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ABSTRACT 

The a p p l i c a t i o n  o f  a  method o f  v e l o c i t y  de te rm ina t i on  i n  an 

open channel us i ng  a  microscope and camera t o  record  t h e  mot ion o f  sma l l  

p a r t i c l e s  suspended i n  water  i s  descr ibed.  V e l o c i t y  measurements were 

made i n  a  s e r i e s  o f  t h i n  p lanes  o r i e n t a t e d  p a r a l l e l  t o  the  channel bottom 

f o r  the  case o f  two-dimensional  l aminar  and t u r b u l e n t  open channel f l ow .  

V e l o c i t y  p r o f i l e s  near the  boundary were p l o t t e d  and boundary shear 

computed from the  r a t e  o f  shear thus determined. Turbulence i n t e n s i t y  

was computed and the  d i s t r i b u t i o n  o f  p a r t i c l e  v e l o c i t i e s  examined. 

I t  was concluded t h a t  t he  method y i e l d s  boundary shear va lues 

+ 
t o  w i t h i n  - 15 percen t  and t h a t  t h i s  u n c e r t a i n t y  can be reduced s i g n i f i -  

c a n t l y .  The maximum e r r o r  i s  caused by u n c e r t a i n t y  i n  t h e  l o c a t i o n  o f  

: t he  f o c a l  p lane  and i n  t h e  l o c a t i o n  o f  a  p a r t i c l e  w i t h i n  t h e  f o c a l  p lane .  

Th i s  d i f f i c u l t y  causes an even g rea te r  e r r o r  i n  computat ion o f  tu rbu lence  

i n t e n s i t y .  Th i s  e r r o r  increases as t he  d i s t ance  from the  boundary decreases, 

c r e a t i n g  a  se r ious  disadvantage o f  t h e  method. P a r t i c l e  v e l o c i t y  d i s t r i -  

b u t i o n s  e x h i b i t  a  p o s i t i v e  t h i r d  moment which i s  i n  q u a l i t a t i v e  agreement 

w i t h  p rev ious  measurements. 

The r e s u l t s  i n d i c a t e  t h a t  f u r t h e r  i n v e s t i g a t i o n  o f  the  a p p l i c a t i o n  

o f  t he  method t o  open channel  t u r b u l e n t  f l o w  i s  j u s t i f i e d .  I t  i s  planned 

t o  modify t he  method so t h a t  p a r t i c l e  mot ion can be viewed i n  a  p lane  o r i en -  

t a t e d  normal t o  the  boundary. Th i s  w i l l  cons iderab ly  reduce the  p r imary  

e r r o r s  descr ibed  i n  t h i s  r e p o r t  and p e r m i t  more accu ra te  tu rbu lence  measure- 

ments very  near t h e  boundary. 
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NOTATION 

A = c ross  s e c t i o n a l  area o f  f l o w  

C = l i f t  c o e f f i c i e n t  
L 

D = p i p e  diameter, depth o f  channel f l o w  

d  = p a r t i c l e  diameter 

E ( ) = abso lu te  e r r o r  
a  

E ~ (  ) = r e l a t i v e  e r r o r  

e  = base o f  n a t u r a l  l o g a r i t h m  

AF = number o f  frames 

F  = l i f t  f o r c e  
L 

i = index 

j = index 

m = mass, index 

m '  = index 

N = Reynolds' number based on channel depth 
R 

N = p a r t i c l e  Reynolds' number 
R~ 

n  = index 

Q = d ischarge 

S = channel s lope  

A t  = t ime increment 

U = s e t t l i n g  v e l o c i t y  

- 
u  = average l o c a l  v e l o c i t y  i n  x  d i r e c t i o n  

u  = instantaneous p a - r t i c l e  v e l o c i t y  i n  x  d i r e c t i o n  
i 

u  = average p a r t i c l e  v e l o c i t y  i n  x  d i r e c t i o n  
j 

u  = p a r t i c l e  v e l o c i t y  
P  

u  = v e l o c i t y  a t  d i s t ance  y  above channel bottom 
Y 



u  T = f r i c t i o n  v e l o c i t y  =JcG 
+ 

u  = dimensionless l o c a l  average v e l o c i t y  = ;/uT 

u '  = v e l o c i t y  f l u c t u a t i o n  i n  x  d i r e c t i o n  

v  = v e l o c i t y  i n  y  d i r e c t i o n  

w = average l o c a l  v e l o c i t y  i n  t he  z d i r e c t  i on  

w'  = v e l o c i t y  f l u c t u a t i o n  i n  z d i r e c t i o n  

x  = d i r e c t i o n  o f  l o n g i t u d i n a l  a x i s  o f  t h e  channel  

x .  = x  coo rd i na te  o f  p a r t i c l e  i n  frame i 
I 

y  = normal d i s t ance  from channel  bot tom 

+ 
y  = dimensionless d i s t ance  from channel  bot tom = yu  /u 

T 

z = d i r e c t i o n  normal t o  x  d i r e c t i o n  i n  t h e  p l ane  o f  t h e  channel  bot tom 

a = c o e f f i c i e n t  

y = s p e c i f i c  weight  o f  water  

P 
= s p e c i f i c  we igh t  o f  a  p a r t i c l e  

= abso lu te  v i s c o s i t y ,  micron 

u  = k inemat ic  v i s c o s i t y  

p = dens i t y  o f  water  

P 
= dens i t y  o f  p a r t i c l e s  

T = shear s t r e s s  

T = shear s t r e s s  a t  boundary 
0 



1. INTRODUCTION 

The importance o f  knowledge concern ing the boundary shear 

s t r e s s  o r  t r a c t i v e  f o r c e  i n  open channel  f l o w  has been recognized f o r  

some t ime.  The capac i t y  o f  a channel  i s  d i r e c t l y  r e l a t e d  t o  the  ,bound- 

a r y  shear.  A l though an average va lue  may be r e a d i l y  computed f o r  steady, 

un i f o rm  f l o w  c o n d i t i o n s  us ing  a s t a t i c  ba lance between g r a v i t y  and shear 

fo rces ,  a thorough unders tanding o f  the  complete f l o w  p a t t e r n ,  i n c l u d i n g  

secondary f l o w  c h a r a c t e r i  s t  ics ,  requ i res  a knowledge o f  t he  boundary 

shear d i s t r i b u t i o n .  Knowledge o f  shear d i s t r i b u t i o n  i s  o f  g r e a t  va lue  

i n  sediment t r a n s p o r t .  The a p p l i c a t i o n  o f  t he  concept o f  c r i t i c a l  t r a c -  

t i v e  f o r c e  requ i r es  a knowledge o f  t he  va lue  o f  t he  boundary shear. 

A1 though p resen t  methods usual  l y  cons i der o n l y  average values, t he  knowl- 

edge i n  t h i s  area i s  c o n t i n u a l l y  be ing  advanced, and t h e r e  i s  l i t t l e  

doubt t h a t  v a r i a t i o n  i n  boundary shear w i l l  u l t i m a t e l y  be cons idered i n  

design procedure.  

The f l o w  p a t t e r n  i n  the  boundary l a y e r  i s  g e n e r a l l y  a complex 

t h r e e  dimensional  unsteady problem which poses exper imenta l  d i f f i c u l t i e s  

i n  t he  measurement o f  boundary shear. There a r e  two broad c l a s s i f i c a -  

t i o n s  o f  techniques f o r  de te rmin ing  t he  shear. One i s  the  d i r e c t  meas- 

urement o f  shear f o r ce .  Th i s  i s  u s u a l l y  done us i ng  a sma l l  element o f  

the  boundary which i s  i s o l a t e d  and ins t rumented t o  measure the f o r c e  

r e q u i r e d  t o  keep i t  i n  p o s i t i o n  i n  t he  presence o f  f l ow.  The o t h e r  i s  

an i n d i r e c t  method i n  which t h e  boundary l a y e r  v e l o c i t y  p r o f i l e  i s  

measured by some means which i s  then r e l a t e d  t o  boundary shear us i ng  

Newton's law o f  v i s c o s i t y .  



The purpose o f  t h i s  study i s  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  

o f  us i ng  an o p t i c a l  technique t o  measure t he  v e l o c i t y  d i s t r i b u t i o n  i n  

the  sub layer  reg ion  and, f rom t h i s  data, o b t a i n  t h e  boundary shear 

s t r ess .  I n  essence t he  technique employs a  microscope t o  v iew t h e  

mot ion  o f  sma l l  p a r t i c l e s  suspended i n  t he  f l o w .  The p a r t i c l e s  a c t  as 

t r a c e r s  and thus a t  any i n s t a n t  t h e i r  v e l o c i t y  i s  i d e n t i c a l  t o  t he  

f l u i d  v e l o c i t y  vec to r  a t  t h a t  p o i n t .  The mot ion i s  recorded on f i l m  

and t h e  d i s t ance  t r a v e l e d  over  a  s h o r t  t ime  i n t e r v a l  i s  d i v i d e d  by t h e  

t ime  i n t e r v a l  t o  y i e l d  a  v e l o c i t y  approx imat ion  which approaches t he  

ins tantaneous v e l o c i t y  as t he  t ime  increment becomes sma l l .  Thus, t u r -  

b u l e n t  f l u c t u a t i o n s  as w e l l  as average v e l o c i t y  can be measured i f  t h e  

t ime increment i s  s u f f i c i e n t l y  sma l l .  Because t h e  f i e l d  o f  v iew o f  t he  

microscope i s  very  smal l ,  t he  r e s u l t s  can be cons idered as a  p o i n t  measure- 

. ment except  i n  t he  lower p o r t i o n  o f  t h e  sub layer .  By l o c a t i n g  t he  p l ane  

o f  focus w i t h  respect  t o  t he  boundary the  p o s i t i o n  o f  t h e  v e l o c i t y  measure- 

ment can be determined and, by examining t h e  f l o w  over  a  range o f  depth, 

t h e  v e l o c i t y  p r o f i l e  can be es tab l i shed .  

The  method has t h e  advantage o f  n o t  r e q u i r i n g  the  i n s e r t i o n  

o f  a  probe i n t o  t he  f l ow .  I t  a l s o  i s  a  d i r e c t  method o f  v e l o c i t y  meas- 

urement s i nce  t h e  o n l y  c a l i b r a t i o n s  r e q u i r e d  a r e  t ime  and space i f  t h e  

p a r t i c l e s  a c t  as t r u e  t r a c e r s .  I t  has t h e  disadvantage o f  r e q u i r i n g  

cons ide rab le  t ime  and e f f o r t  t o  reduce t he  data f rom the  f i l m .  

T h i s  r e p o r t  desc r ibes  i n  d e t a i l  t h e  apparatus,  procedure, 

r e s u l t s  o f  some i n i t i a l  t e s t s ,  and p r e l i m i n a r y  e v a l u a t i o n  o f  t he  method 

based on a  two d imensional  f l o w  s i t u a t i o n  w i t h  the  o p t i c a l  p l ane  o f  



focus o r i e n t a t e d  p a r a l l e l  t o  t he  channel boundary. A second phase o f  

t he  study i s  underway i n  which t he  boundary shear d i s t r i b u t i o n  w i l l  be 

i n v e s t i g a t e d  w i t h  t he  p lane  o f  focus o r i e n t a t e d  normal t o  t he  boundary. 

The work upon which t h i s  p u b l i c a t i o n  i s  based was supported 

i n  p a r t  by funds p rov ided  by t he  U. S. Department o f  t he  I n t e r i o r  as 

au tho r i zed  under t he  Water Resources Research Ac t  o f  1964, P.L. 88-379. 

The exper imenta l  work was performed i n  t he  Hyd rau l i c  Engineer ing Lab- 

o r a t o r y  o f  t he  Department o f  C i v i l  Engineer ing.  

The authors  w i sh  t o  express a p p r e c i a t i o n  t o  Bauer Engineer ing, 

I nco rpo ra ted  who undertook t he  design and c o n s t r u c t i o n  o f  t he  channel, 

t o  Pro fessor  H. M. Karara o f  t he  Department o f  C i v i l  Engineer ing f o r  

p e r m i t t i n g  t he  ex tens i ve  use o f  t he  o p t i c a l  comparator, and t o  Pro fessor  

J. W. Westwater o f  t he  Department o f  Chemistry and Chemical Engineer ing 

f o r  t he  use o f  t he  f i l m  ana lyzer .  Also, d iscuss ions  w i t h  D r .  Paul  Bock, 

T rave le r s  Research Center, and Pro fessor  Charles E. Carver, U n i v e r s i t y  

o f  Massachusetts, were o f  cons iderab le  he lp  i n  a v o i d i n g  many o f  the  exper- 

imenta l  p i t f a l l s  assoc ia ted  w i t h  t he  adap ta t i on  o f  t he  microscope system. 



2. REVIEW OF PREVIOUS STUDY 

2.1 - V e l o c i t y  Measurements Employ inq a  Microscope 

1  i'i 
The m i c r o s c o p i c  t e c h n i q u e  was p i o n e e r e d  by Fage and Townend 

i n  1932. They observed t h e  p a r t i c l e s  i n  o r d i n a r y  t a p  wa te r  f l o w i n g  i n  

a  square b r a s s  p i p e  o f  0.89 i n .  s i d e  d imens ion.  T u r b u l e n t  v e l o c i t y  

f l u c t u a t i o n s  were observed u s i n g  a  r o t a t i n g  l e n s e  system b u t  no photo-  

graphs were taken .  I n  1936, ~ a ~ e ~  r e p o r t e d  o b s e r v a t i o n s  o f  t u r b u l e n t  

f l o w  i n  a  1.064 i n .  d iamete r  round tube.  Aga in  no photographs were 

taken .  One y e a r  l a t e r ,  Voge lpoh l  and ~ a n n e s m a n n ~  pub1 i shed  t h e  r e s u l t s  

o f  q u a n t i t a t i v e  v e l o c i t y  measurements i n  t h e  l a m i n a r  and t r a n s i t i o n  

r e g i o n .  A  l i g h t  i n t e r r u p t e r  d i s k  was used t o  o b t a i n  s t r e a k s  on a  pho- 

t o g r a p h  and f i n e  aluminum p a r t i c l e s  were used as  t r a c e r s .  F low p a t t e r n s  

were s t u d i e d  i n  t h e  e n t r a n c e  and f u l l y  deve loped s e c t i o n s  o f  a  c i r c u l a r  

p i p e .  Fage has employed t h e  u l t r a m i c r o s c o p e  t o  make a d d i t i o n a l  s t u d i e s .  

