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PRESSURE VESSEL FRACTURE STUDIES PERTAINING TO THE 

TSE-5A, AND TSE-6 
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ABS TRACT 

Thermal-shock experiments TSE-5, TSE-5A, and TSE-6 were 
conducted for the purpose of investigating the behavior of 
surface flaws under pressurized-water-reactor (PWR) overcool- 
ing-accident conditions. These experiments were the fifth, 
sixth, and seventh in a series of thermal-shock experiments 
conducted with large steel cylinders ( A  508 class-2 chemistry; 
991-mm OD by 76- and 152-mm wall by 1.2-m length) as a part of 
the Heavy-Section Steel Technology (HSST) Program for this 
purpose. 

the inner surface and extended the full length of the cylin- 
der. The thermal shock was applied to the inner surface only, 
and this was accomplished by effectively dunking the test cyl- 
inder, initially at -93"C, into a large volume of liquid ni- 
trogen. 

elastic fracture-mechanics is valid for thermal-shock loading; 
(2) crack arrest will take place in accordance with recently 
developed crack-arrest concepts; ( 3 )  crack-arrest toughness 
values for rising and falling KI fields are the same; ( 4 )  warm 
prestressing is effective in preventing crack initiation; 
(5) thermal shock alone cannot drive a flaw all the way through 
the wall; ( 6 )  dynamic effects for PWR-vessel thermal-shock 
loading conditions are negligible; (7) in the absence of clad- 
ding and under severe thermal-shock loading conditions, finite- 
length flaws will extend on the surface to become very long; 
and (8) there can be very large scatter in small-specimen 
fracture-toughness data. 

For each of these experiments, the initial flaw was on 

Results of the experiments have confirmed that (1) linear- 

1. INTRODUCTION AND SUMMARY 

TSE-5, TSE-5A, and TSE-6 were the fifth, sixth, and seventh in a 
series of thermal-shock experiments conducted with heavy-walled steel 
cylinders under the auspices of the Heavy-Section Steel Technology (HSST) 

*Computing and Telecommunications Division. 
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Program, which is  sponsored by t h e  U.S. Nuclear Regulatory Commission. 
The purpose of t h e s e  experiments w a s  t o  i n v e s t i g a t e  the  behavior of sur -  
f a c e  flaws under thermal-shock loading  c o n d i t i o n s  similar t o  those  t h a t  
i n  p r i n c i p l e  would be encountered dur ing  c e r t a i n  pressur ized-water  re- 
a c t o r  (PWR) p o s t u l a t e d  a c c i d e n t s ,  such as a la rge-break  loss -of -coolan t  
acc iden t  (LBLOCA) . The f i r s t  fou r  exper iments  were concerned wi th  t h e  
behavior of sha l low flaws [ f r a c t i o n a l  c r ack  depths  (a/w) < 0.21, whi le  
TSE-5,  TSE-SA, and TSE-6 were designed s p e c i f i c a l l y  f o r  t h e  purpose of 
i n v e s t i g a t i n g  t h e  behavior of deep f laws  a / w  > 0 .4 ) .  

have i n d i c a t e d  t h a t  PWR v e s s e l s  con ta in ing  low c o n c e n t r a t i o n s  of impuri- 
t i e s  ( p r i m a r i l y  copper) are not  l i k e l y  t o  exper ience  propagat ion  of pre-  
e x i s t i n g  flaws. However, v e s s e l s  wi th  r e l a t i v e l y  high c o n c e n t r a t i o n s  of 
copper exper ience  a g r e a t e r  rad ia t ion- induced  r educ t ion  i n  f r a c t u r e  
toughness and as a r e s u l t  may exper ience  deep p e n e t r a t i o n  of p re -ex i s t ing  
f laws  dur ing  a seve re  thermal t r a n s i e n t .  Many of t he  PWR v e s s e l s  i n  op- 
e r a t i o n  today con ta in  high enough concen t r a t ions  of copper t o  be of con- 
ce rn ;  t hus ,  t h e  i n t e g r i t y  of PWR v e s s e l s  dur ing  p o s t u l a t e d  overcool ing  
a c c i d e n t s  must be examined very c a r e f u l l y .  

A problem wi th  regard t o  performing a f racture-mechanics a n a l y s i s  
f o r  thermal-shock loading  cond i t ions  i s  t h a t  s e v e r a l  fracture-mechanics- 
r e l a t e d  f e a t u r e s  are involved t h a t  had not  been adequate ly  examined ex- 
pe r imen ta l ly  (e.g. ,  equa l  b i a x i a l  stresses, s t e e p  g r a d i e n t s  i n  stresses 
and toughness through the  w a l l ,  v a r i a t i o n s  i n  t h e s e  parameters  w i th  t i m e ,  
c r ack  a r r e s t  i n  a r i s i n g  KI f i e l d ,  w a r m  p r e s t r e s s i n g ,  and o t h e r s  t h a t  
w i l l  be mentioned l a t e r ) .  The re fo re ,  exper imenta l  i n v e s t i g a t i o n s  i n t o  
t h e  behavior of f laws  under severe  thermal-shock loading  c o n d i t i o n s  were 
a p p r o p r i a t e .  

The most s eve re  thermal shock p o s t u l a t e d  f o r  a PWR is  t h e  r e s u l t  of 
t h e  LBLOCA. During t h i s  t r a n s i e n t ,  emergency core  coo lan t  at  a r a t h e r  
low temperature (-20°C) i s  i n j e c t e d  i n t o  t h e  p r e s s u r e  v e s s e l  through main 
coo lan t  l i n e s  and passes  over t he  i n n e r  s u r f a c e  of the  v e s s e l  w a l l ,  as 
i l l u s t r a t e d  schemat i ca l ly  i n  Fig.  1.1. I n i t i a l l y ,  t h e  w a l l  i s  at  a rela- 
t i v e l y  high tempera ture  ( - 2 9 0 ° C ) ,  and, t hus ,  con tac t  between t h e  emer- 
gency core  coo lan t  and the  w a l l  r e s u l t s  i n  a seve re  thermal shock. A s  
shown i n  Fig.  1.2,  t h i s  r ap id  quenching of t h e  i n n e r  s u r f a c e  r e s u l t s  i n  
r a t h e r  s t e e p  p o s i t i v e  temperature g r a d i e n t s  through the w a l l  and, t h u s ,  
h igh  t e n s i l e  stresses i n  the  i n n e r  p o r t i o n  of t he  w a l l .  The r e d u c t i o n  i n  
tempera ture  and t h e  high f a s t -neu t ron  f luence  t h a t  accumulates over many 
yea r s  of r e a c t o r  o p e r a t i o n  tend t o  reduce t h e  f r a c t u r e  toughness (KIc) of 
t h e  v e s s e l  material. Because of t h e  p o s i t i v e  g r a d i e n t  i n  tempera ture  , 
t h e  a t t e n u a t i o n  of t h e  f l u e n c e ,  and the  s e n s i t i v i t y  of f r a c t u r e  toughness 
t o  tempera ture  and f l u e n c e ,  t h e r e  i s  a ne t  p o s i t i v e  g r a d i e n t  i n  toughness 
i n  t h e  v e s s e l  w a l l .  

I f  t h e r e  i s  a f law on t h e  i n n e r  s u r f a c e  of t h e  v e s s e l  w a l l ,  t h e  
h igh ,  thermal ly  induced t e n s i l e  stress w i l l  r e s u l t  i n  an a p p r e c i a b l e  
s t r e s s - i n t e n s i t y  f a c t o r  (KI) a t  t h e  t i p  of t h e  flaw. 
of h igh  s t r e s s - i n t e n s i t y  f a c t o r  and low f r a c t u r e  toughness may r e s u l t  i n  
propagat ion  of t h e  flaw. However, t h e  s t e e p  p o s i t i v e  g r a d i e n t  i n  tough- 
nes s  tends  t o  provide  a mechanism f o r  a r r e s t i n g  the  c rack .  F igu re  1.2 
i l l u s t r a t e s  t h e s e  f e a t u r e s  f o r  t h e  case of a high-copper v e s s e l  w i th  a 
long ,  a x i a l l y  o r i e n t e d  flaw. 

Resu l t s  from a cont inuing  ana lys i s2- '  of PWR p o s t u l a t e d  t r a n s i e n t s  

The combined e f f e c t  



3 

ORNLLDWG 75-9160 

I \ .  

- 6 INLET 

I 

I 

I 

I 

OUTLET 

PRESSURE VESSEL- 

THERMAL SHIELD-  

FLOW BAFFLE - 

Fig. 1.1. Schematic cross section of PWR vessel 
coolant. 

showing path of 

Figure 1.2 corresponds to a specific time in the thermal transient 
and shows that for certain times in the transient, both shallow and deep 
flaws that extend a considerable distance on the surface can initiate 
(incipient propagation). The deep flaw may be the result of an earlier 
initiation-arrest event, and at the time represented by Fig. 1.2, will 
jump a distance equal to -10% of the wall thickness. The shallow flaw, 
which is much more likely to exist as an initial flaw, will jump a much 
greater distance (-30% of the wall thickness) before arresting. Thus, 
the experimental investigation of flaw-propagation behavior must include 
long, as well as relatively short, crack jumps. TSE-5 and TSE-5A were 
intended to include short jumps only, while a long crack jump was to be 
included in TSE-6. 
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Fig. 1.2. Typical instantaneous temperature, stress, fluence, 
stress-intensity factor, and fracture-toughness distributions through 
wall of PWR vessel during LBLOCA (long axial flaw; "high" copper, 
nickel, and fluence; t = 4 min). 

The calculated behavior of a flaw during a transient can be por- 
trayed by plotting the crack depths corresponding to initiation and ar- 
rest events (KI = KIc and KI = KIa) and other conditions of interest as a 
function of the times in the transient at which they occur or exist. 
Curves of this type are referred to as critical-crack-depth curves and 
are illustrated in Fig. 1.3 for the case described in Fig. 1.2. 

of events corresponding to three different initial flaw depths. Flaws 
with a/w = 0.01 and 0.10 would initiate at -1.5 min and would arrest at 
a/w 0.15, while both a slightly shallower flaw and a deeper flaw 

The dashed lines labeled a and b in Fig. 1.3 show possible sequences 
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(a/w = 0.01 and 0.22) would initiate later at -4.0 min and would arrest 
at a/w = 0.32. Moments later, the flaws would reinitiate and arrest. 
A s  indicated by the dashed lines, this process would continue until the 
crack penetrated at least 90% of the wall. Complete penetration presum- 
ably would be prevented by the steep negative gradient in KI for a/w > 0.9 
(see Fig. 1.2). 

tion at depths less than the final arrest depth indicated by Figs. 1.2 
and 1.3. This particular warm prestressing phenomenon can be described 
in the following way: according to Irwin8 and recent experimental re- 
s u l t ~ , ~  it appears that a flaw will not initiate when KI is decreasing 
with time even though KI 5- KIc. 
crack depth first increases and then decreases with time during a LBLOCA, 

A phenomenon referred to as warm prestressing may prevent reinitia- 

As shown in Fig. 1.4, KI for a given 
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Fig. 1.4. Stress-intensity factor vs time for LBLOCA (conditions 
same as for Fig. 1.2). 
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but  KIc dec reases  as long as t h e  temperature con t inues  t o  decrease .  
Thus, i t  is p o s s i b l e  t h a t  f o r  some crack  depths  KI w i l l  be dec reas ing  
wi th  time when KI f i r s t  becomes equal  t o  KIc. 
i n  Fig. 1.3 by p l o t t i n g  t h e  times f o r  each of t he  d i f f e r e n t  c rack  dep ths  
a t  which KI r eaches  i t s  maximum value .  
1.3 as KI = (KI)max. For times less than those  i n d i c a t e d  by t h i s  cu rve ,  
KI i s  always i n c r e a s i n g  wi th  t i m e ,  but f o r  g r e a t e r  times KI i s  always 
dec reas ing  wi th  t i m e .  Thus, f o r  t h e  case rep resen ted  i n  Fig. 1.3, i f  
w a r m  p r e s t r e s s i n g  i s  e f f e c t i v e ,  c r ack  propagat ion  would be l i m i t e d  t o  
a / w  u- 0.47. A somewhat deeper f i n a l  arrest po in t  (a/w = 0.5) would be 
obta ined  i f  t h e  f i n a l  i n i t i a t i o n  po in t  f e l l  j u s t  below t h e  i n c i p i e n t  warm 
p r e s t r e s s  po in t .  

Another q u a n t i t y  of i n t e r e s t  w i t h  r ega rd  t o  w a r m  p r e s t r e s s i n g  i s  t h e  
c a l c u l a t e d  maximum va lue  of KI/KIc f o r  c r acks  t h a t  presumably would n o t  
i n i t i a t e  because K, i s  dec reas ing  wi th  time. The curve i n  Fig. 1.3 la- 

This  s i t u a t i o n  i s  dep ic t ed  

This curve i s  r e f e r r e d  t o  i n  Fig. 

be led  ( KI/KIc)max i n d i c a t e s  t h e  times a t  which (KI/KIc)max i s  achieved 
f o r  v a r i o u s  c rack  dep ths ,  and f o r  s e v e r a l  of t h e  c rack  dep ths ,  v a l u e s  of 
(KI/KIc)max are i n d i c a t e d .  
p r e s t r e s s i n g  i s  -2.8, and v a l u e s  f o r  deeper  c racks  are less. In an ex- 
periment designed t o  demonstrate warm p r e s t r e s s i n g ,  i t  would be d e s i r a b l e  

The va lue  cor responding  t o  i n c i p i e n t  w a r m  

t o  achieve  (KI/KIc)max = 2.8. 
A s e n s i t i v i t y  s tudy  was conducted as p a r t  of t h e  thermal-shock pro- 

gram t o  de te rmine  f o r  a- LBLOCA t h e  e f f e c t  of reasonable  ranges i n  emer- 
gency c o r e  coo lan t  t empera tu re ,  maximum fas t -neu t ron  f luence ,  and t h e  
i n i t i a l  va lue  of t h e  n i l - d u c t i l i t y  r e f e r e n c e  tempera ture  (RTNDT). The 
r e s u l t s  of t h i s  s t u d y ,  which are r e p o r t e d  i n  Ref. 7 ,  i n d i c a t e  t h a t  f o r  
most cases t h e  maximum p e n e t r a t i o n  of t h e  w a l l  would be <50%, provided 
t h a t  w a r m  p r e s t r e s s i n g ,  as desc r ibed  above, i s  e f f e c t i v e .  

The w a r m  p r e s t r e s s i n g  phenomenon has been i n v e s t i g a t e d 9  experimen- 
t a l l y  i n  connec t ion  wi th  t h e  thermal-shock program, us ing  notched beams 
under load-temperature c o n d i t i o n s  t h a t  s imula ted  t o  some e x t e n t  t h o s e  
c a l c u l a t e d  f o r  a LBLOCA. As mentioned above, t h e s e  experiments i n d i c a t e d  
t h a t  i n i t i a t i o n  would no t  t ake  p l ace  whi le  KI is  dec reas ing  with t i m e  
even though KI 5 KIc. However, w a r m  p r e s t r e s s i n g  i s  ano the r  f a c e t  of 
f r a c t u r e  mechanics t h a t  must be thoroughly i n v e s t i g a t e d  under thermal- 
shock load ing  c o n d i t i o n s  i n  a l a r g e  tes t  c y l i n d e r .  An o b j e c t i v e  of TSE-5 
and TSE-5A w a s  t o  demonstrate warm p r e s t r e s s i n g  under such c o n d i t i o n s .  

t u r e  mechanics, without c o n s i d e r a t i o n  f o r  t h e  existence of upper-shelf 
p r o p e r t i e s  and without r ega rd  f o r  t h e  proximi ty  of t h e  c rack  t i p  t o  t h e  
back s u r f a c e .  The v a l i d i t y  of t h i s  approach depends t o  some e x t e n t  on 
t h e  maximum c a l c u l a t e d  v a l u e s  of KI cor responding  t o  i n i t i a t i o n  and ar- 
rest even t s  and t h e  f i n a l  c rack  depth .  According t o  r e s u l t s  of t h e  above 
s e n s i t i v i t y  a n a l y s i s ,  w a r m  p r e s t r e s s i n g  presumably would l i m i t  t h e  f i n a l  
c rack  depth  t o  -50% of t h e  w a l l ,  and t h e  maximum KI va lue  cor responding  
t o  i n i t i a t i o n  and arrest even t s  would be -240 MPa-G (Figs .  1.3 and 1.4) 
and, t h u s ,  reach  t h e  upper t r a n s i t i o n  region. Therefore ,  a t  least  f o r  
t h e s e  extreme c o n d i t i o n s ,  it w a s  suspec ted  t h a t  t h e  method of a n a l y s i s  
might no t  be a p p r o p r i a t e  f o r  a LBLOCA, and, w i th  regard  t o  t h e  thermal- 

The a n a l y s i s  of t h e  LBLOCA w a s  performed us ing  l i n e a r - e l a s t i c  f r ac -  



8 

shock exper iments ,  i t  was  cons idered  d e s i r a b l e  t o  ach ieve  a maximum 
c r i t i c a l  KI v a l u e  of -240 MPa.6. 

i f  t h e  e f f e c t s  of w a r m  p r e s t r e s s i n g  are ignored ,  a long  c rack  w i l l  no t  
completely p e n e t r a t e  t h e  w a l l  bu t  w i l l  arrest  c l o s e  t o  t h e  o u t s i d e  sur- 
face because of a s teep nega t ive  g r a d i e n t  i n  KI nea r  t h e  back s u r f a c e  
( s e e  Fig. 1.2.) In  t h i s  case t h e  proximi ty  of t h e  c rack  f r o n t  t o  t h e  
o u t s i d e  s u r f a c e  raises ques t ions  about t h e  accuracy  of t h e  a n a l y s i s .  
Furthermore,  i f  w a r m  p r e s t r e s s i n g  is  ignored  and some l i b e r t i e s  are taken  
wi th  regard  t o  t h e  t i m e  a t  which c rack  i n i t i a t i o n  t a k e s  p l a c e ,  i t  is pos- 
s i b l e  t h a t  deep p e n e t r a t i o n  of t h e  w a l l  w i l l  be t h e  r e s u l t  of a r a t h e r  
long c rack  jump, as i l l u s t r a t e d  i n  Fig.  1.3 by t h e  dashed- l ine  c. Be- 
cause  of t h i s  and because t h e r e  w a s  concern t h a t  w a r m  p r e s t r e s s i n g  might 
not be e f f e c t i v e  under some c i rcumstances ,  i t  appeared prudent t o  d e t e r -  
mine expe r imen ta l ly  whether a c rack  would a c t u a l l y  arrest very deep i n  
t h e  w a l l  f o l lowing  a long crack  jump. TSE-6 w a s  designed f o r  a long  
c rack  jump w i t h  arrest deep i n  t h e  w a l l .  

1.3 in t roduced  t h e  p o s s i b i l i t y  of anomalous behavior  of t h e  c rack  du r ing  
propagat ion .  
r e s u l t  of a run -a r r e s t  event .  This would tend t o  i n c r e a s e  t h e  e f f e c t i v e  
v a l u e  of KIc and du r ing  an experiment might g i v e  a f a l s e  i n d i c a t i o n  of 
w a r m  p r e s t r e s s i n g ,  i f  t h e  b lun t ing  prevented r e i n i t i a t i o n  fo l lowing  a n  
arrest  event.  I rwin  made r e f e r e n c e  t o  exper iments  conducted by R ip l ing ,  
who, i n  a l a t e r  d i s c u s s i o n l o  wi th  t h e  a u t h o r ,  i n d i c a t e d  t h a t  t h e  observed 
i n c r e a s e  i n  KIc was small (<25%) f o r  t h e  p a r t i c u l a r  materials he had 
t e s t e d .  

c a l c u l a t e d  f o r  t h e  LBLOCA, a s imilar  series of even t s  was  t o  be inc luded  
i n  t h e  thermal-shock experiments. The p o s s i b l e  b l u n t i n g  e f f e c t  would be 
compensated f o r  by making (KI/KIc)max a s s o c i a t e d  wi th  i n c i p i e n t  w a r m  pre- 
s t r e s s i n g  l a r g e  enough t o  o f f s e t  c r a c k - t i p  b l u n t i n g  and o the rwise  p e r m i t  
an a c c e p t a b l e  demonst ra t ion  of w a r m  p r e s t r e s s i n g .  

A s i t u a t i o n  of i n t e r e s t  w i th  r ega rd  t o  c rack  arrest i s  i l l u s t r a t e d  
i n  Fig. 1.5, which i s  a p l o t  of KI vs a / w ,  wi th  t i m e  as a parameter ,  f o r  
t h e  LBLOCA case  desc r ibed  i n  Fig. 1.2. Included i n  t h i s  f i g u r e  are t h e  
f i r s t  t h r e e  i n i t i a t i o n - a r r e s t  even t s  desc r ibed  i n  Fig. 1.3. It i s  ob- 
se rved  t h a t  f o r  each of t h e  t h r e e  e v e n t s ,  arrest i s  p r e d i c t e d  t o  t a k e  
p l ace  i n  a r i s i n g  KI f i e l d  (dKI/da > 0) .  There has  been some concern 
t h a t  arrest  behavior  i n  a r i s i n g  KI f i e l d  might be d i f f e r e n t  from t h a t  i n  
a dec reas ing  KI f i e l d ,  and most a v a i l a b l e  exper imenta l  d a t a  have been ob- 
t a i n e d  under t h e  l a t t e r  cond i t ions .  In one of t h e  earlier HSST thermal- 
shock experiments (TSE-4) (Ref. 11, arrest took p l a c e  when dKI/da reached 
z e r o  a f t e r  having been p o s i t i v e .  It appeared t h a t  f u r t h e r  i n v e s t i g a t i o n s  
were warranted; t h u s ,  one of t h e  o b j e c t i v e s  of subsequent thermal-shock 
exper iments  w a s  t o  demonst ra te  a r res t  i n  a r i s i n g  KI f i e l d .  

The LBLOCA ana lyses  t h a t  were conducted as a p a r t  of t h e  HSST 
thermal-shock program were based on a r e f e r e n c e  c a l c u l a t i o n a l  model t h a t  
i n  many r e s p e c t s  r e p r e s e n t s  a t y p i c a l  p re sen t -gene ra t ion  1000-MW(e) PWR. 
C h a r a c t e r i s t i c s  of t he  r e f e r e n c e  c a l c u l a t i o n a l  model are summarized i n  
Table 1.1, and va r ious  ana lyses  are d i scussed  i n  Refs. 1 and 7. Although 
f i n i t e - l e n g t h  flaws have been cons idered  t o  some e x t e n t ,  most of t h e  

C a l c u l a t i o n s  f o r  t h e  LBLOCA i n d i c a t e ,  as mentioned above, t h a t  even 

The m u l t i p l i c i t y  of t h e  i n i t i a t i o n - a r r e s t  even t s  i l l u s t r a t e d  i n  Fig. 

Irwin8 had sugges ted  t h a t  c r a c k - t i p  b l u n t i n g  may occur as a 

Because of t h e  uniqueness of t h e  m u l t i p l e  i n i t i a t i o n - a r r e s t  e v e n t s  
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Table 1.1. Reference calculational model for 
HSST thermal-shock program 

Vessel dimensions, m 

Outside diameter 
Wall thickness 
Cladding' 

Neutron fluence (E > 1 MeV), neutrons/cm2 

Thermal shock (LBLOCA) 

Coolant temperature (not a function 
of time), "C 
Heat transfer coefficient (not a 
function of time) , W*m-2*oC-1 

Wall temperature (initial), "C 
Pressure (gage) 

Fracture toughness 

KIc (source) 
KIa (source) 
RTNDT (unirradiated), "C 
ARTNDT vs fluence and copper con- 

Copper and nickel concentrations, 

I 
h 

centration (source) 

wt % 
Copper 
Nickel 

Res id ual s t r e s s e s 

4.8 
0.22 
0 .o 
4 x 1019 exp (-0.0094 Ar)b3c 

21d 

1700 

288 
0 

ASME Code, Sect. XI, 
Appendix A and Ref. 11 

e 
f -1 8 

= f(Cu,P,F) (Ref. 12) 
= f(Cu,Ni,F) (Ref. 13)g 

0.25 
1 .o 
Assumed zero 

'Neither thermal nor stress effects of cladding were included be- 

bAr is the radial distance into the vessel wall measured from the 

'A range of 2 to 6 x 1019 neutrons/cm2 for Ar = 0 was used in the 

dA range of 21 to 54°C was used in the sensitivity analysis. 

eA range of -40 to +4"C was used i n  the sensitivity analysis. 

cause these two effects tend to compensate for each other. 

inner surface (mm) . 
sensitivity analysis. 

for sensitivity studies [Cu = wt % copper, P = wt % 
phosphorus, F = f ast-neutron f luence ( neutrons/cm2) ] 

%sed for analysis represented by Figs. 1.2 and 1.3. 
ARTNDT = 0.56 (38 + 470 Cu + 350 CU Ni) (F x 10-19)0*27, "c 

where Cu = wt % copper, 
Ni = w t  % nickel, 
F = fast-neutron fluence (neutrons/cm2). 

hA range of values used in sensitivity analysis. 
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Fig. 1.5. KI vs a/w for LBLOCA (conditions same as for Fig. 1.2). 

calculations were made for long axial and, to a lesser extent, continuous 
circumferential flaws, both of which are represented by two-dimensional 
models. The two-dimensional axial model tends to be conservative because 
it does not include the effect of end restraints (heads) or the axial 
gradient in toughness (fluence), and both the two-dimensional axial and 
circumferential models tend to be conservative from the point of view 
that long flaws are not likely to exist. On the other hand, the analysis 
of short flaws indicates that under severe thermal-shock loading condi- 
tions, such flaws may grow in length to effectively become long flaws. 
Thus, there was a need to include long flaws in the thermal-shock experi- 
ments. 

Another point in favor of using the two-dimensional model is that it 
is readily amenable to accurate analysis. This is particularly important 
with regard to the interpretation of experimental results, and for this 
reason, too, long flaws were particularly appropriate for the thermal- 
shock experiments. 

cated that as long flaws penetrate the wall beyond a/w = 0.1, the net 
Analysis of the two-dimensional reference calculational model indi- 
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bending moment a s s o c i a t e d  with the  thermal stress tends  t o  open t h e  c rack  
and, t hus ,  enhances KI, compared with- an a n a l y s i s  t h a t  does no t  i n c l u d e  
t h e  bending. The bending is i l l u s t r a t e d  i n  Figs.  1.6 and 1.7 f o r  t h e  
axial  and c i r c u m f e r e n t i a l  f l aws ,  r e s p e c t i v e l y .  The e f f e c t  on KI is shown 
i n  Fig. 1.8, which compares the  r e s u l t s  of c a l c u l a t i o n s  t h a t  do and do 
not  i nc lude  the  bending e f f e c t  f o r  t h e  two long f laws .  It is  apparent  
t h a t  t he  bending e f f e c t  c o n t r i b u t e s  t o  t h e  deep p e n e t r a t i o n  of a f l aw  and 
t h a t  t h e  e f f e c t  i s  s u b s t a n t i a l l y  g r e a t e r  f o r  t he  axial  f l aw  than f o r  t h e  
c i r c u m f e r e n t i a l  flaw. Thus, it appears t h a t  t h e  axial  c rack  has a 
g r e a t e r  p o t e n t i a l  f o r  p e n e t r a t i n g  deep i n t o  the  w a l l .  

For t h e  preceding  reasons  t h e  thermal-shock program has been o r i -  
en ted  toward the two-dimensional axial flaw. The i n i t i a l  f laws  f o r  TSE-5, 
TSE-5A, and TSE-6 extended t h e  f u l l  l e n g t h  of t h e  tes t  c y l i n d e r s ,  and the  
c y l i n d e r s  were of s u f f i c i e n t  l e n g t h  and the  load ing  cond i t ions  were such 
t h a t  t he  two-dimensional a n a l y t i c a l  model could be used f o r  c a l c u l a t i n g  
KI wi th  s u f f i c i e n t  accuracy. 

ORNL-DWG 75-4133R 

Fig.  1.6. Thermal-shock-induced bending of t h e  w a l l  of a c y l i n d e r  
con ta in ing  a long axial  flaw. 
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A 

Fig. 1.7. Thermal-shock-induced bending of t he  w a l l  of a cy l inde r  
con ta in ing  a continuous c i r c u m f e r e n t i a l  flaw. 

The bending e f f e c t  i n  a c y l i n d e r  w a l l  under thermal-shock load ing  
c o n d i t i o n s  i s  a f u n c t i o n  of t he  f l e x i b i l i t y  of t h e  w a l l  o r  t he  diameter- 
to -wal l - th ickness  r a t i o  ( D / w ) ;  i n c r e a s i n g  t h i s  r a t i o  i n c r e a s e s  the  f l e x i -  
b i l i t y  and, t h u s ,  i n c r e a s e s  the  bending e f f e c t .  Other than  t o  i n f l u e n c e  
t h e  va lue  of KI, t h e  bending presumably has no unique e f f e c t  on c rack  be- 
hav io r .  Even so ,  i t  was d e s i r a b l e  t o  have a s u b s t a n t i a l  bending e f f e c t  
i n  TSE-5, TSE-5A, and TSE-6, and from a pract ical  po in t  of view, i t  w a s  
necessary  i n  o r d e r  t o  o b t a i n  the  d e s i r e d  c rack  propagat ion .  I n  the  f i r s t  
f o u r  thermal-shock experiments (TSE-1, TSE-2, TSE-3, and TSE-4) t h e  va lue  
of D/w w a s  so small t h a t  t h e r e  was ve ry  l i t t l e  bending e f f e c t .  For t h i s  
reason  i t  was  not p o s s i b l e  i n  those  experiments t o  demonstrate deep pene- 
t r a t i o n ,  m u l t i p l e  e v e n t s ,  arrest  i n  a r i s i n g  KI f i e l d ,  o r  w a r m  p r e s t r e s s -  
ing .  However, wi th  the  l a r g e r  c y l i n d e r s  s p e c i f i e d  f o r  TSE-5, TSE-5A, and 
TSE-6, and wi th  a p p r o p r i a t e  material p r o p e r t i e s  and load ing  c o n d i t i o n s ,  
t h e s e  t h i n g s  could be done, a t  least i n  p r i n c i p l e .  

I n  t h e  ear l ie r  thermal-shock experiments a modified r eac to r -g rade  
A 508 c lass -2  chemis t ry  m a t e r i a l  w a s  used f o r  t h e  tes t  c y l i n d e r s .  The 
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Fig .  1.8. 
f laws  wi th  and without t he  bending e f f e c t  inc luded  ( c o n d i t i o n s  same as 
€ o r  Fig. 1 . 2 ) .  

KI v s  a / w  f o r  long axial  and continuous c i r c u m f e r e n t i a l  

mod i f i ca t ion  cons i s t ed  of a quench-only hea t  t r ea tmen t ,  as opposed t o  
tempering a t  about 700°C, and provided t o  some e x t e n t  t he  toughness prop- 
er t ies  t h a t  would e x i s t  i n  high-copper PWR v e s s e l s  a f t e r  many years of 
exposure t o  r a d i a t i o n .  This s u i t e d  the  purpose f o r  those  exper iments ,  
bu t  a t  t h e  same t i m e ,  t he  material w a s  somewhat unique. For TSE-5 and 
TSE-5A t h e r e  was  a d e s i r e  t o  use the  same type  of material wi th  a conven- 
t i o n a l  hea t  t r ea tmen t .  

ment and the  tes t  o b j e c t i v e s  r equ i r ed  a more seve re  thermal shock than  
t h a t  used f o r  t h e  ear l ier  experiments.  Much ear l ie r  i n  the  thermal-shock 
program14 ( p r i o r  t o  TSE-l), an experiment similar t o  TSE-5 w a s  proposed, 
and l i q u i d  n i t r o g e n  was considered f o r  t h e  quench medium. A t  t h a t  t i m e  
t h e r e  d id  no t  appea r  t o  be a reasonable  way of coping wi th  f i l m  b o i l i n g ,  
which tends  t o  i n s u l a t e  t h e  tes t  specimen from the  l i q u i d  n i t r o g e n  and 
prevents  a r ap id  quench. More r e c e n t l y ,  a p o s s i b l e  method f o r  suppress -  
i n g  f i l m  b o i l i n g  w a s  suggested by t h e  French, l 5  and s e v e r a l  yea r s  of a 
modest development e f f o r t  16-22 a t  Oak Ridge Nat iona l  Laboratory (ORNL) 
r e s u l t e d  i n  i ts  p r a c t i c a l  a p p l i c a t i o n  t o  TSE-5, TSE-SA, and TSE-6. The 
method c o n s i s t s  of apply ing  a t h i n  l a y e r  of i n s u l a t i n g  material  t o  t h e  

The h igher  toughness a s s o c i a t e d  wi th  the  "conventional" hea t  treat-  
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s u r f a c e  t h a t  o the rwise  comes i n  c o n t a c t  w i t h  t h e  l i q u i d  n i t rogen .  By 
t h i s  means t h e  tempera ture  of t h e  s u r f a c e  i n  c o n t a c t  with t h e  l i q u i d  n i -  
t r o g e n  is  very qu ick ly  reduced t o  t h e  p o i n t  where t r a n s i t i o n a l  n u c l e a t e  
b o i l i n g  i s  e s t a b l i s h e d .  The n e t  g a i n  i n  o v e r a l l  h e a t  t r a n s f e r  c o e f f i -  
c i e n t  is  s u b s t a n t i a l  and s u f f i c i e n t .  

The maximum e f f e c t i v e n e s s  of t h e  c o a t i n g  i s  l i m i t e d  t o  an  i n i t i a l  
t e s t - c y l i n d e r  tempera ture  of  -13OOC. 
found t o  be adequate  f o r  TSE-5, TSE-5A, and TSE-6 and w a s  s u f f i c i e n t l y  
removed from t h e  u n c e r t a i n  l i m i t i n g  cond i t ion .  

A summary of tes t  c o n d i t i o n s  f o r  TSE-5, TSE-5A, and TSE-6 i s  pre- 
s e n t e d  i n  Table 1.2,  and t h e  test f a c i l i t y  i s  i l l u s t r a t e d  i n  Fig. 1.9. 
A s  i n d i c a t e d  by Fig. 1.9, t h e  TSE-5, TSE-5A, and TSE-6 thermal  shocks 
were achieved by e f f e c t i v e l y  dunking t h e  tes t  specimen i n  a t ank  of l i q -  
u i d  n i t r o g e n  a f t e r  h e a t i n g  t h e  t es t  c y l i n d e r s  t o  t h e  d e s i r e d  i n i t i a l  
t empera ture .  Only t h e  i n n e r  s u r f a c e  was exposed t o  t h e  l i q u i d  n i t r o g e n ,  
and t h i s  w a s  done i n  such a way as t o  produce a very  uniform and s e v e r e  
quench. 

An i n i t i a l  t empera ture  of  -95OC w a s  

Table 1.2. Test conditions specified for TSE-5, TSE-5A, and TSE-6 

Thermal-shock experiment 

TSE-5 TSE-5A TSE-6 

Test-cylinder 
designation 
Test-cylinder 
dimensions, m 

Outside diameter 
Inside diameter 
Length 

Test-cylinder 
material 
Test-cylinder heat 

Flaw 
treatment 

Temperatures, “C 
Wall (initial) 
Sink 

Coolant 
Flow conditions 
Coating on quenched 
surf ace 

Coating surface 
density , g/m2 

TSC- 1 TSC-2 TSC-3 

0.99 1 0.991 0.991 
0.682 0.682 0 -838 
1.22 1.22 1.22 
A 508, class-2 

Tempered at 613°C Tempered at 679°C Tempered at 613°C 

Long axial sharp Long axial sharp Long axial sharp 

chemistry 

for 4 h for 4 h for 4 h 

crack, a = 15 mm crack, a = 11 m crack, a = 7.6 mm 

93 93 
-196 -196 
Liquid nitrogen Liquid nitrogen 
Natural convection Natural convection 
Rubber cement Rubber cement 
(3M-NF34) (3M-34 and 

3M- NF 3 4 ) 
350 270 

93 
-196 
Liquid nitrogen 
Natural convection 
Rubber cement 
(3M-34 and 
3M- NF 34 ) 
24 1 
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Fig. 1.9. L iquid-n i t rogen  thermal-shock test  f a c i l i t y .  



During the design phase of TSE-5, it was decided that a toughness- 
vs-temperature curve similar to that obtained for HSST plate 02 (Ref. 23) 
would be appropriate, and it was assumed that the flaw would behave in 
accordance with a mean curve through the lab toughness-vs-temperature 
data. A material characterization program, using the TSE-5 test-cylinder 
prolongation as an appropriate source of material, was undertaken to de- 
termine the precise tempering temperature; eventually a tempering tem- 
perature of 613°C was selected. 

arrest events would take place and that a fourth initiation would be pre- 
vented by warm prestressing. The final crack depth would be in the range 
of a/w = 0.5 to 0.7, and the first two arrest events would take place in 
a rising KI field. 

final fractional crack depth near midlength was -0.8. 
values for the first two initiation events agreed well with the design 
toughness curve, but the corresponding value for the third initiation 
event, which took place at a substantially higher temperature, was much 
less than expected on the basis of pretest material-characterization 
studies. Because of this apparent discrepancy, additional material- 
characterization studies were conducted, and they indicated that the 
material had not been adequately characterized prior to TSE-5. The addi- 
tional testing of the material revealed greater scatter in fracture 
toughness (*so%) with lower lower-bound values. 

As a result of the lower-than-expected fracture toughness associated 
with TSE-5, conditions for arrest in a rising KI field were not achieved, 
and warm prestressing was not demonstrated satisfactorily. However, in 
addition to achieving multiple events with deep penetration, an unex- 
pected long crack jump occurred. It appears that the second initiation 
event was delayed somewhat by relatively high effective toughness, re- 
sulting in the long crack jump. The existence of this long jump per- 
mitted an analytical assessment of dynamic effects, and the results indi- 
cated that dynamic effects were negligible. 

of a very short circumferentially oriented crack, which originated in the 
electron-beam weld that was used to generate the long axial flaw. The 
small cross crack was not intentional, but its propagation was a convinc- 
ing demonstration of the ability of a short flaw to extend in length to 
effectively become a long flaw and tended to justify our concern over the 
behavior of long flaws during severe thermal shock. 

Because some of the objectives of TSE-5 were not met and because it 
appeared that they could be met by simply increasing the effective tough- 
ness of the material, another attempt was made to achieve the objectives 
of TSE-5, and the experiment was referred to as TSE-5A. In preparation 
for TSE-5A, a very extensive material-characterization program was con- 
ducted for the purpose of obtaining appropriate KJ and mean KIa curves. 
The tempering temperature finally selected was 679OC. 

mal transient and the above lab toughness data, indicated that four 
initiation-arrest events would take place and that a fifth initiation 
event would be prevented by warm prestressing. The final crack depth 
(a/w) would be in the range of 0.45 to 0.65, and the corresponding range 

The final pretest analysis for TSE-5 indicated that three initiation- 

During TSE-5 there were three initiation-arrest events, and the 
Calculated KI 

Another unexpected event during TSE-5 was the extensive propagation 

The final pretest analysis for TSE-5A, using the actual TSE-5 ther- 
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i n  (KI/KIc)max would be 2.2 t o  1.7. 
e v e n t s  would t a k e  place i n  a r i s i n g  KI f i e l d .  
p r e c i s e  a n a l y s i s ,  u s ing  t h e  a c t u a l  thermal t r a n s i e n t  and t h e  same tough- 
n e s s  curves  as b e f o r e ,  i n d i c a t e d  e s s e n t i a l l y  t h e  same behavior  w i th  a 
c a l c u l a t e d  f i n a l  c r ack  depth  of 0.54 and a cor responding  v a l u e  of 

Furthermore,  t h e  f i r s t  two arrest 
Following TSE-5A, a more 

( K ~ / K ~ ~ ) ~ ~ ~  of 2.0. 
During TSE-5A t h e r e  were f o u r  i n i t i a t i o n - a r r e s t  e v e n t s ,  w a r m  pre- 

s t r e s s i n g  prevented a f i f t h  i n i t i a t i o n  even t ,  and t h e  f i n a l  c r ack  dep th  
was 0.54. A f i n a l  a n a l y s i s  of TSE-5A, based on exper imenta l  r e s u l t s ,  in- 
d i c a t e d  t h a t  (KI/KIc)max f o r  t h e  f i n a l  c r ack  depth  w a s  2.3, p rovid ing  a 
very  convincing demonst ra t ion  of w a r m  p r e s t r e s s i n g .  The f i r s t  arrest  
event took place i n  a r i s i n g  KI f i e l d .  

TSE-6 w a s  designed t o  demonst ra te  t h a t ,  under s e v e r e  thermal-shock 
loading  c o n d i t i o n s  on ly ,  and fo l lowing  a long  c rack  jump, a long  ax ia l  
f l aw  could no t  f u l l y  p e n e t r a t e  t h e  w a l l  b u t ,  r a t h e r ,  i n  accordance w i t h  
c a l c u l a t i o n s ,  would arrest  deep i n  t h e  w a l l .  To ach ieve  t h e  long c r a c k  
jump, i t  w a s  necessa ry  t o  reduce t h e  w a l l  t h i c k n e s s  t o  one-half t h a t  used 
f o r  TSE-5 and TSE-5A ( f o r  i nc reased  w a l l  f l e x i b i l i t y )  and t o  use t h e  
r e l a t i v e l y  low f r a c t u r e  toughness a s s o c i a t e d  wi th  TSE-5. During TSE-6, 
t h e r e  were two i n i t i a t i o n - a r r e s t  e v e n t s ,  t h e  second c o n s t i t u t i n g  a long  
c rack  jump wi th  arrest  t ak ing  p l a c e  deep i n  t h e  w a l l  as p red ic t ed .  The 
f i r s t  event involved a r e l a t i v e l y  s h o r t  c r ack  advance wi th  arrest i n  a 
s t e e p l y  r i s i n g  KI f i e l d .  

To b r i e f l y  summarize, i t  can be s t a t e d  t h a t  n e a r l y  a l l  of t h e  ob- 
j e c t i v e s  of TSE-5, TSE-5A, and TSE-6 were m e t ,  and t h e r e  were a few bonus 
e v e n t s  and r e v e l a t i o n s  as w e l l .  S p e c i f i c  p e r t i n e n t  accomplishments are 
l i s t e d  below: 

1. 

2 .  
3 .  
4.  

5 .  

6.  

7 .  

8 .  

9.  

a series of i n i t i a t i o n - a r r e s t  even t s  wi th  deep p e n e t r a t i o n  of t h e  
w a l l  i n  good agreement Vi th  " p r e d i c t i o n s "  (TSE-5, TSE-5A, TSE-6) ; 
w a r m  p r e s t r e s s i n g  wi th  K < 0 (TSE-5A); 
arrest  i n  a r i s i n g  KI f i e l d  (TSE-5A, TSE-6); 
long crack  jump wi thout  s i g n i f i c a n t  dynamic e f f e c t s  a t  arrest (TSE-5, 
TSE-6) ; 
e x t e n s i v e  s u r f a c e  ex tens ion  of an i n i t i a l l y  very  s h o r t  and sha l low 
f l aw i n  agreement wi th  c a l c u l a t i o n s  (TSE-5); 
demonst ra t ion  of i n a b i l i t y  of f law t o  p e n e t r a t e  o u t e r  s u r f a c e  a f t e r  
long crack  jump (TSE-6); 
"d iscovery"  of l a r g e  scatter i n  small-specimen KJ d a t a  (material- 
c h a r a c t e r i z a t i o n  s t u d i e s  f o r  TSE-5); 
"d iscovery"  of a b i l i t y  of a r r e s t e d  long f law t o  e x h i b i t  unusua l ly  
h igh  f r a c t u r e  toughness (TSE-5, TSE-6) ; and 
conf i rma t ion  t h a t  f o r  c r i t i ca l  va lues  of K G 150 M P a - 6 ,  l i n e a r -  

loading  c o n d i t i o n s  a s s o c i a t e d  wi th  LBLOCA. 

I 

e la s t i c  f r a c t u r e  mechanics i s  a p p r o p r i a t e  T o r  severe  thermal-shock 

It was no t  p o s s i b l e  du r ing  t h e  thermal-shock experiments t o  ach ieve  
c r i t i c a l  va lues  of KI > 150 ma-6 .  
t o  achieve  t h e  d e s i r e d  maximum va lue  of -250 MPa*& w a s ,  of n e c e s s i t y ,  
r e l e g a t e d  t o  a l a t e r  experimentz4 t h a t  would combine both  p r e s s u r e  and 
thermal-shock load ing  t o  achieve  l a r g e r  v a l u e s  of KI. 

The s i g n i f i c a n c e  of no t  being a b l e  
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2. PURPOSE AND SCOPE OF TSE-5, TSE-SA, AND TSE-6 

The purpose of TSE-5 w a s  t o  examine t h e  behavior  of a long  a x i a l  
s u r f a c e  f law under a s e t  of c o n d i t i o n s  t h a t  would r e s u l t  i n  e s s e n t i a l l y  
t h e  same type  of f l a w  behavior  as t h a t  c a l c u l a t e d  f o r  a PWR large-break 
loss-of-coolant  a c c i d e n t  (LBLOCA), assuming "high" c o n c e n t r a t i o n s  of cop- 
per  and n i c k e l  and a f a s t - n e u t r o n  f l u e n c e  corresponding t o  t h e  end of 
p l a n t  l i f e .  The c a l c u l a t e d  behavior  f o r  t h e  LBLOCA i s  summarized graphi-  
c a l l y  i n  F igs .  1.2-1.5. Considering t h e s e  r e s u l t s  and t h e  in tended  pur- 
pose of TSE-5, t h e  scope of TSE-5 inc luded  ( 1 )  a series of i n i t i a t i o n -  
arrest  events  i n v o l v i n g  both  sha l low and deep f laws ,  ( 2 )  t e r m i n a t i o n  of 
t h e  series of e v e n t s  by w a r m  p r e s t r e s s i n g  deep i n  t h e  w a l l  (0.4 < a / w  G 
0 . 7 ) ,  and (3) arrest i n  a r i s i n g  KI f i e l d .  A long  crack  jump was t o  be 
r e l e g a t e d  t o  a l a t e r  experiment.  

A s  mentioned i n  Chap. 1, some of t h e  s p e c i f i c  o b j e c t i v e s  of TSE-5 
were no t  m e t ,  and some of t h e  r e s u l t s  t h a t  were obta ined  i n d i c a t e d  new 
t r e n d s  t h a t  needed t o  be i n v e s t i g a t e d  f u r t h e r .  Thus, an a d d i t i o n a l  ex- 
per iment ,  TSE-5A, w a s  planned, t h e  purpose and scope of which were essen- 
t i a l l y  t h e  same as f o r  TSE-5. 

e f f e c t i v e ,  a long axial  f law would p e n e t r a t e  deep i n t o  t h e  w a l l  (a /w 
0.9) but would n o t  go a l l  t h e  way through. Furthermore,  i f  c rack  i n i t i a -  
t i o n  d i d  n o t  t a k e  p l a c e  u n t i l  f a i r l y  l a te  i n  t h e  t r a n s i e n t ,  a long  c r a c k  
jump could precede t h e  deep arrest  event  and might i n t r o d u c e  dynamic e f -  
f ec t s  t h a t ,  c o n t r a r y  t o  t h e  s t a t i c  a n a l y s i s ,  would a l l o w  t h e  f law t o  
p e n e t r a t e  t h e  w a l l .  TSE-6 w a s  designed t o  confirm t h e  i n a b i l i t y  of a 
long a x i a l  c rack  t o  p e n e t r a t e  t h e  w a l l  fo l lowing  a long  crack  jump. 

when p l a s t i c i t y  e f f e c t s  are n o t  l a r g e ,  is  l i n e a r - e l a s t i c  f r a c t u r e  mechan- 
ics .  Thus, a s p e c i f i c  purpose of t h e  thermal-shock program has been t o  
examine t h e  v a l i d i t y  of l i n e a r - e l a s t i c  f r a c t u r e  mechanics f o r  a n a l y z i n g  
s u r f a c e  f laws  i n  thick-walled c y l i n d e r s  s u b j e c t e d  t o  s e v e r e  thermal-shock 
loading  c o n d i t i o n s .  

t h e  c rack- t ip  s t r e s s - i n t e n s i t y  f a c t o r  and t h e  material f r a c t u r e  tough- 
ness .  The primary q u e s t i o n  regard ing  t h e  v a l i d i t y  of l i n e a r - e l a s t i c  
f r a c t u r e  mechanics f o r  thermal-shock loading  h a s  been whether KZc and 
KIa, as measured i n  t h e  l a b  w i t h  s m a l l  specimens, a g r e e  w e l l  wi th  
c r i t i c a l  v a l u e s  of KI corresponding t o  i n i t i a t i o n  and arrest  e v e n t s  oc- 
c u r r i n g  d u r i n g  t h e  thermal-shock experiments.  An a c c u r a t e  comparison of 
t h e s e  d a t a  r e q u i r e s  t h a t  KI f o r  t h e  f laws i n  t h e  thermal-shock tes t  cyl-  
i n d e r  be a c c u r a t e l y  known and t h a t  a p p r o p r i a t e  l a b  d a t a  be a v a i l a b l e .  
Thus, t h e  scope of t h e  thermal-shock program has a l s o  inc luded  ( 1 )  devel-  
oping a c c u r a t e  methods f o r  c a l c u l a t i n g  KI f o r  f laws  i n  t h e  tes t  c y l i n d e r  
and ( 2 )  o b t a i n i n g  K This  
l a t t e r  e f f o r t  a l s o  inc luded  a de termina t ion  of a p p r o p r i a t e  tempering tem- 
p e r a t u r e s  t o  o b t a i n  t h e  d e s i r e d  toughness curves  f o r  t h e  experiments .  

Analys is  of t h e  LBLOCA i n d i c a t e s  t h a t  i f  w a r m  p r e s t r e s s i n g  were n o t  

The b a s i c  a n a l y t i c  t o o l  used f o r  c a l c u l a t i n g  t h e  behavior  of f laws ,  

L i n e a r - e l a s t i c  f r a c t u r e  mechanics makes u s e  of two b a s i c  v a r i a b l e s :  

and KIa d a t a  f o r  t h e  t e s t - c y l i n d e r  material. 
Tc 
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3 .  METHODS OF ANALYSIS FOR CALCULATING KI FOR TWO- AND 
THREE- DI MEN S I ONAL INNER- SURFACE FLAWS 

Details of the methods developed for calculating the Mode I stress- 
intensity factor, KI, for the thermal-shock program are discussed in 
Refs. 1 - 4 .  It suffices to say here that for the two-dimensional surface 
flaws strain-energy release-rate techniques were used and for three- 
dimensional flaws stress and displacement techniques were used. The 
stresses and displacements required for the calculations of KI for both 
flaw geometries were obtained using a f inite-element code2 developed 
specifically for this purpose. A typical finite-element mesh for the 
long, axial, two-dimensional flaw is shown in Fig. 3.1. 

mesh convergence studies that were conducted in an effort to obtain ade- 
quate accuracy in KI without excessive computer costs. 
described in Refs. 3 and 4 ,  influence coefficients were derived and used 
in conjunction with superposition techniques to calculate KI for the two- 
dimensional flaws. This permitted a substantial investment in very ac- 
curate influence coefficients because subsequent calculations of KI 
values would be almost trivial. It is believed that the calculation of 
KI for a given set of two-dimensional conditions for the thermal-shock 
test cylinders is accurate within *5%. Of course, the overall accuracy 
of the calculated value of KI depends on a number of experimental fac- 
tors, including the accuracy of the measurement of temperatures and crack 
depth and the extent to which the problem deviates from two-dimensional 
conditions. 

Refs. 3 and 4 is a code referred to as OCA-P.5 This code was used for 
the most recent posttest analyses for TSE-5, TSE-5A7 and TSE-6. 

The two-dimensional mesh shown in Fig. 3 . 1  is the result of numerous 

Eventually, as 

The most recent version of the fracture-mechanics codes described in 
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Fig. 3.1. A typical finite-element mesh used for calculating KI via 
the energy-release-rate method. 
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4. PRETEST ANALYSIS AND SPECIFICATION OF TEST CONDITIONS 

4.1 Preliminary Selection of Test Conditions 

4.1.1 Test-cylinder dimensions 

As discussed in Chap. 1 and Ref. 1, the ratio of wall thickness to 

From a prac- 
diameter for the PWR vessels is small enough that local bending of the 
wall contributes significantly to KI for long deep flaws. 
tical point of view, the diameter of a test cylinder must be much smaller 
than that for a PWR vessel. Thus, to retain the same degree of wall 
flexibility, the test-cylinder wall thickness must also be much smaller. 
However, there are conflicting requirements because reducing the wall 
thickness reduces the severity of the thermal shock and also reduces the 
radial distance that a flaw can propagate without being affected by the 
proximity of the outside surface of the cylinder. 
the effect would be negligible if (w- a)/ry 2 10, where (w -a) is the 
uncracked ligament and r is the radius of the plastic zone at the tip 
of the crack. Assuming maximum flaw depths of interest for TSE-5 and 
TSE-5A to be -65% of the wall thickness (a/w = 0.65), the wall thickness 
required to satisfy Corten's suggestion was -150 mm and was calculated as 
follows: 

Corten2 suggested that 

Y 

10 x r 
w =  = 150 mm , (1 - 0.65) 

where3 

and where 

I assumed consistent values 
= 165 MPa*G KIc 

Selection of a wall thickness on the basis of thermal-shock severity 
considerations is much more complicated but evolved from a preliminary 
parametric analysis that included both the heat transfer and fracture me- 
chanics for the proposed experiment. The results indicated that a 150-mm 
wall thickness would be satisfactory. 

