
.. 

, 

GA-A15828 
TTC-0119 

·~.('>;: .. !, -~.~··"="" 

,, .. ;-;;.··.\·> ~ ;;_: 

MASTER 

EVALUATION OF FSV-1 CASK FOR 
THE TRANSPORT OF 

LWR IRRADIATED FUEL ASSEMBLIES 

, by .,... . 
- PROJECT STAFF 

Prepared under 
Contract DE-ATOJ-80SF10791 

for the San Francisco Operations Office 
Department of Energy 

DATE PUBLISHED: MAY 1980 

GENERAL ATOMIC COMPANY 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



...----------NOTICE----------. 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States nor any agency thereof, nor any of their employees, makes 
any warranty, expressed or implied, or assumes any legal liability or responsibility for any third 
party's use or the results of such use of any information, appartus, product or process disclosed in 
this report, or represents that its use by such third party would not infringe private ly owned rights. 



GA-A15828 
TTC-0119 

EVALUATION OF FSV-1 CASK FOR 
THE TRANSPORT OF 

LWR IRRADIATED FUEL ASSEMBLIES 
,-----DISCLAIMER------, 

This bonlr wa<. rrPrl'lrPrl .-~an t~CCQ.unt of worl': ipon5orecl by an :tgency of tho United St31CS Govornmof'll. 

Neither the United States Government nor any agency thereof. nor any of their employees, makes any 
warranty, express or implied. or assumes any legal liability or responsibility lor the accvracy, 
completeness, or usefulness o f any information, apparatus, product, or process disclosed, or 
represenu that its use v.ould not infringe privately owned rights. Reference herein to any specific 
commercial product. process, or service by uade name, t rademark, manufacturer. or Otherwise, does 
not necessarily constitute or imply its endorsement. recommendation, or favoring by the United 
States Government or any agency thereof. Tl'le views and opinions of authors expressed herein do not 
necess8fily s-tate or reflect those of ti1e Uni ted States Government or any agency thereof. 

by 
PROJECT STAFF 

Prepared under 
Contract DE-AT03-BOSF1 0791 

for the San Francisco Operations Office 
Department of Energy 

GENERAL ATOMIC PROJECT 3325 
DATE PUBLISHED: MAY 1980 

GENERAL ATOMIC COMPANY 

DISTRIBUllllhl DE IHIS OOCUMeNT IS UNUMITED ~ 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



ABSTRACT 

The Model FSV-1 spent fuel shipping cask was designed by General 

Atomic Company (GA) to service the Fort St. Vrain (FSV) nuclear 

generating station, a High Temperature Gas Reactor (HTGR) owned 

and operated by Public Service Company of C9lorado (PSC). This 

report presents an evaluation of the suitability of the FSV-1 cask 

for the transport of irradiated Light Water Reactor (LWR) fuel 

assemblies from both Pressurized Water Reactors (PWR) and Boiling 

Water Reactors (BWR). The FSV-1 cask evaluation parameters covered 

a wide spectrum of LWR fuel assemblies, based on burnup in Megawatt 

Days/Metric Ton of Heavy Metal (MWD/MTHM) and years of decay since 

irradiation. The criteria for suitability included allowable 

radiation dose rates, cask surf.ace and interior temperatures and 

the Gross Vehicle Weight (GVW) of the complete shipping system • 

.. 
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Summary 

Based on this evaluati9n, the FSV-1 cask can be modified to be 

suitable for the transport of a significant spectrum of LWR irradiated 

fuel assemblies (Figure 1). 

During the evaluation it was recognized that obtaining a revised 

Certificate of Compliance that added LWR fuel assemblies to the authorized 

contents of the FSV-1 cask would constitute final approval of its suita­

bility. Ther.efore, those regulatory requirements of 10CFR71 and 49CFR173, 

concerning containment and radiation would control the design modifications 

to the cask and the selection of suitable LWR irradiated fuel assemblies 

based on burnup and decay. Another concern outside of the Code of Federal 

Regulations was the impact of the modifications and the contents on the 

Gross Vehicle Weight (GVW) and any subsequent decrease in schedule flexi­

bility when conducting overweight shipments. One further and unique 

constraint on any modifications to FSV-1 cask unit number 3, is a contractual 

obligation with Public Service Company of Colorado (PSC) that this cask 

be made available,in case of spent fuel shipping problems,in the configuration· 

for shipping HTGR fuel elements. 

In addition to these required criteria, a desirable modification was 

the removal of the in~er container to make available the largest possible 

cavity (17 3/4 inches in diameter by 188 inches long}. Thus, the evaluation 

consisted of trade-offs between ~andatory requirements, operational concerns, 

contractual constraints, and desirable features. 

The containment requirement may be satisfied by the canister containing 

the PWR or BWR fuel assemblies, or by the modifed FSV-1 cask closures or by 

·some combination of both. The final identification of the containment bound­

aries will be determined when the desig~ of the canisters is more definitive. 

Allowable radiation levels for the loaded cask are found in 4~CFR173.393, 

thus the gamma and neutron sh i e 1 d·i ng capab i 1 i ty of the cask wi 11 determine 
\) 

the selection of fuel assemblies that can be transported. Since the addition 

of shielding adds·w~ight, the consideration of an acceptable GVW really 

controls the spectrum of acceptable LWR fuels. For this evaluation an· 

upper limit of 78,000 pounds GVW was selected. At this weight, shipping 

operations without permits are possible in all except 10 states and the 

District of Columbia. 
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Although many states allow 80,000 pound GVW shipments without permits, 

the maximum axle loadings and 11bridge11 formulas make it difficult t6 

operate a 5 axle tractor and semi-trailer combination in excess of 78,000 

pounds, GVW. 
Typical casks designed for the transport of LWR fuel assemblies can 

accept fuel heat loads of 10 to 12 KW compared to 4.1 KW for the FSV-1 

cask. This limit of 4.1 KW, was based on the expected heat load from 

6 fuel elements from the HTGR reactor rather than the capacity of cask 

and contents. As the evaluation developed it was apparent that the 

spectrum of LWR irradiated fuel elements that could be transported would 

be ·1 imited by shielding considerations rather than the 4.1 KW f~:~el heat 

load limit except for the case of 3 BWR fuel assemblies with 42,000 

MWD/MTHM burnup and 2 years decay time, which have a heat load of 

4.2 KW. This is a very small area of the plot (Figure 1) and with slightly 

less burnup or slightly more decay this fuel heat load wil'l be less than 

4.1 KW. No potential problems with the temperature of the canister, the 

inner closure seal assembly or the Boro-Silicone neutron shielding were 

detected during the thermal studies. Accessible exterior surface tempera­

tures of casks during transport are limited to 180°F by 49CFR173. Certain 

combinations of selar heat load, fuel heat load, and high ambient tempera­

tures (generally in excess o~ 100°F) will result In exterior surface 

temperatures in excess .of 180°F, therefore, a personnel barrier wi 11 be 

included in the modified design to make th~ exterior surfaces of the FSV-1 

cask inaccessible. It may be desirable to make this personnel barrier removable 

and thus only use it when required, and thus simplify handling oper~tions. 

This evaluation did not include a detailed structural analysis because 

of the constraints of schedule, budget and the preliminary nature of infor­

mation concerning the canisters, however, careful attention was given the 

modified design in regard to maintaining the existing load paths and mini­

mizing the increase in the tbtal package (cask and contents) weight. Although 

additional structural analysis will be required to support the request for 

a revised Certificate of Compliance, this evaluation to date has not produced 

any serious concerns. 



LWR fuel assemblies when compared to HTGR fuel elements have 

differences in quantities of heavy metal, number of curies of fission 

products and neutron sources as.listed below: 

The FSV cask, during the transport of 6 HTGR irradiated fuel elements 

contains as a design basis: 

7.8 Kg of u
235 

67.8 Kg of Tho~r.i urn 

1 x 106 Curies of fission products 

A typical LWR cask during the transport of 1 PWR or 2 BWR irradiated 

fuel ~ssemblies contains as a design basis: 

4.0 Kg of u
235 

and Plutonium 

3 x 10
6 

Curies of fission products 

9 x 109 n/sec neutron source 

These differences do not appear to have any Impact on the obtaining 

of a revised Certificate of Compliance, based on this evaluatiog. 

No design features, material properties, or existing regulations 

were identified that would prec~wde the issuance of a revision to the 

Certificate of Compliance to add a significant spectrum of LWR irradiated 

fuel assemblies to the authorized contents for a modified FSV-1 cask. 
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1.0 TASK DESCRIPTION 

1 . 1 Scope 

Evaluate the General Atomic Company, model FSV-1 Spent Fuel 

Shipping Cask to assess its suitability for the tran~port of Light 

Water Reactor (LWR) irradiated fuel assemblies. Identify any required 

modifications and assess the acceptability of a request to amend the 

Certificate of Compliance to add LWR irradiated fuel, assemblies to 

the authorized contents. 

Phase I Evaluation of LWR Fuel Shipping 

• Calculate detailed neutron-gamma shielding for PWR/BWR fuel 

with age (1 to 10 years old) as parameter. 

• Use scoplng thermal calculations to assess spent fuel package 

wall temperatures and fuel basket design requirements. 

• Assess containment adequacy (alternate head arrangement, seal 

adequacy, leak-check capability, etc.). 

• Analyze ~ask and vehicle wiight in detail. 

• Assess current status of state restrictions regarding 73,280 

lb vs. 80,000 lb GVW. 

• Prepare designlayoJts and sketches to support technical assessment of 
feasibility and cost estimate. 

• Perform structural engineering to insure package limitations 

are not exceeded. 

• Prepare a det~iled prog~am cost and schedule proposa1 for design 

certificate amendment, and acqui~ition of the FSV cask, with sup­

porting technical documentation. 

Note: Phase I I - Ev•luation of HLW Shipping will be the subject of 

a later report. 

1.2 Assumptions 

This evaluation of the FSV-1 cask was based on the following 

information and/or assumptions: 

• Neutron and gamma source terms supplied by Sandia Laboratories 

utilizing the SANDIA-ORIGEN computer code. 
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• The inner container of the FSV-1 cask is removed. 

• LWR irradiated fuel assemblies will be in welded, gas tight 

canisters. 

• The closure system will be modified to provide an inner 

closure which does not require an inner container. 

• Criticality control can be accomplished by administrative 

methods or poison inserts. A criticality study wi I I not be 

a part of this evaluation. 

• The following Qround scatter corrections factors were used: 

ror neu t r·urr uose rate ,., 1. 4 

For gamma dose rate- 1.1 

• The reference PWK fuel asse~bly canister Wd~ dSSum~d to b~ 

12.75 inches 0.0. by 169.89 inches long, without the pintle. 

• The reference BWR fuel assembly canister was assumed to be 

16.00 inches 0.0. by 169.89 fnches long without the pintle. 

• The maximum allowable dose rate will be 10 mrem/hr at a 

distance of 6 fe~t from the edge of the vehicle (49CFR173.393). 

• The maximum allowable dose rate on the surface of the inner 

closure will be 50 mrem/hr. 

1.3 Di.scussion 

In the data supplied, the gamma source term ~or Ag 110m, assun~J 

the emis~ion of a 2.75 MeV photon 100% nf the time. This assumption 

results·in an over estimation of the gamma dose rate. The amount of 

this overestimation varies with decay time and with the thickness of the 

gamma and neutron shielding. Aiso, In comparlsu11 willr ulh~r value:J 

currently used in the nuclear industry, the SANDIA-ORJGEN code, (a·n) 
conversion is believed to,be high by a faitor of 2. 

Unfortunately these concerns about th~ supplied data were not dis­

covered until the shielding study was nearly complete. Schedule and 

budget constraints did not allow the shielding study to be redone, however, 

the appropriate corrections were incorporated into the results presented 

in the shielding evaluation (Set:Lion 2.3 and in the Summary (figure 1). 

The information used to define the size, shape, and weight of the 

PWR and BWR irradiated fuel assembly canisters, especially in the case 

of BWR fuel, was obtained from preliminary design concepts, therefore these 

envelopes should be verified and/or updated as soon as better informatfon 

becomes available. 
6 



2.0 LICENSING EVALUATIO~ 

Prior to any use of the FSV-1 cask for the tra~sport of LWR trradiated 

fuel assemblies, the Certificate of Compliance (COC) must be amended to add 

the LWR fuel assemblies to the authorized contents. During this evaluatio~ 

particular attention was df~ected toward making those hardware changes and 

selecting the LWR fuel assemblies that have the least impact on the existing 

COC and thus there fs a high probability that a revised COC will be obtained. 

The following subsections summarize the structural, thermal, shielding, and 

containment evaluation. 

2.1 Structural Evaluation 

The model. FSV-1 cask consists of an inner container which provides 

for the containment of the radioactive material and an outer body which 

provides the gamma shielding and the structural integrity. The current 

operational configuration ·is shown on drawing GADR 55-2-2 (Ref. 7.2). 

When the FSV-1 cask is used to ship canisterized LWR fuel assemblies, 

the inner container will be removed to provide a larger cavity, and since 

the inner closure is part of the inner container, the cask.body will be 

modified to accommodate an inner closure that provides the gamma shielding 

and an outer closure that provides the structural integrity. The proposed 

modification to the closure system is shown 0n drawing SK3325-100, Issue B, 

Sheet 5 (Ref. 6). 
The new inner closure has an attached seal assembly consisting of 

concentric silicone rubber seals. An external port on the upper surface 

of this closure allows for the evacua.tfcon of the seal interspace and thus 

verification that the closure is sealed. The inner closure further has 

provisions for sampling the contents of the cask cavity. 

An impact limiter, ·similar to the existing one but slightly 
modified to accommodate the new outer closure configuration, provides pro-

tection for the closure system during the accident condit~ons of transport. 

These above described modifications will make the FSV-1 cask suitable for 

the transportation of some canisterized LWR irradiated fuel assemblies, based 
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on burnup and decay. To extend the spectrum of LWR fuel that can be 

transported i.e.: higher burnup and shorter decay times, neutron shielding 

must be added to the exterior of the cask. Several different neutron 

" shielding materials were considered in various thicknesses. Based on the 

feasibility of fabrication, the acceptable weight increase and a reasonable 

increase in the spectrum of LWR fuel assemblies which could be transported, 

a 3 inch layer of Bora-Silicone, protected with a stainless steel shell 

was selected for the conceptual design. 

The modified closure design as evaluated was devised to minimize 

the amount of n·ew structural analysis required to support the request 

for a revision to the Certificate of Compliance. All toad\paths have 
' rema4·ned the same or equivalent and the same impact limiter design has 

been retained. The weight increase for the package (cask and contents) 

has been kept to a minimum consistent with the requirements. When 

configured for the transport of HTGR fuel elements, the package weight 

is 47,587 pounds and the maximum weight of the package when configured 

for the transport of LWR fuel assemblies is 51,783 pounds. This is an 

increase in weight of 4196 pounds or 8.8%. 
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2.2 Thermal Evaluation 

A thermal analysis was performed for a FSV-1 cask as modified for 

shipping LWR spent fuel. The objecti~e~of the analysis was to deter­

mine the allowable fuel decay heat for a given cask surface temperature 

and the corresponding seal and canister temperatures. The following 

.cask configurations regarding neutron shielding were considered: a cask 

with no additional shielding and a cask with 3 inches of external Bore­

Silicone neutron shielding. 

The curves (Figures 2.2-1 and 2.2-2) showing the allowable decay 

heat vs. the cask exterior temperature were generated assuming one­

dimensional, steady-state heat flow and balancing the heat fluxes at 

the exterior surface of the cask. 

Figure 2.2-1 is the plot of the exterior surface temperature 6f 

the cask, without ad~itional shielding vs. the fuel heat load. The 
2 

ambient temperature is 130°F, the insolation is 96 BTU/HR FT (3314 watts 

solar heat load) and the surface emissivity is 0.5. 

Figure 2.2-2 is the plot of the exterior surface temperature with 

3 inches of Bore-Silicone neutron shielding added vs. the fuel heat 

load. The Bore-Silicone is covered with a stainless steel protective 

skin which has a surface emissivit~ of 0.5, the ambient temp~rature· is 130°F 

and the insolation is 96 BTU/HR FT (4273 watts solar heat load). 

Table 2.2-1 shows maximum,canister temperature, the inner and outer 

seal temperatures and the fuel heat load for the different cask shielding 
2 

concepts. The results are for the i30°F day, an insolation of 96 BTU/HR FT 

and a cask surface temperature of 180°F. The reported temperatures are 

for nominal internal gaps. The seal temperatures could vary approximately 

+ 5°F depending on gap selection, and the canister temperature could vary 

approximately ~ 40°F~ 

The external surf~ce temperature nf 180°F (Ref. 49CFR173.393) wa5 

selected to esta~lish the maximum fuel heat load that could be transported 

without the use of a personnel barrier to prevent access to the surface 
2 

of the cask. An insolation of 96 BTU/HR FT (Ref. GAOR-55, Addendum 1) 

and an ambient temperature of 130°F (Ref. USNRC Reg. Guide 7.8 were applied/ 

9 



;> 
I 

-0. 

i 
' ,. 

(/) .... .... 
a: 
:J: 

c 
a: 

rueL H~a~ ~aod ve EK~er-~o~ Syrface 
Te~pe~ature w~th ~Kte~naL NeuL~on Sh~eLd~n9 

6~~----------------------------------------------------------~ 

5000 

4000 

o . 
..J 3000 

li: w 
~ 

~ 2000 Solar Heat Load • i273 Watts 
Ia. 

. . 

Amb~enL te~p. • 130 deg. f 

1000 Surface E~~•eLv~t~ • 0.5 

0~------~------~-------r------~------~------~------~ 170 l80 L90 2LO 

EXTERIOR SURfACE TEMPERATURE - DEG. r 

Figure 2.2-1 



..... I ..... 

Puel HeaL Lead ve ExLer~ar Surface 
Tempera~ure w~th Na ExternaL Neu~ran Sh~eLd~ns 

moo~------------------------------------------------------~ 

SDDO 

lf) .... 
~ 4000 
3: 

I 

c 
a:. 
9:sooo 
II: 
w 
:X: 

-~ 2000J ~ Solar Heat Load • 3311 Hatts 
!.. -

Amb~enL ~emp. - 130 deg. f 

1000~ ~ Surface E~~ee~vt~~ • 0.5 

0 !17;0------~------~------~-------r------~------~------~ 
180 ~iO 331 %SO l9J 3)0 310 

CXTERIOR SURrRCE TEMPERATURE - OEG. r 

Figure 2.2~2 



TABLE 2.2-1 

CASK SEAL AND CANISTER TEMPERATURES 
2 

(130°F Ambient, 96 Btu/hr ft Insolation 

Unihielde.d (:;:~c;.k 

Bore-Silicone external 
shielding 

and a Cask Exterior Temperature of 
180°F) 

First Second 
Canister Seal Sea 1 

(oF) (OF) (oF) 

264 184 184 

281 200 200 

Fuel Heat 
Load 

(watts) 

830 

895 . 

Note: The USNRC Certificate of Complianc~ (6346 Rev 3) for the FSV-1 cask 
allows for contents with a maximum fuel heat load of 4.1 kllowatts. 
By allowing the exterior temperature to increase above 180°F the fuel 
heat load can be increased to the 4100 watt limit without exceeding 

0 the allowable seal temperature of 400 F. 
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Using this criteria the allowable fuel heat load is approximately 

895 watts for the cask with neutron shielding and 830 watts for the cask 

without neutron shielding. These limits would not be very restrictive 

for PWR fuel assemblies after 5 years decay but would be restrictive for 

remaining spectrum of LWR fuel assemblies. Based on this analysis a 

personnel barrier will be included in the modifications to the FSV-1 
/ 

cask, however, the surface temperature of the cask will vary nearly 

directly as the ambient air temperature. Thus when the ambient temperature 

is expected to be 100°F or lower, all but a few LWR fuel assemblies with 

the highest heat loads can be transported without the use of the personnel 

barrier. 
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2.3 Shielding Evaluation 

in Megawatt Days/Metric Ton 

minimum decay time for each 

Transportable 

TyiJ~ Qudlllily 

PWR 
PWR 
PWR 
PWR 

BWR 3 
BWR 3 
BWR 3 
BWR 3 

Heavy Metal (MWD/MTHM) 

fuel type are: 

with No Supplemental 

B.u r' IIUI) (MD/MTHM) 

15 t 000 
23,000 
30,000 
32,000 

12,500 
18,000 
25,000 

Shielding 

Det.c:ry (years) 

1 
2 
5 

10 

1 
2 
5 

10 

Transportable with 3 Inches of Boro-Silicone Neutron Shielding 

PWR 
PWR 
PWR 
PWR 

BWR 
BWR 
BWR 
BWR 

3 
3 
3 
3 

26,000 
37t000 
45,000 

>50,000 

42,000 
43,000 

>50,000 

1 
2 
5 

10 

1 
2 
5 

10 

Note: The values in this table have been revised to reduce the 
SANDIA-ORIGEN (a.,n) conversion by a factor of 2 and zero 
out the 2.75 MeV group. 
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The trade-off between burnup and decay for no additional shielding and 

for 3 inches of Boro-Silicone neutron shielding is graphically displayed 

in Figure 2.3-1. 

The information presented in this summary of the shielding evaluation 

has been revised to include a correction for the gamma decay and a,n con­

version in the SANDIA-ORIGEN code. The data reported in the balance of 

the shielding evaluation is uncorrected. Due to the nature of the error 

in the reference code the uncorrected results are conservative, i.e.: LWR 

fuel assemblies with higher burnup and shorter decay time can be trans­

ported without exceeding the 10 mrem/hr at 6 feet criteria~ 
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2.4 Containment Evaluation 

During the transport of HTGR fuel elements in the FSV-1 cask, the 

primary containment boundary Is provided by the inner container (reference 

7.2). This inner container closure has a seal assembly with two concentric, 

sil leone rubber seals. This arrangement provides for a seal interspace 

which is evacuated and the pressure rise monitored to verify an acceptable 

leakage rate prior to each use. The outer closure which seals to the cask 

body has a similar seal arrangement, which is tested for an acceptable • 

leakage rate as part of the annual testing and maintenance program for 

the FSV-1 cask. 

For this evaluation of the suitability of the cask for the transport 

of LWR irradiated fuel assemblies, the inner container is removed from the 

FSV-1 cask to provide a larger cavity, and thus accommodate larger canisters. 

Without the inner container, the regulatory requirements for primary con­

tainment must be satisfied by other components of the shipping package, 

i.e. cask and/or contents. 

There are four possibili.ties for providing the required containment 

during both the normal and accident conditions of transport: 

Case 1 - Design the modified cask closure seals to satisfy the 

regulatory requirements concerning leakage rates for 

both normal and accident conditions of transport. 

Case 2 - Design the LWR fael canister to satisfy the regulatory 

requirement5 for "special form" material. 
I 

Case 3 - Design the canister as a "containment vessel" and 

design the cask body to protect this "containment vessel''. 

Ca5e 4- De.sign the canister as a ''containment vessel" fur nurrual 

conditions of transport and design the cask body closur-e 

to provide containment during accident conditions of 

transport. 

For Case 1, the USNRC Regulatory Guide 7.4 "Leakage Tests on Packages 

for Shipment of Radioactive Materials", provides guidance to satisfy the 

requirements of 10CFR71 by establishing leakage rates and leakage tests 

in accordance with ANSI Nl4.~, "Draft American National Standard for 

Leakage Tests on Packages for Shipment of Radioactive Materials." 

16 



The. mechanical integrity of the cladding on LWR fuel elements should 

be adequate to provide containment of the pellets and the gases during 

the normal conditions of transport and could possibly provide containment 

during the accident conditions~ The design and use of impact limiters 

probably controls whether the LWR fuel element cladding can survive the 

impact portion of the accident conditions of transport. Since the FSV-1 

cask does not use an impact limiter on the bottom of the cask, the 

survivability of the fuel element cladding is doubtful, and the closure 

seals will need to satisfy the leakage rates allowable for accident con­

ditions of transpor~. 

For Case 2 the regulatory requirements are imposed by lOCFR71, 

subpart A, section 71.4 (O) (2) as follows: 

"(0) "Special form'' means any of the following physical 
forms of licensed material of any transport group: 

(2) The material is securely contained in a capsule having 
no dimension less than 0.5 millimeter or at least one 
dimension greater than five millimeters, which will 
retain its contents if subjected to the tests prescribed 
in Appendix D of this part; and which is constructed of 
materials which do not melt, subli~e, or ignite in air 
at 1,475°F., and do not dissolve or convert into dis­
persible form to the extent of more than 0.005 percent 
by weight by immersion for 1 week io water at 68°F. or 
in air at 86°F." 

JOCFR, Part 71, APPENDIX D ~TESTS FOR SPECIAL FORM LICENSED MATERIAL 

"1. Free Drop- A free drop through a distance of 30 feet 
onto a flat essentially unyielding horizontal surface, 
striking the surface in such a position as to suffer 
maximum damage. 

2. Percussion- Impact of the flat circular end of a 1 
inch diameter steel rod weighing 3 pounds, dropped 
through a distance of 40 inches. The capsule or material 
shall be placed on a sheet of lead, of hardness number 
3.5 to 4.5 on the Vickers scale, and not more than 1 inch 
thick, supported by a smooth essentially unyielding 
surface. 

3. Heating- Heating in aJr to a temperature of 1,475°F. and 
remaining at that temperature for a period of 10 minutes. 

4. Immersion - Immersion for 24 hours in water at room 
temperature. The water shall be at pH 6-pH 8, with a 
maximum conductivity of 10 micromhos per centimeter." 
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If the canister is qualified as "special form'', the only containment 

concern will be the air or gas that occupies the space inside the cask 

and outside of the canister. This air or gas will not be "primary 

coolant" as defined in 10 CFR 71 but rather part of the authorized 

contents of the cask. If this ait or gas contains no radioactivitY, 

the closure seal can be considered a secondary seal. If the air or 

gas contains radioactivity, the leakage rate and leakage test determined 

per ANSI N14.5 will be applied to the inner closure seals. 

For Case 3, the canister provides the containment as in case 2, 
I 

however, does not qua 1 I fy as ''spec i a 1 form", but is protected by the 

cask body during the normal and accident conditions of· transport. lhiS 

"containment vessel'' must be leakage tested per USNRC Regulatory Guide 

7;4, prior to each shipment. 