I n  1941, work  w i t h  p r e s t o n 4  was r e p o r t e d  i n  w h i c h  t h e  boundary l a y e r  

t r a n s i t i o n  f rom l a m i n a r  t o  t u r b u l e n t  f l o w  was s t u d i e d .  Again,  i n  1955, 

5  
Fage r e p o r t e d  a d d i t i o n a l  s t u d i e s  o f  boundary l a y e r  f l o w  . 

Severa l  s t u d i e s ,  r e p o r t e d  i n  t h e  p a s t  f i v e  yea rs ,  have r e s u l t e d  

f rom a  renewed i n t e r e s t  i n  boundary l a y e r  f l o w  and f rom t h e  improvement 

6 
o f  m i c r o s c o p i c  equipment.  Bock used p o l y s t r e n e  l a t e x  spheres i n  a  s tudy  

o f  l a m i n a r  f l o w  i n  a  s m a l l  r e c t a n g u l a r  d u c t .  He photographed t h e i r  

m o t i o n  w i t h  35 mm camera, u s i n g  a  t i m e  exposure,  t o  o b t a i n  s t r e a k s  f rom 

wh ich  t h e  v e l o c i t y  c o u l d  be determined.  Much o f  t h e  m i c r o s c o p i c  equ ip-  

ment used i n  t h e  p r e s e n t  p r o j e c t  i s  s i m i l a r  t o  t h a t  used by Bock. He 

;':Superscript numbers r e f e r  t o  r e f e r e n c e  1  i s t  . 



made v e l o c i t y  measurements t o  w i t h i n  10 microns (p) o f  t he  boundary 

and v e r i f i e d  t he  i n t e r e s t i n g  and y e t  unexpla ined sinuous mot ion  

repo r t ed  by p rev i ous  i n v e s t i g a t o r s .  The method was f i r s t  used f o r  

7 
open channel f l o w  by Vasuki who measured v e l o c i t y  p r o f i l e s  o f  lami-  

na r  f l o w  w i t h  depths o f  80 t o  120 p .  Using equipment s i m i l a r  t o  

8 
Bock's, Carver measured v e l o c i t y  p r o f i l e s  o f  l aminar  f l o w  o f  water  

i n  a r ec tangu la r  tube w i t h ,  and w i t hou t ,  non-Newtonian a d d i t i v e s .  

Carver used a r o t a t i n g  d i s k  t o  i n t e r r u p t  t h e  l i g h t  source, produc ing 

a s e r i e s  o f  s t r eaks  on 35 mm and P o l a r o i d  f i l m .  

A method which cou ld  y i e l d  va l uab le  r e s u l t s  w i t h  t u r b u l e n t  

f l o w  was developed by Chen and ~ m r i c h '  and used by E l r i c k  and Ernrich 
10 

f o r  laminar  f l o w  s tud ies  o f  a i r  i n  a r ec tangu la r  tube. The b a s i c  d i f -  

fe rence  between t h i s  method and p rev i ous  ones i s  t h a t  t he  microscope 

o r  camera system i s  p o s i t i o n e d  such t h a t  t h e  p a r t i c l e  and i t s  m i r r o r  

image as r e f l e c t e d  from the  p i p e  boundary a r e  b o t h  recorded on t he  f i l m .  

Thus, mot ion  i n  a p l ane  normal t o  the  boundary i s  recorded and t h e  bound- 

a r y  i s  l oca ted  on the  f i l m  e q u i d i s t a n t  f rom the p a r t i c l e  and i t s  image. 

E l r i c k  used smoke p a r t i c l e s  l e s s  than 0.1  p i n  d iameter  and ob ta ined  

v e l o c i t y  measurements as c l o s e  as 2 p t o  t he  boundary. He observed, 

as have o thers ,  f l u c t u a t i o n s  i n  p a r t i c l e  mot ion which cannot be 

exp la i ned  by Brownian mot ion.  Furthermore, unexpla ined i r r e g u l a r i t i e s  

i n  t he  v e l o c i t y  p r o f i l e  near t he  boundary were measured which i n d i c a t e d  

an apparent w a l l  s l i p .  I t  i s  p r e s e n t l y  planned t o  adopt t h i s  idea i n  

the  second phase o f  t he  c u r r e n t  s tudy t o  measure t he  v e l o c i t y  p r o f i l e  

f o r  t u r b u l e n t  f l o w  i n  a p l ane  normal t o  t he  channel  w a l l .  



I t  should  be noted t h a t  t h i s  rev iew i s  concerned o n l y  w i t h  

s t u d i e s  which have used t r a c e r s  o f  m ic roscop ic  s i z e  which r e q u i r e  mag- 

n i f i c a t i o n  f o r  rev iew ing .  There have been numerous s tud ies  made w i t h  

a  v a r i e t y  o f  l a r g e r  s i z e  t r a c e r s  b u t  t h e i r  va l ue  l i e s  i n  r e v e a l i n g  

macroscopic f l o w  p a t t e r n s  r a t h e r  than t h e  f i n e  d e t a i l s  o f  f l o w  very 

nea r a  bounda ry  . 

2.2 - Turbulence Measurements i n  t h e  Viscous Sublayer 

The concept o f  a  laminar  sub layer  was proposed as e a r l y  as 

1916 by T a y l o r  and supported by Stanton. T h i s  e a r l y  p i c t u r e  o f  a  l a y e r  

o f  p u r e l y  laminar  f l o w  has s i nce  been m o d i f i e d  as a  r e s u l t  o f  recent  

advances i n  exper imenta l  technique which p e r m i t  measurements t o  be made 

r e l a t i v e l y  c l o s e  t o  a  boundary. These s t u d i e s  i n d i c a t e  t h a t  f l u c t u a -  

t i o n s  do e x i s t  i n  t h e  sub layer  and hence i t  should  be more p r o p e r l y  

termed t he  v iscous sub layer .  

I n  1951 and 1954, Lau fe r  
13 

11' l2 and i n  1955, K lebano f f  re- 

p o r t e d  e x t e n s i v e  h o t - w i r e  anemometer measurements o f  a i r  t u rbu lence  

c h a r a c t e r i s t i c s  i n  t h e  o u t e r  r eg ion  o f  t h e  sub layer .  L a u f e r ' s  f i r s t  

s tudy concerned two-dimensional  f l o w  i n  a  r ec tangu la r  channel .  Mean 

v e l o c i t y  and a l l  t h r e e  f l u c t u a t i n g  components were measured. Tu rbu len t  

i n t e n s i t y ,  shear, c o r r e l a t i o n  c o e f f i c i e n t s ,  sca les  o f  tu rbu lence ,  and 

energy spec t ra  were computed. I n  L a u f e r ' s  l a t e r  r epo r t ,  s i m i l a r  quan- 

t i t i e s  were computed f o r  a i r  f l o w  i n  a  10 i n .  d iameter p i pe .  K l e b a n o f f ' s  

measurements were performed i n  a 4.5 f t  w ind  t unne l  w i t h  z e r o  p ressure  

g r a d i e n t .  He repo r t ed  t h e  p r o b a b i l i t y  dens i t y  o f  t h e  f l u c t u a t i o n  i n  t h e  

d i r e c t i o n  o f  f l o w  i n  a d d i t i o n  t o  t h e  usua l  s t a t i s t i c a l  parameters.  



A s e r i e s  o f  s t u d i e s  performed a t  S tan fo rd  U n i v e r s i t y  
14, 15 

used h o t - w i r e  and h o t - f i l m  measurements i n  wa te r .  V e l o c i t y  data was 

+ 
ob ta i ned  t o  w i t h i n  a  w a l l  Reynolds number, y  , o f  0.515. I n  a d d i t i o n ,  

a  hydrogen bubble  technique was e f f e c t i v e l y  employed f o r  v i s u a l i z a t i o n  

o f  t he  eddy s t r u c t u r e  and measurement o f  v e l o c i t y .  

I n  o rder  t o  a v o i d  some o f  t he  problems assoc ia ted  w i t h  t he  use 

16 
o f  h o t - w i r e  probes very  c l o s e  t o  a  boundary Bakewel l  used g l y c e r i n e  as 

a  work ing f l u i d .  A sub layer  t h i c kness  o f  approx imate ly  0 . 1  i n .  was de- 

+ 
veloped and d e t a i l e d  h o t - f i l m  lmeasurements were made t o  w i t h i n  y  = 1. 

The s tudy was r e s t r i c t e d  t o  streamwise v e l o c i t i e s .  

A unique e l ec t r ochem ica l  technique has been developed by 

~ a n r a t t ~ ' ~  which i s  capable  o f  measur ing v e l o c i t i e s  ve ry  c l o s e  t o  a  

+ 
boundary, y  < 0.5. The method c o n s i s t s  e s s e n t i a l l y  o f  an e l e c t r o d e  

' which i s  mounted f l u s h  w i t h  t h e  boundary. The work ing  f l u i d  i s  an aque- 

ous s o l u t i o n  o f  potassium f e r r i c y a n i d e .  By a p p l y i n g  a  v o l t a g e  t o  t he  

e l e c t r o d e  a  chemical  r e a c t i o n  i s  i n i t i a t e d .  The r e s u l t i n g  c u r r e n t  i n  

t he  c i r c u i t  i s  r e l a t e d  t o  t he  r a t e  o f  mass t r a n s f e r  a t  t he  e l e c t r o d e  

which i s  i n  t u r n  r e l a t e d  t o  t h e  v e l o c i t y  near t h e  boundary. T h i s  method 

has t he  advantage o f  no t  d i s t u r b i n g  t he  f l o w  w i t h  a  probe b u t  p resen ts  

c a l i b r a t i o n  problems as  does t he  h o t - w i r e  method. 

18 
The most recen t  s tudy by Tieleman employed r o t a t e d  h o t - w i r e  

measurements o f  a  3 2  i n .  t h i c k  boundary l a y e r  i n  a  w ind  t unne l .  V e l o c i t i e s  

+ 
were measured t o  w i t h i n  y  = 1  and s t a t i s t i c a l  parameters were computed. 

The r e p o r t  con ta i ns  a  va l uab le  d i scuss ion  o f  c a l i b r a t i o n  procedures and 

e r r o r s  assoc ia ted  w i t h  tu rbu lence  measurements i n  a  shear l a y e r  near a  

boundary . 



The preceding summary o f  sub layer  research i s  no t  complete 

b u t  ment ions t he  most s i g n i f i c a n t  s t u d i e s .  A genera l  conc lus ion  i s  

reached t h a t  no s i n g l e  method i s  c l e a r l y  s u p e r i o r  f o r  measurements 

c l o s e  t o  a  boundary. Each has l i m i t a t i o n s  and, s i nce  knowledge o f  t h i s  

r eg ion  o f  f l o w  i s  now recognized as e s s e n t i a l ,  t he  p u r s u i t  o f  t he  o p t i -  

c a l  method repor ted  here i s  o f  va lue.  



3. APPARATUS 

3.1 - Flow System 

The f l o w  system c o n s i s t e d  o f  a s p e c i a l l y  designed open chan- 

ne l ,  c e n t r i f u g a l  pump, f i l t e r ,  and o r i f i c e  meter.  The channel ,  shown 

i n  F i g .  1, was rec tangu la r  w i t h  a 6 i n .  by 1 i n .  c ross  s e c t i o n  and was 

10 f t  long .  The bot tom and s ides  were cons t ruc ted  o f  0.25 i n .  t h i c k  

p l a t e  g l ass .  The bottom was suppor ted by a s e r i e s  o f  6 i n .  by 10 i n .  

g l ass  suppor t  p l a t e s  which i n  t u r n  r es ted  on p a i r s  o f  a d j u s t i n g  screws 

mounted on 6 i n .  cen te r s  a long  t he  channel .  The screws were i n  t u r n  

threaded through t h e  top f l ange  o f  a s p e c i a l l y  f a b r i c a t e d  9 i n .  deep 

aluminum suppor t  beam which can be seen i n  F i g .  2. Th i s  system pro-  

v i ded  an ex t reme ly  r i g i d  suppor t  f o r  t h e  channel  and min imized s lope  

v a r i a t i o n s .  The head box and t a i l  box were t he  same w i d t h  as t he  

channel  and f a b r i c a t e d  as p a r t  o f  t h e  suppor t  beam. The beam was p i v -  

o t e d  a t  t h e  downstream end, and t h e  s lope  was a d j u s t e d  by means o f  a 

screw system a t  t h e  upstream end. A d i a l  gage a t t ached  t o  t he  head 

tank  p e r m i t t e d  t he  s lope  t o  be s e t  t o  w i t h i n  0.001 pe rcen t .  The chan- 

n e l  suppor ts  r es ted  on concre te  pads which i n  t u r n  r es ted  on rubber 

pads t o  e f f e c t i v e l y  i s o l a t e  t he  system from f l o o r  v i b r a t i o n s .  The 

water  was r e c i r c u l a t e d  us i ng  a 5 gpm c e n t r i f u g a l  pump which was mounted 

on t he  f l o o r  and connected t o  t he  system through f l e x i b l e  hoses which 

prevented v i b r a t i o n s  f rom be ing  t r a n s m i t t e d  t o  t h e  channel .  Copper o r  

v i n y l  t u b i n g  was used throughout  t o  p reven t  r u s t .  Flow r a t e  was de te r -  

mined us i ng  a c a l i b r a t e d  o r i f i c e  meter l o c a t e d  i n  t h e  r e t u r n  l i n e  t o  



t h e  head box. The f l o w  was regu la ted  by a ga te  va l ve  and a bypass l i n e  

w i t h  a needle va lve,  which p rov i ded  very  s e n s i t i v e  and s t a b l e  c o n t r o l .  

A f i l t e r  capable  o f  removing p a r t i c l e s  g r e a t e r  than 5 p i n  diameter was 

p laced  i n  t h e  system; however, t h e  f i l t e r  was bypassed d u r i n g  an a c t u a l  

t e s t .  

Po lys ty rene  l a t e x  spheres supp l i ed  by Dow Chemical Company 

were used as t r a c e r  p a r t i c l e s .  S t a t i s t i c a l  data s u p p l i e d  by Dow s t a t e s  

t h a t  t h e  p a r t i c l e s  have an average diameter o f  1.099 p w i t h  a s tandard 

d e v i a t i o n  o f  0.0059 p based on 106 measurements. T h e i r  s p e c i f i c  g r a v i t y  

was 1.05 and they were supp l i ed  i n  a 10 percen t  s o l i d  suspension, de i -  

on ized  water  be ing  t he  suspending f l u i d .  About 15 drops were added t o  

t h e  15 g a l .  o f  d i s t i l l e d  water  i n  t h e  f l o w  system r e s u l t i n g  i n  a f i n a l  

s o l i d  concen t ra t i on  o f  about 0.0025 percen t .  

