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I 

The i n i t i a l  phase of t he  p r e s s u r e  drop t e s t i n g  program on proposed f u e l  
e lement  des ign  shapes f o r  t h e  high-temperature ,  gas-cooled power r e a c t o r  as 
d e s c r i b e d  i n  r e p o r t  MonN-383 has been completed w i t h  t h e  compi la t ion  of  p r e s s u r e  
drop  d a t a  f o r  t h e  f l a t - p l a t e  r ive ted-assembly  t y p e  o f  u n i t ,  t h e  r i b b e d  c y l i n d e r  
t ype ,  t h e  s i n g l e  b e n t - p l a t e  t y p e  bo th  w i t h  and wi thout  r i v e t s ,  t h e  13 hexagon - 
6 pentagon t y p e ,  and t h e  7 - h o l e  g r a p h i t e  type.  
was conducted f o r  t h e  purpose of de te rmining  t h e  e q u i v a l e n t  s k i n - f r i c t i o n  
p r e s s u r e  drop  f a c t o r  f o r  composite f u e l  e lement  c ross -sec*ions ,  and f o r  d e t e r -  
mining t h e  j o i n t  l o s s  f a c t o r s  f o r  m r p i n g  degrees  of misalignment of t h e  f u e l  
u n i t s  i n  t h e  f u e l  channels  of t h e  p i l e .  

This  phase of t h e  program 

The. p re s su re  drop  through a gas  cooled  r e a c t o r ,  n e g l e c t i n g  t h e  change i n  
e l e v a t i o n  e f f e c t  as n e g l i g i b l e ,  may be  computed from t h e  equa t ion ,  

(g ) +  
where t h e  meanings of t h e  sym3ols 

9. 

)I 
1 

a r e  as d e s c r i b e d  i n  t h e  body of t h e  r e p o r t .  

For a f i r s t  spproximzt ion  of p r e s s u r e  drop th rough  a g2s cooled  r e a c t o r  
of 2- inch diameter  f u e l  chsnnels  i n  which t h e  exac t  s h p e  of f u e l  e lement  may 
no t  b e  i n i t i a l l y  known, t h e  fo l lowing  average  f r i c t i o n  f a c t o r s  may be used ,  

a. Skin f r i c t i o n  f a c t o r .  

b ,  F u e l  u n i t  j o i n t - l o s s  f a c t o r .  This f a c t o r  w r i e s  w i t h  t h e  Cross s e c t i o n  
of the u n i t  and the  type  of end c o n s t r u c t i o n  used. For a u n i t  s i m i l a r  
t o  t h e  type  "C", t h e  f a c t o r ,  h c  , i s  approximately 0.300 f o r  Reynold's 
numbers f r o n  3000 t o  50,000. 
value  of t h i s  f a c t o r  f o r  Reynold's niim3ers f r o m  3000 t o  5C,OOO i s ,  

For t h e  o t h e r  u n i t s  t e s t e d  the  average  

Type of Unit  

F-2C u n i t  0.033 
F-25-A u n i t  0,150 
13-Iiex, 6-Fent . u n i t  c) .580 

An average va lue  of k e f o r - t h e s e  f o u r  u n i t s  f o r  a range i n  Reynold's number 
from 3000 t o  50,000 i s ,  &=0,265. 
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c I  Brick j o i n t  loss  f a c t o r .  This f a c t o r  may be neg lec t ed  i n  a f i r s t  
approximation of p r e s s u r e  drop  s i n c e  it i s  u n l i k e l y  t h a t  t h e r e  w i l l  
be misalignment of t h e  moderator b r i c k s .  

d.  Entrance and e x i t  loss f a c t o r s .  These f a c t o r s  mciy bo d e t s r n i n e d  w i t h  
s u f f i c i e n t  accuracy  from t h e  l i t e r a t u r e .  

e r  A c c e l e r a t i o n  loss .  Since the  e x i t  and en t r ance  gas t empera tu res  w i l l  
be known, t h i s  l o s s  i s  r e a d i l y  computed. 

The average gas f low a r e a  f o r  a t y p i c a l  f u e l  element i n  a 2 i n c h  d iameter  
f u e l  channel my be taken  as 0.0t& square f ee t ,  and the average equ iva len t  
d iameter  a s  0.0309 f e e t .  If a f u e l  clement i s  con temphtod  i n  which r i v e t s  
w i l l  be. used  f o r  c o n s t r u c t i o n ,  a p re s su re  d rop  p e r  r i v e t  equa l  t o  approximate ly  
one - t en th  of a v e l o c i t y  head must be added. 
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The i m p o r t m t  f a z t o r s  which detarrr ine t h s  Optimril f u e l  e l tment  des ign  
f o r  a gas cooled power p i l e  ? r e  phJrsics requirements  such 3 s  escspe of f i s s i o n  
products ,  loading  of f u e l  i n  t h e  u n i t ,  h:at  t r z n s f e r  and tw r e s u l t m t  p r o b l e m  
due t o  therm21 s t r e s s e s ,  h igh  tompsrnturc  p r o p e r t i e s  of +,h~ m t o r i a l ,  e3sc of 
f a b r i c s t i o n  of t h e  u n i t ,  znd p rcs su re  drop chrough t h e  p i l z ,  Obviously, t h e  
des ign  of a f u e l  u n i t  which f z v o r s  one f a c t o r  nay a l s o  adve r se ly  s f f . j c t  c ino thx .  
Therefore ,  t h e  design of t h o  f x l  u n i t  i s  a compromisc nnong t h e s e  va r ious  
f a c t o r s  t o  o b t s i n  t h e  optimum des ign  shape and s i n u l t a n s o u s l y  minimize gas 
pumping powe r. 

B r i e f l y ,  t h e  he2t  of f i s s i o n  genera ted  i n  t h e  f u e l  u n i t  must S e  t r a n s -  
f e r r e d  t o  the  gzs o r  c o o l a n t ,  nnd, hence, out of t h e  p i l e .  I n  orc?er t o  t r z n s m i t  
t h i s  hea t  t h e r e  must be 3 d i f f d r e n c e  i n  tcmpcra turc  b e t w c n  t h e  i n t e r i o r  2nd 
s u r f a c e  of t h e  f u e l  u n i t ,  and the t empemture  g2 rd ien t s  t h u s  c s t i b l i s h e d  w i l l  
cause d i f f e r e n t i d  t h e r m 1  expazsion of %he m t e r t a l .  
expnnsion in t roduces  t h r ? r m l  s t r e s s e s  which may ciusc: f r n c t u r s  i f  n o t  q l l e v -  
i a t e d  by n l a s t i c  flow. Tri insffr  or" t h e  iiezc frcm t h e  f u e l  u n i t  s u r f z c e  t o  t h e  
gas req u i r e s  3 d e f i n i t e  919% f o r  rt g i v a  coolnnt  f low snd t e q e r a t u r e  i n  o rde r  
t o  keep  t'ne su r face  tcmpsrz ture  of t h e  f u e l  elerient -.t 7 p e r n i s s i b i s  l e v e l .  
One method of accompl ish ins  t h e s e  o b j e c t i v e s  and m t ? a c t i n g  grldat-ter power from 
t h e  p i l e  i s  by des igning  t h e  f u e l  u n i t  wi th  a l a r g e  s i i r fnc?  t o  volune r a t i o .  
Hcsmver, i n c r e a s i n g  t h s  s u r f a c e  t o  voluxe r a t i o  r e s u l t s ,  i n  g m e r a l ,  i n  
dec reas ing  t h e  hydrau l i c  r ldSus  of tk  gas passage w-cn w i t h  ;I cmsequen t  
i n c r e a s e  i n  p re s su re  dro? ti:rouB?h t5; p i l e .  I t  i s  d c s i r a b l e  t o  keer, t h i s  
p re s su re  drop t o  'z rrLi?-im:. f o r  t x  r ? a s o n s .  F i r s t ,  t h e r e  i s  a d e f i n i t e  per- 
centage of t o t a l  p i l e  o u t y ~ ;  ~ ' i i c h  c t n  be ecoLiorr,iazlly o , l l o c i t e d  t o  t h e  blowers.  
Second, R s i n g l e  s t a g z  b l o w r  i s  I iTi i ted i n  p rc s su re  r i s e  which can be impar ted  
t o  t h s  g a s  by t h e  msximurn t o p  speed a t  which t!?e b l a c c r  can opera te .  

