
) , - PATHFINDER ATOMIC ELWW-ER PLANT 
. . . , . - -.. . . ! - . - - I - -JLi . - ,. . , ,.-.- -.-. 7 .= , 

- 8 . . - - - - 
- - - ,  

- < . . -. , _ - -  
- F  .. -. 
I .  

. . I =:'.- -:. ' , REACIOJE-UZ-L 8 * 
: 2 . . . . .  8.4 

< _ I -  - - .!nu COMPONENTS ..... 
5 8 

. . 
-, -,' '4 ,.- :id 

8 - . . '. . . ,? 
> 

. . 
- '. :- . .;'$ 

- ,  
. :  L I:,? b 

. . 
- - :.r. ' 8 ,  , 8' .  

J'L~-& 28, 
'. . 

8 I-: . . ,  - ;. ,, f; v ,,<!i,,:; 3 - 3 p. .. , 
- . ;. n . .  ,:r>:,>- 

:cL---- ,,.'?,-: 'I., 

- I . . .  
.:P .. , .-.I ,--;- c- ,; - L  

.,. . . 
i .  . -  2 .  ., . . - 8 - . -  -. . . . - -  . .  ? 

. -- :. . .  . . . . . . . . . ,. ::;<.. . . . .  '-' -. '. 
8 - 2  -.  8 8 .  . . , .  "I-.>' Submitted to . . _ . . . . . . .  - . . . .  : 3 - .  . - 

8 . .  D -.;-. - . . I .  . ,  ' - .  .L  ' 
3, -. . A, ,-' - . . . . -. - - .  . . . . __. : . 

. . I  I 

.f' .,. : ' . - . . . -  - .. -- . 

. -  . .  I . - . .- -- *. S ,  ATOM1 [ EN E R [ Y  C 0 M M I  $$ION - . .  r -  -.- . - 
.": -'C - , .  . .-  - 

1 . 8. . i - . ~ -  . - : .  ----.- 
. ATOMIC ENERGY DIVISION . '-. 

8 - 

r: ,.;. . - #  , ,. .%' +.!:-: $, * . - -. .-_ _ - . -  
. . , -  .g.. - -'- - ..- :.--+- . . 

,=. - .1 . . .  . . -2- --: .-c7- . . - -  - A :., ;,:::,; - .Milwaukee I, Wisconsin . -  -' ,' . *  ,, .. - . I  I . . +<- :. . , +.,, , . , , - .  - * , ,  . I -- .. 7 .- 8 - -  
, -.a. ,, . ..:... . . .  :, ' .-, . . -. ,, . . - .  . . . . ,. . . .  . - .  . . . . : -.- .,.. ..-,,: - . . v .  .:- . . - . ,  , - , .  I . I 8 , -  , . 1 , ..>-, 

8 .  . . I , >  > 
-. !' ..- .--". - . . - . ' . . 7 1 .  8 - . . . . - -  . * 

i = >., . . ... . - .  . . : r - 7  

, ' A* - ..*.i, -, . ., ., . - -  . . . .  I -, . ' - -  8 

b 

. . 
Facsimile Price $ / a  , 0 8 y - '  

7' . 
. . - .  8 .  . . 

4. -57  Microfilm Price $ - .  
L .  - - 

.I ' 

. - - 
Available from the - - 

-. - Office of Technical Services 
Department of Commerce 

. ?  --. . Washington 25, D. C. 

0 - , , - = . " - - ' -. . . .  ;CL. - - 8  L ,  . -  . . - - 
>: . , 7, 

r .  ' . . .  
- .. . . - - . - - Ref: AEC Contract No. AT( - .  . . -77- -:. A ..- . .  

+ ' . I ,  - , - >, . 8 . .  -. .:. . - .  .. --- - - .  . 8 .  "'.* 
-: ;. l. - ' . <  . -  

. ,:kc>. - . , . -  I- . . .  - -  - (.- - - :+- :a ,&-. - .-:-- AT-. . , . -. . 8 . . . . .  . . .* - 
- I  - - . .  ,t- ' )F < .> . :.., - .: . c ,  ..;,',-- --f:;: !!.. E.-,# - +  .. - - -, 5 ,  7 '. . . . .  .: . ;; .: . $ '  - ?LL . -+.. . 1.. ................... 

. , , G . . . .  , .  +>,..i- .*,, .r. >SG:.-,. ;Ap?.g* -- *I- 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



. . . . 
ikd",J 

--.J? 
= .  - > '  - - - -  3 - --.-,,. : --8 

" -: ' _  
. .. . . . ,; L - , .' :.-- s.c% -* - - e -, -- -: , ;: 

'D. >; . ..a, 
, % -* .! - 

L '  T - *. - , -' C 
i-h 

2 .- - ,*T2d, --:.--.-&L* : I '  , .  
F. : .u- 4 .  -- &?Ti . . 

- E P . - _ -  I _  - 
-r 2 ., - I.. e- m -2 - 

+.nc;. - ,..? .-7 .-< .-;-\,. 
&- : - *'. -.,: . r .  - .'. - . ' -* - ,u- L. 

3 Li- 
. . . . -  

u s -  > 
. = '  - 

- 
f - 

? - '  

L- :+-, LEGAL NOTICE . . - ..-., . -C 31. ' . - * -. C a -  , r .. . . ' i 7 ' i /  r 
This report was prepared as a~ipccount of Government sponsored work. Neither 

, f !:> ' ' s  . V - ' - - s w - ' b  ,.-, , " * .  
; ' the United States, nok the Commission, nb'i "~ l l i s -~ha lmers  Manufacturing Company, 

nor any person acting on b.e)lalf of thegommission- or ~ l l i ; - ~ h a l m e r ~  Manufacturing . . 

- "< -,,. 4- ,zF<egS?:, #._ . . -  ="' - P - 
+.-% 1*%-+.. *'.<.?--.- . 2&2-v -. .- ? Company1 . . ; . - -  cz .* 

= - -  - =. --7%, *-:&'q a* --4$,;?. %: VL.?~-- 

A. Makes any warranfy or representott& fo  others, e&&sad or implied, w i l l ,  

, respect to the accuracy, completeness, or usefulnes.~ of the information contained 
>- 

in this report, or that the use of m y  informatton, apparatus, method, orprocessdis- 
- - - = closed in this report mcry not infringe priwtely owned rights; or =_ -. - .. . 

6 

7 - B. Assumes any liabilities to  others wHh respect to  the use of, or for damages 
+ * 

resulting from the use of m y  information, apparatus, method, or process disclosed 

w,: in  this report. 7 ,. L . -  
. . . 

- _ As used in the above, 'person acting on behalf of the Commission or Al  lis-Chalmers 

Manufacturing Company' includes any employe or contractor of the Commission, ar 
8 8 

Al lis-Chalmers Manufacturing Company or employe of such contractor, to the extent 
%*. 
. z -  that such employe or contractor of the Commi ssiqn, or Al  I is-Chalmers Manufacturing 

-3 '.; ' - - - - 

L-! .= % <.B  :- Company or employe of. such contractor prepares, disseminates, or provides access - _ '  
-lf .-- 
~ 2 1 .  . to, any information pursuant t o  his employment or contract with the Commission or 
- ' I  ' . - i .  

J rs- . Allis-Chalmers Manufacturing Company or his employment with such contractor. 

- .  7- :- . - - - -  - . , p  2 - - .  
2 ;  T.y,.. - !..:. - . , , - 2 = .' -! . . _  

c - -  = .  

;L= - I * -  . , I 
* .  - . -. r .  . - - #  

I , C ' ,  , ' :" ' F 
rk; ,-  R.:- .  vc 

%;' . 1'- '.- i+L -: - - ,  s-m:-.. ..<- I8 . . . = ,  C - . .  8 .  

L, , - - -.--, - -m ' ,&< . 
-. 4. 

-, . ' - -  
I m p  A 7 , -  - = 

4 .- I - I  , .- 2 . .: r. 
- - . - - , - .  - -6. . --,, "-- . *-, z :, 8 -- , .-=+- - .  - .  - 1- - -. 8 -  . - .  : 2 

- - 
h , - y - -  ' 8 - .' --s- . - -  u - < s-.h:l 5 3 

?< .. A zm . ;-- 
- I ---. i n  

--&d, --' - -. - ,  ' -  *?  
. . , . .14 .a:,  

1 '  5 
. 

+ .- . . . #  + 
C I 

, .- - -  '-;I 
,:?j$ -- - 1 

I r;r 
il > 

'r .-. :.> 1 = - 

A (  
C , -  . 

- 

= :" ' . . .  . . . -  - =. 1. '$ . .  I . .  

-.= . w - -  

.,: .< - . 
. . . -88, ...: 8 

- - - - ,> 



PATHFINDER ATOMIC'.POWER PLANT 
REACTORINTERNALCOMPONENTS 

By: D.R. Bruesewitz'; J.F. Wilson, 
E.C. Rothen, D.J. Nolan, J.F. ~aYt@rson,  and, S.P. Wnuk 

. . . . 

Submitted'to 

U. S. ATOMIC ENERGY COMMISSION 
NORTHERN STATES POWER COMPANY 

. . 
and . '  ' . .  . . 

CENTRAL UTILITIES ATOMIC POWER, ASSOCIATES 

by 

ALLIS-CHALMERS MANUFACTURING. COMPANY 
. . . . . . 

Undei : ' .  
Agreement dated 2nd Day of Moy'1957, hs Amended, 

. . . . . . beiweeh ' ' .: . - .  

Allis-Chalmers Mfg: Co. & Nkthern Stites Power Co. 
, . . . 

under. . . ' . - . . . .  . . 

AEC Contract Nb. ~T(l4-1)-589' : . ' . 
: .  

June 28, 1963 ' , 

... . . . . . .  . . -. 
3:. ' . . . . . . . . . . .  

Classification - UNCLASSIFIED . , . 
. A 

cL&dtL Approved : 
C. B. Graham 
Manager \ 

Nuclear Power Dept.-Grrendale 

. ' . '  
. . . . . .  . . . .  

: 
Approved : 

Hibbert H i l l  
Vice President - 
Engineering 

ALLIS-CHALMERS MANUFACTURING COMPANY ' 

,. . . .  
ATOMIC ENERGY DIVISION 

MILWAUKEE I, WISCONSIN 

. . 

, .  . 

. 
'.. NORTHERN STATES POWER COMPANY . , 

. . i s  SOUT'H FIFTH STREET 

MINNEAPOLIS:~, MINNESOTA . . 



PATHFINDER ATOMIC POWER PLANT 

Reactor In terna l  Components 

D i s t r i b u t i o n  

USAEC, Chicago Operations Off ice--  
9800 South Cass Avenue, Argonne, I l  i i n o i s  

USAEC, D iv is ion  of Reactor Development-- 
Washington 25, D. C. 

WSAEC , OT I E -- 
Oak Ridge, Tennessee ..... Of fse t  Master plus 

Northern States Power Company and CUAPA 

all is-Chalrners Manufacturing Company 



FOREWORD 

Th is  r e p o r t  "Reactor I n t e r n a l  Componentsvt i s  one of a se r ies  o f  r e p o r t s  on 

research and development i n  connect ion w i t h  t h e  design bf t h e  Path f inder  

Atomic Power P lan t .  

The Pathf inder p l a n t  w l l l  be located a t  a s i t e  near SIOUX Fal Is,  South 

Dakota, and i s  scheduled f o r  operation i n  1963. Owners and operators o f  

t h e  p l a n t  w i l l  be t h e  Northern States Power Company o f  Minneapolis, 

Minnesota. Al l is-Chalmers i s  performing t h e  research, development, and 

design as we l l  as being respons ib le  f o r  p l a n t  const ruc t ion .  

The U. S. Atomic Energy Commission, through Cont rac t  No. AT(ll-11-589 

w i t h  Northern s ta tes  Power Company and Centra l  U t i  l i t i e s  Atomic Power 

Associates (CUAPA) a re  sponsors o f  t h e  research and development program. 

The p l a n t ' s  reac to r  w i l l  be o f  t h e  Con t ro l l ed  R e c i r c u l a t i o n  B o i l i n g  R e a ~ t o r  

t ype  w i t h  Nuclear Superheater. 
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. .  I .  1.0- INTR.QQ-KTION , : : . , ,  i . .  _ 

The Path f inder  Reactor, i s  a 66'MWe, d i r e c t  cyc l e boi  l i ng water reac to r  

w i t h  an I n t e r n a l  n u ~ l e a l -  superheater, c o n t r o l l e d  c i r c u l a t i o n ,  and 

i n t e r n a l  steam separat ion. The mechanic,al arrangement, water c i r c u -  . . 

l a t i o n  and steam c i r c u l a t i o n  a re  shown 1'" F igu re  1 . 1 .  

.:.. . .  . 

Feedwater en ters  t h e  I I ft 'J  : D;, reac to r  vekse I a t  t h e  feedwater 

d i s t r i b u t i o n  r i n g  near t h e  bottom o f  t h e  downcomer region, where 

it mixes w i t h  r e c l r c u l a t i n g  water. The ;ate/ i s t h e n  withdrawn 

from t h e  vessel and pum~ed back through t h e  core  region, where 
1 . .  

. . 

a p o r t i o n  o f  it i s  generated i n t o  steam. The steam water m ix tu re  i s  
., . 
then fo rced up 1 n t o  the '  two-phase i nter face,  wher.e a percentage o f  
. . :  

t .. . . 
t h e  steam i s  re leased .:. from t h e  water a t  t h e  i n te r face .    he' remai n i  ng 

. . 
. . 

m ix tu re  o f  steam and water passes i n t o  t h e  .downcomer r e g  ion, where 

most o f  t h e  remaining steam i s  removed from t h e  water by c e n t r i f u g a l  

t y p e  separators. Steam frorn,both t h e  separators and i n t e r f a c e  f lows 

.through a mesh-type dryer  and i n t o  t h e  c e n t r a l l y  located superheater 

where i t s  temperature i s  r a i s e d  from 489 t o  825 F. The steam leaves 

t h e  superhea+er through t h e  main steam l i n e  located a t  t h e  bottom 

o f  t h e  reac to r  vessel.  

. . 

F igu re  1.2 shows a sca le  model o f  t h e  reac to r  i n t e r n a l s .  

. .  . . . 

I A . 0  OBJECTIVE 

To prov i de descr i p t i  ve i nformat Ion on major reac to r  i nterna l components, 



t o  r epo r t  on the  t e s t  programs r e l a t e d  t o  component development, and t o  

.describe methods used i n  component design analysis, 

2.0 BOILER CORE GRID PLATE (SEE FIGWE 2.1) 

The g r f d  p l a t e  supports and locates t h e  b o i l e r  fuel elements and t h e  

bo l  l e r  core shroud. The .g r id  p l a t e  I s  a r i g i d  sandwich type s t ruc tu re  

consist ing o f  two annular, perforated p la tes  Joined a t  t he  perlphery 

by a cy l ind r i ca l .  r i ng ,  Addi t ional  r l g i d l t y  I s  gained from 96 cy l i .nd r i ca l  

spacers, which serve as sleeves f o r  b o i l e r  fue l  element nozzles. The 

sandwich, type s t ruc tu re  supp l ies  r i g i d  support, and reduces thermal 

stresses I n  t h e  p la te .  Fu,rther reduct ion o f  thermal stresses i n  t he  

p l a t e  i s accomp l i shed by c i r c u  l a t  i ng cool an t  betkeen t h e  l nner surfaces 

of t h e  sandwich..pIatlng. 

The g r i d  p l a t e  I s  bo l ted  t o  a s k i r t  which i s  welded t o  t he  reactor  

vessel. A c y l i n d r i c a l  shroud i s  attached t o  the.per iphery  o f : t h e .  

gr i'd p la te .  The shroud supports t he  fue l  e l  ernent hol d-down s t ruc tu re  

and separates t h e  annular coolant  downcomer region from the  core. 

2.1 Theoret ical  Stress Analysis* 

The mechanical stresses present i n  t h e  b o i l e r  core gr I d  p l a t e  :were 

determined as fo l lows: 

I . The maximum de f l ec t  ion o f  t he  annular sandwich s t ruc tu re  

was determined from analogous methods. 

* Nomenclature f o r  ana lys is  i s  .defined on pp. 25 



Figure 1 . 1  - Reactor Internal  Assembly (206530) 







2. The uniform load necessary t o  produce the  theoret ica l  maximum 

def lect ion was calcalated. 

3. The maxim~m bending stress pradaced by the  Wermined uniform 

load was calculatad. 

2.2' Def leat ion Analvsis* 

The gr 1 d p la te  de.f l ect  Ion we$ approx Imated by app l IcaSiom @f known 

equatlono t o  an analogam sSr~ctur+.  The method of analysis was as 

f o l  lswst 

I ,  The def lect fon of a s e l l d  c1roular p la t@ wi th  the Bame 

diameter as the  g r i d  plate, w i th  u n i t  thickness and under 

unit--load, wai determined. 

2. The deflection o f  an annular plate wi th  the same diameter 

as the g r f d  plate, wi th  u n i t  thickness and under urnit load, -,. . 

was determined. 

3. The def lect ion o f  a perforated c i r cu la r  sandwich structure, 

w l th  Phe sam dimensions as the  g f i d  p la te  and subjected t o  

the  desigw load, was determined, using the wthod developed 

by G. PI. Eng (Ref. I), 

4. The def lect ioa obtained in s+ep 3 was adjusted by the  r a t i o  

o f  t he  def lect ion obqafwed IR step 2 t o  t h a t  obtained i n  

step I ,  

Calculaf'ion of  Def lect ion of a C l r c ~ l a r  Plate. Asswmfn$ a p la te  

I w l th  unlform load Gver the  en t i re  surface w i th  edges fixed, the 

* Woaenclate for analysis i s  defined on pp. 25 



maximiurn def!&c?ion was compa'ied by t h e  Psi lowing formula, as given 

'l'n Rsark, (Ref. 2) : 
-J: 

$1 

A f t e r  performing t h e  necessary ca l cu la t i on :  

ymax 
= 0.0139 In.  

Ca Dcu P &ion o f  0ef ~ e c t  i o n  of an Annu l a r  P B ate. The annu B ar p l a t e  i s  

also assarnsd to be uoder oniform load wi-3.h t he  ou ts ide  edge f i x e d  and 

supported. From Reference 2: 

y = 0.0080 in .  
max 

The r a t i o  of defleePion of c i rcu ia i -  90 annular p l a t e  i s :  

0,0139 in. _ ! e74 
Ra'io 0.0080 i n .  



Ca Icu I'cition o f  ' 0ef  I e c t i o n  o f  C irc-u ! a r  ~ a r l d u r  i c h  S t ruc ture ,  The ca !cu- ---.- .--- 

l a t i o n  of t h e  def l e c t i d n  o f  a  c  i 'rcu l a r  pe r fo ra ted  sandwich s t r u c t u r e  

requ i res  a  know ledge o f  t h e  shear and f l e x u r a l  r i g i d i t y  of t h e  s t ruc tu re .  

. .  
Approximate values can be obta ined by modi fy ing data repor ted  by 

G. H. Eng (Ref. I ) .  f o r  a  s i m i l a r  s t ruc tu re .  

Where: 

A f t e r  per forming t h e  ind ica ted  c a l c u l a t i o n s  

0.0085' in ;  'max 

The conversion r a t i o  between t h e  c i r c u l a r  and annular p la tes ,  determined 

prev ious ly ,  i s  now app l i ed  t o  t h e  c a l c u l a t e d  d e f l e c t i o n  o f .  t h e  c i r cu i ' a r  
7 . .  

sandwich s t r u c t u r e  t o  p r e d i c t  t h e  maximum d e f l e c t i o n  o f  t h e  annular 
r 

sandw i c h  s t r u c t u r e .  

=.(0.0085/1.74) = 0.0049 in.  
'max 



...'..! 8 . :! ;,, . . .. . . ... j " 

~n i form Load Produc i nq Ca I cu l ated Def I e c t  i &. US i nb' Equa+ ibn"'(2 .2), 

t h e  d i s t r  i buted load producing t h e  computed def l e c t  i on i s  ca l cu l ated: 
. . 

Thus: w = 4.9 lb/bn2 
. . 

" : 

.Ca l cu la t i on  o f  Bending s t r e s s  Produced by Uni form Load.. The bending 

st'ress a t  t h e  ou ter '  edge 'o f  each annu l ar  p l a t e  can be read l l y ca l cu l a ted  
. . 

from t h e  formula as g iven i n  Roark (Ref. 2): 

. . 
I 1 

. . . . 4 - 2b2 + b (m-I) - 4b4(rn+l) . ln< 'a/b . + a 
2 (2.5) 

,;:.la (m-I.) + 
. ' I  . :. . . . . 

. . 
, 

= I040 ps i  Thus: S . . 
Omax 

I n  t h e  same manner t h e  bending s t r e s s  a t  t h e  inner  edge can be found. 

From Roark (Ref. 2) 

2 

%ax =.- 3w 4 rn t  (m 2 -I) c; a (m-I) b4 - + b (m+l) l n  a/.] (2.8) 

Thus: = 495 p s i  
ma, 

2.3 Experimental Stress'  Analysis* 1; 

Since t h e  v a l i d i t y  o f  t h e  assumption used i n  t h e  t h e o r e t i c a l  ana lys i s  

* Nomenclature f o r  ana lys i s  i s  def ined on pp. 25 

: 

-9- 



cou ld  no t  be v e r i f  led  r e a d i l y ,  a' quar ter  scale p l e x i g l a s  I t  model 

was constructed. Th is  enabled a d i r e c t  measurement o f  s t resses and 

de+lect ion.s i n  t h e  model, and t h e . @ ~ s u l t s  were converted t o  st resses 

and def l e c t  Ions app l i cab l e t o  t h e  path f  I nder- g r  I d p l a t e  by p r  1 nc I p l es 

A conpar l son of st gn I f 1 cant  character  i s t i  cs  o f  both t h e  model and 

Pa th f i nde r  g r i d  p l a t e  a re  g i ven -  i n  Table 2.1. 

TABLE 2.1 COMPAR l SON OF MODEL AND REACTOR GR 1 D PLATE 

Parameters Reactor - Mode l 

Mater l a  1 304L SS . . P l e x i g l a s  I I  
Operat i ng Temperature, OF ' .  489 72 
R e l a t i v e  L inear  Dimension, in .  I ,O 0 .250 
To ta l  Load, Ib  33,600 Var iab le  
Modulus o f  E l a s t i c i t y ,  p s i  25.5 x lo6 0.480 x lo6 
Poisson's R a t i o  0.317 0.25 

The t e s t  apparatus used i s  shown i n  F igu re  2.2. To insure  un i fo rm 

support along t h e  per lphery o f  t h e  model, t h e  model was seated i n  t h e  

support stand r i ng w i t h  l ast ' ic  s tee l  . A un i fo rm ly  d i s t r i b u t e d  load 

o f  1860 Ibs.was imposed on t h e  g r i d  p l a t e  w i t h  an i n f l a t a b l e  diaphragm. 