3.2 - Microscope System 

The microscope used i n  t h e  exper iments was a commercial L e i t z  

Labor lux  11, shown i n  F igs .  2 and 3. The e n t i r e  upper o p t i c s  o f  t h e  

microscope was a d j u s t a b l e  by means o f  a micrometer screw c a l i b r a t e d  i n  

1 d i v i s i o n .  The microscope was mounted i n  an i n v e r t e d  p o s i t i o n  on 

an a d j u s t a b l e  s t e e l  p l a t e  which was suppor ted by a s t e e l  frame, shown 

i n  F ig .  1, which r es ted  on t h e  f l o o r .  A 150 w a t t  zenon lamp mounted 

i n  a housing on t h e  s t e e l  mounting p l a t e  composed t h e  i l l u m i n a t i o n  

system. The lamp was focused th rough  a 45 degree m i r r o r  o n t o  a L e i t z  

D0.45 d a r k f i e l d  condenser, l o c a t e d  above t he  cen te r  o f  t he  channel as 

shown i n  F ig .  2. The condenser focused t he  l i g h t  i n t o  a ha l l ow  c o n i c a l  



beam. By a d j u s t i n g  t h e  v e r t i c a l  p o s i t i o n  o f  t he  condenser, t he  apex 

o f  t he  cone o f  l i g h t  was focused a t  t h e  p o i n t  o f  i n t e r e s t  i n  t he  f l ow .  

I f  a p a r t i c l e  t r a v e l e d  through t he  p l ane  o f  focus, l i g h t  was r e f l e c t e d  

i n t o  t h e  microscope lens, o therw ise  t h e  l i g h t  con t inued  on i t s  c o n i c a l  

p a t h  and d i d  n o t  en te r  t h e  lens.  Th i s  p rov ided  a dark  f i e l d  o f  v iew 

w i t h  p a r t i c l e  images appearing as b r i g h t  spots  somewhat l a r g e r  than t he  

a c t u a l  p a r t i c l e s .  

The o p t i c a l  system cons i s ted  o f  e i t h e r  a  32x o r  50x p r imary  

l ens  and a l o x  eyepiece mounted i n  t he  o p t i c a l  tube. The depth o f  f i e l d  

o f  50x lens  was exper imenta l l y  found t o  be about 11 p, and t h a t  o f  the  

32x was 24  p, .  The h ighe r  m a g n i f i c a t i o n  lens was used p r i m a r i l y  f o r  

measurements w i t h i n  100 o f  the  boundary because o f  i t s  sma l le r  depth 

o f  f i e l d  w h i l e  t he  32x lens  was used beyond t h i s  d i s t ance  because i t  

produced a sharper image and because t he  l a r g e r  depth o f  f i e l d  was n o t  

a  ser ious  disadvantage. 

The microscope was mounted i n  an i n v e r t e d  p o s i t i o n  over  t he  

cen te r  l i n e  o f  t he  channel so t h a t  t he  p a r t i c l e  image would pass through 

t h e  g lass  channel bottom r a t h e r  than t h e  f r e e  sur face,  s i nce  smal l  sur face 

d is turbances would r e f r a c t  the  image caus ing apparent mot ions.  Since t h e  

o p t i c a l  adjustment system was g r a v i t y  d r i ven ,  t he  i n v e r t e d  mount ing pos i -  

t i o n  requ i red  t he  i n s t a l l a t i o n  o f  a  s p r i n g  and clamp arrangement, seen 

i n  F igs .  2  and 3, which p rov ided  an upward f o r c e  t o  h o l d  t he  o p t i c s  i n  

p o s i t i o n .  

The l o c a t i o n  o f  t he  p l ane  o f  focus was s e t  us ing  t he  micrometer 

screw on t h e  microscope. However, i t  was found t h a t  t h e  c a l i b r a t i o n  was 

n o t  exac t  so a d i a l  gage was mounted between t he  o p t i c a l  tube o f  the  
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microscope and t he  channel suppor t  beam as shown i n  F ig .  3. The gage 

was c a l i b r a t e d  i n  12.5 p d i v i s i o n s  and i n t e r p o l a t e d  t o  2.5 p .  Th i s  

gage was used i n  con junc t i on  w i t h  t he  micrometer screw reading t o  deter -  

mine t he  l o c a t i o n  o f  t he  p lane  o f  focus. 

.Two types o f  cameras were used t o  record  t he  p a r t i c l e  mot ion.  

P re l im ina ry  s tud ies  o f  laminar  f l o w  were made us ing  a  35 mrn be ica  M-3 

camera body mounted on a rnicrophotograph i c  at tachment cons i s t  i ng o f  a  

focus ing  telescope, a  l a t e r a l  v iew ing  tube w i t h  a  d e f l e c t i n g  p r i sm  and 

a a n t i - v i b r a t i o n  bayonet mount. A 12 i n .  d iameter t ransparen t  r o t a t i n g  

p l e x i g l a s s  d i s k  w i t h  a l t e r n a t e  sec to r s  b lacked  o u t  was used t o  chop t he  

l i g h t ,  c r e a t i n g  a  s e r i e s  o f  p a r t i c l e  s t reaks  on t he  f i l m .  By us ing  

va r i ous  d i s k  p a t t e r n s  and r o t a t i o n a l  speeds, an op t imum.s t reak  p a t t e r n  

f o r  each v e l o c i t y  cou ld  be obta ined.  T r i - x  f i l m  was used and developed 

i n  the  l abo ra to r y  a t  an e f f e c t i v e  ASA r a t i n g  o f  2400. 

Turbu len t  f l o w  data was recorded us ing  a  16 mm Fastax h i g h  

speed mot ion p i c t u r e  camera w i t h  a  100 f t  f i l m  capac i t y  and a  50 mm lens.  

The camera was mounted on a  t r i p o d  and d r i v e n  by a  c o n t r o l  u n i t ,  bo th  

shown i n  F ig .  1. The p a r t i c l e  image was t r a n s m i t t e d  i n t o  t he  lens  through 

a  l a t e r a l  observa t ion  tube c o n t a i n i n g  a  d e f l e c t i n g  p r i sm  and observed 

through t h e  cameras v iew ing  system. The camera lens  was p o s i t i o n e d  very  

c l o s e  b u t  n o t  i n  con tac t  w i t h  the  observa t ion  tube, thereby p reven t i ng  

camera v i b r a t i o n s  from be ing  t r a n s m i t t e d  t o  t he  microscope. Camera speeds 

o f  1000 t o  5000 frames/sec were used. To p r o v i d e  a  f i x e d  re fe rence  system 

on t he  f i l m  a  c ross -ha i r  d i s k  was mounted i n  t h e  microscope tube and t he  

background i l l u m i n a t e d  by p e r m i t t i n g  a  smal l  amount o f  l i g h t  t o  pass 

d i r e c t l y  through t he  d a r k f i e l d  condenser. The c ross -ha i r  was a l i g n e d  



p a r a l l e l  and normal t o  t h e  channel  c e n t e r  l i n e .  A l l  p a r t i c l e  mot ion 

was computed w i t h  respec t  t o  t h e  c r o s s - h a i r  re fe rence  system which 

e f f e c t i v e l y  e l i m i n a t e d  e r r o r s  due t o  v i b r a t i o n  s i nce  t h e  v i b r a t i o n s  o f  

t he  channel  and microscope were n e g l i g i b l e .  A 1000 cyc le /sec  t i m i n g  p u l s e  

was imposed on t he  edge o f  t he  Kodak T r i - x  16 mm nega t i ve  f i l m .  The p u l s e  

was generated by 1000 c y c l e  p e r  sec Nand Frequency Standard which, 

when a m p l i f i e d ,  f i r e d  t he  neon lamp i n  t he  camera. The h i g h  frequency 

p u l s e  was requ i r ed  s i nce  t h e  f i l m  was c o n s t a n t l y  be ing  acce le ra ted  as i t  

was exposed caus ing t h e  t ime i n t e r v a l  between frames t o  va ry  through t h e  

f i l m .  

3.3 - Data Reduct ion System 

The process o f  data r e d u c t i o n  f o r  t he  t u r b u l e n t  f l o w  expe r i -  

ments cons i s t ed  o f  t h r e e  phases: (a) t h e  es tab l i shment  o f  a  t ime  i n t e r v a l  

between frames on t he  f i l m ,  (b) t he  r eco rd i ng  f o r  each frame t he  co- 

o r d i n a t e s  o f  t h e  p a r t i c l e s  t o  be examined and (c)  t h e  combinat ion o f  t h i s  

i n f o r m a t i o n  t o  compute v e l o c i t i e s  and s t a t i s t i c a l  tu rbu lence  parameters.  

The t ime  c a l i b r a t i o n  was accompl ished us i ng  a  L.-W. Photo 

Ana lys t  p r o j e c t o r  capable  o f  advancing t he  f i l m  frame by frame. The 

procedure i s  descr ibed  i n  Chapter 4. The p a r t i c l e  co -o rd ina tes  were 

r e c ~ r d e d  us ing  two ins t ruments  which p rov i ded  an accu ra te  and r e l a t i v e l y  

r a p i d  means o f  accompl ish ing t h i s  f o rm idab le  t ask .  The f i r s t  was a  W i l d  

O p t i c a l  STK- 1  Comparator, an ins t rument  designed f o r  photog rammetry work. 

I t  was equipped w i t h  a  o p t i c a l  re fe rence  p o i n t  and when set ,  t he  rectangu- 

l a r  co -o rd i na tes  and any assoc ia ted  numer ica l  data  d e s i r e d  were typed on 

paper and punched and p r i n t e d  o n t o  computer ca rds .  Since t h e  comparator 



was designed f o r  s t e reo  map reading, a s p e c i a l  f i l m  t r a n s p o r t  mechanism 

was cons t ruc ted  so t h e  f i l m  c o u l d  be used d i r e c t l y  w i t h o u t  p r o j e c t i o n .  

The second ins t rument  used was a Vanguard f i l m  ana l yze r  which p r o j e c t e d  

t h e  f i l m  on a screen. Cross h a i r s  were p laced  over  t h e  p a r t i c l e  and 

t h e  co -o rd i na tes  recorded on paper tape  a l ong  w i t h  t h e  frame number. 

The data was subsequent ly t r a n s f e r r e d  t o  computer ca rds .  

Reduct ion and a n a l y s i s  programs were w r i t t e n  and a l l  informa- 

t i o n  was processed on t he  U n i v e r s i t y  I B M  7094 system. 
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4.2 - Laminar Flow Tes ts  

For these t e s t s  a 35 mm camera was used i n  con junc t i on  w i t h  a 

r o t a t i n g  d i s k  t o  produce s t r eaks  o f  known l eng th .  The camera was loaded 

w i t h  a casse t t e  o f  T r i - x  f i l m  and a t t ached  t o  t he  microscope camera 

adap te r .  The microscope was focused on t h e  bot tom o f  the  channel bot tom 

and the  ze ro  reading was recorded from the  micrometer screw and f rom the  

d i a l  gage. The l i gh t - choppe r  d i s k  was s t a r t e d  and a l l owed  t o  a t t a i n  a 

steady speed. The r o t a t i o n a l  speed o f  t he  d i s k  was recorded e i t h e r  by a 

s top  watch o r  by a low speed stroboscope. 

The microscope was r a i s e d  a predetermined d i s t ance  by t he  m i -  

c rometer  screw and t he  readings recorded from b o t h  t he  micrometer screw 

and from the  d i a l  gage. The dark  f i e l d  condensor was ad jus ted  f o r  optimum 

i l l u m i n a t i o n  o f  the  f i e l d  o f  view. A s e r i e s  o f  frames were exposed by 

opening t h e  camera s h u t t e r  f o r  a long  enough p e r i o d  t o  o b t a i n  a number o f  

s t r eaks .  The 50x o b j e c t i v e  was used i n  t he  lower  100 reg ion  because o f  

i t s  sma l l e r  depth o f  f i e l d .  The 32x l ens  was used above t h i s  l e v e l  where 

i t s  g r e a t e r  depth o f  f i e l d  was o f  l e s s  s i g n i f i c a n c e  s i nce  i t  produced a 

sharper image. 

P i c t u r e s  were t a k e n a t v a r i o u s  se lec ted  l e v e l s  u n t i l  t he  su r f ace  

o f  the  f l o w  was reached. T y p i c a l  photographs a r e  shown i n  F i g .  4. The 

su r f ace  was l oca ted  as c l o s e l y  as poss ib l e ,  and a s e r i e s  o f  p i c t u r e s  were 

taken a t  smal l  d i s tances  from the  sur face .  A t  t he  comp le t ion  o f  t he  t e s t  

t he  depth, temperature, f l o w  ra te ,  and d i s k  speed were aga in  recorded. 

The pump was stopped and c a l i b r a t i o n  p i c t u r e s  were taken o f  t he  s tage m i -  

c rometer  w i t h  t h e  50x and 32x lenses.  



The f i l m  s t r i p s  were developed us i ng  Bauman D i a f i n e  Developing 

s o l u t i o n  t o  y i e l d  a  g r e a t e r  s e n s i t i v i t y  than by the s tandard  deve lop ing  

methods. The nega t i ves  were marked a long  t h e  edge w i t h  t h e i r  cor responding 

i d e n t i f i c a t i o n  numbers. En larged p r i n t s  o f  t he  p a r t i c l e  t r a c e r s  and sca le  

were p r i n t e d  t o  the  same sca le  on 4  x  5  inch p r o j e c t i o n  paper.  

The s t r e a k  l eng ths  o f  the  p a r t i c l e  images were measured t o  

w i t h i n  0.02 i n .  f rom the  p r i n t s  o r  t o  2  mm f rom the  p r o j e c t e d  image o f  

t he  f i l m  nega t i ve .  The accuracy o f  measurement was approx imate ly  t he  same 

f o r  bo th  methods due t o  t he  e r r o r  i n  de te rmin ing  t he  end p o i n t s  o f  the  

p a r t i c l e  s t r eak .  Where p o s s i b l e  t h e  s t r e a k  l e n g t h  was e s t a b l i s h e d  over  

two o r  more s t r eaks  o f  the  same p a r t i c l e  and averaged. A l l  o f  the in-  

focus p a r t i c l e  s t r eaks  appear ing i n  each frame were measured. 

The sca le  was determined from t h e  photographs o f  t he  sca le  f o r  

t h e  50x and 32x lenses.  The measured s t r e a k  l eng ths  were conver ted  t o  

t r u e  d i s t ance  i n  t he  f l o w  f i e l d  i n  microns us ing  t he  c a l i b r a t i o n  f rom 

the  photographs o f  t he  sca le .  The t ime  increment f o r  a  s t r e a k  was ca lcu-  

l a t e d  by d i v i d i n g  the average s t r e a k  l e n g t h  by i t s  cor responding computed 

t ime  i n t e r v a l .  The v e l o c i t y  p o i n t  was l o c a t e d  on t he  p r o f i l e  p l o t  a t  t h e  

cen te r  o f  t he  depth o f  f i e l d  as determined from the  c o r r e c t e d  micrometer  

screw and d i a l  gage readings.  