This  d i f f c r e n t i d  

Therefore ,  i n  order  t o  ob ta in  D fuo1  u n i t  w i t h  2 su r fzce  t o  volume r a t i o  
s u f f i c i e n t  t o  gene ra t e  and t r a n s m i t  t h e  h o i t  of f i s s i o n ,  m d  at t he  same t i ne  
minimize thormal  s t r e s s e s  t o  a permisssb lc  va lue ,  v i r i o u s  f u a l  u n i t s  of  more 
o r  l a s s  i n t r i c z t e  c r o s s  sectioricil shapes have been proposed. 'i f e w  of these 
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shapes,  s e l e c t e d  as t y p i c a l  of the des ign  p roposa l s ,  arc shown i n  F igure  3 .  
Obviously,  each  c r o s s  s e c t i o n  proposed w i l l  a l t e r  t h e  gas f low area i n  a f i x e d  
two-inch d i sme te r  f u e l  channel  h o l e ,  and, hence,  t h e  p r e s s u r e  drop through t h e  
p i l e ,  s i n c e  f o r  a g iven  power output  and c n t r m c e  and e v i t  gas  temperature  t h e  
t o t a l  gas f low must remain t h e  same. 

The e x i s t i n g  l i t e r a t u r e  on p res su re  d r o p t h r o u g h  p ipes  s n d  tubes  docs n o t  
i n d i c a t e  methods of a c c u r a t e l y  c a l c u l a t i n g  p res su re  d rop  through channels  of 
such  composite shapes a s  r e p r e s e n t e d  by t h e  f u e l  u n i t s ,  a l t hough  t h e  w e l l  
known Fanning equa t ion  i s  o f t e n  used  f o r  aporoximating p res su re  drop through 
annu la r  spaces  us ing  the e q u i v a l e n t  d iameter  concept .  Therefore ,  a l a b o r a t o r y  
pressure-drop  t e s t  appa ra tus  was c o n s t r u c t e d  by which t h e  p re s su re  drop th rough  
a s imula t ed  r a s c t o r  f u c l  chznncl  u s i n g  t y p i c a l  f u e l  alement des ign  shapes could  
be measured, F igure  31 i n  Appendix A shows 8 t y p i c a l  gas-cooled r e a c t o r  f u e l  
channel  assembly and Figure  30 i s  a s e c t i o n  e l e v a t i o n  o f  t h e  p i l e  s t r u c t u r e  
showing t h e  r e l a t i o n  of t he  f u e l  channels  t o  t h e  gas f low system. 

P i  l e  P res  s u r e  Drop Equclt i o n .  (*) The Fanning e q u a t i o n  i s  g e n a r a l l y  used f o r  
computing p res su re  d r o p  through c i r c u l a r  p ipes ,  and m2y be used w i t h  c a u t i o n  
f o r  computing p res su rc  drop i n  annu la r  spaces .  Eowever, i f  t h e  core  of  a n  
annu la r  space i s  not  c o n c e n t r i c  w i t h  t h c  l s r g e r  p i p e  o r  i s  of  i n t r i c s t e  c r o s s  
s e c t i o n ,  as  i n  t h e  f u e l  u n i t  des ign  shapes,  s u b s t a n t i a l  a e v i z t i o n s  i n  a c t u a l  
p r e s s u r e  drop  w i t h  t h e  computed va lue  msy occur .  The u s u a l  f o r m  of h Fanning 
e q u a t i o n  f o r  pressure drop  i n  c i r c u l a r  p ipes  and a n n u l w  spaces  i s ,  I37 

This  component of t h e  p i l e  p r e s s u r e  drop equz t ion  i s  3 measure of t h e  channel  
wall f r i c t i o n ,  and i n  t h j s  cqu0,tion thc  va lues  of { e  f o r  a given Reynolds 
number should correspond t o  t h o  v a l u s s  from t h e  l i t e r a t u r e  as reproduced i n  
F igure  2. 
i n c h  l e n g t h s )  of f u e l  e l e m n t s  a l i g n e d  .It random i n  2 t w o  i n c h  c i r c u l a r  opening 
i n  t h e  moderator b r i c k s .  Hence, t o  the Fznr ing  e q u s t i o n  f o r  s k i n  f r i c t i o n  d rop  
must be added f a c t o r s  t o  account  f o r  misalignmcnt of t h e  u n i t s  and b r i c k s ,  
i n l e t  znd o u t l e t  shock losses and f o r  l o s s  i n  p r e s s u r e  due t o  a c c e l c r s t i o n  o f  
gas  through t h e  p i l e .  

The f u e l  chsnncl  i n  t h e  p i l e  w i l l  c o n s i s t  of s h o r t  s e c t i o n s  ( f i v e  

Becsuse i n  most p i l e  des igns  t h e  l eng th  of each f u c l  e l e x n t  i s  only  a 
f r a c t i o n  of t h o  t o t a l  l e n g t h  o f  t ho  f u s l  chsnnol ,  shock l o s s e s  w i l l  occur  a t  
the j u n c t i o n  o f  t h e  e l e n e n t s .  Thcse losses  n i l1  v3ry  w i t h  the a l i g n n e n t  of 
t h e  f u e l  e lements ,  w u p a g c ,  des ign  of t h e  f u e l  element ends and the  r e l a t i v e  
spac inc  m i n t z i n r d  between t h e  elcments .  The f u e l  clement j o i n t  l o s s  s x p r e s s i o n  
i s  



t he  e s se  of 
many s h o r t  

the  f u e l  e lements ,  t h e  modarator b r i c k  chsnnel i s  made 
l e n g t h s ,  more or l e s s  smoothly conncctcd, snd ,  hence, 

each j o i n t  w i l l  be a source of p o s s i b l e  p rz s su re  d r o p  duc t o  eddy c u r r e n t s .  
However, t h o  c o n s t r u c t i o n  of t h e  b r i c k  i s  such  t h a t  t h i s  l o s s  should be a 
minimum i n s o f a r  t h 2 t  it i s  ex t remely  u n l i k e l y  t h s t  t h c r e  w i l l  be misalignment 
3 s  i n  t h e  e s s e  of f u e l  e lements .  The expres s ion  f o r  moderator b r i c k  j o i n t  l o s s  
i s ,  

