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INTRODUCTION 

An a n a l y t i c a l  inves t iga t ion  of t h e  hydraulic parameters and character-  

i s t i c s  of t h e  Fas t  Flux Test  F a c i l i t y  (FFTF) d r i v e r  f u e l  elements i s  

e s s r n t i a l  t o  hchfeve an  optimum f u s l  design. This s tudy i s  concerned 
v 

wit.h t h e  cermet d r i v e r  f u e l  eiement a s  showr, i n  BNWL-CC-175, Volume 3. 

The f u e l  element c o n s i s t s  of  a f u e l  rod bundle surrounded by a s t a i n l e s s  

s teel  l i n e r .  Fuel rod bundle and l i n e r  s l i p  a s  a u n i t  i n t o  the  f u e l  ele- 

ment process tube. S p i r a l  r i b s  a r e  a t tached t o  t h e  f u e l  element l i n e r ,  and 

they c r e a t e  a s p i r a l  channel annulus between the  f u e l  element l i n e r  and 

pyoeess tube a s  depbcted i n  Figures 1 and 2. 

Pressure l o s s  i s  the  most ilnportant hydraulic parameter of the  f u e l  

rod bundle. The reason f o ~  t h i s  i s  t h a t  present  pump technology i s  such 

t h a t  f u e l  element pressure  l o s s  should be no more than 80 p s i ,  and pref-  

e rab ly  60 ps i .  The two main causes of f u e l  element pressure l o s s  a r e  the  

f u e l  rod spacers and sk in  f p i c t i o n  i n  the  f u e l  rod bundle, Conceptual 

f u e l  rod spacer design cons i s t s  of a hexagonal honeycomb gr id  spacer,  

a s  i l l u s t r a t e d  i n  F i g w e  2. A s  shown, each p i n  i s  surrounded by f o w  

s i d e s  of a hex on one plane and four s ides  of a hex on a plane below and 

adjacent  t o  the  f i p s t ,  

B e  t o  the  f u s l  rod spacar geomehy, f u e l  rod spacer pressure l o s s  

i s  d i f f i c u l t  t o  p red ic t ;  tharefore ,  Y t  i s  bracketed by th ree  techniques 

which w i l l  be c a l l e d  the  de Stordeur,  t r i a n g u l a r  c e l l ,  and rec tangular  

c e l l  methods. The de Stordeur method employs an  emperical equation t h a t  

includes a n  experimental ly determfned drag c o e f f i c i e n t ,  Both the  tri- 

angular and ~ e c t a n g u l a r  c e l l  methods use the  Darcy-Weisbach equation f o r  

pressure l o s s  which contains a f r i c t i o n  f a c t o r  term. The f r i c t i o n  f a c t o r s  

used were determined experimentally and were f o r  flow through geometries 

s i m i l a r  t o  those i n  quest ion.  
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Sodium flow r a t e  through the  annulus s p i r a l  channels is  t h e  most 

important hydraulic parameter of the  f u e l  element annulus, s ince  t h i s  flow 

w i l l  tend t o  f l a t t e n  t h e  temperatme g rad ien t  across  a f u e l  element. For 

a given annulus length,  t h e  annulus hydraul ic  parameters t h a t  e f f e c t  t h i s  

flow r a t e  a r e  annulus pressure l o s s ,  channel s p i r a l  angle, and channel 

hydraulic diameter. 

The f u e l  rod bundle hydraulic ana lys i s  inc ludes  i n t e r a c t i o n  and 

v a r i a t i o n  of f u e l  element pressure l o s s  with a l l  parameters except t h e  

number of f u e l  rods, t h e i r  diameter, and length (which w i l l  be included 

i n  l a t e r  s t u d i e s ) .  I n t e r a c t i o n  and v a r i a t i o n  of a l l  important parameters 

including annulus pressure  l o s s ,  channel s p i r a l  angle, channel hydraulic 

diameter, and sodium v e l o c i t y  a r e  considered i n  t h e  hydraulic invest iga-  

t i o n  of the  f u e l  element annulus. 

Sodium leakage between annulus s p i r a l  channels and the  s t r eng th  of 

f u e l  rod spacer s t r i p s  t o  withstand t h e  f l u i d  fo rces  were analyzed t o  

determine i f  e i t h e r  w i l l  be a problem. 

Results  of t h i s  study p e r t a i n  t o  the  f u e l  element conceptual des ign 

a s  i l l u s t r a t e d  i n  BNWL-CC-175, Volume 3,  unless modifications a r e  indi -  

cated. The Nomenclature and Dimensional Assumptions a r e  defined on 

pages 45 through 00. Throughout t h i s  s tudy it i s  assumed t h a t  l i q u i d  

sodium behaves hydrau l i ca l ly  a s  does t h e  c l a s s  of f l u i d s  which includes 

water. 





SUMMARY AND CONCLUSIONS 

Applying the  equations presented i n  t h i s  study f o r  determining f u e l  

I element pressure l o s s  a s  a funct ion of f u e l  rod bundle hydraulic parameters, 

it was found t h a t  f o r  the  required f u e l  element mass flow r a t e  of 57 lb/sec, 

f ue l  element pressure l o s s  i s  129 p s i  + 15%. This i s  49 p s i  + 40% above 

a maximum design value of 80 p s i .  The corresponding pressure di f ference 

across the  f u e l  element l i n e r  i s  36 p s i  maximum. Fuel rod spacers a r e  respon- 

s i b l e  f o r  a l a rge  percentage (62%) of the  f u e l  element pressure l o s s .  The 

following changes can reduce t h i s  component by 10, 4, and 24%, respect ively .  

. Removing one s e t  of spacers 

. Using e l a s t i c  support dimples ins tead of f ingers  

. Decreasing the  thickness of f u e l  rod spacer mater ia l  (0.015 t o  

0.010 i n . ) .  

Pressure di f ference across the  f u e l  element l i n e r  can be decreased t o  7 ps i  

by d r i l l i n g  holes i n  the  l i n e r  a t  the  downstream end of the  fue l  rods. 

Consequently, sodium flow r a t e  through the  annulus can be increased. 

The equation developed i n  t h i s  study f o r  determining sodium flow r a t e  

through the annulus a s  a funct ion of annulus hydraulic parameters p red ic t s  

t h a t  f o r  a sodium flow r a t e  of 6.7 lb/sec, annulus pressure l o s s  i s  70 

p s i  lo%, and sodium leakage between channels i s  negl ig ible .  Skin 

f r i c t i o n  i n  the  annulus s p i r a l  channels i s  responsible f o r  84% of the  

annulus pressure l o s s .  

An inves t iga t ion  of the  va r ia t ion  and i n t e r ac t i on  of annulus hydraulic 

parameters r e l a t i v e  t o  a channel hydraulic diameter of 0.091 i n .  ind ica tes  

t h a t  decrease i n  annulus pressure l o s s  with an increase  i n  channel 





s p i r a l  angle i s  more pronounced a t  higher sodium ve loc i t i e s  and smaller 

s p i r a l  angles. For a s p i r a l  angle of 67 degrees, reduction of annulus 

pressure l o s s  with an lncrease i n  channel hydraulic diameter i s  more pro- 

nounced a t  higher sodium ve loc f t i e s  and smaller channel hydraulic diameters. 

For a hydraulic diameter of 0.091 i n ,  and var3.oua annulus pressure losses, 

annulus sodium flow r a t e  increases rapidly  with an increase i n  s p i r a l  angle 

a t  small angles, but  t h i s  method of varying flow r a t e  becomes l e s s  e f fec t fve  

a s  the  angle i s  increased. The parameter t h a t  appears t o  have the g ~ e a t e s t  

e f f e c t  on sodium flow r a t e  through the annulus i s  the  s p i r a l  channel 

hydraulic diameter ( f o r  a given annulus length, I3 = 4.3 f t )  . 
Thie study ind ica tes  t h a t  f u e l  ~ o d  spacey thickness can be l e s s  than 

0.015 i n .  and s t i l l  withstand the f l u i d  forces .  However, t h f s  does not 

take i n to  consideration such f a c t m s  a s  required f u e l  rod support f o ~ e e ,  

cyc l ic  loading of support f i ngem a s  a r e s u l t  of v ibrat ion,  deter iora-  

t i o n  of metal p roper t i es  due t o  i r r ad i a t fon ,  e t c .  

Therefore, it can be concluded: 

. Pressure l o s s  f o r  sodium flow through the  conceptual d r iver  f u e l  

element design i s  high. Present pump technology f s  such t h a t  a cos t ly  

and lengthy development program would be required t o  build pumps capable 

of supplying t h i s  pressure plus the  other  pressures required throughout 

the FFTF heat  removal system. 

. Since the  f u e l  rod spacers a r e  responsible f o r  62% of the f u e l  element 

pressure l o s s ,  redesign o r  design modifications of the spacers w i l l  be 

necessary t o  el iminate the problem of high f u e l  element pressure loss .  





Sodium flow r a t e  through the  s p i r a l  channel annulus can be varied by 

changing the annulus hydraulic parameters. The parameter t h a t  appears 

t o  have the grea tes t  e f f e c t  on t h i s  flow r a t e  i s  the s p i r a l  channel 

hydraulic diameter ( fo r  a given annulus length) . 
Sodium leakage between annulus s p i r a l  channels i s  ins ign i f ican t .  

Strength of the f u e l  rod spacers t o  withstand f l u i d  forces  i s  suf f ic ien t .  





Thi s  s txdy inc ludes  sodfum flow f:.! Lhc f u e l  element 'but no t  In ?he 

anfiulus between p o s i t i o n s  1-1 end 9-9, F o s i t i o n  nm.l?;.ras st?.rh:loLad in 5 % ~  

t e x t  r e f e r  t o  l i n e s  on t h e  f u e l  element a s  i l l u s t r a t e d  i n  Figmii 'i, 

General P r e s s w e  Loss Equat ion 

The 'gene ra l  equat ion  de f in ing  t o t a l  f u e l  slemont p ~ e s s u - a  l o ~ s  is: 

P ~ s s s w e  l o s s  npp i s  due t o  en t rance  e f f e c t s  t h a t  o c c v  a s  sedPwu 

e n t e r s  t h e  f u e l  element a t  p o s f t i o n  1-1. 

C 2 )  Entrance l o s s  c o e f f i c i e n t  K1 i s  0,70 . This  vales Is f s ~  a s h a ~ p -  

edge6 entpance a s  shown i n  F i g w e  3, 

4 r L f l  P r s s a v e  l o s s e s  A pls2, ~ p ~ - ~ ~  and AP7-9 ~ T P ,  ~ E J  5 3  3hin  f l a i ? * '  - -  
i n  th9 f u e l  element between the  p o s f t i o n s  i n d i c a t e d  by %kc ~ u b s e r i p t z ,  

Ave~age Moody ~ F ~ P P . ~ O ~ I  f a p t o r s  fl, f2 ,  and f g  a r e :  





E n t r a n c e  E f f e c t s  

4- Flow 

F I G U R E  3 .  Sharp  Edged E n t r a n c e  





Pressure l o s s  ~p i s  due t o  the  nozzle between pos i t ions  2-2 and 3-3. 
2-3 

Nozzle 1058 c o e f f i c i e n t  K2 is  0.17 i3! It i s  located  by knowing the  

nozzle expansion angle (Q) and the  hydraul ic  diameter r a t i o  4 /@ 
2 lo 

P r e s s u ~ e  l o s s  dp5 i s  due t o  t h e  f u e l  rod anchor and spacer ba r s  a t  

pos i  ti on 5-5. 

