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ABSTRACT 

The pend a n t  c a b l e  to the po l a r  c r a ne i n  Thr ee M i l e  
I s l a nd Uni t  2 ( TMI - 2 )  wa s suspend ed nea r  the 
center o f  the c o nt a i nme nt d u r i ng the Ma rch 1 9 7 9  
acc ident . I t  sus t a ined c o n s i de r a ble the rmal dama g e  
f r om t h e  hyd r ogen bur n  tha t o c cu r r ed . The c a ble 
wa s r emoved f r om TM I -2 and cut i nt o  s e c t i o ns .  wh i c h  
we r e  t he n  a nalyzed t o  a s s e s s  t he ext ent o f  damage 
a nd l e a r n  a s  much ellS pos s ible a bout the a c c i de n t  
e nvi r o nmen t  ( by s tudy i ng i t s  e f f e c t  o n  t h e  c a b l e ) .  
B o t h  e l e c t r i c a l  a nd ma t e r i a l s  t e s t s  we r e  emp l oyed 
in t he a na l y s e s .  whi c h  p r oduced i nf o rma t i o n  a bout 
the hyd r o g e n  bu r n  a nd �onta m i na t i o n  l eve l s  i n  
c o n t a i nment . 
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EXECUT I VE SUMMARY 

As a r esu l t  of t he acc id ent at Unit 2 of the Thr ee Mile 

I s l and 

rai s ed 

( TMI-2 ) nuc l ear powe r s tation many 

r egarding t he accid e n t  e nvironment 

que s t  ions we r e  

and the equip-

ment' s r e s pons e to that e nvironment . As par t of the s tudy 

to answe r t he s e  q u e s tions . the Cab l eE/Connec tions Task was 

formed at Sandia Nat iona 1 Laboratorie s . A l buqu e r qu e  ( SNLA ) . 

und e r  the direc tion of the Depar tment of Ener gy's Technical 

I nt e g r ation Of fice at TM I -2 .  I t s  ob j ec tives a r e  ( 1) to 

as s e s s  t he e f f ec t  of t he accid e nt on components of e l ec 

t r ical cir cuits ins tal l e d  in TMI-2, and ( 2 )  t o  l earn a s  much 

as pos s ib l e  abou t t he accid ent envir onment by s tudying the 

componen t s . One pie c e  of equipment s tudied as par t of the 

Cab l e / Connec tions Tas k was t he polar c r ane pendant cable 

{ PCPC ) . 

The s pecific ob j e c tive s of t his s tudy we r e  to ice ntify 

any significant c hanges in mat e r ial or e l e c t r ical c har

ac t e r  is tic s that t he PCPC expe rienc ed as a r e su l t  of the 

TMI- 2 e nvironment and to use this information to achieve a 

be tte r und e r s tanding of t he accident e nvironment . 

The PCPC had 4 1  insu lated conduc to r s  that p r ovid ed con

t ro 1 cir cuits to the polar c r ane in the TMI-2 conta i.nment . 

I t  was suspended near the c e n t e r  of t he containmen t  during 

t he accident , and its out e r  j ac ke t  s u s tained var ying d e g r e e s  

of thermal damage f rom t he hyd rogen bur n .  The s amp l e s  o f  

t he PCPC that we r e  s tudied inc lude s e c tions taken f r om three 

dis tinct r egions of the cab l e : t he c har r ed r egion. the 

dis col or ed r egion . and the u ndamaged r egion . 



Materia l s . e l ec tr ica 1 .  and therma 1 envi ronment stud i es 

wer e  empl oyed t o  analyze the cab l e . Thes e  i nc l ud ed 

• Tens i le/e l ongat i on t ests .  j ac ke t  hard ness . and 

i nsulation d ensity measur eme n t s  
-\:_'---.--= 

• Capac itance .  i ns u l a t i on res i s t ance . and charac ter 

i s t i c i mp edance measurement s  

• The rmogr av i metr i c analys i s . 

s imula t i ons and exper iment s . 

i ng geome t r y  analys i s  

heat - f l ux c o mput er 

and cont ainment build--

The r esu l ts of all tests i nd i cated that al t hough t he PCPC's 

outer j ac k e t  showed conside rab l e  damage . the ac c i dent 

e nvi r onment had l i t t l e or no ef f ec t on t he mat e r ial 

p r ope r t i e s  of  the i nner i nsulat i o n  o r  o n  the cab l e's abi l i ty 

t o  per form i t s  i n t ended func t ion .  Analys is of the mat e r ial 

prope r t ies of t he outer jacket provided val uab l e  data 

conc e r n i ng rad iat ion contam i nat i o n  l evel s  and the hyd rogen 

bur n .  Rad iat ion measur ements 

d emonst rated that hor i zontal 

o f  t he 

sur faces 

out e r  

in the 

j acke t 

TMI- 2 

contai nment wer e  l i kely to have much h i gher contami nat i on 

leve l s  t han vert i cal surfaces . The c har pat t ern and 

assoc iated t hermal stud i es pr ovi ded informat i o n  about t he 

path taken by the hyd r o gen bur n .  enab l eJ t he cal culat i o n  o f  

heat f l ux l eve l s  assoc iated wi t h  the hyd r ogen bur n .  and 

confi rmed related wo r k  d o ne by the Hyd r ogen Bur n survival 

P r ogram . 

2 



ANALYS I S  OF THE POLAR CRANE PENDANT 

CABLE FROM THREE M I LE I SI.AND - UN I T  2 

1 .  I nt r odu c t i o n  

A nuc l e a r  a c c i dent occu r r ed a t  Un i t  2 o f  the T h r e e  M i l e  

I s l a nd nuc l e a r  powe r p l a n t  ( TM I -2 ) o n  Ma r c h  28 . 197 9 . 

Desp i t e  t he s e ve r i ty o f  t he a c c i d ent . the eng i ne e r ed saf e ty 

sys t ems o p e r a t ed s u f f i c i e nt ly t o  m i t i ga t e  the c o n s equences 

o f  the a c c i d e nt . Whi l e  the p r o p e r  o p e r a t i o n  o f  t he s e  s a f e ty 

a nd c o nt a i nment s y s t ems i s  g e ne r a l ly r ec o g n i z e d . many d e ta i ls 

c o nc e r n i ng the ac�ident a nd i t s  eff e c t s  a r e  no t c l ea r ly 

u nd e r s t ood . Becau s e  TMI -2 r ep r e s e n t s  a u n i qu e  s ou r c e  o f  

i nf orma t i o n  a bout the e f f ec t s  o f  a nuc l e a r  a c c i dent . the 

Tec hn i c a l  I nf o r ma t i on and Exa m i na t i o n  Pr o gr a m  was e s t a b l i s hed 

to gather . r ec o r d . a nd d i s tri bu t e  t h i s  i nfo�ma t i on .  The 

Tec hn i c a l  I nt e gr a t i o n  Of f i c e  ( T I O )  ma na g e s  t h i s  e x t e nded 

e f f o r t . The p r o g r a m  seeks t o  i d ent i fy i ns t r umen t s  and 

e l e c t r i c a l  c ompone nts  that f a i l ed du r i ng or a f t e r  t h e  a cc i 

d e nt . t o  ident i f y  t he cau s e s  o f  f a i lur e .  and t o  a s s es s  the 

phys i c a l  c o nd i t i o n  of t ho s e  tha t d i d  no t f a i l. The 

Cabl e / Co nnec t i ons Ta s k  o f  t h i s  p r og r am i s  to a s s e s s  the 

e f f e c t  o f  the a c c ident o n  e l ec t r i c a l c i r cu i t  c omponents 

wi t h i n  the r eact o r  bu i l ding . 

The o b je c t ives o f  the Ca b l e / Co nne c t i o ns Ta s k  a r e  ( 1 )  t o  

det e rm i ne t h e  e f f ec t  o f  t h e  c o n t a i nment e nv i r o nment on 

e l e c t r i ca l  c i r cu i t  c omponen t s  a nd ( 2 )  to s tudy t he s e  e f f ects 

t o  d e f i ne the c o nt a i nment env i r o nment t o  whi c h  each compo

nent wa s exposed . The envi r o nment with i n  t he cont a i nment i s  

comp l e x . Du r i ng t he acciden t . any o f  the f o l l owi n g  c o nd i 

t i o ns may have ex i s t ed, depe nrling o n  t h e  l o ca t i o n  wi thi n the 
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c o nt a i nment: rad i a t i on .  c o nta i nmen t  s p r ay .  s t eam . t empe r a 

tu r e  changes" hum id i ty .  ove rp r es s ur e .  subme r ge nc e . a nd 

hyd rogen bur n .  The c omponents und e r  the pu r v i ew o f  the 

Cab le /Conne c t i ons Task i nc lude p e ne tr�t i o n  a s s embli�s . 

t e rmi nal boxes ( NEMA boxes . pull boxes ) .  s p l i ces . t e rminal 

b l oc k s . bulk c a bl e . c o nnec t o r s . a nd all o ther c omp o n e n t s  i n  

a n  e l ec t r i cal  c i r cu i t  f rom the p o i n t  o f  pene t r a t i o n  i nt o  the 

conta im-;c�nt up t o . but E:xc l  ud ing . t he i n s t rument c c  u nit at 

the end of the circui t .  

The f i r s t  c ompo nent s tud i ed by the Ca b l e /Co nnec t i ons 

Tas k  was t he p o l ar cr a ne pendant cable {PCPC ) . This repo r t  

presents the r esults o f  tha t s tudy. 

2 .  Pola r  Crane P e nda nt Cabl e Des c r i p t i on a nd Orien t a t i on 

The po l a r  c ra n e  penda nt c a b l e  ( PCPC ) wa s t he cont r o l  

c a b l e  f o r  t he 500-ton p o l a r c r a ne i n  t he r eact o r  building . 

Figure l i s  a � r o s s-s e c t i on a l v i ew o f  the TMI-2 con t a i nme nt . 

s howi ng t he PCPC hang ing a p p r o x ima t ely 1 5  m ( 50 f t ) i n  t he 

unobs t ruc t ed s p a c e  nea r the c e n t e r  o f  t he conta i nment bu i l d

i ng. F i gu r e  2 p r e s e n t s  a t o p  v i ew o f  the conta i nmen t  bu i ld

i ng .  showi ng the pos i t i o n  o f  t he po l a r  c r a ne a nd PCPC 

r e l a tive to s t ru c t u r e s  at t he 347-f t e l eva t i on . s i nc e  thf:� 

t o t a  1 l ength o f  t he c a b l e  wa s over 1 8  m ( 60 f t ) . a p p roxi--

. ma tely 3 m ( 10 i�t ) o f  t he l owe r e nd l a y  upon the D-r i ng 

s t ru c t u r e  a t  the 3 4 7-f t e l eva tion o f  t he c o n t a i nme n t  bu i Jd

i ng. F i gu r e  3 i l lu s t r a t es t he a t ta c hmen t  o f  t he PCPC t o  the 

po l a r  c r ane . G i rde r A a nd the walkway . shown i n  F i gu r e  3 .  

a r e  mas s ive s t e e l  s t ruc t u r e s  whos e  e f f e c t s  a r e  imp o r t a n t  i n  

t h e  a nalysis o f  t he pa t t e r n  o f  bu r n  damage t o  t h e  ca b l e .  

Because o f  t h e  l oca tion o f  t he PCPC dur i ng t he a c c i 

d e nt . it is c o ns ider ed a p r ime· s o u r c e  o f  i nf o r ma t i o n  a bou t 

b o t h  radia tion l eve l e  a nd hydr o g e n-bu r n  phenomena in the 
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Figur e  2 .  Floor Plan of Elevation 3 4 7. with Pol a r  Crane 
Supe rimposed . 

containment. and it cou ld p rovide a radiation-dose and 

hydrogen-burn map through the 15 m (50 ft) of vertical space 

near the center of the containment building. 
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F i gu r e  3 .  Atta chment of PCPC to Pol a r  C r a ne . 

2 . 1  Cab l e  Des c r iption 

The PCPC wa s pu rchas ed by the Whi t i ng Cor por a t ion . the 

ma nu f a c t u r e r  of the pol a r  c r a ne . f rom Bos ton I nsula ted Wi r e  

a nd Cabl e Company ( B IW) i n  ea r ly 197 7 . The c a b l e  j a cket i s  

chlorosu l fona t ed polye thy l ene (DuPont Hypalonm ) wi th a b r i ght 

ye l low p i gment (a d i a ry l ide p i gment ) d i s pe r s ed i n  e thyl ene

propyl ene rubbe r ( EPR ) . The j a c k e t  i s  approxima t e ly ha l f  

f i l led  wi th i nor gan i c  f i l l e r  ( t i ta nium d i ox ide . pla t ty t a l c. 

l ead ) and conta i ns a n  ant ioxidant  ( oc ty l a t ed d i pheny l a nine ) . 1 

The thickness of the j acket va r i es f r om 2 .  4 mm t o  3 .  2 mm 

( 0 . 09 i n  to 0 . 13 i n ) . 