Studies1 conducted early in the thermal-shock program indicated that 
an outside diameter of  -1 m in conjunction with a 150-mm wall thickness 
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would provide adequate f l e x i b i l i t y  of t h e  w a l l  f o r  deep p e n e t r a t i o n  
(a/w > 0.5) of a long a x i a l  f l a w  and t h a t  f o r  times of i n t e r e s t ,  dKI/da 
would be p o s i t i v e  throughout most of t he  i n n e r  ha l f  of t he  wall. The 
e f f e c t  of bending on KI f o r  a long a x i a l  f l aw  (two-dimensional model) 
and f o r  t h e s e  dimensions and a t y p i c a l  thermal shock is  i l l u s t r a t e d  i n  
Fig. 4.1, which compares KI vs a / w  curves  c a l c u l a t e d  wi th  and wi thout  t h e  
bending e f f e c t  inc luded .  A s  i n d i c a t e d  , t he  bending e f f e c t  is s u b s t a n t i a l  
f o r  a / w  > 0.1, and t h e  s lope  of t he  curve i s  p o s i t i v e  f o r  0 G a / w  < 0.5. 
Aside from o t h e r  c o n s i d e r a t i o n s  t o  be d i scussed  l a t e r  , t h e s e  c o n d i t i o n s  
were cons idered  t o  be a c c e p t a b l e  f o r  TSE-5. 

The l e n g t h  of t h e  test c y l i n d e r  needed t o  be g r e a t  enough so  t h a t  a 
two-dimensional a n a l y s i s  of a long axial  f l aw  would be a c c e p t a b l e .  I n i -  
t i a l l y ,  t he  a p p r o p r i a t e  l eng th  w a s  e s t ima ted  us ing  the  t h i n - s h e l l  rela- 
t i on '+  

where 

2 = r equ i r ed  minimum l e n g t h  of tes t  c y l i n d e r ,  
r = r a d i u s  of tes t  c y l i n d e r  = 420 rmn, 
w = w a l l  t h i ckness  = 152 mm, 
v = Poi s son ' s  r a t i o  = 0.3. 

150 

100 
I 

- 
Y 

50 

0 
0 0.2 014 0.6 0.8 1 .o 

alw 

Fig. 4.1. KZ vs a / w  f o r  long  a x i a l  f l aw  with and wi thout  w a l l  bend- 
i n g  inc luded  i n  a n a l y s i s  ( t y p i c a l  TSE-5 c o n d i t i o n s  wi th  t = 3.5 min),  
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Even tua l ly ,  a three-dimensional a n a l y s i s  w a s  performed t h a t  confirmed 
t h e  a c c e p t a b i l i t y  of t h i s  p a r t i c u l a r  l e n g t h ,  and t h e  r e s u l t s  are summa- 
r i z e d  i n  Fig. 4.2. The three-dimensional c a l c u l a t i o n s  were made f o r  cyl-  
i n d e r  l e n g t h s  of 686 mm, 914 mm, 1220 mm, and i n f i n i t y  (two-dimensional 
model),  assuming a f u l l - l e n g t h ,  u n i f o r m d e p t h  a x i a l  f l a w  wi th  a f r ac -  
t i o n a l  depth  (a/w) of 0.5 and cons ide r ing  a s p e c i f i c  t i m e  i n  a t y p i c a l  
thermal  t r a n s i e n t .  The r e s u l t s  i n  Fig. 4.2 are p resen ted  i n  terms of 
[KI  - KI(R = OD)] /KI(R = O D )  vs  a x i a l  p o s i t i o n .  As i n d i c a t e d ,  a l l  t h r e e  
f i n i t e  l e n g t h s  cons idered  r e s u l t e d  i n  h igh  v a l u e s  n e a r  midlength r e l a t i v e  
t o  t h e  two-dimensional model (10 t o  15%) and much lower v a l u e s  nea r  t h e  
ends. Only t h e  1220-m l e n g t h  r e s u l t e d  i n  a reasonably f l a t  r eg ion  over  
a s u b s t a n t i a l  l e n g t h  of t h e  c y l i n d e r .  For t h i s  c y l i n d e r  l e n g t h ,  KI w a s  
w i t h i n  10% of t h e  two-dimensional v a l u e  over  a l e n g t h  of 860 mm o r  70% of 
t h e  l e n g t h  of t h e  cy l inde r .  This w a s  cons idered  t o  be a c c e p t a b l e .  

It was recognized t h a t  t h e  r e l a t i v e l y  low v a l u e s  of KI n e a r  t h e  ends 
of t h e  test c y l i n d e r  would r e s u l t  i n  less c rack  p e n e t r a t i o n  n e a r  t h e  ends 
t h a n  e l sewhere  ( a s  exper ienced  i n  p rev ious  thermal-shock experiments) 
and t h a t  f o r  ve ry  deep c racks  t h i s  nonuniformity i n  c r a c k  dep th  could a f -  
f e c t  t h e  KI v a l u e  f o r  t h e  c e n t r a l  (deepes t )  p o r t i o n  of t h e  crack. 
e v e r ,  f o r  t h e  r eason  d i scussed  below, no a t t empt  w a s  made t o  e f f e c t i v e l y  
e l i m i n a t e  t h i s  p o s s i b l y  s i g n i f i c a n t  v a r i a t i o n  by ex tend ing  t h e  l e n g t h  of 
t h e  c y l i n d e r  beyond 1220 mm. 

The t e s t - c y l i n d e r  l e n g t h  a l s o  i n f l u e n c e s  t h e  a x i a l  un i fo rmi ty  of 
h e a t  removal from t h e  i n n e r  s u r f a c e  of t h e  tes t  specimen dur ing  t h e  
thermal-shock t r a n s i e n t .  L iquid  n i t r o g e n  removes h e a t  from t h e  i n n e r  

How- 
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Fig. 4.2. KI (normalized) f o r  long axial  f law i n  f i n i t e - l e n g t h  cy l -  
i n d e r  (990-mm OD by 152-mm wa l l )  vs axial d i s t a n c e  from midlength of cyl- 
i n d e r  f o r  R/2 = 343, 457, 610,  and 00 (TSE-5 load ing ,  a / w  = 0.5). 
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s u r f a c e  by b o i l i n g ,  and because t h e  bulk l i q u i d  i s  a t  t h e  s a t u r a t i o n  t e m -  
p e r a t u r e ,  t h e  vapor rises i n  t h e  form of bubbles without  condensing. 
Therefore ,  t h e  vapor f r a c t i o n  i n c r e a s e s  wi th  i n c r e a s i n g  h e i g h t  i n  t h e  
c y l i n d e r  and, t h u s ,  wi th  i n c r e a s i n g  c y l i n d e r  l e n g t h .  This i s  b e n e f i c i a l  
from t h e  s t a n d p o i n t  of i n c r e a s i n g  t h e  n a t u r a l  convec t ion  f low r a t e ,  but  
i t  can d e c r e a s e  t h e  h e a t  f l u x  i n  t h e  upper reg ion  of t h e  c y l i n d e r  i f  t h e  
vapor d e n s i t y  becomes excessive.  This  tendency f o r  ax ia l  asymmetry i s  
a l s o  a f u n c t i o n  of quench rate ( h e a t  removal ra te)  and c h a r a c t e r i s t i c s  of 
t h e  inner -sur face  c o a t i n g  t h a t  i s  used t o  s u p p r e s s  f i l m  b o i l i n g .  The 
problem i s  q u i t e  complicated.  However, a f t e r  a c o n s i d e r a b l e  c o a t i n g  de- 
velopment e f f o r t ,  t h e  r e s u l t s  of h e a t  t r a n s f e r  experiments  w i t h  t h e  f u l l -  
s i z e  t e s t  c y l i n d e r  f i n a l l y  i n d i c a t e d  t h a t  t h e  1.22-111 l e n g t h  could r e s u l t  
i n  symmetrical h e a t  removal, a c o n d i t i o n  necessary  f o r  p r e s e r v i n g  t h e  two- 
dimensional  n a t u r e  of t h e  experiment. 

4.1.2 Tes t -cy l inder  material 

Typica l  l i g h t - w a t e r  r e a c t o r  pressure-vesse l  material w a s  s p e c i f i e d  
f o r  TSE-5, and t h i s  s p e c i f i c a t i o n  inc luded  t h e  h e a t  t rea tment  as w e l l  as 
t h e  chemistry.  The choices  of material were A 533 grade  B c lass  1 and 
A 508 class 2 s t ee l s .  

A 508 w i t h  c lass -2  chemistry 
and a quench-only h e a t  t rea tment  were s p e c i f i r d .  This  h e a t  t rea tment  re- 
duced t h e  f r a c t u r e  toughness ,  s i m u l a t i n g  t o  some e x t e n t  t h e  e f f e c t s  of 
r a d i a t i o n  damage, but a t  t h e  same t i m e  r e s u l t e d  i n  a r a t h e r  unique mate- 
r i a l .  It was decided t h a t  f o r  TSE-5 a normal tempering h e a t  t r e a t m e n t  
would be more a p p r o p r i a t e ,  provided t h a t  an adequate ly  s e v e r e  thermal  
shock could be achieved by p r a c t i c a l  means. 

The toughness curve (KIc vs temperature)  s e l e c t e d  f o r  t h e  prel imi-  
nary des ign  a n a l y s i s  of TSE-5 was an average curve f o r  HSST p l a t e  02 
(Ref. 6) .  It w a s  assumed t h a t  t h e  t e s t  c y l i n d e r  would behave i n  accor- 
dance wi th  average r a t h e r  than lower-bound toughness v a l u e s ,  and it  w a s  
b e l i e v e d  t h a t  t h e  p l a t e  02 p r o p e r t i e s  could be achieved f o r  t h e  TSE-5 
test  c y l i n d e r  by a p p r o p r i a t e  s e l e c t i o n  of tempering c o n d i t i o n s .  To i n -  
c lude  a c o n s i s t e n t  KIa v s  temperature  curve i n  a more advanced s t a g e  of 
t h e  des ign  a n a l y s i s ,  t h e  KIc and KIa curves  i n  Sect.  X I ,  Appendix A of 
t h e  ASMB Code7 were used w i t h  RTNDT = -34OC. The KIc curve  so obta ined  
i s  e s s e n t i a l l y  t h e  same as t h e  average HSST p l a t e  02 curve used e a r l i e r  
(Fig.  4.3 r e f e r r e d  t o  a s  TSE-5 des ign  curve elsewhere i n  r e p o r t ) .  The 
low v a l u e  of RTNDT was r e q u i r e d  i n  t h e  Code e q u a t i o n s  because those  equa- 
t i o n s  r e p r e s e n t  lower-bound r a t h e r  than  average-toughness v a l u e s ,  and 
RTNDT f o r  p l a t e  02  w a s  approximately - 1 8 O C .  On t h e  b a s i s  of p r e t e s t  
m a t e r i a l - c h a r a c t e r i z a t i o n  s t u d i e s ,  i t  appeared t h a t  a tempering tempera- 
t u r e  of 613°C w a s  a p p r o p r i a t e ,  even though t h i s  temperature  w a s  recog- 
n ized  as be ing  low r e l a t i v e  t o  t h e  u s u a l  tempering tempera ture  f o r  c lass  
2 m a t e r i a l .  This s i t u a t i o n  i s  d iscussed  f u r t h e r  i n  Chap. 7. 

The f r a c t u r e  toughness d e s i r e d  f o r  TSE-5A w a s  about  t h e  same as 
t h a t  s p e c i f i e d  f o r  TSE-5. However, t h e  r e s u l t s  of TSE-5 and post-TSE-5 
m a t e r i a l - c h a r a c t e r i z a t i o n  s t u d i e s  i n d i c a t e d  t h a t  t h e  f r a c t u r e  toughness 
of t h e  TSE-5 tes t  c y l i n d e r  w a s  c o n s i d e r a b l y  less t h a n  s p e c i f i e d .  Thus, 
a h i g h e r  tempering tempera ture  w a s  r e q u i r e d  f o r  TSE-5A, and the v a l u e  

In  ear l ie r  thermal-shock experiments '  9 
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Fig. 4.3. KIc and KIa curves  used i n  p r e t e s t  a n a l y s i s  of TSE-5 
(ASME Sect. X I  curves  wi th  RTNDT = -34°C). 

f i n a l l y  s e l e c t e d  was 679OC. 
KIa curves  obta ined  f o r  t h i s  material u s i n g  small compact specimens (see 
Chap. 7) and used i n  t h e  p r e t e s t  a n a l y s i s  of TSE-5A are shown i n  Fig. 4.4. 

The f r a c t u r e  toughness r e q u i r e d  f o r  TSE-6 w a s  t h e  same as t h e  a c t u a l  
toughness  f o r  t h e  TSE-5 test  c y l i n d e r ,  and, t hus ,  a tempering temperature  
of 613°C was s p e c i f i e d .  The toughness curves  used f o r  t h e  p r e t e s t  analy-  
s i s  were based on KIc and KIa v a l u e s  deduced from TSE-5 and are shown i n  
Fig. 4.5 ( r e f e r  t o  Chap. 8 f o r  a d i s c u s s i o n  of t h e  TSE-5 d a t a ) .  

The corresponding lower-bound KJ and mean 
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4.1.3 I n f l u e n c e  of e x i s t i n g  fo rg ings  on s p e c i f i c a t i o n  
of t e s t - c y l i n d e r  c h a r a c t e r i s t i c s  

A t  t h e  t i m e  TSE-5 w a s  being planned, t h e r e  were economic and schedule- 
r e l a t e d  reasons  f o r  wanting t o  use  a 992-mm-OD x 152-mm-wall x 1.22-m- 
l e n g t h  A 508 class-2 chemis t ry  tes t  cy l inde r .  Three rough-cut f o r g i n g s  
and t h e i r  p ro longa t ions  from which tes t  c y l i n d e r s  of t h e s e  dimensions 
could be machined and m e t a l l u r g i c a l l y  c h a r a c t e r i z e d  were on hand. The 
p re l imina ry  a n a l y s i s  i n d i c a t e d  t h a t  t h e s e  f o r g i n g s  would be s u i t a b l e ,  and 
t h e  above dimensions were e v e n t u a l l y  s p e c i f i e d  f o r  t h e  f i n a l  des ign  of 
TSE-5 and TSE-5A. The TSE-6 tes t  c y l i n d e r  w a s  t h e  same except  i t  had a 
t h i n n e r  w a l l .  

4.1.4 S e v e r i t y  of thermal shock 

The o b j e c t i v e s  of TSE-5, TSE-5A, and TSE-6 r equ i r ed  a thermal shock 
more seve re  than  t h a t  used i n  t h e  ear l ie r  thermal-shock e ~ p e r i m e n t s . ~  I n  
t h e s e  earlier experiments an alcohol-water mixture a t  high v e l o c i t y  and a 
temperature of -24°C were used f o r  t he  thermal-shock medium, and t h e  i n i -  
t i a l  temperature of t he  tes t  specimen w a s  288OC. The r equ i r ed  thermal 
shocks f o r  TSE-5, TSE-5A, and TSE-6 were achieved us ing  ( 1 )  l i q u i d  n i t r o -  
gen as the  hea t  s i n k  (-197"C), ( 2 )  a s p e c i a l  s u r f a c e  coa t ing  t o  enhance 
t h e  l i qu id -n i t rogen  f l u i d - f i l m  hea t  t r a n s f e r  c o e f f i c i e n t ,  and ( 3 )  a test-  
c y l i n d e r  i n i t i a l  temperature of -93OC. Details r ega rd ing  t h e  s p e c i f i c  
thermal-shock technique  are d i scussed  i n  Chap. 6. 

4.2 F i n a l  P r e t e s t  Analys is  

4.2.1 TSE-5 

T e s t  c o n d i t i o n s  assumed f o r  t h e  f i n a l  p r e t e s t  a n a l y s i s  of TSE-5 are 
l i s t e d  i n  Table 4.1, and t h e  r e s u l t s  of t h e  a n a l y s i s  are presented  i n  
Figs.  4.6 and 4.7. F igure  4.6 shows a se t  of c r i t i c a l - c r a c k - d e p t h  curves  
t h a t  i n d i c a t e s  t h e  expected behavior of t h e  long a x i a l  f law dur ing  TSE-5. 
It inc ludes  t h e  i n i t i a t i o n  curve (KI = KIc), t h e  arrest  curve (KI = KIa), 
t h e  w a r m  p r e s t r e s s  curve [KI = (KI)max], and t h e  maximum K-ratio curve 
[KI/KIC = ( K ~ / K ~ c > m a x l  * 
responding t o  s e v e r a l  p o i n t s  a long  t h e  i n i t i a t i o n  curve and s e v e r a l  
v a l u e s  of (KI/KIc)max a long  t h e  maximum K-ratio curve. 

The dashed l i n e s  i n  Fig. 4.6 r e p r e s e n t  t h e  p o s s i b l e  behavior of t h e  
f law dur ing  TSE-5, assuming (a/w)initial = 0.10. 
were no t  e f f e c t i v e  and i f  t h e  c rack  f r o n t  remained reasonably  uniform i n  
depth  ( r e t a i n e d  i t s  two-dimensional n a t u r e ) ,  i t  i s  apparent  t h a t  t h e  f l aw  
would p e n e t r a t e  -90% of t h e  w a l l .  However, i f  w a r m  p r e s t r e s s i n g  were ef- 
f e c t i v e ,  t h e  m a x i m u m  p e n e t r a t i o n  might be l i m i t e d  t o  -56%. Deeper pene- 
t r a t i o n  could r e s u l t ,  even w i t h  w a r m  p r e s t r e s s i n g  e f f e c t i v e ,  i f  t h e  
dashed curve happened t o  h i t  t h e  KI = KIc curve j u s t  below t h e  po in t  of 
i n c i p i e n t  warm p r e s t r e s s i n g ,  i n  which case t h e  p e n e t r a t i o n  would be -70%. 
The least  p e n e t r a t i o n  would occur  when t h e  dashed l i n e  h i t  t h e  KI = KIc 

Also inc luded  i n  Fig. 4.6 are  tempera tures  cor- 

I f  warm p r e s t r e s s i n g  
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Table  4.1. T e s t  c o n d i t i o n s  f o r  TSE-5 p r e t e s t  a n a l y s i s  

Test c y l i n d e r  TSC- 1 

Test-cyl inder  dimensions,  m 

Outs ide  d iameter  
I n s i d e  diameter  
Wall t h i c k n e s s  
Length 

0.991 
0.686 
0.152 
1.22 

Tes t -cy l inder  material A 508 class-2 chemistry 

Tes t -cy l inder  h e a t  t rea tment  Tempered a t  613°C f o r  4 h 

KIc and K I ~  curves  used i n  ASME Sect. X I ,  Appendix A 
TSE-5 f i n a l  des ign  a n a l y s e s  RTNDT = -34°C 

Flaw ( i n i t i a l )  

Temperatures,  OC 

Wall ( i n i t i a l )  
Sink 

Long ax ia l  s h a r p  c r a c k ,  
a = 15 mm 

93 
-196 

Flu id- f i lm h e a t  t r a n s f e r  hf vs T curve based on l i q u i d -  
c o e f f i c i e n t  nigrogen development s t u d i e s  

0.9 

0.8 

0.7 

0.6 

0.5 
3 . 

0 m 
0.4 

0.3 

0.2 

0.1 

0 

Fig. 4.6. Cri t ica l -c rack-depth  curves  f o r  p r e t e s t  a n a l y s i s  of TSE-5. 
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Fig. 4.7. KI vs a/w for TSE-5 design conditions. 

curve just above incipient warm prestressing. For this case the penetra- 
tion would be limited to -50%. Thus, the nominal range of predicted 
final crack depth for TSE-5 was 50 to 70%. 

In Fig. 4.6 the area circumscribed by the KI = KIc curve and the 
KI = (KI)max curve represents a zone in which flaws with higher-than- 
anticipated effective toughness could initiate. The result of the higher 
toughness could be an increase in the crack-jump distance, as illus- 
trated in Fig. 4.6, assuming an initial flaw depth (a/w) of 0.1 and tak- 
ing the dashed-line path b as opposed to a. In this hypothetical case, 
crack initiation would be delayed from t = 3.4 min to 6.8 min, and the 
crack would extend in a single jump from a/w = 0.1 to 0.56 instead of to 
a/w = 0.23. 

can also be obtained with a very shallow, sharp flaw, that is, with flaw 
depths represented by the lower portion of the KI = KIc curve. 

It is also of interest to note in Fig. 4.6 that a long crack jump 

Because 



34 

of the inadvertent inclusion of such a flaw in TSE-5, this is an impor- 
tant observation. 

The (KI/KIc)max curve in Fig. 4.6 represents a measure of the degree 
of assurance that KI will actually become equal to KIc during the experi- 
ment. It is important that this condition exist for the experiment to be 
successful; that is, initiation of flaws with depths less than that cor- 
responding to incipient warm prestressing must take place. Furthermore, 
to adequately demonstrate warm prestressing, there must be no doubt that 
the actual value of (KI/KIc)max for the final flaw depth is greater than 
unity. 
enough to accommodate all reasonable uncertainties in this ratio and, 
thus, result in (KI/KIc)max > 1 .  
calculated value of (KI/KIc)max was -2.3,  and for the deepest final flaw 
(a/w = 0.7) it was 1.7. These values were considered to be adequate for 

Figure 4.7 is a plot of KI vs a/w for several values of time in the 

Thus, the nominal calculated value of (KI/KIc)max must be large 

For the TSE-5 initial flaw, the nominal 

TSE-5 

transient. This type of plot is used to determine whether arrest will 
take place in a rising KI field. 
the first three initiation-arrest events is shown with the dashed lines 
and is based on data taken from Fig. 4.6. As indicated, the first two 
initiation-arrest events take place with positive values of dKI/d(a/w), 
while the third arrest event takes place with a negative value of 
dKI/d(a/w). 
is consistent with the objective of demonstrating arrest in a rising KI 
field. 

It is observed in Fig. 4.7 that the KI values corresponding to ini- 
tiation and arrest events are in the range of 70 to 130 MPa-4;. 
mentioned in Chap. 1 ,  it was hoped that a maximum critical KI value near 
250 MPa.6 could be achieved. 
final pretest analysis indicated that all of the objectives for TSE-5 
could be met. 

The predicted path (KI vs a/w and t) for 

Thus, the predicted behavior for the first two arrest events 

As 

With this exception, the results of the 

4.2.2 TSE-5A 

Because the scope of TSE-5A was the same as that for TSE-5, the pre- 
test calculated behavior of the long axial flaw for the two experiments 
was similar. However, there were differences in the assumed thermal 
transients, toughness curves, and initial flaw depths, and these differ- 
ences resulted in somewhat different calculated behaviors for the flaws. 

Test conditions assumed and/or specified for TSE-5A are shown in 
Table 4.2 and include a thermal transient equal to that actually achieved 
during TSE-5 (more severe than used in the TSE-5 pretest analysis), 
toughness curves based on very extensive material-characterization 
studies (lower-bound KJ and mean KIa), and an initial crack depth (a/w) 
equal to 0.075 as compared with 0.10 for TSE-5. 

Results of the final pretest analysis for TSE-5A are shown in Fig. 
4.8.  As indicated by this set of critical-crack-depth curves, the flaw 
would penetrate deeper than 90% of the wall without warm prestressing but 
only 45 to 65% with warm prestressing. 
latter range of final crack depths is 2.2 to 1.7,  and, thus, presumably 

The range of (KI/KIc)max for the 
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Table 4.2. T e s t  c o n d i t i o n s  f o r  TSE-5A p r e t e s t  a n a l y s i s  

Test c y l i n d e r  

Tes t -cy l inder  dimensions,  m 

Outs ide  d i ame te r  
I n s i d e  d i ame te r  
Wall t h i c k n e s s  
Length 

Tes t - cy l inde r  material 

Tes t -cy l inder  h e a t  t r ea tmen t  

KIc and KIa curves  used i n  des ign  

Flaw ( i n i t i a l )  

Temperatures, O C  

Wall ( i n i t i a l )  
Sink 

Flu id- f i lm h e a t  t r a n s f e r  
c o e f f i c i e n t  

TSC-2 

0.991 
0.686 
0.152 
1.22 

A 508 c lass -2  chemis t ry  

Tempered a t  679°C f o r  4 h 

Lower-bound KJ and mean K I a  d a t a  
f rom ORNL and BCL TSE-5A material- 
c h a r a c t e r i z a t i o n  s t u d i e s  ( s e e  
Fig.  4.4) 

Long axial  s h a r p  c rack ,  a = 11 mm 

93 
-196 

hf v s  T curve from TSE-5 

a n  adequate  demonst ra t ion  of w a r m  p r e s t r e s s i n g  could be achieved. 
i ng  w a r m  p r e s t r e s s i n g  t o  be e f f e c t i v e ,  t h e r e  would be f o u r  i n i t i a t i o n -  
arrest e v e n t s ,  and t h e  l o n g e s t  c rack  jump (Aalw) would be t h e  l as t  and 
e q u a l  t o  0.20. 

r e p r e s e n t s  t h e  c rack  dep th  f o r  which dKI/da = 0 f o r  d i f f e r e n t  t i m e s  i n  
t h e  t r a n s i e n t .  I f  arrest t a k e s  p l a c e  a t  a dep th  less t h a n  t h a t  cor re-  
sponding t o  t h e  KI = (KI)max(a/w) curve ,  it w i l l  do s o  i n  a r i s i n g  KI 
f i e l d .  Thus, accord ing  t o  t h e  p r e t e s t  a n a l y s i s ,  t h e  f i r s t  two arrest  
even t s  would t a k e  p l a c e  i n  a r i s i n g  KI f i e l d .  

va lues  cor responding  t o  i n i t i a t i o n  and a r r e s t  even t s  cover  a range from 
-70 t o  140 ma*&, t h a t  is, t h e  lower t o  m i d t r a n s i t i o n  reg ion .  
range is  s imilar  t o  t h a t  c a l c u l a t e d  f o r  some PWR large-break  loss -of -  
coo lan t  a c c i d e n t  cases, but t h e  m a x i m u m  v a l u e  i s  s t i l l  less than  d e s i r e d  
(250 ma*& ). With t h i s  except ion ,  t h e  r e s u l t s  of t h e  f i n a l  p r e t e s t  
a n a l y s i s  i n d i c a t e d  t h a t  t h e  o b j e c t i v e s  of TSE-5A could be m e t .  

Assum- 

F igu re  4.8 i n c l u d e s  a curve r e f e r r e d  t o  as KI = (KI)max(a/w), which 

Another p o i n t  of i n t e r e s t  i l l u s t r a t e d  i n  F ig  4.8 i s  t h a t  t h e  KI 

This 

4.2.3 TSE-6 

A long  crack  jump w i t h  arrest deep i n  t h e  w a l l  w a s  s p e c i f i e d  f o r  
TSE-6. To ach ieve  t h i s  wi thout  t h e  i n i t i a l  f law having t o  be ve ry  sha l -  
low o r  b lunted ,  i t  w a s  necessa ry  t o  use  a t h i n n e r  w a l l  (76 mm) f o r  TSE-6 



36 

TIME (rnin) 

Fig. 4.8. Pretest critical-crack-depth curves for TSE-5A assuming 
TSE-5 thermal transient and TSE-5A lower-bound KIJ and mean KIa curves. 

than that used for the TSE-5 and TSE-5A test cylinders (152 mm) and to 
use the same low fracture-toughness properties actually obtained for the 
TSE-5 test cylinder (see Table 4.3 for test conditions used in pretest 
analysis). This combination resulted in a set of calculated critical- 
crack-depth curves with nearly vertical sections of the initiation and 
arrest curves (Fig. 4.9) .  The dashed lines in Fig. 4.9 represent the ex- 
pected behavior of the flaw and indicate a single long crack jump from 
a/w = 0.1 (initial flaw) to a/w = 0.95. Reinitiation would not be likely 
because of warm prestressing or (KI/KIc)max < 1 .  
(KI/KIc)wps = 1.36, which was large enough to ensure initiation prior to 
warm prestressing. 
arrest curves were below upper-shelf toughness values. 

The expected inability of the flaw to completely penetrate the wall 
under thermal-shock loading conditions only is illustrated in Fig. 4.10, 

For the initial flaw, 

Furthermore, KI values all along the initiation and 
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Fig. 4.9. Pretest critical-crack-depth curves for TSE-6. 
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Table 4.3. T e s t  c o n d i t i o n s  f o r  TSE-6 p r e t e s t  a n a l y s i s  

Test c y l i n d e r  

Tes t -cy l inder  dimensions,  m 

Outs ide  d i ame te r  
I n s i d e  d i ame te r  
Wall t h i c k n e s s  
Length 

Tes t - cy l inde r  m a t e r i a l  

Tes t -cy l inder  h e a t  t r ea tmen t  

KIc and KIa curves  used i n  des ign  

Flaw ( i n i t i a l )  

Temperatures,  O C  

Wall ( i n i t i a l )  
Sink 

Flu id- f i lm h e a t  t r a n s f e r  
c o e f f i c i e n t  

TSC-3 

0.991 
0.838 
0.076 
1.22 

A 508 class-2 chemis t ry  

Tempered a t  613'C f o r  4 h 

Toughness curves  deduced from TSE-5 

Long a x i a l  s h a r p  c r a c k ,  a = 7.6 mm 

(see Fig. 4.5) 

93 
-196 

hf v s  Ts deduced from TSE-5A 

which is  a p l o t  of KI and KIa vs a / w  a t  approximate ly  t h e  p r e d i c t e d  t i m e  
of c rack  p ropaga t ion  (t =L 1.7 min). This f i g u r e  shows t h e  tendency f o r  a 
s t e e p  nega t ive  g r a d i e n t  i n  KI n e a r  t h e  o u t s i d e  s u r f a c e ,  w i t h  KI d ropping  
below KIa. 
d i c t  t h a t  KI w i l l  approach z e r o  i s  t h e  r e s u l t  of (1)  a l i m i t e d  e x t e n t  of 
c rack-sur face  r o t a t i o n  a s s o c i a t e d  wi th  t h e  n e t  thermal  bending moment, 
( 2 )  t h e  r e s i s t a n c e  of t h e  c y l i n d e r  w a l l  t o  bending, and (3 )  a compressive 
load  on t h e  free-body remaining l igament ( s e e  Fig. 4.11). As t h e  c r a c k  
t i p  approaches t h e  back s u r f a c e ,  t h e  c rack-sur face  r o t a t i o n  and t h e  com- 
p r e s s i v e  load  approach t h e i r  maximum v a l u e s ,  wh i l e  t h e  bending moment a t  
t h e  l igament  approaches zero. The r e s u l t  is  a s u b s t a n t i a l  compressive- 
stress component i n  t h e  l igament ,  and, t h u s ,  presumably t h e  c r a c k  could  
n o t  completely p e n e t r a t e  t h e  w a l l .  

The r e s i s t a n c e  of t h e  w a l l  t o  bending d e c r e a s e s  w i t h  an  i n c r e a s e  i n  
t h e  r a t i o  of c y l i n d e r  r a d i u s  t o  w a l l  t h i c k n e s s  ( r / w ) .  As shown i n  Table  
4.4, t h e  r a t i o  i s  much l a r g e r  f o r  a t y p i c a l  PWR v e s s e l  t h a n  i t  i s  f o r  the 
thermal-shock test c y l i n d e r s .  Thus, t h e r e  is  a greater tendency f o r  deep 
p ropaga t ion  of a f l aw  i n  t h e  PWR v e s s e l s  t han  i n  t h e  test  c y l i n d e r s .  
However, a l i n e a r - e l a s t i c  fracture-mechanics a n a l y s i s  of the PWR v e s s e l  
i n d i c a t e s  t h a t  f o r  t h i s  case, too, a long  ax ia l  f l aw  could n o t  f u l l y  
p e n e t r a t e  t h e  w a l l  under thermal-shock l o a d i n g  on ly  ( s e e  Chap. 1). Thus, 
i f  du r ing  TSE-6 t h e  f law d i d  n o t  b reach  t h e  w a l l ,  t h i s  would be consid- 
e red  an adequate  demonst ra t ion .  

This tendency f o r  l i n e a r - e l a s t i c  f r a c t u r e  mechanics t o  pre- 
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Fig. 4.10. KI and KIa vs a/w f o r  TSE-6 at t = 1 .5  min (pretest 
analysis). 

Table 4.4.  Comparison of radius-to-wall  
th ickness  ratios for PUR v e s s e l s  and 

ORNL thermal-shock test cy l inders  

Cy1 inder  r i l s  

PWR vessel 21801216 = 10 

Test cy l inder  8 

TSE-6 419176 = 5.5  
TSE-5, TSE-5A 3461152 - 2.3  
TSE-1, TSE-2, 114/152 = 0.8 

TSE-3, TSE-4 

'Inside radius ( r i ) /wa l l  th ickness  
(w) ,  dimensions i n  millimeters. 
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Fig. 4.11. Compressive f o r c e  and bending moment a p p l i e d  t o  l igament  
beyond t i p  of deep inner -sur face  long axial  f l aw  dur ing  thermal  shock t o  
i n n e r  su r f  ace. 
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5. TEST-CYLINDER FABRICATION DETAILS AND ASSEMBLY 

5.1 Test-Cylinder Conf igura t ion  and Dimensions 

Dimensional d e t a i l s  f o r  t h e  tes t  c y l i n d e r s  used f o r  TSE-5, TSE-5A, 
and TSE-6 are  shown i n  Fig. 5.1, and t h e  r a t i o n a l e  f o r  s e l e c t i n g  t h e  par- 
t i c u l a r  dimensions f o r  t h e  t e s t  c y l i n d e r s  i s  d i scussed  i n  Chap. 4. The 
complete t e s t - c y l i n d e r  assembly, i n c l u d i n g  i n s t r u m e n t a t i o n  a t t a c h e d  
t h e r e t o ,  i s  d i scussed  i n  Chap. 6. 

5.2 Test-Cylinder F a b r i c a t i o n  and Heat Treatment 

The t h r e e  t e s t  c y l i n d e r s  used f o r  TSE-5, TSE-5A, and TSE-6 and pro- 
l o n g a t i o n s  of t h e s e  c y l i n d e r s  t h a t  were used f o r  c h a r a c t e r i z i n g  t h e  mate- 
r i a l  were taken  from t h e  same f o r g i n g  (F ig .  5 . 2 ) .  P r i o r  t o  h e a t  t reat-  
i n g ,  t h e  o r i g i n a l ,  s i n g l e ,  long f o r g i n g  was rough machined and d iv ided  
i n t o  t h r e e  c y l i n d e r s ,  each having s u f f i c i e n t  l e n g t h  f o r  a t es t  c y l i n d e r  
and i t s  pro longat ion .  The h e a t  t r ea tmen t  a p p l i e d  be fo re  shipment of t h e  
o v e r s i z e d  c y l i n d e r s  t o  OWL c o n s i s t e d  of normal iz ing  a t  930°C f o r  8 h ,  
a u s t e n i t i z i n g  a t  860°C f o r  9 h ,  and quenching i n  water a t  -1OOC.  A f t e r  
t h e  t es t  c y l i n d e r s  and p ro longa t ions  were r ece ived  a t  ORNL, t h e  tes t  cyl-  
i n d e r s  were machined t o  f i n a l  dimensions and were then  sub jec t ed  t o  a 
tempering hea t  t rea tment .  For TSE-5 and TSE-6, t h e  tempering tempera ture  
w a s  613"C, and f o r  TSE-5A i t  was 679°C. The hold t i m e  a t  t h e s e  tempera- 
t u r e s  w a s  4 h, and subsequent coo l ing  w a s  i n  room-temperature a i r .  

As i n d i c a t e d  i n  Fig. 5.2, t h e  t es t  c y l i n d e r s  were ove r s i zed  f o r  t h e  
i n i t i a l  p o r t i o n  of t h e  h e a t  t rea tment .  This  w a s  done f o r  two reasons: 
( 1 )  t h e  quench-in-water t r ea tmen t  r e s u l t s  i n  ve ry  h igh  r e s i d u a l  compres- 
s i v e  stresses nea r  t h e  s u r f a c e  (F ig .  5.3) and (2 )  t h e  g r a d i e n t  i n  quench 
ra te  normal t o  t h e  s u r f a c e  r e s u l t s  i n  a s i g n i f i c a n t  g r a d i e n t  i n  f r a c t u r e  
toughness ,  even a f t e r  tempering1 (F ig .  5 . 4 ) .  Both of t h e s e  c o n d i t i o n s  
were u n d e s i r a b l e  f o r  t h e  thermal-shock experiments and were e s s e n t i a l l y  
e l i m i n a t e d  by removing a p p r o p r i a t e  amounts of m a t e r i a l  from t h e  c y l i n d r i -  
c a l  and end s u r f a c e s ,  fo l lowing  t h e  quench-in-water t r ea tmen t .  Res idua l  
stresses were measured i n  t h e  p r o l o n g a t i o n s  p r i o r  t o  t h e  thermal-shock 
exper iments  t o  confirm t h a t  they  were n e g l i g i b l e  once t h e  f i n a l  r a d i a l  
dimensions f o r  t h e  t es t  c y l i n d e r  w e r e  achieved. Also, Charpy specimens 
were used t o  confirm t h e  absence of s i g n i f i c a n t  r a d i a l  g r a d i e n t s  i n  f r a c -  
t u r e  toughness. 

5.3 Test-Cvlinder M a t e r i a l  

The type  of material s p e c i f i e d  f o r  t h e  t e s t  c y l i n d e r s  was SA 508 
wi th  c l a s s -2  chemistry.  The a c t u a l  chemis t ry  i s  shown i n  Table 5.1. 
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Table 5.1. Chemical composition for TSE-5, TSE-SA, 
and TSE-6 test cylinders 

Composition 
(wt X )  

C k P S Si Cr Ni Mo V 

Heat analysisa 0.23 0.77 0.008 0.006 0.27 0.39 0.81 0.63 0.63 
Check analysis 

To P 0.23 0.79 0.009 0.006 0.28 0.41 0.82 0.63 0.63 
Bottom 0.18 0.76 0.007 0.004 0.29 0.40 0.79 0.63 0.03 

ASME specification 0.27 0.50 0.012 0.015 0.15 0.25 0.50 0.55 0.05 - ---- 
1 .oo 0.40 0.45 1.00 0.70 SA 508 class 2' 

aNational Forge Heat 41-5655. 

'Single values are maximum. 
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5.4 Generation of Initial Flaw 

The initial flaws f o r  TSE-5, TSE-5A, and TSE-6 were sharp, uniform- 
depth cracks that were oriented in the longitudinal (axial) direction and 
extended the full length of the test cylinder (Fig. 5.1). Each flaw was 
generated by means of the electron-beam (EB)-weld technique, which is 
discussed in detail in Refs. 2 and 3. A typical setup of a test cylinder 
in the EB-weld vacuum box is shown in Fig. 5.5. 



ORNL PHOTO 7426-79R 

Fig. 5 . 5 .  Typical setup of test cylinder i n  EB-weld vacuum box i n  
preparation for  generation of ax ia l  flaw. 

- 
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6 .  EXPERIMENTAL TECHNIQUE, EQUIPMENT, AND INSTRUMENTATION 

6.1 Technique f o r  Achieving Thermal Shock 

The r e q u i r e d  s e v e r e  thermal shock f o r  TSE-5, TSE-5A, and TSE-6 was 
achieved by h e a t i n g  t h e  tes t  specimen t o  a s p e c i f i e d  e l e v a t e d  tempera ture  
(-93'C) and t h e n  exposing t h e  i n n e r  s u r f a c e  of t h e  t es t  c y l i n d e r  t o  l i q -  
u id  n i t rogen .  Required h igh  h e a t  t r a n s f e r  rates were achieved by apply- 
i n g  a t h i n  c o a t i n g  of rubber  cement t o  t h e  i n n e r  su r face . l -1°  The pres- 
ence  of t h i s  c o a t i n g  suppres ses  f i l m  b o i l i n g ,  which has  a r a t h e r  low h e a t  
t r a n s f e r  c o e f f i c i e n t ,  and promotes n u c l e a t e  b o i l i n g ,  which has  a rela- 
t i v e l y  high h e a t  t r a n s f e r  c o e f f i c i e n t .  The h e a t  t r a n s f e r  c o e f f i c i e n t  s o  
ob ta ined  is a f u n c t i o n  of s u r f a c e  tempera ture  (F ig .  6.1), and, w i t h i n  
l i m i t s ,  t h e  d e s i r e d  h vs tempera ture  curve  can be achieved through p rope r  
s e l e c t i o n  of c o a t i n g  t h i c k n e s s  and t h e  s u r f a c e  d e n s i t y  of n u c l e a t i o n  
s i t e s  on t h e  coa t ing .  Removal of n i t r o g e n  vapor from t h e  v i c i n i t y  of t h e  
s u r f a c e  w a s  a s s i s t e d  by n a t u r a l  convec t ion  of t h e  coo lan t  through t h e  
c e n t r a l  c a v i t y  of t h e  c y l i n d e r .  

by e f f e c t i v e l y  dunking t h e  tes t  c y l i n d e r  i n  a l a r g e  t ank  c o n t a i n i n g  
-4500 L of l i q u i d  n i t rogen .  A schemat ic  of t h e  test  f a c i l i t y  i s  shown i n  
Fig. 6.2, and a photograph of a t e s t - c y l i n d e r  assembly be ing  lowered i n t o  
t h e  tank  i s  shown i n  Fig. 6 . 3 .  

prevent  s i g n i f i c a n t  h e a t  removal from t h e s e  s u r f a c e s  du r ing  t h e  thermal- 
shock experiment and a l s o  du r ing  t h e  h e a t i n g  o p e r a t i o n  t h a t  preceded t h e  
dunk. Granular material (Vermicu l i t e )  w a s  used f o r  t h e  i n s u l a t i o n ,  and 
as shown i n  Fig.  6.2 i t  f i l l e d  t h e  annu la r  space between t h e  tes t  cy l in -  
d e r  and a sur rounding  l i g h t w e i g h t  s teel  j a c k e t .  A s l i g h t  ove rp res su re  of 
n i t r o g e n  gas  w a s  a p p l i e d  t o  t h e  a n n u l a r  space dur ing  t h e  experiment t o  
prevent  in-leakage of co ld  n i t rogen .  

w i th  t h e  b u i l d i n g  overhead crane  t o  a submerged p o s i t i o n  i n  t h e  tank .  
During t h i s  o p e r a t i o n ,  a top  cover p l a t e  (Fig.  6.2) s e a l e d  t h e  upper 
opening i n  t h e  test c y l i n d e r  and thereby  t rapped  a gas bubble wi th in  t h e  
c a v i t y .  The bubble was f e d  from a n  e x t e r n a l  sou rce  of n i t r o g e n  gas  t o  
compensate f o r  d e c r e a s i n g  gas  tempera tures  and i n c r e a s i n g  head ( p r e s s u r e )  
as t h e  t e s t - c y l i n d e r  assembly was lowered i n t o  t h e  l i q u i d  n i t rogen .  By 
t h i s  means, t h e  l i q u i d  n i t r o g e n  w a s  kept  o u t  of t h e  t e s t - c y l i n d e r  c a v i t y  
u n t i l  t h e  c y l i n d e r  w a s  f u l l y  submerged. Upon suddenly r a i s i n g  t h e  top  
cover p l a t e  (wi th  a pneumatic c y l i n d e r ) ,  t h e  c a v i t y  flooded r a p i d l y ,  and 
a na tura l -convec t ion  loop  w a s  e s t a b l i s h e d  up through t h e  c e n t r a l  c a v i t y  
and down around t h e  e x t e r i o r  of t h e  t e s t - c y l i n d e r  assembly. Nitrogen 
vapor escaped through t h e  top  of t h e  t a n k ,  and l i q u i d  n i t r o g e n  makeup was 
provided as r e q u i r e d  through an  opening i n  t h e  bottom of t h e  tank. Using 
t h i s  procedure and technique ,  i t  was p o s s i b l e  t o  o b t a i n  a very uniform 
quench over  t h e  i n n e r  s u r f a c e .  

and TSE-6) t h e  r e s p e c t i v e  test  c y l i n d e r s ,  unflawed, were s u b j e c t e d  t o  a 

Quenching of t h e  tes t  c y l i n d e r  i n  l i q u i d  n i t r o g e n  w a s  accomplished 

The o u t e r  s u r f a c e  and ends of t h e  test c y l i n d e r  were i n s u l a t e d  t o  

The a c t u a l  dunking o p e r a t i o n  c o n s i s t e d  of lower ing  t h e  tes t  specimen 

P r i o r  t o  each  of t h e  t h r e e  thermal-shock experiments (TSE-5, TSE-5A, 
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per iments  conducted as a p a r t  of su r f ace -coa t ing  development e f f o r t .  

thermal  shock i n  t h e  tes t  f a c i l i t y  t o  check on t h e  adequacy of t h e  inner -  
s u r f a c e  c o a t i n g  i n  terms of provid ing  t h e  d e s i r e d  tempera ture  d i s t r i b u -  
t i o n s  i n  t h e  w a l l .  For t h e s e  tes ts  t h e  c y l i n d e r s  were equipped w i t h  a 
f u l l  a r r a y  of thermocouples f o r  measuring t h e  tempera ture  d i s t r i b u t i o n s  
in t h e  w a l l ,  and they  were i n  t h e  quench-only h e a t - t r e a t e d  c o n d i t i o n  t o  
prevent  y i e l d i n g  a t  t h e  i n n e r  s u r f a c e .  

Following t h e s e  tests,  t h e  c o a t i n g  w a s  removed from t h e  i n n e r  sur -  
f a c e  of t h e  c y l i n d e r ,  and t h e  c y l i n d e r  w a s  g iven  an  a p p r o p r i a t e  tempering 
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Fig. 6.3. ___I_ - . . b L L U a l - B ~ l u ~ ~  Lest racility, showing test-cylinder 
assembly just p r i o r  to its submergence in liquid nitrogen. 
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h e a t  t rea tment .  When t h e  new inner -sur face  c o a t i n g  w a s  then  a p p l i e d ,  ad- 
jus tments  i n  t h e  c o a t i n g  were made, i f  n e c e s s a r y ,  based on t h e  r e s u l t s  of 
t h e  prev ious  experiment. 

6.2 Heating of Test Cyl inder  P r i o r  t o  Thermal Shock 

P r i o r  t o  dunking t h e  test  c y l i n d e r  i n  t h e  l i q u i d  n i t r o g e n ,  t h e  cyl-  
i n d e r  w a s  hea ted  s lowly over  a 24-h per iod  t o  i t s  d e s i r e d  i n i t i a l  t e m -  
p e r a t u r e  (-93°C). This w a s  done a f t e r  t h e  inner -sur face  c o a t i n g  w a s  
appl ied  and with t h e  tes t  c y l i n d e r  completely assembled with t h e  o u t e r  
i n s u l a t i n g  j a c k e t ,  t h e  pneumatical ly  opera ted  top cover p l a t e ,  and a l l  
i n s t r u m e n t a t i o n .  Heat w a s  a p p l i e d  t o  t h e  i n n e r  s u r f a c e  by means of a 
f o r c e d - a i r  bayonet-type h e a t e r  t h a t  e n t e r e d  t h e  c e n t r a l  c a v i t y  through 
t h e  bottom end,  a s  shown s c h e m a t i c a l l y  i n  Fig. 6.4. The h e a t i n g  r a t e  w a s  
such t h a t  t h e  temperature  d i f f e r e n c e  through t h e  w a l l  d i d  no t  exceed 
15"C, thus  l i m i t i n g  t h e  thermal  stress t o  -25 MPa. To p r o t e c t  t h e  rub- 
ber-cement c o a t i n g ,  t h e  temperature  of t h e  o u t e r  s u r f a c e  of t h e  h e a t e r  
and of t h e  c i r c u l a t i n g  a i r  w a s  n o t  allowed t o  exceed 150°C. 

A t  t h e  completion of t h e  h e a t i n g  o p e r a t i o n ,  t h e  t e s t - c y l i n d e r  assem- 
b l y  w a s  l i f t e d  o f f  of t h e  h e a t e r  and immediately t r a n s f e r r e d  t o  t h e  l i q -  
u i d  n i t r o g e n  tank. The h e a t e r  s t a t i o n  w a s  l o c a t e d  a d j a c e n t  t o  t h e  l i q u i d  
n i t r o g e n  tank  t o  minimize t r a n s f e r  t i m e  and t h e  l e n g t h  of t h e  instrumen- 
t a t i o n  cables .  All i n s t r u m e n t a t i o n  and o t h e r  l e a d s  were permanently con- 
nected p r i o r  t o  h e a t i n g  t h e  c y l i n d e r .  

6.3 Data A c q u i s i t i o n  

Experimental  d a t a  c o l l e c t e d  from t h e  TSE-5, TSE-5AY and TSE-6 t e s t  
c y l i n d e r s  dur ing  t h e  thermal-shock experiments  inc luded  ( 1 )  temperature  
d i s t r i b u t i o n s  through t h e  w a l l ,  (2 )  crack-opening displacement  (COD) a t  
t h e  i n n e r  s u r f a c e  of t h e  t e s t  c y l i n d e r ,  ( 3 )  crack-opening r a t e  dur ing  a 
c rack  jump, (4)  c rack  depth,  and (5)  i n d i c a t i o n s  of c r a c k - i n i t i a t i o n  and 
a r r e s t  e v e n t s ,  a l l  as a f u n c t i o n  of t i m e  i n  t h e  thermal-shock t r a n s i e n t .  
The measured temperature  d i s t r i b u t i o n s  were used as thermal-loading in- 
p u t s  t o  t h e  p o s t t e s t  f racture-mechanics  a n a l y s i s .  Knowing t h e  t i m e s  a t  
which i n i t i a t i o n - a r r e s t  e v e n t s  took p l a c e  and t h e  corresponding crack  
d e p t h s ,  i t  w a s  then  p o s s i b l e  t o  determine KI v a l u e s  corresponding t o  t h e  
i n i t i a t i o n  and arrest  events .  

a t  15 d i f f e r e n t  l o c a t i o n s  around and along t h e  l e n g t h  of t h e  t e s t  c y l i n -  
d e r  t o  check on t h e  s p a t i a l  un i formi ty  of quenching. A t  each of t h e  15 
l o c a t i o n s ,  10 (TSE-6) o r  12 (TSE-5 and TSE-5A) thermocouples, incorpo- 
r a t e d  i n  a s p e c i a l  thermocouple thimble,  were used t o  measure t h e  t e m -  
p e r a t u r e s  and temperature  g r a d i e n t  i n  t h e  w a l l .  The 180 thermocouples 
were scanned a t  t h e  ra te  of l o 4  s-l ,  and complete se ts  of ou tput  were re- 
corded on t a p e  every 2 s f o r  t h e  d u r a t i o n  of t h e  experiment.  Locat ions 
of t h e  thermocouple th imbles  are shown i n  Figs. 6.5-6.7, and des ign  de- 
t a i l s  of t h e  th imbles  are g iven  i n  Appendix A. 

Temperature g r a d i e n t s  i n  t h e  w a l l  of t h e  tes t  c y l i n d e r  were measured 
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Fig. 6.4. Test-cylinder assembly positioned on heater. 
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Fig. 6.6. Developed view of inner surface of TSE-5A test cylinder 
showing locations of instrumentation. 
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Crack-opening displacement was measured at nine locations along the 
length of the flaw with weldable strain gages that straddled the flaw as 
shown in Figs. 6.2, 6.5-6.8. The output from six of these gages was re- 
corded continuously on chart recorders so that an initiation-arrest 
event, which was indicated by a step change in output, would be recog- 
nized immediately. Output from these six and one additional gage was re- 
corded on tape along with the temperatures mentioned above. The other 
two gages ( 3  and 5) were used for measuring COD rate following crack ini- 
tiation. Output from these gages was recorded with fast-phenomena in- 
strumentation. This information was used to estimate crack speed during 
a run-arrest event. Details pertaining to the COD gages are included in 
Appendix B. 

Ultrasonic (UT) instrumentation was used to measure crack depth be- 
fore, during, and after the experiments. Before and after the experi- 
ments, measurements were made all along the length of a test cylinder; 
the UT crystal was applied to the outer surface directly opposite the 
flaw so that the crystal looked directly at the tip of the flaw along a 
radial line. During the experiments, several axial locations were moni- 
tored continuously by crystals that were permanently attached to the 
outer surface. Output from these UT crystals was displayed on a scope 
during the thermal-shock experiments and was also recorded on tape. Lo- 
cations of the permanently installed crystals are shown in Figs. 6.5-6.7 
and 6.9. 
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Fig. 6.8. 
TSE-6. 
large opening. 

Typical COD gage installation for TSE-5, TSE-5A, and 
Buckled condition of gages is result of crack closing following 
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Fig. 6.9. Exterior surface of TSE-6 test cylinder showing locations 
of UT and acoustic-emission instrumentation. 
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Crack depth  was a l s o  e s t ima ted  us ing  t h e  measured COD d a t a  i n  con- 
j u n c t i o n  wi th  t h e  p o s t t e s t  c a l c u l a t e d  r e l a t i o n  between COD and c r a c k  
dep th ,  and crack v e l o c i t y  w a s  e s t ima ted  i n  a s i m i l a r  manner us ing  t h e  
measured COD rate r a t h e r  t han  COD. 

o t h e r  event  i n d i c a t o r .  For TSE-5, t h r e e  t r a n s d u c e r s  were cemented t o  t h e  
o u t e r  s u r f a c e  of t h e  tes t  c y l i n d e r  d i r e c t l y  o p p o s i t e  t h e  c rack  f r o n t  
(F ig .  6.5). TSE-5A made use  of fou r  t r a n s d u c e r s  l o c a t e d  a t  90" i n t e r -  
v a l s ,  a l t e r n a t i n g  top  and bottom and s t r a d d l i n g  t h e  f l a w  p l ane  (Fig.  
6.6). For TSE-6, f o u r  t r a n s d u c e r s  ex tending  from t o p  t o  bottom of t h e  
c y l i n d e r  were l o c a t e d  on a l i n e  o f f s e t  from t h e  f law p lane  by a small 
amount (F igs .  6.7 and 6.8). Data were recorded  con t inuous ly  dur ing  t h e  
exper iments  on c h a r t s  and tape.  Unfo r tuna te ly ,  f o r  a v a r i e t y  of r easons ,  
i nc lud ing  mal func t ioning  of t h e  acous t ic -emiss ion  i n s t r u m e n t a t i o n ,  essen-  
t i a l l y  no usab le  d a t a  were obtained. Thus, t h e  acous t ic -emiss ion  r e s u l t s  
are no t  d i scussed  i n  t h i s  r e p o r t .  