For Case 4 the canister functions as a ''containment vessel" during~ 

• the normal conditions of transport but is not designed nor protected by 

the cask body such that it survives the accident conditions 6f transport. 

The cask closure seals must, for this case, be leakage tested per USNRC 

Regulatory Guide 7.4, using ANSI N14.5 to establish allowable leakage 

rates for the accident conditions of transport, prior to each shipment. 

This case is very similar to Lin:! LWR. irradiutcd fuel 5hipping casks that 

can depend on the fuel rod ~ladding for containment during the. normal 

conditions of transport. 

The present design concept for the FSV-1 cask, modified for the 

transport of LWR irradiated fuel assemblies does provide for a seal 

assembly as part of the inner closure. This seal assembly can be lea~age 

tested and thus satisfy the requirements for a containment boundary. 

When the canister design is final lzed, and. its contribution towdi·d 

satisfying primary containment is evaluated, the cask closure design 

and the cask hanuling (leakage testi119) procedures can then be optimized. 
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2.5 Discussion of License Evaluation 

The final test of the suitability of the FSV-1 cask, appropriately 

modified, for the transport of LWR irradiated fuel assemblies will be 

the issuance of a revision to the Certificate of Compliance, which adds 

the LWR fuel the the authorized contents. 

During thJs evaluation, considerable care has been used In the 

selection of the neutron shielding materi~l, in the selection of the 

candidate LWR irradiated fuel assemblies and the design modifications, 

to limit the amount of analysis that will be required to support the 

request for a revision to the Certificate of Compliance. 

Structural load paths for the modified design are the same or 

equivalent to the existing design. The weight· increase in the package 

has been limited to slightly less than 9%. Further structural analysis 

will be required to determine if the existing cask structure can accept 

this increase in weight. For most load conditions the applied stress 

levels are sufficiently below the allowable stress levels to accommodate 

this increase in the loads. 

The current Certificate of Compliance authorizes contents with a 

total heat load of 4.1 kilowatts. Some of the LWR irradiated fuel assemblies 

selected for transport in the modified FSV-1 cask could have a heat load 
I 

slightly greater than 4.1 kw. The existing fuel heat load limit is based 

on the expected decay heat from 6 irradiated HTGR fuel elements after 100 

days decay rather than any finite capacity of the FSV-1 cask. If it is 

desirable to ship the few LWR fuel assemblies with decay heat in excess 

of 4.1 kw, the appropriate revision to the Certificate of Compliance 

appears feasible. 

The spectrum of LWR irradiated fuel assemblies that can be transported 

in the modified FSV-1 cask will be limited by the neutron and gamma shielding. 

Specific radiation l~vels~ external to the cask~ nrc not e part of th~ 

Certificate of Compliance, however, the regulatory requirement of 49CFR173.3~3 

must be satisfied prior to each shipment. Therefore, that spectrum of LWR 

fuel assemblies that will not exceed the allowable radiation levels, should 

be identified In the authorized contents. 
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Since the containment boudary for the FSV-1 cask, when configured 

for the transport of HTGR fuel, is provided by the inner container, 

removing this container during the transport of LWR fuel assemblies will 

require that another containment boundary be identified in the revised 

Certificate of Compliance. Containment of radioactive material within 

a shipping package (cask and contents) may be provided by the cask or 

the contents or some combination of both, i.e. the contents may provide 

cont~JAment for normal conditions of transport and the cask may provide 

containment for accident conditions of transport. 

The design concept for the modified inner closure for the FSV-1 has 

provisions for a seal that can be leakage tested and thus satisfy the 

requirements for a containment boundary. There are two existing pene­

trations in the base of the cask body that will become part of the contain­

ment boundary when the inner container is removed. Although the seals 

associated with these penet~ations are not easily leakage tested, these 

penetrations are not opened and closed when the cask is loaded or unloaded 

and thus the seals are not disturbed and a periddic leakage test may be 

justifiable. 
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3.0 SHIELDING STUDY 

3.1 INTRODUCTION 

3.1.1 Design Shiel~ing Analysis for HTGR Fuel 

The Final Design Report for the FSV-1 fuel shipping cask (Ref. 3-1) 

describes the_ engineeri.ng analyses which. led to the final design shown in 

' Reference 6.2. It covers the physical dimensions and materials of 

construction, weight ·calculations, stress analysis, shielding analysis, 

heat transfer analysis, criticality analysis, and several other facets 

of the overall design. 

The original shielding analysis for the FSV-1 cask was performed in 

1967 utilizing the PATH gamma shielding code (Ref. 3-2). At that time, 

1 itt-le was known about the possible emission of neutrons from spent fuel, 

but fortunately later studies (Ref. 3-3) showed that the neutton emission 

from HTGR spent fuel was minimal because of the numerous capture events 

needed to transmute TH-232 or U-233 to Cm-242 or Cm-244. Hence, the 
) 

design of the FSV-1 cask with only stainless steel and depleted uranium 

gamma shielding proved to be the correct approach for the' transport of 

HTGR spent fue 1. 

In 1977 and 1~78 the clo~ure system for the FSV cask was reanalyzed 

and modified in order to reduce the external radiation levels during the 

cask handling procedures. Details of this modification are reported in 

an addendum to the original design report. (Ref. 3-4). 

Finally, in 1979 some actual dose-rate meas~rements became available 

when the cask was used to transport g surveillance spent fuel element 

from Fort St. Vrain to GA. The calculated gamma dose rates on the surface 

of the cask were within a factor of two of the measured dose rates· (Ref. 

3~5), and hehce, the shielding design of ~he cask for the transport of 

HTGR fuel elements is essentially as claimed in the design report. 
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3. 1.2 Earlier LWR Application Studies 

Possible use of the FSV-1 cask for the shipment of LWR spent fuel 

was first considered in 1971 (Ref. 3-6). It was recognized at this time 

that some form of neutron shielding might have to be added in order to 

accommodate LWR fuel with appreciable burnup. A series of independent 

studies on LWR shipping cask concepts (Ref. 3-7) confirmed this conclu­

sion. 

Further studies were performed on ~hipping cask applications In 

1978 (Ref. 3-8)~ It was assumed that the FSV-1 cask could accommodate 

one PWR assembly or four BWR assemblies, and thai o~ly neutron ~l•ielding 

could be added to the c~sk. The preliminary results from this 1978 study 

are shown in Table 3-1. 

As will be shown, these earlier results, especially for the PWR, 

did correctly predict the trend of neutron shield requirements for the 

FSV-1 cask. However, a much more accurate analysis was needed, utilizing 

up-dated source terms and adequate computer calculations. 

3.1.3 Purpose of Present Shielding Study 

The purpose of the present shielding study on the FSV-1 cask is to 

determine with a good degree of certainty its adequacy to trans~uft LWfi 

spent fuel elements with or without additional shielding. It differs 

from previous studies in making more extensive use of discrete ordinates 

transport calculations and utilizing more timely and complete i11put in­

formation on source terms and fuel eleme~t configuration. The planned 

steps in this study included: 

1. Gather Input lnrunr.ation (bul"nup; speGific powP.r, power distri­

bution, decay time, source terms, geometry, composition, container 

details, tbang~s in do~e ~ate triteria if any, etc.) 

2. Calculate side neutron dose rates as function of neutron 

shielding thickness and location using the 1-D DTFX transport 

code. Also calculate secondary fissions and capture gamma 

production. 
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TABLE 3-1 
SUMMARY OF 1978 RESULTS - LWR FUEL WHICH COULD BE SHIPPED IN FSV-1 CASK 

No Additional Shielding 

Decay Time· (yr) 

2 

3 

10 

4-in. Neutron Shielding Added 

Decay Time (yr) 

2 

3 

10 

23 

Burnup (MWD/MTHM) 

PWR BWR 

Unfeasible 

20,000 

23,500 

26,500 

Unfeasible 

37,500 

45,000 

>50,000 

/ 

Unfeasible 

18,000 

22,000 

24,500 

Unfeasible 

37,000 

41,500 

50,000 



3. Calculate side gamma dose rates as function of neutron shielding 

thickness and location , including primary and secondary sources, 

using the PATH gamma-shielding code or DTFX transport code. 

4. Create parametric curves from 2 and 3 to permit a selection 

of neutron/gamma split and appropriate neutron shield thickness. 

· Include approximate corrections for ground scattering. 

5. Perform dose rate cal~ulations ~t ends of cask. 

This shielding writeup will cover the methodology and calculational 

approach, source terms, geometry and compositions, and resllalts. Presenta­

tion of the results has been c~refully tailored to p~ovide the quickest 

answer to the question 1111ow can the FSV-1 best carry LWICtuel of X burnup · 

and Y decay t ime? 11 

3.2 METHODOLOGY AND CALCULATIONAL APPROACH 

3.2.1 Design Criteria 

The maximum permissible radiation dose rates during transport are 

established by Title 49, Code of Federal Regulations, Part 173,393. The 

specific 1 imit used for this study is: 10 mrem/hr at a distance of 

6 feet from the ~d0P. nf the transport vehicle. Design guidance from 

the NWTS Test Program further limits .the radiation dose rate rur t.:u11LC:n:.t 

operations to a maximum of 50 mrem/hr. This limit of 50 mrcm/hr is 

applicable to the outer surface of the inner closure prior to the instal­

lntion of the outer closure. 

3.~.2 Direct Neutron Calculations 

Direct neutron calculations were performed using the one-dimensional 

transport code DTFX (Ref. 3-20). This code numerically solves (by the 

m~thod of discrete ordinates) the multigroup form of the neutron transport 
I 

equation in one-dimensional plane, cylindrical, and sphettc•l geometries. 

Due to the long cylindrical geometries involved, one-dimensional analysis 

is more than adequate. The DTFX code just described was chosen because 

of its calculational method and simplicity of use. 
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The neutron flux-to-dose-rate conversion factors used in the 

DTFX calculations were obtained from Ref. 3-9 and are shown in Figs. 
_a 2 

3-1 and 3-2 for neutron energies frQm 10 to 10 MeV. Table 3-2 

gives the conversion factors for the .energy ranges used in DTFX. 

Neutron calculations were performed using a neutron spectrum 

normalized to 1 n/cm3-sec. T~e results of the DTFX computer calcu-

lation were then multiplied by the appropriate neutron source strength 

for a fuel element with a specific burnup and decay time. The cylindri­

cal calculations were run in the P
3

, s8 application. Slab geometry was 

utilized with s16.quadrature for the top and bottom dose rate calculation 

with correction factors applied to the results to correct for the actual 

finite slab geometry. 

The DTFX neutron calculations were run for two cases: (1) the 

FSV-1 cask without additional shielding and (2) the FSV-1 cask with 

3 in. of nuetron shield added to the outside. Both of these cases 

considered no additional gamma shield. In order for parametric studies 

to be analyzed, Figs, 3-3 and 3-4 were utilized for neutron dose rate 

generation. For example, the neutron data for no neutron shield and 

1 in. gamma shield is generated by multiplying the data for no neutron 

and no gamma shield by the 1 in. factor in Fig. 3-3. The same method 

is applied to all other studies. 

3.2.3 Dlrect Gamma Calculations 

Olrect gamma calculations.~ere accomplished with the help of the 

point-kernel computer code PATH "(Ref. 3-2). This code is based upon. 

exponential attenuation from source point to dose point, adjusted by 

appropriate buildup factors. The flux-to-dose-rate conversion factors 

were adjusted to comply with the ANS Standard 6.1.1 (Ref. 3-9). This 
-2 data standard is shown in Fig. 3-5 for·gammas with energies between 10 

and 102 MeV. Table 3-3 tabulates these factors for 38 discrete photon 

energies. Corrections for multilayer buildup were also applied, since 

the calculations performed by most point-kernel codes take into account 

only one-layer buildup factors. Corrections for two-layer configurations 

of iron and uranium (Ref. 3-10) were applied when deemed appropriate. 
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TABLE 3-2 
SOURCE INPUT AND DOSE CONVERSION FACTORS FOR ORNL 36 GROUPS 

Conversion Factor 

Midpoint ( rem/hr ) 
(a) 

Particles/cm2-sec Group Energy Range Energy 

1 14.9-6.70 MeV 10.8 MeV 1 .6-4 
2 6.70-3.68 5.19 1 .5-4 
3 3.68-2.02 2.85 1. 3-4 
4 2.02-1.35 1.68 1.3-4 
5 1.35-0.907 l. 13 1 .3-4 
6 0.907-0.498 0.7 1.1-4 
7 0.498-0.334 0.42 8.1-5 
8 0. 334-0. "IR.1 0,26 5.2-5' 
9 0.183-0.123 0.15 3.0-5 

10 123-52.5 KeV 87.8 KeV 2.0-5 
11 52.5-40.9 46.9 1 .2-5 
12 40.9-24.8 32.9 9.1-6 
1 3 24.8-15.0 19.9 6.0-6 
14 15.0-7.10 11.0 3.8-6 
15 7.10-3.35 5.2 3.6-6 
16 3.35-1.23 2.3 3.7-6 
17 1. 23-0.454 0.84 3.8-6 

. 18 0.454-0.101 0.28 4.0-6 
1q 101-47.9 eV 74.5 eV 4.2-6 
20 41.9-22.6 35.3 4.3-6 
21 22.6-10.7 16.7 4.4-6 
22 10.7-2.38 6.5 4.5-6 
23 2.38-1.13 1.8 4.4-6 
24 1.13-0.414 o. 77 4.3-6 
25 0.414-0.1 0.26 4.1-6 
26 0.1-0.0 0.05 3.7-6 
27 13-8 MeV 10.5 MeV 9 • .'3-6 
£8 8-11 • 92 6.5 " fi,q-fi 
29 4.92-3.03 4.0 5.0-6 
30 3.03-1.86 2.5 3.6-6 
31 1.86-1.15 1,.) 2.7-G 
32 1.15-U. /OS 0.93 1.9-6 
::n 0. 105-0. 3l, 0.1)1 1 .?-n 
34 0;34-0.129 0.24 5.9-7 
35 0.129-0.049 0.09 2.8-7 
36 0.049-0.03 I 0.04 4.4-7 

(a)Groups 1-26 for neutrons and groups 27-36 for gammas. 
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TABLE 3-3 
GAMMA-RAY FLUX-TO-DOSE-RATE CONVERSION FACTORS 

Photon Energy 
(MeV) 

0.01 
0.03 
0.05 
0.07 
0.1 
0. 15 
0.2 
0.2.1 
0.3 
0. 3.J 
0.4 
0.45 
0.5 
0.55 
0.6 
0.65 
0.7 
0.8 
1. 0 
1 • 4 
1 • H 

. 2. 2 
2.6 
:L.ts 
3.25 
3.75 
4.25 
4. 75 
5.0 
5.25 
5.75 
6.25 
6.75 
7.5 
9.0 

11. 0 
13.0 
15.0 
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(rem/hr)/ 
(photon/cm2-sec) 

3.96-06 
5.82-07 
2.90-07 
2.58-07 
2.83-07 
3.79-07 
).01-07 
6.31-07 
7.59-07 
8.78=07 
9.85-07 
1. 08-06 
1. 17-06 
1.27-06 
1.36-06 
1.44-06 
1.52-06 
1.68-06 
1.98-06 
2.51-06 
'L.YY-Ub 
3.42-06 
3.R7-0n 
4 .0"1-06 
4.41-06 
4.83-06 
5.23-06 
5.60-06 
5,80-06 
6,01-06 
6.38-06 
6.74=06 
7.11-06 
7.66=06 
8 I 77-06 
1. 03-05 
1. 18-05 
1. 33-05 



All PATH gamma-ray calculations for PWR fuel were run assuming 

that the fuel element burnup ·was 20,000 MWD/MTHM with a decay time of 

1 yr. Calculational results for the remaining cases of burnup and 

decay time were obtained using the following equation: 

6 
DR(B,t) =2 

s
1 

(s, t) 
DRi (20000, 1) x S. {20000,1) 

I 

where 

i=l 

DR(B~t) = total dose rate due to a fuel element ~ith 

burnup B and decay time t, R/hr, 

= gamma energy group index, 

DR. (20000,1) =dose rate due to energy group i with 'burnup 
I . 

equal to 20,000 MWD/MTHM and decay time equal 

to 1 yr, R/hr, 

S.(B,t)= source strength of energy group i for a specific 
I 

burnup Band decay timet, photons/cm3-sec., 

s. (20000' 1 ) = 
I 

sourte strength of energy group i for a burnup 

of 20~000 ~WD/MTH~ and decay time 1 yr, photons/cm3-sec. 

PATH gamma calculations off the side of the cask considered 0, 3, 

and 6-in. of neutron shield added to the outside. Parametric studies 

involving extra added gamma shield were calculated the same way as the 

neutron studies explained earlier. Dose point locations were taken 6ft. 

from the edge of the transport vehicle (119 in. from center of cask). 

Gamma calculations for the rear of the cask considered dose point !~cations 

on the bottom surfi'IC::~ of the cask and 6 ft. from the rearocf the transport 

vehicle (154 ln. from bottom of cask). 

3.2.4 Ground ScaHering 

The effect of ground scattering of radiation has been widely 

calculated and reported in the literature (for instance, see Ref. 3-11). 

Much of this work was done in connection .with the Aircraft Nuclear Pro­

pulsion program,. the space program, and the civil defense program. 
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The ground-scattered dose rate from the NL 10/24 cask was calculated 

in some detail by NL Industries (Ref. 3-12). For the normal case of 6 ft. 

from the edge of the transport vehicle, the ground-scatteted neutron dose 

rate was 40% of the direct neutron dose rate, while the ground-scattered 

gamma dose rate was 2.3% of the direct gamma dose rate. Other investigators 

have found somewhat higher gamma scattering percentages (Ret'. j-11). ~or 

this shielding study, the correction factors for ground scatter were taken 

as 1.4 fpr neutrons and 1.1 for gammas. 

3.3 SOURCE TERMS 

Neutron .:~ncl gailtrl1a source terms were supplied by Sandia Laboratories, 

utilizing the SANOIA-ORIGEN computer code (Ref. 3-13). ORIGEN runs were 

made for the following four cases: 

Case l: PWR fuel assembly, 20,000 MWD/MTHM burnup, 37.3 MW/MTHM 

specific power, 3.3% enrichment, 80% load factor, fuel 

removed from core just before end of second year in reactor. 

Ca~e 2; PWR fuel u~5emb1y, 33000 MWD/MTHM burnup, other quantities 

same as Case 1, fuel removed from core after three year~. 

Case 3: PWR fuel assembly, 40,000 MWD/MTHM burnup, 45.2 MW/MTHM 
' 

specific power, other quantities same as ~ase 2. 

Case 4: BWR fuel assembly, 34,000 MWD/MTHM burnup, 2.66% enrichment, 

80% load factor, fuel removed after four years, variable 

specific power as follows: 

33.3 MW/MTHM 

32.0 MW/MTHM 

29.4 MW/MTHM 

28.8 MW/MTHM 

ORI&EN, with its extensive 

as its stored nuclear data. An 

1st burn up 

?ncl burn up 

3rd burn up 

4th burn up 

and impressive 

effort wi 11 be 

phase 

phase 

phase 

phase 

printout, is only· as good 

made in the near future 

to identify the differences between ORIGEN-1, SANDIA-ORIGEN, and ORIGEN-2. 

In the meantime, a general discussion of the source terms·and their rela­

tive importance ~i11 have to suffice. 
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3.3.1 Fission Products 

SANDIA-ORIGEN calculates the inventories of 708 fission products. 

The flux and burnup calculations utilize only three neutron-energy groups 

(fast, resonance, thermal). These three groups are collapsed into a 

single group for the actual burnup calculations. Presuma~ly, the cross 

section averaging is done for an average mix of fuel, moderator, fission 

products, actinides, poison, and structure at an average temperature. As 

certain high-cross-section products build up, it is obvious that the 

single-group cross sections will become more and more approxrmate (as 

·self-shielding and flux spectrum changes occur). Therefore, undertainties 

in the fission-product inventories-- especially for high burnup --are 

to be expected. 

The ORIGEN code prints out a complete nuclide listing of fission 

products as a function of decay time, in units of gram atoms, grams, and 

curies. These quantities are then converted to watts of decay heat and 

MeV/sec of gamma emission {by photon energy group) •. In Table A-1 of the 

appendix, the gamma source strengths for the three PWR cases and the 

single BWR case are reproduced directly from the SANDIA-ORIGBN runs. 

There is no direct way to clearly· identify which nuclides are con­

tributing the most to the shielded dose rate, since the nuclide emissions 

are summed together. However, as will be shown later, the 1.99- and 2.75-

MeV photon groups are the most important, thus strongly suggesting that 

Pr-144 is a major contrrbutor to the shielded gamma .dose rate at one to 

three years• decay. The 2.75 MeV energy group contribytor was found to 

be (erroneously) Ag-110m, a matter which will be discussed later. In 

any follow-on study, the fission yields, absorption cross sections, and 

emission spectra being used in ORIGEN for Ce/Pr-144 and Ru/Rh-106 should 

be carefully evaluated. 

L 

3.3.2 Actinides 

The actinides of most importance to the FSV-1 cask shielding ~tudy . 

are Pu-238, Cm-242, and Cm-244, all of which emit neutrons by spontaneous 

fission and/or alpha-n reactions. The ORIGEN code tabulates actinides by 
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gram-atoms, grams, and curies, along with conversions to watts and n/sec. 

The actinide listing is a little more helpful than the fission product 

listing in that neu~ron emission rates are given by nuclide •• For example, 

the CM-244_.emission rates are 2.38+3 (a,n) neutrons/Ci-sec and 1.41+5 spon­

taneous. ~ission neutrons/Ci-sec. The (a,n) yield is approximately twice 

that calculated for UOz (Ref. 3-14). In the case of Cm-242, the (a,n) yield 

used in ORIGEN is 2910 n/Ci-sec, a factor of 2,5 higher. Therefore, the 

neutron source terms (as listed in Table A2 of the appendix) are probably 

somewhat C..:UIIS81"Vative. The relative yie.lrls of Cm242 and Cm244 are shown 

graphically .in Figs. 3-6 to 3-9. 

).3.3 Activitatinn Products 

The ORIGEN code also calculates activation products (i.e. structural 

materials; activitated fission products such as Cs-134 are considered under 

fission· products). This information Is not particularly relevant to this 

s~udy for three reasons: 

1. Most of the fuel assembly structure is located at either end 

uf the assembly, but in th~ SANDIA-ORIGEN runs it is homogenized 

·with the fuel. Thus, the structural actlvltal:ion ·levels are not 

necessarily correct. 

2. Stainless steel was assumed to be completely free of cobalt. 

3. In any event, gamma emission from the structural materials is 

negligible compared with that from the fission products (compare 

Table A-3 with Table A-1 In the appendix). 

3.3.4 Input Data 

The neutron source strength data used as input fo~ DTFX is due to 

the actinides present in the fuel assembly. Table 3-4 and Fig. 3-10 give· 

the neutron source strengths for different PWR and B~R burnups as a function 

of decay· time. The neutron source spectrum was also obtained from Ref. 3-12. 

Table 3-5 shows the spectrum collapsed into the DTFX input energy groups 

and normalized to 1 neutron/cm3-sec. This source spectrum Is also shown in 

Fig. 3-11 and agrees quite well with previously published work (Ref.3-15). 
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TABLE 3-4 
NEUTRON SOURCE (a,n) + SPONTANEOUS FISSION 

3 
Rurnup 

Decay Time (n/cm -sec) 

Fuel MWD/MTHM 1 yr 2 yr 5 yr 10 yr 

PWR 20,000 1.022+2 7. 715+1 6.548+1 5.737+1 

PWR 33,000 1.132+3 9. 651+2 8.344+2 6. 971,+2 

PWR 40,000 2.778+3 2.489+3 2.179+3 1. 812+3 

BWR 34,000 1.718+3 1.487+3 1. 29+3 1 .077+3 

I 

I' 
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TABLE 3-5 
NEUTRON SOURCE INPUT INTO DTFX 

Energy Range 3 (MeV) n/cm -sec 

6.7-14.07 0.014 

3.68-6.7 0.106 

2.02-3.68 0.417 

1.35-2.02 0.157 

0.907-1.35 0.108 

0. 498-0. 907 0.117 

0.334-0.498 0.080 --
Total 1 .00 
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Fig. 3-11. PWR neutron source spectrum 
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The gamma sourGeS used as input for PATH.are a combination of source 

st~engths due to ~ctinides,fission products, and activation products. 