E l e c t r i ca l ly .  t he PCPC i s  compos ed of a 7-s t r a nd cen

t r a l  conduc tor and 40 individua l ly i nsul a t ed conduc tors sur-

round i ng the cent e r  conduc tor i n  3 l aye r s . The insu l a t ion 

sur round i ng each of thE! 40 copp e r  conduc tors ( 16 AWG ) is a 

c ros s-1 i nked polyethy l ene w i t h  e t hy l ene-propylene d i ene 



monomer rubber .  Th i s  i nsu l a t ion i s  approxima t e ly ha l f  f i l l ed 

wi t h  i no r gani c  f i l l er  ( ta l c. c l ny. l ead ) .  c a r bon b l ack. a nd 

an ant iox idant ( t r ime t hy l qu i nol i ne ) . 1 The i ns u l a t i on 

has a nomina l ou t s i d e  d iame t e r  of 3 .  2 mm ( 0 .  13 i n ) . Each 

insulated conduc tor i s  encas ed in a 6,6-nylon shea th of 

0 . 1 mm ( 0.004 i n )  nomina l  thi cknes s .  The 4 0  i nd ividua l ly 

i nsulated conduc tor s a r e  a r r a nged in 3 groups : 6 conduc tors 

sur round i ng the center  conduc tor { i nner layer (. 14  i n  the 

midd l e  layer. a nd 20 i n  the out e r  l ayer . The entire conduc

tor bund l e  i s  wrapped i n  a b l a c k  c l oth t ape . F i gu r e  4 

i l lus t r a t e s  the c a b l e  cons t ruct ion . 

2 . 2  Or i entat ion o f  Cable i n  Conta i nment 

Refur b i shment of the pol a r  c r ane wa s a high pr ior i ty in 

t he r�covery a nd c lean-up e f for t a t  TM I-2 because t he pola r 

c rane was r equ i r ed for reac tor vessel head remova l a nd sub

s equent cor e exami na t ion . A wor k  package ( see Append i x )  was 

deve loped for the r emova l of the PCPC and i ts r ep l a c ement . 

The wor k  package d es c r i bes i n  det a  i 1 the procedure used to 

mar:k the c a b l e  before cutting to ensu re that i t  wou l d  be 

pos s i b l e  to r econst ruc t the or i e n t a t ion of the c a b l e  as i t  

hung in conta i nment dur i ng the a c c i dent . Knowl edge of the 

cable or i e n t a t ion is essenti a l  in dedu c i ng the path of the 

hyd rogen bur n  f rom s tud ies of the bu r n  pa t t e r n  on the cabl e . 

The or i e ntation of the PCPC wi th r espect to nor t h  was 

r ecorded on t he topmost s e c t ion (s e c t ion 3 1 ) ,  and then about 

half the c a b l e  wa s l a i d  down on a p r ema r ked He r cu l i tem 

shee t . taped . 

s e c t  ions 16 and 

numbe r ed .  

17 . The 

ma tch-ma r ked . and cut 

r ema i nder of the ca b l e  

be tween 

was then 

lowe r ed . a nd the t a p i ng . number i ng . and ma tch-ma r k i ng we r e  

repea ted on the s econd ha l f  of the cab le . The two long 

p i ec e s  of c a b l e  we r e  cut into approxima t e ly 7 6-cm { 3 0-i n )  

s e c t ions . w i t h  s e c t ions 1 thr ough 16 cut i n  one sequence and 

s e c t i ons 17 through 3 1  cut i n  a s econd sequence . 



CENTER 
CONDUCTOR 

COPPER 
CONDUCTOR 

6"6-NYLON 
SHEATH 

MIDDLE 
LAYER 

RUBBER 
INSULATION 

INDIVIDUAL INSULATED CONDUCTOR 

Fi gu r e  4 .  Cro s s  Sec t i o n  o f  PCPC and I nd ividual 
I nsula ted Condu c to r . 
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Because t he cabl e  was car efully handled s o  tha t  i t  d i d  

not twis t as  i t  was pl aced o n  t h e  Herculitem sheet and 

because the north o r i e ntdtion ma rk o f  s e c t i o n  31 and i t s  

c o r r e s po nding ma tch mar k  o n  sect i o n  30 a r e  known. �he o r i en

ta tion with r e s pe c t  t o  nor t h  f o r  s e c t i ons 31 thr ough 17 can 

be d e t e rmi ned. 

Figure 5 shows the north or ienta tion and ma tch ma rk f o r  

cable s e c t i o n  3 1 .  Compa�:i son of the ma t c h  ma rks o f  cable 

s e c t i ons 17 through 15 ( t he t rans i tion gec t i ons between the 

upper and lower halves o f  the ca ble ) shows tha t  thes e ma tch 

ma rks a r e  i n  approxima t e  ali gnment and a re loca ted on the 

ea s t  s id e  o f  the cable as i t  hung i n  the cont a i nment bu i ld

i ng . The r e f o r e . the approx ima t e  al i gnment of the entire 

l ength o f  cable is known relat ive t o  the nor th orienta tion 

of cable s e c t i o n  3 1 . 

NORTH I OR IENTATION 

.· MAR K� 
/MATCH MAR K 

Figur e  5 .  View of PCPC ( Section 31 ) Showing Orier.·a tion 
a nd f.Ia tch Marks . 
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The PCPC was cut 

Augus t  23, 19 8 2 . a nd t he 

and r emoved f r om conta i nment 

c a bl e  s e c t i ons wer e  r e c e ived 

on 

a t  

sand i a  Nat i o nal Labo r a t o r i e s . Albuquerque ( SNLA ) on 

Oct ober 1 2 . 19 82.  Becau s e  o f  the ma t ch-ma r k i ng sys t em .  each 

7 6-cm ( 30-i n )  s ec t i on o f  cable i s  a s s o c i at ed wi th two num

b e r s .  I n  t h i s  r e p o r t .  a g i ve n  c a b l e  s e c t  ion wi 1 1  be  des ig

na ted by the small e r  o f  the two numb e r s  a s s o c i a t ed wi th each 

c able s ec t i on .  

3 .  Ca bl e Ma t e r i a l s  Analys i s  

Measurements o f  the el ec t r ical  p r o pe r t i e s  o f  tt.e PCP� 

s ec t i ons can y i el d  a mo r e  accu r a t e  repr esenta t i o n  of the 

r e s idual a b i l ity o f  o t he r  i n-cont a i nment c i r cu i t s  t o  p e r f o rm 

the ir ele c t r i cal func t i ons than can mea surements o f  the 

ma t e r i a l s  p r oper t i es . Howeve r .  the ma t e r i als  analys i s  of 

the PCPC augment s  a nd suppo r t s  t hu elec t r i cal f i nd i ng s . The 

tes t i ng of elec t r ical components o f ten indica teG tha t  changes 

in ma t e r ial prope r t i es occur bef o r e  changes i n  e l ec t r i cal 

pe r f o rmance . Thus . ma t e r ials a nalys i s  may ind i r e c t l y  d e t e c t  

i nc i p i ent elect r i cal degrada t i on. A n  analys i b  o f  the 

cha nges obse rved in t he elec t r ical a nd ma t e r i al s  p r o pe r t i e s  

o f  the PCPC w i l l  yield info rmat i on about the envi r o nment t o  

whi c h  the cable wa s expos ed dur i ng t h e  acc ident . Thi s  

r epo r t  examines bo t h  the elec t r i cal and ma t e r ial p r o pe r t i es 

o f  the PCPC . wi th the ma t e r ials  a nalys i s  p r e s ented f i r s t . 

3 . 1  Vi sual Examinat i o n  

The cabl e  s e c t ions we r e  s h i pped f r om TMI - 2  in a 

5 5 -gallon d rum wi th approp r i a t e  p r ecau t i ons aga ins t rad i o

l ogical ha z a r d s . The ca bl e s e c t  i ons we r e  unpacked a t  SN£.A 

and pl aced end - t o - end i n  nume r i cal s equence t o  exam i ne the 

g r o ss phys i c a  1 f e a tures  of t he c a bl e . The l ength o f  each 

cable s e c t i on wa s measured . a nd t he y and comb i ned y/a 

ll 



rad i ation leve l s  wer e  dete r m i ned. The following o bs e rvations 

summa r iz e  t he ma j o r  f i nd ings of thi s  ini t ia l  exam i nation: 

.:'-. · 

• Cab l e  s e c t i o ns 3 .  4. s. a nd 7 showed evi dence 

of phys i c a l  a bus e . Cuts in the c a ble j ac ket 

a nd s igns of a bras i o n  we r e  obse rved . Heavy- duty 

s leeving had been put o n  c a b l e  s ections 4 a nd 

S .  appa r e ntly to p r otect damaged jac ket a r eas . 

The s e  l owe r-·numbe red c a b l e  sections d i d  not l ie 

a s  s tr a ight a s  the othe r sections . sugges t i ng 

t hat the l owe r e nd o f  the c a b l e  had been c o i l ed 

o n  a ho r i z o nta l s u r f a c e  a nd had not hung 

ver t i ca l ly dur i ng the acc ident . 

• F igure 6 p r e se nts a p lot of rad iation l eve l 

ve r sus cable section numbe r .  The measured 

rad iation l eve l o f  the l ower-numbe red c a b l e  

sect i ons was a. n  order of magnitude higher than 

that o f  the rest of the sections . Thi s  fi nd i ng 

i s  i n  agr eement with othe r r ad i ation-leve l 

obse rvati ons f o r  TMI-2. i n  whic h  ho r i z o nta l 

surfaces have higher rad i ation l eve l s  than do 

ve rti c a l  surfaces because a ho r i z o ntal surface 

expo s e s  mo r e  a rea to s ettl i ng contamination 

than does a vertic a l  surface . The rad iatio n  

p r o f i le i n  F igur e 6 stro ng ly suggests that the 

l owe r end o f  the PCPC rested o n  a ho rh:onta l 

sur:face a nd that the trans iti on po i nt occu r r ed 

at about c a b l e  section 8 .  At the time of cab l e  

remova l . the po l a r  c rane contr o l  box a nd s ome 

l ength of the PCPC we re obse rved l y i ng on top 

o f  the D-ring . The phys i c a l abu s e  noted p re

vious ly f o r  the l owe r-numbered c a b l e  sections 

probably resulted f r om thi s  portion o f  the 

c a b l e  lying und e r f o ot bef o r e  the t ime o f  the 

acc ident .  

12 
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F i gure 6. Mea sured Rad i a t i on Level as Func t i on o f  PCPC 
S e c t ion Number .  

• The PCPC can be divid ed i n t o  three d i s tinc t 

regions : a cha r r ed regio n .  a d i s c o l o r ed r egion .  

and a n  undamaged r eyion f r ee o f  char ring o r  d i s

colora tion . The undamaged c a b l e  ja cket ha s a 

dull. o f f-white surface . but the subsurface is 

bright yel l ow due to the p r e s ence of a ye l l ow 

p i gment . I n  t he d i sc ol o r ed r e g i o n . the c a bl e  

surface i s  a clearly del i neated brown c o l o r  

t ha t  pene t r a tes up t o  50\ o f  t h e  thi ckne s s  o f  

t he j a c ke t  bef o r e  t h e  bri ght yel l ow col o r i ng 

appears . I n  the cha r r ed r e g i o n .  the cabl e  sur-

face s hows black c a r bo n  cha r:  bene a t h  t he c ha r

r i ng is  a discol o r ed zone a nd then the b r i ght 

yellow layer . 
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3.2 I dent i f i c a t i o n  o f  PCPC Regions 

To aid in t he ident i f i ca t i o n  o f  the thr e e  r e g i ons of 

the PCPC. three observa t ions we re made of t he cabl e j a cke t  

ma t e r ial: ( 1} an e s t ima t e  o f  t he 1 i near den� i ty ( gm/ cm of 

cabl e  l ength} .  ( 2 )  a n  e s t ima t e  o f  the d epth of pene t r a t ion 

o f  the d i scol o r i ng into  the ja cket ma t e r i a l. and (3 ) a r ough 

angula r  measurement of the extent of t he d i s c o l o r ed and 

cha r r ed a r eas . 

