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ABSTRACT 

THE EFFECT OF RAINDROP IMPACT AND SURFACE 

ROUGHNESS ON SHEET FLOW 

An exper imen ta l  and a n a l y t i c a l  s tudy  was conducted t o  i n v e s t i g a t e  t h e  
mechanics o f  shee t  f l ow  as i t  i s  a f f e c t e d  by r a i n f a l l .  Water su r face  
p r o f i l e  d a t a  were taken i n  a l a b o r a t o r y  f l ume u s i n g  a r t i f i c i a l l y  gen- 
e r a t e d  r a i n f a l l  and a  h y d r a u l i c a l l y  smooth s u r f a c e .  The one-d imens iona l  
s p a t i a l l y  v a r i e d  f l ow  e q u a t i o n  as developed f r o m  t h e  momentum approach 
was then  used t o  compute t h e  boundary shear  s t r e s s  and subsequent ly  a  
Weisbach t y p e  f r i c t i o n  f a c t o r .  I t  was found t h a t  t h e  r e s u l t s  below a  
Reynolds number o f  app rox ima te l y  1000 c o u l d  be expressed as f = C/NR 
where C increases w i t h  i n c r e a s i n g  r a i n f a l l  i n t e n s i t y  and s u r f a c e  s l o p e .  
V e l o c i t y  p r o f i l e  s t u d i e s  show t h a t  v e l o c i t y  i n  t h e  s u r f a c e  r e g i o n  i s  
r e t a r d e d  by t h e  r a i n f a l l .  Turbu lence i n t e n s i t y  measurements i n d i c a t e  
t h a t  t u r b u l e n c e  i s  genera ted a t  t h e  s u r f a c e  due t o  t h e  r a i n f a l l  and a l s o  
a t  t h e  boundary f o r  f l o w  which  would n o r m a l l y  be l a m i n a r  w i t h o u t  r a i n -  
f a l l .  S p e c t r a l  a n a l y s i s  o f  t h e  t u r b u l e n t  measurements i n d i c a t e s  t h a t  
t h e  r a i n f a l l  s h i f t s  t h e  t u r b u l e n t  energy  t o  h i g h e r  f r e q u e n c i e s  than 
would be t h e  case w i t h o u t  r a i n f a l l .  A n a l y s i s  o f  f l o w  o v e r  rough s u r -  
faces taken by t h e  Corps o f  Eng ineers  shows t h a t  r a i n f a l l  has l i t t l e  
e f f e c t  on r e s i s t a n c e  beyond t h e  t r a n s i t i o n  r e g i o n  and t h e  t r a n s i t i o n  
p o i n t  may be lowered by t h e  presence o f  r a i n f a l l .  

A  s e p a r a t e  s tudy  o f  a  s i n g l e  drop s t r i k i n g  a  s tagnan t  wa te r  l a y e r  shows 
t h a t  t h e  v e l o c i t y  and p r e s s u r e  f i e l d  can be computed u s i n g  a  S y n t h e t i c -  
C e l l - F l u i d  scheme t o  s o l v e  t h e  Nav ier -Stokes e q u a t i o n s  f o r  t h i s  case. 
A d imens ion less  maximum impact  p r e s s u r e  model was developed and t h e  
v e l o c i t y  f i e l d  and f r e e  s u r f a c e  c o n f i g u r a t i o n  were s t u d i e d .  I t  was 
found t h a t  s u r f a c e  t e n s i o n  i s  s i g n i f i c a n t ,  t h e  d iamete r  o f  t h e  r e g i o n  
o f  d i s t u r b a n c e  was approx ima te l y  one inch ,  and t h a t  l o c a l l y  h i g h  shear 
s t r e s s  a r e  genera ted.  These s t r e s s e s  c o u l d  e a s i l y  cause s o i l  e r o s i o n .  
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1 . l NTRODUCT l ON 

1.1  - Ob jec t i ves  

The obse rva t i on  o f  ra ind rops  s t r i k i n g  a  t h i n  l a y e r  o f  wa te r  as 

i t  f lows  f rom a s idewalk  o r  s t r e e t  c rea tes  an i n t u i t i v e  f e e l i n g  t h a t  the  

drops must have some e f f e c t  on the c h a r a c t e r i s t i c s  o f  f l ow .  Wi th  the  growing 

awareness o f  the importance o f  urban hydro logy i t i s  necessary t o  ga in  a  

b e t t e r  understanding o f  the  r u n o f f  process so t h a t  more i n t e l l i g e n t  design 

procedures can be developed. Sheet f l o w  i s  the  i n i t i a l  phase o f  su r f ace  

r u n o f f  and i n  impervious urban areas i t  i s  a  ve ry  s i g n i f i c a n t  one. The 

e f f e c t s  o f  r a i n f a l l  on sheet f l o w  have n o t  been thorough ly  s t u d i e d  and i t  

i s  the  o v e r a l l  o b j e c t i v e  o f  t h i s  s tudy t o  c o n t r i b u t e  t o  the  unders tanding 

o f  t h i s  phenomenon. Another area i n  which t h i s  knowledge i s  o f  va lue  i s  

t h a t  o f  s o i l  e ros i on .  

The s p e c i f i c  o b j e c t i v e s  o f  t he  s tudy are:  

1 .  To expe r imen ta l l y  i n v e s t i g a t e  and descr ibe  the e f f e c t  

o f  r a i n f a l l  on t he  res i s t ance  t o  sheet f l ow .  

2. To o b t a i n  a  b e t t e r  unders tanding o f  the  mechanics o f  

sheet f l o w  under t he  a c t i o n  o f  s imu la ted  r a i n f a l l .  

The second o b j e c t i v e  has r e s u l t e d  i n  doc to ra l  d i s s e r a t i o n s  by 

Wang (1) and Yoon (2) ,  the  r e s u l t s  o f  which a re  summarized i n  t h i s  r e p o r t .  

1 .  Numbers i n  parentheses r e f e r  t o  cor responding items i n  References. 

-. 



1.2 - Previous Studv 

A d e t a i l e d  d iscuss ion  o f  p rev ious  work r e l a t e d  t o  t h i s  s tudy 

was presented by Wang (1) and Yoon (2) and o n l y  a  summary i s  presented 

here. The f i r s t  exper imental  work d i r e c t l y  concerned w i t h  the  res i s tance  

t o  f l o w  due t o  r a i n f a l l  was done by l z za rd  (3, 4) who presented a design 

procedure f o r  impervious sur faces which recognizes the  e f f e c t  o f  r a i n f a l l .  

Jus t  a f t e r  t h i s  i n i  t i a l  work Keulegan (5) presented t he  one-dimensional 

equa t ion  f o r  s p a t i a l l y  va r i ed  f l ow  which has served as a t h e o r e t i c a l  bas is  

f o r  many subsequent s tud ies .  Th is  equat ion has r e c e n t l y  been discussed i n  

f u r t h e r  de ta i  1 by Yen and Wenzel ( 6 ) .  I n  the 1 i g h t  o f  Keulegan's work 

l z za rd  developed a r e l a t i o n s h i p  between f r i c t i o n  c o e f f i c i e n t  and Reynolds 

number f o r  paved and t u r f e d  sur faces (7, 8) which i s  i n  qua1 i t a t i v e  agree- 

ment w i t h  more recent  s tud ies .  Perhaps the  most ex tens i ve  s tudy t o  da te  

was repor ted  by Woo and B ra te r  (9) who repor ted  the  r e s u l t s  o f  the  e f f e c t  

o f  r a i n f a l l  i n t e n s i t y ,  sur face roughness, and s lope  on the  res i s tance  co- 

e f f i c i e n t .  The Los Angeles D i s t r i c t  o f  t he  Corps o f  Engineers obta ined 

sur face  p r o f i l e s  and runo f f  hydrographs from 500 f t  long concrete and 

t u r f e d  sur faces (10) .  Par t  o f  t h i s  data was analyzed by Yu and McKnown (1 1) 

who concluded t h a t  the  e f f e c t  o f  r a i n f a l l  decreased and became i n s i g n i f i -  

cant  as the  Reynolds number exceeded 2,000. Robertson e t  a1 (12) performed -- 
over land  f l o w  t e s t s  us ing a gravel  su r face  and a channel s lope  o f  0.05 and 

ob ta ined  very  h i g h  res i s tance  c o e f f i c i e n t s .  

Smerdon (13) f i r s t  repor ted  the r e s u l t s  o f  v e l o c i t y  p r o f i l e  

measurements o f  shal  low sediment laden f l o w  w i t h  r a i n f a l l  us ing p i  t o t  

tubes. Subsequent work by Glass and Smerdon (14) on concre te  and plywood 

sur faces l e d  t o  t he  conc lus ion t h a t  the  v e l o c i t y  d i s t r i b u t i o n  under 



r a i n f a l l  was l o g a r i t h m i c  w i t h  the va lue  o f  t he  von Karman constant  be ing 

h i g h e r  than the  va lue  w i t hou t  r a i n f a l l .  The f i r s t  use o f  the  h o t  f i l m  

anemometer f o r  v e l o c i t y  p r o f i l e  measurements w i t h  r a i n f a l l  was repo r t ed  

by Threadgi  1 1  and Hermanson (15) us i ng  a  t r i a n g u l a r  open channel. Thei r 

r e s u l t s  agreed approx imate ly  w i t h  those o f  Glass and Smerdon. 

The de te rm ina t i on  o f  boundary shear s t r e s s  i s  o f  bas i c  impor- 

tance i n  t h i s  study. Var ious methods o f  accompl ish ing t h i s  a re  discussed 

by Yoon ( 2 ) .  The two methods used here a r e  the  s o l  u t  i o n  o f  t h e  one- 

dimensional  s p a t i a l l y  va r i ed  f l o w  equa t ion  f o r  t he  r es i s t ance  term (6) . 

and t h e  sem i -d i r ec t  method o f  the  f l u s h  mounted h o t  f i l m  probe. T h r e a d g i l l  

and Hermanson (15) f i r s t  used the su r f ace  probe method b u t  d i f f i c u l t i e s  

w i t h  c a l i b r a t i o n  made t h e i r  r e s u l t s  ques t ionab le .  

