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MEASUREMENT OF TURBULENT VELOCITY, INTENSITY 

AND SCALE I N  ROD BUNDLE FLOW CHANNELS 

D. S. Rowe 

An exper imen ta l  s tudy  was performed t o  i n v e s t i g a t e  t h e  e f f e c t  

o f  f l ow  channel geometry on f u l l y  developed t u r b u l e n t  f l o w  i n  "c lean"  

r o d  bundle  f l o w  channels.  T h i s  i n f o r m a t i o n  was sought t o  o b t a i n  a  

b e t t e r  unders tand ing  o f  c r o s s f l o w  m i x i n g  between r o d  bundl e  

subchannels. 

The exper imenta l  measurements o f  t u r b u l e n c e  v e l o c i t y  were 

performed w i t h  a  two-component l ase r -Dopp le r  v e l o c i m e t e r  i n  a p p r o x i -  

m a t e l y  t w i c e  s i z e  models o f  n u c l e a r  r e a c t o r  f u e l  r o d  bundle f l o w  

subchannel s.  The exper imenta l  l'low models cons ide red  p i  t c h - t o -  

d iamete r  r a t i o s  o f  1.25 and 1.125. A x i a l  con.~ponents o f  v e l o c i t y ,  

t u r b u l e n c e  i n t e n s i t y  and Eul e r i a n  a u t o c o r r e l  a t i o n  f u n c t i o n  were t h e  

p r imary  measurements. A 1  i m i  t e d  amount o f  1  a t e r a l  corrlponent t u r b u -  

l e n c e  i n t e n s i t y  da ta  was a l s o  ob ta ined .  The a u t o c o r r e l a t i o n  f u n c t i o n  

p r o v i d e d  an i n d i c a t i o n  o f  t h e  dominant f requency o f  t u r b u l e n c e  and 

an e s t i m a t e  o f  t h e  l o n g i t u d i n a l  macroscale by u s i n g  T a y l o r ' s  

hypo thes is .  The exper iments  were performed i n  w a t e r  w i t h  a  Reynolds 

number range f r o m  50,000 t o  200,000. 

The exper imen ta l  r e s u l t s  show t h a t  r o d  gap spac ing ( p i t c h - t o -  

d iamete r  r a t i o )  i s  t h e  most s i g n i f i c a n t  geometr ic  parameter a f f e c t i n g  



t h e  f l o w  s t r u c t u r e .  Decreasing t h e  r o d  gap spac ing inc reased  t he  

t u rbu lence  i n t e n s i t y ,  l o n g i t u d i n a l  macroscale, and t h e  dominant 

f requency o f  tu rbu lence .  These tu rbu lence  parameters were found t o  

be r a t h e r  i n s e n s i t i v e  t o  Reynolds number. The t u rbu lence  parameters 

w i t h i n  a  r o d  gap were found t o  be i n s e n s i t i v e  t o  t h e  shape o f  ad ja -  

c e n t  subchannels and o n l y  s l i g h t l y  a f f e c t e d  by t h e  amount o f  l a t e r a l  

freedom a l l owed  by t h e  va r i ous  s i z e  and shape o f  f l o w  models con- 

s i de red  i n  t h i s  s tudy.  

The r e s u l t s  i n d i c a t e  t h a t  macroscopic f l ow processes e x i s t  ad ja -  

cen t  t o  t h e  r o d  gap. Th is  i nc l udes  secondary f l o w s  and inc reased  

sca le  and f requency o f  f l o w  p u l s a t i o n s  when t h e  r o d  gap spac ing i s  

reduced. By cons ide r i ng  t h e  eddy d i f f u s i o n  c o e f f i c i e n t  t o  be r e l a t e d  

t o  t h e  p r o d u c t  o f  i n t e n s i t y  and macroscale, t he  r e s u l t s  show a  com- 

pensa t i ng  i nc rease  i n  eddy d i f f u s i o n  f o r  a  decrease i n  r o d  gap spac- 

i ng .  When i n t e r p r e t e d  i n  terms o f  c ross f l ow  mix ing,  t h e  r e s u l t s  

a r e  c o n s i s t e n t  w i t h  p resen t  c ross f l ow  m i x i n g  c o r r e l a t i o n s .  



TABLE OF CONTENTS 

. . . . . . . . . . . . . . . . .  1.0 Introduction 1 

. . . . . . .  2.0 Theoretical Aspects andLi te ra tu reSurvey  3 

. . . . . . . . .  2.1 Turbulent Transport Processes 3 

2.1.1 Diffusion by Lagrangian Turbulence 
Parameters . . . . . . . . . . . . . .  5 

. . . . . . .  2.1.2 Eulerian Turbulence Parameters 7 

2.1.3 Relationships Between Lagrangi an and 
. . . . . . . . . . .  Eulerian Parameters 9 

. . . . . . .  2.1.4 Classical Mixing Length Theory 11 

. . . .  2.1.5 Recent Developments i n  Turbulence Models 13 

. . . . . . . . . .  2.2 Turbulent Flow in Rod Bundles 14 

. . . . . . . . . . . .  2.2.1 Crossflow Mixing 14 

. . . . . . . . . .  2.2.2 Rod Bundle Turbulence 20 

b . . . . . . . . .  3.0 Laser-Doppler Measurement Technique 30 

. . .  3.1 Principles of Laser-Doppler Velocity Measurement 30 

. . . . . . . . . . .  3.2 Ab i l i t i e s  and Limitations 34 

. . . . . . . . . .  3.2.1 Transi t Ti me Broadening 37 

. . . . . . . . . . .  3.2.2 Aperture Broadening 37 

. . . . . . . .  3.2.3 Velocity Gradient Broadening 38 

. . . . . . .  3.2.4 Temporal Turbulence Broadening 38 

. . . . . . .  3.2.5 Spatial  Turbulence Broadening 38 

. . . . . . . . . . . . . .  4.0 Experimental Program 40 

. . . . . . . . . .  4.1 Description of Test Section 40 

. . . . . . . . . . .  4.2 Laser-Doppler Velocimeter 46 



4.2.1 O p t i c a l  System . . . . . . .  
4.2.2 T rave rs i ng  System . . . . . .  
4.2.3 E l e c t r o n i c  Readout . . . . .  

4.3 S igna l  Process ing . . . . . . . .  
4.4 Method o f  Data A c q u i s i t i o n  . . . . .  
4.5 Method o f  Data Reduct ion . . . . .  

. . . . . . . .  5.0 Exper imenta l  Resu l t s  

. . . . .  5.1 Subchannel F l o w s t r u c t u r e  

5.1.1 Maps o f  V e l o c i t y  and I n t e n s i t y  . 
5.1.2 E f f e c t  o f  Rod Gap Spacing . . .  

. . .  5.1.3 E f f e c t  o f  Reynolds Number 

. . .  5.1.4 E f f e c t  o f  Flow Model S ize  

. . . . .  5.2 Flow S t r u c t u r e  i n  Rod Gap 

5.2.1 E f f e c t  o f  Subchannel Shape . . 
. . .  5.2.2 E f f e c t  o f  L a t e r a l  Freedom 

5.2.3 E f f e c t  o f  Rod Gap Spacing . . .  
. . . . .  5.3 Channel F r i c t i o n  Fac to rs  

. . . . . . . .  6.0 D iscuss ion  of Resu l t s  

6.1 Cornparison w i t h  Other  Exper imental  Data 

. . . . . .  6.2 Secondary Flow P a t t e r n s  

6.3 Macroscale and C o r r e l a t i o n  Funct ions . 
6.4 Imp1 i c a t i o n s  Regarding Crossf  1 ow Mi x i n g  

. . . . .  7.0 Accuracy o f  Exper imenta l  Data 

. . .  7.1 Sample Volume S i ze  and Loca t i on  



7.2 Mean V e l o c i t y  . . . . . . . . . . . . . . .  162 

7.3 Turbulence I n t e n s i t y  . . . . . . . . . . .  165 

7.4 Turbul  ence Scal e . . . . . . . . . . . . . .  169 

7.5 Reproduci b i  1 i ty . . . . . . . . . . . . .  171 

8.0 Conclusions and Recommendations . . . . . . . . . . .  173 

9.0 Nomenclature . . . . . . . . . . . . . . . . .  176 

10.0 B ib l i og raphy  . . . . . . . . . . . . . . . . .  180 

APPENDIX A - Data Reduct ion Computer Program . 186 

APPENDIX B - Tabu la t ion  o f  Reduced Data . . . . . . . . . .  193 



MEASUREMENT OF TURBULENT VELOCITY, INTENSITY 

AND SCALE I N  ROD BUNDLE FLOW CHANNELS 

1  .0 INTRODUCTION 

The subchannel a n a l y s i s  method (48) has become an impo r tan t  t o o l  

f o r  p r e d i c t i n g  t h e  thermal h y d r a u l i c  performance o f  r o d  bundle nuc lear  

fue l  elements. Th i s  "lumped-parameter" method cons iders  a  r o d  bundle 

t o  be a  con t inuous ly  in te rconnec ted  s e t  o f  p a r a l l e l  f l o w  subchannels 

such as those shown i n  F igure  1  .l. The subchannels a re  assumed t o  con- 

t a i n  one-dimensional f l o w  and a r e  coupled t o  each o t h e r  by c ross f l ow  

mix ing.  For s ing le-phase f l ow ,  t u r b u l e n t  crossf low mix ing  i s  dominant 

and i s  u s u a l l y  assumed t o  be an eddy d i f f u s i o n  process. By app l y i ng  

t h e  conserva t ion  equat ions o f  niass, energy, and momentum t o  the  i n t e r -  

connected f l o w  channels, a  s e t  of coupled d i f f e r e n t i a l  equat ions can 

be de r i ved  t o  descr ibe  t he  mass and thermal t r a n s p o r t  i n  t h e  rod  bundle. 

The r e s u l t i n g  s e t  o f  equat ions a r e  u s u a l l y  so lved  by us ing  a  d i g i t a l  

computer (8,55,56). 

One o f  t he  impo r tan t  emp i r i ca l  i n p u t s  t o  t h e  subchannel ana l ys i s  

method i s  t he  t u r b u l e n t  c ross f l ow  mix-ing. Th is  i s  u s u a l l y  de f ined  by 

exper iment because a  d e f i n i t i v e  c o r r e l a t i n g  equa t ion  f o r  c ross f low 

m i  x i  ng has n o t  been developed. Whi 1  e  severa l  c o r r e l  a t i  ons 

e x i s t  (15,22,29,45,47,48,52,53) none have been proven t o  app ly  gene ra l l y  

t o  a l l  r o d  bundle geometr ies.  The p r imary  d i f f i c u l t y  seems t o  be t h e i r  

i n a b i  1  i ty t o  i n c l  ude geometr ic parameter e f f e c t s  on crossf low m i  x i  ng . 



Th i s  i nvo l ves  parameters such as r o d  gap spacing, subchannel shape and 

subchannel s i ze .  The development o f  a  un i ve rsa l  c o r r e l a t i o n ,  i f  t h e r e  

i s  one, i s  hampered by t he  incomplete d e s c r i p t i o n  o f  t u r b u l e n t  t r a n s -  

p o r t  processes i n  r o d  bundles and how i t  i s  a f f e c t e d  by t he  bundle 

geometry. Flow processes f rom s imple channels such as round tubes a r e  

o f t e n  ex t rapo la ted  t o  r o d  bundles w i t h  o n l y  p a r t i a l  success (47,48). 

There i s  a  d e f i n i t e  need t o  o b t a i n  a  more fundamental understanding o f  

t h e  t u r b u l e n t  f l o w  s t r u c t u r e  i n  bundles so t h a t  an improved under- 

s tand ing  o f  c ross f l ow  mix ing  processes can be developed. 

The o b j e c t i v e  o f  t h i s  work i s  t o  i n v e s t i g a t e  expe r imen ta l l y  t h e  

t u r b u l e n t  f l o w  behavior  i n  r od  bundle subchannels and i n  p a r t i c u l a r  

those tu rbu lence  parameters o f  i n t e r e s t  t o  t he  c ross f l ow  m ix i ng  process. 

As shown i n  the  subsequent d i scuss ion  those parameters a r e  t h e  i n t e n -  

s i t y  and sca le  o f  tu rbu lence .  

F igure  1.1. Method o f  subchannel s e l e c t i o n .  
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2.0 THEORETICAL ASPECTS AND LITERATURE SURVEY 

The f o l l o w i n g  sec t ions  rev iew two t o p i c s  r e l a t e d  t o  the ob jec t i ves  

o f  t h i s  research. The f i r s t  i s  a  d iscussion o f  t u r b u l e n t  f l o w  pro-  

cesses and those parameters o f  i n t e r e s t  t o  t h e  d e s c r i p t i o n  o f  c ross f low 

mix ing  processes i n  r o d  bundles. The second sec t i on  presents a  review 

o f  recen t  l i t e r a t u r e  concerned w i t h  na tu ra l  m ix ing  i n  bundles and sum- 

marizes the  present  t h i n k i ~ g  concerning the  t u r b u l e n t  c ross f low mix ing  

processes i n  bundles. 

2.1 TURBULENT TRANSPORT PROCESSES 

Two-dimensional s c a l a r  t r anspo r t  i n  the  absence o f  sources o r  

s inks  can be descr ibed (23, p.25) by the  equat ion 

where r i s  t he  s c a l a r  q u a n t i t y  being t ranspor ted  and Dy i s  t he  molecular  

d i f f u s i o n  c o e f f i c i e n t .  Instantaneous values o f  u, v, and r can be 

de f ined  i n  terms o f  t he  t ime averages and f l u c t u a t i n g  components 

r = T + y  

u = i j + u l  

v  = i + v ' .  

By s u b s t i t u t i n g  these d e f i n i t i o n s  i n t o  Equation (2.1 ) and per forming 

a  t ime average g ives  



Th i s  i s  i d e n t i c a l  t o  Equat ion (2.1) except  f o r  t he  added t r a n s p o r t  

terms. Thus, t h e  d i s t r i b u t i o n  o f  r by t he  mean mot ion i s  a f f e c t e d  n o t  

o n l y  by t h e  mo lecu la r  d i f f u s i o n  b u t  a l s o  by t he  t u r b u l e n t  convec t i ve  

mot ions de f i ned  by t he  double c o r r e l a t i o n s  u '  y and v '  y. 

Now cons ider  t h e  d i s t r i b u t i o n  of t he  s c a l a r  i n  t h e  x  d i r e c t i o n ,  

under c o n d i t i o n s  o f  i = 0 and w i t h o u t  a x i a l  mix ing.  Under these condi - 
t i o n s  Equat ion (2.5) becomes 

where t h e  eddy t r a n s p o r t  c o e f f i c i e n t  E has been in t roduced by assum- 
Y 

- 
i n g  t h a t  v ' y  can be approximated by a  g r a d i e n t  d i f f u s i o n  term. Th is  i s  

t h e  form o f  t he  s c a l a r  t r a n s p o r t  equa t ion  o f t e n  used as the  bas i s  f o r  

f o r m u l a t i n g  lumped parameter c ross f l ow  m ix i ng  c o e f f i c i e n t s  f o r  t h e  sub- 

channel a n a l y s i s  method. The q u a n t i t y  i n  brackets  represents  t h e  f l u x  

o f  t r anspo r ted  s c a l a r  r. I n  t h i s  example and f o r  f u r t h e r  d iscuss ion,  

E i s  assumed t o  be a  s c a l a r  quan t i t y ;  however, i n  general  i t  cou ld  be 
Y 

a  t enso r  o f  t he  second o rder .  A t  the  p resen t  t ime Equat ion (2.5) can- 

n o t  be e f f e c t i v e l y  a p p l i e d  t o  the  a n a l y s i s  o f  t u r b u l e n t  t r a n s p o r t  p ro -  

cesses because o f  t h e  incomplete d e s c r i p t i o n  o f  E 
Y '  

Eddy d i f f u s i o n  c o e f f i c i e n t s  have c l  a s s i c a l  l y  been de f i ned  i n  terms 

Lagrangi an tu rbu lence  parameters (23, p.42). Un fo r t una te l y  i t  i s  d i f f i  - 
c u l t  t o  measure t h e  Lagrangian tu rbu lence  parameters s i nce  t h e  measure- 

ments must be r e f e r r e d  t o  a  moving coord ina te  system f o l l o w i n g  t he  

f l  u i  d  mot ion. There are, however, analogous E u l e r i  an tu rbu lence  

parameters (23,49) t h a t  can be measured i n  a  f i x e d  coord ina te  system. 



While exac t  r e l a t i o n s h i p  between these two types of parameters do n o t  

p r e s e n t l y  e x i s t ,  t h e  measurenient of E u l e r i a n  paral i ieters can p rov i de  

cons iderab le  i n s i g h t  i n t o  t h e  t u r b u l e n t  f l ow processes. Eddy d i f f u s i o n  

c o e f f i c i e n t s  can a l s o  be represented i n  terms o f  c l a s s i c a l  m i x i ng  

l e n g t h  t heo ry  (23, p.277,63). Whi le rnix i  ng l e n g t h  t heo ry  has i t s  

1  i m i  t a t i o n s ,  i t  p rov i des  a "phys i ca l  f e e l "  f o r  t h e  m i x i ng  process. 

The f o l l o w i n g  sec t i ons  d iscuss  these t o p i c s  i n  more d e t a i l  and d iscuss  

some recen t  work concern ing new models f o r  t u rbu lence .  

2.1.1 D i f f u s i o n  by Lagrangian Turbulence Parameters 

An es t ima te  o f  t h e  eddy d i f f u s i o n  c o e f f i c i e n t  can be made i n  terms 

o f  Lagrangian t u rbu lence  parameters by f o l l o w i n g  T a y l o r ' s  (61 ) t r ea tmen t  

o f  t u r b u l e n t  d i f f u s i o n  by marked p a r t i c l e s  as r e p o r t e d  by 

Hinze (23, p. 45). The d i s t a n c e  t r a v e l e d  i n  t h e  y d i r e c t i o n  by a  pa r -  

t i c l e  i n  homogeneous tu rbu lence  d u r i n g  t - i~ i ie  t can be expressed as 

t 
y ( t o + t )  =l v ( t 0 + t 1 )  d t '  

where v  i s  t h e  Lagrangi  an v e l o c i t y  and to i s  t h e  s t a r t i n g  t ime.  By 

assuming t h a t  t h e  f l o w  f i e l d  i s  homogeneous and by averag ing w i t h  

r espec t  t o  a  l a r g e  number o f  p a r t i c l e s  w i t h  d i f f e r e n t  s t a r t i n g  t imes ,  

t h e  va r i ance  of y i s  

By s u b s t i t u t i n g  Equat ion (2 .7 )  Equat ion (2 .8)  can be e v e n t u a l l y  w r i t t e n  

2  y ( t )  = 2  v'21t % R L ( T )  d~ d t '  (2 .9)  



where the Lagrangian c o r r e l a t i o n  func t i on  i s  def ined by 

Equation (2.9) can be in teg ra ted  p a r t i a l l y  t o  g ive  

2  t 
y  ( t )  = 2  v 2 d  ( t - r )  RL(r) dr .  (2.11) 

For s h o r t  t imes R L ( ~ )  = 1  and d y L ( t )  = v ' t ,  thus d i f f u s i o n  proce6ds 

propor t iona l  l y  w i t h  t ime. For long t ime RL(r)  + o  as r + m. Under 

these condi t ions Equation (2.11 ) becomes 

where the Lagrangian macrotime scale i s  def ined by 

This i s  u s u a l l y  considered t o  be a  measure o f  the longest  t i m e  dur ing  

which, on the  average, a  p a r t i c l e ' s  motion p e r s i s t s  i n  a  given d i rec -  

t i o n .  For long d i f f u s i o n  times i t  i s  customary t o  def ine  an eddy 

d i f f u s i o n  c o e f f i c i e n t  i n  analogy t o  d i f f u s i o n  o f  p a r t i c l e s  i n  a  

gas (23, p.48). The tu rbu len t  eddy d i f f u s i o n  c o e f f i c i e n t  i s  t he re fo re  

def ined as 



where t h e  space macroscale i s  de f i ned  as 

1  The p roduc t  o f  t he  Lagrangian f l u c t u a t i n g  v e l o c i t y  and space macro- 

sca le  def ines t he  eddy d i f f u s i o n  c o e f f i c i e n t .  

Un fo r t una te l y ,  t he  Lagrangian parameters v ' ,  TL and AL a re  d i f f i -  

c u l t  t o  measure s i nce  they must be determined w i t h  r espec t  t o  a  moving 

f l o w  f i e l d .  They a r e  u s u a l l y  i n f e r r e d  f rom t u r b u l e n t  d i f f u s i o n  expe r i  - 

ments ( 1 ) .  I t  i s  n a t u r a l  t o  seek a  r e l a t i o n s h i p  between these 

Lagrangian parameters and s i m i l a r  Eu le r i an  parameters s i nce  t he  l a t t e r  

a r e  measured w i t h  r espec t  t o  a  f i x e d  coo rd ina te  system. Un fo r t una te l y  

a  r e l a t i o n s h i p  between t he  two represen ta t ions  has n o t  been found. 

Only by making r a t h e r  gross s i m p l i f i c a t i o n s  and assumptions can some 

approximate r e l a t i o n s  be obta ined.  

2.1 .2 Eul e r i  an Turbulence Parameters 

The l o n g i  t u d i n a l  Eu le r i an  s p a t i a l  c o r r e l a t i o n  c o e f f i c i e n t  i s  

def ined (23, p.37) by 

and t h e  corresponding macroscale i s  de f i ned  as 

It i s  wor th  n o t i n g  t h a t  t he  i n t r o d u c t i o n  o f  a  m ix i ng  promotor f o r  the  
purpose o f  i n c r e a s i n g  t he  o v e r a l l  r a t e  o f  m i x i ng  may n o t  always serve 
t h i s  purpose. Such a  m ix i ng  promotor must n o t  be too f i ne ,  because 
t he  r e d u c t i o n  i n  t he  c o e f f i c i e n t  o f  eddy d i f f u s i o n  by the  decrease i n  
the  sca le  i s  o f t e n  g r e a t e r  than the  inc rease  i n  va lue caused by t he  
augmented i n t e n s i  ty o f  t u r b u l  ence. 



where hf i s  usua l l y  taken t o  be the longest  connection d is tance 

between eddies. This cou ld  a l s o  be taken as the  s i z e  o f  the  l a r g e s t  

eddies. S i m i  1  a r  r e l a t i o n s h i p s  e x i s t  f o r  macroscales i n  o the r  conipo- 

nent d i r e c t i o n s .  

I t  i s  a l so  poss ib le  t o  d e f i n e  an Eu ler ian  t ime c o r r e l a t i o n  

(23, p.39) as 

The macro t ime scale i s  de f ined as 

A convenient, bu t  approximate, r e l a t i o n s h i p  e x i s t s  between the  

l o n g i t u d i n a l  space and Eu ler ian  t ime c o r r e l a t i o n s  (23, p.41). I f  the  

f l o w  f i e l d  i s  homogeneous, and i f  i t  has a  constant  mean v e l o c i t y  u 
i n  the x  d i r e c t i o n  and i f  u '  << i then 

where 

I x  - x O /  = E l t  - to/ (2.21) 

I n  o t h e r  words, t he  space and time Eu le r i an  c o r r e l a t i o n s  are equ iva len t  

and t h e  macro scales can then be r e l a t e d  by 

A = E T ,  (2.22) 



Th i s  approx imat ion,  c a l l e d  " T a y l o r ' s  hypo thes is " ,  g r e a t l y  

s i m p l i f i e s  measuring procedures s i nce  RE(?) can be e a s i l y  measured by 

us i ng  a  s i g n a l  c o r r e l a t o r  w i t h  a  s i n g l e  i n p u t  v e l o c i t y s i g n a l .  To d i s -  

t i n g u i s h  between t h e  t r u e  macroscale Af t h e  symbol A  i s  used th roughou t  

t he  remainder o f  the  d i scuss ion  t o  denote t h e  p roduc t  G T ~ .  

2.1.3 Re la t i onsh ips  Between Lagrangian and E u l e r i a n  Parameters 

It would be very  h e l p f u l  t o  have a  r e l a t i o n s h i p  between E u l e r i a n  

and Lagrangian tu rbu lence  parameters. Th i s  would a1 1  ow da ta  f rom 

E u l e r i a n  exper iments t o  be t r a n s f e r r e d  t o  a  Lagrangian d e s c r i p t i o n  o f  

t h e  f l o w .  U n f o r t u n a t e l y  n o t  much i s  known (23, p.52) about r e l a t i o n -  

sh ips  t o  d e f i n e  t h e  E u l e r i a n  equ i va l en t s  f o r  v ' ,  TL and AL. The 

s i t u a t i o n  f o r  v '  i s  n o t  t oo  bad f o r  homogeneous tu rbu lence  where t he  

va lue  o f  v '  c o u l d  be s e t  equal t o  t he  l a t e r a l  component of t u rbu lence  

v e l o c i t y  (23, p .49) .  I n  nonhomogeneous tu rbu lence  t h i s  would n o t  be 

t r u e  b u t  v '  c o u l d  be expected t o  be o f  t h e  same o rde r  as u ' .  

Re la t i onsh ips  between AL and Af a r e  be l i eved  t o  e x i s t ;  however, 

even f o r  i s o t r o p i c  tu rbu lence ,  such re1  a t i  onshi  ps appa ren t l y  have n o t  

been found t h e o r e t i c a l l y .  According t o  Hinze (23, p.323), e x p e r i -  

mental evidence has shown t h a t ,  a t  l e a s t  a t  l a r g e  Reynolds numbers, 

t h e  o v e r a l l  shapes o f  t h e  Langrangian c o r r e l a t i o n  c o e f f i c i e n t  RL(c) 

and the  l o n g i t u d i n a l  s p a t i a l  c o r r e l a t i o n  c o e f f i c i e n t  f ( r )  can be 

approximated by t h e  exponent i  a1 func t ions  exp ( - r /TL )  and exp ( - r /A f ) ,  

r e s p e c t i v e l y .  Thus, these c o r r e l a t i o n s  have t h e  same func t i ona l  

form. I f  t h i s  i s  assumed t r u e ,  then t h e  Lagrangian and E u l e r i a n  



i n t e g r a l  sca les must be p r o p o r t i o n a l .  Experiments r e f e r r e d  t o  by 

Hinze (23, p.324) have shown t h a t  Af/AL ranges f r om about 0.5 up t o  

about 0.8 f o r  g r i d  produced i s o t r o p i c  tu rbu lence  and i n  t he  case o f  

p i pe  f l ow .  

Baldwin and Walsh ( 1 )  d iscuss  a  r e l a t i o n s h i p  between what i s  c a l l e d  

t he  E u l e r i a n  space-time c o r r e l a t i o n  R E ( x , ~ )  and RL ( r )  where x  = GT. I n  

t h i s  case RL(7) represents  t he  decay o f  t h e  peak values o f  RE(x,r). as 

x  proceeds a t  t h e  f l u i d  v e l o c i t y .  

The Russian 1  i t e r a t u r e  (2-7,27-28,59,60) con ta ins  some i n t e r e s t -  

i n g  work r e l a t i n g  Lagraqgian and Eu le r i an  sca les f o r  temperature f l  uc- 

t u a t i o n s  by us ing  space-time c o r r e l a t i o n s .  Bobkov, e t  a l .  ( 7 ) ,  w r i t e  

t h e  Lagrangian c o r r e l a t i o n  f o r  temperature f l u c t u a t i o n s  as 

where 6 and T a re  r e l a t e d  by 

By assuming 

RE(6,T) = RE(6,0) RE(O,T) 

and 

R E ( 6 y 0 )  = exp (-6/LE) 

RE(O.~)  = exp ( - r /TE)y  

The Lagrangian c o r r e l a t i o n  can be w r i t t e n  as 



and t h e  Lagrangian t ime macroscale i s  

where TE i s  t h e  t ime  macroscale ob ta i ned  f r om an a u t o c o r r e l a t i o n  func -  

t i o n  and LE i s  t h e  t ransverse  space macroscale. Th is  can be rearranged 

t o  g i v e  

Equat ion (2.30) has been found t o  app ly  t o  t h e  c e n t r a l  p a r t  o f  a  tube 

f o r  Reynolds numbers up t o  216,000. The va lues o f  TL/TE a r e  weakly 

dependent upon Reynolds number and have values on t h e  o rde r  o f  0.8. 

Bobkov, e t  a l .  ( 5 ) ,  ex tend t h e  bas i c  ideas  g iven  above t o  d e f i n e  

eddy d i f f u s i o n  i n  n o n c i r c u l a r  channels. 

2.1.4 C l a s s i c a l  M i x i ng  Length Theory 

M i x i ng  l e n g t h  t heo ry  has been used r a t h e r  e x t e n s i v e l y  i n  t he  p a s t  

t o  model t h e  t r a n s p o r t  p r o p e r t i e s  o f  a  t u r b u l e n t  f l o w .  Even w i t h  t h e  

known d e f i c i e n c i e s  o f  m ix ing  l e n g t h  theory ,  i t  prov ides  a  va l uab le  

phys i ca l  d e s c r i p t i o n  o f  t u rbu lence  t r a n s p o r t  processes. Consider t h e  

c l a s s i c a l  m i x i ng  l e n g t h  t heo ry  f o r  s c a l a r  t r a n s p o r t  presented by 

Welty, e t  a1 . (63, p.323). Assume t h a t  a  packe t  o f  f l u i d  r e t a i n s  i t s  

mean va lue  w h i l e  moving a  d i s t ance  L  normal t o  t he  f l o w  f rom i t s  

p o i n t  o f  o r i g i n .  Upon reach ing  i t s  d e s t i n a t i o n ,  t h e  packe t  w i l l  d i f f e r  



from i t s  surroundings by an amount ?IytL - f l y .  By assuming t h e  

m ix i ng  l e n g t h  i s  smal l  t h i s  d i f f e r e n c e  may be expressed by t h e  

approx imat ion 

Now l e t  t h e  instantaneous s c a l a r  be w r i t t e n  as 

Since t h e  f l u c t u a t i n g  q u a n t i t y  y i s  r espons ib l e  f o r  t he  s c a l a r  t r a n s f e r  

i n  Equat ion (2.31), 

The c ross  p roduc t  term can be w r i t t e n  as 

- - ar' v ' y  = v ' L  - 
aY 

(2.35) 

From Equat ion (2.35) t h e  p roduc t  v'L i s  recognized as t he  eddy d i f f u -  

s i o n  c o e f f i c i e n t .  The p roduc t  o f  i n t e n s i t y  and sca le  i s  t he  same r e s u l t  

as ob ta ined  f r om T a y l o r ' s  d i f f u s i o n  by cont inuous movements where L 

would be e q u i v a l e n t  t o  t h e  Lagrangian macroscale. The advantage o f  t h e  

m ix i ng  l e n g t h  rep resen ta t i on  i s  t h a t  L p h y s i c a l l y  represents  t h e  

l a t e r a l  d i s t ance  t r a v e l e d  by t h e  f l u i d  packet  moving a t  v e l o c i t y  v '  . 
Th i s  d i s t ance  i s  determined by t he  tu rbu lence  sca le  and more s p e c i f i -  

c a l  l y  by t h e  l a t e r a l  macroscale. It cou ld  be expected t h a t  t h i s  s c a l e  



would a l s o  be o f  t he  same o rde r  b u t  p robab ly  sma l l e r  than t h e  s i z e  

of l o n g i t u d i n a l  eddies i n  t he  t u r b u l e n t  co re  away f rom the  w a l l .  

2.1.5 Recent Developments i n  Turbulence Models 

Wi th  t h e  increased use o f  h i g h  speed d i g i t a l  computers f o r  s o l v i n g  

t h e  t r a n s p o r t  equat ions,  t h e r e  has been cons iderab le  e f f o r t  devoted t o  

t h e  f o r m u l a t i o n  o f  tu rbu lence  models. Ng and Spald ing (40)  p resen t  a  

b r i e f  rev iew o f  tu rbu lence  models where they show a  p rogress ion  o f  

model developments t h a t  s t a r t e d  w i t h  Kol mogoroff  (34)  who cha rac te r i zed  

t he  l o c a l  p r o p e r t i e s  o f  tu rbu lence  by f o r m u l a t i n g  a  p a r t i a l  d i f f e r e n t i a l  

equa t ion  f o r  t h e  energy o f  t h e  f l u c t u a t i n g  mot ion and t he  average f r e -  

quency o f  t h i s  mot ion. P rand t l  (43,44) proposed a  somewhat s imp le r  

model where o n l y  t he  d i f f e r e n t i a l  equat ion f o r  t he  tu rbu lence  energy 

was so lved w h i l e  deducing t he  l o c a l  average l e n g t h  sca le  f rom an 

e m p i r i c a l l y  de r i ved  a l g e b r a i c  r e l a t i o n .  Ro t ta  (49)  proposed o b t a i n i n g  

a  l e n g t h  sca le  f rom a  d i f f e r e n t i a l  equa t ion  w h i l e  a l s o  us ing  a  d i f f e r e n -  

t i a l  equa t ion  t o  o b t a i n  t he  t u r b u l e n t  shear s t r ess .  Several o t h e r  

models a r e  mentioned t h a t  cons ider  v a r i a t i o n s  on t he  above methods. 

Ng and Spa ld ing 's  (40)  approach t o  tu rbu lence  model ing i s  t o  cons ider  

t h e  eddy v i s c o s i t y  t o  be t he  p roduc t  o f  two c h a r a c t e r i s t i c  l o c a l  quan t i -  

t i e s  o f  turbu lence,  namely, t h e  p roduc t  o f  t h e  tu rbu lence  k i n e t i c  energy, 
- - - 

def ined  as k '  = 1/2 (u12 + v12 + w12), and an i n t e g r a l  sca le  o f  tu rbu-  

lence. They develop two d i f f e r e n t i a l  equat ions - one f o r  t he  p roduc t  

and another  f o r  t he  k i n e t i c  energy o f  tu rbu lence  on l y .  T h e i r  computa- 

t i o n s  f o r  t he  c o n f i g u r a t i o n s  o f  a  f l a t - p l a t e  boundary- layer,  p ipe- f low,  



f l o w  i n  a plane-wal led channel and a plane w a l l - j e t  compare q u i t e  w e l l  

w i t h  experimental  data. The impor tan t  p o i n t  brought o u t  by t h e i r  

approach i s  t h a t  bo th  sca le  and turbulence energy a re  fundamental 

parameters necessary f o r  the  understanding o f  t u r b u l e n t  f lows.  These 

q ~ ~ a n t i  t i e s  can a l s o  be de f ined  i n  terms o f  equat ions t h a t  descr ibe 

t h e i r  generat ion,  t r a n s p o r t  and d i s s i p a t i o n .  

2.2 TURBULENT FLOW I N  ROD BUNDLES 

The prev ious sec t i on  has shown t h a t  eddy d i f f u s i o n  and t h e r e f o r e  

c ross f low m ix ing  i s  c l o s e l y  r e l a t e d  t o  the turbulence i n t e n s i t y  and 

scale.  Un fo r tuna te l y  n o t  much i s  known about the d e t a i l s  o f  these 

parameters i n  rod  bundles. What i s  known has been i n f e r r e d  from cross 

f l o w  mix ing  experiments and from s tud ies  o f  t u r b u l e n t  f l o w  i n  simple 

ducts. Only very r e c e n t l y  have there  been any data concerning tu rbu-  

lence i n  r o d  bundles. 

2.2.1 Crossf 1 ow M i  x i  ng 

Turbu len t  c ross f low mix ing  i s  very impor tan t  t o  the  thermal- 

h y d r a u l i c  performance o f  r o d  bundles as i t  prov ides an impor tan t  

mechanism t o  equa l i ze  temperatures throughout t he  bundle. Crossf low 

m ix ing  i s  measured exper imenta l l y  and then c o r r e l a t e d  by us ing  

appropr ia te  dimensionless parameters. A1 though these semi emp i r i ca l  

c o r r e l a t i o n s  a re  usual l y  qu i  t e  accurate f o r  a  p a r t i c u l  a r  experimental  

con f i gu ra t i on ,  no d e f i n i t i v e  general c o r r e l a t i o n  has been developed 

f o r  c ross f low m ix ing  i n  s p i t e  o f  the  many recent  p u b l i c a t i o n s  on 

the  sub jec t  (48). 