This l o s s  i s  d i f f i c u l t  t o  p r e d i c t  accupately because of  f l u i d  boundary 

l ayer  disturbance a t  pos i t ion  4-4. After  considering anchor and spacer 

bar ,  and rod spacer geometries, 1%; was decided t h a t  a good approximation 

of bar  pressure  l o s s  would be t o  assume t h a t  f t  i s  equal  t o  one f u e l  rod 

apac,?rY. This approxim'cion i s  e s % i ~ l a t e d  t o  be accura te  withfn + 25%. 

Pressure l o s s  ~p i s  due fc  entrance e f f e c t s  t h a t  occur a s  sodium 4-6 
e n t e r s  t h e  f u e l  rod bundle betwsen p o s i t i o n s  4-4 and 6-6, - 

The flow a rea  change between positions &-A and 6-6 5s not abrupt ,  

Sodium must flow t h ~ o u g h  a length  l sf f u s l  rod bxqiils and the  f u e l  rod 

anchor and spacer bays between tiClese pos i t ions ,  However, a l o s s  coef- 

4 5) f i c f e n t  fop a n  abrupt  a rea  change ( K ~  = 0,2C) i s  used, and it i s  

estimated t o  be accura te  wi th in  & 504%. 

Two values a r e  r e q u i ~ e d  t o  l o c a t e  K3. F i r s t  i s u p ,  which is  equal  

t o  the  a rea  r a t i o  A ~ / A  and second i s  the  Reynolds number, For t h i s  5 
case c1 i s  equal  t o  0,36, and an entrance l o s s  l i n e  f o r  a Reynolds 

number of i n f i n i t y  i s  used s ince  the  Reynolds number i s  r e l a t i v e l y  high.  

%i thou t  f u e l  rod support f i n g e r s  





Pressu re  l o s s  AP6-7 i s  due t o  t h e  f u e l  rod space r s  a s  dep ic t ed  i n  

Figure 2 ,  Because of u n c e r t a i n t y  i n  determining t h i s  l o s s ,  it i s  

bracketed by t h e  methods i n d i c a t e d  below, 

(de ~ t o r d e u r )  

( t r f  angular  c e l l )  

- - n2n5f o ~ o ~ 0 2  ~4 + n2 (Kg + K ~ )  vo2 P 

A P6-7 ( r e c t a n g u l a r  c e l l )  
%I, 2g 2g 

Three prot lems complicate t h e  e f f o r t  t o  adap t  t h e  de S t o r d e w  

mefvhod t o  t h e  p r e d i c t i o n  of t h f s  pretisure l o s s .  F i r s t  Is t h e  determina- 

t i o n  of  t h e  spacer  p r o j e c t e ?  f ~ o n t a l  a r e a ,  A I n  t h f s  s tudy  it is 
p s 

assumed t o  be t h e  p ro jec t ed  a r e a  of  a f u e l  rod spacer  a s  it would appear  

when looking down t h s  f u e l  element.  

The second problem i s  i n  ob ta in ing  a value f o r  t h e  f u e l  rod spacer  drag 

c o e f f i c i e n t ,  C,. A f i g u r e  i n  Reference 4 g ives  drag c o e f f i c i e n t s  f o r  

var ious  Reynolds numbers and types  of f u e l  rod spacers ,  bu t  c o e f f i c i e n t s  

a r e  no t  g iven  f o r  t h e  sp l i t - l eve l , .  hexagonal honeycomb type of  spacer  with 

which t h i s  a n a l y s i s  i s  concerned. For l a c k  of  a b e t t e r  value,  a c o e f f i c i -  

e n t  f o r  a square honeycomb spacer  i s  used because i t s  geometry i s  a s  c l o s e  

t o  t h a t  of  a hexagonal spacer  a s  i s  given i n  t h e  r e fe rence  even though a l l  

s'ides o f  t he  square spacer  a r e  on one plane while s i d e s  of  t h e  hexagonal 

spacer  a r e  on two p lanes  a s  shown i n  Figure 2. For a Reynolds number 

(Rs ~ 1 . 3 8  x lo4) based on T1, the  f r o n t a l  dimension of s t r i p s  forming t h e  

f u e l  rod space r s  ( space r  s t r i p s ) ,  t h e  drag c o e f f i c i e n t  f o r  a square honey- 

(4) comb spacer  i s  1.8 . This approximation of  spacer  drag  c o e f f i c i e n t  i s  

es t imated  t o  be accura t e  wi th in  + 40%. 





Problem number t h r e e  i s  determining sodium v e l o c i t y  within a f u e l  

rod spacer, Vs. A s  s t a t e d  i n  Reference 4, the  a c t u a l  ve loc i ty  i n  a 

c e n t r a l  spacer flow c e l l  sliould be used. However, per iphera l  and c e n t r a l  

flow c e l l  geometries w i l l  be near ly  t h e  same i f  the  spacer region i s  

divided i n t o  c e l l s  a s  depicted i n  Figure 6. Therefore, average sodium 

ve loc i ty  i n  a spacer i s  subs t i tu ted  f o r  the  v e l o c i t y  within a c e n t r a l  

spacer flow c e l l  s ince  they a r e  approximately equal.  

This method of accounting f o r  f u e l  rod spacer pressure l o s s  includes:  

an entrance and e x i t  l o s s  f o r  each spacer, and it allows f o r  f u e l  rod 

support dimples. F luid  mixing wi th in  t h e  spacers i s  not considered. 

Accuracy of  the  spacer pressure  l o s s  obtained by t h i s  method i s  est imated 

t o  be within + 40%. 

The t r i a n g u l a r  c e l l  method of obta in ing f u e l  rod spacer pressure 

l o s s  r equ i res  t h a t  the  spacer region be divided i n t o  flow c e l l s ,  a s  

exhibi ted  i n  Figure 4, and t h a t  a pressure l o s s  equation be w r i t t e n  f o r  

one of these  c e l l s  (p. 11) . Disregarding f u e l  rod support f ingers ,  each 

f u e l  rod i s  surrounded by s i x  c e l l s  with t h i s  cross  sec t ion.  Four 

c e l l s ,  type (d ) ,  a re  0.5 i n .  long, the  o ther  two, type (c)  , a r e  1.0 i n .  

long. Pressure l o s s  due t o  the  spacers i s  determined by wri t ing  a l o s s  

equation f o r  a type (c)  c e l l  and then mult iplying it by the  number of  

spacers. The f r i c t i o n  f a c t o r  segment of the  equation i s  mul t ip l ied  

by 1.1 t o  account f o r  add i t iona l  pressure l o s s  due t o  f u e l  rod support 

f ingers .  

Two problems a r i s e  i n  applying t h i s  equation.  F i r s t  i s  the  deter -  

mination of sodium ve loc i ty  i n  a (c )  c e l l ,  Vc. The second i s  i n  obta in ing 
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FIGURE 4 .  Type ( c )  o r  (d) Fue l  Rod Space r  Flow C e l l  





the  average Fanning f r i c t i o n  f ac to r ,  f c ,  f o r  a (c )  c e l l .  Because vel- 

oc i t y  i s  not known, the f r i c t i o n  f ac to r  cannot be found. However, the  

average veloci ty  of the  sodium flowing through a spacer and the  flow 

areas  of the s i x  c e l l s  surrounding a f u e l  rod a re  known. Therefore, an 

equation defining the  flow r a t e  through the  s i x  c e l l s  and one equating 

pressure l o s s  through a (c )  c e l l  t o  t h a t  through a (d) c e l l  can be solved 

simultaneously t o  obta in  the  required f r i c t i o n  f a c t o r  and veloci ty .  

Average Fanning f r i c t i o n  f ac to r s  f c  and f d  are :  

+ Approximate values of f: and fd ,  which apply f o r  c e l l  walls  formed 

of spacer s t r i p s ,  can be obtained f o r  Reynolds numbers up t o  1 x 10 4 

from Reference 5, since they a r e  assumed t o  equal the  average f a c t o r s  

f o r  a s t a i n l e s s  s t e e l ,  type ( t )  c e l l  a s  depicted i n  Figure 5, 

Pressure l o s s  due t o  the  misalignment of spacer s t r i p s  forming 

one wall of a ( c )  c e l l  i s  accounted fo r  by multiplying f: by 1.2. The 

value 1.2 i s  used because Reference 5 ind ica tes  t ha t  a percentage in- 

crease i n  f r i c t i o n  f ac to r  due t o  bur r s  and edge cur l ing i s  approxi- 

mately 20%. It i s  assumed t h a t  t h i s  increase w i l l  account fo r  the  

edge t h a t  p ro jec t s  i n t o  the flow stream due t o  spacer s t r i p  misalignment. 

Although the  parameters and geometry of a ( t )  c e l l  a r e  a s  close t o  

a ( c )  or  (d) c e l l  a s  i s  given i n  Reference 5, comparison of Figures 4 

and 5 ind ica tes  t h a t  d i f ferences  ex i s t .  The e f f e c t  of these dffferences 









on the va l i d i t y  of assuming s imi l a r i t y  between f r i c t i o n  f ac to r s  f o r  (c )  

o r  (d) c e l l  walls formed of f u e l  rod spacer s t r i p s  and average f ac to r s  

fo r  a ( t )  c e l l  ( ~ e f e r e n c e  5) can only be roughly approximated. For 

4 the Reynolds numbers i n  question (R 2.0 x 10 ) f r i c t i o n  f ac to r s  f o r  

various c e l l  geometries, hydraulic diameters, wall thicknesses, and 

length t o  hydraulic diameter r a t i o s  approach a value of 0.007 with 

maximum deviations of + 15%. 

Average Fanning f r i c t i o n  fac tors  f y  and f++ a re  assumed t o  equal 

those f o r  smooth pipe. They apply f o r  flow c e l l  walls formed of f u e l  

rods. 

As shown on page 14, average Fanning f r i c t i o n  f ac to r s  f c  and f d  

are  determined by multiplying plus (+) and double plus (++) f ac to r s  by 

the length of wetted perimeter fo r  which they apply, summing the  products, 

and then dividing by the c e l l  wetted perimeter. Factors f c  and f d  a r e  

estimated t o  be accurate within + 20%. 

Entrance and e x i t  l o s s  coef f ic ien ts  f o r  the c e l l s  are  not included 

i n  f c  o r  fd ,  but they are  added t o  the f r i c t i o n  fac tor  pa r t  of the c e l l  

pressure l o s s  equation. Entrance and e x i t  l o s s  coef f ic ien ts  K and 
4 

Kg are  0 * 2 2 ( ~ )  and 0 . 1 0 ( ~ ) ,  respectively.  These coef f ic ien ts  a r e  ob- 

tained by using a a ,  equal t c  0.70 and entrance and e x i t  l o s s  l i n e s  

for a Reynolds number of i n f i n i t y  since the  Reynolds number i s  re la-  

t i v e l y  high. 





F i n a l  form of  t h i s  f u e l  rod spacer  p re s su re  l o s s  equat ion  inc ludes :  

en t rance  and e x i t  l o s s e s  f o r  each spacer ,  l o s s  due t o  f u e l  rod support  

f i n g e r s ,  and l o s s  due t o  misalignment o f  spacer  s t r i p s  forming flow 

c e l l  wal l s .  I t  does not  account f o r  f l u i d  mixing wi th in  spacers .  

Obtaining p re s su re  l o s s  due t o  t h e  f u e l  rod spacers  by t h i s  method i s  

es t imated  t o  be accu ra t e  w i t h i n  15%. 