4.3 - Turbu len t  Flow Tes ts  

A f t e r  the  d e s i r e d  f l o w  c o n d i t i o n s  were ach ieved and recorded, 

t he  microscope was focused so t h a t  t he  channel  bot tom was near t he  upper 

l i m i t  o f  t he  p l ane  o f  focus.  T h i s  was used as t h e  z e r o  depth p o s i t i o n  
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and t he  d i a l  gage and micrometer a d j u s t i n g  screw p o s i t i o n  on t he  micro-  

scope was noted. The microscope was then r a i s e d  a predetermined d i s t ance  

us i ng  t h e  micrometer screw, and i t s  read ing  as w e l l  as t h a t  o f  t h e  d i a l  

gage were recorded. The dark  f i e l d  condenser was a d j u s t e d  f o r  optimum 

c o n t r a s t .  A 100 f t  r o l l  o f  f i l m  was then p l aced  i n  t h e  camera, t h e  

des i r ed  speed se t  on the  camera c o n t r o l  u n i t ,  and t he  f i l m  exposed. 

, T h i s  procedure was f o l l owed  u n t i l  i t  was d e s i r e d  t o  change 

t h e  o b j e c t i v e .  A t  t h i s  t ime  t h e  depth and f l o w  r a t e  were checked. The 

50x l ens  was used p r i m a r i l y  f o r  measurements near t h e  boundary and t h e  

32x l ens  was used i n  t he  upper reg ions  o f  t he  sub layer .  The microscope 

was focused on t h e  bot tom as b e f o r e  and t he  procedure repeated. A t  t he  

comp le t ion  o f  t he  t e s t  s e r i e s  t h e  depths and f l o w  r a t e  were aga in  recorded 

A t  t h e  comp le t ion  o f  t h e  t e s t  a f i l m  was taken us ing  t he  h igh-  

speed camera o f  a s tage micrometer p l aced  on the  channel  bottom. The 

micrometer con ta ined  a sca le  1 mm long  w i t h  10 p d i v i s i o n s .  F i lms us ing  

t h e  32x and 50x l ens  were taken and used f o r  c a l i b r a t i o n  purposes. 

4.4 - Data Reduct ion 

The data reduc t  i on  procedure c o n s i s t e d  o f  t h r e e  phases: (a) de- 

t e r m i n a t i o n  o f  a r e a l  t ime  c a l i b r a t i o n  o f  t h e  f i l m  on a frame by frame 

bas is ,  (b) es tab l i shment  o f  t h e  coo rd i na tes  o f  t he  p a r t i c l e s  judged t o  

be i n  focus, and (c) computat ion o f  t h e  v e l o c i t y  o f  each p a r t i c l e  between 

two success ive frames. 

The t ime c a l i b r a t i o n  was based on t he  0,001 sec i n t e r v a l  t i m i n g  

marks p l aced  on t he  edge o f  t he  f i l m  d u r i n g  exposure. The Kodak Ana l ys t  



p r o j e c t o r  was m o d i f i e d  s l i g h t l y  t o  pe rm i t  v iew ing  o f  t h e  e n t i r e  edge 

o f  t he  f i l m .  The f i l m  was p r o j e c t e d  on to  a  screen upon which a  sheet 

o f  r ec tangu la r  g r i d  paper had been a t tached.  The d i s tance  from the  

p r o j e c t o r  t o  t he  screen was c a r e f u l l y  ad jus ted  so t h a t  t he  frame cou ld  

be conven ien t l y  and p r e c i s e l y  d i v i d e d  i n t o  100 even d i v i s i o n s .  The 

frame number and decimal f r a c t i o n  o f  t he  beg inn ing  o f  each successive 

t i m i n g  pu l se  was recorded and subsequent ly punched on computer cards.  

A s imple program was w r i t t e n  t o  check t he  reco rd ing  and punching oper- 

a t i o n s .  The i npu t  t o  t h i s  program cons i s ted  o f  a  t a b u l a t i o n  o f  t he  

p o s i t i o n s  o f  the  beg inn ing  o f  each t i m i n g  s t r e a k  on t he  s i de  o f  t he  

f i l m  i n  terms o f  t he  frame number t o  hundredths o f  a  frame. I f  t h e  

t ime  mark f e l l  on a  sprocket  h o l e  t h e  corresponding e n t r y  was a  b l ank  

on t he  card.  The miss ing  frame numbers due t o  unreadable t ime marker 

p o s i t i o n s  were i n t e r p o l a t e d  from ad jacen t  e n t r i e s .  Frame numbers and 

increments between t he  frame numbers o f  t i m i n g  works were p r i n t e d  o u t  by 

t he  program. The t a b u l a t i o n  was v i s u a l l y  scanned t o  de tec t  e r r o r s  and 

t h e  o r i g i n a l  t i m i n g  data was co r rec ted .  Q u i t e  o f t e n  seve ra l  runs were 

r e q u i r e d  t o  e l i m i n a t e  a l l  o f  t he  e r r o r s .  

The co-o rd ina tes  o f  the  p a r t i c l e s  on t he  f i l m  were ob ta ined  

us ing  two s i m i l a r  ins t ruments.  The W i l d  STK-1 Comparator was used t o  

analyze the  m a j o r i t y  o f  t he  f i l m s  f o r  t he  co-o rd ina tes  o f  the  p a r t i c l e s .  

A f i l m  advance mechanism cons t ruc ted  from an o l d  p r o j e c t o r  was used t o  

advance t h e  f i l m  frame by frame over  t h e  p l a t e  o f  t he  Comparator. The 

mechanism was a t tached t o  t he  Comparator t a b l e .  A "zero1' frame was 

se lec ted  i f  t he  f i l m  had n o t  a l ready  been t imed. The f i l m  was advanced 

u n t i l  i t  was smoothly ope ra t i ng  and t he  "zero" frame was w i t h i n  t he  f i e l d  



o f  v iew. The frame coun te r  was s e t  t o  zero.  The Comparator t a b l e  was 

then r o t a t e d  so t h a t  i t s  axes corresponded w i t h  t h e  superimposed axes 

on t he  f i l m .  The f i l m  was observed by t h e  ope ra to r  t o  determine whether 

a p a r t i c u l a r  frame con ta ined  any p a r t i c l e s  judged t o  be i n  focus .  I f  

a p a r t i c l e  appeared which was i n  focus t he  ope ra to r  en te red  t he  frame 

number f rom the  frame coun te r  o n t o  t h e  keyboard connected t o  the  

Comparator. An o p t i c a l  re fe rence  p o i n t  i n  t he  p l ane  o f  focus was a l i g n e d  

over  t he  i n t e r s e c t i o n  o f  the  r e fe rence  axes on t h e  f i l m  and t h e  "record" 

b u t t o n  was pressed caus ing t he  coo rd i na tes  o f  t h e  r e fe rence  system and 

frame number t o  be punched on to  a computer ca rd .  The coo rd i na tes  o f  

t h e  p a r t i c l e  were recorded i n  t h e  same way. The f i l m  was then advanced 

one frame, t he  frame number incremented on t h e  keyboard and t h e  re fe rence  

and p a r t i c l e  coo rd i na tes  ob ta ined .  T h i s  procedure was repeated u n t i l  t he  

p a r t i c l e  e i t h e r  passed o u t  o f  t he  f raming  area o r  passed ou t  o f  focus.  

The f i l m  was advanced u n t i l  ano ther  in - focus  p a r t i c l e  appeared and t he  

process repeated. Only one p a r t i c l e  was f o l l owed  a t  a t ime  i n  o rde r  t o  

he lp  e l i m i n a t e  we igh t i ng  o f  tu rbu lence  data.  

I n  a d d i t i o n  t o  t h e  use o f  t h e  comparator, some f i l m s  were 

analyzed on t h e  Vanguard f i l m  ana lyzer .  The a n a l y s i s  procedure was essen- 

t i a l l y  t he  same as on t h e  cs.omparator except  f o r  two d i f f e r e n c e s .  The 

frame number was a u t o m a t i c a l l y  recorded by t he  machine w i t h o u t  t he  neces- 

s i t y  o f  t r a n s f e r  f rom t h e  coun te r  t o  a keyboard. The data, c o n s i s t i n g  o f  

t h e  frame number and coord ina tes ,were  t a b u l a t e d  on paper tape by means o f  

a c a l c u l a t o r  w i r e d  i n t o  t he  ana lyzer .  I t  was then necessary t o  punch the  

data on to  computer cards f o r  a n a l y s i s  on t he  computer. 



The main program was developed t o  combine t h e  t i m i n g  data and 

t h e  coo rd i na te  data and t o  c a l c u l a t e  and punch a  deck o f  ca rds  con- 

t a i n i n g :  t h e  (1) ins tantaneous v e l o c i t i e s  i n  t h e  a x i a l  d i r e c t i o n ,  u, 

and pe rpend i cu l a r  t o  t h e  a x i s  o f  t h e  channel  p a r a l l e l  t o  t h e  bottom, 

w; (2) t h e  frame numbers; (3) t i m e  from beg inn ing  o f  t he  f i l m ;  and (4) 

t h e  incrementa l  t ime  between frames. A f l o w  c h a r t  i s  shown i n  F ig .  5. 

The a c t u a l  c a l c u l a t i o n  o f  t h e  v e l o c i t i e s  c o n s i s t e d  merely o f  d i v i d i n g  

t h e  d i s t ance  t r a v e l e d  by a  p a r t i c l e  by t h e  incrementa l  t ime  and m u l t i -  

p l y i n g  by a  sca le  f a c t o r .  I t  i s  necessary, however, t o  ment ion b r i e f l y  

some o f  t h e  i n t e r n a l  methods and assumptions used. 

The i npu t  t i m i n g  data was smoothed t o  reduce read ing  e r r o r s  

and e r r o r s  due t o  p o s s i b l e  s l i g h t  v a r i a t i o n s  i n  t h e  f l a s h i n g  r a t e  f rom 

f l a s h  t o  f l a s h .  I t  was assumed t h a t  t h e  speed o f  t h e  f i l m  v a r i e d  smoothly 

and t h a t  f o r  sma l l  increments o f  t ime  t h e  a c t u a l  speed curve  was l i n e a r .  

Therefore,  t h e  smoothing procedure c o n s i s t e d  o f  t h e  f i t t i n g  o f  a  l e a s t  

squares l i n e  through groups o f  t h r e e  ad jacen t  p o i n t s  and us i ng  t h i s  l i n e  

t o  a d j u s t  t h e  va lue  o f  each p o i n t .  Such a  smoothing r o u t i n e  was c a r r i e d  

o u t  t w i c e  a l t hough  i n  most cases t h e  second smoothing proved t o  be unnec- 

essary .  The smoothed m a t r i x  o f  t i m i n g  values, c o n s i s t i n g  o f  t h e  frame 

p o s i t i o n  f o r  each thousandth o f  a  second marker, was conver ted  i n t o  a  

m a t r i x  c o n t a i n i n g  t h e  t ime  f o r  t he  beg inn ing  o f  each frame by l i n e a r  i n t e r -  

p o l a t i o n  between two ad jacen t  va lues  i n  t h e  smoothed a r r a y .  The coo rd i na te  

data was then read i n t o  t h e  computer as p a i r s  o f  coo rd i na te  s e t s .  The 

v e l o c i t i e s  were then c a l c u l a t e d  and t h e  r e s u l t s  punched o n t o  ca rds .  
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4.5 - Data Ana l ys i s  

The ou tpu t  o f  t he  main program was used as i npu t  t o  a group 

o f  programs which computed mean v e l o c i t i e s ,  tu rbu lence  i n t e n s i t i e s  and 

s t a t i s t i c a l  d i s t r i b u t i o n s  o f  mean v e l o c i t i e s .  The data from a l l  f i l m s  

taken a t  any one l e v e l  i n  the  f l o w  were analyzed i n d i v i d u a l l y .  Since 

f i l m s  a t  a g i ven  l e v e l  con ta ined  d i f f e r e n t  numbers o f  p a r t i c l e s ,  sep- 

a r a t e  analyses permi t t e d  comparison o f  t h e  r e s u l t s  obta ined w i t h  va r i ous  

sample s i z e s .  

The mean v e l o c i t y  was computed i n  two ways. I n  t h e  f i r s t  

method t h e  t o t a l  n e t  d i s t ance  t r a v e l e d  by a l l  t he  p a r t i c l e s  which were 

f o l l o w e d  was d i v i d e d  by t h e  t o t a l  e lapsed t ime  i n  t r a v e l i n g  t h a t  d i s -  

tance. T h i s  has the  disadvantage o f  p e r m i t t i n g  t he  slower p a r t i c l e s  

t o  i n f l u e n c e  t he  r e s u l t  more than t h e  f a s t e r  p a r t i c l e s .  The procedure 

i s expressed by 

- 
where u. :  = average v e l o c i t y  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  u. = instan-  

1 I 

taneous p a r t i c l e  v e l o c i t y  computed from two success ive frames, a t i  = t ime  

increment between frames used t o  compute u., and m = t o t a l  number o f  in-  
I 

stantaneous p a r t i c l e  v e l o c i t y  va lues .  The second method g i v e s  equal  

we igh t  t o  t he  average p a r t i c l e  v e l o c i t y  computed from 



where u  = average v e l o c i t y  o f  p a r t i c l e  j and n i l  = t o t a l  number o f  u. 
j I 

values computed f o r  p a r t i c l e  j which i s  equal  t o  the  number o f  frames 

over  which t h e  p a r t i c l e  was f o l l owed  minus one. The second equat ion  

f o r  v e l o c i t y  then i s  

where n  = t o t a l  number o f  p a r t i c l e s .  I n  t h e  same way va lues o f  t he  
- - 

l a t e r a l  average v e l o c i t y ,  wl and w  were c a l c u l a t e d .  
2 ' 

With the  average v e l o c i t i e s  known, t he  tu rbu lence  i n t e n s i t y  

was computed, again i n  two ways. The f i r s t  way employed Eq. (1) t o  

- 
compute u  

1  ' 

where u '  = t u r b u l e n t  f l u c t u a t i o n  and thus u '  = t he  square o f  t h e  in ten-  
1  

s i t y  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n .  The o t h e r  symbols a r e  as de f i ned  

p r e v i o u s l y .  The second method used ; as de f ined  by Eq. (3) 
2 

A l though o f  n o t  as g r e a t  an i n t e r e s t  as t h e  p rev ious  q u a n t i t i e s ,  

c ross  c o r r e l a t i o n s  between u '  and w' were computed i n  two ways accord ing  



F i n a l l y ,  the  d i s t r i b u t i o n  o f  t he  l o n g i t u d i n a l  p a r t i c l e  

v e l o c i t i e s  was ca l cu l a ted ,  and from t h i s  t he  t h i r d  moment o r  skew- - -  
ness, u ' ~ / ( u ' ~ ) ~ / ~ ,  was computed. 