Table 3-6 shows the source strengths broken into six energy groups for 

PWR and BWR fuel elements with various burnups and decay times. Actually, 

the only si~ energy groups input into PATH are those for the case of a 

fuel element with a specific burnup of 20,000 MWD/MTHM and a decay time 

of I yr. All other dose rate calculations are found utilizing the 

method in section 3.2.3. It should be noted that the gamma source terms 

assume no initial cobalt content in the stainless steel structure of the 

fuel .elements. This neglected concentration of about 2000 ppm may change 

the dose rate results on the top and bottom of the cask where the majority 

of the fuel assembly structure Is located. 
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TABLE 3-6 
GAMMA SOURCE TERMS FOR PATH INPUT HeV 

cc/sec 

DECAY TIME (YEARS) 

I (MeV) 2 5 10 
PWR 20,000 MWD/MTHM 

.63 1 . 894 + 10 1.112 + 10 5.~6 + 9 3.018 + 9 
1.1 9.0 + 8 6.622 + 8 3.584 + 8 1 .998 + 8 

1. 55 5.348 + 8 3.262 + 8 9.485 + 7 1 .642 + 7 
1.99 5. 134 + 8 2.216 + 8 1. 529 + 7 2.045 + 5 
2.38 I. /65 + 7 8.008 + 6 1 • 135 + 6 3-674 + 4 

2.7'.J 1 . n67 + B 3-~~4 + 7 2.'085 + 6 3.00 + 4 

PWR 33,000 MWD/MTHM 

.63 ,, • 1 0 1 + 10 . 2.513 + 10 1. 149 + 10 5.487 + 9 

1. 1 - 2.217 + 9 1. 702 + 9 9.88 + 8 5.646 + 8 

1. 55 1 . 184 + 9 ].657 + 8 2.439 + 8 .,1, 3118 + 7 
1.99 7.043 + 8 2.926 + 8 2. 13 + 7 2.96 + 5 
2.38 3. 195 + 7 1. 609 + 7 2.054 + 6 6.664 + 4 

2.75 3.603 + 8 1. 328 + 8 6.782 + 6 7.577 + 4 
PWR 40,000 MWD/MTHM 

.63 5.652 + 10 3.525 + 10 1. 567 + 10 ].022 + 9 
1.1 3.099 + 9 2.388 + 9 1 • 38~ + 9 7.907 + 8 

1.55 1.678 ·I 9 1. 098 + 9 3-564 + 8 6.393 + 7 
1.~9 8.654 + 8 3.597 I 8 2.627 + 7 3.6q7 + 5 
2.38 4.211 + 7 2. 12 + 7 2.707 + 6 8.808 + 4 

2.75 5.828 + 8 2.146 + 8 1 .088 + 7 1. 124 + 5 
own 34,000 MWD/MTHM 

.63 3.542 + 10 2.284 + 10 1.06 + 10 5.132 + 9 

1.1 2.095 + 9 1. 637 + 9 9.811 + 8 5.705 + 8 

1. 55 1. 028 + 9 6.758 + 8 2.205 + 8 3.958 + 7 

1.99 4.919 + 8 2.048 + 8 1. 505 + I 2. 159 + 5 
2.38 2.683 + 7 1. 35 + 7 1 . 725 + 6 5.609 + 4 

2.75 3-396 + 8 1.25 + 8 6.361 + 6 7-333 + 4 
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3.4 COMPOSITION AND GEOMETRY 

3.4. 1 Compositions 

3. 4. 1 • 1 Fue 1 .. 
Fuel assembly compositions vary depending on the reference from ~hich 

they are obtained. One major factor for this difference is the discrepancy 

in the fuel assembly structure used in the calculations. One reference 

may include the end structure while others may not. Table 3-7 shows a 

comparison between other referenced PWR fuel elemental compositions and 

the conservative averages used in this study~ 

To determine conservative averages for BWR fuel elemental compositions 

a comparison was made between PWR and BWR taken from Ref. 3-18 and shown 

in Talb~e 3-8. Note that when the elemental compositions are-.:compared for 

PWR and BWR fuel assemblies in units of grams per unit cross sectional 

area the values obtained are very close to one another. With this data 

the conclusion is that the same volumetric atomic concentrations as those 

found in PWR fuel assemblies may be used for BWR fuel assemblies. The 

actual nuclide concentrations used for the fuel region in this stu~y 

are found in Table 3-9. 

From Table 3-9 a change was made since Zr cross sections were not 

available in the General Atomic data base. For,DTFX calculations, Mo 

cross sections were adjusted to resemble as close as possible, the Zr 

cross sections. To accomplish this, the Mo absorption cross section 

was reduced to zero and the total cross section was reduced accordingly. 

Fig. 3-26 shows the relation between the actual Zr cross section and 

that used as input into DTFX. For PATK calculations Mo. gamma attenuation 

data was substituted for that of Zr. 

3.4. 1.2 Neutron Shield Material 

The neutron shield material chosen for this study is a commercial 

product named Bore-Silicone, with properties as specified in Ref. 3-18. 

This material has a recommended tempera~ure limit of 400°F (205°C) along 

with properties of good machinability and capability of casting in Lhe 

field. Table 3-10 lists the nuclides and their weight percent along 

. with their atomic densities. 
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TABLE 3-7 
PWR COMPOSITION COMPARISON 

' 
Grams per Assembly 

National Lead Sandia Conservative Averages 
Element (Ref. 3-12) (Ref. 3-17) Used in This Study 

0 57,300 61,400 60,000 

Cr 122 3,110 

FP. 4 71 8,105 

Ni 2,530 3, 825 . 

Zr 102,000 125;800 100,000 

U-238 396,000 427,000 400,000 
' U-235 2,500 2,400-3,500 3,000 

Pu-239 1,990 2,425 2,500 -
Pu-240 548 1 , 000-1 , 1 00 1, 000 

" 

Si 100 

Mn 200 

Nb 280 

Mo 170 

Sn 2,0.J4 
.... 

Note: · Sandia 1 s composition includes the end structure of the 
fuel assembly. For con~ervatism, these structural 
elements were omitted for side dose rate calculations 
in the present study. 

\. 
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TABLE 3-8 
BWR COMPOSITION COMPARISON BASED ON SAND79-0172 

PWR Grams BWR Grams 
per Unit per Unit 

PWR Grams BWR Grams per Cross Sectional Cross Sectional 
Element per Assembly 3 Assemblies Arff.a Area 

Zr 125,800 161,760 244 252 

0 61,400 73,800 119 115 

U-238 ! U-235 456,000 547,000 885 851 

Pu-239 2,430 3,000 4. 72 4.67 

Pu-240 1 , 000-1 , 1 00 1, 280 2 2 

Conclusion: Use the same volumetric atom concentrations for BWR 
as for PWR. 
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TABLE 3-9 
NUCLIDE CONCENTRATIONS FOR THE FUEL 

Nuclide gm/assembly at/b-cm 

0 6.0+4 1. 2-2 

Zr 1 .0+5 3.51-3 

U-238 , 4.0+5 5.39-3 

U-235 3.0+1 4.09-5 

Pu~2J9 2.5+3 3.41-5 

Pu-240 1 .0+3 1 . 34-5 

50 



<n 
z 
a: 
< e 
z 
0 
i= 
<..> 
w 
:1) 

"' .Jl "' 0 
a: 
u 

---zr 
Mo Mo 

--- Zr INPUT INTO DTFX = aT - aa 

-Mo 

10 

NEUTRON ENERGY (eV) 

Fig. 3-26. Zr and Mo neutron cross section vs. neutron energy 



TABLE 3-10 
NUCLIDE CONCENTRATIONS FOR BORO-SILICATE 

(NEUTRON SHIELD) 

Nuclide wt % at/b-ern 

0 46.77 2.82-2 

Si 17.63 6.05-3 

Al 17.36 6.20-::i 

r. 10.9 8.75-3 

H 4.63 4.43-2 

Ca 1.03 2. 48-il 

B-10 0.20 1. 8-4 

B-11 0.81 7.21-4 

Na 0.39 1.64-4 

Mg o. 19 7.54-5 
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3.4.1.3 Gamma Shield Material 

Depleted uranium was taken as 0.2 wt% U-235 and 99.8 wt% U-238. 

These nuclide concentrations along with those for air and iron are 

shown in Table 3-11. 

3.4.2 Geometry 

3.4.2.1 Side 

The geometry for a Westinghouse 17 x 17 PWR fuel assembly was 

obtained from Ref. 3-16 and is shown in Fig. 3-12. For all PWR calcu­

lation, one fuel assembly was considered placed inside a 12-in. schedule 

40 pipe 12 ft. long and centered inside the cask. For side calculations 

performed by PATH the fuel was taken as rectangularly homogenized and 

positioned in the geometry shown in Fig. 3-13. Dose. points were located 

off the corner of the fuel element where the highest dose rates would be 

obtained. For DTFX side calculations, the cylindrical geometry shown 

in Fig. 3-14 was utilized. In this case the iron pipe and steel structure 

inside the cask have been homogenized to fill the area between the fuel 

and depleted uranium regions. The equivalent thickness of iron is 2.6 

em. in this region. 

The geometry for a General Electric 8 x 8 BWR fuel assembly was 

also obtained from Ref. 3-16 and Is shown in Fig. 3-15. For all BWR dose 

rate caaculations, three homogenized fuel elements were considered placed 

inside a 16 Inch schedule 40 pipe and centered inside the cask. The PATH 

qeometry is shown in Fig. 3-16 along with the dose point locations. The 

geometry for BWR side calculations performed by PTFX (Fig. 3-17) is the 

same as that for the PWR case except that the reduced density iron ~etween 

the fuel and depleted uranium has an equivalent thickness of 2.9 em. 

3.4. 2.2 Top 

Due to the nature of th~ obtainable information of PWR and BWR fuel 

assemblies, the top and bottom configurations were taken as the same 

for both. The top of the fuel assembly was. broken down into the 5 regions 

shown in Fig. 3-18, All regions are homogenized except for the upper tie 

plate region in which the actual geometry was used. 
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TABLE 3-11 

NUCLIDE CONCENTRATIONS FOR GAMMA 
SHIELDING MATERIALS 

Material Nuclide at/b-cm 

Depleted Uranium U-235 9.69-5 

U-238 4. 77-2 

Air N 4.9-5 

r Iron Fe 8.51=2 
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The homogenized densities of each region were calculated from actual 

dimensions found in Ref. 3-16. These fuel regions were placed as close 

to the top of the cask as possible, so that conservative dose rates could 

be obtained. ·Two designs of cask closures were considered. Both cases 

consider the closures (Fig. 3-19a) with the inner container of the cask 

removed. In the first case the inner closure is lower in the cask body 

by the thickness of the container flange and has an air gap formed 

above it. ihe PATH geometry is shown in Fig. 3-18 and all reg·rons 

are inclu~ed. ·The geometry input for DTFX appears in Fig. 3-20. All 

low density regions have been reMoved ~u as to reduce unnP.r.essary ~omputer 

time. The second case considers <:Ill entirely new closure design, as 

.shown in Fig. 3-21. The geometry for PATH calculations is drawn in 

Fig. 3-22. The geometry input for DTFX is shown in Fig. 3-23. Once 

a~ain, all low density regions have been removed. In both closure 

designs the dose rate·calculations were performed dt dose point loc~tinns 

where the dose rate is a maximum. 

3.4.2.3 l:lottom 

The bottom of the FSV-1 cask is shown In Fly. 3 19b. Thi& fig11re 

ulso inchuies the 2-in. steel bottom of the inner contuiner. In con· 

sidering the shielding analysis previously done on the cask (Ref. 3~4) 

this extra 2 inches of steel was retained in o~r analysis even though 

the inn~r r.ontainer has been removed. The PATH geometry for this case 

i~ :.hown in Fig. 3-24 along with the location of the dose points. Th~ 

lower tie plate region of the fuel assembly has been ignoreu because 

its geometry does not come into considerations when dose ~uint! ere 

located along the center axis of the fuel assembly. Also, the iron 

thicknesses of both the fuel rod bottom end pluy and grill area of the 

lower tie plate have been added together and considered as one region. 

For the geometry of DTFX calculations (Fig. 3-25) all iron in considera­

tion was placed into one region while all low density material inside 

the cask was removed. In both the ~TFX and PATH dose rate calculations 

the dose point locations extended 6 ft. beyond the edge of the transport 

vehicle. 
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3.5 RESULTS 

3. 5. 1 PWR 

3.5.1.1 Side 

Dose rates from the side of the cask were considered for both PWR 

and BWR fuel assembl.ies. PATH calculations considered dose rates on the 

side of the cask and 6 ft. from the edge of the transport vehicle, for 

neutron shield thicknesses of 0, 3, and 6 in. Dose rate calculations 

performed by DTFX considered 0 and 3 in. neutron shield for the same dose . 
points as those in PATH . 

• 
3.5.1.1.1 Neutrons. The resulti of neutron dose rates 6ft from the 

edge of the transport vehicle due to one PWR fuel assembly within the 

cask are shown in Table 3-12 and Figs. 3-27 and 3-28 for various com­

binations of burnup, decay time, and neutron shield with no added ex~ra 

gamma shield .. 

The total neutron dose rate per source neutron has been broken 

down into primary and secondary contributions in Fig. 3-29 for the 

different regions in the as-built cask. Also shown is the secondary 

gamma dose rate due to the primary source neutrons. The neutron dose 

rate breakdown is shown again in Fig. 3-30 for the case of 3-in. of 

neutron shield added to the cask. It is interesting lu 110te that 

secondary neutrons contribute 15% to 35% as much to the dose rate as 

do the primary neutrons. 

Values of neutron dose rates for other shielding combinations may 

be found with the help of Figs. 3-3 and 3-4 and the method described in 

Se~tion ].2.2. 

3,5.1.1.2 Camma~L The results of yduuud ~Ide dose rates 6 ft from the 

edge of the transport vehicle are shown in Figs. 3-31 and 3-32 at various 

decay times and burnups for the case with no extra neutron or gamma 

shielding. Dose rates for other cases are found by using the data shown 

in Figs. 3-3 and 3-4 and the methods described in Section 3.2.2. 

Dose rate information regarding a change in dose point location may 

need to be knowo. Figure 3-33 normalizes the total dose rate to the side 

of the cask and allows one to transform dose rates to any location between 

the cask and 6 ft from the edge of the transport vehicle. 
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TABLE 3.-12 
NEUTRON DOSE RATES 6 FT FROM EDGE OF TRANSPORT VEHICLE 

MREM/HR 

Neutron Gamma Decay Time Shield Shield Burn up 
(in.) (in.) (MWD/MTHM 1 yr I 2 yr I 5 yr 10 yr 

PWR 

0 0 20,000 1. 71 1.29 1.09 0.96 

33,000 18.90 16. 10 13.90 11.70 

40,000 46.40 41.60 36.40 30.30 

3 0 20,000 0.20 0. 15 o. 13 0.11 

33,000 2.20 1.88 1.62 1. 36 

40,000 5.40 4.84 4.24 3.52 

6 0 20,000 0.01 0.01 0.01 0.01 

33,000 0.14 0.12 0.10 0.09 

40,000 0.35 0.31 0.28 0.23 
, 

BWR 

0 0 34,000 34.60 29.90 26.00 21.70 

3 0 34,000 3.99 3.45 3.00 2.50 

6 0 34,000 0.26 0.22 0.20 0. 16 

• 
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3.5.1.1.3 Total Dose Rates. Tota·l dose rates (neutron +gamma) 6 ft from 

the edge of the transport vehicle .are plotted against burnup for various 

decay times and shielding thicknesses in Figs. 3-34 through 3-39. From 

these fig~res parametrtc curves of constant shield combinations can be 

determined once a maximum dose rate has been set. These curves are 

shown in Figs.. 3-40 through 3-43 for maxi mum dose rates of 10 '· , 5, and 2 

mrem/hr, respectively~ Table 3-13 shows the same data as the figure for 

a 10 mrem/hr dose rate criteria but in tabular form. One can see that 

the maximum burnup permissible with the as-built cask (no additional 

neutron or gamma shielding) for a decay time of 5 yr is 30,000 MWD/MTHM. 

If 3 in. of neutron shielding are added, the minimum decay time is 

reduced to 2 yr, and so on. From Table 3-13 and Fig. 3-40, one has all 

the information necessary for PWR fuel to determine the maximum or mini­

mum value of burnup, decay time, or shield thickness. 

The ratio of neutton to gamma dose rates as a function of burnup 

is shown in Figs. 3-44 and 3-45 for various shield thicknesses and decay 

times. 

3.5. 1.2 PWR Top Results 

Old Design. This concept involved removing the inner 1 inner and lowering 

the inner closure 1.25 inches (see section 3.4.2.2). Dose rates-, con­

sidering primary rad~ations only ~no secondary neutrons) were calculated 

for the outer surface of the inner closure and the adjoining cask body 

surfaces. For the results see Table 3-17. Most cases of burnup and 

decay result in dose rates that exceed the 50 mrem/hr criteria, fortunately 

this concept is no longer belng considered. 

New.Design. This concept uses new inner and outer closures as shown on 

Figure 3-21. Dose rates were calculated for the outer surface of the 

inner closure and the adjoining cask body surfa~e~. Fnr the result$ see 

Table 3-18a. Again, most cases of burnup.and decay result in dose rates 

that exceed the 50 mrem/hr criteria. The.addition of gamma and/or neutron 

shielding as part of the canister support baskei can reduce these dose 

rates to satisfy the 50 mrem/hr criteria. 

Total du!>e rates for the same cases of burnup and decay were calculated 

for the outer surface of the outer closure. These results are shown .in 

Table 3-18b. 
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TABLE 3-13 
UNIFORM 10 MREM/HR 6 FT FROM EDGE OF TRANSPORT VEHICLE 

Additional Additional 
Permissible Burnup Neutron Gamma Decay 

Shield Shield Time (MWD/MTHM) 
(in.) (in.) (yr) PWR BWR 

0 0 1 11 
2 21 
5 30 19 

10 32 25 
3 0 1 18.5 18.5 

2 30 34 
5 I1A.5 II] 

6 0 1 29 34.5 
2 43.5 48 
5 =>50 >50 

0 1 1 18 5 
2 25.5 14 
5 32 22.5 

10 33.5 28 

3 1 1 27.5 31.5 
2 38.5 41.5 
5 . 49 >50 

6 1 1 44 >50 
2 >50 >50 

0 2 1 27.5 16 
2 31 21 
5 34 26.5 

10 :35 :31 

3 2 1 41 44.5 
2 47.5 >50 
5 >50 >50 
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times and neutron shield thicknesses 
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Fig. 3-45. PWR neutron to gamma ratio vs burnup with 2 in. 
additional gamma shi.eld for various decay times 
and neutron shield thicknesses 
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TABLE 3-17 
TOTAL DOSE RATE AT SURFACE OF INNER 

CLOSURE - OLD DESIGN 
mrem/hr 

I Decay Time 

Burnup 
(MWD/MTHM) 1 yr 2 yr 5 yr 

20,000 230 119 33.6 

33,000 528 308 128 

40,000 819 510 252 

95 

lO yr 

14.5 

74 

161 



TABLE 3-18a 
TOTAL DOSE RATE AT SURFACE OF INNER 

CLOSU~E - NEW DESIGN 
mrem/hr 
Decay Time 

Burn up 
(MWn/MTHM) 1 yr 2 yr 5 yr 

_207 000 54.9 27.6 8. 1 

33~000 163 102 56.5 

40,000 296 206 136 

TABLE 3-18b 
TOTAL DOSE RATE AT SURFACE OF OUTER 

CLOSURE - NEW DESIGN 
mrem/hr 

Dt=t.:ay 'l'itue 

'Burn up 
(MWD/MTHM) 1 yr 2 yr 5 yr 

10 yr 

4.4 
-

41 . .) 

104 

10 yr 

20,000 1 • 0 0.8 o. 7 0.6 

33,000 11.8 10 .8. 7 7.3 

40,000 29 26 23 19 
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3.5.1.3 PWR Bottom Results 

Dose rate results from the bottom were calculated assuming that 

the bottom of the inner container r~mained within the cask. These 

results are shown in Table 3-14 for a dose point location 6 ft from 

the rear of the transport vehicle (154 in. from the bottom of the cask). 

An extra 3 inches of gamma shield will be required for the bottom 

to Jnsure that the surface dose:rate does not exceed 200 mrem/hr for 

the worst case of 40,000 MWD/MTHM burnup fuel with yr. decay. With 

this additional 3 inches of gamma shielding on the bottom, the new dose 

rates located 6 ft from the rear of the transport vehicle are shown in 

Table 3-16. Dose rates without this additional shielding are shown on 

Table 3-15. 

3.5.2. BWR 

Neutron and gamma dose rate results for the BWR case are limited, 

since only one value of burnup was considered, (34,000 MWD/MTHM). Because 

of the large extrapolations necessary, these results are to be taken with 

only general trends in mind. No conclusions should be drawn because the 

errors involved may be large. 

3.5.2. 1 Side 

3.5.2.1:1 Neutrons 

Neutron dose rates were calculated to a distance of 6 ft from the 

edge of the transport vehicle. The results are plotted in Fig. 3-27 

against the fuel assembly decay time for the case of no additio.nal gamma 

shield. Neutron dose rates for other gamma shield thicknesses were 

calculated using the method d,escribed in Section 3.2.2 .. 

3.5.2.1.2 Gammas 

·Gamma dose rates 6 ft from the edge of the transport vehicle are 

plotted aga·inst decay time ih Fig. 3-32 for a burnup of 34,000 MWD/MTHM. 

3.5.2.1. 3 Tot~l Do~c Rutc~. The method for determining parametric 

relationships between all of the variables considered in this report 

does not hold when there is only one burnup considered, as in the BWR 

case. Therefore, an .assumption has been made and applied which may have 

large errot:s ,i:nvolved but nonetheless gives an insight into the allowable 

burnups and decay times req4ired. It has been assumed that when plotting 

the total dose rate versus burnup for constant decay time the resultin~ 
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TABLE 3-14 
TOTAL DOSE RATE - m rem/hr - 6 FT FROM END OF TRUCK(a) 

Burn up 
(MWD/MTHM) 1 yr 2 yr 5 yr 10 yr 

20,000 1. 11 0.5 0.18 0. 11 

JJ,OOO J.86 2.55 1. 59 . 1 I 211 

40~000 7.51 5.54 3.91:1 '3. 1 7 

(a) 
Includes factors 1. 1 for gamma and 1 ,/.1 for 

neutrons. 

/ 
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TABLE 3-15 
TOTAL DOSE RATE AT BOTTOM OF CASK(a) ~IREM/HR 

Burn up 
(MWD/MTHM) 1 yr 2 yr 5 yr 10 yr 

20,000 93.8 42 . .2 15.2 9.3 

33,000 326.2 215.5 l34.4 104.8 

40;000 634.6 468. l 336.3 267.9 

(a) 84.5 X dose rate 6 Ft. from truck (Table 3~14) 
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TABLE 3-16 
DOSE RATES 6 FT FROM REAR OF TRUCK DUE TO 3 IN. OF ADDED 

GAMMA SHIELD ON BOTTOM* 
m rem/hr 

(MWD/MTHM) 
Burnup 1 yr 2 yr 5 yr; 10 yr 

20,000 O.l3 0.08 o.on 0.05 
- - -

33,000 1.03 0.84 0.70 0.58 

40,000 2.43 2.12 1.82 1.51 

* 154 inches from bottom of cask 
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curve for BWR data has the same slope as for PWR data. With this in 

mind, the BWR parametric results are presented in Table 3-13 and figs. 

3-40 and 3-41 for the case of 10 mrem/hr at 6 ft from the edge of the 

transport vehicle. 

3.5.2.2 BWR Top and Bottom 

The dose rates due to BWR furl with a burnup of 34,000 MWD/MTHM 

will be about 70% of those due to PWR fuel with 33,000 MWD/M~HM bu~nup. 

3.5.3 PWR/BWR Comparison 

For the same burnup, the BWR fuel assembly is characterized by a 

volumetric neutron source 60% higher than that of the PWR fuel, ~rimarily 

as a result of the lower U-235 enrichment in BWR fuel and the consequent 

higher neutron absorption rate in U-238 (eventually leading to curium). 

Although the BWR gamma source is 30% lower than the PWR source, the. 

neutron difference has the most impact on the relative suitability of 

the FSV-1 cask to carry LWR fuel, particularly if no neutron shielding 

is added. Thus, the summary Table 3-13 shows that with no neutron 

shielding and a decay time of 2 yr., the cask can carry PWR fuel with 

a burnup of 21,000 MWD/MTHM. Three more years decay time is needed to 

carry the BWR fuel with the same burnup. With a thick neutron 

shield, the positions of the PWR and BWR reverse with the cask being 

able to carry slightly higher BWR burnups. 

One other obvious aspect should be pointed out in a PWR/BWR comparison. 

If the BWR dose rates are too high, one (instead of three) assemblies 

cou 1 d be transported, whereas there is no such 11out 11 for PWR fue 1. 
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Finally, it should be emphasized that the results for BWR fuel 

reported herein are based on only one ORIGEN case, namely for 34,000 

MWD/MTHM burnup, and that some of the large extrapolations from this 

one case lead to larger uncertainties in BWR results than .in PWR results. 

The 1 imiting BWR burnups for no additional shielding are particularly 

crude numbers. 

3.5.4 Comparison with Earlier Results 

The earlier wor.k mentioned in the Introduction (Ref. 3-8)· can be 

compared against the present results. Gamma dose ra·res are cumJJar~ll iu 

Fig. 3-46. The rather wide divergence is aJJparently due to a difference 

in source terms between Ref. 3-8 and the SANDIA-ORIGEN output, as shown 

in Table 3-19. 

GA experience has been that photon emission at energies greater than 

2.2 MeV is completely negli~ible. This concluslon is borne out by a 

recent study performed by SAl for EPRI (Ref. 3-19). At 1 yr decay the 

LWR fission product spectrum is given as 3.9 x io-4 Me~/fission-group 
for 1.8-2.2 MeV photons and only 4.4 x lo- 13 MeV/fission-group for the 

>2.6 MeV group. 

Since for the worst cases the ORIGEN-generated 2.75-MeV source group 

contributes 60% of the total gamma dose rate, a large positive error in 

this group greatly penalizes the predicted performance of the cask. Future 

studies should be directed at improving the accuracy of the SANDIA-ORIGEN 

gamma spectrum and achieving consistency with that published by other authors. 

Table 3-20 provides a comparison between neutron results from Ref. 3-8 

and the present study. In spite of the fact that the SANDIA-ORIGEN cal­

culations utilized an ~pp~rently high value of the (a,n) conversion, the 

present neutron results show higher permissible burnup thail the Ref. 3-8 

results. The reason for this reverse comparison can be sought in the 

original source terms used in each study, as shown in Table 3-21. 

However, this table also shows the differences in the wrong direction. 

It is tentatively concluded, therefore, that the neutron attenuation and 

dose estimates in Ref. 3-8 were on the conservative side. 
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GammA 
Energy 
(MeV) 

1.8-2.2 

2.5-3.0 

1 

Ref. 

TABLE 3-19 
PWR GAMMA SOURCE STRENGTH COMPARISON 

(MeV Icc-sec) 

yr Decay J yt Decay 10 yr 

3,;_8 ·sANDIA Ref. 3-8 SANDIA Ref. 3-8 

1.02+9 7.0+8 3.21+7 2.1+7 4. 71+5 

Nil 3.6+8 Nil 6.78+6 Nil 
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SANDIA 
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TABLE 3-20 
NEUTRON SOURCE TERM COMPARISON PWR FUEL 

Decay neutrons/sec-g U 

Burnup Time Present 
(MWD/MTHM) (yr) Ref. 3-8 Study(a) 

20,000 1 65 66 

2 40 so 

10 25 37 
• 

33,000 1 600 730 

2 500 625 

10 350 440 

40,000 1 1soo· 1800 

2 1300 1600 

10 900 1170 

(a) 
Includes secondary neutrons. 

