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Abstract:
This report is an appraisal of the strength of a reactor vessel. It is based on 1) a consideration of the
mechanical properties of the vessel components, and 2) a series of three tests made to record outside
surface principal strains vs internal pressure.

The data show the vessel to have been considerably strengthened by st-rain hardening in testing. It is
found that pressures up to 7000 psi will cause no further yielding, and that rupture will not occur below
9000 psi. 
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ABSTRACT

T his r e p o r t  i s  an a p p ra is a l  o f th e  s t r e n g th  o f a  r e a c to r  vesse l.. I t  
I s  based on I )  a c o n s id e ra tio n  o f th e  m echanical p ro p e r t ie s  o f  th e  v e sse l 
componentss and 2 ) a s e r ie s  o f  th re e  t e s t s  made to  rec o rd  o u ts id e  su rfa ce  
p r in c ip a l  s t r a in s  vs in te r n a l  p re s s u re .

The d a ta  show th e  v e s s e l  to  have been c o n sid e rab ly  s tren g th en ed  by st< 
r a in  harden ing  in  t e s t i n g .  I t  i s  found th a t  p re ssu re s  up. to  7000 p s i  w i l l  
cause no f u r th e r  y ie ld in g s and th a t  ru p tu re  w i l l  no t occur below 9000 p s i .
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INTRODUCTION

The in v e s t ig a t io n  o f th e  s t r e n g th  o f t h i s  r e a c to r  was undertaken  to  

s u b s ta n t ia te  desig n  c a lc u la t io n s . High working s t r e s s e s  had been used in  

th e  d e te rm in a tio n  o f  some o f i t s  d im ensionst and th e  s t r e n g th  o f th e  mat­

e r i a l  was n o t a c c u ra te ly  known. I t  was d e s i r a b le ,  th e r e f o r e ,  to  v e r i f y  by 

a c tu a l  t e s t  i t s  a b i l i t y  to  w ith s tan d  o p e ra tin g  p re s s u re s .

The v e s s e l  underwent a g en e ra l perm anent d is te n t io n  in  each o f  th e  

th re e  p re s su re  t e s t s ,  b u t t h i s  was s l i g h t ,  and no damage was in c u rre d . On 

th e  c o n tra ry , s u b je c tio n  to  t e s t  p re s su re s  was b e n e f ic ia l  in  t h a t  s t r a in  

harden ing  in c re a se d  th e  p re s su re  a t  which y ie ld in g  f i r s t  occurred  in  th e  

v e s s e l  from 4000 p s i  in  th e  f i r s t  t e s t  to  7000 p s i . in  th e  f i n a l  te s t=

The work i s  p re sen te d  h ere  in  two s e c t io n s . In  Hhe f i r s t  a re  desc­

r ib e d  th e  v e s s e l  assem bly and i t s  components, g iv in g  t h e i r  s t r e n g th  prop­

e r t i e s  when known, and su g g es tin g  approxim ations based on f a b r ic a t io n  h is ­

to ry  when unknown= The second s e c t io n  d e sc r ib e s  th e  p re s su re  t e s t  in  de­

t a i l s  th e  p la n , equipment used and i t s  i n s t a l l a t i o n ,  t e s t  p ro ced u re , and 

r e s u l t s ,



S ec tio n  I

THE VESSEL

G eneral

P r in c ip a l  components o f  th e  r e a c to r  as -assem bled fo r  th e  p re s su re  t e s t  

a re  id e n t i f i e d  in  F ig . I .  The s t r e n g th  o f a l l  th e se  elem ents excep t th e  

head and end cap was in v e s t ig a te d .  C o n stru c tio n  d e t a i l  o f th e  head made 

p o in ts  o f i n t e r e s t  in a c c e s s ib le  for- s t r a i n  gage p lacem ent, and behav io r o f 

th e  end cap was o f no i n t e r e s t ,  s in c e  i t  was n o t p a r t  o f  th e  r e a c to r ,  b u t 

was fo r  t e s t  u se  o n ly .