5. ERROR ANALYSIS 

5.1 - E r r o r s  i n  Bas ic  Data 

The bas i c  data used i n  t he  computat ions were t he  coord ina tes  

o f  t he  p a r t i c l e s ,  t he  t ime i n t e r v a l  between f i l m  frames, t he  sca le  f a c t o r  

and t he  p o s i t i o n  o f  t he  p lane  o f  focus w i t h  respect  t o  the  channel bottom. 

The inst ruments used t o  record  t he  p a r t i c l e  coord ina tes  were 

ext remely  accura te .  The comparator cou ld  record  an unmagn i f i e d  l eng th  

t o  w i t h i n  1  p and t he  ana lyzer  t o  w i t h i n  .0001 i n .  Th i s  ins t rument  e r r o r  

i s  n e g l i g i b l e  i n  comparison t o  t he  opera to r  e r r o r  i n  j u d g i n g  t he  cen te r  

o f  t he  p a r t i c l e  image. The reading e r r o r s  were es t imated  by re read ing  

t he  same p o i n t  on t he  f i l m  a  number o f  t imes f o r  bo th  s e r i e s  on bo th  

the  comparator and t he  ana lyzer .  The e r r o r  i n  re read ing  was es t imated  

t o  be about + 5 u n i t s  on t he  ana lyzer  and about f 18 u n i t s  on t he  

comparator.  The corresponding abso lu te  e r r o r  i n  the  p o s i t i o n  o f  a  par-  

t i c l e  i n  t he  f l o w  f i e l d  i s  g iven  below. 

Lens 

50x 

3 2x 

Analyzer  E r r o r  

- 6  
E ~ ( x ; )  = 0.75 x  10 f t  = 0.23 p 

- 6  
E,(x~) = 1.21 x  10 f t  = 0.37 p 

Comparator E r r o r  

- 6  
E,(x~) = 1.04 x  10 f t  = 0.32 p 

- 6  
~ ~ ( x ~ ) = 1 . 7 0 ~ 1 0  f t = 0 . 5 2 1  

E r r o r  i n  the  t ime increments was t he  r e s u l t  o f  t he  e r r o r s  i n  

i n t e r p r e t i n g  t he  t i m i n g  marks a l ong  t h e  s i de  o f  t h e  s i de  o f  t he  f i l m  and 



t h e  p r e c i s i o n  o f  t h e  t i m i n g  marks themselves. The f l a s h i n g  r a t e  o f  t h e  

t i m i n g  l i g h t  was assumed t o  be accu ra te  a t  1000 pu lses/sec.  The e r r o r  

i nvo l ved  i n  de te rmin ing  t h e  frame p o s i t i o n s  o f  t he  t i m i n g  p u l s e  was 

es t imated  t o  be about it 0.01 o f  a  frame. The r e s u l t a n t  t ime  e r r o r  p e r  

frame was then 

where E ( t )  = abso lu te  e r r o r  i n  t and AF = number o f  frames between 
a  

consecu t i ve  pu l ses .  The frame-t ime va lues were smoothed i n  t he  a n a l y s i s  

procedure and the  e r r o r  was presumably lessened i n  t h i s  manner. 

The l e n g t h  s c a l e  was e s t a b l i s h e d  on t he  comparator and ana lyzer  

by v iew ing  t he  f i l m s  taken o f  t h e  s tage  micrometer  us i ng  b o t h  t h e  50x and 

32x lenses.  The dimensions o f  t h e  f i e l d  o f  v iew were 250 p long by 120 p  

wide f o r  t h e  32x l ens  and 150 p l o n g  by 80 p  wide f o r  t h e  50x l ens .  Thus, 

t h e  s tage micrometer,  hav ing a  t o t a l  c a l i b r a t i o n  l e n g t h  o f  2000 p ,  f i l l e d  

t h e  f i e l d .  Th i s  p e r m i t t e d  t h e  sca le  t o  be checked a t  va r i ous  p o i n t s  

throughout  t h e  f i e l d .  The sca le  f a c t o r  was found t o  be cons tan t .  The 

sca le  l e n g t h  was 8,400 u n i t s  on t h e  comparator which, when compared t o  

t h e  maximum read ing  e r r o r  o f  36 u n i t s ,  y i e l d s  a  maximum r e l a t i v e  e r r o r  

o f  0.42 percen t  f o r  a  s i n g l e  de te rm ina t i on .  The corresponding e r r o r  f o r  

t h e  ana l yze r  was 0.64 pe rcen t .  The e r r o r  i n  t h e  f i n a l  s ca le  f a c t o r  was 

less ,  however, s i nce  t h e  average o f  20 de te rmina t ions  on t h e  comparator 

and 5  on t he  ana lyzer  were used f o r  t h e  de te rm ina t i on .  

The p o s i t i o n  o f  t he  f o c a l  p l ane  i n  t h e  f l o w  was l o c a t e d  as de- 

s c r i b e d  i n  Chapter 4. The readings were c o r r e c t e d  by a  f a c t o r  o f  1.33 



f o r  t he  r a t i o  o f  r e f r a c t i v e  indexes o f  a i r  and wate r .  Th i s  f a c t o r  was 

checked by measuring t h e  depth us ing  t h e  microscope and t h e  micrometer  

p o i n t  gage. Two sources o f  e r r o r  e x i s t .  The ze ro  p o s i t i o n  was taken 

w i t h  t h e  g l ass  water  i n t e r f a c e  o f  t h e  channel  bot tom judged t o  be a t  t he  

top  o f  t he  f o c a l  p lane.  A l l  v e l o c i t y  data were p l o t t e d  a t  t h e  cen te r  o f  

t h e  f o c a l  p lane .  Since t h e  depth o f  f i e l d  o f  t h e  50x l ens  was 11 p ,  t he  

a c t u a l  ze ro  p o s i t i o n  c o u l d  have been as much as 3 p below t h e  assumed 

va lue .  The 32x lens,  which had a  depth o f  f i e l d  o f  24 p,, c o u l d  produce 

a  6 1 e r r o r .  Th i s  e r r o r  would r e s u l t  i n  a  s h i f t  o f  t h e  e n t i r e  v e l o c i t y  

p r o f i l e ,  g i v i n g  t h e  appearance o f  a  p o s i t i v e  v e l o c i t y  a t  t h e  boundary. 

The o t h e r  e r r o r  source was due t o  t h e  d i a l  read ing.  The micrometer screw 

was c a l i b r a t e d  us ing  t h e  d i a l  gage and was found t o  r e q u i r e  a  c o r r e c t i o n  

f a c t o r  o f  approx imate ly  0.88 f o r  t h e  lower  200 p range o f  movement and 

a  c o r r e c t i o n  f a c t o r  o f  0.95 f o r  movement beyond t h i s  range. Since t h e  

sma l l es t  d i v i s i o n  on t h e  d i a l  gage was 12.5 p ,  t h e  c o r r e c t e d  micrometer 

screw reading was used i n  t h e  lower 200 p  range. Th i s  r e s u l t e d  g e n e r a l l y  

i n  va lues 5  - 10 p, above those o f  t h e  d i a l  gage. I n  r e t r o s p e c t  i t  appears 

t h a t  t h e  e r r o r  i n  l o c a t i n g  t he  p o s i t i o n  o f  t he  f o c a l  p l ane  i s  t h e  l a r g e s t  

s i n g l e  e r r o r  i n  bas i c  data i n  t h e  exper iment .  I t  i s  o f  p a r t i c u l a r  impor- 

tance s i nce  i t  d i r e c t l y  e f f e c t s  t he  s lope  o f  t he  average v e l o c i t y  p r o f i l e ,  

and hence t h e  boundary shear computat ion.  Fu tu re  work w i l l  be d i r e c t e d  

toward reduc ing t h i s  e r r o r .  

5.2 - E r r o r s  i n  Computed Flow Parameters Due t o  Data E r r o r s  

The " instantaneous" v e l o c i t y  e r r o r  i s  due t o  e r r o r s  i n  scale,  co- 

o rd i na tes ,  and t ime.  The sca le  e r r o r  i s  n e g l i g a b l e  b u t  t he  l a t t e r  two must 

be cons idered.  



The v e l o c i t y  i s  determined by 

where u .  = " ins tantaneous"  p a r t i c l e  v e l o c i t y ,  x .  = coo rd i na te  p o s i t i o n  
1 I 

o f  t he  p a r t i c l e  i n  frame i and t .  = t ime  corresponding t o  frame i .  The 
I 

x .  coord ina tes  were determined as t he  d i f f e r e n c e  between t h e  p o i n t  coo rd i -  
I 

nates and t he  ze ro  coord ina tes  on each frame and thus r e q u i r e d  a  t o t a l  o f  

f o u r  p o s i t i o n  de te rm ina t i ons .  If the e r r o r s  a r e  cumulat ive,  t he  t o t a l  

maximum abso lu te  e r r o r  i n  t h e  d i s t ance  t r a v e l e d  between frames i s  

sec/flash the e r r o r  i n  t ime increment A t .  can be de- 
Since nt = AF f rames / f lash '  I 

termined from Eq. (8) 

E ( A t . )  = 2E ( t )  = .02 A t i  
a  I a  

The maximum abso lu te  e r r o r  i n  a v e l o c i t y  measurement i s  then 

E ~ ( A > : ~ )  A X .  I 

E ( u i )  = +- 
a  ~t E ( ~ t . )  

Using Eqs. (10) and (11) and t he  f a c t  t h a t  Axi = u .A t .  
I I 

4 
E (u i )  = - E,(x~)  + 0.02 ui  
a  A t i  



The r e l a t i v e  e r r o r  E (u i )  i s  
r 

An e r r o r  es t ima te  may be made by c o n s u l t i n g  t h e  r e s u l t s  i n  

Tables 2  and 3. For example, t y p i c a l  data  f o r  a  p a r t i c l e  near .the bot tom 

+ - 6  
a t  y  = 0.1 a r e  u  = 0.0245 f t / s e c ,  Ea(xi) = 0.75 x  10 f t ,  A t i  = 0.001 

i 

sec. S u b s t i t u t i o n  i n  Eq. (14) y i e l d s  Er(u i )  = 12 percen t .  For a  p a r t i c l e  

+ - 6  
l o c a t e d a t  y  = 14.2, u. = 0.572 f t / s e c ,  E (x.) = 1 . 7 ~  10 f t ,  A t .  = 

I a  I I 

2  x  sec, which y i e l d s  E (u.)  = 7.0 pe rcen t .  
r I 

I t  should  be recognized t h a t  t he  above r e s u l t s  a r e  maximum 

e r r o r  es t imates  f o r  a  s i n g l e  v e l o c i t y  de te rm ina t i on .  The average v e l o c i t y  

a t  a  g i ven  p o i n t  as computed by Eqs. (1) o r  (2) i s  t h e  r e s u l t  o f  many de te r -  

m ina t i ons  o f  u . .  Since t h e  e r r o r s  a r e  random i n  s ign,  t h e  e r r o r  i n  t h e  
I 

average and ins tantaneous v e l o c i t i e s  i s  l e s s  than i n d i c a t e d  above. 

The e r r o r  i n  i n t e n s i t y  can be es t imated  by m o d i f y i n g  Eq. (5) t o  

i nc l ude  t h e  e r r o r  i n  computing u  . 
j 

- n  - 
2  1  

a  
2  ' 2  E ( u '  ) = - Z [Ti- ( u . + E ~  ( u . ) ) ]  - u  

n I J  J 

Eq. (15) can be expanded and simp1 i f  i e d  t o  y i e l d  

- 
2  1  2  1  

n  n  
E ( u '  ) = - Z E (u . )  - 7 Z  2E (u . )  (;-u.) 
a  " I  a  J  I a J  J  

Since E (u . )  can be p o s i t i v e  o r  nega t i ve ,  t he  second term i n  Eq. (16) w i l l  
a J  

become sma l l  as n, t h e  number o f  p a r t i c l e s ,  increases.  The r e s u l t  i s  



and 

Now E  (u.)  can be computed from Eqo (13) w i t h  u r e p l a c i n g  u and 
a  J m j i 

A t .  = X A t  as  de f i ned  i n  Eq, (12), T y p i c a l  data f rom Tab le  2  can be 
1 i 

+ 
used t o  eva lua te  Eq. (18).  A t  y  = 0.10, u  = 0.0245 f t / s e c ,  

0.0156 f t / s e c  and w i t h  t h e  camera speed used, a  t y p i c a l  p a r t i c l e  re- 

q u i r e d  0.0132 sec t o  t r a v e l  t he  l e n g t h  o f  t he  obse rva t i on  f i e l d .  Usinq - 
- 6  + 

(a) 
(x i )  = 10 f t  t h e  r e s u l t  i s  E r (  

I 
f l  ) = 50 pe rcen t .  A t  y  = 14.2, 

u  = 0.572 f t / s e c ,  and J u12 = 0.141 f t / sec  a  t y p i c a l  p a r t i c l e  moved 

-3  
through t h e  obse rva t i on  f i e l d  much f a s t e r  so t h a t  A t  = 1.2 x  10 sec. 

j 

The r e s u l t  i n  t h i s  case i s  Er ( f i  ) = 10.5 pe rcen t .  I t  should  be rec- 

ognized t h a t  these es t imates  a r e  h i g h  s i nce  they assume t h a t  t h e  maximum 

e r r o r  was made f o r  each v e l o c i t y  de te rm ina t i on .  Never the less,  t he  r e l a t i v e  

e r r o r  i s  always p o s i t i v e ,  and one c o u l d  expect  t h e  computed i n t e n s i t i e s  t o  

be t o o  h igh .  

5.3 - Computat ional  E r r o r s  Due t o  Depth o f  Focal  F i e l d  

There a r e  e r r o r s  i n  average v e l o c i t y  and tu rbu lence  i n t e n s i t y  

computat ion which a r e  due t o  t he  f a c t  t h a t  p a r t i c l e  l o c a t i o n  cannot be 



e s t a b l i s h e d  w i t h i n  t h e  d e p t h  o f  f i e l d  and t h a t  t h e  average v e l o c i t y  v a r i e s  

w i t h i n  i t .  T h e r e f o r e ,  depending on t h e  c o m p u t a t i o n a l  method, s y s t e m a t i c  

e r r o r s  can deve lop wh ich  may depend on t h e  d i s t r i b u t i o n  o f  sampled p a r t i -  

c l e s  w i t h i n  t h e  f i e l d  and, i n  f a c t ,  i n c r e a s e  as  t h e  number o f  p a r t i c l e s  

cons i dered inc reases .  

