153 0.1419 
117 MIX-COMP-THERM-HTC-117 7p4l32 0.9991 0.0006 0.00136 0.00149 0.1357 
118 MIX-COMP-THERM-HTC-118 7p4l33 1.0004 0.0006 0.00136 0.00149 0.1318 
119 MIX-COMP-THERM-HTC-119 7p4l34 1.0021 0.0005 0.00136 0.00145 0.1297 
120 MIX-COMP-THERM-HTC-120 7p4l35 0.9970 0.0006 0.00493 0.00497 0.1643 
121 MIX-COMP-THERM-HTC-121 7p4l36 0.9972 0.0006 0.00493 0.00497 0.1629 
122 MIX-COMP-THERM-HTC-122 7p4l37 0.9965 0.0007 0.00493 0.00498 0.1615 
123 MIX-COMP-THERM-HTC-123 7p4l38 0.9957 0.0006 0.00493 0.00497 0.1614 
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Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

124 MIX-COMP-THERM-HTC-124 7p4s1 1.0009 0.0006 0.00482 0.00486 0.1620 
125 MIX-COMP-THERM-HTC-125 7p4s2 0.9996 0.0007 0.00329 0.00336 0.1580 
126 MIX-COMP-THERM-HTC-126 7p4s3 0.9978 0.0007 0.00329 0.00336 0.1547 
127 MIX-COMP-THERM-HTC-127 7p4s4 0.9970 0.0007 0.00329 0.00336 0.1512 
128 MIX-COMP-THERM-HTC-128 7p4s5 0.9980 0.0006 0.00220 0.00228 0.1482 
129 MIX-COMP-THERM-HTC-129 7p4s6 0.9966 0.0006 0.00220 0.00228 0.1461 
130 MIX-COMP-THERM-HTC-130 7p4s7 0.9957 0.0005 0.00220 0.00226 0.1459 
131 MIX-COMP-THERM-HTC-131 7p4s8 0.9969 0.0007 0.00220 0.00231 0.1436 
132 MIX-COMP-THERM-HTC-132 7p4s9 0.9965 0.0007 0.00220 0.00231 0.1429 
133 MIX-COMP-THERM-HTC-133 7p4s10 0.9971 0.0006 0.00220 0.00228 0.1428 
134 MIX-COMP-THERM-HTC-134 7p4s11 0.9974 0.0006 0.00293 0.00299 0.1401 
135 MIX-COMP-THERM-HTC-135 7p4s12 1.0019 0.0007 0.00376 0.00382 0.1428 
136 MIX-COMP-THERM-HTC-136 7p4s13 0.9970 0.0006 0.00215 0.00223 0.1416 
137 MIX-COMP-THERM-HTC-137 7p4s14 1.0032 0.0006 0.00616 0.00619 0.1582 
138 MIX-COMP-THERM-HTC-138 7p4s15 0.9961 0.0006 0.00406 0.00410 0.1515 
139 MIX-COMP-THERM-HTC-139 7p4s16 0.9970 0.0006 0.00190 0.00199 0.1447 
140 MIX-COMP-THERM-HTC-140 7p4s17 0.9947 0.0006 0.00190 0.00199 0.1436 
141 MIX-COMP-THERM-HTC-141 7p4s18 0.9953 0.0006 0.00190 0.00199 0.1415 
142 MIX-COMP-THERM-HTC-142 7p4s19 0.9942 0.0006 0.00190 0.00199 0.1407 
143 MIX-COMP-THERM-HTC-143 7p4s20 0.9932 0.0007 0.00190 0.00202 0.1400 
144 MIX-COMP-THERM-HTC-144 7p4s21 0.9976 0.0006 0.00237 0.00244 0.1416 
145 MIX-COMP-THERM-HTC-145 7p4s22 0.9989 0.0006 0.00432 0.00436 0.1809 
146 MIX-COMP-THERM-HTC-146 7p4s23 0.9975 0.0006 0.00432 0.00436 0.1716 
147 MIX-COMP-THERM-HTC-147 7p4s24 0.9948 0.0006 0.00470 0.00474 0.1659 
148 MIX-COMP-THERM-HTC-148 7p4s25 0.9947 0.0006 0.0047 0.0047 0.1639 
149 MIX-COMP-THERM-HTC-149 7p4s26 0.9941 0.0006 0.0047 0.0047 0.1631 
150 MIX-COMP-THERM-HTC-150 7p4s27 0.9950 0.0005 0.0047 0.0047 0.1609 
151 MIX-COMP-THERM-HTC-151 7p4s28 0.9933 0.0006 0.0047 0.0047 0.1599 
152 MIX-COMP-THERM-HTC-152 7p4s29 0.9938 0.0006 0.0047 0.0047 0.1521 
153 MIX-COMP-THERM-HTC-153 7p4s30 0.9955 0.0006 0.0009 0.0011 0.1408 
154 MIX-COMP-THERM-HTC-154 7p4s31 0.9967 0.0006 0.0009 0.0011 0.1343 
155 MIX-COMP-THERM-HTC-155 7p4s32 0.9989 0.0007 0.0009 0.0011 0.1309 
156 MIX-COMP-THERM-HTC-156 7p4s33 0.9987 0.0007 0.0009 0.0011 0.1288 
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Table C.3-5 The MCNP5-1.51 Calculational Results and Measurements Uncertainties for Selected 
Critical Experiments 

Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

157 Core I bax01i7 0.9961 0.0006 0.0018 0.0019 0.1792 
158 Core II bax02i7 0.9983 0.0007 0.0032 0.0033 0.2616 
159 Core III bax03i7 0.9998 0.0007 0.0032 0.0033 0.2042 
160 Core IX bax09i7 0.9926 0.0006 0.0018 0.0019 0.1466 
161 Core X bax10i7 0.9962 0.0006 0.0020 0.0021 0.1544 
162 Core XI bax11i7 1.0003 0.0006 0.0024 0.0025 0.2048 
163 Core XII bax12i7 0.9982 0.0005 0.0019 0.0019 0.174 
164 Core XIII bax13i7 0.9992 0.0006 0.0019 0.0020 0.2036 
165 Core XIV bax14i7 0.9948 0.0007 0.0019 0.0020 0.207 
166 Core XV bax15i7 0.9906 0.0006 0.0022 0.0023 0.2131 
167 Core XVI bax16i7 0.9921 0.0006 0.0019 0.0020 0.1786 
168 Core XVII bax17i7 0.9941 0.0006 0.0024 0.0025 0.2129 
169 Core XVIII bax18i7 1.0004 0.0007 0.0020 0.0021 0.1733 
170 Core XIX bax19i7 0.9953 0.0007 0.0027 0.0028 0.2134 
171 Core XX bax20i7 0.9994 0.0006 0.0022 0.0023 0.1752 
172 Core XXI bax21i7 0.9975 0.0006 0.0019 0.0020 0.1573 
173 S-type Fuel, w/886 ppm B bs1i7 0.9965 0.0007 0.0030 0.0031 1.4603 
174 S-type Fuel, w/746 ppm B bs2i7 0.9995 0.0006 0.0030 0.0031 1.5549 
175 SO-type Fuel, w/1156 ppm B bso1i7 0.9972 0.0006 0.0030 0.0031 0.432 
176 Case 1 1337 ppm B b1810i7 1.0046 0.0005 0.0030 0.0030 0.2633 
177 Case 12 1899 ppm B b1812i7 1.0041 0.0006 0.0030 0.0031 0.38 
178 Water Moderator 0 gap fr-00i7 0.997 0.0008 0.0014 0.0016 0.2955 
179 Water Moderator 2.5 cm gap fr-25i7 0.9959 0.0008 0.0014 0.0016 0.2372 
180 Water Moderator 5 cm gap fr-5i7 0.996 0.0008 0.0014 0.0016 0.2055 
181 Water Moderator 10 cm gap fr-10i7 0.9985 0.0007 0.0014 0.0016 0.1829 
182 Steel Reflector, 1.321 cm separation prf21i7 0.9963 0.0006 0.0030 0.0031 0.1022 
183 Steel Reflector, 2.616 cm separation prf22i7 0.9973 0.0006 0.0030 0.0031 0.1001 
184 Steel Reflector, 3.912 cm separation prf23i7 0.9994 0.0005 0.0030 0.0031 0.0989 
185 Steel Reflector, Infinite separation prf24i7 0.9972 0.0006 0.0030 0.0031 0.0988 
186 Steel Reflector, 1.321 cm separation prf41i7 0.9994 0.0007 0.0027 0.0027 0.3088 
187 Steel Reflector, 2.616 cm separation prf42i7 0.9999 0.0008 0.0027 0.0028 0.2946 
188 Steel Reflector, 5.405 cm separation prf43i7 0.9983 0.0007 0.0027 0.0027 0.2867 
189 Steel Reflector, Infinite separation prf44i7 0.9966 0.0006 0.0027 0.0027 0.2864 
190 Steel Reflector, with Boral Sheets prf45i7 0.9956 0.0007 0.0020 0.0021 0.319 
191 Lead Reflector, 0.55 cm sepn. prf51i7 1.0019 0.0007 0.0027 0.0027 0.3083 
192 Lead Reflector, 1.956 cm sepn. prf52i7 1.0004 0.0006 0.0027 0.0027 0.2932 
193 Lead Reflector, 5.405 cm sepn. prf53i7 0.9958 0.0008 0.0027 0.0028 0.2879 
194 Experiment 004/032 – no absorber pnl21i7 1.0009 0.0006 0.0020 0.0021 0.1168 
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Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

195 Exp. 009 1.05% Boron Steel plates pnl25i7 1.0019 0.0008 0.0020 0.0022 0.1192 
196 Exp. 009 1.62% Boron Steel plates pnl26i7 1.0031 0.0007 0.0020 0.0021 0.1192 
197 Exp. 031 – Boral plates pnl29i7 1.0017 0.0007 0.0020 0.0021 0.1187 
198 Experiment 214R – with flux traps p214ri7 0.9989 0.0007 0.0020 0.0021 0.3784 
199 Experiment 214V3 –with flux trap p214vi7 1.0004 0.0007 0.0020 0.0021 0.38 
200 Case 173 – 0 ppm B pb173i7 0.9973 0.0006 0.0020 0.0021 0.2937 
201 Case 177 – 2550 ppm B pb177i7 1.0061 0.0006 0.0020 0.0021 0.556 
202 MOX Fuel – Type 3.2 Exp. 21 pfr21i7 1.0029 0.0007 0.0039 0.0040 0.9208 
203 MOX Fuel – Type 3.2 Exp. 43 pfr43i7 1.0055 0.0007 0.0039 0.0040 0.2991 
204 MOX Fuel – Type 3.2 Exp. 13 pfr13i7 1.0078 0.0009 0.0039 0.0040 0.1686 
205 MOX Fuel – Type 3.2 Exp. 32 pfr32i7 1.0087 0.0007 0.0039 0.0040 0.1155 
206 Saxton Case 52 PuO2 0.52” pitch s52pui7 1.0003 0.0008 0.0017 0.0019 0.8738 
207 Saxton Case 52 U 0.52” pitch s52ui7 0.9997 0.0007 0.0017 0.0018 0.4522 
208 Saxton Case 56 PuO2 0.56” pitch s56pui7 1.0023 0.0007 0.0017 0.0018 0.5362 
209 Saxton Case 56 borated PuO2 s56bpi7 0.999 0.0006 0.0017 0.0018 0.6468 
210 Saxton Case 56 U 0.56” pitch s56ui7 0.9997 0.0007 0.0017 0.0018 0.299 
211 Saxton Case 79 PuO2 0.79” pitch s79pui7 1.008 0.0008 0.0017 0.0019 0.1539 
212 Saxton Case 79 U 0.79” pitch s79ui7 1.0043 0.0007 0.0017 0.0018 0.1058 
213 0.700-in. pitch 0 ppm B exp22i7 0.9948 0.0007 0.0060 0.0061 0.5915 
214 0.700-in. pitch 688 ppm B exp23i7 0.9979 0.0008 0.0047 0.0047 0.7861 
215 0.870-in. pitch 0 ppm B exp24i7 1.0026 0.0006 0.0031 0.0032 0.1973 
216 0.870-in. pitch 1090 ppm B exp25i7 1.0063 0.0007 0.0024 0.0025 0.2919 
217 0.990-in. pitch 0 ppm B exp26i7 1.0044 0.0007 0.0025 0.0026 0.1411 
218 0.990-in. pitch 767 ppm B exp27i7 1.0082 0.0007 0.0027 0.0028 0.188 
219 Saxton Case PuO2 0.735” pitch exp31i7 1.0024 0.0008 0.0031 0.0032 0.1895 
220 Saxton Case PuO2 1.04” pitch exp33i7 1.0069 0.0007 0.0023 0.0024 0.1024 
221 8 wt% 240Pu 0.80” pitch exp35i7 0.9975 0.0008 0.0051 0.0052 0.3591 
222 8 wt% 240Pu 0.93” pitch exp36i7 0.9999 0.0006 0.0036 0.0036 0.1911 
223 8 wt% 240Pu 1.05” pitch exp37i7 0.9952 0.0007 0.0036 0.0037 0.1389 
224 8 wt% 240Pu 1.143” pitch exp38i7 1.0019 0.0005 0.0044 0.0044 0.1185 
225 8 wt% 240Pu 1.32” pitch exp39i7 1.0016 0.0005 0.0054 0.0054 0.0971 
226 8 wt% 240Pu 1.386” pitch exp40i7 0.9986 0.0005 0.0051 0.0051 0.0923 
227 16 wt% 240Pu 0.93” pitch exp41i7 1.0043 0.0006 0.0035 0.0035 0.1996 
228 16 wt% 240Pu 1.05” pitch exp42i7 1.0002 0.0006 0.0039 0.0039 0.1436 
229 16 wt% 240Pu 1.143” pitch exp43i7 1.0031 0.0007 0.0046 0.0046 0.1208 
230 16 wt% 240Pu 1.32” pitch exp44i7 1.0031 0.0006 0.0057 0.0058 0.0986 
231 24 wt% 240Pu 0.80” pitch exp45i7 0.9952 0.0006 0.0032 0.0033 0.4042 
232 24 wt% 240Pu 0.93” pitch exp46i7 0.9992 0.0006 0.0030 0.0031 0.2028 
233 24 wt% 240Pu 1.05” pitch exp47i7 0.9996 0.0006 0.0038 0.0038 0.1441 
234 24 wt% 240Pu 1.143” pitch exp48i7 1.0038 0.0006 0.0047 0.0047 0.1214 
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Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

235 24 wt% 240Pu 1.32” pitch exp49i7 1.0042 0.0005 0.0056 0.0056 0.0984 
236 24 wt% 240Pu 1.386” pitch exp50i7 1.0048 0.0005 0.0065 0.0065 0.0927 
237 18 wt% 240Pu 0.85” pitch exp51i7 0.9994 0.0008 0.0022 0.0023 0.3957 
238 18 wt% 240Pu 0.93” pitch exp52i7 0.9996 0.0007 0.0026 0.0027 0.2607 
239 18 wt% 240Pu 1.05” pitch exp53i7 1.0092 0.0006 0.0029 0.0030 0.177 
240 18 wt% 240Pu 1.143” pitch exp54i7 1.0047 0.0008 0.0028 0.0029 0.1472 
241 18 wt% 240Pu 1.386” pitch exp55i7 1.0087 0.0006 0.0036 0.0036 0.1088 
242 18 wt% 240Pu 1.60” pitch exp56i7 1.0087 0.0006 0.0042 0.0042 0.0941 
243 18 wt% 240Pu 1.70” pitch exp57i7 1.0103 0.0006 0.0042 0.0042 0.0892 
317 Core XI, 1182 ppm, 36 Pyrex Rods l0804i7 0.9966 0.0006 0.0006 0.0008 0.2649 
318 Core XI, 1182 ppm, 36 Pyrex Rods l0805i7 0.9968 0.0007 0.0006 0.0009 0.2631 
319 Core XI, 1032.5 ppm, 72 Pyrex Rods l0806i7 0.9966 0.0006 0.0006 0.0008 0.2647 
320 Core XI, 1032.5 ppm, 72 Pyrex Rods l0807i7 0.9957 0.0006 0.0006 0.0008 0.2626 
321 Core XI, 794 ppm, 144 Pyrex Rods l0808i7 0.9949 0.0006 0.0006 0.0008 0.2616 
322 Core XI, 779 ppm, 144 Pyrex Rods l0809i7 0.9953 0.0007 0.0006 0.0009 0.2606 
323 Core XI, 1245 ppm, 72 Vicor Rods l0810i7 0.9957 0.0006 0.0006 0.0008 0.2671 
360 Core IV l1110i7 0.9923 0.0007 0.0017 0.0018 0.1986 
361 Core V l1111i7 0.9931 0.0006 0.0017 0.0018 0.1733 
362 Core VI l1112i7 0.9921 0.0006 0.0017 0.0018 0.1778 
363 Core VII l1113i7 0.9916 0.0006 0.0017 0.0018 0.1568 
364 Core VIII l1114i7 0.9938 0.0006 0.0017 0.0018 0.1596 
445 670 pins, Al2O3-B4C rods l8203i7 0.9995 0.0006 0.0010 0.0012 0.1593 
446 672 pins, Al2O3-B4C rods l8204i7 1.0002 0.0006 0.0010 0.0012 0.1589 
447 668 pins, Al2O3-B4C rods l8205i7 1.0001 0.0006 0.0010 0.0012 0.1590 
448 668 pins, Al2O3-B4C rods l8206i7 0.9992 0.0006 0.0010 0.0012 0.1600 
479 8 wt% 240Pu 1.05” pitch, B4 Rods m0613i7 0.9943 0.0007 0.0044 0.0045 0.1436 
480 8 wt% 240Pu 1.05” pitch, B3 Rods m0614i7 0.9925 0.0008 0.0044 0.0045 0.1435 
481 8 wt% 240Pu 1.05” pitch, B2 Rods m0615i7 0.9941 0.0007 0.0044 0.0045 0.1444 
482 8 wt% 240Pu 1.05” pitch, B1 Rods m0616i7 0.9923 0.0007 0.0045 0.0046 0.1439 