Al though cons iderab le  use o f  t he  h o t  f i l m  anemometer has been 

made i n  measuring tu rbu lence  c h a r a c t e r i s t i c s  i n  water ,  the  o n l y  appl  i c a t i o n  

t o  f l o w  w i t h  r a i n f a l l  was repor ted  by B a r f i e l d  (16) .  A l though h i s  range o f  

f l o w  parameters was l i m i t e d ,  he repor ted  r e l a t i v e  tu rbu lence  i n t e n s i t y  pro-  

f i l e s ,  E u l e r i a n  t ime sca le  and d i f f u s i o n  c o e f f i c i e n t  values. 

A  s i n g l e  drop s t r i k i n g  a  f l u i d  has aroused the  i n t e r e s t  o f  

researchers  s i nce  t he  t ime o f  Reynolds (17) .  The work by Wang (1) presents  

a  summary o f  t he  p rev ious  work i n  t h i s  area as w e l l  as the  numerical  proce- 

dures used i n  recen t  t imes t o  t r e a t  such problems mathemat ica l l y .  
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2. THEORY 

The t h e o r e t i c a l  approach used i n  the present  a n a l y s i s  o f  the  

steady s t a t e  r es i s t ance  t o  f l o w  caused by r a i n f a l l  i s  t o  t r e a t  the  r a i n -  

f a l l  as a  u n i f o r m l y  d i s t r i b u t e d  l a t e r a l  i n f l o w  t o  a two-dimensional 

channel f l ow.  The general  equa t ion  which descr ibes t h i s  type o f  f l o w  can 

be de r i ved  f rom e i t h e r  a  momentum o r  energy approach (6) .  Idhen t he  bound- 

a r y  shear i s  o f  i n t e r e s t  the momentum approach i s  more app rop r i a t e ,  and i f  

t he  p ressure  d i s t r i b u t i o n  i s  assumed t o  be h y d r o s t a t i c  and the momentum 

c o e f f i c i e n t  i s  cons tan t  the r e s u l t  i s  

T 

S - -  i 
OX + - (U cos $-2@V) 

0 YYo 9Yo 
- =  
d  x  

@V2 cos 0 - - 
gYO 

where y  = t he  l o c a l  depth measured normal t o  t he  channel bottom, x  = the 
0 

d i r e c t i o n  o f  mean f l ow ,  0  = the  angle  between t he  x  d i r e c t i o n  and the  hor -  

i z o n t a l ,  S = s i n  0, V = t he  l o c a l  mean v e l o c i t y ,  T = the average boundary 
0 OX 

shear s t r e s s  i n  the  x  d i r e c t i o n  a t  any x  p o s i t i o n ,  i = the l a t e r a l  i n f l o w  

pe r  u n i t  l eng th  i n  t he  x  d i r e c t i o n  which i n  t h i s  case i s  t he  r a i n f a l l  i n -  

t e n s i t y ,  U  = t he  v e l o c i t y  o f  the  ra indrops  as they e n t e r  the  main f l ow,  I) = 

the  ang le  between t he  v e l o c i t y  vec to r  U  and t he  x  d i r e c t i o n ,  B = the con- 

vent  i ona l  momentum c o r r e c t i o n  f a c t o r  ( @  = 1.20 f o r  two-dimensional laminar  

sheet f l o w ) ,  y  = the  s p e c i f i c  we igh t  o f  wa te r  and g  = the  a c c e l e r a t i o n  due 

t o  g r a v i t y .  The res i s t ance  term i s  sometimes r e f e r r e d  t o  as the f r i c t i o n  



s l o p e s  I t  i s e x p r e s s e d  he re ,  a s o t h e r s  h a v e d o n e ,  i n  t e r m s o f  a f r i c t i o n  
f '  

f a c t o r  f such t h a t  

I t  s h o u l d  be emphasized t h a t  t h e  f r i c t i o n  f a c t o r  d e f i n i t i o n  i s  based on t h e  

momentum r a t h e r  t h a n  t h e  energy  approach and s h o u l d  be used i n  t h a t  c o n t e x t .  

I t  wou ld  be u s e f u l  a t  t h i s  p o i n t  t o  i d e n t i f y  t h e  v a r i a b l e s  wh ich  

may a f f e c t  T and hence f .  
0 

where E = t h e  e q u i v a l e n t  s u r f a c e  roughness, d  = t h e  d r o p  s i z e  and n and 

A = d imens ion less  parameters d e s c r i b i n g  t h e  d rop  impact  p a t t e r n  and shape, 

r e s p e c t i v e l y .  A p p l i c a t i o n  o f  d imens iona l  a n a l y s i s  leads t o  

The parameters i n  Eq. 2.4 can be combined i n  a  more u s e f u l  f o r m  

I n  a d d i t i o n  t o  t h e  conven t iona l  Reynolds and Froude numbers, channel s l o p e  

and r e l a t i v e  roughness, Eq. 2.5 c o n t a i n s  r a i n f a l l  parameters i n  t h e  f o r m  

o f  Reynolds o r  Froude numbers as w e l l  as n and A .  The parameter n c o u l d  

be regarded as t h e  r a t i o  between d rop  d iamete r  and average h o r i z o n t a l  spac ing  

between drops - .  w h i l e  A c o u l d  rep resen t  a  mean aspec t  r a t i o  o f  t h e  drops.  



2.2 - V e l o c i t y  P r o f i l e  

One o f  t he  o b j e c t i v e s  o f  Yoon's work (2) was t o  i n v e s t i g a t e  the  

v e l o c i t y  p r o f i l e  w i t h  r a i n f a l l .  The two p a r t  mathematical model which re-  

s u l t e d  was based on von Karman's m i x i ng  l eng th  assumption 

where u = l o c a l  p o i n t  mean v e l o c i t y  i n  the  x  d i r e c t i o n ,  y  = the  d i r e c t i o n  

normal t o  x  i n  a  v e r t i c a l  p lane, R = P rand t l  I s  m i x i ng  l eng th  and K = von 

Karman's so c a l l e d  u n i v e r s a l  constant .  Yoon found t h a t  the  v e l o c i t y  p ro -  

f i l e  cou ld  be cha rac te r i zed  by a  lower r eg ion  s t a r t i n g  a t  the  boundary 

and ex tend ing  t o  a  p o i n t  o f  maximum v e l o c i t y ,  
Ymax 

. Th i s  was f o l l owed  

b y a  r e g i o n o f  v e l o c i t y r e t a r d a t i o n f r o m y  t o t h e s u r f a c e , y o .  
ma x  

The lower p a r t  o f  t he  p r o f i l e  (0 < y  < y  ) i s  descr ibed by 
ma x  

the  conven t iona l  un i ve r sa l  v e l o c i t y  d i s t r i b u t i o n  r e l a t i o n s h i p  

The a d d i t i o n a l  assumption l ead ing  t o  Eq. 2.7 i s  t h a t  a  l i n e a r  d i s t r i b u t i o n  

o f  t u r b u l e n t  shear s t r e s s  e x i s t s .  O f  course Eq. 2.7 i s  n o t  v a l i d  i n  the  

v iscous sub layer  r eg ion  where v iscous shear predominates nor  a t  a  f r e e  su r -  

face where the  v e r t i c a l  m i x i ng  must e s s e n t i a l l y  van ish.  A l though a f r e e  

su r f ace  does no t  e x i s t  a t  y  = y  t he  v e l o c i t y  g rad ien t  i s  zero t he re  max' 

which i s  n o t  i n  agreement w i t h  the  model. l-lowever, t h i s  d i f f i c i e n c y  i s  n o t  

unique and i s  no t  regarded as se r ious .  
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2.3 - Turbulence Parameters 

I n  o rde r  t o  f u r t h e r  descr ibe  the na tu re  o f  the  f l o w  Yoon ob ta ined  

tu rbu lence  i n t e n s i t y  p r o f i l e s .  I f  t he  instantaneous t o t a l  v e l o c i t y  compon- 

e n t  - u  i s  cons idered t o  be composed o f  a  steady and a  f l u c t u a t i n g  component 

such t h a t  u" = 0, t he  tu rbu lence  i n t e n s i t y ,  u ' ,  i s  de f i ned  as 

where t = t ime.  

A d d i t i o n a l  d e s c r i p t i o n  o f  t he  tu rbu lence  i s  g i ven  by examining 

t he  d i s t r i b u t i o n  o f  k i n e t i c  energy pe r  u n i t  mass among t he  var ious  f l u c t u a -  

t i o n  f requenc ies  p resen t  i n  the f l ow .  I f  1/2 E(n)dn represents  the  k i n e t i c  . 

energy per  u n i t  mass i n  the frequency range n  - n  + dn assoc ia ted  wi  t h  the  

l o n g i t u d i n a l  component o f  v e l o c i t y  then 

where ~ ( n )  = t h e  one-dimensional energy f u n c t i o n  and n  = frequency. Exami- 

n a t i o n  o f  t he  s p e c t r a l  f u n c t i o n  w i t h  and w i t h o u t  r a i n f a l l  shows how the  

a d d i t i o n a l  energy supp l i ed  by t he  f l o w  i s  d i s t r i b u t e d  throughout the  va r ious  

f requenc ies .  



The normal ized energy f u n c t i o n ,  ~ ( n ) ,  i s  s i m i l a r l y  de f ined  as 

Except f o r  t he  reg ion  o f  h i gh  f requenc ies,  the  normal ized energy f unc t i on  

i s  assumed t o  have t he  form (2 1 , 22) 

where Lx = the macroscale o f  turbu lence.  Equat ion 2.17 a l l ows  t o  es t imate  

t he  macroscale by f i t t i n g  a  curve o f  t he  form t o  t he  data.  However, a  more 

convenient method was suggested by Raich len (20) ,  namely, 

where n = t he  frequency below which 50% o f  the tu rbu lence  energy l i e s .  
50 

2.4 - S ina le  D r o ~  Ana lvs is  

The prev ious d iscuss ion  was based on a quas i -s teady approach, 

t r e a t i n g  t he  r a i n f a l l  as a  un i form l a t e r a l  i n f l o w  which creates e f f e c t s  

which can be considered as steady on the  average. As an a l t e r n a t i v e  

approach which i s  much more complex and d i f f i c u l t ,  Wang (1) has examined 

the  impact o f  a  s i n g l e  drop on a s tagnant  water  l a y e r  us ing  a numerical  

s o l u t i o n  o f  the Navier-Stokes equat ions w i t h  app rop r i a t e  boundary condi -  

t i o n s .  Th is  i s  a  s i m p l i f i e d  model o f  t h e  n a t u r a l  phenomenon s i nce  t he  water 



l a y e r  was n o t  i n i t i a l l y  f l o w i n g  and o n l y  one drop was considered. However, 

i t  represents  a  f i r s t  s tep  i n  a  d e t a i l e d  a n a l y s i s  o f  the  r e a l  unsteady f l ow  

f i e l d  and p rov ides  some pe rspec t i ve  f rom which f u r t h e r  extens ions o f  the  

approach can be made. The r e s u l t s ,  a l though l i m i t e d  by a v a i l a b l e  funds f o r  

computer t ime, a r e  o f  i n t e r e s t  and p rov i de  suppor t  f o r  t he  l a r g e  sca le  r e -  

s i s t ance  measurements. 

