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(i)

S u m m a r y .

E x p e r im e n ta l  an d  a n a ly t ic a l  a p p ro a c h e s  w e re  u s e d  in  th e  s tu d y  

of a i r - e n t r a i n e d  flow  in  th e  d ev e lo p in g  zone in  s te e p  open  c h a n n e ls .

The d ev e lo p in g  zone i s  d e fin ed  a s  th e  zone of flow  im m e d ia te ly  dow n

s t r e a m  o f th e  p o in t of a i r  e n tra in m e n t in c e p tio n  (the c r i t i c a l  po in t) in  

w h ich  th e  flow  v e lo c ity , th e  q u a n tity  of e n tr a in e d  a i r  an d  i t s  d is t r ib u t io n  

v a ry  w ith  d is ta n c e  d o w n s tre a m . T he f lu m e  u s e d  w as  27 f t.  lo n g  w ith  

sm o o th  b o u n d a r ie s ,  th e  s lo p e  of w hich  cou ld  b e  a d ju s te d  up to  24 d e g re e s  

w ith  th e  h o r iz o n ta l ,  an d  th e  d is c h a rg e  u s e d  up to  2 . 20 c . f . s .  In e a c h  

flow , th e  w id th  to  d ep th  r a t io  w as k e p t s u ff ic ie n tly  l a r g e  to  m in im is e  

s id e  w a ll e f fe c ts .

T he  p o s itio n  of th e  c r i t i c a l  p o in t w as o b s e rv e d  w h ich  a g re e d  w ith  

th a t  c a lc u la te d  by m e th o d s  su g g e s te d  by  B a u e r  (R ef. 9) an d  by H albrQ nn 

(R ef. 10).

V e lo c ity  an d  a i r  c o n c e n tra tio n  w e re  th e n  m e a s u re d  w ith in  th e  

d e v e lo p in g  zone a t s e c t io n s  3 f t .  a p a r t  fo r  tw o s lo p e s  (18° an d  24°) an d  

th r e e  d is c h a rg e s  (1. 20, 1. 70 and  2. 20 c . f .  s . ). It w as  found th a t  b o th  

th e  v e lo c ity  of th e  flow  an d  th e  q u a n tity  of e n tr a in e d  a i r  i n c r e a s e  w ith  

d i s ta n c e  d o w n s tre a m . It w a s  a ls o  found th a t  th e  d is t r ib u t io n  of a i r  in  

th e  u p p e r  l a y e r  of th e  a i r - w a t e r  m ix tu re  m a y  b e  d e s c r ib e d  m o re  c lo s e ly  

by  a  c u m u la tiv e  lo g  n o rm a l  d is t r ib u tio n  (E q u a tio n  6 .3 )  th a n  by  a  c u m u la 

tiv e  n o rm a l  d is t r ib u t io n .



(ii)

T h e  flow  in  th e  d ev e lo p in g  zo n e  w as  su b se q u e n tly  t r e a te d  a s  tw o 

s e p a r a te  l a y e r s .  The b o tto m  la y e r  w as t r e a te d  a s  a  tu rb u le n t  b o u n d a ry  

l a y e r .  T he  m e a s u re d  th ic k n e s s  of th is  l a y e r  a g r e e d  r e a s o n a b ly  w e ll 

w ith  th e  c a lc u la te d  v a lu e  f ro m  an  eq u a tio n  d e r iv e d  f ro m  th e  m o m e n tu m  

in te g r a l  e q u a tio n .

T h e  to p  l a y e r  w as  t r e a te d  a s  a  f r e e  tu rb u le n t flow . I t  w as  

found  th a t ,  n e a r  th e  c r i t i c a l  p o in t, th e  d ev e lo p m en t of th is  l a y e r  i s  

a f fe c te d  b y  th e  tu rb u le n c e  le v e l  of th e  flow  u p s tr e a m  o f th e  c r i t i c a l  

p o in t an d  a ls o  of th e  flow  in  th e  lo w e r  la y e r .  F a r th e r  d o w n s tre a m  th e  

d e v e lo p m e n t of th e  flow  can  b e  p r e s c r ib e d  w ith  th e  a id  of P r a n d t l ’s 

m ix in g  le n g th  th e o ry  fo r  f r e e  tu rb u le n t f lo w s.



1. In tro d u c tio n

A ir - e n t r a in m e n t  h a s  lo n g  b e e n  of g r e a t  i n t e r e s t  to  h y d ra u lic  

e n g in e e rs  b e c a u s e  of i t s  p r a c t i c a l  im p o r ta n c e  in  th e  d e s ig n  of m an y  

h y d ra u lic  s t r u c tu r e s .  In an  open  ch an n e l, th e  flow  b e c o m e s  a e r a te d  

and i s  c h a r a c te r i s e d  by th e  a p p e a ra n c e  of w h ite  w a te r .  In a  n a tu r a l  

s t r e a m  o r  in  a  sp illw a y , th is  "w h ite  w a te r ” fo llo w s a  r e a c h  of c le a n , 

t r a n s p a r e n t  w a te r  w ith  a  w e ll d e fin ed  s u r f a c e .  T he  s u r f a c e  o f th e  

"w h ite  w a te r "  i s  i l l -d e f in e d ,  w ith  fo a m -lik e  flow  o r  w a te r  d ro p le ts  

s p ra y in g  f ro m  th e  flow  p r o p e r .  M e a s u re m e n t in  th e  a e r a te d  flow  h a s  

show n th a t  th e  q u an tity  of e n tr a in e d  a i r  i n c r e a s e s  w ith  d is ta n c e  dow n

s t r e a m  u n til  a  u n ifo rm  flow  co n d itio n  i s  r e a c h e d  (R ef. 1, 2). A u n ifo rm  

flow  i s  c o n s id e re d  a s  a  flow  in  w h ich  b o th  th e  q u an tity  of e n tr a in e d  a i r  

a n d  i t s  d is t r ib u t io n  r e m a in  c o n s ta n t w ith  d is ta n c e . In  a n  open  ch an n e l, 

w h e n  a i r - e n t r a in m e n t  e x is t s ,  th e  flow  can  be  d iv id ed  in to  tw o r e g io n s ,  

a  r e g io n  of w a te r  flow  fo llo w ed  b y  a  re g io n  of a i r - w a t e r  m ix e d  flow .

T he a i r - w a t e r  m ix e d  flow  can  f u r th e r  b e  d iv id ed  in to  a  d ev e lo p in g  zone 

an d  a  fu lly  d e v e lo p ed  zone (F ig , 1).

In  a n  open  c h a n n e l, th e  p o in t w h e re  a i r - e n t r a in m e n t  s t a r t s  to  

o c c u r  i s  c a lle d  th e  p o in t of a i r  e n tra in m e n t in c e p tio n  o r  th e  c r i t i c a l  

p o in t. I t  h a s  b e e n  e s ta b l is h e d  th a t  a i r  e n tr a in m e n t o c c u r s  w hen  th e  

tu rb u le n t  b o u n d a ry  la y e r  r e a c h e s  th e  flow  s u r f a c e  (R ef. 3),



U n til r e c e n t ly ,  s tu d ie s  on a i r -  e n tra in m e n t h av e  b e e n  c o n c e n tra te d  

on fu lly  d ev e lo p ed  flow , In th e  fu lly  d ev e lo p ed  zo n e , b o th  th e  d ep th  and  

the  v e lo c ity  of the  flow  a r e  above th a t of a  c o r re s p o n d in g  n o n - a e r a te d  

flow , In th e  d e s ig n  of a  s te e p  chu te  o r  a  sp illw a y , th e  b u lk in g  e f fe c t  

of a i r  e n tra in e d  in  th e  flow  n e e d s  to  b e  ta k e n  in to  a c c o u n t. S ince th e  

fu lly  d ev e lo p ed  zone i s  p re c e d e d  by  a  d ev e lo p in g  zo n e , i t  i s  of i n t e r e s t  

to  a c q u ir e  know ledge of the  e ffe c t of th e  e n tra in e d  a i r  on th e  flow  in  th is  

zone, T h is  r e p o r t  em b o d ie s  the  r e s u l t s  of a n  in v e s tig a tio n  in to  th e  

v e lo c ity , th e  d is tr ib u tio n  of a i r  and  th e  g ro w th  of th e  m ix ed  a i r - w a t e r  

flow  in  th e  dev e lo p in g  zo n e ,

2. L i te r a tu r e  R ev iew

2 ,1  G e n e ra l

E h r e n b e r g e r  in  h is  p io n e e r  s tu d y  of a i r - e n t r a in m e n t  (R ef, 4) 

d e s c r ib e s  an  a e r a te d  flow  a s  c o n s is tin g  of th r e e  l a y e r s ,  A t th e  b o tto m , 

th e  flow  c o n s is ts  m a in ly  of w a te r  w ith  only  a sm a ll  q u an tity  of a i r  

b u b b le s , In th e  m id d le  l a y e r ,  th e  flow  c o n s is ts  b o th  of w a te r  and  a i r  

in  a p p ro x im a te ly  eq u a l q u a n ti t ie s ,  The to p  la y e r  c o n s is ts  of w a te r  

d ro p le ts  m ov in g  a t  h igh  sp e e d s  in  a  s t r e a m  of a i r .  T he ch an g e  of 

c o n c e n tra tio n  of a i r  in  a d ire c t io n  n o rm a l to th e  flow  i s  g ra d u a l .

S ince  E h re n b e rg e r  p u b lish ed  h is  r e s u l t s ,  the  s tu d y  of a i r -  

e n t r a in m e n t  h a s  fo llow ed  two tre n d s :

(1) F ie ld  o b s e rv e ra t io n  of dep th  an d  v e lo c ity  to  p ro v id e  b a s is  

f o r  d e s ig n ,



(2) L a b o ra to ry  in v e s t ig a t io n  in to  th e  m e c h a n is m  of th e  flow  and  

to  p ro v id e  b a s i s  f o r  r a t io n a liz a t io n .

2. 2 In fo rm a tio n  R e s u lte d  f ro m  f i e l d  O b s e rv a tio n _____

F r o m  th e  o b s e rv a t io n  of a e r a te d  flo w s in  a  n u m b e r  of s p il lw a y s , 

H a ll in  1943 (R ef. 5) su g g e s te d  th a t  o p e n -c h a n n e l flow  f o rm u la s  a p p lie d  

to  n o n - a e r a te d  flow s can  a ls o  be  u s e d  fo r  a e r a te d  f lo w s , n a m e ly , th e

C hezy  fo rm u la

V = C,]~RS (2 .1 )

and  th e  M an n in g  fo rm u la

V = i - l i i  R 2 / 3 s 2 (2. 2)
n

w h e re  V = v e lo c ity

C = C hezy  c o e ff ic ie n t 

n  = M an n in g ’s ro u g h n e s s  c o e ff ic ie n t 

R  = h y d ra u lic  r a d iu s  

S = b ed  s lo p e  of ch an n e l 

W hen th e  o b s e rv e d  v e lo c ity  an d  th e  o b s e rv e d  h y d ra u lic  r a d iu s  

a r e  u s e d  in  th e  M anning  fo rm u la , H all found th a t  th e  M an n in g ’s ro u g h n e s s  

c o e f f ic ie n t  ’n ’ i s  a p p ro x im a te ly  th e  s a m e  a s  th a t  in  a  ch an n e l of s im i la r  

m a te r ia l  w ith  v e lo c i t ie s  below  c r i t i c a l .

H a ll a ls o  found  th a t  th e  q u a n tity  of a i r  in  th e  a e r a te d  flow  d ep en d s  

on th e  v e lo c ity , th e  s iz e  of th e  ch an n e l an d  th e  ro u g h n e s s  of th e  s id e 

w a l ls .  He e x p r e s s e d  th e  r a t io  of a i r  to  w a te r  a s



4.

Qw
Qa (2 .3 )

w h e re  Q a  = a i r  d is c h a rg e

Qw = w a te r  d is c h a rg e

V v e lo c ity

g g ra v ita t io n a l  c o n s ta n t

R c = co m p u ted  h y d ra u lic  r a d iu s

K , K i  = c o n s ta n ts .

The co m p u ted  h y d ra u lic  r a d iu s  in  E q u a tio n  (2. 3) i s  d if fe re n t  f ro m  th e  

a c tu a l  o r  o b s e rv e d  h y d ra u lic  r a d iu s  R in  E q u a tio n s  (2 .1 ) an d  (2 .2 ) .

R c i s  co m p u ted  fo r  th e  s e c tio n  of p u re  w a te r  on ly , th e  s p a c e  o c c u p ie d  

by a i r  b e in g  ex c lu d ed  in  th e  c o m p u ta tio n . H a llrs o b s e rv a t io n  show ed  

th a t  K d ep en d s  on th e  s u r fa c e  ro u g h n e ss  of th e  c h a n n e l w h ich  v a r ie d  

f ro m  0 .0 0 3 6  to  0. 01, w ith  s m a l le r  v a lu e s  fo r  s m o o th e r  b e d  s u r f a c e s .

F o r  a l l  c a s e s  ex cep t o ne , K i  = 0.

W hen ap p ly in g  e i th e r  E q u a tio n  (2. 1) o r  E q u a tio n  (2 .2 ) in  th e  

c o m p u ta tio n  of v e lo c ity  and  d ep th  of th e  a e r a te d  flow , d iff ic u lty  a r i s e s  

in  th a t  th e  r a t io  of a i r  to  w a te r  m u s t  be  know n, w h ich , in  tu rn ,  a s  show n 

by  E q u a tio n  (2. 3) d ep en d s on th e  v e lo c ity  and  d ep th  of th e  flow . T h e r e 

fo re ,  f o r  d e s ig n  p u rp o s e s ,  tw o ?n ? v a lu e s  h av e  to  b e  a s s ig n e d .  A 

s m a l le r  v a lu e  i s  u s e d  f o r  th e  c a lc u la tio n  of v e lo c ity  an d  a  l a r g e r  v a lu e  

f o r  th e  c a lc u la tio n  of th e  d ep th  of th e  flow .



F r o m  a n a ly s e s  of H a l l 's  d a ta , th e  B u re a u  of R e c la m a tio n  (R ef. 6)

su g g e s te d  th a t  n  = 0. 008 in  th e  c o m p u ta tio n  of v e lo c ity  an d  n  = 0 . 014

in  th e  co m p u ta tio n  of d e p th . In th e  co m p u ta tio n  of th e  r a t io  of a i r  to

w a te r ,  th e  B u re a u  r e c o m m e n d s

Q a V2= ---------  (2 4)
Qw 200 gd

A p p a re n tly  E q u a tio n  (2 .4 ) i s  d e r iv e d  f ro m  E q u a tio n  (2 .3 )  by  ad o p tin g  

K  = 0 .0 0 5  an d  Kq = 0 w ith  the  n e t  d ep th  Td r in s te a d  of th e  c o m p u ted  

h y d r a u l ic  r a d iu s  f o r  w ide sh a llo w  c h a n n e ls .

2. 3 L a b o ra to ry  In v e s tig a tio n  in to  M e c h a n ism  of A ir  E n tra in e d  F low  

In  th e  e a r ly  s ta g e  of th e  s tu d y  of th e  ph en o m en o n  of a i r - e n t r a in m e n t ,  

i t  w a s  th o u g h t th a t  a i r - e n t r a in m e n t  w as a s s o c ia te d  w ith  h ig h  v e lo c i t ie s .  

M odel t e s t s  w ould  th e r e f o r e  b e  fu ti le  a s  s u ff ic ie n tly  h ig h  v e lo c ity  cou ld  

no t b e  a t ta in e d  in  th e  la b o r a to ry  (R ef. 5).

A s  e a r ly  a s  1939 L a n e  (R ef, 3) s u g g e s te d  th a t  a e r a t io n  in  an  open  

ch an n e l c o m m e n c e d  w h en  th e  tu rb u le n t b o u n d a ry  l a y e r  r e a c h e d  th e  flow  

s u r f a c e .  S u b seq u en tly , H ickox  in  1945 (R ef. 7) d e m o n s tr a te d  th a t  in  a  

s p illw a y  m o d e l, ro u g h en in g  of th e  w a te r  s u r f a c e  b e g a n  a t  a  p o s itio n  a l 

m o s t  id e n t ic a l  w ith  th e  p o s it io n  of th e  c r i t i c a l  p o in t in  th e  p ro to ty p e  

s t r u c tu r e .  S ince  th e n , a e r a te d  flow  w as  p ro d u c e d  in  la r g e  la b o r a to r y  

f lu m e s  a n d  th e  s tu d y  of th e  m e c h a n is m  of a i r  e n tr a in m e n t  can  be 

c la s s i f ie d  in to  th r e e  c a te g o r ie s .



(1) T he  g ro w th  of th e  tu rb u le n t  b o u n d a ry  l a y e r  and  th e  in c e p tio n  

of a i r  e n tra in m e n t.

(2) Q u an tity  and  s p a tia l  d is tr ib u tio n  of a i r  in  th e  a i r - w a t e r  m ix tu re .

(3) V e lo c ity  d is tr ib u tio n  in  th e  a e r a te d  flow .

2. 4 In ce p tio n  of A ir  E n tra in m e n t

L a n e  in  1939 (R ef. 3) su g g e s te d  th a t  a i r - e n t r a in m e n t  c o m m e n c e d  

w h e n  th e  tu rb u le n t b o u n d a ry  l a y e r  r e a c h e s  th e  flow  s u r f a c e .  H ickox in  

1945 ( R ef. 7) show ed  th a t  th e  p o in t of in c e p tio n  o f a i r  e n t r a in m o i t  cou ld  

b e  re p ro d u c e d  in  a  m o d e l. T he  p o in t of a i r  e n tr a in m e n t in c e p tio n  in  

th e  m o d e l w as  show n by th e  ro u g h en in g  of the  flow  s u r f a c e ,  b u t th e  

k in e tic  e n e rg y  of th e  w a te r  p a r t ic le s  in  th e  m o d e l w as  n o t s u ff ic ie n t  to  

c o m p le te ly  o v e rc o m e  th e  r e s t r a i n t  of s u r fa c e  te n s io n .

H a lb ro n n  in  1952 (R ef. 8) c a r r i e d  out th e o r e t ic a l  an d  e x p e r im e n ta l  

in v e s t ig a t io n s  on th e  d e v e lo p m en t of th e  tu rb u le n t  b o u n d a ry  la y e r  on 

sm o o th  sp illw a y  s u r f a c e s  an d  B a u e r  (R ef. 9) in  1954 c o n d u c ted  ex 

p e r im e n ts  on  b o th  sm o o th  an d  ro u g h  sp illw a y  s u r f a c e s .

F r o m  B a u e r fs d a ta  H a lb ro n n  (R ef. 10) show ed  th a t  th e  b o u n d a ry  

l a y e r  th ic k n e s s  on a  sm o o th  sp illw a y  s u r fa c e  can  b e  e x p r e s s e d  a s

I 0 .0 1 0 4  0 .8 5 4 5
s 0 .0 4 8 5  X (2 .5 )

and  th a t  on a  ro u g h  s u r fa c e

<L n  r \ a  A n  i  ° -  1 5 4  ° *  8 4 64 = 0 , 0 4 4 7  k  x

b o u n d a ry  la y e r  th ic k n e s s  ( f t , )

0 .1 5 4  0 .8 4 6x ( 2 .6 )

w h e re



x = d is ta n c e  a lo n g  sp illw a y  s u r f a c e  ( f t . )

S = s lo p e  of sp illw a y  m e a s u re d  a s  th e  s in e  fu n c tio n  

of th e  a n g le  of in c lin a tio n  w ith  th e  h o r iz o n ta l .

k  = ro u g h n e s s  h e ig h t ( f t . )

B a u e r  a ls o  s u g g e s te d  a  m e th o d  to  co m p u te  th e  p o s it io n  of th e  

c r i t i c a l  p o in t w h e re  th e  b o u n d a ry  l a y e r  in t e r s e c t s  th e  flow  s u r f a c e  

(R ef. 9).

G ov inda  R ao  an d  R a ja ra tn a m  in  1961 (R ef. 11) su g g e s te d  th a t  f o r  

a i r  e n tr a in m e n t  to  o c c u r ,  i t  i s  n e c e s s a r y  to  h av e  th e  tu rb u le n t  b o u n d a ry  

la y e r  to  r e a c h  th e  flow  s u r f a c e ,  and  a ls o  to  h av e  th e  k in e t ic  e n e rg y  a c 

q u ire d  due to  tu rb u le n t  v e lo c ity  f lu c tu a tio n s  n o rm a l  to  th e  b ed  to  o v e r 

com e th e  s u r f a c e  e n e rg y . W hen th e  t r a n s v e r s e  v e lo c ity  of f lu c tu a tio n  

is  a s s u m e d  to  b e  p ro p o r t io n a l  to  th e  s u r fa c e  v e lo c ity  and th e  a v e ra g e  

eddy  s iz e  p ro p o r t io n a l  to  th e  d ep th  of flow , G ovinda R ao and R a ja ra tn a m  

in tro d u c e d  a  d im e n s io n le s s  p a r a m e te r  rf '  w h ich  i s  th e  r a t io  of 

k in e tic  e n e rg y  to  s u r f a c e  e n e rg y , o r ,

(2 .7 )

w h e re  V = s u r f a c e  v e lo c ity

y G= d ep th  of flow  

(q -  s u r f a c e  en e rg y

p  = m a s s  d e n s ity  of w a te r

500 I?1/ 5
A lte rn a t iv e ly ,  w hen th e  m e a n  d ro p  s iz e  is  ta k e n  a s  d = V



w h e re  {) = k in e m a tic  v is c o s i ty ,a s  su g g e s te d  by  M e rr in g to n  and  

R ic h a rd s o n  (R ef. 12), th e  r a t io  of k in e tic  e n e rg y  to  s u r f a c e  e n e rg y  b e 

c o m e s

G ovinda R ao  and  R a ja ra tn a m  m ad e  so m e  p r e l im in a r y  c a lc u la t io n s  

of flow  in  so m e  sm o o th  c h a n n e ls . T hey  found th a t  th e  v a lu e s  of b o th  of 

th e s e  tw o p a r a m e te r s  w e re  c o n s id e ra b ly  g r e a te r  th a n  th e  c r i t i c a l  v a lu e s  

a t  th e  p o in t of a i r - e n t r a in m e n t  in c e p tio n .

2. 5 D is tr ib u tio n  of E n tra in e d  A ir  in  F u lly  D eveloped  F low

T he q u an tity  of e n tra in e d  a i r  in  fu ll  s c a le  s t r u c tu r e s  w as  v is u a l ly  

e s t im a te d  f ro m  th e  in c r e a s e d  d ep th  of th e  flow . W hen p ro to  1ype o b 

s e rv a t io n s  w e re  m ad e , th e  v e lo c ity  of th e  flow  and  th e  d is t r ib u tio n  of a i r  

w e re  o ften  a s  s in n ed  to  be  u n ifo rm .

In h is  p io n e e r in g  w o rk , E h r e n b e r g e r  d e s c r ib e d  th e  q u a n tity  of a i r  

in  a  f lu m e  to  in c r e a s e  to w a rd s  th e  flow  s u r f a c e .  F ro m  c o n s id e ra t io n  

of th e  n a tu r e  of th e  m e c h a n is m , K napp (R ef. 13) a ls o  d ed u ced  th a t  

v e r t ic a l  d is tr ib u tio n  of th e  a i r  in  th e  flow  w ould  n o t be  u n ifo rm .

S ub seq u en t m e a s u re m e n ts  in  la b o r a to ry  f lu m e s  c o n f irm e d  th a t  th e  

q u a n tity  of e n tr a in e d  a i r  in c r e a s e d  f ro m  th e  b o tto m  of th e  f lu m e  to w a rd s  

th e  flow  s u r f a c e ,  In la b o r a to ry  in v e s t ig a t io n s ,  th e  q u a n tity  of e n tr a in e d  

a i r  in  th e  flow  i s  e x p re s s e d  a s  an  a i r  c o n c e n tra tio n  w h ich  i s  d e fin ed  a s

/ W
( 2 . 8 )

F o r  a i r  e n tra in m e n t to  o c c u r ^  2> 465, o r  0 ^ 6 0 .



9.

th e  r a t io  of th e  v o lu m e  of a i r  to  a  u n it v o lu m e of the  a i r  an d  w a te r  

m ix tu re .  H a lb ro n n  an d  o th e r s  o b s e rv e d  th a t  m e a s u re d  a i r  c o n c e n tra tio n  

p r o f i le s  a lw a y s  show  th a t  th e r e  is  a  b r e a k  c o r re s p o n d in g  a p p ro x im a te ly  

to  a  c o n c e n tra tio n  v a lu e  o f ab o u t 60 p e r  cen t w h ich  m ay  be  c o r re s p o n d in g  

to  th e  p a s s a g e  f ro m  th e  e m u ls io n  zone ( a ir  b u b b le s  in  w a te r )  to  th e  e je c tio n  

zone (d ro p s  of w a te r  in  a ir )  (R ef. 2 ,p . 464).

B a s e d  upon  th e  co n cep tio n  th a t ,  in  th e  u p p e r  l a y e r ,  th e  w a te r  d ro p 

l e t s  w e re  e je c te d  f ro m  th e  lo w e r  l a y e r  by  th e  a c tio n  of ra n d o m  f lu c tu a tio n s  

of tu rb u le n c e , V ip a re l l i  in  1957 (R ef. 14) su g g e s te d  th a t  th e  w a te r  d ro p le ts  

in  th e  a i r  fo llo w s a  n o rm a l d is tr ib u tio n  in  th e  fo rm

- 2  / y  -  h  2

w ith

w h e re

q = Ve M  f r  - SO m ax (2. 9) 

(2 . 10)

$

q = w a te r  d is c h a rg e  p e r  u n it a r e a

V = v e lo c ity  of w a te r  d ro p le ts

.= m a x im u m  m e a s u re d  d y n am ic  h e a d  m a x  J

g = g ra v ita tio n a l  c o n s ta n t 

s  = s ta n d a rd  d ev ia tio n  

y  = d is ta n c e  n o rm a l f ro m  b ed

h = d is ta n c e  n o rm a l  f ro m  b ed  c o r re s p o n d in g
to  £°  m ax

E x p e r im e n ts  b y  V ip a re l l i  w e re  co n d u c ted  in  a  sm o o th  c o n c re te  

f lu m e  w ith  b e d  s lo p e  u p  to  45 d e g r e e s .  He found th a t  th e  v a lu e  of the



s ta n d a rd  d e v ia tio n  v a r ie d  f ro m  0 .0 0 1 8  to  0 .0 0 2 5 .

S tra u b  and  A n d e rso n  in  1958 p u b lish e d  th e i r  f in d in g s  of th e  d is 

tr ib u t io n  of a i r  in  the  flow  in  a  ro u g h  ch an n e l of s a n d -g r a in  ty p e  s u r f a c e

two r e g io n s  a c c o rd in g  to  th e  d is tr ib u tio n  of a i r  in  th e  flow .

In  th e  lo w e r  re g io n , th e  e n tra in e d  a i r  i s  in  th e  fo rm  o f d i s c r e te  

b u b b le s  w h ich  a r e  d is t r ib u te d  th ro u g h o u t th e  flow  b y  th e  tu rb u le n c e  in  th e  

s t r e a m .  T he dow nw ard  t r a n s p o r t  of th e  a i r  b u b b le  i s  b a la n c e d  b y  th e  

b u o y an cy  of th e  a i r  b u b b le s  in  th e  l iq u id  in  th e  fo llo w in g  r e la t io n s h ip .

a  fu n c tio n  of y  m u s t b e  know n. U sin g  a  m e th o d  s im i l a r  to  th a t  u s e d  by

(R ef. 15). T he s lo p e  o f th e  ch an n e l cou ld  b e  v a r ie d  up  to  7 5 ° . S tra u b  

and  A n d e rso n  su g g e s te d  th a t th e  a i r - e n t r a in e d  flow  can  b e  d iv id ed  in to

( 2 . 11 )

w h e re  Cy = a i r  c o n c e n tra tio n  a t y

y  = d is ta n c e  n o rm a l  f ro m  b ed

Vfo = r i s e  v e lo c ity  of a i r  b u b b les

£ = m ix in g  p a r a m e te r  fo r  a i r  b u b b le  t r a n s f e r

In  o r d e r  to  in te g ra te  E q u a tio n  (2. 11) th e  m ix in g  p a r a m e te r  a s

V anoni in  th e  s tu d y  of su sp e n d e d  s e d im e n ts  (R ef. 16) and  a s s u m in g

to  b e  p ro p o r t io n a l  to  £ , th e  m o m en tu m  m ix in g  p a r a m e te r ,  th e  a u th o r s

d e r iv e d

(2 . 12 )

w h e re p ro p o r t io n a l  c o n s ta n t in  6 ^  = p



k von K a rm a n 's  u n iv e r s a l  c o n s ta n t

U.,, -  s h e a r  v e lo c ity

d-t = t r a n s i t io n  depth  o r  dep th  of the  lo w e r la y e r  
m e a s u re d  f ro m  the bed

Upon in te g ra tio n  E q u a tio n  (2. 11) b ec o m e s

(2 .13 )

w h e re  C re fe r e n c e  a i r  c o n c e n tra tio n , o r  a i r  

c o n c e n tra tio n  a t m id  dep th  of lo w e r  re g io n

and z (2. 14)

In th e  u p p e r  re g io n , h e teo ro g e n o u s  c lu m p s , g lo b u les  and  w a te r  d ro p 

le ts  a r e  e je c te d  f ro m  th e  flow ing  liq u id  s tr e a m . A ssu m in g  th e  p ro je c te d  

w a te r  p a r t ic le s  to  fo llow  a n o rm a l d is tr ib u tio n  above the  liq u id  s u rfa c e , 

S traub  and  A n d e rso n  d e r iv e d  th e  s p a tia l  d is tr ib u tio n  of w a te r - a i r  ag g lo m 

e r a te s  and  d ro p le ts  w h ich  i s  d e s c r ib e d  by the cu m u la tiv e  n o rm a l p ro b 

a b ili ty  equ a tio n

y  = d is ta n c e  n o rm a l f ro m  b ed  

Crp = a i r  c o n c e n tra tio n  a t d-t

d  ̂ = t r a n s i t io n  d ep th  o r  n o m in a l b o u n d a ry  b e tw een

u p p e r  and  lo w e r  re g io n s

h = a  m e a s u re  of m e a n  d is ta n c e  of p ro je c tio n  of w a te r  

p a r t ic le s  above t r a n s i t io n  dep th .

(2. 15)

w h e re Cy = a i r  c o n c e n tra tio n  a t y



12.

T he t r a n s i t io n  d e p th , o r  th e  n o m in a l b o u n d a ry  b e tw e e n  th e  u p p e r  

and  lo w e r  re g io n s  is  d e te rm in e d  f ro m  th e  c o n c e n tra t io n  p ro f i le ,  th e  

d ep th  w ith  th e  m a x im u m  c o n c e n tra tio n  g ra d ie n t ,  th e  v a lu e  o f w h ich  i s

d<-ji 2 (1 -_C T > (2 .1 6 )
m a x . h y i rdy

Siao in  1962 a p p lie d  th e  th e o ry  of tu rb u le n t  d iffu s io n  in  th e  a n a ly s is  

of th e  c o n c e n tra tio n  d is t r ib u tio n  of a i r  in  th e  a i r - w a t e r  m ix tu re ,  b o th  in

th e  d ev e lo p in g  zone and  in  th e  fu lly  d ev e lo p ed  zone  (R ef. 17). In h is

a n a ly s is ,  S iao a ls o  d iv id ed  the  a i r - w a te r  m ix tu re  in to  tw o r e g io n s .  In 

t h e  lo w e r  re g io n , the e n tr a in e d  a i r  i s  d iffu se d  in  th e  l iq u id  s t r e a m ,  

w h ile  in  th e  u p p e r  re g io n , th e  p ro je c te d  w a te r  i s  d iffu sed  in  th e  o v e r ly in g  

a i r  s t r e a m .

In th e  fu lly  d ev e lo p ed  zone, S ia o 's  a n a ly s is  le a d s  to  a  h y p e rb o lic  

c o s in e  d is tr ib u tio n  of th e  a i r  in  th e  u p p e r  re g io n .

c o sh  ( v b y cos 6 )
- £ »  ■ T 1 (2 .1 7 )
C p  , , v b dt  c o s  0

T cosh  (~ v"2 -1 1 ------  '
w h e re  Cy = a i r  c o n c e n tra tio n  a t  y

Ct  = a i r  c o n c e n tra tio n  a t  d^

y  = d is ta n c e  n o rm a l  f ro m  b ed

d-j- = t r a n s i t io n  dep th

= r i s e  v e lo c ity  o f a i r  b u b b le s

0 = in c lin a tio n  a n g le  o f ch an n e l
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2
Vj = m e a n  s q u a re  v a lu e  of tu rb u le n t  v e lo c ity  in  l iq u id  s t r e a m

T j  - t im e  s c a le  of tu rb u le n c e  in  liq u id  s t r e a m

In th e  u p p e r  re g io n , th e  d is tr ib u tio n  of a i r  fo llo w s  an  e x p o n en tia l 

fu n c tio n  in  th e  fo rm

W hen  c o m p a re d  w ith  th e  e x p e r im e n ta l  d a ta  by S trau b  an d  

A n d e rso n  (R ef. 15), Siao found  th a t  in  the  lo w e r  re g io n , E q u a tio n  (2. 17) 

a g r e e s  v e ry  w e ll w ith  th e  e x p e r im e n ta l  d a ta , b u t, in  th e  u p p e r  re g io n , 

th e  e x p e r im e n ta l  p o in ts  f a l l  on a  sm o o th  c u rv e  r a t h e r  th a n  on a  s t r a ig h t  

l in e  a s  show n b y  E q u a tio n  (2. 18} in  a  s e m i- lo g a r i th m ic  p lo t.

G a n g a d h a ra ia h , L a k sh m a n a  R ao , and  S e e th a ra m ia h  (R ef. 18) a ls o  

co n d u c ted  e x p e r im e n ta l  in v e s tig a tio n s  on s e l f - a e r a te d  flow s in  a  la b 

o r a to r y  f lu m e . T hey  found th a t, in  th e  fu lly  d ev e lo p ed  zo n e , the  m e a n  

a i r  c o n c e n tra tio n  i s  c lo s e ly  r e la te d  to  the  n o n - a e ra te d  F ro u d e  n u m b e r  

a n d  th e  s u r f a c e  ro u g h n e ss  of th e  f lu m e . An e m p ir ic a l  r e la t io n s h ip  b e 

tw e e n  th e s e  p a r a m e te r s  can  b e  w r i t te n  a s

w y  cos6

v 22 T 2
(2. 18)

w h e re  w = f a l l  v e lo c ity  o f w a te r  p a r t ic le s

p
Vg = m e a n  s q u a re  v a lu e  of tu rb u le n t v e lo c ity  in  a i r  s t r e a m

T 2 = t im e  s c a le  of tu rb u le n c e  in  a i r  s t r e a m

1
(2 .1 9 )1 - C

SI JFW 3/2 + 1
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w h e re  C m ean  a i r  c o n c e n tra tio n

IF.w F ro u d e  n u m b e r  of n o n -a e ra te d  flow  (

Uw = v e lo c ity  of w a te r

H c = h y d ra u lic  r a d iu s  of w a te r  flow

F o r  r e c ta n g u la r  ch an n el 

= 1 .3 5  n

F o r  t r a p e z o id a l  channel w ith  side s lo p e  of 1. 5 to  1

J2 = 2 .1 6  n

w h e re  n  = M an n in g ’s ro u g h n e ss  c o e ffic ie n t

2. 6 V e lo c ity  D is tr ib u tio n  in  F u lly  D eveloped  F low

V e lo c ity  m e a s u re m e n ts  o v e r  a  v e r t ic a l  in d ic a te  th a t  th e  v e lo c ity  o f  

th e  a i r - e n t r a in e d  flow in c r e a s e s  f ro m  th e  b ed  of th e  ch an n e l u n til  a  m a x 

im u m  is  re a c h e d . F ro m  th is  m a x im u m , th e  v e lo c ity  d e c r e a s e s  ra p id ly  

to w a rd s  th e  flow  s u r f a c e .  V e lo c ity  p ro f i le s  by  S trau b  an d  L am b  (R ef. 191 

and  a ls o  by  H alb ro n n  and  o th e r s  (R ef. 2) show  th a t  the  m a x im u m  v e lo c ity  

o c c u r s  in  th e  lo w e r  re g io n  of the  a i r - w a te r  m ix tu re ,  below  th e  t r a n s 

i t io n  d ep th .

V ip a re l l i  m e a s u re d  th e  v e lo c ity  w ith  a  p ito t tu b e  (R ef. 14). W hen 

p lo tte d  s e m i- lo g a r i th m ic a l ly  w ith  th e  d is ta n c e  n o rm a l f ro m  th e  b ed , th e  

v e lo c ity  in  th e  lo w e r  re g io n  n e a r  the  b ed  fo llo w s a  s t r a ig h t  l in e ,  s u g g e s t

ing a  lo g a r i th m ic  d is tr ib u tio n  hav ing  a  fo rm

u (2 . 20)
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w h e re  U = v e lo c ity  a t y

y = d is ta n c e  n o rm a l  f ro m  b ed

Zo -  w a ll s h e a r

f  = m a s s  d e n s ity  of f lu id  

J  = k in e m a tic  v is c o s i ty

A = a  c o n s ta n t

k  = a  c o n s ta n t s im i la r  to  von K a rm a n 's  u n iv e r s a l  c o n s ta n t

in  n o n - a e r a te d  flow

V ip a re l l i  found  k  v a r ie d  f ro m  0. 28 to  0. 46. He did  n o t e v a lu a te  th e  

v a lu e  of A b e c a u s e  i t  w as  n o t c e r ta in  w h e th e r  th e  w a te r  d ro p le ts  in  th e  

u p p e r  l a y e r  w ould  c o n tr ib u te  an y th in g  to  th e  w a ll s h e a r .

