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l .0 SUMMA RY 

The ris k  i s  estimated for the s hipment of radi oacti ve zeo l i te l i ners i n  

su pport o f  the Zeol i te Vi trifi cation Demons trat ion  Program cu rrentl y underway 

at Pac i fic Northwest Laboratory ( PNL ) under the s ponsors hi p  of the U . S .  

Department o f  Energy . Th i s  program wil l  establ is h  the feas i bi l i ty o f  zeol ite 

vitri fication as an effective means of  immobi l izing  high-specific-activity 

was tes . 

I n  th i s  ri s k  assessment , it is as sumed that two zeo l ite liners , each 

l oaded around Ju ly  1 , 1 981  to 60 ,000 C i , wi l l  be s h i pped by truck  around 

January 1 ,  1 982 . ( l ) However , to provide a measure of conservatism , each 

liner is assumed to initi a l l y  ho l d  70 ,000 Ci , with the major rad i oisoto pes 

as  fo l l ow :  

90Sr = 3 ,000 Ci 

1 34cs = 7 ,000 Ci 

1 37cs = 60 ,000 Ci 

Shou l d  s hipment take p l ace with es sential l y  no de l ay after initial  l oading 

( regardl ess  of  l oading date ) , the s hipment l oading wou l d be only 2 . 7% higher 

than that for the assumed s i x -month del ay .  Th i s  wou l d  negl i gibly  affect the 

overal l ris k .  

The l i ners themsel ves are the ion -exchange columns o f  the Su bmerged 

Demineralizer System (SDS ) which has been developed to decontaminate the 

high -acti v i ty- l evel water inside the containment and primary coo l ant sys tem 

o f  Th ree -Mi l e- I s l and ( TMI ) . ( 2 )  One each wi l l  be seal ed inside a CNS l - 1 3 C ,  

type-B s hipping cas k mounted o n  a fl atbed trai l er .  There wi l l  be one cas k 

per tru c k .  The s hi ppin g  route covers approximately 2 ,600 mil es from TMI near 

Harri s burg , Pen n sy l vania to PNL at Han ford , Washington . Except for some l ocal  

routing  near TMI and PNL , the s hipments wil l  be exc l u sively  over federal 

highways . 

The ris k  asses sment con siders radioactive re l eases resu l ting from 

transportation acc i dents . No potent i a l rel ease i s  anticipated during  

1 - 1 



normal ( non-acc i dent )  tran s po rt .  Three acci dent forces , as  defi ned i n  

reference 3 ,  are considered and yiel d  the fo l l ow i ng fi ve accident scenari os : 

1 .  Fi re-o n l y  

2 .  Impact-on l y  

3 .  Puncture-on ly  

4 .  Impact-with-fi re 

5 .  Puncture-with - fi re . 

The i nhal ation pathway for rad i onuclides i s  presumed dominan t .  Thu s , a l l 

rad i oacti ve re l eases  are s pecifi ed in  terms of  the amount ai rborne i n  the 

res pi rab l e ran ge ( 1 0  �m or  l es s ) .  

Fai l u re threshol d s  are estimated for re l ease from these  scenarios . 

Probabi lities and amounts of  re l ease are cal cul ated . A summary of these i s  

presented in  Tabl e 1 . 1 for the maj o r  radioi sotopes ( 90sr ,  1 34cs , and 1 37cs ) .  

The probab i lity of  an a i rborne , res pi rab l e re l ease occu rring for any 

scenario is est imated at 8 . 4E-5 per s hi pment  ( 1 . 7E-4 for tw o s hioments). 
The resu l ts are then combined wi th model s for the fo l l ow i ng factors to 

yie l d  ri s k  estimates : 

1 .  Atmo s pheri c  di s pers al  of the radionuc l i des 

2 .  Dose to the cri t i cal  o rgans for the rad i onucl i des 

3 .  Popu l ation dis tri buti on a l ong the trans portation rou te . 

The TRECI I  program i s  empl oyed to ca l cu late the ri sk esti mates . ( 4 )  

The res u l ts  are presented i n  two forms : the compl ementary cumu l ative 

density functi on and the total ri s k  ( expected dose ) .  The  ris k  i s  measu red 

in terms of the 50 -year inha l ation dose to the expo sed popul ation ( a l ong the 

trans port route ) for the two sh i pments . The compl ementary cumu l ati ve 

densi ty functi on is s how n in  Fi gure 1 . 1 ( base cas e ) . The range of val ues 

( probabi l it i es and doses ) spanned by th i s curve indi cates that the l evel of 

ri s k  to the public  i s  insi gni ficant . Li kewi se , the total  ri sk , a val ue of 

5 . 3E-7  man- rem for the two shipmen ts , a l so indi cates that no si gn i ficant ri sk  

wi l l  be posed to  the  public .  

1 -2 
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A sens i t i vity analys i s  i s  performed by assumi ng  tha t the max i mum 

estimabl e re l eases ( ai rborne and res pi rabl e )  of the major radioi sotopes occu r 

for the l ongest fi re du rations in  the scenarios  invol ving fi re . The compl e

mentary cumu l ati ve densi ty function ( upper-bound case in Figure 1 . 1 ) exhibit s 

an upward s hi ft in probabi l i ty at a given dos e .  The fractional  s hi ft increases 

wi th dose l evel . However , the range of values ( proba bi l i ties and doses ) s panned 

by thi s curve sti l l i ndi cates that the l eve l of ris k  to the pu b lic  is insigni fi 

can t .  The maximum dose from the l eas t- likel y s cenario  ( 5  man-rem a t  a 

probabi l ity of  l E-9 for two s hipments ) i s  on ly  1 . 2 E-4 of  the estimated 

exposure due to natural background radi ation . Li kewise , the total ri s k  for 

the two s hi pments , w hi l e  increasing by 28% to 6 . 8E-7 man-rem , s ti l l indicates 

that no si gni ficant ri s k  wi l l  be posed to the pu b li c .  This val ue is on l y  

5 . 2E- 1 0  of the estimated expos ure due t o  natural background al ong the route 

and on ly  8 . 9E-4 of the total ri s k  from accidents for anal ogous s pent fuel 

s h i pmen t .  

As a resu l t of thi s  ri s k  as ses sment , i t  i s  concl uded that the trans port 

of t he radioacti ve zeo lite li ners from TMI to PNL by truck  can be conducted 

at an insignificant l eve l of ri s k  to the pu b lic  . 
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2 . 0  INTRODUCT ION 

The presence of a s ubstanti a l  amount of h i gh -acti vi ty- l eve l water i n  

the contai nment and primary cool ant sys tem of  the cri pp l ed Three-Mi l e  

I s l and  ( TM I ) ,  Un i t  2 reactor has been an i s s ue o f  much concern . The 

S ubmerged Demi ne ra l i zer Sys tem ( SDS ) h as been devel oped to decontami nate 

th i s  water . ( l )  Through the use of zeol i te i on-exch ange col umns , the 

l evel s of  rad i oacti ve ces i um and stront i um in th i s water wi l l  be re1uced 

substanti al l y .  

The need remai ns for s a fe ly  di s pos i ng of  the radi oact i vely- l oaded 

zeo l i te l i ners . A fi rst s tep i n  thi s proces s i s  the i mmob i l i zati on of the 

radi onucl i des i n  a s tab l e  form . As part of thi s effort , Paci fi c Northwest  

Laboratory ( PN L )  has undertaken the Zeo l i te V i tri fi cati on Demons trati on 

Program ( ZVDP ) wh i ch wi l l  es tab l i sh the feas i b i l i ty of  zeo l i te v i tr i fi cati on 

as an effect i ve means of i mmob i l i z i ng the TMI was tes . Th i s  program i s  

s ponsored by the U . S .  Department o f  Energy .  

The vi tri fi cat i on demonstrat ion req u i res s h i pment o f  two rad i oacti vely

l oaded zeol i te l i ners from TM I to PNL . To as s u re that th i s  s h i pment can 

be conducted at a mi n i ma l  l eve l of ri s k  to the pub l i c ,  thi s ri s k  assessment 

i s  performed as part of  the ZVDP . The res u l ts are s pec i fi c  to thes e  

sh i pments . 

Two zeo l i te l i ners , l oaded to approximately 60,000 C i  each , wi l l  be 

s h i pped by truck us ing  the CNS l - l 3C, type-B s h ipping  cas k  as an overpack . 

There wil l be one l i ner pe r cas k, one cas k per truc k .  Th i s  s tudy ass umes 

a l oadi ng date of Ju ly  1, 1981 for the zeo l i te l i ners and a s h i ppi ng date 

of January 1, 1982. (2) To oro v i de a deqree of conserva t i sm. an initi a l 

l oad i ng of 70,000 Ci, rather than the expected 60,000 Ci,  has  been assumed 

for each l i ne r .  

Th i s  as s essment uti l i zes the res u lts from prev i ous trans portati on 

r i s k  asses sments i n  determi ning the.s h i pp i n g  environment .  ( 3�5 )  Previ ous 

stud i es have i nd i cated that potenti a l re l eases from non-acci dent s i tuati ons 

( e.g . , package c l os ure erro rs )  are negl i g i b l e .  The ri s k  i s  domi nated by 
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the acci dent envi ronment .  Thus , th i s  study anal yzes the ri s k  from tran s

portati on acci dents onl y .  An analys i s  i s  performed for equi l i b ri um con

d i t i ons i ns i de the l i ner- cas k sys tem dur i ng norma l ( non-acc i dent ) trans port 

to ens ure that no rad i oacti ve re l ease i s  expected . 

Acc i dent s cenarios  are devel oped i nvo l v i ng fi re , i mpact , and puncture 

forces . Thei r probab i l i t i es are es t i mated a l ong wi th the corres pondi ng  

rad i oacti ve rel eases . The  i nha l at i on pa thway for radi onucl i des i s  ass umed 

domi nant . Thus , these re l eases are s peci f ied i n  terms of the amounts 

a i rborne i n  the res pi rab l e  range ( 1 0 �m or  l ess ) . Es ti mates of  the ri sk  

are made i n  terms of the 50-year i nha l ati on dose to  the  exposed popu l a t i on . 

Atmos pheri c d i s pers i on ,  di ffus i on c l i mato l ogy ,  and popu l at i on d i str ibuti on 

a l ong the transport route are factored i nto the ri s k  est imate . The ri s k  

i s  reported both a s  a compl ementary cumu l ati ve dens i ty functi on ( probab i l i ty 

vs . dose ) and as  a total expected ( probab i l i st i cal ly-wei ghted ) dose . A 

sens i t i v i ty ana l ys i s  i s  performed by varyi n g  th e rel ease esti mates for 

certai n  acci den t s cenari os . F i na l lY, , the ri sk  i s  compared w i th the l evel 

of  exposure of  the appropri ate popu l ati on due to natura l  background 

rad i at i on and w i th the total ri s k  from acci dents for ana l ogous s pent fuel  

s h i pment . 
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3 . 0  TRANSPORTAT ION  SYSTEM 

Trans port of the zeo l ite l i ners from TMI to PNL wi l l  be by truck over the 

i nterstate h i ghway system . Each l i ner wi l l  be p l aced i ns ide  a CNS l - 1 3C ,  type-B 

sh i pp i ng  ca sk  and tran sported on  a fl atbed tra i l er ,  one cas k per tra i l er .  

On ly  two l i ners are expected t o  be s h i pped t o  P N L  for the v itri fi cat i on demon

strat i on phase . Sh i pment i s  ass umed to take p l ace on January 1 ,  1 982 , as 

i nd i cated in Reference 1 .  

3 . 1  ZEOL ITE L I NERS 

The zeo l ite l i ners are the i on-exchange col umns  of the SDS that wi l l  be 

used to decontami nate h i gh -act i v ity- l evel water from TMI ,  Un it 2 .  Th i s  water 

i s  compri sed of approximately  700 ,000 gal . from the contai nment bu i l d i ng sump 

and 90 ,000 gal . from the pri mary cool ant system . 

3. 1 . 1  Su bmerged Demi nera l i zer System 

The SDS was des i gned by Al l i ed General Nucl ear Serv i ces for Chem-Nucl ear 

Systems, Inc . Reference 2 prov i des a thorough des cri pt i on of  the SDS ; 

on ly  a bri ef  overv i ew i s  gi ven here . Fi gure 3 . 1  i s  a fl owsheet for the 

SDS . The contami nated water i s  fi ltered duri ng t rans fer i nto  the i on

exch ange feed tanks , from wh i ch it  i s  pumped th rough two para l l e l  t ra i ns 

of i on-exchange col umns . I n  each t ra i n  i s  a ser i es o f  th ree l i ners con

tai n i ng zeo l ite ( a mi xture of Li nde Ions i v  I E-96 and A-51 ) .  The effl uent from 

these t rai ns pas ses through two para l l el col umns of organ i c  cat i on-exchange 

res ins . S ubsequent l y , t h i s  effl uent fl ows t h rough a l a rge pol i s h in g  

co l umn contai n i ng cat i on , an i on , and mi xed res i n  l ayers . 

The contami nated water that wi l l  be processed by the SDS has the  

radi onucl i de compos it i o n  i nd i cated in  Tab l e  3 . 1. O f  these  i sotopes , the  

zeol ite is  pr imari l y  effect i ve i n  removi ng those of Sr  and  Cs from the  

contami nated water . The  l i ners in  the fi rst pos iti on wi l l  be removed 

after bei ng l oaded to approxi mately 60 ,000 C i . The l i ners i n  pos i t i ons 

two and three wi l l  be advanced , with a new l i ner be i n g  p l aced i n  the 

thi rd pos it i on . Th i s  cyc l e  wi l l  be repeated unt i l  decontaminat i on i s  
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TAB LE 3 . 1.(2 ) Compos iti on of Contami nated Water 

(Va l ues are corrected for rad i oact i ve decay to Ju ly  1 , 1 980 ) . 

Reactor Cont a i nment 
Coo l ant Bu i l d i ng 
System t�ater Total  

Vol ume 90 ,000 ga l 700 ,000 gal  790 ,000 gal  

Sod i um 1 350 ppm 1 200 ppm 3600 kg 

Boron 3870 ppm 2000 ppm 38 ,000 kg 
(as H3B03 ) 

Ces i um 1 . 5 ppm 0 . 8  ppm 4 . 8  kg 

Stront i um <. 0 . 05 ppm 0 . 1 ppm 0 . 4 kg 

Re l at i ve Rel at i ve 
Cone . I nge st i on Cone. Ingest i on  Tot a l  

N uc l i de (J.1Ci /mL ) Hazard a (J.1C i /ml )  Hazard a ( C i ) 

3H 0 . 1 7  60 1 . 0 300 2 , 500 
89 Sr 5b 2 , 000 ,000 0 . 53 200 ,000 3 , 000 
90Sr 25b 80 ,000 ,000 2 . 3  8,000 ,000 1 4 ,000 

1 06R u 0 .  1 1 0 ,000 0 . 002 200 40 
1 25so 0 . 0 1 1 00 0 . 02 200 50 
1 34Cs 1 0  1 ,000 ,000 26 3 ,000 ,000 67 ,000 
1 37 Cs 57  3 , 000 ,000 1 60 8 ,000 ,000 4 1 0 ,000 
1 44Ce 0 . 03 2 , 000 0 . 0005 50 1 0  

aExpressed a s  mu l t i p les  o f  the concent rat i ons  l i sted i n  1 0  C FR 20 , 
Appendi x  B ,  Tab le  I I , Co l umn 2 .  

bva lues  vary ,  probab ly  because o f  preci pitat i on .  
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compl ete . Th i s  proces s enabl es the l i ners to sorb mo st  of the Cs whi l e  i n  the 

fi rst pos i t i on .  Sr sorpt i on , requ i r i ng a l onger res i dence t i me ,  wi l l  be 

pr imari l y  accomp l i s hed by the l i ners whi l e  i n  the second and thi rd pos i ti ons . 

3 . 1 . 2 Structure 

Fi gure 3 . 2  i s  a schemati c of an i nd i v i dua l  SDS zeo l i te l i ne r . ( 3 )  I t  i s  

cy l i ndri ca l  wi th an overa l l he i ght o f  4 ft. 5 l / 2 i n . and an outer d i ameter of 

2 ft . The vesse l  has  a 68-ga l . capac i ty and i s  cy l i ndr ica l  wi th cu rved end s . 

Its  wa l l  cons i s ts of 3/8 i n .  th i c k s ta i n l es s  s teel . The ves se l  has been 

des i gned to wi ths tand 350 ps i g  at 400 ° F ,  o r  1 5  ps i g  at 850 ° F .  Maxi mum 

o perati ng pressure i s  1 00 ps i g  at 1 00 ° F .  However , i t  has been hydro s tat i ca l l y  

tested to 530 ps i g. When empty , an i nd i v i dua l  l i ner  wei ghs  650 l bm . 

3 . 1 . 3 Contents 

Each SDS l i ner wi l l  conta i n  8 . 1 ft3 of  zeo l i te ,  an a l umi no-s i l i cate 

conta i n i ng water of hyJ rati on . ( 4 )  The zeol i te wi l l  i n i ti a l l y  conta i n  1 7% by 

we i gh t  of water of hydrati on ( henceforth referred to as 1 1 bound " water ) .  At a 

bu l k dens i ty of 46 l b  /ft3 the zeo l i te wei gh s  373 l b  ( i n cl udi ng  the bound 
m ' m 

water ) .  Al s o  present i n s i de the l i ner  wi l l  be 1 1Unbound 11 ( non -hydrated , o r  

free ) water , 30% by wei gh t  o f  the zeo l i te .  Th i s  unbound water we i gh s  1 1 2  l bm' 

bri n g i n g  the tota l wei gh t  of the l i ner • s contents to 485 l bm . Overal l ,  the 

l i ne r  and i ts contents we i gh 1 , 1 35 l bm . 

The tota l rad i o acti v i ty of a zeol i te l i ner when fu l l y  l oaded i s  expected 

to be 60 ,000 C i  ( as of Ju l y  1 ,  1 981 ) . For con servat i sm i n  asses s i ng the ri s k ,  

an i n i ti al l oad i ng o f  70 ,000 Ci wi l l  be assumed . Tab l e 3 . 2  l i sts the i so to p i c 

compo s i ti ons  for 1 0,000 C i  i n  the l i ner when l oaded ( Ju l y  1 ,  1 981 ) and when 

s h i pped ( January 1, 1 982 ) . ( l ) The i sotopi c compo s i ti ons  for 70 ,000 C i , a l so  

l i s ted in  th i s  tab l e ,  are obtai ned by mu l ti p l y i ng those for 1 0 ,000 C i  by seven . 

Shou l d s h i pment take p l ace wi th essenti a l l y  no del ay after the i n i ti a l • 

l oadi ng ( regard l ess  of l oad i ng date ), the s h i pment  l oadi ng wou l d be the same as 

the i n i ti a l ( 70 , 000 C i ) .  Thi s repre sents only a 2 .7 %  i ncrease in  the assumed 

s h i pment l oad i ng (68 , 1 80 Ci to 70 ,000 C i ) .  Any effect upon the overall r i s k  

wou l d  be negl i g i b l e . 
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I SOTOP E  

w 
89sr 

I 
0'1 

90Sr 

1 34cs 

1 37Cs 

TOTAL 

TABL E 3 . 2 .  Rad i o i sotop i c Compos i t i on o f  an S DS Zeo l i te L i ner 

EST I MATED RAD I OACTIV ITY {Ci}  

1 0 , 000-Ci  IN ITIAL LOAD IN G  70 ,000-Ci  IN IT IAL L OADIN G  

As of  Load ing  As  o f  Sh i pment As of Loadi ng As of  Sh i pment 
(7/ l /81} ( 1 / 1 / 82} {7/ l/81} ( 1 / l /82)  

. 5  . 04 3. 5 . 28 

398 . 5  39 3 . 8  2 ,790 2 ,757 

1 , 0 16  858 . 8  7 ' 1 1 2  6 , 0 1 2 

8,585 8 ,487 60 ' 1 00 59 , 41 0  

10 , 000 9 ,740 70 ,000 6 8 ,180 
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3.2 SHIPPING CASK 

The zeolite liners will be shipped from TMI to PNL by truck using 
CNS l-13C shipping casks, type-B casks made by Chem-Nuclear Systems, Inc. 
Each cask will contain one liner; there will be one cask per truck. For 
selection, this cask had to satisfy the following constraints: 

1. it must be certified for type-S shipments (5) 

2. its inner dimensions must accommodate the zeolite liner 

3. it must provide adequate shielding for the given radioactive 
loading of the liner 

4. it must be compatible with the equipment available at the shipping 
and receiving facilities 

5. it must reject enough decay heat to ensure that no adverse 
thermal effects upon it or its contents occur. 

For a liner loading of 60,000 Ci, the CNS l-13C cask satisfies these 
constraints. The details involved in verifying this are discussed in 
references 1 and 6. This cask is still expected to satisfy these con
straints at the assumed loading of 70,000 Ci per liner. 

Figure 3.3 is a schematic of the CNS l-13C cask. (6) It is a steel
encased, lead-shielded cylinder 5 ft. 8 l/16 in. high (without impact 
limiters) and 3 ft. ·3 l/8 in. wide. When attached, the impact limiters 
raise the overall height to 8 ft. 3 13/16 in. Each limiter has an outer 
diameter of 5 ft. The cask has a cylindrical inner cavity that is 
4 ft. 6 in. high and 2 ft. 2 1/2 in. wide. A zeolite liner will fit snugly 
into this volume. 

The cask•s outer wall consists of steel fire protection sheets that 
are separated from an interior steel plate by 16-gage wires spaced 6 in. 
apart. Between this interior plate and the innermost steel plate is lead 
shielding, 5 in. thick around the sides, 6 in. thick in the base and 
5 25/32 in. thick in the lid. Twelve 1 1/4-in. bolts attach the steel
plated, plug-type lid to the cask. A silicone gasket ensures positive 
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closure. The impact limiters, which will be used for the shipments from TMI 
to PNL, consist of rigid polyurethane foam encased by steel plating. They are 
locked to one another by six ratchet binders . 

When empty, the CNS l-13C cask with the impact limiters and their binders 
weighs 24 ,600 lb . Six cables, each connected to a steel arm projecting at a m 
downward angle from the edge of the cask lid, attach the cask to the flatbed 
trailer. Figure 3.4  illustrates this tie-down arrangement. Reference 6 

contains a detailed description of the cask and the analysis performed in 
obtaining its license. This report is currently being updated to include 
modifications associated with the use of the impact limiters in the TMI-to-PNL 
shipments. 

3.3 SHIPPING ROUTE  

Figures 3.5 through 3.7 present the shipping route for transport of the 
zeolite liners from TMI to PNL. (?) Except for local routing near TMI and PNL, 
the federal highway system will be used exclusively. The total distance is 
approximately 2 ,600 miles and can be covered in less than one week. 

3.4 LINER-CASK EQUILIBRIUM CONDITIONS 

It is important to verify that the material being shipped and its 
containers are stable under 11normal11 (non-accident) conditions. There should 
be no threat to the integrity of the zeolite liner nor to that of the CNS l-13C 
cask if shipment proceeds without incident. Since zeolite is a chemically 
stable material, no potential for an adverse reaction is perceived under normal 
transport conditions. However, the radioactive generation of decay heat during 
normal transport could potentially lead to adverse structural changes in the 
zeolite or the lead in the cask•s walls depending upon the temperature buildup. 
Further, the presence of a significant amount of unbound water (112 lbm) 
provides a potential for pressure buildup from steam generation. These thermal 
threats must be investigated. 
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3.4.1 Temperature Effects 

The analysis described in section A.l indicates that, of the 346 W of 
decay power generated by the radioactivity in the zeolite, 265 W are absorbed 
inside the liner. The remaining 81 W are absorbed by the lead shielding in 
the cask. Since the power generation varies axially in the liner-cask system, 
a two-dimensional thermal analysis is performed to obtain the temperature 
profile in the system. Heat conduction and radiation phenomena are modelled 
directly, while convective effects are incorporated indirectly into the model. 
The details of the analysis are presented in section A.2.1. 

The average temperature of the zeolite, water, and water vapor inside the 
liner is estimated to be 294°F. The maximum potential temperature in a 
localized region is estimated as 482° F, occurring in the center of the zeolite 
region most heavily loaded with Cs. Since zeolite is structurally stable up 
to 1300°F, no threat to its stability is anticipated. (l ) The temperature 
inside the cask walls is around 120° F, well below the melting point of lead 

(62l°F ). Since the CNS l-13C cask is licensed to hold heat sources up to 
600 W, this relatively low temperature is expected. (6 ) 
3.4.2 Pressure Effects 

Each zeolite liner will presumably be dewatered subsequent to its 
removal from service in the SDS and prior to its sealing inside the shipping 
cask. This is necessary to reduce its unbound water content to the specified 
112 lbm. Presumably, the liner will be vented during this dewatering process 
to prevent any pressure buildup from the decay heat. This venting is assumed 
to expel any air originally present such that only water vapor will remain 
during the shipment phase. Any buildup of radiolytic hydrogen and oxygen 
gases is presumed to be negligible compared to possible steam buildup. 

Prior to emplacement inside the CNS l-13C cask for shipment, the zeolite 

-

liner will be sealed and will remain unvented throughout transport. An � · 

equilibrium temperature of 294° F will be established during shipment. Although 
the volume available for two-phase steam inside the liner is not known precisely, 
a reasonable estimate can be made, as discussed in section A.2.1.4.4. There 
it is shown that the 112 lbm of unbound water inside the liner will form a 
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saturated mixture at 294°F. The corresponding steam pressure will be 61  psia. 
This is taken as the equilibrium internal pressure of the zeolite liner. 
Since it is designed to withstand 350 psig at 400°F, no threat to the liner•s 
integrity is expected from pressure buildup during normal transport . 
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4.0 ACCIDENT ANALYSIS 

As stated in Section 2, the results from previous transportation risk 
assessments indicate that potential releases from non-accident situations 
(e.g., package closure errors) are negligible. Furthermore, the analysis 
of the equilibrium conditions inside the liner-cask system (see section A.2.1) 
indicates that no potential release of radionuclides is anticipated. The 
risk will be dominated by the accident environment. Thus, this study 
considers only accident situations during transport. 

The accident analysis for the transport of the zeolite liners requires 
estimates of both the probabilities of and the radioactive releases from 
various accident scenarios in which the liner-cask system can be involved. 
Reference 1 divides potential truck accidents involving large packages 
into five categories: fire, impact, puncture, crush, and immersion. As 
defined, these accident forces are often more severe than those used in 
analysis of a shipping cask's design integrity for its license applica
tion. Neither crush nor immersion is expected to contribute much to the 
risk relative to the other three forces. Thus, in this analysis, only 
fire, impact and puncture (and their combined actions, where applicable) 
are considered. 

Released radioactivity can eventually reach man through various 
environmental-biological pathways (e.g., inhalation and ingestion). For 
the accidents potentially involving the zeolite shipments, inhalation is 
expected to be the dominant pathway with respect to the risk. Thus, all 
radioactive releases will be specified in terms of the amount airborne in 
the respirable range (10 �m or less). 
4.1 ACCIDENT SC ENARIOS 

Of the three accident forces being considered, only fire can occur 
concurrently with the others since, by definition in Reference 1, impact 
and puncture accidents are mutually exclusive. Thus, five accident 
scenarios can be visualized from these three accident forces: 
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1. Fire-only 
2 .  Impact-only 
3 .  Puncture-only 
4 .  Impact-with-fire 
5 .  Puncture-with-fire 

For the scenarios involving fire, the duration of the fire is an important 
consideration. A short fire may have little or no effect upon the release, 
while a longer one could significantly aggravate the release. As will 
be seen, there is a critical duration above which a fire significantly 
increases the release for scenarios involving fire. Thus, these scenarios 
will be further subdivided by the fire duration. 