The d e t a i l s  o f  the  t h e o r e t i c a l  approach and the  numer ica l  scheme 

a re  descr ibed  by Wang (1) and o n l y  a . b r i e f  summary i s  presented here. The 

drop impact phenomenon i s  assumed t o  be ax isymmetr ic  w i t h  constant  f l u i d  

temperature and dens i t y  and no i n t e r f a c i a l  tens i o n  between the  drop f 1 u i d  

and the  f l u i d  l a y e r  i s  considered. The equa t ion  o f  c o n t i n u i t y  and equat ions 

o f  mot ion which govern t he  phenomenon a f t e r  impact a r e  t h e r e f o r e  

where V r  and V Z  = t he  r a d i a l  ( r )  and a x i a l  (z )  v e l o c i t y  components a t  any 

t ime t, and P = the  gage pressure.  



The boundary cond i t i ons  i nc l ude  zero  r a d i a l  v e l o c i t y ,  v e l o c i t y  

g r a d i e n t  and pressure g r a d i e n t  a long  the  z  a x i s  which i s  loca ted  a long  t he  

drop c e n t e r l i n e ,  a  no s l i p  c o n d i t i o n  a l ong  the  bot tom o f  t he  f l u i d  l a y e r  

(a  f r e e  s l i p  c o n d i t i o n  was a l s o  s t u d i e d ) ,  a  c i r c u l a r  w a l l  a t  some r a d i a l  

d i s t ance  f rom the  impact p o i n t  t o  l i m i t  t h e  computat ional  f i e l d ,  and a  s e t  

o f  equat ions t o  account f o r  su r f ace  t ens ion  a t  t he  f r e e  su r face .  Th is  

l a t t e r  boundary c o n d i t i o n  i s  expressed as 

where F  = t he  sur face  tens ion  f o r c e  pe r  u n i t  l eng th ,  R and R2 = the  p r i n -  1 

c i p a l  r a d i i  o f  cu r va tu re  o f  t he  4ree sur face ,  a = the  s t r e s s  tensor  and 
i j 

n  = u n i t  outward normal. The i n i t i a l  cond i t i ons  r equ i r ed  a re  the  drop 
9  

shape and v e l o c i t y  a t  the  i n s t a n t  o f  impact. 

The numerical  method employs a  S y n t h e t i c - C e l l - F l u i d  scheme which 

conserves mass and momentum. The computat ional  f i e l d  i s  d i v i d e d  i n t o  a  

s e r i e s  o f  c e l l s  which a re  considered t o  be e i t h e r  empty o r  f i l l e d  w i t h  a  

" s y n t h e t i c - c e l l - f l u i d . ' '  I n i t i a l l y  t h i s  f l u i d  corresponds t o  the  r ea l  f l u i d  

and p h y s i c a l l y  represents  the  f r a c t i o n a l  p a r t  o f  a  c e l l  which i s  occupied 

by t he  r e a l  f l u i d .  The movement o f  t h e  s y n t h e t i c  f l u i d  i s  governed by the  

c o n t i n u i t y  equa t ion  f o r  compressible f l ow .  I f  a  c e l l  con ta ins  a  volume o f  

s y n t h e t i c  f l u i d  which i s  g r e a t e r  than a  s p e c i f i e d  amount i t  i s  assumed t o  

be f i l l e d  w i t h  r ea l  f l u i d ,  o therw ise  i t  i s  empty. I n  t h i s  way t he  f r e e  su r -  

face i s  determined. The numerical  scheme proceeds i n  two steps. I n  t he  

f i r s t  s tep  Eqs. 2.20 and 2.21 a re  combined t o  y i e l d  a  r e l a t i o n s h i p  which 

pe rm i t s  the  pressure t o  be computed i f  the  v e l o c i t y  f i e l d  i s  known. 



Equa t ion  2.23, i n  f i n i t e  d i f f e r e n c e  f o r m  i s  used w i t h  t h e  known v e l o c i t y  

f i e l d  a t  t i m e  t t o  compute t h e  change i n  t h e  p r e s s u r e  f i e l d ,  s t a r t i n g  a t  

t h e  f r e e  s u r f a c e  and p roceed ing  inward.  The s y n t h e t i c  f l u i d  i s  then moved 

u s i n g  t h e  v e l o c i t y  f i e l d  a t  t i m e  t t o g e t h e r  w i t h  t h e  c o n t i n u i t y  e q u a t i o n  1 
f o r  compress ib le  f l o w .  T h i s  d e f i n e s  t h e  f l u i d  domain a t  t + A t .  Then 1 
Eqs. 2.20 and 2.21, i n  f i n i t e  d i f f e r e n c e  form, a r e  used t o  e v a l u a t e  t h e  

1 

v e l o c i t y  f i e l d  a t  t + A t .  T h i s  completes t h e  c y c l e  wh ich  i s  then repeated.  I 
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3. EXPERIMENTAL EQUIPMENT AND PROCEDURE 

3.1 - R a i n f a l l - R u n o f f  System 

The l abo ra to r y  f lume used f o r  the  f l o w  res i s t ance  exper iments 

cons i s t ed  o f  a  3 f t  wide, 24 f t  long f lume w i t h  a  1/4 i n .  t h i c k  p l a t e  g lass 

bot tom and two 8  i n .  h i g h  plywood w a l l s  pa in ted  w i t h  epoxy. A schematic 

diagram o f  the  system i s  shown i n  F ig .  2  and a  general  photograph i n  F i g .  3. 

The p l a t e  g lass  was l a i d  d i r e c t l y  on top o f  a  1/8 i n .  t h i c k  s t a i n l e s s  s t e e l  

p l a t e  which was supported by t h ree  1 i n .  square s t e e l  bars which were g lued 

by epoxy a long t he  c e n t e r l i n e  and two edges o f  t he  p l a t e .  Eleven p a i r s  o f  

s t e e l  channel s t r i n g e r s ,  each o f  which was b o l t e d  by two 1/2 i n .  threaded 

rods near  bo th  ends, were connected t o  each o f  t he  1 i n .  square s t e e l  bars  

by t h ree  1 /4  i n .  threaded rods whose upper end was screwed i n t o  each o f  t he  

square bars and t he  o t h e r  end was b o l t e d  t o  t he  upper channel s t r i n g e r .  

Th is  suppor t  scheme, a l s o  shown i n  F ig .  3 a l l owed f o r  l o c a l  l e v e l l i n g  o f  

t he  g lass  su r f ace  t o  w i t h i n  - +0.005 i n .  o f  a  p lane  sur face .  The lower chan- 

ne l  s t r i n g e r s  were welded t o  t he  upper f langes o f  two s t e e l  wide f lange-  

beams running p a r a l l e l  a long  t he  channel bas in .  The beams were p i v o t e d  

near the  downstream end and were supported by a  p a i r  o f  j acks  21 f t  f rom 

the  downstream end, p e r m i t t i n g  the  channel s lope  t o  be changed. 

R a i n f a l l  was s imulated by a  s e r i e s  o f  12 r a i n f a l l  modules sus- 

pended f rom a  frame above t he  channel f rom which c a p i l l a r y  tubes p ro t r ude  

down. The d e t a i l s  o f  a  module a re  schema t i ca l l y  shown i n  F i g .  4 .  The 

g lobe va l ve  on each module was ad jus ted  t o  ma in ta i n  an equal f l o w  r a t e  

f rom each o f  the  12 modules. The i n f l o w  t o  the  modules was con t ro l ed  by 



so leno id  va lves and r a i n f a l l  cou ld  be generated a lmost  ins tan taneous ly  and 

stopped wi  t h i n  3 seconds by t h i s  means. 

The h e i g h t  o f  the  modules above the  channel bot tom cou ld  be ad- 

j u s t e d  t o  a  maximum o f  13 f t  by two ropes on each s i d e  o f  each module through 

p u l l e y s  a t tached  t o  the  top  o f  the  framework. For the  c a p i l l a r y  tubes used 

i n  t h i s  s tudy  the equ i va l en t  drop d iameter  v a r i e d  f rom 2.92 to  3.26 mm o r  an 

average o f  3.1 mm f o r  an i n t e n s i t y  range o f  0.5-15 i n . / h r .  The tube p a t t e r n  

( ~ i g .  4) used was based on the  drop impact p a t t e r n  s tudy repor ted  by 

Mutch le r  (18).  Two drop pa t t e rns ,  a  1 i n .  and 2 i n . ,  spac ing were used by 

Yoon (2) as shown i n  F ig .  4, t o  eva l  uate  the e f f e c t  o f  i~ i n  Eq.  25. A re -  

c i r c u l a t i n g  system prov ided  water  f o r  bo th  the  r a i n f a l l  modules and the  

head box as shown i n  F ig .  2. The head box p rov ided  a base f l o w  so t h a t  a  

wide range o f  Reynolds numbers cou ld  be obta ined.  Separate c e n t r i f u g a l  

pumps supp l i ed  the  head box and the r a i n f a l l  modules v i a  a  man i f o l d  d i s t r i -  

b u t i o n  tank. Flow was moni tored by o r i f i c e  meters c a l i b r a t e d  g r a v i m e t r i c a l l y  

i n  p lace.  The maximum Reynolds number which cou ld  be ob ta ined  w i t h  t he  f l o w  

sys tem was approx i  mate l y  5,500. 

