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FORE WORD 

. , .  . . . . 

Th is  i s  t he  t w e l f t h  o f  a se r ies  o f  r e p o r t s  cover ing  tech- 
n i c a l  progress on the  research and development program being 
performed i n  connect ion w i t h  the  design o f  t he  Path f inder  Atomic 
Power P lan t .  Th is  p l a n t  w i l l  be located a t  a s i t e  near Sioux 
F a l l s ,  South Dakota and i s  scheduled f o r  opera t ion  i n  June 1962. 
Owners and operators o f  the  p l a n t  w i l l  be t h e  Northern States 
Power Company o f  Minneapolis, 'Minnesota. 

. . 

. The U.S. Atomic.Energy Commission, through Cont rac t  . . 

No,.' AT( I  1 - 1  )-589, w i t h  Northern States Power Company, .and 
. . , . 

Centra l  U t i l i t i e s  Atomic Power Associates*(CUAPA), a re  sponsors . , , 

o f  t he  research and. deve l opment program. 

all is-Chalmers Manufactur ing Company o f  Milwaukee, Wisconsin, 
under c o n t r a c t  w i t h  Northern States Power Company, i s  performing 
the  research, development, and design; and w i l l  cons t ruc t  t he  
p l a n t  i nc lud ing  the  reac to r ,  which i s  designated 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  Reactor (CRBR) w i t h  Nuclear Superheater. 
Pioneer Serv ice and Engineering Company o f  Chicago, I l l i n o i s  
i s  p rov id ing  the  archi tect -engineer  serv ices  t o  all is-Chalmers. 
Por t ions  o f  t h e  R & D program, p a r t i c u l a r l y  i n  connect ion w i t h  
f u e l  development, have been subcontracted by Al l is-Chalmers. 

Conceptual engineer ing and component research and development 
i s  we l l  under way a t  Al l is -Chalmers Greendale Labora tor ies .  
E rec t i on  o f  a number o f  major experimental f a c i l i t i e s ,  which 
w i l l  p rov ide important design data, has been completed. A 
C r i t i c a l  Experiment F a c i l i t y  was constructed and i s  now i n  
opera t ion .  

'ACUAPA Member Companies: 

Centra l  E l e c t r i c  and Gas Company Northern States Power Company 
l n t e r s t a t e  Power Company Northwestern Pub l ic  Serv ice Co. 
Iowa Power and L i g h t  Company Otter-Tai l Power Company 
Iowa South U t i l i t i e s  Company S t .  Joseph L i g h t  and Power Co. 
Madison Gas and E l e c t r i c  Company Wisconsin Pub l ic  Service Corp. 



DESIGN DATA 

CRBR WITH NUCLEAR SUPERHEATER 

P lan t  - 
. . .  . . 

Power ,. boi I e r  region. .  ........................................... I 5 7 , 2 0  kw.' . . .  

Power, superheater reg ion  .......................................... 4 2 , 4 0 0 . k ~  
: Steam. f low a t  r a t e d  power.. .......'... .1.. ................. .,.6 16,125 .. I  bs/hr : 

To ta l  core power ................................................. 199,600'kw. 
. . 

Gross e I e c t r  i ca I : capab i, I i t y  .................................... ; . .66,000 kw 
Net e I e c t r  i c a  I output . .  .................................... .:. ..:.62,000 kw .. 
Net e f f i c i e n c y  ................................................ 31'.O per. .cent . .  

Steam out  l e t  pressure.. ........................ , .................... 5 3  ps ig .  
Reactor operat  i ng' pressure. ............................ , .......... .600. ps,i g " 

Temperature, b o i l e r  region ................................. -9 F ,  
. . 

Out l e t  temperature, superheater r e g  ion.. .............................. .825. F 
Gross heat r a t e  ........................................... I0,199.Btu/ky-hr. 
Reactor bui I d i n g  size..: ............................... 50 f t  d i a . x '  120 . f t '  : 

Reactor 
. . 

Vessel s i z e  ( o v e r a l l )  .......................... I 1  f t  6 i n  0.d. 36 f t  I i n  
Tota l  core dimensions ........................................ 6 f t  x 6 f t  
Dimensions o f  superheater reg ion  ............................. 6 f t  x 30 i n  
Fuel, b o i l e r  ( Z r  c l a d )  .................. approx. 2.2 per cent  enr iched U02 
Fuel, superheater ( S . S .  c l a d )  ............ approx. 93 per cent  enr iched U02 
Fuel, loading, b o i l e r  (U-235) ................................. 145.6 kg  - 
Fuel, loading, superheater (U-235) ................................. 42 k g  
Power dens i t y  ( b o i l e r  core  coo lan t )  ........................... 87 k w / l i t e r  
Average heat f I ux, boi l e r  reg ion .  ..................... .128,000 ~ t u / h r - f  t z  - 
Average heat f l u x ,  superheater reg ion  ................... 77,800 B t u / h r - f t  
Maximum heat f I ux, boi  l e r  reg  ion.. .................... ,462,000 ~ t u / h r - f t 2  
Maxi mum heat  f 1 ux, superheater reg  ion.  ................ .245,000 ~ t u / h r - f  t2 
R e c i r c u l a t i o n  r a t e  ............................................. 60,000 gpm 
R e c i r c u l a t i o n  pump power ........................................... 794.,kw 
Neutron f lux .  ................................. .approx. 5 x 1013 n/cm2-sec 



1. FUEL ELEMENT RESEARCH AND DEVELOPMENT 



I . I FUEL MATERIAL CLADD I NG . BOND I NG . AND I RRAD I AT I ON TEST I NG 

The ob jec t i ves  o f  t h i s  p r o j e c t  a re  as fo l lows:  I )  t o  perform 
inves t i ga t i ons  and experimental  work regard ing  fue l  compacts, c ladd ing  
ma te r ia l s ,  processes f o r  bonding, welding and sea l i ng  o f  f u e l  compacts 

- leading t o  the  development o f  improved and r e l i a b l e  fue l  elements fdy 
t h e  Path f inder  reac tor ;  and 2) t o  determine the  f e a s i b i l i t y  and \ 

p r a c t i c a b i l i t y  o f  manufactur ing b o i l e r  and superheater f ue l  according: 
- t o  conceptual design s p e c i f i c a t i o n s .  

1 . 1 . 1  CLADDING 

1 . 1 . 1 . 1  Steam Corrosion-Erosion Test o f  S ta in less  Stee ls .  Desc r ip t i on  

o f  r e s t  Loop. A schemat i ? ,  o f  t h e '  eqy . i pment . and f I  u i d  ' f low f O r  t h e  s te im : 

I  co r ros  i on-eros ion  . t e s t  was .,shown i n  ' t he  l a s t  quar te r  l  y  r e p o r t .  . .Super- 

heated steam a t  850 ps ig  and 710 F  passes through a  c o n t r o l l e d  column 

o f  water 'in. t h e  loop . t o  reach s a t u r a t i o n  a t  600 ps ig  and 409 F. . .  . . 

The sa tv ra ted  steam passes downward over t h ree  sample s t a t i o n s .  

 he t o p  s t a t  ion  conta ins  a  nest  o f  t h ree  concen t r i c .  tubes each of a 

. .. 
d i f f e r e n t  s t a i  n  less s tee l  grade. The bottom S t a t  ion  conta i  ri's a  

r a d i o a c t i v e  specimen o f  type 316 s t a i n l e s s  s t e e l .  The middle s t a f i o n  - 
conta ins  a  d u p l i c a t e . o f  t he  bottom specimen except t h a t  i t  i s  no t  

- rat l . ioact ive,  The method . i n  which t h e  r a d i o a c t i v e  specimen i s  mounted . .  

w i t h i n  the  t e s t  sec t i on  i s  shown i n  F igure  1 . 1 .  
. . 

, 
Spec imens. i n  t h e  t o p  and middle s t a t  ion 'are used t o  compare . . . ,  

corros ion-eros ion res is tance o f  var ious  grades o f  s t a i n l e s s  s t e e l  by 

convent ional weight measurernents and e lec t ro l y ) ' i c  s t r i p p i n g  techniques. 

. . 
I  . IEPathf i nder Atomic Power P lan t ,  ~ e c h n  ica' l  Progress Report, Apr i l . ' 

\ I960 - June 19601P, F i g .  1.5, Al l  is-Chalmers Report No. ACNP-6007; 
0ctober . l 5 ,  1960. 



TUBE (EXERTS DOWNWARD 
PRESSURE ON TEST ' ' 

SPECIMEN.) 

0.858 0.0. TUBE 

These r e s u l t s  are compared wi th  
: /  . ... , . 

those obtained by rad ioact ive 

t racer  techniques, which are used 

f o r  +he i r rad ia ted  specimen. 

Out o f  considerat ion f o r  the 

rad ioact ive hazards involved, 

various safe ty  devices are included 

WELDEO SPACER 
, . 

1.155 1 .D. TEST 
SECT1 ON P I  PE 

RAD l OACT l VE TEST 
SPECIMEN 

0.858 O.D. SPACER ROO 

i n  the t e s t  set-up. The p a r t i c l e  

t r a p  downstream.-from the f i l t e r  i s  

a safe ty  precaution t o  catch any 

large rad ioact ive p a r t i c l e  ?hat 

may acc iden ta l l y  be dislodged from 

the radioactive.sample 'and pierce 

the f i l t e r .  Two f i b e r  glass f i l t e r s  

are used i n  ser ies  t o  c h e c k . f i l t e r  

e f f i c i e n c y  f o r  rad ioact ive p a r t i -  

c les .  A d i f f e r e n t i a l  pressure 

l / 8  l NCH THl CK TABS 
switch i s  i ns ta l l ed  across the 

f i l t e r s  t o  c lose o f f  the steam 

supply should the pressure drop 
F i gure I . I Test sect  ion con- 
t a i n i n g  rad ioact ive sample. ' . . i n d i c a t e . f i l t e r  break-through. 
(A-C Dwg. 43-024-346) 

. .. .. . Excess i ve pressure i n. the f i l t e r  

vessel a lso c l.oses o f f  the steam supply. .The sump i n the p u r i f i e r  i s  

monitored continuously and the presence o f  a c t i v i t y  shuts down the 

. . 
loop: . ,  . . . . 



I 

I 
C a l i b r a t i o n .  A I - i n  a id .  by 4-3/4-in long p iece o f  type 316 s ta in -  

less s t e e l  t ub ing  vias i r r a d i a t e d  a t  Argonne Nat iona l  Laboratory t o  

I 
I 2.6 x lo i9  n v t .  A I/4.-in lo"g sec t ion  from t h e  same tube was i r r a -  

d ia ted  a t  t h e  same t ime.  

I The s h o r t  sec t i on '  was 'p laced i n  the  l uc i t e  dr  i l  l i ng f  i x t u r e -  

shown i n  F i gure 1.2.; .P i'eces o f  d r  i l l i ngs f tom t h e  sec t  ion were then 

weighed on a  microbalance;'and'placed' 'between 3 /8- in  t h i c k  by 2 - in  

I d ia .  aluminum disks.  I n d i v i d u a l  p ieces o f  d r i l l i n g s  were placed 

i n  p r i ck -punch ' impre~s ions  i n  d isks  and cover d isks  were cemented 

-. . 
I n  place. The per iphery  o f  t h e  d i sks  were then sealed w i t h  tape. 

TWO SECT1 ONS 
GLUED TOGETHER 

RAD I OACT I VE 

BOLT, 4 REQD. 

SECT l ON "A-A" I 
" A "  

F i gure 1.2 ~ r - i  l l i ng f i x t u r e  f o r  preper i ng ca l i b r a t  ion standards 
f o r  superheater corros ion-erosion t e s t .  (A-C Dwg. 43-024-347). 



Aluminum was selected as the d isk  mater ia l  since i t  has essen- 

t i a l l y  the same densi ty as , the  melted f i b e r  glass f i l t e r  mater ia l  i n  

which the rad ioact ive corrosion-erosion products w i l l  be embedded af.ter 

the f i l t e r  i s  reduced. 

A gross g a m  count was made o f  each standard specimen and the 

r e s u l t s  are p lo t ted  i n  Figure 1.3. Using t h i s  data, the gross weight 

o f  s ta in less  s tee l  corrosion product co l lec ted  by the f i l t e r s  can 

be estimated. 

A p l o t  o f  the gamma spectrum f o r  each standard sample i s  a lso 

being prepared. By comparing the gamaa spectrum o f  the corrosion- 

erosion products wi th  the spectra o f  the various standards, an es- 

t imate o f  t he  se lec t i ve  re ten t i on  o r  release o f  various nucl ides can 

be made. 

Figure 1.3 Count 
as a funct ion o f  
weight o f  radio-  
ac t i ve  sample. 
(A-C Dwg. 43-024- 
342). 



i ,  . L , .  ; , .  

1.1.2 l RRADl ATlON STUDIES 

1.1.2.1 Capsule I r r a d i a t i o n  Tests.: Summary. A summary o f  r esu l t s  

o f  i r rad i .a t lon t e s t s  o f  aluminum c lad  f ue l  i s  given i n  Table 1 . 1 .  

Since v isua l  examination o f  Capsule 2.and 3 showed s u f f i c i e n t  damage 

t o  make fur ther  I r r a d i a t i o n  inadvlsable, Capsule I was removed before 

the schedu led I.5,000-WD/T burnup. A post- i r r a d  i a t  ion exami nat ion 

i s  being made and w l l l  be comp.leted short ly .  A complete analysis 

o f  .data wi.l.1 be presented i n  the  nex t ,quar te r l y  report .  Results 

thus f a r  are given i n - t h e  fo l lowing paragraphs. 

Visual Post - I r rad ia t ion Examination.of Fuel Specimens. Visual 
t .  , , .  

examination o f  fue l  specimens i n  Capsu le  2 revealed the  fo  l lowing. 
3 .  

The 6-percent enriched specimen had a combination longi tudinal  
. - '  > 

crack and bulge i n  the c lad  w i th  a deposit o f  crud around the bulge. 
- : .  ' 

Table 1.1 Capsule i r r a d i a t i o n  Test Results 
. , 

Es t  i mated 
Burn-up 

(MWD/T 1 

12,000 

8,900 

10,300 

Capsule 
Number 

I 

2 

3 

E s t  i mated 
Max 1 mum 
Heat F lux 

(BTU/~~- f tL ) .  

500,000 

~500,000 

700,000 

Remova l 
Date - 

Ju ly  25, 1960 

, May l6,, 1960 

June 20, 1960 

Maxi mum 
C lad 
Temperature 

(F) 

525 

500 

800 



(The crud deposi t  probably r e s u l t e d  from NaK bleed-out from t h e  crack 

wh i l e  leaching the  NaK w i t h  alcohol.)  A small l ong i tud ina l  crack 

was found i n  t h e  c l a d  o f  .thev7-percent enr iched specimen. A loca l  

reac t i on  took p lace a t  points.where a thermocouple t i p  had\been 

. . 
i n contac t  w i t h  t h e  c l ad. ' The resu I t  was a depressed area i n t h e  c lad 

-. 
a t  t h e  p o i n t  o f  contact .  

Visual  examination o f  t h e  f u e l  specimens i n  Capsule 3 revealed 

t h e  fol lowing. '  The f i s s i o n  gas space i n  The 6- and 7-percent 

enriched specimons had col lapsed. The sur face o f  t h e  aluminum c l a d  

had been at tacked by the.sNaK a t  t h e  h igh  temperatures and showed 

considerable cor ros ion  and some loss o f  aluminum metal. The thermo- 
4 

couple contac t  p o i n t s  appeared as depressed areas i n  t h e  c ladd ing and 
L. k 

one t i p  had completely penetrated t h e  c ladd ing wa l l .  

V isual  examination o f  f ue l  specimens i n  Capsule 1 showed no 

defects. The specimens were i n  very  good cond i t ion .  

Gamma Scan. Gamma scans were made o f  a l , l  f u e l  specimens before sec- 
. , 

t i o n i n g .  The scans ind ica ted t h e  presence o f  cracks, gaps, fue l  

r e d i s t r i b u t i o n ,  and changes i n  fue l  length. The scan ind ica ted 

gaps from 0 .03  t o  0.0% in. between f u e l  pe l  l e t s  i n  Capsule 1 and 

2 .  The scan ind ica ted gross c rack ing o f  f ue I '  w i t h i n  Capsu l e  3 so t h a t  

p e l l e t  boundaries cou ld  n o t  be d is t inguished.  The r e s u l t s  o f  t h e  

gamma scan w i l l  be v e r i f i e d  o r  dlscounled by phys ica l  measurements, 

which w i l l be made du r i  ng t h e  next  quarter .  



s e c t  i on  i ns'. A longi t u d  i na l s.ect ion  o f  t he  -/-per' cen t  specimen ,i . . :  
, . 

Capsule 3, vihich experienced t h e  h ighes t  temperature, showed no 
. . . . 

cen ter  vo i  d; b u t .  consi derab l e  g r a i n  growth was observed. Appro- . . 
. . . . 

. . p y i  ate. samp les 'are' being po I i she'd f o r  micrbana l y s i  s and"microphoto- ..  . 
. .  . 

. . . . ; .  
graphs.  he resu l t 5  w i I I be avai lab l e  nex t  q u a r t e i  .'" ' , '  



1.2, HEAT TRANSFER AND FLUID FLOW 

The o b j e c t i v e s  o f  t h i s  p r o j e c t  are as f o l  lows: I )  t o  exper i -  
menta l l y  determine the  ac tua l  heat  t r a n s f e r  and f l u i d  f l ow  character-  
i s t i c s  o f  t h e  b o i l e r  f u e l  elements so as t o  e s t a b l i s h  and improvg 
performance under cond i t i ons  o f  h igh  v e l o c i t y  two-phase f low; and 
2) t o  exper imenta l  ly  determine the  ac tua l  heat  t r a n s f e r  and f l u i  d  
f l ow  c h a r a c t e r i s t i c s  o f  t h e  h igh  enrichment superheater f u e l  elements. 

I .  2 I  HEAT TRANSFER LOOP . . 

A 450-kw motor-generator s e t  was i n s t a l l e d  and t e s t e d  under 

load. The s e t  performed s a t i s f a c t o r i l y  and was used f o r  a l l  t e s t s  

. . conducted ' in  t h e  heat  t r a n s f e r  loop dur i ng t h e  quar'ter. . . 

. . 

A schematic' d i agram o f  ' the' heat  t r a n s f e r  loop i shown i n  

F igu re  1.4: A l o w - f l o w  re.c i rcu1at ionpump was received. and i n s t a l l e d  

dur ing  the  quar te r .  Th i s  pump i s  opera t ing  s a t i s f a c t o r i l y .  A new, 
. . 

sea I  was i n i t e l  led i n  t h e  h igh- f  low r e c i r c u  l a t i o n  pump. l his pump ,. ' . '  . . 

has si.nce operated f requent  I  y  a t  6 15 p s i  a  sa tura ted  \v i t h o u t  f a  i l u re  .' . . 

l he .cement . . base f o r  t he  motor, gearbox, and 1800-kw Uni po l a r  generators . . , . . 

I was r e b u i l t  t o  e l im ina te  v i b r a t i o n .  The motor and gearbox were 

i n s t a l  led. 

- 
1.2.2 BOILER FUEL ELEMENT . . 

1.2.2.1 10-8-6-Pin Tes t  Sect ion.  Four t e s t s ,  which requ i red  a  t o t a l  

o f  80 hr ,  were conductcd on t h e  10-8-6-pin t e s t  sec t ion .  These t e s t s  

are described i n  t h e  f o l l o w i n g  paragraphs. 



. 8 . , . , . / 

F igure i .4 ~chemat i c o f  heat t rans te r  loop. ( A C  Dwg . 43-400-935) . 
. . . I  . . 1 .  

Ca l ib ra t ion  o f  thermcouples. The water thermocouples were ca l ib ra ted  

by comparing them.against saturat ion temperatures a t  ,various loop 

temperatures. The thermocoup les ' were found t o  be accurate w i th  i n the - 
spec i f ied l i m i t s  o f  + 0.75 per cent. 

- 
c a l i b r a t i o n  of O r i f i c e  i n  Low-Flow ~ e c i r c u l a t i o n  Loop. The low-flow 

loop o r i  f i ce was ca l ibrated by using a weigh tank, a i d  va l ues were then 

compared w i th  those obta i  ned wi th  t h e  Genti 'le f low meter. The o r  i f i ce 
I 

gave values 2 per cent higher than the f low meter. 



Heat Balance Tests. A heat balance t e s t  was conducted and r e s u l t s  

show a cons is ten t  9 t o  I  I  per cent  loss o f  heat from the  t e s t  sect ion.  

Th is  was not  acceptable, and no method o f  accounting f o r  o r  c o r r e c t i n g  

t h i s  loss could be found. A l l  t he  loop inst rumentat ion pe r ta in ing  - 
t o  the  heat balance was rechecked, and no inaccuracies were found. 

- 

l sotherma I  Pressure-Drop Tesfs. ~ a t a '  from the  i sotherha l pressure- . . .  :: 

drop t e s t s  were compared w i t h  'data taken t h e  previous quar ter .  

. .  . 
Resu l  t s  were 5 per cent  lower than previous .exp&rimental data,. and ' . . . , 
. . . .  . 

. . .  . .  

15 per cent  lower than ca lcu la ted  values.. ' . . . 
. . . . 

. ,  . 

. . 
. .  . 

. . . . . . 

Concl  us i ons. T h e  uri8cceptab l e  heat ba 1 gnce, change i n pressure drop; 
. . 

. . .  , and i nd i c a t i  ons o f  an e l e c t r  i ca  l  i nsu t a t  ion break-down prompted a ' . . . . 
. . . . . . . .  ;. . .  . .  

dec i s  ion t o  d i sassemb 1 e  t h e  t e s t  sec t  ion. ~ x a m i  na t ion  'showed heavy 
. . 

c rud  depos i,t on t h e  heat ing  rods.  T h b - ' r o d ~ .  were, . . s:l i i ~ h t  l'y p i  . tt,ed,:., . . . , , . . '  . . .  

and .s i des .of t he  box were heav i l y pi  tted:. Severa I  s  i] l ver-so 1 der 

j o i  n t s  had f a  i led, and surface-temperatuie thet&oc6uples had broken - 
away from the rods. The t e s t  sec t ion  w i l l  be cleaned, repaired,  

and reassembled, w i thout  t h e  surface-temperature thermocouples. A f t e r  - 

t h i s  i s  completed, f u r t h e r  heal-loss and pressure-drop t e s t s  w i t  1 be 

conducted. 

1.2.2.2 Ful l -Scale B o i l e r  Test Sect ion. The Pathf inder b o i l e r  f ue l  

element was redesigned (see Sect ion 1 .4), and the  f u l  I -scale b ~ i  l e r  . . . 
. . 

t e s t  sect  ion (8 1-64-pi n )  was redeslgned w i t h  8 1 stepped .tubes. 
. . . . 

. . 

The t e s t  sec t  ion i s  shown i n F i gure . l . . 5 .  - A I. 1 ,  mater i a l  was ordered'. 



Figure 1.5 Boiler element mock-up assembly. Code: 2) boiler container 
assembly; 3) bundle assembly; 5) liner assembly; 6) bottom electrode; 
9) center i ng f itt i ng; 10)' center i ng rod assemb ly; and 12) pressure tap. 

(A-C Dwg . 43-500-885) 



1.2.2.3 One-Pin Burn-Out Tests. No one-pin burn-out t e s t s  were con- 

ducted du r ing  the  qua r te r .  Tests w i l l  be conducted du r ing  t h e  next  

quar te r  as sogn as t e s t s  w i t h  the  superheater t e s t  sec t  ion are' complete 

(see Sect ion 1.2.3). Mu l t i - po in t ,  m i l l i v o l t  recorder  w i l l  be i n s t a l l e d  - 
t o  determine burnout heat  f l uxes  and maximum r o d  temperatures. 

- 

1.2.2.4 Low-Pressure Air-Water Test.  Vo id- f rac t ion  measurements o f  

t h e  b o i l e r  subassembly were completed. Data i s  now being analyzed. 
. . 

Fur ther  i nvest  i  g a t  ion o f  t h e  gamma-ray a t tenua t  idn  method o f  : . . . . 

. . measuring v6,id f r a c t i o n  i s  being made w i t h . a n  aluminum-luci te-air '  . . 

mockup o f  t he  subassembly. The o b j e c t  o f  t h i s  i n v e s t i g a t i o n  i s  as 

fo l lows:  I )  t o  i nves t i ga te  the  non-exponential a t t enua t i on  o f  gamma 

rays  i n  %regions o f  abrupt  geometry changes; 2) t o  check experimental  

values obta ined w i t h  annular f l ow  model aga ins t  c a l c u l a t e d  values and 

. a d j u s t  ' t he  a i r -water  void ' f r ac t i on '  data adcord i  ng l  y; and 3) t o  check 
. . 

t h e  assumption t h a t  constant  absorp t ion  c o e f f i c i e n t  holds f o r  t he  

geometry used i.n obta i r t i  ng a.i r -water  vo i  d - f r a c t i o n  data. 

The model .used f o r  these t e s t s  i s  shown i n  F igure  1.6. Alumi.num 
, , 

' - I 
tubes were s e t  i n  a  l u c i t e ' b l o c k ,  and l u c i t e  tubes o f  two ou ts ide  

. . 

d  i ameters were. pressed over the a l umi num tubes. The l uc i t e  w i l l 
. . .. 

s imu la te  water, s ince  t h e i r  gamma absorp t ion  coe f f , i c i e ' n t s  a re  nea r l y  ' . 

t h e  same. The model i s  constructed t o  s imu la te  a t h e o r e t i c a l  annular 

f l ow  p a t t e r n  f o r  two average vo id  f r a c t i o n s .  

A se r i es  o f  t e s t s  were conducted, and data i s  now being analyzed. . . 



Figure 1.6 Aluminum-lucite subassembly mockup. (A-C Photo 211021) 

1.2.2.5 Boiler Hydraulic Analysis. Coincident with the changes in 

the design of the boiler fuel element, the methods and correlations 

used for computing the flow-pressure-drop relations were completely 

reviewed. As a result of this review, the following procedures were 

estab l i shed : 

1) the Hartinelli-Nelson correlation with the Sher mass-flow 

rate correction recormmended in ANL-6063 is used to predict two-phase 

frictional prsasure-drop multipliers; 

2) two phase form losses are predicted from single-phase 

theory, and loss coefficients are predicted using the specific volume 

of a homogeneous, two-phase mixture; 

3 void fractions are predicted by the modified Martinelli 

correlations in the bulk boiling region and are assumed to be zero 

in the sub-cooled nucleate boiling region; 



4) Sub-cooled, nucleate b o i l i n g  f r i c t i o n  factors  are based 

on the method presented i n  WAPO-T-844; 

5) burnout predict ions are based upon the c o r r e l a t i ~ n s  

presented i n  WAPD-188. 

These procedures w i l l  be c ~ n t i n u a l l y  reviewed as new data both 

from Greendale and other laboretor ies become avai lable;  and modi- 

f i ca t i ons  w i l l  be incorporated as necessary. The pressure drop pre- 

d ic ted  for  the Pafhfinder bo i l e r  fue l  element i s  nominally 11.8 psi on 

the  fo l  lowing basis: 

I 1 . boi l e r  @xi t pressure 615 psia 
21 power 159.8 mw 
3) power d i s t r i b u t i o n  -- lower h a l f  65 per cent -- upper h a l f  35 per cent 
4) ac t i ve  ( fue l  element) f low r a t e  54,000 gpm 
5) i n l e t  temperature 4J35.4 F 

This pressure drop included the losses from j u s t  below the bo-Ptom 

fuel p in  g r i d  p l a te  t o  above the top  end bracket. The pressure drop 

from j y s t  below the bo i l e r  g r i d  p la te  40 j u s t  below the lower fuel 

p i n  g r i d  p la te  i s  1.8 psi f o r  the same flow r a t e  (54,000 gprn). This 

gives 3 fue l  element plus nozzle pressure drop o f  13.6 psi.  A deta i led 

l i s t  o f  the  ca lcu la ted pressure drops i s  given i n  Table 1.2; +he flow 

uncertainty i s  estimated t o  be 10 per cent'. 

1.2.3 SUPERHEATER FUEL ELEMENT 

1.2.3.1 Pa r t i a l  Power and Pa r t i a l  Pressure Operatio:. During 

star t -up t he  Pathfinder reactor operates a t  p a r t i a l  p o w r  and 

pressure. The superheater fue l  element performance i n  t h i s  operating 

reg ion was investigated. A program was formulated mak 

IBM-704 code STER ( formerly re fe r red  t o  as ASTER: 

inn use o f  the 



TABLE 1 .7 ROI I ER RESSURE DROPS 
2 : . .  

P o s i t i o n  

j u s t  below reac to r  
g r i d  p l a t e  

j u s t  below lower 
fue l  rod  g r i d  p l a t e .  

j u s t  above . lower 
fue l  rod g r i d  p l a t e  

j u s t  below f i r s t  
tube sheet 

j u s t  above f i r s t  
tube sheet 

j u s t  below second 
tube sheet 

j u s t  above second 
tube, sheet . 

j u s t  below t h i r d  
tube sheet 

j u s t .  above t h i r d  
tube sheet 

j u s t  below upper 
fue l  rod g r i d  p l a t e  

j u s t  above upper 
f ue l  rod  g r i d  p l a t e  

j u s t  above upper 
end f i t t i n g  

between boxes j u s t  
above reac to r  g r i d  
p l a t e  

between boxes j u s t  
above lower fue l  
rod  g r i d  p l a t e  

con t r o l  r od  charir~e I 
jus t ,  above stub w i t h  . 
rod inser ted 

con t ro l  rod  channel 
j u s t  above stub w i th  
rod  w i thdrawn 

minimum 
pressure 
a t  minimum 
f low 

624.0, 

622.8 

622.0 

620.9 

620.5 

619.2 

618.8 

61'7,8 

61 7.2 

616.2, 

616.0 

615.0 

S t a t i c  
minimum 
pressure 
a t  nominal 
f l ow 

.. . 

625.6 

624.2 

623.2 

622.0 

621.5 

620.0 

619.5 

618.4 

617.9 

616.5 

616.2 

615.0 

Pressure (ps 
nominal 
pressure 
a t  nominal. 
f low 

628.6 

626.8 

625.6 

624.2 

623.6 

621.7 
9 .  

621 .O 

619.5 

618.5 

6 16.9 

. . 
. 616.6 

615.0 

. 

617.6 

61 7.2 

621.2 

618.1 

i a )  . . .. . .  
maxi mum 

, pressure 
a t  nominal 
f l ow 

631.5 

630.9 

629.2 

627.4 

626.6 

624.1 

623.3 

621.1' 

619.8 

617.6 

61 7.2 
. . 

615.0 

. 

, ~ 

max i mum 
pressure 
a t  maximum 
f low 

634.2 

633.9 

632.0 

629.7 

628.8 

. . .  

625.7 

, 624.6 

622.2 

620.6 

618.0 

617.6 

61'5.0 



t h e  power d i  s t r  i  b u t i o p  between sens i b le, l a t e n t ,  an,d superheat  r e -  
. ,  . 

mained cons tan t  f o r  a l l  powersand pressures.  Pressures o f  100, 200, 

. , 
300, 400, 500, and 615 p s i a  a t  25, 50, and 100 pe r  . cen t  ~ 5 f '  ra ted ,  

' 

. . 

re 'actor  power were i nves t  i gated. A c o n s i s t e n t  s e t  o f  ' ho t -spo t  ' f a c t o r s  . 
. . . . - 

. . . . .  
(no manufactur ing f a c t o r s )  was used. ~ e s "  l  t s  0-f t h i s  s tudy  a r k  p r k -  . . , . '  

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

. . .  
sented i n  .F igure's 1.7 and 1.8.  ' I t i s seen t h a t  t h e  maximum 'wa'll 

- 
. . 

temperature decreases w i t h  decreased power b u t  increases w i t h  decreased 
. . .  

o p e r a t i n g  pressure,  I t . a  l  so shou l  d  be noted t h a t  a t .  low opgra.t,i'ng. ' ' 

. . 

p ressures c o r e  p ressure  drops increase very  r a p i d l y  w i t h .  reac to r ' ,power .  

. . 
1.2.3.2 ~ n a . 1 ' ~ ~  i s 'o f  Fue l  E lement ~ o ' l e r a n c e s .  The B f  fec't.  pf d i  men- . ' . '  . . 

' s  iona 1 va r i a t i on ' s  from, t h e  nomi na I c a s e  on f ue I e.1 ernent perfdrma'nce 
. . 

wes i nves t  i gated t o  determi ne t o  lerances tha i -  wou l d  be' requ i r e d  d u r i n g  , , ' . 
. . . . . . . . 

manufacture.  he performance o f  t h e  concont r  i c  tube  e l k m e i ~ t  i s '  : : ' . . . ' , ' 
. . 

extreme l  y  s e n s i t i v e  tb d i mensi ona l changes. ,The ' f o  l  low,i ng d i.'mens i ons . . , , 

.. . 

a r e  be ing  analyzed: 
. . . . 