D i a l  i n d i c a t o r s  were mounted beneath t h e  model a t  t h e  locat ions  

shown i 'n F lgure  2.3. Corr,espond i ng reac to r  gr i d-p l a te  def I e c t  ions were 

I c a l c u l a t e d  by th.6 equation: 



The model de f l ec t i ons  measured and t h e  g r i d - p l a t e  d e f l e c t i o n s  c a l c u l a t e d  

by Equat ion ( 2 . 9 )  are  g iven i n  Table 2.2.  Resu l ts  i n d i c a t e  a d e f l e c t i o n  

o f  0.0029 i n .  i n  1,tie reac tor ,  which i s  w i t h i n  design l i m i t s .  Since 

r e c i r c u l a t i o n  f l ow  tends t o  reduce t h e  t o t a l  load, t h e  value i s  con- 

se rva t i ve .  

TABLE 2.2 DEFLECTION I N  MODEL AND REACTOR GRID PLATE 

Locat  ion  Model D e f l e c t i o n  Pred:i c ted  Reactor 
( i n . )  D e f l e c t i o n  ( i n . )  

Upon complet ion o f  t h e  d e f l e c t i o n  t e s t ,  a s t ress  ana lys i s  program was 

conducted t o  determine t h e  magnitude and l oca t i on  o f  t h e  maximum c i r -  

cumferent ia l  and r a d i a l  s t resses.  A s t ress-coat  ana lys i s  was made t o  

determi ne t h e  d i r e c t  ion o f  p r  i nc i p  l e s t resses i n t h e  model . No 
. - 

attempt was made t o  o b t a i n  q u a n t i t a t i v e  r e s u l t s  from t h e  sd-ress-coat, 

because ls t ra in  gages were used t o  ob ta in  t h i s  data. Stress-coat  ST 1207 
11 

7 
was app~l: i ed t o  t h e  model accord i ng t o  sta'ndard 'pro=edures. 

I 
9 

Th in  cel lophane sheets were placed over a one-eighth segment.of t h e  

stress-coated mode I ,  and t h e  s t ress  t r a j e c t o r i e s  'were t raced  w i t h  pen 

and i nk .  These cel lophane sheets were used t o  lay  o u t  t h e  s t r a i n -  

gage loca t ions  'and a l s o  t o  check t h e  gage o r i e n t a t i o n  a f t e r  placement. 



F i g u r e  2.2 - G r i d - P l a t e  Load T e s t  R i g  (43-401-069) 

- 12-  



F i g u r e  2.3 - Gr i d -P la te  D i a l  l ' nd i ca to r s  Loca t i ons  (43-024-174) 



Because o f  model size, it was not  p r a c t i c a l  t o  p lace  two s t r a i  n-gage 

r o s e t t e s  a t  many o f  t h e  p o i n t s  where s t ress  values were desired. I n  

narrow regions, f o i l  gages w i t h  a 1/32 i n .  gage length  were t h e  l a rges t  

gages t h a t  would f i t .  To p u t  one gage on top  o f  another was impossible 

because o f  i n te r fe rence  w i t h  t h e  soldered lead-wire connect ions. Since 

s t ress  i s  a l i near f u n c t i o n  ,;?f t h e  load on t h e  model, it was dec i ded 

t o  p lace  one se t  o f  s i n g l e  gages i 9 one p r i n c i p l e  s t ress  d i rec t i on ,  

load t h e  model, and o b t a i n  a l l  s t r a i n  readings. Then remove a l l  t h e  

gages and p lace t h e  orthogonal s e t  i n  t h e  .same l o c a t i o n  and load aga i'n 
I I, 

lo t h e  same value. 

The 1/32 i n .  f o i l  gages, were bonded t o  t h e  model w i t h  Eastman 910 

cement and moisture-proofed w i t h  TATNAL GW-I moisture-proof ing com- 

pound. Type A-18 w i r e  gages were bonded w i t h  Duco cement. A t h i n  

layer  of Duco smeared oSer t h e  i n s t a l  l a t  ion was used f o r  moisture 

proof  i ng . 

F i v e  f o i l  rec tangu lar  r o s e t t e s  were located on t h e  shear tubes. These 

r o s e t t e s  were placed on t h e  tubes before assembly o f  t h e  model. One 

r o s e t t e  was destroyed dur ing  f a b r i c a t i o n .  

A 20-channel E l  I i sswi tch-and-ba lance u n i t  and an E l l i s  BAM-I s t r a i n  

i nd i ca to r  were used t o  make t h e  s t r a i n  measurements. Since t h e  p l a s t i c ,  

model was s e n s i t i v e  t o  temperature changes t h e  e n t i f e  t e s t  stand was 

p laced i n  a d r a f t - f r e e  enclosure. The usual problem o f  gage heat ing 

due t o  t h e  poor thermal c o n d u c t l v i t y  o f  t h e  p l a s t i c , m a t e r i a l  was no 



problem w i t h  t h e  E l l i s  s t r a i n  i nd i ca to r .  Since t h e  ga in  con t ro l  

regu la tes  the-power t o  t h e  bridge, it was o n l y  necessary t o  a d j u s t  t h e  

ga in  t o  n v ~ l u s  Inr enn1.19h t h a t  nn s i g n i f i c a n t  d r i f t  occurs. With 

t h i s  procedure, I t  was poss ib le  t o  use o n l y  one A-:I8 gage mounted on a 

separate p iece o f  p l a s t i c  t o  compensate fo r  a1 I A-18 gages on t h e  model, 

Only one f o i l  compensating gage was used f o r  a l l  t h e  f o i l  gages. 

The model was loaded by pressur i z l n g  +he i n f  l a t a b t e  diaphragm s lowly  

u n t i l  17 i n .  o f  mercury was reached. With mercury pressure a t  17 i n .  

and a t o t a l  app l ied  load o f  1570 Ibs on +he g r i d  p l a t e  model, t h e  

p r i a c i p l e  st resses were computed from t h e  measured p r i n c i p l e  s t r a i n s  

by l ' l~e titqua.l-i~r~~: 

Table 2.3 i s  a summary of t h e  st resses r e f e r r i n g  t o  t h e  gage locat ions  

i n  F igu re  2.4. 

A p l o t  o f  t h e  c i r cumfe ren t ia l  and r a d i a l  s t resses along t h e  l i n e  o f  

I symmetry-X - X i s  shown i n  t h e  isomet r ic  sketch, F igu re  2.5. 

The maximum s t ress  developed i n  t h e  model (Table 2.3) i s  a c i r cumfe ren t ia l  

s t ress  o f  498 p s i .  .The corresponding reac to r  gri:d-plaSe s t ress  was 

calculaOed as fo l lows:  

s = I / ( N ) ~  ( P / P ~ )  sU 

S = 654 p s i  



F i g u r e  2.4 - S t r a i n  Gages Loca t i ons  on Bot tom Sur face  o f  G r i d - P l a t e  (43-024-126 PS) 



F i g u r e  2.5 - Isomet r i c  P l o t  o f  Rad ia l  and C i r c u m f e r e n t i a l  S t ress  a l o n g ,  

L i n e  X-X o f  G r i d -P la te  (43-024-125 PSI 



1 :  
TABLE 2.3 PR I MC I PLE .STRESS I N GR ID PLATE MODEL . .. 

. . 

Gage Top Surface Bottom' Surf  ace 
Locat ion* Oc O r  - - Qc - Qr - 

*Stra in  gage loca t ion  r e f e r s  t o  p o s i t i o n s  ind ica ted 
on F igure  2.4. 

2.4 Thermal Stress Anal.ysis 

Therma l Stress i n t h e  Gr i d P l a t e  Due to:.y.' . Flea* i nq. 
. 

y-ray. absorpt ion 

w i t h i  n t h e  t o p  p l a t e  of t h e ,  sandwrf*ch s t r u c t u r e  produces non-un i form 

heating. A t y p i c a l  temperature p l o t  i s  shown.:in F ig t i re  2.6. 

F i gure 2.6 P l o t  o f  Temperature D i s t r  i but  i on 
through Top P l a t e  o f  G r i d  St ruc ture .  . 



The hor izonta l thermal expans ion, a ,T, i s  suppr&sed by apply i ng t o  

each 'e l ement t h e  compress l ve stress: 

The t e n s i l e  forces i n  t h e  beam due t o  heat ing have t h e  resu l tan t :  

. . . . .... 

For a t h i n  s lab  (z i s  smal,l)'and a t  9 distance ( x )  fro. t h e  ends o f  t h e  

slab, t h e  d i s t r i b u t e d  ? e n s i l e  s t ress  is:  

The s t ress  i n  t h e  s lab  can be obta ined by superimposing t h e  t e n s i l e  

and' compressive st resses f o r  +he case.where t h e  temperature d i s t r i -  

b u t  ion i s s y A e t r  i c a l  : 

I n  t h e  case o f  y heating, t h e  temperature d i s t r i b u t i o n  i s  no t  sym- 

me t r i ca l  . Therefore, i n  a d d i t i o n  t o ~ ~ u a t i o n .  (?.,I 5), a couple i s  
'\'. 
:. . 

. ..' 

formed which must be r e s i s t e d  by ' f6rces. ,wi th in t h e ' s l a b ,  thus  g i v i n g  

r i s e  t o  bending stresses. The bending st resses are  p ropor t i ona l  



t o  -I-he dis tance  from t h e  n e u t r a l  plane. The moment developed by 

these  st resses i s :  

The r e s u l t a n t  couple  formed by non-symmetrical temperature  d i s t r i b u t i o n  

i s  g iven  by: 

To s a t i s f y  e q u i l i b r i u m :  

a 12 E -  

L I ~  L3 s ~ C E  T (L/2 - X I  dx 

The bending s t r e s s  a t  any p o i n t  X  i s :  

i 

o r :  

The t o t a l  s t r e s s  a t  a p o i n t  X i n  a t h i n  s l a b  i s  g iven  by: 



The gr id  p la te  i s  not t h i n  i n  the z direct ion,  and the mean value of 
.. . . . . . . 

T i s  not zero, thefefore,  Eq. (2.20) must be modified as follows: 

The temperatur,e, T(Xl ,,, i s .  expressed by: 

(See Eq. (2.27) for  derivat ion)  

Substituting i n  Eq. (2.21): 



Performing the required integration: 

Figure 2.7 illustrates the distribution of thermal stresses in the top 
... 

g-'ld pla te  due to y heating. 



Temperature D i s t r i b u t i o n  i n  G r i d  P la te .  To o b t a i n  an expression 

f o r  t h e  temperature a t  a n y . p o i n t  through Yhe p la tes ,  t h e  f o l l o w i n g  

d e r i v a t i o n  i s  made: . . 

t' 

Vo 1 umetr i c Meat Source (Ref. :'3) 

t f  a  case where T = 0 and X = 0 i s  assumed 

S i m i l a r l y ,  f o r  a case where T 0 and X L 

Thus: 



STRESS, PSI 

F i g u r e  2.7 - D i s t r i b u t i o n  o f  Thermal S t ress  Due t o  y Hea t i ng  i n  Top P l a t e  

of   rid S t r u c t u r e  (43-025-156) 



NOMENCLATURE - BOILER CORE GRID PLATE 

a = Outside rad ius  o f  c i r c u l a r  o r  annular p la te ,  i n  

b = Inner r a d i u s  of annular p la te ,  i n  

C =, Core layer . th ickness,  i n  
. . 

D' F lexu ra l  r i g i d i t y  o f  sandwich st ructure,  I b  - i n  

Dx F lexu ra l  r i g i d i t y  of per fora ted sandwich s t ruc ture ,  I b  - i n  

E Modulus o f  e l a s t i c i t y ,  p s i  

Ef * Modulus of e l a s t i c i t y ,  face layer, p s i  

Gc " Shear modulus, core  layer, p s i  

I Mornenfof i n e r t i a ,  in4 

K Tharma l c o n d u c t i v i t y ,  B t u - f t / h r  - f t 2  

L .  = Length, i n  

M Bending moment, I b - f t  

m Reciprocal  of V, Poisson's r a t i o  

N Length sca le  

ns = L imgament e f  f i c  iency 
. .  . 

nw .m D e f l e c t i o n  e f f . i c i ency  

P Load, I b  

Qo vo l uhet r  i c heat generat ion ra te ,  B tu / f  t3 - hr 

q = Normal load in tens i t y ,  I b/ in2 

S a Stress, p s i  

T Temperbture, OF 

t = Thickness o f  p l a t e  



9 ,  Top p l a t e  thickness, i n  

t2 Bottom 'p la te  thickness, i n  

v = Poisson's r a t i o  

w = U n i t  load .appl ied, l b / i n2  

Y Def lec t ion ,  i n  

Yo . Def l e c t  i on  neg l e c t  i ng shear deformat ion; i n 
. . . . ,  

a C o e f f i c i e n t  of thermal expansion, i n / i n - O ~  

Y Gamma ray  

E = St ra in ,  i n / i n  

p Absorpt ion c o e f f i c i e n t  f o r  g a k a  rays, i no1  

a. = Stress, pst 

Subscr ipts 

M - , ~ d e O  

X x ' d i r e c t i o n  

Y y d i r e c t i o n  

Z = z direcOion 



The bo i  l e r .  co ie .shrou 'd  suppor ts  t h e  f.uel-e'lement' hold-down s t r u c t u r e ,  

and separa tes  t h e  anni.1 l a r  downcon~er r e g  ion  f  rom t h e  hni.1 e r  co re .  

. . . . . .  .. . . . . . . , 

The P a t h f i n d e r  bo i  l e r  . c o r e  shroud i s  c y l  i n d r i c a l  i n  shape and com- ' 

p l e t e l y  enc loses t h e  o u t e r  pe r i phe ry  o f  t h e  co re .  The t o p  and bottom 
. . - .  . . 

.p l  a t e s  a r e  mach i ned on t h e  i ns i de t o  f i t  t h e  5o re  conf i g u r a t  i on. The 
. .. 

, b o i l e r  shroud i s  89 i n .  h i g h  and 79 in. .  i n  diam. R i g i d i t y  o f  t h e  s t r u c t u r e  
. . . ... 

i s  ma in ta ined  by s u i t a b l e  s t r u c t u r a l  ang les and gusset  p l a t e s .  

3.1 Exper imenta l  S t r ess  Ana l ys i s  

O ~ ~ r i n g  r e a c t o r  ope ra t i on ,  f l u i d - f r i c t ' i o n  f o r c e s  i n  t h e  c o r e  a r e  t r a n s -  

f e r r e d  t o  t h e  shroud by t h e  fue l -e lement  hold-dpwn s t r u c t u r e .  .To 

determine t h e  e f f e c t  o f  these  forces,  a  q u a r t e r - s c a l e  P l e x i g l a s  model 
. . . . 

o f  t h e  shroud was f a b r i c a t e d .  

The . l oad ing  on t h e  model was s u p p 1 i e d . b ~  .a h y d r a u l i c  jack  and measured 

w i t h  a  p ressure  gage. The s t r esses  i n  t h e  model were measured by 
. . ,  . . . . 

s t r e s s  c o a t  ana l  y s  i s.   red i c t e d  s t resses  i n  t h e  shroud were determi ned 

f rom t h e  equa t ion :  

Where: o~ = ac tua l  s t ress ,  p s i  
a~ = modei s t ress, '  p s i  
PA = a c t u a l  load on shroud, I b s  

' 

PM = load on mode I ,  'I bs 
N , = . s c a l e  l eng th  f a c t o r  



The maximum s t ress  developed .,i n , t h e  'boi .l.er c0r.e shroud . . . .  was ca l cu  l ated 
. -. . . . . . . .  . -  - , . 

t o  be 4400 ps i ,  we1 l w i . th in  t h e  l i m i t s  f o r  304 Stain, jess ,Steel. , 

4.0 FUEL ELEMENT MOLD-DOWN ASSEMBLY (SEE F IGURE 4.1 1 
. . . . . .  . , 

The f we l -e l ement hol d-down assemb I r e f a  i ns t L e  boi  l e r  ' f ue I  'e-l ements 
. -. -. . . . . .  

. . .  . . . . .  . .  
aga ins t  t h e  hydrau l i c  forces deLe l oped by t h e  k t e r  f low i ng upward 

. . .  - ,  -. . , 
. , . . 

through t h e  core. Through t h e  usc o f  con-l'rol r o d  guide channels, which 
, .  . - 

surround each c o n t r o l  r o d  i n  t h e  boi ler core, t h e  hol d-down assembly 
. - . .  - . 

prevents t h e  cool an t  f low from e x e r t  i ng l a te ra  l fo rces  on t h e  c o n t r o l  . . . . .  

rods  as it f lows across t h e  core t o  enter  t h e  downcomer reg. ion.,  , A  f l ow  
. . .  . . . . . . . .  

def l e c t o r  i s  at tached t o  t h e  guide tubes t o  break. up. steam .c,hannel s  
. . . . . .  

t h a t  may be formed a t  t h e  e x i t  o f  t h e  b o i l e r  f u e l  elements. 

The g r i d  s t r u c t u r e  o f  t h e  hold-down assembly cons is t s  o f  a  l a t t i c e  o f  
. ., . . .  

i n t e r l o c k i n g  rec tangu lar  p l a t e s  jo ined t o  a  f lange r i n g .  The p l a t e s  
. . . .  

a re  s l o t t e d  t o  form an i n t e r l o c k i n g  junc t i on  w i t h  each o ther .  

A l l  t h e o r e t i c a l  and experimental s t ress  analyses a r e  based on the  
-, . - . . < - - 

assumption t h a t  t h e  v e r t i c a l  fo rces  a c t l n g  on t h e  hold-down assembly . . 

a re  r e s i s t e d  on ly  by t h e  g r i d  s t ruc tu re .  

4.1 Theore t ica l  Stress Analysis* 
.. - 

. . 
The i nves t iga t i on  of t h e  mechanical s t resses in.. t h e  fue l  -element 

hol d-down assembly was accbmp I i shed i n  t h e  fo;l,lcjw i nb ma'nner: 

* Nomenclature f o r  t h i s  sec t i on  i s  given on pp. 53 



Figure 3.1 - Boi ler  Core Shroud ~ssernb l (43-500-81 1 )  



F igu re  4.1 - Fuel E l emsnt Hal d-Down Asserr~b l y ( S h e e t  I 'of 4) (43-500-974) 

- 3 0 -  



F i g u r e  4.1 - Fuel  E!ement Hold-Down Assembly (Sheet 2 o f  4) (43-500-974) 



F i g u r e  4.1 - Fuel  E lement   old-  own Assembly (Sheet  3 0.f 4) (43-500-974) 



~ i g u r e  4.1 - Fuel  E l ement Hol d-Down Assembly (Sheet 4 of 4) . (43-503-974.) 

- 3 3 -  



I .  An e las t i ' c  energy ana l ys i s  was performed on t h e  l a t t i c e  

. . 
p l a t e s  o f  t h e  g r i d  s t r u c t u r e .  . . 

2. An e l a s t i c  energy a n a l y s i s  was performed on t h e  hold-d0w.n 

f lange  r i p g .  

E l a s t  i c  E-nerqy Anal ys i s  o f  La t t i ce . .P l  a tes.  Each quar te r  segment o f  t h e  
. . 

-. ..8 .? ' . ..<. I 

hol  d-down assemb I y  i s  g e o m e t ~ ~ i ~ a l  I i dent i ca  l . A l so, theilpad.i:n.iJ on 
"., i , . _ . * , .  :.... :.,: .,:. - 

:. . . ,.. i .. ,-, .., . .- .I :' . 
,,: 0 .. . .I..... ! 

each ha l f o f  a  quar te r  segment i s  i d e n t i c a l  . Thus, on1 y,.d'' bhe-k' ibhth 
. > i 

segment of t h e  g r i d  s t r u c t u r e  is..an,alyzed f o r  mGchanical s t r ess .  The 
:., . .';: ., .. 
, ;..: .. , 
"- .....':; ? . . . .  . 

l o c a t i o n  of t h e  load appl i ed  by gakh , f u e l  element .b.@$;~i:,~,:~shown .. ,, <:., ,.: ... . i n  
, :.:.t,.. ' r :' . :,-.-.:-;, .. ... :. . . - 
.).. ., . . . . ..<i,$l;+ 
..,/,. . .A. .,!( - . . 

F i gu re  4.2. 
,,..;,- 7.2' i . . .; ., ., .+:, 

' 

" . \.".. 
' . . . .;...A .,, '.,. r.. . ,' . . , . ..., (: 

I'n t h e  e l a s t i c  energy analys is ,  t h e  fa1 lowing a ~ $ ~ n ~ t i o n s ~ ~ ~ $ ; 9 : ~ e ' ' b e e n  
. ?  . , 

made: 

I .  Load a c t i n g  a t  p o i n t  4 i s  t r a n s f e r r e d  t o  p o i n t  I as a  load 

and moment. 

2. Load a c f i n g  a t  p o i n t  I I  i s  t r a n s f e r r e d  t o  p o i n t  7 as a  load 

and moment. 

3. Load act i 'ng a t  p o i n t  , I2 i s  t r a n s f e r r e d  t o  p o i n t  8 as a  load 

and moment. 

4. . P l a t e  between p o i n t  4 and p o i n t  5 w i l l  no t  r e s t r i c t  t h e  

d e f l e c t i o n  o r  r o t a t i o n  o f  t h e  s t r u c t u r e  a t  p o i n t  5.  

5. P l a t e  between p o l n t  6 and p o l n t  9 w i l l  n o t  r e s t r i c t  

t h e  d e f l e c t i o n  o r  r o t a t i o n  o f  t h e  s t r u c t u r e  a t  p o i n t  9. 

i h e  g r i d  sec t i on  shown i n  F i gu re  4.3 was analyzed.as f o l l ows :  

~ n a l y s i s  I - A v e r t i c a l  a u x i l i a r y  load F i s  app l i ed  a t  p o i n t  C .  The 

-34- 



beam i s  can t i l eve red  o f f  p o i n t  A. 