Depth was measured us i ng  a micrometer p o i n t  gauge which cou ld  be 

read t o  0.001 i n .  Wi th  imping ing ra indrops ,  a  v i s u a l  micrometer read ing  o f  

water  su r f ace  p o s i t i o n  was no t  p o s s i b l e  because o f  t h e  i r r e g u l a r  water  su r -  

face  caused by the  ra i nd rop  impact. Therefore,  an e l e c t r i c a l  r es i s t ance  

meter was connected between the  p o i n t  gauge and water .  The gauge was lowered 

t o  the  su r f ace  u n t i l  t he  r es i s t ance  meter began t o  o s c i l l a t e ,  i n d i c a t i n g  con- 

t a c t  w i t h  the  c r e s t  o f  t he  waves. The gauge was then lowered u n t i l  the meter 

read ing  dropped t o  a  steady lower va lue,  i n d i c a t i n g  t h a t  the p o i n t  was j u s t  

below t he  sur face wave troughs. The t r u e  depths reading was taken as the  
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average o f  t he  c r e s t  and trough gauge readings, and t he  res i s tance  meter 

va lue a t  t h a t  average depth was used as a  reading c r i t e r i o n  throughout the 

t e s t s .  To be cons i s ten t  on t h i s  c r i t e r i o n  the  zero reading o f  r es i s tance  

meter was p e r i o d i c a l l y  checked. 

3.2 - Mean V e l o c i t y  and Turbulence Measurement 

A The rmo-Sys tems I nc. Mode 1 10 10 cons tan t tempe r a t u  r e  anemometer 

was used by Yoon (2) f o r  measurements o f  v e l o c i t y ,  turbu lence and boundary 

shear s t r ess  a long w i t h  a  l i n e a r i z e r ,  RMS and DC vo l tmete rs  and c h a r t  and 

tape recorders.  The d e t a i l s  o f  the  c i r c u i t r y ,  c a l i b r a t i o n  and ope ra t i on  o f  

t he  equipment was descr ibed i n  d e t a i  1 by Yoon (2 ) .  TS I boundary l a y e r  h o t  

f i l m  sensors ( ~ o d e l  1218-60~)  and s t r a i g h t  ho t  f i l m  sensors ( ~ o d e l  1210-60~)  

hav ing a  0.006 i n .  d iameter  qua r t z  coated p l a t i n u m - f i l m  c y l i n d r i c a l  sensor 

w i t h  a  s e n s i t i v e  l eng th  o f  0.080 i n .  were used f o r  these measurements. 

3.3 - Boundary Shear Stress Measurement 

A TSI Model 1237-LW f l a t  su r face  h o t  f i l m  sensor coupled w i t h  the  

anemometer was used by Yoon t o  o b t a i n  a  semi-di r e c t  measurement o f  boundary 

shear. The probe was mounted f l u s h  w i t h  th'e g lass  sur face  and was c a l i b r a t e d  

i n  a  rec tangu la r  condu i t  over  the same Reynolds number range as was encoun- 

t e red  i n  the measurements. Photographs o f  the sur face  probe, boundary l aye r  

probe, and inst rument  c a r r i a g e  a re  shown i n  F ig .  5. 





3.4 - Turbu len t  Energy Spectrum Measurement 

I n  o r d e r  t o  observe the  e f f e c t s  o f  r a i n f a l l  on the  d i s t r i b u t i o n  

o f  tu rbu lence  energy a  Sangamo 3500 tape recorder  was used t o  record the 

tu rbu lence  a t  t h ree  l e v e l s  i n  t he  f l o w  f o r  va r ious  Reynolds numbers and 

r a i n f a l l  i n t e n s i t i e s .  The s i g n a l  was analyzed us i ng  a  General Radio Model 

1564-A Sound and V i b r a t i o n  Analyzer toge ther  w i t h  the  i n t e g r a t i n g  p o r t i o n  

o f  t he  mean p roduc t  computer o f  a  Hubbard Old Gold Model h o t  w i r e  anemom- 

e t e r .  The l a t t e r  was used t o  o b t a i n  a  v a l i d  average ou tpu t  reading from 

the  ana lyzer  a t  the  va r ious  c e n t r a l  f requenc ies .  A band w i d t h  o f  16 per -  

cen t  o f  t he  c e n t r a l  f requency was used, which corresponded t o  a  rectangu- 

l a r  response curve o f  u n i t  h e i g h t  hav ing the  same area as t h a t  under the  

ac tua l  response curve. I t  was found t h a t  the  ana lyzer  was no t  capable o f  

p i c k i n g  up t he  e n t i r e  s i gna l  over  a l l  the  f requenc ies s i nce  the  area under 

t h e  spectrum curve was i n  general  lower than u12. However t h i s  problem i s  

n o t  uncommon w i t h  t h i s  method o f  ana l ys i s  and cou ld  o n l y  be overcome by 

us i ng  analog t o  d i g i t a l  convers ion.  Th is  was no t  done because the  r e s u l t s  

were judged s u f f i c i e n t l y  accura te  t o  convey the i n f o r m a t i o n  des i red .  

3.5 - S ing le  Drop Impact Pressure 

The exper imenta l  phase o f  t he  s tudy by Wang (1) cons is ted  o f  t he  

measurement o f  t he  pressure- t ime r e l a t i o n s h i p  immediately beneath the  i m -  

pac t  p o i n t  o f  a  s i n g l e  drop as i t  s t r u c k  a  t h i n  s tagnant  wa te r  l a y e r .  

Var ious drop s i zes ,  water  l a y e r  depths and impact v e l o c i t i e s  were i n v e s t i -  

gated. The pressure was measured by a  Model 606A K i s t l e r  q u a r t z  pressure 

t ransducer  i n  s e r i e s  w i t h  a  Model 504 charge a m p l i f i e r  and a  Model 5 4 8 ~ 8  



f i l t e r s  f o r  resonance a t t e n u a t i o n .  The s i g n a l  was recorded on s to rage  

osc i l l o scope .  The t ransducer  was mounted f l u s h  w i t h  the  bot tom o f  a  2 f t  

square p l e x i g l a s s  t r a y  which was o r i e n t e d  so t h a t  the  drop s t r u c k  d i r e c t l y  

over  the  cen te r  o f  t h e  t ransducer .  Drops were formed us i ng  a  s i n g l e  cap- 

i l l a r y  i n s e r t e d  through the  bot tom o f  a  wa te r  con ta i ne r .  Var ious drop 

s i zes  were produced by us ing  tubes w i t h  d i f f e r e n t  o u t s i d e  and i n s i d e  

diameters.  



4. RESULTS 

4.1 - E f f e c t  o f  S i g n i f i c a n t  Parameters on Flow Resistance on 

a Smooth Sur face 

4.1.1 - Computation o f  F r i c t i o n  Fac to r  

The boundary shear s t r e s s  and hence the  f r i c t i o n  f a c t o r  and 

f r i c t i o n  s l ope  can be computed f rom Eqs. 2.1 and 2.2 i f  a l l  o f  t he  o t h e r  

terms i n  the  r e s u l t i n g  equa t ion  a r e  known. 

8 -r 
ox 8gSfyo 2 f = - -  - BS i U (cos 8--) + - cos$ - - 

Bv2 v 3 9Y0 
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Sur face p r o f i l e s  f o r  va r ious  s lopes,  r a i n f a l l  i n t e n s i t i e s ,  values o f  U, 

and i n i t i a l  upstream Reynolds numbers were measured. These data a re  g iven  

i n  the  Appendix. Eq. 4.1 was transformed i n t o  a  d i f f e r e n c e  equa t ion  us i ng  

t he  f o l l o w i n g  s u b s t i t u t i o n s :  

Smooth curves were drawn through the  raw su r f ace  p r o f i l e  data and the  

smoothed p r o f i l e s  were used t o  compute f values a t  1 f t  i n t e r v a l s .  The 

i n i t i a l  4 f t  o f  development l eng th  and t he  downstream p o r t i o n  o f  each 

p r o f i l e  which was judged t o  be a f f e c t e d  by the  f r e e  o v e r f a l l  were no t  i n -  

c luded i n  the  c a l c u l a t i o n s .  The r e s u l t s  a re  presented i n  F igs .  6-11 i n  

the  convent iona l  form o f  f vs N w i t h  i n t e n s i t y  as a  parameter a t  constant  R 



s lope  and drop spacing. Th is  was found t o  be the  bes t  form i n  which t o  

present  the  r e s u l t s .  R e f e r r i n g  t o  Eq.  2 .5 i t  was found t h a t  the param- 

e t e r  p i y  /p and ~/Jg)l d i d  n o t  y i e l d  any s i g n i f i c a n t  c o r r e l a t i o n  w i t h  f .  
0 0 

Since the  drop s i z e  was e s s e n t i a l l y  cons tan t  the  dimensionless p i d / p  i s  

p r o p o r t i o n a l  t o  i i f  the  v a r i a t i o n  o f  p  i s  neglected.  Since the  i n t e n -  

s i t y  was t he  most s i g n i f i c a n t  parameter i t  was used i n  dimensional  form 

f o r  p r a c t i c a l  purposes. The Froude number was no t  o f  p r imary  importance 

and the  roughness E was constant .  

4.1.2 - E f f e c t  o f  R a i n f a l l  l n t e n s i  t y  and Slope 

The most s i g n i f i c a n t  and obvious r e s u l t  i s  t h a t  f o r  Reynolds 

numbers below approx imate ly  2,000 the  r a i n f a l l  i n t e n s i t y  increases the  re-  

s i s t a n c e  t o  f low,  w i t h  h i ghe r  f values assoc ia ted  w i t h  h i ghe r  i n t e n s i t i e s .  

Above t h i s  value, which corresponds t o  the  usual t r a n s i t i o n  range from 

laminar  t o  t u r b u l e n t  f l o w  as shown i n  F igs.  6, 7, 9, and 1 1  f o r  i = 0, the  

e f f e c t  o f  i n t e n s i t y  decreases r a p i d l y  u n t i l  i t  becomes i n s i g n i f i c a n t .  For 

Reynolds numbers below 1,000 the  r e s u l t  can be descr ibed mathemat ica l l y  by 

a  s t r a i g h t  l i n e  p a r a l l e l  t o  the  t h e o r e t i c a l  f = 24/NR f o r  laminar  f l ow,  i .e .  

where C i s  a  f u n c t i o n  o f  s lope  and i n t e n s i t y .  Values o f  C taken f rom the 

l i n e s  i n  F igs .  6-11 a re  shown as f unc t i ons  o f  r a i n f a l l  i n t e n s i t y  w i t h  s lope  

as a  parameter i n  F i g .  12. 



