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ABSTRACT 

THE MECHANICS OF A  DROP AFTER STRIKING 

A  STAGNANT WATER LAYER 

T h i s  r e p o r 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  t h e o r e t i c a l  a n a l y s i s  o f  
sheet  f l o w  w i t h  r a i n f a l l  imp ing ing  on t h e  f r e e  s u r f a c e .  T h i s  i s  a  
common occu r rance  i n  urban a reas  and many des ign  p rocedures  do n o t  
r e c o g n i z e  t h e  added r e s i s t a n c e  due t o  t h e  r a i n f a l l .  The a n a l y t i c a l  
approach c o n s i s t s  o f  t h e  n u m e r i c a l  s o l u t i o n  o f  t h e  Nav ie r -S tokes  
e q u a t i o n s ,  i n c l u d i n g  s u r f a c e  t e n s i o n  a s  a  boundary c o n d i t i o n ,  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 w h i c h  r i g o r o u s l y  conserves mass and 
momentum. The r e s u l t s  i n c l u d e  a  maximum impact p r e s s u r e  model and 
a  q u a n t i t a t i v e  d i s c u s s i o n  o f  p r e s s u r e  d i s t r i b u t i o n ,  boundary shear,  
t h e  e f f e c t  o f  s u r f a c e  t e n s i o n ,  t h e  f r e e  s u r f a c e  c o n f i g u r a t i o n ,  and 
t h e  v a r i o u s  forms o f  energy and i t s  t r a n s f o r m a t i o n  d u r i n g  t h e  im-  
p a c t  p rocess .  Exper iments were p e r f o r m e d  c o n s i s t i n g  o f  d rop impact  
p r e s s u r e  measurements u s i n g  v a r i o u s  drop s i z e s ,  impact  v e l o c i t i e s  
and w a t e r  l a y e r  depths .  These da ta  were used t o  s u c c e s s f u l l y  v e r i f y  
the t h e o r e t i c a l  work.  
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1.  INTRODUCTION 

1.1 General Problem Area 

In recent years  the ra infa l l - runoff  process i n  urban a reas  

has received increased and much needed a t t e n t i o n .  Furthermore, the 

process of s o i l  erosion has been of i n t e r e s t  t o  a g r i c u l t u r a l  engineers 

and o thers  a s  well for  some time. Therefore, a  b e t t e r  understanding 

of the e f f e c t  of the raindrop impact process i s  needed. I t  could lead 

t o  developments which would reduce s o i l  erosion and t o  improved drain- 

age design p rac t i ces .  

The r e l a t i v e  raindrop impact e f f e c t  decreases a s  the flow 

depth increases, and is  general ly neglected i n  studying open-channel 

flow problems. However, i n  analyzing overland flew problems where the 

depth of flow i s  small,  t h i s  e f f e c t  of drop impact on the flow may be 

s i g n i f i c a n t .  The general approach t o  t h i s  problem has been t o  solve 

the one-dimensional s p a t i a l l y  varied flow equations,  t r e a t i n g  r a i n f a l l  
-!- 

a s  l a t e r a l  flow (89)" and including raindrop impact e f f e c t  i n  the form 

of a  boundary shear res is tance  c o e f f i c i e n t  or  overpressure.  Early ex- 

perimental s tud ies  by Izzard (80, 81, 82) confirmed the exis tance  of a  

drop impact e f f e c t .  Woo and Brater  (140) described the impact e f f e c t  

a s  a  function of r a i n f a l l  i n t ens i ty ,  channel s lope,  and surface  rough- 

ness. In an ana lys i s  of data obtained by Los Angeles D i s t r i c t  of the 

Corps of Engineers (97) ,  Yu and McNown (147) showed tha t  the raindrop 

impact e f f e c t  decreases a s  flow r a t e  increases.  Glass and Smerdon (50) 

-?- 

Numbers i n  parentheses r e fe r s  t o  the l i s t  of references.  



measured the v e l o c i t y  p r o f i l e s  w i t h  r a i n f a l l  and concluded t h a t  they a r e  

l o g a r i t h m i c .  Wenzel, Yoon, and Wang (137) measured the f l o w  depth w i t h  

r a i n f a l l  and recognized t h a t  i t  i s  s u b s t a n t i a l l y  deeper than t h a t  w i t h -  

ou t  r a i n f a l l  a t  the  same f l o w  r a t e .  Chen (23), Chen and Chow (24), and 

Grace and Eagleson (53) suggested an a r b i t r a r y  ov~er-pressure t o  take 

account o f  the drop impact e f f e c t  i n  t h e i r  mathematical  analyses.  

Another approach t o  study the drop impact e f f e c t  i s  a d e t a i l e d  

i n v e s t i g a t i o n  o f  the  f l o w  near the drop impact p o i n t .  When a drop 

s t r i k e s  the sheet f low, a  h i gh  pressure i s  momentar i ly exe r ted  on the 

water  su r face  a t  the impact p o i n t .  Th i s  h i g h  pressure,  as w e l l  as the 

drop i t s e l f ,  i s  then d i s t r i b u t e d  i n t o  the  water  l a y e r .  The p ressure  

and v e l o c i t y  f i e l d s  due t o  t h i s  process generate a l o c a l  d is tu rbance  

which by d e f i n i t i o n  i s  the e f f e c t  o f  drop impact. Consequently, an 

understanding o f  t he  mechanics of  drops s t r i k i n g  a t h i n  sheet f l ow  

w i l l  l ead  toward a complete a n a l y t i c a l  d e s c r i p t i o n  o f  the  impact phe- 

nomenon and the impact e f f e c t  as w e l l .  

1.2 Ob jec t i ves  

The purpose o f  t h i s  study i s  t o  i n v e s t i g a t e  the mechanics o f  a  

s i n g l e  water  drop a f t e r  s t r i k i n g  a stagnant water l a y e r  i n  hope t h a t  i t  

w i l l  serve as a f i r s t  s tep toward a complete eva lua t i ng  o f  the  o v e r a l l  

ra indrop  impact e f f e c t  on sheet f l ow.  More s p e c i f i c a l l y ,  the  o b j e c t i v e s  

o f  t he  proposed study i ng a re: 

A .  To develop a numer ica l  method which w i l l  pe rm i t  t h e  numer ica l  s o l u t i o n  

o f  the  Navier-Stokes equat ions f o r  the  p a r t i c u l a r  problem o f  i n t e r e s t .  



B .  To employ t h i s  method t o  a n a l y t i c a l l y  d e s c r i b e  t h e  i n t e r r e l a t i o n  

between drop parameters ,  w a t e r  l a y e r  depth,  and t h e  t i m e  dependent 

v e l o c i t y ,  p ressu re ,  and shear s t r e s s  f i e l d s  i n  t h e  v i c i n i t y  o f  t h e  

impact  p o i n t .  

C .  To e x p e r i m e n t a l l y  i n v e s t i g a t e  a s  f u l l y  as  p o s s i b l e  t h e  r e l a t i o n -  

s h i p s  s t a t e d  i n  t h e  second o b j e c t i v e  and t o  the reby  v e r i f y  t h e  

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

To reach these o b j e c t i v e s ,  t h e  s tudy  i s  d i v i d e d  i n t o  t h r e e  

p a r t s .  I n  t h e  f i r s t  p a r t ,  a  S y n t h e t i c - C e l l - F l u i d  method ( h e r e a f t e r  

d e s i g n a t e d  as  SCF method) i s  i n t r o d u c e d .  T h i s  scheme i s  capab le  o f  

s o l v i n g  t h e  Nav ie r -S tokes  e q u a t i o n s  w i t h  f r e e  s u r f a c e  boundary cond i -  

t i o n s  f o r  i ncompress ib le  f l u i d s .  I n  t h e  second p a r t ,  an e x p e r i m e n t a l  

p rogram i s  d e s c r i b e d  wh ich  i n c l u d e s  a  measurement o f  t h e  drop impact  

p r e s s u r e  averaged o v e r  t h e  s u r f a c e  a rea  o f  a  t r a n s d u c e r .  These data  

a r e  used t o  v e r i f y  t h e  a n a l y t i c a l  r e s u l t s  o b t a i n e d  by SCF method. I n  

t h e  l a s t  p a r t ,  t h e  SCF method i s  employed t o  o b t a i n  a d d i t i o n a l  ana ly -  

t i c a l  i n f o r m a t i o n  about  t h e  d r o p - l i q u i d  impact  phenomenon. 



2. REVIEW OF PERTINENT DROP STUDIES 

The s tudy o f  a s i n g l e  drop a f t e r  i t  s t r i k e s  t h e  su r face  o f  a 

1 i q u i d  l a y e r  dates back t o  t h e  t ime o f  Reynolds (119))  when he suggested 

t h a t  t h e  sea may be calmed by t he  a c t i o n  o f  r a i n .  He a l s o  showed t he  

fo rmat ion  o f  v o r t e x  r i n g s  f rom an imping ing drop a t  low impact speed. 

Recent ly,  Chapman and C r i  t ch low (20) observed t h e  format  i on  o f  optimum 

v o r t e x  r i n g s  when t he  f a l l i n g  drop i s  sphe r i ca l  and i s  changing from an 

o b l a t e  t o  a p r o l a t e  spher iod  upon con tac t  w i t h  the  l i q u i d  su r face .   o or 
a drop w i t h  h o r i z o n t a l  a x i s  a and v e r t i c a l  a x i s  b, i t  i s  de f i ned  as an 

o b l a t e  sphero id  i f  a > b, and as a p r o l a t e  spher iod  i f  a < b.) 

Wi th  t h e  advent o f  h i g h  speed pho tograph ic  techniques, many 

e x c e l l e n t  d r o p - l i q u i d  impact photographs have been pub l i shed  by 

Wor th ington (141-146), Edgerton e t ,  a l .  (34, 35) ,  Char te rs  (22) )  and 

Mutch le r  (111). Wor th ington a l s o  showed t he  s im i  l a r i  t y  o f  c r a t e r  forma- 

t i o n  between d r o p - l i q u i d  impact and t h e  i n i t i a l '  phase o f  s o l i d - s o l i d  

impact a t  h i g h  speed. 

I n  des ign ing  modern high-speed aerodynamic s t r u c t u r e s ,  t he  im-  

p a c t  behav ior  between drop and l i q u i d ,  drop and s o l i d ,  and s o l i d  and 

s o l i d  have a t t r a c t e d  t h e  a t t e n t i o n  o f  many researchers  (27, 28, 121). 

Char te rs  (22) observed t he  s i m i l a r i t y  between t he  c r a t e r  formed on the 

Moon's su r f ace  and t h a t  due t o  drop- 1 i q u i d  impact. Bowden (14, 15, 16) 

d iscussed t h e  deformat ion o f  s o l i d s  by high-speed drop impact and re- 

l a t e d  i t  t o  t he  r a i n  damage i n  a i r c r a f t  and m i s s i l e s .  Maximum impact 

p ressure  due t o  c o m p r e s s i b i l i t y  e f f e c t s  was repo r t ed  t o  be p r o p o r t i o n a l  

t o  t he  wel l -known water  hammer p ressure  (15, 16, 39) .  Whi le maximum 



B .  To employ t h i s  method t o  a n a l y t i c a l l y  d e s c r i b e  t h e  i n t e r r e l a t i o n  

between drop parameters,  w a t e r  l a y e r  depth,  and t h e  t i m e  dependent 

v e l o c i t y ,  p ressu re ,  and shear s t r e s s  f i e l d s  i n  t h e  v i c i n i t y  o f  t h e  

impact  p o i n t .  

