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ABSTRACT 

This document summar i zes what has been l earned from generat i on of  hydro-

gen  i n  the reactor core and the  hydrogen burn that occurred i n  the  conta i nment 

bu i l d i ng of  t he Three M i l e  I s l and Un i t  No . 2 (TM I -2 ) nuc l ear power p l ant on 

March 28 , 1979 . Dur i ng the TM I -2 l os s-of-coo l ant acc i dent  (LOCA), a l arge 

qu ant i ty of  hydrogen was generated by a z i rcon i um-water react i on .  

The  hydrogen burn that occurred 9 h and 50 m i n after the  i n i t i at i on of  

the  TM I -2 acc i dent  went essent i a l l y  unnot i ced for  the  f i rst  few  d ays.  Even  

t hough  t he  burn i ncreased the  conta i nment gas ·temperature and  pres sure to  ' 

1 , 200 °F ( 650 °C) and 29 l b/ i n 2 ( 200 kPa ) gage , t here was no ser i ou s  threat 

to the  contai nment bu i l d i ng .  

The  p rocesses , rates , and quant i t i es of  hydrogen  gas generated and 

removed  d ur i ng and fo l l ow i ng the LOCA are descr i bed i n  th i s  report . I n  

add i t i on ,  t h e  method s wh i ch were u sed to def i ne t h e  condi t i ons  that ex i sted 

i n  the contai nment bu i l d i ng before , d u r i ng , and after the hyd rogen  burn are 

descr i bed .  The  resu l ts of data ev a l u at i ons and eng i neer i ng ca l cu l at i ons  are 

presented to s how the  pres sure and temperatu re h i stor i es  of t he  atmosphere 

i n  var i ou s  conta i nment  segments  du r i ng and after the  burn . 

Mater i a l  and equ i pment i n  reactor conta i nment  bu i l d i ng s  can be  

protected  from burn  damage by the  use  of  re l at i ve l y  s i mp l e  enc l o s ure s  or  

i nsu l at i on .  

i i i 
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1 . 0  PURPOSE AND OBJECTIVES 

The  purpose o f  th i s  report i s  to summar i ze the  many l e s sons  t h at have 
been l earned as  a resu l t  of the hydrogen  burn wh i ch occurred i n  the Three 
M i l e  I s l and U n i t  No . 2 (TM I -2 ) nuc l ear power p l ant contai nment bu i l d i ng .  
I nformat i on was co l l ected u s i ng the  fo l l ow i ng method s:  

• Ana l ys i s and eva l u at i on of  recorded  dat a  and ev i dence of  d amage 

• Re l ated test  programs at other  fac i li t i es 

• Theoret i ca l  and emp i r i ca l  ana l y s e s  of the  acc i dent , hyd rogen  gen
erat i on ,  hydrogen- a i r react i ons  u nder  vari ou s conta i nme nt cond i 
t i on s , and heat i ng of var i ou s  type s  of receptors from exposure to 
t he  burn trans i ent 

• Comparat i ve d e s i g n ana l y s e s  that prov i de protect i ve measures  to 
en sure t h at equ i pment wi ll  not be therma l l y  d amaged by a conta i nment  
hydroge n  burn . 

The  object i v e s  of t h i s report are to: 

• Document , p r i mar i l y  by d i rect reference s ,  the re l ated work  that 
h as been performed 

• E v a l uate  and reso l ve to the extent pract i cab l e  the areas  where 
u nreso l ved  techn i ca l  ques t i ons  pers i st 

• Determi ne  and document t h e  temperature and pres sure  h i stor i es  of 
var i ou s  s egments  of the conta i nment atmo sphere for u se i n  pred i ct
i ng d amage potent i a l from postu l ated s i m i l ar hydroge n  burns  

• Prov i de gu i dance that  w i l l  be u sefu l i n  the  des i gn of  temperature
sens i t i ve ,  i n-conta i nment  equ i pment , to ensure that it  wou l d  not 
be  d amaged  from a postu l ated hydrogen  burn . 

1-1 
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2 . 0  SUMMARY AND CONCLUS I ONS 

The ana l y s i s  of data ava i l ab l e  from the  TM I -2 acc i dent  i nd i cates  that 
the  hyd rogen generat i on rate peaked at more than 20 kg/m i n ( 8 , 000 ft 3 /m i n 
standard ) s hort l y  after 0654 when the  hot reactor core was quenched . J u s t  
p r i or to t h at per i od , the  z i rcon i um-water react i on may h ave  been  s t e am- l i m i ted . 
Approx i mate l y  400 kg  of hydrogen gas  was generated betwee n  0612  and 0700 , 
and approx i mat e l y  460 kg  of hydroge n  gas had been  generated by 0748 . 

The  hydrogen was re l eased to cont a i nment from the  reactor coo l i ng system 
throug h  the  pre s sur i zer and reactor coo l ant dra i n tank  at a vent  l ocated on 
the wes t  s i de ,  be l ow the  f l oor at E l evat i on 305 . The  hyd rogen  concentrat i on 
was h i gh i n  t hat area just  pr i or to the  burn . B ased  on  accurat e l y  t i med 
pressure  d at a , i t  i s  l i k e l y  that the burn or i g i nated i n  t h at are a .  I t  i s  
a l so l i k e l y  t h at the  l ast  reg i ons to burn were the  enc l o sed s t a i rwe l l and 
e l evator ho i stway where , co i nc i denta l l y ,  t he  hyd roge n  concentrat i on s  were 
l owest . The  hyd rogen had become we l l -m i xed throughout  cont a i nment  except i n  
t he  enc l o sed  s t a i rway and e l evator ho i stway areas , and probab l y  averaged 
j u s t  be l ow 8% . The burn moved pri mar i l y  up the open  s t a i rway on  t h e  we st 
s i de and l atera l l y  toward the  east , be l ow the  reactor dome and the f l oors at  
E l evat i ons  305 and 347 . 

The  hydroge n  burn occurred throughout e s s ent i a l l y  a l l of t h e  
2 , 033 , 000 ft 3 ( 57 , 600 m 3 ) conta i nment  d ur i ng a per i od of  approx i mate l y  12  s .  
Les s  t h an 5% of  the  burn i ng took p l ace  i n  t he  f i rst  6 s ,  l e s s  than  40% 
dur i ng t he  next  3 s ,  and more than ha l f of  the burn i ng occu rred d u r i ng the  
l ast  3 s .  There was  no detonat i on .  The hotte s t  gas  was the  g a s  t hat  burned 
at approx i mate l y  6 s pr i or to the end  of the burn . E ven  thou g h  the gas was 
l o s i ng heat to the u nburned gas and su rrou nd i ng surfaces  after i t  bu rned , 
compre s s i on heat i ng was dom i nant and s i gn i f i cant l y  i ncreased i t s temperatu re 
unt i l t he  pre s s u re peaked . The atmosphere i n  t h e  upper  dome of  the  conta i n
men t  became hotter  and stayed hotter l onger than i n  sma l l er ,  more  congested 
compartments  p r i mar i l y  becau se  of i t s h i g h vo l ume -to- surface- area rat i o ,  
wh i ch res u l ted  i n  l ower coo l i ng rate s . Th i s  hotter  cond i t i on was a l so a 
re s u l t  o f  t he  more comp l ete burn i ng t hat wou l d  h ave  occurred i n  t hat l arge 
open reg i on .  B urn damage to receptors was therefore h i g h e s t  i n  t h at reg i on .  

The  predom i nant p ath  of the  hot  steam and gas  l e av i ng the  reactor coo l ant 
dra i n  tank  vent  was determ i ned to be  up t hrough  the s t a i rway ope n i ng at 
E l evat i on 305  then  to the a i r cool ers at Elevat i on 3 30 . Steam condensat i on 
cau sed everyt h i ng i n  the  reg i on of that path  to become very wet and s i gn i f i 
cant l y  m i n i m i zed  burn d amage to receptors l ocated t here . The  water spray , 
wh i ch started 32  s after t he  burn , rap i d l y  coo l ed t he  hot gases  i n  the  
reg i on above  E l evat i on 347  and quenched the  objects  t hat were ch arr i ng and 

. burning . Therefore , many objects were preserved i n  the i r  part i a l l y  burned 
state , wh i ch a l l owed re l at i ve l y  comp l ete ev a l u at i on s . Typ i ca l l y , the burn 
damag e  ( and l ac k  of  burn d amage ) i s  exp l a i nab l e  wi t h  l i t t l e  or  no 
specu l at i on .  

2-1 
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A compari son of the  burn i ng rates , peak pressure s , and coo l i ng rates  
s how the  effects of sca l e  dur i ng t he  burn i ng of mi xtures  o f  approx i mate l y  
8% hydrogen i n  a i r  i n  vesse l s w i t h  great l y  d i fferent s i ze s . Peak  pre s sure s  
are l ower and coo l down rates are faster i n  sma l l er ves s e l s  becau s e  of  t h e  
sma l l er vo l ume -to-surface-area rat i os .  However , the tot a l  t i me for t h i s 
part i cu l ar gas  mi xture ( approx i mate l y  8% hydrogen i n  a i r ,  wh i ch i s  j u s t  
be l ow t h e  l i mi t where downward f l ame propagat i on can occur  i n  qu i e scent  
hydrogen- a i r  mi xture s ) to burn was  s i mi l ar i n  each  ves sel ;  t herefore ( as a 
resu l t  of buoyancy effects )  burn ve l oc i t i es are much h i g her  i n  l arge v e s se l s  
than i n  smal l ves se l s .  The burn ve l oci t i es i n  these te st s  were reasonab l y  
proport i onal  t o  a c haracter i st i c  l ength such  a s  d i ameter , or  t h e  cube  root 
of the  vo l ume . Typ i ca l  burn i ng ve l oc i t i e s i n  the TM I - 2  conta i nment  d ur i ng 
the l as t  few second s of the  burn were probab l y  up  to app rox i mate l y  50 ft/s  
( 1 5 m/s ) .  Ve l oc i t i es of gases  mov i ng throug h  open i ng s  i n  a part i a l l y  
enc l osed compartment ( room A )  apparent l y  reached app rox i mately 2 50 ft/s  
( 7 5 m/s ) . 

Approx i mate l y  460 kg of hydrogen  gas was accounted  for ; app rox i mate l y  
320 k g  was converted t o  water vapor dur i ng the  hydrogen  burn ; approx i mately 
1 10 kg  was removed by a hyd rogen  recomb i ner ; and app rox i mate l y  30  k g  was 
eventu a l l y  vented to the  ou ts i de atmosphere . 

Des i gn ana l yses  s how t hat enc l osures such  as standard e l ectr i c a l  pane l s 
and condu i t  are suff i c i ent to protect most types  of w i r i ng and e l ectron i c  
equ i pment from overheat i ng duri ng a hydrogen  burn , even  i f  t h e  burn occurs  
in  the  enc l osure. I t  i s  conc l uded that equ i pment wh i ch has  been qu a l i f i ed 
to w i t h stand a typ i ca l  l os s-of-coo l ant-acc i dent ( LOCA ) env i ronment  wou l d  
l i ke l y  a l so w i t h stand the  effects of  a hydrogen burn ; t h i s wou l d  s u re l y  be  
the case i f  the  resu l t s of a therma l ana l ys i s  s i m i l ar to  t h at d emo n s trated 
in  t h i s document  were appropri ately cons i dered d ur i ng the  d e sign  of  t h e  
equ i pment . 

2-2 
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3. 0 BACKGROUND 

3. 1 LOSS-OF-COOLANT ACC I DENT 

The LOCA t h at occurred at TMI - 2  began at 0400 on  March 28 , 1979 . There 
were many contr i but i ng cau se s  to the acc i d ent : d e s i g n ,  mai ntenance , opera
t i on ,  commu n i cat i on ,  and trai n i ng errors . 

The o n l y  s i gni f i cant l oad app l i ed to  the  cont a i nment bu i l d i ng was t he  
hydrogen  burn t h at occurred 9 h and 50  m i n after the  i n i t i at i on of t he  LOCA . 
The  steam re l ease  from the  re l at i ve l y  s l ow b l owdown of  the  reactor coo l i ng 
sys tem had i ncreased the  contai nment pres sure  to a peak of  l e s s  t han 5 l b/ i n 2  
o r  3 4  k P a  ( g age ) wh i l e  the  peak pre s sure rose  to a l most  30 l b/ i n 2  or  
206  kPa  ( g ag e )  d ur i ng the  hydrogen burn . The  pres s u re pu l se was  recorded as 
a s i ng l e  s h arp sp i k e  on the  reactor bu i l d i ng pre s sure  str i pchart record er 
{ f i g .  3 - 1 ) . Th i s  recorded sp i ke was f i rs t  cons i dered a fa l s e  e l ectr i ca l  
no i se s i g na l  s uch  as  m i g ht  be  cau s ed by a grou nd fau l t  ( Rogov i n  1980 ) . 
However , a carefu l ana lys i s  of other recorded  temperature and pres su re data  
s howed conc l u s i ve l y  that  a hydrogen  burn  had occu rred i n  the  conta i nment 
bu i l d i ng .  The conta i nment bu i l d i ng was d e s i gned to s afe l y  w i t h s tand an 
interna l p re s s u re of 65 l b/ i n2 or 450 k P a  ( g age ) and stud i es show t h at i t  
wou l d  w i t h s tand much  h i gher  pressure s ; t herefore , the  hydrogen burn was not 
a s er i ou s  threat to  the  conta i nment bu i l d i ng .  

The  probab i l i ty of such  an acc i dent occurr i ng was very l ow ,  but  becau se  
of  the  i ncreased awarene s s  and  improvements  to correct potent i a l  pro b l ems 
and errors resu l t i ng from th i s  acc i d ent , the probab i l i ty of nu c l ear acc i dents  
of  any k i nd has  been redu ced . A l so ,  t he  consequ ence of  the  TM I - 2 LOCA i n  
terms of  hea l th effect s was very l ow becau se of  the  p erformance of  t h e  con
t a i nment  bu i l d i ng .  However , becau se  of the  potent i a l threat , the TMI-2 hyd ro
gen burn  and hydrogen  techno l ogy i n  genera l  have rece i ved cons i derab l e  study 
and attent i on s i nce t he  acc i dent . I ntere s t  i n  hyd rogen contro l was further  
enhanced a s  a re su l t  of t he  Chernoby l U n i t 4 nuc l e ar reactor acci dent  on 
Apr i l 26 , 1986 . 

3.2 PREV I OUS STUD I ES 

Stud i es condu cted as a re su l t  of  t h e  TM I -2 hydrogen burn can be  cate
gor i zed  as  fo l l ows : 

• Ana l y s i s  of hydrogen generat i on ,  re l e ase , and m i x i ng 

• Ana l y s e s  of the  TM I - 2  hydrogen  burn 

• Ana l y s i s  of  d amage resu l t i ng from the  TMI - 2 hydrogen  burn 

• Exper i menta l  stud i e s of  hydrogen  burn ch aracter i st i c s and d amage 

• Prevent i on and m i t i g at i on studi es . 

3- 1 
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Key references for each of these  top i cs are d i scu s s ed i n  the  fo l l owi ng 
sect i ons. 

3 . 2 . 1 Ana lys i s  of  Hydrogen Generat i on,  
Re l ease ,  and M i x i ng 

Th i s  s ub ject  has  been addres sed by Baker  ( 1983 ) , B l oom et a l . ( 1983 ) , 
Co l e  ( 19 79 ) , Henr i e and Postma ( 1983a ) , NSAC ( 1980 ) , Postma and H i l l i ard 
( 1985 ) , Rogov i n  ( 1980 ) , Thomas ( 1985 ) , and Za l o s h  et a l . ( 1985 ) . These 
s tud i e s s how t h at 350 to  500 kg  of hydrogen  was produced d u r i ng the  f i rs t  
3 h of  the  acc i dent , and that most  o f  the  hydrogen  was re l eased  to  the  con
t a i nment  and was we l l -m i xed d u r i ng the f i rst  9 h of the acc i dent . Th i s  work 
i s  further  d i scu s sed  i n  sect i ons 4 . 2  and 4 . 3 .  

3 . 2 . 2  Ana lys i s  o f  the  TM I -2 Hydrogen Burn  

The f i rs t  d eta i l ed report of the  TM I -2 hydrogen burn  was  reported by 
N SAC ( 1980 ) ; t he TM I -2 burn was more broad l y  reported by Henr i e and 
P o stma ( 1983 a )  and by Za l os h  et a l . ( 1985 ) . These  stud i es show that the 
burn probab l y  s tarted i n  the  basement and the  f l ame front progres sed rap i d l y  
t hroughout  essent i a l l y  a l l of the  conta i nment . The burn re su l ted i n  h i g her 
temperatures  for l onger per i od s  at h i gh e l evat i ons  and i n  open reg i ons  where 
t he  gas-vo l ume-to-heat- s i nk-are a rat i o  i s  h i gh .  Ana l yses  of the  ava i l ab l e  
d at a  and l og i c  re l at i ng to the  probab l e  burn or i g i n ,  pathway , and 
character i st i cs of  the burn are presented i n  sect i on 4 . 0 .  

3 . 2 . 3  Ana l ys i s  o f  D amage Resu l t i ng From the  
TM I -2 Hyd rogen Burn 

The  ev i dence  of  f i re damage from the  TM I -2 hyd rogen burn i s  u n i que com
p ared with t h at i n  typi ca l  f i res , s i nce t he  f i re swept throug h  the  bu i l d i ng 
s o  qu i ck l y  and t he  heated gases  coo l ed so  rap i d l y  t h at scorc h i ng and burn i ng 
were ev i dent , b ut  none of  the many sma l l f i re s  wh i ch started were s u s t a i ned . 
Therefore , mo s t  of  the  heat d amage and burn ev i dence was preserved . The 
many i n s t ances  where f l ammab l e  mater i a l s were not scorched or  bu rned prov i d e 
add i t i ona l bases  for ana l yses . Es sent i a l l y  a l l of the  burn damage , both 
h e at and p re s su re re l ated , i s  expl a i n ab l e  (A l varez et  a l . 1982 ; A l v arez 1984 , 
1985 ; E i d am and Horan 198 1 ; Henr i e and Postm a  1983 a ;  Mu rphy et  a l . 1985 ; 
R i c hard s and Dand i n i  1986 ; Tru j i l l o et  a l . 1986 ; Z a l o s h  et  a l . 1985 ) . 

3 - 3  
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3 . 2 . 4  E xper iment a l  Stud i es of  Hydrogen Burn 
Character i st i c s and D amage 

The  i nterest created by t he  TM I -2 hydrogen  burn h as resu l ted  i n  many 
exper i menta l  i nvest i gat i ons  of hydroge n burn c haracter i st i c s i n  bot h  l arge 
and sma l l cont a i nment  v e s se l s and of hydrogen  burn d amage to  w i r i ng and 
i n strumentat i on ( Achenbach et  a l . 1985 ;  Ashurst  and B arr 1982 ; B e ned i ck et  a l . 
1984 ; Ber l ad et  a l . 1982 ; Berman and Lee 1984 ; Berman and H i tchcock  1985 ; 
D and i n i 1985 ; He l bert et a l . 1984 ; Hertzberg 198 1 ; Hertzberg and Cashdo l l ar 
1983 ; Kemp k a  et al . 1984 ; Lee 198 1 ; Ratze l 1985 ; Ratze l and Shepherd 1985 ; 
Sherman 1985 ; Soberano 1984 ; Thomp son  et a l . 1987 ; Torok  et  a l . 1983 ) . 

3 . 2 . 5  Prevent i on and M i t i gat i on Stu d i es 

A s  a re su l t  of  the  TM I -2 hydrogen burn , the  preventi on  or m i t i gat i on of  
the  d amag i ng effects  of hydrogen  burn env i ronments have  been stud i ed ,  l arge l y  
i n  s upport o f  operat i ng l i censes  for li g ht-water-coo l ed nu c l ear power p l ant s 
i n  the  U n i ted State s . The se  stud i es i nc l ude  t he  surv i vab i l i ty of  safety
re l ated components  i n  hydrogen  bu rn env i ronments  ( Berman 1986 ; N e l son and 
Berman 1983 , 1984 ) . As  a resu l t  of many hydrogen  contro l s tud i e s ,  regu l atory 
organ i zat i on s  h ave estab l i shed requ i rements  and stand ard s for hydrogen  control  
i n  water-coo l ed nuc l ear power p l ants  ( N RC 1985 , 1986 ) . 

3o3 PREV I OUSLY UNRESOLVED TECHN I CAL QUEST I ONS 

An eva l u at i on of the l i terature c i ted i n  sect i on 3 . 2  i nd i cated t h at 
quest i on s  s t i l l  rema i ned concern i ng t h e  TMI-2 LOCA wh i ch requ i red further  
i nve st i g ati on and  documentat i on :  

1 .  At what rates and d u r i ng wh i ch t i me per i od ( s )  was t he  hydrogen  
generated? ( See sect i on 4.3.) 

2 .  Where was the  hydrogen stored i n  t he  Reactor Coo l i ng Sys t em ( RCS ) 
u n t i l i t  was re l eased  to t he  conta i nment  bu i l d i ng? ( Se e  
sect i on 4 . 3 . ) 

3 .  Where i n  the  conta i nment d i d  the  hydrogen  burn  or i g i nate and what 
were the  pathways as  the  f l ame front moved t h ro u g h  the conta i nment? 
( See  sect i on 4 . 7 . 2 . ) 

4 .  Was there any effect  of sca l e  e v i denced by t h i s  l arge hydrogen  
burn  when  compared w i th  bu rns i n  sma l l er enc l o s u re s? ( Se e  
sect i on 4 . 7 . 3 . ) 

5 .  D i d  a hydroge n  detonat i on occur or was the react i on l i m i ted to a 
d ef l agrat i on? ( See  sect i on 4 . 6 . 1 . )  

3-4 
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6 .  How u n i form was the  pressu re i n  v ar i ou s  parts of the  conta i nment 
d u r i ng the hydrogen burn and why d i d  the contai nment pressure as 
i nd i cated by the  8 steam generator pre s sure i nstrument l ag that of 
t h e  A i nstrument? ( See sect i on 4 . 7 . 1 and append i xe s  A and B . ) 

7 .  W h at was the  t i me-temperature h i s tory of t he  atmosphere i n  var i ou s  
reg i on s  o f  t h e  conta i nment? ( See  sect i ons  4 . 7 ,  5 . 1 ,  and append i x  C . ) 

8 .  W h at c au sed the  nonu n i form l ateral  scorch i ng of the  po l ar crane 
pend ant cab l e? ( See sect i on 4 . 7 . 4 . ) 

9 .  W h at was the  most  l i ke l y  temperature h i story of  var i ou s  equ i pment 
i tems exposed to the hydrogen burn and t he  hot gases  l eft  i n  the  
wake  o f  the  bu rn? ( See sect i ons  4 . 6 . 5 and  5 . 2 . ) 

10 . Wou l d  a postu l ated future hydroge n  burn i n  a reactor cont a i nment 
bu i l d i ng be worse  than t he  one exper i enced i n  t he  dome of  the TMI -2 
conta i nment bu i l d i ng? ( Se e  sect i on 5 . 2 . 1 . )  

1 1 .  W h at d e s i gn gu i de l i ne s  and steps  w i l l  ensure  t h at a component wi l l  
not f a i l as a resu l t  of a TMI -2-type hydrogen  burn? ( See  
sect i on 5 . 2 . ) 

3 - 5  
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Th i s  page  i ntent i onal ly  l eft b l ank . 
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4. 0 HYDROGEN GENERATION AND REMOVAL 

I n  t h i s  sect i on ,  t he  TMI -2 Reactor coo l i ng system and cont a i nment bu i l d 
i ng are descr i bed and hydrogen generat i on ,  s torage , re l ease  to conta i nment , 
m1x1ng , burn i ng ,  contro l l ed recomb i n i ng ,  and vent i ng are d i scu s sed . The 
hydrogen  burn i s  character i zed and temperatures  and pres sures  are s hown as  a 
funct i on of t i me dur i ng the  burn and coo l down per i od . 

4. 1 REACTOR COOLI NG SYSTEM AND CONTA I NMENT 
BUILD I NG FEATURES 

The  conta i nment bu i l d i ng ,  wh i c h was des i gned to re l i ab l y  w i t h stand an 
i nterna l pre s s u re of 65 l b/ i n2 or 450 k Pa  ( g age ) w i t h  a s i gn i f i c ant  factor 
of safety , e as i l y  conta i ned the  30 l b/ i n2 or 206 k P a  ( g ag e )  pre s sure created 
by the hyd roge n  burn . 