S iao in  1963 (R ef. 20) d e r iv e d  th e  v e lo c ity  d is t r ib u tio n  of th e  

a e r a te d  flow  in  th e  lo w e r  re g io n . In ad d ito n  to  th e  g ra v i ta t io n a l  f o rc e ,  

S iao  a ls o  to o k  in to  a c c o u n t th e  tu rb u le n t  c o n c e n tra tio n  s t r e s s .  He 

f u r th e r  d iv id ed  th e  lo w e r  re g io n  in to  tw o sub r e g io n s ,  u s in g  th e  p o in t 

of m a x im u m  v e lo c ity .

In th e  lo w e r  sub re g io n , he  a s s u m e d  th e  m ix in g  le n g th  p ro p o r t io n a l  

to  th e  d is ta n c e  f ro m  th e  b ed  and  th e r e fo r e  o b ta in e d  a  lo g a r i th m ic  v e lo c ity  

d i s t r ib u t io n

y + A (2 . 2 1 )

an d
\ f  C / -  Co) /

J  g d i  ( s in  0 + i) cos0)
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w h e r e  ^  = v e lo c i ty  a t  y

y  = d is ta n c e  n o rm a l f ro m  b e d  

-  s h e a r  v e lo c ity  

d i  = dep th  a t w h ich  v e lo c ity  i s  m a x im u m  

CQ = a i r  c o n c e n tra tio n  a t b ed  

\ )  -  k in e m a tic  v is c o s i ty  of w a te r

A ,k ,b  = c o n s ta n ts .

S iao c o n s id e re d  th e  u p p e r  su b re g io n  a  re g io n  of f r e e  tu rb u le n t  

flo w  and  th e  m ix in g  len g th  is  th e r e fo r e  c o n s ta n t and  p ro p o r t io n a l  to  th e  

d e p th  of th e  lo w e r  re g io n

6 = D x d 't  (2 .2 3 ) 

w h e re  C = m ix in g  le n g th

df. = t r a n s i t io n  d ep th , o r  d ep th  of flow  in  lo w e r  re g io n  

D = p ro p o r tio n a l  c o n s ta n t 

T h e  v e lo c ity  p ro f i le  in  th is  sub  re g io n  i s  th e r e fo r e  l in e a r  w ith  a n  a d 

v e r s e  g ra d ie n t

=  £x ±  (  — —  » *  (2 .2 4 )
d t

w h e re  v  = v e lo c ity  a t d o r  the  m a x im u m  v e lo c ity

CpQ = m ea n  a i r  c o n c e n tra tio n  in  lo w e r  re g io n  

S iao  u s e d  th e  e x p e r im e n ta l  d a ta  of S tra u b  and  L am b  (R ef. 19) to  d e 

te r m in e  th e  c o n s ta n ts  in  E q u a tio n s  (2 .2 1 - and  (2. 24 . He found 

k  = 0 .2 2 ,  A = - 2 .3  and  D = 1 1 .5 .
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2. 7 R a tio n a l D esig n  B a s is

A s h a s  b e e n  d is c u s s e d  in  S ec tio n  2. 2, so m e  fo rm u la s  h av e  b e en  

p ro p o s e d  f o r  th e  d e s ig n  of h y d ra u lic  s t r u c tu r e s  in v o lv in g  h ig h -v e lo c ity , 

a i r - e n t r a i n e d  flow . S ince  th e s e  fo rm u la s  w e re  b a s e d  upon  o b s e rv a t io n

of fu ll  s iz e  s t r u c tu r e s ,  so m e  of th e m  w ould s u it  s o m e  p a r t ic u la r  c a s e s  

b e t t e r  w hen  th e  co n d itio n s  of th e  d e s ig n e d  s t r u c tu r e  w e re  s im i la r  to  

th o s e  of th e  e x is tin g  s t r u c tu r e .

S tu d ie s  of th e  m e c h a n is m  of a i r - e n t r a in m e n t  w e re  c a r r i e d  ou t in

la b o r a to r i e s .  F ru it f u l  r e s u l t s  w e re  o b ta in ed  by H a lb ro n n , B a u e r ,

V ip a re l l i  and  S trau b  and  A n d e rso n . B a u e r 's  w o rk  on th e  d ev e lo p m en t
la y e r

of th e  tu rb u le n t  b o u n d a ry /b o th  on sm o o th  and  ro u g h  sp illw a y  s u r f a c e s  

h a s  le d  to  th e  d e te rm in a tio n  of the  p o in t of a i r  e n tra in m e n t in c e p tio n  and  

th e  d ep th  of th e  flow  a lo n g  th e  sp illw a y  up  to  th a t p o in t.

T he  A ir -E n tr a in m e n t  R e s e a rc h  G roup  a t the  In s ti tu te  of H ydro - 

te c h n ic a l  R e s e a r c h  in  P ek in g  ex ten d ed  th e  m e th o d  fo r  th e  c a lc u la tio n  

of th e  p o in t of a i r  in c e p tio n  on sp illw a y s  in c lu d in g  c u rv e d  s e c tio n s  

(R ef. 21).

T he e x te n s iv e  e x p e r im e n ta l  w o rk  c a r r i e d  ou t b y  S tra u b  and  

A n d e rso n  h a s  le d  to  a  c o n c lu s io n  th a t  th e  q u an tity  of the  e n tr a in e d  a i r  

d ep en d s  on th e  in te n s i ty  of tu rb u le n t f lu c tu a tio n s  g e n e ra te d  a t  th e  b ed  

a n d  th e  d ep th  of th e  flow . S ince  th e  ch an n e l ro u g h n e s s  w as  c o n s ta n t in  

th e i r  e x p e r im e n ts ,  th e  m e a n  a i r  c o n c e n tra tio n  w as  th e r e fo r e  p lo tte d
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1/5a g a in s t  a  p a r a m e te r  S/ g w h e re  S -  s in e  fu n c tio n  of th e  s lo p e  

a n g le  and  q = u n it  d is c h a rg e .

B a se d  upon th e  r e s u l t  of S trau b  an d  A n d e rso n  an d  a ls o  upon  so m e  fu ll  

s iz e  o b s e rv a t io n s  on K it t i ta s  C hu te , th e  T a sk  C o m m itte e  on A ir  E n tr a in  - 

m e n t in  O pen C h a n n e ls , A .S .C .E .  re c o m m e n d s  (R ef. 22)

C = 0 .7 4 3  lo g  (S/ 2  1 ) + 0 .8 7 6  (2.251

w ith  s ta n d a rd  e r r o r  fo r  a i r  c o n c e n tra tio n ,

^  = 0 .0 6 1  c

w h e re  C = m ea n  a i r  c o n c e n tra tio n

S = s in e  fu n c tio n  of s lo p e  an g le  

^  = u n it  d is c h a rg e

s ta n d a rd  e r r o r  fo r  a i r  c o n c e n tra tio n  

S trau b  an d  A n d e rso n  o b s e rv e d  th a t  th e  d ep th  of th e  a e r a te d  flow  

in c r e a s e d  a p p re c ia b ly  w ith  in c r e a s e d  a i r  c o n c e n tra tio n . A t h ig h  a i r  

c o n c e n tra tio n s , th e  to ta l  dep th  w as n e a r ly  fo u r  t im e s  a s  l a r g e  a s  th a t  of 

a  c o r re s p o n d in g  n o n a e ra te d  flow . A n d e rso n  a ls o  co n d u c ted  in v e s t ig a t io n s  

on th e  e ffe c t of b ed  s u r fa c e  ro u g h n e ss  on th e  a e r a te d  flow  (R ef. 23). He 

c o n c lu d e d  th a t  b o th  th e  d ep th  of th e  flow and  the  m e a n  a i r  c o n c e n tra tio n  

in c r e a s e  w ith  th e  b ed  s u r fa c e  ro u g h n e ss  b e c a u s e  of th e  h ig h e r  tu rb u le n c e  

le v e l g e n e ra te d  a t  the  b ed  an d  th e  d is tr ib u tio n  of th e  e n tr a in e d  a i r  m o re  

u n ifo rm  due to  th e  m o re  in te n se  m ix in g .

F o r  th e  m e a n  v e lo c ity  of th e  a i r - w a t e r  m ix tu re ,  S trau b  and
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A n d e rso n  (R ef. 15) su g g e s t
1 !_

V = C dt  2 S2 (2 .2 6 )

w h e re  V = m e a n  v e lo c ity  of a i r - w a t e r  m ix tu re  

dj. - t r a n s i t io n  dep th

S = s in e  fu n c tio n  of s lo p e  an g le

C = C hezy  c o e ffic ie n t

T h ey  found th a t  C h as  a p p ro x im a te ly  th e  s a m e  v a lu e  in  th e  s a m e  

c h a n n e l f o r  non a e r a te d  flow  w hen th e  t r a n s i t io n  d ep th  d^ is  u se d  a s  th e  

e f fe c t iv e  d ep th .

3. T he  A ir - e n t r a in e d  F low  in  th e  D evelop ing  Z one

S ince  E h r e n b e r g e r ’s p io n e e r in g  s tu d y , the  w o rk  on a i r - e n t r a in m e n t  

h as  b e e n  c o n c e n tra te d  on fu lly  d ev e lo p ed  flow . In fu lly  d ev e lo p ed  flow , 

b o th  th e  q u a n tity  of th e  e n tra in e d  a i r  and  i t s  d is tr ib u tio n  r e m a in  c o n s ta n t 

w ith  d is ta n c e  and  the  flow  i s  in  a  u n ifo rm  flow  co n d itio n  in  w h ich  b o th  th e  

d ep th  and  th e  v e lo c ity  r e m a in  c o n s ta n t w ith  d is ta n c e  d o w n s tre a m .

A s  h a s  b e e n  m e n tio n e d  in  S ection  2 .4 ,  a i r  e n tra in m e n t c o m m e n c e s  

a t  th e  p o in t w h e re  th e  tu rb u le n t  b o u n d a ry  la y e r  r e a c h e s  th e  flow  s u r f a c e .  

D o w n s tre a m  of th is  p o in t b o th  th e  q u an tity  of th e  w a te r  p a r t i c le s  p ro je c te d  

in to  th e  a i r  and  th e  q u an tity  of a i r  e n tra in e d  in to  th e  flow  in c r e a s e  w ith  

d i s ta n c e  d o w n s tre a m . S ince a i r - e n t r a in m e n t  i s  u s u a lly  a s s o c ia te d  w ith  

s te e p  s lo p e s  an d  th e  p o in t of in c e p tio n  of a i r  e n tra in m e n t o c c u r s  w ith in  a 

c o m p a ra t iv e ly  s h o r t  d is ta n c e  f ro m  th e  c r e s t ,  th e  flow  m a y  s t i l l  b e
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a c c e le r a te d  beyond  th e  p o in t of a i r  in c e p tio n . T h e o re t ic a l  t r e a tm e n t  

of th e  flow  in  th e  d e v e lo p in g  zone w ould  b e  e x tr e m e ly  d iff ic u lt b e c a u s e ,  

in  a d d itio n  to  th e  f a c to r s  a f fe c tin g  th e  flow  in  th e  fu lly  d ev e lo p ed  zo n e , 

th e r e  w ould  e x is t  in  th e  d ev e lo p in g  zone a  lo n g itu d in a l a i r  c o n c e n tra tio n  

g ra d ie n t  and  a ls o  a  lo n g itu d in a l v e lo c ity  g ra d ie n t .

In p re v io u s  s tu d ie s  (R e fe r  S ec tio n  2), e x p e r im e n ta l  w o rk  h a s  b e e n  

found  to  b e  m o s t  v a lu a b le  in  th e  u n d e rs ta n d in g  of th e  m e c h a n is m  an d  th e  

la w s  th a t  g o v e rn  th e  flow in  th e  fu lly  d ev e lo p ed  zone . It i s  e x p e c te d  th a t  

s y s te m a tic  e x p e r im e n ta l  in v e s tig a tio n  can  a ls o  p ro v id e  u s e fu l  in fo rm a tio n  

in  th e  u n d e rs ta n d in g  of th e  a i r  e n tra in e d  flow  in  th e  d ev e lo p in g  zone .

In  th e  s tu d y  of th e  a i r - e n t r a in e d  flow  in  th e  d ev e lo p in g  zone  w h ich  

w ill be d e s c r ib e d  in  th e  su b se q u e n t s e c tio n s , th e  v e lo c ity  p ro f i le ,  th e  

d is t r ib u t io n  of a i r  and  th e  g ro w th  of th e  m ix e d  a i r - w a te r  la y e r  w ill b e  

in c lu d e d .

4. E x p e r im e n ta l  A sp e c ts

4 .1  T he L a b o ra to ry  F lu m e

E x p e r im e n ts  w e re  co n d u c ted  in  a  g la s s -b o tto m  f lu m e  w ith  " p e r s p e x "  

s id e  w a l ls .  T he sm o o th  " p e rs p e x "  w a lls  w e re  u s e d  to  m in im iz e  th e  b o u n d 

a r y  e f fe c ts  f ro m  th e  s id e s  to  th e  c e n tr a l  p o r tio n  of th e  flow  in  th e  f lu m e ,a n d  

v isu a l o b s e rv a tio n  of the  b e h a v io u r  of th e  flow  co u ld  a ls o  b e  m a d e . T h e

le n g th  of th e  f lu m e  w as  27 f t,  and  th e  w id th  18 in c h e s .  The f lu m e  w as
: i:- - 'mT : n ‘ IT tfi'ocf on) forts doqoig. qnojf

c o n n e c ted  to  a  h e a d  ta n k , th e  top  of w h ich  w as  12 f t .  f ro m  th e  f lo o r  le v e l .



T h e s lo p e  of th e  f lu m e  cou ld  be  a d ju s te d , th e  m ax im u m  of w h ich  w as  

24 d e g re e s  w ith  the h o r iz o n ta l.  W a te r  w as su p p lie d  to  th e  h e a d  tan k  

th ro u g h  an  8" d ia . p ip e lin e . G r id s  w e re  f i t te d  in s id e  th e  h ead  tan k  to  

d am p  down a s  m u ch  a s  p o s s ib le  th e  tu rb u le n c e  so  th a t  q u ie sc e n t flow  

cou ld  be  in tro d u c e d  to  th e  f lu m e  th ro u g h  a  sm o o th  f a i r e d  t r a n s i t io n .

T he  flow  r a t e  w as  m e a s u re d  by the  d y n am ic  h ead  of a  p ito t tu b e  w hich  

w a s  in s e r te d  in to  a  s tr a ig h t  len g th  of the su p p ly  l in e .  H av ing  b e e n  

p la c e d  in  p o s itio n , the  d y n am ic  h ead  of th e  p ito t tu b e  w as  c a l ib r a te d  

f o r  th e  flow  r a te  a g a in s t  a  V -n o tc h  a t  th e  end  of th e  d ra in a g e  ch a n n e l.

F ig .  2 sho w s th e  g e n e ra l  v iew  of th e  la b o r a to ry  f lu m e .

4 . 2 E x p e r im e n ta l  A p p a ra tu s

T he e x p e r im e n ta l  a p p a ra tu s  fo r  v e lo c ity  and  a i r - c o n c e n t r a t io n  

m e a s u re m e n ts  c o n s is te d  e s s e n t ia l ly  of a  p ito t tu b e , a  g la s s  b o tt le ,  a 

w a te r  m a n o m e te r ,  a  p o s itiv e  d isp la c e m e n t pum p, an  a i r  c o lle c tin g  

c y lin d e r  an d  a  w a te r  c o lle c tin g  c y lin d e r . T he e x p e r im e n ta l  a p p a ra tu s  

a r r a n g e m e n t  i s  show n s c h e m a tic a l ly  in  F ig . 3. F ig . 4 show s th e  g en 

e r a l  v iew  of th e  s e t-u p .

T he p i to t  tu b e  w as  s h a rp -  edged . The o u ts id e  d ia m e te r  of th e  

tu b e  w a s  0. 100 in . and th e  d ia m e te r  of th e  open ing  0. 084 in . F ig . 5 show s 

th e  g e n e ra l  v iew  of th e  p ito t tu b e .

4 . 3 E x p e r im e n ta l  P ro c e d u re

D u rin g  th e  e x p e r im e n ts ,  tw o s lo p e s  (18° and  24°^ an d  th r e e  d is -
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c h a rg e s  (1 .2 ,  1 .7  an d  2 .2  c u . f t . / s e c . )  w e re  u s e d .  A t s m a l l  d i s c h a r g e s ,  

th e  d e p th  of th e  flow  w as  s t i l l  th ic k  enough  to  b e  m e a s u r e d  (a p p ro x im a te ly  

1 inchU  A t h ig h e r  d is c h a rg e s  th e  le n g th  of th e  flow  in  th e  d ev e lo p in g  

zone  w as  s t i l l  r e a s o n a b ly  lo n g  so  th a t  o b s e rv a tio n  an d  m e a s u r e m e n ts  

c o u ld  b e  m a d e . M e a s u re m e n ts  w e re  m a d e  a t  7 s e c t io n s ,  3 f t .  a p a r t ,  

t h e  f i r s t  b e in g  9 f t.  f ro m  th e  c r e s t .  V e lo c ity  p r o f i le s  w e re  o b ta in e d  fo r  

a l l  s e c t io n s  an d  a i r  c o n c e n tra tio n  p r o f i le s  w e re  d e te rm in e d  a t  s e c t io n s  

w h e re  th e  l a y e r  of a i r - w a te r  m ix tu re  w as  th ic k  c o m p a re d  w ith  th e  s iz e  

of th e  p ito t tu b e .

V e lo c ity  w as  m e a s u re d  w ith  th e  p ito t tu b e . T h e  d y n am ic  h e ad  of 

th e  flow  on th e  t ip  o f th e  p i to t  tu b e  w as  show n on th e  w a te r  m a n o m e te r  

w ith  a l l  v a lv e s  c lo se d  ex cep t th a t  le a d in g  to  th e  m a n o m e te r  (V alve  No. 1, 

F ig . 3). W hen th e  p ito t tu b e  w as  s u b m e rg e d  in  th e  l a y e r  of a i r - w a te r  

m ix tu re ,  so m e  a i r  b u b b le s  m ig h t e n te r  an d  a c c u m u la te  in  th e  l in e .  V alve 

N o. 1 w a s  th e n  c lo se d  and  th e  a i r  w as d ra in e d  b a c k  to  th e  flow  by  o p en in g  

slo w ly  v a lv e  N o. 2 w h ich  c o n n ec te d  th e  h ig h  h ead  fe e d  to  th e  s y s te m .

A f te r  th e  a i r  in  th e  l in e  h ad  b een  d ra in e d , v a lv e  N o. 2 w a s  th e n  c lo s e d  

a n d  v a lv e  N o. 1 a g a in  o p en ed . T h is  p r o c e s s  w as  r e p e a te d  u n ti l  a  s te a d y  

d y n a m ic  h ead  w as  show n on th e  m a n o m e te r .

T he v e lo c ity  of w a te r  i s  th e n  o b ta in e d  f ro m  th e  fo llo w in g  r e la t io n s h ip  

(R ef. 2)

(4.1)
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w h e re  H = d y n am ic  p r e s s u r e  a t  th e  tip  of th e  p ito t tube  

f* - m a s s  d e n s ity  of w a te r  p e r  u n it  v o lu m e  

U -  v e lo c ity  of w a te r  

C = a i r  c o n c e n tra tio n  

X  = tap p in g  c o e ffic ie n t

It h a s  b e e n  show n by H a lb ro n n  and  o th e r s  (R ef. 2) th a t,  w hen  th e  

s iz e  of th e  a i r  b u b b le s  is  sm a ll  c o m p a re d  w ith  th a t  of th e  p ito t tu b e , 

th e  tap p in g  c o e ffic ie n t X can  b e  ta k e n  a s  u n ity . H o w ev er, th e  p ito t 

tu b e  u s e d  in  th is  in v e s tig a tio n  w as  c a l ib ra te d . I t w as  found th a t  th e  

v a lu e  of X d ep en d ed  on th e  a i r  c o n c e n tra tio n  b e in g  s lig h tly  s m a l l e r  th an  

1 a t low a i r  c o n c e n tra tio n s  and  s lig h tly  g r e a t e r  th a n  1 a t  h ig h e r  a i r  con 

c e n tr a t io n s .  D e ta ils  of th e  c a l ib ra t io n  w ill be  d is c u s s e d  in  th e  fo llo w 

in g  sub  s e c tio n  (S ec tio n  4 .4 ) .  S ince th e  e r r o r  in v o lv ed  in  th e  c a lc u la tio n  

of th e  v e lo c ity  and  a ls o  in  th e  d e te rm in a tio n  of th e  a i r  c o n c e n tra tio n  w as  

s m a l l  w hen th e  v a lu e  of X d e p a r te d  s lig h tly  f ro m  u n ity , i t s  v a lu e  w as  

ta k e n  a s  u n ity  in  th is  in v e s tig a tio n  and  E q u a tio n  4 .1  th u s  b e c o m e s

H = P  ( 1 - C) JAs l L  (4. 2)
I w 2 g

V a lu es  of a i r  c o n c e n tra tio n  w e re  o b ta in ed  by u s in g  th e  p ito t tu b e  a s  

a  s a m p le r ,  s im i la r  in  p r in c ip le  to  th e  c lo se d  s a m p le r  u s e d  b y  V ip a re l l i  

(R ef. 24). D u rin g  sa m p lin g , th e  v a lv e s  to  the  m a n o m e te r  (V alve No. 1),f; - • , ■ ,* ' ■ . - ; ■ V • ! i : ‘ i f f * . •• s

to  th e  h ig h  h ead  fe e d  (V alve No. 2) and  to  th e  a i r  c o lle c tin g  c y lin d e r  

(V alve N o. 3) w e re  c lo s e d . V alve No. 4 d o w n s tre a m  of th e  pum p an d  th e
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flow  r a te  m e te r  w as u s e d  fo r  a d ju s tm e n t of th e  sa m p lin g  r a t e  and  

V alve  N o. 5 a t th e  end of th e  s y s te m  w as  a  co ck  w h ich  co u ld  s to p  s a m p lin g  

in s ta n ta n e o u s ly . A ir  w as  s e p a ra te d  in  th e  g la s s  b o ttle  an d  on ly  w a te r  

p a s s e d  th ro u g h  th e  pum p and w as c o lle c te d  in  th e  c y l in d e r .  A f te r  

sa m p lin g , va lv e  No. 2 (fro m  the h igh  h ead  feed) and  V alve No. 3 (to th e  

a i r  c o lle c tin g  c y lin d e r)  w e re  opened  to  r e l e a s e  th e  a i r  f ro m  th e  b o tt le .

T he a i r  w as th en  c o lle c te d  in  th e  c y lin d e r  and  w as m e a s u re d  a t a tm o s 

p h e r ic  p r e s s u r e .  The a i r  c o n c e n tra tio n  is  th u s

C - (4 .3 )
v 2

w h e re  C = a i r  c o n c e n tra tio n

Va  = vo lum e of a i r  a t  a tm o s p h e r ic  p r e s s u r e  

V2 = vo lu m e of w a te r  d isp la c e d  f ro m  th e  s y s te m  

V ip a re l l i  (R ef. 24) h a s  show n th a t  a i r  c o n c e n tra tio n  o b ta in ed  by th is  

m e th o d  dep en d s on th e  sa m p lin g  r a t e .  T h e re fo re ,  w hen sa m p lin g , th e  

v e lo c ity  of flow  th ro u g h  th e  tu b e  w as  a d ju s te d  to  th a t in  the  f lu m e . A s  

th e  v e lo c ity  of th e  flow  in  th e  f lu m e  d epends on th e  a i r  c o n c e n tra tio n  

(E q u a tio n  4 . 2) a  t r i a l  and  e r r o r  p r o c e s s  h a s  to  be  u s e d . T he  a i r  c o n 

c e n tra tio n  of the  flow  w as  d e te rm in e d  a s  w as  th e  v e lo c ity , w hen  th e  a i r  

c o n c e n tra tio n  co m p u ted  by  E q u a tio n  (4. 3) w as  th e  s a m e  a s  th a t  a s s u m e d  

in  E q u a tio n  (4 .2 ) .

4 .4  V e r if ic a tio n  of the E x p e r im e n ta l  A p p a ra tu s  a s  a n  E ffe c tiv e  M eans 
of M e a su re m e n t

4 .4 1  G e n e ra l
k, - /  a  * 1  ' .* ■ . a  . . , 1  *• i

Though the phenom enon  of a i r  e n tra in m e n t h a s  lo n g  b e e n  o b s e rv e d
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and  E h r e n b e r g e r  b eg an  h is  p io n e e r in g  w o rk  m o re  th an  fo u r  d e c a d e s  ago , 

th e  p ro g re s s to w a rd s  th e  b a s ic  u n d e rs ta n d in g  of th e  p h en o m en o n  h as  b ee n  

s lo w . T he r e a s o n  fo r  th e  slow  p r o g r e s s  w as due to  th e  la c k  of s u ita b le  

in s t r u m e n ts  f o r  e x p e r im e n ta l  p u rp o s e s  (R ef. 25).

In th e  e a r ly  s ta g e  of th e  s tu d y  in to  th is  p h enom enon , th e  p i to t tu b e  

w a s  u s e d  in v a r ia b ly  in  l a b o r a to r ie s  f o r  th e  m e a s u re m e n ts  of v e lo c ity  

(fo r  e x a m p le  by V ip a re l l i ,  H a lb ro n n  and  o th e r s ) .  The d e te rm in a tio n  of 

a i r  c o n c e n tra tio n  w as  by sa m p lin g  the a i r - w a te r  m ix tu re  (fo r  e x a m p le , 

by  V ip a re l l i ,  and  E in s te in  and  S ibul (R ef. 26)). O b jec tio n  to  th e  u se  of 

th e  p i to t  tu b e  in  v e lo c ity  m e a s u re m e n ts  w as th a t  th e  a i r - w a te r  m ix tu re  is  

a  n o n -h o m o g e n eo u s  m ix tu re .  A t low  a i r  c o n c e n tra tio n s , th e  p r e s e n c e  of 

th e  p ito t  tu b e  cou ld  c a u se  s e p a ra t io n  of th e  a i r  and  w a te r .  A t h ig h  a i r  

c o n c e n tra t io n s ,  the d y n am ic  h ead  w as c a u se d  by s u c c e s s iv e  im p in g e m e n t 

of w a te r  d ro p le ts  a g a in s t  the  tip  of th e  p ito t tube  (R ef. 25). W hen c lo se d  

s a m p le r s  w e re  u s e d  to  d e te rm in e  the  a i r  c o n c e n tra tio n . V ip a re ll i  found 

th a t  th e  a i r  c o n c e n tra tio n  o b ta in ed  depends on th e  sh ap e  of th e  s a m p le r ,  

t h e  p o s it io n  of th e  open ing  and  a ls o  th e  r a te  of s a m p lin g  (R ef. 14). W hen 

th e  c lo se d  s a m p le r  w as  u s e d , V ip a re l l i  found th a t th e  a i r  c o n c e n tra tio n  

o b ta in ed  w as  h ig h e r  th an  th a t  by  o th e r  m e th o d s  (R ef. 27). B a se d  upon  th e  

s a l t - v e lo c i ty  p r in c ip le ,  S trau b  and K ille n  in  1954 (R ef. 25) d ev e lo p ed  a 

v e lo c ity  m e te r  (the St. A nthony F a l l s  v e lo c ity  m e te r )  f o r  th e  m e a s u re m e n t  

of v e lo c ity  of th e  a i r - w a te r  m ix tu re .  Y et, a  d i r e c t  ch eck  of th e  S .A .F .
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v e lo c ity  m e te r  w ith  a  p ito t  tu b e  in  n o n - a e ra te d  flow  in d ic a te d  th a t  t h e i r  

m e te r  a lw a y s  gave s lig h tly  lo w e r  v e lo c i t ie s  (1 to  2 p c . ) .  In ad d itio n , 

th e  S .A .F .  V e lo c ity  M e te r  co u ld  n o t be  u s e d  a t  a i r  c o n c e n tra t io n  le v e ls  

h ig h e r  th a n  70 p e r  c e n t to  80 p e r  cen t b e c a u s e  a t  su ch  h igh  c o n c e n tra t io n  

le v e l ,  th e  w a te r  i s  m a in ly  in  th e  fo rm  of is o la te d  d ro p le ts  in  th e  a i r  flo w . 

A n e le c t r i c a l  m e th o d  w as  d ev e lo p ed  by  L a m b  an d  K ille n  (R ef. 28) f o r  th e  

m e a s u re m e n lo f  a i r  c o n c e n tra tio n . B e c a u se  of th e  s u c c e s s  w ith  th is  in 

s t r u m e n t ,  S trau b  and  A n d e rso n  w e re  a b le  to  conduct an  e x te n s iv e  in v e s t 

ig a tio n  (R ef. 15) w hich  c la r i f ie s  m u ch  of th e  p re v io u s  w o rk  in  th is  f ie ld .

In th is  in v e s tig a tio n , th e  e x p e r im e n ta l  a p p a ra tu s  u s e d  h a s  b e e n  

d e s c r ib e d  in  S ectio n  4. 2. A p ito t tu b e  w as  u s e d  fo r  v e lo c ity  m e a s u re m e n t  

and  in  th e  m e a n tim e  s e rv e d  a s  a  s a m p le r  b e c a u s e  i t  w as  s im p le  in  p r in c ip le  

a n d  e a s y  to  h an d le , and  b e c a u s e  b o th  q u a n ti t ie s  co u ld  b e  o b ta in e d  a t  th e  

s a m e  p o in t. S ince d o u b ts  h av e  a r i s e n  ab o u t th e  a c c u ra c y ,  th e  p h y s ic a l  

m e a n in g  of th e  q u a n ti t ie s  o b ta in ed  w ith  th is  type  o f a p p a r a tu s ,  th e  e q u ip 

m e n t w as  c a l ib r a te d  b e fo re  i t  w as  u s e d  in  th e  e x p e r im e n ts .

4 .4 2  V e r if ic a t io n  of E q u a tio n  (4. 3)

W hen th e  p ito t tube  is  u s e d  a s  a  s a m p le r ,  th e  a i r  c o n c e n tra t io n  can

be e x p re s s e d  a s  th e  r a t io  of th e  two m e a s u re d  v o lu m e s  (E q u a tio n  4 . 3)^th a t

(4 .3 )

w h e re C = a i r  c o n c e n tra tio n
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= vo lum e of a i r  m e a s u re d  a t a tm o s p h e r ic  p r e s s u r e

V 2 = v o lum e of w a te r  d isp la c e d  f ro m  the  s y s te m

The vo lum e of w a te r  d isp la c e d  f ro m  th e  s y s te m  is  in  fa c t  th e  vo lum e

of w a te r  e n te r in g  th ro u g h  the  p i to t tu b e  p lu s  th e  vo lu m e of a i r  a c c u m u la te d

in  th e  b o tt le .  T he vo lum e of a i r  in  th e  b o ttle  d o es  n o t e x a c tly  eq u a l th a t

in  th e  flow  e n te r in g  the  p ito t tube b e c a u s e  th e  p r e s s u r e  in  th e  b o ttle  d u r in g

sa m p lin g  w ould  b e  be low  a tm o sp h e r ic . T h e re fo re

V = V + V (4 .4 )2 w 1

and  V , = Va  (4 .5 )
P I

w h e re  p^ = a tm o sp h e r ic  p r e s s u r e

p^ = p r e s s u r e  in  b o ttle  d u rin g  sam p lin g  

= v o lum e of a i r  in  b o ttle  

Va  = vo lu m e of a i r  c o rre sp o n d in g  to  a t pa 

Vw  = vo lu m e of w a te r  d raw n  in to  s a m p le r

T he a i r  c o n c e n tra tio n  in  th e  a i r - w a te r  m ix tu re  (d esig n a ted  a s  C')

i s  d efin ed  a s  th e  r a t io  of the  vo lum e of a i r  p e r  u n it vo lum e of th e  m ix tu re .

T he p r e s s u r e  w ith in  th e  flow  is  a s su m e d  to  be  a tm o s p h e r ic  b e c a u se  of i t s

s m a ll  d ep th . T h e re fo re

VaC r =
Vw + Va

V a ^
V 2 - V i+ V a

1_________

J_ _ /-Ec_ . d 
c  ' pi '

(4 .7)



28.

S ince C 1

o r

- i)
C Px 

r  «  Pi

o r

Pa

P i »» C p a 

D u rin g  sa m p lin g  P i ^  Pa 

C P a ^ P l  ^  Pa

W hen C i s  la r g e ,  p-̂  -«* p a an d  C -► C 1.

In o r d e r  to  e v a lu a te  the  p r e s s u r e  d ro p  in  th e  s y s te m , an d  a ls o  to

e v a lu a te  th e  e r r o r  in  C' w hen  th e  a i r  c o n c e n tra tio n  i s  s m a l l e r ,  th e  p ito t

tu b e  w as  s u b m e rg e d  in  p u re  w a te r  an d  on ly  w a te r  w as  p u m p ed  th ro u g h  th e

sy s te m . It w a s  found th a t ,  w ith in  th e  e x p e r im e n ta l  r a n g e , th e  m in im u m

p r e s s u r e  in  th e  b o ttle  w as ab o u t tw o - th ird s  of th e  a tm o s p h e r ic  p r e s s u r e ,

o r  =5 1 .5 .  F o r  s m a ll  a i r  c o n c e n tra tio n s , fo r  e x a m p le  C = 0 .0 5 ,
P i

E q u a tio n  (4 .7 )  le a d s  to

1€ '  =
-  (1.5 - l)

=  1 .03C

o r  an  e r r o r  of only  abou t 3 p e r  c en t.

T he e r r o r  w ill be s m a l le r  f o r  h ig h e r  a i r  c o n c e n tra t io n s ,  b e c a u s e  

th e  p r e s s u r e  d ro p  w ill be  m u ch  l e s s  f o r  an  a i r - w a t e r  m ix tu re  w ith  l a r g e  

p e rc e n ta g e  of a i r .
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4 .4 3  V e r if ic a t io n  of th e  E x p e r im e n ta l  A p p a ra tu s

T h e  e x p e r im e n ta l  a p p a ra tu s  h a s  b e en  d e s c r ib e d  in  S ec tio n  4 . 2.

T he  p ito t tu b e  w as  u s e d  f o r  v e lo c ity  m e a s u re m e n t  and  a ls o  u s e d  a s  a  

s a m p le r  f o r  th e  d e te rm in a tio n  of a i r  c o n c e n tra tio n . T h e  r e la t io n s h ip  

b e tw e e n  th e  v e lo c ity  and  th e  dyn am ic  h ead  m e a s u re d  is  show n by  

E quation  (4. 1). In E q u a tio n  (4. 1), th e  v a lu e  of th e  ta p p in g  c o e ff ic ie n t \  

d ep en d s  on th e  r a t io  of th e  d ia m e te r  of th e  a i r  b u b b le s  and  th e  d ia m e te r  

of th e  p ito t tu b e  and  a ls o  on th e  a i r  c o n c e n tra tio n  (R ef. 2, 29). W hen 

th e  p i to t  tu b e  w a s  u se d  a s  a  s a m p le r ,  V ip a re l l i  found th a t  th e  a i r  c o n c e n 

t r a t i o n  o b ta in ed  w as g r e a t e r  th an  th a t  o b ta in ed  w ith  an  e le c t r i c a l  gauge 

(R ef. 27). T he e x p e r im e n ta l  a p p a ra tu s  w as  th e r e fo r e  c a l ib r a te d  w ith  

an  a i r - w a t e r  m ix ed  je t  w ith  know n v e lo c ity  and d is c h a rg e s  to  d e te rm in e  

t h e  v a lu e  o f X and  th e  r e la t io n s h ip  of th e  m e a s u re d  and  co m p u ted  a i r  

c o n c e n tra tio n  v a lu e s .

T he a i r - w a te r  m ix e d  je t  w as  p ro d u c e d  by in je c tin g  a i r  in to  a  j ” d ia . 

b r a s s  tu b e  c a r ry in g  a  w a te r  d is c h a rg e . A w ire  m e sh  w as in s e r te d  in 

s id e  th e  tu b e  to  d iffu se  th e  w a te r  p a r t ic le s  and  th e  a i r - w a te r  m ix tu re  

e m e rg e d  f ro m  th e  o th e r  end  of th e  tu b e  th ro u g h  a  1 /4 "  d ia . n o z z le  a s  an  

a i r - w a t e r  m ix ed  je t .  T he d e ta i ls  of th e  d ev ice  a r e  show n in  F ig . 7.

T he w a te r  flow  w as  su p p lie d  by  a  1" pum p and  th e  d is c h a rg e  r a t e  

w as  m e a s u re d  v o lu m e tr ic a l ly  a t  th e  d is c h a rg e  end . A ir  flow  w as  

s u p p lie d  by a  c o m p r e s s o r  and  th e  flow  r a te  w as  m e a s u re d  by a  " C r i t i c a l
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F lo w  R a te  M e te r " .  (R ef. 30).

D e ta ils  of th e  d ev ice  a r e  show n in  F ig .  8.

In th e  c a l ib r a t io n ,  th e  v e lo c ity  of th e  a i r - w a te r  m ix e d  je t  v a r ie d  

f ro m  15 f t .  / s e c .  to  25 f t. / s e c . , and  th e  a i r  c o n c e n tra t io n  r a n g e s  f ro m  

a p p ro x im a te ly  0 .4  to  0 .8 .

D u rin g  th e  c a l ib r a t io n ,  th e  p ito t tu b e  w as p la c e d  in  l in e  w ith  th e  

a x is  of th e  a i r - w a t e r  m ix e d  je t ,  and  th e  t ip  w as  1 /8 "  f ro m  th e  n o z z le .