4 . 1 . 1  Qualitative Description 

As defined for this analysis, the five accident scenarios are mutually 
exclusive, as necessitated by the nature of the probabilistic analysis 
performed in section B.l. Each scenario is unique, although the results 
from one may be applicable to another. Also, for an accident to occur, it 
is not sufficient for the accident force merely to be imposed. It must 
exceed some threshold level for failure of the liner-cask system that 
results in a potential release. 

4 . 1 . 1 . 1  Fire-Only 

In this scenario, an accident occurs that enables the cask to be 
engulfed by a l000°C fire, the thermal environment defined in Reference 1. 
Further, while the cask may be breached prior to fire engulfment, the liner 
is assumed to still be intact such that no pathway initially exists for 
radioactive release. Such a pathway must be created solely by the fire. 

Whether or not the cask is already breached, release will occur only 
if the fire lasts long enough to rupture the liner, presumably by over
pressurization due to aggravated steam generation. It is assumed that if 
the cask is initially intact, such a fire will melt sufficient lead in the 
cask's wall to rupture the steel plating, thereby causing loss of the lead. 
Since this lead serves as a thermal shield for the liner, its loss is 
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assumed to expose the liner to a severe thermal environment. Even if the 
cask is breached initially, fire of the same duration as before is assumed 
necessary to melt sufficient lead to cause loss of this thermal integrity. 
Thus, both situations (cask initially intact or breached) are assumed 
equivalent in the analysis. 

Upon loss of the thermal shielding provided by the cask, the liner is 
presumed to undergo immediate exposure to the 1000°C fire. It subsequently 
overpressurizes at the design pressure (determined in section A.2. 3 to be 
340 psia at 430° F). Almost instantaneously, two-phase steam and possibly 
some zeolite are expelled. Subsequent release of airborne radionuclides 
will occur so long as the fire continues, since all the zeolite (whether 
expelled or remaining inside the liner) will be exposed to the severe 
thermal environment. 

Should the fire1 s  duration be too short to melt enough lead to con
stitute a loss of thermal integrity, the liner will not feel the severe 
thermal environment. It remains intact, and no release occurs. 
shorter-duration fire is excluded from the fire-only scenario. 

Such a 
The 

determination of this 11Critical duration11 for the fire is a key factor 
in evaluating this scenario. 

4.1.1.2  Impact-Only 

Reference 1 defines impact as an accident in which the payload strikes 
or is struck by an object with no sharp projections (hence, it excludes 
puncture). For this scenario, the definition is extended to include only 
such collisions in which both the cask and the liner are breached. Rupture 
solely of the cask will not cause a release and, thus, is not included in 
the impact-only scenario. Again, the determination of a failure threshold 
is essential, that threshold being some minimum impact velocity for dual breach. 

As determined in section A.2.1, the internal pressure and temperature of 
the liner during normal transport have equilibrium values of 61 psia and 
294° F. Thus, when breached by impact, the liner will expel two-phase steam 
at 61 psia plus any zeolite carried along with it. This release will be 
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essentially instantaneous, although the decay heat will continue to generate 
steam after the accident. Also, some zeolite may dribble out through the 
rupture following the initial steam release. Some of the radionuclides 
could become airborne. 

4 . 1 . 1 . 3  Puncture-only 

Reference 1 defines puncture as an accident in which the payload 
strikes or is struck by an object which has the potential for penetration 
(hence, it excludes impact). In this scenario, the definition is extended 
to include only such collisions in which both the cask and the liner are 
breached. Breach solely of the cask will not cause a release and, thus, 
is not included in the puncture-only scenario. The failure threshold of 
concern here is the minimum equivalent puncture depth (in terms of the 
mild-steel thickness) needed to penetrate both the cask and the liner. 

The release modes for puncture-only are analogous to those for 
impact-only, with the possible exception of release magnitude. The size 
of the breach area will presumably be smaller. 

4 . 1 . 1 . 4 Impact-with-Fire 

In this scenario, breach of both the cask and the liner are assumed 
necessary in conjunction with both being subsequently engulfed in the l000°C 
fire. It is true that breach solely of the cask with subsequent engulfment 
in the fire could eventually overpressurize the liner if the fire duration 
is long enough, as in the fire-only scenario. However, such a scenario has 
already been included in fire-only. Thus, it is not included here. 

Upon impact (at or above the threshold velocity specified for the impact
only scenario) , an essentially instantaneous release equivalent to that for 
the impact-only scenario will occur. Subsequent fire will aggravate this 
release to a degree dependent upon its duration. As for the fire-only 
scenario, the critical duration is that needed to melt sufficient lead in the 
cask's wall to cause loss of thermal shielding for the liner. Thus, as alluded 
to earlier, this scenario can more conveniently be subdivided into two cate�ories 
relating to the fire duration. Note that, since the liner has already been 
breached by impact, no pressure buildup can occur as in the fire-only scenario. 
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4.1.1.4.1 Subcritical Fire Duration 

Since insufficient lead is melted to cause loss of thermal shielding, the 
liner is assumed not to experience the severe fire environment. Thus, the 
fire•s sole effort will be to volatilize any zeolite already released (some 
may continue to dribble out and subsequent steam generation may occur, as 
in the impact-only scenario). The fire will not be a driving force for any 
subsequent steam or zeolite expulsion from the liner. 

4.1 .1.4.2 Post-Critical Fire Duration 

Upon attainment of the critical duration, enough lead has been melted and 
lost to expose the liner to the severe fire environment, as in the fire-only 
scenario. For the time up to the critical duration, the release is that 
discussed above (section 4.1 .1.4.1). Beyond this time, the fire serves as a 
driving force for continued steam release (so long as unbound or bound water 
remains). In addition, it will generate an airborne release of radionuclides 
from the zeolite (whether expelled or inside the liner), all of which is 
exposed to the severe thermal environment. 

4.1 .1 . 5 Puncture-with-Fire 

As for the impact-with-fire scenario, breach of both the cask and the 
liner is assumed necessary in conjunction with both being subsequently 
engulfed in the 1000°C fire. Breach solely of the cask with subsequent liner 
overpressurization due to fire engulfment has already been included in the 
fire-only scenario. Hence, it is excluded here. 

As for the impact-with-fire scenario, puncture-with-fire can be 
subdivided into two analagous categories based upon the fire duration. The 
release modes are equivalent, except for possible variation in magnitude due 
to the presumably smaller breach area. The initial release is equivalent to 
that for the puncture-only scenario. 

A qualitative summary of these five accident scenarios, along with the 
release modes, is provided in Table 4.1. 
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SCENARIO 

1. Fire-only 

2. Impact-only 

3. Puncture-only 

4. Impact-with-
fire 

5 .  Puncture-with-
fire 

*S = two-phase steam 
Z = zeolite. 

TABLE 4.1. Qualitative 

ACCIDENT FORC ES 
PRIMARY SECONDARY 

Fire 

Impact 

Puncture 

Impact Fire 

Puncture Fire 

Summary of Accident Scenarios 

RADIONUCLIDE R ELEASE (RR) MOD ES 

RR from initial S/Z* expulsion from liner due to 
overpressurization at 340 psia and 430°F. 

Subsequent RR due to exposure of all Z to 1000°C 
fire and any continued S generation. 

RR from initial S/Z expulsion from liner when 
ruptured with equilibrium pressure= 61 psia and 
temperature = 294°F. 

Subsequent RR (minimal) as decay heat generates 
more steam and some Z dribbles out. 

As above for #2 with possible variation in RR 
magnitude due to presumably smaller breach area. 
As above for #2 with volatilization of expelled z 
by fire during subcritical duration. 

During post-critical duration, subsequent RR as 
for #1. 

As above for #4 with possible variation in RR 
magnitude due to presumably smaller breach area. 
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4.2 QUANTITATIVE  EVALUATION 

The quantitative evaluation of the accident scenarios yields their 
probabilities of occurrence and the release amounts of airborne radionuclides 
in the respirable range resulting from them. Based upon the qualitative 
descriptions provided in section 4.1, failure thresholds are estimated in 
sections A.2 and A.3 for the accident scenarios. These are summarized in 
Table 4.2. 

TABLE 4.2. Failure Thresholds for Accident Scenarios 

CRITICAL-DURATION FIRE : 15.3 min. (Section A.2.2) 

ZEOLITE  LIN ER OVERPRESSURIZATION LIMITS (S EVERE  THERMAL EXPOSURE): 
340 psia at 430° F (Section A.2.3) 

IMPACT VELOCITY: 30 mph (Section A.3.1) 

EQU I VALENT  M ILD-STEEL PUNCTURE  DEPTH : 1 .9 in. (Section A.3.2) 

These qualitative descriptions are expressed logically through the 
use of Boolean equations in section B.l.l. From these, probabilistic 
expressions are derived. These are evaluated based upon the failure 
thresholds estimated in Appendix A and the data base for transportation 
accidents from reference 1. The procedure is presented in section B.l.2. 
The scenario probabilities, which also correspond to the probabilit ies of 
airborne, respirable releases occurring, are summarized in Table 4.3. 
Note that the post-critical duration for scenarios involving fire is 
subdivided into three intervals as follow : 

1 .  15.3-30.0 min., with 20.7 min. being the mean duration 
2. 30.0-60 .0 min., with 39 .8 min . being the mean duration 
3. 60.0-151 min., with 105.5 min. being the mean duration. 

15.3 min . is the critical duration for loss of the cask 's thermal integrity. 
151 min. is estimated to be the maximum fire duration. 
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TABLE 4 . 3 .  Probabilities of Occurrence of Accident Scenarios 

ACC IDENT SCENARIOS 

I p IMPACT WITH F I RE PUNCTURE W I TH F I RE 

M 0 u 
N 0 p N Fi re Durat i on ( mi n . )  A L c N Fi re Duration (m1  n . )  F i re Duration ( mi n . )  

c y T L 

1 5 . 3  - 30 . 0  - 60 . 0  - T u y 1 5 . 3  - 30 . 0  - 60 . 0  - 1 5 . 3  - 30 . 0  -
R 0-:- 1 5 . 3  30 . 0  60 . 0  1 51 0 - 1 5 . 3  30 . 0  60 . 0  30 . 0  60 . 0  1 51 E 

. 

. 0034 5 . 3E -4 1 . 8E-4 . 0088 2 . 4E-5  3 . 3E-5  9 . 2E-6 1 . 5E-6 4 . 8E-7  9 . 0E-8 2 . 5E-8 4 . 0E-9 

2 . 2E-5 3 . 4E-6 1 . 1 E-6 5 . 7E-5 1 . 6E-7 2 .  1 E -7  6 .0E-8 9 . 4E-9 3 . 1 E-9 5 . 9E- 1 0  l . 6E- 1 0  2 . 6E- 1 1  

'-· -

... 

-

60 . 0  -
1 5 1  

1 .  3E-9 

8 . 6E- 1 2  



In develop ing the Boolean equations, the scenarios are made mutually 
exclusive from one another. Thus, the individual scenario probabilities can 
be summed to give the overall probability of an airborne release in the 
respirable range (equivalent to the probability of any scenario occurring). 
This value is .013 per accident, or 8.4E-5 per shipment (l.?E-4 for two 
shipments). The impact-only and fire-only (15.3-30.0-min. duration) 
scenarios contribute the most to this probability (68% and 26% respectively). 

The release amounts of airborne, respirable radionuclides are derived 
in Section 8.2 for each scenario. The results are summarized in Table 4.4. 
Note that the eleven radionuclides are identified as being potentially 

airborne and respirable as a result of release from the accident scenarios. 
The largest releases for radionuclides in the zeolite are associated with the 
impact-with-fire scenario. The smallest, those from impact and puncture only, 
are associated solely with the expulsion of unbound water. 
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TABLE 4 . 4 .  Estimated Airborne Releases in the Respirable Range for All Accident Scenarios 

. 

3H Re l ease ( C 1 ) 

60co Rel ease ( C i ) 

89sr  Rel ease ( Ci )  

90 Sr Rel ease ( C1 )  

95Nb Rel ease ( C i ) 

103Ru Rel ease ( C i ) 

1 06Ru Re l ease ( Cf ) 

1 25sb Re l ease ( C f ) 

1 34cs Rel ease ( C 1 ) 

1 37cs Rel ease ( Ci )  

1 44ce Re l ease ( C i ) 

F IRE ONLY 

Fi re Duration (min . )  

1 5 . 3  - 30 . 0- 60 . 0-
30 . 0  60 . 0  1 51 

. 047 . 047 . 047 

� . SE-6 2 . 5E-6 2 . 5E-6 

� . l E-6 l . 3E-5 4 . 8E-5 

. 030 . 1 3  . 4 7  

b . OE- 1 1  2 . 0E- 1 1  2 .OE- 1 1 

l . OE- 1 0  l . OE- 1 0  l . OE- 10  

�. 3E-5 4 . 3E-5 4 . 3E-5 

f> . 6E-4 6 . 6E-4 6 . 6E-4 

. 059 . 27 . 99 

. 59 2 . 7  9 . 9  

J) . 3E-6 6 . 3E-6 6 . 3E-6 

p 
I u 
M 0 N 0 

p N c N 
A L T L 

c y u y 

T � 
. 047  . 047 

2 . 5E-6 2 . 5E-6  

2 . 3E-7  2 .  3E- 7  

. 00 1 6  . 001 6 

2 . 0E- l  2 . 0E- l l 

l .OE- 1 0  l . OE- 1 0  

4 . 3E-5 4 . 3E-5 

6 . 6E-4 6 . 6E-4 

7 .  3E- 5  7 . 3E-5 

6 . 9E-4 6 . 9E-4 

6 . 3E-6 6 . 3E-6 

ACCI DENT SCENARI OS 

IMPACT WITH F I RE PUNCTURE WITH F IRE 

Fi re Duration (mi n . )  F1 re Duration ( mi n . )  

0 - 1 5 . 3- 30 . 0- 60 . 0- 0- 1 5 . 3- 30 . 0- 60 . 0-
1 5 . 3  30 . 0  60 . 0  1 51 1 5 . 3  30 . 0  60 . 0  1 51 

. 04 7  . 047 . 047 . 047 . 047 . 047 . 047 . 047 

2 . 5E-6 2 . 5E-6 2 . 5E-6 2 . 5E-6 2 . 5E-6 2 . 5E-6 2 . 5E-6 2 . 5E-6 

4. 3E-7 3 . 5E-6 l . 4E-5 4 . 9E-5 2 . 7E-7  3 . 2E-6 l .  3E- 5 4 . 9E-5 

. 0035 . 034 . 1 3  . 48 . 0020 . 031 . 1 3  . 48 

2 . 0E-l  2 . 0E- l l 2 . OE- 1 1  2 . 0E- 1 1  2 . 0E-l  2 . 0E-l l 2 .OE- 1 1  2 .OE- 1 1 

l . O E - l C  l . OE- 1 0  l . OE- 1 0  l . OE- 1 0  l . OE .,. l O  l . OE- 1 0  l . OE-1 0 l . OE- 1 0  

4 . 3E-5 4 . 3E-5  4 . 3E-5  4 . 3E-5 4 . 3E-5 4 . 3E-5 4. 3E- 5 4 . 3E-5 

6 . 6E-4 6 . 6E-4 6 . 6E-4 6 . 6E-4 6 . 6E-4 6 . 6E-4 6 . 6E-4 6 . 6E-4 

. 0043 . 071  . 29 l . l 8 . 8E-4 . 062 . 27 l . O 

. 042 . 7 1  2 . 9  l l .  . 0088 . 62 2 . 7  1 0 .  

6 . 3E·- 6 6 . 3E-6 6 . 3E-6 6 . 3E-6 6 . 3E-6 6 . 3E-6 6 . 3E-6 6 . 3E-6 

• 
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5.0 RISK EVALUATION 

Estimates for the probabilities and the releases of airborne radio
nuclides in the respirable range result from the accident analysis. These 
must be combined with models for the following factors to yield a risk 
estimate: 

1. Atmospheric dispersal of the radionuclides 
2. Dose to the critical organs from the radionuclides 
3. Population distribution along the transportation route . 

This is accomplished, as discussed in Appendix C, through use of the TR ECII 
program. (l) TR ECII yields a risk estimate in terms of the 50-year 
inhalation dose to the exposed population. 

The modeling of the above three factors is discussed in sections C.l.l, 
C.l.2, and C.l.3 respectively. A modification necessary in the use of the 
TRECII program is the reduction of the eleven radionuclides that are 
released (see Table 4 . 4 )  to five, one of which represents a group of 
radionuclides. The amounts and the rates of re lease for these five 
radionuclides are summari zed in Table 5.1 for the accident scenarios. 

The 50-year, inhalation dose conversion factors for these five radio
nuclides are listed in Table 5.2. Four critical organs are identified : 
total body, bone, lung, and thyroid. The potential impact of 90sr, espe
cially to total body and bone, is evident . 

The population distribution along the shipping route is estimated 
using PNL ts POPCOR program. Thirteen density ranges are def ined alonq the 
route. The percent of the total route comprised by each range is tabulated 
for a 10-km corridor width (a band 5-km \"'ide on each side of the route), as 
listed in Table 5.3 . 

5.1 RISK ESTIMATES 

As described in section C.l, al l the preceding information is input 
into TRECII to generate risk estimates for the transportation of the 
zeolite liners. Risk can be measured in various terms. The more common 
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.Il\BLE 5 .  1 .  Release Amounts and Release Rates for Radioisotopes 
(Airborne, Respirable) in Accident Scenarios 

ACC I DENT SCENARI OS 
111PACT 

F I RE ONLY OflLY 
UNCTURE I ONLY IMPACT W I TH F I RE PUNCTURE W I TH F I RE 

20 . 7  39 . 8  1 05 . 5  1 . 0 

3H* . 047 . 047 . 047 . 047 
-- ---· 

90s r . 0 30 . 1 3  . 4 7  . 00 1 6  

1 25sb 6 . 6E-4 6 . 6E-4 6 . 6E-4 6 . 6E-4 

1 34cs . 059 . 27 . 99 7 . 3E - 5  
1 37 C s  . 59 2 . 7  9 . 9  6 . 9E-4 

3H* . 0023 . 001 2 4 . 5E-4 . 047 
90s r . 001 4 . 0033 . 0045 . 00 1 6  

1 25Sb 3 . 2E-5 1 . 7E-5 6 . 3E-6 6 . 6E-4 
1 34cs . 0029 . 0068 . 0094 7 . 3E - 5  

--

1 37cs . 029 . 068 . 094 6 . 9 E-4 

* Incl udes 3H ,  60Co , 89S r , 1 06Ru , and 1 44ce . 

MEAN SCENARI O  DURAT I ON ( mi n . )  

1 . 0 7 . 38 20 . 7  39 . 8  

. 047 . 047 . 047 . 047 
- -

. 00 1 6  . 00 35 . 034 . 1 3  

6 . 6E-4 6 . 6E-4 6 . 6E - 4  6 . 6E-4 

7 . 3E - 5  . 0043 . 0 7 1  . 29 

6 . 9E-4 . 042 . 7 1  2 . 9  

. 047 . 0064 . 00 2 3  . 00 1 2 

. 00 1 6  4 . 7E-4 . 00 1 6  . 0033 

6 . 6E-4 8 . 9 E - 5  3 . 2E - 5  1 . 7E - 5  

7 . 3E - 5  5 . 8E-4 . 0034 . 00 7 3  

6 . 9E - 4  . 0057 . 034 . 0 7 3  

1 05 . 5  7 . 38 

. 04 7  . 047 

. 48 . 0020 

6 . 6E-4 6 . 6E-4 

1 . 1 8 . 8E-4 

1 1 . . 0088 

4 . 5E-4 . 0064 

. 0045 2 . 7E-4 

6 . 3E-6 8 . 9E- 5 

. 01 0  1 .  2E-4 

. 1 0  . 001 2 

20 . 7  39 . 8  

. 047 . 04 7  

. 03 1  . 1 3  

6 . 6E-4 6 . 6E-4 

. 062 . 27 

. 62 2 . 7  

. 0023 . 001 2 

. 00 1 5 . 0033 

3 . 2E - 5  1 .  7E-5 

. 0030 . 0068 

. 030 . 068 

• • 

1 05 . 5  

. 047 

. 48 

6 . 6E-4 

1 . 0 

1 0 .  

4 . 5E-4 

. 004� 

6. 3E-6 

. 0095 

. 095 
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TABLE 5.2. Dose Conversion Factors for Five Radioisotopes 
Used in TRECII Dose Analysis 

DOSE CONVERSION FACTOR** 
(rem-m3/Ci-sec) 

ISOTO PE  TOTAL BODY BONE  LUNG THYRO ID 

3H* .032 .056 . 087 .026 
90Sr 690 2800 6.7 

125so 11. 35. 210 .0070 
134Cs 11. 6.6 3.2 

� 137 
. 

Cs 6.0 11. 2.6 

*This is a group of five isotopes : 3H ' 60co ' 89sr ' 106Ru, 

**50-year inhalation dose . 
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TABLE 5 .3 .  Percentages for Popul a t i on Dens i ty Ranges over the 
Shi pp i n g  Route for 1 0- km Corri dor W i dth 

POPULAT ION DENS ITY RANGF.S ( peop1 e/km2 ) 

60- 1 00- 300- 600- 1 000- 1 300- 1 600- 2000-
1 0-30 30-60 1 00 300 600 1 000 1 300 1 600 2000 2500 2500+ 

1 9 .  1 2 .  5 . 8  8 . 0  6 .  1 2 . 2  1 . 4 . 55 . 55 0 0 

.. 
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measure i s  i n  terms of fatal i t i es . However ,  th i s  i s  deemed i nappropri ate 

i n  th i s  study because the ant i c i pa ted l eve l of such a ri s k  to the pub l i c  

i s  too sma l l to be stati sti ca l l y  mean i ngfu l . Thus , the un i t  sel ected for 

meas uri ng the ri s k  i s  the 50-yr . i nha l ation  dose to the exposed popu l ation  

( a l ong the  tran s port route ) resu l t i ng from the  two s h i pments . I t  i s  

meas ured i n  terms o f  man- rems . The ri s k  est i mates are presented i n  two 

forms : the compl emen tary cumu l at i ve dens i ty function  and the total ri s k  

( expected dose ) . Taken togethe r ,  these two fo rms of  ri s k  meas ure pro v i de 

a mean i ngfu l  pers pect i ve on the overa l l ri s k .  

5 . 1 . 1  Compl ementary Cumu l at i ve Dens i ty Funct ion  

The  compl ementary cumu l ati ve dens i ty funct i on presents the probab i l i ty 

that the dose exceeds a g i ven val ue over the en ti re range of doses that 

can concei vab l y  resu l t from the acc i dent re l eases . I t  i s  d i s p l ayed as a 

curve of  the probab i l i ty of a dose � x vs . X · The po i nts a l on g  the curve 

can be vi ewed as the sums of the probabi l i t i es of a l l scenari os res u l t i n g  

i n  doses exceedi ng s peci fi c val ues . 

The compl ementary cumul ati ve dens i ty funct i on for the tran s portation  

of rad i oacti ve zeo l i te l i ners from TMI to  PNL i s  s hown in  Fi gure 5 . 1  

( base case ) for two s h i pmen ts . S i nce the ri s k  est imates generated by TREC I I  

are actual l y  more sens i t i ve to the re l ease rates than to the tota l re l ease 

amounts , the curve ' s  rel at i ve ly  steep s l ope i nd i cates that some of the 

h i gher- probab i l i ty scenari os have re l ati vely h i gh re l ease rates comparabl e 

to those of l ower- probab i l i ty scenari os . Compar ison  of Tab l es 4 . 3  and 5 . 1  

i nd i cates that th i s  i s  the case for the fi re and i mpact-on ly  scenar i os for 

several radi o i sotopes . The curve s pans the fo l l ow i ng range of val ues : 

probab i l i t i e s  bel ow 2 E-5  and doses be l ow 0 . 7  man -rem . The l argest 

esti mated dose  i s  0 . 7  man-rem from the l east- l i ke l y  scenari o ( probab i l i ty 

of l E-9 for two s h i pments ) . 
5 . 1 . 2 Total Ri s k  ( Expected Dose) 

The tota l ri s k  ( expected dose ) i s  the mathemati cal  expectation  va l ue 

of the consequence , measured i n  terms of the 50-yr . i nha l ati o n  dose  to the 

exposed popu l ati on ( a l on g  the transport route ) . It i s  a probab i l i s t i ca l l y-
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we i ghted es t imate that i n c l udes contri buti ons from the ful l ran ge of 

probabi l i ti es and cons equences of al l the potenti a l  s cenari os . It  provi des 

a s i ngl e es t imate of the overa l l ri s k  i n  contrast  to the res o l uti on of the 

o veral l ri s k  i nto s peci fi c contri buti ons , as d i s p l ayed by the comp l ementary 

cumul ati ve dens i ty functi on . 

For th e two s h i pments of radi oacti ve zeol i te l i ners , the probab i l i ty 

of  occurrence of an a i rborne , res p i rab l e  re l ease i s  1 . 7E-4 . The total 

expected dose i s  5 . 3E-7 man- rem ; the total expected number of fatal i ti es 

i s  negl i g i b l e .  

5 . 1 . 3  Domi nant Acci dent  Scenari os 

As one of i ts outputs , TREC I I  l i s ts the contri b uti on made to the tota l 

ri s k  by each s cenari o and radi oi s otope . These contri buti ons are l i s ted i n  

te rms o f  percent i n  Tab l e  5 . 4 .  The domi nant s cenari o i s  i mpact-on ly  w i th 

62% of the contri bu ti o n , a l most  excl us i ve ly  from 90sr . Second i s  the 1 5 . 3 -

30 . 0-mi n .  durati on for f i re-on l y  wi th 24% o f  the contri bu ti on , aqa i n  near ly  

ent i re l y  from 90 S r .  Note that th ere i s  no s i gn i fi cant contri buti on from 

puncture-on ly  nor from the s cenari os i n vo l vi ng two acci dent forces ( i mpact

wi th- fi re and puncture-wi th-fi re ) . Th i s  i s  due to the i r  l ow probab i l i ti es 

rel ati ve to those fo r fi re and impact- on l y .  

N i nety-th ree percent of the con tri buti on to the total expected dos e 

ari ses from 90sr .  Th i s  i s  not su rpri s i n g , g i ven i ts formi dab l e  dos e i mpact 

upon bone and total body ( see Tab l e 5 . 2 ) . Al th ou gh b oth 1 34cs and 1 37cs 

are re l eased i n  l arger quanti ti es , the l ower rel ease amounts and rates fo r 
90sr are more than compens ated for by i ts dose effect . 1 37cs i s  the next 

l arges t contri buto r ,  a d i s tant s econd at 3 . 9% . Howeve r ,  keepi ng al l of 

th i s  in  pers pect i ve ,  i t  mus t be remembered that these  s cenari os and radi o

i s otopes are domi nant contri b utors to what wi l l  be s h own to be an i ns i gn i -

fi cant l eve l of r i s k  to the pub l i c .  

5 . 2  SENS I T I VI TY ANALYS I S  

The sens i ti v i ty o f  the ri s k  es timates to a vari ation  i n  re l ease of 

rad i onuc l i des i s  measured . As d i s cus sed i n  secti on C . 2 ,  the max i mum 

est imab l e a i rborne re l ease of rad i onuc l i des i n  the res p i rabl e range 

5-7  
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TABLE  5 . 4 .  Percent Contri buti ons  to Total Expected Dose  from Each Acci dent 
Scenari o and Rad i onucl i de 

ACC I DENT SCENARI OS 

F I RE ONLY 

DURAT ION ( mi n . ) 

1 5 . 3- 30 . 0  30 . 0-60 . 0  60 . 0- 1 5 1 

3H* . 0088 < . 00 1  < . 00 1  

90S r  2 1 . 8 . 1 3 . 7  

1 25Sb . 034 . 0030 < . 00 1  

1 34cs . 25 . 1 0  . 050 

1 37 Cs 2 . 3  . 93 . 50 

TOTAL FOR 
EACH 

SCENARIO 24 . 9 . 1  4 . 2  

* I nc l udes 3H ,  60co , 89s r , 1 06Ru , and 1 44ce 

NOT E : Total  Expected Dose = 5 . 3E-7 man - rem 

• 

I 
t� 0 
p N 
A L 
c y 
T 

. 48 

60 . 