The i n l e t  and o u t l e t  shock lo s s  f a c t o r s  a r e  f a i r l y  a c c u r a t e l y  de ts rminable  
f rom t h e  l i t e r a t u r e ,  and t h i s  d.egree o f  accuracy i s  cons idered  a d e q n t e  f o r  
p i l e  design.  The i n l e t  shock l o s s  expres s ion  i s ,  

f a ? =  
The o u t l e t  shock l o s s  expres s ion  i s ,  

Since t h e r e  i s  an i n c r e a s e  i n  v e l o c i t y  o f  t h e  gas  throuch t h e  p i l e  due 
t o  s b s o r p t i o n  o f  hefit energy,  and t h e  p rocess  t r k c s  p lace  i n  ?L cons tan t  c r o s s  
s e c t i o n a l  a r e a ,  t h a r e  w i l l  be a corresponding drop i n  zbso lu te  p re s su re  s s  
g iven  i n  t h e  fo l lowing  expross ion ,  

) 
G S  I ( 7 ; - z  

---- 
2 2  /3 TAY 4/32 

Neglect ing t h e  chfincc i n  elevztion e f f c c t  as be ing  of n e g l i g i b l e  v r l u e  
i n  a gas-cooled Gi lc  and corqL?inir,:; the  previous express ions  f o r  i n d i v i d u s l  
p re s su re  drops ,  t h e  fbl lot , in; ;  c q u z t i o n  i s  obts ined ,  

- 9 -  



= P r e s s u r e  drop t h r u  p i l e ,  Lb. p s r  sq. f t .  

= Gas flow per  ch3nne1, Lb. p r  sq. f t .  per s e c .  

- l c c e l e r z t i o n  due t o  gr?.vity, 32.2 f t . y c r  s ec .  p e r  
see. 

f hvarage densitSr of p s ,  Lb. p s r  cu .  f'c. 

- - Tiall f r i c t i o n  f z c t o r  

& - Lenzth of gas passace, F t  . 
z Equivz len t  d i s m t e r ,  Ft. 

z Xumber of f u e l  e l e m i n t s  per  channel  

= Fuel  eleinent j o i n t  l o s s  f a c t o r  

- - Moderstor b r i c k  j o i n t  l o s s  f a c t o r  

= F r a c t i o n  of i n l s t  v e l o c i t y  haad l o s s  

- F r a c t i o n  of o u t l e t  v e l o c i t y  head l o s s  

- - Gas i n l e t  t empzrs ture ,  daErecs PAnkine 

.. - G ~ s  o u t l e t  tempGrstur2,  degrccs  Rsnkine 

- - 

- 

4 v ' r z p  gss  t e n p z r i t u r c ,  degroes Hmkine 

P r e s s u r e  drop t c s t  s p p s r a t u s .  Thc prcssurL? drop I: f o r  v i r i o u s  proposed f u e l  
elements was m s s u r e d  i n  a n  ~ p p n r z t u s  as shotvn by T i q u r c  1. In t h i s  appar%tus  
s i r  st c o n s t z n t  temperzture  i s  dc?liv,?red t~ thc? preszur.: drop t e s t i n g  s e c t i o n  
by mezns of tl Ho. 55 Roots -Comcrvi l le  p o s l t i v e  disFlzcernznt gzs pump. Com- 
pressed  a i r  frorn t h e  pump i s  f i r s t  dcl ivercc!  L o  z surgz tink t o  smooth ou t  
va r i t l t i ons  i n  s i r  p r e s s u r e .  
t o  t h i s  t z n k  such t h a t  by a p p r o p r i a t e  vs luca  t h e  a i r  CPL? be  mctered throuch  
e i t h e r  3. 0.750 i n c h  o r  a 1.4925 i n c h  s h s r p  edgcd o r i f i c e ,  depending on t h e  
volume: of a i r  f low,  s n d  h m o  t h e  p r e s s u r e  drop  mezsuring s e c t i o n .  Ehno- 
meters are connected t o  t h e  melsur ing  s o c t i o n  t o  mzzsurc t h e  p r z s s u r e  drop  
through t h e  f u e l  Glements, 2nd t o  t h e  s h a r p  edged o r i f i c e s  f o r  me2suring f l o w ,  
(?is temperatures  w e  obtz incd  by  s tzndzrd  Cent igrsde mercury thermometers 
i n s e r t e d  i n  wel l s  i n  t h e  gss st resm. The mothod of c s l c u l z t i n g  f low by 
use of t h e  ASIIIE coae is  o u t l i n e d  i n  4ppendir: B. An i n d i c i t i n g  f l o w  meter tvss 
connected t o  t h e  o r i f i c e s ,  b u t  WIS never  c z l i b r s t e d  2nd consequent ly  wzis n o t  
used f o r  t % s e  t e s t s .  

.4 2 i n c h  znd I 3 i n c h  s t s n d a r d  pipe are connected 

- 
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Since a i r  st cons tan t  tempera ture  i s  used a s  t h e  gas i n  t h e  p re s su re  drop 
t e s t  appa ra tus ,  t h e  equa t ion  f o r  p i l e  p re s su re  drop i n  t h i s  case reduces t o ,  

If t h e  p re s su re  drop measurements a r e  m d e  w i t h i n  t h e  f u e l  element l eng th  and  t h e  
p re s su re  drop i s  expressed  i n  l b s .  per  sq.  i n , ,  t h i s  equa t ion  becomes 

where 
= Pressu re  drop, l b .  p e r  sq. i n .  

The f a c t o r s  $ b  6, and j2, are z e r o  i n  t h i s  expres s ion  s i n c e  t h e  mezsuring 
s e c t i o n  of t h e  t e s t  a p r a r s t u s  i s  a smooth two i n c h  i n s i d e  diameter  b r a s s  t ube  
w i t h  no j o i n t s ,  and t h e  p re s su re  drop measurements a r e  taken w i t h i n  t h e  f u e l  
element assembly l eng th ,  hence en t r ance  and e x i t  l o s s e s  a r e  abdent.  

Dividing both  s i d e s  of t h i s  e q u s t i o n  by t h e  l enTth  of the t e s t  s e c t i o n  over 
which t h e  p re s su re  droa measuremnts  are taken,  f;he expres s ion  f o r  p re s su re  drop 
per  f o o t  of channel  l e n g t h  i s ,  

-i 
- -- - - I  

c A 

f i e  (4’- J 1 i - -c 
l4cc A p  --_ -_. 

t 
Therefore ,  

Since a l l  te rms  on t h e  l e f t  hand s i d e  of t h i s  equa t ion  a r e  determinable  f r o m  

R e  G s  ttsrsus Remolds  number, --- 
t e s t  data,  a p l o t  of /44 --.____ Qp ,/ 2;p G * 

A 
-- --.- 

L 
m y  be c o n s t r u c t e d  on loga r i thmic  graph paFer,  and s i x e  t h i s  v s lue  equals t h e  

expres s ion  -- J C.(iv-d -I-----_ _ _  __-_ vs lues  f o r  lc and e a r c  r e a d i l y  obta ined .  
4 f o  
QC 

L 
The values f o r  ( e  were ob ta ined  bv caus ing  t h e  u n i t s  t o  remain a l i g n e d  i n  t h e  
t e s t i n g  s e c t i o n  by sm11 dowel p i n s  and assuming t h e  j o i n t  l o s s  f a c t o r ,  4 ,  , as  
zero.  
by s u b t r s c t i g g  t h e  va lues  of from t h e  sum 9 s  obta ined  from t h e  grLiph and 
so lv ing  f o r  %c . 1; e 