, 0 

The elast ic-energy equation f o r  t h e  work done by Force F is :  

. . 
L. m Mdx + j0L t T'dx 

zP'A5!0 EI GJ 
. . . . 

Since t,he def lec t ion ,  A, a t  t h e  r e s t r a i n t  i s  zero, t h e  work due t o  F 

i s  zero. Thus: 

x  F x  Mdx + r Y  F 9 Mdy F L3 Tdy 

L o  E I  

Performing t h e  necessary i n teg ra t i on :  

S u b s t i t u t i o n  y ie lds :  

Analys is  2 - An a u x i l i a r y  moment m i s  app l ied  a t  p o i n t  C.  The beam 

i s  can t i l eve red  o f f  p o i n t  A.  



/--OUTER SUPPORT RING 

F igure :  4.2 - Loading on Fuel E lement Hol d-Down & i d  S t r u c t u r e  (43-025-1 55) 



F igure 4.3 - Fuel E lement Hol d-Down Assembly G r i d  Sect ion (Sheet I o f  2 )  
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F igu re  4.4 - Fuel Element Hold-Down G r i d  Sect ion (Sheet 2  of 2 )  

(43-025- 1 65) 



The e l  a s t l c  energy equat ion f o r  t h e  work done by moment m i s :  

Since t h e  slope, y a t  t h e  r e s t r a i n t  Is zer'o, t h e  work due t o  M i s  

zero. Thus: 

Through in teg ra t i on :  

S u b s t i t u t i o n  y ie lds :  

Ana lys is  3 - An a u x i l i a r y  to rque t, I s  app l ied  a t  p o i n t  C. The beam 

I i s  ca 'nt i levered o f f  p o i n t  A .  

I .The e l a s t i c  energy f o r  t h e  work done by t h e  to rque t \s:  

Since. t h e  ang le  o f  t w i s f ,  8 a t  t h e  r e s t r a i n t  i s  zero, t h e  work due 

t o  t i s  zero. 



By subs t i t u t i on  and integrat ion:  

Thus: 

The desired values fo r  load, moment, and torque a t  t h e  supp.ort po in ts  

are found by E o ~ v i n g  equations (4.4). (4.8), and 4 l l  simultaneously. 

Stress ~ a l c u  l a t  ions - The st ress due t o  t h e  max lmum bend1 ng moment I s  

found by: 

The st ress due t o  t h e  maximum tors iona l  moment i s  found by t h e  equation 

as given by Timoshenko and MacCullough (Ref. 4): 

Where: b = longer s i.de o f '  rectangular cross sect ion 

c = shorter s i de o f  rectangular cross sect ion 

a m numerical f ac to r  depending upon t h e  r a t i o  b/c. 

The p r i n c i p l e  stresses are found by: 



E l a s f i c  - The f lange r i n g  i s  

fastened t o  t h e  b o i l e r  core  shroud by fou r  bo l ts ,  equa l l y  spaced around 
q fk-• 

i d  1 . a )  t h e  per iphetyy iGf;tf;+he~r l?g,n)ln t h i s  analys is ,  t h e  r i n g  was cc&sl$ered 
R . :4 d 

h -? 
t o  be r i g l d l y  r e s t r a i n e d  a t  t h e  f o u r  hol d-down b o l t  loca t ion14*apd f r e e  

a , / '  
t o  def l e c t  a t  any o ther  loca t ion .  Fur ther  more, t h e  l o a d  .., lmpose~  by 

, ;>I 8 MSZ ',$I i i ~ 3  rsi2,,*yf $~r(- i ? 

t h e  f u e l  element boxes?oG~the hold-down assembly g r l d  s t r u c t u r e  ds con- 
.,-! .a$.: ?, L 

s i dered t o  be t r a n s f e r r e d  t o  t h e  f l ange r i ng as @ a +$ 'wq&fokm'l,y %-,-.A d i  s t k  i bwted 
"%$ 

load and edge moment. 
-, ', . . 
9 8 

"-** ...,--I.I ..-*- Y ........ ....... 
The bending and t o r s i o n a l  moments a t  var ious  l oca t i ons  were determined 

1 . '  by f'he e l a s t i c  energy methods. Stresses were c a l c u l a t e d  by cons ider ing  

t h e  f lange cross sec t i on  t o  be constant .  Cross sec t iona l  areas equal 
AT "'f ersh e i ~ p - w t  bnfi tneifi~[\{ 

t o  t h e  minimum and maximum r i n g  cross sec t ions  were used t o  e s t a b l i s h  

l i m i t s  o f  s t r e s s  a t  any s p e c i f i c  loca t ion .  . . 
...... . 

: .._ . >' 

. ,.C 
.. -- 

( a !  ,$i) 

g4 i .. $5 



Moment and torque due to' MA 

(M 1 MA COS $ 
B MA 

tTgIMA 3 + MA S I N  @ 

.Moment and. torque due t o  TA 



Moment and to rque  due t o  v e r t i c a l  r e a c t i o n  a t  A 

PT (MB)p+'m - - r  S I N  B . 
8 

Moment and torque due t o  Md 

= - . M ~  r( I - cos p) $4.22 



Moment and torque due t o  Md (Contl nued) 

Moment and torque due t o  q 
'r 

- q R ~ ( I  - cos 8) 



AUX i l i a r y  to rque and mom.e.n,tg du,e t o  aux i 1 i a r y  torque t, , 
. . d .  . .  . . _. . . . , 

t 
.. . . . .. . . . . . 

, (Mel t  * t S I N  B . (4.26) 

.( tg)t,g - t COS I3 ,, . . (4.27) 
. . . . I  , . . 

, , . . 

. . 

I Bending moment a t  any angle @ I 
cos 8 + TA S I N  B - 2 . ~ 1 ~  B (4.28) Mg - MA 

Tors ional  moment a t  any angle $ . . 

. . 
I - .  ' ..i , . .  . :  " . . 

T ~ ,  = MA 
- cos g) SIN f3 - T A , ~ 0 i . B ' - %  r ( l  ' , 

. . . . 

+ M d  r S I N  13 + qp2 ( b  - SIN . . 8) . , 
', . . 

E l a s t i c  Energy Equation: - 

i-8 equal s zero s l  nce t h e  f l a n g e  r i n g  i s  r e s t i a i  ned a t  t h e  hol d down b o l t  

locat ions.  

,045- 



Subs t l tu t  Ion f o r  % and TB and in tegra t  lon y ie lds:  . . 

0  1'0.5 MA + 0.785 TA - 3-68 PT - 18-75 no + 703.125 q 

(4.31) 

- 8 C0.5 MA - 0.785 T A  - 1.008 PT + 18-75 + 98-438q] 

As mentioned prevlously, t he  s t ress Is'determined uslng t h e  rnlnlmum and 
. . 

. . 
max lmum .cross sect  ion o f  t he  f lange r i ng. 

For ' the maximum r i n g  cross section: 

For t he  minimum r i n g  cross section: 
t 

P and Mg can be determined from s t a t i c s  The relationship between MA, TA, ,. 
by cons lder ing ' the sum o f  the  moments about A. 

Thus, subst , i tu t ion y ie lds :  

MA - TA 0 - 8837 . 



S u b s t i t u t i n g  t h e  values of  EI/GJ, PTJ 
M$, 

and q i n t o  Equat ion (4.31) 

and s o l v i n g  Equations (4.31)and (4.33) simultaneously: 
. - .* 

MaAimum cross sec t i on  

MA 0 45,980 l b - i ns  _ f 

Minimum cross sec t i on  

MA = 40,580 l b - i ns  

T~ 49,420 in-lb; 

S t ress  Ca lcu la t i ons  - The bending s t ress  present  i n  t h e  f l ange  r i n g  can 

be r e a d i l y  ca l cu la ted  us ing  t h e  equat ion: 

~ i n i m u m  cross sec t i on  

SB = 8650 p s i  

Max i mum cross sect..i on 

The t o r s i o n a l  (shear) s t ress  can be determined from t h e  equat ion as 

g iven by Timoshenko, e t  .a l (Ref .. 4 )  (Eq. 4.13) 

Minimum cross sec t i on  

S s  = 8350 p s i  



Maximum cross  sec t i on  

Ss = 3750 p s i  

The p r i n c i p l e  s t resses can be r e a d i l y  ca lcu la ted :  

Minimum cross  sec t i on  

(Snlrnax = 13,725 p s i  

Maximum cross  sec t i on  

(S'n),,, = 6805 p s i  

(SnImin 'a -2075 p s i  

4.2 D e f l e c t i o n  Ana lys is  o f  G r i d  S t ruc tu re  

The maximum def l e c t  i on  o f  t h e  g r  i d  s t r u c t u r e  i s  assumed t o  .occur a t  

p o i n t  I I  (F ig .  4.2). The d e f l e c t i o n  a t  p o i n t  I I  i s  t h e  r e s u l t a n t  o f  

t h r e e  e f fec ts :  

I .  D e f l e c t i o n  o f  t h e  beam shown i n  F igu re  4.3. 

2, Displacement due t o  r o t a t i o n  o f  t h e  beam. 

3.  D e f l e c t i o n  o f  t h e  structure,,~e+ween p o i n t s  7  and I I  due t o  
..- 

t h e  load a c t i n g  a t  p o i n t  I I .  



Analys is  I - With reference t o  F igure  4.3, an .aux i . l i a ry  1oad.F I s  

app l ied  a t  p o i n t  B, w i t h  t h e  beam can t i l eve red  o f f  p o i n t  A.  

The work done by t h e  a u x i l i a r y  load F is :  

L m Mds' + F ,A Jo rr 
But: t = zero between C and B, and B and A, there fore :  

I n t e g r a t i o n  y ie lds :  . . 

S u b s t i t u t i o n  y ie lds :  

A = 0.00133 in .  

Analys is  2 - An a u x i l i a r y  moment, M, i s  app l ied  a t  p o i n t  B, w i t h  t h e  

beam can t i l eve red  o f f  p o i n t  A .  

but:  t = zero between C and.8, and B and A . , . . 

m = zero between C and B 
. . /  . 



. . . . . . .  . 

I n t e g r a t i o n  y ie lds :  

S u b s t i t u t i o n  y ie lds :  

8 = 0.00018 rad ians  

Since displacement equals 8 L; 

Displacement = 0.00097.in. 

Ana lys is  3 - The d e f l e c t i o n  o f  t h e  beam between p o i n t s  7 and I I  can be 

determined from t h e  equation: 

P L~ Def I e c t  ion =..- 
3 €I 

= 0.00006 in .  

. . 

The t o t a l  de f lec t , ion  is :  

'MAX 
= 0.00236 i n .  

4.3 Experimental Stress Analys is  o f  Grid S t ruc tu re  

I n  order  t o  f'ac i l i t a t e  f u r t h e r  ' s t ress  ana I  y s i  s, a  quai ter-scal  e model o f  

t h e  ho.ld-down assembly was.'constructed o f  P l e x i g l a s  I I .  



. <  ' 

I n  keeping w i t h  t h e  assumptions s e t  f o r t h  i n  Sect ion 4, t h e  d r i d  S t ruc ture ,  

only; was exper imenta l l y  analyzed f o r  s t r e s s  and d e f l e c t i o n .  The 

i d e n t i c a l  t e s t  apparatus used du r ing  t h e  experimental ana lys i s  o f  t h e  

g r i d  p l a t e  was used t o  analyze t h e  hold-down g r i d  s t r u c t u r e .  The t e s t  

apparatus i s  shown i n  F igu re  2.2. 

To determine t h e  d i r e c t i o n  o f  t h e  p r i n c i p l e  stresses, s t ress-coat  ST 12045 

was app l i ed  t o  t h e  g r i d  s t r u c t u r e  according t o  standard procedures. 

S t r a i n  gages were t o  be employed t o  o b t a i n  q u a n t i t a t i v e  r e s u l t s .  

Th in  cel lophane sheets were placed over a one-eighth segment o f  bo th  

t h e  upper and lower sur faces o f  t h e  stress-coated model, and t h e  s t r e s s  

t r a j e c t o r i e s  were t raced  w i t h  pen and ink. These cel lophane sheets were 

used t o  lay  ou t  t h e  s t r a i n  gage l oca t i ons  and a l s o  t o  check gage o r i e n t a t i o n  

a f t e r  placement. 

The s i z e  o f  t h e  model prevented two s t r a i n  gage r o s e t t e  placements a t  

many of t h e  p o i n t s  where s t ress  values were desi red.  Thus, i t  was 

decided t o  p lace  one s e t  o f  gages i n  one pr  i nc i 6 I  e s t ress  d i r e c t  ion, 

load t h e  model, and o b t a i n  a l l  s t r a i n  readings; then remove a l l  gages 

and p lace t h e  orthogonal s e t  i n  t h e  same l o c a t i o n  and load again t o  

t h e  same value. 

The C40-l l l  and FABX -25-12 gages were bonded t o  t h e  model w i t h  Eastman 

910 cement and mois ture  proofed w i t h  Tatnal  GW-I moisture p r o o f i n g  

compound. 



The model was loaded by pressur i z  i ng t h e  inf la tab  l e  diaphragm u n t  i l a  

pressure o f  9.25 i n.. of .  water was reached. - Th I s  pressa.re ..s:Imu l a tes  

. the-  actua I. load .of 50,400 I  b on t h e  Pathf i,nder ho.1 d-down assemb l y  . . 

. . .  
The pr'i nc l p  l e stresses were computed f rom t h e  meisured pr- i  nc 1 p  1 e  s t r a  l ns 

. . . . . . .  
by t h e  equation: 

, .- 

The correspond 1 ng reac to r  hol d-down assemb l y  s t resses 'were ca'lcu l ated ' 8 
by, t h e  equat-Ion: 

. .. 

'The p ied  i c ted  loca t  i on o f  rnax imwm s t ress  i " t h e  ~r i d St ruc tu re  was 

v e r i f i e d .  However, t h e  t h e o r e t i c a l  s t ress  was lower than measurements 

by about 37 per cent.  The major p o r t i o n  o f t h i s  inconsistancy i s  

probably due t o  t h e  i nco r rec t  assumption concerning t h e  l oca t ion  o f  

'some o f  t h e  loads app l ied  by t h e  f u e l  element boxes. Re locat ion  of 

t h e  loads w i t h  t h e  d e f l e c t i o n  in format ion  obta ined from t h e  model t e s t  

would e l i m i n a t e  most o f  t h e  discrepancy. 

. . .  

upon comp l e t  ion o f  t h e  s t ress  anal ys i s  program, a  def l e c t  ion  t e s t  was 

conducted t o  determi ne t h e  magn i tude and l ocat  ion o f  max imum v e r t i c a  1 

d e f l e c t i o n ,  A un i fo rm load was app l i ed  t o  t h e  g r i d  structt+re w i t h  t h e  

. in f la t .able diaphragm. D i a l  i n d i c a t o r s  were mounted on t h e  s t r u c t u r e  

a t  n ine  c r i t i c a l  loca t ions .  Corresponding reac to r  hold-down d e f l e c t i o n s  

were ca l cu la ted  by t h e  equation: 



The resu  I t s  o f  t h e  def l e c t  i o n  t e s t  program ver  i f i ed t h e  t h e o r e t  i ca l  

l o c a t i o n  o f  t h e  p o i  n t  o f  maximum def l e c t  ion. The magn'i tudes  d i f f e r ,  

however, due t o  t h e  f a  i I u r e  o f  t h e  model t o  proper  I y s  i mu l a t e  t h e  r i g i d i t y  

. .  - 
o f  t h e  welded i n t e r l o c k i n g  j o i n t s .  

NOMENCLATURE - FUEL ELEMENT HOLD-DOWN ASSEMBLY 

dx = Incremental  l eng th  

E = M o d u l u s o f  e l a s t i c i t y ,  p s i  

F = A u x i l i a r y  load, I b  . . . .  

. . .  
G = Shearmodulws, p s i  

h  = Weight o f  r ec tangu la r  p l a t e s  i n  g r i d  ' s t ruc tu re . ,  i n .  

. 4 I = Moment, i n  i ' ne r t ia ,  i n .  

I 4.  
J = Po la r  moment o f  i n e r t i a ,  i n .  

M = ~ o m b n t  due t o  ac tua l  ' loads, I b - i  n.  " 

, .' 
m  Moment due t o  a u x i l i a r y  load, I'b-'in. 

N = Length s c a l e  

P  = Load, I b ,  

q = D i s t r i b u t e d  load, I b / i n .  

S = Stress,  p s i  
. . . .  . 

T  = Torque due t o  a c t u a l  loads, i n  .-,l,b , ,  

. . . . 

t = Torque due t o  aux i l i a r y  loads, i n.. - I b  

Y = D e f l e c t i o n ,  i n .  



A = -,.Deflection due t o  a u x i l i a r y  load, in .  

6 ,  .m . ,Def,lecti.on, ... . . i n .  

8 . = . . Angle of  t w i s t ,  due t o  a u x i l i a r y  load, rad ians  

y = Slope due t o  a u x i l i a r y  load 

i . Subscr ipts.  . . ,! 
t . . 

. 5 

i M 3 Model 
, I 

. , .. , 

5 .  S E A M  DRYER ASSEMBLY .(see F i gure 5.1 ) 

The steam dryer  assembly serves s i x  purposes: 

I, Supports upper end o f  t h e  superheater. 

. . 2, Supports weight o f  th! upper con t ro l  r o d  guide tubes. 
' I  . 

, . 3 C o n t a l n s t h e m e s h t y p e ~ s t e a m d r y e r ~ .  . . 

4.  Provl  des r e s t r a l  nment aga.1 n s t  . I a t e r a l  v i  b r a t  Ion o f  t h e  
. , 

superheater assembly, 

5. D i r e c t s  steam f l ow  froml 'he b o i l e r  core through t h e  steam 

. . . ... 
dryers and i n t o  t h e  superheater. 

6. Provides f i n a l  alignment o f  t h e  b o i l e r  core  con t ro l  rods t o  

f a c i l i t a t e  la tch ing.  

5.1 Steam-Dryer Hold-Down S t ruc tu re  

The steam dryer  hold-down s t r u c t u r e  provides a r e s t a i n i n g  f o r c e  against  

l a t e r a l  'b i  bra to ry  motion o f  t h e .  superheater assemb l y .' The s t r u c t u r e  

cons is t s  o f  f ou r  tapered beams mounted a t  t h e i r  bases on a cy l i nder; 
. . 

-and a t  t h e i r  p e r i p h e r y . t o  an angle r i n g .  



F i g u r e  5.1 - Steam Dryer  F i n a l  Assembly (Sheet I of  2) (43-501-029)  - 
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F i g u r e  5.1 - Steam Drye r  F i n a l  Assembly (Sheet 2 of 2) (43-501-029) 
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. , 
' 1 5 .  ., , 

. . 

F O ~  s u r f i c e s  on t h e  angle r ing f i t f  lush w i t h  t h e  lugs welded t o  t h e  

i ns ide  surface o f  . the  vessel c losu re  f lange. Placement o f  t h e  vessel 

c losu re  onto  t h e  vessel causes an i n i t i a l  v e r t i c a l  loading i n  t h e  

steam dryer  hold-down. S t ruc tu re  d i f f e r e n t i a l  v e r t l c a l  expansion 
. . . . 

between t h e  superheater chimney and vessel i s  absorbed by t h e  f l e x i n g  
% .  . .. . 

o f  t h e  f o u r  tapered beams. ' Th i s r e s u  l t s  i n an i ncrsased " e r t  i c d  l 
. . . . .. . , . 

f o r c e  being t ransmi t ted  onto  t h e  dryer  assembly by t h e  hol d-do& 
' 

. . 

s t ruc tu re .  The v e r t  ica-1 fo rce  i s  suf f i c  i e n t  t o  r e s t r a i n  t h e  steam-dryer 
. . 

assembly aga ins t  t h e  forces exer ted on t h e  assembly due t o  ' the steam 

: . .  , ,..pressure drop .across t h e  dryers.  .. 

. . . . .  

 he ' f r i c t  ion between t h e  angl e r i ng arid l ug mati ng' sur f  aces r e s i s t s  
. , 

d i f f e ren t ia .1  r a d i a l  expansion, thus  imposing a h i d i a l  f o rce  on t h e  
. . . . . . . . 

hol  d-down s t ruc tu re .  Th6 r a d i a l '  f o r c e  i s  t r a n s m i t t e d  by t h e  hold- ' .  

down s t r u c t u r e  th iough t h e  dryer  assemb l y onto  )he superheater ch i mney 
I .  ' . . 

as a f o r c e  r e s t r a  i n i ng'  t h e  chimney against  l a te ra  I' v i b r a t o r y  mot ion. 

~ o k e v e r  , due t o  t h e  necess i t y  . o f  des i gn i ng t h e  steam dryer  ho l d-down 
. . . , . . . . . 

s t r u c t u r e  w i t h  s u f f i c i e n t  f l e x i b i l i t y  t o  absorb d i f f e r e n t i a l ,  r a d i a l ,  

and v e r t  i ca  l expans ion,' t h e  hol  d-down s t ruc tu re '  does n o t  present  a 

r i g i  d support t o  t h e  superh&ater chimney.  everth he less, w i t h  t h e  

ho l d-down s-kructure having .a .spr  i ng constant  o f  3 1',200 I b / i  n., t h e  

support e f f e c t  i s  adequate t o  r a i s e  t h e  superheater fundamental 

frequency t o  ,I 129 cpm, s u f f  i c i e n t  l y above f p r c  i ng f requenc i es. . . 

.. . . 

The hol d-down. assembly i 's at tached t o  t h e  main cy l i nder by- a b o l t e d  
. ,  . .  . . . ,  I .  . 

. , ,  . . . . .  . 
a connect ion. I f it ever becombs necessary t o  w i thdraw t h e  mesh assembly 



f o r  inspection, the  'hol d-down s f ruc tu re  can be easi l y  disconnected 

and removed. 

~ e p a r a t  ion o f  steam phas? from water phase w i t h i n  t he  reactor  pressure 

vessel i s  an economic advantage I n  a boi l ing-water reactor .  Th is  

.concept ell.minates cos t l y .ex te rna l  steam drums . . and t h e  add i t iona l  

containmant-vessel volume . . .and shielding needed l o  conf ine t he  in-  

creased energy represented,by a reactor  w i t h  external  separation.. 

The Pathf inder AI-omlc Power P lan t  u t i l i z e s  such in terna l  separation w i t h i n  

the  reactor  pressure vessel . Two stages o f  separat Ion are employed t o  

achieve steam .qua l i t y  o f  99.9 'per cent. 