C .  To e x p e r i m e n t a l l y  i n v e s t i g a t e  a s  f u l l y  a s  p o s s i b l e  the  r e l a t i o n -  

s h i p s  s t a t e d  i n  t h e  second o b j e c t i v e  and t o  the reby  v e r i f y  t h e  

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

To reach these  o b j e c t i v e s ,  t h e  s tudy  i s  d i v i d e d  i n t o  t h r e e  

p a r t s .  I n  t h e  f i r s t  p a r t ,  a  S y n t h e t i c - C e l l - F l u i d  method ( h e r e a f t e r  

d e s i g n a t e d  a s  SCF method) i s  i n t r o d u c e d .  T h i s  scheme i s  capab le  o f  

s o l v i n g  t h e  Nav ie r -S tokes  e q u a t i o n s  w i t h  f r e e  s u r f a c e  boundary cond i -  

t i o n s  f o r  i ncompress ib le  f l u i d s .  I n  t h e  second p a r t ,  an e x p e r i m e n t a l  

program i s  d e s c r i b e d  wh ich  i n c l u d e s  a  measurement o f  t h e  drop impact 

p r e s s u r e  averaged o v e r  t h e  s u r f a c e  area o f  a  t r a n s d u c e r .  These data  

a r e  used t o  v e r i f y  t h e  a n a l y t i c a l  r e s u l t s  o b t a i n e d  by SCF method. I n  

t h e  l a s t  p a r t ,  t h e  SCF method i s  employed t o  o b t a i n  a d d i t i o n a l  ana ly -  

t i c a l  i n f o r m a t i o n  about  t h e  d r o p - l i q u i d  impact  phenomenon. 



2. REVIEW OF PERTINENT DROP STUDIES 

The s tudy  o f  a s i n g l e  drop a f t e r  i t  s t r i k e s  t h e  s u r f a c e  o f  a 

l i q u i d  l a y e r  da tes  back t o  t h e  t i m e  o f  Reynolds (119), when he suggested 

t h a t  t h e  sea may be calmed by t h e  a c t i o n  o f  r a i n .  He a l s o  showed t h e  

f o r m a t i o n  o f  v o r t e x  r i n g s  f rom an imp ing ing  drop a t  low impact  speed. 

Recent ly ,  Chapman and C r i t c h l o w  (20) observed t h e  f o r m a t i o n  o f  optimum 

v o r t e x  r i n g s  when t h e  f a l l i n g  drop i s  s p h e r i c a l  and i s  changing f rom an 

o b l a t e  t o  a p r o l a t e  s p h e r i o d  upon c o n t a c t  w i t h  t h e  1 i q u i d  su r face .   or 
a drop w i t h  h o r i z o n t a l  a x i s  a and v e r t i c a l  a x i s  b, i t  i s  d e f i n e d  as an 

o b l a t e  s p h e r o i d  i f  a > b, and as a p r o l a t e  s p h e r i o d  i f  a < b.) 

Wi th  t h e  advent  o f  h i g h  speed p h o t o g r a p h i c  techn iques,  many 

e x c e l l e n t  d r o p - l i q u i d  impact photographs have been p u b l i s h e d  by 

Wor th ing ton  (141-146), Edgerton e t .  a l .  (34, 35), C h a r t e r s  (22), and 

M u t c h l e r  (111).  Wor th ing ton  a l s o  showed t h e  s i m i l a r i t y  o f  c r a t e r  forma- 

t i o n  between d r o p - l i q u i d  impact  and t h e  i n i t i a l '  phase o f  s o l i d - s o l i d  

impact  a t  h i g h  speed. 

I n  d e s i g n i n g  modern h igh-speed aerodynamic s t r u c t u r e s ,  t h e  i m -  

p a c t  behav io r  between drop and l i q u i d ,  drop and s o l i d ,  and s o l i d  and 

s o l i d  have a t t r a c t e d  t h e  a t t e n t i o n  o f  many researchers  (27, 28, 121).  

C h a r t e r s  (22) observed t h e  s i m i l a r i t y  between t h e  c r a t e r  formed on the  

Moon's s u r f a c e  and t h a t  due t o  drop-1  i q u i d  impact .  Bowden (14, 15, 16) 

d i scussed  t h e  deformat ion o f  s o l  i d s  by high-speed drop impact  and re- 

l a t e d  i t  t o  t h e  r a i n  damage i n  a i r c r a f t  and m i s s i l e s .  Maximum impact  

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

t o  t h e  wel l -known wa te r  hammer p r e s s u r e  (15, 16, 3 9 ) .  Wh i le  maximum 



3. REVIEW OF PERTINENT NUMERICAL SCHEMES 

Since t he  advent o f  h i g h  speed d i g i t a l  computers, cons ide rab le  

work has been done by researchers  which c l e a r l y  demonstrates t h a t  numer- 

i c a l  s o l u t i o n s  can be ob ta ined  f o r  problems t o  which exac t  s o l u t i o n s  a r e  

n o t  a v a i l a b l e .  For the  pas t  few decades, a  group o f  researchers  a t  t he  

Los Alamos S c i e n t i f i c  Laboratory  o f  the  U n i v e r s i t y  o f  C a l i f o r n i a  have 

developed numerous numer ica l  techniques f o r  s o l v i n g  the  Nav ier -Stokes . 

equa t ions  (a complete b i b l i o g r a p h y  can be ob ta i ned  from Group T-3 a t  t he  

l a b o r a t o r y ) .  Those c l o s e l y  r e l a t e d  t o  t he  scheme t o  be used i n  t he  pro-  

posed s tudy w i l l  be summarized. 

The P a r t  i c l e - I n - C e l l  (PIC) method (4, 60, 63) i s  a  combined 

Euler ian-Lagrangian computing scheme f o r  s o l v i n g  m u l t i - m a t e r i a l  problems. 

By i n s e r t i n g  weighted p a r t i c l e s ,  i . e .  p a r t i c l e s  w i t h  mass, i n t o  comput- 

i ng  c e l l s  t o  t r a c e  t he  f l u i d  movement and t o  i n d i c a t e  c e l l  mass, t h i s  

method so lves  the  Navier-Stokes equa t ions  i n  te'rms o f .  the  stream func- 

t i o n  and v o r t i c i t y .  R igorous ly  conserv ing  mass, momentum, and energy 

i n  t he  computation, the PIC method i s  most a p p l i c a b l e  t o  hydrodynamic 

problems w i t h  f l u i d  speed comparable t o '  the speed o f  sound. 

The F l u i d - I n - C e l l  method (19, 120) i s  a  m o d i f i e d  PIC method, i n  

which t h e  mass which f lows  from c e l l  t o  c e l l  i s  assumed t o  be d i r e c t l y  pro-  

p o r t i o n a l  t o  t he  dens i t y  o f  the  c e l l  f rom which t he  f l u i d  i s  f l o w i n g  ( t h i s  

w i l l  hence fo r t h  be des ignated as doner c e l l  concep t ) .  Th i s  method, r e s u l t -  

i ng  i n  good s t a b i l i t y  p r o p e r t i e s  f o r  t he  f a r  subsonic f l ow  reg ions,  i s  

developed t o  so l ve  s i n g l e  m a t e r i a l  problems i n v o l v i n g  l a r g e  f l u i d  

d i s t o r t  ions.  



The Marker-And-Cel l  (MAC) method (65, 135) i s  an E u l e r i a n  

method in t roduced t o  so lve  m u l t i - m a t e r i a l  f l ow problems. S i m i l a r  t o  the  

f low v i s u a l i z a t i o n  methods, such as f o l l o w i n g  f low movements by i n j e c t i n g  

hydrogen bubbles o r  t r ace rs ,  the MAC method invo lves  the i n s e r t i o n  of 

p a r t i c l e s  w i t h o u t  mass i n  the  c e l l s  as markers t o  t r a c e  the f l u i d  move- 

ment, and t r e a t s  p ressure  and v e l o c i t y  as independent v a r i a b l e s .  The 

mass and volume o f  the f l u i d  domain a r e  preserved which pe rm i t s  the  MAC 

method t o  be a p p l i e d  t o  f l ow  problems w i t h  a  f r e e  sur face,  as w e l l  as 

w i t h  con f ined  f low.  When the  f r e e  sur face  v a r i e s  s l ow l y  and smoothly, 

su r f ace  p a r t i c l e s  can be j o i n e d  by sect  ions o f  cub i cs  through a p p l i c a t i o n  

o f  a  s p l i n e  f i t  i n t e r p o l a t i o n  method (118, 125, 133). Daly and Pracht  (31) 

were a b l e  t o  i nc l ude  sur face  tens ion  e f f e c t s  i n  s tudy ing  dens i t y - cu r ren t  

surges. The i n c l u d i n g  o f  f r e e  sur face  s t r e s s  c o n d i t i o n s  i n  s o l v i n g  in- 

compress ib le  f l o w  c a l c u l a t i o n s  was a l s o  demonstrated by H i r t  and 

Shannon (75) .  

By t r e a t i n g  massless p a r t i c l e s  ins tead  o f  weighted p a r t i c l e s ,  

the MAC method adapted the m e r i t s  o f  the P I C  method i n  s o l v i n g  incompress- 

i b l e  f l o w  problems. I n  the  proposed numer ica l  scheme a s y n t h e t i c  mass i s  

i n s e r t e d  i n  each c e l l .  The movement o f  t h i s  mass i s  then determined us ing  

the  doner c e l l  concept.  Th is  permi ts  the  s o l u t i o n  o f  incompress ib le  f l o w  

problems w i t h  f r ee  sur face boundary c o n d i t i o n s  i n  terms o f  v e l o c i t y  and 

pressure.  



4.  THEORETICAL APPROACH 

4 .1  Ma themat i ca l  Approach 

I n  o r d e r  t o  deve lop a  one-phase f l u i d  model, i t  i s  assumed 

t h a t  no  i n t e r f a c i a l  t e n s i o n  e x i s t s  when a  drop s t r i k e s  t h e  wa te r  sur -  

face,  and t h a t  no a i r  e n t r a i n m e n t  i s  p roduced by drop s p l a s h i n g .  The 

f l u i d  d e n s i t y  ( ~ p p e n d i x  A),  a i r  and f l u i d  tempera tu res  a r e  f u r t h e r  

assumed t o  remain unchanged i n  t h e  domain o f  i n t e r e s t  and t h e  e n t i r e  

phenomenon i s  assumed t o  be a x i s y m m e t r i c .  Under these assumpt ions  t h e  

e q u a t i o n  o f  c o n t i n u i t y  and e q u a t i o n s  o f  mot i o n  w h i c h  govern  t h e  phenom- 

enon a f t e r  a  drop s t r i k e s  t h e  w a t e r  s u r f a c e ,  a r e  

-1. -1- 

where Vr  and VZ a r e  t h e  r a d i a l  and a x i a l  v e l o c i t y  components r e s p e c t i v e l y  
-1. -1. 
,\ ,\ 

i n  c y l i n d r i c a l  p o l a r  c o o r d i n a t e s  ( r ,  z ) ,  P i s  t h e  p r e s s u r e  taken  as  t h e  

gage p r e s s u r e  i n  t h i s  s tudy ,  P i s  t h e  d e n s i t y  o f  t h e  f l u i d ,  g  i s  t h e  grav-  
.?- 

i t a t i o n a l  a c c e l e r a t i o n ,  t i s  t h e  t i m e  v a r i a b l e ,  and v i s  t h e  k i n e m a t i c  

v i s c o s i t y  o f  t h e  f l u i d .  