The  con t a i nment bu i l d i ng consi s t s  of  a l arge , d omed , cy l i nd r i c a l  stee l 
s he l l s urrounded by re i nforced concrete ; t he  i nsi d e  d i ameter and h e i ght  are 
approx i mate l y  1 30 ft ( 40 m )  and 190 ft  ( 68 m ) , respect i ve l y .  The  basement 
f l oor i s  at E l e v at i on 282 , the ma i n  entry f l oor at E l evat i on 305 , and the  
upper f l oor at E l evat i on 347  ( f i g . 4- 1 ) . P l an v i ews at each  of  t he  three 
f l oor l eve l s and from the dome reg i on at E l evat i on 4 50 ( approx i mate l y ) are 
s hown i n  f i gure s 4-2 , 4- 3 ,  4-4 , and 4-5 ( E i d am and Horan 198 1 ) .  A s i mp l i f i ed 
d i agram of  t he  reactor coo l i ng sys t em i s  s hown i n  f i g u re 4-6 ( NSAC 1980) . 

4.2 DATA SOURCES 

Even thou g h  no i nstrumentat i on h ad been i n s t a l l ed i n  the TMI -2  cont a i n
ment  bu i l d i ng to  record the  character i st i c s of a hydrogen  burn , t here were 
many i ns trument s i nsta l l ed for other purpos e s  t h at s e n sed  and record ed many 
of the  burn c h aracteri s t i cs : 

• A s t r i pchart that cont i nuou s l y d i sp l ayed t he  conta i nme nt  bu i l d i ng 
pre s sure ( see f i g .  3- 1 )  

• A react i meter that recorded 22 channe l s o f  d at a  every 3 s 

• An a l arm pr i nter that recorded the  t i me when  computer-mo n i tored 
event s occurred 

• A u t i l i ty pr i nter that prov i ded spec i a l  summary , trend , and 
sequence-of-events  report s from the computer  when requ e s ted by the  
operator 

• A 24-po i nt temperature recorder t hat p r i nted  amb i ent a i r  
temperatures every 6 mi n at 1 2  l ocat i ons  i n  t he  con t a i nmen t  
bu i l d i ng .  

4- 1 
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Because of t he  i nfrequency of reports ( a  30-s scan per i od for t he  com
puter temp erature d ata  and a 6-m i n peri od betwee n  recorder po i nt pr i ntouts)  
and the  re l at i ve l y  l arge therma l l ag bu i l t i nto the  rugged temperature sen
sors , t he  recorded  temperature data  have not proven to b e  as  usefu l as  the  
pressure data  i n  h e l p i ng to estab l i sh t he  burn charact er i st i cs .  Convers e l y , 
the conta i nment bui l d i ng pre s sure was cont i nuousl y recorded  on  a s tr i pchart 
and recorded every 3 s by the  react i meter as a c hange i n  the  reference pre s 
sure ( contai nment atmosphere ) for t h e  two steam generator pressu re mon i tors . 
Fu rther , pressure event s ( pressure swi tch tr i ps and resets)  mon i tored by t h e  
computer  were t i med t o  the  second o n  t h e  a l arm pr i nter . The seque nce-of
events reports recorded on the u t i l i ty pri nter i nd i c ate  the t i me o f  e ach  
event to the  nearest m i l l i second . The  ava i l ab i l i ty of  t h i s recorded  temp
erature and pressure data made t he  TMI -2 hydrogen  burn  t h e  best-recorded , 
l arge - s c a l e (57 , 600 m3 or 2 , 033 , 000 ft 3 ) , conta i ned , prem i xed  gas  bu rn  i n  
h i story . 

4. 3 HYDROGEN EVOLUT ION AND STORAGE IN THE 
REACTOR COOL I NG SYSTEM 

Hydrogen  i s  generated i n  a d egrad i ng water-coo l ed nuc l ear reactor by 
rad i o l ysi s and met a l -water react i ons . I n  the  TM I -2 LOCA , hyd rogen  generated 
by rad i o l ys i s was probabl y i nsi gn i f i cant compared w i t h  t h at generated by t h e  
react i on of z i rcon i um w i t h  water . B aker ( 1983 ) prov i d ed  data  from a number 
of rese arches wh i ch show t h at z i rcon i um-water react i on rat e s  are h i gh l y  temp
eratu re dependent . U s i ng t he se  data , f i gure 4-7 was prepared . Note  t h at 
the data  source s are i n  reasonab l y  good agreement and t h at very l i tt l e  hydro
gen i s  generated u nt i l z i rcon i um temperatures exceed 1 , 200 °F  ( 650 °C ) .  

There are many d i ff i cu l t i es and uncerta i nt i e s a s soc i ated w i t h  t h e  c a l c u 
l at i on of  hydrogen  generat i on rate s  and qu ant i t i es t h at occu rred d u r i ng t h e  
TM I -2 event . I f  t h e  ca l cu l at i ons  re l y  on the u se of emp i r i c a l  met a l -water  
react i on rate versu s temperature d at a ,  some of  the  u ncerta i nt i e s i nc l ud e , or  
are a resu l t  of : 

• T i me t he  core began to u ncover  

1 Coo l ant makeup  f l ow rat e s  and bo i l -down rate s  

• C hang i ng heat movement me ans , paths  ( hor i zont a l  and v ert i ca l  com
ponent s ) , and rates  w i t h  c h ang i ng water  l eve l s ,  s team ge nerat i on 
rate s , hydrogen generat i on rates , and p hys i ca l  c h ange s  s u c h  as  
c l add i ng ba l l oo n i ng from overheat i ng and  c l ad d i ng swe l l i ng from 
ox i d i z i ng 

• Chang i ng surfac e  areas as crack i ng and f l ak i ng of  ox i d e l ayers  
expos e  more unox i d i zed met al 

• Z i rca l oy me l t i ng and re l oc at i on to genera l l y  co l der  reg i ons  and 
resu l t i ng reduced  exposed - surface areas 

• T i m i ng and effects  of core sh i fts , core quench i ng ,  core co l lap s e , 
core reh e at i ng ,  etc . 
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Another approach  to approx i mat i ng TM I - 2  hydrogen  generat i on rates i s  to  
eva l u ate the  TM I - 2  reactor coo l i ng system therma l -hydrau l i c d at a  a l ong w i t h  
ava i l ab l e hydrogen account i ng i nformati on . Th i s  approach  i s  pre s e nted  i n  
sect i on 4 . 3 . 1 .  

4 . 3 . 1 Hydrogen E vo l u t i on 

I n  the TM I -2 LOCA , ste am from the reactor core moved to t h e  p re s s u r i ze r , 
out  t hrough  t he  p ressur i zer  re l i ef  va l ve to the  coo l ant drai n tank , and to  
the  contai nment bu i l d i ng .  The  water  l eve l i n  the  TM I -2 reactor dropped  to  
be l ow the  top  of  the  act i ve fue l  and  the upper  reg i on o f  t he  core  s t arted  to  
overheat as ear l y  as 0 550 ; th i s  t i me i s  shown as the MAA P  bes t  est i mate  by 
Kenton  et a l . ( 1986) . The  MAAP best  est i mate i s  that by 0610  t he  water  l ev e l 
i n  the  core was be l ow 7 ft ( u p  from the  bottom of the  1 2-ft- h i g h  act i ve core  
sect i on ) . As the  z i rcon i um c l add i ng was u ncovered and  i t s t emp erature  
approached 1 , 200 °F  ( 650 ° C ) , hydrogen  generat i on started . S i nce  t h e  
z i rco n i um-water  react i on i s  h i gh l y  exothermi c ,  temperatu re s  ro s e  at i ncreas i ng 
rate s . By 06 12 ,  the  amount  of  hydrogen gas  generated was s i gn i f i c ant  e nou g h  
t o  b l ock  steam f l ow t o  t h e  once-through steam generator A ( OTSG-A ) . The 
second ary s i de of OTSG-8 had bo i l ed dry ,  and was , therefore , t herma l l y  i so
l ated from the  pr i mary system . However , the  water l ev e l  i n  t he  s econd ary 
s i de of OTSG-A had just been rai sed  to the  50% operat i ng range l ev e l 
{ Rogov i n  1980 ) . Ref l ux i ng was occurr i ng as e v i denced by an i ncreased  redu c 
t i on i n.the p r i mary sys tem pressu re . The co l d  water add i t i on to  OTSG-A a l s o  
redu ced steam pressures i n i t i a l l y , but  t h e  pre s sure l eve l ed  o f f  a s  tempera
tures stab i l i zed . Then at 0 6 1 2 , t he  OTSG-A steam pre s s u re s tarted  d ecreas i ng 
aga i n at the  same rate i t  h ad been decreas i ng when the  second ary s i d e  was 
dry ,  i nd i cat i ng that i t  was no l onger  ref l u x i ng .  A l so ,  at 06 1 2 , t h e  p r i mary 
system pressure reversed i t s downward trend and started to  i ncre a s e . One  
exp l anat i on for t h i s  behav i or wou l d  be  hydrogen- b l ock i ng of  OTSG-A and the  
accumu l at i on of  hydrogen  and  superheated steam i n  the  p r i mary sys t em . 
Fo l l owi ng Kenton et  a l . ( 1986 ) , the  amount of hydrogen  requ i red t o  
effect i ve l y  b l ock  steam f l ow to OTSG-A  wou l d  be  very sma l l ( p o s s i b l y  l e s s  
than 1 kg ) , when t h e  secondary water l eve l was near ( app arent l y  n o t  more 
than a few feet h i gher )  t hat of  the  pr i mary s i de .  Th i s  appears t o  have been  
the  case , a s  i s  shown i n  sect i on 4 . 3 . 2 . 

After approx i mate l y  0610 , hyd rogen was generated at an i ncreas i ng rate 
u nt i l approx i mate l y  0 700 when  the  core had been quenc h ed and coo l ed .  After  
the quench , the  part i a l l y  coo l ed core  co l l apsed  and began  reheat i ng .  Wate r  
l eve l s  aga i n d ecreased , a s  i nd i cated b y  a n  ana l y s i s  o f  s e l f-powered neu tron 
detector data . However , at 0720 : 30 ,  a makeup pump ( MU P - 1 C )  was s t arted  and 
was l eft  on u nt i l the  core was comp l ete l y  f l ooded and the pre s su r i zer  was 
ref i l l ed . The coo l i ng effect decreased  the system pre s s u re and c au s ed t he  
pressu r i zer to start to  d ra i n  and a l so cau sed some of t he  hydroge n  and  wate r  
vapor i n  t h e  steam generators t o  f l ow to t h e  reactor v e s se l . React i meter  
data  s how that the  on ly  s i gn i f i cant s team-generat i ng qu ench  o f  h o t  mater i a l s 
cau sed by operat i on of the  makeup pump started at 0722 : 30 .  The sy s t em pres
sure l eve l ed off and  f l ow from the  pressu r i z er  stopped for ap pro x i mate l y  
30 s .  S i nce that tran s i ent  was s o  small compared w i t h  t h e  o n e  a t  0654  or 
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the  one to fo l l ow at 0745 , it i s  certain that t he  upper h a l f of the core , i n  
its quenched and co l l apsed cond i t i on ,  had not overheated to the extent t h at 
it p roduced l arge qu antitie s  of hydrogen for a second time . Water from t h e  
makeup  pump cont i nu ed t o  enter the  reactor ve s s e l  and a t  0728 , i t s l eve l 
exceeded t hat of  the  nozz l e s ;  the water then f l owed into the  hot l eg s  and 
pres surizer . There i s  no ev i dence that the water  l ev e l  i n  t he  reactor 
ves s e l  has ever been be l ow the l eve l of  the  nozz l e s s i nce  t h at t i me .  
Therefore , t h e  upper  ha l f of the  core has  not been reheat ed and i t  can be 
conc l uded that e s sentia l ly  a l l of the d amage to t h e  upper h a l f of the core 
occurred before 0723 . An eva l uat i on of the extensive damage to  t h e  upper 
ha l f of the core indicates  that approx i mate l y  40% ( not  fu l l y s ubstant i ated 
at thi s time ) of  the tota l  z i rcon i um in the  core , or  approx i mate l y  9 , 400 kg 
was oxidized in t h at region . The react i on of that much z i rcon i um w i t h  water 
wou l d  produce  over 400 kg of hydrogen , or  approx i mate ly  90% o f  the tota l 
hydrogen  accou nted for by Henrie and Postma ( 1983a ) . 

Even  after t h e  damaged core had been ref l ooded and was u nderwater , 
coo l ant f l ow t h rough  the core was b l ocked by the  s o l i d /mo l ten  mas s  o f  core 
material s .  Th i s  mass  reheated ( from f i s s i on product decay heat ) , reme l ted , 
and continued to  grow . That condit i on was term i nated by 0 7 48 , when  
approximate l y  20 tons ( Car l son and  Cook  1985 ) of mo l ten core  mater i a l had 
f l owed l ateral l y  and down around the  l ower core su pport structure, into t h e  
l ower head reg i on o f  t h e  reactor v e s s e l , where i t  s o l i d i fied and fragmented . 
The amount of hyd rogen  produced dur i ng t h i s t i me per i od ( 0723  to  0748 )  was 
on l y  a sma l l fract i on of that generated ear l i er .  Wh i l e  t he  mo l te n  mas s was 
forming , the area exposed to water was re l at i ve l y  sma l l ;  when the mo l ten  
materia l was qu e nched , i t  a l ready conta i ned  s i g n i f i cant qu ant i t i e s o f  
oxygen . The  qu ant i ty o f  hydrogen  produ ced appears  to have  been approx i 
mat e l y  60 kg  ( 460 kg tota l  m i nus  400 kg  produ ced e ar l i er ) . There appear to 
have been no h i gh -temperatu re core cond i t i ons  after 0748 t h at wou l d  have 
re su l ted i n  sign i f i cant hydrogen product i on from meta l -water react i ons . 

To approximate t i mi ng and rates  of  hydrogen  p roduct i on ,  an ana l y s i s  of  
the  RCS  pre s sure  h i story was made , and  two bound i ng sets  of  as sump t i ons  
( cases  1 and  2 )  were  estab l i shed to re l ate hydrogen  produced to sy stem 
pre s s u re . The  res u l t s are shown i n  f i gure 4-8 . 

The  case  1 ana l ys i s  i s  based on the  prod u ct i on of  400 kg  o f  hyd roge n  
by 0658 , and a n  arb i trary assumpt i on that the  hydrogen  generat i on rate 
rema i ned  constant through  the core quench . Th i s  ana l ys i s i nd i cates  that t he  
average hydroge n  generat i on rate ( s l ope ) d ur i ng t he  l ast  3 m i n p r i or  to  core 
f l ood i ng was approx i mate l y  20 kg/m i n .  To approx i mate the  hydroge n  generated 
d u r i ng t h at per i od ,  the  nom i na l  20 k g/m i n generat i on rate was extended for 
3 m i n to produce  approx i mate ly  60 kg . 

The  maximum generat i on rate d u r i ng the  quench  per i od may h ave  been 
much  higher than 20 kg/m i n and the total  quant i ty of hydrogen  generated may 
have been muc h  more than 60 kg . The sudden i ncrease i n  generat i on rate 
dur i ng the quench  m i ght  be exp l a i ned by a geometry change i nvo l v i ng 
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fragmentation o f  the  c l adding that great l y  increased t he  area of  u nox i d i zed 
and part i a l l y  oxidized z i rconi um expos ed to t he  steam . The resu l t i ng 
inc reases  in reaction  rates and temperatures  wou l d  h ave been hig h  u nder those 
conditions . Case  2 represents these cond i tions  and  is  based on  the as sump
tion that hydrogen  generation i s  proport i ona l  to sys tem pre s sure ,  even 
through the  quench  trans i ent . 

An ana l y s i s  of  steam generat i on rate vers u s  water l eve l i n  th e  core was 
made and compared w i th  the hydrogen generat i on rates . It appears that for 
the few m i nu t e s  preced i ng the quench ,  the s team generat i on rate was l ow 
enough  to h ave l i m i ted hydrogen product i on to approx i mate l y  20 kg/m i n ,  wh i ch 
i ndicates t h at for case 1 ,  the re act i on may have  been  steam- l i m i ted dur i ng 
that per i od . The  ana l ys i s  a l so i nd i cate s  t h at the  react i on wou l d  not have 
been steam- l i m i ted d ur i ng that per i od for case 2 cond i t i ons ; t herefore , the  
i ncreased hydroge n  generat i on rate d ur i ng t he  quench  wou l d  not  have been 
cau sed s i mp l y by the i ncreased ava i l ab i l i ty o f  water vapor d u r i ng the  quench . 

An apparent prob l em wi th the  case 1 resu l t s i s  that so  mu ch  energy wou l d  
h ave  been rel eased from the exothermi c  met a l -water react i on before the  quench  
that  it  wou l d  h ave  cau sed more damage to  t he core , core  former , and  p l enum 
assemb l y  than has been observed . I n  case 2 ,  more than h a l f of t he hydrogen 
is generated d uring the  core quench .  Most  of  that react i on heat wou l d  have 
been u sed in t h e  boil ing of water , wh i ch wou l d  min i m i ze met a l  overheat i ng .  
Therefore , t he  case 2 resu l t  appears to be more correct than t h at of case 1 .  
A l so ,  the  resu l t  of  case 2 is much  c l o ser t h an case 1 to that  of  SCDAP 
( A l l i so n  et a l . 198 5 )  and MAAP ( Kenton et a l . 1986 ) . 

From po stacc i dent eval uat i on s  of t he  core debr i s ,  core temperatures 
approached 3 , 100  K (5 , 1 00 °F), the me l t i ng po i nt of  uran i um d i ox i d e ( Cook 
and C ar l son 1985 ) . Th i s  peak temperature cond i t i on probab l y  occu rred dur i ng 
t he quench per i od .  

4.3.2 Hydrogen Storage i n  the Reactor Coo l i ng Syst em 

The  l arge reg i ons  of the RCS that he l d  hydrogen  d u r i ng t he  acc i dent are 
t h e  reactor d ome , pre s s ur i zer, hot l eg s , and t h e  upper  secti ons  of  OTSG-A 
and OTSG-8 . The quant i ty of hydrogen s tored i n  the hot  l eg s  and hydrogen
b l ocked  steam generators can be approx i mated from ava i l ab l e  sys t em-pres sure 
and s team-pres sure d ata . The steam pre ssure  on  t he  pr i mary s i de of  the  near
i d l e  steam generators i s  e s sent i a l l y  i de nt i c a l  to that on the second ary s i d e ;  
any d i fference between the system tota l  pres sure and the  steam pre s sure can 
be attr i buted to  t he presence of  a nonconden s ab l e  gas , or hydroge n  i n  th i s  
case .  

Pressure d at a  from the  react i meter , computer  u t i l i ty p r i nter , and  the  
RC- 3A-PT3 str i pchart were obtai ned and corre l ated . Dynam i c cond i t i ons  and 
d i fferences i n  el evat i on were accounted for i n  prepar i ng the bas i s  for cor
rec t i ng ( c a l i brat i ng )  the stri pchart record . A corrected s t r i pchart pre s s ure 
h i story for t h e  per i od 0610  to 065 5  was prep ared and compared w i t h  the  com
pos i te pres sure h i story prepared by the NSAC ( 1980 ) . Steam pres sures  
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and system pre s su re s  above � 1600 l b/ i n 2  ( 1 1 , 000 k Pa }  are avail ab l e  from t he 
react i meter . These  d ata  are shown i n  tab l e  4- 1 .  From those  d at a ,  the hydro
gen concentration at the interface with water in  the steam generators can  be 
cal cu l ated ( tota l  pressure m i nu s steam pressure , d i v i d ed by tot a l  abso l u te 
pressure) . The hydrogen  concentrat i on resu l ts are pre sented i n  figure 4-9 . 

Based on  t h e  apparent l y  conservat i ve ly  l ow assump t i on t h at hydroge n  
concentrat i on d ecreases l i near l y  from i t s max i mum at t h e  water i nterface i n  
the steam generators to zero where the hot l eg attaches  to t h e  reactor ves se l , 
and making appropriate temperature connect i ons , tota l  qu ant i tie s  of  hyd rogen 
were ca l cu l ated . The resu l t s are p l otted i n  f i gure 4- 1 0 . Since water i n  
the  secondary s i de of OTSG-B h ad bo i l ed dry before 06 1 0 , hydrogen quant i t i e s 
stored i n  OTSG-B  cou l d  not be approx i mated u nt i l after  the  second ary water  
l evel had been ra i sed to t h e  50% operat i ng range and cond i t i ons  h ad stab i 
l i zed at approx i matel y 0650 . 

Note from f i gure 4-9 that hydrogen was apparent l y  accumu l at i ng in OTSG-A 
as ear l y  as 06 10 . A l so note from f i gure 4-10 that at 0 7 1 2 , t h e  c a l cu l ated 
tota l  quant i ty of hydrogen  i n  the  two steam generators  and hot  l eg s  exceeded 
300 kg . The vo i d  vo l ume i n  the  hot  l egs  and  steam generators (�3 , 7 50 ft 3 or 
106 m 3 } at that t i me was approximatel y 63% of  the  tot a l  RCS void vo l ume . 
{ The  void vo l ume in the pre s surizer was approx i mate l y  2 50 ft 3 or  7 m 3  and 
the void vo l ume i n  the reactor ve s se l  was approx i mate l y  2 , 000  ft 3 or 5 7 m 3 . )  
Since the heat source was i n  the  reactor vessel , t he temperature and vapor 
content there was hi gher t han that i n  the hot l eg s  and steam generator s . 
Consequent ly ,  t he  amount of hydrogen  i n  the  hot l egs  and steam generators  
wou l d  have  been h i gher  than 63%  of the  total , wh i ch i nd i cates good agreement 
( > 300/ > . 63 � 400 ) w i th  the  prev i ou s l y  determ i ned tota l of 400 kg of hydrogen  
at  t hat t i me .  

4 . 4  HYDROGEN RE LEASE AND M I X I NG I N  CONTA I NMENT 

Hydrogen and steam were re l eased  from t he  RCS pr i mar i l y  t hroug h  t he  
pres s ur i zer re l i ef va l ve ( PRV ) and  p i p i ng ,  to the  reactor  coo l ant  d r a i n tank  
( RCDT ) , t hen  t hrough  a f a i l ed ru pture  d i s k i n  the  d i s c harge  d u c t  and  on  to 
the  conta i nment . The i n i t i a l hydrog e n  re l ease  occurred b etween  0 6 1 2 , when 
hydrogen  generat i on started , and 06 19 , when the  PRV c l o s e d . S i nce hydrogen 
concentrat i on s  and RCS pres sures were l ow at the  t i me ,  the hydroge n  re l eased  
d u r i ng t hat per i od was  probab l y  l e s s  than  10 kg . The P RV was opened  for a 
tota l  of 3 1 /2 m i n between 0 7 1 2  and 0 7 19 .  From pres s ure c hange s , i t  i s  
e s t i mated that approx i mate l y  50 kg  of  hyd rogen was re l e ased  d u r i ng that 
per i od . 

After 0 7 30 , water l eve l s were h i g h i n  the  RCS and t h e  hydrogen was 
trapped (water-b l oc k ed ) i n  t he reactor dome , steam generator s , and hot l eg s . 
Approx i matel y 80 kg  of th i s  hydrogen escaped between 0830 and 0920 when  t he  
PRV  was opened , pres sures  were redu ced , and water l evel s were  l owered . The  
RCS  pre s s u re was  aga i n  i ncreased and  the  PRV  was  cyc l ed for  an extended  
per i od ;  however , the  hydrogen was  trapped and l i tt l e  was re l e ased . 
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Tab l e  4- 1 .  Tota l  Pres sure in the Reactor Coo l ing System and 
Steam Pres sure in the Once-Through Steam Generators ( OTSG-A 
and -8 ) , in l b/in2 (gage) , D ur i ng the Princip a l  Hydrogen 
Generatio n  Period . 