I .  Pr,lmary separation i s  accomplished by. re leas ing .part of 

the  steam a t  the ' in te r face ,  permi t t i ng  separation o f  t he  

phases by natural  mechanisms; then separating t he  r e s t  by 

f  orc i ng t he  mixtur,e through cent r  i f uga l separators. 

2. Secondary separation, removi ng t r ace  amounts o f  moi s tu re  

from the  steam.is accomp:lished by passing t he  mixture through 

impingement-type mectianical'dryers. 

The Pathf inder dryers cons is t  o f  a k n i t t e d  w i re  mesh m o d ~ f i c a t i o n  o f  

an irnpingiement-type 'dryer.  Th is  assembly i s  fabr icated ,of mu l t i p l e  

layers o f  inconel k n i t t e d  wi re  mesh. lnconel was selected t o  reduce ' 

t h e ' p o s s i b i l i t y  o f  s t ress cor ros io"  cracking which might r e s u l t  i n  loose 

pieces o f  w i re  i n  t he  system. The layers are arranged t o  provide a-maze 

, . 
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o f  unaligned, non-symmetrical.opsnings w i t h  a l a rge  w i r e  sur face 
' 8 .  

1 

area f o r  imp i ngemsnt t a r g e t s .  I n, 'operat 1 on, t h e  mix ture  cont  i nua l. l y 

changes d i rec f l on  as it passes through t h e  mesh. The d rop le ts  impinge 

upon t h e  w i res  where they coalesce. As t h e  d rop le ts  comblne and grow 

la rger  they break away.and f a l l  back through t h e  mix ture  t o  t h e  

two-phase inter face. .  
. . 

Se 1 e c t  ion  of imp i ngement t ype  mechdn i c a  l drye is  resu l t e d  from an 

extensive t e s t  program ,i nvo lv l  ng var ious  - t ypes  of c e n t r i f u g a l  and 

impingement dryers, p a r t i c u l a r 1 y : k n i t t e d  w i r e  mesh dryers. Tes t ing  

of t h e  var ious  t ype  dryers was performed and repor ted  by J.  F. Wilson 

and R.  J. Grenda i n  (Ref. 5). As a r e s u l t  o f  t h e  above mentioned t e s t  
. . 

program, t h e  ' ~ a t h f ' i  nder steam dryer  I s , ' fabr  i ca ted  i n  l aye is  i nc 1 i ned 
. . 

15 degrees t o  t h e  hor izonta l ,  t o  f a c i l i t a t e  drop dralnage, w i t h  a mesh 

dens l ty  o f  5 lb / f t3 ,  a dens i ty  maximum permiss ib le  steam 

f low r a t e .  

The en? i r e  mesh assembly can be removed t o  fac  i l i t a t e  i.nspect lon  o r  

replacement o f  t h e  k n i t t e d  w i r e  mesh. 

5.3 Upper Contro l  ' Rod Gu ide Tubes 

Sixteen upper c o n t r o l . r o d  guide tubes a re  supported by braces c a n t i -  . . 

l e v e r e d  o f f  t h e  i nner cy l i nder . Each gu l da tube i s  76-3/8 i n .  long 

wi'th a 3.760 i n ,  ' I  0. The func t ions  o f  t h e  guide tubes a re  t o  p r o t e c t  
. r .  . . 

and guide t h e  con t ro l  r o d  r a t k  and l a t c h  dur 1 ng normal opbrat ion, and, 

by,use o f  g reducer a t  t h e  lower end, t o  f a c i l i t a t e  l ine-up o f  t h e  

con f ro l  r o d  and l a t c h  dur ing  t h e  l a t ch ing  operat ion.  
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The upper end f i x t u r e s  are  removable t o  fac  i l i t a t e  replacement o r  

inspect ion  o f  t h e  mesh dryer  assembly. C o l l a r s  on t h e  guide tubes 

prov ide f i n a l  alignment o f  t h e  mesh assembly - i n  t h e  dkyer support 

s t r " c tu re .  

6.0 0 (See F I gure .6.1) 

.' . 
The separator she1 f supports and locates  )he c e n t r  if uga l steam separators. 

The support she l f  i s  composed o f  t h r e e  120 degree she l f  segments, 

each o f  which supports f i f t e e n  steam separators. The shelves a re  

braced along a l l  edges t o  minimize v e r t i c a l  de f l ec t i on .  

6.1 Theorb t ica l  S t ress  Analys is  

A s t a t i c  def l e c t  ion ari.alysi s was performed on t h e  separator she1 f 

by use o f  a computer program. 

I n  t h i s  ana lys i s  t h e  she l f  was.assumed t o  be a ' s t t a i g h t  beam,.ll.O In ;  i n  

length, and supported a t  t h r e e  po in ts .  The support p o s i t i o n s  a re  shown 

i n  F igu re  y6.2. The beam was d i v ided  i n t o  f i f t y - f i v e  2 i n .  segments, 

and t h e  loading fo rce  and moment o f  ' i n e r t i a  ca lcu  l ated f o r  each segment. 

Although t h e  computer a l s o  i n d i c a t e d  t h e  slope, de f lec t ion ,  and shear 

a t  each segm3nt, on l y  t h e  ca lc"  l a ted  moments and support reac t i ons  

were o f  i n t e r e s t .  The computed def l e c t  ion o f  t h e  separator she1 f 

cannot be accepted. w i . th  any degree o f  c e r t a i n t y  s ince th-p she1 f i s  

of a c o n f i g u r a t i o n  which'does no t  lend i t s e l f  r e a d i l y  t d  p o s i t i v e  

ana lys is .  The loading fo rce  on each 120 degree segment o f  t h e  separator 



Figure 6.1 - Steam Separator Support Shelf (43-500-831) 



DEFLECTION INDICATOR LOCATIONS 

REACTION LOAD APPLIED AT POINT @ 
POINT @ MIDWAY BETWEEN SUPPORT BRACE AND POINT @ 

Figure 6.2 - Steam Separator Support Shelf Dial Indicators Locations (43-025-166) 



she l f  i s  t h e  r e s u l t a n t  o f  t h r e e  ind i v idua l  forces: 

1 .  Force exer ted by t h e  f i f t e e n  separators supported by each 

she1 f -segment. Each separa tor  weighs, 168.7 I  bs. 

2. Force exer-ked by t h e  weight of t h e  she l f  I t s e l f .  

3. Force exer ted by t h e  pressure drop across t h e  s h e l f .  I n  

t h i s  ana lys i s  a  pressure drop of 3.38 p s i  (150 per cent  rated) 

i s  assumed. 

The computer p red ic ted t h e  maximum bend i ng moment I n  f h e  she1 f t o  

occur a t  t h e  ou te r  supports w i t h  a  magnitude o f  28,176 Ib- in.  

The maximum bending s t ress  was ca lcu la ted  t o  be 5,100 ps i ,  we l l  w i t h i n  

t h e  a l lowab le  l i m i t s  f o r  t h e  s t a i n l e s s  s t e e l  separator she l f .  

The computer ca l cu la ted  t h e  support reac t i ons  t o  be a  fo rce  of 

5306 I b  f o r  t h e  end supports, and 2381 I b  f o r  t h e  center  support. 

Th is  in format ion  was incorporated i n  t h e  i n v e s t i g a t i o n  o f  t h e  support 

l ugs. 

i 

6.2 ~ x ~ e r  i'menta I S t ress  and ~ e f  l e c t i o n  Anal y s l  s  

I n  order  t o  c a l c u l a t e  t h e  bending st resses present i n  t h e  separator 

she1 f, c e r t a i  n  si'mp l:i:fy.i;ng assumptions were made. By comparing t h e  

ca l cu la ted  support reac t i ons  w i t h  exper imenta l ly  determined reac t ions ,  

t h e  v a l i d i t y  o f  t h e  assempt1ons can be checked. 

The d e f l e c t i o n  o f  t h e  separator she l f ,  however, cannot be ca l cu la ted  

w i t h  any degree o f  c e r t a i n t y  s ince t h e  she l f  i s  of a  c o n f i g u r a t i o n  t h a t  



does no+ lend i t s e l f  r e a d i l y  t o  ana lys is .  Thus t h e  d e f l e c t i o n  o f  t h e  

she l f  under f u l l  .load .was determined through use o f  a  model. 
i 
- 4 

The model was a  quar te r  sca le  P l e x i g l a s  11 .  representa t ion  o f  a  120 . 
degree segment o f  t h e  separator s h e l f .  The p e r t i n e n t  model in fo rmat ion  

i s  l i s t e d  below: 

Sca 1 e: 1 /4It = I l1  

Mate r ia l :  P l e x i g l a s  II 

Loading: Uni form on e n t i r e  length 

I n  order  t o  represent  an equa l l y  d i s t r i b u t e d  load, rock s a l t  was spread 

evenly i n t o  a .sha l low paper conta iner  having t h e  same shape as t h e  

support s h e l f .  'The conta iner  cons t ruc t i on  was such t h a t ' n e g l i g i b l e  

res i s tance  t o  bending was present  i n  t h e  load conta iner .  

The model was supported on two support braces runn ing  t h e  f u l l  w id th  

of t h e  s h e l f .  D e f l e c t i o n  i n d i c a t o r s  were pos i t i oned  a t  p o i n t s  A,  6 

and C, as i l l u s t r a t e d  i n  F igu re  6.2. The model was loaded i n i t i a l l y  

w i t h  no c e n t r a l  support.  

To e l i m i n a t e  t h e  e f f e c t  o f  creep i n  t h e  p l a s t i c  model, d e f l e c t i o n  

readings were begun 6  minutes a f t e r  a p p l l c s t i o n  o f  t h e  load. P re l im ina ry  

t e s t s  on a  sample p i e c e ' o f  t h e  model ma te r i a l  i nd i ca ted  t h a t  creep occurs 

a t  a  s i g n i f i c a n t  r a t e  f o r  t h e  f i r s t , ' . 6  minutes a f t e r  load a p p l i c a t i o n .  



A f t e r  6 mir~w'tas t h e  creep ' ra te  i s .  reduced st1.f f i c  i e n t l  y .  t o  . a  l low readings 

t o  be taken. 

Loads were app l ied  i n  1000 g  increments, except when r a t e d  and maximum 

loads were t o  be represented. A l l  load and r e a c t i o n  fo rces  were measured 

on a 2610 k g  capac i ty  labora tory  scale. 

A f te r  every load change, upon complet ion o f  t h e  d e f l e c t i o n  measurements, ." 

weight was added t o  a  r e a c t i o n  measuring dev ice .unt i1  p o i n t  C  on t h e  

s h e l f  model re turned t o  zero .def lect i .bn.  The d e f l e c t i o n s  a t . p o i n t s  A 

and B  were then recorded t o  determine t h e  e f f e c t  o f  t h e  support a t  

pol n't.. C . . . . . 

By p l a c i n g  a  p o i n t  r e a c t i o n  a t  p o i n t  C, t h e  same support cond i t i ons  

as found i n  t h e  reac to r  were achieved. I n  Pathf inder,  t h e  s h e l f  i s  

supported on two lugs located near each end o f  t h e  she l f  segment and 

on a  pad located a t  t h e  midspan. Due t o  i t s  small size, t h e  pad exe r t s  
. . 

a  r e a c t i o n  on ly  t o  a small area o f  t h e  she l f  a t  t h e  vessel w a l l .  

~ x p e r  imenta l anal ys i s  o f  t h e  separator she1 f ind ica ted t h a t  a  max imom 

d e f l e c t i o n  of 0.032 i n .  would occur a t  p o i n t  A under maximum loading 

cond i t ions .  The d e f l e c t i o n  i s  no t  excessive s ince t h e  she l f  could 

d e f l e c t  as much as 0.375 in. w i thou t  any adverse e f f e c t s .  

The r e a c t i o n  a t  support p o i n t  C  was determined exper imental ly  t o  be 

2130 Ib .  The c a l ~ u l a t ~ d  center  reac t ion ,was 2220 Ib: Thus, o r i g i n a l  

asswmptions used i n  c a l c u l a t i n g  the . reac t l ons  appears to .have  been 



v 

acceptable, and t h e  t h e o r e t i c a l  bending moments;and r e l a t e d  maximum 

bending stresses, can be considered acceptable. The magnitude o f  t h e  

maximum,bending st ress,  5100 ps i ,  i s  we l l  w i t h i n  t h e  a l lowab le  s t ress  

l i m i t s  f o r  t h e  s t a i n l e s s  s tee l  support she l f .  

7.0 NUCLEAR SUPERHEATER (See F igu re  7.1) 

The nuclear superheater located a t  t h e  geometr ical  center  o f  t h e  nuclear 

b o i l e r  core  has a c ross  sec t iona l  w id th  o f  33.66 i n .  maximum and\an 

o v e r a l l  length  between t h e  p a r t i n g  . l i n e  o f  t h e  lower ,tube: shee.1. f l ange  

. t o  t h e  t o p  tube sheet o f  15 f t  8 i n .  (188 in.), excluding. t h e  chimney; 

t h e  chimney above t h e  t o p  tube sheet has a length  o f  50 f t  1/4 i n .  

The lower tube sheet which supports t h e  superheater i s  made o f  316 

s t a i n l e s s  s t e e l .  The p l a t e  cons i s t s  o f  a spher ica l  segment, 3/4 i n .  

t h i c k ,  welded t o  a f l ange  r i n g  and b o l t e d  t o  t h e  steam-l ine f lange.  
. .  . 

The seal between t h e  flanges, m ix tu re  of r a t e r  and superheated 

steam, i s  obta ined by a s p i r a l  wound, 316 S ta in less  Steel,  asbestos- 

f i l led gasket.  

Four ba f f les ,  f a b r i c a t e d  f rom I in .  t h i c k  3 0 4 ~ ~ t a i n l e s ~  ~ t L e 1  p la te ,  

a re  spaced between t h e  lower and t o p  tube sheets, and are  t h e  r a d i a l  

, suppord-s o f  t h e  tubes. The ba f f l es ,  located 15-,1/2 in., 64 in., and 

112-1/2 i n .  above t h e  lower tube sheet f l ange  p a r t i n g  l i n e  a re  a l s o  used 

t o  regu l aPe. t h e  amount o f  cool  i ng water and moderator f l ow pass i n.5 

through t h e  superheater. f u e l  reg ion .  Each b a f f l e  i s  pe r fo ra ted  w i t h  

sharp edged o r i f i c e s  centered i n  t h e . f l o w  channel among the . tubes .  The 
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'... 

I shroud i s  made i n  two sec t ions  over t h e  length o f  t h e  fue l  and i s  made 

w a t e r t i g h t  i n  order  t o  separate t h e  moderator f l ow  i n  t h e  superheater 
..+. 

from t h a t  i n  t h e  b o i l e r .  The shroud a l s o  serves as t h e  s t r u c t u r a l  
I 

. . 

support 'of t h e  superheater assemb I y . The. lower sec t  ion,. i s  made of 

' 1/4 in .  t h i c k  3 I6L 'S ta in less  S t e e l - p l a t e ;  To improve t h e  nuclear character-  :. 
<.::/ 

i s t i c s ' o f  t h e  core; . t h e  upper .ha l f  of +he shroud.is,made o f  1/8 i n ,  
I 

. t h i c k  31 6L ~ t a  i n  less 'Stee.1 p  l ate..- Th is  reduces. t h e  amount. o f  s t a  i n- 
. ,% 

less s tee l  t o  a  more optimum amount i n  t h e  upper reg ion  o f '  t h e  superheater. 

Above and below t h e  fue l  region, t h e  shroud i s  replaced by 316 S ta in less  
. . 

Steel  s t r u c t u r a l  support ing members we I ded t o  each. baf f I e  above t h e  

f u e l  and t o  t h e  b a f f l e  and tube sheet below t h e  f u e l .  Add i t iona l  s t r u c t u r a l  
. . . . 

support i s  provided by 468 outer  conta iner  tubes. 
8 .  

. .  . 

~ . , 

The therma'l s h i e l d '  ' located below. the .  lower tube shee? provi,des a  1 / 2  i n .  

I space o f  stagnant steam between t h 6  s h i e l d  and tube sheet, t hus  l i m i t i n g  

I t h e  thermal g rad ient  across t h e  tube sheet t o  a  minimum value. The thermal 

s h i e l d  i s  constructed o f  i / 2  in.  t h i c k  405 S ta in less  Steel  p l a t e .  The 

shie ld,  provided w i t h  adequate spacers, I s  bo l ted  t o  t h e  lower tube 

sheet . . . . . 
. . 

. . . , .. . 
The chirnney,and t h e  top  tube sheet form a  w a t e r t i g h t  seal prevent ing t h e  

. . ' .  i . . .  : .  . 
coo l i ng  wat,er from f l ow ing  ins ide  o f  t h e  superheater tubes i n  t h e  event 

: .  . ' . 

o f  an abnormal increase o f  l i q u i d  l eve l .  The chimney, 1/4 in .  t h i c k  304 

S ta in less  Steel  p late,  open a t  t h e  top, I s  o f  w a t e r t i g h t  constuc t ion  

along i t s  per iphery and i s  welded t o . t h e .  1-1/8 in.. t h i c k  304 S ta in less  

Ste,el t op  tube sheet. . . . .. . . : 



'Superheater con t ro l  i s  accomplished by four  c o n t r o l . r o d s  and d r i v e  u n i t s .  

Each superheater con t ro l  r o d  assembly cons is t s  o f  twe lve  3/4 i n .  diameter 

s t a  i n  less s'tee l rods  conta i n i ng 2% natura l boron, suspended on a c ruc  i - 
. . form shaped rack.  Each c o n t r o l  assenbl y  can be inser+ed and removed . - a s  

a . s i n g l e  u n i t .  The rack can a l s o  be removed and each o f  t h e  twe lve  

f i n g e r s  handled separately. It i s  no t  intended t h a t  these rods  should 

bo SCRAMMED.- They w i l  I  be RUN IN, under power, by t h e  d r i v 6  u n i t .  

7.1 Tubes 
- .  

The super heater ,  cons i s t s  of 468 outer  conta i ner tubes, i nsu I a t  i ng tubes, 
. _ '  

and fue l  tubes. The,468 outer  conta iner  tubes are weld drawn 316 Sta in-  
. . . . .  . . 

less ~ t e e l , 1 . 0 7 6  in .  0.d. swagedat  one end t o  0.800 in.  0.d. Each tube 

I s  fus ion  welded, w l t h  a f l u s h  t ype  we1 d, t o  t h e  top  tube sheet and 

bottom-:tube sheet, t hos .separa t i ng . the  moderator water f r o m . t h e  steam. 

The tubes a r e  I n t e g r a l  p a r t s  o f  t h e  mechanical s t r u c t u r e  o f  t h e  super- 

heater,. . 415 o f  t h e . t u b e s  have a wa4l . th ickness o f  0.026 in .  and con ta in  

f u e l  elements. One o f  t h e  remaining 53 tubes conta ins  t h e  neutron .source. 

The remaining 52 tubes, w i t h  a wa l l  th ickness o f  0.035 in., a re  used as 

con t ro l  r o d  guides, Dur ing operat ion, t h e  steam passing through t h e  

superheater' creates a pressure drop t h a t  sub jec ts  t h e  outer  conta iner  

tubes t o  ex terna l  pressure and end loading. A t  normal opera t ing  
. , 

condi t ions,  t h e  pressure drop i s  65 p s i  . 
. t .  

... . , -  

Dur ing an assumed t rans ient '  s t a t e  caused by ia  m a l ~ u n c t i o n '  i n  t h e  con t ro l  
-. . - . 

system, t h e  t u r b i n e  t h r o t t l e  va lve  .and dump va lve  cou ld  be simultaneously 

opened causing a maximum d i f f e r e n t i a l  pressure of about 200 p s i .  



The, insu la t ing  tubes a re  made o f  304L S ta in less  Steel,  0.967 in .  0.d. 
. . , . 0 .  . I :i _ _ _  ., , _  

L , ,. . . . .. ., . 4 . .  2 .  

- x 0.015 in .  wa l l  tapered a t  t h e  lower sec t i on  of 0.640 ln..o,d. The 
. . .  , , I .  

. . 

tubes a re  inser ted  i n  t h e  conta iner  tubes and c o n t r o l  r o d  guide tubes. 

Th is  arrangement provides an i n s u l a t i n g  gap o f  stagnant steam between 

t h e  tubes. The i n s u l a t i n g  tubes a re  kep t  concent r ic  i n  t h e  conta iner  

. , tubes by r i b s  120 degrees apar t  over t h e  e n t i r e  length of t h e  i n s u l a t i n g  

tubes. The insul 'a t ing tubes a re  f r e e  t o  expand a x i a l l y  i n  t h e  downward 

, . , . 
d i r e c f  ion. 

The - i n s u l a t i n g  gap i s  sealed a t  t h e  t o p  tube sheet. The. j o . i n t  i s  formed 

by i n s e r t  pleces fus ion  welded t o  t h e  i n s o l a t i n g  tubes and expanded i n  

t h e  conta iner  tubes. The j o i n t s  prov ide  a seal f o r  saturated steam, I 
n 

and can be disassembled by p u l l i n g  upward on t h e  insulating tubes. 

The superheater f u e l  e l  ernent assemb l y cons i s t s  o f  two .concentr l c  f u e l  

bear ing tubes, a c e n t r a l  burnab.le poison rod, spacers and end f i t t i n g s .  ... 

The f u e l  tubes and poison r o d  are fasfened together  by a spacer and 

support f i P t i n g  a t . t h e ' l o w e r  end, Radia l  spacers over t h e  whole., length I 
o f  t h e  f u e l  tubes rnai nta' in c o n c e n t r i c i t y  o f  t h e  components. The f u e l  I 
tubes a r e  f r e e  t o  expand, a x i a l  ly .   he steam' f l ow  channels formed I 
b y .  t h e  tubes assured proper cool an t  f.low f o r  o p t  imum heat t r a n s f e r .  

The superheater f u e l  assernbl y i s  about 6-1 /2 f t  long w i t h  an a c t i v e  I 
. . f u e l  length of 72 i n . ' .  I t  i s  inser ted.  i n . t h e  i n s u l a t i n g  tubes and r e s t s  

. *  . 

on t h e  t r a n s i t i o n  sec t ion  o f  t h e  tubes. .  The.bo)tom of t h e  a c t i v e  f u e l  i s  
. . .  . . 

located 34-1/2 i n .  above t h e  bottom tube sheet f lange p a r t i n g  l i n e .  
. . 