Test da t a  and r e s u l t s .  The da ta  ax3 r e s u l t s  of p re s su re  drop tes t :  a r e  g iven  
in t h e  fo l lowing  f i g u r e s  2nd t s b l e s  f r o m  which t h e  va lues  of ft and 
obta ined  f o r  any Reynolds number w i t k i n  t h e  ranqe of t e s t  d a t a  f o r  a g iven  shape 
of f u e l  unit..  Whereas FlcAdams wmns of the  i n d i s c r i m i n a t e  use of t h e  Fsnning 
equa t ion  fo r  computing p res su re  droF i n  a n n u l s r  spaces  i n w h i c h  t h e  core is no t  
concen t r i c  w i t h  t h e  l a r g e r  p ipe ,  t h e  r e s u l t s  of t h e s e  t e s t s  i n d i c a t e  that t h e  

Values f o r  ice were c a l c u l s t e d  f o r  1150 and 90°dpos i t i ons  o f  n i sa l ignment  

& e  may be 
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Fanning e q u s t i o n  my be used f o r  e s t i m a t i n g  s k i n  f r i c t i o n  drop through a gns 
cooled  p i l e  when u s i n g  prover v a l u e s  f o r  e q u i v s l e n t  d i a n e t n r  2nd cas p r o p e r t i e s .  
I n  g e n e r z l ,  t h e  F s w i n g  f r i c t i o n  f a c t o r s  as derived from f r i c t i o n  f a c t o r  curves  
f o r  smooth t u b e s  c o r r e l a t e s  f a i r l y  c l o s e l y  w i t h  the s k i n  f r i c t i o n  f a c t o r  from 
t h e  p r e s s u r e  drop t e s t  d s t a .  
l i t e r a t u r e  have been superimposed on t h e  same curve s h e e t s  as  t h e  observed s k i n  
f r i c t i o n  f a c t o r  f o r  t h e  f u e l  u n i t s .  

For purposes of coTparison t h e s e  v a l u e s  from t h e  

Four curve  s h e e t s  i n  g e n e r a l  are presented  f o r  each  f u e l  u n i t  t e s t e d .  The 
f i r s t  s h e e t  of each  s e r i e s  g r s p h i c a l l y  d e p i c t s  t h e  d a t a  from t h e  t e s t  r u n  i n  
terms of p r e s s u r e  drop  i n  pounds p e r  square  i n c h  p e r  f o o t  of l e n g t h  of  f u e l  
channel v e r s u s  m s s  f low of a i r  i n  pounds per  second on o r d i n a r y  graph paper.  
Each run of f u e l  u n i t  p r e s s u r e  drop was made w i t h  t h e  u n i t s  a l i g n e d ,  45 degrees  
misa l igned  and 90 degrees  misa l igned ,  On t h i s  curve s h e e t  i s  a l s o  d e p i c t e d  a 
f u l l  s i z e  c r o s s  s e c t i o n a l  drawing of t h e  f u e l  element shape w i t h i n  t h e  f u e l  
channel .  E r e c t l y  below t h e  drawiqg i s  t h e  computed ?as flow %rea and e q u i v a l e n t  
diameter .  The e q u i v a l e n t  d iameter  i s  d e f i n e d  as four  t imes  t h e  h y d r a u l i c  r a d i u s ,  
t h e  h y d r a u l i c  r s d i u s  b e i n g  t h e  gas f low % r e a  d i v i d e d  by the w e t t e d  p c r i n e t e r .  

The second sheet i n  each s e r i e s  i s  a l o g s r i t h m i c  graph of the e x p r e s s i o n  
Dc ((ss (-!!!!I ) v e r s u s  Reynolds number, ----- where each  term 
/G- 

is a s  p r e v i o u s l y  d e f i n e d ,  and /Lc i s  thjz v i s c o s i t y  of t h e  gas i n  pounds per  f o o t  
p e r  second. 
p i l e  p r e s s u r e  drop e q u a t i o n  m y  be determined by asstiminy t h e  j o i n t  l o s s  f a c t o r  
as z e r o  f o r  t h e  u n i t s  ziligned and s u b s t i t u t i n g  nnc! s o l v i n g  f o r  6 i n  t h e  previous 
equat ion .  This va lue  of f v e r s u s  Pcjmolds numbcr i s  p l o t t e d  l o g a r i t h m i c a l l y  
on t h e  t h i r d  s h e e t  of e a c h  s e r i e s ,  For comparison t h e  F a x i n g  f r i c t i o n  f a c t o r  
f o r  smooth t u b z s  i s  2 1 5 0  p l o t t e d  on t h i s  s h e e t .  If d e s i r e d ,  t h e  e q u i v a l e n t  s k i n  
f r i c t i o n  f a c t o r  may a l s o  be rexd  versus  t h o  e x p r e s s i o n  K C  which i s  shown as  

From t h i s  graph t h e  e q u i v a l e n t  s k i n  f r i c t i o n  f a c t o r  term i n  t h e  

a n  a u x i l i a r y  s c a l e  st t h c  cop of s h e L t .  ,kr 

The f i n a l  curve s h e e t  of each s e r i e s  i s  a l o g a r i t h m i c  p l o t  of t h e  f u e l  u n i t  
j o i n t  l o s s  f a c t o r ,  
ob ta ined  from curve two of each s z r i e s .  This f a c t o r  i s  o b t s i n c d  by o b t a i n i n g  
v a l u e s  f o r  t h e  e x p r e s s i o n  

numbcr and knowing t h e  term 
express ion ,  $ e  . 
scale,  lvq. 

e , v c r s u s  deynolds number f o r  t h e  miss l igned  u n i t s  and i s  

‘B, A/*-/) for a given Reynolds .- [ % +  - -  L 
4 $ / ~  f o r  t h e  u n i t s  a l i g n e d  s o l v i n g  f o r  the 

This  i s  a l s o  p l o t t e d  f o r  convenience wi th  t h e  m x i l i a r y  

A L  - 
Over t h e  l i rn i tgd  range of Re-rnolds numbers from 3,000 t o  50,000 the  da ta  Bor 

t h e  e f f e c t i v e  v w 1 1  f r i c t i o n  f a c t o r  may be f a i r l y  a c c u r a t o l y  givzn )y the  e q u z t i o n ,  

where f e  = < q a l ~  f r i c t i o n  f s c t o r  

Jc r Constsnt  

\<e z Reynolds number 

‘)i = Emonent  
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For each  u n i t  t h a  vslucs of IC srid n are  given i n  the fo l lowing  t a b l e ,  

Table 1, 

E f f e c t i v e  W a l l  F r i c t i o n  F a c t o r  

Shape of Assarnbly --- -- - _I -. - - 
F l a t  plate a s s l y  (Type F-26-A) 

Ribbed c y l i n d e r  (Type F-28) 

S ing le  plate-Type ‘ t ~ ” - ~ o  r i v e t s  

S ing le  p l s t e  - T-fpe “C”-with r i v e t s  

13 Hex: - 6 Fentagon 

7 hole  g m p h i t e  - (Type F-25-4) 

B-2733 

8-2656 

B-2656 

B-2257 

8-1519 
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K - --- 
* 

0.130 

0 .ob0 

* 
0.062 

0.075 

n 
I_ --- 
* 

o .292 

0,259 

* 
0,222 

0.246 
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TYPE F-26-A FU3L UNIT - 
This  t v y e  of f u e l  u n i t  i s  z des ign  u s i n g  s i x  p a r a l l e l  p l x t e s  of uranium - 