I n  t h e  r ec t angu la r  c e l l  method, t he  f u e l  rod spacer  reg ion  i s  

d iv ided  i n t o  equ iva l en t  c e l l s  a s  i l l u s t r a t e d  i n  Figure 6, and a  

p re s su re  l o s s  equat ion  i s  w r i t t e n  f o r  t h i s  type of  c e l l  ( p .  11). The 

f r i c t i o n  f a c t o r  segment of  t h i s  equat ion  i s  m u l t i p l i e d  by 1.1 t o  

account f o r  a d d i t i o n a l  p re s su re  l o s s  due t o  f u e l  rod suppor t  f i n g e r s  

and t h e  whole equat ion  i s  m u l t i p l i e d  by t h e  number o f  spacers .  

Sodium v e l o c i t y  i n  a n  ( 0 )  c e l l ,  Vo, i s  assumed t o  equal  t h e  

average v e l o c i t y  w i t h i n  a  f u e l  rod spacer ,  Vs. There w i l l  a l s o  be some 

v e l o c i t y  v a r i a t i o n  wi th in  a  c e l l ,  b u t  i t  i s  assumed t h a t  any e r r o r  

introduced i n t o  t h e  c a l c u l a t e d  p re s su re  l o s s  by t h i s  v a r i a t i o n  w i l l  

average i t s e l f  ou t .  

Dete?mining f o ,  t he  average Fanning f r i c t i o n  f a c t o r  f o r  an  ( 0 )  c e l l ,  

i s  t he  main problem i n  applying t h i s  equat ion .  

F r i c t i o n  f a c t o r  f i  a p p l i e s  f o r  c e l l  wa l l s  formed of spacer  s t r i p s .  

I t  i s  assumed t o  equal  t h e  f a c t o r  f o r  a n  aluminum c e l l ,  ~ y p e  ( s ) ,  a s  

shown i n  F igure  7, which can be found f o r  Reynolds numbers 11p t o  

4 l x 10 i n  Reference 5. For h ighe r  Reynolds numbers, e x t r a p o l a t i o n  













i s  necessary. The f a c t o r  obta ined  from Reference 5 inc ludes  a  com- 

ponent t h a t  accounts  f o r  increased  p res su re  l o s s  due t o  misalignment 

of  spacer  s t r i p s  forming flow c e l l  wa l l s .  However, it must be mult i -  

p l i e d  by 1.2 a s  recommended i n  t h e  r e f e r e n c e  s ince  t h e  c e l l s  i n  

ques t ion  a r e  s t a i n l e s s  s t e e l  and, consequently, have a  f r i c t i o n  f a c t o r  

t h a t  i s  approximately 20% higher  than  f o r  a n  aluminum c e l l  because o f  

f ab r i ca t ion -c rea t ed  b u r r s  and edge cu r l ing .  

There a r e  parametr ic  and geometric d i f f e r e n c e s  between a n  ( s )  and 

(0)  c e l l  a s  can be seen by examining Figures  6 and 7. Because o f  

t hese  d i f f e rences ,  s e v e r a l  c e l l s  with s p l i t t e r s  were considered with 

var ious  hydraul ic  diameters ,  wal l  t h i cknesses ,  un in te r rup ted  flow 

l eng ths ,  and l eng th  t o  hydraul ic  diameter  r a t i o s .  I t  was discovered 

t h a t  l eng th  o f  unin ter rupted  flow i s  t h e  parameter t h a t  has  t h e  most 

pronounced e f f e c t  on average f r i c t i o n  f a c t o r s .  

Var i a t ion  o f  unin ter rupted  flow l eng th  from 1/2 i n .  t o  1/8 i n .  

can inc rease  t h e  f r i c t i o n  f a c t o r  by la while changing o t h e r  parameters  

r e s u l t s  i n  a  maximum f r i c t i o n  f a c t o r  var iance  o f  + 15%. Therefore,  

an  average f a c t o r  f o r  an  ( s )  c e l l  i s  used f o r  f: because it i s  the  

only  c e l l  included i n  Reference 5 with a  s p l i t t e r  and t h e  same l eng th  

o f  un in te r rup ted  flow a s  a n  (0) c e l l .  

Average Fanning f r i c t i o n  f a c t o r  f A +  i s  assumed t o  equal  t h a t  f o r  

smooth pipe. I t  a p p l i e s  f o r  c e l l  wa l l s  formed of f u e l  rods.  





As shown on page 17, f o  i s  determined by mul t ip ly ing  p l u s  (+) 

and double p l u s  (++) f a c t o r s  by t h e  l eng th  of  wetted per imeter  f o r  

which they  apply ,  summing t h e  products ,  and t h e n  d iv id ing  by the  c e l l  

wetted perimeter .  I t s  accuracy i s  est imated t o  be wi th in  2 20%. 

Entrance and e x i t  l o s s  c o e f f i c i e n t s  f o r  an  ( 0 )  c e l l  a r e  not  in-  

cluded i n  f o ,  bu t  t hey  a r e  added t o  t h e  f r i c t i o n  f a c t o r  segment of t h e  

c e l l  p ressure  l o s s  equat ion .  Entrance and e x i t  l o s s  c o e f f i c i e n t s  K6 

and K7 a r e  0 . 2 2 ' ~ )  and 0 . 1 0 ( ~ ) ,  r e spec t ive ly .  These va lues  a r e  obtained 

by using a o o  equal  t o  0.70 and ent rance  and e x i t  l o s s  l i n e s  f o r  a Reynolds 

number of i n f i n i t y  s i n c e  the  Reynolds number i s  r e l a t i v e l y  high.  

This  method of determining f u e l  rod spacer  pressure  l o s s  inc ludes :  

en t r ance  and e x i t  l o s s e s  f o r  each spacer ,  l o s s  due t o  f u e l  rod support  

f i n g e r s ,  l o s s  due t o  misalignment o f  spacer  s t r i p s  forming flow c e l l  

wa l l s ,  and f l u i d  mixing wi th in  spacers .  Pressure  l o s s  due t o  t h e  

f u e l  rod spacers ,  a s  obta ined  by t h i s  method, i s  es t imated  t o  be 

accura t e  w i t h i n  + 15%. 

Pressure  l o s s  ~ p ~ t - 7 1  i s  due t o  s k i n  f r i c t i o n  i n  t h e  f u e l  rod 

bundle betveen p o s i t i o n s  6-6 and 7-7. A rod bundle flow c e l l  i s  de- 

f i n e d  a s  shown i n  Figure 8. Pressure  l o s s  f o r  flow through t h i s  c e l l  

i s  assumed t o  equal  t h a t  of a round pipe having t h e  same equ iva len t  

diameter ,  su r face  roughness, l eng th ,  and f l u i d  v e l o c i t y .  This  approach 

i s  suggested i n  Reference 4,  and i s  es t imated  t o  be accura t e  wi th in  

+ 5%. - 
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FIGURE 8 .  F u e l  Rod Bundle C e n t r a l  Flow C e l l  





Average Moody f r i c t i o n  f a c t o r  f x  is: 

Length Lx i s  equal  t o  t h e  a c t i v e  f u e l  rod l eng th ,  L5, minus t h e  

length  of f u e l  rod w i t h i n  t h e  f u e l  rod spacers .  

Pressure  l o s s  Ap7 i s  due t o  e x i t  e f f e c t s  t h a t  occur  a s  sodium 

l eaves  t h e  f u e l  rod bundle a t  p o s i t i o n  7-7. 

- ~ 8 ~ 5  
f l7  - 2g 

For a  o l  of 0.36 and a n  e x i t  l o s s  l i n e  f o r  a  Reynolds number of 

i n f i n i t y  s i n c e  t h e  Reynolds number i s  r e l a t i v e l y  high,  l o s s  coef- 

(5) f i c i e n t  Kg i s  0.42 . 
Pressure  l o s s  ~ p ~  i s  due t o  e x i t  e f f e c t s  t h a t  occur  a s  sodium 

l eaves  t h e  f u e l  element and e n t e r s  t h e  upper plenum. 

E x i t  l o s s  c o e f f i c i e n t  K9 i s  1 . 0 0 ' ~ )  s i n c e  a l l  f l u i d  k i n e t i c  energy i s  

assumed t o  be d i s s i p a t e d  i n  t h e  plenum. 

Pressure  l o s s  ~ p  i s  due t o  t h e  change i n  s t a t i c  head between 1-9 

p o s i t i o n s  1-1 and 9-9. Assuming t h a t  t h e  process  tubes  a r e  v e r t i c a l ,  

t h e  de f in ing  equat ion  is :  

A = L4 

S o l u t i o n  of  t h e  General Equat ion 

Ind iv idua l  equat ions  f o r  each component o f  t h e  f u e l  element p re s su re  

l o s s  a r e  combined i n t o  t h e  gene ra l  p re s su re  l o s s  equat ion .  Then 

assumed and c a l c u l a t e d  va lues  a r e  i n s e r t e d  f o r  a l l  unknowns, and f u e l  





element pressure  l o s s  i s  ca l cu la t ed .  The v e l o c i t i e s  necessary  t o  so lve  

the  genera l  equat ion  a r e  ca l cu la t ed  knowing f u e l  element mass flow r a t e  and 

flow a reas .  Sodium mpss flow r a t e  through each f u e l  rod bundle of a  300 

INt r e a c t o r  conta in ing  the  equiva lent  of  53-1/2 d r i v e r  f u e l  elements i s  

57 lb / sec .  Sodium d e n s i t y  and temperature r i s e  through a  f u e l  element were 

assumed t o  be 54.2 l b / f t  and 300 OF, r e s p e c t i v e l y .  This  mass flow r a t e  in-  

cludes a  f a c t o r  of  s a f e t y  s ince  approximately 6% of t h e  300 MWt i s  gener- 

a t e d  by neutron and gamma r a d i a t i o n  o u t s i d e  t h e  core .  Mass flow r a t e  

through 2 1 1  l r i v e r  f u e l  elements i s  assumed t o  be t h e  same s ince  power 

genera t ion  pe r  f u e l  element i s  approximately t h e  same due t o  zone f u e l i n g .  

FUEL ELEMENT ANNIJLIJS HYDRAIJLICS 

Sodium flow i n  the  s p i r a l  channel annulus e x i s t i n g  between t h e  f u e l  

element l i n e r  and process tube i s  examined i n  t h i s  a n a l y s i s .  These channels  

extend from p o s i t i o n s  6-6 t o  8-e a s  depic ted  i n  Figure 1. Pos i t ion  numbers 

mentioned i n  t h e  t e x t  r e f e r  t o  l i n e s  on t h e  f u e l  e l e m ~ i ~ t  z s  2 l l n s t r a t e d  I n  

t h i s  f i g u r e .  

General Pressure  Loss Equation 

The genera l  equat ion  de f in ing  annulus p res su re  l o s s  between 

p o s i t i o n s  6-6 and 8-8 i s :  

- 
APann- Apg AP61 AP6,gt AP61-81 AP8 Ap6lr-grr 

Annulus p res su re  l o s s ,  a s  obtained by using t h i s  equat ion ,  i s  es t imated  t o  

be accura t e  wi th in  t 10%. 