T he d y n am ic  h ead  w as  m e a s u re d ,  and  w ith  th e  c o m p u te d  v a lu e s  of v e lo c ity  

a n d  a i r  c o n c e n tra tio n , th e  v a lu e  of th e  ta p p in g  c o e ff ic ie n t X w a s  d e 

t e r m in e d  f ro m  E q u a tio n  (4 .1 ) .  I t w as  found th a t  th e  v a lu e  o f X  d e p e n d s  

on th e  a i r  c o n c e n tra tio n . F o r  s m a ll  a i r  c o n c e n tra tio n  v a lu e s ,  X is  

s m a l l e r  th a n  1, w ith  i t s  m in im u m  v a lu e  of ab o u t 0. 91 a t  C = 0. 40. F o r  

la r g e  a i r  c o n c e n tra tio n  v a lu e s , X i s  g r e a t e r  th a n  1, th e  m a x im u m  

v a lu e  b e in g  ab o u t 1. 09 a t  C = 0 . 75. T he v a lu e  of th e  ta p p in g  c o e f f ic ie n t 

a s  a  fu n c tio n  of a i r  c o n c e n tra tio n  i s  show n in  F ig .  9.

A f te r  b e in g  c a l ib r a te d  fo r  v e lo c ity  m e a s u re m e n t ,  th e  a i r - w a t e r  

m ix e d  je t  w as  s a m p le d  th ro u g h  th e  p ito t tu b e . F ig .  10 sh o w s th e  a i r  

c o n c e n tr a t io n  v a lu e s  o b ta in e d  w ith  v a r io u s  s a m p lin g  r a t e s .  F r o m  th i s  

f ig u re  i t  c an  b e  s e e n  th a t  th e  a i r  c o n c e n tra tio n  v a lu e  in c r e a s e s  w ith  th e  

s a m p lin g  r a t e .  W ith in  a  s m a ll  ra n g e  of s a m p lin g  r a t e s ,  th e  in c r e a s e  in  

a i r  c o n c e n tra tio n  v a lu e s  i s  s m a l l  an d  i s  a p p ro x im a te ly  l in e a r .  F ig .  10 

a ls o  show s th e  a i r  c o n c e n tra tio n  v a lu e , w h ich  w ould  b e  o b ta in e d  if  th e
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s a m p lin g  r a t e  w a s  a d ju s te d  to  have  th e  v e lo c ity  a t  th e  t ip  o f th e  p ito t 

tu b e  th e  s a m e  a s  th a t  in  th e  je t .  F ig . 11 show s th e  a i r  c o n c e n tra tio n  

o b ta in e d  a t  th e  c o r r e c t  s a m p lin g  r a t e s  a g a in s t  th e  co m p u ted  a i r  c o n c en 

t r a t io n  v a lu e s .  T he  sm a ll  d e p a r tu re  of th e  p o in ts  f ro m  th e  4 5 °  l in e  a s  

show n in  F ig . 11 ju s t i f ie s  th e  u s e  of th e  e x p e r im e n ta l  a p p a ra tu s  an d  th e  

te c h n iq u e  in  o b ta in in g  v e lo c ity  and  a i r  c o n c e n tra tio n  in  an  a i r - w a t e r  m ix 

tu r e .

5. E x p e r im e n ta l  R e s u lts

5 .1  G e n e ra l

E x p e r im e n ts  w e re  co n d u c ted  w ith  tw o s lo p e s  (18° and  24°) and  

th r e e  d is c h a rg e s  (1 .2 , 1 .7  and  2. 2 c u . f t .  /  s e c . ) .  In  th e  e x p e r im e n t, 

m e a s u re m e n ts  of th e  d y n am ic  head  of th e  flow  on th e  t ip  o f th e  p ito t  tu b e  

a n d  th e  s a m p lin g  of th e  a i r - w a te r  m ix tu re  a t  v a r io u s  r a t e s  w e re  in c lu d e d . 

F r o m  th e s e  d a ta , v e lo c ity  and  a i r  c o n c e n tra tio n  p r o f i le s  a t  th e  7 s e c tio n s  

a lo n g  th e  c e n tr e  l in e  o f th e  f lu m e  f o r  each  flow  w e re  o b ta in e d . S ince 

th e  d a ta  f ro m  a ll  th e  s lo p e s  and  d is c h a rg e s  u se d  show ed th e  s a m e  t r e n d  

an d  su p p o rte d  th e  g e n e ra l  co n c lu s io n s  d e r iv e d , only  th e  d a ta  f o r  th e  24° 

s lo p e  an d  th e  1. 7 c . f. s ,  d is c h a rg e  w e re  u se d  in  th e  fo llo w in g  d is c u s s io n s  

in  S ec tio n s  5 and  6.

T he d a ta  f o r  th e  o th e r  s lo p e  and  th e  o th e r  d is c h a rg e s  a r e  show n in  

F ig s .  22 to  24 in c lu s iv e  f o r  r e f e r e n c e .
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5. 2 D ynam ic  H ead

T h e  d y n am ic  h e a d  m e a s u re d  a t  th e  se v e n  s e c t io n s  f o r  0 = 24° a n d  

Q = 1 .7 0  c . f .  s .  i s  show n in  F ig . 12. T he  d y n am ic  h e a d  i n c r e a s e s  f i r s t  

w ith  d is ta n c e  f ro m  th e  b e d . F o r  th e  f i r s t  s e c t io n  (9 f t .  f ro m  th e  c r e s t ) ,  

th e  r a t e  of in c r e a s e  of th e  d y n am ic  h ea d  b e c o m e s  v e ry  s m a ll  to w a rd s  

t h e  flow  s u r f a c e ,  in d ic a tin g  th e  th ic k n e s s  o f th e  b o u n d a ry  l a y e r  i s  v e r y  

c lo se  to  th e  d ep th  of th e  flow . A f la t- t ip p e d  p i to t  tu b e  w ith  a  th in , w ide 

o p en in g  (s e e  F ig .  5) w as  u s e d  to  s a m p le  th e  flow  ju s t  b e lo w  th e  s u r f a c e  

and  no  a i r  w a s  found to  e x is t  in  th e  flow  a t  th is  s e c tio n . A t th e  se c o n d  

s e c t io n  (12 f t.  f ro m  th e  c r e s t )  th e  r a t e  of in c r e a s e  o f th e  d y n a m ic  h e a d  

i s  a ls o  s m a ll  n e a r  th e  flow  s u r f a c e ,  b u t s ip h o n in g  of th e  flow  in d ic a te d  

th a t  th e r e  w as a  th in  l a y e r  of a i r - w a te r  m ix tu re  n e a r  th e  s u r f a c e  o f th e  

flo w . C a lc u la tio n  of th e  th ic k n e s s  of th e  b o u n d a ry  l a y e r  sh o w s th e  

l a y e r  r e a c h e d  th e  flow  s u r fa c e  a t a  d is ta n c e  9. 87 f t .  f ro m  th e  c r e s t .

F o r  th e  d o w n s tre a m  s e c t io n s ,  th e  d y n am ic  h ead  d e c r e a s e s  r a p id ly  to 

w a rd s  th e  flow  s u r f a c e  a f t e r  a  m a x im u m  v a lu e  h a s  b e e n  r e a c h e d .  T h e  

p o s it io n  of th e  m a x im u m  d y n am ic  h ea d  a t  a  s e c t io n  b e c o m e s  c lo s e r  

to  th e  b ed  of th e  f lu m e  w ith  d is ta n c e  d o w n s tre a m .

5 . 3 V e lo c ity  P ro f i le

A f te r  th e  d y n am ic  h ead  w as  m e a s u re d  an d  th e  a i r  c o n c e n tra t io n  

a t  th e  p o in t d e te rm in e d , th e  v e lo c ity  w as  c o m p u te d  b y  E q u a tio n  (4. 2).

T h e  v e lo c ity  p r o f i le s  a r e  show n in  F ig .  13.
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F ig .  13 show s th e  v e lo c ity  in c r e a s e s  w ith  d is ta n c e  f ro m  th e  b ed . 

A bove a  c e r ta in  d is ta n c e  f ro m  th e  b ed  w ith  th e  e x is te n c e  of th e  e n tr a in e d  

a i r  b u b b le s  th e  v e lo c ity  o f th e  flow  in c r e a s e s  ra p id ly  to  a  m a x im u m . 

A bove th is  p o in t, th e  v e lo c ity  d e c r e a s e s  ra p id ly  to w a rd s  th e  flow  s u r f a c e .

5 .4  A ir  C o n c e n tra tio n  P ro f i le

F ig . 14 show s th e  a i r  c o n c e n tra tio n  p r o f i le s .  It can  be  s e e n  th a t,  

n e a r  th e  p o in t of a i r  e n tra in m e n t in ce p tio n , th e  e n tra in e d  a i r  b u b b le s  

do n o t p e n e t r a te  deep ly  in to  th e  flow  and  a  l a y e r  of p u re  w a te r  flow  e x 

i s t s .  T he  fa c t  th a t th e  po in t o f z e ro  a i r  c o n c e n tra tio n  is  c lo s e r  to  th e  

b e d  w ith  d is ta n c e  in d ic a te s  th e  d e e p e r  p e n e tra tio n  of th e  a i r  b u b b le s .

O v e r a  s e c tio n , the  a i r  c o n c e n tra tio n  in c r e a s e s  w ith  d is ta n c e  f ro m  th e  

b e d , an d  a p p ro a c h e s  u n ity  a t th e  flow  s u r fa c e .

6. A n a ly s is  of E x p e r im e n ta l  R e s u lts

6. 1 D is tr ib u tio n  of A ir  in  th e  F low

T he a i r  c o n c e n tra tio n  p r o f i le s  fo r  0 = 24° and  Q = 1 .7  c . f . s .  a r e  

show n  in  F ig . 14. A t the s ta r t in g  s ta g e  of a i r - e n t r a in m e n t ,  a i r  d o es  no t 

p e n e t r a te  d eep ly  in to  th e  flow . A t s e c tio n s  w h e re  a i r  w as found to  e x is t ,  

th e  a i r  c o n c e n tra tio n  in c r e a s e d  to w a rd s  the  flow  s u r fa c e .  T he  a i r  co n 

c e n tr a t io n  g ra d ie n t a ls o  in c r e a s e d  u n til  a  m a x im u m  w as  re a c h e d  (the 

p o in t of in f le c tio n  on th e  a i r  c o n c e n tra tio n  p ro f i le ) .  A bove th a t p o in t, 

th e  a i r  c o n c e n tra tio n  g ra d ie n t  d e c re a s e d  b u t th e  a i r  c o n c e n tra tio n  a p p 

ro a c h e d  u n ity  a t  th e  flow  s u r fa c e .  In fa c t ,  th e  a i r  c o n c e n tra tio n  in  th e
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d e v e lo p in g  zone h as  a  s im i la r  sh a p e  to  th a t  in  the fu lly  d ev e lo p ed  z o n e . 

S trau b  and  A n d e rso n  (R ef. 15) d iv id ed  th e  a e r a te d  flow  in  th e  fu lly  

d ev e lo p ed  zone in to  tw o r e g io n s .  In th e  u p p e r  r e g io n , w a te r  p a r t i c l e s  

a r e  p r o je c te d  f ro m  the  flow ing  liq u id  in to  th e  a i r  and  m o v e  in  a  s t r e a m  of 

a i r .  In th e  lo w e r  l a y e r ,  th e  e n tr a in e d  d i s c r e te  a i r  b u b b le s  a r e  d i s 

t r ib u te d  th ro u g h o u t the  flow  by th e  tu rb u le n c e  in  s t r e a m .  T he d e p th  

d iv id in g  th e  tw o re g io n s  i s  c a lle d  th e  t r a n s i t io n  d ep th  w h ich  i s  th e  d ep th  

w ith  th e  m a x im u m  a i r  c o n c e n tra tio n  g ra d ie n t .

W hen th e  a i r  c o n c e n tra tio n  p ro f i le s  a r e  p lo tte d  on lo g a r i th m ic -  

p ro b a b ili ty  p a p e r  w ith  a i r  c o n c e n tra tio n  on th e  p ro b a b il i ty  s c a le  an d  

d ep th  on th e  lo g a r i th m ic  s c a le  a s  show n in  F ig . 15, th e  e x p e r im e n ta l  

p o in ts  f o r  one s e c tio n  fa ll  on a  s t r a ig h t  l in e  fo llo w ed  by  a  c u rv e  a t  

lo w e r  a i r  c o n c e n tra tio n s .

S ince th e  s t r a ig h t  l in e  p o r tio n  of th e  a i r  c o n c e n tra tio n  p r o f i le s  

on th e  lo g a r i th m ic -p ro b a b il i ty  p lo t p a s s e s  th ro u g h  C = 0. 50, th e  m a x 

im u m  a i r  c o n c e n tra tio n  g ra d ie n t  of th e  p ro f i le  o c c u r s  a t  th a t  d ep th . If 

th a t  dep th  is  d en o ted  a s  y0. 5 0 * y b e in g  th e  d is ta n c e  above  th e  b e d  and  

th e  s u b s c r ip t  0 .5  b e in g  th e  a i r  c o n c e n tra tio n  v a lu e , th e n  th e  t r a n s i t io n  

d ep th  w h ich  is  d e fin ed  a s  the d ep th  w ith  th e  m a x im u m  a i r  c o n c e n tra tio n  

g ra d ie n t ,  i . e .  d^ = y o .5 0  anc* th e  a i r  c o n c e n tra tio n  a t  th e  t r a n s i t io n  

d ep th  is  Crj-t = 0. 50. E x p e r im e n ta l  d a ta  by  S tra u b  an d  A n d e rso n  a ls o  

sh o w e d  th a t  even  in  th e  fu lly  d ev e lo p ed  zone th e  t r a n s i t io n  d ep th  o c c u r r e d
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a t  a  d ep th  w ith  an  a i r  c o n c e n tra tio n  v a lu e  C = 0. 50 fo r  s lo p e s  o f 

ch a n n e l n o t e x c e ed in g  30 d e g re e s  (R ef. 15).

In th e  d ev e lo p in g  zone, th e  flow  m ay  be  d iv id ed  in to  th r e e  la y e r s ;  

a  l a y e r  of p u re  w a te r  n e a r  th e  b o tto m , a  l a y e r  of a i r - w a t e r  m ix tu re  w ith  

d i s c r e t e  a i r  b u b b le s  m o v in g  in  the  liq u id  s t r e a m  (the lo w e r  re g io n  of 

a i r - w a t e r  m ix tu re ) ; an d  a  l a y e r  of a i r - w a te r  m ix tu re  w ith  w a te r  d ro p le ts  

m o v in g  in  a  s t r e a m  of a i r  (the  u p p e r  re g io n  of a i r - w a te r  m ix tu re ^ . T he 

tw o r e g io n s  of a i r - w a te r  m ix tu re  a r e  d iv id ed  by  th e  t r a n s i t io n  d ep th  w ith  

an  a i r  c o n c e n tra tio n  C = 0 .5 0 . T he d is tr ib u tio n  of a i r  in  th e s e  tw o 

re g io n s  is  d e s c r ib e d  in  th e  fo llo w in g  s e c tio n s .

6. 2 D is tr ib u tio n  of A ir  in  th e  U p p e r R eg ion

D o w n s tre a m  of th e  p o in t of a i r  e n tra in m e n t in c ep tio n , th e  w a te r  

p a r t i c le s  le a v e  th e  flow  s u r fa c e  a s  a  r e s u l t  of tu rb u le n t v e lo c ity  

f lu c tu a t io n s .  T he m o v e m en t and  d is tr ib u tio n  of th e  w a te r  p a r t ic le s  

w ill be a f fe c te d  b y  th o se  f ro m  u p s tr e a m  and a ls o  by  th o se  r e tu rn in g  to 

th e  flow  by  g ra v ity . S ince  th e  flow  in  th e  open  ch an n e l i s  tw o d im e n s io n a l, 

th e  p o in ts  of eq u a l a i r  c o n c e n tra tio n  w ill fo rm  a  s u r f a c e  and  the  s u r f a c e s  

of eq u a l a i r  c o n c e n tra tio n  c o n v e rg e  a t  th e  p o in t o f a i r  e n tra in m e n t in 

c e p tio n  f ro m  w hich  the  w a te r  p a r t ic le s  s t a r t  to  be  p ro je c te d .

F ro m  e x p e r im e n ts  a l r e a d y  c o m p le te d  i t  a p p e a re d  th a t  th e  f re q u e n c y  

of w a te r  p a r t i c le s  th a t  r e a c h  above th e  t r a n s i t io n  s u r fa c e  a  d is ta n c e  o f y 

f ro m  th e  b e d  fo llo w s m o re  c lo se ly  one h a lf  of a  lo g  n o rm a l  d is tr ib u tio n ,
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r a t h e r  th a n  a  n o rm a l d is t r ib u tio n  (R ef. 15), th e n

f(y) = _ A _  exp ( - ( l o g y i :  I o g d t l 2 ;  ( 6 . 1)
hJ'TT h 2

w h e re  f(y) = f re q u e n c y  of w a te r  p a r t ic le s  th a t  r e a c h  ab o v e  t r a n s i t io n  

s u r fa c e  a d is ta n c e  y m e a s u re d  f ro m  b ed  (y ^ d T ) 

d-t = t r a n s i t io n  dep th

h = a  m e a s u re  of the  m ea n  d is ta n c e  of th e  w a te r  p a r t i c le s  

b e in g  p ro je c te d  above the t r a n s i t io n  s u r fa c e .

T he p ro p o r tio n  of th e  p a r t ic le s  le a v in g  th e  t r a n s i t io n  s u r f a c e  th a t  r e a c h  

o r  p a s s  th ro u g h  the  p lan e  a t an  e le v a tio n  y is

p(y, = - 2 - f  ° °  exp < - a ° g y  : . i°jL l t _i2; ,d(log y) (6. 2)

hA  lo g  y - lo g  d t

T he  n u m b e r  of w a te r  p a r t ic le s  in  a  u n it v o lu m e of th e  a i r - w a t e r  m ix tu re  

a t a  d is ta n c e  y can  be e x p re s s e d  a s  (1 - Cy), and  h en ce  a t  th e  t r a n s i t io n  

s u r fa c e  (1 - C*jO^Cy and  G p b e in g  a i r  c o n c e n tra tio n  a t  y and  dr̂  re sp e c tiv e ly . 

E q u a tio n  (6.2)  th u s  b e c o m e s

4 ^  ■ exp ( <log y ~ lo g dt iL o ^ v l  (6.31
1 ‘ CT W e s  ,- lo g  0, ^

T h e re fo re ,  th e  d is tr ib u tio n  of a i r  in  th e  u p p e r  re g io n  m ay  be  d e s c r ib e d  

by a  c u m u la tiv e  lo g n o rm a l d is tr ib u tio n  and  F ig . 16 show s th e  d is t r ib u t io n  

of a i r  fo llo w in g  th is  d is tr ib u tio n  a s  show n b y  E q u a tio n  6 . 3 .

A p lo t of th e  e x p e r im e n ta l  d a ta  by  S trau b  an d  A n d e rso n  (R ef. 15) a ls o  

r e v e a ls  th a t  th e  d is tr ib u tio n  of a i r  in  th e  u p p e r  re g io n  in  th e  fu lly  d ev e lo p e d
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zone m a y  a ls o  b e  d e s c r ib e d  b y  E q u a tio n  6. 3 a s  show n in  F ig . 17.

In E q u a tio n  6. 3, th e  m e a n  h e ig h t h , w h ich  i s  a  m e a s u re  of th e  

m e a n  d is ta n c e  th e  w a te r  p a r t ic le s  p ro je c te d  ab o v e  d ti i s  d e fin ed  a s

lo g (d t + h) - lo g  d^ = 5 f T  (6.4)

w h e re  ^  = s ta n d a rd  d e v ia tio n  of a i r  d is tr ib u tio n  above dt 

In th e  fu lly  d ev e lo p ed  zon e , th e  m e an  h e ig h t h is  a  c o n s ta n t, w h ile  in  the  

d e v e lo p in g  zone, th is  m e a n  h e ig h t shou ld  in c r e a s e  w ith  d is ta n c e  f ro m  th e  

p o in t  of a i r  in c e p tio n . F ig . 18 show s th e  v a lu e  of h w ith  d is ta n c e  f ro m  th e  

p o in t of a i r  in c e p tio n .

6 .3  D is tr ib u tio n  of A ir  in  th e  L o w er R egion

In th e  fu lly  d ev e lo p ed  zo n e , th e  d is tr ib u tio n  of the  a i r  in  th e  lo w e r  

r e g io n  can  be  d e s c r ib e d  by  E q u a tio n  2 . 1 3 .  E q u a tio n  2. 13 w as  d e r iv e d  

f ro m  th e  c o n s id e ra tio n  of th e  b a la n c e  b e tw een  th e  buo y an cy  o f th e  a i r  

b u b b le s  an d  th e  dow nw ard  t r a n s p o r t  of th e s e  a i r  b u b b le s  by  th e  tu rb u le n c e  

in  th e  s t r e a m .  W hen p lo tte d  lo g a r i th m ic a l ly  th e  a i r  c o n c e n tra tio n  C

y
v a r i e s  l in e a r ly  w ith  th e  d ep th  p a r a m e te r  J ^—  h av in g  a  s lo p e  eq u a l 

to  z (the v a lu e  o f z i s  show n by  E q u a tio n  2. 14^.

In th e  d ev e lo p in g  zone, w hen c o n s id e r in g  th e  b a la n c e  b e tw een  th e  

b u o y an cy  an d  t r a n s p o r t  of th e  a i r  b u b b le s , the  lo n g itu d in a l a i r  co n c en 

t r a t i o n  and  v e lo c ity  g ra d ie n t sh o u ld  a ls o  be  in c lu d e d . H o w ev er, in  o r d e r  

to  o b s e rv e  th e  d is t r ib u t io n  of a i r  in  th e  lo w e r  re g io n , th e  a i r  c o n c e n tra tio n

y
i s  a g a in  p lo tte d  a g a in s t  th e  d ep th  p a r a m e te r  — J ^  a s  show n in  F ig . 19
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F ig . 19 show s th a t, th e  e x p e r im e n ta l  p o in ts  f a l l  on  a  sm o o th  

c u rv e . F o r  a  c o n s ta n t a i r  c o n c e n tra tio n  C v a lu e , th e  d ep th  p a r a m e te r

- — 2------  b e c o m e s  s m a l le r  w ith  d is ta n c e  d o w n s tre a m , in d ic a tin g  d e e p e r
dt - y

p e n e tra tio n  and  a ls o  a  l a r g e r  q u an tity  of th e  a i r  in  th e  f lo w .

6 .4  V elo c ity  D is tr ib u tio n

W hen th e  v e lo c ity  p ro f i le  i s  p lo tte d  s e m i- lo g a r i th m ic a l ly  a s  show n 

in  F ig . 20, a  s t r a ig h t  lin e  can  b e  d raw n  th ro u g h  th e  e x p e r im e n ta l  p o in ts  

in  th e  b o tto m  la y e r  in  w hich  no a i r  w as  found . T h is  in d ic a te s  th a t  the  

v e lo c ity  fo llo w s a  lo g a r ith m ic  law  and th a t  th e  v e lo c ity  d is tr ib u tio n  in  

th is  re g io n  is  no t a ffe c te d  by th e  e x is te n c e  of a n o th e r  l a y e r  on to p  of i t .

A bove th is  la y e r  of p u re  w a te r  th e  v e lo c ity  in  th e  a i r - w a t e r  m ix tu re  

in c r e a s e s  ra p id ly  to  a  m ax im u m  v a lu e  an d  th e n  d e c r e a s e s  r a p id ly  to w a rd s  

th e  flow  s u r fa c e .  It i s  o b s e rv e d  e x p e r im e n ta l ly  th a t  th e  m a x im u m  v e lo c ity  

o c c u r s  ju s t  below  th e  t r a n s i t io n  dep th ; th is  w a s  a ls o  found to  be  t r u e  in  th e  

fu lly  d ev e lo p ed  zone w hen c o m p a r in g  th e  a i r  c o n c e n tra tio n  an d  v e lo c ity  p r o 

f i l e s  o b ta in ed  by S trau b  and  L am b (R ef. 1) an d  by  H a lb ro n n  an d  o th e r s  

(R ef. 2).

6. 5 The F low  P ro f i le

T he d ep th  o f flow  in  th e  f lu m e  n o t to o  f a r  d o w n s tre a m  f ro m  th e  

c r e s t  cou ld  be  m e a s u re d  w ith  a  p o in t g au g e . A t a  c e r ta in  d is ta n c e  f ro m  

th e  c r e s t ,  f lu c tu a tio n  o f th e  flow  s u r f a c e  b e c a m e  a p p re c ia b le .  T h e  flow  

ju s t  below  th e  s u r f a c e  w a s  s a m p le d  w ith  a  p ito t  tu b e  h av in g  a  f la t- t ip  and
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a  th in , w ide open in g  (F ig . 5 )• It w as  found a i r  e x is te d  in  o r  a  

s m a l l  d is ta n c e  d o w n s tre a m  of th e  s e c tio n  w h e re  f lu c tu a tio n  of th e  flow  

s u r f a c e  b e c a m e  a p p re c ia b le ,

T h e  p o in t of a i r  e n tra in m e n t in ce p tio n  w as  c o m p u ted , u s in g  th e  

m e th o d  s u g g e s te d  b y  B a u e r  (R ef. 9). An e x p re s s io n  f o r  th e  b o u n d a ry  

la y e r  th ic k n e s s  d e r iv e d  b y  H a lb ro n n  (R ef. 10) fo r  sm o o th  b o u n d a ry  and  

lo g a r i th m ic  v e lo c ity  d is t r ib u t io n  w as  u se d . T he co m p u ted  and  o b s e rv e d  

v a lu e s  of th e  p o s itio n  of th e  p o in t of a i r  e n tra in m o n t in c ep tio n  and  th e  

c o r re s p o n d in g  d ep th  of flow  w e re  in  good a g re e m e n t.

D o w n s tre a m  of th e  p o in t of a i r  in ce p tio n , th e  flow  s u r fa c e  i s  a r b 

i t r a r i l y  d e fin ed  a t  yQ gg (y b e in g  th e  d is ta n c e  f ro m  th e  b ed  and  w ith  an  

a i r  c o n c e n tra tio n  v a lu e  C = 0 . 95) .  T he lo n g itu d in a l flow  p ro f ile  is  

show n in  F ig .  21. T he lo n g itu d in a l flow  p ro f i le  show s th a t  th e  d ep th  of 

th e  flow  in  th e  d e v e lo p in g  zone d e c r e a s e s  co n tin u a lly  w ith  d is ta n c e  dow n

s t r e a m ,  b u t w ith  a  r a t e  m u c h  s m a l le r  th an  th a t  if  th e  flow  w e re  no t 

a e r a t e d .

F ig .  21 a ls o  sh o w s th e  t r a n s i t io n  dep th , and  th e  n o m in a l lo w e r  

l i m i t  of th e  a i r - w a t e r  m ix tu re  w h ich  is  a r b i t r a r i l y  d e fin ed  a t  a  d ep th  w ith  

an  a i r  c o n c e n tra t io n  C = 0 .0 0 5  (y0 >00 5 ^  T he n ^ r e  a lso  show s th a t  

th e  p e n e tr a t io n  o f th e  e n tr a in e d  a i r  to w a rd  the b ed  an d  th e  d e c r e a s e  of th e  

’’e f fe c t iv e ’1 d ep th  of th e  flow  (the t r a n s i t io n  d ep th  f ro m  w h ich  w a te r  p a r t ic le s  

a r e  p ro je c te d )  f i r s t  r a p id ly  an d  th e n  g ra d u a lly  w ith  d is ta n c e  d o w n s tre a m .
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7. G row th  of th e  A e ra te d  F low  in  th e  D ev e lo p in g  Z one 

7. 1 G e n e ra l

F ro m  th e  e x p e r im e n ta l  r e s u l t s  a s  d is c u s s e d  in  th e  p re v io u s  tw o 

s e c tio n s  (S ec tio n s  5 and  6), th e  a e r a te d  flow  in  th e  d ev e lo p in g  zone c a n  b e  

d iv id ed  in to  th r e e  l a y e r s .  In th e  d ev e lo p in g  zo n e , the  q u a n tity  of w a te r  

d ro p le ts  and  th e  v e r t ic a l  d is ta n c e  of th e i r  p ro je c t io n  ou t of th e  flow  in c r e a s e  

w ith  d is ta n c e  b e c a u s e  of th e  in c r e a s in g  tu rb u le n c e  in te n s i ty .  T he q u a n tity  

of th e  d i s c r e te  e n tra in e d  a i r  b u b b le s  and th e i r  d ep th  of p e n e n tra t io n  in to  

th e  flow  a ls o  in c r e a s e  w ith  d is ta n c e . T h e re fo re ,  th e  th ic k n e s s  of th e  a i r -  

w a te r  m ix tu re  in c r e a s e s  w ith  d is ta n c e  d o w n s tre a m . On th e  o th e r  hand, 

b e c a u s e  of th e  p ro je c tio n  of the w a te r  p a r t ic le s  and  th e  p e n e tra t io n  of the  

a i r  b u b b le s , and  a ls o  b e c a u s e  of a  lo n g itu d in a l v e lo c ity  g ra d ie n t ,  th e  

th ic k n e s s  of th e  p u re  w a te r  la y e r  d e c r e a s e s  w ith  d is ta n c e .

In th is  s e c tio n , an  a n a ly t ic a l  a p p ro a c h  i s  u s e d  fo r  th e  c o m p u ta tio n  o f 

th e  d ep th  of th e  s e l f - a e r a te d  flow  in  th e  d ev e lo p in g  zo n e . In th is  r e s p e c t  

th e  flow  is  c o n s id e re d  to  c o n s is t  of two l a y e r s :  th e  top  la y e r  b e in g  th e  

u p p e r  re g io n  of th e  a i r - w a te r  m ix tu re  and  th e  b o tto m  la y e r  b e in g  th e  lo w e r  

re g io n  of th e  m ix tu re  p lu s  th e  p u re  w a te r  r e g io n . T he b o u n d a ry  fo r  th e s e  

tw o r e g io n s  i s  th e r e fo r e  th e  t r a n s i t io n  d ep th  of th e  flo w . B a s ic  a s s u m p tio n s  

u s e d  and  th e  d e r iv a tio n  of th e  th e o r e t ic a l  eq u a tio n s  a r e  d is c u s s e d  in  th e

fo llo w in g  s e c t io n s .

7. 2 B a s ic  A ssu m p tio n s

7. 21 A ir  C o n c e n tra tio n  P ro f i le

M e a su re m e n t of a i r  c o n c e n tra tio n  (S ec tio n s  5 .4  an d  6. 1) show s
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th a t ,  w hen a i r  i s  found to  e x is t ,  th e  a i r  c o n c e n tra tio n  in c r e a s e s  ra p id ly  

to  th e  t r a n s i t io n  dep th . A bove the  t r a n s i t io n  depth , th e  a i r  c o n c e n tra tio n  

in c r e a s e s  w ith  a  d e c re a s in g  c o n c e n tra tio n  g ra d ie n t and  a p p ro a c h e s  un ity  

to w a rd s  th e  flow  s u r fa c e .

B elow  th e  t r a n s i t io n  dep th , s in c e  th e  q u an tity  of e n tra in e d  a i r  is  

s m a ll ,  i t s  e ffe c t of bu lk ing  in  th e  flow  is  n e g le c te d .

A bove th e  t r a n s i t io n  depth , s in c e  th e  th ic k n e ss  of the u p p e r  la y e r  

is  u s u a lly  sm a ll c o m p a re d  w ith  the to ta l dep th  of the  flow , fo r  s im p lic ity  

th e  a i r  c o n c e n tra tio n  in  the top  la y e r  is  a s su m e d  to  v a ry  l in e a r ly  f ro m  

0. 5 a t  th e  t ra n s i t io n  dep th  to  u n ity  a t th e  flow su rfa c e .

T he  s im p lif ie d  c o n c e n tra tio n  p ro f ile  i s  show n in  F ig . 25.

7. 22 V e lo c ity  P ro f i le  

M e a su re m e n t of th e  flow  v e lo c ity  (S ections 5 .3  and  6.4)  show s th a t 

in  th e  p u re  w a te r  re g io n  th e  v e lo c ity  fo llow s th e  lo g a r ith m ic  law  of d is 

tr ib u tio n . In th e  lo w e r  re g io n  of the a i r - w a te r  m ix tu re ,  th e  v e lo c ity  in 

c r e a s e s  ra p id ly  to  a  m ax im u m  n e a r  th e  t r a n s i t io n  depth  and  th en  d e c r e a s e s  

to w a rd s  th e  flow  s u rfa c e .

F o r  s im p lic ity , i t  i s  a s su m e d  th a t the  lo g a r ith m ic  law  i s  v a lid  

th ro u g h o u t the  dep th  of th e  lo w e r  la y e r  (includ ing  the p u re  w a te r  re g io n  

a n d  th e  lo w e r  re g io n  of th e  a i r - w a te r  m ix tu re ) .  T he m ax im u m  v e lo c ity  

w ithou t c o n s id e r in g  the  e ffe c ts  of th e  e n tra in e d  a i r ,  d e s ig n a te d  a s  U i ,  is  

o b ta in ed  by ex ten d in g  th e  v e lo c ity  p ro file  lo g a r ith m ic a l ly  to  th e  t r a n s i t io n  

d e p th .
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In th e  u p p e r  l a y e r ,  th e  v e lo c ity  d e c r e a s e s  f ro m  i t s  m a x im u m  

v a lu e  to w a rd s  th e  flow  s u r f a c e .  T he m a x im u m  v e lo c ity , d e s ig n a te d  a s  

U 9, i s  a s s u m e d  to  o c c u r  a t  th e  t r a n s i t io n  d ep th .

S ince  th e  th ic k n e s s  of th e  u p p e r  la y e r  i s  s m a ll ,  i t  i s  a s s u m e d  

t h a t  th e  v e lo c ity  p ro f i le  c o n s is ts  o f a  s t r a ig h t  lin e  w ith  an  a d v e r s e  g r a d 

ie n t ,  w ith  th e  v e lo c ity  a t th e  flow  s u r f a c e  e q u a l to  (1 - K )U 2 * K b e in g  th e  

v e lo c ity  g ra d ie n t  c o e ff ic ie n t, th e  v a lu e  of w h ich  w ill b e  d is c u s s e d  in  

S ec tio n  7 .4 1 .

T h e  s im p lif ie d  v e lo c ity  p ro f i le  i s  show n in  F ig .  26.

7. 23 A c c e le ra t io n  o f th e  F lo w  in  th e  D ev e lo p in g  Z one

In th e  d ev e lo p in g  zone, th e  flow  i s  b e in g  a c c e le r a te d  by  g r a v ity .

B u t th e  a c c e le r a t io n  d e c r e a s e s  w ith  d is ta n c e  b e c a u s e  of b o u n d a ry  

f r ic t io n  b e tw ee n  th e  so lid  b o u n d a ry  an d  th e  f lu id  an d  a ls o  th e  d ra g  of 

a i r  on  o r  n e a r  th e  flow  s u r f a c e .  If th e  ch an n e l i s  lo n g  enough , a  t e r m 

in a l  v e lo c ity  c an  be  r e a c h e d . T ow nsend  (R ef. 32, p . 267) h a s  s ta te d  

th a t  fo r  b o u n d a ry  la y e r  flow  u n d e r  p r e s s u r e  g ra d ie n t ,  s e l f - p r e s e r v in g  

flow  can  on ly  o c c u r  if  th e  f r e e -  s t r e a m  v e lo c ity

U i OC (x - x Q)a  (7. V

o r  (JLi °C &  (7 .2 )

w h e re  = f r e e  s t r e a m  v e lo c ity

x  = d is ta n c e  

a  ,A  = c o n s ta n ts
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A p p lic a tio n  of the  e x p e r im e n ta l  d a ta  to  th e s e  tw o fu n c tio n a l f o rm s  

sh o w ed  th a t  b o th  a  and  a r e  n o t c o n s ta n ts ,  b u t, r e a s o n a b ly  good f it  w as 

o b ta in e d  w hen th e  m a x im u m  v e lo c ity  of a  s e c tio n  x f t .  f ro m  th e  c r e s t  w as 

assum ed«£o  h a v e  an  ex p o n en tia l fo rm  s im i la r  to  E q u a tio n  7. 2 w ith

U  = T  e  - F /R x  (7 .3 )

w h e re  = m ax im u m  v e lo c ity  a t  a  s e c tio n

T = te r m in a l  m a x im u m  v e lo c ity

e = e x p o n en tia l c o n s ta n t

F  = r e ta rd a t io n  f a c to r

Rx = R ey n o ld s  n u m b e r  (=  )

x = d is ta n c e  f ro m  c r e s t  

= k in e m a tic  v is c o s i ty  

T he te r m in a l  m ax im u m  v e lo c ity  T and  th e  r e ta r d a t io n  f a c to r  F  

f o r  e a c h  flow  a r e  o b ta in ed  f ro m  th e  e x p e r im e n ta l  r e s u l t s .  W hen th e

m a x im u m  v e lo c ity  u is  p lo tte d  a g a in s t  fo r  e a c h  flow  s e m i-

lo g a r i th m ic a l ly  w ith  (ji on th e  lo g a r ith m ic  s c a le  a s  show n in  F ig . 27, th e  

e x p e r im e n ta l  p o in ts  f a l l  a p p ro x im a te ly  on a  s t r a ig h t  l in e . W hen a  b e s t-  

f i t  s t r a ig h t  l in e  i s  d raw n  th ro u g h  th e  e x p e r im e n ta l  p o in ts , the  in te r c e p t  

w ith  th e  o rd in a te  show s th e  te r m in a l  m ax im u m  v e lo c ity  and  th e  r e t a r d 

a tio n  f a c to r  is  o b ta in ed  f ro m  th e  s lo p e  of th e  l in e ,  o r

F  = 2 .3  ( lo g jo  T  - lo g jo  i l  ) x - i —
±tx



U ,  -  T l  e  - F l / R x l

In th e  lo w e r  l a y e r ,  E q u a tio n  (7. 3) i s  w r i t te n  a s

(7. 3a)

an d  in  th e  u p p e r  la y e r

U ;  = T 2 e "  F 2 / Rx2 (7 .3b)

T he v a lu e  of th e  te r m in a l  m a x im u m  v e lo c ity  an d  th e  r e ta r d a t io n  f a c to r  

f o r  e a c h  flow  is  ta b u la te d  in  T a b le s  7 .1  and  7. 2 r e s p e c t iv e ly  fo r  th e  

lo w e r  l a y e r  an d  th e  u p p e r  l a y e r .