I t  has a l r e a d y  been p o i n t e d  o u t  t h a t  average v e l o c i t y  computed 

by Eq. (1) can y i e l d  e r roneous  r e s u l t s .  A q u a n t i t a t i v e  e s t i m a t e  ' o f  t h i s  

e r r o r  can be made. Cons ider  a  two-d imens iona l  v e l o c i t y  p r o f i l e  u  = a y  

and assume t h a t  t h e  r e g i o n  f rom yl t o  y2  co r responds  t o  t h e  f i e l d  o f  f ocus  

and t h e  d i s t r i b u t i o n  o f  p a r t i c l e s  i n  t h e  y  d i r e c t i o n  i s  u n i f o r m .  

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

Assume t h a t  i n  each r e g i o n  d  one p a r t i c l e  i s  f o l l o w e d  f o r  a  d i s t a n c e  Ax 
Y 

and t h e  average v e l o c i t y  i n  t h e  t o t a l  r e g i o n  between yl and y 2  i s  c a l c u -  

l a t e d  a c c o r d i n g  t o  Eq. (1) . 

where A t  = t i m e  r e q u i r e d  f o r  a  p a r t i c l e  a t  l e v e l  y  t o  t r a v e l  a  d i s t a n c e  
Y 

A X  and u  i s  t h e  v e l o c i t y  a t  l e v e l  y .  
Y 



The numerator o f  Eq.  (1) can be t ransformed i n t o  an i n t e g r a l  

n x by recogn iz ing  t h a t  A t  = - and t h a t  a  un i f o rm  l i n e  dens i t y  o f  p a r t i c l e s ,  

i s  assumed so t h a t  
u~ 

P ~ '  

S i m i l a r l y  t he  denominator can be t ransformed.  

The r e s u l t  i s  

- CY 
Since the  c o r r e c t  v e l o c i t y  i s  g iven  by u  = - ( y  +y ) ,  the  r e l a t i v e  e r r o r  

2 2 1  

I S 

1  U ( Y  - Y  1 2(y2-y1) 
~ ~ ( i )  = a [$(Y,+Y~) - 1 1 4 -  (23) 

- ( Y  +Y 1 2 2 1  
Y2 

l o g  - 2 

Y1 
(y2+y1) loge  y 

1  

T h i s  r e s u l t  i nd i ca tes  t h a t  t he  method always y i e l d s  v e l o c i t i e s  which a r e  

t oo  low. For example, cons ider  t he  50x lens  w i t h  a  depth o f  f i e l d  o f  11 

l oca ted  near t h e  boundary w i t h  y  = 1  p and y2  = 12 p .  Equat ion (23) 
1  



y i e l d s  a  32 percen t  e r r o r .  However, i f  yl = 10 p and y 2  = 21 p, t h e  

e r r o r  i s  4  percen t .  For t h e  32x l ens  w i t h  a  depth o f  f i e l d  o f  24 

l o c a t e d  a t  yl = 50 p,  y2  = 74 p t h e  r e s u l t  i s  a  2  percen t  e r r o r .  I t  

i s  seen t h a t  t h i s  e r r o r  decreases r a p i d l y  w i t h  d i s t ance  from t h e  bound- 

a r y .  T h i s  e r r o r  i s  s t r ong  j u s t i f i c a t i o n  f o r  t h e  use o f  Eq. (3) r a t h e r  

than Eq. (1) . 
The above d i scuss ion  i n d i c a t e s  t h a t  Eq. (3) would y i e l d  t he  

c o r r e c t  average v e l o c i t y  i f  a  un i f o rm  p a r t i c l e  sampl ing across t he  depth 

o f  f i e l d  i s  made. However, t h i s  i s  n o t  t r u e  i n  t h e  computat ion o f  t h e  

t u rbu lence  i n t e n s i t y  us ing  Eq. (5) which i s  analogous t o  Eq. (3) i n  t h a t  

each p a r t i c l e  i s  g i ven  t h e  same we igh t  i n  t h e  computat ion.  Consider t h e  

same two-dimensional  v e l o c i t y  p r o f i l e  j u s t  d iscussed w i t h  a  un i f o rm  par-  

t i c l e  sampl ing throughout  t h e  r eg ion  yl t o  y2 .  Equat ion (5) can be 

t ransformed i n t o  i n t e g r a l  form assuming a un i f o rm  sample d i s t r i b u t i o n  

f rom yl t o  y2 .  

- (2' 
By s u b s t i t u t i n g  u  = (2' u  = - ( y  +y ) and i n t e g r a t i n g ,  t he  r e s u l t  i s  

j Y '  2 1 2  

By d i v i d i n g  by t h e  l o c a l  average v e l o c i t y  and t he  shear v e l o c i t y ,  two 

r e l a t i v e  i n t e n s i t i e s  a r e  ob ta ined .  



Equat ions (25), (26), and (27) i n d i c a t e  t h a t  because a  v e l o c i t y  g r a d i e n t  

e x i s t s  across t h e , d e p t h  o f  f i e l d ,  Eq. (5)  may y i e l d  a  p o s i t i v e  r e s u l t  

even i f  no t u r b u l e n t  v e l o c i t y  f1 ,uc tua t ions  e x i s t .  Recognizing t h a t  
7 

0 a = -  , and s i nce  (Y - y  ) i s  t he  depth o f  f i e l d ,  Eqs. (25) and (27) can 
C1 2  1  

be eva lua ted  f o r  each lens .  The r e s u l t  i s  an apparent i n t e n s i t y  o f  0.0046 

f t / s e c  and a  r e l a t i v e  i n t e n s i t y  us i ng  t h e  shear v e l o c i t y  o f  0.077 f o r  the  

50x l ens  and 0.010 f t / s e c  and 0.17 r e s p e c t i v e l y  f o r  t h e  32x lens.  Eq. (26) 

y i e l d s  an apparent r e l a t i v e  i n t e n s i t y  which depends on t he  d i s tance  from 

t h e  boundary. The c ross  c o r r e l a t i o n ,  does n o t  c o n t a i n  an inheren t  

e r r o r  s i nce  no average v e l o c i t y  g r a d i e n t  i n  t h e  w d i r e c t i o n  e x i s t s  a t  t h e  

cen te r  o f  t h e  channel.  

I t  should be emphasized t h a t  t h e  preceeding apparent e r r o r s  were 

computed assuming a  un i f o rm  p a r t i c l e  sampling across t h e  depth o f  f i e l d .  

I t  i s  n o t  l i k e l y  t h a t  t h i s  i s  t r u e  because o f  t he  r e l a t i v e l y  few number o f  

p a r t i c l e s  sampled. 

5.4 - E r r o r  Due t o  R e l a t i v e  P a r t i c l e  V e l o c i t y  

The assumption t h a t  t h e  p a r t i c l e s  have z e r o  v e l o c i t y  r e l a t i v e  

t o  t he  f l u i d  surrounding them i s  bas i c  t o  t h e  exper imenta l  work. Th i s  



assumption i s  obv ious l y  n o t  comple te ly  t rue ,  and i t  i s  o f  i n t e r e s t  t o  

es t ima te  t he  degree t o  which t h e  p a r t i c l e  mot ion d i f f e r s  f rom t h a t  o f  

t he  f l u i d .  

F i r s t ,  t he  p a r t i c l e s  have a s e t t l i n g  v e l o c i t y  which can be 

computed from Stokes' law assuming t he  p a r t i c l e  Reynolds' number, ud/v, 

i s  l e s s  than u n i t y .  Where U = s e t t l i n g  v e l o c i t y ,  d  = p a r t i c l e  diameter 

and v  = k inemat ic  v i s c o s i t y ,  t he  r e s u l t  i s  

where p, = v i s c o s i t y  , Y~ 
= s p e c i f i c  we igh t  o f  t he  p a r t i c l e  and y = s p e c i -  

f i c  weight  o f  water .  Using t y p i c a l  exper imenta l  values, d  = 1  p, = 3.28 x  

- 5  2  
f t ,  p, = 1.94 x  10 l b  s e c / f t  , and y  = 1.05, t he  s e t t l i n g  v e l o c i t y  

P  - 7 - 8  
i s  U = 0.9 x  10 f t / s e c  w i t h  a  Reynoldsf number = 3  x  10 . Assuming a  

-3  
t y p i c a l  p a r t i c l e  i s  f o l l owed  f o r  a  p e r i o d  o f  10 sec t he  t o t a l  f a l l  

- 5  
d i s t ance  i s  about 3  x  10 p, which i s  much l e s s  than 11 p,, t he  depth o f  

f i e l d  o f  t he  microscope l ens .  Therefore,  t he  s e t t l i n g  v e l o c i t y  i s  n e g l i g i b l e .  

I n  a d d i t i o n  t o  t he  f a l l  v e l o c i t y ,  t he  p a r t i c l e s  have a  l i f t  f o r c e  

exe r ted  on them due t o  r o t a t i o n  and t h e i r  presence i n  a  v e l o c i t y  g rad ien t  

f i e l d .  A l though cons iderab le  work has been done on t h i s  problem f o r  an 

i d e a l  f l u i d ,  t he  v iscous case s t i l l  bears s tudy.  Reference i s  made here 

t o  t he  exper imenta l  work repo r ted  by The r e s u l t  o f  i n t e r e s t  i s  

an express ion f o r  a  l i f t  c o e f f i c i e n t ,  CL, which presumably embodies t he  

ne t  e f f e c t  o f  r o t a t i o n  and shear f i e l d .  The e m p i r i c a l  equa t ion  which de- 

s c r i b e s  t h e  data i s  



where d  = p a r t i c l e  d iamter ,  u  = l o c a l  f l u i d  v e l o c i t y ,  dU = l o c a l  
dy 

u  d  
v e l o c i t y  g rad ien t ,  D = p i p e  d iameter  and N = - . Th is  can be eva lu-  

R~ 
v 

- 6  
a t e d  us ing  data from t h i s  r e p o r t :  d  = 1  p = 3.28 x  10 f t ,  u  = 1  f t / sec ,  

'I du-  _ -  0 - - 4.4 x  10 - 3  sec - 1  , D = e q u i v a l e n t  p i p e  d iameter  = 4x depth = 
dv u 

- 8  
.16 f t  and NR = 0.33. The r e s u l t  i s  C L  = 5.7 x  10 . The l i f t  force,  

P  
FL, can now be computed. 

- 19 
The r e s u l t  i s  FL = 4.65 x  10 l b s .  Th is  f o r c e  can be compared t o  t h e  

submerged we igh t  o f  t h e  p a r t i c l e  assuming a  s p e c i f i c  g r a v i t y  o f  1.05. The 

we igh t  i s  565 x  lom1' l b s  o r  about 100 t imes g r e a t e r  than t h e  l i f t .  Thus, 

t h e  ne t  v e r t i c a l  mot ion o f  t h e  p a r t i c l e  due t o  i t s  we igh t  and t h e  l i f t  

f o r c e  toward t he  channel  bottom i s  n e g l i g i b l e .  

The response o f  a  p a r t i c l e  t o  a  change i n  t he  f l u i d  v e l o c i t y  i s  

a l s o  an impor tan t  cons ide ra t i on .  Consider a  p a r t i c l e  re leased  from r e s t  

i n  a  f l u i d  moving w i t h  v e l o c i t y  u. The equa t ion  o f  mot ion  o f  t he  p a r t i c l e  

can be ob ta ined  us i ng  Stokes'  law. The r e s u l t  i s  

where u  = p a r t i c l e  v e l o c i t y  a t  t ime  t, m = p a r t i c l e  mass and t h e  o t h e r  
P  

symbols as de f i ned  p r e v i o u s l y .  Eq .  (31) can be i n t e g r a t e d  between t h e  



l i m i t s  o  + t and o  3 c r u  where cr i s  some f r a c t i o n  o f  u. The r e s u l t  
P  

I S 

where p = d e n s i t y  o f  t h e  p a r t i c l e .  For cr = 0.999, Eq .  (32) y i e l d s  
P  

- 7 
t = 4 x 10 sec. S ince  t h e  s m a l l e s t  t i m e  i n t e r v a l  used i n  t h e  v k l o c i t y  

- 4  
compu ta t i ons  was o f  t h e  o r d e r  o f  10 sec, i t  i s  seen t h a t  p a r t i c l e  re-  

sponse t o  f l u i d  a c c e l e r a t i o n  i s  e s s e n t i a l l y  i ns tan taneous .  

The c o n c l u s i o n  i s  t h a t  because o f  t h e  s m a l l  s i z e  and s p e c i f i c  

g r a v i t y  o f  1.05, t h e  p a r t i c l e s  a c t  a s  v a l i d  t r a c e r s  and t h e r e  i s  no 

measurab le  e r r o r  a s s o c i a t e d  w i t h  t h i s  assumpt ion .  



6. RESULTS 

6.1 - Boundary Shear S t ress  - Laminar Flow 

Boundary shear was expe r imen ta l l y  determined f o r  t he  e i g h t  

laminar  t e s t s  and t he  one t u r b u l e n t  f l ow  t e s t .  The Reynolds' number 

based on t h e  depth f o r  t.he laminar  t e s t s  v a r i e d  f rom about 3  t o  12 

w h i l e  i t s  va lue  f o r  t he  t u r b u l e n t  t e s t  was 4,550. The l a t t e r  Reynolds'  

number was t h e  h i ghes t  t h a t  c o u l d  be ach ieved s i nce  t h e  depth was l i m -  

i t e d  t o  approx imate ly  0.5 i n .  by t h e  i l l u m i n a t i o n  system. A l though a 

h i g h e r  NR i s  d e s i r a b l e  f o r  q u a n t i t a t i v e  purposes, t h e  va lue  ach ieved 

i s  s u f f i c i e n t  f o r  purposes o f  t h i s  r e p o r t .  

The boundary shear s t r ess ,  T was c a l c u l a t e d  by p l o t t i n g  
0 ' 

the  v e l o c i t y  p r o f i l e  i n  t h e  100 p, - 200 p, r eg i on  ad jacen t  t o  t he  bound- 

a r y ,  computing t h e  s lope  o r  t h e  r a t e  o f  shear and m u l t i p l y i n g  by t h e  

v i s c o s i t y .  The r e s u l t s  o f  these computat ions a r e  compared w i t h  T 
0 

computed f rom a two-dimensional  s t a t i c  ba lance i n  Tab le  1. I t  i s  no ted  

4- 
t h a t  w i t h  t h e  excep t ion  o f  t e s t  7-L, t h e  va lues agree t o  w i t h i n  - 15 

percen t .  I n  seven o f  t he  n i n e  t e s t s  t h e  computed va lue  was h i ghe r  than 

t h e  exper imenta l  va lue.  