.. , I )  i . d .  o f  inner  i n s u l a t i ~ g  tube  . . 
.2) . i . d. o f  f ue l  tubes  
'3)  '0 .d .  o f  po ison  r o d  - 
4) wa l  l t h i ckness  o f  f ue l  tubes 
5) tube  assemb l y  c  learance . . 

6 )  di,ameter o f  s p a c e r w i r e  . . - 
7) e  lement i n s e r t  ion  c  learance 

. . . . 
. . 

' ~ e c a u s e . t h e  tubes  a re  spaced by t h r e e  p a r a l l e l  w i res,  i'f- i s  poss i .b le ,  
' 

t h a t  t h e  accumu l a t i o n  o f  t o  lerances and c  l ea rance  k i  l  I lead, t d  an . ' ,  

. '  

. . ,  

e c c e n t r i c  f ue l  e  l e m w t  where t h e  mi n  imum f low area gap i s  less than  

d u r i  ng t h e  n e x t  q u a r t e r  l  y  . . . . . 



Fi,gure 1.7 Maximum wall  temperatures a t . p a r t i a l  and f u l l  power 
\ - and pressure. (A-C Dwg. 43-024-337). 

& M e  fZ XULL ~ I Y E R )  

Figure 1.8 Pressure drop through core a t  p a r t i a l  power 
and pressure. (A-C Dwg. 43-024-338) 



1.2.3.3 Heat Transfer  LOOP Superheater Tests.  Shakedown. t e s t s  o f  

I t h e  superheater t e s t  sec t i on  wi l  l begin as soon, as t h e  steam generator 

I1 can be fab r i ca ted  .and i nsta l l e d  i n  t h e '  boi let- loop 1 Dur ing  shakedown, ' ', 

steam w i l  l  be superheated by a  dummy t e s t '  sect ion, wh i ch has bgen 
. .  . 

i nsta I  l e d .  , Af t e r  shakedown i s  coripleted, t h e  concent i  i ;-tube . , 

. . 

. . 

superheater t e s t  sect i 'on w i l l be i n s t a l  led, and a  t e s t i n g  .program' 
. . . . 

w i l l  be i n i t i a t e d .  

1.2.3.4 Superheater After-Glow Test.  A  superheater a f te rg low  t e s t  
. . 

was designed t o  t e s t  t he  superheater tube temperature . ' leve l  as. a: ..f uric-. . . 
. . 

. .  . 

t ion  o f  decay-heat power leve l  under' s tagnant  steam condi t ions. The : '.. . , 

t e s t  sec t i on  was assemb l e d  and i s  ready t o  i ns ta  I. l  i n  t h e  p r e s s ~ r e  . . .  . .  , . . .  ' . , ' 

. . 

vesse I  . The t e s t  i ng w i l l be performed . . under' opera t  i ng ' cond i t  i 0"s .' , ' 

. . ' .  . I . . . . 

o f  409- F al- 600 'psi w i t h  up t o  4' kw o f  heat  t o  a  .mockup o f  a s  i ng 1 . i  . ' . 
. . .  , . . ' 1 

.... . 

superheater f ue l e  lement. The t e s t  i s  expected t o  be comp le ted  dur.i ng 
. . . . . . 

t h e  nex t  qua r te r .  The t e s t  sec t i on  has been bu i l  t w i t h o u t .  a po i  soti 

rod  o r  wi r e  spacers t o '  f  ac i l i t a t e  i ns tq  I  l a t  i on o f  thermocpup l e s  .: : ,,' 

. . ,  

- 
. . 

. . - 

. . 
. . 

~. 
. . 

. . . . 

. . .  

I 

. . 

. . 

. . 3 
. . 

. . . .  
I 



. . . I  ..4 . .FUEL ELEMENT MANUFACTURING RESEARCH AND DEVELOPMENT 

%... . The .ob jec t i ve  o f  t h i s  p r o j e c t  i s  t o  per form c a l c u l a t i o n s  and 
s tud ies  o f  methods f o r  producing core  subassemblies t o  determine t h e  
most economica I  ,manufacturing methods and t o  ob ta i  n. maxi mum. performance. 

. . , . 

1 .4.  1 , BOI LER FUEL ELEMENT BOXES 

A quad box (F igure  1.9) was designed t o  con ta in  f o u r  b o i l e r  f u e l  

elements and a  c losed c o n t r o l  rod  channel; and a  s impler  box was de- 

signed t o  con ta in  one b o i l e r  fue l '  element o n l y .  These boxes are 'semi- 
. . 

permanent p a r t s  o f  t he  reac to r  core  and are designated as reference 

f o r  Pa th f i nde r .  They rep lace t h e  i n d i v i d u a l  boxes which had been 

inc luded i n  t h e  design o f  t h e  b o i l e r  f u e l  element. The redesign o f  

the  b o i l e r  f u e l  element i s  described i n  Sect ion 1.4.2. 
. . 

The bottom o f  t h e  quad box i s  formed by a  I -1/2- in  t h i c k  plate: 

The c o n t r o l  rod  stub is welded t o  the  top o f  1-he p l a t e  and extends 

i n t o  the  con f ro  l r od  channe I .  A 2- i n  d i  a. nozz l e  i s  p a r t  i a  l  l y i n- 

ser ted  a,nd welded i n t o  t h e  center  o f  t h e  bottom o f  t he  p l a t e .  I n  

a d d i t i o n  t o  l oca t i ng  t h e  quad box i n  t h e  b o i l e r  g r i d  p la te ,  t h e  nozzle 

prov ides coo lan t  from t h e  lower coo lan t  i n l e t  plenum through s l o t s  

i n  i t s  upper end t o  a c ruc i f o rm plenum i n  t h e  bottom o f  t h e  box 

bottom p l a t e .  The coo lan t  passes from t h e  c ruc i f o rm plenum through 

o r  i f i ce  ho les i n  t he  p  l a t e  and c o n t r o l  r o d  stub t o  the  con t ro  I - rod 

coo lan t  channel. The coo lan t  passes over t he  c o n t r o l  rod  and o u t  

through s  l d t s  i n  t h e  uppe'r- wa I  l  o f  t h e  cruc i form c o n t r o l  rod  channe I .  

The bottom o f  the  box has fou r  holes i n  which b o i l e r  f u e l  element 
. . 

. . 

nozzles are seated. The box i s  h e l d  down by the  weight o f  t h e  b o i l e r  

f u e l  elements and t h e  upper h o l d  down s t r u c t u r e .  
. ' 



The s i n g l e  boxes have a simple bottom p l a t e  *hat accon)modates.the 

b o i l e r  fue l  element nozzle. T k  se boxes a re  semi-permanent s t ruc tu res  

t h a t  w i l l  be i n s t a l l e d  i n  t h e  t h i r t y - t w o  fuel-element p o s i t i o n s  which . 

. . 
a r e  not  immediately adjacent t o  a con t ro l  rod. 

- 

- 
Th is  redesign of t h e  fue l  element box, which was made wi thout  

chang i n g  t h e  core l ayout, was necessary t o  prov ide  adequate c o o l  an t  - 
. . . 

t o  t h e  con t ro l  rods. With t h i s  design, t h e  f low t o  each c o n t r o l  'rod 
.: ~ 

i s  c o n t r o l l e d  by t h e  s i z e  o f  t h e  holes i n  t h e  con t ro l  rod  stub, which 

accounts f o r  about 75 per cent o f  t h e  t o t a l  f l ow  res is tance.  

Pre l im inary  c a l c u l a t i o n s  have ' ind icated t h a t  twenty- f i ve  0.25- 

i n  i.d. holes a re  requ i red  i n  each con t ro l  rod  stub t o  d e l i v e r  t h e  . ,  . 

I necessary coo lant  w i t h  t h e  r o d  Gnserted. The actual  ho le  s i z e  w i l l  be I 
es tab l ished i n  a t e s t  w i t h  a simulated contro l - rod coo lant  c i r c u i t .  

D e t a i l s  o f  t h e  p re l im ina ry  c a l c u l a t i o n s  a re 'g i ven  i n  Sect ion 2.4. 

Two a l t e r n a t e  schemes f o r  p rov id ing  coo lant  t o  t h e  con t ro l  rod  

channe l w.ere a l so i nvest i gated. One method i nvo l ved a l arge sf ng l e 

nozzle w i t h  a t r a n s i t i o n  p iece t h a t  d i rec ted  f low t o  t h e  fou r  f u e l  
, 

I elements and t h e  con t ro l  rod  channel. Th is  method was not  used be- . 
cause it l e f t  t h e , f u e l .  element spr ings unprotected from t h e  h igh  - 
v e l o c i t y  f low, I n  add i t ion ,  it was d i f f i c u l t  t o  fas ten t h e  spr ing  t o  

a f u e l  element w i thout  a f u e l  element nozzle. 

The second method s tud ied consisted o f  a p l a t e  on t h e  bottom o f  

t h e  f o u r  element box similar t o  t h a t  used i n  t h e  present design except* 

t h a t  f o u r  nozzles were at tached t o  it. The nozzle on the. f u e l  element 

would ' then seat  w i t h i n  t h e  box nozzles. Th is  method was not  used 

because o f  t h e  d i f f i c u l t y  o f  s~mu l taneous ly  i n s e r t i n g  four  nozzles 

i n t o  t h e i r  respec t i ve  sleeves i n  t h e  g r i d  p la te .  

-20- . . 



1.4.1.2 Stress Ana I  is i s. Stresses i n  four-e.1 ement boxeslofc:i-.vacious - 

conf i gura t  ions were ca.1 cu I  ated. S t r a  i n energy methods. were used t o  

o b t a i n  t h e  maximum bending moments a c t i n g  on t h e  box wal l s.   he 

s t r a i n  energy equat ions f o r  d e f l e c t i o n  and r o t a t i o n  o f  a t h i n  beam 2 

a re .as  fo l l ows :  

&Q = def l e d i o n  a t  load, Q, i n  t h e  d i r e c t i o n  o f  t h e  force,  Q 

M = bending moment a t  any p o l n t  

e~ = r o t a t  ion  o f  a sec t i on  a t  the.  p o i n t  o f  an app l i ed  couple, C 

I = moment o f  i n e r t i a  = t3/ 12, where t = wal ,I t h  icknesi .  

Since t h e  box s ides a c t  as t h i n  wide beams, t h e  modwl"s o f  e l e s t i c ' i t y ,  

. . 
E, i n  Eq. ( 1 . 1 ,  1.2) should be replaced by t h e  quant i ty ,  

where 3 i s  Poisson's r a t i o .  A t  t h e  curved corner  o f  t h e  box, dx i s  

rep  l aced by Rde. Then, by app l yi ng t h e  properr-boundary cond it ions, 

t o  t h e  def l e c t  ions"and ro ta t i ons ,  t h e  bending moments and st resses 
' L  

'can. be ca l cu la ted  a t  any p o i n t  i n  t h e  box wa I I. 

The maximum s t r e s s  occurs a t  t h e  box corners and was ca l cu la ted  

f rom t h e  f o l  lowing equat ion f o r  a curved beam2: 

2. Seely and Smith, "~dvanced Mechanics o f  Mater ia ls , "  1952 



Figure  1.9 Flat-bottom four-element quad box w i t h  
i n t e g r a l  c o n t r o l  r o d  stub. (A-C Dwg. 43-002-205) 



Figure  1.10 Step-Tube b o i l e r  fuel  element assembly. Code: I )  nozzle 
assembly; 4 )  r e t a i n i n g  r i n g ;  5 )  f u e l  r o d  support g r i d ;  6 )  bottom s k i r t  
7, 8, 9, 10) f ue l  rod  sect ions;  I  I )  tube sheet assembly; 12) t o p  s k i r t ;  
13) upper fue l  rod  support g r i d ;  14) upper end f i t l - i n g .  

(A-C Dwg. 43-500-842) 



where, 

'N = The norma l force act i ng on the sect ion 

A = area of the unit width section = t 

R = the mean radius of the corner 

C = t/2, where t = wall thickness 

Y = distance from centerline of wall 

Calculations for a plain box 10.788 in. sq. inside and 0.150 in. 

thick wall with inside corners of 0.250 in. radius showed maximum 

stress at the inside corner caused by the 14.5 psi internal -pressu,re 

to be 42,300 psi . 
Calculations for a box of the same dimension with the center of 

each side fixed by a cross-bar showed maximum stress at the inside 

corner wi-I-h 14.6 psi internal pressure to be 11,540 psi. 

Calculations for the quad box wiih 12.6 psi in the fuel element 

sections and 0.8 psi in the control rod channel show6d;a maximum stress 

of 10,300 ps i . at one of. the corners . - 
A Plexiglas model of the quad box is being fabricated and will be 

tested under i nterna I'  pressure to verify the theoretical <tress, 

calculations. The def lect ion of the box wa l l s w i l l also be measured. 

1.4.2 BOILER FUEL ELEMENT 
. . .  . . . 

-1.4.2.1 Reference Desiqn. Since the f ue I element box was redosigned 
. . . ,  . 

as a semipermanent part of the core, the boiler fuel element was re- 

designed accordingly. This fuel element is shown in Figure 1.10. 



The general dimens ions, spaci ng, supporti.ng method, nozzle 

assembly, and upper e n d - f i t t i n g  a re  e s s e n t i a l l y  t h e  same. However, 

t h e  element now cons i s t s  o f  a s i n g l e  f u e l  bundle i n  a 9 x 9 l a t t i c e .  

The f u e l  rod  diameter i s  reduced (stepped) i n  t h e  upper h a l f  t o  

accommodate t h e  increasing steam-void volume. Th i s  d i f f e r s  from t h e  

p rev ious l y  described design which inc luded a 9 x 9 l a t t i c e  bundle -in 

t h e  lower h a l f  and an 8 x 8 l a t t i c e  bundle i n  t h e  upper h a l f .  

Spacing between t h e  i ns ide  o f  t h e  semi-permanent box and t h e  ou ter  

rows o f  f u e l  rods i s  maintained by sk ids  t h a t  a re  p a r t  o f  t h e  tube 

sheets. The f u e l  element nozzle i s  at tached t o  a s k i r t  t h a t  i s  welded 

t o  t h e  bottom fue l - tube g r i d  p la te .  Bosses i n  t h e  corners o f  t h e  upper 

fue l - tube g r i d  p l a t e  concentrate a x i a l  compressive loads i n  t h e  f o u r  

corner f ue l  rods. The remaining f u e l  rods a re  f r e e  t o  move a x i a l l y  

prec l ud i ng d i stdr,f i on  due ' t o  d i'f f eret i t ' i  a 1 . t h e i m i  l .expans i0.n between 

f u e l  rods. 

1.4.2.2 Fabr ica t ' ion . '  Fab r i ca t i on  cont inued on t h e  p a t h f i n d e r  b o i l e r  

.p ro to type element and t h e  b o i l e r  q u a l i f i c a t i o n  rods described i n  t h e .  
. . 

p rev ious quar te r  l y repo r t .  

1.4.2.3 Mechanical Desisn Anal.ysis.. Compressive Load on Corner 

Boi l e r  Fuel Rods. . A compressive load i s  placed on t h e  f o u r  corner 

f u e l  rods by t h e  f u e l  . . element nozzle sp r ing  and by t h e  upward hy- 

. d r a u l i c  f o r c e  o f  r e c i r ' c u l a t i n g  water, T h i s  f o r c e  i s  ca l cu la ted  t o  

be 110 lb/r&d, 

. Two mel-hods o f  f a i l u r e  were considered:. e l a s t i c  f a i l u r e  due t o  

d ire& compress ion  o f  t h e  f u e l  rod; and i ne.iasi-i c f a  . i l uke . . :or . .  buck S i ng. 



The compressive s t ress was calculated t o  be 3820 ps,i, and the e l a s t i c  

f a  i I ure i s therefore no prob l em. 
.... 

The coi-net fue l  rod may be considered as .an intermediate column 

since the minimum slenderness r a t i o  o f  the upper h a l f  o f  the rod i s  
- 

50.3. T h e . c r i t i c a l  load f o r  i ne las t i c  f a i l u r e  was therefore calcu.lated 

by the tangent modulus theory, 

where, 

Py = maximum load under which an ideal column w i l l  not  bend; 

ET = tangent modulus 

A =.minimum cross sectional area o f  fue l  rod cladding 

I/r = slenderness r a t i o  

The tangent modulus was determined as shown i n  Figure 1 . 1 1 .  

F i gure 
curve 
600 F. 

TEMPERATURE DIFFERENCE f *F  ) 

1 . 1  I Stress-strain Figure 1 . I 2  Bo i l e r  fuel-rod thermal 2 

f o r  Zircaloy-2 a t  bowing. (A-C Dwg. 43-024-365) 
J' 

(A-C Dwg. 43-024-364) 
\ 



Through t r i a i ' . a n d  er ror ,  t h e  c r i t i c a l  load .was c a l c u l a t e d ' t o . b e  

340 I b/rod. S i nce t h e  max imum load resu I t  i ng . f rom compress i v e  loads 

i s  110 Ib/rod; t h e  a x i a l  support provided by t h e  four  corner f u e l  rods 

. i s  adequate. . 

Therma l Bowi nq. Thermal bowing o f  a  f u e l  rod  as a  resu I t  o f  a  d i f f e r e n c e  

r 
' 1  n  temperature across t h e  f u e l  r o d '  was ca l cu l a t e d  a f t e r  mak i ng t h e  . 

f o l l w i n g  assumptjons: 

I )  t h e  temperature d i f f e r e n t i a l  across t h e  rod i s  l inear ,  
2) t h e  temperature d i f f e rence  along t h e  length i s  constant, 
3) t h e  spacers a c t  as a  simple support and prevent de f lec t ion ,  
4) t h e  d e f l e c t i o n  j s  small compared t o  t h e  rod length. 

The maximum d e f l e c t i o n  occurs a t  t h e  midpoint  between spacers and was 

c a i  cu l a'ted by t h e  equation, 

where, 

, d = d e t l e d i o n  ( in.)  
d = c o e f f i c i e n t , . o f  expansion for Zircaloy-2 . , 

A T  = temperature d i f f e rence  across t h e  rod  (F) . 
" 

I . . 
L = length o f  rod  (in:) - . -  
d  = outs ide  diameter of rod  ( in . ) ,  

I 

Results o f  c a l c u l a t i o n s  are  shown i n  F igure  1.12. Since heat- ~ 
t r a n s f e r  aa l cu la t i ons  i nd i ca te  t h a t  t h e  maximum temperature d i f f e r e n c e  

would be 30 degrees, t h e  bowing i s  no t  excessive. 

Oval i t v  i n  Fuel Rod Clad. Oval i t y  i n  t h e  c ladding tube w i t  l be most 

yes t r i ' c ted  by a  c o n d i t i o n ' o f  h i g h  temperature (750 F) and h igh  pressure 
. - 

(1600 p s i )  dur ing  autoclaving. Calcu ' la t ions were the re fo re  made t o  

determine t h e  greates t  o v a l i t y  t h a t  can be permi t ted  i n  t h e  c ladding tube. 



The a !  lowable ova l i . t y  i n  t,he c ladding tube was,calcul-ated us ing  

' an i o n  g iven by R. G. . s tu rn :  . 

2 s  ($1 
-' . . W =; , ,  . , 

. . ( 1 a . 6 )  
~ 2 0 2  t 3 

4% E (N' - I + P T ) ( T )  , I  + -  ~. 

( I  - r u 2 ) - (  w c - w l  
. . . . -  

, where,. . . . . 

= O v q l i t y  = Max. i.d. - min. i,d. 
, . . . . .. 

2  . . 

E = Young's Modulus . . . . 
. . 

. .  . , 

. . D = average diameter = i.d..+ t . . 1. 

L = length o f  c y l i n d e r  

. .  . 
N = number .o f  lobes . . .  

. . 
. . . . 

R = average rad ius  . . 
. .  . 

5 = al lowable t o t a l  s t ress  
. . 

- . t, = w a l l  th ickness 
. . 

W . =  a l lowable pressure on out-of-round t u b e , ,  . . ..., 

,u = Poisson's r a t i o  -> 

From t h i s  equation, curves were p l o t t e d  showing: 

I  ) a l lowab l e pressure vs. oval [ty f o r  d i f f e r e n t  tubes a t  750 F 

2) a l lowab le  pressure vs. wa l l  th ickness f o r  0.353-in i.d. tube 
a t  750 F - - 

3) a l lowab le  pressure vs. wa l l  th ickness f o r  0.327-in i.d. tube - 
- a t  750 F, 

. . 

4 )  a l  lowab i e  pie&ur,e vs. wsl l thickne'ss f o r  0.315-i n i .d, tube 
- a t  750 F. 

3. R.. G. Sturm, "A Study o f  t h e  Col lapsing Pressure o f  Th in  Wa l led . . 
.' '- 

Cylinders", B u l l e t i n . S e r i e s  No. 329, U n i v e r s i t y  o f  L l l i n o i s  
Engineering. Experiment Stat:Lon. . . 



ALLOWABLE PRESWRE ( P S I  ) 

F igure  1.13 Fuel-rod-clad- 
i ng a l'lowab l e  pressure vs. 
ova I  i t y '  al- 750 F. ( A-C Dwg . 
43-024-363). 
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PLLOWABLE PWSWRE ( P S I )  

Figure  1.15 Al lowable pres- 
sure vs. wal 1 th ickness  f o r  
..0.327 i .d.. -tube a t  750 F. 
(A-C Dwg. 43-024-360). 

F igure  1.14' A1 lowable pressure 
vs. wal l  th ickness f o r  0.353 i .d. 
tube a t  750 F. (A-C Dwg. 43- 
024-367) . 

ALLOWABLf PRESSURE (PS0 

F i,gure 1 . I 6  A l 1 owab 1 e  pressure 
vs. wa l l  th ickness f o r  0.315 
i . d .  tube a t . 7 5 0  F. (A-C D,wg. 
43-024-368 ) . 



These resu I t s  . a re  .g iven i n  F i gures 1 .  13, 1 .  14, 1 .  15, and , I .  16. ,-.. 
. . 

. . 
I n  view o f  t h e  worst  c o n d i t i o n  (1600 ps i ,  750 F),  t he  curves -. 

show. t h a t  t he  greates t  permissible o v a l i t y ,  A,, i s  0.001 in . ,  o r  . . 

. . 

0.002 i n .  on t h e  diameter. . . 
A- 

. > - 
Fue I  Rod Dimensions. The reclui red  noni na l o p e i a t i  ng dimensions o f  

I f ue l rods were estab I i shed f ;om phvs i cs  cons i dera t  ions and are 'gi ven . ' 

i n  Tab l e  1.3. The dimensions t o  k~h ich  fue l  rods \*li l i be fab r i ca ted  

i n  o rder  t o  meet t h i s  requirement were ca l cu la ted  and are a l so  g iven 

I . .  
i n  Table 1.3.. . .  

I 

as- fabr ica ted  nominal-operat ing 

Upper ha l  f  

p e l  l e t  diameter ( i n . )  .3235 + .Oil05 .325 

c l a d  i .d. ( i n . )  .329 .002 .3295 

wal l  th ickness  ( i n . )  .028 .002 .028 

c l a d  o.d. ( i n . )  .385 2 .006 .3855 

dens i ty  UQ2 (per  cent)  9 5  93.5 

Lower ha l t 

p e l  l e t  diameter ( i n . )  .348 2 .0005 .350 

c l a d  i .d. ( i n . )  .353 i .002 .3536 

w a l l  th ickness  ( i n . )  .028 -002 .028 

c l a d  o,d. ( i n . )  .0409 -1- .006 .4096 

dens i ty  U02 (per  cent) 9  5 92.9 



I n  ca Icu l ,a f ing  t h e  f u e l  'rod dimensions, it .was'necessar'y.to de- 

te rmi  ne t h e  center  l i ne temperatures o f  t h e  f u e l  pel  le ts .  An equation, 
. . 

Eq. (1.9) t o  make t h i s  c a l c u l a t i o n  was,derived i n  the. fo l lowi .ng manner..,, 

~ n . . ; ~ u a t  ion  due t o  ~ a r a b a , ~  . . . . . . . . . . . 

T ( r )  = , r S( r l l )  . . , . .  . 

. .  - , o  . . . -  

where, 
. . 

T ( r )  = temperature as a func t i on  of rad ius  ( ~ j  , 

. .  - . . .. . - . . 

' . K  = c o e f f i c i e n t  o f  thermal expansion 
. . 

. . .  . . 
S(rl1)= heat generat ion as a f un'ct ion o f  r a d , i u s  

. ... 

Tb 
= temperature a t  sur face o f  pel l e t  (F) 

. , .. . . . . 

b = ou ts ide  rad ius  o f  pel l e t  , ( i n . )  " 

. . . . 

was taken a t  t h e  outset .  The heat generation; S ( r l ' )  was included 
. . . - . . 

i n Eq. 1.7 i n  terms o f  N and M as dcf ined by t h e  equat i,on, . 
, . 

where, 

N,M = constants der ived from t h e  known normalized neutron 
f l u x  d i s t r i b u t i o n  i n  t h e  p e l l e t s  

. . 

which assumed t h a t  heat generat ion was pa rabo l i c  w i t h i n  t h e .  pe.l:l et. - . 
. . . . 

By making t h i s  s u b s t i t u t i o n  i n  Eq. 1.7, the .equat ion  

was obtained. . .  .. 

4. Taraba, ANL 5873, p.8 



I n  ca lcu la t \ ing  t h e  c e n t e r l i n e  temperature, it was f u r t h e r .  

assumed t h a t  38 per cent  ' o f  t h e  bo i  l e r  power i s  generated i n  t h e  

upper h a l f  o f  t h e  core and 62 per cent  i s  generated i n  t h e  lower . 

half;. The 38 per cent o f  b o i l e r  power means an average vol.umetric. 
. . . . 

heat generat ion o f  9630 ~ t u / h r - i , n ~  i n  t h e  upper ha1 f; and t h e  62 

an average v ~ l u m e t h i c  heat gerierat ion  o f  13,750 . ~ t u /  . .. 

h r - in3  i n  . t h e  lower ' ha l f .  . . ... 
.. ' . . . . 

The c e n t e r l i n e  temperature (T a t  r '=. 0) +hat was . c a l c u l a t e d . f o r  
. . 

- .  . . 
. . 

t h e  upper h a l f  i s  1282F. The ' cen te r l i ne  temperature f o r , t h e  lower _ - I  

. .  . 
\ 

. . 

h a l f  i s  1825 F. . 

The equat ion f o r  r a d i a l  expansion of uranium d iox ide  fue l  ' .  . . 

pel  l e t s  was then 'der ived i n  t h e  f o l  lowing manner. . . . .  . 

5 
The equation, 

was taken a t  t h e  outset .  NO a x i a l  o r  ,radial  resi-ra.i.a.:::l.s assumed, -..... 
. . . . , . ( . . . . 

i.e.0, = O  and cr, = o .  - 
. ,  . 

.The.equation f o r . r a d i a l  expansion, 

where, 

b =. rad ius  o f .U02 p e l l e t  as fab r i ca ted  * .  ' 

K = thermal c o n d u c t i v i t y " i n  ~ t u / h r - i n 2   i in. 
- 

5. Timoshenko, "Theory o f  E l a s t i c i t y t 1 ,  pp. 408-410 



. . 

may be de'rived'fkoi ~~s.'il;9, 1.'10, 1.11-1. The as-fabricated pellet. . 

'di'=metkr for the ubper and lower sections were then dalcu lated by 

, :  

+ Eq. 1 .  12 from the required nominal operating diameters of fuel .. 
, :A 

I n. order to calculate the change in apparent density of uran i um . 
8 ,  

dioxide from the as-fabricated to the nominal-operating density, it , ' 

was necessary to calculate the axial expansion, in addition'to the 

6 
radial expansion. This calculation was made with the equation, 

where, 

AL = axial expansion (in;.) 
. .  , 

Lo = original length (in.) , 

, . 

I/= Poisson's ratio - 
. . .  . 

i . .' Cr( j= thermal coef f i c i ent of expansion . . 
. . 

TE = centerline temperature 
. . . , . . 

, Tave = average-Temperature 

TR = room temperature. 

Results obtained with this equation agreed we1 1 with data ondimensional 
. . 

. . 

behavior of uranium dioxide at high temperature reported by W. R. 

Mart. i n7. 

7. W. R. Martin and J. R. Weir, ''~imens.iona'1 '~khavior of UO at 
2 Hi gh Temperaturef',, US/UK Research News letter No. 9, June, 1960 ' 



Claddinq Stresses. A summary o f  ,stresses i n  t h e  c ladd ing  i s  g iven 

i n  Tab le ,  1.4. The therma.1 st resses were ca l cu la ted  by t h e  '. . , 

. . .  -- 

. . - 
(?a = i n s i d e  s t r e s s  where, . . ,-... 

. . 
. , 

Ob = ou ts jdg  s t ress  

E = Young's Modulus 

2 1  = Poisson's R a t i o  

f *,, F3 = constants 

t = temperature ou ts ide  , , 

b 

ta = temperature i ns ide  

Pressure st resses were ~ a l c u l a t e d  according t o  Larnd's s o l u t i o n  

f o r  s t resses due t o  i n t e r n a l  pressure: 

2 2 a2b2 ., 
e t = P l a  - P 2 b  t 7 

P 
(PI - P2) - . ( l . l 6 )  

bL - aL 

- 
where, 6t = tangen t ia l  s t ress  a t  r = P - 

_--- 
Oz = a x i a l  s t ress  - 

PI ' = i,nterna l  pressure . . 
. - 

P2 = ex terna l  pressure 

a = i ns ide  rad ius  . ., 
.. . 

... 
b = o u t s i d e  r a d i u s  . 

i - p = rad ius  a t  which s t ress  i s  calculated,.a p - < b 
r 

8. H. Ether i ngton, ltl\lucl ear Engineer i ng Handbook," p. 1-61, 
McGraw-Hill Book Co., 1958 
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TABLE 1.4 SUMMARY OF CLADDING STRESSES 
(END EFFECTS NOT INCLUDED) 

-CASE I TEWERATURES AVERAGED OVER HALF OF CORE (AXIALLY) BASED ON NEW CLEAN POWER DISTRIBUTION 
(ALL RODS OUT) . 

CASE I I  TEWERATURES AVERAGED OVER SINGLE TUBE FOR MAX. AXIAL POWER AND MAX. RADIAL POWER 
(NO ENGR. HOT CHANNEL FACTORS). 

CASE I I I TEMPERATURES AVERAGED OVER Sl NGLE TUBE FOR MAX. AX1 AL POWER AND MAX. RADl AL POWER 
(WITH ENGR. HOT CHANNEL FACTORS) 

LOWER HALF 
I .D. 

. 

O.D. 

MINIMUM WALL 
MIN. ID 

.3516 
.4076 

51.5 
1860 
1678 

8200 
3480 
9878 

121.2 
4369 

. 3945 
8200 
3480 
12145 

124.4 
4485 
4049 
8200 
3480 
12249 

.3275 

.W35 

29.2 
1090 
980 

7490 
3150 
8470 

,110.6 
4 138 
37 18 
7490 
3 150 
11208 

114.3 
4277 
3842 
7490 
3150 
11332 

M1.N. ID 

.3516 
.4036 . a 5 6  .4076 

NOM. ID 

.3536 
.4 1 16 

54.7 
1980 
1775 
7500 
3130 
9375 

128.7 
4563 
4180 
7500 
3130 
11680 

132.0 
4772 
4288 
7500 
I 
1 1788 

.3275 

.3875 

31.2 
1170 
1047 
7002 
2907 
8049 

118.3 
4439 
3964 
7002 
2907 
10966' 

122.3 
4589 
4098 
7002 
2907 
11100 

MIN. ID 

.3516 

MAX, ID 

.3556 
.4096 

51.4 
1858 
1672 

8200 
3480 
9872 

121.0 
4362 
3939 
8200 
3480 
12139 

124.2 
4477 
4043 
8200 
3480 
12243 

.3295 
3855 

29.3 
1095 
98 5 

7497 
3158 
8482 

111.0 
4 153 
3732 
7497 
3158 
11229 

114.8 
4295 
3859 
7497 
3 158 
11355 

NOMINAL WALL 
NOM. ID 

.3536 

6, Compressive . 
Ub Tensi l e  + Tensi l e  
Ox Tensi l e  

h x . =  bt + 6b = bt max. 