The subchannel a n a l y s i s  method i s  used t o  i nco rpo ra te  t he  e f f e c t s  

o f  c ross f l ow  m ix i ng  i n t o  t he  a n a l y s i s  o f  r o d  bundles. The m ix i ng  

between subchannels i s  u s u a l l y  assumed t o  be o f  t he  eddy d i f f u s i o n  type  

as d e f i n e d  by Equat ion (2.6) where t he  s c a l a r  t r a n s p o r t  p e r  u n i t  l e n g t h  

can be w r i t t e n  i n  terms o f  t he  d i f f e r e n c e  equat ion  

and t he  t u r b u l e n t  c ross f l ow  m ix i ng  p e r  u n i t  l e n g t h  i s  de f i ned  as 

D i v i d i n g  Equat ion (2.37) by GD g ives  

Th is  dimensionless equa t ion  g ives  t he  m ix i ng  parameter w'/GD i n  t e r~ i i s  

o f  t he  i nve rse  t u r b u l e n t  Pec le t  (E/UD) number and a  geometr ic r a t i o  

parameter ( s / ~ y ) .  The group w l / G D  has been c a l l e d  t he  m ix i ng  Stanton 

number based on hydraul  i c  diameter.  Many c o r r e l a t i o n s  use gap spac ing 

f o r  t h i s  dimension which g i ves  t h e  e q u i v a l e n t  form 

An e a r l y  assumption (48,56) r ega rd ing  c ross f l ow  m ix i ng  was t h a t  

t he  r i g h t  s i d e  o f  Equat ion (2.39) was n e a r l y  cons tan t  o r  weakly depen- 

dent  upon Reynolds number w i t h  t he  i m p l i c a t i o n  t h a t  w' was p r o p o r t i o n a l  

t o  gap spaciug. Whi le  t he  form was v a l i d  f o r  a  s i n g l e  experiment, i t  

was n o t  found t o  be v a l i d  f o r  d i f f e r e n t  r o d  gap spacings. Experiments 



i n  water by Rowe and Angle (50-52) showed t h a t  mix ing  between two 

p a r a l l e l  subchannels was about the same f o r  a gap spacing o f  

0.020 inches and 0.085 inches f o r  0.563 i n c h  diameter rods. Thus 

experimental  observa t ion  con t rad i c ted  the  assumption t h a t  m ix ing  was 

p ropo r t i ona l  t o  gap spacing. The authors concluded (52, p.36) t h a t  

"some phenomena i n  a d d i t i o n  t o  eddy d i f f u s i o n  i s  respons ib le  f o r  the  

weak i n f l uence  o f  spacing on subchannel mix ing  ra tes " .  These expe r i -  

ments a l so  showed t h a t  mix ing  was l e s s  between square-square subchan- 

n e l s  as compared t o  square- t r iangu la r  subchannels. Th is  observa t ion  

supported the  concept o f  eddy d i f f u s i o n  because reduced mix ing  would 

be expected i f  the  d i f f u s i o n  l e n g t h  was longer.  

A t  about the  same t ime Rapier (45) independent ly a r r i v e d  a t  

s i m i l a r  experimental  r e s u l t s  f o r  mix ing  through a s i n g l e  gap and 

m u l t i p l e  gaps. For a rounded gap entrance as i n  a rod  bundle he 

d i d  n o t  f i n d  a de tec tab le  reduc t i on  o f  m ix ing  w i t h  reduc t i on  o f  gap 

s ize .  For experiments w i t h  sharp edge ( s l i t  o r i f i c e )  gap he found 

o n l y  a f a c t o r  o f  2 reduc t i on  i n  mix ing  f o r  a f a c t o r  o f  8 reduc t i on  

i n  gap w id th .  

I n  1968 Rogers and Todreas (48)  presented a comprehensive rev iew 

o f  c ross f low mix ing  i n  rod  bundles. T h e i r  paper summarized the  r e s u l t s  

of many p r i o r  s tud ies  and p u t  the  var ious  proposed m ix ing  c o r r e l a t i o n s  

on a common basis  by us ing cons i s ten t  terminology and nomenclature. A 

p o r t i o n  o f  t h e i r  paper was devoted t o  t he  e f f e c t  o f  gap spacing on 

n i ix ing i n  r o d  bundles. The c o r r e l a t i o n  forms a v a i l a b l e  a t  t h a t  t ime 

gene ra l l y  considered eddy d i f f u s i v i t y  t o  be expressed i n  the  form 



f rom which i t  i s  seen t h a t  

Since t h e  f r i c t i o n  f a c t o r  was weakly dependent upon Reynolds number, 

so was t h e  i nve rse  t u r b u l e n t  Pec le t  number. The c o r r e l a t i o n s  a l s o  

d e a l t  w i t h  a geometry f a c t o r 2  D/Ay i n  severa l  d i f f e r e n t  ways. The 

r e s u l t  o f  t he  more successfu l  c o r r e l a t i o n s  was t h a t  Ay changed about 

as f a s t  as t he  gap spacing thus g i v i n g  a mix ing  r a t e  t h a t  was weakly 

dependent upon gap spacing. No c o r r e l a t i o n  was cons idered t o  be 

d e f i n i t i v e  f o r  a1 1 rod  bundle con f i gu ra t i ons .  

Since t he  paper o f  Rogers and Todreas , severa l  a d d i t i o n a l  expe r i  - 
ments have been performed and c o r r e l a t i o n s  prepared. Skinner,  

e t  a1 . (58)  i n v e s t i g a t e d  gas m ix i ng  i n  a 7-rod bundle. A1 though they  

d i d  n o t  va ry  gap spacing, they found (58, p.272) " t he  r a t e  o f  t r a n s f e r  

o f  n i t r o u s  ox ide  through the gap i s  g r e a t e r  than can be accounted f o r  

by t u r b u l e n t  d i f f u s i o n  a lone."  Away f rom the  gap Sk inner  found t h a t  

(58, p.272) " t he  behav io r  cou ld  be exp la ined  by t u r b u l e n t  d i f f u s i o n  

us ing  an acceptable value o f  eddy d i f f u s i v i t y .  The h igher  r a t e  o f  

d i f f u s i o n  i n  t he  gap r e g i o n  i s  a t t r i b u t e d  t o  a secondary f l o w . "  

Gal b r a i t h  (14)  performed a m ix i ng  exper iment where he v a r i e d  

gap spacings over  a range from 0.011 t o  0.220 inches f o r  1 i n c h  diameter 

'2. . /d us ing  Rogers and Todreas n o t a t i o n .  
1 J  



rods. He found a  s i g n i f i c a n t  reduc t i on  i n  mix ing a t  t he  0.011 spacing; 

however, a t  spacings of 0.028 and above, mix ing  increased or i ly  modestly 

w i t h  increased gap spacing. A t  a  Reynolds number o f  30,000 mix-ing 

increased by 60% f o r  a  n e a r l y  8  f o l d  increase i n  gap spacing. 

There has been some at tempt  t o  o b t a i n  a  b e t t e r  mix ing  c o r r e l a t i o n  

based upon t h e  emerging phys ica l  d e s c r i p t i o n  o f  t he  mix ing  process. 

Rowe (54)  used the  observat ions from h i s  experiments t o  fo rmula te  a  

c o r r e l a t i o n  o f  the form 

W)= 2 ay* S* 
GD UD Ay Ay* 

where the  r a t i o  Ay*/Ay i s  t he  c e n t r o i d  ( d i f f u s i o n )  l e n g t h  r a t i o  

(1.0 f o r  square-square; 0.79 f o r  square- t r iangu la r )  and s*/Ay* i s  r a t i o  

o f  t h e  e f f e c t i v e  gap spacing t o  the  c e n t r o i d  d is tance.  The value o f  s* 

can be l a r g e r  than s  which i s  a l s o  the  assumption made by Rapier (45).  

Rowe and Angle found t h a t  (52, p.35) "eddy d i f f u s i o n  could exp la in  t he  

e f f e c t  o f  subchannel shape, b u t  i t  cou ld  n o t  exp la in  t h e i r  weak gap 

spacing e f f e c t " .  Th is  i s  t he  bas is  of t he  ( ~ y / ~ y * )  term. They a l s o  

pos tu la ted  t h e  ex is tence o f  macroscopic t ransverse f l o w  f 1  uc tua t ions  

which.would augment eddy d i f f u s i o n  near t he  gap. They assumed a  mix ing  

mechanism where t h e  eddy d i f f u s i o n  i n  t he  subchannel was c o n t r o l l i n g  

and t h e  gap was r e l a t i v e l y  n o n r e s t r i c t i v e  because o f  t he  assumed macro- 

scopic  f l o w  processes. By us ing Equation (2.42) a l l  of t h e i r  prev ious 

m ix ing  data f o r  t h ree  independent experiments can be c o r r e l a t e d  we l l  

by us ing a  s i n g l e  value f o r  ( s * / ~ y * )  and E/UD a Re * . No o t h e r  data 

a re  considered f o r  t h i  s  c o r r e l a t i o n .  



Ingesson (29,30) and h i s  coworkers formulated a  m ix i ng  c o r r e l a -  

t i o n  based upon t h e i r  work and much of t h e  a v a i l a b l e  m ix i ng  data i n c l u d -  

i n g  t h e  r e c e n t  data of G a l b r a i t h  (14,15), He ts ron i  (22),  and Van der  Ross 

and Bogaardt (62) .  The fo rm o f  Ingesson 's  c o r r e l a t i o n  i s  

where Y i s  a  c o r r e c t i o n  f a c t o r ,  Ay i s  the  c e n t r o i d  d is tance ,  s  i s  the  

gap spacing and 

The c o r r e c t i o n  f a c t o r  Y c o r r e c t s  f o r  t h e  assumed eddy d i f f u s i v i t y  

c o r r e l a t i o n  and t h e  r a t i o  o f  t h e  c e n t r o i d  d i s t ance  t o  some d i f f u s i o n  

l eng th .  H i s  c o r r e l a t i n g  v a r i a b l e  Y -t as p /d  -t 1  and decays r a p i d l y  

as p/d increases.  The combinat ion o f  s  Y/Ay t h e r e f o r e  r e s u l t s  i n  a  

m ix i ng  r a t e  t h a t  i s  a t  most modest ly a f fected by gap spacing and 

channel geonietry . 
Rogers and Rosehardt (47)  r e c e n t l y  eva l  uated t h e i  r e a r l  i e r  m i  x i  ng 

c o r r e l a t i o n s  i n  l i g h t  o f  t h e  p r e v i o u s l y  descr ibed data. They found i t  

necessary t o  use two equat ions t o  c o r r e l a t e  t h e  a v a i l a b l e  data.  One 

i s  f o r  bundle geometries and t h e  o t h e r  f o r  s imple geometr ies.  I n  

e i t h e r  case t h e i r  c o r r e l a t i o n  con ta ins  t h e  f e a t u r e s  descr ibed p r e v i o u s l y  

f o r  Ingesson' s  co r re l a t i on . .  The mix ing  r a t e  i s  r a t h e r  i n s e n s i t i v e  t o  

t he  gap spacing b u t  depends upon t he  shape o f  t h e  channel i n  a  way 

r e l a t e d  t o  t h e  c e n t r o i d - t o - c e n t r o i d  d is tance .  



Rogers and Rosehardt (47) a l so  make some inferences regarding 

s t r u c t u r e  o f  turbulence i n  the  gap regions of f u e l  bundle. By d e f i n i n g  

eddy d i f f u s i v i t y  as E = v'AL and by us ing t h e i r  c o r r e l a t i o n ,  they con- 

clude t h a t  t h e  r a t i o  o f  AL/s i s  o n l y  a  func t ion  o f  gap spacing and sub- 

channel equ iva len t  diameter. For s /d above 0.1, AL i s  e s s e n t i a l l y  

p ropo r t i ona l  t o  t he  gap spacing. The i r  reasoning i s  based upon the  

assumption t h a t  the  gap reg ion  con t ro l s  the  mixing between channels. 

This  i s  somewhat con t rad i c to ry  t o  the  fea tures  o f  t h e i r  c o r r e l a t i o n .  

I f  cen t ro id - to -cen t ro id  d is tance i s  an important  parameter and gap 

spacing i s  not,  i t  would seem t o  i n d i c a t e  t h a t  d i f f u s i o n  through the  

gap i s  n o t  c o n t r o l l i n g .  

A1 though the  recent  and more accurate c o r r e l a t i o n s  f o r  c ross f  low 

mix ing show a  weak dependence o f  mix ing r a t e  w i t h  gap spacing, a  

s a t i s f a c t o r y  explanat ion o f  t h i s  phenomena has n o t  been demonstrated by 

experimental data. This  i s  due t o  the  l a c k  o f  understanding o f  t he  

turbulence s t r u c t u r e  i n  rod  bundles. 

2.2.2 Rod Bundle Turbulence 

The p resen t l y  incomplete understanding o f  t u r b u l e n t  f l o w  and cross-  

f l o w  mix ing i n  bundles i s  l a r g e l y  due t o  the  l ack  o f  experimental mea- 

surements o f  turbulence i n  r o d  bundles. Most o f  what i s  known has been 

i n f e r r e d  through ana lys is  o f  measured v e l o c i t y  d i s t r i b u t i o n s  and m i  x i  ng 

experiments o f  the  type prev ious ly  discussed. 

One o f  the  e a r l i e s t  analyses o f  t u r b u l e n t  f l o w  through rod bundles 

was performed by D iess le r  and Tay lor  (11 ) .  They app l ied  expressions 

f o r  eddy d i f f u s i v i t y  o f  momentum, which were v e r i f i e d  i n  tubes, t o  



c a l c u l a t e  v e l o c i t y  p r o f i l e s  normal t o  a  w a l l .  One o f  t h e i r  p r imary  

assumptions was t o  n e g l e c t  c i r c u m f e r e n t i a l  eddy d i f f u s i o n .  Wi th  t h i s  

assumption t he  ana l ys i s  was l i m i t e d  t o  channels w i t h  s l o w l y  va ry i ng  

shape. Ca l cu la t i ons  based on t h i s  method dev ia ted  cons iderab ly  f rom 

exper imenta l  data i n  channels o f  r a p i d l y  va ry i ng  shape. Ma l l  shear 

s t r e s s  was ove rp red i c ted  because o f  the  smoothing e f f e c t  o f  l a r g e  

c i  r cumfe ren t i  a1 tu rbu lence  i s  neglected.  

Ibragimov, e t  a l .  (26) ,  proposed a  procedure s i m i l a r  t o  t h a t  o f  

D i e s s l e r  and T a y l o r  f o r  c a l c u l a t i n g  w a l l  shear s t r e s s  and v e l o c i t y  pro- 

f i l e s  i n  complex channels; however, they  cons idered two momentum terms 

i n  a  manner s i m i l a r  t o  t h a t  r epo r ted  by Hinze (23, p.288). The f i r s t  

was a  g r a d i e n t  t r a n s f e r  o f  momentum due t o  mo lecu la r  f r i c t i o n  and 

sma l l -sca le  t u r b u l e n t  eddies.  The second was a  convec t i ve  t r a n s f e r  o f  

momentum due t o  1  arge-sca l  e  mot ion  o f  eddies.  The t u r b u l e n t  t ransverse  

shear was g iven  by 

where V '  i s  t he  p u l s a t i o n  v e l o c i t y  o f  l a r g e  eddies i n  t he  y d i r e c t i o n .  

These authors  s t a t e  t h a t  (26, p.733) "These two forms o f  momentum 

t r a n s f e r  d i f f e r  cons iderab ly .  Whereas t he  g r a d i e n t  t r a n s f e r  i s  de te r -  

mined by the  l o c a l  c h a r a c t e r i s t i c s  o f  t he  f l ow ,  t he  convect ive t r ans -  

f e r  depends ma in l y  on t he  geometr ic  f e a t u r e s  o f  t h e  channel as a  whole. 

I n  complex channels t he  e f f e c t  o f  l a rge -sca le  eddies on t he  ve loc-  

i t y  f i e l d  should appear most s t r o n g l y  i n  t h e  d i r e c t i o n s  i n  which t h e  



v e l o c i t y  var ies  s lowly  (a long t h e  channel per imeter ) .  Along the  normal 

t o  a  channel perimeter,  however, convect ive t r a n s f e r  p lays  a  small p a r t  

s ince t h e  v e l o c i t y  g rad ien t  i s  very h igh  and hence so i s  t h e  g rad ien t  

o f  momentum. 

Convective t r a n s f e r  should appear more s t r o n g l y  i n  channels w i t h  

a  sharp ly  vary ing  cross-sect ional  shape (e.g. close-packed rods) ,  when 

exchange between eddies o f  considerably d i f f e r e n t  v e l o c i t i e s  may occur. " 

The above comments are i n t e r e s t i n g  as they o f f e r  an independent 

view concerning the  poss ib le  ex is tence o f  macroscopic t u r b u l e n t  f l o w  

processes i n  complex channels. By us ing  these concepts t h e  authors 

develop a  computational method f o r  c a l c u l a t i n g  w a l l  shear s t ress  and 

v e l o c i t y  d i s t r i b u t i o n .  They show e x c e l l e n t  agreement w i t h  experimental 

data. 

Subboten, e t  a l .  (60),  r e c e n t l y  publ ished a  paper t h a t  experimen- 

t a l l y  r e i n f o r c e s  the  concept o f  t ransverse macroscopic f l o w  processes. 

They measured v e l o c i t y  p r o f i l e s  i n  a  p a i r  o f  t r i a n g u l a r  p i t c h  f l o w  

channels f o r  p/d o f  1.05, 1.10 and 1.20. They performed the  measure- 

ments i n  a i r  by us ing small p i t o t  tubes. The v e l o c i t y  p r o f i l e s  a t  

p/d = 1.05 showed d i s t i n c t  curva ture  o f  i s o v e l s  ( l i n e s  o f  constant  

v e l o c i t y )  due t o  the  ex is tence o f  secondary f lows as shown i n  

F igure 2.1. Th is  behavior was n o t  observed a t  p/d o f  1.10 and 1.20. 

This  tends t o  be cons is ten t  w i t h  the  ideas o f  Ibragimov because the  

shape va r ies  more r a p i d l y  a t  p/d = 1.05 than f o r  p/d o f  1.10 o r  1.20. 

It i s  i n t e r e s t i n g  t h a t  the  i n f e r r e d  secondary f l o w  pa t te rns  are  no t  

symmetric about a l l  l i n e s  o f  symmetry i n  the f l o w  model. 
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Figure 2.1. Secondary f l o w  p a t t e r n  i nd i ca ted  f rom the  data o f  
V. I. Subbotin, e t  a1 . 

Subsequent t o  the complet ion o f  the  experimental work repor ted  

herein, K j e l l s t r o m  (32,33) repor ted  what i s  be l ieved t o  be the f i r s t  

known measurements o f  rod  bundle turbulence parameters a v a i l a b l e  i n  

the  open 1  i te ra tu re .  He performed an experimental and t h e o r e t i c a l  

study o f  t u r b u l e n t  f l ow  i n  a  rod bundle o f  t r i a n g u l a r  a r ray  w i t h  a  

p i  tch-to-diameter r a t i o  of 1.21 7. The experiments inc luded measure- 

ments of pressure drop and l o c a l  d i s t r i b u t i o n s  of a x i a l  and secondary 

v e l o c i t i e s ,  turbulence i n t e n s i t i e s ,  Reynolds st resses and wa l l  shear- 

s t ress.  The r e s u l t s  o f  the turbulence measurements were used f o r  

c a l c u l a t i o n  o f  l o c a l  eddy d i f f u s i v i t i e s .  He found t h a t  the  eddy 

d i f f u s i v i  ty (momentum) i s  s t rong ly  non iso t rop i c  - the d i f f u s i v i  t y  i n  



t h e  pe r i phe ra l  d i r e c t i o n  being a  f a c t o r  5 t o  1.5 h ighe r  than t h a t  i n  

t h e  r a d i a l  d i r e c t i o n .  The h ighe r  va lue app l i es  t o  t h e  w a l l  r e g i o n  and 

t h e  lower  one t o  t h e  core  o f  t h e  f low. His  t h e o r e t i c a l  s tud ies  i nc luded  

t h e  c a l c u l a t i o n  o f  t h e  d i s t r i b u t i o n s  o f  t h e  a x i a l  v e l o c i t y  and t h e  

k i n e t i c  energy o f  turbulence.  A mod i f ied  ve rs ion  o f  Prandt l  ' s  energy 

l e n g t h  model (44) i n  combinat ion w i t h  Buleev's (10) method was used 

f o r  es t ima t i ng  t h e  t u r b u l e n t  l e n g t h  scale.  The r e p o r t  presents an 

ex tens ive  rev iew o f  p rev ious  s tud ies  f o r  p r e d i c t i n g  v e l o c i t y  d i  s t r i  bu- 

t i o n s  i n  r o d  bundles. 

The experiments performed by K j e l  1  s  t r i j m  i n v e s t i g a t e d  t h e  t u r b u l e n t  

f l o w  i n  an en1 arged f l o w  channel formed by n ine  4.77 i n c h  d iameter  

tubes on a  t r i a n g u l a r  a r ray .  Most o f  t he  experimental  measurements 

were made i n  a i r  w i t h  a  h o t  w i r e  anemometer j u s t  upstream f rom t h e  d i s -  

charge p lane l oca ted  a t  129 channel average hyd rau l i c  diameters f rom 

t h e  i n l e t .  

The experimental  observat ions o f  secondary f l ows  and tu rbu lence  

i n t e n s i t y  a re  o f  p a r t i c u l a r  i n t e r e s t  t o  t h i s  study. Secondary f l o w  

v e l o c i t i e s  were found t o  be l e s s  than 1% o f  t he  a x i a l  v e l o c i t y ,  

a l though the  da ta  had considerable s c a t t e r .  The secondary f l o w  p a t t e r n  

midway between the  gap and subchannel cen te r  gene ra l l y  showed f l o w  

moving a loqg t h e  center1 i n e  toward t h e  gap and away f rom t h e  gap a long  

the  r o d  sur face .  No s i g n i f i c a n t  secondary f lows  were observed i n  the  

gap o r  near t he  subchannel cen te r .  



F igu re  2.2 shows t h e  measured tu rbu lence  i n t e n s i t i e s  and compares 

t h e  r e s u l t s  w i t h  t h e  da ta  o f  Lau fe r  (36,37). The da ta  compare q u i t e  

w e l l  when normal ized t o  t h e  shear v e l o c i t y  d e f i n e d  by 

where r, i s  t h e  w a l l  shear s t r e s s  which can be de f i ned  through t h e  

r e l a t i o n s h i p  

Combining Equat ions (2.46) and (2.47) g i ves  t h e  r e l a t i o n s h i p  

F i gu re  2.2a. Exper imental  tu rbu lence  i n t e n s i t y  da ta  o f  K j e l  l s t r o m  
a t  $ = 0 compared t o  t h e  da ta  o f  Laufer. 
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Figure  2.2b. Experimental  tu rbu lence  i n t e n s i t y  data o f  K j e l l  s t rom 
a t  4 = 18" compared t o  t h e  data o f  Laufer .  

F igure  2 . 2 ~ .  Experimental  tu rbu lence  i n t e n s i t y  da ta  o f  K j e l  1  s t rom 
a t  4 = 30" compared t o  t h e  data o f  Lau fe r .  



K j e l  l s t r o ~ n  a l s o  compared h i s  measured v e l o c i t y  p r o f i l e s  w i t h  t he  

a n a l y t i c a l  p r e d i c t i o n s  by E i f l e r  and N i  j s i n g  (1  3) and found excel  l e n t  

agreement w i t h  t he  un i ve rsa l  v e l o c i t y  d i s t r i b u t i o n  proposed by E i f l e r .  

The exper imenta l  da ta  a l s o  i n d i c a t e  secondary v e l o c i t i e s  on t he  o rde r  

o f  0.25% o f  t h e  a x i a l  v e l o c i t y  w i t h  a  p a t t e r n  the  same as assumed by 

E i f l e r  and Ni j s i n g .  Th is  secondary f l o w  moved toward t he  r o d  gap a long  

a c e n t e r l i n e  and back a long t h e  rod  sur faces then o u t  t o  t he  c e n t r a l  

p a r t  o f  t h e  subchannel. 

The r e s u l t s  o f  K j e l l s t r o m ' s  s tudy  cou ld  n o t  e x p l a i n  t h e  h i gh  m ix i ng  

f a c t o r s  recommended by Ingesson and Hedberg (29).  The exper imenta l  

da ta  i n d i c a t e d  a va lue o f  Y = 1.6 whereas Ingesson and Hedberg's cor -  

r e l a t i o n  would i n d i c a t e  Y = 7.9 f o r  t he  geometry considered. 

K j e l l s t r o m  has a l s o  undertaken a r a t h e r  ambi t ious p r o j e c t  t o  

develop a mathematical d e s c r i p t i o n  o f  t u r b u l e n t  f l o w  i n  r o d  bundles. 

He has fo rmu la ted  a s e t  o f  three-dimensional  t r a n s p o r t  equat ions f o r  

t h e  f l o w  f i e l d  by us ing  an eddy d i f f u s i o n  model based on P r a n d t l ' s  

model where t he  eddy d i f f u s i o n  i s  represented by 

where k '  i s  t h e  k i n e t i c  energy of  tu rbu lence  and R i s  a  l e n g t h  sca le  

de f i ned  by us ing  t h e  semie l r~p i r i ca l  model o f  Buleev (10) .  Var ious 

values o f  K a r e  used f o r  t h e  d i f f e r e n t  coo rd ina te  t r a n s p o r t  d i r e c t i o n s .  

The l e n g t h  sca le  R i s  assumed t o  be known f rom p u r e l y  geometr ic con- 

s i d e r a t i o n s .  Th is  c o n t r a s t s  w i t h  t he  approach o f  Ng and Spald ing (40) 



where R i s  a p roper ty  of the  t u r b l ~ l e n t  f low.  K j e l l s t r o m  has had 

p a r t i  a1 success i n  ac tua l  l y  performing numerical c a l c u l a t i o n s  o f  the 

f l o w  f i e l d .  His r e s u l t s  a re  gene ra l l y  promis ing as f a r  as the  d i s t r i -  

b u t i o n  o f  turbulence k i n e t i c  energy and a x i a l  v e l o c i t y  a re  concerned. 

However, the  a x i a l  v e l o c i t y  tends t o  be too  low i n  some reg ions  which 

i s  a t t r i b u t e d  t o  a coarse g r i d  s i z e  near the  w a l l .  The c a l c u l a t i o n s  

were a l s o  o n l y  poss ib le  (convergent) when the  secondary v e l o c i t i e s .  

were h e l d  t o  zero. 

No ac tua l  experimental  data a re  known t o  e x i s t  concerning tu rbu-  

1 ence sca le  i n  rod  bundles. Several t h e o r e t i c a l  c a l c u l a t i o n s  o f  sca le  

i n  nonci r c u l  a r  channels have been performed. K j e l l  s t rom (32,33) e s t i  - 
mated t h e  l e n g t h  scale o f  turbulence by us ing  the assumption o f  

Buleev (10) which g ives a sca le  est imate o f  

where y i s  the  d is tance f rom the  p o i n t  under cons idera t ion  t o  the  w a l l .  

For p i p e  f l o w  the above equat ion g ives R = D/2n = 0.16 D. An es t imate  

f o r  tubes as repo r ted  by K j e l  ls t rom, i s  g iven by Prandt l  ' s  equat ion 

which g ives R I D  = 0.07 a t  t he  center  o f  a  p ipe.  K je l l s t roms  est imates 

f o r  t r i c u s p  channels were gene ra l l y  on the order  o f  R/D = 0.05. 

Kashcheev and Nomofi lov (31) performed t h e o r e t i c a l  est imates of 

turbulence sca le  i n  c l o s e l y  packed rods. T h e i r  est imates were 



g e n e r a l l y  o f  t he  magnitude R I D  = 0 . 0 3 .  The c a l c u l a t e d  d i s t r i b u t i o n  

was n e a r l y  cos ine which was n o t  f l a t  as i n d i c a t e d  by t h e i r  comparison 

w i t h  two data p o i n t s  o f  Buleev, e t  a1 . (1 0 ) .  

A l l  o f  t he  above es t imates  o f  sca le  a r e  cons iderab ly  l e s s  than 

t he  s i z e  o f  t h e  f l o w  channel c h a r a c t e r i s t i c  diameter D. Est imates o f  

t h e  l o n g i t u d i n a l  macro space sca le  a re  made i n  t he  p resen t  s tudy  by 

us ing  T a y l o r ' s  hypothes is .  Since t he  l a t e r a l  and l o n g i t u d i n a l  .sca les 

i n  tubes a re  known t o  be q u i t e  d i f f e r e n t  because o f  e l onga t i on  i n  t he  

d i r e c t i o n  o f  f l ow,  s i m i l a r  r e s u l t s  cou ld  be expected i n  bundles. 



3.0 LASER-DOPPLER MEASUREMENT TECHNIQUE 

Since t he  laser -Dopp le r  technique i s  new t o  f l u i d  f l o w  research  

i n  r o d  bundles,  t h i s  chap te r  g ives  a  b r i e f  account o f  i t s  t heo ry  and 

a p p l i c a t i o n s .  

The r e c e n t  development o f  1  aser-Doppler technique f o r  measuring 

f l u i d  v e l o c i t y  p rov ides  a new and impo r tan t  t o o l  f o r  pe r f o rm ing  f l u i d  

f l o w  research.  S ince the  v e l o c i t y  measurement i s  performed w i t h  l i g h t  

beams, no probe d i s t u r b s  t h e  f l o w .  Furthermore, t h e  f l u i d  volume over  

which t h e  measurement i s  performed i s  v e r y  sma l l .  The measurement 

p o i n t  can a l s o  be p u t  i n t o  ve ry  sma l l  spaces and measurements can be 

performed where t h e  l a s e r  beams can pass through t h e  f l o w  channel 

w i t h o u t  d i s t o r t i o n .  

3.1 PRINCIPLES OF LASER-DOPPLER VELOCITY MEASUREMENT 

The laser -Dopp le r  v e l o c i t y  measurement technique uses t h e  p r i n c i p l e  

t h a t  coheren t  l a s e r  l i g h t  s c a t t e r e d  f r om a moving p a r t i c l e  exper iences 

a f requency s h i f t  (65 ) .  Th i s  phenomena, known as t h e  Doppler s h i f t ,  

i s  de tec ted  by o p t i c a l  heterodyne m ix i ng  o f  t h e  s c a t t e r e d  1 i g h t  w i t h  

t h e  r e fe rence  l i g h t  from t h e  same l a s e r .  The r e s u l t i n g  heterodyne o r  

"bea t "  frequency i s  equal  t o  t h e  d i f f e r e n c e  o f  t h e  f requenc ies  o f  t h e  

r e fe rence  and s c a t t e r e d  beanis. The v e l o c i t y  can be c a l c u l a t e d  

d i r e c t l y  by measuring t h i s  f requency s h i f t  w i t h  a  g i ven  geometr ic  

arrangement o f  t h e  o p t i c a l  d e t e c t i o n  apparatus.  

Several  au thors  have d iscussed d e r i v a t i o n  o f  the  bas i c  Doppler  

s h i f t  equat ion.  Using a v a r i e t y  o f  approaches (30) ,  they a l l  d e r i v e  



the  same equation f o r  the cond i t i on  t h a t  the p a r t i c l e  v e l o c i t i e s  are 

much l e s s  than the  v e l o c i t y  o f  l i g h t .  

The equat ion r e l a t i n g  the  Doppler s h i f t  t o  the v e l o c i t y  and 

geometry i s  g iven by 

- 
where fD i s  the Doppler s h i f t  frequency and i s  the  v e l o c i t y .  K i s  

the  s c a t t e r i n g  vec tor  g iven by 

where FS i s  the  u n i t  vec tor  f o r  sca t te red  l i g h t ,  Fo i s  the u n i t  vec tor  

f o r  the  reference l i g h t  and ho i s  the  " i n  vacuo" wavelength o f  the  l a s e r  

l i g h t .  Combining Equation (1 )  and (2)  g ives  

which i s  a  more convenient equat ion f o r  computation. The Doppler 

s h i f t  i s  seen t o  depend upon the  " i n  vacuo" wavelength o f  the l a s e r  

l i g h t ,  t he  index o f  r e f r a c t i o n  o f  the  medium, the v e l o c i t y  and the  

o p t i c a l  geometry. While a  v a r i e t y  o f  o p t i c a l  schemes can be used t o  

perform the  o p t i c a l  heterodyning p resen t l y  requ i  red t o  de tec t  the  

Doppler s h i f t ,  the bas ic  idea i s  shown i n  F igure 3.1. The l a s e r  beam 

i s  focused t o  a  p o i n t  i n  the  f l u i d .  The l i g h t  passing d i r e c t l y  through 

the  f l u i d  i s  n o t  sca t te red  and i s  t he re fo re  a v a i l a b l e  as the  reference 

l i g h t .  L i g h t  sca t te red  w i t h i n  a  s o l i d  angle centered a t  angle 8 i s  

gathered by a  lens  and i s  combined w i t h  the  reference 1  i g h t  a t  the  

photomul t i p 1  i e r  tube by ad jus t i ng  the appropr ia te  mirrors, lenses and 

beam s p l i t t e r s .  
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Figure 3.1. Laser-Doppler ve loc imeter  o p t i c a l  system. 

The l i g h t  i n t e n s i t y  o f  the  two beams i s  opt imized f o r  e f f i c i e n t  

heterodyning by us ing an a t tenuat ing  f i l t e r  t o  reduce the reference 

beam i n t e n s i t y  before o p t i c a l  mixing. 

The Doppler s ignal  measured by the  p h o t o m u l t i p l i e r  tube can be 

determined by consider ing the reference and scat te red  l i g h t  t o  be 

monochromatic w i t h  angular frequency wl and we, r espec t i ve l y .  L e t  

t h e i r  e l e c t r i c  f i e l d  be given by 

El = E10 COS w1 t 

E2 = EZ0 COS w 2 t  

The cu r ren t  from the  pho tomu l t i p l i e r  tube i s  p ropor t iona l  t o  t he  

square o f  the  e l e c t r i c  f i e l d  i n c i d e n t  upon it; there fore ,  



Expanding t h i s  g i  ves 

The f i r s t  term represents the dc component of the  s igna l .  The th ree  

middle terms conta in  frequencies about tw ice  t h a t  of the  l a s e r  l i g h t .  

Since the  p h o t o m u l t i p l i e r  can on ly  respond t o  frequencies up t o  a few 

hundred MHz, these h igh  frequency terms do n o t  c o n t r i b u t e  t o  t h e  cur-  

ren t .  The l a s t  term represents t h e  Doppler frequency and i s  the  ac 

p a r t  o f  t he  p h o t o m u l t i p l i e r  tube cur ren t .  For most app l i ca t i ons  i t  

ranges from a few kH z up t o  maybe 100 MHz. 

Several methods may be used t o  measure the  Doppler frequency as 

detected by t h e  p h o t o m u l t i p l i e r  tube. The s imp les t  i s  t o  observe the  

Doppler s igna l  on an osc i  1 loscope and determine the frequency from the  

scale c a l i b r a t i o n .  This  i s  o f  l i m i t e d  value because the  s igna l  cannot 

be read w i t h  an accuracy g rea te r  than about 10%. The scope i s  an 

indispensable accessory, however, because i t  can be used t o  a i d  o p t i c a l  

alignment, t o  per form qu ick  v e l o c i t y  surveys o f  the f l ow  f i e l d ,  t o  

help opt imize the Doppler s igna l  and t o  i n d i c a t e  r e l a t i v e  l e v e l s  of 

turbulence. The most common method f o r  measuring the  mean Doppler 



f requency i s  t o  analyze t h e  p h o t o m u l t i p l i e r  tube ou tpu t  w i t h  a spectrum 

analyzer .  The peak of t h e  Doppler spectrum i s  taken t o  be t h e  mean 

frequency. The Doppler spectrum a l s o  con ta ins  i n f o r m a t i o n  concern ing 

tu rbu lence  and Brownian mot ion ; however, no s a t i s f a c t o r y  method has 

been dev ised t o  e x t r a c t  t h i s  i n f o r m a t i o n  d i r e c t l y  f rom t h e  ou tpu t  o f  a 

spectrum analyzer .  Considerable e f f o r t  has been d i r e c t e d  toward ob ta i n -  

i n g  a d i r e c t  Doppler f requency-to-vol  tage conversion s ince  t h i s  p rov ides  

instantaneous va lues o f  v e l o c i t y  t h a t  a re  analogous t o  those ob ta ined  

f rom hot -wi  r e  anemometers. Several successfu l  schemes a r e  i n  ope ra t i on  

and a re  commerc ia l ly  a v a i l a b l e ;  however, they  a l l  have ope ra t i ona l  

l i m i t a t i o n s .  They must be ab le  t o  process very  no i sy  Doppler s i g n a l s  

t h a t  con ta in  broadening due t o  frequency, ampl i tude and phase modula- 

t i o n .  The no ise  o r i g i n a t e s  f rom bo th  e l e c t r o n i c  no i se  and f rom l i g h t  

s c a t t e r i n g  process i t s e l f .  