D is c h a rg e  ( c .f .  s . ) S lope A n g le

18° 24°

T i ( f t / s e c ) F ] >  1 0 " 5 T i ( f t / s e c ) F ix lO " 5

1 . 2 0 1 8 .99 3$. 38 2 1 . 61 4 4 .1 3
1 .7 0 2:1.38 5 1 .4 4 23. 87 53. 17
2 . 2 0 2 3 .2 5 6 3 .8 9 26. 16 6 9 .6 7

T a b le  7. 2: V a lu es  of T 2 an d  F ?  fo r  U p p e r L a y e r

D is c h a rg e  ( c .f .  s . )
S lope A n g le

18° 24°
T2 (ft /  sec) F 2 x 1 0 “ ^ T2 ( f t/se c ) F2 x l 0 ” 5

1 . 2 0 2 1 .0 3 4 3 .5 7 2 2 . 0 0 29. 98
1 .7 0 2 3 .4 7 61. 52 2 5 .3 4 59. 56
2 . 2 0 2 5 .4 3 79. 18 2 7 .7 5 78. 38

T he e x p e r im e n ta l  v a lu e  of th e  m a x im u m  v e lo c ity  to g e th e r  w ith  th e  

c o m p u ted  v a lu e  f ro m  E q u a tio n s  (7. 3a) an d  (7. 3b) i s  p lo tte d  in  F ig u r e s  28 

to  31 in c lu s iv e  fo r  c o m p a r iso n .



7. 3 T he L o w e r  L a y e r

7 .3 1  T h e o ry

T h e  r e la t io n s h ip  b e tw ee n  th e  th ic k n e s s  of th e  lo w e r  l a y e r  and  

o th e r  c h a r a c t e r i s t i c s  of th e  flow  m ay  be o b ta in ed  by ap p ly in g  the  m o m e n 

tu m  eq u a tio n  to  th e  flow  w ith in  a  c o n tro l s u r fa c e  a s  show n in  F ig . 32.

T he  flu x  of m o m e n tu m  in  th e  x - d ir e c t io n  th ro u g h  th e  c o n tro l  s u r f a c e  i s  

e q u a l to  th e  su m  of th e  f o r c e s  a c tin g  on the  c o n tro l s u r f a c e  in  th e  s a m e  

d ire c t io n .

R e f e r r in g  to  th e  p r is m  of len g th  ^\x  in  th e  lo w e r  l a y e r  a s  show n in  

F ig .  32, th e  f o r c e s  a c tin g  on th e  p r i s m  in c lu d e  th e  b o u n d a ry  s h e a r  Zc» 

th e  p r e s s u r e  fo rc e  p-̂  and th e  body fo rc e  W-^. The s h e a r in g  fo rc e  

on th e  in te r f a c e  b e tw een  th e  u p p e r  la y e r  and  th e  lo w e r  la y e r  is  s m a ll ,  

b e c a u s e  th e  m ax im u m  v e lo c ity  o c c u rs  v e ry  c lo se  to  th e  in te r f a c e  and  is  

th e r e f o r e  n e g le c te d .

T he m o m en tu m  flu x  th ro u g h  the  c o n tro l s u r fa c e  in  th e  x - d ir e c t io n  

in c lu d e  th e  m o m en tu m  flu x  a c r o s s  th e  u p s tr e a m  and  d o w n s tre a m  fa c e s  

of th e  p r i s m  and  a ls o  th a t  a c r o s s  th e  in te r f a c e .

T h e  m o m e n tu m  in flu x  in  th e  x - d ir e c t io n  a c r o s s  th e  u p s tr e a m  fa c e  

i s  M = / /v «  c t* o /y , T he m o m en tu m  efflux  a c r o s s  th e  d o w n s tre a m

A c r o s s  th e  in te r f a c e ,  th e r e  i s  a  m a s s  efflux  f ro m  th e  c o n tro l 

s u r f a c e  b e c a u s e  w a te r  p a r t ic le s  a r e  b e in g  co n tin u o u sly  p ro je c te d  ou t of

fa c e  i s  M +
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th e  flow  f ro m  th e  b o tto m  la y e r .  T he m a s s  efflux  a c r o s s  th e  in te r f a c e  

is  e q u a l to  th e  d if fe re n c e  in  th e  r a t e  of th e  m a s s  flow  th ro u g h  th e  dow n

s t r e a m  and  u p s t r e a m  fa c e s  of th e  c o n tro l s u r f a c e ,  o r ,  -

^  x ^  =  / / ' a ,  *  Jv + 'I '

=  c R .  f o  '  ^  * A *

T he m a g n itu d e  of the  m o m en tu m  efflux  a lo n g  th e  x - d i r e c t io n  a c r o s s  

th e  in te r f a c e  i s  th e  p ro d u c t of th e  m a s s  efflux  and  th e  v e lo c ity  o f th e  flow  

a lo n g  th e  x - d i r e c t io n  a t  th e  in te r f a c e ,  w h ich  is  U ^. T he  m a g n itu d e  of 

th is  m o m en tu m  efflu x  is  th e r e fo r e

U i  JnJ' =  U /  J z ,  $ e '
F ro m  th e  p r in c ip le  of c o n s e rv a tio n  c£ l in e a r  m o m e n tu m , i t  fo llo w s

th a t

j f ' / L  u ' e / g  +  j i  j /  f i o  * '  f i ,

-M-t zkS?A- t c

=  -  £ ,  A T . +  -J T . f f ' / 0'  ^  '  A sC  +  J t ' f o j  ' * X  (7.4'

o r  J z  So '  f i*  * * * 9  ~ d - '  J Z  Jo '  &  “ ' e/y

= - C  *  / / > < < /  + i f ' (7 5,

w h e re  = m a s s  d e n s ity  of w a te r

u = v e lo c ity  a t d is ta n c e  y  f ro m  b e d

U i = v e lo c ity  o f flow  a t th e  in te r f a c e  w h ich  i s  a ls o  

th e  m a x im u m  v e lo c ity  in  th e  lo w e r  l a y e r

= th ic k n e s s  of lo w e r  la y e r
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*£*0 ~ s h e a r  s t r e s s  a t  b o u n d a ry  

= p r e s s u r e  in te n s ity  

S = s in e  fu n c tio n  of s lo p e  an g le  0 

g = g ra v ita tio n a l  c o n s ta n t

In E q u a tio n  (7 .4 )  a  ’m in u s ' s ig n  h a s  b e e n  u s e d  fo r  th e  te r m  

c /  i*
is  th e  m o m en tu m  efflux  a c r o s s  th e  in te r f a c e  

and  i s  th e  p ro d u c t of th e  m a s s  e fflux  and  th e  v e lo c ity  of th e  flow  a t  the 

in te r f a c e .  T he r a te  of m a s s  flow  a c r o s s  th e  in te r f a c e  J0 f a  

w hen in te g ra te d  f ro m  0  to  i/ , and  th en  d if fe re n tia te d  w ith  r e s p e c t  

to  x w ill be n e g a tiv e  b e c a u s e  of th e  p ro je c t io n  of w a te r  p a r t ic le s  ou t of 

th e  lo w e r  l a y e r .  In  E q u a tio n  (7 .4 ) ,  the  m o m en tu m  efflux  is  ta k e n  a s  

p o s it iv e  an d  a  'm in u s ' s ig n  i s  th e r e fo r e  u s e d  to  m a k e  th e  m o m en tu m  

e fflu x  t e r m  CCjJz, Jo * p o s it iv e .

W hen d isp la c e m e n t th ic k n e ss

an d  m o m en tu m  th ic k n e s s

£ »  = J 01 { c  ^ ) -  (  jfj-t  /  j  c / y
a r e  u s e d , E q u a tio n  (7. 5) can  be w r i tte n  a s

-  fa - fa *i inr * ( & + *<& -S)
=  ~  E o +  J Z  J o '  +  ( 7 <6 J

It w ill b e  show n in  S ec tio n  7 .4 1 , f o r  th e  s a m e  r e a s o n  a s  in  th e  

u p p e r  l a y e r ,  th a t  th e  p r e s s u r e  t e r m  i s  s m a ll  c o m p a re d  w ith  th e  o th e r
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t e r m s  in  E q u a tio n  (7 .6 )  an d  th e  p r e s s u r e  t e r m  is  th e r e f o r e  n e g le c te d . 

On in te g ra t io n ,  th e  w e ig h t t e r m  b e c o m e s

W hen th e  p r e s s u r e  t e r m  i s  n e g le c te d , and  E q u a tio n s  (7. 7) and  (7. 

a r e  s u b s t i tu te d  in to  E q u a tio n  (7. 6) , th e  m o m en tu m  e q u a tio n  b e c o m e s

It can  be  s e e n  th a t  E q u a tio n  (7 .1 0 ) i s  th e  s a m e  a s  th e  von K a rm a n  

m o m en tu m  in te g ra l  eq u a tio n  e x c ep t th a t  th e  p r e s s u r e  t e r m  h a s  b e e n  

n e g le c te d  and  th e  body  fo rc e  in c lu d ed .

In th e  d ev e lo p in g  zone of th e  a i r - e n t r a in e d  flow , s in c e  lo g a r i th m ic  

v e lo c ity  d is tr ib u tio n  h a s  b e e n  a s s u m e d  fo r  th e  lo w e r  l a y e r  (R e fe r  S ec tio n  

7. 22 an d  F ig . 20), and , f o r  sm o o th  b o u n d a ry , th e  v e lo c ity  ’u ? a t  a  d is ta n c e  

Ty T f ro m  th e  b ed  is

(7. 7̂

T he  s h e a r  s t r e s s  Co a t th e  b o u n d a ry  can  b e  e x p r e s s e d  a s

(7 .8 )

w h e re C j -  lo c a l  d ra g  c o e ffic ie n t,

o r (7 .9 )

- J t )

o r
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-  , . s  /o3e (  y )  + S-S

”  7 *  -  / o j .  (  *  )

w h e re k in e m a tic  v is c o s i ty  

W hen y - £ /  and u = U lf E q u a tio n  (7. 1 1 ) b e c o m e s

j g j g  -  S . 5 / o j e  ( -& % & -$ (7.12,

L e * <7 - 13' 
and , f ro m  E q u a tio n  (7 .9 )

0. 566z = / f - (7 .1 4 )

0. 32
o r  Cf =  —  (7 .1 5 '9

F ro m  E q u a tio n s  (7. 12) and  (7. 13), the  th ic k n e s s  of th e  lo w e r la y e r  

can  be e x p re s s e d  a s

U ,  <7 - 16'

F o r  lo g a r ith m ic  v e lo c ity  d is tr ib u tio n , th e  d isp la c e m e n t th ic k n e s s  

can  b e  w r i t te n  a s  c

-  / ■ 7 6  5 / c J '  $ ,
= _a_L (7. 17'

£
and  th e  m o m en tu m  th ic k n e ss L-j!'K&>

—  c  /  -  —  )£ £
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S ince Oel > m̂and  <-T/ can  be  e x p r e s s e d  in  t e r m s  of z

an d  U , th e  m o m e n tu m  eq u a tio n  can  b e  w r i t te n  a s

n  M l  -  J  _
^  e * ( £ * - 2 2  + * )  U f  ( 2 * - 2 £ + 2 )

(7 . 19)

N o ting  th a t / / ,  »  7 /  &  ~ ( 7 .3 a '

and

/ c / c / f  
U/ ctz. * £

u , - 77  e
- Cl/X

7
cd U t fit u.Ad X. p
c/fix U.t

/  /
f i x  f ix .  "

f i x
d x  f i  f i x  - f i t

d £  d ±  c/fix

dX dfix*
=^  x ^7Z

' / /  c f f i x
T he m o m en tu m  eq u a tio n  f in a lly  b e c o m e s

_  / , . x - 7 /o . / __________
/f ie .

gSfi e  -At fi
7 7  / f i c  ( f i 2 - 2 2 + f i )

f i t
? Jf i f i  *  (7 .2 0 )

7. 32 E x p e r im e n ta l  V e r if ic a tio n

F o r  a  s e c tio n  w ith  a  g iven  R ey n o ld s  n u m b e r  fR x ’, th e  v a lu e  o f z 

c an  b e  o b ta in e d  by  so lv in g  th e  d if f e re n tia l  eq u a tio n , E q u a tio n  ( 7 .2 0 ) ,  

n u m e r ic a l ly  . T he m ax im u m  v e lo c ity  u ,  of th e  flow  in  th e  lo w e r  la y e r  

i s  o b ta in e d  f ro m  E q u a tio n  (7 .3 a )  and  th e  d is ta n c e  fx ’ of th e  s e c tio n  f ro m
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th e  c r e s t  i s  o b ta in e d  by  s u b s ti tu tin g  (A f  , in to

T h e  th ic k n e s s  £ j  of flow  in  th e  lo w e r  la y e r  is  th e r e fo r e  o b ta in e d  

by s u b s t i tu t in g  th e  v a lu e s  of 'z r an d  r U , '  in to  E q u a tio n  (7. 16).

In o r d e r  to  so lv e  E q u a tio n  (7 .2 0 ) , in i t ia l  v a lu e s  of 'z f and  • u ,  

of a  g iv en  s e c tio n  have  to  be u se d .

S ince th e  d ev e lo p in g  zone c o m m e n c es  a t th e  p o in t of in c ep tio n  of 

a i r  e n tra in m e n t (the c r i t i c a l  p o in t), th e  v a lu e s  of 'z ' and  f CLi*at th a t 

s e c t io n  can  be  u se d  a s  in i t ia l  v a lu e s , and  E q u a tio n  (7. 20) is  th en  in te g ra te d  

n u m e r ic a l ly  d o w n s tre a m  f ro m  th a t  p o in t. A t th e  c r i t i c a l  p o in t, th e  t u r 

b u le n t b o u n d a ry  la y e r  r e a c h e s  th e  flow  s u r fa c e  and  th e  d is c h a rg e  of flow  

p e r  u n it w id th  a t  th a t s e c tio n  can  b e  w r i t te n  a s

w h e re  ^  = d is c h a rg e  of flow  p e r  u n it w id th . W hen th e  v a lu e s  of 

Sf and  f ro m  E q u a tio n s  (7. 16) and  (7. 17) r e s p e c t iv e ly  a r e  u s e d ,

E q u a tio n  (7 .2 1 ) b e c o m e s

<2 -  0 . 2 7 8  i) ( £  -  / )  e *  (7 .22 )

T he v a lu e  of z can  b e  o b ta in e d  f ro m  E q u a tio n  (7 .2 2 ) s in c e  the. d is c h a rg e

of flo w  p e r  u n it w id th  i s  know n.

T he in i t ia l  v a lu e  of a ,  and  th e  d is ta n c e  x a t  th e  p o in t of a i r

e n t r a in m e n t  in c e p tio n  f ro m  th e  c r e s t  can  be  o b ta in ed  by  eq u a tin g

E q u a tio n s  (2. §  , and (1, 11), i . e .
0 / 0

O f  _ /> n j f e (2.5)s
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( ± £ 7 #  p
(7 .17)

T he v e lo c ity  U /  a t  s e c tio n  x f t .  f ro m  th e  c r e s t  is  o b ta in e d  by  t r e a t in g

th e  flow  o u ts id e  th e  b o u n d a ry  la y e r  in  th e  p u re  w a te r  r e g io n  a s  a

p o te n tia l  flow  (R ef. 9), o r

tit - J  2gS x. (7 .2 3 )

W hen th e s e  in i t ia l  v a lu es  w e re  u s e d , i t  w as  found th e  th ic k n e s s  of 

t h e  lo w e r  l a y e r  in c r e a s e d  w ith  d is ta n c e  d o w n s tre a m . S ince w a te r  p a r t ic le s  

a r e  b e in g  co n tin u o u sly  p ro je c te d  ou t of th e  flow  f ro m  th e  lo w e r  l a y e r  and  

in  th e  d ev e lo p in g  zone, th e  flow  is  s t i l l  b e in g  a c c e le r a te d ,  i t  i s  o bv ious 

th a t the  th ic k n e s s  of th is  la y e r  shou ld  d e c r e a s e  w ith  d is ta n c e . D e c re a s e  

in  th ic k n e s s  of th is  la y e r  w as  a ls o  c o n firm e d  by  th e  e x p e r im e n ta l  r e s u l t s  

ev en  w ith  a  c e r ta in  am o u n t of e n tra in e d  a i r  in  th e  flow  (R e fe r  S ec tio n  6 . 5 

an d  F ig u re  21).

The r e a s o n  fo r  the co m p u ted  th ic k n e s s  of th e  lo w e r  la y e r  to  in c r e a s e  

w ith  d is ta n c e  w hen th e  in i t ia l  v a lu e s  of z and  a ,  a t  th e  c r i t i c a l  p o in t w e re  

u s e d , w as  r e v e a le d  by f u r th e r  ex am in in g  E q u a tio n  (7. 10)

In E q u a tio n  (7 .1 0 ) , th e  f i r s t  t e r m  on th e  r ig h t  hand  s id e  i s  th e  e f fe c t

of th e  b o u n d a ry  r e s i s ta n c e  to  th e  flow , th e  seco n d  te r m  th e  e f fe c t due to  the

g ra v ita t io n a l  fo rc e  and th e  th i rd  te r m  th e  e ffe c t of th e  v e lo c ity  g ra d ie n t
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in  th e  x - d ir e c t io n .  F o r  the  th ic k n e s s  of th e  lo w e r  l a y e r  to  d e c r e a s e

w ith  d is ta n c e , th e  n u m e r ic a l  su m  of th e s e  th r e e  t e r m s  sh o u ld  be  s m a l le r  

c /^ /n
th a n  z e ro , o r  c / i s n e g a tiv e .

W hen th e  v a lu e s  of z and  U /  a t th e  c r i t i c a l  p o in t w e re  u se d ,

i t  w as  found  th a t  the  a b so lu te  v a lu e  of th e  se c o n d  t e r m  w as a lw ay s

g r e a t e r  th a n  th a t  of the  f i r s t  t e r m , th u s  m ak in g  th e  sum  of th e s e  tw o

t e r m s  s m a l le r  th a n  z e ro . T h is  shou ld  be  th e  c a s e ,  b e c a u s e  only  in

a  u n ifo rm  flow  th e  g ra v ita tio n a l  fo rc e  is  b a la n c e d  by  th e  b o u n d a ry

f r ic t io n  and  th e  su m  of th e s e  tw o te r m s  is  e q u a l to  z e ro .  In c a lc u la tin g

c /  L//
th e  th i r d  t e r m ,  ^ ^  i s  o b ta in ed  by  d if fe re n tia t in g  E q u a tio n  (7. 3a)

w ith  r e s p e c t  to  x , o r
/  c/C /t _  / r, c / / _ /

( J td Z *  &  ft* - " / /
=  / v  /  (7 .24 )

- / >  '  ^
It w as  found  th a t, in  e v e ry  c a s e ,  a t  th e  c r i t i c a l  p o in t, th e  th i rd  

t e r m  w as  la rg e  to  m ak e  th e  su m  of th e  th re e  t e r m s  p o s it iv e ,  r e s u l t in g  

in  an  in c r e a s e  of th e  th ic k n e s s  of th is  la y e r  w ith  d is ta n c e .

T he v e lo c ity  g ra d ie n t  in  th e  x -d ir e c t io n  im m e d ia te ly  d o w n s tre a m  

of th e  c r i t i c a l  p o in t w as  th e r e fo r e  c o m p a re d  w ith  th a t  of th e  p o te n tia l  

flo w  im m e d ia te ly  u p s tr e a m  of th e  c r i t i c a l  p o in t. T he  v e lo c ity  g ra d ie n t  

of th e  p o te n tia l  flow  w as o b ta in e d  by  d if fe re n tia tin g  E q u a tio n  (7. 23) w ith  

r e s p e c t  to  x , and  w e o b ta in

/  c / t f f  /  /
(7 .2 5 )
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In th e  d ev e lo p in g  zo n e , th e  v e lo c ity  g ra d ie n t  sh o u ld  b e  s m a l l e r  

b e c a u s e  of b o u n d a ry  f r ic t io n ^ o r  w hen c o m p a r in g  E q u a tio n s  (7, 24) an d

(7 .2 5 ) ,
F i  <  ±

Fzl - f t 2
w hen Rx a t  th e  c r i t i c a l  p o in t an d  th e  r e ta r d a t io n  f a c to r  w e re  u s e d ,

i t  w as  found  th a t  fo r  e v e ry  c a s e  w as g r e a t e r  th a n  F o r  e x a m p le ,

w hen 0 = 24° and  Q = 1. 70 c 0f„ s .  ,  f * o  *  /■ * /  * / 0  7 >

F <  = o . s 5 * , o 7 W

T h e re fo re ,  though  E q u a tio n  (7. 3a) w as  show n to  d e s c r ib e  th e

e x p e r im e n ta l  r e s u l t  of the  v e lo c ity  of th e  flow  re a s o n a b ly  w e ll ( r e f e r

F ig u re  27) i t  cou ld  no t be u s e d  to  c a lc u la te  th e  v e lo c ity  c lo se  to  th e

c r i t i c a l  p o in t b e c a u s e  i t  g iv e s  too  la r g e  a  v e lo c ity  g ra d ie n t .

H o w ev er, w hen  th e  e x p e r im e n ta l  v a lu e s  of C /t o * c /  S /  (hence  z
/  c/CJf

f ro m  E q u a tio n  (7. 16) ) an d  j j  s t i l l  f ro m  E q u a tio n  (7 .2 4 ) f o r

s e c t io n s  su ff ic ie n tly  f a r  f ro m  th e  c r i t i c a l  p o in t w e re  s u b s t i tu te d  in to  

E q u a tio n  (7 .2 0 ) , th e  su m  of the  th r e e  t e r m s  on th e  r ig h t  hand  s id e  of 

th e  e q u a tio n  w as  s m a l le r  th an  z e ro  ( r e f e r  T a b le  7 .3 ) ,  T h e  e x p e r im e n ta l  

v a lu e s  of u ,  an d  S i  (and h en ce  z) a t a  s e c t io n  w hen th e  su m  b e c o m e s  

n e g a tiv e  w e re  th e n  u se d  a s  in i t ia l  v a lu e s  and  E q u a tio n  (7 .2 0 )  w as  

in te g ra te d  n u m e r ic a l ly  by th e  fo u r th  o r d e r  R u n g e -K u tta  m e th o d  

(R ef. 31) w ith  th e  a id  of a  d ig ita l  c o m p u te r .  T he c o m p u te r  p ro g ra m m e  

to g e th e r  w ith  a  sa m p le  of r e s u l t s  i s  show n in  A p p en d ix  I. T he co m p u ted



d &Table  7 .3 : E x p erim en ta l Value of F  (R, Z) in -rrr— = F (R, Z '

1--
--

--
--

---
--

1 ........  i
U j (f t/sec )

(2)

1 
5

RxxlO~ 5 

(4)

Z

(5)

0. 16 x 104 

(6)

g S * ' xlO4 F 1 S 1 ( 1 3 i 4 1 1 ~ 104 ! F (R ,Z ' x 104 
= (6M 7)+(8) 

(9)
U l

(7)

R x -  *1 1 Z Z 2 ' x x l ° 

(8)
c 5e = is Q = 1. 20 c .f . s; F t = 38. 38 x 10
i

12
14.3 0 .75 142 10.1706 15.47 30.41 14.35 -0 .5 9

15 15.6 0. 67 193 10. 1471 15.54 22.83 6 .87 -0 .4 2  I
18 16.1 0. 64 240 10.1342 15.58 20.47 4. 19 -0 . 70
21 16.7 0. 65 289 10.1789 15.44 19.44 2 .94 -1 . 06
24 16.8 0. 64 333 10.1729 15.46 18.80 2 .15 -1 . 19
27 17. 1 0. 62 380 10. 1574 15.51 17.68 1 .60 -0 . 57

6 = 18° ; Q = 1. 70 c .f . s. ; F t = 51 .4 4  x 105 ,
15 16.6 0. 89 206 10.4628 14.62 26.78 12.34 +0. 18
18 17.2 0. 88 256 10.4851 14.55 24.66 7 .68 -2 .4 3
21 17.9 0. 85 311 10.4894 14.54 22.00 5.01 -2 .4 5
24 18.8 0. 82 373 10.5014 14.51 19.24 3 .42 -1 . 31
27 19.0 0. 80 424 10.4885 14.54 18.37 2 .5 6 -1 . 27

1'" 
1

£ 
! 

L 
o Q = :::: > c. f. s . ; F t = 63 .89  x 105

15 17.2 1. 11 213 10.6969 13.98 31.11 19.92 +2. 79
18 18.5 1. 08 275 10.7384 13.88 26.16 11.42 -0 . 86
21 19.2 1. 02 333 10.7201 13.92 22.94 7 .25 -1 . 77
24 19.8 1. 00 393 10.7302 13.90 21.15 5 .0 9 -2 . 16
27 20. 1 0 .98 449 10.7254 13.91 20.11 3 .7 9 -2 . 41

e = 24° Q = 1. 20 c . f .  s ; F t = 44 .13  x 105

15 17.8 0. 67 221 10.2673 15.18 23.08 6 .93 -0 . 97
18 18.8 0. 61 280 10.2316 15.28 18.84 3 .94 +0. 38
21 18.6 0 .56 323 10.1440 15.55 17.67 2 .61 +0. 49
24 19.3 0 .56 383 10. 1776 15.45 16.41 1 .88 +0. 92
27 19.3 0 .56 431 10. 1776 15.45 16.41 1.46 +0.50

e = 24° Q = 1. 70 c .f .  s ; F i = 53 .17  x 105

12 17.3 0. 88 171 10.4873 14.55 32.28 20.69 +2. 96
15 19.6 0. 85 243 10.5723 14.31 24.15 9 .99 +0. 15

1 18 20 .2 0. 74 301 10.4755 14.58 19.70 5 .51 +0. 39
21 20 .6 0. 70 358 10.4427 14.67 17.92 3 .63 +0. 38

I 24 20.7 0. 70 410 10.4427 14.67 17.92 2 .71 -0 . 54
__27 21.1 0.71 471 10.4753 14.58 17.41 2 .09 -0 . 74

9 = 24° : Q = 2. 20 c . f . s . ; F t = 69 67 x 105
1—
1 12 17. 7 1. 12 176 10.7313 13.89 39.02 38 .48 +13.35

1 15 19.5 1.02 242 10.7343 13.89 29.28 17.30 + 1.91
I 18 20 .9 0. 93 311 10.7132 13.94 23.24 9 .3 8 + 0 .08
1 21 21. 6 0. 89 375 10.7031 13.97 20.82 6 .0 8 - 0. 77
j 24 2 2 .0 0. 91 436 10.7403 13.87 20.52 4 .53 - 2 .12

27 23. 2 0. 92 518 10.7989 13.72 18.66 3 .33 - 1.61
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v a lu e  of d i  i s  p lo tte d  on F ig u r e s  33 and  34. A lso  p lo tte d  on th e  f ig -

7. 4 T h e  U p p er L a y e r

7 .4 1  T h e o ry

R e f e r r in g  to  th e  p r i  sm  of le n g th  In th e  u p p e r  l a y e r  a s  show n in  

F ig . 32, th e  f o r c e s  a c tin g  on the  p r is m  in  th e  u p p e r  l a y e r  a r e  th e  s h e a r 

ing fo rc e  on th e  s u r fa c e  of th e  a i r - w a te r  m ix tu re  S u ,  th e  p r e s s u r e  fo rc e  

th e  w e ig h t of th e  a i r - w a te r  m ix tu re  W2 * A g a in , th e  s h e a r in g  

fo rc e  on the  in te r f a c e  b e tw een  th e  u p p e r  l a y e r  an d  th e  lo w e r  l a y e r  is  

n e g le c te d .

T he n e t e fflu x  of x m o m en tu m  f ro m  the c o n tro l s u r f a c e  in c lu d e s  

the d if fe re n c e  b e tw e e n  th e  efflux  a c r o s s  th e  d o w n s tre a m  fa c e  an d  the 

influx  a c r o s s  th e  u p s tr e a m  fa c e  and  a ls o  th e  in flux  a c r o s s  th e  in te r f a c e .

The m o m en tu m  in te g ra l  eq u a tio n  can be w r i t te n  a s

u r e s  a r e  th e  e x p e r im e n ta l  v a lu e s  (

(7. 26)

w h e re  ^  = m a s s  d e n s ity  of a i r - w a te r  m ix tu re

u = v e lo c ity  a t  a  d is ta n c e  y f ro m  th e  in te r f a c e

I] 2 = m a x im u m  v e lo c ity

% = th ic k n e s s  of u p p e r  la y e r

ZT = s h e a r  s t r e s s  on flow  s u rfa c e  a

P  2 ~ P r e s s u r e  in te n s ity
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S = s in e  fu n c tio n s  o f s lo p e  a n g le  

g = g ra v i ta t io n a l  c o n s ta n t 

It h a s  b e e n  a s s u m e d  th a t ,  in  th e  u p p e r  l a y e r ,  th e  a i r  c o n c e n tra t io n  

v a r ie s  l in e a r ly  f ro m  0 o5 a t th e  in te r f a c e  to  1 . 0  a t  th e  flow  s u r f a c e  

( r e f e r  S ec tio n  7 .2 1 ) . The m a s s  d e n s ity  of th e  a i r - w a te r  m ix tu re  is  

th e r e f o r e
P in  =  (  /  — C y  )  / °

-O.S * , ( , - % )
w h e re  Cy  = a i r  c o n c e n tra tio n  a t  a  d is ta n c e  y  f ro m  th e  in te r f a c e

/* )  = m a s s  d e n s ity  of w a te r  

= th ic k n e s s  of u p p e r  la y e r'2

F o r  a  l in e a r  v e lo c ity  d is tr ib u tio n  w ith  a  v e lo c ity  a t  th e  s u r f a c e  

eq u a l to  (1 - K) U 2 (S ec tion  7 .2 2 ) , the  v e lo c ity  a t  a  d is ta n c e  y  f ro m  th e  

in te r f a c e  e q u a ls

u  = U ,  (1 - K  -4— ) (7 .2 8 )
o  2

The v e lo c ity  g ra d ie n t c o e ff ic ie n t K  i s  n o t a  c o n s ta n t,  b u t v a r ie s  

w ith  d is ta n c e .  N e a r  th e  c r i t i c a l  p o in t, th e  w a te r  d ro p le ts  p ro je c te d  

in to  th e  a i r  p r e s e r v e s  th e i r  in i t ia l  m o m en tu m  a lo n g  th e  x - a x is  a n d  th e  

v e lo c ity  of th e  w a te r  d ro p le ts  is  u n ifo rm  o v e r  i t s  s m a l l  d ep th , i 0e 0 z e r o  

v a lu e  of K 0 F u r th e r  d o w n s tre a m , the  flow  in  th e  lo w e r  l a y e r  i s  a c c e l 

e r a te d  by  g ra v ity , b u t th e  w a te r  d ro p le ts  n e a r  th e  s u r f a c e  a r e  s u b je c t  

to  a d ra g  by  the  a i r ,  r e s u l t in g  in  an  in c r e a s in g  v e lo c ity  g ra d ie n t  an d  a ls o
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an  in c r e a s in g  v a lu e  of K . M e a su re m e n t of th e  v e lo c ity  of a e r a te d  

flow  in  th e  fu lly  d ev e lo p ed  zone (S trau b  and  L a m b , R ef, 1) show ed  th a t 

the  v e lo c ity  a t  the  s u r f a c e  w as ab o u t h a lf  of th e  m a x im u m  v e lo c ity , o r  

K = 0 ,5 .  S ince  th e re  is  only  m e a g re  in fo rm a tio n  r e g a rd in g  th e  v e lo c ity  

of th e  flow  in  th e  d ev e lo p in g  zo n e , i t  i s  a s s u m e d  th a t  the  c o e ff ic ie n t K 

v a r ie s  w ith  d is ta n c e  in  th e  fo rm
T5 C

K = 0 .5  (7 .29)

w h e re  K = v e lo c ity  g ra d ie n t c o e ffic ie n t

R ey n o ld s  n u m b e r  w ith  r e s p e c t  to  d e p th  (= — —■—- ) 

%  = te r m in a l  R ey n o ld s  n u m b e r  w ith  r e s p e c t  to  d ep th

( = )

T = te r m in a l  m a x im u m  v e lo c ity  in  th e  u p p e r  la y e r  

% 0 , -  t e r m in a l  th ic k n e s s  of u p p e r  la y e r ,^ I

S u b stitu tin g  , u and K and in te g ra tin g , th e  n e t efflux  of x

m o m e n tu m  b e c o m e s  j

z n c L 2  * '< 4 9  ~ ^ 2  J A  #

*4A  A ' C6*
 /

£ 4-  A* Usdi. ^  ^  ( 6  ~< 7 ' 3 0 >

L e t

R £  = _T 2 $  2 t

an d  W =

l)  
R /

R ^ t

E q u a tio n  (7 .30 ) b e c o m e s
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=  C /j £  H / + °  7 5  I* /2)  c/JC.

+ £  fa > > * s e  (<sv/- * * / *  + a  <7- 31)

In th e  u p p e r  l a y e r ,  th e  p r e s s u r e  in te n s ity  

j? 2  = />*? ^  — / j  )  C O S  &

o r  = 0 o5y°w g i ’2 ( l - ■ — — - ) 2 co s 0 (7 .3 2 )
2

and  th e  p r e s s u r e  te r m  in  E q u a tio n  (7. 26)

jf2 & c'y,
=  o  s  a  s  j k  S /  ~  s i  ) z  J y

= ■gf / i o  J  c^o <2 S i  2

-Jf" 9  6  V2 J z  (~ * f*

=  J .
3  C / /

 {_ /°U> a  & i? £ / ? f /  I V  *  e f c / z

3  c / y 3Jx -

33)

C o m p a rin g  th e  t e r m s  on th e  r ig h t  hand s id e  of E q u a tio n  (7. 33) to 

t h o s e  on the  r ig h t  hand  s id e  of E q u a tio n  (7. 31), i t  can  b e  se e n  th a t  th e  

t e r m s  in  E q u a tio n  (7. 33) a r e  m u ch  s m a l le r  th a n  th o se  in  E q u a tio n  (7 .3 1 ) ,

b e c a u s e  in  s te e p  open ch an n e l flow s d ep th s  a r e  u s u a lly  s m a ll  and  v e l-

JL oo c it ie s  a r e  h ig h . F o r  e x a m p le , a s s u m in g  co s0  = ^  ( th a t i s ,  0 = 6 0  ),

W = 1 (in th e  fu lly  d ev e lo p ed  flow  W = 1, and  in  th e  d e v e lo p in g  zo n e ,

W  <  1 ), and  (J2  ~ ^ 2  (T 2 b e in g  th e  te r m in a l  v a lu e  of C/2  )> th e  m a g -

/  ^  C *  d W
n itu d e  of the  t e r m s  in  E q u a tio n  (7 .3 3 ) b e c o m e s  f a  $  2t c / i c  an<^
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J_ * &2 £ c ftJ z  1 >7 5
6  r * d  7> Ct z ,  , an d  th a t  in  E q u a tio n  (7 .3 1 ) b e c o m e s  x

pr ' f  ^ 4 .2 5  o  _  <T
f U / i  ° 2 t7 T z ,  ~ 2 4 — ' • *  7*  a ■ W hen c o m p a r in g

th e  t e r m s ,  th e  r a t io  of m ag n itu d e  b e c o m e s  2 3  g an d

Mg ^ r 2 ^o r  an d  r e s p e c t iv e ly .  In  th e  e x p e r im e n ts ,

S" g-j- w as  ab o u t 0. 2 in s  (a p p ro x im a te ly  0. 02 f t . ) and  T 2 ab o u t 25 f t .  / s e e . , 

a n d  th e  m a g n itu d e  of the  t e r m s  in  E q u a tio n  (7. 33) w as  l e s s  th a n  h a lf  p e r  

c e n t o f th a t  in  E q u a tio n  (7. 31). T h e re fo re ,  th e  p r e s s u r e  t e r m  in  th e  

m o m e n tu m  e q u a tio n  (E q u a tio n  7. 26) can  b e  n e g le c te d .

T he w e ig h t t e r m  in  E q u a tio n  (7 .2 6 ) on in te g ra tio n  b e c o m e s

So* 3 ^ = gSSj
 (_  /p  r  .  ^ < r

4  ' * > 3  0  *  7 / 7  (7 .3 4 )

S ince  th e r e  is  no  s o lid  b o u n d a ry , th e  flow  in  th e  u p p e r  la y e r  i s  a 

f r e e  tu rb u le n t  flow . A c c o rd in g  to  P r a n d t l 's  m ix in g  le n g th  th e o ry , th e  

s h e a r in g  s t r e s s  can  b e  e x p re s s e d  a s

c  =  P t  \ ~ 2 v \ ~ Z y  (7 .3 5 )

In f r e e  tu rb u le n t  f lo w s, th e  m ix in g  le n g th  can  be ta k e n  a s  a  c o n s ta n t 

o v e r  a  s e c tio n  of flow  and  p ro p o r t io n a l  to  th e  w id th  of th e  flow  a t  th a t  

s e c t io n  (L in , R e f. 33, p . 144). S ince u  = U 2 (1 - K ^ ) ,  (E q u a tio n  

7 .2 8 ) , - t"  = “  an d  E q u a tio n  (7 .3 5 ) b e c o m e s
dy d  2

.  . (7 .3 6 )
-  p A  / r  C/£

w h e re  A *  p ro p o r t io n a l  c o n s ta n t in  £  -  A d
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A lte rn a t iv e ly ,  if  a  k in e m a tic  eddy v is c o s i ty  is  in tro d u c e d , th e  s h e a r 

in g  s t r e s s  can  be  e x p re s s e d  a s  (S ch lich tin g  R ef. 34, p . 592>,

£  ■ d y  (7. 3 7 '

w ith  g  -  M  & <Um ax  - Um .n ) (7. 38 '

® t S  £ 2  M 2
w h e re  B is  an  e m p ir ic a l  c o n s ta n t and  (U - U . ) = K U _. S u b s titu t-m ax  m m  2

in g  in to  E q u a tio n  (7 .3 7 ) w e o b ta in

C = f  6  X *  t s /  (7. 39)

It can  b e  s e e n  th a t  E q u a tio n s  (7 .3 6 ) and  (7. 39) a r e  th e  s a m e  e x c e p t fo r

2 it ■ ;
th e  two c o n s ta n ts  A and  B.