.4 1 16 

52.1 
1883 
1 700 

8150 
3460 
9850 

122.6 
4420 
3991 
8150 
3460 
12141 

125.8 
4535 
4095 
8150 
3460 
12245 

.33 15 

.W75 

29.3 
1095 
985 

7716 
3250 
870 1 

111.0 
4 153 
3732 
7716 
3250 
11448 

114.8 
4295 
3859 
7716 
3250 
11575 

MAX. ID 

.3556 
.4 136 

54.7 
1980 
1775 
7750 
3210 
9525 

128.7 
4563 
4180 
7750 
3210 
11930 

132.0 
4772 
4288 
7750 
3210 

. 12038 

.3295 

.3895 

31.1 
1168 
1043 
70 13 
2917 
8056 

117.9 
4424 
395 1 
7013 
29 17 
10964 

121.9 
4574 
4085 
7013 
29 17 
11098 

MAXIMUM WALL 
NOM. ID 

,3536 

8TU/hr-f t2 
48.4 

CASE I Q/A = 12 KAT/ (a  In b/al = 
AT 48.2 

4 156 

55.1 
1995 
1790 
7580 
3180 
9370 

129.6 
4685 
4210 
7580 
3180 
11790 

133.0 
4808 
4320 
7580 
3180 
1 1900 

.33 15 

.3915 

31.3 
1175 
1050 
7 124 
2963 
8 174 

I 
118.7 
4454 
3978 
7124 
2963 
1 1  102 

122.8 
4608 
4115 
7 124 
2963 
11239 

MAX. ID 

.3556 

175,200 
48.8 

1740 
1580 

8950 
3870 
10,530 

1733 
1570 

8950 
3860 
10,520 

113.8 
4094 
37 12 
8950 
3870 
12662 

116.8 
4203 
3810 
8950 
3870 
12760 

3 5 
.3835 

27.6 
1032 
930 

8295 
3538 
9225 

104.5 
3903 
35 17 
8295 
3538 
11812 

108.1 
4037 
3638 
8295 
3538 
11933 

1756 
. 1590 
8785 
3775 
10,375 

114.7 
4127 
3741 
8785 
3775 
12526 

117.7 
4235 
3839 
8785 
3775 
12624 

.3295 

. X I 5  

27.5 
1 050 
925 

8 150 
3484 
9075 

104.1 
3888 
3503 
8151 
3484 
11654 

107.7 
4022 
3625 
8151 
3484 
11776 

CUE I I Q/A = 4 12,467 B T U / ~ ~ -  ft2 
AT 

Q Compressive 
Qb Tensi l e  
Qt  Tensi le 
62 Tensi l e  
6 m a x + = b t + 6 b = 6 t m a x .  

113.3 
4077 
3696 
8950 
3860 
12646 

CASE l l l Q/A = 423,3 10 B T U / ~ ~ - f t 2  
AT 

U, Compressive 
Ob Tensi l e  
at Tensi l e  

Tensi le  
Gax. = 6 b  + 6 t  = dl max. 

P P E R  HALF 
I .D. 
O.D. 

116.3 
4185 
3794 
8950 
3860 
12744 

.3275 

.3795 
CASE I Q/A .=  100,500 8 T ~ / h r - f t Z  

AT 
6, Compressive 
% Tensi le  
q Tensi l e  
g, Tensi le 

= at + q, = % 

27.5 
I030 
925 

8 165 
3478 
9090 

CASE l l Q/A = 382,017 BTU/hr-f? 
A T  

6, Compressive 
ub Tensi le  

Tensi le  
Tensi l e  2 

&ax. '$ +% = max. 

104.1 
3888 
3503 
8165 
3478 
11668 

CASE I I I Q/A = 39507 1 0TU/hr-ft2 
AT 

%Compressive , 

gb Tensi l e  
Ut Tensi l e  
6, Tensi l e  

urnax. = + Qb = a+ 

107.7 
4022 
3625 
8165 
3478 
11790 



The c a l c u l a t i o n s  made w i t h  Eqs. (1.14, 1.15, 1.16, and 1.17) 
+ 

i m p i i c i t l y  . assumed . t h a t  t h e  c ladd ing  consis ted o f  a n . i n f i n i t e l y  long 
. . " .. 

c y l i nde r .  Ph is  assumption i s  v a l i d  except i n  c a l c u l a t i n g  t h e  s t ress  

a t  t h e  ends o f  t h e  rod. The s t r e s s  i n  t h e  c' ladding near t h e  end may .- 
. . 

. . ' .  . g 
be ca l cu i a ted  by equat ions .g i .ven.by, C; H. Kent : 

d.x = EUAT ~ ( l - 4 )  - -.p- 1 2 4  ("O@ + % a )  + E  
( I - M I h . '  - - 6 2h 

where, 

..- 
c = mean rad ius  o f  c y l i n d r i c a l  s h e l l  

'6 2 '  - E -Young's  Modulus =.11.5 x  10 Ib/i.n , 

V 

h  =. ..+h i ckness o f  she l l . . -. 

h  = t h  i ckness df head (end cap) 
. . 

. . 

h I = moment of i . n e r i i a  of  s t r i p  o f  u n i t  width and de,pth, h =  - 12 

p  = i ns i de cy l i nder, - :pressure gu ts  i de 
.- 

90 - ,force - 
T. = r a d i a l  temperature drop through c l a d  =. 1 10 F 

' . .  . . a 
x = d is tance along c y l  i nder a x i s  

y - d e f l e c t i o n  

- 6  
a ( = t h e r m a l  c o e f f i c i e n t  of  expansion = 3 . 4 x  10 i n / i n O ~  

. . . - 

9.  C. H. Kent ,' IfTherma l Stresses i n  ~ h  i n-WA l l ed Cy l i nders, !' 



/) = distance from neutral  ax is  + h/2 t o  0.d. 
- h/2 t o  i.d. 

. /Y = ~ o i s s o n " s  r a t i o  = .45 
a. . 

. . 

. . . . cr = stress . . . . 
. . . . . .  
. . 

O? =: tangent ia l  Stress .., . 

02 . . = ax i a l  s t ress 
. . 

9 = ( cosex  - s i n ~ x j  . . . . 

. - . -  

where, .M and qo .are determined.by so lv ing the  fo l lowing'equat ions 
0 

simultaneously: . . 

. . 
. I - .(M, + q01 = - q C i I-/) 9PI + es- 2 . . 

.... '28 ' h . .  , Eh 2EIB - . - .  . A  Eh, -. ' - 
, .  . 

By assumln'g t h a t  the  end cap i s  i n f i n i t e l y  t h i c k  compared t o  the  wai I 
0-  . 

. ' th ickness and: t h a t  the re  i s  a  constant temperature gradient  i n the  ' 
. 

radia.1 d i rec t ion,  on ly  t he  stresses i n '  t he  c lad  may be fou'nd. 
. . .  

Before ca lcu la t ing  stress, it can be shown tha+.u+ i s  maximum'at 
. . 

a  poi n t  . f a r  removed from the '  'end cap. Therefore end e f f ec t s  i n the  

tangent ia l  d i r ec t i on  are neg l ig ib le .  Furthermore, ex i s  maximum when 

x  i s  zero, thus cance l l ing some terms i n  )he equations. It i s  obvious 

t h a t  the  worst condi t ion i n  the  b o i l e r  core w i l l  be i n  the  lower ha l f  

. w i t h  maximwm 1.d. and'mi:nimum.walI because the  upper ha l f  has a  smaller 
.!. . . 

diamet,er w i t h '  the  same wal l  thickness. 



9 . .  ,i,i: ,! ' ,  
. . .  , . .  i . .  . . r t ; :  

. . .  So I y i "g t he  s i m" l taneous equat ibns; Eq.: i 1;2 l ' ,  . I 2 ,  i t  i s ' * % ' . . . . . 
. . . . . . . .  

" .  ' found, th.at  bio =, I :33, lb- ; in / in . .  o f  .circumference, and qo = -76 lb'. 
. . . . 

. . . . - 
. . 

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

~ u b s t i f u t i r i p  i n  t h e  ~ i .  ( 1 . 1 9 )  a -hx  = 0, i t  i a  found tha ' t  t h e  a x i a l , . .  
. : . . . . 

I 
. s t r e s s  on. f b e ' o u  -I-side of the  c l a d ,  i s 10,150 p s i  . S t r e s s  on. t h e  i n-. 

. # .  

. . . . .  . . . . . . . . . . . . - . . .  . . .  s i de  o f '  . . .  the .  b l a d ' . i  s:'20,390 . . p4.i . . . . .  . - . :. .I . . 
. . .  . . . . 

. . 
' > '  . . .  . . . .  . . . . . . . . .  . . .  . . . . . . 

. . . . 
. . . . i . ' .  . ,  . . .  . . . . . . .  

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

- -- 
. . . .  . . . . . . . . . . . .  . . . . . . . . . . . . 

. . w 
. . . . . . . . 

. . . . ,  
: ? 

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

. . . . 
. . . . .  . . . .  . . c.- 

' . : .  . . . . . 
. . . . 

. .  , .  
. . .  . .  : .  .... . . . . . . 

. . . . . . 
. '., . . ... . . .  . . . . . . . . 

. . . .  . . . , 
: . .  . ~ . . .  . . . . . . .  . . . . . .  . . . . . . ., , ' . . . . . . ' ._ 3 . :  . . .  . . . . , . .  . . 

. . .  
. . .  . . . . 

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

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

. . . .  
., .. 

. . .  . . . . 
, , 

. . . . . . .  . . . . . . . . . . . . . . 
. . , . , ~ . . . . . . . . . . .  . . . . - 

. . . .  . . .  . . .  . . 
. . . . . . .  , .  ' 

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

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

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

. . 
. . . . .  ' . . ,  - . . 

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

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

. . 
. . . . 

. . . . . . : .  . . . . .  . . . . 
. . 

. . . . .  . . . . . . -.- 
. . . . . . . . 

. . :  . . . - 
. . . . 

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

. . 
. . .  .. , 

. . . .  . . . .  . . . .  : . . .  . . 

. a:, 
. . . . .  , . 

. . 
. I . _ .  

. . . . .  . . .  . . . . .  . . I 

. . .  . 1 ' .  
. . . . .:.. . . . . .  . . . . 

Z' , . I . .  . . . . . . >. 
. . 

. . . , 
. . 

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

. . . . . . 
. . 

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

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

. . 
. . . . , ,  . .  . . . . .  I. I . . .  . . 

. . . . ,  , 

. . . . .  . . . , . . .  . . . . : .  . . 
. , .  . . . . 

. . .  

. . .  
. . 

. . .  . . -38 - 
. . . . . . , . 

. . 
. . . . 

. . 



. . 
1.4.2.4. Fuel Element Component T e s t i ~ ~ g .  Nozzle-gall ins Test.  

A ' t e s t  apparatus was designed an'd cons t ruc ted  t o  t e s t  nozzle ma te r i a l s  

and treatments ( F i g .  1.19, ACNP-6007): The appa,ratus s imulates 

'movement o f  t h e f u e l  element nozzle i n  t h e  g r i d  p l a t e  by moving a,  

nozzle assembly up and down w i t h i n  a  nozzle sleeve. The t e s t  i s  

a c t i v a t e d  by means o f  two a i  r cy l  i nders, one mounted v e r t  i ca I l y  and 

the  o ther  hor i zonta I l y  . By opera t  i ng the  v e r t  i ca 1 c y  l i nder a  lone, . 
, 

t h e  nozzle assembly i s  moved up and down w i t h i n  the  nozzle. By, 
. . 

opera t ing  t h e  h o r i z o n t a l  c y l i n d e r ,  t he  nozzle sleeve, which i s  
. . . , . . .  

mounted on a c l e v i s  bracket,  can be l i l t e d .  Thus t h e  s i t u a t i o n  

simu la tes  a  c o n d i t i o n  i n  t h e  reac to r  when the  f u e l  ' e  lement may be 
. . 

ti l  t e d  w i t h  respect  t o  t h e  reac tor  g r  i d  p  l a te  and where d  i f fe r .en t i  a  l  

therma I '  expansion causes r e  l  a t i  ve motion between t h e  two. The t o t a  1 

length o f  t r a v e l  o f  t he  nQzz l e  i n  t h e  t e s t  apparatus was 1.25 i n .  

V i sua l  i nspect i ons g f  t h e  nozz l  e  and nozz l e  s leeve were made ' 

a f t e r  a  t e s t  run. Dur ing the  t e s t ,  t h e  v e r t i c a l  and h o r i z o n t a l  

pressures were recorded and t h e  fo rce  necessary t o  move the  nozzle 

w i t h i n  t h e  ,sleeve was subsequently ca lcu la ted.  
. . 

I n  order  t o  determi ne t h e  f r i c t i o n  . f o r c e  o f  t he  s h a f t s  movi ng 
. . 

through the  packing glands, a  t e s t  was conducted w i thou t  t h e  nozzle 

o r . n o z z l e  sleeve; The f r i c t i o n  fo rces  were about 30 Ib.  on t h e  

v e r t i c a  l  s h a f t .  and .60 I  b. on t h e  h0r.i zonta l  s h a f t .  However, . . ,  . the packi ng. 

was changed several t imes between t e s t  runs and the .pack ing  r imgs were 

t i gh tened  from t ime t o  t ime dur ing  t h e  heat ing  up.per iod.  Therefore, 

these. values f o r  t he  fo rces  requ i red  t o  overcome f r i c t i o n  cou ld  have 

va r ied  considerably.  



I1 Nozzle sleeves f o r  the  t e s t  were made o f  304 s t a i n l e s s  s t e e l ,  

which i s  t he  ma te r ia l  used i n  the  r e a c t o r .  Nozzles were made o f  

t he  f o l l o w i n g  ma te r ia l s :  304 s t a i n l e s s  s t e e l ,  17-4Ph s t a i n l e s s  

s t e e l ,  and chrome-plated 304 s t a i n l e s s  s t e e l .  

- 
304 S ta in less  Steel  Nozzle. The hardness, sur face f i n i s h ,  and d ia -  

meters o f  t he  304 s t a i n l e s s  s tee l  nozzle o r  nozzle sleeve were no t  

e x a c t l y  known f o r  t h i s  t e s t .  The t e s t  was r u n  a t  540 psi  and 477 F 

I w i t h  no ho r i zon ta l  fo rce ,  A t  55 psi a i r  i n  t he  ve r - t i ca l  c y l i n d e r ,  

I the  nozz l e  'moved approximate l  y  1 /8 i n. App l i c a t  ion  o f  pressures up. . ' . 

t o  98 ps i  i n  t he  v e r t i c a l  c y l i n d e r  d i d  no t  r e s u l t  i n  f u r t h e r  movement 

o f  ' t h e  nozzle. These a i r  pressures correspond t o  ne t  downward forces 

o f  388 a n d  1228 lbs  r ~ s p e c t i v e l y .  

A f t e r  the  . t e s t  apparatus had coo'led t o  room temperature, an . . . .  

a t tempt  was 'made t o  move the  nozzle. A t  50 t o  55 psi ver.1 i ca  1.- 

c y  l  i nder pressure, the. '  nozz l e  moved through i t s  maxi mum stroke,  

1.25 i n .  The pressure was equ iva len t  t o  a  ne t  downward fo rce  o f  

about 1000 Ib .  The nozzle was operated through four  s t rokes  i n  t h i s  

manner. Severe g a l l i n g  was noted on both the  nozzle and nozzle 

s leeve when they were examined a f t e r  the  t e s t .  This  g a l l i n g .  i s  shown 

i n  F igure  1 .'17.. 

' 1  7-4 Ph Sta i n  less . s t e e l  Nozz l  e. A second tes i -  was conducted w i t h  a ,  . 

nozzle made o f  17-4 Ph s t a i n l e s s  stee.1. The c h a r a c t e r i s t i c s  o f  

t h i s  nozzle were as f o l l o w s : .  .hardness - BHN 404; sur face f i n i s h  - - . 

20 5 1 o - ~  i n  .rms. The 304 s t a  i n  less s tee l  s  leeve had a  hardness of  , ' 

. . 

BHN 153 and a  sur face f i n i sh  o f  20 t o  32 x 1 0 ' ~  i n .  rms. The 





- P,,: . c 

d i a m t r a l  c lwrance b e t w ~ ~ ~ ~ . n ~ z a l e  and sleeve was 0.014 in. 

The f i r s t  t e s t  run cons i d t e d  i n 50 cyc l es with no hor i zon+a l . . 

, force a t '  595 psi 488 F. I n i t i a l  l y ~pprox imate ly  65 psi was re- 

qu i red fo move the nozz I e. "TSr i s opefrat i ng pressure l eve led of,f t o  

aboui- 43 psi wl th  578 psi in?'ths t e s t  housing, which y ie lds  a ne-t 

Maen the f a s t  was dlsaoiremb i'etcl., the nozzle and sleeve were both 

i 1 . i  ght l y marred. The Mrr i ng reehd t o  ions l s t  o f  scratches rather  

tkan .@l l ing .  The s u r f a ~ s s  are:sh&n i n  Plgure 1.18. 

' 
A second t e s t  run *a$ +i with the &ma nozz lg and sleeve. 

The nozzle was cycled orie-hundred t imks with no'hor i zontel forbe 

' a t  620 psi i n  the t e s t  housing a t  490 F. The Gpet?qr"ting fdrce 1eve.Ied 
. . 

off t o  abou+ 39: Ib net dow6khrd ~ ~ o r c e .  ' . 
.>. ;  , 

Under these c i rkumstru&bk, B 165- 1 b .her i zonta l load was app l 1 ed . 
.W -mi- farcl) retqi ir~d td~lov~: +he ROZZ l* . k ~ f ~  t o  482 i b  oh the.  
. .  . 

, . - * A  . . .  
. - , $)e$t , and sscqd stroke. ' Jhd fwce i ncrossed t o  780 I b, net on 

the t h i r d  strokd, and t o  978 16. net on ths fourth. The hor i ~ o n t a l  . - < .  

l'md' was then reduced t o  70 I b, and the opera+ing force decreased 
I ,  

t o  592 Ib. net f o r ' t h e  next s i x  cycles. The horizontal load.uas 

removed a n t i  r e l  y and the nozr 1 e was opera~~ad: for ten  cyc l es. . The 
> 

force requ i r i d  t o  operate ver t i ca l  cy l lnder decreased t o  

neP, but d i d  no* decrease;$urther. This i m r w b e  from 33 i b  
i d  

L ,r 

a t  the s t a r t  of the t e s t  $0 425 I b.  net a t  the end of the t e s t  l e 

at t r ibu ted  t o  gal l ing.  

When the test was disassembled considerablc vidence o f  gal l i n g  



I 
Figure .I 9 Ga I I i ng of 7-4 Ph nozzle (top) and 304 sta i n less stye l f sleeve (bottom). Horizontal load of 165 Ib was applied. 

(N-P Photos 18a-15, -16, -13, and -12). 



Chrome-Plated 304 Stainless Steel Nozzle. The t h i r d  nozzle tested 

was chrome-plated 304 s ta in less  s tee l  o f  hardness BHN 870 and wi th  

surface f i n i s h  o f  18 t o  25 x low6 in. rrns. The 304 sleeve had a 

hardness of BHN 153 wi th  a surface f i n i s h  of 20 t o  32 x loo6 in.  rrns. 

The diamefrical clearance between nozzle and sleeve was 0.012 in. 

~ h 6  f i r s t  t e s t  run consisted i n  100 cycles without any hor izonta l  

force applied. The pressure required t o  operate the  ve r t i ca l  a i r  

cy l inder  qu ick ly  leveled o f f  t o  43 psi w i th  the housing e t  515 psi .  

This resu l ted i n  a net downward force o f  60 Ib. 

The t e s t  assembly was disassembled f o r  inspection. The nozzle 

was not marred. The sleeve had on ly  minute scratches. 

The second t e s t  run consisted f i r s t  i n  50 cycles without a hor i -  

zontal load. The operating force leveled o f f  t o  60 Ib, net  w i t h  

61 5 'psi i n the  t e s t  housi ng. A 155 I b. ne-i hor i zortta l load was then 

applied. On the  f i r s t  stroke thereafter ,  the  operating load 

increased t o  575 Ib. net  downward load. On the second and t h i r d  

strokes, the required force increased t o  673 Ib, net  downward. From 

the four th  through ten-bh cycles, during which the hor izonta l  load 

was decreased t o  82 Ib. net, the required downward force decreased 

t o  581 Ib. net. The hor izonta l  load was then removed en t i re ly ,  and 

the nozzle was operated f o r  t en  cycles. The force required decreased 

t o  60 l b .  net downward, which i s  the  same force required a t  the 

beginning o f  the  t es t .  

When the t e s t  nozzle and nozzle sleeve were examined, no g a l l i n g  



a f t e r  gal l i n g  t e s t  w i th  155 Ib. hor izonta l  load. 
(N-P Photo 18A-18, -19, -25, and -20). 



Conclusions. Tests thus fa r  show t h a t  chrome-plated 304 stainless 

steel  i s  a sui table material for the fue l  element nozzle. Further 

tes ts  w i l l  be conducted with chrome-plated stainless steel  wi th  

d i f fe ren t  surface finishes. 

1.4.3 HIGH-EMRICHNENT SUPERHEATER FUEL ELEMENT 

I .4.3. I P r o t o t v ~ e  H i  ah-Enr i chmatnt Su~erhmfer  Fue l E leraent. . A. pro- 

gram t o  formu la te fsbr i cat ion techniques f o r  the  monufact"re o f  high- 

enrichwnj. superheater fuel  elements t o  Pathfinder $peciPicb.fions with 

current technology i s  continuing. Mart in Nuclear D iv is ion  i s  conduct-. 

i ni t h i s  study under subcontract t o  A [ l i s-Cha lmers. The program con- 

s i  s t s  o f  h o  phases: I) h fabricate eermt di speroi cn f uei tubes, 

and 2) t o  dew lop a sui tab le  method ~f ossemb l i ng superheater e lemnl's 

of the ref erencg design . 

Jranium Dioxide Powder. Specif ications require t h a t  the uranium 

dioxide powder usad i n  maklng the cerme* be h igh- f i red spherical 

par t i c les  of -270+325 mesh f rac t ion 'w i th  a density no) less than 

93 per oenr o f  theoret ical .  ~t present, it i s  d i f f  icu I t  t o  ob+ain 

powder meet1 ng these speci f ica-hions. Davi son Chemica l Co. has agreed 

.to supply 20 Ibs, of which 2 Ibs have been delivered. Other possible 

suppliers have been queried, but o f f e r  no guarantee of delivery. 

I n  view o f  the d i f f i c u l t y  i n  obtaining powder of a su i tab le 

$rade, the Mart in Nuclear Div is ion i s  experimentally preparing a 

high-f i red sph t-spraying technique. Although. 



powder prepared i n i t i a l l y  showed in terna l  porosi ty,  the technique 

shows promise. Continued study o f  t h i s  technique i s  being sponsored 

by the Mar t in  Nuclear Div is ion.  

Cermet Fuel TubesJ. Several cermet s t r l p s  were prepared using v a r i o u ~  

grades o f  uranium dioxide powder. Longitudinal views o f  three 

s t r i p s  are shown i n  Figure 1.21. The top s t r i p  was r o l l e d  from 

Ma l l i nckrodt Chemi ca l Works' spher i ca l grade powder. The powder i s 

very spherical i n  the larger p a r t i c l e  sizes, but  i s  s im i l a r  t o  

regular h igh-f i red powder i n  the s ize (-270-t-325 mash f rac t ion)  desired,, 

The center photomicrograph i s  a view o f  a s t r i p  prepared from * 

Davison spherical powder. The superior qua l i t y  o f  t h i s  s t r i p  i s  
eas i l y  appnrsnt i n  less s t r ingek ing and agglomeration o f  oxide p a r t i c l e g  

w i t h i n  t t ie s ta in less  s tee l  matr ix.  

Ths dottom s t r  l p MS fabr icated f porn h i  gh-f i r ed  po l ygcne l -shaped 

powder . 
Approximately four t o  s i x  cermet f ue l  tubes w i  l l  be made w i th  

the  2 Ibs of Davison powder t h a t  has been received, and the f ab r i ca t i on  

process and cermet qua l i t y  w i l l  be evaluated. 

Assemb IY of Fue l E lemants. Fue l tubes made from h igh-f I r ed  po lygona l 

shaped oxide w i  I1 be used f o r  studying assembly operations. Thi$ 

w i l l be a stu'dy o f  assemb l i ng the sn+i r e  fue l  e lement  in^ ludl ng the 

poison tube, two fue l  tubes, and wi re  spacers t o  tolerances stated 

i n  Pathfinder spec i f ica t ions.  

Prel iminary studies were made o f  three assembly methods by using 

s ta in less s tee l  tubes mocking up Pathf inder fue l  +ubes. The f i r s t  



. . 
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' inettlod studied,  c o i k i s t e d  manual l s  l i pp i ng' enc s t a i  n less s t b e  l  t u b e , ,  . 
' . 

i .  
. . . . . . . . , .  , . .  % 

I. . , . 
w i t h i n  another .. The spec i f  i ed  spacer w i i-es were at tached w i t h  . s o f t  sd l -  

e r .  Lengths o f  o n l y  12 t o  24 i n .  cou Id' be p u t  together .  i n  t h i s  wa'y. - a ' . .  

. . 
. . 

I n t h e  second me-khod studied, t h e  i ns i  de tube was cdo led w i t h  . . 
. . - . . . . . . 

. . .  
l:i qu i d  n  i t r o g e n w h  i: l e  t he  ou te r  tube. was heated w i t h  h o t  wa te i .  

. . . . . . . . .  

- Us1 n g t h  i s  t echn ique  i t '  was poss i b  l e  t o  assemti le '.the fuk  I tubes and . . 
. . 

. . 

p o i  son r o d  on l y w i t h  consi derab l e  ga l l i ng between spacer w i res  and . . 
. . . . .. . . . . 

tube surfac.es: . ' ', . . . : 
, . 

. . 
. . 

. . 
. I n  t h , e  t h i  r d  method, a  V-b lock i s  used t o  press the  ou te r  . . tube : . '  . ' , 

. . 
. . 

a g a l n s t a  f l a t  bed f l e x i n g  t h e  !"be w i t h i n  i t s  B lq ' s t i c  range t o  
. . . . . . . . 

, . 

. approximate a .  tr i angu l a r  shape, The i nn'er tube w.i t h  t h e  spacer w i res  :'. 
: . .  

a t tached .may then be .s l ipped i n t o  t b e ' o u t e r  tube. The, po.ison...tube . . . . . . . . . . . . 

i s  be  i ng assembled w i t h  i n t h e  i nner tube ' i n  t h e  same. manner ., ' . ' : . . . . 
. . . . 

. ' . Methods o f  a t tach  i ng. t h e  spacer w Lres over th'e e n t i  r e  length ,of  . . .  . . 
. .  . . . .  

- the' tube were. s tudied.  A t  preysent, an u l t r a s o n i c  welding technique .., . . 
. . 

. . . .  . . . .  
. . 

. . 
appears. best .  . . 

.. > 

1.4.3.2 Mechanics I  ~ e s i  an. s t r e s s  d n a  I v s i  s .  The f  ue I tubes have - 

A 1/4- i n  gap a t  t h e  c e n t e r .  and a  l /2- i n  length a t  t he  e n d s  t h a t  con- 

- 
t a  i n  no . f ue . I .  ,The temperature o f  these non-f ue led ' po r t i ons  drops down 

. . 
. . 

t o  $team temp&-atu& w i i h  i n  a  shb r f  d  i stance from ' t h e  f  ue l . bear i ng 

' s e c t i o n ,  and causes a& i a  l temperature grad i e n t i  and therma l s t resses.  
. . . . 

. . . ,. 
The ?xis l temperature grad ien t  was '=a lcu l a t e d  by cons i der i ng 

. . . .  . 

t h e  tube' w a l l  ' t o  b e  a  t h i n ,  f l a t  f i n  w i t h  two-dimensional h e a t  f low 
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2  + HL) r- '+ H cos' (anr), cos  h' (an) 
. n= I  . 

. . . . : : . I 

. . . .  wh'ere,: H = .&  = , @ t a n ~ r  . . . . . .  
. . : , ,  .: 

k ' , .  . . 
. . .  

. . 
, . , .  . . 

. . .  k = therria l cdnducti v'i t i  i f  tube, 8G/hrif +OF 
- 

. . 
. . .  

. . . .  . . . , ;  ... 
.' L. = l i hg th '  o f  fube i n ' ( x )  d i i ec t i on , . ' f t :  ' 

' . . . . . . 
. . 

. , . . 
. . . . . . .  .' Tw = constant  wa l l , temperature a t  t h e  en'd o f  t h e  f u e l  . . . . , . 

. , . . 

T h i s  equat ion gave an a x i a l  %emperature g rad ien t  f o r  t h e  h o t t e s t  

f u e l  element o f  560 F per  i n .  q t  t h e  end o f  +he tube, and 24QO F per  
. , . . 

i n.. .at-' ' the center  . f  ue l .gap. 

Assuming a  l i n e a r  ternpera'hre gradient ,  which i s  conservat ive, 
. < 

. . 12: , , ' . . 
. . 

t h e  maxi mum l:ongi:tudi,na , . I. s, tke$s was ck lku  l i t e d  f +om t h e  equaf i on, 
. . 

. . . . . . ,  , . . .  . . . , :  . :  - .  . . 

where, 0( = l i near coe t f  i,c i en? o f  expansion, i n l  i n°F 
. . . . .  . . 

E ,  = mjdu lus of; e  l a i t i c i t y ,  : l b i i  n2.  . . 
. . . . . . . . 

I! = Poi  ssonps, rat - i .0  

. . 
, Rm = mean r a d i u s  of the; t ube  

, . . . . . . . 



. . 

The' tangent i a I  s t r e s s  due t o  t h e  ax i  a I temperature..gradient i s: . . 

g iven.  by t h e  equation, 

I b e = J %  ( 1.26) 

There i s  a l so  a r a d i a l  temperature g rad ien t  o f  66 F a t  t h e  end 
. . 

o f  t h e  tube:and 50 F a t  t he  center ,  gap. .The s t ress .  due t o  t h e  yadia l , 
, 

. , 
. . 

temperature g rad ien t  i s' ca Icu l a ted  by , the equat i,on, ' .  . 

. . . . : : ' . . 
. . f o r '  t he  p o r t i o n  q f  t he  cy I  I nder away f  ram' -the. erid. . ' A t  the .  f ree .  end , . .  ' . . 

13 bf t h e  cy I  i nder , the  s t r e s s  i s  a b o u t 3 0  p e r  cen t  h i ghat-. . , ., . .  . 
. . . . 

. . 
Eqs. ( 1.25, 1.26,' 1.27) gave t h e  f o  l lowing maximum stresses due . '. 

. , . . . . .  . . 
% . . ,  . . .  . . . . 

t o  both f h e  ' rad i a l  and ax i a 1 temperature grad ien ts :  . ' 

. . 
. : . . .  ' I  . . . . . .  . . , .  . . . . . . . , . 

a t  tube end . . 
. . .  . .  . , . .  

. . . . 

uz = 21,100 p s i .  
, , . , . . , ' . . . .a, = 1.6,350 p s i  . . . . .  

. . 
(7 i e l d  s t ress  = 19,900 p s i  . 

' . .  - .  : :  (316 S S a t  I30OF) . . , ' .. . ; . . . ,  

. . 

. . a t  center  gap 
. . 

. . ci =.,47,400 ps i  . 

U, = 2'1,400 p s i  
a .  U j.e 1 ;l stress = .2O,OOO .psi . . 

(316 SS a t  1 180F) 
. . 

Since these stre'sses are i n  excess o f  t h e  y ie ' l d  s t reng th  o f . t h e  
. . . .  , . 

.m i~ te r i a l ,  there  w i l l  be some p , l ~ s f i c  deformation. Assuming f r e e  . . . . 

, .. : . , . . .  . . , 

d  i f f e r e n t  i a l  expansion, t he  maximum deform& ion  i s  a reduc t  ion  i n  t h e  
. 4  . .  L . . . .  . 

tube diameter o f  0 .001 i n .  a t  t h e  end ,and 0.003 i n .  a t  t h e  center  gap. 
. . . .. 

13. C:;H..;Kent; "'Therma 1. S$Fesses i n  Thi n-Wa,I.Ied.Cy I  i ridersv1, 
APM-53- 13, p . .  167, 193 1 . . 



Therma I F a t i  w e .  . The f ue I .  tubes.  were checkad t o r  thbrma . I: f . i t i gue 
. . 

. . 

I1 . .  due t o  cyc l i ng o f  t h e  st resses ' a t  the  f  ue l gaps. :. The number' o f .  &tress 

cyc,les needed' t o  cause f a i  l u re  was ca lcu lated from t h e  equation, 14 

where, 

N = number o f  cyc les  t o  f a i l u r e  - 
C =  f / 2 =  1/2 In  100 

100-RA 
where, RA i s  t h e  percentage reduct ion  i n  area determined 

i n  a  tens i  le t e s t  

I ACp = Qmax - 2uy ie ld  s t ress  
E 

. . . . . . . 
1 . .  . . .  

I '  . . . ' . . ,  
' ' ' 6  

. .. .Eq. (.l..28)' gave ,I .88 ,x 10 cyc les- f o r  t h e  max'imum s t ress .  o f  '47.,400 p s i  . ' - . .. 

, :, . .  . : . . . .  