484 8 wt% 240Pu 1.05” pitch, B4+Cd 
Rods m0623i7 0.9927 0.0007 0.0045 0.0046 0.1446 

485 8 wt% 240Pu 1.05” pitch, B3+Cd 
Rods m0624i7 0.9909 0.0007 0.0045 0.0046 0.1451 

486 8 wt% 240Pu 1.05” pitch, B2+Cd 
Rods m0625i7 0.9902 0.0007 0.0045 0.0046 0.1453 

487 8 wt% 240Pu 1.05” pitch, B1+Cd 
Rods m0626i7 0.9913 0.0007 0.0045 0.0046 0.1453 

491 8 wt% 240Pu 1.32” pitch, B4 Rods m0635i7 0.9998 0.0005 0.0087 0.0087 0.0992 
492 8 wt% 240Pu 1.32” pitch, B3 Rods m0636i7 0.9976 0.0006 0.0087 0.0087 0.0996 
493 8 wt% 240Pu 1.32” pitch, B2 Rods m0637i7 0.9967 0.0006 0.0087 0.0087 0.0998 
494 8 wt% 240Pu 1.32” pitch, B1 Rods m0638i7 0.9980 0.0006 0.0087 0.0087 0.0998 
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Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

496 8 wt% 240Pu 1.32” pitch, B4+Cd 
Rods m0645i7 0.9947 0.0006 0.0087 0.0087 0.1000 

497 8 wt% 240Pu 1.32” pitch, B3+Cd 
Rods m0646i7 0.9949 0.0007 0.0087 0.0087 0.0998 

498 8 wt% 240Pu 1.32” pitch, B2+Cd 
Rods m0647i7 0.9961 0.0006 0.0087 0.0087 0.0999 

499 8 wt% 240Pu 1.32” pitch, B1+Cd 
Rods m0648i7 0.9936 0.0006 0.0087 0.0087 0.0997 

504 16 wt% 240Pu 1.05” pitch, B4 Rods m0712i7 0.9975 0.0007 0.0044 0.0045 0.1406 
505 16 wt% 240Pu 1.05” pitch, B3 Rods m0713i7 0.9971 0.0006 0.0044 0.0044 0.1404 
506 16 wt% 240Pu 1.05” pitch, B2 Rods m0714i7 0.9974 0.0007 0.0044 0.0045 0.1413 
507 16 wt% 240Pu 1.05” pitch, B1 Rods m0715i7 0.9971 0.0006 0.0044 0.0044 0.1414 

509 16 wt% 240Pu 1.05” pitch, B4+Cd 
Rods m0722i7 0.9960 0.0007 0.0044 0.0045 0.1416 

510 16 wt% 240Pu 1.05” pitch, B3+Cd 
Rods m0723i7 0.9973 0.0007 0.0044 0.0045 0.1414 

511 16 wt% 240Pu 1.05” pitch, B2+Cd 
Rods m0724i7 0.9956 0.0006 0.0044 0.0044 0.1413 

512 16 wt% 240Pu 1.05” pitch, B1+Cd 
Rods m0725i7 0.9963 0.0006 0.0044 0.0044 0.1422 

516 24 wt% 240Pu 1.05” pitch, B4 Rods m0813i7 0.9961 0.0005 0.0039 0.0039 0.1438 
517 24 wt% 240Pu 1.05” pitch, B3 Rods m0814i7 0.9974 0.0006 0.0039 0.0039 0.1443 
518 24 wt% 240Pu 1.05” pitch, B2 Rods m0815i7 0.9973 0.0007 0.0039 0.0040 0.1449 
519 24 wt% 240Pu 1.05” pitch, B1 Rods m0816i7 0.9952 0.0006 0.0039 0.0039 0.1454 

521 24 wt% 240Pu 1.05” pitch, B4+Cd 
Rods m0823i7 0.9947 0.0007 0.0041 0.0042 0.1459 

522 24 wt% 240Pu 1.05” pitch, B3+Cd 
Rods m0824i7 0.9958 0.0007 0.0041 0.0042 0.1451 

523 24 wt% 240Pu 1.05” pitch, B2+Cd 
Rods m0825i7 0.9944 0.0006 0.0041 0.0041 0.1460 

524 24 wt% 240Pu 1.05” pitch, B1+Cd 
Rods m0826i7 0.9947 0.0006 0.0041 0.0041 0.1448 
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Table C.3-6 Descriptive Statistics of the MCNP5-1.51 Calculational Results 

Experiment Description No. of 
exp. keff range EALF (eV) range 

Phase 1 18 0.9951 ~ 1.0018 0.0691 ~ 0.2769 
Phase 2 41 0.9916 ~ 1.0051 0.0907 ~ 0.3243 
Phase 3 26 0.9906 ~ 1.0036 0.1078 ~ 0.1583 
Phase 4 71 0.9932 ~ 1.0060 0.1288 ~ 0.1822 
Selected Experiments 135 0.9906 ~ 1.0103 0.0892 ~ 1.5549 
All experiments 291 0.9906 ~ 1.0103 0.0691 ~ 1.5549 

 
 
 

Table C.3-7 Normality Test Results for the MCNP5-1.51 calculations 
Experiment 
Description 

No. of 
exp. 

Shapiro-Wilk Pearson’s chi-square (χ2) 
Wtest W χ2 n Pd(χ2;d) Normal 

Phase 1 18 0.843 0.897 N/A N/A N/A No 
Phase 2 41 0.954 0.941 3.64 6 30.5% Yes 
Phase 3 26 0.983 0.920 2.01 6 56.8% Yes 
Phase 4 71 N/A N/A 2.50 6 47.4% Yes 
HTC Experiments 156 N/A N/A 0.37 6 93.8% Yes 
Selected Experiments 135 N/A N/A 7.18 6 6.67% Yes 
All experiments 291 N/A N/A 6.97 6 7.36% Yes 
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Table C.3-8 Trending Analysis Results for the MCNP5-1.51 calculations 

Experiment 
Description 

No. of 
exp. Correlated Parameter, x 

Correlation 
Coefficient, 

r2 

Probability, 
Pd(N;r) Correlation Regression Equation, k(x) 

Phase 1 18 
EALF 0.6185 0.06% Significant k(x) = 1.0027 + (-2.640E-02)*x 
Pitch 0.5296 0.09% Significant k(x) = 0.9909 + (4.843E-03)*x 

Number of Rods 0.0001 97.67% No - 

Phase 2 41 

EALF 0.1406 2.18% Significant k(x) = 1.0012 + (-1.553E-02)*x 
Pitch 0.0668 12.23% No - 

Number of Rods 0.1257 3.14% Significant k(x) = 1.0018 + (-2.399E-06)*x 
Gadolinium Conc. 0.2957 0.07% Significant k(x) = 0.9989 + (-3.740E-02)*x 

Boron Conc. 0.0880 6.22% No - 

Phase 3 26 
EALF 0.2057 2.58% Significant k(x) = 0.9848 + (9.419E-02)*x 

Water Gap 0.0007 90.26% No - 
Number of Rods 0.1139 10.53% No - 

Phase 4 71 
EALF 0.0182 27.30% No - 

Water Gap 0.0431 8.57% No - 
Screen Array Distance 0.2187 <0.05% Significant k(x) = 0.9986 + (-1.655E-03)*x 

Selected 
Experiments 135 

EALF 0.0008 78.76% No - 
Pitch 0.1144 0.09% Significant k(x) = 0.9928 + (2.828E-03)*x 

Rod OD 0.0056 46.91% No - 
Fuel Density 0.0337 7.71% No - 
U Enrichment 0.0029 59.53% No - 
Pu Enrichment 0.2020 <0.05% Significant k(x) = 0.9973 + (6.748E-04)*x 

All experiments 291 

EALF 0.0012 73.23% No - 
Pitch 0.0948 0.18% Significant k(x) = 0.9932 + (2.810E-03)*x 

Rod OD 0.0058 46.41% No - 
Fuel Density 0.0175 20.36% No - 
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Table C.3-9 Analysis of Neutron Absorbers and Reflector Materials for the MCNP5-1. 51 
calculations 

Experiment 
Description 

No. of 
exp. Bias 

Bias 
Uncerta

inty 

Normality 
χ2 

(Pd(χ2;d)) 
Significant Trends 

All 
experiments 291 -0.0020 0.0082 6.97 

(7.4%) 
Rod Pitch 

k(x) = 0.9932 + (2.810E-03)*x 
All except 
those with 

Gadolinium, 
Cadmium and 

Lead 

201 -0.0020 0.0081 5.88 
(12%) 

Rod Pitch 
k(x) = 0.9918 + (3.617E-03)*x 

Fuel Density 
k(x) = 1.0302 + (-3.148E-03)*x 

 
 

Table C.3-10 Analysis of Fuel Rod Pitch Trend for the MCNP5-1. 51 calculations 

Experiment 
Description 

Rod 
Pitch Bias 

Bias 
Uncerta

inty 

Normality 
χ2 

(Pd(χ2;d)) 
Significant Trends 

All 
experiments 

All (291 
total) -0.0020 0.0082 6.97 

(7.4%) 
Rod Pitch 

k(x) = 0.9932 + (2.810E-03)*x 
<=2 cm 

(218 
total) 

-0.0024 0.0072 1.22 
(75%) 

Rod OD 
k(x) = 1.0034 + (-5.493E-03)*x 

All except 
those with 

Gadolinium, 
Cadmium and 

Lead 

All (201 
total) -0.0020 0.0081 5.88 

(12%) 

Rod Pitch 
k(x) = 0.9918 + (3.617E-03)*x 

Fuel Density 
k(x) = 1.0302 + (-3.148E-03)*x 

<=2 cm 
(144 
total) 

-0.0026 0.0069 3.27 
(35%) 

Rod OD 
k(x) = 1.0039 + (-6.016E-03)*x 
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Table C.3-11 Analysis of Fuel Burnup for the MCNP5-1. 51 calculations 

Experiment 
Description 

Rod 
Pitch Bias 

Bias 
Uncerta

inty 

Normality 
χ2 

(Pd(χ2;d)) 
Significant Trends 

All except 
those with 

Gadolinium, 
Cadmium and 

Lead† 

All (201 
total) -0.0020 0.0081 5.88 

(12%) 

Rod Pitch 
k(x) = 0.9918 + (3.617E-03)*x 

Fuel Density 
k(x) = 1.0302 + (-3.148E-03)*x 

<=2 cm 
(144 
total) 

-0.0026 0.0069 3.27 
(35%) 

Rod OD 
k(x) = 1.0039 + (-6.016E-03)*x 

Fresh UO2 
Fuel 

All (61 
total) -0.0029 0.0067 4.94 

(18%) 
Rod Pitch 

k(x) = 0.9912 + (3.601E-03)*x 
<=2 cm 

(52 total) -0.0032 0.0063 7.28 
(6.4%) None 

HTC 
Experiments 

All (85 
total) -0.0019 0.0071 1.72 

(63%) 

EALF 
k(x) = 0.9998 + (-1.164E-02)*x 

Rod Pitch 
k(x) = 0.9907 + (4.538E-03)*x 

<=2 cm 
(82 total) -0.0021 0.0070 0.69 

(88%) 
Rod Pitch 

k(x) = 0.9913 + (4.175E-03)*x 

MOX 
Experiments 

All (55 
total) 0.0019 0.0117 4.23 

(24%) 
Rod OD 

k(x) = 1.0082 + (-5.041E-03)*x  

<=2 cm 
(10 total) 0.0016 0.0119 n/a 

EALF 
k(x) = 1.0063 + (-8.124E-03)*x 

Rod OD 
k(x) = 1.0129 + (-1.204E-02)*x 

†Note: Critical experiments with Gadolinium, Cadmium and Lead were excluded from all subsequent 
subsets. 
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Table C.3-12 Analysis of the Unborated and Borated Water for the MCNP5-1.51 calculations 

Experiment 
Description 

Rod 
Pitch Bias 

Bias 
Uncerta

inty 

Normality 
χ2 

(Pd(χ2;d)) 
Significant Trends 

All except 
those with 

Gadolinium, 
Cadmium and 

Lead† 

All (201 
total) -0.0020 0.0081 5.88 

(12%) 

Rod Pitch 
k(x) = 0.9918 + (3.617E-03)*x 

Fuel Density 
k(x) = 1.0302 + (-3.148E-03)*x 

<=2 cm 
(144 
total) 

-0.0026 0.0069 3.27 
(35%) 

Rod OD 
k(x) = 1.0039 + (-6.016E-03)*x 

All with Fresh 
Water 

All (149 
total) -0.0015 0.0085 3.31 

(35%) 

Rod Pitch 
k(x) = 0.9927 + (3.270E-03)*x 

Fuel Density 
k(x) = 1.0253 + (-2.627E-03)*x 

<=2 cm 
(94 total) -0.0023 0.0071 1.70 

(63%) 

Rod OD 
k(x) = 1.0042 + (-6.385E-03)*x 

Fuel Density 
k(x) = 1.0757 + (-7.575E-03)*x 

All with 
Borated Water 

All (52 
total) -0.0028 0.0071 4.85 

(19%) None 

<=2 cm 
(50 total) -0.0030 0.0066 3.43 

(33%) 
Fuel Density 

k(x) = 0.8418 + (1.513E-02)*x 
†Note: Critical experiments with Gadolinium, Cadmium and Lead were excluded from all subsequent 
subsets. 
  



REPORT HI-2104790   C-24  
 

Table C.3-13 Comparison of Key Parameters and Definition of Validated AOA 

Parameter Design 
Application Benchmarks Validated 

Fissionable Material 235U, 239Pu, 241Pu 235U, 239Pu, 241Pu 235U, 239Pu, 241Pu 
Isotopic Composition       

235U/Ut < 5.0wt% 1.57 – 5.74% < 5wt% 
Pu/(U+Pu) < 20wt% 1.104 - 20 % < 20wt% 

Physical Form UO2, MOX UO2, MOX UO2, MOX 

Fuel Density (g/cm3) 10.0 – 10.7 9.2 – 10.4 9.2 – 10.7 

Moderator Material (coolant) H H H 

Physical Form H20 H20 H20 

Density (g/cm3) around 1.0 g/cm3 around 1.0 g/cm3 around 1.0 g/cm3 

Reflector Material H H H 
Physical Form H20 H20 H20 

Density (g/cm3) around 1.0 g/cm3 around 1.0 g/cm3 around 1.0 g/cm3 

Interstitial Reflector Material       
Plate Steel or Lead Steel or Lead Steel or Lead 

Absorber Material       

Soluble None, Boron or 
Gadolinium 

None, Boron (89 - 
595 ppm) or 

Gadolinium (49.2 – 
199.7 ppm) 

None, Boron (0 - 
1000 ppm) or 

Gadolinium (0 to 
1000 ppm) 

Rods Boron Pyrex®, Vicor® or 
B-Al Boron 

Separating Material       

Plate 
Water, B-SS, 

Boral or 
Cadmium 

Water, B-SS, Boral 
or Cadmium 

Water, B-SS, Boral 
or Cadmium 

Geometry       
Lattice type Square Square, Triangle Square, Triangle 

Lattice Pitch (cm) 

1.26 – 1.47 
(PWR) 

1.24 – 1.88 
(BWR) 

0.968 to 4.318 0.968 to 4.318 

Neutron Energy Thermal 
spectrum Thermal spectrum Thermal spectrum 
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure C.3-1 Frequency Chart for Calculated keff of the Selected 243 Benchmarks for the 
MCNP5-1.51 code 

 
 
 

 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 

Figure C.3-2 Frequency Chart for Calculated EALF (eV) of the Selected 243 Benchmarks for the 
MCNP5-1.51 code 
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure C.3-3 MCNP5-1.51 Calculated keff Values for Various Values of the Spectral Index (All 
Experiments) 
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure C.3-4 MCNP5-1.51 Calculated keff Values as a Function of Rod Pitch (All Experiments) 
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D.1 Introduction 
 
This Appendix presents the analysis of the validation results for MCNP5-1.51 code and includes 
the results of the calculations, normality test, the detailed statistical trending analysis, calculation 
bias and bias uncertainty for each distinct area of applicability of the parameters of interest. 
 
D.2 Computer Code Parameter Data 
 
The computer code MCNP5-1.51 [D.1] is the continuous energy Monte Carlo codes and treats an 
arbitrary three-dimensional configuration of materials in geometric cells bounded by first- and 
second-degree surfaces and fourth-degree elliptical tori. Thermal neutrons are described by both 
the free gas and S(α,β) models. All calculations were performed using the default data libraries 
provided with the code: the default continuous energy neutron transport data based on ENDF/B-
VII. The list of ZAIDs that were used in the analysis is presented in Table D.2-1. The neutrons 
start from an arbitrary distribution, causing a generally very large variance of results from the 
first cycles in comparison with the following cycles. Therefore, all MCNP5-1.51 calculations are 
performed with 12,000 histories per cycle, 50 skipped cycles before averaging, and 100 cycles 
that are accumulated. The calculated keff values have associated uncertainties due to the statistical 
nature of the Monte Carlo codes. 
 
D.3 Analysis of MCNP5-1.51 Validation Results 
 
D.3.1. Calculational Results 
 
The calculation results for the 156 HTC critical experiments and for the 376 selected critical 
experiments described in Appendix B are presented and discussed in this section. The calculation 
results are summarized by grouping the experiments in terms of the categories as set forth in 
Appendix B. Calculation results, including keff-I, σcalc-i and EALF, measurement uncertainties 
(σexp) and the calculation and measurement combined uncertainty (σi) are shown in Table D.3-1 
through Table D.3-5. 
 
Figure D.3-1 and D.3-2 are histograms showing the frequency of calculated keff and EALF for all 
532 benchmarks. The nominal calculated keff values range from 0.9845 and 1.0102. The EALF 
results values show a range between 0.0678eV and 1.5251eV. 
 
Descriptive statistics for the different group of experiments is summarized in Table D.3-6.  
 
