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AEROTEST OPERATIONS, INC. 
3455 FOSTORIA WAY• SAN RAMON, CA 94583 • (925) 866-1212 • FAX (925) 866-1716 

June 8, 2020 

AEROTEST RADIOGRAPHY AND RESEARCH REACTOR 
DOCKET NO. 50-228/LICENSE NO. R-98. 

ATTENTION: Document Control Desk 
U.S. Nuclear Regulatory Commission 
White Flint North 
11555 Rockvi lle Pike 
Rockville, MD 20852-2738 

Subject: License and TS Amendments 

Ladies and Gentlemen: 

This letter and attachments are a follow up from the NRC staff's communications ML20034G445 
2/13/20 and MLO20112F489 4/30/20 requesting supplemental information. 

This document presents relevant changes to the License and Technical Specifications needed to prepare 
for fuel storage and decommissioning activities. The Licensee proposes relevant text alterations and 
omissions that are needed to ensure the cessation and prevention of operation. The requested 
supplemental information is provided with the list of explanations, changes and justifications provided in 
Enclosure I. A more extensive proposed amendments are shown in a "penciled" markup of the proposed 
License and TS (Enclosure 2). A clean copy (Enclosure 3) with the changes included. Enclosures 4 and 5 
are MCNP analyses for the fuel storage strategies and criticality limits. 

Should you have any questions or require additional information regarding this submission, please contact 
AO President David M. Slaughter, Ph.D. at (80 I) 631 5919 or dmsraven@gmail.com. 

I declare under penalty of perjury that the statements above are correct and truthful. 

incerely yours, 

at~ 
avid M. Slaughter, Ph.D. 

President, Reactor Administrator, Manager 
Aerotest Operations, Inc. 

Enclosures: I. List of Explanations, Changes, and Justifications 
2. Mark-up of License and TS 
3. Clean copy of proposed License and TS 
4. MCNP Analysis of Dose Rates from Fuel During Storage and Transfer 
5. ARRR Fuel Storage Criticality Analyses 



Enclosure 1 

AEROTEST OPERATIONS, INC. 
3455 FOSTORIA WAY• SAN RAMON, CA 94583 • (925) 866-1212 • FAX (925) 866-1716 

June 8, 2020 

AEROTEST RADIOGRAPHY AND RESEARCH REACTOR 
DOCKET NO. 50-228/LICENSE NO. R-98. 

Explanation, Changes, and Justification to the text of the license R-98 are as follows: 

RAI 1. The proposed decommissioning plan will be submitted on or before December 4, 2020 
with the reactor license R-98 terminated December 5, 2024. 

2F. Replace The amended license is effective as of the date of issuance and shall expire at 
midnight December 5, 2024. 
Justification: Time Estimated from the draft decommissioning plan. 

RAI 2 Corrections to license for consistency of status 

2B.(2) Omit "in connection with operation of the reactor" . Justification: The reactor is no longer 
operating and in shutdown mode. 
2B.(3) Omit "as may be produced by operation of the reactor". Justification: The reactor is no 
longer operating and in shutdown mode. 
2C.(3) Replace "10 CFR2.790(d)" with "10 CFR 2.390." Remove "dated August 10, 1976, 
submitted by letter dated October 4, 1976, as revised January 16, 1976. 
Justification: replace outdated regulatory reference with the current regulatory reference. 
Remove references to date of Security Plan, so we don't have to change license every time we 
change the plan. 

Explanations, Changes, and Justification to the Technical Specifications: 

RAI 3 .0 Description of Fuel Storage 

3.1 The storage of the fuel will be located at the bottom of the "core tank". The tank's 
construction is described in the Hazard Summary Report (SAR) page 19 and 20. A wall mounted 
fuel element storage rack 6 feet above the floor contains up to  TRIGA elements. Three floor 
racks with capacity of  TRIGA fuel elements in each rack which provides space for  
elements. There are two floor racks for the storage of canisters, the larger rack can hold a total of 

 canisters and the smaller rack, canisters (See Figures 1 and 2). A single canister contains a 
TRIGA fuel element in its entirety. Figure 3 shows the current locations of the storage racks at 
the bottom of the pool. No additional storage racks are needed. For completeness, the irradiated 
graphite elements are stored in the thermal column adjacent to the empty core structure. 
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4 3 

Figure l. Design of 24 capacity canaster rack 

 

 

 



4 3 

Figure 2. Design of 12 capacity canister rack 
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TS 11.5 Replace with "No more than one fuel element shall be allowed in the facility which is 
not in storage. The only movement of the fuel elements are for required fuel element inspections, 
canister.surveillances, rearrangement of fuel elements in storage, or final placement in the 
transportation cask." 
Justification: Provided a more detailed description of type of movement and restrictions. 

3 .1.1 Storage at bottom of the core tank includes storage of fuel in racks located on the floor and 
the single storage rack attached to the tank wall. 

3 .1.2 Yes, the' word canister was misspelled, "canaster" has been changed to "canister" 

3.2 The "necessary" conditions ensuring safe and secure conditions are bounded by US 
regulations 10 CFR 20 and 10 CFR 73. Two storage configurations were examined and 
evaluated. For both configurations, the fuel racks are located and loaded the same. The results of 
the realistic scenarios meet 10 CFR 73 and 10 CFR 20 regulatory requirements; these include 
exposure limits for a posted Radiation Area when standing on top of the timber shield or 
timber/lead shield. The exposure is expected to be well below that exposure limit for the-public 
at the fence line. 

1. Water filled tank with fuel at floor racks and side rack; standing on the shielding 
timber 0.02 mrem/hr (measured); standing on the roof above the shielded tank 02 
mrem/hr.(measured); and standing at public side offence 0.02 mrem/hr.(measured) 

2. Dry tank with fuel stored at floor racks and side rack; standing on the timber and a 
single 2-inch layer of lead bricks) <22 mrem/hr. (estimated MCNP); standing on the 
roof above the shielded tank < 02 mrem/hr. ( estimated MCNP); and standing at 
public side offence< 0.02 mrem/hr. (estimated MCNP). 

3.2.1 Dry storage, in this case, is the same loaded fuel racks on the floor and side in the existing 
tank without water. Existing shielding with only a single layer 2-inch thick lead added to the top 
of the timber shield. 

3.2.2 Radiation measurements of 0.02 mrem/hr. are background readings for the site. The 
calculated radiation exposure is below background for the dry storage strategy when standing on 
the building roof or by the fence line. 

3.2.3 The calculated exposures are conservative in nature giving an upper limit. 

3.2.4 The beam stop consists of two structures, one movable and one stationary, that are located 
above the radiography facility to stop gammas and neutrons from continuing upward after the 
beam passed the radiography film plane. These structures are aluminum-clad boxes filled withl 
inch thick layers of paraffin, lead, borated p€!faffin, boron carbide, and wood. 
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3 .3 A safety and regulatory review was performed using MCNP for two storage strategies 
estimating the radiation fields from the existing natural and engineered safety/security barriers. 
The MCNP modeled results suggest that both wet or dry configurations are acceptable and more 
conservative than necessary to meet regulatory requirements. The MCNP findings are provided 
in two reports entitled MCNP Analysis on Dose Rates from Fuel during Storage and Transfer 
06/03/2020 and ARRR Fuel Storage Criticality Analyses, 06/03/2020. (The reports are provided 
in this communication as Enclosures 4 and 5). 

The two reports describe: 

a. MCNP models, assumptions, and key parameters. 
b. Confirmation of previous storage rack analyses (kert<0.8). 
c. Storage strategies in tank and generated radiation fields. 
d. Radiation fields produced with a single element out of pool with and without 

transport cask. 

3.3.1 The reports summarize the results of the MCNP modeling of three storage rack designs 
with a storage strategy (wet or dry). The ketiis calculated for a floor or wall-mounted rack filled 
with fuel elements (12/20s). In reality, none of the racks are completely full and the majority of 
the elements are-aluminum cladded 8.5/20s. In the MGNP estimation of ketI,-the canister racks 
are considered full of 8.5/20 elements. Again, in the real case, these racks are only partially 
occupied. 

Given the conservative circumstances, the MCNP calculated values for keff are provided below 
for the storage with water. (For the dry storage case, the resultant ketI is lower.) 

Side Mount Rack kefF 0.315 
Fuel Floor Rack kefF 0.658 
Canister Floor Rack kefF 0.215 

Given the conservative nature of defined conditions, the calculated ketI is considered above the 
actual values. Also, the calculated values are clearly below the regulatory obligated ketI of 0.9 
and the licensee mandated ketI of 0.8. 

3.3.2 Yes, the misspelled word "pervious" has been changed to "previous". 

3 .4 An unlikely "credible" accident would be an element dropping from the transfer cask 1 foot 
in air to the floor. But the low elevation path guarantees that the fuel is not freely released. If 
accidentally released outside the pool during a transfer process, the element drops until the pin 
(lower fixture) impacts the floor ( or a horizontal surface); the fuel element remains vertical and 
partially in the cask. Retrieval is simple; lower the cask then reconnect the element's upper 
fixture. (The result of accidental releases in the pool will have a negligible impact.) 

3.4.1 The result of the accident scenario is an elevated radiation field (there is no radiological 
release based on the cladding and the fundamental design of the fuel), To be credible, two 
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mechanical fixtures would have to fail simultaneously one holding the petal (top fixture) of the 
fuel element inside the cask and the other sliding floor on the cask would have to stick open. 
Either failure, would halt the activity before the fuel is removed from the tank. 

3.4.2 In this incident, the maximum radiation exposure to a radiation worker is estimated to be 
65 mrem (390 mrem/hr.). the assumption is that the worker is at 10 feet from the incident and the 
recovery of the element takes 10 minutes (both these assumptions are conservative). No 
additional shielding is credited between the incident location and the fence line (walls, doors, and 
furniture were considered transparep.t.) The calculated total exposure of3 mrem (18 mrem/hr.) 
during the 10-minute incident at the fence line. 

RAJ 4. The Emergency and Security Plans include the changes associated with the requested 
possession only status. The emergency plan was submitted under separate cover following 10 
CFR 50.54. q(3) while the Security Plan was submitted under 10 CFR 50.54 p(2). 

RAJ 5.0 Changes to Facility Without License Amendment. 

5. Design functions for Possession-Only-Status provide radiation exposures that meet the 
regulatory personnel safety limits that is outlined in 10 CFR 20 and maintain reasonable security 
barriers for fuel storage in fulfillment of 10 CFR 73. Based on the analysis by NRC staff 
documented in-ML20034G445 2/13t20,-leading to that RAI statements and requested-actions 
provided in 5 .1 and 5 .2, technical specification changes were proposed. In section 5 of 
document MLO20112F489 4/30/20, NRC staff reexamines the need for the changes requested in 
the previous document and provided different council that 10 CFR50.59 still applies. Thus, these 
proposed changes are reversed, and the original language is restored. 

Add TS "1 .10 Changes (Delete This TS as 10 CFR50.59 Still Applies) 
Changes means a modification or addition to or removal from, the facility or procedures that 
affects a design functions, and method of performing or controlling the function." 

Add TS "12.2. 1 .4 Changes to Facility Without License Amendment." (Delete This TS as 10 
CFR50.59 Still Applies) 
The licensee shall make changes to the facility without NRC approval when a change to license/ 
technical specification is not required. 

Changes can be made without RSC approval to procedures and methods which does not reduce 
the existing effectiveness of the design functions. 

Changes that may, in their implementation, reduce the effectiveness of the design functions are 
considered unreviewed and shall be reviewed and approved by RSC. 

Changes shall be documented and retained by the licensee and made available upon inspection 
by the NRC. Records should be held as required by appropriate regulations. 
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Restore TS 12.1.3 .3 to "Determining whether proposed procedures or modifications involve 
unreviewed safety questions, as defined in 10 CFR 50, Part 50.59(c) and are in accordance with 
these Technical Specifications; 

RAJ 6.0 Criticality of Storage Racks 

The criticality assessment of the floor storage racks was obtained from General Atomics 
Division with the analysis documented in a report written by General Atomics, F.C. Foushee, 
"Storage ofTRlGA Elements" General Atomics Division, La Jolla, Ca 1966. Two of the storage 
floor racks were manufactured near the time of the publication. A third of similar design was 
fabricated in 1981. At that time, additional storage was needed to accommodate fuel elements 
from a vacated core. Developing current storage strategies, MCNP modeling of the storage racks 
confirm the validity of General Atomics' design. 

As for the stainless-steel canisters, the design, analysis and manufacture were performed by 
Secured Transportation Services, LLC, (STS). The stainless-steel canister and accompanying 
aluminum storage rack design evaluated the criticality limit in order to ensure the use of the 
canister and storage rack did not affect, alter or invalidate the current licensed condition. At 
2012, their analysis was reviewed by AO operating staff, RSC members and, as a courtesy, NRC 
staff. (No TS changes were required.) The current MCNP evaluation of storage configuration 
-confirmed STS's claim that-criticality limits for storagewasmet.-In addition, NRC staff reviewed 
procedures and was present for the fuel inspection and canning processes. 

6.1-2. As stated earlier, the results of the MCNP modeling of the three the storage racks designs 
employed at Aerotest. The results represent a keff of a full rack with fuel elements (12/20s) filling 
for both the floor and wall mounted racks. In reality, none of the racks are completely full and 
the majority of the elements are aluminum cladded 8.5/20s. In the MCNP estimation ofkeff, the 
canister racks are considered full containing 8.5/20 elements. Again, in the real case, these racks 
are only partially occupied. 

Given the conservative circumstances, the MCNP calculated values for keff are provided below 
for both wet and dry storage configurations. 

Water 
Side Mount Rack 
Fuel Floor Rack 

kert= 0.315 
kert= 0.658 

Canister Floor Rack kefF 0.215 

Dry 
0.042 
0.084 
0.051 

Given the conservative nature of defined conditions, the calculated ketr is considered above the 
actual values. Also, the calculated values are clearly below the regulatory obligated ketr of 0.9. 
and the licensee mandated ketr of 0.8. 

RAI 7 Clarify T.S. 6.0 and Table 1 

7 .1 RAI response wording "Safety systems functions in Table 1 will still be perform as 
long as .fuel is being stored." 
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7.2 Changed enclosure 2 to "Safety systems functions in Table 1 will still be perform as 
long as fuel is being stored." 
7.3 Changed enclosure 3 to "Safety systems functions in Table 1 will still be perform as 
long as fuel is being stored." 

RA'I 12.0 Canister Design and Implementation 

12.1 The canister was designed to encapsulate a cracked aluminum TRIGA fuel element under 
several possible dry/wet storage strategies. The environmental circumstance currently employed 
has the fuel element in dry storage under helium in the canister submerged in water. A drawing 
of the basic design is shown in Figure 4. The element is placed in the can underwater, the water 
is removed by back filling with inert gas (i.e., He, N2 or air). 

12.2 The basic material of the body and valving is 304 stainless-steel. The material list is 
provided on the drawing (Figure 4). The warranty lifetime was five years'the canister lifetime is 
extensively longer given the robust design and the good water quality (low conductivity, neutral 
PH, and ambient temperature) for wet storage and low-humidity and temperature for dry storage. 
There is no anticipation for a canister failure or exchange; the deterioration of the metal 0-ring is 
unlikely. The surveillance data for the canisters during the last 6 years have shown no signs of 
loss of the helium gas. The design allows for the replacement of inert gas with air or low 
conductivity, neutral PH pool water if desired. 

In addition, studies by M.T. Simnad* show the U-ZrHx alloy encapsulates the fission products 
with its metallic matrix at lower temperature consistent with our storage conditions. (Our 
empirical data of water quality and radiation measurements from the pool water support that 
conclusion.) * Simnad, M.T., "U-ZrHx Allow: Its Properties and Use in TRIGA Fuel," General 
Atomics, August 1980. 

12.2.1 The dry storage is the same location without water present in the tank. The water that 
shields is replaced by the added by layer of lead on top of the timber shield. The canister and its 
contents would be dry. 