Jherma 1 Shock. Pre I  i m i  nary . . therma I shock ca lcu l i t i o n s  i nd i ca te?  t h o t  .. 
.. I : . . . 

t he .  superheater f u e l  tubes can w i  thsfand a. shock of: 1000 F  . f o r  " .  ' . .  . . . 
, . . . .  . . . . 

1000:cyc l es ; i  f t h e .  tubes i e t a i  n  t h e i  6 or i ' g i  n i l  d u c t i  l'i ty.   ow ever, . ' . 
. . . . . . 

under reac to r  opera t ing  cpnd i  t i o n s , i  t i s  known t h a t  a  b r i t t l e  phase 
. . . . ' 

. . . .  , ,  

'known as s i  grna' phase can occur i n  '3.161 . s ta  i n  less stee l when he I d 
. . 

. . 

I1 . . '  
. a t  e levated temperatures. The .number o f  s t ress  'cyc les t h a t  a '  - ' 

I m a w r i  a  l  can w i ths tand  i s  r e  la ted t o  t h e  duct i  l i ty .by Eq'. ( 1.281, - 

s ince the  percentage reduc t ion  i n  area (RA) i s  a  measure o f  duc t i  l i t y .  

The p l a s t i c  s t r a i n  range i s  determined from s t ress  c a l c u l a t i o n s .  

I Therefore, if t h 6  percentage reduct ion  i n  area i s  known f o r  t h e  g iven 

I ma te r ia l  condi t ions,  t h e  number o f  cyc les  t o  f a i l u r e  can be p red ic ted  

I1 . . 
w i t h  reasonab . . le.  accuracy. . ' . . . . 

  he reduct  i on , i n  duct  i I  i t y  due. t o  s  i gma phase: format ion ' w i ' I  1 :. . . . . .  , 

. . . . 
. . 

, . 
1 4 .  L .  F. ~ o f ' f i n , , " D e s i g n  f o r  Low ~ ~ c l e ~ a ~ i ~ u e ~ ~ ,  'SESA ~ e s i ~ n  C l i n i c ,  

. " .  , October 1959 . . . .  , 
. , 



be determi ned .by heat  i ng . tens i l e  t e s t  spec imens o f  3 l6L s t a i n  lass , , . . . . 
. . 

. . , . 
. . 

s t e e l  i n  a  furnace and'measuring:.the percentage. reduct ion  . . i n ' a r e a  i n  
, . 

. . 
a  . tensi  l e  t e s t  a f t e r  var ious  heat  i.ng t imes. I t  i s  expected' t h a t  . 

t h e  reduc t i on  i n  d u c t i l i t y  w i l l  level  o f f  a f t e r  a  pe.riod o f  t ime, - . . 
. . 

. , 

. . . . _ '  
a l l ow ing  e x t r a p o l a t i o n  t o  t h e f u e l  element l i f e t i m e .  k i t h  t h e : . .  1 '  . . . . . . 

maximum expected reduc t i on  i n  d u c t i l i t y  known, it should be poss ib le  

t o  p r e d i c t  a  safe thermal shock l i m i t .  
. . 

. . . . 
P l a s t i  c  ~ e f o r m a t i o n .  dur i ns Shu+-Down. Wh'en t h e  ,superheater i s '  f looded , . 

. . . . 

a t  shutdown, uneven f low pa t te rns  can cause permanent deformation o f  

. . 
t h e  fue I. e  lementas .  we l  l as f a i . l u r e  due t o  -therma l  shock s t r 'essas .  ' . . . 

,. : 
. . . , 

The spacers and o the r  r e s t r a i n t s  w i l l  e f f e c t  t h e  maximum stresses and 
. . . . . .  . . 

deformations; therefore,  a  therrna l shock . tes t  i s  p  lanned..ii-1. which . .  : . , ,  : , ' . ,. . . . 

. , . . . . . . . .  . 

t h e  f lood i ng c0nd.i.t i ons w.i l l be s  imu l ated us i ng: .q comp l e t e  f u'e l ,' 

. . 
. . . .  . . . 

e  l ementt assemb l y  . 1 . 

The maximum temperature g rad ien t  t h a t  can be t o l e r a t e d  v ~ i t h o u t  

s t r e s s  i ng the  super.heater tubes beyond t h e  e l a s t i  c  . ' I imi were ca  I -.' 

cu la ted  f o r  var ious  temperature~distributiorls. 

A l i nea r  temperature d i f f e r e n c e  ( A T )  @cross t h e  tube diameter 

would tend t o  cause bowing, which can be ca l cu la ted  by t h e  equation, 

where, . . 

. . , :  . ,  .y = de f l ec t i on ,  in .  . , 

do = ou ts ide  diameter o f  tube, . in .  . . . . 

: .  M = bending moment caused by spacers . 

1 = moment o f  i n e r t i a  o f  t h e  tube c ross  sect i 'on 



S i nce t h e  def ion '  a t  the:, spacers i s .'z.ero,. t h e  bending moment 

. . 
and s t ress  can be determi ned .,as a f u n c t i o n  o f  AT. . With. t he  tube 

comp l  e t e  l y  : r e s t r a  i ned from bgw ing  ; t h e  max i mum S t ress  i s $.i ve". b y  t h e  .. 

, . . . equal- i on, . . 

Cs lcu l a t i o n s  show t h a t  i f  a maximym ~~~~~~~~ure d i f f e r e n t i a l  o f  190' F . . , 
. 

. . 

i s  n o t  exceeded, t h e  e l a s t i c  l i m i  t o f  t h e  tube w i  1 1 not"be exceede'd. 

. , I f  the  tube i s  r e s t r e i n e d  i t  i n t e r m , i t t e n t  p o i n t s  a l o n g  i t s  . . 
. , 

length, .the maxi mum s t r e s s  i 3 h i gher at : these .,PO i n t s  ., . . . . ~ With t h e  tube s imply supported a t  t h e  center  and a t  each end, t h e  
. . 

maxi mum .s t ress  i s g iven by t h e  equ.at i on, . : 
. , 

For  t h i s  :c+e, t,he maximum.tempeiature. d i f f e r e n t i a l  i s  . I24 F. - . ,  .... 

I n r e s t r i c t i n g  t h e  bowi ng, . t h e  w i r e  spacers app'l y a r a d i  a l f a rce  ' , 
. . .  . . .  

. . 
o n  t h e  tube wa I  I  t h a t  can cause r a d i a l  deformation. ~ s s u h i n ~  t h a t  ' -' 

t h e  tube i s  s.imply supported a t  t h e  center  and a t  each end, t h e  maximum 

1 c i rcumf e ren t  i a l bend i ng s t r e s s  i s g i ven by t h e  eq"at i on, - 

. . : .  . , . .  . . . ~ . . 

where, Rm = meon rad ius  o f  t h e  tube i . . . : . . 
do = o u t s i  de d.i ameter of '  tube 

. .  , 

L = t o t a l  length o f  tube. 

Ca lcu la t i ons  then show t h a t  i f  maximum l i nea r  tempera-kure d i f f e r e n t i g l s  

across t h e  tube diameter o f  250 F f o r  t h e  ou te r  f u e l  tube o r  600 F 

f o r  t h e  inner f u e l  tube are  n o t  exceeded, t h e  e l a s t i c  l i m i t s  o f  t h e  

tubes w i l l  n o t  be exceeded. 



- 

C o l l a p s i n s  s t r e s s .  i n  po ison  r o d  c l add ing .  The maximum s t r e s s  i n  t h e .  

po ison  r o d  cladd4ng i s  due t o . t h e  e x t e r n a l  p ressure  (p) o f  approx i -  

I ma te ly  600 p s i .  The equat ion  f o r  t h e  c r i t i c a l  c o l l a p s i n g  p ressure  - 
15 I - (per) f o r  a  p e r f e c t l y  round tube  i s  g iven  by t h e  equat ion  . , 

which when ca lcu l a t e d  g i v e s  a r e q u i r e d  wa l  l t h i ckness  o f  0 .0  10 i n. 

However., t h e r e  w i l l  be some i n i t i a l  o v a l i t y  o f  t h e  tube  which 
. . 

increases t h e  requ i  r e d  wa l  l t h i ckness .  The maxi'mum s t r e s s  i n  a  .long 

I t ube  w i t h '  an i n i t i a l  r a d i a l  devia-l.iun ft-om a c i r c l e  ( a o ) '  i s  g i ven  by - . :  

16 t h e  equa$i on, 

Eq. .(.I .34) g i v e s  approximate l y  .the same s t r e s s  as .an equat ion  
. . 

17 g iven  by R.. G. S-1-urrii . 
. . .  

I Eq. ( 1.34) was used t o  p  l o t  cu rves  o f  maximum s-fress versus 

.wa.l l t h i ckness  f o r  va r i ous  ova' i  i t y  t o  lerances. When t h e  maximum 

temperature o f  t h e  po ison  r o d  .c ladding i s  determined, t h e  a l l owab le  

s t r e s s . a t  t h i s  ' temperature can be used t o  determine t h e  r e q u i r e d  

- wa lyl t h  i ckness. 

S t resses  i n  t h e  inner  i n s u l a t i n q  tube .  The r e q u i r e d  wal l  t h i ckness  

I f o r  t h e  inner  i n s u l a t i n g  tube was c a l c u l a t e d  us ing  t h e  ASME U n f i r e d  

Pressure  Vessel code, Sec t i on  V I I I ,  1959, Par .  UG-27. Wi th  a  maxi- 

mum t r a n s i e n t  p ressure  drop o f  180 p s i  through t h e  superheater,  a  w a l l  

15. Timoshenlto, "Theory o f  E l a s t i c  S tab i  l i t y "  
16. Timoshenko, op. c i t .  
17. R. G. Sturm, "A Study o f  t h e  C o l l a p s i n g  Pressure o f  Thin-Wal led 

Cyl indersI1,  U n i v e r s i t y  o f  I l l i n o i s  Eng ineer ing  Exper imenta l  
S t a t i o n ,  B u l l e t i n  No. 329, 1941. 



t h i c kness  o f  O.OOii4 i s  'requ' i  r e d  us i  l lg .204 . . .  s t a i n  - .  less.  . G'i i t.h a \ ~ a  . . l 1 . . . . . . . 
. #  

t h i c kness  o f  0.020 i n . +h? rn-r:x imurn ?.angen.t l a l s t r e s s  .i s ,4,,lQO. gs,!. , 
. . 

i and t h e  max.imurq lorlgi t u d l  na I sl-ress i s  .2 14.0 p s i  . . . . . . . . ,  _ 

I n the  suppor t  i ng s e c t i o n  a t  Tho end of t h o  f u g  l .eaiemen-!-, ,the rnaxl- :. - . . 

mum tangen t i  a l s t r e s s  i s  3000 p s i  Tension and t h e  ~naximu'~n-  . . .  lonyi . t "d i  1'13 I '. 

. . 
s t r e s s  i s 1500 p s i  comprcss i on. A I I s t r esses  i n the  i nilsr '  i nsu,liltl ny 

- 
, . 

:. . .. . 
tuba ore  be !ow. t h a t  r e q u i r e d  f o r  I c v n t  c r i k p  i n  10,006 hr . ' , 

. . 
for 304 s t a i n  less s j ee  I .  

1.4.3.3 Superheater . . Conta.i n ~ r  Tihe Seal T s ;  X I1 i gh-pressure tesS . . ' . . 

o f  t h e  supert lester conl'a i ner  :tube sea l i s urldcr cons i derq$ i o n .  File 
. . 

, . sea l  t h a t  w i l 1 bo t e s t a d  i s a -tapered a l umi ,!urn s lei:vs i rr se r  i e v  i t 1 1  
. . 

sea I s  w i 1 l be  les l -od i 11 Tlie t e s t  appari!l-us i F  i j. 2.13) 'thr?t. i s b a i n g  " 

. . 
used t o  -Pest a co l d - ro  l led  sea l be-I-wen t h e  i nner and :>illor conf2i mi- 

tube .  



1 .5 NUCLEAR HANDLl NG TOOLS 
. .. . . 

The o b j e c t i v e  o f  +h is  p r o j e c t  i s . t o  per form conceptual engineer ing 
and experimental work as requ i red  f o r  development o f  s i m p l i f i e d  b u t  
r e l i a b l e  f u e l  handl ing t o o l s  and spec ia l  t o o l s  f o r  r e p a i r i n g  o r  re -  

, p lac ing  reac to r  p a r t s .  

- 
1 .5. 1 BOl LER FUEL HANDLl NG TOOLS 

- A pre l im. inary layout o f  t he  b o i l e r  e lement .handl ing t o o l  was 
. A 

completed, and i s  shown i n  F igu re .  1.22. .The redesign o f  t he  boi  l e r  

f ue l  element (see sec t i on  1..4.2) e l im ina ted  the:need f o r  underwater 

box-changing equipment. 

I .5.2 SUPERHEATER. FUEL HANDLING TOOLS 
. .  . . 

The pro to type superheater 6,lsinen-t hand l i n g  po l e  shown i n the  

l a s t  q u a r t e r l y  r e p o r t  (F ig .  1.22, ACNP-6007) was cons t ruc ted  and $ested 

i n  t h e  4 0 - f t  hand l  i ng tank.  I t  performed very  we l  I .  

1.5.3 CONTROL ROD HANDLING EQUIPMENT 

A t e s t  was run  t o  determine the .  f e a s i b i  l i t y  o f  us ing an under- 

water t o r c h  t o  c u t  i r r a d i a t e d  c o n t r o l  rods. The c u t t i n g  opera t ion  
. . 

caused rap i d b lacken i ng o f  t h e  water, wh i ch was unsat i s f  ac to ry  . - 
Some p r e l i m i n a r y  work was done on conceptual design o f  handl ing 

- 
t o o l s  f o r  both t h e  boi l e r  and superheater c o n t r o l  rods.  The superheater 

con t ro l - rod  poison p i n s  w i l l  be delatched from t h e  yoke i n  t h e  core, 

and picked-up w i t h  a long handled . . ... t o o l ,  and p laced i n  a hand l ing  rack .  

Th i s  procedure i s  s i m i l a r  t o  t h a t  used  i n  hand l ing  superheater f u e l  

e lements. 





1 .6 . LOW-ENRI CMMEN I SUPERHEATER FUEL ELEMENT ' . , . . 

The ob j e c t i  ves o f  t h i  s  p r o j e c t  a r e  as . , fo  l  lows.: I.), t s  per.f.orm. . ' . . 

ca l cu  l a t i o n s  o p t i m i z i n g  nuc lear  and thermal c h a r a c t e r i s t i c s  o f  a  low.: . . :  
enr ichment  .superh,eater f ue l  e  lement: 2) t o  eva l ua te  , f abr i c a t  i o n  and'. .. . . . : 
t e s t . i  ng t echn i  ques t h a t  w i l  l lead t o  -?he lowest. c o s t  superheater f ue l  
p o s s i b l e  w i t h i n  l i m i t s  o f  P a t h f i n d e r  P l a n t  des ign and o p e r a t i n g  - 
r e l i a b i l i t y ;  and 3)  t o  a t tempt  t o  g e t  as much in format i0 .n  as i s  r e -  
q u i r e d  f o r  e a r l y  i n s e r t i o n  o f  a  low-enrichment superheater co re .  

1.6. 1 CRITICAL FACI L 1 . N  FUEL 
, r 

An o rde r  was p laced  w i t h  M & C Nuclear  Corp f ob  1400, 3 . 5  per -  
. .  . . . 

c e n t  enr  i ched and 400, 7-percent  enr i ched  s t a  i  n les's s tee l '  c  l ad  f ue I  

rods' f o r  use i n c r  i t i c a  l exper iments.  F a b r i c a t i o n  o f  these rods  
, . . .  . 

i s  c o n t i n u i n g  on schedule.  The con ta ine r  tubes  and o t h e r  hardware were 

designed. D e t a i l  drawings a re  be ing  made. 

1..6.2 FABRl CAT1 ON DEVELOPMENT 

1.6.2. 1 ~ r o s r a m m a t i  c  Data Survey. Pub l  i shed data on swage .compact i,ng,. 

f u e l  i s  be i  hg co  l  l ec ted  and eva lua ted .  Th i s  da ta  i nc l  udes va l  uab l e '  

: .  . .  . . 
i n format  i o n  on: equ i p i e f i t  and techniques f o r  co  l d  and ho$ swag i ng, . 

. .  . . . 
c  laddi  ng mater i a  IS,  f u e l  element p r o p e r t i e s ,  i r r a d i  a t  ion s t a b i  l i t y ,  e t c ;  

- 

1.6.2.2 Ceramic PeJ l e t  F a b r i c a t i o n .  M i  nor  e f f o r t  was con t inued  on - ' . . . . < !  

u ran ium.d iox ide  p e l l e t  f a b r i c a t i o n .  Four 0 .388- in  d i a .  p e l l e t s  were 

formed o f  Sha t tuck  ceramic grade o x i d e  b a l l  m i l l e d  f o r  128 h r  w i t h  

2 W/O Carbowax b i n d e r - l u b r i c a n t .  The p e l l e t s  were pressed a t  70 t s i .  
, .  . , . .  

The green d e n s i t i e s  o f  t h e  p e l l e t s  a r e  g iven  i n  Tab le  1.5 
. . 

. . .  . - .  . . . 



Samp le  Green 
Number Dens i t y  

, (Per cent:  

I .  72.46 

2  72.52 

3 72.59 

4  72.43 

Tab le  1.5 Uranium D iox ide  . . , . :  . .  . : . . The pe l  l e t s  wer,e p  laced . . i n  t h e  
Pe l  l e t  Dens i t y  

. .  e n t r y  zone o f  a  hydrogen f.urnace and 

were out-gassed a t  250 t o  450 C f o r  

12 h r .  Dens i t y  measurements o f  t h e  

! out-gassed specimens ar.e be ing  made. 

The average green d e n s i t y  o f  t h e  

p e l l e t s  was 72.50 p e r  c e n t  oS theo- 

r e t i c a  I .  
. . 

~ n a ' l ~ s i  o f  some p rev ious  l y  f a b r i c a t e d p e  I l e t s  was s o n t i  nued t o '  
. . 

v e r i f y  dens i t y  c h a r a c t e r i s t i c s .  Three o f  t h e  p e l l e t s  were prepared 
. . . . 

from 64-hr ba I I-mi I led  hatt tuck ceramic grade o x i  de u s i n g  2.0 w/o 
. , . .  

Carbowax pressed at-70 t s i  and s i  n te red  f o r  15 h r  a t  1700 C .  Each 

o f  these  p e l l e t s  was sec t ioned  i n t o  four  o r  f i v e  wafers  and i n d i v i d u a l  

pycnometer d e n s i t i e s  were made o f  each wafer. .. The r e s u l t s  a re  

g i ven  i n  Table 1.6. 

I n  t h e  t h r e e  specimens, d e n s i t y  v a r i a t i o n s  between I  t o  3  per - .  . 

c e n t  o f  t h e o r e t i c a l ,  o r  0.11 t o  0 .33 g/cc were found. The f i r s t  two . 

samples gave wafer d e n s i t y  averages i n  good agreemeill- w i t h  t h e  gross 

p e L l e t  dens i t y .  I n  t h e  t h i r d  sample, p o r o s i t y  i n  t h e  t o p  o f  t h e  p e l l ' e t  
. . 

may ha.ve r e s u l t e d  i n  t h e  meas,usemen.t. o f  a  hi 'gh g.ross. d e n s l f p  compared 
: i .  . '' 

, . 

t o  t h e  average waier  dens i ty . ' 

. . . . .  

Arc-Fused. Usan.i:um D.lox~i de Powder .. Three di , f  fer7en.-k seBs o f  urar,.i um. 
. . . . . . 

d  Cox i de pe I. l e t s  were prepared f rom Spencer' Chem ilea l  Company 's, a,rc- 

fused grade o f  ox i de  t o  eva lua te  pe l le -k ing  ch .a rac te r i s t i cs . .  The 



. - Average =' 92.75 + 2 .  1:5 . . 

< .  . . .  

Average = 89.97 + 1.20 . . 

SAMPLE GROSS DENS1 TY 
NUMBER ' Per  Cent o f  

T h e o r e t i c a l  
(Pycnometer) 

I Average = 87.87 + 2.85 ,. . I 

WAFER DENS l TY 
Per  Cent o f  Theoret  i ca l (Pycnometer) 

I 2 3 4 5 
. .  . ' . 2  . . . <  . 

TABLE 1.7 U02 PELLETPROPERTIES . 

. . 
40 92.35 ' 94.8 1 91.52 91.62. 90.90. . 94i90 ' , .  

. . .  

Samp l e  Form i ng Green Dens i t y  S i n t e r e d D e n s i t y  - 
Number Pressure , (Percent  o f  Theore t  i c a  I)  '. ' $Percent  'of Theoret  i c.a I )  

( t s i ) ' .  
. . ... . . , 

I 7.0 8 1.83 
2 . . 70 86.57 
3 .60 76 .,73 . . 

, . .  
4 60 8 1.03 

. . 

.5 70 83.3 1 
' 83.18 6 70 . . 

7 70 83.29 
8 70 83.39 
9 70 83.13 

70 83.43 10 
Ave. = 83.29 + 0. 16 

70 82.5 . . 95.72 
. . 

I I . . 

12 70 82.4 95.53 
13 70 82.4 95.8 1 . .. 

14 70 82.2 95 "99 
. . . . 

Ave. = 82.4 + 0 .2  = 95.76 t 0.23 . . 



pe l  l e t s  were made o f  .-400 mesh powder w i t h  an. average sub-s ieve  

p a r t i c l e  diameter o f  6 p .  A p p l i c a b l e  da ta  i s  g i ven  i n  Table 1.7. 
. . - .  . 

The . f i r s t  . f o u r  samples were prepared t o  e s t a b l i s h  fo rming  
. . 

p ressure .  The f i r s t  t e n  spec imens were' s  i n te red  in  one bafch.  A l  l 
. . .  . 

o f  these  samp,les d i  s i  n teg ra ted  i n  t h e  furnace e i t h e r  due t o  over-  , 

:pre&s i ng o r  f a i  ' I  u r e  t o  out-gas a  l  I o rgan i c  b  i nder.  Spec i mens I  I 

through 14 were s i n t e r e d  f o r  e i g h t  hours a t  1650 C  i n  hydrogen 

atmosphere. These specimens were c r a c k - f r e e  b u t  su r face  cha rac te r -  

i s t i . c s  were i n f e r i o r  t o  s i n t e r e d  p e l l e t s  made f rom ceramic grade 

powder. 

The automat ic  t i  me-temperature program c o n t r o  l  l 'er was i n s t a  l  led 

on t h e  hydrogen furnace.. A new s e r i e s  o f  p e l l e t s  i,s being. pressed 

f o r  an e v a l u a t i o n  o f  t h e  t ime- temperature s i n t e r i n g  c y c l e  on p e l l e t  

c h a r a c t e r ' i s t i c s .  Resu I t s  o f  t h i s  s tudy  shou I d  be avai  lab l e  i n  t h e  , 

. . .  
n e x t  q u a r t e r l y  r e p o r t .  

1.6.4.3 Swaqe-Compaction S tud ies .  A major e f f o r t  was con t inued  

on swage-compacting uranium d i o x i d e  f u e l  rods .  The o b j e c t i v e  i s  t o  

p,repare a  h  i gh-dens i t y  U02 f u e l  r o d  w i t h  I  i mi t e d  i n terconnected 

p o r o s i t y  f o r  r e t e n t i o n  o f  f i ss  i on-product gases, and w i t h  good hea t  

' 

t r a n s f e r  p r o p e r t i e s .  Pr imary  emphas i s  i s  d  i r e c t e d  towards a  f i n  i shed 

di,amete.r o f  0.225 i n. f o r  assemb l y  i n t o  t h e  sep ta fo i  l  c  l u s t e r  des ign. 

A (dens i t y  o f  90 t o  95 p e r  c e n t  o f  t h e o r e t i c a l  i s  des i red .  

Parameters under i n v e s t i g a t i o n  i nc l ude  t h e  f o l l o w i n g :  grade o f  
. . 

ox ide,  pov~der p a r t i c l e  s i ze ,  p a r t i c l e  . . s i z e  d i s t r i b u t i o n ,  p a r t i c l e  
. . 

de,ns.ity, tap  d e n s i t y  o f  pre-swaged powders, q u a n t i t y  and schedule o f  

swaging r e d u c t  ion, and s t r e n g t h  and d u c t i  l i t y  o f '  c  lad  mater i a  I .  

-62- 



The genera l  procedure f o  l  lowed i n  f a b r  i c a t  i rig t h e  sviage-.cI~I.~I- 

pacted f u e l  rods  i s  as f o l l o w s :  

I )  c u t  tube  t o  length 
2) c l ean  i n s i d e  and o u t s i a s  o f  tube  
3) p  lug one end w i t h  s t e e  l  wool - 
4) cr imp p l u g  end 
5) f i l  l  tube w i t h  powder 
6) v i b r a t o r y  pack f o r  15 min.  .. 
7 )  p  lug  open end o f  tube  
8 )  cr imp p  lugged end 
9) weld cr imp ends 

10) swage accord ing  t o  schedule 

Du r i ng  swaging, t h e  powder f i r s t  a c t s  as a compress ib le  m a t e r i a l  

A f t e r  t h e  powder achieves. a  h i ghe r  dens i ty ,  t h e  compacted powder a c t s  

as a  mandrel w i t h i n  She t u b i n g .  The c!adding, t he re fo re ,  increases 

i n  t h  icltness a t  f i r s t  and then  decreases . i n  th , i  ckness as t h e  ceramic 

rnater i a  l dens i f  i es.  The tube  p rog ress i ve  l  y  e  longates a f t e r  t h e  ceramic 
. . 

mater i a  l becomes f u  l  l  y dense. . . 
. . 

0 

, . 
E f . fec ts  o f  Pov;or P a r f  i c l e  S i ze, A s e r i e s  o f  swage-compacted rods  ' .  

. . 

were made. t o  determi ne t h e  e f f e c t s  o f  p a r t  i c  l e  s i z e  on t h e  u I t  imate 

swaged d e n s i t y  and on t h e  c o n d i t i o n  o f  t h e  f u e l  r od  c l add ing .  Spencer 

Chemi'ca l Co. arc- fused o x i  de o f  va r i ous  mesh f r a c t i o n s ,  was used t o  

-. . load t h e  rods.  The 3 16L s t a i n  less  s tee  l  t u b i n g  used i n  t h e  s tudy 
I 

was 0.325- i n  o .  d. w i t h  0 . 0  10-i n  t h  i clt wa l  l  . The loaded tubes were 

reduced i n  two su,ccessive passes i n  0.250 and 0.225 i n .  d i es .  The 
. . 

' swaging o p e r a t i o n  i s  s h o w n i n  F i g u r e  1.23. compacted tubes f o l l o w i n g  

t h e  l a s t  r e d u c t i o n  pass a re  shown in F  i gu re  1 ..24. : The f abr i c a t i o n  

v a r i a t i o n s  and r e s u l t s  o f  swaging a re  g i v e n  i n  Table 1.8. 
P . . 



TABLE 1.8 

FROPERT l ES OF SWAGE COMPACTED URAN l UM D l  OX l DE 
I 

JK-A Set- ies  
SAMPLE MESH T A P  REDUCTI  ON^ PERCENT ' PERCENT F l  NAL PERCENT WALL PERCENT  SURFACE^ 
NUrlBER S l ZE DENS I TY SCHEDULE REDUCT I ON ELONG . DIAMETER ..OF THEO- TH I CK. -- VAR I AT I ON APPEARANCE 

.( PERCENT) I N  AREA ( I N .  1 RETICAL ( I N . X I O - ~ L  

VG 
VG. 

J K-A 32 

I 

JK-A lO 
JK-A I I 

I I. It I,. P 
12.423.0 

12.1 ' VG- 
3.6 . F-S 

JK-A 12 
JK-A 13 

.. . . . VG 

. . VG 

1315 '  ' VG 
.9,.2 . . . .- VG' 

. . .. 

JK-A5 
J K-A 6 

JK-A 14 
JK-A 15 



SAWLE K S H  TAP REDUCT I  ON^ PERCENT PERCENT F l N AL PERCENT WALL PEXENT SUWACE-) 
NUMBER SIZE DENSIM SCHEDULE REDUCTION ELONG. DIAMETER OF THEO- THICK. VARl AT l ON APPEARANCE 

(PERCEMZ IN AWA (IN.) RETI,CAL (IN.XIO-~) 

b 7 JK-IU -70+200 I 54. I 0.220 89.e0.5 1 I .  1~1.3 11.7 
JK-AA -70+200 I 54.1 0.220 86.1t2.5 10.7+1.1 I0 -3 
JK-A30 -70+80 50.2 3 54.1 52 0.221 90. \+I. 1 
JK-A I As-Recld 60.5 I 54.1 0.220 86.k2.5 9.a3.4 35.8 
JK-A2 AS-Recld 60.5 I 54.1 0.219 90.%1.3 10.2~1.2 11.7 

I A l l  elements prepared from Spencer Fused U02 using 0.325 in. 0.d. tubing with a 0.010 in. wall. 

2 Reduction Schedu les I = ( .325 t o  .250 t o  .225) ; 2 = .325 t o  ,225) ; 3 = ( .325 t o  .250 t o  .225 
using e lec t r ic  d r i  I I). 

3 ~ u r f a d e  appearance VG = very good; F = folded; FE = folded end; S = Scored. 





- 
F i gure 1.24 Swage-compacted, s ta i  n less s tee l  c lad, uran i um dioxide 

fue l  rods. (A-C Photo 2 10492) . 

E f f e c t  o f  Powder P a r t i c l e  Size on Swaged Density. A co r re la t ion  

of the powder p a r t i c l e  s ize and swaged density i s  given i n  

Figure 1.25. The highest swaged density o f  92.2 per cent o f  

theoret ica I was obtained using - 140.t 170 rnesh f r ac t i on  powder (samp le 

JK-A33). A density of 90.3 per cent was the highest obtained wi th  

as-received powder, seventy per cent o f  which was -70 mesh (210 u . . 
I ,  

o r  larger) . Four mesh f ract ions i n the 400- t o  140- ( 100 t o  325 mesh) 

range y i e  lded swage-compacts o f  the h igher  densi t ies.  Thi s resu l t i s  con- 

t r a r y  t o  resu l t s  obtained by other invest igators who have reported the 

higher dens i t ies  wi th  the larger p a r t i c l e  sizes (125- t o  500- f i  o r  35 . I 

t o  100 mesh), w i th  other swaging var iables constant. As was expected, . . 

the f i n e s t  p a r t i c l e  sized powder (-400 mesh) had the lowest swaged 

density. The f a c t  t h a t  the  po in ts  p l o t t ed  do not construct  a smooth 

curve i s  a t t r i bu ted  t o  the r e l a t i v e l y  wide range o f  p a r t i c l e  s izes 

w i t h i n  a given .mesh.fraction. 



PARTICLE SIZE o(1) 

Figure 1.25 Swaged density vs. powder p a r t i c l e  size. 
A-C Dwg. 43-024-362) 

1 
E f f e c t  o f  Powder P a r t i c l e  Size on Claddinp. Four views of as-received 

I 
3 16L s t a i  n less stee l t ub i  ng supp'l ied by the Trent Tube Co. prior: t o  

swaging are shown i n  Figure 1.26. Views o f  cladding from severdl 

swaged rods reported i n Tab le  1.8 are shown i n  F i gures 1.27 thr&ugh 
, 

1.39. I 

Figure 1.27 shows the deformation i n  the c ladding tube wa l I 
I 

r e s u l t i n g  from the use of  powder w i th  larger W2 par t i c les .  

specimen was swaged wi th  as-received uranium dioxide powder. 
I 

F i gure 1.28 and F igures 1.36 through 1.38 show t h a t  the maini - 
1 f 

tude of the deformat ion not  i ceab l y decreases as the  s i ze o f  th-e cpowder 



- 
Transverse view - 150X 

Longitudinal view - 150X Cladding inside surface - 70X 

Figure 1.26 As-received 316L s ta in less s tee l  tubing 0.010 in .  t h i c k  
used i n  swaging JK-A ser ies  rods. (Trent Tubs Co.) 

N-P Photos 15A-9-4, -3, -6, -5 

p a r t i c l e  s ize  decreases. This i s  fu r ther  shown i n  Figures 1.29 

through 1.34. 

Although the cladding tube containing the  smallest p a r t i c l e  s ize  

powder (-400 mesh), Figure 1.30, was deformed the  least; the  c ladding 

tube containing the next larger f r a c t i o n  i s  deformed very l i t t l e  

more. The deformation o f  cladding of the  rod w i th  the highest density 

(Figure 1.35) i s  intermediate t o  t h a t  f o r  rods containing the  largest  and 

sma l l es t  p a r t i c l e  sized powders. 
. . , .. 

(continued . .- on . ., page 79) 



Transverse view - 50X 

Figure 1.27 Swage-compacted fuel-rod cladding from samples JK-AI an, 
-A2 containing as-received Spencer swageable grade uranium dioxide. 

Transverse view - 50X trse vier 

LO Swage-compac~csd fuel-rod claading from samples JK-A3 
in ing -70+200 mesh Spencer swageable grade dioxide. 