105 



I 

Ref. 3-8 

TABLE 3-21 
FSV CASK NEUTRO~ RESULTS COMPARISON 

(BURNUP IN MWD/MTHM TO; MEET STATED CONDITIONS) 
ONE PWR ELEMENT 

I 
10 mrem/hr at ·6 ft, 10 mrcm/hr at 6 ft with 
No Neutron Shielding 2-in. Neutron Shielding 

or or 
2 mrem/hr at. 6 ft with 2 mrem/hr at 6 ft with 
2-in, Neutron. Shielding 4-in. Neutron Shielding 

Decay (yr) D~cay (yr) 

1 2 10 1 2 10 

22,500 24,500 26,500 32,000 33,500 36,000 

Present study 29,000 30,000 32,000 43,000 44,000 48,000 
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3.5.5 Uncertainties 

Uncertainties in an·analysis such as this can be significant and can 

be both of the systematic and random types. Eventual dose rate measurements 

of the FSV-1 cask containing LWR fuel may closely agree with predictions only 

because of compensating errors. This study wou.ld be incomplete without at 

least a qualitative assessment of the sources and magnitudes of errors.· 

3.5.5. 1 Source Terms- gamma. The assumption that AgllOm. emits a 2.75 MeV 

photon 100% of the time caused an overestimation of gamma dose rates. It is 

possible that numerous other gamma source term errors exist, either in gamma 

decay spectra, half Lives, branching ratios, fission yields, or the actual 

burnup calculation. It is estimated that the gamma source terms at 1 year 

decay are uncertain by~ 50% (after correcting for Ag 110m), and at 10 years 

decay·are· untertain by ! 75%. 

3.5.5.2 Source Terms - neutron. The (a, n) neutron intensity can be uncertain 

by a factor of 2, since published data in literature displays that much variation. 

The spontaneous fission r.ates are much better known. 

The inventories of neutron-producing actinides are also uncertain, es­

pecially with the one-group burnup calculation used in the SANDIA-ORIGEN code. 

The net uncertainty in neutron source is believed to be such that the 

real source could be a factor of 2 higher or a factor of 4 lower. 

3.5.5.3 Nuclear Data - cross sections The cross sections used in DTFX and 

PATH are adequate for shield engineering; but probably cannot produce better 

than ± 50% accuracy through a thick shield. Us~ of the adjusted Mo cross 

sections in lieu of Zr cross sections could result in an uncertainty of! 25%. 

3.5.5.4 Nuclear Data - spectra. The accuracy of ·the neutron spectrum is not 

believed to have any major impact ·on the attenuation or dose rate calculations, 

3.5.5.5 Nuclear Data- buildup factors. Buildup fa~tors based on older dose 

conversion factors are known to be inaccur~te (about ! 50%, depending on 

material, number of mfp•s, and gamma energy}. Furthermore, buildup factors 

for complex multi-media configurations which contain short circuit pat~s are 
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known to be erroneous. At the side of the FSV-1 cask, with its simple 

geometry, buildup is assumed to· be ac~urate within a factor of 1.5; at 

the ends of the cask a factor of 2 should be allowed for. 

3.5.5.6 Nuclear Data - dose conversion factors. Since corrections were 

made in the analysis for the latest ANS Standard 6. 1.1 dose conversion 

factors, these data are not thought to be a major source of error. 

3.5.5.7 Geometry. Treating the cask. as infinitely long instead of a 

finite length leads to an overestimate of the side neutron dose rates, 

perhaps by' 25%. 

The neutron correction factors applied to. the ends o~ the cask were 

derived from Rockwell (to correct from an infinite slab geometry to a disc 

source). Again, it is doubtful that the correction has better than+ 50% 

accuracy. 

The effects of homogenizing the assembly, converting from a square 

to circular cross section, ~nd simplifying the end hardware are all 

believed to be negl i~ible. 
/ 

3.5.5.8 ~~mpositions. Uncertainties in the compositions of the materials 

used in these analyses arise from the lack of obtainable information. For 

example, the detailed compositions of the fuel assembly, stainless steel 

and neutron shielding are not exactly known. Sub~titutions have been 

made such as assuming th~t stainless steel and cast iron are 100% iron. 

The uncertainty involved in this is negligible for gamma calculations, 

but an error of ! 20% is ~ossible for neutron calculations. 

Uncertainties In the densities of the maler idls dl'e due to composition 

generalization~ used in the calculations. These general lzatlun~ dre irrl~o­

duced with methods such as homogeniz1ng the fuel assemblies while ignoring 

their steel support structure. Such generalizations should produce con­

servative results. 

3.5.5.9 Calculational Method. Uncertainties in the method of calculation 

are inherent in the computer codes used In this analysis. The uncertainties 

in DTFX arise from infinite geometry consideration along with quadrature 

(s 16 , s8 ) considerations. Errors inherent to PATH include the material, 

single layer buildup factors (factor of 2 on the dose rate) and the breakup 
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of the source into a finite number of points (about + 10%- depending 

on the geometry). 

3.5.5. 10 Overall Uncertainty. Combining all of the above systematic and 

random uncertainties into a si~gle uncertainty factor can b~ approximated 

by first separating the uncertainties into the two categories: 

Random Uncertainties 

gamma source terms 

neutron source terms 

cross sections - general 

cross section - Mo 

bu i 1 dup factors 

composition 

~alculational methods 

Systematic Uncertanties 

AgllOm 

(a, n) conversion 

geometry 

The random plus uncertainty for the neutron.dose rate is: 

1
(100%) 2 + (50%) 2 + (25%)

2 
+ (20%)~ + (10%)

2 = +117% 

Thus, the neutron dose rate could be a factor of approximately 2.2 higher 
or lower due to random uncerta.inties. The neutron dose rate could be a 
f·actor of approximately 2. 7 lower due to systemati~ uncertainties, and, 
the combined uncertainty' for the neutron dose rate is approximately a 
factor of 1.0 higher and 3.5 lower. 

The random plus uncertainty for the gamma dose rate is: 

I (50%) 2 + (50%) 2 + (50%) 2 + (10%)
2 

= + 87% 

Thus, the gamma dose rate due to random uncertainties is approximately 

a factor of 1.87 higher or lower. The gamma dose rate correction factor for 

.systematic undertainties is a factor of 1.25 lower (for Ag 110m) . 
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Thus the combined uncertainty for the gamma dose rate {s.approxirnately a 

factor of ~higher and 2.3 lower. 

Taking the case where 25% of the total dose rate is neutrons and 75% is 

gammas, the overall approximate uncertainty factors for the dose rate are: 

1.4 higher and 2.5 lower, i.e., if the calculated dose rate· 6 feet .from 

the vehicle is 10 mrem/hr , the actual dose rate could be as high as 14 

mrem/hr or as low as 4 mrem/hr. 

).6 DISCUSSION 

The FSV-1 fuel shipping cask has been shown to be adequate· without 

additional shieldinq to carry one PWR spent fuel element which has ex­

perienced 21,000 MWD/MTHM burnup and 2 yr. decay. The external dose 

rate 6ft. from the edge of the transport vehicle will be 10 mrem/hr. 

or less. This dose rate is comprised of 8 mrem/hr. gamma radiation and 

2 mrem/hr. neutrons. 

The uncertainties in this study are on the conservative side. If: 

1. The SANDIA-ORIGEN (a, n) conversion is reduced by a factor of 

2, the neutron dose rate will be reduced by 15%. 

2. The SANDIA-ORIGEN 2.75-MeV gamma group zeroed Out, the gamma 
dose rate will be reduced by 25%. 

Or the maximum permissible burnup can be allowed to rise to ~25,000 MWD/MTHM 

for a dose rate constraint of 10 mrem/hr. 

Because of a higher neutron source strength, BWR fuel elements are more 

difficult to accommodate in the FSV-1 cask without additional shielding. Five 

years decay is needed to carry three 19,000 MWD/MTHM BWR fuel elements and meet 

the 10 mrem/hr. constraint. However, the 2.75-MeV gamma correction is somewhat 

larger for BWR fuel, so the FSV-1 cask might potentially handle 25,000-MWD/MTHM 

BWR fuel with 5-yr. decay. 

Addition of shielding to the FSV-1 cask greatly enhances the options for 

carrying LWR spent fue 1. The addition of: 

1. 6-in. of neutron shielding and in. of gamma 

2. 3-in. of neutron sh i e 1 ding. and 2 in. of gamma 

shielding, or 

shielding. 

permits carrying the highest burnup LWR fuel after only one year decay. 

It is concluded that from a shielding standpoint the FSV-1 cask has 

considerably versitility for the transport of LWR spent fuel. 
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4.0 WEIGHT STUDY 

4.1 SYSTEM WEIGHT EVALUATION FOR THE FSV-1 CASK, MODIFIED TO TRANSPORT 
LWR FUEL 

The FSV-1 Cask,Unit- number~ and 2 with its transport semi-trailer 

and tractor was designed to operate as a legal system throughout the United 

States, i.e.; at a Gross Vehicle Weight (GVW) of 73,280 pounds or less. 

The weight distribution is.such that the limit of 32,000 pounds for a 

. tandem axle group is not exceeded. These two units are presently owned 

and operated by Public Service Company of Colorado. 

When FSV-1 Cask Unit number 3, presently owned and operated by 

General Atomic Company was fabricated, the extendable trailers used with 

Units and 2 were not available. In order to satisfy the unique require-

ments of the Fort St. Vrain Nuclear Plant, using a fixed length trailer, 

it was necessary to mount the cask well to the rear of the trailer. This 

shift in location, increased the load on the rear axle group to approximately 

42,000 pounds and therefore a 3 axle trailer was specified and obtained. 

This configuration was designed to operate as a legal weight system in 

those states necessary to transport spent fuel from the Fort St. Vrain 

reactor in Colorado to the storage facility in Idaho. ~ndividual states 

have different weight limits for 3 axl~ groups and thus overweight permits 

would be required to operate this system in some states. 

Four different system weights for the model FSV-1 cask as modified 

for the transport of canisterized Light Water Reactor (LWR) spent fuel 

assemblies were developed as part of this evaluation. The system weight 

is the total weight of the shipping package, the contents, the tiedowns, 

the semi-trailer and the tractor, i.e., the GVW. The weight of the various 

components of the FSV-1 CAsk which must be modified for the transport of 

LWR fuel assemblies are shown in Table 4.1-1. The four cases considered 

are: 

Case 1. no additional shielding - one PWR fuel assembly 

Case 2. no additional s~ielding - three BWR fuel assemblies 

Case 3. added neutron shielding - one PWR fuel assembly 

Case 4. added neutron shielding - three BWR fuel assemblies. 

The system weight for Case 1 is nearly the same as the operating system 

weight for the FSV-1 cask configured for the transport of HTGR fuel 

elements, and thus could operate as a legal weight shipment in some 

states and overw~ight in others, as presently mounted on the 3 axle trailer. 
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Since the expected GVW of 72,920 pounds is just slightly below the 

73,280 pound GVW that is legal in all states, it appears likely that 

with the cask located in the optim.um position on a new tandem axle 

trailer, the actual GVW would be. less than 73,280 pounds and the 

tandem axle loading less than 32,000 pounds. 

With the addition of the neutron shielding and the additional 

weight of three BWR fuel assemblies and their canister it will not be 

possible to operate at a system weight of 73,280 pounds or less. Forty 

states now have GVW limits of 80,000 pounds or more, however, there are 

some other limitations that suggest that the practical limit for a tandem 

axle semi-traile~ with a thr~e ~xl~ tr~ttor is ~bout 78,000 pounds. 

About half of the states I imit the load on a tandem axle group to 34,000 

pounds and a practical 1 lmlt for the steering axle of the tractor Is about 

10,000, thus for the 5 axle tractor and semi-trailer combination under 

consideration, 78,000 pounds is a practical limit. In states that use 
11bridge formulas 11 the distance betMeen the steering axle and the rear 

axle of the trailer is used to limit the allowable GVW. As an example 

in the state of California, a 5 axle tractor and semi-trailer combi­

nation must measure 48 feet to allow operations at 78,000 pounds. 

The maximum flexibility for shipping LWR canisterized fuel assemblies 

can be achieved by mounting the modified FSV-1 Cask in the optimum location 

on a new tandem axle trailer. With this configuration and a light weight 

tractor, the shipping system should operate at 73,280 pounds or less for 

Case 1 and at 78,000 pounds or less for Cases 2,3,and 4, with the axle 

loadings within the allowable limits in all states. 
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CASK BODY 

*OUTER CLOSURE 

*INNER CLOSURE 
k IMPACT LIM ITER 

FUEl CANISTER-PWR 

..... FUEL CANISTER-BWR 

..... 
VI FUEL ASSEMBLY-ONE PWR 

FUEL ASSEMBLY-THREE BWR 

*SPACER-PWR CANISTER 

*SPACER-BWR CANISTER 

*NEUTRON SHJELDING 

SUBTOTAL 

FRONT TIE DOWN 

REAR Tl E DOWN 

*PERSONNEL BARR~ER 

*TRAILER 

TRACTOR 

TOTAL GVW 

·*MODIFIED COMPONENTS 

WEIGHT EVALUATION FOR THE MODEL FSV-1 CASK 

MODIFIED TO SHIP LWR FUEL 

WITHOUT ANY ADDITIONAL SHIELDING WITH 311 BORO-SILICONE NEUTRON SHIELDING 

ONE PWR THREE BWR ONE PWR THREE BWR 

FUEL ASSEMBLV FUEL ASSEMBLY FUEL ASSEMBLY FUEL ASSEMBLY 

40,712 40,712 40,712 40_,712 

1.,035 1 ,035 1 ,035 1,035 

1 ,368 1 ,368 1 ,368 1 ,368 

1 ,058 1,058 1 ,058 1 ,058 

498 498 

1 '31 0 1 '31 0 
. 1 '500 1,500 

2,250 2,250 

659 659 
520 520 

3.530 3,530 
46,830 48,253 50,360 51,783 

370 370 370 370 

1 '120 1 '120 1 '120 1 '120 
600 600 600 600 

10,000 10,000 10,000 10,000 

14 2000 14,000 14,000 14,000 

72,920 74,343 76,450 77,873 

Table 4.1-1 



4.2 IMPACT OF OVERWEIGHT TRUCK SHIPMENTS 

The 1979 summary of State Size and Weight Limits prepared by the 

Truck Trailer Manufacturers Association was used as a basis for evalua­

ting the impact of operating the General Atomic Company, model FSV-1 

cask system at a Gross Vehicle Weight (GVW) in excess of 73,280 pounds. 

At the present time only 10 states and the District of Columbia limit 

GVW 1 s to 73,280 pounds (73,000 pounds for Connecticut). (See Table 4.2-1.) 

Due to the location of these states,' they effectively block all vehicles 

from operating in excess of 73,280 pounds, across the middle of the U.S. and 

restrict operations on the East Coast. (See ~lg.4.2-l._) Permits to opefate 

vehicles in excess of 73,2BO pounds are ~V~Il~ble In each of th~~e 10 

st~tes and the District of Columbia, however, the limitations for the 

overweight operations vary from state to state. Some states restrict 

vehicles operating with overweight permits to travel during daylight 

hours only. Some states require several days to process an application 

for a permit to operate an overweight vehicle. 

Operating overweight vehicles with permits as required by the various 

states will require more attention to the planning and scheduling of 

shipments, however, General Atomic Company was involved with Philadelphia 

Electric Company and Tri-State Motor Transit Company during the shipment 

of spent fuel from Peach Bottom I located near Delta, Pennsylvania to 

the storage facility near Idaho Falls, Idaho. About 90 sl1ipments were 

made using the model PB-1 Cask System operating at a GVW of over 100,000 

pounds with only minor scheduling problems. 

The GVW limits for the various states inv~~ve some rather complex 

regulations which are continually changing, are sometlm~~ r~stricted 

to certain highways ~nd may be restricleu during certain scusons. 

Table 4.2-1 should be used for a reference only and the individu~l 

states contacted for all specific shipping operations. 
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STATE WEIGHT LIMITS* 

TANDEM AXLE GROSS VEHICLE WEIGHT 
STATE 'INTERSTATE STATE INTERSTATE 

STATE HIGHWAYS HIGHWAYS HIGHWAYS HIGHWAYS 

Alabama 40,000 36,000 92,400 80,000 
Alaska 34,000 NO INTERSTATE 109,000 NO INTERSTATE 
Arizona 34,000 34,000 80,000 80,000 
Arkansas 32,000 32,000 73,280a 73,280 
California 34,000 34,000 80,000 80,000 
Colorado 36,000 36,000 85,000 80,000 
Connecticut 36,000 36,000 73,000 73,000 
Delaware 40,000 34,000 80,000 80,000 
District of Columbia 37,000 37,000 73,280 73,280 
Florida 40,000 40,000 80,000 80,000 
Georgia 36,000 36,000 80,000 80,000 
Hawaii 34,000 34,000 88,880 80,800 
Idaho 34,000 34,000 105,500 80,000 
Illinois 32,000 32,000 73,280 73,280 
Indiana 32,000 32,000 73,280 73,280 
Iowa 32~000 32,000 73,280 73,280 
Kansas 34,000 34,000 85,500 80,000 
Kentucky 35,700a 34,000 82,000a 80,000 
Louisiana 34,000 34,000 88,000 83,400 
Maine 38,000 34,000 80,000 80,000 
Maryland 40,000 40,000 73,280 73,280 
Massachusetts 36,000 36,000 80,000 80,000 
Michigan 34,000a,b 34,000 80,000 80,000 
Minnesota 34,000a 34,000 8o,oooa 80,000 
Mississippi 32,000a 32,000 73,280a 0 73,280 
Missouri 32,000 32,000 73,280a 73 '280 
Montana 32,000 32,000 l05,500c l05,500c 
Nebraska 34,000 32,000 95,000 95,000c 
Nevada 34,000 34,000 l29,000c 80,000 
New Hampshire 36,000 36,000 80,000 80,000 
New Jersey 34,000 34,000 80,000 80,000 
New Mexico 34,320 34,320 86,400 86,400 
New York 36,000 36,000 80,000 80,000 
North Carol ina. 36,000 36,000 79,800 79,800 
North Dakota 34,000 34,000 l05,500a 80,000 
Ohio 34,000 34,000 80,000 80,000 
Oklahoma 34,000 34,000 90,000 80,000 
Oregon 34,000 34,000 8.0,000 80,000 
Pennsylvania 36,000 36,000 73,280 73 '280 
Rhode Island 36,000 36,000 80,000 ' 80,000 
South Carol ina 36,000 32,000 80,600 80,000 
South Dakotrl. 34,000 34,000 95,000 80,000 

a. on designated highways 
b. during designated seasons 
c. with long term permit 

Table 4.2-1 
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TA.NDEM AXLE GROSS VEHICLE WE I GHT 
STATE INTERSTATF. STATE INTERSTATE 

STATE HIGHWAYS HIGHWAYS HIGHWAYS HIGHWAYS 

Tennessee 32,000 32,000 73,280 73,280 
Texas 34,000 34,000 80,000 80,000 
Utah 34,000 34,000 80,000 80,000. 
Vermont 37,800 36,000 80,000 80,000 
Virginia 34,000 34,000 79,800 79,800 
Washington 34,000 34,000 80,000 80,000 
West Virginia 34,000 34,000 80,000a 80,000 
Wisconsin 34,000 34,.000 8o·,ooo 80,000 
Wyoming 36,000 36,000 101 ,000 80,000 

a; on designated highways 
b. rl11ring d~signated season!; 
c. with long term permit 

STATE SIZE LIMITS 

The most restrictive limits for a 5 axle, tractor and semi-trailer combination 
are: 

Height - 13 feet, 6 inches 

Width - 96 inches 

Length - 55 feet 

* Reference: 1979 Chart published by Truck Trailer Manufacturers Association 

Table 4.2-1 cont•d. 
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4.3 DISCUSSION 

The major impact of operating w~th overweight permits, wi11 be 

some Joss of flexibility of sched~llng. When compared to the impact 

of satisfying the requirement of the U.S. Nuclear Regulatory Commission 

in regard to a safegua~ded shipment of radioactive materials i.e.: approved 

route, contacts with Jaw enforcement agencies, scheduled reporting, con­

tingency plans, and etc., the impact of operating with overweight permits 

w i 11 be m i n i rna 1 • -The FSV-1 Cask as modified for the transport of LWR fuels can be 

operatedas:ulegalweight system {73,280 pound GVW) for ·shipments of PWR 

fuel assemblies that do not require the addition of neutron shielding. 

The qualifying PWR fuel assemblies can be selected by burnup and decay 

time. Note that d~e to the greater weight of the ~hree BWR fuel elements 

with that canister and spacer, the system weight will be greater than 

73,280 GVW. The added capability of the modified FSV-1 cask with neutron 

shielding to carry a wider spectrum of LWR irradiated fuel assemblies 

should justify the loss of schedule flexibility required to operate with 

overweight permits. The Bore-Silicone neutron shielding will be designed 

such that the segments can be removed and should be removed to allow 
. \ 

legal weight operations when possible. 
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5. THERMAL STUDY 

A TAC2D two-dimensional (radial-axial) thermal model of the upper one­

half of the cask was developed to calculate interior temperatures. The 

model is illustrated in Figure 5-1 and it is similar to the TAC2D model 

used in the design report (GADR-55, Addenduml) for the FSV-1 fuel shipping 

cask. Property values were also taken from the reference report, except 

for the Boro-Silicone~a)~ominal gaps as given in Figure 5-1 were used 

between internal components~b)conduction and radiation heat transfer occur 

across the gaps. Natural convection and radiation were modeled for the 

cavities between the cask inner barrel and the fuel canister. The fuel 

canister was assumed to be supported by four circular plate~ each 1 inch 

thick. The fuel region of the TAC2D model is not a true simulation of 

a LWR fuel bundle. Thus, only the TAC2D temperatures up to and including 

the fuel canister are valid. The plywood impact limiter was not included 

in the TAC2D model in order to save nodal points. Instead, the cask 

surface which is covered by the impact limiter was assumed to be adiabatic 

in the TAC2D model. The center plane was also assumed ·adiabatic. Figures 

5-2 and 5-3 give the TAC2D steady state temperatures for the interior of 

the two cask configurations. 

Figure 5-4 is a plot of the afterheat in kilowatts for PWR and BWR 

fuel assemblies vs. the decay time in years for various fuel burnup. The 

curves are for a single fuel assembly, therefore it is necessary to multiply 

the values obtained for BWR fuels by 3 since the BWR canister contains 3 

fuel assemblies. 

The allowable fuel heat load is sensitive to the exterior cask tempera­

ture. An increase in the exterior temperature of 10°F (from 180°F to 190°F) 

allows the fuel heat load to increase approximately 50%. At th~s~ exterior 

temperatures the fuel heat .load is only about 15-25% of the total surface 

heat transfer. Since the solar heat load remains fixed with exterior 

temperature, increasing the exterior temperature by a small amount enables 

the fuel heat load to be increased significantly. As the exterior tempera­

ture increases above 200°F .the fuel heat load becomes more comparable to the 
' 

solar heat load. Small increases in the exterior temperature no longer 
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produce as dramatic increases in the allowable fuel heat load. Since 

the temperature difference between an interior point and a surface point 

is proportional to the fuel heat load, this temperature difference and 

the cask interior temperatures are also sensitive to slight changes in 

the cask exterior temperature. 

(a) Boro-Silicbne is a product of Reactor Experiments, Inc. (see 

Appendix D for material properties). 

(b) The same model was used for the modified FSV-1 cask with the neutron 

shield except that a .060 gap.and the 3 inch neutron shield was 

added external to the cask outer barrel. 
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Table A-1 Fissiorn Produ-:t Garrma Source Strengths cont'd. 

FISSION PRODUCTS PliR-CYCLIC OPERAJJCN-'10,0001'110/MTHH AVERAGE POIJER(HW) 2.06j/j"Qf+G1 
, GA"HA PHOTON SOlRCESPECT'ift.Hf' --- ... .. -·TrrsPt:f.iri'Oh o::CAY UP TG 10 YRS ·-------'A .. VT,E;,R,..A;,.:;~:::--.-Fi-L70U~lC"("Nn/r.c"ii'I.-::*:-;*;:-;2"-:-.S"'E..-C"'>--i'l-'c:.=rr~-----------·-, 
• _!QI~!:. ~ti~il~! .. B!ITf - .. ·~~~~-~~- ~~u.-~.::0~-~ ... t-~~.!~ . .:. O_~_fJ:f.f~~-s-~_M_t!_L_Y ____________ l_O_T_A_l __ B_U_R_N_U_P_(_I'I __ W_0_> ______ 1_._82611E+O'I 

EHEAN INPUT IN[TIAL 1.0 Y 2.0 Y 3.0 Y q.O Y 5.0 Y 6.0 Y 7.0 Y B.O Y 9.0 Y 10.0 Y 
.~0 O. 1.4~6[+17 6.~86[+12 1.&14E•12 8.~51E+lT1~6-.~0~9~0~E~+~]n1~4~.~6~4~8~£7+TlT1~3-.~5~9~5"E~+~1~1~2~.7~8~87£7+T1Tl~2r.,1n6~2~(-+;:-;lnl~l~.6~7~7?£74,)Tl~l-.~3na~1"E~+~lrl~-----
•63 o. 8.7~5[+17 1.0~5(•16 6.607£•15 q.s8eE+15 ~.736£+15 2.937£+1~ 2.375£+15 t.974E+15 1.685£+15 1.473E+15 1.311£+15 

1 ~ -i a ·a:· . --·-6:-sE SE.tT'i --s:-7118£+. iii- 4 ~ .2-ii[O:. iii ·'3'~5 i2E+ Pi -~-~5'Jo'E+::q2·."-:>'=--76"S.;;E-:+-71-7;4,-;;2;..;.~,;2"1t:-i8;-;E;...+,-;-l'l<-"-t-c.:"9."'9"5~f""•-71"'tc-if. 7 88E•lli 1.6 r:rE'tTq·-r~'in·E+lT _______ , 
1.~5 0. 9.2S1E+17 3.14~+1'1 2.0EOE•l't 1.391[+1'1 9.~78[+:3 6.685£+13 4.7G6E+13 ~~330E+13 2o364E+l3 1.662E+l~ 1o1SSE+1~ 

__ ... T~ 'i9 .. o ~ . ---.--.. 6: o6I't+TI-t~62S£+~li-T; r"4TE •T~--2-:'.BTfE+ 11·1 ;Ti~-[ •: 3 4 .927E+12'"""'2,....""o""7""~"'E~+:-1"'2"""'.,..f.-.... 7"8.,.....5£• n--:r~"l'IO£ •11 1 .6 cJ£+11 6. 9T1'E~••t..,.o-----
2.38-0. ~.190£+11 7.e~1E+ 12 3.~76£+12 2.002£+12 1.008£+12 5.076£+11 2.556£+11 1.287£+11 6.480£+10 ~.2E~E+10 1.6~~E+1C 

--2:Ts· a:-· 1. 386£+17 1.05 ~E+ 14--4 .J2~E+ 13T.qB4E+ 13 S .'190E+l2 2.0 'IIJE+ 12 7 .632£+ 11 2 .892£+11 1.122E+ 11 4 .518E+10 2 .OECE+IO 
3.25 0. i.26~E+16 7.72~£+04 1.354£-04 ~.941£-:3 1.2q9~-21 3.159£-30 7.988£-39 2.020£-'17 5.107£-56 1.2~1£-E4 3.2E~E-1~ -.. -.3:7o o: ....... ii~6-5H+r6-'if~-----·- ... ·a·;-.. ·--- .. .:i~· --o;·---·----·-o. o. o. ~ c. a·. 

o. q.~2 o. ~.544£+16 o. o. o. o. o. o. o. o. o. 
---- · ii·~1a· a~ ·--- ...... _.li·~-ifoTf+'Is -:o·; · ----- ... o·; o~-- ---- .. ·-a;--· · ___ o ___ ... _ o. o. o..-.------o...-.--- o-; -- __________ .... _____ - .. 