3.2 ABILITIES AND LIMITATICINS 

The laser-Doppler  v e l o c i t y  measuring technique has t h e  advantage 

o f  n o t  d i s t u r b i n g  t h e  f l o w  f i e l d .  Th is  i s  a s i g n i f i c a n t  improvement 

over  p rev ious  methods such as ho t -w i re  anemometers and p i t o t  tubes. 

The laser -Dopp le r  technique a l s o  a l l ows  t he  sample volume t o  be 

p o s i t i o n e d  e a s i l y  i n  t h e  f l o w  channel by t r a v e r s i n g  t h e  o p t i c a l  

components. Measurements can be made i n  reg ions  where an und is tu rbed  

o p t i c a l  p a t h  e x i s t  between t he  l a s e r  and the  r e c e i v i n g  o p t i c s .  Th i s  

r e q u i r e s  t h a t  f l o w  channel windows be f l a t  and c lean.  



The 1 aser-Doppl e r  technique can a1 so prov ide  very f i n e  s p a t i a l  

r e s o l u t i o n  through the  s e l e c t i o n  o f  s u i t a b l e  o p t i c s .  The o p t i c a l  

r e s o l u t i o n  o f  the 1 aser-Doppl e r  ve loc imeter  i s  determined by the  i n t e r -  

sec t i on  o f  t he  sca t te red  and reference 1 i g h t  beams. An est imate o f  

t h e  e f f e c t i v e  d i f f r a c t i o n  l i m i t e d  beam diameter a t  t he  f o c a l  p o i n t  i s  

g iven  by 

where a i s  t he  standard d e v i a t i o n  o f  i n t e n s i t y ,  D i s  the  beam diameter 

2 a t  the  l / e  i n t e n s i t y  po in t s  of a  Gaussian beam a t  the lens  and f i s  

t he  f o c a l  l eng th  o f  the  lens.  Small beam diameters a r e  achieved by 

small values o f  f / D .  Th is  means a s h o r t  f o c a l  l eng th  l ens  produces a 

small beam diameter thus a smal l  sample volume. 

The angular  p o s i t i o n  o f  t he  reference and sca t te red  l i g h t  beams 

a l s o  a f f e c t s  t he  s i z e  o f  t he  sample volume. The smal les t  volume i s  

achieved when the  sca t te red  l i g h t  i s  detected a t  r i g h t  angles t o  t he  

reference beam. Since t h e  l i g h t  i s  p r i m a r i l y  forward scat tered,  t h i s  

arrangement i s  n o t  always s a t i s f a c t o r y  because o f  low sca t te red  l i g h t  

i n t e n s i t y .  Most laser-Doppler systems operate w i t h  forward l i g h t  

s c a t t e r i n g  w i t h  t he  angle 8 l e s s  than about 45'. This g ives a sample 

volume elongated i n  t he  d i r e c t i o n  o f  the  l a s e r  beam. Mathews and 

Rust (39) have shown t h a t  a d d i t i o n a l  e longat ion  a l so  occurs because 

o f  t he  r e f r a c t i v e  index e f f e c t  i n  water. 

Although very small sample volumes can be obta ined through a 

s u i t a b l e  choice o f  o p t i c a l  parameters t h i s  i s  o f t e n  n o t  des i rab le .  



George and Lumley (16,17,18) have shown t h a t  an opt-inium sample volume 

e x i s t s  f o r  turbulence measurements, however, regard less  o f  t h e  volume 

s i z e  the re  i s  a l i m i t  t o  the  poss ib le  r e s o l u t i o n  o f  turbulence w i t h  

a 1 aser-Doppler ve l  ocimeter.  According t o  the  theory  developed by 

George and Lumley, t he  Doppler ambiqui t y  broadening causes a constant  

no ise  base l e v e l  on the  power dens i t y  spectrum o f  tu rbu lence energy as 

ill u s t r a t e d  i n  F igure  3.2. The de termina t ion  o f  tu rbu lence i n t e n s i t y  

( o r  energy) t he re fo re  depends upon the  importance o f  the no ise  t a i l  a t  

h igh  frequency. I f the  base l e v e l  i s  made low by us ing  an optimum 

sample volume s i z e  then i t  may be o f  l i t t l e  concern. I f  i t  i s  not ,  
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Figure 3.2. Power dens i t y  spectrum of turbulence showing the  e f f e c t  
o f  1  aser-Doppl e r  s i gna l  broadening. 



i t s  e f f e c t  on the  measurements can be reduced by " c u t t i n g  o f f "  t he  h igh  

frequency components w i t h  a low pass e l e c t r o n i c  f i l t e r  p r i o r  t o  pro- 

cessing the  turbulence s igna l  . 
Signal broadening can o r i g i  nate from several  sources. 

3.2.1 T r a n s i t  Time Broadening 

The f i n i t e  t r a n s i t  t ime o f  t h e  s c a t t e r i n g  centers through t h e  

sample volume causes a broadening of t he  Doppler frequency. This  phe- 

nomenon has a l so  been c a l l e d  t h e  "Radar Ambiguity" (42). I n  general 

i t s  e f f e c t  i s  t o  produce a spec t ra l  broadening t h a t  i s  i n v e r s e l y  propor- 

t i o n a l  t o  the  s i z e  o f  the  sample volume. Th is  broadening can be 

expressed as 

where omin i s  t h e  minimum standard dev ia t i on  o f  t h e  i n t e n s i t y  d i s t r i -  

b u t i o n  w i t h i n  the  sample volume. The above equat ion shows t h a t  the  

frequency broadening increases as the  inverse  t r a n s i t  t ime through the  

sample volume. This  equat ion has been der ived and v e r i f i e d  exper i  - 
mental l y  by several i n v e s t i g a t o r s  (1 2,16,42). Th is  broadening i s  a1 so 

considered t o  be the  t ime r a t e  o f  change o f  phase i n  t he  sarr~ple volume 

as the  p a r t i c l e s  en ter  and leave. As the  sample volume decreases t h i s  

r a t e  o f  change increases. 

3.2.2 Aperture Broadening 

Receiving aper ture broadening has a l s o  been a t t r i b u t e d  t o  the  

unce r ta in t y  o f  t h e  s c a t t e r i n g  angle def ined by the  beam divergence o r  



r e c e i v e r  aper tu re  s ize.  This  e f f e c t  has been shown t o  be equ i va len t  

t o  f i n i t e  t r a n s i t  t ime broadening by Edwards, e t  a1 . (12).  

3.2.3 V e l o c i t y  Gradient  Broadening 

V e l o c i t y  g rad ien ts  across the  sample volume a r e  a l s o  a source o f  

broadening. Th i s  can be expressed as 

where the  combinat ion o f  s teepest  v e l o c i t y  g rad ien t  and maximum e f f e c -  

t i v e  sample volume dimension must be considered. A t h e o r e t i c a l  s tudy 

of v e l o c i t y  g rad ien t  broadening by Edwards, e t  a1 . (12), shows t h a t  

the  v e l o c i t y  g rad ien t  a l s o  in t roduces  a skew i n  t he  Doppler spectrum 

and decreases the  mean frequency s l i g h t l y .  Data obta ined i n  reg ions  

o f  steep v e l o c i t y  g rad ien ts  should be t r e a t e d  w i t h  cau t ion .  

3.2.4 Temporal Turbulence Broadening 

Temporal broadening r e f e r s  t o  the  t ime v a r i a t i o n  o f  t h e  Doppler 

frequency. Doppler frequency i s  p ropo r t i ona l  t o  v e l o c i t y ,  therefore, 

t he  temporal turbulence broadening can be expressed as 

Th is  i s  t h e  q u a n t i t y  t o  be measured i n  s tud ies  o f  t u r b u l e n t  f l o w  by 

us ing  t h e  laser-Doppl e r  technique. 

3.2.5 S p a t i a l  Turbulence Broadening 

Spa t i a l  tu rbu lence broadeniqg i s  caused by v a r i a t i o n  o f  v e l o c i t y  

across the  f i n i t e  sample volume. George and Lumley (16,17,18) have 

i n v e s t i g a t e d  t h i s  t h e o r e t i c a l l y  t o  show t h a t  t h i s  broadening can be 



r e l a t e d  t o  the  turbulence i n t e n s i t y ,  microscale and sarr~ple volume 

s ize .  As a l i m i t i n g  case us ing George's asymptote formula, t he  

broadening can be expressed as 

where 0 i s  t he  e f f ec t i ve  maximum sample v o l ~ ~ m e  s i z e  and X i s  t he  

microscale. For t h i s  term t o  be smal l ,  the  sample volume must be 

smal ler  than A. Th is  can be i n t e r p r e t e d  p h y s i c a l l y  by n o t i n g  t h a t  

u ' /X i s  a measure o f  maximum v e l o c i t y  g rad ien ts  produced by turbulence. 

With t h i s  i n t e r p r e t a t i o n ,  on l y  the  small scale turbulence would be s i g -  

n i f i c a n t  i n  t h i s  term. Large scale turbulence would be associated 

w i t h  the temporal broadening. 

The prev ious d iscuss ion  i d e n t i f i e s  some o f  t he  a b i l i t i e s  and l i m i -  

t a t i o n  o f  1 aser-Doppler measurements. General l y  the  s i z e  o f  the  sample 

volume l i m i t s  t he  r e s o l u t i o n  o f  the inst rument  f o r  measuring small 

sca le  turbulence. Small sample volumes are  des i rab le  f o r  h igh  reso lu -  

t i o n  and t o  niinimize broadening due t o  v e l o c i t y  g rad ien ts  and s p a t i a l  

turbulence. Small sample volumes, however, cause t r a n s i t  t ime broad- 

ening. Lumley and George show t h a t  there  i s  an optimum s i z e  f o r  m i n i -  

mum broadening however, i t  i s  somewhat d i f f i c u l t  t o  choose i t  p r i o r  t o  

a c t u a l l y  per forming an experiment. I n  many cases o f  moderately h igh  

turbulence, the  sample volumes can be made q u i t e  small before the  

t r a n s i t  t ime broadening begins t o  dominate. 



4.0 EXPERIMENTAL PROGRAM 

The experiments were performed i n  Bat te l le -Nor thwest ' s  Thermal- 

hyd rau l i c  Laboratory loca ted  i n  the  189-D B l ~ i l d i n g  on t h e  Hanford Atomic 

P r o j e c t  near Richland, Washington. A l l  experimental work was done i n  

t he  Hydraul ics Loop which i s  an isothermal  r e c i r c u l a t i n g  f l o w  loop w i t h  

f l o w  c a p a b i l i t y  of 900 gpm a t  temperatures up t o  200°F. Turbulent  

v e l o c i t y  measurements were made w i t h i n  a rod  bundle t e s t  sec t i on  by 

us ing a two-component laser-Doppler ve loc imeter .  The f o l l o w i n g  sec t ions  

descr ibe  the  t e s t  sect ion,  t he  laser-Doppler ve loc imeter  and the  method 

o f  data a c q u i s i t i o n .  

4.1 DESCRIPTION OF TEST SECTION 

F igure  4.1 shows a view of t he  t e s t  sec t i on  use f o r  the  expe r i -  

mental program. Flow entered t h e  bottom o f  the  f l o w  housing, f lowed 

v e r t i c a l l y  up through the  t e s t ,  emerged a t  t he  top  o f  t h e  f l o w  housing, 

and re tu rned t o  the  f l o w  loop. Rubber expansion bel lows were used t o  

he lp  i s o l a t e  t h e  f l o w  housing from the  normal v i b r a t i o n s  o f  t he  f l o w  

1 oop. 

F igure  4.2 shows a d e t a i l e d  view o f  the  t e s t  sec t i on  cons t ruc t ion .  

It cons is ted  o f  a  f r o n t  and back p l a t e  and f l o w  housing body. The back 

p l a t e  contained the  i n l e t  and o u t l e t  nozzles and was permanently 

i n s t a l l e d  i n  t he  f l o w  f a c i l i t y .  The f r o n t  p l a t e  was b o l t e d  t o  the  back 

p l a t e  w i t h  the  f l o w  housing body placed between them. A cont inuous 

"O-r ing" sealed the  j o i n t  between the  p l a t e s  and the  f low housing body. 

Dimensions o f  t h e  rec tangu la r  c a v i t y  w i t h i n  t e s t  sec t i on  were maintained 
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F igure  4.1 . Flow housing arrangement. 
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F igure  4.2. Test  s e c t i o n  c o n s t r u c t i o n  d e t a i l s .  



by the  restraining shoulder nex t  t o  t h e  "O-ring" groove on the  f r o n t  

and back p la tes .  To assure t h a t  t he  i n s e r t  res ted  aga ins t  t h i s  shoulder 

dur ing  experiments, t h e  b o l t s  were o n l y  brought snug dur ing  assembly. 

Then w i t h  the  system under pressure the  i n s e r t  was fo rced aga ins t  t he  

shoulder and the  b o l t s  were torqued t o  10 f t - l b .  Th is  type o f  construc-  

t i o n  al lowed qu ick  access t o  the  t e s t  sec t i on  f o r  changing i n t e r n a l s .  

It a l s o  al lowed the  s i z e  o f  t he  t e s t  sec t ion  t o  be changed by ort ly 

f a b r i c a t i n g  a  new f l o w  housing body t o  be i n s e r t e d  between t h e  f r o n t  

and back p la tes .  The e n t i r e  t e s t  sec t ion  was f a b r i c a t e d  from 300 se r ies  

s t a i n l e s s  s t e e l .  

The f r o n t  and back p l a t e  each contained 5 window p o r t s  2 inches 

h igh  by 4  inches wide f o r  entrance and e x i t  o f  t h e  l a s e r  beam. Opt i -  

c a l l y  f l a t  (X/4) view windows were f a b r i c a t e d  f rom quartz .  The windows 

were sealed by "O-ring" and were he ld  i n  p lace by t h i c k  cover p la tes .  

A shim was placed between the  window and cover p l a t e  t o  p o s i t i o n  t h e  

window t o  be " f l u s h "  w i t h  the  i n n e r  sur face o f  t he  f l o w  housing 

(+0.001 inch) .  

To ob ta in  f l o w  channels t h a t  were t y p i c a l  o f  nuclear  reac to r  rod  

bundles f i  1  l e r  b locks c o n s i s t i n g  o f  rec tangu lar  sect ions and sectors 

o f  rods were placed w i t h i n  the  t e s t  sect ion.  F igure 4.3 shows the  

f i l l e r s  t h a t  were necessary t o  ob ta in  the  f l o w  channels considered i n  

t h i s  study. Table 4.1 summarizes the  geometric parameters f o r  each 

f l o w  channel. The rod  sectors f o r  some f l o w  channels contained small 

windows so t h a t  t he  l a s e r  beam could pass through t h e  rods. These 



CHANNEL A 

CHANNEL B CHANNEL C 

CHANNEL D CHANNEL E 

F igure  4.3. Flow channel i n t e r n a l  arrangements showing nominal 
dimensions. 

TABLE 4.1. Geometric Parameters of Test  Sect ions 

Rod Flow Wetted Hydraul i c  
Test  D i  ame t e  r Area Per imeter  Diameter 

Sect ion ( inches)  ( i n c h e ~ ) ~  ( inches)  ( inches)2 



windows and t h e i r  rods had 118 i n c h  wide f l a t s  t o  e l i m i n a t e  d i s t o r t i o n  

o f  t h e  l a s e r  beam. A l l  rods and sec to rs  were 1  i n c h  d iameter  except  

f o r  t he  1-118 i n c h  d iameter  rods used f o r  the  exper iment i n  Channel A  

w i t h  reduced r o d  gap spacing. The f u l l  round rods were made f rom 

aluminum and t h e  h a l f  rods were made from s t a i n l e s s  s t e e l .  S ta i n l ess  

s t e e l  was se lec ted  f o r  t h e  h a l f  rods t o  min imize d i f f e r e n t i a l  thermal 

expansion a t  e l eva ted  temperatures. To ma in ta i n  a  c lean  geometry no 

spacing devices were used i n  t h e  subchannels. The s o l i d  rods i n  

Channel A  were supported a t  t h e  ends on l y .  P a i n t  was a p p l i e d  t o  t he  

rods t o  he lp  reduce l i g h t  r e f l e c t i o n s .  

An 8 i n c h  l o n g  f l o w  s t r a i g h t e n i n g  s e c t i o n  was p laced  a t  t h e  i n l e t  

o f  each f l o w  channel. Th i s  cons i s ted  o f  a  " b e l l "  e n t r y  f rom t h e  i n l e t  

nozz le  plenum, f o l l o w e d  by a  f l o w  c o n d i t i o n e r .  The f l o w  c o n d i t i o n e r  

cons i s ted  o f  f o u r  e c c e n t r i c  screens (60% open) w i t h  114 i n c h  ho les  i n  

a  t r i a n g u l a r  a r r a y  f o l l owed  by a  bank o f  114 i n c h  0.020 i n c h  t h i c k  

w a l l  tubes 3-114 i n c h  long .  The screens tended t o  equa l i ze  t h e  i n l e t  

v e l o c i t y  d i s t r i b u t i o n  and t he  tubes helped t o  e s t a b l i s h  a  f i x e d  sca le  

o f  tu rbu lence  and s t r a i g h t e n  t he  f l ow .  The i n l e t  ends o f  t h e  rods and 

r o d  sec to rs  has 60" t ape r  t o  min imize f u r t h e r  d is turbances o f  f l o w  

due t o  f l o w  area change upon e n t e r i n g  t h e  r o d  sec t i on .  The f l o w  

s t r a i g h t e n i n g  a b i l i t i e s  o f  t h i s  s e c t i o n  were v e r i f i e d  by v e l o c i t y  mea- 

surements i n  t h e  r e c t a n g u l a r  f l o w  channel p r i o r  t o  i n s e r t i n g  t h e  rods  

and r o d  sectors .  



The e x i t  f rom t h e  rod  sec t i on  was an abrupt  expansion t o  t he  

plenum a t  t he  discharge nozzle. This  was about 9 inches above the  

measurement plane a t  t he  top  window. A l l  measurements were made a t  t h e  

top  window which was over  60 LID f rom the  i n l e t  f o r  a l l  r od  bundle f l o w  

con f i gu ra t i ons .  This  long  entrance l eng th  was considered s u f f i c i e n t  t o  

achieve f u l l y  developed t u r b u l e n t  f low.  

Pressure taps 1/32 i n c h  diameter were d r i l l e d  i n t o  the  back p l a t e  

two inches below the  th ree  upper window p o r t s  t o  a l l o w  measurement o f  

pressure drop. 

4.2 LASER-DOPPLER VELOCIMETER 

A two-component laser-Doppler ve loc imeter  manufactured by Laser 

Systems and E lec t ron i cs  was used t o  per form measurements o f  t u r b u l e n t  

v e l o c i t i e s .  The veloc imeter  consis ted o f  o p t i c a l  , mechanical and 

e l e c t r i c a l  systems. 

4.2.1 Op t i ca l  System 

The o p t i c a l  arrangement shown i n  F igure 4.4 was used f o r  a l l  one 

component v e l o c i t y  measurement. For t h i s  arrangement, the  equat ion 

f o r  t he  Doppler frequency obta ined from Equation (3.3) was 

fD = 1 [u s i n  e + w (I-cos e)] 

Since t h e  c o n t r i b u t i o n  of the w component was small f o r  0 = 10" and 

w << u, Equation (4.1) could be s a t i s f a c t o r y  approximated by 

n fD = u s i n  0 (4.2) 

f o r  h = 0.6328 x m and n = 1 ( a i r ) ,  u = 11.93 fD where u i s  t he  

v e l o c i t y  i n  f t / s e c  and fD i s  t he  frequency i n  MHz. 
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F i  gure 4.4. One-component 1 aser-Doppl e r  ve loc i  meter o p t i  ca l  
arrangement. 

The beam from a Spectra Physics Model 124 He-Ne l a s e r  was focused 

t o  a p o i n t  w i t h i n  the  f l o w  channel by us ing  a 237 mn foca l  l eng th  lens .  

The beam passing through t e s t  sec t i on  was used as the  reference beam 

and was rou ted t o  the  photomul t i p 1  i e r  tube by a po la r i zed  f i l t e r ,  a 

42 mm f oca l  l eng th  combination lens, a m i r ro r ,  a second po la r i zed  

f i l t e r ,  a second beam s p l i t t e r  and a 0.030 i nch  diameter aperture. The 

reference l i g h t  was gathered a t  an angle o f  10' by a 42 mn f o c a l  l eng th  

combination lens w i t h  an aper ture o f  16 mm. The scat te red  l i g h t  passed 

through a bean1 s p l i t t e r  and on t o  the p h o t o m u l t i p l i e r  tube where i t  was 

o p t i c a l l y  m i  xed w i t h  the  reference 1 i g h t  t o  produce the  Doppler s igna l  . 
The a1 ignment o f  the  reference and scat te red  1 i g h t  was achieved v i sua l  l y  



by a d j u s t i n g  the  beam s p l i t t e r s  w i t h  t he  small aper tu re  and photo- 

mu1 t i p l  i e r  tube removed. The aper tu re  and photomul t i p l  i e r  tube were 

then replaced and t h e  po la r i zed  f i l t e r s  adjusted t o  g i ve  the  optimum 

Doppler s i gna l  . 
For two-component v e l o c i t y  measurements the  o p t i c a l  arrangement 

shown i n  F igure  4.5 was used. Th is  was e s s e n t i a l l y  two single-component 

o p t i c a l  arrangements l oca ted  a t  r i g h t  angles t o  each o ther .  The pos i -  

t i o n  o f  t he  o p t i c s  was r o t a t e d  45" about t he  l a s e r  beam a x i s  f o r  two- 

component measurement; there fo re ,  the  Doppler s i gna l s  corresponded t o  

t h e  two v e l o c i t y  components each l oca ted  45" f rom v e r t i c a l .  These two 

v e l o c i t i e s  were reso lved i n t o  t he  a x i a l  and l a t e r a l  v e l o c i t y  

components. 

FLOW CHANNEL 

MEASUREMENT 

Figure  4.5. Two-component laser-Doppler ve loc imeter  
o p t i c a l  arrangement. 



I n  p r i n c i p l e ,  t ak ing  two-component data would be s i m i l a r  t o  t ak ing  

one-component data; however, t h i s  was n o t  t he  case when turbulence data 

was t o  be obtained. I n  t h i s  case the  l o c a t i o n  o f  each sample volume 

had t o  i n t e r s e c t  s u f f i c i e n t l y  c l ose  t o  a l l o w  proper  r e s o l u t i o n  o f  

v e l o c i t y .  Th is  meant t h a t  each r e c e i v i n g  o p t i c s  channel had t o  view 

e s s e n t i a l l y  t he  same p o i n t  on the l a s e r  beam t o  assure v a l i d  r e s o l u t i o n  

of the  measured t u r b u l e n t  v e l o c i t y  i n t o  the  u  and v  components. Since 

t h i s  could n o t  be done exac t l y ,  an acceptable t o le rance  o f  0.010 inches 

was selected.  Th is  d is tance was acceptable because i t  was about h a l f  

t he  s i z e  o f  t h e  sample volume l o n g i t u d i n a l  dimension. 

4.2.2 Travers ing System 

The measurement p o i n t  was pos i t i oned  w i t h i n  the  f l o w  channel by 

us ing a  t r a v e r s i n g  system t h a t  moved the  l a s e r  and r e c e i v i n g  o p t i c s  as 

an i n t e g r a l  u n i t .  The t r a v e r s i n g  system was supported on a  p r e c i s i o n  

1  i near b a l l  bearings and was d r i ven  by var iable-speed servo-motors. 

The motor speed c o n t r o l  and p o s i t i o n  readout cou ld  l o c a t e  t he  measure- 

ment p o i n t  t o  w i t h i n  0.001 i n c h  i n  both the  z  and y d i r e c t i o n s  i n  a  

h o r i  zon t a l  p l  ane . 
4.2.3 E l e c t r o n i c  Readout 

A Laser Systems and E lec t ron i cs  readout system was used t o  measure 

l o c a l  instantaneous v e l o c i t y  c o n s i s t i n g  o f  the  t ime average value p lus  

the  f l u c t u a t i n g  component. The basic  elements o f  t h e  readout system 

a re  shown i n  F igure 4.6. The s igna l  f rom the  p h o t o m u l t i p l i e r  tube 

entered a  10 MHz low pass f i l t e r  t o  e l i m i n a t e  h igh  frequency noise.  An 
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Figu re  4.6. E l e c t r o n i c  readout  system schematic. 

a m p l i f i e r  inc reased  t h e  s i g n a l  l e v e l  f rom about 10 mV t o  about 1  v o l t .  

The s i g n a l  was then mixed w i t h  t h e  o u t p u t  f rom a  l o c a l  o s c i l l a t o r  

1MHz + 0.5 
B .P .  FILTER 

whose f requency was measured w i t h  a  d i g i t a l  f requency meter. The band- 

pass f i l t e r  w i t h  a  cen te r  f requency o f  1  MHz r e j e c t e d  t he  upper s i de -  

band o f  t h e  mixed s i g n a l .  The lower  side-band was frequency de tec ted  

by t h e  s i g n a l  c o r r e l a t o r  which cons i s ted  o f  a  d e l a y - l i n e  and a  mixer .  

The outputwas sho r t - t ime  i n t e g r a t e d  by t he  ope ra t i ona l  amp1 i f i e r .  The 

o u t p u t  was connected t o  a  nu1 1  meter where, a t  n u l l ,  t h e  l o c a l  

o s c i l l a t o r  f requency was r e l a t e d  t o  t h e  average Doppler f requency. The 

ou tpu t  p rov ided  an analog s i g n a l  t h a t  was p r o p o r t i o n a l  t o  t h e  f l u c t u a t -  

i n g  component o f  v e l o c i t y .  

The method by which t h i s  system e x t r a c t s  t u r b u l e n t  v e l o c i t y  in forma-  

t i o n  f rom t h e  Doppler s i g n a l  can be shown by cons ide r i ng  t h e  e l e c t r o n i c  

s i g n a l  i n  t h e  fo rm 



Eo(t)  = e ( t )  cos w D t  + n ( t )  (4.3) 

where e ( t )  i s  a  random amplitude, wD i s  the  r a d i a l  frequency o f  the  

Doppler s ignal  and n ( t )  i s  noise. Mixing t h i s  s igna l  w i t h  the l oca l  

o s c i l l a t o r  s igna l  gives 

El(t)  = e ( t )  cos w D t  cos w o t  + n ( t )  (4.4) 

where the  ampli tude o f  the  o s c i l l a t o r  s igna l  i s  assumed t o  be un i t y .  

Expanding t h i s  by us ing a  t r igonomet r ic  i d e n t i t y  and by tak ing  the 

lower side-band (d i f f e rence  frequency), the output  from the band pass 

f i l t e r  i s  

Delaying t h i s  s igna l  by t ime T gives 

E2(t -T)  = cos [(% - wD) ( t  - T ) ]  + n ( t  - T)  2  (4.6) 

I f  t h i s  i s  now n i u l t i p l i e d  by the undelayed s igna l  ,. t he  r e s u l t  i s  

- e(t)  e(t-T) {cos (uo - wD)t + n ( t $  E j ( t )  - 4  

Expanding t h i s  by us ing t r igonometr ic  i d e n t i t i e s  g ives 

- e ( t )  e ( t -T )  
Eg( t )  - 8 (u0 - W,,)T + cos [ (u0 - wD) ( 2 t  - T ) ]  

+ cos (w - wD)t n ( t  - T)  
0 

+ cos (uo - wD) ( t  - T)  n ( t )  

+ n ( t )  n ( t  - T$  



A l l  terms i n  brackets,  except t h e  f i r s t ,  a re  o f  h igh  frequency. The 

no ise  term i s  h igh  frequency because of t he  h igh  center  frequency o f  

t he  band pass f i l t e r .  By i n t e g r a t i n g  over  a s h o r t  t ime w i t h  t he  

opera t iona l  a m p l i f i e r ,  bu t  f o r  a  t ime s i g n i f i c a n t l y  l a r g e r  than T, 

t he  h igh  frequency components can be f i l t e r e d  l e a v i n g  as the  ou tpu t  

The term e ( t )  e ( t - r )  can be expressed as 

Th is  i s  an a u t o c o r r e l a t i o n  f u n c t i o n  o f  t he  an~p l i t ude  modulat ion i n  

t he  Doppler s igna l  f o r  T + I f  T i s  l e s s  than the  pe r i od  o f  t h e  

h ighes t  frequency t u r b u l e n t  f l  u c t u a t i  ons and l a r g e r  than the  p e r i o d  

o f  t he  lowest  f requencies o f  awpl i tude modulation, then e ( t )  e ( t - r )  

i s  e s s e n t i a l l y  constant.  The value o f  T i n  t he  readout system i s  about 

0.8 x  sec which permi ts  measurement o f  turbulence w i t h  f requencies 

up t o  about 12 kHz. This  t ime i s  two orders o f  magnitude g rea te r  than 

the  delay t ime r = 0.25 x sec. 

Equat ion (4.9) shows t h a t  t h e  t ime average ou tpu t  s i gna l  i s  pro- 

p o r t i o n a l  t o  cos (oo - oD). The f i r s t  zero c ross ing  occurs when 

(oo - o ) = r / 2 .  Since the  center  frequency o f  1  MHz i s  used i n  t h e  
D 

readout system, a value o f  r = 0.25 x l o m 6  i s  requ i red .  Thus, when 

fo - fD = 1 MHz the  average ou tpu t  o f  t he  readout i s  zero, o r  nu1 1. 

For o t h e r  values o f  (oo - o D ) r  w i t h i n  t he  w id th  o f  t h e  band pass f i l t e r  

t h e  average value o f  E 4 ( t )  i s  shown i n  F igure  4.7. A t  h i gh  frequency 
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there  i s  no output .  As the  frequency i s  decreased a swing i n  vo l tage 

i s  observed a t  t he  edge o f  the band pass. A 1 i nea r  frequency t o  vo l tage 

conversion takes place w i t h i n  the  band pass by us ing e l e c t r o n i c  1 inear -  

i z i n g  c i r c u i t s  t o  shape the  cosine func t ion .  A t  low frequency the  

ou tput  i s  zero because the  frequency i s  below the  lower s ide  o f  t h e  

band pass f i  1 t e r .  From t h i s  frequency-to-vol tage c h a r a c t e r i s t i c  the  

average Doppler frequency i s  measured from fD = fo  - 1 (MHz) where 

fo i s  the l o c a l  o s c i l l a t o r  frequency t h a t  produces the  n u l l  vol tage. 

BAND PASS FILTER WIDTH 
A 

FREQUENCY, f - fD, M H z  
0 

Figure 4.7. Frequency-to-vol tage c h a r a c t e r i s t i c  o f  readout system. 



The wid th  o f  the  band pass f i l t e r  puts a lower l i m i t  on the  

v e l o c i t y  and an upper 1 i m i  t on the  band w id th  o f  turbulence. Consider- 

i n g  the  instantaneous Doppler frequency t o  be fD = fD + f b  the  lower 

l i m i t  i s  fD > 0.5Af, where A f  i s  the  f i l t e r  band width.  Th is  l i m i t  

occurs when fD i s  reduced t o  the  p o i n t  where the  upper s i d e  band 

fo + fD begins t o  pass through t h e  band pass f i l t e r .  Note t h a t  the  

lower l i m i t  o f  tD depends on the  l e v e l  of turbulence because o f  t he  

turbulence broadening contained i n  f;). The band pass f i l t e r  a l s o  1 i m i t s  

t h e  band w id th  o f  the  turbulence such t h a t  f b  must be l e s s  the  f i l t e r  

band width. The readout system has 500 kHz and 1000 kHz band pass 

f i l t e r s .  

Now consider  how turbulence can be measured. Since the  r a d i a l  

Doppler frequency wD var ies  w i t h  the  v e l o c i t y ,  l e t  

where o i  i s  the  f l u c t u a t i n g  component and GD i s  the  t lme average 

value. S u b s t i t u t i n g  t h i s  i n t o  Equation (4.9) g ives 

Expanding t h i s  y i  e l  ds 

+ s i n  (w, - ) r  s i n  uir D I (4.13) 



A t  n u l l ,  cos (wo - wD).r = 0  and s i n  (wo - T = 1  ; 

there fore ,  

For smal l  U ~ T  

and s ince  T i s  constant  E 4 ( t )  va r i es  as w i .  The instantaneous vo l tage 

ou tpu t  a t  n u l l  i s ,  t he re fo re ,  p ropo r t i ona l  t o  the t u r b u l e n t  component 

o f  v e l o c i t y  u'. From Figure 4.7 the  vo l tage E 4 ( t )  can be considered 

t o  be the  vo l tage f l u c t u a t i n g  about n u l l  as the  frequency wD f l u c t u -  

ates. The constant  o f  p r o p o r t i o n a l i t y  T e ( t )  e ( t -  ) / 8  i s  the  s lope 

o f  the  frequency-to-vol tage curve i n  F igure 4.7. The slope i s  de ter -  

mined by observing the  average ou tpu t  o f  the  n u l l  meter AE f o r  a  

se lec ted  frequency o f f s e t  A f .  

4.3 SIGNAL PROCESSING 

A v a r i e t y  o f  a u x i l i a r y  equipment was used w i t h  the basic  readout 

system as shown i n  F igure  4.8. A scope was used t o  mon i to r  the ou tpu t  

o f  the  f i r s t  a m p l i f i e r  i n  the readout systeni. Th is  was very va luable 

as i t  aided i n  o p t i c a l  adjustnients and prov ided a  check on the  magni- 

tude and q u a l i t y  o f  t he  Doppler s i gna l  be ing processed. 

The ou tpu t  s i gna l s  were processed by us ing the  ampl i f ie r ,  low-pass 

f i l t e r ,  n u l l  meter, t r u e  "rms" meter, s i gna l  c o r r e l a t o r ,  and X-Y  

recorder  shown i n  F igure  4.8. Model 3400 CALICO a m p l i f i e r s  w i t h  

10 kHz bandwidth and se lec tab le  f i x e d  gains were used t o  amp l i f y  t he  
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Figure  4.8. Auxi 1  i ary  readout f o r  v e l o c i t y  measurement. 

s igna ls .  Fol lowing t h e  i n i t i a l  a ~ i i p l i f i c a t i o n  the  s igna ls  were low- 

pass f i  1  te red  by a  Rockland Laboratory Model 1020F f i  1  t e r .  A Model 419A 

Hewlet t  Packard d i f f e r e n t i a l  vo l tmeter  was used t o  de tec t  n u l l  vo l tage 

f o r  measuring average v e l o c i t y  and a l s o  f o r  measuring the  s lope o f  the  

frequency-to-vol tage detec tor .  A  Model 931AB, Fluke d i f f e r e n t i  a1 " t r u e  

rms" v o l t  meter was used t o  measure the  rms vol tage E l .  

The autocor re l  a t i  on f u n c t i o n  o f  the  s igna l  was computed "on-1 i ne "  

by us ing a  Model 100 Pr inceton Appl ied Research Signal Cor re la to r .  This  

c o r r e l  a t o r  computed the  au toco r re la t i on  f u n c t i o n  



over a  se lec ted  t o t a l  delay range T. The c o r r e l a t o r  d i v i d e d  the  t o t a l  

delay range i n t o  100 increments AT = T/100 and simultaneously computed 

C(T) f o r  each o f  these increments. For a  s h o r t  t o t a l  delay t ime where 

AT was small, C (AT)  = C(o) and 

Thus the  he igh t  o f  the  c o r r e l a t i o n  f u n c t i o n  a t  t = 0  was the  mean 

square vol tage.  Since the  c o r r e l a t o r  memory t ime constant was 20 sec- 

onds, l e t t i n g  the  c o r r e l a t o r  accumulate data over a  per iod  o f  about 

1  minute s a t i s f i e d  the  cond i t i on  o f  t + rn. The c o r r e l a t i o n  func t i ons  

were p l o t t e d  on a  Honeywell Model 520 X-Y recorder .  