D.3.2. Normality Test 
 
In order to assess the normality assumption, Shapiro and Wilk [5] test has been used for groups 
with fewer than 50 samples while the Pearson’s chi-square (χ2) test [4] has been used for samples 
larger than 20 samples. The tests are applied to the group of experiments in terms of the 
categories as set forth in Appendix B. 
 
For the Shapiro and Wilk test, Table D.3-7 shows the computed Wtest value, and W value that 
can be obtained for the number of experiments from [5] to accept the normality hypothesis. If W 
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is less than the test statistic, Wtest, then the data is considered normally distributed. For the χ2 
test, it is concluded normal for χ2 ≤ n, where n is a number of bins for the group of experiments. 
The probability 𝑃𝑑(𝜒�2 ≥ 𝜒�02) of obtaining a value of 𝜒�2 ≥ 𝜒�02 in an experiment with d degrees 
of freedom to confirm quantitatively that the agreement is satisfactory was taken or interpolated, 
if necessary, from Appendix D in Reference [4]. Thus, if 𝑃𝑑(𝜒�2 ≥ 𝜒�02) is large, the obtained and 
expected distributions are consistent; if it is small, they probably disagree. In particular, if 
𝑃𝑑(𝜒�2 ≥ 𝜒�02) is less than 5%, we say that the disagreement is significant and reject the assumed 
distributions at the 5% level. If it is less than 1%, the disagreement is called highly significant, 
and we reject the assumed distributions at the 1% level. 
 
D.3.3. Trending Analysis 
 
Trends are determined through the use of regression fits to the calculated results. The equations 
used to identify trends are given below: 
 

Y(x) = a + bx       (7-1) 
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(7-4) 
The squared term of the linear correlation factor r defined below (from Reference [5]) is used to 
quantitatively measure the degree to which a linear relationship exist between two variables. 
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(7-5) 
The closer r2 approaches the value of 1, the better the fit of the data to the linear equation. A 
more quantitative measure of the fit can be found by using Appendix C in Reference [4]. The 
interpolation was applied, if necessary. For any given observed value r0, 𝑃𝑁(|𝑟| ≥ |𝑟0|) is the 
probability that N measurements of two uncorrelated variables would give a coefficient r as large 
as r0. Thus, if we obtain a coefficient r0 for which 𝑃𝑁(|𝑟| ≥ |𝑟0|) is small, it is correspondingly 
unlikely that our variables are uncorrelated; that is, a correlation indicated. In particular, if 
𝑃𝑁(|𝑟| ≥ |𝑟0|) ≤ 5%, the correlation is called significant; if it is less than 1%, the correlation is 
called highly significant. 
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The validation results are analyzed for the group of all experiments. Independent variables used 
in the trending analysis, correlation coefficients and trending analysis results are summarized in 
Table D.3-8.  
 
D.3.4. Bias and Bias Uncertainty 
 
In this section, benchmark results are analyzed using the statistical method described in section 
2.2. 
 
The first step is to evaluate whether the HTC experiments and selected experiments, should be 
reduced to a single set. The mean keff of the HTC data set is 0.9992 +/- 0.00330 and the mean keff 
of the selected experiments data is 1.0002 +/- 0.00369. The difference between the means is just 
0.0010 which is less than the uncertainty. These sets are water moderated uranium or mixed 
plutonium-uranium dioxide lattices. The HTC sets of experiments and the selected experiments 
are considered one large set of 532 experiments from now on. 
 
The normality test in Table D.3-7 and in Figure D.3-1 shows that the data is not normally 
distributed. Therefore, the distribution free approach [6] is used for all subsets with the rejected 
normality distribution. The lower tolerance limit with 95% probability and 95% confidence level 
is determined for order data [6] and the difference between weighted average keff and this lower 
tolerance limit is used to determine the bias uncertainty. This is conservative since the data is 
close to the normal distribution. The distribution free bias uncertainty is also provided in all 
subsequent tables for the subsets with the rejected normality assumption. 
 
The analysis of the correlation coefficient in Table D.3-8 and the plot of data trend (Figure D.3-
3) show that there is not a clear trend in the data.  
 
The total bias (systematic error or mean of the deviation from a keff of exactly 1.000) of the 
MCNP5-1.51 code is shown in the table below 
 
 

Calculational Bias of the MCNP5-1.51 code 
Description Total Bias Bias Uncertainty 

HTC and Selected Experiments 0.0000 0.0075 (0.0110) 

 
D.3.5. Applicability of MCNP5-1.51 Validation Results 
 
This subsection contains a more detailed evaluation of the set of critical experiments. Regarding 
the selected experiments, the following subjects are discussed: 
 

• Neutron absorber and neutron reflector materials 
• Neutron absorber geometry 
• Fuel burnup 
• Unborated and borated water 
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• Various Combinations of Fuel Burnup and Unborated/Borated Water. 
 
The general focus is to justify that using the full set of critical experiments is appropriate. In 
some cases, subsets of full set of experiments are established. For those subsets, statistical 
evaluations are performed to determine bias, bias uncertainty, normality and trends. Trends are 
evaluated for fuel rod outer diameter, fuel rod pitch, fuel density, boron content, U or Pu 
enrichment and EALF. To estimate a significance of observed trend, the residuals from the trend 
equation were tested for a normal distribution [D.2]. If residuals are normally distributed then 
there is a significant trend, otherwise there is no linear trend as this violets the basic assumptions 
of linear regression. For each significant linear correlation, the bias and bias uncertainty were 
calculated as a function of the independent parameter. 
 
D.3.5.1. Neutron Absorber and Neutron Reflector Materials 
 
The HTC and Selected Experiments consider the following neutron absorbers and reflectors: 

• Absorbers 
o Boron, in the form of soluble boron in the water, boron in solid form (B4C), and 

boron in borated steel, Pyrex, Boroflex and borated aluminum 
o Soluble gadolinium in water and Gd2O3 rods 
o Cadmium 

• Reflectors 
o Steel 
o Lead 
o Water 

 
Some typical configurations do not contain gadolinium or cadmium neutron absorbers or lead 
reflectors. To verify that including those materials does not have a significant effect on the 
results of the benchmarking analyses, a subset without those experiments containing those 
materials was analyzed. In addition, according to recommendations of NUREG-6979 [B.13], the 
following HTC experiments were also excluded: 61, 65, 67, 86, 97, 98, 99, 102, 124, 135, and 
137. The comparison with the full set is presented in Table D.3-9 and shows no significant 
differences when those materials are excluded. However, a significant correlation as a function 
of EALF was determined by the residuals normality test. This correlation is presented in the 
Figure D.3-4. The bias and bias uncertainty as a function of the EALF were calculated for this 
trend and shown in Table D.3-10, with a maximum absolute value of -0.0003 ± 0.0060. 
 
D.3.5.2. Absorber Geometry 
 
The criticality experiments analyzed in this report include experiments with Boron in the form of 
plates, absorber rods and soluble boron in water. No trend relating to these experiments is 
observed. 
 
D.3.5.3. Fuel Burnup 
 
The full set of critical experiments contains experiments with fresh UO2 fuel, with simulated 
spent fuel (37.5 GWd/MTU), and MOX fuel with Pu content between 1.5 and 20%, which is 
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even higher than typically found in spent fuel. The experiments are therefore reasonably 
representative of burned fuel at different burnup levels. To verify that the experiments cover the 
burnup range sufficiently, the experiments are subdivided into fresh UO2 fuel and spent fuel with 
HTC and MOX experiments, and compared to the results of the entire set. The comparison is 
shown in Table D.3-11. The comparison shows no significant differences between the entire set 
and the fresh and spent fuel subsets. However, in some cases, the correlations are observed. The 
significant trends as a function of EALF and Pu enrichment were determined in the spent fuel 
subset by the residuals normality test. These correlations are presented in the Figure D.3-5 and 
Figure D.3-6. The bias and bias uncertainty as a function of the EALF and Pu enrichment were 
calculated for these trends and shown in Table D.3-12, with a maximum absolute value of -
0.0010 ± 0.0081. 
 
D.3.5.4. Unborated and Borated Water 
 
The full set of critical experiments contains both experiments with and without soluble boron. 
The entire set of analyses shows no significant trend when analyzed as a function of the soluble 
boron level. Nevertheless, sets with and without soluble boron are analyzed and compared to the 
full set that contains all experiments. The results are shown in Table D.3-13. Similar to the 
previous subsection, the comparison shows no significant differences between those subsets. 
However, there are significant trends in the fresh water subset as a function of EALF and U 
enrichment and in the borated water subset as a function of fuel density that were determined by 
the residuals normality test. These correlations are presented in the Figure D.3-7 through Figure 
D.3-9. The bias and bias uncertainty as a function of the EALF, U enrichment and fuel density 
were calculated for these trends and shown in Table D.3-14, with a maximum absolute value of -
0.0013 ± 0.0065. 
 
D.3.5.5. Various Combinations of Fuel Burnup and Unborated/Borated Water 
 
To perform more detailed evaluation of the set of critical experiments, the additional four subsets 
with different combinations of fuel burnup and unborated/borated water were analyzed. The 
results are shown in Table D.3-15. There are significant EALF trend in the subset of fresh UO2 
fuel with fresh water, significant trends in the subset of spent fuel with fresh water as a function 
of EALF and Pu enrichment and significant trends in the subset of spent fuel with borated water 
as a function of rod OD and fuel density, that were determined by the residuals normality test. 
These correlations are presented in the Figure D.3-10 through Figure D.3-14.The bias and bias 
uncertainty as a function of the EALF, Pu enrichment, rod OD and fuel density were calculated 
for these trends and shown in Table D.3-16, with a maximum absolute value of  -0.0012 ± 
0.0082. 
 
D.4 Summary 
 
A set of 532 critical experiments has been selected and has been used for the validation of the 
Holtec International criticality safety methodology. The similarity between the chosen 
experiments and the actual systems has been based on a set of screening criteria as is stated in the 
NUREG/CR-6698 [5]. Experiments have been categorized by fuel burnup as fresh UO2 fuel and 
spent fuel with HTC and MOX experiments or by unborated and borated water condition and 
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parameterized by key variables such as lattice pitch / assembly pitch, absorber solution 
concentration, number of fuel rods, rod outer diameter, fuel density, screen array distance, fuel 
enrichment and EALF. Benchmark calculations have been performed using the Monte Carlo 
code MCNP5-1.51. It was determined that HTC experiments and selected experiments are in 
sufficient agreement that this sets are lumped together as a single set of 532 experiments. The 
bias and bias uncertainty are presented in section D.3.4. The applicability of validation results is 
considered in section D.3.5. 
 
The range of key parameters for the design application, benchmarks and validated AOA are 
summarized in Table D.3-17. A point by point comparison between design application and 
benchmarks shows that the experimental range covers all the parameters. The soluble boron 
concentration is extrapolated generously since 10B is a 1/v absorber (as permitted on Table 2.3 of 
[5]).  
 
As for the fuel density, Table 2.3 of Reference [5] states there is "no requirement" and that 
"experiments should be as close to the desired concentration as possible". Since the experiment 
fuel density is 9.2 – 10.4 g/cm3 and the design application one is around 10.0 – 10.7 g/cm3, it is 
considered that the values are very close so the validated AOA covers the design application 
range. 
 
The fuel enrichment can be up to 5%. The experiments used go up to 5.74 wt% 235U. Therefore, 
it is considered that the validated AOA covers the design application range. 
 
D.5 References 
 
[D.1] "MCNP - A General Monte Carlo N-Particle Transport Code, Version 5”; Los Alamos 

National Laboratory, LA-UR-03-1987 (Revised 2/1/2008). 
 
[D.2] J. W. Barnes, "Statistical Analysis for Engineers and Scientists", McGraw-Hill Inc., 1988 
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Table D.2-1 ZAIDs Used for Each Nuclide 

Nuclide MCNP5.1.51 
ZAID Nuclide MCNP5.1.51 

ZAID Nuclide MCNP5.1.51 
ZAID 

1H 1001.70c 48Ti 22048.70c 100Mo 42100.70c 
2H 1002.70c 49Ti 22049.70c 107Ag 47107.70c 

4He 2004.70c 50Ti 22050.70c 109Ag 47109.70c 
10B 5010.70c 50Cr 24050.70c 106Cd 48106.70c 
11B 5011.70c 52Cr 24052.70c 108Cd 48108.70c 
C 6000.70c 53Cr 24053.70c 110Cd 48110.70c 

14N 7014.70c 54Cr 24054.70c 111Cd 48111.70c 
16O 8016.70c 55Mn 25055.70c 112Cd 48112.70c 

20Ne 10020.42c 54Fe 26054.70c 113Cd 48113.70c 
23Na 11023.70c 56Fe 26056.70c 114Cd 48114.70c 
24Mg 12024.70c 57Fe 26057.70c 116Cd 48116.70c 
25Mg 12025.70c 58Fe 26058.70c 113In 49113.70c 
26Mg 12026.70c 59Co 27059.70c 115In 49115.70c 
27Al 13027.70c 58Ni 28058.70c 112Sn 50112.70c 
28Si 14028.70c 60Ni 28060.70c 114Sn 50114.70c 
29Si 14029.70c 61Ni 28061.70c 115Sn 50115.70c 
30Si 14030.70c 62Ni 28062.70c 116Sn 50116.70c 
31P 15031.70c 64Ni 28064.70c 117Sn 50117.70c 
32S 16032.70c 63Cu 29063.70c 118Sn 50118.70c 

36Ar 18036.70c 65Cu 29065.70c 119Sn 50119.70c 
38Ar 18038.70c Zn 30000.70c 120Sn 50120.70c 
40Ar 18040.70c 90Zr 40090.70c 122Sn 50122.70c 
39K 19039.70c 91Zr 40091.70c 124Sn 50124.70c 
40K 19040.70c 92Zr 40092.70c 144Sm 62144.70c 
41K 19041.70c 94Zr 40094.70c 147Sm 62147.70c 

40Ca 20040.70c 96Zr 40096.70c 148Sm 62148.70c 
42Ca 20042.70c 93Nb 41093.70c 149Sm 62149.70c 
43Ca 20043.70c 92Mo 42092.70c 150Sm 62150.70c 
44Ca 20044.70c 94Mo 42094.70c 152Sm 62152.70c 
46Ca 20046.70c 95Mo 42095.70c 154Sm 62154.70c 
48Ca 20048.70c 96Mo 42096.70c 152Gd 64152.70c 
46Ti 22046.70c 97Mo 42097.70c 154Gd 64154.70c 
47Ti 22047.70c 98Mo 42098.70c 155Gd 64155.70c 
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Nuclide MCNP5.1.51 
ZAID Nuclide MCNP5.1.51 

ZAID Nuclide MCNP5.1.51 
ZAID 

156Gd 64156.70c 179Hf 72179.70c 236U 92236.70c 
157Gd 64157.70c 180Hf 72180.70c 238U 92238.70c 
158Gd 64158.70c 204Pb 82204.70c 238Pu 94238.70c 
160Gd 64160.70c 206Pb 82206.70c 239Pu 94239.70c 
174Hf 72174.70c 207Pb 82207.70c 240Pu 94240.70c 
176Hf 72176.70c 208Pb 82208.70c 241Pu 94241.70c 
177Hf 72177.70c 234U 92234.70c 242Pu 94242.70c 
178Hf 72178.70c 235U 92235.70c 241Am 95241.70c 
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 Table D.3-1 The MCNP5-1.51 Calculational Results and Measurements Uncertainties for Phase 

1 Critical Experiments: Water-Moderated and Reflected Arrays 

Case Evaluation Identification File-
name keff-i ± σcalc-i ± σexp ± σi 

EALF 
(eV) 

1 MIX-COMP-THERM-HTC-001 6p1c1 0.9997 0.0004 0.00182 0.00186 0.0712 
2 MIX-COMP-THERM-HTC-002 6p1c2 1.0004 0.0005 0.00182 0.00189 0.0681 
3 MIX-COMP-THERM-HTC-003 6p1c3 0.9988 0.0005 0.00182 0.00189 0.0678 
4 MIX-COMP-THERM-HTC-004 6p1c4 1.0001 0.0006 0.00182 0.00192 0.0867 
5 MIX-COMP-THERM-HTC-005 6p1c5 1.0001 0.0006 0.00182 0.00192 0.0849 
6 MIX-COMP-THERM-HTC-006 6p1c6 0.9995 0.0006 0.00182 0.00192 0.0840 
7 MIX-COMP-THERM-HTC-007 6p1c7 1.0009 0.0006 0.00182 0.00192 0.1043 
8 MIX-COMP-THERM-HTC-008 6p1c8 1.0002 0.0006 0.00182 0.00192 0.1033 
9 MIX-COMP-THERM-HTC-009 6p1c9 0.9987 0.0005 0.00182 0.00189 0.1019 
10 MIX-COMP-THERM-HTC-010 6p1c10 1.0013 0.0006 0.00182 0.00192 0.1442 
11 MIX-COMP-THERM-HTC-011 6p1c11 1.0006 0.0007 0.00182 0.00195 0.1387 
12 MIX-COMP-THERM-HTC-012 6p1c12 1.0006 0.0007 0.00182 0.00195 0.1380 
13 MIX-COMP-THERM-HTC-013 6p1c13 1.0001 0.0007 0.00182 0.00195 0.2632 
14 MIX-COMP-THERM-HTC-014 6p1c14 0.9999 0.0006 0.00182 0.00192 0.2393 
15 MIX-COMP-THERM-HTC-015 6p1c15 1.0013 0.0007 0.00182 0.00195 0.2353 
16 MIX-COMP-THERM-HTC-016 6p1c16 1.0008 0.0007 0.00182 0.00195 0.1042 
17 MIX-COMP-THERM-HTC-017 6p1c17 1.0006 0.0006 0.00182 0.00192 0.1018 
18 MIX-COMP-THERM-HTC-018 6p1c18 0.9973 0.0006 0.00182 0.00192 0.1046 
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Table D.3-2 The MCNP5-1.51 Calculational Results and Measurements Uncertainties for Phase 2 Critical 
Experiments: Reflected Simple Arrays Moderated by Poisoned Water with Gadolinium or Boron 