The p l a t e s  z r e  0.125 i nches  i n t h i c k n e s s  with a 
be ry l l i um a l l o y  f ss t t tnad  t o g e t h e r  by f o u r t e e n  r i v e t s ,  each having a maximum 
space r  d iameter  of 3/16 inch.  
spsc ing  o f  0.200 inch  between p l a t e s .  
i s  1-7/8 i n c h  with a l e n g t h  of 8 inches .  
a r a d i u s  of 1/16 inch  t o  minimize r e e n t r a n t  p r e s s u r e  drop j o i n t  l o s s e s ,  

The maximur? o v e r a l l  d iamztcr  of t h z  u n i t  
The ends  of t h e  p l a t e s  are  rounded t o  

Xi th  t h i s  u n i t  it W ~ S  no t  p o s s i b l e  bo seg rega te  t h e  skin f r i c t i o n  p r e s s u r e  

However, as expec ted ,  this u n i t  hza t h e  l a r g e s t  p rzssur5  drop  per  f o o t  
drop  f w t o r  2nd j o i n t  l o s s  p re s su ra  d r o p  f z c t o r  because of the presencs  of t h e  
r i v e t s ,  
of l e n g t h  of nny of t h e  u n i t s  tesked .  
drop through t h e  L a r i e l ' s  p i l e  a t  20,000 Kw p i l e  ou tpu t  i s  6.4 lb .  Fer sq. in .  
A t  12,000 Kw ou tpu t ,  t h e  p r e s s u r e  drop i s  2.5 lb .  pe r  sq. i n .  Compared t o  t h e  

r i v e t s ,  t h i s  i s  z n  i n c r e s s e  or" 225 percen t  a t  20,000 Kw ou tpu t ,  and. 213 pe rcan t  

From Figuro 33 i n  iippendix A, t h e  p r e s s u r e  

p r e s s u r e  drop through the s i n g l e  p l a t e  It Type C" t y p  of bent  Flake u n i t  

st 12,000 KW output .  

w i t h o u t  

The f r f c t i o n  f o r  turbulent f low of z f l u i d  normal t o  7 bznk of tubes  i n  
l i n e  i s  @van by lncldsms a s ,  

and , 

F r i c t i o n  i n  f c z t  x pounds f o r c e  yer  pound of  f l u i d .  

Number of rows of tubos  over which f l u i d  f lows  

filzximum f l v i d  v e l o c i t y  based on t h e  minimum f r e e  w-aa, f t .  pe r  
second 

Conversion fsc , tor  i n  Newton's law of motion, equa l s  32.2 f t .  x 
pounds naztter/ ( sec . ) ( sec . ) (@ounas  f o r c e )  

Rnt io  of t h e  l o n g i t u d i n z l  p i t c h  t o  t u b e  d iameter  

Rstio of tha t r s ; ? svc r sc  p i t c h  t o  tube  d iameter  

0 . u  4- (1.13/21 G ) 

Flzss v e l o c i t y ,  l b .  of f l Q i d / ( s e c ) ( s q . f t ,  of c r o s s  s e c t i o n ) .  
I n  all c u e s  i s  basi.d on t h e  mininun f r e e  a r e z .  

Outside d i m e t o r  of t u ' z  , f e e t  

V i s c o s i t y  of F l u i d ,  l b / (  sec)  ( f t )  



lJsing t h e s e  equat ions  snd cons ide r ing  tht: r i v e t s  EIS t u b a s  i n  l i n e ,  one may 
esc imate  t h 3  e f f e c t  of the r i v e t s  on pressure drop per  f o o t  of l eng th .  T i t h  
t h e s e  equa t ions  and u s i n g  the method of computation 3 s  prev ious ly  desc r ibsd ,  
w i t h  t h e  accompanying e x p e r i n c n t z l  dx tz ,  t h e  ;k in  f r i c t i o n  prcssuro  d r o p  f % c t o r  
and j o i n t  l o s s  pressure d r o p  f i c t o r  m y  be c s t i m t e d ,  i f  rdqu i r cd ,  f o r  t h i s  u n i t .  
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II Sing le  P l a t e  Type C" Fuel  Unit 

n 

This u n i t  i s  e s s c n t i 3 l l y  z p i r s l l e l  f l a t  p l s t s  t y p ~ ,  s i m i l i r  t o  the  E'-26-A 
des ign ,  w i th  t h e  e x c e p t i o n  t h r t  t h e  u n i t  i s  f 2 b r i c i t e d  from one s i n g l e  uranium - 
b e r y l l i u m  a l l o y  p l a t e  1/8 i n c h  t h i c k  ben t  l o n g i t u d i n z l l y  t o  t h e  shspe shown i n  
F ig .  7. S t r u c t u r a l l y  t h e  u n i t  i s  s u f f i c i e n t l y  s t r o n g  t o  hold  i t s  shzpc z t  room 
tempzrs ture  wi thou t  t h e  s i d  of t h e  r i v s t s .  However, It op; r%t iny  pi15 tompsrz tures  
it i s  f e a r e d  t h a t  t h e  u n i t  may deform such  as t o  czuse t h e  u n i t  t o  jam i n  t h e  f u e l  
chsnnel .  Hence, f i vc  r i v e t s  a r e  shown ho ld ing  czch p l s t c  r i g i d l y  a t  a sp%cing of 
0.200 i n c h  from i t s  neighbor .  
i nch  and 1 l e n g t h  of 8 inches .  

The u n i t  has 3 msximum o v e r z l l  disrneter  of 1-7/8 

This u n i t  was t e s t e d  b o t h  w i t h  2nd wi thou t  r i v c t s  2nd t h e  resu l t s  s re  shown 
by F igures  8 t h r o ~ g h  14 i n c l u s i v e ,  F igure  8 i s  z grsph ic21  t s b u l i t i o n  of t h e  
obsarved d z t a  f o r  t h i s  u n i t  w i t h o u t  t h a  r i v e t s  2nd shows t h e  p re s su r2  d rop  i n  
pounds per  squx-e i n c h  p c r  f o o t  of l s n g t h  v e r s u s  t n c  m u s  f l o w  of z i r  throu'gh t h e  
channel  i n  pounds p s r  second. 
and t h e  e q u i v a l e n t  dismeter  is 0.030 f t .  

The gzs f l o w  a r e s  of t h i s  u n i t  i s  0.0145 sq. f t .  

F igu res  9, 10 2nd 11 3re logz r i thmic  p l o t s  of  p re s su re  drop f a c t o r s  v z r s u s  
Reynolds number f o r  t h e  u n i t  w i thou t  r i v e t s .  Tho curves of F i g u r s  10 a r e  cn lcu-  
l n t e d  f r o m  &tz  from Figure  9. 
t h i s  u n i t  i s  below t h a t  of t h z  Fsnning f r i c t i o n  f s c t o r  f o r  smooth t ubes  snd  
roughly  pzxrsl le l .  
"Tvpe C" u n i t  wi thout  r i v e t s  2nd i s  *13so de r ivcd  from t h e  d z t a  of F igure  9. 