Total  p ressu re Ste a m  p ressu re 

Ti m e  
NSAC Cu rrent 

OTSG -A OTSG-8 
com posite com pos i te 

06 1 0  6 1 0  63 1 600 a 

06 1 2  603 62 1 59 1 a 

06 1 4. 5  6 1 5  6 3 6  579 a 

0 6 2 7  680 685 5 1 8  a 

0637 805 83 1 457 a 

0654. 5 1 2 00 1 244 3 58 1 40 

0 6 5 5 . 5 b  1 674 1 674 3 6 1 7 1 8  

0657 1 990 1 990 3 54 577 

0658 2026 2026 348 545 

0700 2043 2043 3 2 7  458 

0705 2 0 5 1 2 0 5 1 28 1 3 59 

07 1 0  2 1 00 2 1 00 24 1 363 

0 7 1 2 . 3C 2 1 1 9  2 1 1 9  2 2 4  3 7 0  

0 7 1 5 . 5d 1 907 1 90 7  . 206 3 7 5  

0 7 1 8 . 6C 1 920 1 92 0  1 89 3 77 

0 7 1 9d 1 887 1 887 1 8 5 3 7 6  

0 7 2 0 . 5e 1 883 1 883 1 8 1  376 

0 7 2 3  1 72 1  1 72 1  1 63 3 7 2  

0 7 2 4  1 637 1 63 7  1 5 7 3 7 0  

aThe seco n d a ry s i d e  o f  OTS G - B  h a d  boi l ed d ry,  t h e refo re,  the ste a m  p ressu re 
on the p ri m a ry s ide i s  u n k n ow n .  

bAfter 0 6 5 5 ,  a l l  d ata a re from t h e  react i m eter .  
cPressu ri zer rel i ef va l ve opened . 
d Pressu r izer  rel i ef va l ve c l osed . 
e M a k e u p  p u m p  ( M U P- 1 C) c a m e  o n .  
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At about  1 1 5 5 ,  the  RCS pressure and water l ev e l  aga i n  became l ow enough  
to  re l ease trapped hydrogen  through  the  open  PRV to  conta i nment . When t h e  
PRV was c l osed at 1306 , approx i mate l y  370 kg of hydroge n  g a s  h ad been 
re l eased to conta i nment ( Henr i e  and Postman 1983a ) ; t herefore , approx i mate l y  
230 k g  o f  hyd rogen  was re l eased t o  t he conta i nment bu i l d i ng from the  RCS 
between  1 1 55 and 1 306 . 

The RCDT d i scharge duct term i nates be l ow the  E l e vat i on 305  f l oor at a 
po i nt reasonab l y  c l ose  to the  west  sta i rway , wh i ch i s  open  at each  f l oor . 
The d i scharge of steam at th i s  po i nt i s  conf i rmed by temperatu re i ncreas e s  
i nd i cated by a sensor ( po i nt No . 1 3  o n  t h e  mu l t i po i nt recorder ) l ocated at 
E l evat i on 326 i n  the  v i c i n i ty of the  sta i rway . Jhe sensor  reacted qu i ck l y 
to steam d i scharged from the  RCDT ex hau s t  duct , i nd i cat i ng t h at the  steam 
p l ume had pas sed . 

The buoyant steam-hydrogen  m i xture wou l d  be expected  to spread 
l atera l l y  be l ow the  f l oors at E l evat i ons  305 and 347  and f l ow u pward l y  
throug h  open i ngs  t hat i nc l ude  many smal l penetrat i ons , t h e  open  s ta i rway , 
f l oor  grat i ngs , and the  4- i n . -w i d e  annu l ar se i sm i c gap s  t h at ex i st between  
each f l oor and the  conta i nment s he l l .  Becau se  of  i t s s i ze and  prox i m i ty ,  
the sta i rway ope n i ng on  the  west s i de served as the ma i n  pat hway for t h e  
hydrogen-steam m i xture t o  f l ow i nto t he room above E l e vat i on 305 . Movement  
was  then  predom i nant l y  upward and  to the southeast to  t h e  a i r-coo l er i n l et s . 
Th i s  pr i mary f l ow path  i s  conc l u s i ve l y  s hown by a study of  the  l oc at i ons  of  
the conta i nment atmosphere temperatu re sensors  and  t he  temperatu re chang e s  
a s  h o t  steam-hydroge n  m i xtures  are re l eased from t h e  RCDT . 

The hot steam-hydrogen m i xture i s  i n i t i a l l y  buoyant and tend s to 
strat i fy i n  the upper port i ons  of each compartment i t  enters . The tendency 
of hydrogen-s team m i xtures  to strat i fy i s  opposed  by a number of  m i x i ng 
proce sses : 

• E ntrai nment by the  ex i t i ng jet  or p l ume 

• N atura l  convect i on d ue  to temperature grad i e n t s  a l ong  wa l l 
s urfaces  

• Mo l ecu l ar d i ffu s i on 

• Momentum of a i r ex i t i ng from a i r-coo l er out l et d u c t s  

• I nterroom m i x i ng cau sed by ai r f l ow from t h e  a i r coo l ers . 

The  extent to wh i ch these  m i x i ng mechan i sms wou l d  prod u ce a we l l -m i xed  
atmosp here can  be i nferred from the  resu l t s of l arge- s c a l e  cont a i nment 
m i x i ng expe r i ments  reported by B l oom et  a l . ( 1983 ) . I n  t h e  c i ted  t e s t s , 
hydrogen-steam m i xtures were re l eased from ducts  i nto an a i r-f i l l ed 
cont a i nment . The d i ameter of  t he  te st  v e s s e l was 25 ft ; t he  he i g h t  was 
15 or 50 ft depend i ng on test conf i gu r at i on .  Wh i l e  a d e t a i l ed d i scu s s i on of 
m i x i ng test resu l t s i s  beyond the  scope of  the present  s t udy , t h e  fo l l ow i ng 
key resu l t s are c i ted as app l i cab l e  to t he  TM I - 2 i nc i dent . 
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• Turbu l ent m i x i ng i n  the jet or p l ume a l ways caused the  
hydrogen/steam p l ume to  be great l y  d i l uted by the  surround i ng 
atmo s phere before the p l ume reached the  top of the  test  compartment . 

• D u r i ng the  hydrogen re l ease  per i od , hydrogen concentrat i ons i n  the  
test  compartment were mu ch  h i gher  t han average on ly  i n  the  p l ume 
o r i g i nat i ng from the ou t l et duct . 

• Fo l l ow i ng the  termi nat i on  of the  hyd rogen  source , s i gn i f i cant 
hyd roge n  concentrat i on grad i ent s pers i sted for apprec i ab l e  t i me s  
on l y  w h e n  act i ve mi x i ng proce s s e s  were absent and w h e n  natu ra l 
convec t i on was m i n i ma l . 

• When  wa l l and gas  temperatures  d i ffered by a few degree s cent i grade , 
natura l  convect i on a l one was an effect i ve m i x i ng mechan i sm .  

I n  t h e  TM I - 2  contai nment , a l l o f  the  m i x i ng mechan i sms d i scu s sed i n  
th i s  sect i on were operat i onal  when hydrogen  was be i ng re l eased . Temperature 
d i fferences  of 10  ac to 30 ac typ i ca l l y  e x i sted  between  gas and wa l l s ,  
ensu r i ng the  ex i stence of turbu l ent bou nd ary l ayers on  wa l l s .  A l so ,  the 
coo l ers  rec i rcu l ated a i r an average of once every 8 to 9 m i n .  For most of 
the  hydrogen  i n  contai nment , these  m i x i ng processes  had more than one hour 
to operate , mak i ng i t  a l most  certa i n that the  bu l k  of the  hydrogen  wou l d  
have  been we l l -m i xed throughout the  contai nment  space . 

T he  re l at i ve l y  sma l l quant i ty of hydroge n  re l eased dur i ng the  peri od 
whe n  t h e  P RV was  open i mmed i ate ly  before the  burn  wou l d  not have  had t i me to 1  
become we l l -m i xed . The gas i n  th i s  p l ume wou l d  have been enri ched in water 
vapor and hydroge n  compared w i t h  t he  rema i nd e r  of conta i nment . E xcept for 
the  reg i on of t h e  vent p l ume and i n  u nvented compartments  such  as the 
e l e vator ho i stway and the  enc l osed sta i rway , i t  i s  u n l i k e l y  that concen
trat i on d i fferences  as much  as 1% hyd rogen cou l d  have ex i sted between the 
upper  conta i nment  and reg i ons be l ow E l evat i on 305 . 

4. 5 PREBURN CON D I T I ONS 

Preburn  cond i t i ons  i n  the conta i nment atmo s p here  were i dent i f i ed by 
Henr i e and Postma ( 1983a ) . The cond i t i ons , based on extens i ve ana lys i s  of 
dat a , are summar i zed i n  tab l e  4-2 . 

4. 6 E NG I NE ER I NG ANALYS IS OF KEY BURN PARAMETERS 

Severa l c haracter i st i cs of hyd rogen  burns  are i mportant i n  determ i n i ng 
damage to t h e  conta i nment bu i l d i ng and i t s contents . These  burn character
i st i cs depend  on  the preburn gas compos i t i on and the  p hy s i ca l  stru cture of 
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the conta i nment bu i l d i ng .  I n  t h i s  sect i on ,  k ey burn parameters  are ana l yzed 
to determi ne the numer i ca l  v a l u e s  t h at app l y  to the  TM I -2 burn and i l l u st rate 
the degree to wh i ch the  parameters are expected on the bas i s of eng i nee r i ng 
ana lys i s .  

Tab l e  4-2 .  Preburn Cond i t i on s . 

Parameter Preburn v a l u e  

Hydrogen concentrat i on ( average ) 

Gas temperature ( av erage ) 

Conta i nment pre s su re 

Water vapor concentrat i on 

Hyd roge n  source on  

A i r  coo l er f l ow rate 

Atmosphere u n i form i ty 

Tota l  gas vo l ume 

4 . 6 . 1 Def l agrat i on Vers u s  Detonat i o n  

7 . 9% (we t  b as i s )  

128 O F  ( 53 ° C )  

1 6 . 0  l b/ i n 2 ( ab so l u t e ) 
( 1 1 0 k P a )  

3 . 5% (wet  b as i s )  

Yes  ( or j u s t  turned off ) 

235 , 000 ft 3 /m i n 
( ab so l ut e ) ( 1 1 1  m 3 / s )  

We l l -m i xed except 
i n  source p l ume 

2 , 033 , 000  ft 3 
( 57 , 600 m 3 ) 

Def l agrat i on s  are combu s t i ons  t h at occu r re l at i ve l y  s l ow l y . A f l ame 
front propagate s from i t s  i ncept i on po i nt at speed s we l l  be l ow s on i c  ( based  
on  the  speed  of sou nd i n  t he  u nburned gas ) and as a re s u l t ,  t he  u nre st r i cted  
sect i ons  of a conta i ned atmo sp here are  compre s s ed at  e s s e n t i a l l y  t h e  s ame 
rate . Detonat i on s , convers e l y ,  i nvo l ve react i ons  i n  wave front s that propa
gate through  the  gas  at  superson i c  s p eed s ( a l so based ag a i n on the  son i c 
ve l oc i ty i n  the  unburned gas ) . The s hock wave that accomp an i e s t h e  
detonat i on i mparts a trans i ent l oad on  structures that i s  not p r e s e n t  i n  
def l agrat i ons . B ecau s e  cont a i nment response to the two react i on type s  wou l d  
be cons i derab l y  d i fferent , t h e  TM I -2 hydrogen-oxygen react i on was stud i ed 
for ev i dence  that wou l d  c h aracter i ze i t  as a def l agrat i on or a detonat i on .  

4 . 6 . 1 . 1  Prebu rn Hydrogen Concentrat i on .  For m i xture s o f  hydroge n  i n  a i r 
w i t h  hydroge n  concentrat i ons  be l ow 1 4% ,  detonat i ons are not  pos s i b l e  
( NSAC 1980 ) . Th i s  l i m i t i s  f ar abov e  the average hydroge n  concentrat i on i n  
the prebu rn atmosphere at TM I -2 ( Henr i e and Postma 1983a ) , and i t  can  be  
conc l uded  that a d etonat i on was  not  po s s i b l e  i n  most , i f  not a l l ,  of  t he  gas  
vo l ume . Prev i ou s  stud i e s ( Henr i e and Postma 1983a )  have  s h own t h at hyd roge n  
and steam were b e i ng vented from t h e  reactor coo l ant d ra i n tank  when  t h e  
bu rn occu rred . Therefore , t he  pos s i b i l i ty o f  a detonat i on i n  t h e  m i x i ng 
zone of t he  re l e as e  where h i g her hydrogen concentrat i on s  cou l d  e x i s t ha s  
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been cons i dered . The presence of steam i n  the  m i xture be i ng re l eased from 
t he  dra i n-tan k  vent  represents a d i l ut i ng effect t h at prevents  detonab l e  
concentrat i on s  i n  the  m i x i ng zone . Th i s  i s  i l l u strated i n  f i gure 4- 1 1  where 
the detonab l e reg i on i s  shown on a tr i angu l ar compos i t i on d i agram . Compos i 
t i ons  i n  t h e  m i x i ng zone fa l l on a stra i ght  l i ne connect i ng the  source con
cent rat i on w i t h the m i xed or bu l k  concentrat i on .  

The gas  ex i t i ng from the  dra i n tank  wou l d  b e  mos t l y  steam becau se  the 
water i n  the dra i n tank wou l d  be  c l ose  to the  bo i l i ng poi nt . If  the  water 
was 3 oc coo l er t h an the bo i l i ng po i nt ,  the  m i xture be i ng re l e ased wou l d  be 
9 1% steam and 9% hydrogen .  As  i nd i cated by t h e  m i x i ng l i ne on f i g ure 4- 1 1 ,  
a detonab l e  concentrat i on i s  not reached . A hypothet i cal  m i xture t hat wou l d  
be detonab l e can be  i dent i f i ed by draw i ng a l i ne from the bu l k  compos i t i on 
t hat j u s t  i ntersects  the detonab l e l i m i t s . As  i nd i c ated i n  f i gure  4- 1 1 ,  the  
hypothet i ca l  mi xture conta i ns approx i mate l y  32% hydrogen . Th i s  compos i t i on 
corre spond s to a m i xture satu rated w i th  water v apor at a temperature  some 
10  o c  be l ow t he  bo i l i ng po i nt ,  an u n l i k e l y  cond i t i on at that t i me .  

Wh i l e  t h e  hypot het i ca l  m i xture of 32% hydrogen  represents  t he  l eane st  
source m i x t u re t h at cou l d  produ ce a detonab l e  concentrat i on i n  the  m i x i ng 
zone , muc h  h i g her  hydrogen concentrat i ons  ( l ower water concentrat i on s )  wou l d  
be  requ i red  to produce  a l arge enough  gas vo l ume we l l  i ns i de the  detonab l e  
reg i on to y i e l d  a measurab l e  detonat i on .  Therefore , i t  i s  conc l uded  t hat a 
detonat i on was i mposs i b l e  i n  the  bu l k  of  the gas , and that t h e  probab i l i ty 
of ach i ev i ng even  l oca l l y  detonab l e  concentrat i ons  i n  the m i x i ng zone was 
remote . 

4 . 6 . 1 . 2  Propagat i on Ve l oc i t i e s .  I n  detonat i o n s , t h e  react i ng shock  wave 
trave l s  i n  e xces s  of the speed of sou nd i n  the u nbu rned gas . For t h e  TM I -2 
prebu rn  gas  compo s i t i on ,  t he  son i c ve l oc i ty i s  e s t i mated to be  1 , 230 ft/s  
( 3 75  m/s ) ; t herefore , a son i c wave wou l d  trav e l t he  max i mum d i mens i on of  t he  
conta i nment  bu i l d i ng i n  l e s s  than 0 . 1 6 s .  However , numerou s i ndependent 
pres sure -me a su r i ng dev i ces showed that the  burn occu rred over  a t i me 
durat i on l onger t h an 12  s .  Based on  t h e  measured pres sure r i s e  t i me ,  wh i ch 
was very l ong compared w i th  that expected from a d etonat i on ,  i t  i s  conc l uded  
t h at the  hydrogen-oxygen react i on proceeded as  a d e f l agrat i on .  

4 . 6 . 1 . 3  Mech an i c a l  D amage I ns i de Cont a i nment . Mech an i ca l  d amage  resu l t i ng 
from t he  hydrogen  burn i s  who l l y  cons i stent  w i t h  a d ef l agrat i on ( E i d am and 
Horan 198 1 ) :  b arre l s  were p art i a l l y  co l l apsed  and doors opened . I f  a 
d etonat i on wave h ad trave l ed through  the  cont a i nment , ev i dence  of  s h attered 
g l as s  and the trans l ocat i on of unsecured l i ght-we i g ht  structures  wou l d  be 
expected . N o  s uch  ev i dence ex i ts .  I t  i s  therefore conc l uded  t hat t h e  
hydrogen-oxygen react i on proceeded as a d e f l agrat i on rather  t han a 
detonat i on .  
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4 . 6 . 2  Pre s s u re R i se Rate 

Duri ng a hydrogen burn i n  contai nment , the gas pressure r i ses  as a 
resu l t  of the  i ncrease i n  temperature . The pre s sure r i se  rate i s ,  
t herefore , a ref l ect i on of the burni ng rate and i s  of  i nterest  becau se  i t  
c haracter i ze s  t he  burn . 

For t h e  TM I -2 burn , pressure r i se rates  were obta i ned from pres sure 
data recorded from second ary steam-pres sure  measu r i ng i ns trumentat i on of the 
OTSG-A and OTSG-B . Pres sures  obta i ned from the  react i meter for OTSG-A , 
s tart i ng at the  beg i nn i ng of the b�rn , are s hown p l otted i n  append i x  A .  
Average pre s s u re r i se rates  are tabu l ated i n  append i x  B .  

4 . 6 . 2 . 1 Pre s s u re R i se Rate and Burn i ng Ve l oc i ty .  The rate a t  wh i ch a f l ame 
front propagates  t hrough  a prem i xed  combu s t i b l e atmosphere determ i nes  the  
rate at wh i ch t he  chem i ca l  react i on occurs  on  a vo l umetr i c  bas i s .  The  
qu ant i ty o f  energy g i ven off per  u n i t vo l ume of gas  depend s o n  t he  i n i t i a l 
pre s s u re and vo l ume fract i on of t he  m i n i mum const i tuent  reactant ( i n  th i s  
case , hyd rogen ) i n  t he  gas m i xture . I ncreases  i n  bot h of  t h e se factors tend 
to cau se t h e  pre s sure r i se  rate to i ncrease u nt i l a peak  rate i s  ach i eved as 
acce l erat i ng and l i m i t i ng factors deve l op .  These factors i nc l u de  the  amount  
of  turbu l ence pres ent or created by the  burn , and  the  d i rect i on of the  burn ( u p , d own , or  hori zonta l ) . 

4 . 6 . 2 . 2  Pre s s u re R i se Rate and Ign i t i on Locat i o n .  Burn i ng ve l oc i t i e s are 
k nown to be d i rect i ona l l y  dependent and , therefore , the  o b served burn i ng 
rate i n  t he  TM I -2 event can be used  i n  determ i n i ng t he  or i g i n  of the  burn 
i n i t i at i on .  The  l ower hydrogen concentrat i on l i m i t for upward burn i ng 
i s  4 . 1% , t h e  l i m i t for hor i zontal  propagat i on i s  approx i mate l y  6% , and t he  
l i m i t for  downward propagat i on i s  approx i mate l y  9% ( Lew i s and  Von E l be 
1961 ) . S i nce  the  prem i xed hydrogen  concentrat i on was l ower t han  the  l i m i t  
for d ownward propag at i on ,  i t  i s  conc l uded  t hat the  burn i n i t i a l l y  propagated 
u pward i n  order to burn w i th  the h i g h  ve l oc i ty t hat i s  cons i s tent w i t h  the 
tot a l  burn t i me .  I f  the  burn had started w i t h  i gn i t i on at a h i g h po i nt i n  
t h e  conta i nment v e s se l , a muc h  s l ower and l e s s  comp l ete burn  wou l d  have 
occurred . From these  cons i derat i ons , i t  i s  conc l uded  t h at the  TM I - 2  
hydrogen burn  was i n i t i ated w i t h  a n  i g n i t i on a t  a re l at i ve l y  l ow e l evat i on 
( be l ow t he  E l evat i on 305 f l oo r )  i n  t he  conta i nment  bu i l d i ng .  

4 . 6 . 3  Peak  Pre s su re/Temperature 

The peak  p res s ure reached as a resu l t  of a hyd rogen  burn  i s  a ref l ec
t i on of  the  peak i n  average gas  temperature . Pres sure and temperature may 
be  re l ated  by me ans of the  i d ea l  gas  l aw and accou nt  for t he  l o s s  of  com
bu st i b l e  gases  and the ga i n of combu st i on product  gases  ( Henr i e  and 
Postma 1983a ) . The peak temperature reached  depend s on the net amount  of 
heat generated by the  combu s t i on .  The net heat i s  the  d i fference between 
t he  heat of  react i on and the heat l o st  to t h e  surrou nd i ng s . S i nce heat l o st  
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from the  gas dur i ng the  burn i s  u s u a l ly  a sma l l fract i on of  t h e  combus t i on 
energy , and wh i ch can be accounted for , t he  peak i ncrease i n  temperatu re 
( and consequent l y  peak pressure )  can be re l ated to t h e  percentage of  hydrogen  
burned . 

The f i na l  gas  temperature p roduced by an ad i abat i c  i sochor i c hydrog e n  
burn i s  s hown i n  f i gure  4- 1 2  as a fu nct i on of hydrogen  percentag e  bu rned 
( Henr i e  and Postma 1983a ) . I n  p r i nc i p l e ,  t he  peak pre s s u re reached can be  
u sed to  est i mate the  percentage of hydrogen  burned . The  accu racy of  t he  
est i mate depend s  i n  p art on  how we l l  heat l o s ses  dur i ng t h e  burn  can  be  
accou nted for , as  we l l  as  after-burns . For  the  TM I - 2  burn , Henr i e  and 
Postma ( 1983a )  e st i mated that t h e  peak pre s s u re reached  was cons i stent  wi t h  
a burn of 6 . 8% hydrogen . I t  was fu rther e s t i mated t hat  1 . 1% hydrogen 
rema i ned in  the conta i nment after the  burn ; therefore , the preburn hyd rogen  
concentrat i on was  e st i mated to be 7 . 9% .  

4 . 6 . 4  Postburn Coo l down Rate 

The rate at wh i ch the cont a i nment atmosphere coo l s aft e r  a hydrogen  
burn i s  i mportant becau se  the  temperature-t i me h i story determ i nes  t h e  heat  
pressure that cau ses  mater i a l s and equ i pment i n  conta i nment  to  be  h eated . 
The degree of heatup  i n  turn  c h a l l enges  t he  i ntegri ty of  a receptor so  d amag e  
ana l yses can b e  done o n l y  after t h e  t i me-temperature h i story of  t h e  amb i ent 
atmosphere i s  def i ned . 

A s i mp l i f i ed heat transfer ana l y s i s of the  atmo s p h er i c  coo l down rate 
was performed w i t h  two k ey object i ve s  i n  m i nd :  ( 1 )  a l l ow receptor  heatup  
ana l yses  to be performed and  ( 2 )  i l l u strate the  degree to wh i c h t h e  actu a l  
coo l down rate agreed w i t h  pred i ct i ons  based o n  a s i mp l e  h e at tran s fer  mod e l .  

The work reported here i s  based l arge l y  on the ear l i er work  o f  Henr i e 
and Postma ( 1983 a ) . The  h and ca l cu l at i ona l  mod e l  d e scr i bed  by Henr i e and 
Postma ( 1983 a )  was i mp roved ( by a l l ow i ng for i ntercompartme n t a l  f l ows and by 
exp l i c i t l y  accou nt i ng for heat transfer to sprays ) and redu ced  to a BAS I C  code 
that was ru n on a persona l computer . The bas i s  for  t h e s e  ca l cu l at i on s  and  
the  resu l t s are  presented i n  append i x  C .  ( Note  from f i g u re C - 3  h ow c l o s e l y  
the  average temperature po i nts  based on t h e  OTSG-A and OTSG- 8  mea s u red  p re s 
sure po i nt s  compare wi th  t h e  pred i cted average curve . )  S i nce  t h e  s ame c a l 
cu l at i ona l  tech n i qu e s  were u sed to pred i ct t i me- temperatu re p rof i l e s i n  t h e  
upper conta i nment ( above E l evat i on 3 4 7 )  and l ower conta i nment  ( 0 - r i ngs  and 
be l ow E l evat i on 347 ) , those  prof i l e s are qu i te accurate and s hou l d  be  u sefu l 
i n  eva l uat i ng burn ev i dence or project i ng burn potent i a l s i n  t h o s e  reg i on s . 