An a t t e m p t  w a s  made t o  use  acous t ic -emiss ion  i n s t r u m e n t a t i o n  as an- 
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7. CHARACTERIZATION OF TEST-CYLINDER MATERIAI, 

As indicated in Chap. 5, a prolongation from each of the three test 
cylinders was used as a source of material for characterizing the test 
cylinders. The material properties measured included the tensile prop- 
erties, hardness, Charpy V-notch (CVN) impact data, drop-weight NDT 
(Ref. 1) , and fracture toughness, which included KIc (Ref. 2), KJ (Ref. 3), 
and KIa (Ref. 4). 
EJ (Ref. 3), where the J integral, J, was based on the energy to maximum 
load, and E = Young's modulus. 

Host of the material property data were obtained as a function of 
tempering temperature to determine the appropriate tempering temperature 
for each thermal-shock experiment. The prolongations (TSP-1, TSP-2, TSP-3) 
from each of the test cylinders (TSC-1, TSC-2, TSC-3) were cut into sec- 
tions before tempering so that different tempering treatments could be 
considered. The test cylinders for TSE-5 and TSE-6 (TSC-1, TSC-3) were 
tempered at the same temperature, and thus the material-characterization 
studies performed for each of these cylinders apply to both. In all 
cases the tempering temperature was maintained for 4 h, and this was fol- 
lowed by cooling at room temperature. 

The material-characterization studies for each test cylinder are 
discussed briefly in the remainder of this section, and additional re- 
lated information, primarily tables of materials property data, is in- 
cluded in Appendix C. 

Values of KJ were calculated using the relation K2 = J 

7.1 TSE-5 and TSE-6 

Tensile data from TSP-1, corresponding to different tempering tem- 
peratures, are plotted in Fig. 7.1, and hardness data are included in 
Table 7.1 (see Fig. 7.2 for explanation of specimen orientation). These 
data indicate an increase in strength with increasing tempering tempera- 
ture up to -6OO0C, with a steep decline thereafter. The data also indi- 
cate that the yield strength at temperatures of interest (<lOO°C) would 
be no less than 550 MPa f o r  tempering temperatures <68OoC. This was a 
point of interest because the maximum unperturbed thermal stress for the 
experiments was expected to be -550 MPa, and it was preferred that the 
yield strength be at least this high. 

Following TSE-5, tensile properties were obtained for the TSC-1 ac- 
tual tempering temperature (613OC), using both TSP-1 and TSC-1 material. 
These data are plotted in Fig. 7.3 as a function of test temperature. 

Pretest hardness, CVN, and fracture-toughness data as a function of 
tempering temperature are presented in Table 7.2 and Figs. 7.4 and 7.5. 
The orientations for the CVN and drop-weight specimens are indicated in 
Fig. 7.2, and the orientation for the compact specimens (CS) is shown in 
Fig. 7.6. As indicated by the CVN and drop-weight data i n  Table 7.2 and 
Fig. 7.4, there is a slight decrease in toughness with increasing temper- 
ing temperature up t o  -6OOOC and then an abrupt increase, the same trend 
observed in the tensile data. 
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Fig. 7 . 1 .  Effect of tempering temperature on the room-temperature 
tensile properties of TSP-1 after tempering :or 4 h and cooling in air. 
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The fracture-toughness design curve in Fig. 7.5 represents the ASME 
Sect. XI lower-bound KIc curve5 corresponding to a nil-ductility refer- 
ence temperature6 (RTNDT) of -34OC. Based on an evaluation of the KIc 
data that were used to obtain the ASME Sect. XI lower-bound KIc curve, 
this value of RTNDT translates to about -lO"C, if the design of the ex- 
periment were based on average rather than lower-bound toughness, and it 
was. 
-10°C would require a tempering temperature in excess of 7 0 0 ° C .  

With reference to Table 7 . 2 ,  it is apparent that to achieve RTNDT = 

600 

500 I I 1 

- 

A.Q. DENOTES "AS QUENCHED" VALUE 
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Table 7.1 .  Rockwell C hardness 
of TSC-1 prolongation (TSP-1) 

at various tempering 
temperatures 

b 
Temperinga 
temperature Hardness 

("C) 
~~ 

As quenched 23.9 
7 04  12.2 
677 20.7 
649 22.4 
593 26.1 
4 48 24.2 
37 1 24.1 

aHeld at temperature for 

bAverage of six measure- 
4 h, then cooled in air. 

ments. 

ORNL-DWG 79-5921 ETD 

- R  (RADIAL)- 

- C (CIRCUMFERENTIAL1 

Fig. 7.2. Specimen orientation notation for tensile, CVN, and drop- 
we igh t s p e cime n s. 
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Fig. 7 . 3 .  Tensile properties at the quarter-thickness depth in the 
152-mm-thick wall of TSC-1 and TSP-1 after tempering at 613'C. 

Table 7.2. CVN and drop-weight properties of TSP-I 

Temp era t ur e 
Upper- 

Temper ingQ shelf 
t emp era t ur e 68-5 Drop- energy 

("C> 

0.89-mm 
(35-mil) 

expansion 

50x weightC RTNDT (J) 
NDT 

(50 ft-lb) b Lateral Shear Energy 
~ ~ ~ ~ ~ ~ 

As quenched 96 88 79 24 36d 108 
371 85 85 77 18 52d 102 

98 593 102 91 88 29 
649 66 54 60 24 
677 35 32 41 0 3;d 118 
704 -9 -1 24 -6 -6 153 

449 102 91 82 29 6 9: 99 

69d 102 

%eld at temperature f o r  4 h, then cooled in air. 
CT- o r i en t e d s p e c ime n s . 
'AT- o r i ent e d specimen s . 
dControlled by Charpy values. 



65 

200 

e 150 

m 
n 
5 - 
2 100 

50 

ORNL-DWG 79-5922A ETD 

120 ~ 

- 

- 

- 

- 

0 

0' 

0 6 8 4  ENERGY 
A 0.89-mm LATERAL 

EXPANSION 

I I I I 1 I 

L" 

0 200 400 600 800 

TEMPERING TEMPERATURE (OC) 
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Fig. 7.5. KJ d a t a  from 1T compact specimens of TSP-1 a f t e r  temper- 
ing  a t  595, 600, and 65OOC. 
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INNER SURFACE 
OF TEST CYLINDER 

1 T-CS 

Fig. 7.6. O r i e n t a t i o n  of compact specimens. 

Because of t h e  p e c u l i a r  t r e n d s  i n d i c a t e d  i n  Figs.  7.1 and 7 . 4 ,  t h e r e  
was a tendency t o  d i s r e g a r d  t h e  RTNDT d a t a  and r e l y  more on t h e  lT* com- 
pact-specimen d a t a  f o r  s e l e c t i n g  an  a p p r o p r i a t e  tempering t empera tu re  f o r  
TSC-1. Furthermore,  because a l l  of t h e  i n v a l i d  specimens r e p r e s e n t e d  by 
Fig. 7.5 exper ienced  very l i t t l e  d u c t i l e  t e a r i n g  (<0.25 mm) b e f o r e  cleav- 
age f r a c t u r e ,  a l l  d a t a  p o i n t s  i n  Fig. 7.5 were cons idered  e s s e n t i a l l y  
v a l i d .  Based on t h i s  approach and b e l i e v i n g  t h a t  t h e  des ign  of t h e  ex- 
periment should  be based on a mean KIc cu rve ,  a tempering tempera ture  of 
613OC was s e l e c t e d  f o r  t h e  TSE-5 test c y l i n d e r ,  even though t h e  cor re-  
sponding i n d i c a t e d  va lue  of RTNDT from Table 7.2 w a s  -66°C. 

d a t a  were ob ta ined  us ing  wedge-loaded, compact, c r a c k - a r r e s t  specimens 
(25 X 150 X 150 mm),  and t h e  o r i e n t a t i o n  of t h e s e  specimens, r e l a t i v e  t o  
t h e  tes t  c y l i n d e r ,  w a s  t h e  same as t h a t  f o r  t h e  KJ compact specimens ( s e e  
Fig. 7.6). 
t o r i e s  (BCL,), and t h e  d a t a  ob ta ined  by BCL7 a r e  p re sen ted  i n  Fig. 7.7. 

t e s t - c y l i n d e r  material above 0°C was s u b s t a n t i a l l y  less t h a n  expected. 
Suspecting t h a t  t h e  p r e t e s t  d a t a  were i n s u f f i c i e n t  i n  number because of 
t h e  i n d i c a t e d  l a r g e  sca t te r  i n  KJ d a t a  and t h a t  t h e  f l aw  i n  t h e  t es t  
c y l i n d e r  behaved i n  accordance wi th  t h e  lower bound r a t h e r  t h a n  t h e  mean, 

S tandard  compact-tension specimen2 w i t h  a t h i c k n e s s ,  T ,  of 25.4 mm. 

Once t h e  tempering tempera ture  w a s  s e l e c t e d ,  s ta t ic  c r a c k - a r r e s t  

The KIa measurements were made by Battelle Columbus Labora- 

Following TSE-5, i t  w a s  apparent  t h a t  t h e  f r a c t u r e  toughness of t h e  

* 
Other va lues  of T mentioned i n  t h i s  r e p o r t  are 50.8 mm (2T-CS) and 10.0 
mm (0.394T-CS). 
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0 1T-CS, TSC-3 

1T-CS, TSP-1 
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7.7. KJ 

- 50 

and KIa 

0 50 
TEMPERATURE (OC) 

d a t a  f o r  TSP-1, TSP-3, 

100 200 

and TSC-3, each temper .e d 

a r e l a t i v e l y  l a r g e  number of a d d i t i o n a l  compact specimens w a s  t e s t e d ,  in- 
c lud ing  2T and 0.394T, as w e l l  as 1T specimens. The 1T  and 2T-CS d a t a  
are inc luded  i n  Fig. 7 .7 ,  and t h e  0.394T compact-specimen d a t a  are pre- 
s en ted  i n  Fig.  7.8. 

lower bound 13) ex tending  over t h e  f u l l  range of tempera tures  (-80 t o  
+80°C). The scatter f o r  t h e  1 T  and 2T specimens is about t h e  same, and 
both of t h e s e  specimen sizes y ie lded  about t h e  same lower bound. There 

F igu re  7.7 shows l a r g e  scatter i n  t h e  KJ d a t a  ( r a t i o  of upper-to- 
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tempering a t  613OC. 

KJ d a t a  from 0.394T compact specimens of TSP-1 a f t e r  

i s  a l s o  r a t h e r  l a r g e  sca t te r  i n  t h e  r e l a t i v e l y  few v a l i d  d a t a  p o i n t s  
( v a l i d  i n  accordance with ASTM Standard E399-78).2 
g r e a t e r  d e t a i l  i n  Chap. 8,  t h e  f law i n  t h e  TSE-5 t e s t  c y l i n d e r  tended t o  
behave more i n  accordance wi th  t h e  lower bound than  t h e  mean of t h e  KJ 
d a t a  because t h e  lower bound i s  more r e p r e s e n t a t i v e  of t r u l y  v a l i d  da t a .  

Figure 7.8 i n d i c a t e s  t h a t  ( 1 )  t h e  scat ter  i n  t h e  K d a t a  o b t a i n e d  

As d i s c u s s e d  i n  

from t h e  0.394T compact specimens i s  somewhat g r e a t e r  t i an t h a t  f o r  t h e  
1T and 2T specimens and ( 2 )  f o r  temperatures  less than  O O C ,  t h e  lower 
bound of t h e  0.394T d a t a  c o i n c i d e s  w i t h  t h a t  f o r  t h e  1 T  and 2T da ta .  
Also,  as i n d i c a t e d  by t h e  d a t a  corresponding t o  a t e s t  temperature  of 
-18"C, t h e r e  w a s  no s i g n i f i c a n t  g r a d i e n t  i n  toughness through t h e  w a l l  
of t h e  c y l i n d e r .  
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Although a tempering temperature  of 613°C w a s  n o t  a p p r o p r i a t e  f o r  
t h e  intended purpose of TSE-5, i t  w a s  f o r  TSE-6, and s i n c e  t h e  two tes t  
c y l i n d e r s  came from t h e  same h e a t  of material, only one over lapping  t e s t  
temperature  was used f o r  t he  TSP-3 p r e t e s t  K j  da t a .  
p r e t e s t  TSE-6 KJ d a t a  were obta ined  a t  lower temperatures ,  c o n s i s t e n t  
with t h e  requirements  f o r  TSE-6. 

Following TSE-6, t h e  tes t  c y l i n d e r ,  TSC-3, w a s  used as a source  of 
material f o r  f u r t h e r  c h a r a c t e r i z a t i o n  s t u d i e s .  
w i t h  1T compact specimens a t  temperatures  of -32 and 66"C, and CVN d a t a  
were obta ined  over a temperature  range of -73 t o  149°C a t  depth l o c a t i o n s  
(d/w) of 0.08 and 0.42.  The K j  d a t a  f o r  TSC-3 and a l s o  t h e  K j  and BCL 

KIa 
are  presented  i n  Figs. 7.9 and 7.10. A s  i n d i c a t e d  i n  t h e s e  l a t t e r  two 

The remainder of t h e  

K j  d a t a  were obta ined  

(Ref. 8) d a t a  f o r  TSP-3 are included i n  Fig. 7 .7 ,  whi le  t he  CVN d a t a  
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Fig. 7.9. CVN d a t a  f o r  TSC-3 (tempered a t  613°C) a t  a depth  lo- 
c a t i o n  (d/w) = 0.08. ( a )  F r a c t u r e  appearance and l a t e ra l  expansion and 
( b )  impact energy. 
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l o c a t i o n  (d/w) = 0.42. (a) F r a c t u r e  appearance and l a t e ra l  expans ion  and 
( b )  impact energy. 

f i g u r e s ,  t he  lowest temperature a t  which the  68-5 and 0.89-mm l a te ra l  ex- 
pans ion  c r i te r ia  i n  Ref. 6 are  s a t i s f i e d  is -100°C. Thus, i n  accordance 
with Ref. 6 ,  RTNDT = 67"C, which is i n  good agreement wi th  the  va lue  ob- 
t a i n e d  f o r  TSP-1. 

An examination of a l l  t h e  d a t a  i n  Figs.  7 . 3  and 7.7-7.10 i n d i c a t e s  
t h a t  ( 1 )  t h e r e  are no s i g n i f i c a n t  d i f f e r e n c e s  between TSP-1, TSP-3, and 
TSC-3; ( 2 )  a r a t h e r  l a r g e  number of compact specimens 0 1 0  at  any one 
t es t  tempera ture)  is r e q u i r e d  t o  d e f i n e  t h e  lower-bound KJ curve i n  t h e  
t r a n s i t i o n  r eg ion ,  even i f  t he  specimen is capable  of measuring a v a l i d  
v a l u e  (KIc); and (3) t h e  scatter i n  KIa d a t a  p o i n t s  appea r s  t o  be less 
than t h a t  i n  the  KJ d a t a ,  a l though t h e  number of d a t a  p o i n t s  may be t o o  
small f o r  an  a c c u r a t e  comparison. 
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7.2 TSE-SA 

The f rac ture- toughness  curves  s p e c i f i e d  f o r  TSE-5A corresponded t o  
the  ASME Sect. X I  KI and KIa curves5  wi th  RTNDT = -18°C. Furthermore,  
c o n s i d e r i n g  t h e  r e s u f t s  of TSE-5, i t  was be l ieved  t h a t  t h e  TSE-5A f law 
would behave more i n  accordance with t h e  lower bound of t h e  small-specimen 
K j  d a t a  than  t h e  mean. 

Based on t h e  r e s u l t s  of t h e  TSE-5 m a t e r i a l s - c h a r a c t e r i z a t i o n  s t u d i e s ,  
t r i a l  tempering temperatures  of 677 and 707°C were s e l e c t e d  f o r  TSE-5A, 
and only 1T compact specimens were used f o r  o b t a i n i n g  t h e  KJ da t a .  A l -  
though 1T compact specimens were not expected t o  y i e l d  v a l i d  (KIc) va lues  
[ i n  accordance wi th  t h e  s i z e  requirements  i n  ASTM E399-78 (Ref. 2 ) ] ,  i t  

w a s  bel ieved t h a t  t h e i r  lower-bound va lues  would be adequate  f o r  select-  
i n g  an a p p r o p r i a t e  tempering temperature.  

I n  a d d i t i o n  t o  using s tandard  1T compact specimens and s t a n d a r d  
l o a d i n g  c o n d i t i o n s ,  20% side-grooved specimens wi th  s t a n d a r d  loading  con- 
d i t i o n s  and s tandard  specimens with s p r i n g  loading  were used i n  an e f f o r t  
t o  reduce t h e  sca t te r  i n  data .  ORNL performed t h e  s t a n d a r d  K j  t e s t s ,  BCL 
t e s t e d  t h e  side-grooved specimens,  and t h e  United States Naval Ship Re- 
s e a r c h  and Development Center  (USNSRDC) conducted t h e  spr ing-loaded 
tests.1° 

Figs .  7.11 and 7.12, and t h e  BCL and USNSRDC d a t a  are inc luded  i n  Fig. 
7.11. As i n d i c a t e d  i n  Fig. 7.11, i t  is  n o t  apparent  t h a t  s i d e  grooving 
o r  s p r i n g  loading  had any s i g n i f i c a n t  e f f e c t  on t h e  scat ter  o r  lower 
bound of t h e  KJ d a t a .  
would have an e f f e c t  because very few of t h e  s t a n d a r d  t e s t s  r e s u l t e d  i n  
f r a c t u r e  a f t e r  maximum load. 

and 7.12. 
less than  t h e  lower bound of t h e  KJ d a t a ,  a tempering temperature  of 
~ 6 7 7 ' C  would be about  r i g h t ,  and 707°C would be t o o  high. Based on t h i s  
in format ion ,  a tempering temperature  of 679OC w a s  s p e c i f i e d .  

The KJ d a t a  a t  t h e  h igher  tempering temperature  were obta ined  from 
f o u r  d i f f e r e n t  r a d i a l  p o s i t i o n s  i n  t h e  w a l l  of TSP-2. This provided 
another  o p p o r t u n i t y  t o  check on r a d i a l  g r a d i e n t s  i n  f r a c t u r e  toughness ,  
and as i n d i c a t e d  i n  Fig. 7.12 (by perhaps t o o  few d a t a  p o i n t s )  t h e r e  i s  
no apparent  g r a d i e n t .  This i s  c o n s i s t e n t  wi th  t h e  i n d i c a t i o n s  obta ined  
f o r  TSP-1 w i t h  t h e  l a r g e r  number of 0.394T compact specimens ( s e e  Fig. 
7.8). 

material f o r  1T compact specimens. 
specimens are inc luded  w i t h  and are c o n s i s t e n t  w i t h  t h e  TSP-2 d a t a  i n  
Fig. 7.11. 

The KIa d a t a  i n  Fig. 7.11 appear  t o  be d i v i d e d  i n t o  two groups,  and 
i n  f a c t ,  they  are d iv ided  by t h e  s i z e  of t h e  c r a c k - a r r e s t  specimen and by 
t h e  l o c a t i o n ,  w i t h i n  TSP-2, of t h e  material from which t h e  specimens were 
made. A s e p a r a t e  s tudy  by Rosenfield e t  a1.8 t e n d s  t o  r u l e  o u t  specimen 
s i z e  as a f a c t o r  i n  t h e  d i f f e r e n c e  shown i n  Fig. 7.11. Thus, i t  appears  
t h a t  inhomogeneities may have e x i s t e d  i n  TSP-2. 

BCL a l s o  obtained a l l  of t he  KIa data.11,12 
The ORNL KJ d a t a  f o r  t h e  two tempering temperatures  are shown i n  

It was n o t  r e a l l y  expected t h a t  s p r i n g  l o a d i n g  

The des ign  toughness curves  f o r  TSE-5A are a l s o  inc luded  i n  Figs.  7.11 
As i n d i c a t e d ,  i f  one assumes t h a t  KIc v a l u e s  would be somewhat 

Following TSE-5A, t h e  t es t  c y l i n d e r  (TSC-2) w a s  used as a source  of 
The KJ d a t a  obta ined  from t h e s e  

However, t h i s  w a s  n o t  
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Fig. 7.11. 
(tempered a t  679°C). 

KJ and KIa d a t a  f o r  TSP-2 tempered a t  677°C and TSC-2 

appa ren t  i n  any of t h e  KJ d a t a ;  f o r  t h i s  reason ,  i t  i s  b e l i e v e d  t h a t  s ig -  
n i f i c a n t  inhomogenei t ies  d i d  not  a c t u a l l y  e x i s t .  

It i s  of i n t e r e s t  t o  n o t e  a t  t h i s  p o i n t  t h a t  t h e  s e v e r a l  v a l u e s  of 
KIc and KIa deduced from TSE-5A f e l l  ve ry  c l o s e  t o  t h e  d e s i g n  curves  i n  
Fig. 7.11. These r e s u l t s  a r e  d i s c u s s e d  i n  d e t a i l  i n  Chap. 8. 

prompted t o  de te rmine  i f  t h e  same sca t te r  e x i s t e d  i n  CVN da t a .  The re- 
s u l t s  of e x t e n s i v e  CVN t e s t i n g  f o r  TSP-2 are shown i n  Fig. 7.13. It i s  

Because of t h e  l a r g e  s c a t t e r  i n  small-specimen KJ d a t a ,  we were 
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Fig. 7.12. KJ data from 1T compact specimens of TSP-2 tempered at 
707°C. 

apparent that the scatter is about the same as that for the KJ data. 
lowing TSE-SA, CVN data were also obtained for the test cylinder (TSC-2) , 
and these data are included with the TSP-2 data in Fig. 7.14. As indi- 
cated, the two sets of data are consistent, indicating once again that 
the test cylinders and their prolongations have the same properties. 

The drop-weight NDT for TSP-2 tempered at 677°C for 4 h was deter- 
mined, using P-3 drop-weight specimens1 with a CA orientation (see Fig. 
7 . 2 ) ,  to be 10°C. At a temperature 33°C higher (43OC),  the CVN energy 

Fol- 
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Fig. 7.13. CVN p r o p e r t i e s  f o r  TSP-2 a f te r  tempering a t  677OC. 

and l a t e r a l  expansion were g r e a t e r  t h a n  68 J and 0.89 mm, r e s p e c t i v e l y ,  
as i n d i c a t e d  i n  Fig. 7.13. Thus, i n  accordance wi th  Ref. 6 ,  RTNDT i s  
10°C. This  i s  only s l i g h t l y  h i g h e r  t h a n  t h e  v a l u e  measured f o r  TSP-1 
us ing  a n  AT-oriented specimen and t h e  same tempering tempera ture  ( s e e  
Table  7.2). 
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8. TSE-5 RESULTS 

8.1 Heat T r a n s f e r  

During TSE-5, t h e  i n i t i a l  long  a x i a l  f law i n  t h e  test c y l i n d e r  ex- 
per ienced  t h r e e  major i n i t i a t i o n - a r r e s t  events .  The measured r a d i a l  t e m -  
p e r a t u r e  d i s t r i b u t i o n s  i n  t h e  w a l l  of t h e  t es t  c y l i n d e r  cor responding  t o  
the  times of t h e s e  events  are shown i n  Figs.  8.1-8.3, and tempera tures  
f o r  a d d i t i o n a l  times are inc luded  i n  Fig. 8.4. 

Each of t h e  d a t a  p o i n t s  on t h e  curves i n  F igs .  8.1-8.3 r e p r e s e n t s  
t h e  average  of 15 measurements ob ta ined  from t h e  15 thermocouple th imbles  
descr ibed  i n  Chap. 6. The a x i a l  and azimuthal v a r i a t i o n s  i n  t h e  i n d i -  
c a t e d  tempera tures  c l o s e  t o  t h e  i n n e r  s u r f a c e  were only f6'C a t  t h e  t i m e  
of the  t h r e e  events .  Near-surface measured tempera tures  as a f u n c t i o n  of 
t i m e  i n  t h e  t r a n s i e n t  f o r  a l l  f i v e  thermocouple th imbles  i n  one a x i a l  
plane are shown i n  Fig. 8.5, and the  good agreement among th imbles  i s  ap- 
parent .  As i l l u s t r a t e d  i n  Fig. 8.6, t h e  t r a n s i e n t  was somewhat more se- 
vere  than nominally s p e c i f i e d ,  and it  was  a l s o  more s e v e r e  than a n t i c i -  
pa ted  on t h e  b a s i s  of t h e  pre-TSE-5 thermal -hydraul ic  experiment. How- 
eve r ,  t h i s  had l i t t l e  bea r ing  on the  outcome of TSE-5. 

f i l m  and rubber-cement-coating conductances, w a s  ob ta ined  as a f u n c t i o n  
of s u r f a c e  (me ta l )  t empera ture  f o r  t h e  thermal-shock exper iments ,  u s ing  
the  measured inner -sur f  ace temperature as a boundary c o n d i t i o n  i n  a one- 
d imens iona l  ( r a d i a l )  t r a n s i e n t  thermal a n a l y s i s .  A t r i a l  and e r r o r  so lu-  
t i o n  i n  the  form of a computer codel  was  performed t o  o b t a i n  the  approp- 
r i a t e  s u r f a c e  conductance f o r  each of many small success ive  t i m e  s t e p s .  
The r e s u l t s  f o r  TSE-5 a r e  shown i n  Fig. 8.7. 

The inner-surf ace thermal conductance, which inc ludes  both t h e  f l u i d -  
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Fig. 8.1. Radia l  t empera ture  d i s t r i b u t i o n  a t  t = 106 s dur ing  
TSE-5. 
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Fig. 8.7. V a r i a t i o n  of i nne r - su r face  h e a t  t r a n s f e r  c o e f f i c i e n t  w i t h  
metal s u r f a c e  tempera ture  f o r  TSE-5. 

8 .2  Events During TSE-5 

I n  a d d i t i o n  t o  t h e  t h r e e  i n i t i a t i o n - a r r e s t  e v e n t s  a s s o c i a t e d  wi th  
t h e  long a x i a l  f law,  t h e r e  were one or more i n i t i a t i o n - a r r e s t  even t s  as- 
s o c i a t e d  wi th  a c r o s s  c rack  t h a t  i n i t i a l l y  r e s i d e d  i n  t h e  EB weld t h a t  
was used t o  g e n e r a t e  t h e  axial f l a w .  It appears  t h a t  t h i s  l a t t e r  crack- 
i n g  ( r e f e r r e d  t o  as secondary c racking)  had no s i g n i f i c a n t  i n f l u e n c e  on 
t h e  behavior of t h e  primary (axial)  f law,  and thus  t h e  even t s  a s s o c i a t e d  
w i t h  t h e  primary f law w i l l  be d i scussed  s e p a r a t e l y .  The secondary crack- 
ing  is d i scussed  i n  Sec t .  8.6. 

the  primary-flaw even t s  t h a t  took p lace  dur ing  TSE-5. As i n d i c a t e d ,  
i n i t i a t i o n - a r r e s t  even t s  took p l a c e  a t  1.75, 2.95, and 3.42 min, wi th  a l l  
gages* i n d i c a t i n g  each of t hese  even t s .  Four of t he  seven gages su rv ived  

The trace of t h e  COD-gage output  (Fig.  8.8) i l l u s t r a t e s  g r a p h i c a l l y  

* 
Gages 4 and 6 were recorded elsewhere.  
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Fig. 8.8. COD ou tpu t  dur ing  TSE-5, i n d i c a t i n g  t h r e e  major i n i t i a -  
t i o n - a r r e s t  even t s .  

t h e  3.42-min even t  and i n d i c a t e d  no f u r t h e r  e v e n t s  du r ing  t h e  remainder 
of t h e  30-min test. P r i o r  t o  the  event a t  1.75 min, a few r e l a t i v e l y  
small even t s  took p l a c e  but  were not  i n d i c a t e d  by a l l  gages. 

8.3 Crack Depths 

E s t i m a t e s  of c rack  depth  p r i o r  t o  t h e  tes t  and a t  t h e  t i m e  of each 
of t he  t h r e e  even t s  were obta ined  from t h r e e  UT t r a n s d u c e r s  secured  t o  
t h e  o u t e r  s u r f a c e  of t h e  test c y l i n d e r  d i r e c t l y  o p p o s i t e  t h e  t i p  of t h e  
flaw. Once the  tes t  w a s  completed and the  ou te r - su r face  i n s u l a t i o n  w a s  
removed, UT in s t rumen ta t ion  w a s  used t o  o b t a i n  a d e t a i l e d  d e s c r i p t i o n  of 
t h e  f i n a l  crack depth. F i n a l l y ,  a pie-shaped s e c t i o n  of t h e  c y l i n d e r  
w a l l  c o n t a i n i n g  t h e  primary f law w a s  removed from t h e  c y l i n d e r  and w a s  
cu t  i n t o  s e v e r a l  l e n g t h s  t o  expose c r o s s  s e c t i o n s  of t he  f law at  s e v e r a l  
p o s i t i o n s  a long  t h e  l e n g t h  of t h e  c y l i n d e r  (Fig.  8.9). Once t h e  c r o s s  
s e c t i o n s  were examined, the  f r a c t u r e  i n  each block was completed under 
mechanical l oad ing  cond i t ions  a t  c ryogenic  tempera tures  t o  r e v e a l  t h e  
f r a c t u r e  s u r f a c e s .  The c ross  s e c t i o n s  and f r a c t u r e  s u r f a c e s  revea led  t h e  
i n i t i a l  c rack  depth ,  f i r s t  c r ack -a r r e s t  depth ,  and f i n a l  c rack  depth ,  but 
t he  second a r r e s t e d  c rack  depth was not  d i s c e r n i b l e .  A t y p i c a l  c r o s s  
s e c t i o n  and f r a c t u r e  s u r f a c e  are shown i n  Figs. 8.10 and 8.11, and a l l  
depth measurements are shown i n  Fig. 8.12. 

The d a t a  i n  Fig. 8.12 show good agreement between crack-depth mea- 
surements and i n d i c a t e  t h a t  crack p e n e t r a t i o n  i n  the  c e n t r a l  p o r t i o n  of 
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Fig. 8.9. S e c t i o n  of TSE-5 test c y l i n d e r  removed f o r  s tudy  of crack 
p r o f i l e  and f r a c t u r e  s u r f a c e s .  
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Fig. 8.10. Cross s e c t i o n  of TSE-5 f i n a l  f l aw  n e a r  midlength of tes t  
cy l inde r .  
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t h e  test c y l i n d e r  was g r e a t e r  than  n e a r  t h e  ends. This behavior  w a s  ex- 
pected because of t he  v a r i a t i o n  i n  KI a long t h e  l e n g t h  of t h e  test cy l in-  
d e r ,  as shown i n  Fig. 4.2. The i n i t i a l  c rack  depth,  as determined by 
p o s t t e s t  f r a c t u r e - s u r f a c e  measurements was uniform along the  e n t i r e  l e n g t h  
of t h e  c y l i n d e r  and w a s  equal  t o  15 rmn (a/w = 0.10). A t  midlength of t h e  
c y l i n d e r ,  t h e  crack depths  f o r  t h e  f i r s t ,  second, and t h i r d  arrest  e v e n t s  
were 30 mm (a/w = 0.20) ( f r a c t u r e - s u r f a c e  measurement), 97 mm (a/w = 0.63) 
(UT measurement), and 122 mm (a/w = 0.80) ( f r a c t u r e - s u r f a c e  measurement). 

8.4 Fracture-Mechanics Analysis  of Primary Flaw 

8.4.1 P o s t t e s t  a n a l y s i s  based on design toughness curve 

The TSE-5 p r e t e s t  fracture-mechanics a n a l y s i s  i n d i c a t e d  t h a t  t h r e e  
i n i t i a t i o n - a r r e s t  events  would t ake  p lace  during TSE-5, and indeed t h a t  
i s  what happened. However, a comparison of t h e  e s t i m a t e d  and a c t u a l  
t i m e s  f o r  t h e  events  shows t h a t  t he  l a t t e r  times were s i g n i f i c a n t l y  
earlier due i n  p a r t  t o  t h e  g r e a t e r  s e v e r i t y  of. t h e  a c t u a l  thermal  shock. 
Thus, before  a d d i t i o n a l  comparisons could be made, i t  w a s  necessary t o  
conduct a p o s t t e s t  f racture-mechanics  a n a l y s i s  u s i n g  t h e  measured t e m -  
p e r a t u r e  d i s t r i b u t i o n s .  The corresponding c r i t i c a l - c r a c k - d e p t h  curves ,  
assuming t h a t  t h e  TSE-5-design KIc v s  temperature  curve w a s  a p p r o p r i a t e ,  
are shown i n  Fig. 8.13. Superimposed on t h e s e  curves is  t h e  " a c t u a l "  
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Fig. 8.13.  Crit ical-crack-depth curves from p o s t t e s t  a n a l y s i s  of 
TSE-5 ( o r i g i n a l  KIc d a t a ) .  
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p a t h  of e v e n t s ,  us ing  t h e  measured midlength c r a c k - a r r e s t  depths .  A s  in- 
d i c a t e d ,  t he  f i r s t  two i n i t i a t i o n  events  agree  w e l l  with the  c a l c u l a -  
t i o n s ,  but t h e  very long second crack jump [A(a/w> z 0.41 r e s u l t e d  i n  a r -  
rest a t  a much g r e a t e r  depth and temperature  than  expected. Thus, t h e  
toughness a t  t h e  h igher  temperature  had t o  be much less than i n d i c a t e d  by 
t h e  design-toughness curve. 