A f t e r  t h e  f o l l o w i n g  d imension less v a r i a b l e s  and parameters 

a r e  in t roduced  i n t o  Eqs. 1, 2, and 3, where L i s  an a r b i t r a r y  l e n g t h  

parameter taken as t he  c e l l  s i z e  dimension i n  t he  numer ica l  computa- 

t i o n ,  and I? i s  the  su r f ace  t ens ion  f o r c e  pe r  u n i t  l e n g t h  between a i r  

and water,  t he  govern ing equat ions become 

1  a t-vr a v Z  -- +- = 0 
r a r  a z  

Wi th  g i ven  i n i t i a l  and boundary cond i t i ons ,  Eqs. 5, 6, and 7 descr ibe  

t h e  p ressure  and v e l o c i t y  f i e l d s .  However, no c l osed  form a n a l y t i c a l  

s o l u t i o n  i s  p r e s e n t l y  a v a i l a b l e ,  and a  two-step numer ica l  scheme i s  used 

t oge the r  w i t h  the  p roper  boundary c o n d i t i o n s  t o  s o l v e  t h i s  i n i t i a l  va lue  



i f  t h e  f l u i d  i n  c o n t a c t  w i t h  t h e  boundary has z e r o  v e l o c i t y ,  and 

i f  t h e  f l u i d  i s  assumed t o  s l i p  f r e e l y  a l o n g  t h e  w a l l .  A t  t h e  f r e e  sur-  

f a c e  t h e  r a p i d  change o f  t h e  f r e e  s u r f a c e  shape i s  one o f  t h e  most i n t e r -  

e s t i n g  p a r t s  o f  t h e  drop s p l a s h i n g  prob lem.  However, a  q u a n t i t a t i v e  

e x p r e s s i o n  f o r  t h e  t r a n s i e n t  f r e e  s u r f a c e  t e n s i o n  f o r c e  due t o  t h i s  r a p i d  

*change i s  n o t  a v a i l a b l e  (95) .  Boussinesq (13) assumed t h a t  a  dynamic 

s u r f a c e  t e n s i o n  e x i s t s  a t  i n t e r f a c e s  i n  m o t i o n .  I t s  magni tude i s  g i v e n  

by t h e  sum o f  t h e  s t a t i c  s u r f a c e  t e n s i o n  and t h e  dynamic increment .  The 

l a t t e r  i s  assumed t o  be p r o p o r t i o n a l  t o  t h e  r a t e  o f  d i l a t i o n  a t  t h a t  p o i n t .  

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

c o s i t y .  However, i n  t h e i r  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h e  drag and shape 

o f  a i r  bubb les ,  Haberman and Mor ton (56) c o u l d  n o t  f i n d  e x p e r i m e n t a l  e v i -  

dence t h a t  dynamic s u r f a c e  t e n s i o n  f o r c e  e x i s t s .  I n  o r d e r  t o  t a k e  t h e  

s u r f a c e  t e n s i o n  f o r c e  i n t o  account , the  f r e e  s u r f a c e  i s  assumed t o  be i n  a  

l o c a l  e q u i l i b r i u m  stage,  and t r a n s i e n t  f r e e  s u r f a c e  t e n s i o n  f o r c e  i s  

assumed t o  be equa l  t o  t h a t  o f  t h e  s t a t i c  case i n  t h e  same f r e e  s u r f a c e  

c o n f i g u r a t i o n .  

The f r e e  s u r f a c e  i s  n o t  e a s i l y  de termined a c c u r a t e l y ,  b u t  i t s  

shape can be approx imated i n  t h e  n u m e r i c a l  scheme. A t  t h e  f r e e  su r face ,  

the o n l y  n e t  f o r c e  e x e r t e d  on i t  i s  t h e  s u r f a c e  t e n s i o n  f o r c e .  



I n  d i f f e r e n t i a l  form t h i s  c o n d i t i o n  i s  expressed as (75, 91) 

I 
where a.  and o a r e  t he  tensor  and d e v i a t o r i c  t enso r  s t r esses  

I ,j i ,j 
-t- 
8 .  

-1. 

r e s p e c t i v e l y ,  n  i s  t h e  u n i t  outward normal and R and R a r e  t he  p r i n -  
1  2  

c i p a l  r a d i i  o f  c u r v a t u r e  o f  the  su r face ,  assumed p o s i t i v e  when t he  

cor responding cen te r s  o f  cu r va tu re  l i e  on t he  f l u i d  s i de .  
.t. 

I n  F i g .  1, R denotes the  l o c a l  r ad i us  o f  c u r v a t u r e  o f  a  sur -  1  
-1. , I\ 

-9- 

face  curve  formed on r - z  p lane.  Whi le R2, i n  ax isymmet r i c  case, i s  

the  r ad ius  o f  c u r v a t u r e  o f  a  cu rve  formed by t he  i n t e r s e c t i o n  o f  the 

p l a n e  w i t h  a  cone which i s  tangent t o  the  su r f ace  a t  the  su r face  and has 
-T- -1- -1. -1. 

8 ,  8 ,  

symmetry about t he  z  a x i s .  For a  f r e e  sur face,  z = ~ ( r ,  t) as shown, the 

u n i t  outward normal vec to r  n  and tangent  v e c t o r  m a r e  

Z 
an, 2  -3 n  = [ I + ( * )  1 = m  
3 r r 

-1- .I. 

where s u b s c r i p t s  r and z  r e f e r  t o  u n i t  vec to r  and r and z d i r e c t i o n s  

r e s p e c t i v e l y  . 
A f t e r  s u b s t i t u t i n g  t he  s t r e s s  tensor  components, a. (124), 

.re I ,j 
a 0 

= -  r 
r r P + 2 p -  a '; 

-L 

a v 
o = -  Z 

zz P + 2 p -  

-Jk 
a; 

a v r  a v Z  
arz = p(- +-1 

a~ a'; 





Z 
aA! 6 OJ w Aq 

A 
pa!ld!~lnw 91 *b3 OJ pappe pue w Aq pa!ld!~lnw aq ue3 ST *b3 caJowJayJJnd 

spla!A 

A Z 
u Xq pa!ld!~lnw ST 'by wo-14 pa~~e~~qns pue u Aq pa!ld!J~nw 91 'b3 MON 



F i n a l l y  Eqs .  17, 18, and 19 can be w r i t t e n  i n  d imens ion less  fo rm and 

combined w i t h  Eq. 13 t o  y i e l d  

-9- 

where R1 = R1/L and R2 = R2/L, w h i c h  a r e  t h e  f r e e  s u r f a c e  boundary 

c o n d i t i o n s .  

4.1.2 I n i t i a l  C o n d i t i o n s  

The i n i t i a l  c o n d i t i o n s  needed i n  t h e  two-s tep compu ta t i on  o u t -  

l i n e d  e a r l i e r  a r e  drop shape and drop v e l o c i t y  a t  t h e  moment o f  impact .  

Drops formed by c a p i l l a r y  tubes l e a v e  t h e  t i p  o f  t h e  tube  w i t h  d i f f e r e n t  

i n i t i a l  shapes (35, 59, 71).  They s t a r t  t o  deform and o s c i l l a t e  as  they  

f a l l .  Even under i d e a l  c o n d i t i o n s  such a s  drops f a l l i n g  i n  s tagnan t  a i r ,  

no  a n a l y t i c a l ,  d e s c r i p t i o n  o f  t h e  d r o p ' s  b e h a v i o r  has been ob ta ined ;  n o t  t o  

men t ion  t h e  r a t h e r  complex b e h a v i o r  o f  r a i n d r o p s  w h i l e  f a l l i n g  i n  t h e  a i r .  

However, i t  i s  b e l i e v e d  (93, 103) t h a t  a  s i n g l e  drop,  a f t e r  f a l l i n g  a  su f -  

f i c i e n t  d i s t a n c e  i n  s tagnan t  a i r ,  w i l l  reach a  s t a b l e  shape and t e r m i n a l  



v e l o c i t y  p rov i ded  i t  i s  no t  so l a r g e  as t o  d i s i n t e g r a t e  i n t o  sma l le r  

drops. A f t e r  a  drop reaches t h i s  s t a b l e  stage, McDonald (103, 104) 

suggested t h a t  t he  drop shape i s  a  f u n c t i o n  o f  su r f ace  t ens ion  f o r ce ,  

i n t e r n a l  h y d r o s t a t i c  pressure,  e x t e r n a l  aerodynamic pressure,  i n t e r n a l  

c i r c u l a t i o n ,  and e l e c t r o s t a t i c  charge. The l a s t  two f a c t o r s  a r e  i n  

genera l  smal l  enough t o  be neglected,  whereas t he  f i r s t  t h ree  can g i v e  

a  rough e s t i m a t i o n  o f  t he  s t a b l e  drop shape. I n  t h e  p resen t  study, 

a l t hough  drops reaching and n o t  reaching t h e i r  s t a b l e  shape a r e  t o  be 

i nves t i ga ted ,  t h e  s t a b l e  drop shapes ob ta i ned  expe r imen ta l l y  by McDonald 

(103) and Mu tch le r  (111) a r e  used as t he  drop shape upon impact. 

Neg lec t i ng  minor  fo rces ,  t h e  ba lance between drag fo rce ,  
F ~ '  

buoyant fo rce ,  FB, and g r a v i t y  fo rce ,  FW, f o r  a  f r e e l y  f a l l i n g  drop g i v e s  

l l d  
3  

2 l l  d2 
3  d  v; 

T ( ~ - ~ a ) 9  - 0 ' 5 ~ a v D  - 4 c D . 1 2  = L!@-.- dy 

l l d  
3  

where WD = - 6 i s  t h e  volume o f  t h e  drop, P i s  t he  a i r  dens i t y ,  d  i s  t he  
a  

equ i va l en t  drop diameter ( t he  diameter o f  an equ i va l en t  sphere hav ing  t h e  

same volume as t h a t  o f  the. drop) ,  y  i s  t h e  d i r e c t i o n  o f  f a l l ,  VD i s  t h e  

f a l l  ve l oc i t y , ,  and C D  i s  t he  drag c o e f f i c i e n t  based on a  p r o j e c t e d  area 

of an e q u i v a l e n t  sphere. The drag c o e f f i c i e n t ,  CD, can t h e r e f o r e  be 

eva lua ted  f rom Eq. 23 



a  
d v; 3p ,v; 

C D  = [ ( 1  - - )  - 0.5 -I/[ 
P dy 4pd I 

Based on data  o b t a i n e d  f rom t h e  f a l l  h e i g h t  ve rsus  f a l l  v e l o c i t y  r e l a t i o n s  

measured by Gunn and K i n z e r  (54) f o r  s t a b l e  drops and by Laws (93) f o r  

s t a b l e  and u n s t a b l e  drops, d rag c o e f f i c i e n t s  were c a l c u l a t e d  and p l o t t e d  

aga i n s t  N 
RA = paVDd/pa 

i n  F i g .  2. The r e s u l t i n g  d rag  c o e f f i c i e n t  re-  

l a t i o n s h i p  d e v i a t e s i n c r e a s i n g l y  f rom t h a t  o f  a  s o l i d  sphere  f o r  NRA > 1000, 

i n d i c a t i n g  t h a t  t h e  drop i s  f l a t t e n i n g  and t h e r e f o r e  t h e  drag f o r c e  i s  . 

i n c r e a s i n g  w i t h  N  
RA' 

F i t t i n g  a  l e a s t  square  c u r v e  t o  t h e  da ta  i n  F i g .  2 

g  i v e s  

100. L NRA 4 1000. loglOCD = 2.119 - 
+ 0.240(log10NRA) 

C = 1.097 + 0.377 logh0NRA 1000. < NRA < 3600. loglO ,, 
- 0.349(log10NRA) - 0 . 0 7 6 ( 1 0 ~ ~ ~ ~ ~ ) ~  

+ 0.033 (loglONRA) 
4  

The g e n e r a l  agreement between da ta  o b t a i n e d  by  Laws and Gunn and 

K i n z e r  i n d i c a t e d  i n  F i g .  2  enab les  t h e  e s t a b l i s h m e n t  o f  a  r e l a t i o n s h i p  be- 

tween f a l l  v e l o c i t y  and f a l l  h e i g h t  f o r  d rops o f  0 . 1  mm t o  6 .1  mm i n  diam- 

e t e r .  E q u a t i o n  23 can be  rea r ranged  as  

W i t h  t h e  i n i t i a l  c o n d i t i o n  VD = 0  a t  Y = 0, Eq. 26 can be i n t e g r a t e d  



numer i ca l l y  and t he  r e s u l t  used w i t h  Eq. 25 t o  determine t he  impact 

v e l o c i t y  o f  a  drop f a l l i n g  a  s p e c i f i c  d i s tance .  Tes t  runs f o r  t h r e e  

drop s i zes  o f  equ i va l en t  drop diameter o f  2.3 mm, 3.0 mm, and 3.92 mm 

( a t  68' F) d i s p l a y i n g  t he  r e l a t i o n  between f a l l  v e l o c i t y  and f a l l  h e i g h t  

a r e  p l o t t e d  i n  F i g .  3. Values p r e d i c t e d  a r e  i n  genera l  agreement w i t h  

Laws ' data . 