4 . 6 . 5  Burn Damage C haracter i s t i cs 

A hydrogen  burn w i t h i n  the  conta i nment bu i l d i ng wou l d  p rodu c e  burn  d am
age w i t h  ch aracter i st i cs that  ref l ect  the pu l se-type heat i ng and t h e  proper
t i es and  l oc at i on s  of  spec i f i c  receptors . I n  t h i s  sect i on ,  burn  d amage 
character i s t i cs are summar i zed to i l l u strate the  degree to  wh i ch t h ey are 
expected on the bas i s  of a prem i xed hydrogen combu st i on event . 
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4 . 6 . 5 . 1 Effect of  Receptor Materi a l s Propert i es .  Stud i es of  burn d amage 
{ A l varez et  a l . 1982 ; Henr i e and Postma 1983a ; Schutz and N agata 1982 )  and 
rev i ews of i n-cont a i nment  p hotograph s  ( E i d am and Horan 198 1 )  i nd i cate t h at 
not i ceab l e d amage was susta i ned on l y  by t h i n  materi a l s ( p aper  manu a l s ,  
p l ast i c  s heet i ng ,  and i tems made from th i n  p l as t i cs e . g . , te l ephones and 
buttons on  i ns truments ) and mater i a l  w i t h  a l ow-therma l d i ffu s i v i ty ( woode n  
p l anks , p l ast i c  rope , and the  po l ar crane pendant cab l e ) . The  su scept i b i l 
i ty of these  mater i a l s to burn d amage i s  as expected on  t he  b as i s  of  heat  
transfer ana l y s e s  t h at pred i ct the  heatup  of surfaces  exposed  to a hot gas  
{ A l varez et  a l . 1982 ; Henr i e and  Postma 1983a ) . Temp eratures  of  t hese  
suscept i b l e  mater i a l s can  become h i gh enoug h  to  cau se  me l t i ng ,  pyro l y s i s ,  or  
burn i ng .  Mater i a l s of  apprec i ab l e t h i ck n e s s  and h i g h - therma l  d i ffu s i v i ty 
( meta l s )  can  not be  heated  to temperatures hot enou g h  to  u ndergo burn 
damage . Thu s ,  as expected , mos t  contai nment su rfaces  ( pa i nted stee l or  
concrete ) d i d  not su ffer apparent burn  d amage . Therefore , i t  i s  conc l uded  
that t he  mater i a l s wh i ch were observab l y  d amaged were t hose  expected  to be  
most s u s cept i b l e  to  be i ng heated to d amage-thre s ho l d  temperatu re s . by the  
hyd roge n  burn . 

4 . 6 . 5 . 2  E ffect of Receptor Locat i o n .  The l ocat i on of  a receptor can be 
i mportant i f  the temperatu re-t i me h i story of the amb i ent gas  i s  affected by 
i ts l ocat i on i ns i de the  conta i nment . As d i scus sed i n  sect i on 4 . 6 . 4 ,  the  
heat pre s sure i n  l ower conta i nment vo l umes i s  l es s  i ntense  than  i n  upper  
conta i nment becau se  l ower conta i nment compartments have h i gher  s urface-to
vo l ume rat i os .  Stud i e s of TM I -2 p hotograp hs  l ed Henr i e and Postma ( 1983 a )  
t o  conc l ude  t h at observed b u r n  damage was l e s s  severe i n  l ower compartments  
as a resu l t  of l ower heat pres sure i n  those  rooms . D i fferences i n  d amage to  
te l ephones l ocated at  d i fferent e l evat i on s  are c i ted a s  i l l u strat i ve  of  t h i s  
expected effect . 

For l ocat i ons  w i th i n  a l arge vo l ume , strat i f i cat i on i s  expected  to 
cause  gas temperature to i ncrease w i th  h e i g h t .  Thu s , d amage  to s u s cept i b l e  
materi a l s wou l d  be  expected to i ncrease w i t h  he i g h t  i n  upper  conta i nment . 
Stud i es of burn d amage to the  po l ar crane pendant cab l e  ( Tru j i l l o et  a l . 
1986 )  do i nd eed  s how observab l e  damage to t he  outer s heat h  to i ncrease w i t h  
he i ght . A s  a n  added  not e , i t  i s  postu l ated that t h e  effect  of  h e i g h t  on 
damage wou l d  h ave  been  even  more not i ceab l e  if  conta i nment  spray s  h ad not 
act i vated . Spray operat i on m i xes  t h e  conta i nment atmo s p here as  we l l  a s  
cau ses  a faster coo l down . 

S u sceptors l ocated next  to mas s i ve heat s i nk s  may be protected from 
overheat i ng .  F i r st , heat  transfer from the  susceptor to t he  s i nk can l i m i t 
su sceptor temperature . Second , t he  g as i n  the  bou nd ary l ayer ad jacent to 
t he  s i nk can be  muc h  coo l er t h an bu l k  gas  and sma l l s u sceptors  may be  
exposed on l y  to  t h e  coo l er gas of t h e  bound ary l ayer . Henr i e  and Po stma 
( 1983a )  c i te as an examp l e  a te l ephone  cab l e  l y i ng on  a stee l tab l e i s  
apparent l y  u nd amaged ; an ad jacent sect i on of cab l e ,  s u s pended  i n  m i d a i r ,  
s hows s i gn i f i cant d amage . 

4 . 6 . 5 . 3  Effect of  Su rface Mo i sture . As noted by Henr i e  and Pos tma ( 1983a ) , 
the  presence of water  on su sceptors can great l y  l i m i t heatup  of t h e  su s 
ceptor . I t  was e s t i mated t hat the  l atent  h eat of vapor i z at i on of a water  
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f i l m  approx i mate l y  0 . 5-mm ( 0 . 02- i n . ) t h i c k  was equ a l  to the  tota l amount of  
h eat transferred to  a surface by the  burn . Therefore , wet  objects  wou l d  be  
affected much  l es s  by a burn  than dry ones . 

Preburn events at TM I - 2  i nc l uded numerou s open i ng s of  t he  pr i mary 
system re l i ef va l ve .  Wh i l e  mu ch of t he  steam re l eased to conta i nment was no 
doubt removed by contai nment coo l ers , there was amp l e  opport u n i ty for con 
densate to wet mater i a l s l ocated near t h e  steam v e n t  or i n  d r i p l ocat i ons . 
As  noted ear l i er ( Henr i e and Postma 1983a ; A l varez 198 4 )  t he  presence of 
sorbed mo i sture can exp l a i n  the  apparent  l ac k  of d amage to receptors l ocated 
i n  wet reg i ons ; s i m i l ar receptors l ocated  away from t hose  wet areas were 
d amaged . 

4 . 6 . 5 . 4  Overpre ssure Damage . W h i l e  t he  cont a i nment bu i l d i ng i t se l f  was not 
d amaged by the  pres s ure sp i ke caused by the hyd roge n  burn , 50-g a l  d rums were 
p art i a l l y  co l l apsed  and doors on  the  e nc l osed  s ta i rwe l l and e l ev ator were 
spru ng ( E i d am and Horan 198 1 ) .  Cons i stent  w i t h  pre s s u re d i fferent i a l ca l cu 
l at i ons , unsea l ed contai ners ( typ i f i ed by e l ectr i c a l  boxe s and LOCA duct s )  
were app arent l y  u nd amaged by the  pres sure  sp i ke .  

A l l of the  o bserved responses to t h e  pressure  sp i ke are as expected for 
a hydrogen  def l agrat i on and i t  i s  conc l uded that further ana l yses  of mechan
i ca l  damage i s  unnecessary . 

4 . 7  CHARACTER I ST I CS OF THE HYDROGEN BURN 

I n  a conta i ned  burn i ng event , the pressure r i se  resu l t s from the ch ange 
i n  gas  t emperature and the dep l et i on and add i t i on of gas  mo l ec u l e s re su l t i ng 
from the  burn . Therefore , the  average conta i nment gas  temperature and pre s 
sure d a t a  are i nterre l ated and comp l ement ary ( see  sect i on 4 . 6 . 3 ) . 

A compos i te of  the  ava i l ab l e  data show i ng the  average conta i nment  gas  
temp erature and pressure over  the ent i re burn and  coo l down per i od are  s hown 
i n  f i gure  4- 1 3 . A l so shown i s  the  theoret i ca l  project i on of t he  burn  
temperatu re if  i t  had occurred i nstant l y .  The d i fference i nd i cates  that 
coo l i ng d u r i ng t he  bu rn cau sed a reduct i on i n  t he  peak  pre s s u re and 
temperatu re of 5 l b/ i n 2  ( 3 5 k P a )  and 1 10 o c , re spect i ve l y .  Three anoma l i e s  
are s hown by f i gu re 4- 1 3 : 

• The app arent  dr i ft of the  OTSG-A pre s s u re data start i ng at 
about  1 3 5 1 : 30 

• The  abrupt  downward sp i k e i nd i cated at 1 3 52 : 05 ,  when  t he  
OTSG-A and OTSG-B  data  went off-sca l e l ow 

• The  app arent 3-s  l ag i n  t he  OTSG-B  pre s s u re data  d u r i ng the  hydro
gen burn . 

The  f i rst  anoma l y  i s  att r i buted to  a s l ow r i s e  ( 2  l b/ i n 2 or  14  k P a  i n  
4 5  s )  i n  steam pressure i n  OTSG-A and i s  i nconsequ ent i a l . The  second 
anoma l y  has  been thoroug h l y  stud i ed ( He nr i e and Postma 1983 b )  and was 
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determi ned to an e l ectri cal  ma l funct i on ,  probab ly a ground fau l t ,  wh i ch 
affected a l l of  t h e  react i meter s i gna l s .  The th i rd anoma l y  had not been 
sat i sfactor i l y  reso l ved pri or to t h i s report . 

4 . 7 . 1 Pressure D i fferences Duri ng the  Burn 

An eva l u at i on of ava i l ab l e ,  accurate l y  t i med pre s s u re d ata and an  
ana l yt i ca l  study of  expected pressure d i fferences i n  part i a l l y  sea l ed com
partments  dur i ng the  hydrogen burn i nd i cate the fo l l ow i ng ( see append i xes  A 
and B ) . 

• Dur i ng the  burn when  the  conta i nment pre s sure was at 
3 . 6  l b/ i n 2  ( gage ) ( 2 5  k P a } , the  pres sure i n  room B ( see f i g .  4-2 )  
( be l ow E l evat i on 305 o n  the  east  s i de )  was l agg i ng beh i nd that of  
mos t  of  the  rest of the conta i nment by approx i mate l y  0 . 42 5  s .  The  
pre s sure  r i se  rate duri ng t h at peri od was  approx i mate l y  
1 . 3  l b/ i n 2 - s (9  k Pa/s ) ;  therefore , the p re s sure i n  room 8 was 
approx i mate l y  0 . 5  l b/ i n 2  ( 3 . 4  k P a )  l ower than t h at i n  mos t  of the  
res t  of  the  conta i nment . 

• The  OTSG-A pres sure transducer was prov i d i ng accu rate l y  t i med 
pre s sure  data for most of  the conta i nment reg i ons . The 
OTSG-8 pressure transducer was prov i d i ng pre s s u re d ata  t h at was 
approx i mate l y  3 s beh i nd what was actua l l y  occu rr i ng i n  room B .  

• The  mos t  p l au s i b l e exp l anat i on for the de l ay i n  the  OTSG-8  pres
sure measu rements i s  t hat  the  transm i tter was  u nderwater , and that 
i t s pre s sure reference po i nt ( l ocated o n  the  bottom of  the  trans 
ducer  and covered by a sma l l ,  f i ne-mesh  screen ) was more t h an 9 5% 
p l ugged  i n  the upward or i n-f l ow d i rect i on by d e br i s t hat had been 
f l oat i ng on the water as i t  rose  to the transducer l eve l . 

Two other  s i gn i f i cant enc l osed reg i ons  that cou l d  have  h ad pre s sures  
that d i ffered from most  of  the  conta i nment vo l ume are t h e  e l evator ho i stway 
and the  ad j acent  enc l osed sta i rwe l l .  I t  i s  l i ke l y  that  pre s s u re d i fferences 
vers u s  t i me for t hese  enc l osures were s i m i l ar to those d e s c r i bed for room B .  
No  pre s s u re transm i tters or sw i tches  were mon i tori ng pre s s u res  w i t h i n these  
enc l osures ; however , observat i ons of  structural  d amage prov i de some i n s i g ht  
concern i ng pres s u re d i fferent i a l s that ex i sted . The l arge e l evator doors at  
E l evat i on s  305 and 347 were bowed ou tward from the e l evat i on ho i s tway ( E i d am 
and Horan 198 1 } .  A l so ,  the h i nged door at E l evat i on 326 that sw i ng s  outward 
i nto the  conta i nment from the e l evator ho i stway h ad a damaged l atch  and was 
bowed outward above  and be l ow i ts l atch . I n  an ear l i er p i cture ( E i d am and 
Horan 198 1 , F i gu r e  1 5 ) , the  sect i on of  th i s  door be l ow i t s l atch  appeared to 
bow i nward , wh i ch i s  m i s l ead i ng .  I t  appears that th i s  e l evator door may not 
h ave been forced open . The c l osure arm i s  u ndamaged , but  i s  d i sconnected . 
The  h i nged door at E l evat i on 305 ,  wh i ch sw i ng s  outward i nto t he  conta i nment  
from the  enc l osed  sta i rwe l l ,  was  forced open . I t  was t hen  bad l y  bent as i t  
was thru s t  aga i ns t  a p i pe support structure ( E i dam and Horan 198 1 ) . S i nce 
no other  enc l o s ed sta i rway doors were d amaged , i t  appears  that the l atch  on  
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the E l evat i on 305  door may not have been we l l -secured . Tes t s  reported by 
Za l osh  et a l . ( 1985 }  i nd i cate that the l atch on a s im i l ar door f a i l ed at a 
pressure d i fference of  0 . 6  to 0 . 7  l b/ i n 2  ( 5  k Pa ) . 

The damage and l ack  of damage i nd i cate that the  p re s s u re i n  the  
e l evator ho i stway may have been  s l i gh t l y  more than 0 . 5  l b/ i n 2 ( 4  k Pa )  h i gher  
than that i n  the  surround i ng conta i nment . The  pos i t i ve pre s su re 
d i fferent i a l i n  the  enc l osed  sta i rway was probab l y  l e s s  than 0 . 5  l b/ i n 2  
( 3  k Pa )  becau se  of vent i ng t hrou gh  t he doorway at E l evat i on 305 . I t  i s  not  
known whether the  gas i n  the  two enc l osures  burned at the  same t i me or  
whether a s i gn i f i cant pressure d i fference ex i sted between  the  two e nc l o s u re s  
a t  some t i me .  There are n o  doorway s between t h e  two enc l o s u re s  and n o  
structural  damage h a s  been obs erved i n  t h e  wa l l t h a t  separat e s  t h e  
enc l osures . 

Pressure d i fferent i a l s  var i ed between the  cont a i nment atmo s p h ere and 
sma l l er enc l osures  such as sea l ed 55-gal drums , vent i l at i on d u ct i ng ,  and 
l i ght bu l bs .  The pressure d i fferent i a l acro s s  sea l ed 55-ga l d rums  was so 
great (�2 atm } , compared wi t h  the drum ' s ab i l i ty to re s i s t externa l 
pressu re s  (� 1  atm } , that the  d rums co l l ap sed ( E i d am and Horan 198 1 ) .  
S i m i l ar l y ,  some of the  l arge-d i ameter vent i l at i on duct i ng wou l d  not be 
capab l e  of w i t h stand i ng h i g h externa l pressures . However , t h e  d u c t s  are 
open at both end s ,  and f l ow ca l cu l at i ons show t hat when exposed  to t h e  k nown 
conta i nment pre s sure r i se  rate s ,  the pres sure d i fferent i a l acro s s  t he  d uct  
wa l l wou l d  be  much  l ess  than that wh i ch wou l d  cau se the  d u c t s  t o  co l l ap s e . 
The sma l l er ,  we l l - sea l ed enc l o sures  such as l i ght  bu l b s ,  wh i ch d i d  not 
co l l ap s e , were ab l e  to w i t h stand the  2-atm pressure pu l se .  

4 . 7 . 2  Burn Or igi n and Pat hways 

Though the exact or i g i n  of the hyd rogen  burn i s  u nk nown , t he  fo l l ow i ng 
eva l uat i on of ava i l ab l e  data and k nown hydrogen-burn c h aracter i s t i c s 
i dent i f i es the  reg i on where the  burn  was probab l y  i n i t i ated . 

The hydrogen  concentrat i on i n  the  m i xed conta i nment  gas  was  l e s s  
than 9 % ,  wh i ch i s  the  l ower l i m i t for downward burn i ng .  Therefore , i f  t h e  
i gn i t i on sou rce had been h i gh i n  t h e  conta i nment , burn i ng wou l d  h a v e  b e e n  
very s l ow and o n l y  as a re su l t  of turbu l ence and downdraft s . However , t h e  
burn i ng of approx i mate l y  57 , 600 m 3  ( 2 , 033 , 000 ft 3 )  of g a s  apparent l y  
occu rred i n  the  re l at i ve l y  s hort t i me of 1 2  s .  Th i s  means  t h at the  bu rn i ng 
was predom i nate l y  upward and l atera l and mu st  have been  i n i t i ated  somewhere 
in  the  l owest  conta i nment l eve l ( be l ow the  f l oor at E l evat i on 30 5 ) . 

As  d i scu s sed i n  sect i on 4 . 7 . 1 ,  data from the  accu rate l y  t i med 
3 . 58 l b/ i n 2  or 2 5  kPa  ( g age ) pressure sw i tches  show t hat the pre s s u re i n  
room 8 ( be l ow E l evat i on 305 on  the  east s i de }  was l agg i ng that  i n  t h e  we s t  
s i de and above E l evat i on 305 . Therefore , t h e  burn mu s t  have been  i n i t i ated 
on the  west  s i de .  Th i s  re aso n i ng i nd i cates  that the hydrogen  bu rn  
ori g i nated in  room A ( be l ow E l evat i on 305 on  the  west s i de ) . 
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Th i s  conc l u s i on i s  further supported by the  fact t h at the  reactor 
coo l ant dra i n tank vents to room A ;  therefore , hydroge n  concentrat i ons  wou l d  
be h i ghest  and more eas i l y  i gn i tab l e  i n  that reg i on .  Typ i ca l  spark  i gn i t i on 
sources equ i va l ent  to an automob i l e  spark p l ug are re l at i ve l y  weak and w i l l  
not re l i ab l y  i gn i te hydrogen-a i r m i xtures  be l ow 9% hydrogen  ( Car l son  
et a l . 19 73 ) . A l so ,  i t  i s  k nown from the  act u at i on of  a computer-mo n i tored 
temperature sw i tch , that the pres s u r i zed re l i ef  va l ve  ( RC-V2 ) was opened 
some t i me between  1 349 and 1 3 49 : 30 .  I t  was c l osed  aga i n ,  probab l y  w i th i n  a 
few second s to a m i nute , and may h av e  been open  when t he  hydrogen  burn was 
i n i t i ated at approx i mate l y  1 3 50 : 1 5 .  

Therefore , i t  i s  l i k e l y  t hat there wou l d  have been  a hydrogen-r i ch 
reg i on i n  room A and up from the open  s t a i rwe l l and other  open i ng s  i n  the  
E l evat i on 305  f l oor at  the t i me t h e  burn  was  i n i t i ated . Th i s  hyd rogen-r i ch  
reg i on may h ave  acted a s  a rap i d l y  bu rn i ng torch predom i nate l y  u p  to the  a i r 
coo l ers at E l evat i on 330 (where i t  wou l d  have  been  rap i d l y coo l ed as  s hown 
i n  tab l e C - 3 , and probab l y  quenched ) , and a l so  up the  open  sta i rwe l l throug h  
the  f l oor a t  E l e v at i on 347 . Th i s  probab l y  i n i t i ated contai nment atmosp here 
burn i ng at a l l t hree l eve l s w i th i n the f i rst  6 s of the bu rn . Cons i der i ng 
the pressure h i story and heat l ost d u r i ng the burn , l e s s  than 5% of  the  
burn i ng took p l ace in  the f i rst 6 s ,  l e s s  t h an 40%  i n  t he  next  3 s ,  and  more 
t han h a l f of  t h e  burn i ng occu rred i n  the l ast  3 s .  The rap i d  burn i ng d ur i ng 
the l ast  3 s res u l ted from the l arge , h i g h l y  tu rbu l ent f l ame front t hat h ad 
deve l oped and a l so  becau se the rema i n i ng gas h ad been compres sed to a l most  
h a l f of i t s or i g i na l  vo l ume . 

The predom i nant burn pathway wou l d  have  been  u p  t he  we st  s i de i n  the  
reg i on of the  open  stai rwe l l ,  acros s  to t he  east  beneath  the  upper  dome and 
the E l evat i on 305 and 347 f l oor l eve l s ,  t hen  down the east  s i d e i n  a ro l l i ng 
mot i on at each of  the  two upper  l eve l s .  

I t  i s  l i k e l y  that the  atmosphere i n  the  0 - r i ng s i g n i ted t hroug h  
open i ng s  be l ow E l evat i on 305 , then bu rned vert i ca l l y  u pward . There  are a 
number of temperature sw i tches  i n  t he  0 -r i ng s ,  wh i ch actu ated d u r i ng the  
hydrogen  burn , s h owi ng that  the  atmosphere i n  t h e  0 - r i ng s burned . However , 
these  swi tches  are scanned and reported on l y  once  eac h  30  s and t herefore do  
not  add s i gn i f i cant ly  to  t he  determ i nat i on o f  the  burn  path . 

Becau se  of  the  l ocat i on ( l ow and east ) and p art i a l  i so l at i on of  room B ,  
i t  i s  presumed t h at the room B atmo sp here was near t he  l as t  to burn . Pr i or 
to i t s burn i ng ,  gas  from the  reg i ons  above and ad j acent  wou l d  have  been 
f l owi ng i nto room B ( see append i x e s  A and B ) . W i th a pre s s u re d i fferent i a l 
of 0 . 5  l b/ i n 2 ( 3 . 4  k Pa ) , peak  ve l oc i t i es t hrough  t he  many open i ng s  probab l y  
exceeded 7 5  m/s ( 250 ft/s ) . When bu rn i ng i n  room B f i na l l y  occu rred , i t s 
pre s sure wou l d  h ave  i ncreased to abov e  t hat of  the  re st  of  the  conta i nment , 
and the  gas f l ow wou l d  have reversed to the  outward d i re ct i on .  The  l arge 
stee l cover p l ate s  over open i ngs i n  the E l evat i on 305 f l oor wou l d  h ave  
ra i sed  at  the  t i me of  the  pres sure pu l se ,  thereby i ncreas i ng t he  vent i ng 
area . Th i s  was the  probab l e  cau se of  m i s a l i g nment of t h e  cover p l ates  
reported by  E i d am and Horan ( 198 1 ) . 
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The other s i gn i f i cant vo l umes of part i a l l y  i so l ated gas  t h at were 
l i ke l y  near the  l ast  to burn were i n  the e l evator ho i s tway and t he  ad j acent  
enc l osed sta i rwe l l .  S i nce these  vo l umes are  not  d i rect l y  connected to  t h e  
conta i nment vent i l at i on sys tem , hydrogen concentrat i on s  were probab l y  l ower 
there than i n  any other s i gn i f i cant conta i nment reg i o n .  D i f fu s i on before 
the hydrogen bu rn may h ave i ncreased hydrogen  concentrat i ons  to above t h e  
l ower f l ammab i l i ty l i m i t ( Za l o s h  et  a l . 1985 ) . Conta i nment gas  f l ow i nto  
these enc l o sure s  cau sed by the  r i se  in  conta i nment pre s s u re d u r i ng the  
hydrogen burn wou l d  h ave  further i ncreased t he  hydrogen concentrat i ons . 
Burn i ng occurred i n  both of these s h afts , as  e v i denced by t he  door d amage 
descr i bed i n  sect i on 4 . 7 . 1 ,  probab l y  from the bottom up and probab l y  near 
the end of the  conta i nment hydrogen  burn . 

4 . 7 . 3  Effect of Geometry and Large Sca l e 

Even though  l am i nar bu rn i ng ve l oc i t i es i n  l ean hydrogen- a i r m i xtures  
are re l at i ve l y  s l ow and  stab l e ,  the  buoyant and pre s s u re-dr i v e n  movement  of  
a f l ame front can cau s e  a trans i t i on to  turbu l ent bu rn i ng .  I n  l arge , 
unrestr i cted , vert i ca l l y  u pward burn i ng env i ronments , re s i s t ance  to gas  f l ow 
i s  very l ow and buoyant effects of the  hot gases  i n  and b e h i nd t h e  f l ame 
front resu l t  i n  h i gh-vert i ca l  ve l oc i t i es . I n  c l osed systems ( or p art i a l l y  
c l osed systems where burn i ng starts at a c l osed  end } , t he  expans i on cau sed  
by the  heat i ng of the  gases  i n  the  f l ame front acce l erat e s  t he  f l ame front . 
I n  systems where the  u nburned gases  are made turbu l ent  by fans , water 
sprays , or by the  forced movement past  f i xed obstac l e s ,  turbu l ent burn i ng 
occurs and t he  ve l oc i ty of the  f l ame front can be acce l erated by an  order  of  
magn i tude  ( Hertzberg 198 1 ) .  A l l of  these  cond i t i ons  e x i sted  i n  t h e  TM I - 2  
conta i nment a t  the t i me o f  the  hydrogen burn except t h e  water sprays , wh i ch 
came on approx i mate l y  30 s after the  f l ame front had pas sed  t h rough  t h e  
contai nment . 