8.4.2 KIc and KIa v a l u e s  deduced from TSE-5 

The c a l c u l a t e d  KI vs t i m e  and KI vs a / w  curves  f o r  t h e  a c t u a l  ther -  
m a l  shock are shown i n  Figs .  8.14 and 8.15 with t h e  i n i t i a t i o n - a r r e s t  
e v e n t s  superimposed. A s  i n d i c a t e d  i n  t h e s e  f i g u r e s ,  t h e  KI v a l u e s  cor- 
responding t o  t h e  t h r e e  i n i t i a t i o n - a r r e s t  events  are 79, 111, and 115 
MPa*& f o r  t h e  i n i t i a t i o n  events  and 86,  104, and 92 ma*& f o r  t h e  ar- 
rest events .  Corresponding temperatures  obta ined  from Figs.  8.1-8.3 are 
-9, -3, and 79°C f o r  t h e  i n i t i a t i o n  e v e n t s  and 36,  82, and 89°C f o r  t h e  
arrest  events .  A l l  of t h e s e  d a t a  are summarized i n  Table 8.1. 
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event  

~~~ 
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T i m e ,  s 105 1 7 7  205 
Crack depth,a  a/w 

I n i t i a t i o n  0.10 0.20 0.63 
Arrest 0.20 0.63 0.80 

Temperature, O C  
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K ~ ~ ,  m a * &  86 104 92 
Duration of experi-  30 
ment, min 

a 

cy l inde r ) .  
Maximum depth (midlength of test  

t r a n s i e n t  
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8.4.3 P o s t t e s t  a n a l y s i s  based on KIc and KIa 

curves deduced from TSE-5 

A comparison of t h e  KIc and KIa v a l u e s  deduced from TSE-5 and t h e  
TSE-5 des ign  curve f o r  K vs tempera ture  is shown i n  Fig. 8.16. It i s  
appa ren t  from t h i s  comparison t h a t  t h e  material toughness f o r  tempera- 
t u r e s  above 0 ° C  was  cons ide rab ly  less than s p e c i f i e d .  Assuming t h a t  a 
more r e a l i s t i c  KIc curve over t h e  tempera ture  range of i n t e r e s t  i s  a 
s t r a i g h t  l i n e  drawn through the  f i r s t  and t h i r d  i n i t i a t i o n  va lues  (dashed 
l i n e )  and t h a t  an a p p r o p r i a t e  KIa curve could be ob ta ined  by s h i f t i n g  
t h i s  KIc curve 56"C, another  p o s t t e s t  c a l c u l a t i o n  w a s  made. 
sponding set  of c r i t i c a l - c r a c k - d e p t h  curves  i s  shown i n  Fig. 8.17 wi th  
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t h e  path of a c t u a l  e v e n t s  superimposed ( d e t a i l e d  d i g i t a l  ou tput  f o r  t h i s  
case is included i n  Appendix D). It is  observed i n  Fig.  8.17 t h a t  t h e  
second i n i t i a t i o n  event f a l l s  f a r  t o  the  r i g h t  of t h e  i n i t i a t i o n  curve ,  
i n d i c a t i n g  t h a t  t h e  e f f e c t i v e  toughness f o r  t h a t  event  was g r e a t e r  than  
would be expected. (This  s i t u a t i o n  would be expected t o  r e s u l t  i n  a l o n g  
crack  jump, and, as i n d i c a t e d ,  t h a t  i s  what happened.) It may be t h a t  
t h e  e f f e c t i v e  toughness was high as a r e s u l t  of c rack- t ip  b l u n t i n g  due t o  
t h e  preceding arrest event ,  but t h i s  w a s  not  observed f o r  t h e  t h i r d  i n i -  
t i a t i o n  event .  Another p o s s i b l e  e x p l a n a t i o n  is a r a d i a l  v a r i a t i o n  i n  
toughness  t h a t  i s  no t  a s s o c i a t e d  wi th  unusual c rack- t ip  condi t ions .  How- 
e v e r ,  such a g r a d i e n t  presumably would a f f e c t  arrest  behavior  as w e l l ,  
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but  i t  i s  observed i n  Fig. 8.16 and implied by Fig. 8.17 t h a t  t h e  arrest 
toughness f o r  t h e  f i r s t  arrest event was not r e l a t i v e l y  h igh .  

i n i t i a i i o n  event might a l s o  be expla ined  by the  e x i s t e n c e  of low-toughness 
s i t e s ,  as sugges ted  by Landes.2 
t h a t  a crack f r o n t  may o r  may not  co inc ide  with a low-toughness s i t e  and 
i f  t h e  e f f e c t i v e  toughness of t h e s e  si tes v a r i e s  s u b s t a n t i a l l y ,  t h e r e  can 
be cons ide rab le  v a r i a t i o n  i n  t h e  e f f e c t i v e  toughness from one i n i t i a t i o n  
even t  t o  ano the r ,  and t h e  lowest-toughness sites w i l l  e s t a b l i s h  a lower 
bound f o r  KIc, provided the  l o c a l  toughness is not less than KIa. Fur- 
thermore, t h e  a r r e s t  toughness would not  be in f luenced  by t h e  low- 
toughness sites because presumably arrest  t akes  place i n  accordance wi th  
t h e  r e l a t i v e l y  high toughness of t h e  bulk of t h e  m a t e r i a l .  It might be 
expected t h a t  a s t r u c t u r e  such as the  TSE-5 test  c y l i n d e r  with a ve ry  
long  f law (1.22 m) would behave i n  accordance wi th  lower-bound toughness 
because of t h e  l i k e l i h o o d  of t h e  long  crack  f r o n t  co inc id ing  w i t h  a lower- 
bound toughness low-toughness si te.  However, t h i s  may n o t  always be t h e  
case and i f  n o t  would e x p l a i n  what happened du r ing  TSE-5. 

The i n d i c a t e d  r e l a t i v e l y  high toughness a s s o c i a t e d  wi th  t h e  second 

I f  t h e  d e n s i t y  of t h e s e  si tes is  such 

8.4.4 Evidence of l a r g e  scatter i n  l a b  KJ d a t a  

The apparent  d i sc repancy  between t h e  s p e c i f i e d  and a c t u a l  toughness 
curves  f o r  TSE-5 prompted a d d i t i o n a l  m a t e r i a l - c h a r a c t e r i z a t i o n  s t u d i e s .  
They were c a r r i e d  out  on t h e  TSE-5 and TSE-6 t e s t - c y l i n d e r  p ro longa t ion  
material fo l lowing  TSE-5 i n  p r e p a r a t i o n  f o r  TSE-6. 
and KIa measurements are shown i n  Fig. 8.18 (same d a t a  as t h a t  i n  Fig. 
7 .7) .  
t h e  lower bound i s  q u i t e  l a r g e  (as much as 300%) ,  whi le  t h e  scat ter  i n  
t h e  smaller sampling of l a b  KIa v a l u e s  i s  much less. 

The lower-bound KJ curve i n  Fig. 8.18 r e p r e s e n t s  t h e  lower bound of 
some v a l i d  (KIc) d a t a  a t  tempera tures  below - 3 O O C  and t h e  lower bound of 
nonvalid d a t a  above t h a t  temperature.  Thus, a t  tempera tures  above -30°C 
a v a l i d  lower-bound curve could be somewhat lower. Of course ,  any lower- 
bound curve i s  on ly  t h e  lower bound of a p a r t i c u l a r  set of d a t a  and does 
no t  prec lude  t h e  e x i s t e n c e  of even lower d a t a  p o i n t s ,  v a l i d  o r  otherwise.  
With t h i s  i n  mind, i t  i s  of i n t e r e s t  t o  compare t h e  t h r e e  KIc v a l u e s  de- 
duced from TSE-5 wi th  t h e  lower-bound KJ curve  and t h e  upper-bound K 
curve i n  Fig. 8.18, and such a comparison i s  made i n  Fig. 8.19. It 
appa ren t  t h a t  t h e  f i r s t  two KIc v a l u e s  are w e l l  above t h e  lower-bound KJ 
curve (55 and lOSX), whi le  t h e  t h i r d  v a l u e  i s  s l i g h t l y  less than  t h e  
lower bound. It i s  a l s o  observed t h a t  t h e  f i r s t  KIc v a l u e  i s  midway be- 
tween t h e  small-specimen KIc scat ter  bands, whi le  t h e  second va lue  i s  
c l o s e  t o  t h e  upper bound. Thus, even a very l a r g e  specimen (1.22-m-long 
crack  f r o n t )  can e x h i b i t  l a r g e  scat ter  i n  KIc d a t a ,  a t  least  when arrest  
and r e i n i t i a t i o n  e v e n t s  are involved. 

de f ined  c o n d i t i o n s  t h a t  e x i s t  a t  t h e  t i p  of t h e  i n i t i a l  flaw. As men- 
t i o n e d  i n  Sect. 5.4, t h e  i n i t i a l  f law was gene ra t ed  by means of t h e  EB- 
weld process.  Cracking of t h e  EB-weld f u s i o n  zone t o  create t h e  i n i t i a l  
f law presumably i s  t h e  r e s u l t  of high r e s i d u a l  t e n s i l e  stresses i n  t h e  
f u s i o n  zone as w e l l  as ve ry  low f r a c t u r e  toughness,  bo th  of which are t h e  

The r e s u l t s  of a l l  KJ 

It i s  observed t h a t  t h e  upward sca t te r  i n  t h e  KJ d a t a  r e l a t i v e  t o  

A comment should a l s o  be made about r a t h e r  s p e c i a l  and n o t  w e l l -  
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i s  c r e a t e d .  
sometime la te r  du r ing  hydrogen charg ing  and a t  room tempera ture ,  r e l i e v e s  
some of t h e  r e s i d u a l  stress, and t h e  c rack  arrests near  t h e  t i p  of t h e  
f u s i o n  zone. Thus, t h e  i n i t i a l  f law has  a r e s i d u a l  KI v a l u e  equa l  t o  t h e  
room-temperature va lue  of KIa near  t h e  t i p  of t h e  f u s i o n  zone, and t h e  
toughness of t h e  m a t e r i a l  a t  t h e  t i p  of t h e  f law presumably i s  lower than  

Cracking of t h e  f u s i o n  zone, which normally t a k e s  p l a c e  
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Fig. 8.19. Comparison of TSE-5 KIc and KIa v a l u e s  wi th  lower-bound 
KJ and mean KIa small-specimen da ta .  

t h a t  f o r  t h e  sur rounding  material. Because of t h e s e  c o n d i t i o n s  and pre- 
sumed very s t e e p  g r a d i e n t s  in t h e  r e s i d u a l  stress and f r a c t u r e  toughness 
beyond t h e  t i p  of t h e  f law,  very  s m a l l  " ea r ly"  c rack  jumps would be ex- 
pec ted  du r ing  a thermal-shock experiment u n t i l  t h e  c rack  t i p  ex tends  t o  
t h e  edge of t h i s  s m a l l  region. A t  t h e  t i m e  of t h e  f i r s t  r e l a t i v e l y  l a r g e  
c rack  jump t h e  r e s i d u a l  KI v a l u e  and t h e  d e v i a t i o n  i n  f r a c t u r e  toughness 
due t o  t h e  EB weld should be n e g l i g i b l e .  
t h e  f law p r i o r  t o  t h e  f i r s t  major even t  should a l s o  be n e g l i g i b l e .  Even 
so ,  i t  is of i n t e r e s t  t o  n o t e  t h a t ,  a l though small, t h e  e f f e c t  of t h e  
r e s i d u a l  stress and t h e  extended crack l e n g t h  is a l a r g e r  KI va lue  and a 
h i g h e r  c rack - t ip  tempera ture  a t  t h e  t i m e  of t h e  f i r s t  major event  than  
t h a t  c a l c u l a t e d  on the  b a s i s  of t h e  i n i t i a l  f law depth  and t h e  a p p l i e d  
loads .  

Furthermore,  t h e  ex tens ion  of 
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The average of t h e  l a b  KIa v a l u e s  inc luded  i n  Fig. 8.18 i s  about 20% 
less than t h e  TSE-5 KIa va lues ,  and the  lowest KJ va lues  i n  t h e  tempera- 
t u r e  range -20 t o  40°C are 28% less than  t h e  TSE-5 KIc curve c o n s t r u c t e d  
i n  Fig. 8.16. It is  a l s o  observed t h a t ,  i n  t h i s  tempera ture  range, t h e  
smallest l a b  KJ va lues  are about equa l  t o  the  l a b  KIa va lues .  A t  a t e m -  
p e r a t u r e  of -8OoC, t h e  KIa v a l u e s  are somewhat less than  t h o s e  deduced 
from TSE-5. 

8.4.5 Impl i ca t ions  of two-dimensional a n a l y s i s  of f law 

The c r i t i c a l  KI va lues  c a l c u l a t e d  f o r  TSE-5 and inc luded  i n  Table 8.1 
and Fig. 8.19 are based on a two-dimensional a n a l y s i s  of t h e  flaw; t h a t  
i s ,  t h e  f law w a s  assumed t o  be uniform i n  dep th  and i n f i n i t e l y  long ,  t h e  
depth being t h a t  at t h e  c e n t r a l  p o r t i o n  of t he  tes t  c y l i n d e r .  Thus, t h e  
c a l c u l a t e d  KI v a l u e s  do not  r e f l e c t  t h e  r e s t r a i n i n g  e f f e c t  of t h e  a c t u a l  
f law shapes t h a t  developed dur ing  the  experiment,  nor do they i n c l u d e  t h e  
e f f e c t  of t h e  f i n i t e  l e n g t h  of t h e  c y l i n d e r .  

As d i scussed  i n  Sec t .  4 .1 ,  t he  free-end e f f e c t  r e s u l t s  i n  r e l a t i v e l y  
low va lues  of KI near  t h e  ends of t h e  c y l i n d e r  f o r  a uniform dep th  f l aw ,  
and t h i s  was r e s p o n s i b l e  f o r  less propagat ion  of t h e  f law near  t h e  ends 
t h a n  elsewhere.  
va lues  a t  the  deepes t  po in t  r e l a t i v e  t o  t h a t  c a l c u l a t e d  f o r  a two- 
d imens iona l  f l aw  of t h e  same depth. However, t h e  three-dimensional KI 
va lue  a t  midlength of a uniform-depth f l a w  is somewhat g r e a t e r  than t h e  
two-dimensional value.  Thus, t h e  e f f e c t s  of t h e  f i n i t e  l e n g t h  of t h e  
c y l i n d e r  and of t h e  a c t u a l  f law shape f o r  t he  extended flaws tend t o  com- 
pensa te  nea r  midlength of t h e  cy l inde r .  

A s  a check on t h e  adequacy of t h e  two-dimensional a n a l y s i s ,  a th ree -  
dimensional a n a l y s i s  w a s  performed f o r  t h e  f i n a l  f law shape i n  TSE-5, 
u s i n g  t h e  tempera tures  t h a t  corresponded t o  t h e  f i n a l  arrest event.  The 
f law was modeled as shown i n  Fig. 8.20, and the  r e s u l t s  of t he  a n a l y s i s  
i n d i c a t e d  good agreement wi th  t h e  two-dimensional a n a l y s i s  f o r  t h e  cen- 
t ra l  p o r t i o n  of t h e  cy l inde r .  Toward t h e  ends of t he  c y l i n d e r ,  t h e  
three-dimensional KI va lues  were somewhat h ighe r  ( < l o % ) ,  and t h i s ,  to- 
ge the r  wi th  t h e  lower toughness (lower tempera ture)  a s s o c i a t e d  with t h e  
sha l lower  p o r t i o n  of t h e  crack f r o n t ,  in t roduced  t h e  p o s s i b i l i t y  of a 
h igher  c r i t i ca l  va lue  of KI and a cor responding  lower va lue  of t h e  t e m -  
p e r a t u r e  than  those  va lues  inc luded  i n  Table 8.1 and Figs.  8.16 and 8.19, 
at  least  f o r  t h e  f i n a l  crack c o n f i g u r a t i o n .  

c y l i n d e r  was not expected t o  be b e t t e r  than 10%. Thus, an a d d i t i o n a l  
method f o r  e s t i m a t i n g  t h e  d i s t r i b u t i o n  of KI a long  t h e  c rack  f r o n t  w a s  
cons idered .  I f  t h e  assumption is made t h a t  t h e  e n t i r e  c rack  f r o n t  ar- 
rests a t  e x a c t l y  t h e  same t i m e ,  i t  can be concluded t h a t  KI a t  t h a t  in- 
s t a n t  must dec rease  toward the  ends of t he  c y l i n d e r .  This is because a t  
t h e  i n s t a n t  of arrest, KI = KIa all a long  t h e  c rack  f r o n t ,  and KIa de- 
creases toward t h e  ends of t h e  c y l i n d e r  [ r e s u l t  of d e c r e a s i n g  c r a c k  dep th  
(Fig.  8.12) and t h u s  dec reas ing  c rack - t ip  tempera ture] .  If r e i n i t i a t i o n  
t a k e s  p l ace  s h o r t l y  a f t e r  t h e  arrest  e v e n t ,  t h e  KI d i s t r i b u t i o n  would be 
n e a r l y  t h e  same as t h a t  a t  arrest. A d e t a i l e d  a n a l y s i s  of t h i s  t y p e  in-  
d i c a t e d  t h a t  t h e  d e c l i n e  i n  KI toward t h e  end of t h e  c y l i n d e r  w a s  q u i t e  
small (< lo%)> .  Thus, it w a s  concluded t h a t  t h e  two-dimensional a n a l y s i s ,  

The r e s u l t a n t  f law shape t ends  t o  r e s u l t  i n  lower KI 

The accuracy of t h e  three-dimensional a n a l y s i s  near  t h e  ends of t h e  
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Fig. 8.20. I d e a l i z a t i o n  of f i n a l  a r r e s t e d  c rack  f r o n t  of TSE-5 f o r  
purposes of three-dimensional f i n i t e - e l emen t  a n a l y s i s .  ( a )  P a r t i a l  
l o n g i t u d i n a l  s e c t i o n  through v e s s e l  wal l ,  and ( b )  f in i t e - e l emen t  model of 
cy l inde r  w a l l  used t o  gene ra t e  three-dimensional mesh by r o t a t i n g  it 
about  c y l i n d e r  a x i s .  

u s ing  t h e  midsec t ion  f law depth ,  w a s  a p p r o p r i a t e  f o r  e s t i m a t i n g  c r i t i ca l  
v a l u e s  of KI cor responding  t o  i n i t i a t i o n  and arrest events .  

8 . 4 . 6  Dynamic e f f e c t s  a t  arrest 

The long  crack  jump t h a t  took p l a c e  du r ing  TSE-5 i n t roduced  t h e  
p o s s i b i l i t y  of dynamic e f f e c t s  that  might have r e s u l t e d  i n  a s i g n i f i -  
c a n t l y  longe r  c rack  jump than  t h a t  p r e d i c t e d  w i t h  t h e  u s u a l  s t a t i c  analy- 
sis. The p o s s i b l e  e x i s t e n c e  of s i g n i f i c a n t  dynamic e f f e c t s  can be judged 
i n  a t  least  two ways. 
of TSE-4 (Refs.  3 and 4 )  t h a t  t h e  f i r s t  and t h i r d  c rack  jumps were s h o r t  
enough t o  have n o t  been i n f l u e n c e d  by dynamic e f f e c t s .  The next  s t e p  i s  

F i r s t ,  i t  is  assumed on t h e  b a s i s  of t h e  r e s u l t s  



t o  compare t h e  t h r e e  c rack  depths  a t  which t h e  t h r e e  arrest  e v e n t s  took  
p l a c e ,  and t h i s  i s  done simply by a d j u s t i n g  t h e  arrest curve i n  Fig. 8.17 
s o  t h a t  i t  p a s s e s  through t h e  f i r s t  and t h i r d  arrest  poin ts .  When t h i s  
i s  done, i t  i s  apparent  t h a t  t h e  a c t u a l  c rack  jump f o r  t h e  second e v e n t  
i s  less  than  p r e d i c t e d  wi th  t h e  s t a t i c  a n a l y s i s .  Thus, a dynamic e f f e c t  
i s  n o t  d i s c e r n i b l e  and i s  presumed t o  be s m a l l .  

The second method used t o  determine i f  t h e  s t a t i c  a n a l y s i s  was ade- 
q u a t e  was t o  simply compare t h e  KIa v a l u e s  deduced from TSE-5, u s i n g  a 
s t a t i c  a n a l y s i s ,  w i t h  KIa v a l u e s  measured i n  t h e  l ab .  As i n d i c a t e d  i n  
Fig. 8.18 and 8.19 and mentioned i n  Sect. 8.3.4, t h e  l a b  KIa v a l u e s  are  
less than  t h o s e  deduced from TSE-5. Use of t h e  l a b  K d a t a  i n  a n  analy- 
s is  would r e s u l t  i n  deeper  c a l c u l a t e d  c r a c k - a r r e s t  p o i n t s .  Thus, t h i s  
comparison of l a b  KIa d a t a  and KIa v a l u e s  deduced from TSE-5 n o t  only in- 
d i c a t e s  no dynamic e f f e c t s  but a l s o  i n d i c a t e s  a d iscrepancy  between TSE-5 
and l a b  KIa data .  In  t h i s  r ega rd ,  i t  i s  of i n t e r e s t  t o  n o t e  t h a t  dynamic 
e f f e c t s  i n  t h e  l a b  specimen, i f  unaccounted f o r  i n  t h e  c a l c u l a t i o n  of t h e  
c r i t i c a l  v a l u e  of KI, t end  t o  r e s u l t  i n  low e s t i m a t e d  v a l u e s  of KIa; t h a t  
i s ,  low compared w i t h  a s i t u a t i o n  f o r  which dynamic e f f e c t s  are less. 

One o t h e r  c l u e  t o  t h e  p o s s i b l e  e x t e n t  of dynamic e f f e c t s  d u r i n g  t h e  
second crack  jump i s  der ived  from knowledge of t h e  c r a c k  v e l o c i t y  d u r i n g  
t h e  c rack  jump. As discussed  i n  Sect.  8.5, an a t tempt  w a s  made t o  mea- 
s u r e  c rack  v e l o c i t y  dur ing  t h e  second crack  jump. It appears  t h a t  t h e  
maximum v e l o c i t y  was -100 m / s ,  which i s  much less t h a n  t h e  average ve- 
l o c i t y  f o r  t h e  c r a c k s  i n  l a b  c rack-ar res t  specimens 0 5 0 0  m / s ) .  The 
lower v e l o c i t y  i n d i c a t e s  less dynamic e f f e c t .  

Ta 

8.4.7 Warm p r e s t r e s s i n g  

With r e g a r d  t o  w a r m  p r e s t r e s s i n g ,  t h e  r e s u l t s  i n  Fig. 8.17 show t h a t  
use of t h e  " a c t u a l "  toughness curve i n  t h e  p o s t t e s t  a n a l y s i s  r e s u l t s  i n  a 
much g r e a t e r  c rack  depth  f o r  i n c i p i e n t  w a r m  p r e s t r e s s i n g  [(a/w)IwS = 0.801 
than  c a l c u l a t e d  w i t h  t h e  design-toughness curve [(a/w>,,, = 0.451 ( s e e  
Fig. 8 . 1 3 ) ,  and the corresponding value of (KI/KIc)max i s  o n l y  1.16. 
Thus, a l though w a r m  p r e s t r e s s i n g  may have prevented a f o u r t h  i n i t i a t i o n  
event ,  c o n d i t i o n s  were n o t  f a v o r a b l e  f o r  a convincing demonstrat ion of 
w a r m  p r e s t r e s s i n g  d u r i n g  TSE-5. 

8.4.8 Arrest i n  a r i s i n g  KI f i e l d  

The low toughness of t h e  TSE-5 t e s t - c y l i n d e r  material a lso prevented 
a demonstrat ion of arrest  i n  a r i s i n g  KI f i e l d  dur ing  TSE-5. 
i l l u s t r a t e d  i n  Fig. 8.15, which shows t h a t  t h e  f i r s t  arrest e v e n t  took 
p lace  wi th  dKI/d(a/w) 
dKI/d(a/w) was negat ive .  

This i s  

0, and f o r  t h e  second and t h i r d  arrest e v e n t s  

8.5 Estimate of Crack DeDth from COD Data 

The COD measurements can be used t o  o b t a i n  estimates of c rack  depth  
by c a l c u l a t i n g  t h e  r e l a t i o n  between COD and crack  depth.  This r e l a t i o n  
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w a s  ob ta ined  from t h e  two-dimensional fracture-mechanics a n a l y s i s  of TSE-5, 
and t h e  r e s u l t s  are shown i n  Fig. 8.21 f o r  times cor responding  t o  t h e  
t h r e e  i n i t i a t i o n - a r r e s t  events .  CO>gage o u t p u t  was conver ted  t o  a c t u a l  
COD by c a l i b r a t i n g  t y p i c a l  COD gages i n  a t e s t i n g  machine. The c a l i b r a -  
t i o n  f a c t o r  w a s  c o n s t a n t  over  t h e  f u l l  range of t h e  gage, w a s  e s s e n t i a l l y  
independent of t h e  tempera ture  range of i n t e r e s t  (93  t o  -196"C), and was 
e q u a l  t o  25-mm COD/& ( s e e  Appendix B) . 

F r a c t i o n a l  c rack  dep ths  (a/w) d e r i v e d  from the COD d a t a  and as mea- 
sured  d i r e c t l y  are p resen ted  i n  Table 8.2. The COD v a l u e s  used were t h e  
ave rages  of gages 5 and 7. 

curacy of t h e  measurements and c a l c u l a t i o n s .  However, t h e  g e n e r a l  t r e n d  
of t h e  d i f f e r e n c e s  i s  c o n s i s t e n t  w i th  t h e  three-dimensional e f f e c t  t h a t  
developed as t h e  f l aw  propagated deeper i n t o  t h e  w a l l ,  i n c r e a s i n g  t h e  
nonuni formi ty  i n  c rack  dep th  ( sha l lower  n e a r  t h e  ends).  
fo rmi ty  t ends  t o  dec rease  t h e  COD f o r  a g iven  crack  dep th ,  and t h i s  e f -  
f e c t  is  n o t  i nc luded  i n  t h e  two-dimensional a n a l y s i s .  Thus, a th ree -  
dimensional a n a l y s i s  would tend t o  i n c r e a s e  t h e  a / w  v a l u e s  de r ived  from 
t h e  COD measurements above t h o s e  shown i n  Table 8.2, t h e  e f f e c t  i nc reas -  
i ng  wi th  i n c r e a s i n g  c rack  depth.  

The d i f f e r e n c e s  observed i n  Table 8.2 are probably w i t h i n  t h e  ac- 

The nonuni- 
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Fig. 8.21. Ca lcu la t ed  COD vs a / w  f o r  TSE-5. 
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Table 8.2 Crack depths  
der ived  from COD d a t a  

and from d i r e c t  
measurements 

F r a c t i o n a l  c r ack  
T i m e  dep th  (a/w) 
(SI 

Direct COD 

106 0. 10' 0.12 
106 0. 20' 0.21 
178 0.20' 0.22 
178 0.63b 0.55 
206 0.63b 0.55 
206 0.80' 0.72 

'Fracture-surf ace 

%JT measurement. 

me  as u r  eme n t . 

8.6 Crack-Velocity Measurements 

An a t tempt  was made t o  determine c rack  v e l o c i t y  dur ing  TSE-5 by mea- 
s u r i n g  the  crack-opening rate a t  the  s u r f a c e  of t he  tes t  c y l i n d e r  w i th  
two of t h e  n ine  COD gages. These two gages (gages 4 and 6, Fig. 6.5), 
l o c a t e d  near midlength  of t h e  tes t  c y l i n d e r ,  were recorded on f a s t -  
phenomena r eco rde r s .  The e f f o r t  was developmental i n  n a t u r e  and was 
prompted by f u t u r e  p l ans  f o r  a long crack  jump experiment.  

Because of d i f f i c u l t i e s  encountered wi th  t h e  f a s t  r e c o r d e r s  dur ing  
TSE-5, on ly  t h e  second crack  jump w a s  recorded p rope r ly .  COD vs t i m e  f o r  
t h i s  event  is shown i n  Fig. 8.22. The s l o p e  of t h e  s t e e p e s t  p o r t i o n  of 
t he  curve ( i n i t i a l  s t r a i g h t - l i n e  segment) i s  

4200 @LE 
= 53.2 E , 2.2 X 215 V S  

and a p p l i c a t i o n  of t h e  COWgage c a l i b r a t i o n  f a c t o r  (25-mm COD/€)  y i e l d e d  
t h e  maximum COD rate: 

(C6D)  = 52.3 X 25 = 1.33 m / s  . max 

The s l o p e  of t h e  COD vs a / w  curve i n  Fig. 8.21 a t  a / w  s 0.2 i s  0.0113 
ACODlAa.  Thus, t h e  e s t ima ted  maximum crack  v e l o c i t y  i s  

a = 1.33 m / s  x o,0113 = 118 m / s  max 
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REC 1015 2nd EVENT TSE-5 

21 5 pd l ine  

Fig. 8.22. COD output  (gages 4 and 6)  vs t i m e  f o r  second crack jump 
dur ing  TSE-5. 

It is  of i n t e r e s t  t o  no te  t h a t  t h i s  v e l o c i t y  is cons ide rab ly  less than  
t h a t  ob ta ined  dur ing  the  l a b  KIa measurements 0 5 0 0  m / s )  f o r  t h e  TSE-5 
material. 

8.7 Secondary Cracking  

A s  d i scussed  i n  Sect.  5.4, t h e  long  axial  f law was gene ra t ed  by t h e  
EB-weld technique ,  wherein, fo l lowing  the  welding p rocess ,  hydrogen 
cha rg ing  of t h e  weld was used t o  promote c rack ing  of t h e  weld. While de- 
veloping the  technique  s p e c i f i c a l l y  f o r  TSE-5, it was  observed dur ing  t h e  
hydrogen-charging phase t h a t  numerous c i r c u m f e r e n t i a l  c r acks  ( c r o s s  
c r a c k s ) ,  confined i n  l eng th  t o  about twice the  width of t h e  EB-weld 
f u s i o n  zone (-5 mm), formed p r i o r  t o  t h e  format ion  of t h e  a x i a l  flaw. A 
post-TSE-5 view of a c ros s  crack and a s h o r t  p o r t i o n  of t he  a x i a l  c r ack  
a t  a dep th  of -8 mm i n  t h e  TSE-5 test c y l i n d e r  are shown i n  Fig.  8.23. 
The abrupt  d i s c o n t i n u i t y  i n  the  a x i a l  crack a t  the  c ros s  c rack  i n d i c a t e s  
t h a t  t h e  c r o s s  crack developed f i r s t  and t h a t  t h e  a x i a l  c rack  developed 
i n  segments, t h e  c r o s s  c racks  t e rmina t ing  each segment. [Access t o  t h e  
8-mm depth  was gained by machining a narrow s l o t  (-5 mm) t o  t h a t  depth  
fo l lowing  TSE-5.1 

A pre-TSE-5 cu r so ry  examination of t h e  c r o s s  c racks  i n d i c a t e d  t h a t  
they were too  small t o  propagate dur ing  TSE-5. However, because of t h e  
lower-than-expected f r a c t u r e  toughness,  one of t h e  c r o s s  c racks  d id  
propagate  e x t e n s i v e l y  dur ing  TSE-5, ex tending  from one of i t s  ends i n  a 
c i r c u m f e r e n t i a l  d i r e c t i o n  and then  branching as shown i n  Fig. 8.24. Many 
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Fig. 8.23. 
primary ( a x i a l )  f law a t  a depth of 8 mm. 

Post-TSE-5 view of a c ross  crack and a p o r t i o n  of t h e  
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Fig .  8.24. Secondary c rack ing  p a t t e r n  on i n n e r  s u r f a c e  of test 
c y l i n d e r  fo l lowing  TSE-5. 

of t he  branches turned  i n  an a x i a l  d i r e c t i o n  and te rmina ted  at o r  nea r  
t h e  ends of t h e  cy l inde r .  Seve ra l  c i r c u m f e r e n t i a l  branches e f f e c t i v e l y  
extended -360", t e rmina t ing  a t  o r  near t he  long a x i a l  (pr imary)  flaw. 
Thus, TSE-5 demonstrated t h e  a b i l i t y  of a very s h o r t  c rack  t o  grow i n  
l eng th  t o  become a much longer  flaw. 

The TSE-5 fracture-mechanics a n a l y s i s  ( s e e  Fig. 8.17) shows t h a t  
f laws (both  axial  and c i r c u m f e r e n t i a l )  with depths  as sha l low as 1 mm 
could i n i t i a t e  d u r i n g  TSE-5. The t i m e  f o r  i n i t i a t i o n  of t h e  sha l lowes t  
f law would be -5 min, and the  temperature would be about -13OOC. These 
shallow-crack even t s  correspond t o  t h e  lower p o r t i o n  of t h e  i n i t i a t i o n  
curve i n  Fig. 8.17, and thus  a s i n g l e ,  long crack jump might be expected. 
Long c i r c u m f e r e n t i a l  c r acks  and f i n i t e - l e n g t h  axial  c racks  would not  jump 
as f a r  as i n d i c a t e d  by Fig. 8.17, and indeed the  maximum f r a c t i o n a l  dep th  
of t h e  secondary c rack ing  is  only about 0.40. 

The t iming of secondary-crack propagat ion  r e l a t i v e  t o  primary-cr,ack 
propagat ion  i s  impor tan t  because of t h e  p o s s i b l e  e f f e c t  of t h e  former on 
t h e  l a t t e r .  Three p i eces  of evidence i n d i c a t e  t h a t  t h e  secondary crack- 
i n g  took p l a c e  a f t e r  propagat ion  of t h e  primary crack w a s  completed. 
F i r s t  of a l l ,  i t  is observed i n  Fig. 8.24 t h a t  whi le  t h e  secondary- 
c rack ing  c i r c u m f e r e n t i a l  branches extend n e a r l y  a f u l l  360°, axial  
branches d id  not  form wi th in  t h e  120" segment cen te red  about t h e  primary 
a x i a l  f l aw ,  even though i n  an unper turbed  f i e l d  a x i a l  f l aws  are more 
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l i k e l y  t o  propagate  deep than are c i r c u m f e r e n t i a l  f laws .  This i n d i c a t e s  
t h a t  p r i o r  t o  propagat ion  of t h e  secondary c rack ,  deep p e n e t r a t i o n  of t h e  
primary f law r e l i e v e d  t h e  c i r c u m f e r e n t i a l  stresses l o c a l l y ,  t h u s  prevent -  
i ng  the  format ion  of a x i a l  f laws a d j a c e n t  t o  t h e  primary flaw. Deep pene- 
t r a t i o n  of t h e  primary a x i a l  f law would no t  r e l i e v e  t h e  a x i a l  stresses, 
and thus c i r c u m f e r e n t i a l  f laws could propagate  up t o  t h e  primary flaw. 

f e r e n t i a l  c r acks ,  with the  except ion  of t h e  i n i t i a l  c r o s s  c r a c k s ,  do n o t  
extend a c r o s s  t h e  primary f l aw ,  i n d i c a t i n g  t h a t  t h e  f i n a l  f law depth  f o r  
the  primary f l aw  e x i s t e d  p r i o r  t o  propagat ion  of t h e  secondary c racking .  

The t h i r d  b i t  of evidence comes from an examination of t h e  f r a c t u r e  
s u r f a c e s  and from t h e  f a c t  t h a t  much branching took p l ace .  The branching  
i n d i c a t e s  h igh  c rack  v e l o c i t y ,  and t h e  f r a c t u r e  s u r f a c e s  are very f l a t ;  
both the  high v e l o c i t y  and f l a t  f r a c t u r e  i n d i c a t e  a low f r a c t u r e  tempera- 
t u r e  ( toughness) .  By c o n t r a s t ,  c rack  v e l o c i t y  f o r  t h e  primary f law w a s  
r e l a t i v e l y  low, and, with the excep t ion  of t h e  f r a c t u r e  s u r f a c e  co r re -  
sponding t o  t h e  f i r s t  c rack  jump, t h e  f r a c t u r e  s u r f a c e s  were q u i t e  i r-  
r e g u l a r  and rough. Thus, it appears  t h a t  t h e  f r a c t u r e  tempera tures  f o r  
t h e  secondary c rack ing  were much less than  those  f o r  t h e  primary crack- 
ing ,  and t h i s  i m p l i e s  a l a te r  t i m e  i n  the  t r a n s i e n t  f o r  propagat ion  of 
t h e  secondary c racking .  

the  secondary c racking  occurred a f t e r  t he  even t s  a s s o c i a t e d  wi th  the  long  
a x i a l  f l aw ,  an a n a l y s i s  w a s  performed t o  de te rmine  t h e  e f f e c t  t h a t  t h e  
secondary c racking  could have on the  long a x i a l  f law i f  t h e  secondary 
c rack ing  had taken  p l a c e  ear l ier .  Fracture-mechanics c a l c u l a t i o n s  were 
made with seven and n ine  secondary a x i a l  f laws  i n  a d d i t i o n  t o  the  primary 
flaw. The secondary c racks  were spaced about 30" a p a r t  ( a s  shown i n  
Fig. 8.25) s t a r t i n g  180' from t h e  primary flaw. The f r a c t i o n a l  c r a c k  
depth  f o r  t h e s e  c racks  was 0.35, and, f o r  t h e  primary c rack ,  two depths  
were cons idered:  a / w  = 0.1 and 0.8. A l l  c a l c u l a t i o n s  were made f o r  a 
t i m e  of 7 min i n  t h e  TSE-5 t r a n s i e n t ,  because t h e  COD f o r  t h e  primary 
crack w a s  a maximum a t  t h i s  t i m e .  The calculat ional  model w a s  two- 
dimensional f i n i t e - e l emen t  l i n e a r - e l a s t i c  f r a c t u r e  mechanics. 

s i l e  stress i n  t h e  i n n e r  p o r t i o n  of t h e  w a l l  and thus  would tend  t o  re- 
duce the  primary-crack COD. However, t he  e x i s t e n c e  of t h e  secondary 
c racks  a l s o  reduces t h e  s t i f f n e s s  of t h e  w a l l ,  and t h i s  r e d u c t i o n  t ends  
t o  i n c r e a s e  t h e  primary-crack COD. 

R e s u l t s  of t h e  a n a l y s i s  are shown i n  Table 8.3. For a primary 
c rack  depth (a/w) of 0.1, t he  i n t r o d u c t i o n  of seven secondary c racks  de- 
creases t h e  COD by only 3%. For a c rack  depth  of 0.8, t h e  i n t r o d u c t i o n  
of seven secondary c racks  i n c r e a s e s  t h e  COD by lo%,  and t h e  i n t r o d u c t i o n  
of n ine  secondary c racks  reduces t h e  COD by 5%. Thus, even i f  t h e  sec- 
ondary c racking  occurred dur ing  the  propagat ion  per iod  f o r  t he  primary 
c r a c k ,  t h e  e f f e c t  of t h e  former on t h e  l a t t e r  would be very small. 

The second piece of evidence is t h e  o b s e r v a t i o n  t h a t  t h e  circum- 

Although i t  seemed very clear on t h e  b a s i s  of t h e s e  arguments t h a t  

I n t r o d u c t i o n  of t he  secondary a x i a l  c racks  tends  t o  r e l i e v e  t h e  ten-  
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Fig. 8.25. Model used f o r  two-dimensional a n a l y s i s  of secondary 
c racking  e f f e c t s  dur ing  TSE-5. 

Table 8.3. Ca lcu la t ed  CODs f o r  t h e  TSE-5 
primary crack with and without t h e  

e x i s t e n c e  of secondary c rack ing  
and with a/w (secondary) = 

0.35 and t = 7 min 

Primary-crack COD T o t a l  number Primary crack 
. .  

depth  of c r acks  , , .  

1 
8 
1 
8 

10 

0.1 
0.1 
0.8 
0.8 
0.8 

0.170 
0.166 
1.91 
2.11 
1.82 
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9. TSE-5A RESULTS 

9.1 Heat Transfer 

The thermal shock for TSE-5A was intended to be somewhat more severe 
than that corresponding to TSE-5, and, as shown in Fig. 9.1,  the quench 
rate achieved during TSE-5A was, in fact, somewhat greater than that for 
TSE-5. Furthermore, the quench was very uniform over the inner surface, 
and, thus, the thermal two-dimensional nature of the problem was preserved. 

Measured temperature distributions through the wall of the TSE-5A 
test cylinder at times corresponding to the four initiation-arrest events 
that took place during TSE-5A are shown in Figs. 9.24.5, and additional 
temperature distributions are shown in Fig. 9.6. 

A combined heat transfer coefficient for the coolant fluid film and 
the rubber-cement coating was determined for TSE-5A and is plotted as a 
function of inner-surface (metal) temperature in Fig. 9.7. The method of 

for 
Fig. 
TSE-5 

rate 
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Fig. 9.2. Rad ia l  t empera ture  d i s t r i b u t i o n  
a t  t = 78 s d u r i n g  TSE-5A. 

100 

50 

- 
V 
0- 
w 
a 
3 
I - 0  a 
U 
W 

2- 
W 
I- 

-50 

-100 

ORNL-DWG 85-4425 ETD 

I 1 I I 
0 25 50 75 100 125 1 50 

DEPTH IN WALL (mm) 
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t r a n s i e n t .  
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Fig. 9.7. Heat t r a n s f e r  c o e f f i c i e n t  ( f l u i d  f i l m  p l u s  s u r f a c e  
coa t ing )  de r ived  from TSE-5A as a f u n c t i o n  of c y l i n d e r  (meta l )  i nne r -  
s u r f a c e  temperature.  

o b t a i n i n g  t h e  c o e f f i c i e n t  from t h e  measured tempera tures  i s  d i scussed  i n  
Sect. 8.1. 

9.2 Events During TSE-5A 

The trace of COD ou tpu t  shown i n  Fig. 9.8 i n d i c a t e s  t h a t  f o u r  
i n i t i a t i o n - a r r e s t  even t s  took p l ace  dur ing  TSE-SA and t h a t  t h e  times of 
t h e s e  even t s  were 78.5, 90.5, 123.0, and 184.5 S. There was an earlier 
event  (74.5 s) t h a t  w a s  i n d i c a t e d  by a s i n g l e  COD gage and ,  t h u s ,  w a s  
very  l o c a l i z e d .  Because t h e  area involved  w a s  s o  s m a l l ,  t h i s  f i r s t  even t  
had no bea r ing  on t h e  o v e r a l l  behavior  of t h e  f law and w i l l  n o t  be re- 
f e r r e d  t o  h e r e a f t e r .  

The f i r s t  and second major i n i t i a t i o n - a r r e s t  e v e n t s  du r ing  TSE-5A 
were not  i d e n t i f i e d  by a l l  COD gages ,  i n d i c a t i n g  t h a t  t h e s e  even t s  a l s o  
d i d  n o t  extend t h e  f u l l  l e n g t h  of t h e  t es t  cy l inde r .  For t h e  f i r s t  even t ,  
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Fig. 9.8. COD d a t a  f o r  TSE-SA. 

gages 8 and 9 ( s e e  Figs.  6.6 and 9.9) gave e s s e n t i a l l y  no response ,  i n d i -  
c a t i n g  t h a t  t h e  f i r s t  arrest event  covered t h e  upper two-thirds  of t h e  
cy l inde r .  For t h e  second even t ,  t h e r e  was e s s e n t i a l l y  no response  from 
gages 1 and 2, i n d i c a t i n g  t h a t  t h e  second a r res t  event  covered only t h e  
lower two-thirds  of t h e  cy l inde r .  In  t h e  c e n t r a l  p o r t i o n  of t h e  cy l in -  
d e r ,  t h e  f i r s t  and second a r r e s t e d  c rack  f r o n t s  appa ren t ly  overlapped 
each o t h e r ,  i n  which case gages 3 ,  5 ,  and 7 should have i n d i c a t e d  a l l  
f o u r  even t s ,  and they  did.  A g r a p h i c  d e s c r i p t i o n  of t h i s  p rogres s ive  na- 
t u r e  of t h e  long  a x i a l  f law dur ing  TSE-5A is  shown i n  Fig. 9.9. 

examination of t h e  TSE-5A f r a c t u r e  su r faces .  Following t h e  TSE-5A ex- 
per iment ,  a f u l l - l e n g t h  s e c t i o n  of t h e  w a l l  con ta in ing  t h e  f law w a s  re- 
moved from t h e  c y l i n d e r  and w a s  then d iv ided  i n t o  e i g h t  n e a r l y  equal -  
l e n g t h  s u b s e c t i o n s  (see Fig. 8.9 f o r  a t y p i c a l  c u t t i n g  p a t t e r n ) .  These 
s e c t i o n s  w e r e  then  cooled i n  l i q u i d  n i t r o g e n  and t h e  f r a c t u r e s  completed 
by f o r c i n g  a wedge i n t o  t h e  crack.  Each p i e c e  was immediately p laced  i n  
a l coho l  t o  prevent  d i s c o l o r a t i o n  of t h e  s u r f a c e  and was photographed 

Evidence of f o u r  i n i t i a t i o n - a r r e s t  e v e n t s  w a s  a l s o  ob ta ined  from an  
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Fig. 9.9. Schematic c r o s s  s e c t i o n  of TSE-5A t e s t - c y l i n d e r  w a l l ,  
showing four -s tep  p rogres s ion  of long axial  f law as deduced from f r a c -  
t u r e  su r faces .  

s h o r t l y  t h e r e a f t e r .  A composite photograph of t h e  e n t i r e  f r a c t u r e  sur- 
f a c e  i s  shown i n  Fig. 9.10 along wi th  an en la rged  view of one s e c t i o n .  
F igu re  9.9 was cons t ruc t ed  by ob ta in ing  measurements of c rack  dep th  from 
photographs of t h i s  type. 

ahead of t h e  f i n a l  arrest  event.  This event  w a s  n o t  d e t e c t e d  wi th  t h e  
COD gages b u t ,  r a t h e r  w i t h  t h e  UT i n s t r u m e n t a t i o n ,  as were t h e  f o u r  major 
events .  According t o  an  a n a l y s i s  of t h e  UT d a t a ,  t h e  t i m e  between t h e  
f i n a l  arrest even t  and t h e  preceding  arrest  event  was only 900 ps. This  
s h o r t  per iod  of t i m e  s u g g e s t s  t h a t  t h e  a d d i t i o n a l  even t  w a s  t h e  r e s u l t  of 
dynamic e f f e c t s  t h a t  c r e a t e d  an o s c i l l a t i o n  i n  KI. 
arrest  took p l ace ,  bu t  immediately t h e r e a f t e r  i n i t i a t i o n  took p l a c e  as KI 
i nc reased .  
dynamic ana lyses  of t h e  l a b  specimens i n d i c a t e  such behavior.* A dynamic 
a n a l y s i s  w a s  a l s o  a t tempted  f o r  TSE-SA; i t  d i d  no t  i n d i c a t e  t h a t  a momen- 
t a r y  arrest even t  would t a k e  place. 

F igu re  9.10 shows a clear i n d i c a t i o n  of an a d d i t i o n a l  even t  j u s t  

When KI dipped down, 

Such o s c i l l a t i o n s  have been observed i n  l a b  KIa tests,’ and 

9 . 3  Crack Depths 

Crack dep ths  were determined from t h e  COD and UT d a t a  and a l s o  from 
d i r e c t  o b s e r v a t i o n s  of t h e  f r a c t u r e  s u r f a c e s .  The COD d a t a  w e r e  ana lyzed  
i n  t h e  manner d e s c r i b e d  i n  Sect. 8.5, and t h e  c a l c u l a t e d  r e l a t i o n  between 
COD and crack  depth  f o r  times of i n t e r e s t  dur ing  TSE-5A i s  shown i n  Fig. 
9.11. 
t i o n  of t h e  f r a c t u r e  s u r f a c e s  are p resen ted  i n  Table 9.1 f o r  t h e  c e n t r a l  
p o r t i o n  of t h e  test  cy l inde r .  As i n d i c a t e d ,  t h e  agreement i s  reasonably  
good. 

Crack dep ths  based on COD and UT d a t a  and ob ta ined  from examina- 



112 

a 7 CO 

m
 

d
-

 
Lo 
0
 
0
 

!- 0
 
I
 

n
 I 

Z
 

LT 
0
 I 

E
 

E
 

I 



113 

ORNL-DWG 81-1646 ETD 

2.0 I 1 1 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .o 
a h  

Fig. 9.11. Calcu la ted  COD a t  i n n e r  s u r f a c e  v s  f r a c t i o n a l  c r a c k  
d e p t h  f o r  TSE-5A. 

Table  9.1. Est imated c rack  depths  n e a r  midlength 
of test cy l inder  for TSE-5A 

Crack depth 

Event T i m e  
No. 

COD ILaLL' 
c i i r fnr  

1 I n i t i a t i o n  78.5 12  1 2  11 
Arrest 21 23 1 7  

2 Arrest 90.5 30 30 31 

3 Arrest 123.0 48 48 41 

4 Arrest 184.5 81 81 81 
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A comparison of c rack  depths  based on COD and f r a c t u r e  s u r f a c e  ap- 
pearance f o r  t h e  f u l l  l e n g t h  of t h e  test c y l i n d e r  i s  shown i n  Fig.  9.12, 
and once aga in  t h e  agreement is q u i t e  good. Also inc luded  i n  Fig. 9.12 
is  t h e  f i n a l  c r ack  depth  based on UT measurements made p o s t t e s t  a t  -25-mm 
increments along t h e  l e n g t h  of t h e  c y l i n d e r .  The agreement i n  t h i s  case 
i s  q u i t e  good a l s o .  

Crack depths  determined by means of t h e  COD measurements are gen- 
e r a l l y  cons idered  t o  be more a c c u r a t e  than the  UT va lues .  This  i s  be- 
cause t h e  COD v a l u e s  r e p r e s e n t  l o c a l  averages  f o r  a p o s s i b l y  i r r e g u l a r  
c rack  f r o n t ,  whi le  t he  UT measurements tend t o  be very l o c a l i z e d ,  allow- 
i n g  c rack - t ip  i r r e g u l a r i t i e s  t o  i n t r o d u c e  f a l s e  r ead ings  r e l a t i v e  t o  an 
e f f e c t i v e  l o c a l  average c rack  depth.  

A s  expla ined  i n  connection wi th  TSE-5, t h e  t a p e r i n g  o f f  of c r ack  
depth  near  t h e  ends of t h e  tes t  c y l i n d e r  i s  the  r e s u l t  of end e f f e c t s  
t h a t  r e s u l t  i n  lower va lues  of KI nea r  t h e  ends. 
do not  e x p l a i n  why t h e  f i r s t  i n i t i a t i o n - a r r e s t  event  was no t  symmetrical  
about midlength.  

There are s e v e r a l  p o s s i b l e  exp lana t ions  f o r  t h e  axial  asymmetry as- 
s o c i a t e d  wi th  t h e  f i r s t  i n i t i a t i o n - a r r e s t  event ;  they invo lve  a x i a l  v a r i a -  
t i o n s  i n  c rack  sharpness ,  f r a c t u r e  toughness,  and quench rate. V a r i a t i o n s  
i n  c rack  sha rpness  do n o t  seem t o  be a r easonab le  e x p l a n a t i o n  because 
c rack  i n i t i a t i o n  undoubtedly i s  a very  l o c a l i z e d  even t ,  and once i n i t i -  
a t e d ,  t h e  fas t - running  c rack  w i l l  be sharp .  Also, v a r i a t i o n s  i n  tempera- 
t u r e  (quench r a t e )  do not  appear t o  be a reasonable  exp lana t ion  because 
temperature measurements i n d i c a t e  very  l i t t l e  a x i a l  v a r i a t i o n ,  and t h e  
small v a r i a t i o n  t h a t  d id  exis t  corresponds t o  h ighe r  r a t h e r  than  lower 
tempera tures  i n  t h e  upper p o r t i o n  of t h e  c y l i n d e r  where t h e  f i r s t  even t  
took  p lace .  Thus, t h e  remaining p o s s i b l e  exp lana t ion  i s  an i n i t i a l  small 
a x i a l  v a r i a t i o n  i n  toughness.  However, as i n d i c a t e d  i n  Chap. 7 ,  a com- 
pa r i son  of f rac ture- toughness  d a t a  (1T-CS and CVN) f o r  t h e  test c y l i n d e r  
and p ro longa t ion  d i d  not  r e v e a l  s i g n i f i c a n t  axial  v a r i a t i o n s .  

End e f f e c t s ,  however, 

9.4 Fracture-Mechanics Analys is  

9.4.1 P o s t t e s t  a n a l y s i s  based on des ign  toughness curves  

The number of i n i t i a t i o n - a r r e s t  even t s  t ak ing  p l ace  dur ing  TSE-5A 
agrees  wi th  t h e  p r e t e s t  a n a l y s i s  (F ig .  4 . 8 ) ,  but  t h e  t i m e s  a t  which t h e  
even t s  a c t u a l l y  took p lace  were earlier than  c a l c u l a t e d .  This i n d i c a t e d  
t h a t  t h e  thermal shock w a s  more seve re  than  that  used f o r  the p r e t e s t  
a n a l y s i s  and/or t h a t  t h e  a c t u a l  material toughness was  less than  t h a t  
used i n  t h e  p r e t e s t  a n a l y s i s .  A s  planned (F ig .  9.1), t h e  thermal shock 
w a s  more seve re  than  t h a t  assumed f o r  t h e  p r e t e s t  a n a l y s i s  ( t h a t  achieved 
du r ing  TSE-5), and, appa ren t ly ,  t he  toughness was less than  assumed, as 
d i s c u s s e d  below. 

9.13. The KIc curve  r e p r e s e n t s  t h e  lower bound of f i f t y  1T-CS d a t a  
p o i n t s ,  while t h e  KIa curve  i s  a mean curve through s ix  d a t a  p o i n t s  ob- 
t a i n e d  from 25 x 151 x 151-mm, wedge-loaded, c r ack -a r r e s t  specimens ( a l s o  
r e f e r  t o  Fig.  7.11). 

The toughness curves used i n  t h e  p r e t e s t  a n a l y s i s  are shown i n  Fig.  
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Fig. 9.12. Comparison of COD, UT, and fracture-surface crack-depth measurements for 
TSE-5A. 
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Fig. 9.13. Lower-bound KJ and mean KIa cu rves  (based on p r e t e s t  
l a b  da t a  on ly )  used f o r  KIc and KIa i n  TSE-5A p r e t e s t  a n a l y s i s .  

P o s t t e s t  a n a l y s e s  of TSE-5A were conducted u s i n g  t h e  measured test-  
c y l i n d e r  tempera tures  shown i n  Figs.  9.2-9.6. The r e s u l t s  of such a n  
a n a l y s i s ,  based on t h e  toughness curves  i n  Fig. 9 . 1 3 ,  are  shown i n  Fig. 
9.14, which i s  a se t  of c r i t i c a l - c r a c k - d e p t h  curves  t h a t  i n c l u d e s  t h e  ac- 
t u a l  p a t h  of events .  It i s  observed t h a t  t h e  i n i t i a t i o n  and arrest 
even t s  f a l l  t o  t h e  l e f t  of t h e i r  r e s p e c t i v e  i n i t i a t i o n  and arrest c u r v e s ,  
i n d i c a t i n g  t h a t  t h e  a c t u a l  c r a c k - i n i t i a t i o n  and c r a c k - a r r e s t  toughness 
va lues  were below t h e  curves  i n  Fig. 9.13. 

9.4.2 KIc and KIa v a l u e s  deduced from TSE-5A 

Cr i t i ca l  v a l u e s  of KI corresponding  t o  t h e  f o u r  i n i t i a t i o n  and ar- 
rest even t s  du r ing  TSE-5A are shown i n  Table 9.2, and t h e s e  v a l u e s  are  
compared wi th  t h e  experiment-design toughness curves  i n  Fig.  9.15. It i s  
obvious t h a t  t h e  KIc and KIa va lues  deduced from TSE-5A are s u b s t a n t i a l l y  
less than  t h e  v a l u e s  assumed f o r  t h e  des ign  of t h e  experiment on t h e  
bases  of t h e  l a b  d a t a .  O f  course ,  t h i s  w a s  t o  be expec ted  i n s o f a r  as 
c r a c k  i n i t i a t i o n  i s  concerned because none of t h e  l a b  i n i t i a t i o n  d a t a  
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Fig. 9.14. Cr i t ica l -c rack-depth  curves f o r  TSE-5A based on tough- 
ness curves i n  Fig. 9.13. 

Table  9.2. Summary of c r i t i c a l  d a t a  f o r  TSE-5A 

Event 

78.5 1st i n i t i a t i o n  
90.5 2nd i n i t i a t i o n  

123.0 3rd i n i t i a t i o n  
184.5 4 t h  i n i t i a t i o n  
78.5 1 s t  arrest  
90.5 2nd arrest 

123.0 3rd arrest  
184.5a 4 t h  arrest  

0.076 
0.138 
0 198 
0.316 
0 138 
0.198 
0.316 
0.535 

70 
85 

108 
135 
76 
86 

107 
130 

-1 1 
1 2  
13 
2 1  
2 2  
38 
51 
67 

~~~~~ 

aKI/KIc reached a maximum value  of 2.3 a t  -14 min. 
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Fig. 9.15. Comparison of KIc and KIa v a l u e s  deduced from TSE-5A 
with l a b o r a t o r y  d a t a  presented  i n  Fig. 9 .13 .  

p o i n t s  was v a l i d .  However, as i n d i c a t e d  below, t h e  l a b  d a t a  were ade- 
q u a t e  f o r  des ign ing  the experiment;  that  is, a l l  o b j e c t i v e s  of TSE-5A 
were achieved. 

9 .4 .3  P o s t t e s t  a n a l y s i s  based on KIc and KIa 

c u r v e s  deduced from TSE-5A 

The dashed curves  i n  Fig. 9 .15  r e p r e s e n t  a b e s t  f i t  of the KIc and 
KIa d a t a  p o i n t s  deduced from TSE-5A. These curves  were used i n  a second 
p o s t t e s t  a n a l y s i s ,  and as one would expec t ,  t h e  agreement between a c t u a l  
and "p red ic t ed"  f l aw  behavior  i s  much b e t t e r  than  when u s i n g  t h e  s o l i d  
cu rves  i n  Fig. 9.15. R e s u l t s  of t h e  second p o s t t e s t  a n a l y s i s  are shown 
i n  Fig. 9 .16 ,  and a complete set of d i g i t a l  ou tpu t  i s  inc luded  i n  Appen- 
d i x  E. 

9.4.4 Warm D r e s t r e s s i n e  

F igu re  9.16 i n d i c a t e s  t h a t  a f i f t h  c r a c k - i n i t i a t i o n  even t  w a s  pre- 
vented by w a r m  p r e s t r e s s i n g ,  and t h e  maximum v a l u e  of KI/KIc f o r  t h e  
f i n a l  c rack  dep th  w a s  2.3.  This  maximum v a l u e  w a s  reached -9 min a f t e r  
t h e  t i m e  of i n c i p i e n t  warm p r e s t r e s s i n g ,  and t h e  cor responding  c r a c k - t i p  



119  

ORNL-DWG 81-1651A ETD 
0. E 

0.7 

0.6 

0.5 

3 
‘ i i  0.4 
m 

0.3 

0.2 

0.1 

0 
0 1 2 3 4 5 6 7 8 

TIME (min) 

Fig. 9.16. Posttest critical-crack-depth curves for TSE-5A using 
modified toughness curves in Fig. 9.15 .  

temperature was -45°C (RTNDT = 1 0 ° C ) .  
final crack depth was 1 5 2  ma*&, and, of course, it occurred at the time 
of incipient warm prestressing (-5 min). 

The value of 2.3 for (KI/KIc)max is large enough, relative to unity, 
to compensate for all uncertainties in the experiment and related post- 
test analysis, and the crack-tip temperature corresponding to this value 
was well below RTNDT. 
final crack depth was substantially less than that predicted for the PWR 
LBLOCA, TSE-5A provided a convincing demonstration of the ability of warm 
prestressing to prevent crack initiation. 

The maximum value of KI for the 

Thus, even though the value of (KI)max for the 

9.4.5 Arrest in a rising KI field 

The pretest analysis for TSE-5A (Sect. 4.2.2) indicated that the 
first two arrest events would take place in a rising KI field, that is, 
with KI increasing with crack depth. As shown in Fig. 9 . 1 7 ,  which is a 
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Fig. 9.17. KI vs a / w  and t f o r  TSE-5A. 

p l o t  of KI vs  a / w  f o r  t h e  t i m e s  cor responding  t o  t h e  f o u r  i n i t i a t i o n -  
arrest e v e n t s  and wi th  t h e  p a t h  of a c t u a l  e v e n t s  superimposed, i t  appea r s  
t h a t  on ly  t h e  f i r s t  arrest  event  took place i n  a r i s i n g  KI f i e l d .  
thermore,  as i l l u s t r a t e d  i n  Fig. 9.18, t h e  g r a d i e n t  (dKI/da) w a s  small 
compared t o  those  c a l c u l a t e d  f o r  two r a t h e r  s e v e r e  PWR ove rcoo l ing  acci- 
d e n t s  (LBLOCA and PTS t r a n s i e n t s * ) .  Even so, t h e  g r a d i e n t  i s  substan- 
t i a l l y  g r e a t e r  t han  t h a t  f o r  l a b  c r a c k - a r r e s t  specimens, which have nega- 
t i v e  g r a d i e n t s .  
compare KIa v a l u e s  measured i n  r i s i n g  and f a l l i n g  KI f i e l d s .  

Fur- 

Thus, t h e  TSE-5A d a t a  p o i n t  p rov ides  a n  o p p o r t u n i t y  t o  

* 
The p a r t i c u l a r  LBLOCA and PTS ( p r e s s u r i z e d  thermal  shock) t r an -  

s i e n t s  cons idered  are desc r ibed  i n  Refs. 4 and 5. 
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10. TSE-6 RESULTS 

10.1 Heat Trans fe r  

~ 

The thermal shock f o r  TSE-6 w a s  in tended  t o  be a t  least  as s e v e r e  as 
t h a t  f o r  TSE-5A, and, as i n d i c a t e d  i n  Fig. 10.1, t h e  two inne r - su r face  
(metal) tempera ture  t r a n s i e n t s  were e s s e n t i a l l y  t h e  same up t o  t h e  t i m e  
t h a t  t h e  TSE-6 tes t  c y l i n d e r  was withdrawn from t h e  l i q u i d  n i t rogen .  Ra- 
d i a l  d i s t r i b u t i o n s  i n  tempera ture  f o r  TSE-6 a t  t h e  two times t h a t  e v e n t s  
took p l ace  are shown i n  Fig. 10.2, and d i s t r i b u t i o n s  f o r  a d d i t i o n a l  times 
are  shown i n  Fig. 10.3. As w a s  t h e  case w i t h  TSE-5 and TSE-5A, t h e  ind i -  
ca t ed  tempera tures  throughout t h e  c y l i n d e r  f o r  times and c rack  depths  of 
p a r t i c u l a r  i n t e r e s t  were very uniform (approximate ly  *5"C). 
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Fig. 10.2. TSE-6 measured r a d i a l  temperature  d i s t r i b u t i o n s  f o r  
times a t  which e v e n t s  took place.  

10.2 Events During TSE-6 

A s  i n d i c a t e d  i n  Fig. 10.4, which shows t h e  f i n a l  p r o f i l e  of t h e  f law 
near  midlength of t h e  tes t  c y l i n d e r ,  t h e  TSE-6 f l a w  p e n e t r a t e d  very deep 
(>go%) i n t o  t h e  w a l l  of the  t e s t  c y l i n d e r  b u t  d i d  n o t  extend a l l  t h e  way 
through,  c o n s i s t e n t  wi th  p r e d i c t i o n s .  The COD d a t a  and a photograph of 
t h e  f u l l  l e n g t h  of t h e  f r a c t u r e  s u r f a c e  (Fig.  10.5) i n d i c a t e  t h a t  t h e r e  
were t h r e e  i n i t i a t i o n - a r r e s t  events  involved.  Two of t h e s e  e v e n t s ,  t h e  
f i r s t  and l a s t ,  were d e t e c t e d  w i t h  COD gages t h a t  were connected t o  
"slow" r e c o r d e r s ,  and t h e  recorded output  of t h e  gages i s  shown i n  Fig. 
10.6. The second event  w a s  d e t e c t e d  w i t h  two COD gages t h a t  were con- 
nec ted  t o  a fast-phenomena r e c o r d e r ,  and t h e  output  f o r  one of t h e s e  
gages i s  shown i n  Fig. 10.7. It i s  apparent  t h a t  t h e  second arrest  event  
was t h e  r e s u l t  of a momentary decrease  i n  KI because -300 u s  t h e r e a f t e r  
t h e  t h i r d  i n i t i a t i o n - a r r e s t  event  took p l a c e ,  presumably t h e  r e s u l t  of a 
momentary i n c r e a s e  i n  KI ( t h e  t i m e  between arrest e v e n t s  w a s  -900 us, t h e  
same as f o r  TSE-5A). A dynamic a n a l y s i s  s imilar  t o  t h a t  performed f o r  
TSE-5A was a l s o  at tempted f o r  TSE-6 (Sec t .  9 .2) .  This t i m e  t h e  a n a l y s i s  
i n d i c a t e d  t h a t  t h e  momentary arrest event  would t a k e  p1ace.l 

The TSE-6 dynamic event  appears  t o  be t h e  same type  of dynamic e v e n t  
t h a t  took p l a c e  dur ing  TSE-5A7 and i t  i s  of i n t e r e s t  t o  n o t e  t h a t  i n  TSE- 
5A t h e  c rack  jump preceding t h e  s h o r t  d u r a t i o n  of t h e  arrest  event  was 
much s h o r t e r  and t h e  v e s s e l  w a l l  w a s  much s t i f f e r .  Thus, i t  i s  n o t  clear 
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test  cy l inder .  

t h a t  t h e  longer  c rack  jump and t h e  l e s s - s t i f f  w a l l  a s s o c i a t e d  wi th  TSE-6 
c o n t r i b u t e d  t o  t h i s  p a r t i c u l a r  dynamic e f f e c t ,  which w a s  a p o i n t  of con- 
cern  p r i o r  t o  TSE-6. 

10.3 Crack Depths 

As shown i n  Fig. 10.5, t h e  i n i t i a l  f law was uniform i r l  dep th  (a/w = 
0.10) and extended t h e  f u l l  l e n g t h  of t h e  t e s t  cy l inde r .  Even so,  t h e  
c rack  f r o n t  a s s o c i a t e d  wi th  t h e  f i r s t  arrest event  d id  no t  extend a l l  t h e  
way t o  t h e  ends,  and t h e  depth of t h e  a r r e s t e d  f r o n t  i s  somewhat less a t  
midlength than  elsewhere.  Ignor ing  t h e  t a p e r i n g  o f f  a t  t h e  ends of t h e  
f law,  t h e  f r a c t i o n a l  depth  (a/w) of t h e  first a r r e s t e d  c rack  f r o n t  v a r i e s  
from 0.21 t o  0.32, and t h e r e  i s  a 240-m l e n g t h  i n  t h e  lower h a l f  of t h e  
cy l inde r  t h a t  has  a uniform va lue  of 0.28. 
t a p e r i n g  o f f  a t  t h e  ends,  which is due t o  free-end e f f e c t s ,  t h e  v a r i a t i o n  
of c rack  depth  is probably due t o  s m a l l  a x i a l  v a r i a t i o n s  i n  f r a c t u r e  
toughness.  

With t h e  except ion  of t h e  
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The f i n a l  c r ack  dep th  w a s  uniform over  -75% of t h e  l e n g t h  of t h e  
test c y l i n d e r  and w a s  equa l  t o  93% of t h e  w a l l  t h i c k n e s s  ( a / w  = 0.93). 
A t  t h e  ends of t h e  c y l i n d e r ,  a / w  = 0.82. 

The c rack  dep th  a s s o c i a t e d  wi th  t h e  ve ry  b r i e f  second arrest even t  
w a s  -82% of t h e  w a l l  t h i c k n e s s  (a/w = 0.82). Thus, t h i s  b r i e f  arrest  
event took p l a c e  r a t h e r  c l o s e  t o  t h e  s i te  of t h e  f i n a l  arrest even t ,  as 
w a s  t h e  case wi th  TSE-5A. 

10.4 Fracture-Mechanics Analys is  

10.4.1 P o s t t e s t  a n a l y s i s  based on des ign  toughness curves  

The pre tes t  a n a l y s i s  f o r  TSE-6 was based on toughness curves  (TSE-6 
des ign  curves)  deduced from t h e  r e s u l t s  of TSE-5 and i n d i c a t e d  t h a t  o n l y  
one i n i t i a t i o n - a r r e s t  event  would t a k e  place ( s e e  Fig. 4.9). Fur ther -  
more, a p o s t t e s t  a n a l y s i s ,  based on a c t u a l  tempera tures  and t h e  d e s i g n  
toughness cu rves ,  a l s o  i n d i c a t e s  a s i n g l e  i n i t i a t i o n - a r r e s t  even t ,  as 
shown i n  Fig. 10.8. However, as d i scussed  i n  Sect. 10.2, t h e r e  were 
a c t u a l l y  two “ s t a t i c“  e v e n t s  and one “dynamic” event.  As shown i n  Fig. 
10.8, which i n c l u d e s  t h e  a c t u a l  pa th  of e v e n t s ,  t h e  f i r s t  i n i t i a t i o n -  
arrest even t  took place -44 s earlier t h a n  “ p r e d i c t e d , ”  i n d i c a t i n g  t h a t  
t h e  a c t u a l  f r a c t u r e  toughness w a s  less than  a n t i c i p a t e d .  

A q u a n t i t a t i v e  comparison of KIc and KIa d a t a  can be ob ta ined  u s i n g  
Figs.  10.9 and 10.10, which correspond t o  Fig. 10.8 and are p l o t s  of T, 

These 
f i g u r e s  show t h a t  KIc and KIa f o r  t h e  f i r s t  i n i t i a t i o n - a r r e s t  event  were 
-40 and -14% less, r e s p e c t i v e l y ,  t h a n  t h e  d e s i g n  va lues .  For t h e  second 
i n i t i a t i o n  and f i n a l  arrest even t ,  KIc and KIa were somewhat g r e a t e r  (24  
and 18%, r e s p e c t i v e l y )  t h a n  t h e  des ign  va lues .  

and KIa vs a / w  f o r  t h e  two t i m e s  when e v e n t s  took place.  KI’ K I P  

10.4.2. KIc and KIa va lues  deduced from TSE-6 

The c a l c u l a t e d  c r i t i c a l  va lues  of KI cor responding  t o  t h e  f i r s t  two 
i n i t i a t i o n  e v e n t s  and t h e  f i r s t  and l a s t  arrest  e v e n t s  are l i s t e d  i n  
Table 10.1, which a l s o  i n c l u d e s  f o r  t h e s e  even t s  t h e  times, c rack  d e p t h s ,  
and c rack - t ip  tempera tures .  These c r i t i c a l  v a l u e s  of KI are  compared 
with t h e  TSE-6 des ign  curves and t h e  l a b  small-specimen d a t a  i n  Fig. 10.11. 
A s  i n d i c a t e d  i n  t h i s  f i g u r e ,  t h e  v a l u e s  of KIc and KIa deduced from TSE-6 
ag ree  reasonably  w e l l  wi th  t h e  curves  cor responding  t o  t h e  f i n a l  se t  of 
small-specimen d a t a ,  a l though t h e  KIc and KIa v a l u e s  cor responding  t o  t h e  
second i n i t i a t i o n  event  and t h e  f i n a l  arrest event  seem somewhat high. 

10.4.3 P o s t t e s t  a n a l y s i s  based on f i n a l  se t  of l a b  small-specimen 
KJ and KIa d a t a  

The f e w  TSE-6 d a t a  p o i n t s  i n  Table 10.1 and Fig. 10.11 could not  be 
used i n  a meaningful way t o  c o n s t r u c t  KI 
p o s t t e s t  a n a l y s i s  of TSE-6. 

and KIa curves  f o r  a f i n a l  
I n s t e a d ,  a E i n a l  a n a l y s i s  w a s  performed 
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Table 10.1. Summary of events f o r  TSE-6 

Time Event 
(SI 

Temperature K I  
a'w (ma-&) ("C) 

69 I n i t i a t i o n  0.10 46 -1 3 

Arrest 0.28 63 32 

137 I n i t i a t i o n  0 .28a 87 -3 1 

Arrest 0.93b 105 63 

aSecond i n i t i a t i o n  event. 

bFinal arres t  event. 

ORNL-DWG 85-4436 ETD 

TEMPERATURE ( O C )  

Fig. 10.11. Comparison of TSE-6 KIc and KIa v a l u e s ,  TSE-6 KIc and 
KIa des ign  curves  (deduced from TSE-5 r e s u l t s ) ,  and small-specimen KJ, 
KIc, and KIa da t a .  

us ing  t h e  small-specimen lower-bound KJ and t h e  mean KIa curves  shown i n  
Figs.  7.7 and 10.11. The r e s u l t s  are shown i n  Fig.  10.12, which is  a se t  
of c r i t i ca l - c rack -dep th  curves  wi th  t h e  a c t u a l  even t s  superimposed, and 
i n  Figs.  10.13 and 10.14, which are p l o t s  of tempera ture ,  KI,  KIc and KIa 
vs a / w  f o r  t h e  two t i m e s  a t  which even t s  took  p lace .  ( A  complete set  of 
d i g i t a l  ou tpu t  is  inc luded  i n  Appendix F.) 
sonably good agreement between experiment and a n a l y s i s  f o r  t h e  f i r s t  

These r e s u l t s  i n d i c a t e  rea- 
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initiation, first arrest, and final arrest event and a rather large dis- 
crepancy for the second initiation event, consistent with the data in 
Fig. 10.11. The critical values of KI corresponding to the first initia- 
tion and arrest events are -6% less and -12% greater, respectively, than 
the corresponding toughness curves. For the second initiation event, the 
critical value of KI is -88% greater than the initiation toughness curve. 