Case Evaluation Identification 
File-
name keff-i ± σcalc-i ± σexp ± σi EALF (eV) 

19 MIX-COMP-THERM-HTC-019 6p2g1 0.9991 0.0007 0.00504 0.00509 0.2589 
20 MIX-COMP-THERM-HTC-020 6p2g2 1.0001 0.0008 0.00504 0.00510 0.2555 
21 MIX-COMP-THERM-HTC-021 6p2g3 0.9986 0.0006 0.00504 0.00508 0.2755 
22 MIX-COMP-THERM-HTC-022 6p2g4 1.0000 0.0007 0.00504 0.00509 0.2726 
23 MIX-COMP-THERM-HTC-023 6p2g5 0.9985 0.0007 0.00504 0.00509 0.2693 
24 MIX-COMP-THERM-HTC-024 6p2g6 1.0001 0.0007 0.00504 0.00509 0.2905 
25 MIX-COMP-THERM-HTC-025 6p2g7 0.9998 0.0006 0.00504 0.00508 0.2859 
26 MIX-COMP-THERM-HTC-026 6p2g8 0.9986 0.0006 0.00504 0.00508 0.3018 
27 MIX-COMP-THERM-HTC-027 6p2g9 0.9989 0.0006 0.00504 0.00508 0.2981 
28 MIX-COMP-THERM-HTC-028 6p2g10 0.9998 0.0006 0.00504 0.00508 0.1735 
29 MIX-COMP-THERM-HTC-029 6p2g11 0.9988 0.0007 0.00504 0.00509 0.1667 
30 MIX-COMP-THERM-HTC-030 6p2g12 0.9994 0.0006 0.00504 0.00508 0.1653 
31 MIX-COMP-THERM-HTC-031 6p2g13 1.0021 0.0007 0.00504 0.00509 0.1573 
32 MIX-COMP-THERM-HTC-032 6p2g14 1.0000 0.0007 0.00504 0.00509 0.1564 
33 MIX-COMP-THERM-HTC-033 6p2g15 1.0031 0.0006 0.00504 0.00508 0.1507 
34 MIX-COMP-THERM-HTC-034 6p2g16 1.0024 0.0006 0.00504 0.00508 0.1475 
35 MIX-COMP-THERM-HTC-035 6p2g17 1.0024 0.0006 0.00504 0.00508 0.1090 
36 MIX-COMP-THERM-HTC-036 6p2g18 1.0027 0.0006 0.00504 0.00508 0.0898 
37 MIX-COMP-THERM-HTC-037 6p2g19 0.9998 0.0007 0.00504 0.00509 0.1166 
38 MIX-COMP-THERM-HTC-038 6p2g20 1.0024 0.0006 0.00504 0.00508 0.1092 
39 MIX-COMP-THERM-HTC-039 6p2b1 1.0012 0.0007 0.00247 0.00257 0.2522 
40 MIX-COMP-THERM-HTC-040 6p2b2 0.9992 0.0007 0.00247 0.00257 0.2504 
41 MIX-COMP-THERM-HTC-041 6p2b3 0.9998 0.0006 0.00247 0.00254 0.2611 
42 MIX-COMP-THERM-HTC-042 6p2b4 1.0007 0.0006 0.00247 0.00254 0.2692 
43 MIX-COMP-THERM-HTC-043 6p2b5 1.0008 0.0007 0.00247 0.00257 0.2806 
44 MIX-COMP-THERM-HTC-044 6p2b6 0.9999 0.0006 0.00247 0.00254 0.2781 
45 MIX-COMP-THERM-HTC-045 6p2b7 1.0023 0.0007 0.00247 0.00257 0.2847 
46 MIX-COMP-THERM-HTC-046 6p2b8 0.9998 0.0007 0.00247 0.00257 0.2956 
47 MIX-COMP-THERM-HTC-047 6p2b9 1.0011 0.0006 0.00247 0.00254 0.1710 
48 MIX-COMP-THERM-HTC-048 6p2b10 1.0001 0.0007 0.00247 0.00257 0.1648 
49 MIX-COMP-THERM-HTC-049 6p2b11 1.0019 0.0007 0.00247 0.00257 0.1611 
50 MIX-COMP-THERM-HTC-050 6p2b12 1.0027 0.0007 0.00247 0.00257 0.1538 
51 MIX-COMP-THERM-HTC-051 6p2b13 1.0014 0.0006 0.00247 0.00254 0.1490 
52 MIX-COMP-THERM-HTC-052 6p2b14 1.0046 0.0007 0.00247 0.00257 0.1435 
53 MIX-COMP-THERM-HTC-053 6p2b15 1.0043 0.0007 0.00247 0.00257 0.1061 
54 MIX-COMP-THERM-HTC-054 6p2b16 1.0034 0.0006 0.00247 0.00254 0.1098 
55 MIX-COMP-THERM-HTC-055 6p2b17 1.0043 0.0005 0.00247 0.00252 0.1127 
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Case Evaluation Identification 
File-
name keff-i ± σcalc-i ± σexp ± σi EALF (eV) 

56 MIX-COMP-THERM-HTC-056 6p2b18 0.9955 0.0006 0.00247 0.00254 0.1190 
57 MIX-COMP-THERM-HTC-057 6p2b19 1.0020 0.0006 0.00247 0.00254 0.1073 
58 MIX-COMP-THERM-HTC-058 6p2b20 0.9938 0.0006 0.00247 0.00254 0.0919 
59 MIX-COMP-THERM-HTC-059 6p2b21 0.9975 0.0006 0.00247 0.00254 0.0884 
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 Table D.3-3 The MCNP5-1.51 Calculational Results and Measurements Uncertainties for 
Phase 3 Critical Experiments: Pool Storage 

Case Evaluation Identification File-
name keff-i ± σcalc-i ± σexp ± σi EALF (eV) 

60 MIX-COMP-THERM-HTC-060 6p3d1 0.9995 0.0006 0.00322 0.00328 0.1270 
61 MIX-COMP-THERM-HTC-061 6p3d2 1.0025 0.0006 0.00355 0.00360 0.1437 
62 MIX-COMP-THERM-HTC-062 6p3d3 0.9981 0.0006 0.00322 0.00328 0.1324 
63 MIX-COMP-THERM-HTC-063 6p3d4 1.0004 0.0006 0.00322 0.00328 0.1268 
64 MIX-COMP-THERM-HTC-064 6p3d5 0.9989 0.0006 0.00322 0.00328 0.1383 
65 MIX-COMP-THERM-HTC-065 6p3d6 1.0015 0.0007 0.00489 0.00494 0.1334 
66 MIX-COMP-THERM-HTC-066 6p3d7 0.9989 0.0006 0.00322 0.00328 0.1319 
67 MIX-COMP-THERM-HTC-067 6p3d8 1.0041 0.0006 0.00435 0.00439 0.1418 
68 MIX-COMP-THERM-HTC-068 6p3d9 0.9979 0.0007 0.00322 0.00330 0.1362 
69 MIX-COMP-THERM-HTC-069 6p3d10 0.9981 0.0006 0.00322 0.00328 0.1325 
70 MIX-COMP-THERM-HTC-070 6p3d11 0.9968 0.0007 0.00322 0.00330 0.1402 
71 MIX-COMP-THERM-HTC-071 6p3d12 1.0009 0.0006 0.00254 0.00261 0.1161 
72 MIX-COMP-THERM-HTC-072 6p3d13 0.9992 0.0007 0.00254 0.00263 0.1144 
73 MIX-COMP-THERM-HTC-073 6p3d14 0.9975 0.0006 0.00254 0.00261 0.1146 
74 MIX-COMP-THERM-HTC-074 6p3d15 0.9997 0.0006 0.00254 0.00261 0.1136 
75 MIX-COMP-THERM-HTC-075 6p3d16 0.9987 0.0007 0.00254 0.00263 0.1130 
76 MIX-COMP-THERM-HTC-076 6p3d17 0.9969 0.0006 0.00254 0.00261 0.1115 
77 MIX-COMP-THERM-HTC-077 6p3d18 0.9949 0.0006 0.00254 0.00261 0.1091 
78 MIX-COMP-THERM-HTC-078 6p3d19 0.9926 0.0005 0.00254 0.00259 0.1073 
79 MIX-COMP-THERM-HTC-079 6p3d20 0.9938 0.0006 0.00254 0.00261 0.1050 
80 MIX-COMP-THERM-HTC-080 6p3d21 0.9944 0.0006 0.00254 0.00261 0.1066 
81 MIX-COMP-THERM-HTC-081 6p3d22 0.9984 0.0006 0.00254 0.00261 0.1079 
82 MIX-COMP-THERM-HTC-082 6p3d23 1.0023 0.0007 0.00254 0.00263 0.1152 
83 MIX-COMP-THERM-HTC-083 6p3d24 0.9994 0.0007 0.00254 0.00263 0.1522 
84 MIX-COMP-THERM-HTC-084 6p3d25 0.9944 0.0006 0.00254 0.00261 0.1308 
85 MIX-COMP-THERM-HTC-085 6p3d26 0.9997 0.0007 0.00254 0.00263 0.1183 
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Table D.3-4 The MCNP5-1.51 Calculational Results and Measurements Uncertainties for Phase 4 Critical 
Experiments: Shipping Cask 

Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

86 MIX-COMP-THERM-HTC-086 6p4l1 1.0024 0.0006 0.00499 0.00503 0.1556 
87 MIX-COMP-THERM-HTC-087 6p4l2 1.0007 0.0007 0.00305 0.00313 0.1524 
88 MIX-COMP-THERM-HTC-088 6p4l3 1.0002 0.0006 0.00305 0.00311 0.1478 
89 MIX-COMP-THERM-HTC-089 6p4l4 1.0002 0.0006 0.00305 0.00311 0.1445 
90 MIX-COMP-THERM-HTC-090 6p4l5 1.0008 0.0006 0.00318 0.00324 0.1420 
91 MIX-COMP-THERM-HTC-091 6p4l6 1.0009 0.0006 0.00318 0.00324 0.1370 
92 MIX-COMP-THERM-HTC-092 6p4l7 1.0017 0.0006 0.00318 0.00324 0.1342 
93 MIX-COMP-THERM-HTC-093 6p4l8 0.9994 0.0006 0.00232 0.00240 0.1407 
94 MIX-COMP-THERM-HTC-094 6p4l9 0.9991 0.0006 0.00232 0.00240 0.1398 
95 MIX-COMP-THERM-HTC-095 6p4l10 0.9994 0.0007 0.00232 0.00242 0.1380 
96 MIX-COMP-THERM-HTC-096 6p4l11 0.9998 0.0006 0.00232 0.00240 0.1375 
97 MIX-COMP-THERM-HTC-097 6p4l12 1.0024 0.0006 0.00511 0.00515 0.1378 
98 MIX-COMP-THERM-HTC-098 6p4l13 1.0004 0.0007 0.00511 0.00516 0.1385 
99 MIX-COMP-THERM-HTC-099 6p4l14 1.0018 0.0006 0.00511 0.00515 0.1369 

100 MIX-COMP-THERM-HTC-100 6p4l15 0.9974 0.0006 0.00247 0.00254 0.1333 
101 MIX-COMP-THERM-HTC-101 6p4l16 0.9999 0.0007 0.00247 0.00257 0.1357 
102 MIX-COMP-THERM-HTC-102 6p4l17 1.0057 0.0006 0.00480 0.00484 0.1518 
103 MIX-COMP-THERM-HTC-103 6p4l18 0.9998 0.0007 0.00226 0.00237 0.1442 
104 MIX-COMP-THERM-HTC-104 6p4l19 0.9989 0.0006 0.00245 0.00252 0.1389 
105 MIX-COMP-THERM-HTC-105 6p4l20 0.9995 0.0007 0.00245 0.00255 0.1356 
106 MIX-COMP-THERM-HTC-106 6p4l21 0.9992 0.0007 0.00245 0.00255 0.1373 
107 MIX-COMP-THERM-HTC-107 6p4l22 0.9978 0.0007 0.00245 0.00255 0.1363 
108 MIX-COMP-THERM-HTC-108 6p4l23 0.9961 0.0006 0.00219 0.00227 0.1356 
109 MIX-COMP-THERM-HTC-109 6p4l24 0.9974 0.0007 0.00219 0.00230 0.1352 
110 MIX-COMP-THERM-HTC-110 6p4l25 0.9996 0.0006 0.00180 0.00190 0.1336 
111 MIX-COMP-THERM-HTC-111 6p4l26 1.0015 0.0007 0.00180 0.00193 0.1303 
112 MIX-COMP-THERM-HTC-112 6p4l27 1.0008 0.0007 0.00582 0.00586 0.1728 
113 MIX-COMP-THERM-HTC-113 6p4l28 0.9989 0.0006 0.00582 0.00585 0.1651 
114 MIX-COMP-THERM-HTC-114 6p4l29 0.9967 0.0006 0.00582 0.00585 0.1588 
115 MIX-COMP-THERM-HTC-115 6p4l30 0.9961 0.0007 0.00582 0.00586 0.1456 
116 MIX-COMP-THERM-HTC-116 6p4l31 0.9974 0.0006 0.00136 0.00149 0.1366 
117 MIX-COMP-THERM-HTC-117 6p4l32 1.0003 0.0006 0.00136 0.00149 0.1309 
118 MIX-COMP-THERM-HTC-118 6p4l33 0.9997 0.0007 0.00136 0.00153 0.1271 
119 MIX-COMP-THERM-HTC-119 6p4l34 1.0006 0.0006 0.00136 0.00149 0.1249 
120 MIX-COMP-THERM-HTC-120 6p4l35 0.9952 0.0006 0.00493 0.00497 0.1574 
121 MIX-COMP-THERM-HTC-121 6p4l36 0.9954 0.0006 0.00493 0.00497 0.1565 
122 MIX-COMP-THERM-HTC-122 6p4l37 0.9962 0.0007 0.00493 0.00498 0.1551 
123 MIX-COMP-THERM-HTC-123 6p4l38 0.9979 0.0007 0.00493 0.00498 0.1545 
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Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

124 MIX-COMP-THERM-HTC-124 6p4s1 1.0029 0.0006 0.00482 0.00486 0.1554 
125 MIX-COMP-THERM-HTC-125 6p4s2 0.9993 0.0007 0.00329 0.00336 0.1531 
126 MIX-COMP-THERM-HTC-126 6p4s3 0.9980 0.0006 0.00329 0.00334 0.1494 
127 MIX-COMP-THERM-HTC-127 6p4s4 0.9988 0.0006 0.00329 0.00334 0.1457 
128 MIX-COMP-THERM-HTC-128 6p4s5 1.0001 0.0006 0.00220 0.00228 0.1427 
129 MIX-COMP-THERM-HTC-129 6p4s6 0.9979 0.0007 0.00220 0.00231 0.1416 
130 MIX-COMP-THERM-HTC-130 6p4s7 0.9969 0.0006 0.00220 0.00228 0.1402 
131 MIX-COMP-THERM-HTC-131 6p4s8 0.9986 0.0006 0.00220 0.00228 0.1394 
132 MIX-COMP-THERM-HTC-132 6p4s9 0.9962 0.0007 0.00220 0.00231 0.1391 
133 MIX-COMP-THERM-HTC-133 6p4s10 1.0002 0.0006 0.00220 0.00228 0.1372 
134 MIX-COMP-THERM-HTC-134 6p4s11 0.9992 0.0007 0.00293 0.00301 0.1353 
135 MIX-COMP-THERM-HTC-135 6p4s12 1.0020 0.0006 0.00376 0.00381 0.1385 
136 MIX-COMP-THERM-HTC-136 6p4s13 0.9971 0.0006 0.00215 0.00223 0.1374 
137 MIX-COMP-THERM-HTC-137 6p4s14 1.0049 0.0007 0.00616 0.00620 0.1532 
138 MIX-COMP-THERM-HTC-138 6p4s15 0.9983 0.0005 0.00406 0.00409 0.1465 
139 MIX-COMP-THERM-HTC-139 6p4s16 0.9969 0.0006 0.00190 0.00199 0.1403 
140 MIX-COMP-THERM-HTC-140 6p4s17 0.9972 0.0007 0.00190 0.00202 0.1389 
141 MIX-COMP-THERM-HTC-141 6p4s18 0.9966 0.0005 0.00190 0.00196 0.1374 
142 MIX-COMP-THERM-HTC-142 6p4s19 0.9962 0.0006 0.00190 0.00199 0.1367 
143 MIX-COMP-THERM-HTC-143 6p4s20 0.9957 0.0007 0.00190 0.00202 0.1356 
144 MIX-COMP-THERM-HTC-144 6p4s21 0.9983 0.0006 0.00237 0.00244 0.1373 
145 MIX-COMP-THERM-HTC-145 6p4s22 1.0011 0.0006 0.00432 0.00436 0.1732 
146 MIX-COMP-THERM-HTC-146 6p4s23 0.9980 0.0006 0.00432 0.00436 0.1663 
147 MIX-COMP-THERM-HTC-147 6p4s24 0.9950 0.0006 0.00470 0.00474 0.1587 
148 MIX-COMP-THERM-HTC-148 6p4s25 0.9946 0.0006 0.0047 0.00474 0.1577 
149 MIX-COMP-THERM-HTC-149 6p4s26 0.9961 0.0006 0.0047 0.00474 0.1563 
150 MIX-COMP-THERM-HTC-150 6p4s27 0.9952 0.0006 0.0047 0.00474 0.1549 
151 MIX-COMP-THERM-HTC-151 6p4s28 0.9953 0.0006 0.0047 0.00474 0.1544 
152 MIX-COMP-THERM-HTC-152 6p4s29 0.9954 0.0007 0.0047 0.00475 0.1457 
153 MIX-COMP-THERM-HTC-153 6p4s30 0.9972 0.0007 0.0009 0.00114 0.1365 
154 MIX-COMP-THERM-HTC-154 6p4s31 0.9972 0.0007 0.0009 0.00114 0.1306 
155 MIX-COMP-THERM-HTC-155 6p4s32 0.9996 0.0006 0.0009 0.00108 0.1267 
156 MIX-COMP-THERM-HTC-156 6p4s33 0.9998 0.0006 0.0009 0.00108 0.1247 
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Table D.3-5 The MCNP5-1.51 Calculational Results and Measurements Uncertainties for Selected 
Critical Experiments 

Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

157 Core I bax01i6 1.0009 0.0006 0.00180 0.00190 0.1717 
158 Core II bax02i6 1.0017 0.0007 0.00321 0.00329 0.2497 
159 Core III bax03i6 1.0019 0.0006 0.00318 0.00324 0.1961 
160 Core IX bax09i6 0.9999 0.0006 0.00180 0.00190 0.1416 
161 Core X bax10i6 0.9999 0.0007 0.00203 0.00215 0.1494 
162 Core XI bax11i6 1.0013 0.0007 0.00241 0.00251 0.1977 
163 Core XII bax12i6 1.0019 0.0006 0.00188 0.00197 0.1675 
164 Core XIII bax13i6 1.0026 0.0006 0.00186 0.00195 0.1946 
165 Core XIV bax14i6 0.9986 0.0006 0.00186 0.00195 0.1979 
166 Core XV bax15i6 0.9946 0.0006 0.00223 0.00231 0.2033 
167 Core XVI bax16i6 0.9945 0.0006 0.00190 0.00199 0.1717 
168 Core XVII bax17i6 0.9990 0.0005 0.00240 0.00245 0.2040 
169 Core XVIII bax18i6 1.0054 0.0007 0.00196 0.00208 0.1665 
170 Core XIX bax19i6 1.0004 0.0007 0.00272 0.00281 0.2036 
171 Core XX bax20i6 1.0009 0.0007 0.00221 0.00232 0.1692 
172 Core XXI bax21i6 1.0025 0.0006 0.00186 0.00195 0.1510 
173 S-type Fuel, w/886 ppm B bs1i6 1.0014 0.0006 0.00300 0.00306 1.3094 
174 S-type Fuel, w/746 ppm B bs2i6 1.0059 0.0007 0.00300 0.00308 1.3912 
175 SO-type Fuel, w/1156 ppm B bso1i6 1.0019 0.0006 0.00300 0.00306 0.4040 
176 Case 1 1337 ppm B b1810i6 1.0083 0.0007 0.00300 0.00308 0.2494 
177 Case 12 1899 ppm B b1812i6 1.0064 0.0006 0.00300 0.00306 0.3594 
178 Water Moderator 0 gap fr-00i6 0.9985 0.0007 0.00144 0.00160 0.2822 
179 Water Moderator 2.5 cm gap fr-25i6 0.9976 0.0008 0.00144 0.00165 0.2277 
180 Water Moderator 5 cm gap fr-5i6 0.9979 0.0007 0.00144 0.00160 0.1959 
181 Water Moderator 10 cm gap fr-10i6 1.0025 0.0008 0.00144 0.00165 0.1757 
182 Steel Reflector, 1.321 cm separation prf21i6 0.9992 0.0007 0.00303 0.00311 0.0996 
183 Steel Reflector, 2.616 cm separation prf22i6 1.0014 0.0006 0.00303 0.00309 0.0975 
184 Steel Reflector, 3.912 cm separation prf23i6 1.0014 0.0006 0.00303 0.00309 0.0968 
185 Steel Reflector, Infinite separation prf24i6 1.0009 0.0005 0.00300 0.00304 0.0964 
186 Steel Reflector, 1.321 cm separation prf41i6 1.0027 0.0008 0.00280 0.00291 0.2944 
187 Steel Reflector, 2.616 cm separation prf42i6 1.0036 0.0007 0.00280 0.00289 0.2817 
188 Steel Reflector, 5.405 cm separation prf43i6 1.0043 0.0007 0.00280 0.00289 0.2724 
189 Steel Reflector, Infinite separation prf44i6 1.0022 0.0008 0.00350 0.00359 0.2731 
190 Steel Reflector, with Boral Sheets prf45i6 0.9987 0.0008 0.00183 0.00200 0.3044 
191 Lead Reflector, 0.55 cm sepn. prf51i6 1.0030 0.0007 0.00280 0.00289 0.2911 
192 Lead Reflector, 1.956 cm sepn. prf52i6 1.0041 0.0008 0.00280 0.00291 0.2786 
193 Lead Reflector, 5.405 cm sepn. prf53i6 1.0003 0.0007 0.00280 0.00289 0.2726 
194 Experiment 004/032 – no absorber pnl21i6 1.0029 0.0007 0.00180 0.00193 0.1138 
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Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

195 Exp. 009 1.05% Boron Steel plates pnl25i6 1.0050 0.0007 0.00210 0.00221 0.1162 
196 Exp. 009 1.62% Boron Steel plates pnl26i6 1.0046 0.0007 0.00210 0.00221 0.1160 
197 Exp. 031 – Boral plates pnl29i6 1.0026 0.0007 0.00210 0.00221 0.1161 
198 Experiment 214R – with flux traps p214ri6 1.0044 0.0007 0.00200 0.00212 0.3569 
199 Experiment 214V3 –with flux trap p214vi6 1.0038 0.0007 0.00200 0.00212 0.3580 
200 Case 173 – 0 ppm B pb173i6 1.0003 0.0006 0.00194 0.00203 0.2814 
201 Case 177 – 2550 ppm B pb177i6 1.0089 0.0007 0.00693 0.00697 0.5337 
202 MOX Fuel – Type 3.2 Exp. 21 pfr21i6 1.0054 0.0008 0.00390 0.00398 0.8757 
203 MOX Fuel – Type 3.2 Exp. 43 pfr43i6 1.0040 0.0008 0.00390 0.00398 0.2887 
204 MOX Fuel – Type 3.2 Exp. 13 pfr13i6 1.0043 0.0007 0.00390 0.00396 0.1646 
205 MOX Fuel – Type 3.2 Exp. 32 pfr32i6 1.0035 0.0007 0.00390 0.00396 0.1130 
206 Saxton Case 52 PuO2 0.52” pitch s52pui6 1.0056 0.0007 0.00170 0.00184 0.8236 
207 Saxton Case 52 U 0.52” pitch s52ui6 1.0039 0.0008 0.00170 0.00188 0.4309 
208 Saxton Case 56 PuO2 0.56” pitch s56pui6 1.0058 0.0008 0.00170 0.00188 0.5040 
209 Saxton Case 56 borated PuO2 s56bpi6 1.0049 0.0007 0.00170 0.00184 0.6105 
210 Saxton Case 56 U 0.56” pitch s56ui6 1.0037 0.0007 0.00170 0.00184 0.2837 
211 Saxton Case 79 PuO2 0.79” pitch s79pui6 1.0044 0.0007 0.00170 0.00184 0.1515 
212 Saxton Case 79 U 0.79” pitch s79ui6 1.0054 0.0007 0.00170 0.00184 0.1034 
213 0.700-in. pitch 0 ppm B exp22i6 1.0019 0.0006 0.00602 0.00605 0.5507 
214 0.700-in. pitch 688 ppm B exp23i6 1.0025 0.0007 0.00467 0.00472 0.7272 
215 0.870-in. pitch 0 ppm B exp24i6 1.0034 0.0007 0.00311 0.00319 0.1904 
216 0.870-in. pitch 1090 ppm B exp25i6 1.0066 0.0007 0.00237 0.00247 0.2806 
217 0.990-in. pitch 0 ppm B exp26i6 1.0041 0.0007 0.00251 0.00261 0.1368 
218 0.990-in. pitch 767 ppm B exp27i6 1.0071 0.0008 0.00267 0.00279 0.1809 
219 Saxton Case PuO2 0.735” pitch exp31i6 1.0021 0.0007 0.00311 0.00319 0.1831 
220 Saxton Case PuO2 1.04” pitch exp33i6 1.0042 0.0007 0.00229 0.00239 0.1003 
221 8 wt% 240Pu 0.80” pitch exp35i6 0.9995 0.0006 0.00510 0.00514 0.3422 
222 8 wt% 240Pu 0.93” pitch exp36i6 1.0019 0.0006 0.00360 0.00365 0.1838 
223 8 wt% 240Pu 1.05” pitch exp37i6 0.9960 0.0006 0.00360 0.00365 0.1359 
224 8 wt% 240Pu 1.143” pitch exp38i6 1.0002 0.0007 0.00440 0.00446 0.1158 
225 8 wt% 240Pu 1.32” pitch exp39i6 0.9987 0.0007 0.00540 0.00545 0.0955 
226 8 wt% 240Pu 1.386” pitch exp40i6 0.9965 0.0006 0.00510 0.00514 0.0904 
227 16 wt% 240Pu 0.93” pitch exp41i6 1.0061 0.0007 0.00350 0.00357 0.1923 
228 16 wt% 240Pu 1.05” pitch exp42i6 0.9996 0.0007 0.00390 0.00396 0.1396 
229 16 wt% 240Pu 1.143” pitch exp43i6 1.0021 0.0005 0.00460 0.00463 0.1187 
230 16 wt% 240Pu 1.32” pitch exp44i6 1.0020 0.0006 0.00570 0.00573 0.0966 
231 24 wt% 240Pu 0.80” pitch exp45i6 1.0016 0.0006 0.00320 0.00326 0.3791 
232 24 wt% 240Pu 0.93” pitch exp46i6 0.9998 0.0007 0.00300 0.00308 0.1960 
233 24 wt% 240Pu 1.05” pitch exp47i6 1.0012 0.0006 0.00380 0.00385 0.1392 
234 24 wt% 240Pu 1.143” pitch exp48i6 1.0020 0.0005 0.00470 0.00473 0.1189 
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235 24 wt% 240Pu 1.32” pitch exp49i6 1.0031 0.0006 0.00560 0.00563 0.0965 
236 24 wt% 240Pu 1.386” pitch exp50i6 1.0019 0.0005 0.00650 0.00652 0.0918 
237 18 wt% 240Pu 0.85” pitch exp51i6 1.0045 0.0007 0.00220 0.00231 0.3759 
238 18 wt% 240Pu 0.93” pitch exp52i6 1.0022 0.0007 0.00260 0.00269 0.2490 
239 18 wt% 240Pu 1.05” pitch exp53i6 1.0075 0.0007 0.00290 0.00298 0.1723 
240 18 wt% 240Pu 1.143” pitch exp54i6 1.0045 0.0006 0.00280 0.00286 0.1441 
241 18 wt% 240Pu 1.386” pitch exp55i6 1.0070 0.0006 0.00360 0.00365 0.1070 
242 18 wt% 240Pu 1.60” pitch exp56i6 1.0072 0.0005 0.00420 0.00423 0.0928 
243 18 wt% 240Pu 1.70” pitch exp57i6 1.0082 0.0005 0.00420 0.00423 0.0884 
244 1 Cluster l0101i6 1.0006 0.0007 0.00300 0.00308 0.0986 
245 3 Clusters, Separation 11.92 cm l0102i6 0.9992 0.0006 0.00300 0.00306 0.0984 
246 3 Clusters, Separation 8.41 cm l0103i6 0.9996 0.0006 0.00300 0.00306 0.0971 
247 3 Clusters, Separation 10.05 cm l0104i6 0.9988 0.0006 0.00300 0.00306 0.0982 
248 3 Clusters, Separation 6.39 cm l0105i6 0.9969 0.0006 0.00300 0.00306 0.0967 
249 3 Clusters, Separation 9.01 cm l0106i6 0.9994 0.0006 0.00300 0.00306 0.0971 
250 3 Clusters, Separation 4.46 l0107i6 0.9987 0.0005 0.00310 0.00314 0.0956 
251 1 Cluster, 10x11.51 l0201i6 0.9984 0.0007 0.00200 0.00212 0.1159 
252 1 Cluster, 9x13.35 l0202i6 1.0001 0.0008 0.00200 0.00215 0.1156 
253 1 Cluster, 8x16.37 l0203i6 0.9993 0.0007 0.00200 0.00212 0.1155 
254 3 Clusters, Separation 7.11 cm l0205i6 0.9969 0.0006 0.00190 0.00199 0.1128 

255 1 Cluster, 614.4 Rods, Gd water 
impurity l0301i6 0.9901 0.0006 0.00390 0.00395 0.1754 

256 1 Cluster, 529.3 Rods l0302i6 0.9904 0.0007 0.00390 0.00396 0.1759 
257 1 Cluster, 523.9 Rods l0303i6 0.9908 0.0007 0.00390 0.00396 0.1759 
258 1 Cluster, 525.3 Rods l0304i6 0.9914 0.0007 0.00390 0.00396 0.1760 
259 1 Cluster, 595.4 Rods l0305i6 0.9896 0.0006 0.00390 0.00395 0.1749 
260 1 Cluster, 485.8 Rods l0306i6 0.9873 0.0007 0.00390 0.00396 0.1530 
261 1 Cluster, 523.8 Rods l0307i6 0.9924 0.0006 0.00390 0.00395 0.1624 
262 1 Cluster, 505.4 Rods l0308i6 0.9940 0.0007 0.00390 0.00396 0.1554 
263 4 Clusters, Separation 2.59 cm l0309i6 0.9858 0.0007 0.00390 0.00396 0.1573 
264 2 Clusters, Separation 1.68 cm l0310i6 0.9859 0.0006 0.00390 0.00395 0.1650 
265 4 Clusters, Separation 4.27 cm l0311i6 0.9870 0.0006 0.00390 0.00395 0.1489 
266 4 Clusters, Separation 5.95 cm l0312i6 0.9856 0.0006 0.00390 0.00395 0.1534 
267 4 Clusters, Separation 5.11 cm l0313i6 0.9897 0.0006 0.00390 0.00395 0.1518 
268 4 Clusters, Separation 6.66 cm l0314i6 0.9886 0.0006 0.00390 0.00395 0.1528 
269 4 Clusters, Separation 7.53 cm l0315i6 0.9872 0.0005 0.00390 0.00393 0.1529 
270 4 Clusters, Separation 9.00 cm l0316i6 0.9879 0.0006 0.00390 0.00395 0.1560 
271 4 Clusters, Separation 9.97 cm l0317i6 0.9871 0.0007 0.00390 0.00396 0.1563 
272 4 Clusters, Separation 11.45 cm l0318i6 0.9871 0.0007 0.00390 0.00396 0.1586 
273 4 Clusters, Separation 13.87 cm l0319i6 0.9886 0.0006 0.00390 0.00395 0.1604 
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274 3 Clusters, Separation 9.88 cm l0320i6 0.9893 0.0007 0.00390 0.00396 0.1703 
275 3 Clusters, Separation 6.78 cm l0321i6 0.9868 0.0007 0.00390 0.00396 0.1653 
276 3 Clusters, Separation 6.176 cm l0323i6 0.9986 0.0006 0.00390 0.00395 0.1607 

277 1 Cluster, 225.8 Rods, Gd water 
impurity l0401i6 0.9946 0.0007 0.00330 0.00337 0.2942 