5.25 o. 7.5~0(+15 o. o. o. o. o. o. o. o. o. 0 0 

TOTAL 0. 

_ fISSION f'ROD.UCT S ...... _ ........ ____ . ----·-·- ..... -------«>L.8JL!Ul.R_6.::.LC:.Y:.LL=2•~L.L. b I GH A.V.E8AGLEOWERL~IIoU _________ _5_.Ei.5.0.5D£:!.0.0.. ________ _ 
GAHHA PHOTON SOURCE SPECTRUM 1ST SFENT FUEL 0'-CAY UP T~ 10 YRS AVE~~GE FLUlC(NICH**2-SEC> 3.42695£+13 

• ... IOIAL .. ENER!i.'l .... RATE_..=_.I:H:.V.~li___L.MUN=MV _B_ASJS= ON.E FUEL A.S.S.Eltlll._._y _______ ·--- J.O.lALB.~N!£.U:11HU ______ .Ei.1.2 1555 ... £~+0,._,3..__ __ .. ____ _ 

·~EAIIL lllleUI Illlii l~L 2.0 :r 2.0 :t: J.ll :t: ~.0! :t: 5.11 I &.0 :t: 1!.0 y a .o I '2.11 I to.. 0 I 
.30 o. 3.312[+16 1.5~ :£+12 4 .. 367£+11 2o479E•H 1 .79'iE + 11 1.378£+'11 1.066£+11 8.26')£+10 6o't1'1[+10 4.976£+10 3.860[+10 

• __ _..Q ~ _!!_. __________ ~Q.2.li..!. 1 7 ::.H:2E•1" 1.182£•15 loBlE .. 1:5i l.O~OE+15 f!o!08E+U 6oi!J2E•U 5 .. .z..u:.E.tl.L5..aJl.ll.!JD:ll-'- • If 4 6E + 1 -'--~ 2 :U:.tl.4 
1.10 0 •. 1.518£+17 l.E~:<E+l'l 1.215£+14 1.042£•14 8.81)[+13 7 .6~2[+13 6.725£+13 5.99EE+13 s,.396E+ 13 4.885£+13 4 .• 442£+13 

' _____ l.~ ~.J!.o.... _____ .. __ ~ . .J ~-~!.LJL..~ E + 1 ~ 5•300!:+!3 ~~13 2 .u,;.E • u 1.1.1.2..2 .E.!..U lo218E+lJ a.fl.2~E•lZ o u2. J.E .!.12 4.:)57E+_l~jl.!_E+t_g _____ · 
1.99 o. 1.395E+l7 3.858£+13 1.6C6E+l3 6.702£+12 2o80i£+12 1.180£+12 4.985£+11 2:.11'iE+ll 9.048£+10 3.893E+ 10 l.E88E+10 
2oJ8 o. 1. ;:!'J fiE. 1f O:olQH .. JO:: 1-Q"'H•l<! 5 .J!!IE:+ u 2 .6efoE+ll lo!:PE+ll &o802E•lQ lo~2~•E•lO loH6E+ 10 8 1 692!;:+09 4~!17f;+09 
2.75 o. 3.168E•H 2.66:!£•13 S.80EE+12 3.619£•12 1.340£+12 lf.988E+ll 1.872£+11 7.13::£+10 2.802£+10 1.171£+10 5.515£+09 

.• __ J, .. 25 __ g__._ le43l£+16 l .Tl7E+O 4 4.49'1E-Q5 1.136E-J~873E-22 7.26.~_.31 lo837£-32 'i'. 6 '15£ -'18 J ..• l.75E-56 2. 9.1 Of;- 6 5_l.~_;_)j!~::J.!.. ____ , _______ " 
3.70 o. 1.~67£+ H c. (). 0. o. c. 0. o. 0. o. o. 

" ___ .. i~_o....__ 8.f181F+lS 0. o. 0 • o._ c. o. o. o. o_L _____ .. _______ 
'1.70 o. 1.120£+15 0. o. 0. o. Q. o. o. o. 
5.25 o. 1.710£+15 0. 0. 0. g. 2. o. o. o. 

____ .I QJ!_L __ _q_. 8.E3lf •11 !oOl:;f+J::: lo'l'31f:+15 1 o9'l2Ltl5 t.l:;l(+15 5.264!;:+14 Zo635f:+14 6. 4 6 5E + 1 'I 5.61.2E+H 4.979E+ 14 4.~01~·1~---- .. -- .. 



Table A-2 Neutron Source Strength 
. -ACT-fNIO-ES-----------------------P-Wf, -CYCL-fCifPErc.\ffo,:.j·::;·zt;G"o-OHHDc/Hr'Ht.f-·"--·~--- - ---AVEi<·A-Gt· FOWERCHW)--- -·· ---· --1. 51t956E-•Of- ··---- -·-·· ··-- .. 

NUCLIDE LISTING l~T SPE~T FUEL· DECAY UP TO 1~ YRS AVERAGE FlUXIN/CH••2-S£C) 3.08511E•13 
----uiiH~ 'N NEUTR.oN'RI:TF.----'N£-uris€c _______ s"As is-;--a"N"E Fu{C- AssE'HsL'v·-· ------------------ riiric-auR'N-uP i"Hwo, - ---- ----- ·9:·1~z1.·a£t:oi --· ···· -------

NUCLIDE INPUT INITIAL 1.;; 'r 2.0 Y 3.1l Y -----·-;;~-G-- v· ------S.C y--------·6-:'J--Y--7-:iJ--y --· ---6.-o-v·---·-,:i~if--y·-----Hf.O .. Y ____ --
BI211 ~. 4.655£-J~ 1.192£~03 1.~E~E-~3 2.543£-Ul J.239E-a3 3.946E-a3 4.670£-03 5.404£-03 6.150£-03 6.907£-03 7.675£-03 

--sfziT-·o:--------1 :·3 os[:.J"f-3.1s .. {- :12-s:-T::-SF.:- o 2 -7:-o.; 6E=J2 --.~: 8 !l3F:.~of 1-:-o 3\JE-·oT T:1s6E=o 1-1: 2&1iE~iii 1: 3i;~o'E-il i i ~41 i.E..:Ol i ~ 46:SE:;Iif 
BI213 a. 1.066£-09 5.872£-1~ 7.~7GE-10 ~.9u1E-10 1.1~6£-Q~ 1.406E-u9 1.61eE-09 1.S34E-G9 2.053E-D9 2.275E-a9 2.5C1E-09 

Po21-;l ___ o. 6.anE-Od 2.722E-o7 6.-:.sr>E-c7 1.423E-c6 2.s&-2'F:ar;·-~·:-179E'.;:~T6.366'E·:o&-9~2o4E-ii6 i:-2nE-li5"1~'ii-4t-;fs·-z.-z~iiE:~Cis ·· 
P0211 O. 2.216£-~f 5.673£-~6 6.~57E-J6 1.211E-J5 1.542£-05 1.68JE-~5 2.223E-05 2.573E-05 2.926E-a5 3.268£-05 3.654£-05 
P0212 a. 1.362Et0U J. 3HEtJtl s. 413Et-ll0 7. 399EtJ!l Y.191E•DJ 1: 075E+Ct1:207f+011. fi5EtC1--i~ J;(!'jft-ilT-1-;H:rn:orL;sziEtGi-- -------
P0213 0. ~.69~E-u5 5.35JE-ti5 7.171£-05 9.a21E-G5 t.090E-04 1.2&1£-04 1·~75£-04 1.&71E-C4 1.~71£-0~ 2.073£-04 2.279£-04 
P0214 o. 2. 3'32£- as s. 14oE- o s ~. c -~:.r- os--1. 42 4 E-o4 -2::o·s-:::E:.o~;--2 .11 12e-.::o~--3:-& if&E:.·o 4 -~ &eu::o ;.-- s~ 79&E:·a '·-7-: li 3 zr·.:.o;.- & ~- 3&bt~-oii·--· -----·-
P021S O. 7.165£-U~ 1.83~E-L3 2.JE~E-03 3.91~E-1i ~.986£-03 6.C77E-03 7.1~8E-03 &.31SE-C3 9.466£-03 1.063£-02 1.161£-02 
Poz 16 o. a. 2e 3 E-c1 2. o 2 7E. o ~ 3. 291 E. o o "· 49 9E .a J·-· 5. sage+a·jj·e,·:-53&£+-oa· -i:3 16 E .-oo ___ i ~ 99 n+ a a a: s32E"•oo s ~ 9s 6E-•c J- 9: 2a 5E •co ___ -------
Po218 O. 1.~35£-05 2.227£-05 3.~3EE-05 E.1E2E-~5 ~.906£-05 1.217E-G4 1o595E-04 2.026£-04 2.508£-04 3.043£-04 3.631£-04 
AT217 o. 5.1t5ilE-a5 2.945£-05 3.~43£-QS Lt.966E-J5 6.00-iE-05 7.U51E-05 a.UcE-05 9-:'2ii'iiE-t5-1-:-ii·3aE:.o4--i-:J.'i;1(.:(lif 1~25ltE·.;.-D,-----
RN219 a. 5.373£-04 1.37cE-Q3 2.11toE-C3 2.936£-03 3.73gE-UJ 4.558E-J3 5.3~1£-03 6.238f-~3 7.099£-03 7.973£-03 8.860£-03 

-RNzio--o-. 6. 27uE-o 1 1. 53 sEt u u 2. :.•31E• uu 3. 40 se. o u 4. 2 3 L-E• iiif-4. 91+7 E• ~ &s .s 53Ei'o o&:os~e+ao·-6-: 451i£+iro -6: t79E·•·oo- 1 ~-o 26E •oc-·- ---
_gf-!222 0. 7.034E-u6 1.513£-CS 2.67 .. £-05 4.1.37£-!lS 6.051E-U5 c.26'1E-C5 1.0c4E-04 1.37£>£-04 1.704E-l4 2.068E-:l4 2.467£-04 

FR2 21 a • 3. 52 6E -li 5 1. 9C 6E- u 5 2. 5 54 E- 0 5 3. 213E- 0 5 3. 8 6 2E- 05 4 :·s62E- u 5-5:-2-52£-05 5. 95.2E- 0 S -6: 663£-:[f5---f:-3c-4t-li 5-8: 1i&e'-ti5 ------ ----
RA223 a. 3.G75E-04 7.~73£-04 1.22~£-03 1.6aOE-C3 2.14Gf-03 2.60~£-03 3.0&6£-03 3.570£-03 4.063£-03 4.563E-D3 S.071E-G3 
RA224 a. lt.3C8E-J1 1.05itEtOu 1. 712Etllil 2.31tOEHO 2.9C:7Et-DO 3.399£+~0 3.816E+OO -~15-SE+0ol;;-i;37E.-oc-T.Y58Et-lijj-lt;;-82<lt'tOa·---·--
RA226 O. lt.2C7E-a6 9.C51E-06 1.5~~£-as 2.504E-u5 3.619£-05 4.91t&E-C5 6.1t83E-05 8.233£-05 1.019£-04 1.237E-D4 1e475E-04 

-AC22S----·a. 2:63iE-~5 1.'t22E-05 1.SJ6E-ll5 2.3S7E-J5 "2:896T.:o·s·-3~40i;E:.:~s 3':E~E~iis·it~l.i;-1E.;ii5 ct~971E-ii5. 5~·509£-05 6.055£-05-
~C2£? O. ~.6e2E-13 2.145£-12 3.347£-12 4.575£-12 5.826£-12 7.101£-12 6.3~9£-12 9.718£-12 1.1U6E-11 1.242£-11 1.380£-11 

TH227 o. 3~U~9E-J4--T.50aE-l't 1.171£-1:.3 1.601E-!J3 2.~3';E::C32.4e5f:l'Tl!".939E-::u3-3;4oiE..:u·3 3:8ii:FiiT4:3'14.7E:;03 ;;-:;&31£;-t3--
TH228 O. 3.661£-01 6.961£-01 1.457£+~0 1.990E+~~ 2.472f•OJ 2.891Et-GO 3.244Et00 3.536E•~O 3.772Et-OD 3.959ft-QO 4.105Et00 
TH22~ ~. s.qlt6E-06 b.'J41E-D6 1.1'J~E-05 1.5G8E-tJ5 t.822F.-05 z.tr.:Jf-~5 2.'-tG&tE-05 z.i9-3E-=if5._3:I.2&E=B5 .. 3:-t;&sE=Os-3:·ao8E-05 _____ _ 

...... » TH230 a. t\.711£-0l 1.353E-02 1.~36E-i!2 2.319E-C2 2.60itE-02 3.29iJE-G2 3.777E-U2 lt.264E-D2 4.753E-02 5.243E-a2 5.733£-02 
-P-... ---Hi23Z--o-.------1:-5'13E-o 9 &. 1 36E-o CJ s. 376 E-a~1:35'2T-ot 1~&n"E..:.ua-i-:93iE:-oe2--:-z~5E:-_ca·-z-;ss9t:--u-,r-z~·a 7~oE::oa --3; 18-aE-.:Ja .. 3 ~sa 2E:...oe ·-- --
~, PA231 a. 8.48dE-03 d.962E-u3 9.~17£-03 9.672£-03 1.033£-02 1.C78E-C2 1.124£-02 1.16~E-02 1.215£-02 1.2EOE-02 1.306£-02 

--iJ2T2 ___ 0 ;-------1 ~596E+tla 2. 25'JEt- u (; 2. 766H0~151;E+Uu 3.41;~e.-aa3. .. 671E+~O l~d3EHlfd -3~956HDif .. 4;·o·41EtO--o-- 4. iJS9E+OO ~o;u5£+0u- --- - ----
U233 O. 2.722£-02 2.766£-02 2.~11E-G2 2.e56E-02 2.9J1E-02 2.946E-C2 2.990E-D2 3.035£-02 3.080£-02 3.125£-02 3.170£-02 

-uz-~-9.3o7E• 02 s:943 E •o 2 s .9ssE tO 2 s.; 63 Et 02 s. 9~ DE+ o2-s.·<r92r.·if26:-c·o4Eiu2~oT6E•-Ifz-e,-: u26E+li2£i~ ii'4o"E .-rr~-&·;-os 2no 2--6. 063£+ li2- ------·-
U235 3.341Et01 1.503Eta 1.503Et011.5~3E+il1 1.5(3Et01 1.503E+Il11.5BE+C1 1.503Et01 1.5D3E+011.5a3E+01 1.5C3E+Il11.503E+01 

.. ·---· 0236---ii-. ----9.693E'tuT ·9. 691E• o1'9-:6S~E+01 9. 6tiit-E+iii9:£)9i;Et.iiT9':-&'l5-Ei'l!1-9'~6'95E-t0-C9:-o95EH C9~-696no 1 .. 9~·ECJ6E+Ii 1 .. 9~697E +Of---·-·--
U238 1.Db6EtOZ 1.~70EtC2 1.D7~Et-02 1.07GEt-~2 1.U70Et02 1.07~E+02 1.070£+02 1.~70E+a2 1.07LE+02 1.070£•02 1.07aEt-02 1.a70Eta2 

.. ---- "NP2 .n--o:-------q·:r.-z4E-•oi9: 76 :>E'+iiT-9. 1 7tE-+ a 1 9. 175£ + o 1 ~. nT£t:o~7ao e t G c~r~n&n-or-;-;-cnsnill-cr~·01oE+IfC9-;- a2 7E.+o r g.·8 39£ + ot--- ------
PUZ36 O. 1.063EtU2 8.35~£+01 6.551tf+C1 5.139Eta1 4.029E+u1 3.159£+~1 2.~77Et01 1.942Et-U1 1.523Et-01 1o194Et~1 9.361tEtOO 

-PUZ-38 0. 7 .115ft uS 7. 331tE+ 0 5 7. 326ft OS 7. 2 79£+ JS 7. 2 25E+ 0 5 7. 17ii E+ii5 7 .114ETa-!)f.C5·9-E+u'lj-7:-lr0.5Ei'lf!)fj-;--c;s1£.+D 5- -e;a9.7E't05 ... ·---
PU239 0. 2.167EtC5 2.131Et-05 2.1~1Et-a5 2.1~1Et-05 2.181Et05 2.131E+G5 2.181£+05 2.181E•05 2.181Et-05 2.1~1E•05 2.181ft05 .. -puz itil ____ c:·· -------2. 2&6E .-~-s 2. 26b'E..-o5'2:-2.6&Et- ;:.-sz:z6&£T.f5-----z:26EiE+lis-·z-:-z&&.t+ilsz:ze.&£ +os-·z:-266£•~5-2~··265£ .-a-;·-2;·26.5£ •o s- 2~ 265E H5-- -- ··---
PUZ41 n. 2.791£-U~ 2.664£-Du 2.54Gf-Qj 2.423£-0~ 2.31~£-0a 2.203E-C8 2.1~1£-~8 z.D04E-C8 1.911E-08 1.822£-08 1.738E-08 

.. --iiuzi;z ---a:·-·- -----2:--fi&SE:t:oz-z. o&sE:-+oT2:JISTtlfz ... z. o &5£-.-~~ 2.oi>se+oz2;o&IT+LZZ.ii"6sn-ozz;o6sE+ az--z~-o 65n:o .. z -·2 ~--o6se·to 2-- t~ o65E+02--·--···-- -
AH241 0. 3.769E+C4 1.106Et-u5 1.604£+05 2.~67EtG5 3.a9tEt05 3.698Et-u5 4.2E~Et05 4o813Et~5 5.33DE+05 5.622£+05 6.290Et-OS 

- AHii;JO. 2.1 96ft 0 3 2.1 c; 'lEt 0 3 2. 19 1E+03 2.1 98Et03 2 .19.; E+G 3 2 .19o ft-:J 3 2.19 7£+03 2.19.'tr·i032·~ 197E+ O"l-"'2-;I9 7E.+t!":l--2·~-f97t+il3 ___ _ 
CH242 O. 8.4S~Et06 1.c11Et06 3.35eEt05 j.416Et-u4 2.034Et-~4 6.~23Et-C3 3.953Et-03 3.334£•03 3.1i1E+a3 3.150£+03 3.130Et-03 

-CH243 ___ o:-- 6. J53E+i12 5. 92 3E+-il2 5. 7C6f.:+ u2 5. 6 7 iE+iJ25: 551ft o2"5.113TI•D 2"5:315E+ii2-5. 2~l'£Hr~~-090t+0"2--It-;9&1E+02-It: 87H+ll2 ___ _ 
CH244 C. 2.~3aEtJ5 l.S54Et05 1.661Et-05 1.61UEt-05 1.742E+u5 1.677Et-~5 1.611tE+05 1.553£+05 1.495£•05 1.439E+G5 1.385£+05 

-CHZ/;5 0. 1. Z69EtC 1 1. 21l"iEt ~11:269E+a11:--2'69Et-!l1 1.2&c;E+il11.263E+il1-r:269E+o1T~·269Ho"CI~ 269E'tO CG268E t-0 1 i-;268E+Oi --··-----
CH21o& O. 1.511Et~O 1.511Et0u 1.511Et00 1.510Et-OO 1.510£+00 1.51JEt~O 1.510Et00 1.509Et00 1.50~Etil0 1.509£+00 1.509£+00 
CH247 O. 2.742E-li6 2.742E-G6 2.742£ 06 2.742£-~6 2.7-1t2E-06 2.71t2E-06 2.742-£-06 2.1it2E=u6 2.142E=Do-2-:-7i+lt-0·6'-·2-;-74.2E~Il6 ___ _ 
CH248 0. 6.6~6£-0~ 6.6b6E-04 6.6~6E-04 6.686£-04 6.687E-04 6.66~£-~4 6.687£-04 6.687E-U4 6.687E-04 6.E87E-04 6.&87£-0~ 

-CFz-~o:-----1. 2~-3£-05 s. 01-1E-O 5 6. 714£-05 7. 462E-IJ5 7. 7b7F05---r.-924E~057~~76t:.;-O-S'r-:99-0F05-7 ;g~aE;;G 5-7 .·978E:..o 5. 7 ~965£--05 ------
CF250 D. 3.6o6E-04 3.486£-~'t 3.3~6£-a~o 3.135£-04 Z.973E-04 2.820£-~4 2.&74£-04 2.536£-04 Z.lt05E-04 Z.2e1E-G4 2.163£-04 

-crz-sr-----u:- ---a-:-779£-o 7 J. 77 2E-o 1 o. 766£-07 a. 759E-a~n-2t-lf7B.-71f5-FHir;rnE:..lJ'fll--;73ze~IiT-8;'725E;;n--·e~ 718E-;;:o 7-·s·.-712E;..D7- ----- ---- ·· 
CFZ52 J. 1.060£-~3 8.156£-0~ 6.277£-04 4o63QE-Oit 3.717E~04 2.660E-t4 2.201E-O~ 1.694£-04 1.303£-D~ 1.003£-04 7.719E-C5 
CF254 0. 4.6f.DE-il1 7 .39'3£-~9 1.125E-1a 1.857£-12 2.647f-13 2. 04rE-13-3.191E-1FZ.lt07r-r.r3:-ff4'7F13"'-2-;-97.1fE"-·u--2;299E-tr3,...---

~ ES253 D. 3.679£-0b 1.~01£-10 7.J17f.-16 3.959£-21 1.9e1E-26 9.9CUE-32 4.9 .. 5£-37 2.1t70E-42 1.234E-~7 6.164£-53 3.079£-58 --·-----------



Table A-2 Neutr~n Source Strength cont 1d. 

ACTINIDES ---------·-pw~-CYCLIC -Oi'FRA-r!Otl-2~ ,G"-ouiiw67HT H_H _______ Tift:P.A_G_C"f(:,wE:If(j.fwT'-- -- --··----1~ -5clq5-6t+of ___________ _ 

NUCLIDE LISTING l!:lT SPENT fUEl UEC.H UP TO 1C YR5 AVEEAGE FLUX(NICHUZ-SEC) 3. Oil511EH3 
• ' SPONT ANEO.US -FISSION NEUT RATE- NEU_T_I_S_E_C-~B-"t.C!.SIS = OU£ fUEL IISSEHBL Y ------ TOr •LaU~HUPCMWi»-------9~-11tZi;QE:t-o3·----------· 

NUCLIDE INPUT INITUL l.U Y 2.u Y 3.0 Y '+.t· Y S.C V 6.0 V 7.C Y 8.0 Y--·----g:;·jj-y-----i(j-~-~~-y-------
• ~_,.& _ __,._o..L. ____ __,2,._,.,_,5u1._,5..,E._,+-"-O!l.__1_.<;73£+ :l 0 :. 251HJO i.e 1 E>ftGu ~.535£-0 1 7. lo76E-u1 5.:)62£-01 1t.596E-O l J. 60'+E-D 1 z. 826E-t.1 z. Z16E-D1 

PU2 33 D. 4 .91oOE +o '+ 5. ~9 2E + J 1o 5. o .:•6E + u'- s. g, 5 ~oE + u 4 5. e 17E+ii '+ '+• .,-7 .)f + c 1o -4.9 '+DE t-01.-,:-qo zf;(i-;;- ~-:-86~E t-o 4-·~;:a26E +iii;--~;~ 789f+oii --------· 
PU24il O. 6.12~£+05 6.12~£+-iJS i>.12.:!E+05 E.1.2oEtO~ 6.:2e£H5 6.128£+~5 6.127£•115 be127H05 6.127£+05 6.126Et05 fi.1Z6E+05 

-P~U~2"-'It:!.'Z"-----'ii'-'.!.__---~8~.~1.£,5Z9!:.E ~.o!L .. i!.._ ---'s!L'."-'1"-.!5;,_'J,l!E,_'+~ul.-'lo!.......!!o~._A1c.!;Sc!!':l..l=Ec..!.•.!!.o..:!4___!i_a_!... "'-: "-5 9~E .~~ ,.~3 • 1 5 C_jf + u 4 e~1 s9E. !j .. 8:1 59 e:-;ii 4 -8-: 15 9"E. 0 .;--8 :-159E •. Oi.-a: 15 9 E .-li jj -·e:-n~9 E • 0 i; - --- -
PU21t~ O. 7.824£-1~ 3.6~5E-J~ 6.5~!E-a9 g.~71E·D~ L.ZZ3E-Oa 1.51olE-te 1.796£-08 2.0~2E-08 Za369E-08 2.E55E-~8 2.941£-0S 

-C'.::-H"-'2:-'~"-'z~-:a~.'------'-1-"-.-;:7-!:2~3=-E-+ 0~7::---,3,._."-'6:<-'81-o~-E:..:+:;_,.J!_6~l~.-"<l'-.!!5'0!\J-':E:-+~0~5-,--L1~ •. '0-; .!-1 ~.5£=+---'0:'-5!._.!+~.~1~3=-'g~Ec-:+_.!!D~'+~i. 38 6 E + J ~ 8 • 0 t. 3 E t G 3 -r; ~ 7 8 ~E + 0 3 6. It 95[-+03 6 • It i UE + 0 36;3 iii E-. ii l---
__ C~H2~4~4~~0~ • .__ ______ ~1~·~1~6~5~E~+~C!-7~1~·1~~~~1E~+~D~7~1 .• a~~E+07 1 •• 5TE+07 l.~17E+07 9.7B9E+C6 9.421£+06 ~.067£~06 8.726£+06 8a399E•C6 8.083E+Q6 

CH21t6 0. 2. 3b7E+(I ~·· z. 36 7E til .. 2. J E7E+ ~lo 2 .. 16: Et Olt. 2. 5 66£+ .:lit z. 366E +(It 2.3&5E:+u4z:165E'+-ol; ·z:-364E.04--z·~·fii;EtOif ·-z~-364Et ill. ___ _ 
CH21t8 O. 2.692£+-Jl Z.d92E+~1 Z.892Etjl 2.132f+G1 2.&92£+01 2.f92E+~1 2.d9ZE+D1 2.d92E+D1 2.892£+01 2.892~+01 z.89ZE+Ol 
CHZ50 o. 1.7u2E-o5 t.702E-o5 L.7~ZE-o5 t.•HE-il5 t.ruzE-05 1.11i2E.:cs 1.H2E-os t.702E-os 1.-7o·Zf'.::a··s--T;7o2E--o·s·r:7ifzt:.;.ils ___ _ 
CFZ52 O. li~l6E+02 1.J90E+D2 ~.3~5E+Dl 6 •• 53E+01 ~.~66E+D1 3.S21E+~1 Z.91o1E+01 z.Z63E+D1 1.741£+~1 1.31t0Et01 1.031£+01 
CF251t 0. 2. 646E-Il2 ... ~ 2 dE- J1o .;,. 126E- J6 t.G 1l E-117 1. :.1o1E- ill 1. 114£-08-1.737£-08-1. 343E-Il8--Z. 09it£-:-(fi1.61-<j[~08--T;;··z52E.:·aa·---

TOTAL !l. 