A comparison of KI and KIa for the final arrest event may not be 
very meaningful because of the proximity of the crack tip to the outer 
surface of the cylinder and because of the apparent very steep gradient 
in KI, which makes the calculated critical value of KI very sensitive to 
the effective crack depth. Probably the most important observation is 
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that almost irrespective of the value of KIa, the calculation would pre- 
dict arrest deep in the wall (a/w > 0.9) and, indeed, that is what hap- 
pened. 

10.4.4 Arrest in a rising K, field 

The scope of TSE-6 did not include achieving arrest in a rising KI 
field (dKI/da > 0) nor was such an event expected since a single long 
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crack  jump wi th  arrest deep i n  t h e  w a l l  w a s  d e s i r e d  and p red ic t ed .  
eve r ,  as shown i n  Fig. 10.15, t h e  i n i t i a l  r e l a t i v e l y  s h o r t  c r ack  jump d i d  
r e s u l t  i n  arrest i n  a r i s i n g  KI f i e l d .  
corresponding v a l u e  of dKI/da w a s  -0.8 MPa*G/mm, which is about t h r e e  
times t h a t  achieved du r ing  TSE-5A but  s t i l l  s i g n i f i c a n t l y  less than  t h a t  
e s t ima ted  f o r  two r a t h e r  s e v e r e  PWR p o s t u l a t e d  ove rcoo l ing  a c c i d e n t s  ( f a c -  
t o r  of two t o  t h r e e  less). Even so,  t h e  v a l u e  f o r  TSE-6 i s  l a r g e  enough 
f o r  a meaningful comparison of KIa va lues  cor responding  t o  r i s i n g  and 
f a l l i n g  KI f i e l d s .  

How- 

As i n d i c a t e d  i n  Fig. 10.15, t h e  

Such a comparison i s  made i n  Chap. 11. 
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11. DISCUSSION OF RESULTS 

11.1 Comparison of K I ~  and K I ~  Values Deduced from 

An impor tan t  o b j e c t i v e  of t h e  thermal-shock program w a s  t o  e v a l u a t e  
t h e  v a l i d i t y  of l i n e a r - e l a s t i c  f r a c t u r e  mechanics f o r  thermal-shock load- 

v a l u e s  deduced from the thermal-shock experiments w i th  t h e  d a t a  o b t a i n e  and Kia i n g  cond i t ions .  

u s i n g  " s t anda rd"  compact specimens. For a meaningful comparison i t  w a s  
necessa ry  t h a t  KI cor responding  t o  t h e  i n i t i a t i o n  and arrest even t s  dur- 
i n g  t h e  thermal-shock exper iments  be determined a c c u r a t e l y  and t h a t  t h e  
t e s t - c y l i n d e r  material be w e l l  c h a r a c t e r i z e d .  

Va l id  c rack - in i t i a t ion - toughness  d a t a  (KIc> were ob ta ined  over a 
reasonable  tempera ture  range f o r  t h e  TSE-5 and TSE-6 test c y l i n d e r s ,  bu t  
because of t h e  requirement f o r  l a r g e r  compact specimens, v a l i d  (KIc) d a t a  
were no t  ob ta ined  f o r  t h e  TSE-5A t e s t - c y l i n d e r  material. I n  t h e  absence  
of t h e s e  s p e c i f i c  d a t a ,  t h e  comparison f o r  e v a l u a t i n g  t h e  v a l i d i t y  of 
l i n e a r - e l a s t i c  f r a c t u r e  mechanics i n  connec t ion  wi th  TSE-SA was made w i t h  
t h e  ASME Sect. X I  lower-bound KIc c u r v e e l  

of material  and were g iven  t h e  same h e a t  t r ea tmen t ,  i t  is of i n t e r e s t  t o  
compare t h e  two sets of d a t a ,  and t h i s  i s  done i n  Fig. 11.1. As i n d i -  
c a t e d ,  t h e  small-specimen and t e s t - c y l i n d e r  KIc d a t a  sets ag ree  r a t h e r  
w e l l ,  i n c l u d i n g  t h e  scat ter ,  which is approximate ly  rt35%. The KIc v a l u e s  
f o r  t h e  second i n i t i a t i o n  e v e n t s  du r ing  t h e  thermal-shock experiments are 
r a t h e r  h igh ,  i n d i c a t i n g  an  i n c r e a s e  i n  toughness due t o  a p r i o r  arrest  
event.  However, t h e  t h i r d  i n i t i a t i o n  even t  du r ing  TSE-5 d i d  n o t  e x h i b i t  
t h e  same enhancement of KIc. Furthermore, s t u d i e s  conducted by Rosen- 
f i e l d  e t  al .2,  
does n o t  e l e v a t e  t h e  f r a c t u r e  toughness f o r  a subsequent i n i t i a t i o n  event.  

The TSE-5 and TSE-6 KIa va lues  a l s o  ag ree  r easonab ly  w e l l  w i th  each  
o t h e r ,  bu t  t h e  mean i s  -20% above t h e  mean of t h e  small-specimen da ta .  
However, because of t h e  apparent  l a r g e  scatter i n  KIa d a t a  and t h e  s m a l l  
number of TSE-5 and TSE-6 d a t a  p o i n t s ,  t h e  20% d i sc repancy  i s  no t  con- 
s i d e r e d  t o  be a t r end .  

TSE-6; ( 2 )  a prev ious  thermal-shock experiment,  TSE-4 (Refs. 4 and 5); 
and (3) a French thermal-shock experiment6 s imilar  t o  t h e  ORNL experiment 
w i th  t h e  ASME Sect. X I  lower-bound KIc curve i s  p resen ted  i n  Fig. 11.2.  
It i s  apparent  t h a t  a l l  of t h e  t e s t - c y l i n d e r  d a t a  p o i n t s  w i t h  t h e  excep- 
t i o n  of one of t h e  French p o i n t s  are above t h e  ASME lower-bound curve  
and, w i th  t h e  excep t ion  of two p o i n t s ,  are below an  approximate upper 
bound of t h e  KIc d a t a  t h a t  were used t o  g e n e r a t e  t h e  ASME lower-bound 
curve . l  The two p o i n t s  above t h e  upper-bound curve  correspond t o  t h e  
second i n i t i a t i o n  even t s  f o r  TSE-5 and TSE-6. 

This  was t o  be accomplished by comparing t h e  KIc 

Because t h e  TSE-5 and TSE-6 tes t  c y l i n d e r s  were from t h e  same h e a t  

w i t h  compact specimens i n d i c a t e  t h a t  a c r a c k - a r r e s t  event  

A comparison of a l l  of t h e  KIc v a l u e s  deduced from (1 )  TSE-5, TSE-5A, 
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Fig. 11 .1 .  Comparison of TSE-5 and TSE-6 KIc and KIa values with 
lower-bound KJ and mean KIa small-specimen data. 

A similar comparison for the KIa data is presented in Fig. 11 .3 ,  
which includes ( 1 )  10 KIa values deduced from 4 ORNL thermal-shock ex- 
periments (TSE-4, TSE-5, TSE-5A, and TSE-6); ( 2 )  3 KIa values deduced 
from the French thermal-shock experiment; ( 3 )  the 5th and 95th percentile 
curves corres onding to a Battelle-Columbus Laboratories small-specimen 

rial, including 25 data points obtained from the thermal-shock test- 
cylinder characterization studies; and ( 4 )  the ASME Sect. XI lower-bound 
KIa (KIR) curve.’ 
specimen data is approximately *45%, and only a small fraction of the 
data points falls below the KIR curve. A l l  of the KIa values deduced 
from the ORNL thermal-shock experiments fall within the small-specimen 

KIa data base tp p 8  consisting of 233 data points for A 533 and A 508 mate- 

A s  indicated by Fig. 11 .3 ,  the scatter in the small- 
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Fig. 11.2. Comparison of small-specimen and large-specimen KIc 
da t a .  

sca t te r  band and w e l l  above t h e  K I R  cu rve ,  wh i l e  t h e  t h r e e  French d a t a  
p o i n t s  c l u s t e r  about t h e  KIR curve. 

A comparison of t h e  ORNL and French thermal-shock-experiment d a t a  i s  
of i n t e r e s t  because t h e  thermal-shock experiments were ve ry  similar.  The 
tes t  c y l i n d e r s  were s imilar  i n  s i z e  and material and were thermal ly  
loaded by quenching i n  l i q u i d  n i t r o g e n .  However, t h e  French f r a c t u r e  
s u r f a c e s  were very f l a t  and void  of unbroken l i gamen t s ,6  whi le  t h e  ORNL 
s u r f a c e s  were r e l a t i v e l y  rough and, i n  some c a s e s ,  as shown i n  Figs.  9.10 
and 11.4, had many unbroken l igaments.  S ince  t h e  r e s t r a i n i n g  f o r c e  of 
t h e  l igaments  was n o t  accounted f o r  i n  t h e  c a l c u l a t i o n  of c r i t i c a l  v a l u e s  
of KI, t h e  e x i s t e n c e  of l igaments  on t h e  ORNL s u r f a c e s  could be a r eason  
f o r  t h e  g e n e r a l l y  h ighe r  i n d i c a t e d  v a l u e s  of f r a c t u r e  toughness r e l a t i v e  
t o  t h e  French va lues .  
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Fig. 11.3. Comparison of small-specimen and large-specimen KIa 
data. 

It would seem that the large scatter in the small-specimen and in 
the test-cylinder KIc and KIa data would preclude drawing conclusions re- 
garding the validity of linear-elastic fracture mechanics for thermal- 
shock loading conditions. However, if one accepts the apparent fact that 
both large and small specimens can exhibit large scatter in valid frac- 
ture-toughness data, then the coincidence of the scatter bands and a lack 
of significant anomalies during the thermal-shock experiments indicate 
that linear-elastic fracture mechanics is valid, at least for (T-RTNDT) 
< 2OoC for crack-initiation events and (T-RTNDT) < 6OoC for crack-arrest 
events. 
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Fig. 11.4. Examples of unbroken l igaments  (TSE-5A). 

11.2 Arrest i n  a R i s ing  KI F i e l d  

The two d a t a  p o i n t s  i n  Fig. 11.3 t h a t  correspond t o  arrest i n  a 
r i s i n g  KI f i e l d  ( f i r s t  arrest event  f o r  TSE-5A and TSE-6) f a l l  w e l l  with- 
i n  t h e  scatter band of t h e  small-specimen da ta .  
cr i t ical  va lue  of KI f o r  arrest i n  a r i s i n g  KI f i e l d  i s  about  t h e  same as 
t h a t  f o r  a f a l l i n g  KI f i e l d  (dKI/da < 0 ) ,  which is  t h e  u s u a l  c o n d i t i o n  
when o b t a i n i n g  small-specimen KIa da t a .  

This  i n d i c a t e s  t h a t  t h e  



144 

11.3 Dynamic E f f e c t s  a t  Arrest 

A dynamic e f f e c t  a t  arrest would be man i fe s t  i n  a h i g h e r  c r i t i c a l  
va lue  of KI than  c a l c u l a t e d  wi th  a s t a t i c  model.9 
11.3, t h e  s t a t i c a l l y  c a l c u l a t e d  v a l u e s  of KIa cor responding  t o  arrest  
fo l lowing  t h e  two long  c rack  jumps (second arrest  even t s  f o r  TSE-5 and 
TSE-6) are j u s t  below t h e  upper bound of t h e  small-specimen da ta .  I f  dy- 
namic e f f e c t s  were a c t u a l l y  s u b s t a n t i a l ,  t h e  s t a t i c  a n a l y s i s  would tend  
t o  y i e l d  low v a l u e s  of KIa. 
d a t a  t h a t  dynamic e f f e c t s  were n e g l i g i b l e .  

A s  i n d i c a t e d  by Fig. 

Thus, it i s  concluded on t h e  b a s i s  of t h e s e  

11.4 Comparison of EB-Weld Flaws  and Ar res t ed  Flaws  

There i s  a l i n g e r i n g  concern t h a t  f l aws  gene ra t ed  by t h e  EB-weld 
p rocess ,  which u s u a l l y  invo lves  postweld hydrogen cha rg ing ,  and a r r e s t e d  
f l a w s  could e x h i b i t  a d i f f e r e n t  e f f e c t i v e  f r a c t u r e  toughness (KIc) t han  
f a t i g u e  flaws. Arres ted  flaws may have unbroken l igaments  on t h e  f r a c -  
t u r e  s u r f a c e  t h a t  a f f e c t  t h e  c r i t i c a l  l oad ,  and an  EB-weld f law,  which is  
a l s o  an a r r e s t e d  f law,  may have a r e s i d u a l  KI va lue  of unknown magnitude 
(see Sect.  8.4.4). 

shock program correspond t o  f a t i g u e  f laws ,  wh i l e  t h e  KIc d a t a  deduced 
from t h e  thermal-shock experiments correspond t o  EB-weld f laws  ( a l l  i n i -  
t i a l  f laws)  and a r r e s t e d  flaws. Thus, t h e  thermal-shock program pre -  
s e n t e d  an  oppor tun i ty  t o  compare "KIc" v a l u e s  ob ta ined  from t h e  t h r e e  
types  of f laws  ( f a t i g u e ,  EB weld, and a r r e s t e d ) .  As i n d i c a t e d  by t h e  
KIc d a t a  i n  Fig. 11.2, t h e r e  is  no c o n s i s t e n t  t r e n d  t o  i n d i c a t e  a d i f -  
f e r e n c e  between t h e  t h r e e  types  of flaws. Furthermore,  as mentioned i n  
Sect.  11.1, Rosenf ie ld7 ,*  found no s i g n i f i c a n t  d i f f e r e n c e  between f a t i g u e  
and a r r e s t e d  c racks  i n  compact specimens. 

The l a b  small-specimen d a t a  ob ta ined  i n  connec t ion  wi th  t h e  thermal- 

11.5 Warm P r e s t r e s s i n g  

0 

Warm p r e s t r e s s i n g  w i t h  K < 0 may have prevented  r e i n i t i a t i o n  i n  
each  of t h e  ORNL thermal-shock experiments. However, only i n  t h e  case of 
TSE-5A was t h e  c a l c u l a t e d  b e s t  estimate of (KI/KIc)qax f o r  t h e  f i n a l  
c r ack  dep th  l a r g e  enough t o  account f o r  t h e  u n c e r t a i n t i e s  i n  t h e  exper i -  
ment and a n a l y s i s .  As i n d i c a t e d  i n  Sect. 9.4, t h e  c a l c u l a t e d  b e s t  es t i -  
mate of (KI/KIc)max (max w i t h  r e s p e c t  t o  t i m e ) ,  u s ing  t h e  deduced tough- 
nes s  curves  i n  Fig. 9.15, w a s  2.3, and t h e  cor responding  c rack - t ip  t e m -  
p e r a t u r e  w a s  -45'C. With r e f e r e n c e  t o  Fig. 11.2, i t  can be seen  t h a t  t h e  
f a c t o r  of 2.3 more than  accommodates t h e  small-specimen upper-bound KIc 
curve and even an  upper-bound curve through t h e  maximum of t h e  KIc v a l u e s  
deduced from t h e  thermai-shock experiments.  Thus, i t  is  concluded t h a t  
warm p r e s t r e s s i n g  w i t h  K < 0 was adequate ly  demonstrated.  

I 

I 
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Appendix A 

INFORMATION PERTAINING TO THERMOCOUPLE THIMBLES 

Radial temperature distributions in the wall of the TSE test cylin- 
ders were determined by measuring the temperatures along the length of a 
steel bar that constituted the core region of a thermocouple thimble that 
was inserted into a closely fitting, radially oriented hole in the wall 
of the cylinder. The rough stock for the core was taken from a prolon- 
gation of the test cylinders, and this was done in such a way that the 
longitudinal axis of the core, before removal of the rough stock from 
the prolongation, coincided with a radial line of the test cylinder. 
The final heat treatment for the core consisted of tempering at -7OOOC 
for 4 h. 

As shown in Figs. A.1 and A.2, the geometry of the core was a right 
circular cylinder. Twelve shallow, equally spaced grooves were machined 

OR N L-P HOT0 689 1 -79 R 

Fig. A.1. Thermocouple-thimble components and assembly for measur- 
ing radial temperature distribution in test cylinders during thermal- 
shock experiments. 
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149 

t h e  f u l l  l e n g t h  of t h e  b a r  t o  accommodate thermocouple l eads .  
small-diameter r a d i a l  h o l e  was d r i l l e d  i n  each groove t o  accommodate t h e  
thermocouple j u n c t i o n s .  These j u n c t i o n s  were made by s o l d e r i n g  p a i r s  of 
l e a d s  i n  each hole .  The h o l e s  were spaced a p a r t  a long  t h e  l e n g t h  of t h e  
b a r  and were c l o s e r  t o g e t h e r  n e a r  t h e  " inner"  end, where t h e  temperature  
g r a d i e n t  would be t h e  s t e e p e s t .  

A complete assembly of a thermocouple thimble i n c l u d e s  t h e  co re ,  
e i t h e r  10 (TSE-6) o r  12 (TSE-5, TSE-5A) thermocouples,  and a s t ee l  s l e e v e  
t h a t  p r o t e c t s  t h e  thermocouples from abuse. Epoxy i s  used t o  bond t h e s e  
components t o g e t h e r  and t o  f i l l  a l l  voids .  

Af t e r  assembly, each thimble was s u b j e c t e d  t o  an i so thermal  c a l i b r a -  
t i o n  a t  100°C, room temperature ,  and l i q u i d - n i t r o g e n  temperature .  In  ad- 
d i t i o n ,  each thimble was s u b j e c t e d  t o  a thermal  shock by f i r s t  c o a t i n g  
t h e  " inner"  end of t h e  thimble with rubber  cement and then  c o n t a c t i n g  
t h a t  s u r f a c e  wi th  l i q u i d  n i t rogen .  This  was done t o  make s u r e  t h a t  t h e  
j u n c t i o n s  would n o t  f a i l  under thermal-shock c o n d i t i o n s .  

The d iameter  of t h e  thermocouple-thimble was i n f l u e n c e d  by two con- 
s i d e r a t i o n s :  (1) i t  had t o  be l a r g e  enough t o  accommodate t h e  1 2  thermo- 
couples  wi thout  t h e  thermal  p r o p e r t i e s  of t h e  thermocouple l e a d s  and t h e  
epoxy having a s i g n i f i c a n t  e f f e c t  on t h e  temperatures  i n  t h e  c o r e ,  and 
(2) i t  had t o  be l a r g e  compared t o  l o c a l  v a r i a t i o n s  i n  t h e  rubber-cement 
c o a t i n g  on t h e  i n n e r  end of t h e  thimble so t h a t  enhancement of t h e  f l u i d -  
f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  would be  t h e  same f o r  t h e  thimble as else- 
where. 

between t h e  o u t s i d e  diameter  of t h e  thimble and t h e  mating h o l e  i n  t h e  
w a l l  of t h e  test c y l i n d e r  i n t r o d u c e  an e r r o r  i n  t h e  t r a n s i e n t  temperature  
i n d i c a t i o n s .  This i s  because dur ing  a thermal-shock experiment h e a t  
tends  t o  t r a v e l  a long  r a d i a l  l i n e s ,  and t h e  c y l i n d r i c a l  s u r f a c e  of t h e  
thimble c u t s  a c r o s s  t h e s e  r a d i a l  l i n e s .  The magnitude of t h e  e r r o r  de- 
pends,  of course ,  upon t h e  thermal  r e s i s t a n c e  of t h e  gap,  and t o  compli- 
cate matters, t h e  gap i s  no t  uniform around t h e  thimble.  I f  t h e  gap re- 
s i s t a n c e  i s  assumed t o  be i n f i n i t e ,  t h e  maximum e r r o r  can be e s t i m a t e d  by 
comparing c a l c u l a t e d  temperatures  f o r  c y l i n d r i c a l  and s l a b  geometr ies .  
The r e s u l t s  of such an a n a l y s i s  are shown i n  Fig. A.3 f o r  t y p i c a l  TSE 
thermal-shock condi t ions .  As i n d i c a t e d ,  a t  2 min i n t o  t h e  t r a n s i e n t ,  t h e  
s l a b  has  a 6°C lower temperature  a t  t h e  i n n e r  s u r f a c e ,  and a t  5 min t h e  
d i f f e r e n c e  i s  14OC. The d i f f e r e n c e  cont inues  t o  i n c r e a s e  f o r  some t i m e  
t h e r e a f t e r ,  and a l though t h e  i n i t i a t i o n  and arrest  events  i n  each of t h e  
experiments  were over  b e f o r e  5 min, t h e  demonstrat ion of w a r m  pre- 
s t r e s s i n g  r e q u i r e d  an e x t e n s i o n  of t h e  experiment (TSE-5A) to--15 min t o  
o b t a i n  a n  estimate of (KI/KIc)max. 
adequacy of t h e  p a r t i c u l a r  thimble d e s i g n  w a s  i n  o rder .  

Rather  t h a n  a t tempt  t o  estimate t h e  a c t u a l  thermal  r e s i s t a n c e  of t h e  
gap, t h e  TSE-5A test c y l i n d e r  was equipped with t h r e e  thimbles  t h a t  had a 
r e c t a n g u l a r  c r o s s  s e c t i o n  w i t h  a l l  f o u r  s i d e s  of t h e  thimble p a r a l l e l  t o  
r a d i a l  l i n e s  ( s e e  Fig. A.4). These 3 thimbles  were l o c a t e d  a t  t h e  hor i -  
z o n t a l  midplane of t h e  t es t  c y l i n d e r ,  and t h e  o t h e r  12  thimble l o c a t i o n s  
were equipped with t h e  c y l i n d r i c a l  thimbles .  
c y l i n d e r  w a l l  were machined u s i n g  e l e c t r i c a l - d i s c h a r g e  machining tech- 
niques,  as i l l u s t r a t e d  t o  some e x t e n t  i n  Fig. A.5.) 

A shal low,  

The s t r a i g h t  c y l i n d r i c a l  shape of t h e  c o r e  and t h e  small c l e a r a n c e  

Thus, a f u r t h e r  e v a l u a t i o n  of t h e  

(The tapered  h o l e s  i n  t h e  
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Fig. A . 3 .  Comparison of temperatures for cylinder and slab geome- 
tries for typical TSE thermal-shock conditions. 

Two thermal-shock experiments (a thermal-hydraulic experiment and 
TSE-5A) were conducted using the test cylinder equipped with both the 
cylindrical and tapered thimbles. In both tests there was no discernible 
difference in indicated temperatures measured with the two types of thim- 
bles, implying that the interface resistance was negligible. 

The wall thickness for the TSE-6 test cylinder was half that for the 
TSE-5 and TSE-5A test cylinders, for which w = 152 mm. Thus, the thim- 
bles were reduced in length to 76 mm, and this eliminated thermocouples 
10 and 11. Otherwise, the thimbles for TSE-6 were the same as those for 
TSE-5 and TSE-5A. 
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ORNL PHOTO 7330-80 

Fig. A . 4 .  Tapered thermocouple-thimble components and assembly for 
measuring r a d i a l  temperature  d i s t r i b u t i o n  i n  TSE-5A test cy l inde r  dur ing  
thermal-shock experiment. 



Fig. A.5. Machining of tapered thermocouple-thimble holes in the 
TSE-5A test cylinder using the electrical discharge machining process. 

K/PH 80-21 65A 
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Appendix B 

CALIBRATION OF COD GAGES 

During TSE-5, TSE-5A, and TSE-6, c rack  opening a t  t h e  i n n e r  s u r f a c e  
of t h e  test c y l i n d e r s  w a s  measured us ing  Ai l t ech  weldable s t r a i n  gages 
(F ig .  B . l ) .  As  i l l u s t r a t e d  i n  Fig. 6.8, t h e  c e n t r a l  p o r t i o n  of t h e  gage 
w a s  no t  bonded t o  t h e  s u r f a c e  of t h e  cy l inde r .  This type  of i n s t a l l a t i o n  
was used t o  p reven t  excess ive ly  high s t r a i n  i n  t h e  gage d i r e c t l y  over t h e  
c rack .  The s t r a i n  i n  t h e  unbonded p o r t i o n  of t h e  gage i s  e s s e n t i a l l y  
e q u a l  t o  t h e  c rack  opening a t  t h e  s u r f a c e  d i v i d e d  by t h e  l e n g t h  of t h e  
unbonded s e c t i o n .  I f  t h i s  s t r a i n  i s  l a r g e  compared wi th  t h e  s t r a i n  as- 
s o c i a t e d  w i t h  t h e  s u r f a c e  stresses, t h e n  t h e  ou tpu t  of t h e  gage can be 
i n t e r p r e t e d  d i r e c t l y  i n  terms of c rack  opening. 

Even w i t h  a p o r t i o n  of t h e  gage unbonded, t h e  s t r a i n  can be l a r g e  
enough f o r  s i g n i f i c a n t  p l a s t i c  deformation of t h e  gage t o  t a k e  p lace .  
T h i s  and an  unbonded s e c t i o n  of t h e  gage i n t r o d u c e  t h e  p o s s i b i l i t y  of 
buckl ing  of t h e  unbonded p o r t i o n  when t h e  thermal stresses subs ide  and 
t h e  c rack  c l o s e s ,  as i l l u s t r a t e d  i n  Fig. 6.8. This  i s  of no concern be- 
cause by t h e  t i m e  buckl ing  occur s ,  a l l  of t h e  d a t a  of i n t e re s t  have been 
recorded. Furthermore, t h e  h e i g h t  of t h e  buckle can be used t o  e s t i m a t e  
t h e  maximum c rack  opening. 

I n i t i a l l y  t h e  COD gages were t o  be used m l y  f o r  d e t e c t i n g  t h e  t i m e  
a t  which an i n i t i a t i o n - a r r e s t  event  took p l a c e ,  and such an event  i s  
c l e a r l y  i n d i c a t e d  by a s t e p  change i n  gage o u t p u t  as shown i n  Fig. 8.8. 
To accommodate a series of e v e n t s ,  i t  was necessa ry  t h a t  t h e  gage n o t  
f a i l ,  and f a i l u r e  w a s  p revented  i n  most cases by no t  bonding t h e  c e n t r a l  
p o r t i o n  of t h e  gage, as d i scussed  above. 

Provided t h a t  tempera ture  e f f e c t s  would n o t  be e x c e s s i v e ,  t h e r e  w a s  
a l s o  t h e  p o s s i b i l i t y  of u s i n g  t h e  COD-gage ou tpu t  i n d i r e c t l y  t o  estimate 
c rack  depth. This  w a s  done by c a l c u l a t i n g  t h e  r e l a t i o n  between crack  

ORNL-DWG 76-18802A 

321 SS STRAIN TUBE r 
\ Ni-Cr ALLOY 

STRAIN F ILAMENT 
COMPACTED MgO POWDER 7 

\ / 

r 

321 SS MOUNTING FLANGE 
(NOT CONTINUOUS FOR DG GAGE) 

Fig. B . l .  Details of A i l t e c h  SG and DG-125 qua r t e r -b r idge  s t r a i n  
gages. 
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opening a t  t h e  i n n e r  s u r f a c e  and c rack  depth  f o r  t h e  t i m e s  i n  t h e  t r a n -  
s i e n t  a t  which i n i t i a t i o n - a r r e s t  e v e n t s  took p lace .  To improve t h e  ac- 
curacy of t h i s  procedure ,  i t  w a s  necessa ry  t o  c a l i b r a t e  t y p i c a l  gages t o  
o b t a i n  t h e  r e l a t i o n  between gage ou tpu t  and crack  opening. 
i n  an  MTS t e s t i n g  machine, u s ing  t h e  g e n e r a l  arrangement and t echn ique  
i l l u s t r a t e d  i n  Fig. B.2. 

C a l i b r a t i o n s  were performed f o r  two i so the rma l  cond i t ions :  room 
tempera ture  and l i q u i d - n i t r o g e n  tempera ture  (-196OC). 
c o n t r o l  l oad ing  (0.127 mm/min) w a s  used, and load ing  w a s  cont inued  t o  
f a i l u r e  of t h e  gage. In a l l  cases t h e  gage ou tpu t  vs  d isp lacement  was 
e s s e n t i a l l y  l i n e a r  up t o  t h e  p o i n t  of f a i l u r e .  Data p e r t a i n i n g  t o  t h e  
COD gages used f o r  TSE-5, TSE-5A, and TSE-6 are summarized i n  Table B.l. 

This w a s  done 

Displacement- 

ORNL-DWG 80-4351A ETD 

GRIPS AND LOAD APPLIED BY MTS 
TESTING MACHINE 

BAR (29-rnrn diarn) 

TSE-5: 

{ TSE-6: 
UNBONDED LENGTH TSE-SA: 

GAGE LENGTH 

TSE-5: 20rnrn PLIED DISPLACEMENT TSE-5A: 20rnrn 
TSE-6: 38rnrn 

FLANGE OF GAGE SPOT-WELDED 
I 

TO BARS (TWO GAGES A T  180') 

v 
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Fig. B.2. I n s t a l l a t i o n s  of A i l t e c h  COD gages f o r  c a l i b r a t i o n .  
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Table B. l .  Data p e r t a i n i n g  t o  t h e  COD gages 
used f o r  TSE-5, TSE-5A, and TSE-6 

Gage c h a r a c t e r i s t i c s  TSE-5 TSE-SA TSE-6 

Gage No. SG-125 SG-125 DG-125 

Unbonded l e n g t h ,  mm 10 10 27 
Average s t r a i n  a t  f a i l u r e ,  % -7 -7 -8 
S t r a i n  i n  unbonded l e n g t h  -1 4 -1 4 -1 3 

d(&)/d(COD), mm-l 0.040 0.040 0.021 

Active l e n g t h ,  mm 20 20 44 

a t  f a i l u r e ,  % 
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Appendix C 

MATERIAL PROPERTY DATA 

A d e t a i l e d  d i s c u s s i o n  of t h e  material p r o p e r t y  d a t a  f o r  t h e  t h r e e  
tes t  c y l i n d e r s  (TSC-1, TSC-2, and TSC-3) and t h e i r  p ro longat ions  (TSP-1, 
TSP-2, and TSP-3) i s  inc luded  i n  Chap. 7. This  appendix i s  b a s i c a l l y  a 
compilat ion of d i g i t a l  d a t a  t h a t  correspond t o  t h e  p l o t t e d  d a t a  i n  Chap. 
7 and i s  arranged i n  e s s e n t i a l l y  t h e  same order .  Tables  C.1-C.9 p e r t a i n  
t o  TSE-5 and TSE-6, w h i l e  Tables C.10-C.13 p e r t a i n  t o  TSE-5A. As men- 
t i o n e d  i n  Chaps. 5 and 7 ,  t h e  t es t  c y l i n d e r s  f o r  t h e  t h r e e  experiments  
and t h e i r  p ro longat ions ,  which were used f o r  c h a r a c t e r i z i n g  t h e  material, 
were from t h e  same h e a t  of SA 508 (c lass -2  chemis t ry)  material. The 
TSE-5 and TSE-6 tes t  c y l i n d e r s  (TSC-1 and TSC-3) were tempered a t  t h e  same 
tempera ture  (613OC), w h i l e  TSC-2 w a s  tempered a t  a h i g h e r  tempera ture  
(679°C). 
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Table C.l. Tensi le  properties for  TSP-1 
tempered for 4 h and a i r  cooled 

Strength properties 
Test ( m a )  Totala Reduct ion 

temperature elongation of area 
( " C )  Lower Ultimate (XI ( % >  

y i e l d  t e n s i l e  

-1 96 
-1 8 
66 
149 
22 

-101 
107 

- 59 
-1 46 

-1 8 
66 

149 
23 

-101 
107 
-59 

-146 

-1 23 
-1 8 
66 
149 
2 2  

-101 
107 
-59 

-146 

-1 23 
-1 8 
66 

149 
22 

-101 
107 
-59 

-1 46 

958 
528 
48 7 
463 
502 
613 
476 
553 
733 

627 
592 
557 
603 
7 24 
579 
653 
880 

803 
655 
619 
614b 
632 
761 
62 l b  
7 08 
855 

853b 
71gb 
688b 
65 3b 
69gb 
80 q b  
666b 

925b 
743b 

704°C temper 

1037 
686 
623 
6 10 
67 3 
782 
612 
7 15 
860 

677°C temper 

766 
722 
695 
741 
864 
705 
80 1 
953 

649°C temper 

934 
808 
759 
743 
783 
898 
741 
851 
97 2 

593°C temper 

1010 
877 
83 1 
796 
850 
96 1 
808 
909 
1050 

18.4 
24.6 
21.7 
20.3 
23.6 
27 e 5  

21.4 
25.1 
27.2 

21.0 
19.5 
18.1 
!8.5 
20 e4 
17.4 
22.4 
19.2 

23.7 
18.3 
15.4 
18.1 
16.6 
20.8 
18.1 
21.7 
20.5 

21.0 
18.6 
17.4 
14.6 
17.7 
17.3 
16.2 
18.8 
18.8 

24 
65 
65 
64 
68 
62 
67 
66 
56 

62 
61 
64 
60 
53 
62 
61 
49 

55 
55 
53 
60 
54 
54 
62 
54 
46 

44 
56 
53 
54 
52 
47 
51 
52 
35 

aGage length/gage diameter r a t i o  (L/D) = 4 (calcu- 

b0.2~ o f f s e t  y i e ld .  

la ted  from L/D = 7 data) .  
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Table C.2. T e n s i l e  proper t ies '  f o r  TSP-1 tempered 
a t  613OC f o r  4 h and a i r  cooled 

D u c t i l i t y  
S t r eng th  ( % >  

d Reduction T o t a l  
e l o n g a t i o n  

Depth Tempera ture  ( m a )  
l o c a t i o n  ("C> 

YieldC U l t i m a t e  of area 

L/D = 7 L/D = 4 

0.04 
0.04 
0 e04 
0.21 
0.21 
0.21 
0.21 
0.21 
0.21 
0.21 
0.50 
0.50 
0.50 
0.75 
0.75 
0.75 
0.96 
0.96 
0.96 

-18 
38 
93 

-46 
-18 
10 
38 
93 
177 
288 
-1 8 
38 
93 

-18 
3% 
93 

-18 
38 
93 

734 
711 
678 
751 
727 
710 
696 
666 
647 
660 
730 
69 5 
664 
7 19 
687 
662 
7 34 
704 
683 

88 1 
842 
816 
892 
869 
850 
828 
799 
789 
803 
869 
8 28 
799 
864 
8 20 
793 
875 
835 
816 

13.9 
12.7 
12.5 
13.7 
13.7 
13.0 
13.0 

12.5 
12.5 
15.3 
12.8 
13.9 
14.6 
13.4 
13.2 
14.2 

11.8 

11.7 

13.2 

19.2 
17.6 
17.2 

18.8 
17.4 

16.2 

18.5 

18.1 

17.3 
17.6 
21.0 
17.9 
19.3 
20.2 
18.7 
18.6 
19.5 
18.3 
16.2 

55.1 
55.9 
55 .O 
49.6 
55.4 
54.8 
54.9 
55.2 
54.4 
54.2 
56.3 
57.1 
58 -4 
59.2 
57.7 
59.9 
57.1 
57.6 
53.5 

'Average of two specimens, bo th  C o r i e n t e d .  

bFrac t ion  of t h e  152-mm w a l l  ( i n n e r  s u r f a c e  = 0 ) .  

'0.2% o f f s e t ;  s t r a i n  rate = O.Olb/min. 

dGage length /gage  d iameter  r a t i o  (L/D) = 4 ( c a l c u l a t e d  from 
L/D = 7 d a t a ) .  
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Table C.3. T e n s i l e  p r o p e r t i e s a  f o r  TSC-1 tempered 
a t  613°C f o r  4 h and a i r  cooled 

D u c t i l i t y  
S t r e n g t h  ( % I  

d Re duc t i o n  T o t a l  Depth Temperature ( m a )  

( "0  e l o n g a t i o n  l o c a t i o n  
Yield' U l t i m a t e  of area 

L/D = 7 L/D = 4 

0.04 
0.04 
0 -04 
0.21 
0.21 
0.21 
0.21 
0.21 
0.21 
0.21 
0 -50 
0.50 
0.50 
0.75 
0.75 
0.75 

0.96 
0.96 

0.96 

-18 
38 
93 

-46 
-18 
10 
38 
93 
177 
28 8 
-1 8 
38 
93 

-18 
38 
93 

-18 
38 
93 

7 16 
696 
67 2 
731 
707 
695 
680 
656 
630 
6 38 
702 
677 
655 
706 
666 
65 2 
714 
685 
662 

851 
826 
80 1 
869 
843 
825 
80 7 
7 80 
766 
7 79 
839 
802 
776 
8 36 
794 
775 
849 
808 
783 

13.4 
14.6 
11.7 

14.3 
12.8 
12.7 
12.4 
12.2 
12.2 
13.4 
12.8 
11.5 
13.7 
12.8 
12.0 
14.1 
12.2 
11.6 

13.6 

18.3 
20.1 
16 -0 
19.4 
19.6 

17.4 
17.0 

16.8 
17 -0 
16.9 
19.8 
17.6 
15.9 

17.4 

19.2 
16.8 
15.8 

18.5 

16 -5 

56.0 
59.8 
56.2 
55.8 
54.8 
53.1 
56.3 
55.6 
57.2 
56.8 
53.4 
57.0 
55.4 
54.4 
57.8 
55.2 
56.0 
55.8 
54.8 

~~ ~~ 

ahrerage  of two specimens, bo th  C o r i e n t e d .  

b F r a c t i o n  of t h e  152-mm w a l l  ( i n n e r  s u r f a c e  = 0) .  

'0.2% o f f s e t ;  s t r a i n  rate = O.Olb/min. 
dGage l eng th /gage  d i ame te r  r a t i o  (L/D) = 4 ( c a l c u l a t e d  from 

L/D = 7 d a t a ) .  
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Table  C.4. S t a t i c  f r a c t u r e  toughness 
(KJ) from 1T compact specimens of 

TSP-1 tempered f o r  4 h 
and a i r  cooled 

K J a  
Tempering T e s t  

( m a * & )  t emp era t u r e tempera ture  
("C) ("a 
59 5 

600 

650 

-46 
-1 8 
-1 8 

10 

- 4 6  
-46 
- 4 6  
-1 8 
-1 8 
-1 8 
-1 8 

10 
10 
10 
10 
10 
38 
38 
38 
38 

4 6  
-18 
-1 8 

10 

37 
81  
81 

10 1 

38 
38 
80 
97 
64 
99 
62 
88 
66 

102 
67 

153 
200 
18 1 
96 

20 8 

110 
115 
110 
159 

aKJ v a l u e s  c a l c u l a t e d  from J- 
i n t e g r a l  a t  maximum load  (K2 = EJ). J 
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Table  C.5. Crack-arrest  toughness d a t a  
(KIa) f o r  TSP-1 and TSP-3 

tempered a t  613OC f o r  
4 h and a i r  cooled 

Test- T e s t  
KIa 

(ma*&) c y l i n d e r  temperature  
p r o l o n g a t i o n  ( "C> 

b TSP-3 11 
9 

39 
66 
66 
78 
79 
79 

59 
86 
73 
69 

105 

71  
62 
74 
68 
8 7  
69 
70 
72 

~ ~ _ _ _  

"Ref. 1. 