Pressure l o s s  Ap6 i s  due t o  en t rance  e f f e c t s  t h a t  occur a s  sodium 

e n t e r s  t h e  s p i r a l  channels a t  p o s i t i o n  6-6. The equat ion  ind ica t ed  

below i s  es t imated  t o  produce r e s u l t s  t h a t  a r e  accura t e  wi t5 ln  t 10%. - 





Entrance l o s s  c o e f f i c i e n t  K5 i s  0.70 (2).  This c o e f f i c i e n t  i s  f o r  a 

sharp-edged ent rance  a s  exh ib i t ed  i n  Figure 3 .  

Pressure l o s s  Ap61 i s  due t o  sodium a c c e l e r a t i o n  a t  p o s i t i o n  6-6 

from a path p a r a l l e l  t o  the  f u e l  element t o  one inc l ined  a t  a s p i r a l  

angle ( 8 )  a s  i l l u s t r a t e d  i n  Figure 9. 

- - 
5 2 P  (cos  8 )  V 

A P ~ I  2g 

Pressure l o s s  ~ p g - 8  i s  due t o  s k i n  f r i c t i o n  i n  the  channels 

between pos i t ions  6-6 and 8-8. 

Average Moody f r i c t i o n  f a c t o r  f 5  is: 

Resul t s  of t h i s  equat ion  a r e  est imated t o  be accura te  wi th in  2 5%. 

Pressure l o s s  Ap61-81 i s  due t o  bends i n  tho ch?nnelr  Setween 

pos i t ions  6-6 and 8-8. 

Calcula t ions  show t h a t  f o r  t h e  assumed bend dimensions, l o s s  c o e f f i c t e n t  

K t  i s  0 .024( l ) ;  however, it w i l l  vary i f  t he  bend dimensions a r e  

changed. Resul t s  of  t h i s  equat ion  a r e  est imated t o  be accura te  

wi th in  1 5%. 

Pressure l o s s  Ap8 i s  due t o  e x i t  e f f e c t s  t h a t  occur a s  sodium 

leaves  the  s p i r a l  channels a t  p o s i t i o n  8-8. 
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FIGURE 9 .  P l a n  View o f  Fuel  Element L i n e r  w i t h  S p i r a l  Ribs  
A t t a c h e d  





Loss c o e f f i c i e n t  K 7  i s  1 . 0 0 ' ~ )  s i n c e  a  l a r g e  sha re  of  t h e  f l u i d  k i n e t i c  

energy w i l l  be d i s s i p a t e d  i n  tu rbulence  a t  t h i s  p o s i t i o n .  

P re s su re  l o s s  ~ p ~ ~ ~ - ~ , !  i s  due t o  t h e  change i n  s t a t i c  head between 

p o s i t i o n s  6-6 and 8-8. Assuming t h a t  t h e  process  t u b e s  a r e  v e r t i c a l ,  

t he  d e f i n i n g  equa t ion  i s :  

A P ~ I I - ~ ! I =  L'j 

S o l u t i o n  o f  t h e  General Equat ion 

I n d i v i d u a l  equa t ions  f o r  each component o f  t h e  annulus  p r e s s u r e  l o s s  

a r e  combined i n t o  t h e  g e n e r a l  p r e s s u r e  l o s s  equa t ion ,  and t h e  assumed 

and c a l c u l a t e d  va lues  a r e  i n s e r t e d  f o r  a l l  unknowns except  sodium 

v e l o c i t y  i n  t h e  annulus ,  V5, and rnnulus  p re s su re  l o s s ,  npaN1. S ince  

annulus  and f u e l  element p r e s s u r e  l o s s e s  a r e  equa l  between p o s i t i o n  6-6 

and 8-8, t h e  annulus  p re s su re  l o s s  equa t ion  i s  so lved  by i n s e r t i n g  a  

sodium v e l o c i t y  t h a t  w i l l  produce a n  annulus  p re s su re  l o s s  e q u a l  t o  

a  reasonable  va lue  o f  f u e l  element p re s su re  l o s s  het . [~een t h e s e  p o s i t i o n s  

(28  f p s )  . 

SODIUM LEAKAGE BETFJEEN ANNTEUS SPIRAL CHANNnS 

Sodium leakage between annulus  s p i r a l  channels  t h a t  a r e  sandwiched by 

t h e  f u e l  element l i n e r  and process  tube  i s  be ing  determined i n  t h i s  i n v e s t i -  

g a t i o n .  These channels  extend from p o s i t i o n s  6-6 t o  8-8 a s  i l l u s t r a t e d  i n  

F igure  1. P o s i t i o n  numbers mentioned i n  t h e  t e x t  r e f e r  t o  l i n e s  on  t h e  f u e l  

element a s  dep i c t ed  i n  t h i s  f i g u r e .  

Equat ions 

Assuming v iscous  flow, t h e  equa t ion  f o r  de te rmin ing  t o t a l  sodium f low 





r a t e  between annulus s p i r a l  channels ,  Mc, i s :  

The pressure  d i f f e r e n t i a l  a c r o s s  a n  annulus s p i r a l  r i b ,  ~ p ,  is:  

This  equat ion  i n d i c a t e s  t h a t  p re s su re  d i f f e r e n c e  a c r o s s  a r i b  i s  equa l  

t o  annulus p re s su re  l o s s  between p o s i t i o n s  6-6 and 8-8 div ided  by t h e  

number o f  flow channels c rossed  by a l i n e  p a r a l l e l  t o  t h e  f u e l  element 

between these  p o s i t i o n s ,  which imp l i e s  t h a t  p re s su re  decreases  i n  equa l  

increments from channel  c e n t e r  t o  c e n t e r  a long  t h i s  l i n e  and t h a t  pres-  

su re  d i f f e r e n c e  between ad jacen t  channel c e n t e r s  i s  t h e  p re s su re  

d i f f e r e n t i a l  a c r o s s  a r i b .  This  i s  not  e x a c t l y  t r u e ,  b u t  it i s  t h e  

worst fo re seeab le  condi t ion .  Therefore,  i f  c r o s s  channel leakage i s  

low f o r  t h i s  case ,  t h e  a c t u a l  case  w i l l  be of  no concern. 

So lu t ion  of Sodium Leakage Equat ion 

Pressure  d i f f e r e n t i a l ,  ~ p ~ ,  i s  ca l cu la t ed ,  and it i s  i n s e r t e d  i n t o  

the  sodium leakage equat ion  a long  wi th  assumed and c a l c u l a t e d  va lues  

f o r  o the r  unknowns. Solving t h i s  equat ion  r e s u l t s  i n  t o t a l  sodium 

leakage between annulus s p i r a l  channels .  

FUEL ROD SPACER STRENGTH 

I n  t h i s  study, s t r i p s  forming t h e  f u e l  rod spacers  ( space r  s t r i p s )  a r e  

examined by two methods t o  determine i f  they  can wi ths tand  t h e  f l u i d  f o r c e s  

exer ted  on them. Fuel  rod spacer  geometry i s  e x h i b i t e d  i n  F igure  2. 

Shear Analysis  

(1 )  Equations. This method assumes t h a t  a spacer  s t r i p  i s  supported 





only  where it i s  a t t ached  t o  t h e  f u e l  element l i n e r .  Shear s t r e s s  i n  

t h e  s t r i p  i s  determined by: 

Force F1 i s  t h e  t o t a l  d rag  f o r c e  on t h e  longes t  s t r i p .  

Coe f f i c i en t  of  drag  f o r  a  spacer  s t r i p ,  CD, i s  ~ . o o ( ~ ) .  This  coef- 

f i c i e n t  i s  f o r  a  square ba r  wi th  f l u i d  f lowing t r a n s v e r s e  t o  i t s  

l o n g i t u d i n a l  a x i s ,  which i s  t h e  worst  fo re seeab le  condi t ion .  E s t i -  

mated accuracy of  0 
g' F1' 

and CD i s  w i t h i n  + 50%. 

(2)  Solu t ion .  The a c t u a l  f o r c e  on a  spacer  s t r i p ,  F1, i s  c a l c u l a t e d ,  

and t h i s  va lue  i s  d iv ided  by t h e  shear  a r e a ,  A1, t o  o b t a i n  t h e  shear  

s t r e s s  i n  a  spacer  s t r i p ,  a g .  S t r e s s ,  ug, i s  t hen  d iv ided  i n t o  t h e  

minimum y i e l d  s t r e s s  t o  o b t a i n  t h e  s a f e t y  f a c t o r .  

Column Analysis  

(1) Equat ions.  I n  t h i s  approach a  s e c t i o n  of spacer  s t r i p  with l eng th  

Lll, a s  shown i n  Figure 10,  i s  s tud ied .  I t  i s  assumed t h a t  t h i s  s e c t i o n  

i s  not  supported by any o t h e r  member and t h a t  it might f a i l  by column 

a c t i o n  due t o  t h e  f o r c e  a c t i n g  on it, F2. 

The f o r c e ,  F2, i s  assumed t o  a c t  a t  t h e  s e c t i o n  ends a s  exh ib i t ed  i n  

Figure 1 0  and i s  es t imated  t o  be accu ra t e  w i t h i n  2 50%. Making t h i s  

assumption a s s u r e s  t h a t  t he  worst  f o r c e  cond i t i on  i s  considered.  

E u l e r ' s  equat ion  i s  used t o  determine Pcr, t h e  maximum a l lowable  

s e c t i o n  load ,  s i n c e  r' d iv ided  i n t o  Q i s  5.3. 





FIGURE 1 0 .  S e c t i o n  o f  F u e l  Rod S p a c e r  S t r i p  





Defining equations f o r  the  l e a s t  radius  of gyra t ion,  r,  and f o r  the  

fac to r  Q are :  

r = (0.289) T i  

A s  s t a t e d  previously, y ie ld  s t r e s s  is 18,500 p s i  and the  modulus of  

6 (13) e l a s t i c i t y  i s  19.2 x 10 p s i  f o r  304 s t a i n l e s s  s t e e l  a t  a temperature 

of 1 0 0 0 ~ ~ .  The c o e f f i c i e n t  accounting f o r  s e c t i o n  end condit ions,  n2, 

(2) Solution. The fo rce  on each sec t ion  of  spacer s t r i p ,  F2, and t h e  

maximum allowable sec t ion  load, Pcr, a r e  ca lcula ted .  Then the  l a t t e r  i s  

divided by the  former t o  ob ta in  the  f a c t o r  of  sa fe ty .  

EVALUATION 

FUEL ROD BUNDLE HYDRAULICS 

Fuel element pressure l o s s  a s  found by the  de Stordeur,  t r i a n g u l a r  c e l l ,  

and rectangular  c e l l  methods i s 99 + 3@, 125 2 155, and 129 p s i  + 155, 

respect ively .  Pressure l o s s e s  given by the  de Stordeur and t r i a n g u l a r  c e l l  

methods a re  77 and 975%, respect ively ,  a s  l a r g e  a s  t h a t  given by the  rectangu- 

l a r  c e l l  method. This i s  a range of 23%. 

Figure 11 shows each component of  f u e l  element pressure l o s s  a s  a -per- 

centage of the  f u e l  element l o s s  given by the  rec tangular  c e l l  method. A s  

can be seen, the  f u e l  rod spacer component i s  l a r g e s t ;  it i s  equal t o  80 

p s i  - t 15% and accounts f o r  0 3  of the  f u e l  element l o s s .  Other important 

components a r e  anchor and spacer bar  and s k i n  f r i c t i o n  l o s s e s  which a r e  

responsible f o r  10 and 21% of f u e l  element l o s s ,  respect ively .  