F a b r ic a tio n

The r e t o r t ,  pump c a s in g , and 'head  were fo rged  from a 40 inch  hexagonal 

b ig  end up in g o t w eighing 36,600 pounds. The m a te r ia l  was e l e c t r i c  fu rn ace  

s t a i n le s s  s t e e l ,  AISI type  347, which analyzed  as fo llo w s:

Carbon . . . . . . . Oi070 p e r cen t

Manganese . » . '  . 1 .560

S i l ic o n  . . . . . . 0 .580

Phosphorous . . . . . 0 .020

Sulphur . . . . . . 0 .024

Chromium . . . . . . 18.000

N ickel . . . . . . . 11.000

The in g o t was p reh eated  a t  1600° F. Forging was done a t  2150* F, th e  

p ie ce  being  re h e a te d  a t  in te r v a ls  as re q u ire d . F ig . 2 shows how th e  in g o t 

was w o rk e d ,.in d ic a tin g  approxim ate re d u c tio n  o f a re a  a t  th e  d i f f e r e n t  sec -
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Head flange bolt 

—̂ Head

— Pump casingRetortInsert

—  Pump casing flange bolt

T— End cap

7 - 7

Lead wire seal

Reinforcement---- 1

130

Fig. I —  Reactor assembly.
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t i o n s .  A fte r  com pletion o f th e  fo rg in g  o p e ra tio n s  the  p iece  a i r  cooled  from 

1800° F.

The com pleted fo rg in g  was sawed, th e  p a r ts  rough machined,' annea led , 

and f i n i s h  m achined. Welds made subsequen tly  were lo c a l ly  h e a t t r e a te d .

When th e  r e t o r t  was m achined, th re e  p iece s  were co re  d r i l l e d  from th e  

fla n g e  a t  90 degree in te r v a l s .  S tandard  ASTM 0.505 inch  d iam eter t e n s i l e

T heir m echanical p ro p e r-

20.400 p s i

30.400 p s i  

71,500 p s i  

30 p e r cen t 

32 per' cen t 

80 Rb 

57 f t - l b s

S ince th e  m a te r ia l  te s te d  was tak en  where re d u c tio n  by fo rg in g  was 

l e a s t ,  th e se  v a lu es  may be reg a rd ed  as co n se rv a tiv e  fo r  any o th e r s e c tio n  .. 

t o  a  degree approxim ated accord ing  to  th e  p e r cen t re d u c tio n  experienced  

by th a t  s e c t io n .  In  t h i s  way a g en e ra l un d ers tan d in g  o f th e  p ro p e r t ie s  

th roughou t th e  v e s s e l  may b e /g a in ed .

The f in is h e d  r e t o r t  was u l t r a s o n ic a l ly  in sp ec ted  by th e  f a b r ic a to r ,  

and ra d io g ra p h ic a l ly  in sp ec ted  by th e  p u rc h a se r. No d e fe c ts  were found.

■ Subsequent re c o n s id e ra tio n  o f s t r e s s e s  in  th e  pump casin g  in d ic a te d  

th e  a d v is a b i l i ty  o f  re in fo rce m e n t. T his was done by w elding a s t e e l  s leev e  

around th e  upper s e c t io n ,  and adding a b o lte d  clamp a t  th e  low er s e c t io n  as

specim ens were made o f t h i s  m a te r ia l  and te s t e d ,  

t i e s  averaged as fo llo w s :

P ro p o rtio n a l l im i t  . . . . . .

Y ie ld  s tre n g th  (0 .2  per cen t o f f - s e t )  

U ltim ate  t e n s i l e  s t r e n g th  . . . .

R eduction in  a re a  .................................

E longation  in  2 inches . . .

Hardness . . . . . . . . .

C harpy ' im pact . . . .



F ig . 2 -  P er c e n t re d u c tio n  o f a re a  by fo rg in g
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shown in  F ig . I .

The head f la n g e  b o l ts  were A llegheny Ludlum Potomac "M" d ie  s t e e l ,  

p r in c ip a l  a l lo y in g  elem ents o f  which a re

Carbon . . . . . . . 0 .42 p e r c en t

Chromium . . . . . .  5.29

Molybdenum . . . 0 6 . -1 e Ol

Vanadium . . „ . . . 0 .95

These b o l ts  were b a r

dened to  Re 45? co rrespond ing  to  an u l t im a te  t e n s i l e  s t r e n g th  o f 190,000 

pSle

In  o rd e r to  in c re a se  th e  a re a  o f  th re a d  engagement in  th e  weaker mat= 

© ria l o f  th e  r e t o r t  f la n g e , in s e r t s  were used as shown in  F ig . I .  These 

were made o f AISI type 414 s t a i n le s s  s t e e l ,  hardened to  Re 45, having an 

u l t im a te  t e n s i l e  s t r e n g th  o f 150,000 p s l .