4.1.3 - E f f e c t  o f  Impact V e l o c i t y  

Tests were performed w i t h  the  r a i n f a l l  modules pos i t i oned  15 i n . ,  

2  f t  and 13 f t  above the  channel produc ing impact v e l o c i t i e s  o f  approx imate ly  

8.8, 11.0 and 22.3 f t / s e c  (1 ) .  The t e s t s  by Yoon were performed w i t h  the 

modules a t  3.875 f t  above the  channel f o r  an impact v e l o c i t y  o f  14.5 f t / sec .  

Examinat ion o f  t he  o rde r  o f  magnitude o f  t he  term c o n t a i n i n g  U i n  Eq. 4.1, 

as discussed i n  Sec. 4, i nd i ca tes  t h a t  i t  i s  o f  the  o rder  o f  1 percent  o f  

S and thus no exper imental  e f f e c t  was expected. Th is  was v e r i f i e d  i n  the  f 

ana l ys i s  o f  t he  da ta  and so the p o s i t i o n  o f  the  modules was no t  s i g n i f i c a n t .  

4.1.4 - E f f e c t  o f  Momentum C o e f f i c i e n t  

Veloc i  t y  p r o f  i l e  measurements by Yoon (2) i nd i ca ted  t h a t  the  range 

o f  B w i t h  r a i n f a l l  was 1.06 t o  1.14. The c o r r e c t  values were used i n  Eq. 4.1 

f o r  h i s  ana l ys i s .  The r e s t  o f  the  da ta  which were taken before Yoon's were 

analyzed us ing  B = 1.0. Th is  was j u s t i f i e d  by computing some t y p i c a l  f 

values us ing  B = 1.0 and i t s  maximum value o f  1.2. The maximum e f f e c t  was 

approx imate ly  a  5 percent  change i n  f. Therefore,  a constant  va lue o f  

6 = 1.0 was used. 

4.1.5 - E f f e c t  o f  Froude Number 

The l o c a t i o n  o f  N  = 1.0 i s  shown i n  Figs.  6-11. With the  excep- 
F  

t i o n  o f  one s lope,  S = 0.03, t he  f l o w  was s u b c r i t i c a l  up t o  NR = 800. I n  
0 

these cases no s i g n i f i c a n t  e f f e c t  o f  NF i s  no t i ceab le .  However, on S = 0.03 
0 

r o l l  waves were p resen t .  Furthermore, as can be seen i n  F ig .  1 1 ,  the t r a n s i -  

t i o n  reg ion,  which i s  gene ra l l y  charac te r i zed  by a  reduc t i on  i n  the e f f e c t  
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Fig.  8. F r i c t i o n  Fac to r  v s .  Reynolds Number f o r  So = 0.005 





.- . .- 

Friction Factor, f 



Fricl ion Factor, f 





o f  i n t e n s i t y  on f, occurs  a t  a lower Reynolds number and j u s t  a f t e r  c r i t i -  

c a l  f l o w  was reached. Thus, the  t r a n s i t i o n  t o  s u p e r c r i t i c a l  f l o w  may be 

i n i t i a t e d  by o r  - r e l a ted  t o  t he  t r a n s i t i o n  reg ion .  For lower s lopes the  

c r i t i c a l  Reynolds numbers occur  i n  t he  usual  t r a n s i t i o n  r eg ion  o f  

NR = 1,000 - 2,000 so t h a t  t h i s  e f f e c t ,  i f  i t  e x i s t s ,  i s  n o t  d i s c e r n i b l e .  

The presence o f  r o l l  waves on S = 0.03 made t he  measurement o f  t he  sur face 
0 

p r o f i l e  us i ng  the  p o i n t  gauge more d i f f i c u l t  and s u b j e c t  t o  a d d i t i o n a l  e r r o r .  

4.1.6 - D i r e c t  Measurement o f  Boundary Shear 

Comparison o f  t he  measured and computed boundary shear s t r e s s  

va lues by Yoon (2) i n d i c a t e d  t h a t  t he  h o t  f i  l m  su r f ace  probe method produces 

accura te  r e s u l t s  which a re  no t  sub jec t  t o  t he  e r r o r s  assoc ia ted  w i t h  t he  use 

o f  su r f ace  p r o f i l e  measurements and Eq. 4.1. F igures  7 and 8 i nc l ude  the 

r e s u l t s  o f  f computed f rom Eq. 2.2 us i ng  d i r e c t  measurements o f  

A l though n o t  apparent here, comparison o f  T vs NR curves determined by - 
0 X 

measurement and computat i o n  (2) i n d i c a t e  much smoother resu l  t s  f rom d i  r e c t  

measurement. Th i s  might  be expected by observ ing  t h a t  the  de te rm ina t i on  o f  

2 .  2 2 
f f r o m ~ ~ ~ i n v o l v e s m u ~ t i p ~ i c a t i o n b y y  0 '  1.e. f = 8 ~ ~ ~ y , / p q .  Thus, 

any percen t  e r r o r  i n  y i s  doubled when computing f .  

4.1.7 - Comparison o f  Terms i n  S p a t i a l l y  Var ied  Flow Equat ion 

I n  o rde r  t o  compare the  c o n t r i b u t i o n  t o  the  f r i c t i o n  s lope,  S f ,  

o f  t he  va r i ous  terms i n  Eq. 4.1 i t  can be w r i t t e n  as 



where 

The va lues  o f  S and t h e  pe rcen tage  c o n t r i b u t i o n  o f  S f 1 ,  S2,  and 

S as f u n c t i o n s  o f  NR a r e  shown as F i g s .  13 and 14 f o r  t h e  maximum and 3 
minimum s l o p e s  t e s t e d  and f o r  v a r i o u s  r a i n f a l l  i n t e n s i t i e s .  A c t u a l l y  a  

band s h o u l d  be used i n s t e a d  o f  a  l i n e  t o  show t h e  r e l a t i o n s h i p ,  b u t  t h e  . 

w i d t h  o f  t h e  band i s  n o t  g r e a t  and a  l i n e  shows t h e  v a r i a t i o n  more c l e a r l y .  

O f  t hese  terms t h e  most s i g n i f i c a n t  i s  S2  wh ich  v a r i e s  c o n s i d e r a b l y  w i t h  b o t h  

NR and S . On t h e  low s l o p e  t h e  s u r f a c e  p r o f i l e  c u r v a t u r e  i s  h i g h e r  w h i l e  
0 

on t h e  h i g h  s l o p e  i t  i s  a lmos t  zero .  Fur thermore,  S can change s i g n  b u t  
2  

i n  d o i n g  so  t h e  l a r g e s t  a b s o l u t e  v a l u e  a t  any Reynolds number i s  s t i l l  

a s s o c i a t e d  w i t h  t h e  l a r g e s t  r a i n f a l l  i n t e n s i t y .  The n e x t  most i m p o r t a n t  

t e r m  i s  S wh ich  does n o t  change s i g n i f i c a n t l y  w i t h  s l o p e  a t  a  c o n s t a n t  i n -  1 

t e n s i t y  and Reynolds number, b u t  i t s  pe rcen tage  c o n t r i b u t i o n  t o  S decreases f 

w i t h  i n c r e a s i n g  s l o p e .  The t e r m  S i s  a lways l e s s  t h a n  2  p e r c e n t  o f  S f  and 
3 

i s  n o t  i m p o r t a n t ,  as v e r i f i e d  e x p e r i m e n t a l l y  by chang ing t h e  v a l u e  o f  U. I t  

i s  i n t e r e s t i n g  t o ' n o t e ,  however, t h a t  t h e  impact  v e l o c i t y  i s  v e r y  i m p o r t a n t  

i f  f were d e f i n e d  on t h e  b a s i s  o f  t h e  energy  approach (23) r a t h e r  than t h e  

momentum approach.  

4.2 - E f f e c t  o f  Su r face  Roughness 

Time d i d  n o t  permi t t e s t s  t o  be per formed u s i n g  v a r i o u s  rough s u r -  

faces.  However, d a t a  taken by t h e  Los Angeles D i s t r i c t ,  Corps o f  Engineers (10) 

-. 







were ana lyzed.  I n  t h i s  s t u d y  a  c o n c r e t e  channel 500 f t  l o n g  and 3  f t  wide 

was used w i t h  r a i n f a l l  produced by a  s e r i e s  o f  sp ray  n o z z l e s  suspended 

above. Depth was measured a t  33.5 ft, 166.9 f t ,  and 333.5 f t  f r o m  t h e  

downstream end u s i n g  p iezometers  c o n s t r u c t e d  f r o m  p i p e s  i n s t a l l e d  i n  t h e  

c o n c r e t e  bed. D ischarge was measured u s i n g  w e i r s  and a  v o l u m e t r i c  t ank .  

Channel s lopes  o f  0.005, 0.01 and 0.02 were used a l o n g  w i t h  f i v e  types o f  

rough s u r f a c e s :  c o n c r e t e ,  s i m u l a t e d  t u r f ,  roughened s i m u l a t e d  t u r f ,  ex -  

c e l s i o r  t u r f  and a c t u a l  g rass .  U n i f o r m  s teady  s p a t i a l l y  v a r i e d  and unsteady 

s p a t i a l l y  v a r i e d  f l o w  t e s t s  were per formed.  

The f r i c t i o n  f a c t o r  computa t ions  were made i n  t h e  same manner as 

p r e v i o u s l y  d e s c r i b e d ,  a l t h o u g h  t h e  s u r f a c e  p r o f i l e  was d e f i n e d  by o n l y  t h r e e  

p o i n t s  and the reby  c r e a t e d  a  p o s s i b l e  s i g n i f i c a n t  sou rce  o f  e r r o r .  