For two-component measurements the  two output  s igna ls  were.pro- 

cessed simultaneously us ing the  sum and d i f f e r e n c e  amp1 i f i e r s  shown i n  

F igure 4.9 where Ex and E represent  the  ou tput  o f  the  X and Y readout 
Y  

channels, respec t i ve l y .  Each output  was f i r s t  a m p l i f i e d  by a  CALICO 

a m p l i f i e r .  The Hewlet t  Packard n u l l  meter was switched i n t o  e i t h e r  

channel and the  gain o f  one a m p l i f i e r  adjusted u n t i l  each channel had 

the  same s e n s i t i v i t y  A E / A f .  Since the  v e r t i c a l  v e l o c i t y  component u  

and the  ho r i zon ta l  component v  were p ropo r t i ona l  t o  the  sum and d i f -  

ference o f  Ex and E respec t i ve l y ,  two CALICO a m p l i f i e r s  were used 
Y '  

t o  form sum and d i f f e r e n t  c i r c u i t s .  The opera t ion  o f  these c i r c u i t s  

were v e r i f i e d  by p u t t i n g  i d e n t i c a l  t ime vary ing  s igna ls  (%I v o l t )  i n t o  
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t he  system and observing t h a t  t h e i r  di f ference was zero (<I mV noise)  

and t h e i r  sum was tw ice  the  input .  A swi tch  was used t o  s e l e c t  t he  

des i red  v e l o c i t y  component f o r  processing. 

TO 
LOW PASS 

F l LTER 

Figure 4.9. Sum and dtfference a p l i f i e r  c i r c u i t .  

4.4 METHOD OF DATA ACQUISITION 

The f l o w  loop was operated according t o  standard l abo ra to ry  pro- 

cedures. The loop had a very s tab le  f low,  pressure, and temperature 

con t ro l  and d i d  n o t  requ i re  adjustment dur ing  data acqu is i t i on .  

Once the  loop was operat ing a t  t he  selected cond i t ions  the  o p t i c a l  

system was adjusted t o  g ive  optimum Doppler s igna ls  as observed on the 

scope and by maximi z i  ng the f requency-to-vol tage conversion slope 



AE/Af. M i l k  was i n j e c t e d  i n t o  t he  loop  t o  p rov ide  s u f f i c i e n t  s c a t t e r -  

i n g  centers.  For sing1 e-component measurements t he  o p t i c a l  adjustment 

procedure was reasonably f a s t  and s t ra igh t fo rward .  For two-component 

measurement, however, a  t r i a l  procedure was requ i red  t o  assure t h a t  

t h e  sample volumes f o r  each o p t i c a l  channel were s u f f i c i e n t l y  c lose. 

Th is  procedure was r a t h e r  t ime consuming and tedious ; however, w i t h  

pat ience the  two sample volumes cou ld  be ad jus ted  t o  be about 

0.010 i nch  o f  each o ther .  Th is  was v e r i f i e d  by observing the  l o s s  o f  

s igna l  f rom each o p t i c a l  channel on a  dual-beam osc i l loscope as the  

sample volumes were t raversed i n t o  the  g lass  window a t  the  s i d e  o f  t he  

t e s t  sect ion.  Th is  procedure was a1 so used t o  determine the  reference 

l o c a t i o n  f o r  the  z  d i r e c t i o n  t raverse.  Th is  procedure loca ted  t h e  

reference value f o r  z  t o  w i t h i n  about k0.015 inch.  The y d i r e c t i o n  

was determined s i m i l a r l y  b u t  t o  w i t h i n  +0.001 i n c h  accuracy because 

o f  the  smal le r  sample volume s i z e  i n  the  y d i r e c t i o n .  

Data was taken sequen t i a l l y  along a  se lec ted  t rave rse  through o r  

across the  t e s t  sec t ion .  The sample volume cou ld  be pos i t i oned  t o  

w i t h i n  0.001 i n c h  f o r  each measurement p o i n t .  

For each l o c a t i o n  the  l o c a l  o s c i l l a t o r  was adjusted t o  o b t a i n  the  

n u l l  p o i n t .  Then the  rms meter, o s c i l l a t o r  frequency and p o s i t i o n  

l o c a t i o n  were recorded. Then the  value o f  AE was recorded f o r  a  

se lec ted  frequency o f f s e t  Af. A f t e r  approximately one m i  nute , t h e  

ou tpu t  o f  the  c o r r e l a t o r  was p l o t t e d  on the  X-Y recorder  f o r  se lected 



data po in ts .  The same procedure was used f o r  two component data except 

two readout channels were involved. Also the  gain o f  one CALICO ampli-  

f i e r  was adjusted t o  g ive  i d e n t i c a l  values of A E / A f  f o r  each channel. 

A l l  data were recorded on computer coding forms fo r  l a t e r  punching t o  

cards and automatic data processing. 

For one-component v e l o c i t y  measurements the experimental data 

were reduced t o  average v e l o c i t y  by us ing Equation (4.2) o r  

where fo i s  the  o s c i l l a t o r  frequency i n  MHz. 

The f l u c t u a t i n g  Doppler frequency was computed from 

and the  l o c a l  rms turbulence v e l o c i t y  was ca lcu la ted from 

For two component measurements the a x i a l  component Doppler frequency 

was ca lcu la ted  from 
7 

The ax i  a1 component f l u c t u a t i n g  Doppler frequency was ca lcu la ted  

from 

and f o r  the transverse component 



Pressure drop data were taken f o r  each of t he  f l o w  channels over 

the  Reynolds number range o f  i n t e r e s t  i n  t he  experiments. Pressure 

drop was measured over one-foot increments between taps 3  and 4  and 

between taps 4  and 5. Pressure drop was measured w i t h  a  manometer con- 

t a i n i n g  2.95 s p e c i f i c  g r a v i t y  o i l  . 
4.5 METHOD OF DATA REDUCTION 

A d i g i t a l  computer program was w r i t t e n  t o  reduce the  recorded data. 

For each data p o i n t  i t  was necessary t o  (1 )  s h i f t  t he  measurement loca-  

t i o n  t o  a  cons i s ten t  s e t  of coordinates and c o r r e c t  f o r  r e f r a c t i v e  

index; (2 )  conver t  t he  Doppler frequency t o  v e l o c i t y ;  ( 3 )  conver t  t h e  

rms vo l tage t o  turbulence i n t e n s i t y ;  and, (4 )  est imate the  Eu le r i an  

macroscale from the  c o r r e l a t i o n  f u n c t i o n  p l o t s .  A  1  i s t i n g  of the  

d i g i t a l  computer program used f o r  these c a l c u l a t i o n s  i s  g iven  i n  

Appendi x  A. 

The measurement l o c a t i o n s  co r rec t i ons  were made according t o  t he  

equat ions 

and 

The r e f r a c t i v e  index c o r r e c t i o n  Cn was requ i red  f o r  the  z d i r e c t i o n  

because o f  t h e  change i n  d i r e c t i o n  o f  t he  l i g h t  pa th  a t  the  g lass  

water i n t e r f a c e  as shown i n  F igure 10. Th is  c o r r e c t i o n  was der ived  

from Sne l l  ' s  law o f  r e f r a c t i o n ,  

nl s i n  el = n2 s i n  O2 (4.26) 



Ll GHT RAY IN WATER 

Figure 4.10. Re f rac t i ve  index co r rec t i on  f o r  l i g h t  r a y  
path i n  water. 

For air ,  nl = 1 .O; therefore, 

s i n  8 
e2 = sin- '  ( n2 1) 

where n2 i s  t he  index o f  r e f r a c t i o n  i n  water. 

From F igure  4.10 the  t r u e  p o s i t i o n  "b" and the  i n d i c a t e d  p o s i t i o n  

"a'' were r e l a t e d  by 

a tan  = b tan  O2 (4.28) 

theref  o re  
a tan  8, 

I b = s i n  8 
tan  [sin-' ( n2 I)] 



and 
tan  8, - I 

'n - s i n  8  
tan  [sin-' ( n2 l)] 

A1 though t h i s  expression was used i n  data reduct ion,  Cn reduced t o  j u s t  

n  i f  t h e  small angle approximation ( tan  8  = 8 = s i n  8) was used. 

The c a l c u l a t i o n  o f  v e l o c i t y  and turbulence i n t e n s i t y  was a  s t r a i g h t  

forward appl i c a t i o n  o f  Equations 4.18 through 4.23. The shear v e l o c i t y  

used t o  normal ize the  i n t e n s i t y  data was ca l cu la ted  from the  measured 

channel f r i c t i o n  fac to rs .  

The c a l c u l a t i o n  o f  the  Eu ler ian  macrotime sca le  i n  the  d i r e c t i o n  

of f l o w  was determined by f i t t i n g  the  au toco r re la t i on  f u n c t i o n  t o  an 

equat ion o f  t he  form 

= R ( T )  = e  cos a T 2  

This equat ion a l lows f o r  p e r i o d i c i t y  i n  t he  c o r r e l a t i o n  func t i on .  

From Equation (2.20) the  macrotime scale i s  given by 

and from Tay lo r ' s  hypothesis t he  l o n g i t u d i n a l  macroscale i s  

A = E T ~  (4.33) 

The au toco r re la t i on  f u n c t i o n  data was f i t  t o  Equation (4.31) by 

using a  " least-squares" curve f i t t i n g  r o u t i n e  w r i t t e n  by Howell (25).  

This  r o u t i n e  was used i n  a  " least-squares" and a  " least-squares- 

d is tance" mode w i t h  i d e n t i c a l  r e s u l t s .  Eleven equa l l y  spaced po in t s  



taken f rom the c o r r e l a t o r  p l o t s  and normalized t o  u n i t y  a t  T = 0 were 

used as i n p u t  t o  the  curve f i t t i n g  rou t ine .  This curve f i t t i n g  proce- 

dure provided a  cons is ten t  method o f  q u a n t i f y i n g  the  c o r r e l a t i o n  func- 

t i o n  data from which i t  was poss ib le  t o  est imate the  l o c a l  macroscale 

and the  frequency o f  f l o w  pu lsa t ions .  

A complete tabu la t i on  o f  the reduced data i s  presented i n  

Appendix B. 



5.0 EXPERIMENTAL RESULTS 

Measurements o f  l o c a l  v e l o c i t y ,  turbulence i n t e n s i t y  and Eul e r i a n  

t ime-scale were obta ined w i t h i n  se lec ted  regions o f  t he  f l ow  channels 

shown i n  F igure 4.3. I n  summary, the  r e s u l t s  o f  the  experiments i n d i -  

ca te  the  f o l l o w i n g :  

1. The a x i a l  ( u l / u )  and l a t e r a l  ( v1 /u )  components o f  turbulence 

i n t e n s i t y  a re  h i g h l y  nonuniform w i t h  r e l a t i v e  minima near the  

center  o f  subchannels and a t  the  center  o f  r od  gaps. Maxima 

occur midway between the  gap and subchannel cen ter  and near 

so l  i d  boundaries. 

2. The l a t e r a l  component o f  turbulence i n t e n s i t y  ( v 1 / u )  ranges 

from about 50% t o  80% o f  the  a x i a l  component (u l /u )  a t  

p/d = 1.25. 

3. The a x i a l  macroscale of turbulence as est imated by T a y l o r ' s  

hypothesis i s  on t h e  order  o f  0.4 t imes the  average channel 

hydraul i c  diameter. 

4. Rod gap spacing s i g n i f i c a n t l y  a f f e c t s  t h e  i n t e n s i t y  and scale.  

Reducing the  spacing by a f a c t o r  of two nea r l y  doubles the  scale 

i n  some reg ions  and increases the  turbulence i n t e n s i t y  along 

the  c e n t e r l i n e  through the  rod-rod gaps. 

5. The data i n d i c a t e  t he  presence o f  secondary f lows; however, t h e i r  

d i r e c t  measurement was n o t  poss ib le  because t h e i r  magnitude was 

l e s s  than the  measurement accuracy o f  the  ins t rumenta t ion .  



6. The f low s t r u c t u r e  w i t h i n  a symmetr ica l ly  shaped gap between a 

p a i r  of s imple subchannels a t  p /d = 1.25 i s  n o t  s i g n i f i c a n t l y  

a f f e c t e d  by the  shape o f  t he  adjacent  subchannels. Inc reas ing  

the  degree of l a t e r a l  freedom by adding more subchannels 

increases the  i n t e n s i t y  moderately. Flow s t r u c t u r e  i n  t h e  gaps 

a long t h e  housing w a l l  a r e  moderately affected by the  asymmetry 

of t he  gap. 

7. Reynolds number gene ra l l y  has a weak a f f e c t  on the  v e l o c i t y  

( i / ~ ) ,  tu rbu lence i n t e n s i t y  (u1 /u ) ,  and Eu le r i an  l o n g i t u d i n a l  

macroscale ( A / D )  as est imated by us ing  T a y l o r ' s  hypothesis.  

The f o l l o w i n g  sec t ions  d iscuss t h i s  data i n  d e t a i l .  The f i r s t  

sec t i on  i s  concerned w i t h  t h e  f l o w  s t r u c t u r e  i n  t he  subchannel s  o f  

f l o w  channels A, B, and C. The second sec t i on  i s  concerned w i t h  t h e  

f l o w  i n  t he  r o d  gaps o f  a l l  channels. The f i n a l  s e c t i o n  presents a 

b r i e f  p resen ta t i on  and c o r r e l a t i o n  o f  t h e  pressure drop data. 

5.1 SUBCHANNEL FLOW STRUCTURE 

The subchannel f l o w  s t r u c t u r e  was i n v e s t i g a t e d  i n  Channel A 

which i s  shown i n  F igure  4.3. Ve loc i ty ,  turbulence i n t e n s i t y ,  and 

turbulence sca le  were measured i n  t h i s  channel t o :  (1  ) map the  

v e l o c i t y  and tu rbu lence i n t e n s i t y  d i s t r i b u t i o n ;  ( 2 )  eva lua te  t h e  

e f f e c t  o f  r o d  gap spacing; and (3 )  determine the e f f e c t  o f  Reynolds 

number. L-imi t ed  two-component data were a l s o  taken i n  a w a l l  sub- 

channel of Channel A t o  determine the  magnitude o f  t he  l a t e r a l  

component o f  i n t e n s i t y .  



Add i t i ona l  maps o f  v e l o c i t y  and i n t e n s i t y  were taken i n  Channels B 

and C t o  determine how a more r e s t r i c t i v e  f l o w  c o n f i g u r a t i o n  a f f e c t s  

the  subchannel f l o w  s t ruc tu re .  

5.1.1 Maps o f  V e l o c i t y  and I n t e n s i t y  

F igures 5.1 and 5.2 show maps o f  v e l o c i t y  and turbulence i n t e n s i t y  

d i s t r i b u t i o n  i n  t he  side, corner, and i n t e r i o r  subchannels o f  Channel A. 

The v e l o c i t y  p r o f i l e s  a re  q u i t e  symnetr ical  and a r e  s i m i l a r  i n  shape t o  

t he  p r o f i l e s  p red i c ted  by De iss le r  and Tay lo r  (11) except f o r  the  

i sove l  s  (constant  v e l o c i t y  1 i nes )  being f a r t h e r  f rom the  r o d  sur faces 

i n  t he  open p a r t  o f  t he  subchannel. Th is  i s  be l i eved  t o  be caused by 

secondary f 1 ows which a r e  discussed 1 a t e r  i n  more de ta i  1. 

The a x i a l  component turbulence i n t e n s i t y  ( u 1 / u )  map i n  F igure  5.2 

show some new and i n t e r e s t i n g  i n fo rma t i on  regard ing  turbulence f l o w  

s t r u c t u r e  i n  rod  bundles. An i n t e r e s t i n g  fea tu re  o f  these data a re  

t h e  r e l a t i v e  minima o f  turbulence i n t e n s i t y  i n  the  subchannel centers 

and rod  gap centers. The minimum values o f  0.041 and 0.045 i n  the  

center  and wa l l  subchannels a r e  both h igher  than 0.035 which i s  t y p i c a l  

f o r  f u l l y  developed p ipe  f l o w  (36,37,46). The r e l a t i v e  minima o f  

0.050 and 0.052 i n  t h e  i n t e r i o r  rod  gaps a r e  h igher  than the  subchannel 

cen ter  values. Another i n t e r e s t i n g  f e a t u r e  i s  t he  r e l a t i v e  niaximum 3 

t h a t  occurs along the  c e n t e r l i n e  between subchannel centers and the  

3 ~ h i s  i s  ac tua l  l y  a "saddle p o i n t "  because the  i n t e n s i t y  increases 
toward the  w a l l .  



Figure  5.1 . A x i a l  component v e l o c i t y  ( i / ~ )  map i n  Channel A, 
Re = 100,000 p/d = 1 .25. 



Figure 5.2. Ax ia l  component t u r b u l e n t  i n t e n s i t y  (u l /U)  map, 
Channel A, Re = 100,000, p/d = 1.25, 4 kHz cutoff. 



r o d  gap. The corner  and w a l l  subchannel map show behav io r  s i m i l a r  t o  

t h a t  found i n  t h e  i n t e r i o r  channel; however, i t  i s  m o d i f i e d  by t h e  

presence o f  t h e  f low housing w a l l .  The r e l a t i v e  minima and maxima a r e  

comparable t o  those i n  t he  i n t e r i o r .  

F igures  5.3 and 5.4 show maps o f  tu rbu lence  i n t e n s i t y  ob ta ined  

i n  two component d i r e c t i o n s  w i t h i n  a  w a l l  subchannel. The a x i  a1 com- 

ponent i n t e n s i t y  d i s t r i b u t i o n  i s  ve ry  s i m i l a r  t o  t h a t  shown i n  F i g -  

u re  4.1; however, t h e  values of  i n t e n s i t y  a r e  about 10% lower .  The 

reason f o r  t h i s  d i f f e r e n c e  i s  be l i eved  t o  be caused by the  lower  t u rbu -  

lence  c u t o f f  f requency (3.0 kHz) compared t o  t h e  p rev ious  da ta  

(4.0 kHz). The l a t e r a l  component o f  tu rbu lence  i n t e n s i t y  i s  seen t o  

be l e s s  than t h e  a x i a l  component by about  40% near  t h e  gap and about 

30% lower  near t h e  subchannel cen te r .  The l a t e r a l  component near t h e  

w a l l  i s  a l s o  l owe r  by about 50%. The g rad ien t s  of  t he  l a t e r a l  component 

a r e  a l s o  seen t o  be sma l l e r  i n  t h e  i n t e r i o r  p a r t  o f  t h e  subchannel and 

gap. It should be noted t h a t  t h e  l a t e r a l  component i s  i n  t h e  c a r t e s i a n  

coo rd ina te  y d i r e c t i o n .  

One o f  t h e  most obvious f e a t u r e s  o f  t he  i n t e n s i t y  map i s  t h e  d i s -  

t o r t i o n  o f  t he  i n t e n s i t y  d i s t r i b u t i o n .  These a r e  b e l i e v e d  t o  be 

caused by secondary f lows .  Secondary f l ows  a r e  known t o  occur  i n  t h e  

co rne r  o f  square channels where a  p a i r  of secondary f low c i r c u i t s  move 

a long  t h e  b i s e c t o r  o f  t h e  corner  ang le  toward t h e  corner ,  a long t h e  

channel w a l l  and o u t  i n t o  t he  main f l o w  stream. These secondary f l o w s  

a l s o  t r a n s p o r t  t h e  p r o p e r t i e s  o f  t he  f l o w  such as t h e  t u rbu lence  k i n e t i c  



Figure 5.3. Axial component turbulence in tens i ty  (ul/U), 
Channel A, Re = 100,000, p/d = 1.25. 



Figure 5.4. Transverse component turbulence i n t e n s i t y  (u l /U) ,  
Channel A ,  Re = 100,000, p/d = 1.25. 



energy. I n  the  corner  subchannel of F igure  5.2 a secondary f l o w  moves 

toward the  corner  c a r r y i n g  lower i n t e n s i t y  f low i n t o  t h e  corner  thus 

causing the  i n t e n s i t y  l i n e s  t o  "bulge" toward t h e  corner.  Likewise, 

t he  r e t u r n  path c a r r i e s  h i g h - i n t e n s i t y  wa l l - tu rbu lence toward the  open 

p a r t  o f  t he  channel, causing a "bulge" away f rom the w a l l .  

Examination o f  F igure  5.2 i n d i c a t e s  several  o the r  regions o f  

secondary f low.  O f  p a r t i c u l a r  importance a r e  those t h a t  occur  i n  

reg ions  between the r o d  gaps and subchannel centers.  The secondary 

motion a r e  n o t  e n t i r e l y  cons i s ten t  as i n d i c a t e d  by the d i f f e r e n t  i n t e n -  

s i t y  d i s t o r t i o n s  i n  the  var ious  subchannels. It i s  i n t e r e s t i n g  t o  note 

t h a t  t he  i n t e r i o r  subchannels do n o t  have the  same shape i n t e n s i t y  d i s -  

t r i b u t i o n s  and the re  i s  incomplete syr~imetry about these l i n e s  o f  sym- 

metry  normal ly  associated w i t h  u n i t  c e l l  analyses. A more complete 

d iscuss ion  o f  t he  secondary f l o w  pa t te rns  i s  presented l a t e r .  

Figures 5.5 and 5.6 show a p l o t  o f  t h e  v e l o c i t y ,  i n t e n s i t y ,  and 

1 ongi t u d i n a l  sca le  a1 ong t h e  cen te r l  i ne from t h e  w a l l  through a rod-rod 

gap t o  an i n t e r i o r  subchannel and from the  corner  subchannel through a 

rod-wal l  gap t o  a w a l l  subchannel. These p l o t s  a r e  used i n  subsequent 

comparisons t o  show the  e f f e c t  o f  experimental  parameters. The p l o t  o f  

a x i a l  turbulence i n t e n s i t y  (u l / u )  f o r  t he  i n t e r i o r  channel shows the  

r e l a t i v e  minima and maxima i n d i c a t e d  by the  prev ious i n t e n s i t y  maps. An 

average value a long the  c e n t e r l  i n e  o f  about 0.05 i s  somewhat h igher  than 

t h e  va lue 0.035 t h a t  would be expected a t  t h e  cen te r  o f  p ipe  f low. 

F igure  5.5 shows a r a t h e r  un i fo rm d i s t r i b u t i o n  o f  l o n g i t u d i n a l  
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F igure 5.5. Center1 i n e  t raverse  f rom wa l l  through i n t e r i o r  
subchannel, Re = 100,000, p/d = 1.25, 
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Re = 100,000, p/d = 1.25, y = 1.875 inches. 



tu rbu lence  sca le .  There i s  no evidence of s i g n i f i c a n t l y  sma l l e r  s c a l e  

i n  t h e  gaps and l a r g e r  sca le  i n  t he  subchannel as has been pos tu l a ted  

by o t h e r  i n v e s t i g a t o r s  (47) .  For an average va lue A/D = 0.35 and 

D  = 0.811 inches, A  = 0.28 inches. F igure  5.6 shows a  more nonuni form 

d i s t r i b u t i o n  o f  sca le  a lovg  a  l i n e  through t h e  cen te r  o f  t he  rod-wa l l  

gaps. Al though t h i s  i s  n o t  a  symmetric c e n t e r l i n e  t r a v e r s e  as i n  

F igure  5.5 t h e  sca les  a re  of comparable magnitude. The corner  subchan- 

ne l  shows somewhat sma l l e r  sca le  as compared t o  w a l l  and i n t e r i o r  sub- 

channels. T h i s  cou ld  be expected because o f  t h e  sma l l e r  subchannel 

h y d r a u l i c  d iameter  as compared t o  t he  bundle average va lue.  The sca le  

i n  t he  gap between t he  corner  and w a l l  subchannel i s  about one-ha l f  t h a t  

i n  t he  s i d e  subchannel. The sca le  i n  t he  gap between t h e  s ide-wa l l  

channels i s  o n l y  a  l i t t l e  sma l l e r  than t h e  sca le  i n  t h e  w a l l  subchannels. 

The general  r e s u l t  f o r  Channel A  i s  t h a t  t h e  sca le  i s  r a t h e r  un i form 

w i t h  moderately reduced values i n  some r o d  gaps. The l o n g i t u d i n a l  sca le  

is generally 0.3 to 0.4 times the hydraulic diameter. 

5.1.2 E f f e c t  o f  Rod Gap Spacing 

The e f f e c t  o f  r o d  gap spac ing on t h e  v e l o c i t y ,  i n t e n s i t y ,  and 

sca le  was i n v e s t i g a t e d  i n  Channel A  by i n c r e a s i n g  t h e  r o d  d iameter  f rom 

1  i n c h  t o  1-1/8 inch .  Th i s  decreased t he  cen te r  r od  gap spac ing from 

1/4 t o  1/8 i n c h  and decreased t he  s i d e  w a l l  gap spac ing from 1 /4  t o  

3/16 inch .  The inc reased  rad ius  of cu rva tu re  would be of l i t t l e  con- 

ce rn  s ince  t h e  geometr ic parameter o f  i n t e r e s t  i s  t h e  p i t c h - t o -  

d iameter  r a t i o .  



Figures 5.7 and 5.8 show the effect of reducing the  gap spac- 

i q g  a t  a  Reynolds number o f  100,000. The reduced gap spacing s i g n i f i -  

c a n t l y  increases the  i n t e n s i t y  and modi f ies the scale d i s t r i b u t i o n ,  

espec ia l l y  near the rod gap. As f o r  the  l a r g e r  spacing, r e l a t i v e  

minima i n  i n t e n s i t y  occur near the subchannel center  and the  center  o f  

the r o d  gap. The average i n t e n s i t y  i s  about 60% higher along the  

i n t e r i o r  channel cen te r l i ne  f o r  the 1/8 i nch  gap spacing as cornpared 

t o  the  1/4 i nch  gap spacing. Most o f  t h i s  increase i s  due t o  s i g n i f i -  

c a n t l y  h igher i n t e n s i t y  on each side o f  the  gap. The gap i n t e n s i t y  i s  

a l so  h igher bu t  l ess  than the adjacent peak values. Figure 5.7 a l so  

shows a  s i g n i f i c a n t l y  modi f ied  d i s t r i b u t i o n  o f  scale and a  general 

increase o f  scale i n  the  wa l l  and i n t e r i o r  subchannel a t  the reduced 

gap spacing. Maximum and minimum values o f  A/D = 0.60 and 0.25 cor re-  

spond t o  values o f  A = 0.57 inches and 0.20 inches, respect ive ly .  This 

magnitude o f  scale as compared t o  the  1/8 gap spacing suggests e lon-  

gated eddies i n  the  a x i a l  d i r e c t i o n .  Because o f  the  bounding surfaces 

o f  the  rod  gap the  scale i n  the d i r e c t i o n  normal t o  the wa l l  would 

probably be much smaller.  I n  the  o ther  l a t e r a l  d i r e c t i o n ,  however, 

there  i s  no reason f o r  the  scale t o  be so res t ra ined.  I f  the supposi- 

t i o n  o f  Ibragimov (26) i s  cor rec t ,  the  motion i n  the  c i r cumfe ren t ia l  

would be o f  l a rge  scale; however, i t  i s  no t  known what i t s  r e l a t i o n  

would be w i t h  the  l o n g i t u d i n a l  scale. 

This d i s t r i b u t i o n  o f  scale i s  r a t h e r  i n t e r e s t i n g  because the 

l a r g e s t  scales are i n  the r o d  gap and a t  the  subchannel centers. The 
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smal le r  sca le  turbulence i s  l oca ted  between t h e  gap and subchannel 

cen ter .  The c o r r e l a t i o n  funct ions a1 so show t h i s  t o  be a  reg ion  o f  

s i g n i f i c a n t  p e r i o d i c  f low pu l sa t i on ;  whereas, no s i g n i f i c a n t  f l o w  

pu l sa t i ons  a r e  i n d i c a t e d  i n  the data a t  the  l a r g e r  gap spacing. 

The r e s u l t s  f o r  t he  corner  and w a l l  subchannels a re  q u i t e  d i f f e r e n t .  

The i n t e n s i t y  data do n o t  show an increase b u t  a  decrease f o r  t he  

reduced gap spacing (3116 i nch ) .  'This occurs most ly  near t he  gap w i t h  

a  smal l  r educ t i on  near t h e  subchannel cen ter .  The l o n g i t u d i n a l  scale,  

however, shows n e a r l y  a  f ac to r  of two increase fo r  t he  reduced spacing. 

The sca le  i s  a  l i t t l e  smal ler  i n  the  gap as compared t o  t he  sca le  i n  

t he  subchannel. Maximum and minimum values o f  A I D  = 0.78 and 0.49 

correspond t o  values of A = 0.60 inches and 0.30 inches, respec t i ve l y ,  

f o r  the  3/16 i n c h  w a l l  gap spacing. These a re  a  l i t t l e  smal le r  than 

the maximum and minimum values obta ined a t  t h e  i n t e r i o r .  Th is  i s  r a t h e r  

paradoxica l  because the  i n t e r i o r  channels and gaps a re  smal le r .  

The d i f f e r e n t  behavior between i n t e r i o r  and w a l l  subchannels sug- 

gests a  subchannel shape e f f e c t  on intersubchannel mix ing.  Subsequent 

data show t h a t  d i f f e r e n t  shape adjacent  subchannels do n o t  s i g n i f i c a n t l y  

a f f e c t  t he  f l o w  s t r u c t u r e  near t h e  rod  gap; however, a l l  o f  those sub- 

channels had symmetry about the  c e n t e r l i n e  through the  gap. The w a l l  

subchannels a re  d i f f e r e n t  i n  t h a t  they do n o t  have the  same symmetry. 

F igure  5.9 shows p l o t s  o f  t he  au toco r re l  a t i o n  func t i ons  ob ta ined 

a t  i d e n t i c a l  c e n t e r l i n e  l o c a t i o n s  i n  t he  i n t e r i o r  channels f o r  t he  two 

gap spacings. There a r e  some i n t e r e s t i n g  fea tures  i n  these p l o t s .  







Not ice t h a t  the  c o r r e l a t i o n  func t ions  f o r  the  l a r g e r  gap spacing 

decrease f a s t e r  which i nd i ca tes  smal ler  eddy s ize .  The l a r g e r  gap 

spacing c o r r e l a t i o n  funct ions always have a nea r l y  exponential  decay 

which i nd i ca tes  a r a t h e r  wide spec t ra l  d i s t r i b u t i o n  o f  turbhlence b u t  

w i t h  energy dominance a t  1 ow frequency. The c o r r e l a t i o n  func t i ons  

f o r  the smal ler  gap spacing have a negat ive overshoot and p e r i o d i c i t y  

which i n d i c a t e  a h igher  dominant frequency i n  the  turbulence. This  

p e r i o d i c  behavior i s  1 i m i  t ed  t o  those r e g i  ons between the  subchannel 

center  and gap center  and on l y  t o  the  i n t e r i o r  gaps a t  the  1/8 i n c h  

gap spacing. This  p e r i o d i c  behavior was n o t  found a t  any o the r  loca-  

t i o n s  o r  i n  any o the r  o f  the  f l o w  channels considered i n  t h i s  study. 

The occurrence o f  t h i s  p e r i o d i c  motion i n  a reg ion  o f  expected secondary 

f low together  w i t h  the  1 arge-scale and h igh- in tens i  t y  suggests vigorous 

l a t e r a l  t u r b u l e n t  flow near the rod  gap. As shown by the  nea r l y  expo- 

n e n t i a l  decay o f  the  au toco r re la t i on  i n  F igure 5.9, the p e r i o d i c  

behavior does n o t  e x i t  ( o r  i s  very weak) near the f l o w  housing wa l l ,  

i n  the  rod gap, and a t  the  subchannel center.  This  i nd i ca tes  t h a t  the  

p e r i o d i c  macroscopic f l o w  process are l i m i t e d  t o  the  reg ion  between the 

gap and subchannel center;  however, these f l o w  processes do a f f e c t  

the t u r b u l e n t  f l ow  i n  the adjacent regions. 

Figure 5.10 shows selected au toco r re la t i on  func t ions  obtained i n  

the corner  and w a l l  subchannels f o r  the two gap spacings. These p l o t s  

do n o t  show s i g n i f i c a n t  p e r i o d i c  behavior as f o r  those obta ined a t  the 

i n t e r i o r  p a r t  o f  the  bundle. 
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The observed e f f e c t  of gap spacing on the  i n t e r i o r  subchannels i s  

very s i g n i f i c a n t  as i t  i s  the f i r s t  known measurement o f  turbulence 

parameters t h a t  can exp la in  why intersubchannel mix ing r a t e s  i n  rod  

bundles a re  weakly dependent upon gap spacing. These r e s u l t s  show t h a t  

t he  scale, p e r i o d i c i t y  and i n t e n s i t y  increase as the  l a t e r a l  mix ing 

area decreases. The i m p l i c a t i o n  i s  t h a t ,  f o r  s u f f i c i e n t l y  l a r g e  gaps, 

a reduc t ion  i n  the  gap spacing does n o t  s i g n i f i c a n t l y  reduce the  

l a t e r a l  mix ing process i n  rod bundles. 

5.1.3 E f f e c t  o f  Reynol ds Number 

Figures 5.11 through 5.16 show p r o f i l e s  of v e l o c i t y ,  i n t e n s i t y ,  

and scale along cen te r l i nes  through r o d  gaps f o r  Reynolds numbers o f  

50,000, 100,000 and 200,000. The lower value was obta ined by reducing 

the  f l o w  by a f a c t o r  o f  two a t  a given temperature and the h igher  value 

was obta ined by increas ing  temperature t o  decrease the  k inemat ic  v i s -  

c o s i t y  by a f a c t o r  o f  two. The data i n  Figures 5.11 and 5.12 show 

very l i t t l e  change w i t h  Reynolds number a t  the  114 i nch  gap spacing. 

The scale data seem t o  show some increase w i t h  increas ing  Reynolds num- 

ber; however, the  e f f e c t  i s  n o t  l a r g e  consider ing the  f o u r - f o l d  change 

i n  Reynolds number. 

Figures 5.13 and 5.14 show s i m i l a r  data obta ined f o r  the 118 i nch  

gap spacing. A more s i g n i f i c a n t  e f f e c t  o f  Reynolds number seems t o  

e x i s t  i n  t h i s  data; however, t h i s  e f f e c t  i s  no t  be l ieved t o  be r e a l .  

An explanat ion f o r  t h i s  apparent e f f e c t  was found subsequent t o  data 

a c q u i s i t i o n  and reduct ion.  Examination o f  the  f l o w  model showed t h a t  
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Figure 5.15. Rerun, e f f e c t  o f  Reynol ds number, center1 i ne traverse 
from wal l  through i n t e r i o r  subchannel, 1/8 inch rod- 
rod spacing, y = 0.625 inches. 
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f rom corner  through w a l l  subchannel, 3/16 i n c h  rod- 
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i t  had been severe ly  corroded beneath a  p a i n t  c o a t i n g  t h a t  was p u t  on 

t he  rods  t o  min imize l i g h t  r e f l e c t i o n s .  The sur face  a t  t he  t ime o f  

examinat ion was s i m i l a r  t o  very  rough sandpaper w i t h  patches o f  p a i n t  

p e e l i n g  o f f  t he  rods. The bundle was r e i n s t a l l e d  t o  check t he  pressure 

drop and was found t o  have a  f r i c t i o n  f a c t o r  about  80% above t h a t  o f  a  

smooth tube. It was apparent t h a t  the  p r e v i o u s l y  descr ibed Reynolds 

number e f f ec t  was a f f e c t e d  by an increased roughness o f  t h e  rods s i nce  

t he  data were ob ta ined  i n  o rde r  o f  i nc reas ing  Reynolds number over  about 

a  f i v e  day p e r i o d  a f t e r  i n s t a l l i n g  t he  bundle. 