Pump c as in g  fla n g e  b o l ts  were AISI 4140, hardness Re 30 , u lt im a te  ten»  

s l i e  s t r e n g th  120,000 p s l .
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S ec tio n  2 

THE PRESSURE TEST

On the. o u ts id e  s u r fa c e , c irc u m fe re n tia l  and lo n g itu d in a l  s t r a in s  ner© 

measured a t  each o f  th i r t e e n  s e c t io n s ;  in s id e  th e  v e s s e l ,  gages were i n s t a l ­

le d  a t  th re e  s e c t io n s .  F ig . 3 shows th e  g e n e ra l p lan  o f gage p lacem ent.

For any gage, d e p a rtu re  o f  th e  s t r a i n  vs p re s su re  curve from s t r a ig h t  l i n e  ■ 

was co n sid ered  evidence o f a n e la s t ic  a c t io n  w ith in  th e  w a ll a t  o r near, th a t  

s e c t io n .

I n s t a l l a t i o n  o f Gages

T y p ica l o u ts id e  su rfa c e  i n s t a l l a t i o n s  a re  shown in  F ig . 4* .Gages used 

h e re  were Sfk»4 type A=5®1, and th e  p rocedure fo r  t h e i r  a p p l ic a t io n  was essen® 

t i a l l y  as recommended by th e  m an u fac tu re r. M etal s u rfa c e s  were c lean ed  w ith  

to lu e n e  and a ce to n e , and th e  gages a p p lie d  u s in g  Dueo household  cem ent. No 

clam ping was n e c e ssa ry .

The gages i n s ta l l e d  in s id e  th e  v e s s e l  were no t expected  to  make accur­

a te  m easurem ents, b u t i t  was hoped th a t  some in fo rm atio n  would be g iven  by 

t h e i r  c u rv e s . In  any c a s e , t h e i r  behav io r in  w ater under p re ssu re  was o f  in ­

t e r e s t .

B a k e lite  gages, SR-4 type AB-7 , were used in s id e ,  because i t  was though t 

th e se  would be l e a s t  a f fe c te d  by immersion in  w a te r . • The p roper i n s t a l l a t i o n  

o f  t h i s  ty p e  o f  gage re q u ire s  clam ping under 150 p s i  p re s su re  w h ile  th e  ad­

h e s iv e  c u re s . I t  was p o s s ib le ,  th e r e f o r e ,  to  ta k e  s t r a in ,  measurements only 

n e a r enough th e  ends o f th e  v e s s e l  th a t  clamps could  be a p p lie d .
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Inside compensating gage
Inside

gages Inside 
i=4 gages

Installed 
on fillet

Installed 
on fillet n  r

Legend :

— Longitudinal strain measuring gage

Circumferential strain measuring gage 

Compensating gage

Fig. 3 — Plan of strain gage placement.



F ig . 4 T yp ica l gage i n s t a l l a t i o n s  on o u ts id e  su rface
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Feac* i n s t a l l a t i o n ,  gage and m etal su rfa c e s  were c lean ed  w ith  to lu e n e  and 

a c e to n e . The adhesive  used was Arm strong’s  A -If a two component system  th a t  

cu res  chem ica lly  r a th e r  th an  by ev ap o ra tio n  o f s o lv e n t . Cement was a p p lie d  

to  th e  m eta l s u r f a c e s „ gages p la c e d , and covered f i r s t  by c e llo p h an e , th en  

by a  neoprene pad to  e q u a liz e  th e  p re s su re  ap p lie d  by th e  clamp. F ig . 5 shows 

th e  clam ping arrangem ent a t  s e c t io n s  A and B. A s im ila r  clamp was used a t  

s e c t io n  L. C o rrec t p re s su re  was developed by c lo s in g  th e  sp rin g s  to  le n g th  

acco rd in g  to  t h e i r  s c a le ,  which had been m easured. Clamps were l e f t  in  p la ce  

tw en ty -fo u r hours w h ile  th e  cement cu red .

Every gage th en  was te s t e d  a g a in s t  th e  p o s s ib i l i t y  o f  having been dam­

aged, d u rin g  a p p l ic a t io n  by m easuring i t s  r e s is ta n c e  and i t s  r e s is ta n c e  to  

ground. A ll i n s t a l l a t i o n s  were s a t i s f a c to r y .