1 . 8 

. 0 1 6  

. 1 5  

6 2 .  

p 
u REMA I N ING  
N 0 E I GHT  
c N SCENARIOS T u L 
R y 
E 

. 00 1 3 < . 001 

. 1 7  . 1 5  

. 0052  < . 00 1  

< . 00 1  . 00 1 6  

< . 00 1  . 0 1 5 

. 1 8  . 1 7  

• 

TOTAL 
FOR 

EACH 
I SOTOPE 

. 49 

93  . 

1 . 9 

. 42 

3 . 9  

1 00 
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( . 1 2% of the total radi oacti v i ty of each nuc l i de i n  the zeo l i te )  i s  assumed to 

occur for the l ongest fi re durat i ons . As d i scus sed i n  section  B . 2 . 3 ,  th i s  

re l ease i s  a max i mum for zeo l i te exposure to a 1 000°C fi re regard l ess  of 

durat io n . Note that a fi re of durati on exceed i ng 2 . 5  hrs i s  extremel y  

u n l i ke l y .  However , for the sake of perform i ng th i s  sen s i t i v i ty ana l ys i s ,  the 

max imum rel eases est i mab l e for such a fi re are postul ated to occur .  The rel ease 

amounts and rates for th i s  maxi mum est i mate are l i sted in Tabl e 5 . 5 .  The i mpact 

of these can be vi ewed wi th res pect to the forms of r i s k  es t imates used i n  the 
11 base-case 11 ana l ys i s .  

5 . 2 . 1  Compl ementary Cumu l at i ve Dens i ty Function  

As i ndi cated in  Fi gu re 5 . 1  ( u p per-bound case ) , the  ri s k  curve for the 

max imum est i mab l e  rel ease exh i b i t s  an upward s h i ft i n  probab i l i ty for a g i ven 

dose l evel . Th i s  s h i ft i ncreases wi th the dose . I n  fact , the l argest es t i mated 

dose i s  now i ncreased to 5 man -rem for the l east-l i kel y scenari o ( probab i l i ty of  

l E-9 for two s h i pments ) . 

Th i s  behav i o r  i s  expected becau se the rel eases ( and rel ease rates ) have 

been i ncreased for the l owest  probabi l i ty durati on i nterval ( 60 . 0-1 51 mi n . ) i n  

each scenari o i nvol v i ng f i re .  Thus , the upward s h i ft i n  probab i l i ty at a g i ven 

dose l evel i s  more pronounced for the h i gher doses . Neverthel ess , even the 

l argest esti mated dose of 5 man -rem from the l east - l i kel y  scenari o proves to be 

i n s i gn i fi can t .  The curve s pans the fol l owi ng  range of va l ues : probabi l i t i es 

bel ow 2 E-5 and doses bel ow 5 man -rem (wi der than i n  the base case ) . 

5 . 2 . 2  Total Ri s k  ( Expected Dos e )  

The 50-yr . i nha l ation  dose to the exposed popu l at ion ( a l ong the transport 

route ) exper i ences a 28% i ncrease i n  expected va l ue from 5 . 3E-7 to 6 . 8E-7 man -rem 

as a res u l t of the i ncrease i n  re l ease . As before , th i s  r i s k  est i mate appl i es to 

two sh i pments and represents the probabi l i s ti cal l y-we i ghted mean of a l l scenar io  

consequences . Th i s  val ue of 6 . 8E-7 man-rem re presents a negl i g i b l e  number of 

expected fatal ati es . 

5 . 2 . 3 Domi nant Acc i dent Scenar i o s  

The percent contri but ion  t o  the total expected dose from each scenario  

and  rad i o i sotope. i s  l i s ted for th i s  upper-bound case  in  Tab l e 5 . 6 .  As i n  
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TABLE  5 . 5 .  Maximum Es t i mab l e  Re l ease (Ai rborne , 
Res p i rab l e )  Amo unts and Rates for 
Radi o i s otopes Exposed to Longest 
Durati on Fi re 

MAX I MUM EST I MABLE RELEASES 

AMOUNT RATE* 
I SOTOPE  ( c i )  ( C i /mi n )  

89S r  3 . 4E-4  3 . 2E-6** 

90Sr  3 . 3  . 031 

1 34cs 7 . 2 . 068 

1 37 Cs  7 1 . . 66 

*As s umed to occur over 1 05 . 5  mi n .  

**Th i s  va l ue i s  not i nput di rectl y  i nto TREC I I because 
the 89sr  re l ease mus t fi rst be comb i ned wi th others 
i n  the 3H* radi onucl i de group . 
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TABLE 5 . 6 .  Percent Contri buti ons to Total Expected Dose  From Each Acc i dent 
Scenari o and Rad i onucl i de for Max i mum Es t i mabl e Re l eases 

ACC I DENT SCENAR I OS 

I p 
FI RE ONLY u �� 0 N 0 REMAI N I NG 

DURATION ( mi n . ) p N c N E I GHT 
A L T L SCENAR IOS 
c y w y 

1 5 . 3- 30 . 0 30 . 0-60 . 0  60 . 0- 1 51  T E 

3H* . 0 1 1 < . 00 1  < . 00 1  . 58 . 00 1 6  < . 00 1  

90S r  1 7 .  6 . 3  22 . 47 . . 1 3  . 1 7  

1 25Sb . 026 . 0023  < . 00 1  1 . 4 . 0040 < . 00 1  

1 34cs . 20 . 078 . 29 . 0 1 3 < . 00 1  . 00 1 9  

1 37 Cs  1 . 8 . 73 2 . 7  . 1 2  < . 00 1  . 0 1 8  

TOTAL FOR 
EACH 1 9 .  7 .  1 25 . 49 . . 1 4  . 1 9  

SCENAR I O  

* Incl udes 3H ,  60co , 89sr , 1 06Ru , and 1 44ce 

NOT E : Total  Expected Dose for Maxi mum Es t i mab l e Re l eases = 6 . 8E- 7 man- rem . 

• 

TOTAL 
FOR 

EACH 
I SOTOPE  

. 59 

9 2  . 

1 . 5 

. 57 

5 . 4  

1 00 



the base case , the i mpact-on ly  scenari o  i s  domi nant , bu t i ts contr i but i on has 

dropped from 62% to 49% . Th i s  i s  read i l y  attri bu ted to the fact that the 

max i mum es t i mabl e rel eases have been appl i ed to the l ongest duration i nterval s 

of the scena r i os i nvol v i ng fi re .  The re l ease amounts and rates from the 

i mpact-on ly  s cenar i o  rema i n  the same . Thus , s i nce the tota l ri s k  i ncreases , 

th i s  scena r i o  contri butes p roport i onate l y  l es s  to the overal l va l ue .  

The 1 5 . 3 -30 . 0-mi n .  durati on fo r the f i re-on l y  scenar i o  i s  no l onger 

s econd , hav i n g been repl aced by the 60 . 0 - 1 5 1 -mi n .  dura t i on wi th i ts contr i bu 

t i on o f  25% . Th i s  i s  expected s i nce the re l ease amounts for th i s  l atter 

durati on i n  the fi re-on l y  scenari o have been rai sed . I n  both scenar i os , 90sr  

i s  aga i n  the  domi nant i sotope by fa r .  The  overal l 90sr contri but i on is  about 

the same ( 92 % ) , wh i l e  that from the s econd- l arges t contri butor , 1 37cs , has 

ri sen to 5 . 4% .  However , as for the bas e case , i t  mu s t  be remembered that 

these scenar i os and rad i o i s oto pes are domi nant contri bu tors to a l evel  of r i s k  

tha t  wi l l  be s hown to be i ns i gn i f i cant . 

5 . 3  CONCLUS I ONS  

To pl ace the r i s k  esti mates i n to pers pecti ve , compari sons are  made wi th 

natural background rad i ati on a l ong the s h i ppi ng rou te and wi th the total r i s k  

from pos tu l a ted acc i dents i nvol v i ng s pent fuel  s h i pme n t .  

5 . 3 . 1  Natural Background Rad i at i on Compari son 

A compar i son is made wi th the average l evel of  natu ra l background 

rad i at i on ( 0 . 1 rem/ person/y r )  to the appropri ate popu l ati on a l ong the trans po rt 

route . Th i s  i s  done for both the total expected dose and the max i mum dos e from 

the l east-l i ke l y  scenari o  i n  the upper-bound case . 

The total ri s k  i ncorpo rates the es t i ma tes of a l l the i s opl eth areas 

co rres�ond i ng to the various  wi nd s peeds and atmospheri c stabi l i ty cl asses 

empl oyed i n  TREC I I .  For a l l these i sopl eths , the average area i s  90 . 6  km2 . 

For an average popu l ati on dens i ty of 1 4 1 peopl e/ km2 over the enti re rou te 

( see sect i on C . l . 3 ,  1 0- km wi dth ) , the number of peopl e exposed over the 

average i sopl eth area is 1 . 3 E+4 . I f  each recei ves the average l evel of  
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natural background exposure ( 0 . 1 rem/yr ) ,  the popu l ation  dose over one year 

i s  esti mated as 1 300 man -rem from natural bac kground . 

The tota l expected dose to the exposed popu l ati on has been esti mated at 

6 . 8E-7  man -rem for the upper -bound case . Whi l e  th i s  i s  a 50 -year i n hal ation  

dose , it  i s  compared wi th the  popu l ati on dose over one  year from natu ral back

ground for the  peopl e in  the  average i sopl eth area ( 1 300 man -rem ) . The total 

r i s k  i s  cl early  an i ns i gn i fi cant fracti on ( 5 . 2E- 1 0 )  of the natu ra l background . 

The max i mum dose from the l east- l i ke l y  scenar i o  i n  the upper-bound case 

( 5  man -rem at a probabi l i ty of l E-9 for two s h i pments ) res u l ts from the pa i r i ng 

of a wi nd s peed and an a tmos pher i c  s tabi l i ty category correspon d i ng to an 

i sopl eth area of 207 km2 . Al so , th i s  dose res u l ts from expos ure over th i s  

area when the popu l ation  dens i ty i s  i n  the max i mum range ( an upper l im i t  of 

2000 peo pl e / km2 for a 1 0 -km wi dth , see Tabl e 5 . 3 ) .  Us i ng th i s  upper l i mi t ,  

the number of peopl e el�oo sed over th i s  i sopl eth area i s  est imated to be 4 . 1 E+5 . 

I f  each recei ves the average l evel of natural background exposu re ( 0 . 1  rem/yr ) ,  

the po pu l ati on dose over one year i s  esti mated as  4 . 1 E+4 man -rem from natural 

backg round . 

Aga i n , the max i mum dose from the l east-l i kel y scenar io  i n  the upper-

bound case ( 5  man-rem ) i s  a 50-year i nhal at ion dose . As before , i t  i s  

compared wi th the popu l at i on dose over one year from natural background for 

the peopl e  i n  the appropri ate i sopl eth a rea ( 4 . 1 E+4 man -rem ) . As for the total 

expected dose , th i s  max i mum dose for the l east-l i ke l y  scenar io  i s  a l so an 

i ns i gn i f i cant fracti on ( 1 . 2E-4 ) of the natural  background . 

5 . 3 . 2  Spent Fuel  Sh i ppi ng Compari son 

Reference 2 reports popu l ati on doses ( 50 -yr . , i nhal ati on ) from pos tu l ated 

transportation acc i den ts i nvol v i ng s pent fuel . The doses , l i s ted by acci dent 

category and cri t i ca l  organ , for truck s h i pment of l ong -cool ed spent fuel are 

reproduced from reference 2 i n  Tabl e 5 . 7 .  To provi de another pers pecti ve on the 

comparati ve r i s k  to the publ i c  from two zeol i te s h i pmen ts , these val ues mu st 

be normal i zed to a base con s i s tent w i th that for thi s zeol i te r i s k  assessment . 
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TABLE 5 . 7 . ( 2 )  50-Year I n hal ation  Doses to Popu l at ion  
from Pos tu l ated Trans portati on Acc i dents 
Invol v i ng Truck Sh i pmen t of  Long-Cool ed 
Spent Fuel  

Acc i dent Category 

Impact ( smal l 
breach ) 

Severe Impact 

Long Fi re 

Impact p l us 
Fi re 

Severe I ,npact 
p l u s  Fi re 

POPULAT ION DOSES ( man - rem ) sh1 pment-km 

Cri t i ca l  Organ 

Total  Body Bone Lung 

3E-9  6E-8 1 E-9  

3 E - 1 0 4E-9  1 E- 1 0 

2E-9 2E-8 6E- 1 0 

4 E- l 3  2E- 1 2 1 E- 1 3 

2 E - 1 2 1 E- l l 1 E - 1 2 

Th,z:roi d 

3 E - 1 0 

1 E- l l 

3E- l l 

4E- 1 4  

2E- 1 4 

Al l 20 dose val ues i n  Tabl e 5 . 7  are summed to y i e l d a tota l expected dose 

of  9 . 1 E-8 man -rem/ s h i pment-km from s pent fuel truck transportati on acci dents . 

t·1u l ti p ly i ng th i s  by the number of zeo l i te s h i pments ( 2 )  and the d i s tance from 

TMI to PNL ( 2600 mi l es or 4200 km ) y i e l d s  a total r i s k  of 7 . 6 E-4 man - rem . When 

the total  r i s k  for the zeol i te u pper-bound case ( 6 . 8E-7 man -rem ) i s  compared to 

th i s  total r i s k  for s pent  fuel  s h i pments , i t  i s  found to be a very sma l l 

fracti on ( 8 . 9 E - 4 )  of i t .  Thu s , on a comparati ve bas i s ,  the total  r i s k  from 

potenti a l  acci dents i n  the trans port of the two zeol i te l i ners i s  l es s  t�an 

. 00 1  of that from s pent fuel . 

Based u pon the assumpti ons used and the analy s i s  perfo rmed i n  th i s  study , 

i t  i s  concl uded that the trans port of rad i oact i ve zeol i te l i ners from TMI to 

PNL by truck can be accomp l i s hed at an i ns i gni fi cant l evel  of r i s k  to the 

pu b l i c .  
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APPEND I X  A 

PHYS I CAL ANALYS I S  OF ZEOL ITE L I NER AND SH I PP I N G  CAS K 

A . l GENERAT ION AN D ABSORPT I ON O F  DECAY POWER I N  THE L I NER 

The zeol i te l i ners are cons ervat i vely ass umed to h ave a total radi o

acti ve l oading  of 70,000 Ci as of J u l y  1, 1981 ( the ass umed l oadi ng  date ) . 

Upon s h i pment , ass umed to occur on January 1, 1982, the total l oadi ng h as 

decayed to 68,180 Ci w i th the fo l l owi ng  compos i ti on :  

89Sr = .28 Ci  

90Sr = 2,757 Ci 

134Cs = 6,012 Ci 

13\s = 59,410 Ci 

A . l . l Beta Decay 

Al l four radi o i s otopes re l eas e 8 parti c l es , thei r energi es and abun

dances as fo l l ow : ( l ) 

89Sr : 
90Sr: 

134cs: 

1 .463 MeV 

.546 MeV 

.089 MeV 

.410 MeV 

. 66 2  MeV 

. 511 MeV 

1. 176 MeV 

( 1 00%) 

( 100%) 

(28%) } 
( 1%) compos i te = . 499 MeV 

( 7 1 % ) 

(94. 6%� compos i te = . 547 MeV 
(5.4%) 

Each val ue repres ents the maxi mum 8- parti cl e energy per di s i ntegrati on . 

However ,  the part i c l es actua l ly possess energ i es over a w i de s pectrum . A 

more accu rate es ti mate of the average 8-parti c l e  energy i s  l /3 of the 

maximum val ue . Gi ven the Ci l oadi ngs for th e four radi onucl i des , the 

power generated by 8 decay i s  es t i mated as fo l l ows : 

A- 1 



AVERAGE PART ICLE  ENERGY GENERA-
ACT I V ITY ENERGY ( 1/ 3  max . ) T I ON RATE 

I SOTOPE  1lli (di s/sec ) (MeV/di s )  (MeV/sec ) 

89Sr . 28 1 . 04E+10 . 488 5 . 07 E+9 

90Sr 2757 1 . 02 E+14 . 182 1 . 86E+13 
134Cs 6012 2 . 2 2 E+14 . 166 3 . 69E+ 13  

137Cs  5941 0 2 . 20E+15 . 182 4 . 00E+14  

The power generated by s decay of each  e l ement i s  1 . 86E+l 3 ��� · or 

2 . 98 W ,  from S r  and 4 . 37+1 4 �:� . or 70 . 0  W ,  from Cs . Thus , the 

tota l powe r generated by s decay i s  73 . 0  W .  

I n  the process of decayi ng to 137Ba i n  i ts ground s tate , 137cs  

a l so  ejects an  orbi ta l e l ectron d ur i ng a sma l l fracti on of  i ts tran s i t i ons 

fol l ow i n g  the  emi s s i on of the . 51 1 -MeV s parti c l e .  The energy s pectrum 

for th i s e l ectron ej ect i on i s  as fo l l ows : ( 2 )  

. 624  MeV (8 . 08% )} 

. 655 MeV (1 .  46% ) compos i te = . 0632 MeV 

. 660 MeV ( . 48% ) 

S i nce th i s  occu rs on l y  i n  94 . 6% of the 137cs  decays , the power generated 

by thi s e l ectron ej ect i on p rocess  i s  ( 2 . 20E+1 5 �!�) ( . 946 ) ( . 0632 ��V ) = 

MeV l S  
1 . 3 1 E+l4 sec ' or 21 . 0  W .  

The liner ' s  3/8- i n . - thick wall s wil l ensure that a l l s par t i cles and 

the ejected e l ectrons are absorbed w i t h i n  i t .  Thus , the total  s and 

e l ectron decay power of 94 . 0  W wi l l  be absorbed wi th i n  the l i ne r .  

A . 1 . 2  Gamma Decay 

On ly  the two Cs i s otopes emi t  y-rays ; there are none from 89sr nor 
90sr . Those from 134cs  are emi tted d i rectl y duri ng decay , wh i l e those 

from 137cs  are emi tted on l y  after emi s s i on of the . 51 1 -MeV s parti cl e 

to y i el d 137
sa i n  an exci ted s tate . The energy s pectra and y i e l ds ( per 

d i s i ntegrati on ) for the y- rays of these two i sotopes are as fol l ow: ( 2 )  
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134cs : 1 .  580 MeV ( . 03% ) 

1 .  365 MeV ( 3 . 47% ) 

1 . 168 MeV ( 2 . 0 1% ) 

1 .  038 MeV ( 1 .  04% ) 

. 802 MeV ( 7 . 9% )  compos i te = 1 . 54 MeV 

. 769 MeV ( 87% ) 

. 605 MeV ( 97 . 5% )  

. 569 MeV ( 1 3 . 3% )  

. 563 MeV - ( 8 . 6% )  

. 476 MeV ( 1 .  62% ) 

1 37 Cs ( v i a 137 Ba ) :  

· 662 MeV ( 89% )} compos i te = . 590 MeV 
. 032 MeV (4% ) 

The y i el ds shown for the 1 3 7cs y- rays are app l i ca b l e  on l y  i n  9 4 . 6% of the 

di s i ntegrati ons , i . e . those i n  wh i ch the . 5 1 1-MeV s part i c l es are fi rs t 

emi tted . 

The power generated from Y decay o f  each i sotop� i s  

(2 . 22E+14  ��� ) ( 1 . 54 ���) = 3 . 42E+14 �:�. or 54 . 8  W ,  from 134cs  and 

( 2 . 20E+15  ��� ) ( . 946 ) ( . 590 �i� ) = 1 . 2 3 E+15 �:� . or 1 97 W ,  from 1 37cs . 

Thus , the total Y-decay power generated i s  252 W ,  b ri n g i n g  the overal l 

decay power generati on to 346 W .  Howeve r ,  not a l l of the y- rays are 

absorbed i ns i de the l i ner . Some wi l l  escape and depo s i t  thei r energy 

i n s i de the cask • s  l ead wal l s .  

The QAD computer p rogram i s  u sed to estimate the amount of y power 

escapi ng from the l i ner . ( 3 )  From thi s ,  an esti mate can be made of the 

y power depos i ted i ns i de the l i ner . The zeol i te i s  ass umed to form 

an 8 . 1 -ft3 cyl i nder of rad i us  1 1  5/8 i n .  and hei ght  2 . 75 ft . I t  i s  

surrounded by s tee l w i th a 3/8- i n .  wa l l  thi cknes s . The zeol i te i s  

compri sed of 373  l bm of a l umi no-s i l i cate , of wh i ch 17% , or 63 l bm , i s  

bound water ( of hydrati on ) .  I n  add i t i on , there are 1 12 l bm of unbound 

water present i ns i de the l i ner , bri ng i ng the total water content to 175  l bm . 
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The amount of a l umi no- s i l i cate , excl u d i ng bound water i s  373  l b  - 63 l b  , m m 
o r  3 10 l bm . Thu s , for the 8 . 1 -ft3 vol ume , the dens i ti es of each a re :  

Water : 

Al umi no- s i l i cate : 
( exc l ud i ng bound 
wate r )  

1 75 l bm/8 . 1  ft3 

3 1 0  l bm/8 . 1  ft3 

= 2 1 . 6  l b  ; n3 
m 

= 38 . 3  l bm/ ft3 

Experiments conducted i n  the eva l uati on of the SDS ' s  performance 

i nd i cate th at Cs  w i l l  occupy on l y  about the top 21% of the zeol i te cy l i nder  

for  a Cs  l oadi ng of 60 , 000 C i , o r  the top  41%  at 1 20 , 000 C i . ( 4 )  The Sr 

d i s tri buti on wi l l  be un i form . I n  the QAD ana lys i s ,  the 65 , 400 C i  of Cs  

a re assumed to  occupy on ly  the  top 25%  of the  zeo l i te ,  whi l e  the Sr i s  

un i formly d i stri buted throughout . For y bu i l dup cal cu l a ti ons , the 

a l umi no- s i l i cate ( exc l u d i ng bound water ) i s  presumed to be a l l Al . 

QAD y i e l d s  the y-energy f l ux escapi ng from the zeo l i te cy l i nder at  

vari ous axi a l  and rad i a l  pos i t i on s .  These are averaged over  thei r res

pecti ve s u rfaces and mu l ti p l i ed by the surface areas to y i e l d the tota l 

rate of y-energy esca pe from the l i n er - - 80 . 5  W .  Th i s  i s  a s s umed to be 

depos i ted i n  th e cask ' s  l ead wa l l s  and represents 32% of the tota l 

Y power generated , or  2 3% of the tota l decay power generated . The 

rema i n i ng 1 7 1  W from y decay wi l l  be absorbed i ns i de the l i ner , g i v i ng 

a total  energy absorption  rate of 265 W i ns i de the l i ner ( 77% of total power 

generated ) .  The res u l ts are s ummari zed be l ow .  

a Decay : 

Sr 

Cs * 

y Decay : 

Cs 

TOTAL 

ENERGY ABSORPT I ON RATE ( W )  

I ns i de Zeo l i te L i ner 

2 . 98 

9 1 . 0  

171 . 

265 . 

I n s i de Cas k ' s  Lead Wa l l s  

80 . 5  

80 . 5  

* Incl udes e l ectron ejection  from 137 Ba exci ted s tate 
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A . 2  THERMAL ANALYS I S  OF  THE L I NER-CAS K SYSTEM 

The i ntegr i ty of  the l i ner-ca s k  system wi th res pec t to thermal effects i s  

i nvesti gated fo r two cases : no rmal trans port and f i re acc i dent cond i tions . 

Du r i ng normal trans port , the domi nant effect wi l l  be the nonu n i form generation  

of  decay heat  i ns i de the  zeo l i te .  Thu s , a two-d i men s i onal  ( ax i a l and  rad i a l ) 

ana l ys i s  i s  a ppropr iate .  Under f i re acci dent cond i tions , the 1 000 ° C  f i re i s  

the domi nant effect ( decay heat generation i s  neg l i g i bl e  i n  compari son ) .  Thus , 

a s i mpl er , one - d i men s i onal  ( rad i a l ) ana l ys i s  wi l l  suffice . 

A . 2 . 1  Normal Transpo rt 

A two-d i mens i onal  model of  the l i ner-ca s k  sys tem i s  deve l oped for the 

a x i a l  and rad i a l  d i recti ons . The nonu n i form generation  of decay power must 

fi rst be con s i dered . 

A . 2 . 1 . 1 Power Di stri bution  

Becau se the Cs is  l ocated prima r i l y  in  the  u pper 2 5% of  the  zeol i te 

cyl i nder ,  power generat ion and absorpt i on wi l l  not be axi a l l y  un i form i n  the 

zeol i te or i n  the cas k 1 s  l ead wa l l s .  To account for th i s  asymmetry , the zeol i te 

cyl i nder i s  d i v i ded i nto fou r s tac ked cyl i nders , each of hei ght 2 . 75 ft . /4 = 

. 688 ft . , or 8 . 25 i n . , for the therma l model . The confi gurati on i s  s hown i n  

Fi gure A . l ,  i n  wh i c h  the vessel 1 S cu rved ends have been fl attened for ease of  

model l i n g .  S i m i l arl y ,  the  cas k 1 s  l ead wal l s  are d i v i ded i nto four  correspond i ng 

cyl i ndr ica l / annu l ar reg i ons as s hown i n  F igure A . 2 .  I t  rema i n s  to esti mate the 

power d i s tr i bu t i on ( 265 W i ns i de the zeol i te and 80 . 5  W i ns i de the l ead ) among 

these various  reg ions . 

A . 2 . 1 . 1 . 1 Beta Decay 

Al l power from S decay wi l l  be absorbed i ns i de the zeo l i te .  S i nce S r  i s  

u n i forml y d i stri bu ted throughout ,  i t  i s  assumed that each reg i on abso rbs l / 4 of 

the total power from Sr S decay , or  2 . 98 W/4 = . 745 W .  The Cs i s  l ocated 

ma i n l y  i n  the u pper 25% of the zeol i te ,  the top reg i on .  Thus , it is assumed 

that a l l 9 1 . 0  W from Cs S decay ( i nc l u d i ng e l ectron emi s s i on from the exc i ted 
1 37Ba nucl e i ) are absorbed sol e l y  i n  the top reg i o n . There i s  no absorpt ion 

of S decay energy i n  the cas k 1 s  l ead wa l l s .  
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A . 2 . 1 . 1  . 2  Gamma Decay 

QAD prov i des an esti mate of  the y fl ux escap i ng from the zeol i te cyl i nder 

at var ious  rad i al and ax i a l l ocati ons . The y-energy esca pe rate from each 

zeol i te reg i on can be cal cul ated to y i e l d the d i s tr i but ion of y power absorbed 

i n s i de the l ead wal l s .  The pro portions  of y power esca p i n g  rad i al l y  from each 

zeol i te reg i on can al so be used to estimate the proport ions  of  y power be i ng 

absorbed i n  each zeol i te reg i on . ( The axi al power escape i s  negl ected for th i s  

l atter est imate s i nce there i s  none from the m i dd l e two regi ons . Inc l u d i nq 

th i s  ax i a l escape from the to p and bottom reg ions  wou l d  overestimate the 

pro portions  used to cal cul ate the y-power absorpti on for these reg i ons  i ns i de 

the zeal i te ) . 