Now, i t  i s  f u r th e r  ex am in e d  w h e th e r  th e  m ix in g  le n g th  th e o ry  w ith  

(, - A o r  the  u s e  of a  k in e m a tic  eddy v is c o s i ty  w ith  £  *  *

(U m ax ~ ^m in ^  Can aP P ^ e<̂  to  th e  flow  in  th e  u p p e r  la y e r  of th e  d ev e lo p 

in g  zo n e .

At th e  c r i t i c a l  p o in t, th e  p ro je c t io n  of th e  w a te r  d ro p le ts  d ep en d s  

on th e  tu rb u le n c e  le v e l  of the  flow  u p s tr e a m . T he m ix in g  le n g th  th e o ry  

w ith  g  = a £"2 r e q u i r e s  a  z e ro  m ix in g  and  the  u s e  of £  -  £  *

a ls o  r e s u l t s  in  a  z e ro  k in e m a tic  eddy v is c o s i ty .  Down-iHcix m ixi

s t r e a m  of the  c r i t ic a l  po in t, th e r e  i s  a  c e r ta in  m o m e n tu m  flu x  a c r o s s  th e  

in te r f a c e  and  th e  flow  in  th e  u p p e r  la y e r  w ould  a ls o  be  a f fe c te d  by  th e  t u r 

b u le n c e  in te n s ity  of the  flow  in  the  lo w e r  l a y e r .

S ince th e  m ix in g  len g th  th e o ry  and  the  u s e  of a  k in e m a tic  eddy v i s 

c o s ity  bo th  le a d  to  th e  s a m e  e x p re s s io n  of th e  s h e a r in g  s t r e s s  in  A S'.tedVf
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t e r m s  of o th e r  c h a r a c te r i s t i c s  of th e  flow  (E q u a tio n s  7. 36 and  7 .3 9 ) , 

th e  fo llo w in g  a n a ly s is  c o n c e n tra te s  on ly  on th e  u s e  of a  k in e m a tic  eddy 

v is c o s i ty .  In th e  in v e s tig a tio n  of in s ta n ta n e o u s  e n e rg y  e q u il ib r iu m  of 

e d d ie s  in  tu rb u le n t  s h e a r  flo w s, b e fo re  th a t th e  k in e m a tic  eddy v is c o s i ty  

i s  n e a r ly  c o n s ta n t o v e r  th e  w hole w id th  w as e s ta b l is h e d ^  T ow nsend  

(R ef. 32 p . 127) a s s u m e d  th e  k in e m a tic  eddy v is c o s i ty  to  b e  a  c o n s ta n t 

a n d  c o m p a re d  h is  th e o ry  w ith  e x p e r im e n ta l  r e s u l t s .  F o r  the  c a s e  u n d e r  

c o n s id e ra t io n , th e  s a m e  a p p ro a c h  is  u se d  ex ce p t th a t  th e  eddy  k in e m a tic  

v is c o s i ty  i s  a s s u m e d  c o n s ta n t a lo n g  th e  d ire c tio n  of th e  flow . T he  v a l id 

i ty  of th is  a s su m p tio n  w ill f u r th e r  be  d is c u s s e d  in  S ec tio n  7 .4 2 .

W hen th e  k in e m a tic  eddy v is c o s i ty  is  a s su m e d  to  be c o n s ta n t and 

p ro p o r t io n a l  to  th e  k in e m a tic  v is c o s i ty  of w a te r ,  we have

v a lu e  of th e  m a s s  d e n s ity  of th e  a i r - w a te r  m ix tu re  in  th e  u p p e r  la y e r ,

£  = (7 .40)

w h e re 2 )  -  p ro p o r t io n a l  co n s ta n t

2)  -  k in e m a tic  v is c o s i ty  of w a te r .

In eq u a tio n  (7 .3 7 ) , if  th e  m a s s  d e n s ity  f *  is  ta k e n  to  have th e  m e a n

w e h av e  f  *  / %  ”  4  f a  and  E q u a tio n  (7. 37) b e c o m e s

(7 .41)
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s in c e  R C  = - - a n d  K = |  —P  ^ —  = J  W (E q u a tio n  7. 29).
V

S u b stitu tin g  a l l  know n q u a n ti t ie s  in to  E q u a tio n  (7. 26) an d  n o tin g

c /\t/ _  c /W  c /# Z  
d x ,  ~  d & x . *

=  /g-c
S

“ d J t o  _  X ,  ^  /
V  * A(c - / *

th e  m o m en tu m  eq u a tio n  b e c o m e s

2 dW (2W - 0. 75 W  ) *
dRx

= “l§ x +  <

_ _S$Sv 3F*/*x. „ uy
T z *  c  ^  / ? K

(7 .4 2 )

T he v a lu e  o f th e  p ro p o r tio n a l c o n s ta n t D can  b e  d e te rm in e d  w hen 

th e  flow  a p p ro a c h e s  th e  fu lly  d ev e lo p ed  zo n e . W hen R x a p p ro a c h e s  in f in 

ity , b o th  and  a p p ro a c h  z e ro  and  F 2 e ^ ^ ^ a n d  W
c / f i *.R x 2

a p p ro a c h  u n ity  and  th e  v a lu e  of D is

^  n r 2
7 h 3  * *  (7 .43 )

S u b stitu tin g  D b ack  in to  E q u a tio n  (7 .4 2 ) th e  m o m en tu m  eq u a tio n  

f in a l ly  b e c o m e s

(2 W - 0 .7 5 W 2 )
x

6 d S »  *  . .  > o  k /' ~W ~aT + r
-  i f* /* * .  <7 - 44>

&  * w  ~ # z ~
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7. 42 E x p e r im e n ta l  V e r if ic a tio n

An in sp e c tio n  of E q u a tio n  (7 .44) r e v e a ls  th a t ,  a t th e  c r i t i c a l  p o in t

w h e re  W = 0, -r—- = o o  s in c e  b o th  th e  seco n d  and  th i rd  te rm so n  th e  r ig h t  
dR x

hand  s id e  o f th e  eq u a tio n  eq u a l to  z e ro  b u t th e  f i r s t  t e r m  r e m a in s  f in i te .  

H o w ev er, n e a r  th e  c r i t i c a l  p o in t w h e re  W re m a in s  s m a ll ,  th e  sec o n d  and 

th i rd  t e r m s  on th e  r ig h t  hand  s id e  of th e  eq u a tio n  a r e  s m a l l  c o m p a re d  w ith  

th e  f i r s t  t e r m .  W hen th e s e  two t e r m s  a r e  n e g le c te d , th e  eq u a tio n  b e c o m e s  

in te g ra b le  r e s u l t in g  in

W2 - 0 .2 5  W 3

- ~~T} / ( /? x. -  ) -  /%  C / <£> ~ / o j e  (7 .45 )

w h e re  R is  th e  R ey n o ld s  n u m b e r  w ith  r e s p e c t  to  d is ta n c e  a t  th e  c r i t i c a l  
xo

p o in t an d  R = R + a  R • F o r  a  g iven  R and a g iven  4  R , W is  ^ x xo x xo x

so lv e d  w h ich  in  tu rn  i s  u se d  a s  th e  in i t ia l  v a lu e  of W in  E q u a tio n  (7 .4 4 ) 

an d  th e  d if fe re n tia l  eq u a tio n  is  th en  so lv ed  n u m e r ic a l ly  by the fo u r th  o r d e r  

R u n g e -K u tta  m eth o d  (R ef. 31) w ith  th e  a id  of a  d ig ita l c o m p u te r . The c o m 

p u te r  p ro g ra m , to g e th e r  w ith  a  s a m p le  of th e  r e s u l t s  i s  show n in  A ppend ix  II.

T he c o m p u te r  r e s u l t s  show  th e  v a lu e  of W fo r  the  c o r re s p o n d in g  R^ 

v a lu e s .  A t th e  e x p e r im e n ta l  s e c t io n s  w h e re  U 2, x and  $ ^ (i. e . Rx and  

R £  ) a r e  know n, th e  te r m in a l  R eyno lds n u m b e r  R f  (= R S’ /  W) 

an d  th e n  th e  p ro p o r t io n a l  co n s ta n t D and  a ls o  th e  k in e m a tic  eddy v is c o s i ty  

(fro m  E q u a tio n s  7 .4 3  and  7 .4 0 ) can  b e  co m p u ted .
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T he co m p u ta tio n  r e s u l t s  show  th a t  th e  k in e m a tic  eddy  v is c o s i ty  i s  

n o t a  c o n s ta n t b u t in c r e a s e s  a lo n g  th e  d ire c t io n  of th e  f lo w 0 W hen 

p lo tte d  a g a in s t  K  (J S  a s  show n in  Fig* 35, th e  co m p u ted  v a lu e s  of 

£  l ie  w ith in  a  n a r ro w  b an d , A b e s t  f i t  c u rv e  i s  d ra w n  th ro u g h  th e  

p o in ts  w ith

£  -- 0 .4 1 5  K l l  % + 0 .0 1 1  (7 .4 6 )

F u r th e r  ex am in a tio n  of F ig , 35 r e v e a ls  tw o f a c ts .  T he f i r s t  o n e  

i s  th a t  th e  k in e m a tic  eddy v is c o s i ty  dep en d s on th e  s lo p e  of th e  c h an n e l 

b e c a u s e  m o s t  of th e  p o in ts  fo r  th e  24° s lo p e  l ie  above th e  b e s t  f i t  c u rv e  

an d  m o s t  o f th e  p o in ts  fo r  th e  18° s lo p e  below  i t .  The se c o n d  one is  

th a t  fo r  a  p a r t ic u la r  flow , f o r  ex am p le  0 = 24°, Q = 2 .2 0  c . f .  s . ,  o r  

0 = 18°, Q = 2 .2 0  c . f . s .  th e  v a lu e  of £  r e m a in s  a p p ro x im a te ly  c o n s ta n t 

b e lo w  a  c e r ta in  v a lu e  of K S ^ anc  ̂ th en  in c r e a s e s  l in e a r ly  w ith  i t .

T h is  in d ic a te s  th a t  a t  th e  s ta r t in g  s ta g e , th e  flow  in  th e  u p p e r  l a y e r  i s  

a f fe c te d  by th e  tu rb u le n c e  le v e l of th e  flow  u p s tr e a m  and  a ls o  by  th e  

tu rb u le n t  in te n s i t ie s  of th e  flow  in  th e  lo w e r  l a y e r .  H o w ev er, w hen  a n  

a v e ra g e  v a lu e  of £  i s  u s e d  in  e a c h  c a s e  fo r  th e  c o m p u ta tio n  of th e  

th ic k n e s s  of th e  la y e r  (F ig s , 36 and  37) th e  m e a s u re d  th ic k n e s s  i s  s m a l le r
\  ■ ; "■ *» ; • ; j  . . ; , -  j ; _ ;  ;  ; ' , :T , ;■-») ' . ' f i  ,  H  h  i. ' L  n  - ' 1

f o r  th e  s e c t io n s  c lo se  to th e  c r i t i c a l  p o in t b e c a u s e  of s m a l l e r  £  v a lu e s  

an d  th e  m e a s u re d  th ic k n e s s  l a r g e r  fo r  s e c t io n s  f u r th e r  d o w n s tre a m  b e 

c a u s e  o f l a r g e r  £  v a lu e s  th a n  th e  a v e ra g e .  T he flow  p ro f i le  fo r  th e  

u p p e r  l a y e r s  is  show n in  F ig s .  36 and  37,
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8 . C o n c lu s io n s

A s a  r e s u l t  of th is  in v e s tig a tio n , th e  fo llo w in g  c o n c lu s io n s  h av e  

b e e n  r e a c h e d .

8 .1 :  F o r  a  g ra v ity  flow  down a  s tee p  open  ch an n e l of su ff ic ie n t

le n g th , th e  flow  w ill c o n s is t  of two re g io n s ,  a  re g io n  of p u re  w a te r  flow  

fo llo w ed  by a  re g io n  of a i r  w a te r  m ix e d  flow . T he re g io n  of a i r - w a te r  

m ix e d  flow  w ill f u r th e r  be  d iv id ed  in to  two zo n es , th e  d ev e lo p in g  zone 

an d  th e  fu lly  d ev e lo p ed  zone if  th e  ch an n e l is  su ff ic ie n tly  long . In th e  

d ev e lo p in g  zone, b o th  th e  v e lo c ity  of the  flow  and  th e  q u an tity  of th e  e n 

t r a in e d  a i r  in c r e a s e  w ith  d is ta n c e  d o w n s tre a m  u n til  a  u n ifo rm  flow  con

d it io n  i s  r e a c h e d  in  w h ich  b o th  th e  v e lo c ity  of th e  flow  an d  th e  q u a n tity  of 

e n tr a in e d  a i r  r e m a in  c o n s ta n t w ith  d is ta n c e  f u r th e r  d o w n s tre a m  (the 

f u l ly  d ev e lo p ed  zone).

8 .2 :  In th e  d ev e lo p in g  zone, th e  flow  w ill b e  d iv id ed  in to  th r e e  l a y e r s :  

a  l a y e r  of p u re  w a te r  n e a r  th e  b o tto m , a  m id d le  l a y e r  o f a i r - w a te r  m ix 

tu r e  w ith  d i s c r e t e  a i r  b u b b le s  m o v in g  in  th e  s t r e a m  and a  top l a y e r  of 

w a te r  d ro p le ts  m o v in g  in  a  s t r e a m  of a i r .

8 .3 :  In  th e  to p  la y e r ,  th e  d is tr ib u tio n  of th e  w a te r  d ro p le ts  o r

a l te r n a t iv e ly  th e  a i r  c o n c e n tra tio n  c o n fo rm s  to  a  fu n c tio n  of th e  c u m u la tiv e  

lo g  n o rm a l  d is tr ib u tio n  a s  show n b y  E q u a tio n  6 .3 .

8 .4 :  In th e  m id d le  la y e r ,  th e  d is tr ib u tio n  o f th e  e n tra in e d  a i r  d o es

n o t f i t  a  s im p le  r e la t io n s h ip  w ith  o th e r  p a r a m e te r s  of th e  flow . H o w ev er,
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e x p e r im e n ta l  r e s u l t s  show  th a t the q u an tity  of e n tra in e d  a i r  and  th e  

p e n e tra t io n  of th e  a i r  b u b b le s  In to  th e  flow  in c r e a s e  w ith  d is ta n c e  dow n

s tr e a m , r e s u l t in g  in  an  in c r e a s in g  th ic k n e s s  of th is  la y e r .

8 ,5 :  In  th e  lo w e r  la y e r ,  th e  v e lo c ity  of th e  flow  fo llo w s  a lo g a r i th m ic

law  of v e lo c ity  d is tr ib u tio n . T he v e lo c ity  in c r e a s e s  m o re  r a p id ly  w ith  

d is ta n c e  f ro m  th e  b ed  to  a  m a x im u m  in  th e  lo w e r  la y e r  of th e  a i r  w a te r  

m ix tu re  and  th en  d e c r e a s e s  s h a rp ly  to w a rd s  th e  flow  s u r f a c e .

8 . 6 : In o r d e r  to  in v e s tig a te  th e  g ro w th  of th e  flow  w ith  d is ta n c e  in

th e  d ev e lo p in g  zone , th e  flow  w as d iv id ed  in to  two l a y e r s ,  th e  d iv id in g  

l in e  b e in g  th e  t r a n s i t io n  d ep th .

8 .7 :  In th e  lo w e r  la y e r ,  s in c e  th e  e x p e r im e n ts  w e re  c o n d u c ted  in

a  sm o o th  f lu m e , the  q u an tity  of e n tra in e d  a i r  i s  s m a l l  and  th e  b u lk in g  

e f fe c t s lig h t.  T h is  la y e r  w as  t r e a te d  a s  a  b o u n d a ry  la y e r .  T he b o u n d a ry  

d ra g  (fro m  E q u a tio n s? . 20 and  7 . 15)and th e  th ic k n e s s  of th is  l a y e r  ( f ro m  

E q u a tio n  (7. 16) ) w e re  c a lc u la te d , The c a lc u la tio n  show s th a t  th e  th ic k 

n e s s  of th is  l a y e r - d e c r e a s e s  w ith  d is ta n c e  d o w n s tre a m  w h ich  i s  c o n f irm e d  

by th e  e x p e r im e n ta l  r e s u l t s  (F ig s , 33 and 34),

8 , 8 : The to p  la y e r  w as  t r e a te d  a s  a  f r e e  tu rb u le n t  flow  b e c a u s e

th e r e  w e re  no so lid  confin ing  w a l ls ,  A k in e m a tic  eddy  v is c o s i ty  w as  

u s e d  to  c o r r e la t e  th e  s h e a r in g  s t r e s s  w ith  o th e r  c h a r a c t e r i s t i c s  of th e  

flow  (E q u a tio n  7, 37), A t th e  s ta r t in g  s ta g e  o f th e  flow  (i, e , c lo s e  to  

th e  c r i t i c a l  p o in t), the  top la y e r  i s  in flu e n c e d  by  th e  tu rb u le n c e  le v e l  o f



th e  flow  u p s tr e a m  of th e  c r i t i c a l  p o in t an d  a ls o  of th e  flow  in  th e  

lo w e r  l a y e r .  A t d is ta n c e s  f a r  d o w n s tre a m , th e  k in e m a tic  ed d y  v i s 

c o s ity  fo llo w s  a  re la t io n s h ip  a s  su g g e s te d  b y  P r a n d t l  (E q u a tio n  7 .3 8 ) 

f o r  f r e e  tu rb u le n t  flow .
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F ig u r e  36: T h ic k n e s s  of the  u p p e r  l a y e r  (0 = 18°)
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A P P E N D IX  I

C O M P U T E R  PRO G RA M M E F O R  LO W ER LA Y ER  
(0 = 2 4 ° , Q = 1 .7 0  c . f .  s . )



apr()c.pa9 c T H I S
K.y . LATXXXX,PAGFS=6", T 10 5 = 1, r B = ->f-

H<noA.i solves nv fourth uroep rungf- rutta MFT«nn thf
01 FFEKFNTI AL C3U4T ION rUNS».,Z<SYnZ/D9< AND CALCULATE rtFPTH OF

10
C

11
12
13
14
15
16
17
1 8
10
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34*'
3 ?

C
36
37
38 .•

C
39
40

C
41

C
42
43

H R I T F I 3 , 1 0 0 3 1

1 0 " S u O ^ U « t 1 , OFn ^ S U L T i a / / 3 0 R r l  ' 7 ‘? C F S ’ r f F « R F E S 3 / / 8 o a .
CONSTANTS FOR 0 S 1 . 7 0  C F S ,  THF!T » # ? 4  DFGREFS 
F ± 5 3 . 1 7 0 0  
C = 2 3 . 8 7 D 9  
S = 0 . 4 0 6 7 0 0  
V = 1 . 2 1 0 0  
G = 3 2 . 2 0 0  
H = l . O O O  
H 2 - H / 2 . 0 O 0
I N I T I A L  COM OITIONS AT X S 1 5 . 0  F T .  FROM C RFS T
R F Y N O S = 2 4 3 .C O O
Z = l o . 5 7 2 3 Q P
0 0  3 0 0 0  1 = 2 4 3 , 5 0 0
R = O F L P A T ( T I
A B = Z * 7 - 7 . 0  0 3 * 7 + 2 . 0 0 0
A C = O E X p j z i
A O = J R - F ) / «
AA=0.57600*1!O.Cno**5|*AO/fAC*API
bc=g*s *v/ i c*c*c iP0=OFXPI7.0O.-'^f / o I
9 F = Z * Z * Z
B 3= B C*B D *R  E* AO/AB 
C C = F * Z / I R * R )
FIJNC R ,  Z ) =A A—BO+CC 

1 0  T l = H * F U N F R , 7 )
P I = R + H 2  
Z l = Z + T l / 2 . C 1 C  

2 0  T ? = H * F U N I R 1 , ? 1 )
Z 2 = Z + T 2 / 2 . 0 0 0  

3 0  T 3 = H » F U N I R I , Z ? I  
R 3 = R + H  
Z 3 = Z + T 3  

4 0  T 4 = H * F U N ( R 3 , Z 3 I  
REYNOS=R+H
7 = Z + I T 1 * ? - .  0 0 0 *  C T 2 + T 3  1+ T4 1 / 6 . 0 0 0
ENO OF SOLVING EQU AT ION . GO TO CALCULATF V E L O CI T Y . 
B D 1 = F / R F Y N 0 S
P E 1 = D E X P I 9 D 1 )  >
U = C / B E 1
ENO OF VELO CITY  C A LC U LA TI O N . GO TO CAICULATE DE PTH. 
C A l = D F X P C 7 )
OEPF I N = 3 . 3 3 6 0 C * Z * C A l * V / H . l D . 0 O 0 * * 5 I * U I
ENO OF OFPTH C A L C U L A T I O N . GO TO CALCULATE DISTA NCE
X = RFY N O S* V /U
FNO OF A I L  C A L C U l A T I C N S .  P O I N T  OUT RESUl TS 
HR 1 T F I 3 . 2 0 0 C I R E Y N O S , Z . U . O F P F I N . X  

2 0 0 G  F O R H A T I T I O . P  8 E Y N 0 S S 3 , F I  0 . 5 , T 3 0 , 3 7 # 2 , F 1 0 . 5 , T 5 0 , 3
1 , F  1 7 . 5  , T 7 0 ,  3  n E P F I N - * P , F n . P , T q o , 3  X * 9 , F 1 3 . 5 <

44 3 0 « 0  CONTINUF
4 5  STOP
4 6  ENO 

SOATA

B A S I C  DATA Q Y 1 . 7 0  C F S ,  

TABLE UF R E S U lT S

T H E T A S2 4  DEGREES

REYNUSS 
REYNOS* 
REYNOS* 
REVNUSS 
RFY NOS *

. RFYNOS* 
REYNOS* 
REYNOS# 
REYN OS* 
RFYNOS# 
REYNOS* 
REYNOS* 
RFYNOS# 
REYNUSS 
REYNOS# 
REYNOS* 
REYNOSS 
REYNOS# 
REYNOS* 
REYNOS# 
REYNOSS 
REYNUSS 

'REY NO SS 
REYNOSS 
REYNOSS 
REYNOSS. 
REYNOSS 
REYNOS* 
REYNOSS 
REYNOSS 
REYNOSS 
REYNOSS 
REYNOSS 
REYNOS* 
REYNOSS 
REYNOS* 
REYNOSS 
REYNOS* 
REYNOS* 
RCYNUSS 
REYNOS* 
REYNOS* 
REYNOSS 
REYNOS* 
REYNOS* 
RFYNOS* 
HFYNOSS 
REYNOS*

2 4 4 . 0 C 0 0 D  
2 4 5 . 3 0 0 0 9
2 4 6 . 0 0 3  0 0  
7 4 7 , ' J O O O O  
7 4 R . 0 0 0 0 0  
2 4 0 .  0 0 0 1!0 
2 5 0 . 0 0 0 0 0
2 5 1 . 0 0 0 0 0
2 5 2 . 0 0 0 0 0
2 5 3 . 0 0 0 0 0
2 5 4 . 0 0 3 0 0  
7 5 * . 0 3 0 0 0
2 5 6 . 0 9 0 0 0  
2  5 7 . 3 0 0 0 0
2 55.00000 
7  5 * 3 . 0 0 0 0 0
2 6 0 . 0 0 0 0 0  

■2 6 1 . 0 0 3 0 0
2 6 2 . 0 0 0 0 3  
7 6’ . O-i? 00 
7 6 4 .  00-3 0 0  
2 6 5 . C 9 T j 9  
2 6 6 . 0 0 0 0 0
7 6 7 . 0 9 0 0 0
2 69.00000 
7 6 9 . 0 C 3 0 0  
2 7C .O C -O C 3 

■ 7 7 1 . 0 0 0 3 0
2 7 7 . CUD0 0  
7 7 1 . 0 0 0 0 0
2 7 4 . 0 0 3 0 0  
7 . 7 5 . 3 3 0 3 3  
7 7 6 . 0 3 0 0 0  
2 7 7 . 0 1  POO
2 7 8 . 0 0 0 0 0
279.CC.003
2 8 0 .  01 J.TII 
7 8 t .  TPOOO 
2 8 2 . 3 0 3 0 0  
2 ^ 8 3 . 0 0 3 0 0  
7 8 4 . COO0 3  
2 R 5 . 0 0 0 0 0
286.GC003
2 8 7 .  K 0 0 9  
? s a . 3 0 3 0 3
7 9 9 . 0 0 0 0 0
7 0 0 . 0 0 3 0 0  
2 9 1  . 0 0 0 9

Z* 1 0 .5 7 1 8 8 U* 1 9 .10621 d f p f in s 0 .8 6 7 4 7 X* 1 5 .3 9 3 1 ?
Z* 1 0 .5 7 1 4 1 U* 1 9 .2 1 3 2 ° DEPF1NS 0 .8 6 6 2 8 X« 1 5 .4 2 9 4 ?
ZP 13.-57C97 US 1 9 .2 3 0 7 4 DFPFINS 0 .8 6 5 0 8 X* 1 5 .4 7 8 7 4
zs 1 0 .5 7 0 4 8 JJS 1 9 .24708 DFPFINS 9 .8 6 3 9 6 X* 1 5 .5 2 8 0 7
z* 1 0 .5 6 9 9  8 US 1 9 .26379 DFPFINS 0 .8 6 2 6 3 X* 1 5 .5 7 7 4 1
zs 1 0 .5 6 9 4 5 u s 19 .2 8 0 3 9 d e p f in s 0 .8 6 1 4 0 X* 1 5 .6 7 6 7 6
zs 10 .5 6 3 9 1 us 1 9 .2 9 6 8 6 OEPFINS 0 .3 6 0 1 5 XS 1 5 .6 7 6 1 ?
z* 1 0 .5 6 8 3 5 u* 1 9 .31322 DEPFTNS 0 .8 5 8 8 9 X* 1 5 .7 7 5 5 7
z* 1 0 .5 6 7 7 7 u* 1 9 ,32946 DEPFINS 0 .3 5 7 6 3 X* 1 5 .7 7 4 8 ?
z* 1 0 .5 6 7 1 8 u* 19 .3 4 5 5 9 OEPFINS 0 .8 5 6 3 6 X* 1 5 .8 7 4 7 9
zs 1 0 .5 6 6 5 7 us 1 9 .36160 OEPFINS 0.855C 8 xs 1 5 .9 7 1 6 9
z* 1 0 .5 6 5 9 5 us 19 .37750 OEPFINS 0 .8 5 3 8 0 X* 15 .97311
z* 19 .5 6 5 1 1 us 19 .3 9 3 2 9 DEPFINS 0 .8 5 2 5 1 X* 1 5 .9 7 2  5?
z* 1 0 .5 6 4 6 7 U* 19 .4 0 8 9 7 OFPFIN* 0 .9 5 1 2 2 x s 1 6 .0 7 1 9 7
z* 10.564C 1 us 1 9 .4 2 4 5 4 OEPFINS 0 .8 4 9 9 ? X* 1 6 .0 7 1 4 ?
z s 1 0 .5 6 3 3 3 u* 19 .44000 OEPFINS 0 .8 4 8 6 2 x s 1 6 .1 2 0 8 8
Z* 1 0 .5 6 2 6 5 us 19 .4 5 5 3 6 DEPFINS 0 .8 4 7 3 2 X* 1 6 .1 7 0 3 5
zs 1 0 .5 6 1 9 6 us 19 .47061 OEPFINS 0 .84601 X* 1 6 .2 1 9 8 3
zs 1 0 .5 6 1 2 5 US 1 9 .4 8 5 7 5 OEPFINS 0 .8 4 4 7 0 X* 16 .2 6 9 3 ?
z* 1 0 .5 6 0  54 US 1 9 .50079 DFPFINS 0 .8 4 3  39 X* 1 6 .3 1 8 8 ?
z* 1 0 .5 5 9 8 2 us 19 .5 1 5 7 3 d f p f in s 0 .8 4 7 0 8 X* 1 6 .3 6 8 3 1
z* 1 0 .5 5 9 0 9 us 19 .5 3 0 5 7 DFPFINS 0 .8 4 0 7 7 X* 1 6 .4 1 7 8 5
zs 1 0 .5 5 8 3 6 US 19 .54531 DEPFINS 0 .8 3 9 4 6 X* 1 6 .4 6 7 3 8
z? 1 0 .5 5 7 6 1 u* 1 9 .5 5 9 9 5 DFPFINS 0 .8 3 8 1 5 x s 1 6 .5 1 6 9 2
zs 1 0 .5 5 6 8 6 u* 1 9 .5 7 4 4 8 DFPFINS 0 .8 3 6 9 4 x s 1 6 .5 6 6 4 6
z* 1 0 .5 5 6 1 1 u s 1 9 .58893 d e p f in s 0 .8 3 5 5 3 x s 1 6 .6 1 6 0 ?
z s 1 0 .5 5 5 3 4 us 1 9 .6 0 3 2 7 d f p f in s 0 .8 3 4 2 ?  : ■ X# 1 6 .6 6 5 5 9
z s 1 0 .5 5 4 5 8 u* 19 .61752 OEPFINS 0 .8 3 2 ° ? X* 16 .7 1 5 1 6
z* 1 0 .5 5 3  81 us 19 .6 3 1 6 8 OEPFINS 0 .8 3 1 6 2 X* 1 6 .7 6 6 7 4
zs 1 0 .5 5 3 0 3 U» 1 9 .64574 DEPFIN* 0.83C 3? X# 1 6 .3 1 4 3 3
zs 1 0 .5 5 2 2 5  ' us 19 .65971 DEPFINS 0 .8 2 9 0 ? X* 16 .8 6 3 9 3
zs 1 0 .5 5 1 4 7 us 1 9 .6 7 3 5 9 DFPFINS 0 .8 2 7 7 ?  • X* 1 6 .9 1 3 5 4
z s 1 0 .5 5 0 6 8 us 1 9 .6 8 7 1 7 DEPFINS 0 .8 2 6 4 3 xs 1 6 .9 6 3 1 6
z* 1 0 .5 4 9 8 9 u* 1 9 .7 0 1 0 7 DFPFINS 0 .8 7 5 1 5 ’ X* 1 7 .0 1 2 7 8
z s 1 0 .5 4 9 1 0 US 1 9 .7 1 4 6 8 DFPFINS 9 .8 2 3 3 6 X* 1 7 .0 6 2 4 1
zs 1 0 .5 4 8 3 1 u* 1 9 .7 7 8 2 0 DEPFIN* 0 .8 2 2 5 8 x s 1 7 .1 1 ? '5
z s 1 0 .5 4 7 5 2 us 1 9 .7 4 1 6 3 DEPFINS 0 .8 2 1 3 1 •xs 1 7 .1 6 1 7  •
z s 1 0 .5 4 6 7 ? us 1 9 .7 5 4 9 8 DEPFIN* 0 .8 2 0 0 4 X* 17 .2 1 1 7 6
zs 1 0 .5 4 5 9 3 us 1 9 .76823 d f p f i n s 0 .8 1 8 7 8 . X# 1 7 .7 6 1 0 3
z* 1 0 .5 4 5 1 3 us 19 .78141 DEPFIN* 0 .8 1 7 5 ? X* 1 7 .3 1 0 7 ?
z* 1 0 .5 4 4 3 3 us 1 9 .7 9 4 5 0 DEPFINS 0 .8 1 6 7 7 X* 1 7 .3 6 0 3 9
zs 1 9 .5 4 3 5 4 u s 19 .80751 DFPFINS 0 .  91502’ , ■- xs 1 7 .4 1 0 0 7
z* 19V54274 US 1 9 .8 2 0 4 3 DFPFINS 0 .8 1 3 7 8 X# 1 7 .4 5 9 7 6
ZS -IS.: 54194  . US 1 9 .8 3 3 2 8 DEPFTNS 0 .8 1 2 5 4 x s 1 7 ;5?946
z* 19 i 54115 ■ U* 1 9 .8 4 6 9 4 OFPFTN* 0.8113-1 xs 1 7 .5 5 9 1 7
z* 10.54036 u* 19 .8 5 8 7 ? OFPFIN# 0 .8 1 0 0 9  ■ X* 1 7 .6 0 8 8 9
z* 1 0 .5 3 9  56 u* 1 9 .8713? DFPFINS 0 .8 0 9 8 3 xs 17 i  65961
z s 1 0 .5 3 8  77 US 1 9 .8 8 3 8 5 d e p f i n s 0 .9 0 7 6 7 X* 1 7 .7 9 8 1 4



R F Y N i 'S "  
f c vf.;,)S*
pT Y ' I  I S "  
RFYNOS" 
HF YN IS*? 
REYN IS* 
KTYM-IS" 
KF YNUS* 
F E YNOS * 
F f  Yfin S 9 
M.YN I S *  
k r Y N I S *  
K FYNUS ! 
R F Y N J S "  
R r  YNUS * 
KFYNOS" 
R F YNOS * 
R F Y N J S *  
RFYNOS " 
R F Y N J S "  
K F YNtlS" 
R f  YNUS" 
PFV N OS * 
R F Y N J S "  
R F YN'JS" 
R F Y N J S *  
k F y jv j S "  
RFYNFiS" 
kF YN11S-" 
REYNUS* 
R F Y N J S "  
REYN US" 
RFYNUS* 
KF YN'JS* 
REYN US" 
REYNUS* 
R EYNUS" 
REYNOS-* 
REYNOS* 
RF YNUS*? 
R rY N O S*  
RFYNOS " 
P EYNUS? 
REYNOS* 
PEYNUS*  
REYNIJS* 
RE YNUS?* 
HEYNUS" 
REYNUS" 
R FY NOS " 
REYN OS" 
RFYNOS " 
R FY NUS " 
RFYNOS" 
R FY NOS " 
RL YNUS-" 
RE YNllS* 
R FY NUS " 
RFYNUS* 
REYN-JS"

? 9 T  . •; 3 j 7
7 9 4 . ■ n o  •
7 9 6 . . s- v jo o
7 0 6  ,
7 « 7 .
7 9 9  . ■ , , - y j  ,
2 9 9 . •. j r. -,
7 i v i . 0 —J 9  7
V U  . ' 9  1 0 -
7 0 7 . :• j o - ;
3 0 ’  . ' ' ;  1
7->4 . * - 0 - j -
7 '  6  . ?  - " 1 0
7 9 6 .
7 3 7 . j - , - '
Tr.fl , • U ’V

’■ i t .  
3 1 1 .  
M i ' .  
3 1 3 .  
3 1 * .  
3 1 * .  ’1*. 
3 1 7 .  
7 1 . 3 .  
31  . 
3 = 0 .  ’ 21 
3 ? ?  
3 = 3 .  
’ 2 4 .  
3 7 3 .
3 2 6 .
3 2 7 .
3 2 8 .  
3 7 0  
33 C  
731
3 7 7
3 3 3  
3 7 4  
3 35 
3 3 6  
3 7 7  
’  7 3
73a
=41?
341
3 4 2  
3 43 
3 4 4  
3 4 4  
7 4 6  
7 4 7 .  
’ 4 3 .
7 4 9 .
= 5 3 .  
3 SI  .

■i' .JOO 
If  u ; - o  
? :  3- < j

. . j . , . - .

‘.O ' JO O 
l O U O  
3 j  JO ”  
?  J U O V  
V  I V O  
C 'Q 00 
' I  ICO 
ICO 0 0  
000 VP 
r. iO(i ' j  
f f -J = 0 
OJ O O C 
o o o r c -
0-7 ’ Ml' 
S'JOC'O 

.00000 w o  on 
JU D O O  
< ' 0 0  = *70 000 
X  TO O  

•' 00 0*’ 
o  n  j o  
ococ J 
o 1000 
v j o o o  
nuoco . , . ,c
<-.( j r . .  
■1 >0 0-1 
O-IJC-O 
,'••'0 0  3 
o  ’ j ,o .