4.2 Numerical  Scheme 

The two-step numer ica l  scheme i s  shown schema t i ca l l y  i n  F ig .  4. 

Wi th  a  g i ven  f l u i d  domain, de f i ned  as the  f l u i d  f i e l d  under c o n s i d e r a t i o n  

a t  a  s p e c i f i c  moment, and v e l o c i t y  f i e l d  a t  t ime  t, t h e  p ressure  f i e l d  

based on Eq. 8  can be eva luated.  The f l u i d  i s  then moved by u t i l i z i n g  a  

S y n t h e t i c - C e l l - F l u i d  method, and t h e  f l u i d  domain a t  an advanced s tage 

i s  d e f i n e d  by p rese rv i ng  t he  t o t a l  f l u i d  mass. Equat ions 6  and 7 then 

y i e l d  t h e  new v e l o c i t y  f i e l d  and t he  whole computa t iona l  c y c l e  s t a r t s  

again .  

Since t h e  d r o p - l i q u i d  impact phenomenon i s  assumed t o  be a x i -  

symmetric, o n l y  h a l f  o f  the  (r, z) p l ane  needs be cons idered.  The compu- 

t a t i o n a l  f i e l d  i s  d i v i d e d  i n t o  r ec tangu la r  c e l l s  as shown i n  F ig .  5. The 

c e l l  p ressure  i s  l o c a t e d  a t  t he  cen te r  o f  each i n d i v i d u a l  c e l l .  Whi le  

v e l o c i t i e s  i n  r - d i r e c t i o n  a r e  cen te red  on t he  l e f t  and r i g h t  s i de  o f  t he  

c e l l ,  and v e l o c i t i e s  i n  z - d i r e c t i o n  a r e  cen te red  on t he  upper and lower 

s ide  o f  t he  c e l l  t o  s a t i s f y  the  equa t ion  o f  c o n t i n u i t y  a t  each i n d i v i d u a l  

c e l l .  Wi th  t h i s  c e l l  c o n f i g u r a t i o n  i n  mind, the  numer ica l  procedure i s  

descr ibed below. 
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and a l l  v a r i a b l e s  w i t h o u t  s u p e r s c r i p t  r e f e r  t o  t i m e  t .  W i t h  a  known f l u i d  

domain and v e l o c i t y  f i e l d  a t  t i m e  t and assuming D 
t + A  t 

i s  zero ,  an i t e r a -  

t i o n  p r o c e d u r e  s a t i s f y i n g  t h e  p r o p e r  boundary c o n d i t i o n s  i s  used t o  e v a l u -  

a t e  cp. i n  te rms o f  i t s  n e i g h b o r i n g  v a l u e s  a t  f o u r  a d j a c e n t  c e l l s  such 
I ,j 

t h a t  t h e  f o l l o w i n g  c r i t e r i a  i n  t h e  e n t i r e  f l u i d  domain a r e  s a t i s f i e d :  

where s u p e r s c r i p t s  k  and k+l s tand  f o r  two s u c c e s s f u l  cp v a l u e s  i n  i t e r a -  

t i o n  process,  and E i s  an a r b i t r a r y  s m a l l  v a l u e  chosen t o  y i e l d  an 

a l l o w a b l e  s m a l l  D va lue ,  a l t h o u g h  t h e o r e t i c a l 1 y . D  = 0.  The c a r r y  o v e r  

e r r o r  i s  c a l c u l a t e d  as  

wh ich  i s  t h e n  taken  as  t h e  new D v a l u e  f o r  advance s t a g e  compu ta t i ons .  

T h i s  a v o i d s  t h e  accumula t  i o n  e r r o r  a f t e r  many c y c l e s  o f  t i m e  advancement 

(66, 73) and p e r m i t s  t h e  use o f  a  l a r g e r  c e l l  s i z e .  

I n  t h e p r e s e n t s t u d y f l u i d a n d e m p t y c e l l s a r e d e s i g n a t e d a s  , 

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

t o  f l u i d  c e l l s  a d j o i n i n g  o r  n o t  a d j o i n i n g  empty c e l l s .  I n  e v a l u a t i n g  t h e  



pressure  i n  t he  su r face  c e l l s  t he  cen te r s  o f  t h e  su r f ace  c e l l s  a r e  

regarded as t he  d i s c r e t e  su r face  elements t o  approximate t he  su r face  

c u r v a t u r e  and u n i t  normal a t  each su r f ace  c e l l .  A t  a  su r face  c e l l  cen- 

t e r i n g  a t  ( r ,  z ) ,  e i g h t  c e l l s  ne ighbor ing  t o  i t  a r e  checked t o  see 

whether they a r e  su r face  o r  i n t e r i o r  c e l l s .  When the  t o t a l  number o f  

su r f ace  c e l l s  among these n i n e  c e l l s  i s  l e s s  than three,  t he  p ressure  

i n  t he  su r face  c e l l  i n t e r e s t e d  i s  taken as ze ro .  When t h e r e  a r e  t h r e e  

o r  more than t h ree  su r f ace  c e l l s ,  t h ree  o f  them a r e  chose11 such t h a t  

the  f o u r  c e l l s  i n  d i r e c t  con tac t  w i t h  t he  su r face  c e l l  under cons idera-  

t i o n  have a  h i g h  p r i o r i t y  t o  be s e l e c t e d  than t he  o t h e r  f o u r  c e l l s  i n  

t h e  d iagona l  d i r e c t i o n ,  w h i l e  the  su r f ace  c e l l  cons idered w i t h  l e a s t  

p r i o r i t y  can a l s o  be taken as one o f  them i f  necessary.  The f i r s t  p r i n -  

c i p a l  rad ius ,  R1, o f  a  su r face  element cen te red  a t  (r, z) i s  then taken 

as t he  rad ius  o f  a  c i r c l e ,  R,., pass ing  through t he  cen te r s  o f  these 
-1- 

t h r e e  sur face  c e l l s  (rk. zk) , k  = 1. 2, 3" ( ~ i g .  1) Hence 

where (rn, zn) i s  t h e  cen te r  o f  the  c i r c l e ,  and 

.*- 
"wh i l e  t h i s  work was undertaken, a  s i m i l a r  scheme t o  eva lua te  the  p r i n c i -  
p a l  r a d i  i was presented by Daly (32) .  



The d i r e c t i o n s  a s  w e l l  as t h e  s i g n s  o f  n  and n  a r e  determined by t h e  
r z  

c h a r a c t e r i s t i c s  o f  t h e  s u r f a c e  c e l l s  as  f o l l o w s :  

When c e l l  i+l , i s  a  f l u i d  c e l l  w h i l e  c e l l  i s  an empty c e l l ,  n  = I n r ]  
i - 1 , j  r 

When c e l l  i s  a  f l u i d  c e l l  w h i l e   ell^+^,^ i s  an empty c e l l ,  n  = -I,.nrl 
i - 1 , j  r 

When c e l l  ,j+l i s  a  f l u i d  c e l l  w h i l e  c e l l  i s  an empty c e l l ,  n  = I n z (  i , j - 1  z  

When c e l l .  i s  a  f l u i d  c e l l  w h i l e  c e l l i  
,j+l 

i s  an empty c e l l ,  n  = - I n z \  
I , j - 1  z  

And R1 i s  i n f i n i t e .  

(35) 

The second p r i n c i p a l  r a d i u s ,  R i s ' d e f i n e d  as  t h e  l e n g t h  o f  a  l i n e  drawn . 
2  

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

c e l l  t o  t h e  ax i symmet r i c  a x i s .  

I t  i s  regarded a s  p o s i t i v e  i f  t h e  f r e e  s u r f a c e  i s  concave inward  w i t h  re-  

spec t  t o  t h e  symmetr ic  a x i s .  The re fo re ,  

A f t e r  t h e  two p r i n c i p a l  r a d i  i R and R a r e  determined,  the  
1  2  

p r e s s u r e  i n  t h e  s u r f a c e  c e l l  can be e v a l u a t e d  f rom t h e  d i f f e r e n c e  form 

o f  E q .  21 



1 1  1  2  
L L 

1  i,j 2  1  i,j 
= -(- + -) + 

2  2  c n2 
- n  

" ' j  W 'I '2 N ( n - n )  r A 2  
I (38) 

R r z  
A r 

2  2  
i f  nr  \ nz , o r  f rom t h e  d i f f e r e n c e  f o r m  o f  Eq. 20 

2  2 a v r  a v Z  i f  n  = n  , where (- + -) i s  i n t e r p o l a t e d  f rom known va lues  
r z a z  a r  i,j 

i n s i d e  t h e  f l u i d  domain. 

A f t e r  t h e  p r e s s u r e  i n  t h e  s u r f a c e  c e l l s  i s  determined,  t h e  r e s t  

o f  t h e  i n t e r i o r  ' p r e s s u r e  f i e l d  can be e v a l u a t e d  by u s i n g  Eq. 27. If 

Eq. 27 were t r a n s f o r m e d  i n t o  a  s e r i e s  o f  l i n e a r  a l g e b r a i c  equa t ions ,  t h e  

p r e s s u r e  f i e l d  c o u l d  be s o l v e d  i n  a  c l o s e d  form.  However, t h e  l a r g e  

number o f  m a n i p u l a t i o n s  r e q u i r e d  i n  s o l v i n g  t h e  s imu l taneous  a l g e b r a i c  

e q u a t i o n s  make i t  i m p r a c t i c a l ,  and a  s i m p l e  i t e r a t i o n  scheme based on 

t h e  Gauss-Jorden techn ique  i s  used t o  e v a l u a t e  t h e  pressure .  f i e l d  i n  t h e  

K 
i n t e r i o r  c e l l s .  A  s e t  o f  t r i a l  cpi va lues  des igna ted  a s  cpi a r e  formed , j , j 
by t h e  i t e r a t i o n  p rocedure  

where k  = 1, 2, . . ., a n d  s tands f o r  t h e  success i ve  t r i a l  s teps ,  and t h e  

f i r s t  t r i a l  v a l u e  i s  assumed equa l  t o  t h e  t r u e  cp v a l u e  a t  i t s  
i ,j i ,j 

p r e v i o u s  s tage,  s i n c e  t h e  t i m e  increment  A t  i s  s m a l l .  T h i s  i m p l i e s  t h a t  



Ti , j ,  T i - l y j >  and cp, I ,j+l a r e  a l lowed t o  r e l a x  w h i l e  y 1 ,  and Y e  I , j - 1  

a r e  h e l d  f i r m  as h inge p o i n t s  when the  i t e r a t i o n  process i s  cen te red  a t  

T i  , j  
value.  I n  two successive t r i a l  s teps i f  the  c r i t e r i o n  

i s  s a t i s f i e d ,  Eq. 40 y i e l d s  a  s e t  o f  converg ing cpi va lues which con- 
, j 

verge t o  t he  t r u e y .  va lue  a t  t ime  t .  When t h e  d i f f e r e n c e  between two 
I ,j 

success ive group o f  t r i a l  va lues i s  sma l l  enough t o  s a t i s f y  Eqs. 28 and 

29, t h e  t r i a l  cpi va lue i s  taken as t he  t r u e  cpi va lue a t  t ime  t and , j j 

y i e l d s  t h e  p ressure  a t  t he  i n t e r i o r  c e l l s .  