The y power escap i n g  from the zeol i te cyl i nder i n  the rad i a l  and ax i a l 

d i recti ons for each reg i on i s  summa r i zed bel ow : 

Zea l i te Reg i o n  

Bottom 

Lower M i ddl e 

Upper Mi ddl e 

Top 

To tal 

y POWER ESCAP I NG FROM ZEOL ITE  CYL I NDER ( W )  

Rad i a l 

. 27 1  

1 . 81 

1 4 . 3  

33 . 5  

49 . 9  

Axi al 

. 2 1 7  

30 . 4  

30 . 6  

Total 

. 488 

1 . 81 

1 4 . 3  

63 . 9  

80 . 5  

From th i s ,  the fraction  escap i ng rad i a l l y  i s  cal cul ated for each zeol i te reg i o n . 

The y power absorbed wi th i n  each zeol i te reg i o n  i s  then as sumed to be d i s tr i buted 

accord i ng to thos e fracti ons . The resu l ts are summari zed be l ow :  

Zeo l i te 
Region  

Bottom 

Lower r�i ddl e 

Upper �1i ddl e 

Top 

Total 

Rad i a l Es cape 
Fraction  

. 00543 

. 0364 

. 287 

. 671 

1 . 0 
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I n s i de Zeol i te ( W )  
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The y contri buti on i s  now combi ned w i th that from s to y ie l d the decay 

energy absorpt i on rate i n s i de each zeol i te reg i on . The y- energy escape rates 

from the reg i ons  represent the absorpt i on i ns i de the cask ' s  l ead wa l l s .  The 

res u l ts are s hown i n  Tabl e A . l .  

TABLE A . l .  Energy Absorpt i on Rates for Thermal Anal ys i s  
o f  L i ner-Cas k System Duri n g  Normal Trans port 

Regi on 
Lower Upper 

Bottom t·1 i  ddl e Mi ddl e TOQ 

Zeo 1 i te Hei ght 0-8 . 25 8 . 2 5 - 1 6 . 50 - 24 . 75 -
Range ( i n . ) 1 6 . 50 24 . 75 33 . 00 
I 0. Sr  f3 . 745 . 745 . 745 . 745 � QJ ...-.. 0 "'C 3 c.n •r- _... Cs S* 9 1 . 0  ..O Vl  c:C t: QJ  

...... +-' Cs y . 9 30 6 . 24 49 . 2  1 1 5 . � .,... QJ t: r-:;: 0 0 0 .,... QJ TOTAL 1 . 68 6 . 99 49 . 9  207 . 0.. +-' N 

Cs y Power Absorbed I ns i de 
Cask ' s  Lead Wal l s  ( W ) . 488 1 . 81 1 4 . 3  63 . 9  

* I ncl udes el ectron emi ss i on from exc i ted 1 37Ba n ucl e i . 

A . 2 . 1 . 1  Geometri c Model 

For the two-dimens i onal  therma l ana l ys i s , both the axi a l  and the rad i a l 

geometry of the l i ner-cask sys tem must be spec i fi ed .  Th i s  i s  done i n  the 

deta i l ed schemat i c  shown i n  Fi gure A . 3 .  Note the i ncl u s i on of a pi pe 

l ocated al ong  the l i ner ' s  cente rl i ne not s hown i n  earl i er schemat i cs 

( Fi gures 3 . 2  and A . l ) . I t  i s  i ncl uded here because i t  can act as a con

duct i ve fi n to reduce the temperature i n  the zeol i te .  The stee l p i pe i s  

1 . 5 i n .  w i de and extends to wi th i n  one i nch  o f  the uppermost r i m  o f  the 

l i ner .  I t  i s  assumed to  be 1 / 1 6  i n . th i c k .  
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A.2.l . 3  Thermal Properties 

The two-dimensional thermal analysis considers heat conduction and radiation 
in the liner-cask system plus convection for the various air gaps and for the 
ambient air. Thermal conductivities and radiative emissivities are specified 
for the zeolite matrix (including water and/or water vapor) and for the various 
structural materials in the liner-cask system. Convection coefficients are 
specified for the ambient air and the air gaps , with thermal conductivities 
also being assigned to the latter. 

A.2.1. 3.l Zeal ite Matrix 

Swift gives the effective thermal conductivity of dried zeolite as 
.0�2 BTU/hr-ft-° F. (5) Since the zeolite is porous , its matrix contains spaces 
filled with water and/or water vapor. Its effective thermal conductivity will 
therefore be higher than for the dried condition. Reqions where the matrix 
contains water as opposed to water vapor will exhibit a greater thermal 
conductivity. 

To calculate the effective thermal conductivity , a model is used which 
views the medium as granular �6) The zeolite matrix is assumed to consist of 
zeolite spheres packed in a cubic lattice , the arrangement of which results 

-

in a porosity of 42%. This agrees with the value ·given in reference 7 for the 
internal porosity of alumino-silicates (40-55%) . Based upon the dried zeolite 
conductivity of . 092 BTU/hr-ft-° F, the following values are calculated for the 
zeolite matrix : 

Region 

Zeolite + Water 
Zeolite + Water Vapor 

Thermal Conductivity (BTU/hr-ft-° F) 

. 304 
.110 

Note that since the conductivity for the dried zeolite a l so incorporates con
vective and radiative effects, the values obtained above also reflect these 
phenomena. 
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Heat rad i at i o n  between the zeo l i te and the l i ner ' s  s teel wal l s  i s  model l ed 

by assumi n g  the emi ss i v i ty between the i r  su rfaces to be 0 . 5 .  Heat convect i on 

i ns i de the l i ne r  i s  not model l ed ,  except as i ncorporated above i n  the effecti ve 

conducti v i t i e s . 

A . 2 . 1 . 3 . 2  Structural Materi a l s 

The fo l l owi ng thermal conduct i v i t i es are sel ected for the l i ner-cas k  

s tructural materi a l s :  

BTU ( !3 )  
Stee l � 1 0  h r-ft- ° F  

BTU ( 9 )  
Lead � 20 hr-ft-6F 

BTU Pol yurethane � 1 E-6  hr-ft - o F  Foam 

The very l ow val ue sel ected for the po l yurethane foam refl ects the assumoti o n  

that i t  i s  essent i a l l y  a n  i deal  therma l i ns u l ato r .  

Rad i at i ve effects are accoun ted for between the fo l l owi ng  surfaces : 

1 .  l i ner  wal l s  and wal l s  of cas k i nner cav i ty 

2 .  Bottom of l i ner  ves sel  and bottom of  l i ner i tsel f ( see Fi gures 

3 . 2  and A . l )  

and for the cas k ' s  outer wal l . The emi ss i v i ti es fo r the fi rst  two pa i rs of 

su rfaces are both taken to be 0 . 5 .  Fo r the cas k ' s  outer su rface , an emmi s i v i ty 

of  0 . 8  i s  a s sumed . 

A . 2 . 1 . 3 . 3  Ai r I nterfaces 

Heat con vecti on coeffi c i ents must be s pec i fi ed for the fol l ow i n g  a i r 

i nterfaces : 

1 .  i nterface between cas k ' s  outer wal l and ambi ent a i r 

2 .  a i r gap between the l i ner  and the cas k ' s  i nner wal l s  

A- 1 2  
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3 .  ai r gap between the bottoms o f  the l i ner  ves sel and the 

1 i ner  i tse l f 

4 .  thermal rad i a ti on gap between the cas k ' s  outer pai r o f  steel 

pl ates . 

Val ues fo r the fi rst three are taken di rect l y  from reference 9 :  

Locat i on Con vecti on Coeffi ci ent ( BTU/hr-ft2- ° F )  

Cas k ' s  Oute r Wal l 

Li ner-Cask  Ai r Gap 

Vesse l - L i ner Ai r Gap 

1 . 0 

. 1 5  

· 1 5 

A convecti on coeffi ci ent fo r the radi at i on gap must be deri ved .  

Th i s  therma l rad i ation  gap i s  des i gned to provide  therma l res i s tance for 

fi re-type env i ronments . I t  con s i s ts o f  1 6- gage s teel wi res wrapped and s paced 

on 6 - i nch cen ters , thereby creati ng a l / 1 6 -i n .  gap between two steel shel l s .  

The conducti on effect of the steel wi res i n  th i s  gap i s  es t i mated by formul ati ng  

a fi l m  res i stance based u pon the  appropri ate cross-secti onal areas of s teel and 

a i r i n  th i s  gap ( see Fi gu re A . 4 ) . The cal cul ati on i s  as fo l l ows for a model 

of  un i t  su rface area ( note : subscri pt " s "  represents s teel ; " a "  represents a i r ) : 

q = A k t�T + A k t�T 
s s t�x a a t�x  

where : q = heat fl ow rate ( BTU/ h r )  

A = cros s - secti onal area ( ft2 ) 

k = the rma l conducti v i ty ( BTU/ h r- ft- ° F ) 

T = temperature ( ° F ) 

x = d i s tance ( ft )  
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For the gap , the val ues are : 

As 
= 2('0625 i n ) 

1 2  i n/ft ( l ft ) = . 0 1 04 ft2 

ks 
BTU ( carbon stee l ) = 30 ft- h r- ° F  

A a = 

ka 
= 

[1 ft _ 2('06�5 i n) J 1 2  1 n /ft 

. 0 1 5 7  BTU 
ft- h r- ° F  

( 1 ft ) = 

l:!.x = . 0625 i n  = 
1 2  i n/ ft . 00521  ft ( gap w i dth ) 

These val ues y i e l d the fo l l ow i n g : 

_g_ = 6 3  BTU 
!:!.T h r  ° F  

. 990 ft2 

For the l -ft2 cross -secti onal  a rea i n  the model  ( see F i gu re A . 4 ) , th i s  

corresponds to an equi va l ent convecti on coeffi c i ent ove r  the gap of 63  

BTU/ h r-ft2 - ° F .  For heat conducti on through the a i r  gaps , a thermal conducti v i ty 

of . 01 57  BTU/ h r-ft- ° F  i s  used . ( 8 ) 

A . 2 . 1 . 4  TEMPE ST Compu ter Ana l ys i s  

To model the conductive and rad i ati ve phenomena i n  the l i ner-cask system , 

the general purpose , three -d i mens i onal  hyd rothermal code TE�1PEST i s  empl oyed . ( F l )  
Convecti o n  ( except i n  the a i r  gaps ) i s  not model l ed d i rectl y ,  but rather i t  i s  

i ncorporated 'i nto the effect i ve thermal conduct i v i t i es of the zeo l i te matri x .  

Al so , on l y  the a x i a l  and rad i a l d i recti ons are model l ed s i nce no angu l ar 

dependence i s  expected . 

The zeo l i te cyl i nder ,  wh i ch has a l ready been d i v i ded i nto fou r  axi a l  

reg i ons  of vary i ng power generation  ( see Fi gu re A . l ) ,  i s  fu rther s u bd i v i ded 

rad i a l l y .  Each ax i a l  reg i on i s  separated i nto th ree concentri c  annu l ar 

vol umes as fo l l ow ( each i s  8 . 25 i n .  h i gh ) : 

1 .  an i nner  annu l us of i nner rad i us . 75 i n .  ( rad i us of steel p i pe )  

and outer  rad i u s  4 . 38 i n .  
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2 .  a central annu l us of i nner rad i us 4 . 38 i n .  and outer  rad i u s  

8 . 00 i n .  

3 .  an outer  ann u l us  of  i nner rad i u s  8 . 00 i n .  and outer  rad i u s 

1 1 . 63 i n .  ( rad i u s  of zeo l i te cyl i nder ) . 

Thus , the zeo l i te cyl i nder i s  d i v i ded i nto twe l ve annul ar reg i ons  wi th fou r  

axi a l  and three rad i a l  s ubdi v i s ions . These are s hown i n  Fi gure A . 5 .  

The cas k  and i ts i mpact l i m i ters are a l so d i v i ded i nto various  reg i ons . 

The heat generati on rate i s  as sumed un i form wi th i n  each of the fou r  regi on s  

shown i n  Fi gure A . 2 .  These reg i ons compri se  the l ead regi ons  s hown i n  

Fi gure A . 3  

A . 2 . 1 . 4 . 1 Water L i q u i d - Vapor I nterface 

S i nce the thermal conduct i v i t i es of the zeol i te reg i on s  depend upon 

whethe r or not they contai n water or water vapor , determi nation  of the he i gh t  

o f  the l i qu i d -vapor i nterface i s  needed . I n i ti a l l y , the 1 1 2  1 9m of  unbound 
l bm 3 water wi l l  occu py a vol ume of 1 1 2  l bm/ 64 ft3 = 1 . 79  ft . As sumi ng  a zeo l i te 

poros i ty of around 50% ( cons i stent wi th reference 7 ) , the vo l ume ava i l abl e fo r 

water and water vapor wi th i n  the zeo l i te matri x  i s  ( 8 . 1 ft3 ) ( . 50 )  = 4 . 0 ft3 . 

Thu s , water i s  expected to i n i ta l l y  occupy rou g h l y  the bottom hal f of  the 

zeo l i te cyl i nder ( l ower m i dd l e  and bottom axi a l  reg i ons ) .  The rema i nder , 

i nc l ud i n g the 4 . 00 i n .  above the zeol i te but wi th i n  the l i ne r ,  wi l l  hol d water 

vapor ( as s hown i n  Fi gu re A . l ) .  

To obta i n  u pper and l ower bou nd on  the potenti a l  temperatures wi th i n  the 

zeol i te ,  two extreme cases are al so cons i dered : 

1 .  a l l water i n  the vapo r form 

2 .  a l l water i n  the l i qu i d  form . 

In add i tion , the rea l i s ti c case of hal f-vapo r-ha l f-l i qu i d  i s  anal yzed u s i ng the 

TEMPEST code . The amb i ent a i r  temperatu re i s  assumed to be 1 00 ° F  i n  a l l cases . 

For each case , the temperatu re i n  each of  the twe l ve zeo l i te reg i o ns ( refer  

to  Fi gure A . 5 )  i s  cal cu l ated . Because effecti ve thermal conduct i v i t i es o f  the 

zeol i te and water/water vapor are used , these reg i onal  temperatures represent 

average val ues . 
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A . 2 . 1 . 4 . 2  Al l - Vapo r  Matri x 

Fi gure A . 6  shows the tempe ratu re d i str i but i on throughout the zeol i te 

matri x for the a l l -vapor case . The max i mum tempe ratu re of 5l 8 ° F  occu rs i n  the 

i nner annu l u s of the top reg i on as expected . Note that at 5 l 8 ° F ,  the s pec i fi c  

vol ume o f  saturated vapor i s  . 57 ft3/ l b . ( l l )  Thus , even i f  none of the bou nd m 
water has been re l eased at thi s temperatu re , the smal l es t  pos s i b l e  vo l ume wh i ch 

the vapor cou l d  occupy wou l d  be ( . 57 ft3/ l b ) ( 1 1 2  l b ) = 64 ft3 , c l ea r l y  
m m 

i mposs i b l e  for the l i ner under con s i derat i on . The a l l -vapor matri x  i s  an 

i mposs i b i l i ty .  

A . 2 . 1 . 4 . 3 Al l -L iqu i d  Matri x 

Fi gure A . 7  shows the temperatu re d i s tri bu ti on throught the zeol i te matr i x  

for the a l l - l i qu i d  case . The max imum temperature of 274 ° F  occu rs i n  the i nner 

annu l u s of the top regi on . At 274 ° F ,  satu rated l i q u i d  has a spec i fi c  vol ume of 

. 01 7  ft3/ l b . ( l l )  S i nce very l i ttl e ,  i f  any , of the bound water has been m 
re l eased at th i s  temperatu re , the l argest poss i bl e  vo l ume wh i ch the l i qu i d  

cou l d  occupy wo u l d  be ( . 0 1 7 ft3/ l bm ) ( l l 2  l bm ) - 1 . 9 ft3 . Us i ng the l ower 

bound on the zeol i te poros i ty ran ge of 40% , the sma l l es t  avai l ab l e  vo l ume 
3 ( ) - 3 

for the water i ns i de the zeol i te matri x  woul d be ( 8 . 1 ft ) . 40 - 3 . 2  ft . 

Th us , the a l l - l i qu i d  matri x i s  a l so an i mposs i b i l i ty .  

A . 2 .  1 . 4 . 4  Ha l f-Vapor-Hal f-Liqu i d  Matri x  

Fi gure A . 8 s hows the temperature d i s tr i but ion  th roug hout the zeol i te 

matri x for the mo re real i s t i c  case i n  wh i ch the u pper ha l f ho l ds wa ter vapor 

and the l ower hol ds  water . Aga i n , the max i mum temperatu re of 482 ° F  occurs 

in the i nner annu l us  of the top reg i on . Zeol i te i s  s tructu ra l l y  s tabl e u p  to 

1 300 ° F .  ( 4 )  Thu s , no threat i s  perce i ved to i ts s tabi l i ty .  S i nce the top and 

u pper m i dd l e  reg i ons  contai n the water vapor , the temperatu res are averaged 

vo l umetr i cal l y  throughout these reg i o ns to y i e l d  an average vapor temperatu re 

of 294 ° F .  Th i s  vol umetri c avera g i n g  i s  warranted because the temperatu re 

grad i en ts i nd i cated here a re somewhat exaggerated . Heat t ransfe r  effects 

wou l d  tend to smooth out the temperatu res . 
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Gi ven the zeol i te poros i ty range of  40- 55% , the vol ume ava i l abl e for 

water { l i qu i d  and vapo r )  i ns i de the ma tr i x  ranges from 3 . 2  ft3 to 4 . 5  ft3 . An 

add i ti onal  1 . 0 ft3 i s  avai l abl e above the zeol i te cyl i nder , th i s  be i ng the 

d i fference between the l i ner vol ume ( 68 gal , or 9 . 1  ft3 ) and the vo l ume 

occu p i ed by the zeol i te matr i x  ( 8 . 1  ft3 ) .  Therefore , the mi n i mum ava i l abl e 

vol ume for water i s  4 . 2  ft3 and the max i mum 5 . 5  ft3 . Very l i ttl e ,  i f  any , 

bound water has been re l eased at 294 ° F .  Thus , the sma l l es t  poss i b l e  s peci fi c 

vol ume i s  4 . 2  ft3/ 1 1 2  l bm = . 038 ft3/ l bm . On the con trary , the l argest  

poss i bl e  s peci fi c vol ume i s  5 . 5  ft3/ 1 1 2  l bm = . 049 ft3/ l bm . S i nce both o f  

these l i e wi th i n  t h e  range o f  s pec i fi c  vol umes for satura ted s team at 294° F ,  

i t  i s  concl uded that a satu rated mi xtu re exi sts i ns i de the l i ner . The 

corres pond i ng s team pressure i s  6 1  ps i a .  

I n  secti on  A . 2 . 1  . 4 . 1 , the zeol i te poros i ty was taken as  50% , g 1 v 1 n g an  

ava i l abl e vol ume wi th i n  the matri x of  4 . 0  ft3 for the water and water vapor . 

Addi ng to th i s  the add i ti onal  1 . 0 ft3 above the matr i x y i el ds a total  ava i l abl e 

vol ume of 5 . 0  ft3 . S i nce l i ttl e ,  i f  any , water of  hydrati on has been rel eased 

at 294 ° F ,  the s pec i fi c  vol ume of the saturated s team i s  approxi mate l y  5 . 0  ft3; 

1 1 2  l bm = . 045  ft3/ l bm . Th i s  corresponds to a two-phase mi xture wh i ch i s  onl y 

. 39% vapo r .  Thu s , nearly a l l of  the or i g i nal  1 1 2  l b  of  unbound water rema i ns m 
i n  the l i qu i d  phase and the ass umpti on of a ha l f�vapor-ha l f-l i qu i d  ma tr i x 

rema i ns val i d .  

A . 2 . 1 . 4 . 5  Lead Temperature 

I n  a l l cases anal yzed , the temperature throughout the cask • s  l ead wal l s  

ri ses o n l y  s l i gh t l y  { about 20 ° F )  wi th res pect to the ambi ent  a i r temperatu re 

( 1 00 ° F ) . Lead me l ts at 62 l ° F . ( 9 )  Thus , at 1 20 ° F ,  no threat to the s tructu ral 

i ntegri ty of the cas k • s  l ead wal l s  i s  pe rce i ved duri ng  norma l trans po rt . 

A . 2 . 2  Engu l fmen t  i n  Fi re 

I n  the thermal ana l ys i s  for norma l transport , i t  was s hown that the 

temperatu re of  the cas k • s  l e ad wal l s  ri ses o n l y  s l i gh tl y  to 1 20 ° F ( fo r  an 

ambi ent a i r  temperature of  1 00 ° F ) . The generati on of  decay power has  no 

effect upon the cas k • s  s tructural i ntegri ty .  However ,  u pon engul fmen t  i n  a 
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1 000 ° C  fi re duri ng  acci dent cond i ti ons , the l ead i n  the cas k ' s  wa l l s  cou l d  

atta i n  the me l t i ng temperature of 62l ° F .  The s tructural i ntegri ty of the cas k 

cou l d  be l os t .  

S i nce the thermal effects o f  fi re engul fment overwhel m  those from decay 

power generation , the l atter i s  i gnored i n  the fi re acci dent thermal analys i s .  

Fu rthermo re , a one-d imens i onal  ( rad i a l ) anal ys i s  i nc l ud i ng  conducti on and 

rad i ati on i s  deemed s u ffi c i en t .  

A .  2 .  2 . 1  Geometri c �·1odel 

Onl y the cask  i s  model ed for f i re engu l fment . Upon l os s  of the 

thermal s h i e l d i ng wh i ch the cas k provi des for the l i ner , the l i ner i s  presumed 

to undergo immed i ate exposure to the l 000 ° C  fi re and overpres suri ze ( see sect i on 

4 . 1 . 1 . 1 ) .  Any thermal i ns u l at ion prov i ded by the i mpact l i mi ters i s  negl ected . 

The cas k i s  as sumed to feel the fu l l effects of the l 000 ° C  fi re i n  the rad i a l 

d i rect i on between the l i mi ters . The geometri c model of the cas k wa l l i s  

shown i n  Fi gure A . 9 .  

A . 2 . 2 . 2  Thermal Propert i es 

The one -d i mens i ona l  thermal anal ys i s  con s i ders heat conducti on and 

rad i ati on i n  the cas k ' s wal l s  p l u s  convection  i n  therma l rad i ation  ai r gap . 

The va l ues chosen for the thermal conduct i v i t i es , rad i at i ve emi ss i v i ti es , and 

convection  coeff ic i ents are the same as those for the two-d imen s i onal  ana l ys i s , 

as speci f ied i n  secti ons A . 2 . 1 . 3 . 2  and A . 2 . 1 . 3 . 3 .  I n  add i t i on , the fi re ' s  

emi s s i v i ty i s  taken to be 0 . 9  and the s pec i f i c  heats and dens i ti es for s teel 

and l ead are chosen as  fol l ow :  

Spec i fi c  Heat Dens i ty3 ( BTU/ l bm- 0 F ) ( 1 bm/ ft ) 

Steel ( B )  . 1 1  489 

Lead ( 9 )  . 031 7 1 0 

The po lyurethane foam i mpact l i mi ters are not i nc l uded i n  the one-d i mens i ona l  

model . 

A-23 



Lead 

5 
l /2 

Al l u n i ts are i nches . 

Ai r Gap w i th 
1 6-ga . stee l 
wi res on  6- i n .  
cent1rs . 

Stee 1 ') ( Stee 1 

) r� 
1 /2 1 1 1 6  l /4 

Fi gu re A . 9 .  One- Di mens i ona l  Rad i a l  Model of  Cas k 
Used i n  Therma l Anal ys i s  

A-24 

• 

" 



A . 2 . 2 . 3  HEATI NG4 Compu ter Ana lys i s  

The conducti ve and rad i ati ve phenomena res u l ti ng  from the cas k ' s  

engul fment i n  the 1 000°C fi re are model l ed u s i ng the general pu rpose heat 

trans fer code HEAT I NG4 .  ( l 2 )  On l y  the rad i a l  d i men s i on i s  cons i dered and any 

convecti ve effects are l i mi ted to the ai r gap . The res u l ts of the ana l ys i s  

are d i sp l ayed as the temperatu re profi l e  o f  Fi gure A . l O .  

Cu rve 1 s hows the equ i l i bri um temperature of 1 20 � F  throughout the cask ' s  

wal l s  duri ng  normal transport . Cu rve 2 i nd i cates that , after engu l fment i n  the 

1 000 ° C  fi re for 1 0 . 2  mi n . , the outermo s t  porti on of the l ead i n  the cas k ' s  wa l l s  

j u st  attai ns  the me l ti ng temperatu re ( 62 l ° F ) . Note that the effect upon the 

l i ner i s  negl i g i bl e .  The cas k has prov i ded adequate therma l s h i e l d i ng so far .  

Lead expands upon mel ti n g .  Thus , at  1 0 . 2  mi n . ,  the cas k ' s  outer s teel 

c l add i ng wi l l  beg i n  to experi ence s tra i n  from the l ead . As the fi re conti nues , 

more l ead mel ts , and the s tra i n  on the cas k ' s s teel p l at ing  i ncreases . I t  i s  

assumed that th i s  s tra i n  becomes su ffi c i ent to ru pture the cl addi ng as  soon as  

50% of the wa l l ' s  l ead th i ckness  becomes mo l ten . Cu rve 3 i nd i cates that th i s  

occurs after the fi re has bu rned for 1 5 . 3  mi n .  Presumab ly  to th i s  po i nt ,  the 

fi re ' s  effect u pon the l i ner has been negl i g i bl e ,  and thermal i ntegri ty has been 

ma i nta i ned . 

However , fo l l owi ng  breach of the ou ter c l add i ng at an ass umed val ue of 

1 5 . 3  mi n . , the rema i ner of the l ead wi l l  me l t  rather qu i ckl y .  Thermal 

s h i e l d i ng  i s  l os t ,  and the temperature i ns i de the l i ner ri s es qu i ck l y .  The 

l i ner , wh i ch i s  des i gned to wi thstand an i n ternal  pressure of 350 ps i g  at 

400 ° F ,  and 1 5  ps i g  at 850 ° F ,  wi l l  rap i d l y  overpressuri ze as i ts unbound water 

vapori zes . ( l 3 ) Rather than s pecu l ate as to the time requ i red between ru pture 

of the cas k ' s  ou ter wa l l and heati n g  of the l i ner to i ts fa i l u re th resho l d ,  i t 

i s  conservat i ve l y  assumed that the l i ner overpres sur i zes at 1 5 . 3  mi n .  I t  and 

i ts contents are fu rther assumed to be exposed fu l l y  to the severe 1 000 ° C· 

therma l envi ronment at  th i s  t ime . 

A . 2 . 3  Thresho l d  for L i ner Overpressuri zation  

Upon exposure to  a severe therma l env i ronment ,  the l i ner has a poten t i a l  

t o  overpres suri ze due t o  a bu � l dup of s team . The des i gn pressure of  the l i ner i s  
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assumed to decrease l i nearly from 350 ps i g  (365  ps i a )  to 1 5  ps i g  (30  ps i a )  over 

the range from 400 ° F  ( 860 ° R )  to 850 ° F  ( 1 3 1.0 ° R ) . The fo l l ow ing  equation  

characteri zes th i s  temperature dependence of  the  desi gn pressure : 

P = 1 000 - . 744 T 

P i s  measured i n  ps i a .  

Wh i l e  des i gn pres sure decreases wi th temperature i ncrease , i nternal  pres sure 

due to s team bu i l dup  r i ses as  the temperatu re i ncreases . Thu s , the tempera

tu re at wh i ch the i n ternal pres sure equal s the des i gn pres sure represents 

the cri t i cal val ue for overpressuri zation  of  the l i ner . 

