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PREFACE

The Netiona! Environmental Studies Project sponsored this investigation for the purpose of providing.the nu
clear power industry with information, data and methadologies needed to evaluste the transportation of spen!
reactor fue! by barge or bargs-rail intermodal methods. Although the results of the study are ganeric in nature

" they are readily adaptable for site-specific analyses. Prior to this investigation, there was very little published b
" either the industry or governmant on transporting spent reactor fuel by mtermodal/water means, even though

relatively large body of literature addressed overland transport. ' It shouid be noted that while this .,zudy rathe:

-specifically treats the shipment of spent fuel from reactors to reprocessing plants {the investigation was starter” -
bafore the current Federal administration decided to indefiritely defer reprccessing), the results glven in this re :

port are equally applicable for the mtermodal/ water transport of spent fuel to interim or permanent storag
facilities.

One of the primary reasons this study was funded was because there are o\/er 100 reactars on navigabl
waterways and many of those are not serviced by rail. Stations may not have rail service bacause of the high cos:

of rail spurs from the site to existing rail lines or because of unsurtable soil conditions or rough terrain. This lack o

rail service is an important consideration because Allied General Nuclear Services' reprocessing facility in Barn

“well, SC was designed to receive essentially ail shipments in large rail-casks, as opposed to truck; similarly, Exxot

Nuclear's proposed plant at Oak Ridge, TN would rely on large rail-cask shipments. Moreover, large rail-siz:,
casks are not suitable for highway transit due to weight restrictions, and many utilities, which have assesse
problems related to large vs. small casks, ‘would agree that shipping in large casks is desurab!e '

This study sddressed a wide range of topics, which |nclude the operatlona| methods equipment requirement:

“and availability, manpower requirements, regulatlons radmioglcal impacts "and economics assocnated witl.

several different barge routes and barge-rail mtermodal mixes, However, the primary thrust was to estimate th

probabilities of barge accidents under different conditions and severities and to evaluate the radiological conse -
* quences of such accidents. The contractor alsc estimated radiation doses to the public and’ personnel ‘under nor
‘mal operating conditions. These radiological analvses are the most original ﬂontnbutrons presented in this repori
*and they provide a comptlatoon of some of the more obscure and difficult information and data {i.e., barge acc
‘dent data and radlonuchde source term estimates) that are necessary to perform an adequate radrologrcal assest
+ . ment of transpomng spent reactor fuel by barge. | i :

A "
Itis NESP’s hope that the Dopartments of Energv and Transportation, the Nuclear Regulatory Commission, an

"uttlmes will find this generic investigation an |mportant contribution to future site- specufrc evaluatlons G

transportmg spent fuel by antermodal/water meanss
i\ :

: . i R . N ‘ . .
@ s i . . R . e
i

Sy . . « 1o : Philip Garrott
P - . Lo S ‘ . National Environmental Studies Project

P
)




REFERENCES -.Section 3. 0~-L---f;;L-é-i--f;—;-_7--f1¢f 3-10

TABLE OF CONTENTS
A\
SUHMARY---;n-——n———————-———;—;-———r—-—L-e—————-—--—-; v’
1.0 . SCOPE OF INTERMODAL TRANSPORT--—-—-mmmmmmmmm==n mmim 1-1
1.1, Purpose and SuUMMAry ———~———m—mmm e e m e 1)
1.2 Available Waterborne Routes-----—--- e 1-2
1.3 Definition of Intermodal Routes---—--——--e-e—mmeo 127
“1.4 Definition of Generic Routes—----—---——---em——eceee 1-0
. 1.5 qu]pment Requirements for Extensive Utili- . \
! ’ﬁ zation\of Spent Fue] Shipment by Barge---—-—=—--2 2~ 1-10
.- 2.0 INTERMODAL TRANSPORT SYSTEM DEFINITIONS--———-#;: ----- — 201
" 2.1 Purpose and Summury—~—r—~~~;—-—~~7~e~~j—;>} —————— 2-1
2 2 " Barge~Tow System Descriptions--——-—--- T 2»3
2.2.1 .Available lqnjpment (AE) Bar“e Tow o
» SyStems———mmmm e e ———— 2-3
! “%!2.2f2 IntegraLed Barge -Tow (IBT) bystems~~e———— 2-8
Intermodal Tranbfer Debcrlptlon——————Q;———§—§—§~.2711'
. 2.3.1 Tranbﬁer Technnqueb»———;—f———ew;——;Fe—?—~ 2-11-~
. o 2 3.2 AE Transfer- Procedureés——-—---- ———mrmm——e = 217
: . 2.3, 3 IBT Transfer Procedure%——---—-f—~1—v;—7e5 2-19
a2, 4 Procedures and Operatlon Durlng WaterbOIne S b
o Trans:tt—-—--u:——(I—-f-——————‘-\--A-f-—”--;‘————————-———-—-————’--— 2—20 .
RLFERENCES - Section . “;o—n-:_---7—;-L-+;;_-;»-__L:;;_ 2-21
r3f0': RULES AND REGULATIONS~5;4—f~——¥——;£ ------ SIS, B i
_v 3. 1 Background---------~-—-—; ------ SR S - 3-1
w3, 2 Discussion of the Four Requirements. of , .
BRLEN Transportation———--—-—————5«—7e--———-—-7-;--——4— 3-4
3.2.1 ‘Containment——~--——-——¥-—4-——;f—-f ————————— et
. -3:2.2 -.Radiation Shielding------=-==—mo-u- ——---- 3-6
'3.2.3" Dissipation of Heat----- e m e 37
. -3.2.4 Criticality Control-———————eoeo —ipmm—— 3-7
. 3.2%5'vﬂiscellaneous Rules ‘and Pegulations ————— - 378



4.0

5.0

S e

RADIATiON EXPOSURE FROM NORMAL OPERATIONS-~----=-=- 4-1

~4.1. Purpose . and Summary-—-w——--——-——--; ———————————— 4-1"
4. 2 Radiation Exposure to Transport Workers----—-- 4-1-

4.2.1 Radiation Exposure Durlng Intermodal
(' L Transfer-—-———-mem e 4-2
ﬁ 4 2.2 Dose to Boat Crews During the Journey-- 4-10

,4)3  Dose to the Publlc-é————v-—jf-il—fjf—-;f——-é%; 4-10
REFERENCES - Section 4. o--;-4-71;;4;;;--f~-~---#;;- 4-13
ACCIDENT PROBABILITY ANALYSIS-—==c=mmmmmmmmmm Cemem 5o1
5. l 'Purpose and Summary——;———;¥?—~——-——¥ ——————————— 5-1
5. 2 Descriptions of Dry and Wet Cask DeSLgHS‘?——f— 5-2
“5.2.1 NLI 10/24 Dry Cask-—-——=====sm=m==iu—ee (-2
~5.2.2 TIF 300 Wet Cask-----=—--=—==—-————c——eo- 5-8
5.3 Fault Tree Ana1y51s-——;—————————-—~—~4 ———————— 5-15
5.3.1 Background-—-————m—em—nae- S 5-15
5.3.2 Failure Criteria--——----o—cccmmmme—uo 5-17
.3.3 Fault Logic. for the Dry Cask----------—- 5-19
5. 3 4 'Fault Logic for the Wet Cask ——————————— - 5=-23.
55 4° Data Sources—;l—————————? ————————————————————— 5;26e
5.5 Accident Analysis Results and Dlscu531on —————— 5-34
S. 0 bub.1 Quantitative Results of Fault Tree , €
KRR -, ' Evaluations for Dry and Wet Casks------ 5-34 .
5.5.2  Comparison’ of Accident Release Pro- .- ‘ ﬁ
. , babilitles for Varlous Scenarlos———fi-f 5-39
RLFERFNCES - Section 5. o----------;-;;—-—————7 ----- ”5-44

'“ACCIDENT CONSEQUENCE ANALYSIS AND RISK ASSESSMENT-- 6 1

6.1 Purpose and Summary-—-——--—-——-----;,--;__;_-- 6-1 .
6.2 Cask Radioactive Inventory---————-——-m-c—ceeeoo -3

«v6 3 Air Release Source Terms-—--—44-—e;——-s—f--——T 6-5

o

o 6 3 1 A1r Release Dué - ‘to a Minor ‘Failure of i

‘ the Cask Container Boundary w1th No
Significant Fuel Damage (< 1 Cladding
Failure) (RDA1L, RWAI)—-e --------------- 6-5,

<

S




1
1
1

i
) "

6.3.2 Air Release Caused by Major Breach ., . -
e of .Cask Containment Boundary with
Lo Subsequent Mechanical Damage to 509 ‘ ,
‘ of the Fuel (RDA2, RWA2)---we-______ . g_7.
€.3.3 Air Release Caused by Major Breach of
o Cask Containment with Subsequent 2
: Overheating of Fuel "(RDA3; RWA3)-—--—o 6-8
6.3.4 Air Release .Due tc Prolonged Expo- K

. . Sure to”ThermalJEnvironment; Loss of
Coolant Through Vaporization and )
‘Pressure Relief, but ‘No' Loss of Con-

@. _  tainment Boundary Effectiveness. (RWA4) 6-9
6.4 Air Release Cdﬁseqhence'Calcula§ions+-~——;4;—'6-11
6.5 Public Risk From Accidental Reléases to - Co
.the Hydrqépherecgrom & Spent Fuel Shipping o
Cask (Cask Immersion Accident)--—voweceeo__ 6-16
6.5.1 "Source Term‘forfavCaskammersiQn
Accident---—-—— 700 -~ 6-16
6.5.2 Consequences Q£Ia Cask Immersion s
Accident—-—--2_ T 6-17
6.6 Risk to the Public From Accidénts During . o
' Intermodal Transport—-—weceeamm 7 -~ 6-29
RﬁFERENQES ~-Section 6.0--4——-f~ffij—4¥ —————————— "6-35"
: w - T e Ty : o
ECONOMIC EVALUATION OF WATERBORNE TRANSPORT OF
SPENT FUEL=m=mmmemm e . 7-1
7.1 Purpose Qnd'Summa;y?4~f-—%~—«n-ée-~: ----- - 7-1
Use of .Generic Routes—-——wcemoeo—zlo._ S i L |
' 3

7.2 \ ‘
7.3 General Definitions and Modeling Assumptions- 7-:
7.4 Elements of Cost for Various Spent Fuel

N _Transpdrt_Modgs%~--v—~---e—y-~f~--~——7—f~——~4 ?-6

7.4.1 _Sourcés of Costs for Intermodal - _
: Transport Modes-—----—-- e © 746 .

7.4.2 Sources of Costs for Rail Tfanspért¥—5m7—16*f 2 y

7;4;3” Sources of Costs for Legal Weight

Truck (LWT) Transport—--w--— Dt TSR 7-22 ..

,7;4f4 Other Sources orf Costs Eor-Tfﬁnéport—-a7—23“»
*7,5_fAnnualgCost'Estimétéstfor SeJeral Generic. -
- Routes—mmeeeao . m——— :




APPBNDIX B. Probabi lities of Sustained Thermal Environ- ° .. -
. ments and Penetration of a Cask by otubs s
. £1 or uissi]es—---—-—--—----——-—-—- - v
)‘ APPE.NDIX Estimate of Liquid Release Sour"e Term .
L L e e T for.a Worst Case Spent Fuel Shipplng "y
: f y Cask Accident : f--f ————————— 5-~f—---—=--~~ C-1 -
" ”LAPPENDIX D. Calculationuof Downstream Concentratlonb
A ’ o+ " ‘From a Poifnt, ‘Source for Use in Evaluatmg ‘
o T Liqu1d Re]ease (‘onsequences—---——,—-—f-r---“_-,—-‘r D-1
“ . : . // ’ . )‘ “llJA“ o ] N
I ) ’ u:// N
\ 3 \ ' / " " ’_’r‘ -t ! “

@it

no



r
g

SUMMARY .
Intermodal transportatlon of spent nuclear tue]

R\

;lbetween utility 51tes and rece1V1ng facilities is belng con-
;sldered by the- ut111ties as ‘a means of meeting spent fuel

shipp:ng requirements 1n the coming decades. This report is
the culminatlon of a tudy sponsored by the Atomic Industrjal -

'Forum to determine the following'

o
. .
i

" - e”the- extent to which intermodal transp01t is useful
ot . »  for” access ‘to utlllty 81tes

P o . G
B o . O‘theiequipment and’ manpower requ1rcment for spent
: e o fuel shipping campaigns -

v e thP regulatory constralnts on the configuration of.
equipment and procedures used for intermodal trans—

T ' ’

“a ‘ , port , . ’

. e e the impact if'any, of - intermodal transport on radia- ~ - .
s , * " tion risk to the public from normal operations and ’ o

accidents 3 '

o

AO‘the cost of intermodal” transport compared with other
L8 modes of* transport : T » 5 _ v

i S v
" " _ it o

2
s T . o : .
s @ G 0o ‘ ' a? K

kwrygopj« . The following conclusions are drawn from this study:

0 B (, o " - . .
R B _ . L h
¢ Yo . : % : . .
B o . R L @
v i P,

h re- are intermodal transport access .routes for a .

majority of the utility sjtes with plants on line or °
‘expected to be on line by 1985. Approx1matelv 90% |
of the sites with prnsently operatlng reactors,vand

80% ofvthe sites with reactors expected to be on line Y
by 1985 have definable 1ntermoda1 routes in which
f more than 90% of the mileage is waterborne. o®
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'_Inﬁermédal transport of op nL nuclemr fué1

is moreh
'Ycostly than elther rail transport or tr 1nsporL by -

The relatlvely high cost of . lnLor—
sul €

rental charges WhJLh acurue durlng long tranSLt and

- legal weignt truck

fmoddl transpor'{ 5 Iangcly 're of hlgh caak

’eransfer periodb at Lhe utility and rece1v1ng 4@111Ly

S ‘The cost of int rmoda] tranbport should become moro
attractlve as crews beuome increasxngly fam1liar wath
the tran,fer operat:on and better Lransfer equ:pment

udesign come on: ]Jne.’ : - " s

. T
¢ <

ﬁo{InLermodal Lransport repreb nts a v1able altexndtlve«

to" ralj and truck transport, osp0<1a11y fonwsrtcs
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lean OP Lhese bectjonb avo brlP Iy descrlbed bglow

* Section T NRATE S TS R
 The scope of 1ntermoda] tranaportwks as sessed Inter;
- xmodal routes to utlilty S]teS 1nc]ud1ng those cxpected
¢ . to be- actlve by 3985

whxch hdve featurcs ot a

are mapped“v Gcnera117ed routes

uumber of 1nd1v1dua! ‘routes

1]

are formulated f btl@ ]Lok
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T assessmbnt" Fqu:pment requlromunts lor chcn~tVe

lnsport ar
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7}“1determ1ned
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i e SecLJon 3,6'ﬂ. B ' : B ﬁ 3
. e NRC and DOT regulatlonb rcgtrd;ng 1nLermoddl trans{ ‘ o
tx ~ port of fuel are: revjewed , = ‘:¥=.l ‘; o N R
o ® bectlon 4.0 | ,
a_' ‘Radiation doses to Lhe bargv and transfte 2rocrews i
“‘ rrom normdl intermodal transport opcra}Jons are L " 8
" Pva]uated In addition, doseﬁébmmitmqﬁts to the: Co L
S N . pub]1 from waterborne transif of spent fuel are

estimated and compared with NRC guidelines.

e Séction 5.0"'

An asses smonL is made. of Lh probabljluy of occurt ance - ¢

5”; of: lntermodai frdnspoxt ch]dentb w:th potential = &
LdloacLJve relcas Fault Lrees are Used Loy b i
T evaluate the probablllty of postuldted relcases. :  .';3 2

e DRSS R ) o : [

x»' SecLJon 6.0 £ St ,ﬁﬂfv, e

The‘consequences of potenL1a] radaoactlve re]emses’

resulting from postulated 1nL9rmoda1 transport¢ac01—

}«TIh adetJon probab1]1stlc rnsk to thn publlc due to“"'

lntermoda] Lransport'lq compared‘w:th the Tisk rrom“

X

D

other modes of spent Iue] fransport"‘



‘The cost of spent fuel ansport, by iIntermodal, tran; e

~and legal 'weight. truck are compared.:




““fﬁ" 1ntermoda1 transfer po:nt R ¢

W

.0 SCOPE OF INTERMODAL TRANSPORT

.1‘*v, Purpose and Summary

' ‘;Thisgsection has two‘purposesl Thé first.is to

assess -the utility of intermoda® transportatjnn'o[ ;pent H -
nuclear fuel between reactor sites.and receiving facilities

Qnd to determine the number of sites for which intermodal

routes are feasible. Intermodal transport, as used in this

study, applies to the‘transporf ofﬂspent nucieuf fuel between-

the uL1]1ty site and the receJVIng facility using'a combination

of barge and over1and (ra1l or truck) conveyance:

y. The second is to define A‘feusible intermodal trans-
port route between cach reactor site and its closest
receiving facility. - Bach intermodal route is defined by its
important charactefistics, including the waterborne dlstanco
the over]and-distance,* and the makeup of the waterborne
route. A set of eight generic routes is delined, each of .

which rcpresents the Jmportant characteristics of a number of

routes. These gcncrlc routes are utilized in later sections

- of the study to eet:mate public rlek from intermodal trans-

port and to evaluate the comparatlvc economics of JnLermod
7

Lranbport as opposed to btrlct]y overland transport.. Results

~of the scoplng assessment are as tollows:

"

a) Eighty-nine of the 111 reactorrsﬁtes now opera-
. ‘ntional or projected to be operational by 1985
' can be serviced by intermodal Lran port for

the removal of spent fue]

L
o

-.* Between the\redctor blte and its intermodal transfer
point: and between the reoeiVJng’iacility and its

,\\‘




b) Fifty-five of the Gé reactor units operating
- in 1977 (neally 90%) are serviceable by inter-
modal tldnbport. By 1985, 153 of the 191 unlts
expected to be in operation (80%) will be

& serviceable by intermodal transport.
PN A o ‘
. c) A set of eight generic routes, ranging in
1)

length from 100 to 1650 waterborne miles,
describes the characteristics of all inter-

modal transport routes feasibie by 1985.

< d) Thiz average waterborne portion for intermodal
transport routes is 1300 miles one way. The
average cycle could require approximately
34 days.

¢) - Extensive utilization of intermodal transport
of spent fuel, i.e., servicing 40% of the
reactors operating in 1985, would require the
full time services of 25 tug-barge units. Up
to 30 tugjbarge units could be required if
watérway conditions become markedly more
vcrowdedh?substantially increasing lockuwaiting

times.
1:2 Available Waterborne Routes

The three ma;or kinds of watezways used for trans-
' portJng goods in Lhe United States are the rivers,

the Jntracoastal waterways and:the Great Lakes: These are

shown in Flgures 1. 1 1.2 and 1.3, respectively. Total |

Byl

i ‘ e . , oy
*;}_Information%correct~as of 1977 (see Appen@ﬂg A).




Key to Figures 1.1

River Systems

X 3 O U oD W N

- Upper ‘Mississippi
Lower Mississippi
I1linois River
Missouri River n
Ohio River
Allegheny River
Monongahela River
Kanawha River

9. Green River
10, 1

Cumberland Rivé{

I1. Tennessee River

12. Arkansas River

13. Barkley Canal

14. New York State Barge Canal
15. Hudson River

16. Black Warrior River

17. Chattahoochee River

18. Coloosahatchee River System

* A semi- proLected rouLe bt]ll
' Jntracoa%ta]

and 1.2 and Table 1.2

Intracoastal Routes

l. Gull Intracoastal Water-
way (West) (GIW)

2. Gulf Intracoastal Water-
way (East) (GIW)

3. Port Allen-Morgan City
cut-off

4. Atlantic Intracoastal
Waterway (ATW)

5. Chesapeake Bay

6. Delaware River & Bay

7

. Chesapeake & Delaware
Canal :

8. Atlantic Tntracoastal
Waterway* (Ocean Coastal) (ATW)

9. Atlantic Ocean SegmentT

10.Gulf of Mexico Segment™

(Okochobee Waterwuy)

classifiuble as

a

L An unprotected open ocean- route usable by plopcr]y
"=}ouLthLed ocean- go1ng equipment.

16
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Figure 1.1. River Links
i * West Coast Excluded .



Figure 1.2,

81

Tnfracoastal Semi-

Protected and Onen. Ocean
Llnks

[~

N
; h\ .
@ o * Routes are ch%sen for maximum
o ‘ protectlon engoute and do not preclude
Q) . ' open ocean rodmea




BV [

Figti;re 1.3. Great Lakes
~ Route Links
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. A2 of Appende A

e 10 ansport route

- P In order to assess thc uLnllty ol

t

'mlleagp and the Lontrolljng depth of thesé routes, avail-

in Tables A.1

Lhis report g

able Irom the ]iteratulc are presented and

lhe lqcus ol tricted:

the Rocky Mountalnq since

res

to the portjon of lhc U.8. east of

" the mountalns arc a ba1rlcr Whth makes inter modal

\hlpment.
auross them untenablc w1thout thC)SlVL il Tinks. b

n
“

Sem1 )TOtPLLLd ocean bP ments (e.y., Bangor,, Maine’ to.
h i IN ‘

New York Clty) and open ocean segments ‘(e.g., New York City B
Lo the mnulh of “the De]awarv River) can be used as sppnt fuel.
ifo ‘proper ]y outfitted t u;,-h.n ge uni ts #

be v

, athough Lugs may be

are dVQJldb] bh]pm nt on di'fferent ]lnk

route can
accomplished wjthou' changlng barges
changed as

All

fuel”’

needed to meet dnllencnt ndVngLJOHd]

rvqu1rcm nts.

waturwav< considered in this study are ushble for spent
age s

single reactor . =

. /
‘them jor‘ﬁn

and a

campaign can be completed “in_ less Lhan four
months,” . . , . e, :
A , _r

I ) = ) : & vy P

| “N it
1.3

transport since all of are onen ave

of nine months out or the yenr

«  shipping

Definition of Intermodal Routes. . - I
‘ ' R Lo " 7 o . » o oo

(]

Lnlcnmodal Lrans-'

port as a meuns of removiug bpent lue]”from a regcpqr, the” - .
" , o A
"’ location of the reactor with reapect to nav:gxble‘wateromust

be determlned.k Sltes def1ned as serVJcenble by}ant rmodal\ L
transport include one or more of the 1o1low1ng J .
P s . . ) N Y ol ; Vo & qoe 5 w
; ¢ IR e ‘ . e ' . s o'y
¢ - a,). ,direct‘accessyto<a“navigable watérway R I
o SN - ! ' ) N <x a. B e i )l\ P ) .
» Qx " o - ° . N n” o - N AET . )
(Routes along the eastern LOdbr are chosen for maxlmum 5
;protection. ‘However, this does not. prec]ude tﬁe use ° >

of fully open ‘ocean routesjln the future as integrated o
tug-barge units - are used more\exten31ve]y R A
3 »\\A. e ‘\5 ) 0 ean e A B \Q‘g v,
e LT WL e



. o " ' b} a short dis stance, i.e., less than 20 miles
= " between - the reactor site and an intermodal

“-” ‘ ' ~tranbfer point that is negot1¢hlo by heavy
- L _Q'khaul trucks E ‘

, e) a rail link between Lhe réactor site and a - “ -

C ‘ ' s suitable »intermol‘la.] transfer point L

’ ’ o 'w 1 ; . ) R PR

’  ' e ALl reactors ‘which ar operating, undgf COnsthCfion,‘a
wnth tonstructlon ljcenseb pend:ng or ijch:uyé planned were
considered in this study A l]btlng of all -of these 'sites

.0 ~which tabulates their status and ‘their access to a nav1gab]e

) aterway or rail 11nk (determjned from NRC ]]CGHHlnL docu-

mentation. and other bour<es) is gnvun in Tubiu A3 ol . k

Appendlx A. . » " (

. . ’ A R ; BN I3
. . ) S i
i . 4;‘/
. ) . o . . . .,

. B} . B ) a
[ i "

. Intermodal routes were defined for euach reactor e
site l ess bhan 100 m:]es rromwnnngmble wuL o cand [or which - v

the overland dlstance on the jroute 15 less Lhin IO% of thef

total trip dlstancc ) Det1nzL]on 0I<an ﬂntermndal route
- o ‘ L e L
‘requires qupjlmc knowJed e of: P » Lo S

M N E . . N
"

L . a) the overland mi]eugé”between the reactor and - O e @
‘ ., " the intermodal transfer point . : . o

T ' - - . i
i . s - B . . . . O o . e "
PG G - b) the ,waterborné mileage on'euch water link
AT LT N ’ ‘ e .
o . B . ¢ _— . ”

c) the overland mileage between the receiving

oo U facility gndlghegjntérmOdal;tr&nsfér‘point,

ORI . ¢ 5 - - [d - » ~

ﬁ, o,.;* *, Heavy hau] trucks are der1ned as un]ts ebpebldlly de81gned ke F

© . to’haul:large, cumbersome: loads, such as railcar size i et
R spent fuel casks, ‘over -a variety of terrains; including S

:;i pub11 roadways (under permlt) e E S B ‘ :

a
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®
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-
-4
" o

‘o




i 0 i

The results of this definition ﬁrocess.afeegiVen in. Table:

.4 of Appendlx A. The receiving faci]ity 1OCatiohs‘eeh¥

‘) *
" e(0). T A summary of Lheee results are orebented Ln Table 1.
. IL bhOWb that the ma)orlty of reactors on. llne or expected

e sidered are Jn Barnwe]l S.C. (B) and Oak Rldge, Tenn sseeA”

o i
. Lo .be on line by 1985 have feablble Jntermudal transpor
. .fl'OUtCa No 1nLermodaJ routeb are dehned for sites, on the
o de]J]C LoabL  sites not near nav1gab] waternjnor for 51tes for
N7
‘ ,whjph Lhe over]and dlbtance to and from water is greater Lhan
: HO ol" the Lota] dlbfﬂnbe to the ece1v1ng fdblllty ; g
- _ )
a I fh . * ' . b
& R Tuble 1.1 Summarx { Scope of Intermodal Access
. <. No: of | No. of | No. of
A B P : Operating- Operating Reactor
) L . A . Reactors ‘Reactors Sites
k I ' Ve e e 191 1985 | 1985
SRS B 1T R § 62 191 111
. P Nos with Inte 2rinoda | o | ‘
@t Acciss. s - 55 153 |~ 89
‘ o “jfm,“rractlnn Serviceable ) B ; ' e .
e e e by Intermodd]‘Tranb— S . ;
Ty, R ' por L R 1 @ ! ‘0.9'& ‘ ) 0.8 o 0.8 4
S e No oot ']"l{;. 1341 Be o 1 -
RSP Units Hequired for _ Ta R
N = '| Heavy: Use Scenario L9 25 ~ 30 |« -
mfil'?'f g T T L!H 'TN = N . .
AP 1.4 Definition ot Gencrlu Routes - - Te s “y S
Py f . . Eaeh inte nnoddl lOULU detined in Table A.4 (Appendix

: A) Lmbodles some unccrLannL1cs\Jn estimated rail distances - .

L e Lo buxLab]e emharkatlon pOlan ”Also}feach route“has other

Cw @
@ o ! L B . 9

'f* HOHL(b Lo Lhe Moxli l11nono~ A(hl!ly were 6t doan ed
n thb bLudy Howevur‘.the ‘results ‘of the study are .
cpneldered"appllcab1eﬁbecause of Lhc expected similarity’
in average rouLe ] ngthb. IT;Q.. ? o 2 )
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'QJ' ‘ ‘pecullaritleb, such as varying weather conditlonb, controlllng
' 'g ~depth. variatlons or mdrlne Lraftlc cQQQ1t19ns,ewhrch render

them to & certajn extent . unlque Détéiied consideration of

eg“h rouLe was not w:thln the suope 01 this sludy A
set 01 generlc route derlved from Lharlcterl t1ca of the »
feablb1e 1ntermodu1 roﬁtes and m|n1m1VJng thclr pocul:arltles

'13 oomplled for use in the ris sk ana]y51b model v ’ .

(8]

"

All generjc rouLes‘can be Jdcntllled by one or more

W o

ot Lhe\lollownng Jnd1catorb ¢ PRI I ,
. i : it
' . i - p - > i : _ g . i
: L2 o o v " . i
Lo s a) . mileage on maqgr waterborne links
i . l 5 §
. ; b S . ‘ “ ‘ _ . ‘
) , b), “mileage on overland connections Lo a suitable
‘ ; . . = intermodal transfer point o A
N \ : " " . &
- ’ i &
¢)x m11eage in spcc1tjv marine environments (such

‘as where contact with major marine traffic 15 , N
pos s1b]e)'} ’

) beven genef’c rouLes are defjncd in Table 1.2 using

:the crlterla above .and the information in Table A.4 of

; Appendix“A.. The e:ghth generlc route (No. 4 in Table 1.2).

‘ was not deflned on the same base'su as the othev‘routes. Thls

2 route represents an Jdentlfled near- term real re unrement for

waterborne spent fuel transport i. c.,]1nk1ngut1]1ry sites

'without suitable ra11 access to.railheads at ma]or ports. ”An .

ulntermoddl transfer wou]d be madc at the-major port and the

remalnder of“the trip wou]d he made byfrall.

o
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1.5 Equ1pment Requirements for Extensive Utilization of
Spent Fuel Shipment by Barge

) .An 1ntermoda1 shipment ol spent fuel from a single
reactor 51te requires the use of a tug, a harge, and various
pieces of transfer equipment (see Section 2.0). Given this
information, the quantity of equipment needed for large-
. ‘ scale Jmplementatlon of intermodal bpent fuel transport 1n
) the U.S. was calculated.

. First, a weighted average which considered route
distances and number of feactor sites on a route was taken
across the eight generic routes to approximate a single Yy

"typica] route'". Characteristics of the typical route, /l
jﬁé]udjhg a breakdown of overall trip time, “are given in "

' ‘Table 1.3; Since an average waterborne trip both ways takes

’, 34 days, a single tug-barge unit could complete ten trips a
o year. ” ‘

, The number of barge trips required per reactor per
year to remove spent fuel can be determined by'consideringu
. present generatlon core sizes and cask capacities. An aver-
age 1000 MWe PWR has 193 fuel assemblies of which one- third,
“or 65, are ‘removed yearly. The largest rail car size casks
presently available hold 7-12 PWR fuel assemb]ies,'or an aver-

- age of 10.  With 2 casks per bargg, an average of 3.25 trips
would be -required yedrly per PWR to remove. its- spent fuel

Although 80% of all operating reactor sites in 1985
'w111 have feasible dintermodal routes, it 1s un11ke1y that
;;'1ntermoda1 transport will be used for all of them for a
‘variety of reasons ,1nc1ud1ng cost. In a heavy use scenario,

1-12.
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Table 1.3. Characteristics of the Typical
Intermodal Route (h)

Waterborne Distance One Way (mi) 1311

Overland Distance One Way (mi) 33
LOCkb(d)
~ Distance Betweén Locks(b) (mi) ' 565
- Avg. Lock Waiting Time (hr) 3
- Max. Lock Waiting Time (hr) 6
Trip ije(c) Contributors
- Traveling Time(d) (days) 16
- Total Lock Waiting TJme( e)
(avg) (days) 6 ,
- Total Lock Waiting rime!) ﬁ
(max) (days) 12

- Total Turnaround Timc(g)
(days) 12

Average Round Trip Time (days)

Maximum Round Trip Time (days)

34(10 trips/ (1)

barge-yr

40 (8.5 trips/Xi)
barge-yr

(a) Only on Fiver Lrips.

(b) An average of 38 mi. on Upper Mississippi and 72 ‘mi. on
the Tennessee River

(c¢) A1l estimates for raund tLreips

(d) Using barge speed ol 7 mph (from Section 7.0)

(d) From reference A.l

(f) From reference A.l with all locking operations taking a
maximum time

(g) Average of all turnaround methods considered (from

: Section 7.0) %

(h) A1l tabulated data is for one-way transport unless
otherwise indicated .

(i) DOEb not consider tug-barge unil maintenance outages

and othex procedural delays

1-13
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berhaps half of these sites. (40% of all reactor sites) would
use intermodal transport methods. If 40% of the 191 antici-
pated reactors requife 3.25 two-way, trips per year to remove
their spent fuel and a single Lug-barge unit can complete 10
trips a year,l.l then g;totul of 25 tug-barge units would he
requireq to implement national usage of intermodal transport.
.Nihe barge-tows. would be required to service a similar per-
centage of reactors in 1977. -

y Should the amount of traffic on the waterways
significantly increase by 1985, six days might be added to
the two-way trip time, as shown in Tuble 1.3 (maximum lock-
waiting time). In this case, a single tug~buyge unit could
complete 8.5 trips a year, and 30 tug-barge units would be
required for ]arge-sculeAimpleMentatioﬁ of intermodal frans-

port.

¥

N

a3

* does not consider tug-barge unit .maintenance outages,and
other possible operational delays .
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2.0 INTERMODAL TRANSPORT SYSTEMS
2.1 ~Purpose and Summary "

A variety of transport system designs are currently
being considered for transport of spent nuclear fuel by
water. These designs utilize equipment ranging from readily
available barge and rigging equipment to equipment specif-
ically designed for intermodal spent fuel transport. The
purpose of this section is to provide operational descrip-
tions of several of these candidate intermodal fransport
systems and their equipment and man-power yequirements. A
summary of the attributes of several different systems is
given bhelow.

I3

It is recognized that the man-power requirements

discussed below for intermodal transfer are conservative and
Mrepycsent an-upper limit. on exposure for occupational dose

caleulations.

Available Havge and 'Tug Bquipment

Available equipment (AE) systems suitable for carrying
railear size spent fuel ‘casks* make use of éxistiug barge and
tow equipment. An identified near term need for intermodal
tronsport using AE barge-tow systems is to provide a link

hetween utilities with no rail access and railheads at major

* The®NL Industries' 10/24 and GE TF 300 casks currently
rlicensed, along with the TN 12 cask soon to be introduced
in . this:country, are the major railcar size casks of
interest. -The GE IF 300 "wet" cask uses water as a
coolant for the spent fuel elements while the NLI 10/24
and TN 12 "dry" casks utilize helium and air respectively

- as a coolant. o - ‘

<]



ports. By using waterborne uaccess at the utility site, rail
size casks. can be used for spent tuel shipping. The increased
capacity of rail casks over Tegal weighl Lruck casks would
aliow a reduction in total campuaign time. Two types of cask
transfer Tethodb, both of which utilize the roll-on/roll-off

L * . . .
principle, were considered in Lhis study.

‘ a) Heavy Haul Truck (HHT) Method

Trucks are removed from the railcars forming
a cask-pallet which is transferred to rubber
tired dollies. An HHT then pulls the cask-
pallet onto and off of the barge.

b) Floating ijdgc (rp) MeLhod

The wheclh are left on the railcar, and a yard

. engine transfers®the railcar over a floating
railroad bridge span connecting the barge and
the railhead.

The HHT method has two advantages: low capital cost
and use of commonly available equipment. Its disadvantages
include longer transfer time and higher personnel radiation
doses. The FB method has the opposite set of advqntages and
disadvantages: ¢ faster transfer time and lower personnel

‘ radiation doses, but a higher capital cost.

* Roii—on/rol]—off refers to the fact that casks are trans-
ferred to and from barges on wheels without benefit of
cranes.

ﬁ
i
!




Specially Designed Barge and Tow Equipment

 A significant increase in the operational efficiency
ot intermodal transport can be achieved if equipment is used
which is specifically desiéhed for the needs of waterborne
transport and intermodal transfer between rail and water.
Special equipment for use in various phases of the inter-
modal trip has been curfeptly designed.

One concept is an integrated tug-barge (IBT)
unjtywhich would provide greater flexibility of operation.
Through Lﬁe use of specially designed barées, an IBT can
carery up to four rail size casks and chn utilize simple

loading tacilities.