Col laps i  n~ Pressure. ' For design ca l cu  la t ions ,  t h e  a l  lowable ex terna l  

pressure on t h e  outer  conta iner  tube was based on t h e  Pressure Vessel 

Code ,@IExterna l Pressure on Thin Wa l l ~ u t ; i  ngw (U.P.V. ; 1959, UG-31) , 

The minimum c o l l a p s i n g  pressure was based on t h e  t e s t  described i n  

paragraph 7.1.1. 

puck l  lnq Load, I n  c a l c u l a t i n g  t h e  buckl i n g  load, it was assumed t h a t  t h e  

e n t i r e  load due t o  t h e  maximum d i f f e r e n t i a l  pressure across t h e  super- 

heater i s  r e s i s t e d  by t h e  outer  conta iner  tubes, neg lec t ing  t h e  r e i n f o r c i n g  

e f f e c t . o f  t h e  outer  s h e l l  (shrouds and legs). 

7.1 . I  Tube Col I aps l  ng-Pressure Test  

Tests  were conducted t o  determine t h e  c o l  laps1 ng pressur'e o f  t h e  

th in-wal  led  tubes t h a t  a re  used f o r  t h e  superheater ou ter  conta iner  

tubes. 

A c i r c u l a r  tube can co l lapse 'owing t o  ex terna l  pressure a t  

s t resses f a r  be low t h e  e l  & s t  i c  l i m i t  o f  t h e  rnater l a  I. The 
. . 

pressure a t  which t h e  c i r c u l a r  tube becomes unstab le  &d buck I i ng 

occurs i s  r e f e r r e d  t o  as t h e  c o l l a p s i n g  pressure, PC, i n  t h i s  t e s t .  

Tes t  Set-Up. A 5 i n .  diameter pipe, c losed w i t h  welded cap a t  one 

end, and b I l nd f l atige a t  t h e  o ther  end, was used a s  t h e  conta i nment 

vessel. The tube specimens, 40 In.  long, sealed a t  both ends w i t h  

e i t h e r  rubber o r  welded plugs, werd placed i n  t h e  containment 

vessel.  The pressure was suppl ied by a hand pump and read on a 

c a l i b r a t e d  gage. 



A rack was made t o  support t h r e e  tube, speciments. The rack was 

designed to :  - 
1 .  .Support t h e  tubes a t  both ends. . 

2. A x i a l l y  load t h e  tube w i t h  a compressive sp r ing  (250 Ib- in. )  

i n  a d d i t i o n  t o  end loading due t o  pressure. 

3. Apply a concentrated ben'ding load between t h e  supports, 
. .  , 

so as t o  cause a d e f l e c t i o n  i n  t h e  tube of 0.125 in .  a t  
. - . . 

' ,  

t h e  mid-point.  
. . 

4. ' Apply e n d  moments on +he tubes s~ as t o  cause a def I  e c t  ion 

o f  0.125 'in. a t  t h e  mid-point.  The unsupported l e n g t h  o f  

t h e  tube i n  t h e  rack was 32-1/2 in .  

Co i laps inq Pressure. Several Pube samples were t e s t e d  f o r  each 

of t h e  cond i t i ons  described beiow. Each t l ~ b e  sample (1.080 In.  

0 .D 31 was w i th in .  a d iamet ra l  ' to le rance f o r  roundness o f  t 0.002in. 

Tubes w i t h  wa l l  th-icknesses of .0.020 in .  and 0.025 in .  were 

pressur Lmed i n. t h e  conta i  nment.. vessel . . . 

The co l  lapsing pressure o f  tubes w i t h  0.020 i n. t h i c k  wa I I  s was 

390 psi ,  and f o r  tubes w i t h  0.025 i n .  t h i c k  w a l l s  was 790 p s i .  - - 

, , 

E f f e c t  of Out-of -Roundness on Col 1 apsinq Pressures. Several tube 

spec imens were f I  at tened t o  an e l  l i pPi =a I shape and tes ted.  

Resu l ts  were as fo l lows:  . 

. . .  

For tubes w kh 0.020 in .  th ' ick w &  I  1 and w i t h  oat-of -roundness o f  

0.010 in., 0.025 in., and 0,03b i n .  t h e  c o l l a p s i n g  pressure was 



375 ps i ,  325 psi ,  and 300 ps i ,  respec t i ve l y .  For tubes w i t h  a 

0.025 i n .  t h i c k  wa l l  and w i t h  out-of-roundness o f  0.025 In., 

0.030 in., and 0.135 in., t h e  c o l l a p s i n g  pressure was 630 ps i ,  

580 ps i ,  and 275 ps i ,  respec t i ve l y .  
.-.< - 

E f f e c t  o f  Dents. Several tube specimens o f  '1.080 in .  :l.D, were 

dented t o  var ious  depths w i t h  a  1/8 i n .  diameter p in .  Except f o r  

t h e  dented area, t h e  tubes out-of-roundness were w i t h i n  a  + 0.002 i n .  

For tubes w i t h  0.020 In .  t h i c k  w a l l s  and w i t h  dent depths o f  

0.070 in .  and 0.050 in .  t h e  c o l l a p s i n g  pressure was 375 p s i  

and 380 ps i ,  respec t i ve l y ,  For tubes w i t h  0.025 In.  t h i c k  wal I s  

and w i t h  dent depths o f  0.050 In., 0.080 in., and 0.205 in., t h e  

c o l l a p s i n g  pressure was 775 psi ,  500 psi ,  and 385 psi ,  respec t i ve l y .  

A t y p i c a l  co l lapsed tube i s  shown i n  F igure  7.2. A dent l oca l i zed  

i n  a  small area and equal i n  depth t o  t h e  wa l l  th ickness does 

n o t  a f f e c t  t h e  c o l l a p s i n g  pressure o f  t h e  tube by a  measurable 

amount provided t h e  tube roundness i s  w i t h i n  t h e  diametral  

- .  

E f f e c t  of lnner Container and Fuel 'Tubes on Co l laps inq Pressure. 

A mock-up o f  t h e  fue l  assembly was made. The mock-up consisted 

o f  t h e  fo l lowing:  

Outer conta iner  tube 1.080" 0.1). x 0.020t1 wal  l 

I n s u l a t i n g  Tube 0.926" O.D. x 0.020" wa l l  

Outer fue l  tube 0.790" 0.0. x 0.02711 wa l l  

Inner fue l  tube 0.600" 0;D. x 0.02711 wa l l  



Figure  7.2 - Col lapsed Unsupported Superheater Container Tube (Typ ica l )  

(21  I YYY) 



Each tube was held concentric by th ree longitudinal wires spaced 

120 degrees apart i n  a given annulus. The tube assembly, plugged 

a t  both ends, was inserted i n  the containment vessel and pressurized. 

The support rack was not used f o r  the  Test. 

The outer container tube collapsed w i th  an external pressure o f  390 p s i  

t o  an e l  l i p t i c a l  shape (1.270 in.  O D  max., 0.955 in. 0 D min,). 

The insu la t ing tube d i d  not col lapse bu t  deformed t o  an e l l i p t i c a l  

shape (0.950 in. 0 D max., 0.893 in .  0 (j min.). The fuel tubes 

were not deformed and were readi l y  pul led out  of the outer container 

tube. 

The outer container tube was replaced; the insu la t ing tube and 

fuel tubes were reused. External pressure of 390 psi  was appl ied 

and maintained. 

The outer container tube collapsed uniformly along i t s  longitudinal 

axis t o  an e l l i p t i c a l  shape (1.37 in .  0 D max., 0.962 in. 0 D 

min.). The Insu la t ing tube was deformed t o  an e l l i p t i c a l  shape 

(0.955 in. 0 D max., 0.866 in. 0 0 min.). The fuel  tubes d id  

not deform and were pu 1 l'ed? out of  t he  insu la t ing tube without 

d'i f f icu lty . The assqnbl y i n  Figure 7.3 shows the  outer and 

insu la t ing tubes w i t h  t he  fuel  tubes removed, and shows the 

degree o f  deformation 

Outer, Insulat ing, and fuel tubes were assembled. The external 

pressure was increased i n  order t o  col lapse each tube. The outer, 



insulat ing,  and outer fuel tubes collapsed a t  390 psi,  425 ps i ,  

and 620 psi,  respect ively.  The inner fuel tube d id  not col lapse 

completely but showed signs o f  deformation when the  external 

pressure reached 90Q psi .  The middle sect ion i n  Figure 7.3, 

i s  the  collapsed assembly. 

I n  order t o  simulate t h e  pctual superheater condit ion, a tube 

assembly cons is t ing o f  t h e  f o l l ow ing  was made: 

I .  Outer c o n t a i ~ e r  tube w i t h  1.080 i n .' 0 D x 0.025 i n. 

wal l  w i t h  one end swaged t o  0.800 in. 0 

2. Insu la t ing tube w i t h  0.926 in. 0 D x 0.020 In. wal l  

over t he  whole length o f  t h e  1.080 in. 0 0 tube up t o  

the  swaged section. 

3. Fuel tube o f  0.790 in.  0 D x 0.027 in. wal l  and fue l  

tube of 0.600 in. 0.0 x 0.027 in. wal l .  

Both fuel tubes extended the  whole length of t he  1.080 in. 0.d. 

tube up t o  7-1/2 in. from the  swaged section. 

The outer container and insu la t ing  tubes col lapsed completely 

a t  800 p s i  over t h e  7-1 12 in. length unsupported by t h e  fue l  tubes. 

The sect ion supported by t he  fuel tubes d i d  not  col lapse. However, 

near t h e  end of the  fuel tubes, t he  outer container and t he  in- 

su la t ing  tubes were deformed over 1 ft lengths, then tapered t o  

I 
t h e i r  o r i g i na l  shape.' The fuel tubes d id  n o l  deform, except a t  

t h e  end where the  outer container tubes collapsed. The fue l  

-77- 



Figure 7.3 - Collapsed Mock-Up of Superheater Assemblies (211666) 



tubes were p u l l i d  aui' w i thout  d i f f i c u l t y .  The l e f t  sec t ion  i n , .  

F igu re  7.3, i s  t h e  col lapsed assembly. 

D i scuss Ion. A l l t e s t s  were conducted a t  room temperatu're. 
.,..+. , ; '  . 

E l evated temperature t e s t  1 ng wou I'd resu l t i n t h e  same . c o l  ,I aps i ng 
r . .  

c o n f i g u r o t l o n  as 9hown i n  F igu re  7.3, bu t  would lower t h e  c o l -  

lapsing pressure i n  d i r e c t  r a t i o  t o  t h e  change 1 n Young's Modulus 

as shown i n  Equat ion (7.2). 

The out-of-roundness appears t o  be t h e  gr.eatest cause o f  tube 

c o l  lapse due t o  externa l pressure. The ax l s o f  c o l  l apse i s  

always co inc ident  w i t h  t h e  minor a x i s  o f  out-of-roundness. 

A bending s t r e s s  on t h e  tube due' t o  mechanical loading w i t h i n  

t h e  e l a s t i c  l i m i t  o f  t h e  mater ia l  does .not a f f e c t  t h e  c o l l a p s i n g  

pressure appreciably, i f  t h e  tube roundness i s  w i t h i n  t h e  o v a l i t y '  

t o le rance  o f  + 0.002 in .  f o r  t h e . t u b e  considered (thlcknesss-to- 

diameter r a t i o ) .  

. . . .  . ,  

I n  t h e  f e s t  conducted, pressure was app l i ed  o n - t h e  ends as we l l  

as t h e  s ides of t h e  tubes. The end load, W, due t o  t h e  pressure 

was as fo l lows:  

(Where, P was the 'p ressu re  app l ied  t o  co l l apse  t h e  tubes). 



Due t o  t h i s  end load, t h e  measured co l laps ing. .p r ,~ssures  a re  

somewhat lowkr than f o r  a tube w i t h  s ide  I'oadihg on ly ,  which 

'would more c l o s e l y  s imulate Pathf inder cond i t ions .  However, 
. -.. . ..: . 

t h e  t e s t  was no t  desi gned t o  ob ta l  n s i  de load1 ng on4 y 

R. G. Sturm has repor ted  a semi-emplr9cal formula (Ref. 6) 

f o r  determining t h e  col laps. Ing pressure o f  th in -wa l led  tubes: 

Where: PC = Col laps ing pressure 

D Outside diameter, In .  

E = Modulus o f  e l a s t i c i t y  

t 3 Wal l thickness, in .  

K = Constant, f (2L/D and D / t )  

L = Length o f  tube, i n .  

For long t h  i n-wa l led tubes where ~ L / D  and D / t  a re  greater  than 

20 and w i t h  pressure on s ides only, K i s  about 2.2. For t h e  case 

when the  ends as .we1 l as t h e  s ides are  loaded, , K  d l  f fe rs .  The 
:r_ 

e f f e c t  o f  end loads due t o  pressure i s  t o  reduce s i  i g h t  I y t h e  

c o l l a p s i n g  pressure, a s . i s  shown i n  F igure  7.4 

1.n t h e  case where t h e  outer  conta iner  tube i s  assembled w i t h  

t h e  i n s u l a t i n g  tube and f u e l  tubes, t h e  ex terna l  pressure a t  

which t h e  outer  and i n s u l a t i n g  tubes reached e l a s t i c  i n s t a b i l i t y  

i s t h e  same as'  i f they were not  supported by t h e  i nnei tubes. 

\ 



F i g u r e  7.4 - C o l l a p s i n g  Pressure of  Tubes w i t h  S ide  and End Loading as a  

Func t i on  o f  Wa l l - th ickness  t o  Diameter R a t i o s  (43-024-426) 



However, t h e  ou ter  and i nsu l a t  i ng tubes d i  d no t  c o l  lapse 
- r p  

completely, b u t  became e l l i p t i c a l  w i t h  t h e  minor a x i s  o f  t h e  2 
" 4  ' 

'5 
: E 

i nsu l a t  i ng tube and about equal t o .  t h e  ou ts  i de diameter . of f he 
:li 
,? 

ou ter  f u e l  tube. From t h e  several assemblies tested, t h e  redpc t i on  ;:I 

1 %. 
:d 

o f  t h e  gap a rea  between t h e  i n s u l a t i n g  and outer  f u e l  tubes . i s  4 

)$ 
\ I  

10 t o  15 per cent.  

7.2 Superheater Lower Tube Sheet 

C 
The lower'tube,.sheet, which supports t h e  superheater, i s  316 S ta in less  - t.: . s 6- . .: 4 l< 

Stee l .  The p.l.ate consi .s ts  o f  a spher ica l  head segment welded t o  a ! i. 
b 1, 

! . : ,. 
' ;: 

i ? .  

f l ange  r i n g .  The spher ica l  p o r t i o n  i s  per forayed by 468 holes w i t h  r 
;$ 

5 :i 
diameters o f  about  0.80 i n .  I ..p . . 

6 
\ 4' F . . 

The spher ica l  tube sheet.was se lec ted  instead o f  a f l a t  tube sheet, 
, .  I I' 

; : because t h e  th ickness  o f  t h e  f l a t  p l a t e  t h a t  wou I d  have been requ i red  
(: *i 

f o r  t h e  several opera t ing  condit . ions would have r e s u l t e d  i n  la rge  1 
! b  

temperature grad ien ts  and excessive thermal stresses. $ 
. . : I  

" 

Abnormal opera t ion  c o n d i t i o n s  t h a t  were considered a re  as fo l lows:  

I .  Simultaneous opening o f  a l l  four  s a f e t y - r e l i e f  va lves 

2. Opening o f  t h e  dump v a l v e w i t h  t h e t u r b i n e  t h r o t t l e  va lve  
L 
t 

. e 
:: 

s t  i 1 l open. (Th is  cou l d be caused by a confr-$1'-s i gna l loss)  . t i  > 

8 
A pressure ' d i f f e r e n t  ia.1' o f  'up t o  200 p s i  can be expected as 7, 

1 A , +. 
:$ 

a resu  I t  o f  these condit , ions. , I 
3,-i 

' 2 : 8 
t . C e :g ,' !2 ' 2 :  

' -82- 13 
L 

. . . .. . ;:? 



7.2.1 Mechanical Stress Ca lcu la t i ons  

Analys is  o f  s t resses due t o  mechanical loading was done us ing 

conventional methods. An o u t l i n e  o f  t h e  c a l c u l a t i o n  method i s  

shown below. A d e f l e c t i o n  e f f i c i e n c y  o f  50 per cent  was used 

f o r  t h e  pe r fo ra ted  p l a t e .  De f lec t i on  e f f i c i e n c y  i s  def lned as 

t h e  r a t l o  between t h e  d e f l e c t i o n  of a  pe r fo ra ted  p l a t e  and a  
../ 

sol  l d p  l a t e  o f  t h e  same conf i gura t  ion  under the  sake load. 

Th is  value was based on experimental t e s t s  o f  per fora ted 

p l a t e s  performed a t  A l l i s -Cha lmers  and o ther  labora tor ies .  

. . .  
Analys is  Ou t l i ne  (See F igure  7.5). 

F'I anqe 

Angular Ro ta t i on  (Ref. 2, p. 231) 

Radia l  Displacement (Ref. 7, p. 10) 

Hem i sp her l.ca I Head 

Angu l a r  Ro ta t i on  (Ref. 8, p. 474) 

2h%o @ = ----- - Z~L$!F, 
REtK I Rs n REtK I 

..? ' ., . 



FREE BODY DIAGRAM 

F i g u r e  7.5 - Spherical Grid Plate - Free Body Diagram (43-025-168) 



., . 

The 1 n f  l uence c o e f f i c i e n t s  f o r  t h e  angular r o t a t  i on  and t h e  

r a d i a l  displacement become: 

8 

L J  I 2 E t  rr REtK I  

2h3 Mo - h2 SIN cP F 

n REtK I Rs rr REtK 1 

6 

- x R S  SIN' rp (K2 +I) F 
2 n  RE^ K ~ .  

. . 
FRS2 ( 1  - M I  SIN 8 h2 SIN VMo + 



General Equations f o r  I.nside Hemispherical Head s t ress  

'I.. Tensi l e  s t r e s s  .due t o  p;essure (Ref. 9, p. 53) 
! 

R, + t 
where .Y E 

R s 

2. Tens i l e  s t r e s s  due t o  d i s c o n t i n u i t y  f o r c e  Tp (Ref. 8, p. 470) 

Tp = Qp Cot  fl 

Qp = 1 e-Iy  (SIN X I) Mo 
RP . 

Qo = F SIN cp (AT cp) (7.12) 

( D i s c o n t i n u i t y  Shear Force) 

3.  Bending s t r e s s  due t o  d i s c o n t i  nu iiY, moment Mo a t  any p o i n t  

on t h e  Hemi spher i ca l head (Ref. 8, p. 45) 



(Ref. 8, p .  470) . 

General Equations for  Outside Hemispherical Head Stress (See F l q .  7.6) 

1 .  Tensi le stress due to ,pwswre  (Ref. 9, p. 53) 
. .  . . . 

Where: 

2. Tensi le stress due to 'd iscont inu l ty  force,.Tp, i s  obtained 

b.y Equation (7 .9 ) .  
. . 

.. .. . 

3. Bending stress due t o  disconti nu'i.t.y momen, Mo, i s  obtained 

by Equat 

Figure 7.6 - Representatf ve Section of ~ p h e r  ica l Grid P l a t e  



NOMENCLATURE - SUPERHEATER TUBE SHEET 

F '= D i scont i nu i t y  . force a t '  edge. 

G ' = Gasket reac t  ion. 

- H, = Hot izonta l component' fo rce of V . 
Mo = 01 scont i nu i t y  moment a t  edge; 

Mp 
= D i scont i  nu i t y  moment a t  po l  n t  considered on  head. 

Mt  . = Tots I. moment about f l angk center .  o f  g rav i t y  . 
(Mt a Wa - Vb + Gc - Fd + Hd - M,) 

Qo = D iscon t inu i t y  shear force a t  edge. 

.Tp = Discon t inu i t y  force a t  po in t  considered on head, 

V P Hydrostat ic  force. 

W = B o l t  loading. 

Constants 

p ' 0 Poisson's Ra t i o  

7.2.2 Thermal Gradient Calculat ions 

The spherical tube sheet, w i t h  the, conc'ave'side i n  contact  w i t h  

the  moderator f l u i d a t  489 F and t h e  convex s i  de i n contact w if h 

the  superheated steam a,? 825 F average temperature, was analyzed. 



The therma l sh i e l d , p laced' on: t h e  convex s.i de o f  t h e  tube sheet 

p rov i  des an i nsu l a t  i ng space of stagnant.,super,he3ted steam. A 

s l m i l a r  thermal insu ' la t ion  i s  provided by superheated steam 

between t h e  inner and outer  conta iner  tube. 

s he f i l m  c o e f f i c i e n t s  doe t o  r a d i a t i o n  and conduction between 

t h e  therma l sh i e  l d and - between t h e  i nner .and outer  conta i  ner 

tube have been determl ned. The ca l cu  l a t  ions were based. on t h e  

assumpt,ion o f  steady-state cond i t ions .  The e f f e c t  of gamma 

heat ing was not '  included, since I t  was. ~t significant. 

To determine t h e  thermal g rad ient  across t h e  3/4 i n .  t h i c k  p la te ,  

a typ ' ica l  three-dimensional sec t i on  o f  t h e  g r i d  p late 'was chosen. 

The temperature d i s t r i b u t i o n  was determined us ing t h e  A-C Thermal 

Analyzer P rog ra f i ,  f o r  t h e  IBM-704 computer. 

The maximum thermal g rad ient  across a 3/4 in .  t h i c k  p l a t e  was 
. . .  . . 

found t o  be 45.5 F, (F igure 7.7). However, due t o  t h e  curvature  

o f  t h e  p late,  . the  th ickness near t h e  edge, measured on the, v e r t i c a l  

plane i s  about I in. ;  t h e  maximum thermal g rad ient  f o r '  t h i s  

c o n d i t i o n  i s  increased by 50 per cent  o r  68.5 F (Figure 7.8). 

*A computer 'program developed by Al l is-Chalmers t o  handle steady- 
s t a t e  and t r a n s i e n t  heat t r a n s f e r  problems. 