For the linea r dens i ty measur ements.  a sampl e of the 

j a cket mat e r ial was cut f r om t he l ower e nd of each s e c t i o n  

( except s e c t i on 3 1 .  whi ch wa s kept i n t a c t  t o  p r e s e rve the 

nor th ma rke r }. A c i r cumf e r en t i a l  cut wa s mad e  thr ough the 

j acke t  ma t e r ial 18 em ( 7  in} f rom the l o�rer end o f  each 

s e c t ion. The j a cket ma t e r i al was then sl i t  al ong the match 

ma rking and peeled away . Each jacke t s ampl e  wa s t r immed t o  

a p r ec i s e  15-cm ( 6 - i n )  l e ng t h .  t h e  black cl o t h  tape was 

removed. a nd the sampl e wa s we ighed . The �eight divided by 

the l ength g ives the l i near  dens i ty .  F i gure 7 i s  a p l o t  o f  

the 1 i near dens i ty ver sus the c a b l e  s e c t  ion number . The 

pl o t  shows a d i s t i nc t  d r op in the 1 inear dens i ty a t  cable 

s e c t i o n  24 ( the beg i nning of the cha r r ed r e g i on ) but shows 

no change be tween the d i scolored a nd undamaged r eg i ons . The 

dec r eased dens i ty i n  the cha r r ed r eg i on sugge s t s  a los s o f  

ma s s  d u e  to combus t i on o r  vola t i l i za t i on .  The small e r  we ight 

l o s s  in cable s e c t ions 30 and 31 sugge s t s  t ha t  these two 

s ec t i ons s hould be l es s  cha r r ed t ha n  other cable  s e c t i ons in 

the cha r red region . and t h i s  is  conf i rmed by visual obse rva

t i ons. The 1 i near dens i ty measurements a r e  based upon the 

a s sumpt i on that the vo lume o f  each c a b l e  ja cket s amp le was 

the same. Becaus e  the c ross-sec t i onal p r o f i les o f  the 

s ampl es a r e  al l s imi l a r . a nd t he l engths wer e  a l l  t r immed to 

15 em ( 6  i n} .  this as sumpt i on i s  reasonabl e . 

The t r a ns i t i on f r om t he cha r r ed t o  the d i s col ored 

r e g i o n  o f  t he PCPC. a nd t ha t  f r om t he d i sco l o r ed t o  the 

, ll 
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Figure 7. Cable Jacket Linear Density as Function of 
Cable Section Number. 

undamaged region of the cable. were further pinpointed by a 

visual examination of the cross sections of the test samples. 

In the charred region. the discoloration beneath the surface 

charring penetrates into the cable jacket. Figures Sa and 

8b show test samples from cable sections 18 and 2 8 .  respec

tively. Test sample 18 shows a partial discoloration at the 

jacket surface opposite the longitudinal cut. Test sample 

28 shows. in addition to surface charring. a circumferential 

discoloration that penetrates about 40\ of the jacket thick

ness before the normal yellow coloration of the jacket is 

encountered. Each cablE! jacket sample was examined to deter

mine the depth of penetration of the discoloration into the 

cable jacket and the circumferential extent of the discolora

tion. 



( a )  Ca b l e  Sec t i o n  1 8  

( b )  Cable Section 2 8  

F i gu r e  B .  Pho t o g r a phs of Ca ble Showing Areas of Charring . 
Di sco l o r a t i o n .  and No rma l Co lora t ion . 
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The c i r cum(e r ent i al extent was deno t ed by a " cl ock"  

sys t em in whi c h  no r t h  is  denoted by 12 (o'clock ) , e a s t  by 3 ,  

south by 6,  a nd wes t  by 9, wi t h  i n t e rmed i a t e  number s  p r opor

t i o na t ely s paced . For t ha t  par t  o f  the cable t ha t had hung 

ver t i ca l ly in c o nt a i nment , the rna tch ma rk. a l ong which the 

c a b l e  jacke t  wa s s lit , c o r r espon�s t o  the e a s t, or 3 o'clock, 

d i r ec t i o n . The t h i ckes t  pa r t  o f  the j a cke t  wa s o r i ented 

towa r d  the south, or 6 o'clock , d i r ec t i o n .  The r e su l t s  of 

this examination are l isted in Tab l e  1 .  These results again 

conf i r m  the c la s s if.ica t ion of 

( u ndamaged , d is c o lored. and 

the cabl e into three r e g i ons 

cha r r e d )  wi t h  the t r a ns i t i ons 

occu r r i ng be tween s ec t i ons 13 a nd 14 and be tween s ec t i ons 2 3  

a nd 2 4 .  

Tab l e  1 shows that the c a b l e  j acke t  c o l o r a t i o ns (tan, 

ash , gray , cha r ) approx imat e l y  match the c a b l e  r egions 

det e rmined by the d i s co l ora t i on c r i t e r ia . It i s  imp o r t a nt 

t o  note tha t  c a b l e  sect i ons 2 9, 30 , and 3 1, whi ch we r e  

nea r e s t  the p o l a r  c rane, d id n o t  show fu l l y c i r cumf e r entia l  

cha r :  the cha r  wa s on  the wes twa rd sur faces only . L i kewi se , 

t he d i sco l0ra t i on patte r n  for tes t sampl es 1 4  t o  19  wa s only 

on the wes twa rd s u r f aces. Thes e  observa t i ons are s i g n i f icant  

in  dete rmi n i ng the d i r ec t i on of the hydr ogen burn i n  con

ta i nment . 

3 .  3 Mea su r ement o f  E l o nga t i on vs . Tens i l e  S t r ess o f  Cor:
duct o r  I nsulat i o n  

The remova l o f  1 8  em ( 7  i n} o f  c a b l e  j a cket from each 

c a b l e  s e c t i o n  exposed the ind ividual ly i nsu l a t ed conduc

t o r s . S ix of t he exposed ins u l a t ed condu c t o r s  we re cut fr om 

cable s e c t i ons 3, 9 ,  2 2. and 2 8 . The s e  c a b l e  secti o ns wer e  

s e lected because they r e p r e s ented each reg i o n  o f  t he PCPC, 

becaus e c a b l e  s e c t i on 3 wa s f rom a high r a d i oac t ive contami

na t i o n  zone, and becatUse c a b l e  s e c t i o n  9 was f rom a l ow 

c ontamina t ion zone (Fi gu r e  6 ) . 



Table 1 

PCPC Jacket Visual Inspection 

Cable 
Section 

1 

2 

3 

4 

5 
6 

7 

B 
9 

10 

ll 
12 

13 

14 

15 
16 

17 

18 
19 

20 

7.1 
22 

23 

Jack et 
Color 

Tan 

White Ash 

Dark Ash 

Gray 

24 Gray-Trace Char 
25 Char 
26 

27 

28 
29 

30 

Undamaged 

yes 

Cable Appearance 

Discolored Charred 

no no 

B to 1o.c 5 to 10'td 

9 to ll. 10 to 20't 

B to 10, 10 to 20't 

7 to ll. 10 to 20't 

7 to ll. 10 to 20't 

7 to 12, 10 to 20't 

A, e 20't 

B to 4. 10 to 20't 

9 to 5. 10 to 20't 

9 to 6. 10 to 20't 

A, 20't 5 to 7 

A, 20't A 
A. 40't A 

A. 40 to SO't A 
A. 40't A 

A. 20 to 40't 3 to 12 

A, 20't 7 to ' 

Observations 

cut. T-Southa 

T-East 
cut, T-Sout.h 

T-South 
Cut, T-South 
T- South 
Cloth burn. T-South 
T-South 
T-south, Brwb 

1'-South 

" 

---- ----------------------------------------

aT-South means the jacket was thickest (T) in the southern quadtant. 
bBrW means that the words "Bos·ton Insulated Wire and Cable Co." were leg ib le on the 

jacket sample. 
cs to 10, or similar description. refers to an orientation scheme in which North is 

designated 12. East is 3, Souch is 6, and West is 9, with a given feature bP.ing 
observed in this region. 

ds to 10't. or similar designation. refers to the percent of jacket thickness bP.ing 
discolored. 

eA refers to a given feature (discoloration or charring) bP.ing ooserved completP.ly 
around (A) the jacket s�mple. 



The i nsu l a t i o n  was s t r i pped i nt a c t  f rom the c opper con

duc t o r s  a f t e r  f i r s t  r emovi ng the nyl o n  shea th { F i gu r e  4 ) . 

The e l o nga t i o n  { E )  a nd t e ns i l e  s t r e s s  a t  break { T} o f  each 

i ns ul a t i on samp l e  was mea su r ed by a n  I ns t ronm Tab l e  Mode l  

- 1 0 2 0  a t  a n  amb i e n t  temp e r a tu r e  o f  2 3  ± 1 ° C .  Samples wer e  

g r i pped b y  pneuma t i c  j aws w i t h  a n  a i r  p r e s sur e o f  a pp roxi

ma t e ly 3 00 kPa { 44 ps i } .  Ini t i a l  j aw s eparation wa s 5 em 

{ 2  i n )  and samp l es were s t r a i neq a t  13 em/mi n ( 5  i n/mi n ) :  

the s t r a i n  wa s mon i t o red wi th a n  I ns t r onm E lect r  i ca 1 •rape 

F.:xt e ns ome t e r  cl amped to the samp l e .  F i gure 9 pres e n t s  the 

r e su l t s  o f  t h i s  e l onga t i o n  and t ens i le s t res s s tudy . Exami

na t ion of the s e  resu l t s  shows l i t t le d i f f e r ence among sam

p l es i n  e l onga t i on a nd t e ns i l e s t r ength a t  break even though 

t he samp l es wer e  o bta i ned f r om r e g ions of h i gh hea t flux 

(cha r r ed ) .  mod e r a t e  hea t f lux { d i sc o l o r ed ) . a nd l ow hea t  

f lux { u ndamaged} . Add i t i o na l ly .  samp l es f rom t he undama ged 

r e g i o n  { i . e  . •  f rom cab l e  s ec t i ons 3 a nd 9 )  showed l i t t l e  

d i f f e r ence even though they r e p r e s ent  l ow { 9 )  ver sus h i gh 

{ 3 )  rad i a t i o n  contamina t i o n  z ones . 

The i nd ividua l ins u l a ted conduct o r s  a r e  numbered but 

no t co l o r  coded ; an effo r t  wa s made to s e l ect t he same 

numbered conductors f r om each ca b l e  s ect i o n . Thi s was no t 

a lways poss ible because .  i n  mak i ng the l o n g i tud i na l cu t to 

r emove the ca ble jacket . t he i nsu l a t i on on a f ew o f  the 

des i red conduct o r s  wa s damaged and they wer e  thus r e nde red 

unsu i ta b l e  f o r  use  i n  this  t es t .  

3 . 4  Shore ra r d ness Tes t i ng 

A Sho r e  " A "  Durome t e r  wi th a constant l oad o f  8 2 0  g 

(1 . 8  l b )  was used t o  mea sure the h�rdness o f  the PCPC j a cke t: 

t he ind ividua l conducto r  sampl es we r e  t a ke n  f rom ca b l e  s ec

t i ons 3 .  9 .  2 2 . a nd 28 and the i r  r espec t ive nylon sheaths . 

Each sample wa s tes ted a t  thr e e  po i n t s  a nd t he t h r e e  va lues 

ave raged. The d a t a  are presented in F i gu r e  10. The data 
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s how no d r ama t ic dif f e r e nce i n  ha rdness be twe e n  the va r i ous 

cabl.:!,r e g i ons for a ny o f  the t hr e e  types o f  ma t e r i a l s  t e s t ed . 

Measurement o f  Dens i ty o f  Condu c t o r  I ns u l a t i o n  

Att empt s  wer e  mad e  t o  d e t e rm i ne t he dens ities o f  the 

c a b l e  j ac ke t . t he condu c t o r  i nsu l a t i o n .  a nd t he nyl o n  s heath 

ma t e r i a l s  us i ng a dens i ty- g r ad i ent co lumn techniqu e . which 

is a s e ns i t ive means o f  d e t e rmi n i ng t he d�ns i ty of ma t e r ia l s  

( s ee  F i gu r e  1 1 ) . However. such s ens i t ivi ty a l so mea ns tha t  

samp l e  unif ormi ty . wa t e r  hyd ra t i o n . vo ids . a i r  bub b l es o n  

the samp l e  s u r f a ce . and o the r f a c t o r s  mus t  b e  c o n t r o lled 

because they s t r ongly i nfluence the dens i ty d a t a . The 

j acket. nyl o n  shea t h .  a nd insu l a t i on samp l es f r om t he c a b l e  

a l l  we r e  af fec ted b y  t h e s e  f a c t o r s . a nd n o  c l ea r d e t e rmina-

t i o n  o f  dens i ty changes i n  the s e  s amples as a func t ion of 

r e g i o n  cou l d  be made . The heavy l oad i ng o f  the jack e t  and 

i nsu l a t i o n  wi th i norganic f i l l e r  ( approxima t e ly 50\ by 

we i ght ) no t only a f fec ted samp l e  uni f o rmi ty bu t a l s o  d i e-

tated t he use  of c a r bon t e t r a chl o r ide / b r omof o rm and c a r bon 

t e t ra c h l o r i d e / t oluene s o l vent sys t ems i n  the dens i ty-g ra d i ent 

c o lumn . The s e  s olvents may e x t r a c t  ma ter i a l  f r om the 

samp l es 

d i s t o r t  

dur i ng the cou r s e  

the d a t a  gene r a ted 

o f  the density measur ement and 

by t h i s  method . Given these 

limi t a t i ons. the d ensi t ies dete rmined f o r  the 

a nd i nsu l a t ion wer e  1 . 5 17 

9 5 . 3  lb/ f t3 ) a nd 1 . 6 3 6  t o  

10 6 . 6  l b / f t3 ) .  r es pec t ively . 