278 1 Cluster, 216.2 Rods l0402i6 0.9950 0.0007 0.00330 0.00337 0.2945 
279 1 Cluster, 216.6 Rods l0403i6 0.9958 0.0008 0.00330 0.00340 0.2931 
280 1 Cluster, 218.6 Rods l0404i6 0.9948 0.0008 0.00330 0.00340 0.2950 
281 1 Cluster, 167.85 Rods l0405i6 0.9930 0.0008 0.00330 0.00340 0.2026 
282 1 Cluster, 203 Rods l0406i6 0.9940 0.0008 0.00330 0.00340 0.2379 
283 1 Cluster, 173.5 Rods l0407i6 0.9926 0.0008 0.00330 0.00340 0.2058 
284 2 Clusters, Separation 2.83 cm l0408i6 0.9936 0.0006 0.00350 0.00355 0.2441 
285 3 Clusters, Separation 12.27 cm l0409i6 0.9940 0.0008 0.00350 0.00359 0.2795 
286 3 Clusters, Separation 12.493 cm l0411i6 0.9893 0.0007 0.00350 0.00357 0.2143 
287 4 Clusters, Separation 4.72 cm l0412i6 0.9845 0.0007 0.00350 0.00357 0.2284 
288 4 Clusters, Separation 8.38 cm l0413i6 0.9897 0.0007 0.00350 0.00357 0.2380 
289 4 Clusters, Separation 10.86 cm l0414i6 0.9885 0.0007 0.00350 0.00357 0.2378 
290 4 Clusters, Separation 11.29 cm l0415i6 0.9919 0.0007 0.00350 0.00357 0.2369 
291 4 Clusters, Separation 12.02 cm l0416i6 0.9905 0.0007 0.00350 0.00357 0.2387 
292 4 Clusters, Separation 13.64 cm l0417i6 0.9906 0.0007 0.00350 0.00357 0.2415 
293 4 Clusters, Separation 14.98 cm l0418i6 0.9906 0.0007 0.00350 0.00357 0.2430 
294 4 Clusters, Separation 19.81 cm l0419i6 0.9911 0.0007 0.00350 0.00357 0.2463 
295 4 Clusters, Separation 8.50 cm l0420i6 0.9865 0.0007 0.00350 0.00357 0.2255 
296 19x19, Rod Pitch - 1.849 cm l0601i6 0.9995 0.0006 0.00080 0.00100 0.2412 
297 20x20, Rod Pitch - 1.849 cm l0602i6 0.9998 0.0008 0.00080 0.00113 0.2487 
298 21x21, Rod Pitch - 1.849 cm l0603i6 1.0003 0.0006 0.00080 0.00100 0.2564 
299 17x17, Rod Pitch - 1.956 cm l0604i6 1.0007 0.0007 0.00080 0.00106 0.1860 
300 18x18, Rod Pitch - 1.956 cm l0605i6 0.9999 0.0008 0.00080 0.00113 0.1922 
301 19x19, Rod Pitch - 1.956 cm l0606i6 1.0004 0.0007 0.00080 0.00106 0.1967 
302 20x20, Rod Pitch - 1.956 cm l0607i6 0.9998 0.0007 0.00080 0.00106 0.2022 
303 21x21, Rod Pitch - 1.956 cm l0608i6 1.0010 0.0006 0.00080 0.00100 0.2072 
304 16x16, Rod Pitch - 2.15 cm l0609i6 0.9999 0.0007 0.00080 0.00106 0.1393 
305 17x17, Rod Pitch - 2.15 cm l0610i6 0.9991 0.0005 0.00080 0.00094 0.1433 
306 18x18, Rod Pitch - 2.15 cm l0611i6 0.9997 0.0006 0.00080 0.00100 0.1461 
307 19x19, Rod Pitch - 2.15 cm l0612i6 1.0005 0.0007 0.00080 0.00106 0.1492 
308 20x20, Rod Pitch - 2.15 cm l0613i6 1.0002 0.0007 0.00080 0.00106 0.1533 
309 15x15, Rod Pitch - 2.293 cm l0614i6 1.0009 0.0007 0.00080 0.00106 0.1176 
310 16x16, Rod Pitch - 2.293 cm l0615i6 1.0005 0.0007 0.00080 0.00106 0.1203 
311 17x17, Rod Pitch - 2.293 cm l0616i6 0.9991 0.0007 0.00080 0.00106 0.1232 
312 18x18, Rod Pitch - 2.293 cm l0617i6 0.9989 0.0007 0.00080 0.00106 0.1259 
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313 19x19, Rod Pitch - 2.293 cm l0618i6 0.9994 0.0007 0.00080 0.00106 0.1287 
314 Core XI, 1511 ppm l0801i6 0.9992 0.0007 0.00060 0.00092 0.2864 
315 Core XI, 1335.5 ppm l0802i6 0.9997 0.0006 0.00060 0.00085 0.2503 
316 Core XI, 1335.5 ppm l0803i6 1.0007 0.0006 0.00060 0.00085 0.2514 
317 Core XI, 1182 ppm, 36 Pyrex Rods l0804i6 0.9985 0.0006 0.00060 0.00085 0.2523 
318 Core XI, 1182 ppm, 36 Pyrex Rods l0805i6 0.9991 0.0006 0.00060 0.00085 0.2526 
319 Core XI, 1032.5 ppm, 72 Pyrex Rods l0806i6 1.0002 0.0006 0.00060 0.00085 0.2503 
320 Core XI, 1032.5 ppm, 72 Pyrex Rods l0807i6 0.9993 0.0006 0.00060 0.00085 0.2518 
321 Core XI, 794 ppm, 144 Pyrex Rods l0808i6 0.9986 0.0006 0.00060 0.00085 0.2483 
322 Core XI, 779 ppm, 144 Pyrex Rods l0809i6 0.9974 0.0006 0.00060 0.00085 0.2483 
323 Core XI, 1245 ppm, 72 Vicor Rods l0810i6 0.9968 0.0006 0.00060 0.00085 0.2567 
324 Core XI, 1384 ppm, 144 Al2O3 Rods l0811i6 0.9990 0.0006 0.00060 0.00085 0.2611 
325 Core XI, 1348 ppm, 36 Al2O3 Rods l0812i6 0.9995 0.0006 0.00060 0.00085 0.2539 
326 Core XI, 1348 ppm, 36 Al2O3 Rods l0813i6 0.9991 0.0007 0.00060 0.00092 0.2546 
327 Core XI, 1363 ppm, 72 Al2O3 Rods l0814i6 0.9995 0.0006 0.00060 0.00085 0.2552 
328 Core XI, 1362 ppm, 72 Al2O3 Rods l0815i6 0.9985 0.0007 0.00060 0.00092 0.2564 
329 Core XI, 1158 ppm l0816i6 0.9995 0.0005 0.00060 0.00078 0.2330 
330 Core XI, 921 ppm l0817i6 0.9977 0.0006 0.00060 0.00085 0.2034 
331 0% Boron Steel plates, dist. 0.245 cm l0901i6 1.0002 0.0007 0.00210 0.00221 0.1155 
332 0% Boron Steel plates, dist. 3.277 cm l0902i6 1.0001 0.0007 0.00210 0.00221 0.1149 
333 0% Boron Steel plates, dist. 0.428 cm l0903i6 0.9976 0.0007 0.00210 0.00221 0.1155 
334 0% Boron Steel plates, dist. 3.277 cm l0904i6 0.9998 0.0007 0.00210 0.00221 0.1146 

335 1.05% Boron Steel plates, dist. 3.277 
cm l0906i6 0.9991 0.0007 0.00210 0.00221 0.1158 

336 1.62% Boron Steel plates, dist. 3.277 
cm l0908i6 1.0014 0.0006 0.00210 0.00218 0.1152 

337 Al plates, dist. 0.105 cm l0924i6 0.9994 0.0007 0.00210 0.00221 0.1148 
338 Al plates, dist. 3.277 cm l0925i6 1.0008 0.0007 0.00210 0.00221 0.1140 
339 Zircaloy-4 plates, dist. 0.078 cm l0926i6 0.9995 0.0007 0.00210 0.00221 0.1148 
340 Zircaloy-4 plates, dist. 3.277 cm l0927i6 0.9990 0.0007 0.00210 0.00221 0.1147 
341 Lead Reflector, 0 cm separation l1001i6 1.0051 0.0006 0.00210 0.00218 0.1207 
342 Lead Reflector, 0.660 cm separation l1002i6 1.0069 0.0007 0.00210 0.00221 0.1182 
343 Lead Reflector, 1.321 cm separation l1003i6 1.0036 0.0007 0.00210 0.00221 0.1159 
344 Lead Reflector, 5.405 cm separation l1004i6 0.9968 0.0007 0.00210 0.00221 0.1130 
345 Steel Reflector, 0 cm separation l1009i6 0.9994 0.0006 0.00210 0.00218 0.1255 
346 Steel Reflector, 0.660 cm separation l1010i6 1.0014 0.0008 0.00210 0.00225 0.1211 
347 Steel Reflector, 1.321 cm separation l1011i6 1.0004 0.0007 0.00210 0.00221 0.1181 
348 Steel Reflector, 2.616 cm separation l1012i6 1.0008 0.0007 0.00210 0.00221 0.1151 
349 Steel Reflector, 5.405 cm separation l1013i6 0.9995 0.0007 0.00210 0.00221 0.1129 
350 Steel Reflector, 0 cm separation l1014i6 1.0011 0.0007 0.00280 0.00289 0.3134 
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351 Steel Reflector, 0.660 cm separation l1015i6 1.0019 0.0007 0.00280 0.00289 0.3005 
352 Steel Reflector, 1.956 cm separation l1017i6 1.0029 0.0007 0.00280 0.00289 0.2842 
353 Lead Reflector, 0 cm separation l1020i6 1.0042 0.0006 0.00280 0.00286 0.2991 
354 Core IIIA l1103i6 1.0017 0.0006 0.00318 0.00324 0.1959 
355 Core IIIC l1105i6 1.0017 0.0006 0.00318 0.00324 0.1968 
356 Core IIID l1106i6 0.9999 0.0007 0.00318 0.00326 0.1996 
357 Core IIIE l1107i6 1.0017 0.0006 0.00318 0.00324 0.2003 
358 Core IIIF l1108i6 1.0018 0.0007 0.00318 0.00326 0.2010 
359 Core IIIG l1109i6 1.0011 0.0006 0.00318 0.00324 0.2029 
360 Core IV l1110i6 0.9978 0.0008 0.00167 0.00185 0.1901 
361 Core V l1111i6 0.9978 0.0006 0.00167 0.00177 0.1667 
362 Core VI l1112i6 0.9974 0.0007 0.00167 0.00181 0.1708 
363 Core VII l1113i6 0.9952 0.0006 0.00167 0.00177 0.1507 
364 Core VIII l1114i6 0.9969 0.0005 0.00167 0.00174 0.1533 

365 0% Boron Steel plate, Gd water 
impurity l1201i6 0.9890 0.0007 0.00340 0.00347 0.1715 

366 1.1% Boron Steel plate l1202i6 0.9898 0.0006 0.00340 0.00345 0.1781 
367 1.6% Boron Steel plate l1203i6 0.9893 0.0006 0.00340 0.00345 0.1796 
368 Boral B plate l1204i6 0.9896 0.0006 0.00340 0.00345 0.1866 
369 Boral C plate l1205i6 0.9887 0.0007 0.00340 0.00347 0.1862 
370 Boroflex, 1.84 cm separation l1206i6 0.9911 0.0007 0.00340 0.00347 0.1846 
371 Boroflex, 1.73 cm separation l1207i6 0.9915 0.0006 0.00340 0.00345 0.1878 
372 Steel Reflector, 0% Boron Steel plate l1301i6 1.0013 0.0007 0.00183 0.00196 0.2895 

373 Steel Reflector, 1.1% Boron Steel 
plate l1302i6 1.0036 0.0007 0.00183 0.00196 0.2974 

374 Steel Reflector, Boroflex, 8.37 cm 
separation l1304i6 1.0022 0.0007 0.00183 0.00196 0.2981 

375 Borated Water, 490 ppm l1402i6 0.9915 0.0008 0.00773 0.00777 0.3355 
376 Unborated Water l1406i6 1.0102 0.0007 0.00334 0.00341 0.4984 
377 Borated Water, 1030 ppm l1407i6 1.0074 0.0008 0.00505 0.00511 0.7440 
378 0% Boron Steel plates, dist. 0.645 cm l1601i6 0.9979 0.0005 0.00310 0.00314 0.0980 
379 0% Boron Steel plates, dist. 2.732 cm l1602i6 0.9982 0.0006 0.00310 0.00316 0.0978 
380 0% Boron Steel plates, dist. 4.042 cm l1603i6 0.9990 0.0006 0.00310 0.00316 0.0978 
381 0% Boron Steel plates, dist. 0.645 cm l1604i6 0.9982 0.0006 0.00310 0.00316 0.0981 
382 0% Boron Steel plates, dist. 4.042 cm l1605i6 0.9981 0.0006 0.00310 0.00316 0.0974 
383 0% Boron Steel plates, dist. 0.645 cm l1606i6 0.9983 0.0007 0.00310 0.00318 0.0985 
384 0% Boron Steel plates, dist. 4.042 cm l1607i6 0.9975 0.0006 0.00310 0.00316 0.0982 

385 1.05% Boron Steel plates, dist. 0.645 
cm l1608i6 0.9988 0.0006 0.00310 0.00316 0.0990 

386 1.05% Boron Steel plates, dist. 4.042 
cm l1609i6 0.9996 0.0005 0.00310 0.00314 0.0984 
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387 1.62% Boron Steel plates, dist. 0.645 
cm l1610i6 0.9987 0.0006 0.00310 0.00316 0.0996 

388 1.62% Boron Steel plates, dist. 4.042 
cm l1611i6 0.9997 0.0006 0.00310 0.00316 0.0986 

389 Boral plates, dist. 0.645 cm l1612i6 0.9987 0.0007 0.00310 0.00318 0.0996 
390 Boral plates, dist. 4.442 cm l1613i6 0.9980 0.0006 0.00310 0.00316 0.0987 
391 Boral plates, dist. 0.645 cm l1614i6 0.9989 0.0007 0.00310 0.00318 0.0999 
392 Al plates, dist. 0.645 cm l1628i6 0.9999 0.0006 0.00310 0.00316 0.0972 
393 Al plates, dist. 4.042 cm l1629i6 0.9989 0.0006 0.00310 0.00316 0.0971 
394 Al plates, dist. 4.442 cm l1630i6 0.9976 0.0006 0.00310 0.00316 0.0973 
395 Zircaloy-4 plates, dist. 0.645 cm l1631i6 0.9991 0.0006 0.00310 0.00316 0.0973 
396 Zircaloy-4 plates, dist. 4.042 cm l1632i6 0.9988 0.0006 0.00310 0.00316 0.0970 
397 Hex, 621 Rods, Temperature 20.1C l2601i6 1.0030 0.0008 0.00340 0.00349 0.2399 
398 Hex, 889 Rods, Temperature 231.4C l2602i6 1.0092 0.0007 0.00340 0.00347 0.3985 
399 Hex, 1951 Rods, Temperature 19.3C l2603i6 1.0065 0.0007 0.00620 0.00624 0.9748 
400 Hex, 2791 Rods, Temperature 206.0C l2604i6 1.0100 0.0007 0.00620 0.00624 1.5251 

401 Hex, 325/680 Rods, Temperature 
20.8C l2605i6 1.0046 0.0007 0.00410 0.00416 0.3786 

402 Hex, 325/912 Rods, Temperature 
212.1C l2606i6 1.0091 0.0007 0.00410 0.00416 0.5451 

403 Core XIA l5102i6 0.9998 0.0006 0.00241 0.00248 0.1996 
404 Core XIC l5104i6 1.0013 0.0006 0.00241 0.00248 0.2006 
405 Core XID l5105i6 1.0007 0.0006 0.00241 0.00248 0.2013 
406 Core XIE l5106i6 1.0013 0.0006 0.00241 0.00248 0.2029 
407 Core XIF l5107i6 0.9993 0.0007 0.00241 0.00251 0.2031 
408 Core XIG l5108i6 1.0011 0.0007 0.00241 0.00251 0.2031 
409 Core XIIIA l5111i6 0.9960 0.0007 0.00186 0.00199 0.1977 
410 No Boron Steel plates l6201i6 1.0041 0.0007 0.00150 0.00166 0.1879 
411 0% Boron Steel plates, 3 mm, dist. 0 l6202i6 1.0048 0.0006 0.00150 0.00162 0.1915 
412 0% Boron Steel plates, 6 mm, dist. 0 l6203i6 1.0035 0.0007 0.00150 0.00166 0.1931 
413 0% Boron Steel plates, 6 mm, dist. 0.5 l6204i6 1.0045 0.0006 0.00150 0.00162 0.1908 
414 0% Boron Steel plates, 6 mm, dist. 1 l6205i6 1.0033 0.0008 0.00150 0.00170 0.1916 

415 0.67% Boron Steel plates, 3 mm, dist. 
0 l6206i6 1.0036 0.0007 0.00160 0.00175 0.1944 

416 0.67% Boron Steel plates, 6 mm, dist. 
0 l6207i6 1.0026 0.0006 0.00160 0.00171 0.1957 

417 0.67% Boron Steel plates, 3 mm, dist. 
0.5 l6208i6 1.0045 0.0007 0.00160 0.00175 0.1926 

418 0.67% Boron Steel plates, 6 mm, dist. 
0.5 l6209i6 1.0038 0.0007 0.00160 0.00175 0.1930 

419 0.67% Boron Steel plates, 3 mm, dist. 
1 l6210i6 1.0057 0.0006 0.00160 0.00171 0.1906 

420 0.67% Boron Steel plates, 6 mm, dist. l6211i6 1.0049 0.0006 0.00160 0.00171 0.1913 
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Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

1 

421 0.98% Boron Steel plates, 3 mm, dist. 
0 l6212i6 1.0042 0.0007 0.00160 0.00175 0.1948 

422 0.98% Boron Steel plates, 6 mm, dist. 
0 l6213i6 1.0036 0.0007 0.00160 0.00175 0.1949 

423 0.98% Boron Steel plates, 6 mm, dist. 
0.5 l6214i6 1.0037 0.0007 0.00160 0.00175 0.1935 

424 0.98% Boron Steel plates, 6 mm, dist. 
1 l6215i6 1.0037 0.0006 0.00160 0.00171 0.1921 

425 No Boron Steel plates l6501i6 1.0027 0.0007 0.00140 0.00157 0.1929 
426 0% Boron Steel plates, dist. 0 l6502i6 1.0051 0.0007 0.00140 0.00157 0.1991 
427 0.67% Boron Steel plates, dist. 0 l6503i6 1.0010 0.0006 0.00140 0.00152 0.2024 
428 0.98% Boron Steel plates, dist. 0 l6504i6 1.0021 0.0007 0.00140 0.00157 0.2020 
429 No Boron Steel plates l6505i6 1.0028 0.0007 0.00140 0.00157 0.1924 
430 0% Boron Steel plates, dist. 0 l6506i6 1.0038 0.0007 0.00140 0.00157 0.1945 
431 0% Boron Steel plates, dist. 0.5 l6507i6 1.0026 0.0007 0.00140 0.00157 0.1944 
432 0% Boron Steel plates, dist. 0 l6508i6 1.0035 0.0007 0.00150 0.00166 0.1964 
433 0% Boron Steel plates, dist. 0.5 l6509i6 1.0022 0.0007 0.00140 0.00157 0.1960 
434 0.67% Boron Steel plates, dist. 0 l6510i6 1.0031 0.0006 0.00150 0.00162 0.1982 
435 0.67% Boron Steel plates, dist. 0.5 l6511i6 1.0032 0.0007 0.00150 0.00166 0.1970 
436 0.67% Boron Steel plates, dist. 0 l6512i6 1.0037 0.0007 0.00160 0.00175 0.1986 
437 0.67% Boron Steel plates, dist. 0.5 l6513i6 1.0010 0.0006 0.00160 0.00171 0.1990 
438 0.98% Boron Steel plates, dist. 0 l6514i6 1.0047 0.0006 0.00160 0.00171 0.1988 
439 0.98% Boron Steel plates, dist. 0.5 l6515i6 1.0027 0.0008 0.00150 0.00170 0.1966 
440 0.98% Boron Steel plates, dist. 0 l6516i6 1.0038 0.0007 0.00160 0.00175 0.1984 
441 0.98% Boron Steel plates, dist. 0.5 l6517i6 1.0029 0.0007 0.00160 0.00175 0.1974 
442 Otto Hahn, ZrB2 and B4C rods l8101i6 0.9990 0.0008 0.00510 0.00516 0.3137 
443 IPEN/MB-01 (580 pins) l8201i6 1.0029 0.0008 0.00100 0.00128 0.1509 
444 IPEN/MB-01 (560 pins) l8202i6 1.0009 0.0007 0.00100 0.00122 0.1519 
445 670 pins, Al2O3-B4C rods l8203i6 1.0030 0.0006 0.00100 0.00117 0.1533 
446 672 pins, Al2O3-B4C rods l8204i6 1.0045 0.0006 0.00100 0.00117 0.1542 
447 668 pins, Al2O3-B4C rods l8205i6 1.0024 0.0007 0.00100 0.00122 0.1538 
448 668 pins, Al2O3-B4C rods l8206i6 1.0026 0.0006 0.00100 0.00117 0.1544 
449 664 pins, 16 steel rods l9001i6 1.0010 0.0007 0.00100 0.00122 0.1491 
450 662 pins, 18 steel rods l9002i6 0.9998 0.0007 0.00100 0.00122 0.1495 
451 658 pins, 14 steel rods l9003i6 1.0003 0.0006 0.00100 0.00117 0.1500 
452 660 pins, 12 steel rods l9004i6 1.0018 0.0006 0.00100 0.00117 0.1516 
453 660 pins, 12 steel rods l9005i6 0.9995 0.0007 0.00100 0.00122 0.1516 
454 661 pins, 17 steel rods l9006i6 1.0018 0.0007 0.00100 0.00122 0.1499 
455 662 pins, 16 steel rods l9007i6 1.0017 0.0007 0.00100 0.00122 0.1503 
456 634 pins, 12 steel rods l9008i6 0.9997 0.0006 0.00100 0.00117 0.1518 
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Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