4.2.2 F l u i d  Movement 

The ' s y n t h e t i c  c e l l  f l u i d '  p h y s i c a l l y  represents  t he  f r a c t i o n a l  

p a r t  o f  t h e  c e l l  which i s  occupied by t h e  f l u i d ,  p . I t s  v a r i a t i o n  i s  
, S 

t r a c e d  as an i n d i c a t i o n  o f  t h e  f l u i d  movement. The genera l  equa t ion  o f  

c o n t i n u i t y  i n  t he  form f o r  t he  compress ib le  f l u i d  f l ow  

i s  assumed t o  govern t h e  movement o f  t h e  s y n t h e t i c  c e l l  f l u i d ,  and t he  

f l u i d  which f lows  from c e l l  t o  c e l l  i s  assumed t o  be d i r e c t l y  p r o p o r t i o n a l  

t o  t he  dens i t y  o f  the  c e l l  from which t h e  f l u i d  i s  f l o w i n g  (doner c e l l  corr 

cept )  . Thus, Eq .  42 i n  f i n i t e  d i f f e r e n c e  form becomes 



where. 

E q u a t i o n  43 t h e n  g i v e s  t h e  subsequent s y n t h e t i c  c e l l  f l u i d  i n  each c e l l  

and t h e  g e n e r a l  f l u i d  movement i s  t h u s  determined.  

4.2.3 C e l l  C l a s s i f i c a t i o n  

The s y n t h e t i c  c e l l  f l u i d  s tands f o r  t h e  f r a c t i o n a l  p a r t  o f  a  

c e l l  wh ich  i s  o c c u p i e d  by t h e  f l u i d .  However, i n  t h e  v e l o c i t y  and p res -  

s u r e  computa t ions ,  a  c e l l  must be c l a s s i f i e d  as e i t h e r  b e i n g  f i l l e d  w i t h  

i n c o m p r e s s i b l e  f l u i d  o r  empty. Thus, c e l l s  whose s y n t h e t i c  c e l l  f l u i d  i s  

g r e a t e r  t han  c e r t a i n  v a l u e  5 ( t )  a r e  d e f i n e d  as f l u i d  c e l l s .  The v a l u e  

o f  5 ( t) i s  de te rm ined  when 

N 

C p s  A  = I n i t i a l  t o t a l  f l u i d  volume 
> . 5 ( t >  i,j , j " s  

i ,j 

i s  s a t i s f i e d ,  where A*. i s  t h e  volume o f  c e l l .  . I n  o t h e r  words 
1 , j  I ,j 



a  c e l l  i s  a  f l u i d  c e l l  i f  p S  2 s ( t )  
i ,j 

a  c e l l  i s  an  empty c e l l  i f  p 
S 

s ( t )  
i,j 

For  c o m p u t a t i o n a l  purposes,  each c e l l  i n  t h e  ( r ,  z) p l a n e  i s  f u r t h e r  des- 

i g n a t e d  a c c o r d i n g  t o  i t s  r e l a t i v e  p o s i t i o n  as  f o l l o w s :  

c e l l  = 0 i f  i t  i s  an empty c e l l  
i ,j 

= 1  i f  i t  i s  an i n t e r i o r  c e l l  

= 2  i f  i t  i s  a  s u r f a c e  c e l l  w i t h  one s i d e  c o n t a c t i n g  
empty c e l l s  

= 3  i f  i t  i s a s u r f a c e c e l l w i t h t w o s i d e s c o n t a c t i n g  (48) 
empty c e l l s  

= 4  i f  i t  i s  a  s u r f a c e  c e l l  w i t h  t h r e e  s i d e s  con- 
t a c t i n g  empty c e l l s  

= 5 i f  i t  i s  a  s u r f a c e  c e l l  w i t h  a l l  s i d e s  c o n t a c t i n g  
empty c e l l s  

4 .2 .4  V e l o c i t y  F i e l d  

A f t e r  e v a l u a t i n g  t h e  p r e s s u r e  f i e l d  a t  t i m e  t and c l a s s i f y i n g  

t h e  f l u i d  domain a t  an advance s tage  t + A t ,  Eqs. 5, 6, and 7 w r i t t e n  i n  

f i n  i t e  d  i f f e r e n c e  fo rm become 



where a l l  v a r i a b l e s  w i t h o u t  s u p e r s c r i p t  . r e f e r  t o  t ime  t .  

When t h e  f l u i d  c e l l  cons idered i s  an i n t e r i o r  c e l l ,  t h e  new 

v e l o c i t y  f i e l d  over  t h e r e  i s  d i r e c t l y  c a l c u l a t e d  f rom Eqs. 50 and 51. 

When t he  f l u i d  c e l l  under cons ide ra t i on  i s  a  sur face c e l l ,  t he  equa t ion  

o f  c o n t i n u i t y ,  Eq. 49, and equat ions o f  mot ion,  Eqs. 50 and 51, toge ther  

w i t h  t h e  f r e e  su r face  boundary c o n d i t i o n ,  Eq. 22, d e f i n e  t h e  new v e l o c i t y  

f i e l d .  I t  i s  assumed t h a t  c e l l  has the  same su r f ace  p o s i t i o n  as 
i ,j 

c e l l '  had upon v e l o c i t y  e v a l u a t i o n  i n  o rde r  t o  s i m p l i f y  t he  r a t h e r  
1 , j  



complex c e l l  c o n f i g u r a t i o n ;  f o r  example c e l l  t+At = 2  whereas c e l l  = 3 .  
i ,j i , j  

When t h e  f l u i d  c e l l  has one s i d e  open ( c e l l  = 2 ) ,  t h e  v e l o c i t i e s  a t  
i ,j 

t h e  o t h e r  t h r e e  a d j a c e n t  faces  a r e  c a l c u l a t e d  u s i n g  Eqs. 50, 51, and 22, 

and t h e  v e l o c i t y  a t  t h e  open f a c e  i s  c a l c u l a t e d  u s i n g  t h e  c o n t i n u i t y  

equa t ion ,  Eq. 49. When t h e  two open faces o f  t h e  f l u i d  c e l l  a r e  a d j a c e n t  

t o  each o t h e r  ( c e l l  = 3 ) ,  n  i s  assumed t o  be equa l  t o  n  i n  Eq. 22. 
i ,j r z 

The l a t t e r ,  t o g e t h e r  w i t h  Eqs. 49, 50, and 51 y i e l d s  t h e  v e l o c i t y  f i e l d .  

When t h e  two open faces a r e  oppos i  t e  t o  each o t h e r ,  t h e  u n i  t normal  be- 

comes u n d e f i n e d  and Eq. 22 i s  n o t  v a l i d .  I n  o r d e r  t o  overcome t h i s  d i f -  

f i c u l t y  t h e  v e l o c i t y  a t  one o f  t h e  open faces  i s  assumed t o  have t h e  same 

v a l u e  a s  t h a t  a t  t i m e  t. When t h r e e  faces  o f  t h e  f l u i d  c e l l  a r e  open 

( c e l l .  = 4 ) ,  t h e  v e l o c i t i e s  a t  any two o f  t h e  faces  a r e  assumed equa l  
I ,j 

t o  t h e  v a l u e s  a t  t h e  p r e v i o u s  t ime .  The v e l o c i t i e s  a t  t h e  o t h e r  two faces 

a r e  e v a l u a t e d  f rom Eqs. 49, 50, o r  51. Whereas, a  f l u i d  c e l l  w i t h  a l l  

f aces  i n  c o n t a c t  w i t h  empty c e l l s  ( c e l l  = 5) i s  t r e a t e d  as  moving i n  a  
i ,j 

f r e e  p r o j e c t e d  p r o f i l e ,  i . e .  

d i s r e g a r d i n g  t h e  t h r e e  d imens iona l  i n s t a b i l i t y  t h a t  m i g h t  occu r  (146) .  

I n  t h e  s p e c i a l  case when t h e  c o m p u t a t i o n a l  c e l l  i s  t r a n s f o r m e d  f rom an 

empty c e l l  a t  t i m e  t t o  a  f l u i d  c e l l  a t  t i m e  t + A t ,  t h e  new v e l o c i t y  a t  

any f a c e  i n  c o n t a c t  w i t h  a  f l u i d  c e l l  i s  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n  

o f  m o t i o n .  V e l o c i t i e s  a t  o t h e r  faces  a r e  e v a l u a t e d  f rom t h e  f r e e  



sur face  boundary cond i t i ons ,  Eq. 22, o r  a r e  assumed t o  be equal t o  the 

v e l o c i t i e s  a t  t ime t. However, one o f  the  f o u r  v e l o c i t y  components has 

t o  be eva lua ted  from the equat ion o f  c o n t i n u i t y ,  Eq. 49, t o  p reserve  the 

f l u i d  mass. 

4.2.5 Time Increment 

I n  chos ing t ime increment i n  time-dependent computations, 

numer ica l  i n s t a b i  1 i t y  must be avoided. However, the non-1 inea r charac- 

t e r s  o f  the  equat ions o f  mot ion, Eqs. 6 and 7, make a r i go rous  s t a b i l i t y  

a n a l y s i s  unava i l ab le .  Therefore,  the t ime increment s a t i s f y i n g  a l l  the 

f o l l o w i n g  h e u r i s t i c  s t a b i l i t y  c r i t e r i a  (61, 115, 123, 135) i s  employed 

i n  the p resen t  s tudy.  

A t  4 Minimum > when A r  = Az 

which i s  a l s o  the  von Neumann c o n d i t i o n  which must be s a t i s f i e d  upon i n t r o -  
a v  a v Z  

r 
ducing t he  v o r t i c i t y  func t ion ,  w = -  - - 

a z  a r y  
i n t o  t he  equat ion o f  mot ion 

t o  reach a l i n e a r i z e d  s t a b i l i t y  c r i t e r i o n .  

Y when A r  = Az 

which i s  the  Courant c o n d i t i o n  r e s t r i c t i n g  the  d i s tance  a wave can t r a v e l  

i n  one t ime increment t o  be l e s s  than one space i n t e r v a l .  

A t  < A r  ,m , when A r  = Az (55) 

which i s  t he  Courant c o n d i t i o n  f o r  g r a v i t y  waves w i t h  smal l  wave number. 