3 t o  1 .  5 2 7  g / cm 

l .  707 g / cm 3 

4 .  E l ec t r i c a l  Ana l ys i s  o f  Ca b l e s  

PCPC ja cket 

( 9 4 . 7  to 

( 102 . 1  to 

Cable s ec t i ons 3. 9 .  22. a nd 28 we r e  sent t o  Wes t i ng

hous e  Hanford Co . (WHC ) f o r  an ana l ys i s  of the i r  e l ec t r i ca l  

pr oper t i es . The pr i nc i pal t e s t s  p e r f o rmed we r e  mea surements 

of capac i t a nc e . i nsu l a t i on res i s t ance. a nd char a c t e r i s t i c  

impedanc e be tween d i f f erent condu c t o r s  i n  the c a b l e  sec t i ons . 
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4 . 1 Tes t  Desc r ipt i on 

An i l l u s t r a t i on of a c ab l e  cros s  s e c t ion i s  p r ovided i n  

F i gu r e  1 2  to a i d  i n  t he ident i f i c a t ion o f  var i ou s  conductor 

pa i rs . as t e s t ed a nd recorded . The c a b l e  c ros s s ect ion i s  

d ivided i nt o  "layers" sepa r a t ed by insu l a t i on; e a c h  l ayer 

conta i ns a number of sepa r a t e ly i ns u lated condu c tors. The 

center of t he cabl e  cons i s t s  of 7 twi s t ed conduc tor s . a l l  i n  

e l ec t r i ca l  conta c t  wi t h  each other .  and t h i s  g r oup was 

r e fer red to a s  the center ��nduc tor . The out s ide layer was 

i dent i f ied a s  Ll. the m i dd l e  l ay e r  as L2 . and t he. i nner 

l aye r a s  L 3 . Conduc tor pa i r s  t e s t ed i n  the Game l a y e r  wer e  

companions ( C ) . A s  a n  examp l e  of t he l a be l i ng . the conduc 

tor pa i r  ( companions ) t e s ted i n  l ayer  3 ( L 3 ) we re i d e n t i f i ed 

a s  L 3 C .  

When two laye r s  we r e  b r i d ged by choos i ng a conduc tor 

f rom each l ayer ( only cont i guous l aye r s  we r e  b r idged ) .  the 

ident i f i ca t ion was made by l a be l i ng the laye r s  i nvol ved 

( e . g  . •  L1 to L2 ) . 

Conductor pa i r s f rom a g iven c a b l e  s e c t ion we r e  c hos e n  

and a t t a ched to the measur ement devi ce as shown i n  t h e  

s imp l i f i ed d r awing given i n  F i g u r e  13 . Capa c i ta nce meas u r e

ments were made wi th a Gene r a l  Rad i o  1311-A Aud io Os c i l l a tor 

and a Gene r a l  Rad i o  1615-A Capa c i t ance B r id ge. I ns u l a t i on 

r e s i s tance measur ements wer e  made with a Gene r a l  Rad i o 164 4 

Megohm Br idge . Cha rac t eri s t i c  impedance measureme n t s  wer e  

made on the ba s i s  o f  r e f l ec t ed wave f ronts r ecorded wi t h  a n  

HP-1415A Time Doma i n  Ref l e c tome ter . Loop r e s i s ta nc e  wa s not 

measured because of the shor t l e ng th of the c a b l e  sections . 

Al l mea sur eme nts wer e  made on ope n- ended conductor pa i r s . 

An HP-85  Ca l c u l a tor and an HP-3 4 5 5A Di g i t a l  Voltmet e r  ( DVM) 

we r e  used to r ecord dE�cay curves f rom conductor pa i r s  i n i 

t i a l ly cha rged to 10  V .  Ca pa c i t a nce wa s ca lcu l a t ed f rom t he 

d ecay curve . with a n  examp l e  g iven i n  F i gu r e  14 . 



F i gure 12 . PCPC Cross  Sec t i on . 

1 .  Center s e c t i o n  i s  compos ed o f  7 twi s t ed conduc t o r s . all 
in e l ec t r ica l c ontact wi th each o t her , a nd i s  r e f e r r ed to 
a s  the center  conduc t o r . 

2. Next 11 layer 11 out ( Layer 3 )  i s  c omposed of 6 conduc t o r s . 
each i nd ividua l ly insu l a t ed . Each laye r is i nsu l a t ed 
f r om the other l ayer. Spa c i ng between conduc t o r s  i s  
exagge r a t ed wi thin each laye r . 

3 .  The l ayer w i t h  14 condu c t ors i s  ident i f ied as  Laye r 2 .  
Aga i n .  each condu c t o r  i s  i ndivi dua l ly i nsu l a t ed . 

4 .  The out e rmost layer i s  i dent i f i ed as  Layer 1 .  a nd con
t a i ns 20 i nd ivi dua l ly i ns u lated conduc t or s . 

2 4  



CABLE OUTER SHEATH Y INSULATED 

4 . 2  Tes t Resu l ts 

CONDUCTORS 

F i gu r e  13 . Tes t  Setup . 

MEASUREMENT 
INSTRUMENT. 

The resu l t s  o f  the pr i nc i pa l tes tG a r e  repor ted in 

Tab l e  2 and are r ep r esenta t ive o f  the d a t a  obta i ned t hus far 

for the PCPC e l ec t r ica l proper t i es . No s i g ni f i ca n t  t r ends 

we r e  observed in a ny o f  the d a t a  t ha t  wou l d  i nd i c a t e  a sub

s ta n t i a  1 change i n  e l e c t r i c a l  p r o pe r t i e s  between t he d i f 

f e rent s e c t i ons o f  PCPC exami ned . 

Ther e  appea rs  t o  be a s l i ght decrease i n  capa c i t a nce a t  

1 2 0 Hz wi th i n c r ea s ing c a b l e  s e c t i on numbe r  ( i . e . , wi th 

i nc r eas ing bu rn d i sc o l o r a t i o n  on the c a b l e  j ac k e t ) .  How

ever . t h i s  t r end i s  not cons i s tent ly observed f o r  a ny o t he r  

f r equency n o r  i n  the decay-curve capa c i ta nce mea sur ement . 

I t  i s  i n t e r es t i ng to no t e  tha t  the decay-curve capa c i t a nces 

( no t  r e po r t ed i n  Ta b l e  2 )  ranged f r om 60\ t o  150\ o f  the 

120 - Hz br idge capa c i tance va lues , but wer e  cons i s  t e n t  w i t h  

the t r end o f  i nc r eas i ng capa c i t a nce wi th d e c r ea s i ng f r e

quency . 

Al though the va r i a t i o n  o f  i nsu l a t i o n  res i s tance s eems 

qu i t e  large , i t  i s  appa rent ly r a nd om: l a r ge va r iati ons a r e  

c ommon a t  these high res i s ta nce va lues . 

Add i t i ona l t e s t s  a r e  p l a nned . The pa r t i a l  discha rge 

breakdown test is expec ted t o  be o f  pa r t i cu l a r  i nt e r e s t .  

2 5  
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Figure 14 . Decay Cu rves f o r  Tes t Sys t em Leads and Tes t Con
nect i on Ll t o  L2 f o r  Cab l e  Sec t ion 3 .  Leas t
squa r e s  f i t  d e te r mi ned capa c i tance of pa r t i cu l a r  
conf i gurat i o n . Then capac i tanc e  o f  Ll t o  L2 wa s 
d e t e rmi ned as 8 4 5  - 7 4 3  = 102 pF . 

2 6  
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Ta b l e  2 

PCPC El ect r i c a l  Da t a  

Bridge Capacitance Insulation Resistance Characteristic 
Test Cable (picofarads) (megohms) Impedance 
Loads Section 120 Hz 1 kHz - 10 kHz 100 v 200 v 500 v (ohms) 

3 90.0 74.0 64.9 4.0 9.5 14.0 87.3 

9 86.8 73.1 65.7 10.0 15.0 95.1 
L1C 22 81.0 69.3 63.8 8. 1 7.2 7.0 97.3 

28 81.0 69.3 63.8 8.1 7.2 7.0 97.3 

---------------· 

3 78.0 65.9 61. 3 90.4 

9 77.4 70.8 67.0 10.0 104.4 

L2C 22 77.2 66.8 62.1 l.1 93.0 

28 75.3 67.5 63.5 95.1 

3 105.0 79.0 68.8 91.1 
9 81.4 69.4 63.5 6.1 17.5 93.0 

L3C 22 91.6 75.6 69.0 1.7 l.2 88.8 

28 77.2 66.9 62.6 95. 1 
-----------------------------------------------

3 57.0 46.6 42 . 3 

T,1 9 63.6 50.7 46.� 

to 22 64.0 52.2 46.2 

L2 28 57.4 51.9 48.5 

------------------------------- . 
3 127.0 98.9 87.1 

L3 9 101.5 85.3 77.2 

to 22 121.1 97.9 87.8 

Center 28 95.2 80.4 74.4 

Test load definitions: 

3.4 

42.0 

14.0 

8.4 

7.4 

2.2 

l.5 
6. 3 

·---f.1C indicates companion leads in the !.1 layer. 
L2C indicates companion leads in the L2 layer. 
L3C in�icates companion leads in the L3 layer. 

3.0 

9.9 

8.2 

6.6 

r.1 to r.2 indicates an r.1 lead connected to an L2 lead. 
L1 is the outermost layer of the PCPC. 

2.5 
8.0 

10.0 

5.2 

5 .9 
2.1 

6.8 

Insulation resistance measured after 3 minutes at applied voltage. 

133.8 

137.4 

133.8 

79.5 

90.9 

74.1 

77.8 



5 .  The rmal Env i r o nment Analysis 

Three stud i es we r e  made t o  d e t e rm i ne the the rma l 

e nv i ronment wi thi n the conta i nment dur i ng the a c c i dent . 

F i rst. a the rmograviw.e t r i c  a na lysi s (TGA ) wa s made of 

sampl es of t he cab l e  sec t i ons 1: 0  d e t e rmine the t empe r a t u r e  

at whi ch d i sc o l o r at i o n  o ccurs .  _second . a compu t e r  simu la

t i on study and hea t-f lux expeciments we r e  used t o  est ima t e  

t he heat f lux generat ed by the hyd�ogen-bu r n  f ront . Thi rd. 

the geomet ry o f  the contai nment bui l d i ng was ana l y z ed to 

d e term i ne those f eatu r e s  that mi ght a f f e c t  the deposi t i o n  o f  

the rmal e nergy on t he cab l e . 

5 . 1  The rmogravime t r i c Analysi s (TGA) 

A TGA i n  ai r was done on a p i ec e  o f  the cab l e  j a cket 

taken f rom the undamaged r e g i o n  ( ca b l e  s e c t i o n  9 } .  Thi s  

sampl e  was ne i ther  cha r r ed no r d i s c o l o r ed . The TGA t race i s  

shown i n  F i gu r e  1 5 . The samp l e  cont a i ned approxima t e ly 4 7% 

i n o r gani c  f i l l e r  a nd showed a s t ep-l i ke we i ght l o s s  at  

approximate ly 2 60°C (500°F} . A second t race run o n  a f r esh 

sampl e  taken f rom the same p i ece o f  c a b l e  j a cket wa s r emoved 

f rom t he heat i ng c e l l  when the t emperatur e rea ched 2 50°C 

( 482°F )  and was obse rved t o  have tur ned br own ( d i sco l o r ed ) . 