In c id e n ta l  to  th e  use o f  gages in s id e  th e  v e s s e l  was th e  problem o f s e a l ­

in g  around th e  le a d  w ires a g a in s t  w ater a t  p re s su re s  up to  10,000 p s i .  The 

g land  designed  to  accom plish t h i s  i s  shown in  F ig . 6 .

I n i t i a l l y ,  th e  s e a la n t  used was a  neoprene p iece  formed as shown. Under 

p re lim in a ry  p re s su re  t e s t ,  however, t h i s  m a te r ia l  ex truded  th rough th e  an­

n u la r  space between le a d  w ires and com pression cups a t  about 8000 p s i .  P o ly­

e th y le n e  , be ing  h a rd e r , th en  was s u b s t i t u te d , and r a d i a l  c lea ra n c e  between 

le a d  w ires and com pression cups was reduced  from .003 to  .001 in c h . The se c ­

ond t e s t  proved a l l  components o f  th e  gland to  be s u f f i c i e n t ly  s tro n g  to  w ith ­

s tan d  10*000 p s i ,  b u t a  s l i g h t  le ak  was p re s e n t .  The e n t i r e  g land assem bly, 

le a d  w ires  in  p la c e , was oven-heated  fo r  s e v e ra l  hours a t  150° F in  th e  hope 

th a t  th e  p o ly e th y len e  would s o f te n  and conform more c lo s e ly  to  s e a l in g  s u r ­

fa c e s .  A th i r d  p re s su re  t e s t  to  10,000 p s i  showed t h i s  tre a tm e n t to  have been



- 16 -

Fig. 5 - Clamping arrangement for inside gages



r~ P o ly e th y len e  s e a la n t

Lead v i r e s

<

F ig . 6 -  Lead w ire  s e a l in g  g land .
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e f f e c t i v e g s in c e  no le ak  was e v id e n t .

Gage i n s t a l l a t i o n s  were com pleted by s o ld e r in g  th e  le a d  w ires s and in ­

s u la t in g  j o i n t s .  In s id e  gages were p a in te d  w ith  m elted  c e re s e wax, t h i s  being, 

b u i l t  up to  about l / l 6 in ch  th ic k n e s s . W ires were th en  c o l le c te d  and tap ed  

t o  th e  v e s s e l  so i t  could  be moved to  th e  t e s t  c e l l  fo r  assem bly. F ig . '7 

shows th e  v e s s e l  a t  t h i s  p o in t .  The low er end cap had been assem bled to  p e r­

m it s o ld e r in g  th e  le a d  w ires  to  in s id e  gages.

The r e t o r t  was th en  c a r r ie d  to  th e  t e s t  c e ll*  and suspended v e r t i c a l l y  

between two I-beams under th e  f la n g e . A fte r  in sp e c tio n  fo r  le a k s  a t  th e  le a d  

w ire  s e a l  end f la n g e  c lo s u re , th e  pump c as in g  flan g e  b o l ts  were lo ad ed , f o l ­

low ing th e  u su a l p rocedure  fo r  s e t t i n g  h e a te r  b o l t s .*  The v e sse l was f i l l e d  

w ith  w ater,"w h ich  was th e  medium o f  p re s su re  tra n sm is s io n , th e  head assem bled, 

and head f la n g e  b o l ts  lo ad ed .*  L ines were ru n  from th e  v e s s e l  to  p re ssu re  

sou rce  and gage, and le a d  w ires  p u lle d  to  th e  c o n tro l room. F ig u res  8 and 9 

show re s p e c t iv e ly  th e  low er end and head assem bly o f th e  v e s s e l  ready  fo r  

t e s t »

Arrangement o f  Equipment

The t e s t  s e t-u p  i s  shown sc h e m a tic a lly  in  F ig . 10* and th e  s ta t io n  a t  

which read in g s  were tak en  i s  p ic tu re d  in  F ig . 11. In  th e  foreground a re  th e  

sw itch  boxes th rough  which th e  m easuring and com pensating gages were d ire c te d  

to  th e  in d ic a to r .  The p re s su re  gage i s  shown mounted on th e  w a ll ,  and th e  

s t r a i n  in d ic a to r ,  a  Baldwin SR-A type  nM", i s  a t  r i g h t .