I n  o r d e r  t o  i s o l a t e  t h e  e f f e c t s  on f o f  roughness f r o m  those o f  r a i n -  

f a l l ,  u n i f o r m  f l o w  d a t a  f rom each s u r f a c e  were ana lyzed.  U n i f o r m  f l o w  f r i c t i o n  

f a c t o r s  were f i r s t  computed. For t h e  c o n c r e t e  and s i m u l a t e d  t u r f  d a t a  t h e  

r e s u l t s  were then  s u b s t i t u t e d  i n t o  t h e  Colebrook t r a n s i t i o n  f o r m u l a  (19) 

i n  wh ich  kS = t h e  e q u i v a l e n t  sand g r a i n  roughness. The r e s u l t i n g  average 

v a l u e  o f  kS  f o r  c o n c r e t e  was 0.0028 f t  and 0.159 f t  f o r  t h e  s i m u l a t e d  

t u r f .  Fo r  t h e  e x c e l s i o r  t u r f  and grass  t h e  assumpt ion was made t h a t  t h e  

f l o w  was f u l l y  rough and t h e  roughness computed f r o m  (19) 



The r e s u l t s  i nd i ca ted  an average k  va lue  o f  1.29 f t  f o r  the e x c e l s i o r  
S 

t u r f  and 0.94 f t  f o r  the  grass. These h igh  kS values ( o f  the  o rder  o f  ten 

t imes the  depth) i n d i c a t e  t h a t  f o r  these ext remely  rough sur faces ks loses 

any phys i ca l  s i g n i f i c a n c e  and i s  t r u l y  an equ i va len t  roughness r a t h e r  than 

a  measure o f  t he  phys i ca l  s i z e  o f  roughness elements. 

The un i f o rm  data f o r  a l l  s lopes and sur faces a re  shown i n  F ig .  15. 

The l i n e s  are p l o t s  o f  Eqs. 4.5 and 4.6 f o r  i n d i c a t e d  values o f  yo/k . The 
s 

r e s u l t s  o f  f f o r  the  s p a t i a l l y  v a r i e d  f l o w  computations a re  shown as s o l i d  

p o i n t s  w i t h  the  assoc ia ted  r a i n f a l l  i n t e n s i t y  values w r i t t e n  nearby. The 

most obvious conc lus ion  which can be made i s  t h a t  r a i n f a l l  does n o t  s i g n i f -  

i c a n t l y  e f f e c t  the f r i c t i o n  f a c t o r  i n  t he  range o f  Reynolds numbers which 

were s tud ied .  I t  should be po in ted  o u t  t h a t  the  e x c e l s i o r  t u r f  and grass 

, r e s t u l s  a re  i n  t h e  f u l l y  rough range o f  f l o w  and the  da ta  from the  o the r  

sur faces i s  i n  t he  t r a n s i t i o n  range. As can be seen i n  F igs.  6-11 t h i s  

conc lus ion  i s  i n  agr,eement w i t h  the smooth sur face  r e s u l t s ,  t h a t  i s  r a i n -  

f a l l  has a  s i g n i f i c a n t  e f f e c t  on f below the  t r a n s i t i o n  range. Close exam- 

i n a t i o n  o f  t he  s imulated t u r f  data i nd i ca tes  t h a t  the  r a i n f a l  1 has lowered 

the  va lue o f  f. Th is  i s  d i f f i c u l t  t o  e x p l a i n  s ince  i t  imp l i es  t h a t  the  

2  
product  yo  T i s  lower, a t  a  constant  Reynolds number, f o r  f l o w  w i t h  r a i n -  

OX 

f a l l  than f o r  un i f o rm  f low.  This  i s  n o t  i n d i c a t e d  by o t h e r  data taken by 

t he  Corps o r  by Yoon. On the  o t h e r  hand i f  i t  i s  assumed t h a t  k  i s  constant ,  
S 

then an increase i n  y  w i l l  produce an increase i n  y  / k  which would be i n  
0 0 s 

agreement w i t h  t he  t r end  shown. Another exp lana t i on  cou ld  l i e  i n  a  change 

i n  t he  ope ra t i on  o f  the  piezometers used t o  measure the  depth due t o  the  pres-  

ence o f  r a i n f a l l ,  y i e l d i n g  erroneous depth measurements, o r  the est imates of  



(CCDJ9) 
A 10'0 A v 10'0 v 
1 10-0 0 EOO'O 0 

IID&U!DU OS UJJO~!~~ IlDbU!DH MOl j UJJOJ!Un 

1 I IIIII I I I 

0 

acaJ 3uo3 

O'E 
0'2 01'0 

I 
, 09'0 

09'0 

v ' IE'L E~F 
- 

861 
LI 1'00 

A 
A BE 0 -- 0.01 

A 
SSDJE) 

LOI'O 
A ,301 

PUD )J"l L6'E' 0 1 
v v 

v 

L600 = 
0 

02 
0 

I0 
96'1. 

00 1 



dyo/dx used i n  the  computat ion o f  f cou ld  be i n  e r r o r  s i nce  t he  su r f ace  

p r o f i l e  was no t  w e l l  def ined. I n  any case, t h e  da ta  does n o t  suppor t  a  

c l e a r  e f f e c t  o f  r a i n f a l l  o r  t he  rough sur faces  and i t  i s  f e l t  t h a t  add i -  

t iona 1 measurements a  r e  requ i red. 

4.3 - V e l o c i t y  P r o f i l e s  

Some t y p i c a l  v e l o c i t y  p r o f i l e s  ob ta ined  by Yoon (2) a re  shown 

i n  F igs .  16 and 17. The l i n e s  i n d i c a t e d  the  p r e d i c t e d  p r o f i l e s  us i ng  

Eqs. 2.7 and 2.9. C o r r e l a t i o n  o f  t he  lower  p a r t  o f  t he  v e l o c i t y  p r o f i l e  

w i t h  Eq. 2.7 i n d i c a t e d  c o r r e l a t i o n  c o e f f i c i e n t s  rang ing  from 0.903 t o  

0.963. Values o f  t he  von Karman constant  K were found t o  be 0.190 and 

0.212 f o r  un i f o rm  f l o w  w i t h o u t  r a i n f a l l  on s lopes o f  0.005 and 0.01 re -  

s p e c t i v e l y .  With r a i n f a l l  K ranged f rom 0.192 t o  0.287, i nc reas ing  w i t h  

i n t e n s i t y .  

Equat ion 2.9 was f i t t e d  t o  t he  upper p o r t i o n  o f  t he  p r o f i l e  

us i ng  a  l e a s t  squares c r i t e r i o n  t o  determine D w i t h  the  K va lues f rom the  

lower p o r t i o n .  I t  was found t h a t  t he  v e l o c i t y  g r a d i e n t  a t  t he  su r f ace  de- 

creased w i t h  i nc reas ing  r a i n f a l l  i n t e n s i t y  a t  a  cons tan t  Reynolds number, 

increased w i t h  i nc reas ing  Reynolds number a t  a  cons tan t  i n t e n s i t y  and was 

lower f o r  the  sma l l e r  s lope  and a  g iven  i n t e n s i t y  and Reynolds number. 

The r e l a t i v e  p o s i t i o n  o f  the p o i n t  o f  maximum v e l o c i t y  a t  a  g i ven  Reynolds 

number and s lope  decreased w i t h  i nc reas ing  i n t e n s i t y ,  i t  increased w i t h  i n -  

c reas ing  Reynolds number a t  cons tan t  i n t e n s i t y  and s lope,  and i t  decreased 

s l i g h t l y  w i t h  i nc reas ing  s l ope  a t  a  cons tan t  i n t e n s i t y  and Reynolds number. 

These r e s u l t s  seem reasonable based on momentum cons ide ra t i ons  as discussed 

by Yoon. 
- 



The most s i g n i f i c a n t  e f f e c t  o f  the  r a i n f a l l  i s  t o  cause a  l og -  

a r i  thmic  type v e l o c i t y  p r o f i l e  w i t h  su r f ace  r e t a r d a t i o n  a t  Reynolds numbers 

below 1,000 where t h e  f l ow  would norma l l y  be laminar .  The l o g a r i t h m i c  form 

o f  t he  lower p a r t  o f  t he  v e l o c i t y  p r o f i l e s  i s  i n d i c a t i v e  o f  the tu rbu lence  

which i s  generated by the drops i n  the  su r f ace  reg ion  and d i f f u s e s  downward 

i n t o  t he  f l ow .  The v e l o c i t y  r e t a r d a t i o n  shown i n  the upper p o r t i o n  o f  the  

p r o f i l e s  i n d i c a t e s  the  l o c a l  e f f e c t s  o f  drop impact. Reference i s  made t o  

Yoon's work (2) f o r  a  d e t a i l e d  d i scuss ion  o f  the  p r o f i l e s .  

4.4 - Turbulence Measurements 

4.4.1 - Turbulence I n t e n s i t y  P r o f i l e s  

Typ i ca l  abso lu te  l o n g i t u d i n a l  tu rbu lence  i n t e n s i t y  p r o f i l e s  f o r  

i = 3.75 i n . / h r  as ob ta ined  by Yoon (2) a r e  shown i n  F i g .  18. I t  i s  seen 

t h a t  the  i n t e n s i t y  decreases monot ica l  l y  f rom the  sur face .  However, the  

r e l a t i v e  i n t e n s i t y  p r o f i l e s  shown i n  F ig .  19 i n d i c a t e  a  minimum va lue  i n  

t he  c e n t r a l  r eg i on  and a  sharp r i s e  near  the su r face .  Th is  i s  i n  sharp 

c o n t r a s t  t o  the p r o f i l e  w i t h o u t  r a i n f a l l  as seen i n  t he  lower two graphs 

o f  F ig .  19. The e f f e c t  o f  r a i n f a l l  i n t e n s i t y  f o r  Reynolds numbers below 

800 i s  s i g n i f i c a n t  throughout  the  p r o f i l e ,  w i t h  h i ghe r  r e l a t i v e  tu rbu lence  

i n t e n s i t y  assoc ia ted  w i t h  h i ghe r  r a i n f a l l  i n t e n s i t y  as might  be expected. 

As the  Reynolds number en te r s  the  t r ans  i t i o n  reg ion  however, t he  tu rbu lence  

generated f rom t h e  boundary dominates t he  lower p r o f i  l e  and r a i n f a l l  i n -  

t e n s i t y  has l i t t l e  e f f e c t  as seen i n  F i g .  19. 
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4.4.2 - Turbu len t  Energy Spectra 

Energy spec t ra  were ob ta ined  us ing  t he  method descr ibed p r e v i -  

ous l y  a t  th ree  r e l a t i v e  depths f o r  t he  cases w i t h  and w i t h o u t  r a i n f a l l  a t  

two d i f f e r e n t  Reynolds numbers. I n  F ig .  20 t he  energy spec t ra  f o r  un i fo rm 

f l o w  o f  N R  = 4000 a re  shown. The t o t a l  energy con ten t  i s  seen t o  increase 

w i t h  the  decreas ing r e l a t i v e  depths, which cou ld  be expected i n  view o f  

Eq. 2.15 and t he  tu rbu lence  i n t e n s i t y  p r o f i l e .  The spectrum taken a t  

y/yo = 0.10 shows a somewhat l a r g e r  energy con ten t  a t  the  lower f requenc ie .~  

( n  < 20 H ) than t he  spectrum f u r t h e r  away from the  boundary a t  y/yo = 0.95. 
z  

Th is  i s  i n  agreement w i t h  Ra ich len 's  measurement (20) .  