Transverse view - 50X 

F igure 1.29 Swage-compacted fuel-rod cladding from samples JK-A5 and 
-A6 containing -100+325 mesh Spencer swageable grade uranium d iox id  



Longitudinal view - 150X Clad inside surface - 70X 

(NP Photos 15A-14-5, 15A-14-1, 15A-14-2, and 1%-13-6). 

Longitudinal view - 150X Clad inside surface - 70X 

(NP Photos 15A- 17-5, 15A- 16- I ,  15A- 16-2, and 15A- 16-61 . 

Longitudinal view - 150X Clad inside surface - itOX 

(W Photos 1%-19-3, 15A-7-1, 15A-19-2, and 15A-19-11, 



Transverse view 150X 

F i gure 1.30 Swage-compacted f ue l -rod c l addi ng from samp le JK-A7 and 
eabls grade uranium dioxide. 

Transverse view - 50X Transverse view - 150X 

Figure 1.31 Swage-compacted fuel-rod cladding frm samp 
containing -325+400 mesh Spencer swageable grade uranium dioxide. 

1 

F igure 1.32 Swage-compacted f ue l -rod c l add i ng from sanp les JK-A I0 and 
-A1 l containing -170+325 mesh Spencer swageable grade uranium dioxide. 

s -72- 



' iongitudi&l view - 15d'X C I ad i ngi de surf ace - 7OX 

CNP Photos 15A-22-2, 15A-22-3, 15A-22b- I ,  and 15A-22- 1 . 

LongiXudinal view - 150X Clad inside surface - 70X 

(p Phnws 15A-23-2, I5a-=-I. l5A-23b-I, and 15A-&-I\. 

Longitudinal view - 150X Clad inside surface - 70X 



Transverse view - 50X 

F i gure 1.33 Swage-compacted f ue I-rod c l addi ng from samp les JK-A 12 and 
-A13 containing -140+325 mesh Spencer swageable grade uranium dioxide. 

C I 
Transverse view - 50X Transverse view - 150X u 
Figure 1.34 Swage-compacted fuel-rod cladding from samples JK-A14 and 
-A15 containing -100 -1.325 mesh Spencer swageable grade uranium dioxide. 

* 



Longitudinal view - 150X rd ins ide  surl 

(NP Photos 15A-27-2, 15A-27- 1, 1 5A-26b- I ,  and 15A-26c- I ) . 

(WP FDho+-s l5a-29*Pi I$i&-%k- 1 2 15A-ab-2. and tgA-B&=- J)  . - 
I 

17'iT''+?@.,;f~ - - , , , " , -  1 G , , '  
- h . j : .  , E f .  - : h ;  * , , 8 - - ~ r  - * 

Longitudinal view - 150X Clad inside surface - 70X 

(NP Photos 15A-31-2, 15A-31-1. 15A-3lb-2. and 15A-3lc-I! 



Transverse view - 50X Transverse view - 150X 
F i gure 1.36 Swage-compacted f ue I-rod c l add i ng from samp le JK-A 18 
containing 70+140 mesh Spencer wageable grade uranium dioxide. 

ansverse vlew - XJ I ransverse 

Figure 1.37 Swage-compacted fue l -rod c laddi ng from samp le ;-A 19 
containing -70t14.Q mesh Spencer swageable grade uranium dioxide. 

-w 

I 
e 1.35 ~wa~eeom~acted fue I-rod c laao I ng from samp les JK-A20 



Longitudinal view - 150X Clad inside surtace - 70X 

, , . J *  , 

Longitudinal view - 150X Clad inside surface - 70X 

Longitudinal view 

(NP Photos 13A-35-2. 

Glaa inside surface - lun 

s 1 . 15A-35-3. and I3A-35-4: 



Transverse view - 50X 

m 

Longitudinal view 

Transverse view - 150X 
I 

1 50X Clad inside surface - 70X 

F i gure 1.39 Swage$ompacted f ue l -rod *c  laddi ng from ;amp le JK-A33 
containing -140i-170 mesh Spencer swageable grade uranium dioxide. 

(NP Photos 15A-53-1, 15A-53-2, 15A-53-4, and 15A-53-6) 

Transverse view - =OX 
* 

F igure 1.40 Heavi l y  wofked 3aai ng surfaces o f  sanp le  JK-A33 
wing deformation twinning (NP Photos 15A-53-3 and 15A-53-51 

- r  , . . ,. - . i :, , F ? ' . = " ' " - ~ + . l ; y : ; . ~ . ~ f ~  ~k&:q~~:$l.l.$T+;gT'y!*. 
. ; - 

,, , ;gLL;F:-.14- t,i::.5,.L.. >:,%:I! $;,> :; $&-; ,.!;?.v , I - > , ,  . -. r -' ,,- ,f13. *,;,.]\ 7 , ' -  , TI. 7,&%-2..:7*+k, -3.. . y;,- ? ! - . - ' I :  



I - . - .  I '.?. J .? 
- 

Metal lographic examination of the cladding shows a difference in 

the grain structure of the inside and outside surfaces from the 
- 7 - .  . 
4 1: t 2,; 

center of the clad. This is particulal-ly n&iceable in FigwPe 1.35 and 

1,37. The surface grains show thlla largest degree af deformation as 

l o  cl.eerly evident by the defurmafion tkrvl~tsling shewn in Figure 1.40. fhi$ 

analysis of ?he cladding i s  being continued and w i  l l  be reported in 

the next quarterly report. 

Effects of the Percentage Reduction in Cross Sectional Area. Two 

alumina-fi lied tubes were swaged to determine the gross effects . . 

of larger reductions in cross sectional area. One rod was made with 

0.350-in 0.d. stainless steel tubing with a 0.010-in thick wall. 

The second rod was made with a 0.370-in. o.d. tube with a 0.010-in 

thick wall. Both tubes were filled with the same batch of alumina used 

in previous studies, After crimping the ends, vibratory tap packing, 

and welding of ends, the tubes were swaged successively through 

0.250-in and 0.225-in dies. The final diameter of the swaged tubes was 0.220 

to 0.221 in. Further data for the samples is given in Table 1.9., 

In addition to the alurnina-fi lied rods, twelve uranium dioxide 

filled rods 0.370-, 0.350-, and 0.330-in 0.d. were reduced to a 

standard size of 0.220 in 0.d. The reductions corresponded to re- 

ductions of 64.6, 60.5, and 55.5 per cent in cross sectional area, . 

respectively. The uranium dioxide powder was sized into yarious 

mesh fractions. Variables and results are given in Table 1.10. 





TABLE 1 . 10 PROPERTI ES OF SWABE-CWACTED URAN I UM D l OX l DE 

JKI -A 6 JKI -6 SERl ES 

S W L E  MESH TAP DENS I N REDUCT. , REDUCT. ELONG. F l NAL DENS 1 M SUWACE - 
N W E R  SIZE SCHEDULE I IN AREA D l AMETER PEFCENT OF APPEARAN& . . - - - -. . - .- 

MEORET I C AL 
(Percent) (Percent) (Percent) ( in.) 

JKI -A l -400 48.1 4 
JKI -A2 -400 48.1 5 

JKI -A3 -400 48. t 
JKI -A4 -400 40.1 

dD 
I JKI-BI -70+80 50.2 

JKI -B2 -80+100 54.8 
JKI -63 -100+120 51.2 

JKI -B4 -120t140 50.4 
JKI 435 -170+i100 47.6 
3K I -B6 -200+230 49. i 

JKI -67 -270+325 48.5 
JKI -68 -400 48.1 

I Reduction Schedules: 4(0.370 t o  0.275 t o  0.225); 5t0.350 t o  0.275 t o  0.225); 
6t0.330 t o  0.275 t o  0.225); 7f0.330 t o  0.225 e lec t r i c  d r i l l  
feed); 8(0.358 t o  0.250, Annealed to  0.225). 

2 Surface Appearance: TC = transverse cracking; VG = very good. 



~ r a n s v e r s e  view - 150X 'I ransverse v l  ew - WX' . 

F igu re  1.41 AS-received.3 1 6 ~  &&in lass s tee l  tubing, 0.0 10-i n t h i c k  
wall, 0.370-in o.d. (Super ior  Tube Co,) 

Transverse v'iew - 50X Transverse view - 150X 

F igu re  1.42 As-received 3 16L s t a f n  legs s t e e l  tubing, 0.0 10-in t h i c k  

..* 
rra,,,,,, se view - ,,,; Tran5.y-erse v i ~ w  - /,;4 I 

LL. 

F i gure 1.43 As-rece i ved 3 16L s t a i  n less ;&&I ~ubi&$;.'$:0 /@&.'in 'hi  fk 



Longitudinal view - 150X Clad inside surface - 70X 

(NP Photos 15A-36-3b, 15A-36-3, 15A-36-3d. and 1.5A-36-3c) 

Longitudinal view - 150X Clad inside surface - 70X 

(NP Photos 15A-36-Zb, 15A-36-1, 15A-36-2d, and 15A-36-2c) 

Longitudinal view - 150X Clad inside surface - 70X 

(NP Photos 15A-36-lb, 15A-36-2, 15A-36-Id, and 15A-36-lr) 



Figure 1.44 Swage-compacted fuel-rod cladding from specimen JKI-I 
con1 edi d 64.t e r  cent. 

Figure 1.45 Swage-compacted f ue I-rod cladding from samp le JK I-A I 
containing -400 mesh oxide swaged t o  64.6 Der cent reduction. 

F i g w e  1.45 shows four m g n  i f i c q t  ions sf t he  ef l%+s on +he 

tuba reduced 64.6 per cent. Although these phatomicrographs do not 

show any hoop s t ress o r  r a d i a l  cracking, the inner and outer surface 

o f  t he  c l ad  i s  obviously heavi l y  worked. 

The ser ies  o f  tubes designai-ed JKI-B contained uranium dioxide 

of  mesh f rac t ions  corresponding t o  the ser ies  JK-A reported i n  Table 



.. . 

I ' 
longi;tu$ i nq,i view - 150% C l a d  tnsl#e.ml.;+g&e 5,.7Qi,, 

d - 't@ @ l ~ ~ o ~ - ~ ~ - 4 7 - 2 ,  + +. - ,#*+7-,l l . o  a 15A-37b- I , and -A-37-4) , . ? 

I / / 8 

I ,I 
/ 

CW Photos 15A-X8-9, 1kSA-38-2, 15A-343-7, and l5A*B-6) 

1.8. The powder was v ibratory  packed i n  0.350-in 0.d. tubing and 

reduced t o  0.220 (60.5 per cent). De ta i l s  o f  t h i s  ser ies  i s  a lso 

given i n  Table 1.10. 

Lower swaged densi t ies were obtained w i th  the larger reduct ion 

i n  cross sect ional  area as i s  evident by comparing corresponding 

mesh f rac t ions  i n  Tables 1.8 and 1.10. Metal lographic examination o f  

the tubes w i  1 1 be made during the next quarter. 





E f f e c t  o f  Rotary  S t r a i q h t e n i n q  on C lad .  Be fo re  assembly i n t o  f u e l  

elements, t h e  f u e l  rods  must be s t r a i gh tened .  The e f f e c t  o f  r o t a r y ]  

s t r a i g h t e n i n g  on t h e  c l a d  was t h e r e f o r e  eva lua ted .  E i g h t  swaged 

a l u m i n a - f i l l e d  rods  were reduced 54.1 p e r  c e n t .  Four  were r u n  th rough 

a  5 - r o l l  r o t a r y  s t r a i gh tene r ;  f ou r  were run  through a  6 - r o l l  s t r a i g h t -  

ener .  C h a r a c t e r i s t i c  r e s u l t s  a re  shown i n  F i g u r e  1.46. Resu l t s  w i t h  

the '  two s t r a i  ghteners i s  comparab le  . However, due t o  t h e  work 

hardened c o n d i t i o n  o f  t h e  c  ladd i ng tubes  f o  I  lowing swaging; c r a c k i  nb 

occur red  on t h e  i n s i d e  c l a d  su r f ace .  T h i s  i n d i c a t e s  t h a t  an 

annea l ing  hea t  t rea tment  may be necessary p r i o r  t o  s t r a i g h t e n i n g .  

. . .  
1.6.4.4. Rare E a r t h  Burnable Poison.  A minor e f f o r t ' w a s  con t inued  

. . 

on t h e ' s t u d y  o f  a  r a r e  e a r t h  burnable po ison  m a t e r i a l  f o r  t h e  low - 
. . 

enr ichment superheater f u e l  element.  The o b j e c t  o f  t h e  s t i ~ d y  i s  t o  

develop a  d i spe rs i on  o f  gado l in ium ox ide  o f  c l o s e l y  c p n t r o l l e d  p a r t i c l e  
, .  . . 

s i z e  i n  a  ceramic m a t r i x .  The s tudy  i s  be ing  conducted i n  t h r e e  
. . . . . . ,  

phases: I  ) a  s tudy o f  any poss f b  l e  h  i gh-temperature r e a c t i o n s  between 

gado l in ium ox ide  and a lumina m a t r i x  m a t e r i a l ;  2) f a b r i c a t i o n  o f  

gado l in ium ox ide  o f  a  c l o s e l y  c o n t r o l l e d  p a r t i c l e  s ize ;  and 3) 

f a b r i c a t i o n  o f  ceramic alumina p e l l e t s .  

. .  -. 

React ion between Gadol in ium Oxide and Alumina. The h igh- temperature 

r e a c t i o n  between a  1um.i nurn o x i d e  and gad0 l  i n i  um ox ide  i s  be ing  s tud ied  
. . . . 

t o  determi ne t h e  'su i tab  i '1 i t i  o f  us i ng a  I umi num oki 'de as t h e  cbrami c  
. . 

matr  i ;(. Du r i ng  t h e  q u a r t e r  two ' se r i es  o f  f o u r  pe I  l e t s  were pressed 

. . 



,and s:i;n%er.e.d. The, , f i r s t  ser ie.s o f  f ou r  was made from a 80-to-20 
. . . . 

iw.e.i.ght..ratio m:ixture o f  gadol inium ox ide  an.d alumina. The m ix tu re  

iw.as m i  xed w i t h  '2 w/o carbowax l ubr i cant-b i nder and pr,essed 'i n t o  ,pe l l,ets 

. ad- :26 f.s i . 'The second .s,er.i es o f  pe l le?.s was made o f  a layer of. , 

;g.a.do:l:i.n:i.urn ox i.d.e ib//:i ;fh a 'I a,yer o f .  .a I um.i,na. The .re I a t ' i  ve amounts o f  

{powder mere 50.:50.. :Each powder was mixed w i t h  '4 w/o .Car.bowax. , 

The a.1 um'i.na was loaded i.nTo a .d i e ,, ,and t he  gad0 l i.n i urn ox'i de was loaded 

{an .-d-op.. The compos'i$e was pressed a t  26 t s i  . 
Both .serti.es o f  :pe l l e t s  were s'i n te red  i n .a :hydrogen atmosphere 

.fur.nace.. .They .w.ere . f i r s t  out-gassed a$ 250 So 4.50 C f o r  12 h r .  The 

d-emp.era$ure :was then 'increased 1.00 .C/.hr unTi I .reach:i ng 1.5 10C .(.27.50 ,F,).. 

'Thli:s -?empsr.afur.e .was ma:i nt.a:i ned .for 17 .hr .  The temper.ature .was 

!wsr.e f:ak.en o u t  o f  She .furnace. 

'Pe l 1.e-I-s 'i n the  4:i r s t  .s.e.r i es ,were sou,nd .and o f  good s t reng th .  

,A:l;um.i na .had been u.sed t o  cover t he  pe l l et:s 'i.n t he  s'i.nter i ng boat, 

and some o f  t h i s  alumina had adhered t o  the  sur face o f  p e l l e t s .  The 

,surface was y e  l lowi sh-whi t e  i n  c o l o r .  

The second se r ies  o f  pel l .e ts  was o f  lower q u a l i t y .  The 

.cja.doil 'i.n'i.um-0x4 de ha l f o f  - the pe I l e t s  shrunk much more -than the  

;a;l:um.i na .ha 14.. .Of t h e  four  pe l i e t s ,  kh.ree were i .n tact ;  bu f  ..one 

,p.e.llet separated a t  t h e  powder i n t e r f a c e  dur ing  subsequent handlin.9. 

'The .poss,i b i l i t y  o f  any rnutua l so l i d so l ub i l i t y  o r  h i gh-temperature 

,~eac t ' i on  b.et.ween the  two ,mater.i a l s w i l :I be determi ned by meta'l !ogr.ap h.i c 

,exarn,i.naf:i 0n.s .du:r.i.n-g t h e  nex t  quar te r  . 



Fabr ica t ion .  o f  Gadolinium Oxide Powder o f  C lose ly  Cont ro l  led P a r t i c l e  

Size.  The o b j e c t  o f  t h i s  study i s  to .p repare .gadoI in ium oxide of  '- . 

un i form pa.r t ic  le  s i z e  by pe l  l e t i  ng as-received powder,' si-nter.ing,.:' ' . .  

ba l  I-mi I  l  i ng, and s ieve s i z i n g  the  powder. . Two se r ies  o.f .pe.l.lets . . . .  .-: 

were prepared. The f i r s t  se r i es  (6  p e l l e t s )  were pressed frbm a s - .  i 

- 
rece'i ved powder conta i n i ng 4 w/o. Carbo\vax..at 26 t s  i . .Green. pe.1 l e t s  were 

o f  h igh  q u a l i t y  w i t h  d e n s i t i e s  o f  63.40 2 0.31 percent  o f  . theore t i , ca l .  

The 'pe I, let 's were s i  n te red according t o  the  prev ious  l y  g i v e n  schedule .: 

The as-s intered p e l l e t s  had a ye l lawish  depos i t  o f  alumina on: 

t h e  ou ts ide  sur face.  A large amount o f  shr inkage as e x h i b i t e d  ,by 
. . .  . 

hour-glassing occurred. Metal  lographic ana lys i s  i s  being.rnade. .. 

. . 

The .second ser i es  ( 6  pe l l e t s )  were made i n  . the same. way %except  , . , 

t h a t  2 W/O carbowax was used. ~ r & n  dens t y  o f  5 pe l l e t s  averaged . ! .a 

60.57 i . 0 . 5 3  per  cent  o f  t h e o r e t i c a l .  . The .green dens i ty  o f  t h e  s i x t h  

p e l l e t  was 69.06 per  cent  t h e o r e t i c a l ,  an:% increase f o r  which the re  .was 

no apparent reason. These p e l l e t s  w i l l .  be s i n t e r e d  nex t  quar te r .  

. . .-. ~ a b r i c a ' t i o n  o f  'A I  urni na ~ e ' l  l e t s .  ~ d u r  se r i es  o f  a  lumi na pe l  l e t s  - 
, . . , .  

were pressed and s i n t e r e d . .  The f i r s t  se r i es  ( 4  p e l l e t s )  was made 
' . .  . . .  - 

. . 
o f  as-received a  l umina w i t h  2.0 &/o Carbowax, and a t  40 and 

. . 
50 t s i  . A 1 ' 1 '  f our  pe l  l e t s  d i s in teg ra ted  when e jec ted  from t h e  d i e  

.. . . . 

o r  i n  subsequent hand l i ng. 
. . . . .  

The second s e r i e s  were made from as-recei ved powder w i t h  2 w/o 
. :  , . . . - 

Carbowax; Three p e l l e t s  were pressed a t  40 t s i ;  one was pressed a t  

50 t s i .  The p e l l e t  pressed a t  50 t s i  d is in tegra ted ,  b u t  t he  th ree  
. . 

pressed a t  40 t s  i remai ned sound. The green dens i ty  was 6 1.23 2 0.08 



p e r  cen t .  These t h r e e  p e l l e t s  were out-gassed f o r  12rhr a t  250 t o  

450 C. The temperature was increased 100 C/hr t o  1510, C (27.50 F) 

where t h e  temperature was ma in ta ined  f o r  17 h r .  The temperature was 

then reduced s l o w l y  t o  300 C (1652 F ) ,  and t h e  p e l l e t s  were removed ' 

f rom the  furnace.  

Dens i t y  measurements and metal  log raph ic  a n a l y s i s  o t  these p e l l e t s  

i s  be ing made. The as -s i n te red  p e l l e t s  were wh i t e  i n  c o l o r  w i t h  o n l y  

a  smal l  amount o f  bubbled alumina from t h e  s i n t e r i n g  boa t  a t tached  

t o  t h e  sur face .  

A t h i r d  s e r i e s  (6  p e l l e t s )  were made o f  as- rece ived alumina 

powder w i t h  4  w/o Carbowax.. The p e l l e t s  were pressed a t  40, 50, 60, 

and 70 t s i .  Green d e n s i t i e s  ranged f rom 62.2 t o  65.0 p e r  c e n t  o f  

t h e o r e t i c a l ,  f rom t h e  lower t o  h i ghe r  fo rming  pressures.  The p e l l e t s  

were. s i n t e r e d  t o  t h e  same c y c l e  descr ibed  above, and were sound. 

Ana l ys i s  i s  now be ing  made. 

A f o u r t h  s e r i e s  ( 4  p e l l e t s )  was made o f  -325 mesh 99-percent 

pure  alumina powder. T h i s  powder, which was r e t a i n e d  by t h e  325 mesh 

screen, cons i s ted  o f  agglomerated powder. A sub-sieve a n a l y s i s  o f  

t h e  powder gave an average p a r t i c l e  s i z e  o f  3.0 p .  

The f o u r  p e l l e t s  were pressed a t  26 t s i  us ing  2 w/o Carbowax. 

The appearance o f  a l l  green p e l l e t s  was good. Green d e n s i t i e s  were 

about 63 pe r  c e n t  o f  t h e o r e t i c a l .  These p e l l e t s  w i l l  be s i n t e r e d  and 

eva lua ted  du r i ng  t h e  n e x t  q u a r t e r .  
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2, I VESSEL AND .STRlGRJRES 
. . 

The objectives of this project are as follows: I )  to perform 
extensive studies, conceptual engineering, design evalua-bfons, and 
tests relative to the veactor vessel and structures, so as to eestab- 
lish reliable, safe, and improved designs for the vessel and struat-ure; 
and 2) to perform investlgatlons and tests to Insure proper hydraulic' 
design. 

REACTOR VESSEL SHELL 

Fabricatl@n of the vessel shell i s  we1 I along JR the All is- 

Chalmers shops. Results obtained to date from +he full-scale closure 

demnstrate the integrity of the  los sure design. Thls test Is dis- 

cussed In more detail below. 

2.1.2 FULL-SCALE CLOSURE TEST 

I Exoerimental Stress Anaivsis of Vessel Head and Flanae. . L 

Jests at Rw. Tem~~rature. Test d a t a  tor a stress analysis of tho 

vessel head and f lanpe at room temperature was taken. The test 

set-up is shown in Figure 2,1, Strains in the head and flange were 

measured with electric reslst'ance strain gages with The head bolted-up 

wlthout and with hydrastatic pressure applied, 

Typical measured stresses are plotted In Figure 2.2, along with a 

sttess distr3kbutfon previously caleulated.using a digital ~omputar. The 

points show only a small portion of the data wi th  the head bolted-up but 

without hydrostatfc pressure. Agreement between analytical calculatl~ns 

and the data thus far analyzed i s  good. 





Figure  2.2 Mer id ional  s t resses i n  c losure  due t o  b o l t  load. . . . .  I :  . 
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Stresses due t o  Bolt  Load. The b o l t  load i s  app l i ed  us ing  two 

hyd rau l i c  b o l t  tensioners. These tens ioners  a re  suspended from a 

hand 1 i ng r i g  and operated s imu ltaneous 1 y on two b o l t s  located 180' 

apar t .  The t ime  requ i red  t o  make a complete pass, i.e. t i g h t e n i n g  

each b o l t  once, i s  about 80 minutes. The number of .passes t h a t  a re  

necessary depend on t h e  accuracy w i t h  whi'ch t h e  amount o f  pre-st ress 

f o r  each s tud  can be p red i c ted  and t h e  amount o f  dev ia t i on  t h a t  j s  

' .  permit ted. Typ ica l  v a r i a t i o n s  i.n b o l t  s t r e s s  which were obta ined 
. . 

dur ing  one o f  t h e  e a r l y  bo l t ing-up opera t ions  a re  shown i n  F igure  2.3. 

The v a r i a t i o n  i n  ' loadi ng may be reduced by changing t h e  amount o f  

pre-st ress f o r  successive b o l t  p a i r s  dur ing  a pass. The goal i s  t o  

I 
achieve a va r  i p t i  on o f  2 10 per cent  o f  t h e  desi red b o l t  s t ress  i n one 

. pass. 

Gasket Leaka~e.. A se t  o f  two corrugated s t a i n l e s s  stee.1 gaskets w i t h  

a s o f t - i r o n  core were used throughout t h e  t e s t .  Leakage through t h e  

inner  gasket was 1/4 cc/hr. o f  water a t  1.200 p s i g  hydrostat-ic pressure. 

Th i s  t e s t  pressure i s  double t h e  reac to r  opera t ing  pressure. To t e s t  

t h e  ou te r  gasket, a pressure l i n e  connect ing t h e  in t ra-gasket  channel 

t o  t h e  i ns ide  o f  t h e  vessel was i n s t 6 l l e d .  Th is  subjected t h e  ou ter  

gasket t o ' t h e  pressure w i t h i n  t h e  vessel. The vessel was then pressur- 

.,? ,'. .' . '. 
i.zed iri't'50-I-b increments, and t h e  ou ter  gasket was v i s u a l l y  inspected 

f o r  leakage. The f i r s t  s ign  of  leakage was observed a t  750 ps ig i nterna l  

pressure. 



2, I . 3  VESSEL-TO-SHI ELD POOL CONNECT ION 
. . . . 

Deta I l.ed des.ign ca l cu I a t  ions a r e  be i"g rev iewed and prepared 
' 

for  a design report..  A i l i g h t  r e f  i n6ment was made on t h e  r f f e r e n c e  , '  

: des i gn,. which w l  l l make it eas i e r  t o  i ns ta  l l and i&move t h e  l a rge  

expan$ b n - j o l  n t  assemb 19. . ' ~ a b r  i c a t  i on  draw i ngs f o r  t h e  -en+ i r e  con- . 

. . .. I 

nec t i on  a r e  be ing made. 

. . 

A thermal anal yzer program was r u n  on t h e  computer t o  d e f  erml ne 

t h e  temperature o f  t h e  rubber  O-r ing sea ls  and t o  determine t h e  

thermal g rad ien t  I n  t h o  l a rge  ,expa~.~s ion j o i n t  suppor t  r i n g .  Both' ' 

t h e  thermal s t r e s s  l eve l  r e s u l t i n g  f rom t h e  temperaj-ure g rad ien f  and 

t h e  seal temperatures a r e  adequateJy low. 

A new t y p e  o f  m e t a l l i c  i n s u l a t i o n  f o r  t h e  vessel  head i s  b e i n g  - ' . .  

i nves t iga ted .  A leak d e t e c t i o n  system t h a t  w i l l  n o t i f y  t h e  ope ra to r  

should a leak develop 1 n t h e  vessel- to-sh i e l  d pool Connect i on  was 

des i gned. 

2.1.4 STEAM DRYERS . . 

The re fe rence  design i s . b e i n g  modif . ied t o  i nc l ude  mesh-.type . ' 

steam d rye rs .  t o  remove mo is tu re  f rom steam e n t e r i n g  t h e  superheater.  ' 

The d ryers  w i l l  be located i n  t h e  neck o f  t h e  pressure vessel ,  which i s  

about 4 f  t above t h e  water l eve1 . ~ r ~ e r s  w i l i be loca ted  over  t h e  co re  

on l y, and w i l l be i n c l  i ned 15 dogreds w i t h  r espec t  t o  -the hor i z0n.l-a l .to 

f a c i l i t a t e  d ra in ing .  The.n;esh w i l l  be made o f .  a m a t e r i a l  such as inconel ,  

w.bich r e s i s t s  s t r e s s  corros. ion,  and \ v i  1 ' 1  be fabr' ical-ed so I -hat  t h e  w i r e  

w [  l l no t  f r ay .  



2..1..4.1 .Tes ts  ofii Separat ion o f  .Water from Steam. A schematic diagram 

o f  t h e  19-in 0.d. t e s t  column used f o r  -1,hese t e s t s  i s  shown i n  F igure  

2.4. The t e s t  column i s  constructed o f  s tee l  p ipe  w i t h  welded f i t t i n g s  

t o  accommodate ca lo r ime te r  taps, s igh t -g lass  f langes, and manometer 

taps. A per fo ra ted  p l a t e  and a fine-mesh screen a re  supported i n  

t h e  bottom o f  t h e  t e s t  sec t i on  t o  d i s t r i b u t e  t h e  steam bubbles more 

u n i f o r m l y  across t h e  pipe. T h r o t t l i n g  valves a re  located on e i t h e r  

s i d e  o f  t h e  t e s t  sec t i on  t o  ad jus t  t h e  steam f l o w  and pressure. A 

heat exchanger i s  loyated i n  a l i n e  p a r a l l e l  t o  t h e  steam supply t o  

permi t  adjustment o f  t h e  l i q u i d  level  i n  t h e  t e s t  column. Fur ther  

d e t a i l s  of  t h i s  t e s t  set-up were repor ted  l a s t  quar ter .  

Natura l  Separation. Experiments cpnducted t o  date show t h a t  na tu ra l  

separat ion w i l  1 produce steam o f  99 per cent  q u a l i t y  or be t te r ,  pro- . 
. . . . .  

. . 

v ided t h a t  t h e  re legse r a t e  i s  below a c r i t i c a l  valu;.l8 Th i s  c r i t i c a l  

va lue  i s  a f u n c t i o n  o f  system pressure, temperature, he igh t  above t h e  

i n te r face ,  and up t o  a c e r t a i n  size, t h e  diameter of t h e  vessel. Sterman 
19 

prov ides an expression f o r  determining t h e  approximate diameter a t  

which entrainment i s  independent o f  vessel d-iameter: 

18. J. Wj I  son and M. McDermott, "Moisture '  De-Entrai nment Tests i n  
Two- and Four-Inch Diameter Test  Sec-tionsy all is-Chalmers Report 

.ACNP-5921, 1959. 

19. L. Sterman, Ifon t h e  Theory o f  Steam Separat ionff ,  J. Tech. Physics, 
(USS.R) 28, 7 .  ( 1958). , . . .  



d:-  vessel d i m o t e r  
. . .  a := . . su r f  ace. +ens Ion, 

r = s p e c i f i c  w t .  o f  I . iqu id 
. . r"= spec i f i c wt . o f  vapor 

. . . .  . . . . . . . .  . .  .. . 
Typ,ical. r e s u l t s  o f  an experiment c a r r i e d  o u t  i n  a 19-in dia. 

q . . .  -- . .  .. i: . . .  ;., , .  . - - A--'vesse I*;' which by ~ t e ? m a r I ' s c r  i t e r  i on  i s a large vesse I, a re  shown i n 

F i g r e  2.5. Th is  shows t h e  r e l a t i o n s h i p  between q u a l i t y  measured 
. . .  

33 in. above t h e  i n t e r f a c e  and t h e  steam re lease r a t e  f o r  d i . f f e ren t  

"system pressu.res. Ttie r'ap i'd. r i s'e I n t h e  qua l i t y  o f  t h e  steam a f t e r  

I1break'' poi  n t  ' i s  reached i s t y p i c a l  for a I I t e s t  sect  ions. Thus, i f  
. . . . . . .  . . . . .  . . 

t h e  re lease r a t e  i s  below t h e  c r i t i c a l  value, very  l i t t l e  mechanical 
I * : , ,  : . . . . . . . .  . . .  

. . . .  , . . .  . . . . . . . . . .  
.iepara";idn i s  requi'red. ~ h k s e  ' r e s u l t s  conf i rm  i-esults p rev ious l y  

obta ined.  i n  t e s t s  w i t h ,  2- and 4- in d l a .  t e s t  columns. 18 . . 3 . .  - . . 
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F i gure 2.5 Moisture entrained 33 in. above interface in a 19-in 
diameter test section. 



Mechanical Separat ion: Tests were r u n  on a mesh- and two c e n t r i f u g a l -  

t y p e  dryers. As a re iu1 . t  of these tes ts ,  it was concluded t h a t  t h e  

mesh-type d r y e r ' i  s  best su it 'ed f o r  use i n Pathf i nder. Parameters 

co'nsidered i n  making t h e  s e l e c t i o n  were: 

I ) separat ion e f  f ic iency, i .e. t h e  o u t l e t  qua1 i t y  compared 
t o  t h e  i n l e t  q u a l i t y ;  

2) separator operat  i ng. character  i s t  i cs when over  loaded; 

3) most e f f i c i e n t  use of reac to r  cross-sect ional  area; 

4) makntenance and c lean ing  problems; and ' 

5)  cost. 