12.3 Each canned element will be inspected within a 5-year period as suggested in NUREG 1537 
guidance. The canister shell will be subject to similar cladding integrity evaluations as required 
for fuel elements. For wet storage of the canisters and undamaged fuel elements, extracted water 
will be counted and correlated for the presence of gamma emitting radioisotopes. For dry 
storage, gamma counts in the air sampled and measured above the dry tank (below the timber 
and lead shield) will be obtained and correlated. (Both, water-and air-quality measurements are 
already part the current surveillance obligations.). Also, water samples are periodically extracted 
and measured specifically for the fission product, Cs. An initial surveillance to detect change in 
weight of the canister system was done to validate the effectiveness of the canister's seal design. 
(It has been confirmed and the surveillance is no longer needed.) 
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12.3 .1 The canister design is to provide a cladding of the fuel that has cracked. The fuel is a solid 
metallic zirconium hydride matrix that is very stable under storage conditions. The zirconium 
hydride has no measurable reactivity to water or air. The fuel meat itself processes excellent 
corrosion resistance. In the case of dry storage, air samples within the tank environment will be 
extracted to measure radioisotopes with a gamma detector. Air samples are taken at an 
appropriate frequency that will alert to any potential leak. 

The need to provide surveillance should be expressed in the technical specifications; the 
frequency of the surveillance should be in the radiological procedures allowing more meaningful 
safety response. Frequency should be based on the real risks of the science/engineered system 
with prevailing changes be made from measured and analyzed data. 

Unlike other fuel compositions, the primary engineered barrier is the fuel meat itself. The 
cladding representatives the secondary engineered barrier. The metallic nature of the fuel matrix 
resists movement ( or loss) of its fuel constituents and encapsulates fission products within it. 
Minute leaks of hydrogen/fission product for this fuel design can only be detected when/arcing 
mobility of the constituents with evaluated operational temperatures well above the ambient 
storage temperature. Historically in this facility and other TRIGA reactor facilities, fuel elements 
with ruptured blisters, pinhole defects, and cracks have remained in pool storage racks adjacent 
but separate from an operational reactor core ( without placing the damaged fuel in a separate 
containment canister.) Those damaged elements possessed no indication of continued fission 
products/hydrogen release. 

12.3.2 Monitoring the canisters vessel (containing fuel) and undamaged cladded fuel for the wet 
case is done by water quality testing. For the dry case, sampling air near the top of the tank. 
While it is very unlikely the hypothetical situation of a "leak" given the fuel design and presence 
of cladding. ( existing undamaged or provided by canister) with the water ( and air) storage 
temperature. Historically and common practice, the presence of a pinhole leak in an element had 
to be found by operating the TRIGA reactor at 10 kW to allow mobility of the fuel and product 
constituents. Water sample was extracted above the evaluated element with a funnel and sample 
extraction tube. The extracted sample was moved to a radiation detector where a reading was 
recorded. An elevated reading signaled the likely hood of a leak. (Most TRI GA reactors, if not 
all, have some variation of this process.) 
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AEROTEST OPERATIONS. I.NC. 

AEROTEST RADIOGRAPHY AND RESEAlsi,JIJ{EACTOR (ARRR) 

AMENDMENT T<)_f AC]JJ]'Y OP[:RAIJN(LL.K'l~NS[~ 

Amendment No. 6 

License No. R-98 

1. The Nuclear Regulatory Commission (NRC or the Commission), having previously made the 
findings set forth in Amended Facility Operating License No. R-98 issued on January 28, 
1981, has now found that: 

A. The application for indirect transfer of license and conf<mning amendments to 
Amended Facility Operating License No. R-98, filed by Aerotest Operations, Inc .. 
and Nuclear Labyrinth, LLC, dated May 30, 20 I 2, and supplemented on July 19 and 
October 15, 2012; January 10, 20 l 3; and April 21, June 16, August 22, and October 
l 0, 2016, complies with the standards and requirements of the Atomic Energy Act of 
1954 (the Act), as amended, and the mies and regulations of the Commission as 
stated in 'T'itle I 0, Chapter I, ''Nuclear Regulatory Commission," oft he Code (l 
Federal Regulations ( l O CFR Chapter I). 

8. Construction of the facility has been substantially completed in conformity with 
Construction Permit No. CPRR-86, and the application, as amended, the provisions 
of'the Act and the rules and regulations of the Commission; 

C. The facility will operate in conformity with the application, as amended, the 
provisions of the Act, and the rules and regulations of the Commission; 

D. There is reasonable assurance: (i) that the activitic~ authorized by this operating 
license can be conducted without endangering the health and safety of the public, and 
(ii) that such activities will be conducted in complinnce with the rules and regulations 
of the Commission; 

E. Aerotest Operations, Inc. is technically and financially qualified to possess, use, and 
operate the facility in accordance with the rules and regulations of the Commission; 

1 Amendment No 6 



F. The issuance of this operating license will not be inimical to the common defense 
and security or to the health and safety or the public, and does not involve a 
significant hazards consideration; 

G. The receipt, possession, and use of byproduct and special nuclear material as 
authorized by this license will be in accordance with the Commission's 
regulations in 10 CFR Pm1s 30 and 70, including Sections 30.33, 70.23, and 
70.31; 

H. The licensee is qualified to be the holder of the I icense; and 

I. The transfer of the license is otherwise consistent with applicable provisions of 
law, regulations, and orders issued by the Commission pursuant thereto. 

2. Facility Operating License No. R-98, issued to Aerotest Operations, Inc., is hereby 
indirectly transferred to Nuclear Labyrinth, LLC, and the license is amended to read as 
follows: 

A This license applies to the Aerotest Radiography and Research Reactor (ARRR), a 
pool-type nuclear reactor owned by Aerotest Operations, Inc. The facility is located 
at the Aerotest Operations site near San Ramon, California, and is described in the 
application dated September 14, 1964 (the application), and in supplements thereto, 
including the application for transfer oflicense dated April 24, 1974, and the 
application for indirect transfer dated May 30, 2012. 

8. Subject to the conditions and requirements incorporated herein, the Commission 
hereby licenses Aerotest Operations, Inc.: 

(1) Pursuant to Section 104c of the Act and 10 CFR Pat1 50, "Licensing of 
Production and Utilization Facilities," to possess the reactor at the 
designated location in San Ramon, California, in accordance with the 
procedures and limitations set fo11h in this license; 

(2) Pursuant to the Act and IO CFR Part 70, "Special Nuclear Material," to 
possess up to 5.0 kilograms of contained uranium 235 in·eonnectionwith 

·opcr atiott of·the-·reactor; and 

(3) Pursuant to the Act and 10 CFR Patt 30, '·Licensing of Byproduct Material." 
(I) to possess, and 2 curie americium-beryllium neutron startup source, and 
(2) to possess, but not to separate, such byproduct material arnrny-be--
1,mdttrect-byop~t·ati-on-ofth~tor. 1 
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C. This license shall be deemed to contain and is subject to the wnditions specified in the 
following Commission regulations in IO CFR Chapter I: Part 20, Section 30.3-l of Part 
30, Sections 50.54 and 50.59 of Pmt 50, and Section 70.32 of Pait 70; is subject ll1 all 
applicable provisions of the Act and to the rules, regulations. and orders of the 
Commission now or hereafter in effect: and is subject to the additional conditions 
specified or incorporated below 

(1) Maximum Power Level 

The licensee is not authorized to operate the facility at any power. 

(2) Technical Specifications 

(3) 

D. Reports 

The Technical Specifications contained in Appendix A, as revised through 
Amendment No. 6, are hereby incorporated in the license. The licensee shall 
maintain the facility in accordance with the Technical Specifications. 

Physical Security Plan 

The licensee shall maintain in effect and fully implement all provisions of the 
NRC-approved physi~al security plan, in_clu~ing amendments and changes_made iO , . _ 
pursuant to the authority of IO CFR Section :>0.54(p ). The approved secunty ~ · C..f. l?;,. 
plan consists of the document withheld from public disclosure pursuant tcr-+O- .;J. .=>ta() 
CFR 2.WO{d), entitled "Aerotest Operations, Inc. Security Plan" dftted·~ugust 
l-O;=l:976, submitted l)J'f etfen:tmed-0cteeer-4.,-l .9.U,a-s-f@¥~i-J.a11L+a-lo/- i6, 
~ . 

In addition to repmts otherwise required under the license and applicable regulations: 

(1) The licensee shall repo1t in writing to the Commission within 10 days of its 
observed occurrence any incident or condition relating to the operation of the 
facility which prevented or could have prevented a nuclear system from 
performing its safety function as described in the Technical Specifications or in 
the Hazards Summary Report. 

(2) The licensee shall rcpo11 to the Commission in writing within 30 days of its 
observed occurrence any substantial variance disclosed by operation of the 
facility from performance specifications contained in the Hazards Summary 
Report or the Technical Specifications. 

(3) The licensee shall report to the Commission in writing within 30 days of its 
occurrence any significant change in transient or accident analysis, as described 
in the Hazards Summary Rcpm1. 
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In addition to thost: otlierwist: requi1·.:d umkr this license and applicable n:g.ulatio11,;. the 
licensee shall keep the following: 

(1) Reactor open1ting re..:ord,;. including ptmer kvcls 

(2) Records .slHJ\\illg radioacti\'ily released or discharged -i11to tilt: .air or \rntcr 
beyond the effective control of the licensc1.: ,b measured at the point of such 
release or discharge. 

(3) Records of enwrgcncy n:;1ctur scrams, includi11g reasons for crnergency 
shutdowns. 

F. This amended license is effective as of the date of issuance and shall expire at midni!!ht>'?-
1_ 5· '.>-,,,;"I_· L ,1(\ -~ .~l171:- y.'.. C...V..c.. 

I 
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APPENDIX A 

LICENSE NO. R-98 

TECHNICAL SPECIFICATIONS FOR THE 

AEROTEST RADIOGRAPHY AND RESEARCH REACTOR (ARRR) 

1.0 Definitions 

1.1 Permanent Shutdown 

1.2 

1.3 

The reactor is permanently shut down when the reactor is maintained in permanent 
shut down configuration with the fuel elements stored in storage racks that maintain a 
criticality of equal to or less than 0.8 keff• 

Permanent Shutdown Configuration 

Core lattice containing no fuel or reflector elements and control rods disabled fully 
inserted. 

Operable 

A system or component shall be considered operable when it is capable of performing 
its required function in its normal manner. 

1.4 Operating 

1.5 

1.6 

1.7 

A component or system is operating if it is performing its required function in its normal 
manner. 

Experiment 

Experiment shall mean any apparatus, device, or material installed in the core or 
experimental facilities (except for underwater lights, fuel storage racks and the like) 
which is not a normal part of these facilities. 

Experimental Facilities 

Experimental facilities shall mean Glory Hole, vertical tubes, pneumatic transfer 
systems, central thimble, beam tubes, thermal column, and in-pool irradiation facilities. 

Reactor Safety Circuits 

Reactor safety circuits shall mean those circuits, including their associated input circuits, 
which are designed to initiate a reactor scram. 



2.0 

3.0 

4.0 

The array of machined positions for fuel or reflector elements in the grid plates. 

1.9 Core Structure 

Tile upper and lower grid plates connr.cted by structur·al members. 

Reactor Site 

2.l 

2.2 

, ___ ..,_\, v'.,,l•(,:, .. ) 1 _.- ;_~t 

The reactor and associated equipment is located within an exclusion area. 
~-

Jr, .. ~,. 
A steel, locked perimeter fence shall surround the ARRR facility, forming an exclusion 
area. The minimum distance from the center of the reactor pool to the boundary of the 
exclusion area fencing shall be 50 feet. The restricted area, as defined in 10 CFR 20, shall 
consist of the entire exclusion area. 

2.3 Th principal activities carried on within the exclusion area shall be those associated with 
the decommissioning of the ARRR reactor and the use of machine shop, electrical shop 
and chemistry laboratory. 

Reactor Building 

3.1 The reactor shall be housed in a steel building capable of meeting the following 
functional requirements: 

3.1.1 All circulating fans and air conditioning systems except the system which 
supplies air to the control room shall have the capability to be shut off from a 
single control in the control room, 

3.1.2 Ventilation shall be achieved by gravity ventilators located in the roof of the 
building, and 

3.1.3 A positive air pressure shall be maintained in the control room with respect to 
the reactor room. 

3.2 An alarm system shall be installed to detect unauthorized entry into the reactor 
building. The alarm system shall be monitored constantly and its annunciation shall be 
tested monthly. 

Reactor Pool (Primary System) 

4.1 The minimum depth of water above the top of the core structure shall be 16 ft. The 
maximum bulk water temperature shall be 130°F and the minimum 40"F. 



4.2 The conductivity of the prirnary coolant shall be measured at le.1st once []llartcrly. 
Corrective action shall be taken to c1void exceeding a conductivity of 5 ,LLrnlrn/cni. 

5.0 Reactor Core 

6.0 

7.0 

5.1 Fuel EJements 

No fuel elements shall be allowed in the core lattice. 

5.2 Reflector Elements 

No reflector elements shall be allowed in core lattice. 

5.3 Control Elements 

Control elements shall be disabled and fully inserted in core lattice. 

Reactor Safety Systems 
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7.1 A fixed gamma monitor employing Geiger tube detectors shall be located on the wall 
connecting the control room and the reactor room. This monitor shall serve as both an 
area radiation monitor and a criticality alarm and will annunciate through an automatic 
monitoring system to the San Ramon, California, Fire Department and actuate a siren 
within the reactor building on high radiation level. The monitor shall have a minimum 
range of Oto 20 mr/hr. The annunciation and the siren actuation shall be tested 
monthly. 

7.2 During fuel movement in reactor pool, a gas sample shall be continuously withdrawn 
from the roof vent above the reactor, or from the vicinity of the reactor bridge over the 
core structure, and pumped through a radioactive gas detection chamber. The gas 

chamber shall be monitored by a beta-gamma detector which shall have a continuous 
readout in the control room. An annunciator shall indicate when the gas exceeds 
2 mr/hr. 

7.3 A fission product water monitor shall be attached to the process water cleanup system 
loop adjacent to the demineralizer and shall provide continuous indication in the control 
room. High radiation levels within the demineralizer or pool water shall annunciate an 
audible alarm in the control room. The range of the monitor shall be from 0.1 to 100 
mr/hr. 



8.0 

7.4 Portable survey instruments for measuring bcta-garnma dose rates in the range of 0.01 

rnr/hr to 50 r/hr shall be availilble at the facility 

7.5 Portable instruments for measuring fast and thermal neutron dose rates from 0.1 
m rem/hr to 1.0 rem/hr shall be available at the facility. 

7.6 Radiation detector packets containing a series of threshold detectors shall be placed at 
several locations within the reactor building for post-accident radiation analysis. 

7.7 Process instrumentation with readout in the control room shall be operating to permit 

continuous indication of pool water temperature arid conductivity. Alarms shall be 

operable to indicate !ow water flow, low pool water and improper location of the crane 

bridge. Table 1 contains alarm setpoints for sensors. 

Experimental Facilities 

8.1 Large-Component Irradiation Box 

Not in pool and shall not be authorized for use. 

8.2 Pneurnatic Transfer Facility 

Not in core lattice and shall not be authorized for use. 

8.3 Glory Hole Facility 

8.4 

Not in pool and shall not be authorized for use. 

Neutron Radiography Facility 

Shall not be authorized for use. 

8.4.1 The beam tube shall consist of a two-section tapered tube having a rectangular 

cross-section.The upper and lower sections of the tube shall be equipped with a 

fill and drain line. 

8.4.2 All components contacting the pool water shall be fabricated from aluminum or 
stainless steel. 

8.4.3 The beam catcher shield shall consist of a movable radiation shield. 

8.5 Thermal Column 

Shall be authorized for reflector element storage only. 



9.0 

8.5.1 The thermJI column shall be positioned remotely on steel locating pins 
immediately adjacent to the reactor core. 

8.6 Vertical Tube 

Shall not be authori1ed for use. 
8.7 Other Irradiation Facilities ---·~--

Shall not be authorized for use. 

Experiment Limitati9n 

No experiments shall be authorized. 

10.0 General Operating LimitatiQQ~ 

No reactor operation shall be authorized. 

11.0 Fuel Transfer and Storage 

11.1 The fuel storage pits located in the floor of the reactor room shall accommodate a 
maximum of 19 fuel elements {700 gm U-235) in storage racks dry or flooded with 
water. The fuel storage pits shall be secured with a lock and chain when fuel is present 
except during fuel transfer operations. 

11.2 Additional fuel storage racks may be located in the reactor tank. Each of these storage 
facilities shall be so designed that for all conditions of moderation kaff shall not exceed a 
value of 0.8. 