“A’sucond‘coREept is a specially designed HHT
fqutnring a gooseneck arrangement and rear dollies which
Form an integrated trailer with thehéask—pallet. These
woosencek trucks would reduce transter handling time.

2.2 Burge-Tow System Descriptions

2.2, Available Equipment (AE) Barge—Tow Systems

An AE tug-barge system used to transport spent fuel
will consist of a single barge and a tugboat to provide
motive power (Figufe 2.1). The tugboat can he used to either
push or pull bargés. For extended waterborne journeyé,
Several ‘ditlerent tugs may be used. For,eiﬁmple, a trip
froM‘Lake‘Michigan‘to Oak Ridge, Tennessee would involve

transit on Lake Michigan, on canals through Chfcago, and on the
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. - Illinois, Mississippi, and Tennessee River links. The most
appropriate unit for the lake transit would be/the open water
”tug, which can push or pull the barge unit. Transit throuéh
Chicago requires a tug with a special telescoping bridge
that a}lows passage under a number of low bridges on the
Chicago River. A standurd‘tug can be used for the ﬂémainder
' of~the Journey.. Tugs with a draft of 9 feet are acceptable §
in most intragoastal‘waterways and river systems. However,
| . some inland wﬁter links may require the use of a tug u}itb
| a draft of considerably less than 9 feet. Note that the
sume barge is used throughout the entire journey, and it
thercefore mu#t be appropriate for all types of water con-
ditions encountered. " Y

The barges used in spent fuel transport must be sea-
worthy in the most demundjhg env ironment antiéipated for the
walerborne portion ot the journey. The requirements for tug-

‘, barge system construction,s o‘perat"ion ‘and navigational equip-

ment are covered in the Dralft ANSIT 552 Guide.

29,2 Integrated Tug-Barge Systems 0

o - ; Ordinarily, tugs push bargés invopen water and are’

’ anchored to the barge by hausers or chains. Chryeht,opgraé

ting procerres fog)rough weather;requiré that the tug'pull

the barge on a tow line, but this method is highly vulnerab%e

‘ : Lo the '10553 of a burge(}in open water. - Current designs
umbljoruté/ths problem without introducing the maintenance

: E D
problems and costs associated with =ingle unit transport

(2'5
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‘ : . A number of designs have been developed for
l]nklng spec1al barges and tugs to provide a broad range of
services not prev1ously considered poss 1ble with barge ~tug
vombjnatlons.‘vOne design calls for an ord1nary tug and a
S specially notched barge as shown in Figure 2.2 (from Reference
2-1),» which would allow some rough weather capability. A
second deblgn uLJllzing a semi-rigid or rigid link between
‘ a §pLC1d1 tug and a special barge is shown in F?gure 2.3
‘ ‘ (from Reference 2-2). The tug used in this design is similar
Lo an ordinary tug except for the shape of its hull and the
addition df semi-rigid linking medhanisms.

‘e . =]

The barge used in either of these designs is a :
speciul.purpose vessel having a capacity of at least four v
casks (cupacfty greater than 1000 DWT) and its own transfer
cquipment for loading and unloading at- pr1m1t1vu transfer

facilities. |

B

2.3 Intermodal Transfer Description

N

2.3.1 Transter Techﬁjques
" ) e .
All AE intermodal transfer techniques aua]yzed in
,,  Lthis study utilize the roll~on/rol]~off transfer concept and
Y avoid the use of heavy duty cranes. ’
‘ The simplest method of intermodal transfer as
' dpscrlhed in Reference 2-3 uses the current generation of
casks, a set-of dollies, and a Jargeﬂtractor (or truck) which
would normally be ﬁsed for moving heavy“equipment. The
casks with all their suppoit equipment and all pérsonnel
bhlelds needed to comply with regulatory radiation dose
. ]1m1tat10ns would be mounted on railcars. Thus when its
trucks are removed the rax]car becomes - a comp]ete self-
‘ sustamlng cas k pdllet .
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‘ ; : There are two methods for transferring the cask-pallet
to the barge: a) remove the railcar trucks, replace them with
rubber tires, and haul the cask-pallet onto the barge with an
HHT (Figure 2.4); or b) leave the railcar intact, connect
the barge and the railhead with a special, floating rail
transfer bridge, and push the cask-pallet onto the barge with
a yard engine (Figure 2.95). The first method is hereafter
referred to as HHT (Heavy Haul Truck) and the second is

. referred to as FB (Floating Bridge).

As is pointed out in Reference 2-4, the FB method
can accomodate significant changes in water level, and it
stabilizes and secures the barge with respect to weight

movements during the transfer.

HHT Transfer Equipment and Personnel Requirements

‘ Equipment requirements for HHT Lrunsfer are as follows:
a) two special railcar units
b) several sels of hydraulic jacks and cribbing

‘material

c) two setls of front and rear, multi-wheeled,
: heavy duty, steerable, rubber tired dollies
‘ _ with rated capacities in excess of 150 tons

d) one heavy haul truck capable ot at least 50,000

1bs. force of drawbar pull
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) Figure 2.4. HHT Rol1-On/Rol1-Off Transferral
Process
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Figure 2.5. Floating Bridge Roll-On/Roll-Off
. Transferral Process
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e) one barge slip with a rail siding at each end
of the waterborne portion of the journey }

f) . one yard engine to move the railcar units and

their trucks
£) one flatbed barge and tug

' As discussed above, the NLI 10/24 cask and the IF 300
cask arrive by rail at the transfer point mounted with tpeir
support equipment on a single railcar. A complete railcér
unit includes the cask, integral cask support, ekpansion
tanks, heat exchange equipment, and a personnel shield
(Figure 2.6). The cars measure 54' to 59' in length by 10'

i
Hi

in width and weigh 150 to 170 tons with a full cask (NL 10/24).

Jack beams are attached across the bottom of the railecar to
avoid problems in jack placement and weight balance during
loading and unloadﬁng.

Personnel requirements for HHT loading and unloading
include the following at each e¢nd of the waterborne leg of

the journey:

a) one nine-man loading/unloading crew consisting
of séven‘workers, one foreman énd one super-
intendent (Multiple'shiffs can be used to
provide taster overall transfer time.)

“ b) .~ one boat crew of two or three workers who

stay with the tow and barge at all times

c) . two health physics personnel to monitor radia-
, 7 )

tion

2-11
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d)

one

three-man train crew of one engineer, one

foreman, and one brakeman to move railcars as

necessary

The above personnel requirements are predicated on

the assumpfion that exposure of the workmen can be kept
level which requires the classification of per-

below the
sonnel as
removes a
costs for

cedures.

radiation workers. The use of non-radiation workers
number of procedural delays and eliminates added
backup crews, special suiting, and reporting pro-
Health physics personnel will provide administrative

control to insure compliance with regulatory dose limits for

personnel.

FB Transfer Equipment and Personnel Requirements

Equipment requirements for FB transter for each IMP

are as follows:

a)

b)

c)

d)

e)

t)

Ltwo

one

one

one

one

one

Personnel

special railcar units

floating rail transter bridge

yard engine

barge slip with a proper railhead

empty railcar used for ‘spacing (if necessary)
carfloat barge and tow @

requirements for direct loading and unloading

include at each end of the waterborne leg:

2-13
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a) one three-man-crew to operate thé FB span
b) one boat crew of two or three men for the tow
and barge | |
c) one three-man train crew
Qd) one health physics represent;tive;

Since radiation exposure is a function of the time

sSpent at a given distance from the cask surface, it will be

less for the FB method than for the HHT method because the
close-in time needed in the HUT method for jacking operations
and securing of the casks to dollies is eliminated in Lhe

FB method. The health physics function is similar to that

i

for the HHT process but is not as strlngent.

2.3.2 AE Transfer Procedures ’ . .
In an HHT transfer of a tull cask the following
steps occur in sequentlal order upon receipt of the special
railcar at ‘the rail siding: .
a) - The railcar is positioned at the end of the
docking facility 5} the train crew.

11
©o

b) An inspection is hade of thé railcar and its
P ‘ load by health physics personnel to ascertaln

cask 1ntegr1ty prlor to loading. o

c) The HHT haullng vehicle dnd dollles are

.[ - 0

assembled. i -ﬁ s

-



. d) The jacking system is inserted beneath t‘he
| railcar; the railcar*ié jacked from its trucks,
o : and the trucks are removed.

€e) Q‘The dollies are placed under the railcar which
“is then lowered into place and secured.

t) The barge is secured in its s]ip, and a transfer

’ . ' ramp is installed.
£) The hauling vehlcle is used to move the cask and

@

dollies - onto the barge, after which the cask is
removed from the dollies and secured. The
barge is trimmed as necessary to insure load
stability during this time.

h) The load is reinspected by health physics
‘ ‘ pubonm.l for cask integrity and the tie-
downs are inspected by the barge crew prior to
ucceptuncg of the shipment by the tow operators.
The entlre)pxocess is repcuﬁld for thegloading of a.second
cask, and ~with ‘minor differences, the same procedure is
followed in reverse for cask unloading..
In an FB transfer, the followinyg occur in sequential
“ order.upon receipt of the special railcar at the rail
7 g . siding: ) 0

fi

[* 4
‘f\J




. a) The railcar is positioned at the end of the
' floating rail transfer brldge by the traJn
- crew.
- )
b) The railcar and its load are inspected by health

physics personnel.

, c)‘ The barge is positioned in its slip and trimmed
‘ to level in front of bridge span.
d) The span is adjusted tO’bemTevel with respect
to barge deck. ‘ 6
0
“e) The railcar is rolled onto the barge by the

yard engine while the barge is trimmed as
necessary to insure load stability.

.' ) The railcar is secured using chocks and “
tiedowns. The load is rc1nbpected by health ‘
0 physics personnel and the tiedowns are inspected
by the tow operator prior to acceptance of

the- shipment.

2.3.3 Advanced System Transfer Prghedures ' ’ !

) b
Cask transfer procedures in ‘the advanced system are

. 51m11ar to those for the AE system. The casks are trans-

@
N

"ferred using a roll-on/roll-off technique. The required
equipment consists mainly of specialized rubber-tired .trucks
with several design features to avoid the need of Jacking
operations during loading and, sunloading.

3]
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Cask palleting is slightly different than that for
the AE system. The cask and pallet no longer form an
integral railcar unit. The pallet is such that, with the
cask mounted, it forms a unit which can be directly picked

‘up by a ngooseneck" arrangement of a specially designed

HHT (Figure 2.7), avoiding the need for rigging equipment
such as jacks and cribbing. Therefore, if transfer is made
to or from railcars, the cask and pallet are hauled onto a
heavy duty.railcar by the HHT, set down, and secured. Alter-
natlvely, the cask may be placed on the railcar ubing a

crane w1th a capacity of 170. tons. The HHT ”gooseneck”

unit stays on the barge’ and it is used at both ends of the
journey (Figure 2.8).

Four casks may be carried by the IBT system with the
casks arranged in a balanced cluster on the barge deck.

Crews required for the;iBT transfer process are
smaller than those required for the AE HHT process since the

rigging crew is much smaller and no train crew is necessary.
2.4 Procedures and Operation During Waterborne Transit

In-transit proceduresAvary with the type of water
environment to whlch the barge and tow are exposed While
no 1nspection is requlred during transit, one member of the
boat crew should be designated to verify the integrity of
the radioactive cargo by package checks
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Communication with appropriate shore based stations
regardlng the status of the radioactive cargo is required
periodically.  Delays and estimates of delay times would be
reported to allow for the placing of crews at the debarkation
points. Mishaps of a serious natuvre would be reported
immediately to the nearest NRC office and to the Coast Guard.

Loy -

If docking is to be made at a port from open wateg:\r intra-

coastal water, the captain of the port would be notified in
advance of docking so that he can be prepared to inspect the
cargo and ascertain its integrity on arrival. Some advanced
tug-barge systems~can operate in open water under poor
weather conditions, but all AE barge systems operating in
open water are limited to normal sea state conditions.

47
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3.0 RULES AND REGULATIONS

This section presents an overviewcof the regulations
affecting packaging and intermodal transportation of spent
nuclear fuel. Regulatlons considered include those of the
Nuclear Regulacory Commission (NRC), Department of Transpor-
tation (DOT) and Coast Guard. Coast Guard regulations are
administered by the Materials Transportation Bureau. Tbe
subject material is very extensive and reference to the

=]

. ' source documents is recommended
3.1 Background

There are four basic safety requirements(spl) which

must be met when transporting radloactlve materials:

a) Adequate containment of the radioactive
material ‘
’ b) - Adequate shielding of the radiation emitted

by the material
c) Safe dissipation of heat generated in the
spent fuel
d) Prevention of nuclear criticality, i.e., the
prevention of the accumulation of enough :
fissile material in one location to result
in a nuclear chain reaction
’ o The first three requirements may be summarlzed as
| generalized containment. The last item and, to some extent
item ¢ are 1cJaLLd to ma;ntalnlng the 1ntegrity of the

contannment
' Co




The adequacy of the regulations is not addressed |
here. Rather the adequacy of the regulatory framework is

assumed, and only its requirements are identified.

The International Atomic Energy Agency (IAEA)

published the first codified regiilations regarding the safe R
. : Y
transport of radioactive material in ]961.(3 f) These served

as a format for strLcturing U.S. regulations for which the
responsible agencies and departments are the NRC, DOT,
Coast Guard, and Postal Service. International shipmentL
must be consistent with IAEA standards, and the DOT serves

as the U.S. "cohpetent authority" for this interface.

NRC regulations are contained in the various
chapters of Title 10 of the Code of Federal Regulations
(10CFR). These deal with licenses for accepting or possessing
radioactive material. Non—exempt'material* may be: trans-
ferred in approved containers only between licensees.
JOCFR20 deals with standards ftor radiation protection, .
10CFR70 with special nuclear matefia], 10CFR71 with packaging
6f radioactive material for transport and the trunsportation
thefeof, and 10CFR73 wilh physical protection of plants and

material including material in transit.

DOT packaged transportation regulations are con:

tained in various chapters of Title 49 of the COdéJOf

Federal Regulations (49CFR). Labelling, marking, and

placarding requiréments are specified in part 172. Part

* Material which cannot be shipped through the mails.

en
)
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"173 contains general shipping and packaging requirements

for all modes of transportation. Part 174 is devoted_fo
specific, additional rail requirements, part 175 to air-
craft-reqﬁifements, part 176 to marine vessels, and part

177 Lo motor vehicles.

Various Syates*, through formal agreement with NRC,
have regulatory authority over byproduct material, source
material, and special nuclear material in less than critical
quantities. 'The rules adopted by these states are con-
sisient with DOT and NRC requirements for interstate
shipping of radioactive materials.

. 0

The branch of the DOT whic¢h administers the
mujority of the transportation regulations concerned with
salety in the transportution of radioactive and other
hazardous materials is the Office of Hazardous Materials
Opuerations (whjch“is part of the MTB). Through a Memorandum
ol Understanding between DOT and NRC, rules and regulations
ol the two agencies are framed to be uomp]eméntury and

avoid duplication.

In addition to these regulations, there is an
Américan National Standards Institute (ANSI) Draft Guide
(3-3)°

)

on the water transportation of irradiated nuclear fuel.
In the following discussion, reference will be made to
Federal regulations and occasionally to the ANS1 Draft

Guide.

* Alabama, Arizona, Arkansas, California, Colorado, Florida,
Georgivs‘Jdaho, Kansas, Kentucky, Louisiana, Maryland,
Mississippi, Nebraska, Nevada, New Hampshire, New Mexico,
New York, North Carolina, North Dakota, Oregon, South

Carolina, Tennessee, Texas,. and Washington.

0
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3.2 Discussion of the Four Requirements of Transporta-
t10n

3.2.1 Containment

Requirements for Type B and 'Large Quantity'
package standards ‘are given in 10CFR71 subpart C, and acci-
dent conditions are given in 10CFR71 Appendix B. The
corresponding DOT requirements appear in 49CFR173.393 and
49CFR173.398 (c¢). :

The package standards permit no significant
chemjchl, galvanic or other reaction between components or
components and contents. Packages will be equipped with
positive closure tie-down devices capable ol withstanding
a force 10 times the weight of the package in the direction
of vehicle motion, 2 times the package weight in the verti-
cal direction and 5 times the package weight in the trans-
verse direétion.*p A tie-down must be designed such that its
failure would not impair the ability of the package to mect
other requirements. The package shall be capable of with-
standlng f1ve times its normal weight when supported by thc
ends as a 91mp1e beam. The package shall withstand an ¢
extreme pressure of 25 psig with no loss of contents.

Accidents must not affect the shielding such that
the dose rate 3 feet from the package exceeds 1000 mrem/hr.
“In addition, they shall not result in releases, except for
gases and contaminated coolant, that exceed 0.0l Ci Group I
radionuclides 0.5 Ci Group II, 10 Ci Group III and IV and

* The Draft ANSI Gulde(3 3)(pg 22) specifies 1.5 g loading
in any horizontal direction tor tie-downs between pack-
age and hull structure.

0o
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. 1.0 Ci inert gases (LOCFR71l subpart C and Appendix C).

Packages must remain subcritical under accident conditions.

The test conditions which thesé criteria must satisfy
seqhentialiy are: a 30 ft free drop onto an unyielding
J surface, impacting in the manner that causes maximum damage;
a 40 inch free drop onto a vertlcally oriented steel probe
eight or more inches high and six, inches in dlameter that
‘ “ has a flat horizontal top and rounded edges with a radius of
curvature of 0.25 inch or less; a 30 minute, 1475°F fire
with emissivity 0.9, a package absorptivity of 0.8, and no
artificial cooling; and water immersion to a depth of 3
feelt for more than 8 hours. Compliance .can be shown by
tests or other assessments on sample packages' or scale

models (1O0CFR71.34(2)).

3.2.2 kadiation shielding
‘ ’ AYCEFRLI73.393 (1) }equires that the radiation level
al the surface of the package must not exceed 200 mrem/hr

on contact nor have a TI Lxceeding 10 (10 mrem/hrxat 3 ft).*
‘ The prCLfled normal dose rates for shipment in exclusive
QQ@ _ use vehicles 49CFR173.393(]) are 1000 mrem/hr at 3 ft
£rom the external surface of the package, 200 mrem/hr at any
point on the- external surface of the car or vehicle (closed
. ; transport vehicle only), and 10 mrem/hr at any point 6
' . ft from the vertical planes prOJected by the outer lateral
. surfapg of the car or vehicle. ' If open transport is used,
the stnpulaLlon is 10 mrem/hr at any p01nt 6 ft
'k‘from the vertical planes projected from the outer edge of
the vehicle. O” | P

©

e * por further details see 49CFR173.389(i).

i
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Another specification is Lhat the dose-rate in any
normally occupled point in the car or vehicle does not

'exceed 2 mrem/hr. For carrying radioactive material by e

vesse] 49CFR176.700(e) specifies that a person may not
remann unnecessarily ili- a hold or compartment in the imme-
diate v:clnlty of a package containing radioactive materlal,
nor exceed a 7- -day whole-body dose 0f, 100 mrem nor more than
500 mrem whole-body dose per year. The radiation level in
an area continuously’ occupjed by people or animals must noL
exceed 0.5 mrem/hr. A1l special instructions with regard

to the shipment must be given to the person in charge of

the vessel and the aggregate transportation index of any
group packages must not exceed 50 nor shall the TI for the

N o

loaded vessel exceed 200.
3.2.3 Dissipation of Heat

49CFR173.393(c)(2) requires that the maximum accessible
package temperature be less than 122°F (ANSI(3 3) indicates
130° F) in the shade, fully loaded with still air and ambient
temperature (when in thermal equilibrium)., If the package
is a sole use shipment, the haximum accessible external

surface temperature must not exceed 180°F.

3.2.4 Criticality Control

&

1OCFR171.33 requires that a package be designed and
constructed, such that the most reactive contents it could
carry would remaln‘ﬁubcrltlcal under the most severe acci-

dent conditions.

&) it




. Packages used for shipping fissile materlals are
divided into Classes I, I1 and III, VFissile Class I places
no restrictions on the number of such packages transported
on a vehicle. VFissile Class II limits the pumber of packag IS
that can be shipped. Fissile Class III requires special
allangemuntb between the shipper and carrier to provide

nuclear criticality safety.

49CFR172.310 and 49CFR173.403 define require@ents

. for placarding and marking of radioactive packages being
shipped. &

9CFRJ76 subpart M provides detailed requirements
for the stowage of radioactive material on vessels. Sub-
part M consists of 49CFR176.700 - general stowage require-
menls, 49CYFR176.710 - care tollowing ]edkabe ol radioactive
mitterianls, and 49CFRL76. 715 - (ontammnat1on control (ndmclv
Lthe alfected area cunnot be reused until the dose rate from

‘ au nccessible surlace is reduced to less than 0.5 mrem/hr).

4 l“LlRl?b 83 pchOnlb the separation requirements,
Crom other radioactive and hazardous materials. These are
c:(_)n\pl_i”cul,ed requirements and will not be condensed here.

Gimilarly, 49CFR176.99 provides a table indicating the

types of barges that may carry radioactive material.

. . 4GCFR42.40 detines treeboard reuurements for Type A
and B VeSSe]S (which includes barges). Vessel stability
Y requirenents are presented in AG6CFR93.70-10. Reference

should also be made to the Draft ANSIﬁGuide(S—B) pg. 18-21.
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. “ 4.0 RADIATION EXPOSURE FROM "NORMAL OPERATIONS

) . 4] Purpose and Summary
) . @
The purpose of this section is to calculate the
° xradidtion‘doses resulting @rom the normal activities involved
in the Shipment of spentvfﬁel by barge. These doses may - be
. received by transport workers and the general public aéﬂa'
‘ consequence of barge movement and off-site transfer. The
. results show: :
Q) Radiation doses received by rigging and barge
crews involved in intermodal cask transpor-
tation are within the guidélines for non-

radiation workers.

. , b) Radiation doses to an individual member of
) the public are well within federal guidelines.
The estimated dose to the population along

. -2
a barge route is 5.1 x 10 man--ren/reactor
&

year.
0 LY
4 Ny
4.2 Radiation Exposure Lo Transport Workers
: The major contributing sources of radiation doses
‘ to operaling personnel in a waterborne .spent fuel transport

campaign arve:

a) exposures to the barge crew during water-

borne transportation




b) doses to the working crew, including riggers,
drivers, railroad and supervisory personnel,

received during inlermodal transfer ,

1t is the responsibility of the chensee/shibpuruto assure
that no employee of the transfer organization receives a
dose that exceeds the dose limits set lorth in the regu-
lations. These regulations define a maximum exposure for

non-radiation workers (see¢ Chapter 3) as:

i) 900 mrem per calendar year

s
b) 312 mrem per calendar quarter § ‘
") 100 mrem in any sceven conseculive days
d) a rate of exposure Lo the crew of a marine

vessel of less than 0.5 mrem/hr. in any
; il . . .
normally occupied living space during the

Journey “ .
o201 Radiation Exposure During.Intermodal Transter

‘ The highesti rudiation doses to personnel involved .
in intermodal shipment occur during transfer operations. 1In
particular, transfers between barge and rail by HHT require
a significant amount of close-in work to remove casks ftrom.
the barge especially in cases where .railcar units are
~assembled. The radiation doses calculated for this process
also represent upper bound estimates of radiation doses for

Lhe other transtfer operations.

4.2.1.1 Exposure Times for Transfer Procésses

[3)

Egtimates of working times needed to complete varipus

procedures in the loading/unloading process are available from

) 4-2
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‘ ‘actual contractor experience with intermodal transport of

(4-1)  phe times required for the

large reactor components
various procedures are listed in Table 4.1 by occupation.
Exposure times for a loading crew utilizing floating bridge
access are not listed, but they would be much less than

“//ﬂ those given in the table.

' 4.2.1.2 Dose Rate Estimates for Transfer Operations
. . The doSe-rate estima}os at various points around a
: . cuask Qary with cask design and shielding thickness. 'The
P greatest dose rate allowed at 6 ft. from the cask pallet is
10 mrem/hr. ‘This rate is used to determine the source
strength of a "plate source“* at the cask pallet surface
which is Lheﬁ used to es&;mate doses received by transport
° workers and members of the public. Since there is heavier
shielding at the ends ol the car frame and other iron
. . osupports, the dose ‘ate (rom that area is assumed Lo be
' B negligible. A set ol dose rates is calculated with oﬁ]y
gne cask on the barge and a seéond set with two casks on
the barge: separated by a distance of ten feet. A dose
§ point vertical height ol 3 feet (roughly one-half.a worker's

height) is used in the calculation.

* As o plate source the cask radiates for dose calcula-

, v tion purposes as a rectangular plate (17.6 ft. long by
’ ' . 6 ft high). "The dose rate at coordinates (x_, y.., Z.)
‘ is given by the integral. © ©

N . [/ S “dxdy ‘ ”
. R R - ] : 5
o - ( + (y - Z

(0]

2
F . x = X(_)) yo) t 24 .
o which is numerically integrated over the plate surface
using a source strength equivalent to 10 mrem/hr at
6 £t from the=gurface (the maximuin allowed dose rate).

{Q
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Table 4.1. Radiation Exposure Times of Personnel Involved in
Intermodal Transfer of a Spent Fuel Cask From Rail
to Barge Using Roll-on/Roll-off by HHT(4-1)}

j - Oecupation !

i
txposure ‘ T
i For H H Tiver s vi Health Physicist
cperation Tx::éuo‘f} Rigge Drive upervisor | Healt ysicis
i ; Ly
Nea:(a) Far {b) Near(a, Pa:‘b) Neu(a) Far ) Nea.’w) I Fax‘b)
(hz) thr) thr) thr) {hr) thr) thri the: ’ thr)
e i
" 0
1.  Receive railcar(s) at intermodal !
transfer point !
c, 1
2. Check radiation level and inspect 4 - 4 - 4 - 4 l‘ ) 3
cask
3. Check barge ballast and lower
transition ramp i
i ;
1
4. Assemble hauling vehicle and !
rigging equipment 4 z - 4 I 4 - 4 - A
! . i t i
[ i
H ' !
S. Place jacks under carframe ’ !
6. Jack carframe free from trucks
7. Remove trucks, place hauling S 0.% 3.5 l(d' 3 - 4 - : 4
vehicle.under carframe ! i
8. Jack carframe onto hauling f
vehicle and secure !
! i
9. Move hauling vehicle onto barge s i - 3 @ - - 4 - P
i
i ' i
| :
10. Jack carframe free of hauling
vehicle
11. Remove hauling vehicle from . - - ! (2 ~
beneath carframe v 0.3 3.5 bl 3 N 4
12. Lower carframe to barge deck: |
13. Remove jacks from under carfraze
14. Secure carframe to barge (e) {e) : E I
deck 4 0.8 2.2 3 0.8 132 ! I 4
! | u
(a) assumed to be at a distance of 3 feet unless noted (£) esgimated upper bound

(b}  assumed to be at a distance of 20 feet unless noted

() a: a distance of & feet |

(d} at a distance of 10 feet from front of cask

(e) at a distance of B fee:




Table 4.2a summarizes the dosie rates sustalned at
given distances during transfer. Table 4.2b gives does rates
at longer distances, showing the marked attenuation of the
dose rate. Table 4.3 summarizes the dose rate by occupation
using the assumptions of expesure time from Table 4.1.

Table 4.4 summarizes the total dose by occhpation for a two-

cask transfer procedure.
4,.2.1.3 Discussion of Transfer Dose Results

The radiation doses presented in Tableg 4.2 and 4.3
are conservative. In practice, transfer worker doses would
be considerably less since: a) casks dq not necessarily con-
tain maximum activity fuel; b) additional shielding would
be used if a large amount of close-in work were required; and
c¢) most transfer operations are not as elaborate as the one

described.

Assuming one third of a PWR core was removed
every year, the number of casks transferred would vary
between 6 and 10, depending on cask capacity. If a pair of
casks is loaded in two working days, the riggers would
reuelve their a]lowable weekly dose in two days. If ship-
ment of pairs of casks were .spaced at least a week apart,
a single crew might be used for an entire spent fuel shipment
campaign since their dose limit is 312 mrem pethuarter. It
is likely that shipments will be spaced due to the long turn-
- around times encountered in waterborne transportation (see
Section 7.0).

”
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Table 4.2a. Dose Rates From a Full Cask Modeled as a Plate
Source for Relatively Short Distances(2,

Dose Rate v:r;l;:o:l:izh(zti:.nc- From One Averaged
n
Perpendicular (mcem/hr) Dose Rate
Distance Proa = - ‘ At A Perpen-
Plate . Beyond Edge dicular Distance
(fe) Edge of of 3 £t 6 fr Midpoint of Prom the Plate
Plate Plate ' Plate Length (mrem/hz)
N A 3 6.4 13.5 20.6 23.4 24.0 17.6
! 4
@] 5.5 10.1 14.6 16.8 17.3 12.9
[ 4.0 6.2 8.4 3.7 10.0 7.7
8 3.0 4.2 S.4 5.1 6.3 5.0
10 2.2 3.0 3.7 4.1 4.2 3.4
12 1.7 2.2 2.6 2.9 3.5 2.6
14 1.3 1.6 1.9 2.1 2.1 1.8
16 1.0 1.2 1.4 1.5 1.¢ 1.3
18 0.8 0.9 1.0 1,1 1.2 . l.c
20 0.6 0.7 c.8 v.8 9.9 0.8
. .

(a) Cask is a dry cask assumed to be loaded with 10 PWR fuel assemblies
{(b) Dose rates are for cask at elevation of 3 feet

(c) Plate dimensions are 17.2 ft., long x 6 £t. high

¢9
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Table 4.2b. Dose Rates From a Full Cask Modeled as e

a Plate Source for Relatively Long

Distances

Perpendicular
Distance
From Plate (ft)

Dose From Mid Point of Plate
Length (mrem/hr)

20
30"
40
50
60
70
80
90
100
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Table 4.3. Dose Estimates by Occupation for Personnel Involved in
Intermodal Transfer of a Cask From Rail to Barge Using
Roll-on/Roll-off By HHT(a)

R f
Occupation Y
Operation Rigger Oriver Supervisor Health Physicist
Near Far Near Far Near Far Near Par
(mram} | (mrem) (arem)} (mrem) (mrem) | (mrem) (mrem) | (mrewm)
1. Raceive railcar(s) at intermodal
transfer point o
2. Check radiation level and inspect - 3.2 "- 3.2 - 3.2 7.7 2.4
cask
3. Check barge ballast and lower
transition ramp :
i
=9 4. Assemble tiauling vehicle and 3
! rigging equipaent - 3.2 - 3.2 i - 3.z - 3.2
[0 4] '
3
1
. 5. Place jacks under carframe " i
6. Gack carframe free from trucks . ; \
3 . 2.2 . - . - .2
7. Memove trucks, place hauling 10. 2.7 2.4 3.2 3
vehicle under carframe
8, Jcck carframe onto hauling H
veh:icle and secure .
V
i s ! N
5. Mave hauling vehicle onto baTheY - 4§12 3.3 - - ] 3z - .2
H
3 ;
" 10, Jack carframe free of hauling i 1 !
vehicle H :
i
. ' |
1l. Remove hauling vehicle from 8.7 } 2.8 2. 2.4 - : 3.3 - 1.2
beneath carframe . H
i : H
12. Lower carframe to barge deck : ;;3 '
i <) !
13. Remove jacks from under carframe | i ; ; I
1 1 : : H
: I i ! ; :
14. Secure carframe to barge deck { 4.c1 2.8 - ! 3.2 s.0 b 2.8 - 3.2
. : t | i H 2

ta) Doses are for exposure during transfer of one cask and gz not :nclude =he effect of a second cask.
The effect of a second cash during transfer is estimated oy increasing the dose at far distances by
a factyr of 1.3 for operations numbered 1 through 8 involving the firs: zask and operations numbersd
9 tnrough 14 involving the second cask.
i
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Y. Table 4.4. Radiation Dose by Occupation Accumulated
! During Intermodal Transfzr of Two Full Spent Fuel
Casks From Rail to Barge Using Roll-on/Roll-off by
HHT
Occupation Dose % of Weekly (a) % of Quarterly (b) % of Yearly (c)
(mrem) |Allowable Dose Allowable Dose Allowable Dose
Rigger (9 86.9 86.9 30.0 17.4
Driver(®) 59.5 59.5 19.8 11.9
Supervisor(?) | 42.8 42.8 14.3 8.6
Health (e)
Physicist"® 50.0 50.0 3.8 1.0

G9

(a) 100 mrem .per week for nbn—radiation‘or radiation worker.

(b) 312 mrem per
(c) 500 mrem per

vear for non-radiation worker,

(d) Non-radiation worker classification.
(e) Radiation worker classification.

quarter for non-radiation worker, 1230 mrem for radiation worker.
5000 mrem per year for radiation worker.
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If the barge journey is short for an intermodal
journey, the same crew could be used to unload the casks at
the transfer point. If the amount of time required to unload

‘,the,casks is about the same as for loading, dosés to the

rigging crew will double. ' .y

. The use of a more automated way of loading the barge,
’ such as tﬁe floating bridge, would eliminate the jacking
operation which would reduce the maximum daily dose to

transfer crews by 70%. A similar reduction would result
from using a gooseneck HHT for loading.
f
The dose estimates calculated above can be assumed
to represent a bounding case for doses received during a
, normal turnaround operafion, excluding the exposure the
. truck driver received during transport of a loaded cask from

2

"the utility site to the barge.

4.2.2 Dose to Boat Crews During the Journey

_ The tug boat crew will be about 40 to 60 ft from
the”nearést cask during the conveyance portion ol the trip.
Using the dose rates calculated in Table 4.2a and assuming
an average barge journey of 1300 miles* at 4 mphT, the

total dose ‘to each crew member would be approximately 4.1

mrem per one way trip. The maximum tqtal dose to each éréw
- member would theh be. 49 mrem per year.

"”'*'See Section 1, Table 1.5 forhaverage barge journey lengths:

~t Actual carrier experience (Section 7.0) indicates that

" barge speeds of 7 miles per hour are more likely, but
' ‘the low estimate of speed based on WASH-1238(3-2) is

~ used for dosage conservatism. TFor a-spent fuel reactor
-f;¢ampaigq'from’one:reactOr»requirinéWSZS barge trips per

“year’, -the maximum dosage received would be 20 mrem/year/worker.

0
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4.3 Dose to the Public

The method used to calculate total dose to the public
from a barge carrying spent fuel is the same as that used in
WASH—1238.(4_2) Table 4.5 (from Reference 1-2) gives the
dosage an’ individual will receive as a function of distance
from the shipping route. Using Table 4.5 the maximum indi-
vidual doée incurred at a distance of 100 ft from the barge
is 1.9 x 1073
the allowable federal guideline as gquoted in 10CFR20.105.

mrem/R-yr which is a factor of 4 x lo—gftimes

In WASH—1238 it was assumed that there are approxi-
mately 165ﬁ&éop1e per route mile uniformly distributed
betweeh 100 ft. and 2600 ft. oii each side of the route.
Assuming that 1/26th of the 165 people are grouped at 100 ft.
iqtervals on each side of the route, the total man-rem dose per
barge mile on one side of the route is 9.0 x 10—,,6 man-rem/mile,
or a total of 1.8 x 10_5 man—rem/mile,forheach cask shipped.
An average waterborne journey is 1300 miles in length, 2
casks are carried per barge; 3.25 journeys per year are
fequired to remove a reactor's spent fuel. WASH-1238 also
assumes that no persons reside within half a mile on either
side of 2/3 of the average barge route; therefore, the cumu-.

lative dose (D) per reactor year of operationris:

i

D 1.8“x']0-5 man~rem ,(]300 barge—mi)(2 cask trips)

inhab.-barge-mi - cask trip - barge trip

1 inhab.-barge-mi 3 95 barge trips |
3 7 barge-mi : R-yr |-
L ) e >

5;1 X 10_?'

man-rem}
| R-yr

- T




Table 4.5. Dosage to Individuals Rer Barge Trip as a
Function of Distance From the Centerline of

a Shipping Route (4-2)

" Distance From Centerline Individual Dose at

: of Shipping Route Given Distance
' (ft) : . (mrem) /Barge Trip
® 100 5.8 x 1071
200 2.5 x 1074
300 1.5 x 1074
400 1.0 x 1074
500 7.1 x 1070
700 4.0 x 1072
900 2.5 x 10
1000 2.0 x 1072
1300 . 1.1 x 107°
@ © 1500 e 7.8 x 107
1700 5.5 x 1076
2000 3.4 x 107°
2300 2.1 x 107
2600 1.3 x 10°°
‘ . Note: Doses at some intermediate distances have been

~ omitted to shorten the table.