Separat ion E f f i c i e n c y  7 Both t h e  cen t r i f uga l  and mesh-type dryers  

operate a t  very  near 100' per cent  ef f i c i ency  w i t h  t h e  i n I e t  moisture 

vary ing  from 1/2 t o  7 per  cent when t h e y  a re  not overloaded. Both 

produce steam of 99.9 per cent q u a l i t y  a t  Path f inder  opera t ing  con- 

d i t i o n s .  

Overload Chaqacter is t i cs  T Tests showed t h a t  as t h e  steam f l ow  through 

t h e  separator i s i ncreased, an over load ("breakn) po i  n t  i s  reached. 
- . 

With t h e  mesh-type dryer,  t h j s  p o i n i  i s  charac ter ized by a gradual 

decrease i n  o u t l e t  steam qua l i t y ,  so t h a t  t h e  o u t l e t  steam q u a l i t y  

approaches t h e  i n l e t  q u a l i t y .  When an over load p o i n t  i s  reached 

w i t h  t h e  centri.fuga1-type dryer, water i s  sucked up through t h e  d r a i n  

pipes, which extend below t h e  two-phase in te r face .  Th i s  over load 

c o n d i t i o n  i s  very  undesi rable s ince  a d d i t i o n a l  water i s  added t o  t h e  

o u t l e t  steam. 



SECTION A-A SECTION 6-0 

F i g u r e  2.6 Type A ( l e f t )  and Type B ( r i g h t )  c e n t r i f u g a l  steam dryers .  . . . .. 

F i g u r e  2.7 O u t l e t  mo i s tu re  f rom Type A c e n t r i f u g a l  steam dryer .  





The two types o f  c e n t r i f u g a l  d ryers  t e s t e d  are shown i n  F igu re  

2.6. The r e s u l t s  a re  shown i n  F igu re  2.7 f o r  t h e  Type A d rye r .  Resu l ts  

obta ined w i t h  the  Type 8 c e n t r i f u g a l  d ryer  were s i m i l a r ,  except t h a t  

t he  break p o i n t  f o r  600 p s i g  occurred a t  about 22,000 Ib /h r .  

- 
The data on mesh-type separators was obta ined w i t h  a  6 - i n  t h i c k  

mesh w i t h  q dens i ty  o f  5 l b / f t 3 .  Resu I t s  o f  t h i s  t e s t  a re  presented 

i n  F igu re  2.8.  l n l e t  moisture v a r i e d  from 1/2 t o  7  per  cerr.1- dur ing  

t h e  t e s t .  I n a  l ' l  cases be low t h e  break po i  n t ,  t h e  o u t  l e t  steam qua l  i t y  

was 99.9.per  cent .  Note the  s i m i l a r i . t y  t o  t h e  curves ob ta ined fo r  .-- 

' both natura l  separat ion . . . .  . ,,and t h e  c e n t r  i f uga l  - type dryer .  

E f  f i c  i en t  Use o f  ~ e a c t o r  Cross-Secti ona l  Area - I n  order  t o  es,tat, l i sh 

a bas i s  f o r  comparing e f f i c i e n t  use o f  reac to r  cross-sect ional  area, 
. . 

an area requi  rement was estab l  i shed f o r  each c e n t r  i f uga l d ryer .  

The maximum f low r a t e  before the  over load p o i n t  was reached was 

d i v ided  b y , t h e  area requirement t o  determine a  permiss ib le  u n i t  load 

f a c t o r .  For  t h e  mesh-type dryer,  t h i  s  f a c t o r  i s  27,500 l b /h r - f t 2 .  

For  t h e  bes t  cen t r  i f.uga I  "dryer ,  t h e  f a c t o r  i s  10, 100 I b / h r - f t L .  

Cleaning, Maintenance and Cost - Ne i the r  t h e  mesh-type nor c e n t r i f u g a l  

type dryer presents a  d i f f i c u l t  probiem i n  c lean ing  o r  maintenance. 

The mesh-type w i l l  have t o  be made o f  a ma te r i a l  t h a t  r e s i s t s  s t ress  ' 

cor ros ion .  .Specia l  p recaut ions  w i l l  have t o  be made i n  f a b r i c a t i n g  

t h e  mesh t o  i nsure. , that  t h e  w i r e  does n o t  f r a y .  The w i r e  mesh has 

a  c o s t  advantage o f  approximately 10-to-l compared t o  e i t h e r  c e n t r i -  

f uga l  -type dryer .  



I 

Conclusi.on. The reference reac to r  design i s  being mod i f ied  t o  inc lude 

I mesh i n  t h e  neck o f  t h e  vessel above t h e  core only .  The separator  
. . 

assemb l w i l l be i nc l i ned 15 degrees from t h e  h o r i  zbnta I '  to  ' fdc i'i'i - 
' .  . . . . . 

- t a t e  dra in ing.  Th j s  w i l l  a l l ow  over 4 f t  o f  he igh t  between t h e  two- 

phase ,i nter face and t h e  'mesh. 

Tests on na tura l  separat ion ind ica tes  t h e  permi.Ssible steam 

I release, w i t h  t h i s  much he igh t  a v a i l a b l e  f o r  na tura l  separat ion, i s  
. . 

2 
20,000 I  b / h r - f t  . The ac tua l  re lease r a t e  i s  on1 y 6,900 1 b/hr- ' f tz." 

. . 
The average v e l o c i t y  through t h e  mesh w i  l l be approximate l y  

I ' 3.8 fps, whereas t h e  t e s t e d  capac i t y  o f  t h e  mesh dryer  i s  5.8 fps. 

Th is  design, which i s  backed up by t e s t  r e s u l t s  a t  reacyor  

pressure and temperature, should prov ide  sfeam t o  t h e  superheater a t  

99.9 per cent  q u a l i t y  o r  be t te r .  

Fu ture  Plans. More mesh-type spearators w i l l  be t e s t e d  t o  determine 

t h e  e f f e c t  o f  th ickness  and dens i t y  o f  mesh on t h e  opera t ion  o f  t h e  

dryer. These t e s t s  w i l l  be conducted up t o  t h e  f u l l  c a p a b i l i t i e s  o f  I 

I - 
. t h e  t e s t  loop. 

A program t o  express t h e  operat  ion  o f  t h e  separator  i n  terms 

, o f  dimensionless constants i s  underway. With t h e  a d d i t i o n a l  data 

from f u t u r e  tes ts ,  t h i s  program can be completed. 

Another program t o  corre1at.e t h e  data on natura l  'separat ion 

us ing  t h e  methods o f  dimensional ana lys i s  i s  underway. Th i s  program 

I a l s o  uses dimensionless groups, which appear t o p o r e  c i o s e l y  p r e d i c t  

t h e  process o f  na tura l  and mechanical separat ion. With these 

equations, t h e  c r i t i c a l  f low r a t e s  f o r  any .pressure should be pred ic tab le .  



2.1.5 BOILER CORE STRUCTURE . . 

. . 

2.1.5.1 B o i l e r  Core G r i d  P la te .  The b o i l e r  core  g r i d  p l a t e  i s  being 
. . 

f ab r i ca ted  a t  West A l l i s  Works o f  Ai l is -chalmers.  No d i f . f i c u I t i e s  
. . . . 

have been encountered i n  making the  necessary welds. 

2.1.5.2 B o i l e r  Core Shroud. Fab r i ca t i on  drawings were sent  t o  West 

A l l  i s  Works. Most o f  t he  mater ia l  f o r  f a b r i c a t i o n  was received.  

2.1.5.3 Feedwater D i s t r i b u t i o n  Ring. The reference design o f  support 

members was r e f i n e d  t o  permi t  eas ie r  f i t u p  i n  t h e  reac to r  vessel.  

The r i n g  now w i l l  be supported, f rom t h e  vessel by four  support members 

t h a t  w i l l  be r i g i d l y  attached t o  the  r i n g  and bo l ted  t o  pads welded 

t o  the  vessel w a l l .  The d i f f e r e n t i a l  expansion between the  carbon 
. . 

s t e e l  vessel wal l  and t h e  s t a i n l e s s  s tee l  r i n g  w i l l  be accommodated by 

f l e x u r e  o f  t h e  r i n g .  

2.1 .5.4 Steam separator .  Support She.1 f . Fabr i c a t  i on .draw i ngs !?re. . ' 

sent  t o  the  West A l l  i s  Works. Mater ia l  was ordered. The f i n a l  design 

i s  shown i n  F igure  2.9. 

2.1.5.5 Upper B a f f l e  and Steam Dryers. Th is  assembly i s  bei.ng re -  

designed t o  incorporate the  mesh-type steam dryers.  The assembly 

w i l l  perform the four  f o l l o w i n g  func t ions :  

I )  support t h e  upper p o r t i o n  o f  t he  superheater manrtold; 

2)  support t he  steam dryers; 

3) d i r e c t  the  steam from the  b o i l e r  core through the  steam 
dryers  and i n t o  the  superheater; and 

4) prov ide f i n a l  al ignment o f  t he  b o i l e r  core c o n t r o l  rods 
t o  f a c i l i t a t e  l a t ch ing .  



Figure 2.9 Steam separator suppori shelf. 
(A-C Dwg. 43-500-831) 

.-,. 

.. . ~* .:>? . ,. 



2.1.5.6 B o i l e r  Element Hold-Down S t ruc tu re .  A hold-down s t r u c t u r e  

i s  needed t o  overcome t h e  upward hyd rau l i c  fo rce  across t h e  b o i l e r  

core  and t o  compress fhe b o i l e r  element spr ings  t o  ho ld  them r i g i d l y .  

These two fo rces  t o t a l  approximately 65 Ibs per  element. I n  

add i t i on ,  t h i s  s t r u c t u r e  w i l l  support t he  upper c o n t r o l  r o d  guide 

. tubes and any necessary f low b a f f l e s .  

Several methods o f  ho ld ing  down the  elements were inves t iga ted .  

The method se lec ted  i s  a g r i d  which does n o t  locate t h e  element tops; 

s ince t h i s  requirement i s  n o t  necessary w i t h  the  semi-permanent 

quad-boxes. A layout o f  t h e  f i na l  desi gn w i ' l  l be made dur i ng the  

nex t  quar te r .  

2. 1.6 SUPERHEATER CORE STRUCTURE 

2. 1 -6.1 Superheater Sea l Test .   he i nsu l a t i  ng gap between t h e  ou te r  

and inner  superheater conta iner  tubes i s  sea led a t  t h e  top  g r i d  p l a te .  

The o u t e r  conta iner  tube i s  f u s i o n  welded t o  the. g r i d  p l a t e .  An 

i n s e r t  wh i'ch mai n t a i  ns the  gap between t h e  inner and outer  tubes 
. . . . 

a t  t h e  top, i s  fus ion  welded t o  the  inner conta iner  tube. A seal . 

. . 
between the  outer '  tube and inserf .  i s  &cornp I  i shed by r o  I  I  i ng (expand i ng) 

. . 
t h e  inner tube and i n s e r t  i n t o  t h e  ou te r  conta iner  tube. Tests were 

conducted t o  determine whether t h e  r o  I  led 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. 

Sea l ing  a u s t e n i t i c  s t a i n l e s s  s t e e l  tubes i n  a tube sheet o f  t he  

same ma e r i a l  i s  d i f f i c u l t  s ince  Bhe e l a s f i c  l i m i t  o f  t he  tubes i s  t 
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  
. . . " .  . . 

techn i ques are emp loyed. 



F i g u r e  2.10 ,,Superheater sea 1 ' t e s i -  assemb 1 y. Code: 2) tious i ng 
assembly; 3 )  cover; 4) tube  assembly; 5 )  casing; 8) gasket. 

0 - C  Dwg. 43-401-068) 



The tes t .appara tus-used i n  t h i s  experiment i s  shown i n  F igure  

2.10. I t  cons i s t s  o f  a c y l i n d e r  o f  6 - in  schedule 40 s t a i n l e s s  s tee l  

wklded a t  both ends t o  6- i  n  150-1 b s t a i  n  less s tee l  f  ~ahges; 9 

conta iner  tubes 1.080 i n .  0.d. x 0.320 i n .  t h i c k  wa l l  are.p lugged 
' . 
'at one end.. ~ h ' e  .seal ing piece i s  f us ion  welded ! t o  the  tubes a t  t he  

o ther  end. 

Test Procedure. The inner tube assembl i es  were inser ted  i n  t he  ou ter  

conta i ner tubes and expanded w i t h  a : con'v'ent iona l  condenser tube 
. . 

r o l  l e r .  The torque app l  ied ,on the  tube r o l . l e r  was c o n t r o l  led. t o  pro-. 

duce an optimum r a d i a l  pressure.on the  sea l i ng  sur face i n  order  t o  

insure a pressure- t igh t  seal t h a t  cou ld  e a s i l y  be disassembled. 

A i r  pressure a t  90 ps i  was app l ied  on one s i d e  o f  t he  seal;  

t h e  seals were tes ted  by immersing the  t e s t  apparatus i n  water and 

checking ' f o r  bubbles.. 

I n  order  t o  s imulate thermal cyc les  encountered i n  reac to r  s t a r t -  
, 

up and shutdown operat ions,  t he  t e s t  apparatus was heated t o  500 F 

and. cooled a t  room temperature severa l  t imes . ~ f t e r  each therma 1 

c y c l e  leakage ihrough the  seals were checked as described above. 

The i n t e g r i t y  o f  the  seals under ho t  cond i t i ons  was a l s o  

i nvest:igated. The t e s t  apparatus was heated t o  500 F. The I eakage 

- through ?he seals was checked by irnmersi ng the  t e s t  apparatus i n o i  l 

a t . t h e  same temperature and app ly ing  a i r  pressure a t  90 ps i  on one 
. . 

s i de  o f  each sea l .  



- 

Resul ts .  A torque o f  a b o u t  150. in- lb on a convent ional tube r o l l e r  

produced pressu ie- t  i gh t  sea.1 s : 'Adequatb sea I i ng ' was' reta: i  ned u"der 
. . . . .  . . 

s imulated ~ a t h $ i n d e r  operati 'ng .condit ion's; The optimum.torque re-  

qu i red  f o r  a g iven c o n f i g u r a t i o n  depends on the  amount o f  expansion 

requ i red, the', modu l us o f  .e l as,t i c i t y ,  and t h e  'rnornent..of i " e r ~ t  i a of  t he  
. . - sea.1 i ng piece and the  .i nner' tube. 

. . 

Nine seals had the  fo l low' ing average'.dirnensions a f t e r  t e s t i n g : . .  

Outer t ube ' -  i . d .  = l .044 i n .  . . . . 

l n s e r t  - 0.d.' = . . 1 . o i l ,  i .d. =' 0.928 

Inner tube - 0.d. .= 0.926 i n .  i '.d. = 0.886 in .  
. . 

B The average expansion o f  t he  sea l i ng  piece outs ide  diameter was' 

0.006 i n.. Al l sea .1 '~  were read i  1 y disassembled us i  ng, a convent.ioria l 

condenser tube pu l ler.. 



2.2 RECI.RCULATION SYSTEM . :. . . . . .. . 

The o b j e c t i v e s  o f  t h i s  p r o j e c t  a re  as fo l lows:  I )  t o  develop 
r e l i a b l e ,  e f f i c i e n t  r e c i r c u l a t i o n  pumps t h a t  w i l l  r e q u i r e  a  minimum 
o f  maintenance; and 2) t o  develop an e f f i c i e n t  s h a f t  sea l .  

The pro to type r e c i r c u l a t i o n  pump and motor were completely 

assembled i n  J u l y .  I n i t i a l  c o l d  t e s t s  were conducted t o  determine 

pump head capaz i t y  c h a r a c t e r i s t i c s .  The developed head a t  r a t e d  f l ow  

o f  20,000 gpm was 63 f t  i nc lud ing  the  drop through the  suc t i on  elbow. 

The safe NPSH a t  r a t e d  f l ow  was 24 f t .  Ava i lab le  NPSM i n  t he  reac to r  

a t  opera t ing  cond i t i ons  i s  54 f t .  Because o f  t he  pressure and 

temperature d i f f e r e n c e  between the  c o l d  t e s t  and ac tua l  pump opera t i ng  

c0nd.i.t ions, t he  head capac i ty  t e s t  w i  l  l  be repeated dur i ng h o t  t e s t s .  

The pump was s e t  up i n  the  h o t  t e s t  loop, (F igure 2.11) and h o t  

t e s t s  were s t a r t e d  i n  September. Th is  t e s t  w i l l  inc lude a  200-hr proof 

t e s t  w i th  5 temperature cyc les  between 200 and 486 F. The pump w i l l  a 
be r u n  48 h r s  a t  design opera t ing  cond i t i ons .  The h o t  loop t e s t  

a l s o  provides a  thorough proof o f  t h e  f l o a t i n g - r i n g  s h a f t  sea l .  

The pro to type pump t runn ion  mounting was fab r i ca ted  and at tached 

t o  the  pump. When the  h o t  loop t e s t  i s  completed the  pump w i l l  

be mounted s o l e l y  on the  t runn ions ,  and one end o f  the  t e s t  loop 

w i l l 1  be r i g i d l y  anchored t o  s imu la te  reac to r  p i p i n g  cond i t i ons .  

Temperature i n  t he  loop w i l l  be cyc led  as' i n  h o t  t e s t s .  

The s p e c i f i c  purposes o f  t he  t e s t  a re  as fo l lows:  

I )  t o  observe t h e  func t i on ing  o f  t he  pump supports under 

ac tua l  opera t ing  cond i t ions ;  



Figure 2.1 1 Prototv/pe recirculation purnp being tesfec 
in t h e  hot t e s t  loop at reactor ccnditions. 

(A-2  Photo 2 1 1 586) 



. 2) t o  measure the thermal expansion o f  the pump and 
- .  

p ip ing loop.. This would be done t o  determine whether residual  stresses 

due t o  welding, fabr i ca t ion  and erect ion o f  the loop p ip ing would 

a f f e c t  the path of movement o f  the pump supports; 

3) t o  determine the temperature a t  various locations i n  the 

pump support assembly, especial4y a t  the l u b r i t e  washer, bushing, and 

expansion plate; 

4) t o  determine the c o e f f i c i e n t  o f  f r i c t i o n  o f  l u b r i t e  

expansion p la te  under actual  operating conditions; 

5) t o  megsure the natural frequencies and amplitude o f  

v i b ra t i on  o f  the t e s t  loop p ip ing when a) the pump supports are 

ex te rna l l y  restrained against la te ra l  motion, and b) the pump supports 

are rest ra ined on ly  by f r i c t i o n a l  resistance i n  the l a te ra l  d i rec t ion .  



2.3 CONTROL RODS. GUIDE TUDCS, AND CONTROL ROD DRIVES. + .  
' The o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  perform inves t i ga t i ons  and 

experimental work i n  regard t o  t h e  con t ro l  -rods,' c o n t r o l  r o d  guide 
tubes, and c o n t r o l  r o d  d r i ves  leading t o , f a b r i c a t i o n  o f  e f f e c t i v e  

. . 
and economical components . f o r  t h e  Pathf i rider r e a c t o r .  

. . . . . .  . . . . 
, . .. ' i > , .:,. 

. . 2.3.1 CONTROL RODS 
. .  , , . . . .  

3 I .  1 Super heater Contro l Rods. Pa r t s  f o r  ' the  superheater con t ro l  - . . . ~ . .  
' . I  r 

r o d  t e s t  described i n  t h e  l a s t  q u a r t e r l y  progress r e p o r t  were fabr ica ted ,  
., , 

and assembly i s  nea r l y  complete. 
. . I .  . , 

d e t a i l e d  design o f  t h e  c o n t r o l  r o d  has been i n i t i a t e d .  Coo l ing  
. . . .  . . 

requiremen-bs, f a b r i c a t i o n ,  and assembly problems a re  being considered. 
, . . . . . 

% .  . . . I .  

Pre l im ina ry  ana lys i s  o f  coo lan t  requirements f o r  t h e  superheater c o n t r o l  
. . . . .  

rods  i s  being made by c a l c u l a t i n g  c o n t r o l  r o d  temperatures us ing coo lan t  
. . .  , . , .  . . . .  . . . . , .  

f l ow  r a t e s  o f  100 and 125 Ib/hr-element. 
.. . : .  . . .  :... . 5 .  . i 

2.3. '1 .2 )Boi l e r  Cont ro l  .Rods. . The boi l  e r  'contro l  pod was checked.. f o r  ' 

thermal d i s t 6 r t i o n  and thermal and impact s t resses 'us ing  var ious  pub-. 

I i shed  c o r r e l a t i o n s .  I n  a l l  cases, t h e  r o d  design proved t o  be conser- 

v a t i v e . '  

8 . .  . . 

Coo l inq  Requirements. The c i r c u i t  fo l lowed by con t ro l  r o d  coo lan t  
( . I_ ' . .  . , . . . .  . . '  

water i s  up through, t h e  con t ro l  r o d  cool an t  i n  l e t  s l  eeve, o ~ t  i n t o  
: .  . . .  . . 

0 .  

t h e  quad-box bottom p l a t e  plenum, through t h e  holes i n  t h e  bottom 
. . .  . . . , . . . .  , . .  

p l a te ,  through holes i n  t h e  con t ro l  r o d  stub ou t  i n t o  t h e  c o n t r o l  
. . .  , ,  . . . .  

r o d  channel, past  t h e  inser ted  . . . .  cot&rol rod, and f i nal l  y  ou t  through 
. . . . .  . . . .  . . .  . . . . . . . .  . . . . . . . .  

, s l o t s  i n  ' t h e  quad-box inner wal l  s.  The f low t o  each con t ro l  . . .  r o d  i s  
. . . . .  . . . . : .  . . :  

1 .  . t . :  . .\ . . .  . : . .  . . 



metered by t h e  s i z e  o f  t h e  holes i n  t he  stub, which o f f e r  approximately 

75 cenf o f  t h e  .tots l f low r e s i  stance; 

The c r i t e r i o n  used t o  e s t a b l i s h  the  requ i red  coo lan t  f.low was 

t h a t  t h e  e x i t  qua l  i t y  from t h e  contr-o l  r od  channe l n o t  exceed the  

. . 
average q u a l i t y  o f  t h e  e n t i r e  b o i l e r .  The maximum average heat  

. g e n e r a t i o n . r a t e  i n  a  b o i l e r  c o n t r o l  rod  w i l l  n o t  exceed 3.0 x 10 6  

. . 

~tu/h;-f$, wh'ich resu l t s  i a  m i  n  i mum requ i red  f low o f  25,700 ib /h r  

per  rod. The nominal c o n t r o l  rod  coo lan t  f low has, there fore ,  been s e t  

a t  2.5 p e r c e n t  o f  t h e  t o t a l  r e c i r c u l a t i o n  f  low (24 x  lo6 lb /hr)  o r  
. . 

37,600 I  b/hr t o  each o f  t h e  16 boi l e r  cont ro  l rods. 

The maximum heat  f l u x  on t h e  c o n t r o l  r o d  sur face i s  94,600 

. ~ t u / h / - f t * ,  assuming heat  f low o " t  one s ide  on ly ,  which i s  less than 

t h e  average b o i l e r  hea t  f l u x ;  so the  mode o f  hea t  t r a n s f e r  w i l l  always 

be nucleate b o i l i n g .  The maximum c o n t r o l  rod  temperature i s  668 F, 
. . 

aga i n  w i t h  heat  f low o u t  one s  i de on l y  ; and t h  i s  temperature i s  ac- 

ceptab le  f o r  t he  boron-sta in less s t e e l  m a t e r i a l .  

P re l im ina ry  c a l c u l a t i o n s  have i nd i ca ted  t h a t  25 holes i n  each 

con t ro  l rod  stub, 0.25 i . d. w i  l l de l i ver the  requ i red  f low w i t h  

t h e  rod  inser ted .  I f  a  r o d  i s  f u l l y  withdrawn, t h e  f low would in -  

crease by o n l y  about 20 t o  25 per  cent .  The ac tua l  ho le  s i z e  w i l l  

be es tab l ished f o l l o w i n g  a  spec ia l  hyd rau l i c  t e s t  o f  a  c o n t r o l  rod  

coo lan t  c i r c u i t .  

Add i t i ona l  analyses were performed t o  e s t a b l i s h  t h e  e f f e c t  o f  

t he  c o n t r o l  r o d  coo lan t  f low on the  time-displacement o f  t h e  rod dur ing  

scrani. The analyses t r e a t s  t h e  rod  o n l y  t o  t h e  t ime i t  i s  a r res ted  



b y  t h e  dash po t .  The calc~. l ' lated c o n t r o l  r o d  v e l o c i t i e s  w i t h  and 

w i thou t  ne t  coo lan t  f l ow  are shown i n '  ~ i ~ u r e  2.12. The coo lan t  f l ow  

i s  ca l cu la ted  t o  reduce t h e  v e l o c i t y  a t  which t h e  r o d  i s  moving as 

it h i t s  t h e  dashpot by about 8 per cent .  

B o i l e r  Cont ro l  Rod Stub Tes t .  A specia l  t e s t  sect ion'was designed 

, i n  order  t o  exper imenta l ly  determi'ne t h e  requ i red  ho le  s i z e  i n  t h e  

c o n t r o l  r o d  stub and t o  study t h e  e f f e c t  o f  r o d  p o s i t i o n  on t h e  

coo lan t  f l o w .  The t e s t  sec t i on  i s  an exact mock-up o f  t h e  i n l e t  

sleeve, quad-box bottom p  l ate, stub, and a shor t  sec t i on  o f  a  c o n t r o l  

r o d  and con t ro l  r o d  channel. Three stubs each con ta in ing  25 holes 

I o f  0.20, 0.25, and 0.3 i n .  i .d.  respec t i ve l y ,  wi.1 l 'be tested;  and 

t h e  pressure-drop-f low re1 a t i onsh ips  w i  l l  be determined. . The p o s i t i o n  

o f  . t h e , c o n t r o l  r o d  i n  t h e  c o n t r o l  r o d  channel w i l l  be va r ied  and t.he 

e f f e c t  on pressure drop determi ned . The requ i r'ed ho l  e  s  i ze w i l l be 

I estab l i shed by compar i ng t h e  f l ow--pressure-drop r e  l  a t  i'ons f o r  t h e  

t h r e e  h o l e  s i zes  w i t h  t h e  avai l a b l e  pressure drops (ca lcu la ted)  i n  

t h e  core.  

2.3.2 CONTROL ROD DRIVES 

2.3.2.1 Prototype Contro I Rod Dr i ve . An o i  l 'accumu l a t o r  was designed 

. a n d  b u i l t  from P l e x i g l a s  t o  p ressur ize  t h e  motor housing. A pressure 

I o f  10 p s i g  i s  app l i ed  us ing  n i t rogen,  and any drop i n  o i l  level  can 

be seen through t h e  p l a s t i c  housing. 



Figure 2.12 Comparison of  b o i l e r  control  rod dis-  
p l acement w i th  and wi thout  net cool ant f'low. 

(A-C Dwg. 43-024-339) 



.. d Pre  I i m i  nar-y. . . Tes t  i nq, The d r i v e  was p laced i n a stand and t h e  accuracy 
. . .  . . . . . . . .  . . . . . . :  

o f  t he  synchro-driven p o s i t i o n  i n d i c a t i n g  system was checked. The . . . . . . . . .  i:.  . . . . .  . . . . . .  . ,  , . : :  , ' ,<.: . . . .  

accuracy was w i t h i n  3/8 in, usua l l y  w i t h i n  1/4-in, w i t h  one p o s i t i o n  
. :  . . .  . . .  . . i .  ' . . -- . . .  . . . . . . .  

r e c e i ~ ~ e r .  With two p o s i t i o n  receivers,  t he  accuracy was reduced t o  
1 .  I '  '. . . 

. A  
. . : . . . . . .  .. _ I .  . . - 1/2 i n  .and the  p o i n t e r  movement was e r r a t i c .  A one-receiver system .. 

. . . . 
: . ! . ' ,  . <.  

was the re fo re  chosen f o r  t h e  h o t  t e s t s .  

Co ld' ~ e s t s .  ' The dr ive.  was bo l  t e d  . i n t o  p.lace on t h e  h o t  t esL t  pressure 

vesse I ,  and the  'ent i r e  assehb l y w ~ i ! ' t i y d r o s t a t  i c teste'd : a t  700 - p s i  . The 
. . . . . . .  . . 

'leakage through t h e '  ro ' tary s h a f t  was I2  'cc/hr.  . . 

. . 
'' ' When ?he: dr iv 'e '  was &rammed wifh..a'.so'l'i'd .Water sys teh  ' w  i t h  nb .: 

scram accumu la to r ,  t h e  scram t ime was 3 .5  sec: Scram t ime i S..:reduce'd:* 
. . 

, . 
t o  ' 1 .5  sec .' by add i ng the  scr im accumu l a t o r .  . . .  , . :,. . < 

[jui- i ng 'these tes ts ,  t he  3 -3 /44  n mdg&'iic c l u k h  begdn,'s.l i pp i hg,!' 
* .  . . . .  

I b 
. . 

and 'was. rep laced'by a 4- l/2-' i  n , c  lu'tch:. a . : .  

'' ' ~ h & '  l  i'mi t. switches and' p o s i t i o n  i nd i c a t o r  d i.a I :  read i ngs became;. . 

errat ic ' . :dur ' i 'ng t e s t s . ' J t  .was found tha t .  a r o l l  p i n  hold,ing one .of ,:.. 

t h e  gears haa' f a i l e d .  Ph is  p in 'was repl.aced by a s o . l i d ' p i n .  , 

Latching and un la tch ing  were performed many t imes.  The rack  

was locked i n  the  up p o s i t i o n  several  t imes.  The d r i v e  performed 

these func t ions  very w e l l .  When t h e  c o n t r o l  rod  i s  latched o r  un- 

latched, a d e f i n i t e  d i f f e rence  i n  d r i v e  motor c u r r e n t  readings can 

be observed. 

Hot  Tests. The t e s t  was brought up t o  489 F, 600 ps i  g. The dr i ve  ran  

very w e l l .  The speed was 62 in/min i n  t h e  up d i r e c t i o n  and 75 in/min 

i n  t h e  down d i r e c t i o n .  



. , . . 
pressure had been excessi ve, apparent l y  because o f  excessi v &  heat loss 

t o  t h e  simu l  ated sh i e l  d  pool water .  . Th i s was apparent l  y  due t o  6' I eak 

I i n  t h e  steam supply tube f o r  t h e  scram accumu l  a to r ,  s ince  convect ion'  

cu r ren ts  were no t i ceab le  i n  t h e  reg ion  where t h i s  tube entered t h e  

I p i n i o n  housing. - 
1 , "  

' 

W,hen t h e  d r i v e  was scrammed, The cont,rol ,  r o d  dropped f o r  abqut 

1 36 !inches and s lowly  coasted t h e  r e s t  o f  t h e  s t roke .  Th i s  was a l s o  
\ 

probably due t o  t h e  leaking steam supply, tube.  Wi thout  t h e  accumulator, 
. . 

t h e  d r i v e  w i  I  I  o n l y  scram f o r  a b o u t  1.0 i n .  before s lowing down. The 

scram t imes were about 5 sec, . . 
. . 

Leakage through t h e  high-pressure r o t a r y  s h a f t  seal between t h e  

p i n i o n  housing and rack housing increased t o  300 c c / h r .  Sodium s u l f i t e  

r u s t  i n h i b i t o r  i n  t h e  pressure vessel began t o  break down, r e l e a s i n g  

Hps and 502. The t e s t  was shutdown t o  rep lace . . t h e s u I f i . t e  . .  . .  r u s t  i n -  

h i b i t o r  w i t h  phosphate r u s t  i n h i b i t o r s .  The set-up w i l l  be cyc led  

several more times, be fore  r e p a i r i n g  t h e  steam supply tube.  
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3.  1 - REACTOR PHYS l CS (STAT1 CS) - .. - . . . 
. . . , I .  . . 

' . .  .. 

The ob jec t i ves  o f  t h i s  p r o j e c t  a re  as fo l l ows :  I )  t o  evaluate 
the  c h a r a c t e r i s t i c s  o f  t h e  reference core  and o p t i m i z e - t h e  design t o  
achieve safe, r e l i a b l e ,  and economical performance; and 2) t o  op t im ize  
s h i e l d i n g  designs so as t o  a r r i v e  a t  an adequate and economical design. 

Theore t ica l  ana lys i s  o f  t he  worth o f  boron s t a i n l e s s  s t e e l  con- 

t r o l  rods i n  several  reac to r  con f i gu ra t i ons  i s  i n  progress.  Fast--  and 

thermal-group equ iva len t  d i f f us ion - theo ry  constants were computed . 

f o r  the  c o n t r o l  rod  us ing t h e  u,p technique described i n  WWD-2 18. . 