Table A-2 Neutron Source Strength cont 1d. 
ACT II\ IDES PWR-t YCLIC OPE RAT lCN-JJ,OOO·H·wD/.H fHH .AVERAGE POWERCHWl 1o702 ~OE +~1 
nCLICE i:TsTTN_G ______ - --·----·· ... ··---- 1STSPENT-FU([[fEOY UP TO 10 YRS IIVERIIGE flUXCN/CH .. 2-SECl :!.A-"3_.1--;E,.;;E""'•_.l_,!r------

·~Lf~~-~ ~EU!~9~~~f-~ N~~~~~- ---~--!~~ =-~~~fU~E~L~A~5~S~E~M:B:L~Y----------~1~0~T2A~L~B=U2R2N=U~P~C~H=W=D~l _____ ~1~·~~~0~E~~~~~E~•~0~4~-----

. NUCLIDE INPUT INITIAL 1.0 Y 2.0 Y 3.0 Y ~.0 Y 5.~ Y 6.0 Y 7o0 Y 8.0 Y 9o0 Y 10.0 Y 

. 81211--·o:-· 1;350£-03 2.1e6E-O~ ~.C15E-03 5.2~2E-C3 Eo'I25E-OJ 7.599E-03 8.75'+£-03 9,890E-OJ lo1DlE-02 1.211E-02 1.3aE-02 

. 81212 O. 'I.SEOE-02 1.C11E-01 1o7E5E-01 2.~51E-01 3oC8'+E-01 3.6'+JE-C1 '+ol19E-01 '+•517E-Ol '+.8'+0E-C1 ~.OSc;;E-C1 S.~CIE-01 

. ai~i~· · -o~ -s;s9s-£-09·T.E5st-:=-o9 1~if56t.:o9 2~o64r.:a·9--i~7ar:.-iJ92~5ooE-o9 2.728E-o9 2.963t-o9 J.2os£-o<J :!.~~rr=-oTJ.7oa£-os 

. PC210 Q. 2.6'+1£-07 6.~10E-07 1.2~'+E-06 2.Q42E-C6 ~.205£-0E '+.755E-OE 6o751E-C6 9o252E-06 1.2:!1E-C5 1.5c;;9E-D5 2.0:!~E-05 

. ·-p(2fi -- 0 ~-- -· ---6-;;-61 ~E- 06 1. ~26£:_. 0 ~-I';-§'f3E.;. a~· 2~~9 i(::·os--~·;o59E :-as· 3. 61 BE- 0 ~ '+ .16 7E- 05 '+ .709T-=-If5' .. 5";242E-05 ~. 7nr=lf~'F!!·--"o""s;.._. __ _ 
• PC212 O. 4.7E1E•OO 1.118£+01 1o843E+G1 2.5~9E+01 ~.220E•01 3.803E+01 '+.J01E+01 '+.716E+01 5,05'+E+01 ~.J23f+01 5,5!~E+C1 
.. PC21!. a:----- 8.560E-C~ J,5G8E-0'+ 1.6'31£-04 1o88Tt:..O'+ 2.C76E-04 2.278E-O'+ 2.~86E-C'+ 2o700E-Oli 2.c;2oE-04 :!.1HE-t4 3.3HE-04 
• PC214 O. 4.549£-05 7.1'+3£-0~ lo05BE-0'+ lo486E-04 2.C~1E-O'+ 2.60JE-0'+ 3.292E-O'+ '+.070E-0'+ '+.9J7E-04 ~.8~5E-04 E,944E-0'+ 
.. -P C'2'15 ii~ ·2 ~ i -q·a'f -CJ·-q ~ < eaF 0 ~--E~ Oi'eE:·o ~- 8 ~- (5 3E-O 3 9:99'lfF1:i'~ 1.170 E- 02 1.3'+ 7E- c2 1.522f -02 1. 695E -o :<--r.-a--rrt-trm~-~·r-c~----
.. PC216 0. 2.895£+00 6.80GE+OO 1.121l+01 1.555E+01 1.558E+C1 2.312E+01 2.615E+01 2.867f+01 J.073E+01 :!.2~7£+01 J.3E~E•01 
.. -iic2Te- .. ii-:·--- ------1:96~[ -os -3·: c~ fr:·a~-~-~5Ht::..: os-6~ 'I ~4'E::Cs-e: E'6'fE :·oE 1.126£-0'+ 1 .'+25E- ii'l 1. 7 61 E-O 4 2-;-D7r-om-~n-= 04~-; Olr~'£=114 _____ _ 
• A1211 O. '1.71~£-04 8.~01E-O~ 9.310E-05 1.035£-C'+ 1o1'13E-O'I 1.25'+E-O'I 1.J68E-O'+ 1.'+86E-0'+ 1.607£-04 1.7~~E-C'+ l.eeCE-04 
.. RITi-9--~- l.EO~E-C3 J.£16E-G:! '1.6~0E-03 6,('10£-0J 7.'+17E-03 8.772£-0J 1.011E-02 1.1'+2£-02 1.211£-02 J.3S8E-02 1.524£-02' ___ _ 
• R~22a o. 2.191E+OO 5.1'+7E+CO a.482E+OO 1.178£•01 1.482E+01 1.750E+01 1.980E+C1 2o170E+01 2.326£+01 ;:.4~0E+01 2e5'11E+C1 
.. 11~22 2 - il. ···· -- 1. 3 ~ ee:.:os ·2 ~ i Got- o~- r;1 ni: as ·li ~ sn.t=if~r ~. eas£.:.o~--7;-6-s'i'E:. os9 .68tiG1fs·T;rsn: -o '+-T;45zr-trif1~T~3£';:-c4 -2~ o4~£- O'+ · ·- -- -----
• FR221 ·o. 3.049£-0'1 5.371E-O~ e.~2~E-05 6.E9eE-C~ 1.~95E-O~ 8.113E-05 8.853E-C5 9.616E-05 l.O'+OE-0'+ 1o121E-O~ 1.20~£-04 
•· RA22·~--0 ;- ---- '3.18 EE-0'+ 1 .8'+ 1 i:- C:! 2. E ~~E- OJ 3 .q 5 7E -0 3 II. H 5E- 03 5. 021 E- 0 J 5 • 784E- 03 6 .5 35E- 03 7. 274E-O ~ -e-;'tlrJ·r-oJ-8-;-'7:2C-E-=-03 ____ _ 
N R~2211 o. 1.506£+00 J.~~7E•CO ~.e::aE+OO 8.0911E+OQ t.018E+Ol 1.203[+01 1.360£+01 1o'+91E+01 1.598£•01 1o6E!E+01 1.1~CE•01 
.. RTI-26 O. 8.001£-06 1.£~6E-o= 1.861£-05 2.615E-05 ~.520E-05 4.578E-O~ 5.790E-05 7.158[-0~ 8.684£-05 I.0!1E-04 1.2.::IE-O 
- AC225 0. 2.275E-04 4.(07£-05 4.49'+E-05 4.997£-05 5.517E-05 6,053£-05 6.605E-05 7.174£-05 7.759£-0~ e.JEOE-05 8.'31EE-O~ 
, ·'Ac 221 o. 2 .75'7E-i2--5 .c r.'3E>T27~2·~·o·£-t2 9-~lfnt-=--u -t ~ ts-6E =-tCI-;-367E-=T1t--;s-'7~n-r.n9r=-1r1-;9a-oT-=rr-::·.nar.; n-2-;·37~E:.. n------
• 1~227 O. 9.0A2E-0'+ 1.7~JE-b~ 2.5~0£-GJ 3.29JE-O~ 4oC'+liE-OJ 4.783E-OJ 5.510E-03 6.225£-03 6.930E-OJ 1.6211£-0:! 8.30EE-C3 
,. ··n::22a --a~·----- r;;-2-7-·f£+iili .'3·.ci-2~+0.o ... .,.-;9nico:·oo6;a-a·6'c:+-o·o--·e ;~:iaE+rrot-;n-2-JE•OI t.t56E+ 01 t.268r+llTT;'1S9'E+lrrr.•!l"£•rr1-;Ten-To·r----­
• 1~229 Q, 2.22'1£-05 2.~20E-O~ 2o826E-05 5.1'+3E-~5 J.l!69E-05 3.806£-05 4.154E-05 4·511E-05 '+.879E-O~ ~.2~EE·O~ 5.64EE-05 
• Tii<JO ---·o:------8-;-taiE-OJ 1.217£-02 1.559E-02 1.905£-02 2.255E-02 2,608£-02 2.965£-02 3.326t-02 .!.690£-02 4.C~8E·02 li.if~CE-02 

~ .. 1~232 0. 7.12~£-09 1.121£-0E 1.529£-08 1.9~8E-C8 ~.346£-08 2.75~£-08 3o163E-08 3o571E-08 3,980E-08 4.3~9E-08 4.7S1E-08 
~ .. ·-p A 2 3 i o. -- · - ·r; 677t~1f2 -r ; nn::.. o2 ---~ nTr:--o2 · i -.-1s·:·E-=o21;·rn-E =o:r-r:srrr-=DTT-;a~n:- a 2 1 • !rs-rr-o-~ar-sr--~-r;8-ors E-=-o-2-f-;9-~·:;·r~o-2 

l2J£ 0. 5.0£7E+OO 7.E~AE+CO ~.E~E£+00 1.117E+01 1.233£+01 1.J21E+01 lo387E+01 1.~35E+01 1o'+69E+01 1o4S~E+Ol le50eE•01 
- 'CT3 ~ · - - o~-- · ----· -2;6·6;r-t-:: 022 ; 1 :ar-=o ~2--;·es 1r-ar2 ·; HTFOT"3-;-c~t2r=lr:!~~ 6 E- o 2 3. 2 :rrr-=n---r.r2br=-o"2~2Tr-lr2-r-;s n: r-o·::-:r;6n"£.:; o·2--­

U2J'I 9.307E+02 4.15E(+02 '+.202E+02 '+.248(+02 ~.295£+02 '+e341E+02 '+.386£+02 4.'+31E+C2 '+~476£+02 4.521E+02 4.56~£+02 '+o605E+02 
. ---.:-2J~-~:5'+1E+ C1 7 .907£+00 7 .s07E+OO 7.%8t.+OO 7.SOBE+ 00 1.S08E•OO 7.908E+DO 7.908£+00 7.908£+00 7.So8E•o0 7.9 DTI'+DO 1.SD';E+DD 

l236 O, 1.260£+02 1.260E+O£ lo2f0E+02 1.260E+02 lo260E+02 1.260E+02 1.260E+02 1.260E+02 1.260E+02 lo2EOE+02 1.2E0£+02 
.. -rD a -- 1 ; o a 6t+ o ;;:---I ;·o 51!r+lr2- -r.u-!:'!IT+-or-r-;·o-m+o"2-r;.lrs1fr+o· 21--;-crs-ST+OY-r.o 58 E • o 2 I • o 58 E • o 2-r.rr5l!T+If2 I • o sa E • o 2 r.lr~t+a-:r-t-;nse"E+o_2 ___ _ 
• NF237 O. 2,00~£+02 2.CEJE+02 2o0611~+G2 2.06'1£~02 2.066[+02 2.067£+02 2o069E+02 2o071E+02 2.073£+02 ~.01EE+02 2,01EE+02 
• Tn"16- ---0 ~--------~~: 'f5'01:+0'2"1-;-rr-IT+~-2.5t-:r+D2--z.ll1TF0-2~"7"7E+ll"2 I • 2 3 6 E + 0 2 9. 6 9 4 E + 0 1 7 • 611Tr+Om6-0 E • 0 I 4 • 6TIF+Ifr-:r.-6'nr•n----
.. Pl238 0. 2.612£+06 2.7~4E+OE, 2o7EOE+iJ6 2.7'+5£+06 2.725E+06 2.70'+E+06 2o683E+06 2o662E+06 2.6'+2E+06 2o6HE+06 2.E01E+OE 
.. PUiJ9 o. 2.322£+05 2.368£+0!: 2.368£+05 2.368£+05 2.368£+0~ 2.368£+05 2.368E+DS 2.368£+05 2.368£+0~ :;.3E1E+05 2.3E1E•o5 
• PC2~0 o. ~.'+eE£+05 J.~~OE+O= J.'+c:i2E+05 3.493£+05 ~.q95E+05 3.'+96£+05 3.497E+05 3.'+98E+O~ :!.S00£+05 ~.5C1E+05 J.S02E+05 
.. F G ~4 r--- ·a;------· --r.-o6~e: -os s .1 nr=n--~s-rsr-·o·rs-;-2b-o E-o 8 !: • ·alG£~-;-rs-sr-o e 11.56 IE- om5oE -o 8 11. 14Bt- (]1f"7;9-:6r-o·8-r.~HE·;·u·--------­
. PL2'+2 0. 8.57EE+02 8.~76E+O£ e.516E+02 8.576£+02 e.576E+02 8.576£+02 8.576E+02 8.576E+02 8.576£+02 e.57EE+02 8.~7EE+02 
.. -pu;!'q 4----(j';-----------1-;QITr-T2-~-5r-=T~-s-;-BtTE-=Tzf-;lfnr-n .,-;!r~12-;JlrSE-11 2 • 74BE- fr-r;T'B9E -11 .!! .630£-11 q .u I llt. -11 4--;s'l IE-II 
. A~2'+1 o. 7.'+~5£+04 2.~~1£+0~ 3o8'+2E+05 5.281E+C5 E.E51E+05 7.954E+05 9.19'+E+05 1.037£+06 1o1SOE+06 t.2~7E+OE 1.~~EE+OE 
.. Af'24~- o. t.671E•d4 1.E14E•04 t.ETIT+-u4 1.674£+04 I.E74E+04 1.614£+04 1.674£+04 1.674£+04 1.673E•04 t.61.!E+C4 I.ET!£4..-D'ir-----
. CP'2'+2 C. '+.878£+07 1.0'+0£+07 2.209£+06 4.750£+05 t.082E+05 3.055E+04 1.409[+Qq 1o057E+O'+ 9.791E+OJ ~.5S2E+OJ So51f£+0J 
.. C P' <: '+ ~ 0. - ·5. 2 74E+.OJ"5. IE 1E+ 0 ~.!:. 050E.;:o3 ~ ~ 9 1f2E+ C :r ·'4-;-8'1ET+o-~-q-;T:!''2Etn-1f:b3TE +OJ 4 .5 J2E+lJT<f-;n'IT+IrJ"'-;J~'.in·o3-4·;·:rHr• 0·3 ---- .. 
- CP'4:4'+ Q. 3.051£+06 2.S~7E+CE 2.827E+06 2.121£+06 <:.E18E+06 2.52~E+OE 2.~25£+C6 2.334E+06 2.247E+06 2.1E~E+06 2.0el£+06 
.. --c I! 2 4 5 · o ; -· -- · --2 -;9TI·r.o z-2.9r'ltr+·o-:t -2-;;-9T'ir+·o·2' 2·;9 1 4 n o·2~-; r; n n·o-2 2. 9 n E • o 2 2. 9l3T+D~9Tir+o-z-r.cn2r+<r::r.-9-72 E+o2-2·;·9 nt• o·2 --------
u CP'2'+6 o. 7ol21E+01 7.1£6E+01 7·125(+01 7.12'+E•Ol 7.12~E•01 7.122[+01 7.121E+01 7.120E+Ol 7.119E+01 1.11eE•C1 7.11~£+01 
.. (~~47 o. 2.331£-0'+ 2.~:!1E-.0'+ 2.:3.:1E-C4 2.33fr-'O'+ :< • .'!HE-0'+ 2.3~1E-C4 2.331£-04 2.331E-04 r.:niE-04 2.3~1E-C4 2 • .!.!1E-or----
~ CP'£'18 0. 1.1~6£-01 1.106£-01 1.105E-01 1.106~-01 1.106£-01 1.105£-01 1.106E-01 1o106E-01 1.1o6E-01 1.106E-01 1ol0EE-01 
• cf: 24 9 ,) ; -- ------2 ;n9r=oJ ·1 ;-~ ~JE:.·o2 1; a ~2E :..·o2 ~ ;-o·5'2t-=o2-2-;H-at-c'2-2-;-nnr=·o-22";:ttr~~lrt.rr-or2-;-z-rraFtrz-r.zlf6Fll-z~-;-2-o·~~ o·z--------
. CF250 0. 1·'+~l!E-01 1.JE9E-01 1.2'.i8E-Ol 1.231E-C1 lo167E-01 1.107£-01 1o050E-01 9o959E-02 9.l!li'IE-02 E.9~7E-02 e.4~!E-O~ 
.. cF 251 o ~ --- --·-'+ ;·s·~-9e:-=-o4-·,r;::!·s-r~~--;-: J2:::. o·4 '+·; s·2ar-=-c-~-q.:zs-r-ll'l--r.:rnr=·o4 4 .sllJ'E=U'44.5'14E-o 4 1t. snr=OT-r-Slllr.;-o-4-r.:lroftO,;·o·q------·-
- Cf252 0. 1.069£+00 8.223~ 6.328t-01 4.870E-Dl 3.7'+7E-01 2.884E-01 2.219E-01 1.708£-01 l.J1'+E-01 1o011E-01 7.7e2E-02 
~ CF254 a. 2.53~E-C3 3.eE1E-o: 5.818t.-07~.951E-09 1.!61£-10 2.247E-12 3.202E-13 2~76E-l!-.!.860E-1J-~.9E4£-1.!-2,307E-13 
· ES25~ o. a.J08E-o3-3.H1E-0.7 2.o•:i2f:.:..12 1-.-060£-17 ·5.~HE-2:! 2.6:0E-2B 1·~2.'+E..:-~J·6.61JE-39 3.303E-H 1.650E-4c;; 8.242E-~: 

101 AL 1. il7JE +oT5-.:513E-;()7T~-6s 4E + oT-8 -:-'iso[+·J6-7"; 0'7 -;e:'+!JT E .727E + 06 6. 66GE• 06 6 .652E+ 06 6 .655E + 06 6. 658E •DE E .6E OE + 0 E 6 • H C£+ OE 
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~ 
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• Table A-2 Neutron Source Strength cont 1 d. 

A~ERAGE PO~ER(H~) lo702~0E+~l 
~VER~6£ FLUXlN/CH••2-SEC) !of'IJJEE~•TlT~------------
101Al BURNUPlHWC) t.:oe:~E+O'I 

· Nl'CllOE INPUT H\ITIAL 1.0 ' 2.0 Y 3.J Y ~.0 Y 5.0 Y 6.0 Y 
· P l 2 3 6 Q • 9 • 8 2 0 E + 0 0 7 • 7 'I •J E + Q 0 E • J t:~~-c:i:=,E;:-:-+ "O~.J -.-.-."""7"5~9~E;..:•:.,C,_;O~J,..-,. 7;-3~i E;:-:-+ "a-i.o ----,.2-."'9-;;2~6"-iE;..:+:.,0"0;..--,2,.~2"9,.;~;::.Ei=.:;..+ "O-i;O----.---.,.,.?,.;.::...,..;~.---:;;-;-~.:_,....;...--.--.-.,.;..;~~-....----...,rt;.:..,...,;-------

7.0 y 8.o y s.o y 1C .o y 
lol99E+OO l.HOE+DO l.lCH+OO a.l71E-01 

• Pl238 Oo lo8l'IE+05 1.51.2£+0~ lo316E+u5 1.906£•05 1.S92E+05 1.877E+05 1.863£+05 
• -p iJ2 4 o·. -···a:--- -----~~/i E + 059. 'I ~.!!£: + ·o-~9~-ri'i2£+E5 9. 4q6£ • C 5 ~9;-:.~4:.i5;-i!l~E~+;-;0~5~9~ • .:...'1~5i4~E~+.;O-E5~9i-=.:_;;4~5;..:;7i-iE;...+:-c0~5e-~i-7-i7~~-7:..;;..;;,:..;;...,..~-.;,..:_;~;....,~;........;;....:..:~;.;...,..;.;-..----

1.348£+05 1.834£+05 l.84:0E+05 l.SCH+0'5 
9 oHl £+0'5 9.~64£+05 c;.H1E+05 9. 'IHE+05 

. P L ~ 4 2. o. ~. 3 e9E + o5 3. ~ e 9£ • o: 3.:! E '3£ + os .l. 3 e 9£ • o s ~.~a <JE • a :;-...,3:c-•::...3,_a;;-;-3;;.E_•_,o~~__,J,..::•..;;.3.;a.;9.;E~· •....,c;...5;.......;~;... 