*See Appendix B fo r  c a lc u la t io n s  and method.



F ig . 7 -  O v e r-a ll  view o f  th e  v e s s e l ,  showing completed gage in s t a l l a t i o n s .
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Fig. 8 - Lower end of completed vessel assembly in test cell
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Fig. 9 - Head of assembled vessel in test cell.
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Water
supply

Pump

P ressu re  gage

O -

M easuring gage 
sw itch  box

S tr a in
in d ic a to r

Compensating gage 
sw itch  box Lead w ires

Fig. 10 - Schematic of test set-up.

#



- 23 -

Fig. U  - Station at vrfiich readings were taken.
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T e s t P roeec to e

S t a b i l i t y  o f  a l l  c i r c u i t s  was cheeked du rin g  th e  th r e e  days p receed lng  

th e  f i r s t  t e s t .  A ll o u ts id e .g ag e  c i r c u i t s  were s t a b l e 9 b u t in s id e  gag® c iav  

c u l t s  were e r r a t i c , even under no p re s s u re .

The f i r s t  t e s t  was made w ith o u t th e  r e in fo r c in g  clamp on th e  low er sec® 

t i o n  o f  th e  pump c a s in g , so  t h a t  s t r a i n  measurements cou ld  be tak en  on th e  

o u ts id e  su r fa c e  a t  s e c t io n  L. In d ic a to r  read in g s  were ta k en  a t  1000 p s l  

p re s su re  increm ents to  5000 p s i ,  and a t  500 p s i  increm ents to  6500 p s i ,  th e  

h ig h e s t p re s su re  a t ta in e d .  The system was th en  d ep re ssu riz ed  a t  about 1500 

p s i  p e r h o u r, in d ic a to r  read in g s  b e ing  tak en  p e r io d ic a l ly  d u ring  d e sc e n t,

From d a ta  tak en  in  t h i s  t e s t  i t  was ap p aren t th a t  I )  in s id e  gages would y ie ld  

no u s e fu l  in fo rm a tio n , and 2 ) a l l  o u ts id e  gages could  be considered  r e l i a b l e .

The clamp was nex t i n s t a l l e d  on th e  pump cas in g  fo r  t e s t  to  h ig h e r pres® 

a u re s , Two ru n s  were made, th e  procedure b e ing  th e  same in  bo th  c a s e s . Af­

t e r  each 1000 p s i  in c re a se  in  p re s s u re , re a d in g s  were tak en  fo r  a l l .  gages.- 

The p re s su re  vs c irc u m fe re n tia l  s t r a i n  curve fo r  s e c t io n  B, known to  be a 

c r i t i c a l  s e c t io n ,  was p lo t te d  as th e  t e s t  p ro g ressed . As th e  s t r a i n  r a t e  

th e re  in c re a s e d , p re s su re  increm ents were red u ced , and when th e  curve app­

roached th e  h o r iz o n ta l  no f u r th e r  p re s su re  in c re a se  was made. As in  th e  f i r ­

s t  t e s t ,  th e  p re s su re  was re le a s e d  a t  1500 p s i  per hou r, and read in g s  were 

tak en  p e r io d ic a l ly  du ring  d e sc e n t. (

Appendix A com prises curves c o n s tru c te d  from th e  t e s t  d a ta . They ex­

h i b i t  l im i t s  o f  p r o p o r t io n a l i ty  between p re s su re  and s t r a i n  as l i s t e d  in  

T ab le  I ,
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TABLE I  -  PRESSURE AT LIIvIIT OF PROPORTIONAL STRAIN

P re s su re , p s i*

S ec tio n T est #1 T est #2 T est #3

Circum- Circum- Circum-
f e r e n t i a l A xial f e r e n t i a l A xial f e r e n t i a l A xial

A 5000 5000 6000 8000 7000 9000B 4200 5100 5200 6000 7000 7000C 4200 5200 6000 7000 8000
D 4200 5400 6000 7300 8000

E 5000 5400 6000 7000 8000
F 5000 5200 6000 7000 8000
G 4200 5000 6000 7000 8000 9000H 5000 5000 7000 7500 9000 9000

I
J

5000 8000 9000

K 5000
L** 4300

M 4000 5000 6000 7000 8000 7000

*Where no p re ssu re  i s  g iv en , th e  p ro p o r tio n a l l im i t  was n o t exceeded in  
t h a t  t e s t .