The bound water ( o f  hydrati on ) i n  the zeo l i te can be dri ven off over the 

range from 300 ° F  to 500 ° F .  As sume that al l of i t  has been d r i ven off by the 

t ime the temperatu re reaches 429 ° F .  The ava i l abl e vo l ume requ i red for the 

two -phase steam to have a s pec i fi c  vol ume exceed i ng that of saturated l i qu i d  

can be es t i mated . At 429° F ,  satu rated l i qu i d  has a s peci fi c  vol ume o f  

. 0 1 9  ft3/ l bm . ( l l ) Fo r the 1 7 5 l bm of bound and unbound water to form a 

saturated mi xture , the ava i l ab l e  vol ume i ns i de the l i ner must  be at 

l east ( . 0 1 9 ft3/ l bm ) ( l 75 l bm) = 3 . 3  ft3 . 

As d i s cussed earl i er i n  section  A . 2 . 1  . 4 . 4 , the vol ume ava i l abl e for water 

and water vapor  i ns i de the l i ner 1 s at l east 4 . 2  ft3 . Thu s , it i s  concl uded 

that , even i f  a l l bound water i s  dri ven off from the zeol i te ,  a satu rated 

mi xture wi l l  exi st  at 429 ° F .  The correspond i n g  pres sure wi l l  be 339 ps i a .  

Th i s  i s  due so l el y to s team s i nce any a i r  ori g i nal l y  present i s  assumed to be 

expel l ed from the l i ner dur ing  ven t i n g  pri or  to sh i pment .  Fu rthermore , any 

bu i l dup of rad i o l yt i c hydrogen and oxygen gases duri ng  s h i pment i s  pres umed 

negl i g i bl e compared to th i s s team bu i l dup . 

The des i gn pres sure at 429 ° F  ( 889 ° R )  i s  found from the prev i ous  equat i on 

to be 339 ps i a .  Thus , i t  i s  concl uded that , upon exposure to a severe thermal 

env i ronment , the zeol i te l i ner overpressur i zes at approximate l y  340 ps i a  and 

430 ° F .  The s i ze of the breach i s  not s peci fi ed s i nce i t  wi l l  be assumed that 

a l l the zeo l i te ,  whether i ns i de the l i ner or expel l ed ,  wi l l  be fu l l y exposed 

to the 1 000 ° C  thermal envi ronment . Fu rther , i t  wi l l  be conservati ve l y  as sumed 
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that no retenti on takes pl ace i n s i de the breached l i ner for potenti a l l y  a i r

b orne and res pi rab l e  rad i onuc l i des that are rel eased from the zeol i te .  

A . 3  MECHAN I CAL ANALYSIS  OF THE L I NER-CAS K SYSTEM 

Mechan i ca l  ana l ys i s  of the CNS l -1 3C s h i ppi ng cas k and i ts conta i ned zeol i te 

l i ner  i s  needed to ascerta i n  the fa i l ure thresho l ds for re l ease of ai rborne , 

res p i rabl e rad i onucl i des from impact and puncture . Breach of both the cas k and 

the l i ner  i s  requ i red by the defi n i ti on s  of  i mpact and pun ctu re used i n  th i s  

as ses smen t .  

A .  3 .  1 Impact 

Three i mpact ori entati ons for cas k co l l i s i ons are con s i dered : 

1 .  S i de-on 

2 .  End -on 

3 .  Corner-to-center-of-gravi ty ( the ve l oc i ty vecto r  upon co l l i s i on i s  

assumed to be col l i near w i th the po i nt of i mpact and the cas k • s  

center-of-grav i ty ) . 

The wei ght  of the l i ner-cas k sys tem i s  as fol l ows : 

Zeo l i te l i ner (wi th contents) = 1 , 1 35 l bm 
Sh i ppi ng  cas k ( empty ) wi th = 24 , 600 l bm i mpact 1 im i  ters 

Total = 25 , 7 3 5  l bm 

I n  a l l three i mpact ori entati ons , the energy of co l l i s i o n  i s  presumed to 

be absorbed by a 11 Crush  vol ume .. of  the i mpact l i mi ters ( compri sed of  r i g i d , 

pol yurethane foam wi th a cru s h  s trength of 1 000 ps i ) . Fa i l u re i s  assumed to 

occur when the body of the cas k crus hes through the i mpact l i mi ter  and meets 
• 

the col l i s i on target . No cred i t i s  g i ven for the cas k • s  s tructural s trength ; 

the impact l imi ters are assumed to rema i n  affi xed to the cas k .  

A . 3 . 1 . 1 S i de-On 

In the s i de-on col l i s i on , a fl at target i s  assumed to co l l i de wi th the 

cas k • s  two i mpact l imi ters a l ong thei r rad i a l s u rfaces . The geometr i c  

model for th i s col l i s i on i s  s hown i n  F i gure A . l l . The crus h  vol ume i s :  
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Cros s-secti onal , 

end-on vi ew 

Locati on where target 
pl ane contacts cas k 

Locati on of target 

r 

pl ane at onset of i mpac�---

r 
60 1 1  

1 11 39 8 

I M PACT 
L IM ITER 

CAS K 

( Actual l y  at depth 
1 5  7/8 11 be l ow base 
of i mpact l i mi ter )  

F I GURE A . l l . Geometri c Model Used i n  Ana l ys i s  
o f  S i de-On Impact 

A-29 

1 
� 



Vcrush = 2 ( 39 l /8 i n )  ( 1 0  7/ 1 6  i n )  ( 1 0 i n ) 

= 81 70 i n 3 for both l i mi ters 

The crush s trength ( crcrus h ) of the l i mi ters • foam i s  1 000 ps i . Therefore , 

the energy imparted i n  the col l i s i on over th i s  crush vol ume i s :  

Ecrush = Vcrush 0crush  = 8 · 1 7E+6 i n - l bf 

The i mpact ve l oci ty needed to p roduce th i s  ene rgy i s  ca l cu l ated as 

fol l ows : 

_ 

2 Ecrus h v - Mcas k- l i ne r 

= 
[2 ( 8 . 1 7 E+6 i n- l b f ) ( 32 . 2

.
���=:�c2 ) ] } 

( 25735 l bm} ( 1 2  ��) 

= 41  i!_ , o r  28  mph sec 

Th i s  i s  an overconservati ve es t i mate of the fai l ure thresho l d vel oci ty for 

i mpact b reach . Th e cas k i tse l f (wi th out the impact l i mi ters ) has been l i 

censed to wi th s tand a 30- ft .  drop onto a fl at unyi el di ng  s u rface w i thout l os s  

o f  i ntegri ty . (l 4 ) Th i s  i s  equ i val ent to wi thstan d i n g  a 30 -mph i mpact col l i 

s i on .  Th us , rather than use the overconse rvati ve es t imate of  28 mph as th e 

fai l ure th resho l d for s i de-on i mpact , a val ue of  30 mph i s  as s umed .  Th i s  i s  

s ti l l  con servati ve s i nce both the cas k and the l i ner mus t  be b reached for a 

re l eas e ,· and no credi t h as been gi ven for the cas k • s  s t ructura l  s trength . 

A . 3 . 1 . 2 End-On 

In  the end-on col l i s i on , a fl at target i s  ass umed to col l i de wi th the 

b as e  of one of the cas k • s  i mpact l i mi ters . The geometri c mode l for th i s  

col l i s i on i s  shown i n  F i gure A .l 2 . The fai l u re th reshol d vel oci ty i s  

cal cu l ated as fol l ows : 
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Locati on where 
target pl ane 
contacts cas k 

Locati on of 
target pl ane 
at ons et of 
i mpact 

IE:-------- 60 II 

l II 
39 g ---�� 

CAS K 

I - l_ _ _ _ _ _ _ _ _ 

T 
_ _ _ _ _ _ _ _ _ j _ - - -

Crush Vol ume 

I MPACT 1 - - L_L_IM_I_
T E_R 

_____ � _______ __. __ -

F I GURE A . l 2 .  Geometri c Model Used i n  Ana l ys i s  
of End-On Impact 
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V
crush = n (30 i n ) 2 (15 7/8 i n )  = 4 . 49 E+4 i n3 

ocrush = 1000 ps i 

Ecrush = Vcrush0crush = 4 . 49 E+7 i n - l b f 

J 2 Ecrush 
V = Mcas k- l i ner  

= [2 ( 4 . 49 E+7 i n- l b f ) ( 32
:
2 ���=:�c2 ) ] 1 12 

( 25735 l bm ) ( 1 2  }�) 

= 97 :�c , or 66  mph 

Th i s  i s  a conservati ve es ti mate of the fai l ure ve l oci ty needed to b reach 

both the cas k and the l i ner by an end-on i mpact . Agai n ,  no credi t h as 

been g i ven for the cas k 1 s s tructural strength . 

A . 3 . 1 . 3  Corner-to-Center-of- Gravi ty 

I n  the corner-to-center-of- gravi ty ( of the cas k )  co l l i s i on , a fl at 

target i s  as s umed to col l i de w i th one of the cas k 1 s i mpact l i mi ters a l ong 

a vector from a corner to the cas k 1 S center-of-gravi ty .  The geometri c 

mode l fo r th i s  col l i s i on i s  shown i n  F i gure A .l 3 .  The fai l ure th resho l d  

ve l oci ty i s  cal cul ated as fo l l ows : 

V = 
1 . 77 E+4 i n 3 

crush 

ocrush 
= 1000 ps i 

Ecrush 
= Vcrush 0crush 

= 
1 . 77E+7 i n- l bf 

v = 
2 Ecrush 
Mcas k- l i ner  

= t-sec [2 ( 1 . 77E+7 i n- l b f ) ( 32 . 2  ��m- ft 
2 ) 

= 

( 25 7 35 l bm ) ( 1 2  ��) 
61 ft 41 h sec ' or mp 
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Cente r-of- S -r- Grav i ty 

24 1 1 1 \ Impact 

+32 Vel oci ty 
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C

-

A

_

S

_

K 

_______ 

v

_

e

_

c

_

t

-

or

__..�.___ 

Locat i o n  where 
target p l ane 

1 1 / /  contacts cas k I I / I 
1 0 11 I : / lr L----------------�-� 

7 11 
1 5  -_r IMPACT 

L IM ITER 
/ 

/ 

/ Crus h 
/ Vol ume 

/ /  \ 
Locati on of  
target p l ane 
at onset of  
i mpact 

Note : Center-of- gravi ty i s  as sumed to be at cas k ' s  geometri c center 

F I GURE A . l 3 .  Geometri c Mode l Used i n  Ana l ys i s  of  
Co rner-to-Center-of-Grav i ty Impact 
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Th i s  i s  a cons ervati ve es ti mate of the fai l ure vel oci ty needed to b reach 

both the cas k and the l i ne r  by a corner- to-center-of-gravi ty i mpact . 

Agai n ,  no  credi t h as been gi ven for the cas k 1 S  s tructu ral s trength . 

A . 3 . 1 . 4  Es t i mated Fai l ure Th res ho l d Ve l oci ty 

The res ul ts for the th ree i mpact ori entati ons are s ummari zed bel ow :  

IMPACT OR I ENTAT I ON 

S i de-on 

Corner-to-center
of-gravi ty 

End-on 

FAI LURE THRESHOLD V ELOC ITY (M PH ) 
30 

4 1  

66  

A col l i s i on for the  s i de-on ori entati on i s  mos t  l i ke ly  fo r the  s h i ppi ng 

sys tem ( cas k i s  mounted upri gh t ) . Th i s  o ri entati on a l so  h as the l owes t  

fai l ure thresho l d .  Thus , for an ai rbo rne , res p i rab l e  re l ease o f  radi o

nucl i des to take pl ace due to an i mpact acci dent ,  the fai l ure th res hol d 

vel oci ty i s  est i mated as 30 mph . Th i s  i s  conse rvati ve l y  as s umed to b reach 

both the cas k and the l i ner . 

The s i ze o f  the b reach i s  not s peci fi ed . I t  wi l l  mere ly  be ass umed 

s u ffi ci ent to a l l ow 5% of the zeo l i te to be expel l ed from the l i ner . 

Further , i t  i s  conservati ve l y  assumed that no retention  takes pl ace i ns i de 

the l i ner for potent i a l l y  a i rborne and res p i rab l e  radi onucl i des that are 

re l eased from the zeo l i te when exposed the the l ooo o c  fi re fo l l owi ng  

i mpac t .  

A . 3 . 2  Puncture 

B reach of both the cas k and the l i ner  i s  requ i red for a potenti al 

a i rbo rne , res p i rab l e  rel ease of  radi onucl i des to occu r .  Th e presence of the • 

rather l arge i mpact l i mi te rs at the cas k 1 S ends renders the potenti a l  for 

puncture negl i gi b l e  at those l ocati ons re l ati ve to the puncture potenti al 

radi a l l y  th rough the cas k 1 s wal l between the l i mi ters . Thus , only puncture 

i n  th e rad i a l  di recti on between the i mpact l i mi ters i s  analyzed . 
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The th resho l d for puncture b reach i s  re l ated probab i l i sti cal ly  to the 

equ i va l ent mi l d-s teel th i cknes s  of the package wal l , ( 1 5 ) Th us , the equi va

l ent th i cknes s of the cas k and the l i ner  wal l s  mus t  be cal cu l ated wi th 

reference to mi l d  steel . The actual th i cknes s es and materi a l s  of these  

wal l s  are shown in  Fi gure A . 3 .  Al l con s i s t  of s teel except for the cas k • s  

5- i n .  of l ea d .  Reference 1 5  es ti mates that one i nch of l ead has an 

equ i va l ent mi l d  s teel  th i ckness of 1 / 1 6  i n . , yi el di ng an equi va l ent mi l d

steel  thi ckness of 5/ 1 6  i n .  for the cas k • s  l ead annul us . The total equi va

l ent mi l d-s teel th i cknes s of the cas k and the l i ner  wal l s  is esti mated to 

be : 

CAS K :  OUTER STEEL PLATES = 
3/4 i n .  

LEAD WALL  = 5/ 1 6  i n .  

I NNER ST EEL PLATE = l /2 i n .  

L INER :  STEEL PLATE = 3/8 i n .  

TOTAL = 
1 1 5/ 1 6  i n .  

"' 1 .  9 i n .  

Th i s  i s  es t imated to be the fai l ure th reshol d for potenti a l  re l eas e of  

a i rborne , r.es pi rab l e  radi onucl i des due to  b reach of  both the cas k and 

the l i ne r  by puncture . 

The s i ze of  the b reach i s  not speci fi ed , but i t  i s  ass umed to be  

smal l er th an that from i mpact . It  wi l l  be  pres umed s u ffi ci ent to a l l ow 

1 %  o f  the zeo l i te to be expel l ed from th e l i ne r .  Further , i t  i s  conse r
vat i vely ass umed that no retent i on takes p l ace i ns i de the l i ner for 

potent ia l ly  a i rborne and res pi rabl e rad i onucl i des  that are re l eased from 

the zeol i te when exposed to the 1 000°C  fi re fo l l owi ng pu nctu re . 
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APPEND I X  B 

ACC I DENT SCENAR I OS : ANALYS IS O F  PROBAB I L IT I ES AND REL EAS ES 

B . l  PROBAB I L I ST I C  ANALYS IS 

The prob ab i l i s ti c an alys i s of  the acci dent s cenari os i s  pe rformed 

i n  two s tages . F i rs t , a probab i l i sti c des cri pti on i s  devel oped th at i s  

cons i s tent w i th the defi n i t i ons and the data base  associ ated wi th the 

trans portation acci dent envi ronment . ( l ) Th i s  des cri pti on takes the form 

of  a set of Bool ean probab i l i st i c  equati ons for the s cenari os i denti fi ed . 

The equat i ons are devel oped s uch th at the occurrence of an acci dent 

s cenari o corres ponds di rectl y to the potenti al  for an ai rbo rne  rel ease 

of radi onucl i des i n  the res p i rab l e  range . F i n a l ly , these equati ons are 

eval uated us i ng the data base from reference 1 .  

B . l . l  Des cri pti on 

Reference 1 i denti fi es fi ve acci dent forces for l arge packages i nvo l ved 

i n  truck acci den ts . Of these fi ve ,  fi re ,  i mpact , and puncture are cons i 

dered potenti a l l y  s i gn i fi cant i n  th i s  study .  These  are devel oped i nto 

acci dent s cenari os cons i s tent wi th the defi n i tions  and the data base from 

reference 1 .  

Gi ven the occurrence of a truck acci dent i n vol v i n g  a l arge package 

( denoted by A ) , two mutual l y  excl us i ve acci dent categories  are i denti f ied : 

col l i s i o n-on ly  ( denoted by C ) and non- col l i s i on-on l y  ( denoted by C ) . 
Fi res can occur  i n  a truck acci dent ( denoted by F ) , s ome when the acci dent 

is col l i s i on-on l y  ( denoted by Fe ) , the remai nder  when the acci dent i s  

non-col l i s i on-on l y  ( denoted by Fe ) . 

Associ ated w i th the th ree acc i dent fo rces are fa i l ure th reshol ds 
requ i red for a re l ease to occur . These can be v i ewed as the fo l l owi ng 
events : 

E = f i re occurs wi th durati on suffi c i ent to cau se l os s  of the thermal 

s h i e l d i ng prov i ded by the s h i pp i ng cas k ( the cri ti cal du rati on ) 
I = i mpact occurs wi th vel oc i ty suffi c i ent  to breach both the l i ner and 

the cas k .  
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P = puncture occu rs wi th a probe capab l e  of breach i ng both the 

l i ner and the cas k (whose wa l l th i c knesses  are measured i n  terms of 

the i r  equi va l ent mi l d  s teel thi cknes ses ) 

The compl ements ( non -occu rrences ) of these events are denoted by bar  

s upers cri pts ( e . g . , E) .  
I t  i s  necess ary to cons i der a l l pos s i b l e  comb i nati ons of  thes e 

events . Th i s  i s  fac i l i tated by the use  of a Boo l ean expres s i on i n  

wh i ch terms such  as I/A  are i nterpreted as 11 i mpact vel oc i ty exceeds 

th res hol d ( fo r  b reach i ng l i ner  and cas k )  per occu rrence of a truck acci dent 

( i nvol vi ng  a l arge package ) . 11 Th e reader i s  refe rred  to reference 2 for 

a d i s cus s i on of  Bool ean a l geb ra . 

Al l pos s i b l e  comb i nati ons of these events ( per  truck  acci den t )  may 

be  expres s ed as : 

( I /A + T/A )  ( P/A + P/A )  [F/A + (E/ F  + E/ F )  · F/A] 

The l atter  terms (E/ F  + E/ F )  · F/A represent the need fo r a fi re to occur 

before there can be  any cons i derat i on of i ts du rati on . 

Reference 1 defi nes i mpact as the package 1 1S tri ki ng  or  b e i n g  s truck 

by an object th at h as no s harp proj ecti ons . 1 1  On the contrary , puncture 

i s  defi ned as the package 1 1 S tri k i n g  or  b e i n g  s truck by an obj ect th at 

h as a potent i a l  for penetrati ng the contai ne r . 11 Thus , these  two events 

are mutua l l y  excl us i ve .  Th i s  means that any terms contai n i ng I · P  mus t 

be el i mi nated . 

Beari ng thi s i n  mi nd , the above express i on i s  eval uated by the l aws 

of Bool ean a l geb ra to y i el d the fo l l ow i ng  expres s i on :  

( I ·P·F) /A + [ ( I ·P· F ) /A E/ F] + [ ( I ·P· F ) /A E/F] 

+ (T· P ·F) /A + [ (T· P · F ) /A • E/ F] + [ (T· P · F ) /A E/F] 

+ (f. p.f) /A + [ (l·P· F ) /A . E/ F] + [ (l· P· F ) /A E/ F] 
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The fol l owi ng two terms do not l ead to any pos s i b l e  re l ease  by defi n i ti on : 

1 .  (l·P·F) /A = per truck acci dent , no i mpact nor puncture thres hol d 

i s  reached , nor  does a fi re occur 

2 .  (T·P· F ) /A · E/ F  = per truck acc i dent , no i mpact nor puncture 

th res h o l d i s  reached and , whi l e  a fi re does occu r ,  i ts du rati on 

i s  l es s  than cri ti cal ( therefore , no rel eas e ) . 

The remai n i ng seven te rms potenti a l l y  l ead to a radi oacti ve re l eas e .  

They are di vi ded i nto fi ve ma i n  s cenari os accordi ng to the acci dent  forces 

i n vo l ved : 

1 .  Fi re-on ly : (l·P· F ) /A · E/ F  = per truck acci dent , on l y  a fi re 

occurs , and i ts durati on exceeds cri t i ca l  

2 .  Impact-on l y :  ( I ·P·F) /A = pe r tru ck acci dent , on l y  i mpact above 

th e thres ho l d  vel oc i ty occu rs 

3 .  Puncture-on l y : (l· P ·F) /A = pe r truck acci dent , only puncture 

above the th res hol d l i mi t  occurs 

4 .  Impact-wi th -fi re : 

A .  fi re durati on < cri ti cal : ( I ·P· F ) /A · E/ F  = per truck 

acci dent , both i mpact above the th resho l d ve l oci ty and 

fi re occu r ,  but the fi re ' s durati on does not reach 

cri ti cal  

B .  fi re durati on > cri ti ca l : ( I · P· F ) /A · E /F  = as above for 

4 . A ,  b ut th e fi re ' s  durat ion exceeds cri t i ca l  

5 .  Puncture-w i th- fi re : 

A .  fi re durat i on < cri ti cal : (T· P · F ) /A · E/ F  = pe r truck 

acci dent , both pun cture above the th res hol d l i mi t and 

fi re occur , but the fi re ' s durat i on does not reach cri ti cal 

B .  fi re durati on > cri ti cal : (f. p . f ) /A · E/ F = as above fo r 

5 . A ,  but  the fi re ' s du rati on exceeds cri ti cal . 
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To enab l e  proper eval uati on of thes e s cenari o probab i l i ti es us i ng 

the data from reference 1 ,  these expres s i ons  mu st  be i n  terms cons i stent 

wi th those from reference 1 .  The probabi l i ty of an event occu rr i ng 

( e . g . , I /A ) wi l l  be denoted as p ( even t )  [ e . g . , p ( I /A ) ] . Before expand i n g 

the expres s i on for each scenari o ,  the fol l owi ng redu cti on s  are made for 

the i nd i v i dua l  events : 

1 .  p ( I /A )  = p ( I / C )  p ( C/A)  + p ( I/C) p (C/A) 

= p ( I / C )  p ( C/A) s i nce p ( I /C) = 0 

2 .  p (I/A) = 1 - p ( I/A )  "' 1 ass umi ng  p ( I /A )  < 0 . 1  

3 .  p ( P/A) = p ( P/ C )  p ( C/A) + p ( P/C) p (C/A) 

= p ( P/ C )  p ( C/A ) s i nce p ( P/C) = 0 

4 .  p (P/A ) = 1 - p ( P/A ) "' 1 as s umi ng p ( P/A) < 0 . 1  

5 .  p ( F/A) = p [ ( Fc + Fc ) /A] = p ( Fc/A ) + p ( F�/A) 

= p ( Fc/C )  p ( C/A)  + p ( Fc/C) p (C/A) 

6 .  p (F/A )  = 1 - p ( F/A ) "' 1 as s umi ng  p ( F/A) < 0 . 1  

Wi th these res u l ts ,  i t  i s  now pos s i b l e  to expand the probabi l i s t i c 

expres s i ons for the s cenari os i nto terms con s i stent wi th the data i n  

re ference 1 . 

1 . Fi re-on l y :  

p [ (f·P· F ) /A · E/ F] = p (I/A) p (P/A) p ( F/A) p ( E/ F )  

"' p ( F/A) p ( E/ F ) 

2 .  Impact-on l y :  

p [ ( I · P·F) /A] = p ( I /A )  p (P/A) p (F/A) 

"' p ( I /C )  p ( C/A ) 

3 .  Puncture-on ly : 

p [ (I· P ·F) /A] = p (I/A ) p ( P/A ) p (F/A)  

"' p ( P/C )  p ( C/A)  
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4 .  Impact-wi th- fi re :  

A .  fi re durati on < cri t i cal : 

p [ ( I ·P· F ) /A . E/ F] = p ( I/A )  p (P/A) p ( F/A ) p (E/ F )  

� p ( I / C )  p ( C/A) p ( Fc/C ) p (E/ F )  

B .  fi re durati on > criti cal 

p [ ( I · P· F ) /A · E/F ] = p ( I /A)  p (P/A)  p ( F/A ) p ( E/ F )  

� p ( I / C )  p ( C/A ) p ( Fc/C )  p ( E/F )  

5 .  Puncture-wi th - fi re : 

A .  fi re durati on < cri ti cal : 

p [ (l· P · F ) /A . E/ F] = p (l/A ) p ( P/A ) p( F/A) p (E/ F )  

� p ( P/C )  p ( C/A ) p ( Fc/ C )  p (E/ F )  

B .  fi re durat i on > cri ti cal : 

p [ (l· P · F ) /A · E/F ] = p (l/A) p ( P/A) p ( F/A) p ( E/ F )  

� p ( P/C ) p ( C/A) p ( Fc/C )  p ( E/ F )  

These express i ons represent the probab i l i tj e s  of  occurrence of  the 

s cenari os ( and , th us , of potenti a l  re l eases ) per truck acci dent . Reference 

1 defi nes an acci dent rate per s h i pment per mi l e  [denoted by A ( A ) ] . To 

ob ta i n  the acci dent rate per s h i pment , th i s  val ue mus t be mul ti pl i ed by 

the total route di stance for one s h i pmen t .  Th i s  val ue a l s o  represents 

( to an extreme ly  cl ose approxi mat i on ) th e probab i l i ty ( per s h i pment ) of 

an acci dent i nvo l vi n g a l arge package [denoted by p ( A ) ] . When each of 

the above expres s i ons for the s cenari os i s  mul ti p l i ed by p ( A ) , the 

probab i l i ty ( per s h i pment )  of  that s cenari o occu rri ng  i s  found . 

B . l . 2 Eval uat i o n  

Before eval uat i ng  the occu rrence probab i l i ti es of  the var ious  s cenari os1  

i t  i s  necess ary to exami ne the data from reference 1 to obta i n  va l ues for 

the prev i ous ly  deri ved probab i l i s t i c  terms . Several terms can be eva l uated 

d i rectl y : 
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1 .  A ( A)  = 2 . 5E-6/sh i pment-mi l e .  S i nce the total route 

d i s tance fo r one s h i pment i s  2 , 600 mi l es ,  p ( A )  = . 0065/ 

s h i pment 

2 .  p ( C/A) = . 80 ( probab i l i ty of  a co l l i s i on-on ly  acci dent per 

truck  acci dent ) . Corres pond i ng ly , i ts compl ement , p (C/A) , = . 20 .  

3 .  p ( F/A)  = . 0 1 6  ( probabi l i ty o f  a fi re occurri n g  per truck 

acci dent ) .  

4 .  p ( P/C )  = 3 . 0E-5  ( probab i l i ty that a package , the l i ner wi th the 

cas k ,  w i th an equ i val ent mi l d-s teel wal l th i ckness of  1 . 9 i n .  

wi l l  be punctured per co l l i s i on-only  acci dent ) .  

Reference 1 provi des th e probab i l i ty of  a l a rge package experi enci ng  

an i mpact ve l oci ty change be l ow a g i ven va l ue for the 11 0Ver-the- road 1 1 

trans port veh i c l e  wei gh t .  The th resho l d ve l oc i ty requi red to b reach 

both the l i ner and the cask can be i nterpreted as an equ i va l ent vel oci ty 

change . Thus , th e probab i l i ty of the i mpact ve l oc i ty exceedi ng  the th res 

ho l d i s  equi val ent to that  of  the vel oci ty change exceedi ng th i s  s ame 

th res hol d .  