'4¥12
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® 5.0

5.1

ACCIDENT PROBABILITY ANALYSIS
. Purpose and Summary

This section presents an analysis of the frequency of
postulated accidental radioaclive releases during intermodal
transport of spent fuel, and includes the following:

a) descriptions of all mechanisms by which radio-
activity can be released during an accident
involving dry and wet spent fuel casks
b) estimates of the ftrequency of radioactive
‘release events involving dry and wet casks
based on construction and evaluation of (ault

trees

comparison of estimated radioactive release
accident frequencies for spent fuel transport
by intermodal means to the estimated frequen-
cies for transport by rail

The estimated frequency of occurrence of any radio-

active release during intermodal transport of
a dry cask was found to be less than once per
reactor years of operation. The frequency of
accidents was estlimated to

reactor years of operation. R

o

spent fuel in
g00, 000

severe release

be less than once per 23,000,000



The probability of a release occurring during the
waterborne portion of an jntermodal trip was estimated to be
approximately 5% of the tbtal probability of release per trip.
This small fraction results from the reduced frequency of
high impact energy accidents and a significantly reduced

frequency of fires and explosions.

It is estimated that the difference between ‘the pro-
bability of a release accident with extensive use of intermodal
transport in the U.S. (40% of all fuel shipped) and the same
probability with minimal use of this form of transport (5%
of all fuel shipped, i.e., essentially transport by rail only)
is less than a factor of two. The results of this analysis
show that this is well within the uncertaim%ies in the input
probabilities; therefore, the use of intermédal transport
does not appear to significantly affect the overall likelihood

of radioactive releases dhring spent fuel transport.
5.2 Descriptions of Dry and Wet Cask Designs
5.2.1 NLI 10/24 Dry Cask

The National Lead Industries NLI 10/24 rail trans-
ported spent fuel shipping cask(s—l) is designed for Zero
release under both normal and accident conditions as defined
by 10CFR71 Appendix A and B. The cask weighs approximatély
2.2 x 105 lbs when filled with 10 PWR fuel assembles. The
fuel is shipped '"dry'" in a helium atmosphere with no need
for pressure relief to the atmosphere. No forced convection ;

cooling is required, but water cooling is used to provide |




. Jower fuel temperatures and reduce cooldown time at the
| receiving-tacility. Neutron shielding is provided by a 9-
inch water jacket. Table 5.1 briefly summarizes some of the
cask characteristics and Figure 5.1 shows a three dimensional
view of the cask assembly. Figure 5.2 is a two-dimensional

section drawing of the cask.

Fuel is transported in the inner cavity which is
. supported by a shipping basket constructed of Ag-In-Cd
alloy plate (shown as "aluminum fuel basket" in Figure 5.2)
to prevent a criticality if fresh fuel were put in the cask
by accident, and the cask filled with pure water.

The inner cavity is a cylinder with 3/4 inch stain-
less steel walls which is filled with helium at approximately
atmospheric pressure after lcading. If a cask were loaded
with BWR fuel huving}a £fill pressure of 200 psi and all the

‘ fuel rods failed, the cavity pressure would rise to 80.5 psi.
Immersion of the cask in a 1475°F fire of 30 minute duration

as prescribed in 10CFR71 would raise the pressure to 104.5
psig. No pressure relief is needed or supplied to relieve
cavity pressures inasmuth as the containment vessel can with- ¢

stand more than 200 psig internal pressure.

Immediately oﬁtside of the inner cylinder are 20 axial
i cooling channels which are 0.3 square inch in cross sectional
‘ area. These channels are grouped into two independent systems
of 10 channels each which are water filled and connected to
independent diesel-powered cooling systems. Backup power
is supplied by the rail carriage or by the barge electrical

supply system during the course of the intermodal jouraey.

7
e
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Table 5.1. Characteristics of the NLI 10/24 Dry Cask(s—l)

Characteristic PWR Fuel UWR Fuel
Fuel Duta (1 assembly)
Envelope (In) 18,60 89, x 171.5] 65.44 sq. x 176.25
Enrichment (w/o U-235) 3.35 2.6G5
Avg. burnup (MWD/MTU) 35, 500 29,700
Avg. specific power (Kw/Kg) 36.3 25
‘ Weight of uranium (Kg) 454 197
Decuy heat (Kw) oa.72 3.7
Total Waight of Uranium
(full cask load) (Kg) 4,510 4,728
Total Decay Hoat (full G
cask load) (Kw) 76 76
.Cagk Cupucity (ussemblios) 10 24
Cusk Wolght (loaded) (1bs) 218, 000" 218, 000
Cask Dutn
‘ Cuvity dimensions . (in) 15,0 din x 179.4
Envelope (in) 88.0 dia % 204.5
Weight (empty) (1lbs) 200,000
Max. normal operuting
pressurest o
Cavity (psig) 80.5
Water jucket (psig) 300
Max, design pressure
Cavity 4 (pslg) 200 (approx,)
Water jucket (psig) 345

e - * Including impact limiters

T The maximum normal operating pressures listed here
-are based on operation without auxiliary cooling
-and total fission gas release.

+ The water jacket relief valve is set for 320 psig.

. . . . i
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5-1
"Figure 5.1. NLI 10/24 Dry Cask Assembly( )

=y
i

X4




® ¢ ® @ T OO AR @

St erFalY Lanua

=08 APl ? Lasvu®

wATEA ,AZaCY
— WariW jolal? Boapiolra- A

ST WD €O LIS Lusd =
L3 e, & BLL Butv & FOIE val b
‘ !—"-‘"t l ‘ IR WELIUTARY
——— > - Sy Sy e St ol SO\ ik ButulTy
i =i
. :'l a_.” 1]
- A B e |
" -...-_-.J LT MU B W,
TR ORI AT ;
e A F'\ J \.')e('.'-,/\ e i H
Ny, \V.V.gt.u)//j SX X ,/_,_\,\,:‘, e H
SR prtere ot LM Sy ST
\ “l \‘.[..4],?
i ' Nk
o 4 N AN
y 4] ¢
he
uij 8 ™%
ce— o N s
H - ey e | —— e e "
at L5 | & & BRI 2a
>a A3 L ? kel P e e o i
’ L‘ : P I el = ot
Al PN §
Fitsaidrel <[-aueuinay oo e ‘ ked s i
y fhd g AraTiM R uiaTIN ’ 1oe : i
g B r L V‘ S [PV VITCRYY T L PN VI \
AN " —aUdi ARy ETC.VE feq- S| avevekatucaiage |
W | r:""1 ILAITR W v ﬁ N ’, —0—-}"'
ANk e /- N ‘ i ] esasiiby coaleon
M {s - Le ! . . : (RO TSR DT PRYTY .
N sy e e e T .
S (RN ; Sy e 3 | S et |
\ N O TN EN i
! O eI
] i M i - N I ES . N i /) \r 3 ¢
— g pueernnkigp g drippe A et NAE : H &
¢ : FTo=n TEEEIETEIN 5 )| i ]
‘r‘",',_'. , [ TS QY . - BT ;“,““ "\.‘ -t
1 J o o e et /':.I._ /!'L_., :‘,z:i._..__.{‘r ,
S8 3.7 3 00N DeTALS 1}, oot bt
OF mmaCY yTreucTURy i 1! H I J b Tl - ") ’ o .
A
/ - FJ J
Yoo gummont G
15— ol

Qe

Figure 5.2. Section Drawing of the NLI 10/24 Dry Cask(°™1)



The active cooling is not a prerequisite to licensing; it

is used to. keep the cask cool in order to reduce cooling
times required for loading and unloading. Table 5.2 li;ts
temperatures of various portions ot the cask for situations
involving loss of one or both of the auxiliary cooling

systems.

The inner cylinder and its cooling channels are
surrounded by a 6-inch thick lead gamma-ray shield. This
lead shield is, in turn, surrounded by a 2-inch thick stain-
less steel cylinder which forms the inner wall of a 9-inch
thick water jacket, i,e., the neutron shield. The outer wall
of this neutron shield is a 3/4-inch thick stainless steel
jacket. Expansion tanks are provided to maintain a solid
water shield. OUnder maximum normal operating temperatures,
the water jackel operating pressure is 300 psig. The water
jacket is designed to withstand a pressure of 345 psig and
the pressure relief valve is set at 320 psig.

Table 5.2. NL1 10/24 Dry Cask Temperature Data for
a Maximum Heat Load® with Partial or
Total Loss of Auxiliary Coo]ing(5‘1)

A

13,':.\,.'/

Loss of : Loss of
Location Il Cooling 2 Cooling
: N Loop Loops
Quter Surface 227°F 407°F
Inner Shell 2680F 5410F
Aluminum Basket (max.) 451°F 757°F
Fuel Assembly (avg.) 690°F 899°F

* Maximum heat load is 97.2 KW for a full load of
PWR fuel. The cask is currently licensed for 70 kW
full load heat output.

rr

2 -

76



The ends of the cask are closed by inner and outer
closure .heads. A penetration through the head end of the
cask body connects %ﬁé cask exterior to the space between the
inner and outer closure heads. This penetration is used to
drain the space between these closure heads when the cask is
removed from the spent fuel storage pool. The penetration is
also used fofrpressure testing the secondary containment

system prior to shipment of the loaded cask.

The cask cavity closure head (inner closure head) is
a stainless steel forging with a center section filled with
depleted uranium and covered by a stainless steel plate
:welded to the forging. The bulk of the required gamma
shielding is contained in the inner closure head to provide
protection for the operator during handling operations. The
closure head is held in place by sixteen 1 3/4-inch high-
strength studs, and the inner head seal is a metallic ring.
The studs and the ring can easily withstand the temperatures

expected as a result'of the hypotheticdi fire accident.

The cask body closure head (outer closure head) is a
2-inch thick flat stainless steel platewhich is held in
place by twenty-eight 1 1/8-inch high-strength studs. There
are no penetrations through the outer closure head itself
since the single necessary service penetration is made
through the cask body, as described above. N

5.2.2 IF 300 Wet Cask
The Genegal Electric IF 300 dirradiated fuel shipping
" cask, like the NLI 10/24 cask, is designed to be transported

by rail car and can be used for most types of light water reactor

5-8
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fuels. The fuel is enclosed in a water-filled cavity; hence
the designation "wet" cask.® Like the NLI 10/24, the IF 300
cask is designed to be zero-release under all normal and most
accident conditions in accordance with NRC and DOT regula-
tions; however, the IF 300 is not desigred for zero release
under the hypothetical accident conditions of 10CFR71,
Appendix B. Nevertheless, releases produced under these
conditions do not exceed the allowable releases under present
NRC and DOT regulations.
|

Fuel ioads which can.be contained in the IF 300
are shown in Table 5.3. A section view of the cask and skid
assembly is shown in Figure 5.3. Cask weight when loaded is
between 135,000 1b. and 140,000 1b. depending on the particular
type of fuel being shipped. Weight of the skid assembly is
approximately 45,000 1bs.

The IF 300 cask body is ﬁ uranium shielded stainless
steel c¢lad annular cylinder closed at one end. Fuel is
loaded through the top end, and closure is accomplished using
a bolted and sealed head. The head shielding is similar to
the cask body. A}lﬁexternal and internal surfaces of the
cask, including the inner and outer shells, side tins, flanges

end tins and head seal, are stainless steel.

During normal operation, the water-tfilled innerQ
cavity will be at approximatelyu55 psig pressure. Heat
transmission from the fuel to the cavity walls is accomp-

lished by natural circulation of the water.

* This cask is also 1icensed to be shipped air tilled but
at a lower heat output.
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Table 5.3. Characteristics of the GE IT 300 Wet Cask

&
Characteristic PWR Fuel BWR Fuel
Fuel Data (1 assembly) 7
Envelope (in) [B.75 sq. x 169.5] 5.75 5q. x 180.25
Enrichment (w/o U-285) 1.0 /AN
Avg. burnup (HVD/MTU) 35,000 35,000
Avg. specific power (Kw/Kg) 40 30
Weight of uranium (Kg) 457 198 "
B Dacay heat {Kw) 1t.n a8
Total Weight of Uranium )
(tull cask load) (Kg) 3199 3564
Total Decay Heat
(full cask load) (Kw) 62 62
Cnsk Capactty (assemblies) 7 18
Cask Weight (loaded) (1bs) 135,000 140,000
Skid Weight (ibs) ~45,000 ~45,000
Totul Shipping Pauckage Weight (lbs) ~180,000 ~ 185,000
Cask Data .
Cavity dimensions (in) 37.5 37.8
Envelope (in) 64 \x 204 64 x 209
Welght (empty) (1bs) 125,000 130,000
Mrx. normal operating pressures
Cavity (psig) 200
Water jacket (psig) 50
Sax. design pressure "
Cavity (psig) 400
Water jacket (psig) 200
i
2} o, 7 w
[
D

x
Updated by R. Jones of General
3-15-78.

Electric

Co.,

San Jose,

Calif.,
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Normal cooling is accomplished by an external forced-
air-jet .impingement system, but this system is not required
to maintain cask integrity or prevent venting. Over-pressure
protection for the cask cavity is provided by «a high-
temperature pressure relief valve. Discharge pressure for

- these valves is 375 psig, and the valves are set for a steam

‘ or gas blowdown reset pressure of < 5%, i.e., the valves will
reseat at a pressure > 356 psig. Cavilty pressures and repre-
sentative temperatures are given in Table 5.4. This
relief valve is mounted within Cthe upper of two valve boxes
located on the cask exterior (see Figure 5,4a) and each of
these boxes also contains a nuclear service valve for filling,
draining, and sampling the cask cavity. Each vent/fill/drain
valve has quick disconnect fittings. TBach valve handle is

- . lockwired during transit to prevent loosening.

Table 5.4. GE IF 300 Wet Cask Temperature Data“’b

. } Loss of
Location , Normal | Mechanical
= Cooling
s Neutron shield surface ]
. , (max) 235°F 350°F
' Cavity water 296°F 389°r

a Heat load is 210,000 Btu/hr = 61.5 Kw
b Ambient temperature = 130°F (still air)

,
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Figure 5.4a. Wet Cask Schematic Drawing

1.9 in Type 317
Stainless Steel

TOUI2Y gy,
-

Utanium
Shield

"
—~——— Water ..
Water Jacket

. A ; b_r)
Figure 5.4b. Wet Cask Cross Section(%=%)

6 in

-

"

”A\/ﬂ\/\\/h“f\

[

5-183

S
L s




The neutron water shield is partitioned to form two
functioning separate compartments each protected from over- .
pressure by a 200 psig relief valve and serv%ced by a fill
and drain valve. The two sets ol service and relief valves
are located in separate valve boxes - not the same as those
used for the cask cavity valves.

@

The depleted uranium shielding surrounds the inner
cavity and is shrink-fitted, providing shielding against
gamma radiation (Figure 5.4b). The uranium shield consists
ol 8 to 10 annular castings, each with a 37.5-inch ID and a
4-inch thick wall. Bottom end shielding uses a 3.75-1inch
thick uranium casting. The cast outer shell is ﬂw
stainless steel cylinder with a 4634 inch ID and a 13 inch
thick wall. This outer shell is shrink-fitted to the uranium,

. castings, thus forming a-composite or laminated vessel.

The cylindrical portion ol the cask is enéircled by
a thin-walled, corrugated, stainless steel water jacket.
JThis Jjacket extlends axially from the upper valve box Lo a
" point slightly-above the cask bottom, thus masking the
active fuel zone. The water contdined in this structure
functions as a neutrQn shield. The jacket surface is

cbrrugated‘for heat transfer purposes.

. There are four large valve boxes on the exterior of
" the cask body as previously described: two for the corrugated
.watervjacket, and twb for the cask cavity..vA large amount
of impact protection and fire protection is afforded to the
"cavity preésuré relief fill-valving: each valve box is

, pfotecth from impact by'a 1}-inch thick stainless steel

[}
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tree analysis of a, we

structural rings, a heavy lid, large side castings, and
numerous small fins. Several structural memhers are also

used to support the water jackét sections.

The IF 300 cask can be equipped with either of two
diflferent heads - one for use with PWR fuel loads and one for
use with BWR fuel loads. Shielding in the heads consists of
3 inches“of depleted uranium. The outer shell and flange is
a single piece machined casting of stainless steel.

A circular stainless steel plate is welded in place to

form the inner liner and the head cover. Each head has
radially mounted fins designed to offer impact protection to
the cask and contents. The [ins are stainless steel

and are welded in place. The cask body and head are joined
using studs in the body (lange. Cask sealing is accomplished

using a Grayloc metallic gaskel.
5.3 Fault Tree Ananlysis

5.3.1 Background “

As u preliminary to this analysis, the fault tree
(5-3) and the fault

N 5
ask by Hodge and Jarrett(o 4)

analysis ol a dry cask by Fullwood et al.,

were

reviewed lor ﬁpplicaﬁilify.

Fullwood's fault tree anu]ysis'éoncentrated on the
air release pathway and considered only the NLI 10/24 dry
cask. Since dry casks have no pressure relief system, all
accidental releases postulated to occur required violation

of the containment boundary.

N

o
‘.
[#2)
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In keeping with the philosophy of WASH-1400,
failure was defined as an accident resulting in a radioactive

release. Four postulaled radioactive hazards were defined:

a) failure of the outer containment boundary

and loss of neutron shielding

y b) failure of the outer and inner containment \§
boundaries with no rod failures beyond those

~assumed to occur during reactor operation (<1%)

c) failure of the outer and inner containment
boundaries and mechanical fracture of a
significant amount of fuel rods cladding (=50%)

within the containment ok

d) failure of the ouler and inner containment
boundaries and cladding damage within the
cask with post failure overheating bf the
fuel |

Categories (b), (c) and (d) represent air releases of increasing
severity, (minor, severe. and very severe, respectively) while
categbry (a) may be a hazard to emergency response Crews.

Hodge and Jarrett(5_4)

‘ utilize a generic fault tree
to define the general event of an air release to the atmos-—
phere from a wet cask, The causal svents used are environ-

mental and functional.f*{p their evaluation of the fault tree,

Mooy
three sets of input probahslltles were used to generate

. . , - Y
three potential levels of Consequences.

@ ’

5-16




Hodge and Jarrett did not distinguish a category of
release involving only loss of neutron shielding; hence,
their analysis is not strictly comparable to Fullwood's.
Hodge and Jarrett did note that the wet caskjhas a failure
mode Lhal does not require fuilure ol the coﬁtainment boun-
dary, i.e., a releuse during extended heating due to opera-

tion. of the pressure reliel valves.

5.3.2 Failure Criteria
\
A faull trece analysis of both the wet and dry casks
was performed using the same generic radioactive release
calegories used in Reference 5-3, excluding category 1 which

Fullwood el al. showed to be a minor hazard. -

Two types of postulated releases are modeled in this
report: those requiring failure of the containment boundaryr
of the cask, and those not ggquiring failure of the contain-
ment boundary. Ffailure of the containment boundary is defined
as Lhe penetration of all boundaries between the cask inter-
jor and the oulside. The penetration may be small, consisting
of a seul failure or a crack failure of the end cap, or large,

consisting of puncture of the cask body or cap.

penetration of the cask body must be considered a
lJow probability event by comparisou to other failures, since
all cask designs must meet “stringent tederal licensing:
requirements for impact and puncture resistance. Furthermore,

(5-5) suggests that penetra-

a previous study by Shapper et al.
tion of the outer and inner cask ‘containment boundaries
sduring the waterborne portion ol the journey is extremely

difficult because ol the relaLjve]y;s]ow speeds at

2 . V 5_]7



were involved in a. fire.

L L LT R

which barge collisions occur, However, extrapolation of .
Fullwood's ballistic penetration ana1y31s(5 -3) 1ndlcates that
the kinetic energy necessary to produce cask damage can be;
present in extreme situations due to the large masses of the

. vehicles involved. Therefore though thWh to be unlikely (in
'rAppendlx B) penetration of the cask by moving stubs consisting

of dense portions of another vessel is postulated, as is penec-

. 0 » . 3 - *
tration by missiles resulting from fires and explosions.

Radioactive releases not requiring Ffailure of the-
containment boundary arc identified only for the wet cask.
Such releases can be produced durlng extended exposure to a
thermal environment by operation of the pressure relief valve,
since the vapor given off will contain a) gascos released
from failed fuel and b) possibly some dlssolved radiocactive
material from failed rods. The requiremedtifor pressure
relief implies that failure of the pressure relief valving
could result in leakage through the containment boundary if
the valving fails open, or in a potential seal rupture if
the valving fails closed and the cask is heated: “#*The second
event could also occur with a dry cask il the interior of
the cask were not dryed according to procedures and the cask

i

No mechanism by which releases to the 11qu1d pathway
can occur without violation ol the outer and inner contain-
ment boundary is postulated for either the wet or the dry
cask. The effect of heating fuel in a failed cask prior to .
immersion would enhance the amount of radioactive material /1
dlssolved Thermal effects of this type are not treated 1n
this study because they are not considered a significant
effect. i

* footnotes on recen? iggact tests
1t See Fullwood et al Appendix C "Thermal Analysis"

2
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5.3.8 Fault Logic for the Dry Cask

The failure event for release from a dry cask is
shown in Figures 5.5 - 5.7. Releases may be to the air (RDA)
or to the water (RDL). The three air ;elease categories
shown correspond to categories (b), (c¢) and (d) in Section
5.3.1.

RDALl. Loss ol containment boundary integrity, but
no rod lailures beyond those assumed to occur

during reactor operation (~<1%)
E e I I

RDAZ. Loss of conlainment boundary integrity with
signilicant mechanical rupture (= 50%) 5T

fuel cladding within the containment

RDA3. Loss ol conlajinment boundary integrity, signi-
ficanl mechanical failure of fuel claddings
withinhthe conlainment wilh post accident
over-healing ol the failed rods in a sustained

thermal envivomment

Figures 5.Gundv5.7 respectively descrjbe'Lhe sequence
of events leading to minor and major loss of‘dry cask contain-
ment boundary integrily. A minor breach can involve cracking
of the end cap'or Tailure of both closure seals. A major
breach involves penetration of the cask body by missiles or

P

stubs or catastrophic failure of the end cap.
" (
Ligquid felease“(HDL) ig postulated Lo occur il the

cask is immersed after violation of the containment boundary

o
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takes place. Two reledse clusses are considered:

RDL1. A minor bre auch of cask containment integrity,
such that the maJor rel ase-producing mecha-

-

nism is diffusion or pressure forced exit of
conLamlnaLcd liquid. )

RDL2. A major breach ol cask containment boundar§
integrily, such that flushing of the cask by
water occurs,severul times daily.

5.3.4  TFault Logic fbr the Wel Cask

- i . ) .
in bcnpral Lthe release pathways described for the

wel cask in this section are bxmllar Lo those described for

the dry cask in Section 5.3.8. The flUlL 1og1c for

air release pathways for the wet cask is shown in Figures

and 5.9, The air relouse putthys‘resulting from violation
ol Lhe ouler and inner containment boundary (RWAL, RWA2 and
QWAS3 in igure 5.8) are identical Lo those described for th
dry cask. In addition, an air ré]ease category correspondi

Lo an accident involving boiling and pr essure release of

coolunt (RWA4) is included in the logic. . ' o
. /7
Figure 5.9 shows Lthe 4ailure logic for a minor brea

ot wal "'wk :inl;egxxi‘ty. The major difference from Lhe dry
cusk lnp i shown in Figure 5. 6 is the inclusion oI pressure
reliel lailure in & Lhiermal ‘nVJvonmonL as a cause of closu

senﬂ fui}nre.- A second dillerence is that the wet cask

* The punscquonue dndlyblb in Section 6 considers only . th
release resulting from immersion ol a dry cask with a
major. br sach of contalnmbnt (equ;valenL to RDL2).
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cask requires only a single closure seal failure for loss of
integrity. The logic for a major breach ol wet cask integrity

is the same as shown in Figure 5.7 for the dry cask.
5.4 Data Sources

Failure frequencies for components of the fault trees
are Laken from a variety of sources. Frequencies ol acci-
dent occurrence involving harge transport were taken from
marine accident Tiles of the Coast Guard Data File. The
procedure for extracting data from Coast Guard Reports is
described in Appendix B and by Erdmann et al.(s-ﬁ) The
historical frequency of incidents involving significant
impacts, explosions, or sustained thermal environments was
normalized to a per barge mile basis (1/b-mi) by utilizing
Army Corps of Engineers estimates of the lotal barge mileage
for deck barges like those Lo be used in spent fuel trans-
port.

(5-3)

Since Fullwood's analysis described failures of
the dry cask, many failure probabilities were extracfed

from Fullwood's references. Appendix B discusses the deri-
vation of conditional probabilities of cask penetration from
existing missile and stub penetration data. These data

wvere used by Fullwood to obtain similar estimates of pene-
tration probabilities for a rail accident. Conditional
probabilities of penetration were assumed to be similar for

the dry and wet casks.

Other sources of failure rate data on equipment
include: WASH-1400, for estimates of equipment and human failure

rates; Harris and Fu11w00d<5_7), for estimates of fatigue failure

- 5-26



rates; and previous documents on the risk of spent fuel

trunsport, such as Shappert et ul.(5"5)

Component failure probabilities used in the evalua-
tion of air and liquid release probabilities for both dry and
wet cask designs are summarized in Table 5.5. The values

for each component are discussed below.

M1. Penetration of Cask Boundary by Detonation-
Produced Missiles

Accidents Lhal result in large, damaging fires and
explosions and that involve barges of the type used
Lo Lransporﬁ'spent fuel (flat deck cargo type) are
esLimatedvto occur at a rate of 1.7 x 10“9 to

5.1 x 10—9 per barge mile (b-mi). Napadensky et al.(5_8)
assessed the conditional probability of producing a

Jarge missile in a detonation accident as being less

than 1% per accident. From Appendix B, the probabi-

lify of missile penelration, given missiles are pro-
duced, is approximately 3.4 x lO—S/accident. A

salety factor of 10 was used in consideration of the

fact that missiles produced by explosions move at a
higher velecity than those produced by collision

on]y.* The Lotal probability of an M1 occurrence

is in the range of 5.8 x 1071° 0 1.7 x lo_lq/b-mi.

* This is consistent with Reference 5-3 in which the pro-
bability of missile penetration from train wreck-pro-_,
duced missiles was assessed as 2.3 x 10-9 to 1.3 x 10
accident.

/
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and Wet Cask Fault Tree Assessment

Table 5.5. Summary of Failure Data Used in Dry

82-6

~3

Failure Event Failure Rate Range Per Failure Rate Reference Failure Event Failure Rate Range Failure Rate Reference or
Event Description Mile of Barge Iravel {1/b-ni’ or Cal- Event Descrlpucn,' Per Mile of Barge (1/b-mil) Calculation
{1/b-m1} culation " Travel (1/b-m:) Scurce
source
-15 -4 1.3 -1 , -6 -5
M1 Penetration of 5.8x10 1.7 x 10 1 x 10 App.B PRV Unavailability  3.5x10 glld) 1.1x10 “(1/d) 8-10
cask boundary by 5.8 of pressure =3.5x1077(1/4)
detonstion pro- relief during
duced miseile accident
(failure closed)
M2 Penetration of  1.2x10 1%.2,1x107M Loexro”H App.B PRV2 Failure of pres- 1.0:10“’(1/:}) APp.B
cask boundary sure relief by
missile produced impact
during collision
or ramming
0 Penetracion of 2.0x1071% 5-1 TFl  Failure to test 1.0x107°(17d)  5-1n
cask boundary closure seal
by tornado integrity prior
produced missile to journey
-14 -14 -14
s Penetration of 1.4x10 ~'-2.4x10 1.8x10 App.B (43 Failure of 502 of 0.8 5-3
cask boundary fuel claddings
by stub mechanically at
failure of cask
- containment
STE Existence of  1.7x10"9-5.1x10~" 3.4x107° App. 8 cur Flooding of dry 8. !
sustained thermal cask after im-
environment mersion due to
minor break of
cash <
ECL Failure of 7.9x10” 11 5-3, STE] Exposure to a c.1 App.R .
end cap by 5-11 high thermal |
other chan environment ‘
impact after catastrophic '
fatlure of cask . l
containment H
1Sl lnner closure 1.1x107° 5-3, CRW Venting of cask c.? b-13 '
seal failure 5-1¢ cvolant due to i
(dry cask only) irmersion in a !
from manufactured sustained thermal i
in defect environment i
1SD2? Inner closure seal 5.0x1674¢ T3 CcL Immerston of cask s i
' fatlure (dry cash 5-1¢ in a waterborne
only) from maint- accident ¢
enance or instal-
lation faflure ’
05D] Outer closure Lol 5-2, CLEw Release of radio- [ |
scal failure froz o-1F activity from wet |
manufactured-in cask durine izmersion :
defect riven a minor brean. !
-10 . in containment
osD2 Outer closure seal 5.0x10 7 5-3. iso: Failure of l
fatlure from 5-16 closure seal due i
mafntenance or to accidental 0.1 !
installation lmpact given outer seat H
fatlure failure |
-12 -12 ~-12
0sD! Failure of outer 3.4x10° “-6.1x10 4.8x10 App.B ETY Impazt produced fracture .
closure seal due of end cap SxZG-h App.s
to accidental :
impact




M2. Penetration of Cask Boundary by Collision-
Produced Missiles

From AppendiX B, the probability of a severe colli-
sion or ramming which generates large missiles is
34 x 10710 to 6.1 x 10-10/5-mi. The conditional
probability of penetration given a missile impact
is 3.4 x 10‘5/impact. Therefore, the probability
of collision produced missile penetration is 1.2 x 10'14

to 2.1 x 10”14/b—mi.

M3, Penetration ol Cask Doundary by 2 Tornado-
Produced Missile

The probability ol cask penetration by a tornado
missile was evaluated Dby Ful]wood(s—S) as 8.0 x 1073

per car mile (/c—mi) for rail accidents based on

an assessment of the likelihood of a design basis

tornado. From WASH—JBOO(S—Q).the likelihood of a
design basis tornado at any point in the U.S. is
assessed to be lO-7 per year. For an average long
waterborne route of 1312 miles covered at an average
barge speed of 4 mph this amounts 1o a prohability
of approximately 3 x ]0—12/b—mi of encountering a

design basis tornado.

Fullwood's analysis assumed that a design basis
tornado would contain projectiles of sufficient
size Lo penetrate the cask body. This is thought
to be overly conservatlive and a factor of .01 is
used Lo define the probabi]ity of large projectiles

being encountered in a design basis tornado.
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Finally Fullwood's analysis was done for penetra-
tion of the cask water jacket only. Based on the
decreased probability of penetration of the cask
interior given penetration of the cask neutron
shield defined by ¥Fullwood an additional factor of
.1 is used. Therefore the probability of penetra-
tion by a tornado produced missile in this study is
taken to be 3 x 10—15/b—mi.

S. Penetration of Cask Boundary by Stubs

In Fullwood's work on cask penetration by stubs

it was assumed that certain components such as
pieces of rail or partially buried rail car axles
could act as fixed stubs with the potential to
penetrate a moving cask. In this work, conditions
are hypothesized to exist in which the moving cask
encounters some portion of the colliding vessel,or
a fixed abutment. If it can be assumed that the
solid protrusion contacting the cask is not simply
pushed out of the &ay, then the protrusion may be
considered a fixed §tub,dnd the probability of stub

penetration of a cask may be calculated.

The frequency of an accident which generates moving'
stub contact has already been evaluated (in Appendix
B) as 3.4 x 10710 t6 6.1 x 10_10/b—mi, and the con-
ditional probability of penetration, from Appendix B,
is 4.0 x 10-5/stub impact. Thus the overall pro-
bability of stub penetration is 1.4 x 1077 to

2.4 x 107 /bomi.

. 5-30
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STE. Sustained High Temperature Environment

The probability of STE, assessed directly from Appendix
B data taken from the Coast Guard is 3.4 x lo"g/b—mi.

ECD. Fracture of End Cap

(5-7)

Harris estimated the rupture probability of

piping of less thickness than the end fitting under

pressure to be 3.5 x 10—8/yr. However, Harris assumed

that radiographic inspection had been performed.

(5-3)

Fullwood, et al. estlmated the failure pro-

hability of the end cap 1n a rail accident as

4.7 x 10~ /vessel—yr. The geometric mean of the two

values is 4.1 x ]0—6/yr. However, some derating

should be used in consideration of the fact that the

vessel is not pressurized. Therefore, a value of 0.1

is used. Normalizing this'to 5.2 x 103 miles of yearly

operations for a given rnute produccb an estlmated

probability of ECD occurrence of 7.9 x 10~ /b mi .
LCI. Impact Produced Failure of End Cap

Failure ol any portion of the cask body by acci-
dent produced stimuli is estimated to be no hlgher
than 2 x 10 -14 /b-mi. The end cap is assumed; to be
built to similar standards with more protectlon and
much smaller target area. Therefore, a deratlng
tfactor of .1 is used for an overall likelihood of

impact failure of an end cap of 2 x 10_15/b-mi.

* A campaign to servide a 1000 MWe PWR requires 3-4 ship-
ments of spent fuel per year, Using 4 trips per year
and an average journey of 1300 mi. between utility site
and receiving facility yields an exposure distance of
5.2 x.103 b-mi/yr. 5-31
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ISD1,08D1. Failure of a Defective Closure Seal

Fullwood(s—a) evaluated the probabiliﬁyuof failure
of a defectively manufactured closure seal to be

1.1 x 10—7/c—mi. from data supplied by RADC.(5+1O)
This value is conservative because Lhe seals used

2
=

in spent fuel casks are of better than average
quality.

ISD2, 0OSD2. Failure of Closure Seal Due to Incorrect
Installation

The probability of accidents involving cargo damage,
excluding only the most minor category of occurrences,
is 5.0 x 107%/b-mi (Appendix B). The probability of
the seal not being installed correctly is conserva-
tively sef at 1.0 x 10—4/sea1 extracted from Gilbert

(5-11)

and Fullwood which yields an overall proba-

bility of an ISD2,r0SD2 occurrence of 5.0 x 10_10/b—mi.

TF1. TFailure to Test Cask Pressure Seal Ihtegrity
Prior to Cask Shipment

Gilbert and TFullwoods' estimate of 1.0 x 10—4/occurrence
is used directly here as 1.0 x 1OF4/journey,

ISDI, OSDI. Failure of Inner or Outer Closure Seals
Due to Accident Impact

It is conservatively estimated that a seal will fail
in 10% of the accidents where the cask is severely
impacted. Therefore, from Appendix B, a value of
4.8 x 10712 is used as the probability of OSDI.
Failure of the inner seal is assumed to occur 10%
of the cases where failure of the outer seal occurs.
Therefore, ISD1 has a value of .1.

-32
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PRV1. Unavailability of Pressure Relief Valving
(Wet Cask)

Failure of pressure relief valving in the closed
position is estimated in WASH-1400(5—12) to be in

® to 3.5 x 10"5/demand. The
average probability experienced in the nuclear indug-

the range of 3.5 x 10~

try dis 1.1 x 10_5/demand, which ig used as the over-
all failure probability.

PRV2. Unavailability of Pressure Relief Valving
From Impact-Induced Failure (Wet Cask)

This is a conditional probability of failure due to
impact of the pressure relief valving. PRV2 is
estimated to be an order of magnitude more probkable
'than puncture ol the main cask body. Thus, the
estimate used here for PRV2 is 1 x 10—4/demand.