Th is  technique assumed d i f f us , i on  theory  ou ts ide  the  rod  and b  ladkness 

theory  w i t h i n .  The problem i s  assumed t o  be one-dimensional, which i s  
. . 

a  very good approximation fo r .  rods w i t h  a  5- i  n.  span. .The b  lack-' . . ' ' 
. . . .  

ness-thsory-corrected mater i a  l  absorp t ion  o f  t h e  rod  i s  then ave'raged 

. . 
over. a  f lux spectrum. character  i st'i c  o f  t he  reac to r .  The resu IPS pro-  

v ide  e f f e c t i v e  d i f f us ion - theo ry  group constants f o r  t h e  rod; so 
* .  

t h a t  when these constants a re  used i n  a  d i f f u s i o n  theory  code, such as 

- . PDQ, t he  same "a l ues o f  Keff a re  i e l  ded as wou'l d  be y i e  l  ded by the  . 

ac tua l  phys ica l  constants o f  t h e  rod  used i n  a  t r a n s p o r t  theory s o l u t i o n .  

Table 3.1 l i s t s  a  t y p i c a l  s e t  o f  f a s t  and thermal rod  constants 

f o r  con t ro  l rods o f .  2  w/o natura l  boron s t a i  n  less stee l  . . Both 

physica l constants and e f f e c t i v e  di  f f us ion  theory constants are l i s ted .  

The phys i ca  l  .constants were obta i ned by averag i ng the .  mater i a l  c ross  

sec t ions  over MUFT and SOFOCATE spectra.  The e f f e c t i v e . c o n -  . . 

s tants-were a l so  cor rec ted  f o r  no mesh p o i n t s  w i t h i n  t h e  rod .  



TABLE 3.1 BORON STAINLESS 
STEEL CONTROL ROD CONSTANTS 

These constants were used 

Physical  E f f e c t i v e  
D i f f u s i o n  

Theory 

D l  0.281 0.969 

a l  0 .81 1 0  :0676 

D2 0.0568 0.0351 

a2 4.94 1.41 

t o  ca lcu. late two c o r e  conf i gu.ra;ti on-s , 

measured i n  t he  c r i t i c a l  f a c i l i t y .  

Using PDQ, t h e  core  c ross  sec t i on  was 

described i n  two-dimensions w i t h  con- 

t r o l  rod  water channels as we l l  as t h e  

c o n t r o l  rods represented e x p l i c i t l y .  

The cross sec t ions  f o r  t he  fue led r e -  

gions o f  t he  core were obta ined us ing  t h e  methods p rev ious l y  described 

i n  t h  i s r e p o r t .  

The f i r s t  c o n f i g u r a t i o n  examined was the  1.8 per  cen t  enr iched 

s lab  described i n  ACNP 6006, Sec t i on  3.3.6, i n  which one rod  was 

f u l l y  inser ted .  For t h i s  con f i gu ra t i on ,  severai  c o n t r o l  r o d  rep- 

resenta t ions  were examined t o  develop con.fidence i n  +he model. Using 

t h e  constants tabu la ted  i n  Table 3.1, t h e  rod  worth was computed t o  

be 3.4 per  cen t  Ak, i n  exact  agreement w i t h  t h e  measured value o f  

3 . 4  per  cent  i n  Ak.  

.The. second 'conf i gu ra t  i on exami ned was the  f u  I I  core mockup ,w i t h  

t h e  superheater vo i  ded and 1.89 ,per cent  enr iched .b.o.i l e r  f ue l  i n  t h e  . 

lower and upper l a t t i c e s  o f  81 and 64 p ins ,  r e s p e c t i v e l y .  

Both the  lower and upper reg ions  were represented i n  d e t a i l e d  

.X-Y geomefry .w.i t h  a  l  I '  con t ro  l  rods e i t h e r  f u  l  l  i n  o r  f u  l  I. o u t .  . For. 

these X-Y problems, t he  a x i a l  buck l ings  were obta ined from the  

r e s u l t s  o f  an R-Z c a l c u l a t i o n .  The c a l c u l a t e d  values f o r  t h e  c o n t r o l  

r o d  worfh were. 13.9 per  cen t  and 13.4 per  cent  i n  Ak f o r  t h e .  lower 
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and .uppei- r eg  ions,' respect , ive I y .  Tll'ese ,va  I  ues ;ocjr.cc 'wb i 1 : ' : ~  i  t h  .thi5 ' 

measured va lue o f  13.6 p e r  ' cen t .  ' .  
. , . . . . . , . . ,  

' c u r r e n t l y  t h e  same techniques a r e  bei'ng- used t o  c d l c l i  l a t e  t h e .  

. . 
c o n t r o  l ' rod wort t i  i n  P a t h f i n d e r  : ' . . 

. . , . 

3 .1  .2  NUCLEAR. CONSTANTS FOR PAMF l NDER 
. . 

P r i o r  t o  s p e c i f y i n g  t h e  f i r s t  co re  p r o p e r t i e s  o f  P a t h f i n d e r ,  a  

comp l e t e  l  y  new s e t  o f  nuc l'ear cons tan t s  i s be ing  deve 1ope.d. Th.e. con- 

s t a n t s  a re  be ing  ob ta ined  a t  bo th  c o l d  and a t  o p e r a t i n g  temperatures.  

  he h0 t "da ta '  a re  a.lso be ing  c&mputed f o r  j o i d  f r a c t i d n s  up : t o  50 pe r  

c e n t .  . . 

t h e  method use'd i s  as f o l  lows: I )  ,The f a s t  grpup cons tan t s  a re  

compufed. by f  i r s t  vo lume we i g h t i  ng t oge the r  t h e  ma'ter i a  l  s  w i t h  i n  .a 

i ven r e g i  dn o f  ' t h e  reac to r ,  such as t h e  lower bo i  l e ~  f ue I  box. - W ' i  t h  

these homogenized i nven to r i es ,  nuc lear  cons tan ts  f o r  t h e  r e g i o n  a r e  . . 

' ob ta i ned  us ing  MUFT I V and assumi ng exper imenta l  l y  measured ~ $ 2  and 
. ,, 

Doppler broadening da ta .  The a x i a l  water  gaps were f l u x  weighted 
. . . . . .' . . .  - .. 

i n t o  t h e  ' f  ue.1 ed r e g  ions by us'i ng resu' l  t s  f  rom o.ne-d i mens i o'na I  i d,i f f us i on 
z .  

t heo ry  (WANDA) c a l c u l a t i o n s  o f  t h e  neu t ron  f l u x  a long  a  represen l -a t i ve  

a x i a  l  t r a v e i s e .  2) ~ e c a u s e  o f  t h e  s h o r t e r  d i  f f u s  i on  length o f .  t h e r -  

mal neut rons g r e a t e r  a t t e n t i o n  i s  g i ven  t o  geometr ic d e t a i l  i n  ob- 

t a i n i n g  thermal nuc lear  cons tan t s . .  Ttie f i r s t  s tep i s  $0 o b t a i n ' a n '  



i n i t i a l  thermal . . spectrum us ing  t h e  SOFOCATE code 'w i th  t h e  volume 

we i ghSe'd i nventhr i es f o r  ' g  i "en r e g  ions o f  t h e  core. Th i s  i n  i ti a I  

thermal spectrum i s  used f o r  t ranspor t - theory  c e l l  c a l c u l a t i o n s  

us i  ng t h e  P-3 code bve r  t he  f ue l  p i  n, ,c lad, and immediate l y  
. . . . 

ad jacent  water.  The i e s u  I t s  o f  t h e  P-5 ca lcu  l a t  i o n s p r o v i  de 

f lux-weighted constants f o r  t h e  m a t e r i a l  i n t e r i o r  t o  t h e  z i rconium - 
f u e l  boxes. The z i rconium boxes and associated in te r -box  water 

. . 

channs 1s a r e '  f lux weighted i n t o  the  f ue led reg ion  us ing resu If s  from 

two-d imens i o i a  l PDQ ce l l  ca leu l.at i ons. Both the  p  i n  and b.ox f lux 

weight ing f a c t o r s  a re  t h e n  used, t o  p ro " ' i  ds e f f e c t i v e  inventor  . . i es f o r  
. . 

a  f i n a l  SOFOCATE. ' ' 

, . 

Tab l e  3 . 2 b r e s e n t s  a  suhmary o f  nuc lear  data thus l y  computed f o r  

t h e  lower and upper boi l e r  fue I. regions a t  . co.ld I. and h o t  ope ra t i  . .  ng . 

(:no vo i ds) cond i t i  ons . 

TABLE 3.2 BO l LER LATTl CE CONSTANTS (2.2 PER CENT ENRICHMENT) 

Parameter 

kao 

O f  l  

P 

f 2  

T 

L 
2  

Upper L a t t i c e  
(Water-to-fue l = 2.93 1 )  

co Id 

1 ,308 

. 122 

.8 188 

1 .449 

38.33 

3 -09 

Lower L a t t i c e  
(Water-to-Fue l = 2.056) 

opera t  i nq 

1 .296 

. 146 

.7732 

1.487 

53.42 

6.24 

c o l d  

1.3 19 

. 163 

.762 1 

.I .5 17 

40.67 

2.98 

opera t  i nq 

1.278 

. 19 1 

.7032 

1.546 

55.17 

5.76 



3. 1. .3 LOCAL FLUX PEAK1 NG : . 

. . . . . . 

~ d d  i t'i ona l  ca'l cu l  a t i  ons on t h e  reduc-b'i on o f  peaks caused:; 

. .. . a .  .. . 
by non-f ue led ax i  a  l  ' reg ions w i t h  i n the  bo i l e r  core were performed. . ' 

. . 

Bu f fe r  pe I l e t s ,  1/2 i n .  long w i t h  fue l  enrichments r a n g i n g  

from natura.1 t o  the  reference core enrichment and.conta in ing  a burnable 

poi  son, were located adjacent  ' t o  t he  non-f ue led reg ions .  To prevent  a 

large 'mi  s-match between f u e l  and poi  son dep l e t i  on and consequent . 

' increase i n  power peaking w i t h  core  burnup, dysprosium was selected 

as t h e  burnab le' pd'i son. E i ghty- three per  cen t  o f  t he  e f f e c t i v e  
. . 

poison cross sec t i on  o f  dysprosium i s  due t o  t h e  isotope Dy-1.64 

wh ich has a 2800-b c ross  s e c t i  on a t  2200 m/sec . . The poi  son dep 1 et . i  on 

i s  t he re fo re  due main l y  t o  t h e  burnup o f  t h i s  isotope.  The e f f e c t  

of  i r cad i ' a t i on  on the  peaking f a c t o r  was analyzed i n  t he  same manner as 

o u t l i n e d  i n  ACNP 6007. 
. . . , . . . . 

'   he e f f e c t s  of burnup f o r  gevera l cases a re  shown i n  Table 3.3 
. . . . .  . . . . .  " 

A l l  t h ree  cases have t h e  same amount o f  dysprosium oxide w i t h i n  the  

1/2-in. long b u f f e r  p e l l e t .  The o n l y  v a r i a t i o n  be tweenthe 

cases i s  the  enrichment o f  t he  f u e l  i n  t h a t  p e l l e t .  The amount 

o f  poi  son used i s  compat i b l e .  w i t h  t he  burnab l  e  poi  son requ i rements -. 

f o r  the  b o i l e r  core .  The res idua l  poison a t  one year f o r  these 

cases i s  approximately 20 per  cen t .  

I t  can be seen t h a t  w i t h  no reduc t i on  o f  enrichment i n  t h e  b u f f e r  

zone, t he  maximum power peaking i s  i n  the  b u f f e r .  For an enrichment 

o f  1.55 per  cent,  i t  i s  i n  the  adjacent  f u e l .  With an enrichment ' 

o f  1.8 per  cent,  t he  two f a c f o r s  become about equal and minimum. I t  

should be kept  i n  mind t h a t  these f a c t o r s  a re  superimposed on the  



TABLE- 3 .3  POWER PEAKj NG ... AT AX I.AL GAPS 

React.0~ 2.2 Pet-' Cent. Enr .* 1.85 pe r  Cent Enr .  1.. 55 Per Cent Enr .  
0pe.raf.i ng, Peak i 'ng Peaki ng Peak i ng Peak i'ng . Peak i'ng. Peak i ng 
Time. (In0 .). Factor  l**Factor 2** F-actor I Factor .  2 Fac tor  I Fac tor -  2 
(.Fu.l I. . . 

Pow e.c 1, 
0 1 .270. 1 ..068 . I . 1 17 1;.090 - O:.-957 . I .  115. 

2. ,I .385: I.. 165: 1.240:. 11.184 lL.072. , 1::2 1.5. 

4 1 .448. 1 ..230. 1.284 1.250 I.. 153 1. .269 

8 1.470 1.288 1.307 1.303 -1.221 1 .328 

l 2. 1'. .440; 1.292. 1.284 . 1 ::; 30 4. 1.21.2 . - 1:.32.1 

* Fuel  enrichment i n  b u f f e r  p e l l e t .  2.2 per: cen t  i.s reference enrich; 
ment f o r  core.  

.**. PBaki ng Eacfor. I = c a t i  o of. maximum powec-. i n. b u f f e r  pe l.l.et t o  
average power. i n. f ue I .. 

Re.ak i ng Factor  2. = r a t i ' o  o f  maxi mum power i:n. f:ue l t o  average power 
i n f.ue l . 

norma.1. ax:i'a.l, +.'I ux. d.i s t r  i .but Lon b.ut t h e  peak. of. t h  i s. d.i's.tr i,b.ut i'on. 
. . 

wou l d, no t  norma l l y occur at. t he  gap locaei on,. A.lso, t he re  i s some 

decrease i n  o ther  hot-spot  f a c t o r s  be,for;e t h e - t i m e  thi.s.gap peaking 

reaches a. max i mum. 

3 .  1.4 CORE: BURNOUT' . 

The. superheater pow.er f cactj-i on; was. ca I c.u:l.ated as. a t u n c t  i on 

o:f: t ihe s.up.er.heaber. fue.1. l oad.i,ng: and. burnab.1.e po.i;son, conten% .. These: 

ca.lc.u~la.ti'ons. a r e  extended over t h e  core. I. i . te. The: res.u I t s  a re  shown 

i:n 6i;g.use 3 .  1; .. The. +Hr,ee curves i:n. t h e  6.i:g.u:re;t; rep.re.sent. d iIff.eren% 

concenfcaf-i:ons, o f  burnab le  poison. w.i f h  i,n. the, superheater .. For a l I: 

t h ree  curves, %he b a i l e r  core had the  reference enrichment wi-bh, a 

f. i.xed: burnab le  po.i.son load-i'ng ., 



. . 
. , .. 

~ i g u r e  3 .  1 Superheater power f r a c t i o n  f o r  v a r i o u s  f u e l  
and burnab le  po ison  load ings.  Curves 1 ,  2 and 3 

rep resen t  d i f f e r e n t  burnab le  po ison  load ings i n  
t h e  superheater  



I t  can be.seen t h a t  t he re  are  many combinations o f  superheater 

f u e l  and poison loading t h a t  w i  l l . s a t i s f y  t h e  i n i t i a l  design requ i re -  

ments. However, t h e  d . i f f e r e n t  burnout  c h a r a c t e r i s t i c s  between 

t h e  b o i l e r  and superheater cores determine t h e  acceptable range t o  

s a t i s f y  t h e  l i f e t i m e  requirements. 

I n  the  l a s t  q u a r t e r l y  repo r t ,  ACNP 6007, t h e  f l u x  d i s t r i b u t i o n  

i n: an X-Y p lane w i . th and w i t h o u t  con t ro  l r od  i n s e r t  ion  was g i ven . 
. . .  . , 

With no superheater c o n t r o l  rods inserted, t he  f lux d i s t r i b u t i o n  i n 

the  superheater i s  r e l a t i v e l y  f l a t .  Because o f  t$ifs, i t  wou Id  be 

' a d v , a ~ t ~ ~ & ~ u s  t o  operate t h e  r e a c t o r  w i t h  l i tt l e  br no contko l  r o d  ,'. 

. ' . . . 
i n s e r t  i on i'n th ' i  s' reg ion .  ' To do t h  i s, however, "the 'mi s-match between 

the"burno"t o f  t he  superheater and boi l e r  core 'must be m i  n i i i  zed. ' 

. . 
. . 

Because the  superh.eater core  i s  h igh  l y enriched, most o f  t h e  burnab I &  

. poison must be located here.  

Using the  Candle I I  burnout program, opera t ion  w i t h  no c o n t r o l  

. , 
r od  i nse r t  i on i n the  superheater region '  was ana l  yzed f o r  Path f  i nder . 

'. For t h i s  ana' lys is  t he  op t i on  o f  a poison search f o r  c r i t i c a l i t y  was 
' 

, . .. .: . . . . . .  . . .  - used . w i t h  on l y  the  bo i l e r  core as the  un i f o rm con t ro  l r e g  i on. Resu l  t s  

i n  F igu re  3.2 show the  i n t e g r a l  superheater power f r a c t i o n  as a func- 

t i o n  o f  reac tor  opera t ion .  I t  can be seen t h a t  t he re  i s  very l i t t l e  

change i n  pc?w.er.fraction dur ing  t h e  f i r s t  n ine  months opera t ion .  Th i s  - 
. . 

corresponds t o  t h e  design l  i fet i rne f o r  the  superheater. The i n i t i a l  

cond i t i ons  f o r  t h i s  superheater core  correspond t o  those marked w i t h  
. . 

an X i n  F igure  3. 1 .  



, REACTOR ' OPERATING TIME . . 

. . , , ( 0.8 LOAD FACTOR ) 
( MONTHS ) .' 

F i gu re  3.2 - Superheater power f r a c t i o n  as a f unc t i on  o f  reac to r  
opera t ion .  



The dose from the  f u e l  s torage pool p r e - f i  l t e r s  and demineral izers 
. . . .  - .. 

. . 
was ca lcu lated.'  he ddse cou Id  be near 'zero o r  a's 1-1 i gh as 2  17/hr. 

depending on the  amount o f  crud c o l l e c t e d  on them. S u f f i c i e n t  room 
. .  , 

w:i 1 . 1 .  be l e f t  around these i terns s o  t h a t  sh i e  1 d  i ng can be added I 'ater 
4 

. . 
. . 

i f  i ?  i s  needed. 

The dose leve ls  a t  the  f u e l  t r a n s f e r  ca r r i age  access manholes 

bvas ca l cu la ted  assuming a  spent element i n  t h e  t r a n s f e r  tube. The . 

. . . .  .. 

dose a t  t he  4x7- f teq" ipment  manhole ' i s  I  x lo4 R/hr w i thou t  sh ie ld ing .  
. . . . . .  . 

A f t e r  the  equipment i s  i n  p  lace, o concrete s  lab w i l l  be p  laced near 
. . 

t he  bottom o f  t he  manho l e  and covered w i t h  ea r th  f i 'I I .  ' ~ h  i s  w i  l  l reduce 

t h e  'above dose t o  a  t o  1 erab l  e  I  eve I .  
.. . 

.' , ,' 
,The dose a t  t h e  t o p ' o f  t h e  manhole used t o  ga in  access t b  t h e  

equipment i s  500 R/hr. Th is  dose w i l l  be reduced by a  2 - f t  concrete 
. . 

manhole cover, o r  by a  s lab s h i e l d  over t h e  t r a n s f e r  tube i t s e l f .  

With the  sh i e  Id  i ng i n  p  lace, t h e  dose on top o f  t he  manho le  cover 

i s  5 R/hr, o r  80 m r  assuming a  I-min t r a n s i t  t ime f o r  t h e  spent f u e l .  
I .  . . . . 

~a  lcu l a t i o n s  show t h a t  due t o  streami ng o f  gamma rays, 

f ou r  vent i  la t ion-duc t  penet ra t ions  w i l l  r e q u i r e  sh ie ld ing .  The pene- 

t r a t i o n s  w i l l  be sh ie lded by shadow shi-elds placed under the  p l u g  
. . .  . . .  . , .  . 

f loor  cover ing  t h e  p e n i t r a t  ion.: : ' ~ h ?  .. bdke a t  t he  pene t ra t i on  near t h e  

per iphery '  o f  t he  b  i o  log i ca l i h  i e  l d  i s  I  R/hr . A 2 - f t  concrete shadow 
. . . . 

sh i e  l d  under t h i s  pene t ra t i on  w i l l  reduce the  ddse t o  norma l  I  eve 1 s  
. . . . 

on t h e  p lug  f l o o r .  The dose a t  the  other.  t h ree  penet ra t ions  near t h e  
. . .. . . . 

pe r  i phkry o f  the  reac to r  bu i l d  i ng i s  130 mr/,hr. Twe I  ve- i nch. concrete 



. . . . . .  , . .  . . 
,I . . ' . . , . 

shadow sh i e  l  ds ""der these pen&t iat ior i . i .  w i I  I  'i.-iS;i"&' thG' 'dose t o  norma l  
.... . . .  . , 

. . . - .  . _ . . .  : . ,. .:. . . .  
l eve ls  o n ' t h e  p.l..ug f l o o r .  . .  . . . . .  . . . . . . .  . . .  . . . . .  ; . . .  ; ' .  ; I . ,  

. . .  . . .  . , . .  . . . . . . . . .  . . . . . . .  _;,. . 
. Gamma and neu t ron  strearni ng down t h e  i ns,tkument . . Tubes, . . . .  i n  th;'!' 

?- . < . .  ....... 
b i o l o g i c a l  s h i e l d i n g  r e s u l t  i n  a  dose o f  8 R/hr a t  t h e  end o f ' t h e  fubes. 

- 
Th i r t y - s i  x inches of  concrete i s  needed t o  reduce t h i  s  dose t o  2 mr/hr.  

. . 

A f i n a l  s h i e l d i n g  r e p o r t  t o  inc lude a l l d o s e  c a l c ~ l a t i o n s  f o r  - 
Pathf i nder i s  be i ng cornp i led. . . . . 



3.2 REACTOR AND SYSTEM DYNAMICS ANALYSIS 

The ob jec t i ves  o f  t h i s  p r o j e c t  a r e  as f o l  lows: I )  t o  determine 
a n a l y t i c a l l y  t he  dynamic behavior o f  t h e  reac to r  and r e l a t e d  systems 
under normal and abnormal cond i t ions ,  and 2) t o  determine t h e  e f fec -  
t i  veness of t h e  reac to r  c o n t r o l  systems and. t he  nuc l ear i nstrumenta- 
t i o n  requirements. 

. . . . 

3.2.  l . SIMULATION . OF WiESSURE CONTROL SYSTEM 
. . : .  .. . 

The pressure c o n t r o l  system described i n  t h e  prev ious q u a r t e r l y .  

r e p o r t  (ACNP-6007) was s imulated i n  d e t a i l  on t h e  Path f inder  Transient  

Simulator .  The vo l tage leve ls ,  a m p l i f i e r  gains, propor t ional -p lus-  

r e s e t  c o n t r o l l e r  and b ias  vol tages correspond e x a c t l y  t o  t h e  ac tua l  

c o n t r o l  system. The e l e c t r i c a l ,  pneumatic, and mechanical components 

were s imulated us ing  the  best  in fo rmat ion  a v a i l a b l e .  Rate l i m i t e r s  

and func t i on  generators were used t o  s imulate t h e  t u r b i n e  i n l e t  valves, 

r e g u l a t i n g  dump va lve ,  and t h e  t u r b i n e  s top  valve.  The computer can 

thus  s imulate t u r b i n e  t r i p  and t u r b ~ n e  overspeed as we l l  as normal 

opera t ion  o f  t he  p l  an-t . 

A l i m i t e d  amount o f  experimenting w i t h  superheater temperature 

c o n t r o l  was done dur ing  the  quar te r .  As was an t i c i pa ted ,  some degree 

o f  temperature c o n t r o l  g rea t ly . reduces opera t iona l  t rans ien ts ,  especi- 

a  l l y t h e  superheater hot-spot temperature. S i nce superheater temper- 

a tu res  are d i . r e c t l y  r e l a t e d  t o  the  reac to r  power-to-flow r a t i o ,  t he  

temperature c o n t r o l  system increases t h e  response o f  steam f l ow  

t o . r e a c t o r  power. With the  method t r i e d ,  the  superheater steam o u t l e t  



temperature s i gna l (T2 1 i s  sent  through a propor t  i ona I  -p  1"s-rate am- 
- .  - 

p l i f i e r ,  : T h i s  ou tpu t  s igna l  i s  then added t o  fhe  e x i s t i n g  steam 

l i ne .  pressure s igna l '  (P2), and the  sum i s  fed t o  t h e  ex . is t ing  c o n t r o l  
. . 

I -  - 
system, Thus, t h i s  simple T2 c o n t r o l  system sends an a d d i t i o n a l  con- 

t r o l  s igna l  t o  t h e  t u r b i n e  i n l e t  valves. More experimenting w i t h  

T2 c o n t r o l  w i l l  be done du r ing  the  next  quar ter ,  and i t s  necess i ty  

and prac t  i'c,a l  i t y  w i  l l  be determi ned . 

3.2.2 SIMULATION AND SELECTION OF REGULATlNG DUMP VALVE 

Extensive ..  . .  - t e s t i n g  . was done t o  determine the  best  f l ow  character-  
. . 

i s t  ics: t o r  the  regu 1 a t  i  ng dump va l ve.. A l i near. va lve has se lec ted  

and i t s  r e s u l t s  were compared w i t h  those o f  a  standard equal-percentage 

va lve  f o r  t he  two cases o f  t u r b i n e  t r i p  ( t u r b i n e  s top  valves c lose  

i n  0.35 sec) and t u r b i n e  runback ( t u r b i n e  i n l e t  valves c lose  i n  0.6 

sec.). These t r a n s i e n t s  should impose the  most demanding opera t ion  

00 t h e  dump valve.  Computer r e s u l t s  a re  shown f o r  both t h e  l i n e a r  

and equal-percentage dump va lve  opera t ing  du r ing  tu rb ine . runback  and 
.. . 

t u r b i n e  t r i p  w i t h  t h e  t u r b i n e  i n i t i a l l y  a t  f u l l  capac i ty .  Turb ine runback 
. - . .  . . ~  ,... , 

w i t h  an equal percentage va l ve i s  shown i n  F  i.gure 3.3 w i th .  a  P2 r i se 
. . 

o f  about 30 psi  . F igure  3.4 shows t h a t  a  t u r b  i ne .runback w i t h  a  

l i near dump va lve  causes a  P2 r i s e  o f  about 15 ps i  . ~ u r b  i ne tr i pout 

w i t h  an equal percentage va lve  i s  shown i n  F igure  3.5 causing a  35- 

psi  drop i n  P2. F igure  3.6 shows t h a t  a  t u r b i n e  t r i p  w i t h  a  l i n e a r  

dump valve causes a  55 psi drop i n  P2. 
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F i g u r e  3 . 3  Turb ine  runback when i n l e t  va l ve  i s  wide open and c l oses  
i n  0 .6  sec.  - automat ic  a c t u a t i o n  o f  by-pass va l ve  (equa 1 

percentage) . ( A-C Dwg . 43-024-305) . 
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F i gure 3..4 Turb i ne runback when i n let va lve i c, wi de Gpen and 
closes if 0.6 sec.- automatic actuation of by-pass valve 

( l i near) . ( A-C Dwg . 43-024-300) . 
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F i g u r e  3 . 5  T u r b i n e  t r i p  when i n  l e t  v a l v e s  a r e  w ide  open - 'authka ' t ic  
ac- tuat  i on o f  bypass va l ve (ecjua l percentage)  . ( A-C Dwg . ~3~02-4 -303 )  

i _ .- I :  . - _  .. - 
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F i g u r e  3 .6  Turb ine t r i p  when i n l e t  va lves  a re  wide open - automat ic  
a c t u a t i o n  of bypass va l ve .  ( A - C  Dwg. 43-024-293). 



Some general comments can be- made- as a  consequence o f  these r e s u l t s :  

I )  A pressure drop w i l l  always occur i n  t he  steam l i n e  fo l l ow-  

i ng  a  t u r b i n e  t r i p .  Any lags inherent  i n  t he  c o n t r o l  system, however, 

w i l l  tend t o  reduce the  pressure change. 

2.) A pres.sure r i s e  w i  I  I  always occur dur i ng t u r b i  ne runback 

i f the.. i n ieF va lve  p o s i t i o n  i s  the  c o n t r o l  l  i ng s  i gna I  t o  the  dump 

va lve .  Any a d d i t i o n a l  lags w i l l  tend t o  increase the  d is turbance.  

3) I f  t he  dump va lve  were operated i d e n t i c a l l y  on t u r b i n e  t r i p  
. , 

and runback, a  P decrease' ( i nstead o f  an i ncrease) w i  I  I  a l s o  accompany 
2 

a  t u r b i n e  runback. Th is  mode o f  opera t ion  would be more .des i rab le  from 

a  safety-valve standpoint  s ince  t o o  great  a  P2 r i s e  would tr i p  s a f e t y  

va I  ves. 

The computer r e s u l t s  have thus  shown t h a t  an equal c h a r a c t e r i s t i c  
. . 

may be' des i rab le  f o r  a  t u r b  i ne tr i pout no t .  caused by overs peed but  

would d e f i n i t e l y  be undesi rable f o r  a1 I  o ther  modes o f  opera t ion  

because: 

I  ) A l  i near c h a r a c t e r i s t i c  i s  b e t t e r  from .a c o n t r o l  and 

s t a b i l i t y  s tandpoint  f o r  normal r e g u l a t i n g  dump valve opera t ion .  
.. 

2)  A I  inear c h a r a c t e r i s t i c  i s  a  b e t t e r  match f o r  t he  
I 

c l o s i n g  i n l e t  valves dur ing  a  t u r b i n e  runback. The r a t e  o f  change - 

o f  steam f l ow  w i t h ' s t r o k e  i s  lower than a  l i n e a r  va l ve  a t  small . , 

open i ngs bu t  much h igher  a t  h igh  . f  lows. 



3.. 2.4 S I MULAT I ON OF . REL I EF-S AFEN . VALVES- . : : 
. . . .  . . .  . . 

. ' (  . . .  . . . .  
'The four  re ' l  ie f -sa fe ty  valve c h a r a c t e r i s t i c s  were a l s o  

. . . . . . . . 

included i n  the  s imu la tor .  The valves were simulated w i t h  d i  f f k r e n t  
. . .  , . .  . . .  

open i ng and c l o s i n g  c h a r a c t e r i s t i c s  (va I  ve f low vs pressure a t  t he  
. . ' b  

. . 
va lve  i n l e t )  and va r iab le  popp'ing and r e c l o s i n g  pressures. 

. . . . .  . . 

The o f  t h i s  s i m u l a t i o ~  i s  t o  1.) s tudy the  superheater ' 

. . 
8 :: 

temperature response t o  popping of these valves under a  v a r i e t y  o f "  
. . .  . . . . . . .  I ;  

cond it i ons; 2)  determi ne the  l arges t  l ag t o  l era b  1 e  i n  the  reg"  l a t  i ng 
. . ., . 

dump valve dur ing  t u r b i n e  runback and t r i p  w i thout  popping o f  t he  
. . .  

s a f e t y  valves; and 3) e s t a b l i s h  the  optimum c l o s i n g  t ime f o r  t h e  main 
. . . . . . 

steam i s o l a t i o n  valve. 

3.2.5 SIMULATION OF ISOLATION VALVE 
. . . . . .  . . . . . .  

An i s o l a t i o n  valve assembly i n  t he  steam l i n e  was proposed f o r  
. . . !  . . . . . . . .  - 

Pa th f inder  and w i l l  have p i i m a r i  l y  two funct ions:  
. . . . 

I  ) ~ a s t  c losu re  f o r  complete i s o l a t i o n  o f  redc to r  bui l d i n g  
- .  , . .  ., . 

upon reaching a s p e c i f i e d  h igh  r a d i a t i o n  l e v e l .  - . . 

2) Contro l  va lve f o r  p ressu r i z ing  the  reac to r  "essel and 

- admi t t i ng  the  steam t o  the  t u r b i n e  (o r  main cdndensk)  d&i  & reac to r  
. . 

s t a r t u p .  
. . 

The i 'so l  a t  i qn va l ve assemb l y  wh i ch was s  i mu 1 ated, i nc luded: 
. . 

I )  A 16-in main steam i s o l a t i o n  valve t o  cl.ose i n  15'sec 

. . . . . . .  
(nominal)  a f t e r  r e c e i v i n g  a  sig.nal.  . . . . 

. . 

: 2)  An i s o l a t i o n  bypass va lve  i n  para,l ' lel w i t h t h e  16- in  va lve  

t o  c lose  i n  2  min (nominal) a f t e r  r e c e i v i n g  a  s i g n a l .  

. . 



, . - . . :  1. . . . .- . . 

. I 
.I . m 

An A l l  is-Chalmers Roto-Valve was se lec ted  f o r  the  main steam 

i s o l a t i o n  valve, and i t s  f l ow  c o e f f i c i e n t  vs. t ime was simulated. 

The i s o l a t i o n  bypass va lve  was assumed. t o  rece ive  i t s  s igna l  t o  c lose  

instantaneously w i t h  t h e  main valve, and then c lose  l i n e a r l y  i n  2  min. 
. .. 

.It was a l s o  decided t h a t  a l l  main-steam i so la t i on -va l ve  c losures  w i l l  
. . 