The bundle was disassembled, cleaned and r e i n s t a l l e d  f o r  some check 

runs t o  re -eva lua te  t he  e f f e c t  o f  Reynolds number. The r e s u l t s  i n  

F igures 5.15 and 5.16 show t h a t  t he  Reynolds number e f f ec t  i s  weak and 

t h a t  t h e  data runs A1000 through A1491 p robab ly  exper ienced t h e  e f f ec t  

o f  p rogress ive  roughening o f  t he  rods. The r e s u l t s  i n  F igures 5.15 

and 5.16 show moderate d i f f e r e n c e s  f rom t h e  f i r s t  s e t  of data i n  F ig -  

ures 5.13 and 5.14 ob ta ined  a t  Re = 50,000. I n  p a r t i c u l a r ,  t he  t u rbu -  

lence i n t e n s i t y  i s  about 20% lower  and t he  sca le  about 20% h ighe r  near 

t he  o u t e r  rod-rod gap. The reason f o r  t h i s  i s  be1 i eved  t o  be caused 

by s l i g h t l y  d i f f e r e n t  r od  spacings. L a t e r a l  t r ave rses  i n d i c a t e d  a  gap 

4  w id th  o f  about 0.105 i n c h  o r i g i n a l l y  and 0.125 i n c h  f o r  t he  rerun.  

When the  data i n  F igures 5.13 and 5.14 a re  viewed i n  l i g h t  of 

i nc reas ing  r o d  sur face  roughness (unknown magnitude) w i t h  Reynolds 

4 ~ h i s  gap w i d t h  reduc t i on  was caused by a  bowed r o d  which was s t r a i g h t -  
ened f o r  t he  re run .  Th is  was t h e  o n l y  case where dimensions d i f f e r e d  
from the  nom-inal to le rances  o f  t he  f l o w  model. 



number, some r a t h e r  i n t e r e s t i n g  observat ions can be made. The v e l o c i t y  

p r o f i l e  changes moderately w i t h  increas ing  Reynolds number. The veloc- 

i t y  i n  t he  wa l l  subchannel tends t o  increase and move toward the  wa l l  

wh i l e  t h e  v e l o c i t y  i n  the  gaps and i n t e r i o r  subchannel tends t o  decrease 

and s h i f t  toward t h e  i n t e r i o r .  The t ~ ~ r b u l e n c e  i n t e n s i t y  shows a  d e f i -  

n i t e  increase w i t h  increas ing  Reynolds number e s p e c i a l l y  f o r  the change 

from 100,000 t o  200,000. The l a r g e s t  changes are  seen t o  occur near 

t he  ou te r  rod-rod gap. The i n t e n s i t y  d i s t r i b u t i o n  i n  t he  ou ter  gap a l so  

s h i f t s  s l i g h t l y  toward the  i n t e r i o r  as does the  v e l o c i t y .  The turbu-  

lence scale i s  n o t  a f fec ted  very much by increas ing  t h e  Reynolds number. 

The on l y  t rend  i s  a  small increase i n  scale i n  the  corner  subchannel 

and a  small decrease i n  the  scale near t he  center  o f  the  i n t e r i o r  sub- 

channel. F igure  5.14 shows the  r e s u l t s  f o r  t h e  3/16 i n c h  rod-wal l  

spacing. The v e l o c i t y  p r o f i l e  shows a  s i g n i f i c a n t  increase i n  t he  open 

p a r t  o f  t he  subchannels i n  going from a  Reynolds number o f  100,000 t o  

200,000. The observed increase i n  t he  wa l l  subchannel v e l o c i t y  i s  con- 

s i s t e n t  w i t h  the  s h i f t  shown p rev ious l y  i n  F igure 5.13. The i n t e n s i t y  

data show a  sudden s h i f t  bu t  i t  i s  l i m i t e d  t o  the  gap reg ion  o f  both 

rod-wal l  gaps. An increase i n  scale occurs w i t h  increas ing  Reynolds 

number p r i m a r i l y  near t he  corner  rod-wal l  gap. Only small changes i n  

scale occur a t  o the r  regions i n  t he  wa l l  subchannels. 

The observed s h i f t  i n  the corner and wa l l  reg ion  suggests a  change 

i n  the  turbulence f l o w  pa t te rn .  Since f l o w  t r a n s i t i o n s  are known t o  

occur i n  t u r b u l e n t  f lows i n  t h e  presence o f  secondary motions; and, 



s i n c e  secondary f l o w  c i r c u i t s  e x i s t  as a  f i n i t e  number, a  change i n  

t h e i r  number c o u l d  cause s h i f t s  i n  v e l o c i t y ,  i n t e n s i t y ,  and s c a l e  d i s -  

t r i b u t i o n s .  These changes c o u l d  be caused by nonun i fo rm changes i n  

w a l l  shear s t r e s s  such as by roughened rods  i n  t h e  presence o f  a  

smooth hous ing w a l l .  

F i g u r e s  5.17 th rough  5.19 p r e s e n t  a u t o c o r r e l a t i o n  f u n c t i o n  p l o t s  

a t  i d e n t i c a l  channel l o c a t i o n s  a t  t h e  t h r e e  Reynolds numbers cons ide red .  

F i g u r e s  5.17 and 5.18 show v e r y  l i t t l e  e f f e c t  o f  Reynolds number on t h e  

shape o f  t h e  curves f o r  t h e  114 and 1/8 i n c h  gap spac ing  i n  Channel A .  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  weak Reynolds number e f f e c t  found i n  t h e  

i n t e r i o r  channels as p r e v i o u s l y  shown i n  F i g u r e s  5.11 and 5.12. The 

d a t a  i n  F i g u r e  5.19 i n d i c a t e s  i n c r e a s i n g  s c a l e  w i t h  i n c r e a s i n g  Reynolds 

number i n  t h e  c o r n e r  r o d - w a l l  gap. The r e g i o n  near  t h i s  gap i s  t h e  o n l y  

l o c a t i o n  where any meaningfu l  i n c r e a s e  i n  s c a l e  was observed w i t h  

i n c r e a s i n g  Reynolds number. 

5.1.4 E f f e c t  o f  Flow Model S i z e  

It i s  d e s i r a b l e  t o  use a  s i m p l e  r o d  bund le  f l ow  model f o r  m i x i n g  

s t u d i e s ;  however, t h e  model shou ld  n o t  r e s t r i c t  o r  a1 t e r  t h e  b a s i c  

f l o w  processes b e i n g  i n v e s t i g a t e d .  To i n v e s t i g a t e  t h e  e f f e c t  o f  

reduced f l o w  model s i z e  and i t s  e f f e c t  on reduced l a t e r a l  freedom, 

t u r b u l e n c e  d a t a  were taken i n  Channels B and C shown i n  F i g u r e  4.3. 

These c o n t a i n e d  s ide -by -s ide  subchannels o f  d i f f e r e n t  shapes t h a t  a r e  

o f t e n  used i n  s i r r ~ p l e  c r o s s f l o w  m i x i n g  s t u d i e s .  
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f u n c t i o n  i n  c o r n e r  r o d  gap. 

F igu res  5.20 th rough  5.23 show t h e  v e l o c i t y  and t u r b u l e n c e  i n t e n -  

s i t y  maps i n  t h e  i n t e r i o r  and w a l l  subchannels. The v e l o c i t y  and 

i n t e n s i t y  p r o f i l e s  i n  t h e  s i d e  and c e n t e r  subchannel a r e  seen t o  be 

n e a r l y  i d e n t i c a l  f o r  these  two f l o w  models. The o n l y  d i f f e r e n c e  

between Channel B and C i s  t h e  f l o w  channel shape on t h e  l e f t  s i d e  

o f  t h e  cen te r1  i n e .  

The d i s t i n g u i s h i n g  f e a t u r e  o f  t h e  con tour  maps i n  Channels B 

and C i s  t h e  secondary f l o w  c u r r e n t s  i n  t h e  co rners  o f  t h e  f l ow chan- 

n e l s  as i n d i c a t e d  by t h e  d i s t o r t i o n  o f  t h e  l i n e s  o f  c o n s t a n t  v e l o c i t y  



Figure 5.20. V e l o c i t y  ($u) map i n  Channel B, 
Re = 100,000, p/d = 1.25. 

F igure 5.21. Ax ia l  component turbulence i n t e n s i t y  ( u l / u )  map i n  
Channel B, Re = 100,000, p/d = 1.25. 



Figure  5.22. V e l o c i t y  ( i / ~ )  map i n  Channel C, 
Re = 100,000, p/d = 1.25. 

F igure  5.23. Ax ia l  component turbulence i n t e n s i t y  (u1 /u )  
map i n  Channel C, Re = 100,000, p/d = 1.25. 



and i n t e n s i t y .  These d i s t o r t i o n s  a r e  very  s i m i l a r  t o  those o f  

Channel A shown i n  F igures 5.1 and 5.2. Except f o r  t he  corners i n  

Channels B and C, t he  shape o f  v e l o c i t y  and i n t e n s i t y  p r o f i l e s  a re  

n e a r l y  i d e n t i c a l  t o  those i n  Channel A; however, t h e  va lues o f  i n t e n s i t y  

a re  about 20% lower.  These lower  values a re  be l i eved  t o  be r e a l  s i nce  

t h e  c u t o f f  f requency f o r  these channels was equal t o  o r  h igher  than  f o r  

Channel A. The lower  i n t e n s i t y  cou ld  p o s s i b l y  be a t t r i b u t e d  t o  l e s s  

l a t e r a l  freed0111 i n  t he  f l o w  channel. 

F igure  5.24 shows data ob ta ined  a long a  c e n t e r l i n e  t r a v e r s e  i n  t h e  

i n t e r i o r  subchannel o f  Channel B. The d i s t r i b u t i o n s  o f  data a r e  q u i t e  

s i m i l a r  t o  t h e  da ta  f o r  t h e  i n t e r i o r  subchannel o f  Channel A except  

f o r  t h e  channel e x t r e m i t i e s .  The magnitude o f  t u rbu lence  i n t e n s i t y  

and sca le  compare w e l l .  

5.2 FLOW STRUCTURE I N  ROD GAP 

Since t h e r e  has been cons iderab le  i n t e r e s t  and specu la t i on  con- 

ce rn ing  t u r b u l e n t  f l o w  s t r u c t u r e  i n  r o d  gaps o f  r o d  bundles, cons ider-  

ab le  exper imenta l  e f f o r t  was d i r e c t e d  toward i n v e s t i g a t i n g  t h i s  reg ion .  

The e f f e c t s  o f  subchannel shape, m u l t i p l e  degrees o f  l a t e r a l  freedom 

and gap spac ing were considered. 

5.2.1 E f f e c t  o f  Subchannel Shape 

F igures 5.25 and 5.26 p resen t  t he  v e l o c i t y ,  i n t e n s i t y ,  and s c a l e  

d i s t r i b u t i o n  a long a  t r a v e r s e  across t h e  r o d  gaps o f  Channels D  and E. 

Channel D has i d e n t i c a l  subchannels on each s i d e  o f  t he  gap whereas 

Channel E  has d i f f e r e n t  ad jacen t  subchannels. The r e s u l t s  i n  
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Figures 5.25 and 5.26 are nea r l y  i d e n t i c a l  f o r  the  two channels. They 

both show on l y  a  s l i g h t  i n f l uence  o f  Reynolds number. The s l i g h t  

decrease i n  t h e  v e l o c i t y  p r o f i l e  w i t h  inc reas ing  Reynolds number i s  

w i t h i n  experimental  e r r o r  so i t  i s  n o t  conclusive. The turbulence 

i n t e n s i t y  p r o f i l e s  show a  s l i g h t  decrease and f l a t t e n i n g  w i t h  increas-  

i n g  Reynolds number. The l a t e r a l  component o f  i n t e n s i t y  i s  seen t o  be 

about 50% t o  70% o f  t he  a x i a l  component depending upon the l o c a t i o n  i n  

the  gap. The shapes and values o f  the i n t e n s i t y  p r o f i l e s  a re  s i m i l a r  

t o  those found f o r  f l o w  i n  round p ipes (36,37,46). 

A l l  data obta ined i n  Channels D and E were taken w i t h  a  frequency 

c u t o f f  o f  1  kHz. Subsequent t o  t a k i n g  these data, a  h igher  frequency 

c u t o f f  was adopted. The consequence o f  t h i s  lower c u t o f f  i s  t h a t  t he  

turbulence i n t e n s i t y  data a re  too  low, e s p e c i a l l y  f o r  t he  two h igher  

Reynolds number as they were a t  t he  same v e l o c i t y .  It i s  est imated 

t h a t  t he  i n t e n s i t y  should be increased by 10% t o  15% f o r  Re = 100,000 

and 200,000. The scale should a l s o  be reduced f o r  these two Reynolds 

numbers. A lower frequency c u t o f f  would lower the  value o f  the  auto- 

c o r r e l a t i o n  func t ion  a t  T = 0; there fo re ,  i t  would decrease the  s lope 

i n  t h a t  reg ion .  Th is  would g i ve  a  l a r g e r  value o f  TE and t h e r e f o r e  a  

l a r g e r  value o f  A. 

Comparison o f  F igure 5.25 and 5.26 shows a  small change i n  t he  

v e l o c i t y  p r o f i l e  magnitude. The v e l o c i t y  p r o f i l e s  a re  about 5% lower 

i n  t he  gap o f  Channel E as compared t o  Channel D. Th is  i s  due t o  t he  

lower v e l o c i t y  i n  t he  t r i a n g u l a r  shaped subchannel. The i n t e n s i t y  data 



are  e s s e n t i a l l y  i d e n t i c a l  f o r  t h e  two channels. The dimensionless sca le  

A I D  w i t h i n  t h e  gap o f  Channel E i s  about 20% sma l l e r  than i n  Channel D. 

I f  average values o f  A I D  = 0.50 and 0.42 a r e  taken a t  a  Reynolds number 

of 50,000 f o r  Channels D  and E, r e s p e c t i v e l y ,  then t h e  corresponding 

sca les a r e  0.25 and 0.24 inches.  

These r e s u l t s  show t h a t  t h e  tu rbu lence  i n t e n s i t y  and s c a l e  a r e  

n e a r l y  i d e n t i c a l  f o r  Channels D and E; t he re fo re ,  t h e  shape o f  t h e  

ad jacen t  subchannels i n  t h i s  case has l i t t l e  e f f e c t  on t he  f l o w  s t r u c -  

t u r e  i n  r o d  gaps. Furthermore, t he  r e s u l t s  a re  n o t  s i g n i f i c a n t l y  

a f f e c t e d  by Reynolds number which i s  i n  agreement w i t h  t h e  r e s u l t s  

presented p rev ious l y .  

5.2.2 E f f e c t  o f  L a t e r a l  Freedom 

Channels D and E represen t  a  very  s imp le  model o f  a  rod  bundle 

subchannel p a i r .  It i s  n a t u r a l  t o  wonder i f  adding more subchannels 

would change t h e  gap f l o w  s t r u c t u r e  by a l l o w i n g  more l a t e r a l  freedom. 

The data ob ta ined  i n  Channels B and C represen t  added s ide-by-s ide 

l a t e r a l  freedom. The r e s u l t s  a r e  presented i n  F igures 5.27 and 5.28. 

A comparison o f  these da ta  w i t h  t h e  data i n  Channels D  and E show t h a t  

t he  added l a t e r a l  freedom has o n l y  a  smal l  e f f e c t  on t h e  f low s t r u c t u r e  

i n  t h e  r o d  gap. The s l i g h t l y  h i ghe r  tu rbu lence  i n t e n s i t y  f o r  t h e  s i d e  

gap as compared t o  t h e  cen te r  gap i n  Channel B i s  due i n  p a r t  t o  t h e  

da ta  being taken i n a d v e r t e n t l y  0.080 inches f rom t h e  gap c e n t e r l i n e .  

As f o r  Channels D and E, t h e r e  appears t o  be no a f f e c t  o f  ad jacen t  

subchannel shape. A comparison o f  t h e  sca le  i n d i c a t e s  s l i g h t l y  l a r g e r  
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F igure 5.27. Ve loc i t y ,  i n t e n s i t y  and sca le  i n  the  gaps 
o f  Channel B, Re = 100,000. 
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sca le  i n  t he  gaps of Channel C. However, if a mean values o f  A/D o f  

0.37 and 0.46 a re  taken f o r  Channels B and C, then t h e  corresponding 

scales a re  0.28 and 0.30 inches, respec t i ve l y .  This  tu rbu lence sca le  

i s  l a r g e r  than the  rod  gap spacing and i s  a l s o  about 15% l a r g e r  than 

the  data from Channels D and E. Th is  seems t o  i n d i c a t e  t h a t  the  added 

l a t e r a l  freedom causes l a r g e r  sca le  turbulence i n  the  gap region;  how- 

ever, t he  e f f e c t  i s  smal l .  

Since t h e  data o f  Channels D and E were obta ined w i t h  a frequency 

c u t o f f  o f  1 kHz, data were taken i n  Channels B and C t o  assess the  

importance o f  t h e  c u t o f f  frequency. The r e s u l t s  o f  these measurements 

a re  presented i n  F igures 5.27 and 5.28. These data show about 10% 

increase i n  i n t e n s i t y  and a corresponding decrease i n  sca le  f o r  the  - 
h igher  c u t o f f  frequency. A t  a c u t o f f  o f  1 kHz the  i n t e n s i t y  i n  

Channels B and C are about20Xhigher  a t  the center  o f  t he  gap than i n  

Channels D and E. Toward the  w a l l  the  r e s u l t s  a re  nea r l y  i d e n t i c a l .  

These r e s u l t s  i n d i c a t e  t h a t  adding side-by-side 1 a t e r a l  freedom 

has on l y  a smal l  , e f f e c t  on the  turbulence i n t e n s i t y  and sca le  i n  t he  

r o d  gap. These r e s u l t s  a l so  agree w i t h  t h e  i n s e n s i t i v e  subchannel 

shape e f f e c t  found i n  Channels D and E. 

Now cons ider  t he  data taken i n  t he  gaps o f  Channel A. Th is  channel 

a l lows even more degrees o f  l a t e r a l  freedom than i n  Channels B, C, D, 

and E. The r e s u l t s  f o r  t he  r o d  gaps o f  Channel A a re  presented i n  

Figures 5.29 through 5.32. 
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F igure 5 .30.  V e l o c i t y ,  i n t e n s i t y  and sca le  i n  corner rod w a l l  gap, 
Channel A, Re = 100,000, y = 1.250 inches. 

0 
0.5 0.6 0.7 

LATERAL DISTANCE,  y, INCHES 

0 ,  . g o  

3.0 K H z  CUTOFF 

F igure 5 .31.  V e l o c i t y  and i n t e n s i t y  i n  i n t e r i o r  gaps, 
Channel A, Re = 100,000. 
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Figure 5.32. V e l o c i t y  and i n t e n s i t y  i n  rod-wal l  gaps, Channel A, 
114 i n c h  gap, Re = 100,000. 

F igure  5.27 presents the  r e s u l t s  f o r  both s ing le -  and two- 

component turbulence data obta ined i n  the  center  rod-wal l  gap. The 

severa l  sets  o f  data obta ined a t  t h i s  l o c a t i o n  show good r e p r o d u c i b i l i t y  

and minimal data s c a t t e r .  A comparison w i t h  t he  prev ious data obta ined 

i n  Channels B, C, D, and E shows t h a t  the  turbulence i n t e n s i t y  i s  

d e f i n i t e l y  h igher  than i n  those channels. A t  the  minimum p o i n t  the  

a x i a l  component o f  i n t e n s i t y  i s  about 0.050 as compared t o  0.04 f o r  

Channels B and C and 0.03 f o r  Channels D and E. The l a t e r a l  component 

o f  i n t e n s i t y  i s  a l s o  s i g n i f i c a n t l y  h igher .  A t  i t s  minimum p o i n t  i t  has 

a value o f  0.040 as compared t o  about 0.03 f o r  Channels D and E. The 



sca le  parameter A I D  has a  value of about 0.30 which corresponds t o  an 

ac tua l  sca le  of approximately 0.25 inches. Th is  sca le  i s  comparable 

t o  t he  scale found i n  Channels B, C, D, and E. 

The turbulence i n t e n s i t y  f o r  t he  o the r  gaps o f  Channel A shown i n  

Figures 5.30 through 5.32 a1 so i n d i c a t e  h igher  i n t e n s i t y  than observed 

i n  the s imp ler  f l o w  channels. A f u r t h e r  comparison shows t h a t  t he re  i s  

an e f f e c t  o f  rod  gap l o c a t i o n  on the  values o f  turbulence i n t e n s i t y  ' i n  

t he  gaps o f  Channel A. The corner  rod-wal l  gaps have the  lowest  values 

o f  i n t e n s i t y .  The nex t  h ighes t  i n t e n s i t i e s  a re  t h e  center  rod-wal l  gaps 

fo l lowed by t h e  o u t e r  rod-rod gaps. The i n t e r i o r  rod-rod gaps seem t o  

have t h e  h ighes t  turbulence i n t e n s i t y .  D i s t o r t i o n s  o f  t h e  v e l o c i t y  and 

i n t e n s i t y  p r o f i l e s  i n  the  r o d  gaps a re  be l ieved t o  be caused by s l i g h t  

displacements o f  t he  rods and t h e  presence o f  secondary f lows.  

I n  conclus ion,  these data i n d i c a t e  t h a t  a l l ow ing  l a t e r a l  freedom, 

as i n  an ac tua l  rod  bundle, g ives  about 20% h igher  turbulence i n t e n s i t y  

than i n  s imple channels w i t h  l i m i t e d  l a t e r a l  freedom. The l a t e r a l  com- 

ponent o f  turbulence i n t e n s i t y  ranges f rom about 60% t o  80% o f  the  

a x i a l  component. A small subchannel shape e f f e c t  seems t o  appear w i t h  

t he  added l a t e r a l  freedom, e s p e c i a l l y  i n  the r o d  gaps near the f l o w  

housing w a l l  . 
5.2.3 E f f e c t  o f  Rod Gap Spacing 

The e f f e c t  o f  reducing the  gap spacing was i n v e s t i g a t e d  by inc reas-  

i n g  t h e  r o d  diameter i n  Channel A f rom 1  i n c h  t o  1-118 inch.  Th is  pro- 

duced a  118 i n c h  rod-rod gap and a  2/16 i n c h  rod-wal l  gap. The expe r i -  

mental r e s u l t s  w i t h i n  these two gaps a re  shown i n  F igures 5.31 through 

5.36. 
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Figure 5.33. Ve loc i ty  and i n t e n s i t y  i n  corner rod-wall gap, 
Channel A ,  3/16 inch gap. 
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Figure 5 .34.  Ve loc i ty  and i n t e n s i t y  i n  center  rod-wall gap, 
Channel A,  3/16 inch gap. 
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F igure 5.36. V e l o c i t y  and i n t e n s i t y  i n  i n t e r i o r  gap, 
Channel A, 1/8 i n c h  gap. 



The data obta ined i n  the  3/16 i nch  rod-wal l  gaps show turbulence 

i n t e n s i t i e s  w i t h  d i s t r i b u t i o n  and magnitude, about t h e  same as those 

obta ined w i t h  a 114 i nch  rod-wal l  gap. Minimum values i n  both cases 

a r e  t y p i c a l l y  0.04. The except ion  t o  t h i s  i s  a t  Re = 200,000 f o r  the  

3/16 i n c h  spacing where the  d i s t r i b u t i o n  s h i f t e d  and the  magnitude o f  

t he  minimum values increased by about 25%. This  except ion i s  be l ieved 

t o  be caused by a change i n  secondary f l o w  pa t te rns  and gradual roughen- 

i n g  o f  the  rods as mentioned e a r l i e r .  

The rod-rod gaps show a s i g n i f i c a n t  increase i n  i n t e n s i t y  and 

f l a t t e n i n g  o f  the  i n t e n s i t y  p r o f i l e  f o r  t he  118 i n c h  gap as compared 

t o  t h e  114 i n c h  gap. S i m i l a r  behavior  was found f o r  both t he  i n t e r i o r  

and e x t e r i o r  rod-rod gaps; however, the  e x t e r i o r  gap changes were more 

extreme. An increase o f  average i n t e n s i t y  f rom about 0.055 t o  0.08 

occurred f o r  the  e x t e r i o r  gap and from about 0.06 t o  0.07 occurred 

f o r  t he  i n t e r i o r  gap. The s h i f t  i n  d i s t r i b u t i o n  and an increase i n  

i n t e n s i t y  a t  Re = 200,000, i s  be l ieved t o  be caused by a secondary 

f l o w  p a t t e r n  change as was mentioned e a r l i e r .  

5.3 CHANNEL FRICTION FACTORS 

Pressure drop was measured i n  a l l  o f  t he  experimental  f l o w  models 

used f o r  t he  turbulence measurements. A t a b u l a r  l i s t  o f  the data a re  

presented i n  Table B-2, Appendix B. 

F igure 5.37 presents the  pressure drop data as a p l o t  of f r i c t i o n  

f a c t o r  versus Reynolds number and compares i t  w i t h  t he  we l l  known smooth 

tube f r i c t i o n  f a c t o r  c o r r e l a t i o n .  The agreement i s  seen t o  be q u i t e  



F igu re  5.3% F r i c t i o n  f a c t o r  da ta  f o r  exper imental  f l o w  models. 
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success ive ly  s m a l l e r  f l o w  channels and a l s o  a s teepenivg o f  t h e  s lope.  

A l e a s t  squares f i t  of t h e  f r i c t i o n  f a c t o r  da ta  was performed by 

assuming a c o r r e l a t i o n  o f  t h e  form 

where al and ag a r e  t h e  c o r r e l a t i o n  parameters. The r e s u l t s  o f  t h e  

curve f i t  a re  presented i n  Table 5.1 t oge the r  w i t h  t h e  computed 

s tandard d e v i a t i o n .  



TABLE 5.1. F r i c t i o n  Factor Curve F i t  Parameters 

Channel a1 a2 cr 

A 1 i n .  Diam Rods 0.1566 -0.1869 0.00024 

A 1-1/8 i n .  Diam Rods 0.2112 -0.2110 0.00012 

B 0.2182 -0.2196 0.00003 

C 0.2008 -0.2142 0.00011 

D 0.3746 -0.2725 0.00020 

E 0.3431 -0.2678 0.0001 8 



6.0 DISCUSSION OF RESULTS 

The experimental r e s u l t s  have shown t h a t  t u rbu len t  f l o w  i n  rod  

bundles has complex tu rbu len t  motions and probably secondary f lows. 

The f o l l o w i n g  discussion presents several t op i cs  concerning the  i n t e r -  

p r e t a t i o n  o f  t he  experimental data as i t  i s  r e l a t e d  t o  tu rbu len t  f l ow  

i n  rod  bundles. F i  r s t ,  sel ected experimental resu l  t s  a re  compared 

w i t h  the  rod  bundle data o f  K j e l l s t r o m  (32,33) and w i t h  the  round p ipe  

data o f  Laufer  (36,37). A d iscussion of secondary f lows fo l l ows  next  

i n  an attempt t o  est imate the  probable secondary f l ow  pat te rns  i n  the  

rod bundles considered i n  t h i s  study. The next  sect ion presents a 

d iscussion o f  the  c o r r e l a t i o n  func t ions  t h a t  were used t o  est imate 

the  turbulence macroscale. F i n a l l y ,  the  data are discussed i n  r e l a t i o n -  

ship t o  the  crossf low mix ing processes i n  rod  bundles. 

6.1 COMPARISON WITH OTHER EXPERIMENTAL DATA 

The on ly  rod  bundle turbulence data known t o  e x i s t  i s  t h a t  o f  

K j e l l s t r a m  (32,33). As discussed i n  Chapter 2.0 he performed exper i -  

mental measurements o f  turbulence parameters f o r  a i r  f l ow ing  through 

an en1 arged f l o w  channel (10X). The f l o w  channel modeled a t r i a n g u l a r  

a r ray  subchannel surrounded by three adjacent subchannels as shown i n  

Figure 6.1. His measurements were repor ted  f o r  the shaded region. 

Although the measurements o f  the present study cannot be compared 

d i r e c t l y  because o f  f l ow  channel d i f ferences,  several i n t e r e s t i n g  

comparisons can be made. 
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Figure  6.1 . Experimental  f l ow model and coord ina te  system used 
by K j e l l  strom. 

The data ob ta ined  f o r  t raverses  across t h e  rod  gaps a t  t he  l a r g e r  

spacing (p/d = 1.25) p rov ide  a  reasonable bas is  f o r  comparison w i t h  

h i s  exper iment a t  p/d = 1.217. F igures 6.2 through 6.7 compare t he  

da ta  o f  K j e l l s t r 6 m  and Lau fe r  t o  t he  p resen t  data i n  terms o f  the  

tu rbu lence  i n t e n s i t y  based on the  shear v e l o c i t y  U* where i t  i s  ca lcu-  

l a t e d  f rom the  channel average v e l o c i t y  and t he  f r i c t i o n  f a c t o r  co r -  

r e l a t i o n s  f o r  each f low channel.  

F igure  6.2 compares t he  two-component tu rbu lence  i n t e n s i t y  da ta  

ob ta ined  a long  a  t r ave rse  through t he  gap i n  Channels D and E. Reca l l -  

i n g  t h a t  t he  da ta  f o r  Channels D and E a re  low by about 10% because 
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F igu re  6.2. Comparison o f  t he  data i n  r od  gap of Channels D and E 
w i t h  t h e  data o f  Lau fe r  and K j e l l s t r o m .  
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F igure 6.3. Corr~parison of the data i n  rod  gap of Channels B and C 
w i t h  t he  data o f  Laufer  and K j e l l s t r o m .  
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F i g u r e  6.4. Comparison o f  da ta  i n  r o d  gap o f  Channel A w i t h  t h e  
da ta  o f  Laufer  and K j e l l s t r o m .  



0.1 0.2 

DISTANCE FROM WALL, z, INCHES 

1 I I I I r T  - K-IELLSTROM (ROD BUNDLE GAP) 
- - --- LALIFER (ROLIN D 'I'LIBES 1 

- - 
- 

- a 

- 

v'  - - - 
U * 

- - 
WALL ROD SURFACE 

1 I I 

F i gu re  6.5. Comparison o f  Data i n  r o d  gap o f  Channel A w i t h  t h e  
da ta  o f  Laufer  and K j e l l s t r o m  
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F igure  6.6. Comparison of data i n  rod  gap o f  Channel A w i t h  t h e  
data o f  Laufer  and K je l l s t rom.  
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Figure 6.7. Comparison o f  data i n  rod  gap o f  Channel A w i t h  
the data o f  Laufer  and K je l l s t rom.  



o f  t he  low c u t o f f  f requency (1  kHz), an upward s h i f t  o f  t h a t  amount 

would g i v e  good agreement w i t h  K j e l l s t r o m ' s  data f o r  bo th  t he  l a t e r a l  

and a x i a l  components of i n t e n s i t y .  The data a l s o  tend t o  c o n f i r m  

K j e l l s t r o m ' s  t r e n d  o f  lower  l a t e r a l  i n t e n s i t y  than f o r  round tubes. 

The g e n e r a l l y  h i ghe r  values of i n t e n s i t y  a t  Re = 50,000 a r e  a t t r i b u t e d  

t o  t h e  f l o w  cond i t i ons  be ing more c o r r e c t l y  matched w i t h  t he  c u t o f f  

f requency r a t h e r  than a  Reynolds number e f f e c t  on t he  data.  F igure  6.3 

shows a  s i m i l a r  comparison f o r  t h e  a x i a l  component tu rbu lence  i n t e n s i t y  

i n  the  gaps o f  Channels B and C. As i n  Channels D and E t he  data show 

good agreement w i t h  t h e  data o f  K j e l l s t r o m .  Data a re  a l s o  presented 

i n  F igure  6.3 t o  show the  e f f e c t  o f  cu to f f  f requency. The d i f f e r e n c e  

between t he  6  kHz and 1  kHz c u t o f f  i s  seen t o  be on t he  o r d e r  o f  10%. 

Comparing F igures  6.2 and 6.3 i t  cou ld  be concluded t h e r e  i s  no e f f e c t  

o f  ad jacen t  subchannel shape o r  f l o w  model s i z e  on t he  tu rbu lence  

i n t e n s i t y  i n  t he  gap. The s l i g h t  f l o w  channel d i f f e r e n c e s  no ted  

e a r l i e r  appear t o  be e l i m i n a t e d  by norn ia l i z ing  t he  i n t e n s i t y  w i t h  t h e  

shear v e l o c i t y .  

F igures  6.4 and 6.5 p resen t  two-component data ob ta ined  i n  t he  

rod-wa l l  gaps o f  Channel A. Again t he  agreement i s  good; however, 

t h e r e  i s  an i n d i c a t i o n  o f  lower  a x i a l  coniponent i n t e n s i t y  near  t he  

w a l l  s. Norma l i z ing  the i n t e n s i t y  w i t h  t he  shear v e l o c i t y  a l s o  removes 

t h e  apparent tu rbu lence  i n t e n s i t y  inc rease  w i t h  increased bundle s i z e  

repo r ted  e a r l i e r  when us ing  t h e  i n t e n s i t y  based on l o c a l  v e l o c i t y .  

Th i s  i s  because Channel A  has h i ghe r  f r i c t i o n  f ac to r s  than t h e  o t h e r  

channels; thus, g i v i n g  h i ghe r  shear v e l o c i t y  and lower  i n t e n s i t y .  



Figures 6.6 and 6.7 present  turbulence i n t e n s i t y  data obta ined i n  

the  s ide  rod-wal l  gaps and i n t e r i o r  rod-rod gaps. These data show about 

the  same average values as the  data o f  K j e l l s t r o m  and Laufer ;  however, 

t he  d i s t r i b u t i o n s  are  s i g n i f i c a n t l y  d i f f e r e n t .  The i n t e n s i t y  map 

(F igure  5.2) suggests t h a t  secondary f lows cou ld  e x i s t  i n ,  o r  near, 

these rod  gaps. Secondary f lows c a r r y i n g  turbulence f rom the w a l l  o r  

subchannel i n t e r i o r  i n t o  the  r o d  gap cou ld  produce the  observed r e d i s -  

tri b u t i o n  e f f e c t s .  

Comparison o f  the  data i n  F igure  6.6 w i t h  the  data i n  Figures 6.4 

and 6.5 shows a dependence on the  o r i e n t a t i o n  o f  the  w a l l .  

I n  F igure  6.6 t he  wa l l  was p a r a l l e l  w i t h  t he  l a s e r  beam and was smooth 

over i t s  e n t i r e  leng th .  The f r o n t  w a l l ,  however, was normal t o  the  

l a s e r  beam and contained f i v e  window p o r t s  l oca ted  every foot .  Each 

window, o r  f i l l e r  p lug ,  was f l u s h  w i t h  the  i n n e r  sur face o f  t he  f l o w  

housing wa l l  b u t  very smal l  s l o t s  approximately 0.010 inches wide and 

f u l l  w id th  e x i s t e d  a t  the  lead ing  and t r a i l i n g  edge o f  each window p o r t .  

These s l o t s  cou ld  have mod i f ied  the  boundary l a y e r  and secondary f l o w  

development a long the  wa l l  so as t o  reduce the  e f f e c t  o f  secondary f lows 

on the  turbulence i n  t he  gaps. 

Figures 6.8 and 6.9 p resent  a comparison o f  t he  turbulence i n t e n -  

s i t y  i n  regions away from the  rod  gap a t  angles o f  @ = 18" and 30". 