Assufni ng t h e  edge of t h e  p l a t e  i s  c larnped, so f h a t  angu l a r  

d e f l e c t i o n  but  no t  r a d i a l .  expansion, i s  prevented, t h e  r e s u l t i n g  

bending st resses may be approximately'expressed as fo l lows:  

Where: E 'ioungl's Modulus 

Ir . *  Po lssonts  R a t i o  

a ' " C o e f f i c i e n t  o f  thermal expansion 

TaYe * Average temperature through p l a t e  th ickness 

T * Temperature a t  p o i n t  under cons idera t  ion 

. . The resu I t ' s  o i  t h e  mechanical and thernial s t ress  analyses a re  

presented I n  F i gure 7.9 and 7.10. s t resses a t  t h e  i 'nner and 

outer  surfaces o f  t h e  spher i ca  l tube shekt 'aG$i-~ iven by F igures 

7.9 and 7.10, respect  i ve.1 .' The apparent d i scont i nu it i es i n t h e  
. . .. . . . 

s t r e s s  d i s t r  i but  ions shown k r e : t h g  resw i t s  o f  t h e  def l e c t  i on 
. .. . - .  . . 

e f  f i c  iency app l l e d  becaise of t h e  presence of t h e  p e r f o r a t  1 ons. 

S t ress  concentret ' ion f a c t o r s  were not  app l i ed a t  t h e  p e r f o r a t  ions 

nor a t  t h e  edges o f  t h e  Pube sheet. 

I n  t h e  analys is ,  t h e  f o l l o w i n g  se ts  o f  cond i t i ons  were assumed: 

... T ' I , Bolted-down cond i t ion ,  no pressure o r  temperature 

d i f f e r e n t i a l .  . . 
. . 

2. Normal opera t ion  cond i t i on  (85 p s i  pressure d i f f e r e n t i a l ) .  

3. Abnormal c o n d i t i o n  (250 p s i  pressure d i f f e r e n t i a l ) .  



PLATE THICKNESS, IN : 

F igu re  7.7 - Temperature Gradient  3 /4  i n. t h i c k  Sect ion  P l a t e  (43-025-1 70) 



BOTTOM PLATE THICKNESS, 'IN 'TOP 

F i gure 7.8 - Temperature. G rad ien t  I i n. ~h i c k  Sec t ion  P l a t e  (43-025- 172) 



Figure  7.9 - Stress D i s f r i b u t i o n  on Ins ide  Surface of Superheater G r i d  



F i g u r e  7..10 - S t ress  D i s t r i b u t i o n  on Outs ide  Sur face o f  Superheater G r i d  

.? 
- . .  

P l a t e  (43-024-285) 



7.3 'Suporhsatcr Shrouds' 

Water moderator i s  d i r e c t e d  through t h e  superheater reg ion  by an 

enc los ing  316L S ta in less  Steel  shroud between t h e  superheater and 

b o i l e r  reg ions .  

The upper shrouds, 1/8 i n .  t h i c k ,  and t h e  bower shroud, 1 /4 i n . .  t h i c k ,  
! 

a re  we1 ded a t  t h e  t o p  and bottom . t o  . t h e  6af f  16s.. .Bo th  shrouds a r e  subjected 

t o  i nterna l pressure! dur ing  norma l ope ra t i on .  o f  t.he r e a c t o r .  

The maximum d i f f e r e n t i a l  pressure exer ted  on t h e  shrouds by t h e  moderator 

water w i t h i n  t h e  b a f f l e s  has been determined from f low c a l c u l a t i o n s .  

Several methods have been i nves t i ga ted  i n  order  t o  determine t h e  

s t ress  and def l e c t  ion  caused by t h e  i n terna l pressure. Howeeer, due ' t o  

t h e  end cond i t i ons  and t h e  r e l a t i v e l y  complex geometry, t h e  s t r e s s  and 
I 

: . 
de'f l 'kc t  i on' arb'  not  eas i l y  ca I  cu I  a ted  . 

. . 
. . : . . .  

Since t h e  space between t h e  superheater and t h e  b o i l e r  reg ions  i s  

r e s t r i c t e d ,  a  t e s t  was conducted t o  determi ne t h e '  max imum def l ec t i on .  of  

t h e  shrouds when subjected t o  t h e  maximum poss ib le  i n t e r n a l  pressure 
. . . . 

t h a t  cou ld  occur du r ing  r e a c t o r  opera t ion .  

. - 

7.3.1 Theore t ica l  Stress ~ n a  I ' ~ S  i s. 

Since t h e  superheater i s  geomet r ica l l y  symmetric, o n l y  one-quarter 

of t h e  b a f f l e  need be analyzed. The f r e e  body diagram o f  t h e  

sec t i on  under cons idera t ion  (F igure  7.11) i s  g iven i n  

F igu re  7.12. 



I 

Through s t a t i c s ,  t h e  following r e l a t i o n s h i p s  can be r e a d i l y  

der . i ved: . 

By C a s t i g l i a n o ' s  s t r a i n  energy theorem: 

L I  Mds 
* e n s o  N: . 

Since t h e  angle o f . r o t a t i o n ,  8, i s  t h e  same a t  po ints  A and 6 ,  

, . -  
t h e  d i f f e r e n t i a l  angle i s  zero .  

,:. . . . ." - . . 
I n t e g r a t i o n  y ie lds:  , . . 

L l  :~ 0 = l / E l  (Moment Area) : . .  
. . . . 

- .  
. . .. . , , .  . .  .. . , .,. , ., : I 

. .. . 

~ummation of  thii'moment . .. :areas i n  t h e  sect ion under considerat,ian 
. .. 

and s u b s t i t u t i o n  i n  terms of M y ie lds:  A 



F igu re  7.11 - Superheater B a f f l e  Energy Method Ana lys is  (43-025-173) 



The e q u a l l y  d i s t r i b u t e d  f o r c e  o f  P l b / i n .  
shown i s  r e ~ r e s ' e n t r d  i n  the free body d i a -  
grems b y  a d i s t r i b u t e d  l o a d  o f  a, 

2 
2 

F igu re  7.12 - Stress and D e f l e c t i o n  Loading Diagrams. (Sheet I o f .  3) (43-025-174) 



DEFLECTION ANALYSIS 
-# 

AUXILIARY LOADING DIAGRAM I 

Figure  7.12 - Stress aAd Def I ection Loading Diagrams (Sheet 2 of 3) (43-025- 174) 



DEFLECTION ANALYSIS 

Figure 7.12 - St ress  and ~ e f  l ec t  ion Load i ng Diagram (Sheet 3 of 3) (43-025-1 74) 



The maximum stress i n  the shroud occurs a t  poi,nts C and E .  

For A u n i t  IengPh: 

Thus, a t  C and E: 

~~rtar l  a simp1 i f  y i ng leading cond.it ions are assumed f o r  t he  sect ion 

be1 ng studied; s sect ion o f  u n i t  thickness. midway between t he  end 

supports. , . 

The e f f ec t s  o f  t he  .end res t ra  l n ts  o f  t h i s  sect ion are  *considered 

n'egligfble. (Later +ests w i t h  an actual  shroud proved t h i s  as- 

sumpt i on wrong. ) 



An e l a s t i c  energy analysis was performed on the  sect ion shown 

above (Figure 7.12 sheet 2). 

The e l a s t i c  energy equation f o r  the work done by the-  force 

F Is: 

. . 

Mdz -J', Fz --  2FL Mdw 2FL Mdv 
J'E TTi 

Mdv ~ d v  - SF FL - rE Fv - E 1 

Performing t he  required bperations: 

A s im i la r  analysis can be performed on po in t  8. 

Awx i l i ary Load i'ng Diagram #2 (F i  gure 7 ; 12 sheet 3).< 



The e l a s t i c  energy equation f o r  t h e  work done by t h e  fo rce  F Is :  

Performing t h e  requ i red  operat ions: 

. .  . 

7.4 Super heater Upper Shroud 

Water 'inoderator i's d i rec ted  through t h e  Pathf i nder superheater reg ion  by 

a c losed s t a i n l e s s  s ted l  shroud located between t h e  superheater and t h e  

boi l e r  regions.  The pressure exer ted b y  t h e  water modeiator w i t h i n  t h e  

shroud causes def lec t i 'on  o f  t h e  shroud. Since t h e  space between t h e  

b a f f l e  and t h e  bo i ' le r  f ue l  boxes i s  r e s t r i c t e d ,  assurance i s  necessary 

f hat  t h e  rnax imum def l e c t  ion t h a t  occurs dur ing  t h e  most Severe cond i t i ons  

i s not  e icess i ve. Shroud def l e c t  ions were determi ned by exper imenta l 

techniques s ince they were no t  .amenable t o  DIRECT calccr lat ion due t o  
. . 

t h e  complex geometry. 



7.4.1 D e f l e c t i o n  Test 

A '  t e s t  was conducted t o  determine t h e  maximum def . lect ion o f  t h e  

superheater shroud when subjected t o  t h e  maximum conceivable 

i nterna I '  pressure. The t e s t  was performed n i t h  t h e  upper ha l f 

o f  t h e  shroud s ince it represents t h e  th tnnes t  and hence th'e 

more c r t t i c a l  sect ion.  

Test  Set-Up (See F igure  7.13). The shroud was s e t  up v e r t i c a l l y  

and was closed a t  t h e  ends by two f langes. The seals between t h e  

flanges, a t  t h e  t o p  and bottom of t h e  shroud were provided by two 

rubber gaskets. The gaskets were compressed 'by four  b o l t s  between 

t h e  two f l anges. 

The d e f l e c t i o n  was measured ,w i th  d i a l  . ind icators mounted . a t  . t h e  

var ious  p o i n t s  a t  mid-e levat ion o n - t h e  shroud. Compressed a i r ,  

c o n t r o l  led w i t h  a ~ r e s s u r e '  regu l ator ,  was supp l ied  t o  t h e  c l osed 

shroud. The pressure was read on a ca l i brated gage ? i d  a manometer. 

Tes t  I  The t o p  and bottom edges o f  t h e  shroud were f r e e  t o  
I 

expand i n  t h e  r a d i a l  d i r e c t i o n ,  s ince t h e  r e a c t i o n  o f  t h e  gaskets 

was negl i .g ib le.  

Run, I 

I. Each .d ia l  i nd i ca to r  was s e t  a t ' z e r o  f o r  zero pressure. 

2. The was increased a t  0.5 p s i  increments up t o  

1.5 ps ig .  



Figure 7.13 - Test Set-Up for Baf f le  .Pressure Test (.43-025-178) 



3. The pressure.and d i a l  indicator  readings were recorded. 

4. The pressure was dropped t o  zero and d i a l  indfcator  

readings recorded. 

:Run 2 
i e  

5. The d i a l  ind icators  were rese t  a t  zero fo r  zero pressure. 

6. The pressure was increased a t  0.5 ps ig  increments up t o  

1.5 psig. 

7. The pressure and d i a l  ind icator  readings were recorded. 

Discussion o f  Test I Results. Test r e s u l t s  are given i n  Figure 7.14. 

The t e s t  r e s u l t s  fo r  t he  f i r s t  run indicated t h a t  local y i e l d i ng  

occurs a t  pressures between 1.0 and. l .5  psig. The permanent 

o f f s e t  was about 0.025 in. During .the..second run, the  def l ec t l on  

was a s t r a i gh t  I i ns  funct ion o f  pressure (6  ( f )  P) ; t h i s  ' function 

had t he  same slope as run I before y i e l d i ng  occurred. 

.The maximum de f lec t ion  occvis a t  the  four corners labeled 6; 

t he  radial '  displacement was near ly t he  same over t h e  whole length 

o f  t he  shroud from top  t o  bottom. 

.Test - 2. 1.n order t o  reproduce more c losel y t h e  end ccindi%ions 

t h a t  are encounter,ed w~hen t h e  shroud i s  we1 ded t o  t he  baf f l es 

a t  t he  top and bottom a ~ e s ,  addi t iona l  .supports were provided. 



The t o p  and bottom edges were,$e I  d  i n  16 places a t  l oca t  ions i, 

4, 6, and 8 (F igu re  7.15) t o  prevent r a d i a l  displacement a t  t he  

ends, bu t  t h e  ends were t r e e  t o  ro ta te ,  being s imply supported 
. . 

a t  t h e  edges. 

The r a d i a l  supports were prov ided by b o l t s  screwed i n t o  nuts t h a t  

were clamped t o  t h e  f langes.  D i a l  i n d i c a t o r s  were mounted a t  t h e  

t o p  and bottom edges, near t h e  supported po in ts ,  i n  order  t o  

c o n t r o l  t h e  pre-compression i n  t h e  shroud when t h e  r a d i a l  
. . 

support i ng: b o l t s  were i nsta l i ed . The pre-compress ion was l i m i  t e d  

t o  about 0.002 t o  0.004 i n .  when t h e  shroud and t h e  r a d i a l  support ing - 

b o l t s  were i n  contac t  a t  zero  pressure. 

I .  The d i a l  i n d i c a t o r s  a t  t h e  t o p  and bottom edges were s e t  

a t  zero f o r  zero  pressure. 

2. The pressure was increased from zero  t o  0.5 ps ig;  then t h e  

d i a l  i n d i c a t o r s  located a t  mid-e levat ion o f  t h e  shroud 

were s e t  a t  zero, t hus  i n s u r i n g  an equal con tac t  fo rce  

a t  each supported po i  n t  . The d i a l  i n d i c a t o r s  a t  t h e  t o p  

and bottom edges were no t  rese t ;  t h e  readings f o r  t h e  

above cond i t i ons  were b a s i c a l l y  zero. 

3. The pressure was increased from 0.5 t o  2.5 p s i g .    he 

readings o f  t h e  d4al i n d i c a t o r s  a t  mid-e levat ion were 

recorded. 

4 .  The pressure was decreased from 2.5 t o  0.5 ps ig; t h e  read i  ngs 

o f  t h e  d i a l  i n d i c a t o r s  a t  mid-e levat ion were recorded. 



Figure 7.14 - Plot of Baffle Deflection vs Internal Pressure Edges not 

Restrained (43-025-179) 
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F i g u r e  7.15 - P l o t  o f  B a f f l e  D e f l e c t i o n  vs I n t e r n a l  Pressure Edges 

Res t ra  i ned a t  S i x teen  ~ o c a t  ions (43-025- 18C) 



5. The p ressure  was decreased f rom 0.5 t o  0  psig;  t h e  

read  i ngs o f  t h e  d'i a 1 i nd i c a t o r s  a t  mi.d-e 1 e v a t i  on were 

recorded.  

D i scuss ion  of  T e s t  2 Resu l t s .  The t e s t  r e s u l t s  a r e  g i ven  i n  
' 

F i g u r e  7.15; p ressure  c y c l e s  from 0.5 t o  2.5 p s i g  were made 

severa l  t imes;  a t  0;5 ps ig ,  t h e  d i a l  i n d i c a t o r s  r ead ings  were 

cons i stent.1 y near t h e  o r i g i n a l  s f l i n g  of .  zero.  A t '  t h e  edges, 

t h e  r a d i a l  d isplacement was z e r o  a t  t h e  suppor ted po in t s ,  t hen  , 

. . 
increased t o  a  maximum a t  m id -e leva t i on .  . , 

The max imum def I e c t  i on was measured a t .  m i  d-e l e v a t  i o n ,  ~ f . . . ~ o  i n t s  I 

and 12. A r a d i a l  d isplacement o f  about 0.005 i n .  o f  t h e  whole 

shroud was observed d u r i n g  t h e  p ressure  t e s t i n g ,  which accounts 

f o r  t h e  d e f l e c t i o n  d i f f e r e n c e  between p o i n t s  I and 12. 

S ince t h e  d i a  I i n d i c a t o r s  a t  m i  d -e l eva t i on  were s e t a t  z e r o  f o r  
, 

11 
0 .5  ps ig ,  t h e  def l ec t i on : read i  n g s i a t  2.5 p s i g  .were .i r k i eased  

<\ 

by t h e  compression"readings observed a t  zeco .p ressure  as  shown 

below: 
, .  

EXAMPLE: ' 

. . . . Pressure D e f l e c t i o n  
. . , . 

IPS~S) ( i n . )  , . 

P o i n t  I ., . .. 2.5 0.022 
0.5 . 0.000 

. . 
0 -0.007 

T o t a l  Def l .ect i o n  a t  2.5 p s i  g  0.029 



Cone I  us ion. From the ' -  precbedi ng tes ts ,  it has 'been shown f ha t  
, .  9 ' - . _  . .  

t h e  end cbnd i t  ions o f  : t he  s t r u c t u r e  i nf iuences g r e a t l y  t h e  shape 

and magnitud,e o f  t h e  . r a d i a l  deformation. I n  t h e  reactor ,  when t h e  

shro"d i s  i n  p lace i n  t h e  superheater, t h e  top  and bottom edges 

a re  welded t o  t h e  baf f les ,  thus t h e  edges are  b u l l )  I n  reducing 

t h e  d e f l e c t i o n  a0 the .mid-e levat ion  of  Phe shroud., 

The t e s t s  conducted d i d  n o t ' e x a c t l y  dupl i c a t e  t h e  actual  case 

s ince t h e  edges were simply supported a t  var ious  points,  as 

ind ica ted i n  Figure.7.15, instead o f  being b u i l t  in .  The maxi- 

mum def l e c t  ion measured a t  t h e  m i  d-e l evat  ion  o f  t h e  shroud i s 

0.028 in., a t  maximum expected pressure o f  2 psig, and i s  

s a t i s f a c t o r y  t o  avoid in ter fe rence o f  t h e  reac to r  i n te rna l  p a r t s  

dur ing  operat  ioha l cond i t ions .  

7.5 Steam L l n e  and Superheater Support 

The superheater v e r t  i ca  I support w i t h i n  t h e  reac to r  vessel i s  p rov i  ded 

by t h e  double-walled steam l i n e  header. The steam l i ne ,  made o f  304L 

S ta in less  Steel ,  1/2 in .  t h i c k ,  I s  welded t o  t h e  reac tor  vessel pene- 

t r a t i o n  sleeve and guided a t  t h e  superheater f lange e leva t ion  by e i g h t  

r a d  i a  l supports (F i g . 7.16) . 

The i'nner' l i ner sleeve, made o f  304L Sta i n less Stee I ,  i s welded a t  t h e  

top  t o  a r i n g  at tached t o . t h e  steam l ine ,  and guided a t  t h e  bottom 

w i t h  4 r a d i a l  supports. The l i n e r  cone, made o f  304L S ta in less  Steel ,  

i s  welded a t  t h e  bottom t o . t h e  same r i n g  t o  which t h e  l i n e r  sleeve 



STEAM LINE 

F i g u r e  7.16 - P a t h f i n d e r  Superheater Design Steam L i n e  (43-025-184) 



t o p  i s  welded. The so l i ' d  r i n g  separates t h e  two gaps formed by t h e  

l i n e r  cone and sleewe, t hus  prevent ing  heat t r a n s f e r  by fo rced con- 

vec t  i on. 

A m e t a l l l c  i n s u l a t i o n  made o f  corrugated lnconel sheets ( thermal c o n d u c t i v i t y  - 
one ~ t u / h r - f t 2  OF/i n .) was i n s t a l  led  between t h e  l i ner and t h e  steam l i ne 

over t h e  whole length o f  t h e  sleeve and a t  t h e  upper c y l i n d r i c a l  p o r t i o n  

o f  t h e  cone near th,e f l ange  as shown i n  F igu re  7.16. 

,I 

Approximate c a l c u l a t i o n s  have been made t o  determine t h e  heat t r a n s f e r  

losses across t h e  double-walled steam l i n e  header. The heat f l u x  has 

been p l o t t e d  versus t h e  steam gap th ickness  between t h e  l i n e r  and t h e  

steam l i ne ,  w i t h  and w i thou t  i n s u l a t i o n . .  (F ig .  7.17). 

7.6 Superheater Natura l  Frequencies - - 

The superheater assembly and i t s  support (steam l i n e  w i t h i n  t h e  r e a c t o r  

plenum) was analyzed as a v e r t i c a l  beam 306 in.  long having v a r i a b l e  

c ross  sec t ions  along i t s  l ong i tud ina l  a x i s .  

- 

The i n t e r n a l  p a r t s  o f  t h e  superheater, such as i n s u l a t i n g  tubes and 

f u e l  tube assembl,ies, w'ere assumed t o  increase t h e  mass but. wou I-d n o t  
. . 

c o n t r i b u t e  t o  t h e  r i g i d i t y  'of t h e  superheater; t h e  mass o f  t h e  water .  

i n  and around t h e  tubes  was neglected. 

The system was d i v ided  i n t o  78 sect ions;  t h e  weight, and t h e  smal les t  . . 

geometr ical  moment o f  i n e r t i a  i n  respect  t o  t h e  neu t ra l  a x i s  o f  t h e  

system were c a l c u l a t e d  f o r  each sec t ion .  The system was programmed 



t o  determine t h e , . f  i r s t  threeOnatura. l . .  f r equendes  of each . . o f  th,e t h r e e  : 
I 

cases bettow us ing  t h e  IBM-704.digi.tal compuT.,er. 

The bottom sect ion,  where t h e  steam l i n e  penetrates t h e  r e a c t o r  vessel, 

was assumed as b u i l t  i n .  Thus t h e  def lect i .on and t h e  r o t a t i o n  a t  t h i s  

sec t ion  i s  equal t o - z e r o .  The superheater and steam l i n e  f langes 66 in .  . ., 

f rom t h e  bottom were simply supported, p revent ing  t h e  l a t e r a l  d e f l e c t i o n  

bu t  not  t h e  r o t a t i o n .  The upper end was supported as i nd i ca ted  i n  t h e  

f o l l o w i n g  t h r e e  cases: 

I: Top end f r e e  

749 cprn 1st  frequency 

2nd frequency 3638 cpm . . 

3 rd  frequency 10724 cpm 

. . 
. .  . . . 

2. Top end s imply supported ' 

. . . . .  

1s t  frequency 2323 cpm 

2nd frequency 8079 cpm 

3 rd  frequency 
..- 

18135 cpm 

. ' .  

3. Top end:- f l e x i b l e  support (See F igu re  7.18) 
(Spr ing  constant  31,200 Ib / in . )  

I sY frequency . 1 1 2 9  cpm. . 

2nd frequency 5960 cpm 

3 rd  frequency 14758 cpm 

The t h i r d  case i s  r e t a i n e d  s ince  it represents t h e  ac tua l  superheater - < 

f i x i t y  c o n d i t i o n .  The f l e x i b l e  support  a t  t h e  chimney i s  prov ided by 



F igu re  7.17 - P l o t  o f  Heat F lux  vs Steam Gap Thickness f o r  Steam L i n e  

Header (43-025-182) 
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F i cyt-4 7.18 - Super heater  V i brat i on Ana l ys i s Forms (43-025- 18::. 



t h e  attachments t o  t h e  steam dryer,  f o r  which t h e  sp r ing  constant  has 

been determined a n a l y t i c a l  l y .  . ?. 