Condit ions : 

. Fuel  element pressure  l o s s  ( r ec t angu la r  c e l l  method) 

FIGURE 11. Driver Fuel Element Pressure Loss Components 





Since t h e  l a r g e s t  f u e l  element p re s su re  l o s s  component i s  due t o  

f u e l  rod spacers ,  it i s  o f  i n t e r e s t  t o  compare t h e  percentage value 

o f  t h i s  component a s  g iven  by each approach. For t h e  de S tordeur ,  

t r i a n g u l a r  c e l l ,  and r e c t a n g u l a r  c e l l  methods, f u e l  rod space r  l o s s  

amounts t o  54 + GO%, 77 + 15%, and 80 p s i  + 15%, r e s p e c t i v e l y .  Per- 

centage o f  f u e l  element p re s su re  l o s s  a s s o c i a t e d  with t h e  va lue  pro- 

duced by each method i s ,  i n  t h e  o r d e r  s t a t e d  previous ly ,  54, 61, and 

62%. This  i s  a range o f  8% which i n d i c a t e s  t h a t  even through f u e l  

element p re s su re  l o s s  a s  g iven  by each method may vary  by a s  m x h  a s  

23%, f u e l  rod spacer  l o s s  a s  a percentage o f  f u e l  element l o s s  re-  

mains f a i r l y  s t a b l e .  

It should be noted t h a t  i n  o r d e r  t o  s i m p l i f y  s o l u t i o n  o f  t h e  

gene ra l  p re s su re  l o s s  equat ion ,  volumetr ic  flow r a t e  through t h e  f u e l  

rod bundle i s  assumed t o  equal  t h e  t o t a l  flow r a t e  through t h e  f u e l  

element a t  p o s i t i o n  2-2. It i s  a l s o  assumed t h a t  ho le s  a r e  d r i l l e d  

through t h e  f u e l  element l i n e r  a t  p o s i t i o n  4-4 a s  we l l  a s  6-6. The 

first assumption in t roduces  a small  e r r o r  i n t o  t h e  c a l c u l a t e d  f u e l  

element p re s su re  l o s s  s i n c e  some flow i s  d i v e r t e d  through t h e  annulus.  

For a g iven  rod bundle flow r a t e ,  v e l o c i t i e s  V1, V2, and V6 a r e  h ighe r  

than  assumed i n  t h i s  a n a l y s i s .  Actual  va lues  o f  t h e s e  v e l o c i t i e s  can 

be found by mul t ip ly ing  them by t h e  r a t i o  of f u e l  element t o  f u e l  rod 

bundle volumetr ic  flow r a t e ,  Qt/Q4. However, p re s su re  l o s s  components 

involved a r e  so smal l  t h a t  e r r o r  in t roduced  i n t o  t h e  c a l c u l a t e d  f u e l  

element p re s su re  l o s s  i s  l e s s  t han  1%. 





Main con t r ibu to rs  t o  f u e l  element pressure l o s s ,  a s  mentioned previ- 

ously, a re  the  f u e l  rod spacers, anchor and spacer bars ,  and f u e l  rod bundle 

sk in  f r i c t i o n .  Ways of reducing these  l o s s e s  need t o  be examined because 

f u e l  element l o s s ,  a s  given by a l l  t h r e e  pressure l o s s  methods i s  above a 

maximum design value of  80 p s i  f o r  the  required f u e l  rod bundle mass flow 

r a t e  of 57 lb/sec by 49 p s i  + 4@ (rectangular  c e l l  method). 

Three ways of reducing f u e l  rod spacer pressure l o s s  a r e  t o  remove one 

o r  more s e t s  of spacers (one s e t ) ,  t o  use e l a s t i c  support dimples ins tead 

of  support f ingers ,  and t o  decrease spacer s t r i p  th ickness  (0.015 t o  0.010 i n . ) .  

Reduction of f u e l  element pressure l o s s  by each modificat ion i s  10, 4, and 

24%, respect ively .  Other ways of reducing t h i s  l o s s ,  t h a t  were not included 

i n  t h i s  study but w i l l  be considered l a t e r ,  a re  t o  reduce spacer s t r i p  width; 

t o  use spacer s t r i p s  with a l e n t i c u l a r  cross  sec t ion;  and t o  decrease the  

number of f u e l  rods o r  t h e i r  diameter. 

Pressure l o s s e s  due t o  the  anchor and spacer ba r s  and f u e l  rod sk in  

f r i c t i o n  c a n  a l s o  be reduced. Two ways of decreasing anchor and spacer 

bar  pressure l o s s  a r e  t o  use ba r s  with a l e n t i c u l a r  c ross  sec t ion  and t o  

reduce the  bar  thickness.  Reducing the  number of  f u e l  rods, t h e i r  diameter, 

o r  length,  a r e  t h e  only ways t o  decrease pressure l o s s  due t o  f u e l  rod 

bundle skin  f r i c t i o n .  Reduction of f u e l  element pressure l o s s  by any o f  

these modifications i s  not covered i n  t h i s  r epor t ,  but  they a r e  mentioned 

here t o  draw a t t e n t i o n  t o  the  p o s s i b i l i t i e s .  

It should be noted t h a t  because of f u e l  rod spacer geometry, some spacer 

flow a reas  w i l l  be r e s t r i c t e d  more than others .  The r e s u l t i n g  flow r a t e  

va r ia t ion  throughout t h e  spacer flow area  not  only w i l l  cause a pressure  





l o s s  due t o  f l u i d  mixing but  w i l l  a l s o  hinder even f u e l  rod cooling. Some 

flow areas ,  those t h a t  e x i s t  between a f u e l  rod and sec t ion  of f u e l  rod 

spacer where top  and bottom spacer s t r i p s  a l i g n ,  w i l l  be starved of flow t o  

the  point  t h a t  hot  spots  w i l l  probably occur on the  f u e l  rod. Fluid mix- 

ing w i l l  promote, somewhat, even f u e l  element cooling, but  whether the  

advantage of mixing outweighs the  disadvantages of increased pressure l o s s ,  

and uneven f u e l  rod cooling needs t o  be examined i n  more d e t a i l .  One solu- 

t i o n  i s  t o  redesign t h e  f u e l  rod spacers. It should a l s o  be noted t h a t  if 

support f i n g e r s  a s  depicted i n  Figure 2 a r e  used, the  f r e e  ends should be 

downstream so t h a t  f u e l  element pressure l o s s  w i l l  not  be increased by 

add i t iona l  f l u i d  mixing. 

The r e s u l t s  of t h i s  study a r e  required :or f u r t h e r  parametric s tud ies  

which a r e  necessary t o  achieve an optimum f u e l  design. 

FUEL ELEMENT ANNULUS HYDRAULICS 

Inse r t ing  a sodium ve loc i ty  of 28.0 f p s  i n  the  annulus pressure l o s s  

equation r e s u l t s  i n  an annulus pressure l o s s  of 70.0 p s i  + 10%. If an 

3 average sodium dens i ty  of 54.2 l b / f t  i s  used i n  ca lcu la t ing  mass flow r a t e ,  

it i s  6.7 lb/sec. 

Annulus pressure l o s s  components a r e  exhibi ted  a s  percentages of 

annulus pressure l o s s  i n  Figure 12. It can be seen from t h i s  f i g u r e  t h a t  

the  major component i s  due t o  channel skin  f r i c t i o n ,  which accounts f o r  84% 

of the  pressure l o s s .  I n  p s i  form, it i s  equal t o  59 p s i  + 5%. The only 

o ther  l o s s e s  l a r g e  enough t o  mention a r e  due t o  channel entrance and e x i t  

e f f e c t s  which account f o r  5 and '7% of the  pressure l o s s ,  respect ively .  
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Condi t ions:  
Annulus de s ign  ( concep tua l )  

FIGURE 1 2 .  D r i v e r  F u e l  E l e m e n t  A n n u l u s  P r e s s u r e  L o s s  
C o m p o n e n t s  





Since f u e l  rod bundle and annulus pressure losses  do not take place i n  

the  same manner, a pressure difference e x i s t s  across the  f u e l  element l i n e r .  

For a f u e l  element sodium flow r a t e  of 57 lb/sec and corresponding rod bundle 

and annulus pressure losses  (rod bundle pressure l o s s  obtained by the rectan- 

gular c e l l  method), t h i s  d i f f e r en t i a l  i s  36 p s i  maximum as  indicated i n  Figure 

13. It can be reduced t o  7 p s i  and annulus sodium flow r a t e  increased by 

d r i l l i n g  holes i n  the f u e l  element l i n e r  a t  posi t ion 7-7. The dashed l i n e  

shown i n  Figure 13 represents annulus pressure l o s s  a s  a function of f u e l  

element length a f t e r  d r i l l i n g  the holes. Pressure difference across the 

f u e l  element l i n e r  i s  measured away from a f u e l  rod spacer since there  i s  

a gr id  band between f u e l  rod bundle and annulus sodium flow a t  spacer 

posit ions.  

Variation and in te rac t ion  of annulus pressure l o s s ,  Apann, channel 

s p i r a l  angle (8) , channel hydraulic diameter, DH and sodium veloci ty  i n  
5 ' 

the annulus, V5, i s  important because of the  need f o r  predicting a combina- 

t i on  of annulus hydraulic parameters t h a t  w i l l  promote uniform f u e l  element 

cooling*most effect ively .  A parameter study was carr ied out by computer and 

hand calculations f o r  an annulus length, L3, of 4.3 f t  using the equation: - 
2 + (COSQ) + 1.3 (21.741K6 

"arm - 2g 1411 ( v ~ ) ~ * ~ ( % ~ ) ~ * ~ s ~ ~ Q  + TanQ I 
Bend lo s s  coef f ic ien t  K6 i n  the preceding equation w i l l  vary with the  

parameters, but f o r  calculat ions  involving t h i s  squation, bend geometry i s  

(1) 
such t h a t  t h i s  coef f ic ien t  can be assumed t o  remain constant a t  0.024 . 
Estimated accuracy of Apann o r  V obtained by using t h i s  equation i s  

5 
within + 10 a n d  + 6%, respectively.  

* reduce r ad i a l  f u e l  element temperature gradients 
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FIGURE 13. Driver Fuel Rod Bundle and Annulus Pressure 
Losses as a Function of Length 





Figure 14 exh ib i t s  annulus pressure l o s s  f o r  a constant  channel hydraulic 

diameter of 0.091 in.;sodium ve loc i t i e s  i n  the  annulus of 20, 25, and 30 fps;  

and s p i r a l  angles of from 50 t o  75 degrees. A s  indicated,  decrease i n  

annulus pressure l o s s  with increasing s p i r a l  angle i s  more pronounced a t  

higher ve loc i t i e s  and smaller s p i r a l  angles. 

Annulus pressure l o s s  f o r  a constant  channel s p i r a l  angle of 67 degrees; 

sodium ve loc i t i e s  i n  the  annulus of 15, 20, 25, and 30 fps ;  and channel hy- 

d rau l ic  diameters of from 0.050 t o  0.150 i n .  i s  indicated i n  Figure 15. A s  

shown, decrease i n  annulus pressure l o s s  with h c r e a s i n g  values of hydraul ic  

diameter i s  much more pronounced a t  higher ve loc i t i e s  and smaller hydraulic 

diameters . 
Figure 16  dep ic t s  sodium volumetric flow r a t e  through t he  annulus f o r  

annulus pressure losses  of 50.0,' 60.0, and 70.0 ps i ;  s p i r a l  angles of from 

5 t o  90 degrees; and a channel hydraulic diameter of 0.091 i n .  A s  can be 

seen, volumetric flow r a t e  increases  rap id ly  with an increase i n  s p i r a l  

angle a t  small angles, but  t h i s  method of varying flow r a t e  becomes l e s s  

e f f ec t i ve  a s  t he  angle i s  enlarged. 