Al though the comparison w i t h  the  t r i c u s p  channel data o f  K j e l l s t r o m  

i s  n o t  e n t i r e l y  v a l i d  because o f  the d i f f e r e n t  geometries involved,  

t he  t rends are  o f  i n t e r e s t .  A t  both 18" and 30°, t he  values est imated 
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F igure  6.9 .  Comparison o f  data from Channel A w i t h  the  data of 
Laufer and K j e l l  strom. 



f rom t h e  exper imenta l  data f a l l  above t h e  da ta  o f  K je l l s tPom and Lau fe r  

and w i t h  a  f l a t t e r  d i s t r i b u t i o n .  K j e l l s t r o m ' s  da ta  shows an inc rease  

a t  @ = 18" b u t  no s i g n i f i c a n t  inc rease  a t  @ = 30". It i s  i n t e r e s t i n g  

t o  no te  t h a t  t h i s  inc rease  i s  about midway between t h e  gap (@ = 0 )  and 

subchannel cen te r  (@ = 30").  The data f rom t h i s  s tudy show t h e  same 

t r e n d  b u t  t h e  angle i s  l a r g e r  (@ = 45") t o  t h e  subchannel cen te r .  The 

inc rease  a t  t h e  i n te rmed ia te  l o c a t i o n  i s  h i ghe r  f o r  t he  p resen t  e x p e r i -  

ment than  f o r  K j e l l s t r o m ' s  exper iment.  Th i s  r e s u l t  suggests a  subchan- 

ne l  shape e f f e c t  on t h e  f l o w  s t r u c t u r e  w i t h i n  a  subchannel where a  

square-p i t ch  a r r a y  has h i ghe r  tu rbu lence  i n t e n s i t y  than  i n  a  t r i a n g u l a r -  

p i t c h  a r ray .  The reason cou ld  be a t t r i b u t e d  t o  a  more r a p i d  change i n  

f l o w  channel shape i n  t h e  square-p i t ch  a r r a y  as compared t o  t h e  tri- 

angu la r  a r ray .  

Examinat ion o f  t h e  data f o r  t h e  sma l l e r  r o d  gap spacing i n  F ig -  

ures 5.33 th rough 5.36 show tu rbu lence  i n t e n s i t y  p r o f i l e s  t h a t  a re  o f  

s i g n i f i c a n t l y  d i f f e r e n t  shape than  those found a t  l a r g e r  gap spacings. 

For  t h e  i n t e r i o r  rod-rod gaps t h e  i n t e n s i t y  p r o f i l e s  a r e  q u i t e  f l a t  and 

w i t h  h i g h  values. The l a r g e r  rod-wa l l  gaps show lower  i n t e n s i t y  l e v e l s  

than  i n  t h e  i n t e r i o r  b u t  w i t h  s i g n i f i c a n t  d i s t o r t i o n .  These da ta  can 

n o t  be compared on a  meaningful  bas i s  w i t h  K j e l l s t r o m ' s  tu rbu lence  da ta  

f o r  r o d  bundles o r  w i t h  any o t h e r  data.  

Another comparison o f  t he  exper imenta l  da ta  can be made w i t h  a  

commonly used method t o  determine v e l o c i t y  p r o f i l e s  i n  r o d  bundles. 

T h i s  method assumes t h e  v a l i d i t y  o f  some s o r t  o f  un i ve rsa l  v e l o c i t y  

p r o f i l e  a long normals f rom t h e  r o d  su r f ace  t o  t h e  l i n e  of maximum 



v e l o c i t y .  I f  t h e  w a l l  shear s t r e s s  can be determined t h e  e n t i r e  t u rbu -  

l e n t  v e l o c i t y  p r o f i l e  can be ca l cu l a ted .  One p o s s i b i l i t y  i s  t he  Kdrmdn- 

P r a n d t l  v e l o c i t y  p r o f i l e  de r i ved  f rom c i r c u l a r  tube data.  For  t h e  

r e g i o n  i n  t h e  t u r b u l e n t  co re  t h e  v e l o c i t y  i s  g i ven  by 

where U* i s  t h e  shear v e l o c i t y  based on t h e  w a l l  shear s t r e s s .  For  

purposes o f  comparing t h e  p resen t  v e l o c i t y  da ta  t o  t h i s  equat ion,  i t  i s  

most conven ien t  t o  norma l i ze  t h e  v e l o c i t y  t o  t h e  maximum v e l o c i t y  a t  

y = i ;  t h e r e f o r e ,  

The va lue  o f  was taken  t o  be one h a l f  t h e  nominal gap spac ing 

p l u s  a  0.010 i n c h  a l lowance f o r  t h e  window f l a t  on each rod .  The cen- 

t e r l  i n e  was e s t a b l  i shed f rom cons ide ra t i ons  o f  symmetry o f  t he  v e l o c i t y  

f i e l d .  

F igures  6.1 0  th rough  6.17 p rov i de  a  comparison between t h e  e x p e r i -  

mental  da ta  ob ta i ned  i n  r od  gaps and t h e  above express ion .  The da ta  

genera l  l y  f a 1  1  below t h e  u n i v e r s a l  p r o f i  l e ,  espec ia l  l y  toward t h e  w a l l  . 
The t y p i c a l  va lues o f  uf = G/U* a r e  t h e  range f r om about  15 t o  22 where 

t h e  l owe r  va lues  a r e  toward t h e  w a l l .  Values o f  U* approaching 15 f o r  

tubes a re  known t o  s t a r t  d ropp ing  below t h e  u n i v e r s a l  p r o f i l e .  

K j e l l s t r o m  found t h a t  a  s l ope  o f  2.23 agreed b e s t  w i t h  h i s  exper iments.  

Th i s  a l s o  agreed w i t h  t h e  va lue  determined by E i f l e r  and N i j s i n g  (13) 

i n  t h e i r  s t u d i e s .  To make a  more accura te  comparison w i t h  t he  2.23 



Figure  6.10. V e l o c i t y  d i s t r i b u t i o n  i n  rod  gap o f  Channel E, 
114 i nch  spacing. 
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Figure 6.11. V e l o c i t y  d i s t r i b u t i o n  i n  r o d  gap o f  Channel D, 
114 i nch  spacing. 
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F igure 6.12. V e l o c i t y  d i s t r i b u t i o n  i n  rod  gaps o f  Channel C, 
1 /4 i n c h  spacing. 
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Figure 6.13. V e l o c i t y  d i s t r i b u t i o n  i n  rod  gaps o f  Channel B, 
1 /4 i n c h  spacing. 
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Figure  6.14. V e l o c i t y  d i s t r i b u t i o n  i n  r o d  gaps o f  Channel A, 
1 /4  i n c h  spacing. 
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. F i g u r e  6.15. V e l o c i t y  d i s t r i b u t i o n  i n  r o d  gaps o f  Channel A, 
1 /4  i n c h  spacing. 
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f a c t o r ,  a  l o c a l  shear v e l o c i t y ,  r a t h e r  than a  bundle average value, 

would be more c o r r e c t .  By assuming the  shear s t r e s s  i s  p ropo r t i ona l  
A 

t o  t he  square o f  the  v e l o c i t y  i along a  normal t o  the  r o d  sur face 

equat ion can be w r i t t e n  as 

Much o f  the  experimental data i n  F igure 6.10 agree q u i t e  w e l l  w i t h  

t h i s  equat ion bu t  some data s t i l l  f a l l  lower toward the  w a l l .  The data 

a l s o  show a  f l a t t e r  p r o f i l e  near the  c e n t e r l i n e  than g i ven  by t h e  

un i ve rsa l  v e l o c i t y  p r o f i l e .  This  can be seen by the  bulge upward f rom 

about g =  0.7 t o  1.0. This  same t rend  i s  a l s o  ev iden t  i n  t he  r e s u l t s  
Y  

o f  K je l l s t rom.  Round tube data (36,37) does n o t  show the  same t rend.  

6.2 SECONDARY FLOW PATTERNS 

The d r i v i n g  fo rces  f o r  secondary f l ows  can be found by cons ider ing  

the  a x i a l  vec to r  component o f  v o r t i c i t y  (4.1) g iven  by the  equat ion 

where 



Th i s  equa t ion  can be de r i ved  by e l i m i n a t i n g  pressure from the  two equa- 

t i o n s  o f  mot ion normal t o  the  x  d i r e c t i o n .  For f u l l y  developed f l o w  i n  

s t r a i g h t  channels some o f  t h e  terms a r e  zero5 as i n d i c a t e d .  The remain- 

i n g  t e m s  a re  t he  s u b s t a n t i a l  d e r i v a t i v e  of stream w ise  v o r t i c i t y ,  t he  

v iscous d i f f u s i o n  and t h e  Reynolds s t r e s s  d r i v i n g  terms. I f  t h e  

Reynolds s t resses  have no v a r i a t i o n  i n  t h e  z  o r  y d i r e c t i o n  (homogeneous 

tu rbu lence)  secondary f l ows  do n o t  e x i s t .  Secondary f lows a l s o  do n o t  

e x i s t  i n  inhomogeneous tu rbu lence  i f  t h e r e  i s  p roper  symmetry t o  

balance the  tu rbu lence  s t resses .  Exaniples o f  t h i s  a re  f l ows  between 

p a r a l l e l  p l a t e s  o r  i n  c i r c u l a r  channels where t h e r e  i s  no l a t e r a l  shear 

s t r e s s  (u'w') and t he  normal s t resses  have no v a r i a t i o n  i n  e i t h e r  t h e  

z  o r  y d i r e c t i o n .  I n  inhomogeneous t u r b u l e n t  f l ows ,  secondary f l o w s  

occur  where t h e  second d e r i v a t i v e s  o f  t he  Reynolds s t r e s s  a r e  nonzero. 

I n  terms o f  geometry, non-uni form changes i n  f l o w  channel boundaries 

w i l l  cause secondary f l ows  and, t he  g r e a t e r  t h e  r a t e  o f  change of 

shape, t h e  g r e a t e r  t he  secondary f low.  

Perk ins  (41)  has cons idered t h e  f ea tu res  o f  t h i s  equa t ion  i n  con- 

s i d e r a b l e  d e t a i  1. He concludes t h a t  (41 , p  .723), " a n i s o t r o p i c  w a l l  

tu rbu lence  i n  any boundary- layer s i t u a t i o n  i s  p o t e n t i a l l y  a  source 

o f  secondary c u r r e n t s  whenever t he  f l o w  i s  a d d i t i o n a l l y  inho~nogeneous 

para1 l e l  t o  t h e  bounding sur faces  i n  t he  y,z p lane" .  H is  exper imenta l  
- - 
2 2 

measurements show t h a t  t h e  t ransverse  d i r e c t  s t resses  ( v  - w  ) a r e  

t h e  most impor tan t  t e m s  respons ib l e  f o r  t h e  p roduc t i on  o f  stream wise 

E 



v o r t i c i t y .  The t ransverse  shear s t resses a r e  much l ess  important .  The 
- - 
2 2 d i f f e r e n c e  between v  and w i s  s t ronges t  i n  the  v i c i n i t y  o f  the  w a l l .  

I f  v' i s  t he  component normal t o  the  w a l l ,  i t  i s  damped by the  p r o x i m i t y  

o f  the  w a l l .  I n  t he  same reg ion  the w'component i s  r e l a t i v e l y  

unaf fected.  Th is  ceases t o  be t r u e  on approaching the  w a l l  because bo th  

v' and w' a re  r a p i d l y  damped by f l u i d  v i s c o s i t y .  

A  phys ica l  d e s c r i p t i o n  f o r  the  secondary f l o w  d r i v i n g  f o r c e  a t t r i b -  

u ted t o  Prandt l  and repor ted  by Perk ins (41, p.722), " i s  t h a t  v e l o c i t y  

f 1  ~ ~ c t u a t i o n s  tangen t i a l  t o  the  i sovel ( 1  i ne o f  constant  v e l o c i t y )  exceed 

those perpend icu la r  t o  the  i s o v e l  so t h a t  c e n t r i f u g a l  acce le ra t i on  i s  

induced i n  regions o f  i sovel curvature,  propel1 i n g  t h e  f l u i d  outward. 

Secondary cur ren ts ,  he concluded, must t he re fo re  be es tab l i shed  i n  t he  

d i r e c t i o n  o f  the  i s o v e l  d i s t o r t i o n s  and be supported by t h e  an iso t ropy  

o f  t he  t u r b u l e n t  d i r e c t  s t resses.  A l l  subsequent secondary f l o w  mea- 

surements i n  f u l l y  developed ( a x i  a1 ly-homogeneous) s t r a i g h t  n o n c i r c u l a r  

duc t  f lows have subs tan t i a ted  t h i s  qua1 i t a t i v e  argument." 

Gessner and Jones (19,20,21) have i n v e s t i g a t e d  secondary f lows i n  

rec tangu la r  channels f o r  Reynolds numbers ranging f rom 50,000 t o  

300,000. They found t y p i c a l  secondary f l o w  v e l o c i t i e s  on the  o rde r  o f  

1% o f  the  a x i a l  v e l o c i t y  and t h a t  t h i s  f r a c t i o n  tended t o  decrease f o r  

inc reas ing  Reynolds number w i t h  t he  l a r g e s t  change near t he  w a l l .  

B rund re t t  and Baines ( 9 )  found the bas ic  secondary f l ow  p a t t e r n  t o  

be independent o f  Reynolds number but ,  w i t h  inc reas ing  values of 

Reynolds number, the  f lows penetrated the  corners and approached the 



wal ls .  The corner  b i sec to rs  were found t o  separate independent 

secondary f l o w  c i r c u l a t i o n  zones. Measurements o f  turbulence k i n e t i c  

energy showed a s i g n i f i c a n t  pene t ra t i on  o f  low tu rbu lence energy 

toward the  corner  a long t h e  b i s e c t o r  and h igh  turbulence energy c a r r i e d  

ou t  fro111 the  w a l l  away f rom the  corner.  The p a t t e r n  was very s i m i l a r  

t o  t h e  corner  d i s t o r t i o n  o f  turbulence i n t e n s i t y  shown i n  F igure 6.18. 

G 
(a) 1-IPIIES OF CONSTANT VELOC lTY 

Q 
(b) LINES OF CONSTANT KINETIC ENERGY 

OF TURBULENCE 

Figure  6.18. Examples o f  v e l o c i t y  and k i n e t i c  energy o f  turbulence 
d i s t r i b u t i o n s  f o r  square channels. 



B r u n d r e t t  and Baines a l s o  d iscuss  secondary f l o w s  i n  nonrec tangu la r  

duc ts  and i n  p a r t i c u l a r  polygons. Fro111 symnetry o f  t h e  Reynolds s t r e s s  

t enso r  about  l i n e s  connect ing t h e  cen te r  t o  t he  mid -po in ts  o f  the  s ides  

and t o  t he  corners they  concluded (9, p.391), " t h e r e  must be t w i c e  as 

many sec to r s  as s ides  and t h a t  t h e  c i r c u l a t i o n  be o f  oppos i t e  sense i n  

a d j o i n i n g  sec to r s " .  Also, (9, p.391) "as t h e  number o f  s ides  i s  

increased,  t he  l o n g i t u d i n a l  v o r t i c e s  must be smal l  e r  i n  magnitude and 

more concentrated i n  t h e  neighborhood of t h e  corners.  Thus, t he re  must 

be a c r i t i c a l  Reynolds number f o r  each polygon below which R ( v o r t i c i  t y )  

i s  zero everywhere s i nce  t h e  zone o f  p roduc t i on  w i l l  be w i t h i n  t h e  

" inner - law"  f l o w  regime, a  regime which does n o t  appear t o  be assoc ia ted  

w i t h  v o r t i c i  ty p roduc t ion . "  There i s  s t r ong  evidence t o  i n d i c a t e  t h a t  

co rner  symmetry a p p l i e s  t o  a l l  polygons such t h a t  t he  tu rbu lence  co r re -  

l a t i o n  (w12 -v12) which i s  r espons ib l e  f o r  v o r t i c i t y  p roduc t i on  i s  zero 

on t h e  corner  b i s e c t o r .  As a consequence, each co rne r  polygon w i l l  

have two c i r c u l a t i o n s  which a re  separated by t h e  corner  b i s e c t o r  and 

which d i r e c t  f l u i d  i n t o  t h e  corner  and t h e r e f o r e  a r e  o f  oppos i t e  

r o t a t i o n .  

A l though t h e  d i r e c t  measurement o f  secondary f l ows  was n o t  p o s s i b l e  

i n  the  p resen t  s tudy  t he  d i s t o r t i o n s  i n  the  maps o f  t h e  a x i a l  tu rbu lence  

i n t e n s i t y  p rov ide  some i n s i g h t  concern ing secondary f l o w  c i r c u i t s  i n  

bundles. P r i o r  t o  do ing t h i s  however, cons ider  t h e  d i s t o r t i o n s  o f  

v e l o c i t y  and i n t e n s i  ty observed i n  r ec tangu la r  channel s  w i t h  known 

secondary f l o w  p a t t e r n s .  F igure  6.18 shows the  l i n e s  o f  cons tan t  



v e l o c i t y  and cons tan t  tu rbu lence  k i n e t i c  energy i n  a  square duc t  as 

r e p o r t e d  by B r u n d r e t t  and Baines ( 9 ) .  The secondary f l o w s  a r e  known 

t o  move toward t h e  corner ,  o u t  a long  t h e  w a l l  and then back toward t h e  

c e n t e r  o f  t he  duc t .  The tu rbu lence  k i n e t i c  energy i s  seen t o  be more 

d i s t o r t e d  by t h e  secondary f l o w  than i s  t h e  a x i a l  v e l o c i t y  f i e l d .  The 

d i s t o r t i o n s  show t h e  t r a n s p o r t  o f  1  ower k i n e t i c  energy t u rbu lence  f r om 

t h e  c e n t e r  o f  t he  d u c t  toward t h e  co rner  a long  t h e  co rne r  b i s e c t o r  and 

h i g h e r  k i n e t i c  energy t u rbu lence  f rom t h e  w a l l  near  mid-span toward 

t h e  cen te r  o f  t h e  duct .  Since t h e  a x i a l  tu rbu lence  i n t e n s i t y  i s  one 

o f  t h e  con~ponents o f  t h e  t u rbu lence  k i n e t i c  energy, i t  would have 

s i m i l a r  d i s t o r t i o n s  i n  t h e  presence o f  secondary f l ows .  

Based upon t h e  p rev ious  reasoning and t h e  d i s t o r t i o n s  o f  t h e  t u rbu -  

lence  i n t e n s i t y  and v e l o c i t y  maps o f  F igures  5.20 th rough  5.24, F i g -  

u r e  6.19 was prepared as an es t imate  o f  t h e  secondary f l o w  p a t t e r n s  i n  

Channels B and C.  The secondary f l ows  appear t o  be q u i t e  s t r ong  i n  t h e  

co rne r  reg ions  as i n d i c a t e d  by t h e  v e l o c i t y  and i n t e n s i t y  d i s t o r t i o n s  

i n  F igures 5.21 and 5.23. The i n t e r i o r  subchannel appears t o  have a 

s i n g l e  secondary f l o w  c i r c u i t ,  except  f o r  t he  co rner ,  a long  l i n e s  o f  

symmetry. Th i s  c i r c u i t  moves toward t h e  gap, then  toward t h e  w a l l ,  o u t  

a long t h e  r o d  su r f ace  and then back toward t h e  subchannel cen te r .  The 

w a l l  subchannel appears t o  c o n t a i n  a  s i m i l a r  secondary f l o w  c i r c u i t  -- 
t h e  s t r o n g e s t  one be ing i n  t h e  co rner .  Al though t h e  o t h e r  i n d i c a t e d  

secondary f l o w  c i r c u i t s  a re  l a r g e r  they  do n o t  have t h e  s t r e n g t h  of 

those  i n  t h e  co rner .  It i s  n o t  e n t i r e l y  c l e a r  whether t he  secondary 
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F igu re  6.19. Est imated secondary f l o w  c i r c u i t s  i n  Channels B and C, 
Re = 100,000. 

f l o w  c i r c u i t s  a long  t he  w a l l  c o n s i s t s  o f  t h ree  p a i r  o f  c i r c u i t s  . The 

i n f l e c t i o n s  i n  the  u ' / u  d i s t r i b u t i o n s  shown i n  F igures 5.21 and 5.23 

suggest t h a t  t h e r e  a re  t h ree  p a i r  o f  c i r c u i t s .  Since t h e  e n t i r e  f l o w  

f i e l d  cou ld  n o t  be mapped, the  dashed secondary f l o w  c i r c u i t s  a r e  p ro -  

v ided  o n l y  as an est imate.  

F igure  6.20 p resen ts  an es t ima te  o f  t he  secondary f l o w  map f o r  

Channel A based upon t he  v e l o c i t y  and i n t e n s i t y  maps shown i n  F ig -  

ures 5.1 and 5.2. The i n t e r i o r  rod- rod  gap appears t o  have a  p a i r  o f  

sy1.11metric f l o w  c i r c u i t s  moving a long  the  center1 i n e  toward the  r o d  gap 

and back a long t he  r o d  sur face  and o u t  toward t he  c e n t r a l  p a r t  o f  t h e  

subchannel. The rod-rod gap between t h e  w a l l  and i n t e r i o r  subchannel 



Figure  6.20. Est imated secondary f l o w  c i r c u i t s  i n  Channel A, 
Re = 100,000. 

appears t o  be more complex where two p a i r  o f  symmetric secondary f l ows  

appear t o  be invo lved.  One moves toward t he  gap a long  t he  cen te r  l i n e ,  

then toward t he  rod, a long  the  r o d  and o u t  toward t h e  cen te r  o f  t h e  

subchannel. The o t h e r  snial l e r  f l o w  c i r c u i t  appears t o  be 1 i n i i  t e d  t o  

the  gap r e g i o n  and r o t a t e s  i n  t he  oppos i te  d i r e c t i o n .  Such an add i -  

t i o n a l  p a i r  does n o t  appear t o  e x i s t  f o r  t h e  i n t e r i o r  rod- rod  gap. 

The secondary f l o w  i n  the  corner  subchannel i s  l a r g e l y  dominated by 



t he  square corner  of t he  f low housing. The f l o w  c i r c u i t  moves toward 

t h e  corner,  a long  t h e  channel w a l l  and o u t  i n t o  t he  subchannel much 

as a secondary f low would move i n  a rec tangu la r  channel. The d i s t o r -  

t i o n s  toward the  gap suggest two symmetric secondary f l ows  moving as 

those near  t he  i n t e r i o r  r o d  gaps. It i s  n o t  c l e a r ,  whether o r  no t ,  

another  f low c i r c u i t  e x i s t s  near  t h e  rod,  nex t  t o  t he  diagonal f rom 

the  r o d  t o  t h e  corner .  The w a l l  subchannel secondary f l o w  c i r c u i t s  

appear t o  be very  con~plex and u n c e r t a i n  i n  some reg ions  because o f  o n l y  

s l  i g h t  i n t e n s i t y  d i s t o r t i o n s ,  presumably due t o  smal l e r  v e l o c i t i e s .  

Secondary f l o w  c i r c u i t s  as i n  t h e  i n t e r i o r  r eg ion  a r e  presumed t o  occur  

i n  t h e  w a l l  subchannel as i n  t he  w a l l  subchannel o f  Channel B. The 

mu1 t i p 1  e d i s t o r t i o n s  suggest t h a t  t h e r e  a r e  t h ree  p a i r  o f  c i r c u i t s  

a long  t he  w a l l  between t h e  r o d  gap and subchannel cen te r ;  however, i t  

i s  conce ivab le  t h a t  t h i s  cou ld  be j u s t  a p a i r  o f  c i r c u i t s .  

The d i s t o r t i o n s  o f  tu rbu lence  i n t e n s i t y  i n  t h e  s i de -wa l l  subchan- 

n e l s  was d i f f e r e n t  than f o r  t h e  w a l l  subchannels ad jacen t  t o  t he  v iew ing  

windows. 'The reason f o r  t h i s  d i f f e r e n c e  i s  n o t  known f o r  su re  b u t  i t  

cou ld  have had something t o  do w i t h  t he  p e r i o d i c  i n t e r r u p t i o n  o f  t h e  

boundary l a y e r  a t  each window. There were 5 window p o r t s  w i t h  two f u l l -  

w i d t h  s l o t s  approx imate ly  0.010 inches wide and 2 inches a p a r t  a t  each 

window. A1 though t h e  windows were f l u s h  w i t h  t he  i n s i d e  t he  boundary 

l a y e r  would be i n t e r r u p t e d  by t h e  s l o t s  and, t he re fo re ,  have a d i f f e r e n t  

development than i n  t he  smooth s i de -wa l l  subchannels. The d i f f e r e n t  

boundary l a y e r  development cou ld  a l s o  be respons ib le  f o r  t he  i n t e n s i t y  

asymmetry observed i n  t he  corner  subchannel. 



Most o f  t h e  exper imenta l  data  expressed as d imension less r a t i o s  

were weakly a f f e c t e d  by Reynolds number. I n  a l l  cases t h e  lower  o f  

t h e  t h r e e  Reynolds numbers f o r  t h i s  research  was ob ta i ned  by reduc ing  

f l o w  a t  cons tan t  temperature and t he  h i g h e r  va lue  by h o l d i n g  f l o w  b u t  

i n c r e a s i n g  t he  temperature.  The o n l y  apparent  excep t ion  t o  t he  weak 

Reynolds number dependence was found f o r  t h e  reduced gap spacing. As 

exp la i ned  e a r l i e r  t h i s  apparent  e f f e c t  i s  b e l i e v e d  t o  be caused by a  

gradual  roughening o f  t h e  f l o w  model which may have a l s o  changed t h e  

secondary f l o w  p a t t e r n .  Reci r c u l  a t i  ng f 1 ows a r e  known t o  change t h e i r  

f l o w  p a t t e r n s  w i t h  i n c r e a s i n g  Reynolds number. C l a s s i c  examples a r e  

t h e  development o f  Kaman v o r t e x  s t r e e t s  i n  t he  wake o f  obs tac les  p laced  

i n  a  f l o w  stream. F igure  6.20 shows t h e  es t ima ted  secondary f l o w  p a t -  

t e r n  f o r  t he  l a r g e r  r o d  spac ing i n  bundle A. I t  i s  conce ivab le  t h a t ,  

w i t h  t h e  p rope r  c o n d i t i o n s ,  t h e  co rne r  f l o w  c i r c u i t  c o u l d  become domi- 

nan t  and s h i f t  t h e  secondary f l o w  p a t t e r n .  I n s p e c t i o n  a f t h e  data i n  

F igures  5.13, 5.14, 5.33, and 5.34 show two d i s t i n c t i v e  t rends :  

1 )  s h i f t  o f  t h e  v e l o c i t y  peak and ~iiinimum i n t e n s i t y  away f rom t h e  w a l l  

and toward t h e  r o d  i n  t h e  rod-wal 1  gaps; and, 2)  s h i f t  o f  t he  v e l o c i t y  

peak and minimum i n t e n s i t y  toward the  w a l l  i n  bo th  t he  co rner  and w a l l  

subchannels. Based on these observa t ions  t h e  secondary f l o w  p a t t e r n  i s  

b e l i e v e d  t o  have been s i m i l a r  t o  t h a t  i n  F i g u r e  6.20 f o r  a  Reynolds 

number o f  50,000 and 100,000 b u t  t o  have s h i f t e d  t o  t h e  p a t t e r n  shown 

i n  F i gu re  6.21 a t  a  Reynolds number o f  200,000. The bas i c  change i s  

b e l i e v e d  t o  be l a r g e  sca le  r e c i r c u l a t i o n  zones as compared t o  sma l l e r  



F igu re  6.21. Est imated secondary f low c i r c u i t s  i n  Channel A 
Re = 200,000, reduced gap spacing. 

o n e s a t  lower  Reynolds number and a t  l a r g e r  gap spacing. The f l o w  

p a t t e r n s  agree q u i t e  w e l l  w i t h  observed data s h i f t .  The maximum 

v e l o c i t y  i n  t he  rod-wa l l  gaps a re  s h i f t e d  toward t he  rod  w i t h  a  co r -  

responding s h i f t  i n  tu rbu lence  i n t e n s i t y .  A s i m i l a r  b u t  oppos i t e  s h i f t  

occurs i n  t h e  corner  and w a l l  subchannel. The r e s u l t  i s  a  s i g n i f i c a n t l y  

asymmetric d i s t r i b u t i o n  o f  v e l o c i t y  and i n t e n s i t y  i n  t he  rod-wa l l  gaps. 

The i n t e r i o r  gaps possess symmetry which i n d i c a t e s  t h a t  t he  p o s t u l a t e d  

secondary f l o w  p a t t e r n  s h i f t  d i d  n o t  reach beyond t he  w a l l  subchannels. 



The pos tu la ted  s h i f t  i n  secondary f l ow  p a t t e r n  i n d i c a t e d  by these 

r e s u l t s  pose some i n t e r e s t i n g  p o i n t s  of con jec tu re  regard ing  some of the  

incons is tenc ies  observed i n  rod  bundle mix ing  experiments. There have 

been no tab le  d i f f e rences  repor ted  between so-cal l e d  "s imple channel " 

and "bundle" experiments. Rogers and Rosehart (47) has proposed a  mix- 

i n g  c o r r e l a t i o n  f o r  each type. For t he  s imple channel, s i g n i f i c a n t l y  

d i f f e r e n t  resu l  t s  have been found between i n v e s t i g a t o r s  (48).  These 

d i f f e rences  have been a t t r i b u t e d  t o  such th ings  as experimental  e r r o r ,  

pressure b ias ,  heated experiment versus t r a c e r  experiment and model con- 

f i g u r a t i o n .  The r o l e  o f  secondary f lows found i n  t h i s  s tudy i n d i c a t e  

t h a t  secondary f l o w  pa t te rns  o f  var ious models could s i g n i f i c a n t l y  

a f f e c t  the  r e s u l t s  o f  c ross f low mix ing  experiments. The secondary f low 

p a t t e r n  d i f f e rences  cou ld  be caused by the  shape and the  r e l a t i v e  rough- 

ness o f  the  surfaces o f  t h e  f low channel. 

6.3 MACROSCALE AND CORRELATION FUNCTIONS 

The es t imate  f o r  the  l o n g i t u d i n a l  macroscale A was obta ined by 

us ing  T a y l o r ' s  hypothesis which i s  discussed i n  Chapter 2. To use t h i s  

approach i t  i s  necessary t o  o b t a i n  an es t imate  f o r  the  Eu le r ian  macro- 

t ime scale.  Th is  i s  de f ined  f o r m a l l y  by Equat ion (2.20) where the  auto- 

c o r r e l a t i o n  f u n c t i o n  i s  i n teg ra ted  f rom zero t o  i n f i n i t y .  Unfor tunate ly ,  

i t  i s  n o t  poss ib le  t o  perform such an i n t e g r a t i o n  when a  complete cor -  

r e l a t i o n  f u n c t i o n  does n o t  e x i s t  o r  where the c o r r e l a t i o n  f u n c t i o n  

o s c i l l a t e s  about the  h o r i z o n t a l  ax is .  Since the  c o r r e l a t i o n  func t i ons  



i n  t h i s  study were 1  i m i t e d  t o  a  f i n i t e  t ime delay and some func t i ons  

had o s c i l l a t o r y  behavior,  i t  was necessary t o  devise a  way t o  q u a n t i f y  

t h e  essen t i a l  f ea tu res  o f  t he  f u n c t i o n  and ob ta in  an es t imate  o f  t he  

macrotinie scale.  The approach chosen was t o .  f i t  the  c o r r e l a t i o n  func- 

t i o n  p l o t  t o  t he  f u n c t i o n  o f  t he  form (6 ) .  

R ~ ( T )  = ea lT  cos a2r (6.8)  

Th is  i s  a  convenient b u t  approximate way t o  q u a n t i f y  the  c o r r e l a t i o n  

f u n c t i o n  y e t  preserve i t s  essen t i a l  fea tu res ,  namely, t h e  decay and 

any p e r i o d i c i t y .  A p resen ta t i on  o f  a1 1  c o r r e l a t i o n  func t ion  p l o t s  

would be cul.nbersome and unwiel  d l y  . 
It i s  w e l l  known t h a t  t he  Fou r ie r  cos ine t rans form o f  t he  autocor-  

r e l a t i o n  f u n c t i o n  g ives  the  power spectrum o f  turbulence energy. The 

power spectrum def ines  t h e  d i s t r i b u t i o n  o f  energy as a  f u n c t i o n  o f  

frequency; therefore,  the sum of energy contained i n  a l l  f requencies 

must equal t h e  t o t a l  turbulence energy. Fo l low ing  the  n o t a t i o n  o f  

H-inze (23, p.54) f o r  t he  one dimensional spectrum i n  the  a x i a l  d i rec- '  

t i o n ,  t h i s  can be s ta ted  mathemat ica l ly  as 

The r e l a t i o n s h i p  between the  power spectrum and the  a u t o c o r r e l a t i o n  

f u n c t i o n  i s  g iven by the  cosine t rans form 

E(n) = 4  u i L L  RE(r)  cos 2  nnr  d r  



and t he  i nve rse  t rans fo rm i s  def ined as 

R ( r )  = A[ E(n) cos 2 nn rdn  ( E . ? ? )  

U 
12 

By us ing  t he  c o r r e l a t i o n  f u n c t i o n  g iven  by Equat ion (6 .8) ,  t he  F o u r i e r  

cos ine t r ans fo rm  can be shown t o  be 

I f  a2 -+ 0 the  c o r r e l a t i o n  f u n c t i o n  g iven  by Equat ion (6.8) has o n l y  an 

exponent ia l  decay and t he  power spectrum has a  monotonic decay w i t h  

i nc reas ing  frequency n. I f  a2 i s  nonzero, t he  c o r r e l a t i o n  f u n c t i o n  

e x h i b i t s  p e r i o d i c  behavior  w i t h  an exponent ia l  decay and t he  power 

spectrum has a  peak a t  a  f requency corresponding t o  t he  dominant f r e - ,  

quency o f  c o r r e l a t i o n  f u n c t i o n .  Pe r i od i c  behavior  shown by t he  co r re -  

l a t i o n  f unc t i on ,  t he re fo re ,  i n d i c a t e s  a  dominant f requency i n  the  power 

spectrum. The r e l a t i v e  importance o f  the  p e r i o d i c  component can be 

judged r a t h e r  q u i c k l y  by j u s t  i n s p e c t i n g  t he  c o r r e l a t i o n  f u n c t i o n .  

Most o f  t he  measured c o r r e l a t i o n  f u n c t i o n s  i n  t h i s  s tudy had n e a r l y  

an exponent ia l  decay w i t h  l i t t l e  o r  no evidence o f  dominant p e r i o d i c  

behavior ;  however, some o f  t h e  c o r r e l a t i o n  f u n c t i o n s  obta ined i n  c e r t a i n  

. reg ions  o f  Channel A a t  t he  sma l l e r  r o d  gap spacing d i d  show d e f i n i t e  

p e r i o d i c  behavior .  These were l i m i t e d  t o  t he  reg ion  between t he  sub- 

channel cen te r  and rod  gap where t he re  was a l s o  evidence o f  secondary 

f lows .  
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The es t imate  o f  l o n g i t u d i n a l  sca le  was made by f i r s t  f i t t i n g  t he  

c o r r e l a t i o n  w i t h  Equat ion (6 .8)  and then performing t he  i n t e g r a t i o n  o f  

Equat ion (2.20) t o  o b t a i n  TE. The v a l i d i t y  o f  t h i s  approach depends 

upon the  a b i l i t y  o f  t he  f u n c t i o n  t o  f i t  the  c o r r e l a t i o n  p l o t  which i n  

t u r n  a f f e c t s  t h e  c o e f f i c i e n t s  al and up. The importance o f  t he  coe f -  

f i c i e n t s  can be eva lua ted  by cons ide r i ng  t h e  macrotime sca le  which i s  

de f i ned  by Equat ions (2.20) and (6.10) as 

For  no s i g n i f i c a n t  p e r i o d i c  mot ion compared t o  t he  t ime  o f  decay 

(a2 << a,) t h e  t ime sca le  i s  j u s t  TE = - l a l  and t he  va lue  o f  a2 has 

l i t t l e  i f  any e f f e c t  on t he  es t imate  o f  TE. I f  a2 i s  o f  t he  same mag- 

n i t u d e  o f  al then t he  va lue o f  TE becomes l e s s  than t he  va lue  g i ven  by 

a1 and t h e  va lue o f  a2 has importance. 