These same two TGA exper iments we re r epea t ed usi ng f r esh 

sampl es but wi t h  an  a tmospher e  of n i t r ogen i ns tead o f  a i r . 

F i gu r e  16 presents the n i t r ogen TGA run and shows tha t  the 

shape o f  the TGA t r ace i s  simi l a r  t o  the t race f o r  the a i r  

TGA run . The second samp l e  had turned br own (d i s c o l o r ed} 

when r emoved f r om the hea t i ng ce l l  in n i t r ogen a t  2 6 0°C . 

Thi s  f i nd i ng estab l ishe s tha t  the d i sco l o rat i o n  i s  the rmally 

induced a nd does not r equ i r e the p r e s ence of oxygen . 

P i eces o f  cab l e  j acket f r om c a b l e  sec t i on 9 we r e  p l aced 

i n  each of seve r a l  me l t i ng-po i nt g l ass cap i l l a ry tubes and 

heated i n  a F i she r -J ohn me l t i ng-po i nt a ppa ra tus with cap i l 

lar y  adap t e r . A samp l e  r emoved a t  2 .4 5�C ( 4 73°F} s howed a 

?Q 
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Figu re 1 5 . Thermogr avimet ric Ana l ysis in Air . 

s light of f-yel low discolora tion . A samp l e  r emoved a t  25 5 °C 

( 4 9 l °F )  s howed a t a n  color. whi l e  a sample r emoved a t  26 5 °C 

( 50 9 °F )  wa s d a r k.  brown . This informa tion es t a b l is hes t ha t  

the yel l ow t o  brown discolora tion o f  t he pola r  c ra ne cable 

jacket occu r s  in the tempera t u r e  r a nge f r om 24 5 to 26 5 °C 

( 4 73  to 509°F) . This finding sugges ts  t ha t the dis colora

tion pa t tern observed in the PCPC j a ckets can be used to 

indicate tempera tu res or heat fluxes t o  which t he cable 

ja cket sec t ions wer e  exposed . i . e .  • tha t the PCPC r eached 

t empera tur es greater than 240°C ( 4 64 °F) . This tempera ture 

level is signi fica nt ly higher than the l60°C ( 3 2 0 °F) tem

pera ture profile to which LOCA-qua lified component s  a re sub

jec ted . The hyd r ogen bu rn a t  TMI -2 sugges t s  t ha t  it may be 

neces s a r y  to consider higher tempera tur es in the qua l ifica

tion of C l a s s  lE equipment if hyd r ogen bu rns  a r e  expec t ed . 

29 
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Figu r e  16 . The rmog ravime t r i c  Ar�lysis in Nit rogen . 

5 . 2  Hea t  Flux vs . Time Prof i l e  

J. 0. Hen r i e  and A .  K .  Pos tma have deve l oped an 

i n-depth a na lys i s  of the TMI -2 hyd rogen-burn event . 2 

They present  a t empe r a tu r e  vs . t ime profi l e  for t he hyd rogen 

bu r n  t ha t  was calcu l a t ed from r e corded pressure da ta a t  

TMI -2 a nd from emp i ric a l  data  obt a i ned from shock tube 

t etitS . At the r eques t of the Ca b l e / Connect ions Ta s k. Ar t 

Ra t z e l  of SNLA a pp l i ed i nformat i on from the He n r i e  and 

Pos tma r epor t  to a p r ed i c t ive mod e l  that wa s deve loped to 

s tudy hydr ogen-fl ame propa gat ion in enc losed ves s e l s . Thi s  

effor t wa s und e r taken t o  obt a in a h e a t  flux vs . t ime p rofi l e  

cons i s  t e nt wi th t he es t ima t ed t emp e r a tur e vs . time profil e  

deve loped by Henr ie  and Pos tma . I t  i s  considered t o  b e  a 

s cop i ng s tudy in tha t  c e r tain phys i c a l  proc e s s e s  ( e . g  . •  

forced convect ion hea t t rans fer .  s team condens a t ion. 

influence of conta i nment s pray ) were omi tt ed from t he ana ly

sis because of i nsuffi c i ent data  and /or mod e l  capa b i l i ty .  



F i gu r e  17 p r e s e n t s  t he r e su l t s  of t h i s  ana lys i s  as a s e r i e s  

o f  h e a t  f lux vs . t ime prof i l e s  gene r a t ed under  va r ious TMI -2 

conta i nment cond i t i ons . The s e  prof i l es s hou ld be cons ide red 

p r e l imina ry a nd e s sent i a l ly s e r ve to scope t he hea t f lux 

expe r ienced i n  conta i nment a t  TMI -2 . Stud ies i nd i ca t e  t h<:.t 

a minimum heat f lux below which i gn ition of c a b l e s  cannot 

i s  i n  the r ange o f  2 or 
2 

3 W/cm ( 6300 to 9 500 Btu/ 

for 
• • 3 4 
1nsu l a t1on. 

ma ny 

The 

and 
2 

heat-flux r a nge of 4 to 6 W/cm 

combina t ions, of cable  jacke t  

2 
. ( 125 00 to 15 8 00 Btu/ f t  •h) p r es ented i n  Figur e 15 is 

c l ea r ly above t h i s  minimum f lux r equired for igni t ion a nd 

sugges t s  t ha t  the cables  i n  TMI - 2  conta i nment may well have 

expe r i enced therma l  c hange ba s ed on a heat f lux vs . t ime 

prof i l e s imi lar  to t ha t  shown i n  F igure 17 . 

An a t t empt was made to gene r a t e  a second es t ima t e  of 

the hea t flux vs . ': ime prof ile present in the TM I - 2 con

t a i nment based on the actua l temp e r a tu r e s mea sured in con

t a i nment at the t ime of the hyd rogen burn . Bruce Ba inbr idge 

a nd Ned Ke l tner5 of SNLA d e t ermi ned t he t ime-cons tant 

r e s ponse cha r a c t eri s t ics of a n  amb ient a ir r e s is tance 

tempera tur e detec tor ( RTD} . in bot h  a s h i e lded and an 

u nshi e lded cond ition . a nd in both t he p r e s ence and abs ence 

of a�r movement . The RTD wa s obt a i ned f rom the pump hous e 

a t  TMI and wa s of the same mode l  and vintage ( Ros emont. 

7 8 -0 0 6 5 --00 1 )  used in conta i nment at TMI -2 . 

The time-constant res ponse data. i n  concer t  with an 

unfold ing code . pe rmi tted the gene r a t ion of a t empe ra ture 

vs . t ime prof il e e s t ima t e  t ha t  wa s cons is tent with t he tem

peratur e data  record ed a t  TMI -2 dur ing the t ime of the burn . 

Th i s  t empe rature vs . t im2 prof i l e  wa s then u s ed i n  conjunc

t ion with Ra tze l's pred ic t ive mode l  to gene r a t e  an a l t erna 

tive hea t f lux v� . t ime prof i l e for the conta inment at 

TMI -2 . The purpos e of deve lop ing thes e  estima ted heat f l ux 

vs . time prof iles wa s to determine whether exposure to such 
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prof i l e s  r e su l t s  i n  t he rma l damage to the samp l es s im i l a r  to 

that obs e r ved in  equ iva l en t  mat e r i a l  removed f rom t he con

t a i nmen t  a t  TMI - 2 . Samp l es wer e  then exposed to t h i s prof i l e  

a nd t he r e su l t a nt therma l  damage compa red t o  a ctua l sampl e s  

r emoved f rom cont a i nment . 

The des  i r ed prof i l e  wa s exper iment a l ly gene r a t ed u s i ng 

the SNI.A solar f u r nace 
• • 6 

f a c 1. l 1 ty .  P r i or to exposu r e . 

the c a b l e  samp l e  was d econtami na t ed u s i ng a conce n t r a t ed 

d e contami na nt solut ion . Th i s  decontamina t i on ef for t r educed 

the con t a c t  r a d i a t ion l eve l s  to background a nd the y l eve l 

to 0 . 6  mrem/hr . The decont �mi na t ed cab l e .  c a b l e  s e c t i on 

number 1 1. wa s cut i nto two 7 6 - mm ( 3 -i n )  s e c t ions . a nd four 

type T thermocou p l e s  wer e  a t tached wi th epoxy to each cut 

sect ion of cabl e . Thr e e  tbermocou p l e s  wer e  mounted on the 

out e r  j ac k e t  sur f a ce. a nd one t he rmocou p l e  was mounted 

i ns i d e  t he c a b l e  b e tween the j a cket  a nd c a b l e  c lu s t e r . Thi s  

a r ra ngement o f  the rmocou p l e s  prov i d ed an  e s t ima t e  o f  the 

t empe rature  at the i nner and out e r  cabl e - j acket surfa ces . 

Figure 18  shows three hea t  f lux vs . t ime prof i l e s . One 

prof i l e is tha t  d eveloped by Ar t R a t z e l' s computer  cod e  a t  

SNLA . Thi s  code h a d  the ma j or l imi t a t i on of be i ng u na b l e  to 

s imu l a t e  the eff e c t  of conta i nment spray . Since con t a i nment 

s pray i s  expected to have a s ig n if i cant eff e c t  on con t a i n-· 

ment cooldown . an  ef for t wa s made to es t ima t e  a conta i nment 

s pray prof i l e  and supe r impos e t h i s  e s t ima t ed prof i l e  on the 

Ra t z e l  prof i l e  at 4 0  s i nto the hyd rogen bu r n  ( the approxi

ma t e  t ime a t  whi c h  the bu i l d i ng s pr ays bega n wet t ing the 

TMI - 2  conta i nment ) .  The shape a nd quant i ta t ive a s p e c t s  of 

the es t ima ted conta i nment s p r ay p r of i l e were obta i ned f r om 

TMI -- 2  data on con t a inment ave ra ge t emper a tu r e  and p r e s s u r e  

ve rsus t ime . 2 Th i s  mod if i ed hea t f lux vs . t ime prof i l e  

a t t empt s  to cons i d e r  t he eff e c t  of cont a i nment s pray and i s  

a l so shown in Figu r e  1 8 . Al l samp l e s  wer e  expos ed to t h i s  

mod i f i ed hea t -f lux prof i l e af t e r  pr ehea t i ng to approx ima t e l y  
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TIME (s) 

F i gu r e  1 8 . Hea t  Flux vs . Time P rofi les . 

5 0 °C ( l 2 2 °F) . 

a pproxima t e l y  

a l so p r e s ents 

A.  Compu t e r  ana l ys i s  
B .  Mod i fied compu t e r  ana l ys i s  
C .  Typ i ca l expe r iment 

( The tempe ra ture in conta inment at TMI - 2  wa s 
50°C before 

a typ i c a l  

t h e  hyd rogen 

profi l e  tha t  

burn . )  F i gu r e  18  

wa s expe r iment a l ly 

obt a i ned a t  the sol a r  furnace fac i l i ty .  

Fund i ng for the s tudy of t he hydr ogen-bu rn event a t  

TMI-2 s hou l d  r esu l t  i n  the deve lopment o f  a mor e  comp l e t e . 

d e ta i l ed .  and a ccur a te hea t flux vs . t ime profi l e  for 

TMI - 2 . Unfor tuna t e ly , t ime cons t r a ints for ced the 

Cab l e/Connec t ions Ta sk p e r sonne l to us e the be s t  p rofi l e  

e s t ima t e  ava i l a b l e  { Fi gu r e  18 ) in  s tudying the e f fe c t  o f  the 

hydrogen bur n  on t he PCPC a t  TMI - 2 .  



The cable samples were mounted ver t i ca l ly be twee n  two 

heat-flux gages at  the s o l a r  furnace test f a c ili ty 

( F i gure 19 ) .  F i gure 20 shows temper a tu r e  responses r e c o rded 

f o r  the outer cable - j acket surface the rmocouples (1 . 2 .  and 

3 )  and the i nner cable- j acket surface thermocouple { 4 )  when 

the sample was exposed to a heat -flux prof i le . The outer 

surfac e  temperature measurements are only approxima t e . 

because no special s teps were taken to shi eld the thermo

c ouples f r om the radiant hea t f rom the the s o l a r  furnace . 

t n  all s tud i es . the bas i c  prof i l e  shape r ema i ned t he same . 

va rying o nly the peak heat flux . The s o l a r  furna c e  i s  not 

capable of reproduc i ng the calcula ted prof ile exa c tly .  but 

it was adequate f o r  this ecoping s tudy . By varying the peak 

heat f lux . it was poss i ble to vary the energy delivered to 

the sample . The energy del ivered equa ls  the product o f  heat 

f lux and t ime . or  the integrated a rea under the heat flux 

vs . t ime curves of F igure 1 8 . 