From the  pressure r i se  data , i t  i s  ev i dent  that over  90% of  t h e  
57 , 600 m 3  ( 2 , 03 3 , 000 ft 3 )  of g a s  bu rned i n  t h e  l ast 6 s .  A s i m i l ar fract i on 
of the burn i ng of muc h  sma l l er conta i ners of  s i m i l ar gas  m i x t ure s  
( �8% hydrogen  i n  a i r )  have been observed t o  b u r n  i n  approx i mate l y  t h e  s ame 
t i me per i od ( He rtzberg 198 1 ;  Thomp son et a l . 1987 ) . Therefore , i t  i s  
ev i dent that geometry and sca l e have a s i g n i f i cant effect  on  b u rn i ng rate s . 
The TM I -2 hyd rogen burn may be the  f i rst l arge-sca l e  env i ronment  to c l e ar l y  
demonstrate the  s i gn i f i cant effects o f  sca l e .  

I n  the  l arge- sca l e  tests  conducted at the  U . S .  Department of  Energy • s  
Nevad a  Test  S i te ( NTS }  ( Thompson et a l . 1987 } ,  f l ame -front movement  was 
mon i tored . I n  test  P - 1 3  ( 7 . 8% hydrogen } ,  the  f l ame front acce l erated  from 
an i n i t i a l vert i ca l  ve l oc i ty of 3 . 7  ft/s ( 1 . 1  m/s } to 18  ft/s  ( 5 . 5 m/s } 
dur i ng the  4- to 5-s  per i od . The f l ame front cou l d  not b e  accurat e l y  
measured after that t i me .  

Many sma l l -sca l e tests  are equ i pped w i th  fans to prem i x t h e  gases  and 
to determ i ne the  effect of fan- i nduced  turbu l ence . The fans may c i rcu l ate  
the  gases  100 to 1 , 000 t i me s  per  hou r and  a l ways  cau se t u rbu l ent burn i ng 
that resu l t s i n  h i g h -burn ve l oc i t i e s .  However , i n  l arge  conta i nment  
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bu i l d i ngs , t h e  effect of fans ( 5  to  10  a i r c hange s  per  hou r )  i n  t he  a i r  
coo l ers h av e  a much  sma l l er effect o n  i nduc i ng turbu l ent burn i ng ,  except i n  
t he  reg i on s  of  the  fan i n l ets , ai r out l ets , and ducts . The conta i nment 
s prays  i n  t h e  l arge-sca l e NTS tests  i nd u ced much  more turbu l ent  bu rn i ng than  
the  fans . Therefore , even  though a l l f i ve b l owers i n  the  TM I -2 a i r coo l ers 
were operat i ng at the  t i me of the hydroge n  burn  and were rec i rcu l at i ng the  
conta i nment  a i r on an average of once every 8 . 6  m i n ,  the  conta i nment spray s  
were off ; a compar i son  wi th tests wi thout  fans or  sprays  operat i ng i s  made 
i n  f i g ure 4- 1 4 .  I n  the  sma l l est vesse l , the  i gn i t i on was i n  a centra l 
pos i t i on ,  6 ft ( 2 m )  above the bottom . I n  t h e  N TS v e s se l , the  i gn i ters were 
near the bottom . I n  the  TM I -2 conta i nment , the  i gn i t i on l ocat i on cou l d  have  
been as h i g h as  20 ft above  the basement f l oor  and  s t i l l  be be l ow the  f l oor  
at E l e vat i on 305  ( see  sect i on 4 . 7 . 2 ) . Note  t hat the  burn i ng t i me s  and 
pres sur i z at i on rate s ( s l ope s )  shown i n  f i gure 4- 1 4  are s i m i l ar .  

An ana l y s i s  by Hertzberg ( 198 1 )  has  conc l uded  t hat bu rn i ng i n  the  
12-ft-d i a .  ves s e l was l am i nar throughout  the  ent i re burn  per i od . I f  the  
ves se l  h ad been much  l arger , turbu l ent burni ng wou l d  h ave  occurred . The 
depre s su r i z at i on or  coo l i ng rate i n  the  smal l v e s s e l i s  shown to be  greater 
than for the l arger vesse l s .  Th i s  d i fference  resu l t s from the h i gher  
surface-to-vo l ume rat i o  (more coo l i ng area per  fue l  e l ement ) . The  surface
to-vo l ume rat i os of the  TM I -2 conta i nment  and the much  sma l l er NTS test 
ves s e l  are s i m i l ar becau se  there are more compartment s and equ i pment  i n  the 
TM I - 2  conta i nment . 

There are m i nor d i fferences i n  peak  pre s sures  reached i n  t he  examp l e s 
s hown i n  f i gure 4- 1 4 .  The peak pre s s u re from the  8 . 5% hydroge n  i n  a i r 
m i xture i n  t he  sma l l er ves se l was depre s sed app rox i mate l y  4 l b/ i n 2 ( 27 k P a )  
as a resu l t  o f  the  more rap i d  coo l i ng t hat occu rred d u r i ng t h e  burn . The  
7 . 8% hydroge n  i n  a i r  m i xture in  NTS - P l 3  was depre s sed  as a resu l t  of  i ncom
p l et e  b urn i ng pr i or to the t i me of t he  peak pre s sure . ( Note  t h at an after
burn occu rred several  second s l ater . ) I t  appears that more t han 9 6% of the  
hydrogen bu rned i n  each  case , except  for  TM I - 2 .  Henr i e  and Pos tma ( 1983a ) 
est i mated t hat an average of 1 . 1% hydroge n  rema i ned  i n  the  TM I -2 contai nment 
after  t h e  hydroge n  burn , wh i ch wou l d  i nd i cate an 8 5% burn e ff i c i e ncy and a 
3 to 5 l b/ i n 2 ( 20 to 3 5  k Pa ) reduct i on i n  peak  pre s su re . Tak i ng t hese  
d i fferenc e s  i nto cons i derat i on ,  the  test  resu l t s s hown i n  f i gure  4- 1 4  are  i n  
remarkab l y  good agreement . 

The  s i m i l ar pres sure r i se rates  i mp l y  that s i m i l ar fract i on s  o f  t he  
tota l vo l umes were burn i ng on a s i m i l ar t i me bas i s .  S i nce vo l ume i s  a cube  
funct i on of  a c haracter i st i c  l engt h , the  averag e  burn i ng ve l oc i ty wou l d  be  
somewhat p roport i onal  to  the  cube root of the  vo l ume . On  th i s  bas i s ,  t he  
average burn ve l oc i ty i n  the 12-ft  sp here  wou l d  be  expected to  b e  23%  of  
that  i n  t h e  NTS  sp here , and the  average burn v e l oc i ty i n  the  TM I - 2 con
tai nment  wou l d  be 302% of that i n  the NTS sphere . S i nce a f l ame-front 
ve l oc i ty measured dur i ng the rap i d l y  burn i ng p er i od of the  NTS P - 1 3  test  was 
18 ft/s ( 5 . 5  m/ s ) , comparab l e  peak ve l oc i t i e s i n  the  12-ft sphere and the  
TM I - 2  conta i nment wou l d  be projected to be 4 . 1 ft/s  ( 1 . 3  m/ s )  and 54  ft/s  
( 16 . 5 m/ s ) , respect i ve l y .  It  i s  ev i dent  from other tests  that th i s  
part i cu l ar effect of sca l e ( peak ve l oc i ty proport i ona l to d i ameter )  wou l d  
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not be mai nta i ned when hydrogen concentrat i ons  great l y  exceed 8% or when 
h i gh i n i t i a l  turbu l ence ex i sts . Under those cond i t i ons  h i g h-ve l oc i ty 
turbu l ent burn i ng wou l d  occu r throug hout the  burn , regard l es s  of vesse l  
s i ze .  

4 . 7 . 4  Compres s i on and Rad i ant Heat i ng 

I n  cont a i nment , a burn i s  cons i dered by def i n i t i on to occur on  a 
constant  vo l ume bas i s .  However , i f  the  burn occurs over a re l at i ve l y  l ong 
t i me (many second s ) , the burn i ng of  any s i ng l e  u n i t  vo l ume ( i . e . , 1 L or 
1 ft 3 ) occu rs  very rap i d l y and bu rns more on a con stant-pre s su re b as i s .  
Constant-pre s su re burn i ng i s  coo l er than constant-vo l ume bu rn i ng becau se of  
the expans i on coo l i ng that occurs d u r i ng the  constant-pre s s u re burn . In  a 
c l osed  system , t h e  energy d i fference between constant-vo l ume and cons tant
pressure burn i ng of  a sma l l vo l ume of the  gas goes  i nto a s l i g ht  compress i on 
heat i ng of t he  rema i n i ng ( bu rned and u nburned ) vo l ume .  Henr i e and Postma 
( 1983a )  cal cu l ated gas temperature s of the i n i t i a l u n i t  vo l ume ,  t he  m i dd l e  
u n i t vo l ume ( burn  start i ng at 2 atm abso l ute ) , and the  l as t  u n i t vo l ume of 
TM I - 2  conta i nment gas to burn , as sum i ng no heat l o s s  d ur i ng the burn . U s i ng 
the  s ame ca l cu lat i onal  techn i ques , but  a l so accou nt i ng for heat l o s s  dur i ng 
the burn , t he  temperatures of un i t vo l umes of  gas  assumed to  burn  at 0 ,  3 ,  
6 ,  9 ,  and 12  1/2  s i nto the burn were approx i mated . The resu l t s are shown 
i n  f i gure 4- 1 5 .  Note that the  f i rst  u n i t vo l ume t o  burn coo l s s i gn i f i cant l y  
dur i ng the f i rst  6 s and rema i ns coo l er than t h e  gas , wh i ch burns  l ater . 
The gas  that bur n s  at 6 s i s  so affected by subsequent  compre s s i on heat i ng 
that i t  become s approx i mate l y  55 o c  hotter than the  gas , wh i ch bu rned l ast . 

Th i s  cond i t i on wou l d  be  p art i a l l y  offset by the  preheat i ng of  the  
u n bu rned gases  by  rad i at i on from the  bu rned gase s . Even  t hough  em i s s i v i ty 
and absorpt i v i ty coeff i c i ents are l ow for hyd rogen , oxygen , and n i trogen 
gases , these coeff i c i ents are s i gn i f i cant for water vapor . The  average 
water vapor fract i on i n  the conta i nment gas j u st  p r i or to t he  hyd rogen  burn 
was ca l cu l ated to be 3 . 5% ( Henr i e and Postma 198 3 a ) . The  water vapor  
fract i on i n  the  bu rned gas wou l d  be approx i mate l y  7% h i g her  t han in  the  
unbu rned gas s i nc e  the hydrogen gas wou l d  have been converted to water 
vapor . Em i s s i v i ty corre l at i on s  by Sm i th and Shen ( 1980 ) i nd i cate  t hat the  
em i s s i v i t i es ( or absorpt i v i t i es )  for 20 m ( 65 ft ) of these bu rned and 
unburned gases at 2 atm abso l ute  wou l d  be approx i mate l y  0 . 6  and 0 . 5 ,  
respect i ve l y .  Therefore , the  ab i l i ty for rad i ant heat transfer  from the  hot 
burned gas to the  re l at i ve l y  coo l unburned gas i s  good . The extent of the 
rad i ant heat i ng o f  the unburned gas was not further quant i f i ed .  

The water vapor fract i on on the  west  s i de near the  open  sta i rwe l l wou l d  
have been con s i derab l y  h i gher than 7% due  to i t s prox i m i ty t o  the  reactor 
coo l ant dra i n tank vent . Hydrogen and steam were e i ther  vent i ng or  had j u s t  
been vent i ng from the  reactor coo l i ng system throug h  the  d ra i n tank  ( see 
sect i ons  4 . 4  and 4 . 7 . 2 ) . Therefore , em i s s i v i t i e s for the wet burned gas i n  
that reg i on wou l d  have been re l at i ve l y  h i gh . A l so , i f  t he  hydrogen  concen
trat i on i n  the  reg i on of the  open sta i rwe l l was h i g h at the t i me i t  burned , 
the  resu l t i ng gas  temperature wou l d  h ave  been h i g her  than  average and the 
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rad i ant  heat i ng effect wou l d  have been  muc h  h i gher , s i nce i t  i s  a fu nct i on 
of t h e  fourth  power of t he  abso l ut e  t emperature . Further , s i nce t h e  gas  i n  
t he  reg i on of  t h e  open  sta i rwe l l was i gn i ted  e ar l y  i n  t he  burn  ( du r i ng the  
f i rst  few s econd s ) , t h e  t i me for heat transfer  to s urround i ng objects  before 
the contai nment  sprays  started wou l d  have been  re l at i ve l y  l ong . Some or a l l 
of t hese  cond i t i on s  were apparent l y  i n  effect , s i nce  i t  has  been  determ i ned 
( Tru j i l l o et  a l . 1986 ) t hat the s i d e of the po l ar crane pendant cab l e ,  wh i ch 
was the  most  severe l y  d i sco l ored /scorched/burned , was fac i ng d i rect l y  toward 
the  open  st a i rwe l l (west ) and to the  reg i on j u s t  south  of that wh i ch i s  
toward t he  path  these  gases  wou l d  h ave  taken  to the  i n l et of  t h e  conta i nment 
a i r  coo l ers . 

4 . 8  POSTBURN HYDROGEN 

Prev i ou s  e v a l u at i ons  ( Henr i e  and Postma 1983a )  i nd i cate t h at 1 . 1% 
hydrogen  rema i ned  i n  conta i nment after the  hydroge n  burn . Mos t  of  t h i s was 
probab l y  i n  compartments  be l ow the E l evat i on 305 f l oor , but wou l d  have  
d i spersed  rap i d l y .  

The  pre s s u r i zer  re l i ef va l ve was ag a i n opened  ( s hort l y  after 1 400 ) for 
a l i tt l e  more  than  1 hou r .  Th i s i ncreased t h e  hydrogen  concentrat i on i n  
conta i nment by an e st i mated 0 . 6% .  Between  March 3 1  and Apr i l 2 ,  19 79 , 
enoug h  hydrogen  was re l eased to conta i nment  from t he  reactor coo l ant  system 
to i ncrease t h e  hydroge n  concentrat i on by approx i mate l y  0 . 5% ,  wh i ch brought  
t h e  tot a l  to approx i mate l y  2 . 2% .  The  hydroge n  recomb i ner  deve l oped  by 
Rockwe l l I nternat i ona l  started remo v i ng hyd rogen  from contai nment  on  
Apr i l 2 ,  1979 , at  1 530 . Recomb i ne r  operat i on was  term i nated o n  May 1 ,  1979 , 
after i t  had removed 1 12 k g  of hydrogen  gas  ( and 56 kg  of oxyge n  gas ) from 
conta i nment , and t h e  hydrogen concentrat i on was down to 0 . 7% .  Some of t he  
res i du a l  28  kg  of  hydrogen  l eaked or  d i ffu sed  from the  conta i nment d ur i ng 
the  fo l l ow i ng year and the rema i nder  was vented  to t he  atmo s p here  i n  J u ne 
1980 . 

The  quant i t i es of  hydrogen added  to and removed from conta i nment  are 
summar i zed  i n  tab l e  4-3 . Approx i mate l y  460 kg ( 230 k g-mo l ) of hydrogen  gas 
entered and was removed  from conta i nment . E s se nt i a l l y  a l l of  t h i s  hydrogen  
was  probab l y  p rodu ced by  the  z i rcon i um-water react i on .  S i nce  1 mo l of  
z i rcon i um react i ng w i t h  2 mo l of water l i berat e s  2 mo l of  hydrogen , 
230 k g-mo l of  hydrogen represents t he  o x i d at i on of 1 1 5  kg-mo l , or  10 , 500 kg  
( 23 , 000 l b ) , of  z i rcon i um .  The  TM I - 2 reactor core conta i ns  a c a l cu l ated 
23 , 600  kg ( 52 , 000 l b ) of  z i rcon i um .  Therefore , the z i rcon i um ox i d i zed by 
t h e  met a l -wate r  react i on i s  equ a l  to  approx i mate l y  45% of  the  tota l  
z i rcon i um i n  t h e  reactor core . I t  s hou l d  be  noted t h at hot z i rcon i um 
c l ad d i ng can m i x w i th ad j acent uran i um d i ox i de fue l . Th i s  proces s  wou l d ,  of  
cou r s e , not p roduce  hydrogen . Therefore , more  z i rcon i um c l ad d i ng may have  
been  destroyed  t h an wou l d  be i nd i cated by the  amount  of  hydroge n  that was 
accou nted for . 

4- 37  



RHO-RE-EV-95 P 

Tab l e  4-3 . Conta i nment Hydrogen B a l ance . 

Hydrogen added Hydrogen removed Hydrogen  i nventory 
T i me 

dry ( % )  k g  dry ( % )  kg  dry ( % )  k g  

March 28 , 1979 
1 3 50 8 . 2  3 70 8 . 2  3 70 
1 3 52 7 . 1  3 19b 1 . 1 5 1  
1 500 0 . 6  24a 1 . 7  7 5  

Apr i l 1 ,  1979 0 . 5  2 ld 2 . 2  9 6  

May 1 ,  1979 1 . 1  44d , C 2 . 6  1 1 2d 0 . 7 28 

Ju ne 1980 0 . 7 29e 0 

Tota l  459 459 

aFrom reactor coo l i ng system . 
bHydrogen  burn . 
CFrom waste  gas  decay tanks . 
dRockwe l l I nternat i ona l  hydrogen  recomb i ner . 
evented to atmosphere ( some may have d i ffu sed / l eaked ear l i er ) . 
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5 . 0  PRED ICTED HEATUP OF EQU I PMENT EXPOSED TO A 
HYDROGEN BURN I N  A CONTA I NMENT BU I LD I NG 

I n  t h i s  sect i on ,  resu l t s of heat transfer ca l cu l at i ons are presented 
t hat i l l u st rate t h e  degree to wh i ch objects  i n  a conta i nment bu i l d i ng wou l d  
b e  h eated  by a hyd rogen burn . These  re su l t s i nc l ude  the  temperat u re tran
s i ent  t h at wou l d  be  expected for certa i n  types  of equ i pment exposed to a 
hydroge n  burn  trans i ent , how var i ou s  phy s i ca l  p arameters affect t he  peak 
temperatures  reached  as a resu l t  of a hydrogen  burn , and how equ i pment cou l d  
be  d e s i g ned so that  the temperature tran s i ent  i t  endures  wou l d  be  l i m i ted to 
v a l u e s  b e l ow i t s d es i gn l i m i t .  

5 . 1  BAS I S  FOR PRED I CTED TEMPERATURE TRANS I E NTS 

The  t i me-temperatu re h i story of the  conta i nment atmo sphere was 
pred i cted  o n  the  b as i s  of  a s i ng l e  prem i xed hyd rogen- a i r m i xture bu rn that 
m i rrored t h e  one t hat occu rred at TM I - 2 .  Postburn temperatures and 
pre s sures  were chosen  for an ad i abat i c- i sochor i c  hydroge n  bu rn . The  
coo l down rate  was then  pred i cted by  means of a two-comp artment heat transfer 
mod e l  t h at accou nted  for : 

• Heat transfer to wa l l s  by convect i on and rad i at i on 

• Heat transfer to contai nment coo l ers  

• Heat trans fer to water spray s  

• I ntercompartment f l ows ( work and m i x i ng ) . 

The  conta i nment  gas temperatu res pred i cted by t h i s  mod e l are shown i n  
f i g u re 4 - 5  and are d i scus sed i n  sect i on 4 . 6 . 4  and append i x  C .  A s  expected , 
the  temperature i n  the  upper , mai n room of the  conta i nment bu i l d i ng coo l ed 
more s l ow l y  t han i n  the  sma l l er su bcomp artments  ( w i th  the i r  h i g her  su rface
to-vo l ume rat i o s ) . To ensure the u s e  of an adequate l y  conservat i ve tempera
ture prof i l e ,  t h e  one pred i cted for t he  l arge room above E l evat i on 347  was 
u sed i n  these  ana l y s e s . S i nce the temperatures are h i gher  for a l onger t i me 
i n  a l arge room t h an they wou l d  be i n  sma l l er ,  more congested  compartments , 
t he  pred i cted  peak  temperatures of equ i pment wou l d  be  h i gher  and , t herefore , 
more conservat i ve .  

The  conta i nment  gas temperatures  pred i cted by the  mode l are s hown i n  
f i g u re 5- l . The i nformat i on i s  the  same as t hat shown i n  the  upper  curve of 
f i gure  4 - 5 , but  i t  i s  extended for a l onger t i me per i od and i nc l u d e s  a 
project i on for no- s pray operat i on .  As i nd i cated by the  curves  of  f i g -
ure  5- l , the  i n i t i at i on o f  sprays at 3 2  s cau se s  a rap i d  drop i n  t emperature 
as compared to the no- spray case . 
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Perhaps  the  most  i mport ant aspect of  the  coo l d own curves  shown i n  
f i gu re 5- l i s  t h e  l i m i ted durat i on o f  h i gh temperatures . Th i s  l i m i ted t i me 
at t emperature , i n  turn , l i m i t s  the d egree to wh i ch equ i pment can be heated 
by the  as sumed hydrogen burn . 

A parametr i c heat i ng ana l ys i s of  components exposed  to the  hot gas  
tran s i ent  s h own i n  f i gure 5- l i s  prese nted i n  app end i x  D .  

5 . 2  DES I GN GU I D E L I NES FOR PROTECTI NG EQU I PMENT 

I n  t h i s  sect i on ,  some of the mos t  i mportant cons i d erat i ons  ( see  
append i x  D ) t h at affect the d e s i gn of equ i pment for  surv i v ab i l i ty are 
summar i zed . I mp l i c i t  i n  the fo l l ow i ng d i scu s s i on s  i s  the  a s s umpt i on that 
equ i pmen t  wou l d  be d e s i gned on  the b as i s  of. heat transfer ana l y s i s .  I n  
i n stance s  where performance adequ acy i s  marg i na l , operab i l i ty wou l d  be  
ensured by rede s i gn or veri f i ed by t e s t i ng .  

5 . 2 . 1 D ef i n i t i on of  T i me-Temperature H i story 
For Amb i ent  Atmosphere 

A f i r st  step i n  a heatup ana lys i s  i s  the determ i nat i on of  the  temperature 
t i me h i story of  t h e  conta i nment atmosphere . T h e  heat pre s sure  of the  amb i ent 
atmosphere determ i nes  the d r i v i ng force t h at cau se s  the  heatu p of the  receptor 
be i ng ana l yzed . The temperatu re-t i me h i story i s  ca l cu l ab l e from a spec i f i ca
t i on of burn  p arameters . Burn  parameters  i nc l ude  preburn hydrogen  concentra
t i on ,  i n i t i a l temperatures , contai nment  geometry , and the operab i l i ty of 
conta i nment  heat -remova l  dev i ce s  ( coo l ers  and sprays ) . Wh i l e  the t i me 
temperature  h i story wou l d ,  i n  theory , be  d i fferent for each  s e t  o f  burn  
parameters , t h e  TM I -2 burn  i n  the cont a i nment dome ( see f i g .  5- l )  i s  v i ewed 
as a base l i ne or  standard burn that can be  u sed ( at l east as  a po i nt of 
departure ) for ana l yz i ng equ i pment heatu p . The pos s i b l e  u s e  of the  TM I - 2  
temperatu re-t i me h i story as a base case  i s  supported by t h e  fo l l ow i ng factors : 

• The  preburn  hydrogen concentrat i on ,  �a% , i s  h i gher  t han wou l d  be  
expected i n  conta i nments w i t h  d e l i berate i g n i t i on sy stems , and 
probab l y  c l ose to an upper l i m i t determ i ned by advent i t i ou s  i gn i t i on 
sou rces . ( I f  mu l t i p l e  sequent i a l hydrogen  burns  are postu l ated 
w i t hou t adequate coo l i ng betwee n  burns , further  ana l y s i s  wou l d  be  
nec e s s ary . ) 

• The  as sumpt i on of an ad i ab at i c ,  i sochor i c  hyd rogen  burn  does  not 
a l l ow for coo l i ng that wou l d  occur  d u r i ng the burn , and therefore , 
a h i gher-than-act u a l  i n i t i a l peak  temperature resu l t s .  