5. EXPERIMENTAL PROGRAM 

I n  o r d e r  t o  e s t a b l i s h  e x p e r i m e n t a l l y  t h e  r e l a t i o n  between 

maximum impact  p r e s s u r e  and wa te r  l a y e r  dep th  as  a  f u n c t i o n  o f  drop s i z e  

and drop impact  v e l o c i t y ,  an e x p e r i m e n t a l  program was c a r r i e d  o u t  t o  meas- 

u r e  t h e  p r e s s u r e  p u l s e  a t  t h e  boundary immedia te ly  beneath  t h e  impact  

p o i n t  o f  a  s i n g l e  drop as  i t  s t r i k e s  a  s tagnan t  t h i n  wa te r  l a y e r .  The 

appara tus  arrangement i s  s c h e m a t i c a l l y  drawn I n  F i g .  6. I t  c o n s i s t e d  o f  

a  drop former  p l a c e d  a t  a  s p e c i f i c  e l e v a t i o n  above a  t h i n  wa te r  l a y e r .  

By v a r y i n g  t h e  e l e v a t i o n  o f  t h e  drop former ,  t h e  impact  v e l o c i t y  o f  t h e  

drop was v a r i e d .  The w a t e r  l a y e r  was c o n t a i n e d  i n  a  smooth p l e x i g l a s s  

t r a y  2 f t  square w i t h  6  i n .  h i g h  s i d e s .  A t  t he  c e n t e r  o f  t h e  t r a y  a  

K i  s t l e r  6 0 6 ~  q u a r t z  p r e s s u r e  t r a n s d u c e r  was mounted f l u s h  w i t h  t h e  t r a y  

bot tom.  The p r e s s u r e  s i g n a l  f rom t h e  t r a n s d u c e r  passed th rough  a  Model 

504 K i s t l e r  cha rge  a m p l i f i e r  c o n t a i n i n g  a  Model 548A8 p l u g - i n  f i l t e r  f o r  

resonance a t t e n u a t i o n ,  and was d i s p l a y e d  on a  T e k t r o n i x  t y p e  564 s t o r a g e  

o s c i l l o s c o p e .  The s i g n a l  was s u f f i c i e n t l y  c l e a r  on t h e  c a l i b r a t e d  g r a t i -  

c u l e  o f  t h e  scope t o  p e r m i t  i t  t o  be t r a c e d  on graph paper  manual ly  r a t h e r  

t h a n  reco rded  p h o t o g r a p h i c a l l y .  Some t y p i c a l  s i g n a l s  a r e  shown i n  F i g .  7. 

5.1 R e l a t i o n  Between Drop S i z e  And  C a p i l l a r y  Tube C h a r a c t e r i s t i c s  

Water drops have been produced by many methods (6, 26, 34, 55, 

107, 113).  The method o f  c a p i l l a r y  t u b e  p r o d u c t i o n  produces t h e  most u n i -  

fo rm s i z e  drop and t h e r e f o r e  was used. A  s i m p l e  drop former  was c o n s t r u c t e d  

by i n s e r t i n g  a  l e n g t h  o f  c a p i l l a r y  t u b e  th rough  t h e  bo t tom o f  a  wa te r  con- 

t a i n e r .  When w a t e r  s l o w l y  f lowed from t h e  c a p i l l a r y  t u b e  a  s teady j e t  d i d  



n o t  occur  b u t  r a t h e r  a  s e r i e s  o f  drops were formed because o f  t h e  su r face  

t ens ion  force.  I f  t h e  p ressure  a t  t h e  tube en t rance  i s  kept  cons tan t  and 

t h e  tube has a  square sharp edge, the  drop thus formed i s  a  f u n c t i o n  o f  

t h e  tube t i p  geometry, t h e  su r f ace  t ens ion  f o r c e  between a i r  and water,  

t h e  f l o w  r a t e  through t he  tube, and t he  a i r  drag f o r c e  on t h e  drop. The 

r e l a t i o n s h i p  between t he  weight  o f  t h e  drop, tube s ize ,  and sur face  ten- 

s i o n  can be approx imate ly  expressed as 

Drop we igh t  = Kndor (56) 

where d  i s  t h e  o u t s i d e  d iameter  o f  t he  tube, and K  i s  an exper imenta l  
0 

cons tan t  v a r y i n g  from 0.59 t o  1.00 (99).  When t h e  f l o w  r a t e  through t h e  

tube approaches zero,  Hark ins (59) showed t h a t  

K  = f ( tube  t i p  c o n d i t i o n ,  c a p i l l a r y  cons tan t )  (57) 

I 
where c a p i l l a r y  cons tan t  = (2~/p)2.  He ob ta i ned  an exper imenta l  r e l a t i o n -  

sh ip  between K  and do/d as shown i n  F ig .  8.  When the  f l o w  r a t e  increases 

t h e  a n a l y s i s  o f  drop p r o d u c t i o n  becomes .a comp l i ca ted  one. Mutch le r  (108) 

ob ta i ned  an exper imenta l  r e l a t i o n  assuming 

Drop we igh t  = f u n c t i o n  (I?, do, q, v ,  g) (58) 

where q  i s  t h k  f l o w  r a t e  through the  tube. ~ a n f r ;  and Whorlow (100) a l s o  

r epo r t ed  t h e  r e l a t i o n  between drop we igh t  and pp gq/r2 f o r  a  s p e c i f i c  tube 

i n d i c a t i n g  t h a t  t h e  drop we igh t  increases t o  a  maximum va lue  as pp gq / r  
2  

increases.  



The O . W . R . R .  research p r o j e c t  aimed a t  i n v e s t i g a t i n g  t he  e f f e c t  

o f  drop impact on sheet f l o w  employs a s e r i e s  o f  r a i n f a l l  modules t o  pro-  

duce drops.  Each module con ta i ns  many c a p i l l a r y  tubes t o  form i n d i v i d u a l  

drops (137).  Since t he re  was some v a r i a t i o n  i n  t he  l e n g t h  and end con- 

f i g u r a t i o n  o f  the i n d i v i d u a l  tubes, t h e  water  l e v e l  i n  t h e  water  con ta i ne r ,  

the tube leng th ,  t he  tube t i p  geometry, and t he  temperature o f  the  water  

were combined t o  produce drops t h a t  m igh t  be formed by a t y p i c a l  tube i n  

t h e  r a i n f a l l  modules. To e s t a b l i s h  t h e  r e l a t i o n  between drop and c a p i l -  

l a r y  tube s ize ,  va r i ous  drop formers were cons t ruc ted  by i n s e r t i n g  d i f -  

f e r e n t  s i zes  o f  po l ye thy l ene  tubes through t h e  bottom o f  a p l e x i g l a s s  

0 
con ta i ne r .  Tap water  w i t h  temperature va r y i ng  between 65 and 7 4 ' ~  was 

then p l aced  i n  t he  water  c o n t a i n e r .  I n  each t e s t ,  50 t o  300 drops pro-  

duced from the  drop former were c o l l e c t e d  and weighed t o  0.001 gm. The 

r e s u l t s  ob ta i ned  a r e  shown i n  Appendix B .  Some p e r t i n e n t  data a r e  a l s o  

t abu la ted  i n  Tab le  1. 

Table  1. Re la t i on  Between Tube Size and Drop S ize  

Tube Name Tube O D  
do ( i n . )  

PEl0 0.024 

Tube I D  
d. ( i n . )  

I .  

Equ i va len t  drop d i a .  
d (mm) 

2.62-2.73 

2.92-3.26 

3.09-3.13 

3.50-3.52 

3.60-3.74 

4.60-4.68 



Data o b t a i n e d  a r e  a l s o  d i s p l a y e d  i n  F i g .  9 showing t h e  r e l a -  

t i o n s h i p  between e q u i v a l e n t  d rop d iamete r ,  d, and t u b e  o u t s i d e  d iameter ,  

do. The da ta  t e n d  t o  f a l l  on a  l i n e  w i t h  a  s l o p e  o f  1 t o  3  wh ich  agrees 

w i t h  t h e  r e l a t i o n  s t a t e d  i n  Eq. 56  s i n c e  t h e  s u r f a c e  t e n s i o n  v a r i a t i o n  

i s  s m a l l .  Other  r e s e a r c h e r s '  da ta  a r e  a l s o  i n c l u d e d  f o r  compar ison.  

5.2 P ressu re  Transducer  

I n  t e s t i n g  an A t l a n t i c  LD-107 t ransducer ,  Whi te  (138) showed 

t h a t  t h e  s u r f a c e  s e n s i t i v i t y  v a r i e s  a c r o s s  t h e  s u r f a c e  o f  t h e  t r a n s d u c e r  

and t h a t , t h e  t r a n s d u c e r  response changes w i t h  t h e  f requency o f  t h e  s i g n a l .  

I n  a d d i t i o n  t h e  drop impact  p r e s s u r e  i n  t h e  p r e s e n t  s t u d y  i s  n o t  u n i f o r -  

m a l l y  d i s t r i b u t e d  above t h e  sens ing  e lement  o f  t h e  t ransducer - ;  t h e r e f o r e ,  

t h e  o u t p u t  s i g n a l  was a  f u n c t i o n  o f  t h e  p r e s s u r e  averaged o v e r  t h e  sens ing  

e lement  o f  t h e  t r a n s d u c e r .  

A K i s t l e r  606A q u a r t z  p r e s s u r e  t r a n s d u c e r  mounted f l u s h  w i t h  t h e  

s u r f a c e  o f  t h e  t r a y  bo t tom was used t o  measure t h e  dynamic p r e s s u r e  due t o  

d rop  impact .  A  c r o s s  s e c t i o n a l  v iew s u p p l i e d  by K i s t l e r  C o r p o r a t i o n  o f  

t h e  upper p o r t i o n  o f  t h e  t ransducer ,  F i g .  10, shows t h a t  t h e  e f f e c t i v e  

sens ing  a r e a  i s  n o t  t h e  same as  t h e  s u r f a c e  a rea  o f  t h e  t r a n s d u c e r .  The 

s u r f a c e  response s e n s i t i v i t y  was assumed t o  have a  one- to-one response 

f rom t h e  c e n t e r  o f  t h e  t r a n s d u c e r  t o  a  r a d i u s  o f  0.132 i n .  and t o  de- 

c rease  l i n e a r l y  f rom t h a t  v a l u e  down t o  z e r o  response a t  a  r a d i u s  o f  0.156 

i n .  The t r a n s d u c e r  had a  resonant  f requency g r e a t e r  t h a n  130 KHz, a  sen- 

i t i v i t y  o f  5.0 p i cocou lomb/ps i ,  and a  r i s e  t i m e  o f  a p p r o x i m a t e l y  3.0 

m i c  roseconds . 
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6.  RESULTS 

6.1 Exper imenta l  Resu l t s  

Tes t  c o n d i t i o n s  f o r  t h i s  study a r e  summarized below i n  Tab le  2. 