Th i s  probab i l i ty a l s o  depends upon the 11 0ver-the- road 11 veh i c l e  

wei gh t . For each s h i pment , thi s i s  es ti mated to be : 

Zeo l i te l i ner (wi th contents ) = 1 , 1 35 1 bm 
Sh i ppi ng cas k ( empty ) w i th 

i mpact 1 i mi ters = 24 , 600 1 bm 
Truck tractor ( 5900 kg ) ( 3 ) = 1 3 ,0 1 0  l b m 
Truck  trai l er ( 5000 k g ) ( 3 ) = 1 1 ,025  l b m 

TOTAL = 49 , 7 70 l bm 
"' 25  tons 

For the es ti mated fai l ure th resho l d of  30 mph and a veh i c l e  wei gh t  of 

25  tons , p ( I/ C )  = . 0 1 1 ( probab i l i ty that the l i ner  and the cas k are both 

breached upon i mpact per co l l i s i on-on ly  acc i dent ) .  
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p ( Fc/C ) , the probab i l i ty of a fi re occurri ng  i n  a col l i s i on-on ly 

acci dent per co l l i s i on-on ly acci dent , can be esti mated from the fol l owi ng 

equat i on :  

p ( Fc/C ) = 
p{ Fc/ F )  p ( F/A) 

P { C/A) 

Reference 1 gi ves a va l ue of . 25 for p ( Fc/ F ) , th e probabi l i ty of a fi re 

occurri n g  i n  a co l l i s i on-on ly  acci dent pe r fi re occurrence . Us i ng the 

previ ous ly  quoted va l ues for the other terms , p ( Fc/C ) i s  estimated to be 

. 0050 . 

Reference 1 presents a cumu l ati ve di stri but ion of fi re-acci dent dura
ti ons fo r truck trans port of l arge packaqes ( shown i n  Fi gure 8 . 1 ) .  Th i s  
can b e  used to obtai n esti mates fo r p (E/ F )  and p{ E/ F ) , the probab i l i ti es of 

a fi re duration  bel ow and above cri ti cal res pecti ve ly  pe r fi re occurrence . 

For the es ti mated cri ti cal durati on of 1 5 . 3  m i n . ,  the fo l l owi ng  are obtai ned : 

p (E/ F )  = . 75 

p ( E/ F )  = . 25 

8 . 1 . 2 . 1  Fi re Durati on Interval s 

In  devel opi ng  a ri s k  cu rve , i t  i s  advantageous  to cons ider as many 

scenarios  as poss i bl e .  Thus , the acci dent scenarios  for fi re-on 1y , 

impact-wi th - fi re ,  and puncture-wi th-fi re are further s ubdi vi ded i nto i nter

val s for fi re durati ons  above cri t i ca l . Reference 1 esti mates that the 

fract i on of fi res burn i n g  l ess  than t ime t ,  denoted by F ( t ) , obeys the 

fo l l owi ng equati on for t >  60 mi n . :  

F ( t )  = 1 - e- ( t/ . 24 ) 0 . 3  

Th us , F ( t )  does not equal unti l t = = .  As an approxi mat i on , i t  i s  

as s umed that F ( t )  = 1 at a val ue of t ( denoted by tmax ) for whi ch F ( t )  = 

. 999 ( equ i val ent to a probabi l i ty of . 001 that a fi re bu rn s  l onger than 

tmax ) · 
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. 999 

tmax = 1 5 1 

Th us , no fi re i s  as s umed to l as t  more than 1 5 1 mi nutes . 

The pos t-cri ti cal  durati on fi re s cenari os are d i v i ded i nto th ree 

i nterva l s :  

1 .  1 5 . 3 - 30 . 0  mi n .  

2 .  30 . 0  - 60 . 0  mi n .  

3 .  60 . 0  - 1 5 1 mi n .  

The probab i l i t i es of  a fi re durat i on fa l l i ng  i nto each i nterva l per fi re 

occurrence are eval uated us i n g  F i gure 8 . 1 : 

1 .  p ( E l / F ) = F ( 30 . 0  mi n ) - F ( l 5 . 3  mi n )  = . 2 1 

2 .  p ( E2/ F )  = F ( 60 . 0 mi n )  - F ( 30 . 0  mi n )  = . 033 

3.  p ( E3/ F )  = F ( l 51 mi n )  - F ( 60 . 0  mi n )  = . 0 1 1 

8 . 1 . 2 . 2  Scenari o Probab i l i t i es 

Al l the va l ues needed to ca l cu l ate th e s cenari o probabi l i t i es have 

now been eval uated . These are s ummari zed i n  Tab l e  8 . 1 . Note that the 

probab i l i ty of  a s cenari o occurri ng i s  a l s o  that for a potenti a l  re l ease 

from that s cenari o .  

The val ues from Tab l e 8 . 1  are s ubsti tuted i nto the p robab i l i s t i c  

equati ons deri ved for the scenari os  i n  secti on 8 . 1 . 1 . The scenari o 

p robab i l i ti es are l i s ted i n  Tab l e  8 . 2 .  The s um of  these corres ponds to the 

probab i l i ty of a pote nti a l  re l ease  per acci dent ( . 0 1 3 )  or per s h i pment 

( 8 . 4E-5 ) . Th e i mpact-on ly  scenari o contri b utes 68% of th i s  tota l proba

b i l i ty wh i l e fi re-on ly  w i th the 1 5 . 3-30 . 0-mi n .  durati on is second wi th 

26% . 
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TABLE  B . l . I n put Probab i l i ti es for Scenari o Eval uati on 

EVENTS : 

A = truck acci dent occurs per s h i pment of l arge package 

C = acci dent type i s  col l i s i on on ly  

C = acci dent type i s  non-co l l i s i on-on ly  

F = fi re occurs duri ng  truck acci dent 

Fe = fi re occ urs i n  co l l i s i on-on ly  acci dent 

E 1 = fi re durati on l i es between 1 5 . 3  ( cr i t i cal ) and 30 . 0  mi n .  

E2 = fi re durati on l i es  between 30 . 0  and 60 . 0  mi n .  

E 3 = fi re durat i on l i es between 60 . 0  and 1 5 1 mi n . 

E = fi re durati on i s  l es s  than 1 5 . 3  mi n .  

I = i mpact ve l oci ty exceeds 30 mph for a 25-ton veh i c l e  
( i nc l udi n g  package ) 

P = puncture probe pi erces an equi va l ent mi l d-steel thi ckness 
o f  at l east  1 . 9 i n .  

P ROBAB I L IT I ES : 

p ( A ) = . 0065/s h i pment 

p ( C/A) = . 80 

p (C/A ) = . 20 

p ( F/A)  = . 0 1 6  

p ( P/ C )  = 3. 0E- 5 

p ( I / C )  = . 0 1 1 

p ( Fc/C ) = . 0050 
. p (E/ F ) = . 75 

p ( E1 / F ) = . 2 1  

p (  E2/ F ) = . 033 

p (  E3/ F )  = . 0 1 1 
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TABLE B . 2 .  P robabi l i t i es of Occurrence of Acci dent Scenari os 

ACC I DENT SCENARIOS 

I p I MPACT WITH F I RE PUNCTURE WITH F I RE 

M 0 u 
N 0 p N Fi re Duration ( mi n . ) A l c N Fi re Duration ( mi n . ) Fi re Duration ( mi n . )  

c y T l 
u y 1 5 . 3  - 30 . 0  - 60 . 0  - 1 5 . 3  - 30 . 0  - ·  1 5 . 3  - 30 . 0  - 60 . 0  - T R 0-1 5 . 3  30 . 0  60 . 0  1 51 0- 1 5 . 3  30 . 0  60 . 0  30 . 0  60 . 0  1 51 E 

. 0034 5 . 3E-4 1 . 8E-4 . 0088 2 . 4E-5 3 . 3E-5  9 . 2E-6 1 .  5E-6 4 . 8E-7 9 . 0E-8 2 . 5E-8 4 . 0E-9 

2 . 2E-5 3 . 4E-6 1 . 1 E-6 5 . 7E-5 1 . 6E-7 2 . 1 E-7  6 . 0E-8  9 . 4E-9 3 . 1  E-9 5 . 9E- 10  1 . 6E- 1 0  2 . 6E- 1 1  

60 . 0  -
1 51 

1 . 3E-9 
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B . 2  RELEAS E ANALYS IS  

S i nce the i nha l ati on pathway has been ass umed domi nant  for th i s  s tudy , 

on ly  a i rbo rne , radi oacti ve re l eases i n  the resp i rab l e  range wi l l  be 

cons i dered . The re l eas e amounts d i s cus sed  s h al l refer excl us i ve l y  to 

th i s  l i mi ted catego ry . 

B . 2 . 1  Unbound Water 

Be fore proceedi ng  to a scenari o-by-s cenari o analys i s , i t  i s  worthwh i l e  

to cons i der s i mi l ari ti es among the modes of rel ease to faci l i tate the 

anal ys i s .  In  al l s cenari os , there wi l l  be an i n i ti al re l ease upon 

b reach of radi oacti ve , two-phase s team from the unbound water . Reference 

4 cal cul ates the expected act i vi ty concentrati ons i n  the S DS proces s 

streams fo l l owi ng  conti n uous fl ow of 200 bed vol umes through each zeo l i te 

bed . These are l i s ted i n  Tab l e  B . 3  for the fi rs t zeo l i te col umns ( co rres 

pondi n g  t o  the l i ners that wi l l  b e  s h i pped ) a s  o f  J u l y  1 ,  1 980 . These are 

corrected for rad i oacti ve decay to J an uary 1 ,  1 982 , the pres umed s h i ppi ng 

date . These adj usted concentrati ons are a l s o  shown i n  Tab l e B . 3 . 

I t  i s  conservat i vel y as s umed that a l l 1 1 2  l bm of unbound water wi l l  

be re l eas ed from th e b reached l i ner  ( as two-phase s team) . Al l the 

rad i o i sotopes con ta i ned are pres umed to become a i rbo rne and res pi rab l e .  

Th us , the re l eas e for each radi o i s otope i s  found by mul ti p ly i ng  i ts concen

trati on ( as of January 1 ,  1 982 )  by the total vo l ume of unbound wate r .  Th i s  

vol ume i s : 

1 1 2  l bm 

62 . 4  l bm 
ft3 

( 2 . 83E+4 em� ) ( 1  ��3) = 5 . 08E+4 ml 
ft 

Thes e rel eas es are a l s o  l i sted i n  Tab l e  B . 3 . 

B . 2 . 2  Fi nes 

S i nce a l l i n i t i a l re l eases are energet i c due to the bu i l dup of s team 

pres s u re i ns i de the l i ner , s ome zeol i te wi l l  a l s o  be ejected from th e 

l i ner . Cons i deri ng  the f ines , i t  i s  noted that , of the parti c l es that 

become a i rbo rne , on l y  thos e 1 0  �m and smal l er are res pi rab l e .  The fi nes 
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TABLE 8 . 3 .  Es t i mated Ai rborne Rel eas es i n  the Res pi rab l e  Range 
from Unbound Water 

... 

CONCENTRAT I ON CONC ENTRATION AMOUNT* 
AS OF  7/ 1 /80 HAL F-L I FE AS O F  1 / l /82 REL EASED 

I SOTOPE (l:!Ci /ml ) {.�rs ) {l.lC i /ml ) { Ci} 
• 

3H 1 . 0 1 2 . 3  . 9 2  . 047 

60Co 6E-5 5 . 26 4 . 9E-5  2 . 5E-6 

89Sr  . 0066 . 1 42 4 . 5 E-6  2 . 3E-7 

90sr . 0 32 28 . 1  . 031 . 00 1 6 

95Nb 1 . 9E-5  . 0963 3 . 9 E- 1 0  2 . 0E- l l 

1 0 3Ru 2 . 9E-5  . 1 08 2 . 0E-9 l . OE- 1 0  

1 06Ru . 0024 1 . 0 1  8 . 5E-4 4 . 3E-5 

1 25Sb . 0 1 9  2 . 70 . 0 1 3 6 . 6E-4 

1 34Cs . 0024 2 . 05 . 00 1 4 7 . 3E-5  

1 37 Cs  . 0 1 4  30 . 2  . 0 1 4  6 . 9 E-4 

l 44ce 4 . 7E-4 . 781  1 .  2E-4 6 . 3E-6 

*Th i s  equal s the .concentrati on as of  1 / 1 /82 mul ti pl i ed by 5 . 08E+4 ml . 

.. 
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fracti on bel ow 1 0  urn wou l d  be mi n i ma l  at mos t .  The "attri bi l i ty"  of AW- 500 , 
a Li nde zeo l i te ,  has been c i ted at . 25% .  ( 5 )  The test ci ted i s  M I L- D-371 6A 
wi th the sma l l est  screen s i ze openi ngs bei ng 1 000 urn (#18 ) . Cl i nopti l o l i te ,  
a s imi l ar zeo l i te ,  has al so been s i zed . ( 6 )  The wei ght percent be l ow 2 5  urn 
is l E-6% when pl otted ; any fract i on be l ow 1 0  urn cannot be i denti fi ed .  Thus , 
the fi nes are concl uded to be above the resp i rab l e  range , the reby pos i ng no 
hazard th rough i nha l ati on .  

B . 2 . 3 Heated Zeo l i te 

The rema i n i ng zeo l i te wou l d be too l arge to become ai rborne even 

upon ej ect i on from the l i ne r .  Impact and puncture forces woul d not create 

addi t i onal fi nes . Th us , the only  potenti a l  ai rborne re l eas e from these 

l arger parti c l es wou l d res u l t from heati n g .  

Experimental s tudies  o f  1 37cs rel eas es duri ng zeol i te heati ng have 

meas ured total rel eas e ,  not di fferenti ati ng between bound water and parti c l e 

rel eases . Measurement of  1 37cs re l eases from cl i nopti l o l i te upon heati ng 

i nd i cate mi n i mal  rel ease wi th temperatures bel ow 1 200°C (me l t i ng poi nt of 

c l i nopti l ol i te ) . ( l ) At 1 000°C , the rel eas e fracti on i s  4 . 5E-4 for 4 hours , 

or 1 . 9 E-6 per mi n ute . Heati ng for l onger peri ods does not i ncrease the 

rel ease . Thus , at 1 000°C , . 1 2% of the 1 37cs i s  the maximum es timab l e  

re l ease regard l ess  o f  fi re durat i on . A s i mi l ar study has found no re l ease 
for Decal so , a zeal i te gel , bel ow 1 200 ° C .  (8 ) 

Heat i ng rel eas es from the comb i nati on of L i nde IONS IV  I E-9 6 and A- 5 1  

are ass umed to  be s i mi l ar to  these . The other th ree rad i o i sotopes 

( 89sr , 90sr , and 1 34cs ) i n  the zeol i te are ass umed to have re l eases 

s imi l ar to 1 37cs ; i . e . , a rel eas e rate of  1 . 9 E-6/mi n .  and a maxi mum total  

re l ease
' 

of  . 1 2% ,  when exposed to  a 1 000°C fi re .  No credi t  i s  taken 

for mi t i gation  due to p l ateout on the l i ner • s  i nteri or  s urfaces . 

So l ong as the thermal i ntegri ty of the cas k remai ns i ntact ( l es s  

than 50% of  i ts wal l • s  l ead th i ckness i s  mel ted ) , the zeo l i te i ns i de the 

l i ne r is as sumed not to experi ence the severe thermal envi ronment . Th us , 

any rad i oact i ve rel ease from the zeol i te i ts el f ari ses so l e l y  from that 

ejected from the l i ner .  However , upon atta i nment of the cri ti cal  durat i on , 
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the fi re i s  ass umed to expose the l i ner ' s  enti re contents to the l 000°C 

thermal envi ronment (a  conservati ve ass umpti o n ) . Thus , rad i oact i ve 

rel ease ari ses from a l l the rema i n i n g  zeo l ite , whethe r i n s i de the l i ner  

or  ej ected . Any rad i o i s otopes re l eased by thi s heati ng  are as s umed to 

become a i rborne and res p i rab l e .  No credi t i s  g i ven for poss i b l e  retenti on 

i ns i de the b reached l i ner . 

B . 2 . 4  Scenari os 

The analys i s pres ented s o  far i ndi cates that the a i rborne , res p i rab l e  

re l ease of  radi on ucl i des for any s cenari o can be vi ewed i n  three stages : 

1 .  I n i ti a l  re l ease ( denoted by I x , ; • where x i nd i cates the s cenari o 

and i the i sotope ) --th i s i s  due so l e ly  to ejecti on of the unbound 

wate r .  S i nce a l l the unbound wate r i s  pres umed l os t , th i s  val ue 

wi l l  be the s ame fo r each s cenari o ( el i mi nati ng the need for the 

subs cri pt x ) . 

2 .  Sub cri ti cal -fi re-durat i on rel ease--th i s  i s  due s o l el y  to heati ng 

of any ej ected zeol i te (wi th a rel ease rate denoted by Cxl , ; ) .  

3 .  Pos t-cri ti cal - fi re-durat i on rel ease--th i s  i s  due to heat i ng of both 

the ej ected zeol i te (wi th re l ease rate Cxl , ; )  and that rema i n i ng 

i ns i de the l i ne r  (wi th a rel ease rate denoted by cx2 , ; ) ,  i n  effect , 

al l the zeo l i te .  

Cl earl y ,  s tages two and th ree do not app l y  to non- fi re s cenari os . 

Stage two i s  a l s o  not part of  the fi re-on l y  scenari c .  From th i s  model , 

i t  i s  pos s i b l e  to deri ve - general express i ons for the re l ease amount for 

any s cenari o :  

= I . 1 

= 

( non-fi re scenari o )  

J .  + C 1 . t for O<t<t0 1 X , 1 

I ;  + Cx l  , i t + cx2 , i ( t-t0 ) 

for t <t<t o- - max 

where t0 = cri ti cal durat i on 

Note that Cxl , i  = 0 for the fi re-on l y  scenari o .  
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B . 2 . 4 . 1  Fi re Durati on Interva l s 

Ca l cu l at i on of  Rx , i  for the non- fi re scenari os i s  strai ghtforward . 

However , for the fi re s cenari os , Rx , i ( t )  i s  a functi on of  the fi re durati on 

wh i ch i s  i tse l f probab i l i s ti cal l y  di s tr i buted .  Furth ermo re ,  the fi re 

s cenari os  are di vi ded i nto durati on i nte rval s ,  over whi ch there are as 

many va l ues for Rx , i ( t )  as the re are du rat i ons t .  Reso l uti on of  th i s  

di ffi cu l ty requ i res cons i derati on of the 1 1expected 11 ( probab i l i s ti cal l y-we i ghted)  

re l eases for each durati on i nterva l . 

I t  i s  fi rst necess a ry to obta i n the p robab i l i ty dens i ty functi on for 

the d i s tri buti on of fi re durati ons . Fi gure B . l  i s  approxi mated as a seri es 

of l i near segments whos e  endpo i nts are as fo l l ow :  

t 

0 

1 1 . 4  

1 5 . 3  

1 8 . 4 

2 1 . 8  

26 . 2  

30 . 0  

37 . 1  

60 . 0  

1 5 1 

F ( t ) 

0 

. 585 

. 750 

. 830 

. 884 

. 929 

. 957  

. 9 74 

. 989 

1 . 000 

( i n  fract i ons , not % )  

[th i s  i s  as sumed 
F ( tmax = 1 5 1 ) ] 

to be 

W i th these va l ues , the fo l l owi ng equat i ons are deri ved for the l i near  

segments : 

0 < t < 1 1 . 4  - -

1 1 . 4 < t < 1 5 . 3  - -

1 5 . 3  < t < 1 8 . 4  

1 8 . 4  < t < 2 1 . 8  

2 1 . 8  < t < 26 . 2  

26 . 2 < t < 30 . 0 

F ( t )  

F ( t )  

F ( t )  

F ( t )  

F ( t )  

F ( t )  
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= . 0 5 1 3t 
= . 0423t + . 1 03 
= . 0258t + . 355  

= . O l 59t + . 538 
= . O l 02t  + . 66 1  
= . 00737t + . 736 

.. 

.. 
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30 . 0  < t < 37 . 1 

37 . 1  < t < 60 . 0  

60 . 0  < t < 1 5 1 

F ( t )  ; . 00239t + . 885 

F ( t )  = . 000655t + . 9 50 

F ( t )  = . 000 1 2 l t  + . 982 

F ( t )  represents the cumul at i ve dens i ty functi on for fi res burn i ng 

for a durati on < t .  I n  other words , F ( t )  i s  the s um o f  the i nd i v i dual 

probab i l i ty dens i t ies  for fi res burni ng for t imes , up to durati on t ,  or : 

t 

F ( t )  = J f( L ) d ,  
0 

where f( c )  i s  th e probab i l i ty dens i ty functi on . f ( t )  i s  obtai ned from 

F ( t )  by tak i n g  the deri vati ve , as fo l l ows : 

f( t )  = d� F ( t )  

For the l i ne segments used to approxi mate F ( t ) , f ( t )  i s  merel y  the s l ope 

at t .  

t fill 
0- l l .  4 . 05 1 3 

1 1  . 4- 1 5 .  3 . 0423 

1 5 . 3- 1 8 . 4  . 0258 

1 8 ; 4-21 . 8  . 0 1 59 

2 1 . 8-26 . 2  . 0 1 02 

26 . 2 -30 . 0  . 00737 

30 . 0- 37 . 1  . 00239 

37 . 1 -60 . 0  . 000655  

60 . 0 - 1 5 1  . 000 1 2 1  

I f  drawn , f ( t )  wou l d cons i s t o f  a seri es o f  s teps s tart i ng a t  ( 0 ,  0 . 5 1 3 ) 

and en di n g  at ( 1 5 1 , 0 ) . 

At any ti me t ,  the expected re l eas e for rad i o i s otope i from scenari o 

x i s  [Rx , i ( t ) ] = Rx , i ( t ) f ( t ) dt .  Two s i tuati ons mus t be exami ned : 

0 < t < t0 ( s ubcri t i ca l  fi re ) and t0 � t � tmax ( post-cri ti cal fi re ) . 
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8 . 2 . 4 . 1 . 1  Subcri ti ca l  

The expected re l ease from a l l fi res wi th i n  the s ubcri ti cal  durat i on 

= Ito 
[Rx , ; ( O  < al l t < t0 ) ] ( I ; + Cx l  , ; t ) f ( t ) dt 

0 

= 
( I . + Cxl  , i  

t
s ) F ( to ) 1 

where F (  t0 ) = Ito f ( t ) dt 

0 

fs = to 
tf( t ) dt/ F ( t0 ) = 7 . 38 mi n 

0 

fs i s  i n te rpreted as the mean fi re du rati on for a s ubcri ti cal  fi re .  F ( t0 ) 

i s  j us t  the probab i l i ty that  a fi re l as ts l es s  than 1 5 . 3  mi n . ,  corres pondi ng  

preci s e l y  to the  term p (E/ F )  used  i n  the s cenari o probab i l i s t i c expres s i ons . 

Th us , the te rm ( I 1 + Cxl , i  
fs ) i s  the re l eas e amount fo r any s ubcri t i ca l  

fi re s cenari o .  

8 . 2 . 4 . 1 . 2  Pos t-Cri ti cal  

The f i re durati ons fo r the post-cri t i cal  s i tuati on have been di vi ded 

i nto th ree i nterval s .  Denoti n g  the endpoi nts of any i nterva l as t_ and t+ , 

the expected re l ease over th i s  i nterva l i s  as fo l l ows : 

[ Rx , ; ( t_ � a l l t � t+ ) ] = 

Jrt+ 
[ I I + cx1 , ; t + cx2 , 1 ( t - t0 ) ] f ( t ) dt = 

t 
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t 

F ( t_ ) = Jf - f ( t ) dt 

0 

t+ 
t+ 

= j( tf( t ) dt/ [ F ( t+) F ( t_ ) ] 

t 

t
+ i s  i nte rpreted as the mean  fi re durati on over the i n terval t to t+ . 

For th e th ree durat i on i nterval s i n  the post-cri t i cal s i tuati on , these 

val ues are as fol l ow :  

I NTERVAL 

2 

3 

t_ (mi n . )  

1 5 . 3  

30 . 0  

60 . 0  

t+( mi n . )  

30 . 0  

60 . 0  

1 5 1 

t+(mi n . )  

20 . 7  

39 . 8  

1 05 . 5  

[ F ( t+ ) - F ( t_ ) ] i s  j us t  the probab i l i ty that a fi re l as ts between t_ and 

t+ . When the va l ues for t_ and t+ are s ubsti tuted , th i s  term corres ponds 

preci se ly  to p ( E 1 / F ) , p ( E2/ F ) , or  p ( E3/ F )  used i n  the probab i l i st i c 

express i on for each s cenari o i nterval . Th us , fo r each of the post

cri ti ca l durati on i nterval s ,  the term [ I I + Cxl , i
t

+ + Cx2 , i  (t+ - t0 ) ] i s  

the rel ease amount when the appropri ate val ue of t
+ i s  s ub s ti tuted . 

B . 2 . 4 . 2  Re l ease Rates for S cenarios  I n vo l v i n g  Fi re 

The re l ease for each radi o i sotope i n vol ved i n  a fi re s cenari o depends 

upon the fracti onal  re l ease rate and the amount of zeo l i te exposed . 

The fracti onal  re l ease rate for each radi o i soto pe ( 89sr ,  90sr ,  1 34cs , and 
1 37 cs ) has been est imated to be the s ame (1 . 9E-6/mi n . ) . The fi re duration 

had been s peci fi ed for each duration  i n terval . Thus  the amount of  zeo l i te 

exposed wi l l  determ i ne the d i fferences i n  rel ease rates among the vari ous  

scenari os  i n vol v i ng  fi re .  
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B . 2 . 4 . 2 . 1  Fi re-On l y  

I n  the fi re-on ly  scenari o ,  a l l the zeo l i te ,  whethe r i t  b e  ej ected 

from or retai ned wi th i n  the b reached l i ne r ,  i s  a s s umed to experi ence the 

1 000°C the rmal envi ronment after atta i nment of the cri ti cal  durat i on .  Thus , 

the re l ease rate for any radi onucl i de i wi l l  be : 

cx2 , i  = ( 1 . 9 E- 6/mi n . )  ( l oadi ng  of i sotope i i n  zeol i te )  

Thes e are l i sted i n  terms o f  the amount a i rborne and _ res pi rab l e  i n  Tab l e  

B . 4 .  

B . 2 . 4 . 2 . 2  I mpact-wi th- Fi re 

I n  th e i mpact-wi th-fi re s cenari o ,  the re l ease rate w i l l  vary from 

the s ubcri ti cal  to the post-cri ti cal  durat i ons . Ass umi ng 5% of the zeol i te 

i s  i n i ti a l l y  ejected i nto the fi re , on l y  thi s porti on i s  exposed duri ng  

the s ubcri t i ca l  durati on . However , once the cri ti cal  du rati on i s  reached , 

the remai n i ng 95% i ns i de the l i ner , i n  addi t i on to the 5% a l ready ej ected , 

i s  a s s umed to feel  the se vere therma l envi ronment . Thus , as i n  the fi re

on ly  s cenari o ,  a l l the zeol i te i s  a s s umed to be exposed beyond the cri t i cal  

durat i on . The re l ease rates for any radi on ucl i de i w i l l  · be :  

C 1 . = ( . 05 ) ( 1 . 9E-6/mi n ) ( l oadi ng  of i sotope i i n  zeol i te )  X , 1 

cx2 , i  = ( . 9 5 ) ( 1 . 9 E-6/mi n ) ( l oadi ng of i sotope i i n  zeol i te )  

These  are l i s ted i n  te rms of the amount a i rborne and res pi rabl e i n  Tab l e  

B . S .  

B . 2 . 4 . 2 . 3  Puncture-wi th- F i re 

The rel eas e rates for the puncture-wi th-fi re s cenari o are anal ogous 

to those for i mpact-wi th- fi re , except for a di fference i n  magn i tude . 