The f o r c i n g  f requencies which are  i n h e r e n V i n  t h e  r e c i r c u l a t i o n  system 

a re  t h a t  o f  The pump r o t a t i o n a l  speed, 585 cpm, and t h a t  o f  t h e  5 impe l l e r  

blades X t h e  r o t a t i o n a l  speed, o r  2925 cpm. 

Although, t h e  na tura l  f requencies o f  t h e  superheater a r e  near an even 

in teger  o f  t h e  f o r c i n g  f requencies it i s  improbably t h a t  a s t a t e  o f  

resonance cou ld  e x i s t ,  because of  t h e  h igh  tu rbu lence o f  t h e  water 

w i t h i n  t h e  reac to r  plenum. 

7.7 Superheater Tube V i b r a t i o n  Test  

The purpose o f  t h i s  t e s t  was t o  determine t h e  frequency and magnitude 

o f  v i b r a t i o n s  o f  t h e  superheater ou ter  conta iner  tubes due t o  cross 

and p a r a l l e l ,  s i n g l e  and two-phase f low between tubes a t  var ious  f low 

v e l o c i t i e s .  

Tes t  Sect ion (F igure  7.19) was designed t o  reproduce t h e  geometry and 

e n d . f i x i t y  o f  t h e  Path f inder  superheater conta iner  tubes. The t e s t  

I s t t  i c e  (F igu re  7.20) cons i sted o f  a v e r t  i c a  I bund I e o f  s ixt 'een t" bes' 

r i g i  d [ y  at tached t o  an upper and lower. tube sheet' and'.spaced between 

t h e  tube sheets by four  baf f 1 es. The 1 a t t ' i c e  was enc 1 osed i n a box 
. - 

4-15/16 i n .  x 4-15/16 i n .  i n s i d e  c ross  sec t i on  i n d  ' I 6  f t  long. One 

s ide  o f  t h e  box was removable, so t h a t  t h e  l a t t i c e  cou ld  be inser ted .  



. . 

The si:;teen tubes  o'f 304 ' s t a i  n ' ! e s s " ~ t e e ' !  were d isposed 'on  a square . 

p i t c h  o f  1.234 i n .  t h e  tubes  were 192 i n .  !ong, 1.080 i n .  .0 D w' i fh  

0.020 i n .  t h i c k  wall , ,  except  f o r  a  20 i n .  l eng th  a t  t h e  bottom. The 

bot tom 20 i n .  was t ape red  t o  0.800 i n .  0 D. w i t h  0.023 i n .  t h i c k  w a l l .  
. . 

A t  t h e  upper p a r t  o f  t h e  l a t t i c e ,  t h e  t ubes  were r i g i d i y  a t t ached  t o  
. . . .  . 

t h e  1.0 in .  t h i c k  t u b e  sheet  by f u s i o n  welding; t h e  t u b e  sheet was 

b o l t e d  t o  t h e  end o f  t h e  box, t h u s  c  l  os  i ng t h e  en'd. .of' t h e  t e s t  s e c t i o n .  

~t t h e  bottom, whe& t h e  . tubes were 0.800' i n .  0 D, ,.shou I der t y p e  P 1 ugs 

were we1 d e d  t o  . t he  tubes;  t hese  p l ugs  were threaderd i n  t h e  -sect , ion 

t h a t  passed th rough  t h e  t u b e  sheet .  Nuts  were. f i ghtened u n t  i I . t he  . t ube  

sheet  r e s t e d  aga ins t  t h e  shoulder  o f  t h e  plug, p r o v i d i n g  a semi - r ig id ,en ,d  

f i x i t y  f o r ,  t h e  tubes.  The b a f f l e s  l oca ted  betw8e.n t he . , t ube -shee t s  were 

s imp l y  supported i n  t h e  box. I n each b a f f  le ,  . n i  ne sharp-edged .or i f  i c e s  

on' a  square p i t c h  spac i ng .o f  1 .;234 i . n. . were cen te red .  over  .t .he f l ovi channel 

between t h e  tubes.  Each b a f f l e  was removable and i t s  e l e v a t i o n  c o u l d  be 

changed. The t r a n s i t i o n ,  i n te rmed ia te ,  and upper b a f f l e s  were a l s o  used 
. . 

t o  r e g u l a t e  t h e  amount o f  water pass ing  th rough  t h e  t ube ' bund le .  

I 

The' i n l e t  sec t  i on  was formed by an 8 i n . d i amefer enc l  os i ng two  s i des  

'of  t h e  box over  a  26 i n .  l eng th .  Two openings 90 degrees a p a r t  were 

c u t  i'n t h e  box, t h u s  f o r c i n g  t h e  water  i n t o  t h e  t u b e  bundle  hor ' i zon ta l  l y .  

9 

. . The channel formed by t h e  box f l a n g e  and t h e  i n s i d e  diameter o f  t h e  8 i n .  

p i p e  was such t h a t  t h e  v e l o c i t y  a t  t h e  t h r o a t  o f  t h e  plenum d u p l i c a i e d  
. . 

t h e  water  v e l o c i t y  a t  t h e  P a t h f i n d e r  superheater  steam l i n e . f l a n g e .  The 

d i scha rge  s e c t i o n  was formed by a  10 i n .  p i p e  e n c l o s i n g  t h r e e  s i d e s  o f  . 



Fioure 7.19 - Superheater Tube Vibration Test LOOP ,(210764) 





, t he  box ovkr a 69 in. ' 1 sngth; s' ixt~en opea i ags were cu t  i n two sf des 

~f the  box $Q degrms apart thus forc ing the  water tar+ bor izenta l l y . 
A t  the  intermediate and upper baff les where the tubes were 1.080 in.  O.b,: 

the net channel area was 9.73 s q ,  1n.j the equivalent diameter, Do, was 

0.715 In. 

A l  the t rans i t i on  baf f le  w k r e  the tubes ware 0.800 I n .  o . Q ; ,  the  
. . 

net chpnnel area was 16.36 sq In.; the equfvrlent dfamter, Do, was 

1.625 in. 

Test Set-UD. The t e e  sect lor  was plaoad i n  a aal lbrated closed loop 

csnstructed sf 2-1/2 in. standard pipe w i th  bolted flange connections. 

The water was rec i rcu lated frm a suction discharge tank o f  500 gal 

capacity through the 1-p and tes? section w i th  an all is-Chalmera 

centr i fugal  pmp, Model C-3, size 3 in. x 2-1/2 in. ra ted a t  240 gpm, 

The water flow was measured by readlng the  pressure d i f f e r e n t i a l  across'  
i 

a cal ibrated o r i f i c e  p late w i th  radius taps connected t o  a mercury 

d l  f f erent.ia l mrromter . The or  i f ice  p l ate was i nserted between two 

flanges on the 2-1/2 In. pipe aonnecting the pump t o  the  t e s t  section, 

The water flew war contro l lad w i th  a by-pass valve inserted between 

+ha pump discharge and the o r f f i o e  p'late, and a t h r o t t l i n g  valve inserted 

i n  the t e s t  section discharge pipe. 



I~str l trnentatien. A navel technique was 'developed t a  i n s t a l l  the s t ra in  

gages inside the  tu6es. This eliminated the  necessity for  waterproofing. 

The leads w ~ e  taken out t he  Qpen upper end of t he  tube. The gages were 1 
located 147 I n ,  from the upper tube sheet (mi  dwsy betueea .the. trsnr if lorn 

and i mtcsrmed laf e bsf f l rs) . The unsupported length b6tween the two 

baf f  leo was 47-1 /2 in. 

The natarel frequency o f  v i b r a t f ~ n  sf the tuber was detected by two 

sSra'ln gages arrangad ;a a Wheatstone bridge c i r c u i t .  The v ib ra t ion  

s igna l was fed t o  an amp l if i e r  and s t ra in  gage i ndi cator, and t h i n -  

thrsugb a decade ampt i f ls r  t h a t  was ooanected t o  an @&ctllobcope. 

. + 

To k a s u r e  the  amplitudes of vibration, the  signal was fad t o  the  osc l l -  &- ' 1  
, w -  

l ose~pe through am ampl i f ier .  A s t a t f a  def lect ion ca l ib ra t ion  o f  t he  
I 

oecilloscope was made. 

A cal  i bra t  Ion of the  s t ra in  versus def l eo-kion was ma& by masur t ng 

the  tube def lect ion w i th  a d i a l  indicator and recording the  s t r a i n  on 

the  s t r a i n  gage Ind lca tw.  The ampli+Ides of v ibrat ion were also 

recarded wi th  a pen recorder. The output signal o f  the bridge was 

ampiif led and fed t o  the recorder. 

Test Procedure and Results. Measurements were taken t o  detergline the 

natural freqoenay o f  the  t e s t  section i n  a i r  under three conditions: 

I .  With the  tube IatSice suspended, 

2.  With the  tuba l a t t i c e  inserted i n  the box but withowt the  

cover. thus Drovidina la te ra l  s a ~ ~ o r t t o  tube sheets and 



baf f les  oa three sides. 

3. With the fwbe l a t t i c e  Insta l led i n  ?be contafnmnt box w i th  

the cover bolted i n  place providing la te ra l  support o f  al.1 

baf f les on a l l  sides. 

V i  bratioms were l nduced by sharp 1 y s t r  l k 1 ng baf f J es w contat nment box. 

The osctl l loscope responsee f o r  the thrae aaoas are shmn I m Pf  gure 7.21, 

7.22 sad 7.23, Tha nrlwral frequency af the t l ~ b a  I a f t  Ice suspended i h  

a i r  was 25 cps; the frequancry of )be I a t t l u a  i n  a i r  swppwtqd on three 

sides was 68 cps; the frequency In s i r  supported on four s t d m  was 

70 cps. 

Attempts were made t o  determi na $he natural h q u e n a y  1 n ws*sr by s t r  i k  I ng 

the  box with a h a m ,  but the  amplitudes o f  vibration were so dampened 

t h a t  ths  os~ i l l osaope  shwed no signal. 

Tests W W ~  c01~d6t~twt t o  d&wmi ne the f req~ency a f  v ib ra t  €on due, t o  a 

single-phase f lw5and d~re t@ hlo-phase ( a i r  and water) flow. For 

single-phase tests, the water flow was vbried frm 95 t o  199 gpm t h rwgh  

the t e s t  section. For +wo-phase tests, the flow var lsd frola 120 t o  

204 gpm of a i r  tnclwded. The ose i l le rmpe responsa for these tes ts  

are s h u n  I n  Figurer 7.24, 7.25, 7.26 and 7.27. the  frequrracy In a l l  

cases was 60 cps. 

Ter.Ss were corjdected t o  determine the interference frequency. The magnl- 

f i ca t ton  o f  the wbrtieal vernier was decreasedp With - the  - pump running 

but no water c f rc l r la t lng  i n  the t e s t  saction, the frequency was $0 cps. 



Under the  setme o~ndl-$ions wi th  190 gpm of water passing through t h e  t e s t  

sectton, t he  freq~emcy was 60 cps. Bsci l losmpe responsas fo r  these 

arsasr 'are shewn i w  Figure a_38 and 7.29. 

A t e s t  was conductad t o  determine the natural frequency of t he  tube l a t t i c e  . - 
i n  a i r  with the tnteraediste baf f le  removed and wi th Ihe l a t t i c e  supported 

.li 

i n  the box. This arrangement provided an unsupported tube length between 

the t r ans i t i on  and upper b a f f l e  of 94 in. The natural frequency In a t r  

was 22.5 cps. Oscilloscope-responss i s  shown i n  Figure 7.30. 

Tests to determine the  natural frequency i n  water were not successful. 

Tests t o  determine the wibratlon frequeacy w l t h  slngls- and twolphase . - 

f fw were also unsuccessful because of a 60 cpo Interference frequency. 

The dynamie deflection ~f tubes during v fbrat ion w a s  based on-a s t a t i c  

dsflec-kien where I OR on the Q S C ~  lloseope screen i s  equal t o  0.027 in_, 

defl,ctiaan. Wlth nb flow, th"(5 width o f  the  bema 4x1 +he oscilloscopa~ 

screen, el, was 0.11 cm (Plgqra 7.31). The dynamic? dsflectfom, 

where, 

ex beam width a t  flow, Qx 

e l  beam width a t  zero flow 

Osoilloocope responses for a l l  +asls wi th  the intermediate baffJe i n  place 

are shown i n  Flgures 7,32 through 7.35. Response f o r  t es ts  w i th  in te r -  

mediate ba f f l e  removed are shown i n  Figures 7.36 through 7.38. 



Figure  7.21 - Vibrat ion  o f  Tube Bundle Suspended in A i r  2cm = 0.1  f = 25 cps 
n 

i 

I 
0 

Figure  7.22 - Vibra t ion  o f  Tube Bundle i n  A i r  w i t h  Tube Sheets Guided on 

I 
Three Sides 5 cm I 0.1 sec., f, = 68 cps. 

I 
I 
I 

i 
2 cm = 0.1 sec fn  = 70 cps 

Figure 7.23 - Vibrat ion  o f  Tube Bundle i n  A i r  with Tube Sheets Guided on Four Sides 

I 
- 125- I 

#Q$?{*$ I 



Figure 7.24 - Tube Vibrat ion with 69 OPM and 3.15 FPS Water Flow 
5 cm = 0.1 sec fn = 60 cps 

Figure 7.25 - Tube Vibrat ion wi th  190 GPM and 6.30 FPS Water F low 
5 cm = 0.1 sec fn = 60 cps 

Figure 7.26 - Tube Vibrat ion wi th  96 GPM and 4 FPS Water F low and 24 GPM A i r  F law 
5 cm = 0.1 sec f = 60 cps 

n 

Figure 7.27 - Tube Vlbrat ion with 180 GPM and 6.75 FPS Water Flow and 24 GPM A i r  Flow 
5 cm = 0.1 sec fn = 60 cps 

Figure 7.28 ncy. 5 cm - 0.1 sec f i  = 60 cps 

1 I I ' I  I I I 
Figure 7.29 - Interference Frequency with 190 GPM Water F lcm 

5 cm = 0.1 sec f i  = 60 cps 
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': . ~ i g u r e  7.36 -CalibrationBeamfor 94 in. S p a n T u b e S e c t i o n a t ~ e & l a w O . I  cm=0.025 in 
Ref IecSion 0.11 cm 6 = 0 ex 

- 
e = 0.2 6 = 0.0112 in. 

I 
Figure 7.37 - Def IectFor. ,. ,- .... ,,-., , ,,, .. , .,. Single I r 190 GPM and 6.3 FPS 

X - 

Figure 7.38 - Deflection of 94 in. Tube with Two-Phase Flow 190 ~ ~ ~ " w a t e r ,  24 GPM A i r  7. 1 FPS 
e ' 0.23 cm 6 = 0.0150 in. 

X 



The same aaasurem~nts o f  dynamic d e f  1 ec t  i on were recorded w i t h  the pen 

recorder. Results f o r  the single-phase flow tes ts  are shown i n  Figures 

7.39 and 7.40. 

Qiscusslon. The natural frequency of v lbrat lon of tubes when the l a t t l c e  

was suspended I n  a i r  was not well deflned. It appears t h a t  the l a t t i c e  

vibrates as a whole a t  about 25 cps (F'lg. 7.2). I n  such a case; the  tubes 

have many degrees of freedom corresponding t o  various possible modes 

of vfbrat ion. O f  these, a l l  but the  fundamental mode were disregarded 

since large amounts of  energy would have been required t o  cause the 

tube t o  v ibrate w i th  s ign i f i can t  amplitude a t  higher modes. 

Due t o  the  small gage output, the natural frequency and amplitude o f  

v lbrat ions of t he  tube could not be determined w l th  accuracy when the  

l a t t i c e  was submerged i n  water. The frequency of 60 cps recorded-for 

various flow condit ions does not necessarily indicate the actual frequency 

o f  the tube, because fo r  these condl t ions, an I n k r f  erence f requrncy 

o f  60 cps was prevalent I n  the system ( F i g .  7.28). However, t he  natural 

frequency of the tubes i n  a i r  w l th  the  ba f f les  and tube sheets guided 

l a t e r a l l y  was 68 cps. The natural frequency o f  tha  tubes i n  water can 

be expected t o  be somewhat lower than i n  a i r  due t o  the added mass of 

water surrounding the  tubes, Therefore, the  60 cps observed was assumed 

t o  be the  natural frequency of the  tubes i n  water. 

Measurements of the  dynamic def lect ion of the tubes due t o  v ibrat ions 

was d i f f i c u l t  since 0,002 in. def lect ion would appear on the oscilloscope 



screen as an increase o f  beam thickness of 0.148 cm. The dynamic def lect ion 

observed on Figure 7.34 and 7.35 were smaller than 0.002 in. 

Conclusion. The type of v ibrat lons observed during the  qest w i th  water 

f lowing around the tubes was o f  t he  se l f -axc i ted variety. I n  each o f  the  

t e s t s  w i th  single- and two-phase flow, the  tubes v ibrate a t  t h e i r  natural 

frequency a t  a l l f low ve l oc It i es. Because o f  the  sma l l output of  the 

s t ra  i n gages, an accurate measurement of the def l ect  ion was d i f f icu l t 

t o  obtain. Hcmever, the  objective o f  t he  t e s t s  was t o  determine i f  

excessive amplitudes of v ib ra t ion  would occur a t  maximum flow conditions. 

Excessive amplitudes were considered those greater than 0.002 in. 

I n  making the evaluation, reference i s  made t o  Table 7.1, which compares 

the t e s t  and Pathfinder parameters. Since the  tubes are very comarable 

and the t e s t  tube v ibrat ians were negligible, less than 0.002 in., It 

can be concluded t h a t  the Pathftnder superheater tubes w i l l  operate 

sa t i s fac to r i l y  and tube v ibrat ions w i l l  not be a problem during operation. 

TABLE 7.1 CavlPAR 1 SON OF TEST AND PATHFl NDER PARAMETERS 

Parameter Un i t  Pathfinder Test 

Water ve loc i ty  a t  max. f low fps 4.7 6.5 
Unsupported length in. 47- 1 /2 47- 1 /2 
Weight per u n i t  length I b/ in  0.0245 0.0190 

- E I  I b-in2 2.9 105 2.82 x lo5 
Natural frequency CPS 62 68 
Wydraul lc diameter in. 0.753 0.71 



Figure 7.39 - Dynamic De f lec t ion  C a l i b r a t i o n  Curve at Zero Flow 
I cm r 2 0 y i n / i n ,  f, z 60 cps, Q = 08 = 0 

.w;-W&%* &-; 
Figure /.40 - Dynamic De f lec t ion  w i t h  190 GPM. 6 

i3 = 0:1000465 'in: 

.3 FPS Water Flow 
y i n / i n  s t r a i n  = i n .  



7.8 Superheater O r i f i c e  Flow Test 

The purpose of t h i s  t e s t  was t o  determine the  pressure drop across 

the  t r a n s i t i o n  and intermediate ba f f les  wi th  various sized o r i f i ces .  

The loop tha t  was designed for the tube v ib ra t ion  t e s t  was used i n  

t h i s  t es t .  Refer t o  Section 7.7 f o r  a detai led descr ipt ion of  the  

v ib ra t ion  t e s t  equipment. 

Test Set-UP. (See F l  gure 7.41) - The t e s t  l a t t i c e  i s  shown i n  

Figure 7.20, and was other wise previously described i n  (Sec. 7.7). 

The f low through the  t rans i t i on  ba f f l e  may be WcrJbed  as flow discharging 

from a multichannel formed by several tubes of 0;800 in .  0 . D  i n t o  a 

multichannel formed by several tubes over a 1-1/2 in. length from 

0,800 t o  1,080 in. 0 . 0 .  d i r e c t l y  downstream o f  the  tube sheet and enclosed 
, 

w i th in  a f i n i t e  area, The flow through the intermediate b a f f l e  may 

be dascribed as flow discharging from a multichannel formed by tubes of 

constant diameter C1.080 in. 0 . ~ ) '  enclosed w i th in  a f i n i t e  area. Both 

ba f f l es  were eas i l y  removable. An O-ring seal was inserted around each 

baf f I e and located between the baf f I s "  and the  conta i nrnent box wa l l s t o  

prevent by-pass flow. I n  each b a f f l e  were nine sharp-edged o r i f i c e s  

on a p i t c h  spacing o f  1,234 in. centered between the  tubes. 

Test Procedure. The permanent pressure drop across the t r a n s i t i o n  and 

intermediate ba f f les  was determined experimentally f o r  varlaus Sized 

sharp-edged reamed o r i f i c e s  under various flow conditions, 



Tha parmansmt prassure drop across the  t rans i t i on  b a f f l e  was measured 

w i th  pressure taps I'ocated, 4 in. and 8 In. upstream and downstream, 

respectively, of  the baf f le .  TRe f low was varied and readings were mads 

on the d i f f e r e n t i a l  mercury manoantar No. 3, Tests were run for each 

' of  the fol lowing sets of  o r i f l c e s  i n  the  t rans i t i on  baf f ler  0,318 in., 

0.340 in,, 0.360 in,, 0.381 in., 0.395 in., 0.41 1 In., 0.4% in., and 

0.480 in. diameter. 

The permeneat pressure drop across the  intermediate b a f f l e  was masored 

wi th  the  pressure taps located 4 in. and 8 In. upstream and downstream, 

respectively, of the  tube sheet. The flow was var ied and readings 

were made on the d i f f e r e n t i a l  mrca ry  @antmeter Ma. 4. Tests were run 

fo r  each of the fol lowing sets o f  o r i f i c e s  i n  the intermediate baf f ler  

0.330 In., 0.395 in., 0.460 in., 0.490 in., and 0.510 in. diameter. 

The prwtanent bressure drop across the  t rans it i on and i nter~1.d 1 ate 

ba f f le  was recorded, and i s  presented as a funct ion of flow i n  

Figurd 7.42 and 7.43. 

The para l le l  f r i c t l o n  loss along the  tubes was measured wi th  pressure 

taps located 97 In. apart, from 4 in. below the t rans i t i on  twbe sheet 

t o  4 in. below the  upper tube sheet. The t o t a l  pressure loss of the 

t rans l t ian,  and l n te rmd ia te  baff  1s and the  fr i c t i o n  loss was read , 

on the  d i f f e r e n t i a l  nransmster No. 5. 

The f r i c t i o n  loss, which would have been a difference, could not be 

determined because the scatter i n  data was equal or greater than  the^ 

expected f r i c t i o n  loss. 