CF:’ Conditional Probability of Significant Mechani-—
cal Failure (50% of the Fuel Element Claddings)
Given A Failure of the Inner Cask Boundary

Ful]wood(5—3) estimated that 50% of the contained
fuel claddings would rupture from mechanical stimuli
given a failure of the cask boundary such as that
postulated for his failure categories 3 and 4 which
corresbon% to RDA2, RWA2 and RDA3, RWA3, respectively,
in this study. Thus, CF is estimated to be 0.5 in
the absence of sﬁfficient;data. |

10
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CLF. Cask Flooding After Immersion with a Minor
Breach of Cask Boundary (Dry Cask)

It is estimated that a breach will be severe enough
to eliminate back pressure and allow flooding of the
cask in about 10% of cases involving minor breach of

' cask containment.

STElL. Sustained Thermal Environment Following an
Accident Involving a Penetration Failure of
a Cask

An upper bound on the probabilify of this conditional
event can be taken from the data in Appendix B as
.07. For conservatism a value of .1 is used in

this study.

CRW. Conditional Coolant Boiloff (Wet Cask)

(8-5) ;ndicated that RWA4 could

possibly occur if the cask were allowed to remain

Shappert et al.

in a high temperature environment for 71 hours
(severe accident category). The probability of such
a fire was estimated to be 0.1, which is also used

. here.

'CL., Coﬁditiohal Post Accident Immersion of Cask
" This eveht refers to cask immersion after the cask

; boundary has been breached and its probablllty iss
‘g_evaluated as 0 5 in the absence of any further 1nfor—

e mat1on

={5i;-v‘1g;3e,




CLEW. Cask Flooding After Immersion With a Minor
Breach of Cask Boundary (Wet Cask)

During an accident involving immersion of a wet

cask, the cask may already be filled with coolant.

In this case, a small release through diffusion
mechanisms is more likely for the wet cask than for
the dry cask which must. £ill with water  in aﬂl cases.
A probability of 0.2 is used for the coﬁditignal
probability of a minor release from a wet cask during

an immersion accident.

Accident Analysis Results and Discussion

[$7]
[&)]

5.5.1 Quantitative Results of Tault Tree Evaluations for
Dry and Wet Casks

The probability of each .postulated release event
defined in Section 5.3 is evaluated, per mile of travel, in

Table 5.6 for the dry cask and in Table 5.7 for the wet cask.

Given that an accident has occurred involving an
air release, the most probable form of failure of a dry caék
is a minor failure of the cask containment boundary as
defined in Section 5.3.1. The most probable release from a
wet cask could occur pecause of pressure relief venting

after an extended exposure of the cask to a thermal environ-

"ment.

The fractional contribution of the severe and very
severe release events to the total probability of any release

jonvolving a dry cask is less than .05%. Similarly, the
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Table 5.6. Summary of Dry Cask Release Frequencies for Waterborne

Transport and Comparison With Release Frequencies for
Rail Transport

Release Release Description Probability of Probability of Occurrence
Category Occurrence in a in a Rail Accident per
Waterborne Accident Car Mile of Travel

per Parge Mile of (1/c-mi)

Travel (1/b-mi) e

11

RD release of radicactivity 8.3x107 9.4x10"°

to the enviroament *

11 9

DAl air release, minor failure i 7.9%x10” 9,0x10"
of cask containment, no ”

aignificant mechanical
damage to fuel (<1% broken
claddings) .
roA2 {f air release, major failure 2.5x107 10
of cask containment,
significant mechanical
damage to fuel (=50%
broken claddings)

4.0x10"

RDA3 air release, major failure 2.0)(10"12
of cask containment, significant
mechanical damage to fuel,

overheating of fuel

RDL1 1iquid release, minor 4.0x1071 -
tailure of cask containment,
no significant mechanical
damage to fuel

RDL2 liquid release, major
failure of cask containment
significant mechanical damage
to fuel




Table 5.7.

LE-G

901

Summary of Wet Cask Release Frequencies for Waterborne
ison with Release Frequencies for

Transport and Compar
Rail Transport

U

Release
Category

Release Description

Probability of Occurrence
in & Waterborne Accident
per Barge Mile of Travel
(1/b-mi)

Probability of Occur-~
rence in a Rail
Accident per Car-Mile
of Travel (1/c-wmi)

1

RW

|
‘ RWAL
1.
}
!
i awaz

RWA3

RWA4

RWL1

RWL2

release of radiosctivity
to the emnvironment

air release, minor fallure
of cask contminment, 00O
sigoificant mechanical
damage to fuel (<1% broken
claddings)

air release, major fallure
0! cask containment,
significant mechanical
damage to fuel (=50%
broken claddings)

air release, major fsilure

of cask coptainment, sign- *

ificant mechanical damsge
to fuel, overheating of
fuel

air release, immersion of
cask in thermal environment
for sufficient period of
time to require pressure
relief ventimg (>1 hr fire
with no reestablishment of
cooling for >l1 hrs.)

1iquid release, minor failure
of cask containment, BnO sig-
nificant mechanical dymage
to fuel

" 1iquid release, Major failure of

cask containment with signifi-
cant mechanical uamage to fuel

4,4x10710

9.5x10" %

2.5x1071%

g.5x10712

1.2x10714

3.8x10°

g.0x107°
4.0x1071°

2.0x10" 12

2.9x10" 5%

s determined using ratio of rail to in

termodal probability for RWAL.




fractional contribution of all major release events to the
total probability of any release from a wet cask is approxi-

mately .01%.

Because of the possibility of a design basis accident
involving venting, the overall probability of release from
the wet cask is higher than the probability of release from
the dry cask. However, the difference is approximately a
factor of five, which is not statistically significant
since all probabilities used in the evaluation are order of

magnitude estimates.

The probability of an air release (rom either type of
cask during waterborne shipment versus rail shipment suggests
a lesser likelihood of an air release during waterborne ship-
ment. Waterborne shipment presents the possibility of a
re]éase éo the hydrosphere. The probability of a severe water
release (RDL2) and the probabilities of minor, severe, and
very severé air releases (RDAl, RDA2, and RDA3) from a dry
cask per reactor year of operation are given in Table 5.8
for each of the generic routes of Section 1.0 and for .an
average long waterborne route. The average long waterborne
route is the mean of the generic route distances weighted by
the number of utility sites accessible by each route. An
equivalent rail distance for comparison was determined for
each waterborne route. The equivalent rail distance corre-
sponds to the total of the waterborne distance and the intermodal
transfer distance (see Section 7.0) multiplied by 0.7. The
probability of a release occurring during the land portion of
“an intermodal trip is assumed to be the same per mile as the

probability of release during rail shipment.

10
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Table 5.8. Probvability of Radioactive Release From a Dry Cask per
Reactor Year Using Intermodal and Strictly Rail Forms
of Transport

)
Frequency of a Mino: Frequency of a Severe Frequency of a Very Frequency of
1 Generic watérborne Rail or Other Equivalent Air Pelease Alr Release Severc Air Release Severe Liquid !
t Poute Distance Overland Mode Rail Distance Intermodal Rail Intermocal Rail Intermodal  Rail Release
1 Rumber Distance Shipment Shipment Shipnmenz Shiprent Shipment Shipment
{mi) (=) (i} (1/R=yr) {1/R-yr} (1/R=yr) ({L/R-yr) {1/R-yr) (1/R-yr} (1/R-yr)
-7 -5 =78 -6 g 510”1t -9 -1
: 1647 1 1161 7.5x13 3.6x10 1.4x1% 1.5x1C « 5% 1 7.6x10 6.4x10
. -g - -9 -
: 1229 33 685 131t 2.6x127° 4.6x12 1.2x1678  2.4x10 . 5.8x10 4.8x107 2}
- ..-8 . -10 - -
3 1573 63 1146 232078 l.axil” 9.3 1.sx1078  2.3n10 7.5%10"° 5.1x237H
(¢} . .. -5 -5 5.9x10"" =7 2.ex10”" -y -12
] 4 110 458 560! 1.3x10° 1.6x107 .9x1 7.3x10 O 10 3.6x10 4.3x10
=6 - -
{g . 5 1476 4 1063 1.6x107° 3.ax107> 5.3x13 laxio™®  2.8x1c B =9 5.8x1071¢
H -5 -8 - -10
5 1469 15 1013 g.2x1¢"7 j.exin” L9x12 Lax10”®  1.2x10 . 6.6x10"° s.ax1c”"
-3 =& ~-10 -3
- 988 41 726 1.5x10"¢ xie”” S30e 9.4x1077  2.7x1C 10 4.7x107° 3.9x16”*
-7 -t . -8 -7 - - I3
€ 684 23 595 8.5x10 1.5a5 0 3.0x02 6.1x10 1.6x10 .20 2,258 ’
Nacxonalh s -5 .6 -8 -10 3 -11
Average 1312 ‘ 33 843 1.3x1¢ 2.8x1% 4.3x12 1.2x10 2.3x10 6.1x10 5.1x10° %7
Route .

e Equivalent rail mileage oot derated with respect to waterborne distance since waterborne link is short and direct

b The average route mileage excludes short waterborne link.route 4 and is weighted by the number of utility sites accessible by each route.

a

Jgues
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As shown in Table 5,8, the predicted probabilities
indicate that an accidental release from a dry cask is
less likely per reactor year using the intermodal mode of
shipment as opposed to strictly rail shipment. For most
generic intermodal routes, the probability of release during
the land portion of the trip is greater than the probability

of release during the waterborne portion.

The probability of a severe air release and severe
release to water during intermodal transport are essentially
a function of the likelihood of a cask puncture. Major con-
tributions to the likelihood of a cask punclure are the pro--
bubility of missiles penetration (detonation and collision)
and stub penetrations, which are evaluated in Appendix B.
However, in Appendix B it is noted that there is uncertainty
concerning the adequacy of penetration modeling. In par-
ticular, the likelihood of a large missile being produced
in low speed collisions or in detonation is not clearly
established. Nor is the likelihood clearly established of
encountering a projection of sufficient density, strength
and immobility to be called a stub.

The results of penetration modeling indicate that
all cask puncture phenomena have a probability of occur-
rence of less than 1010 1 to0 10”
than the most probable form of release producing phenomena.

3

per reactor year or 10~ less

Therefore, puncture producing events must be con-
sidered low probability events and even though the modeling
is inexact, it provides a conservative limit on the risk

from puncture initiators.
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5.5.2 Comparison of Accident Releasie Probabilities f[or
Various Scenarios

The three following spent fuel transport scenarios

are used in normalizing the release probabilities estimated

in the previous section to a national scale:

a)

b)

¢)

Five percent (5%) of all spent fuel transported
yearly will be moved by intermodal transport.
The remaining 95% will be transported by rail
(85%) and by legal weight truck (10%). This
scenario is in keeping with prevaus anélyses

of spent fuel Lrunsport.(s_q)

Forty percent (40%) ol all spent fueluifdns—
ported yearly will be moved by intermodal
transport. This scenario is based on projec-
tions that 80% ol all units operating in 1985
will be accessible for barge transport. However,
route economics and waterway closure for up to

5 winter months a year could considerably

reduce use of waterborne transport.

Bighty percent (80%) of all spent fuel trans-—
ported yearly will be moved by intermodal
transport. This is an upper bound scenario
anticipating that all units accessible by

barge will use intermodal transport.

Table 5.9 compares the overall probability of accident

release for all three of the above described spent fuel

éhippjng strategies using dry cask probability data, and

5-41
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Table 5.9,

Probability of Radioactive Release Per Year
from Spent Fuel Shipping

111

—_
Probability of Release Per Year
Spent Fuel Transport robadi y
Strategy Any Minor Air Severe Air Very Severe Severe Water
Release Release Release Air Release Release
{\
land transport 95%,
intermodal transport =3 1n—3 - -5 a -7 -10
5% (units on line in 1.7x10 1.7x10 7.1x10 3.6x10 1.5x10
1977)
land transport 95%, 3
intermodal transport -3 -3 -4 -6 -10
= 5. 33 : :
% (units on lime in x10 7 5.1x10 2.2x10 1.1x10 5.1x10
1985)
i land transport 60%, -3 -3 -4 - 9
: intermodal transport 3~ 5x10 3.3x10 1.4x10 7.2x10"°¢ 3.9x107
i 40% (by 1985) .
land transport 20%, -3 -3 _5 4 _7 ‘ 9
intermodal transport 1.3x10 1.3x10 5,2x10 2.7x10 7.8x10°
80% (by 1985)
!
PO 1
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Figure 5.10 illustrates the predicted differences

in the probabilities of accidental radioactive reiease per

ﬁa S year for these three strategies as a function of metric

' ~ tonnage shipped. Figure 5.10 also indicates the decrease in »
overall accident release probability achieved by using 1ncreas1ng
amounts of waterborne transport. Table 5.9 shows that

; the decrease in accident risk occurs across the spectrum of

‘ | risk categories and that the probability of a water release

during intermodal transit never exceeds the probability of a

very severe air release.

The probability of accidental release per year is
compared to the probability of release of a similar spent
fuel shipping mix calculated by Hodge & Jarrett(5"4)

Figure 5.11. The figure also shows that the probability of
release calculated in Refenénce 5-3 and in this report are.

' much lower than those in Reference 5-4. It is noteworthy
that thebsame wet cask design was considered in both

Reference 5-4 and in this report.

o ' | | -5;43
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6.0 ACCIDENT CONSFQUENCE ANALYSIS AND RISK ASSESSMENT
6.1 Purpose and Summary

In Section 5,0, a broad spectrum of release producing
accidents involving large spent fuel casks was defined, and
Lhe likelihood of each accident was determined probabilisti-
cally. All accident release events postulated in this report
were assumed to result in the release of some radioactivity
from the cask, either to the air or to water. The probabi-
lity ol each event was estimated for intermodal shipment of
spent fuel casks and for cask shipment éxclusively by rail.

None of the release events postulated for intermodal
Lransport accidents in the probabilistic evaluation in
Section 5.0 has a probability of occurrence greater than
5 x lO—G/ReacLor—year (R-yTr), and all severe release events
postulated had a probabilily of occurrence of less than
1 x 10_7/R-yr.

In Lhis seclion the consequences of each accident
postulated in Section 5.0 are estimated and the resultant
risk to the public is evaluated. The methodology for deter-
mining air release consequences was taken from WASH—14OO(6_1)
witi le the methodology for determining water release conse-

quences was tuken from NRC regulatory guides.(ﬁ_z)

Using Lhe intermodal accident probabilities of
Section 5.0, an estimate was made of the contribution to the
public risk from each release category defined and the cumu-

lative public risk from intermodal transport of spent fuel.



A similar risk estimate was compiled for spent fuel handled
exclusively by rail based on the rail accident probabilities
of Section 5.0.

Risk to the public was evaluated lor spent fuel ship-
ping strategies involving different levels of intermodal
shipment and was based on projections of the number ol reac-
tors expected to be on line by 1985. The results of this
risk assessment are summarized below:

1. The average risk to the public from all postu-

lated release accidents (air and water releases)

is 1.2 x 107% man-rem/R-yr if spent fuel is
transported between utility sites and receiving
facilities by intermodal means using waterborne

transport as the major transport mode.

2. The average risk to the public from radioactive
release accidents is approximately 4.0 x 1O~7
man-rem/R-yr if spent fuel is transported
exclusively by rail. This is a factor of 3
smaller than the risk from intermodal transport
due entirely to the fact that with waterborne
transport there is the added risk of a release
to water. The difference is not statistically
significant since the uncertainty in these
results is likely to be larger than one order
of magnitude.



.

3. Estimated risk to the U,S. public from spent
fuel transportalion accidents for a 1985
population ol reactors (from Section 1.0) is
7.9 x 10"5 to 1.3 x 10"4 man-rem/year, depending
on the extent ol utilization of waterborne
transport. The higher estimdfe corresponds to
heavy use of waterborne transport (i.e., ser-
vicing 40% of all operating reactors) while the
lower estimate corresponds to a light use
scenario (i.e., servicing 5% of all operating

reactors).

4. . Comparison of this study's results with those of
WASH-1400 indicates that while the risk from trans-
portation of spent fuel may vary by a factor of 2
depeﬁding on the mode mix used, the risk from
transportation of spent fuel Q& any mode considerec
in this report is smaller than the risk from light

water reactor operation by a factor of more than 1(

5. Comparison olf this study's results with other
estimates ol spent fuel transport risk from Lhe
jiterature reveal that the risk estimates of
this study are bounded by the results of otlher
studies and that the highest and lowest risk
estimates are separated by less than an order

of magnitude.
6.2 Cask Radioactive Inventory

All conseguence calculations were performed using

the conservative assumption of cask contents being recycled
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spent fuel assemblies from a 1000 MWe PWR irradiated 33 x- 10°

megawatt days/metric ton of uranium and cooled for 150 days.
Inventories derived from Pu recycle do not represent the
inventory of current shipped fuels, but their use was inten-
ded to conservatively represent potential future shipment
inventories. Table 6.1 (from Reference 6-3) lists cask
nuclide constituents along with their cask inventory (in
curies) for a dry cask containing ten fuel assemblies. The
inventory of a wet cask is 70% of the listed values, since a

wel cask holds only seven assemblies.

Table 6.1. Major Isotopic Constituents of a Dry
Cask Assuming that Fuel is Recycled
From a 1000 MWe PWR at 33 x 103 MWD/MT
Burnup and Cooled for 150 days(6-3

| Sanathd - T . - i - > - s -
; . Toage i [N I H 3 tege
J N o YA
Kr-hi ot ! Camind b1 s 100
Sr-89 3.0 8 i0" Cx-137 5.0 8 107
41 -90 2.0 a 10° Ba- 1370 1.6 10 !
y-90 2.0 8 107 La-140 2. x 108
Y-93 5.4 8 10° Co-141 w1 x 107
2r-05 1o 6 Coe 140 d.0 x 100
Nb-95 vy 08 Pr-144 d.0 x 108
Ru-103 1.5 x 100 Vo147 4.7 % 10°
Rh-104m 4.5 » 109 Pu-23¢ s.5 x 107
Ru-106 3.1 x 108 Pu-2:19 4.3 x 10°
Eh-106 4.1 x 208 Pu-240 5.7 x 109
Sn- 123 2.2 101 Pu-241 2.7 x 108
Sh- 125 5.9 a 104 Pu-242 7.3 x 10!
Te-127m 3.5 x 107 Am-241 7.0 x10° |
Te-127 1.4 x 10? Am-243 2.4 x 10°
Te--129m WERLY Cm-242 1.1 x 108
Te-129 8.6 x 10° Cm-244 6.1 x 107 !
| ]




6.3 Air Release Source Terms

6.3.1 Air Release Due to a Minor Failure of the Cask Con-
tainer Boundary with No Significant guel Damage
(< 1% Cladding Failure) (RDA1l, RWAl)

It was assumed that no major deviation from normal
Lhermul conditions exists during an accident in this release
calwgory. The impact of a failure of the inner containment
boundary was considered. It is assumed that no siynificant
(< 1%) cladding failure will occur during the shipment or
as u result of the containment boundary failure.  Thus, the
release consists of the accumulated gases in the helium
tilled cavity for a dry cask or the accumulated insoluble

gases for a wet cask.

RiLzman(G”d) has estimated the fractional release of
fission gas from a cask containing 1% failed fuel as approxi-
mately 3 X 10_8, based on a rod temperature of 7000F, an
empirical diffusion coetlicient of 1 x 10—22/sec, and a 7

release Ltime of one week.

A more conservalive estimating technique was used by
Ful]WUUd(6-5) based on the percentage of the fission gases
being released to the fuel gap and plenum over the operating
life of the Tuel (approximately three years in this case).

#ullwood assumed that the release fraction of the r-th

nuclide (”r) of the fission gases from a failed rod is a

* Release categories are defined in Section 5.0



linear function of time, T, and an exponential function of

temperature, T, as shown in ecquation (1).
n, = L(t) - E(T) (1)

More specilically, the amount of fission gas released from a
broken rod in a cask was assumed to be a linear function of
Lthe time the rod is in the cask, and an exponential function
ol Lhe differences between the fuel temperature under reactor
operating conditions, TR(OK), and fuel temperature under con-

A . o
ditions in the cask, 'Pn( K) or

T e .
N, = nr(renctor) . —sask exp(—TR/TD) (2)
’ reactor

where

release fraction of the r-th fission
gas nuclide released from the fuel
over its operating life

ur(reactor)

t . = time spent in the cask by the broken
cuask R
fuel
T ' = time spent in the reactor by the fuel
reactor

One week was used as the average residence time in the
cask (for a cask involved in an accident during transport) and

"Kr—SS(TGaCtor) = 0.3.(6~6) A fuel pellet temperature of 2550°F
i.

. s * - o .
under operating conditions and 700°F" under decay heating con-
ditions in the cask was assumed. The fraction of Kr-85 given

off from a broken fuel rod in a cask nsing equation (2) is

* This is approximately the maximum fuel rod volumetric
average temperature which produces a Kr-85 release to
the plenum of 0.3 during the core lifetime of a fuel
rod.%6-7) ‘

+ will be less for a wet cask

- 6-6
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1 -1672/644
nKr_Ss(broken rod) = (0-3X15§) /

=1.3 x 1072

Assuming that 1% of the rods have failed during
operation, the fractional release of Kr-85 from the entire
cask inventory is

_ . A6
Nky.-85 1.3 x'10
The value of n,. (reactor) for the other fjssion gases in the
cavity is Ny 131(1eactox) 0.02 and Ny 3(roactor) 0.01
(from Reference 6-6). Substituting these values in equatlon

.(2) and assuming 1% rod failure yields

- : -8
Np_131 = 8:8 x 10

and

g = 4.4 x 1078
The scaling buggubted by Ritzman was considered more real-
istic, but bullwood's scaling provides a conservatlve upper

limit to the quantities of tission gases released.

6.3:2 Air Release Caused by Major  Breach of Cask Contain-
ment Boundary with Subsequent Mechanical Damage to
50% of the Fuel (RDA2, RWA2)

q\
Heat transfer characteristics were assumed to be )
unchanged in this accident; but in this release category

50% of the fuel is assumed to be damaged during cask contain-

‘ment failure. In this case, all of the fission gas cdllected

6-7
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in the fuel rod plenum in the three year operating life of the
fuel will be given off, since the rod damage occurs in the

accident.

Using estimates ol fission gas isotopic fractions in

the clad gap provided by WASH—1250(6’6), the following release
fractions were obtained: !
_ -3
Ny_g = 5.0 x 10
; =1.5 x 107}
'Kr-85 . :
. - _ -2
nI—lBl = 1.0 x 10

6.3.3 Air Release Caused by Major Breach of Cask Contain-
ment with Subsequent Overheating of Fuel (RDA3, RWA3)

This category represents the extreme in accident cong
sequences for both the dry and wet cask designs and is similar
to Lhe "beyond design basis accident'" analyzed in WASH-1238§6"8)

A major difference between this felease and that for
RDA2, RWA2 is that some semivolatiles, such as cesium, can be
released in the presence of a high thermal e¢nvironment when
poor heat transfer conditions exist in the cask. Under the
severe thermal conditions given in WASH-1238, 50% of the “fuel
rods were assumed to fail due to high temperature creep effects.
Temperatures inside the cask were assumed to exceed 1200°F and
to he sufficient to volatilize-any uncombined (metallic) cesium

available at the surface of the fuel.

Original estimates from WASH-1238 indicated that the.

release fraction Nos is approximately 4.5 X’lbps. A more

(6-9)

recent analysis in WASH-1238 Supplement II placed
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at 1.5 x 10~% by considering the.amount of mctalllc

e n
i Cs
5 N
R cesium present and the amount which would not recomblne with
il ? uo, betore perforatlon occurs. The’ latter estimate was used

:j‘ : in the analysis of RDA3 and RWA& for the release fractions:
;% of Cs-134 and Cs-137 since it is based on a large body of
?L - experlmcnta1ﬂdata, however, it is still considered conserva-
) tive because it does not correct for the condensation and ”

I
‘ i : plateout of cesium which would reduce the actual release to

the environment.

i 6.3.4 Air Release Due to Prolonged Exposure to Thermal
n . Environment; Loss of Coolant Through Vaporization
and Pressure Relief, but No Loss of Containment
Boundary Effectlvcness (RWA4)

This was dLLUdLly a dcblgn basis accident as analyéed

(6-10)

by the manifacturer's.safety analysis report. It was

also treated in Reference 6-9. With no containment failure
the steam remaining in thié cavity provides a medium for con-
veetive heat transfer sufficient to keep fuel rod cladding
temperatures at or below 9650F. At these temperatures, addi-
tjona] rod perforalions [rom creep rupture are not expected.
The main loss mechanisms therefore include the loss of fission
gas and the leakage of cesium to the'coolant from mechanically
broken pins, followed by subsequent loss to the atmosphere
during blowdown.
74

In Reference 6-9 one accident scenario is con-

sidered in which 10% ol the rods inside a wet cask are

damaged and the cask is immersed in a thermal environment




which vaporizes all of the coolant. A cesium release Traction
of 3.4 x 10—6 is given to account for leaching of some cesium
from broken rods by the coolant during the accident and
releuse of that cesium through pressure relief of the cask
as the coolant is vaporized. The release fraction given in
Reference 6-9 is overly conservative since it does not

. rellcct the fact that cesium in the coolant will not neces-—
sarily be in a form which can be vaporized and released during
pressure relief.

The over-conservatism of Reference 6-9 stems froin
the fact that the main thrust of that analysis was to deter-
mine the amount of cesium given off at a later time in their
scenario, when all the coolant has been lost by pressure
reliel from the cask, and an;even more severe thermal environ-

. menl exists in which the cask is dry, unbroken rods are

BT

perflor: and cesium is volitalized directly. By comparison

wilh LK “@ount of cesium released directly by volatiliza-

.. L
tion, the amount of cesium leached by the coolant and given

off during pressure relief is not significant.

Since the cesium in the cask coolant probably exists in
an oxidized form, it would be inefficiently given off with steam
vapor. Several estimates from the literature (6-11,6-12) cite

. the fraction of a non—-vo].ati}e specieé present in a solution
which can be given off as 1 x 10,—4 to 1 x 107°, Therefore,
the fraction of cesium released in the RWA4 accident is the
product of the fraction released frombthe broken fuel to the

t(6_7)'and the fraction releasable from solution in the

coolan
coolant to the coolant vapor (6_1}’6—12), or (3.4 x 10—6) L

(1 x 10_4) = 3.4 x 10710, This number was used in this analysis
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to estimate the fraction of cesium given off from a wel cask

in whiceh 10% of Lhe rods were broken.

It was difficult to estimate the extent of mechanical
damage to rods in an accident involving collision and fire
but with no violation ot the cask boundary. A lower bound

‘was selected as the case where no fuel rod breakage resulted

from Lhe accident, so that the 1% clad failures assumed were
Lhose that occurred during reactor operation. The upper
buund'assumed was a total of 10% rod breakage. The release
fraction was assumed to be distributed log normally and

the geometric mean of the Lwo bounds was calculated and
used as the re]ehse fraction ror each nuclide constituent

in the calculation of air releuse source terms for the RWA4
accident. All ol these release Tractions are shown in

Table 6.2.

A summary of releasce accident source constituents,
release fractions, and corresponding source strengths is

given in Table 6.3 for all acclidents.
6.4 Adr Release Consequence Calculations

Conseguences of air release accidents, including
individual doses (rem) and population doses (man-rem), were
wmleulated with a modified version ot the consequence code

(6"1). The code

used in the (Draft) Reactor Safety Study
was simplitied for use in this analysis in that plume rise
and evacuation were nol considered. The code uses a pro-

babilistic combination of weather conditions

bond

oo
-1




Table 6.2. Air Release Fraction (n) for Various %
Cladding Failure in a Pressure Venting
Loss of Coolanl Accident Involving a
Wet Cask (RWA4)

. NUCLIDE ]
1% Rods Broken He3 3.6 x 1077
Kr-85 1.1 x 107,
1-131 7.2 x 1077,
Us-134 3.4 x 1077,
Cs-137 3.4 x 10 -
10% Rods Broken 11-3 1.7 x 10:3
Kr-85 5.0 x 1073
I-131 3.3 x 10_10
' Cs-134 3.4 x 10774
Cs-137 3.4 x 10
sl * P e : -5
Geometric Mean 11-3 2.5 x 10_4
Kr-85 7.4 x 10_5
I-131 4.9 x 10 °
Cs-134 1.1 x 10719
Cs-137 1.1 x 10‘10

* Used in the source term release calculations for RWA4

i - ' ’ 6-12
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Tauble 6.3. Air Release Source Terms Trom Dry and Wet
Cask Release Categories (for PWR Pu recylce
fuel @ 33 x 103 MWD/MT burnup, cooled for

150 days)

Release Nuclide Air Release Air Release
Category Released Fraction(n) Source¥(Ci)
RDA1 1-3 4.4 -8 —4

- .4 x 10_g 1.8 x 10_,
Kr-85 1.3 x 10_ 4.1 x 10_7
I-131 8.8 x 10 8.8 x 10
-3 1
RDA2 -3 5.0 x 10_ 2.1 x 103
Kr-85 1.5 x 10_2 4.7 x 10_1
I-131 1.0 x 10 1.0 x 10
. -3 1
RDA3 11-3 5.0 x 10__1 2.1 x 103
Kr-85 1.5 x 10_2 4.7 x 10_1
I-131 1.0 x 10_4 1.0 % 102
Cs-134 1.5 x 10_4 1.3 x 101
Cs-137 1.5 x 10 7.5 x 10
RWAL H-3 4.4 x 107¢ 1.3 x 1075
Kr-85 1.3 x 10 ¢ 2.9 x 10_7
1-131 8.8 x 10 6.2 x 10
RWAZ -3 5.0 x 1073 1.5 x 103
Kr-85 1.5 x 10_2 3.3 x 10_2
1-131 1.0 x 10 7.0 x 10
. 2 [ . -3 v 1
RWA3 H-3 5.0 x 10_1 1.5 x 103
Kr-85 1.5 x 10_2 3.3 x 10_2
I-131 1.0 x 10_4 7.0 x 101
Cs~134 1.5 x 10“‘1 8.9 x 10i
Cs-137 1.5 x 10 5.3 x 10
, , . .=5 -2
RWA4 -3 2.5 X 10_4 7.3 X 101
. Kr-85 7.4 x 10 ¢ 1.6 x 10,
1-131 4.9 x 10_10 3.4 x 10_5
Cs-134 1.1 x 10~]0 6.5 x 10_5
Cs -137 1.1 x 10 7,9 x 10

* Air release gource term Vv
are 70% of the equivalent
the wet cask inventory is

6-13

alues for wet cask releases
dry cask releases because
70% of dry cask inventory.
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and deposition parameters, The population distribution was
assumed to be similar to that surrounding an average nuclear
reactor, i.e., no population area near the source, and an
average population distribution moving out radially from the
‘ source., Probabilistic results are given in Table 6.4 for all

the air release sources defined in Section 6.3.

As discussed above, the consequence code sampled a
sel of release consequences utilizing probabilistic weather
and wind condilions in each iteration. The average conse-
quences, given in Table 6.4, were the average of all iterated
calculaltions using all potential weather conditions and a
cross-section of populuation dislributions. The maximum

' consequence, also shown in Table 6.4, was the worst combina-
tion calculated and provided an upper bound.

The risk to Lthe public from air release accidents
occurring during intermodal transport of spent fuel is given
in Table 6.4 as the integral of whole-body doses. The whole-
body dose risk from spent fuel shippingzusing dry or wet casks
is approximately 1.4 x 10—8 man-rem/R-yr. The risk from air
release accidents is approximately an order of magnitude

. larger for spent fuel shipping by rail only, being 3.7 x 10_7
man-rem/R-yr and 3.8 x 10~7 man-rem/R-yr for dry and wet casks,

respectively.

o 130
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Table 6.4. Summary of Air Release Consequence

Calculation Results

Alr kelease Category

hose Type

Population Dose

Risk to the Public

From lntermodal Trassport

{mun-rem/Reactor-year)

|
i

] Designation  Description Average Average Maximum

i RDA minor air release  |WBD(5C year} ! 2.5x1C 3.3x10013 1.1x10072

’ dry cask, no Lung Poo2.3x1C 5 3.0x10_75 9.7:(10'11
significant fuel WBD(30 day) ' 2.5x10_¢ 3.3x10_15 1.1x10744
damage | Thyroid i 2.0x10 2.6x1¢C 2.3x10

. RDA2 severe air release, |WBD(S0 vear) 2.9x10:§7 1.2x107% 4.2);]0::’
dry cask, significantjLung i 2.6x10_, 1.1x10_¢o 3.7:(10_8

' mechanical fuel WBN(30 day) i 2.8x10_5 1.2x10 3 4.1x10_7

: damage Thyroid 2.3x167° 9.9x10°° 1.6x10

i : Y - =

{  RDA3 very severe air WBD(50 year:} : 5.5x103 1.2x10_§ 2.5xlo_7

. release, dry cask, Lung . 5.5x10,‘ ].2x10_5 2.4x107 2
significant fuel WBD(30 day; 4,2x16] 9.5510_¢ 2.3x!0_%
damage plus over- Thyroic L 3.7TX167 8.3x10 2.3x10
heating of fuel : !

-7 - -
WAL minor air release, | WBD(50 year) 1.8x1C70 : 3.5x10033 1.1x1071)

. wet cask, no sig- Lung 1 BxI0 . ! 3.1x10 34 9.5x10__1‘]‘

: nificant fuel ¥BD(3C day. : & : 3.3x-0 35 1.1x10 ;)

. damagc Thyroic 1.3x1C i 2.5x10 °° 4.1x10

H -9 - -

\ RWA2 severe 2ir release WBD(5C year) | 2.0x16 5 } 1 :',x]o_g 4.2.‘]0_3
wet cask, significant| Lung i 1.Bx10_5 1 lxlo_é 3.7%10_
fuel damage WBD(30 day) i 2.0x10_y 1.2x10 14 4.2x10_4

: Thyroid ;o L.6x100° 6. 8x10 1.6x10

1 N

RWA3 very severe air WBD(50 year) | :i.sx’lc1 1,2,(10:5 2'5,;]0_';
release, wet cask, Lung 3.8x10 1.2x10_g 2.5x10_7
significant fuel WBD(30 day) 2.9x10, 9.3x10_¢ 2.3x10_
damage plus over- Thyroid 2.5x10° 8.0x10 2.2x10

: heating of fuel

' RwWA4 air release,wet ¥BD(50 year) 1.3x1073 8.5x10719 2.6x1075

E cask pressure vent Lung 1.1x10_, 7.2x10 34 2.3x10_ ¢

i loss of coolant wBD(30 day) 1.2x10_4 7.8x10_ 2.5x10 ",
accident Thyroid 1.7x10 1.0x10 2.5x10

-8 -7

Dry cask . s ) 1.4x10 2.9x10

Total Risk From Air Release ¥BD(50 year) !

1.4x1078 3l2x1077

Total Risk From Air Release

I
i Wet cask
!

WBD(50 year)

+ estimated using RDAY results




6.5 Consequences Due Lo Accidental Releases to the
Hydrosphere From a Spent Fuel Shipping Cask (Cask
Immersion Accident)

In Section 5.0, il was shown that the probability of
a liquid release accident was small (P = 5.1 x 10-11/R—yr).
Howéver, in order to complete an estimate ol public
risk from intermodal walerborne transport ol spent fuel, it
was necessary to evaluale the consequences of a radionuclide
release to the hydrosphere resulting from a spent fuel

Lransportation accident.
6.5.1 Source Term for a Cask Immersion Accident

A source term lor accidents in which radionuclides
are released to water was developed on the basis that the
cask is sufficiently damaged to ullow free flow ol water
through it and a significanl [raction of the rods have been
broken inside. Criteria for development of a liquid release
source term ure given in Appendix C. IEssentially, a break-
down of release fractions into prompt and delayed source
terms similar to that employed by the NRC in NUREG—014O(6‘13)

was used.