11.3 A fuel handling tool shall be used in transferring fuel elements of low radioactivity 
between storage pits and the reactor; a shielded transfer cask shall be used for the 
transfer of highly radioactive fuel elements. The fuel handling tool shall remain in a 
locked cabinet under the cognizance of the Fuel Handling Supervisor when not 
authorized for use. 

11.4 Transfer of irradiated fuel in the reactor tank shall be conducted by a minimum of staff 
of two, a Certified Fuel Handler (CFH) and an additional person trained in radiation 
safety. The staff shall monitor the operation using the appropriate radiation monitoring 
instrument. A RSO or designee shall be present for irradiated fuel transfers outside of 
the reactor tank but within the facility. Under no circumstances is fuel to be transferred 
to or stored in the core lattice. 



12.0 Administrative Requirements 

12.1 Organization 

12.1.1 The Certified Fuel Handler Supervisor shall have the responsibility of the reactor 
facility. In all matters pertaining to fuel handling operations and to these 
Technical Specifications, the Certified Fuel Handler Supervisor shall be 
responsible to the President, Aerotest Operations, Inc. The President, Aerotest 
Operations, Inc. shall report to the Board of Directors of Aerotest Operations, 
Inc. 

12.1.2 The Radiological Safety Officer shall review and approve all procedures and 
exper.jment5 involving radiological safety. He shall enforce rules, regulations and 
procedures relating to radiological safety, conduct routine radiation surveys and 
is responsible to the President, Aerotest Operations, Inc. 

12.1.3 The Reactor Safeguards Committee shall be composed of not less than five 
members, of whom no more than three are members of Aerotest Operations, 
Inc. The committee shall meet on call of the chairman and they shall meet at 
least annually. The committe·e shall be responsible for, but not limited to the 
following: 

12.1.3.1 

12.1.3.2 

12.1.3.3 

12.1.3.4 

12.1.3.5 

12.1.3.6 

Reviewing and approving nuclear safety standards associated 
with the use of the facility; 

Reviewing facilities procedures and significant modifications; 

Determining whether proposed procedures or modifications 
involve unreviewed t ciuestion a! eleffned iTf1:0·t:FR·50;-
_,~, and are in accordance with these Technical 

Specifications; ().5 ~.!L-fH,Q..c:,\ \.I' \C) C,..f~ SO 
Vo..r+ so 5'\LC) I 

Conducting periodic audits of procedures, maintenance, 
equipment performance, and records; 

Reviewing all reported abn~yr__r_e___n~s and violations of 
these Technical Specifications, evaluating the causes of such 
events and the corrective action taken and recommending 
measures to prevent reoccurrence and; 

Reporting their findings and recommendations concerning the 
above to the President, Aerotest Operations, Inc. 

12.1.4 The CFH Supervisor shall have at least 5 years of experience in irradiated fuel 
movements and demonstrated knowledge of the relevant NRC regulations and 
ALARA principles. Classroom education in the nuclear and radiation related 
fields of study may be considered in lieu of the experience requirement. 
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12.1.5 The Radiation Safety Officer shall have a minimum of 2 years of experience in 
personnel and environmental radiation monitoring programs. Classroom 
education in the nuclear and radiation related fields of study may be considered 
in lieu of the experience requirement. 

12.2 Procedure_s 

12.2.1 Detailed written procedures shall be provided and foilowed for the following 
operations: 

12.2.1.1 

12.2.1.2 

12.2.1.3 ~---~ / . 

Fuel Handling operations; 

Actions to be taken to correct specific and foreseen potential 
malfunctions of systems or components, including responses to 
alarms resulting from suspected primary system leaks; 

Preventative or corrective maintenance operations which could 
have an effect on the safety of the facility. 

/ 12.2.2 Temporary procedures which do not change the intent of previously approved 

I/ procedures may be utilized on approval by a-qualifi@a.$dMd-HaL Such-" P-,-~: .. ___ \ c. 
proced_ures shall be subsequently reviewed by the Reactor Safeguards r-A ,_\ 1, ., , , , ·, t . 

/ Committee. 
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12.2.1.4 

12.3 Records 

Maintain records required under the facility license and applicable regulations. 

Changes to raclllty vvltllout License A111e~ 
The liceRsee shall melte el,aFJges to tFte fitleility ~,itlmut Mf!l;C approQal Wheri a cl,~ 
t:he licen:sl!!/tecl 111ical .!lf:)ec:ifiestiofl i5 1 ,at I eqah ed:---

Clia11ge:, can be maele witho1:1t RSC aµp1oval to r,1 oeeduFes a As A1ethgdi; wbicb does □Qt 
1 educe clie existing ef'1'Htrveness of the design rm 1cti0n-.-

Cfianges that may, m their 1mplementat1on, reduce t11e effective11eSs of Hie <Jec;ignj 
unctjon are coosideced l,JAFe~iewed a lid shall be reviewed and appr uved by R>C. 
eliahges shall be documented and retamed by the lrcehSee a11d maele a·.•ail;1ble upon 
mspecbon by the N RC. Records should be held as r eqair ed by a ppr upr iate regulatioas 



SENSOf, OR TRIP DEVICE 

High Temperature of 
Coolant Water 

Low Pool Water Level 

Seismic Disturbance 

Bridge Crane Location 

Area Radiation Monitor 

Water Radioactivity 

Demineralizer Water Flow 

Buildine Gas Effluent Monitor 

TABI_J 1 

SAFETYSYSTEfvl FUNCTIONS 

NO. OF SWITCHES OR SENSORS 

1 

1 

1 

1 

1 

1 

1 

1 

ANI\JUNCIATOR AND ALARM SET 
POINT 

<:: 1 ft max decrease 

IV on Modified Mercalli Scale 

When located off storage position 

<:: 10 mr/hr 

:c; 20 mr/hr 

;:: 4gpm 

:c; 2 mr/hr 



' . Enclosure 3 

AEROTEST OPERATIONS, INC. 

DOCKET NO. 50-228 

AEROTEST RADIOGRAPHY AND RESEARCH REACTOR (ARRR) 

AMENDMENT TO FACILITY OPERATING LICENSE 

Amendment No. 6 

License No. R-98 

1. The Nuclear Regulatory Commission (NRC or the Commission), having previously made the 
findings set forth in Amended Facility Operating License No. R-98 issued on January 28, 1981, 
has now found that: 

A. The application for indirect transfer of license and conforming amendments to 
Amended Facility Operating License No. R-98, filed by Aerotest Operations, Inc., 
and Nuclear Labyrinth, LLC, dated May 30, 2012, and supplemented on July 19 and 
October 15, 2012; January 10, 2013; and April 21, June 16, August 22, and October 
10, 2016, complies with the standards and requirements of the Atomic Energy Act of 
1954 (the Act), as amended, and the rules and regulations of the Commission as 
stated in Title 10, Chapter I, "Nuclear Regulatory Commission," of the Code of 
Federal Regulations (IO CFR Chapter I). 

B. Construction of the facility has been substantially completed in conformity with 
Construction Permit No. CPRR-86, and the application, as amended, the provisions 
of the Act and the rules and regulations of the Commission; 

C. The facility will operate in conformity with the application, as amended, the 
provisions of the Act, and the rules and regulations of the Commission; 

D. There is reasonable assurance: (i) that the activities authorized by this operating 
license can be conducted without endangering the health and safety of the public, and 
(ii) that such activities will be conducted in compliance with the rules and regulations 
of the Commission; 

E. Aerotest Operations, Inc. is technically and financially qualified to possess, use, and 
operate the facility in accordance with the rules and regulations of the Commission; 

F. The issuance of this operating license will not be inimical to the common defense 
and security or to the health and safety of the public, and does not involve a 
significant hazards consideration; 

G. The receipt, poss~ssion, and use of byproduct and special nuclear material as 
authorized by this license will be in accordance with the Commission's 
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H. The licensee is qualified to be the holder of the license; and 

I. The transfer of the license is otherwise consistent with applicable provisions of 
law, regulations, and orders issued by the Commission pursuant thereto. 

2. Facility Operating License No. R-98, issued to Aerotest Operations, Inc., is hereby 
indirectly transferred to Nuclear Labyrinth, LLC, and the license is amended to read as 
follows: 

A. This license applies to the Aerotest Radiography and Research Reactor (ARRR), a 
pool-type nuclear reactor owned by Aerotest Operations, Inc. The facility is located 
at the Aerotest Operations site near San Ramon, California, and is described in the 
application dated September 14, 1964 (the application), and in supplements thereto, 
including the application for transfer of license dated April 24, 197 4, and the 
application for indirect transfer dated May 30, 2012. 

8. Subject to the conditions and requirements incorporated herein, the Commission 
hereby licenses Aerotest Operations, Inc.: 

(1) Pursuant to Section 104c of the Act and 10 CFR Part 50, "Licensing of 
Production and Utilization Facilities," to possess the reactor at the 
designated location in San Ramon, California, in accordance with the 
procedures and limitations set forth in this license; 

(2) Pursuant to the Act and 10 CFRPart 70, "Special Nuclear Material," to 
possess up to 5.0 kilograms of contained uranium 235, and 

(3) Pursuant to the Act and 10 CFR Part 30, "Licensing of Byproduct Material," 
( 1) to possess, and 2 curie americium-beryllium neutron startup source, and 
(2) to possess, but not to separate, such byproduct material.. 

C. This license shall be deemed to contain and is subject to the conditions specified in the 
following Commission regulations in 10 CFR Chapter I: Part 20, Section 30.34 of Part 
30, Sections 50.54 and 50.59 of Part 50, and Section 70.32 of Part 70; is subject to all 
applicable provisions of the Act and to the rules, regulations, and orders of the 
Commission now or hereafter in effect; and is subject to the additional conditions 
specified or incorporated below 

(1) Maximum Power Level 

The licensee is not authorized to operate the facility at any power. 

(2) Technical Specifications 

The Technical Specifications contained in Appendix A, as revised through 
Amendment No. 6, are hereby incorporated in the license. The licensee shall 
maintain the facility in accordance with the Technical Specifications. 
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D. 

(3) 

Reports 

Physical Security Plan 

The licensee shall maintain in effect and fully implement all provisions of the 
NRC-approved physical security plan, including amendments and changes made 
pursuant to the authority of 10 CFR Section 50.54(p ). The approved security 
plan consists of the document withheld from public disclosure pursuant to 10 
CPR 2.390, entitled "Aerotest Operations, Inc. Security Plan". 

In addition to reports otherwise required under the license and applicable regulations: 

(1) The licensee shall report in writing to the Commission within 10 days of its 
observed occurrence any incident or condition relating to the operation of the 
facility which prevented or could have prevented a nuclear system from 
performing its safety function as described in the Technical Specifications or in 
the Hazards Summary Report. 

(2) The licensee shall report to the Commission in writing within 30 days of its 
observed occurrence any substantial variance disclosed by operation of the 
facility from performance specifications contained in the Hazards Summary 
Report or the Technical Specifications. 

(3) The licensee shall report to the Commission in writing within 30 days of its 
occurrence any significant change in transient or accident analysis, as described 
in the Hazards Summary Report. 

E. Records 

In addition to those otherwise required under this license and applicable regulations, the 
licensee shall keep the following: 

( 1) Reactor operating records, including power levels 

(2) Records showing radioactivity released or discharged -into the .air or water 
beyond the effective control of the licensee as measured at the point of such 
release or discharge. 

(3) Records of emergency reactor scrams, including reasons for emergency 
shutdowns. 

F. This amended license is effective as of the date of issuance and shall expire at midnight on 
December 5, 2024 
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APPENDIX A 

LICENSE NO. R-98 

TECHNICAL SPECIFICATIONS FOR THE 

AEROTEST RADIOGRAPHY AND RESEARCH REACTOR (ARRR) 

1.0 Definitions 

1.1 Permanent Shutdown 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

The reactor is permanently shut down when the reactor is maintained in permanent 
shut down configuration with the fuel elements stored in storage racks that maintain a 
criticality of equal to or less than 0.8 kett-

Permanent Shutdown Configuration 

Core lattice containing no fuel or reflector elements and control rods disabled fully 
inserted. 

Operable 

A system or component shall be considered operable when it is capable of performing 
its required function in its normal manner. 

Operating 

A component or system is operating if it is performing its required function in its normal 
manner. 

Experiment 

Experiment shall mean any apparatus, device, or material installed in the core or 
experimental facilities (except for underwater lights, fuel storage racks and the like) 
which is not a normal part of these facilities. 

Experimental Facilities 

Experimental facilities shall mean Glory Hole, vertical tubes, pneumatic transfer 
systems, central thimble, beam tubes, thermal column, and in-pool irradiation facilities. 

Reactor Safety Circuits 

Reactor safety circuits shall mean those circuits, including their associated input circuits, 
which are designed to initiate a reactor scram. 



2.0 

3.0 

4.0 

1.8 Core Lattice 

The array of machined positions for fuel or reflector elements in the grid plates. 

1.9 Core Structure 

The upper and lower grid plates connected by structural members. 

Reactor Site 

2.1 The reactor and associated equipment is located within an exclusion area. 

2.2 A steel, locked perimeter fence shall surround the ARRR facility, forming an exclusion 
area. The minimum distance from the center of the reactor pool to the boundary of the 
exclusion area fencing shall be 50 feet. The restricted area, as defined in 10 CFR 20, shall 
consist of the entire exclusion area. 

2.3 Th principal activities carried on within the exclusion area shall be those associated with 
the decommissioning of the ARRR reactor and the use of machine shop, electrical shop 
and chemistry laboratory. 

Reactor Building 

3.1 The reactor shall be housed in a steel building capable of meeting the following 
functional requirements: 

3.1.1 All circulating fans and air conditioning systems except the system which 
supplies air to the control room shall have the capability to be shut off from a 
single control in the control room, 

3.1.2 Ventilation shall be achieved by gravity ventilators located in the roof of the 
building, and 

3.1.3 A positive air pressure shall be maintained in the control room with respect to 
the reactor room. 

3.2 An alarm system shall be installed to detect unauthorized entry into the reactor 
building. The alarm system shall be monitored constantly and its annunciation shall be 
tested monthly. 

Reactor Pool (Primary System) 

4.1 The minimum depth of water above the top of the core structure shall be 16 ft. The 
maximum bulk water temperature shall be 130°F and the minimum 40°F. 



4.2 The conductivity of the primary coolant shall be measured at least once quarterly. 
Corrective action shall be taken to avoid exceeding a conductivity of 5 µmho/cm. 

5.0 Reactor Core 

6.0 

7.0 

5.1 Fuel Elements 

No fuel elements shall be allowed in the core lattice. 

5.2 Reflector Elements 

No reflector elements shall be allowed in core lattice. 

5.3 Control Elements 

Control elements shall be disabled and fully inserted in core lattice. 

Reactor Safety Systems 

Safety System Functions in table 1 will be performed as long as fuel is being stored 

Radiation Monitoring 

7.1 A fixed gamma monitor employing Geiger tube detectors shall be located on the wall 
connecting the control room and the reactor room. This monitor shall serve as both an 
area radiation monitor and a criticality alarm and will annunciate through an automatic 
monitoring system to the San Ramon, California, Fire Department and actuate a siren 
within the reactor building on high radiation level. The monitor shall have a minimum 
range of Oto 20 mr/hr. The annunciation and the siren actuation shall be tested 
monthly. 

7.2 During fuel movement in reactor pool, a gas sample shall be continuously withdrawn 
from the roof vent above the reactor, or from the vicinity of the reactor bridge over the 
core structure, and pumped through a radioactive gas detection chamber. The gas 
chamber shall be monitored by a beta-gamma detector which shall have a continuous 
readout in the control room. An annunciator shall indicate when the gas exceeds 
2 mr/hr. 

7.3 A fission product water monitor shall be attached to the process water cleanup system 
loop adjacent to the demineralizer and shall provide continuous indication in the control 
room. High radiation levels within the demineralizer or pool water shall annunciate an 
audible alarm in the control room. The range of the monitor shall be from 0.1 to 100 
mr/hr. 



8.0 

7.4 Portable survey instruments for measuring beta-gamma dose rates in the range of 0.01 
mr/hr to 50 r/hr shall be available at the facility. 

7.5 Portable instruments for measuring fast and thermal neutron dose rates from 0.1 
mrem/hr to 1.0 rem/hr shall be available at the facility. 

7.6 Radiation detector packets containing a series of threshold detectors shall be placed at 
several locations within the reactor building for post-accident radiation analysis. 