S i nce the puncture b reach i s  pres umed smal l er than that for i mpact , on l y  

1 %  of  the zeo l i te s h ou l d  b e  i n i t i al l y  ejected i nto the fi re . Thus , the 

re l ease  rates for any rad i onucl i de i w i l l  be : 
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TABLE  B . 4 .  Es t i mated Ai rborne Re l ease Rates i n  the Res pi rab l e  
Ran ge fo r the Fi re-On ly  Scenari o 

I SOTO PE LOADI NG ( C i ) RELEASE RATE* ( Ci /mi n )  

89Sr  . 28 5 . 3E-7  

90sr 2757 . 0052 

l 34Cs 601 2 . 0 1 1 

1 37 Cs 5941 0 . 1 1  

*At l 000°C 

TABL E  B . 5 .  Es ti mated Ai rborne Rel ease Rates i n  the 
Res pi rab l e  Range for the Impact-wi th - Fi re 
Scenari o 

I SOTOPE LOAD ING 

89Sr  . 28 

90s r 2757  

l 34cs 60 1 2  

l 37cs 5941 0 

( C i ) 

RELEASE RATES* ( C i /mi n )  
Cxl , i Cx2 , i 

2 . 7E-8 5 . 1 E- 7  

2 . 6E-4 . 0050 

5 . 7E-4 . 0 1 1 

. 0056 . 1 1  

*At l 000°C , as s umi ng 5% of zeo l i te ejected i nto the fi re i n i t i al ly 
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Cxl , i  = ( . O l ) ( l . 9 E-6/mi n ) ( l oadi n g  of  i s otope i i n  zeo l i te )  

C 2 . = ( . 99 ) ( 1 . 9 E-6/mi n ) ( l oad i ng o f  i sotope i i n  zeol i te )  X , 1 

Thes e are l i s ted i n  terms of the amount a i rborne and res p i rab l e  i n  Tab l e 

B . 6 .  

Gi ven equal  fi re durati ons , the a i rborne re l eas e i n  the res p i rab l e  

range for each rad i onuc l i de i n  the zeo l i te ( 89sr ,  90sr ,  1 34cs , and 1 37cs ) 

wi l l  be  l arges t for the i mpact-wi th-fi re s cenari o .  I n  addi t i on to the 1 00% 

of the zeo l i te be i n g  exposed shoul d the fi re durat i on exceed cri ti cal , there 

i s  the addi ti onal  expos ure of 5% of the zeo l i te duri n g  th e s ubcri t i cal  

phas e .  On l y  1%  is  s o  exposed i n  puncture-wi th-fi re wh i l e  th ere i s  no 

re l ease duri ng the s ubcri ti cal  phase for fi re-on l y .  

B . 2 . 4 . 3  Scenari o Re l eases  

The re l eases  ( a i rborr 1e and res pi rabl e )  for each rad i o i sotope are 

cal cu l ated for al l the scenari os , i nc l ud i ng the durat i on i nterva l s for 

those i n vol v i ng  fi re .  The res u l ts are l i s ted i n  Tab l e  B . 7 .  As expected , 

the l arges t re l eases for the radi onucl i des i n  the zeo l i te are associ ated 

wi th the i mpact-wi th-fi re s cenari o .  The sma l l es t , those for i mpact and 

puncture-on ly , are associ ated so l e l y  wi th the expu l s i o n  of unbound wate r .  

S i nce a l l 1 1 2  l bm are ass umed to b e  l os t  upon b reach ( regardl ess o f  

b reach s i ze or  acci dent force ) , these amounts are equal . 
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TABLE B . 6 .  Est i mated Ai rborne Re l ease Rates i n  the Res pi rab l e  
Range for the Puncture-Wi th - Fi re Scenari o 

I SOTOPE LOAD I N G  

89sr . 28 

90S r  2757 

1 34cs 60 1 2  

1 37 Cs 594 1 0  

( Ci ) 

RELEASE RATES* ( C i /mi n )  
cxl , ; cx2 , i  

5 . 3E-9 5 . 3E-7  

5 . 2E- 5 . 0052 

1 . 1  E-4 . 0 1 1 

. 00 1 1 . 1 1  

*At l 000° C , as s umi ng 1 %  of  zeol i te ej ected i nto the fi re i n i t i al l y  
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TABLE B . 7 .  Esti mated Ai rborne Re l eases  i n  the Res pi rabl e Range for 
Al l Acc i dent Scen ari os 

ACC I DENT SCENAR IOS 
I' 

F I RE ONLY I u I MPACT W I TH F I RE PUNCTURE W ITH F I RE 

3H Rel ease ( C i ) 
60co Rel ease ( C i ) 
89s r Rel e ase ( C i ) 

90s r Rel ease ( C i ) 
95Nb Re l ease ( C i ) 

1 03Ru Rel ease ( C i ) 

1 06Ru Re l ease ( C i ) 
1 25sb Re l ease ( C i ) 

1 34cs Release ( C i ) 
1 37cs Rel ease ( C i ) 

1 44ce Re l ease ( C i ) 

. ., 

F i re Dura t i o n  ( mi n . )  

1 5 . 3  - 30 . 0- 60 . 0-
30 . 0  60 . 0  1 5 1 

. 047 . 047 . 047 

l:> . 5E-6 2 . 5E-6 2 . 5E-6 

� . l E-6 1 .  3E-5 4 . 8E-5 

. 0 30 . 1 3  . 47 

D . OE- 1 1  2 . 0E·· 1 1  2 . 0E-1 1 

n . OE - 1 0  l . OE- 1 0  l . OE- 1 0  

� - 3E-5 4 . 3E-5 4. 3E- 5 

fi . 6E-4 6 . 6E-4 6 . 6E-4 

. 059 . 27 . 99 

. 59 2 . 7  9 . 9  

fi . 3E-6 6 . 3E-6 6 . 3E-6 

M 0 N 0 
p N c N 
A L T L 
c y u y 
T � 

. 047 . 047 

2 . 5E - 6  2 . 5E-6 

2 . 3E - 7  2 . 3E - 7  

. 001 6 . 001 6 

2 . 0E - l  2 .OE- 1 1 

l . OE- 1 0  l . OE- 1 0  

4 . 3E-5 4 . 3E-5 

6 . 6E-4 6 . 6E-4 

7 . 3E-5 7 . 3E - 5  

6 . 9E-4 6 . 9E-4 

6 . 3E-6 6 . 3E-6 

F i re Du rat i on ( mi n . ) F i re Durat i on ( mi n . )  

0 - 1 5 . 3- 30 . 0- 60 . 0- 0- 1 5 . 3- 30 . 0-
1 5 . 3 30 . 0  60 . 0  1 51 1 5 . 3  30 . 0  60 . 0  

. 047 . 047 . 047 . 04 7  . 047 . 047 . 04 7  

2 . 5E-6 2 . 5E-6 2 . 5E-6 2 . 5E-6 2 . 5E-6 2 . 5E-6 2 . 5E-6 

4 . 3E - 7  3 . 5E-6 1 .  4E- 5  4 . 9E - 5  2 . 7E - 7  3 . 2E-6 1 .  3E-5 

. 0035 . 034 . 1 3  . 48 . 0020 . 031 . 1 3  

2 . 0E-l  2 . 0E - 1 1 2 . OE.- 1 1  2 . 0E- 1 1  2 . 0E - l  2 . 0E - 1 1 2 . OE- 1 1  

1 . O E - 1 0  l . OE- 1 0  l . OE- 1 0  l . OE - 1 0  l . OE- 1 0  l . OE- 1 0  l . O E - 1 0  

4 . 3E - 5  4 . 3E - 5  4 . 3E - 5  4 . 3E-5 4 . 3E - 5  4 . 3E - 5  4 . 3E-5 

6 . 6E-4 6 . 6E-4 6 . 6E-4 6 . 6E-4 6 . 6E-4 6 . 6E-4 6 . 6E-4 

. 0043 . 0 7 1  . 29 1 . 1 8 . 8E-4 . 062 . 27 

.042 . 7 1 2 . 9  1 1 .  . 0088 . 62 2 . 7  

6 . 3E-6 6 . 3E-6 6 . 3E-6 6 . 3E-6 6 . 3E-6 6 . 3E - 6  6 . 3E - 6  

60 . 0-
1 51 

. 047 

2 . 5 E-6 

4 . 9 E-5 

. 48 

2 . O E- 1 1  

l . OE- 1 0  

4 . 3E-5 

6 . 6E-4 

1 . 0 

1 0 .  

6 . 3E-6 
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APPEND IX  C 

ANALYS IS OF  DOSE FROM RADIOACT I V E  RELEASES 

C . l  ANALYS IS  REQU IREMENTS 

To est imate the dos e  to the exposed popu l ati on a l ong the trans port 

route from the re l ease of a i rborne , res p i rab l e  radi onuc l i des from potent i a l  

trans portati on acci dents , the fo l l ow i n g  mus t b e  cons i de red : 

1 .  Atmospheri c di s pers a l  of the radi onuc l i des 

2 .  Dose to the cri ti ca l  organs from the radi onucl i des 

3 .  Popul ati on d i s tri buti on a l ong the trans portati on route 

Parameters for th ese are then combi ned wi th th e res ul ts from the acci dent 

s cenari o analys i s  ( probab i l i ti es and re l eas es ) to y i e l d an esti mate of 

the ri s k  to the exposed popu l ati on i n  terms of  dose . 

C . l . l  Atmosphe ri c Di spers a l  

The atmos pheri c d i s pers al  o f  a i rborne rad i onucl i des i s  ana l yzed 

us i ng the TREC I I  pro gram .  ( l )  I t  empl oys the Gaus s i an p l ume model to 

determi ne the i sopl eths downwi nd from the re l eas e .  The di ffus i on c l i ma

tol ogy i s  s peci fi ed for the i nha l ati on pathway th rough the fo l l owi ng  

vari ab l es : wi nd d i recti on ,. wi nd speed , and  atmos pheri c s tabi l i ty ( Pasqu i l l  

categori es ) .  Val ues for these have been i ncorporated d i rect ly  i nto TREC I I  

by averagi n g  over reactor s i tes th roughout th e U . S .  These defaul t val ues 

are as s umed for thi s asses sment . 

The he i gh t  at wh i ch the re l ease occurs can a ffect the popu l ati on dose . 

A re l ease hei ght of 0 meters ( ground  l evel ) i s  found to g i ve the maxi mum 

dose . Th us , th i s  val ue i s  conservati ve l y  as s umed ( a  re l ease ori g i nat i n g  

near the ground i s  expected anyway ) . Another parameter affecti ng the dose 

is th e mi n i mum d i stance to th e poi nt  of re l eas e a l l owed for the genera l 

pub l i c .  A va l ue of 20 m . i s  ass umed to be repres entati ve s i nce i t  i s  expected 

that the genera l pub l i c  wou l d  not be a l l owed very near to the acci dent s i te .  
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The re l ease durat i on vari es fo r each s cenari o ,  but TREC I I  a l l ows 

for on l y  one val ue to app ly  to a l l .  The res u l ts are found to be i nsens i t i ve 

to thi s so  l on g  as the actual re l ease rates are used for each s cenari o .  

Thus , the maxi mum expected re l ease t i me for any s cenari o ( 1 05 . 5  mi n .  for 

the l on gest-durati on fi re )  i s  as s umed .  Al so , the mi n i mum dos e to an i ndi v i -

dual  that wi l l  b e  cons i dered i s  set a t  1 00 mrem/yr , the average fo r natura l � 

background . 

C . l . 2  Cri t i ca l  Organs and Radi o i s otopes 

The res u l ts from the acci dent s cenari o analys i s  i ndi cate that 

e l even rad i on ucl i des are potenti a l l y  re l eased ( Tab l e B . 7 ) . Howeve r ,  TREC I I  

a l l ows a maxi mum o f  on ly  fi ve rad i o i s otopes for dose anal ys i s .  Thus , these 

e l even i sotopes mus t somehow be grouped i nto fi ve categori es fo r i n put 

i nto TREC I I .  

The dos e depends upon both an organ ' s uptake of  a rad i onuc l i de 

and the i s otope ' s concentrati on . Thus , a reas onab l e  meas ure of  the rel a

ti ve e ffect of  each i s otope i s  the product of  i ts rel eased radi oacti v i ty 

( a i rborne and res pi rab l e )  and  i ts dose convers i on factor ( fo r  50-year  

i nha l ati on dos e )  fo r each cri t i cal organ . TREC I I  a l l ows fo r a maxi mum 

of fi ve cri ti cal organs . Based on s tudi es performed i n  prev i ous trans por

tati on ri s k  assessments , fo ur are s e l ected : total body , bone , l ung , and  

thy ro i d .  

The products o f  thes e two parameters are l i s ted i n  Tab l e  C . l  for each 

radi o i sotope and cri ti cal organ . S i nce several i sotopes ( 89s r ,  90s r ,  
1 34cs , and 1 37cs ) have rel eases that vary for d i fferent scenari os , the max i 

mum rel eases that can occur are u sed i n  these cal cu l ati ons . The fo l l owi ng  

four radi o i s otopes contri bute mos t  to the cumul ati ve equ i val ent dose  effects 

( exc l ud i ng  thyro i d ) :  

% CONTR I BUT ION TO CUMULAT I V E  EQU IVAL ENT DOSE E FFECT 
ISOTOPE  TOTAL BODY BONE LUNG 

90sr 81 91 8 . 9  

1 25sb . 00 1 8 . 00 1 6  . 39 

1 34cs 2 . 9 . 51 9 . 7  

1 37 Cs 1 6  8 . 4 81 
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TABL E  C . l . Equ i val ent Dose Effects to Cri ti cal  Organ s for I nha l ati on of Rel eased Rad i o i sotopes 
( Ai rborne , Resp i rab l e )  

REL EAS ED* DOSE CONVERS ION  FACTORS** EQU I VAL ENT DOS E  EFFECTS*** 
RAD I OACT I V ITY ( rem-m3/Ci  - sec )  ( rem-m3/s ec )  

I SOTOPE  ( C i } TOTAL BODY BONE LUNG THYRO I D  TOTAL BODY BONE LUNG THYRO I D  

3H . 047  . 026 . 026 . 0 26 . 00 1 2 . 00 1 2 . 00 1 2 

60co  2 . 5E-6  2 . 7  1 000 6 . 8E-6 . 0025  

89s r  4 . 9 E- 5  3 . 4  30 . 6 1 . 1 .  7E-4 . 00 1 5 . 00 30 

90S r  . 48 690 2800 6 . 7  330 1 300 3 . 2  

9 5N b  2 . 0E - l l 1 . 9 5 . 2  2 1 . 3 . 8E- l l  1 . OE- 1 0  4 . 2E- 1 0  

l 0 3Ru l . OE - 1 0  . 30 . 6 3  23  . 3 . 0E- l l  6 . 3E- l l 2 . 3E-9 
(""') 
I 1 06Ru w 4 . 3E- 5 1 . 1  8 . 9  7 1 0 4 . 7E-5 3 . 8E-4  . 0 31 

1 25Sb 6 . 6 E-4  1 1 . 35 . 2 1 0  . 0070 . 0073  . 023  . 1 4  4 . 6E-6 

1 34Cs 1 . 1 1 1 . 6 . 6  3 . 2 1 2 .  7 . 3  3 . 5  

1 37 C s  1 1 . 6 . 0  1 1 . 2 . 6  66 . 1 20 29 . 

1 44ce 6 . 3E-6 6 . 4  1 20 560 4 . 0E-5  7 . 6 E- 4  . 0035 

CUMULAT I V E  408 1 427  35 . 9  . 00 1 2 

*For radi o i s otopes whose  rel ease amounts vary , the maxi mum i s  u s ed . 

**50-yea r  i nh a l at ion  dose ( from Reference 2 ) .  

***P roducts of re l eased rad i oacti vi ti es and dose convers i on factors . 



Of the rema i n i n g  seven radi oi sotopes , 95Nb and 1 03Ru make a negl i g i b l e  

contri buti on to the cumul ati ve equi val ent dose effects . The rema i n i ng fi ve 

( 3H ,  60co , 89sr ,  1 °6 Ru , an d 1 44ce)  can be grouped togethe r an d an equ i val ent 

dos e con vers ation  factor ca l cu l ated for each cri t i ca l  organ . Of  the fi ve 

radi o i s otopes , on ly  89s r  has a var i ab l e  re l ease .  The maxi mum val ue i s  

us ed 

l ent 

in  these  ca l cul ati ons to yi e l d  a conservat i ve esti mate of  the equ i va-

factors . The res u l ts are s ummari zed be l ow for the fi ve radi o i s otopes : 

EQU IVALENT DOSE EQU I VALENT DOSE* 
CRI T I CAL EFF�CT CONVERS ION  FACTOR 

ORGAN ( rem-m /sec ) ( rem-m3;c i -sec)  

TOTAL 
BODY . 00 1 5 . 032 

BONE . 0026 . 056 

LUNG . 04 1  . 87 

THYRO I D  . 00 1 2  . 0 26 

*Cal cu l ated by di vi d i n g  equ i va l ent dos e effect by re l ease amount 
for ent i re group  ( . 047 C i ) 

Thes e eq u i va l ent dos e con ve rs i on factors are i nput i nto TREC I I  a l ong  

wi th the dos e con vers i on factors for the four other radi oi s otopes . These  

val ues are s ummari zed in  Tab l e  C . 2 .  The  potenti al i mpact of 90sr ,  es peci a l l y  

to tota l  body and bone , i s  evi dent . 

W i th the ori g i n a l  el even rad i o i s otopes now reduced to fi ve , the 

rel ease fract i on and re l eas e rate ( fract i on/mi n . )  are ca l cu l ated for 

each i s otope in each s cenari o and i nput i nto TREC I I .  The re l ease rate 

i s  ass umed un i fo rm over the s cenari o durati on . For the i mpact and puncture

on l y  s cenari os , a durati on of 1 mi n .  is  as s umed .  For the remai nder , a l l 

of wh i ch i n vol ve fi re ,  the mean f i re durati on ( 7 . 38 mi n . ,  20 . 7  mi n . , 

39 . 8  mi n . , or 1 05 . 5  mi n . )  i s  used for each i nterval . The res u l ts are 

tab u l ated i n  Tab l e  C . 3 .  The total amounts of each radi o i s otope as s umed 

to be present at the s tart of s h i pment ( J anuary 1 ,  1 982 ) are as fo l l ow :  
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TABLE  C . 2 .  Dose Convers i on Factors for F i ve Radi o i s otopes 
Used i n  TREC I I  Dose Anal ys i s  

,. 
DOSE CONVERS ION  FACTOR** 

( rem-m3;ci -sec ) 
ISOTOPE  TOTAL BODY BONE LUNG THYRO I D  

•• 
3H* . 0 32 . 056 . 087 . 026 

90Sr  690 2800 6 . 7  

1 25Sb 1 1 . 35 . 2 1 0  . 0070 

1 34Cs 1 1 . 6 . 6  3 . 2  

1 37cs 6 . 0 1 1 .  2 . 6  

*Th i s  i s  a group of fi ve i s otopes : 3H ,  60co , 89s r ,  1 06Ru , and 1 44ce . 

**50-year i nha l ati on  dose . 

I 
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TABLE  C . 3 .  Fracti ona l  Rel eases  and Re l ease Rates 
for Rad i o i sotopes ( Ai rborne , Res p i rab l e )  
i n  Acc i dent  Scena r i os 

ACC I DENT SC ENAR IOS 

F I RE ONLY  I MPACT PUNC . I MPACT W I TH F I RE PUNCTURE W I TH F I RE ONLY ONLY 

MEAN SCENAR I O  DURAT I ON ( mi n . ) 

20 . 7  39 . 8  1 05 . 5  1 . 0 

3H* . 1 4  . 1 4  . 1 4  . 1 4  --- -- ·-- -� 

90s r 1 .  l E- 5  4 . 7E-5 1 .  7 E - 4  5 . 8E - 7  

l 2 5Sb 1 . 0 1 . 0  1 . 0 1 . 0 

l 34Cs 9 . 8E-6 4 . 5E-5  l . 6E-4 1 . 2 E-8 

l 3 7Cs 9 . 9E-6 4 . 5E-5  1 . 7E-4  1 . 2E-8 

3H* . 0068 . 0035 . 00 1 3  . 1 4  

90s r 5 . 3E - 7  l . 2E-6 1 . 6 E-6 5 . 8E-7  ---
l 25Sb .048 . 025 . 0095 1 . 0 --
l 34

Cs 4 . 7E-7  l .  l E-6 1 .  5E-6 1 , 2E-8  

1 37 Cs 4 . 8E - 7  l .  1 E-6 l . 6E-6  1 . 2E-8 

* I n c l udes 3H ,  60co ,  89s r ,  106Ru ,  a n d  1 44
c� 

.. 

1 . 0 7 . 38 20 . 7  39 . 8  

. 1 4  . 1 4  . 1 4  . 1 4  
��- --

5 . 8E - 7  1 .  3E-6 l . 2 E - 5  4 . 7E-5  

1 . 0 1 . 0 1 . 0 1 . 0 

1 . 2 E-8 7 . 2E - 7  1 .  2E-5  4 . 8E - 5  

1 . 2E-8 7 .  1 E-7  1 . 2 E - 5  4 . 9E-5  

. 1 4  . 0 1 9  . 0068 . 0035 -�- ---
5 .  8E- 7 1 . 8 E - 7  5 . 8E-7  1 .  2E-6  

1 . 0 . 1 4  . 048 . 025 

1 .  2E-8 9 . 8E-8 5 . 8E-7  1 .  2E-6  

1 . 2E-8  9 . 6E-8 5 . 8E-7  1 .  2E-6  

1 05 . 5  7 . 38 20 . 7  39 . 8  

. 1 4  . 1 4  . 1 4  . 1 4  

1 . 7 E-4  7 . 3E-7  1 .  l E - 5  4 . 7E-5  

1 . 0 1 . 0 1 . 0 1 . 0 

1 . 8E-4 1 .  5E-7  l . OE-5  4 . 5E-5  

l . 9 E-4 1 .  5 E-7  1 . O E - 5  4 . 5E-5  

. 00 1 3  . 0 1 9  . 0068 . 0035 

1 . 6E-6 9 . 9E-8  5 . 3E - 7  1 . 2E-6 

. 0095 . 1 4  . 048 . 025 

1 .  7E-6 2 . 0E-8 4 . 8E - 7  1 .  l E-6 

1 . 8E - 6  Z . OE-8 4 . 8E - 7  1 .  l E-6 

• 

1 0 5 . 5  

. 1 4  

1 . 7 E- 4 

1 . 0 

1 .  7E-4 

1 . 7E-4  

. 00 1 3  

1 . 6E-6 

. 0095 

1 .  6E-6 

1 . 6E-6 

• 



• 

•• 

•• 

•• 

3H* = . 33 C i  ( i ncl udes . 28 Ci of 89s r ) 

90Sr  = 2757 C i  

1 25sb = 6 . 6 E-4  C i  

1 34cs = 60 1 2  C i  

1 37 Cs = 594 1 0  C i  

Thes e are i nput i nto TREC I I .  TREC I I  a l l ows fo r a maxi mum of e i ght 

re l eas e- rate catego ries for al l th e scenari os . Thus , s i nce the re are 

1 3  scenari os , i t  i s  neces sary to regroup the re l ease rates i nto ei ght 

c l as s es . Th i s  i s  accomp l i s hed by not i ng s i mi l ari t i es i n  the s ets of 

re l eas e rates fo r the fi ve rad i o i sotopes among the 1 3  s cenari os . The 

scena rios  are regrou ped as fol l ow :  

Rel ease-Rate 
Category 

1 .  

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

Base 
Cas e 

Puncture-wi th-fi re 
( 20 . 7  mi n . ) 
Fi re-on l y  ( 39 . 8 mi n . ) 

I mpact-wi th-fi re 
( 1 05 . 5  mi n . ) 

Impact-on ly  

Impact-wi th-fi re 
( 7 . 38 mi n . ) 
Impact-wi th-fi re 
( 20 . 7  mi n . ) 
Impact-wi th-fi re 
( 39 . 8  mi n . ) 
Puncture-wi th-fi re 
( 7 . 38 mi n . ) 
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Other Scenari os 
Inc l uded 

Fi re-on l y  ( 20 . 7  mi n . ) 

Puncture-wi th- fi re 
( 39 . 8 mi n . ) 
Fi re-on l y  ( 1 05 . 5  mi n . ) 
Puncture-wi th-fi re 
( 1 05 . 5  mi n . ) 
Puncture-on ly  



The p robab i l i ty ( per sh i pment )  of an a i rborne , res p i rab l e  re l eas e i s  

i nput i nto TREC I I fo r each acci dent s cenari o ( these are l i s ted i n  Tab l e  

B . 2 ) . Al s o  i n put i s  the number  o f  s h i pments ( 2 ) . The rema i n i n g  i nput 

i s  re l ated to the popu l at i on d i s tri buti on and route . 

C . l . 3 Popu l at i on D i s tri buti on 

The s h i ppi ng route from TMI to PNL for the two s h i pments of  radi oacti ve 

zeol i te l i ners i s  s hown i n  Fi gures 3 . 5  th rough 3 . 7 .  An es t i mate of the 

popu l ati on d i s tri but i on a l ong thi s route is  ob ta i ned from PNL ' s POPCOR 

p rogram . The s h i ppi n g  route i s  di v i ded i nto a seri es of s tra i ght-

l i ne s egments whose endpoi nts are s peci fi ed by thei r corres pondi ng  l at i tudes 

and l ongi tudes . Each segment i s  further s ubdi v i ded i nto i nc rements of  

a s peci fi ed l ength . Ass i gnment of an equal d i s tance on  e i the r  s i de of  the 

segment compl etes the descri ption  of  the corri dor over  whi ch the popu l at i on 

dens i ty i s  to be  cal cul ated for that segment . Th us , each i ncrement corres 

ponds to an area determi ned by i ts l ength and the as s i gned wi dth . 

For each area a l ong the route , PO PCOR s cans a data base of cens us 

enumerat i o n  d i s tri cts and records the popul ati on dens i ty range i nto whi ch 

that area fal l s .  Thes e are tab u l ated for the enti re route , y i e l d i n g  

percentages for each popul ati on dens i ty range . POPCOR a l l ows for 1 3  

s uch ran ges , n umber 1 extend i n g  down to 0 persons/km2 and n umber  1 3  

exten d i n g  theoreti cal l y  to an un l imi ted n umber of  peopl e/km2 . For the 

TMI - PNL  route , the popu l ati on dens i ty ranges are l i s ted i n  Tab l e  C . 4 . Two 

corri dor wi dths are cons i dered for the route-- 2  km ( 1  km to ei the r s i de )  

and 1 0  km ( 5  km to e i ther s i de ) . The percent o f  the total route compri sed  

o f  each dens i ty range is  tab u l ated for  both wi dths , as s hown i n  Tab l e  C . 4 .  

The cens us data used i n  POPCOR i s  based  on the 1 9 70 cens us . To 

compens ate fo r any underest i mate thi s i ntroduces , the upper l i mi t of  each 

dens i ty range i s  pres umed to characteri ze that range . For exampl e ,  for 

the 1 0- km w i dth , 8 . 0% of  th e s h i ppi ng route i s  pres umed to be characteri zed 

by a popul ati o n  dens i ty of 300 peopl e/km2 . Us i ng these  upper bounds fo r 

the dens i ty ranges , the average popu l ati on dens i ti es over the ent i re route 

for the 2 and the 1 0- km wi dths a re cal cu l ated to be 1 09 and 1 4 1 peop l e/km2 
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lO 

CORRIDOR 
W IDTH (.km) 0-1  1 - 1 0  

2 60 . 3 . 3 

1 0 * 28.  1 7 .  

TABLE  C . 4 .  Percentages for Popu l ati on Dens i ty Ran ges 
o ver the Sh i ppi n g  Route 

POPULATI ON DENSITY RANGES ( peop 1 e/km2 ) 

60- 1 00- 300- 600- 1 000- 1 300-
1 0- 30 30-60 1 00 300 600 1 000 1 300 1 600 

7 . 2  1 1 .  3 . 6  7 . 2  5 . 5  1 . 9 . 83 . 28 

1 9 .  1 2 .  5 . 8  8 . 0  6 . 1  2 . 2  1 . 4 . 55 

* The va l ues for th i s width are se l ected fo r i nput i nto TREC I I .  