The significant nuclide constituents ol a liquid

release accident were estimated using the expression

= . . % . —6
KHi-— Ici nLi oy 10 (4)



whete

K. . = the hazard index which for a particular nuclide
is an individual whole body dose resulting from
ingestion of one millionth of the contents of
the cask (rem)

I . = the dry cask inventory of the nuglide (Ci)

= fraction of the nuclide released during the
accident (dimensionless)

oy = the 50 year whole body dose commitment factor
for the nuclide ingested (rem/uCi)

10" °= a conversion factor (Ci/uCi)

Hnzard indexes for Lhe dry cask nuclides released to the hydro-
sphere are given in Table 6.5. In the liquid pathway

analysis, only Lhose nuclides identified as critical on

Tuble 6.5 were considered. Nuclides were eliminated as major
contributors if the sum of their hazard index and those of

the remaining non-critical nuclides did not equal 1% of

the total hazard index (or dose).

6.5.2 Consequences to the Individual of a Cask Immersion
Accident

A barge acclident resulting in a release from a spent
fuel cask to water can occur in a variety of aquatic environ-
ments including lakes, estuaries, open oceans and rivers. Of
the aguatic environments a river used as a source of drinking
water and fresh water fish by the population along its shores
ijs assumed to represent a worst case for the purpose of esti-

mating the consequences of a liquid release accident. Thus,
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Table 6.5. Liquid Release Nuclides with the Largest Hazard Indices

—H-

Hazard Index Potentially
Nuclide Tei nyy (84 hour)” nyy (30 day)+ a, Ky gi‘“““"‘
(Ci) (rem) se Contri-
(rem/uCi) butor
Sr-89 3.0 x 10° .002 .0038 8.7 x 1073 9.9 x 10° Yer
Sr-90 2.0 x 10° .002 .0036 1.7 x 1073 1.3 x 102 Yer
Y-90 2.0 x 10° .001 .0028 2.5 x 1077 1.4 x 107°
Y-91 5.9 x 10° .001 .0028 3.6 x 10”8 5.9 x 1073
Nb-95 2.2 x 10° .001 .0028 1.8x 107 |12 x 1072
Ru-103 4.5 x 10° .002 .0038 8.6 x 167° 1.1 x 1073
Ru-108 3.1 x 10° .002 .0038 3.2 x 1074 3.8 x 10° Yes
Sn-123 - 2.2 x 10t .002 .0033 7.4 x 107° £.2 x 107°
Sb-125 5.9 x 10? .02 .0218 4.1 x107% ¢ |5.3 x 1070
Te-127m 3.4 x 10% .02 L0218 1.1 5 1073 8.2 x 107}
Te-129m 1.4 x 10° .02 0218 2.9 x 1073 8.9 x 107}
1-131 1.0 x 10! .02 .021¢ 3.5 x 1073 7.6 x 1673
Cs-134 8.4 x 10° .02 .021s 7.5 x 1672 1.4 x 10° Yes
Cs-137 5.0 x 10° .02 .0218 4.3 x 1072 4.7 x 107 Yes
| ce-141 2.3 x 10% .00: .0028 6.6 x 1077 4.3 x 107°
i Ce-144 3.0 x 10° .001 .0028 2.6 x 1070 2.2 x 1073
' pu-238 8.5 x 10 .001 .0028 1.7 x 1672 5.0 x 16° Yes
om-242 1.1 x 10° .001 .0028 1.4 x 1072 4.3 x 10° Yes
Om-244 6.1 x 10° .001 .0028 3.0 x 167° 5.1 x 10 Yes

Nuclides are excluded as critical dose contributors if when added to the
remaining non-critical nuclides they contribute less than 5% of the
hypothetical hazard index dose.

Release fraction for a 24 hour release includes only the prompt release
source from Appendix C.

Release fraction for a 30 day release includes the prompt plus delayed
release source from Appendix C.



the product of the integrated population dose for a liquid
release accident in a river and the probability of a major
liquid release accident was used to produce a conservative
estimate of the population risk due to liqhid releases during
barge transport. Population consequences were specifically
estimated for a release [rom a spent fuel cask to a river with

: *
. : a medium flow rate which is used as a water supply by 6 x 105

.I.
persons’ .

Because of the low probability of occurrence of a
liguid release event during spent fuel transport and the small
fraction of cask inventory released, conservative techniques
were used to produce tirst order estimates of the disper-
sion of radionuclides and individual doses to the population

al risk from various liquid palhways!,

* A hypolhetical river with a 2.8 x ]O%nﬁysec)flow rate
and an average flow area of 1 x 103m2,

+ The FPA's fTuel cycle impact una]ysis(a—lq) assumes a
population density of 2.0 x 10 persons/km on major
U.S. rivers. The release is assumed to be effective
300 km downstlream such that the at risk population
. is 6 x 109 persons. The distribution is arrived at
@ by dividing the number of people in the U.S. living
in large river watersheds by the length of rivers
over €90 miles in length.

‘ $ While 1 arge scale averaging of dispersion, uptake, ingestion,
and population makeup parameters could underestimate the
maximum individual doses sustained in an accident, the
values used for these parameters are believed to be con-
servative enough to overestimate the overall population
dose.




The methodology used to estimate individual doses’
was essentially that put forth by the NRC in its’guide-for
calculation of doses due to routine releases of reactor
effluents RG 1.109.(6-2)
vidual doses from a liquid release which enters the food

The ensuing sections discuss indi-

chain through the drinking water, fish, and irrigated food
pathways, and which also causes exposure to Lhe public from

shoreline desposits.

6.5.2.1 Lstimation of Nuclide Concentrations in Liquid
Pathways

[

In order to determine the quanlity ol radionuclide
available through various dose pathways after a release to
water, it is necessary to estimate the concentration of the
nuclide at a point downstream from the accident where the

contaminated water enters Lhe food chain.

In a river, thuere are a number of factors which affect
the downstream concentration of a nuclide including the source
strenth, the size of the river (average velocity, width, and
flowrate), the turbulent dispersion of the f(low, the nuclide
decay rate, and the distance downstream Lrom the %%urce. »The
ratio of the downstream concentration to the initial concen-

tration of the nuclide is the dilution factor.

Downstream dilution in a medium flow rate river

(280 md/sec) is estimated in the EPA's fuel cycle impact

(6-14)

analysis simply by assuming that mixing is complete,



taking the reciprocal of the flow rate and allowing an
additional dilution factor of 10 due to downstream tributary

inflow. Thus from EPA methodology.

X - 4.0x 107% (388
Q 2

m
The equivalent doefficientgused in the NRC's liquid pathway
dose equations in RG 1.109 is M/F where M is the dilution®
factor and F is the flow rate of contaminated effluent. For
the case of releases from a spent fuel cask into a’'river, F

is the flow rate through the cask.

A rigorous methodology for estimated downstream
nuclide concentration (CM) in a‘river~is presented in
RG 1.113.(6_15) However, the results of Appendix'D suggest
thatJthe flow can be considered completely mixed and the
concentration uniform across the channel with@m 20 mi down-

stream of the source. Thus in the medium ffow river of the

EPA study the steady state downstream concentration is N
1 == . -_E_
‘w = C1°380 (5)

where CI is the initial concentration of nuclide leaving the

cask. Since

M

ol (6)

then

==
i
w
o
x
it
ol
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Assuming a further factor of 10 for tributary dilution as
was done in the EPA methodology the dilution factor is

% = 3.8 x 10°% (585

which is essentially identical to the EPA dilution coefficient.

NRC dose equations for liquid pathways are expressed
as functions of the downstream concentration of an individual
nuclide, Ci (uCi./%). The downstream concentration is given

by the equation

~A.T
- -4.5 M, iC
Ci = 3.86 x 10 Qi 7€ w (7)
where
Qi = amount of nuclide released during
accident (Ci/mth)*
= decay constant for nuclide (hr_l)
T = average transit time between point of
c - :
release and point of entry of con-
taminated water into dose pathways.
| (hr) \ 3 .
3.86 x 10°% = a conversion factor (5—= mth - HCI)
£ - sec - Ci

In.this study the accidental release of nuclides
from a spent fuel cask to watér is modeled as a release to
a river for a period of 30 days.. The 30 day release is con-
sidered an upper bound on‘the time needed for cask recovery.
Table 6.6 shows the downstream concentration for nuclides
durlng a 30 day release whlch are potentially significant

'contrlbutors to one Or more of the liquid dose pathways.

* Ci/mth = curies/month
e  6-22
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Table 6.6. Downstream Concentration of Critical
| -Nuclides Following ) Spent Fuel Cask
Release to a River (30 day release
time assumed)

e — 4‘%%«‘@

' Ciitical | Q,’ | M : Tg i

to Nuclide (Ci/mth) (hr-1) (hr) (Ci/%)
‘ Sr-89 1.14x 10° | 5.7 x 107%| 1.5 x 10% |1.45 x 1074
@ Sr-90 7.6 x 102 | 2.9 x 107%| 1.5 x 10 |1.06 x 107%
: Ru-106 1.18x 10% | 7.9 x 107° ]| 1.5 x 102 |1.62 x 1077
/ Cs-134 1.83x 107 | 3.4 x 107 1.5 x 10% [2.53 x 1073
Cs-137 1.009x 107 | 2.6 x 1009 | 1.5 x 102 |1.51 x 107°
Cm-244 1.71x 105 | 4.5 x 1078 | 1.5 x 102 |2.37 x 1074

* with a flow rate of 280 ms/sec

T the dry cask inventory of a nuclide multiplied by the 30
day release fraction Qj = ICi' Ny (30 day)

6.2.5.2 Drinking Water Pathway

The individual dose from the drinking water pathway
is estimated using the equation (from RG 1.109)

N
RD = U, - 2: C.* « (8)
wbd D i=7 i DWbdi ‘

" where

op L= the whole bddyiﬁose accumulation factor for
wbdi an ingested<gpglide (rem/ucCi.)

& UD = the quantity of nuclide contaminated water

ingested by an. average adult member of the
exposed populat}?n‘(ﬂ)
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Table 6.7 shows the contribution of significant nuclides to
the whole body dose for an individual exposed to nuclide

contaminated water for a period of 30 days.

The whole

body dose accumulation factors for nuclide ingestion are
taken from Killough.(G_lﬁ) The quantity of water ingested
monthly is extrapolated from RG 1.109 which gives a yearly

ingestion quantity of 370 liters (%).

Table 6.7. Individual Whole Body Dose From Drinking
Water Pathway Following a Spent Fuel Cask
Release to a River
C. o U RD
Critical L DWbdi D wbd,
Nuclide (HCi/2) (rem/uCi) (2) (rem)
Sr—89 45 x 10% | 8.7 x 1073 3.0 x 101{3.78 x 107°
Sr-90 06 x10% | 1.7x 10t |3.0x 10']5.41 x 107
Cs—-134 53 x 105 | 7.5 x 1072 |3.0 x 10%|5.69 x 1073
Cs-137 51 x10°° | 4.3 x 1072 [3.0 x 10t |1.95 x 1073
Cm-244 37x10% | 3.0x 102 [3.0x 10%]2.13 x 1072
RD. . . = 8.43 x 1075,
whd : '
6.2.5.3 Fish Ingestion Pathway

The individual dose from ingestion of fresh water

fish harvested downstream from a cask release source in a river

is estima:

| i
RF = U+ 2, C.- ¢
R = R

)

6-24

',BF

“ed using the equation from RG 1.109

i

(9)
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where

o)
It

quantity of nuclide contaminated fish

F ingested by an individual of the exposed
population (kg)
BF = bioaccumulation factor for freshwater

i fish (%/kg)

Table 6.8 shows major dose contributbrs to the
whole body dose from ingestion of freshwater fish. Bio-
accumulation factors for strontium, cesium and ruthenium are
taken from RG 1.109. The adult fish intake for a one-month
period is 0.57kg and is extrapolated from RG 1.109 data. Notably
because cesium has a high biocaccumulation factor in the fresh-
water fish pathway, Cs-134 and Cs-137 are the dominant contrib-
utors and the individual dose from ingestion of freshwater fish
is a factor of 34 higher than for the drinking water pathway.

Table 6.8. Individual Whole Body Dose From
Freshwater Fish Ingestion Following
a Spent Fuel Cask Release to a River

Critical € D, g Up BFi RF bd.
Nuclide whdy

(uCi/e) (rem/ucCi) (kg) (L/kg) (rem)
sr-89  [1.45 x 10°%(8.7 x 1073 | .57 [3.0 x 10%|2.16 x 10~
sr-90 [1.06 x 107%1.7 x 1071 | .57 |3.0 x 10%]3.08 x 107%.
Ru-106 [1.62 x 1073(3.2 x 10™% | .57 1.0 x 101]2.95 x 10-6
Cs-134 [2.53 x 107°[7.5 x 1072 | .57 {2.0 x 103|2.16 x 1071
Cs-137 [1.51 x 1073{4.3 x 1072 | .57 [2.0 x 10%{7.4 x 1072

1

Rwad = 2.9 x 10 “rem

6.2.5.4 Shoreline Deposits

The individual dose from exposure to shoreline deposits
is calculated using the following equation from RG 1.109,

6-25
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N
s &

RS =U S, o (10)
wbd im1 ¥ Sypgq, -
i
where
Si = the effective surfacg contamination of
the shoreline (uCi/m%)
Og = the dose accumulation factor for exposure
wbdi to shoreline contamination
(rem/uCi)
hr / 'm2
Us = the length of time in which an average

adult is exposed to shoreline contamination
as a result of the release (hr)

The effective shoreline contamination by a nuclide (Si)

is estimated using the relation

AT
S. = 1.0 x 102 C.» T.+W- (L -e 100 (11)
i i i
where
Ti = the half-life of the nuclide (days)
= a shoreline width factor for a river shore-

line (dimensionless)

Tb = the length of time in which sediment is exposed
to contaminated water (hr)

1.0 x 102 = a conversion factor (z/m2 - day)

The value of the shoreline width factor is given-in RG 1.109
as 0.2. The value of Ty used is 720 hours corresponding to a

one[month release. Values for the dose accumulation factors

1

5

2



due to shoreline deposits are also given in RG 1.109. The
length of time in which an adult is exposed to shoreline
deposits is taken from RG 1.109 as 8.3 hrs, a yearly exposure,
since it is unclear how persistent the presence c¢f radio-
nuclides on the shore sediment would be,

The individual dose due to shoreline deposits from
dominant nuclide contributors is shown in Table 6.9. Domi-
nant contributors to the shoreline dose are cesium and ruthe-
nium. Notably the individual dose due to exposure to shore-
line deposits is a factor of 300 smaller than the dose from

the drinking water pathway.
6.2.5.5 Irrigated Foods

To determine the dose to an individual as a result of
ingesting food which is irrigated with nuclide contaminated
water following a liquid release, the following set of equations
from RG 1.109 are used. The whole body dose equation is

(12)

N N
RI = U, - :E:C s + U, . 2:(3 s a
whd Iv i=1 Ivi D Ia(Me) i1 Ia(Me)i D

wbdi wbdi

N

%p

wbdi

* Urauiy” 52; CIa(Mi)i'

where

UIV = the quantity of nuclide contaminated vegetable

matter ingested by an individual of the popu-
lation exposed to the irrigated food pathway
after a liquid release accident (kg).

4

the quantity of nuclide contaminated meat
ingested by an. individual of the popullation
exposed to the irrigated food pathway after
a liquid release accident (kg)

UIa(Me) -

6-27
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Table 6.9. Individual Whole Body Dose From Exposure to Shoreline
Contamination Following a Spent Fuel Cask Release to
a River
C.
Critical i ®S ybd Us w Ty RS pd.
Nuclide i 1
(uCi/Le) rem/uCi (hr) (days) (rem)
hr 2
m
Sr-89 1.45 x 10°%| 5.6 x 10710 | 8.3 2 |s.05 x 108 | 2.3 x 10720
Ru-106 11.62 x 10°3| 1.5 x 107° 8.3 2 | 3.7x10% |8.1x10°°
Cs-134 |2.53 x 1073 1.2 x 107° 8.3 2 lg8.4ax10% |1.0x 1072
cs-137  |1.51 x 10°3| 4.2 x 107° 8.3 5 11.1x10% |2.2x10°
stbd =1.3 x 10




UIa(Mi)

1v

Cra(Me);
Cra(Mi);

o
owd.
i

lebd

c.-I-
i

where

The concentration of a nuclide

Cqy ), is determined fronl the equation
i

= the quantity of nuclide contaminated milk
ingested by an individual of the population
exposed to the irrigated food pathway after
a liquid release accident (%)

= the concentration of nuclide in vegetable
matter which has peen irrigated with nuclide
contaminated water (uCi/kg)

= the concentration of nuclide in beef cattle
which are fed with nuclide contaminated water
and forage irrigated with nuclide contaminated

water (nCi/kg)

the concentration of nuclide in milk from
cattle which are fed with nuclide contaminated
water and forage jrrigated with nuclide
contaminated water (uCi/L)

= the whole body dose accumulation factor for
an ingested nuclide (rem/uCi)

= the whole body dose to an individual due to
ingestion of food irrigated with nuclide con-
taminated water after a liquid release

in vegetable matter

-2 Ayt
r-(l-e

Y, Api

i te. . f

b
) ) —Ai th

-(1-e
i ( .e

p')‘l

I.BIV

jrrigation rate for irrigated

the averaée
-hr)

land (&/m
the fraction of deposited activity retained in

crops, leafly vegetables or pasture grass
(dimensionless)

2 | : ]_4&3

(13)



the fraction of time yearly in which crops
are irrigated (dimensionless)

the stable element transfer coefficient for
nuclide uptake by soil (dimensionless)

the time period during which soil is exposed
to nuclide contaminated water (hr)

the time period in which crops are exposed to
contamination during the growing season (hr)

the effective rate at which nuclides are removed
from crops (hr—1)

Ai + )w

the nuclide removal rate constant for physical
loss through weathering (hr"l)

the a%ricultural productivity per unit area
(kg/m*=)

the time delay between crop harvest and ingestion
by man (hr)

the effective surface density of soil (kg/mz)

The concentration of nuclide in animal meat products

(Cla(Me)i) is determined using the equation

+ where

F
Ia(Me)i

C

If

i

“racme); = FIa(Me)i'[CIfi’Qf+ CIawi‘Qaw(Me)J (14)

the nuclide accumulation factor for meat
(day/kg)

the concentration of nuclide in animal
forage or feed which has been irrigated with
nuclide contaminated water (1Ci/kg)



Qf = the forage or feed consumption rate for
range cattle (kg/day)

CIaw = the concentration of nuclide in animal
i drinking water taken from a nuclide con-
taminated source (uCi/%)

= the drinking water consumption rate for

Q, e
aw(Me) range cattle (2/day)

The concentration of nuclide in milk from animals
drinking contaminated water and eating forage or feed °
irrigated with contaminated wqtel (CIL(MI) ) is determlﬂvd
from the equation

C

CIri‘ Qp+ C (15)

raid; = Fraoui;’ Taw, " Qaw(ii)

where

‘Iw(“j) Lhe nuclide accumulation factor for milk
UL (day/e)
Qaw(Mi.) = the drinking waler consumption rate for

dairy cattle (%/day)

Input parameters used in equation 13 to determine the
concentration of nuclldes in ingested vegetable matter (C _)
which are scenario specific but do not vary for 1nd1v1dual -
nuclides are given in the flirst column of Table 6.10. A1l
values except tb and I are taken directly from RG 1.100. The
value oftb used in the analysis is smaller than the value rec-
ommended in RG 1.109 because the nuclide source is not chronic.
The value ol T is an upper bound on irrigation rate require-
ments for irrigated land nationally.

*An average irrigation rate for irrigated land in the Oh1o
river region is calculated to be approximately 2 x 10-2
L/m“-hr, while the average irrigation rate in the Columbia
Northern Pacific Region, wherb 1rr1gatnon is more intensive,
is approximately 6 x 10‘ 2 /m“~hr. 17)
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Table 6.10.

Input Parameters For Evaluating

Irrigated Vegetable Nuclide
Concentrations

Irrigated Vegetable Value Used to |Value Used to
Matter Parameters * Calculate Calculate
C C..
Iv, If.
1 1
r .25 25
N, (hr~1) 2.1 x 1073 2.1 x 1073
t, (hr) 1.44 x 10° 7.2 x 102
2
Y, (kg/m™) 2.0 2.0
£, .5 .5
t, (hr) 7.2 x 102 7.2 x 102
p (kg/m?) 2.4 x 102 2.4 x 102
t,  (hr) 3.36 x 102 0
2 _
I (2/m“-hr) .1 1

*All parameter values except tb and I were taken directly

from Regulatory Guide 1.109.




Values of Ciy. for major contributing nuclides are
! i
shown in Table 6.11.  Values of the bio-accumulation factor

‘ B
Iv
Lhe transfer of nuclides from: irrigation water to vegetable

for individual nuclides are taken from RG 1.109. Notably,

;<}: ' matter is dominated by direct’ deposition on foliage.

To determine the conéentration of a nuclide in animal
furage or feed which results from using irrigated water (CIf ),
equatlon 13 is used with valucs for the input parameters glvpn
. 1 i in the second column of Table 6 10. Only te and th differ in
i value - principally because of the shorter times to induction
| into the animal feed pathway. Values of CIfi are also given
in Table 6.11.

It is conservatively assumed in this study that animals
which ingest forage irrigated with contaminated water also

drink contaminated water. Therefore

. | C = C, (16)

To determine nuclide concentrations in meat and milk,
equations (14) and (15) are evaluated using a forage con-
sumption rate of 50 kg/day for beef and milk cattle and water
consumption rates of 50 %/day and 60 ¢/day for beef and mill
cattle, respectively from RG 1.109. The results of the evalua-
tion of equations (14) and (15) are presented in Table 6.12.
‘ Bio-accumulation factors in meal, (F and milk, (F
are taken from RG 1.109.

Ta(Me), ), Ia(Mi)i)’
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Table 6.11.

Matter For Humar Coénsumption (C

Nuclide Concentrations in Vegetable
) and

Iv

i
Animal Forage (CIf ) Resuliing From

Irrigation With Nucllde Contaminated

*
Wate
Critical C. Ao B C C
Nuclides| ot (hr%i) Tvy vy Ity
H (uCi/kg) | = (uCi/kg)
sr-89 | 1.45x107% |2.67x107% | 1.7x10™2  |5.40x1074 | 5 80+ 10~
-4 -3 1. -2 -4 -4
Sr-90 [ 1.06x10 2.10x10 L.7x10 6.00x10 - 4.92x10
Ru-106 | 1.62x107° |2.18x107% | 5.0x10"2  |8.67x1073 | 7.37x 10"
] -3 ~3 -2 -2 . -2
Cs-134 2.53x10 2.13x10 1.0x10 1.40x10 . 16x10
Cs-137 | 1.51x107° 12.10x1073 | 1.0x10"2  |8.55x10"3 | 7. 01x10-"
‘ ¥ All terms are defined under cquqtlon 13 in the
text
The dose to an individual from each major nuclide
in the irrigated food pathway and the total dose, is shown

in the last column of Table 6.13. The dominant contributors
are the cesiums with Sr-90 and Ru-106 accounting for an
additional 6%. The individual dose from the irrigated food
pathway is a factor of four gr%ater than the dose from the

drinking water pathway.
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Table 6.12. Nuclide Concentrations in Meat and Milk as a Result of
Cattle Ingesting Contaminated Water or Feed Grown by
Irrigation With Contaminated Water*

Critical Cy Cre, Fracue, Cracme),  |Fraqmiy. Craouiy.
Nuclide (uCi/g) i i i i i
(uCi/kg) (day/kg) (uCi/kg) (day/&) (uCi/R)
Sr-89 1.45 x 107% [5.80x 107% | 6.0 x 10% | 2 18 x107° |8.0 x 107%]3.02 x 105
-4 4 —4 -5 —4 -5
| sr-90 1.06 x 107¢ |4.92 % 10 6.0 x 10 1.79 x 107° [8.0 x 107%|2.48 x 107
! - - - - - Pl
@ | Ru-106 1.62 x 107° 17.37x 1073 | 4.0 x 107} | 1.80 x 1071 [1.0 x 1070 |4.66 x 10°7
Cs-134 2.53 x 107° [1.16 x 1072 | 4.0 x 1072 | 2. a3 x 1072 |1.2 x 1072 (8.78 x 10-3
Cs-137 1.51 x 1073 7,01 x 1073 | 4.0 x 103 1.70 x 1072 {1.2 x 1072 |5.29 x 10-3

S % a1l terms are defined under equations 13, 14, and 15 in text

£
!
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Table 6.13. Individual Dose From Critical Nuclides Ingested Through the

Irrigated Food Pathway Following a Spent Fuel Cask Release
to a River

foitacal Uy C1v, Uta(ke) Cracue), Uta(ui) CIa(Hi)i ®D,y lebd1
1
(kg) (uCi/kg) (kg) (uCi/kg) (1) (uCi/2) (rem/uCi) (rem)
Sr-89 15.6 5.49 x 1074 7.8 2.18 x 1075 9.0 3.02 x 107 [8.7 x 1073 | 7.84 x 1075
Sr-90 15.6 6.00x 1074 7.8 1,79 x 1073 9.0 2.48 x 10™° [1,7 x 1071 | 1.65 x 10~3
. i _3 -1 -7 -4 - 4
Ru-106 15.6 8.67 x 10 7.8 1.80 x 16 8.0 4.66 x 1077 [3.2 x 107% | 4.93 x 10
Cs-134 15.6 1.40 x 1072 7.8 2.83 x 1073 g0 8.78 x 1073 |7.5 x 10°2| 2.4 x 1072
-3 -3 -3 -2 -3
Cs-137 15.6 8.55 x 10 7.8 1.70 x 10 9.0 5.29 x 1070 |4.3 x 1072 8.35 x 10
m -
&J *all terms defined under equation 12 in the text RIwa = 3.46 x 10
>



6.5.3 . Consequences to a Population of a Cask Immersion
Accident

Consequences to a population from a hypothesized
release to water are estimated in this section for the
purpose of evaluating risk to the public from a liquid

release accident involving spent fuel.

As stated in Section 6.5.2 the total population
potentially exposed to consequences from a release to
a medium flow rate river is 6 x 105 persons(6_14). Thus,
since the river is assumed to be the major water supply,
the population exposedrto the drinking water pathway is

estimated to be 6 x 10° persons.

The population exposed to the freshwater fish
ingestion pathway is estimated as a portion of those

exposed Lo contaminated drinking water.

Given the quantity ol [ish consumed yearly by an
adult (RG 1.109) the percent of this fish which is freshwater
caught can be determined using Appendix C of the NRC generic
report on 1iquid;pathways(6_13). Table 6.14, reproduced f{rom
Reference 6-13, shows that if only commercial fishing is con-
sidered, approximately 3% of the fish caught (and consumed) are
freshWater. Alterntively, if recreational fishing is considered,
“approximately 17% of the fish consumed are freshwater caught.

To account for the fact that a large amount of recreational
fishing occurs on small streams, lakes, and ponds which are
not part of potential barge routes, it is assumed that 10% of
the Tish consumed in the U.S. is freshwater caught in streams
or lakes large enough to be part’of a barge route. Therefore,
for a population of 6 x 105 persdhs.potentially affected by a
liquid release, 10% of their fish consumption is freshwater

caught.
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Table 6.14. U.S. Consumption of Aquatic Foods*(6—13)

IFish Product U.S. Commercial | U.S. Recrecational Iinports
Source lHlarvest Harvest
Marine 1400 1600 2100
Freshwater 97 770 no
‘ estimate

* all quantities are multiples of 1081p.

1f it is conservatively assumed that all Fresh-~
water Fish consumed by a population are locally caught
then 10% of the fish ingested by an affected population of
6 x;]O5 persons is radioactively contaminated. quivalently,
' all the fish ingested by 10% of the aflflected population, or

. ) . . . .
6 x 10 persons, is radioaclively contaminated.

For the shoreline sediment pathway, the population
exposed to shoreline sediment contamination is assumed to
be the same as the population exposed to drinking water

contamination and is taken to be 6 x 105.

For the irrigated food pathway, an estimate of a
. percent of the population which consumes animal and vegetable
matter grown with radioactively contaminafed irfigation water
can be made by estimating the percent of crop and pasture
land in an average watershed which is under irrigation.

For watershed regions east of the Rocky Mountains,

where barge transport of spent fuel is feasible, a national

@ | 6-38
| 154




Table 6.15. Fraction of Land Under Irrigation In Water
Sheds East of the Rocky Mountains(6-17)

3 Watlershed Total Crop «| Fraction
’ % Region and Pasture Land Irrigated
North Atlantic Region 23357 1.33x1072
South Atlantic-Gulf Region 40963 3.66){10"2
| Great Lakes Region 27324 5.13x107°
Ohio Region 47260 1.16x107°
Tennessee Regioﬁ 8141 2.46x10—3
Upper Mississippi Region 73907 1.89x10"3
‘ ? Lower Mississippi Region 16685 5.39){10—2
| | Souris~Red-Rainy Region 19057 7.87x10~4
Northern Missouri Region 254850 2.90x10—2
Arkansas-White-Red Region 98190 3.87x10_2
Texas-Gulf Region 79713 6.90x1072
689447™ 3.06x107 2"

. * 103 acres
#% total arable land
*x* weighted average using % of total arable land in water-

shed region

‘a




6-17
assessment of water resources( )

indicates that approxi-
mately 3% of the land is irrigated. Thus, if the assumption
is made that the bulk of farm products grown locally are
consumed locally, then 3% of (he vegelable matter and animal
tissue consumed by a population of 6 x 105 persons will be
irrigated with conLaminaLcd water. Equivalently, 3% of the
population or 1.8 x 10 persons consume the entire irrigated

portion of the crop.

The weighted average method of estimating the popu-
lution affected by irrigated crops excludes several important
influences such as the use of well water for irrigation, and
the use of irrigation for growing large non-food crops such
as cotton, and national distribution of locally grown beef
and irrigated food. Al] these ractors, however, indicalte that

Lhe estimate of the exposed populalion is conservative.

The consequences of a cask immersion accident are
given in Table 6.16. These consequences are calculated using
the individual doses calculated in Section 6.5.2 and the popu-
]a1lons exposed to each dose pathway. Notably, the freshwater
f1sh lngestlon pathway dominates the population dose due to

the high accumulation factors for cesium in freshwater Tish.

It should be emphasized that the estimates of popula-
tion dose for the cask immersion accident do not take Jnto
consideration a number of factors which would mitigate the
results. These factors include the following:

6—4-0‘ | . 15 6
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Table 6.16. Consequences to An Exposed Population
From a Cask Immersion Accident
Average Population Whole Body Dose
Dose Pathway Individual At Risk Dose Risk to Public
Dose (rem) Population (man—-rem) man-rem/reactor year
lrinking water 8.43 X 107> 6.0 X 105 5058 2.6 % 1077
freshwater fish 2.90 X 1071 6.0 x 10° 17400 8.9 X 1077
shoreline —a
Keposits 1.30 X 10 6.0 X 10° 78 4.0 X 1079
irrigated foods 3.46 X 1072 1.8 x 104 623 3.2 X 1078
Total All Pathways 23159% 1.2 X 1076

* The probability of this consequence is estimated at 5.1 x 10711 per reactor year.




a)

b)

c)

Immersjonvof the cask in a river from which-
drinking water is drawn is a worst case con-
dition. Ustimates of generic barge route
mileage in Section 1.0 weighted by the number
ol potential ulility sites along the route
indicate Lhal a maximum of 44% of all barge
mileage would occur in rivers used as water
supplies. In addition, population consequences
are estimated based on a cask immersion time of
30 days, even though a cask would probably

be relrieved much laster.

Calculations of radiocactive sourcé]strength

are based on free flow of water through the cask
and complete mixing with river water. The

flow area used in the consequence evaluation is
equivalent to an:extremely large break not

likely to exist even if the cask integrity were
compromised. Since the cask is also likely to be
buried deep in sediment, exchange of water in

the cask would be severely limiled, significantly

reducing Lhe expected source strength.

The amount of time necessary for reaction by
local authorities and water supply districts

is small compared to the amount of time needed

for a spill to spread downstream. A release

in the river model used in this study would
required 12.4 days to travel 300 km. In the
event that a release were to occur, it can "

reasonably bé assumed that most local water
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supplies would have switched to emergency

sources after a short time and that there would

be a limited uptake of radioactively contaminated
drinking water thereafter. In addition restric-
tions on fishing and the use of river water [or
irrigation would further mitigate the consecquences

of these palhways.

'

6.6 Risk to the Public From Intermodal Transport of
Spent Nuclear TFuel

In Section 5.0 the probability of a significant
release to water as a result of a spent fuel shipping acci-
dent was given as 5.1 x 10—11/R—yr. Using the estimate of
wuter release consequences from Table 6.16 the risk to the
public is 1.18 x 10—6 man-rem/R-yr from water release acci-
dents. From Table 6.4, risk to Lhe public from air release acci-
dents during intermodal transport is 1.4 x 10_8 man-rem/R-yr.
Therefore the total risk to the public* From intermodal transport

of spent fuel is 1.19 X 10-6 man-1rem/R-yr.

Total risk to the public from air release accidents
during rail transport is 3.7 x 10—7 man-rem/R-yr, which is
a lfactor of 26 greater than Lhe risk from air releases during
intermodal transport. lHowever, because risk from barge trans-
port is dominated by tLhe water release accident the total risk
from inltermodal transport ig a factor of three'larger than the

risk from transport by rail alone.

* Whole body doses only
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The difference in the risk numbers calculated for
intermodal and strictly ‘uilyt'ansporL is not significant
since all probability estimates used in the sludy are
order-of-magnitude estimates only. Turthermore, the
risk due to spent fuel transport by either mode is
negligible when it is compared wilh Lhe average risk
due to light water reactor operation (24.8 man-rem/R-yr for

a PWR and 20 man-rem/R-yr for a BWR lrom reference 6-1).

Table 6.17 shows the risk to the public for a 1985
population of LWRs as a result ol spent fuel transportation
in three transporl mix scenarios described in Section 1.0.
Tolal risk for the eslimaled 1985 population ol 191 reactors
ranges from 7.9 x 10_5 man-rem/yr for the scenario in which
5% ol Lhe spent fuel generated annually is transported inter-
modally to 1.3 x 10_4 man-rem/yr for a scenario involving
heavy use ol intermodal tLransport (40% of all spent fuel

Lransported).

Figure 6.1 shows the predicted variation in risk
to the public for light and heavy use of intermodal transport.
Also shown for comparison, are the results of Hodge and

6-3 ) . .
( ) who modeled air releases from the wet cask and

Jarrett
assumed light use of intermodal transport. The differences
in risk predicted by these two sthies for the light use
scenario is less than 2 x 10~5 mdﬁlrem/yr. This difference
in predicted risk is not the result of analysis of the wet
cask design in Reference 6-3 since the air release risk from
a wet cask estimated in this study is identical to that of a
dry cask and liquid release risk can be shown to be nearly

identical for wet and dry casks.
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" Table 6.17. Public Risk From Spent Fuel Transport Accidents for a
1985 Population of LWRs™*

Transport Mix

Risk From
Rail Transport

(man-rem/yr)

Risk From
Intermodal Transport

(man-rem/yr)

Total
Risk to the
i Public
(man-rem/yr)

5% Intermodal-light use
scenario (10 units of-a
possible 191 in 1986
serviced intermodally)+

40% Intermodal-heavy use
seenario (76 units of a
possible 191 in 1985
serviced intermodally)

80% Intermodal-upper
“bound (153 utiits of a
possible 191 'in 1985
serviced intermodally)

6.7 X 107°

4.3 x 10

1.4 x 10~

1.2 x 10‘5

1.8 x 10~

7.9 x 107°

1,3 x 1074

1.9 x 10~

* Assuming 4ry casks are used for all transport operatlons

T 1985 population of U.S.

reactors is assumed to be 191 (Section 1.0)
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‘other studies.