The e q u i v z l e n t  s k i n  f r i c t i o n  f a c t o r  curve f o r  

F igure  11 i s  z curve o f  t h c  f u e l  u n i t  j o i n t  loss f z c t o r  f o r  t h s  

It i s  not  expi.cted t h z t  t h e  p re s su re  dro;. f o r  z s e r i 7 s  of  r n r i l l e l  p1Tte.s 
should  be l e s s  t h z n  t h e  p r s s s u r c  drop  2s p r c d i c t o d  bv us ing  t h c  e q u i v z l e n t  d i a -  
m u t e r  concept  k i t h  the  Fznning f r i c t i o n  f s c t o r  f o r  smooth t u b e s .  Thc e q u i v z l e n t  
d izmeter  wzs t h e r e f o r e  r c c z l c u l i t c d  Cissuming t h i t  t h e  f w ?  clernznt c o n s i s t e d  of 
9 channels  i n  pwlzllej. 3y t h i s  mothod the equ i rmlen t  d i z m t e r  - m s  

Only sctii21 sur f?ce  ires wzs ch t rgcd  t o  czch chxnnel,  t h z t  i s ,  i m g i n i r y  
boundary l i n e s  wcrc no t  c k l r g e d  s s  "wetted" p c r i m t c r .  
m?de the  p r e d i c t e d  p r e s s u r e  drop more n e w l y  co inc ide  wi th  t e s t  r e s u l t s  b u t  2s 
can be s?en  produced no b e t t e r  sgre-mcnt. A c z r e f u l  chuck wzs m d e  of 311 dimen- 
s i o n s  of t h e  f u e l  e lements .  The f l o w  w3.s checked by both the  .750 i n .  d ixmeter  
o r i f i c e  and t h e  1.4925'' d i m e t c r  o r i f i c e  wi thou t  d i screpancy .  
r zad ings  were checked wi th  p re s su re  t s p s  l o c i t e d  b e f o m  m d  .nf tor  t he  f u z l  c lements  
and s u i t ? b l y  c o r r z c t e d  f o r  e n t r m c e  nnd e x i t  IOSSOS. 
found f o r  t h i s  d i screpancy ,  t h e  t e s t  r s s u l t s  are h e r e i n  p re sen ted  b u t  it i s  zdvised  
t h a t  t h e  more cons2rva t ive  d z t z  z v s i l a b l e  f r o n  t h e  l i t < r z t u r e  be uscd. 

This mathod should  have 

The p res su re  drop  

Since no e x p l m s t i o n  c m  be 

Figure  12 shows t h e  p r e s s u r c  drop i n  pounds per squzre  i n c h  pe r  f o o t  of lGngth 
versus m s s  flow of ? i r  i n  l b s .  pcr  slscond f o r  t h e  s i n g l e  p l z t e  I1  Type C" u n i t  w i t h  
r i v e t s  i n sGr ted  i n  t h e  two cnd h o l t s .  Th.: c f f z c t  of t h e  r i v c t s  i s  t o  i n c r e z s e  t h e  
p i l e  p r e s s u r e  drop by 32.5 pe rcen t  i t  z p i l e  ou tput  of 20,000 Kw compzrcd t o  
p re s su re  drop th rough  t h e  u n i t  with no r i - m t s .  
gryphs c o n s t r u c t e d  t o  show g r i r h i c s i l l y  th3  e f f e c t  of t h c  r i v e t  I d d i t i o n .  
114 i s  p l o t t e d  t h e  r i v e t  f z c t o r  f o r  t h z  u n i t s  T l i p > d  znd m i s i l i p e d .  
m%y be c o n s i d f r e d  t o  zdd .nn i n c r c m n t  of n r e s s u r e  dron e q u i v z l c n t  t o  spprzmim?tely 
one-tenth of t h e  v e l o c i t y  hczd. 

F ig .  13 snd 14 xre  logz r i thmic  
On l i g .  

Ezch r i v a t  

- 22 - 
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Type F-28 7uel Unit 

These u n i t s  w r e  f z b r i c x t e d  e s p c c i 2 l l y  f o r  t h e  p re s su re  drop t z s t s  from 
-.luminum b i l l e t s ,  The F-28 type of u n i t  i s  t h e  s imples t  conceivable  type ,  
be ing  e s s e n t i s l l y  z c y l i n d e r  4. inches  long w i t h  zn  i n s i d e  di2metcr of one i n c h  
2nd a n  o u t s i d e  d i ime tc r  of 1-1/2 i n .  Threo r i b s ,  spzced e q u i l l y  i round t h e  
per iphary ,  w i t h  s n  overs11 dizmeter  of 1-15/16 i n ,  a r c  used f o r  cen te r ing  t h 3  
u n i t  i n  t h e  f u e l  channel ,  Presumably, t h e  u n i t  zs designed f o r  power e x t r s c t i o n  
would be f r rbr icz ted  f r o m  urznium impregmted  g r2ph i t e  or  be ry l l i um oxide.  

Figure 16 i s  2 g r i D h i c i 1  p r e s c n t s t i o n  of t h e  p re s su re  drop dzts .  The f u e l  
element c r o s s  s e c t i o n  d e p i c t s  tho f u n c t i o n  of  t h e  c a n t e r i n g  r i b s ,  Zsch loaded 
f u e l  element chznnel h2.s a gss f l o w  s r e a  of 0,0143 s q ,  f t .  and a n  zqu iv2 len t  
d iameter  of 0.0456 f t .  
of p re s su re  drop f a c t o r s  f o r  t h i s  u n i t  versus  Beynolds number. F igure  18 shows 
t h e  equ iva len t  s k i n  f r i c t i o n  f z c t o r  2nd zgrces  f s i r l y  c l o s e l y  wi th  t h e  Fznning 
f r i c t i o n  f s c t o r  f o r  snoo th  t u b e s .  F igure  lC3 shows t h e  f u e l  u n i t  j o i n t  l o s s  
f a c t o r .  This f z c t o r  i s  shown t o  decre?.se from ‘L vzlue of zbout 0.054 st a 
Reynolds number of 2000 t o  3 v d u e  of zbout 0,022 a t  z Rcynolds number from 
20,000 t o  5O,OOO, A s  might be expected,  t h e s e  curves  ind ic . i tc  t h a t  t h e  p re s su re  
drop through t h e  p i l e  i s  lower t h s n  f o r  t h e  o t h e r  u n i t s .  O c t w l l y ,  compzred 
t o  t h e  s i n g l e  p l s t e  “Type C” u n i t  w i t h  no r i v e t s ,  t he  pressure  drop i s  35 percen t  
lower a t  20,000 Kw ou tpu t ,  

Zigures  17 through 19 i nc lus ivGly  % r e  logz r i thmic  grsphs  
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Tvpe F-25-D Fuel Unit  

, 

These u n i t s  2re  f z b r i c i t o d  e i t h e r  of g r a p h i t e  o r  b6 ry l l i um oxide 2nd tzrc 
t h e  n e s r e s t  d3s ign  2pFroiCh t o  t h e  s imple c y l i n d r i c 2 1  shape f o r  z u n i t  w i t h  t h e  
g r e a t e s t  surf ice- to-volume r a t i o  m d  2 w t z l l  th ickncGs t h i n  enough t o  minimizc 
t h e r m 1  s t r e s s e s .  3:sch u n i t  i s  6 inches  long w i t h  seven holGs dach 15/52 i n .  
dizmeter  d r i l l e d  l o n g i t u d i n i l l y .  S ix  of t h e  ho les  z r c  spQcitd equx l ly  i round  t h e  
c e n t r z l  ho le  and 311 h o l c s ,  w i t h  t h e  excep t ion  of t h e  c c n t r s l  ho le ,  which w i l l  
s lways remain a l igned ,  a r e  beve led  t o  ninirr,ize t h e  r e s n t r z n t  p rz s su re  drop j o i n t  
loss8s.  The o v e r a l l  d i smeter  of t h e  u n i t  i s  1,875 i n .  