457 620 pins, 26 steel rods l9009i6 0.9996 0.0008 0.00100 0.00128 0.1527 
458 668 pins, 0 steel rods, 4 Gd2O3 rods l9101i6 1.0013 0.0007 0.00100 0.00122 0.1529 
459 648 pins, 0 steel rods, 8 Gd2O3 rods l9102i6 1.0011 0.0007 0.00100 0.00122 0.1556 
460 672 pins, 0 steel rods, 4 Gd2O3 rods l9103i6 1.0022 0.0007 0.00100 0.00122 0.1540 
461 646 pins, 4 steel rods, 4 Gd2O3 rods l9104i6 1.0018 0.0007 0.00100 0.00122 0.1544 
462 656 pins, 4 steel rods, 4 Gd2O3 rods l9105i6 1.0033 0.0007 0.00100 0.00122 0.1536 
463 664 pins, 4 steel rods, 2 Gd2O3 rods l9106i6 1.0012 0.0006 0.00100 0.00117 0.1351 
464 670 pins, 2 steel rods, 2 Gd2O3 rods l9107i6 0.9980 0.0007 0.00100 0.00122 0.1357 
465 664 pins, 2 steel rods, 2 Gd2O3 rods l9108i6 0.9987 0.0007 0.00100 0.00122 0.1344 
466 656 pins, 0 steel rods, 2 Gd2O3 rods l9109i6 0.9992 0.0006 0.00100 0.00117 0.1342 
467 23x23, 1.825 cm pitch m0401i6 0.9962 0.0007 0.00460 0.00465 0.1432 
468 23x23, 1.825 cm pitch m0402i6 0.9991 0.0007 0.00460 0.00465 0.1422 
469 23x23, 1.825 cm pitch m0403i6 1.0039 0.0007 0.00460 0.00465 0.1421 
470 21x21, 1.956 cm pitch m0404i6 0.9979 0.0006 0.00390 0.00395 0.1177 
471 21x21, 1.956 cm pitch m0405i6 1.0000 0.0007 0.00390 0.00396 0.1178 
472 21x21, 1.956 cm pitch m0406i6 1.0067 0.0006 0.00390 0.00395 0.1163 
473 20x20, 2.225 cm pitch m0407i6 0.9977 0.0006 0.00400 0.00404 0.0925 
474 20x20, 2.225 cm pitch m0408i6 1.0029 0.0006 0.00400 0.00404 0.0920 
475 20x20, 2.225 cm pitch m0409i6 1.0047 0.0007 0.00400 0.00406 0.0915 
476 21x21, 2.474 cm pitch m0410i6 0.9977 0.0007 0.00510 0.00515 0.0797 
477 21x21, 2.474 cm pitch m0411i6 1.0021 0.0006 0.00510 0.00514 0.0794 
478 8 wt% 240Pu 1.05” pitch, Al Rods m0607i6 0.9957 0.0008 0.00450 0.00457 0.1390 
479 8 wt% 240Pu 1.05” pitch, B4 Rods m0613i6 0.9934 0.0007 0.00440 0.00446 0.1402 
480 8 wt% 240Pu 1.05” pitch, B3 Rods m0614i6 0.9930 0.0006 0.00440 0.00444 0.1399 
481 8 wt% 240Pu 1.05” pitch, B2 Rods m0615i6 0.9920 0.0007 0.00440 0.00446 0.1400 
482 8 wt% 240Pu 1.05” pitch, B1 Rods m0616i6 0.9917 0.0005 0.00450 0.00453 0.1410 

483 8 wt% 240Pu 1.05” pitch, Al+Cd 
Rods m0617i6 0.9917 0.0007 0.00460 0.00465 0.1414 

484 8 wt% 240Pu 1.05” pitch, B4+Cd 
Rods m0623i6 0.9911 0.0007 0.00450 0.00455 0.1412 

485 8 wt% 240Pu 1.05” pitch, B3+Cd 
Rods m0624i6 0.9912 0.0006 0.00450 0.00454 0.1414 

486 8 wt% 240Pu 1.05” pitch, B2+Cd 
Rods m0625i6 0.9916 0.0006 0.00450 0.00454 0.1414 

487 8 wt% 240Pu 1.05” pitch, B1+Cd 
Rods m0626i6 0.9907 0.0007 0.00450 0.00455 0.1416 

488 8 wt% 240Pu 1.05” pitch, Air+Cd 
Rods m0627i6 0.9902 0.0006 0.00450 0.00454 0.1409 

489 8 wt% 240Pu 1.05” pitch, H2O+Cd 
Rods m0628i6 0.9912 0.0006 0.00460 0.00464 0.1412 

490 8 wt% 240Pu 1.32” pitch, Al Rods m0629i6 0.9988 0.0006 0.00870 0.00872 0.0972 
491 8 wt% 240Pu 1.32” pitch, B4 Rods m0635i6 0.9974 0.0005 0.00870 0.00871 0.0975 
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Case Evaluation Identification File-
name keff-i 

± σcalc-

i 
± σexp ± σi 

EALF 
(eV) 

492 8 wt% 240Pu 1.32” pitch, B3 Rods m0636i6 0.9949 0.0006 0.00870 0.00872 0.0982 
493 8 wt% 240Pu 1.32” pitch, B2 Rods m0637i6 0.9961 0.0006 0.00870 0.00872 0.0974 
494 8 wt% 240Pu 1.32” pitch, B1 Rods m0638i6 0.9941 0.0006 0.00870 0.00872 0.0981 

495 8 wt% 240Pu 1.32” pitch, Al+Cd 
Rods m0639i6 0.9933 0.0007 0.00880 0.00883 0.0980 

496 8 wt% 240Pu 1.32” pitch, B4+Cd 
Rods m0645i6 0.9927 0.0006 0.00870 0.00872 0.0980 

497 8 wt% 240Pu 1.32” pitch, B3+Cd 
Rods m0646i6 0.9931 0.0006 0.00870 0.00872 0.0981 

498 8 wt% 240Pu 1.32” pitch, B2+Cd 
Rods m0647i6 0.9930 0.0006 0.00870 0.00872 0.0983 

499 8 wt% 240Pu 1.32” pitch, B1+Cd 
Rods m0648i6 0.9915 0.0007 0.00870 0.00873 0.0986 

500 8 wt% 240Pu 1.32” pitch, Air+Cd 
Rods m0649i6 0.9926 0.0006 0.00870 0.00872 0.0986 

501 8 wt% 240Pu 1.32” pitch, H2O+Cd 
Rods m0650i6 0.9916 0.0006 0.00870 0.00872 0.0986 

502 16 wt% 240Pu 1.386” pitch m0705i6 0.9996 0.0006 0.00610 0.00613 0.0921 
503 16 wt% 240Pu 1.05” pitch, Al Rods m0706i6 0.9985 0.0006 0.00450 0.00454 0.1390 
504 16 wt% 240Pu 1.05” pitch, B4 Rods m0712i6 0.9982 0.0007 0.00440 0.00446 0.1382 
505 16 wt% 240Pu 1.05” pitch, B3 Rods m0713i6 0.9978 0.0006 0.00440 0.00444 0.1391 
506 16 wt% 240Pu 1.05” pitch, B2 Rods m0714i6 0.9966 0.0006 0.00440 0.00444 0.1399 
507 16 wt% 240Pu 1.05” pitch, B1 Rods m0715i6 0.9952 0.0006 0.00440 0.00444 0.1403 

508 16 wt% 240Pu 1.05” pitch, Al+Cd 
Rods m0716i6 0.9957 0.0006 0.00440 0.00444 0.1401 

509 16 wt% 240Pu 1.05” pitch, B4+Cd 
Rods m0722i6 0.9958 0.0007 0.00440 0.00446 0.1405 

510 16 wt% 240Pu 1.05” pitch, B3+Cd 
Rods m0723i6 0.9955 0.0007 0.00440 0.00446 0.1403 

511 16 wt% 240Pu 1.05” pitch, B2+Cd 
Rods m0724i6 0.9947 0.0006 0.00440 0.00444 0.1407 

512 16 wt% 240Pu 1.05” pitch, B1+Cd 
Rods m0725i6 0.9937 0.0006 0.00440 0.00444 0.1407 

513 16 wt% 240Pu 1.05” pitch, Air+Cd 
Rods m0726i6 0.9945 0.0006 0.00440 0.00444 0.1400 

514 16 wt% 240Pu 1.05” pitch, H2O+Cd 
Rods m0727i6 0.9951 0.0008 0.00440 0.00447 0.1401 

515 24 wt% 240Pu 1.05” pitch, Al Rods m0807i6 0.9969 0.0007 0.00390 0.00396 0.1401 
516 24 wt% 240Pu 1.05” pitch, B4 Rods m0813i6 0.9971 0.0006 0.00390 0.00395 0.1400 
517 24 wt% 240Pu 1.05” pitch, B3 Rods m0814i6 0.9964 0.0005 0.00390 0.00393 0.1402 
518 24 wt% 240Pu 1.05” pitch, B2 Rods m0815i6 0.9979 0.0006 0.00390 0.00395 0.1411 
519 24 wt% 240Pu 1.05” pitch, B1 Rods m0816i6 0.9961 0.0006 0.00390 0.00395 0.1410 

520 24 wt% 240Pu 1.05” pitch, Al+Cd 
Rods m0817i6 0.9956 0.0007 0.00410 0.00416 0.1416 

521 24 wt% 240Pu 1.05” pitch, B4+Cd m0823i6 0.9951 0.0006 0.00410 0.00414 0.1416 
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EALF 
(eV) 

Rods 

522 24 wt% 240Pu 1.05” pitch, B3+Cd 
Rods m0824i6 0.9953 0.0005 0.00410 0.00413 0.1412 

523 24 wt% 240Pu 1.05” pitch, B2+Cd 
Rods m0825i6 0.9966 0.0006 0.00410 0.00414 0.1413 

524 24 wt% 240Pu 1.05” pitch, B1+Cd 
Rods m0826i6 0.9947 0.0006 0.00410 0.00414 0.1413 

525 24 wt% 240Pu 1.05” pitch, Air+Cd 
Rods m0827i6 0.9965 0.0006 0.00400 0.00404 0.1418 

526 24 wt% 240Pu 1.05” pitch, H2O+Cd 
Rods m0828i6 0.9970 0.0006 0.00400 0.00404 0.1413 

527 8 wt% 240Pu 0.55” pitch m0901i6 1.0021 0.0006 0.00540 0.00543 0.5232 
528 8 wt% 240Pu 0.60” pitch m0902i6 0.9986 0.0007 0.00490 0.00495 0.2958 
529 8 wt% 240Pu 0.71” pitch m0903i6 0.9987 0.0007 0.00500 0.00505 0.1552 
530 8 wt% 240Pu 0.80” pitch m0904i6 0.9975 0.0006 0.00620 0.00623 0.1167 
531 8 wt% 240Pu 0.90” pitch m0905i6 0.9986 0.0005 0.00740 0.00742 0.0964 
532 8 wt% 240Pu 0.93” pitch m0906i6 1.0015 0.0005 0.00800 0.00802 0.0920 
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Table D.3-6 Descriptive Statistics of the MCNP5-1.51 Calculational Results 

Experiment Description No. of 
exp. keff range EALF (eV) range 

HTC Experiments 156 0.9926 ~ 1.0057 0.0678 ~ 0.3018 
Selected Experiments 376 0.9845 ~ 1.0102 0.0794 ~ 1.5251 
All experiments 532 0.9845 ~ 1.0102 0.0678 ~ 1.5251 

 
 
 

Table D.3-7 Normality Test Results for the MCNP5-1.51 calculations 
Experiment 
Description 

No. of 
exp. 

Shapiro-Wilk Pearson’s chi-square (χ2) 
Wtest W χ2 n Pd(χ2;d) Normal 

HTC Experiments 156 N/A N/A 10.97 10 14.2% Yes 
Selected Experiments 376 N/A N/A 76.56 32 0.0% No 

All experiments 532 N/A N/A 110.77 32 0.0% No 
 
 
 
 

Table D.3-8 Trending Analysis Results for the MCNP5-1.51 calculations 

Experiment 
Description 

No. of 
exp. 

Correlated 
Parameter, x 

Correlation 
Coefficient, 

r2 

Probability, 
Pd(N;r) Correlation 

Regression 
Equation, 

k(x) 

All 
experiments 532 

EALF 0.0287 10.33% No - 
Pitch 0.0015 70.40% No - 

Rod OD 0.0022 64.24% No - 
Fuel Density 0.0296 9.84% No - 
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Table D.3-9 Analysis of Neutron Absorbers and Reflector Materials for the MCNP5-1.51 calculations 

Experiment 
Description 

No. 
of 

exp. 
Bias Bias 

Uncertainty 

Normality 
χ2 

(Pd(χ2;d)) 
Linear Correlation 

Residuals 
Normality, 
(Pd(χ2;d)) 

All 
experiments 532 0.0000 0.0075 

(0.0110) 
110.77 
(0.0%) None - 

All except 
those with 

Gadolinium, 
Cadmium and 

Lead 

365 0.0004 0.0063 37.09 
(16%) 

EALF 
k(x) = 0.9994 + (5.192E-03)*x 

10% 
(Significant) 
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Table D.3-10 Bias and Bias Uncertainty as a Function of Independent 
Parameter 

Experiment 
Description 

Independent 
Parameter, x 

Calculated 
keff 

Bias Bias 
Uncertainty 

All except 
those with 

Gadolinium, 
Cadmium and 

Lead 

EALF 
0.0678 0.9997 -0.0003 0.0060 
0.1407 1.0001 0.0000 0.0058 
0.2135 1.0005 0.0000 0.0057 
0.2864 1.0009 0.0000 0.0059 
0.3593 1.0012 0.0000 0.0061 
0.4321 1.0016 0.0000 0.0063 
0.5050 1.0020 0.0000 0.0066 
0.5779 1.0024 0.0000 0.0069 
0.6507 1.0028 0.0000 0.0072 
0.7236 1.0031 0.0000 0.0074 
0.7964 1.0035 0.0000 0.0077 
0.8693 1.0039 0.0000 0.0080 
0.9422 1.0043 0.0000 0.0083 
1.0150 1.0046 0.0000 0.0086 
1.0879 1.0050 0.0000 0.0088 
1.1608 1.0054 0.0000 0.0091 
1.2336 1.0058 0.0000 0.0094 
1.3065 1.0062 0.0000 0.0097 
1.3794 1.0065 0.0000 0.0100 
1.4522 1.0069 0.0000 0.0103 
1.5251 1.0073 0.0000 0.0106 
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Table D.3-11 Analysis of Fuel Burnup for the MCNP5-1.51 calculations 

Experiment 
Description 

No. 
of 

exp. 
Bias Bias 

Uncertainty 

Normality 
χ2 

(Pd(χ2;d)) 
Linear Correlation 

Residuals 
Normality, 
(Pd(χ2;d)) 

All except 
those with 

Gadolinium, 
Cadmium and 

Lead† 

365 0.0004 0.0063 37.09 
(16%) 

EALF 
k(x) = 0.9994 + (5.192E-03)*x 

10% 
(Significant) 

Fresh UO2 
Fuel 207 0.0005 0.0056 

(0.0045) 
66.58 
(0.0%) 

U Enrichment  
k(x) = 0.9983 + (7.351E-04)*x 1.92% 

HTC + MOX 
Experiments 158 0.0000 0.0084 2.57 

(92%) 

EALF 
k(x) = 0.9983 + (1.018E-02)*x 

47% 
(Significant) 

Pu Enrichment  
k(x) = 0.9990 + (5.511E-04)*x 

68% 
(Significant) 
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Table D.3-12 Bias and Bias Uncertainty as a Function of Independent Parameter 