.. . . 
i n t e r r u p t  c o n t r o l  rod  magnet power, thus au tomat i ca l l y  scramming 

t h e  reac to r .  

The s imu la t i on  o f  the  two-valve assembly w i l l  then be used t o  
. . 

eva lua tg  t h e  f o l  lowing: 

I )  ,Reactor i s o l a t i o n  w i t h  automatic scram. 

2)  Reactor i s o l a t i o n  wi.thout scram w i t h  subsequent b lowing.  ' 

o f  r e  I i e f -sa fe ty  va I  ves. 

3.2.6. SIMULATION OF BOILER HEAT TRANSFER 
. , . .  . . . .  . . .  

3.2.6.1 Trans fer  Funct ion. The s imu la t i on  o f  the  boi ler - fuel -e lement  

heat- t ransfer  thermal lag was rev i sed  t o  correspond t o  the  new stepped 
. . 

(2-d i ameter ) Z i r c a  I  oy-c lad f ue I  p  i ns . The heat ca pac ity o f  the  

Z i r c a l o y  c ladd ing  was neglected w i t h  respect  t o  t h a t  o f  t he  uranium 

d iox ide ,  b u t  i t s  thermal res is tance i s  included. An o v e r a l l  heat 

t r a n s f e r  c o e f f i c i e n t  from t h e  edge o f  t h e  f u e l  p e l l e t  t o  t he  coo lan t  

channel was again used, and a  method of  a n a l y s i s  s i m i l a r  t o  t h a t  o f  

lr i a r t e * l g  was used. The heat  t r a n s f e r  c o e f f i c i e n t  was approximated 
. .. 
. . . . " .  
.. . 

19. M. Ir iaf$e, "An Accurate Transfer  Funct ion f o r  t he  Dynamic ~ n a  l ys i s  
o f  t h e  Temperature ahd Heat Release i n , C y l i n d r i c a l  Fuel 
Nuc I  ear ,  and Sc i ence 8; Eng i neer i  ng, 'V.  7, No. I  , p. 26, Jan. 1960. 



.d , . a t  2100 . 6. ~ t u / s e c - ~ - f t ~ ,  and i n  the  pel l e t  t h e  dens i t y  i s  636 I  b / f t 3 , .  

t he  speci f i c  heat i s  0.073 Btu /  l  b-F, and the  theima l c o n d u c t i v i t y  was 

assumed a t  0.9 Btu/sec-F-f t .  Assuming t h a t  3. per cen t  o f  t h e  power 

i s  gamma heat ing  and appears immediately i n  t he  coo lan t  channels, the  

rev i sed  t r a n s f e r  f unc t i on  becomes: 1 . .- -: 

. . 
where, 

I 

QB = Boi l e r  heat  appearing a t  f ue l  p i n  sur face 

r l  = neutron popu la? ion 

s = Laplace v a r i a b l e  
. . 

KI - appropr ia te  constant  

3.2.6.2 Superheater and B o i l e r  Heat Balance. The s imu la tdr  was modi- 

f i e d  t o  inc lude the  steam generated separa te ly  i n  t h e  superheater 

I . '  

instead o f  lumping it wiyh the  b o i l e r  steam generat ion.  T h e ' b o i l e r  

I thermal power c o n t r i b u t i o n  t o  the  r e c i r c u l a t i o n  water a t  f u l l  power 

was es tab l  i'shed a t  157.2 mw. The thermal power goi.ng t o ,  heat t h e  super- . . 

. . 

heater  moderator f l ow  i s  2.7 mw, and the  superheater power going t o  

- 
superheat ing steam i s  39.7 mw. The thermal lag associated w i t h  the  

157.2 mw i s  given' i n  Eq. 3.1. The t r a n s f e r  o f  t he  2.7'mw i s  ass.umed 
1 .  

prompt (no lag),  and the  t r a n s f e r  f u n c t i o n  associated w i t h  the .39 .7  mw 

i s  s t i  I I :  
1 



where, . . 
. . . . .. . 

6 s  = superheater t iea t  appearing a t  f u e l  sur face : .  . 

K2 = app rop r ia te  constant  

3.2.7 DOPPLER COEFFICIENT 

The Doppler coeff ic ient ' ,  r e l a t i n g  r e a c t i v i t y  changes t o  b o i l e r  f ue l  - 
temperature, dkD/  a i F ,  was reca l cu la ted  a t  0.93 x per cen t  K~/OF, ,  

corresponding t o  the  r e v i s i o n s  i n  t he  b o i l e r  core.  The c o e f f i c i e n t  

i s  l i near over a wide range o f  ope ra t i  ng temperatures; bu t  w i  l  I  i n- 

crease b.y a f a c t o r  o f  1 ..7 a t  reduced, fue I -  temperatures, 60 t o  1.00 F. 

Th i s  change i n t h e  coef f i c  i e n t  w i  l  l be taken i n t o  account i n f u t u r e  
. . . . .  

acc l den t  s tud  i es a t  Low power. 

. . 3.2.8 .RESULTS ON SIMULATOR 
. . . .  . 

~ i y r e s  3.7, 3.8,. and 3.9 show f u r t h e r  s tud ies  complefed 

on the  s imu la tor  w i t h  t h e  re ference pressure c o n t r o l  system. F igure  

3.8 shows t h a t  superheater pressure drop increases r a p i d l y  t o  about 

190 ps i  i f  t h e  bypass (dump) a c c i d e n t d l l y  opens a t  f u l l  power. The 

annular 26-mil superheater f ue l  tubes can e a s i l y  wi thstand t h i s  in-  

creased d i f f e r e n t i a l  pressure, however, s ince t e s t  r e s u l t s  have shown 

co  I  laps i ng pressures t o  be about 800 ps i . 
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F i gure 3 . 7  . Reactor sc.ram f rcm 100. p e r  c e n t  power .leve l w i t h  10' 
d o l l a r s  nega t i ve  r e a c t i v i f y  assumed i,n scram rods  (A-C Dwg. 43-024-302) 
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Figure 3.8 Accidental bypass valve opening. with no automatic 
pressure contro l . ( A-C Dwg . 43-024-30 1 ) . 
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F i gu re  3 .9  Pa th f i nde r  closed-loop frequency response. 
( A-C Dwg . 43-024-298) 



. . 

3.2 .9  S  l MPL I F l CAT1 ON OF PATHF l NDER S  l MULATOR 

I n  o rde r  t o  g a i n  a  c l e a r e r  p i c t u r e  o f  t h e  e f f e c t s  t h a t  v a r i o u s  

'system parameters have on t h e  system response, t h e  complex system 

model' was l i n e a r i z e d  and s i m p l i f i e d  so t h a t  an a n a l y t i c a l  s tudy  

would be poss ib l e .  Such a  s i m p l i f i , e d  model a l s o  a i d s  s t a b i l i t y  s t u d i e s .  

- F i gure -3.10 shows t h e  systenl b  lock d  i agram a f t e r  I  i nea r  i z a t  i on 

and severa l  assumpt i'ons. , The c  l'psed- loop t r a n s f e r  f u n c t i o n  o f  -i-h i s  

r e p r e s e n t a t i o n  compares q u i t e  f a v o r a b l y  w i t h  t h a t  f rom t h e  complex 

s i m u l a t o r  model, as i s  seen i n  F- igure 3.9, T h e  d iscrepancy i s  due 

t o  t h e '  f acP t h a t  t h e  t r a n s p o r t  lag i n t h e  r e c  i r c u  la? i on  loop was 
I 

. . . - ,  . . 

approx imated 'as a  f i r s t  o r d e r  lag. 

T h i s  approximate mathematical  system model w i l l  be a p p l i e d  t o  

o p e r a i i  ng r e a c t o r s  i n  an a.ttempt t o  v e r  i f y  exper imenta l  l y  t h e  baz i  c 

model f rom which t h e  ~ a t t j f . i n d e r  s imu la to r  was bu i  I t .  

. . . . 
'3.2. I 0  HAZARDS CALCU LAT l ONS 

. . . . 

3 . 2 .  10. 1 ~u ' pe rhea te r  D S ~  i n  i nq ACC i d i n t  . The P a t h f  i nder superh&ater  
.. . 

w$.s.designed w i t h a  p o s i t i v e  d r a i n i n g , c o e f f i c i e n t  o f  r e a c t i v i t y .  As 

a' r esu  l  t, t h e r e  i s  t h e  poss i  b  i l  i t y  o f  an excurs  i o n  upon acc i denta.1 

superheater  d r a i n i n g  d u r i n g  s t a r t u p .  I n  o rde r  t o  i n v e s t i g a t e  t h e  t y p e  

o f  s t a r t u p  acc iden t ,  t h e  r e a c t i v i t y  as a  f u n c t i o n  o f  d r a i n i n g  l e v e l  

i n  t h e  superheater  was found ? i t h  a  two-dimensional  PDQ c a l c u l a t i o n s .  

.Superhea-l-er d r a i n i n g  r a t e  i s  be ing  c a l c u l a t e d  f o r  severa l  d i f -  

f e r e n t  cond i ' t i ons :  d r a i n i n g  th rough t h e  r e l i e f  va lves,  d r a i n i n g  v i a  



. ' '  F igure  3'.'10 - L i  near i zed b lock, di.agram o f  reac to r  core..dynarnics; .' 
( A-C Dwg . 43-024-296).. . . 

. . .  ... .: ' , : . . !  

t he  pur i f i c a t  i on .system, and dra i n i.ng through the  ma i n steam I  i'ne 

i s o l a t i o n  va Ive. As soon as these ca Icu l a t i o n s  are  comp leted, a 
. . . . , . .  . :_. . , .  . . . .  . I . .  . .. :, 

r e a c t i v i t y  i n s e r t i o n ' r a t e  f o r  superheater d ra in ing  w i l l  be obtained. 

..Th i s  . v i i  I  I  then be used t o  i nvest i  gate .the 'power excurs ion dur i ng t h e  
. . 

,act i dent. , . . , . 

. .. . . 

3 .2.10.2 Star tup Acc'ident. A general ized reac to r  s ta r tup  accident  was 

postu la ted cons is t i ng  o f  a large p o s i t i v e  r e a c t i v i t y  a d d i t i o n  

causing a r a p i d  pressure and.power r i s e  i n ' t h e  vessel, where: 

. I )  the  reac to r  i s  i n i t i a l l y  c r i t i c a l ,  



2 )  r e a c t o r  p ressure  i s  i n i t i a l l y  anywhere between atmospheric 

and 615 ps ia ,  . . 

3) r e c i r c u l a t i o n  pumps a r e  f o r c i n g  water through t h e  core ,  

4)  r e a c t o r  vessel  i s  p r a c t i c a l l y  f i l l e d  w i t h  subcooled 

'wa te r  w i t h  a  v e r y  smal l  steam (gas) dome, i f  any, \, 

5 )  r e a c t o r  can scram o n l y  due t o  h i g h  f l u x  ( low p e r i o d  

causes automat ic  r o d  runback o n l y ) ,  

6 )  i f t h e  r e a c t o r  does n o t  scram, r e  l  i e f  s a f e t y  va l ves  a t  

superheater e x i t  a r e  assumed t o  blow a t  about  615 p s i a  and pass water .  

The a n a l y s i s  o f ' t h i s  acc iden t  cons i s ted  ma in ly  o f  d e r i v i n g  a  

r e l a t i o n  between t h e  c o r e  heat  re l .ease r a t e  and t h e . r a t e  o f  p ressure  

r i s e .  Assumptions a re .be ing  made rega rd ing  n e t  s'team gener,ation due 

t o  subcooled b o i l i n g  and t h e  d i s t r i b u t i o n  o f  hea t  w i t h i n  t h e  r e a c t o r  

vesse l .  I t  i s  assumed t h a t  t h e  Doppler e f f e c t  w i l l  be t h e  o n l y  shut -  

down mechanism present;  i .  e.., t h e  nega t i ve  r e a c t i v i t y  due t o  v o i d  > 

f o rma t i on  w i l l  be neg lec ted .  

A  study was i n i t i a t e d  du r i ng  t h e  qua r te r  t o  determine t h e  t r a n -  

s i e n t  performance o f  t h e  r e a c t o r  over a  wide range o f  ope ra t i ng  and 

s t a r t u p  c o n d i t i o n s  t a k i n g  i n t o  account: 

I )  v a r i a b l e  two-phase f r i c t i o n  f a c t o r  us i ng  a  mod i f ied -  

M a r t i n e l l i  c o r r e l a t i o n ,  



2 )  v a r i a b l e  r e c i r c u l a t i o n  .. . pump :head us i ng  r e s u l t s  o f  r e c e n t  

h o t  loop pump t e s t s .  
. , - . .  . . - .  . .. 

. . 3)'  v a r i a b l e  v0i.d r e a c t i v i t y . c o e f f i c i e n t  a+ lower v o i d ~ v o I u m e s .  

R e s u l t s  o f  I )  and 2 )  w i l l  y i e l d  a r e l a t i o n  d e s c r i b i n g  t h e  r e c i r -  

c u l a t i o n  f l o w  as a  f u n c t i o n  o f  t ime ,  w h i l e  3 )  w i l l  determine r e a c t o r  
. . 

power as a  f u n c t i o n  o f  t ime .  

.. . . . 
. .  ' 

3 .2.12 TIME DEPENDENT NEUTRON FLUX DISTRIBUTION 
. .  . . . . .  1 . .. . , 

Usi  ng. ' . the .vo id  feedback model developed ear  1 i e r  f o r  t h e  simp 1 e  

one-d i mens i ona I.,..mode~l,: a  .two-node hand ana I  y s  i s  and a  f i ve-node ana I  og 

computer an,a I ys,i s were made which: show t h a t  ,no osc i I  l a t  ions i n  f  1 ux .shape ~v i l I  

occur  because o f  v o i d  fo rmat ion  and v o i d  t r a n s p o r t  up a  cool .ant  channel .  

A ha.rmo,nic ana lys . i s ,  wherei,n neu t ron  d i s t r i b u t i o n  and v o i d  d i s t r i b u t i o n  

were eypanded i n  a  s e r i e s  o f  or thogonal  f unc t i ons ,  a l s o  showed t h a t  no 

o s c i l l a t i o n s  o f . f l u x  shape w i l l  occur ,  i n  a  b , o i l i n g  water r e a c t o r  be- 

cause, of. v0i.d f o r m a t i o n  and t ranspor- I - .  . . 



3.3 CRITICAL EXPERIMENTS 

The o b j e c t  o f  t h i s  p r o j e c t  i s  t o  perform t h e  necessary c r i t i c a l  
experiments to.checl< the  t h e o r e t i c a l  t calculations and prov ide a means 
o f  c o r r e l a t i n g  t h e o r e t i c a l  and experimental r e s u l t s .  

3.3.1 CONTROL ROD WORTH MEASUREMENTS 
, . . . . .. 

Ttle f i r s t  p a r t  o f  t h e  c o n t r o l  r o d  worth measurement was discussed 

i n  the  l a s t  q u a r t e r l y  repo r t ,  AC'NP-6007. I n  summary, the  cor,e load- 

idg  f o r  t h i s  measurement cons is ted  o f  96 b o i l e r  elements w i t h  an 

average enrichment o f  1.89 per cent .  The superheater was i u i  l y  

loaded w i th  428 fue l  elements, each element con ta in ing  two f u e l  tubes but  

no poison rod .  The l a t t i c e  was a "cold cleariPr mockup. It was found 

t h a t  950 grams o f  na tura l  boron, un i fo rm ly  d i s - t r i bu ted  i n  t he  b o i l e r  
. . .  . . .... 

cdre, was requ i r k d  t o  ho l  d  down the  excess r e a c t i  v i  ty . ThB r e a c t  i v i t y  

wdrth o f  t h i s  boron po.ison was determined:to be 10 per cent,  by 
' . .  . . . . 

i ncrementa l  worth measurements and two-d i'm$.ns i ona l d i f f  ljs.i80n ca lcu- 
. . . :  

l a t  ions.. 

The uni form boron poison was then replaced w i t h  2 w/o boron- 

s t a i n l e s s  s tee l  c o n t r o l  rods i n  a pa t te rn  as shown by F igure  3.11. 

C r i t i c a l i t y  was achieved w i t h  a l l  rods e i t h e r  f u l l y  withdrawn o r  
. 

.. . 

f u  I  l  y i nserted, as, . ,."&ted, . except f o r  one regu l  at . i  ng r o d  a t  about 
.. :: . '. :.. 

co re  midplane. Therefore, the-  worth o f  t he  13-1/2 inser ted  rods i s  . 

10 per cent  A K .  The t o t a l  con-krol rod  wor-kh ' i s  +he sum o f  th'i.s ,I 0  

per cent  A K and t h e  worth o f  t he  6-1 / 2  rbds i e q u i  red  o u t  f o r  c r i t i c a l -  

i t y .  The worth o f  the  6-1/2 rods, .as measured by the ,rod drop 



AT 36 INCH '>  
F i g u r e  3 .11  C o n t r o l  r o d  p a t t e r n  f o r  r o d  drop exper iment .  S o l i d  

rods  deno-ie f u l l - i n .  Whi te  r ods  denote f u l l  o u t .  

method descr ibed  beiow, was found t o  be 3 .6  pe r  c e n t A k ,  g i v i n g  a  

t o t a  i c o n t r o  l  r o d  wor th  o f  13.6 per  c e n t  A k .  Thi s i s  t h e  c o n t r o  l  

r o d  wor th  f o r  t h e  c o n f i g u r a t i o n  c i t e d ,  which was n o t  an exac t  mock- 

up o f  -I-iis P a t h f  i nder c o  I d  c  lean c o r e .  

Us ing  methods t h a t  a re  be ing  a p p l i e d  t o  t h e  c a l c u l a t i o n  o f  t h e  



Path f inder  r o d  worth ( r e f e r  to .Sect ion .  3.11,: c o n t r o l  rod  worth o f  13.9 

per cent  AI( and 13.4 per cent  Ak  f o r  t he  8 1  and 64 rod  sect ion,  
.. . . ( * .  . - . . 

r e s p e c t i v e l y  were ca l cu la ted  f o r  t h i s  core.  h his ' i s  i n  good agree- 
, .  . 

ment w i  t H  the  13.6 per cen t  ~ ' k  kekz"rkd f o r  the  i:ntegra l core o f  8 1 r od  
. , 

lower: and 64 , r o d  upper l a i t i  ces i n t h  i s  c r  i t  i.ca,l exper iment. ' C 

. . , . . ,;; : . . . .  . . , ,  ., . 

Th is  experiment was performed t o  determine. the r e a c t i v i t y  worth 
. . . . - . .  . . .... ' . ?+ 

o f  1 /2 w i thd iawn '  and 6 f  u  l  l y  withdrawn c o n t r o l  r o d i  i 'n  a,. f u I  I  core  ' 

a l ready co" ta i n  i ng 13 f u I ,  l y i nser ted r .03~.  ... The .ro'd conf'i gura t  i on i s 
a . . .  , -. . 

. . 

. L. 

shown i n F i gure 3.12. Bas i ca l l y  t he  measur&nent cons i i t s  o f  measur i ng 
. - 

f he  neutron count r a t e  before and immediately a f t e r  a r o d  drop. 

.. . . . 
 he r e a c t  i v  i:i;:a&sbc i ated w i t h  the. dropped r d d i  "i 2 8 t unc t  ion o f  t h e  

': 

r a t i o  o f  the  two 'count ra tes .  . .  (count  . , r a t e  i s  here  def i  ned as the  
. .. . .. . .. . , . .  

f i n i t e  r a t i o  AN/ AT, .not the  d i  f f,erent i a  I  d n i d t ) .  . ' 

. .  . 
' ,  ' , .:. .. . 

> .  . 
The apparatus con.si ;ted o f  a mi n i a t u r e  f i ss ion counter', pream- 

p l  i f  i e r ,  amp1 i f i e r ,  sca le r ,  p r i n t e r ,  s ta r . t i ng  c i r c u i t ,  and t i m e r .  

The m in ia tu re  f i s s i o n  counter which was pos i t ioned a t  var ious  loca- 

t i o n s  w i t h i n  t h e  core, was used t o  de tec t  the  neutron f l u x  a t  c r i t i -  

c a l i t y  before the  r o d  drop, and a f t e r  the  rods had been inser ted .  

P r i o r  t o  t he  drop w i t h  t h e  reac to r  c r i t i c a l  15-sec count ing  r a t e s  

were determined as a pre-drop reference.  The s t a r t i n g  c i r c u i t  was 

then s e t  (See Sect ion 3.3.4) and t h e  rods were scrammed. When the  

rods  reached the  f u l l - i n  p o s i t i o n  (about 0.7 sec a f t e r  scram), t he  

s t a r t i n g  c i r c u i t  was energized, t r i g g e r i n g  the  sca ler ,  and the  postd 



F igu re  3.12 Locat ion o f  data p o i n t s  f o r  rod  drop experiment. D 
denotes dropped; a l l  o ther  rods are s t a t i o n a r y .  Each p o i n t  shown 
was taken a t  an a x i a l  l oca t i on  o f  40 i n .  above the  bottom o f  t he  f u e l .  
The t o t a l  f ue l  length i s  72 i n .  

drop count ing r a t e  was measured. The count ing  o f  t h e  post-drop f l u x  

lasted f o r  15 sec, a t  which t ime t h e  i n teg ra ted  counts f o r  t h i s  

pe r iod  was p r i n t e d .  Th is  15-sec count ing  r a t e  was then t h e  post-drop 

re ference.  



. . . . 

To a very good approximation, t he  negat ive r e a c t i v i t y  inser ted  

i n a j u s t  c r i t i c a l  (K = I  -00). reac to r  can b e  re'6resented by p = C(R-I ) ,  

- .  
where C i s  a constant,  ahd R .i.s fhe' r a t i o  o f  pre-drop t o  post-drop 

neutron count r a t e  . that  i s  begun immediately a f t e r  t h e  i n s e r t i o n .  The 
. a  

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

t ime  behavior o f  a c r i t i c a l  reac to r  f o l l o w i n g  a negat ive r e a c t i v i t y  
. . 

i  n j e r t  i an i s .theorel- i ca l l  y bi-ed i c ted  by. t he  neutron ' ba lance equat ion.  
.. , 

The LaPlace t rans form technique was used t o  solve the  equat ion, y i e l d i n g  

R as a func t i on  o f  p .  and AT. For  a AT o f  .Is-sec and s t a r t i n g  w i t h  
' . '  I 

. . . , 

r e a c t  i v i  t ies  o f  t h e  order  t o  be measured, t he  ca l cu  l a t  ion's y i e l ded a 

va l ue o f  0.002733 - + 0.000003 f o i  C f o r  . .  -p ' ,~xpressed '  . .  i n per'cent . A  k/k . 
, . ,  . 

The r a t i o  o f  pre-drop t o  post-dro,p neutron f l u x  caused by a d i s -  

c r e t e  absorber var i'es w i t h  t h e  ,prox i m i t y  o f  the  measurement I oc'at ion 
. . . .. 

t o  t he  absorber because of  changes i n t h e  f  l  ux'  J i st; i bu t  ion.  ;There- 

fo re ,  t h e  messurernent o f  pre-drop t o  post-drop f l ux '  was made i n  20 

d i f f e r e n t  reac to r  loca t ions  chosen t o  g i ve  a rep resen ta t i ve  p i c t u r e  

o f  The t o t a l  behavior.  The data p o i n t  loca t ions  are  a l s o  shown i n  F igure  

3.12 and the measured value o f  ,O f o r  each data p o i n t  i s  presented 

i n  Table 3.4. To ob ta in  a value f o r  t h e  r e a c t i v i t y  worth o f  t he  
~-. - 

r o d  drop; these values o f  p were app rop r ia te l y  averaged over the  

reactor-  core.  A value o f  3.6 per cent  AK was obta ined as the  rod  

drop worth. 

Not included i n  t h i s  t a b u l a t i o n  a re  several measurements 

o f  +he r e p r o d u c i b i l i t y  a t  a g iven reac to r  l oca t i on  and measurements 



TABLE 3.4 VALUES OF OBTAINED BY ROD DROP 
(See F ig .  3.12 t o r  locati.,on o f  daia po in t s )  

o f  t he  pre-drop t o  post-drop r a t i o  a t  several a x i a l  p o s i t i o n s  o f  a  .. 

f i x e d  X-Y l oca t i on .  The r e p r o d u c i b i . l i t y  o f  t he  measurements were 

Data K Data K 
Po i n t  (Per cen t )  Po i n t  (Per Cent) 

I  4.03 I  I  2.80 

2  4.62 12 2.8 1 

3  3.76 13 2.94 

4  3.63 14 3.56 

3.85 15 3.95 ' 5 

6 3.98 16 5.30 

7  3.56 17 3.70 

8  3.17 18 ' 3.45 

9 3.47 19 2.81 

10 3.67 20 4  . 00 
i 

found t o  be w i t h i n  + - 3  per cent .  .No d iscernable v a r i a t i o n  i n  p was 

found between d i f f e r e n t  a x i a l  pos i t i ons  o f  a  f i x e d  X-Y l oca t i on .  

3.3.3 MEASUREMENT OF CONTROL ROD DROP TIME 

Th is  experiment was performed t o  determine as accura te ly  as 

poss ib le  the  t ime i n t e r v a l  from the  i n s t a n t ' a  reac to r  scram s igna l  

i s  g iven u n t i l  t h e  c o n t r o l  rods reach the f u l l - i n  p o s i t i o n .  



I 
Figure 3.13 Schematic o f  e l e c t r i c a l  c i r c u i t  f o r  drop t e s t s .  The 
9-v b a t t e r y  ( I )  suppl ied scope s igna l  and t r i g g e r  power. The nor- 
mal l y  open contac ts  (4,5) were p a r t  o f  r e l a y  Sx4 i n  the  c o n t r o l  con- 
so le  and c losed on scram. 

Apparatus used i n  t h i s  experiment included a power supply, a  

s t a r t i n g  c i r c u i t ,  a  micro-switch t o  i nd i ca te  when the  rod  was in ,  and an 

osc i l loscope w i t h  at tached po la ro id  camera. 

A schematic o f  t he  e l e c t r i c a l  c i r c u i . t  u t i l i z e d  f o r  drop t e s t s  i s  

shown i n  F.i gui-e 3.13. 

The rod  drop t i m e  t e s f s  were performed i n  con junc t ion  w i t h  the  

rod  drop exper imentsd The reac to r  was brought t o  power i n  a  normal 

ope ra t i ng  manner and upon reaching c r i t i c a l i t y  a t  a  c e r t a i n  power 

leve i  and operat ' icg a'r t h i s  p o i n t  f o r  a  s h o r t  t ime, t h e  reac to r  

scram bar was pushed dropping a l l  rods ( f i v e  s a f e t y  rods and two re-  

g u l a t i n g  rods ) .  Although t h e  m a j o r i t y  o f  t e s t s  were performed under 

ac tua l  opera t ing  cond i t i ons  w i t h  t h e  r o d  dropping i n t o  a  w a t e r - f i l l e d  

core, t e s t s  were a l s o  performed t o  determine the  drop t ime i n  a i r .  

For the  l a t t e r ,  t e s t s  were performed a t  shutdown c o n d i t i o n  w i t h  but  



one r o d  (Safety 4) being r a i s e d  and then dropped v i a  the  normal reac to r  

scram push bar rou t i ne .  

B r i e f l y ,  the  technique u t i l i z i n g  the  scope i s  as fo l lows:  The &$ 
scope prov i  des i t s  own l  i ght  s  i gna f which w i  l  l  t r ave rse  the  screen 

10 cm i n  di'stance i n  any o f  severa I  t ime s e t t i  ngs. The beam t rave rse  

i s  i n i t i a t e d  o r  t r i g g e r e d  by an increment o f  vo l tage app l i ed  t o  the  

scope t r i g g e r  te rmina ls .  

This  l i g h t  beam i s  de f i ec ted  v e r t i c a l l y  when an ex terna l  vo l tage 

i s  app l ied  t o  t h e  scope input  te rmina ls ,  the  amount o f  v e r t i c a l  

d e f l e c t i o n  i s  p ropor t iona l  t o  the  vo l tage app l ied .  
5 i 

For the  drop t ime t e s t s ,  t he  sweep t ime was s e t  a t  0.1 cm/sec 

which then gave a  t o t a l  screen t rave rse  t ime o f  I  sec. 

The sirJeep cou l  d  have been tr i ggered by the  9-v s  i gna I  . the@! ns tan t  

t he  scram push bar a c t i v a t e d  r e l a y  Sx4 but  f o r  c l a r i t y  t h e  sweep was 

t r i g g e r e d  by c l o s i n g  a  rnicroswitcl-I ( 6 )  supply ing npproximately 
- .  

I-v t o  the  t r i g g e r  input  an i n s t a n t  before the  scram bar was pushed. 
fs 

EI 

Refe r r i ng  t o  F igure  3.14 the  i n i t i a l  por l - ion o f  t he  sweep 

i n i t i a t e d  by c l o s i n g  the  microswi tch ( 6 )  was de f l ec ted  upward s l i g h t l y  

'corresponding t c ' t h e  app l ied  9-v reduced by the  vo l tage drop across 

the  3.3 kohm r e s i s t o r .  'The i n s i a n t  t he  scram bar was pushed, r e l a y  

Sx4 c losed, s h o r t  i ng ou t  t he  r e s  i s t o r  and the  l  i g h t  beam i s  def l  ected 
* 

corresponding t o  +he f u l l  9-v app l i ed .  This  9-v t r a c e  was susta ined 

u n t i l  t h e  rod  dropped t o  i t s  f u l l - i n  p o s i t i o n  and actuated micro- 

sw i tch  ( 3 8  opening the  c i r c ~ i t .  The remainder o f  t he  sweep i s  t he  base 
- 7 

I  eve l  beam o r  i g i na t  i  ng i n  'the scope. 
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Figure 3.14  Measurement of control-rod drop time, safety rod No. 4,
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Each large d i v i s i o n  on the  photograph corresponds t o  0.1 sec 

each small d i v i s i o n  t o  0.02 sec. The. drop t ime cou ld  then be determined 

t o  w i t h i n  one hundredth o f  a  second by count ing  the  d i v i s i o n s  t raversed 

by the  9-v s i g n a l .  

Drop t ime was obta ined f o r  17 reac to r  scrams dur ing  the  rod- 

drop experiment. I n  15 instances t h e  measured drop t ime was 0.68 

sec and the  remaining drop t imes were measured as 0.67 sec. 

Four rod  drops were made i n  a i r  a t  shutdown cond i t i ons  w i t h  

i rod  drop t ime measured as 0.63 sec and th ree  drop t imes i n  0.64 sec. 
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. I . 1 N 1 TI AL STAB l,LI TY AN.n. PEPFOFNAbICE TESTS 

The initial objective of this project is to fabricate a special 
oscillator control rod and drive mechanism together with suitable 
instrumentation to .measure the resulting variations in neutron 
flux. This equipment will then be used to conduct oscillator tests 
in Pathfinder to verify dynamic performance calculations and to I 

determine experimentally the stability of the reactor system. 

1. 1 . OSCl LLATOR ROD -AND DRIVE . . 

Layout of the osci I lai-or rod was prepared, and the des ign i s 

continuing. Difficulty was encountered in selecting the i~eutron 

poison. 6oron sl-eel was proposed, however, shaping and affixing 

it in-to the oscillator rod-or is a problem. As a result, cadmium, 

0.010 in. of which would be equivalent to l/8 in of boron steel is 

being considered. 

Since cadmium melts at 609 F, and since it will opera-i-e in the 

core at about 500 F, a test was conducted to determine its behavior 

at operating conditions. A stainless steel cylinder was plated 

with about 0.007 in of cadmium, placed in a furnace and held at 500 

F for about a week. The objective was to dei-ermine the stability 

of cadmium at this temperature. 

The resuits are encouraging, and further tests were started. 

These include the testing of a 0.070-in thick cadmium plate clamped 

beiween two stainless steel plates maintained at 500 F for several 

weeks. A l so, TWO cy'l i nders with shaped cadmi urn p late are be i ng 

prepared for tests. Other poison materials are be,ing investigated 

I : Another area that is being investigated is the oscillator rod 

rofor support bearing. This bearing will have to support about 100 

\ 



pounds t h r u s t  load and ope ra te  . . ,  a t . 4 9 0  F w i t h  water  l u b r i c a t i o n .  

A v a i l a b l e  b e a c i n g . t e s t  da ta  was .ob ta ined  i n  t e s t s  a t  cons ide rab l y  
. . 

lower speeds i h a n  a r e  r e q u i r e d  (abou t  1/4 P a t h f i n d e r  speed i s  
.. . 

t h e  maximum ava i l ab l e .da i - a ) .  A t e s t  program i s  t h e r e f o r e  be ing  
. . . . 

prepared t o  eva lua te  t h e  v a r i o u s  c o r r o s i o n  r e s i s t a n t  water  l u b r i -  

ca ted  bear ings  under expected P a t h f i n d e r  c o n d i t i o n s .  