• The  surface-to-vo l ume rat i o  for u pper conta i nment i n  TM I - 2 i s  
typ i ca l  for the l arge  dry cont a i nment s , and l e s s  t han those  for 
sma l l er conta i nments  or other  sma l l er compartments  i n  
conta i nment s . Thu s ,  the coo l d own rate of t he  hot gases  fo l l ow i ng 
t h e  hydrogen  burn i n  the TM I -2 upper  conta i nment  was at or near a 
m i n i mum  v a l ue , and the  heat pres sure  was  at or near a max i mum . 
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• The assumed l ocat i on of equ i pment i n  the  upper cont a i nment , where 
convect i ve and rad i at i ve h eat transfer can occur at a l l exposed  
surface s , i s  an extreme case . In  most i nstance s , equ i pment i s  
mou nted near f l oors at l ower e l evat i ons . The prox i m i ty of  equ i p
ment to s u rf aces  (mou nt i ng p l atforms , f l oors , and wa l l s ) and at 
l ower e l evat i ons  i n  subcompartments wi l l  l ower the  heatup  by 
l i m i t i ng rad i at i on v i ew factors and estab l i s h i ng bou nd ary l ayers  
that m i n i m i ze c i rcu l at i on of the  gases . 

5 . 2 . 2  Spec i f i cat i on of  Max i mum  Temperature 
A l l owab l e  for Receptor 

As a second step  i n  d e s i gn i ng for hyd rogen  burn protect i on ,  i t  i s  s ug
gested that a peak - a l l owab l e  temperature be  spec i f i ed for  t he  receptor . 
Th i s  spec i f i cat i o n , based  on  the  temperatu re capab i l i ty o f  t h e  receptor , 
a l l ows the  des i gn o f  an enc l osure t h at w i l l  prevent the  receptor from 
exceed i ng the  spec i f i cat i on .  

5 . 2 . 3  Determ i nat i on of  Therma l  Propert i e s and 
Geometr i ca l  Conf i gu rat i on of  Receptor 
and Protect i ve  E nc l o sure 

The therma l  propert i es of  the  receptor that need to be  k nown for a 
heatup  ana lys i s  i nc l u d e  dens i ty , heat capac i ty ,  and therma l cond u ct i v i ty .  
Geometr i ca l  conf i gurat i ons  of  receptor and enc l osure ( i f  any )  need to be  
def i ned we l l  e noug h  to perm i t  vo l ume s , areas , and  th i c k n e s s e s  i n  the  
d i rect i on of heat movement to be spec i f i ed .  

5 . 2 . 4  Base  Case  Heatup Ana l ys i s 

After the  heat pre s sure  of the  amb i ent atmosphere i s  spec i f i ed and the  
geometry and  therma l p ropert i es of  the  receptor and e nc l o s u re are  k nown , a 
f i rst- or base-case  ana l ys i s  can be mad e u s i ng nom i na l propert i e s for e nc l o
sure wa l l s .  A compar i son of  peak  receptor temperature w i th  t h e  d e s i gn max i 
mum w i l l  i nd i cate whether  an enc l osure i s  needed , an i ncrease  i n  e nc l o s u re 
wa l l t h i ckne s s  i s  needed , or  whether surface i nsu l at i on shou l d  be added . 

5 . 2 . 5 I terat i ve Ana lyses  For  Enc l osure Des i gn 

I f  the  base-case  heatup  ana l ys i s  shows the receptor to be  u nder
protected ( or overprotected ) ,  the  nom i na l  d e s i gn p arameters  can  be changed 
accord i ng l y  and the heatup ana l y s i s  repeated . Th i s  procedure  can be 
repe ated unt i l a s u ff i c i ent l y  econom i c and protect i ve enc l o s u re d e s i g n i s  
deve l oped . 
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5 . 2 . 6  Receptors W i th Natural  Protect i ve 
E n c l osure s  

Many type s  of  e l ectr i ca l  equ i pment h ave met a l  cases or hou s i ng s  that 
serve as  enc l o sures  and wh i ch may make  the  u se of  add i t i on a l  protect i ve 
enc l osures  u nnece s s ary .  Examp l e s i nc l ude  so l eno i d  va l ves , l i m i t sw i tches , 
and enc l o s ed e l ectr i c  motors ( see sect i on 6 . 0 ) . Examp l es of  equ i pment that 
surv i ved numerou s hydrogen  bu rn trans i ents  w i thout  separate protect i ve 
enc l osures  are descr i bed i n  Achenbach  et  a l . ( 1985 ) . 

5 . 2 . 7  D e s i gn Exampl e 

I n  order  to i l l u strate the  d es i g n approach de scr i bed i n  th i s  s ect i on ,  
i t  i s  postu l ated , and demonstrated more comp l etel y i n  append i x  0 ,  t h at a 
s i ng l e  t e f l on-covered w i re can be protected from a prem i xed hydroge n  
combu st i on event . I t  i s  assumed that the  w i re cove r i ng i s  tef l on ,  the  
outs i de d i ameter i s  0 . 1 6 i n . , and t hat the  copper  core i s  0 . 064 i n .  ( # 1 4 ) . 

Step 1 .  The  heat pressure for th i s  case  i s  assumed to be t hat exp e r i enced 
i n  the upper  cont a i nment vo l ume d u r i ng the TM I -2 hydrogen  burn event , w i th  
the  wate r  spray on  at 32 s ,  as  shown i n  f i gure 5- 1 . *  

Step 2 .  The max i mum recommended serv i ce temperature for t h i s  mater i a l , as 
spec i f i ed by Mater i a l s Se l ector ( 19 7 1 ) , i s  5 50 O F ( 280 ° C ) . Therefore , the  
des i gn task  i s  to  prevent the  temperature of t he  w i re cover i ng from 
exceed i ng 550 ° F  ( 280 o c ) . 

Step 3 .  F rom Mater i a l s Se l ector ( 19 7 1 ) , t he  therma l propert i e s of t ef l on 
are : cond u ct i v i ty = 0 . 1 4 Btu / h - ° F/ft , dens i ty = 1 3 7  l b /ft 3 , and heat  
capac i ty = 0 . 25 Btu/ l b- ° F .  

Step 4 .  A s  a base  case i t  was assumed t h at t he  w i re was exposed  d i rect l y  to 
the  conta i nment  atmosp here . The  pred i cted  w i re- s u rface temperature for th i s  
case i s  s h own i n  f i gure 5-2 , where a peak  of  580 ° F  ( 304 ° C ) i s  seen  to  
occur at 35 s after the burn . S i nce the  pred i cted peak  temp erature  exceed s 
the  des i gn l i m i t ,  some degree of protec t i on i s  requ i red . 

Step 5 .  As  a f i rst  des i gn step , a stee l t ube w i t h  a wa l l t h i c k n e s s  of 
0 . 10 i n .  was prov i ded as a condu i t  to protect the w i re .  The temperature 
h i story for  both the  w i re surface and the condu i t  are i l l u strated i n  f i g 
u re 0-9 i n  append i x  D .  I t  i s  assumed t hat the  hydrogen  i n  t h e  cond u i t  
burn s . T he  w i re surface temperature i s  seen  to peak  at 204 O F ( 96  ° C ) and 
the  condu i t  temperature peak s at 2 59 ° F  ( 1 2 6  o c ) . S i nce a sector of  the 

*Wh i l e  spray operat i on i s  a rea l i st i c  assumpt i on for mo st  hydrogen- burn 
acc i dent  scenar i os , i t  i s  recogn i zed  that i t  wou l d  be more conservat i ve to 
as sume no- spray operat i on .  The temperature h i story for the no- spray case i s  
a l so s hown i n  f i gure 5- 1 ;  f i gures 0 - 7  and D - 1 2  i n  append i x  0 s how t h e  
i ncreased therma l effects u nder t h e  cond i t i ons  of  no-water spray . 
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F i gure 5- 2 .  Compari s on o f  Wi re- S u rface Tempera-
tures for Di fferent  Protecti ve  Con du i ts .  
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w i re wou l d  contact  t he  condu i t ,  the  pred i cted peak condu i t  temperature 
( 259 O f or 126 ° C )  s hou l d  be compared w i t h  the max i mum des i gn temperature 
( 550 O f or 288 ° C ) . S i nce the pred i cted temperature i s  far be l ow the des i gn 
l i m i t ,  i t  i s  conc l uded that for a tef l on- i nsu l ated w i re ,  a typ i ca l  condu i t  
prov i de s  adequate protect i on from the  hydrogen burn . Note t h e  w i re cover i ng 
wou l d  have been  acceptab l e  even i f  the  max i mum des i g n  temperature h ad been 
as  l ow as 2 59 o f  ( 126 ° C } , wh i ch i s  the condu i t  temperatu re . 
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6 . 0  EQU I PMENT THAT SURV IVED THE 
TM I-2 HYDROGEN BURN 

As descr i bed ear l i er i n  th i s  report , t h e  on l y  i tems that s h owed thermal  
damage as  a re su l t  of the  hydrogen burn were those  wh i ch were t h i n ,  h ad l ow 
therma l -d i ffu s i v i ty character i st i c s , and had the  ab i l i ty to d i sco l or ,  char , 
or burn . Therefore , c l oth , p l ast i c ,  paper , and wood products  typ i ca l l y  
showed burn d amage ( E i dam and Horan 198 1 ; A l varez 1984 } . E l ectr i ca l  wi r i ng ,  
i n s trument s ,  and other equ i pment conta i ned i n  condu i t ,  cab i net s , or s i mi l ar 
enc l o sure s  typ i ca l ly  d i d  not rece i ve therma l damage . However , the  l ong-term 
effects of  mo i sture cau sed cons i derab l e  degradat i on of  e l ectr i ca l  cab l e s ,  
connectors , and equ i pment ( He l bert et a l . 1984 ; Me i n i nger  et  a l . 198 5 ) . 

Examp l e s of  l arge e l ectromechan i ca l  equ i pment  t h at surv i ved  t he  TM I -2 
LOCA and hyd rogen  burn were the f i ve ax i a l - f l ow fans t hat are part o f  the  
cont a i nment a i r-hand l i ng system . The  fans  were manu factu red by  t h e  Joy 
I nd u str i a l  Equ i pment Company ( Mode l No . 48-26- 1 1 70/870 , Part No . 500722-66 ) . 
The  e l ectr i c  motors for the fans were 1 50/75  hp , 1 , 200/900 rpm , tota l l y 
enc l osed  a i r-over (TEAO } types , wh i ch were prov i ded by the  Re l i ance E l ectr i c  
Company . 

E ac h  of t h e  f i ve fans was operat i ng at approx i mate l y  22 . 2  m 3 / s  
( 47 , 000 actu a l  ft 3 /mi n ) before , d ur i ng , and l ong after the  hydrogen  burn . 
The  fans  and motors were not on ly  d i rect l y  exposed to t he  conta i nment  
atmo s phere , but  were forc i ng th i s  atmosphere past t hem at h i gh v e l oc i t i es 
( 2 50 ft/s  or 7 5  m/s at fan b l ade t i p s and 90 ft/s  or 2 7  m/s past  motor 
f i n s ) . Therefore , the rate of convect i ve heat transfer to the  fan  b l ades  
and  motor fans dur i ng and after t he  hydrogen  burn  wou l d  have  been  very h i g h . 
However , the  fan b l ades  are made of cast  s t a i n l e s s  stee l and , t herefore , 
h av e  good strength at h i gh temperature , and the  motor cas i ng i s  so  mas s i ve 
t h at the  temperature r i se  from the burn trans i ent  wou l d  not have been  h i g h . 

The  TEAO feature of the  motor prevent s d i rect  contact of t h e  motor 
w i nd i ng s  w i t h  the atmosphere surround i ng the moto r . Therefore , t h e  w i nd i ngs  
wou l d  rema i n re l at i ve l y  coo l . The motor i n su l at i on i s  type H - R N , wh i ch i s  
h i gh -temperature and rad i at i on re s i stant . The i n su l at i on i s  a l s o  protected  
by t he  motor hou s i ng .  Each e l ectr i ca l  conductor ( motor power l ead s }  l e ad i ng 
from t he  j unct i on box on  the  b l ower hou s i ng to the  motor hou s i ng i s  i n  an 
i nd i v i du a l  condu i t ,  phys i ca l l y  sp aced · from other  condu i t s .  The i nd i v i d u a l  
condu i t s are co l l ect i ve l y  su rrounded by a s i ng l e  waterproof condu i t .  Th i s  
prov i de s  exce l l ent therma l i so l at i on of  the  e l ectr i c a l  i n su l at i on from the  
conta i nment atmosphere . These  spec i a l  des i gn features  were i ntended to  meet 
the I ns t i tute  of E l ectr i ca l  and E l ectron i c  E ng i neers stand ard s t h at were i n  
effect at the  t i me the equ i pment was so l d  to ensure t h at the  equ i pment wou l d  
operate through  a LOCA . Succes sfu l qua l i f i cat i on test i ng was p erformed . 
The  end resu l t  i s  the b l owers not on l y  surv i ved the  LOCA , but a severe 
hydrogen  burn env i ronment as we l l .  
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The  mos t  accurate conta i nment pressure d ata  ava i l ab l e are prov i ded from 
1 6  computer-moni tored pres sure swi tches . The a l arm pr i nter i nd i cates  the  
second these  pres sure sw i tches  actu ate  ( tr i p or re set ) . When  the  operator 
requests  a sequence of events i nvo l v i ng these swi tches , the actuat i on t i mes  
to the  mi l l i second are  recorded on the u t i l i ty pr i nter . These  p ressure 
sw i tch  d ata have been corre l ated w i th the  once -through  steam generator 
( OTSG ) pressure d at a  and p l otted as s hown on  f i gure A- 1 .  The  28 l b/ i n 2  
( 190 kPa ) pressure sw i tch  d ata po i nts  were p l otted as hor i zont a l  l i ne s  
cover i ng the  t i me ( second ) of the reported actuat i ons . T h e  react i meter dat a  
f o r  OTSG-A were ad ju sted to match t h e  accu rate pres sure swi tch  d ata  po i nts 
by i nvert i ng and add i ng a 65 . 3-s  t i me correct i on ,  a 3 . 3  l b/ i n 2 ( 23 k Pa ) zero 
correct i on ,  and a 7 . 7% span correct i on .  The OTSG-A data were s i m i l ar l y  
ad ju sted , except t h e  zero correct i on was 266 . 9  l b/ i n 2 ( 1 , 830 k P a ) . ( Note 
that the  OTSG-8 d ata  cou l d  have been made to f i t  the  accu rate pre s s u re 
swi tch  d ata . However , the f i t  wou l d  have been l e s s  certa i n  s i nce the  
OTSG-8  d ata  have on ly  one  po i nt near the  peak  and  the OTSG-A d at a  wou l d  t hen  
h ave  been  3 - s  ear l y ,  wh i ch i s  an  i mpos s i b l e  s i t u at i on . ) 

The a l arm pr i nter i nd i cates that n i ne out  of  the ten 3 . 58 l b/ i n 2 
( 25 kPa ) pressure swi tche s were actuated d u r i ng the  second pr i or  to 1 3 50 : 2 1 ; 
t he  tenth sw i tch actu ated dur i ng the second pr i or to 1 3 50 : 22 .  Add i t i ona l  
i nformat i on from a sequence-of-events report on  the  u t i l i ty p r i nter s hows 
t hat four of these  swi tches  tr i pped between 1 3 50 : 2 1 : 000 and 1 3 50 : 2 1 : 440 . 
The sw i tch t hat the  a l arm pr i nter recorded tri pp i ng dur i ng the  1 - s  per i od 
pr i or to 1 3 50 : 22 actu a l l y  tr i pped at 1 3 50 : 2 1 : 440 . The d ata  show that  the  
1-s  per i od reported on  the  a l arm pr i nter end s  0 . 29 to 0 . 44 s after the  
reported t i me .  \ 

A l l 16  of the  pressure sw i tches  are l ocated i n  the au x i l i ary bu i l d i ng 
and sense  the  pre s sure on  the 8 ( east ) s i de of  the  contai nment bu i l d i ng 
throug h  28 to 65 ft - l ong tubes . A l l of the pre s sure sens i ng p o i n t s  are 
l ocated at E l evat i ons  3 19 or 324 except for one at E l evat i on 29 3 ,  wh i ch i s  
the  3 . 58 l b/ i n 2 ( 2 5 k Pa ) ( gage ) sw i tch  and was the  l ast  to tr i p .  The  
sen s i ng po i nt of t h i s  s i ng l e  sw i tch  i s ,  t herefore , separated from t h at of  
the  other swi tches  by  the f l oor at  E l evat i on 305 . Further , t he  s en s i ng 
p o i nt at E l evat i on 293 i s  l ocated c l o se  to and i n  d i rect commu n i c at i on w i th 
the OTSG-B  pres sure transdu cer . Therefore , the accu rate l y  t i med  pres sure 
d ata  can be u sed to determ i ne the pre s s u re-t i me d e l ay acro s s  t he  
E l evat i on 305 f l oor  and the  OTSG-B pre s s u re response  de l ay at  the  pres sure 
range near 3 . 6  l b/ i n 2 ( 25 k Pa ) ( gage ) .  

The accurate l y  t i med pres sure sw i tch  d ata from the au x i l i ary p r i nter 
were compensated for the t i me de l ay cau sed  by the var i ou s  s e n s i ng tu be 
l ength s . The compensated average tri p t i me for the  three sw i tches  sens i ng 
the  pressure above E l evat i on 305 ,  based on  30-ft- l ong sens i ng tube s , was 
1 3 50 : 2 1 : 0 1 5 . Th i s  i s  0 . 425 s before the same pre s s ure was reached  be l ow 
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E l evat i on 305 on the  8 ( east ) s i de .  The  pres sure r i se rate at that t i me was 
approx i mate l y  1 . 3  l b/ i n 2 /s (8 kPa/s ) as determ i ned by the s l ope  of the  
pressure curve ( f i g .  A- 1 )  at  3 . 6  l b/ i n 2  ( 25  kPa )  ( gage ) . Therefore , at  that 
t i me the  p res s ure drop across  the E l evat i on 305 f l oor on t he  B s i de appears 
to have been approx i mate l y  0 . 5  l b/ i n 2  ( 3 . 4  kPa ) . 

The t i m i ng d e l ay i n  the pressure d ata prov i ded by t h e  OTSG-8 pre s s u re 
transducer  i s  approx i mate ly  3 s ( see f i g .  A- 1 ) .  There are two 
OTSG-8 pre s sure t ransducers mounted on open racks  at d i fferent e l evat i ons  
and it  i s  not k nown wh i ch transducer was  report i ng to t he  react i meter . The 
h i g her transducer , SP-68-PT2 , i s  l ocated on rack 428 at E l evat i on 288 . The  
l ower transducer , SP-68-PT1 , i s  l ocated on rack  R- 1 3  at E l evat i on 284 and 
wou l d  have been u nder water at that t i me .  Becau se of t h e  s i gna l  d e l ay 
experi enced by the  OTSG-B pres sure transducer , i t  i s  be l i eved that the  
l ower , s ubmerged transmi tter was  i nvo l ved . C a l cu l at i ons  ( Henr i e and 
Postma 1983 ) backed  by water-f l ow measu rements throu g h  t h e  screen at the  
bottom of  the  pres sure transducer show that the  d e l ay wou l d  h ave been  l e s s  
t han 0 . 2  s ,  w i th  a pressure l ag of l e s s  t han 0 . 5  l b/ i n 2  ( 3 . 4  k Pa )  as  a 
resu l t  of hav i ng i ts reference open i ng u nder  water . Therefore , s i mp l y  
su bmerg i ng t h e  i nstrument i n  water wou l d  not have caused  t he  measured 3 - s  
d e l ay .  S i nce t he  i nstrument cont i nued  to  funct i on norma l l y  at the  e nd of  
the  burn , i t  i s  h i gh l y  i mprobab l e  that i ts sens i t i ve mechan i sm compartment 
cou l d  h ave  been f i l l ed wi th  water and somehow cau sed the d e l ay .  Even  more 
i mprobab l e  wou l d  be an e l ectron i c  t i m i ng error as soc i ated w i th the  
transducer or t hat i ts react i meter channe l wou l d  correct i t se l f  after  
i nd i cat i ng four consecut i ve 3-s  d e l ays . Therefore , the  most  l i k e l y  
exp l anat i on fa� t he  d e l ay i s  a h i g h l y  restri ct i ve (more t h an 95% )  i nf l ow 
b l ockage at t he  screen ( approx i mate l y  3/8 i n .  i n  d i a . ) at the  bottom of the  
transducer , wh i c h wou l d  de l ay i ts re sponse  to the c h ang i ng reference 
pressure . Th i s  cou l d  have been caused  by f l oat i ng debr i s comi ng i n  contact 
w i th  the  bottom of  the  transdu cer as t he  water l ev e l  i n  t he  basement area 
rose u p  to t he  l ev e l  of the transducer . Note that  t h i s  b l oc kage  wou l d  not 
affect outf l ow from the  transducer reference port , and t herefore , t he  
transducer  wou l d  funct i on norma l l y  after the  max i mum pre s s u re had been 
reached . Note a l so  that the approx i mate l y  3-s  t i me d e l ay cou l d  rema i n  
re l at i ve l y  const ant even though the  pressure r i se  rate was i ncreas i ng ,  s i nce  
the  i nf l ow through  the reference port wou l d  i ncrease  w i t h  the  i ncreas i ng 
pre s su re d i fference across the  port . 

REFERENCE 

Henri e ,  J .  0 .  and A .  K. Postma , 1983 , Ana l ys i s  of the  Three M i l e  I s l and U n i t  
Hydrogen Burn , RHO-RE-SA-8 , REV  2 ( a l so G E ND - I N F-023 , Vo l . I V ) , 
Rockwe l l Hanford Operat i ons , R i c h l and , W as h i ngton . 
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The  pres sure trans i ent cau sed by a hydrogen burn wou l d  be expected to 
create pre ssure d i fferences between compartments  i n  wh i ch the burn i s  
proceed i ng at d i fferent t i mes  and rates . The c l osed sta i rwe l l and e l evator 
s h aft  are examp l e s of re l at i ve l y  i so l ated reg i ons where burn i ng cou l d  be 
expected to  be i n i t i ated at d i fferent t i mes  t han the bu l k  of t he  
conta i nment . P hys i ca l  ev i dence , i . e . , the  doors of  the  e l evator s haft and 
s ta i rwe l l ,  s hows t hat a s i gn i f i cant pre s sure d i fference ex i sted between 
these  reg i ons . Another reg i on of i nterest  i s  

·
the  compartment  t h at hou ses  

the  reference l eg of the  pressure transm i tter for the  8 steam generator . As  
noted in  append i x  A ,  the  pressure response of the  once-throug h  steam 
generator (OTSG ) - 8  i nstrument l agged that of  the  OTSG-A i ns trument and the  
numerou s pres sure sw i tches . One  po s s i b l e  exp l anat i on for t he  i nd i cated t i me 
l ag i s  the  postu l ated l ack  of a burn i n  the  8 cu b i c l e .  Th i s  exp l anat i on i s  
pos s i b l e  on l y  i f  f l ow commu n i cat i o n  i s  so re str i cted t hat a re l at i ve l y  h i gh 
pres sure drop cou l d  ex i st .  The fo l l ow i ng paragraph s  present  an  eng i neer i ng 
ana l ys i s  wh i ch suggests  that  the max i mum pred i cted pre s sure d rop i s  far 
be l ow the  va l ue i nd i cated by the i ns truments . 

The  d i fference i n  compartment pre s sures  i nd i cated by the  A and 8 steam 
generator pre s sure  i nstruments  i s  l i sted i n  tab l e  8- 1 .  An exam i nat i on of 
t h e  d ata  of tab l e 8 - 1  shows that s i gn i f i cant pres sure d i fferences for the  
two i nstrument s were recorded for three  t i me s , 9 ,  12 , and  1 5  s .  For  l onger 
t i me s , the two i ns truments  track together qu i te we l l .  Of  p art i cu l ar 
i nterest i s  t h e  peak  pressure d i fference of 15 . 9  l b/ i n 2  ( 109 k Pa ) i nd i cated 
at 15 s .  Pres sure  d i fferences th i s h i gh , i f  authent i c ,  wou l d  generate gas  
f l ows w i th  near- s on i c  speed s throug h  the  many open i ngs  wh i ch ex i st ,  and 
wou l d  tend to qu i ck l y equ a l i ze pre s su re s . 