F igure  5.9 shows c o r r e l a t i o n  f unc t i ons  ob ta ined  a long  t he  i n t e r i o r  

subchannel c e n t e r l i n e  o f  Channel A a t  a  Reynolds number o f  100,000 f o r  

t he  1/4 and 1 /8  i n c h  gap spacings. Note t he  d e f i n i t e  change i n  t h e  c o r -  

r e l a t i o n  f u n c t i o n  w i t h  d i s t ance  f rom the  w a l l  and on through t h e  gap 

i n t o  t he  i n t e r i o r  subchannel. Near t he  w a l l ,  subchannel cen te r  and i n  

t h e  r o d  gap t h e  c o r r e l a t i o n  f u n c t i o n  i s  n e a r l y  exponent ia l .  Here t h e  

macroscale es t ima te  depends p r i m a r i l y  on the  exponent ia l  decay. I n  

t he  r e g i o n  between t h e  gap and subchannel cen te r  t he  c o r r e l a t i o n  func- 

t i o n  a t  t h e  0.125 i n c h  gap spacing c l e a r l y  shows p e r i o d i c  behavior .  

Here t h e  macroscale es t imate  a l s o  depends on t he  frequency o f  t he  

func t ion .  



Figures 6.22 and 6.23 show p l o t s  o f  t he  frequency d i s t r i b u t i o n  

a long t h e  c e n t e r l i n e  through the  rod  gaps o f  Channel A a t  the 1/8 i n c h  

gap spacing. They c l e a r l y  show the  regions o f  dominant p e r i o d i c  motion 

between the  r o d  gap and subchannel center .  A comparison o f  t h e  data 

l i s t e d  i n  Appendix B shows t h a t  most data a t  the 1/4 i n c h  gap spacing 

d i d  n o t  e x h i b i t  t h i s  dominant p e r i o d i c i t y .  

It can be concluded t h a t  the  reduc t ion  o f  r o d  gap spacing leads t o  

more dominant p e r i o d i c  f l o w  pu l sa t i ons  i n  the  regions adjacent  t o  t he  

r o d  gap. This, toge ther  w i t h  secondary f lows,  increased turbulence 

i n t e n s i t y  and increased macroscale suggest an enhancement o f  c ross f low 

m i  x i  ng processes. 

6.4 IMPLICATIONS REGARD1 NG CROSSFLOW MIXING 

A s i m p l i f i e d  c ross f low mix ing  model commonly used i n  the  subchannel 

ana l ys i s  o f  rod  bundles was discussed i n  Chapter 2. The c ross f low mix- 

i n g  was g iven by Equat ion (2.38) as 

The r a t i o  s/Ay was shown t o  present  some c o n f l i c t i n g  views regard ing  

the  r o l e  o f  geometry on the  c ross f low mix ing processes. 

I n  t he  present  study, experimental  data has been obta ined t h a t  

i nd i ca tes  geometry e f f e c t s  cannot be s o l e l y  accounted f o r  by t he  s/Ay 

parameter. Present data suggests s i g n i f i c a n t  v a r i a t i o n s  o f  E/UD a1 so 

occur w i t h  changes i n  geometry and t h a t  a d d i t i o n a l  macroscopic f l o w  

processes c o n t r i b u t e  t o  s/llD i n  regions adjacent  t o  the. rod  gaps. 
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Refer r ing  t o  Equation (2.15) the eddy d i f f u s i o n  c o e f f i c i e n t  could 

be expressed as the  r a t i o s  

The f i r s t  th ree  parameters are those measured i n  t h i s  study. The l a s t  

two are the  r a t i o s  requ i red  t o  conver t  f rom an Eu ler ian  t o  a Lagrangian 

representa t ion  o f  l a t e r a l  sca la r  t ranspor t .  As discussed i n  Chapter 2, 

no t  much i s  known about t h i s  conversion even f o r  very simple channels. 

It would be necessary t o  perform a sca la r  mix ing experiment together  

w i t h  tu'rbulence measurements t o  ob ta in  est imates o f  t h e i r  values. For 

homogeneous turbulence the value o f  v '  would be o f  the  same magnitude 

as the  l a t e r a l  component o f  turbulence v e l o c i t y .  Based on the measure- 

ments i n  t h i s  study t h e  r a t i o  v ' / u l  would be l e s s  than u n i t y  and would 

probably have values i n  the  range from about 0.5 t o  0.8. The Lagrangian 

l a t e r a l  macroscale could be expected t o  be o f  the  same order  o f  magni- 

tude as the  Eu ler ian  l a t e r a l  macroscale o f  turbulence which would 

probably be l ess  than the  l o n g i t u d i n a l  macroscale measured i n  t h i s  

study. The r a t i o  (AL/A) would probably be l ess  than u n i t y  bu t  w i t h  

uncer ta in  value. An est imate f o r  E/UD would there fore  be 

where the  constant  o f  p r o p o r t i o n a l i t y  would be l ess  than u n i t y  and 

w i t h  uncer ta in  func t i ona l  v a r i a t i o n  w i t h  geometry and f l ow  cond i t ions .  



The present data i s  n o t  complete enough t o  determine channel 

average va l  ues f o r  the  above parameters ; however, from the  center1 i n e  

t raverses some est imates can be prepared t o  g ive  an i n d i c a t i o n  o f  how 

the  parameters change w i t h  geometry. The summary est imates i n  

Table 6.1 are taken from the f i g u r e s  i n  Chapter 5 p e r t a i n i n g  t o  Chan- 

ne l  A. The data show an increase i n  ( u l / U ) ( ~ / D )  t h a t  va r i es  i n v e r s e l y  

w i t h  t h e  gap spacing. The change i s  p r - in ia r i l y  due t o  an increase i n  

macroscale w i t h  a decrease i n  gap spacing. This  macroscale increase i s  

r a t h e r  i n t e r e s t i n g  because the scale i n  round pipes would vary d i r e c t l y  

w i t h  p ipe  diameter. The present  data i nd i ca tes  t h a t  scale cannot be 

est imated j u s t  from channel geometry alone by us ing  methods such as 

those proposed by Buleev (10). The f l o w  s t r u c t u r e  w i t h i n  the  subchan- 

ne l s  of r o d  bundles has an important  i n f l uence  on the  sca le  o f  

turbulence. 

TABLE 6.1. Representat ive Average Estimates of Turbulence 
Parameters Along Traverse Center l ines,  
Channel A 

I n t e r i o r  Subchannels: 

1/4 i n .  gap spacing 0.050 0.35 0.20 0.018 0.0035 

1/8 i n .  gap spacing 0.060 0.60 0.15 0.036 0.0036 

Wall Subchannel s  : 

1/4 i n .  gap spacing 0.060 0.35 0.20 0.021 0.0042 

3/16 i n .  gap spacing 0.050 0.70 0.15 0.035 0.0052 

Corner Subchannel s  : 

1/4 i n .  gap spacing 0.055 0.30 0.22 0.017 0.0037 

3/16 i n .  gap spacing 0.045 0.60 0.17 0.027 0.0046 



The macroscale es t imates  presented here a r e  f o r  t h e  l o n g i t u d i n a l  

d i r e c t i o n .  I t  i s  probable t h a t  t h e  sca le  i s  sma l l e r  i n  t h e  l a t e r a l  

d i r e c t i o n s .  Whi le t he  sca le  may be r e s t r i c t e d  i n  s i z e  i n  t h e  d i r e c t i o n  

normal t o  t h e  w a l l ,  t h e  sca le  i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  w a l l  may 

n o t  be so r e s t r i c t e d .  The p resen t  da ta  suggests t h a t  the  l a t e r a l  f r e e -  

dom o f  t h e  open a r r a y  a l l ows  r a t h e r  l a r g e  s c a l e  tu rbu lence  t o  move 

through t h e  gap w i t h  r e l a t i v e  ease. As discussed i n  Chapter 2, t h i s  

i s  c o n s i s t e n t  w i t h  t h e  ideas o f  Ibragimov, e t  a1 . (26),  i n v o l v i n g  t h e  

mot ion o f  l a r g e  s c a l e  eddies be ing f e l t  most s t r o n g l y  a long  t h e  perime- 

t e r  o f  a  channel w i t h  a  sha rp l y  va ry i ng  cross s e c t i o n a l  shape, such as 

a  r o d  bundle. Th is  ease o f  movement through t h e  gap cou ld  n o t  e x i s t  

f o r  ve ry  smal l  gap spac ing because t h e  t u r b u l e n t  mot ion would be 

"damped" by t h e  laminar  boundary l a y e r .  Gal b r a i t h  (14) found a  s i g n i f i -  

can t  r e d u c t i o n  i n  c ross f l ow  m ix i ng  when h i s  r o d  gap was reduced f rom 

0.028 inches t o  0.011 inches when us ing  1  i n c h  d iameter  rods. 

The changes o f  ( u 1 / U ) ( ~ / D )  shown i n  Table 6.1 a r e  n e a r l y  i n v e r s e l y  

p r o p o r t i o n a l  t o  gap spac ing and taken t oge the r  w i t h  t h e  r a t i o  s/Ay 

y i e l d  a  va lue  f o r  wl/GD t h a t  i s  r e l a t i v e l y  cons tan t .  Th i s  r e s u l t  

t oge the r  w i t h  t h e  weak e f f e c t  o f  Reynolds number on t h e  tu rbu lence  

parameters i s  c o n s i s t e n t  w i t h  t h e  p r e d i c t e d  t rends  o f  p resen t  crossf low 

n i i x ing  c o r r e l a t i o n s .  Th i s  i s  a  s i g n i f i c a n t  r e s u l t  because i t  he lps  t o  

e x p l a i n  why c ross f l ow  m ix i ng  i n  bundles i s  weakly dependent on r o d  spac- 

i n g  over  a  r a t h e r  wide range o f  s u f f i c i e n t l y  l a r g e  spacings. 



The d i r e c t  measurement o f  t he  turbulence parameters r e l a t e d  t o  t he  

c ross f low mix ing  processes prov ides add i t i ona l  i n s i g h t  concerning t h e  

phys ica l  processes o f  c ross f low mix ing.  The experimental  data o f  t h i s  

study i n d i c a t e  t h a t  t he  regions adjacent  t o  t he  rod  gaps have f l o w  pro- 

cesses t h a t  are both d i f f u s i v e  and convect ive; whereas, t he  subchannel 

cen ter  and r o d  gaps are  more n e a r l y  d i f f u s i v e .  The data a l s o  i n d i c a t e  

t h a t  t he  eddy d i f f u s i o n  est imates cou ld  no t  be p red i c ted  f rom p ipe  data 

alone. The eddy d i f f u s i o n  i n  bundles seems t o  be augmented by macro- 

scopic f l o w  processes. This  r e s u l t  supports the  e a r l i e r  content ions o f  

Rowe (54), Skinner, e t  a l .  (58), and Ibragimov (26) t h a t  macroscopic 

f l o w  processes i n  a d d i t i o n  t o  eddy d i f f u s i o n  must be respons ib le  f o r  

l a t e r a l  m ix ing  i n  r o d  bundles. It does n o t  support  t he  conten t ion  o f  

Rogers and Rosehart (47) t h a t  t he  Lagrangian macroscale i s  n e a r l y  pro- 

p o r t i o n a l  t o  t he  gap spacing. 

Hinze (23, p.288) has suggested an equat ion o f  t he  fo rm 

t o  account f o r  s c a l a r  t r anspo r t  i n  t h e  presence o f  macroscopic f l ows  

and eddy d i f f u s i o n .  The same equat ion has been suggested by 

Ibragimov (26) f o r  bundles. From the  d iscussion o f  c l a s s i c a l  m ix ing  

l eng th  theory presented i n  Chapter 2, V'y' can be expressed as 

- - aT V I y '  = V'L - 
aY , 

therefore 



The macroscopic p a r t  o f  t he  sca la r  t ranspor t  i s  seen t o  add t o  d i f f u s i v e  

term by us ing  mix ing  l eng th  theory. The t o t a l  cou ld  a l so  be thought o f  

as an eddy d i f f u s i o n  c o e f f i c i e n t  b u t  i t  would n o t  necessar i l y  correspond 

t o  an eddy d i f f u s i o n  c o e f f i c i e n t  f o r  s-iniple channels. Equation (6.19) 

contains the  e f f e c t s  o f  f l o w  channel geometry through the  geometric 

ef fect  on i n t e n s i t y  and scale. 



7.0 ACCURACY OF EXPERIMENTAL DATA 

Th is  chapter d i s c ~ ~ s s e s  t h e  accuracy o f  t h e  experimental data as 

a f fec ted  by t h e  inherent  l i m i t a t i o n s  o f  the  LDV measurement technique, 

the  design c a p a b i l i t y  o f  t h e  measuring instrument,  and the  accuracy t o  

which the  inst rument  can be read. These are discussed as they are 

r e l a t e d  t o  the l o c a t i o n  o f  t he  data p o i n t  and the measurement o f  t he  

mean v e l o c i t y ,  turbulence i n t e n s i t y  and turbulence scale. 

The accuracy o f  the experimental r e s u l t s  are est imated by us ing 

the method o f  compounding e r r o r s  presented by Wilson (64) .  I n  t h i s  

method, a computed experimental r e s u l t  i s  assumed t o  have a known func-  

t i o n a l  form given by 

Small v a r i a t i o n s  dxi i n  xi a1 t e r  y by the  amount 

The square o f  t he  e r r o r  i s  

I f  the  components dxl, dx2, --- , dxn a re  independently d i s t r i b u t e d  

and symmetrical w i t h  respect  t o  p o s i t i v e  and negat ive values as they 

are  i n  the f o l l o w i n g  discussion, then t h e  product  dxi dx. ( i # j )  vanishes 
J 

so t h a t  



This  may a l s o  be w r i t t e n  i n  terms o f  t h e  var iance as 

7.'1 SAMPLE VOLUME SIZE AND LOCATION 

The measurement po in t ,  o r  more p r o p e r l y  c a l l e d  the  sample volume, 

i s  est imated t o  have c y l i n d r i c a l  shape of approximately 0.026 inches 

long  by about 0.0034 inches i n  diameter. I t s  l o c a t i o n  w i t h i n  the  f low 

channel i s  est imated t o  be known w i t h i n  k0.019 inches i n  t raverses  

p a r a l l e l  t o  the  l a s e r  beam and 50.006 inches i n  t raverses  perpendicu lar  

t o  t he  l a s e r  beam. The bas is  f o r  t h i s  est imate i s  summarized i n  

Table 7.1. 

TABLE 7.1. Summary o f  Accuracy Est imate f o r  Sample Volume 
Size and Locat ion  

Sample Volume Size 

No rma 1 
Along Beam t o  Beam 

0.026 0.0034 i n .  

Components a f f e c t i n g  l oca t i on :  

1. Flow channel dimensions +0.006 i n .  +0.006 i n .  

2. Traverse pos i ti on 50.001 i n .  20.001 i n .  

3. Uncer ta in ty  due t o  sample 20.013 i n .  +0.0017 i n .  
vo l  unie s i  ze 

To t a  1 k0.019 i n .  20.006 i n .  

The sample volume l o c a t i o n  i s  ca l cu la ted  from the  equat ions 



By us ing  Equation (7.5) t h e  var iances are  

The var iance o f  t h e  index o f  r e f r a c t i o n  c o r r e c t i o n  i s  assumed t o  be 

n e g l i g i b l y  smal l  s ince  the  r e f r a c t i v e  index i s  used as a  f i x e d  proper ty  

o f  t he  f l u i d  and f o r  smal l  angles C, = n. The var iance i s  then j u s t  

the  sum of var iances i nvo l ved  i n  the  reading and the  reference values 

except f o r  the  z  d i r e c t i o n  which must be increased by the  square o f  

r e f r a c t i v e  index. 

The sample volume s i z e  was est imated by us ing  the  equat ion 

where a i s  t he  standard d e v i a t i o n  o f  i n t e n s i t y ,  D i s  t he  beam diameter 

2  a t  the l / e  i n t e n s i t y  p o i n t s  o f  a  Gaussian l a s e r  beam a t  the  lens  and 

f i s  the  f o c a l  l e n g t h  o f  t he  focusing lens.  For He-Ne l a s e r  w i t h  

X = 0.6328 pm, f = 237 mn, D = 1.1 mm the  value o f  d  was 0.087 mm o r  

0.0034 inch .  The r e c e i v i n g  o p t i c s  had foca l  lengths and aperature 

diameter t h a t  were no more l i m i t i n g  than the  focus ing  o p t i c s ;  there fo re ,  

the  sample volume was est imated t o  have the  focused beam diameter and 

l eng th  corresponding t o  the diameter viewed a t  the  10" s c a t t e r i n g  angle, 

t imes the  f a c t o r  1.33 t o  account f o r  e longat ion  due t o  the  r e f r a c t i v e  

index. This  g ives  an est imated l eng th  o f  0.026 inch.  
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Several f a c t o r s  inf luenced the  p o s i t i o n  of t h e  measurement p o i n t  

w i t h i n  the  f low channel. Since the  dimensions were referenced t o  the  

f low channel, i t s  f a b r i c a t i o n  to lerance were considered. The f l o w  chan- 

ne l  was fab r i ca ted  w i t h  a general to lerance o f  k0.002 inches f o r  a l l  

decimal dimensions unless otherwise noted. Those to lerances governing 

the  s i ze  of the  f low channel were the thickness o f  the f l o w  housing 

(k0.0025 inches),  d is tance between the r e s t r a i n i n g  shoulders a t  t he  

"O-r ing" seal (k0.0025 inches)  and l oca t i on  o f  the rod  i n s e r t s  

(k0.005 inches).  By tak ing  the square r o o t  of t h e  sum of the variances, 

the  o v e r a l l  to lerance f o r  f l o w  channel dimension was est imated t o  be 

k0.006 inches. This  to lerance was cons is ten t  w i t h  check measurements 

made on the  flow channel dur ing  the experiments. The o n l y  except ion 

t o  t h i s  occurred f o r  the experimental runs A1000 through A1491 where 

rod  s t ra igh tness  was n o t  w i t h i n  to lerance.  One of the  rod  gaps was 

be l ieved t o  be c l o s e r  t o  0.105 inches r a t h e r  than the  nominal 

0.125 inches. The rods were st ra ightened and were w i t h i n  to lerance 

f o r  the re run designated by runs A1492 through A1574. 

The t raverse  p o s i t i o n  o f  the  measurement p o i n t  was located t o  

w i t h i n  k0.001 i nch  as read on the  d i g i t a l  p o s i t i o n  d i sp lay  o f  the 

instrument.  

The unce r ta in t y  due t o  sample volume s i z e  was r e l a t e d  t o  the l o s s  

o f  the  Doppler s igna l  a t  t he  channel boundaries. The values shown 

represent  the  unce r ta in t y  due t o  the  est imated s i ze  of the sample 

volume. Uncer ta in t ies  o f  t h i s  magnitude occurred when l o c a t i n g  the 

edge o f  t he  f l o w  channel. By us ing the  prev ious est imates the 

variances are  



and 

For those data known t o  have symmetry about a  g iven l oca t i on ,  s l i g h t  

p o s i t i o n  co r rec t i ons  were made t o  t h e  data a long the  z a x i s  a f t e r  t h e  

data were p l o t t e d .  I n  a l l  cases the  co r rec t i on  was l e s s  than t h e  

k0.019 i nch  unce r ta in t y  i n  the  z d i r e c t i o n .  The cor rec ted  data have 

l e s s  than t h e  k0.019 i nch  uncer ta in ty .  I t  should a l s o  be r e a l i z e d  t h a t  

l e s s  unce r ta in t y  e x i s t s  between data p o i n t s  o f  a  comlnon s e t  because o f  

the  h igh p r e c i s i o n  (k0.001 inch)  o f  t h e  t rave rs ing  system. 

7.2 MEAN VELOCITY 

The mean v e l o c i t y  measurement was est imated t o  be accurate t o  

w i t h i n  53.2%. This est imate was composed o f  t h e  several f a c t o r s  shown 

i n  Table 7.2. 

TABLE 7.2. Summary o f  Accuracy Est imate 
f o r  Mean V e l o c i t y  

Components A f f e c t i n g  Mean Estimated 
V e l o c i t y  Accuracy, % 

Sca t te r i ng  Angle 51.5 

Doppler Frequency Measurement k2.8 

Tota l  k3.2 

The mean v e l o c i t y  i s  computed from the  equat ion 



The var iance on i i s  

I n  terms o f  a f r a c t i o n  t h i s  can be w r i t t e n  as 

0 
2 
8 

U 
2 

= 7; t a n  8 

A 10' s c a t t e r i n g  angle was b u i l t  i n t o  t he  r e c e i v i n g  op t i cs ;  how- 

ever,  measurement o f  t h i s  angle dur ing  the  experiments i n d i c a t e d  va r i a -  

t i o n s  o f  about +0.15' o r  +I .5%. Most o f  t h i s  was due t o  small changes i n  

s c a t t e r i n g  angle t h a t  occurred dur ing o p t i c a l  al ignment adjustments. 

Doppler frequency measurement cons is ted  o f  severa l  f a c t o r s  i n c l  ud- 

i n g  reading o f  the frequency meter and nu1 1 meter. The frequency meter 

cou ld  be read t o  1 kHz; however, the c e r t a i n t y  f o r  any p o i n t  was about 

+2 kHz. The nu1 1 meter cou ld  be read t o  w i t h i n  + I 0  mV, where recorded 

values were t y p i c a l l y  500 mV. For most data, a 500 mV o f f s e t  corres-  

ponded t y p i c a l l y  t o  100 kHz o f f s e t  g i v i n g  5 mV/kHz. Reading the  n u l l  

meter t o  + I 0  mV (+2%) was cons i s ten t  w i t h  t h e  r e a d a b i l i t y  o f  the f r e -  

quency meter. For Doppler f requencies t y p i c a l l y  o f  2000 kHz, read t o  

w i t h i n  2 kHz, t he  n u l l  meter was the  l i m i t i n g  element i n  reading the 

Doppler frequency. The a b i l i t y  o f  t he  readout system t o  measure stan- 

dard s igna l s  o f  known frequency was checked w i t h  an independent f r e -  

quency meter. Agreement i n  the  range o f  i n t e r e s t  was always w i t h i n  

10 kHz. With no i sy  Doppler s igna ls ,  l a r g e r  v a r i a t i o n  i n  t he  form of an 



of fse t  was noted. A  value o f  +40 kHz was selected as a  representa t ive  

range o f  uncer ta in ty .  For Doppler frequencies of  about 2000 kHz t h i s  

corresponded t o  a  52.0% uncer ta in ty .  The t o t a l  due t o  Doppler uncer- 

t a i n t y  (+2.0%), frequency meter (20.1%) and n u l l  meter +2% was about 

22.8%. The t o t a l  var iance was est imated t o  be 

I n  a d d i t i o n  t o  the above unce r ta in t i es  there  are  some o the r  

considerat ions.  

Equation (7.13) i s  an approximation t o  Equation (4.1) and i s  

v a l i d  f o r  small s c a t t e r i n g  angles. A t  10" t he  e r r o r  in t roduced by 

t h i s  approximation i s  l e s s  than 0.5%. I n  r e a l i t y  t h i s  e r r o r  i s  one 

sided and i s  t he re fo re  a  b ias .  

The e f f e c t  o f  v e l o c i t y  g rad ien t  on the measured v e l o c i t y  i s  small 

f o r  most measurements, e s p e c i a l l y  those near the  i n t e r i o r  o f  the channel. 

An approximate equat ion f o r  es t imat ing  unce r ta in t y  due t o  v e l o c i t y  

g rad ien t  i s  

Taking values o f  2a/u = 0.026/20 and Au/Ax = 1/0.1 the unce r ta in t y  i s  

o f  t he  order  1  .3%. For 1  arger gradients t h i s  would, o f  course, be 

l a rge r .  This  est imated unce r ta in t y  i s  be1 ieved t o  be considerably 

l a r g e r  than t h a t  resolved by a  mean frequency de tec t i ng  device. This  

unce r ta in t y  i s  a c t u a l l y  a  s h i f t  o f  t he  Doppler frequency. 



For any given data set ,  the accuracy was b e t t e r  than the  s ta ted 

t o t a l .  The uncer ta in t i es  due t o  s c a t t e r i n g  angle and t h i r d  v e l o c i t y  

component, and noise would be small. The primary uncer ta in ty  would 

be due t o  the  reading accuracy (2.0%). 

7.3 TURBULENCE INTENSITY 

The turbulence i n t e n s i t y  measurement was est imated t o  be accurate 

t o  w i t h i n  about 25.1%. This 1  arger  unce r ta in ty  as compared t o  mean 

v e l o c i t y  was due t o  the  uncer ta in ty  o f  add i t i ona l  f a c t o r s  requ i red  t o  

ob ta in  the  turbulence v e l o c i t y  as summarized i n  Table 7.3. 

TABLE 7.3. Summary o f  Accuracy Estimate 
f o r  Turbulence I n t e n s i t y  

Components A f f e c t i n g  Turbulence 
I n t e n s i t y :  

L inear i ty  of A f l A E  

Frequency Of fse t ,  Af 

Nu1 1  Of fse t ,  AE 

''rms" voltage, E '  

System Noise 

Doppler Broadening 

Total 

Accuracy, % 

22.0 

21.4 

22.0 

k2.0 

+I .2 

22.5 - 
k5.1 

The t ~ ~ r b u l e n c e  i n t e n s i t y  was ca lcu la ted from the equation 

The variance on the i n t e n s i t y  i s  
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where I i s  taken t o  be t h e r a t i o u 1 / u .  A s a f r a c t i o n ,  t h i s  i s  

E f f e c t s  o f  system no ise  and 1 i n e a r i  ty o f  t he  AE/Af s lope should a l so  

be added t o  t h i s .  

The measurement o f  t h e  f l u c t u a t i n g  Doppler frequency cons is ted  o f  

several  components. The frequency-to-vol tage conversion s lope Af/AE 

was est imated t o  be l i n e a r  t o  w i t h i n  +2% based on check measurements o f  

1 i near i  ty du r i ng  t h e  experiments. The frequency o f f s e t  accuracy was 

est imated a t  +I .4% based upon reading the  frequency meter t o  w i t h i n  

1 kHz a t  n u l l  and a t  o f f s e t  p o s i t i o n  f o r  a t y p i c a l  o f f s e t  o f  100 kHz. 

For t he  100 kHz o f f s e t ,  the  vo l tage o f f s e t  was usual l y  g rea te r  than 

500 mV. By reading t h e  nu1 1 meter t o  w i t h i n  + I 0  mV t h e  accuracy o f  AE 

was est imated t o  be w i t h i n  +2%. Th is  had t o  be considered twice,  how- 

ever,  because n u l l  meter had t o  be read a t  n u l l  and the  o f f s e t  p o i n t .  

The rms vo l tme te r  reading was t y p i c a l l y  about 500 mV. I t  cou ld  be 

read t o  w i t h i n  + I 0  mV which gave an unce r ta in t y  of +2.0%. The rms 

meter a l s o  was used t o  measure the  system no ise  w i t h o u t  a Doppler s i g -  

na l .  A l l  checks i n d i c a t e d  l e s s  than 5 mV no ise  f o r  both t he  s i n g l e -  

and two-component data processing. Th is  gave a no ise  es t imate  compared 

t o  El o f  about +I .2%. 

The work o f  George and Lumley (16,17,18) was used t o  he lp  def ine 

the  c o n t r i b u t i o n  of t he  Doppler ambiquity.  Accordivg t o  George and 

Lumley, broadening causes a n e a r l y  constant  no ise  base l e v e l  on t h e  



power dens i ty  spectrum as shown i n  Figure 3.2. I f  t h i s  i s  t rue ,  then a 

p l o t  of turbulence energy should show a l i n e a r  increase i n  turbulence 

energy w i t h  increas ing c u t o f f  frequency o f  the low-pass f i l t e r s .  

Several sets of data were taken t o  check t h e i r  theory and t o  s e l e c t  an 

appropr iate c u t o f f  frequency. An example o f  such data i n  Figure 7.1 

shows an approximately l i n e a r  increase w i t h  frequency. These represent 

a worse case s ince most a l l  o ther  data d i d  not  show as much v a r i a t i o n  

w i t h  cu to f f  frequency i n  the h igher frequency range. The r e s u l t s  show 

tha t ,  depending upon the  r e l a t i v e  importance of broadening, about 10% 

increase i n  turbulence energy occurs beyond the  break p o i n t  a t  about 

4 kHz. By c u t t i n g  o f f  a t  a frequency o f  4 kHz i n  t h i s  case, the  e f f e c t  

o f  broadening due t o  h igher frequency can be reduced. For most data a 

frequency cutof f  i n  the range of 3 t o  6 kHz was used. Since a d e f i n i -  

t i v e  co r rec t i on  procedure does not  e x i s t ,  a  +2.5% uncer ta in ty  was 

app l ied  t o  the  i n t e n s i t y  data f o r  unce r ta in t y  i n  the proper cutof f  f r e -  

quency. This corresponds t o  a c u t o f f  frequency uncer ta in ty  o f  about 

k1.5 kHz i n  the l i n e a r  range. Figure 7.2 shows a turbulence i n t e n s i t y  

p l o t  through the  center  gap o f  Channel C f o r  three c u t o f f  frequencies. 

The data show about 15% increase between 1 kHz and 4 kHz c u t o f f  f r e -  

quencies but l ess  than about 5% increase between 4 kHz and 10 kHz. A l l  

data i n  Channels D and E were taken a t  a cutoff  frequency of 1 kHz and 

there fore  low. Based upon the  data o f  F igure 7.2 they would be about 

15% low. From the above estimates the  t o t a l  est imated variance f o r  

the turbulence i n t e n s i t y  i s  



CUTOFF FREQUENCY. KHz 

F igure  7.1. Turbulence energy versus low pass f i l t e r  c u t o f f  
f requency i n  center  gap o f  Channel C.  
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Figure  7.2. Turbulence i n t e n s i t y  d i s t r i b u t i o n  i n  cen ter  gap o f  
Channel C a t  se lec ted  c u t o f f  f requencies, 
Re = 100,000. 
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7.4 TIIRBLILENCE SCALE 

The Eu le r i an  t ime macroscale est imates were ob ta ined  by f i  t t i n g  

an e x p o n e n t i a l l y  decaying cos ine f u n c t i o n  through t h e  a u t o c o r r e l a t i o n  

p l o t s  ob ta ined  f rom the  x-y recorder .  By accep t ing  t h i s  f u n c t i o n a l  

fo rm approx imat ion and T a y l o r ' s  hypothesis,  i t  i s  poss- ible t o  es t imate  

t h e  accuracy o f  t h e  tu rbu lence  sca le  data.  The t o t a l  es t imated  uncer- 

t a i n t y  o f  28.3% cons is ted  o f  t h e  f a c t o r s  shown i n  Table 7.4. 

TABLE 7.4. Summary o f  Unce r ta i n t i es  f o r  Macroscale 
Est imate 

Components A f f e c t i n g  Macroscal e  Accuracy (%) 

Mean V e l o c i t y  k3.2 

Time Macroscale: 

Reading P l o t  k5.0 

C o r r e l a t i o n  F i t  25.0 

P l o t t e r  Accuracy k2.0 

C o r r e l a t i o n  Func t ion  22.0 

To ta l  k8.3 

The es t imated  macroscale was c a l c u l a t e d  f rom t h e  equat ion  

where 
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and where a and a2 a r e  t h e  parameters used t o  f i t t h e  c o r r e l a t i o n  1 

f u n c t i o n  t o  t he  form 

R ( r )  = exp (air) cos ( a 2 r )  (7 .24)  

By us ing  Equat ion (7 .5) ,  t h e  var iance  o f  A on a f r a c t i o n a l  bas i s  i s  

The var iance  due t o  r eco rd ing  , 
L 

p l o t t i n g  and read ing  

(7.25) 

t h e  c o r r e l a t i o n  

p l o t  shou ld  a l s o  be added t o  these.  

For most cases where t h e  c o r r e l a t i o n  f unc t i on  i s  n e a r l y  an expo- 

n e n t i a l  decay, al > a2; t he re fo re ,  as an approx imat ion 

.I 

dT, da, 

From Equat ion (7.16) f o r  smal l  a2 

- - dR - r d a  R 

I f  r i s  taken t o  be l a 1 ;  then, an es t imate  f o r  t h e  var iance  on TE i s  

approx imate ly  
3 



Each c o r r e l a t i o n  p l o t  was d i v i d e d  i n t o  e leven  e q u a l l y  spaced p o i n t s  

f o r  i n p u t  t o  a  l e a s t  squares curve f i t t i n g  r o u t i n e .  Each coord ina te  

va lue was read f r om the  p l o t  t o  w i t h i n  +I on a  sca le  o f  t y p i c a l l y  20 

g i v i n g  a  read ing  accuracy o f  about 5%. 

The c o r r e l a t i o n  f u n c t i o n  was f i t  w i t h  an exponent ia l  f u n c t i o n  by 

us ing  a  least -squares curve f i t t i n g  r o u t i n e  (25) .  The c a l c u l a t e d  

s tandard d e v i a t i o n  f o r  t he  f i t  was u s u a l l y  c a l c u l a t e d  t o  be l e s s  than 

5%. The va lue o f  t he  s tandard d e v i a t i o n  o f  t he  curve f i t  can be 

ob ta ined  f rom the  da ta  t a b u l a t i o n  i n  Appendix B. Since a l l  p l o t t e r  

data were normal ized, abso lu te  sca le  accuracy was n o t  r equ i red .  The 

p l o t t e r  l i n e a r i t y  and accuracy f o r  t h i s  range was es t imated  t o  be about 

2%. The c o r r e l a t o r  s p e c i f i c a t i o n s  s t a t e d  an accuracy o f  b e t t e r  than 2%. 

The above var iance  es t imates  g i ve  a  t o t a l  va r iance  o f  

7.5 REPRODUCIBILITY 

Several se t s  o f  da ta  were taken t o  v e r i f y  r epea tab i l  i t y  o f  bo th  

t he  s- ingle-and two-component data.  The da ta  o f  F i gu re  5.29 show t h e  

r e s u l t s  o f  5  d i f f e r e n t  se t s  o f  data taken i n  bo th  t he  s i n g l e -  and two- 

component c o n f i g u r a t i o n .  The v e l o c i t y ,  i n t e n s i t y  and sca le  data show 

u n c e r t a i n t i e s  t h a t  a re  o f  t h e  magnitudes p r e v i o u s l y  descr ibed.  

F i gu re  7.3 shows a  comparison o f  a x i a l  component data taken i n  t he  

r o d  gap o f  Channel E  f o r  bo th  t he  one- and two-component c o n f i g u r a t i o n s .  

The e x c e l l e n t  agreement here v e r i f i e s  t h e  method o f  r e s o l v i n g  t h e  two- 

component data.  
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8.0 CONCLUSIONS AND RECOMIYENDATIONS 

The present experimental study has prov ided new and usefu l  informa- 

t i o n  regarding the  t u r b u l e n t  f l o w  through rod  bundles. This  has been 

accomplished by measuring the  v e l o c i t y ,  turbulence i n t e n s i t y  and 

Eu le r i an  au toco r re la t i on  func t ions  l o c a l l y  w i t h i n  several f l ow  channels 

by us ing a laser-Doppler velocimeter (LDV). The LDV proved t o  be a 

very valuable and usefu l  t o o l  f o r  t h i s  study. 'The small s i z e  and the  

ease o f  l o c a t i n g  the  sample volume w i t h i n  the  channel made the  exper i -  

mental study possib le.  

The experimental program has shown t h a t  rod gap spacing has s jg -  

n i f i c a n t  i n f l uence  on the  t u r b u l e n t  f l o w  s t r u c t u r e  i n  rod  bundles i n  a 

way t h a t  cannot be deduced from round p ipes.  While the v e l o c i t y  pro- 

f i l e s  are i n  reasonable agreement w i t h  un iversa l  p r o f i l e s  i n  pipes, the 

turbulence i n t e n s i t y  and macroscale are l a r g e r  than f o r  p ipe  flows o f  

the  same hyd rau l i c  diameter. A fundamental source o f  t h e  d i f f e r e n c e  

seems t o  be r e l a t e d  t o  the  secondary f l o w  pat te rns  caused by the non- 

uni formly shaped channels i n  rod  bundles. 

The f o l l o w i n g  conclusions can be made regarding the experimental 

resu l  t s  : 

1. The dimensionless parameters G/u, u ' / u  and A I D  are weakly 

dependent on Reynolds number, 

2. The shape o f  subchannels adjacent t o  a rod  gap does no t  s i g n i f i -  

c a n t l y  a f f e c t  t he  v e l o c i t y  and turbulence parameter d i s t r i b u t i o n  

i n  the gap. 



3.  Reducing t he  r o d  gap spacing increases t he  i n t e n s i t y  and t he  

l o n g i t u d i n a l  macroscal e. 