**At s e c t io n  L, s t r a in s  were measured in  th e  f i r s t  t e s t  on ly .

S uccessiv e  s t r a i n  harden ing  and consequent in c re a se  in  s tre n g th  i s  app­

a re n t  a t  every  s e c t io n  where y ie ld in g  o ccu rred .

C onclusions

T o ta l perm anent s e t  was g re a te s t  a t  s e c t io n  B, where 1150 m icroinches 

p e r in ch  c irc u m fe re n tia l  s t r a i n  and 725 m icro inches per inch  lo n g itu d in a l  

-j s t r a i n  were re c e iv e d . S ince th e se  do n o t c o n s t i tu te  sev e re  d e fo rm ation , i t  

can be assumed th a t  th e  v e s s e l  was n o t weakened by t e s t i n g ,  and th e  p ropor­

t io n a l  l im i t  p re s su re s  o f th e  f i n a l  t e s t  accep ted  as s a fe  m easures o f th e
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s tr e n g th  a t  co rrespond ing  s e c tio n s  6

There iv i l l  be no f u r th e r  y ie ld in g  a t  p re s su re s  up to  7000 p s i a and ru p ­

tu r e  w i l l  n o t occur below 9000 p s i e

The t e s t  r e s u l t s  were reaso n ab ly  w e ll p re d ic te d  by desig n  a n a ly s is » In

g e n e ra l , i t  was found th a t  s t r a in s  were somewhat h ig h e r th an  c a lc u la te d , b u t
-? .■

sh ea rin g  s t r e s s e s ,  which were th e  c r i t e r i o n  o f f a i l u r e ,  were Iow er0
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Appendix A

PRESSURE VS STRAIN TEST DATA

The d a ta  p re sen te d  g ra p h ic a lly  on th e  fo llo w in g  pages a re  th e  b a s is  o f  

t h i s  r e p o r t .

As d e sc rib e d  in  S ec tio n  2 ,  th re e  t e s t  ru n s  were made; herein, th e  th re e  

re c o rd s  fo r  each gage are brough t to g e th e r  c o n se c u tiv e ly . S tr a in s  p lo t te d  

in  each t e s t  do n o t in c lu d e  th o se  r e s id u a l  from th e  p reeeed in g  t e s t ,  b u t r e ­

f e r  to  aero  a t  th e  beg inn ing  o f  th e  ru n .
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I I  § § I  | °  § I  §
C irc u m fe re n tia l s t r a i n .  L o n g itu d in a l s t r a i n ,
m icro inches per in ch  m icro inches per inch

Fig. 12 - Pressure vs strain at section A, test #1.
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C irc u m fe re n tia l s t r a i n  
m icro inches per inch

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 13 - Pressure va strain at section A, test #2.

40
0
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C irc u m fe re n tia l s t r a i n  
m icro inches p e r inch

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 14 - Pressure vs strain at gection A, test #3.
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I § §
L o n g itu d in a l s t r a i n ,  
m icro inches per inch

C irc m a fe re n tia l s t r a i n  
m icro inches per in ch

Fig. 15 - Pressure vs strain at section B, test f/l



- 33 -

o

4- —

I !

_ _ _ _ _ _ _ _ _ Jl_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I I  : I
I  § § § I  8° 8 § §

C irc u m fe re n tia l s t r a i n ,  L o n g itu d in a l s t r a i n ,
m icro inches p er inch  m icro inches per inch

Fig. 16 - Pressure vs strain at section B, test #2.
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Clrc u m fe re n tia l  s t r a i n  
m icro inehes per inch

L o n g itu d in a l s t r a i n ,  
m icro inehes per inch

Fig. 17 - Pressure vs strain at section B, test #3.
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+ _ P

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

C irc u m fe re n tia l s t r a i n  
m icro inches p e r in ch

Fig. 18 • Pressure vs strain at section C, test #1.
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C irc u m fe re n tia l s t r a in  
m icro inches per inch

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 19 - Pressure vs strain at section C, teat #2
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C irc u m fe re n tia l s t r a i n  
m icro inches p e r inch

L o n g itu d in a l s t r a i n ,  
m icroinches p er inch

Fig. 20 - Pressure vs strain at section C, test #3
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L o n g itu d in a l s t r a i n ,  
m icro inches per inch