Tab le  2. Tes t  Cond i t i ons  

Height  o f  f a l l ,  H  ( f t )  1 4.25-33.0 

Drop diameter,  d  (mm) 

Water depth, h  ( i n . )  I 0.  t o  0.82 

Range 

2.7-3.7 

Tempe ra t u  r e  (OF) 1 64- 75 

Four d i f f e r e n t  s i zes  o f  drops ranging from 2.7 t o  3.7 mm, which approx i -  

mate t h e  most f requen t  o c c u r r i n g  drops i n  n a t u r a l  storms o f  1.0 t o  6.0 

i n. /hr  i n t e n s i t y  (94),  were produced from d i f f e r e n t  s i z e s  o f  po l ye thy l ene  

tubes and were a l lowed t o  f a l l  a  s p e c i f i c  d i s t a n c e  i n  t he  a i r  be fo re  

s t r i k i n g  t he  water  l a y e r  below. Drop t e s t s  w i t h  a  he igh t  o f  f a l l  o f  

approx imate ly  f ou r ,  seven, twe lve  f e e t  were conducted i n  t h e  Hyd rau l i c  

Engineer ing Labora to ry  a t  t he  U n i v e r s i t y  o f  I l l i n o i s .  I n  a d d i t i o n ,  a  drop 

former was se t  up on the  t h i r d  f l o o r  walkway above t h e  s t r u c t u r a l  t e s t  

f l o o r  o f  t he  C i v i l  Eng ineer ing  B u i l d i n g  a t  t h e  U n i v e r s i t y  o f  I l l i n o i s  t o  

supply a  33 f t  c l e a r  span, which t h e r e a f t e r  a l l owed  t h e  f a l l i n g  drop t o  

acqu i r e  an impact v e l o c i t y  c l o s e  t o  i t s  t e r m i n a l  v e l o c i t y .  



6.1.1 Impact  P ressu re  Pu lse  

I n  each t e s t ,  t h e  drop was a l l o w e d  t o  f a l l  f r e e l y  f rom a  g i v e n  

h e i g h t  and t o  s t r i k e  a  w a t e r  l a y e r  o f  known depth .  S i n c e  t h e r e  was l a t e r a l  

d rop m o t i o n  a s  i t  f e l l  ( l o g ) ,  t h e  p l e x i g l a s s  t r a y  was i n s t a l l e d  on a  s m a l l  

c a r r i e r  wh ich  was c e n t e r e d  manua l l y  such t h a t  t h e  t r a n s d u c e r  was be low t h e  

most p r o b a b l e  drop impact  p o i n t .  I n  o r d e r  t o  a s s u r e  no i n t e r f e r e n c e  be- 

tween success i ve  d rops ,  t h e  drops were i n t e r c e p t e d  u n t i l  t h e  d i s t u r b a n c e  

from t h e  p r e v i o u s  drop impact  was d i s s i p a t e d .  W i t h  t r i g g e r i n g  l e v e l  o f  

t h e  scope w e l l  a d j u s t e d ,  t h e  impact  p r e s s u r e  p u l s e s  p i c k e d  up by t h e  t r a n s -  

ducer were d i s p l a y e d  on t h e  o s c i l l o s c o p e  screen.  Among these  p r e s s u r e  

p u l s e s  reco rded  t h e  one wh ich  had t h e  maximum magni tude was used as t h e  

impact  p r e s s u r e  p u l s e  under d i r e c t  impact .  O the r  p r e s s u r e  p u l s e s  were 

due t o  impact  n o t  s t r i k i n g  upon t h e  c e n t e r  o f  t h e  t r a n s d u c e r  and were 

t h e r e f o r e  d i s r e g a r d e d .  The impact  p r e s s u r e  p u l s e  due t o  d i r e c t  impact  

was r e p e a t a b l e  and was manua l l y  t r a c e d  on t h e  graph paper .  Some t y p i c a l  

p r e s s u r e  p u l s e s  w i t h  d i f f e r e n t  impact  c o n d i t i o n s  a r e  shown i n  F i g s .  11 

and 12, w h i l e  a l l  t h e  t e s t  da ta  a r e  t a b u l a t e d  i n  Append ix  C .  

6.1.2 Peak Impact  P r e s s u r e  Versus Water Depth R e l a t i o n  

The maximum impact  p ressu re ,  
'max, 

o f  each p r e s s u r e  p u l s e  a s  a  

f u n c t i o n  o f  w a t e r  l a y e r  depth  f o r  d i f f e r e n t  d rop impact  c o n d i t i o n s  i s  

t a b u l a t e d  i n  Appendix C and i s  p l o t t e d  i n  F i g s .  13-16. 



Impact Pressure Pp( psi) 

P P 
0 - N 



d (mm) 

vo (fps) 

h (in.) 

d (mm) 3,l 2 3,12 

Vo(fps) 21,8 21,8 

h (in.) 0.481 0.473 

+ 0 

d (mm) 3,7 3.7 

v0(fps) 22,6 22 ,6  

h ( in. )  0 .389 0.395 

- 

O o * ' ~ ~ ~ " '  In0 
t (m sec) 

I & 0 

d (mm) 3,12 3,12 

Vo(fps) 21,8 21, 8 

h (in.) 0,31 0,278 

+ Experimental Result 

0 Analytical Result 

FIGURE 12 ANALYTICAL VERSUS EXPERIMENTAL 
PRESSURE PULSE 
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6.2 A n a l y t i c a l  Resu l t s  

2  4 
Tes t  drop s i z e  and p  = 0.00234 and p  = 1.935 lb -sec  / f t  were 

a  

s u b s t i t u t e d  i n t o  Eq. 26 t o  determine t h e  r e l a t i o n  between drop f a l l  h e i g h t  

and impact v e l o c i t y .  The necessary i n f o rma t i on  f o r  t h e  d r o p - l i q u i d  impact 

t e s t  i s  t a b u l a t e d  i n  Tab le  3. With t he  g i ven  i n i t i a l  c o n d i t i o n s  o f  drop 

s ize ,  drop impact v e l o c i t y ,  and depth o f  water  l a y e r ,  t h e  numer ica l  scheme 

descr ibed  e a r l i e r  was used t o  eva lua te  t h e  v e l o c i t y  and p ressure  f i e l d  a s  

a  f u n c t i o n  o f  t ime .  

6.2.1 Impact Pressure Pulse 

Using t h e  drop s i zes  and impact v e l o c i t i e s  g i ven  i n  Table  3, a  

v a r i a t i o n  o f  water  l a y e r  o f  0.1 t o  0.5 i n . ,  and a  s p h e r i c a l  shape f o r  

2.7 mm drop and s l i g h t l y  f l a t t e n e d  s p h e r i c a l  shape repo r t ed  by McDonald 

(103) and Mutch le r  (111) f o r  o t h e r  drop s izes ,  t he  Nav ier -Stokes equat ions 

were so lved  t o  g i v e  t h e  v e l o c i t y  and p ressure  f i e l d .  Pressure va lues 

a long  t h e  bot tom o f  t h e  water  l a y e r  were then averaged over  an area equiv-  

a l e n t  t o  t h e  sensing element o f  the  t ransducer .  A f t e r  s u b t r a c t i n g  f rom 

t h i s  average va lue  t he  s t a t i c  water  head, t he  mathemat ica l  s imu la ted  impact 

p ressure  pu lse,  P = P - pgh, was obta ined.  Some t y p i c a l  impact p ressure  
P  

pu lses  a r e  shown i n  F igs .  11 and 12, and t he  p ressure  f i e l d  a l ong  t h e  bot tom 

o f  t h e  water  l a y e r  as a  f u n c t i o n  o f  t ime  f o r  d i f f e r e n t  impact c o n d i t i o n s  i s  

t a b u l a t e d  i n  Appendix D . 



6.2 .2  Maximum Impact  P ressu re  Versus Water Depth R e l a t i o n  

The peak p r e s s u r e  o f  t h e  m a t h e m a t i c a l l y  s i m u l a t e d  impact p res -  

s u r e  p u l s e  a s  a  f u n c t i o n  o f  w a t e r  l a y e r  depth  was c a l c u l a t e d  and p l o t t e d  

i n  F i g s .  13-16 t o  check t h e  mathemat ic  model p roposed.  

6.2.3 V e l o c i t y  F i e l d  And Shear ing  S t r e s s  

The v e l o c i t y  f i e l d  v a r i a t i o n  w i t h  t i m e  i s  shown f o r  two cases 

i n  F i g s .  17 and 18. Because each run  r e q u i r e d  a  l o n g  c o m p u t a t i o n a l  t ime,  

o n l y  these  two cases were c a r r i e d  o u t  f o r  t h e  l e n g t h  o f  t i m e  shown. F i g -  

u r e  19 draws 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  a t  v a r i o u s  

t i m e s  f o r  a  2.7 mm drop s t r i k i n g  a  0.241 i n .  deep w a t e r  l a y e r  w i t h  a  speed 

o f  15.4 fps  w h i l e  F ig .  18 cor responds t o  a  3 .7  mm drop s t r i k i n g  a  0.33 i n .  

w a t e r  l a y e r  w i t h  a  speed o f  15.9 f p s .  

A f t e r  t h e  v e l o c i t y  f i e l d  has been c a l c u l a t e d ,  Eq. 1 4  was used t o  

compute t h e  s h e a r i n g  s t r e s s  a l o n g  t h e  b o t t o m  o f  ' the w a t e r  l a y e r .  S p a t i a l  

and tempora l  s h e a r i n g  s t r e s s  d i s t r i b u t i o n s  a r e  shown i n  F i g s .  19, 20, and 

21. Drop impact  c o n d i t i o n s  a re :  

F i g u r e  Drop Diameter Water Depth Drop Impact  Veloc i t y  
d  (mm) h  ( i n . )  vo ( f ~ s )  

19 2.7 0.241 1 5 . 4  

20 3.7 0.330 15.9 

2  1 3.12 0.083 18.8 



9'9 

S'L 

O'ZI 

0'6E 

SZ'P 

L9 'P 

SZ'L 

OS'L 

E8'L 

O0Z1 

P'ZI 

O*EE 

OL E 

OL'E 

OL'E 

OL'E 

ZI ' E 

ZI'C 

Z1.E 

Z1.E 

Z1.E 

Z1.E 

ZI *€ 

Z1.E 

OV'SI L9.P OL ' z 
OE'81 S'L OL ' Z 

01-1z oezl OL'Z 

SZ'SZ 0' EE OL'Z 

(sd~) 'A 'A2!301a~ 23edw1 doJa (24) H '2146!a~ lleA' (ww) p <az!s do~a 





'u! EE'O = Y UJU L'E = p 



sd4 t'SI = 'A 

('U!) J 
II 

2 8 

- I L'O 0 
-+, 
+ 

- (SSU)) 
*, 1 I I 1 I 1 I 

u 

0 1 





lJJlJJ ZI'E = P 

0'2 E'I 0' I S'O 
I I I (, Oo 

oO 
oo 

'U! PE80'0 = J 
u 

'U! 0'0 z 2 
- 3M - 

0 0 00 
O 0o0o0 

0 0 

0 
0 

0 
I I I 

1'0 

2'0 



6.2.4 Free Sur face  Behav io r  

The d i s t u r b a n c e  genera ted  by an i m p i n g i n g  drop can b e s t  be 

v i s u a l i z e d  by o b s e r v i n g  t h e  f r e e  s u r f a c e  c o n f i g u r a t i o n  a s  a  f u n c t i o n  o f  

t ime .  

h = Water Depth 

R = Radius o f  Computational Field 

a = Crater  Radius 

b = Crown T i p  

c = Crater Center 

FIGURE 22 FLUID PATTERN 

I n  F i g .  22, a  schemat ic  drawing o f  t h e  f r e e  s u r f a c e  a t  a  s p e c i f i c  i n s t a n t  

a f t e r  d r o p - l i q u i d  impact  i s  shown. The doncave s u r f a c e  be low t h e  drop im-  

p a c t  p o i n t  i s  c a l l e d  t h e  c r a t e r ,  w h i l e  t h e  p o r t i o n  o f  f l u i d  r i s i n g  above 

t h e  o r i g i n a l  w a t e r  s u r f a c e  i s  t h e  crown, and t h e  f a r - r e a c h i n g  p o i n t  o f  t h e  

crown i n  t h e  r a d i a l  d i r e c t i o n  i s  c a l l e d  t h e  crown t i p .  To c h a r a c t e r i z e  

t h e  f l u i d  movement a f t e r  d rop impact, t h e  t i m e  v a r i a t i o n  o f  c r a t e r  r a d i u s ,  

a, crown t i p ,  b, and t h e  t o p  p o s i t i o n  o f  t h e  c r a t e r  c e n t e r ,  c, a r e  p l o t t e d  

i n  F i g s .  23-25. D r o p - l i q u i d  impact  c o n d i t i o n s  a r e  g i v e n  below: 



F i g u r e  

23 

24 

2  5  

h  ( i n . )  

0.132 

0.241 

0.330 

R ( i n . )  

0.561 

0.  so6 

0.891 

Depth v a r i a t i o n  as  a  f u n c t i o n  o f  t i m e  a t  s e v e r a l  l o c a t i o n s  f rom t h e  drop 

impact  p o i n t  i s  shown i n  F i g .  26 t o  i n d i c a t e  t h e  w a t e r  s u r f a c e  d i s t u r -  

bance produced by a  3.7 mm imp ing ing  drop.  The i n i t i a l  w a t e r  l a y e r  dep th  

was 0.33 i n .  w h i l e  t h e  drop impact  speed was 15.9 f p s  f o r  t h i s  case.  