These u n i t s  r e s u l t  i n  s l i g h t l y  h ighe r  p re s su re  drops thzn t h e  "Type C" 
u n i t  w i thou t  r i v e t s .  
F-25-D u n i t  i s  2.35 p s i  and f o r  t h e  "Type-C" u n i t  i s  2.00 p s i  o r  zn  i n c r e z s e  
of 17.5 pe rcen t .  
I p p 3 r a t u s  versus  s i r  f low m d  t h e  c r o s s  s e c t i o n a l  sh?pe, gzs f l o w  z r w  znd 
e q u i v s l e n t  di2meter  . 
t h e  Fznning f r i c t i o n  f s c t o r  i s  very  c lose  f o r  t h i s  u n i t  zs shown by Figure 23. 

A t  20,000 Kw p i l e  ou tput ,  t h e  p re s su re  drop through t h e  

F igure  21 shows t h e  p re s su re  drop  through t h e  p re s su re  drop 

The agreement i n  equiva len t  w a l l  f r i c t i o n  f z c t o r  w i t h  

F igure  24 i n d i c a t e s  t h z t  t h e  j o i n t  loss fzictor  w i t h  t h e  u n i t s  miss l igned  
remains cons tan t  3t  0.150 through t h e  Reynolds number range f r o m  2000 t o  k0,OOO. 
A s  mentioned above, t h e  rezson  $ha t  t h i s  f 3 c t o r  i s  cons ide r sb ly  l e s s  t h a n  t h 3 t  
f o r  f u e l  e lements  "C" and t h e  13 - hex, 6 pentzgon u n i t  i s  becsuso the ho les  
a r e  beve led  a t  t h e  i n l e t  and o u t l e t .  30 i t t e m p t  wzs made t o  reduce t h e  j o i n t  
l o s s e s  i n  the  o t h e r  mentioned 1Ze1 element d e s i g n s ,  
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13 Hexagon, 6 Pent3aon Fuel  Unit  

This u n i t  i s  t h e  n e w e s t  approach t o  t h e  optimum des ign  of l i r g e  s u r f a c e -  
to-volume r z t i o  and t h i n  w a l l s  of m y  of t h e  u n i t s  t e s t e d .  However, as a 
consequence the  p res su re  d rop  i s  r o l s t i v e l y  h igh ,  Compzred t o  the s ing le  p l s t e  
"Type C" u n i t  wi thout  r i v e t s  t h e  p r e s s u r e  drop  z t  20,000 KVJ ou tput  of t h e  p i l e  
i s  75 pe rcen t  h ighe r ,  2nd 170 pe rcen t  h igher  t han  t h e  type  F-28 u n i t r  

e 

For t h e  purpose of conduct inf  t h s  p r e s s u r e  d rop  t e s t s ,  s i x t o e n  o f  t h e  u n i t s  

Each u n i t  c o n s i s t e d  of 
wsre f z b r i c s t e d  from lectd by pour ing  i n s o  c s p e c i s l l y  c o n s t r u c t e d  s tDc l  molds. 
The u n i t s  were 5 i n .  long by 1-7/8 i n .  o v e r a l l  diameter.  
a honevcomb of hexigon9.l ho les  17/& i n ,  ?.cross fl.nts s e p z r a t e d  by zi 5/& in .  
t h i c k  w a l l .  
c e n t e r i n g  t h e  u n i t s  i n  t h e  f u a l  c h x n m l .  

S ix  of t h e  o u t e r  ho le s  were shzped as shown f o r  t h e  purpose of 

Agreement o f  t h e  e f f ec t ive  ~ ~ 2 1 1  f r i c t i o n  f a c t o r  with t h e  Fcinning f r i c t i o n  
f a c t o r  f o r  smooth t u b e s  WIS v e r y  good 2 s  shuwn by F ig .  28. 
loss f s c t o r  f o r  misa l igned  u n i t s  w 2 s  s u b s t a n t i a l l y  c o n s t a n t ,  as shown by F i g ,  
29, n r y i n g  from 3 f s c t o r  of 0.60 st 2 Reynolds number of 4000 t o  a f a c t o r  of 
0.50 z t  5 Reynolds number of 5OlOO0. 

The f u e l  u n i t  j o i n t  

- 43 - 
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APPEWDIX A 

P i l e  P res su re  Drop. 
drop t e s t s  were t o  o b t z i n  d a t a  on e q u i n l e n t  s k i n  f r i c t i o n  m d  j o i n t  l o s s  f s c t o r s ,  
t h e  ac tu i i l  p re s su re  drops through the  D m i e l ' s  gas cooled  power p i l e  u s ing  t h e  
type  f u e l  u n i t s  t e s t e d  have been computed, znd t h e  r e s u l t s  I r e  p re sen ted  2s 
f o l l o w s  such that a compzrison of t h e  r c l 3 t i v e  merits of each f u e l  u n i t  des ign  
may be m d e  from t h e  p o i n t  of view o f  p re s su re  drop and, t h e r e f o r e ,  g s s  pumping 
power involved .  

Although t h e  p r imi ry  o b j e c t i v e s  i n  conduct ing t h e  p re s su re  

Dats w s s  tzken  zs  t h e  b % s i s  of c s l c u l z t i o n  from t h e  Design 3 v e r s i o n  of t h c  
Dznie l ' s  p i l e  2nd from t h e  r e s u l t s  o f  t h e  p re s su re  drop t e s t s ,  
t h e  c ross  s e c t i o n a l  e l o v i t i o n  of  t h e  p i l e  m d  dGpicts  t h e  flow of gas through 
t h e  connec t ing  duct work znd f u e l  chnnnols.  F igure  31 i s  a c r o s s  s o c t i o n  through 
a t y p i c a l  f u e l  chsnnel s n d  shows t h e  r c l . i t i o n  between t h e  l a t c h  r e t z i n i n g  dev ic s ,  
t h e  sprinp: element take-up, t h e  f iml  u n i t s  Ind t h c  hold  down weights ,  

F igure  30 shows 

Table 2 

Lhniels  &s-Cooled Power F i l a  Dsta 

!lumber of z c t i v e  c h m n e l s  . . . . . . . . . . . . . . . . . . . . .  228 

Length of  c h i m e 1  ( r e f l e c t o r  2nd r e z c t o r )  . . . . . . . . . . . . .  76 i n .  

L . n g t h  of f u e l  element . . . . . . . . . . . . . . . . . . . . . .  5 i n .  

Thickness of bottom support  p l 3 t e  . . . . . . . . . . . . . . . . .  6 i n 0  

Thickness of t o p  r e t z i n e r  weight . . . . . . . . . . . . . . . . .  10 i n .  

P i l e  Output . . . . . . . . . . . .  12,000 Kv?. cont inuous,  20,000 Kw. m3ximurn 

Helium c o o l s n t  p re s su re  . . . . . . . . . . . . . . . . . . . . . .  10 s t m .  '.tbs, 

Entrsnce gas t empers ture .  . . . . . . . . . . . . . . . . . . . . . .  500' F. 

E x i t  gas t emper i tu re .  . . . . . . . . . . . . . . . . . . . . . . .  .1400° F. 