C irc u m fe re n tia l s t r a i n  
m icro inches per inch

Fig. 21 - Pressure vs strain at section D, test #1
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C irc u m fe re n tia l s t r a i n ,  L o n g itu d in a l s t r a i n ,
m icro inches p er inch  m icro inches per inch

Fig. 22 - Pressure vs strain at section D, test #2.
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I I I
C irc u m fe re n tia l s t r a in  
m icro inches per inch

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 23 - Pressure vs strain at section D, test #3
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§ r
C lr c m f e r e n t ia l  s t r a i n ,  L o n g itu d in a l s t r a i n ,
m icro inches per inch  m icro inches per inch

Fig. 24 - Fressure vs strain at section E, test #1.
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L o n g itu d in a l s t r a inC irc u m fe re n tia l s t r a i n
m icro inches p e r in ch  m icro inches per inch

Fig. 25 - Pressure vs strain at section E, test #2.



10

9

8

7

6

5

4

3

2

I

0

- 43 -

I § I
CI r cumf e r e n t I a l  s t r a i n L o n g itu d in a l s t r a in
m icroinchea p e r in ch  m icro inches per inch

Fig. 26 - Pressure vs strain at section E, test #3
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§ I  §
L o n g itu d in a l s t r a in ,C irc u m fe re n tia l s t r a i n

m icro inches per inch  m icro inches per inch

Fig. 27 - Pressure vs strain at section F, test #1.
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C irc u m fe re n tia l s t r a i n  
m icro inches p e r inch

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 28 - Pressure vs strain at section F, test #2.
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C irc u m fe re n tia l s t r a i n  
m icro inches p e r in ch

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 29 - Pressure vs strain at section F, test #3
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C lrcu iL fe ren tia l s t r a i n L o n g itu d in a l s t r a in
m icro inches p e r in ch  m icro inches per inch

Fig. 30 - Pressure va strain at section G, test #1.



48 —

■ +

C irc u m fe re n tia l s t r a i n ,  L o n g itu d in a l s t r a i n ,
m icro inches per in ch  m icro inches per inch

Fig. 31 - Pressure vs strain at section G, test #2.
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C irc u m fe re n tia l s t r a in  
m icro inches per inch

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 32 - Pressure vs strain at section G, test #3
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L o n g itu d in a l a t r a in ,  
m icro inches per inch

C irc u m fe re n tia l s t r a i n  
m icro inches per in ch

Fig. 33 - Pressure vs strain at section H, test #1
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•4-1

8  8  8
< N  N f  N O

C irc u m fe re n tia l s t r a in L o n g itu d in a l s t r a in
m icro inches per inch  m icro inches p er inch

Fig. 34 - Pressure vs strain at section H, test #2
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vO

C irc u m fe re n tia l s t r a i n ,  
m icroinohes p e r inch

Sg* 8 8 8
P j CV - ' t  vO

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 35 - Pressure vs strain at section H, test #3
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L o n g itu d in a l s t r a i n ,  
m lcroinchea per inch

C irc u m fe re n tia l s t r a in  
m icro inches p e r inch

Fig. 36 - Pressure vs strain at section I, test #1
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C irc u m fe re n tia l s t r a i n .  L o n g itu d in a l s t r a i n ,
m icro inches p er inch  m icro inches per inch

Fig. 37 - Pressure vs strain at section I, test #2.
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L o n g itu d in a l s t r a i n ,  
m icro inches per inch

C irc u m fe re n tia l s t r a in  
m icro inches per inch

Fig. 38 - Pressure vs strain at section I, test f f3
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L o n g itu d in a l s t r a i n ,  
m icro inches per inch

C irc u m fe re n tia l s t r a in  
m icro inches per inch

Fig. 39 - Pressure vs strain at section J, test #1
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C lrc u n fe re n tia l  s t r a i n L o n g itu d in a l s t r a in
m icro inches p e r in ch  m icro inches per inch

Fig. 40 - Pressure vs strain at section J, test #2
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L o n g itu d in a l s t r a inC irc u m fe re n tia l s t r a i n
m icro inches per in ch  m icro inches per inch

Fig. 41 - Pressure vs strain at section J, test #3
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C irc u m fe re n tia l s t r a i n ,  L o n g itu d in a l s t r a i n ,
m icro inches p er inch  m icro inches per inch

Fig. 42 - Pressure vs strain at section K, test #1.