- I 33- 
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~ m t 8 F  temper&- v a ~ i e d  from 70 to  IOQF. 
Tha atqulvaleat dim. of th ohanno1 ex- 
elmding tb. m l l a  I-sf8 in. .bore th 
tube r h e t  and at  the tube a b e t  wen 
0.71 a d  1.62 in., rarpaotlvely. K i a  
the ~e8 ir t .nae  coiiioient.  / 

- ' FLOW 
CHANNEL 9 ORIFICES 

Figure 7.42 - Pressure Drop Across Transition Tube Sheet with Various Sized Orifice 
Diameter, do (43-024-429) 



Water temperature varied from 70 to IOOF. 
Equivalent diem. of the flow channel was 
0.71 excluding the wall. K designates the 
reatstance coeff ic ient .  

igure 7.43 - Pressure Drop Across an l ntermediate Tube Sheet for  Various, Sized O r i  f ice 
~ iameters ,  do (43-024-428) 



.Calculat ions.  A t  t ;he:.transi.t ion tube sheet, where t h e - t u b e s  were 

0,800 In .  O:O,. t h e  f low channel area was 16.36 sq i.n. The equ iva len t  

diameter was ca lcu l ,a ted  t o  be 1.625 in .  T h e w a l l s  of  t h e  box enc los ing  

t h e  tube l a t t i c e ,  were:noglscted'? 

A t  t h e  in termediate tube sheet, where t h e  tubes a r e  1.080 i n .  O.D, 

t h e  f l ow  channel area was 9.73 sq in .  The equ iva len t  diameter was 

c a l c u l a t e d  t o  be 0.715 in .  

The permanent pressure drop i s  a  func t i on  o f  t h e  res i s tance  c o e f f i c i e n t ,  

K, and i s  expressed as fo l lows:  

where: V, = -ve . l oc i t y  o f  water through t h e  o r  i f  ice, fps .  
. . 

The average'val 'ues.of ' the '  res i s tance  c o e f f i c i e n t  were p l o t t e d  as a  

f u n c t i o n  o,f beta r a t i o  i n  F.i gure 7.44. . ' . 
. . .  

D iscussion.  ~ i n c e ' a  smal l  chamber w i  l I  g r e a t l y  a f f e c t  i h e  c o e f f i c i e n t  

of  discharge, it i s  imperat ive t h a t  t h e  upstream edge o f  t h e  o r i f i c e  
. . . . 

be Shapp. 1.n t h e  t e s t ,  each o r i f  i c e  was reamed t o  t h e  i nd i ca ted  
. . 

d,imensions M i t h  a  to lera.nce o f  + 0.005 i n .  The s c a t t e r i n g  observed 
. . 

f o r  some o r i f i c e s  t e s t e d  was probably due t o  leakage between t h e  b a f f l e s  

and t h e  containment box wa l ls ,  s ince  some d i f f i c u l t y  was encountered 

i n  i n s e r t i n g  t h e  l a t t i c e  i n  the,box.  



The res i s tance  c o e f f i c i e n t ,  K ; - fo r  each o r i f i c e  size, was assumed 

constant  from minimum t o  maximum f low (20 t o  100 gpm). I n  no case 
-Ld 

was t h e  d i f f e r e n c e  l a rge r  than 6.5 per cent  between minimum and maxi- 

mum f low.  T h i s  u n i f o r m i t y  was a t t r  i bwted t o  an increase of. t h e  by- 

pass f l.ow around. t h e  tube sheet when t h e  d i f f e r e n t i a l  pressure across 
. . . . , .  . . . . . ..< 

t h e  tu.be sheet was increased. 
. . 

, / '  . . . . . . & .  

7.9 Superheater Water Flow 

The water from t h e  r e c i r c u l a t i o n  pumps enters  t h e  lower' p o r t i o n  of t h e  

vessel and proceeds upward i n  t h e  plenum, where most of It enters  

t h o  b o i l e r  core  through t h e  g r i d  p l a t e  and t h e  f u e l  elements, and 

p a r t  o f  it enters  t h e  superheater, then f lows upward through t h e  

b a f f l e  o r i f i c e  holes. 

. . . . . . .  . . 

The water en te r i ng  t h e  superheater i s  separated from t h e  water around 

t h e  b,oi l e r  core .  f u e l  .boxes over t h e  !whole. l eng th  0.f .The core  by a , 

per iphera l  shroud welded t o  t h e . t r a n s i t i o n  and in termediate tube 

sheets. Above t h e  core  region,  t h e  shroud i s  replaced by corner 

angles welded a t  t h e  t o p  and bottom t o  b a f f l e s .  The supertieater 
. . .  

water f low outward thro.ugh t h e  l o n g i t u d i n a l  spaces between t h e  corner 
. . 

. . . . 

i ingles and i s  mixed w i t h  t h e  boi  l e r  cdre water steam: 

The f low passing through t h e  superhea te r - i s  a f u n c t i o n  o f  t h e  pressure '  

drop th rough t h e  bo i  l e r  core  . fuel  elements; t h e  s i z e  o f  t h e  o r i f i c e  

I 
holes i n  t h e  b a f f l e s ,  and t.he fr ic.t.ion loss  a.long t h e  ou ter  conta iner  

tubes. 



Figure 7:44 - Average Resistance C o e f f i c i e n t  as 3 Funct ion o f  B Ra t io  (The R a t i o  c f  t h e  
O r i f i c e  Diameter t o  the  Equ iva lent  Diameter) .(43-024-427) 
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The m l  nimurn f low through t h e  su~e ' rheater  corresponding t o  t h e  minimum 

pressure drop through t h e  b o i l e r  core  f u e l  elements was t h e  c r i t e r i o n  

f o r  t h e  superheater f low c a l c u l a t i o n s .  Based on heat t r a n s f e r  and 
--di 

nuclear physics requirements, t h e  minimum f low and maxi-mum v o i d  

f r a c t i o n  permiss ib le  i n  t h e  superheater was es tab l ished.  

. . The o r i f  i c e  s i i e s  were determined from +he o r i f i c e  f l ow  t e s t ,  S ~ C .  7.8. 

The pressure drop throughout t h e  superheater length was d i s t r i b u t e d  
- .  

as fo l lows:  

1 .  ' t r a n s i t i o n  b a f f l e  (bottom) ,72$ 

2. in'termediate b a f f l e ( m i d d 1 e )  ' 1 7 %  

3. in termediate b a f f l e  ('upper) 9.8% 

4. p a r a l l e l  f r i c t i o n  loss  I 2% 

The f l ow  through t h e  superheater w i l l  be 4.5 t o  6.5 per cent  of  t h e  

t o t a l  r e c i r c u l a t i o n  f low r a t e  (65,000 gpm), based r e s p e c t i v e l y  on 

t h e  minimum and maximum pressure drop through t h e  b o i l e r  core  fue l  

e l ements . 

7.9.1 Superheater Flow C a l c u l a t i o n s  

The d i s t r i b u t i o n  o f  t h e  pressure drop throughout t h e  

superheater length  was determined as fo l l ows .  

Pressure drop i n  t r a n s i t i o n  b a f f l e  - The permanent pressure 

drop i s  g iven as: 



e x ~ r e q s i n g  t h e  ve'locity;' V;;' 'ttii-ough t h e  o r i f i c e  i n  

terms o f  t h e  f low r a t e  and t o t a l  o r i f i c e  y i e l d s .  

Where: 

. Q  = f l ow  ra te ,  GPM 

do = o r i f i c e  diameter, inches 

n e number o f  o r i f i c e s  ., 

K = f a c t o r  dependent upon B; .the . r a t  i.8 of. or i f i c e  
diameter t o  equ iva len t  diameter. . , , , 

The t r a n s i t i o n  tube sheet has: 
' 

468 tubes - 0.800 . . i n .  0 . D .  

385 o r i f i c e s  - '0.375 in .  diameter 

~ r o m  t h e  o r . i f  i c e  f l ow  teg t ,  Sec t ion  7.8, i t w a s  found 

t h e  8 equals 0.224; thus  K equals 1.51. 

Thus, t h e  r e q u i r e d  -operat ions:  , . 

. . 

Pressure drop i n  in termediate b a f f l e  (middle) 
. . . . . . 

468 tubes - 1.080 i n .  0 . D .  ' 

385 o r i f i c e s  - 0.500 in .  diameter 

36 o r i f i c e s  - 0.406 in .  diameter 

From Sec. 7.8, average K equals 1.30; thus, 

AP n 0.1363 x lon6 Q' (7.31) 



Pressure drop i n  in termediate b a f f l e  (upper) 

468 tubes - 1.080 i n .  0.g. 
- 

385 o r i f i c e s  - 0.580 i n .  diameter 

36 o r i f i c e s  - 0.&06 i n .  diameter 

From Sec. 7.8 average K = 1.25 thus, 

F r  i c t  ion  Losses 

Entrance, discharge and .. p a r a l l e l  . . . losses have been est imated 

from t h e  o r i f i c e  f low t e s t ,  Sec. 7.9: 

To ta l  pressure drop through superheater (See F igure  7.45).  

Therefore: 



- 7.10 Superheater Seal-Test 
. . ,  . 

.-... 

The i n s u l a t i n g  gap between t h e  outer  and Inner superheater conta iner  .. - . - 

tubes 1s sealed a t  t h e  .fop I - ~ j t e  sheet. The outer  conta iner  tube i s  .. . . . . . - - . 

f us ion  welded t o  t h e  tube sheet. An i n s e r t  mainta ins t h e  seal between .. - 

t h e  inner and outer  tubes a t  t h e  top, and i s  fus ion  welded t o  t h e  . - 

inner conta iner  tube. A seal between t h e  outer  tube and in,sert i s  
... &. , * . , . . .  . . , .  

accomplished by r o l l i n g  (expanding) ., 
. 

t h e  inner tube and i n s e r t  i n t o  

t h e  outer  conta iner  tube. Tests were conducted t o  determine whether 
. -- . . . . . 

. . 

t h e  r o l l e d  j o i n t  can be made pressure t i g h t  (489 F a t  70 p s i )  and 
- - 

s t i l l  be r e a d i l y  disassembled. 

Seal i ng austen It i c  s t a i n  l e.ss s tee l  tubes i n  a. tube sheet o f  t h e  same - . .  

mater ia l  i s  d i f f i c u l t - s i n c e  t h e  e l a s t i c  . l i m i t  o f  t h e  tubes i s  t h e  -. . -. - -  . . ... - . 
. . 

same as t h a t  o f  t h e  tube sheet. The tubes r e a d i l y  work harden from 
.. . . ., 

r o l l i n g ,  and t i g h t  j o i n t s  a re  no t  easy t o  a t t a i n  even when p rec i se  - .  

techniques are  employed. 

The t e s t  apparatus used i n  t h i s  experiment i s  shown i n  F igu re  7.46. 

I t  cons is t s  o f  a c y l i n d e r  o f  6 i n .  diameter schedule 40 s t a i n l e s s  

s tee l  welded a t  both ends t o  6 i n .  150 I b  s t a i n l e s s  s tee l  f langes; 

9 conta' iner tubes 1.080 ] n i l  0.0. x 0.020 in .  t h i c k  wa l l  plugged a t  
li 

. I 

one end w i t h  t h e  sea l i ng  p iece fus ion  welded t o  t h e  tubes a t  t h e  o ther  % 

end. 

Test  Procedure - The inner tube assemblies were inser ted  i n  the-.outer . ... 
- 

conta iner  tubes and expanded w i t h  a conventional condenser-tube r o l l e r .  



F i g u r e  7.45 - Pressure Drop Across Superheater (43-025- 13 1 )  . . 





The torque appl ied on the tube r o l l e r  was con t ro l led  t o  p r o d ~ ~ c c  an 

optimum rad ia l  pressure on the  seal ing surface i n  order t o  insure a 

pressure-t ight  seal t h a t  could eas i l y  be disassembled. 

A i r  pressure a t  90 ps i  was appl ied on one s ide o f  the seal; the seals 

were tested by immersing the  t e s t  apparatus i n  water and checking 

fo r  bubbles. 

I n  order t o  simulate thermal cycles encountered i n  reactor  s tar tup 

and shutdown operations, the  t e s t  apparatus was heated t o  500 F and 

cooled a t  room temperature several t imes. A f te r  each. thermal cycle, 

leakage through the  seals was checked as described above. 

The i n t e g r i t y  o f  t he  seals under hot condi t ions was a lso  investigated. 

The t e s t  apparatus was heated t o  500 F. Leakage through the  seals 
. 

was checked by immersing the  t e s t  apparatus i n  o i l  a t  t he  same temperature 

and applying a i r  pressure a t  90 ps i  on one s ide of each seal. 

Resul ts - A torque o f  about 150 in- lb  on a conventional tube r o l l e r  

produced pre ssure-t i ght seal s. Adequate 'sea I i ng was r e t a  i ned under 

simulated Pathf inder operating condi t ions.  The optimum torque required 

f o r  a given conf igurat ion depends on the amount o f  expansion required, 

t he  modulus o f  e l a s t i c i t y ,  and the moment of i n e r t i a  o f  t he  seal ing 

piece and the  inner tube, and the  tube r o l l e r  cond i t i on  and construct ion.  

Nine seals had the fo l low ing  average dimensions a f t e r  tes t ing:  

Outer tube - 1.044 in. I D 
l nsert  - 1.041 in .  0 D - 0.928 in .  I D 
Inner tube - 0.926 in .  O D  -0 .886  in .  I D 



The average expansion of  the seal ing piece outs ide (0  D l  diameter 

was 0.006 in .  A l l  seals were r e a d i l y  disassembled using a  conventional 

condenser tube pu l l e r .  

7.11 Superheater Tube Weld Test 

I Various j o i n t  designs were proposed for  welding type 304 superheater 

container tubes t o  the type 304 SS upper tube sheet i n  t he  Pathf inder 

reactor .  The weld t h a t  j o i ns  these two components must be leak-proof. 

The All is-Chalmers Research Laboratories conducted an investfgat1on t o  

determine the  most sa t i s fac to ry  o f . t h e  proposed designs. 

 ater ria I s  and Welding Procedure - The tube mater ia l  was type 304 

Stain less Steel, I in.  diameter and 0.020 in .  wal l  thickness. The 

tube sheet mater ia l  was type 304 Stain less Steel, 3/4 in .  t h i ck .  

Weld preparations i n  t he  tube sheet are shown i n  Figure 7.47. The 

tubes were inserted i n t o  the  tube sheet ( the f i t - u p  i s  shown i n  

F ig .  7.46) and were fused t o  t he  tube sheet w i t h  a  He l ia rc  torch.  

The surface appearance of  the s i x  designs a f t e r  welding i s  shown i n  

Figure 7.48. Argon was used fo r  the  sh ie ld ing gas. No f i l l e r  metal 

was used except fo r  t h e  second pass of design 4, i n  which case a 1/16 

in .  diameter type 308 f i l l e r  rod was used. A welding cur rent  o f  30 

amperes was used for  design I and 40 amperes was used f o r  the  remaining 

designs. Design I and 6 had the  best we ldab i l i t y  charac te r i s t i cs  i n  

t he  weld tes ts .  



HELIARC FUSION 
PLUS 

HEL IARC HELIARC 
FUSION FUSION 

,-HELIARC' FUSION 

Figure 7.47 - Sketches o f  Various Tube t o  Tube Sheet Joint  Designs (51-433) I 



3 .  6 
Figure 7.48 - Surface Appearance of Joint Designs After Welding (2486-A) 



Physical ~ e s t s  - Two methods were used t o  measure t h e  d i s t o r t i o n  of 

t he  tube sheet caused by the  heat of welding and t he  shrinkage of  

t he  weld (Figure 7.50). As shown i n  Figure 7.50 Sect ion a, a s t r a i g h t  

edge was posi t ioned so t h a t  the  sag i t t a  o f  t h e  arc could be measured 

as shown. In Figure 7.50 sect ion b, a s t r a i g h t  edge was posi t ioned as 

a cantilever, so t h a t  t he  def lec t ion could be measured. Feeler gages 

were used for  t h e  measurements given i n  Table 7.2. The least  

d i s t o r t i o n  occurred when j o i n t  designs I and 6 were used. 

TABLE 7.2 

D 1 STORT I ON MEASUREMENTS 

Weld J o i n t  D i s t o r t i o n  
Desiqn No. 
(See Fig,  7.47) 

Saai t ta  - "An p e f l e c t i o n  - nB" 
in. in.  

An attempt was made t o  determine the breaking strength o f  t h e  weld. 

Using t h e  set-up shown i n  Figure 7.51, a load was appl ied t o  t he  

mandrel t o  force t h e  tube out  of the  tube sheet s ince due t o  t he  

shor t  tube length, t he  tubes could not  be gripped t o  p u l l  them out 

o f  t h e  sheet. The welds d i d  not f a i l ,  even though a l l  t h e  tubes 

collapsed. 

Metal lographic Examination - Sections were c u t  from each of t h e  welded 

j o i n f s  and were mounted f o r  metallographic examination. AII fused . 

areas had a microstructure o f  austeni te p lus pools of f e r r i t e  (about 



10 per cent), as may be seen i n  Figure 7,49. The samples were then 

macro-etched and low power photurnicrographs were taken o f  each jot n t  

design (Figure 7.52). 

Figure 7.49 - Austeni te-plus-ferr i te s t ructure which 
was t yp i ca l  o f  a l l  fused j o i n t s  between 
t h e  tube and tube sheet. Magnification: IOOOX 
Etchant: Oxal i c  acid, e l e c t r o l y t i c .  
(Photo 2846-4-6) 

Summary and Conclusions: Of the  s i x  j o i n t  designs proposed f o r  Hel iarc  

welding o f  Type 156Q Stainless Steel tubes t o  a tube sheet, design I and 
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Figure 7.50 - Two Methods of.Measuring Distor t ion of  Tube Sheet (51-434) 
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Figure 7-51 -Methodused toDetermineStrengthof Weld (51-435) 
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Test Results and Obserrvations - A t  t he  conclesion of t he  test,  v isual  

and metallographic inspection of She specimens was made. The surfaae 

a f  a l l  specimens was covered w i th  a ~ n i f s n a  dark grey ~ o r r o s i o n  product- 
I 

f 1 lm. The f I  I m  was s l  fght ly  l igh ter  i n  @@lor on the t h i n  sheet 

l noomel U bends +haw on those prepared for +he heavy sheet. No 

explanation fer t h i s  differenoe was apparent, 

M i c r ~ ( 5 ~ 6 p i a  e x a m l ~ t l e n  showed no local a t t ~ c k  e i t he r  am ?,! b a d $  or  

f a  the tube - tube sheet crevlcs. No evide~ae, of stress o o r r o s l ~ n  

cracking was observed en the expanded or ciollapsed tubes. @ e ~ e r a l  

sQrface attacsk had wcur rsd  on a l l  speoimens t o  a s l i g h t  degrse 

g iv ing r i s e  te an oxide f i l m  barely v is ib le  a t  fhe highesf available 



.cM) ,!, i gure 7.53 - Overa l l V iew of Test Ho lder -tc- 0 -20 X ( 1 126-0- 1 )  
w-c: . # ,;8-i;n: 8 -- - -A 8 --A ,# . n ~ - : L - ~ ~ i + : - T d ~ L < - , m = G . \ ~ i < ~ F ~ ~ ~  

- 5 #I , ' * I  . . L4z,-Lm ;, - , #  , ,>- ;L , #.. :rL d, -.I : - - . L+L , 

LEGEND : 
I, Assembly representing the lower c o l l a r  (gr id  p la te )  

tubes, The tube i s  fusion welded t o  the simulated 
co1)sr; r ad ia l  clearance between the  tube and c o l l e r  
of t e s t  approximately 0.0017", Tube end c o l l e r  of 
s t a in les s  s t e e l  316 f u l l y  m e a l e d ,  - =: 

I .a. 
I 8 V.8.T 2, Assembly representing the upper o o l l e r  ~ n d  tubem, 

s he tube, s t a in le s s  s t e e l  316, i s  fussion welded t o  
the simulated c o l l a r  s t a i n l e s s  s t e e l  304. A t  the 
weld region only, the tube was expanded i n  the c o l l a r  
p r io r  t o  welding, 

3. Typical outer container tube, s t a in le s s  s t e e l  316, 
expanded apprdxima t e l y  O , O I O w  . 
b .  Typical outer container tube, s t a in le s s  s t e e l  316, 

a- N l l y  annealed 

5 ,  Inconel sheet 0,02OW U bend 

6, Inconel sheet 0,02OW U bend 

7. Typical outer  container tube, s t a in le s s  s t e e l  316, 
f u l l y  annealed, 

8, Typical outer  conteiner tube swedged end a ts in leas  
s t e e l  3I6.f'ully ennealed, 

ontslni f l a t t e n e  s t a in les s  s t e e l  

NOTe t 
Test holder shown m t  conclusion of 2304 hours i n  SOOF 
end X200psi wate 
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Figure 7.55 - View +irurwtngL~bci d Weld Penetrat ion In hoper &ria-t?etas+ 
run for  2304 hrs. a t  500 F and 1200 psi  in .  water) 
75 X (112C-1-11 
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Figu 

Figure  7 .  

r e  7.56 - View Showing Oxide a t  End of Weld Penetration ( t es t  was r 
for 2504 hrs. a t  500 F and 1200 psi  i n  warer) .... 250 X 
( I 122-2-1) 

,57  - View Showing Bent Surface o f  316SS 25/32 in .  Dia.  Tube ( a f t e r  
a t  500 F and 1200 p s i  i n  t e s t  loop). . . .250X ( l lX-5-21 

hrs .  



Figure 7.58 - View Showing Bent Surface of l ncone l Sheet ( a f t e r  2304 hrs. a t  500 F and 
1200 psi in tes t  loop)----2% (112C-5-3) 

Figure 7.59 - Vie? Showing Oxide a t  End of We Id Penetration, ( t e s t  was run for 2304 hrs 
a t  500 F and 1200 ps i in water) ----2% ( I l2C-2- I )  



Figure 7.60 - View Showing Outside Surface of 316SS Ful ly Annealed (a f ter  2304 hrs. a t  I 

500 F. 1200 psi in  test  loop) ---- 2% ( I IX-4-11 
I 

B 
I 

3 of 316 SS 11/16 in. Dia. Tube (a f te r  2304 hrs. 
>st  loop) ---- 250X ( l l z - $ ~ l )  I 



a t  500 F and 1200 p s i  .in water) --- 250~' ( I 12~-3-1) 
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