7.7 Process instrumentation with readout in the control room shall be operating to permit 
continuous indication of pool water temperature and conductivity. Alarms shall be 
operable to indicate low water flow, low pool water and improper location of the crane 
bridge. Table 1 contains alarm setpoints for sensors. 

Experimental Facilities 

8.1 

8.2 

Large-Component Irradiation Box 

Not in pool and shall not be authorized for use. 

Pneumatic Transfer Facility 

Not in core lattice and shall not be authorized for use. 

8.3 Glory Hole Facility 

8.4 

Not in pool and shall not be authorized for use. 

Neutron Radiography Facility 

Shall not be authorized for use. 

8.4.1 The beam tube shall consist of a two-section tapered tube having a rectangular 
cross-section.The upper and lower sections of the tube shall be equipped with a 
fill and drain line. 

8.4.2 All components contacting the pool water shall be fabricated from aluminum or 
stainless steel. 

8.4.3 The beam catcher shield shall consist of a movable radiation shield. 

8.5 Thermal Column 

Shall be authorized for reflector element storage only. 



9.0 

8.5.1 The thermal column shall be positioned remotely on steel locating pins 
immediately adjacent to the reactor core. 

8.6 Vertical Tube 

Shall not be authorized for use. 
8.7 Other Irradiation Facilities 

Shall not be authorized for use. 

Experiment Limitation 

No experiments shall be authorized. 

10.0 General Operating Limitations 

No reactor operation shall be authorized. 

11.0 Fuel Transfer and Storage 

11.1 The fuel storage pits located in the floor of the reactor room shall accommodate a 
maximum of 19 fuel elements (700 gm U-235) in storage racks dry or flooded with 
water. The fuel storage pits shall be secured with a lock and chain when fuel is present 
except during fuel transfer operations. 

11.2 Additional fuel storage racks may be located in the reactor tank. Each of these storage 
facilities shall be so designed that for all conditions of moderation kett shall not exceed a 
value of 0.8. 

11.3 A fuel handling tool shall be used in transferring fuel elements of low radioactivity 
between storage pits and the reactor; a shielded transfer cask shall be used for the 
transfer of highly radioactive fuel elements. The fuel handling tool shall remain in a 
locked cabinet under the cognizance of the Fuel Handling Supervisor when not 
authorized for use. 

11.4 Transfer of irradiated fuel in the reactor tank shall be conducted by a minimum of staff 
of two, a Certified Fuel Handler (CFH) and an additional person trained in radiation 
safety. The staff shall monitor the operation using the appropriate radiation monitoring 
instrument. A RSO or designee shall be present for irradiated fuel transfers outside of 
the reactor tank but within the facility. Under no circumstances is fuel to be transferred 
to or stored in the core lattice. 

11.5 No more than one fuel element shall be allowed in the facility which is not in storage. 
The only movement of the fuel elements are for required fuel element inspections, 



canister surveillances, rearrangement of fuel elements in storage, or final placement in 
the transportation cask 

12.0 Administrative Requirements 

12.1 Organization 

12.1.1 The Certified Fuel Handler Supervisor shall have the responsibility of the reactor 
facility. In all matters pertaining to fuel handling operations and to these 
Technical Specifications, the Certified Fuel Handler Supervisor shall be 
responsible to the President, Aerotest Operations, Inc. The President, Aerotest 
Operations, Inc. shall report to the Board of Directors of Aerotest Operations, 
Inc. 

12.1.2 The Radiological Safety Officer shall review and approve all procedures involving 
radiological safety. He shall enforce rules, regulations and procedures relating to 
radiological safety, conduct routine radiation surveys and is responsible to the 
President, Aerotest Operations, Inc. 

12.1.3 The Reactor Safeguards Committee shall be composed of not less than five 
members, of whom no more than three are members of Aerotest Operations, 
Inc. The committee shall meet on call of the chairman and they shall meet at 
least annually. The committee shall be responsible for, but not limited to the 
following: 

12.1.3.1 

12.1.3.2 

12.1.3.3 

12.1.3.4 

12.1.3.5 

12.1.3.6 

Reviewing and approving nuclear safety standards associated 
with the use of the facility; 

Reviewing facilities procedures and significant modifications; 

Determining whether proposed procedures or modifications 
involve unreviewed safety questions, as defined in 10 CFR 50, 
Part 50.59(c) and are in accordance with these Technical 
Specifications; 

Conducting periodic audits of procedures, maintenance, 
equipment performance, and records; 

Reviewing all reported violations of these Technical 
Specifications, evaluating the causes of such events and the 
corrective action taken and recommending measures to prevent 
reoccurrence and; 

Reporting their findings and recommendations concerning the 
above to the President, Aerotest Operations, Inc. 



12.1.4 The CFH Supervisor shall have at least 5 years of experience in irradiated fuel 
movements and demonstrated knowledge of the relevant NRC regulations and 
ALARA principles. Classroom education in the nuclear and radiation related 
fields of study may be considered in lieu of the experience requirement. 

12.1.5 The Radiation Safety Officer shall have a minimum of 2 years of experience in 
personnel and environmental radiation monitoring programs. Classroom 
education in the nuclear and radiation related fields of study may be considered 
in lieu of the experience requirement. 

12.2 Procedures 

12.2.1 Detailed written procedures shall be provided and followed for the following 
operations: 

12.2.1.1 

12.2.1.2 

12.2.1.3 

Fuel Handling operations; 

Actions to be taken to correct specific and foreseen potential 
malfunctions of systems or components, including responses to 
alarms resulting from suspected primary system leaks; 

Preventative or corrective maintenance operations which could 
have an effect on the safety of the facility. 

12.2.2 Temporary procedures which do not change the intent of previously approved 
procedures may be utilized on approval by the Reactor Adminstrator. Such 
procedures shall be subsequently reviewed by the Reactor Safeguards 
Committee. 

12.3 Records 

Maintain records required under the facility license and applicable regulations. 



SENSOR OR TRIP DEVICE 

High Temperature of 

Coolant Water 

Low Pool Water Level 

Seismic Disturbance 

Bridge Crane Location 

Area Radiation Monitor 

Water Radioactivity 

Demineralizer Water Flow 

Building Gas Effluent Monitor 

TABLE 1 

SAFETY SYSTEM FUNCTIONS 

NO. OF SWITCHES OR SENSORS 

1 

1 

1 

1 

1 

1 

1 

1 

ANNUNCIATOR AND ALARM SET 

POINT 

s 130° F 

s 1 ft max decrease 

IV on Modified Mercalli Scale 

When located off storage position 

s 10 mr/hr 

s 20 mr/hr 

~4gpm 

s 2 mr/hr 
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2 FUEL STORAGE MODEL 

1 Introduction 

On December 6th , 2018, Aerotest Operations, Inc. (Aerotest) began the process of decommissioning the 
Aerotest Radiography and Research Reactor1 (ARRR), its 250 kW TRIGA® reactor. As part of this process, 
amendments to the reactor's operating license are required that reflect its transition from an operating 
reactor to a storage-only facility. To support the requested changes to its license, and to clarify and justify 
any other documentation used for this process, novel analyses on radiation fields produced by the stored 
fuel are required. This document details the development these models using the Monte Carlo N-Particle[1,2l 
(MCNP) transport code. 

2 Fuel Storage Model 

2.1 Physical Description 

The ARRR is a nonstandard TRIGA reactor, consisting standard of 7 ring grid plates housed in a barrel-like 
aluminum cylindrical support structure. The core sits at the bottom of an-aluminum lined cylindrical tank 
that has an inner diameter of 10 feet (3.05 meters) and is 23 feet (7.01 meters) deep. Several facilities, 
namely the power level monitoring instrumentation, a neutron radiography facility, and a graphite thermal 
column, surround the core on the north, east, and south sides respectively. 

The majority of the tank is subsurface, with only the top 12 inches (30.48 cm) above floor level. A bridge 
structure, typical of TRIGA reactors, sits atop this pool and provides a mounting point the control rod 
drives as well as several experimental facilities. Surrounding the top of the pool are four walls made from 
many 20x20x40 inch (51x51x102 cm) concrete bricks, topped with a removable wooden roof. 

As of 2012, the the main structure of the ARRR has been de-fueled. All TRIGA fuel elements are 
currently housed in six separate fuel storage racks in the reactor pool. Of those, three are floor racks resting 
on the bottom of the reactor pool, one is wall-mounted, and two are racks specially constructed to hold 
canisters which contain Aerotest's damaged fuel. A diagram of the configuration of these fuel racks is shown 
in Fig. 1. 

2.1 .1 Floor Storage Racks 

67 fuel elements, most of of Aerotest's burned fuel, are stored in three identical fuel storage racks[31 that rest 
on the floor at the bottom of the reactor pool. 

Each rack, as shown in Fig. 2 consists of two 0.09 inch (2.29 mm) thick plates of aluminum separated by 
16.5 inch (41.9 cm) aluminum posts. The top plate is perforated with 1.56 inch (3.96 cm) diameter holes, 
in a grid of 4 by 7, with 3 inch (7.62 cm) pitch, allowing for the storage of up to 28 TRIGA elements. The 
bottom plate is perforated with 0.75 inch (1.905 cm) diameter holes at the same location as those in the 
top plate to allow for the bottom tip of a fuel element to pass through. The weight of the fuel element 
is supported by the bottom plate and the corresponding holes in the top and bottom plates maintain its 
orientation. The entire rack stands atop 2.5 inch (6.35 cm) aluminum post supports. 

2.1.2 Wall-Mounted Storage Rack 

A further 15 fuel elements are stored in a rack built in to one of the reactor pool's reinforcing rings[4l. 16 feet 
(4.88 meters) below the top lip of the pool, a 4 inch (10.16 cm) wide, 0.25 inch (0.635 cm) thick aluminum 
annulus has been welded around the inner circumference of the tank, in order to improve its rigidity. Into 
this reinforcing ring, 21 1.75 inch (4.445 cm) diameter holes have been cut in increments of 4° from the 
center of the tank, giving the rack a pitch of approximately 4.33 inches (11.0 cm). 20 inches (50.8 cm) blow 
that ring, a second quarter-annulus has been installed with 0.75 inch (1.905 cm) diameter holes aligned with 
those of the first ring, allowing the bottom tips of fuel elements to be seated within. Like the floor storage 
racks, the weight of the fuel elements is supported by the bottom ring, while the holes in the top and bottom 
rings fixes the elements in place. 

1Docket no. 50-228, License no. R-98. 
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Figure 1: A top-view diagram of the reactor pool showing important structures within. The spaces in which 
fuel elements or for damaged fuel canisters could be stored have been are highlighted in red. The diagram 
has been oriented such that the upward direction is north. Note that the wall-mounted fuel storage rack 
{the 21 storage locations on a circular arc at the south of the pool) are located about 64 inches {162 cm) 
above the bottom of the pool. 
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Figure 3: Left: An isometrically projected image of the stainless steel storage rack used to house up to 12 
damaged fuel canisters. Right: An isometrically projected image of a second-generation, aluminum damaged 
fuel canister storage rack, whose capacity has been increased to 24. 
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While fewer elements are stored in this rack than those resting on the tank floor, as consequence of their 
location closer to the top of the pool these elements have a comparatively larger effect on dose rates in the 
areas of interest for modeling. 

2.1.3 Damaged Fuel Canister Racks 

22 of Aerotest's fuel elements are damaged enough that the integrity of their claddings have been compro
mised, and have subsequently been encapsulated in purpose-built damaged fuel canisters. These canisters 
are essentially 0.065 inch (1.651 mm) thick, 2.5 inch (6.35 cm) outer diameter stainless steel tubes, capped 
on both ends, with valves that facilitate the removal of water from inside, allowing the elements to be stored 
in a dry cavity. The canisters are themselves are housed in their own special racks racks[5,61, shown in Fig. 
3, resting on the floor of the tank. Due to the material and thicknesses of their containers elements stored 
within them have comparatively less dosimetric importance to the problem than to the elements stored in 
other racks. 

2.2 Burnup Analysis 

In order to accurately model the radiation fields produced by Aerotest's burned fuel, information regarding 
what energies and with what intensities gammas were being emitted from each fuel element would first need 
to be determined. Due to the large source-to-tally distances involved in the problem, and the nature of the 
source material, beta particle transport was not directly considered. The MCNP model did track the dose 
rate contributions from electrons produced through photon collision (e.g. pair production), however the beta 
particles themselves were not explicitly tracked. Thus, only information regarding gammas was needed. 

Per regulatory requirements, every configuration of the ARRR core, along with that core's thermal 
energy production (i.e. kW-hours), has been tracked and recorded. Using the procedure derived from the 
flux factors in the ARRR Hazards Report[71, a standard measure of burnup for each element was determined 
by computing the sum of the total thermal energy produced for a single core configuration, multiplied 
by a flux weighting factor given by the element's core radial position for that configuration, over all core 
configurations which included that element. 

In order to utilize that burnup data for the calculation of dose rates, information contained within 
the Sterbentz report[81, an Idaho National Laboratory document that is the go-to resource for this kind 
of analysis, was used. Appendices A and S of this report provide tables of the activities for a set of 145 
nuclides of particular import to dosimetric calculations, as a function of fuel burnup and decay time, for both 
standard stainless steel clad and aluminum clad TRIGA elements. Luckily, one of the decay times included 
in the table was 10 years, which is close enough to the real decay time for the fuel in Aerotest's most recent 
core of 9.67 years, that there was no need to perform complex interpolations of the table, nor explicitly 
compute each nuclide's decay. This decay time was used in computations for all elements in storage, which 
was conservative assumption considering many of them were not included in the most recent core, and thus 
have been decaying for longer than 10 years. The relevant data are shown in Table 1 for aluminum clad 
elements, and in Table 2 for stainless steel clad elements. 

For each fuel element, the activities for all nuclides in the table were computed through a linear interpo
lation using that element's burnup in MW-days. Because some of Aerotest's fuel is so highly burned that 
the burnup exceeds that of the highest value in the report (6.65 MW-days), activities from the 24 of ele
ments with a higher burnup than that amount were calculated through extrapolation. This was a reasonable 
approximation, as activities for these nuclides were related highly linearly with burnup amount. 

The gamma decay energies and respective yields from each nuclide in the table were obtained from the 
most recent version of the Evaluated Nuclear Data File (ENDF/B-VIII.0)[91. For each nuclide within each 
element, the gamma intensities for that nuclide's decay energies were computed by multiplying the decay 
yields by the nuclide's activity as compiled in the table discussed above. Thus, for each element, there now 
existed a table of gamma energies and respective intensities, which was precisely the format required for 
input into MCNP. Because MCNP normalizes all values to be per source particle, the total gamma intensity 
of all elements would be needed to denormalize the results. This value was also computed, and was found 
to be 7.304 x 1013 gammas/second over all energies. 
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2.3 Model Parameters 

2.3.1 Geometry 

2 FUEL STORAGE MODEL 

As a result of previous work performed in creating beam neutronics models for the ARRR, much of the 
model's geometry had already been constructed in MCNP to a high level of detail. All that remained was 
to represent the geometry of the fuel storage racks and damaged fuel canisters in that model. In order to 
improve computational efficiency, the internal components of the radiography beam port were removed from 
the model. This change represents a conservative assumption, as these components would only have further 
impeded gammas, thereby reducing dose rate. That said, the lead lining of the lower beam port was left 
in, as it had a comparatively large effect on dose rate, and was a simple enough part of the model that its 
inclusion would not greatly effect computation time. 

2.3.2 Source 

Due to the large number of elements that were in storage, and the fidelity to which the creation and transport 
of decay gammas was being modeled, the source specification of the MCNP deck was especially sophisticated. 
Because there were many actual radiation sources, the MCNP 'source' could not simply be a single set of 
probability distributions that would be sampled in order to set the initial parameters of each gamma that 
would be modeled. Rather, each element would have its own set of distributions, and before sampling the 
distributions of any particular element, MCNP would first chose the element through sampling a discrete 
probability distribution of all elements weighted by their gamma intensities. 

More specifically, for each gamma, MCNP first sampled a table of element origins, i.e. coordinate positions 
of the bottom of their respective fuel meat at the radial center, with each origin weighted by its (normalized) 
total gamma intensity (the sum of gamma emission intensities over all energies for that element). Each 
element's origin was linked to a set of distributions that defined all other gamma starting parameters using 
the MCNP sdef card's fpos feature, with a corresponding dsn s card. 