I n  o rde r  t o  eva lua te  these r e s u l t s  t h e  v e l o c i t y  p r o f i l e s  must 

be  examined. F igures  6 - 13 show the  laminar  p r o f i l e s .  Each p o i n t  repre-  

sents  t h e  average v e l o c i t y  o f  a  p a r t i c l e  over  t h e  w i d t h  o f  t he  f i e l d  o f  

v iew. The s o l i d  l i n e  was a r b i t r a r i l y  drawn through the  p o i n t s  and i t s  

s l ope  computed. There a r e  t h r e e  sources o f  e r r o r  f o r  any p o i n t .  The 

l o c a t i o n  o f  t h e  bottom, y  = 0, cou ld  be as .much as 3  - 5 p, lower than 



i n d i c a t e d .  T h i s  wou ld  r e s u l t  i n  an apparen t  s h i f t  o f  t h e  e n t i r e  c u r v e  

i n d i c a t i n g  an apparen t  p o s i t i v e  v e l o c i t y  a t  t h e  bo t tom.  A l l  o f  t h e  

v e l o c i t y  d e t e r m i n a t i o n s  a t  any l e v e l  were p l o t t e d  a t  t h e  c e n t e r  o f  t h e  

f o c a l  f i e l d ,  a l t h o u g h  they  c o u l d  a c t u a l l y  occu r  anywhere w i t h i n  t h e  

f i e l d  wh ich  i s  i n d i c a t e d  by t h e  dashed l i n e s  on each graph.  Thus, any 

v a l u e  f a l l i n g  w i t h i n  t h i s  r e g i o n  d e f i n e d  by t h e  dashed l i n e s  i s  w i t h i n  

t h e  known range o f  e r r o r .  F i n a l l y ,  t h e  e x p e r i m e n t a l  e r r o r  i n  v e l o c i t y  

d e t e r m i n a t i o n  i s  shown by h o r i z o n t a l  e r r o r  f l a g s  f o r  an a r b i t r a r y  pa r -  

t i c l e  near  t h e  bo t tom and one f a r t h e r  up i n  t h e  f l o w .  T h i s  e r r o r  i s  

t h e  r e s u l t  o f  e r r o r s  i n  measurement o f  t i m e  and d i s t a n c e  and thus  v a r i e s  

w i t h  d i s t a n c e  f rom t h e  boundary.  I t  i s  seen t h a t  t hese  e r r o r s  can ac- 

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

Thus, a  l i n e  drawn t h r o u g h  t h e  p o i n t s  wou ld  n o t  n e c e s s a r i l y  pass th rough  

t h e  o r i g i n .  T h i s  wou ld  i n d i c a t e  an e r r o r  i n  t h e  i n i t i a l  r e f e r e n c e  l e v e l .  

The s i g n i f i c a n t  aspec t  o f  t h e  l i n e  i s  i t s  s l o p e  o r  t h e  shear r a t e .  The 

v a r i a t i o n  o f  shear r a t e  due t o  t h e  dep th  o f  f i e l d  e r r o r  can be computed 

f rom 

where y  i s  t h e  l a r g e s t  dep th  i n  m i c r o n s  (p) i n  t h e  r e g i o n  where t h e  ve loc -  

d  u  
i t y  p r o f i l e  i s  e s s e n t i a l l y  l i n e a r ,  u  i s  t h e  v e l o c i t y  a t  y  i n  p / sec ,  (5)0 

Y 

i s  t h e  shear r a t e  e s t i m a t e d  by a  s t r a i g h t  l i n e  t h r o u g h  t h e  da ta  p a s s i n g  

t h r o u g h  t h e  o r i g i n ,  and 5 . 5  p  i s  o n e - h a l f  t h e  dep th  o f  f i e l d .  T h i s  

e q u a t i o n  r e f l e c t s  o n l y  v a r i a t i o n s  r e s u l t i n g  f rom u n c e r t a i n t y  i n  p a r t i c l e  

l o c a t i o n  w i t h i n  t h e  depth  o f  f i e l d .  A p p l i c a t i o n  o f  E q .  (33) t o  t e s t  1-L, 



f o r  example, y i e l d s  a  p o s s i b l e  4-15 t o  - 9  pe rcen t  v a r i a t i o n  i n  du/dy 

which compares w e l l  w i t h  t h e  percen t  d i f f e r e n c e  i n  boundary shear shown 

i n  Tab le  1. A l l  o f  t h e  d i f f e r e n c e s  shown i n  Tab le  1  may be accounted 

f o r  by Eq. (33) w i t h  t h e  excep t ions  o f  t e s t  7-L and t he  t u r b u l e n t  t e s t  

which w i l l  be discussed l a t e r .  

Some genera l  aspects  o f  t h e  laminar  f l o w  data should  be men- 

t i oned .  Steady, u n i f o r ~ i i  laminar  f l o w  i n  an open channel  i s  ve ry  d i f f  i- 

c u l t  t o  ach ieve  expe r imen ta l l y  because o f  t h e  sma l l  channel  s lopes 

requ i r ed .  F igures 10 and 12 i n d i c a t e  such an unsteady c o n d i t i o n .  T h i s  

i s  p robab ly  t h e  cause o f  the  l a r g e  disagreement between t he  computed and 

exper imenta l  va lues o f  T f o r  t e s t  7-L. The photographs were taken i n i -  
0 

t a l l y  near t he  bottom and then p r o g r e s s i v e l y  h i g h e r  i n  t h e  f l ow.  Th i s  

c rea ted  a  t ime  l a g  between data p o i n t s  and produced a  d i s t o r t e d  p r o f i l e  

i f  t h e  f l o w  was unsteady. Because t h e  v e l o c i t i e s  throughout  t h e  f l o w  

were r e l a t i v e l y  low, the  e n t i r e  v e l o c i t y  p r o f i l e  was measured. The re- 

s u l t s  a r e  shown i n  dimensionless form i n  F i gs .  14 and 15. F i gu re  14 

shows t he  lower  reg ion,  e s s e n t i a l l y  t h e  same data as i n  F igs .  6 - 13, 

and F ig .  15 shows t he  e n t i r e  p r o f i l e .  The l i n e  i s  t h e  t h e o r e t i c a l  

p a r a b o l i c  p r o f i l e .  The s c a t t e r  near  t h e  su r f ace  i s  due t o  e r r o r  i n  

v e l o c i t y  de te rmina t ion  s i nce  t he  depth o f  f i e l d  e r r o r  i s  i n s i g n i f i c a n t  

a t  l a r g e  d is tances  f rom the  bottom. 

6.2 - Boundary Shear S t ress  - Turbu len t  Flow 

The v e l o c i t y  data i n  t he  sub layer  f o r  t h e  t u r b u l e n t  t e s t  i s  

shown i n  F ig .  16. The data p o i n t s  a r e  the.average va lues f o r  each f i l m  



computed from Eq. (3 ) .  The r e s u l t s  f rom Eq. (1) were no t  p l o t t e d  because 

o f  t he  inheren t  e r r o r  descr ibed by Eq. (23) .  Both va lues a r e  l i s t e d  i n  

Tables 2  and 3  f o r  comparison. The data i n  t he  colurnns headed "By Frame" 

were c a l c u l a t e d  from Eqs. ( I ) ,  (4 ) ,  and (6) and those under "By P a r t i c l e "  

f rom Eqs. (3) ,  (5) ,  and (7) .  The v e r t i c a l  e r r o r  f l a g s  i n  F igs.  16 i n d i c a t e  

t he  depth o f  f i e l d .  No h o r i z o n t a l  o r  v e l o c i t y  e r r o r  f l a g  i s  shown because 

each p o i n t  i s  t he  average o f  f rom 28 t o  141 i n d i v i d u a l  de te rmina t ions  and 

t h e  r e s u l t i n g  e r r o r  i s  d i f f i c u l t  t o  e s t a b l i s h .  As i n d i c a t e d  i n  Chapter 4, 

+ 
the  e r r o r  i n  an i n d i v i d u a l  de te rmina t ion  i s  approx imate ly  - 17 percen t  

+ 
near the  bottom and - 7  percent  a t  t he  top o f  t he  sublayer .  However, s ince  

t h i s  i s  a  maximum es t imate  and i t  i s  random, t he  e r r o r  i n  t he  average would 

be much l ess .  The s t a t i s t i c a l  e r r o r  due t o  sampling might  be cons idered.  

The d i f f e r e n c e  between t he  mean o f  a  sample and i t s  p o p u l a t i o n  can be e s t i -  

mated w i t h i n  va r i ous  conf idence 1  i m i t s  us ing  t he  "s tudents l l  t d i s t r i b u t i o n .  

T h i s  method assumes a  n e a r l y  normal d i s t r i b u t i o n  o f  t he  popu la t i on .  I n  t h i s  

case t he  popu la t i on  c o n s i s t s  o f  a l l  p o s s i b l e  v e l o c i t y  va lues w i t h i n  t he  depth 

o f  f i e l d  and thus has a  rec tangu la r  d i s t r i b u t i o n  w i t h  depth. However, i f  t he  

method i s  used anyway t he  r e s u l t  o f  a  95 percen t  conf idence i n t e r v a l  i s  a  

p o s s i b l e  d i f f e r e n c e  between t he  t r u e  and sample means o f  .375 a f o r  a  sample 

o f  30 and -17  0 f o r  a  sample o f  140. Since a, t he  s tandard d e v i a t i o n  o r  

tu rbu lence  i n t e n s i t y ,  was almost equal t o  t he  average v e l o c i t y  near t he  bot -  

tom, as seen i n  Tables 2  and 3, t h i s  would r e s u l t  i n  a  d i f f e r e n c e  o f  + 37.5% 

f o r  t he  sample o f  30. On t he  o t h e r  hand, a t  t he  top o f  t h e  sublayer  t he  

s tandard d e v i a t i o n  i s  about 20 percen t  o f  t he  average v e l o c i t y  which would 

reduce t he  p o s s i b l e  d i f f e r e n c e  t o  + 7  percen t  f o r  a  sample o f  30. I t  i s  

concluded t h a t  t he  average v e l o c i t y  p o i n t s  near t he  bot tom a r e  sub jec t  t o  

a  h igher  l e v e l  o f  s t a t i s t i c a l  e r r o r  than those near t he  top  o f  t he  sublayer .  
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t h e  t r a n s i t i o n  reg ion  between t h e  "law o f  t h e  Wall" r eg i on  and the  

l o g a r i  thmic  reg ion .  The dashed 1  i n e  represen ts  t he  data taken by 

~ u n s t a d l e r ' ~  and i s  presented f o r  qua1 i t i t a t  i v e  comparison. 

I t  i s  i n t e r e s t i n g  t o  compare t h e  va lues o f  il and ; i n  
2  

Tables 2  and 3. As i n d i c a t e d  by Eq. (23), would be expected t o  be 

lower  than ; and t h i s  i s  i n  f a c t  t h e  case f o r  each f i l m .  Furthermore, 
2  ' 

t h e  percentage d i f f e r e n c e s  between il and ; decrease w i t h  d i s t ance  from 
2  

t h e  bot tom as p r e d i c t e d  by Eq. (23) .  I n  Tab le  1  t h e  d i f f e rence  between 

+ i1 and u v a r i e s  f rom a maximum o f  24 pe rcen t  a t  y  = 0.10 t o  2.5 percen t  
2  

+ 
a t  y  = 4.15 and i n  Table  2  t h e  v a r i a t i o n  i s  f rom 50 pe rcen t  t o  5  pe rcen t .  

Equa t ion  (23) y i e l d s  a  d i f f e r e n c e  o f  37 percen t  f o r  t h e  top  and bot tom o f  

t h e  f oca l  f i e l d  a t  9.0 p and 0.5 p f rom t h e  bot tom r e s p e c t i v e l y ,  which 

agrees reasonable w e l l  w i t h  t h e  observed d i f f e r e n c e s .  However, t h e  pre- 

d i c t e d  d i f f e r e n c e  decreases very  r a p i d l y  w i t h  i nc reas ing  d i s t ance  from 

bottom, be ing  about 1  percen t  f o r  y+ = 1.0 f o r  t h e  50x f i l m s  and 2.68 f o r  

t h e  32x f i l m s .  The observed d i f f e rences  a t  these l e v e l s ,  f o r  example, 

a r e  10.2 and 8.0 percen t ,  h i ghe r  than p r e d i c t e d  va lues.  Since Eq. (23) 

assumes a  un i f o rm  p a r t i c l e  sampling, t h e  depar tu re  o f  t h e  observed d i f -  

ferences i n d i c a t e s  t h a t  perhaps more p a r t i c l e s  were sampled from t h e  lower 

than f rom the  upper p a r t  o f  t h e  f o c a l  f i e l d .  

6.3 - Turbulence I n t e n s i t y  

The r e s u l t s  o f  t h e  rms o f  t he  v e l o c i t y  f l u c t u a t i o n s  as computed 

by Eqs. (4) and (5) a r e  shown i n  Tables 2  and 3. As descr ibed  i n  Sec t ion  
/=, 

5.3, t he  computed l o g i  t u d i n a l  i n t e n s i t y ,  J u iL ,  should  be regarded as an 

apparent  va l ue  s ince  i t  con ta i ns  a  component due t o  t h e  v a r i a t i o n  i n  mean 



v e l o c i t y  across the  depth o f  f i e l d .  T h i s  component i s  es t imated  by Eq. (25) 

and i n  terms o f  r e l a t i v e  i n t e n s i t y  by Eqs. (26) and (27).  The apparent 
I 

i n t e n s i t y  as computed by Eq. (4), ,,/ ui2, con ta ins  a d d i t i o n a l  e r r o r  due t o  

t he  e r r o r  i n  computat ion o f  il, t h e r e f o r e  these r e s u l t s  a r e  n o t  presented 

g r a p h i c a l l y  bu t  a r e  l i s t e d  i n  t he  Tables 2  and 3 f o r  comparison. 