The parameter t h a t  appears t o  have the  g rea tes t  e f f e c t  on sodium flow 

i n  the  annulus i s  the  s p i r a l  channel hydraulic diameter. It should be 

noted t h a t  increas ing channel height ,  T5, by 300% enlarged t he  channel hy- 

d rau l ic  diameter by 1928, but  increas ing channel width, L4, by 275%, enlarges  

the  hydraulic diameter by only 7%. 

SODIUM LEAKAGE BETWEEN ANNULUS SPIRAL CHANNELS 

Assumj ng a clearance between channels, L1, 0.001 i n . , (maximwn 

devia t ion t lo@)  along the  f u e l  channel length,  L5, and an annulus 





Channel S p i r a l  Angle 

FIGURE 14. Annulus Pressure Loss for Various Channel Spi: 
Angles and Velocities 
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Channel Hydraulic Diameter 

FIGURE 15. Annulus Pressure Loss for Various Channel 
Hydraulic Diameters and Velocities 









pressure l o s s ,  apann, of 70 p s i ,  sodium mass flow r a t e  between channels 

i s  2.6 x  1c3 lb/sec + 7 0 B  which amounts t o  3.9 x  of sodium flow 

i n  the  annulus. This ind ica tes  t h a t  leakage w i l l  decrease very l i t t l e  

the  s p i r a l  motion of sodium flow i n  the  annulus t h a t  i s  necessary t o  

promote un i fm f u e l  element cooling even f o r  the  extreme of the  values 

s t a t e d  above. 

FUEL ROD SPACER STRENGTH 

Shear Analvsis 

Dividing the  ca lcula ted  value of force  on a  spacer s t r i p  (F1 = 2.6  

l b  + 50%) by the  shear area of a  s t r i p  ( A ~  = 0.008 in2)  r e s u l t s  i n  a  

spacer s t r i p  shear s t r e s s  of 325 ps i  + 50%. Based on a  minimum y i e l d  

s t r e s s  of 18,500 psi(16) the  f a c t o r  of s a f e t y  i s  57. This y i e l d  s t r e s s  

was found by the  0.2% o f f s e t  method f o r  a  metal temperature of 1 0 0 0 ~ ~ .  

Column Analysis 

The maximum allowable s e c t i o n  load (per = 6.3 l b )  divided by the  

a c t u a l  load ( F ~  = 0.08 l b  + 50%) r e s u l t s  i n  a  s a f e t y  f a c t o r  of 79. For 

condit ions a s  s t a t e d  above and a  0.010 i n .  th ick  spacer s t r i p ,  a  column 

analys is  p r e d i c t s  a  minimum s a f e t y  f a c t o r  of 35. 

These f a c t o r s  of  s a f e t y  ind ica te  t h a t  spacer s t r i p  thickness can be 

reduced below 0.010 i n .  and s t i l l  withstand the  f l u i d  forces .  However, 

o ther  considerat ions such a s  required f u e l  rod support f i n g e r  fo rce ,  

cyc l i c  loading of support f i n g e r s  due t o  v ib ra t ion ,  d e t e r i o r a t i o n  of  

metal p roper t i e s  due t o  i r r a d i a t i o n ,  e t c .  w i l l  probably l i m i t  the reduc- 

t i o n  of  spacer s t r i p  thickness.  If f u r t h e r  reduction i s  necessary, the  

p o s s i b i l i t y  of using e l a s t i c  support dimples ins tead  of  f i n g e r s  should 

be inves t igated .  





The author  i s  g r a t e f u l  t o  R.  J .  Hennig, C.  E. Leach, R. E. Pe terson  

and D. S. Trent  f o r  t h e i r  t echn ica l  a s s i s t a n c e .  





NOMENCLATURE 

FUEL ROD BUNDLE HYDRAULICS 

A l l  p o s i t i o n  numbers r e f e r  t o  l i n e s  o n  t h e  f u e l  e l ement  a s  

i l l u s t r a t e d  i n  F i g u r e  1. 

Lenqths  

( 1 )  L1 = Length o f  f u e l  e l ement  between p o s i t i o n s  1-1 and 

2-2 ( f t )  

( 2 )  L2 = Length o f  f u e l  e l ement  between p o s i t i o n s  3-3 and 

4-4 ( f t )  

( 3 )  L3 = Length o f  f u e l  e lement  between p o s i t i o n s  7-7 and 

9-9 ( f t )  

( 4 )  L4 = Length o f  f u e l  e lement  between p o s i t i o n s  1-1 and 

9-9 ( f t )  

( 5 )  L5 = L e n g t h o f  f u e l  e l ement  b e t w e e n p o s i t i o n s  6-6 and 

7-7 ( f t )  

c6) L6 = Wiuth o f  s t r i p s  forming a f u e l  rod  s p a c e r  ( F i g u r e  2 )  

( i n )  

(7) L7 = 2L6 Def ined i n  F i g u r e  2 ( i n )  

(8) L10 = Defined i n  F i g u r e  2 ( i n )  

( 9 )  LI1 = Defined i n  F i g u r e  2 ( i n )  

(10)  L12 = Height  o f  a f u e l  r o d  s u p p o r t  f i n g e r  ( F i g u r e  2 )  ( i n )  

(11)  L13 = Width o f  a f u e l  r o d  s u p p o r t  f i n g e r  ( F i g u r e  2 )  ( i n )  

(12)  Lx = L5-n2% ( f t )  

(13)  LC = Length o f  a t y p e  ( a )  o r  ( c )  f u e l  r o d  s p a c e r  f low ce l l  

( ~ i g u r e  2 )  ( i n )  





(14)  Ld = Length o f  a  t y p e  ( d )  f u e l  r o d  s p a c e r  f l o w  c e l l  

( F i g u r e  2 )  ( i n )  

(15)  Lo = Length o f  a t y p e  (0)  f u e l  rod  s p a c e r  f low c e l l  

( F i g u r e  2 )  ( i n )  

(16) Ls = Length o f  a  t y p e  ( s )  f low c e l l  ( i n )  

(17) Lt = Length o f  a  t y p e  ( t )  f low c e l l  ( i n )  

(18)  Lf = U n i n t e r r u p t e d  f l o w  l e n g t h  o f  a  t y p e  ( 0 )  f u e l  r o d  

s p a c e r  f low c e l l  ( i n )  

(19)  Lg = U n i n t e r r u p t e d  f low l e n g t h  o f  a  t y p e  ( s )  f l o w  c e l l  (in) 

(20)  T1 = Thickness  o f  t h e  s t r i p s  forming a  f u e l  r o d  s p a c e r  

o r  g r i d  band ( ~ i g u r e  2 )  ( i n )  

(21 T1 = Thickness  o f  m a t e r i a l  forming w a l l s  o f  a  t y p e  ( c )  
C 

f u e l  r o d  s p a c e r  f low c e l l  ( i n )  

(22)  T1 = Thickness  o f  m a t e r i a l  forming w a l l s  o f  a  t y p e  ( d )  
d  

f u e l  r o d  s p a c e r  f low c e l l  ( i n )  

(23)  T1 = Thickness  o f  m a t e r i a l  forming w a l l s  o f  a  t y p e  ( 0 )  
0 

f u e l  r o d  s p a c e r  f lo r i  c e l l  ( i n )  

(24) TI = Thickness  o f  m a t e r i a l  forming w a l l s  o f  a  t y p e  ( s )  
s 

f low c e l l  ( i n )  

(25)  T1 = Thickness  o f  m a t e r i a l  forming w a l l s  o f  a  t y p e  ( t )  
t 

f low c e l l  ( i n )  

(26) T2 = Thickness  o f  a  s p a c e r  o r  anchor  b a r  ( ~ i g u r e  2 )  ( i n )  

(27)  T4 = Defined i n  F i g u r e  2  ( i n )  

(28)  p = T r i a n g u l a r  p i t c h  o f  t h e  f u e l  r o d s  ( F i g u r e  2 )  ( i n )  





Diameter 

(1 )  3 = J i a m e t e r  o f  a f u e l  rod 3r q u i l e  p i n  ( ~ i q u r e  2)  ( i n )  
r 

Ne t ted  ? e r i m e t e r s  

(1  ) i'l = I ; e t t ed  p e r i m e t e r  o f  a  t y p e  ( c )  f u e l  rod  s p a c e r  f low 
C 

c e l l  ( i n )  

( 2 )  lid = Net ted  p e r i n e t e r  o f  a  t y p e  ( d )  f u e l  r o d  s p a c e r  f low 

c e l l  ( i n )  

( 3 )  rdO = I'l'etted p e r i m e t e r  o f  a  t y p e  ( 0 )  f u e l  rod s p a c e r  f low 

c e l l  ( i n )  

Areas - 
( 1 )  A2 = T o t a l  f low a r e a  i n  t h e  f u e l  e l ement  between p o s i t i o n s  

3-3 and 4-4 ( i n 2 )  

(2 )  A5 = T o t a l  f low a r e a  i n  t h e  f u e l  rod  bundle  between p o s i -  

t i o n s  6-6 and 7-7. T h i s  i s  a7*.;ay from a  f u e l  rod spacer.  

(3 )  A- = P r o j e c t e d  f r o n t a l  a r e a  o f  a  f u e l  rod s p a c e r .  T h i s  
s 

i n c l u d e s  f u e l  rod  s u p p o r t  f i n g e r s  and a  g r i d  band. ( i n 2 )  

Hydrau l i c  Diameters  

( 1 )  D = Hydrau l i c  d i a m e t e r  o f  t h e  f u e l  e lement  between p o s i t i o n s  
H1 

1-1 and 2-2 ( i n )  

( 2 )  DH = Hydrau l i c  d i a m e t e r  o f  t h e  f u e l  e l ement  Setween p o s i t i o n s  
2  

3-3 and 4-4 ( i n )  

( 3 )  DH = Hydrau l i c  d i a m e t e r  o f  t h e  f u e l  e l ement  between p o s i t i o n s  
3 

7-7 and 9-9 ( i n )  D =D 
H3 H2 

(4)  DH = Fiydraulic d i a m e t e r  o f  a  c e n t r a l  f u e l  rod ':undle f low 
X 

c e l l .  T h i s  i s  av:ay from a fur-1 rod  s p a c e r .  ( i n )  





(5) DHc = Hydraul ic  d iamete r  of  a  t y ~ e  ( c )  f u e l  rod space r  

flow c e l l  ( i n )  

( 6 )  DH = Hydraul ic  d i rme t? r  o f  a  type  ( d )  f u e l  rod s p l c e r  
d  

f low c e l l  ( i n )  

( 7 )  DH = Hydraul ic  d iamete r  o f  a  t ype  ( 0 )  f u e l  rod  space i  
0 

flow c e l l  ( i n )  

(8) DH = Hydraul ic  d iamete r  of  a  type  ( s )  flovi c e l l  ( i n )  
S 

( 9 )  D = Hydraul ic  d iamete r  of a type  ( t )  f low c e l l  ( i n )  
Ht 

V e l o c i t i e s  

( 1 )  v1 = Average sodium v e l o c i t y  i n  t h e  f u e l  element between 

p o s i t i o n s  1-1 and 2-2 ( f p s )  

(2 )  V2 = Average sodium v e l o c i t y  i n  t h e  f u e l  element betvieen 

p o s i t i o n s  3-3 and 4.-4 ( f p s )  

( 3 )  V5 = Average sodium v e l o c i t y  i n t h e  f u e l  rod bundle between 

pos i t i .ons  6-6 and 7- 7 . This  i s  away from a  f u e l  

rod spacer .  ( f p s )  

( 4 )  V6 = Average sodium v e l o c i t y  i n  t h e  f u e l  e lement  between 

p o s i t i o n s  7-7 and 9-9 ( f p s )  

( 5 )  vs = Average sodium v e l o c i t y  w i t h i n  a  f u e l  rod space r  ( f p s )  

( 6 )  v = Average sodium v e l o c i t y  w i t h i n  a  c e n t r a l  f u e l  rod  
X 

bundle f low c e l l .  Th is  i s  aviay from a  f u e l  rod  space r .  