1 600- 2000-
2000 2500 2500+ 

0 . 28 0 

. 55 0 0 



respectively. Thus, the 10-km width yields a higher overall route density. 
It also is more representative of the distance over which an airborne, radio
active release in the respirable range can affect the exposed population. 
Therefore, the population density ranges over the transport route and their 
percentages ( interpreted as probab il ities) for the 10-km w idth are selected as 
input into the TRECII program. This represents the population that is 
assumed to be exposed to any release. 

C.2 S ENSITI VITY ANALYSIS 

A sensitivity analysis is performed by assuming the maximum estimable 
airborne release of radionuclides in the respirable range (.12% of the 
total radioactivity of each nuclide in the zeolite) occurs for the longest 
fire durations. As discussed in section B.2.3, this release is a maximum 
for zeolite exposure to a l000 °C fire regardless of duration. This 
release is conservatively presumed to occur for the duration interval 
of 60-151 minutes. 

The maximum estimable releases for 89sr, 90sr, l34cs, and 137cs are 
listed in T able C.5. The values for the latter three are substituted 
directly into the input for TR ECII as part of the longest duration 
intervals for scenarios involving fire. The 89sr release must be incor
porated into the results for the other four isotopes with which it is 
grouped. Its value of 3. 4E-4 Ci does not raise the release amount for the 
3H* group measurably (.047 Ci). However, it does alter the equivalent 
dose conversion factors for total body, lung, and especially bone. These 
are listed oelow. 

Critical Equivalent Do�e Equivalent Dose Conversion 
Organ Effect (rem-m /sec) F actor (rem-m3/Ci-sec) 

Total 
Body .0025 .053 

Bone . 011 .24 

Lung .058 1.2 
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TABLE  C . 5 .  Maxi mum Es t i mab l e Re l eases (A i rborne , Res pi rab l e )  and 
Fracti onal  Re l ease Rates for Rad i oi sotopes Expos ed 
to Longes t Durati on F i re 

MAX I MUM EST I MABL E  REL EAS ES 
FRACT IONAL* 

TOTAL RELEAS E RATE 
I SOTOPE  RAD IOACT I V ITY ( C i )  AMOUNT ( C i ) FRACT ION ( mi n- 1 ) 

89S r  . 28 3 . 4E-4 . 00 1 2 1 . 1 E-5** 

90Sr  2757 3 . 3  . 00 1 2 1 . 1 E-5 

1 34Cs 60 1 2  7 . 2  . 00 1 2 1 . 1 E-5 

1 37 Cs 5941 0 71 . . 00 1 2 1 . 1 E-5 

*Ass umed to occu r over 1 05 . 5  mi n .  

**Th i s  val ue i s  not i nput di rectly i nto TREC I I because the 89sr  re l ease 
mus t fi rs t be comb i ned wi th others i n  the 3H* rad i onucl i de group . 

Th us , the i ncreased re l ease of  89sr does not a l ter the rel ease amount 

( or rate ) for the 3H* group .  Its on ly  effect upon the TREC I I i nput i s  to 

ra i s e  the equ i va l ent dose con vers i on factors for total body , bone , and 

l ung i n  the 3H* group . 
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APPEND I X  D 

R I S K  ASS ESSMENT OF ALTERNATE SH I PP I NG ROUTE 

D . l CENTRA L  SHI PP I NG ROUTE 

The ri s k  associ ated w ith  s h i pp i ng the two rad i oacti ve zeo l i te l i ners 

a l ong  a mo re s outherly route than the one spec i f i ed i n  secti on 3 . 3  i s  

estimated . For conven i ence , th i s  a l ternate route wi l l  be referred to as 

the 11central 1 1 route ( s i n ce i t  traverses the cen tral port ion s  of the U . S . ) 

whi l e  the former wi l l  be cal l ed the 1 1 northern 11 route . 

The centra l route i s  shown i n  F i gure D . l .  I ts i ntended use  i s  duri ng 

w i n tertime when more adverse weather condi ti ons  m ight  beset the northern 

one . The cen tra l route i s  approximately  200 mi l es l onger than the northern , 

bri n g i n g  i ts total l ength to about 2 ,800 mi l es .  Th i s  i ncrease i s  about 8% . 

As for the northern route , a sh i pp i ng time of l es s  than one week i s  anti c i 

pated . 

D . 2  ACC I DENT PROBAB I L I T I ES AND RELEASES 

The i ncreased l ength of the cen tral route as opposed to the northern 

res ul ts i n  a s l i ghtly h i gher  probabi l i ty of a truck  acci dent i nvol v i ng a 

l arge package . Wh i l e  the truck acci dent rate per s h i pment per mi l e  remai n s  

the same a s  before , A (A )  = 2 . 5E-6/s h i pmen t-mi l e ( l ) , the probabi l i ty o f  an 

acci dent per s h i pment i ncreases around 8% due to the l onger d i stance , 

p (A )  = . 0070/ s h i pment as opposed to . 0065/ sh i pment for the northern route . 

S i n ce the data base from wh i ch these val ues are deri vec has a l ready g rouped 

togeth
.
er h i ghway acci dents duri ng  al l weather cond i t i ons , any expectati on 

of l es s  adverse weather a l ong the central  route duri ng the wi nter i s  not 

di rect ly  ass imi l ated i nto the acci dent probab i l i ty .  However ,  i t  i s  

bel i eved that th i s  val ue for the central route i s  conservati ve . 

The acci dent scenari os  are the same as before . Thus , for each scen

ari o ,  the probab i l i ty of a radi oacti ve re l ease per acci dent and the amount 

and rate of re l ease remai n  the same as  for the northern route [see Tab l es 

4 . 3  ( fi rst  row } and 5 . 1] . However , the re l ease p robab i l i ty per sh i pment 

for each scenari o i ncreases s l i g ht l y  ( about 8% ) due to  the i ncreased acc i 

den t probab i l i ty .  These are l i sted i n  Tabl e 0 . 1 .  
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SCENA R I O  
PROB . * 
( PER 
ACC I DENT 
SCEclAR !O 
P ROI L 
( PER 
SH I PMENT 

F I RE  ONLY 

TABLE  D . l . P robab i l i t i es  of  Occurrence o f  Acc i dent  
Scenari os for Centra l Route 

AC C I DENT SCENAR I O S  

p I MPACT W I TH F I R E  PUNCTURE W I T H  F I RE I u 
M 0 N 0 

(mi n . ) p N c N 
(mi n . ) F i re Dura t i o n  (mi n . ) F i re Dura t i on A L T L F i re Dura t i on 

c y u y 
1 5 . 3- 30 . 0- 60 . 0- T R 

0- 1 5 . 3  30 . 0  60 . 0 1 5 1  E 

. 0034 5 . 3 E-4 1 . 8E-4 . 0088 2 . 4E- 5 3 . 3 E - 5  

2 . 4E - 5  3 . 7 E - 6 1 .  2E-6 6 . 2 E - 5  1 .  7 E- 7  2 . 3 E - 7  

1 5 . 3 -

30 . 0 

9 . 2 E - 6  

6 . 5 E - 8  

3 0 . 0-
60 . 0  

1 .  5E-6 

1 .  OE-8 

60 . 0-
1 5 1  0- 1 5 . 3  

4 . 8E-7 9 . 0E - 8  

3 . 4E-9 6 . 3E - 1 0  

1 5 . 3 - 30 . 0- 6 0 . 0-
30 . 0  60 . 0  1 5 1  

2 . 5 E - 8  4 . 0E-9 1 . 3 E - 9  

1 . 8E - 1 0  2 . 8E- 1 1  1 9 . 2 E - 1 2  

I 
* These rema i n  unchanged from the val ues for the northern rou te . 



0 · 3  POPULAT ION D I STR I BUT I ON 

As for the northern route , the popul ation d i s tri buti on al ong the 

cen tra l one i s  es timated from PNL ' s POPCOR program . The same 1 3  dens i ty 

ra nges are se l ected a l ong  wi th the same two corri dor wi dths , 2 km ( 1  km to 

ei ther s i de )  and 1 0  km ( 5  km to e i the r s i de ) .  The percent of the total 

route compri sed of each dens ity range i s  tabu l ated for both wi dths , as 

shown in Tab l e  0 . 2 .  

U s i n g  the upper bound of each den s i ty range to characteri ze that 

range , the average popu l at i on den s i t i es over the enti re route for the 2 and 

the 10- km wi dths are ca l cu l ated to be 1 08 and 124 peopl e/km2 respecti ve l y .  

Compared to the corres pondi ng  va l ues for the northern route ( 109 and 141  

peopl e/km2 respect i vel y ) ,  that for  the 2-km wi dth is  found to  be  v i rtual ly  

the same whi l e  that for the 10- km wi dth is  approxi mately  12% l ess . Thus , 

with i n  1 km to ei ther s i de of the route , the popu l ati on dens i ty i s  about 

the same for both routes . However , with i n  5 km to ei ther s i de ,  the central 

route has a l ower popu l ati on dens i ty by about 12% . As before , the popu l ati on 

dens i ty ranges and percentages ( i nterpreted as probabi l i ties ) for the 10-km 

wi dth are sel ected as  i nput i nto the TREC I I program ( 2 ) . 

0 . 4  R I S K  EST IMATES 

The ri sk for sh i pp i n g  the two zeo l i te l i ners by truck i s  aga i n  es ti 

mated through  the TREC I I  program , wi th appropr iate .i nput mod i fi cations  to 

refl ect the centra l route . On ly  the fol l owing  i n put parameters change 

rel at i ve to the ori g i nal  ana lys i s  of the northern route : s h i ppi ng 

d i stance , acci dent scenar io  probab i l i t ies  ( per s h i pmen t ) , and probabi l i 

ties  for popu l at i on dens i ty ranges . Al l others , i ncl udi ng those re l ated 

to atmos pheri c di spersal , cri ti ca l  organs , and dose convers i on factors , 

rema in  the same . TREC I I  uses data for wi nd di recti on , wi nd s peed , and 

atmospheri c s ta b i l i ty whi ch are averaged over the enti re U . S .  Thu s , they 

are not mod i f i ed for the cen tral route . 

The ri sk  i s  agai n  meas ured i n  terms of the 50-year i n hal at ion dose 

(man-rems ) to the exposed popu l ati on (a l ong the central route ) resu l ti ng 

from the two s h i pments . Both forms are presented for the ri sk  estimates : 
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TABLE 0 . 2 .  Percentages for Popu l ati on  Dens i ty Ranges 
over the Central  Sh i ppi ng  Route 

POPULAT ION DENS ITY RANGES  ( peopl e/km2 ) 

60- 100- 300- 600- 1000- 1300-
1-10 10-30 30-60 100 300 600 1000 1300 1600 

3 . 9  6 . 7  7 . 9  5 . 2  9 . 4  3 . 0  1 . 7  . 99 . 25 

19 .  18 .  12 .  5 . 4  8 . 6  5 . 4  1 . 5  . 99 . 49 

* The val ues for thi s width are sel ected for i nput i n to TREC I I .  

1600- 2000-
2000 2500 2500+ 

. 74 0 0 

. 49 0 0 



the comp l ementary cumu l ati ve dens i ty functi on and the total  ri s k  ( expected 

dose ) . Res u l ts are presented for both the base and upper- bound (max i mum 

est imabl e re l ease ) cases . 

D . 4 . 1  Compl ementary Cumu l at i ve Dens i ty Functi on 

The compl ementary cumu l ati ve dens i ty fu ncti on for the two s h i pments 

from TM I to PNL a l ong the cen tra l rou te i s  shown on F igure D . 2  a s  a dotted 

l i ne for each case . The prev i ous curve for the northern route i s  s hown for 

eac h case as  a so l i d  l i n e .  As before , the base-case curve spans the 

fol l owi ng range of v a l ues : probab i l i ti es bel ow 2 E- 5  and doses bel ow 

0 . 7  man -rem . The l arges t  es ti mated dose i s  0 . 7  man - rem from the l east

l i ke ly  scenari o ( probab i l i ty of lE-9  for two sh i pments ) .  S i mi l ar ly , the 

upper- bound-case cu rve spans  the same range of va l ues as before : probab i 

l i ti es bel ow 2E-5  and doses bel ow 5 man -rem .  The l arges t  est imated dose 

i s  5 man- rem for the l east- l i ke l y  scenar i o ( p robabi l i ty of lE-9 for two 

sh i pments ) . 

F i gure D . 2  i nd i cates a s l i ght  reducti on i n  r i s k  i n  both cases for s h i p

men t a l ong the centra l rather than the northern route over nearly the 

ent i re dose range ( no reducti on ev i dent at max imum doses ) .  A quanti tati ve 

est imate of th i s reducti on is  presented in  the next sect i on . Qual i tati vel y ,  

th i s  i s  due to the decrease i n  popu l ati on den s i ty ou twe i gh i ng the i ncrea se 

i n  acci den t  probab i l i ty ( per sh i pmen t )  due to the l onger route . 

D . 4 . 2  Total Ri s k  ( Expected Dos e )  

For t h e  two s h i pments o f  rad i oacti ve zeo l ite  l i ners v i a  t h e  central 

route , the probab i l i ty of occurrence of an a i rborne , resp i rab l e  re l ease i s  

ra i sed s l i ght ly  to 1 . 8E-4 rel ati ve to the va l ue of 1 . 7 E-4 for the northern 

route . Th i s  i s  a resu l t  of the i ncreased route d i s tanc e .  However , the 

tota l expected doses decrease s l i ght ly  for the central route i n  both the 

base and upper-bound cases re l ati ve to the northern rou te val ues . Both 

decreases amoun t to approx imate l y  6% .  In  the base  case , the  central  route 

has a total  ri s k  of S . OE-7 man- rem , compared to 5 . 3E-7 man- rem for the 

northern route . I n  the upper-bound ca se , the central rou te has a va l ue of 

6 . 4E-7 man- rem , compared to 6 . 8E-7 man -rem for the northern . 
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These decreases can be exp l a i ned quanti tati vely as fo l l ows . For the 

cen tra l route , the probab i l i ty of an acci den t i s  roug h ly  8% h i g her due to 

the l onger di stance . However , the average popu l ation  dens i ty a l ong th i s  

rou te i s  about 12% l ower .  Si nce the se are comb i ned mu l t i p l i cati vel y to 

estimate the total ri s k ,  thi s val ue for the central rou te s hou l d be approxi 

mate ly  ( 1 . 08 )  ( . 88 )  = . 95 ,  o r  95% , o f  tha t for the northern , a decrease of 

roughl y 5% . 

0 . 4 . 3  Domi nant Acc i dent Scenari os  

Si nce the probabi l i ti es of occurrence and the re l ease amounts and  rates 

for the various scenari os have not changed re l ati ve to one another , the 

re l ati ve contri but ions  to the tota l ri s k  from each scenari o and each radi o

nuc l i de are not expected to change . Thi s i s  veri fi ed by the TREC I I  ana l ys i s  

for the cen tra l route . Thus , the percent contri buti ons to the tota l 

expected dose l i sted i n  Tab l es 5 . 4  and 5 . 6  for the northern route are the 

same for the central . Consequen tl y ,  as di scussed i n  secti ons 5 . 1 . 3 and 

5 . 2 . 3 ,  the impact-on ly  scenario  and 90sr re l ease domi nate the tota l ri s k  i n  

both the base and upper-bound cases . 

0 . 5  CONCLUS ION S  

To pl ace the se ri s k  estimates i nto perspecti ve , compari sons are made 

wi th natura l background radi ati on al ong the sh i ppi ng route and wi th the 

tota l ri s k  from postul ated acci den ts i nvo l v i ng spent fuel s h i pment .  The 

ana l ys i s fo l l ows that of secti on 5 . 3 .  

0 . 5 . 1  Natura l Background Rad i ation Compari son 

A compari s on i s  made wi th the average l evel of natural  bac kground 

rad i ati on ( 0 . 1  rem/pers on/year)  to the appropri ate popu l ation a l ong the 

centra l route . Th i s  i s  done for both the tota l expected dose and the 

maxi mum dose from the l eas t- l i ke ly  scenario i n  the upper- bound case . 

As for the northern route , the average i sopl eth area for the central 

one i s  90 . 6  km2 . For the central ' s average popu l ati on dens i ty of 124 

peo p l e/km2 over the en ti re route ( see section  0 . 3 ,  10-km wi dth ) , the 

number of peopl e exposed over the average i sopl eth area i s  1 . 1 E+4 .  If each 
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recei ves the average l evel of natural  background exposure ( 0 . 1 rem/year ) , 

the popu l ati on dose over one year i s  est imated as  1 1 00 man- rem from natural 

background . Th i s  i s  about 12% l es s  than the natura l background est imate 

for the northern route ( 1300 man-rem ) due to the l ower popu l ati on dens i ty .  

For the central  route ' s  upper-bound case , the total expected dose to 

the exposed popu l ati on has been e s ti mated at 6 . 4E-7 man- rem . Compared to 

the popu l ati on dose from natural background for the peopl e i n  the average 

i sopl eth area ( 1 100 man- rem ) , th i s  tota l ri sk  i s  cl early an i n s i g n i fi cant 

fracti on ( 5 . 8E- 10 ) . Whi l e  th i s  va l ue of 6 . 4E-7 man- rem i s  abou t 6% l es s  

than that for the northern route , i t  does compri se a s l i ght ly  ( ab out 1 2% ) 

h i gher , al though s ti l l  very negl i g i b l e ,  fract ion of the natural background 

expos ure a l ong the central route ( 5 . 8E- 10  compared to 5 . 2E- 10  for the 

northern route ) . The reas on i s  that the decrease in popu l ation  dens i ty 

(and , thu s , natural background exposure )  outwe i ghs  the decrease i n  total 

ri s k  for the central rou te . 

Correspond i n g  to the maxi �um dose from the l eas t-) i ke ly  scenari o i n  the 

upper- bound case (5 man- rem at a probabi l i ty of 1E-9  for two sh i pmen ts ) i s  

an i sopl eth area of 207 km2 for the central route . Th i s  dose resu l ts from 

exposure over thi s area when the popul ati on dens i ty i s  i n  the maxi mum 

range (an  upper l i m i t  of 2000 peop l e/ km2 for a 10-km wi dth , see Tabl e 0 . 2 ) . 
Us i ng th i s  upper l i mi t ,  the number of peopl e exposed over th i s  i sop l eth 

area i s  est imated as 4 . 1E+5 . Attri buti ng the average l evel of natural 

background exposure ( 0 . 1 rem/year ) to each person , the one-year popu l ati on 

dose i s  esti mated as 4 . 1 E+4 man-rem from natural background , the same as for 

the northern rou te . The maxi mum dose of 5 man- rem i s  found to be an i ns i g

n i fi cant fracti on ( 1 . 2 E-4 ) of th i s  natura l background dose , th i s  fracti on 

bei ng the same as for the northern route . 

0 . 5 . 2 Spent Fuel S h i ppi ng Compari s on 

As was done  for the northern route , the total r i s k  for the central 

route • s  upper-bound case i s  compared to that from postul ated acci den ts 

i nvol v i ng truck s h i pment of l ong-coo l ed  spent fuel . As deri ved from 

Tab l e  5 . 7  ( reproduced from reference 3 ) ,  the total expected dose from spent 

fue l  transportati on acc i den ts is  9 . 1 E-8  man- rem/ s h i pmen t- km ( same as 

0-9 



before ) . Wh i l e  the number of zeo l i te s h i pmen ts i s  the same for the cen tra l 

route ( 2 ) , the s h i pp i ng d i s tance i s  l onger ( 2800 mi l es or 4500 km ) . Thus , 

the tota l  r i s k  for s pe n t  fuel s h i pment becomes 8 . 2E-4 man- rem on a norma l 

i zed bas i s .  Thi s i s  about 8% hi gher than that for a base norma l i zed to the 

northern rou te ( 7 . 6E-4 man- rem ) due to the l onger di s tance . 

The total r i s k  for the zeo l i te upper- bound case i s  6 . 4E-7  man - rem for 

the cen tra l route . Compa ri son i nd i cates that the total expected dose from 

the zeol i te s h i pmen t  compri ses  a very sma l l fraction  ( 7 . 8E-4 ) of that from 

the spent fuel  s h i pment on a normal i zed bas i s .  Th i s  fracti on i s  approxi 

matel y 12% l es s  than that for the northern route ( 8 . 9E-4 ) due to the re l a

ti ve decrease i n  total r i s k  for the zeol i te upper- bound case ( about 6% 

compa red to the northern route ) and the re l ati ve i ncrease i n  the total ri s k  

for the spent fuel s h i pment ( around 8 %  compared to the northern rou te ) when 

norma l i zed to the central route . As before , the total ri s k  from poten t i a l  

acci den ts i n  the transport of  the two zeol i te l i ners i s  l es s  than . 00 1  o f  

that from s pent  fuel . 

As for the northern route , i t  is concl uded that the trans portati on of 

rad ioacti ve zeol i te l i ners from TM I to PNL by truck  al ong the central route 

can be accompl i s hed at an i ns i gn i f i cant l evel  of ri s k  to the publ i c .  

Re l ati ve to the no rthern route , the to tal ri s k  for the central s hows a 

s l i g ht decrease . A sma l l decrease i n  the fracti on of the tota l ri s k  

associ ated w i th a comparati ve s pent fuel s h i pmen t i s  a l so evi den t for the 

cen tra l route . Thi s rou te does s how a sma l l i ncrease i n  the fracti on of 

natural bac kground dos e attri butabl e to i t . However , wi th i n  the l i mi ts of 

accuracy associ ated w i th ri s k  as ses sment , both routes present essenti a l l y  

the same ri s k  - - i n s i gn i fi cant .  
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W. E .  Matt 
DOE 
EP-142 
Was h i ngton , D . C . 20545 

J .  0.  Neff 
Department of Energy 
Co l umbus Program Offi ce 
505 Ki ng  Avenue 
Co l umbus , OH 43201 

G. Oerte l 
DOE Nucl ear Waste Management 

Programs 
NE-320 , GTN 
Was h i ngton , D . C .  20545 

H. Pal mour I I  I 
2 140 Burl i ngton Eng i nerri ng  

Laboratori es 
No rth Carol i na State 

Un i vers i ty 
Ral ei gh , NC 27607 

J .  W .  Pee l 
DOE Idaho Operati ons  

Offi ce 
550 Second Street 
Idaho Fe l l s ,  I D  83401 

A. F .  Perge 
DOE Nucl ear Waste Management 

Prog rams 
NE-301 , GTN 
Was h i ngton , D . C .  20545 

J .  H .  P l etscher 
EG&G Idaho 
P.  0.  Box 88 
Mi ddl etown , PA 17057 



No . of  
Copi es 

R. W .  Ramsey , J r .  
DOE Nucl ear Waste Management 

Programs 
NE-301 , GTN 
Was h i ngton , D . C . 20545 

B .  Rawl e s  
Battel l e  Memori al  I n st i tute 
Offi ce of Nucl ear Was te 

I so l at ion  
505  Ki n g  Avenue 
Col umbus , OH 43201 

Research Li brary 
Battel l e  Memor ia l  I n st i tute 
505 Ki ng  Avenue 
Co l umbus , OH 43201 

G.  L .  Ri tter 
Exxon Nucl ear Idaho 
P .  0.  Box 2800 
Idaho Fa l l s ,  I D  8340 1 

R .  Roy 
202 Mater i a l s Research 

Laboratory 
Pennsy l van i a  State Un i vers i ty 
Un i vers i ty Park , PA 1 6802 

D .  B .  Roh rer  
D i v i s i on of Waste Management 
Nucl ear Regu l ato ry Commi s s i on 
Wash i ngton , D . C .  20555 

R .  Romatows k i  
DOE  Nucl ear Waste Management 

Programs 
N E-30 , GTN 
Was h i n gton , D . C .  20545 

T. C .  Run i on 
EG&G Idaho 
P .  0 .  Box 88 
Mi ddl etown , PA 1 7057 

D i s tr-4 

No . of  
Cop i es 

R .  D .  Smi th 
Di v i s i on of Waste Management 
Nuc l ear Regu l ato ry Commi s s i on 
Was h i n gton , D . C .  20555 

M.  J .  Ste i nd l er/ L .  E .  Trevorrow 
Argonne National  Laboratory 
9700 South Cas s  Avenue 
Argonne , IL 60439 

A .  L .  Taboas 
DOE Al buquerque Operat ions  

Offi ce 
P .  0 .  Box 5400 
Al buquerque ,  NM 87 185 

V.  Tri ce 
DOE Nucl ear Waste t�anagement 

Prog ram 
NE-30 , GTN 
Wash i ngton , D . C .  20545 

E. Vej voda 
Chemi cal Operati on s  
Rockwe l l I nternat iona l  
Rocky Fl ats P l ant 
P .  0 .  Box 464 
Go l den , CO 80401 

D.  L .  V i eth 
DOE Nucl ear Was te Management 

Programs 
NE-332 , GTN 
Was h i ngton , D . C .  20545 

R .  P .  l�h i tfi e l d 
DOE Savannah Ri ver Operati ons 

Off i ce 
P .  0 .  Box A 
Ai ken , SC  29801 

J .  B .  Wh i tsett 
DOE Idaho Operati ons  Off i ce 
550 Second Street 
Idaho Fa l l s ,  ID 83401 

• 



No . of No . of  
Coeies  Coei es 

A .  Wi l l i ams Pac i fi c  Northwest La bora tor� ( contd ) 
Al l i ed -General Nuc l ear Servi ces 

·� P .  0 .  Box 847 G .  J .  Exarhos 
Barnwel l ,  SC 298 1 2  J .  F .  Fri l ey 

R .  H .  V .  Gal l ucci  ( 5 )  
R .  Wi l l i ams A .  J .  Haverf i el d 

., E l ectri c Power Research L .  K .  Ho l ton 
I nsti tu te J .  H .  Jarrett 

3412  H i l l v i ew Avenue D .  E .  Knowl ton 
Pal o Al to , CA 94304 c .  A .  Knox 

L .  T .  Lakey 
W .  B .  Wi l son D .  E .  Larson 
DOE Savannah Ri ver  Operations  R .  0 .  Lokken 

Off i ce R .  P .  Marshal l 
P .  0 .  Box A J .  L .  McEl roy 
Ai ken , SC 29801 G .  B .  Mel l i nger 

J .  E .  Mendel 
ON S I TE T .  A .  Nel son 

J .  F .  Nes bi tt 
DOE R i c h l and 0Eerat ions  Offi ce R .  E .  N i ghti ngal e 
J .  M .  Peterson R .  D .  Peters 
P .  A .  Crai g A .  M .  Pl att 
R .  E .  Gerton R .  E .  Rhoads 
H .  E .  Ransom J .  M .  Rus i n  
S .  K .  Moy D .  H .  S i emens  
Rockwel l Hanford 0Eerat i ons  s .  c .  Sl ate 

s .  L .  Sutter 
R .  E .  Smi th c .  L .  Ti nmerman 

R .  L .  Treat 
5 5  Paci fi � Northwest La borator� R .  P .  Turcotte 

J .  W. Wa l d  
w .  B .  Andrews Techn i cal I nformation  ( 5 )  
w .  J .  Bjork l und Publ i sh i ng Coo rd i nati on ( 2 )  
H . T .  B l a i r  
w .  F .  Bonner 
D .  w .  Bri te 
R. A .  Braun s  
G .  H .  Bryan 
M .  J .  Budden 
J .  L .  Buel t 
J .  R .  Carrel l 

l J .  G .  Carter 
L .  A .  Ch i c k  
T .  D .  Ch i kal l a 

'� R .  D .  D i erks 
L .  R .  Dodd 

Di s tr-5 
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