4. The tu rbu lence  g e n e r a l l y  has a frequency rang iqg  up t o  a  few kHz 

w i t h  t h e  energy con ten t  g r e a t e s t  a t  ve ry  low frequency; however, 

reduc ing  t h e  r o d  gap spac ing  causes a s h i f t  toward a h i ghe r  

dominant f requency between t h e  subchannel cen te r  and rod  gap. 

5. Adding more l a t e r a l  freedom t o  a f l o w  model does n o t  s i g n i f i c a n t l y  

mod i fy  t h e  v e l o c i t y  and tu rbu lence  parameter d i s t r i b u t i o n  w i t h i n  

a  r o d  gap. 

6 .  The l a t e r a l  component o f  t u rbu lence  i n t e n s i t y  ( v 1 / u )  v a r i e s  

depending upon l o c a t i o n  b u t  ranges f rom about 50% t o  80% o f  t h e  

a x i a l  component i n t e n s i t y  ( u 1 / u ) .  

7. The t u rbu lence  i n t e n s i t i e s  show h i g h l y  nonuniform d i s t r i b u t i o n s  

w i t h  r e l a t i v e  minima a t  t h e  subchannel cen te r  and i n  t he  r o d  

gap 

8. The a x i a l  E u l e r i a n  macroscale as es t imated  by T a y l o r ' s  hypothes is  

i s  on t he  o rde r  o f  0.4 t imes t h e  h y d r a u l i c  d iameter  f o r  p /d  = 1.25. 

9. The exper imenta l  r e s u l  t s  f o r  v e l o c i t y  and t u rbu lence  i n t e n s i t y  

a r e  i n  genera l  agreement w i t h  t h e  r e s u l t s  o f  K j e l l s t r o m .  

10. D i s t o r t i o n s  o f  tu rbu lence  i n t e n s i t y  maps show t h e  ex i s tence  o f  

secondary f l ows ;  however, t h e i r  magnitude i s  be l i eved  t o  be l e s s  

than 1% o f  t h e  a x i a l  v e l o c i t y .  

11. The r e g i o n  between t h e  r o d  gap and subchannel c e n t e r  appears t o  

have p e r i o d i c  macroscopic f l o w  processes t h a t  inc rease  i n  sca le ,  

i n t e n s i t y ,  and frequency as t h e  r o d  spac ing i s  reduced. 



12. The c ross f low mix ing  parameter w'/GD as est imated by the  p roduc t  

( u ' / u ) ( A / D ) ( s / ~ y )  changes o n l y  moderately w i t h  a  change i n  r o d  gap 

spacing. Th is  i s  the  f i r s t  known measurement o f  tu rbu lence  

parameters t h a t  can e x p l a i n  t he  weak i n f l u e n c e  o f  r od  gap spac-ing 

on rod  bundle i ntersubchannel mi x i  ng . 
Several recomiiendations a re  o f fe red  as a  r e s u l t  o f  t h i s  s tudy:  

1. An experimental  s tudy o f  1  ongi t u d i n a l  s p a t i a l  c o r r e l a t i o n  f unc t i ons  

i n  rod  bundles would p rov ide  use fu l  i n fo rma t i on  t o  assess t he  

accuracy o f  us iqg  T a y l o r ' s  hypothes is .  Th is  cou ld  be done w i t h  

a  dual channel and a  m u l t i p l e  beam LDV system. 

2. To p rov ide  more q u a n t i t a t i v e  data on l o c a l  eddy d i f f u s i o n  coe f -  

f i c i e n t s ,  more i n fo rma t i on  i s  needed on t h e  re1  a t i o n s h i  ps between 

Lagrangian and Eu le r i an  turbulence parameters. A combined expe r i -  

ment i n v o l v i n g  s c a l a r  m ix ing  i n  t he  same f l o w  channels where 

Eu le r i an  tu rbu lence  parameters a re  measured woul d  be very va luab le  

t o  assess t he  r e l a t i o n s h i p  between these two impor tant  parameters. 

3. Add i t i ona l  experimental  data over  a  w ider  range o f  gap spacings 

should be ob ta ined  t o  p rov ide  a  more complete d e s c r i p t i o n  o f  the  

impor tan t  e f f e c t  o f  gap spacing on t he  t u r b u l e n t  f l o w  processes. 

4 .  The e f f e c t  o f  sur face  roughness should be i n v e s t i g a t e d  i n  more 

d e t a i l  s ince s i g n i f i c a n t l y  enhanced tu rbu lence  i n t e n s i t y  and 

p e r i o d i c  f l o w  pu l sa t i ons  were - ind icated i n  the  presence o f  

roughness. 



9.0 NOMENCLATURE 

Flow area 

R e f r a c t i v e  index  c o r r e c t i o n  t o  t r a v e r s e  dimension z 

A u t o c o r r e l a t i o n  f u n c t i o n  

Diameter o f  1  aser  beam a t  f o c a l  p o i n t  

Rod d iameter  

Hyd rau l i c  d iameter  (4A/Pw) 

2 Diameter a t  l / e  i n t e n s i t y  p o i n t s  o f  a  Gaussian d i s t r i b -  

u ted  l a s e r  beam a t  t h e  l ens  

Molecular  d i f f u s i o n  c o e f f i c i e n t  

F l u c t u a t i n g  vo l t age  ampl i tude 

"Rms" f l u c t u a t i n g  vo l t age  

Turbulence energy spectrum 

E l e c t r o n i c  s i g n a l  vo l t age  

Focal l e n g t h  

Darcy f r i c t i o n  f a c t o r  

Doppler f requency 

F l u c t u a t i n g  component o f  Doppler f requency 

Osci 11 a t o r  f requency 

E u l e r i  an l o n g i t u d i n a l  s p a t i a l  c o r r e l a t i o n  f u n c t i o n  

Mass f l u x ,  pu 

Photo tube c u r r e n t  

Turbulence k i n e t i c  energy 

S c a t t e r i n g  v e c t o r  

L a t e r a l  tu rbu lence  sca le  



M i  x i  ng 1  ength 

Frequency 

R e f r a c t i v e  index  

Noise con tri b u t i  on t o  e l  e c t r o n i  c  s i g n a l  vo l  tage 

Rod p i t c h  

Pressure 

Wetted per imete r  

Radial  d is tance  

Reference u n i t  vec to r  

S c a t t e r i n g  u n i t  v e c t o r  

Reynolds number (GD/p)  

Eu le r i an  c o r r e l a t i o n  f u n c t i o n  

Lagrangi an c o r r e l a t i o n  f u n c t i o n  

Eu le r i an  space-time c o r r e l a t i o n  f u n c t i o n  

Rod gap spacing 

T i  me 

Averaging ti me 

Eu le r i an  t ime macroscale 

Lagrangian t ime macroscale 

V e l o c i t y  a long  l i n e  o f  maximum v e l o c i t y  

Channel average v e l o c i t y  

Shear v e l o c i t y  based on u  

Instantaneous v e l o c i t y  components i n  t he  x, y, z 

d i  r e c t i  on 



u ' ,  v ' ,  W '  F l u c t u a t i n g  v e l o c i t y  components i n  t he  x, y, z  

d i  r e c t i  on 

i, i ,  w Mean v e l o c i t y  component i n  t h e  x, y, z d i r e c t i o n  
- -- 
U ' V ,  V ' W ,  W ' U '  Tu rbu len t  shear s t r e s s  components 
- -- 

2 2 u '  , v '  , w12 P r i n c i p l e  t u r b u l e n t  s t r e s s  components 

u 'V1  Macroscopic shear s t r e s s  component 

v Ki  nemati c  v i  scos i  ty (p/p) 

- 
V V e l o c i t y  v e c t o r  

w Radia l  f requency 

F l u c t u a t i n g  component o f  r a d i a l  Doppler f requency 

Average r a d i  a1 Doppler f requency 

Radia l  Doppler frequency 

w' Tu rbu len t  c ross f l ow  p e r  u n i t  l e n g t h  

W 
0 

Radi a1 osc i  11 a t o r  frequency 

X, Y, Z Car tes ian  coord ina tes  

Y  Dis tance f r om w a l l  
h 

Y Dis tance f rom w a l l  t o  l i n e  o f  maximum v e l o c i t y  

Y C o r r e l a t i o n  parameter o f  Ingesson, e t  a1 . 

Yo9 z~ 
Reference coord ina tes  f o r  ( y ,  z)  

y 2 ( t )  Mean square d i f f u s i o n  d i s tance  

al 'a2 
Funct ion f i  t parameters 

Y F l u c t u a t i n g  component o f  s c a l a r  

r Scal a r  quan t i  ty  
- 
r Average va lue o f  s c a l a r  q u a n t i t y  



Voltage of fse t  

Frequency o f f se t  

Centroid o r  "mixinc" distance between subchannels 

Space-time correlation parameter 

Eddy diffusivi  ty 

Vorticity components i n  x, y ,  z direction 

Scattering angle 

Wavelength of l i gh t  

Turbulence mi croscal e 

"in-vacro" wavelength of laser  l i gh t  ( A  = 63288, 

He-N, ) 

Eulerian 1 ongi t u d i  nal space macroscale as estimated 

by Taylor's hypothesis 

Eul erian longi tudi nal space macroscale 

Lagrangi an space macroscale 

Absol ute vi scosi ty 

Density 

Sample volume standard deviation of intensi ty  

dis t r ibut ion 

Standard devi a t i  on 

Time delay 

Wall shear s t r e s s  

Angular coordinate 
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APPENDIX A 

DATA REDUCTION COMPUTER PROGRAM 

REAL L P F  
OATA ~ F ( ~ l ~ l = ~ ~ l ~ l /  S H I A ~ . , ~ H F ~ . O , , S H F ~ . J I ~ ~ H F ~ . ~ O ,  
I S H F 6 . 1 ~ ~ S L ~ F 5 ~ 2 , 0 5 k ~ F ~ , I  I I > H F ~ . ~ I B ~ H ~ ~ , ~ ~ I  
2  S H F o . 3 ,  0 5 , ~ F 6 . 2 1  , 5 ! i F b . 2 1  ~ 5 1 . 1 . 0 0  B 

3 5 H F 6 . 3 ,  , 3 ~ i I ' l )  , 3 r l A b ,  0 3 H A 5 r  , 3 r i A ' l ) /  
C A T A  t i S L A + I f  ,bLAt : r (oBLANr (5 /9H - 0 5 H  - s 9 H  - /  
OATA l i ~ l l ~ a l ~ l ~ l l ~ ~ l l ~ l ~ ~  

1  F O R M A T ~ A I ~ I ~ O Z F ~ ~ ~ ~ F ~ ~ D I ~ ~ A ~ )  
2  FCHYAT I A ~ ~ F ~ ~ ~ S , F S ~ ~ O Z F ~ ~ ~ I ~ ~ ~ F ~ ~ ~ ~ F ~ . O ) ~ F ~ ~ O ) ~ F S ~ ~ )  
3  FOfiHAT( ' H l D H 6 V L I C  UIAIETERI 0  = ' F 5 . 3 0 1  INCnES. ' ,  
I' AVERAGE V E L O C I T Y ~  U = ' F 5 . 1 ~ '  F T / S E C o  LI = ' F 5 . 3 m r  F T / S E C . ' /  
I ' Q U E S T I J , ~ A S L E  DATA P O I ~ T * '  o 
3 '  - NO D A T A  P 3 1 N T . l )  

S  F O R H A T l 4 E 5 . 2 )  
6 F o R * A ~ ( b x , F 4 . 0 , 1 2 ~ 5 . 2 1  
8 FOReAT 1 1 6 k 5 1  
9  F O R d A T I ' l  T A B L E  a - l  (CONT.1. T A E U L A T I O C  OF E X P E R I M E N T A L  D 

l A T A . ' / / I X r I C A 5 / /  
2 '  HUN REYhOLUS Z Y  U U / b  U / U  U / U  U / U  V /  
3 U  V / U  CUTOFF CURVE F I T ' /  
9 '  N U X B E H  I N .  I N *  F T / S E C  
5  U H Z  / @  F l h Z )  'I 

A V I S C ( T 1  = 5 . 3 5 U 3 * 1 d . - * ( 1 4 1 . / 1 2 b 7 . 6 * T ) 1  
U H O I T I  = 6 2 ~ 7 6 - 0 ~ 5 3 7 6 * ~ T / 1 0 l J ~ ) - O 0 3 6 5 * ~ T / ~ ~ 0 ~ 1 * * 2 ~ . 0 l 7 3 * ~ ~ / I O 0 ~ 1 * * 3  
V I S C I T )  = A V I S C ~ T I / Q H O I T I / ~ ~ ~ ~ .  
R l t < O E X I T l  = 1 . 3 3 7 0  - ~ ~ 0 0 C 1 7 ~ * 1 T - 3 2 . 1 * 5 . / 9 .  
A A I  = 7 . 1 1 0  
A A 2  5 .595  
A 8  = 2 .694  
AC 1 .890  
AD 8 1 .137  
AE 1 . 1 1 3  
P I  0 3 . 1 9 1 5 9  

LO d E A D  1,  CI IN, . ;~~UIUSI XO,YOqPSI  ,COHENT 
I F ( h H U M 5  . L T . I l  STOP 
HEAD 6 ,  T I T L E  
P R I N T  9 1  T I T L E  
READ 51 A, GrlYD, 1C0174,  YCORR 
XO r XO - XCUFi2  
YL'UIIY = YU 

C  I ~ T E H C H A ~ I S E  NEXT 2  CARDS FDR Y  T R A V E R S E  O P T I O N  
YO = YUVMY - YCOKR - .  - - 
YO = YCLltlY YCOKR 

C  YO=YDUMY-YCGkk I S  THE O P T l O E  FOR RUNS A 1 0 0 0  - A 1 9 9 1  OHLY. 
C 

COSINE = CE.IPSI*PIIIRC.) 
S I N E  S I I I ( P S I Q P ~ / l 8 U . l  
L I N E  0 0  
DO LOO K = l  o lOOO 
L I M E  L I f d E  + I 
IFIL INE.LE.~OI  G O  T O  1 1  
P R I N T  3 ,  OHT'Do J A V G O  USTAR 
P R I N T  9 0  T I T L E  
L l l i t  r 1  

I 1  R E 6 0  2 ,  RUid, TEAP,  F L O ~ ,  X I  Yo I F O I I I D E R ~ ~ S I I I D D E L T A F ~ I ) ~  
1  D E L T A E ( 1 l o : J A ~ d ~ I I I ~  L ? F l l ) o l ~ l o Z I ~  E 1 E 2  

I F  I T E h P e L T .  1. 1 PI ( I :qT  3 ,  OHYl), U A V S o  USTAR 
I F I T E ~ I ~ . L T . I . I  G Y  T O  1 0  



3 E k D  & I  T I  3 1 V 1 ; * 1  i 
1 2  I F I F 3 1 1 1  . ~ : T *  L . 1  5 3  TIJ 1 5  

F U l l l  = F 0 1 2 1  
F O I Z I  - 0 .  
E 3 ~ 5 1 1 1  E H I S I Z )  
t R P S I 2 1  =O. 
D L L T A F I I )  = O t L T A F l Z I  
D L L T A F 1 2 1  a 0 .  
S E L T A E I I )  = 2 E L T A E I Z I  
J E L T 9 E 1 2 l  art- 
B A b ~ l l l l  = d A P . L I 2 1  
3 A K 3 1 2 1  = 3 .  
L P F I l )  = L P F < Z )  
L P F I ~ I  = C. 

I S  T h E T A  = . I 7 4 5 3  
C N  = 5 l L ; I T r E T A l / ~ I . ~ O E X  I T E U P I  
CN = A S l l r I C ; . )  
C h  - T A V I T n E T A I / T 4 h l C i ~ l  
X  = ( A - X O I * C h  
YOUHY Y  - YO 

C  I N T E R C H A i 4 G E  N E X T  2  C A R J S  F O R  Y  T R A V E 8 S E  O P T l J l v  
Y = Y D u n Y  
Y  = - Y ! > l I d Y  

C  Y = Y D U K y  I 5  T H E  C P T l O . 4  F 0 3  R U h S  A l O U G  - A 1 4 9 1  O N L Y *  
C  

0 0  1 8  l = l l l 6  
1 8  f n T 1 1 1  = F ~ I I  

D O  2 0  l = l l Z  
F D I I I  = F o l l l - 1 .  
I F I F D I I ) . L T . ~ J . )  F i l t 1 )  1 5 .  
U I l l  = 1 1 . 7 6 * F u t l I  
F P I I I  = D E L T A F I 1 I / 3 E L ~ A E I I I * E R H S I I l  
U P I I I  l l . V o * F P l I l  

2 0  C O h T l i l U E  
25 U l U 2  = C E L T A F ~ I I * D E L T A F ~ ~ ~ / D E L T A E ~ I ~ / O E L T A E ( ~ )  

I * E l E Z * l I . ~ h * * Z  
V I  = U l ~ l * C O S I U E  - U I Z l * S l h E  
V 2  = U l I l * S I V E  + U ( 2 l * C O S I N E  
V P I  = U P I I I  
I F ( P S I . % E . C . l  V P l  9 V p 1 / 1 . 4 1 ' I  
V l V 2  = U I U 2  
T U R B I  = V P I / V l  
V P 2  - U P 1 2 1  
I F l P 5 1 . t l E . i . l  V P 2  V p Z / 1 . 4 1 4  
T U R 8 2  = V P i / V I  
I F ( V I . L E . J . 1  G 3  T O  4 0  
C K A X  = C  I I )  
I F I C H A X . L E . . U I I  GO T O  4 0  
O E L T A T  - T / S I V I S N  
DO 3 0  I ~ l r l l  
c ( 1 )  c ( l ) / c n h X  

3 0  T A U ( I 1  = D E L T A T * F L O A T t l - 1 1  
A L I I I  = l C l 2 I - C 1 I l l / D E L T A T  
A L I 2 1  - - 0 . 6 * A L I I l  
n - 2  
L S O  = I 
L 5 3  = 2 
E2R I . € - 5  
I 4 T H I E S  = 1 5 0  
C A L L  L S D I T A U I C I , .  1  I I A L . ~ . ' , E R ~ I ~ ~ S I L S O I ~ ~ T R I E S I  
A L I I I  = A L l I l * 1 0 3 J *  
A L I 2 1  - A L I Z l * 1 3 3 0 .  
T E  ~ - ~ ~ / k ~ l I l * l I ~ / I ~ ~ + I A L l 2 l / A L l I l l * r 2 ) )  
S C A L E  - V l * T E * 1 2 *  
D S C A L E  n S C P L i / i 3 Y O  
f 8 E Q  A L 1 2 1 / 2 . / ? I  
GO T O  'I5 



4 0  DSCALE a BLAIII(S 
F M T l 1 3 )  = F l l a l  
FREG = B L A ~ K  
F H T l 1 4 )  = F l 1 7 1  
RrlS = d L A t . 1 ~  
F n T l 1 5 )  = F 1 1 7 )  

4 5  UClVG 0 FLO, , /A . /7 .qa /6J . *14% 
RE = U A V t i * S H Y S / V I S C I T E ~ l P ) / I Z *  
UO V I / U A V G  
F F  = 1. 
I F I A G ~ I A - A A ~ ) . L T . . O ~ ~ )  F F = * 1 5 6 6 / R E * * . 1 0 6 9  
I F I C ~ O S I C - A A Z ) . L T * . O O ~ )  FF=.2112/YE* . .z110 
I F I A ~ S ( A - A ~  ) .LT. .O? l )  F F * * L I H I / n E * * . 2 1 9 6  
I F I A B s I A - A C  ) . L T * . 0 3 1 )  FF' .ZODd/RE**.2142 
I F l A 5 S l A - A 3  ) .LT. .001)  F F = . 3 i q h / q E * * * Z 7 2 5  
I F I A B 5 l A - C l E  ).LT..O31) F F = * 3 4 3 1 / H E * * * 2 6 7 8  
USTAR S O R T I F F / a . ) r U A V G  
US = V I / U s T P R  
UPS1 9 V P I / U 5 T A d  
UPS2 a VP2/USTAQ 
1FIVI.GT.O.I  GO TO 'I9 
V I  BLANK 
F M T I S )  = F 1 1 7 )  
UD = BLANK 
F i . l T I 6 )  = F 1 1 7 )  
US = BLANI( 
F ~ T I ~ )  = ~ 1 1 7 1  
L P F I I )  = eLAI.K 
F K T 1 1 2 )  0 F 1 1 7 1  

4 9  IFITURFII.GT.O.I GO TO 5 0  
T U H R l  BLAtdK 
F t ! T I 0 1  = F 1 1 7 )  
UPS1 9 BLANK 
F n T l 9 1  = F 1 1 7 1  
L P F I I )  = BI.AhK 
F H T I I Z I  = F 1 1 7 )  

5 0  IF lTUR02.GT.O. I  GO TO 6 0  
TUR82 =  LANK 
F H T I I O )  I F ( 1 7 )  
UPS2 BLAhK 
F N T I I I )  F 1 1 7 )  

6 0  1F lY.LE. I .E-5)  Y = 0 '  
P R I T L I L I F H T )  R U ~ ~ ~ R E ~ A ~ Y ~ V ~ ~ U D ~ U S ~ T U R B ~ ~ U P S ~ ~ T U R R ~ ~ U P S ~ S L P F I ~ ~ ~  
I DSCALEnFREQnRMS 

1 0 0  C O g T l l r J E  
GO TO 1 0  
END 



SULIF IOUTI I~E  L ~ U ( X I Y  I . Y B : . I A L I V , ~ H ~ R M S I L S O I N T R I E S )  
C  
C  T d I 5  I S  A  L C A S T  S c J A R E  3 1 S T A l l C E  C U R V E  F I T T I ' d G  SUgWOUTINE.  
C  I T  H A S   JILT I t 3  Tr tE S ~ C L S S I V L  T L h S E N T  L I N E  S C H E k E  TO F I d D  THE 
C D I S T A . 4 C E  T?.D'I A D A T A  ?S I ! .T  7 3  THE C U H # E .  
C  I T  C A L L 5  >?COr t?  k : ! 9  SOLVE 7 3  SOLVE T i l E  L I N E A R  S l h U L T A t d E O U S  E Q U A T I O Y  
C  A L s 6  I ? i  W UhK:<U i# i . i j .  
C  I T  C A L L S  F i l h C  T D  0 g T ~ 1 . d  I N F O R P ~ A T I O N  A b O i l T  THE F U ~ J C T ~ O N  a E I N G  F I T T E D .  
C  L S O  3 P T I O s  A J S E D  G I  0.5. N 3 . ' Z .  
C  I F  L S O = l ,  TEE L E A S T  S . ? 3 A R F 5  D I S T A N C E  T E C k I K I d U E  I S  USED. 
C  I F  L S U = Z l  T t l t  C 3 t : Y E N T l i l l l P L  L E A S T  S Q U A R E S  T E C H N I Q U E  I S  USEL). 

P A R A r l E  1 E H  h C = 1 1  
P P I R A ~ E T E ~  &.PC4 
D I i 4 E N S I O N  X ( % D I  IY ( I ~ D I ~ : ~ ( V S I ~ A L ( ~ P I , D ( ~ P ~ H ~ )  
O I M E N S 1 3 1 :  O ~ S ( I . ~ O ~ , X ~ ( E ~ ~ ) , ~ ~ Z ( N L , ) , I D ( ~ I I Y I ( ~ D I , D X ~ N D )  
C O h a J > i  /hut./ A~~:! ' ,?.P),z( I P I  , e ~ l r P l  , l P S ( ? ; P )  

C  
C  I f  I P R I N T = O e  THERE I S  NO P R I N T E D  OUTPUT FROM T H I S  S U B R O L T I N E .  

I P R I N T = 2  
I P R I I ~ ~ T - 3  
T R M S - I . E l 0  
I D I l ) =  0.(COf4VER 
1 0 1 2 1 =  6HVEqGEO 
1 0 1 3 )  = 611 
DO 2  I = l . E ;  

2  D x I I ) = O .  
C  
C  S T A R T  I T E 7 A T I O N  

DO 1 0 0  I T E R a l  e > l T S I E S  
C  

GO T J  ( 5 , 3 5 ) 1 L S 0  
C  L E A S T  S Q U A R E S  DISTA!dCE OPT1014 
C  F I N D  C L O S E S T  P O I ~ I T S  ON CURVE 

5 DO 3 0  l = l ~ L  
* 2 ( 1 1 - , 1 1  I )  

C  F l H D  C L U S E S T  P31>4T  G I V E N  AN I N D l V l D U A L  D A T A  P O I N T  
DO lil i ( = I , 5 0  
I F l A d S l ~ ~ ( I ) ) . L T . I . E - 9 ) G O  TO 2 0  
X T m X ( I ) * 3 ~ ( 1 )  
C A L L  F U Y C ( X T ~ Y l ~ l s A L , X D E R , D )  
O Y = Y ~ I l - Y 1 ( 1 I  
C X T ~ I - D X ( I ) + O Y * X U E R I / I I . + X D E R * * Z I  

C  
C  THE h E X T  3  CARES P a E v E V T  OVERSHOOT BY O E C S E A S l N G  THE INCRENENT.  
C  T H I S  G I V E S  I : ~ C N E A S E D  S T A B I L I T Y  AT THE EXPENCE OF I N C R E A S E D  
C  COhVEWGEYCE T I Y E .  

T T c Z .  
IF(AaSlOi(I1l.GT.I.t-'I)TT=ARSlDXT/DX(I)I 
D X I I ) ~ D X I I l + D X T / ( I . + T ~ * . 5 I  
T = A B S I O Y ) + L ~ S ( D X ( ~ ~ ~  
I F ~ A ~ S ~ ~ X T ) . L T ~ ~ U S ~ I * E - ~ * O X ~ I ) ~ . O R R T * L T ~ E - ~ ~ G O  TO 2 0  

I D  C D N T l h U E  
P R I N T  1 0 0 5  

1 0 0 5  F O R H A T I '  S H J R T E S T  D I S T A N C E  !dOT F S U N O ' I  
H Z ( 1 ) - 0 .  

2 0  C0F ;T IF ;UE 
C  
C  CLOSEST P S 1 4 T  FOUpiD, ' iOy F I N D  O l S T A N C E  

x 1 l l ~ ~ x ~ l l + ~ x ~ I l  
~ ~ S ( I ) = S ~ ~ T I D X ( ~ ~ * * ~ + D Y * * ~ )  
I F I S I S I I ) . L T * I . E - ~ ) U I S ( I I ~ I . E - ~  

3 0  C O N T l N v C  
GO T i l  3 9  

c 
C  L E A S T  5 3 J A H E S  DPTIO;~ 

3 5  DO 3 8  1 = 1 g t :  
9 2 1 1 )  * ( I )  



4 0 .  
x 0 

n m m 
p z z - " , "  
c m m x  
m - x - e  
w r - 4 1 1 0  
a -  U1 
1 . l - I @ . - -  
Z 4  X I 1  
n n - -  
m D D + -  

w l i l v z  
-4 0- 
- 3 w n  
r m  - 
m 2 D -  

-4.u- 
4 - m .  
0 0  V 

2 u r  
m m m m  
C O X -  = - -  
r n - c -  

3 m .  
m  o z  
X - l  N 
4 x 7 -  
mm.4.- 
2 0 -  
- 4 G S  . m  

wl D 
n 
x D - D 
-0 3. 
-4 I, 

:: 3 
O ~ D O O ~ - l - - l - ~ C O O Z c l  I , n - G X O O X  
0 0 - 0 0 P n 1 0 7 ~ - l ~ 0 ~ ~ ~ r U 1 - - < D 4  

n r z - a - m r -  I X - P Z - w l -  7.  
y l P - ~ ~ r w ~ z - n n ~ ; u n ~ - l ~ o - - n r ~ )  
n o - w w  - - l w w l - l x . n + ~  n c ~ r ~ , ~ ~ - l o u . c o m - - - -  • 

z w -  4 1 x  
C - a C - - -  P M C -  n - c -  
I 0 - 1  n z m - 4 - z - I r 4 + m  n m - u  - z -  
x - n  4 -  z-, - x - n -  - - - -  - - 3 2 .  n - - -  m  . > - I -  
z z - 7 . 3 X  , n : < o U - v 7  5 0  r n - * X  - - 1 m m 3 :  - T - l sn - -4  

I - X I . \  - ,J .-. - -  
4  < z - m n  - G  - <  - - w m - 4  • -4r . - c  - -  - - --I,- ~j o r n -  - - ;i . w a x  - Ll ut I - - - r . -  u, ~ m  w - D 4 - 2  - VI - . . r - - v  -i r - m -  s 0 - = a -  21, - x 
X D X V D  :. D O  wl 0 - m  . r o  r4 x -  - m - YJ a x -  - - m r  - m - - S D -  4-4 - 
\ U l n x a  - PI Vl cl 
o - - m x  71 1 - 

2. - 
- l W D  
o n r  - - - V1 - 
- 0 -  



S u U C J U T I ' I t  C C C J  1P (I.I., 1 L 1 t R C n l  
c S ~ N U L T ' I ~ E O U S  L I ~ ~ L . ~  E G ~ J A T I O N  5 ~ ~ . t r ,  R E F  - G. F O R S Y T H E  A N D  C.B. M O L E R ,  
C  CLt,F'JTEd S O L L . T l O l r  3 F  L I N E A R  A L G E L R A I C  S Y S T E K S ,  P H E N T I C E - H A L L I I 9 6 7 1 .  

P A q ~ i 4 t T E h  *Gm4 
C011:lo:i / t r u ~ /  ULI,.C , n G ) ,  x IMGI, @ i n G I ,  I P S I R G )  
D ~ ~ ~ E N s ~ o I ~  S C A L t S i b  fa1 
N  = NN 

L 

c l t i l ~ l h ~ ~ z ~  IPS ,  IIL A N O  S C A L E S  
NOW1 6 
N U N  
DO 5 I = I V Y  

I P S I I )  = i 
ROHNRM a 0.0 

N - r1 
DO 2  J = 1 B N  

I F I R O L ~ ~ R ~ - A B S I U L I I , J I I ~  1 ,2 ,2  
1 R O h h R h  = A ~ S I U L I I I J ) ~  
2  CONTI I4UE 

I F  ( 3 O I d R W I  3 , 4 , 3  
3  S C A L E S 1 1  I ' I.O/RO~INUH 

GO TO 5  
- R I T E  I N O U T I I I I I  

1 1 1  fORf lAT l541 i01 iAT2 IA  WITH ZERO RO'N I N  GECOHPOSE* 
I i R H O l ?  = 1 2  

GO TO 1 0 0  
5 C O N T I N U E  

C  
C G A U S S I A N  E L l M l N A T l O N  * I T H  P A R T I A L  P I V O T I N G  

N M l  = N - 1  
DO 1 7  K  a l s N ' 4 I  

a l G  = 0.0 
DO I 1  I - K,N 

I P  9 I P S 1 1 1  
S I Z E  9 ABsIuLIIP,K)I*sCALESIIP) 
I F  ( S I Z E - B I G )  1 1 ~ 1 1 ~ 1 0  

1 0  a r c  - s l z :  
I O X P l V  = I - 

11 C O N T l F i U E  
I F  l B 1 G l  1 3 , l d , L 3  

1 3  I F  ( I D h P I V - K )  1 4 , 1 5 , 1 Y  
1'4 J a I P S I K )  

I P S I K I  I P S I I D X P I V )  
I P S ~ I O X P I V I  ' J 

1 5  K P  a I P S I K 1  
P I V O T  a U L ( < P # K )  
K P 1  K * l  
30  1 6  I 9 K P I v Y  

1 P  = I P S 1 1 1  
EM I - U L I I P , K ) / P I V O T  
U L I I P v K )  = -EY 
I F  ( E M )  2 0 ~ 1 6 ~ 2 0  

2 0  3 3  2 1  J K P L s Y  
2 1  U L ( 1 P . J )  0 U L I I P v J )  E N * U L I K P P J I  
1 6  C O N T I N U E  
1 7  C O H T l N J E  

K P  = I P S I N I  
I F  I U L I K P p C l )  1 9 ~ 1 d s 1 9  

1 8  P R I N T  1 1 2  
1 3 0  P R I N T  1 1 3 ,  I ( u L I K ~ L I s L ~ ~ v N V ) , K * ~ ~ N N ~  
1 1 3  F O R M A T l 7 E l ' l . B )  
1 1 2  F O H P A T ( ~ ~ H ~ S I ~ G U ~ A R  M A T R I X  I N  DECOMPOSE. Z E R D  D I V I D E  I N  S O L V E *  

I E R R O X  = 1 2  
19  RETURN 

E N D  



SUBROUTINE S O L V E ( N V I  
P A R A I ~ E T E R  V 5 - q  
con rJ l i  / B U L /  ULl?!Gsf ib) ,  X I ~ G I S  B I Y G I S  IPS IFGI  
N  0 rl I, 
N P l  = N + I  

C 
I P  = I P S l l l  
X I I I  - a l l v )  
DO 2  I - 2 , s  

I P  - I P S ( 1 1  
I n 1  9 1 - 1  
S'JII 0. C1 
D J  I J  I s I M l  

I sun su.4 + UL(IP,JI*XIJ)  
2  X I 1 1  = B l l P I  - SUM 

C  
I P  0 I P S I h )  
XINI w x I N I / U L I I P , V ~  
DD 9 1 B 4 C K  * 2 9 N  
I - ' d P l - I I ~ b C h  

C  I GOES I t l - I l s . . . , l  
I P  - I P S ( 1 1  
I P 1  - 1 + 1  
sun - 0 . 0  
D O  3 J = 1 P 1 9 4  

3 S U M  0 sun + ULI IPSJI -X IJ I  
XIII = I x ( I ) - s u n ) / u t . ( ~ P ~ ~ )  
RCTU3t r  
END 

S U B R O U T I N E  F U ? 4 C I X s Y  s N s A L # X D E R , D E R )  
C  

PARAMETER h D - 1 1  
P A H A l l E T E R  t.aPoq 
O I P i E N S l O N  X l N D 1 9 Y l Y D 1 9 D E R l N P ~ N D l ~ A L l N P l  
A L ( 2 1  - A B S I A L I Z ) )  
I F ( N . h E . I I G 0  TO 5 0  

c 
C  I F  N ~ l g  C A L C U L A T E  THE F U N C T I O N  AND I T S  X - D E R I V A T I V E  AT X I I ) .  

X 1  = X ( l 1  
1 1 1 )  E X P ( A L ~ ~ ~ * X ~ ~ * C O S ~ A L ~ ~ ~ * X I ~  
XDER = ~ L ( l l * Y I l l  - A L ~ ~ ~ * E x P ~ A L ~ ~ ~ * X ~ ~ * S I N ~ A L ~ ~ ~ * X I ~  
R t T U R N  

C  I F  N  mdOT i 1 ,  C A L C U L A T E  T H E  F U N C T I O N  bND D E R I V A T I V E S  Y I T H  RESPECT 
C  TO A L L  P A R A M E T E R S  AT P O I N T S  X I I l s I + l s N .  

5 0  DO 1 0 0  I = l , N  
X 1  - X I 1 1  
Y I I I  * E X P I A L I I ~ * X I ) * C O S ( A L ( Z I * X ~ I  
D E R I l s I I  rn X i * Y ( I l  
D E H I Z s l l  r - X l * E I P ~ A L [ l l * X l l * S I N l A L l 2 l * X I l  

1 0 0  C O N T I N U E  
RETURN 
END 



APPENDIX B 

TABLILATION OF REDUCED DATA 



APPENDIX B 

TABULATION OF REDUCED DATA 

A - I  
A-2 
1 - 3  
A-t 

1 - 5  
I-. 

A-7 
1 - 6  
1 - 9  

& - l o  
1 - 1 1  
1 -12 ,  
A-13 
A - I *  
A-15 
1 - 1 6  
1-17 
1-11) 
A - I 9  
1 - 2 0  
A-21 
A-22 
A-23 
A-2% 
A125 
1-26  
4-27 
A-28 
A-19 
A-30 
1 - 1 1  
A-32 
A-33 
A-3'1 
1 -35  
1 - 3 6  
1 - 1 7  
A-33 
A-39 
*-'I0 
1 4 1  
A-'12 
A-'13 
A-'1'1 
A-qS 
11'16 
1 -47  
1 - 4 8  
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