The results of this study are compared with the
results of other risk studies of spent fuel transport in
Table 6.18. With the exception of Hodge and Jarrett the

results are smaller than estimates of risk taken from
(6-18, G6-19)

6-47

163

o AR i kR



Table 6.18. Comparison of Listimates of Public
Risk From Spenl Fuel Transport Accidents
From Several Sources

Source

Scenario

Whole Body Dose °©
Risk to Public
(man-rem/yr)

Light Use of IMSTT

(March 1976)

transport is
considered

v 7.9 x 107°
ATF/NESP-014 Scenario (5% Mix)
September 1978
=
' Heavy Use of IMSTT -4
1.3 x 10
© Scenario (40% Mix)
lodge & Jarrett(E=3)T s
) Air release only 6.2 x 10
(April 1975)
Cohen & Dancéﬁ~l8)+
Air release only 14.5
{November 1975)
- (6-19 )*x*
NUREG 0170 The use of air -3
2,2 x 10

* Calculations were made for a dry cask.

4+ Population of reactors eupected to be operational by

1985 ascestimated in Reference 6-3 was used lfor normalization

4 Based-on the data provided in Table 5-8 of Reference 6-18

for population doses per 1000 MWe Yr normalized to the
estimated 191 reactors in the 1985 reactor population.

“** Incremental risk in study is given for all spent fuel

transportation at 1976 level.

Risk was normalized to

a 1985 level by using a factor of 191/62 to account

for the larger number of reactors expec

operation.
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7.0 ECONOMIC EVALUATION OF WATERBORNE TRANSPORT OF SPENT
FUEL
7.1 Purpose and Summary

Waterborne transport of spent nuclear fuel has been
shown to be a safe method of shipment. This section explores
the utility of this mode of transportation by considering its

economic ramifications.

This study concludes that waterborne transportation
is more costly than land transportation in all cases evaluated.
This is due mainly to the high cost of cask rental which
results from the extended trip and turnaround time. The con-

clusions of this study would be modified if:

w) industry experience with intermodal transport
increases, Lhereby increasing the efficiency
ol the transport process and reducing transport

costs

b) the cost of rail transport increases with
respect Lo waterborne transport

c) special cquipment and procedurcs are developed
to fucilitate transfer hetween land and water—
borne modes

7.2 Use of Generic Routes

The comparative mileage of three generic spent fuel

Lransport routes are shown in Table 7.1. 7Two of the routes
!
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Table 7.1. Generic Spent Fuel Transport Routes
Considered in Economic Evaluation

One Way Intermodal Route
Generic Description Distance Equivalent(%
Route .
Rail .Rall
Waterborne or (b) Total Distance
HHT
(mi) (mi) (mi) (mi)
1 Utility site on or near 1,647 11 1,658 1,161
Great Lakes to Oak
Ridge, Tenn,
2 Utility site on Chesa- 110 450 560 560 %)
peake Bay to Hampton
Roads, Va., rail to
Barnwell, S.C.
3 Utility site on N.E. 1,469 15 1,484 1,039
Atlantic Coast to
Barnwell, S.C.
i

Equivalent rail distance fs the distance by rail between two endpoints of a cask
trip for which a waterborne route has been defined.

Heavy haul truck.

Rail or truck mileage is assumed to be the same as the waterborne distance due
to the short distance and directness of the waterborne link.

)
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are representative of long distance routes between reactor
units and receiving facilities.' Both of these are nearly

'totally navigable by water. The third route consists of a
short waterborne segment from alreactor to a rail head at a
D .

major port and'qompletion’of thé trip by rail. The third
route represents a near term need contemplated for waterborne
transport; i.e., to providé a means of ‘using rail size

casks for spent fue] Lransport when no rail access to the
utility site ex1stb

Table 7.1 shows equivalent distances for transporting
spent fuel strictly by rail or legal weight truck (LWT).
In order to account for the fact that‘waterbdrne routes are
less direct and longer than overland routes, the equivalent
rail mjléage fér a long waterborne route is determined by
using a factor of 0.7. This factor was established by com-
paring point-to-point rail and water distances between given
map points. Waterborne distances were eva]uated as part of
this analysis (see Appendix A) and rail route distances were
obtained from commercial carriers. The 0.7 equivalence
fuctor is also used to aetermine truck route distances,*

7.3  General Delinitions and Modeling Assumptions

Forjpurposes orjmodeling;uniformity, a ”tfip” is
defined as transporting two empty casks from the receiving
facility to Lhe utility, loading them and returnlng with
the loaded casks to the receiving facility. A trip has

threc¢ main cost acceruing hases:
. pna

* A comparison with truck route distance schedules made
’ after this work was completed resulted in.a factor of

0.65, in Ieasondble!agreemeni with the initial assumption.

3




a) conveyance - the phase of the trip in which
the casks are carried from one point to another

by a primary carrier

b)  turnaround - the phase of the trip at either
end of the journey in which the casks are
' . removed from the primary carrier, moved to the
site, loaded or unloaded, and returned to the
primary carrier.* In this study, a tr%p will
be assumed to have two turnarounds, one at the
utility and one at the receiving facility.
¢) - intermodal transfer - the phase of thé trip in
which the cask§ are transferred from one primary
mode of conveyance to another at some inter— ©
. - mediate point in the journey. The
term "intermodal transfer" is inexplicit since
it implies transfer from anylmbde to any other
mode. However, as delfined in Section 1.0 inter-
modal transport involves thébuse of barge and
rail or truck so an intermodal transfer here applies
to a mid~trip,barge/rail or rail/barge transfer.
Generic intermodal route 4 requires an inter-

modal ttansferg

. i !
' !
. . : {
: 5

* For transport by barge, turnaround at the utility consists
of removal of-the casks .from the hbarge, transporting them
to the spenq fuel bui1ding of the facility, filling
the casks, returning to the barge and securing. Com-
parable transport by railiwhen no rail access to the
site turnaround exists, consists of taking casks from
the rail head, transporting them to the fuel load out area

- access,'filling;and'the,returning‘of the loaded casks
to the rail head. ' R S - S : L

I N

}
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Several sources of cost were 1dent1f1éd for the com-ﬁ

parative cost study of the various Lransport modes., Some

of these sources of cost affect al] modes of transport and
some affect ‘only one ‘mode. The total cost of spent fuel
‘shipping service for one rcactor was calculated on a

yearly basis. | '

. L
A spent fﬁel shipment requirements for a 1000 MWe PWR

cohsist of the transport of 65 assemblies per year between
the ut:llty and receiving facility. The, reference rail cask
ubgd in this evaluation is a dry cask which holds 10 PWR
assemblies or 4. 5 metric tons of uranium (MTU), thus a spent
fuél shipment campaign would require transport of 6.5 cask
loads yeally.*, It was absumed that two casks would be con-
veyed by a single barge per trnp and two casks would be
conveyed per train per trip. here[ore, a full campaign by
either mode using dry casks involves 3.25 trips per reactor-
year . 5
The wet cask holds seven assemblies, OTr 3.1 MTU.
Thus a campaign to service one reactor using wet casks would

requ1re 4.7 trips per year .

5 ‘ ; : ':1 L
An LWT size cask holdi one PWR fuel assembly' . There-
fore a spent fuel.shipméht campaign by - LWT would require 65

trips per reactor-year.

LA

* The cost calculations in this section, in the interest
of simplicity, con51dc1 only shipment of dry cdsks.

VT-For‘eXample,_the NLI-1/2 dry cask and the NFS-4 wet cask.

f1

-
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7.4 Ilemenls of Loat for Various Spent Fuel Transport
Modes v

a

ments ol cosl for each trip phase lor several
dilferent modes of shipment are shown in Table 7.2. These
cosl elements are discussed individuallily in the fellowing

sections. All costs are given in 1977 dollarvs.
7.4.1 Sources ol Cosls for Intermodal Transport
o

7.4.1.1 Walerborne Conveyance Costs

Spent fuel transporl costs for the barge conveyance
phase of dntermodal transport are largely a function of
equipment rental costs. These costls include rental fees
for the casks and barge. The rail conveyance (freight)”
charges are added to the rental fées for the cusks and
barge to compute tolkal conveyance costs. '

o Rental ol a wet cask wus'quoted by comnercial sourcesu
as $3.OK/day*(7—l)“ ‘
$3.5K/dmy(7f2>
cost scale to provide a dloéountlnp capabJLILy for long term

Rental of a dry cask was quoted as
In both cabcs the vendor Ubed a sliding

commitments, In Lth sLudV a“dry cask rental fee (RC)
of $3.5K/day Was usgd tor calguldtlons of cost.

0

Costs for barge‘dbnveyance (R ) were calculated

vblbed on a $1 5K/day service charge for Lhe barg tug, and

(7-3) y - - )
{ e |

" * The notatnon used here is $ OK/day'= $3,000/dayfsimilar1y
$]M =,$1 000 000. - , .




Table 7,2.

BEST COPY AVSALARLE

Elements of Cost by Trip Phase for
Three Spent Fuel Transport Modes

" General H Special Elements of Cost
Trip Phase | coge sources Barge-Intermodal | Rail Exclusively | LWT Exclusively
conveyance « spent fuel con- « cask (zail size)| e cask (rail size)|ecask {truck size)
tainment rental rental rental
o freighting « barge rental e train ship=~ * truck ftreight
ment charges charges
« rail charges
« spent fuul con=- e cask rvental - -
tainment .
o transfer charges |« transter equip-
intermodal ment rental = -
transfer s transter per-
sonnel charges
o stationary squip-| o barge ruantasl - .
mnent. costs
« spent fuel con- » cask rental » cask rental ecask rental
tainment .
« transfer; charges | o transfer equip-|» transfer equip-
i ment rental ment rental -
« transfer puor: e transfer per-,
. sonnel charge
turnaround sonnel charqges Tges
. stutionary equip-{ e transfer equip-fe transfer equip- |e truck detention
ment Costs ment during ment during charges during
cask loading cask loading cask loading and
and unloading and unloading unloading
« capital equipment| s loading and un=je installed rail
costs loading equip- access construc- -
ment construc- tion cost
tion cost




Since the charges quoted above accrue by the day,
it was of major importance to determine elapsed times for a
trip. This, in turn, required a reasonable estimate of

average barge speed.

Several conflicting estimates of average barge speed
exist. WASH—1238(7"4) assumes an average speed of 4 mph for
harge trips. Barge carriers(7—3)
speed of 9-11 mph for trips along the eastern seaboard and

indicate an average barge

on the lower Mississippi. Barge speeds quoted by the commer-
cial source(7"3) may be optimistic for a national average
since barge traffic on much of the easl coast and lower
Mississippi involves comparativelyyépen water. Therefore, an
average barge speed of 7 mph (an average of the Lwo estimates)
is used in this study to calculate barge and cask costs for

the transport portion of each trip.

Since a barge can travel 24 hours per day, the cost
per mile was based on a dﬁily_covered distance of 168 mi.
The total cost per mile for barge conveyance was calculated
1 day -
as (2 Rc + Rb) (T§§°ET) or $50.6/mi..

7.4.1.2 Intermodal Transfer Costs, Using Rol1-On/Roll-Off
by HHT
: 47
Transfer costs for equipment rental an?/%anpower
(Rjt) for intermodal transfer using HHT were lased on
estimates of labor, time, and equipment requirements quoted

(7-3,7-5) Table 7.3 presents a break-

by commercial sources. v
down of costs for the labor and equipment needed to transfer
two casks from_raiicaré to a barge using HHT and equipment

~rigged for roll-on/roll-off,

Ea e | 174



Table 7.3.

Intermodal Transfer Cost Breakdown for
Rol1-On/Ro11-0ff of Two Dry Casks by HHT

Hourly Daily Cost of
Cost Cutegory Source Rate Rate Transfer
Two Cusks
($/hr) ($/day) K$/transter)
transfer rigger(d) 16.
pursonnel
conts driver(l) 16,
supervisor(l) 20.
operutions 25, 1.44k° 7.2K
engineer(2)
transfer hauler, 150.
equipment including
rontal truactor and
dollies
Tigging 50. 1.92¢° 9. 0K
equipment
and radia-
tion moni-
toring equip-
ment
nlationary 1.5K 7.5K
barpe
rental
cushk 7.0K 35.0K
rental
totul o
tvanster 59. 3K
cost
* Ineluding u 20% markup.
7-9
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The intermodal transfer time (Tit) required to
Lransfer two rail casks in either direction, given in Reference
7-3, was the sum of 4.5 days for transfer Lime and 0.5 day

for equipment assémbly.

Assuming a 20% markup on equipment rental and per-
sonnel fees and considering that stationary charges accrue
on the barge and cask, the total cost for intermodal transfer
ol 2 rail casks is: (2Rc + Rb + 1.2 Rit) © Ty Or $59. 3K.
7.4.1.3 Turnaround Costs

7.4.1.3.1 Turnaround Costs Using HHT

A heavy haul Lruck syslem is one option for trans-
porling spent fuel casks over the short distances (<20 miles
one way) which characlerize the turnaround portion of inter-
modal routes. Since Lurnaround is required for any barge
shipment campaign, we assume that an efficient HHT transport
system similar to the gooseneck unil discussed in Section 2.0
would be used.

The time needed during turnaround fB remove a cask
from the barge using HHT is less than the time required for
barge/rail transfer since railcar assemblies are not required.
However, since the utility site may be some distance from
navigable water there may be up to one day of travel time
between the barge slip and the loading and unloading site.(7-6)

Total HHT turnaround time was estima%éd by assessing
the amount of time involved in each operation, with operations

running concurrently whenever possible. The total turnaround

7-10
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time for a two cask shipment at the utility was estimated to
be 7.5 days, assuming a 0.5 day time to pickup or drop off
a cask with HHT equipment and a 0.5 day travel time to the
site (Figure 7.1). Cask pickup time estimates were quoted

by commercial haulers(7-6)

who assumed that specially designed
gooseneck hauling equipment and“quick release tiedowns were
used, If a less efficient transfer process were used, it
could add as much as 2 days Lo the overall turnaround opera-
tion, Also, a longer travel time (one day to the site)

could add as much as two days to the total turnaround time,
Using these figures; the most pessimistic prediction of turn-

around time was found Lo be 11.5 days.

Two estimales of Lhe rental cost of HHT equipment
neceded tor a turnaround operation were obtained. One esti-
mate of $150/hr was supplied by an east coast contractor(7~3).
Another estimate of $100/hr was supplied by a west coast
¢rane operuLnr(7—6), who assumed that a specially designed
pickup u}rungemeuL would be used and no extras, such as
escort vehicles, would be required. An average estimate of
$125/hr was used for Lhis study. The crew size and cost
estimates were taken [lrom Reference 7-6. A crew is assumed
to consist ol one driver, one helper, one or two riggers and
oneg foreman. Turnaround costs for equipment and personnel
(Rt) waus $1.67K/day. Total turnaround costs were estimated
to be (2Rc + Rb + Rt) - T, or $76.3K per turnaround. The

annual operaticnal costs for turnaround using HHT, assuming

* An estimate of the time needed to transter three rail
casks [rom a rail head to a utility site 17 miles away
and return with full casks was quoted by a commercial
cask rental source(7-2) as approximately 9 days(7-12 days)
Therefore, the 7.5 day turnaround for two casks is reason-
able but shorter times are possible.

7-11
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Operétion Phase

Operation Component

Cask 1 to Site ° —o-

Cask 2 to Site

Cask 1 Return to
Barqge

Cask 2 Return to
Barags

} i 1 1 1

Operational Components

. HHT Assembly

. HHT Pickup of Cask

. HHT Transport Cask to Site

. HHT Dropoff of Cask

Cask Loaded/Unloaded

HHT Return to Barge

HHT Transport of Cask to Barge
HHT Dropoff of Cask @€ Barge
Securing of Cask to Barge

HHT Return to Site

OO DNIOULLDS W

-

R,

gLl

3 4 5 € 7
Time (days) Since Start of Turnaround Operatiorn

*Corresponds to time needed to load rail sized cask with

spent fuel at a utility as quoted by a commercial cask rental
source <L The time needad to effect unloading cf the cask
at the resceiving facility is estimated by the same source to
be approximately half the loading time, or 1 day.

Figure 7.1 Turnaround Operation Times at Utility Site Within 20 Yiles of
Dockside for Roll-On/Rnl11-0ff of Two Drv Casks by HHT.
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3.25 trips per year, would be approximately $250K. A detailed
breakdown of HHT operational costs per turnaround are given
in Table 7.4.

A significant savings in operational costs for HHT
turnaround can be achieved if HHT vehicles are committed to
the barge, since they could be left assembled on the barge
during the trip and rolled off at the facility, thus shortening
the turnaround operation by one tu three days. Availability
of UNT vehicles will determine whether commitment of vehicles
will be possible.

Il HUT access Lo a utility site is to be used, it was
assumed thal several capital improvements would be made,
including construction of a docking facility and permanent
road.  Construcltion of a concrete docking facility was esti-
maled Lo cost $500K and secondary construction was estimated
Lo costl $22K/mi.(7-5) Thus, use ol HHT roll-on/roll-off
access for a reactor located 5 mi. from a suitable dockside

would require a capital expendilure ol $610K.
7.4.1.3.2 Turnaround Costs Using a Floating Bridge

Turnaround of rail casks can be accomplished in an
elficient manner at sjtes‘yhjch have floating bridge and rail
access. With this mode of turnaround transport, casks or
rail cars may be directly transferred on and off of barges with

no disuassembly operations. The equipment involved and the

Rrocedure used for loading and unloading are discussed in
N

D

Sectdon 2.0.
N
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Table 7.4.

Intermodal Turnaround Cost Breakdoyn for HHT Turnaround
of Two Dry Casks at a Utility Site

Cost Category Cost Source Hourly Daily Cost to Turnaround
Rate Rate Two Casks
(S/hr) ($/dav) ($/turnaround)
turnaround edriver (L) 16
transfer ehelper (1) 16
personnel erigger (2) 16 672 5.04K
esupervisor (1) 20
Turnaround SHHT goose-
transfer neck eqguip- - =1
equipment ment & quick 125 1.0 7.5K
rental release
tiedown
stationary
barge 1.5K 11.25K
rental
cask . I
rental 7.0K 52.5K
total turn- 76.3K
around cost

* Assuming a turnaround time of 7.5 days.




Crew requirements for operating a floating bridge
would include a train crew of two men and a £ail/barge facility
crew of two men in addition to the barge crew. It was esti-
mated that the total manpower r9quirement for the turnaround of

! -
a single cask would be 32 hoursh(7 7

At $16 per man-hour,
total personnel cost per cask turnaround (Rt) would be $512.
Total time required to transport two casks to the utility site
would be one day, and it was assumed that both casks could be
returned and secured on the barge in one day. If two days per
cask are needed to ljoad the casks in the spent fuel area and
some gverlap in operation is assumed, a total of five days

would be involved in the turnaround of two casks.

Considering stationary charges of $1.5K/day for the
parge and $3.5K/day lor the cask, the total operational turn-
around cosl usimg a floating bridge would be 2Rt +-(2RC-+ Rb) T
or about $d3.5K/Lurnuround.* The yoearly operational cost of
turnaround at the utility using direct roll-on/roll-off rail
cars and floating bridge access to the utility assuming 3.25

trips per year would be about $142K.

In sume cases, a floaling bridge may be installed for

anolher purpose.’ Cost of conslruction of a floating bridge

$(7-8)

jtselfl was estimated to be $1.5M Cost of constructing
rail access to the sitle was based on an estimate of $750K/mi .,

k(T
including leveling and bridges (7 9).

* Expressions for HHT access cost differ from those for FB
access cost, since ¥B turnaround does not require a bridge
or train crew throughout the turnaround operation.

+ Several proposed utility sites have floating bridge access
to provide for shipment of heavy reactor components during
construction since adequate rail 1inks do not exist.

,+ For sites with less navigational and access constraints,
the cost of a bridge could be as low as $1M.

** Cost per mile of rail construction assumed the rail access
must traverse fairly rough terrain.

7-15
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Comparison of Costs for HHT vs. FB Turnaround

Table 7.5 presents a comparison of the estimated
operational and capital costs lor turnaround using HHT access
and FB access to g facility for two cases; i.e., a facility
five miles from dockside, and a Tacility one mile from dock-
side. Clearly, the use ofla floating bridge may have an
economic advantage over using HHT for tufnaround for short
distances to the utility site from dockside. If g waterborne
trip is part of an intermodal Journey dominated by the rail
portion, another advantage niuy be gained since transfer to:
rail may be made at a major port wherc carlloat loading '
facilities already exist. This would significunt1§‘reduce
the intermodal transfer cost.

7.4.2 Sources of Costs for Rail Transport
7.4.2.1 .Rail Conveyance Costs
Charges and rates for transportation of spent fuel by

rail have been made assuming that irrvadiuled nuclear material

*
can be shipped via regular train. Since a national

* The Association of American Railroads has recommended
that their carriers require spent nuclear fuel to be
carried on "special trains'", which carry no other freight
and travel at speeds of less than 35 mph.(7-10) A special
train rate is quoted on:a per mile basis by carriers
individually and ig additive to the regular train shipment
charge. A commercial carrier source(7-11) quotes the
special train charge at $19.72/mi. A second source(7-12)
quotes an average special train charge of $20/mi. As an
example, the total charge per mile for a 1,000 mile ship-
ment of a fully loaded dry cask including the special train
charges, would be $29.86/mi.. The case for the railroads is

still under review, but the commercial. railroads appear to‘have

lost their right to charge differently for special trains
by a recent court decision. .
‘ 7-16 -
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Table 7.5. Comparison of Costs for Intermodal Turnaround

Using HHT vs.

Using FB for Two Cases

Cost Breakdown

For a Utility Site 5 Miles

Distant from Dockside

For a Utility Site 1 Mile -

Distant From Dockside

Ay

!
|
|

HHT Access FB Access HHT Access FB Access
. ‘ . |
i !
C, - Capital Cost (%K) 610 5,250 ! 522 : 2,250
. ! !
C_ - Annual Operating ; ;
©  Cost ($K/R-yr) 250 142 i 250 ; 142
~ ‘ |
Ct - Total annual cost% ; !
of turnaround® E 270 i 317 ‘ 268 : 217
($K/R-yr) | * :
| i K
. Turnaround cost per g i
; trip™ ($K/trip) 83. 97.4 82.3 66.6
L i

¥ Calculated on a s1mp1e basis assuming an operatlng life of 30 years, i.e.,

Ct($a/R—yr) = CO($K/R—yr)_+

C.($K)

30 R-yr

+ Assuming 3.25 trips per reactor year are made between utility and rece1v1ng
fa0111ty using dry casks.



standard set of tariffs exist for regular train shipments
of spent nuclear fuel, the rates may be assumed not to vary
radically from carrier to carrier.

PJgure 7.2 shows a plot of average tarlfi charges
per 100 ]b of shipment welght as a function of mileage,
taken from raiil shipment data for eastern rallroads(7 12)

’The top plot is for casks with irradiated fuel, and the

bottom plot is for empty casks. The broken lines are
extrapolated from the data and are perhaps high since}

taritf charges will probably level off over longer distances.
Table 7.6 details a charge per mile for dry casks based on
rates taken from Figure 7.2. An attempt to verif& these
figures by direct contact with a commercial rail carrier(7—11)
produced tariff quotations of $6.54/100 1b, for casks with
irradiated fuel between San Onofre, Ca. and Hanford, Wash.
Assumihg the rail mileage between points to be approximately
1100 mi., these costs are nearly $16/mi. for a loaded dry
cask. Hence, the estimates in Table 7.6 may be somewhat

low for current use.

Cost of cask rental during‘the conveyance phase of
rail transport was calculated using the daily cask rental
charge of $3.5K/day and an average train speed that includes
all stops and yard operations between the end peints of the
trip. Two estimates from commer01a1 sources were used to
establish the estimate of average tra1n speed used in this
evaluation. One source, a commer01a1 cask supplier with
experience in transporting nuc]ear material by rail, esti-
mated average traln bpeed at 7 mph (7-2) A second commercial

184



s !
|
A generic route 4 /
i é} generic route 1 T
e @ . e 6 V4
; generic route ;7 ¢
I 7.5} 4
P 7 .
s Y 2R
y S
H , ’
’ ; / :'
. o -~ I ’
) . .
: /
- A r s
" por / = Extrapolated
I N /7 .
I A an
v l
7] 7 '
o ’
2] . / ol
é’ 5 5 [~ Spent Fuel Cask Ship- 7
; ment With Fuel ’
o B / ¢
,
a ’,
(] ]
E ‘
S‘ ’ll
i !
' o
j 'l @
' £24.517 p a
@
@ : -
£ 1\\\\
! @ ®
o
-
:'! .
g 3.5 = $pent Fuel Cask Shipment Without
| Fuel
2
2.2 1 i ]
500 1000 1500 2000
|
‘ Rail Distance (mi)

Figure 7.2. Regu]ar Train Shipping Charges ($/100 1b
Weight) For Loaded and Emptly Spent Fuel
Casks : :

»




02c-L

981

Table 7.6. Cost per iMile for Vario
Shipment by Regular Train

us Distances of Spent Fuel Cask

s . Regular Train Freighting Charge ‘
S ¥ . :
Cask Type hlﬁg;gg)¥e1ght ($/mi) 5
and Load Status '
500 1000 1500 2000
(mi.) (mi.) (mi.) (mi.)
Dry Cask Loaded 2.19 x 105* 11.16 ’9.86 9.21 ; 8.70
. | ;
5 i '
Dry Cask Empty 2.01 x 10° 9.85 }8.44 7.91 7.54
i

and railroads.

* Reference proposed weight agreement between N

ational Lead Industries (NLI)
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source(7—13)

used transportation data between Oak Ridge,
Tennessee and Hanford, Washington to estimate an average
regular Lrain speed of between 4.5 mph and 7.5 mph. An
average regular train speed of 6 mph was used in this assess-

ment.
7.4.2.2 Rail Transport Turnaround Costs

Turnaround times are difficult to estimate for rail
shipments at the utility end of the route since some reactor
siles have rail service into the spent fuel
loading area while other sites are located a considerable
distance from suitable rail heads. Wuterborne shipment of
spent luel would be compelitive for utilities that do not
presently have suitable rail connections to their site.
Turnaround options are possible lor sites without existing
rail acecess. The [lirst option would be to use HHT transfer
from a suitable railyard, employing essentially the sane
technique described for barge turnaround. The turnaround
costs pcf trip for this option were assumed similar to those
incurred lor barge transport. A second option would be to
build rail access to the plant. As stated above, the average
cost ol rail conslruction including leveling and bridge
building is estimated to be $0.75M/mi or $3.75M to connect
a utility site to a railhead 5 mi. distant.

The cost of a turnaround operation using HHT access
with a railhead is approximately $270K/reactor-year. For
those facilities where terrain permits, constructionof rail
access lor distances up to 7 miles ‘would be competitive with
HHT turnaround if it is assumed that the minimum turnaround
time possible is lour days.



It was assumed rail Lurnaround can be achieved directly

al the receiving facility end of the route.

7.4.3 Sources of Costs flor hegal Weight Truck (LWT)
Transport

7.4.3.1 LWT Conveyance Costs
Cost ol spent fuel shipment by truck was based on the

cosl ol the truck and driver and of a legal weight truck

(LWT) cask. The LWT casks which are available weigh approxi-

mately 22 Lons and carry onc PWR assembly or two BWR assemblies.
A receutly quoted rental flee Tor an LWT cask is $O.85K/duy.(7—2)

The cask rentul rate includes the services of a technical
representative who is responsible lor the coordination of
cask loading and who insures Lhe safety and efficiency of the

process.

The cost of freighting by ILWT, as gquoted by commercial
carriers, includes the cost of the truck and driver and is
expressed as a rate per mile of round trip distunce.(7—14)
The rate is $1.60/mi for round trips of less than 200 miles;
$1.10/mi for round trips of 500-1000 miles; and $0.95/mi.
for trips over 1200miles. An additive charge of $0.15/mi.
for a second driver is used in cost calculations.

Speeds for LWT shipment of spent fuel casks are
quoted as 30 mph.(7_l4) However, a derating factor of 25%
was used by the industry to estimate transit times through
urbun routes and through the northeast in general. An
overall speed of 25 mph was used in this study to avoid

segregating routes into urban and non-urban portions.

7-22
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7.4.3.2 LWT Transport Turnaround Costs

A LWT cask and its trailer can be delivered to the
fuel receiving bay at a utility. Likewise, at the receiving
facilities, the cask can be delivered directly to an unloading
crane. Thus, the only turnaround costs incurred using LWT

shipment are the rental charges on the cask during turnaround

and the detention charge on the truck. A detention charge of

up to $150/day is paid by the utility for keeping equipment
(7-14)

longer than 10 hours. Normal turnaround time for LWT

Lransported casks is one day at the utility and 0.5 day at
the receiving facility. The difference in time results from

; the receiving facility's higher level of handling experience.(7~2)

l 7.4.4 Other Sources ol Costs for Transport

“ Other cost sources affecting all modes of spent fuel
Lransport include insurance premiums carried on the cask
contents. Insurance covering damage or injury to personnel
orvhau]ing equipment resulting from shipment of spent fuel

is covered by the Price-Anderson law and was not considered

in this study. Damage Lo any transport equipment as a

result ol carrier negligence or accident is not considered

as a cost source to the utility or receiving facility. Damage
to the cask and contents can be covered with property insur-

‘ ance on a yearly basis and the cost is dependent on the value
of the cusk.

Directly quoted premiums and insurance coverage on
the cask were not available; however, a reasonable premium

estimate of $6K for a one-way waterborne trip for one cask

may be made(7_14) bused on an individual rail cask value of
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$3M. TFor casks carried by rail or by truck, only the contents
of the cask are insurable - al the following rates:

a) $0.05/%$100 ol the value ol LWI ciask con-
tenls atl 50K/assembly

L) $0.10/%$100 ol the value of rail cask con-
tents at $500K

A final cost source peculiar to Lhe waterborne mode
slems [ronm Che emergency response required for an accident
involving Lhe loss of a cusk* or damage Lo a cask. Cask
damage or loss are low probabilily cvents by any mode of
shipment and recovery costs have not been evaluated, How-
ever, recovery of a lost cask is a potenlial requirement for
walerborne shippers. This sludy did not add the cost of
recovery to the total cost of walerborne transit lor several

reasons:

a) The probability of such an accident per reactor
vear is sufficiently low that it would be
unreasonable to expect individual utilities,
carriers and receiving facilities to keep
equipment committed to potential recovery
operations.

b) This study assumed that, in the event of loss
of a cask, the cost of recovery would be borne

partially through insurance.

* Not leakage or violation of cask integrity, but simply
the sinking of the cask with the barge.
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7.5 Annual Cost Estimates lor Several Generic Roules

Resulls of the economic cost assessment for each ol

Lthe Lhree generic routes in Table 7,1 are shown in Tables 7.7 -

7.9. 1n all cases, the cost source criteria discussed in
Section 7.2 was used. The three major carrier modes con-
sidered were waterborne transportation, rail shipment and
shipment by LWT. Intermodal transport was considered for

three generic routes, including the relatively short

generic route 4.* The floating bridge access was considered

in casss where it represented a poLential cost saving aller-

native.

7.6 Discussion of Results

The range ol costl per reaclor year ol spent fuel

shipment by various transit modes for medium and long distance

routes between utility and receiving facility is summarized

in Table 7.10. In all cases, waterborne Lransit is Lhe most

expensive mode of Lransportation considered.

The lurgest contributor to overall cumpaign costl

lor

the intermodal and rail modes ol transporl is turnaround cost,

as shown in Tables 7.7 - 7.9. Turnaround cosls are greater

for waterborne transport than for rail transport by a factor

of 1.5 to 2.0. Hence, while conveyance costs for waterborne

transport are compelitive with other transport modes, Lhe

turnaround costs and intermodal costs render waterborne ship-

ments more expensive than transportation by rail or LWT.

* It was assumed that the casks were walerborne for a stiort

distance and that the trip was completed by rail for
generic route 4.
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Table 7.7. Economic Assessment Summary - Comparison of Spent Fuel
Transport Costs by Barge, Rail and Truck for Generic
Route 1.

9¢-L

[33) v
Transport Costs
Intermndal Route Le Veipht \
(vaterborne > 907) Rail Route 1:::: lou:e i
Trip Route Cost C {
HHT Access @ 7B Access (&l HHT Acceu(z) Rail M::essu) Rail Access 3 .
at Uciliry to Uzilicy to Utilicy '
buile Exiscs
| Barge 3c
ight =
Freight ;
Conveyance Coat ! Train 20.8

fTrucL P

Cask Rental 0 5¢ 3.s

Turnaround Total Turparounc 16¢.¢ " { 20020 gz.s® 81.s" 260 1.6

Cost ;
Non Phase N . 3 " :
Related Costs Insurance Qe : .3 : .e
T
Total Cost Per Trip 290.¢ (I 169.6 158 ¢ 108.: e.c
Total Cost Per Reactor Year 8 ,\(3) (8 (& (6: 418)
($M4/%=yr) .94 1.0# .5¢ .52 .3 .52
Option Costs ($M/R-yr) W96 - 1,0¢ e - .33 52

26l

(1) al) costs In SK/trip unless uoted.

(2) urilicy is assumed to be located 7 mi. from navigable vazer and 7 mi. from a2 railhead, receiving facility 15 locared 4 mi. from navigable vater
and has rafl service.

(3) asmumes tail service is available to the facilicy into tne spent fuel area.

(4) cark rental, operational costs and capital costs for turmaround at both ends.

(5) HRT acceas at both ends used.

(6) includes cask rental during turnaround and cost of rail construction to uttlity.

(7) includes casx rental during turnaround oniy.

(8) costs predicated on 6.5 cask loads per vear or 3.25 trips between the utility site and the receiving facilitv.

(9) costs predicated on 65 cask loaas per year or 65 tIips between the utiliry aite and tne receiving facilizy.
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Table 7.8. Economic Assessment Summary - Comparison of Spent Fuel Transport

. Costs by Barge, Rail and Truck for Generic Route 4
Vi
Transport Con:s(l’
Intermodal Route Intermodal Route Rail
(short waterborme {vaterborne > 90X) Route
Trip Phase Cost Component lep) (2) 2) (2) Truck
HHT Access FB Access HHT Access | FB Access HHT Access | Rail Access Rail Access Route
at Utilicy at Utilicy Both Ends Both Ends at Utilicy | to Ueility to Utiliey
(built) Exists
Barge 3.0 10.5
Freight | Trainm 9.9 11.9
K Cost
i Conveyance Truck 1.2
Cask Renzal 35 28 28 1.7
3
! Hiderdp 3 "
N Incermodal Total Transfer Costs 118.¢ 18
EN] Transfer
Turnaround Total Turnaround Costs 82,7 g1.s'® 165.4 8! 16319 78.5(7) 79.8(8) 28/ 1.9129)
ﬁnn-Phxse ) 2
Related Costs Insurance 24 13 3 2
Total Trip Cost 273.2 1€9.4 227.9 225.5 118.7 !120.0 €8.2 5.0
i
Total Yearly Cost (SM/R-yr) g ttl) _sgftl} L7411 L7312} .39 (1) i 4g (11 22 .33012)
1
Coat Range for Mode ($M/R-yr) .55 - .83 .22 - .39 : .33

(1) all costs ia SK/trip unless noted. :
(2) utilicty {s assumed to be 3 zi. froe nearest navigable vater and 7 mi. frow rail head wvith a major port at 110 mi. distance by water.
(3) includes cask reatal and transfer costs for 2 transfers one on the trip the utilicy and one for the return trip.
(4) if floating bridge access at the utility is used, intermodal transfer at a major port can utilize carfloat unloading facilities with a total
transfer time for two casks assumed to be less than or equal to 1 day
(5) includes cask rental, transfer operation cost and capital costs for transfer at one end.
(6} includes cask rental, transfer operation cost and capital costs for transfer at both ends. .
(7) includes cask rental, transfer operation cost and cost of road improvement at utiliey, -
(8) includes cask rental and cost of rail construction to urility.
(9) includes cask rental charges during turnaround only
N (10) includes detention charges for truck.
(11) costs predicated on 6.5 cask loads per year of 3.25 trips between the utility site and the receiving facility.
(12) costs predicated on 65 cask loads per year of 65 trips between the utility site and the receiving faciliey.
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Table 7.9. Economic Assessment Summary - Comparison of Spent Fuel Transport
Costs by Barge, Rail and Truck for Generic Route €

l Transport Costs (1)
Intermodal Route
(vaterborne > 90%: Rail Roure Legal Weigh:
Trip Phawe Cost Component Truck Route
2 | (3) | Mo Rail Service ] Rail Access l Rail Access
| HHT Access ) | FB Access to Utility BT | o Uedlity to Urdlity
i Access Used toButle (2) ! Extsta(3)
H ¢ }
! ! !
. Barge b2l : |
i Frefght | ; 16.1 ;
: Cost H H
Conveyance | : :
i ! Truck : i a3
; i; " e
: Cank Rental ’ €2 ; 5¢ i 3.4
. 1 ; ;
! ! oy b s veo () - ol L7 :
Murnaround Total Turnaround i 167.5¢ S EE A 158.6¢ 67.8f { 1t ; 1.¢ :
H Cos: t H ;
i T H 1
&on Phase ! ! : 2
! i 2t .3 .
Related Costs Insurance : z
H ! 4 A . 7.5
Total Cast Per Trip 1o281.3 ’ 2454 ; 234.2 1432 : 8S.2 i 7.5
{ ! ! { ! H
Total Cost Yearly (SM/R-ys)} i 9 (8) ; .38(8) | L76(8 ) . 478 .26(8) . .51{9;
] H : :
Option Cost Range ($M/R-yr) i .85 - .31 i .29 - 76 : .5
| } ;

(1) all costs in $K/trip unless noted.