The starting position of the gamma was then determined by sampling axial and radial offset probability 
distributions, weighted to produce points distributed uniformly on the cylindrical volume bounding the 
fuel meat. From that point, the starting direction was set uniformly randomly (i.e. isotropically). The 
distribution from which the gamma's initial energy was sampled was precisely the table of each element's 
gamma energies and their respective intensities mentioned in §2.2, albeit normalized. 

2.3.3 Storage Strategies 

The MCNP problem (i.e., the MCNP code using specified source, geometry, and tallies as input) was run 
with several different input parameters representing current or potential future storage configurations. These 
were: 

1. Wet storage, i.e. reactor pool and enclosure as they are currently configured. 

2. Dry storage, i.e. reactor pool completely drained. 

3. Dry storage with an additional layer of shielding placed atop the 11 inch (28 cm) thick wooden shield 
that makes up the roof of the pool enclosure. 

The dry cases were studied both to assess the severity of a loss of coolant accident to the Aerotest facility 
and to study the feasibility of a potential move to technically simpler dry storage. For each case, the dose 
rates 1 meter above the pool deck were measured using cell flux (i.e. F4) tallies. 

These F4 tallies were modified by dose response functions, in this case derived from the conversion factors 
in ICRP-21(101, in order to convert the output to units of rem/hr/source particle. In addition, superimposed 
gamma flux mesh tallies ( fmeshn4: p), with appropriate flux to dose rate conversion factors provided in 
associated de and df cards, were used to produce heatmap images of the gamma dose rate. 
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2.4 Results 

2.4.1 Wet Storage 

Due to the effectiveness of water as a gamma shield, the incidence rate of gammas on the tally cells both 
within the enclosure and above the pool deck were so low that a statistically significant dose rate could not 
be determined. Instead, the contribution to dose rates above the pool from the fuel elements in storage under 
water was found to be several orders of magnitude below expected background radiation (r::::0.01 mrem/hr). 
This result supports recent experience at Aerotest, as no elevated dose rate has been measured either above 
or within the pool enclosure during the last decade. 

2.4.2 Dry Storage 

As can be seen in Fig. 4, the dose rates resulting from fuel kept in a dry tank are higher, but are somewhat 
collimated by the tank itself such that the dose rates in the areas out of the line of sight of the fuel are 
significantly lower than those that are within. Averaged across the the upper deck area, the dose rate one 
meter above the roof of the reactor enclosure is 2.5 rem/hr. 

2.4.3 Dry Storage with Additional Lead Shield 

While site-boundary radiation fields were well below that which would give any dose to a member of the 
public, a more practical dry storage method was sought so as to make more practical use of reactor bay space 
and to mitigate doses to Aerotest personnel in the case that the dry storage configuration was to be used. 
Thus, the MCNP model was extended in order to assess the feasibility of utilizing an additional shielding 
structure above the pool enclosure. 

A simple shield made from a layer of lead bricks was considered due to the large number of lead bricks 
in Aerotest's possession. The bricks would be the standard 2x4x8 inch (5x10x20 cm) type, and would rest 
directly atop the wooden beams that made up the roof of the enclosure such that the layer would be 2 inches 
(5 cm) thick. Because these bricks would not interlock, the shielding was modeled in MCNP as a lattice of 
brick cells with a spacing of 0.5 mm, rather than a solid volume of lead. 

As is shown in Fig. 5, this simple shield provides a dramatic reduction in dose rates above the top of the 
enclosure. The dose rate one meter above the top of the enclosure has been lowered to 21 mrem. While this 
is by far the simplest shielding solution for a dry storage configuration, its effectiveness demonstrates that 
there exist many shielding options should dry storage by attempted at Aerotest. 
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Figure 4: A heat-map diagram depicting the gamma dose rates along a cross-sectional slice of the x / z plane 
(looking west) through the center of the ARRR pool, and showing the enclosure and reactor bay. While 
the gammas can be seen to be fairly collimated by the pool, the wooden beams making up the roof of 
the enclosure do not act as a very effective shield as compared to the concrete walls. Gamma fluxes were 
computed with a MCNP cell flux superimposed mesh (fmeshn4:p) tally, which was converted to dose rates 
using ICRP-21 gamma flux to dose conversion factors . Contour lines at each logarithmic decade between 
10-2 rem/hr and 103 rem/hr have been superimposed on the heat-map for additional clarity. 6.18 x 109 

particles were simulated in this particular computation. 
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Figure 5: A heat-map diagram depicting the gamma dose rates along a cross-sectional slice of the y/z plane 
(looking south) through the center of the ARRR pool. The dramatic reduction in dose rate from the lead 
brick shielding above the pool enclosure as compared to the case without can clearly be seen. Gamma fluxes 
were computed with a MCNP cell flux superimposed mesh (fmeshn4:p) tally, which was converted to dose 
rates using ICRP-21 gamma flux to dose conversion factors. Contour lines at each logarithmic decade between 
10-2 rem/hr and 103 rem/hr have been superimposed on the heat-map for additional clarity. 2.52 x 109 

particles were simulated in this particular computation. 
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3 Transfer Cask Model 

3.1 Physical Description 

3 TRANSFER CASK MODEL 

As part of the license amendment process, an analysis the dosimetric effects to both Aerotest employees and 
to the public resulting from a credible accident scenario would need to be pedormed, as the current credible 
accident scenario pertains to the operation of the ARRR. When not in storage, Aerotest's irradiated fuel 
would be moved through the use of a lead-lined transfer cask, and such an accident would have to occur 
during the movement of a fuel element in this cask. 

The cask, shown in Fig, 6, consists of a 1.75 inch (4.445 cm) 28.87 inch (73.33 cm) long central cavity 
lined in 0.125 inch (0.3175 cm) aluminum. This cavity is surrounded by a 3.75 inch (9.525 cm) thick annulus 
of lead, and is capped on the top by a 2 inch (5.08 cm) thick cylinder of lead. The lower part of of the cavity 
is capped by a shutter system, consisting of a 2 inch (5.08 cm) thick lead cylinder that rotates on about 
an axis offset 3 inches (7.62 cm) from the cavity. This entire assembly is surrounded by a 0.25 inch (0.635 
cm) thick aluminum housing. As an additional layer of redundancy, an additional aluminum base plate (not 
pictured) has been affixed to the the bottom of the transfer cask with four set screws. 

A credible accident scenario involves the failure of both the base plate and the shutter mechanism during 
a time when the transfer cask is being moved via the facility's hoist. In this scenario, because the cask 
mechanism is never lifted more than one foot (30 cm) above the floor, the fuel element would be exposed 
but would not completely separate from the cask. The dose rates produced by the the fuel element during 
such a scenario were modeled. 

3.2 Model Parameters 

Figure 6: An isometrically projected image of the fuel 
element transfer cask. The central cavity as well as 
the lower shutter mechanism have been outlined so 
that they can be seen through the cask. 

The fuel element with highest gamma intensity, serial number 616E (aluminum clad, 8.5/20), was chosen for 
this model, as it was the element that would produce the largest dose rates, setting an upper bound for all 
of Aerotest's fuel elements. The MCNP source was constructed in much the same way as for the fuel storage 
models, as discussed in §2.3.2. Two geometries were considered for this analysis. First, the fuel element was 
modeled as if it were completely housed within the transfer cask. The results of this computation would 
provide a baseline for comparison to the accident scenario as well as be useful safety-related information in 
its own right. The second geometry would model the transfer cask 12 inches (30.48 cm) above the reactor 
bay floor, with the fuel element partially exposed and resting on the floor. These geometries are shown in 
Fig. 7. 
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3.2 Model Parameters 3 TRANSFER CASK MODEL 

Figure 7: Left: A cross sectional image generated by MCNP showing the geometry for the model of a single 
fuel element stored within the transfer cask. Right: A cross sectional image generated by MCNP showing 
the geometry of the model of fuel element that has partially fallen out of the transfer cask raised 12 inches 
{30 cm) above the floor. 
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3.3 Results 

These closed cask and dropped element models were simulated in MCNP, and heat maps of the respective 
dose rates are shown in Fig. 9 and Fig. 10. In the case of the dropped element, a plot of the dose rate versus 
distance is shown in Fig. 8. A radiation worker located 10 feet (366 cm) responding to this incident would 
be subjected to a radiation field with a dose rate of 392 mrem/hr, meaning they would receive a dose of 65 
mrem if it took 10 minutes to rectify the situation. Assuming the element was exposed near the east-west 
centerline of the reactor bay, the closest site boundary would be located roughly 50 feet (15 m) away at the 
western fenceline. At that point, assuming no shielding from the walls of the facility, a member of the public 
would be subjected to a field with a dose rate of 16.4 mrem/hr, and would receive a 2.74 mrem dose in 10 
minutes. 
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Figure 8: A plot of the dose rate of the gamma radiation field from the TRIG A fuel element versus distance. 
The gamma flux has been converted to dose rate with dose response functions using flux to dose factors from 
both ICRP-211101 and ANSI 6.1.11111. 
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Figure 9: A heat-map diagram depicting the gamma dose rates along a cross-sectional slice around a TRIG A 
fuel element fully enclosed within the transfer cask, which is itself resting on the concrete floor of the reactor 
bay. Gamma fluxes were computed with MCNP cell flux superimposed mesh (fmeshn4:p) tallies which 
were converted to dose rates using ICRP-21 gamma flux to dose conversion factors. Contour lines at each 
logarithmic decade between 10- 2 rem/hr and 102 rem/hr have been superimposed on the heat-map for 
additional clarity. 8.83 x 109 particles were simulated in this particular computation. 
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Figure 10: A heat-map diagram depicting the gamma dose rates along a cross-sectional slice around a 
TRIGA fuel element that has partially fallen out of the bottom of the transfer cask. The transfer cask is 
suspended 1 foot (30 cm) above the concrete floor, however the fuel element is longer than that so it does 
not completely escape the cask. Contour lines at each logarithmic decade between 10-2 rem/hr and 102 

rem/hr have been superimposed on the heat-map for additional clarity. 107 particles were simulated in this 
particular computation. 
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Isotope Activity after 10 years decay (Ci) 

0.48 MWd 0.95 MWd 1.90 MWd 2.85 MWd 3.80 MWd 4.75 MWd 5.70 MWd 6.65 MWd 
aH 3.862e-03 7.652e-03 1.534e-02 2.306e-02 3.081e-02 3.860e-02 4.642e-02 5.427e-02 

ioBe 1.028e-08 2.049e-08 4.153e-08 6.318e-08 8.544e-08 1.084e-07 1.320e-07 1.565e-07 
14c 1.892e-05 3.769e-05 7.640e-05 1.162e-04 1.572e-04 1.994e-04 2.429e-04 2.878e-04 

a6Cl 1.889e-08 3.762e-08 7.619e-08 1.158e-07 1.565e-07 1.985e-07 2.416e-07 2.861e-07 
s1cr 1.276e-41 2.554e-41 5.229e-41 8.037e-41 1.098e-40 1.409e-40 1.736e-40 2.081e-40 

s4Mn 6.054e-07 1.209e-06 2.465e-06 3.773e-06 5.134e-06 6.555e-06 8.039e-06 9.591e-06 
ssFe 9.857e-04 1.966e-03 3.993e-03 6.089e-03 8.253e-03 1.050e-02 1.282e-02 1.523e-02 
sgFe 2.278e-28 4.562e-28 9.346e-28 1.438e-27 1.967e-27 2.525e-27 3.114e-27 3.737e-27 
6oco 7.009e-03 1.396e-02 2.831e-02 4.309e-02 5.829e-02 7.398e-02 9.017e-02 1.069e-01 
sgNi 5.170e-07 1.029e-06 2.082e-06 3.162e-06 4.267e-06 5.404e-06 6.571e-06 7.770e-06 
63Ni 6.519e-05 1.298e-04 2.631e-04 4.001e-04 5.407e-04 6.858e-04 8.351e-04 9.892e-04 
65zn 1.395e-07 2.788e-07 5.689e-07 8.719e-07 1.188e-06 1.519e-06 1.865e-06 2.228e-06 
79Se 6.234e-06 1.233e-05 2.465e-05 3.696e-05 4.924e-05 6.152e-05 7.379e-05 8.603e-05 
ssKr 8.877e-02 1.755e-01 3.503e-01 5.245e-01 6.978e-01 8.707e-01 1.043e+OO 1.214e+OO 
s1Rb 4.287e-10 8.366e-10 1.658e-09 2.477e-09 3.291e-09 4.103e-09 4.910e-09 5.715e-09 
sgsr 2.288e-21 4.515e-21 8.970e-21 1.337e-20 1. 771e-20 2.198e-20 2.619e-20 3.034e-20 
goSr 1.125e+OO 2.223e+OO 4.436e+OO 6.641e+OO 8.833e+OO 1.102e+01 1.319e+01 1.536e+01 
90y 1.125e+OO 2.224e+OO 4.437e+OO 6.643e+OO 8.835e+OO 1.102e+01 1.320e+01 1.536e+01 
9ly 2.678e-18 5.283e-18 1.050e-17 1.567e-17 2.077e-17 2.580e-17 3.076e-17 3.565e-17 

93zr 3.889e-05 7.701e-05 1.542e-04 2.316e-04 3.090e-04 3.869e-04 4.650e-04 5.433e-04 
95zr 1.273e-16 2.517e-16 5.026e-16 7.528e-16 1.002e-15 1.251e-15 1.498e-15 1.745e-15 

93mNb 1.687e-05 3.339e-05 6.683e-05 1.004e-04 1.340e-04 1.678e-04 2.016e-04 2.355e-04 
94Nb 1.575e-06 3.137e-06 6.353e-06 9.659e-06 1.305e-05 1.654e-05 2.015e-05 2.386e-05 
gsNb 2.826e-16 5.589e-16 1.116e-15 1.671e-15 2.224e-15 2.776e-15 3.326e-15 3.874e-15 

95mNb 9.443e-19 1.867e-18 3.727e-18 5.584e-18 7.432e-18 9.276e-18 1.111e-17 1.294e-17 
gaMo 3.876e-08 7.721e-08 1.565e-07 2.381e-07 3.219e-07 4.085e-07 4.977e-07 5.897e-07 
99Tc 2.144e-04 4.239e-04 8.462e-04 1.267e-03 1.686e-03 2.104e-03 2.520e-03 2.934e-03 

1oaRu 9.322e-28 1.849e-27 3.713e-27 5.594e-27 7.487e-27 9.396e-27 1.132e-26 1.325e-26 
106Ru 1.157e-03 2.334e-03 4.842e-03 7.530e-03 1.039e-02 1.343e-02 1.666e-02 2.007e-02 

1oamRh 8.403e-28 1.667e-27 3.347e-27 5.043e-27 6.749e-27 8.470e-27 1.020e-26 1.195e-26 
106Rh 1.157e-03 2.334e-03 4.842e-03 7.530e-03 1.039e-02 1.343e-02 1.666e-02 2.007e-02 
101Pd 2.374e-07 4.805e-07 1.004e-06 1.570e-06 2.179e-06 2.832e-06 3.529e-06 4.271e-06 
llOAg 3. 793e-11 1.139e-10 4.047e-10 9.155e-10 1.691e-09 2.783e-09 4.248e-09 6.146e-09 

llOmAg 2.852e-09 8.564e-09 3.044e-08 6.884e-08 1.271e-07 2.092e-07 3.194e-07 4.621e-07 
named 1.158e-04 2.304e-04 4.655e-04 7.058e-04 9.507e-04 1.201e-03 1.457e-03 1.718e-03 
nsmcd 1.003e-27 1.993e-27 4.023e-27 6.091e-27 8.193e-27 1.033e-26 1.251e-26 1.474e-26 