bRef. 2. 
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Table  C.6. S t a t i c  f r a c t u r e  toughness (KJ)  d a t a  
from 1T and 2T compact specimens of TSP-1 
tempered a t  613°C f o r  4 h and a i r  cooled 

~~~ 

1T compact specimens 2T compact specimens 

KJ~, 
(ma*&)  

Test 
t emp e rat  u r  e 

KJa, T e s t  
t empera t u r e  

("0 (ma*&) ("C)  

-18 102 -1 8 
145 
111 

8 2  

32 

82  

114 
186 
153 
188 
164 
202 

70 

32 

204 82 
128 
236 
200 
249 
2 40 
211 

135 

105 
92 
51  

111 
80 

22 1 
115 
105 
172 

135 
255 
197 
16 1 
27 3 
27 7 
298 
284 

278 
274 

aDepth l o c a t i o n  (d/w) = 0.33, w = 152 mm. 

bKJ c a l c u l a t e d  from J - i n t e g r a l  a t  maximum 

load  (K: = EJ). 
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Table  C.7. S t a t i c  f r a c t u r e  toughness (KJ) 
d a t a  from 1T compact specimens of 

TSP-3 tempered a t  613OC f o r  4 h 
and a i r  cooled 

K J  
T e s t  Depth 

("0 (d /w> ( m a * & )  t emp e ra t  u r  e l o c a t  ion" 

10 

- 4 6  

-7 3 

0.63 

0.17 

0.17 

135 
129 
110 
197 
87 

200 
169 
125 
177 
113 
20 1 
135 
128 
72 

175 

54 
57 
46 
64 
81 
72 

120 
9 3  
70 

100 

52 
42 
57 
6 1  
72 
40 
60 
38 
52 
59 

"w = 152 mm. 

bKJ c a l c u l a t e d  from J - i n t e g r a l  
a t  maximum load  (K: = E J )  . 
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Table C.8. S t a t i c  f r a c t u r e  toughness 
(KJ) d a t a  from 1T compact spec i -  
mens of TSC-3 tempered a t  613°C 

f o r  4 h and a i r  cooled 

K J ~ ,  ' 
(ma*&)  

T e s t  
t emp e r a t u r e  

( " C )  

-3 2 

66 

87 
104 
95 

138 
144 

49  
9 9  
8 0  
97 

275 
164 
249 
270 
265 
263 
233 
2 64  
247 

aDepth l o c a t i o n  (d/w) = 
0.41, w = 76 mm. 

'KJ c a l c u l a t e d  from J- inte-  
g r a l  a t  maximum load  (K: = E J ) .  
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Table C.9. Stat ic  fracture toughness ( K J )  
from 0.394T compact specimens of TSP-1 

tempered at  613°C for 4 h 
and a i r  cooled 

K J b  
Test Depth 

temperature locat ionQ (ma&) ("C) (d/w) 

-7 3 0.33 62 
100 
74 

-46  0.33 53 
10 1 
41 

-1 8 0.06 95 
57 
7 1  

106 

.O 17 125 
65 

101 
123 

0.33 

0.50 

0.67 

103 

184 
i42 
124 
86 

134 

153 
159 
188 
150 
165 

86 
72 

135 
57 

0.83 167 
133 
176 
88 

16 1 

10 0.33 125 
168 
20 5 
103 
214 
158 

38 0.33 224 
149 
20 2 
197 
114 
183 

%I = 152 mu. 

~ K J  calculated from J-integral 
at maximum load ( K 2  - EJ). J 
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T a b l e  C.10. S t a t i c  f r a c t u r e  t o u g h -  
n e s s  (KJ) f r o m  1T c o m p a c t  s p e c i -  

m e n s  o f  TSP-2 t e m p e r e d  a t  
677°C f o r  4 h a n d  

a i r  c o o l e d  

KJb  
T e s t  D e p t h  

t e m p e r a t u r e  l o c a t i o n a  
( " 0  ( d h )  ( m a . & )  

-4 

24 

38 

52 

0.17 

0.63 

0.17 
0.17 
0.63 
0.63 
0.36 
0.17 
0.17 

0.63 

0.63 
0.63 
0.17 
0.17 
0.17 
0.63 
0.17 

~ 

-3 2 0.63 138 
0.17 91 

106 
121 
116 
99 

131 
135 
72 

112 

240 
224 
2 00 

249' 

275' 

240' 
143' 
287 
233 
259 
268 
158 
222 
249 
279 
251 
,296 
26 la 
195d 
277d 

265d 
254d 
276 
260 
27 7 
27 5 
220 
28 1 
273 
279 
289 
289 
279 
334 

0.63 297 
310 
285 
322 

180' 

210' 

288d 

%I = 152 m. 

bKJ c a l c u l a t e d  f r o m  J - i n t e g r a l  

'BCL 20% s i d e  g r o o v e d . 3  

%SNSRDC s p r i n g  l o a d e d . '  

a t  maximum l o a d  (K; = EJ). 
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Table  C . l l .  S t a t i c  f r a c t u r e  toughness 

TSP-2 tempered a t  707OC f o r  
4 h and a i r  cooled 

(KJ) from 1T compact specimens of 

K J  
T e s t  Depth 

(MPA. 6) t empe ra  t u r  e l o c a t  i o n a  
("C) (d /w> 

-7 3 0.63 

- 4 6  0.17 

-4 

38 

0.63 
0.63 
0.17 
0.63 
0.63 

0.63 
0.63 
0.17 
0.63 
0.63 
0.17 

0.63 
0.17 

0.63 

0.17 
0.63 

0 -17 

66 0 -63 

0.63 

126 

147 
137 
15 3 
88 

130 
134 
159 
162 
150 
149 
149 

295 
315 
2 1  1 
173 
2 1  1 
134 
230 
26 1 
234 
345 
150 

29 3 
35 1 
234 
318 
328 
310 
364 
326 
332 
380 

348 

308 

= 152 mm. 

a t  maximum load  (K: = E J ) .  
bKJ c a l c u l a t e d  from J - i n t e g r a l  
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Table  C. 12. S t a t i c  c r a c k - a r r e s t  
toughness ( K I ~ )  from wedge- 
loaded  compact specimens of 
TSP-2 tempered a t  677°C f o r  

4 h and a i r  cooled",' 

Test 
t emp e r a t u r e  

( "C) 

0 
0 

22 
22 
27 
28 
28 
40 
42 
42 
51 
5 1  
53 
5 3  
53  
54 

82' 

80' 
6 32 
65 

118' 

81 
8 ld 
7 Od 

7 3' 

9 7; 

"Ref. 3. 

bRef. 4. 

'25 x 151 x 151-mm wedge- 

d25 x 102 x 151mm wedge- 

loaded compact specimens. 

loaded compact specimens. 
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Table C.13. S t a t i c  f r a c t u r e  
toughness (KJ) from 1T com- 

p a c t  specimens of TSC-2 
tempered a t  679°C f o r  

4 h and a i r  cooled 

T e s t  KJ% b 
( MF a *hi) t emp e r a t u r  e 

("C) 

-32 

-4 

24 

79 
165 
16 1 
182 
74 

121 
94 

119 
160 
163 
100 

245 
136 
186 
229 
177 
112 
24 3 
149 
20 6 
26 1 
140 

29 2 
235 
238 
262 
323 
3 38 
198 
334 
289 
247 

~ ~~~ 

aDepth l o c a t i o n  (d/w) = 
0.23, w = 152 mm. 

bKJ c a l c u l a t e d  from J- 
i n t e g r a l  a t  maximum load  ( K i  = E J ) .  
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Appendix D 

DIGITAL OUTPUT FROM POSTTEST FRACTURE- 
MECHANICS ANALYSIS OF TSE-5 

A s t anda rd  set  of OCA-P d i g i t a l  input -output  f o r  a p o s t t e s t  d e t e r -  
m i n i s t i c  a n a l y s i s  of TSE-5, u s ing  f r ac tu re - toughness  curves  deduced from 
TSE-5, is inc luded  i n  t h i s  appendix. 
d imens iona l  a x i a l  f law,  and t h e  Eng l i sh  system of u n i t s  is  used through- 
out .  

Values of KI are f o r  a two- 
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TSE-5 1 3 . 5 / 1 9 . 5  I N .  RAD. L N 2 ( - 3 2 0 )  TO 5 205 DEG. F 8 / 1 / 7 9  

FRACTURE TOUGHNESS CODE ( I F  KICTYP = 6 , VALUES 
ARE READ I N  & DESCRIBED LATER I N  T Y I S  R U N )  KICTYP = 6 

MAX. # OF TIME INTERVALS TO BE REPID NCYCLE = 60 

TIME INTERVAL # TO START PROCESSING DATA I S K I P  1 

CRACK SHAPE TO BE USED ICRKTP = 1 
= 1  2-D; =2 2-D.2-M; =3 6-1.2-M; 
-4 6/1 , 2 -DSh2-M;  =5 6 / 1 , 2 - D  

REF TEMPERATURE FOR S T R E S S  CALCULATIONS TREF = 205. 
= 0 USE TEMP I N  F I R S T  TIME INTERVAL 

WRITE TABLE-1 FOR TEMPS,KIC,ETC.THRU CYL. WALL 
I -1 TAEN S T O P ;  = 0 NO PRINTING;  
= +1  CONTINUE PROCESSING K I  VALUES NOPT 0 

UNITS SWITCH -0 ENGLISH; 11 S I  I S I S Y  = 0 

TEMPERATURE PLOTTING 

K I  RATIO PLOTTING 

K I  PLOTTING 

ENVELOPE PLOTTING 

S T R E S S / T E Y P / K I / K I C / K I A  PLOTTING 

0 NO PLOTS, = 1 PLOT YPLOT 0 

= 0 NO PLOTS, = 1 PLOT KRPLOT I 0 

= 0 NO PLOTS, = 1 PLOT K I P L T  = 0 

= 0 NO PLOTS, = 1 PLOT KENPLT = 1 

= 0 NO PLOTS, = 1 PLOT KALPLT = 0 

T I Y E  DEPENDENT PRESSURES NPR = 0 

SEQ.NO. TIME PRESSURE 
(MINUTES) (KSI) 

OCA-P 

........................................ 
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R A D I A T I O N  DAMAGE/RUN CONTROL 

R A D I A T I O N  DAMAGE CALC SWITCH IRTNSW = 0 

ATTENUATION CONSTANT 4TTCON I 0.2400 

STRESS INPUT SWITCH ISTRSW 1: r) 

0-CALC BY FE METHOD, l=INPUT ON UNIT3 
OnDEEPEST POINT, 11:YAX ON C R A C K  FRONT 

I N C I P I E N T  I N I T I A T I O N  SEARCH CONTROL 

INCIPIENT IYITIATIOY SEARCH SWITCH IBINSH I 0 
0-NO SEARCH, InSEARCH, 2-PARAMETRIC SEARCH 

FLAW SHAPE CONTROL SWITCH ISEASW 0 
O=LONG(2-D), 1=(6  TO 1 )  ELLIPITTCAL 

M I N  A/W USED 3 N  THRESHOLD SEARCH A W M I N  n 0.0249 

MAX A / W  USED ON THRESHOLD SEARCH AYMAX = 9.1510 

UPPER LIMIT ON THRESHOLD SEARCH TUPLIM I 0.5013+20 

TOUGHNESS PROPERTIES(-l MEANS NOT INPUT) 

FLUENCE, INSIDE SURFACE FO = 0.000E+00 

REFERENCE TEYP., I N I T I A L  RTYDTO I 0.000 

PER CENT CU 

PER CENT P 

PER CENT N I  

DELTA RTNDT 

CUPER = 0.090 

........... PPER = 0.000 

........... P E R N I  I 0.000 

I N N E R  SURFACE) D R T N I N  = -999.0 

........... 
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F I N I T E  ELEMENT PARAMETERS ( S T R E S S  CALCULATIONS) 

GEOMETRIC MODELING METHOD 
= 0 USER S P E C I F I E D  NO. OF ELEMENTS + G.P FACTOR. 

1 USER S P E C .  NO. OF ELEM.4 A/W OF CLADDING- 
S A S E  METAL INTERFACE YODEL = 0 

NUMBER OF ELEMENTS---------------- NUMEL = 15 

INTEGRATION ORDER(# GAUSS P O I N T S )  NGAUSS = 2 

NUMBER OF NODAL POINTS------------ NUYNP I 31 

GEOM.PROG.FACTOR = 1.13 

F E  MESH NODAL P O I N T  COORDINATES 
NODAL R- NODAL 
P O I N T  COORD. POINT 

NO. ( I N C H E S )  NO. 
1 13.500 
2 13.520 
3 13.544 
4 13.570 
5 13.599 
6 13.633 
7 13.670 
8 13.713 
9 13.761 

1 0  13.815 
11 13.877 
12 13.946 
13 14.025 
14 14.114 
15 14.214 

ELEMENT CONNECTIVITY 
ELEM. NODE NUMBERS 

NO. I J K 
1 1 2 3  
2 3 4 5  
3 5 6 7  
4 7 8 9  
5 9 10 11 
6 11 12 13 
7 13 14 15 
8 15 16 17 
9 1 7  18 19 

10 19 20 21  
11 21  22 23 
12 23 24 25 
13 25 26  27  
14 27  28  29  
15 29  30 31 

16 
17 
18 
19 
20 
21  
22  
23 
24 
25  
26  
2 7  
28  
29 
30 
31 

MATERIAL 
NO. 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

R- 
COORD. 

( I N C H E S )  
14.327 
14.455 
14.600 
14.763 
14.948 
15.156 
15.392 
15.659 
15.960 
16.300 
16.685 
17.119 
17.610 
18.165 
18.792 
19.500 
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MATERIAL PROPERTIES FOR STRESS CALCULATIONS 

NUMBER OF MATERIALS ------ 1 

TEMP(DEG. F) MODULUS OF ELASTICITY(KS1) - E 
(MAT 1)  (MAT 2) (MAT 3)  

70.0 2.800D+04 2.700D+04 0.000D+00 

TEMP(DEG.F) COEFF OF EXPANSION(PER DEG.F) - ALFA 
(MAT 1)  (MAT 2) (MAT 3) 

70.0 6.500D-06 9.930D-06 0.000D+00 

TEYP(DEG.F) POISSONS RATIO - P N U  
(MAT 1)  (MAT 2) (MAT 3) 

70.0 0.300 0.300 0.300 

SELECTED T I Y E  INTERVAL NUMBERS FOR K I  CALCULATIONS 
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 

C Y L I N D E R  DIMENSIONS (INCHES) 

I N N E R  RADIUS, R I  = 13.500 

OUTER RADIUS, RO = 19.500 

WALL THICKNESS, W = 6.000 
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TEMPERATIJRE G R I D  SEOXETRY OVER CYLINDER WALL 
G R I D  NO. RADIUS 

................................ 
1 13.5000 
2 13.7500 
3 14.0000 
4 14.2500 
5 14.5000 
6 14.7500 
7 15.0000 
8 15.2500 
9 15.5000 

10 16.0000 
1 1  16.5000 
12 17.5000 

18.5000 13 
14  19.5000 

*** K I C  (OR K I A )  VALUES WERE READ I N  FROY UNIT 56 

MATERIAL I D E N T I F I C A T I O N  =TOUGHNESS PER 3/26/85 PHONE C 4 L L  WITH RDC 

SEQ.NO. TEMP. K I C  VALUE ........................... 
1 -300. 27. 
2 -250. 28. 
3 -200. 31 * 
4 -150. 35. 
5 -100. 48. 
6 300. 130. 

SEQ.NO. TEMP. K I 4  VALUE ........................... 
1 -200. 27. 
2 -1 50. 28. 
3 -100. 31 * 
4 -50. 38. 
5 0. 48. 
6 400. 130. 

CALCULATED 2-D CRACK DEPTH VALIJES = 
0.0000 0.1588 0.3353 0.4585 0.6088 0,9000 1.2088 1.5000 1.8071 2.4088 
3.0000 3.6071 4.2441 4.8071 5.1000 5.4000 

REF TEMPERATURE FOR S T R E S S  CALCULATIONS T R E F  = 205.0 DEG.F 
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TSE-5 13.5/19.5 I N .  RAD. LN2(-320) TO = 205 DEG. F 8/1/79 LONGIT. CRACK 

KICTYP :: 6,  RTNDTO = 0.0 DEG.,  %ClJ 0.000, FO =O.0OE19 

........................................................................................................ 
SEQ RADIUS DEPTH A / W  TENPER. DLRTNDT CIRCUYF. E LLI  PTIC 
NO. I N .  I Y .  DEG.F DEG.F STRESS YSI Y I  K I C  K T / K I C  K I A  K I / K I A  ANGLE ........................................................................................................ 
TEMPERATURE IYTERVAL NUMBER = 1 ,  

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
8 15.000 
9 15.307 

10 15.909 
11 16.500 
12 17.107 
13 17.744 
14 18.307 
15 18.600 
16 18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0. goo 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.344 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
3.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 

51 .O 
79.5 

108.6 
126.4 
145.4 
171.8 
187.6 
195.0 
200.5 
292.5 
205.0 
205.3 
304.9 
205.0 
205.0 
205.0 

TEMPERATURE INTERVAL NUMBER = 2 ,  

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
8 15.000 
9 15.307 

10 15.909 
11 16.500 
12 17.107 
13 17.744 
14  18.307 
15 18.600 
16 18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1 .E07 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0. goo 

-17.0 
9.5 

39.9 
61.6 
88.1 

127.3 
156.0 
171 .O 
183.1 
195.2 
200.0 
202.3 
203.5 
204.7 
205.1 
205.2 

TIYE = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

TIME = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 

0.500 YIN., PRESSURE I 0.000 KSI 

36.65 
28.86 
20.99 
16.18 
11.12 
4.12 
0.00 

-1 .go 
-3.25 
-3.60 
-4.07 
-3.99 
-3.72 
-3.61 
-3.56 
-3.51 

0.00 
23.28 
29.56 
31.65 
31.91 
30.04 
27.43 
25.92 
23.65 
22.30 
21.68 
20.67 
19.29 
16.80 
14.56 
10.92 

79.37 0.000 
55.21 0.273 
91.16 0.324 
94.81 0.334 
98.67 0.323 

104.04 0.289 
107.25 0.256 
108.74 0.238 
109.87 0.215 
110.27 0.202 
110.77 0.196 
110.84 0.186 
110.75 0.174 
110.76 0.152 
110.77 0.131 
110.78 0.099 

58.68 0.000 
64.61 0.360 
70.63 0.418 
74.32 0.426 
78.22 0.408 
93.65 0.359 
86.88 0.316 
88.39 0.293 
89.52 0.264 
89.93 0.248 
90.43 0.240 
9'3.50 0.228 
90.41 0.213 
90.42 0.186 
90.44 0.161 
90.44 0.121 

1.000 M I N . ,  PRESSURE I 0.000 KSI 

50.68 
43.24 
34.57 
28.93 
21.79 
11.31 
3.73 

-0.20 
-3.24 
-6.13 
-7.07 
-7.36 
-7.38 
-7.44 
-7.41 
-7.32 

0.00 
33.65 
45.01 
49.95 
52.12 
51.96 
49.83 
48.47 
45.45 
42.52 
41.62 
39.83 
36.96 
32.09 
27.79 
20.92 

65.34 
70.82 
77.07 
81.55 
86.98 
94.98 

100.92 
103.97 
106.33 
108.79 
109.76 
110.22 
110.47 
110.71 
110.79 
110.82 

0.000 
0.475 
0.584 
0.612 
0.599 
0.547 
0.494 
0.467 
0.428 
0.391 
0.379 
0.361 
0.335 
0.290 
0.251 
0.189 

44.44 
50.00 
56.35 
69.89 
65.40 
74.49 
80.40 
83.48 
85.95 
88.43 
89.41 
89.98 
90.13 
90 * 37 
90.45 
90.48 

0.000 
0.673 
0.799 
0.820 
0.785 
0.697 
0.630 
0.581 
0.529 
0.481 
0.466 
0.443 
0.410 
0.355 
0.307 
0.231 
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TSE-5 13.5/19.5 I N .  RAD. LN2(-320) T O  I 205 DEG. F 8/1/79 LONGIT.  CRACK 

K I C T Y P  = 6 ,  RTNDTO = 0.0 DEG., %CU = 0.000, F O  =0.00F19 

........................................*.......*.*......................*......*.*~...........*.....*.. 
SEQ RADIUS DEPTH A/W TEMPER. DLRTNDT CIRCUYF.  E L L I P T I C  
NO. IN .  I N .  DEG.F DEG.F S T R E S S  K S I  K I  K I C  K I / K I C  K I A  K I / K I A  ANGLE ........................................................................................................ 
TEMPERATURE INTERVAL NUMBER I 3 ,  T I M E  1.500 M I N . ,  PRESSURE I 0.000 K S I  

1 13.500 0.000 0.000 
2 13.659 0.159 0.026 
3 13.835 0.335 0.056 
4 13.958 0.458 0.076 
5 14.159 0.609 0.101 
6 14.400 0.900 0.150 
7 14.709 1.209 0.201 
8 15.000 1.500 0.250 
9 15.307 1.807 0.301 

10 15.909 2.409 0.401 
1 1  16.500 3.000 0.500 
12 17.107 3.607 0.601 
13 17.744 4.244 0.707 
1 4  18.307 4.807 0.801 
15 18.600 5.100 0.850 
16 18.900 5.400 0.900 

-69.0 
-38.4 

-4.8 
17.7 
43.1 
87.0 

122.1 
148.0 
154.8 
187.7 
200.0 
203.2 
203.2 
204.6 
205.1 
205.3 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0.  
0. 
0. 
0. 
0. 

61.32 
52.71 
43.37 
37.16 
30.23 
18.37 
9.01 
2.25 

-2.10 
-7.76 

-10.53 
-10.91 
-10.50 
-1 0.48 
-10.45 
-1 0.32 

0.00 
40.87 
55.11 
51.51 
65.85 
68.67 
63.12 
67.61 
64.13 
60.67 
58. 36 
55.04 
50.98 
44.36 
38.42 
28.96 

54.51 
60.88 
67.56 
72.52 
77.74 
86.74 
93.91 
99.20 

102.62 
107.26 
109.76 
110.41 
110.41 
110.69 
110.80 
110.84 

0.000 
0.671 
0.812 
0.852 
0.847 
0.792 
0.725 
0.682 
0.6?5 
0.566 
0.532 
0.499 
0.45? 
0.401 
0.347 
0.261 

34.87 
40.14 
46.98 
51.73 
57.03 
56.16 
73.41 
75.76 
92.21 
56.99 
89.41 
90.07 
90.07 
90.35 
90.46 
90.50 

TEMPERATURE INTERVAL NUMBER = 4 ,  T I M E  = 1.767 MIN. ,  PRESSURE I 0.000 K S I  

1 13.500 0.000 0.000 
2 13.659 0.159 0.026 
3 13.835 0.335 0.056 
4 13.958 0.458 0.076 
5 14.109 0.609 0.101 
6 14.400 0.900 0.150 
7 14.709 1.209 0.201 
8 15.000 1.500 0.250 
9 15.307 1.807 0.301 

10 15.909 2.409 0.401 
1 1  16.500 3.000 0.500 
12 17.107 3.607 0.601 
13 17.744 4.244 0.707 
14  18.307 4.807 0.801 
15 18.600 5.100 0.850 
16 18.900 5.400 0.900 

-90.0 
-61.6 
-29.4 

-7.7 
15.1 
57.6 
96.0 

122.0 
143.8 
174.8 
192.0 
200.0 
202.7 
203.8 
204.1 
204.4 

0. 64.09 
0. 56.00 
0. 46.99 
0. 40.98 
0. 34.66 
0. 23.06 
0. 12.78 
0. 5.90 
0.  0.21 
0. -7.56 
0. -11.58 
0. -13.15 
0. -13.31 
0. -13.12 
0. -13.00 
0. -12.87 

0.00 
43.11 
59.74 
66.42 
71.65 
76.86 
77.81 
79.03 
76.27 
73.28 
71.06 
66.86 
61.22 
53.10 
46.05 
34.81 

50.10 
56.06 
62.77 
67.26 
71.98 
80.74 
88.58 
93.90 
98.35 

104.64 
108.13 
109.77 
110.31 
110.52 
110.59 
110.65 

0,000 
0.769 
0.936 
0.988 
0.995 
0.952 
0.879 

0.776 
0.700 
0.657 
0.609 
0.555 
0.480 
0.416 
0.315 

0. 842 

32.07 
36.04 
41.91 
46.37 
51.17 
60.07 
58.02 
73.40 
77.90 
84.25 
87.78 
59.42 
89.97 
90.18 
90.25 
90.32 

0.000 
1.018 
1.173 
1.195 
1.155 
1 .O38 
0.928 
0.958 
0.790 
0.698 
0.653 
0.611 
0.566 
0.491 
0.425 
0.320 

0.000 
1.196 
1.401 
1.432 
1.400 
1.279 
1 .144  
1.077 
0.979 
0.870 
0.810 
0.748 
0.681 
0.589 
0.510 
0.385 



TSE-5 13.5/19.5 TN. RAD. L N 2 ( - 3 ? 0 )  T 3  205 DEG. F 3/1/79 LDNGIT. CRACK 

KICTYP = 6 ,  RTNDTO = 0.0 DEG., I C U  = 0.000, FO =0.0OF19 

.......................................................,,.......*....................................... 
SEQ RADIUS DEPTH A / W  TEYPER. DLRTYDT CIRCUYF.  F LLT PT I C 
40. I N .  I N .  DEG.F '3EG.F S T R E S S  KSI K T  K I C  K l / Y T C  KT4 K l / Y I A  ANGLE ........................................................................................................ 
TEYPERATURE IYTERV4L WIMRER = 5, TIME = ?.on0 Y T Y . ,  PRESSIJRE = 9.000 YSI 

1 13.500 0.000 0.000 

4 13.958 0.458 0.076 

2 13.659 0.159 0.026 
3 13.835 0.335 0.056 

5 14.109 0.609 9.101 
6 14.400 0.900 0.150 
7 14.709 1.209 0.201 
8 15.000 1.500 0.250 
9 15.307 1.807 0.301 
10 15.909 2.409 0.491 
1 1  16.500 3.000 0.500 
12 17.107 3.607 n.601 
13 17.744 4.244 0.707 
14 18.307 4.807 0.801 
15 18.600 5.100 0.850 
16 18.900 5.400 0.900 

-105.0 
-76.7 
-46.8 
-26.7 
-2.3 
41.6 
80.6 
108.0 
133.3 
165.6 
182.0 
193.5 
201 .o 
202.8 
203.1 
203.7 

0. 66.07 
0. 55.00 
n. 49.53 
0. 43.92 
0. 37.15 
n. 25.16 
0. 14.68 
0. 7.37 
0. 0.80 
0. -7.59 
0. -11.14 
0. -13.59 
0. -14.95 
0. -14.91 
0. -14.76 
9. -14.66 

0.00 
44.55 
61.11 
69.63 
75.50 
91.37 
83.19 

82.25 
79.43 
78.12 
74.43 
67.77 
58.50 
50.73 
38.39 

85.01 

46.95 
5?.89 
59.15 
6? .32 
69.39 
77.44 
95.44 
91 .94 
96.29 
102.99 
106.11 
108.43 
109.96 
110.32 
110.39 
110.59 

o.qon 
0.9'42 
1.033 
1.100 
1.104 
1 .049 
0.97'1 
0.9?4 

0.771 
3.736 
0.686 

n. 555 

0.616 
0.530 
0.460 
0. '347 

30.54 
33.75 
35.58 
42.44 
47.52 
56.72 
6b.83 
70.51 
75.73 
82.58 
95.73 
83.08 
99.67 
89.98 
93.05 
90.16 

TEMPERATURE INTERVAL NUYBER 6, TIME = 2.500 Y I N . ,  PRESSURE = 0.000 YSI 

1 13.500 0.000 0,ooo 

3 13.835 0.335 0.056 

5 14.109 0.609 0.101 

2 13.659 0.159 0.026 

4 13.958 0.458 0.076 

6 14.400 0.900 0.150 

8 15.000 1.500 0,250 
9 15.307 1.807 0.301 
10 15.909 2.409 0.401 
1 1  16.500 3.000 0.500 
12 17.107 3.607 0.601 
13 17.744 4.244 0.707 
14 18.307 4.807 0.301 
15 18.600 5.100 0.850 
16 18.900 5.400 0.900 

7 14.709 1.209 9.20'8 

-1 37.0 
-110.5 
-30.2 
-59.0 
-34.3 
ll.? 
53.9 
88.0 
117.9 
155.6 
180.0 
193.1 
198.5 
200.6 
201.2 
201 .8 

0. 71.77 
0. 64.08 
0. 55.47 
0. 49.49 
0. 42.59 

0. 18.55 
0. 9.48 
0. 1.69 

0. 30.08 

n. -7.95 

n. -17.15 
0. -17.10 

0. -13.67 
0. -16.42 

0.  -16.99 
0. -16.87 

0.00 
49.97 
67.64 
77.42 
84.45 
92.25 
94.57 

95.13 
92.69 

95.15 
77.71 
67.25 
58.32 
44.13 

99.m 

90.49 

40.42 
45.79 
57.15 
56.60 
61.75 
71.18 
79.97 
86.95 
93.05 

105.70 
108.35 
109.46 
109.87 
110.00 
110.13 

100.73 

0.000 
1 .067 
1 .?97 
1.368 
1.369 
1.296 
1.195 
1.129 
1.922 

0.856 
0.736 
0.710 
0.612 
0.530 
0.401 

0.920 

28.49 
30.08 
33.28 
36.45 
40. 95 
50.36 
59.23 
66.37 
72.54 
80.31 
85.32 
89.00 
89.11 
39.52 
89.66 
89.79 

n.mo 
1.370 
1.554 
1.640 
1.559 
1.4?3 
1.283 
1.206 
1.086 
0.962 
0.91 1 
0.545 
0.756 

n. 426 

0.650 
0.563 

0.000 
1.625 
2.032 
2.124 
2.062 
1.532 
1.512 
1.479 
1.311 
1.154 
1.061 

0.872 

0.650 
0.492 

0.968 

0.751 



18 2 

TSE-5 13.5/19.5 I N .  R A D .  LN2(-320) T9 = ?05 DEG. C 5/1/79 LONGIT.  CRACK 

KICTYP z 6, RTNDTO 0.0 DEG.,  %CIJ = 0.000, FO -0.00E19 

........................................................................................................ 
SEQ RADIUS DEPTq A / W  TEYPER. DLRTYDT CIRCUYF. ELLT. PT I C  
NO. I N .  I N .  DEG.F DEG.F STRYSQ KSI KI K I C  K I / Y I C  KI.4 K I / Y I 4  ANGLE ........................................................................................................ 
TEMPERATIJRE INTERVAL N'JMBER = 7 ,  TIME = 3.967 Y I N . ,  PRESSURE = 0.000 YSI 

1 13.500 0.000 0.000 
2 13.659 0.159 0.026 

4 13.958 0.458 0.076 
5 14.109 0.509 '3.101 
6 14.400 0.990 0.159 
7 14.709 1.209 0.201 
8 15.000 1.500 0.250 
9 15.307 1.807 0.301 

10 15.909 2.409 9.401 
1 1  16.500 3.000 0.500 
12 17.107 3.607 0.601 
13 17.744 4.244 0.707 
14  18.307 4.807 0.501 
15 18.600 5.100 0.550 

3 13.835 0.335 0.056 

16 18.900 5.400 0.900 

-162.0 
-135.2 
-103.1 

-80.2 
-55.7 
-1 3.1 

37.2 
59.0 
87.9 

129.7 
160.0 
18'3.4 
193.0 
193.3 
200. 4 
201.1 

0. 74.40 
0. 66.61 
0. 57.48 
0. 51.08 
0. 44.20 
0. 32.41 
0. 21.43 
0. 12.91 
0. 5.30 
0. -5.41 
0. -12.93 
0. -17.44 

9. -70.77 
0. -20.81 
0. -20.63 

0. -19.93 

0.00 
50.75 
70.23 
80.25 
87.52 
96.38 

101.14 
105.59 
104.24 
194.49 
103.90 

99.57 
59.65 
77.00 
65.55 
50.30 

35.96 
40.77 
47.35 
52.15 
57.29 
66.15 
74.48 
81.02 
86.9'4 
95.48 

101.54 
105.79 
108.33 
109.53 
109.84 
109.99 

0.000 
1.245 
1.453 
1.539 
1.525 
1.457 
1.358 
1.303 
1.199 
1.094 
1 .022 
0.932 
9.925 
0.733 
0.606 
0. 457 

27.66 
28.57 
30.71 
33.28 
37.01 
'45.25 
53.72 
60.35 
66.36 
75.00 
81 .22 
85.41 
57.97 
99.18 
93.50 
59.64 

TEYPERATURE IFITERVAL VWBER = 3 ,  TIYE I 3.433 '4TV.. PRESSURE = 0.000 KSI 

1 13.500 0.000 0.000 
2 13.659 0.159 0.026 
3 13.835 0.335 0.056 
4 13.959 3.458 0.076 
5 14.109 0.609 0,101 
6 14.400 0.900 0.150 
7 14.709 1.209 0.201 
8 15.000 1.500 0.250 
9 15.307 1.807 0.301 

10 15.909 2.409 0.401 
1 1  16.500 3.000 0.500 
12 17.107 3.607 0.601 
13 17.744 4.244 0.707 
14 18.307 4.807 0.801 
15 18.600 5.100 0.850 
16 18.900 5.400 0.900 

-153.0 
-155.5 
-125.8 
-105.7 

-81 - 5  
-35.4 

9.8 
42.0 
72.3 

116.3 
150.0 
171.3 
184.6 
193.0 
195.9 
197.8 

0. 75.91 
0. 68.91 
0. 50.38 
0. 54.65 
0. 47.85 
9. 35.07 
0. 22.80 
0. 14.11 
0. 6.17 
0.  -5.14 
0. -13.40 
0. -18.23 
0. -20.88 
0. -32.32 
9. -?2.65 
0. -22.80 

0.00 
52.47 
72.96 
84.01 
9?. 34 

1 02.24 
107.31 
112.12 
111.94 
111.38 
111.U5 
106.01 
97.03 
83.63 
72.33 
54.72 

32.92 
37.34 
42.63 
45.80 
51.88 
61.52 
70.89 
77.52 
83.72 
92.73 
99.60 

103.93 
106.63 
108.33 
108.92 
109.32 

0.000 
1.416 
1.71 1 
1.795 
1.790 
1.662 
1.514 
1.446 
1.326 
1.206 
1.119 
1.020 
0.910 
0.772 
0.664 
0.501 

37.25 
?7.83 
29.05 
30.47 
33.11 
40.73 
59.06 
55.81 
63.09 
72.22 
79.17 
83.54 
86.25 
87.97 
98.57 
98.97 

0.000 
1.777 
2.287 
2.411 
2.365 
2.130 
1.883 
1.750 
1.571 
1.393 
1.279 
1.154 
1.919 
0.863 
0.744 
0.551 

9.000 
1.595 
2.512 
2.757 
2.789 
2.510 
2.143 
1.974 
1.760 
1.549 
1.408 
1.269 
1.125 
0.951 
0.817 
0.615 



18 3 

TSE-5 13.5/19.5 I N .  FAD. LN2(-320) TO = 205 DEG. F 5/1/79 LONGTT. CRACK 

KICTYP = 6 ,  RTMDTO I 0.0  DEG.,  %CU = 0.000, FO r0.00E19 

........................................................................................................ 
SEQ R4DIUS DEPTH A / W  TCYPER. DLRTNDT ‘JIRCUYF. ELLIPTIC 
NO. I N .  I N .  DEG.F DEG.F STRESS YSI KI K I C  K I / Y I C  YT.4 K I / Y I A  ANGLE ........................................................................................................ 
TEYPERATURE INTERVAL NUYBER = 3, TIME 4.000 Y I N . ,  PRESSIJRE = 0.000 YSI 

1 13.500 0.900 0.000 
2 13.659 0.159 0.026 
3 13.835 0.335 0.056 
4 13.958 0.458 0.076 
5 14.109 0.609 0.701 
6 14.400 0.900 0.150 
7 14.709 1.209 0.201 
a 15.000 1.500 0.250 
9 15.307 1.807 0.301 

10 15.909 2.409 0.401 
11 16.500 3.000 0.500 
12 17.107 3.607 0.601 
13 17.744 4.244 0.707 
1 4  18.307 4.807 0.801 
15 18.600 5.100 0.350 
16 18.900 5.400 0.900 

-201 .0 
-175.0 
-1r15.9 
-125.7 
-101.5 

-57.4 
-15.1 

19.0 
50.8 

103.6 
140.0 
162.6 
176.9 
185.9 
183.0 
191.2 

TEMPERATURE INTERVAL NUMBER I 10. 

1 
2 
3 
4 
5 
6 
7 

9 
10 
1 1  
12 
13 
14 
15 
16 

a 

13.500 
13.659 
13.835 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 

18.600 
18.307 

18.900 

0.000 0.000 
0.159 0.026 
0.335 0.056 

0.609 0.101 
0.900 0.150 
1.209 0.201 
1.500 0.250 

2.409 0.401 
3.000 0.500 
3.607 0.601 
4.244 0.707 

5.100 0.450 
5.400 0.900 

0.458 0.076 

1.807 0.301 

f4.807 0.801 

-223.0 
-198.9 
-172.0 
-1 53.2 
-130.9 

-45.1 
-12.0 

17.3 

109.0 
139.0 
160.3 
173.0 
177.3 

-97.6 

68.2 

180.1 

0. 75.34 
0 .  70.71 
0.  62.31 
0. 56.55 
0. 49.79 
0. 37.43 
0. 25.45 
0. 16.65 
0. 5.21 
0. -5.37 
0. -14.31 
0. -19.44 
0, -22.38 
0. -33.81 
0. -24.32 
0. 2 4 - 3 9  

TIME = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

0.00 
53.67 
74.9? 
86.44 
95.23 

105.20 
11?.83 
115.96 
118.60 
119.33 
119.54 
112.69 
103.09 

76.92 
58.23 

88.59 

33.9’) 
34.00 
38.7C 
42.55 
47.63 
56.92 
65.72 
72.78 
79.34 
90.14 
97.57 

102.17 
105.06 
106.57 
107.52 
107.98 

0.0r)O 
1.579 
1.934 
2.026 
1.999 
1.966 
1.717 
1.534 
1.495 
1.324 
1.215 
1.103 
0.951 
0.832 
0.715 
0.539 

27.00 0.000 
27.39 1.960 
23.14 2.563 
29.05 2.975 
30.83 3.099 
35.71 2.993 
44.82 2.517 
51.99 2.288 

69.50 1.715 
77.11 1.537 
81.76 1.375 
84.69 1.217 

59.65 2.022 

85.50 1.025 
87.15 0.853 
97.62 0.665 

5.000 Y I N . ,  PRESSURE = 0.000 KSI 

77.99 

63.01 
57.63 
51.25 
39.14 
27.47 
18.52 
10.69 
-2.51 

-1 2.66 
-19.71 
-24.33 
-26.77 
-27.39 
-27.64 

70.86 
9.00 

53.63 
75.22 
87.11 
96.43 

115.77 
122.81 
123.64 
127.43 
128.79 
123.28 
112.54 
96.61 
83.1+6 
63.17 

108.38 

29.21 
31.11 
34.43 
37.43 
41.62 
50.61 
59.50 
66.37 
73.44 
92. go 
91.35 
97.36 

101.69 
104.28 
105.14 
105.71 

0.000 
1.72‘1 
2.184 
2.327 
2.317 
2.141 
1.946 
1.55Q 
1.707 
1.537 
1 .411  
1 .?65 
1.107 
0.926 
0.794 
0.598 

27.00 
27.02 
27.44 
27.90 
28.75 
32.35 

45.48 
51.64 
52.26 
70.72 
76.90 

83.89 
84.76 
85.33 

38. a9 

a i .  28 

0.000 
1.985 
2.741 
3.122 
3.351 
3.350 
2.977 
2.700 
3.394 
2.047 
1.921 
1.603 
1.385 
1.152 
0.985 
0.740 



18 4 

TSE-5  l3.5/19.5 I N .  R A D .  LN2(-329) TO = 205 DEG. 5/1/79 LONGTT. C R A C K  

......................................................................................................... 
TEQ RADIUS DFPTY A / W  TEYPER. DLRTNDT CIRCUYF. E L L 1  PT I C  
NO. I N .  I N .  DEG.F DEG.F STRESS K S I  K I  K I C  K T / Y I C  K I A  K I / K I A  ANGLE ........................................................................................................ 
TE!dPERATURE INTERVAL N'JMBER = 1 1 ,  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14  
15 
16 

13.500 
13.659 
13.835 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
!I. 900 
1 .209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
9.101 
0.150 
0.201 
0.250 
0.301 
9.401 
0.500 
0.601 
9.707 
0.801 
0.950 
0.900 

-252.0 
-232.1 
-207.9 
-199.9 
-1 69.1 
-132.5 

-93.0 
-60.0 
-36.1 

27.7 
70.0 

192.4 
125.6 
138.1 
142.3 
145.5 

TEYPERATURE INTERV4L NUVBER I 12, 

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
8 15.000 
9 15.307 

10 15.909 
11 16.500 
12 17.107 
13 17.744 
14 18.307 
15 18.600 
16 18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
9.026 
3.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 

-275.0 
-358.2 
-336.7 
-222.0 
-203.8 
-170.2 
-134.8 
-103.0 

-76.2 
-27.6 

11.0 
42.0 
66.3 
81.2 
86.8 
91.2 

T I Y E  = 

0. 
0. 
0. 
0.  
0. 
0. 
0. 
0. 
9. 
0. 
0. 
0 .  
9. 
0. 
0. 
0. 

T I Y E  z 

0. 
0. 
0. 
0. 
0 .  
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

7.000 Y I N . ,  PRESSURE z 0.000 KSI 

75.60 
69.60 
62.46 
57.29 
51.31 
40.92 
29.99 
20.95 
11.94 
-2.03 

-12.59 
-30.27 
-25.33 
-27.67 
-28.29 
-28.64 

0.00 
52.39 
73.97 
85.91 
95.39 

108.49 
117.61 
125.93 
127.38 
131.25 
132.79 
127.14 
115.75 
99.37 
55.94 
65.1'1 

27.94 
28.71 
33.29 
33.07 
34.95 
'41.29 
49.46 
56.39 
63.44 
74.57 
83.27 
89.91 
94.64 
97.17 
98.04 
93.69 

0.000 
1.825 
2.442 
2.679 
2.737 
2.627 
2.378 
3. 333 
2.003 
1.761 
1.595 
1 .414  
1.323 
1.023 
9.877 
9 .650 

27.00 
27.00 
27.00 
27.14 
27.50 
25.69 
31.72 
36.29 
42.56 
53.81 
62.64 
69.36 
74.15 
76.71 
77.59 
78.25 

0.000 
1.949 
2.740 
3.165 
3.468 
3.751 
3.707 
3.470 
2.986 
2.449 
2.120 
1.533 
1.561 
1.295 
1.108 
0.533 

10.000 YIrJ . ,  PRESSURE = 9.090 YSI 

68.94 
63.02 
56.69 
52.39 
47.15 
37.60 
27.78 
19.16 
11.96 
-0.70 

-1 0.38 
-1 7.50 
-23.24 
-26.26 
-27.24 
-27.92 

0.00 
47.57 
67.05 
78.09 
96.94 
99.06 

107.65 
115.18 
116.80 
121.86 
124.36 

109.98 
94.48 
81.73 
62.01 

120.03 

27.33 
27.76 
38.5'1 
29.27 
30.64 
34.70 
49. 85 
47.37 
53.00 
63.13 
71.13 
77.53 
82.52 
85.56 
86.70 
87.61 

0.000 
1.714 
2.354 
2.668 
2.837 
2.855 
2.635 
2.432 
2.204 
1.930 
1.748 
1.548 
1.332 
1.104 
0.943 
0.708 

27.09 0.000 
27.00 1.762 
37.00 2.484 
27.00 2.892 
27.00 3.220 
27.48 3.605 
28.59 3.766 
30.72 3.750 
33.83 3.453 
42.27 2.883 
50.31 2.472 
56.82 2.113 
61.87 1.776 
64.96 1.454 
66.12 1.236 
67.04 0.925 
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TSE-5  13.5/19.5 1%. RAD. LN2(-320) TO I 205 DEG. F 8/1/79 LONGIT.  CRACK 

KICTYP = 6 ,  RTNDTO = 0.0 DEG., %CU I 0.000, FO ~0.00E19 

.....................................................................................,............... 
E L L 1  P T I C  S E Q  RADIUS DEPTH A / W  TEMPER. DLRTYDT CIRCUYF. 

NO. I N .  IY . DEG.F DEC.F S T R E S S  KSI K I  K I C  KT/YIC Y T 4  K I / Y T A  ANGLE .........................................................................,.........***.................,. 
TEMPERATURE INTERV4L NllYBER = 13, TIME = 15.000 YIN., PRESSUSE I 0.000 YSI 

1 
2 
3 
4 
5 
6 
7 

9 
10 
1 1  
12 
13 
14 
15 
16 

a 

13.500 
13.659 
13.835 
13.958 
14.109 
14.490 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.900 

0.000 
0.159 
0.335 
0.458 

0.900 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.609 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 

-295.0 
-279.5 
-263.4 
-252.7 
-239.7 
-312.0 
-1 85.4 
-162.0 
-141.0 

-98. 3 
-55.0 
-37.3 
-15.6 

-3.0 
1.3 
4.3 

0. 55.10 
0.  50.46 
0. 45.66 
0. 42.50 
0. 35.57 
0. 30.95 
0. 23.42 
0. 17.03 
0. 11.34 
0. 0.29 
0. -8.22 
0. -14.57 
0. -19.77 
0. -22.34 
0. -23.05 
0. 3 3 . 4 3  

0.00 
38.06 
53.79 
62.51 
70.21 
80.37 

94.76 
96.95 

101.89 
104.21 
100.47 

91.61 
78.46 
67.75 
51.34 

a7.75 

77.07 
27.31 
37.53 
??.9? 
28.40 
29.95 
3?.6? 
35.96 
33.65 
48.26 
55.34 
61.12 
65.62 
68.24 
69.13 
69.75 

0.000 
1.394 
1.997 
2.250 
3. 472 
2.683 
2.690 
3.635 
2.445 
2.111 
1.553 
1.644 
1.396 
1.150 

0.736 
0.980 

27.00 
?7.00 
27.00 
27.90 
27.00 

27.21 
27.56 
?8.32 
31.12 
35.49 
40.36 
44.72 
47.37 
45.27 
45.91 

27.00 

0.000 
1.410 
1.992 
2.376 
2.600 
2.977 
3.2?5 
3.476 
3.423 
3.274 
2.937 
?. 459 
2.043 
1.656 
1.403 
1.050 

TEMPERATURE INTERVAL NUMBER I 14. TTYE = 20.000 Y I N . ,  PRESSURE = 0.000 K S I  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

13.500 
13.659 
13.835 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 

17.107 
17.744 
18.307 
18.600 
18.900 

16.500 

0.000 
0. 159 
0.335 
3.453 
0.609 
0.900 
1 .a99 
1.500 
1. SO7 
2.409 
3.000 

4.244 
4.807 
5.100 
5.400 

3.607 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.501 
0.850 
0.900 

-301 .0 
-289.6 
-276.8 
-267.9 
-257.6 
-237.0 
-317.4 
-300.9 
-181.7 
-1 49.6 

-101.1 
-35.6 
-75.6 
-71 .8  
-69.0 

-122.0 

0. 42.62 
0. 39.18 
0. 35.38 
0 .  32.78 
0. 29.79 
9. 23.92 
0. 18.41 
0. 13.63 
0. 5.71 
0. 0.29 
0. -6.65 
0. -11.64 
0. -15.13 
0. -17.18 
0. -17.53 
0. -19.26 

0.09 
29.51 
41.72 
48.64 
54.32 
6?.26 
69.09 
73.56 
75.44 
79.27 
50.95 
77.75 
71.17 
61.16 
52.57 
40.10 

27.00 
27.15 
27.35 
27.53 
27.77 
23.49 
29.57 
31.00 
33.09 
35.08 
43.41 
47.76 
51 .03 
53.13 
53.91 
54.51 

0.000 
1.087 
1.525 
1.767 
1.956 
2.186 
2.303 

2.280 
2. 087 
1.863 
1.539 
1.395 
1.151 
0.981 
0.736 

2.382 

27.00 0.000 
37.00 1.093 
27.30 1.545 
27.00 1.501 
27.00 2.012 
27.00 2.306 
27.00 2.522 
27.00 2.735 
27.27 2.766 
25.01 2.530 
29.27 2.763 
30.89 2.518 
32.60 2.183 
33.92 1.903 
34.45 1.535 
3'4.87 1.150 
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TSE-5  13.5/19.5 I N ,  RAD. LN2(-3  2-D S R T T I C A L  CR4CK DEPTYS 
K I C T Y P  = 6 ,  RTNDTO = 0.0  DEGF, %ClJ = 0.000, FO = 0.00E19 

T I Y E  

1.24 
1.27 
1.29 
1.44 
1.47 
1.50 
1.50 
1.59 
1.57 
1.77 
1.77 
1.79 
1.79 
1.81 
1.88 
1.92 
2.00 
2.00 
2.06 
2.10 
2.17 
2.30 
2.35 
2.43 
2.50 
2.50 
2.58 
2.71 
2.90 
2.91 
3.97 
2.97 
3.33 
3.43 
3.43 
3.80 
4.00 
4.00 
4.15 
5.00 
5.00 
5.25 
6.53 
7.00 
7.00 

10.00 
10.00 
13.01 
15.00 
15.00 
20.00 
20.00 

I N I T I A T I O W  4RREST 

0.076 
0.055 
0.101 
’3.150 
0.026 
0.026 
0.169 
0.201 
0.250 
0.022 
0.290 

0.101 
0.076 

3.150 
9.056 
0.051 0.020 
0.184 0.371 
0.201 

0.401 
0.250 

0.500 
0.026 
0.301 
0.025 0.016 
0.323 0.566 

0.601 
0.401 
0.500 

0.707 
9.031 0.015 
0.525 0.719 
0.601 
0.019 0.014 
0.620 0.775 

0.801 
0.017 0.014 
0.691 0.810 
0.707 
0.015 9.013 
0.763 0.546 

0.950 
0.801 
0.015 0.014 
0.809 0.870 
0.015 0.015 
0.833 0.588 

0. 900 
0.019 9.019 
0.544 
0.024 0.034 
0.844 

9.301 

VAX ON 1NITIATIC)N CURVC: A / W  = 0.544, T I Y E  z 20.00 
%AX ON ARREST C U R E :  A / W  0.900, TIYE = 13.01 
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Appendix E 

DIGITAL OUTPUT FROM POSTTEST FRACTURE- 
MECHANICS ANALYSIS OF TSE-5A 

A s t a n d a r d  set of OCA-P d i g i t a l  input-output € o r  a p o s t t e s t  d e t e r -  
m i n i s t i c  a n a l y s i s  of TSE-5A, u s i n g  f r ac tu re - toughness  curves  deduced from 
TSE-5A, is  inc luded  i n  t h i s  appendix. 
d imens iona l  axial  f l aw ,  and t h e  Eng l i sh  system of u n i t s  is used through- 
out .  

Values of KI a r e  f o r  a two- 
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TSE5A EXPERIMENT (9-24-80) ZERO T I M F  18:?0: 1 7  

FRACTURE TOUGFlNFSS CODE ( I F  KICTYP 6 , V4LUES 
ARE READ IN & DESCRISED LATER I N  TYIX R U N )  S I C T Y P  = 6 

YAX. B OF T I Y E  INTERV4LS TO R E  READ NCYCLE = 50 

T I Y E  INTERV4L t TO START PROCESSIYG D4TA I S K I P  = 1 

CRACK SHAPE TO RE USED ICRKTP = 1 
= 1  2-D; -2 2-D.2-N; =3 6-1 ,2 -Y;  
=4 6 / l 9 2 - D , % 2 - * 4 ;  =5 6 / 1 , 2 - D  

REF TEMPERATURE FOR S T R E S S  CALCUL4TIONS TREF 200. 
= 0 USE TEYP I N  F I R S T  TIME INTERVAL 

NRITE T4BLE-1 FOR TEYPS,KIC,ETC.TYRU CYL. WALL 
= -1 THEN STOP;  = 0 NO PRINTING;  
= +1  CONTINUE PROCESSING K I  VALUES NOPT I 0 

9 U N I T S  SWITCH :O ENGLISH;  =1  S I  ISISW = 

TEYPERATURE PLOTTING 

K I  RATIO PLOTTING 

K I  PLOTTING 

ENVELOPE PLOTTING 

STRESS/TEMP/KI  / K I C / Y I A  PLOTTING 

= 0 NO PLOTS, = 1 PLOT NPLOT I 0 

= 0 NO PLOTS, 1 PLOT KRPLOT = 0 

= 0 NO PLOTS, = 1 PLOT K I P L T  = 0 

= 0 SO PLOTS, = 1 PLOT KENPLT I 1 

= 0 NO PLOTS, = 1 PLOT KALPLT I 0 

T I X E  DEPENDENT PRESSURES YPR I 0 

SEQ.NO. T I N E  PRESSURE 
(MINUTES) (KSL) 

OCA-P 

........................................ 



189 

RADI4TION DAMAGE/RUN CONTqOL 

RADIATIQN OAYAGE CALC SWITCH IRTNSY = 0 

ATTENUATION CONSTANT ATTCON = 0.2400 

S T R E S S  INPUT SWITCH I S T 4 S . I  r) 

O=CALC BY F E  METHOD, l = I N P U T  ON U N I T 3  
OrDEEPEST P O I N T ,  1=MAX ON CRACK FRONT 

I N C I P I E N T  I N I T I A T I O N  SEARCH CONTROL 

I N C I P I E N T  I N I T I A T I O Y  SEARCY S!JITCH I B I Y S U  7 
0=NO SEARCH, l=SEARCH, 2-PARAYETRIC SEARCH 

FLAW SHAPE CONTROL SWITCH ISEASW = 7 
O=LONG(2-D),  1 = ( 6  TO 1 )  E L L I P I T I C A L  

Y I N  A/U USED ON TRRESMOLD SEARCH AWYIN = 0 . 0 ' 2 4 9  

YAX A / W  USED ON TYRESHOLD SEARCH AWAX 0 . 1 5 1 0  

UPPER L I Y I T  ON THRESHOLD SEARCH TUPLIY I 0 . 5 0 D + 2 O  

TOUGHNESS P R O P E R T I E S ( - l  YEANS NOT INPUT)  

FLUENCE, I N S I D E  SURFACE FO O.OOOE+OO 

REFERENCE TEMP., I N I T I A L  RTNDTO 0.00b 

PER CENT CU ........... CUPER . 0.000 

PER CENT P ........... PPER I 0.000 

PER CENT N I  ........... PERNI  . 9.000 

DELTA RTNDT(1NNER SURFACE) DRTNIN = -999.0 



190 

F I N I T E  ELEYENT PARAMETERS ( S T R E S S  CALCULATIONS) 

GEOYETRIC MODELING METHOD 
0 USER S P E C I F I E D  NO. OF ELEMENTS + G.P  FACTOR. 

I 1 USER S P E C .  NO. OF ELEY.4 A/W OF CLADDING- 
BASE METAL INTERFACE YODEL = 0 

NUYBER OF ELEMENTS---------------- N W E L  = 15  

INTEGRATION ORDER(# GAUSS P O I N T S )  NGAUSS = 2 

NUYBER OF NODAL POINTS------------ Y W N P  = 31 

GEOM. PROG. FACTOR 2 1.13 

F E  MESH 2O7AL P O I V T  COORDINATES 
NODAL R- YODAL 
P O I N T  COORD. POINT 

NO. ( I N C H E S )  NO. 
1 13.500 
2 13.520 
3 13.544 
4 13.570 
5 13.599 
6 13.633 
7 13.670 
8 13.713 
9 13.761 

1 0  13.815 
11 13.877 
12 13.946 
13 14.025 
14 14.114 
15 14.214 

ELEMENT CONNECTIVITY 
ELEM. NODE NUMBERS 

NO. I J K 
1 1 2 3  
2 3 4 5  
3 5 6 7  
4 7 8 9  
5 g 1 0  11 
6 11 12 13 
7 13 14 15 
8 15  1 6  17 
9 17 1 8  1 9  

10 19 20 21  
11 21  22 23 
12 23 24 25 
13 25 26  27  
14 27  2 8  29  
15 29  30 31 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26  
27  
2 8  
29  
30 
31 

YATERIAL 
YO. 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

R- 
SOORD. 

( I NCNES) 
14.327 
14.455 
14.600 
14.763 
14.948 
15.156 
15.392 
15.659 
15.960 
16.300 
16.685 
17.119 
17.610 
18.165 
18.792 
19.500 
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YATERIAL PROPERTIES FOR STRESS CALCULATIONS 

NUMBER OF MATERIALS ------ 1 

TEMP(DEG.F) MODULUS OF ELASTICITY(KS1) - C 
(MAT 1)  (MAT ?) (MAT 3) 

70.0 2.0OOD+04 2.700D+04 0.000D+00 

TEVP(DEG.F) COEFF OF EXPANSIOY(PER DEG.F) - ALFA 
(MAT 1)  (VAT 2)  (MAT 3) 

73.0 6.500D-06 9.930D-06 0.000D+00 

TEMP (DEG. F) PCIISSONS R A T I O  - PNU 
(MAT 1 ) ( Y A T  2)  (MAT 3)  

70.0 0.300 0.300 0.300 

SELECTED T I Y E  INTERVAL NUMBERS FOR K I  C4LClJL4TION.3 
0 0 0 0 0 0 o 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 1 ) 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 

C Y L I N D E R  DIVENSIONS (INCHES) 

I N N E R  RADIUS, R I  13.500 

OUTER RADIUS, RO = 19.500 

WALL THICKNESS, W I 6.000 

TEMPERATURE G R I D  GEOYETRY OVER CYLINDER VALL 
G R I D  NO. RADIUS 

................................ 
1 13.5000 
2 13.7500 
3 14.0000 
4 14.2500 
5 14.5000 
6 14.7500 
7 15.0000 
a 15.2500 
9 15.5000 

10 16.0000 
11 16.5000 
12 17.5000 
13 10.5000 
14 19.5000 
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*** K I C  (OR K I A )  VALUES WERE RE4D TN FROV UNIT 56 

YATERIAL I D E N T I F I C A T I O N  :TOUCqNESS PER 3/26/55 PqONE CALL WITH RDC 

SEQ.NO. TEYP. Y I C  VALUE ........................... 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

-300. 
-200. 
-100. 

-50. 
0. 

50. 
75. 

100. 
125. 
150. 
200. 

33. 
35. 
39. 
45. 
57. 
88. 

125. 
185. 
260. 
400. 
680. 

SEQ.NO. TEMP. K I A  V4LUE ........................... 
1 -260. 33. 
2 -160. 34. 
3 -60. 35. 
4 -1 0. 41. 
5 40. 55. 
6 99. 77. 
7 140. 108. 
8 165. 125. 
9 190. 146. 

10 240. 188. 

CALCULATED 2-D CRACK DEPTH VALUES = 
0.0000 0.1588 0.3353 0.4585 0.6088 0.9000 1.2088 1.5000 1.8071 2.4088 
3.0000 3.6071 4.2441 4.8071 5.1000 5.4000 

REF TEMPERATURE FOR S T R E S S  CALCULATIONS T R E F  = 200.0 DEG.F 
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TSE5A EXPERIMENT (9-24-80) ZERO T I Y E  1 8 ~ 2 0 ~ 1 7  LONGTT. CRACK 

KICTYP I 6, RTNDTO = 0.0 DEG., XCU = 0.000. FO 10.0OE19 

........................................................................................................ 