Tab l e  8- 1 .  Pre s sure D i fferences  
I nd i cated by  I n struments  

on OTSG-A and  OTSG-8 . 

Pres sure ( l b/ i n 2  gage )  

T i me ( s* )  OTSG-A OTSG- 8  LI P  

0 1 . 4  1 . 4  0 
3 1 . 4  1 . 2  0 . 2  
6 1 . 6  1 . 4  0 . 2  
9 2 . 4  1 . 6  0 . 8  

12  10 . 4  2 . 6  7 . 8  
1 5  2 7 . 2  1 1 . 3  1 5 . 9  
18  27 . 6  27 . 3  0 . 3  
2 1  25 . 2  25 . 6  -0 . 4  

*T i me after  1 3 50 : 12 on March 28 , 
1979 . 
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The room where the  8 pressure transmi tter reference l eg i s  l ocated l i e s  
between  f l oors at  E l evat i ons  282 and 305 and i n  the  �astern semi c i rc l e 
outs i de t he  D-ri ng wa l l s .  The southeastern e nd of the  room i s  a concrete 
wa l l t hat b l oc k s  gas  f l ow .  Gas  passages ex i st  at the  northern p art of the  
room . Open i ng s  for gas  f l ow a l so ex i st from above the  E l evat i on 305  f l oor 
through  u ncovered parts of  the  se i sm i c  gap and through  p i peways and other 
open i ng s  i n  the  E l evat i on 305  f l oor . 

A study of draw i ng s of t he  conta i nment structure l ed to the  conc l u s i on 
that the  gas f l ow path cou l d  be repre sented as  a comb i nat i on of s er i e s  and 
paral l e l  open i ng s  as  i l l u strated i n  f i gure 8 - 1 . The hori zonta l  path  between  
rooms A and  8 conta i n  three  restr i ct i on s  s hown as  or i f i ce s  1 9  2 9  and  3 i n  
f i gure 8 - 1 .  Ori f i ce 4 repre sents the  comb i ned  open i ng s  t hrough  t he  f l oor at 
E l evat i on 305 .  

A prec i se determ i nat i on of  the f l ow areas for the  fou r  p i nc h  po i nts  
i dent i f i ed i n  f i gure 8-1  proved to be d i ff i cu l t  to def i ne .  The  t h ree  ser i e s  
of doorway-type open i ng s  are part i a l l y  b l ocked  w i t h  structures  ( p i pe 9  
support s 9 and mesh-type doors ) . A l so ,  water on the  f l oor  reduced t he  
vert i c a l  h e i ght  t hat was open  to  f l ow .  The  open i ng s from above 
E l evat i on 305 were many , and were part i a l l y  b l ocked by stee l cover p l ates . 
Wh i l e  up-to-date i nformat i on on  the  open i ng s  was obta i ned from draw i ng s  and 
descr i p t i on s  of the open i ng s  and the ducts and cover p l ates  part i a l l y  
b l ock i ng them ,  the  e s t i mated area total s were rounded o f f  and are s u bject to 
con s i derab l e  u ncerta i nty . E s t i mates of these  areas , i d ent i f i ed i n  
f i gure 8 - 1 , are l i sted i n  tab l e 8 - 2 . 

Tab l e  8 -2 . E s t i mated F l ow Areas 
for Open i ngs  i nto Room B .  

F l ow area ( ft 2 ) 
Restr i ct i ona Best  est i mate M i n i mum  

1 
2 
3 
4 

asee f i gure B - 1 . 

30 
30 
30 
50 

1 5  
2 5  
2 5  
3 3  

A tran s i ent f l ow mod e l was deve l oped t o  pred i ct t he  pre s su re 
d i fferences that cou l d  occu r u nder bu rn cond i t i ons  wh i ch wou l d  cau s e  the  
pres sure d i fferences to  be a max i mum . Key assumpt i on s  of t he  f l ow mod e l  
i nc l ude  t h e  fo l l owi ng :  

• Pressure-t i me h i story for t he reg i ons  ou t s i de room B was 
i nd i cated by the OTSG-A i ns trument and the many pre s sure  swi tches  
( see f i g .  A- 1 )  
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• No  hydroge n  burn i ng occurred wi th i n  room B u nt i l at  or near t he  
end of t h e  burn above E l evat i on 305 

• F l ow areas  were as s i gned the mi n i mum va l ue ( see  t ab l e  B-2 ) 
• F l ow re s i stance was computed u s i ng the or i f i ce equat i on w i t h  a 

coeff i c i ent of 0 . 6 .  

The pre s s u re - t i me h i story ( for vo l umes outs i de room B ) u sed i n  t h e  
ca l cu l at i ons  w a s  formu l ated on  the  bas i s o f  an i n i t i a l p re s su re o f  
1 . 3  l b/ i n 2  o r  9 k P a  (gage ) and t h e  pressure r i se rates  l i sted  i n  tab l e B - 3 . 
Gas vo l umes betwee n  f l ow res tr i ct i ons  1 and 2 and betwee n  f l ow re str i ct i on 2 
and 3 were neg l ected i n  the  f l ow mode l .  Room B was as s i g ned  a vo l ume of  
50 , 000 ft 3 ( 1 , 4 1 6  m 3 ) on the  bas i s  of  i t s d i mens i ons . 

Tab l e  B - 3 . Pres sure R i se Rate s i n  
Upper Conta i nment Resu l t i ng 

From Hydrogen Burn . 

Pres sure r i se  rate 
T i me peri od ( s ) ( l b/ i n 2 - s ) ( k Pa/s ) 

0 - 3 0 . 07 0 . 48 
3 - 4 0 . 10 0 . 69 
4 - 5 0 . 1 7  1 . 2  
5 - 6 0 . 48 3 . 3  
6 - 7 1 . 0  6 . 9  
7 - 8 2 . 6  1 8  
8 - 9 4 . 0  2 7  
9 - 12 . 5  5 . 6  38 

1 2 . 3  - 1 5  -0 . 8  - 5 . 5  

The pred i cted pressure d i fference between Room B and t he  ma i n  
contai nment  space i s  s hown as a funct i on of t i me i n  f i g u re B - 2 . A s  
i nd i cated by t he  curve o f  f i gure B-2 , t h e  pres sure d i fference  was comp u ted 
to be neg l i g i b l e  for the  f i rst  5 s .  A peak pressure d i fference  of 
0 . 68 l b/ i n 2  ( 4 . 7 k Pa ) was compu ted at 9 . 4  s .  Th i s  pred i cted peak  pre s sure 
d i fference i s  a factor of  23  l e s s  than  the  max i mum pre s s u re d i fference ( 1 5 . 9  l b/ i n 2  or 109 kPa d i fference ; see tab l e  B- 1 ) i nd i c ated by the two 
transmi tters . Becau se  t h i s pred i cted pressure d i fference  i s  an upper  l i m i t 
type of number , and becau s e  the  va l ue i nd i cated by t h e  i nstrument i s  
23 t i me s  t h i s  v a l u e , the  conc l u s i on i s  that the  i nd i cated va l ue i s  wrong . 
Such a h i gh-pre s s u re d i fference acro s s  the  re l at i ve l y  l arge open i ng s  i n  
room B cou l d  not have  been produ ced by the  hydrogen  burn  t hat  occu rred . As  
noted i n  append i x  A of th i s  report , the  mo st  p l au s i b l e  exp l anat i on for t h i s  
anoma l y  appears to be b l ockage at t h e  sensor i n l et by f l o at i ng debr i s .  
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The  two-compartment coo l down mode l  u sed here i n i s  shown schemat i ca l l y  
i n  f i gu re C- 1 .  The  upper contai nment reg i on ,  vo l ume 1 ,  con s i st s  of  the  
space above the  D-r i ngs  and  above the  operat i ng f l oor at E l evat i on 347 . 
Vo l ume 2 cons i st s  of the  rema i nder of conta i nment . Heat-transfer surface 
areas  and gas vo l umes for three contai nment reg i ons , as e st i mated by Henri e 
and Postma ( 1983 } , are l i sted i n  tab l e  C - 1 .  Su rface areas and vo l ume s 
app l i cab l e  to  vo l ume 2 of the  coo l down mode l can be obt a i ned by add i ng the  
v a l ues  for the  f i rst two reg i ons l i sted in  tab l e  C - 1 ( i . e . , t he  reg i on 
i ns i de D-r i ngs and the reg i on be l ow E l evat i on 347 ) . 

Tab l e  C - 1 .  Heat Transfer Su rface Areas and Gas  Vo l ume 
( Henr i e  and Postma 1983 ) . 

I ns i de Be l ow Above Tot a l  
Are a or vo l ume D-r i ng s E l evat i on 347  E l evat i on 34 7  conta i nment 

U n i nsu l ated equ i pment a 1 7  39 34 90 

Pa i nted stee l l i nera 3 55  7 7  1 3 5  

Concret e  a 35 84  26 1 4 5  --

Tota l  u n i nsu l ated 55 178  137  370  
area a 

Gas  vo l umeb 2 1 1  428 1 , 394  2 , 03 3  

dThou s and s o f  square feet . 
bThou s and s of  cub i c  feet . 

Gas  f l ows are i nduced by the a i r  coo l ers and by d i fferent i a l coo l i ng 
rates  between  d i fferent reg i ons . N umer i ca l  va l u e s  for gas  f l ow rat e s  
p as s i ng through  t he  a i r coo l ers and d i s tr i bu t i on d u c t s  were based on  resu l t s 
of anal yses  presented by Henr i e and Postma ( 1983 ) . Duct  f l ow areas and 
des i gn f l ow rates  are reprodu ced i n  tab l e  C-2 . For l os s-of-coo l ant acc i dent 
( LOCA } cond i t i ons , it  was estab l i s hed t hat the  f l ow rate per  fan was 
47 , 000 act u a l  ft 3 /m i n ( 22 . 2  m 3 / s ) . S i nce f i ve fans operated , the tota l  f l ow 
rate ex i t i ng from the  coo l er i s  ca l cu l ated to be 2 3 5 , 000 actu a l  f t 3 /m i n 
( 1 1 1  m 3 /s ) . The c a l cu l ated f l ow rate i nto vo l ume 1 i s  54 , 000 act u a l  ft 3 /m i n 
( 25 . 5  m 3 / s ) , wh i ch i s  the  tota l  mu l t i p l i ed by t h e  fract i on spec i f i ed i n  
tab l e C -2 . The rema i n i ng coo l er f l ow ,  1 8 1 , 000 actu a l  ft 3 /m i n ( 85 . 5  m 3 / s ) , 
i s  as sumed to d i scharge i nto vo l ume 2 .  

I ntercompartmental  f l ow rates were compu ted from the  d i fference i n  
coo l down rates i n  the  two compartment s , u nder  t h e  constra i nt  t hat  
atmospher i c  pres sure in  the  two rooms was  equ a l . Sens i b l e  heat carr i ed by 
t he  i ntercompartmenta l  gas f l ows was accounted for ; work done by t h e  f l ow i ng 
gas  was a l so accou nted for . Pr i or to t he  operat i on of conta i nment  sprays , 
t h e  faster coo l down i n  the l ower compartment cau sed gas to f l ow from 
compartment 1 to compartment 2 .  The rap i d  coo l i ng of  comp artment  1 by 
sprays cau sed a revers a l  of the f l ow d i rect i on from compartment 2 to 
compartment 1 .  
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Tab l e  C-2 . F l ow Areas of Ducts  Leav i ng A i r Coo l er 
( Henr i e and Pos tma 1983 ) . 

Duct F l ow Fract i on of Des i gn 

Duct  descr i pt i on d i ameter area tota l  f l ow f l ow rate Fract i on of 
( actua l  tot a l  f l ow ( i n . ) ( ft 2 ) area ft 3 /m i n )  

D -r i ng 
East  72 28 . 3  0 . 70 79 , 2 10  0 . 66 Wes t  84 38 . 5  65 , 8 10  

E l evat i on 282 
East  40 8 . 7  0 . 1  23 , 840 0 . 1 1 
West  8 0 . 4  1 , 1 40 

LOCA Duct  
East  42 9 . 6  0 . 20 25 , 000 0 . 23 
West  42 9 . 6  25 , 000 

Heat transfer to surfaces in  conta i nment was domi nant at ear l y  t i mes  { fo l l ow i ng the  hydrogen bu rn ) as  compared to heat extracted by  the  coo l ers 
and work and sens i b l e  heat i nvo l ved i n  t he  i ntercompartment a l  f l ows . 
Fo l l owi ng Henr i e and Postma ( 1983 ) , emp i r i ca l  d ata  were u sed to def i ne heat 
transfer coeff i c i ents  to surfaces . The  emp i r i ca l  d ata  were extracted from 
earl i er stud i e s of hydrogen burns by Car l son et a l . ( 19 7 3 )  and i mp l i c i t l y  
accounted for convect i on ,  rad i at i on ,  and condensat i o n .  Overa l l heat 
transfer coeff i c i ents  from two sets of  d ata  are reproduced i n  f i g ure C-2 . 
D ata  app l i c ab l e to the  TM I -2 hydroge n  burn  were obta i ned by i nterpo l at i on 
between the  two curves of f i gure C-2 . The  i nterpo l at i on was based on  
spec i f i c  vo l ume of the  conta i ned gas ; for the  TM I -2 burn , the  spec i f i c  
vo l ume was i ntermed i ate  between the  va l u e s  shown i n  f i gure C - 2 . These  data 
appear to  be i n  good agreement wi t h  Ratze l and  Shep herd ( 1985 ) . 

Heat remova l  by the a i r  coo l ers  was pred i cted on  the  basi s of  f l ow and 
d e s i gn p arameters . Steady state ou t l et gas temperatures compu ted by Henr i e  
and Postma ( 1983 )  are reproduced i n  tab l e  C - 3 . 

The i n l et gas temperature to the  coo l ers  was obta i ned as  a we i g h ted 
average of the temperatures i n  the two compartment s . The we i g ht i ng factor 
u sed was the mass f l ow rate from each compartment . 

Heat transfer from the contai nment  atmosphere to conta i nment sprays i s  
rap i d  compared to heat remova l  by conta i nment coo l ers  and to heat transfer 
to so l i d  surf aces i n  contai nment . Ana l ys e s  of  spray heat transfer s howed 
t hat a h i gh l y accurate mode l ,  app l i cab l e  to a l l conta i nment cond i t i ons , was 
too comp l ex to be w i th i n  the scope of the  present  s tudy . The ana l yses  wh i ch 
were comp l eted showed that most spray drops  wou l d  comp l ete l y  evaporate when  
atmosphere temperatures were h i gher than approx i mate l y  400  ° F  ( 204  o c ) . 
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Fi g ure C- 2 .  Overa l l Hea t Tra n s fer Rate Vers us Gas  Temperature for 
D i fferent Gas  M i xtures . 
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On l y  very l arge drops or l i qu i d  sprayed aga i nst  a surf ace wou l d  not be 
evaporated by the  conta i nment atmosphere . Therefore , a s i mp l i f i ed mod e l  of 
spray coo l i ng was based on total  evaporat i on of  80% of sprayed l i qu i d .  An 
est i mated 20% of  spray was assumed to rema i n as l i qu i d .  Heat remova l  cau sed 
by spray s  was compu ted by accou nt i ng for heatup of  l i qu i d ,  ev aporat i on of 
l i qu i d , heatup of  vapor , and work done by the vapor aga i nst  the conta i nment 
atmosphere . 

Tab l e  C-3 . Pred i cted Out-
l et Temperature of A i r  
Coo l ers , Steady State  

( Henri e and Postma 1983 ) . 

Gas i n l et Gas ou t l et 
temperatu re temperatu re 

o c  O F  o c  O F  

704 1 300 188 3 70  
649 1200 1 7 3  344 
593 1 100 1 59 3 18 
538 1000 144 292 
427 800 1 16 240 
3 16 600 88 190 
204 400 59 1 38 

The pred i cted coo l down trans i ent i s  dep i cted grap h i ca l l y  i n  f i g u re C - 3 ; 
the  three  so l i d  cu rves represent  conta i nment atmosp here temperatures  as 
pred i cted by t he  heat transfer mode l .  The upper  cu rve app l i e s to u pper 
contai nment gas , the  l ower curve to gas i n  the  l ower reg i on of the 
contai nment , and the  m i dd l e  cu rve repre sents  the  conta i nment averag e . The  
average temperature is  one  that yi e l d s the  s ame contai nment pressure  as the  
two-vo l ume mod e l .  The coo l down ca l cu l at i ons were  begun  at  the  t i me of  a 
theoret i ca l  i ns tantaneou s burn . For the hypot het i ca l  burn , i n i t i a l gas  
temperatures  can be compu ted for  an  ad i abat i c  burn , and  as  noted  by Henr i e 
and Postma ( 1983 ) , t he beg i nn i ng va l ues  se l ected here a l l ow for a l ower burn 
eff i c i ency ( re s i du a l  hydrogen  2 . 1% )  in  the  l ower comp artment as compared to 
the upper compartment ( res i du a l  hydrogen 0 . 7% ) . 

As expected , the  l ower compartment coo l s more rap i d l y than t he  u pper 
compartment , wh i ch i s  cau sed by the h i g her  su rface- to-vo l ume rat i o  of  the 
l ower vo l ume and the h i gher gas f l ow to and from the  coo l ers  as compared to 
the upper vo l ume . The spray coo l i ng effect i s  qu i te i mportant i n  t h e  upper 
vo l ume but  has  a bare l y  d i scern i b l e effect on t he  gas in  the  l ower room . 
Th i s  sma l l but  observab l e  change i n  coo l down rate of t h e  l ower vo l ume at the  
t i me of spray i n i t i at i on i s  attri bu ted to expans i on work . I t  shou l d  be 
noted t h at t hese  pred i ct i ons do not app l y  for temperatures l ower t h an 
approx i mate l y  400 ° F  ( 205 o c )  becau se  the  as sump t i on of spray evaporat i on 
and the  i mp l i c i t  treatment of steam condensat i on u sed i n  th i s  mode l  wou l d  
not app l y  for l ower temperatures . 
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A l s o  s hown i n  f i gure C-3 are temperature d ata  po i nt s  that were computed 
from pre s s u re s  obta i ned from measu r i ng dev i ces  as soc i ated w i th  the once
throug h  steam generator . The temperatures were computed from the pressures 
u s i ng the i dea l  gas  l aw and materi a l  bal ances t hat accou nted bot h  for the 
d i sappearance o f  gas mo l es and , as a resu l t  of the  burn , the  i ncrease in  gas  
mo l es resu l t i ng from spray evaporat i on .  

The  fo l l ow i ng statements  summar i ze the  re su l t s of compar i ng t he  
coo l down mod e l  w i t h  data from TM I - 2 . 

• The average temperatures pred i cted by the  mod e l  agree very we l l  
w i t h  average temperatures i nferred from TM I -2 pre s s u re 
measurements . From th i s  agreement , i t  i s  conc l uded t h at the  mode l 
real i st i ca l l y  accounts for heat transfer  from t h e  conta i nment 
atmo s p here . Becau se the mode l was based on  ord i nar.y e ng i neeri ng 
corre l at i ons , i t  i s  conc l uded  that t h e  observed coo l down rate was 
as  expected . 

• Gas temperatures i n  the upper  conta i nment vo l ume are typ i ca l l y  
2 50 ° F  to  400 ° F  ( 120 a c  t o  205 ° C ) hotter than i n  l ower reg i ons . 
Therefore , the cha l l enge to equ i pment l ocated h i g h i n  conta i nment 
wou l d  be s i gn i f i cant ly  greater than equ i pment  l ocated i n  the  com
partmen t s  of the  l ower contai nment . 

• Water sprays  have a domi nant effect on  gas coo l down rat e s  and 
spray coo l i ng need s to be factored i nto ana l yses  of equ i pment 
surv i vab i l i ty re l ated to hydrogen  burns . 
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D . l  I NTRODUCT I ON 

The heatup of mater i a l ( the receptor ) l ocated i n  the  contai nment  
atmosphere was  pred i cted from a heat transfer mode l  that i s  dep i cted i n  
f i gure 0 - 1 . As i s  ev i dent from the  f i gure , the emp has i s  i s  on the  heatup of 
e l ectr i c a l  w i res l ocated i ns i de a protect i ve enc l osure . Th i s  system wou l d  
be typ i f i ed by e l ectr i cal  wi res i ns i de pane l boxes  and condu i t s .  Important 
features of the heatup mode l  i nc l ude  the fo l l ow i ng .  

• Stee l enc l osure : The stee l enc l osure prov i des  heat transfer 
i so l at i on wi th  respect to the  contai nment bu i l d i ng atmosp here . An 
open i ng i n  the enc l osure a l l ows i nf l ow and out f l ow to ma i nta i n gas  
pressure equ i l i br i um i ns i de and out s i de .  However , the enc l osure 
i s  as sumed to suppress  f l ow-through  convect i on of  the  ou t s i de 
atmosphere . A spec i f i ed area of the  wa l l i s  as sumed to be mou nted 
aga i nst  a mas s i ve structure , and therefore , not heated by the 
conta i nment atmosphere . 

• W i re receptor :  An i nterna l  e l ectr i ca l  w i re ,  of cy l i ndr i ca l  
geometry , i s  assumed to b e  s u spended i n  the  atmosphere i ns i de the  
enc l osure . The w i re i s  assumed to be compr i sed of  an outer  
e l astomer i c  sheath cover i ng a copper condu ctor . 

The exposed p art of the stee l enc l osure i s  heated externa l l y  by 
convect i on and rad i at i on from the conta i nment atmosp here . A l l wa l l s  
exchange heat w i t h  i nternal gas by convect i on and rad i at i on .  Heat exchange 
by rad i at i �n between the enc l osure and the w i re surface i s  a l so  accou nted 
for . 

The  i nterna l  w i re i s  heated by convect i on and rad i at i on .  The  
e l astome r i c port i on of the w i re is  d i v i ded i nto nodes  to perm i t the  
temperature d i str i but i on through  the w i re to  be  ca l cu l ated . I nterna l  gas  i s  
heated i n i t i a l l y  by compress i on or by an i nterna l  hydrogen burn . Heat i ng by 
i nf l owi ng gas  ( due  to more rap i d  coo l i ng i ns i de ) i s  accou nted  for as i s  work  
done  by  i nf l ow i ng and outf l ow i ng gas . 

Two ver s i ons of the heatup mod e l  were deve l oped . One u se s  a 
cy l i nd r i c a l  cond u i t  as the stee l enc l o s ure and the  other  u se s  a rect angu l ar 
box geometry for the  enc l osure . 

I nput  p arameters for the heatup mode l  are l i sted  i n  tab l e 0 - 1 .  

D .2 PARAMETR I C  ANALYS IS FOR W I RE - I N-CONDU IT 
GEOMETRY 

A p arametr i c  ana l ys i s  was carr i ed out  to i l l u s trate how the  var i ou s  
p arameters affect t h e  temperature-t i me h i story of  t h e  w i re receptor . Cases  
were  se l ected by  chang i ng i nd i v i d ua l  p arameters from those  that  app l i ed to a 
base cas e . 
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Tab l e D- 1 .  I nput Parameters For Heatup Mode l .  

Parameter 

I nterna l burn 

Externa l i ns u l at i on 

Th i ckness  of stee l 

Enc l osure s urface area 

Surface fract i on exposed 

I nternal vo l ume 

Out s i de d i ameter 

Copper d i ameter 

Length  

Conduct i v i ty 

Dens i ty 

N umber of nodes  

T i me of sprays  

0 . 2 . 1 Base  Case  Parameters 

Comments  

I f  no  burn � compress i on heat i ng on l y  

Parameter i s  t h i ckne s s /conduct i v i ty rat i o  

As sumed t o  be u n i form 

Tota l  for enc l osure 

Fract i on of enc l o sure exposed  to conta i nment 

I nterna l vo l ume of enc l osure  

Ou ter d i ameter of wi re receptor 

D i ameter  of copper core of w i re 

Length  of  w i re i ns i de enc l o su re 

Therma l conduct i v i ty of w i re i nsu l at i on 

Dens i ty of w i re i nsu l at i on 

Conduct i on node s  i n  w i re i nsu l at i on 

T ime for start of cont a i nment  sprays  

The base  case  was  ch aracter i zed by a bare-stee l cond u i t ,  2- i n .  outer  
d i ameter and  0 . 1 - i n .  th i ck , contai n i ng 20 w i res , and i n  wh i ch an i nterna l 
hydrogen burn occu rred s i mu l taneou s l y  w i th  t he  burn i n  cont a i nment . 
Conta i nment  sprays were assumed to start at 32 s after t h e  bu rn , but  i t  was 
assumed that spray drops d i d  not d i rect l y  contact  the condu i t .  I np ut  
parameters , as  descr i bed i n  tab l e  0 - 1 ,  were g i ven  the  v a l u e s  l i sted i n  
tab l e  0-2 . 