A p l o t  o f  Eq. (26) f o r  bo th  lenses i s  shown i n  F ig .  18. I t  i s  

seen t h a t  t he  e r r o r  i n  r e l a t i v e  i n t e n s i t y  increases r a p i d l y ,  reaching a  

maximum o f  l/JT when the  lower edge o f  t he  f o c a l  p l ane  co inc ides  w i t h  

t h e  boundary . 
The computed r e l a t i v e  i n t e n s i t i e s  based on t he  l o c a l  average 

v e l o c i t y  a r e  p l o t t e d  i n  F ig .  19. The ho l l ow  symbols a r e  these va lues 

c o r r e c t e d  us ing  Eq. (26) .  The data c l e a r l y  i nd i ca tes  the  presence o f  an 

e r r o r  s i m i l a r  t o  t h a t  p r e d i c t e d  by Eq. (26).  The maximum r e l a t i v e  in ten-  

17 
s i t y  a t  t he  w a l l  es t imated  by Hanra t ty  , f o r  example, i s  0.32. T h i s  

compares f avo rab l y  w i t h  the  c o r r e c t e d  data w i t h  t he  excep t ion  o f  two 

p o i n t s .  

The l a t e r a l  r e l a t i v e  i n t e n s i t y ,  Q/t2 , i s  shown i n  F ig .  20. 

Since t h e r e  i s  no average v e l o c i t y  g r a d i e n t  i n  the  w  d i r e c t i o n  t he  values 

do n o t  c o n t a i n  an apparent i n t e n s i t y  component. The p l o t  i n d i c a t e s  a  r i s e  

i n  r e l a t i v e  i n t e n s i t y  as t he  w a l l  i s  approached. The l i n e  shown was de- 

r i v e d  from a  combinat ion o f  two graphs presented i n  L a u f e r ' s  r e p o r t .  
12 

P l o t s  o f  t he  r e l a t i v e  i n t e n s i t y  based on t he  shear v e l o c i t y  i n  

t he  u  and w  d i r e c t i o n s  a r e  shown i n  F igs.  21 and 22 r e s p e c t i v e l y .  The 

data o f  F ig .  21 i s  uncorrected.  The c o r r e c t  ions based on Eq. (27) a r e  

14 
shown t o  sca le  by t he  arrows. Resu l ts  r epo r ted  by Rundtadl.er , 

~ a k e w e l l l ~  and ~ a u f e r ' ~  a r e  shown f o r  comparison. 



One disadvantage o f  t h e  exper imenta l  method i s  t h e  s h o r t  t ime  

l e n g t h  o f  each f i l m .  T h i s  was necessary s i n c e  t h e  high-speed camera had 

a  capac i t y  o f  o n l y  100 f t  o f  f i l m .  The t ime l e n g t h  was marg ina l  f o r  

computat ion o f  i n t e n s i t y  and much t o o  s h o r t  f o r  any a t tempt  a t  au tocor -  

r e l a t i o n  computat ions.  Improvement m igh t  be made by sampl ing more 

p a r t i c l e s ,  b u t  t h e r e  i s  danger i n  sampl ing two p a r t i c l e s  s imu l taneous ly  

s i nce  they may be f o l l o w i n g  t h e  same eddy and t h e r e f o r e  c o n s i d e r a t i o n  

o f  b o t h  would improper ly  i n f l u e n c e  t h e  average v e l o c i t y  and i n t e n s i t y .  

The compution o f  i n t e n s i t y  by i n d i v i d u a l  frames us ing  Eq. (4) 

has t h e  p o t e n t i a l  advantage o f  i n c l u d i n g  h i ghe r  f requency f l u c t u a t i o n s  

than computat ion by p a r t i c l e .  For example, t h e  lowest  f i l m  speed used 

was approx imate ly  1000 frames/sec which means t h a t  a n a l y s i s  by frame 

- 1  
c o u l d  i nc l ude  f requenc ies  up t o  1000 sec w h i l e  i f  t h e  p a r t i c l e  were 

f o l l o w e d  f o r  5 frames t he  h i ghes t  f requency which c o u l d  be measured i s  

- 1  
200 sec . Th i s  i s  no t  expected t o  be a  major  problem i n  sub layer  t u r -  

bu lence measurements i n  water  s i nce  most o f  t h e  energy i s  assoc ia ted  

- 1  
w i t h  f requenc ies  below 100 sec . 

6.4 - D i s t r i b u t i o n  o f  P a r t i c l e  V e l o c i t i e s  

The d i s t r i b u t i o n s  o f  t he  l o n g i t u d i n a l  p a r t i c l e  v e l o c i t i e s  f o r  

each f i l m  were p l o t t e d  i n  t h e  form o f  h is tograms w i t h  an i n t e r v a l  o f  

0. . Four examples a r e  shown i n  F ig .  23. I n  a d d i t i o n  t h e  data o f  

f i l m s  1-A, 2-A, and 1-B, and 3-A, 4-A, and 2-8 were combined i n t o  two 

h is tograms shown i n  F i g .  24. Th i s  combinat ion g i ves  a  more meaningfu l  

d i s t r i b u t i o n  because o f  t h e  l a r g e  sample s i z e .  The t h i r d  moment o r  skew- 

ness o f  t h e  h is tograms about t he  mean v e l o c i t y  was computed f o r  each 



f i l m  and t h e  two combined se ts .  The r e s u l t s  a r e  t a b u l a t e d  i n  Tables 2  

and 3 and p l o t t e d  i n  F i g .  25. 

The s i g n i f i c a n t  aspect  o f  these computat ions i s  t h a t  a l l  o f  

t h e  d i s t r i b u t i o n s  w i t h  t h e  excep t i on  o f  f i l m  3-A e x h i b i t e d  a  p o s i t i v e  

skewness. T h i s  agrees q u a l i t a t i v e l y  w i t h  t h e  data r epo r t ed  by Comte- 

  el lot^' shown i n  F ig .  25. 

I t  must be recognized t h a t  t h e  d i s t r i b u t i o n  and t he  r e s u l t i n g  

skewness a r e  a  r e s u l t  o f  a  combinat ion o f  two f a c t o r s ,  t h e  cha rac te r  o f  

t h e  tu rbu lence  and t h e  u n c e r t a i n t y  o f  t h e  l o c a t i o n  o f  a  p a r t i c l e  w i t h i n  

t h e  depth o f  f i e l d .  Thus, a  p a r t i c l e  w i t h  a  v e l o c i t y  above t h e  mean 

c o u l d  be l oca ted  near t he  top  o f  t h e  f o c a l  f i e l d  o r  i n  a  h i g h  v e l o c i t y  

eddy. However, t he  c o n s i s t a n t  p o s i t i v e  skewness i n d i c a t e s  t h a t  t h i s  i s  

a c h a r a c t e r i s t i c  o f  t he  f l ow,  b u t  t h e  r e l a t i v e l y  low number o f  p a r t i c l e s  

sampled i n  each d i s t r i b u t i o n  makes q u a n t i t a t i v e  deduc t ion  h i g h l y  ques t ionab le .  

6.5 - Eva lua t i on  o f  t h e  Method 

The p r i n c i p a l  advantages o f  t h e  method a r e  t h a t  t h e  f l o w  i s  no t  

d is tu rbed ,  c a l i b r a t i o n  i s  simple, and t h e  f l o w  i n  a  very  sma l l  r eg i on  i s  

observed. There a r e  two main disadvantages. F i r s t ,  t h e  t ime  and e f f o r t  

r e q u i r e d  t o  ana lyze  t h e  f i l m s  i s  a lmost  p r o h i b i t i v e  under t h e  procedure 

employed. Also,  t h e  s h o r t  l e n g t h  o f  record  and t h e  u n c e r t a i n t y  due t o  a  

f i n i t e  depth o f  f o c a l  f i e l d  r e s u l t  i n  u n c e r t a i n t i e s  i n  t u rbu lence  computa- 

t i o n s  which increase as t he  boundary i s  approached, t h i s  be ing  t h e  area 

o f  p r imary  i n t e r e s t .  The t h i ckness  o f  t h e  sub layer  r eg ion  c o u l d  be 

increased i n  r e l a t i o n  t o  t h e  depth o f  f i e l d ,  b u t  t h i s  may no t  be p r a c t i c a l .  



I t  has been shown t h a t  t h e  procedure o f  computing t h e  v e l o c i t y  

f o r  each frame y i e l d s  e r ron ious  r e s u l t s  and i s  a l s o  ve ry  t ime  consuming. 

A more p roper  method would be t o  r eco rd  t h e  mot ion  o f  a l l  p a r t i c l e s  over  

t h e  same number o f  frames w h i l e  s t i l l  observ ing  o n l y  one p a r t i c l e  a t  a 

t ime.  

10 
A mod i f  i c a t i o n  o f  t h e  method repo r t ed  by chen9 and E l r i c k  

i s  proposed as t h e  nex t  phase o f  t h e  c u r r e n t  work. Th i s  method views 

t h e  p a r t i c l e  mot ion  i n  a p l ane  normal t o  t h e  boundary. The p a r t i c l e  

and i t s  r e f l e c t e d  image a r e  recorded on t h e  f i l m ,  thus p e r m i t t i n g  p r e c i s e  

l o c a t i o n  o f  t h e  boundary and e l i m i n a t i n g  t h e  problems assoc ia ted  w i t h  t he  

l a r g e  v e l o c i t y  g r a d i e n t  across t h e  depth o f  f i e l d .  V e l o c i t y  p r o f i l e s  

normal t o  t h e  v e r t i c a l  w a l l s  o f  an open channel  w i l l  be s t ud ied .  Th i s  

w i l l  pe rm i t  t he  de te rm ina t i on  o f  t h e  d i s t r i b u t i o n  o f  boundary shear a long 

t h e  v e r t i c a l  w a l l  a long  w i t h  t u rbu lence  c h a r a c t e r i s t i c s  i n  t h e  u and v 

d i r e c t i o n .  
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7. CONCLUSIONS 

Based on t he  r e s u l t s  persented i n  t h i s  r epo r t  and t h e  p r a c t i c a l  

exper ience gained, t he  f o l l o w i n g  conc lus ions  a r e  made: 

1. Using t he  h i g h  speed camera, boundary shear i n  t h e  v iscous sub- 

+ 
l a y e r  can be computed w i t h  an accuracy o f  approx imate ly  - 15 percen t .  The 

e r r o r  i s  p r i m a r i l y  t he  r e s u l t  o f  u n c e r t a i n t y  i n  l o c a t i n g  t he  f o c a l  p lane  

and i n  determin ing t he  p a r t i c l e  p o s i t i o n  w i t h i n  t he  f o c a l  p lane.  

2. Turbulence i n t e n s i t i e s  can be determined, b u t  u n c e r t a i n t y  due t o  

t he  depth o f  f i e l d  increases as t he  boundary i s  approached. T h i s  reduces 

t h e  va lue  o f  t he  method as employed f o r  t h i s  purpose, 

3. The computat ion o f  t he  p a r t i c l e  v e l o c i t y  f o r  each frame o f  t he  

f i l m  i s  unnecessary and leads t o  an average v e l o c i t y  which i s  lower than 

t he  t r u e  value. The optimum procedure would be t o  use t h e  average p a r t i -  

c l e  v e l o c i t y  over a  f i x e d  t ime i n t e r v a l .  

4. The t ime  and e f f o r t  r equ i red  t o  reduce t he  data from t h e  f i l m  i s  

cons iderab le .  F e a s a b i l i t y  o f  d i r e c t  analyses on a c ~ m p u t o r  us ing  o p t i c a l  

a c q u i s i t i o n  methods should be i nves t i ga ted .  

5. The proposed study o f  t u r b u l e n t  f l o w  w i t h  t h e  f o c a l  p l ane  o r i en -  

t a t e d  normal t o  t he  boundary shows g r e a t  promise s i nce  i t  e s s e n t i a l l y  

e l i m i n a t e s  t h e  p resen t  problems assoc ia ted  w i t h  t he  depth of  f i e l d .  

6. The microscopic  method o f  s tudy ing  f l u i d  f l o w  has g r e a t  p o t e n t i a l  

va lue  i n  r evea l i ng  t h e  f i n e  d e t a i l s  o f  sma l l  s ca le  l o c a l  f l o w  phenomena. 



' E96 T (X~!sJah!un pJojuezS (0~6u3 'y3aW 40 O~dag (8-aw ~~odad 
,'~aXel X~epunog 3uaInqJnl ay3 40 aJn33nJaS ~o~j ay3 40 uo!3e6!1sa~u1 
1e1ualu!~adx3 ubll '"3 "M (sp~ouXay pue car *S 'au!T)( 'd (~aIpe3suny "$1 

'E961 C'uer 
'1 "ON (9  lo^ (sp!nTj jo s~!sXyd ,lCpoq3a~ JaDeJl e Aq JaXel X~epunog 

aqnl y3oys ay3 jo uo!~e6!1sahu~,, -1 Ct.j3!~u3 pue or -3 (uaq3 -6 

'S961 '1 *ON *3day *q3al *qel *yDaW 03su1 *say *6u3 *sseW 

jo 
On ,,'X~O~SOJ~!~O~O~~ 6u!sn SaA!I!ppb Ue!UO3MaN-UON 43!M SaT!jO-ld 

X3!301a~ Jeu!luei jo jualuaJnseaW,, (OH *y cyu!lope~ pue '3 '3 'JahJe3 '8 



15. Schraub, F. A.  and K l i ne ,  S. J., "A Study o f  t he  S t r u c t u r e  o f  the  
Turbu len t  Boundary Layer Wi th  and Without L o n g i t u d i n a l  Pressure 
Ciradients," Report MD-12, Dept. o f  Mech. Engr., S tan fo rd  U n i v e r s i t y ,  
1965. 

16. Bakewell,  H. D., Jr.,  "An Experimental  Pnves i t ga t i on  o f  t h e  Viscous 
Sublayer i n  Turbu len t  P ipe  Flow," Dept. o f  Aerospace Engr., Penn. 
S ta te  U n i v e r s i t y ,  1966. 

19. M i t c h e l l ,  J.  E. and Hanrat ty ,  T. J., Study o f  Turbulence a t  a Wall 
Using an E lec t rochemica l  Wall Shear-Stress Meter," Jour.  F l u i d  Mech., 
Vol .  26, p t .  1, 1966. 

18. Tieleman, H e  W., "Viscous Reg ion o f  Tu rbu len t  Boundary Layer," Techni- 
c a l  Report, Fl .u id Dynamics and D i f f u s i o n  Laboratory ,  Co l lege  o f  Engr., 
Colo. S ta te  U n i v e r s i t y ,  1967. 

19. Small, S., "Experiments on t h e  L i f t  and Drag o f  Spheres Suspended i n  ' 

a Low Reynolds Number Flowsi1 Report FLD No. 11, Dept. o f  Mechanical 
Engr., P r i nce ton  U n i v e r s i t y ,  1963. 

20. Comte-Bellot, G., " C o e f f i c i e n t s  de D issymet r ie  e t  D1aplat issement,  
Spectres e t  C o r r e l a t i o n s  i n  Turbulence de Conduite," Jour.  de 
Mecanique, Vol. 2, June, 1963. 