Experiment 
Description 

Indepen
dent 

Paramet
er, x 

Calculated 
keff 

Bias 
Bias 

Uncerta
inty 

Independ
ent 

Paramete
r, x 

Calculated 
keff 

Bias 
Bias 

Uncertai
nty 

HTC + MOX 
Experiments 

EALF Pu Enrichment 
0.0678 0.9990 -0.0010 0.0081 1.1000 0.9996 -0.0004 0.0079 
0.1082 0.9994 -0.0006 0.0080 2.0450 1.0001 0.0000 0.0079 
0.1486 0.9998 -0.0002 0.0079 2.9900 1.0006 0.0000 0.0080 
0.1890 1.0002 0.0000 0.0079 3.9350 1.0011 0.0000 0.0081 
0.2294 1.0006 0.0000 0.0080 4.8800 1.0016 0.0000 0.0083 
0.2698 1.0010 0.0000 0.0081 5.8250 1.0022 0.0000 0.0086 
0.3102 1.0015 0.0000 0.0083 6.7700 1.0027 0.0000 0.0088 
0.3506 1.0019 0.0000 0.0085 7.7150 1.0032 0.0000 0.0091 
0.3910 1.0023 0.0000 0.0087 8.6600 1.0037 0.0000 0.0094 
0.4314 1.0027 0.0000 0.0089 9.6050 1.0042 0.0000 0.0096 
0.4718 1.0031 0.0000 0.0091 10.5500 1.0048 0.0000 0.0099 
0.5121 1.0035 0.0000 0.0093 11.4950 1.0053 0.0000 0.0102 
0.5525 1.0039 0.0000 0.0096 12.4400 1.0058 0.0000 0.0105 
0.5929 1.0043 0.0000 0.0098 13.3850 1.0063 0.0000 0.0108 
0.6333 1.0047 0.0000 0.0100 14.3300 1.0068 0.0000 0.0111 
0.6737 1.0052 0.0000 0.0103 15.2750 1.0074 0.0000 0.0113 
0.7141 1.0056 0.0000 0.0105 16.2200 1.0079 0.0000 0.0116 
0.7545 1.0060 0.0000 0.0107 17.1650 1.0084 0.0000 0.0119 
0.7949 1.0064 0.0000 0.0110 18.1100 1.0089 0.0000 0.0122 
0.8353 1.0068 0.0000 0.0112 19.0550 1.0095 0.0000 0.0125 
0.8757 1.0072 0.0000 0.0114 - - - - 
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Table D.3-13 Analysis of the Unborated and Borated Water for the MCNP5-1.51 calculations 

Experiment 
Description 

No. 
of 

exp. 
Bias Bias 

Uncertainty 

Normality 
χ2 

(Pd(χ2;d)) 
Linear Correlation 

Residuals 
Normality, 
(Pd(χ2;d)) 

All except those 
with 

Gadolinium, 
Cadmium and 

Lead† 

365 0.0004 0.0063 37.09 
(16%) 

EALF 
k(x) = 0.9994 + (5.192E-03)*x 

10% 
(Significant) 

All with Fresh 
Water 287 0.0008 0.0065 43.56 

(5%) 

EALF 
k(x) = 0.9988 + (1.162E-02)*x 

39% 
(Significant) 

U Enrichment  
k(x) = 0.9995 + (4.334E-04)*x 

11% 
(Significant) 

All with 
Borated Water 78 -0.0004 0.0054 4.54 

(21%) 

Density 
k(x) = 1.0654 + (-6.428E-03)*x 

33% 
(Significant) 

U Enrichment  
k(x) = 1.0043 + (-2.004E-03)*x 1.87% 

Pu Enrichment  
k(x) = 0.9994 + (1.132E-03)*x 3.83% 

†Note: Critical experiments with Gadolinium, Cadmium and Lead were excluded from all subsequent 
subsets. 
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Table D.3-14 Bias and Bias Uncertainty as a Function of Independent Parameter 

Experiment 
Description 

Indepen
dent 

Paramet
er, x 

Calculated 
keff 

Bias 
Bias 

Uncerta
inty 

Independ
ent 

Paramete
r, x 

Calculated 
keff 

Bias 
Bias 

Uncertai
nty 

All with Fresh 
Water 

EALF U Enrichment 
0.0678 0.9996 -0.0004 0.0061 0.1600 0.9996 -0.0004 0.0067 
0.1407 1.0004 0.0000 0.0059 0.4390 0.9997 -0.0003 0.0066 
0.2135 1.0013 0.0000 0.0059 0.7180 0.9999 -0.0001 0.0065 
0.2864 1.0021 0.0000 0.0061 0.9970 1.0000 0.0000 0.0064 
0.3593 1.0030 0.0000 0.0065 1.2760 1.0001 0.0000 0.0063 
0.4321 1.0038 0.0000 0.0068 1.5550 1.0002 0.0000 0.0063 
0.5050 1.0046 0.0000 0.0072 1.8340 1.0003 0.0000 0.0062 
0.5779 1.0055 0.0000 0.0076 2.1130 1.0005 0.0000 0.0061 
0.6507 1.0063 0.0000 0.0079 2.3920 1.0006 0.0000 0.0061 
0.7236 1.0072 0.0000 0.0083 2.6710 1.0007 0.0000 0.0061 
0.7964 1.0080 0.0000 0.0087 2.9500 1.0008 0.0000 0.0061 
0.8693 1.0089 0.0000 0.0091 3.2290 1.0009 0.0000 0.0061 
0.9422 1.0097 0.0000 0.0094 3.5080 1.0011 0.0000 0.0061 
1.0150 1.0106 0.0000 0.0098 3.7870 1.0012 0.0000 0.0062 
1.0879 1.0114 0.0000 0.0102 4.0660 1.0013 0.0000 0.0063 
1.1608 1.0123 0.0000 0.0106 4.3450 1.0014 0.0000 0.0063 
1.2336 1.0131 0.0000 0.0109 4.6240 1.0016 0.0000 0.0064 
1.3065 1.0140 0.0000 0.0113 4.9030 1.0017 0.0000 0.0065 
1.3794 1.0148 0.0000 0.0117 5.1820 1.0018 0.0000 0.0066 
1.4522 1.0157 0.0000 0.0121 5.4610 1.0019 0.0000 0.0067 
1.5251 1.0165 0.0000 0.0125 5.7400 1.0020 0.0000 0.0068 

All with 
Borated Water 

Density 

N/A 

9.5400 1.0041 0.0000 0.0115 
9.5840 1.0038 0.0000 0.0111 
9.6280 1.0035 0.0000 0.0107 
9.6720 1.0032 0.0000 0.0103 
9.7160 1.0029 0.0000 0.0099 
9.7600 1.0027 0.0000 0.0095 
9.8040 1.0024 0.0000 0.0091 
9.8480 1.0021 0.0000 0.0087 
9.8920 1.0018 0.0000 0.0083 
9.9360 1.0015 0.0000 0.0079 
9.9800 1.0012 0.0000 0.0075 
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Experiment 
Description 

Indepen
dent 

Paramet
er, x 

Calculated 
keff 

Bias 
Bias 

Uncerta
inty 

Independ
ent 

Paramete
r, x 

Calculated 
keff 

Bias 
Bias 

Uncertai
nty 

10.0240 1.0010 0.0000 0.0071 
10.0680 1.0007 0.0000 0.0068 
10.1120 1.0004 0.0000 0.0064 
10.1560 1.0001 0.0000 0.0061 
10.2000 0.9998 -0.0002 0.0058 
10.2440 0.9995 -0.0005 0.0057 
10.2880 0.9993 -0.0007 0.0059 
10.3320 0.9990 -0.0010 0.0061 
10.3760 0.9987 -0.0013 0.0065 
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Table D.3-15 Analysis of the Combinations of Fuel Burnup and Unborated/Borated Water for the MCNP5-1.51 
calculations 

Experiment 
Description 

No. 
of 

exp. 
Bias 

Bias 
Uncertain

ty 

Normality 
χ2 

(Pd(χ2;d)) 
Linear Correlation 

Residuals 
Normality, 
(Pd(χ2;d)) 

All except those 
with 

Gadolinium, 
Cadmium and 

Lead† 

365 0.0004 0.0063 37.09 
(16%) 

EALF 
k(x) = 0.9994 + (5.192E-03)*x 

10% 
(Significant) 

Fresh UO2 Fuel 
with Fresh 

Water 
154 0.0011 0.0056 

(0.0042) 
26.61 
(0.0%) 

EALF 
k(x) = 0.9990 + (1.190E-02)*x 

13% 
(Significant) 

Fresh UO2 Fuel 
with Borated 

Water 
53 -0.0007 0.0046 

(0.0078) 
9.73 

(2.22%) None - 

HTC + MOX 
Fuel with Fresh 

Water 
133 -0.0003 0.0083 3.78 

(80%) 

EALF 
k(x) = 0.9981 + (1.024E-02)*x 

25% 
(Significant) 

Pu Enrichment  
k(x) = 0.9986 + (5.552E-04)*x 

12% 
(Significant) 

HTC + MOX 
Fuel with 

Borated Water 
25 0.0016 0.0092 1.19 

(75%) 

Rod-OD 
k(x) = 0.9904 + (1.125E-02)*x 

31% 
(Significant) 

Density 
k(x) = 1.0754 + (-7.198E-03)*x 

21% 
(Significant) 

†Note: Critical experiments with Gadolinium, Cadmium and Lead were excluded from all subsequent 
subsets. 
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Table D.3-16 Bias and Bias Uncertainty as a Function of Independent Parameter 

Experiment 
Description 

Indepen
dent 

Paramet
er, x 

Calculated 
keff 

Bias 
Bias 

Uncerta
inty 

Independ
ent 

Paramete
r, x 

Calculated 
keff 

Bias 
Bias 

Uncertai
nty 

Fresh UO2 
Fuel with 

Fresh Water 

EALF 

N/A 

0.0956 1.0002 0.0000 0.0057 
0.1671 1.0010 0.0000 0.0054 
0.2385 1.0019 0.0000 0.0056 
0.3100 1.0027 0.0000 0.0060 
0.3815 1.0036 0.0000 0.0066 
0.4530 1.0044 0.0000 0.0071 
0.5244 1.0053 0.0000 0.0076 
0.5959 1.0061 0.0000 0.0082 
0.6674 1.0070 0.0000 0.0087 
0.7389 1.0078 0.0000 0.0093 
0.8103 1.0087 0.0000 0.0098 
0.8818 1.0095 0.0000 0.0104 
0.9533 1.0104 0.0000 0.0110 
1.0248 1.0112 0.0000 0.0115 
1.0962 1.0121 0.0000 0.0121 
1.1677 1.0129 0.0000 0.0126 
1.2392 1.0138 0.0000 0.0132 
1.3107 1.0146 0.0000 0.0137 
1.3821 1.0155 0.0000 0.0143 
1.4536 1.0163 0.0000 0.0149 
1.5251 1.0172 0.0000 0.0154 

HTC + MOX 
Fuel with 

Fresh Water 

EALF Pu Enrichment 
0.0678 0.9988 -0.0012 0.0082 1.1000 0.9992 -0.0008 0.0079 
0.1082 0.9992 -0.0008 0.0081 2.0450 0.9997 -0.0003 0.0078 
0.1486 0.9996 -0.0004 0.0080 2.9900 1.0002 0.0000 0.0079 
0.1890 1.0000 0.0000 0.0080 3.9350 1.0008 0.0000 0.0080 
0.2294 1.0004 0.0000 0.0081 4.8800 1.0013 0.0000 0.0082 
0.2698 1.0008 0.0000 0.0083 5.8250 1.0018 0.0000 0.0085 
0.3102 1.0013 0.0000 0.0085 6.7700 1.0023 0.0000 0.0087 
0.3506 1.0017 0.0000 0.0087 7.7150 1.0029 0.0000 0.0090 
0.3910 1.0021 0.0000 0.0090 8.6600 1.0034 0.0000 0.0092 
0.4314 1.0025 0.0000 0.0092 9.6050 1.0039 0.0000 0.0095 
0.4718 1.0029 0.0000 0.0095 10.5500 1.0044 0.0000 0.0098 
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Experiment 
Description 

Indepen
dent 

Paramet
er, x 

Calculated 
keff 

Bias 
Bias 

Uncerta
inty 

Independ
ent 

Paramete
r, x 

Calculated 
keff 

Bias 
Bias 

Uncertai
nty 

0.5121 1.0033 0.0000 0.0097 11.4950 1.0049 0.0000 0.0101 
0.5525 1.0037 0.0000 0.0100 12.4400 1.0055 0.0000 0.0104 
0.5929 1.0042 0.0000 0.0103 13.3850 1.0060 0.0000 0.0106 
0.6333 1.0046 0.0000 0.0105 14.3300 1.0065 0.0000 0.0109 
0.6737 1.0050 0.0000 0.0108 15.2750 1.0070 0.0000 0.0112 
0.7141 1.0054 0.0000 0.0111 16.2200 1.0076 0.0000 0.0115 
0.7545 1.0058 0.0000 0.0113 17.1650 1.0081 0.0000 0.0118 
0.7949 1.0062 0.0000 0.0116 18.1100 1.0086 0.0000 0.0121 
0.8353 1.0066 0.0000 0.0119 19.0550 1.0091 0.0000 0.0124 
0.8757 1.0070 0.0000 0.0121 - - - - 

HTC + MOX 
Fuel with 

Borated Water 

Rod OD Density 
0.9500 1.0011 0.0000 0.0108 9.5400 1.0067 0.0000 0.0151 
0.9743 1.0013 0.0000 0.0107 9.5796 1.0064 0.0000 0.0148 
0.9985 1.0016 0.0000 0.0107 9.6193 1.0061 0.0000 0.0145 
1.0228 1.0019 0.0000 0.0107 9.6589 1.0058 0.0000 0.0141 
1.0470 1.0021 0.0000 0.0108 9.6986 1.0056 0.0000 0.0138 
1.0713 1.0024 0.0000 0.0109 9.7382 1.0053 0.0000 0.0135 
1.0955 1.0027 0.0000 0.0111 9.7779 1.0050 0.0000 0.0132 
1.1198 1.0030 0.0000 0.0113 9.8175 1.0047 0.0000 0.0129 
1.1440 1.0032 0.0000 0.0116 9.8572 1.0044 0.0000 0.0126 
1.1683 1.0035 0.0000 0.0119 9.8968 1.0041 0.0000 0.0123 
1.1925 1.0038 0.0000 0.0121 9.9365 1.0038 0.0000 0.0120 
1.2168 1.0041 0.0000 0.0124 9.9761 1.0036 0.0000 0.0117 
1.2411 1.0043 0.0000 0.0127 10.0158 1.0033 0.0000 0.0115 
1.2653 1.0046 0.0000 0.0130 10.0554 1.0030 0.0000 0.0112 
1.2896 1.0049 0.0000 0.0134 10.0951 1.0027 0.0000 0.0110 
1.3138 1.0051 0.0000 0.0137 10.1347 1.0024 0.0000 0.0108 
1.3381 1.0054 0.0000 0.0140 10.1744 1.0021 0.0000 0.0107 
1.3623 1.0057 0.0000 0.0143 10.2140 1.0018 0.0000 0.0106 
1.3866 1.0060 0.0000 0.0147 10.2537 1.0016 0.0000 0.0106 
1.4108 1.0062 0.0000 0.0150 10.2933 1.0013 0.0000 0.0106 
1.4351 1.0065 0.0000 0.0153 10.3330 1.0010 0.0000 0.0107 
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Table D.3-17 Comparison of Key Parameters and Definition of Validated AOA 

Parameter Design 
Application Benchmarks Validated 

Fissionable Material 235U, 239Pu, 241Pu 235U, 239Pu, 241Pu 235U, 239Pu, 241Pu 
Isotopic Composition       

235U/Ut < 5.0wt% 1.57 – 5.74% < 5wt% 
Pu/(U+Pu) < 20wt% 1.104 - 20 % < 20wt% 

Physical Form UO2, MOX UO2, MOX UO2, MOX 

Fuel Density (g/cm3) 10.0 – 10.7 9.2 – 10.4 9.2 – 10.7 

Moderator Material (coolant) H H H 

Physical Form H20 H20 H20 

Density (g/cm3) around 1.0 g/cm3 around 1.0 g/cm3 around 1.0 g/cm3 

Reflector Material H H H 
Physical Form H20 H20 H20 

Density (g/cm3) around 1.0 g/cm3 around 1.0 g/cm3 around 1.0 g/cm3 

Interstitial Reflector Material       
Plate Steel or Lead Steel or Lead Steel or Lead 

Absorber Material       

Soluble None, Boron or 
Gadolinium 

None, Boron (15 - 
2550 ppm) or 

Gadolinium (48 – 
197 ppm) 

None, Boron (0 - 
2550 ppm) or 

Gadolinium (48 to 
197 ppm) 

Rods Boron Pyrex®, Vicor®, 
Steel or B-Al Boron 

Separating Material       

Plate 
Water, B-SS, 

Boral or 
Cadmium 

Water, B-SS, Boral, 
Boroflex, Zircaloy or 

Cadmium 

Water, B-SS, Boral, 
Boroflex, Zircaloy or 

Cadmium 
Geometry       

Lattice type Square Square, Triangle Square, Triangle 

Lattice Pitch (cm) 

1.26 – 1.47 
(PWR) 

1.24 – 1.88 
(BWR) 

0.968 to 4.318 0.968 to 4.318 

Neutron Energy Thermal 
spectrum Thermal spectrum Thermal spectrum 
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Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-1 Frequency Chart for Calculated keff of the Selected 532 Benchmarks for the 
MCNP5-1.51 code 

 
 
 

 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-2 Frequency Chart for Calculated EALF (eV) of the Selected 532 Benchmarks for the 
MCNP5-1.51 code 
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-3 MCNP5-1.51 Calculated keff Values for Various Values of the Spectral Index (All 
Experiments) 
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-4 MCNP5-1.51 Calculated keff Values for Various Values of the Spectral Index  
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-5 MCNP5-1.51 Calculated keff Values for Various Values of the Spectral Index  
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure D.3-6 MCNP5-1.51 Calculated keff Values for Various Values of the Pu Enrichment  
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-7 MCNP5-1.51 Calculated keff Values for Various Values of the Spectral Index 
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-8 MCNP5-1.51 Calculated keff Values for Various Values of the U Enrichment  
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-9 MCNP5-1.51 Calculated keff Values for Various Values of the Fuel Density  
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-10 MCNP5-1.51 Calculated keff Values for Various Values of the Spectral Index 
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Figure Proprietary 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-11 MCNP5-1.51 Calculated keff Values for Various Values of the Spectral Index 
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 Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure D.3-12 MCNP5-1.51 Calculated keff Values for Various Values of the Pu Enrichment 
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Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure D.3-13 MCNP5-1.51 Calculated keff Values for Various Values of the Rod OD 
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Figure Proprietary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-14 MCNP5-1.51 Calculated keff Values for Various Values of the Fuel Density 
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