. 'Fi~~q--·o:-- 1.130£-07 5·. 8E5E- lf7f:CEGE -06 -i. 5 ~ 4·f.::c6-2-;Q(flf-:oi: 2. ~81 E- 06 2.955£-06 
3 .589£+0: 3.389£+0: !.389£+0!: 3.~SSE+O!: 

3.'+28£-o.::. 3~902£-06 'lo316E-06 11. e:n-oe 
• C~2~2 a. 9.927£+07 2.117£+01. 4.qg~~+06 9.6E6E•05 2.201£+05 6.216£+0'1 2.867£+0• 2ol51E+O~ 1o992E+04 1.9:2£+0'1 lo9!EE+04 
.. Cii21!11--- 0. l. H!l E + 08 . 1.. 71.5£ + H 1. e ~OE + 08 1.: E 8£ + 0 a 1 • :23 E + 0 8 l.:...i4~7~1iE-;+:-ioi<eri1r.'-i~~li=-;6~EF+-;;:-F.Ois-T1..::..-i3-26~3iE~+:-ioi::J;-.....;lr-.:...,3~1r2~E~+~0.,;.8-T1..: • ..;;2,;E:-:;~;._eE:....;+,-;0;..,8;-.:1r.:.... ~2T-1r~;E~+.;D.,;8--------
.. 0.2H O. loll7E+06 loll.6E+OE loll6E+06 l.U6E•06 1.116£+06 1.116£+06 1.116£+06 l.ll5E+OS 1.115E+06 l.ll5E+06 loll!:E+06 
.. ci2lj a·· ··a·~·- ·--- ·--·---~ ~-783E"+o3--4 ~Ts3£·; a~-: ti: -rail["+ oJ · ~~7 ~ H-• a-:r li:-fa4 E. o 3 '~· 1 a 5£• o .3 ,. • 1 a5E• o:s , • 1 a5E ·o :s ~. 1 as£• o 3 11.11!!:£. iJ 3 4. 1e !:E. a J 
"C~250 o. 9.60~£-03 9.EC7E-O! 5oE07£-0.3 9.6CEE-O~ ~.EJEE-0! 9.~05£-0! 9.605£-03 9.605£-03 9.60~£-03 5.6011E~OJ 9.EO!E-O! 
"ci'~s·.2·· o. · ··-- · · · i ~~~-2eE+.os T;ci~<J£.+o~ --e-~-;; ~At-+ati-·6: sc:st+o~--~ .;:co6t+iPI·3:·as2E. o 11 2 .96sE• o• 2.281 E• a" I"-;7s6wqT~T~TE. o4T; o·ifrE•-o4 ______ _ 
... f~12~- .... !!... ... ______ _!_! 3 80~ ~Q2 2 ol C2E + 0 C !.:;:·o 0£-02 '+.a i' 3E- 04 J •. H,OE -06 1. 223E-O 1 1. 74.3£- C8 1 • .3'18£-03-2 .1 OlE-O e- 1 • 6 ~!:E- 08-1.25 EE-08 

.. rotA~ O • 2o801E+08 lo9511E+08 lol22E+08 lo625E+08 1.~5~£+08 1oii98E+08 lo4112E+C8 loJ89E+OB 1.3~8£+08 1.2S8E•08 1.241£+08 



Table A-2· Neutron Soorce Strength cont 1d. 
P~R-CYClfC OPERATfCN~40tOOO~~D/HTH~ AV[R~GE POWER(HWl 2.0EJ40E+C1 

---- -- i Hsfinr.=otr·o-r-c:..;Ac;;,;..:u:,;P~Ti-:o~ti-o~;.,&=-R.;.s.:.:.:.: _____ _;A;;,vr.;E~Rr.-A;.GFE---;,.F.;L~u~xr.,~Ni-=:7;-;c~H"'•::-•::-2"-=-s..,.t ...... c•)--=.;4; • ..;:~;9;-:;t;.,o;..;a;.;£~.;,.:1;..3;--------
--- ~-~-~~§ __ .:_ _ _Q_~~--~~~-l-~_SSt:HBL Y __________ ___:l~O_;T_;A_;L::__:B:_U:_R_;N_;U::__:P_;(.:.:I1..=W..=O_;l _______ 1_._8_2_6_l_l_E_+_O __ II ______ _ 

. t\lCLIDE INPUT INITIAL 1.0 Y 2.0 Y 3.0 Y 11.0 Y 5.0 Y 6.0 Y 7.0 Y 8.0 Y 5.0 Y 10.0 Y 

. 81211 o. 1.484£-03 2.878E-O~ 4.103~-03 5.302E-03 6.475E-03 7.623E-03 8.748E-C3 9.849£-03 1.C9JE-o2 l.tSS£-02 1.30~£-02 
• 81212 O. 6.1~9£-02 t.:16E-01 2.594€-01 3.690E-01 4.716E-Ol 5e631E-01 6e419E-G1 7.079E-C1 7.621E-01 E.G::E-01 8.~5EE-01 
. 8T2"i ~- ·o. · - · · --1:6soE-oa-·2:~'3-.3r-=--o5 2 ~: fsr::..:as -2;r-6sE:=-og··2 .s64E-o9 3.172E-o5 3.389E-c5 3 .614t-o9 3.847t-o9 4 .tsc£ -o9 4.-!nr=-trr---­
. PC210 O. 2.438E-07 5.6~6£-07 1.045E-06 1.7~5E-C6 2.683£-06 3.940E-06 5.556£-06 7.582£-06 1.007£-05 1.306[-05 1.6EOE-05 
. PWl-· . o~- - ------7. 06~-[:a·6· 1. ~-7ot-:·oTT~9~3£ ..:as 2-;5 24E:.os ~. 083E- 05 3. 6 29E -05 4 .165E- 05 4 .689£-o:-s-. 203£-05 ;:-;r 06£- OS 6 .IS':£- 05 
• PC212 0. 6.410£+00 1.583f+01 2.708E•01 3.852£+01 11.924£+01 5.880£+01 6.i02E+Ol 7.392£+01 7.956£+01 8eii1CE+D1 e.1EEE+01 
.. P021~ o. 1.503E-G3 2.180£-04 2.346£-04-2.520£-04 2,701E-OII 2o890E-04 J.088E-Oif 3.293£-04 3.506£-04 3.7~1£-04 3.9!:!:£-04 
• PC214 0. ~.951lE-05 6.C17E-O: 8e727E-05 1.214£-04 1.E26E-04 2.110£-04 2.669£-04 3.303E-04 4oCl4E-04 4.8C4E-04 5.E7~E-04 
.. f>c2is · o~ ------2~i8itt.:.o3 4~·..-ror..:orr;.:n6t·..:o:r a~i6ft.:.or~.%eE-o~ 1.1nE-o2 1.31f7E-t2 t.st6E-o2 I.682t-o2 t.s4!:£-o~--r.lrcnr=lr2' ____ _ 
.. PC216 0. 3.897£+00 9.6~3E+GC 1.Eq7E•01 2.342E+C1 2.994E+01 3.575E+01 4e075E+01 ~.494E+01 ~.838E+01 5.114£+01 5.~~0E+01 
.. l>c2 fa -·o ~--- -- -----1-:-7 2 7E -a 52 :-e cTE- o~ :r~-777E:: o5. 5;~5 2E"·::as T;"C36£-:o'59."'"i 34E- os 1.155 E- 04 1 .4 31iE-=-a-ltl.B"'fE""="O'I~-,c;-E70·.r-2-; ~~-~ ~-E~-04 ____ ------
" A1211 ·o. 8.27iE-04 1.2COE-04 1.292£-04 1.387£-04 1.487£-04 1.591£-04 1.700E-Oif 1.813E-04 1.530E-C4 ~.C:2E·C4 2.11EE-04 
.. Rt\215 o. 1.713£-03 3.323E-O~ 4.737E-03 6.120£-03 1.41~£-03 8.800£-0~ 1.010E-C2 1.131E-C2 1.262t-o2 1.3Hr-lr2 I.SO.!E-02 
• R"220 o. 2.950E+OD 7.28qf+OO 1.247£-01 1.773E+Ol 2.266E+01 2.7G6E+01 3.085E+01 3.402£+01 3.662£+01 ~.811£+01 q.o~:E+01 
.. -Rh2 2 2 o. . -- --f~i 7 JE·~:os C:7l9t-"o~· 2 ~ 5-E6E- as. 3~56c:iE: os·'ii-~ 'HIDE -aT 6. 2"ll6r::·os7 .849E- c5'9~1Tli1.':=o-s-r.T8TE-=tl_4_r;·~ l!E"-~""0"4--1-;HTE-=·or-· 

- F~221 O. 5.355£-04 7.7E7E·O~ 8.~57E-05 8.575E-05 9.621E-05 1.029E-04 1.100f-04 1.173E-04 1.249E-04 1.3~7£-04 1.4GSE-Oq 
.. -If- i2 ~- --- a:-----------~a a 41:-=-o"-1 ;9 o2E- o ! 2:-n 1 E --OJ· T:-sa·Tt- or~t -:-21ar=DT!l.llTir::om 8 o E- o 3 6. s o1rr-o 3 1. nor:=n -7-;-9-rsr=-o·3-a-;-e-o·4 r-o"J·----
• RA224 0. 2e027E+OO 5.005E+OO 8.5EqE•OO 1o218E+01 1e557E+01 1.859£+01 2.119E+Cl 2.337£+01 2.516£+01 2.6:SE+01 2.77~[+01 
.. fiAi2E--O. 7.01<;£-06 t.C~8E-O~ 1.5~5£-05 2.U4E-C5 2.855£-0!: J.712E-OS 4.695[-05 5.810E-05 7.061E-05 e.449E-05 9. 13"TIE ... ---..,.o~::;------
- AC22~ 0. 3.995E-a4 5.754E-O~ e.~~4E-~5 6o695E-05 7.177E-05 7e680E-O~ 8.204£-05 8.749£-05 9.316£-05 S.903E-05 1.0:1£-04 
.- -AC22 't il ~ --2-~-921if:;12. 5 ~ 179E-=f2--7 .TarE·;_ fl""9~""53'6E-T2 ·- r;T6qE-::n-r~·:nrr..;flr.573E-11 r.TIIE-11 I.9ti5T=rr-r.l:S"£-;Tr2-;~ 4"1L-"lr· 
A 1~221 o. 9.67:E-04 1.e12E-o~ 2.5a3E-o3 3.3~7E-C3 4.C76E-OJ 4.798E-03 s.506E-03 6.200E-03 6.819E-03 7.sqq£-t! 8.1'iEE-o~ 
"-fii22-8 -- ""(l ~------- ·r.rtrr+oo 4"-~ 2f"3E+·o--c -1-;-z<roE"+·I1o-r;"!)"3"6E+-~r-"1~32-4E+-Orr;5llTE+Dm02E+ DI I.987E+D I 2--;TJ9rnJT""r.2TIETilT?~=fn·ol 

• TH229 0. 3.380E-05 3.644£-05 3.921£-05 q.211E-05 4.514£-05 4.830£-05 5.160E-05 5.502£-05 5.858£-0~ 6.2~8E-05 6e610E-05 
.-fF23il o. 1:-:a2H:-~3 9.!:!:8E-O! t.2~~t-o2 1.520E-C2 t.eiiE-02 2.108E-02 2.411E-D2 2.719E-02 3.033£-02 .:.3!:3E-L2 3.EIEE-02 
- T~232 o. 1.858£-09 1.216E-Oe 1.646E-08 2.076E-08 2.~07£-08 2.937£-08 3.367£-08 3.797£-08 4.228E-C8 4.658£-0a 5.0e~E-Oa 
.. -P ~ ~ :H 0 • . . T; 6 a H-=-0-2 .. 1 ~ 7 Q"4"E~ 0 2 ·1; 7ZJ E:.-0"2 1--;-731> E-=-o'2"-1-;-7"S-2E-= 0"2---r.TeS E-=lf2---r;TiflfE =-~"'lJllr-lr2-r.BT6r-lf2--r.8~~2-ro1PI sr-·1r2 

U232 o. E.904E+OO 1.1~2£+01 1.471E+01 1o731E+C1 1.530E+01 2.080E+01 2.192[+(1 2.275f+Ol 2.3~4E+G1 ~.376E+Ol 2.40!£+01 
-·-.: n ! o ~ - -- ------z-;·3 s-..r=o 2·-2 ;-4·7 • E:. o 2 · 2; 59 5 t: --a 2 2 ~ 1 r7E:-..;o 2-2 ~ e :rar;;u 2--2-;9"s9r::-u-z-:r;u-al""G=112-r.-2-lf2r.:o·2--r.-J-2 4-r-=-o·2-!<·n-6""E=""o 2--r~:Ee £""' il 2-----
~234 9.307£+02 !.340E+C2 3.412£+02 3o48~E+02 3.557£+02 !.E30E+02 3.702E•02 3.773£+02 3.8114£+02 3.914E+02 J.9e3E+02 4.0~~£+02 

.... , -c2-3 5--3:3lilt--.:-rr-5·. 3 21E +GO---:.. :!aE + 0 O~TE+1HIT.""3Tl7+'0lf:--;T2Tr+:To 5.3 21 £+ 00 5.321 E• DO 5. 3 22£ +DO 5 .322E• D D ~. 3 • d • C 0 ~ •.! • .E • C 0 
~- l~3E O. 1.327£+02 1.!~7E+02 1.327£+02 1.327£+02 1.327E+02 1.327£+02 1.327E+02 1.327£+02 1.327£+02 1.328£+02 1.~~eE+02 
1.0 .. --n3a · ·1 ;;Ja 6E+·c 2 · r; o S1r:•-(f2·--r.·o5tr+-o .. :;-r;osrE+UT-r;osTE+If2-r-;1J'5"I'E+O·z-r.os IE • o" 1.051£+ 02 I.o SIE +D 2 1. 051E+trz--r•o:rETo-z-r-;lls-r£.-o"2-----· 

_ NP237 o. 2.562£+02 2.644£+02 2,64q£+02 2.6q6E+C2 2.E47E+C2 2.6q9E+02 2.651£+02 2.653£+02 2o656E+02 2.659£+02 2.6E2E+02 
.. l'li::J 6 ·o ~ . ·----- ---~-~-o·ror+0"2---~~E+O~--~~--; ~-~-:n:+"1J"2-:l; HII+oy-~·; E-6""4£+0~2. 0 8 9 E + 0 2 I .6 38 E + 02 I • 2 84 E + D 2 I • OU7£+ 0 2 1. 8 c; sr+Or-a.r~r•·o ~--­
. PU238 0. 4.120£+06 4.~~4E+OE 11.~42£+06 4.~17£+06 4.285£+06 4.253£+06 4.220E+06 4e187E+06 4.155E+06 4.1~2E+CE lleO'.:CE+06 
.. -Pu2-39 ___ -lr;------z-;TTit. + C5 2 • .:92t:~:r.1-'J2~ +DS 2. 39"2t. + D 5 2. 332E+lJ"5'""""2. 392 E + 0 5 2. 392 E+ 05 2 • 392£+ 0 5 2. 392~ + 05 2. 3 ~2E • 0 5 2 •.: S "£ • 05 
• PU24~ o. 3.8~3£+05 3.8!8E+O: 3o842E+05 3.847£+05 ~.851£+05 3.855£+05 3.859E+C5 3.863E+05 3.867[+05 ~.87CE+05 3.8111E+05 
.. -PL2ti C --o-~-------,--;-J·::-3T~8-6"-;s-nr-o-e-f-;e6·oG--(f8·--6-;J5TE-::-omS"6E~8 s. 776E-D8 S .SOBE- DB S .252E-08 5. Otl9E-DB 4.1 l?r="Ol!~-.=~=L-Ol! ___ _ 
.. Pl242 0. 1.335£+03 l.~!SE+C! 1.335£+03 1.3~5E+C3 1.!3:£+0~ 1.335E+C3 1.335£+03 1.335E+C3 1.335£+03 1.3~5E+C3 1.~!~E+C3 
.. -p(J"Hif--o. -,;-tfTrr~-r2~;-e·etE"-=-IT"I-;-c2·6'E""=Tf- r.liT7t"""fD I • .!3IE -I D I.6 45E -10 I .959 E-10 2 .2 73£-10 2. 58 IE- IO ~ o9 0 1T-=-lmr:r-1-n-----
- A~241 0. 1.~84£+04 2.E86E+05 11.511£+05 6.248E+C5 7.902£+05 9.476£+05 1.097£+06 1.2110£+06 1.~76£+06 1.SO~E+Of 1.6~7E+06 
.. ""Al'2ll;- o. .!.3DH+04 :S • .30k+D4 3.3D6E+-04 3.306E+D4 .!.!06E+D4 3.3D6E•D4 3.:SDSE+04 :S.3DSE+04 3.3JSE+04 !.3G4E•04 .3.3011TT11..------
- C~242 o. 7.219£+07 1.~.38E+07 3.263E+u6 6.981£+05 1.562£+05 4.1.36E+G4 1.703E+04 1.184£+04 1.071£+04 1.oqJE+04 l.O!~E+04 
_ C ~- 4:4 ~- ... -o·;- .. ----- ---5 ;:r21r+03--9-~ l <"IE+ 0~. E ;c; 2 ~E + 0 3 8; T~-4E+TT-e-~ :nE +-oT-8 ;-:rCI+T"+OJ""Ir.T8 5£+'0 3 8. 0 09T-+-lT31"08"3Br+IITI"06"7 OE"+ 0 3-7 ;so ~E + 0 3 . -
, C~244 o. E.06~E+u6 7.7E.3[+0E 7.~11£+06 7.191£+06 E.921£+06 6.661E+06 6.410E+06 6.169E+06 5.938E+OE ~.715£+06 5.5CCE+OE 
.. -~o 2tis ----·a.;- -------t;·;zr:tr+-IT2---.,-;2""rrE·+o ::·-·5-.-2Tir+-o2- ·9-; 21oE+ c2-9-;2(f9E+-o2·-..,.z-IJ1fE+!T2--r.2"Ul!T"nl-z-r.21TTE+ll"motiE• o 2 ~ .zo: n·o 2·- 9-; 21HE ··o 2-------- --
" C~24f o. 3.oo:E+02 3.0G5E+O~ 3.GD4E+02 3e004E+02 !.004£+02 3.003E+02 3.003E+C2 3.002£+02 3.002E+02 ~.OD1E+02 !.CC1E+02 
... 02~. 1.24EE-03 t.246E-C~ r.711fE-03 I.2"4t:E-C3 t.24EE-O.! I.Z46E-O! I.246E-03 I.246E-D3 I.2'16E-L.! I.24H-O.! I.2HE-O! 
.. C~248 0. 1.880£-01 7.e82E-01 7.8a!E-01 7.a84E-01 J.EBSE-01 7.886E-01 7.886E-C1 7.887£-01 7.887£-01 7.887E-Ol 7.ee7E-01 
• ·sK2ti9 o·; - -- --- r-;-c-~2r=n -4-·;·nsE= 1 ~· 2·;·ol.i·1r:-:.12- 9 ;2 o 2t:-1~ -~~; 109E"";;T3 -ros"3sr=n-8·-;r9"2L-T4~-.6"!SIIT"::H--r;-6"33E=n·-T.-2~E""-T~-:5-; 2~ EE-15 - ·------- ·-
- Cf24S o. 1.6~3E-C2 1.1~8£-01 le587E-nl 1.780E-01 1.864£-01 1.900[-01 1.914£-01 1.918E-01 1.917£-01 1.915£-01 i.912E-01 
.. -cF 25 o-- · o ;---- ------r;"'+o IE.+O"o-r;~:ar+ru---r.2-69"E"+::ro--r-;2·o·4E+-o!f,-;-n-2E•-u·o--roo-a:rr+oo t.D21E+ oo 9 .73at.-1Jr-r.2"3sr-=tr-e-;T=ar-o I-a•~HE-;ot·----~--
- Cf251 0. 4.882£-03 q,878E-03 4.A7~E-03 4.B70E-03 4.867E-J3 q,86lE-0.3 4.859E-03 4.855£-03 q.852E-03·4e848E-03 ~.844E-03 
-C-F2rr-'D. 1.:::!31E•Ol 1.178E+Ol S.uPIE.+OO b."975E+QD ~.!68E+OO 4.13IE+CO 3.119E+DD 2.446E·+DD 1.8H2E+DO I.44SE400 loll!:£40 
. CF25q o. 6.221E-02 9.1172t"-04 1.4ii2C:-0'5 2.196£-07 ~.!44"t-=o9 5.120£-11 5.484E-13-1.707E-13 2.662E-1~ :<.C5EE-13-3.2CSE-13 
• E~ 25 ~ 0. ______ .!..! 55~f_:_P_!_7~ O~OE_::E~- ~! ~ ~g:-_!_!_ !..~~-~-~-~:- !§ __ <; • SE JE-22 If • 980 E- 2 7 2.488 E- 32 1 .2 4 3E-37 6. 2 07E-4 ~ ! .1 01£-4 a 1. ~ 4~E-53 

TOTAL 1.073[+03 a.S12E+07 2o842E+07 1.620[+07 1.~50[+07 1.282E+07 1.257£+07 1.241[+07 1.228E+07 1.215£+07 1.202[+01 1.1SOE+07 



Table A-2 Neutron Source Strength cont 1d. 

ACTINIDES F~R-CTCLIC OP€RATICN-~O,OOO~WO/MT~M AVEaAGE POWER<HW) 2.0E3'IOE+Ol 
NCCLIOE LIST lNG ··- ··------···--··---l~l SPt:~T70T:.. CEOY UP TO 10 YRS AVERAGE FLUXCN/CHu2-SEC> q;-:iJTI"8,-;:E,..,+,..,l"Jr--------

' .~!: Q~ I~~~Q-~~--f.!~~ JQ~ ~~-!L!.. RA !f ::.~~1:'! !..g_~_J!.t.::ii s = .Q~~--F J~_::.L~Il.::.S.::.S.::.E:.:.,..::.B.::.L..:.Y __________ ..:.l.::.O..:.l::.:A.::.l_.::.B.::.U.:..:R.:.:N.::U.:..P_:(.:..:H.::W.::D..:.> _____ _:1..:.·.::8.::2.::6:...:1:...:1:..:E:....•_:C:.._'~:___ 

· NlClltE INPUT INITIAL 1.0 ~ 2.0 Y 3.0 Y 4.0 Y 5.0 Y 6.0 ~ 7.0 Y 8.0 Y 9.0 Y 1~.0 Y 
. PC236 o. 1.659E+01 1.~08~+01 1.025£+01 8o039E+CJ E.3~~[+00 4o943E+OO 3.875E+OO 3.039E+OO 2o383E+OO 1.8E8E+OO 1.4E~E+DO 
• PU238 a. 2.860E+0'5 3.(10::+05 3d~5E+05 2.997'£:+05 2.<;75[+05 2o953E+05 2.930E+C~ 2.907£+05 2.885£+05 2.8E2E+05 2o8HE+05 
. l'f'2 ~ ii · -o-:··- - .. ··-·-··T:o :fET+ci>-T~o ~ aE~ ce ·-i ~o ~ sc:::• or~~OiE+~6 1. o ~ 2E • o6 1. o 4 3E• o6 t.o44E• oe. 1 .a 45E• o6 1. o 46E+06 1. o HE• C6 1. o 'HE• ce 
· Pl.242 0. 5.275E+05 5.::75i::+O~ 5.2r5E+05 5.275E•J5 5.aS.::+O~ 5.275E+O~ 5.275£+05 5.275E+O~ 5o275E+O':: 5.275E+O':: 5.~nE_•...,0 .... 5 ____ _ 
. PU2 ~ij- ..... il :··-.. ·----a.-a 39[-:.QTT.li'St :-a6--T~5s4:t-=o6--f:H-3E .:..j5 .. 1."4j 1::-05 1. 768E -o 5 2 .1 o 6 E- 05 2 .4 HE- 05 2. 781£ -o 5 ~ .119£-0 5 3 • ~~IE- OS 
• C~~42 0. J.'I69E+08 3.1~00:+07 6.6qJE+G6 1.422E+G6 ~.1780:+05 8o'll6E+04 3.465£+0~ 2.409£+04 2.179£+04 ~.122£+04 2o10~E+O'I 

.. U,~q~~·-a. '1.708E+08 4 .. ~~20:.+08 4.3E2E+08 tt.19EE+08 4.MOE+08 3.889£+08 3.H2E+C8 3.602£+08 3.4167E+08 :!.3~6E+C8 3.211E•D8 
"Cl'246 o. 4.708E+06 4.,H80:+06 ·4.7C7:::+06 4.706£+06 4.706::+06 4.705E+06 4.704£+06 4.704£+06 '+.703E+OE li.702E+06 41.7CJE+06 
, ·c:~248 .. ···a~--··-- ····-··-3;4·oaE' +ali ·-:s ~Tii'9r+ o4-~~ijj a"E+o4 ·3 ;4I oEYo'4· -~ ~ili£·+~3 ... 11 E• o4 3.411 E• o~ 3 .4lt E. o 4 3. 411t•o4 :! .411E. o-4~-nrnr~-----
.. C~250 O. 1.210E-01 1.<11£-01 1o2llE-01 lo2llE-{11 lo211E-Ol 1o210E-Ol 1.210E·-ot lo210E-01 1.210E-01 1.210E-01 1o21CE-01 
,. -cf'25~-- ·- a·~- .... --- "2:·o 45£ + 06 1. 57tlt: + !fr 1:21 ~~ ;·o6 -9-;~H1.+ii5-7:17L'E +0 5 s. 518E + 0: 4.241 7E + C ~ 3.2 68E +11T2.5T5r+0~-51:+~·s-r-; 4e-';'E+ll'5' ____ _ 
"Cf2~~--0_!.___ 3.387£•03 5.!57£+01 7.852E-Ol le196E-02 t.e2DE-04 2.787E-06 2.986E-O:I-9.294E-09 1o'149E-GS lel20E-08-1oH7E-08 

TOTAL 0. E.26qE•08 4.~~7E+O€ 4.5~7E+08 4.283~+08 4.lllE+08 3.961E+OS 3.813£+08 3.671£+08 3o535E+08 ~.41C4E+08 3o2lSE+08 
. ·--·.- ··---- -~-· -·-· -- .. -~. -·--·-·---- -. -·- -··- ···- -----·--··- ···--. ·---- --- ··---·------------------------------------·--··------··--····----·-----·····-·---·--·· ..... 