114In 1.444e-27 3.832e-27 1.180e-26 2.438e-26 4.205e-26 6.543e-26 9.516e-26 1.320e-25 
114mln 1.510e-27 4.004e-27 1.233e-26 2.548e-26 4.393e-26 6.836e-26 9.943e-26 1.379e-25 
115mln 7.040e-32 1.400e-31 2.824e-31 4.276e-31 5.752e-31 7.256e-31 8.788e-31 1.035e-30 
119msn 6.823e-06 1.364e-05 2.782e-05 4.264e-05 5.BOBe-05 7.425e-05 9.117e-05 1.089e-04 
12lm8n 2.738e-05 5.455e-05 1.106e-04 1.683e-04 2.276e-04 2.887e-04 3.518e-04 4.16Be-04 

u"Sn 8.127e-11 1.618e-10 3.271e-10 4.966e-10 6.700e-10 8.482e-10 1.031e-09 1.219e-09 
126Sn 5.670e-06 1.125e-05 2.262e-05 3.413e-05 4.575e-05 5.750e-05 6.938e-05 8.13Be-05 
124Sb 9.905e-23 2.510e-22 7.328e-22 1.466e-21 2.469e-21 3.771e-21 5.395e-21 7.372e-21 
i;,oSb 1.194e-02 2.377e-02 4.810e-02 7.305e-02 9.859e-02 1.248e-01 1.517e-01 1.793e-01 
126Sb 7.938e-07 1.575e-06 3.167e-06 4.77Be-06 6.404e-06 8.0SOe-06 9.713e-06 1.139e-05 

12amsb 5.670e-06 1.125e-05 2.262e-05 3.413e-05 4.575e-05 5.750e-05 6.938e-05 8.13Be-05 
l;,3mTe 1.782e-17 8.326e-17 4.525e-16 1.315e-15 2.914e-15 5.545e-15 9.556e-15 1.536e-14 
1;,omTe 2.913e-03 5.SOOe-03 1.174e-02 1.782e..:02 2.405e-02 3.045e-02 3.701e-02 4.375e-02 
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121Te 5.230e-12 1.040e-11 2.101e-11 3.183e-11 4.284e-11 5.406e-11 6. 548e-11 7. 709e-11 
121mTe 5.340e-12 1.062e-11 2.145e-11 3.250e-11 4.374e-11 5.519e-11 6.685e-11 7 .871e-11 

129Te 3.672e-34 7.279e-34 1.460e-33 2.197e-33 2.936e-33 3.679e-33 4.425e-33 5.172e-33 
129mTe 5.641e-34 1.118e-33 2.243e-33 3.375e-33 4.511e-33 5.652e-33 6.797e-33 7.945e-33 

1291 3.495e-07 6.924e-07 1.388e-06 2.086e-06 2.787e-06 3.492e-06 4.199e-06 4.908e-06 
134Cs 6.202e-04 2.406e-03 9.686e-03 2.209e-02 3.986e-02 6.333e-02 9.277e-02 1.285e-01 
135Cs 2.110e-05 4.065e-05 7.703e-05 1.097e-04 1.389e-04 1.652e-04 1.887e-04 2.098e-04 
131Cs 1.179e+OO 2.333e+OO 4.665e+OO 6.999e+OO 9.330e+OO 1.166e+01 1.400e+01 1.633e+01 

137mBa 1.115e+OO 2.207e+OO 4.413e+OO 6.621e+OO 8.826e+OO 1.103e+01 1.324e+01 1.545e+01 
141Ce 2.605e-33 5.144e-33 1.024e-32 1.529e-32 2.028e-32 2.523e-32 3.011e-32 3.492e-32 
142Ce 4.277e-10 8.454e-10 1.689e-09 2.532e-09 3.373e-09 4.213e-09 5.053e-09 5.891e-09 
144Ce 1.971e-03 3.896e-03 7.774e-03 1.164e-02 1.548e-02 1.931e-02 2.312e-02 2.691e-02 
144pr 1.971e-03 3.897e-03 7.774e-03 1.164e-02 1.548e-02 1.931e-02 2.312e-02 2.691e-02 

144mpr 2.365e-05 4.676e-05 9.329e-05 1.397e-04 1.858e-04 2.317e-04 2.774e-04 3.229e-04 
144Nd 1.979e-14 3.926e-14 7.906e-14 1.195e-13 1.605e-13 2.024e-13 2.449e-13 2.882e-13 
145pm 4.866e-04 9.692e-04 1.964e-03 2.987e-03 4.037e-03 5.120e-03 6.236e-03 7.387e-03 
147pm 2.922e-01 5.745e-01 1.134e+OO 1.678e+OO 2.205e+OO 2.717e+OO 3.211e+OO 3.688e+OO 

14Bmpm 3.337e-29 1.278e-28 4.891e-28 1.102e-27 1.871e-27 2.796e-27 3.851e-27 5.016e-27 
14Bpm 1.879e-30 7.201e-30 2.755e-29 6.205e-29 1.054e-28 1.575e-28 2.169e-28 2.825e-28 
145Sm 2.630e-06 5.250e-06 1.069e-05 1.635e-05 2.222e-05 2.833e-05 3.470e-05 4.135e-05 
141Sm 6.566e-08 6.560e-08 6.545e-08 6.529e-08 6.511e-08 6.490e-08 6.469e-08 6.444e-08 
1s18m 1.506e-01 3.344e-01 6.959e-01 1.002e+OO 1.251e+OO 1.452e+OO 1.613e+OO 1. 742e+OO 
152Eu 4.684e-04 1.621e-03 5.934e-03 1.228e-02 1.984e-02 2.799e-02 3.620e-02 4.413e-02 
154Eu 3.076e-02 1.206e-01 4.830e-01 1.090e+OO 1.942e+OO 3.042e+OO 4.394e+OO 5.997e+OO 
155Eu 9.450e-02 1.846e-01 3.634e-01 5.447e-01 7.360e-01 9.459e-01 1.182e+OO 1.451e+OO 
153Gd 1.125e-08 2.400e-08 6.215e-08 1.277e-07 2.307e-07 3.778e-07 5.727e-07 8.172e-07 
160Tb 1.311e-19 2.735e-19 6.087e-19 1.016e-18 1.506e-18 2.092e-18 2.788e-18 3.609e-18 
206Tl 1.109e-13 2.210e-13 4.479e-13 6.815e-13 9.215e-13 1.169e-12 1.424e-12 1.688e-12 
201Tl 4.511e-09 4.573e-09 4.698e-09 4.826e-09 4.956e-09 5.089e-09 5.223e-09 5.360e-09 
2osTl 5.206e-09 1.049e-08 2.298e-08 3.808e-08 5.599e-08 7.700e-08 1.014e-07 1.294e-07 

210Pb 3.543e-15 6.907e-15 1.385e-14 2.108e-14 2.867e-14 3.675e-14 4.543e-14 5.485e-14 
2llpb 4.524e-09 4.586e-09 4.712e-09 4.840e-09 4.970e-09 5.103e-09 5.238e-09 5.375e-09 
212pb 1.449e-08 2.920e-08 6.395e-08 1.060e-07 1.558e-07 2.143e-07 2.822e-07 3.603e-07 
211Bi 4.524e-09 4.586e-09 4.712e-09 4.840e-09 4.970e-09 5.103e-09 5.238e-09 5.375e-09 
212Bi 1.449e-08 2.920e-08 6.395e-08 1.060e-07 1.558e-07 2.143e-07 2.822e-07 3.603e-07 
212p0 9.283e-09 1.871e-08 4.097e-08 6.790e-08 9.983e-08 1.373e-07 1.808e-07 2.308e-07 
215p0 4.524e-09 4.586e-09 4.712e-09 4.840e-09 4.970e-09 5.103e-09 5.238e-09 5.375e-09 
216p0 1.449e-08 2.920e-08 6.395e-08 1.060e-07 1.558e-07 2.143e-07 2.822e-07 3.603e-07 
219Rn 4.524e-09 4.586e-09 4.712e-09 4.840e-09 4.970e-09 5.103e-09 5.238e-09 5.375e-09 
220Rn 1.449e-08 2.920e-08 6.395e-08 1.060e-07 1.558e-07 2.143e-07 2.822e-07 3.603e-07 
223Fr 6.238e-11 6.323e-11 6.496e-11 6.673e-11 6.852e-11 7 .035e-11 7.221e-11 7.410e-11 

223Ra 4.524e-09 4.586e-09 4.712e-09 4.840e-09 4.970e-09 5.103e-09 5.238e-09 5.375e-09 
"""Ra 1.449e-08 2.920e.-08 6.395e-08 1.060e-07 1.558e-07 2.143e-07 2.822e-07 3.603e-07 
:,26Ra 2.724e-14 5.278e-14 1.046e-13 1.571e-13 2.105e-13 2.654e-13 3.222e-13 3.813e-13 
"""Ra 1.215e-09 1.215e-09 1.214e-09 1.212e-09 1.211e-09 1.210e-09 1.209e-09 1.207e-09 
221 Ac 4.520e-09 4.582e-09 4.707e-09 4.835e-09 4.965e-09 5.098e-09 5.233e-09 5.370e-09 
.... ,Th 4.462e-09 4.522e-09 4.647e-09 4.773e-09 4.902e-09 5.032e-09 5.166e-09 5.301e-09 
22sTh 1.448e-08 2.918e-08 6.390e-08 1.059e-07 1.557e-07 2.141e-07 2.820e-07 3.600e-07 
220Th 7.271e-11 1.436e-10 2.860e-10 4.273e-10 5.673e-10 7.063e-10 8.441e-10 9.SOSe-10 
2~uTh 8.973e-12 1. 735e-11 3.440e-11 5.181e-11 6.977e-11 8.860e-11 1.086e-10 1.299e-10 
23lTh 7.656e-05 7.530e-05 7.278e-05 7.027e-05 6.778e-05 6.530e-05 6.284e-05 6.040e-05 
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232Th 1.589e-09 1.588e-09 1.587e-09 1.585e-09 1.584e-09 1.582e-09 1.580e-09 1.579e-09 
234Th 4.841e-05 4.840e-05 4.836e-05 4.832e-05 4.828e-05 4.823e-05 4.819e-05 4.814e-05 
231Pa 2.313e-08 2.318e-08 2.328e-08 2.339e-08 2.352e-08 2.365e-08 2.379e-08 2.395e-08 
233Pa 1.016e-07 2.847e-07 9.123e-07 1.895e-06 3.243e-06 4.971e-06 7.091e-06 9.618e-06 

234mpa 4.841e-05 4.840e-05 4.836e-05 4.832e-05 4.828e-05 4.823e-05 4.819e-05 4.814e-05 
234Pa 6.294e-08 6.291e-08 6.286e-08 6.281e-08 6.276e-08 6.270e-08 6.265e-08 6.259e-08 
232u 1.331e-08 2.791e-08 6.242e-08 1.042e-07 1.538e-07 2.122e-07 2.BOOe-07 3.581e-07 
233u 6.455e-08 1.275e-07 2.541e-07 3.798e-07 5.045e-07 6.284e-07 7.513e-07 8.733e-07 
234u 7.022e-08 1.350e-07 2.689e-07 4.104e-07 5.638e-07 7.347e-07 9.286e-07 1.152e-06 
23su 7.656e-05 7.530e-05 7.278e-05 7.027e-05 6.778e-05 6.530e-05 6.284e-05 6.040e-05 
236u 6.299e-06 1.244e-05 2.475e-05 3.697e-05 4.904e-05 6.101e-05 7.286e-05 8.457e-05 
231u 7.056e-11 5.411e-10 4.230e-09 1.397e-08 3.233e-08 6.169e-08 1.041e-07 1.613e-07 
23su 4.841e-05 4.840e-05 4.836e-05 4.832e-05 4.828e-05 4.823e-05 4.819e-05 4.814e-05 

231Np 1.016e-07 2.847e-07 9.123e-07 1.895e-06 3.243e-06 4.971e-06 7.091e-06 9.618e-06 
236pu 2.809e-11 1.485e-10 9.167e-10 2.833e-09 6.479e-09 1.252e-08 2.170e-08 3.483e-08 
237pu 3.858e-33 1.519e-32 6.244e-32 1.479e-31 2.828e-31 4.856e-31 7.817e-31 1.206e-30 
238pu 7.161e-06 3.737e-05 2.284e-04 7.037e-04 1.608e-03 3.107e-03 5.384e-03 8.640e-03 
239Pu 3.359e-03 6.546e-03 1.269e-02 1.844e-02 2.382e-02 2.884e-02 3.352e-02 3.786e-02 
240Pu 9.374e-05 3.625e-04 1.411e-03 3.092e-03 5.347e-03 8.128e-03 1.138e-02 1.505e-02 
241Pu 2.876e-04 2.206e-03 1.724e-02 5.693e-02 1.318e-01 2.515e-01 4.243e-01 6.574e-01 
242Pu 5.435e-11 8.347e-10 1.337e-08 6.789e-08 2.149e-07 5.263e-07 1.095e-06 2.035e-06 
244pu 4.714e-22 2.894e-20 1.932e-18 2.306e-17 1.356e-16 5.434e-16 1.706e-15 4.531e-15 

241Am 6.606e-06 5.064e-05 3.956e-04 1.305e-03 3.019e-03 5.757e-03 9.705e-03 1.502e-02 
242mAm 5.950e-10 8.759e-09 1.288e-07 6.016e-07 1.752e-06 3.950e-06 7.567e-06 1.296e-05 

242Am 5.920e-10 8.715e-09 1.282e-07 5.986e-07 1. 743e-06 3.930e-06 7.529e-06 1.289e-05 
243Am 2.696e-12 8.251e-11 2.681e-09 2.074e-08 8.891e-08 2.767e-07 7.026e-07 1.550e-06 
242cm 4.901e-10 7.215e-09 1.061e-07 4.956e-07 1.443e-06 3.254e-06 6.234e-06 1.067e-05 
243cm 2.898e-12 8.855e-11 2.866e-09 2.208e-08 9.418e-08 2.916e-07 7.363e-07 1.615e-06 
244cm 1.887e-12 1.154e-10 7.654e-09 9.075e-08 5.297e-07 2.107e-06 6.567e-06 1.730e-05 
245cm 1.817e-18 2.207e-16 2.944e-14 5.269e-13 4.126e-12 2.065e-11 7. 774e-11 2.406e-10 
246cm 3.590e-21 8.712e-19 2.369e-16 6.489e-15 6.911e-14 4.416e-13 2.038e-12 7.522e-12 
247cm 5.804e-29 2.810e-26 1.553e-23 6.492e-22 9.378e-21 7.625e-20 4.301e-19 1.887e-18 

Table 1: An excerpt from Sterbentz[B] Appendix A, Activity vs Burnup/Decay time for an Aluminum-clad 
Standard TRIGA Fuel Element. 
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Isotope Activity after 10 years decay (Ci) 

0.48 MWd 0.95 MWd 1.90 MWd 2.85 MWd 3.80 MWd 4.75 MWd 5.70 MWd 6.65 MWd 
3H 3.972e-03 7.869e-03 1.577e-02 2.371e-02 3.168e-02 3.970e-02 4.774e-02 5.582e-02 

10Be 8.836e-09 1.759e-08 3.562e-08 5.412e-08 7.310e-08 9.263e-08 1.127e-07 1.334e-07 
14c 5.665e-05 1.128e-04 2.284e-04 3.471e-04 4.688e-04 5.940e-04 7.228e-04 8.554e-04 

36Cl 1.243e-06 2.475e-06 5.00Be-06 7.607e-06 1.027e-05 1.300e-05 1.581e-05 1.870e-05 
s1cr 6.336e-40 1.267e-39 2.589e-39 3.972e-39 5.418e-39 6.935e-39 8.526e-39 1.020e-38 

s4Mn 5.384e-05 1.075e-04 2.188e-04 3.344e-04 ·4.542e-04 5.789e-04 7.087e-04 8.439e-04 
ssFe 8.841e-02 1.762e-01 3.575e-01 5.445e-01 7.370e-01 9.360e-01 1.142e+OO 1.354e+OO 
sgFe 2.024e-26 4.050e-26 8.283e-26 1.272e-25 1.736e-25 2.224e-25 2.737e-25 3.277e-25 
6oco 2.922e-01 5.820e-01 1.179e+OO 1.792e+OO 2.422e+OO 3.070e+OO 3.737e+OO 4.425e+OO 
sgNi 2.417e-04 4.808e-04 9.720e-04 1.475e-03 1.989e-03 2.516e-03 3.057e-03 3.612e-03 
63Ni 2.736e-02 5.447e-02 1.102e-01 1.675e-01 2.261e-01 2.865e-01 3.485e-01 4.122e-01 
65zn 6.855e-07 1.369e-06 2.790e-06 4.269e-06 5.806e-06 7.410e-06 9.083e-06 1.083e-05 
79Se 6.267e-06 1.240e-05 2.479e-05 3.717e-05 4.952e-05 6.189e-05 7.423e-05 8.656e-05 
ssKr 8.879e-02 1.756e-01 3.504e-01 5.248e-01 6.984e-01 8.715e-01 1.044e+OO 1.216e+OO 
s1Rb 6.270e-10 1.035e-09 1.857e-09 2.677e-09 3.492e-09 4.305e-09 5.115e-09 5.922e-09 
sgst 2.289e-21 4.517e-21 8.981e-21 1.339e-20 1.775e-20 2.205e-20 2.629e-20 3.048e-20 
goSr 1.125e+OO 2.224e+OO 4.438e+OO 6.646e+OO 8.841e+OO 1.103e+01 1.321e+01 1.538e+01 
90y 1.125e+OO 2.225e+OO 4.439e+OO 6.648e+OO 8.843e+OO 1.103e+01 1.321e+01 1.538e+01 
9ly 2.678e-18 5.286e-18 1.051e-17 1.569e-17 2.0BOe-17 2.587e-17 3.087e-17 3.580e-17 
93zr 3.799e-05 7.521e-05 1.505e-04 2.260e-04 3.015e-04 3.772e-04 4.532e-04 5.294e-04 
95zr 1.261e-16 2.493e-16 4.977e-16 7.455e-16 9.919e-16 1.238e-15 1.483e-15 1.727e-15 