(2) utility is assumed to be on navigable water and
rail service.

(3) rail service to utility is assumed to exist inte the spent fuel area.

(4) cost includes cost of road construction and HHT access at hoth ends of trio.

(5) cost includes ccst of FB construction and operation at both ends of trip.

(6) includes task rental during turnaround and cost of construczion,

(7) costs predicated on 6.5 cask loads per vear or 3.25 trips between the utility site and the receiving faciiiey.

(8) costs predicated on 65 cask loads per year or 65 trips hetween the utility site and the tecelving facility,

7 21, from a rail head while recelwiny facility Is assumed

-
o
o
°
e
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ni. from navigable water with
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Table 7.10 Cost Ranges for Transport of Spent Fuel by Various Modes

. , (1)
Transport Mode ' Cost of Shipment Per Reactor Year ($M/R-yr)

’ Medium Distance Rou‘ce(z)l Long Distance Route(z)
(400-600 mi.) (>1000 mi.)

i
jRail access to ; ;
. futility : .22 .29 - .34
i tinitially exists :
Rail :
!No rail access to ;
sutilicy : '
;initially exists .39 , .52 - .78
I P ’ r,
([\'D - ;
Legal Weight , ' i
Truck | .33 | .51 - .52
f —
t o ’
Baigga;150/c 59 - .89 _ .
Inter-
modal ‘ :
; Barge > 90% .73 - .74 : .88 - 1.06
: (1) Costs predicated on $3.5K/day cost of dry cask rental.
4 (2) One-way distance from utility to receiving facility.
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The single largest source of cost ol spentl fuel
shipment by any mode of Lransport is cask rental. Cask
rental charges comprise 60-70% of the cost of spent fuel
shipment by intermodal transport. Since cask rental charges
acerue as a function of conveyance and turnaround time, the
slowest modes of shipment will sufler the highest cask rental
costs. Waterborne conveyance is slow, and Lhe water routes
are somewhat tortuous. However, rail conveyance is also
slow; and since both incur a high cask rental cost, they are

compelitive,

The greatest contribution of cask rental charges to
intermodal transpovrt cosl occurs during the turnavound and
intermodal transler phases ol the trip. Use of HHT equip-
ment in turnaround produces Lurnaround times ol approximately
eight days and intermodal transfer times ol five days for
Lwo casks. Intermodal transport with HHT requires transfer
at both ends of the trip. Ruail transit, even with no rail
access at the ulility, requires Lransfer by HUT only at the
utility site. Therelore, the cost of turnaround for water-

borne modes is more expensive than for rail.

Use of direct railcar loading equipment cun eliminate
some of the turnaround cost by reducing turnaround time.
In addition, Lhe capital cost may be spread over the life of
the reactor. However, the utilities must be reasonably
near water for a floating bridge to be cost effective for
turnaround. This is evidenced by the high cost of access
for generic route 1 wilh an average distance of 7 miles

between the utility and navigable water.
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Figure A.1l. Generic Route 1
Great Lakes Route
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Figure A.2. Generic Route 2
Upper Mississippi
Route
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Figure A.3. Generic Route 3
Western Intracoastal

Route
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Figure A.4. Generic Route 4
Short Waterborne Hop
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Figure A.5. Generic Route 5
Inland Northeast
Route

%02



VML L L e

(A ITHAR Y Y

Figure A.6. Generic Route 6
Coastal Northeast
Route
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Figure‘A:7. Generic Route 7
Chesapeake Bay Route
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Figure A.8. Generic Route 8
Eastern Intracoastal

Route
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Table A.1.

Syatem

Upper Mississippi

lower Mississippi

Illinois River

Misaourl River

Obio River

Allegheny River
Monoogahela River

Kanawha River

Green River

Cumberlaand River

Tennessee River

Arkansas River

Lower
Termious

Cairo, Illinois
(confluence with
Ohioc River)

Gul? of Mexico

Grafton, Illinois
(confluence with
Mississippi)

Confluence with
Mississippl (Just
north of St. Louis)

Cairo, Illinois
(confluence with
Mississippi)

Pittsburgh, Pa.
Pittsburgh, Pa.

Point Pleasant,
W. Va. (confluence
with Ohio River)

Confluence with
Ohio River (near
Evansville, Ind.)

Confluence with
Ohio River (near
Smithiand, Ky.)

Paducah, Ky. (con-
fluence with Ohio
River)

Confluence with
Mississippi River
{near Rosedale,
Miss.)

Inland Waterway Link Descriptions

Upper
Terminus

Minneapolis,
Minnesota

Confluence with
Ohio River

Chicago, Ill.
(at Lake
Michigan)

Sioux City,
lowa
Pittsburgh, Pa.

East Brady, Pa.

Fairmont, West
Virginia

Deepwater,#est
Virginia

Dam 3

Celina, Tenn,

Knoxville, Tenn.

Catoosa, Okla.

(A-1,A-2)
Control-
ling Navigable
Distance Depth Season
mi. I, months
858 9 8
954 8 to 40 12
327 9 10
732 9 7.5
981 9 12
72 12
129 12
91 9 12
108 9 12
381 9 12
652 9 12
448 "9 12
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13

14

15

16
17

18

gystem
Barkley Canal
New Yor& State Barge
Canal (NYSBC)
"Hudson River
Black Warrior River
Chattahoochee River

Coloosahatchee River
System

Table A.1l.

Lower
Terminusg

Tennessee River

Hudson River

Atlantic Ocean
Gulf of Mexico

Gulf of Mexico

Gulf of Mexico

(Continued) <

Upper

Terminus Distance
mi.”

Cumberland 2

River

Niagra River 552

(Tonawanda NY)

NYSBC 155

Birmingham, Ala 466

Columbus Ga/ 297
Bainbridge, G2
Atlantic Intra- 80
coastal Water-

way

Control-
ling Navigable
Depth Season
ft.
9 12
12 8
14-32 8-12
9 12
9 12
10 12
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Table A.Z2,

System

Gulf Intracoastal Waterway (west)

Gulf Intracoastal Waterway (east)
Port Allen-Morgan City cut-off

Atlantic Intracoastal Waterway

Chesapeake Bay

Delaware River & Bay
Chesapenke & Delawzre Canal

Atlantic lntracoastal Wnterway‘
(Ccean Coastal)

.
Atlantic Ocean Segment'

Gulf of Mexico Segment*

Intracoastal Waterway Link

Lower
Terminus

Brownsville, Texas

New Orleans, La.

Morgan City, La. (On
Gulf Intracoastal
Waterway, west)
Miami, Fla.

Atlantic Ocean
(Norfolk, Va.)

Atlantic Ocean
Chesapeake Bay
N.Y. City

Delaware River

St. Marks, Fla.

012

Descriptions
Control-
Upper ling Navigable
Terminus Distance Depth Season

mi. ft.
New Orleans, La. 690 10 12
Apalachee Bay, 407 10 12
Fla, (Near St.
Marks, Fla.)
Port Allen, La. 64 10 12
(Near Baton Route,
La.)
Chesapeakxe Bay 1129 12 12
Chesapeake & 200 42 12
Delaware Canal
Trenton, N.J. 128 12-40 12
Delaware River 40 40 12
Bangor. Maine 485 240 12
New York City, N.Y. 180 >40 12

220 >40 12

Fort Myers, Fla.

* Signifies a semi-protected route still classifiable‘as intracoasral.

t Signifies an unprotected open ocean route usable by properly outfitted

ocean-going equipment.



: A-3,A-4
Table A.3. Utility Locations and Intermodal Access Constralnts( ’ )

REACTOR LOCATION NEAREST WATERWAY STATUS | NAVIGABLE R.R.

TR YR E

H 1. Arkansas N.S. 1,2 Pope Co. Ark. Dardanelle Reservoir 0,B YES YES
3 Arkansas River Missouri Pacific
i (MP)
2. Duane Armold E.C. Linn Co. lowa Cedar River 0 NO YES
Rock Island (RI)
3. Bailly G-S. Porter Co. Lake Michigan B YES YES
Indiana Chicago South Shore
i
§ 4, Beaver Valley Beaver Co. Penn. Ohio River 0,B YES YES
H P.S. 1,2 (25 mi. NW of New Cumb. &
? Pittsburgh) Pittsburg, Conrail
- (CONY
] 5. Browns Ferry Limestone, Ala. Wheeler Lake 0,0,0 YES NO
b N.P.S. 1,2,3 (Tennessee River)
! 6. Brunswick Stm. Elec. Brunswick Co. N.C. Cape Fear River B,0 POSS YES
] Plant 1, 2 (Southport, N.C.) (L.75 mi. to Seaboard Coast
2 Atlanta Ocean) ' Line (SCL)
£ 7. Calvert Cliffs N.P.D. .. Calvert Co. Md. Chesapeake Bay 0,0 YES NO
1, 2 (Wash., D.C. 45 mi)

STATUS LEGEND
. 0 = operational
under construction P

~]
|

construction permit applied for
' planned

§
w.
]




Table A.3.

(Continued)

REACTOR LOCATICHN NEAREST WATERWAY STATUS NAVIGABLE R.R.
8.Dona1d C. Cook P. 1,2 Baroda, Mich. Lake Michigan 0,B, YES YES
(Benton HBR 11 Mi. N.) Ches. and Ohio
9.Cooper, N.S. Nemaha Co. Nebr. Missouri River C NO YES
(Lincoln Nebr. 60 Mi.) Burlington North-
ern (BN)
10.Crystal River N.G.P. 3 Citrus Co. Fla. Gulf of Mexice B YES YES
(1,2 are coal fired) (70 mi. N of Tampa) SCL
1l.Davis-Besse N.P.S. 1,2,3 Ottawa Co. Ohio Lake Erie B,A,A YES YES
(21 mi. E. of Toledo) N and W
12.Diablo Canyon N.P.D. 1,2 San Luis Obispo Co. Pacific Ocean B,B YES NO
(150 mi. NW of L.A.) (Breakway
exists)
13.Enrico Fermi A.P.P. 2 Lagoona Beach, Monroe Co.| Lake Erie B YES YES
Michigan DT & SL
l4. Joseph Farley N.P. 1,2 Houston Co. Ala (16.5 Chattahoochee River B,B YES YES
mi. E. of Dothan) 1 Mi. away SOU Line (SOU)
15. J.A. Fitzpatrick N.P.P. Scriba, Oswego Co. N.Y. Lake Ontario 0 YES YES
CON
16.Forked River N.G.S. 1 Ocean Co. New Jersey Barnegat Bay B YES YES
(same site as Oyster (Atlantic Ocean) coN
Creek)
17.Edwin I. Hatch N.P.P. 1,2 | Baxley, GA. (Savannah Cc.lAltamaha River 0,B, NO YES
67 mi.) sou

313
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Table A.3.

(Continued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.
18. Hutchinson Island P. 1,2 | Fort Pierce, Fla. Indian River 0,B YES NO
(st. Lucie) (AIW)
19. Indian Point, N.U. 2,3 Buchanan, N.Y. Hudson River 0,0 YES NO
(Nr. Peckskill)
20. Kewaunee, N.P.P. Kewaunee Co., Michigan Lake Michigan 0 YES NO
(Green Bay 27 mi.)
21. Limerick G.S. 1,2 Montgomery Co. Pa. Schuykill, R. B,B NO YES
(20 mi. NW of Philadelphiy .. Con
22. LaSalle Cty S. Units 1,2 | Brookfield TWP Illinois River B,B YES YES
(60 mi. SW Chicago) (™1 Mi.) Santa Fe
(SF)
23. Maine Yankee A.P.P. Wiscasset Me. Montsweag Bay 0 YES YES
(Portland Me. 34 Mi.) Back River IBoston & Maine
(B&M)
24. McGuire N.S. 1,2 Lake Norman N.C. Lake Norman B,B NO YES
Mechlenburg Co. SCL
25. Midland N.P.P. 1,2 Midland Co. Mich. Tittabawasse River B,B NO YES
o Chesa%ea.ke & Ohio
CS80)
26. Millstone N.P.S. 1,2,3 Waterford, Conn. Long Island Sound 0,0,B YES ggg

£l¢




Table A.3. (Co’tinued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.
27. North Anna P.S. 1,2,3,4 Louisa Co., Va. North Anna, Reserv. B,B,B,B NO YES
(40 mi. NW of Richmond) C&0
28. point Beach, N.P. 1,2 W. Shore Lake Michigan Lake Michigan 0,0 YES NO
(30 mi. Southeast G. Bay)
29, Prairie Island, N.G.P. Goodhue Co., Minn. Mississippi 0,0 YES YES
1,2 (6 mi. NW of Redwing) Chicago, Mil.
/ St. Paul (CMSP)
30. Rancho Seco, N.G.S. 1,2 |S.E. Sacramento Co. Folsom Canal Reservoir 0,0 NO YES
(25 mi. SE of Sacro, CA.) Southern Pacific
(sP)
31l. salem, N.G.S. 1,2 Salem Co., N.J. Delaware River 0,B, YES NO
(20 mi. from Wilm. Del.) |(Bay)
32. san Onofre, N.G.S. 1,2,3 |San Diego, Ca. Pacific Ocean 0,B,B YES YES
. . SFE
(17 mi. from Oceanside)
33. Seabrook, N.S. 1,2 Hampton, N.Y. Hampton Harbor B,B YES NO
(40 mi. NE of Boston) (atlantic)
34. Sequoyah, N.P.P.1,2 Hamilton Co., Tenn. Chickamonga Lake B,B YES YES
(12 mi. NE of Chattanooga) SOouU
35, Shoreham, N.P.S. ‘Northshore Long Island Long Island Sound B YES NO
36. Susquehanna Steam E.S. Luzerne Co., PA Susquehanna River B,B POSS. YES
0 e (16 mi from Wilkes-Barre, CON

PA)

»1d
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Table A.3. (Continued)
REACTOR IOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.
37. Three Mile Island S. 1,2 |Goldsboro, PA Susquehanna River 0,B, POSS. YES
{Daupin Co., 10 mil from CON
Harrisburg, PA.)
38. Trojan, N.P. Columbia Co., Oregon Columbia River o] YES " YES
(30 mi. N of Portland, Or) BN
39, Virgil C. Summer N.S. 1 |Fairfield Co., S.C. Lake Monticello B NO YES
(26 mi. N of Columbia, SC) sSou
40. Waterford Steam E.S. 7 Taft Louisiana Mississippi River B YES YES .
22 mi. West of New Orleans Texas(;Pﬁac1f1c
41, Watts Bar, N.P. 1,2 Rheu Co. Tenn. Tennessee River B,B YES YES
(45 mi. NE of Chattanooga/ sou
Tenn.)
42, zimmer N.P.S. 1,2 Clarmont Co., Ohio Ohio River B,B YES NO
(25 mi. SE of Cinn. Ohio)
43, zion S. 1,2 NE Illinois, (40 mi. Lake Michigan 0,0 YES YES
of Chicago) Chicago & N.Westen
(CENW)
44. Big Rock Pt. N.P. Charlevoid, Mich. Lake Michigan . 0 YES YES
Cc&0
45. Connecticut Yankee A.P.P.|Haddam Conn Connecticut River 0 YES NO
(22 mi. SE of Hartford)
46. presden N.P.S. 1,2,3 Morris Illinois Des Plaines River 0,0,0 YES YES
East Joliet
& Eastern




Table A.3. (Continued)

(20 mil NE of Davenport, I}

A

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.
. . . . YES
47. Fort Calhoun S. 1,2 Washington Co., Nebraska [Missouri River 0,A, YES C & NW
i
48. Robert Emmett Ginna Ontario, N.Y. Lake Ontario 0 YES NO
N.P.P. ' '
49. Humboldt Bay N.P.P.3 Humboldt, Ca. Humboldt Bay 0 YES YES
S.P.
. . . . . 8 \ YES
50. Monticello, N.G.P. Mpntlcello,M1nn Mississippi 0 NO BN
(33 Mi. NW bf Minn-SP.)
51. Nine Mile Point N.S. 1,2 |Scriba, N.Y. Lake Ontario 0,B YES YES
(35 mi. N of Syracuse) CON
52. Oconee N.S. 1,2,3 Oconee Co., S.C. Lake Keowee 0,0,0 NO NO
(26 mi. W of Greenville, |(Keowee River)
S.C.)
53. Oyster Creek, N.G.S Lacey Twnshp, N.5 Barnegat Bay 0 YES YES
(same site as Forked Rivey CON
NP no. 17)
54 . pPalisades N.P.S. Van Buren Co., Mich. Lake Michigan 0 YES YES
' (35 mi. W of Kalamazoo, C&0
Mich.)
55. Peach Bottom P.S. 2,3 York Co. Penna. Susquehanna River 0,0 NO YES
(Conowingo Pond) TON
56 . Pilgrim N.P.S. 1,2 Plymouth Twp. Mass Cape Cod Bay 0,4, YES NO
(5 mi. E. of Plymouth)
57 . Quad Cities N.P.S. 1,2 Cordova Ill. Mississippi River 0,0 YES Eﬁg%

31¢
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Table A.3.

(Continued)

NEAREST WATERWAY

REACTOR LOCATION STATUS NAVIGABLE R.R.
58. H.B. Robinson Steam Darlington Cc., S.C. Lake Robinson S.C. 0 NO YES
E.P. 2 (56 mi. NE of Columbia) SCL
59, surry p.s. 1,2 Surrey Co., VA. James River Q,0 YES NO
(17 mi. from Newport ’
News VA. NW)
60. Turkey Point P. 3,4 Dade Co., Fla. Biscayne Bay 0,0 YES NO
61. Vermont Yankee G.S. Windham Co., Vt. Connecticut River 0 NO YES
(39 mi. N. Holyoke Mass.)[Vernon Pond) “Central Vermont
62. Yankee Atomic Electric Rowe Mass (24 mi. Sherman Pond 0 NO NO
NE of Pittsfield, Mass.) | (Deerfield River) 4
63 Bellefonte N.P. 1,2 Jackson Co., Ala. Guntersville Res. B,B YES YES
(7 mi. ENE of Scottsboro,| (Tennessee River) Sou
Ala.)
64. Catawba N.S. 1,2 York Co., S.C. Lake Wylie B,B NO YES
{17 mi. SE of Charlotte Sou
NC)
65. Commanche Peak Steam E.S.| Somervell Co., Texas Squaw Creek Res. B,B NO YES
‘ 1,2 (65 mi. SW of Dallas - SF
i Ft. Worth)
66 Douglas Point N.P.S. 1,2 | Charles Co., Md. Potomac River A,A YES NO
(30 mi. SSW of Wash, D.C.)
67. Grand Gulf, N.S. 1,2 Clairborne Co., Miss. Mississippi River B,B YES YES
‘ (55 mi WSW of Jackson ICG

Miss.)
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Table A.3.

(Continued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.
68. Hanford No. 2 Erda Reser. Columbia River (3 mi.) B,B YES YES
(W.P.P.S.S. 1,2) Richland, Wash.
69, LaCrosse River Genoa Wisc. Mississippi o] YES iﬁf
B (20 mil S. of LaCrosse)
70. Perry N.P.S. 1,2 Lake Co., Ohio Lake Erie A,A YES YES
(35 mi. NE of Cleveland CON
Ohio)
7). Shearon Harris N.P.P. 1-4 20 Mi. of Raleigh, N.C. Cape Fear River A,B,A,A NO YES
(Reservoir of Buckhorn SouU
Creek)

72. Vogtle N.P. 1,2 Burke Co., GA Savannah River B,B POSS. YES
(26 mi. SSE of Augusta) SOU
73. Allens Creek N.G.S. 1,2 Austin Co., Texas Brazos River A,A, NO YES
(45 mi. W. of Houston) SF
74. Braidwood S. 1,2 Will Co., Ill. Kanakee River B,B NO YES
(20 mi. SSW of Joliet,I1)} (3 mi. E.) ICG
. 11. (2 mi. £ . YES
75 Byron Station Ogle Co. Ill. (2 mi. from|Rock River B,B NO CMSP

Byron, Ill.) (2 mi. W.)
76. River Bend S. 1,2 W. Feliciana Parrish Mississippi River A,A . YES YES
ICG
77. callaway N.P.S. 1,2 callaway Co., MO. Missouri River B,B YES CYES

(5 mi. S.)

81¢

(80 mi.W. St. Louis,MO.)
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Table A.

3. (Continued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.

78. Cherokee, NA. 1,2,3 Cherokee Co., S.C. Broad River A,A,A, NO YES
(21 mi. ENE of Spartanburg (Ninety Nine Island SOu
5.C.) Res.)

79. Clinton P.S. 1,2 DeWitt Co. Salt Creek Reservoir B,B, NO YES
6 mi. E. of Clinton ICG

80. Greenwood E.C. 2,3 St. Clair Co., Mich. Lake Huron (10 mi. N) AR, NO YES
(55 mi. NNE of Detroit Cc&0
Mich.)

8l. Koshkonong, N.P. 1,2 SW Jefferson Co., Wisc. Rock River Lake A,A, NO YES
(52 mi. SW of Milw) Koshkonong CaNw

82. Montague, N.P.S. 1,2 Franklin Co. NW Mass Connecticut River A,A, NO YES
35 mi ESE of Greenfield (1.5 mil) B&M
Mass. ‘

83. Perkins N.S. 1,2,3 Davis Co. N.C., Yadkin River A,A,A NO YES
20 mi. 55 W. of Winston- SoU
Salem

84. Quanicassee P. 1,2 Bay County, Mich. Saginaw Bay A,A YES YES
6 mi E of Bay City

85. South Texas Project 1,2 |S.C. Matagona Co. Gulf of Mexico (10 mi.)| B,B POSS. YES
90 Mi. SW of Houston ’ MP

86. Sterling P.P.N.U. 1 Cayuga Co. N.Y. Lake Ontario A YES YES
50 Mi. E. of Rochester CON

87 Wolf Creek G.S. 1 Coffey Co. Kansas Neosho River A NO YES
(28 mi. ESE of Emporia, Cooling Lake MP

Kansas)

Uw‘_l \-6 A



Table A.3.

(Continued)

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGABLE R.R.
88. Blue Hills N.P.P. 1,2 Newton Co., Texas Sabine River AR NO YES
SF
89.Hope Creek, 1,2 Burlington Co., N.J. Delaware River B,B YES NO
90.Tyrone Energy Park Dunn Co. Wisc Chippewa River A NO YES
(20 mi. SW of Eau Clair, CMSP
Wisc.) ‘
91 Hartsville, 1,2,3,4 Smith Co., Tenn. Cumberland River A,A,A,A YES NO
(Hatesville, Tenn.)
92 Phipps Bend 1,2 Hawkins Co., Tenn. Holston River A,A NO YES
(Surgeonsville, Tenn.) sou
93 Skagit, 1,2 Skagit Co. -Wash. Puget Sound A,A . YES YES
(Sedro Wooley, Wash.) ' BN
94 Alan R. Barton 1,2 Chilton and Elmore Cos., [Coosa River Res. A,A NO YES
Ala. (Clanton, Ala.) L&N
95 Palo Vexrde 1,2,3 Wintersburg, Az. Salt River B,B,B NO YES
Verde River SP
Roosevelt Lake
96 Jamesport 1,2 suffolk Co., N.Y. Long Island Sound AA YES YES
{Jamesport, . N.Y.) Bay Inlet Long Island Rail
Road ‘
97 Pebble Springs 1,2 Gilliam Co., Oregon Columbia River A,A YES YES
(Arlington, Oregon) Union Pacific
(up)
98 New England 1,2 wWashington Co. R.I. Rhode Island Sound A,A YES Unknown
(Charlestown R.I.) (Providence Bay) (g)
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Table A.3.

(Continued)

~
(£

REACTOR LOCATION NEAREST WATERWAY STATUS NAVIGAELE R.R.
99. Green County Green County N.Y. Hudson River A YES U
(Cementon N.Y.)
100. Black Fox 1,2 Rogers Co., Oakla. Ocalogah Res. A,A NO YES
(Inola Okla.) MP
101, Atlantic 1,2 New Jersey Coast Atlantic Ocean AR YES NO
(Atlantic City) ! (Breakwater)
102 Marble Hill, 1,2 Jefferson Co., Indiana Ohio River A,R YES YES
(Jeffersonville, Ind.) B&O
103. Yellow Creek 1,2 Tishomungo Co., Miss. Tennessee River A,A YES YES
SOU
104. W.P.P.S.S. 3,5 Grays Harbor Co., Wash. Grays Harbor Bay a,A YES YES
(satsop, Wash.) BN
105. Sears Island Project Searsport, Me. Atlantic Ocean P YES YES
B&M.
106. Portland 5 (Undesignated), Pa. Delaware River P NO %i;
107. Atlantic 3,4 New Jersey Coast Atlantic Ocean P,P YES NO
(undesignated)
108. Central Iowa vandalia Ia. DeMoines River P NO U
109 Eire 1,2 Berlin Hts. Ohio Lake Erie P,P YES U
110. SR 1,2 (Undesignated) Undesignated S.C. Santee River P,P NO U
111 - sundesert, U.P.P. 1,2 Blythe, Ca. Colorado River A,A NO YES
. SF




AT
Ark
CB
Cu
DE
FS
GI
GL
s
HU
I11
JA
LM
MI
NYCDB
NYSC
0oC
Ohio
PO
RMFL
RMPW
SA
Tenn
UM

LGS

Table A.4.
Key

Atlantic Intracoastal Waterway
Arkansas River

Chesapeake Bay

Cumberland River

Delaware River

Flint System

Gulf Intracoastal Waterway
Great Lakes

Houston Ship Canal

Hudson River

I1linois River

James River

Lower Mississippi River
Missouri River

New York City to Delaware Bay
New York State BargéjCanal
Ocean Coastal, Maine to Boston Bay
Ohio River

Potomac River .

Rail Mileage Final Link

Rail Mileage Plant to Water
Savannah River

Tennessee River

Upper Mississippil River
Barnwell, S.C.

@5Oak Ridge, Tenn,
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: Table A.4. Intermodal Route Descriptions

: Total

' Receiving | Miles

L No.| Plant Route Description and Mileage per Link Facility By Barge Notes...

£ 1 Arkansas L.M./383; Ohio/45; Ark/200; Tenn./652; RMFL/4 0 1310 Barge loading at

4 1.2 : Rx site

3 2 Duane RMPW/85; UM/484; Ohio/45; Tenn. /652; RMFL/4 o 1296
Arnold

3 3 |Bailly UM/220; 111/354; Ohio/45; Teon./652; GL/55; RMFL/% o 1356

E G.S.

T 4 Beaver 0Ohio/900; Tenn./652; RMFL/4 o 1582

z :? Valley

% 0o 1,2

:; o S Browns Tenn/343; RWFL/4 o 373

£ Ferry

i 1.2,3

i 6 |Brunswick] RMPW/2: SA/150; Al/275; RMFL/15 B 537

I 1,2

t

i 7 {Calvert SA/150; A1/585; CB/138; RMFL/15 B 983

¥ Clifts

l"» 1,2

& 8 Cook UM/220; I11/354; Ohio/45; Tenn./652; GL/75; RMFL/4 o] 1376

h 1,2

g - -

H 9 Cooper UM/182; MI/556; Ohio/45; Tenn. /652, RMFL/4 o} 1465

: Station

3 10 |erystal | sa/150; A1/700; RMFL/15 B 960

& River

£

11 |Davis UM/220; 111/354; Oblo/45; Tenn./652; GL/750; RMFL/4 0 2051

x Besse

0o

D)

‘
v
B
i
o,
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Table A.4. (Continued)
' heceivinq Total
i ) No.| Plant Route Description and Mileage per Link IFacility | Mlles | Notes,..

12 [pisblo . . *Rail accross
i Canyon ! country
i 13 | Fermi UM/220; Ill./354; Ohio/45; Tenn./542; NYSC/700; RMFL/4 .- 0 2001 -
i b ;
i . \

14 {Farley SA/150; GI/500; FS/125; A1/350; RMFL/15 B 1235 ’
1,2 .
\15 Fitz- NYCDB/180; SA/150; Al1/585; DE/80; CB/246; HU/155; NYSC/200; GL/30; RMFL/15 B 1736
’ Patrick )
’ 16 | Forked NYCDB/110;_ SA/150; SI/585; DE/80; CB/246; RMFL/15 . B 1281
River N
> i
tlo 17 | Hatch RMPW/95; SA/150; RMFL/15 . ? B {255
(2] 18 | Hutchin- | SA/150; AI/350; RMFL/15 B i 610
son
Island )
19 { Indian NYCDB/180; SA/150; AI/585; DE/80; CBjé46: HU/60; RMFL/13 B 1411
Point L
20 | Kewannee | UM/220; X11/354; Ohio/45; Tenn,lesé; GL/185; RMFL/4 N -0 1486
21 | Limerick | RMPW/20; SA/150; AI/585; DE/272; CB/Comb; RMFL/15 B 1137
1] .
22 | Lasalle UM/220; I11/258; Ohio/45; Tenn./652; RMFL/4 o 1205
23 | Maine 0C/400; NYCDB/1B0; SA/150; Al/585; DE/80; CB/246: RMFL/15 B 1751 0
Yankee
24 | McGuire { RMFL/180 B 180 |Direct Rail
25 | Midland | RMPW/30; UM/220; 111/354; Ohio/45; Teun./652; GL/550; RMFL/4 ° 0 1881
28 | Millstone| 0C/125; NYCDB/180; 8A/150; AI/585; DE/B0O; CB/246; RMFL/15 B 1476
27. :orth RMPW/45; SA/150; A1/585; CB/103; RMFL/15 B 993
: nna :

\:\
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Table A.4. (Continued)

—

eceiving Toial

No. Plant Route Description and Mileage per Link [Facility | Miles] Notes..
28 Point U¥/220; 111/354; Obio/45: Tenn./652; GL/175; RMFL/4 o 1476
Beach o :
29 | prarie |UM/B20; Ohio/45; Tenn./652; RMFL/4 -0 1520
Island
30 | Rancbho o PRail Across
Seco country
2] Salem SA/150; AI/226; CB/Comb; RMFL/1S 1071
32 San LM/805; dhio/45;HPO/80; Tenn./652: GI/250; HS/50; RMFL/1540°,4 o) 3461 | *Rail across
Onofre country
33 Seabrook [0C/300;: NYCDB/180; SA/150; FS/585; DE/BQ; CB/246; RMFL/15 B 1651
34 | Sequoyah|Tenn./150; RMFL/4 o p80"
35 Shoreham|OC/75; NYCDB/18C; SA/150; A1/585; DE/80; CB/246; RMFL/15 B 1426
36 SusquaﬂL RMP¥/110; SA/150; AI/585; DE/272: CB/Comb: RKFL/1S B 1227
Hanna " .
37 | Three RMPK/BO; SA/150; AI/585; CB/188; RMFL/15 B 1113 |
Mile
Island
Raill across
o]
38 Trojan - coyptry
39 | Summer |RMFL/90 90 |Rail Direct
40 Water- 1M¥/830; Ohio/45; Tenn./652; RMFL/4 | Q 1557
ford
Steam
41 | Watts |Tenn./120; RMFL/4 o j 150
BAR : i
42 Zimmer Ohio/485; -Tenn./652; RMFL/4 o] i 1167
43 Zion UM/220; I11/354; Ohio/45; Tenn./652; GL/50; RMFL/4 {1351
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Table A.4. (Continued)

eceiving | Total
No.| Plant oute Description and Mileage per LInk Facility |Miles|Notes...
44 | Big Rock [UM/220; 111/354; Ohio/45; Tenn/652; GL/300: RMFL/4 o 1601
Point
45 | Conn. loc/130; NYCDB/1B0; SA/150; AI/585; DE/BO; CB/246; RMFL/15 B 1481
Yankee
46 { Dresden UM/220; I11/270: Ohio/45; Tenn/652; RMFL/4 0 1217
47| Ft. UM/220; MIf665; Ohio/45; Tenn/652; RMFL/4 o] 1612
Calhoun
48| R.E. NYCDB/180; SA/150: AI/585: DE/80; CB/246; HU/155; N&SC/200; GL/50: RMFL/15 B 1756 ‘\\
Ginna \\
49 | Humbolt 0 Rail across
Bay country
50 | Monti- RMPW/70; UM/855; Ohio/45; Tenn/652; RMFL/4 o 1652
cello
51| Nine Mile |[NYCDB/180; SA/150; A1/585; DE/80; CB/248; HU/153; NYSC/200; GL/20; RFML/15) B 1726
Point
52| Oconee RMFL/4 B 30 {Rail Direct
53| Oyster NYCDB/110; SA/150; AI/585; DE/BO; CB/246; RMFL/15 B 1281
Creek P
54 | Palisades |UM/220; 111/354; Ohio/43; Ten%/652; GL/100; RMFL/4 (o] 1401
55| Peach RMPW/30; SA/150; AI/S8 B/208; RMFL/15 B 1083
Bottom RN
56| Pilgrim JOC/250; NYCDB/180; SA/150; A1/585; DE/80; CB/246; RMFL/15 B B 16Q1
57| Quad UM/504; Ohio/45; Tenn/652; RMFL/4 “ 0o 1231
Citles . : :
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Table A.4. (Continued)

Receiving | Total
No.| Plant Route Description and Mileage per Link Facility Wiles |Notes. .
58 | Robinson |RMFL/165 B 165 |Direct Rail
59 | surry SA/150; AI/585; JA/50; RMFL/15 B 895
60 | Turkey SA/150; AI/485; RMFL/15 B 745 v
Point -
61 | Vermont RMPW/75; NYCDB/1B0; SA/150; AI/585; DE/S0; CB/236; HU/155, RMFL/15 B 1581
Yankee
62 | Yankee RMPW/50; NYCDB/180; SA/150; AI/S5B5; DE/B0; CB/246; HU/155; RMFL/1S B 1556
Rowe
63 | Bell Tean/240; RMFL/4 o 270
Fonte
64 | Catawba |RMFL/130 i 130 [Direct Rail
85 | Commanche |RMPW/275; LK/805; Ohio/45; Tenn/652; GI/2598; HS/50; RMFL/4 2088
Peak
66 | Douglas SAf150; AI/585; CB/175; RMFL/15 B 1020
Point
67 | Grand LM/570; Ohio/45; Tenn/652; RMFL/4 o 1287
Gult
68 | Hanford " [o] Rail across
2 N country
69 | Lacross UN/675; Ohio/45; Tenn/652; RMFL/4 0 ‘1402
70 | Perry UM/220; 111/354; Ohio/45; Tenn/652: GL/750: RMFL/4 0 2051
71 | Harris RMPW/50; SA/150; AI/425; RMFL/15 B 735
72 vegtle RMFL/130 B 130 |{Direct Rail
73 | Allens RMPW/80; LM/805; Ohio/45; Tenn/652; GI/259; HS/50; RMFL/4 o 1921
Creek