7 0 1 0 . 5 7 7 9 0 •1“
7* 1 0 . 5 3 7 2 1 II*
7 ? 1 3 . 5 3 6 4 2 l i?
i  * ' 9 . 6 7 5 6 9 II*
2 * 1 1 . 5 7 4 8 5 II"
M U .  5 7 4 9  3 13"
Z* 1 0 . 5 7 3 3 1 11"
Z * 1 3 . 4 3 7 5 4 II"
Z * I V . 5 7 ] 7 7 0 "
2 8 n .  5710 ] IJ?
z * 10.53175 U*
Z 8 1 0 . 6 2 9 5 P I I "
z * 1 3 . 6 2 5 7 5 U"
z * n . S ’ R O f • 11*7 m 1 1 . 5 2 7 2 6 11"
z ? 1 1 . 5 2 6  5 2 11*

• 1 0 . 6 2 5 7 9 I I "
z * 1 0 . 5 2 5 0 6 IJ*
z ? I 3 . 5 2 4 3 4 u *
z ? 1 0 . 5 2  3 6? u *
z ? 1 1 . 5 2 2 9 1 u s

1 0 . 5 2 2 2 0 u ?
z * 1 1 . 5 2 1 5 C u s
Z ■- 1 1 . 5 2 0 3 0 u s
z ? 1 1 . 6 2 9  11 u s
z * 1 1 . 5 1 9 4 3 u s
z s 1 9 . 5 1 3 7 5 u s
z * 1 0 . 5 1 8 0 7 u s
z s 1 9 . 5 1 7 4 0 u s
7* 1 0 . 5 1 6 7 4 u s
z s 1 0 . 5 1 6 0 8 u s
z * 1 0 . 5 1 5 4 3 u *
z * 1 0 . 5 1 4 7 0 u s
z s 1 0 . 5 1 4 1 5 u s
z ? 1 0 . 5 1 3 5 1 u s
z * 1 0 . 5 1 2 8 9 u s
z ? 1 0 . 5 1 2 2 6 u *
z s 1 0 . 5 1 1 6 5 u *
z s 1 0 . 5 1 1 0 4 US
z * 1 9 . 5 1 1 4 4 u «
z * 1 0 . 5 0 9  8 4 U"
z * 1 1 . 5 0 9 2 5 u *7 j 1 0 . 5 0 8 6 7 u s7* 1 0 . 5 3 8 0 9 u s
1 9 10  .  5 0  7 52 u s
z * 1 0 . 5 0 6  9 5 u s
z « 1 9 . 5 9  54 C IJS
z * 1 0 . 5 9 5 8 4 u *
z ? 1 9 . 5 0  5 7 0 u *
z ? 1 9 . 5 0 4 7 6 U*
z s 11?.  5 0 4 2 2 US
z s 1 3 . 5 0 3 7 6 I I*
z s l a .  5 J 3  1 8 U"
z* 1 9  .  50  2 6 6 u s
z s 1 0 . 5 0 2 1 5 u s
z * 1 0 . 6 9 1 6 5 U*
z * 1 9 . 6 0 1 1 5 I I*
z * 1 3 . 5 3 0 6 7 u *
z * 1 0 . 5 * 7 1 1 8 I I"
z s 1 . 9 . 4 9 9 7 1 U "

,= 0 4 2 9  
.Q*-P66 
, a 2 ' * 5  
. 0 3 7 1 7  
. 1 4 5 3 1  
.*>5 733  
. 9 6 = 3 7  
. 9 3 1  7 3  
. = = ’ 14
,00401 
. 0 1 6 6 2  
. 0 2 3 2 6  
. 73097 
. 0 5 1  31 
. 0 6 2 7 4  
. 0 7 * 1 0  
. 9 3 5 3 9  
. 0 9 6 6 1  
. 1 0 7 7 7  
.1  1 3 8 6  
. 1 2 9 3 9  
. 1 4 0 8 5  
. 1 5 1 7 5  
. 1 6 2 5 9  
. 1 7 3 3 6  
. 1 8 4 0 7  
. 1 9 4 7 2  
. 2 0 5 3 1  
. 2 1 5 8 7  
. 2 2 6 3 0  
. 2 3 6 7 1  
. 7 4 7 0 6  
. 2 5 7 3 5  
. 2 6 7 5 8  
. 2 7 7 7 5  
. 2 8 7 8 7  
, 2 9 7 9 3  
. 3 0 7 9 3  
. 3 1 7 8 8  
. 3 2 7 7 7  
. 3 3 7 6 1
. 3 4 7 3 9
. 3 5 7 1 2  
, 3 6 6 8 0  
. 3 7 6 4 2  
. 3 3 5 9 9  
.79551 
,49409 
, 4 1 4 3 9  
. 4 2 3  7 6  
. 4 3 7 0 7  
. 4 4 2 3 3  
. 4 5 1 5 5  
. 4 6 0  71 
. 4 6 9 8 7  
. 4 7 8 8 9  
. 4 9 7 9 1  
. 4 9 6 3 3  
. 5 9 5 8 1  
. 5 1 4 6 9

OFOFTN-*! 
f lFOF IN *  
O E P F I N S  
O EP FTN « 
O F P F I N S  
o c p f I N "  
U * P F T N ?  
O F ® P I N "  
OF P F I N "
o f p f t n * 
O F P F I N S  
O E P F I N S  
O F P F I N S  
o f p f i n * 
O E P F I N S  
OFOFTNS 
O F O F I N "  
O F P r i N *  
O E P F I N S  
P E P F 1 N *  
O E P F I N S  
n F P F J N S  
O E P F I N S  
O E P F I N S  
O F P F J N S  
O E P F I N S  
O E P F I N S  
O E P F I N S  
O E P F I N S  
O E P F I N S  
O E P F I N S  
O E P F I N S  
O E P F I N S  
O E P F I N S  
O E R F I N S  
O E P F I N S  
O F P F I N S
O E P F I N S  
O F P F I N S  
O F P F I N S  
O E P F I N S  
O E P F I N S  
O E P F T N *  
O E P F I N S  
O E P F I N S  
O E P F I N S  
0 F O F  i n s
O F P F I N S  
O F P F I N S  
O F PF  I N "  
O F PF T N *  
O F P F I N S  
OEPF f NS 
O F P F i n s
O F P F I N S  
O E P F T N "  
OE PFTN * 
O F P F I N *  
O F P F I N S  
O F PF T N S

9 . 8 - 7 6 4 7 X* 1 7 . 7 5 0 - 0
0 . 8 0 5 2 7 X* 1 7 . o " ’ 8 ’
D . 8 C 4 C 8 X* 1 7 . 0 5 7 5 8
0 . 8 0 2 9 0 X* 17 . 0-734
0 . 8 0 1 7 3 X* 1 7 . 9 5 7 T * -
0 . 8 0 0 5 7 X* 1 3 .  Cr  6  R 7
0 . 7 9 9 4 1 x s 1 3 . = 5 6 6 5
J . 7 9 8 2 6 XS 1 8 .  H 6  4 4
0 . 7 9 7 1 2 X" 1 8 . 1 5 6 2 ’
0 . 7 9 5 9 8 X* I P . ’  5 : 3
0 . 7 9 4 8 6 XS 1 8 . 2 5 5 3 ’
0 . 7 9 3 7 4 X? 1 8 . ’ 9 5 6 4
0 . 7 9 2 6 3 xs 1 8 . 3 5 5 4 6
0 . 7 9 1 5 ? X* 1 8 . 4 1 5 2 8
0 . 7 9 0 4 4 XS 1 8 . 4 5 6  11
0 . 7 8 9 3 5 X* 1 3 . 5 ' 4 9 4
0 .  7 8 8  28 ' x s 1 8 . 5 6 4 7 8
0 . 7 8 7 2 1 xs 1 9 . 4 "443
0 . 7 8 6 1 5 x s 1 8 . 6 5 4 4 8
0 . 7 8 5 1 0 x s 1 8 . 7 = 4  3 4
0 . 7 8 4 0 6 x s 1 8 . 7 6 4 ? . -
0 . 7 8 3 0 2 x s 1 8 . 3 ’ 4 9 7
0 . 7 8 2 C 0 x s 1 P . R 6 3 9 4
0 . 7 8 0 9 8 x s l R . o ” 3 ’
0 . 7 7 9 9 7 x-« 1 8 . 9 5 3 7 1
0 . 7 7 3 9 7 X* 1 9 . ’  ’ 6 ’
0 . 7 7 7 9 8 xs 1 9 . 0 5 3 5 0
0 . 7 7 7 0 0 XS 1 9 . 1 1 3 4 0
0 . 7 7 6 0 3 x s 1 9 . 1 5 ” =
0 . 7 7 5 0 6 x s 1 9 . ’ = ’ ? !
0 . 7 7 4 1 1 x s 1 9 . 2 5 3 1 3
0 . 7 7 3 1 6 x s 1 9 . ’ 5 3 9 5
0 . 7 7 2 2 2 x s 1 9 . 3 6 3 9 8
0 . 7 7 1 2 9 x s 1 9 . 4 - 3 9 1
0 . 7 7 0  3 7 X* 1 9 . 4 5 2 8 5
0 . 7 6 0 4 6 x s 1 9 . 5 1 2 7 9
0 . 7 6 8 5 5 x s 1 9 . 5 5 2 7 4
0 . 7 6 7 6 6 x s 1 9 . 6 9 2 6 9
0 . 7 6 6 7 7 x s 1 9 . 6 5 2 6 4
0 . 7 6 5 8 9 X* 1 9 . 7 = 2 6 9
1 . 7 6 5 9 2 X# 1 9 . 7 6  7 6 7
1 . 7 6 4 1 6 xs 1 9 . 5 = 2 6 4
• 1 . 7 6 3  31 x s 1 0 . 8 5 2 5 1
0 . 7 6 2 4 6 x s 1 9 . 9 = 2 4 9
0 . 7 6 1 6 3 x s 1 9 . 0 6 2 4 7
0 . 7 6 0 8 0 x s 2 C . 0 9 2 4 6
0 . 7 5 9 9 8 xs 2 0 . 0 5 2 4 5
0 . 7 5 9 1 6 x s 7 0 . 1 0 7 4 5
9 . 7 5 8 3 6 x« 2 9 . 1 5 7 4 6
0 . 7 5 7 5 6 x s 2 0 . 7 7 = 4 6
0 . 7 5 6 7 8 xs 20 . 2 4 2 4 6
1 . 7 5 6 C 0 x s 2 0 .  3 - - 2 48
0 . 7 5 5 2 3 xs 2 0 . 3 5 2 5 9
0 . 7 5 4 4 6 x s ? o . 6 = 7 5 ?
0 . 7 5 3 7 1 X* 7 0 . 4 5 2 5 4
9 . 7 5 2 ° 6 xs 2 C . 5 0 2 5 7
0 . 7 5 2 2 2 xs 2 9 . 5 5 2 6 1
0 . 7 5 1  4 9 x s 2 1 . 6 0 = 6 4
9 . 7 5 9  7 6 xs 2 9 . 6 6 = 6 9
0 . 7 5 0 0 5 X * 2 0 . 7 0 2 7 3

REYNU S" 
REYNUS" 
RFYNUS* 
RFYNOS" 
R FY NOS " 
RFYNOS " 
RFYNUS " 
KCYNOS" 
RFYNOS " 
R FY NO S« 
R FY NOS " 
RFYNOS" 
REYNUS" 
REYNUS* 
RFYNOS " 
REYMOS* 
R FY NO S" 
RFYNOS* 
RFYNUS* 
REYNUS" 
REYNUS"
REYNOS*
RFYNOS* 
RFYNUS* 
REYNUS* 
RFYNUS " 
REYNUS* 
RFYNOS " 
R FY N O S"  
RFYNOS " 
REYNUS? 
RFYNOS* 
RFYNOS " 
RFYNOS " 
PFYN OS* 
RFY NOS ? 
RFYNUS* 
R F Y N J S "  
RTYNU S" 
KTYN IS "  
KFYNUS? 
REYNUS" 
RFYNOS " 
RFYNUS" 
RFYNUS" 
RFYNUS" 
R F Y N J S "  
R-FYN IS* 
RFYNUS" 
REYNUS" 
RFY NUS " 
9  r  Y i - j j s  -" 
R F Y N ’ S f  
RFYNOS" 
Rf YN JS*  
KEYN IS "  
9 • YV IS " 
-■1 v n . ' S "  
R F Y N O S "
r ' V ' i  i s  *

’ S ’ . I J J  
= 5 3 . - > K J V  
7 5 4 . - O C 3 9  
7 55 .  3 9 0  9V  
7 5 6 .  190 19 
7 5 7 . 3 "  5 tO  
7  5 8 . OOOOO 
** s °  ,  '*
■* ^ . j . - v v u n

r*)  ; 
1r' ) n  ;■ 

n * .  )i 
* a s .  r  <ir . ' i

’  f s T .  j -  r ;  » 

t a q . ' W u  •*.

3  ? t  •  :»0*JGO 
H 7 ? . ? > J O Q 0  

x o o o  
^ 7 4 *  yr>ZQ J  
? 7 5 .
^ 7 f - . V V U J  
1 7 7 . ^ ' 0 t * »  
1 7&« v . 'OO"

.  *_» _?0O'> 

TR* .  t o  0 0
^ o4 . °
3 8 5 .
3 3 5 .  ;
* 8 7 ‘* T v3  J O

n.-: ) t j r)
^€>i .F ,  : ) 0  ?

I Q t .
3 9 4  .  '. _»*■» 
3<=S. ' i ) 
1
^ Q 7 .  1

.  j n / *
■» OO .  K  »

J'*

4*1*' .  « * 
4 '  5  .  • 
4 : 7 . < -

= s 1 9 . 4 9 0 2 3 II* 7 9 . 5 7 3 6 2 O E P F I N S 3 . 7 4 9  3 4 XS 2 0 . 7 5 2  78
Z? 1 1 . 4 9 8 7 7 u s 2 9 . 5 3 2 3 0 O E P F I N * 0 . 7 4 8 6 3 X* 2 9 . 80?  33
ZS 1 9 . 4 9 9 3 1 u s 2 0 . 5 4 1 0 4 O E P F I N S J . 7 4 7 9 4 XS 2 0 . 8 5 2 8 9
z s 1 9 . 4 7 7 8 6 U* 2 9 . 5 4 9 7 ? O E P F I N * 9 . 7 4 7 2 5 XS 2 0 . 9 0 2 9 5
Z? 1 0  • 4 9  74 1 U* 2 0 . 5 5 8 3 8 O F P F I N S 0 . 7 4 6  5 7 X* 2 9 . 9 5 3 0 2
z s 1 9 . 4 9 6 5 7 US 2 0 . 5 6 6 9 8 o f p f t n # 0 . 7 4 6 9 0 X* 2 1 . 0 1 3 0 8
z s 1 J . 4 = 6 5 4 u * 2 0 . 5 7 5 5 4 O E P F I N S 0 . 7 4 5 2 4 XS 2 1 . 9 5 3 1 6
71 1 9 . 4 9 6 1 1 11* 2 0 . 5 8 4 0 5 O FPF  TN* 0 . 7 4 4 5 8 x s 2 1 . 1 9 3 2 3
7 9 1 - 3 . 4 9 5 6 9 u s 2 9 . 5 0 2 5 ? O FPF  TN-S 0 . 7 4 = 1 3 X? 2 1 . 1 5 3 3 1
z s 1 3 . 4 9 6 2 7 u * 2 0 . 6 9 0 9 5 OFPFT.NS 0 . 7 4 3 2 9 X* 2 1 . ’ J 3 3 Q
z ? 1 0 . 4 0 4P6 u ? 2 0 . 6 0 9 3 3 O E P F I N S 0 . 7 4 2 6 5 x s 2 1 . 2 5 3 4 3
Z “ 1 1 . 4 9 4 4 . 6 IJS 2 0 . 6 1 7 6 7 O E P F I N S 0 . 7 4 2 0 2 X* 2 1 . 3 9 3 5 7
z s 1 9 . 4 9 4 9 6 11* 2 9 . 6 2 5 9 7 O E P F I N S 0 . 7 4 !  4 0 XS 2 1 . 3 5 3 6 6
z * 1 3 . 4 = 3  6 7 u ? 2 0 . 6 3 4 2 3 O E P F I N S 0 . 7 4 0  7 8 x s H I . 4 9 3 7 6
z s 1 9 . 4 9 3 2 8 IIS 2 0 . 6 4 2 4 4 O E P F I N S 0 . 7 4 0  1 8 x s 2 1 . 4 5 3 8 6
z * i n .  4 °  = 9C IJ* 2 0 . 6 5 0 6 1 O F P F I N S 0 . 7 3 0 5 7 x s 7 1 . 5 9  3 9 4
Z " 1 1 . 4 9 2  52 U* 2 9 . 6 5 3 7 5 O E P F I N * 0 . 7 3 8 9 8 x s 2 1 . 5 5 4 9 7
ZS 1 9 . 4 9 = 1 5 II* 2 9 . 6 6 6 8 4 O E P F I N * 0 . 7 = 8 3 0 X* 2 1 . 6 = 4 1 3
z » 1 0 . 4 9 ]  70 u s 2 0 . 6 7 4 8 9 O E P F I N S 0 . 7 3 7 8 1 x s 2 1 . 6 5 4 2 9
z * 1 1 . 4 9 1 4 3 II* = 0 . 6 8 2 9 0 O E P F I N S 0 . 7 3 7 2 3 X* 2 1 . 7 9 4 4 1
Z" 1 3 . 4 0 1 0 8 US 2 0 . 6 9 = 8 7 OE PFTN * 0 . 7 3 6 6 7 X* 2 1 . 7 5 4 5 3 ;
Z" 1 9 . 4 9 0 7 3 u-s 2 9 . 6 9 R 8 C O E P F I N S 0 . 7 3 6 1 0 X* 2 1 . 8 0 4 6 5
z s 1 3 . 4 9 1 - 3 9 u * 2 0 . 7 0 6 6 9 O E P F I N S 0 . 7 3 5 5 5 x s 2 1 . 8 5 4 7 8
Z" 1 0 . 4 9 = 0 5 i r 2 9 . 7 1 4 5 4 O F P F I N S 9 . 7 3 5 0 0 x s ? 1 . 9 = 4 9 1
Z" 1 9 . 4 3 9 7 7 u * 7 . 1 . 7 2 2 3 5 O F P F I N S 0 . 7 3 4 4 5 X* ? 1 . 0 5 5 ’ 4
Z " 1 1 . 4 3 9 4 = ■j* 2 0 .  7 ’ = 13 O F P F I N * 0 . 7 3 = 0 ? X * 2 2 . 9 = 5 1 7
z ? 1 0 . 4 8 9 C 8 u s 2 0 . 7 3 7 8 6 O F P F I N S 0 . 7 3 3 3 9 X* 2 2 . 0 5 5 3 1
7* 1 0 . 4 8 9 7 6 u * 2 9 . 7 4 5 5 6 O F P F I N S 0 . 7 3 2 8 6 x * 2 2 . 1 = 5 4 5
z ? 1 9 . 4 3 8 4 5 U ? 2 9 . 7 5 3 2 2 O F P F I N * 0 . 7 3 2 3 4 x s 2 2 . 1 5 5 6 0
7 ? 1 0 . 4 8 8 1 5 U " = 0 . 7 6 0 8 4 O F P F I N S 0 . 7 3 1 8 ? X * 2 2 . 2 = 5 7 5
ZS 1 9 . 4 8 7 3 5 u s 2 0 . 7 6 8 4 3 D E P F I N S 0 . 7 3 1 3 2 X* 2 7 . 7 6 5 0 9
z * 1 9 . 4 8 7 5 6 11" 2 0 . 7 7 5 9 8 OF PF TN S 0 . 7 3 C 8 2 X* 2 ? . 3 ’ 6 ' - 5
Z* U . 4 3 7 2 7 *I-S 2 0 . 7 8 3 4 9 O F P F I N S 0 . 7 3 0 3 3 X* 2 2 . = 5 6 2 !
z * I- -! . 4 3 6 9 8 II" 2 0 . 7 9 0 9 7 O E P F I N S 0 . 7 = 0 8 4 X* 2 2 . 4 = 6  3 7
z * 1 9 . 4 3 6  71 •IIS 2 3 . 7 9 8 4 1 O E P F I N S 0 . 7 2 9 3 5 XS 2 2 . 4 5 6 5 3
ZS 1 0 . 4 3 6 4 3 u s 2 3 . 8 0 5  81 O E P F I N * 0 . 7 2 3 8 8 X? 2 2 . 5 0 6 6 9
Z-* 1 9 . 4 3 6 1 6 u s 2 0 . 8 1 3 1 9 O F P F I N S 0 . 7 2 8 4 0 X* 2 2 . 5 4 6  86
z * 1 9 . 4 9 5 0 = u s 2 0 . 8 2 0 5 1 O F P F I N * 0 . 7 2 7 9 4 X* 2 2 . 6 = 7 0 3
z * 1 ' S . 4 8 5 6 4 U* 2 0 . 8 2 7 8 1 O E P F I N S 0 . 7 2 7 4 7 XS 2 2 . 6 5 7 2 1
z * 1 > . 4 3 = 3 9 II* = 0 . 8 3 5 9 7 n F P F I N S 0 . 7 2 7 0 2 X* 2 2 . 7 0 7 = 8
z s 1 J . 4 9 5 1 4 IJS 2 9 . 3 4 2 3 0 OEP FTN * 0 . 7 2 6 5 7 X* 7 2 . 7 5 = 5 6
Z " 1 9 . 4 3 4 9 9 11* 2 C . 8 4 9 5 C o f p f t n * = . 7 7 6 1 7 X* 7 2 . 8 0 7 = 4
z * 1 5 . 4 9 4 6 5 u * 2 9 . 8 5 6 6 6 O E P F I N S 0 . 7 2 5 6 3 x s 2 7 . 8 5 7 0 ’
7 # 1 9 . 4 3 4 4 ] u s 2 0 . 8 6 3 7 8 O E P F I N S 0 . 7 2 5 2 5 X * 2 2 . 9 ’ R l ?
7 * 1 = . 4 3 4 1 8 u ? 2 9 . 8 7 = 3 8 n F P F I N * 0 . 7 = 4 8 ? X * ? ? . 0 5 8 ’ i
z * 1 1 . 4 8 3 9 6 U" 2 3 . 8 7 7 9 4 O F PF T N * 9 . 7 = 4 3 0 X * ? 3 .  3 J 8 5 - -
7 " 1 1 . 4 8 3 7 4 IIS 7 - j .  R 8 4 9 6 O F P F I N * 0 . 7 = 3 9 7 X * 2 3 . 0 5 8 6 0
Z" 1 9 . 4 8 3 5 ? • J " ’ J . 8 9 1 9 6 9 F ° F I N S = . 7 = 3 5 6 X s 2 3 .  ! : ' 3 R 9
7* 1 . 4 8  3  3 0 II* 71-. . p 9 R O = O F P F I N * 0 . 7 2 3 1 5 X" 2 3 .  10= -.9
7 s 1 V •  4  9 ’  1 •? US ’ I . P . - R R S O F P F T N * 9 . 7 2 = 7 4 X * = ’ .  7 '
ZS 1 ~ . 4 9 = 8 9 u-s 2 3 . 9 1 2 7 4 O FPF TN S 0 . 7 2 2 3 4 X * 2 3 . 2 5 9 5 '
z s 1 - . 4 8 = 6 9 US 2 0 . 9 1 9 6 1 O F P F I N * 9 . 7 2 1 0 5 X* 2 7 .39071
z * 1 - • . 4 9 2 5 = •JS = 0 . 9 = 6 4 4 O F P F ’ N* 9 . 7 2 ?  5 6 X* 7 3 . = s c q =
z * I V . 4 8 2 7 0 II* ’ ’ . 9 3 3 2 4 O F P F I N * 5 . 7 2 1 1 7 x s 2 3 . 4 1 0 - 1 ’
z * 1 1 . 4 9 2 1 ? II" 7 J . 9 4 '  01 n E ° F I N ? - 9 . 7 = 0  7 0 X* 2 3 . 4 6 o ’ f
7 " j  -  .  4 3 1 O’ *1" = = . 9 4 6 7 5 O F P F I N " 3 . 7 = 0 4 1 X* ? 3 . 5 1 0  5 7
7 S 1 : . 4 8 I  7 6 I J " ’ = . 9 4 = 4 6 O F O P T N " 9 . 7 = 0 3 4 X" 2 3 . 5 6 0 7 =
z * 1 9 . 4 3 1 5 8 11" 2 3 . 9 6 =  14 n r p p I N * •J .  7 1 0  6 7 x s 2 3 . 6 1  I f
7 " 1 : .  4 8 ]  4 ] II* = 9 . 9 6 6  78 OFPF TN " 1 . 7 1 0 = 1 x * = 3 . 6 4 1 7 ’
7 " I - . 4 8 1 = 4 U ” = 0 . 9 7 3 4 = O f PF  TN" 9 . 7 1 8 0 6 XS = 3 . 7 1 1  46



COMPILE

REYNUS? 4 1 2 . 9 9 0 0 0 7* 1 0 . 4 8 1 0 8
REYNUS? 411.901.100 Z« 1 0 . 4 B C 9 2
REYNUS" 4 1 4 .  9 0 0 OU If , 1 0 . 4 8 0 7 6
RFYNUS?. 4 1 5 . 0 9 0 0 0 I S 1 0 . 4 8 0 6 1
PFYNUS? 4 1 4 . 0 0 0 0 0 z# 1 0 . 4 8 0  46 

10V48 0 32REYNUS? 41 7 . 0 !  0 0 0 zs
REYNtJS" 41 8 .  9.>00? z? 1 0 . 4 8 0 1 7
REYNUS? 4 1 9 . 0  JOOO . If . 1 3 . 4 3 0 0 4
RFYNOS? A 7(1.9 ’Ofin- f I f 1 0 . 4 7 9 9 0
REYNUS" 4 ’ i .  9 C"? n T  . l « 1 0 . 4 7 9 7 7
REYNUS?' 4 2i?.9-:Q'JO. . . I f 1 3 . 4 7 9 6 5
R F Y N U S ? ^ 4 3 3 . T m . ' 0  ■ I f 1 0 . 4 7 9 5 2
REYNOS" 4 3 4 .  ' 1 ) 0 0 I f 1 0 . 4 7 9 4 0
REYNUS?’ 4 7 S'. 0-90 00 I f 1 0 . 4 7 9 2 8
REYNUS? 4 2 4 . 9 9 0 0 0 i n 1 0 . 4 7 9 1 7
E F YNUS ? 477-. 9( 9 00 m 1 0 . 4 7 9 0 6
REYNUS? 428.-<11.000 i n 1 0 .4 7 8 ,9 5
REYNUS? 4 7 0 . 9 0 0 0 9 m 1 0 . 4 7 8 8 5
REYNUS? 4 3 C . 0 0 9 0 0 m 1 0 . 4 7 8 7 5
REYNUS? 4 9 1 . o n o o Q i f 1 0 . 4 7 8 6 5
RFYNOS? 4 9 7 . 0 0 0 0 ' ' i f 1 0 . 4 7 3 5 6
REYNUS? 4 3 9 . Of 0 0 0 i f 1 0 . 4 7 8 4 7
REYNilS? 4 3 4 . (  1000 z s 1 0 . 4 7 8 3 8
REYNUS? . 4 3 5 . 0 0 0  00 i f 1 0 . 4 7 3 2 9
REYNUS? 4 3 4 . 0 9 0 0 0 I f 1 0 . 4 7 8 2 1
PEYNUS? 4 3 7 .  'H 9 00 I f 1 0 . 4 7 3 1 3
REYNUS? 4 3 8  .  9000' . ' I f 1 0 . 4 7 8 0 6
REYNUS? 4 3 9 . 0 0 0 0 0 I f 1 0 . 4 7 7 9 8
REYNUS? ■ 4 4 ! ' i0 0 9 0 . J I f . 1 0 . 4 7 7 9 1
REYNUS? 4 4 1 . 0 0 9 0 0 I f 1 0 . 4 7 7 8 4
REYNUS? 4 4 9 . 0 0  JOJ I f 1 0 . 4 7 7 7 8
REYNUS" 4 4 3 .1  -9 0 0 z ? 1 0 . 4 7 7 7 2
RFYNUS" 444. '<. .' .100 z« 1 0 . 4 7 7 6 6
Rr YNUS" 4 4 5 . ' .  1900 I f 1 0 . 4 7 7 6 0
REYNUS? 4 4 4 .  .10900 I f 1 0 . 4 7  7 54
REYNUS" 4 4 7 .0 ,9 0 0 0 I f 1 9 . 4 7 7 4 9
RFYNOS? • 4 4 8 . 0 0 0 0 0 I f 1 0 . 4 7 7 4 4

' 1 0 . 4 7 7 4 0REYNUS? 4 4 9 . (  f OOO I f
REYNUS? 4 5 0 . .C0 0 0 0  . I f 1 0 . 4 7 7 3 5
RFY.NUS" 4 51 . 0 0  99 > I f 1 0 . 4 7 7 3 1
REYNUS" 4 ? 7 .  p -1 I f 1 0 . 4 7 7 2 7
REYNUS? 4 5 7 . n o n I f 1 0 . 4 7 7 2 3
REYNUS? 4 5 4 . . CO09 I f 1 0 . 4 7 7 2 0
RFYNiJS? 4 5 5 . 9CU 00 . ’ I f 1 0 . 4 7 7 1 6
REYNUS? 4 5 6 . 9 ! 0  00 I f 1 3 . 4 7 7 1 3
RFYNOS? 4 5 7 .  )( 9 09 I f 1 0 . 4 7 7 1 1
RFYNOS? 4 5 8 . ' ; ' : 0 0 '9 If . 1 0 . 4 7 7 0 8
RFYNOS? 4 5 ° . COO00 I f 1 0 . 4 7 7 0 6
k r  YNOS ? 4 6U.9 !  9 0 9 I f 1 0 , 4 7 7 0 3
REYNUS? 4 41 . 9 9 0 0 9 I f 1 0 . 4 7 7 0 1
RFYNOS? 4 4 2 . 0 0 0  00 I f 1 3 . 4 7 7 0 0
PFYNUS? 4 6 3 • OnnOO I f 1 0 . 4 7 6 9 8
REYNUS? 4 4 4 . 0 0 0 0 0 I f 1 0 . 4 7 6 5 7
PFYNUS? 4 6 5 . 0 0 0 0 9  > I f 1 0 . 4 7 6 9 6
PE YNUS.?', • 4 4 6 . 0 0 0 0 0 I f 1 0 . 4 7 6 9 5
REYNUS? 4 6 7 . 9 9 0 0 0 I f 1 0 . 4 7 6 5 4
P. T YNUS" 4 6 8 . o r 0 0 0 I S 1 0 . 4 7 6 9 4
P. r  YNUS 7 4 4 9 . 9 0 0 0 0 I f 1 0 . 4 7 6 9 3
REYNUS? ?  7 0 .  0 90  00 I f 1 0 . 4 7 6 9 3
REYNUS? 4 71 . m o  on I f 1 0 . 4 7 6 9 3

U# 2 0 .9 7 9 9 9 OEPFIN# 0 . 7 1 8 6 0  , X# 2 3 .7 6 1 6 9
U.# 2 0 .9 8 6 5 5 OEPFINS 0 .7 1 8 2 5 . x# 2 3 . 8 1 1 9 2US 2 0 .9 9 3 0 7 DEPFIN# 0 .7 1 7 9 0 X# 2 3 .8 6 2 1 6US 2 0 .9 9 9 5 7 OEPFINS 0 . 7 1 7 5 6 X# 2 3 . 9 1 2 3 9
U« 2 1 .0 0 6 0 4 OEPFINS 0 . 7 1 7 2 2 X# 2 3 .9 6 2 6 3US 21.0 1248. OEPFINS 0 .7 1 6 8 9 . X# 2 4 .0 1 2 8 7US 2 1 . 0 1 8 8 9 OEPFINS 0 .7 1 6 5 6 xs 2 4 . 0 6 3 1 2US 2 1 .0 2 5 2 7 OEPFINS 0 .7 1 6 2 3 xs 2 4 .1 13 3 6US 2 1 .0 31 6 2 OEPFINS 0 .7 1 5 9 1 X# 2 4 .1 6 3 6 1US 2 1 .0 3 7 9 5 OEPFINS 0 .7 1 5 5 9 xs 2 4 .21  336US 2 1 .0 4 4 2 5 OEPFINS 0 .7 1 5 2 8 x# 2 4 .2 6 4 11US 2 1 .0 5 0  52 OEPFINS 0 . 7 1 4 9 7 xs 2 4 .3 1 4 3 7US 2 1 .0 5 6 7 6 DEPFIN# 0 . 7 1 4 6 7 , . xs 2 4 . 3 6 4 6 3us 2 1 .0 6 2 9 7 OEPFINS 0.71436, xs 2 4 .4 1 4 8 8u s 2 1 .0 6 9 1 6 OFPFIN# 0 .7 1 4 0 6 xs 2 4 .4 6 5 1 5us 2 1 .0 75 3 2 OEPFINS 0 .7 1 3 7 7 xs 2 4 .5 1 5 4 1us 2 1 .0 8 1 4 5 OFPFIN# 0 .7 1 3 4 8 xs 2 4 . 5 6 5 6 7us 2 1 .0 3 7 5 5 OEPFINS 0 .7 1 3 1 9 xs 2 4 .6 1 5 9 4us 21 .0 9 3 6 3 OEPFINS 0 .7 1 2 9 1 xs 2 4 .6 6 6 2 1us 2 1 .09 9 65 OEPFINS 0 . 7 1 2 6 3 xs 2 4 .7 1 6 4 8us 21 .1 05 7 1 OEPFINS 0 . 7 1 2 3 5 xs 2 4 .7 6 6 7 5us 2 1 .1 1171 OEPFINS 0 .7 1 2 0 8 xs 2 4 .8 1 7 0 3u s 2 1 .1 1 7 6 9 OEPFINS 0 .7 1 1 8 1 xs 2 4 .8 6 7 3 1u s 2 1 .1 23 6 3 OEPFINS 0 .7 1 1 5 4 X* 2 4 .9 1 7 5 9us 2 1 .1 2 9 5 6 OEPFINS 0 . 7 1 1 2 8 xs 2 4 .9 6 7 8 7
u s 2 1 .1 3 5 4 5 OFPFINS 0 . 7 1 1 0 2 xs 2 5 .0 1 8 1 5
us 21.141.33 OEPFINS 0 .7 1 0 7 6 xs 2 5 .0 6 8 4 4us 2 1 .1 4 7 1 7 OEPFINS 0 . 7 1 0 5 0 xs 2 5 .1 1 8 7 2us 2 1 .15 3 00 OEPFINS 0 .7 1 0 2 5 xs 2 5 .  169C1us 21 .1 5 8 7 9 OEPFINS 0 .7 1 0 0 1 xs 2 5 .2 1 9 3 0us 2 1 .1 6 4 5 7 OEPFINS 0 .7 0 9 7 6 xs 2 5 .2 6 9 6 0
u* 2 1 .1 7 0 3 1 , OEPFINS’ 0 . 7 0 9 5 2 xs 2 5 .3 1 9 8 9u s 2 1 . 1 7 6 0 4 OEPFINS 0 . 7 0 9 2 8 X'S 2 5 .3 7 0 1 9
us 2 1 . 1 8 1 7 4 OFPFINS 0.70.905 xs 2 5 .6 2 0 4 9
us 2 1 .1 87 4 1 OEPFINS 0 .7 08 8 1 xs 2 5 .4 7 0 7 9
u * 2 1 .1 9 3 0 6 OEPFINS 0 .7 0 8 5 8 xs 2 5 .5 2 1 0 9
u? ,2 1 .19 8 69 DEPFIN# 0 . 7 0 8 3 6 xs 2 5 .5 7 1 3 9
us 2 1 .2 0 4 2 9 DEPFIN# 0 .7 0 8 1 3 xs 2 5 .6 2 1 7 0us 2 1 .2 0 9 8 8 OEPFINS 0 .7 0 7 9 1 xs 2 5 .6 7 2 0 0us 2 1 .21 5 43 OEPFINS 0 .7 0 7 7 0 xs 2 5 .72 2 31
us 2 1 .2 2 0 9 7 OEPFINS 0 .7 0 7 4 8 xs 2 5 .7 7 2 6 2
us 2 1 .2 2 6 4 8 0EP FINS 0 .7 0 7 2 7 xs 2 5 .8 2 2 9 6
us  , 2 1 .2 3 1 9 7 OEPFINS 0 . 7 0 7 0 6 xs 2 5 .8 7 3 2 5
us 2 1 .7 37 4 3 OEPFINS 0 .7 0 6 8 5 xs 2 5 .9 2 3 5 7US 2 1 .2 4 2 8 8 OEPFINS 0 .7 0 6 6 5 X# 25.97-388
u« 2 1 .2 4 83 0 OFPFINS 0 . 7 0 6 4 4  . xs 2 6 .0 2 4 2 0
us 2 1 .7 5 3 6 9 OFPFINS 0 .7 0 6 2 4 xs 2 6 .0 7 6 5 3
u? 7 1 .2 5 9 0 7 OEPFINS 0 .7 0 6 0 5 xs 2 6 .1 2 4 8 5US 2 1 .7 64 4 2 DEPFIN# . 0 .7 0 5 8 5 xs 2 6 .1 7 5 1 7
u? 2 1 .2 6 5 7 6 ■OFP F INS • 0 .7 0 5 6 6 xs 2 6 .2 2 5 5 0
us 2 1 .2 7 5 0 7 DEPFIN# 0 . 7 0 5 4 7 X# 2 6 .2 7 5 3 3
US 2 1 . 2 8 0 3 6  ■ DEPFIN,? 0 .7 0 5 2 8 , xs 2 6 .3 2 6 1 6
us 2 1 .2 85 6 2 OEPFINS 0 .7 0 5 1 0 X# 2 6 .3 7 6 4 9
us 2 1 .2 9 0 8 7 OFPFINS 0 .7 0 4 9 2 xs 2 6 .4 2 6 8 2
us 71 .2 9 6 1 0 OEPFINS 0 .7 6 4 7 4 xs 2 6 .4 7 7 1 5
us 2 1 .3 0 1 30 OEPFINS 0 .7 0 4 5 6 .  ' xs 2 6 .5 2 7 4 9
US 2 1 .3 0 6 4 8 OEPFINS O i70438 xs 2 6 .5 7 7 8 3
u s 2 1 .3 1 1 6 4 OEPF INS 0 .7 0 4 2 1 xs 2 6 .6 2 8 1 7
u s 71 * 31678 OF°FINS 0 .7 0 4 0 4 xs 26 .6 7 85 1
US 71 .3 2 19 1 OEPFINS 0.7038-7 xs 2 6 .7 2 3 8 5

RE YNUS? 
REYNUS? 
RFYNOS ? 
« EYMUS" 
R F YNflS" 
RFYNOS? 
REYNUS? 
RtYNUS? 
r t y n u s ?
R FYNOS" 
RTYNOS# 
RE YNIJS? 
RFYNUS? 
RFVNUS? 
RFYNOS? 
RFYNOS? 
REYNUS? 
RFYNUS* 
RFYNUS? 
REYNOS? 
REYNUS * 
RTYNUS? 
R FYNUS ? 
REYNOS" 
RFYNUS? 
REYNUS? 
REYNUS? 
REYNUS? 
REYNUS? 
REYNUS?