::g ·" ... __ !Q !.~!- ... ! !.Q.?.~~·~~-:!:~!~~-~-0~~ .~ _!_l_E_+ ~~ ~·-E_t_9_£_+_0_S._~_·_4_2_5_E_+_C~--~. 24=E +08 If. J87E+08 3.937E + 08 3 .79H +0 8 3 • 657E+Oe ~. 5~5E + 08 3. ~SEE+ 08 



Table A-2 Neutron Source Strength cont'd, 
. ..ACJ.UU..OES--····--··-. -----·- ---·--···-··· .liLS.lll AI.IR 6-.!l._Cl"CLG2" •. 6.£..:.Ji.LL.I:U..Gii_. __ · __ ...:.Ail.EB.A.G..£._£0.1.1Eill.MI.I "o65.11..5.a£....t.Q..IL __ _ 

· NUCLIDE LISTING 1ST SFENT FUEL DECAY UP TO lC YRS AVERAGE FLUX(N/CH••2-SEC) 3.~~695E+13 
• ...ALe.tiLIIL..Nf.U.Ili.ON...R.AI.L-::. . ..KEJ . .LJ..L~L_--_ft.A.SlS..:....illli.L..f!!E! A<:SEHAI Y J.Cll.AL_Bjj~.!MWIU ______ ~2.1.55.5u.o..J. __________ _ 

• NIICI IDE INPIII INITIAl t.r. Y 2oG Y 3.0 Y 11.0 Y 5.0 Y t..!i Y 7.0 Y 8.0 Y 9.0 Y 10a0 Y 
• 81211 0. lo153E-OJ 1o94~E-C3 2.E~4E-C3 3.308£-03 3o96SE-03 4.607£-~3 5.234E-03 5.845£-03 6.443E-a3 7.a26E-03 7o596E-03 
• ...B...I2.l2.____{L, _____ _5_.25 . ."Z..L=..ll2.....l...Jll.l.E.=..IU I o 558E- OL2..&..1198f -a I ..2.....5.5.f,E -0 I 'o 02.5£.-::.0..1_3.a.il.O.E -0 I 3..,222£.=..11.1.._3 a.9.l6£=..11L_L ll8£=al..._il..a..3..16E.::.Ol ___ -----
' 81213 O. 8.7S9E-09 1.:4:E-CS 1oEJ1E-09 1o720E-09 1.814£-09 1.913£-09 2.016£-09 2.123£-09 2.23SE-09 2o3S2E-09 2.473£-09 
• ..e.Q2.l.C_ .O.a_ 2 0 99 7f- a 7 5 o12H- C7 9 o 5.21i.£..::.C.LL..~6.__2_..l..!6E- 06 :: o 99a £..=.0.6.. 4. 059f- 0.6_5...35li::..0.6... 6 a'U 3E=.Q6.._8. • .1.58E::...II.6 _L.O..U.£.::..0.5... _______ _ 
• P0211 O. 5o491E-06 S.251E-GE 1.254£-05 1.575£-05 1o888E-05 2o193E-OS 2o492E-05 2.783£-0S 3o067E-05 3o345E-05 3oE17E-05 
•• .£02.L2 Co. 5 * 499f +()Q I. CS 6f + 0 I I o 626E+O 1 2.191 f +Q I 2 .111 E+ Ql '-16'if+O 1_3.....5.60£+0 1 lo886E+QI 4..151£+0 1 4 -~.0.L.L.;;.".&..2.a.8L.f~+..,O~----
" P0213 ~. 7.981E-04 1o40eE-C4 1.486£-04 1o567E-04 1o653E-04 1.743£-04 1o837E-04 1.9~SE-04 2.037£-04 2.143£-04 2.253E-a4 
" .£.02..1..!__ _ (·.._ ____ ___l.&-9.2 S f - C 5 4 .• ~ E- G " E • " 66 E - 0.5_8.....6..8.3 E -a 5 1 a.ll7 E - Q 9 1 &..9.0.5E.::. Q_t._ l.....U.l.L-::.0 l\_2.a.IL'.i.7 E.::..o..L.2.a 50 9 .£=..0.!_.2 • ~.5.1.£.= o_g .-J • tl 0 (.=.0~---
" P0215 a. 1o775E-OJ 2o991E-03 4.054£-03 So091E-a3 6o104E-03 7.092£-03 8.056£-03 8o998E-03 9o917E-a3 lo082E-02 1.169£-02 
" . .e0216 ... _Co. ..___l. •.. lH..L!..Cll.._E_a.ll 1 '3f + 0 G 9 a.aB..'li..!..fr1L.l.~.D.2.E.±.OL1..af..98.£..±JI.L1 ... '32.l£.! D.L.2 ... 1.6..5£ ~.L2..a3 6.3E.±Jl.L2 • 52.!E.~.DL.2. •. 6 5 3E.t.O L 2 • .15 JE.t.O.L .. -.---· 
"P0218 Oo 1o482E-05 2o084E-C5 2.842£-05 3.758£-05 4o8!7E-05 E.081E-05 7a493E-OS 9.077E-OS 1.084£-04 1.277£-04 1.489E-a4 
"AT211 a. 9.394E-Dit L7'i1£-0" Ral79E-05 Ra629E-05 9.!Q!E-05 5o5%E-05 1a0Jif-09 I o065f-09 1a.l.21E-09 lol80E-O_L..l_a.H.o..E..=Ja... ___ _ 
"R"N219 Oo 1.332£-03 2o243E-O~ 3.040£-03 3.818£-03 4o578E-03 ~.319£-03 6.042£-03 6.748£-03 7.438E-a3 8.111£-03 8.769E-03 
·• ..RN22Q ___ ..Q... ____ 2 .. 5 31L!JlD.__!j_._.f!5_9f + 0 0 l...a!ill~ 1 .0 0 AE + OL1....2..9..8E + 01 1 a 4" 9E + OLl ... ~E.+Ol 1. 7 B 9liQ.l__l._._21 1 E + 01 2.o.llJlaE!:JI1 2 a 08_g(!.Ol_ 
"RN222 0. 1.007£-05 1.416E-05 1.S31E-OS 2.5S3E-05 3.2e6E-05 ~.1~1£-0S S.091E-OS 6.167£-0S 7.362£-05 8.678£-aS 1o012E-04 
~ £.82 2.l. _ _lL 2....8!~ £.=_Q9 __s_._ll..l...5..E..=.c..~~-.. .2.22.£.- 05 5 a 58 lE-O 5 5 a 8 89£-0 5 E • 20 BE-..11.5._6 • 54 lf- OS 6 . .....832.E..=..ll..5__7...a.255 E- OS 7. 6 33E-_Q_5......8....Q.2.:;.E=.0_5_ ____ _ 
" RA223 a. 7.621£-0~ 1.284E-C~ 1.740£-CJ 2.185E-C3 2.620£-03 ~.O't4E-03 3.458£-03 3.862£-03 4.257£-03 4o642E-OJ 5.C19E-03 
"Ji.A224 Oa la739E.!...(0 3.;!:!8f+C0 So1'!3f+OO 6.927E+00 B.Sl2E+OO la002F+Ol 1.126£+01 la229F+Ol la313E+Ol 1.380£+01 la113.2..E..!.lll ____ _ 
• RA226 O. 6o024E-06 8.470E-06 1olSSE-OS 1o527E-05 1o966E-05 2o471E-05 3o045E-OS 3o689E-05 4.403£-05 5.190£-0S 6.0S1E-05 
"_!!;;~~~---~---~..l.il~.L1d.i.2..E- C" 3 o..'1U.E .. ~~L 16SE-05 4. 393E-D5 . ..!..._6_!2.E.=.D5_L.fUUE..=.O.!L.5..H..l.E.::..OL.5.a.i.l2.E=..o.5_.5..._6~iE.::..II.5__5_.2!!_lE.::.ll.5. 
• AC227 0. 2.223£-12 ~.49€£-1~ 4.738E-12 5.949£-12 7.1~1£-12 e.285E-12 9.412£-12 1.0S1E-11 1.159£-11 1o263E-11 1.~66£-11 
" Jlt.2.2. 7 _____ 0 .._ ___ ·--~5 Q E....=..II.Ll . ...U.~ E..=..[Lla..f:.Sll.E.::...Q_l_2..o..C..8.2.t:...=.QL2.o_g 9 6E- a 3 :C • 9 0 a E- a 3 3 • ~ E.::.tl..L.3.o..6.~.L!t .. .Jl55.E -a 3 4 • .!.2..lE..=.ll.3 _ _g_. _18.2 E.::.O.l_ ___ _ 
"TH228 o. 1o476E+OO 2.842E+OO 4.377£•00 5.893£+00 7.290£+00 e.S22E+aO 9aS73E+OO l.04SE+01 1o116E+a1 1.173£+01 1.~17E+a1 
•.J.H223._ a. _.2...2.J.Of-(" 2.~5'[-(5 2.q8JE-05 2.619£-05 2oH3E-05 <.9DE-a5 J.DJQE-05 3a233E-O~....U4f-ll5 3a5BlE-DS 3a165E-D5 
• TH23D 0. 4.900E-0! E.3qQ£-C~ 7.810£-03 9.310£-03 1.084£-02 1.240£-02 1.399£-02 1a561E-02 1.726£-02 1o894E-02 2o06~E-02 
~ _lH2 3.2___.0 .•. _ ···- _ -·· -· €u..1.18.E.::.O..'L. . .8.o.~2-l.o.11 0 E -ca_l.o.326..E.::..II..8__1.-5..92E.::..o.8__l.a..l.S'iE -08 1.975E.::.O.ll_2. o..l.91£..::il.8._2.o.iO.lE.=IlJL..2o.6.2.3E.::.Oll_.2_..BiOE::.ll8 ·--·--··-
• PA231 Oo 9.661E-03 9.7~2£-03 9.817£-03 9.882£-03 9.947£-0~ 1.0a1E-a2 1.008E-02 1.014£-02 1o021E-a2 1.Q27E-02 1.G~IIE-a2 
"_!JiUL_..Q~----·-· ____ i .... 'f!LH .. ~.9JL_W~-~i~_t!L.ll..._Q.2:f;~JUL~29L!..!!JLLJ!.~1 1.08 4E+a 1 1. U.5..E...!...!!LJ....D .. 2.E .. !JU_1.......!.29E+01 t.21]L!.gLL_g_29E+gj ______ _ 

U233 O. 1.096£-02 1.1S8E-02 1.220E-C2 1.282£-0~ 1o345E-02 1.407£-02 1.469£-02 1o531E-02 1o594E-02 1o656E-02 1o718E-02 
''_!l2.1.'L.._....L..J.O.QE+02 lo.722E+02 1.790:£+02 1.83lt[+02 1.B72E~2 lo.909E+a? loH.6E+02 lo98JE+02 2..o..02.0E+02 2...11..5..tl.E.!:JI2 2.092[+02 2.128£+02 

U235 1.a80E+01 2.148E+OO 2.148E+CG 2.148£+00 2.1~8E+GO 2.148£+00 ~.148£+00 2.1118[+00 2.148[+00 2.148£+00 2.148[+00 2.148[+00 
-·~ · __y~ ~ §-----~~J6tt£ + 0_!_ .. ~~.2.~It..! .. Ql.~.~tS.6 EE + .Q.L~.6 68E.!.!l_l.__9 .• 6.f!~E_:!:Jl_l_f!.-.661iE.!JI.L.f.• 66 9~ 6 .669E •0 1 6 .669E + O.L~~_99E+0~.6 70E • 01 6 • E70E +0 1 
~ .. U238 4.368£+01 4o243E+G1 4o243E+C1 4o243E+C1 4o243E+a1 4o243E+a1 4.H3E+01 4.243£+01 4.243£+01 4.243£+01 4.2~3£+01 4.243E+a1 

• NP 2 37 0. 1. 3 31 E + C 2 .! !l~.~f!~_Ll.!J~~ . .!..9.L!!.35~f:.!.l!.?. __ !!..~ ;.9.£ +_Q.L...LJ.~7E + .!!..L.!~-3~8£+ 02 1. 3 59E + 02 1. 360E +02 1. 361£ + 0 2 1. ~62£ +a 2 
.. -pu236 ·----o. · ······-3":2a.oE::-;o2· 2.~81E•02 2.023£+02 1.587£+02 1.244E+02 'i.7SSE+01 7.6~t9E+01 5.997E•01 4.702£+01 3.687E•01 2.1!91E+01 
~ PU238 O. 2.178E+06 2.250E+06 2.248E+06.2o23~E+06 2o217E+06 ~.200E+06 2.183£+06 2o166E+06 2.149£+06 2.133£+06 2.116E+a6 
• PU239 0. 9.457£+011 9.601£+04 5.600£+04 9o600E+04 9o600E+04 <;.600£+04 9.599£+04 9.599[+04 9oS99E+04 9.S99E+a4 9.~98E+a4 
·• PU?.-'_L_J)!. _________ j_.481E+O~ 1.4e2E+C: 1.!.1.!!.K+OS .!_.484E!..Q2 _ _!_.485E+OS l.'t86E+05 __ 1.487E+05 1.488E+OS 1.488£+05 1o't89E+.l!_~_!_!._i9aE!Q.~-----·-·-
" PU241 O. 2.67SE-Ce 2.~51E-Ce 2.433£-08 2.320£-08 2.212£-08 ~.110£-08 2.012E-08 1.919£-08 1.83aE-08 1o74SE-08 1.E64E-08 
··1'_1!2 ~?. . .. 9! ·-. _ --~-!.lQ_~~.!.Q..L~.~~-~ Q~_"! Q.?_ __ ~!.gQ.f_!.Q.?._ ~.!l!..Q.E + Q.L~I!J!E + 0.?..~ !.~lQE + OU.• 310£ + 02 4. 310 E + 02 4. 310 E+ 02 4. 31 OE + 02 4. 310 E +02 
., PU244 G. 1.745£-12 6.~~~E-1~ 1.G97E-ll 1.5S8E-11 2.019£-11 ~.480£-11 2.941£-11 3.402£-11 3.863£-11 4.325E--ll-·~a6[=1i _____ _ 
• AH241_ O. 4.761£+0'1 1.17EE+u~ 1.842E+OS 2o477E+05 ~.081E+05 ~.655£+05 4.202£+05 4o722E+a5 5.218E+aS S.688E+OS 6.136£+05 
.. AH243 o. 9.468£+03 9.480£+03 9.479£+03 9o478E+03 9o477E+03 <;.476£+03 9o475E+a3 9o474E+03 9.474£+03 9.47JE+03 9.472E+a3 
• CH242 O. 2o722E+07 5.801E+~E lo2!2E+G6 2.658£+05 6.125£+04 1.796£+04 8.779£+03 6.81~t+03 6.37SE+03 6.260£+03 6o21~E+03 
~ "ci1243 ___ o:-·------3-:1sOE+ o5-·T:oe2E + C~ -3":oiEE~·a3· 2:9s2[:;()32.81!8E+O J~:a2 6£+ 0 "Ji:"U6E+OJ2:7 07E +03 2 .6'19E + 03 2 .592£+ 03 2.: ~6£ +a3 
~ CH244 O. 1.971E+OE 1.897E+C6 1.S26E+06 1.7S8E+06 1.E91E+06 1.628£+06 .1.S67E+06 1o508E+06 1.4S1E+Q§__lo397E+OL!..!_~~~-Q~.---- _ 
.. ·cl4245 ·--o :--·----2-: c8o"E;o2-·2-:·o8 c;[;·c 2 -2:G8oE• o2 -2:o 79E;iJ22: o 79[;02 2. o79E•o 2 2. o79E•o2 2 .a 79E• o2 2 .o79E•02 2. a 78£• 02 2. :J78E+a2 
ucH246 0~- S.783E+01 ~.782£+01 5.781E+01 5.780E+01 5o779E+01 ~.778£+01 S.778E+01 S.777E+01 5.776£+01 5.77SE+01 S.714E+01 
"CH247 O. 2.124£-04 2.J2q£-C4 2.124£-04 2o124E-04 2.124£-04 2.124E-O't 2o124E-04 2o124E-04 2~124£-04 2o124E-04 2.124£-04 
··CH248 o. 1ol51E-01 1o158E-01 1.1S8E-01 1o158E-01 1o158E-01 1.158E-011.158E-01 1.1S8E-Ol 1.158£-01 1o1S8E-01 1.l~~I.::Q.!._ _____ _ 
.. CF249-a·:-·· -----3-=~·os[:Gj 1.~E ~E-O~ 2.109£-02 2 o349E-D2 2.453£-02 ca497E-02 2 o514E-02 2.519£-02 2.518£-02 2.515£-02 2 o!:llE-02 
~cF2SO O. 1o661E-01 1.58~E-01 1.501£-01 lo424E-01 1.3~0£-01 1.280£-01 1o214E-01 1.152£-01 1.092£-01 1o036E-01 9.823£-02 
.. (F251·--o: -·· --··-·s:si8E:oli ~-~L!E-C4 5.509£-04 s.sosE-04 5o501.E-04 ~.~97£-oq s.492E-a4 5.488£-04 5.484E-a4, s.480E-045.~75.E-oi ______ _ 
~cF252 C. 1.459E+ao 1o122E+CO 8o637E-01 6.6't7E-01 So11SE-01 ~.9~6E-01 3.029£-01 2.331E-01 1.794£-01 1.380£-01 1aC62E-01 
• CF254 C•. 2.751£-0~ 4.18eE-O~ 6.~78£-07 9.711£-09 1o471E-la <.4~7E-1? __ 3_~_4_!.~~:-P_2.686E-13 2.017E-13-3.238E-13-2.503E-l3 
• ES2S3 ~. 1.078E-C2 4.45CE-07 2.48:£-12 1.259£-17 6o301E-23 ~.1't8E-i8 1.S73E-33 7.855E-39 3.924£-44 1.960£-45 9.791£-55 
-- ····--···----·---·---------

TOTAL 5.161£+02 3.168£+07 1.0!2E+C7 5.745E+C6 4.763£+06 q.5~6E+C6 q.470E+06 4.437£+06 4.411£+06 4.387£+06 4a363E+OE 4.~~~E+a6 



Table A-2 Neutron Source Strength cont'd • 

. .ACU.NI.D ES. ____________ ... --··--·------------· ... __________ G.L.s:ro BWR 6 -If OCLE..=.Lc.E'-I•I.L.C_ J:t.Uil:!. ______ _.AlLE.RAG.E....£.0WER.C.HWL. ____ __5_ •. 6.5.0 . .5.0...E..:t.lUL __________ _ 
NUCLIDE LISTING 1~r SFENT FUEL CECAY lP TO H YRS AU!ERAGE FLUXlN/CH*"2-SEC) 3.42695£+13 

.. S~ONJA.N£.0..US...£lS.S.lO.N...lliE!JLE..AJ.£.::.J,[JjjL~C BP 5IS: ONL..ELJEL /l Ss.E.Ili!LY ___ J.{l.UL!iURIII.lJ.f.CtiltDL a.ll52li~-----

UUCL HF IbleUI LbiiiiAL 1 .a X =>.a X 3.a } ~.a I s.a X 6oa ~ z.a X a.a I 2.0 :r: 1o.a :r: . PU236 o. 7.761[+00 6.lOH+OC '1.788[+00 3.754[+00 2.SHE+OO ::.308£ .. 00 1.810£+0( 1.419£+00 1.113£+00 8.725£-01 6.8'11£-01 
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Tabl-e A-3 Structural Material Gamma Source Strengths 
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UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHINGTON, D. C. 20555 

OCT 1!) 1979 

General Atomi.c Company 
ATTN: ~1r. w·illiam R .. Mowry 
P. 0. Box 81608 
San Diego, CA 92138 

Gentlemen: 

Enclosed is Certificate of Compliance No. 6346, Revision No. 3, for the Model 
No. FSV-1 shipping container. This certificate supersedes, in its entirety, 
Certificate of Compliance.No. 6346, Revision 2, dated August 25, 1977. 

Changes made to the enclosed certfficate are 1ndicated by vertical lines in the 
margin. · 

General Atomic Company and Public Service Company of Colorado have been registered 
as users of this package under the general license provisions of 10 CFR §71. 12(b) 
or 49 CFR §173.393a. · 

This approval constitutes authority to use this package for shipment of radio­
active material and for the package to be shipped in accordance with the provisions 
of 49 CFR §173.393a. 

Enclosure: As stated 

cc: w/encl 
Mr. Richard R. Rawl 
Department of Transportation 

' ' 

\ 

Public Service Company of Colorado 
ATTN: Nr. ,1. K. Fuller 
P.O. Box 361 
Platteville, CO 80651 

Sincerely, 

l)t;J,~ (1..4; 
Charles E. MacDonald, Chief 
Transportatio~ Certification Branch 
Division of Fuel Cycle and 

Material Safety 
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rtn NRC-618 
112-731 

10 CFR 71 

U.S. NUCLEAR REGULATORY COMMISSION 

CERTIFICATE OF COMPLIANCE 
For Radioactive Materials Packages 

1.1al .Certificate Number 1.(b) Re'vision No. Pages No. 1.(el Total No. Pages 
6346 3 3 

2. PREAMtH.:E 

2.1al Tms certificate is issued to satisfy Sections 173.393a. 173.394, 173.395, and 1.73.396 of the Department of Transportation Hazardous 
Materials Regulations 149 CFR 170-189 and 14 CFR 1031 and Sections 146-19-10a and 146-19-100 of the Department of 
Transportation Dangerous Cargoes Regulations (46 CFR 146-149), as amended. 

2.(b) The packaging and contents described in item 5 below, meets the safety standards set forth in Subpart C of Title 10, Code of 
Federal R119ulations, Part 71, "Packaging of Rooioactive Materials for Transport and Transportation of Radioactive Material Under 
Certain Conditions." • 

2.1cl This certificate does not relieve the consignor from compliance w•th any reqliu'ei't'lent or tile reguhnlun~ uf ihe U.::J. DeP6o'tn,ent of 
Transportatior.· or ott.er applicable regulatory· agencies, inciuding the government of any countr,• through cr in:,) wl•i::h :he ;:>::ckage 
will be transported. 

3. This certificate is issued on· the basis of a safety analysis report of the package design or application-

J.(a) Prepared by (Name and address): J.(b) Title and identification of report or application: 

General Atomic Company 
P. 0. Box 81608 

Gulf~eneral Atomic, Inc. application dated 
May 20, 1969, as supplemented. 

San Diego, ~A 92136 
J.lcl Docket No. 71-6346 

4. CONDITIONS 
This certificate is conditional upon the fulfilling of the requirements of Subpart D of 10 CFA 71, as applicable, and the conditions specified 
in item 5 below. · 

5. Description of Packaging and Authorized Contents, Model Number, Fissile Class. Other Conditions, and Refe.-ences: 

(a) Packaging 

(1) Model No.: FSV-1 

(2) Description 

The cask is cylindrical, 2UH'i long· and 28" diameter for mu~L uf its length 
except for the top flange which is 11-3/8" thick and 31" in·diamf:'tPr. The 
cask utilizes stainless steel encased depleted uranium as primary shielding. 
ihe cask's inner container, ff.lr .f•1eled contents, has a cavity of 16 .. 5/0" 
diameter and IH/-5/8" long. The fuel conlenl~ i:tr·e hexagonal cross section 
elements and are loaded into the cask•s inner container, six in one column. 
The cask may utilize either of two closure configurations. One closure 
system utilizes an outer cover consisting of 3-3/4" stainless steel 
together depleted uranium, 2-1/4" thick, and an inner lid of 2-l/4" thick 
stainless steel. The primary seal is provided by two 0-rings, one metallic 
and the other silicone. The alternate closure system utilizes 4.75" 
thick alloy steel and 4.14" of depleted uranium. :rhe alternate closure 
system requires the use of an impact 1 imi ter at the top during transport. 
The alternate closure is sealed by a molded dual concentric silicone elastome~ 
seal ring with a test port between the seals. A gas sample port penetrates 
through the lid into the container. The gas test port is sealed with a cher 
valve and primary plug with a silicone 0-ring. 
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Page 2 - Certificate No. 6346 - Revision No. 3 - Docket No. 71-6346 

(a) Packaging (continued) 

(3) Drawings 

The packaging is constructed in accordance with National Lead Company 
Drawings Nos.: 40065D, Rev. 1; 70085F, Rev. 5; 70086F, Rev. 7; 
70094F, Rev. 5;· 40155D, Rev. 1; 70105F, Rev. 5; 70104F, Rev. 5; and. 
70296F, Rev. 2. 

The packaging with its alternate closure system utilizes the above 
drawings except that closures with impact limiter are constructed as 
shown on General Atomic Company Drawings Nos. GADR 55-2-1, Issue A; 
GADR 55-2-2, Issue A; and GADR 55-2-3, Issue A. 

{b) Contents 

(1) Type and form of material 

( i) Irradiated fuel -elements consisting of .graphite body ,,,.hexagonal in 
horizontal cross section, approx:imately 3.1 .. 2 inches high -and 14-.2 
inches ac-ross the flats. Each fue·l element.-pri.or to-irradiation 
contains thorium and uranium enriched ·to a .maximum of 93.5 w/o in the 
U-235 isotope. 

(ii) Solid nonfissile irradiated hardware and neutron source componen~s. 

(2) Maximum quantity of material per package 

Not to exceed a decay heat generat-ion o"f_ 4.1 .. kw and.: ..... 

(i) Item·5_(bHl) (t) above: 

Six fuel elements·,each ,containing 1.4 kg of enriched uranium and 
11.3 kg of thorium prior to irradiation and weighing 300 lbs; 

(ii) Item S(b)(l)(ii) above: 

As needed, appropriate component spacer~ shall be ~sed in the cask 
cavity to limit movement of contents during shipment. 

· (c) Fissile Class III 

Maximum number of packages per shipment One (1) 

6. The alternate closure system shall be leak tested prior to (1) first use and 
periodically in accordance with Section I.G.2 and (2) each use in_.accordance with 
Section I.G. 1, to Addendum I, General Atomic Company Safety Analysis Report GADR-55. 
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Page 3 - Certificate No. 6346 - Revision No. 3 - Docket No. 71-6346 
l 
\ 

7. The _spent fuel container main flange seal(s) and the alternate closur~ system-fuel 
container_primary plug silicone 0-ring shall be replac~d at least every 12 months. 

8. The package a-uthorized by this certificate is hereby approved- for u_se under the 
generar license provisions of 10 CFR §71.12(b). 

9. EXpiration date: October 31, 1980. 

REFERENCES 

Gulf General Atomic, Inc. application dated May 20, 1969. 

Supplements dated: December 2, 1969; June 17 and July 27, 1970; August_ 3, 1971; 
June-15, 1977; August 15, 1978; and February 27, April 6, September 6, and 
October 12, 1979. 

Date: 
OCT 1 5. 1979 
-------------~--

FOR THE U.S._ NUCLEAR REGULATORY COMMISSION 

~;~~ 
Charles E. MacDonald, Chief 
Transportation Certification Branch 
Divis-ion -·ef Fuel Cycle and 

Material Safety 
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963 TERMINAL WAY. SAN CARLOS, CALIFORNIA 91070 -

Phone: (415) 592-3355 Cable Address: REACTEX 

TELEX: 345 505 IREACTEX SCLS) 

BORO-SILICONE SHIELDING 

Bulletin S-82 
• July 1979 

Type 236 borated silicone is fire-resistant and has~ high hydrogen content. It 
will withstand temperatures up to 400°F (204°C) on a continuous bqsis. 

Type 236 Boro-S il i cone has a hydrogen content equ ivai ent to two-thirds that of 
pure water. In addition, it contains.J weight-percent boron for capturing ther­
mal neutrons and reducing capture gamma radiation. Although this is a solid 
material, it is quite resilient, thus minimizing any possible damage in the event 
of creation of secondary missiles. It is strong enough· for hand I ing and self­
support purposes. The density of the material is 1. 6 g/cc. Type 236 Bore­
Silicone is a self-extinguishing mate~ial. It is available in a variety ofshapes 
-and sizes. 

TECHNICAL OAT A 

Properties 

Hydrogen: 4. 4 X 1 o22 atoms/ cc 
Boron: 9. 0 x 1 o20 atoms/ cc 
Weight-Percent Boron: 1. 0% 
Macroscopic Thermal Neutron Cross Section, r~O. 68 cm-1 
Density: 1. 6 g/cc = 100 lbs/cu ft -
Recommended Temperature limit: 400°F = 205°C 
Machinability: Good . 
Hardness: Shore "A" Durometer Scale = 60 
F_lammability (ASTM D635): Self-extinguishing with glowing 

combustion. Average time to self-extinguish = 0 seconds. 
Average extent of burning = 0. 2". 

Coefficient of Thermal Conductivity: 5. 8 X 1 o-3 cal-cni/sec cm2 oc 
= 1_. 4 BTU -ft/hr ft2 Of 

Heat Capacity (Specific Heat}: 0. 4 cal/gOC 
Cubical Coefficient of Expansion: 5. 2 x 10-4 cc/cc°C 

= 3 x 10-4 cu in/cu in°F 
Linear Coefficient of Expansion:. 1. 7 X 1 o-4 cm/cm°C 

= 1 x 10-4 in/ln°F 
Tensile Strengt~ (ASTM D638): 59 psi 
Radiation Resistance, gammas: 2 x 108 rods 
Radiation Resistance; neutrons: 5 x 1017 n/cm2 
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