The goal o f  these heat-flux exper iments was t o  ver i fy 

the a naly t i c a l  hea t - flux p r o f i les . To do thi s . the ene rgy 

delivered to each success ive sample was i nc r eased until the 

cha r  that occur red in TMI -2 was observed . 

F igure 2 1  shows the hsa t-flux p r o f iles f o r  a s e r i e s  of 

these exposures ( smoothed f o r  better legibi l i ty ) . P r o f ile A 

i s  the calcula ted prof ile . and p r o f ile E i s  the s o l a r  furnacP. 

p r o f i le g iven in F i gure 18 . The samples exposed to p r o f i le s  

B and C showed n o  change . Samples exposed to prof i l e s  D and 

E had s ome d iscolorat i o n .  and E als o  p roduced s ome ash . The 

samples exposed to prof ile F had s l i ght i nd ic a t i o ns that 

c ha r r ing may j us t  have been s ta r t ing . P r o f i l e  G caused 

small. but def i n i t e  a r eets o f  cha r . and p r o f i l e  H clear ly 

produced char . 

Although the expe r imental p r o f ile that caused char i s  

somewhat higher than the c a l cu l a t ed prof ile .  thes e  data 

35 



Figure 19 . Cable Sample Mounted between Two Hea t -Flux Gages a t  Solar Furnace . 
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Figur e  20 . Temper a tu r e  Respons e  of Cable Jacket Expos ed to 
Hea t  Flux vs . Time Profil e .  

es t a b l ish tha t  t he ca l cula ted hea t - f l u x  profile for the 

TMI - 2 hyd rogen bur n correspond s rea sonably wel l  wit h  the 

obse r ved bu r n  damage to the PCPC ( wit h i n  the ana lytica l and 

exper imental  mea ns emp loyed ) .  

add res s e s  the average ( or bu l k )  

me nt a s  ave raged over t he entir e 

of volumes in which the bur n 

Because 

somewha t 

of this . the ana lysis 

lower hea t - f lux va lues 

The a na l ytica l method 

proper ties of the e nviron

volume ( inc l uding por t ions 

may not have occur r ed ) .  

wou ld be expec ted to give 

some a reas . The next s ec t ion 

than a c tua l ly oc cur r ed in 

dis cusses t he pos sible 

va ria t ions in t he hea t f l ux a s  r e l a t ed to the  pa t tern of 

damage on the c a b l e  ja c ke t . 

1 40 
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Figure 2 1 .  

TIME (s) 

Hea t Flux vs . Time 
Effe c t  on samp l es : 

P r o files  f r om S o l a r  Fu rnace . 
A .  Compute r ca lcu l a tion 
B. No change to samp l e  
C .  No change to samp l e  
D .  Disco l o r ation 
E .  Dis c o l o r ation and ash 
F .  Cha r  jus t  beginni ng 
G .  Sma l l  a r eas o f  c ha r  
H .  Cha r 

5 . 3  Hydrogen-Bu r n  Pa t te r n  Ana lysis 

Figur e  2 2  p r e s ent s a summa r y  o f  the data  with r espect 

t o  the r egions of t he PCPC. the c a b l e  sec tions . and t he i r  

a pp r oxima t e  d imens i ona l  r e l a tion t o  the p o l a r  c r ane . the 

D-ring. and the open west s tairwe l l .  Cable s ecti ons 1 

through 7 a r e  no t s hown because t hey a r e  be lieved t o  have 

l a i n  on t o p  o f  t he D- r i ng during t he accident . 
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Figu r e  22 . Cab l e  Sec t ion Bu r n  Pa � t e r n . 

The s hadowi ng of t he cha r red and d i s colored regions a round 

the PCPC poi nt to a hydroge n- bu r n  front tha t p ropaga t ed f r om 

wes t  to ea s t .  The s e  fi nd i ngs a r e  i n  a g r eement wi th the view 

t ha t  t he bu r n  o r i g i na ted a t  some l owe r l eve l ( be l ow the 

3 4 7 - ft e l eva t ion )  in conta i nment a nd propag a t ed p r ima r i ly up 

the open wes t  s ta i rwe l l ,  at which po i nt the bu r n  eme rged 

i nto the r e l a t ive ly open a r eas above t he 3 4 7 - f t  e l eva 

t i on .
2 

A loc a l ized , highe r hyd r ogen conc ent r a t io n  may 

have e x i s ted i n  the wes t  s t a i rwe l l  due to a pr essu r e - r e lease 

ope r a tion tha t  occur red 1 3  s p r ior to the bu r n .  The 

p re s su r e - r e l ea s e  oper a t ion wou ld have r e leased a s t eam and 

hydrogen p lume into the open wes t  s t a i rwe l l . Figure 22 

s hows schema t i ca l l y how t h i s  bur n  front may have cont i nued 

up t he wes t  s ta i rwe l l  b,e twe en the conta i nment wa l l  a nd the 

D- r ing wa l l .  then emer gred i nto t he l a r g e  open cavity a nd 

3 Q  



p ropaga ted upward a nd ea s tward p r oduc i ng the damage o bs erved 

on the PCPC . 

The uppermo s t  cha r red r e g i on i s  o f  par t i c u l a r  i nt e r e s t  

because s e c t i o ns 2 4  thr ough 2 9  show e i ther cha r  a l l  a r ound 

the cabl e .  whi l e  s e c t i o ns 2 9 . 3 0 . and 3 1  show e i ther a 

d i r ec t i ona l cha r r ed pa t t e r n  on the wes t  face  or e l s e  cha r 

r i ng a lo ng thr ee-qua r t e r s  o f  the surface f r om nor t h  through 

wes t  a nd s outh to e a s t  ( i . e . . the nor thea s t  c a b l e  quadrant 

s hows no char ) .  F i gures  23 and 24 show tha t  the ve r y  top o f  

s e c t i o n  3 1  was wrapped wi th tape o r  c l oth ( pa r t ia l ly held on 

by a t i e  wra p . F i gu r e  2 3 ) that i gni ted and pr oduced an 

apparent c i r cumf e r en t i a l  char . The region o f  c a b l e be l ow 

t h i s  bur ned p i ec e  o f  tape or  c l o t h  i s  d i r e c t i o na l ly cha r 

r ed . I n  the a bs ence o f  the tape o r  c l oth . the ent i r e  l ength 

of s e c t i o n  3 1  wou ld have exhi b i t ed d i rect i ona l cha r r i ng 

s imi l a r  t o  s e c t i ons 2 9  and 3 0 . 

Pos s i bl y .  the d i r ec t i o na l i ty o f  the cha r r ed pa t t e r n  i s  

a r e su l t  o f  the p r o x i m i ty o f  the PCPC to the mas s i ve po l a r  

c ra ne f r om which t h e  c a b l e  wa s suspended . The u p p e r  cable  

po r t i on ( s e c t i ons 2 9 . 3 0 .  and 3 1 )  wa s c l osest to the c rane 

a nd wou ld be expec t ed to be mos t  s e ns i t ive to any the rma 1 

p r o t e c t i o n  a f f o rded by the crane . Such s pecu l a t i on i s  sup

p o r t ed by no t i ng tha t  s e c t i o n  29 was cha r r ed f r om north 

t hr ough wes t  and south to east ( nor thea st  quad rant not  cha r 

r ed )  a nd that the o r i enta t i o n  o f  the c rane i t s e l f  wa s r oughly 

nor theas t  of the c a b l e  ( F i gu r e  2 ) . The fact that  c a b l e  s e c 

t i ons 2 4  through 2 8  were c i r cumf er ent i a l ly cha rred sugge s t s 

tha t  e nough therma l energy wa s pres ent to c i r cumf e r e nt i a l ly 

char cab l e  s e c t i o ns 3 1  to 2 9  bu t that the ma ss ive po l a r  

c r a ne may have a c t ed as  a heat s i nk .  absor b i ng enough the rma l 

energy t o  pr event cha r r i ng on the c a b l e  sur faces f a c i ng eas t . 

The ma j o r i ty o f  the c a b l e  s e c t i ons in  the d i s co l ored 

r e g i o n  o f  the PCPC a l s o  showed d i rect iona l i ty i n  the i r  d i s -
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Figgre 2 3 . Pho to of Cab l e  Sec t ion 3 1  Eas t  View . 
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F i gure 2 4 . Photo o f  Cable S e c t i on 3 1  Wes t  View . 
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c o l o r a t i o n . The wes t  c a b l e  s u r f a c e s  s howed d i s co l o r a t io n  t o  

va rious extents  a nd depths . whi l e  t he eas t - f ac i ng · cable 

surfaces g e ne r a l ly s howed no d i sc o l o r a t i o n  { Ta b l e  1} . 

The s e  o bs e rva t i ons a r e  cons i s t e n t  w i t h  t he v i ew t ha t  

t he hyd rogen bu r n  p ropag a t e d  f rom t he s ta i rwe l l  upwa r d  a nd 

f r om wes t  t o  e as t . l e avi ng a r e s idua l c loud o f  ext r eme ly hot 

gases t ha t  hea t e d  the PCPC by r a d i a t i o n  a nd conve c t ion . 

Wi t h  i nc r ea s i ng e leva t i o n . t he heat f lux o n  t he cable  sur 

f ac e  a l s o  i nc r eased a nd became mo r e  u n i f o rmly d i s t r i bu t ed 

a round the c a b l e . This pa t t e r n  was modi f i ed a t  the top o f  

t he c a b l e  { se c t  i ons 2 9 . 3 0 . a nd 3 1) by t he t he rma l p r o t ec

t io n  p r ovided by t he p o l a r  c rane . The d i s c o l o red reg ions o f  

t he PCPC wou ld 1 ikewise have exp e r ienced mo re  i ntense t he r 

ma l e ne r gy f rom t h i s  c loud o f  ho t gases o n  the wes t - f acing 

c a b l e  s u r faces . bu t wit h  t he rma l  i n t e nsity suf f ic i ent only . 

t o  d i s c o l o r  and no t t o  char the s e  su r face s . Rad iant - e ne r gy 

f lux dec reases i nve r s e ly a s  the squa r e  o f  t he dis ta nc e . a nd 

t he d is c o l o r ed r e g i o n  o f  PCPC was f a r t he r  away f r om t he 

pos tu l ated hot gaseous c loud { Fi gu r e  14) . The s ame r ea s on-

i ng appl i e s  to t he undamaged r eg ions of t he cable . becau s e  

t hey wer e  even f a r t he r  f rom t he heat s ou r c e . The ho r i zont a l  

s e c t i o n  o f  cable  l y i ng o n  t he D- r i ng wou ld a ls o  b e  p r o t ected 

by t he mas s ive c o nc r e t e  su r face o f  t he D-r i ng ac t i ng as a 

heat s ink . 

An a l t e r na tive exp l a na tion ( the r e  may be o t he r s  as we l l) 

f o r  the p r es ence o f  dis t inct  r egions o f  the rma l  damage i n  t he 

PCPC ( cha r r ed . disco l o r e d . undamaged) could be that c o ndensed 

mois ture pr ovided the r ma l p ro t ec t i o n  f o r  t he cable . The 

D- r i ngs pene t r a t e  to t he ba s ement of t he reac t o r  bu i l d i ng 

whe re t he r e ac t o r  coo l a nt d r ain tank had been r e leasing s team 

into t he c o ntainment bu i lding f o r  10 hour s  bef o r e  the 

hydr ogen bu r n . I f  a s t eam p a t h  e x i s ted f rom t he cont a i nment 

basement t hr ough to t he top o f  t he D- r ings ( 367 f t ) .  i t  i s  

pos s i b l e  t ha t  e nough wa t e r  had c o nd e nsed o n  t he sur faces o f  
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t he undamag ed l owe r s e c t i o ns o f  t he PCPC ( s e c t i o ns 1 thr ough 

lS ) to p r o t e c t  t hem f r om t he hyd r o g e n  bu r n . 

Le s s  s t ea m  wou l d  be expec t ed to c o n d e ns e  o n  t he PCPC a t  

t he i nt e rmed i a t e  l eve l s  { d i s c o l o r ed c a b l e  r e g i o n )  a nd even 

l e s s  a t  the upp e r  l eve l s  { cha r r ed c a b l e  r e g i o n ) . He n r i e  a nd 

Pos tma have c a l cu l a t ed that a wa t e r  f i lm O . S -mm ( 0 . 0 2 - i n )  

t h i c k  wou ld a bs o r b  the e nt i r e hea t l o a d  by eva po r a t i o n . 2 

They conc lude t ha t  o b j e c t s  t ha t  we r e  we t wi t h  c o nd e nsed 

s t eam wou ld no t be he a t ed nea r ly as muc h  as s i mi l a r:  ob j ec t s  

that we r e  d ry a t  t he t ime o f  t he bu r n .  