4 7 - ’ .  ’i
4 7 3 .  )( "in-; 
4 7 4 . J C 0 0 3  
A 7 5 . I  2 909  
4 7 6 .  ICO OP 
4 77. - '00C'> 
4 78 .  JOOOO 
4 7 9 . 0 0 0 0 0  
4 BE .  .'CO00  
4B1 .<>00 O'l 
4 32 • 009CC48->.000 00
4 8 4 . 0 0 0 0 0  
4 B 5 . 0  OOO
4 8 4 . 0 0 0 0 0
4 8 7 . r' . : J 0 0
4 8 8 .  ) )!)0n
4 8 9 .  <•<■->' 0 0  
490 .O'O JOn
4 9 1 . 0 0 0  00  
4 9 7 . 0 0 0 0 ' '  
4 °?  . OOOOO 
4 9 4 . n o n 9 C
4 0 s .  K O'jO
4 9 4  .  'VJOOn
4 9 7 . 0 0 0 0 0
4 9 8 . 0 0 0 0 0  
4 9 9 . o o n o n
5 0 0 . 0 0 0  90 
501  • O-OOOO

7 S 1 0 .4 7 6  94 US 21.32701 OFPFINS 0 .7 0 37 1 XS 2 6 .7 7 9 1 9
zs 1 0 .4 7 6 9 4 US 2 1 .3 3 2 09 nEPFIN# 0 .7 0 3  54 XS 2 6 .8 2 9 5 4
I f 1 0 .4 7 6 9 5 US 2 1 .3 3 7 1 4 OEPFINS 0 .7 0 3 3 8 X# 2 6 .8 7 9 8 8
i r  1 0 .4 7 6 9 5 US 2 1 .3 4 2 1 8 OEPFINS 0 .7 0 3 2 2 X# 2 6 .9 3 0  23
i s 1 0 .4 7 6 9 6 US 2 1 .3 4 72 0 OFPFINS 0 . 7 0 3 0 6 X# 2 6 .9 8 0 5 8
i s 1 0 .4 7 6 5 7 US 2 1 .3 52 2 0 OFPFIN# 0 .7 0 2 9 0 X# 2 7 .0 3 0 9 3
i s 1 0 .4 7 6 9 9 US 2 1 .3 5 7 18 OEPFINS 0 .7 0 2 7 5 xs 2 7 .0 8 1 2 9
Z# 1 0 .4 7 7 0 0 US 2 1 .3 6 2 1 4 DEPFIN# 0 .7 0 2 6 0 xs 2 7 .1 3 1 6 4
i f 10 .4 77C 2 U# 2 1 .3 6 7 0 8 OEPFINS 0 .7 0 2 4 5 xs 2 7 .1 8 2 0 0
zs 1 0 .4 7 7 0 4 US 21.37201 OEPFINS. 0 .7 0 2 3 0 xs 2 7 .2 3 2 3 5
zs 10.477C6 u s 2 1 .3 7 6 91 DEPFIN# 0 .7 0 2 1 5 X# 27 .2 8 27 1
i f 1 0 .4 7 7 0 8 US 2 1 .3 8 1 7 9 OEPFINS 0 .7 0 2 0 1 X* 2 7 .3 3 3 0 7
zs 1 0 .4 7 7 1 0 us 2 1 .3 8 6 6 5 OEPFINS 0.701.87 X# 2 7 .3 8 3 4 3
zs 1 0 .4 7 7 1 2 us 2 1 .3 9 1 5 0 OEPFINS 0 .7 0 1 7 3 x s 2 7 .4 3 3 8 0
zs 1 0 .4 7 7 1 5 US 21 .3 9 6 3 2 OEPFIN# 0 .7 0 1 5 9 X# 2 7 .4 8 4 1 6
zs 1 0 . 4 7 7 1 8 US 2 1 .4 01 1 3 OFPFINS 0 . 7 0 1 4 5 X# 2 7 .5 3 4 5 3
z« 1 0 . 4 7 7 2 0 us 21 .40 5 92 OFPFINS 0 .7 0 1 3 2 xs 2 7 .5 8 4 8 9
zs 1 0 . 4 7 7 2 3 u s 2 1 .4 1 0 6 9 OFPFIN# 9 .7 0 1 1 9 ' xs 2 7 .6 3 5  26
zs 1 0 .4 7 7 2 7 us 2 1 .4 1 5 4 4 DEPFIN# 0 . 7 0 1 0 5 X#. 2 7 .6 8 5 6 3
I f 1 0 .4 7 7 3 0 0J« 2 1 .4 2 0 1 7 OEPFINS 0 . 7 0 0 9 ? x s L 2 7 .73600
I f 1 9 . 4 7 7 3 3 u s 2 1 .4 2 4 8 9 OFPFIN# 0 .7 0 0  80 -X# 2 7 .7 8 6 3 7
zs 1 0 . 4 7 7 3 7 us 2 1 .4 7 9 5 9 DEPFIN# 0 . 7 0 0 6 7 . X# 2 7 .8 3 6 7 5
I f 1 0 .4 7 7 41 us 2 1 .4 3 4 2 7 OEPFIN# 0 . 7 0 0 5 5 X# 2 7 .8 8 7 1 2
I f 1 0 .4 7 7 4 4 u s 2 1 .4 3 8 9 3 OEPFINS 0 .7 0 0 4 2 xs 2 7 .9 3 7 5 0
IP 1 0 . 4 7 7 4 8 us 2 1 .4 4 3 5 7 OEPFINS 0 .7 0 0 3 0 X# 2 7 .9 8 7 8 8
I f 1 0 .4 7 7 5 3 US 2 1 .4 48 2 0 OFPFIN# 0 . 7 0 0 1 8 X# 2 8 .0 3 8 2 6
IP 1 0 .4 7 7 5 7 US 2 1 .4 5 7 8 0 OEPFIN# 0 .7 0 0 0 6 X# 2 8 . 0 8 8 6 4
I f 1 0 .4 77 6 1 u s 2 1 .4 5 7 3 9 OEPFIN# 0 .6 9 9 9 5 X# 2 8 .1 3 9 0 2
I f 1 0 .4 7 7 6 6 us 2 1 .4 6 1 9 7 DEPFIN# 0 . 6 9 9 8 3 X# 2 8 .1 8 9 4 0
I f 1 0 .4 7 7 7 0 us 2 1 .4 6 6 5 2 OEPFIN# 0 . 6 9 9 7 2 X# 2 8 .2 3 9 7 8

TON T IMr:= 15..14  SEC.OBJECT COOE= 2770 BYTES,ARRAY AREA= 0 BYTES 1 5 7 4 0 8  B Y T fS



A P P E N D IX  II

C O M P U T E R  PR O G R A M M E F O R  U P P E R  LA Y ER  
(9 = 2 4 ° , Q = 1 .7 0  c . f .  s . )



♦PROGR#* K . K . l  a I , P A r . F S . f 5 0 , T I  MF A 3 ,KP„ 26
f  THIS PROGRAM SC1LVTS RY m j R T F  OP OEP. R UNGC—KUT f A METHOD THE
C DI FFE RENTI AL EQUATION FUiM^0 , V< A"  LW/ 0R< ANC CALCULATE DEPTH OF
C UPPFR l a y e r  n r  SFLF-AERATFD FL^W IN DEVELOPING, z o n e .  NOTATIONS,
r  ir> /< R 0 /  P C T • RCA^REYNOLDS NO.  W . R . T .  OEPTH< * 1 0 * * 7 -  5 < , ROT **TEP M IMAL
C REYNOLDS NC.  W . R . T .  DEPTH,  R70R REYNOXOIRFYNOLDS NO.  W . R . T .
C , r  1ST ANC F , F f; " P  FT A P 0  A T ION FA C TOP < * 1C** 2 -  5 < , XADI ST.  IN F T .  TPCR
C. CREST,  V' / ’ KI Nt MATIC VI SCOSI  T Y<* MOC * * 2 - 5  < y .  U AV EL UC I T Y , CAT ER M INAL
C MAXIMUM VELOCITY,  GAGRAV. C O N S T . ,  SA SI N?THFTA< , TH FT A,f SL OP E ANGLE,
C F AST c F S I ZE

1 I MP L I C I T  PEA1 * 3 ( A , B , C , D » E * F , G , 4 , C , P , Q » R , S * T » U , V , W » X * Y , Z )
C I N I T I A L  CONDITIONS NFAR CR I T I C AL  PCINT

> F F Y NC X= 1 3 2 . 0 n C
3 W=C. C 54 C 39CG
A U=1 5 . 1 3  ETC
5 x = q . R C 7 r r )
5 Vs R I T E ( ? , i C C C )  RE Y.NOX , W, I),  X

1  1 0 0 0  F n PM A T  ( a O a  , T  1 C ,  q.3 A ST C D A T A  0 A 1 . 7 C C F S ,  T H E  T A A 2 4  O F G R E F  S a l / / 2 0 i  , T 1 0  ,
l i T A R L t  C F  F E S U L T  S a / / a l O o )  ,  T 1C ,  3  R E Y N O X  # 2 ,  F 1 0  .  5 ,  T 3 C ,  0  W # a ,
2 F 1 C .  5 ,  T 5 C ».i UAJ ! , F1 0 .  5 , T 7 C , 3  X A 3 , F 1 0 . 5 <

1 F = 5 9 . 5 & r c
c C = ? 5 . 2 4 C C

1C S - C . 4 C6 74D C
11 W=0. 0 5 4  6 ?S CC
12 V = 1 . 2 1 0 C
IT G= 1 2 . 2 0  C
14  f = i . o f c
15 H 2 = H / 2 . C C C
16 DO 3CCC 1 = 1 3 2 , 6CC
17 P = D F I C A T ( I )
15 CONST 1 = 6 . CCO* G* S* V/ ( C* C* C>
14 AE=( ? . o r o - c . 7 5 n c * w ) * w
2 :  A 3 = C C N S T 1 * ( R - F ) / R
21 A C 1 = ( 6 . C J C - I 2 . CD C - C . 2 5 D 0 * W) * W) * F
22 AC = AC1 * W/ ( P * R )
2 3  A D 1 = C E X F ( 3 . 0 C C * F / P )
24  AD=CCNST1*AC1*1R—F)*W/R.
25  F U N( R, «  ) =( AF  + AC- AC) / AE
26 10 T 1 =11 * FUN (P »W)
27  R1=R + F 2
21 Wl = W + T l / 2  .ODO
29 2C T 2 = H * F L M  « 1 ,1*1 )
30  W2=W+T2/ 2 . COO
21 30  T 3 = H * F L N ( R 1 , W2 )
32  P3=R+H
3 3 W3=W +T 3
36  4 0  T 4 = H * F L N( R 3 , W3 )
35 R CYNC X = R + H

W=W+( Tl - * 2 . C0 C* T2  + 2 . 0 n C * T 3 + T 4 ) / 6 . C D C  , ■
0 END CF SOLVING EQUATION.  GO ON TO CALCULATE VELOCITY AND DISTANCE

37  RD 1= F/ RFYNCX
2R P E l = r E X F ( P C l )
35  L = C/ P E 1
4 0  X=RFYNOX*V/U

C FNO CF ALL CALCULATIONS,  PRINT RFSULTS
41 VP I Tf c < 3 , 2 C C0 ) REYNC X, W, U, X «*~
6 7  2 0 0 0  FOPMAT ( T 1 C , 2  RFYNOXAal.F 1C.  5 , T 3 C , a i  WAa) ,F 1 0 .  5 , T5  0 , 3  UA3,

l F 1 0 . 5 » T 7 C , c b  X A 3 , F 1 0 . 5 <
6? 3CCC CUNTTNLE
64  STOP

tC AT A

SASIC DATA CA1 .7 0  CFS, THETAA24 DEGREES

TABLE OF RESULTS

R EYNCXlT 
REYNOXA

132 .OCOOO 
133.CCCCC

w*
WA

0 . 0 5 4 6 40 . 0 8 8 5 4 HI m m
RFYNCXA 134 .CCCCC WA C . 11114 U# 1 6 . 2 4 6 9 7
REYNCXA 12 5 . CCCCC W A 0 .1 2996 u# 1 6 . 3 0 0 5 5
REYNOXA 1 3 6 . CCCCC VIA 0 . 1 4 6 5 8 u# 1 6 . 3 5 3 5 2
RFYNCXA 137.CCCC0 W A 0 . 1 6 1 7 0 UA 1 6 .4 0 5 8 8
REYNCXA 13E.CCCC0 VIA 0 . 1 7 5 7 0 UA 1 6 .4 5  764
RFYNOXA 1 3 9 . CCCCC VUr C . 18 88 0 U# 1 6 .5 0 8 8 2
RFYNOX# 1 4 0 .0 0 0 0 0 W A 0 . 2 0 1 1 6 UA 1 6 . 5 5 9 4 3
REYNOXA 1 4 1 . COCCC WA 0 . 2 1 2 8 9 UA 1 6 . 6 0 9 4 7
RFYNOXrf 142 . CCCCO Vi# 0 .2 2 4 C 9 UA 1 6 . 6 5 8 9 5
REYNCXA 1 4 3 . OCOCO WA 0 . 2 3 4 8 1 UA 1 6 . 7 0 7 8 8
REYNOXA 1 4 4 . CCCCC WA 0 . 2 4 5 1 0 UA 1 6 . 7 5 6 2 8
RFYNOXA 145 .CCCCO WA C.2 55C 1 UA 1 6 . 8 0 4 1 4
REYNCX* 1 4 6 . CCCCO WA 0 .2 6 4 5 7 UA 1 6 . 8 5 1 4 9
RFYNOX* 1 4 7 . CCCCC WA 0 . 2 7 3 9 1 UA 1 6 .3 9 8 3 2
RfYNCX.T 1 4 8 .00000 WA 0 . 2 8 2 7 6 UA 1 6 .9 4 4 6 4
REYNOXA 1 4 5 . CCCCC WA 0 . 2 9 1 4 3 UA 1 6 . 9 9 0 4 7
REYNOXA 15O 0CC C0

151.C0OOO
WA 0 . 2 9 5 8 4 UA 1 7 .0 3 5 8 1

REYNCXA WA 0 . 3 0 8 0 2 UA 1 7 . 0 8 0 6 6
REYNOXA 1 5 2 . CCCCC WA 0 . 3 1 5 5 6 UA 1 7 . 1 2 5 0 5
R EYNOXA 1 5 3 . CCCCC WA C . 3 2 3 7 0 UA 1 7 . 1 6 8 9 6
REYNCX* 16 4 . COOCC WA 0 . 3 3 1 2 3 UA 1 7 . 2 1 2 4 2
REYNOXA 1 5 5 . CCCCC WA 0 . 3 3 F 5 7 UA 1 7 .2 5 5 4 2
r f y n c x a 1 5 6 . CCCCC WA 0 . 3 4 5 7 3 UA 1 7 .2 9 7 9 7
REYNCX* 1 5 7 . CCCCO WA 0 . 3 5 2 7 2 U# 1 7 . 3 4 0 0 9
PCYNOXA 15E.CCCCC WA G . 35 55 3 UA 1 7 . 3 8 1 7 7
PrYNCX# 1 5 9 . OCOOO WA 0 . 3 6 6 1 9 UA 1 7 . 4 2 3 0 3
REYNOXA i e c . cc c co WA . 0 . 3 7  270 IJ A 1 7 .4 6 3 8 7
RFYNOXA 16 1 . COCCO WA 0 .3 7 5 C 6 UA 1 7 .5 0 4 3 0
REYNCXA 1 6 2 . OOCGO 1 WA 0 . 3 8 5 2 8 UA 17 . 5 4 4 3 1
REYNOXA 1 6 3 . CCCCC W# C . 3 5 1 3 6 UA 1 7 . 5 8 3 9 3
REYNCX,J 164 .CCCCC WA C . 39 7 3 1 U t- 

U#
1 7 . 6 2 3 1 5

REYNOXA 1 6 5 . CCCCC WA 0 . 4 0 3 1 4 1 7 . 6 6 1 9 3
REYNOXA 1 6 6 . CCCCC WA 0 .4 C F 8 5 UA 1 7 . 7 0 0 4 3
R FYNOXA 1 6 7 . CCCCO '•WA 0 . 4 1 4 4 3 UA 1 7 . 7 3 8 5 0
REYNCXA 1 6 6 . CCCCO w# 0 . 4 1 9 9 1 UA 1 7 . 7 7 6 2 0
RFYNOX# 1 6 5 . CCCCC WA 0 . 4 2 5 2 7 UA 1 7 . 8 1 3 5 3
RFYNCXA 1 7C .COO00 , WA 0 .4 3 0 5 3 UA 1 7 . 8 5 0 4 9
P EYNCXA 1 7 1 . COCCC WA 0 . 4 3 5 6 8 UA 1 7 . 8 8 7 1 1
PFYNOXA 172 .CCCCO w A C.4 4C74 UA 1 7 .9 2 3 3 6
REYNOXA 1 7 3 .  COOCC WA 0 .4 4 5 7 0 UA 1 7 . 9 5 9 2 8
REYNOXA 1 7 4 . CCCCC WA 0 .4 5 C 5 6 UA 1 7 . 9 9 4 8 4
R FYNOXA 17 5 .  CCCCC WA 0 . 4 5  53 3 UA 1 8 . 0 3 0 0 8
REYNCXA 17 6 . CCCCO WA 0 .4 6 C 0 1 UA 1 8 .0 6 4 9 3
REYNOXA 1 7 7 . CCCCC WA 0 . 4 6 4 6 0 UA 1 8 . 0 9 °5 5
RFYNCXA 17 B . r 9 COG WA 0 . 4 6 5 1 1 UA 1 8 . 1 3 3 8 0
PBYNOXA 1 7 5 . COCCC WA 0 . 4 7 3 5 4 UA 18 .1 6 7 7 3
RFYNOX* IRC.CCCCO WA 0 . 4 7 7 8 9 UA 1 8 . 2 0 1 3 4
r rYNOXA I ? 1 .  CCCCC WA 0 . 4 8 2 1 6 UA 1 3 .2 3 4 6 5
REYNUXA 1 8 2 . CCCCO WA 0 .4 8 6 3 5 UA 18 .2 6 7 6 4

I 1:81299xxf
X#
xa
X#
X#
X#
X#
X #
XA
X#
X#
XA
Xt i
X #
XA
X #
X#
xs
X#
X#
X#
X #
X #
X#
X #
XA
X#
XA
X#
X#
X #
X#
X#
XA
X#
X#
XU
i uXft
X #
X *
XA
X#
XA
XU
XU
X U
x u
XU
X U

9 .
9
9 .  

1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
10. 
1 0 . 
1 0 . 
10. 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 0 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
1 1 . 
11 
11 
11 
11 
11 
11 
11 
11 12 
12

9 3 8 “ 
97 971 
02 1 13  
0 6 2 6 7  
10431 
1 4605 
18789 
2 2932 
2 7185  

. 3 1 3 9 8  

. 3 5 6 1 9  

. 3 9 8 4 9  

.4 4 0 8 8  

. 4 8 3 3 5  

.5 2 5 9 0  

. 56853 

. 6 1 1 2 4  

.6 5 4 0 3  

. 6 9 6 3 9  

. 7 3 9 8 3  

.7 8 2 8 3  

. 8 2 5 9 1  

.8 6 9 0 5  

. 9 1 2 2 6  

.9 5 5 5 4  

.9 9 8 8 8  

. 0 4 2 2 8  

. 0 8 5 7 4  

.1 2 9 2 7  

.1 7 2 8 5  

.2 1 6 4 9  

.2 6 0 1 9  

. 3 0 3 9 4  

. 3 4 7 7 5  

.3 9 1 6 1  

.4 3 5 5 2  

.4 7 9 4 8  

. 5 2 3 4 9  

.5 6 7 5 5  

. 6 1 1 6 6  

. 6 5 5 8 2  
. 7 0 0 0 2  
. 7 4 4 2 6  
. 7 8 8 5 6  
. 8 3 2 8 9  
. 8 7 7 2 7  
. 9 2 1 6 9  
. 9 6 6 1 5  
. 0 1 0 6 5  
. 0 5 5 1 9



1.4 9 C 4 7 U ; X V 1 2 . 0 4 5 7 7
■ X 1 . 0 . 4 9  48 5 ! 1 r-  *. ■ X <1 1 7 .  14439
iV ,T 0 .4  9 c 4 9 U.f j U-V 84 X if 1 2 . 1 5 9 0 5
ir. if • 0 ,5 0  24 3 U« 1- ,  (9( >,!, Xff 1 2 . 2 3 3 7 4
WS 0 . 6  0 t ? 4 Up 1 8 . 4 2 8 1 c X P 1 2 . 2 7 3 4 7

1 2 . 3 2 3 2 41, ; C.51CC2 UP 1 * c . UL x?;
w» 0 . 5 1 3 7 3 up 1 8 ,4 9 0 4 0 XP 1 ? . 3  600 4
v n C . 5173 7 Up 1 3 .5  2 ,i 10 X 12 .4 1 2 8 7
v, p 0 .5  2096 UP 1 8 .5 5 1 5 2 X7 1 2 . 4 5  774
wit 3 .5 2 4 4 9 II) 18’, 5 8 I f  7 X* 1 2 . 6 0  27.4
Wii 0 . 5 2 7 9 6 Up 1 8 . f 1180 XP 12 .5 4 7 5 7
WB 0 . 5 3 1 3 7 US 1 8 .6 4 1  19 .XU 1 ? .6 9 2 5 4
Wp 0 . 5 3  4 72 UP 13 . 6 7 0 5  7 X s 1 2 . 6 3 7 5 4
WU 0 . 5  3803 Off 1 6 .6 9 9 6 8 XP 1 2 . 6 8 2 6 7
ws 0 . 5 4  127 UP 1 8 .7 7 8 5 5 XP 1 2 .7 2 7 7  3
W» 0 . 5 4 4 4 7 UP 18 . 7 5 7 1 7 X/; 1 2 . 7 7 2 7 2
W 77 0 .5 4 7 6  1 UP i n . 79558 XP 1 2 .8 1 7 8 3
WS 0 . 5  5 071 UP I n . 8 1369 x« 1 2 . 8 6 7 9 0
W if 0 .5 5 3 7 5 u# 1 8 . 8 4 1 5 7 Xti 12 .9 0 8 1 6
WS 0 . 5 5 6 7 5 UP 1 8 .3 6 9 2 3 XP 1 2 . 9 5 3 3 6
WS 0 . 5 5 9 7 0 I lf 18 . 8 9 6 6 6 . XP 1 2 . 9 9 8 5 9
W it C.5 626C UP 1 8 .9 2 3 8 6 X s 1 3 . 0 4 3 8 5
W S 0 . 5 6 5 4 6 UP 18 .9 5  083 XP 13 .CR914
Wp 0 . 5 6 6 2 7 UP 18 .07 7 57 XP 1 3 . 1 3 4 4 5
w« C .57  104 UP 19-. 004 10 XP 1 3 . 1 7 9 7 9
w« 0 . 5 7 3 7 7 UP 1 9 .0 3 0 4 1 X ft 1 3 . 2 2 5 1 5
Wf; 0 . 5 7 6 4 5 Up 1 9 . 0 5 6 5 0 XI; 13 . 2 7 0 5 4
Vii 0 . 5 7 8 1 0 UP 1 5 . 0 8 2 3 7 Xti 1 3 .3 1 5 9 5
Wff G .5 8  170 UP 1 9 .1 0 8 0 4 XI, 1 3 . 3 7 1 3 9
w & 0 . 5 8 4 2 7 U» 1 5 . 1 3 3 5 0 xu 1 3 . 4 0 6 8 5
WS 0 . 5 8 6 3 0 UP 1 9 .1 5 8 7 5 XP 1 3 , 4 5 2 3 4
KB 0 . 5 8 5 2 9 UP 1 9 . 1 8 3 6 0 XP 1 3 . 4 9 7 8 4
wp C . 59  174 UP 1 9 .2 0 6 6  4 X# * 1 3 . 5 4 3 3 7
ws 0 . 5 9 4 1 5  ' UP 1 9 .2 3 3 3 1 X p 1 3 . 5 8 8 9 3
WB 0 . 5 9 6 5 3 Ur, 1 9 . 2 5 7 7 6 XB 1 3 . 6 3 4 5 0
w# 0 . 5 9 8 8 3 UP 1 8 .2 8 2 0 2 XU 1 3 . 6 8 0 1 0
ws 0 . 6 0 1 1 9  - UP 1 9 .3 0 6 0 9 Xfj . 1 3 . 7 2 5 7 2
w#
ws

C . 6 0 3 4 7  
0 . 6 0  571

UP
UP

1 9 . 3 2 8 9 7
1 9 . 3 5 3 6 7

1 X if 
XU

1 3 .7 7 1 3 6
1 3 . 8 1 7 0 2

Wp 0 . 6 0  792- . us 1 9 , 3 7 7 1 0 X s , 1 3 . 8 6 2 7 0
WB C.61C10 Ufr 1 C1. 4  005 0 x s : 1 3 . 9 0 3 4 0
Biff 0 . 6 1 2 2 5 Us 1 9 .4 2 3 6  5 X U 1 3 . 9 5 4 1 2
Wff 0 . 6 1 4 3 6 UP 1 9 .4 4 6 6 ? X U 1 3 . 9 9 9 8 7
WS C. 6 1645 . 1 . u# v1 9 .4 6 9 4 1 X U 1 4 . 0 4 5 6 3
Wff 0 . 6 1 8 5 1  • -UP 1 9 ,4 9 2 0 2 X* 1 4 . 0 9 1 4 1

1 4 . 1 3 7 2 0luff C .62C 53  ! • ■ u» 1 9 . 5 1 4 4 7 xb
WP 0 . 6 2 2 5 3 1 UP 1 9 .5 3 6 7 4 x s 1 4 . 1 9 3 0 2
KB 0 . 6 2 4 5 0 UP 1 9 . 5 5 8 8 5 X * 1 4 . 2 2 8 8 6
Wff 0 . 6 2 6 4 5 Up •19 .5  8078 XB 1 4 .2 7 4 7 1
W 77 0 , 6 2 8 2 6  9 up .1 9 . 6 0 2 8 6 X# 1 4 .3 2 0 5 3
Wff C.6 3C25 UP 1 9 .6  2417 ‘x s 1 4 . 3 6 6 4 7
Wff C . 6 3211 US 1 9 . 6 4 5 6 ? x s 1 4 . 4 1 2 3 8
WS
WS

0 . 6 3 3 9 5
0 . 6 3 5 7 6

UP
UP

1 9 .6 6 6 9 1
19 .68 .304

X*
x s

1 4 . 4 5 8 3 0  
14 .5 0 4 2 4

ws C . 6 3 7 5 5 US 1 9 . 7 09 0 ? XU 1 4 .5 5 0 1 9
WB 0 . 6  3931 IIP 1 8 .7 2 9 8 4 x s 1 4 , 5 9 6 1 7
Wff C . 6 4 105 Up 1 9 „ 7 5  061 XU 14 *64 216
WS 0 . 6 4 2 7 6 u p 1 9 .7 7 1 0 3 X# 1 4 .6 8 8 1 6
Wff 0 . 6 4 4 4 6 Up 1 9 . 7 6 1 3 -3 X* 14 ,,734 13
Wff 0 . 6 4 6 1 2 us 15.6 ,116? X# 1 4 . 7 8 0 2 2

CGCCC
2 4 4 . CCCCC

o c c o
2 4 f .C C C C C

2 4  8 . C 0 C 0 0

5 4 . CCCCC

i m m
2 5 7 . CCCCC
2 5 8 . CCCCC 
25S .CCCCC

ItL'cc'c
2 !  5.* CCCCC 
26fc.COC,«

K J j ‘

iis-Pjpc
2 C 2 .  CCCCC

I

M: ccccc

IJ if 19 Up 19  
UP 19  
UP> 19  
u.. ; i 9  
UP 19 
U* '--19 us ; 19 
•if, I 19 
Us 2 0  
UP 20  
'J ff 29  
Up 2 0  
Us 20 Up 20 
US 20 
U P 2( Up 20 
U# 20  

<U* 20
Us "20

«3i69 8252 r
. 6 4 9 2 9 8 5 1 6 2

w# 0 8 7  I P  1 9 1 8 8 2
96851. 6 5 2 5 8 8 9 > 0 6

. 6 5 8 1 3 9 1 0 5 7

. 6 5 5 6 7WS 0 
WB - 0

9 2996
. 6 5 7 1 9 . 9 6 9 1 7 10289
. 6 5  869 9 6 3  2 r. 1 4 9 0 6
6 6 C 1 7 1 9 5 2 1

. 6 6 1 6

X « 1 5

I 38 001
4 2 6 2 4. 6 6 7
4 7 2 4 3. 6 6  c

1874. 6 6 8 5
.6  7 1 3 2

7 0 3 9 0
XS M 5  
X* 15 
XU 156 7. 6 7 8 9 8 4 2 3 9UP 

Up  - .20  
U # 20US ' 20 
UP . 2 0  
U* 20 
U» 20 
US 20 IIH 20 Up 20 
UP 20  
US 20  
Lirf 2 0  
UP 2C

8 3 9 2 4
9 3 5 6 12 7 3 4 7

2 9 0 3 5 9 3 1 9 8
30  712 0 2  83 7

XS .16 
X# 16 
X* 16

0 7 4 7 ?WS 0 
WS C
ws 0
MS 0
WS 0
ip n  0 
w« ■■ 0
•A t, 0

3 4 0 3 3 12117
1 6 7 5 9
2 1 4 0 2

6 8 9 4 0 3 .3 9  33 2 6 0 4 6
6 9X 49 4 0  44 6

42  143
4 3 7 3 9
4 5  3 20 4 4 o  326 9  368

US 20
US -20

4 9 2 3 1

50 00 4
5 1 5 4 5
5 30  7 7 6 7 8 3 76 9 8 7 4

4 4 9 9 7 2 5 4  1UP 20
5 6 1 1 2 7 7 1 9 5

8 1 8 5 0
; u s  20 5 9 1 0 3 3 6 5 0 7

6 0 5 * 2U ; * £. 0IJ» 20 9 1 1 6 4
.7 0 44 3 6 2  0 6 7 9 6 8 2 263533 0 0 4 8  1
. 7 0 6 2 4 C 5 1 4 1UP 2 9 

U .1 ? r
64490

. 7  3 7 1 3 6 6 4 3 8 0 9 8 0 2
6 7 3 / 7 1 4 4 6  3
6 9 3 0 3 1 9 1 2 6

2 3 4 5 3
7 3 C4P 3 3 1 1 3

11* 20
U,< 2.)

7 9 0 4  2 3 7 7 8 3
.  7 1 2C 7 76 ) 3 4 2 4 5 3
.7 1 339 
. 7 1 4 6 9  
. 7  154 8

IJ P 20 77  709 4 7 1 1 7
78 0 «0 5 1 7 3 5



BEYNOXfl
P EYE! OX# 3C4,cccco
REYXCXw 3C5.GCCCC

3C6.CCCCCEY-NOX* 3'C 7 .0 0 C C 0REYN OX# 3CF.CCCCC
FYNQXl 3c5.cccc
fYNCX#

F-EVtOM 3 1 1 . CCCCC
H f y v n x * C C C C u
REY\' I?X4 •OCCOO
f t fYNOX# 3 1 4 . CC C CC
RFYNCX.S 3 1 5 .  CCCCCREYKCX* 316.CCCCCP F YN D X1 3 1 7 . CCCCC
PEYNCX# i IP.COP E YN O X#
PEYN7X#
r e y n c x # 3 2 1 . 0 0 0 0 0
BFYNOX# 322.CCCC■ P FYNOX# 3 2 2 . CCCCC
PE Y? CX* 3 2 4 . CCCCC
RtYMCfX# 32 5 . CC C C C
P F YNRXF/ 3 2 6 . CCC
PE YXCXii 3 2 7 . CCCCC
PFYMOX# 3 2 6 . CCCCC
PFYNOX# 325.CCOCO
REYNJXe 33C.CCCCC
PfYNOX# 3 3 1 .  CCCCC
RFYNCXif 2 . COGOO
REYNOX# 3 3 3 . CCCCC
B FYNOX# 3 3 4 . CCCCC
PEYNOX* 335.C00C06YNQ.X* CCCCC

FYNUX# 337 .CCCCC
EYNC X# 32F.CCCCC
FYNOXe 3 2 ? . CCCCC34G.CCQC0RFYNOX#

REYNOX# 3 4 1 . CCC
R FYNOX# 342  VC0 C C C
REYNCX1 3 4 3 . CCCCC

3 4 4 . CCCCC
NCX# 3 4 5 . CCCCC
NC X# 3 4 6 .COCCC

34 (.CCCCC
NIX# 3 4 8 .
xiax# 3 4 5 . CCCCC

35C.CCCCC
351 .CCCCCCYtNCX#P LYWOX// 3 5 2 . CCCCO

N CX ir 3 5 3 . CCCCC
NOX# 3 5 4 . 0 0 0 CO

EYNOX# 3 5 5 . CCCCC
FYNflXst 356 .CCCCC

3 5 7 . CCCCCN 0 X »
35F.CCCCCYNOX#

YNCXiYMO X#YEOXri
EYNfX#

7 * c •  m  <. i,
3 5 5 . OCOOO 
36C.CCCCC 
3ol.CCCCC 
3 6.2 .  000  CO ,

w* C . 7 162 6 u ;
3* 8 C . 7 1 7C4 Un
W# 0 . 7 1 7 8 1 l ie
W* C . 7 1 £ 5 6 Ue
w# 0 . 7  1931 Uff

0 . 7  2 0 06 u «
V* 7 C. 72C74) u*
x » 0 . 7 2  16 1 Ut,
we C . 7 2 2 2 3 V k
V» C . 7 2 2 8 4 0*
w# 0 . 7 2 3 6 4 u *
V.4 0 . 7 2 4 3 4 u»
W * 0 . 7 2 6 0 2 u#
WO 0 . 7 2 5 7 0 u *
ws 0 . 7 2 6 3 8 oe
V, 4 0 . 7 2 7 0 4 u #
w« 0 . 7 2 7 7 0 u #
w ,1 0 . 7  2 £ 3  5 y»
wx 0 . 7 2  50 3 ■ Ue
W# 0 . 7 2 8 6 3 u #
»•« C . 7  3 C 26 u#

0 . 7  3 089 u:e
W 4 0 . 7 3 1 5 1 u*
W.e 0  . 7  3 212 I  u i
W e 0 . 7 3 2 7 2 u «
W4 C . 7 3 2 . - 2 He
W D 0 . 7  3 292 Utf
W# 0 , 7  3 4 - 0 U Y
W2 C . 7 3 5 3 8 L»
WX 0 . 7  3 566 U*
we 0 . 7 3 6 2 3 l u 
w/i 0 . 7 3  6 79 c e
w« 0 . 7 3 7 3 5 If#
we C . 7 3  75C I #
w# Q 2 7 3 8 4 5 u #
w# 0 . 7 , 3  89 9 m .
w# C . 7  35 5  3 Ufj,
ix#. 0 . 7 4 0 0 6 UR
w# 0 . 7 4 0 5 8 114
W U: C . 7 4  1 1 1 ,, l »~
K# 0 . 7 , 4 1 6 ? \JH
w<E 0 . 7 4 2 1 3 114
w# C . 7 4  2?, 4 ;■ i l l
w# 0 . 7  4 314 «1 w
VJ,1 G. 7 4  3b4 * #w# 0 . 7 4 4 1 3 u»
w« 0 . 7 4 4 5 1 1 &
W(, C . 7 4 5 1 0 lllM
w e 0 . 7 . 4  55 7 li i
we 0 . 7 4  605 : iiw
we 0 . 7 4 6 5 2 u #
we 0 . 7 4  693 l ie
we 0 . 7 , 4  744 * u e
w# C . 7 4 7 9 9 UK
we 0 . 7 4 8 3 5 ' M
we C . 7 4 £80 IJ®
w#; 0 . 7 4  92 4 , 111
We 0 . 7 4  868 ,  II#
Wrf C , 7 6 C l ?  , l.»,
w 0 . 7 5 C 5  5 0 #

2 .  3 I 7 ' : ? 
2 0 . 3 3  1 ' , 3  
2 0 . 8  44  8 7 
2 0 . 8 5  813
2 0 . f i l l  36 
2 0 . 8 8 4 5  1 
2 0 . 6 5  75 3 
2 . ' .  41 ‘ 
2 0 . 9 2 3 5 0  
2 0 . 9 3 4  35 
2 0 . 9 4 9 1 ?  
2 0 . 9 6 1 8 2

■ 2 0 . 9 7 4 4 5
20 . 9 6  7 00  
2 0 . 9 9 9 4 321 .01139
2 1 . 0 2 4 2 3  
2 1 . 0 3 6 5 0  
2 1 . 0 4  8 70 
21 . 0 6 0 5 4  
21 .072<=0  
2 1 . 0 8 4 9 0  
21 . 0 9 * Q3 
2 1 . 1 0 8 6 0  
21 . 1 2 0 4 9  
2 1 . 1 3 2 2 2  
2 1 . 1 4  3 8 9  
2 1 . 1 5 8 4 9  
2 1 . 1 6 7 0 3  
2 1 . 1 7 8  50 
2 1 . 1 8 9 9 1  
2 1 . 2 0 1 2 6  
2 1 . 2 1 2 5 5  
2 1 . 2 2 3 7 8  
2 1 . 2 3 4 9 5  
2 1 . 2 4 6 0 5  
2 1 . 2 5 7 1 0  
2 1 . 2 6 8 0 °  
2 1 . 2 7 0 0 2  
21 . 2 8 9 8 0  
21 . 3 0 0  70 
2 1 . 3 1 1 4 5  
2 1 * 3 2.2 ! 6 
21 . 3 3 2 7 9  
2 1 . 3 4 3 3 8  
2 1 . 3 5 3 9 1  
21 . 3 6 4  3 8 
2 1 . 3 7 4 8 0  
2 1 . 3 6 5 1 7  
2 1 . 3  9 5 4 8  
2 1 . 4 0 6 7 4  
2 1 . 4 1 5 5 4  
21 . 4 2  6 0 °
2 1 . - 4 3 6 1 5  
2 1 . 4 4 4 2 4  
2 * . 4 5 6 2 4  
2 1 . 4 6 ( 1 8  
21 . 4 7 6 0 8  
■2 W. 4 5 92 
2 1 • 49  5 7 2