E L L I P T I C  S E Q  RADIUS DEPTH A / W  TEMPER. DLRTNDT CIRCUMF. 

NO. I N .  I N .  DEG.F DEG.F S T R E S S  KSI Y I  K I C  K I / Y I C  K I A  KI/KTA ANGLE ........................................................................................................ 
TEMPERATURE INTERVAL NUMBER = 1. 

1 13.500 0.000 0.000 
2 13.659 0.159 0.026 
3 13.835 0.335 0.056 
4 13.958 0.458 0.076 
5 14.109 0.609 0.101 
6 14.400 0.900 0.150 
7 14.709 1.209 0.201 
8 15.000 1.500 0.250 
9 15.307 1.507 0.301 

10 15.909 2.409 0.401 
11 16.500 3.000 0.500 
12 17.107 3.607 0.601 
13 17.744 4.244 0.707 
14 18.307 4.807 0.801 
15 18.600 5.100 0.850 
16 18.900 5.400 0.990 

40.0 
72.8 

104.2 
121.5 
139.3 
165.3 
181.6 
19q.o 
194.9 
198.8 
200.0 
200.2 
199.9 
200.0 
200.0 
200.0 

TEMPERATURE INTERVAL NUMBER = 2, 

1 13.500 0.000 0.000 
2 13.659 0.159 0.026 
3 13.835 0.335 0.056 
4 13.958 0.458 0.076 
5 14.109 0.609 0.101 
6 14.400 0.900 0.150 
7 14.709 1.209 0.201 
8 15.000 1.500 0.250 
9 15.307 1.807 0.301 

10 15.909 2.409 0.401 
11 16.500 3.000 0.500 
12 17.107 3.607 0.601 
13 17.744 4.244 0.707 
14 18.307 4.807 0.801 
15 18.600 5.100 0.850 
16 18.900 5.400 0.900 

-48.0 
-10.4 

27.7 
50.8 
75.4 

112.7 
141.7 
162.0 
175.2 
190.7 
199.0 
200.2 
199.9 
200.0 
200.0 
200.0 

T I Y E  = 

0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

TIME I 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 

0.500 Y I N . ,  PRESSURE I 0.000 KSI 

38.18 
29.25 
20.78 
16.06 
11.36 
4.46 
0.22 

-1.9? 
-3.09 
-3.93 
-4.10 
-3.98 
-3.76 
-3.65 
-3.59 
-3.54 

0.00 
23.98 
29.89 
31.57 
32.21 
30.63 

26.45 
24.32 
22.41 
21.85 
20.92 
19.52 
17.00 
14.73 
11 .03 

28.n4 

78.56 
120.71 
195.31 
246.89 
335.27 
490.09 
590.47 
526.24 
651.97 
673.77 
650.00 
680. 00 
679.65 
679.86 
680.00 
630.00 

0.000 
0.198 
0.153 

0.096 
0.062 
0.049 
0.042 
0.037 
0.033 
0.032 
0.031 
0.029 
0.025 
0.022 
0.016 

0 .  129 

55.00 
68.33 
85.20 
96.19 

107.57 
125.25 
138.66 
146.00 
159.12 
153.61 
154.61 
154.77 
154.55 
154.58 
154.61 
154.62 

PRESSURE = 0.000 K S I  1.000 M I N . ,  

57.04 
46.66 
36.24 
29.95 
23.30 
13.26 
5.57 
0.30 

-3.07 
-6.83 
-8.39 
-8.60 
-8.19 
-7.93 
-7.81 
-7.69 

0.00 
36.98 
48.34 
53.15 
55.51 
56.32 
54.91 
53.71 
50.40 
47.11 
45.44 
42.92 
39.68 
34.54 
29.95 
22.55 

45.33 
53.73 
69.64 
58.88 

125.75 
217.22 
349.43 
470.94 
545.46 
629.83 
669.27 
680.00 
679.48 
679.77 
630.00 
680.00 

0.000 
0.688 
0.694 
0.598 
0.441 
0.259 
0.157 
0.114 
0.092 
0.075 
0.068 
0.063 
0.058 
0.051 
0.044 
0.033 

35.86 
40.93 
50.84 
59.00 
69.53 
90.41 

109.10 
122.76 
133.21 
146.59 
152.90 
154.77 
154.52 
154.57 
154.62 
154.64 

0.000 
0.349 
0.351 
0.331 
0.299 
0.245 
0.202 
0.181 
0.162 
0.146 
0.141 
0.135 
0.126 
0.110 
0.095 
0.071 

0.000 
0.904 
0.951 
0.901 
0.798 
0.623 
0.503 
0.438 
0.378 
0.321 
0.297 
0.277 
0.257 
0.223 
0.194 
0.146 



194 

TSE5A EXPERIYENT (9-2’4-90) ZERO T I U E  18:20: 17 LflNGTT. C R A C K  

KICTYP = 6, RTNDTO = 0.0 DFG., XCU = 0.000. FO =0.00E19 

......................................................................................................... 
S E Q  RADIUS DEPTq A / W  T M P F R .  DLqTYDT CIRCUYF. SLLT PT I C 
NO. IN. TN.  DEG.F DFG.F STRESS KSI YT KTC K I / K I C  KI4 Y T / K T A  4ng1e ........................................................................................................ 
TEMPERATURE INTERVAL NUVRER = 3, 

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
8 15.000 
9 15.307 

10 15.909 
1 1  16.500 
12 17.107 
13 17.744 
14  18.307 
15 18.600 
16 18.900 

0.090 
0.159 
0.335 
0.458 
0.609 
0.900 
1.309 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
9.500 
0.601 
0.707 
0.801 
0.850 
0.900 

-82.0 
-41.7 

-1.3 
22.7 
47.5 
89.5 

122.4 
145.0 
164.1 
186.0 
195.0 
199.0 
200.2 
200.1 
200.0 
199.9 

T P 4 E  

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 

1.233 Y I N . ,  PRESSURE = 0.000 K S I  

63.96 0.00 40.69 0.000 34.05 
52.80 41.57 146.44 0.897 36.43 
41.72 54.88 56.55 0.970 42.84 
35.15 60.79 66.71 0.911 49.27 

17.29 66.56 156.21 0.426 76.20 

2.33 65.45 369.48 0.177 111.22 

28.37 64.20 85.46 0.751 57.75 

8.27 65.78 249.34 0.264 96.60 

-2.57 61.88 483.00 9.128 124.32 
-7.95 58.02 604.58 0.095 142.51 
-9.89 56.02 653.15 0.986 150.32 

-10.49 53.02 674.41 0.079 153.72 
-10.39 48.70 630.00 0.072 154.80 
-10.01 42.26 680.00 0.062 154.59 

-9.92 36.65 679.80 0.054 154.57 
-9.65 27.63 679.56 0.041 154.54 

TEMPERATURE INTERV4L NIMBER = 4 ,  TIME = 1.300 Y I Y . ,  PRESSURE 0.000 K S I  

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
8 15.000 
9 15.307 

10 15.909 
11  16.500 
12 17.107 
13 17.744 
14 18.307 
15 18.600 
16 18.900 

0.000 
0.159 
0.335 
0.459 
0.609 
0.900 
1.309 
1.500 
1 .807 
2.409 

3.607 
4.244 
4.807 
5.100 
5.400 

3.000 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 

-94.0 
-53. 8 
-13.0 

12.1 
39.4 
82.7 

117.2 
141.0 
160.1 

193.0 
197.6 
199.5 
290.0 
200.0 
200.0 

182.8 

0. 
0. 
0. 
0. 
0. 
0. 
0.  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

66.36 
55.20 
43.97 
37.10 
29.65 
17.96 
9.79 
2.53 

-3.37 
-7.96 

-1 0.21 
-10.96 
-11.00 
-1 0.75 
-1 0.59 
-1 0.42 

0.00 
43.42 
57.44 
63.76 
67.31 
69.53 
68.91 
69.60 
65.02 
61.42 
59.47 
56.37 
51.82 
44.92 
38.94 
29.35 

19.51 
44.39 
52.98 
61.58 
78.10 

147.12 
230.73 
345.22 
459.75 
587.05 
542.40 
667.22 
677.25 
679.77 
680.00 
680.00 

0.000 

1.9’34 
1 .035 
0.862 
0.489 
0.299 
0.199 
0.141 
0.105 
0.093 

0.077 
0.066 
0.057 
0.043 

0.978 

0.084 

33.81 
35.41 
40.43 
46.21 
54.80 
73.18 
93.25 

1 OR. 64 
1?1.36 
139.71 
148.60 
152.57 
154.17 
154.57 
154.62 
154.63 

0.000 
1 .144  
1.281 
1.234 
1.112 
0.873 
0.681 
0.589 
0.498 
0.407 
0.373 
0.345 
0.315 
0.273 
0.237 
0.179 

0.000 
1.226 
1.421 
1.380 
1.228 
0.950 
0.739 
0.631 
0.536 
0.440 
0.400 
0.369 
0.336 
0.291 
0.252 
0.190 



195 

LONGTT. CRACK T S E 5 A  E X P E R M E N T  (9-24-80) ZERO T I Y E  18:?0: 17 

KICTYP 6,  RTNDTO 0.0 DEG., %CU = 0.000, FO =0.00E19 

........................................................................................................ 
SEQ RADIUS DEPTH A / W  T M P E R .  DLRTMDT CIRCLMF.  ELLIPTI' :  
NO. I N .  I?I . DEG.F DEG.F S T R E S S  KSI K I  KfC KI/YTC KIA KT/KTA ANGLE ........................................................................................................ 
TEMPERATURE INTERVAL NLMBER 5, T I Y E  = 1.500 Y I N . ,  PRESSURE = 0.000 KST 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 

13.500 
13.659 
13.835 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.990 

0.090 
0.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
3.900 

-122.0 
-79.6 
-37.8 
-12.3 
17.6 
64.5 
101.7 
128.0 
150.4 
177.0 
199.0 
195.3 
195.8 
199.9 
200.0 
200.1 

TEMPERATURE INTERVAL NUMBER = 6 ,  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 

13.500 
13.659 
13.835 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 

-180.0 
-139.2 
-97.5 
-70.8 
-39.4 
13.0 
56.8 
90.0 
118.7 
157.7 
178.0 
188.7 
195.1 
198.4 
199.2 
199.5 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

T M E  = 

0 .  
0 .  
0. 
0. 
0 .  
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

71.97 
60.17 
48.63 
41.62 
33.46 
20.77 
10.84 
3.88 
-1.99 
-8.46 

-1 1.39 
-1 2.42 
-t2.67 
-12.51 
-12.35 
-12.16 

0.00 
47.21 
62.81 
70.16 
74.44 
77.33 
77.40 
77.57 
73.85 
70.35 
68.12 
64.61 
59.33 
51.37 
44.50 
33.55 

37.48 
40.96 
47.18 
53.17 
64.08 
106.43 
189.09 
273.67 
402.72 
555.53 
626.24 
658.08 
673.77 
679.23 
690.00 
680.30 

0.000 
1.153 
1.331 
1.320 
1.162 
0.727 
0.409 
0.283 
0.183 
0.177 
0.109 
0.098 
0.085 
0.076 
0.065 
0.049 

33.72 
34.12 
36.53 
40.55 
47.75 
64.59 
83.67 
100.22 
114.77 
134.76 
146.00 
151.11 
153.61 
154.48 
154.65 
154.70 

2.033 YIY., PRESSURE = o.nm KSI 

82.16 
70.67 
59.00 
51.59 
42.94 
28.66 
16.87 
8.06 1 
0.59 
-9.29 
-13.93 
-16.07 
-1 7.06 
-17.33 
-17.24 
-17.02 

0.00 
54.77 
74.17 
83.82 
99.15 
96.03 
98.11 
l00.00 
96.59 
93.29 
90.95 
86.36 
79.16 
69.34 
59.13 
44.61 

35.40 
36.63 
39.21 
42.00 
46.58 
61.98 
95.51 
159.89 
235.96 

560.94 
619.13 
653.65 
671.34 
675.77 
677.18 

445.84 

0.000 
1.495 
1.991 
1.996 
1.933 
1.550 
1 .024 
0.625 
0.409 
0.209 
0.162 
0.139 
0.121 
0.102 
0.088 
0.066 

34.01 
33.85 
33.76 
34.45 
36.67 
46.45 
61.37 
77.00 
94.25 
119.67 
135.59 
144.56 
150.40 
153.23 
153.93 
154.16 

0.000 
1.383 
1.705 
1.730 
1.559 
1.197 
0.925 
0.774 
0.643 
0.522 
0.467 
0.429 
0.386 
0.332 
0.288 
0.?17 

0.000 
1.518 
2.197 
E. 433 
2.458 
2.067 
1.599 
1.299 
1.025 
0.780 
0.671 
0.596 
0.526 
0.446 
0.354 
0.289 



196 

T S E 5 A  EXPERIUENT (9-24-80) ZERO T I Y E  18:20:17 LONGIT.  CRACK 

KICTYP 6 ,  RTNDTO I 0.0 DEG.,  %CU = 0.000. F O  =0.00E19 

........................................................................................................ 
S E Q  RADIUS DEPTH A/W TEYPER. DLRTNDT CIRCUMF. E L L I P T I C  
NO. I N .  I N .  DEG.F DEG.F S T R E S S  KSI YI KTC K I / K I C  K I A  K I / K I A  ANGLE ......................................................................................................... 
TEMPERATURE INTERVAL N W B E R  = 7 ,  T I Y E  = 2.500 Y I N . ,  PRESSURE = 0.000 KSI 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 
13 
14  
15 
16 

13.500 
13.659 
13.835 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
9.101 
0.150 
0,201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 

-212.0 
-174.9 
-135.0 
-108.6 

-78.3 
-26.2 

21.3 
55.0 
90.6 

136.5 
165.0 
181.6 
191.1 
196.0 
197.4 
198.0 

TEYPERATURE INTERVAL NUMBER 9, 

1 13.500 0.000 0.000 -233.0 
2 13.659 0.159 0.026 -197.0 
3 13.835 0.335 0.056 -159.1 
4 13.958 0.458 0.076 -134.7 
5 14.109 0.609 0.101 -107.8 
6 14.400 0.900 0.150 -58.5 
7 14.709 1.209 0.201 -10.7 
8 15.000 1.500 0.250 27.0 
9 15.307 1.807 0.301 60.6 

10 15.909 2.409 0.401 111.6 
11 16.500 3.000 0.500 145.0 
12 17.107 3.607 0.601 167.6 
13 17.744 4.244 9.707 182.9 
14 18.307 4.807 0.801 190.5 
15 18.600 5.100 0.850 192.6 
16 18.900 5.400 0.900 193.9 

0 .  
0. 
0. 
0. 
0. 
0. 
0 .  
9. 
0.  
0.  
0. 
0. 
0. 
0.  
0. 
0.  

T I Y E  = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0.  
0.  
0. 
0.  

86.43 
75. 84 
64.59 
57.20 
48.79 
34.46 
21.60 
11.81 
3.28 

-8.44 
-15.19 
-18.76 
-20.43 
-21 .oo 
-20.99 
-20.30 

0.00 
58.27 
79-94 
90.59 
95.65 

107.20 
111.18 
114.72 
112.05 
109.90 
108.03 
102.36 

93.54 
80.65 
69.76 
52.69 

34.77 
35.52 
36.82 
38.34 
41.10 
49.63 
65.97 
97.32 

161.45 
320.31 
488.16 
580.59 
632.05 
658.58 
665.91 
669.35 

0.000 
1.641 
2.169 
2.370 
2.400 
2.160 
1.685 
1.179 
0.694 
0.343 
0.221 
0.176 
0.148 
0.122 
0.105 
0.079 

33.75 
34.02 
33.51 
33.69 
34.16 
35.78 
48.56 
61.86 
77.34 

105.91 
125.00 
138.65 
146.94 
151.19 
152.36 
152.91 

3.067 Y I N . ,  PRESSURE = 0.000 Y S I  

87.44 
77.13 
66.36 
59.49 
51.93 
38.26 
25.25 
15.13 
6.28 

-6.74 
-14.89 
-19.99 
-23.08 
-24.24 
-24.38 
-24.31 

0.00 
59.12 
81.38 
93-10 

101.86 
112.54 
118.23 
123.39 
121.82 
121.88 
12'3.98 
115.26 
105.06 

78.10 
59.05 

90 33 

34.35 
35.06 
35.93 
36.83 
38.40 
43.67 
53.64 
69.21 

100.79 
214.07 
369.48 
502.96 
587.89 
628.67 
640.41 
647.46 

0.000 
1.686 
2.265 
2.528 
2.653 
2.577 
2.204 
1.783 

0.569 
0.327 
0.229 
0.179 
0.144 
0.122 
0.091 

1 .209 

33.45 
33.90 
34.00 
33.81 
33.70 

40.86 
50.62 
62.94 
89.70 

111.22 
127.02 
139.84 
145.39 
148.28 
149.41 

35 * 09 

0.000 
1.713 
7.361 
3.693 
3.588 
2.500 
2 .276 
1.555 
1.449 
1.038 
0.864 
0.738 
0.637 
0.533 
0.458 
0.345 

0.000 
1.744 
2.394 
2.754 
3.023 
3.207 
2.893 
2.438 
1.936 
1.359 
1.088 
0.907 
0.751 
0.617 
0.527 
0.395 



197 

TSE5A E X P E R M E N T  (9-24-80) ZERO TT'4E 18:?0: 17 LONGTT. CRACY 

YICTYP = 6 ,  RTNDTO 0.0 D E G . ,  %CU 0.000, FO = n . n n ~ 1 9  

.......................................................................................................... 
S E Q  RADIUS DEPTY A/W T M P E R .  DLRTNDT C I R C W F .  F LLT PTTC 
NO. I N .  I N .  DEG.F DEG.F S T R E S S  KSI RT KTC KI/KI!: K T 4  YT/YTA ANGLE ........................................................................................................ 
TEMPERATURE INTERVAL NWBER = 9 ,  TIME = 3.500  IN., PRESSURE = 0.000 KSI 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14  
15 
16 

a 

13.500 
13.659 

13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 

13.835 

1 8. 307 
18.600 
18.900 

0.000 0.000 

9.458 0.076 
0.609 0.101 

0.159 0.026 
0.335 0.056 

0.900 0.150 
1.209 0.201 
1.500 0.250 

2.409 0.401 
3.000 0.500 
3.607 0.601 

1.807 0.301 

4.244 0.707 
4.807 0.801 
5.100 0.850 
5.400 0.900 

-243.0 
-213.0 
-177.5 
-152.5 
-126.4 

-79.2 
-32.6 

5.0 
40.0 
95.1 

159.3 
177.6 
185.4 
187.7 
189.5 

132.0 

TEYPERATURE INTERVAL N W B E R  = 10, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 
13 
14  
15 
16 

13.500 
13.659 
13.835 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.900 

o.noo 
0.159 

0.459 
0.335 

0.609 
0.900 
1.209 
1.500 
1 .A07 
2.409 
3.000 
3.607 
4.244 

5.100 
5.400 

4.807 

0.000 
0.026 
0.056 

0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.  goo 

0.076 

-252.0 
-221.4 
-187.9 
-165.3 
-139.7 

-93.3 
-48.4 
-13.0 

21 .o 
75.7 

146.9 
166.9 
179.2 
183.1 
185.4 

118.0 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0.  
0 .  
0. 

0. 
0. 
0. 
0 .  

n. 

TIME = 

0. 
0. 
0. 
0. 
0. 
0. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

n. 

87. on 
78.23 
68.10 
61.11 
53.55 
40.51 
27.75 
17.63 
8.36 

-5.78 
-14.84 
-21.13 
-24.93 
-26.09 
-26.25 
-26.26 

0.00 
59.49 
82.64 
94.32 

104.02 
115.87 
122.80 
129.25 
128.51 
129.58 
129.33 
123.22 
111.91 
96.17 
83.23 
63.03 

34.15 
34.75 
35.46 
36.13 
37.24 
41 .OO 
45.23 
58.77 
78.57 

293.89 
455.16 
558.84 
601.40 
613.84 
673.33 

172.70 

0.900 
1.712 
2.331 
2.625 
2.794 
2.826 
2.546 
2.199 
1.636 
0.750 

9.271 

0.160 
0.136 
0.101 

n . 4 4 n  

0.200 

33.29 
33.73 
34.91 
33.96 
33.75 
34.13 
37.44 
44.35 
55.01 
79.83 

102.82 
120.80 
135.27 
142.00 
144.00 
145.53 

4.000 YIN.,  PRESSURE = o.noo KSI 

86.25 
77.38 
67.74 
61.32 

41.12 
28.79 
19.20 
10.18 
-3.97 

-14.43 
-21.15 
-25.38 
-27.67 

54.07 

-28.19 
-28.29 

0.00 
58.89 
81.89 
94.27 

103.76 
115.93 
123.53 
130.82 
131.04 

134.29 
125.19 
117.09 
100.53 

86.81 
65.63 

133.84 

33.97 
34.58 
35.24 
35.75 
36.61 
39.58 
45.27 
52.98 
65.80 

126.50 
233.46 
381.22 

567.49 

601.52 

499.01 

589.05 

0. no0 
1.703 
2.334 
2.637 
2.534 
2.979 
2.739 
2.469 
1.992 
1.058 
0.575 
0.336 
0.235 
0.177 
0.147 
0.109 

33.14 
33.69 
33.97 
34.92 
33.85 
33.82 
35.53 
40.43 
48.76 
69.71 
93.78 

112.47 
126.47 
136.61 
140.02 
142.02 

0.000 
1.763 
2.429 
2.792 
3.083 
3.395 
3.280 
2.914 
2.336 
1.623 
1.258 
1.020 
0.827 
0.677 
0.578 
0.433 

9.000 
1.752 
2.411 
2.771 
3.065 
3.428 
3.448 
3.236 
2.688 
1.920 
1.432 
1.140 
0.926 
0.736 
0.620 
0.462 



198 

LONGIT.  CRACK TSE5A EXPERPlENT (9-24-90) ZERO T I Y E  18:29:17 

KICTYP I 6, RTNDTO = 0.0 DEG., %CU = 0.000, F0 =0.00E19 

........................................................................................................ 
S E Q  RADIUS DEPTH A / W  TEYPER. DLRTNDT C I R C I M F .  E LLT PTI C 
NO. I N .  I N .  DEG.F DEG.F S T R E S S  K S I  K I  KTC KT/KIC K I 4  K I / K I A  ANGLE ........................................................................................................ 
TEYPERATORE INTERVAL NLMBER = 11, T I Y E  = 4.500 Y I N . ,  PRESSURE = 0.000 Y S I  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

13.500 
13.659 
13.835 
13.959 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.900 

TEMPERATURE 

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
8 15.000 
9 15.307 

10 15.909 
11 16.500 
12 17.107 
13 17.744 
14 18.307 
15 18.600 
16 18.900 

0.000 
0.159 
0 335 
0.458 
0.609 
0.900 
1 .?09 
1.500 
1 .SO7 
2.409 
3.000 
3.607 
11.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
3.076 
9.101 
0.159 
9.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 

-257.0 
-228.1 
-197.6 
-177.0 
-151.2 
-106.7 

-63.4 
-30.0 

3.1 
58.5 

102.0 
134.0 
156.6 
169.9 
174.3 
177.4 

INTERVAL N W B E R  = 12, 

0.000 0.000 -262.0 
0.159 0.026 -235.6 
0.335 0.056 -205.1 
0.458 0.076 -183.8 
0.609 0.101 -160.3 
0.900 0.150 -118.9 
1.209 0.201 -77.2 
1.500 0.250 -42.0 
1.807 0.301 -9.1 
2.409 0.401 44.1 
3.000 0.500 87.0 
3.607 0.601 122.1 
4.244 0.707 147.3 
4.807 0.801 160.8 

5.400 0.900 169.0 
5.100 0.850 165.4 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

T I H E  = 

0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 
0.  
0. 
0. 
0. 
0. 
0. 
0. 
0. 

'34.40 
75.94 
67.11 
61.22 
53.93 
41.45 
29.54 
20.43 
11.51 
-2.83 

-13.56 
-21.10 
-25.99 
-28.50 
-29.15 
-29.45 

0.00 
57.71 
89.56 
93.11 

102.73 
115.02 
1?3.34 
131 .?? 
132.28 
136.00 
137.38 
131.46 
119.97 
103.0? 

89.02 
67.39 

33. 57 
34.45 
35.05 
35.47 
36.18 
38.48 
47.97 
48.78 
5¶.09 
98.37 

189.90 
304.93 
439.71 
515.75 
540.74 
557.77 

0.000 
1.675 
2.298 
2.625 
2.840 
2.989 
2.570 
2.590 
2. 277 
1.383 
0.7'13 
0.431 
0.273 
0.200 
0.165 
0.121 

33.05 
33.53 
33.90 
34.02 
33.95 
33.70 
34.90 
37.76 
13.89 
62.19 
83.96 

104.14 
118.95 
128.52 
132.50 
135.10 

5.000 MIN. ,  PRESSURE = 0.000 '<SI 

82.85 0.00 33.77 0.000 33.00 
75.06 56.89 34.30 1.559 33.41 
66.24 79.53 34.90 2.279 33.82 
60.18 91.80 35.32 2.599 33.99 
53.47 101.36 35.89 2.924 34.00 
41.89 114.26 37.67 3.033 33.71 
30.31 1?3.01 41.22 2.9911 34.20 
20.74 131.13 46.39 2.827 36.40 
11.95 132.21 54.11 2.443 41.18 
-1.87 136.75 52.15 1.665 56.47 

-12.57 139.17 152.41 0.913 75.39 
-20.91 133.50 248.01 0.538 96.38 
-26.46 121.57 383.37 0.317 112.69 
-29.04 104.35 453.99 0.225 121.98 
-29.73 90.23 490.62 0.184 125.33 
-30.13 68.39 510.69 0.134 128.10 

0.000 
1.721 
2.376 
2.737 
3.026 
3.413 
3.544 
3.475 
3.014 
2.197 
1.638 
1.262 
1.009 
0.900 
0.672 
0.499 

0.000 
1.703 
2.351 
2.701 
2.981 
3.390 
3.597 
3.602 
3.210 
2.422 
1.846 
1.385 
1.079 
0.856 
0.720 
3.534 



199 

TSE5A EXPERIMENT (9-24-50) ZERO T I Y E  18:20: 17 LONGTT. CRACK 

YICTYP 6 ,  RTNDTO = 0.0 DFG., %TU E 0.000, FO ~'1.00E19 

........................................................................................................ 
SEQ RADIUS DEPTH A / W  T M P E R .  DLRTYDT C I I C I M F .  FLLT P T I C  
NO. I N .  I N .  r)EG.F DEG.F S T R E S S  KSI KT KTC K T / Y I C  K I A  K I / Y I 4  ANGLE ........................................................................................................ 
TEYPFRATURE INTERVAL NlMBER = 13, T I Y E  I 6.000 Y I N . ,  PRESSIJRF: I 0.000 KST 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 

13.500 
13.659 
13.835 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.900 

n. 000 
0.159 
0.335 
0.458 
0.609 
0.900 
1 .TO9 
1 .SO0 
1 .E07 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.  850 
0.900 

-270.0 
-244.4 
-216.9 
-198.3 
-175.5 
-135.3 

-97.8 
-65.0 
-32.4 

20.5 
65.0 
99.8 

125.8 
141 .? 
146.7 
151 .0 

0. 
0. 
0.  
0. 
0. 
3. 
0.  
0. 
0.  
0. 
0.  
0.  
0. 

0. 
0. 

n. 

79.73 
72.19 
64.18 
55.82 
52.33 
41 .0l  
30.57 
21.61 
12. 90 
-0.88 

-12.03 
-70.34 
-26.11 
-?9.17 
-30.08 
-30.66 

0.00 
54.71 
76.65 
89. 52 
93.35 

111.02 
120.24 
128.99 
130.58 
135.19 
138.66 
133.33 
121.78 
104.59 
90.43 
68.55 

33.61 
34.12 
34.67 
35.03 
35.50 
36.50 
39.18 
42.75 
43.26 
65.53 

107.20 
154.54 
263.53 
345.29 
379.97 
405.50 

0.000 
1.603 
?.211 
2.535 
2 .?70 
3.017 
3.069 

2.705 
2.078 
1 .293 
0.723 
0.462 
0.302 
0.238 
0.169 

3.017 

31.00 
33.27 
33.68 
33.89 
34.07 
33.81 
33 * 76 
34.7? 
37.46 
48.60 
64.81 
8?.57 
98. 80 

108.76 
113.33 
115.11 

TEMPERATURE INTERVAL N U Y B E R  = 14,  TIYE = 7.000 Y I N . ,  PRESSUSC = 0.000 KSI 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 4  
15 
16 

13.500 
13.659 
13.835 
13.955 
14.1'39 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1 .SO7 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 

0.601 
0.707 
0.801 
0.850 
0.900 

0.500 

-275.0 
-253.1 
-227.2 
-208.9 
-185.5 
-152.3 
-1 15.6 

-84.0 
-54.7 

-1.3 
41 .0 
76.3 

104.8 
121.8 
127.8 
132.2 

0. 
0. 

0. 
0.  
0.  
0. 
0. 
0 .  
0. 
0. 
0. 
0.  
0.  

0. 

n. 

n. 

75.92 
69.35 
61.83 
55.55 
50.72 
40.4? 
30.23 
21.59 
13.71 
-0.23 

-10.85 
-19.32 
-25.76 
-29.27 
-30.29 
-30.90 

0.00 
52. 39 
73.65 
85.34 
94.64 

107.59 
116.84 
125.62 
127.83 
133.55 
137.01 
132.46 
121.07 
103.83 
89.70 
67.98 

33.51 
33.95 
34.45 
34.83 
35.22 
36.14 
37.57 
40.48 
44.25 
55.56 

127.67 
196.63 
247.12 
272.89 
295.10 

79.40 

0.0'10 
1.543 
'2.137 
2.450 
2.557 
2.977 
3.086 
3.103 
2.889 
2.  366 
1.725 
1.038 
0.616 
0.420 
0.329 
0.230 

33.00 
33.17 
33.54 
33.75 
33.97 
33.96 
33.70 
34.00 
35.34 
47.84 
55.36 
69.98 
85.52 
96.23 

100.11 
102.96 

o.noo 
1.645 
2.276 
3.621 
2.891 
3.253 
3.562 
3.715 
3.456 
2.802 
2.139 
1.615 
1.233 
0.962 

0.596 
o. 505 

o.r)'10 
1.582 
?. 136 
2.  526 
2.756 
3.16q 
3.468 
3.595 
3.617 
3.124 
2.475 
1.593 
1.416 
1.079 
0.896 
0.660 



200 

T S E 5 A  EXPERIYENT (3-24-80) ZERO T I Y E  18:?0: 17 LOYGIT.  CRACK 

KICTYP 6 ,  RTNDTO I 0.0 DEG., 7 X U  = 0.000. FO =0.00E19 

........................................................................................................ 
SEQ RADIUS DEPTH A / ' d  TEYPER. DLRTNDT C I R C I M F .  E L L I  PT I C 
NO. I N .  Irrl . DEG.F DEG.F S T R E S S  KSI K I  KTC Y I / K I C  KIP, K I / K I A  ANGLE ........................................................................................................ 
TEYPERAT!JRE INTERVAL NUC1BER = 15, 

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
9 15.000 
9 15.307 

10 15.909 
11 16.500 
12 17.107 
13 17.744 
14 18.307 
15 18.400 
16 18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
Q.801 
0.850 
0.900 

-289.0 
-259.4 
-234.8 
-217.4 
-199.0 
-164.4 
-129.2 
-100.0 

-69.5 
-19.9 

23.0 
55.7 
33.3 

100.5 
107.0 
112.0 

TEMPERATURE INTERVAL N W R E R  = 16, 

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
8 15.000 
9 15.307 

10 15.909 
11 16.500 
12 17.107 
13 17.744 
14 18.307 
15 18.600 
16 18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.350 
0.900 

-287.0 
-267.9 
-246.8 
-232.1 
-213.6 
-181.7 
-151 .O 
-124.0 

-97.1 
-50.3 
-13.0 

18.2 
44.2 
61.5 
68.0 
73.0 

T I Y E  = 

0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
c). 

0. 
0. 
0. 
0. 

T I Y E  = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

8.090 M I N . ,  PRESSURE I 0.000 KSI 

72.70 0.00 
66.54 50.22 
59.35 70.64 
54.35 81.59 
49.04 90.96 
39.18 103.73 
29.39 112.69 
21.38 121.54 
13.21 123.62 
-0.03 129.39 

-10.54 132.52 
-15.63 128.06 
-?4.63 117.40 
-38.20 100.99 
-29.36 87.23 
-30.13 66.15 

33.41 0.000 
33.93 1.485 
3'1.31 2.059 
34.66 2.363 
35.02 2.595 
35.78 2.899 
37.10 3.038 
39.00 3.116 
42.16 2.932 
51.41 2.517 
66.88 1.981 
95.70 1.338 

143.45 0.818 
186.34 0.542 
202.20 0.431 
215.19 0.307 

33.00 0.000 
33.01 1.521 
33.42 2.114 
33.68 2.432 
33.88 2.684 
34.02 3.049 
33.77 3.337 
33.74 3.603 
34.50 3.553 
39.40 3.284 
49.37 2.654 
61.33 2.088 
73.46 1.598 
83.00 1.216 

89.96 0.735 
86.89 1.004 

10.000 M I N . ,  PRESSURE = 0.000 KSI 

66.23 
60.53 
54.33 
50.04 
44.75 
35.70 
27.14 
19.72 
12.48 
0.24 

-9.12 
-16.61 
-22.55 
-25.22 
-27.42 
-78.23 

0.09 
45.70 
64.38 
74.86 
83.16 
94.48 

103.07 
111.18 
113.32 
118.88 
122.17 
118.61 
108.94 

93.61 
50.90 
61.35 

33.26 
33.65 
34.07 
34.37 
34.73 
35.37 
36.18 
37.37 
39.24 
44.96 
52.98 
64.36 
82.28 

102.04 
112.08 
121.02 

0.000 
1.358 
1.890 
2.178 
2.394 
2.671 
2.845 
2.975 
2. 888 
2.644 
2.306 
1.843 
1.324 
0.917 
0.722 
0.507 

33.00 
33.00 
33.22 
33.46 
33.73 
34.00 
33.95 
33.73 
33.77 
35.68 
40.43 
47.92 
56.52 
63.32 
66.14 
68.41 

0.000 
1.385 
1.938 
2.237 
2.466 
2.779 
3.036 
3.296 
3.356 
3.332 
3.022 
2.475 
1.927 
1.478 
1.223 
0.897 



20 1 

TSE5A E X P E R M E Y T  (9-24-30) ZERO T I V E  18:20:17 LONGIT.  CRACK 

KICTYP = 6 ,  RTNDTO = 0.0  DEG., 4CU = 0.000. C0 :0.00E19 

........................................................................................................ 
SEQ RADIUS DEPTFI A / W  TEYPTR. DLRTYDT CIRCIJYF. ELLTPTXC 
NO. I N .  I N .  DEG.F DEG.F STRESS KST K I  KTC K T / Y I C  K14 K I / Y I A  AYGLE ........................................................................................................ 
TEYPERATIJRE INTERVAL YlNRER = 17, TIME = 12.000 Y L N . ,  PRESSURE = 0.000 YSI 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15  
16 

13.500 
13.659 
13.835 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.900 

0. 090 
0.159 
3.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 

-?93.9 
-375-7  
-257.2 
-244.4 
-228.1 
-198.9 
-170.8 
-145.0 
-1 19.7 

-77.9 
-43.0 
-14.9 

8.2 
23.8 
29.9 
34.7 

TEYPERATURE INTERVAL NWBER = 18, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

13.500 
13.659 
13.835 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.600 
18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1 .SO7 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
9.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0. 900 

-298.0 
-283.6 
-266.5 
-254.1 
-239.7 
-213.9 
-186.4 
-1 65.0 
-141.7 
-103.1 

-72.0 
-45.8 
-24.6 
-1 0.8 

-5.2 
-0.6 

9. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

TIME = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
9. 
0. 
0. 
0. 
0. 
0. 

60. 23 
55.06 
49.55 
45.86 
41.16 
32.88 
25.02 
17.95 
11.16 
0.26 

-8.53 
-15.27 
-20.52 
-23.83 
-24.97 
-25.78 

0.00 
41.56 
55.62 
69.27 
76.00 
56.52 
94.4A 

101.84 
103.55 
108.50 
111.61 
108.24 

99.51 
85.63 
74.06 
56.20 

33.14 
33.49 
33.87 
34.1? 
34.45 
35.02 
35.62 
36.40 
37.62 
41.14 
46.21 
52.46 
59.99 
67.35 
71.05 
74.42 

0,000 
1 .?41 
1.731 
2.001 
2.206 
2.471 
7.653 
2.798 
2.753 
2.644 
2.415 
2.063 
1.659 
1 .271 
1 .042 
0.755 

33.00 r).r)00 
33.00 1.259 
33.05 1.774 
33.27 2.052 
33.53 2.?67 
33.89 2.553 
34.02 2.777 
33.99 3.004 
33.71 3.072 
34.17 3.184 
36.31 3.074 
40.08 7.700 
45.17 2.203 
49.62 1.726 
51.56 1.436 
53.17 1.057 

14 .090 Y I W .  , PRESSURE = 0.000 YSI 

54.58 
50.23 
45.18 
41.58 
37.43 
30.08 
22.43 
16.53 
10.30 
0.20 

-7.61 
-13.91 
-18.72 
-21.63 
-22.68 
-23.49 

0.00 
37.52 
53.42 
62.13 
59.12 
78.90 
85.87 
92.66 
94.42 
98.93 

101.74 
98.67 
90.64 
78.08 
67.59 
51.34 

33.04 
33.33 
33.68 
33.93 
34.27 
34.73 
35.27 
35.76 
36.53 
38.75 
41.55 
45.71 
50.00 
53.62 
55.29 
56.80 

0.000 
1.135 
1.586 
1.831 
2.020 
2 * 272 
2.435 
?. 591 
2.585 
2.553 
2.431 
2.159 
1.813 
1.456 
1.223 
0.904 

33.00 
33.00 
33.00 
33.10 
33.34 
33.72 
33.98 
34.02 
33.87 
33.72 
34.39 
36.05 
38.51 
40.85 
41.98 
43.01 

0.000 
1.146 
1.619 
1.877 
2.073 
2.340 
2.527 
?. 724 
2.788 
2.934 
2.958 
3.737 
2.354 
1 .g11 
1.610 
1.194 
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LOYSIT. CRATK T S E 5 A  EXPERI'IENT (9-24-90) ZERO TI'IE 1'3:?0: 17 

........................................................................................................ 
SEQ RADIUS DEPTH A / W  TEYPER. OLRTNDT C I R C I M F .  E L L 1  P T I C  
YO. I N .  IY. i3EG.F DEG.F S T R E S S  KSI KI KT': K I / K I C  YTA K T / Y I A  4NGLF. ........................................................................................................ 
TEMPERATURE INTERVAL NIJYBER = 19, T I Y E  = 16.000 Y I N . ,  PRESSURE 0.000 KSI 

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
8 15.000 
9 15.307 

10 15.909 
11 16.500 
12 17.107 
13 17.744 
14 15.307 
15 18.600 
16 18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0.990 
1.209 
1.500 
1.507 
3.409 

3.607 
4.244 
4. 807 
5.100 
5.490 

3.000 

0.000 
0.025 
0.056 

0.101 
0.150 
0.201 
0.  250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.950 

0. n76 

0.900 

-302. 0 
-288.2 
-272.0 
-260.7 
-245.0 
-225.0 
2 3 1  .0 
-150.0 
-159.4 
-125.7 

-97.0 
-7'1.1 
-55 * 2 
-41 - 7  
-36.3 
-31 - 9  

TEYPERATIJRE INTERVAL NUYBCR = 2 0 ,  

1 
2 
3 
4 
5 
6 
7 
3 
9 

10 
1 1  
12 
13 
14 
15 
16 

13.500 
13.659 
13.535 
13.958 
14.109 
14.400 
14.709 
15.000 
15.307 
15.909 
16.500 
17.107 
17.744 
18.307 
18.500 
18.900 

0.000 
3.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.507 
5.100 
5.400 

0.000 

0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.  707 
0.801 
0.850 
0.900 

0.026 
-3'73.0 
-290.4 
-276.0 
-?66.2 
-255.1 
-233.9 
-2 1 4.6 
-195.0 
-175.5 
-146.1 
-121 .o 
-100.2 

-82.7 
-70.4 
-65.4 
-6 1 . 4  

0. 
0. 
0. 
0. 
0.  
q. 

0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0 .  

0. 

T I Y E  = 

0. 
0.  
0. 
0.  

0. 
0. 
0.  
0.  
0. 
0.  

0 .  
0. 
0. 
0 .  

n. 

n. 

49.50 
45.36 
40.62 
37.32 
33.65 
27.11 
20.44 
14.68 
9.15 
0.33 

-6.59 
-12.39 
-16.69 
-19.57 
-20.62 
-2 1 .40 

0.00 
34.21 
48.20 
55.98 
62. ?5 
71.11 
77.51 
83.53 
94.94 
89.79 
91.77 
89.11 
82.13 
70. 90 
61 .25 
116.51 

33.00 
33.24 
33.57 
33.50 

34.51 
34.98 
35.40 
35.92 
37.28 
39.25 
41.59 
44.17 
46.411 
47.45 
49.38 

34.05 

0.000 
1.029 
1.436 
1.656 
1.538 
2.061 
2.216 
2.359 
2.365 
2.395 
2.335 
2.142 
1 .859 
1.525 
1 .?90 
0.961 

33.00 
33.00 
33.00 
33-90 
33.20 
33.57 
33.97 
34.91 
34.00 
33.74 
33.77 
34.31 
35.31 
35.43 
37.00 
37.53 

18.000 Y I N . ,  PRESSURE = 0.000 YSI 

44.09 
40.31 
35.11 
33.25 
30.04 
24.02 
18.59 
13.29 
5.87 
0.30 

-6.00 
-1 1.01 
-15.00 
-1 7.54 
-1 5.61 
-19.33 

0.00 
30.43 
42.85 
49.79 
55.41 
63.24 
69.13 
74.66 
76.33 
80.10 
82.46 
80.19 
73.91 
63.71 
55.13 
41.86 

33.00 
33.20 
33.49 
33.69 
33.91 
34.33 
34.71 
35.10 
35.43 
36.36 
37.54 
38.99 
40.6? 
42.05 
42.69 
43.26 

0.000 
0.917 
1 .289 
1.478 
1.634 
1.842 
1.991 
2.127 
2.154 
2.203 
2.197 
3.057 
1.820 
1.515 
1.291 
0.965 

33.00 
33.00 
33.00 
33.00 
33.08 
33.44 
33.71 
33.92 
34.ni 
33.91 
33.71 
33.74 
34.03 
34.46 
34.70 
34.92 

0.000 
1.037 
1.461 
1.696 
1 .575 
2.118 
2.289 
2.456 
2.498 
2.646 
2.718 
-3.597 
?. 326 
1 .943 
1.655 
1.239 

0.000 
0.922 
1.299 
1.509 
1.675 
1.892 
2.051 
2.201 
2,244 
2.362 
2.446 
2.377 
2.172 
1.549 
1.589 
1.199 
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TSE5A EXPERIMENT (9-24-80) ZERO T I Y E  18:?0: 17 LONGIT.  CRACK 

KICTYP = 6, RTNDTO I 0.0 DEG., ?XU = 0.000, FO 10.0OE19 

........................................................................................................ 
S E Q  RADIUS DEPTY A / W  TSYPFR. O L R T W T  S I R C U Y F .  E LLT P T I C  
NO. I N .  I N .  DEG.F DEG.F S T R E S S  K S I  K I  Y I C  K T / Y T S  K14 K I / Y I 4  ANGLE ........................................................................................................ 
TEYPERATIJRE INTERVAL NIMBER = ?1, 

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
8 15.000 
9 15.307 

10 15.909 
11 16.500 
12 17.107 
13 17.744 
14 18.307 
15 18.600 
16 18.900 

0.000 
3.159 
0.335 
0.458 
0.609 
0.900 
1 .209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.900 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0. 401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 

-305.0 
-293.5 
-281.1 
-272.5 
-262.9 
-245.0 
-226.4 
-710.0 
-193.1 
-165.9 
-142.0 
-122.9 
-107.6 

-97.0 
-92.6 
-58.7 

TEYPERATURE INTERV4L NUYRER = 22, 

1 13.500 
2 13.659 
3 13.835 
4 13.958 
5 14.109 
6 14.400 
7 14.709 
8 15.000 
9 15.307 

10 15.909 
11 16.500 
12 17.107 
13 17.744 
14 18.307 
15 18.600 
16 18.900 

0.000 
0.159 
0.335 
0.458 
0.609 
0.900 
1.209 
1.500 
1.807 
2.409 
3.000 
3.607 
4.244 
4.807 
5.100 
5.400 

0.000 
0.026 
0.056 
0.076 
9.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
9.707 
0.801 
0.850 
0.900 

-308.0 
-300.5 
-291.5 
-285.0 
-378.1 
-264.8 
-250.5 
-338.0 
-225.9 
-205.0 
-197.0 
-172.6 
-1 60.8 
-152.4 
-148.9 
-1 45.6 

T I Y E  

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

T M E  I 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 

23.000 Y I N . ,  P IESSIJRE = 0.000 KST 

39.41 
35.95 
32.33 
29.90 
27.04 
21.92 
16.73 
1?.21 
7.67 
0.55 

-5.47 
-10.08 
-13.55 
-1 5.79 
-16.57 
-17.38 

0 . m  
27.18 
38.29 
44.56 
49.67 
56.57 
62.26 
67.32 
68.60 
72.36 
74.43 
72.18 
66.48 
57.39 
49.73 
37.50 

33.00 
33.13 
33.38 
33.55 
33.75 
34.11 
34.48 
34.50 
35.13 
35.74 
36.52 
37.43 
38.41 
39.25 
39.55 
40.01 

0.000 
0.820 
1.147 
1.328 
1.472 
1.667 
1.505 
1.934 
1.953 
2.025 
2.038 
1.928 
1.731 
1.462 
1.254 
0.945 

33.00 0.000 
33.00 0.523 
33.00 1.150 
33.00 1.350 
33.03 1.505 
33.26 1.710 
33.55 1.556 
33.77 1.993 
33.93 2.022 
34.02 2.137 
33.57 2.197 
33.72 2.140 

33.77 1.700 
33.83 1.470 
33.90 1.115 

33.70 1.973 

25.000 YIN., PRESSURE I 0.000 K S I  

39.31 
27.05 
24.37 
22.49 
20.47 
16.65 
12.73 
9.24 
5.97 
0.49 

-4.05 
-7.52 

-10.21 
-12.00 
-12.72 
-13.33 

0.00 
20.34 
28.77 
33.50 
37.38 
42.98 
47.05 
50.59 
51.94 
44.95 
56.50 
54.92 
50.67 
43.80 
37.97 
25.88 

33.00 
33.00 
33.17 
33.30 
33.44 
33.71 
33.99 
34.25 
34.49 
34.90 
34.75 
35.57 
35.95 
36.14 
36.26 
36.38 

0.000 
0.616 
0.567 
1 .go6 
1.118 
1.275 
1.384 
1.486 
1.506 
1.572 
1.603 
1 .544 
1.412 
1.212 
1 .Ob7 
0 .794 

33.00 
33.00 
33.00 

33.00 
33.00 
33.16 
33.37 
33.56 
33.83 
33.95 
34.03 
34.00 
33.96 
33.93 
33.90 

33 00 

0.000 
0.616 
0.572 
1 .015 
1.133 
1.302 
1.419 
1.525 
1.548 
1.6?2 
1.663 
1.614 
1.490 
1 .290 
1.119 
0.852 
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TSE5A EXPERIYENT (9-24-80) ZERO T I Y E  18:20:17 LONGTT. CRACK 

YICTYP I 6 ,  RTNDT0 I 0.0 DFG.,  %CU = 0.000, FO 10.00E19 

........................................................................................................ 
S E Q  RADIUS DEPTH A / W  TEYPER. DLRTNDT CIRCUMF. E LLI PT I!: 
NO. TN. I N .  DEG.F DEC.F STRESS KSI KT. K t C  K I / R I C  KI4 K T / K T A  ANGLE ........................................................................................................ 
TEYPERATURE INTERVAL VUMBER I 33, T I Y E  = 30.000 Y I N . ,  PRESSURE I 0.000 KSI 

I 13.500 0.000 0.000 

4 13.958 g.458 0.076 

2 13.659 0.159 0.026 
3 13.835 0.335 0.056 

5 14.109 0.609 0.101 
5 14.400 0.900 0.150 
7 14.709 1.209 0.201 
8 15.000 1.500 0.250 
9 15.307 1.807 0.301 

10 15.909 2.409 0.401 
1 1  16.500 3.000 0.500 
12 17.107 3.607 0.601 
13 17.744 4.244 0.707 

15 18.600 5.100 0.550 
16  18.900 5.400 0.900 

1 4  18.307 4.507 o.qoi 

-313.0 
-306.4 
-300.2 
-296.3 
-291.2 
-280.5 
-270.3 
-261 - 0  
-251.3 
-235.3 
-222.0 
-211.5 
-208.7 
-195.9 
-193.1 
-190.7 

0. 
0 .  
0. 
0. 
0. 
0 .  
0. 
0. 

0. 
0. 
0. 
0. 
0.  
0. 
0. 

n. 

22.02 
20.05 
18.20 
17.05 
15.56 
12.50 
9.64 
7.08 
4.48 
0.27 

-3.07 
-5.55 
-7.60 
-9.07 
-9.64 

-10.08 

0.00 
15.16 
21.41 
25.05 
28.09 
32.25 
35.35 
38.32 
39.10 
41.19 
42.35 
41 .?6 
38.18 
32.96 
?8.53 
31.68 

33.00 
33.00 
33.00 
33.07 
33.18 
33.40 
33.60 
33.79 
33.98 
34.30 
34.57 
34.77 
34.95 
35.08 
35.13 
35.18 

0.000 
0.459 
0.649 
0.758 
0.847 
0.966 
1.052 
1.134 
1.150 
1.201 
1.225 
1.187 
1.092 
0.940 
0.512 
0.616 

33.00 

33.00 
33.00 
33.00 
33.00 
33.00 
33.00 
33.15 
31.41 
33.61 
33.75 
33.95 
33.91 
33.93 
33.95 

33-00 
0.000 
0.459 
0.549 
0.759 
0.851 
0.977 
1.071 
1.161 
1.179 
1.233 
1.260 
1.223 
1.123 
0.97? 
0.841 
0.638 
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TSE5A EXPERIYENT (3-24-80) ZERO 2-D C R I T I C A L  C R A C K  DEPTYS 
KICTYP 6, RTNDTO = 0.0 DEGF, %CU I 0.000, FO = 0.00E19 

TI?IE 

1.03 
1.07 
1.09 
1.15 
1.23 
1.23 
1.25 
1.28 
1.30 
1.30 
1.33 
1.34 
1.39 
1.50 
1.50 
1.56 
1.68 
1.73 
2.00 
2.01 
2.03 
2.03 
2.35 
2.43 
2.50 
2.50 
2.84 
2.84 
3.07 
3.07 
3.42 
3.50 
3.50 
3.91 
4.00 
4.00 
4.45 
4.50 
4.50 
5.00 
5.00 
5.23 
6.00 
6.00 
6.33 
6.88 
7.00 
7.00 
7.96 
8.00 
8.00 
8.72 

10.00 
10.00 
10.47 

INITIATION ARREST 

0.056 
0.076 
0.026 
0.101 

0.124 
0 .023 

0.056 
0.076 
0.033 0.022 
0.082 0.141 
0.026 

0.150 
0.101 
0.023 0.019 
0.120 0.187 

0.201 

0.250 
0.301 

0.201 
0.018 0.016 
0.204 0.311 
0.250 

0.401 
0.016 0.015 
0.269 0.423 
0.301 

0.500 
0.016 0.015 
0.334 0.549 

0.601 
0.015 0.015 
0.373 0.612 
0.401 
0.016 0.015 
0.413 0.671 

0.707 
0.016 0.015 
0.459 0.711 
0.016 0.016 
0.489 0.741 
0.500 
0.017 0.016 

0.150 

0.552 0.788 
0.801 

0.601 
0.017 0.017 
0.611 0.822 

0.850 
0.018 0.017 
0.670 0.851 
0.707 
0.01 9' 0.01 9 
0.782 0.884 
0.801 
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TSE54 E X P E R M E Y T  (9-2’1-80) ZERO 7-D CRTTICAL CR4CK DFPTMS 
KICTYP 6 ,  RTNDTO = 0.0 DEGF, %CU = 0.000. FO 0.00E19 

T I Y E  I N I T I A T T O N  ARREST 

11.29 
11.74 
12.00 
12.00 
14.00 
14.00 
16.00 
16.00 
16.52 
16.64 
18.00 
18.00 
20.00 
20.00 
22.19 
22.63 
22.70 
25.00 
25.00 
25,12 
25.29 
26.00 
27.14 ’ 

27.17 
27.36 
28.89 
29.44 
29.56 
29.65 

30.00 
30. no 

0.850 

0.857 

0.885 
0.026 

0.026 

n.n2i 

0.023 

n .894 

0.033 
n ,895 
0.043 
0.891 

n. 056 

0.076 

0.076 
0.859 

0. 850 

0.101 

0.801 
0.150 

0.171 
0.764 

n .900 

0.021 

3.023 

0.036 

0.026 
0.033 

0.042 

0.900 

0.056 

9.872 
0.074 

0.076 

0.550 

n. io1 

0.801 
0.150 
0.163 
0.784 

MAX O N  INITI~TION C U R V E :  A / W  = 0.895, TIME 18.00 

MAX ON ARREST CURVE: A/’d = 0.900, TIME = 22.19 
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Appendix F 

DIGITAL OUTPUT FROM POSTTEST FEUCTURE- 
MECHANICS ANALYSIS OF TSE-6 

A standard set of OCA-P digital input-output for a posttest deter- 

Values of 
ministic analysis of TSE-6, using small-specimen lower-bound KJ and mean 
KIa fracture-toughness curves, is included in this appendix. 
KI are for a two-dimensional axial flaw, and the English system of units 
is used throughout. 



208 

T S E 6  12/9/31 TO 3M 149 

FRACTURE TOUGHNESS CODE ( I F  KICTYP = 6 , VALUES 
ARE READ I N  4 DESCRIBED LATER IN T H I S  R U N )  KICTYP = 

MAX. # OF TIME INTERVALS TO BE READ NCYCLE = 

TIME INTERVAL # TO START PROCESSING DATA I S K I P  = 

CRACK SHAPE TO BE USED ICRKTP = 
=1 2-D; 12 2-D,2-M; =3 6-1,2-’4; 
-4 6/1 ,2-D,&2-M; =5 6 / 1 , 2 - D  

REF TEMPERATURE FOR S T R E S S  CALCULATIONS TREF E 

= 0 USE TEMP I N  F I R S T  TIME INTERVAL 

WRITE TABLE-1 FOR TEYPS,KIC,ETC.THRU CYL. WALL 
E -1 THEN S T O P ;  = 0 NO PRINTING;  
E +l CONTINUE PROCESSING K I  VALUES NOPT E 

UNITS SWITCH =O ENGLISH; -1 S I  ISISW = 

TEMPERATURE PLOTTING 

K I  RATIO PLOTTING 

K I  PLOTTING 

ENVELOPE PLOTTING 

S T R E S S / T E Y P / K I / K I C / K I A  PLOTTING 

= 0 NO PLOTS, = 1 PLOT NPLOT E 

= 0 NO PLOTS, E 1 PLOT KRPLOT E 

= 0 NO PLOTS, = 1 PLOT K I P L T  E 

E 0 NO PLOTS, E 1 PLOT KENPLT = 

= 0 NO PLOTS, E 1 PLOT KALPLT = 

TIME DEPENDENT PRESSURES NPR = 

SEQ.YO. TIME PRESSURE 
(MINUTES) (KSI) 

1 

0 

0 

1 

0 

n 

OCA-P 

6 

60 

1 

1 

0 .  

0 

0 

........................................ 
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RADIATION DAMAGE/ RUN CONTROL 

RADIATION DAMAGE CALC SWITCH IRTNSW = 0 

ATTENUATION CONSTANT ATTCON = 0 . 2 4 0 0  

STRESS INPUT SWITCH ISTRSW = 0 
O=CALC BY F E  METHOD, 1ZINPUT ON U N I T 3  
OiDEEPEST POINT,  1:MAX ON CRACK FRONT 

I N C I P I E N T  I N I T I A T I O N  SEARCH CONTROL 

I N C I P I E N T  I N I T I A T I O N  SEARCH SWITCH IBINSW = 0 
O=NO SEARCH, l=SEARCH, 2rPARAMETRT.C SEARCH 

FLAW SHAPE CONTROL SWITCH ISEASW = 0 
O=LONG(2-D),  1=(6 TO 1 )  E L L I P I T I C A L  

M I N  A/W USED ON THRESHOLD SEARCH AWMIN = 0 . 0 2 4 9  

MAX A / W  USED ON THRESHOLD SEARCH AWMAX = 0.1510 

UPPER L I M I T  ON THRESHOLD SEARCH TUPLIM = 0 . 5 0 D + 2 0  

TOUGHNESS PROPERTIES( - l  MEANS NOT INPUT)  

FLUENCE, I N S I D E  SURFACE FO = 0 . 0 0 0 E + 0 0  

REFERENCE TEMP.,  I N I T I A L  RTNDTO I 0.000 

PER CENT CU ........... CUPER . 0.000 

PER CENT P ........... PPER = 0.000 

PER CENT N I  ........... PERNI  . 0.000 

DELTA RTNDT(1NNER SURFACE) DRTNIN = -999.0 



2 10 

F I N I T E  ELEMENT PARAMETERS ( S T R E S S  CALCULATIONS) 

GEOMETRIC MODELING METHOD 
= 0 USER S P E C I F I E D  YO. OF ELEMENTS + G . P  FACTOR. 
= 1 USER S P E C .  NO. OF ELEM.& A/W OF CLADDING- 