The Ca b l e / Co nnec t i ons Task p e r s o nne l p l a n  t o  a na l y z e  

the c a b l e  t ha t  hung f r om t he j i b c r a ne i n  t he s o u t hwe s t  

po r t i o n  o f  the 'l'M l - 2 c o n t a i nme nt a t  t he 3 4 7 - f t  e l eva t i on 

( d epend i ng o n  ava i l a b i l i ty o f  c a b l e  a nd fund i ng ) . Ana lys i s  

o f  t h i s  c a b l e  wi t h  r eg a r d  t o  bu r n  r eg i o ns a nd bu r n  d i r e c 

t i o na l i ty may he l p  t o  choose be twe e n  t he a l t e r na t ive e xp l a 

na t i o ns o f  t h e  bu r n  pa t t e r ns o b s e rved on t he PCPC . The pos 

s i b i l i ty t ha t  t he hyd r o g e n - bu r n  f r o nt i t s e l f  c au s e d  the 

pa t t e r n  o b s e rved in t he PCPC is t e nt a t ive ly r e j e c t e d because 

exp e r ime n t s  a t  SNLA 7 and other med i um- s c a l e  hyd r o g e n- bu r n  

f a c i l i t i e s . us i ng bo th qua l i f i ed and unqua l i f i ed c a b l e s . 

r e p ea t e d ly s howed no ev i d e nc e  o f  t he r ma l damage ( c ha r: . a s h )  

t o  c a b l e s  o n  s i ng l e  e x posu r e  t o  a p r o paga t i ng hyd r o g e n - bu r n  

f r ont . 1'he s e  o b s e r va t i ons we r e  co r r o b o r a t ed by p l a c i ng a 

d e c o nt am i na t ed s amp l e  o f  TM I - 2  PCPC i n  t he SNLA hyd r o g e n- bu r n  

f a c i l i ty and s e q u e n t i a l ly e xpos i ng t he same samp l e  t o  a 

7 . 2 % .  7 . 7 % .  a nd 8 . 9 % ( by vo lume ) hyd r o g e n  bu r n .  ( 'l'h i s  

h i ghes t pe r c e n t a g e  i s  s i mi l a r  t o  t ha t  c a l c u l a t ed f o r:  t he 

TM I - 2  hyd r o g e n  bu r n . )  I n  a l l  t e s t s . t he samp l e  wa s s u s 

p e nded i n  t he t a nk w i t h  t he c a b l e  a x i s  no rma l  t o  t he as s umed 

d i r e c t i o n  of p r o paga t i o n  of the hyd r o g e n - bu r n  f r ont . t he 

f a ns we r e  o n . no s t eam wa s p r e s e nt . a nd t he g a s  t empe r a tu r e  

wa s 7 0  t o  8 0 ° C  { l S B  t o  17 6 ° F )  b e f o r e  i g n i t i o n .  Af t e r  each 
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bu r n .  t he c a b l e  was i ns p e c t ed for evidence of therma l  dam

age . Under  the s e  cond i t ions . t he PCPC showed no s i gns of 

cha r  forma t i on . a s h  forma t ion . b l i s t e r i ng. or d i scol o r a t ion . 

I t  i s  gene ra l ly t hought tha t  hydrogen f lames thems e lves emi t  

very l i t t l e  t he rma l rad i a t ion .
• 

Mos t of the s i g ni f i cant 

hea t t ra ns f e r  f rom a hyd rogen bur n  to a g iven component or 

s u r face r esu l ts f rom r a d i a t ion and/or convect ion f rom the 

hot qa s 

volumes 

( a i r  

( such 

a nd s team ) 

as the test 
l e f t  af t e r  the bur n . I n  sma 1 1  

fac i l it i es mentioned above ) the 
s u r f a ce- to-volume r a t ios a r e  much l a r ge r  than for con t a i n 

o f  thi s . hea t t r ans f e r  ( and the ment volumes . Because 

r e su l t i ng therma l  damage ) f r om t he hot gas to a g iven compo

nent or s u r f a c e  would be much l e s s  for the t e s t  vol umes than 

for a l a rqe vo � �me such as the TMI - 2  conta i nment . 

The c a b l e  was t herma l ly damaged i n  the l a r ge volume and 

s howed no damage i n  the sma l l  volume . thus conf i rm i ng tha t  

t he damage t o  the c a b l e  wa s caused by hea t t rans f e r  f rom hot 

qas r a ther  than the f lame f ront i t s e l f . 

6 .  Conc lus i ons 

The r e su 1 ts of thi s i nve s t i ga t ion i nto the PCPC f r om 

TMI - 2 a r e  summa r ized be low .  

6 . 1  Phys ica l Abuse of Ca ble  

Ther e  a r e  c l P. a r  s i gns of  phys i c a l  abuse of t he c a b l e  

s e c t ions tha t  l a y  o n  top o f  t h e  D- r i ng .  0 .  M .  Stue tze r ha s 

ident i f i ed c ra c k i ng i n  the i nsu l a t ion/ jacket comb i na t i on .  

a gg r ava ted by mec hani ca l s t r e s s . as  a l i ke l y  mecha n i sm 

caus i ng e l ec t r i c a l  brea kdown i n  a r e a c tor cabl e . 1 0  c r a cks i n  

the ja cket and the i nsula tor o f  a r ea c tor c a b l e  c a n  lead to 

e l e c t r i c a l  shor tou t . espe c i a l ly dur i ng an acc ident . when 

contami nants . humid i ty .  a nd /or s p r ay can form a conduc t i ng 



path to ground or to a nothe r c a b l e  c ra c k . Stue t z e r  ident i 

f ie s  three s pe c i f i c s i tua t i ons o f  p r imar y  conc e r n : 

o Long c a b l e  p i eces  l y i ng i n  t rays or condu i t s  

c a n  d eve l o p  c racks und e r  the rma l cyc l i ng .  

• Ca b l e s  

c o r !le r s ) 

p r oduced 

we ight . 

s ha rp l y  bent ( e . g .  • 

can c rack unde r  the 

by therma l  cyc l i ng or 

a round condui t 

mecha n i c a l  s t re s s  

b y  c a b l e  ove rhang 

• Aged c a b l e s  can be mecha n i ca l ly s t r ess ed a nd 

c r a c ked by rna intenance procedures . i . e . . " rna in

tenance acc ident . "  

The port ion of the PCPC lying on t he D- ring showed c l ear 

s igns of a " ma intenance acc ident " as descri bed by Stue tzer . 

Thi s  s e c t i on of c a b l e  had cuts . a bra s ions . and even prote� 

t ive s l eeves cove r i ng the c a b l e  j a cket . appa rently used to 

r esea l a seve r e ly damaged sect ion of cab l e .  Thes e  obs erva -

t ions support Stu e t z e r ' s  concern a bout the impac t  of a ma in

t e nance acc ident on cables  that compromises the ir c b i l ity to 

fu l f i l l  the i r  e l ec tri c a l  func t ion . 

r e a c tor acc ident s c e nario . 

6 . 2  Effe c t s  of Rad ia t ion 

es pec ia l ly during a 

The rad ioact ive contamina t ion pres ent on the por t ion of 

the PCPC lying hor izonta l ly on the D- r i ng wa s approx ima t e l y  

1 0  t imes g r ea t e r  than tha t found o n  a cont iguous s ec t ion of 

the PCPC tha t hung vert ica l ly .  Thi s  d i fference in rad i o

a c t ivi ty ena b l ed the compari son of prope r t i e s  of the high 

a nd low contamina ted s ec t ions of the PCPC . Resul t s  of the 

eva lua t i on i nd ica ted t ha t  the contamina t i on caus ed no dra 

ma t i c  changes i n  e i t her the ma t e r i a l  or t h �  e l ec t r ica l 

p r oper t i e s  of the PCPC . Furthe r s tud i es on f i s s i on - product 

d e pos i t ion on the vert ica l s e c t ion of the UCPC m i gh t  be 
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e xt r emely va lua b l e  i n  r e l a t i o n  t o  s tu d i e s  on f i s s i o n - p r oduct 

t r anspor t .  This i nf o rma t i on woul d  he l p  t o  ve r i fy c ompu t e r  

codes and t o  augment ca l cu l a t i o ns o f  t he source t e r m .  whi ch 

might provi d e  a c l e a r e r  e s t ima t e  of t he rad ia t i on l eve l s  

expe r ienced i n  conta i nment . 

6 . 3  Hydr ogen-Bu rn E f f e c t s  

A vi sua l exam i na t ion o f  t he PCPC showed t h a t  i t  could 

be d ivided into three r e g i ons ba sed on the extent o f  therma l  

damage . Howeve r . both the ma t e r i a l s  ana lys i s  ( s ee F i gu r e s  9 

a nd 10 ) and the e l ec t r ica l exami na t i on ( s ee Ta b l e  2 )  r evea led 

no subs t a nt i a l  d i f f e rence i n  e i t he r  o f  t he s e  p r oper t i es 

among c a b l e  s e c t i ons taken f r om each o f  the three r eg i ons . 

Des p i t e  the ign i t i ng and bu r ning o f  t he j acket s u r f a ce in  

the cha r r ed r e g i ons of the cabl e .  the mechanica l and e l ec

t r ica l prope r t ies  d id not  d i f f e r  g r ea t ly f r om those o f  the 

undamaged r eg i ons . 

Thus i f  the PCPC . which wa s hang ing in  f r ee s pac e . d i s 

p l ayed no s i gn i f i cant change in  ma t e r i a l  o r  e l ec t r i c a l  prop

e r t i e s . t hen it  i s  pos s i b l e  t o  as sume that s imi l a r  c a b l e  in  

TMI -2 could a l so be expec ted t o  have i t s mecha n i c a l  and 

e l ec t r i c a l  prope r t i e s  e s s ent i a l ly i nt a c t  a f t e r  the hyd r ogen 

bu r n .  Mos t  c a b l e  is mo r e  p r o t e c t ed t han the PCPC . f o r  

seve r a l  reasons : ( 1 )  these c a b l es a r e  nea r s t ru c tu r e s  t ha t  

c a n  s e r ve as hea t s i nks ( e . g  . •  t he conta i nment wa l l ) .  ( 2 )  

c a b l e s  p r o t e c t  o thEl r  c a b l es i n  c a b l e  t r ays . ( 3) c a b l e s  in  

condu i t  a r e  p r o t e c ted f r om the conta inme nt env i r o nment . and 

(4 ) LOCA- qua l i f i ed c a b l e s  a r e  l i k e l y  t o  be mo r e  r e s i s tant  to 

therma l  e f f e c t s  ( the PCPC wa s not LOCA- qua l i f i ed ) . I t  wou ld 

be expected tha t  cables  wi t h  l e s s  therma l  ma s s  ( e . g  . •  

s i ng l e - condu c to r  c a b l e s ) wou ld be mo r e  susce pt i b l e  t o  hydr o 

gen bu rns . depend i ng o n  t he loca l envi r onment . 



I t  i s  d i f f i cu l t  t o  d r aw c o nc lu s i ons rega r d i ng the 

i nt egr i ty o f  t he r es t  o f  the c a b l e s  { bu l k  c a b l e ) in c o nt a i n

ment . Fur ther a cqu i s i t i on o f  i n  s i tu e l ec tr i ca l t e s t  da ta 

and ana lys i s  of TMI - 2  bul k  c a b l e  by t he Cab l e /Conne c t i ons 

Tas k  may e s t ab l i s h  whe ther t he bu l k  cable i s  st i 1 1  u s a bl e . 

Should bul k  c a b l e  be f ound to have ma i nt a i ned i t s  mecha n i c a l  

a nd e l e c t r i c a l  i n t eg r i ty ,  t h i s  wou l d  e l imina t e  a ma j or c o s t  

o f  the p lant r ec overy e f f o r t  and wou ld a l s o  a l l ow r e s ea rch 

e f f o r t s  to  f ocus o n  o t her  e l ec t r i c a l  c i r cu i t  componen t s  as 

p o t ent i a l  wea k  l i nks dur i ng or  a f t e r  a r e a c t o r  acc i d ent . I t  

shou ld be no ted tha t  t h i s  wo r k  ha s not add r e s s ed l ong- term 

degrada t i on of c a b l e s ; i n  genera l ,  cables may be s e r v i c e a b l e  

immed i a t e ly a f t e r  the acc ident , bu t the i r  expected l i f et imes 

may be substant i a l ly reduced , i . e  . •  t he a g i ng mecha n i sms may 

have been acce l e r a t ed du r i ng the acc ident . The que s t i o n  o f  

c omponent l i f e  expec tancy was n o t  d i r ec t ly add r e s s ed i n  the 

cu r rent Cab l e / Conne c t i ons Tas k . Howeve r ,  t he Ta s k ' s  e f f o r t s  

to  def i ne component - f a i lu r e  mecha n i sms and t o  deve l op t ech

n i ques for d e t ec t i ng component d e t e r i o r a t i on could r e s u l t  in 

a s s e s s ing a nd p r o l o ng i ng component l if e  wi t h  r e s p e c t  t o  both 

no rma l  plant ope r a t ion and t o  nuc l e a r  a c c i d ent event s .  