I n  F igs.  21 and 22 the  energy spec t ra  f o r  NR = 4000, i = 3.75 

and 15 i n . / h r  a re  shown f o r  d i f f e r e n t  r e l a t i v e  depths. I n  c o n t r a s t  t o  the  

un i f o rm  f l o w  data,  t he  t o t a l  t u r b u l e n t  energy content  a t  the  same Reynolds 

number i s  much g rea te r  near the  water  su r face  than near t he  boundary. I t  

i s  a l s o  g r e a t e r  near the boundary than near mid-depth poss ib l y  because the  

wal 1-generated tu rbu lence  i n t e n s i t y  i s  h i ghe r  a t  the  boundary than a t  the  

mid-depth. Th is  i s  w e l l  evidenced by the  measured RMS v e l o c i t y ,  u ' ,  shown 

i n  the  f i g u r e s .  Th is  shows, as do t he  tu rbu lence  i n t e n s i t y  p r o f i l e s ,  t h a t  

much o f  the  k i n e t i c  energy o f  t he  drops i s  t r a n s f e r r e d  t o  t u r b u l e n t  energy 

near t he  sur face .  Another i n t e r e s t i n g  f i n d i n g  i s  the  e f f e c t  o f  r a i n f a l l  

on the  d i s t r i b u t i o n  o f  energy over  the  frequency range. I t  i s  shown t h a t  

f o r  bo th  i = 3.75 and 15 i n . / h r  the  spec t ra  a t  y/yo = 0.95 show an increas-  

i n g  energy content  a t  h i ghe r  f requencies compared t o  the  un i f o rm  f l o w  case 

and t o  t he  case o f  y/yo = 0.10 and 0.50 f o r  bo th  r a i n f a l l  i n t e n s i t i e s .  

Th is  agrees w i t h  the  prev ious work done by Ba r f  i e l d  (16) .  He repor ted  t h a t  

the  t ime f o r  which the  au toco r re l a t i ons  becomes zero was markedly reduced 
- .  -. 



by r a i n f a l l .  Fur thermore,  he observed a  s u b s t a n t i a l  r e d u c t i o n  i n  t h e  

t i m e  s c a l e  o f  t u r b u l e n c e  due t o  t h e  superimposed r a i n f a l l .  S ince  t h e  spec- 

t r a l  d e n s i t y  f u n c t i o n  i s  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  a u t o c o r r e l a t i o n  func-  

t i o n ,  t h e  r e s u l t  o f  dec reas ing  t h e  t i m e  f o r  wh ich  c o r r e l a t i o n  approaches 

z e r o  i s  t h e  same as i n c r e a s i n g  t h e  energy  spect rum a t  t h e  h i g h e r  f r e q u e n c i e s .  

The energy  s p e c t r a  f o r  N = 550, i = 3.75 and 15 i n . / h r  a r e  p r e -  
R  

sented i n  F igs .  23 and 24. T h i s  f l o w  would n o r m a l l y  be l am ina r  w i t h o u t  

r a i n f a l l  and hence would  have no t u r b u l e n c e  energy i f  no r a i n f a l l  were 

p resen t .  However, as shown i n  t h e  f i g u r e s  c o n s i d e r a b l e  energy  i s  p r e s e n t  

a t  t h i s  low Reynolds number due t o  t h e  presence o f  r a i n f a l l .  The t o t a l  

energy con t e n t  o f  t u r b u  1 ence decreases as t h e  boundary i s  approached, wh i ch 

agrees wi  t h  t h e  r e s u l  t o f  t h e  a b s o l u t e  t u r b u l e n c e  i n t e n s i t y  p r o f  i l e  p r e v i -  

o u s l y  shown i n  F i g .  18. The tendency toward an i n c r e a s i n g  energy  c o n t e n t  

a t  h i g h e r  f r e q u e n c i e s  as t h e  f r e e  s u r f a c e  i s  approached i s  a l s o  apparen t  

i n  t h e  f i g u r e s .  

The energy s p e c t r a  shown i n  F i g s .  20-24 a r e  r e p l o t t e d  i n  F i g s .  25- 

29 and compared t o  those  o b t a i n e d  by L a u f e r  (21) and Ra ich len  (20) .  The 

a b s c i s s a  and o r d i n a t e  have been n o r m a l i z e d  by  m u l t i p l y i n g  by y  /u  and 
0 

u/yo, r e s p e c t  i ve 1 y  . 
I t  i s  seen i n  F i g .  25 t h a t  f o r  u n i f o r m  f l o w  w i t h o u t  r a i n f a l l  t h e  

d a t a  i n d i c a t e  l e s s  energy a t  t he  h i g h e r  f r e q u e n c i e s  than was observed by 

L a u f e r  and Ra ich len .  T h i s  may be due t o  t h e  s i g n i f i c a n t  d i f f e r e n c e  i n  

Reynolds numbers o f  t h e  t e s t s .  F igu res  26-29 a l l  show c l e a r l y  t h e  s h i f t  

o f  energy  t o  h i g h e r  f requenc ies ,  p a r t i c u l a r l y  near  t h e  s u r f a c e ,  caused by 

r a i n f a l l .  
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Fig .  22  Turbulent  Energy Spectra fo r  NR - 4,000, 

i - 15 i n . / h r  
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4.4.3 - Macrosca le  o f  Turbu lence 

The macrosca le  o f  t u r b u l e n c e  were o b t a i n e d  u s i n g  Eq .  2.18 w i t h  

t h e  e s t i m a t i o n  o f  n  from t h e  l i n e a r  p l o t  o f  ~ ( n )  versus n.  The r e s u l t  
5 0 

i s  shown i n  F i g .  30. The macroscales were n o r m a l i z e d  w i t h  r e s p e c t  t o  t h e  

f l o w  dep th  and a r e  p l o t t e d  as a  f u n c t i o n  o f  r e l a t i v e  depth ,  y /y  . The 
0 

r a i n f a l l  c l e a r l y  reduces t h e  macrosca le  th roughou t  t h e  depth  f o r  b o t h  

Reynolds numbers s t u d i e d .  The macrosca le  i s  reduced w i t h  i n c r e a s i n g  i n -  

t e n s i t y  a t  a  g i v e n  r e l a t i v e  depth  and Reynolds number. T h i s  i m p l i e s  t h a t  

r a i n f a l l  reduces t h e  t u r b u l e n c e  macroscale,  o r  eddy s i z e ,  and inc reases  

t h e  energy  spect rum a t  t h e  h i g h e r  f r e q u e n c i e s .  

4.5 - S i n g l e  Drop Impact Study 

The mathemat ica l  model p e r m i t t e d  t h e  compu ta t i on  o f  t h e  p r e s s u r e  

and v e l o c i t y  f i e l d s ,  f r e e  s u r f a c e  and shear s t r e s s  as f u n c t i o n s  o f  t ime .  

D e t a i l s  o f  t h e  r e s u l t s  were p resen ted  by Wang (1)  and a r e  mere l y  summarized 

he re .  

F i g u r e  31 shows a  t y p i c a l  p l o t  o f  t h e  d imens ion less  exper imen ta l  

and t h e o r e t i c a l  maximum impact  p r e s s u r e  a t  t h e  bo t tom wh ich  occu rs  d i r e c t l y  

under t h e  d rop  impact  p o i n t ,  and t h e  w a t e r  l a y e r  depth ,  h, f o r  v a r i o u s  

va lues  o f  d rop  impact  v e l o c i t y ,  V . Good agreement was o b t a i n e d .  Because 
0 

t h e  maximum p r e s s u r e  occu rs  v e r y  e a r l y  i n  t h e  process t h e  n o n - l i n e a r  te'rms 

i n  t h e  e q u a t i o n s  have l i t t l e  e f f e c t  and a  d imens ion less  model f o r  t h e  max- 

imum impact  p r e s s u r e  a t  t h e  bo t tom under t h e  impact  p o i n t  was developed by 

p l o t t i n g  t h e  da ta  as shown i n  F i g .  32. A f u r t h e r  d imens ion less  c o r r e l a t i o n  

o f  t h e  r a d i a l  p r e s s u r e  d i s t r i b u t i o n  a l o n g  t h e  bo t tom a t  t h e  i n s t a n t  o f  max- 

imum p r e s s u r e  i s  shown i n  F i g .  33. 



T y p i c a l  a n a l y t i c a l  r e s u l t s  f o r  t h e  boundary shear s t r e s s  a t  t h e  

bo t tom as f u n c t i o n s  o f  t i m e  and space a r e  shown i n  F i g .  34 .  T h i s  shows 

t h a t  h i g h  l o c a l  shears  can deve lop.  Fo r  example, u s i n g  t h e  w a t e r  l a y e r  

dep th  i n  F i g .  3 4  o f  0.083 in . ,  t h e  boundary shear  f o r  u n i f o r m  two-dimensional  

f l o w  on a  1 p e r c e n t  s l o p e  i s  l ower  than  t h e  maximum shown by a  f a c t o r  o f  

1/42. T h i s  maximum i s  a l s o  a p p r o x i m a t e l y  f o u r  t imes  g r e a t e r  t han  t h e  pe r -  

m i s s i b l e  t r a c t i v e  f o r c e  f o r  cana ls  i n  noncohes ive  m a t e r i a l  w i t h  1 mm p a r -  

t i c l e s  as recommended by t h e  Bureau o f  Rec lamat ion .  T h i s  wou ld  imp ly  t h a t  

t h e  impact  process wou ld  cause e r o s i o n .  

Wang a l s o  p resen ted  examples o f  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  p res -  

su re ,  t h e  v e l o c i t y  v e c t o r  f i e l d  and t h e  c o n f i g u r a t i o n  o f  t h e  f r e e  s u r f a c e .  

He showed t h a t  s u r f a c e  t e n s i o n  f o r c e s  a r e  s i g n i f i c a n t  t h roughou t  t h e  impact  

p rocess  and t h a t  t h e  r e g i o n  o f  i n f l u e n c e  o f  i, d r o p  i s  a p p r o x i m a t e l y  one i n c h  

i n  d i a m e t e r .  