93mNb 1.647e-05 3.261e-05 6.524e-05 9.798e-05 1.307e-04 1.636e-04 1.965e-04 2.296e-04 
94Nb 3.591e-06 7.150e-06 1.447e-05 2.197e-05 2.966e-05 3.756e-05 4.569e-05 5.403e-05 
gsNb 2.799e-16 5.535e-16 1.105e-15 1.655e-15 2.202e-15 2.748e-15 3.293e-15 3.834e-15 

9smNb 9.354e-19 1.850e-18 3.692e-18 5.530e-18 7.359e-18 9.184e-18 1.101e-17 1.281e-17 
g3Mo 4.114e-06 8.192e-06 1.659e-05 2.521e-05 3.405e-05 4.314e-05 5.250e-05 6.213e-05 
ggTc 2.146e-04 4.244e-04 8.474e-04 1.269e-03 1.690e-03 2.109e-03 2.526e-03 2.942e-03 

103Ru 9.317e-28 1.848e-27 3.709e-27 5.586e-27 7.473e-27 9.375e-27 1.129e-26 1.321e-26 
106Ru 1.153e-03 2.322e-03 4.804e-03 7.447e-03 1.025e-02 1.321e-02 1.634e-02 1.963e-02 

103mRh 8.400e-28 1.666e-27 3.344e-27 5.036e-27 6.737e-27 8.451e-27 1.018e-26 1.191e-26 
106Rh 1.153e-03 2.322e-03 4.804e-03 7.447e-03 1.025e-02 1.321e-02 1.634e-02 1.963e-02 
101pd 2.364e-07 4.776e-07 9.940e-07 1.550e-06 2.144e-06 2.778e-06 3.451e-06 4.165e-06 
llOAg 1.521e-10 3.351e-10 8.232e-10 1.499e-09 2.395e-09 3.553e-09 5.017e-09 6.829e-09 

llOmAg 1.144e-08 2.520e-08 6.189e-08 1.127e-07 1.801e-07 2.672e-07 3.772e-07 5.134e-07 
113mcd 1.151e-04 2.288e-04 4.617e-04 6.993e-04 9.409e-04 1.187e-03 1.439e-03 1.695e-03 
11smcd 9.937e-28 1.975e-27 3.982e-27 6.024e-27 8.094e-27 1.020e-26 1.234e-26 1.451e-26 

1141n 1.183e-27 3.062e-27 9.177e-27 1.867e-26 3.185e-26 4.916e-26 7.101e-26 9.789e-26 
114mln 1.236e-27 3.199e-27 9.590e-27 1.951e-26 3.329e-26 5.137e-26 7.420e-26 1.023e-25 
115mln 6.979e-32 1.387e-31 2.796e-31 4.229e-31 5.683e-31 7.162e-31 8.665e-31 1.019e-30 
ll9m8n 5.900e-06 1.179e-05 2.401e-05 3.673e-05 4.994e-05 6.373e-05 7.810e-05 9.310e-05 
,21msn 2.382e-05 4.744e-05 9.606e-05 1.460e-04 1.972e-04 2.499e-04 3.042e-04 3.599e-04 

u 3Sn 7.692e-11 1.530e-10 3.089e-10 4.682e-10 6.307e-10 7.971e-10 9.670e-10 1.141e-09 
126Sn 5.655e-06 1.122e-05 2.255e-05 3.400e-05 4.555e-05 5.722e-05 6.901e-05 8.091e-05 
m,sb 1.462e-21 2.968e-21 6.246e-21 9.862e-21 1.383e-20 1.820e-20 2.299e-20 2.823e-20 
uosb 1.110e-02 2.209e-02 4.465e-02 6.772e-02 9.128e-02 1.154e-01 1.401e-01 1.653e-01 
uosb 7.917e-07 1.571e-06 3.157e-06 4.760e-06 6.376e-06 8.011e-06 9.661e-06 1.133e-05 

126msb 5.655e-06 1.122e-05 2.265e-05 3.400e-05 4.555e-05 6.722e-06 6.901e-05 8.091e-06 
123mTe 3.296e-16 1.319e-16 5.514e-16 1.299e-14 2.420e-14 3.968e-14 6.002e-14 8.588e-14 
125mTe 2.710e-03 5.390e-03 1.089e-02 1.652e-02 2.227e-02 2.815e-02 3.418e-02 4.033e-02 

17 RPT-200931-ROO 



REFERENCES .REFERENCES 

121Te 5.22Oe-12 1.O38e-11 2.O94e-11 3.17Oe-11 4.263e-11 5.374e-11 6.5O4e-11 7 .651e-11 
127mTe 5.33Oe-12 1.O6Oe-11 2.138e-11 3.236e-11 4.352e-11 5.487e-11 6.64Oe-11 7 .811e-11 

129Te 3.67Oe-34 7.273e-34 1.458e-33 2.194e-33 2.931e-33 3.672e-33 4.416e-33 5.16Oe-33 
129mTe 5.638e-34 1.117e-33 2.241e-33 3.37Oe-33 4.5O3e-33 5.642e-33 6.783e-33 7.927e-33 

1291 3.493e-O7 6.92Oe-O7 1.386e-O6 2.O84e-O6 2.784e-O6 3.487e-O6 4.192e-O6 4.9OOe-O6 
1a4Cs 5.538e-O4 2.131e-O3 8.538e-O3 1.943e-O2 3.499e-O2 5.549e-O2 8.116e-O2 1.123e-O1 
135Cs 2.114e-O5 4.O78e-O5 7.752e-O5 1.1O7e-O4 1.4O6e-O4 1.677e-O4 1.921e-O4 2.141e-O4 
1a1c8 1.179e+OO 2.333e+OO 4.665e+OO 6.999e+OO 9.33Oe+OO 1.166e+O1 1.4OOe+O1 1.633e+O1 

137mBa 1.115e+OO 2.2O7e+OO 4.413e+OO 6.621e+OO 8.826e+OO 1.1O3e+O1 1.324e+O1 1.545e+O1 
141Ce 2.6O6e-33 5.147e-33 1.O25e-32 1.531e-32 2.O32e-32 2.528e-32 3.O2Oe-32 3.5O4e-32 
142Ce 1.618e-O9 2.O36e-O9 2.879e-O9 3.723e-O9 4.564e-O9 5.4O5e-O9 6.245e-O9 7.O84e-O9 
144Ce 1.971e-O3 3.897e-O3 7.777e-O3 1.165e-O2 1.549e-O2 1.933e-O2 2.315e-O2 2.695e-O2 
144Pr 1.971e-O3 3.898e-O3 7.778e-O3 1.165e-O2 1.549e-O2 1.933e-O2 2.315e-O2 2.695e-O2 

144mpr 2.366e-O5 4.677e-O5 9.333e-O5 1.398e-O4 1.859e-O4 2.32Oe-O4 2.778e-O4 3.234e-O4 
144Nd 1.979e-14 3.925e-14 7.898e-14 1.193e-13 1.6O2e-13 2.O18e-13 2.441e-13 2.87Oe-13 
145pm 4.495e-O7 8.95Oe-07 1.811e-O6 2.752e-O6 3.717e-O6 4.7O8e-O6 5.728e-06 6.776e-O6 
147pm 2.924e-O1 5.754e-01 1.137e+OO 1.686e+OO 2.22Oe+OO 2.74Oe+OO 3.245e+OO 3.735e+OO 

148mpm 2.863e-29 1.O98e-28 4.2O6e-28 9.491e-28 1.614e-27 2.417e-27 3.336e-27 4.354e-27 
14Bpm 1.613e-3O 6.183e-3O 2.369e-29 5.346e-29 9.O93e-29 1.361e-28 1.879e-28 2.453e-28 
14ssm 2.429e-O9 4.846e-09 9.856e-O9 1.5O5e-O8 2.O42e-O8 2.6OOe-O8 3.18Oe-O8 3.782e-O8 
141Sm 2.253e-1O 3.7480-10 6.718e-1O 9.624e-1O 1.245e-O9 1.522e-O9 1.79Oe-O9 2.O52e-O9 
1s1sm 2.962e-O2 5.334e-O2 8.885e-O2 1.122e-O1 1.273e-O1 1.367e-O1 1.426e-O1 1.46Oe-O1 
1s2Eu 2.869e-O4 7.218e-O4 1.88Oe-O3 3.195e-O3 4.492e-O3 5.681e-O3 6.71Oe-O3 7.57Oe-O3 
1s4Eu 3.354e-O4 1.276e-03 5.O85e-O3 1.157e-O2 2.O9Oe-O2 3.331e-O2 4.9O2e-O2 6.829e-O2 
s55Eu 1.O34e-O2 1.976e-O2 3.69Oe-O2 5.186e-O2 6.497e-O2 7.665e-O2 8.719e-O2 9.689e-O2 
1saGd 9.622e-O9 1.95Oe-O8 4.114e-O8 6.531e-O8 9.188e-O8 1.2O7e-O7 1.515e-O7 1.837e-O7 
160Tb 6.334e-19 1.274e-18 2.633e-18 4.O92e-18 5.658e-18 7.345e-18 9.166e-18 1.114e-17 
206Tl 9.5O7e-14 1.893e-13 3.833e-13 5.825e-13 7.868e-13 9.97Oe-13 1.213e-12 1.436e-12 
201Tl 4.877e-O9 4.933e-O9 5.O49e-O9 5.167e-O9 5.287e-O9 5.41Oe-O9 5.535e-O9 5.662e-O9 
2osTl 4.857e-O9 9.677e-O9 2.O89e-O8 3.424e-O8 4.987e-O8 6.8O1e-O8 8.886e-O8 1.127e-O7 

210Pb 3.3O2e-15 6.392e-15 1.275e-14 1.932e-14 2.615e-14 3.334e-14 4.O97e-14 4.912e-14 
211Pb 4.891e-O9 4.947e-O9 5.O63e-O9 5.182e-O9 5.3O2e-O9 5.425e-O9 5.55Oe-O9 5.678e-O9 
212Pb 1.352e-O8 2.693e-O8 5.815e-O8 9.531e-O8 1.388e-O7 1.893e-O7 2.473e-O7 3.135e-O7 
211Bi 4.891e-O9 4.947e-O9 5.O63e-O9 5.182e-O9 5.3O2e-O9 5.425e-O9 5.55Oe-O9 5.678e-O9 
212Bi 1.352e-O8 2.693e-O8 5.815e-O8 9.531e-O8 1.388e-O7 1.893e-O7 2.473e-O7 3.135e-O7 
212p0 8.661e-O9 1.726e-O8 3.726e-O8 6.1O6e-O8 8.893e-O8 1.213e-O7 1.585e-O7 2.0O9e-O7 
21sp0 4.891e-O9 4.947e-09 5.O63e-O9 5.182e-O9 5.3O2e-O9 5.425e-O9 5.55Oe-O9 5.678e-O9 
216p0 1.352e-O8 2.693e-O8 5.815e-O8 9.531e-O8 1.388e-O7 1.893e-O7 2.473e-O7 3.135e-O7 
219Rn 4.891e-O9 4.947e-O9 5.O63e-O9· 5.182e-O9 5.3O2e-O9 5.425e-O9 5.55Oe-O9 5.678e-O9 
220Rn 1.352e-O8 2.693e-O8 5.815e-O8 9.531e-O8 1.388e-O7 1.893e-O7 2.473e-O7 3.135e-O7 
223Fr 6.743e-11 6.821e-11 6.981e-11 7 .144e-11 7 .31Oe-11 7 .479e-11 7.652e-11 7.828e-11 

223Ra 4.891e-O9 4.947e-09 5.O63e-O9 5.182e-O9 5.3O2e-O9 5.425e-O9 5.55Oe-O9 5.678e-O9 
224Ra 1.352e-08 2.693e-08 5.815e-08 9.531e-08 1.388e-07 1.893e-07 2.473e-07 3.135e-07 
"""Ra 2.564e-14 4.937e-14 9.749a-14 1.461e-13 1.954e-13 2.457e-13 2.975e-13 3.510e-13 
:,28Ra 1.293e-09 1.293e-09 1.292e-09 1.290e-09 1.289e-09 1.288e-09 1.287e-09 1.286e-09 
""'Ac 4.886e-09 4.943e-09 5.059e-09 5.177e-09 5.297e-09 5.420e-09 5.545e-09 5.673e-09 
221Th 4.823e-09 4.879e-09 4.994e-09 5.110e-09 5.229e-09 5.350e-09 5.474e-09 5.600e-09 
""0 Th 1.351e-O8 2.691e-08 5.810e-08 9.523e-08 1.387e-O7 1.891e-07 2.471e-07 3.133e-07 
2"'11Th 6.736e-11 1.331e-1O 2.651e-10 3.964e-10 5.265e-10 6.559e-10 7.843e-10 9.117e-10 
2s0Th 8.562e-12 1.645e-11 3.248e-11 4.878e-11 6.548e-11 8.284e-11 1.O1Oe-1O 1.203e-10 
2s1Th 8.3O5e-O5 8.179e-O5 7.927e-O5 7.675e-O5 7.426e-O5 7.178e-05 6.931e-05 6.686e-05 
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232Th 1.691e-09 1.690e-09 1.689e-09 1.687e-09 1.686e-09 1.684e-09 1.683e-09 1.681e-09 
234Th 5.245e-05 5.243e-05 5.240e-05 5.236e-05 5.232e-05 5.228e-05 5.224e-05 5.219e-05 
231Pa 2.504e-08 2.507e-08 2.514e-08 2.522e-08 2.531e-08 2.541e-08 2.553e-08 2.565e-08 
233Pa 9.349e-08 2.563e-07 8.044e-07 1.654e-06 2.813e-06 4.295e-06 6.108e-06 8.264e-06 

234mpa 5.245e-05 5.243e-05 5.240e-05 5.236e-05 5.232e-05 5.228e-05 · 5.224e-05 5.219e-05 
234Pa 6.819e-08 6.816e-08 6.812e-08 6.807e-08 6.801e-08 6.796e-08 6.971e-08 6.785e-08 
232u 1.228e-08 2.559e-08 5.659e-08 9.353e-08 1.368e-07 1.872e-07 2.451e-07 3.113e-07 
233u 5.980e-08 1.182e-07 2.355e-07 3.523e-07 4.681e-07 5.834e-07 6.978e-07 8.115e-07 
234u 6.835e-08 1.305e-07 2.584e-07 3.920e-07 5.345e-07 6.902e-07 8.633e-07 1.058e-06 
23su 8.305e-05 8.179e-05 7.927e-05 7.675e-05 7.426e-05 7.178e-05 6.931e-06 6.686e-05 
236u 6.264e-06 1.237e-05 2.464e-05 3.681e-05 4.886e-05 6.082e-05 7.267e-05 8.441e-05 
231u 5.648e-11 4.335e-10 3.395e-09 1.123e-08 2.604e-08 4.980e-08 5.205e-08 1.308e-07 
23su 5.245e-05 5.243e-05 5.240e-05 5.236e-05 5.232e-05 5.228e-05 5.224e-05 5.219e-05 