6 . 4  I nt egra t ed Appr oach 

The a na lys i s  o f  the PCPC f r om the e l ec t r i ca l , ma t e r i 

a l s . hyd r ogen bu r n .  and rad ioact ive c o ntami na t i on po i nt s  o f  

v i ew represents  a n  a pproach cons i d e r ed by the Ca b l e /  

Connec t i ons Tas k  t o  b e  very u s e f u l  i n  eva lua t i ng t he acc i 

dent at  TMI - 2 a nd i t s e f f ec t s  on  e l ec t r i c a l  compone nt s . To 

be succes s f u l  t h i s  approach requ i r ed the supp o r t  and a s s i s 

t a nce o f  the T I O  a nd c o n t r a c t o r  pe r s o nnel a t  TMI - 2 ,  a nd t o  a 

ver y  la rge extent t h i s  r e p o r t  r e f l e c t s  the i r  e f f o r t s . 
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NOT RF.Ol!Tlll'T\ 

9 Personnel aualified in Polar Crane safe tv and snider oner;:o� "" 

10 Refer to attached recomm�nded seauence .  

"'26-.Llhen directed three man team enter contaimnent with eauinmPnt · � 
drum �-ding area· two men go to El . 34 7 ' and null � o El . 34 7• 

-- -:::::---
22 S tore drum in location �  thi r��o to El . 34 7 ' . 

--- --
30 rl'wo mPn ascend t:o.-Pa1"ar Crane with eauiomen�red · th i r-;1 man 

TPrn,.in_� 347 '  --
-r-- --
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20 Wh_en _di rec_t_ed four man team enter containment with equipment at ( �f .1r:z�di � 
EL 305 ' . 

Q 
22 Two men ascend to oolar crane with reauired eauiPment via spider . (. � ,A-':�..,t! v 

" 
24 Two men ascend to El . 347 '  with eauipment . � ��/ !�2�'· 

(I 
.1_0 Mark oendant cable at polar crane with compass orientation (north ) . (_ -1hr.P. H�:s-Ji: 1-

Securely lash �" handline to pendant cable and chain and tie off 
lhandline to walkwav handrail . 

<l 
32 iPerform survev of oolar crane control pendant festoon system in ( � ,  �2:s-r.k. ..... 

l ar,.,.,,..,J,,.,,.e with attached she e t .  

" 
34 ' r.avont h�rculite sheet f or pendant/cable lavdown at El . 347 as shown . ( �",/� R-�-A1 -

q 
40 OnP m:on ascend from E l .  34 7 '  to too of D-Rin2 . El . 367 ' at pendant t o  ,-�d K'!.'7� .J ... :.-

assist. in lowerin11 n endant and c able clear of D-Ring .  

a 
!J.? At El . 367 '  securely lash '1;" tag l ine to pendant end ot cable . �P  Y-2" ·l" � 

and drop tag line to man at cable laydown area El. 347 ' . 
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t Polar Crane notify Command Center when pendant cable is reac!_y_ to be 
ut and lowered . 

ommand Center to not i fv. Personnel at El . 367 ' when cable is to be cut 

ommand Center to order Pendant cable to be cut .  

ommand Center to order pendant cable to be lowered . 

aegin lowering pendant cable and chain from polar crane to E l .  347 ' •  
ower cable to El . 347 ' using �" hand line ' third man s tand by on 

D=Rim� at noint P unt i l  pendant clears D-Ring and fourth man at 
1 .  34 7 '  controls pendant end of cable with tag line . 

l'l'htrd man descend to El . 347 ' from D Ring_. 

I'!Jh .. n aooroximatel v one half of cable length ( 40 ' )  has been laved out on 
lnr<>1'11-"rkPd herl"uli te sheet notifv Command Center . 

I� 

- ·  

,,l r.Pnter t n  nrd<>r lnwPrin" nf nendant cahl e t n  stOP 

. - -
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nR 'l'wn m<>n Ia F. 1 147 ' t-n mJ>t-rh m<>rk ""il cut oendant cable @ an . r  �£ .f'-23' J_!J ,..-
-;,..-., 10" i n r rPmPflt ' remove chain from cable and oendan t ;  remove 

Bnd re-ne �" t- <> o 1 i n"' @ nl"w free end of hansdm!: cable : Nn t- ; fu 
C.Pnt-Pr wh<>n rP;tdv t-n rnntinue lowerin2 cab le .  

_7_0 f'nmm<>.,il f'an t- •n·  t-n ordl"r 1 nuari no of Dl"ndant cable to resume . c � 1"-:n-J� 

' 
80 HP t:o bt"�d n ,;urvl"v o f  .> .  and rahle Perform contact Beta and c �)' ,r.:..zJ;» -

r.,.mm,. SnrvPv PVPrv 1 0 '  ;tl nno r,.hl <> ·  .-;k-., "'mear everv 20 '  alon2 
,.,.J-. 1 "'  ( Sma .. .-c: are to be sent to Samnle 

-
Coordinator for isotonic 

"'"" , " "i c:) 

q, 
QO Nnti fv r, .. C.t"ntPr whl"n <'able is como letelv laved down on c· �.r �.?J·d� 

H .. r .. nl i t-P Sn<><>t-
t11 t11 a 

Q? r.,.,,..,..,. tlotifv Polar Crane Personnel that lowerin2 is t � ... '> ��z�...r� I--
,...,....,lett"' nprc:nnn <> l  @ El 34 7 ' to release !s'' Handline · Polar Crane 

per!onnel to retrieve and co.il ls.'' Handlin�'> for 1 :'ltPr '"" T ""'"o 

Handline on Po�ar Crane Walkwav, 
.0::.. 

QL. Pn1 ,. .. f'r"""' n. ,.,, t:n rii"S<'end to El 305 ' via sp ider · thence �,p cr.-Z!oo-;r; :; 
�- ,..., ..... F.l 147 ' to assist i�tting and. ba2sdn2 cable samp les . 

(\ 
nn 'T'"o and cut �on..l"" t cable into 30" lon11; sections (Api)rox. ) Using the c.�i:; K>��-j � 

ore-marked Herculite laydown sheet as a guide ; sleeve each sec t1on , 

... 
1 0? P 1 <1 l' O  ,.,. .. "'"tl <:1 P<>U<>..l r"n 1 <> <:<> f' l- i nn c:  i n  fnnr n n l " " "' " "  (L. I � ? ' '  � ,r..-z�-J' v 

ei2ht sections to the ba�t . for transnortin�t to the AiltP Ronm 

1-- -
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104 R .. D' r,.hlP <Ontl 'nPntl.,nt- rh,. i n • }o.,..,. _!.,:11 t- " r> 1 i no •  l'n 1 ..t  nro,.,..-t,.,..t ,. ...eY-..J.J d"; Z'J�f'• v 
Herculite laydi>wn shee t .  (All for disposal ) .  

.. 
!Ub Bag tool s ,  tape and_ marking pens , tt-·zs�JI� ...... 

C\ 
l.UO AJ..L personnel descend to Airlock at El . 305 carrying bagged items �f .t-'· '1,.. .n .... 

.LU.l tnru .LUb . 

• 
1 10 m> . t'o  RII'!- Surve" four _polv ba2s of cable sections inrl ntlin<> oendant �.P �-n-� � 

before olacin2 in 55 �Za1 1 nn drum stAD"Ptl in Ant-P Rnnm. 
(Contact Beta and Gal!'llru\) 
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WORK PALKAGE E-0019 
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. 1  
EQUI PMENT L I ST 

1 .  
2 '  01 

3. C(JMB.  4.  STAGI NG POST ENTRY DI SPOS I T I ON 
MATERIAL TY .  CODE LOCAT I ON 5 .  IN- CTMT 16.  OUT-CTm 7 LOCAT ION 

Work G 1 ove_s ,  L11rge 4 nr . 

2" Cab l e  Cutter 2 
� Nylon Rope J llll 
Feet - Coi l ed 1 
Plastic s lccving ( lay 
flat) for 21�" Cable 36 
(4 foot sect ions rolle 
in bag) 
Y> Gallon Drum 
(Bagged) 1 

Poly Bags- 4 ' X 2 '  6 
Black 
Marking Pen 2 
35 mm Camera w/ wide 
angle lens ( inc lud ing 1 
Lanyard ) 

Canvas Tool Bag 2 

Mask i ng Tap<' 2 rol l �. 
St r;dght ll ! t  
ScrPwdriver ll" I 
l�" Ny l on Rope 
50 ' - Coi led I 
8" Lineman ' s  S ide 
Cut ters 2 
3 '  X 80 ' Long 
Hercu lite 1 

8. Mate ri a l  Staged ------------- g _  Materi a l  i n  Ante Room
------

1 0 .  Review Compl ete : Stag i ng Coo rdi nator--------------

Materi a l s  Coord i nator---------------

5 7  



EQUIPMENT LIST 

WORK PA�KAGE E-0019 

REV . N� � PAGE ..,e.1- OF 
9 

THIS EQUIPMENT REQUIRED OF PERSONNEL WORKING ON POLAR CRANE . 

: 1 . 2. _Q' 
3. COMB. 4. STAGING _rQST ENTRY 01 SPOS IT I ON 

!MATERIAL TY .  CODE LOCAT ION 5. JN- C I MT .6 UUT- CTMT 17 LO�T_I_QN 
SAFETY EQUIPMENT SUMMJI RY 
(Each man will carry 

�ha Fn � 1 r.�fnn 
personnel safety 
"nnf nm.,nt:) • 

'Fu1 1 hnilv h:oTn""" 

Pouch 

Two 1 """""'"'" 

Caribiner hooks 

Knife 

Ice Vest 

a. Hater1a1 Staged
-------------

9 .  Materi al i n  Ante Room ------

10. Review Complete: Staging Coordi nator 
Materials  Coordinato�r--------------

5 8  
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Dis t r i bu t i on 

EG&G I daho I nc . 
P . O .  Box 8 8  
Middletown . PA 17057 
Att n :  R .  D.  Me i n i nger 

J .  K .  Jacoby 

DOE/ TMI S i te Of f i c e  
P . O .  Box 8 8  
Midd letown . P A  17057 
Att n :  W.  W.  B i xby 

West inghou s e  Hanford Co . 
W/A- 5 6 . Bldg . 3 26 
P . O .  Box 1970 
R ichland . WA 9 9 3 5 2  
Att n :  P .  Cannon 

Bechte l  Power Corpo r a t i o n  
15740 Shady Gr ove Road 
Ga i ther s burg .  MD 20877 - 1 4 5 4  
At t n :  B .  Hopkins - 2D1 3 

1 8 2 1  R .  w .  B i l d 
1 8 2 1  N .  B .  Campbe l l  
1 8 2 1 R .  M .  Mer r i  1 1  
2 3 4 1  G .  M .  Mue l l er  
2 3 6 2  M .  B .  Mur phy 
6 4 00 A .  w .  Snyder 
6 4 10 J .  w .  H i c kman 
6 4 2 0  J .  v .  Wa l ke r  
6 4 3 0  N .  R .  Or t i z  
6 4 4 0  D .  A .  Dah l gren 
6 4 4 2  w .  A .  von R i e s ema nn 
6 4 4 4  L .  D .  Buxton 
6 4 4 6  L .  L .  Bonzon 
6 4 4 6  w .  H .  Buc ka l ew 
6 4 4 6  R .  B .  Pad i l la 
6 4 4 6  E .  H .  Ri chards ( 15 )  
6 4 4 6  s .  St . C l a i r  
6 4 4 7  P .  R .  Bennet t  
6 4 4 7  D .  L .  Berry 
6 4 4 7  v .  J .  Da nd i n i  
6 4 4 9  K .  D .  Bergeron 
6 4 50 J .  A .  Reu s cber 
6 4 5 4  D .  J .  Sasmor 
3 14 1 - 1  c .  M .  Os t rander ( 5 )  
3 1 5 1  w .  L .  Ga r ner ( 3 )  
3 15 4 - 3  c .  Da l i n  ( 2 EI )  
8024 M .  A .  Pound 
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