-  60  —

L o n g itu d in a l s t r a inC irc u m fe re n tia l s t r a i n
m icro inches per in ch  m icro inches per inch

Fig. 43 - Pressure vs strain at section K, test # 2
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C irc u m fe re n tia l s t r a i n  
m icroinchea p e r inch

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 44 - Pressure vs strain at section K, test #3
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C irc u m fe re n tia l s t r a i n .  L o n g itu d in a l s t r a i n ,
m icro inches p e r inch  m icro inches per inch

Fig. 45 - Pressure vs strain at section L, test #1
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C irc u m fe re n tia l s t r a in  
m icro inches p er inch

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 46 - Pressure vs strain at section M, test #1
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C irc u m fe re n tia l s t r a i n ,  
m icroinches per inch

L o n g itu d in a l s t r a i n ,  
m icro inches per inch

Fig. 47 - Pressure vs strain at section M, test #2
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8 8 8
O  CM CV

C irc u m fe re n tia l s t r a i n L o n g itu d in a l s t r a in
m icro inches p er inch  m icro inches p er inch

Fig. 48 - Pressure vs strain at section M, test #3.
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Appendix B

METHOD OF SETTING FPMP CASING AND HEAD ELANGB BOLTS 

D eterm ination  o f B o lt Loads

F ig s . 49 and 50 show f la n g e  assem blies  a t  th e  head and pump eas in g  res=

com parison w ith  th e  ex ten s io n  o f th e  b o l ts  th em selv es . B o lt lo ad s  a re  th e re ­

fo re  p r a c t i c a l ly  c o n s ta n t , n o t depending on th e  in te r n a l  p re s su re .

In  o rd e r th a t  th e  head (o r end .cap) n o t s e p a ra te  from th e  flan g e  face  

o f  th e  r e t o r t  and allow  th e  ltOn r in g  to  blow O h t si th e  b o l t s  had* to  be i n i t ­

i a l l y  loaded  so th ey  would undergo no f u r th e r  in c re a se  in  le n g th  a t  th e  h ig h ­

e s t  p re s su re  to  be a p p l ie d . The minimum i n i t i a l  b o l t  lo a d , F , was th e re fo re

For a maximum t e s t  p re s su re  o f  10 k s i ,  th e  minimum load  fo r  each head fla n g e  

b o l t  was.

p e c t iv e ly .  At bo th  ends th e  b o lte d  p a r ts  a re  heavy and deform l i t t l e  in

s  p re s su re  x  head (o r can) a re a
number o f  b o l ts

F s 12 b o l t s )
so in ch es)

= 212 k ip s  p er b o l t

The co rrespond ing  e lo n g a tio n  i s

s  .0154 in ch
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For th e  pump cas in g  fla n g e  b o l ts  th e  minimum i n i t i a l  lo ad  re q u ire d  was

t? -  (10 k a l)  (28 .3  aq in ch es) 
”  (1 1 .b o l ts )

~  25*7 k ip s  p e r b o l t

and th e  co rrespond ing  e lo n g a tio n

e = (25 .7  kin s )  (8 ,5  inches)
(1.3-4 sq in ch es) (30,000 k s i)

= .0055 inch

Head, .flange b o l t s  were s e t  fo r  a nom inal »018 inch  e lo n g a tio n . F in a l 

measurement showed.e lev en  o f  th e  b o l ts  to  have s t re tc h e d  th a t  amount w ith in  

.001 in c h , and one was .003 o v er. The h ig h e s t  b o l t  s t r e s s ,  th e n , was

S = f  B

- toss}  (3 0 ’ 000 k3l)
ss 63 k s i

which i s  s a fe  by a f a c to r  o f  th r e e .

Pump c as in g  f la n g e  b o l t s  were s e t  fo r  a  nominal .008 in ch  e lo n g a t io n . ' 

The ynftYimnm measured was .010 In c h s in  which th e  b o l t  s t r e s s  was

s = <30,000 tti)

s  35 .3  k s i

which i s  ag a in  s a fe  by a  f a c to r  o f th re e .
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S tre tc h in g  le n g th10 In s e r t

\ "  \  \

/ ~ —/ —/ —y ■
. /  /  /  /  /

. /  y

-  - + -

- T T T Y

- nO" Rings
h e a te r

Washer — elem ent R e to rt

Fig. 49 - Head flange assembly.
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F ig . 50 -  Ptnnp cas in g  f la n g e  assem bly.
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