BASE METAL INTERFACE MODEL = 0 

NUMBER OF ELEMENTS--------------- N W E L  z 15 

INTEGRATION ORDER(# GAUSS P O I N T S )  NGAUSS = 2 

NUMBER OF NODAL POINTS------------ N W N P  = 31 

GEOM. PROG. FACTOR = 1.13 

F E  MESH NODAL P O I N T  COORDINATES 
NODAL 
P O I N T  

NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

R- 
COORD. 

( I N C H E S )  
16.500 
16.510 
16.522 
16.535 
16.550 
16.566 
16.585 
16.606 
16.631 
16.658 
16.688 
16.723 
16.762 
16.807 
16.857 

ELEYENT CONNECTIVITY 
ELEM. NODE N W B E R S  

NO. I J K 
1 1 2 3  
2 3 4 5  
3 5 6 7  
4 7 8 9  
5 9 10 11 
6 11  12 13 
7 13 14 15 
8 15 16 17 
9 17 18 19 

10 19 20 21 
11 21 22 23 
12 23 24 25 
13 25 26  27  
14 27 38  29  
15 29  30 31 

NODAL 
POINT 

NO. 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26  
27 
28 
29  
30 
31 

MATERIAL 
NO. 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

R- 
COORD. 

(TNCHES)  
16.914 
16.978 
17.050 
17.132 
17.224 
17.328 
17.446 
17.579 
17.730 
17.900 
18.092 
18.310 
18.555 
18.832 
19.146 
19.500 
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MATERIAL PROPERTIES FOR STRESS CALCULATIONS 

NUXBER OF MATERIALS ______ 1 

TEMP(DEG.F) MODULUS OF ELASTICITY(KS1) - E 
(MAT 1)  (MAT 2)  (MAT 3) 

70.0 2.800D+04 2.700D+04 0.000D+00 

TEMP(DEG.F) COEFF OF EXPANSION(PER DEG.F) - ALFA 
(MAT 1 )  (MAT 2) (MAT 3) 

70.0 6.5000-06 9.930D-06 O.OOOD+C)O 

TEMP (DEG. F) POISSONS RATIO - PNU 
(MAT 1)  (MAT 2) (MAT 3)  

70.0 0.300 0.300 0.300 

SELECTED ' i 1 H E  INTERVAL NLMBERS FOR K I  CALCULATIONS 
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0  
0 

CYLINDER DIXENSIONS (INCHES) 

I N N E R  RADIUS, RI = 16.500 

OUTER RADIU9. RO = 19.500 

WALL THICKNESS, W 3.000 

TEMPERATURE G R I D  GEOMETRY OVER CYLINDER WALL 
G R I D  NO. RADIUS 

................................ 
1 16.5000 
2 16.5500 
3 16.6000 
4 16.7000 
5 16.8000 
6 17.0000 
7 17.3000 
8 17.7000 
9 18.3000 

10 19.2000 
11 19.5000 
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*** K I C  (OR K I A )  V4LUES WERE READ IN FROV UNIT 56 

MATERIAL I D E N T I F I C A T I O N  ZTOUGNNESS PER 2/19/35 P'fONE CALL WITH RDC 

SEQ.NO. TEVP. K I C  V4LUE ........................... 
-148. 

-58. 
-13. 

32. 
77. 

122. 
167. 
212. 
235. 

32. 
38. 
43. 
50. 
61. 
77. 

107. 
150. 
182. 

SEQ.NO. TEYP. K I A  VALIJE ........................... 
1 -94. 
2 -4. 
3 41 .  
4 86. 
5 131. 
6 176. 
7 221. 
a 266. 
9 289. 

32. 
38. 
43. 
50. 
61. 
77. 

106. 
150. 
182. 

CALCULATED 2-D CRACK DEPTH VALUES = 
0.0000 0.0299 0.0794 0.1676 0.2292 0.3044 0.4500 0.6044 0.7500 0.9035 
1.2044 1.5000 1.8035 2.1221 2.4035 2.5500 2.7000 2.8551 

REF TEMPERATURE FOR S T R E S S  CALCULATIONS T R E F  = 203.0 DEG.F 
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T S E 6  12/9/81 TO 34 14s LONGIT.  CRACK 

KICTYP = 6 ,  RTNDTO = 9.0 DEG., %CU = 0.000, FO -0.0OEl9 

........................................................................................................ 
TEQ RADIUS DEPTA A/W TEYPER. DLRTNDT C I R C I M F .  E L L 1  P T I C  
NO. I N .  I N .  DEG.F DEG.F S T R E S S  K S I  K I  KTC Y I / K I C  K I A  K I / Y I A  ANGLE ......................................................................................................... 
TEYPERATURE INTERV4L N W B E R  = 1, 

1 16.500 0.000 0.000 
2 16.530 0.030 0.010 
3 16.579 0.079 0.026 
4 16.668 0.168 0.056 
5 16.729 0.?29 0.076 
6 16.804 0.304 0.101 
7 16.950 0.450 0.150 
8 17.104 0.604 0.291 
9 17.250 0.750 0.250 

10 17.404 0.904 0.301 
11 17.704 1.204 0.401 
12 18.000 1.500 0.500 
13 18.304 1.404 0.601 
14 18.622 2.122 0.707 
15 18.904 2.404 0.801 
16 19.050 2.550 0.850 
17 19.200 2.700 0.900 
18 19.355 2.855 0.952 

202.0 
202.0 
202.0 
201.9 
202.2 
203.0 
203.2 
3 7 2 . 9  
202.9 
203.1 
203.0 
202.9 
203.0 
203.5 
204.1 
204.2 
204.0 
203.6 

TEYPERATURE INTERVAL N W B E R  = 2, 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

a 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 

18.904 
19.050 
19.200 
19.355 

18.622 

0.000 
0.030 
0 079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1 .204 
1.500 
1 .804 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

127.0 
132.4 
141.4 
154.9 
162.6 
171.5 
184.7 
193.3 
197.9 
200.7 
203.0 
203.3 
203.0 
202.9 
202.9 
203.0 
203.0 
203.0 

T I Y E  

0. 
0. 
0 .  
0 .  
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

TIME = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0.  

0.000 b 4 1 N . ,  PRESS'JRE = 9.000 YSI 

0.31 

0.31 
0.33 
0.25 
0.04 
0.01 
0.08 
0.06 
0.03 
0.05 
0.08 
0.04 

-0.11 
-9.24 
-0.24 
-0.18 
-0.10 

0.31 
0.00 

n.?5 

9.10 
0.16 

0.29 
0.26 
0.20 
0.24 
0.27 
0.29 
0.35 
0.48 
0.62 
0.69 
0.64 
0.56 
0.47 
0.32 

139.54 
138.53 
139.55 
139.44 
138.50 
139.59 
139.82 
139.48 
139.59 
139.71 
139.64 
139.50 
139.65 
140.31 
140.86 
140.94 
140.76 
140.26 

0.000 
0.001 
0.001 
r) .002 
0.002 
0. 002 
0.001 
0.002 
0.002 
0.002 
0.003 
0.003 
0.004 
0.005 
0.005 
0.004 
0.003 
0.002 

92.55 
9?. 55 
9?.59 
92.52 
92.74 
93.78 
93.36 
93.16 
93.22 
93.30 
93. 25 
93.17 
93.26 
93.66 
94.00 
94.04 
93.94 
93.64 

0.167 # I N . ,  PRESSURE = 0.000 K S I  

17.89 
16.47 
14.07 
10.50 
8.45 
6.12 
2.66 
0.39 

-0.80 
-1.51 
-2.07 
-2.11 
-1 -99  
-1.92 
-1.90 
-1.90 
-1.89 
-1 - 8 8  

0.00 
5.65 
8.28 

10.24 
11.14 
11.47 
11.29 
10.80 
10.45 
10.18 
10.41 
11.38 
12.76 
14.37 
14.97 
14.27 
12.39 

8.57 

79.96 
82.91 

97.43 
103.15 
110.05 
121.27 
129.49 
134.18 
137.14 
139.66 
140.00 
139.64 
139.48 
139.54 
139.60 
139.64 
139.65 

88.34 

0. oon 
0.068 
0.094 
0.105 
0.108 
0.104 

0.083 
0.078 
0.074 
0.075 
0.081 
0.091 
0.103 
0.107 
0.102 
0.089 
0.061 

0 093 

59.89 
61.38 
64.05 
6R.52 
71.47 
75.26 
81.93 
87.01 
89.90 
91.72 
93.27 
93.48 
93.25 
93.16 
93.20 

93.26 
93.26 

93 * 23 

0.000 
0.001 
0. VI? 
0.003 
0.093 
0.003 

0.003 

0.003 
0.004 
0.005 
0.007 
0.007 
0.007 
0.006 
0.005 
0.003 

0. 002 

0.003 

0.000 
0.092 
0.129 
0.149 
0.156 
0.152 
0.138 
0.124 
0.116 
0,111 
0.112 
0.122 
0.137 
0.154 
0.161 
0.153 

0.092 
0 -  133 
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T S E 6  12/9/11 TO 3k1 1 4 5  LOWGIT. CR4CK 

YICTYP 5 6 ,  RTNDTO = 0.0 DEG., %CIJ = 9.000, F0 =0.00E19 

........................................................................................................ 
4: LL I PT I C  SEQ R A D I U S  DEPTH A / W  T M P E R .  DLRTWDT CIRCIMF. 

NO. I N .  T.N . DEG.F DEG.F S T R E S I  KSI KT. KIS RI/Y 'CC K'CA K I / Y T I \  AWGLE ........................................................................................................ 
TEMPERATURE INTERVAL NUSlRER I 3, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 
13 
1 4  
15 
16 
17  
18 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.904 
2.122 
2.404 
2.550 
2.700 
2.955 

0.000 
0.010 
0.026 
0.  056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
9.850 
0.900 
0.952 

74.0 
83.6 
99.1 

120.6 
129.8 
137.4 
153.5 
168.8 
179.2 
187.0 
196.1 
200.3 
202.0 
202.8 
203.0 
203.0 
203.0 
203.0 

TEMPERATURE INTERVAL VUYRER = 4 ,  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 
13 
1 4  
15 
16 
17 
18 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1 .804 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

41 .O 
49.4 
63.0 
81 .n 
93.2 

109.9 
130.1 
145.1 
158.8 
170.7 
186.2 
194.6 
199.0 
201.5 
202.6 
202.9 
203.0 
203.0 

TIME = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0.  
0. 

0. 
0. 

T I V E  = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

0. 

0.333 YTN.,  PRESSURE = 0.090 K S I  

29.09 
26.54 
22.44 
16.74 
14.29 
12.25 
7.98 
3.97 
1.26 

-0.79 
-3.10 
-4.12 
-4.49 
-4.60 
-4.59 
-4.56 
-4.52 
-4.48 

0.00 
9.14 

13.30 
16.37 
17.97 
19.24 
20.67 
21.18 
21.45 
21.50 
22.53 
24.61 
27.29 
30.42 
31.57 
30.07 
26.11 
18.06 

60.16 
62.91 
67.86 
76.72 
81.48 
85.89 
96.48 

107.90 
115.42 
123.41 
132.27 
136.65 
138.55 
139.37 
139.62 
139.64 
139.64 
119.64 

0.000 
0.145 
0.196 

0.221 
0.224 
0.214 
0.196 
0.184 
0.174 
0.170 
0.180 
0.197 
0.218 
0.726 
0.215 
0.187 
0.139 

0.213 

47.93 
49.63 
57.59 
59.16 
60.67 
62.96 
68.04 
74.05 
78.98 
83.24 
88.73 
91.44 
92.59 
93.09 
93.24 
93.26 
93.26 
93.25 

0.500 & 4 T ! i . ,  PRESSURE 0.090 RSI 

34.99 
32.74 
29.13 
24.30 
21.03 
16.63 
11.24 
7.26 
3.68 
0.57 

-3.42 
-5.51 
-6.57 
-7.09 
-7.26 
-7.27 
-7.24 
-7.19 

0.00 
11.16 
16.67 
21.72 
24.50 
26.16 
27.95 
29.60 
30.78 
31.39 

36.83 
40.83 
45.36 
46.98 
44.72 
38.86 
26.89 

33.52 

51.99 
53.89 
57.21 
62.14 
65.89 
71.95 
81.66 
90.76 

100.25 
109.42 
122.65 
130.73 
135.34 
138.04 
139.22 
139.51 
139.64 
139.67 

0.000 
0.207 
0.291 
0.350 
0.372 
0.363 
0.342 
0.326 
0.307 
0.287 
0.273 
0.282 
0.302 
0.329 
0.337 
0.321 
0.278 
0.193 

42.80 
43.92 
45.94 
49.12 
51.60 
55.43 
60.76 
65.22 
69.95 
74.90 
82.75 
87.77 
90.62 
92.28 
93.00 
93.18 
73.26 
33.27 

0.000 
0.184 
0.251 
1.231 
0.296 
0.306 
0.304 
0.286 
0.272 
0.258 
0.254 
0.269 
0.295 

0.339 
0.322 
0.230 
0.194 

0. 327 

0. oon 
0.254 
0.363 
0.442 
0.475 
0.472 
0.460 
0.454 
0.440 
0.419 
0.405 
0.420 
0.451 
0.492 
0.505 
0.480 
0.417 
0.288 
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T S E 6  12/9/81 TO 3M 14s LONGTT. CRACK 

KICTYP 6,  RTNDTO = 0.0 DEG., I C U  = 0.000, F O  =0.00E19 

........................................................................................................ 
SEQ RADIUS DEPTH A/W TEYPER. DLRTNDT CIRCUYF. E L L 1  P T  I C  
NO. I N .  I N .  DEG.F DEG.F S T R E S S  K S I  K I  KTC K I / Y I C  K I A  K I / K I A  ANGLE ........................................................................................................ 
TEYPERATURE INTERVAL N W B E R  = 5, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 
18.904 
19.050 

19.355 
19.200 

0.000 
0.030 
0.079 
0.165 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.804 
2.122 
2.404 
2.550 
2.700 
2.555 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

11.0 
19.3 
33.4 
53.3 
64.1 
77.9 

108.1 
129.9 
140.0 
150.2 
173.3 
187.3 
194.1 
198.2 
200.5 
201.3 
202.0 
202.6 

TEYPERATURE INTERVAL NUMBER = 6 ,  

1 16.500 
2 16.530 
3 16.579 
4 16.668 
5 16.729 
6 16.804 
7 16.950 
8 17.104 
9 17.250 

10 17.404 
11 17.704 
12 18.000 
13 18.304 
14 18.622 
15 18.904 
16 19.050 
1 7  19.200 
18 19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1 .SO4 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

-16.0 
-7.7 

6.4 
26.9 
38.6 
52.9 
77.9 

102.4 
122.9 
139.6 
160.2 
175.4 
187.1 
194.4 
197.9 
199.0 
200.0 
201 .o 

TIME = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 

T I M E  = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0 .  
0 .  

0.667 Y I N . ,  PRESSURE = 0.000 K S I  

39.95 
37.75 
33.97 
28.63 
25.75 

14.05 
8.27 
5.60 
2.92 

22.04 

-3.06 
-6.61 
-8.24 
-9.14 
-9.60 
-9.74 
-9.93 
-9.90 

0.00 
12.82 
19.28 
25.32 

31.53 
34.26 
35.67 
37.57 
39.39 
43.07 
47.31 
52.43 
58.24 
60.34 
57.44 
49.93 
34.53 

25.85 

46.28 
47.70 
50.39 
54.52 
57.50 
61 .25 
71.22 
31.54 
97.4R 
94.16 

111.5? 
123.69 
130.21 
134.44 
136.90 
137.81 
138.5‘1 
139.14 

0.000 
0.269 
3.383 
0.462 
0.502 
0.516 
0.491 
0.437 
0.4?9 
0.418 
0.386 
0.383 
0.403 
0.433 
0.441 
0.417 
0.360 
0.248 

39.53 
40.34 
41.98 
44.48 
46.12 
49.53 
54.99 
60.70 
63.63 
66.98 
76.10 
R3.42 
97.45 
90.07 
91.59 
92.14 
93.55 
93.95 

0.933 !4IN., PRESSURE = 0.000 K S I  

44.02 
41.78 
37.99 
32.50 
29.34 
25.51 
18.80 
12.30 
6.89 
2.53 

-2.83 
-6.66 
-9.55 

-1 1.27 
-11.97 
-12.18 
-12.35 
-12.50 

0.00 
14.16 
21.42 
28.39 
32.48 
35.72 
39.98 
43.04 
45.20 
46.59 
51.16 
57.29 
63.72 
70.59 
73.00 
69.48 
60.39 
41.78 

42.43 
43.50 
45.54 
49.09 
51.46 
54.69 
61.26 
69.06 
77.97 

101 .35 
113.24 
123.52 
130.60 
134.11 
135.31 
136.37 
137.47 

87.20 

0.000 
0.325 
0.470 
0.578 

0.653 
0.653 
0.623 
0.551 
0.534 
0.505 
0.506 
0.516 
0.540 
0.544 
0.513 
0.443 
0.304 

0.631 

37.22 
37.89 
39.11 
41.14 
42.50 
44.40 
48.53 
53.65 
58.75 
63.49 
70.52 
77.10 
53.31 
87.69 
89.86 
90.60 
91.25 
91.93 

0.000 
0.318 
0.469 
0.569 
0.635 
0.651 
9.633 
0.558 
0.590 
0.589 
0.566 
0.567 
0.600 
0.647 
0.659 
0.6?3 
0.539 
0.371 

0.000 
0.374 
0.548 
0.690 
0.764 
0.805 
0.824 
0.502 
0.769 
0.734 
0.725 
0.743 
0.765 
0.805 
0.812 
0.767 
0.662 
0.454 



2 16 

TSE6 12/9/81 TO 3M 14s LONGIT. CRACK 

KICTYP I 6,  RTNDTO = 0.0 DEG., %CU 0.000, FO =O.OOElg 

........................................................................................................ 
ELL1 PTIC SEQ RADIUS DEPTH A/W TEMPER. DLRTNDT CIRCUMF. 

NO. IN. IN. DEG.F DEG.F STRESS KSI KI KIC KI/KIC KIA KI/KIA ANGLE ........................................................................................................ 
TEMPERATURE 

1 16.500 
2 16.530 
3 16.579 
4 16.668 
5 16.729 
6 16.804 
7 16.950 
8 17.104 
9 17.250 

10 17.404 
1 1  17.704 
12 18.000 
13 18.304 
14  18.622 
15 18.904 
16 19.050 
17 19.200 
18 19.355 

TEMPERATURE 

1 16.500 
2 16.530 
3 16.579 
4 16.668 
5 16.729 
6 16.804 
7 16.950 
8 17.104 
9 17.250 

10 17.404 
11  17.704 
12 18.000 
13 18.304 
1 4  18.622 
15 18.904 
16 19.050 
17 19.200 
18 19.355 

INTERVAL NUMBER = 7 ,  

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.804 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

INTERVAL NUMBER 

0.000 0.000 

0.079 0.026 
0.168 0.056 
0.229 0.076 
0.304 0.101 
0.450 0.150 
0.604 0.201 
0.750 0.250 
0.904 0.301 
1.204 0.401 
1.500 0.500 
1.804 0.601 
2.122 0.707 
2.404 0.801 
2.550 0.850 
2.700 0.900 
2.855 0.952 

0.030 0.010 

-42.0 
-33 * 0 
-18.5 

2.4 
14.9 
29.9 
56.3 
82.8 

105.3 
123.6 
146.3 
164.2 
179.1 
188.9 
193.8 
195.5 
197.0 
198.5 

= 8 ,  

-62.0 
-53.1 
-38.0 
-15.7 

-3.1 
11.9 
39.3 
64.8 
85.4 

104.9 
136.4 
157.7 
172.1 
182.6 
189.1 
191.7 
194.0 
196.1 

TIME 

0. 
0 .  
0 .  
0 .  
0 .  
0.  
0 .  
0.  
0 .  
0. 
0 .  
0. 
0.  
0 .  
0 .  
0 .  
0.  
0.  

TIME 

0 .  
0 .  
0 .  
0 .  
0. 
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0.  
0 .  
0. 
0. 
0 .  
0 .  
0. 

1.000 MIN., PRESSURE I 0.000 KSI 

47.79 
45.36 
41.48 
35.83 
32.45 
28.44 
21.34 
14.31 
8.36 
3.58 

-2.32 
-6.89 

-10.59 
-12.92 
-13.96 
-14.31 
-14.60 
-14.86 

0.00 
15.37 
23.29 
31.07 
35.64 

44.29 
47.98 
50.64 
52.44 
58.14 
65.51 

80.85 
83.57 

69.11 
47.82 

39 32 

73-01 

79.52 

39.63 
40.52 
42.12 
44.93 
46.93 
49.67 
55.55 
62.66 
70.16 
78.18 
91.50 

104.37 
116.41 
125.20 
129.91 
131.64 
133.21 
134.83 

0.000 
0.379 
0.553 
0.691 
0.759 
0.792 
0.797 
0.766 
0.722 
0.671 
0.635 
0.628 
0.627 
0.646 
0.643 
0.604 
0.519 
0.355 

35.29 
35.93 
37.02 
38.75 
39.91 
41.47 
44.92 
49.46 
54.34 
58.95 
65.59 
72.11 
78.98 
84.35 
87.26 

89.31 
88.34 

90.30 

1.133 MIN., PRESSURE = 0.000 KSI 

50.38 
47.97 
43.91 
37.90 
34.49 
30.46 
23.11 
16.32 
10.84 
5.72 

-2.47 
-7.90 

-13.95 
-15.41 
-15.96 
-16.43 
-16.86 

-1 1.48 

0.00 
16.23 
24.65 
32.86 
37.73 
41.74 
47.24 
51.59 
55.25 
57.96 
64.28 
71.89 
80.20 
89.10 
92.21 
87.75 
76.26 
52.77 

37.87 
38.62 
40.01 
42.46 
44.13 
46.42 
51.62 
57.68 
63.45 
69.99 
85.26 
99.46 

110.58 
119.41 
125.34 
127.87 
130.16 
132.32 

0.000 
0.420 
0.616 
0.774 
0.855 
0.899 
0.915 
0.894 
0.871 
0.828 
0.754 
0.723 
0.725 
0.746 
0.736 
0.686 
0.586 
0.399 

33.94 
34.53 
35.57 
37.24 
38.28 
39.61 
42.58 
46.24 
49.99 
54.23 
62.55 
69.55 
75.56 
80.79 
84.44 
86.00 
87.42 
88.75 

0.000 
0.428 
0.629 
0.802 
0.893 
0.948 
0.986 

0.932 
0.890 
0.887 
0.908 
0.924 
0.959 
0.958 
0.900 
0.774 
0.530 

0.970 

0.000 
0.470 
0.693 
0.882 
0.986 
1.054 
1.109 
1.116 
1.105 
1.069 
1.028 
1.034 
1.061 
1.103 
1.092 
1.020 
0.872 
0.595 



217 

T S E 6  12/9/81 TO 3M 14s LONGIT. CRACK 

KICTYP 6, RTNDTO 0.0 DEG., %CU = 0.000, FO =0.00E19 

........................................................................................................ 
S E Q  RADIUS DEPTH A/W TEMPER. DLRTNDT CIRCUMF. E L L I P T I C  
NO. IN. IN. DEG.F DEG.F S T R E S S  K S I  K I  K I C  K I / K I C  K I A  K I / K I A  ANGLE ........................................................................................................ 
TEMPERATURE INTERVAL NUMBER = 9, TIME = 1.167 M I N . ,  PRESSURE = 0.000 KSI 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.804 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0. goo 
0.952 

-66.0 
-57.1 
-42.0 
-19.7 
-7.1 
7.9 
35.3 
60.6 
81.3 
101.5 
135.4 
156.8 
170.1 
180.5 
187.5 
190.5 
193.0 
195.2 

0 .  
0 .  
0. 
0. 
0 .  
0 .  
0. 
0. 
0. 
0 .  
0 .  
0 .  
0. 
0. 
0 .  
0 .  
0 .  
0 .  

50.84 
48.44 
44.38 
38.36 
34.95 
30.92 
23.55 
16.80 
11.32 
5.99 
-2.81 
-8.25 

-1 1.55 
-13.99 
-15.60 
-16.22 
-16.73 
-17.20 

0.00 
16.39 
24.89 
33.22 
38.17 
42.25 
47.89 
52.41 
56.25 
59.07 
65.29 
72.79 
81.29 
90.48 
93.68 
89.15 
77.47 
53.60 

37.54 
38.28 
39.63 
41.98 
43.58 
45.77 
50.78 
56.62 
62.23 
68.73 
84.68 
98.79 
108.97 
117.56 
123.89 
126.69 
129.16 
131.35 

0.000 
0.428 
0.628 
0.791 
0.876 
0.923 
0.943 
0.926 
0.904 
0.859 
0.771 
0.737 
0.746 
0.770 
0.756 
0.704 
0.600 
0.408 

33.68 
34.26 
35.29 
36.93 
37.94 
39.24 
42.10 
45.58 
49.18 
53.45 
62.26 
69.20 
74.64 
79.67 
83.54 
85.27 
86.80 
88.16 

TEMPERATURE INTERVAL NUMBER = 10, TIME 1.333 M I N . ,  PRESSURE = 0.000 K S I  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.804 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0. goo 
0.952 

-90.0 
-81.2 
-65.4 
-42.7 
-29.7 

16.1 
42.0 
63.7 
86.2 
125.5 
148.3 
161.1 
172.2 
180.9 
184.7 
188.0 
190.8 

-13.0 

0. 
0 .  
0 .  
0 .  
0. 
0 .  
0.  
0. 
0. 
0. 
0. 
0. 
0.  
0.  
0. 
0.  
0. 
0. 

54.12 
51.74 
47.49 
41.35 
37.83 
33.34 
25.52 
18.58 
12.83 
6.91 
-3.30 
-9.11 
-12.26 
-14.88 
-16.89 
-17.71 
-18.40 
-19.03 

0.00 
17.48 
26.60 
35.59 
41.02 
45.44 
51.54 
56.64 
61.06 
64.26 
70.81 
78.74 
88.14 
98.38 
101.97 
97.04 
84.33 
58.34 

35.71 
36.36 
37.59 
39.56 
40.86 
42.80 
47.13 
52.21 
57.41 
63.67 
79.16 
92.84 
102.01 
110.65 
117.90 
121.30 
124.35 
126.98 

0.000 
0.481 
0.708 
0 .  goo 
1.004 
1.062 
1.094 
1.085 
1.064 
1 .oog 
0.895 
0.848 
0.864 
0.889 
0.865 
0.800 
0.678 
0.459 

32.15 
32.71 
33.72 
35.24 
36.17 
37.46 
40.02 
42.93 
46.07 
50.14 
59.47 
66.24 
70.86 
75.60 
79.88 
81.95 
83.82 
85.45 

0.000 
0.478 
0.705 
0.899 
1.006 
1.077 
1.137 
1.150 
1,144 
1.105 
1.049 
1.052 
1.089 
1.136 
1.121 
1.045 
0.892 
0.608 

0.000 
0.534 
0.789 
1.010 
1.134 
1.213 
1.288 
1.319 
1.325 
1.282 
1.191 
1.189 
1.244 
1.301 
1.277 
1.184 
1.006 
0.683 



2 18 

T S E 6  12/9/81 TO 3M 14s LONGIT.  CRACK 

KICTYP = 6, RTNDTO 0.0 DEG., %CU = 0.000, FO -0.00E19 

........................................................................................................ 
S E Q  RADIUS DEPTH A/W TEMPER. DLRTNDT CIRCUMF. E L L I P T I C  
NO. I N .  I N .  DEG.F DEG.F S T R E S S  K S I  K I  K I C  K I / K I C  K I A  K I / K I A  ANGLE ........................................................................................................ 
TEMPERATURE 

1 16.500 
2 16.530 
3 16.579 
4 16.668 
5 16.729 
6 16.804 
7 16.950 
8 17.104 
9 17.250 

10 17.404 
11 17.704 
12 18.000 
13 18.304 
14 18.622 
15 18.904 
16 19.050 
17 19.200 
18 19.355 

INTERVAL NUMBER = 11, 

0.000 0.000 -113.0 
0.030 0.010 -103.4 
0.079 0.026 -88.0 
0.168 0.056 -64.5 
0.229 0.076 -50.4 
0.304 0.101 -34.1 
0.450 0.150 -4.4 
0.604 0.201 23.3 
0.750 0.250 46.4 
0.904 0.301 69.4 
1.204 0.401 108.5 
1.500 0.500 133.7 
1.804 0.601 150.2 
2.122 0.707 163.7 
2.404 0.801 173.5 
2.550 0.850 178.0 
2.700 0.900 182.0 
2.855 0.952 185.7 

TIME 

0 .  
0 .  
0 .  
0 .  
0 .  
0.  
0 .  
0 .  
0.  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  

1.500 M I N . ,  PRESSURE = 0.000 K S I  

56.67 
54.06 
49.91 
43.57 
39.74 
35.33 
27.36 
19.96 
13.81 
7.75 

-2.42 
-8.85 

-12.94 
-16.17 
-18.47 
-19.45 
-20.33 
-21.17 

0.00 
18.28 
27.85 
37.44 
43.11 
47.83 
54.51 
60.03 
64.76 
68.30 
76.00 
85.16 
95.43 

106.41 
110.25 
104.93 
91.18 
63.11 

34.14 
34.78 
35.86 
37.66 
38.86 
40.41 
43.94 
48.41 
53.19 
58.91 
71.39 
83.67 
94.13 

103.93 
111.72 
115.40 
118.90 
122.25 

0.000 
0.526 
0.777 
0.994 
1.109 
1.184 
1.241 
1.240 
1.217 
1.159 
1.065 
1.018 
1.014 
1.024 
0.987 
0.909 
0.767 
0.516 

31.90 
31.90 
32.28 
33.77 
34.71 
35.85 
38.16 
40.75 
43.51 
47.01 
55.09 
61.76 
66.87 
71.88 
76.21 
78.37 
80.48 
82.53 

TEMPERATURE INTERVAL NUMBER 12, TIME = 1.667 M I N . ,  PRESSURE = 0.000 K S I  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1’1 
12 
13 
14 
15 
16 
17 
18 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.804 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

-135.0 
-125.5 
-109.4 

-85.4 
-71 - 3  
-54.0 
-23.6 

5.0 
29.2 
52.3 
90.5 

119.0 
140.2 
155.3 
164.9 
169.4 
174.0 
179.1 

0. 
0. 
0 .  
0 .  
0. 
0 .  
0. 
0. 
0 .  
0 .  
0 .  
0.  
0 .  
0.  
0. 
0 .  
0 .  
0. 

58.90 
56.32 
51.98 
45.49 
41.65 
36.99 
28.81 
21.17 
14.72 

8.63 
-1 -33  
-8.64 

-13.93 
-17.56 
-19.77 
-20.79 
-2 1.84 
-22.93 

0.00 
19.02 
29.01 
39.00 
44.99 
49.96 
57.02 
62.93 
67.98 
71.86 
80.84 
91.15 

101.93 
113.34 
117.46 
111.88 

97.28 
67.34 

32.72 
33 - 32 
34.37 
36.05 
37.12 
38.54 
41.53 
45.32 
49.55 
54.57 
65.00 
75.98 
87.59 
97.72 

104.90 
108.38 
112.10 
116.36 

0.000 
0.571 
0.844 
1.082 
1.212 
1.296 
1.373 
1.389 
1.372 
1.317 
1.244 
1.200 
1.164 
1.160 
1.120 
1.032 
0.868 
0.579 

31 - 9 0  
31.90 
31.90 
32.44 
33.34 
34.47 
36.63 
38.98 
41.40 
44.33 
51.02 
57.75 
63.68 
68.66 
72.40 
74.31 
76.43 
78.95 

0.000 
0.573 
0.863 
1.109 
1.242 
1.334 
1.428 
1.473 
1.488 
1.453 
1.380 
1.379 
1.427 
1.480 
1.447 
1.339 
1.133 
0.765 

0.000 
0.596 
0.909 
1.202 
1.349 
1.449 
1.557 
1.614 
1.642 
1.621 
1.584 
1.578 
1.601 
1.651 
1.622 
1.505 
1.273 
0.853 
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T S E 6  12/9/81 TO 3M 14s LONGIT. CRACK 

KICTYP E 6, RTNDTO = 0.0 DEG., %CU = 0.000. FO r0.00E19 

........................................................................................................ 
SEQ RADIUS DEPTH A/W TEMPER. DLRTNDT CIRCUMF. E L L 1  P T I  C 
NO. I N .  I N .  DEG.F DEG.F STRESS KSI K I  K I C  K I / K I C  K I A  K I / K I A  ANGLE ........................................................................................................ 
TEMPERATURE INTERVAL NUMBER = 13, TIME = 1.833 M I N . ,  PRESSURE = 0.000 KSI 

1 
2 
3 
4 
5 
6 
7 
8 
9 

70 
1 1  
12 
13 
14  
15 
16 
17 
18 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.804 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 

0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

0.1g1 

-155.0 
-145.4 

-105.9 
-91.1 
-74.0 
-42.2 
-12.3 

12.1 
35.7 
76.5 

108.9 

149.1 
158.2 
162.4 
167.0 
172.5 

-130.0 

133.2 

0. 
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0. 
0 .  
0 .  
0 .  
0 .  
0. 
0. 
0. 
0. 
0 .  

61.09 
58.47 
54.32 
47.79 
43.76 
39.14 
30.58 
22.58 
16.07 
9.85 

-0.82 
-9.13 

-15.21 
-19.02 
-21.06 
-22.04 
-23.10 
-24.23 

0.00 
19.74 
30.18 
40.79 
47.09 
52.41 
60.01 
66.33 
71.87 
76.26 
86.22 
97.22 

108.37 
120.20 
124.53 
118.64 
103.18 
71.44 

31 .go 
32.07 
33.03 
34.61 
35.64 
36.91 
39.61 
42.89 
46.46 
50.85 
60.87 
71.57 
83.41 
93.38 
99.84 

102.96 
106.50 
110.86 

0.000 
0.616 
0.914 
1.179 
1.321 
1.420 
1.515 
1.547 
1.547 
1.500 
1.416 
1.358 
1.299 
1.287 
1.247 
1.152 
0.969 
0.644 

31.90 
31.90 
31.90 

32.08 
33.16 
35.27 
37.51 
39.64 
42.14 
48.28 
55.20 
61.63 
66.51 
69.74 
71.37 
73.27 
75.72 

31 e90 

TEMPERATURE INTERVAL NUMBER = 1 4 ,  TIME 2.000 M I N . ,  PRESSURE = 0.000 KSI 

1 16.500 
2 16.530 
3 16.579 
4 16.668 
5 16.729 
6 16.804 
7 16.950 
8 17.104 
9 17.250 

10 17.404 
11 17.704 
12 18.000 
13 18.304 
14  18.622 
15 18.904 
16 19.050 
17 19.200 
18 19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.804 
2,122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

-175.0 
-165.5 
-149.4 
-124.7 
-110.2 

-93.0 
-60.5 
-29.6 

-4.1 
19.9 
61.6 
97.4 

125.3 
141.3 
149.2 
153.1 
158.0 
164.8 

0 .  
0. 
0.  
0 .  
0 .  
0 .  
0 .  
0. 
0 .  
0 .  
0 .  
0 .  
0 .  
0. 
0. 
0. 
0. 
0 .  

63.09 
60.50 
56.16 
49.46 
45.50 
40.84 
32.10 
23.80 
17.02 
10.66 
-0.22 
-9.43 

-16.40 
-20.25 
-21.94 
-22.88 
-24.07 
-25.43 

0.00 
20.41 
31.22 
42.17 
48.76 
54.37 
62.43 
69.14 
75.01 
79.72 
90.59 

102.28 
113.62 
125.71 
130.35 
124.29 
108.17 
74.90 

31.90 
31.90 
31.90 
33.37 
34.32 
35.50 
37.99 
40.88 
43.99 
47.81 
56.86 
67.29 
79.04 
88.27 
93.45 
96.14 
99.69 

104.77 

0.000 
0.640 
0.979 
1.264 
1.421 
1.531 
1.643 
1.691 
1.705 
1.668 
1.593 
1.520 
1.437 
1.424 

1.293 
1.085 
0.715 

1.395 

31.90 
31.90 
31.90 
31.90 
31.90 
31.96 
34.03 
36.18 
38.19 
40.41 
45.73 
52.52 
59.41 
64.01 
66.54 
67.87 
69.66 
72.33 

0.000 
0.619 
0.946 
1.279 
1.468 
1.580 
1 .TO1 
1.768 
1.813 
1.810 
1.786 
1.761 
1.758 
1.807 
1.786 
1.662 
1.408 
0.943 

0.000 
0.640 
0.979 
1.322 
1.529 
1.701 
1.834 
1.91 1 
1.964 
1.973 
1.981 
1.947 
1.913 
1.964 
1.959 
1.831 
1.553 
1.036 



220 

T S E 6  12/9/81 T O  3M 14.5 LONGIT.  CRACK 

KICTYP I 6, RTNDTO I 0.0 DEG., XCU = 0.000. FO =0.00E19 

........................................................................................................ 
S E Q  RADIUS DEPTH A/W TEMPER. DLRTNDT CIRCUMF. E L L I P T I C  
NO. I N .  IN. DEG.F DEG.F S T R E S S  K S I  K I  K I C  K I / K I C  K I A  K I / K I A  ANGLE ........................................................................................................ 
TEMPERATURE INTERVAL NUMBER I 15, T I M E  = 2.167 MIN., PRESSURE I 0.000 K S I  

1 
2 
3 
4 
5 
6 
7 

9 
10 
1 1  
12 
13 
14 
15 
16 
17 

a 

18 

16.500 
16.530 
16.579 

16.729 

16.950 
17.104 
17.250 
17.404 
17.704 

16.668 

16.804 

18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 

0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 

2.122 
2.404 
2.550 
2.700 

0.168 

1 .a04 

2. 855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

-192.0 
-182.5 

-128.1 

-166.4 
-1 42.5 

-109.9 
-76.6 
-45.6 
-20.2 
4.3 
47.6 

112.3 
129.4 

143.4 
149.0 
156.3 

84.1 

138.8 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

64.08 
61.49 
57.13 
50.64 
46.71 
41.80 
32.81 
24.52 
17.74 
11.26 
-0.06 
-9.44 
-16.50 
-20.64 
-22.69 
-23.81 
-25.16 
-26.67 

0.00 
20.74 
31.74 
42.98 
49.81 
55.56 
63.77 
70.71 
76.86 

93-07 
105.19 
117.12 
129.79 
134.61 

111.69 
77.34 

81 .a2 

128.34 

31.90 
31.90 
31.90 
32.25 
33.16 
34.34 
36.71 
39 * 29 
41.92 
45.22 
53.47 
63.05 
72.94 
81.27 

89.61 
93.33 

86.70 

98.47 

0.000 
0.650 
0.995 
1.333 
1.502 

1.737 

1.833 

1.741 
1.668 
1.606 
1.597 
1.553 
1.432 
1.197 

1.618 

1 .aoo 

1 .ai0 

0.785 

31 -90 
31.90 
31.90 
31.90 
31.90 
31.90 
33.00 
35.04 
36. 89 
38.92 
43.67 
49.72 
56.02 
60.56 
63.25 
64.66 
66.48 
69.04 

0.000 
0.650 
0.995 
1.347 
1.561 
1.742 
1.932 
2.018 
2.083 
2.102 
2.131 
2.116 
2.091 
2.143 
2.128 
1.985 
1.680 
1.120 

TEMPERATURE INTERVAL NUMBER 16, T I M E  2.267 MIN., PRESSURE I 0.000 K S I  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

16.500 
16.530 
16.579 

16.729 

16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 

19.050 
19.200 
19.355 

16.668 

16.804 

18.904 

0.000 
0.030 
0.079 

0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.804 
2.122 
2.404 
2.550 
2.700 
2.855 

0.168 

0.000 
0.010 
0.026 
0.056 
0,076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

-201 .o 
-191.4 
-176.0 
-152.0 
-136.9 
-119.0 
-86.4 
-55.5 
-29.5 
-4.1 
39.6 
74.1 
100.2 
118.2 
130.0 
136.0 
143.0 
151.4 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0 .  
0. 
0. 

64.07 
61.45 
57.28 
50.76 
46.65 
41.80 
33.02 
24.74 

11.10 
-0.32 
-9.19 
-15.74 
-20.09 
-22.79 
-24.25 
-25.93 

17.80 

-27,76 

0.00 
20.73 
31.76 
43.09 
49.86 
55.60 
63.90 
70.95 
77.10 

93.01 
105.27 
117.80 
131.13 
136.16 
129.82 
112.96 
78.23 

81.98 

31.90 0.000 
31.90 0.650 
31.90 0.995 
31.90 1.351 
32.60 1.530 
33.74 1.648 
35.97 1.776 
38.41 1.847 
40.89 1.886 
43.98 1.864 

60.19 1.749 

75.59 1.735 
81.57 1.669 
85.05 1.526 
89.36 1.264 
95.01 0.823 

51.68 7.800 

68.28 1.725 

31.90 0.000 
31.90 0.650 
31.90 0.995 
31.90 1.351 
31.90 1.563 
31.90 1.743 
32.38 1.974 
34.37 2.065 
36.19 2.130 
38.19 2.147 
42.62 2.182 

53.16 2.216 
57.54 2.279 
60.71 2.243 
62.44 2.079 
64.54 1.750 
67.31 1.162 

47.84 2.201 



22 1 

T S E 6  12/9/81 TO 3M 145 LONGIT.  CRACK 

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO rO.OOE19 

........................................................................................................ 
S E Q  RADIUS DEPTH A/W TEMPER. DLRTNDT CIRCUMF. ELL I P T I  C 
NO. I N .  I N .  DEG.F DEG.F S T R E S S  K S I  K I  K I C  K I / K I C  K I A  K I / K I A  ANGLE ........................................................................................................ 
TEMPERATURE INTERVAL NUMBER = 17, T I M E  = 2.300 M I N . ,  PRESSURE 0.000 KSI 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 
13 
14  
15 
16 
17 
18 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.804 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

-204.0 
-194.4 
-179.0 
-155.0 
-139.9 
-122.0 

-89.4 
-58.5 
-32.5 

-7.1 
36.6 
71 .O 
97,. 3 

115.6 
127.7 
133.9 
141 .O 
149.5 

0.  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0. 
0. 
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  

64.14 
61.52 
57.35 
50.83 
46.71 
41.86 
33.09 
24.81 
17.86 
11.17 
-0.26 
-9.11 

-15.68 
-20.12 
-22.92 
-24.42 
-26.12 
-27.96 

0.00 
20.75 
31 e79 
43.14 
49.93 
55.67 
64.00 
71.07 
77.25 
82.15 
93.24 

105.60 
118.25 
131.66 
136.70 

113.39 
78.52 

130.33 

31.90 
31.90 
31.90 
31.90 
32.41 
33.55 
35.76 
38.15 
40.57 
43.57 
51.04 
59.35 
67.23 
74.38 
80.34 
83.81 
88.09 
93.65 

0.000 
0.651 
0.997 
1.352 
1.540 
1.659 
1.790 
1.863 
1.904 
1.886 
1.827 
1.779 
1.759 
1.770 
1.702 
1.555 
1.287 
0.839 

31.90 
31.90 

31.90 

31.90 
32.19 
34.17 
35.97 
37.94 
42.25 
47.30 
52.48 
56.85 
60.08 
61.83 
63.93 
66.63 

37-90 

31 *90 

TEMPERATURE INTERVAL NUMBER = 18, TIME = 2.400 MIN.,  PRESSURE = 0.000 K S I  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 
13 
14  
15 
16 
17 
18 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1 .E04 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

-21 1 .o 
-202.1 
-187.0 
-163.7 
-149.0 
-131 .O 

-98.4 
-67.6 
-41.5 
-15.9 

28.6 
63.0 
89.3 

109.1 
122.9 
129.7 
137.0 
145.1 

0 .  
0 .  
0.  
0. 
0 .  
0 .  
0. 
0. 
0. 
0. 
0 .  
0.  
0 .  
0 .  
0. 
0. 
0 .  
0. 

64.09 
61.65 
57.57 
51.20 
47.22 
42.33 
33.53 
25.29 
18.33 
11.55 
-0.08 
-8.90 

-15.51 
-20.33 
-23.57 
-25.20 
-26.91 
-28.71 

0.00 
20.77 
31.88 
43.32 
50.23 
56.07 
64.54 
71.79 
78.15 
83.20 
94.53 

107.25 
120.40 
134.19 
139.24 
132.67 
115.39 
79.89 

31 -90 

31.90 
31.90 
31.90 
32.97 
35.12 
37.41 
39.67 
42.44 
49.42 
57.21 
64.62 
71.63 
77.86 
81.45 
85.63 
90.73 

37-90 
0.000 
0.651 
0.999 
1.358 
1.575 
1.700 
1.837 
1.919 
1.970 
1.961 
1.913 
1.875 
1.863 
1.873 
1.788 
1.629 
1.348 
0.881 

31.90 
31.90 
31.90 
31.90 
31.90 
31.90 
31.90 
33.57 
35.32 
37.23 
41.33 
45.94 
50.77 
55.24 
58.78 
60.65 
62.73 
65.21 

0.000 
0.651 
0.997 
1.352 
1.565 
1.745 
1.988 
2.080 
2.147 
2.166 
2.207 
2.233 
2.253 
2.316 
2.275 
2.108 
1.774 
1.178 

0.000 
0.651 
0.999 
1.358 
1.575 
1.758 
2.023 
2.138 
2.212 
2.235 
2.288 
2.334 
2.372 
2.429 
2.369 
2.188 
1.840 
1.225 



222 

TSE6 12/9/81 TO 3M 14s LONGIT. CRACK 

KICTYP = 6, RTNDTO I 0.0 DEG., %CU = 0.000, FO =0.00E19 

........................................................................................................ 
SEQ RADIUS DEPTH A/W TEMPER. DLRTNDT CIRCUMF. ELLIPTIC 
NO. IN. IN. DEG.F DEG.F STRESS KSI KI KIC KI/KIC KIA KI/KIA ANGLE ........................................................................................................ 
TEMPERATURE INTERVAL NUMBER = 19, TIME = 2.500 MIN., PRESSURE = 0.000 KSI 

1 16.500 0.000 0.000 -215.0 
2 16.530 0.030 0.010 -206.8 
3 16.579 0.079 0.026 -192.1 
4 16.668 0.168 0.056 -168.6 
5 16.729 0.229 0.076 -154.0 
6 16.804 0.304 0.101 -136.0 
7 16.950 0.450 0.150 -103.4 
8 17.104 0.604 0.201 -72.6 
9 17.250 0.750 0.250 -46.5 
10 17.404 0.904 0.301 -20.9 
1 1  17.704 1.204 0.401 23.6 
12 18.000 1.500 0.500 57.8 
13 18.304 1.804 0.601 84.3 
14 18.622 2.122 0.707 104.8 
15 18.904 2.404 0.801 119.4 
16 19.050 2.550 0.850 126.5 
17 19.200 2.700 0.900 134.0 
18 19.355 2.855 0.952 142.1 

TEMPERATURE INTERVAL NUMBER = 20. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

16.500 
16.530 
16.579 
16.668 
16.729 
16.804 
16.950 
17.104 
17.250 
17.404 
17.704 
18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 
0.168 
0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 
1.804 
2.122 
2.404 
2.550 
2.700 
2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

-125.0 
-1 23.1 
-120.7 
-1 17.6 
-114.1 
-107.6 
-92.7 
-74.0 
-54.1 
-32 * 3 
8.6 
42.3 
70.3 
93.8 
110.7 
118.5 
126.0 
133.3 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

TIME = 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 

63.97 0.00 31.90 0.000 31.90 
61.71 20.77 31.90 0.651 31.90 
57.72 31.93 31.90 1.001 31.90 
51.33 43.41 31.90 1.361 31.90 
47.36 50.34 31.90 1.578 31.90 
42.46 56.21 32.66 1.721 31.90 
33.67 64.72 34.78 1.861 31.90 
25.43 72.03 37.01 1.946 33.25 
18.47 78.44 39.21 2.001 34.98 
11.68 83.54 41.84 1.997 36.84 
0.06 95.00 48.47 1.960 40.78 

-15.38 121.29 63.10 1.922 49.75 
-8.75 107.91 55.92 1.930 45.15 

-20.39 135.26 69.95 1.934 54.21 
-23.83 140.34 76.14 1.843 57.84 
-25.52 133.70 79.71 1.677 59.76 
-27.28 116.28 83.85 1.387 61.85 
-29.11 80.50 88.82 0.906 64.28 

2.667 MIN., PRESSURE = 0.000 KSI 

39.83 
39.27 
38.53 
37.52 
36.46 
34.63 
30.49 
25.36 
20.01 
14.21 
3.47 
-5.26 
-12.37 
-18.19 
-22.28 
-24.1 1 
-25.84 
-27.55 

0.00 
13.09 
20.64 
29.61 
35.49 
41 .OO 
49.88 
58.01 
65.08 
70.72 
82.40 
94.67 
106.87 
119.07 
123.22 
117.24 
101.90 
70.55 

33.35 
33.48 
33.63 
33.83 
34.07 
34.50 
35.52 
36.91 
38.54 
40.59 
45.88 
52.27 
59.15 
66.07 
72.31 
75.74 
79.43 
83.47 

0.000 
0.391 
0.614 
0.875 
1.042 
1.188 
1.404 
1.572 
1.689 
1.743 
1.796 
1.811 
1.807 
1.802 
1.704 
1.548 
1.283 
0.845 

31.90 

31.90 
31.90 
31 .go 
31.90 
31.98 
33.17 
34.46 
35.98 
39.31 
42.97 
47.17 
51.72 
55.64 
57.62 
59.61 
61.66 

31 -90 

0.000 
0.651 
1.001 
1.361 
1.578 
1.762 
2.029 
2.166 
2.243 
2.268 
2.329 
2.390 
2.438 
2.495 
2.426 
2.237 
1.880 
1.252 

0.000 
0.410 
0.647 
0.928 
1.112 
1.285 
1.560 
1.749 
1.888 
1.965 
2.096 
2.203 
2.266 
2.302 
2.214 
2.035 
1.709 
1.144 
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T S E 6  12/9/81 TO 3M 14s LONGIT. CRACK 

KICTYP 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO =0.00E19 

........................................................................................................ 
SEQ RADIUS DEPTH A/W TEMPER, DLRTNDT CIRCUMF. E L L 1  P T I C  
NO. I N .  I N .  DEG.F DEG.F S T R E S S  KSI K I  K I C  K I / K I C  K I A  K I / K I A  ANGLE ........................................................................................................ 
TEMPERATURE INTERVAL NUMBER 21, 

1 
2 
3 
4 
5 
6 
7 

9 
10 
1 1  
12 
13 
14 
15 
16 
17 

a 

18 

16.500 
16.530 
16.579 

16.729 

16.950 
17.104 
17.250 
17.404 
17.704 

16.668 

16.804 

18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 

0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 

2.122 
2.404 
2.550 
2.700 

0.168 

1.804 

2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0.850 
0.900 
0.952 

-57.0 
-56.3 
-56.0 
-54.9 
-53.2 
-50.9 
-45.3 
-37.5 
-28.4 
-17.5 
6.4 
31.0 
52.2 
66.6 
78.2 
86.2 
97.0 
111.6 

TEMPERATURE INTERVAL NUMBER = 22, 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

16.500 
16.530 
16.579 

16.729 

16.950 
17.104 
17.250 
17.404 
17.704 

16.668 

16.804 

18.000 
18.304 
18.622 
18.904 
19.050 
19.200 
19.355 

0.000 
0.030 
0.079 

0.229 
0.304 
0.450 
0.604 
0.750 
0.904 
1.204 
1.500 

2.122 
2.404 
2.550 
2.700 

0.168 

1 .a04 

2.855 

0.000 
0.010 
0.026 
0.056 
0.076 
0.101 
0.150 
0.201 
0.250 
0.301 
0.401 
0.500 
0.601 
0.707 
0.801 
0. a50 
0 .  goo 
0.952 

-33.0 
-32.3 
-32.0 
-31 -5 
-30.5 

-24.7 
-19.3 
-13.3 
-5.7 
12.3 
30.6 
46.1 
56.7 
66.4 
73.7 

98.1 

-28.9 

84.0 

TIME = 

0. 
0 .  
0 .  
0. 
0 .  
0. 
0.  
0 .  
0 .  
0 .  
0. 
0. 
0 .  
0. 
0 .  
0. 
0. 
0 .  

TIME = 

0.  
0 .  
0. 
0. 
0. 
0. 
0.  
0. 
0. 
0. 
0. 
0 .  
0.  
0. 
0. 
0 .  
0. 
0. 

3.000 M I N . ,  PRESSURE = 0.000 KSI 

22.16 
21.93 
21.79 
21.39 
20.86 
20.18 
18.57 
16.38 
13.90 
10.97 
4.64 
-1.76 
-7.18 
-10.78 

-18.53 
-21.81 

-13.55 
-15.69 

0.00 
7.30 

16.76 
20.14 
23.41 
29.00 
34.44 
39.46 

52.73 
61.50 
69.70 
78.37 

78.95 

11.58 

43-78 

82.33 

68.93 
47. a4 

38.28 

38.37 
38.46 
38.62 
38.82 

38.35 

39.32 
40.06 
41.00 
42.24 
45.53 

54.55 

61.34 
63.67 
67.14 
72.66 

49. 89 

58.16 

0.000 
0.190 
0.302 
0.436 
0.522 
0.603 
0.738 
0.860 

1.158 

1.278 

0.962 
1 a037 

1.233 

1.347 
1.342 
1.240 
1.027 
0.658 

34.27 
34.32 
34.34 
34.41 
34.52 

35.06 
35.61 
36.27 
37.10 
39.11 
41.59 
44.31 
46.54 

50.13 
52.43 

34.68 

48.59 

55. a5 

3.233 M I N . ,  PRESSURE 0.000 K S I  

16.34 
16.13 
15.99 
15.79 
15.47 
14.99 
13.77 
12.25 
10.61 
8.55 
3.78 

-1 .oo 
-4.95 
-7.60 
-9.93 
-11.93 
-14.66 
-17.84 

0.00 
5.38 
8.51 

14.85 
12.33 

77-30 
21.46 
25 - 53 
29 * 37 
32.76 
39.67 
46.45 

59.96 
63.40 
60.97 

52.93 

53-30 
37.02 

40.52 
40.59 
40.62 
40.67 

40.95 
41.41 
42.03 
42.76 
43.76 
46.49 

53.13 
55.63 

60.08 
63.02 
67.51 

40.78 

49.83 

58.11 

0.000 
0.132 
0.209 
0.303 
0.364 
0.423 

0.607 
0.687 

0.518 

0.748 
0.853 
0.932 
0.996 
1.078 
1.091 
1.015 
0. 846 
0.548 

35.93 

36.01 
36.04 
36.12 
36.23 
36.55 
36.96 
37.43 
38.06 
39.65 
41.56 
43.47 
44.97 
46.51 
47.77 
49.70 
52.66 

35.98 

0.000 
0.213 
0.337 
0.487 
0.583 

0.827 

1 .oaa 
I. 180 
1.348 

1.684 

0.675 

0.967 

1.479 
1.573 

1.695 
1.575 
1.315 
0.856 

0.000 
0.149 
0.236 
0.342 
0.411 

0.587 
0.691 

0.478 

0.785 
0.861 

1.118 
1.218 

1.000 

1.333 
1.363 
1.276 
1.072 
0.703 
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TSE6 12/9/81 TO 34 14.5 2-D CRITICAL CRACK DEPTHS 
KICTYP E 6, RTNDTO = 0.0 DECF, %CU = 0.000, FO = 0.00E19 

TIME 

1.02 
1.03 
1.04 
1.04 
1.05 
1.07 
1.07 

1.10 
1.11 
1.11 
1.13 
1.13 
1.16 
1.17 
1.17 
1.23 
1.24 
1.26 
1.27 
1.32 
1.32 
1.32 
1.33 
1.33 
1.33 
1.44 
1.47 

1.08 

1.48 
1.48 
1.50 
1.50 
1.51 
1.52 
1.62 
1.67 
1.67 
1.83 
1.83 

1.94 
2.00 
2.00 
2.17 
2.17 
2.27 
2.27 
2.30 
2.30 
2.40 
2.40 
2.44 
2.50 
2.50 
2.50 

1.88 

INITIATION ARREST 

0.150 
0.201 
0.707 

0.250 
0.101 
0.601 
0.301 
0.500 
0.40 1 

0.801 

0 .  a50 
0.082 
0.857 
0.076 
0.075 
0. 865 

0.150 
0.201 
0.101 
0.250 

0.056 
0.301 

0.900 
0.076 
0.076 0.055 
0.309 0.901 
0.401 
0.707 
0.500 
0.601 
0.057 0.043 

0.056 
0.801 

0.046 0.036 

0.036 0.031 
0.892 0.945 
0.900 

0.952 
0.029 0.028 
0.912 
0.027 0.027 
0.925 
0.027 0.027 
0.931 
0.027 0.027 
0.933 
0.027 0.027 

0.026 0.026 
0.026 0.026 
0.942 
0.026 

0.768 0.919 

0 .  850 

0.860 0.934 

0.938 
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TSE6 12/9/81 TO 3M 14s 2-D C R I T I C A L  CRACK DEPTHS 
KICTYP = 6, RTNDTO = 0.0 DEGF, %CU 0.000, FO = 0.00E19 

TIME 

2.50 
2.62 
2.64 
2.67 
2.67 
2.69 
2.74 
2.77 
2.82 
2.83 
2.87 
2.92 
2.93 
2.98 
2.99 
3.00 
3.00 
3.03 
3.03 
3.07 
3.12 
3.13 
3.18 
3.23 
3.23 
3.23 

I N I T I A T I O N  

0.056 

0.071 
0.933 
0.076 

ARREST 

0.026 

0.056 
0.064 

0.076 
0.101 

0.150 

0.201 
0.250 

0.276 
0.904 
0.301 
0.900 

0.401 

0.500 
0.601 
0.606 
0.854 

0.101 
0.952 

0.150 

0.201 
0.215 
0.936 

0.250 

0.301 

0.401 
0.910 

MAX ON I N I T I A T I O N  CURVE: A/W = 0.942, TIME = 2.50 

MAX ON ARREST CURVE: A/W = 0.952, TIME = 2.83 
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