( f p s )  

( 7 )  vc = Average sodium v e l o c i t y  w i t h i n  a t y p e  ( c )  f u e l  rod 

space r  f low c e l l  ( f p s )  Vc = Vs 

(8) v0 = Average sodium v e l o c i t y  n i t h i n  a  t ype  ( 0 )  f u e l  rod 

space r  f low c e l l  ( f p s )  Vo = Vs 





Volumetric Flow Rates 

(1)  Qt = Volumetric flow r a t e  of sodium through the  f u e l  element 

( f t3 / sec )  

(2) Q4 = Volumetric flow r a t e  o f  sodium through the  f u e l  rod 

bundle ( f t3 / sec )  

F r i c t i o n  Fac tors  and Drag Coef f i c i en t s  

(1 )  f l  = Average Moody f r i c t i o n  f a c t o r  f o r  t he  f u e l  element between 

p o s i t i o n s  1-1 and 2-2 

(2)  f 2  = Average Moody f r i c t i o n  f a c t o r  f o r  t h e  f u e l  element between 

p o s i t i o n s  3-3 and 4-4 

(3 )  f 3  = Average Moody f r i c t i o n  f a c t o r  f o r  t h e  f u e l  element between 

p o s i t i o n s  7-7 and 9-9 f 2  = f 3  

(4 )  f, = Average Xoody f r i c t i o n  f a c t o r  f o r  a c e n t r a l  f u e l  rod 

bundle flow c e l l .  This i s  away from a f u e l  rod spacer .  

( 5 )  f c  = Average Fanning f r i c t i o n  f a c t o r  f o r  a type ( c )  f u e l  rod 

spacer  flow c e l l  

(6)  f: = Average Fanning f r i c t i o n  f a c t o r  f o r  type ( c )  f u e l  rod 

spacer  flow c e l l  wal l s  formed of  spacer  s t r i p s  

(7) f:+ = Average Fanning f r i c t i o n  f a c t o r  f o r  type ( c )  f u e l  rod 

spacer  flow c e l l  wa l l s  formed of f u e l  rods 

(8) f d  = Average Fanning f r i c t i o n  f a c t o r  f o r  a type (d)  f u e l  rod 

spacer  flow c e l l  

(9)  f i  = Average Fanning f r i c t i o n  f a c t o r  f o r  type (d )  f u e l  rod 

spacer  flow c e l l  wa l l s  formed of  spacer  s t r i p s  

(10) fit = Average Fanning f r i c t i o n  f a c t o r  f o r  type ( d )  f u e l  rod 

spacer  flow c e l l  wal l s  formed of  f u e l  rods 





(11) f o  = Average Fanning f r i c t i o n  f a c t o r  f o r  a  type  ( 0 )  f u e l  rod 

space r  f low c e l l  

(12)  f i  = Average Fanning f r i c t i o n  f a c t o r  f o r  t ype  ( 0 )  f u e l  rod 

space r  f lo::  c e l l  i , ;a l ls  formed of  space r  s t r i p s  

(13)  fA+ = Averagc F.qnning f r i c t i o n  f a c t o r  f o r  type  ( 0 )  f u e l  rod 

space r  flovj c e l l  ~ : a l l s  forr?ed o f  f u e l  r ods  

(14)  cs = Drag c o e f f i c i e n t  f o r  a f u e l  rod space r  

Loss C o e f f i c i e n t s  

( 1 )  = Ent r i nce  l o s ,  c o e f f i c i e n t  f o r  t h e  f u e l  element a t  

p o s i t i o n  1-1 

( 2 )  K2 = Nozzle l o s s  c o e f f i c i e n t  f o r  t h e  f l u i d  expzas ion  between 

p o s i t i o n s  2-2 arid 3-3 

( 3 )  1(, 
3  

= Ent rance  l o s s  c o e f f i c i e n t  f o r  t h e  f u e l  rod bundle,  

p o s i t i o n s  4-4 t o  6-6 

(4) = Ent rance  10s; c o e f f i c i e n t  f o r  a type  ( c )  o r  ( d )  f u e l  

rod space r  f low c e l l  

(5) Kg = E x i t  l o s s  c o e f f i c i e n t  f o r  a type  ( c )  o r  ( d )  f u e l  r od  

spacer  f low c e l l  

( 6 )  Kg = Ent rznce  l o s s  c o e f f i c i e n t  f o r  a  type  ( 0 )  f u e l  r o d  

space r  flow c e l l  

( 7 )  5 = E x i t  l o s s  c o e f f i c i e n t  f 3 r  i type  ( 0 )  f u e l  rod space r  

flovd c e l l  

(8) K8 = E x i t  l o s s  c o e f f i c i e n t  f o r  t h e  f u e l  rod bundle a t  

p o s i t i o n  7-7 

( 9 )  l$ = E x i t  l o s s  c o e f f i c i e n t  f o r  t h e  f u e l  element a t  p o s i t i o n  

9-.? 





Reynolds Numbers 

(1) R, = Reynolds number f o r  sodium flow i n  a c e n t r a l  f u e l  rod 

bundle flow c e l l .  This  i s  away from a f u e l  rod specer .  

(2)  Rc = Reynolds number f o r  sodium flow i n  a type ( c )  f u e l  rod 

spacer  flow c e l l  

(3 )  Rd = Reynolds number f o r  sodium flow i n  a type (d )  f u e l  rod 

spacer  flow c e l l  

( 4 )  R0 = Reynolds number f o r  sodium flow i n  a type ( 0 )  f u e l  rod 

spacer  flow c e l l  

(5)  Rs = Reynolds number based on t h e  f u e l  rod spacer  f r o n t a l  

dimension T1 

Miscellaneous 

(1)  n1 = Number of f u e l  rods p lus  guide p ins  

( 2 )  n2 = Number of f u e l  rod spacers  

(3 )  n4 = Number of spacer  o r  anchor b a r s  

(4)  n5 = Constant accounting f o r  the  a d d i t i o n a l  f u e l  element 

p re s su re  l o s s  due t o  f u e l  rod support f i n g e r s  

(5)  n6 = Constant accounting f o r  i nc rease  i n  f r i c t i o n  f a c t o r  due 

t o  misalignment of spacer  s t r i p s  forming flow c e l l  wal l s  

(6 )  n7 = Constant t o  convert  f r i c t i o n  f a c t o r s  f o r  aluminum c e l l s  

t o  f r i c t i o n  f a c t o r s  f o r  s t a i n l e s s  s t e e l  c e l l s  

(7)  8 = Expansion angle  of the  f u e l  element nozzle between 

p o s i t i o n s  2-2 and 3-3 (degrees)  

(8) L = Reactor opera t ing  power l e v e l  ( M W ~ )  





( 9 )  1 
- - 
- c c ~ u i v ~ l ~ ~ n t  nunb  r 3 :  average  d r i v e r  f u e l  e l e m e n t s  

( l n )  A ?  = S o c i u ~  t - r n p e r ~ t u r r  r i s ? ,  p ~ s i i i ~ n s  1-1 t o  9-9 ( O F )  

(11) p = k v e r a ~ e  - : ens i ty  g f  s o c ' i ~ : n  ?-:et!:een p s i t i o n s  1-1 anc' 

3 9-9 (15/:t ) 

(12)  y = Average s p e c i f i c  vieiqht o f  socliun het;.:een p o s i t i o n s  1-1 

and 9-9 (1b / f t3 )  

( 1 4 )  0 = Free-flovi  a r e a  o f  t h c  f l l c l  rod  'x.inc'le zv~ay from a  f u e l  

rod s n a c c r ,  d iv ic 'ed  Sy th,; free-floTb.;  a r e a  o f  t h e  f u e l  

e l ement  be tv~een  p o s i t i o n s  3-3 2nd 4 - 4  o r  7-7 and 9-9 

( 1 5 )  oc = od = o o  = Free-flow a r e a  of a  f u e l  rod s p a c e r ,  d i v i d e d  by  t h e  

f ree - f low a r e a  of t h e  f u e l  rod bund le  away f rom a  f u e l  

rod s p a c e r  

( 1 6 )  dpfUel= T o t a l  f u c l  e l cmznt  : ? r e s s u r e  l o s s  b e t ~ : e e n  p o s i t i o n s  

1-1 and 9-9 ( p s i )  

FUEL ELEMENT ANNULUS HYDRAULICS 

A l l  ! ? o s i t i o n  numbers r e f e r  t o  ' i n e s  o n  the: f u e l  e l e n - n t  a s  e x h j b i t e d  

i n  F i g u r e  1. 

Lenq-th 

(1) L3 = Length of  t h e  f u e l  e l ement  annu lus ,  p o s i t i o n s  6-6 t o  

8-8 ( ~ i g u r e  9) ( f t )  

( 2 )  Lq = Yiidth o f  a n  annu lus  s p i r a l  channe l  ( F i g u r e  9 )  ( i n )  

( 3 )  L5 = Length o f  a n  a n n u l u s  s q i r a l  channe l  betrbleen p o s i t i o n s  

6-6 and :-3 ( ~ i q u r e  9 )  ( f t )  

( 4 )  T5 = J i a n e t n r  o f  a n  znnu lus  s n i r 2 l  r i b  ( F i g u r e  2 )  ( i n )  





Hydraul ic  Diameter 

(1) DH5 = Hydraul ic  d iamete r  o f  a  s p i r a l  channe l  ( i n )  

Area - 
(1) A5 = Tota l  annulus  flov: a r e a  between p o s i t i o n s  5-6 and 

8-8 ( i n 2 )  

V e l o c i t y  

(1) v5 = Average sodium v e l o c i t y  i n  t h e  s p i r a l  channe ls  ( f p s )  

Volumetric Flovi Ra te  -- 
I 
i l )  q5 - .:olclmc-:ric f  lo1 r la .? o f  sodium through  the annu lu s  

! f t 2 / s t c )  

F r l c t i ? n  Fac to r  

(1) f  
1 

= Average I.,loo~j.y f ; . ic t ion f a c t c r  f o r  3 ..::;.*.ral channel  

Loss C o e f f i c i e n t s  - 

I .  K = Ent rance  105s c o e f f i c i e ; \ t  fo: a  sp i ra l .  chanri!:l a t  
5 

p o s i t i ~ n  6-6 

( 2 )  K = Loss coe f f l c i i . n t  f o r  bends i n  c. s p i r a l  channel 
6 

7- 

( 3 )  K.7 = ~ x i t  ;.(~SS c c s f f i c i e n t  f o r  a  s p i - a 1  channel a t  p o s , t : n p  

(1) R5 -- Rcynolds number f o r  sndiur;, flovi i n  a  s p i r a l  channel  

Miscel laneous 

(1 )  nl = Number o f  bends p e r  s p i r a l  channel  betvieen p o s i t i o n s  

6-6 and 2-8 

(2)  n2 = Number o f  s p i r z l  r i b s  o r  channe ls  i n  t h e  annulus  

( 3 )  Q = S p i r a l  a n g i e  o f  a n  annulus  channel ( ~ i ~ u r e  9) ( d e g r e e s ,  





(4) P = Aversge d e n s i t y  o f  sodium h~t!. ;een p o s i t i o n s  1-1 and 

9-9 ( l b / f t 3 )  

( 5 )  Y = Average s p e c i f i c  weight of  sodium betc:een p o s i t i o n s  

1-1 and 9-9 ( l b / f t 3 )  

( 6 )  g  = G r a v i t a t i o n a l  c o n s t a n t  = 32.2 l b - f t / l b - s ec  2  

(7) ~p = Annulus p r e s s u r e  l o s s  bet1::een p o s i t i o n s  6-6 and 
a  nn 

8-8 ( p s i )  

SODIUM LEAKAGE BETWEEN ANNULUS SPIFtAL CHANmLS 

A l l  p o s i t i o n  numbers r e f e r  t o  l i n e s  on  t h e  f u e l  element a s  d e p i c t e d  

i n  F igure  1. 