Representat i ve re su l t s of the base-case  ca l cu l at i on are presented i n  
f i gure 0-2  where temperatures o f  contai nment gas , the  stee l condu i t ,  and the  
surface of t he  w i re are shown as a fu nct i on of t i me .  The  stee l condu i t  
reaches  a peak temperature of 255  O F  ( 1 24 o c )  at 60 s ;  t he  s u rface o f  the  
w i re reaches  i t s max i mum of 190 OF  ( 88 o c )  at some 500 s .  The  temperatures 
are much  l ower than the  gas temperatu re � i l l u s trat i ng the protect i on 
prov i ded by a s i mp l e  condu i t .  

0 . 2 . 2  Effect of I nterna l Hydrogen B u rn 

Wh i l e  t he  base  case as sumed 
conce i vab l e  t hat f l ame wou l d  not 
i n i t i a l gas  temperature wou l d  be 
preburn cont a i nment  atmosphere . 

a hydrogen  burn i ns i de t he  condu i t ,  i t  i s  
propag ate  i nto the condu i t ,  and t hat the  
determ i ned by compre s s i on heat i ng of  the  
Resu l t s for t he  no- i nterna l - burn case  are 

D - 5  
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Tab l e D-2 . Base  Case Parameters . 

Parameter Va l u e  

I nternal burn 
External i nsu l at i on 
Stee l th i ckness  
Su rface area 
Fract i on exposed 
I nterna l vo l ume 
Out s i de d i ameter of w i re 
D i ameter of copper core 
Length of wi re 
Therma l conduct i v i ty 
Heat capac i ty 
Dens i ty of e l astomer 
Number of nodes  
T i me of  spray start 

Yes  
0 s oF  ft 2 /Btu  
0 . 1 i n .  
0 . 5236  ft 2 
1 
0 . 02 18 ft 3 
0 . 1 6 i n .  
0 . 064 i n .  
20 ft  
0 . 1 4 Btu / h / ° F-ft  
0 . 2 5 B t u / l b  
1 3 7  l b/ft 3 
3 
32  s 

shown i n  f i gure D - 3 . I t  i s  ev i dent from the  curves  of f i gure 0 - 3  t h at the  
i nternal  burn , or  l ack  of i t ,  has  l i t t l e  i nf l u ence on  t h e  t i me-temperature 
h i story for e i t her the  w i re surface or the  stee l condu i t .  Peak t emperatures  
are pred i cted to be on l y  about 2 oc  l ower when no burn occurs  as  compared to  
the i nterna l burn  case . 

The  m i nor effect of the  i ntern a l  hydroge n  burn  i s  as  expected when the  
very l ow mas s  of gas i ns i de the  condu i t  i s  accou nted  for , as compared to the  
wi res and the  stee l condu i t .  The  qu ant i ty of  energy re l eased by  the  
i nterna l gas  as i t  coo l s from 1470 ° F  ( 800 ° C ) to the  s o l i d  mater i a l  
temperatures  i s  qu i te sma l l compared t o  the t herma l energy requ i red  to  heat 
the so l i d  mater i a l s to the i r  peak temperatures . 

D . 2 . 3  E ffect of Condu i t  Wa l l Th i c k ne s s  

One way to  l i m i t the  temperature  r i se  of  a cond u i t  i s  t o  make t h e  
cond u i t  t h i cker . A test  was mad e u s i ng a condu i t  wa l l t h i c kness  o f  
0 . 25 i n . ; t h e  resu l t s presented i n  f i g ure 0 - 4  s how t hat t h e  peak  condu i t  
temperature i s  reduced from 254 ° F  to  184  O F  ( 1 2 3  o c  to 84 o c )  when  cond u i t  
th i ckness  i s  i ncreased to 0 . 25 i n .  from 0 . 1 i n .  L i k ew i se , the  peak  w i re 
surface temperature i s  reduced to 1 6 1  O F  from 186 O F  ( 72 o c  from 86 o c )  whe n  
t h e  condu i t  t h i c k ness  i s  i ncreased b y  t h i s amount . T h e s e  resu l t s i l l u strate 
the genera l pr i nc i p l e  that mass i ve bod i es of h i g h l y  conduct i ng mater i a l s 
exper i ence a much  sma l l er temperature r i se  t han l i g htwe i ght  bod i es when  bo th  
are exposed to a s hort-term bu rn trans i ent typ i f i ed by  a prem i xed  
hydrogen/a i r  combu st i on .  
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280 

2&0 

240 

230 

220 

I 
I 

2 1 0  I 
I 
I 

200 
I 

II. I 
0 I ui I a: � 1 90 I � I 
a: I 

RHO- RE- EV- 9 5  P 

WIR E  S U R FACE WITH HYDROGEN / BURN INSIDE A N D  OUTSIDE CONDUIT (BASE CASEJ  

WIR E  SURFACE WITH NO BURN 
ON INSIDE 

STE EL CON D U IT WITH I NTE R NAL A N D  EXTER NAL 

1 30 

1 20 

1 00 

90 

w ,  I � .  1 80 I w ... 
_, 
� a: w ... c( :I! 

1 70 

1 80 

1 &0 

1 40 

1 30 

1 20 

1 1 0  

1 00 200 300 400 

STEEL CONDUIT WITH NO BURN 
O N  INSIDE 

&00 600 700 800 

TIM E  AFTER HYDROGEN BURN.  s 

80 

70 

60 

50 

40 

900 1 .000 1 . 1 00 1 .200 

PS8701 ·74 

F i gure 0- 3 .  Effec t  of I n tern a l  Hydroge n  B urn on  Heatup  of Condu i t a n d  
I ntern a l  Wi res . 
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Cal cu l at i ons  for a th i n  tube i n  p l ace of a norma l  condu i t  were a l so 
performed . The th i n  tube wou l d  serve as a rad i at i on s h i e l d  and as  a convec
t i on suppre s sor , but wou l d  not be as  effect i ve i n  stor i ng heat as  the  norma l 
condu i t .  Resu l ts obta i ned for the  t h i n  tube are shown i n  f i gure 0 - 5 .  From 
the curves  of f i gure 0- 5 ,  i t  i s  apparent that the 0 . 0 1 - i n .  th i ck tube reac h e s  
a peak temperature o f  640 ° F  ( 3 38 ° C )  compared t o  2 5 4  ° F  ( 12 3  ° C )  for the  
base case . T he  w i re-surface temperature peak s at  267  ° F  ( 1 3 1  ° C )  for  the  
th i n  tube  case , s i gn i f i cant l y  h i gher  than the  186  ° F  ( 86 ° C )  peak  s urface 
temperature reached for the  base case . 

0 . 2 . 4  Effect of Externa l I n su l at i on 

An effect i ve des i gn method for l i mi t i ng the  temp eratu re r i s e  of  equ i pment  
exposed to a burn tran s i ent i s  to prov i de a t herma l i n su l at i on barr i er between  
the  h eat source and the  receptor . The base  case  was  mod i f i ed by  app l y i ng 
1 i n .  of magne s i a  i nsu l at i on to the  outs i de of the  condu i t .  Th i s  ana l ys i s  
was based on steady state conduct i on through  the  i n su l at i on ,  and therefore , 
wi l l  overpred i ct the temperature r i se  of the  receptor as compared to a mod e l 
that wou l d  accou nt for the  t i me de l ay for conduct i on t h rough  t h e  i ns u l at i on .  

For 1 i n .  of  magne s i a ,  t he i nsu l at i on parameter ( t h i c k n e s s /conduct i v i ty )  
was compu ted t o  b e  8570- S / ° F-ft 2 /Btu . Resu l t s obtai ned for t h i s case  are 
shown graph i ca l l y  i n  f i gure 0-6 . The i nsu l at i on has a d ramat i c  effect o n  
l i m i t i ng t h e  temperature r i se  of the  condu i t  and i t s content s . A s  s h own by 
the  curves of f i gure 0-6 , the  stee l condu i t  temperature peak s at 1 34 o F  
( 57 o c )  compared to a peak of 254  ° F  ( 1 23 ° C )  for the  non i nsu l ated case . 
L i k ew i se , the  wi re surface temperature i ncreases  to o n l y  1 3 1  ° F  ( 55 ° C ) , 
wh i ch i s  substant i a l l y  l e s s  t h an t he  peak of  180 ° F  ( 82 ° C )  when  t h e  condu i t  
was not i nsu l ated . 

For mos t  cases , i t  i s  ant i c i pated that the  u se o f  i nsu l at i on wou l d  not  
be  requ i red becau se temperatu re peak s reached w i thout i nsu l at i on wou l d  s t i l l  
be be l ow the  fai l ure thre s ho l d .  However , t h e  resu l ts s h own i n  t h i s sect i on 
i l l u s trate the  s i gn i f i cant effect of i nsu l at i on on l i m i t i ng t h e  h e atup  of  
receptors i n  a hydrogen burn  event . 

0 . 2 . 5  E ffect of Cont a i nment Bu i l d i ng 
Spray Operat i on 

As shown by the curves of  f i gure 5 - 1 ,  the  operat i on of cont a i nment sprays 
at 32 s after the hydrogen  burn cau ses  a rap i d  reduct i on i n  cont a i nment gas  
temperature . I n  order to i l l u s trate the re l at i ve i mportance o f  s pray opera
t i on ,  ana lyses  were performed for a case in  wh i ch it  was as sumed t hat conta i n
ment sprays d i d  not operate . The coo l down of  the conta i nment atmo s phere  for 
th i s  case wou l d  be contro l l ed by heat transfer to bu i l d i ng su rface s and by 
operat i on of the  conta i nment a i r coo l ers . Resu l ts of t h e  ana l ys i s  for t h i s  
case are s hown i n  f i gu re 0-7 . 
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The curves of f i gure D - 7  s how that the stee l condu i t  temperature reac h e s  
a peak temperature o f  295 ° F ( 146 ° C )  at 150 s .  Th i s  p e a k  i s  some 4 1  ° F ( 23 o c )  h i gher t han the  peak atta i ned for the  spray-on case . A l so , t he  w i re 
surface temperature peak s out  at 243 ° F ( 1 1 7 ° C ) for the no- spray cas e , wh i ch 
i s  57 ° F ( 32 ° C ) h i gher than for the case where spray starts  at 32 s .  W h i l e 
the peak wi re temperatures re ached for the no- spray case  are probab l y  we l l  
be l ow a fai l u re thresho l d ,  the  temperature r i se i s  s i g n i f i cant l y  h i gher  t h an 
for the spray-on case , showi ng t hat spray operat i on i s  a s i gn i f i cant factor  
i n  l i mi t i ng the  therma l l oad i mposed on equ i pment i ns i d e cont a i nment under  
cond i t i ons  of  an  assumed hydrogen  burn . 

0 . 2 . 6  Effect of I nterna l W i re Mas s 

The w i res l ocated i ns i de t he  condu i t  serve as  energy absorbers and , 
therefore , the  mas s  of the  w i re s  wou l d  be expected to affect the  degree o f  
heatup in  a hydrogen burn . T h e  vo l ume o f  t h e  w ires  d i sp l aces  g a s  vo l ume 
i ns i de the condu i t  and reduces  the  mass  of i nterna l gas  t h at can burn , w h i ch 
i n  turn reduces  the  energy evo l ved by an i nternal bu rn a s  compared to an 
empty condu i t .  S i nce both mas s  and vo l ume i ncrease w i t h  the number of wi res  
i n  a condu i t ,  w i res i n  a fu l l  condu i t  wou l d  be  heated l e s s  t han those  i n  a 
near l y  empty condu i t .  Th i s  effect was i l l u strated by ana l yz i ng a case  i n  
wh i ch i t  was assumed that on l y  one w i re was present . Resu l t s are s hown i n  
f i gure D-8 . 

An exam i nat i on of the  curves  of f i gu re 0 -8 s hows t h at the  peak  stee l 
condu i t  temperatu re i s  i ncreased o n l y  approx i mate l y  4 ° F  ( 2  ° C ) when 19  of  
20  w i res are r�moved . W i re- s urface temperature i s  more affected by the  
number of  wi res , but  peak s at  approx imate l y  204  o F  ( 9 6  o c )  when on l y  one  
wi re i s  present . Th i s  i s  approx i mate ly  18 O F  ( 10 o c )  d i fference , a 
re l at i ve l y  m i nor i nf l u ence .  I t  i s  conc l uded that the  w i re l oad i n  a cond u i t  
has a measurab l e ,  but  not dramat i c ,  effect on the t i me - temperature h i story 
of the cond u i t  and i nterna l w i res . 

0 . 3  PARAMETR I C  ANALYS IS FOR W I RES I N  
PANEL BOX GEOMETRY 

The heatup  mode l u sed for t he  condu i t  geometry was mod i f i ed to perm i t 
the  stee l enc l osure to have the  geometry of a rectang u l ar- s h aped  box l i ke 
ord i nary e l ectr i c a l  pane l boxe s . Mod e l  parameters are t hose  l i s ted ear l i er 
i n  tab l e  D - 1 .  D i fferences  i n  w i re heatup can be expected for t h e  p ane l box , 
as  compared to a condu i t ,  becau s e  the  i nterna l gas vo l ume of t h e  p ane l box  
i s  much  l arger  than for a condu i t  and  becau se  the l arger s i ze of  a pane l box  
means that i t s surface-to-vo l ume rat i o  wou l d  be  sma l l er t han for a condu i t .  
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0 . 3 . 1 Base-Case Parameters 

Parameters for the base case were the  s ame as those  u sed for the 
condu i t  geometry ( see tab l e  0-2 ) except for the  surface area and vo l ume of  
the box  and  the quant i ty of wi re i ns i de the enc l osure . Va l ue s  for t hese  
parameters for a 2 ft by 4 ft by 6 i n .  deep box are l i sted i n  t ab l e  0 - 3 . 

Tab l e  0-3 . Base-Case Parameters For 
Pane l Box Geometry . 

Parameter 

Surface area (w i t h  i nterna l pane l ) 
Fract i on exposed  
I nterna l  vo l ume 
Length  of w i re 
A l l others 

V a l u e  

2 6  ft 2 
0 . 54 
4 ft 3 
100 ft 
Tab l e  0-2 v a l u e s  

Resu l ts o f  ca l cu l at i ons for t h e  base case are s hown i n  f i gure  0-9 . T he  
curves  of f i gure 0-9  show that t he  exposed stee l temperature peak s out  at  
260 ° F  ( 127 ° C ) , wh i ch i s  some 25 ° F  ( 14 ° C )  h i gher t h an t he  peak  seen  i n  
the condu i t .  These d i fferences are attr i butab l e  ma i n l y  to  t h e  b i gger i mp act  
of the  i nterna l hydrogen burn i n  the  pane l box . The  re l at i ve l y  l arger  
i nterna l  vo l ume of the pane l box means  that the  i nterna l  burn  p roduces  
re l at i ve ly  more energy to heat the  i nterna l s and t he  stee l e nc l o s u re . 

0 . 3 . 2  E ffect of Pane l Box Wa l l Th i c kness  

In  order to i l l u strate the  effect of th i ckne s s  of t h e  stee l w a l l s  of 
the  pane l box , a test was performed for a wa l l th i ckness  of 0 . 25 i n .  A l l 
other p arameters were the  s ame as for the base case . Resu l t s obt a i ned for 
the th i c k-wa l l ed box are compared to resu l t s for the base case  ( l - i n .  t h i ck 
wa l l s ) i n  f i gure 0 - 1 0 . I nspect i on of  the curves  of f i g u re 0 - 10  s how t h at 
exposed stee l temperature peak s at 2 1 1  ° F ( 99 ° C )  for the  t h i cker  wa l l case . 
Th i s  peak i s  some 50 ° F  ( 28 ° C )  l ower than for the base case . The  curves  
for  w i re-surface temperature i nd i cate that  a peak  of 188 O F  ( 8 7  o c )  i s  
reached i n  the  t h i cker wa l l ed box , wh i ch i s  23  O F  ( 1 3 ° C )  coo l er t h an i n  t h e  
base case . 

Wh i l e  the effect of the  th i cker-wa l l ed pane l box i s  s i m i l ar to  t h e  
resu l t s obtai ned f o r  t h e  condu i t  geometry case ( see f i g .  0 - 4 )  t he  
temperature peak s are h i gher  for the  pane l box geometry . The  h i g her  w i re 
temperatures i n  the  pane l box resu l t  from the  l arger vo l ume-to-su rface rat i o  
for the  box geometry as compared to the  geometry . The u se o f  t h i c ker  stee l 
cou l d  be  u s ed to l i m i t component heatup i n  both enc l os u re g eometr i e s .  

0 - 1 6  
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0 . 3 . 3  Effect of  I nternal  Hydrogen Burn 

The l arge vo l ume-to-surface rat i o  for the  pane l box geometry as  
compared to a condu i t  i s  expected to cau se  an i nterna l  hydrogen  burn to be  
re l at i ve l y more i mportant . Th i s  was  found to be true , as s hown by the  
resu l ts of ca l cu l at i ons  presented i n  f i gure 0 - 1 1 ,  wh i c h  are  based on  a ru n 
where i t  was a s sumed t hat no hydrogen burned i n s i d e the  enc l o s u re . 

As  shown by the  data of  f i gure 0 - 1 1 ,  the exposed stee l atta i n s  a peak 
temperature of 247 ° F  ( 1 19 ° C )  compared to the  peak of  261  ° F  ( 127  ° C )  
reached for the  base case where a n  i nterna l  hydrogen  burn was assumed to 
occu r .  The d i fference attr i butab l e to the i ntern a l  burn , 14  O F  ( 8  o c ) , 
though  m i nor on  an abso l ute sca l e ,  i s  s i gn i f i cant l y  h i gher  than  t h e  3 o F  
( 2  o c )  effect noted for the condu i t  geometry ( see  f i g .  0 - 3 ) . 

The  w i re - s u rf ace  temperature peaks  at 19 1 ° F  ( 88 ° C )  for t he  no-burn 
case , wh i ch i s  rough l y  21  ° F  ( 1 1 2  ° C )  l ower than for the  burn-assumed case . 
Aga i n  t h i s  d i fference i s  s i gn i f i cant l y  greater than the  3 O F  ( 2  o c )  effect 
that was i nd i cated for the  condu i t  geometry ( see  f i g .  0 - 3 ) . 

I n  summary , the effect of an i nterna l hydrogen burn i s  greater for t h e  
pane l box geometry than for a condu i t ,  bu t s t i l l  has  a l i m i ted effect on t h e  
heatup of equ i pment  protected by t h e  stee l enc l o sure . 

0 . 3 . 4  Effect o f  Conta i nment Spray Operat i on 

As  descr i bed  i n  sect i on 0 . 2 . 5 ,  the  operat i on of  conta i nment  sprays has  
a s i gn i f i cant i mp act i n  l i m i t i ng t h e  heat u p  of  a condu i t  and  i t s i nterna l 
w i re s . A s i m i l ar effect i s  expected for t he  pane l box geometry . 

Resu l ts from a c a l cu l at i onal  case  i n  wh i ch cont a i nment bu i l d i ng sprays  
d i d  not  operate are  presented i n  compar i son w i t h  the  base  case  i n  
f i g u re 0 - 1 2 . As  s hown by the  p l ot s  of  f i gure 0 - 1 2 , t h e  exposed  s t ee l  
reaches  a peak temperature o f  303 ° F  ( 1 5 1  ° C ) , wh i ch i s  4 1  O F  ( 2 3 ° C )  h i gher  
than atta i ned when sprays operated at 32 s .  L i k ew i s e , t he  w i re temperature 
peaks at 2 50 ° F  ( 1 2 1  o c )  for the  no- spray case , wh i ch i s  appro x i mate l y  39 ° F  
( 22 o c )  h i gher  t h an for the  case  where sprays  s tarted at 32  s . I t  i s  
app arent from these  resu l ts that the  ear l y  operat i on of  cont a i nment  sprays  
decreases  heat  pre s sure ( temperature- t i me i ntegra l ) and  l i m i t s  t h e  heatup  of  
equ i pment l ocated i n s i de an enc l os u re i n  contai nment . Thu s , the  operab i l i ty 
of conta i nment sprays  i s  a factor t hat need s to be accou nted for when  
ana l yz i ng the therma l cyc l e  endured by equ i pment i n  a hydrogen  burn  • 

0 . 3 . 5  Effect of  E xterna l I n su l at i on 

As  was i l l u st rated i n  sect i on 0 . 2 . 4 ,  the  app l i cat i on of  1 i n .  of  
magne s i a  i nsu l at i on to the  ou t s i de of a condu i t  has  a very s i gn i f i c ant 
i mpact  on the  heatup  of  both the  condu i t  and i t s w i re l oad .  For t h e  p ane l 

0- 19 



1&. 0 
u.i a:: ;:) 
� a:: 11.1 a. � 
11.1 ... .... c( a: 11.1 
� � 

290 

280 

270 

260 

250 

240 

230 

220 

2 1 0  

200 

1 90 

1 80 

1 70 

1 60 

1 50 

1 40 

1 30 

RHO- RE- EV - 9 5  P 

STEEL EXPOSED TO C O NTAINMENT ATMOSPH E R E  / FOR CASE OF INTE R NAL/EXTERNAL HYDRO G E N  B U R N  

y EXPOSED STEEL FOR NO INTE R N AL BU R N  

WIRE S U R FACE WITH I NTER NAL/ 
EXTER NAL HYDROGEN B U R N  

I 

WI R E  S U R FACE FOR NO 
I NTERNAL HYDROGEN B U R N  

1 30 

1 20 

1 1 0 

1 00 

90 

80 

70 

60 

50 
1 20 �--�----�--�----�--�----�--��--�----�--�----�--� 

0 1 00 200 300 400 500 600 700 800 900 1 ,000 1 . 1 00 1 .200 

TI M E  AFTER HYDROGEN B U R N .  s 
P$8701 -83 

F i g ure D- 1 1 .  Effect  o f  I n terna l Hydrogen  Burn  o n  Tempera tures i n  a n  
E l e ctri ca l P a n e l  Box . 
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STEEL EXPOSED TO CONTA I N M E NT 
ATMOSPH E R E  FOR N O-SPRAY OPERATION 
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F i g ure D- 12 . Effect  of  S pray Operati ons  a n d  Temperatures i n  a n  
E l e c tri ca l P a n e l  Box . 
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box geometry , the  h i g her vo l ume-to-surface rat i o  i s  expected to make  
externa l  i nsu l at i on l es s  i mportant for cases  where an i nterna l hydroge n  burn  
i s  assumed ; the i nternal hydrogen burn  i s  re l at i ve l y  more i mportant for 
geometr i es that h ave h i g her vo l ume-to-surface rat i os . 

Resu l ts from an ana l ys i s  made for the case where the  p ane l box was 
covered externa l l y  w i t h  1 i n .  of magnes i a  i n su l at i on ( th i ck ne s s/cond uct i v i ty 
rat i o  of 8570- S / ° F-ft 2 /Btu ) are s hown i n  f i gure D - 1 3 . As  i nd i cated by the  
curves of f i gure 0- 1 3 , the  externa l  i nsu l at i on has  a d ramat i c  effect  on  
l i m i t i ng the temperature r i se  of the stee l wa l l s  of the pane l box . Peak  
stee l temperatures are on l y  148 °F  ( 64 ° C )  compared to the  peak of  261  ° F  
( 127  o c )  for the non i nsu l ated case . The outer i nsu l at i on decreases  the  peak  
w i re temperature but  the  effect i s  l ess dramat i c .  Peak  w i re su rface 
temperatu re s are 185 ° F  (85 ° C )  w i th  i nsu l at i o n ,  comp ared to 2 1 1  ° F  ( 99 ° C )  
for the  non i nsu l ated case . The re l at i ve l y  l ower i mpact o f  i nsu l at i on o n  t h e  
w i res as compared t o  t h e  stee l wa l l s  i s  a s  expected becau se  most of  the  
heat i ng energy i s supp l i ed by the  i nterna l hydrogen bu rn . The  hot gas  
i ns i de the  box i s  ab l e  to  heat the  w i res more rap i d l y than  t he  stee l wa l l s  
of the  enc l osure . 
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/ EXPOSED STEEL · NO INSULATIO N  
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F i g ure D- 1 3 .  Effects of Externa l  I ns u l a ti on  on Hea tup of a Pane l  Box and  
I nteri o r  W i res . 
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