231Np 9.349e-08 2.563e-07 8.044e-07 1.654e-06 2.813e-06 4.295e-06 6.108e-06 8.264e-06 
236pu 2.346e-11 1.213e-10 7.314e-10 2.231e-09 5.058e-09 9. 711e-09 1.673e-08 2.673e-08 
237pu 2.824e-33 1.112e-32 4.564e-32 1.078e-31 2.052e-31 3.503e-31 5.503e-31 8.583e-31 
23sPu 5.982e-06 3.055e-05 1.823e-04 5.542e-04 1.255e-03 2.410e-03 4.154e-03 6.638e-03 
239pu 3.234e-03 6.306e-03 1.223e-02 1.781e-02 2.303e-02 2.793e-02 3.250e-02 3.677e-02 
240Pu 8.647e-05 3.348e-04 1.307e-03 2.871e-03 4.979e-03 7.590e-03 1.066e-02 1.414e-02 
24lpU 2.302e-04 1. 767e-03 1.384e-02 4.578e-02 1.062e-01 2.030e-01 3.433e-01 5.331e-01 
242pu 4.107e-11 6.308e-10 1.010e-08 5.130e-08 1.624e-07 3.977e-07 8.274e-07 1.538e-06 
244pu 2.714e-22 1.664e-20 1.107e-18 1.318e-17 7.720e-17 3.083e-16 9.645e-16 2.551e-15 

241Am 5.288e-06 4.057e-05 3.175e-04 1.050e-03 2.432e-03 4.648e-03 7.854e-03 1.219e-02 
242mAm 4.090e-10 6.036e-09 8.920e-08 4.185e-07 1.224e-06 2.773e-06 5.338e-06 9.185e-06 

242Am 4.070e-10 6.005e-09 8.876e-08 4.164e-07 1.218e-06 2.760e-06 5.312e-06 9.139e-06 
243Am 1.719e-12 5.258e-11 1.707e-09 1.320e-08 5.650e-08 1.757e-07 4.456e-07 9.820e-07 
242cm 3.369e-10 4.972e-09 7.348e-08 3.447e-07 1.009e-06 2.285e-06 4.399e-06 7.568e-06 
243cm 1.908e-12 5.826e-11 1.884e-09 1.450e-08 6.180e-08 1.912e-07 4.823e-07 1.057e-06 
244cm 1.034e-12 6.319e-11 4.180e-09 4.943e-08 2.877e-07 1.141e-06 3.547e-06 9.315e-06 
245cm 8.489e-19 1.030e-16 1.369e-14 2.444e-13 1.907e-12 9.514e-12 3.570e-11 1.101e-10 
246cm 1.547e-21 3.746e-19 1.014e-16 2.765e-15 2.931e-14 1.863e-13 8.555e-13 3.140e-12 
247cm 2.115e-29 1.021e-26 5.612e-24 2.332e-22 3.348e-21 2.705e-20 1.516e-19 6.602e-19 

Table 2: An excerpt from Sterbentz[81 Appendix S, Activity vs Burnup/Decay time for an Stainless steel-clad 
Standard TRIGA Fuel Element. 
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2 GEOMETRY 

1 Introduction 

Aerotest Radiography and Research Reactor1 (ARRR) Technical Specifications stipulate that all fuel storage 
racks located within the reactor tank must be designed such that the ketr of the storage configuration not 
exceed 0.8 for all conditions of moderation. The same design of in-pool fuel storage racks has been in use 
with the ARRR since its inception more than half a century ago. That said, while these racks were fabricated 
to following design guidelines from General Atomics, and their safeties have been corroborated though many 
years of use, no formal criticality analysis has yet been conducted on them specifically with modern Monte 
Carlo method computational tools. As such, a study was performed in order to confirm the criticality safety 
of the Aerotest fuel storage rack design. Because the fuel storage racks were already being modeled using the 
Monte Carlo N-Particle (MCNP) code[1,2l for a contemporaneous project, it was a straightforward process 
to adapt that model for this criticality analysis. 

In addition to those floor storage racks, within the reactor tank fuel is also stored within a 21 position 
storage rack built into the structure of the tank wall. Any fuel within the reactor tank that is not stored in 
either the wall or floor fuel racks is stored within damaged fuel canisters that are themselves housed in their 
own specialized racks. These structures had also already been modeled in MCNP, so they too were included 
in this analysis. 

2 Geometry 

2.1 Floor Fuel Storage Rack 

Aerotest possesses three fuel storage racks of identical construction[3l, the design and dimensions of which 
can be seen in Fig. 1. The storage rack can store up to 28 fuel elements in a 4 by 7 element grid with a 3.00 
inch (7.62 cm) pitch. The rack is constructed from two 0.090 inch (2.286 mm) thick, 13 inch by 22 inch (33 
cm by 56 cm) aluminum plates spaced 16.5 inches (41.9 cm) apart. These plates are held apart by five 0.5 
inch (1.27 cm) diameter aluminum rods along with four sheet metal pans for additional rigidity. The upper 
plate is perforated by 1.5625 inch (3.9688 cm) diameter holes aligned with corresponding 0.75 inch (1.905 
cm) diameter holes in the bottom plate, allowing for elements to be held in position within the rack. This 
entire assembly sits 2.5 inches (6.35 cm) above the ground, supported by a further nine aluminum rods. 

Figure 1: Left: An isometrically projected image of the standard, floor fuel storage rack. Right: A top 
view diagram of the storage rack's upper plate, labeled with relevant dimensions (in inches) . 

1 Docket no. 50-228, License no. R-98. 
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2.2 Wall Fuel Storage Rack 2 GEOMETRY 

2.2 Wall Fuel Storage Rack 

Up to 21 fuel elements can be stored on a rack built into the wall of the ARRR poo1[4] _ This rack consists of 
two 0.25 inch (0.635 cm) thick, 4 inch (10.16 cm) wide annular rings attached to the wall of the pool along 
its circumference. The rings are spaced 20 inches (50.8 cm) apart with their axial midpoint at 74 inches (188 
cm) above the floor. The top and bottom rings are perforated with 21 1.75 inch (4.445 cm) diameter and 
0.75 inch (1.905 cm) holes respectively at a pitch of roughly2 4 inches (10 cm). These holes are aligned with 
one another to facilitate the stable storage of fuel, whereby an element can be inserted into the upper hole 
and its lower pintle will register with the lower hole. In this way the element's weight is supported by the 
lower ring, while the upper ring maintains its orientation. 

2.3 Damaged Fuel Canister Rack 

Some of Aerotest's fuel elements are damaged enough that the integrity of their claddings have been com
promised, and have subsequently been encapsulated in purpose-built damaged fuel canisters (DFC). These 
canisters are essentially 0.065 inch (1.651 mm) thick, 2.5 inch (6.35 cm) outer diameter stainless steel tubes, 
capped on both ends, with valves that facilitate the removal of water from inside, allowing the elements 
to be stored in a dry cavity. The canisters themselves are housed within one of two storage racksls--7] that 
rest on the floor of the pool. The images of the damaged fuel canister, along with the racks in which these 
canisters are stored, are shown in Fig. 2. Because both racks have identical footprints, the rack with the 
larger capacity was used in this analysis, as it represents the more limiting case. 

Figure 2: Left: An isometrically projected image of a damaged fuel canister shown with a cutout to provide a 
clear view of the fuel element housed within. Center: An isometrically projected image of the stainless steel 
storage rack used to house up to 12 DFCs. Right: An isometrically projected image of a second-generation, 
aluminum damaged fuel canister storage rack, whose capacity has been increased to 24. 

2The holes in the wall fuel storage rack have a pitch of 4° on an arc with radius 58 inches (147.32 cm). 
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2.3 Damaged .Fuel Canister Ra.ck 2 GEOMETRY 

Figure 3: Left: An image generated by MCNP depicting a cross sectional slice of the standard floor fuel 
storage rack. In this case, the boundaries of the left and right of the image represent specularly reflecting 
surfaces which allow the the computation to perform as if the rack were infinitely tessellated. Right: An 
image generated by MCNP depicting a cross sectional slice of the 24 position damaged fuel storage rack 
fully loaded with fuel elements. Here, the boundaries of the left and right of the image represent specularly 
reflecting surfaces which allow the the computation to perform as if the rack were infinitely tessellated. 

Figure 4: An image generated by MCNP depicting a cross sectional slice of the model of the 21 position, 
wall mounted fuel storage rack, as seen from above. 

3 RPT- 200930- ROO 



3 MCNP MODELS 

3 MCNP Models 

All MCNP simulations were run with 100,000 particles per cycle for 425 cycles (25 inactive, 400 active) to 
ensure the standard deviation of computed keff values remained ::; 10-4 • 

3.1 Floor Fuel Storage Rack 

While the ARRR used a mixed core that contained 8.5/20 and 12/20 TRJGA elements3 , the computations 
performed for this analysis modeled only 12/20 elements for fuel, as they were the most reactive and thus 
represented the most limiting case. 

3.1.1 Single Fully-Loaded Rack 

While none of the storage racks currently in use are loaded to capacity, nor are their full capacities needed 
to store all of Aerotest's fuel, the criticality state of a single fuel rack fully loaded with 12/20 elements was 
computed that its criticality safety under maximal nominal conditions could be verified. The MCNP model 
consisted of the fuel rack loaded with 28 fuel elements sitting atop an aluminum and concrete floor and 
surrounded by at least 1 meter of water on all sides. A cross sectional view of the fuel rack MCNP geometry 
is shown in Fig. 3. This configuration resulted in a computed keff of 0.6578±0.0001, well below the keff::; 0.8 
limit. To further demonstrate the safety of this storage rack, two additional computations were performed. 

3.1.2 Infinite Planar Array 

An MCNP model was constructed to ascertain the criticality state of an infinitely extending fuel storage 
rack, i.e., an infinite rectangular grid of fuel elements with a pitch of 3 inches (7.62 cm). This model was 
accomplished by using special MCNP surfaces that reflect particles specularly. In this model, a single 12/20 
TRJGA fuel element (axially aligned with the z axis) was enclosed within a tall but narrow box, with the 
smaller (x and y side lengths both being 3 inches (7.62 cm). The box was centered around the fuel element 
such that the radial distance from the center of the fuel element to a side along either the x or y axes was 
1.5 inches (3.81 cm). The inside of the box was filled with the same geometry as the first model as discussed 
in §3.1.1, with the same z extent. Each of the four surfaces surrounding the sides of the fuel element were 
set to facilitate specular reflection, meaning that a tracked particle that intersected that surface would have 
its direction reflected without changing any other property. This, in effect, created a mirror that, when 
combined with the three, other specularly reflecting surfaces, simulated an infinitely extending fuel rack. 

This model yielded a result of keff = 0.8129 ± 0.0001. While this value is shows that this configuration 
would be strongly subcritical, it does not meet the keff ::; 0.8 cutoff, so it is not itself sufficient for demon
strating the safety of the construction of this fuel storage rack. That said, this scenario is the most extremely 
limiting case, and its value is both strongly subcritical and very close the maximum acceptable value. This 
value compares favorably to similar analyses from Usang et alJ81 and Glumac191, allowing for this setup to 
also serve as a benchmark for this MCNP model itself. 

3"12/20" is shorthand for stainless steel clad fuel elements containing fuel meat that is up to 20% enriched with 12 mass-% 
uranium loading. 
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3.2 Wall Fuel Storage Rack 
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Figure 5: A diagram showing the effect of MCNP specular reflection surfaces in creating an infinite tessella
tion of the standard floor fuel storage rack. The 7 by 4 position rack in the center represents the 'real' rack 
as it is modeled in MCNP, while the less opaque copies represent reflections and reflections of reflections 
created by the mirror surfaces, effectively yielding an infinite geometry. While the between-centers pitch 
within the fuel rack is 3 inches (7.62 cm), the effective pitch at the mirror surface boundaries is 4 inches 
(10.16 cm), as labeled on the diagram. 

3.1.3 Infinite Rack Lattice 

Finally, the keff value for an infinite lattice of fuel storage racks was computed. This case is slightly different 
than the infinitely extending storage rack as discussed in §3.1.2, as the distance from the outer edge of the 
fuel rack to the center of the fuel element closest to the edge is 2 inches (5.08 cm). 

This is larger than the 1.5 inches (3.81 cm) that would be needed to produce an infinite lattice with 3 
inch (7.62 cm) pitch, meaning the pitch of the lattice was effectively 4 inches (10.16 cm) in a significant 
proportion of the infinite model, thus reducing the reactivity of this configuration as compared to the case 
discussed in §3.1.2. A diagram showing the geometry of this infinite lattice is shown in Fig. 5. In this 
configuration, with every position loaded with 12/20 TRIGA fuel elements, the computation yielded a result 
of keff = 0. 7 494 ± 0.0001. Even with an infinite lattice of fuel storage racks, all fully loaded with maximally 
reactive fuel, keff remains below 0.8. 

3.2 Wall Fuel Storage Rack 

Just as with the floor storage racks, the wall storage rack was simulated fully loaded with 12/20 elements 
so that its maximum expected value of keff could be determined. Due to the unique geometry of this 
particular storage rack, there existed no meaningful way to extend the geometry of the rack so as to provide 
a conservative upper bound on it keff value as was the case with the other fuel racks studied. In addition, 
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3.3 Damaged Fuel Canister Rack 4 SUMMARY 

because the fuel in this rack was positioned very sparsely, the mark source memory parameter of the MCNP 
kcode card needed to be set to five times its default value. With all 21 positions of the wall storage rack 
loaded with 12/20 elements, the computation yielded a result of ketr = 0.3148 ± 0.0001. 

3.3 Damaged Fuel Canister Rack 

3.3.1 Single Fully-Loaded Rack 

Although only 14 damaged fuel canisters are currently housed in the 24 position damaged fuel canister 
rack, and need need to store any more damaged fuel is not foreseen, the ketr value of a fully loaded rack 
was computed just as in §3.1.1. Only aluminum-clad 8.5/20 fuel elements are stored in the damaged fuel 
canisters, so this was the only fuel type considered for this model. That said the composition of the fuel 
meat was modeled as if the fuel element had no burnup so as to ensure a more conservative model. A cross 
sectional image of the MNCP geometry is shown in Fig. 3. The computation using this geometry yielded a 
result of ketr = 0.2145 ± 0.0001. 

3.3.2 Infinite Rack Lattice 

Mirroring the analysis method discussed in §3.1.3, an infinite lattice of damaged fuel canister racks was also 
modeled. The ketr for this configuration was computed to be 0.4581 ± 0.0001. 

3.4 Criticality in Air 

In conjunction with a contemporaneous MCNP analysis on the possibility of moving Aerotest's fuel to a dry 
storage configuration, the criticality states of these same three storage structures sitting in air rather than 
water, was desired. Due to the undermoderated nature of TRJGA fuel, these values were expected to be 
much lower than their in-water counterparts. That said, it was simple to modify the existing MCNP input 
decks so as to compute the ketr value for in-air storage, so this was done for the single rack models. In air, the 
fully loaded floor fuel storage rack, wall fuel storage rack, and DFC rack had ketr values of 0.08435 ± 0.00005, 
0.04152 ± 0.00004, and 0.05090 ± 0.00008 respectively. 

4 Summary 

The limiting ketr value for all three in pool fuel storage structures was determined using the MCNP computer 
code. For two of the three structures, additional extensions of the MCNP models were created to more 
conservatively bound that value. 

The maximum expected ketr for the standard 28 position floor fuel storage rack was found to be 0.6578 ± 
0.0001, well below the 0.8 maximum as mandated by Aerotest's technical specifications. In addition, an 
infinite tessellation of this rack was found to have a ketr value of 0.7494 ± 0.0001, which was still less than 
0.8 even with this much more conservative configuration. Finally, the ketr value of an infinite rectangular 
lattice of fuel elements with the same pitch as that of the fuel rack determined to be 0.8129 ± 0.0001 which 
is only slightly greater than 0.8 despite being the most limiting possible model. 

The maximum expected ketr value for the wall storage rack was found to be 0.3148 ± 0.0001, well below 
the ketr $ 0.8 cutoff. 

Mirroring the analysis for the standard floor fuel storage rack, criticality analyses was performed on the 
damaged fuel canister rack. The 24 position rack was used as it represented the more conservative case of the 
two. Fully loaded, its maximum expected ketr was found to be 0.2145 ± 0.0001, and an infinite tessellation 
of damaged fuel canister racks yielded a ketr of 0.4581 ± 0.0001, both of which were much less than 0.8. 
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