(1) L1 = Clearance  between annulus  s p i r a l  r i b s  and t h e  f u e l  

e lement  l i n e r  ( i n )  

( 2 )  L5 = Length of  t h e  a n r u l u s  s p i r a l  channe ls  between p o s i t i o n s  

6-6 and 8-8 ( ~ i g u r e  9) ( f t )  

Area - 
(1) Ac = Flow a r e a  between a d j a c e n t  s p i r a l  clhsnnels ( f t 2 )  

Ve loc i t y  

( 1 )  M = T o t a l  sodium mass f low r a t e  between a d j a c e n t  s p i r a l  channe ls  
C 

( l b / s ec )  

hliscel  l a n e s  

(1) nl = Number o f  t u r n s  p e r  s p i r a l  channel  between positions 6-6 a d  8-8 

( 2 )  n2 = Number o f  s p i r a l  r i b s  o r  channe ls  i n  t h e  annulus  

( 3 )  P = Average v i s c o s i t y  o f  sodium between p o s i t i o n s  1-1 

and 9-9 ( l b / f t - h r )  

4 g = G r a v i t a t i o n a l  c o n s t a n t  = 32.2 lb - f t / lb - sec2  





( 5 )  Ap = Annulus : ? ressure  l o s s  betlvjeen p o s i t i o n s  6-6 and 3-8 
a  nn 

( 6 )  Apc = P r e s s u r e  d i f f e r e n t i a l  a c r o s s  a n  a n n u l u s  s p i r a l  r i b  

FUEL ROD SPACER STRENGTH 

A l l  p o s i t i o n  numbers r e f e r  t o  l i n e s  o n  t h e  f u e l  e lement  a s  

i l l u s t r a t e d  i n  F i g u r e  1. 

Lenqths  

('1 L6 = l,'iidth o f  s t r i p s  forming a  f u e l  rod  s p a c e r  ( F i g u r e s  2  

and 10)  ( i n )  

(2 )  L9 = Length o f  a f u e l  rod s u p p o r t  f i n g ? r  ( F i g u r e s  2  and 

10)  ( i n )  

( 3 )  Lll = Defined i n  F i g u r e s  2  and 1 0  ( i n )  

( 4 )  L13 = l i id th  o f  a  f u e l  r o d  s u p p o r t  f i n g e r  ( F i g u r e s  2  and 

10)  ( i n )  

(5) L14 = Length o f  t h e  l o n g e s t  s p a c e r  s t r i p s  ( i n )  

( 6 )  T1 = Thickness  o f  a  s p a c e r  s t r i p  ( F i g u r e s  2  and 10)  ( i n )  

Radius  o f  G y r a t i o n  

(1)  I? = L e a s t  r a d i u s  o f  g y r a t i o n  o f  t h e  s p a c e r  s t r i p  s e c t i a n  

i n d i c a t e d  i n  F i g u r e  1 0  ( i n )  

Areas  

(1) A1 = Shear  a r e a  d e f i n e d  by: A1 = 2 ( ~  -L )T ( i n 2 )  6 9 1  

( 2 )  A2 = P r o j e c t e d  f r o n t a l  a r e a  o f  a  s p a c e r  s t r i p  ( i n 2 )  

(3 )  A3 = C r o s s - s e c t i o n a l  a r e a  ( F i g u r e  10) d e f i n e d  by t h e  

2  
e q u a t i o n :  A3 = (L11-~13)T1 ( i n  ) 





V e l o c i t y  

( 1 )  'J5 = Average sodium v e l o c i t y  i n  t h e  f u e l  rod bundle  between 

p o s i t i o n s  6-6 and 7-7. T h i s  i s  a::ay from a  f u e l  rod 

spacer .  ( fps )  

C o e f f i c i e n t  o f  Draq 

( 1 )  cd = Spacer  s t r i p  d r a g  c o e f f i c i e n t  

Forces  

(1)  F1 = Drag f o r c e  on t h e  l o n g e s t  s p a c e r  s t r i p  ( l b )  

( 2 )  F2 = Drag f o r c e  o n  a s p a c e r  s t r i p  s e c t i o n  ( ~ i g u r e  10)  ( l b )  

/ ,Aiscellaneous 

( 1 )  n2 = C o e f f i c i e n t  a c c o u n t i n g  f o r  end c o n d i t i o n s  o f  t h e  s p a c e r  

s t r i p  s e c t i o n  ( ~ i g u r e  1 0 )  

(2)  n4 = Number o f  f u e l  r o d s  s u p p o r t e d  by t h e  l o n g e s t  s p a c e r  

s t r i p  

( 3 )  0 = Spacer  s t r i p  s h e a r  s t r e s s  ( p s i )  
g  

(4)  sy = Y i e l d  s t r e s s  o f  304 s t a i n l e s s  s t e e l  ( p s i )  

( 5 ) E  = !V"odulus o f  e l a s t i c i t y  o f  304 s t a i n l e s s  s t e e l  ( p s i )  

( 7 )  P = Average d e n s i t y  o f  sodium betvieen p o s i t i o n s  1-1 and 9-9 ( l b / f t  3 ) 

( 8 )  g  = G r a v i t a t i o n a l  c o n s t a n t  = 32.2 l b - f t / l b - s e c  2 





ASSUMPTIONS 

FUEL RCD BUNDLE HYDRAULICS 

(6 ) L6 = 0.5 in. 

( 7 )  L7 = 1.0 in. 

(8) L10 = 1.98 in. 

(9) L12 = 0.012 in. 

(11) LC = 1.0 in. 

(12) Ld = 0.5 in. 

(13) Lo = 1.0 in. 

(15) Lt = 2.5 in. 

(16) Lf = 0.5 in. 

(17) Lg = 0.5 in. 

(1% Tld = 0.015 in. 

(20) T 
10 

= @.El5  in. 

(21) T1 = 0.006 in. 
S 

(22) T1 = O.9@6 in. 
t 





(23) T2 = 0.080 in. 

(24) T4 = 0.125 in .  

(25) p = 0.264 in. 

Diameter 

(1) D, = 0.226 i n .  

Miscellaneous 

(1) n1 = 217 

(2) n2 = 6 

(3) n = 17 
4 

(4)  n5 -1.1 

(5)  n6 = 1.2 

(6) n7 = 1.2 

(7) 8 = 10 degrees 

(8)  L = 300 1% 

( 9 )  1 = (equivalent  number of average dr iver  f u e l  elements) 53-1/2 

(10) AT = 300 '~  

(11) P = 54.2 lb/f t3 

FUEL ELEMENT ANNULUS HYDRAULICS 

Lenqth 

(1) L3 = 4.3 f t  

Diameter 

(1) T5 = 0.050 in. 

Miscellaneous 





(3)  63 = 67 degrees 

SODIUM LEAKAGE BETWEEN ANNULUS SPIRAL CHANNELS 

Lenqths 

(1) Ll = 0.001 i n .  

(2)  L5 = 4.3 f t  

Miscellaneous 

(4) Apann = 70.0 p s i  

FUEL ROD SPACER STRENGTH 

Lenqths 

(1) L6 = 0.5 in. 

(2)  Lg = 0.25 in. 

(3)  L13 = 0.03 in. 

(4)  T1 = 0.015 in. 

Velocity 

(1) v5 = 50.0 fps 

Coeff ic ient  of Draq 

(1) Cd = 2.0 Reference 2, Page 207, Tal~le  5.1. 

Miscellaneous - 

(1) "2 = 0.25 Reference 8, Page 412 

( 2 )  n4 = 17 





Fuel rod spacer material  304 s t a i n l e s s  s t e e l  (S = Y 

18,500 ps i ,  0.2% o f f s e t  method, 1 0 ~ 0 ~ ~ ;  E = 19.2 x 

6 
10 p s i ,  1 0 0 0 ~ ~ ) .  Reference 13, Page 569, Table 23.11. 





APPENDIX 

APPLICATION OF RESULTS 

Resu l t s  of  t h i s  a n a l y s i s  have been appl ied  t o  a  parametr ic  survey model, 

u t i l i z i n g  analog computer techniques t o  perform r e a c t o r  des ign  c a l c u l a t i o n s .  

The equat ion  ind ica ted  on page 8 f o r  determining f u e l  element pressure  

l o s s  conta ins  too  many components f o r  ease  o f  use i n  t h e  analog computer 

program. Therefore, values obtained from t h i s  equat ion  ( r e c t a n g u l a r  c e l l  

method) were employed t o  determine a n  e f f e c t i v e  ent rance  and e x i t  l o s s  and 

f r i c t i o n  f a c t o r  c o e f f i c i e n t  f o r  a  s tandard p ipe  flow pressure  l o s s  equation.  

The standard equation,  ind ica ted  below, was then  used on t h e  analog computer 

f o r  parametr ic  analyses.  

apfuel = Fuel  element pressure  l o s s  

G = Mass v e l o c i t y  (sodium i n  t h e  f u e l  element) 

% = Hydraulic diameter o f  t h e  f u e l  element inc luding t h e  f u e l  

element l i n e r  (away from a f u e l  rod spacer)  

L5 = Length of  t h e  f u e l  rod bundle 

A = Effec t ive  ent rance  and e x i t  l o s s  c o e f f i c i e n t  = 2.10 

B = E f f e c t i v e  f r i c t i o n  f a c t o r  c o e f f i c i e n t  = 0.888 

P = Average sodium d e n s i t y  between f u e l  element i n l e t  and o u t l e t  

P = Average sodium v i s c o s i t y  between f u e l  element i n l e t  and 

o u t l e t  

g = Grav i t a t iona l  cons tant  = 32.2 lb-f t / lb-sec 2 

Values  g i v e n  f o r  A and B r e l a t e  t o  t h e  cermet f u e l  des ign  a s  analyzed 

i n  t h i s  r e p o r t .  





A subsequent s tudy  of  oxide d r i v e r  f u e l  element h y d r a u l i c s  f o r  f u e l  

rod space r s  o t h e r  t han  wi r e  wrap, assumed f o r  t h e  ox ide  parameter  survey,  

. 
w i l l  r e s u l t  i n  a n  equa t ion  s i m i l a r  t o  t h a t  i n d i c a t e d  above. * 
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