R i d i s l  pesk t o  a v e n g e  h e z t  r e l e s s e  r 3 t i o  . . . . . . . . . . . . . .  1b56 

A x i l l  pank t o  zvaro,ge h e s t  r e l e z s e  r x t i o .  . . . . . . . . . . . . . .  1.26 

Tha zssumption W ~ S  m d e  t h z t  t h e  l i t c h  r e t s i n i n g  device and sp r ing  element 
t zka  up in t roduczs  2 drop i n  p re s su re  equ ivz lcn t  t o  t w o  add i t ion21  f u e l  e lements .  
The elemants  s r e  111 sssumed t o  bc 5 inches  i n  l e n g t h  t o  conform t o  l i m i t s t i o n s  
imposed by t h e  londing mech-misrn, hence,  tlic number of f u e l  clements r e q u i r e d  
i s  s i x t e e n ,  2nd t h e  p re s su re  d rop  throuch  t h e  p i l e  i s ,  t h o r e f o w ,  bzsed on a f u e l  
channel  l e n g t h  of 80 inches  or 6.667 f c o t ,  
8el ium a t  10 I C m . ,  t i k e n  f r o m  Figure 32, t h e  fo l lowing  grzph, Figure 33, wzs 
obta ined .  

With t h i s  &ita  snd  the  p r o p e r t i e s  of 
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The Tvernge mms f l o w  of gas t k r o u s h  t h e  p i l e  i s  c h h i m d  from t h e  h e l t  
bzlnnce , 

'8 = & s s  f l o w  of gas,  l b ,  pcr S C C .  p3r channsl  

N ?Turnber of chann~1.s 

- - Avcrigc: s c G c i f i c  heat o f  ;zs z t  cofist,  p r c s s ,  
S t u/ l  b 7 OF. 

cP 

0 T2 = Sxit gcis %expsr<Ature, F. 

T~ - E n t n n c c  gas tempera ture ,  OF. 
I 

Since the energy r e l e u e  zt t h2  cv?nkGr of ';he r e z c t o r  i s  1.56 k i p s  the 
avcrage and t h o  coolan t  Heliurn i s  mstered througk t'le r e a c t o r  i n  p r o p o r t i o n  t o  
t hc  hc2t relc-tse, th; f l o w  through t5e ccntra.l  c'?rnnel i s ,  

s u b s t i t u t i n g  V R ~ W S ,  

De. L; 
From which th2 corresponding 2cynolds iur;?xr, -- --.. nny bo computed f o r  m y  
f u c l  e l o x e n t  design , wh2re , 

De = Equiva lcn t  dizmcter  =I 4 x hydr- iul ic  r z d i u s  4 x 

I f t .  Gas Flow Area plq. f t  . 
Jk t Led n c r i m t e r ,  f t  . -- 

,& == Gas v i s c a s i t y  ~ . t  TTrcrsgo gxs  te:-!p;riturc:, lb /sec-f t .  
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Determining t h o  corresnonding equiva len t  s k i n  f r i c t i o n  f a c t o r  and j o i r , t  

l o s s  f a c t o r  from t h e  a p p r o p r i a t e  curve,  s u b s t i t u t i c g  i n  t h e  p i l e  f r i c t i o n  d r o p  
e q u s t i o n ,  qnd us ing  z T ~ U S  of 0.2 f o r  Kl and 1.0 f o r  K2, t h e  p r e s s u r e  drops 
through t h e  p i l e  zs shown by F i g u r e  33 for t he  v a r i o v s  f u e l  u n i t s  were d e t e r n i w d .  
These computations were s i m p l i f i e d  by s u b s t i t u t i n g  o f  ths propsr  c o n s t m t  
=lues and reducin5 thc a r e s s u r e  d r o p  equnt ion  t o  the  f o l l o v i r , g  form, 
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APPENDIX B 

C a l i b r a t i o n  of Flow Measurement O r i f i c e s ,  4 The f low of a i r  through t h e  measuring 
s e c t i o n  of t h e  p re s su re  drop appa ra tus  was determined by motering t h o  i i r  through 
a 0250 i n c h  diameter  s h a r p  edged o r i f i c e  i n s e r t e d  i n  a s t a n d a d  2 i n c h  p ipe  f o r  
low r a t e s  of flow, and through a 1.4925 i n c h  d ismcter  s h a r p  edged o r i f i c e  i n  a 
s t a n d a r d  3 i nch  p ipe  f o r  h i g h e r  rlttes of flow. 
appa ra tus  was c o n t r o l l e d  by m z n s  of a bleed-valve d i scha rg ing  t o  atmosphere, as  
shown by Figure  1. 

The rate of flaw th rough  t h e  

Equat ion 98 (a) ,  page 49 of "Fluid le ters  - The i r  Theory and Appl ica t ion"  
was used as t h e  b a s i s  of computing t h e  c a l i b r a t i o n  curves f o r  t h e  o r i f i c e s .  
equa t ion  i s  

This 

where 
Yieight f low,  lb .  per  sec. 

Xxpans i on f s c t  or 

Dischzrge c o e f f i c i e n t  

I n s i d e  p ipe  d i a m t e r ,  inches  

O r i f i c e  diameter, inches  

Gss Density,  l b .  psr CU. f t .  

&ionomtor displacement ,  inches  water 

4 
-A-- -- 

Since  the f l o w  c o e f f i c i e n t ,  K= -r"-------- t h i s  equa t ion  becoms,  b b9-d -' 

And , 



- 
Where, 

P : 

T = 
O r i f i c e  a b s o l u t e  p r e s s u r e ,  mm. Hg 

Absolute  a i r  t empera ture ,  OR.  

2 Manoineter d i sp lacement ,  mm. o i l  
hh 

S u b s t i t u t i n g ,  assuming T = 30°C = 3OT0R, and s i m p l i w i n g ;  

For t h e  1.4925 i n .  o r i f i c o ,  t h i s  e q u z t i o n  becomes, 

For t h e  0.750 in .  o r i f i c e ,  t h e  e q u a t i o n  i s ,  

Values f o r  y, 
f r o m  p. 111, Ref, 1 of "F lu id  Meters - Thei r  Theory and Applicat ion".  
t h e  two equa t ions  above, values of W, t h e  weight  flow i n  lb.  per  sec .  were 
c a l c u l a t e d  f o r  various v a l u e s  of manometer readings  i n  mm. of o i l  w i t h  a b s o l u t e  
g%s pres su re  a t  t h e  o r i f i c e  A S  parameters  and p l o t t e d  on c a l i b r a t i o n  curve sheets. 
Using these curves,  the weight  r a t e  of f l o w  of a i r  can be r e a d i l y  determined, 
However, s i n c e  a tempera ture  of T = 30°C = 3 0 3 O K  was assuned f o r  c a l i b r a t i o n ,  
a tempera ture  c o r r e c t i o n  f z c 5 o r  must  3e a p p l i e d  f o r  gas 3emperatures o t h e r  t h a n  
t h e  above. Therefore  s i n c e ,  u!>; ---f-.- t h e  -raliles of W as ob ta ined  

should be m u l t i p l i e d  by a f a c t o r  equal  t o  

a r e  obtitined from page 12b, F ig .  72, Hef. 1, and va lues  for k 
Using 

---- '7 . 
,'''"Ic --I--.-- t o  c o r r e c t  for 7" /y 

temperature v a r i a t i o n s .  b 
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