Table A.4. (Continued)

"Receiving Total
No{ Plant Route Description and Mileage per Link Facility Miles| Notes....
75{Braidwood RMPW/25; UM/220; I11/288; Ohio/45; Tenn/652; RMFL/4 0 1260
76|Byron RMPW/75: UM/484; Ohio/45; Tenn/652; RMFL/4 0 1286
Station
77River LM/700; Ohio/45; Tenn/652; RMFL/4 o} 1427
Bend
78|Callaway |UM/182; MI/159; Obio/45; Tenn/652; RMFL/4 o] 1068
79iCherokee |RMFL/100 B 100 [Direct Rail
80|Clinton R!PI/75; UM/220; I11/163; Ohio/45; Tenn/852; RMFL/4 o} 1188
81|Greenwood RMPW/25; UM/220; I11/354; Onio/45; Tenn/652; GL/600; RMFL/4 0 1926
| 82 |Kosh- RMPW/50; UM/220; 111/354; Ohio/45; Tenn/652; GL/80: RMFL/4 c 14321
o8 Konong
(]
83|Montague RMPW/80; PO/160; NYCDB/180; SA/150; AI/3585; DE/8C: CB/246; RMFL/15 B 1591
84 !pPerkins RMFL/180 B 180 { Direct Rail
85]Quani- UM/220: 111/354; Ohio/45; Tenn/652; GL/550; RMFL/4 G 1851
tassee
86[So. Texas|LM/805; Ohio/45; Tenn/652; GI/384: RMFL/4 0 1916 | Dredge cannal for
barge loading
87|Sterling NYCDB/180; SA/150; AI/585; DE/B0; CB/246; HU/155; NYSC/200; GL/30; RMFL/13 B 1736
85{wWolf RVPW/100; 'UM/182; ¥1/382; Chio/45; Tenn /652, RMFL/4 o] 1381
Creek .
89 [Blues RMPW/60; LM/805; Ohio/45; Tenn/652; GI/253; RMFL/g o} 1845
Hills
90 [Hope RMPW/50; SA/150; Al/585; DE/245; CB/Comb; RMFL/13 B 1141
Creek
91| Tyrone RMPW/35; UM/820; Ohio/45; Tenn/652; RMFL/4 o 1555

g82¢
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Table A.4, (Continued)

' eceiving Total
No. [Plant Route Description and Mileage per lank acility | Miles| Nores...
92 [Harts- Tenn/652; CU/204: RMFL/4 0 886
dville
93 [Phipps. RMFL/100: o} 100 Direct Rail
Bend «© P
a4 Skagif E Rail across
. country
85 |Barton Rupi/lao; Tenn/343; RMFL/4 523
96 |palo LT g o Rail across
Verde - country
87- |James 0C/100; NYCDB/180: SA/150; AI/585; DE/80; CB/246; RMFL/15 B 1451
Port R e .
98 |Pebble o] Rail across
Springs country
98 [New. . .. 0C/200; NYCDB/180; SA/150; A1/585; DE/80; CB/246; RMFL/15 B 1551
England
100|Green NYCDB/180; SA/150; AI/585; DE/8O; CB/246; NYSC/120; RMFL/15 B 1471
County '
1011Black .[ RMP¥/125; LM/383; Ohio/dS; ARK/350; Tenn/652; RMFL/4 o 1585 |
Fox :
102]Atlantie NYCDB/75; SA/150; AI/585; DE/80: CB/246; RMFL/15 B 1246
11,2 .
103iMarble Ohio/337; Tenn/652; RMFL/4 o] 1019
Hill .
104|Yellow Tenn/450; RMFL/4 i [¢] 480
Creek . . /)4/
. R Rail across
105|WPPSS 3,5 ‘ o (g 0 country -
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Table A.4. (Continued)

P Receiving|Total
No. Plant Route Description and Mileage per Link Facility [Miles | Notes...
106 |Sea OC/475; NYCDB/180; SA/150; AI/585; DE/80; CB/246: RMFL/15 B 1676
Island ol
107 | Portland | RMPW/75; SA/150; AI/585; CB/305; RMFL/15 B 1225 4
107 | Atlantic | NYCDB/25; SA/150; AI/585; DE/80; CB/246: RMFL/15 B 1196
3.4 B ) D
108 | Central RMPW/250; LM/484; Ohio/45; Tenn/652; RM}‘-'L/W-?‘: o] 1461 Distance to navigable
- lowa R s d water > 10% of trip
- : length
109 |Erie UM/220; I11/354; Ohio/45; Tean/652; GL/725; RMFL/4 o] 2028
11T | SR RMFL/100 5 " B 100 Direct Rail .
1,2 ’ ;
21l ] Sun & - Rail across
Desert " o v ' country
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APPENDIX B. Probubilities of Sustained Thermal Environments
and Penetration of a Cask by Stubs or Missiles
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B.1 Thermal Environments and Severe Accident Frequencies

The prohability of penetration of a spent fuel cask
can be evaluated as the product of ihe probability of a
serious accident in which a missile or a stub may be generatcd
and the conditional probability of a penetration given a’ stub

or missile impact.

The probability of a serious accident potentially
involving stub or missile impacts can be determined from Coast
Guard records. In particular, the Coast Guard data file
sysbem(B—l) contains filed data on waterborne accidents reported
through the following:

a) Marine Board of‘inquiry Reports

b) USCG Narrative Documents '

c¢) US Port Authority Commander Letters
of Transmittal

d) Other writlen sources

This data base inquiry encompassed the entire network of
western rivers for cargo barge and tank barge accidents occurring
over a six year period from 1976:1555. If also included data
from a large area of the southern Mississippi River, an arca
that is very similar to the Chesapecake Bay Area. A suitable
filtering of data was performed for barge accidents reported in
this file in order to separate accidents fitting a relatively
general category, such as collisions, into severity levels; -
~_damége in dollars sustained by the vessel and cargo and the
extent of the loss (a total or non-total loss of the vessel)
were used as the scaling criteria. Other parameters of signi-
ficance, such as the presence of fire, were also considered and

separate listings were made in the computer output included in

i
l
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the appendix. The relative numbers of occurrences for ten
‘casualty types involving cargo barges similar to the type

used in spent fuel transport are shown in Table B.1l as a
function of dollar amounts of damage for a six year period.
Table B.2 gives a similar breakdown of data for tank barges.
The categories entitled Collisions, Rammings, and Fires and/or
Explosions were of particular interest to this study: these
are given as casualty types 1, 2, and 4, respectively. Values
for all casualty categories were normalized using barge mileage
estimates taken from the Corps of Engineers National Summary
literature(B—z) of 9.8 x 107 cargo barge miles/year and
3.8 x 107 tank barge miles/year.

Two parameters were used to determine severe accident

frequencies:

a) instances involving total loss of vessel
and contents

bh) dinstances reSulting in cargo damage >
$100. 5K

The cargo barge accident data in Table B.1 includes the following

significant occurrences over a six-year period:

a) 36 collision and ramming incidents
resulting in total loss of the vessel
and its contents

b) 1 fire and explosion incident resulting
in total loss of the vessel and its
contents

¢) 3 fire and explosion incidents resulting
in > $100.5K in cargo damage

d) 20 collision and ramming incidents
resulting in > $100.5K in cargo
damage




Key of Casualty Descriptions for Tables B.1 and B.2

NATURE OF
CASUALTY DESCRIPTION
1 Collisions
2 Rammings
? 3 Groundings
h 4 Fire and/or Explosions
5 Founderings and Capsizing
6 Structural Failures
7 Heavy Weather
.8 Cargo Damage - No Damage to Vessel
9, Barge Breakaway
10 Other - Undetermined or Not Classified

u
&
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Table B.1l. Summary of Incidence Data on Cargo Barge Accidents on Western Rivers

for the Period 1965-~1870 Inclusive
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"able B.2. Summary@f Incidence Data on nk Barge Accidents o.\’estern Rivers '
for the"Period 1969-1970 Inclusive. - -
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The range of pro
pact used in this rnport 1s .

bability for evaluating the likelihood :

of severe im

|
. i
p = 3.4 X 10— to 6. 1 X 10 /b-mi E
S‘a S
HEEEE B N
The range of .probability for| a fire or explosipP is

Py = 1.7 10’1 to 5.1 x 107 /b-mi’
r !

B.2 Penetlatlon Equatlons for Defining Massive Cask
Boundary Failure Phenomena

A number of equations exist for modeling the pentration
of one dimensxona] steel plates by miSSIIGS One formula for

penetration of steel plates by missiles taken from Ballistic

Research Lquratory (BRL) data B 3) is

(v /2)/ (49200 r3/2y)2/3 = av2/2)2/3(1343 R)

.
where

thickness of steel to be Jjust perforated (in.)

MV2/2 =; normal kinetic energy of miss11e (ft.-1b.)
R =|missi]e radius (in.)

V = normal velocity (ft./sec.)

-3
1]

Another formula, giVen in a Sandia Laboratory report(B_4)based

on earlier ballistié results, is

T = 120002 /2 y(5¥RY)

ress of the plate (pSi) and the other

where Y = yield st
“Because both of these

parameters are the same as above.

; |
| |

B-7
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‘relatienships‘Were developed to characterlze the penetratlon
;- of miSS11es through 1nﬁ1nite plates thelr appllcatlon in a'
- one dlmens1ona1 analys1s is 11m1ted to plates whose dlmen51ons
are much greater than the length of the m:ss1]e However, the
basic idea behlnd them,. that of energy d1ss1gat10n is re]atively
_ insensitive to the m1ss11e 1ength |Th1s basfc idea permits the
lapplication of‘these models to probablllstlc models of the
penetration of plates by stubs : !

; ‘! .

For m1ss11e penetratlon MV2 is the kinetic energy ef
. the missile if the object belng struck s immovable. For cask
penetration by a stub, the relevant energy 1si1he kinetic energy
of the cask. Botn'of these limits could be obtained by considering
M to be the reduced mass M, Mé/(M1 + Mz) and V the relative
velocity. Furthermore, both of these;relatiops neglect the
effect of material behind the platel iA steellplate backed by
a lead plate is more resistant to penetration since there would
be increased energy dissipation due to the deformation of both
the lead and the steel. | ;’

Figure B.1 shows the relation for T and MV2/2‘for beth
models. The point V/R:? 58 secf1 cdrtespondsito the standard
40 in. drop on a 6 in, aiameter post for a 200 000 1b. cask
(the nominal we1ght of NLI 10/24 cask assembly) See Section 3
for details. : | ;

o !

In this report, a penetfation to the cask interior
which involves penetration of’ 3%" of stalnless steel and 6"
of lead is of partlcular interest. (ThJs is equlvalent to
3.5 + 6.0 x 3000/90000 = 3.7" stainless steel'in the ”Sandla”
relation due to. the low- y1e1d stress for lead.) ! g

: | | o

2%
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- B.3 Penetration of the Cask Boundary by MlSSlle Impacts‘

Full penetratlon of the protectlve 1ayers of the NLI
10/24 cask, u31ng BRL and Sandia data requires that:

2\?/3 | | o
(BRL) (M%—); | (%) > 4.97 x 10° (1) |

) IR |
(sandia) (MV ) (12) > 4.36 x 10% (2)
» R i : i

L i
l ;

Characterizing the missile in terms of the missile den31ty, ,

the length to width ratio, A, and the impact area radlus, R,

yields | ‘
= (3.545 x 10" 2)pARS (3)

[ i
: o
The kinetic energy of the missile is

i

. A -3 '
_[3.545 x 107 3 .2
B - ( 2 )m v (a)

:
H
|

= (1.77 xllo‘BppxRB v2

|

Thus, the two penetratiph criteria become
|

(BRL) | .[(1.78jx 107 AR' / ]2/3 ( ) > 4.97 x 105 (5)

(Sahdid)’i[(l.is x 10° )pAhB 2] g(lz > 4.36 x 10* (6)

w
U — ml




Tl . AN o
which yields a required impact velocity of

l; ’

S ] : : 4 -
jp. | (BRL) iV 1 j§1721g/4j - - (7)
b | | I - ‘
P ' (Sandia) !v , 4.96 % 108 o (8)
‘ . . P (p)\)llle?z- ‘ .

. xThe cumulative probab111ty of an 1mnact speed greater
o ' than or equal to any given speed Vv is represented as

P(V > v l_v i‘a) = (1 - v/a)4 w (9)

where a is the maximum collision velocity considered possible.
A maximum collision ve1001ty of 20 mph =30 ft/s (for two barges

. moving at 10 mph) is given by Shappert et al. (B--§) This ylelds
P(V>v | v<a)=(1-v/30)% (92)
(BRL) vV > (1.41 x 10%) 73 574 (10)
' (pX) R
. o N 3 1
(Sandia) - V > (4.96 x 10%) 172 172 _ , (11)
o (p2) R
| ‘ ' If we allow V to be the threshold crlterla and we assume
' the probablllty of the m1381le not buckling during impact to be
1/x , the probablllty of penetratlon given by Fullwood et al. (B-6)
is . ' | '
R R AR S PRI SO %;(1 - aT/2yd (12)

: & . . . X
oA . o
R o o
l




wherea i

= 4.7 x 107
(BRL) k R3 A - 5 (13)
and
, |
o 2 . !
: _ 1.69 x: 10 ,
(Sandia) k R1/2 pl/?ﬁ v (14)

for the two analytic methods.

Noting that the penetration probability is maximized
at A<%) = 3k, a maximum penetration probability may be written
by differentiating eq. 12 as

k

_ [ k _2.195 x 10 (15)
P(>"V)m ( 2) (1 T 3k ) B 2

9k

which, when evaluated for the respective k factors, yields

(BRL) P(A,V) = (9.94 x 1078)g3/2 (16)

-7

(7.69 £ 10" ")Rp | (17)

(Sandia) P(A,V)m

Averaglng over a unlform d1str1but10n of missile radii
from 3" t? 18" and u31ng a max1mum ‘material specific grav1ty
p~10 we fnund the probabllity of penetratlon due to missile

o 1mpact to be

(ERL) Py; = 3.38 x 10”%impact . (18)

i
8.07 x 10™%impact | (19)

(Sandia) _PMI




The above may be regardéd as the conditional probability’
of a cask penetration given an impact by a missile generated in
the collision of two vessels. The choice of large missile sur-
face areas is based on engineering judgment, with due considera-
tion of the likelihood of extremely large dense items being

present on the impacting vessel.

For the purposes of this study the BRL criteria is con-
sidered more accurate, therefore, the probability of missile

penetration given an impact is taken to be

. Pyr = 3.4 x 10“5/1mpact (19a)
The probability of an explosion severe enough to generate

the missile described previously on page B-7 is

P = 1.7 x 1072 /b-mi to 5.1 x 107 9/b-mi  (19b)
with a probability of O.Ol(B_a’ B-7) used to assess the condi-
tional likelihood that large missiles will be generated. Thus,
(19c¢)

Pyp = 1.7 x 107 /b-mi to 5.1 x 1071 /bomi

The probability of cask puncture by the impact of a
detonation-produced missile, using a safety factor of 10 for
the higher velocity missiles involved, is

Pyi = Pyr ° Pug

5 =5.8 x 10 %/bomi to 1.7 x 107 /bomi (194)




Again using a factor of 0.01 hs the coﬁditional proba-
bility that large missilgs are producéd in a collision, the
probability of large miséiles impacting the casks as a result
of a barge collision is

Pysc = 3.4 x 10 9b-mi t0 6.1 x 10710/p_nms

MSC
Thus, the corresponding probability of a cask puncture by
collision-produced missiles is

Pyo = 1.2 x 107 /pni 10 2.1« 107 b mi

Both PMl and PMz are exceedingly small probabilities
when compared to other probabilistic sources of cask failures
modeled in section 5.0, '

B.4 Stub Penetration of the Cask Boundary

Stubs encountered in an accident may vary in size, but
it is assumed that a stub less than 3" in radius will probably
buckle under impact; a stub 18" in radius represents the maxi-
mum size of stub 1ﬁ§ely to be found on a transport vessel
(e.g. bargg). The}ﬁrobability cf a stub penetration of a cask

i

is a function of

a)z the probability of encbuntering a stub
in an accident,(PSE) ; 4 .

b) the probability that the encountered stub
is small enough in radius (but > 3") to
penetrate the cask body (PR) - '

i c) the probability of the impact velocity
i being sufficiently high to produce
“ i penetration (PV) .

Lo T

B-14;
|

=y

(19e)

(191)

oo
=
en



The intersection of these three events is
= 20
P Pep - Pp - Py (20)
which defines the probability of cask puncture by a moving stub.
The -probability of the existence of a moving stub is
taken as 0.01 of the probability of a serious collision in
order to allow for the fact that it is unlikely that even a
serious collision will produce a direct side impact of the
cask by a stub. Thus, the probability of the cask colliding
with a moving stub is

10

P.. = 3.4 x 1010 t0 6.1 x 107 %/ b-mi (20a)

SE
‘ In case of impact by a stub, the determining mass is
that of the cask itself. Substituting the cask mass into
equations 1 and 2 yields

3/4

(BRL) vV >10.6 R (21)

(Sandia) V >3.74 R (22)

which maximizes the probability of entry for smaller stubs.
For a 3" radius stub, the impact velocities necessary for
penetration, as found by the BRL and Sandia equations are
24.2 ft/sec and 11.2 ft/sec, respectively. By noting that
the maximum speed which is assumed possible for a collision
or ramming is 30 ft/sec and substitufing into equations 21
and 22, the corresponding maximum stub radii capable of

penetration are

i
W

B-15
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(Sandia) Rm

]

e

(23)

(24)

The probability that the stub radius will be less than
Rm for a uniform distribution of stub radii from A to B is

Rm

; R - A
Pp = f(x)dx = 50—

A :

Hence, for stubs ranging from 3" to‘18".in radius,

(BRL) P

(Sandia) P

6.6 x 102

R

0.333

R

At this point we wish to anw the "average" speed of
a stub which will penetrate the cask wall, and the probability

of occurrence of such a stub.

assumed in the above calculations, that

a)

b)

d)

e)

stubs greater than 18" in radius are
unlikely

i
§

stubs of <3" in radius will likely buckle on
impact i

stubs of radius greater than 4" or 8"
(depending on which penetration equation
is used) will not puncture

relative impact speeds between stub and |

cask greater than 30 ft/sec are unlikely

the lower limit of penetration velocities
from penetration equations 21 and 22 are
24.2 ft/sec and 11.2 ft/sec, respectively
..r" b B-le i

i
{ i
| !

|

(25)

(26)

(27)

It is already known, or has been

24
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The expected value of penetrating velocities ("average"
penetrating speed) is determined by using a modified cumulative
distribution for;penetratiﬁn velocity. The cumulative proba-
bility of the impact velocity (V) being within the range where
puncture can occur is obtained from the distribution

P(V<v|b<v<a)=P(Vivpb<yv <a) (28)

P(b < v < a)
where b and a represent the lower and upper puncture velocity
bounds. The conditional pfobability of V being less than v
and within the interval b < v < a is simply the cumulative
probability of V being less than v minus the cumulative proba-
bility of V being less than b. Thus, equation 28 becomes

P(V<vNb<vc<a) =(i - (1- §>4)- - B4 (209

The probability of V being within the interval b £ v <ais
simply the probability of V being greater than b, or

'by4 (30)
a

P(b < v <a) = (1 -3)
Hence, the cumulative pIObdblllty of V being 1ess than v, given
that it is within the interval (b £ v <a), can be expressed as
4 (31)

PVsvilbevea)y=1-La-Y

)4

where h = (1 - g

Knowing the cumulative probability function (equation 31),

the probability density function is:

248



fv [ b v ca)=3p -’

s '(32)
and the eapected value of the distribution is
. a 4 v,3
E(v | b <v<a) =j~ = (1 - =) vdv (33)
» - - b ah a
o4 A b
=b + 5 (1 - a).

The expected impact velocity, given the two lower puncture
velocity bounds b = 24.2 ft/s (BRL) and b = 11.2 ft/s (Sandia)
are determined from equation 33, using a = 30 ft/s as the
upper puncture velocity bound;

(BRL) E(v | 24.2 < v < 30)

25.4 ft/s (34a)

(Sandia) E(v | 11.2 < v < 30) 15 ft/s (34b)

The corresponding probabilities of these impact collision
speeds existing are given by equation 9,

B 4
PV = (1 - v/30) (55)

(BRL) P, = 5.53 x 107% u (35a)

(Sandia) Py = 6.25 x 107 ' (35b)

Thus, the probability of stub penetration per impact derived
from both sources is

v i (36)

L B-18 | : 245



(36a)

-2

(5.53 x 10°3)(6.6 x 107%) = 3.65 x 107 °/b-mi

]

(BRL) PI

(Sandia) P

It is unlikely that the probability of a cask penetration
per impact by a missile or stub is adequately predicted by

the Sandia equations since, as shown by Fullwoode"G)

the relation
implies that the cask would not survive the stub impact test
which is a prerequisite of licensing. Therefore, the BRL

results arc accepted and the following probability of cask pene-
tration by a stub is used in this report:

P, = 4.0 x 10"5/impact

I

Using the probability of the cask encountering a
moving stub from equation 20a, the probability of a puncture
of the cask wall by a moving stub is,

14

p.=1.4x 10 t0 2.4 x 107 % /bemi

S

(6.25 x 1072)(0.333) = 2.08 x 10"2/b-mi  (36b)

2ol
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APPENDIX C. DEstimate of Liquid Release Source
Term for a VWorst Case Spent Tuel
Shipping Cask Accident
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c.1 Introduction %i | ' N

This appendix describes the technical hasis used to
develop source terms for radiocactivity release in a postulmtcd
worst case spent fuel shipping caék accndent durlng its trans-
port. It is assumed that the acc1dent causes failure of the
cask containment and rodb, and the damaged cask falls into
the body of water exposing the spent fuel assemblles to the
natural water environment, TFor reference purposes, the cgsk
is assumed to contain up to 10 DPWR épent fuel assemblies Which
are cooled by natural convection intthe normal shipping mode.

The radioactivity source term ‘development for this
~-case closely parallels the procedure used for a severe reactor
accident case<C 1), that is, a two component source term is
defined which consists of (1) an‘initial source and (2) a
delayed source. The rationale and data involved in the defi-
nition of the sizes of these two sources are deéﬁribed in the

following sections.
c.2 The Initial Source Term

It is expected that an accident severe enough to cause
failure of the cask will also cause some damage to the fuel
assemblies inside. The fracturing of fuel fod claddings would
expose rod contents to incoming ffesh'water or seawater. Fission
products present in the fuel-cladding gap, as well as fission
products at accessible fuel surfaces, could be readily dissolved
by the water. Subsequent flushing of the cask cavity by circu-
lation processes could then transport these fission produc%s‘

to the natural environment, ) i

Cc-2
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The first step in defining the initial'source is to
obtain an estimate of the amount and type of;fission product
species that might be readily exposed to watbr in the postulated

' scenarlo Ca1cu1at10ns of fission product release from U02

Ifuel during 1rrad1at10n under reactor operatlng conditions

may be used to provide such an'estlmate Calculations based

- on simple diffusion mode]s are pzeferred because these indicate

the fission product Iractlons whlch tend to reach grain
boundaries within the fuel. After reachlng graln boundaries,
flssnon product species probably agglomerate to form separate

“ phases which exhﬂbit dlfferent potentlals for further migration

to the fuel rod éap through intérconneeted porosity. If the
latter occurs, the inventory is in the gap and is readily
exposed to water, provided the cladding is broken. If migration
out: of the fuel does not occur, . some portion of the grain
boundary 1nventory may stlll become readily exposed to water,
bccause discharged reactor fuel pellets are usually cracked
into smaller pieces and Ilactures in these types of materials
are often found to follow intergranular paths. - Although this
is an oversimp]ified picture of the complex interactions that
take place in LlssJonlng UOZ’ it is used in thls study as the
basis for a conservatlve estimate of the magnltude of the
easily dissolved portion of the fission product inventory-.

|

|
RcsulLs of fission ploduct release calculatlons using

both an empirical diffusion model and the old equlvalent sphere
dlffu51on model are reported in Appendlx VII of WASH-1400

(DRAFT)<C 2) The predicted releases are summarléed in Table C.1.

The flrst four fission products here have releases in the range
of 5 to 20% while ithe strontlum value 1s a factor of 3 to 10
lower. lefu51on‘coefflcrcﬁt data also prov1ded11n Appendix VII

of WASH- 1400(C -3) undlcate ruthenlum release wou]d be 51m11ar



" o A

| ; |
o .

‘ ‘ to strontium. This would also presumably apply to elements
- which are chemical analogs of ruthenlum such as technetium,

molybdenum, - cadmium, :and perhape palladlum rhodium, or s1]ver
Diffusion data for all the oLher flSSlon products (malnlv rare
edrths zirconlum niobium, and act:vatlon'produced actlnldes)
are very Ilmlted but another tabulatlon(c -4) suggests these
diffuse at somewhat slower rates in U02 than do strontium and
ruthenium. Our esimates for the diffusion release of fission
product species (based on these observatlons) are: 20% for !

’ the halogens, alkali, metals, tellurlum group species and their:
chemical analogs; 2% for the alkaline earths, the transition
metals, and their chemical ana1ogs and ‘1% for all other )
elements. This is considered to be a conscrvat:vely high
estimate, but necessary in view of the lack of more precnee

data. ‘ » i
, u :
‘ . Table C.1. Fission Product D1£Iu51on Release
I ‘ Predictions for Dlscharge Reactor Fuel. !
[
i
Relegse Fraction
Fission Product Empirical Model Equivalent Sphe#e
Model
Xe : .08 .10
|', I : .14 .10
Cs - .21 ; .05
Te | 10 (est.) .10 (est.)
sr A .02 | .02
Data taken from Table 1[,'Apéendix VII, WASH-1400 (DRAFT).
. : v




. ' '. The second step in defjining the initial source is to
estimate the fraction of the potentially available radioactive
material that would actually be rapidly dissolved. For the
purposes of this study it is assumed that only'one—tenth of

! the diffusion release valﬁes given above wouldlactually become
readily dissolvéd in the initial exposure of cask contents to
water. Two good reasons for this assumption are that the

: accident would probably not cauée all fuel rods to crack or

.Iu : shatter, and more important, it .is doubtful .that the fuel
itself would be cracked to the, extent necessary to expose all
g%ain boundary surfaces :directly to water. Fuel grain sizes
vary somewhat, but assuniing a nominal value of 100 pm suggests
that a fuel pellet wodld have to crack into about a million
pieces to expose all grains. Cracking into pieces of about
1000 um is more reasonable and photomicrographs of high burnup
UO2 fuel have been published which tend to confirm this order

en >
of subdivision(c"a’ C 6).

‘ A UO2 particle size of 1000 um
.( implies that only 10% of the grain bhoundary surfaced would be
directly exposed to water (assuming the cladding had failed)
and hence only one-tenth of the diffusion release fission
product would be readily dissoived (aésuming soluable forms
for all species). In summary, the initial source term for
i the cask accident is defined as follows in terms of percentages’
of'the total activity content of the spent fuel contents:

] 5l :
> a) 2% o& the halogens, the alkali metals,
. - the tellurium group, and their chemical

analogs )

. b) 0.2% of the alkaline earths, the transition
0 ; ' metals group, and their analogs%

c) 0.1% of all other species
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C.3 The Delayed Source Term i

The delayed source term fqr the cask accident case is
defined using the same rationale that was used to define the
delayed source term for a severe reactor accident in referencegc—l)

The process is envisioned as gradual leaching of the exposéd

fuel with all fission products going into solution at the same
' ' rate. The leaching is assumed to take place at a temperature

of about 25°C. Using a fuel particle size of 1000 um and a

fuel density of 10 g/cmB, the following expressions for

fractional leaching with time canibe ohtained from equations

(1) and (2) of reference(c“l): . '

)
il

1= 6x 107° (t); t < 30 days;

)
Il

, = 6 x 1078 (¢ - 30); t > 30 days.

fractions leached given in Table C.2.

; where,
f = the cumulative fraction of
; fission product leached
E t = time in daysy
' - Solution of these two equatioins produced the cumulative |




1
4 :

Table C.2. Fission Product Leach Fractions
a ' Versus Time for the Cask Accident

. Cumulative Fraction
Exposure Time (days) Leached
1 6 x 107°
10 i 6 x 1072
30 1.8 x 1072
180 . | 2.7 x 1073
730 | 6.0 x 1073

It should Be noted that the above leach expressions
areibelieved to conservatively overestimate the actual rate
of leaching because the water volume in the cask cavity is
rather limited. It is estimated that this water volume would
have to flush several times a day in order to prevent buildup
of fission product water concentrations to levels which might
inhibit the ]euchihg process. This estimate is based on
standard procedures used in making laboratory measurements
of leach rates, which require frequent water changes in the
fir§t several days, Such a flushing rate implies large
openings to the cask cavity and relatively rapid circulation
in.fhe natural water body. However, since accident details
are ‘'not well defined, it seems appropriate to use this con-
servative formulation.

C.4 Combination of Source Terms

The total radioactivity release to water for the

postulated shipping cask accident is the sum of the initial
C-7
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APPENDIX D.

Calculation of Downstream Concentrations
From A Point Source For Use In Evaluating
Liquid Release Consequences

D-1
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b.1 General Relationships

Consider a 'conservative effluent" that is dispersing
in river water under conditions of steady, or only slowly
varying, river flow. A conservative substance is defined here
as one which undergoes no process other than dilution. It is
also specified that the fluid properties of the conservative
effluent are identical to those of the ambient river water.

‘ This work closely follows a review paper by c,)ayre(D -1) on
natural mixing processes in rivers.

The general convection-diffusion equation for a dispersing
substance is written for an arbitrary control volume (c.v.)
as shown in equation (1).

a3C > - >
= . . s + i .n ds
p/ atd\) p[cu n d prmV n (1)
® : S
rate of change rate of change rate of change of
of mass in c.v. of mass in c.v. mass in c.v. due to
due to convection molecular diffusion

i across surface of across surface of‘c.v.
c.V. :

where

i

mass density of dlspers1ng substance
fluid velocity

concentration by weight

5y 0 =+ 0o
]

l

unit normal vector directed outward
from surface of c.v.

Il

- molecular diffusion coefficient

Transforming the surface integrals to.volume Entegrals yields
the familiar result: ' '

W"‘V'CU:E“‘VCV | ! (2)
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é Resolving the instantaneous concentration and velocity
into sums of time averaged and fluctuation components yields

c=c + C; | (3)

u=u, + ui (4)

th coordinate direction.

where the subscriﬁt i denotes the i
Using equations (3) and (4), and neglecting the molecular
diffusion term in equation (2), equation (2) for turbulent

flows becomes

— ac
3c — i 3 - -
— 4+ u = =— ¢' u' (5)
at i axi axi
The term on the right hand side of equation (5) is due to
turbulent diffusion and is usually represented as a gradient-
type transfer term
c,uf _
e sttt _ ac i
¢i¥i T By ox] (6)

| :
Substituting of equation (6) into equation (5) and dropping
bars, yields the usual form of the general convection diffusion
equation for a conservative‘subStance in a turbulent open-

channel flow

do de ] 9 ] v d
5+ u 5% + v §§ + v 5% == (E Cy +.2 (& 2%y 4 (E_ 2%

. °oc 2 2
rax tTx dx dy_ "y 3y 3z "2 3Z
\__/—N
(7)
where
c(x,y,z,t) = concentration of dispersing substance
(z,y,2) = coordinates x - longitudinal
y - vertical

z - transverse

By s E , E_ = coefficients for turbulent mass transfer in
y X,y,z directions. N
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Mixing due to the convective term is called dispersion.
Mixing due to the turbulent transfer Lerm is called turbulent
diffusion or simply diffusion. The boundary conditions for

equation (7) are

A 2c -

ve A 0 , we s 0 (8)

‘, . dc 9y _ - 9C 9z _ (9)
and hy 5% 3n 0 , EZ 5% 31 0

Boundary conditions (8) and (9) say that there is no transport
of particles across the wetted perimeter or the water surface
by either convection or diffusion. '

Assuming the transfer coefficientis Ex’ Ey, and EZ are
constant, we can replace them with mixing coefficients Kx’ Ky,
.and KZ' Also we can replace the longitudinal velocity by cross-

sectional average velocity u, Equation (7) then becomes

(including decaying concentration)

2 2 ' 2
ac = 9¢ _ 9°¢c 94c 3" ¢
3 tu 99X Kx %2 + Ky dy2 * Kz §z2 ~ Ae (10)
D.2 Downstream Concentration From an Insténﬁaneous Point

[

Source

For the case where effluent is released ifrom a point

in one slug which is convected and diluted as it travels

] : .
downstream, 5% and ?% both equal zero, so equation (10)

reduces to:

K 2 | . ;
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2
ac , 5 2C - 2§ -
5t T oax T Kx a2 T8¢ | (11)

whose solution is

! o — 2
C(x,t) = %V f——l——- exp éEiE%l__ exp (-it) (12)
z./ mk_t X
X
where

=cross sectional area

A
W =weight of :conservative substance
Y =specific weight of water

A

=decay rate of concentration

Equation (12) is equivalent to the form given in appendix B of
NUREG-0140 (sz)and also to the one-dimensional version of

Equation (9) in Regulatory Guide 113, (P-3)

_ When the source can still be characterized as eminating
from a point but it is continous, the longitudinal dispersion

can be neglected in equation (10) which becomes

— ¢ _ 3" c \
U T Ky ez o M (13)
whose solution is
ey 1 [-=2%
C(z,x) = — exp [Tk—x— ~ At] (14)
ud 2y 7k _x/u Z

where.
volumetric: discharge rate of effluent

=
n

C., = concentration of effluent initially
depth of flow

Qo
]
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BEST CORY AVAILARLE

Table D.1. Mixing Distances for Tests Run in
‘ Reference D-4.

P e e tetm e e emean

.
L FYC T SRR

Transvoerse Mixing Cocfticiont X
Divtanee (o

K,
o o 2 Total Miviey
Sectlon & (t13pse.) Vo Pegise (11)
i 1-59 = 1,62 0.097 B = LLI.K 9,543
! u* = 0,26 U= 0,69 :
S 4 — 4 o ——— et —.—r s ~ e e em e . R I ST CEE SO
]

I 2-sp d = 2,83 0.143 B~ 104 ' 7,510
| ut = 0.22 u = 0.91

‘ 3-569 d = 1,27 0.1, B = 61 TRV

! ut = 0,38 U= 0,47

et et wo f Gmave ot o ot e o b oaee e 4y . .
R e I T I TSP

4-59 d = 2,80 a.116 B o= 111 28,147
u* = 0,18 u o= 0,81

I~ 118 H IR ITH
w o= 0,99

65-59 d = 1,01 0.070
ut = 0,16

1-60 d= 2.7 0.210 #e G- Poaun
i ut = 0.33 ©o= 1,70 ' ,
e e TP - .. e

2-G0 d = 6.49 0,417 B+ 194, 97,660

. ut = 0,34 : u o= 2,81 . .
; g' T

4-G0 d = 5,12 G. 1656 B = 8o 42,666 i
ut = 0.14 : u= 2.2

[ e e e ——— sl e L

i ! .
1-61 d = 6.87 0.553 | B = 175 i 71,45y
ue = 0,345 i It} !

D IR KT

d = 1.60 0.096 . B = 53 ‘ 11,850 .
u* = 0.26 = 0.81 I '

e R I Tr IR I U

[
)
(=]
-

Kz = 0.23 du*

X = .50 ¢ nx,
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