T h i s  work  was l i m i t e d  because o f  t h e  amount o f  computer t i m e  r e -  

q u i r e d  b u t  r e p r e s e n t s  a  f i r s t  s t e p  i n  t h e  d e t e r m i n i s t i c  approach t o  d e s c r i b i n g  

t h e  e f f e c t  o f  r a i n f a l l  on sheet  f l o w .  
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5. CONCLUSIONS 

The f o l l o w i n g  c o n c l u s i o n s  a r e  made based on t h e  work  r e p o r t e d  

h e r e  and by Wang (1) and Yoon ( 2 ) .  

Concerning f l o w  r e s i s t a n c e :  

1 .  On a  h y d r a u l  i c a l  l y  smooth s u r f a c e  the  presence o f  r a i n f a l l  super-  

imposed on shee t  f l o w  causes an i n c r e a s e  i n  t h e  f r a c t i o n  f a c t o r  

p r o v i d i n g  t h e  Reynolds number i s  below t h e  f u l l y  rough range.  For 

Reynolds numbers below 1,000 Eq. 4.3 t o g e t h e r  w i t h  F i g .  12 can be 

used t o  d e s c r i b e  t h e  r e s i s t a n c e  as a  f u n c t i o n  o f  s u r f a c e  s l o p e  and 

r a i n f a l l  i n t e n s i t y .  

2. The s p a c i n g  o f  drops does n o t  s i g n i f i c a n t l y  e f f e c t  r e s i s t a n c e  f o r  

t h e  two spac ings t e s t e d .  

3.  The impact  v e l o c i t y  o f  t h e  drops does n o t  e f f e c t  t h e  f r i c t i o n  f a c t o r  

w i t h i n  a  p h y s i c a l l y  r e a l i s t i c  range. 

4. The Froude number i s  n o t  s i g n i f i c a n t  i n  r e g a r d  t o  r e s i s t a n c e  on t h e  

s u b c r i t i c a l  range o f  f l o w .  

5.  Sur face  roughness appears t o  l ower  t h e  t r a n s i t i o n  Reynolds number 

and thus  lowers  t h e  upper bound on t h e  Reynolds number range i n  

wh ich  r a i n f a l l  may have a  s i g n i f i c a n t  e f f e c t  on r e s i s t a n c e .  

Concern ing t h e  mechanics o f  shee t  f l o w  w i t h  r a i n f a l l :  

1 .  The l o c a l  mean boundary shear  s t r e s s  computed f r o m  t h e  s p a t i a l  l y  

v a r i e d  f l o w  e q u a t i o n  agrees w e l l  w i t h  measurements o b t a i n e d  u s i n g  

a  f l a t  s u r f a c e  h o t - f i  l m  sensor.  



2. R a i n f a l l  reduces t h e  mean v e l o c i t y  a t  a  g i v e n  Reynolds number (below 

1 ,500) and hence inc reases  t h e  depth .  

3. The v e l o c i t y  p r o f i l e  w i t h  r a i n f a l l  i s  c h a r a c t e r i z e d  by r e t a r d a t i o n  

near  t h e  f r e e  s u r f a c e .  A  two p a r t  model can be used t o  d e s c r i b e  

t h e  l ower  and upper r e g i o n s  o f  t h e  p r o f i l e .  

4. The momentum c o e f f i c i e n t  decreases w i t h  i n c r e a s i n g  Reynolds number 

and r a i n f a l l  i n t e n s i t y ,  r e a c h i n g  a  v a l u e  o f  1.06 i n  t h e  t r a n s i t i o n  

r e g  i on .  

5. The l o n g i t u d i n a l  r e l a t i v e  t u r b u l e n c e  i n t e n s i t y  a t  a  g i v e n  r e l a t i v e  

depth  i nc reases  s u b s t a n t i a l l y  w i t h  i n c r e a s i n g  r a i n f a l l  i n t e n s i t i e s  

f o r  Reynolds numbers below 800. As t h e  Reynolds number i nc reases  

beyond t h i s  v a l u e  t h e  e f f e c t  decreases.  A t  a  g i v e n  r a i n f a l l  i n t e n -  

s i t y  t h e  r e l a t i v e  t u r b u l e n c e  i n t e n s i t y  decreases w i t h  i n c r e a s i n g  

Reynolds numbers excep t  on t h e  s u r f a c e  r e g i o n  where t h e  r a i n f a l l  

i n t e n s i t y  e f f e c t  i s  dominant .  

6. T u r b u l e n t  energy s p e c t r a  show t h a t  r a i n f a l l  causes a  s h i f t  o f  energy 

t o  h i g h e r  f r e q u e n c i e s  than  would  be t h e  case f o r  u n i f o r m  f l o w .  T h i s  

i s  more prominant  near  t h e  f r e e  s u r f a c e  than  near  t h e  boundary, 

Concern ing t h e  methan ics  o f  s i n g l e  d r o p  impact :  

1 .  The S y n t h e t i c - C e l l - F l u i d  scheme i n t r o d u c e d  by Wang can be used t o  

ana lyze  t h i s  phenomenon. 

2. D imens ion less  impact  p r e s s u r e  models f o r  maximum p r e s s u r e  under t h e  

impact  p o i n t  and r a d i a l l y  a l o n g  t h e  boundary as shown i n  F i g s .  33 

and 34 have been developed.  



3. S i g n i f i c a n t  l o c a l  d i s t u r b a n c e  w i t h i n  a  one i n c h  d iamete r  r e g i o n  occu rs .  

4.  A  S t r o n g  boundary shear f o r c e  i s  genera ted  d u r i n g  t h e  impact  process,  

i n i t i a l l y  d i r e c t e d  r a d i a l l y  ou tward  f r o m  t h e  impact  pc i i n t  and t h e n  

inward  a t  l a t e r  s tages o f  t h e  phenomenon. The magni1:udc o f  t h i s  f o r c e  

can be s u f f i c i e n t  t o  cause s o i l  e r o s i o n .  

5. Su r face  t e n s i o n  cannot  be n e g l e c t e d  i n  any phase o f  t h e  impact  p rocess .  

6. The t o t a l  energy  d i s s i p a t e d  th rough  v i s c o u s  a c t i o n  i s  s m a l l  i n  t h e  

e a r l y  phases o f  t h e  impact  process.  

Time d i d  n o t  p e r m i t  a  d e t a i l e d  s tudy  o f  t h e  e f f e c t  o f  s u r f a c e  

roughness. T h i s  i s  an obv ious  n e x t  s t e p  i n  a  s y s t e m a t i c  s tudy  o f  t h i s  sub- 

j e c t .  P rev ious  r e l a t e d  s t u d i e s  concern ing  roughness have s u f f e r e d  f rom a 

l a c k  o f  c l e a r  d e f i n i t i o n  o f  dep th  o r  r a t h e r  c rude appara tus  o r  l a b o r a t o r y  

procedures .  Any f u t u r e  s t u d y  must be c a r e f u l  t o  overcome these d e f i c i e n c i e s  

i f  s a t i s f a c t o r y  r e s u l t s  a r e  t o  be o b t a i n e d .  
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So = 0.001 
Drop spacing = 1 i n .  

u =  8.8 f t / s e c  

Note: X measured from upstream ent rance 
Y measured normal t o  channel bot tom 



So = 0.001 
Drop spac ing  = 1 in .  

U = 8.8 f t / s e c  

Note: X measured f rom upst ream e n t r a n c e  
Y measured normal t o  channel b o t t o m  
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So =-0.005 
Drop s p a c i n g  = 1 i n .  

Note:  X measured f rom upst ream e n t r a n c e  
Y measured normal  t o  channel  b o t t o m  
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so =a- 0.005 
Drop spac ing  = 1 i n .  

IJ = 8.8 f t / s e c  

Note: X measured f r o m  upstream e n t r a n c e  
Y measured normal t o  channel b o t t o m  



So = 0.005 
Drop spacing = 1 i n .  

Note: X measured from ups t ream entrance 
Y measured normal to  channel bottom 



So =* 0.005 
Drop spacing = 1 i n .  

U = 21.0 f t / s e c  

Note: X measured f rom upstream ent rance 
Y measured normal t o  channel bot tom 
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So = '  0.005 
Drop spac ing  = 2 i n .  

U = 11.0 f t / s e c  

Note: X measured f r o m  upst ream e n t r a n c e  
Y measured normal t o  channel b o t t o m  



So = 0.005 
Drop spac ing  = 2 i n .  

U = 11.0 f t / s e c  

Note: X measured f r o m  upstream e n t r a n c e  
Y measured normal t o  channel b o t t o m  



So = - 0.005 
Drop spac ing  = 2 i n .  

U = 11.0 f t / s e c  

Note: X measured f rom upstream e n t r a n c e  
Y measured normal t o  channel b o t t o m  



So = 0.005 
Drop spac ing = 2 i n .  

U = 11.0 f t / s e c  

Note: X measured f rom upstream ent rance 
Y measured normal'  t o  channel bot tom 
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So = 0.01 
Drop spacing = 1 i n .  

U = 11.0 f t / s e c  

Note: X measured from upstream en t rance  
Y measured normal t o  channel bo t tom 
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So = 0.01 
Drop s p a c i n g  = 2 i n .  

U = 11.0 f t / s e c  

Note: X measured f r o m  upst ream e n t r a n c e  
Y measured normal  t o  channel  b o t t o m  



So = 0.01 
Drop spacing = 2 i n .  

U = 11.0 f t / s e c  

Note: X measured from upstream ent rance 
Y measured normal t o  channel bot tom 
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So = 0.03 
Drop spac ing  = 1 i n .  

U = 11.0 f t / s e c  

Note: X measured f rom upstream e n t r a n c e  
Y measured normal t o  channel b o t t o m  



So = 0.03 
Drop spacing = 1 in. 

U = 11.0 f t / s e c  

Note: X measured from upstream en t rance  
Y measured normal t o  channel bot tom 
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So = 0.03 
Drop spac ing = 1 in .  

U = 11.0 f t / s e c  

Note: X measured f rom upstream ent rance 
Y measured normal t o  channel bot tom 
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So = 0.03 
Drop spac ing  = 1  i n .  

U = 1 1  - 0  f t / s e c  

Note:  X measured f rom upstream e n t r a n c e  
Y measured normal t o  channel b o t t o m  