RFYNOX# 36
36 E CCCCC

R E W t l x a  3'5 5 ^ CCCCC 
RFYNOX# 3 6 6 . CCOCC 
REYNCX# 3 6 7 . C 0 C C 9  
REYNUX# 3 6 6 . CCCCO 
RFYNOX.l 3 6 5 . CCCCC 
REYNOX# 3 7 C. CC CCC 

.REYN0X4 3 7 1 . CCCCC 
PF.YNQX.7 3 7 2  . CCCC0 
REYNilXl  3 7 3 .  CCCCC 
RFYNOX.  3 7 4 . CCCCC 
8EYN0XS 3 7 5 . 0 0 0 0 0  
REYNOX# 1 7 6 . CCCCC 
RFVnOx 3 9 7 . CCCCC 
Pt-YM-X« 3 7 8 . CCC :0 
P F YMn x l  3 7 6 . CCCCC

REYNQX# l e i * C ' ~ C "

REYN0X# 3 8  3 TGO3 0 0  
REYNOX# 3 E 4 . CCCCC 
RFYNOX# 3 8 5 . CCCCC 

YNCX# 3 8 6 . CCCCC _ - rVCCCCC
. 0 0 0 0 0

. . .CCCCC 
1FYNCX# 3 6 3 . CCCCC 
REYNCX* 3 94 . CCOOO 
REYNUX#.  3 6 5 . CCCCC 
RFY4CX4 3 9 6 . CCCCC

REYNO*# 35  f IC C  C CC 
RFYNOX# 3 9 9 . 0 0 0 CO 
REVNC1X# 4CC.CCCCO RFViiaxrf 4ui.cccco 
REYNCX# 4 0 2 . CCCCO 
RE YNGX# 4 C 1 .  CCCCC 
REYNOX# 4 C4 .CCCCC 
REYNCX# 4C5 .CCCCO 
REYNCX# 4 C 6 .  CCCCC 
REYNCX# 4 C 7 . 0 0 0 0 0  
REYilQX# 4 C F .  CCCCO 
RF 700X2. 4 C 6 .C C C C 0  
RfYNOX* 4 1 C . CCCCO 
8 EYM3Xif 4 1 1 . CCCCO 
a r Y N O / i / . ' 4 i 2 . . ' C c c c o

! f »  ilfcSfffi
R m C X v *  4 1 5 . CCCCO 
Rt-YVftX* 4 1 6 . CCOCC 
PFYNHe# '4 1- -1. tr  CCC 
OF Y\0X# 4 l B . C C : CO
R r y ’xu x rf  4 1 5 . c o c c c  
■-•FY i ° <  I 4 2 ; : . c c c c o  
erY» rx -(  4 2 1  . C ' 0 : 0  
O f Y mJ » V  4 2 ? .  CCCCC

W#

0 . 7 6  641

U,« * V> 'O » 0>
0 . 7 6 F 7  7 
C . 7  6 c 1 5 
04 7  6 9 3 4  
f t .  7 6 c - 3 
0 . 7  4<- 1 ) 
3 . 7 ?  I 1 C.77C45 
0 . 7 . 7 0  7 3 
3 . 7 7  ICO

Gi. 2 1 . 5 0 7 - 6  
U# 2 1 . 5 1 8 1 6  
U# 2 1 . 5 2 4 3 1  
1J.( 2 1 . 5 3 4 4 !
U« 2 1 . 5 4  36 6 117 21.57346,

2 1 . 5 6 2 5 2
2 1 . 5 7  2 32 
2 1 . 5 8 5  69  
1 U  5 7 1 0 0  
2 1 . 6 5  02 7 
2 1 .  6  0 9 5  1 
2 1 . 6 1 8 , 4 7  
2 1 . 6 2  78 1 
2 1 . 6 3 6 4  1 
2 1 „-,6 4 c 9 4 

6 5  4 94
U# 2 1 . 6 6 3 9 0  
II# 2 1 . 6 7 2 3 2  
Ell 2 1 . 6 8 1 0 9  
ijfl 2 1 . 6 9 0  51 
■J# 2 1 . 6 9 ° : ,  3 
J #  2 1 . 7 0 8 0 4  
11 4 2 1 . 7 1 6 7 5
Urf 2 L . 7 2  541 
U# 2 1 . 7 3 4 0 3  
l i#  2 - 1 .7 4  2 6 0  " 67 ̂ 114 

7 5 9 6 4  
74 8  10 

: i .  7 7 6 5  1 
2 1 . 7 8  4 39 
2 1 . 7 9 3 2 3  
"  . 8 0 1 5 3  

J-D 9 79 
3,1801 
8 2 6 ° 0  

. 8 3  4 34

. 8 5 0 5 3

1 .3 7 4 5 28 82 44
1.8 9 ,319

2 1 . 9 0 6 0 021.91373
2 1 . 9 2 1 4 3
2 1 . 9 2 9 2 4
2 1 .9  3 69 2

2 1 . 9 5 2 1 7
2 1 .9  59  75
21 . 9 6  7

l l# 2 1 . 9 7 4 3 0  
> I U 2 1 . 9 - 9 ?  7 21.93671 
(#  2 1 . 9 °  ? 1 2

DU 2 2 . ° r 449

2 2 .7 3 3 1 1
2 2 . 7 6 0 5 2
2 2 . 3 2 7 5 2

23.06349 23.11 ,)31 23.16 80 3 23.15426



RFYNOx# 
REYNIJX# 
P EYNQX# 
REYNOX# 
REYNGX# 
REYNOX# 
P.EYNCX# 
REYNOX# 
RFYNOX# 
R E YNGX* 
REYNOX# 
RFYNCX# 
REYNJX# 
R FYNOX# 
REYN OX# 
RFYNOX# 
RFYNCX# 
REYNCX# 
R FYNOX# 
RFYNCX# 
REYNOX# 
R FYNOX# 
REYNCX# 
REYNOX* 
R EYNPX# 
REYNCX* 
REYNOX# 
RFYNPX# 
REYNCX# 
REYNOX# 
RFYNOX* 
REYNOX* 
REYNOX* 
REYNCX# 
R E YNU X # 
REYNCX# 
REYNCX# 
REYNCX# 
REYNCX# 
REYNOX# 
REYNCX# 
REYNCX# 
REYNOX# 
REYNOX# 
REYNOX# 
REYNOX# 
REYNCX# 
REYNCX# 
RFYNOX# 
REYNOX# 
REYNOX# 
REYNOX# 
RFYNCX# 
REYNOX# 
REYNCX# 
REYNCX# 
REYNOX# 
REYNOX# 
REYNCX# 
REYNCX#

4 2 3 .  
4 7 4 .  
4 2 5 .
4 2 4 .  
4 2 7 .  
4 2 5 .
4 2 5 .  
4 2 C. 
4 3  1 . 
4 2 2 .  
4 3  3 . 
4 3 4 .  
4 2 5 .  
4 3 6 .  
4 3 7 .  
4 2 6 .  
4 24 . 
4 4 C . 
4 4 1 .  
4 4 2  . 
4 4 2 .
4 4 4 .  
4 4 5  . 
4 4 6 .  
4 4 7  . 
4 4 8 .
4 4 5 .  
4 5 C . 
4 5 1 .  
4 52 . 
4 5 3 .
4 5 4 .
4 5 5 .
4 5 6 .
4 5 7 .  
4 5 8  . 
4 5 5 .  
4 6 C. 
4 6 1  .
4 6 2 .
4 6 3 .  
46.4 .
4 6 5 .  
4 6 6  . 
4 6 7 .
4 6 6 .  
4 6 5 .  
47C
4 7 1
4 7 2
4 7 3
4 7 4
4 7 5
4 7 6
4 7 7
4 7 8  
4 7 5  
4 RC 
4 F 1 
4 8 ?

CCCCO
CCCCC
ccccc 
ccoco 
ccccc 
cocco 
v. c c c c 
ccccc
CCCC7
ccccc
ccccc00000
ccccc
cocco
cocco
ccccc

.ccccc
Iccccc
. 0 0 0 0 0
.ccccc
.coccc
.cocco
. ccccc
.ccccc
.coccc
. ccccc
. ccccc
.C CC C Q
. ccccc
. 0 0 0 0 0
.C CC CC
•CCCCO
. ccooo . ccccc
. CCC CO
. ccccc  
. ccccc .cccoo 
. ccccc 
. ccccc  .00000 
. coccc
•CCCC C 
• CO 00c  
• CCC CC
. ccccc
.ccccc.
. ccccc.CO000
. ccccc
.coccc
.coccc
. ccccc
•ccccc
.ooccc
. ccccc
.ccccc
.ccccc
•ccccc

Vi ■ 3 . 7 7 1 2 7 u a 2 2 . 0 1 1 8 4
w* C . 7  7 ! 44 11* 2 ? . 0 1 °  15
w# 0 . 7 7 1 3 1 u# 2 2 . 0 2 6 4 3
w# 0 . 7  7 20 8 u# 2 2 . 0 3 3 6 8
w# 0 . 9  7 234 u# 22 . 0 4 0 8 9
w # 0 . 7  7 2 6 0  _ u# 2 2 . 0 4 8 0 7
w# 0 . 7 7 2 3 6 11# 2 2 . 0 5 5 2 3
w# C . 7 7 3 1 2 u# 2 2 . 0 6 2 3 5
w# 0 . 7 7 3 3 8 u# 2 2 . 0 6 9 4 4
v# 0 . 7 7 3 6 4 II# 2 2 . 0 7 6 5 0
w# 0 . 7 7 3 8 9 u* 2 2 . 0 8 3 5 3
w# 0 . 7 7 4 1 5 u# 2 2 . 0 9 0 5 3
VI H 0 . 7 7 4 4 0 u# 22 . 0 9 7 5 0
w# 0 . 7 7 4 6 5 u# 2 2 . 1 0 4 4 4
w# 0 . 7  7 4 9 0 u# 2 2 . 1 1 1 3 5
w# 0 . 7 7 5 1 5 u# 2 2 . 1 1 8 2 4
w# C . 7 7 5 3 9 u# 2 2 . 1 2 5 0 9
W H 0 . 7 7  5 64 0 # 2 2 . 1 3 1 9 1
W it C.  7 7 5 8 8 u# 2 2 . 1 3 8 7 1
W it 0 . 7 7 6 1 2 u # 2 2 . 1 4 5 4 7
u# 0 . 7 7 6 3 6 u # 2 2 . 1 5 2 2 1
w# 0 . 7 7 6 6 0 u  it 2 2 . 1 5 8 9 2
w# 0 . 7 7 6 8 4 u # 2 2 . 1 6 5 6 0
w# 0 . 7 7 7 0 8 u# 2 2 . 1 7 2 2 5
w s 0 . 7 7 7 3 1 u# 2 2 . 1 7 8 8 8
Vi It 0 . 7 7 7 5 5 u # 2 2 . 1 8 5 4 7
m 0 . 7 7 7 7 8 u# 2 2 . 1 9 2 0 4
ri H 0 . 7 7 8 0 1 u # 2 2 . 1 9 8 5 9
Vi# 0 . 7 7 8 2 4 u# 2 2 . 2 0 5 1 0
Vi* C . 7 7 8 4 7 u# 2 2 . 2 1 1 5 9
W « 0 . 7  7 8 70 u# 2 2 . 2 1 8 0 5
Vi* 0 . 7 7  883 u# 2 2 . 2 2 4 4 9

C . 7 7 8 1 5 u# 2 2 . 2  3 0 9 0
W# 0 . 7 7 8 3 8 u# 2 2 . 2 3 7 2 8
W# 0 . 7 7 8 6 0 u # 2 2 . 2 4 3 6 4
v,# C . 7 7 8 8 3 u# 2 2 . 2 4 9 9 7
vm 0 . 7 8 0 0 5 u # 2 2 . 2 5 6 2 7
ua . C . 7 8 C 2 7 u# 2 2 . 2 6 2 5 5
W It 0 . 7  8 0 49 u # 2 2 . 2 6 8 8 0
■via 0 . 7 8 0 7 1 IJ# 22 . 2  7 5 0 3
via C . 7 3 C 9 2 u# 2 2 . 2 8 1 2 4
a a 0 . 7 8  114. u # 2 2 . 2 8 7 4 1
Vi* C . 7 8 1 3 5 u# 22 . 2 9 3 5 7
M# C . 7 8 1 5 7 u# 2 2 . 2 9 9 7 0
W# 0 . 7 8 1 7 8 u # 2 2 . 3 0 5 8 0
w# 0 . 7 3 1 9 9 u # 2 2 . 3 1 1 8 8
w# C . 7 8 2 2 1 u# 2 2 . 3 1 7 9 3
w# 0 . 7 8 2 4 2 u # 2 2 . 3 2 3 9 7
w# 0 . 7 8 2 6 2 u# 2 2 . 3 2 9 9 7
w# 0 . 7  8 28 3 u# 2 2 . 3 3 5 9 6
w# 0 . 7  8 3 04 u# 2 2 . 3 4 1 9 2
w# 0 . 7 8 3 2 5 u# 2 2 . 3 4 7 8 5
Vi# 0 . 7 8 3 4 5 u# 2 2 . 3 5 3 7 6
w# 0 . 7 8 3 6 6 u # 2 2 . 3 5 9 6 5
w# 0 . 7 8 3 8 6 u# 2 2 . 3 6 5 5 2
in # 0 . 7  8 4 0 6 11# 2 2 . 3 7 1 3 6
W# C . 7 8 4 2 7 u# 2 2 . 3 7 7 1 8
vi a 0 . 7 8 4 4 7 u# 2 2 . 3 8 2 9 8
v* 0 . 7 8 4 6 7 u# 2 2 . 3 8 8 7 5
w# C . 7 8 4 8 7 u# 2 2 . 3 9 4 5 1

X#
X#
X #
X#
X#
X#
X#
X#
X#
X #
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X #
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
Xfl
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#
X#

. 2 4 2 4 3  

. 2 9 9 7 2  

. 3 4 6 9 5  

. 3 9 4 1 9  

. 4 4 1 4 3  

. 4 5 8 6 7  

. 5 3 5 9 2  

. 5 8 3 1 6  
, 6 3 0 4 1  
. 6 7 7 6 6  
. 7 2 4 9 2  
. 7 7 2 1 7  
. 8 1 9 4 3  
. 8 6 6 6 9  
. 9 1 3 9 6  
. 9 6 1 2 2  
. 0 0 8 4 9  
. 0 5 5 7 6  
. 1 0 3 0 3  
. 1 5 0 3 1  
. 1 9 7 5 9  
. 2 4 4 8 7  
. 2 9 2 1 5  
. 3 3 9 4 3  
. 3 8 6 7 2  
. 4 3 4 0 1  
. 4 8 1 3 0  
. 5 2 8 5 9  
. 5 7 5 8 3  
. 6 2 3 1 8  
. 6 7 C4 3  
. 7 1 7 7 8  
. 7 6 5 0 8  
. 8 1 2 3 9  
. 8 5 9 6 9  
. 9 0 7 0 0  
. 9 5 4 3 1  
. 0 0 1 6 3  
. 0 4 8 9 4  
. 0 9 6 2 6  
. 1 4 3 5 8  
. 1 9 0 9 0  
. 2 3 8 2 2  
. 2 8 5 5 5  
. 3 3 2 8 7  
. 3 8 0 2 0  
. 4 2  753  
. 4 7 4 8 7  
. 5 2 2 2 0  
. 5 6 9 5 4  
. 6 1 6 8 7  
. 6 6 4 2 1  
. 7 1 1 5 5  
. 7 5 8 9 0  
. 8 0 6 2 4  
. 8 5 3 5 9  
. 9 0 0 9 4  
. 9 4 8 2 9  
. 9 9 5 6 4  
. 0 4 2 9 9

REYNCX#
R E Y N O X #
RFYNCX#
REYNOX#
R E Y N O X #
RFYNCX#
REYNOX#
REYNOX#
REYNCX#
REYNOX#
REYNCX#
REYNCX#
REYNOX#
RFYNCX#
REYNOX#
RFYNOX#
RFYNCX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
REYNCX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
REYNCX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
REYNCX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
RFYNOX#
RFYNOX#
REYNOX#
REYNOX#
REYNCX#
REYNOX#
R F Y N O X #
REYNCX#
REYNOX#
REYNOX#
REYNOX#
REYNOX#
RFYNCX#
REYNOX#
RFYNOX#
REYNCX#
REYNOX#
PFYNOX#

4 8  3,
4 F 4 ,  
4 35 
4 8 6 ,
4 8 7
4 8 8  
4 85 
4 9 C 
4 9 1
4 52 
4 9 3
4 5 4
4 5 5  
4 9 6
4 8 7  
4 5 8
4 8 8  
5CC 
5 0 1
5 C? 
5C3 
5 C 4 
5 C 5 
5C6 
5 07  
5CE 
5C8  
5 1C 
51 1  
5 12
5 1 3
5 1 4  
5 15 
5 1 6  
5 17 
5 1 8
5 1 5  
52C
5 2 1
5 2 2
5 2 3
5 2 4
5 2 5
5 2 6
5 2 7
5 2 8  
5 2 8  
5 3C
5 3  1
5 3 2
5 3 3
5 3 4
5 3 5
5 36  
5 37 
5 38 
*; c.
5 4C54 1 
5 4 ?

.CCCCC 

.CCCCC 

.CCCCC 

. CCCCO 
•CCCCC 
.0 0  000 
. CCCCC 
•CCCCO 
. 0 0 0 0 0  
.ccccc
•CCCCO
.CCCCC
. ccccc
•COCCO
. ccccc
.CCCCO
. 0 0 0 0 0
.CCCCC
. coccc  
. cocoo 
. ccccc
•CCCCC 
.CCCCC 
.CCCCO 
•CO000 
. CCCCO 
•CCCCO 
.CO000  
. CCCCC 
.CCCCC 
.CCCCO 
.CCCCC 
.COCCO
. ccccc
•CCCCO
.COCCO
•CCCCO
•CCCCO
•COCCO
.ccccc
.CCCCO 
. CCCCC
.ccccc
•CCOOO
. cocco
.CCCCO.ccooo
•CCCCC
•CCCCO
. ccccc 
. ccccc 
. cccoo  
. ccccc  
. ccccc  
.cocco 
. ccccc  
. ccccc  
.coccc  
. ccccc  
. coccc

W # 0 . 7 8 50 7 |J a 2 7 . 4 0 0 2 4 X# 26 . C T O 35
w# 0 . 7 8 5 2 7 U,; 2 2 . 4 0 5 9 4 X# 26 . 1 3 7 7  1
w # 0 . 7 8 5 4 6 U# 2 2 . 4 1 1 6 3 X# 2 6 . 1 8 5 0 6
Vi# 0 . 7 8 5 6 6 I J # 2 2 . 4 1 7 2 9 X# 2 6 . 2 3 2 4 3
Wfc 0 . 7  8 5 8 6 U# 2 2 . 4 2 2 9 4 X# 2 6 . 2 7 9 7 9
w* 0 . 7 8  605 U# 2 2 . 4 2 8 5 6 X# 2 6 . 3 2 7 1 5
Vi# 0 . 7  8 624 u# 22 . 4 3 4 1 6 X# 2 6 . 3 7 4 5 2
w a C . 7  3 644 04 2 2 . 4 3 9 7 3 X# 26 .  42  1 0 8
w« 0 . 7  8 66  3 u# 2 2 . 4 4 5 2 9 X# 2 6 . 4 6 9 2 5
Vi# 0 . 7 8 6 8 2 u# 2 2 . 4 5 0 . 8 2 X# 2 6 . 5 1 6 6 2
w# C . 7  8 701 u# . 2 2 . 4 5 6 3 4 X# 2 6 . 5 6 3 9 9
Vi# 0 . 7  8 720 I J # . 2 2 . 4 6 1 8 3 X# 2 6 . 6 1 1 3 7
via 0 . 7 8 7 3 9 u# 2 2 . 4 6 7 3 0 X# 26 . 6 5 8 7 4
via 0 . 7 8 7 5 8 u # 2 2 . 4 7 2 7 5 X# 2 6 . 7 0 6 1 2
via 0 . 7 8 7 7 7 u# 2 2 . 4 7 8 1 8 X# 2 6 . 7 5 3 5 0
via C . 7 8 7 9 6 u# 2 2 . 4 8 3 5 9 X# 26 . 8 0 0 8 8
u# 0 . 7 8 8 1 5 u# 2 2 . 4 8 8 9 8 X# 2 6 . 8 4 8 2 6
Vi# 0 . 7 8 8 3 3 u# 2 2 . 4 9 4 3 5 X# 2 6 . 8 9 5 6 4
w# 0 . 7 8 8 5 2 u# 2 2 . 4 9 9 7 0 X# 2 6 . 9 4 3 0 3
w# 0 . 7 8 8 7 0 u# 2 2 . 5 0 5 0 3 X* 2 6 . 9 9 0 4 1
w# 0 . 7 8 8 8 9 u# 2 2 . 5 1 0 3 4 X# 27 . 0 3 7 8 0
w# 0 . 7 8 9 0 7 u# 2 2 . 5 1 5 6 3 X# 2 7 . 0 8 5 1 9
Vi# 0 . 7 8 9 2 6 u# 2 2 . 5 2 0 9 0 X# 2 7 . 1 3 2 5 8
Vi# C.  7 8 9 4 4 ■ u# 2 2 . 5 2 6 1 5 . X# 2 7 . 1 7 9 9 7
Vi# 0 . 7 8 9 6 2 ■u# 2 2 . 5 3 1 3 8 X# 2 7 . 2 2 7 3 6
Vi# 0 . 7 8 9 8 0 u# 2 2 . 5 3 6 5 9 X# 2 7 . 2 7 4 7 6
W # 0 . 7 8 5 5 8 u# 2 2 . 5 4 1 7 8 x#  - 2 7 . 3 2 2 1 6
Vi# 0 . 7 9 0 1 6 u# 2 2 . 5 4 6 9 5 x# 2 7 . 3 6 9 5 5
Vi# 0 . 7 9 C 3 4 u# 2 2 . 5 5 2 1 0 X# 2 7 . 4 1 6 9 5
w# C . 7 9 C 5 2 u# 2 2 . 5 5 7 2 4 X# 2 7 . 4 6 4 3 5
w# 0 . 7 9 0 7 0 u# 2 2 . 5 6 2 3 6 X# 2 7 . 5 1 1 7 6
V# C . 7 9 0 6 8 u # 2 2 . 5 6 7 4 5 X# 27 . 5 5 9 1 6
w# 0 . 7 9 1 0 6 u# 2 2 . 5 7 2 5 3 X# 2 7 . 6 0 6 5 6
Vi# 0 . 7 9 1 2 3 u# 2 2 . 5 7 7 5 9 X# 2 7 . 6 5 3 9 7
W# 0 . 7 9 1 4 1 u# 2 2 . 5 8 2 6 3 X# 2 7 . 7 0 1 3 8
W# 0 . 7 9  159 . u# 2 2 . 5 8 7 6 5 X# 2 7 . 7 4 8 7 9
Vi# 0 . 7 9 1 7 6 u# 2 2 . 5 9 2 6 6 X# 2 7 . 7 9 6 2 0
Vi# C . 7 9 1 5 4 . u# 2 2 . 5 9 7 6 5 X# 2 7 . 8 4 3 6 1
w# 0 . 7 9 2 1 1 u# 2 2 . 6 0 2 6 1 X# 2 7 . 8 9 1 0 2
V# 0 . 7 5 2 2 8 u# 2 2 . 6 0 7 5 6 X# 2 7 . 9 3 8 4 4
Vi# C . 7 9 2 4 6 u# 2 2 . 6 1 2 5 0 X# 2 7 . 9 8 5 8 5
Vi# 0 . 7 9 2 6 3 I J # 2 2 . 6 1 7 4 1 X# 2 8 . 0 3 3 2 7
Vi# 0 . 7 5 2 8 0 u# 2 2 . 6 2 2 3 1 X# 28  . 0 8 0 6 9
VI# 0 . 7 9  257 u# 2 2 . 6 2 7 1 9 X# 2 8 . 1 2 8 1 1
Vi# 0 . 7 9 3 1 5 u# 2 2 . 6 3 2 0 5 X# 2 8 . 1 7 5 5 3
w# 0 . 7 9 3 3 2 u# 2 2 . 6 3 6 9 0 X# 2 8 . 2 2 2 9 5
Vi# 0 . 7 9 3 4 9 u # 2 2 . 6 4 1 7 2 X# 2 8 . 2 7 0 3 7
Vi# 0 . 7 9 3 6 6 11# 2 2 . 6 4 6 5  3 X# 2 8 . 3 1 7 8 0
W # C . 7 9 3 8 3 0 # 2 2 . 6 5 1 3 3 X# 2 B . 3 6 5 2 3
Vt# 0 . 7 9  399 I J # 2 2 . 6  56 10 X# 2 8 . 4 1 2 6 5
Vi# 0 . 7 9 4 1 6 I J # 2 2 . 6 6 0 8 6 X# 28 . 4 6 0 0 8
W # 0 . 7 9 4 3 3 u # 2 2 . 6 6 6 6 1 X# 2 8 . 5 0 7 5 1
Vi# 0 . 7 9 4 5 0 u # 2 2 . 6 7 0 3 3 X# 2 8 . 5 5 4 9 4
Vi# 0 . 7 9 4 6 7 u# 2 2 . 6 7 5 0 4 X# 2 8 . 6 0 2 3 7
W # 0 . 7 9 4 8 3 u # 2 2 . 6 7 9 7 3 X# 2 8 . 6 4 9 8 1
Vi# C . 7 9 5 G 0 u# 2?  . 6 8 4 4 1 X# 2 8 . 6 9 7 2 4
Vi# 0 . 7 9 5 1 7 u# 2 2 . 6 8 9 0 7 X# 2 8 . 7 4 4 6 8
w# 0 . 7 9 5 3 3 I J # 2 2 . 6 9 3 7 1 X# 2 8 . 7 9 2 1 2
via C . 7 9 5 5 0 I J # 2 2 . 6 ° R 3 4 X# 2 8 . 8 3  9 56
Vv# C .  7 9 5 6 6 u# 2 2 . 7 0 2 ° 5 X# 2 8 . 8 8 6 9 9



C0«P1I . F

>>1 YNOX ; 5 4 ? . c ccc t ; ni: 0 . 7 5 c P2 •1# 2 2 . 7 0 7 5 5 X A 2 3 . 5  3444
n r y \ r , , % A t . t : : o r c R* C. 7 7 5 5 9 t a 2 2 . 7 1 2 1 2 Xi 2 8 . 9 8 1 8 3U b v n r x i 5 4F.CS.CCC wa 0 . 7 9 6 1 5 u # 2 2 .7 1 6 6 9 x a 2 9 .C 2 9 3 ?
PhYNO> • 5 4 6 . CCCCC h a 0 . 7 5 6 3 2 IJ# 2 2 . 7 2 1 2 3 x » 2 0 . 0 7 6 7 7
RFYMCX ; 5 4 7 . CCCCC

5 4 8 . CCCCC
h A C .7 9 6 4 8 u # 2 2 . 7 2 5 7 7 x a 2 9 .1 2 4 2 1

PEYNCX* hA 0 . 7 5 6 6 4 u a 2 2 . 7 3 0 2 8 X* - 2 5 . 1 7 1 6 6P FYNF>> a 5 4 5 . c c c c c W& C . 7 5 6 3 0 u?; 2 2 .7 3 4 7 8 Xi? 29 . 2 1 0 1 1
REYNCXii SFC.CCcnc M.a 0 . 7 9  696- . • u a - 2 2 . 7 3 0 2 7 X* 2 9 . 2 6 6 5 5
REYiJOXrf 5 5 1 . CCCCC ha 0 . 7 9 7 1 3 u a 2 2 . 7 4 3 7 4 X6 2 9 . 3 1 4 0 3RFY'iOXs
RFYNPXf?

5 5 2 .  CCCCC w C ..79729 u a 2 2 . 7 4 8 1 9 x a 2 9 . 3 6 1 4 6
5 5 3 . CC1C0 h* . 0 . 7 9 7 4 5 ua 2 2 . 7 5 2 6 3  , .X* 2 9 . 4 0 3 9 1

REYFillX* 5 5 4 . CCCCC h a . . 0 . 7 5 7 6 1 u a 2 2 . 7 5 7 0 5 x a 2 9 . 4 5 6 3 6
u F YVPX .4 5 5 5 . CCCCC K» C . 79 7 7 7 u a 2 2 . 7 6 1 4 6 x a 2 9 . 5 0 3 8 2
R E Y \ r x a 5 5 6 .OCOCC h a 0 . 7 0 7 9 3 u a 2 2 .7 6 5 8 6 x « 2 9 . 5 5 1 2 7
R C Y N r x * 5 5 7 . CCCCC Ha C.79F0O «Jlf 2 2 . 7 7 0 2 3 x a 29 .5 9 8 7  3
PFYMPX-f 55P.CCCCC 6 f 0 . 7 9  °24 u a 2 2 . 7 7 4 6 0 x a 2 9 . 6 4 6 1 0
REYNCX-f ■*55.  C C C t  .' w* 0 . 7  9 r 4 0 u a 2 2 . 7 7 8 0 5 XA 2 9 . 6 9 3 6 5
R FYNHXa 56C.CCCCC hi- C . 79  S54> u a 2 2 . 7 8 3 2 3 xa 29 . 7 4 1 1 1
PrYNCX'i 5/-..1.C0G0C hjf 0 . 7 9 6 7 7 ua 2 2 . 7 8 7 6 0 X* 2 9 . 7 8 3 5 7
R EY.4UX* 5 4 5 . CCCCC h* 0 . 7 9  =«R u a 2 2 . 7 9 1 9 1 XA 2 9 . 8 3 6 0 3
R E Y N O / a 5 6 2 . CCCCC wa C.795C3 u a 2 2 . 7 9 6 2 0 x a 2 9 . 8 8  349
RtYNCX:T 5 6 4 , CO J-.C «» 0 . 7 9 9 1 9 u a 2 2 . 8 0 0 4 7 X* 2 9 .9 3 C 9 6
REYNOXiY 54 5 . CCCCC ha 0 . 7 5 5 3 5 u a 2 2 . 8 0 4 7 4 x a 2 9 . 5 7 8 4 2
RFYNTX., 5 6 6 . CCCCC wf 0 . 7 9 9 5 0 u a 2 2 . 8 0 6 0 8 x a 3 0 .0 2 5 8 9
REYNPxa 56 7 . CCCCC h<» 0 . 7  9966 u a 2 2 . 8 1 3 2 ? X* 3 0 . 0 7 3 3 6
REYNOXA 56,F .  CCCCC ha 0 . 7 9 5 3 1 u a 2 2 . 3 1 7 4 4 x a 3 0 . 1 2 0 8  2
RFYNCX.a 5 6 5 . CCCCO wa 0 . 7 9 9 9 7 u a . 2 2 . 8 2 1 6 4 x a 3 0 .1 6 8 2 9
PEYNOX* 57C.CCCCC wa 0 . 8 0 0 1 2 u # 2 2 . 8 2 5 8 3 x a 3 0 .2 1 5 7 6
PFYNOXA 5 7 1 . CCCCC n a 0 .8 0C2R u # 2 2 .8 3 0 0 1 x a 3 0 . 2 6  324
R T Y ^G X a 5 7 , ! .  CO one w# 0 . 8 0 0 4 3 u a 2 2 . 8 3 4 1 7 X# 3 0 . 3 1 0 7 1
P.EYNUXA 5 7 3 . CCCCC h a C.R0C59 u a 2 2 .8 3 8 3 2 XA 3 0 . 3 5 8 1 8
R T Y N O xa 574 .CCCCO HU 0.8C C74 Ur 2 2 . 8 4 2 4 6 x a 3 0 . 4 0 5 6 6
PEYNOXA 5 7 5 . c 0 OCO HU 0 .6 0 0 8 9 i j * 2 2 . 8 4 6 5 8 X* 3 0 . 4 5 3 1 3
P EYNOXA 5 7 6 . CCCCC h a C.8C1C5 u# 2 2 . 8 5 0 6 9 x a 3 0 . 5 0 0 6 1
REYNCX3 5 7 7 . CCCCC ha c . a c  120 u a 2 2 . 8 5 4 7 9 X# 3 0 . 5 4 8 0 9
REYNOXa 57F.CCCCP ha 0 . 8 0 1 3 5 u a 2 2 . 8 5 8 8 7 XA 3 0 . 5 9 5 5 6
PFYNOX* 5 7 5 . CCCCO h«f C.8C151 u a 2 2 . 8 6 2 9 4 x a 3 0 . 6 4 3 0 4
RCYNCXi' F n c . c c r s c N# 0 . 8 0 1 6 6 u * 2 2 . 8 6 6 9 9 x a 3 C . 69052
RTYMOXY 5 E 1 . c r c c c H# C.RC181 u a 2 2 . 8 7 1 0 4 x a 3 0 . 7 3 9 0 1
RFYNCXJ 5 5 2 . CCCCC ha C.8C 156 u a 2 2 . 8 7 5 0 6 x a 3 0 . 7 8 5 4 9
Rl YNCXJ 5<>3. CCCCC ha 0 .6 0 2 1 1 u # 2 2 . 8 7 9 0 8 X* 3 0 . 8 3 2 9 7
R c v ’j o x a c F 4 .C C C C C h a C . 8 02 2 6 u a 2 2 . 3 8 3 0 8 XU 3 0 . 9  3046
REYNrxa 5 8 5 . C  5CCC n a 0 . 8 0 2 4 1 u a 2 2 . 8 8 7 0 7 xa. 3 0 . 9 2 7 9 4
PEYAUX* 5 F 6 • CCCCC H# 0 . 8 0 2 5 6 u a 2 2 .8 9 1 0 5 XA 3 0 . 9 7  54 3
RFYNOX.? 5E7.CCCCO ha 0 .8 0 2 7 1 ua 2 2 .3 9 5 0 1 Xa 31 . 0 2 2 9  1
REYNCXa 5 PR• COOCO wa 0 . 8 0 2 8 6 ua 2 2 . 8 0 8 9 6 XU 3 1 . 0  7040
P F Y i4 ilx a c .c 5 .  CCCCC h It 0 .8C 3C1 ua 2 2 .9 0 2 9 0 XU 3 1 .  11789
PFYM9XA 59C.CCCCC He C.8C 316 Uif 2 2 . 9 0 6 8 3 x a 3 1 . 1 6 5 3 9
P C Y N n x a 5 5 1 . COO"? n« 0 . 8 0 3 3 1 u a 2 2 . 9  1074 XU 3 1 .7 1 2 3 7
PEYNOXa 5 5 2 . CCCCC ha 0 . 8 0 3 4 6 ua 2 2 . 7 1 4 6 4 Xu 31 .2 6 0 3 6
R FYNOX.J 5 9 3 . CCCCO wa C.8C361 ■ ua 2 2 . 9 1 8 5  3 XU 3 1 . 3 0 7 9 6
RCYNHXX 5 5 4 . CCCCC ua 0 . 8  0 376 u a 2 2 . 9 2 2 4 0 xa 3 1 . 3 5 5 3 5
r rYNOxa 5 5 5 . CCCCC wa C.8C351 Urf 2 2 . 0 2 6 2 7 X." 31 .4 0 2 8 4
R TYNCXa 5 56. .CCCO'i h,?f 0 . 8 0 4 0 6 ua 2 2 .93 C 1 2 XU 3 1 . 4 5 0 3 4
REYN'JX* 557.CCCC3 ha- 0 . 8 0 4 2 0 u a 2 2 . 9 3 6 9 6 x a 3 1 . 4 9 7 9 3
RFYNOXrf 5 5 5 . CCCCO h a C . 8 C4o5 u..- 2 2 . 9 3 7 7 8 X U 3 1 .5 4 5 3 3
SEYNTxa 5 55 . C090C hit 0 . 8 0 4 5 9 U <f 2 7 .  9 41 6 XU 3 1 .  592R 3
PEYVJX* 6CC.CCCCO wa 0 . 8C465 ua 2 2 .9 4 5 4 : j XA 3 1 . 6 4 0 3  3
R rYNCX A 6 0 1 . CCCCO <V* C.8C 479 Uf‘ 2 2 . 9 4 9  10 xa 3 1 . 6 8 7 8 3

i « r =  2 . 5 0  < ; E C , r x F r u T i ' i \  t i m c =  2 2 .5 4  s c c , o b j e c t  r r u E =  ? 6 4 c  R Y T r s , a r r a y  » » m =  o n Y T F S , u N u S F P =  1 5 2 4 7 2



A ck n o w le d g e m e n ts .

T he a u th o r  w is h e s  to  e x p r e s s  s in c e re  g ra titu d e  to  h is  s u p e r v i s o r s ,  
P r o f e s s o r  H. R . V a lle n tin e  and  A s s o c ia te  P r o f e s s o r  R . T . H a t te r s le y ,  

( p a r t ic u la r ly  to  th e  l a t t e r ) ,  f o r  th e i r  u n tir in g  in te r e s t  an d  e n c o u ra g e m e n t 
d u r in g  th e  c o u r s e  o f in v e s tig a tio n , and  to  P r o f e s s o r  I .R .W o o d , who 
s u p e rv is e d  th is  p r o je c t  w h ile  A s s o c ia te  P r o f e s s o r  R .T .H a t t e r s l e y  w as 
on s a b b a t ic a l  le a v e . T he a s s i s ta n c e  g iv en  b y  th e  s ta f f  o f th e  W a te r  
R e s e a r c h  L a b o ra to ry  f o r  th e  c o n s tru c t io n  of th e  eq u ip m e n t, th e  co n d u c t
io n  o f p a r t  of th e  e x p e r im e n ts  and  th e  p ro d u c tio n  of th is  r e p o r t  i s  a ls o  
g ra te fu l ly  ack n o w led g ed .