* 
T i m e ,  t (m sec) 

FIGURE 23 FLUID MOVEMENT 









7. D l  S C U S S I O N  

7.1 Comparison Between A n a l y t i c a l  And Exper imenta l  Impact Pressure 

I n  F i gs .  11 and 12 some t y p i c a l  a n a l y t i c a l  as w e l l  as expe r i -  

mental  impact p ressure  pu l ses  a r e  shown. Q u a l i t a t i v e  agreement between 

the  two a r e  observed. I t  should  be p o i n t e d  ou t  t h a t  immediately (on t he  

o rde r  o f  microseconds) a f t e r  t he  drop touches t he  water  sur face,  t he  sma l l  

con tac t  ang le  r e s u l t s  i n  a  s t r ong  sur face  t ens ion  f o r c e  p u l l i n g  t he  water  

f rom the  drop impact p o i n t  f a s t e r  than the  numer ica l  scheme can p r e d i c t  

w i t h  t he  l a r g e  c e l l  s i z e  used. As a  r e s u l t ,  the a n a l y t i c a l  impact pres- 

sure p u l s e  tends t o  r i s e  more s l ow l y  than t he  exper imenta l  one. Shown i n  

F i g .  11 i s  a  complete a n a l y t i c a l  p ressure  p u l s e  i n  which t h e  numer ica l  

scheme generates an o s c i  l l a t  i ng  p ressure  p u l s e  aga i n  because o f  the l a r g e  

c e l l  s i ze .  Therefore,  on l y  severa 1  r e p r e s e n t a t i v e  p ressure  va lues  a  r e  

recorded i n  F ig .  12 and i n  Appendix D as w e l l .  

The t ime t o  reach maximum impact pressure,  t '  , f o r  each p ressure  . 
P  

p u l s e  v a r i e s  randomly f rom 0.1 t o  0.5 msec, .and no c o r r e l a t i o n  was attemp- 

ted.  The exper imenta l  r e l a t i o n s h i p  between t and water  l a y e r  depth, h, 
P  

i s  shown i n  F ig .  27. I t s  magnitude i s  i n  q u a l i t a t i v e  agreement w i t h  t he  

a n a l y t i c a l  r e s u l t  as shown i n  F i g .  12. I n  a d d i t i o n ,  i t  should  be p o i n t e d  

o u t  t h a t  a t  t t he  v e l o c i t y  f i e l d  has changed very  l i t t l e  f rom i t s  i n i t i a l  
P  

va lue .  

7.2 Comparison Between A n a l y t i c a l  And Exper imenta l  Maximum Impact Pressure 

I n  F igs.  13-16, maximum exper imenta l  impact pressures and those 

computed us i ng  the  mathemat ica l  model a r e  p l o t t e d  a g a i n s t  the  water  l a y e r  
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dep th  f o r  v a r i o u s  drop s i z e s  and impact  c o n d i t i o n s .  These r e s u l t s  i n d i -  

c a t e  t h a t  t h e  maximum impact p r e s s u r e  decreases as t h e  w a t e r  l a y e r  dep th  

i nc reases ,  and t h e  p r e s s u r e  approaches t h e  h y d r o s t a t i c  v a l u e  as  t h e  dep th  

approaches 1 in.. For example, a  2.7 mm drop w i t h  a  drop impact  speed 

18.3 f p s  has a  maximum impact  p r e s s u r e  n e a r l y  e q u a l  t o  t h e  h y d r o s t a t i c  

p r e s s u r e  when t h e  w a t e r  dep th  i s  a p p r o x i m a t e l y  0.7 in., The magni tude o f  

t h e  maximum impact  p r e s s u r e  f o r  each s p e c i f i c  d rop does n o t  va ry  s i g n i f i -  

c a n t l y  a l t h o u g h  t h e  h e i g h t  o f  f a l l  o f  t h e  drop v a r i e d  f rom 4 f t  t o  33 f t ,  

e s s e n t i a l l y  because t h e  c o r r e s p o n d i n g  drop impact  v e l o c i t y  i s  o f  t h e  same 

o r d e r  o f  magni tude.  The e x c e l l e n t  c o r r e l a t i o n  between a n a l y t i c a l  r e s u l t s  

and e x p e r i m e n t a l  da ta  suggests  t h a t  t h e  mathemat ic model used i n  t h e  

p r e s e n t  s tudy  i s  c a p a b l e  o f  s o l v i n g  t h e  d r o p - l i q u i d  impact  p rob lem pro-  

posed. I n  F i g s .  13-16, a n a l y t i c a l  r e s u l t s  a r e  e x t r a p o l a t e d  t o  t h e  s tagnan t  

2  
p r e s s u r e  ( 0 . 5 ~ ~ ~  ) a t  z e r o  wa te r  depth .  The e x p e r i m e n t a l l y  reco rded  impact  

p r e s s u r e  however i n  g e n e r a l  d i d  n o t  reach t h i s  t h e o r e t i c a l  p o i n t  p r e s s u r e  

v a l u e  s i n c e  t h e  t r a n s d u c e r  produces a  s i g n a l  wh ich  i s  r e l a t e d  t o  t h e  aver -  

age p r e s s u r e  o v e r  i t s  sens ing  area r a t h e r  than  t h e  p o i n t  p r e s s u r e .  

I n  F i g s .  28-31, t h e  d imens ion less  maximum impact  p ressu re ,  

2  
2P /PVo , i s  p l o t t e d  a g a i n s t  t h e  w a t e r  l a y e r  depth .  The c o r r e l a t i o n  

max 

suggests  t h a t  t h e  n o n - l i n e a r  p a r t  i n  t h e  e q u a t i o n s  o f  mot ion ,  Eqs. 6  and 7, 

does n o t  a f f e c t  t h e  maximum impact p r e s s u r e  wh ich  o c c u r s  i n  t h e  e a r l y  

s tages o f  t h e  impact  p r o c e s s  i f  t h e  drop impact  v e l o c i t y  i s  o f  t h e  same 

o r d e r  o f  magni tude as  i t s  t e r m i n a l  v e l o c i t y .  

7.3 Impact  P ressu re  Model 

The f a c t  t h a t  t h e  n o n - l i n e a r  terms i n  t h e  e q u a t i o n s  o f  m o t i o n  do 

n o t  a f f e c t  t h e  maximum impact  p r e s s u r e  suggests  t h e  e x i s t e n c e  o f  a  s i m i l a r  



r e l a t i o n  between t h e  drop impact  p r e s s u r e  and t h e  w a t e r  l a y e r  depth .  

A  d imens iona l  a n a l y s i s  r e v e a l s  t h a t ,  a f t e r  d rops s t r i k i n g  a  w a t e r  l a y e r  
-1- -1.. 
I\ ,\ 

a t  an i n t e r v a l  A t  t h e  p o i n t  p r e s s u r e  P a t  any p o i n t  (r, z )  i n  t h e  f l u i d  
d' 

doma i n  may be a f f e c t e d  by  t h e  f o l l o w i n g  parameters :  

Fami 1 i a r  dimens i o n l e s s  parameters ,  such a s  Reynolds number, Froude number, 

Weber number, and d i f f e r e n t  comb ina t ions  o f  l e n g t h  and t i m e  v a r i a b l e s  

appear i n  Eq. 59, a l t h o u g h  o t h e r  comb ina t ions  can be used. For  a  s i n g l e  

drop s t r i k i n g  a  w a t e r  l a y e r ,  Eq. 59 can be  r e w r i t t e n  a s  

A t  t h e  bo t tom o f  t h e  wa te r  l a y e r  d i r e c t l y  below t h e  drop impact  p o i n t ,  t h e  

magni tude o f  t h e  d imens ion less  p o i n t  peak impact  p ressu re ,  cp i s  inde- 
c 

pendent o f  t h e  c o o r d i n a t e  system. I t  depends s imp ly  on h /d  and R/d, s i n c e  

v e l o c i t y  i s  z e r o  a t  t h i s  p o i n t .  T h e r e f o r e  

cpc 
= f u n c t i o n  (h/d, ~ / d )  (61) 

I n  t h e  p r e s e n t  s tudy ,  t h e  s i d e  w a l l  e f f e c t  i s  assumed t o  be n e g l i g i b l e  so 

t h a t  cpc depends o n l y  on t h e  w a t e r  l a y e r - d r o p  s i z e  r a t i o .  

TC 
= f u n c t i o n  (h/d) 



A f t e r  p l o t t i n g  the  p o i n t  peak impact p ressure  under t he  drop impact 

p o i n t  ob ta i ned  a n a l y t i c a l l y  a g a i n s t  h/d as shown i n  F i g .  32, a  l i n e  was 

f i t t e d  t o  t he  data.  

f o r  h/d >, 1.0. 

A s im i  l a r  d imensional  a n a l y s i s  suggests t h a t  t he  p ressure  d i  s- 

t r i b u t i o n  a long t he  water  l a y e r  bottom when t he  p o i n t  peak impact p ressure  

occurs  may have a  s imp le  r e l a t i o n  

m/mc = f unc t i on (2:/ h) (64) 

The a n a l y t i c a l  r e s u l t s  o f  t he  p ressure  d i s t r i b u t i o n  upon t r ans fo rma t i on  

i n t o  these two parameters a r e  p l o t t e d  i n  F ig .  33. A l e a s t  square cu rve  

f i t t i n g  suggests t he  r e l a t i o n  between them t o  be 

4  
= Exp [ - X C i  (~ : /h)~ ] 

C i =O 

' in which C = -0.00942 
0 

where cp/cpc e x p o n e n t i a l l y  decreases as 2 r / h  increases.  



The peak impact  p r e s s u r e  d i s t r i b u t i o n  f o r  a  s p e c i f i c  d rop impact  

c o n d i t i o n  a l o n g  t h e  w a t e r  l a y e r  bo t tom can t h e r e a f t e r  be p r e d i c t e d  f rom 
.*. 

t h e  a n a l y t i c a l  r e l a t i o n  between cp and h/d, and between y/cp and 2 r / h  a s  
C C 

g i v e n  by Eqs. 63 and 65. For example, a  2.9 mm drop a f t e r  f a l l i n g  f i v e  

f e e t  i n  t h e  a i r ,  f r om Eq. 26, a c q u i r e s  a  speed o f  16 f p s .  W i th  t h i s  speed, 

i t  s t r i k e s  a  w a t e r  l a y e r  w i t h  v a r i o u s  dep th  and e x e r t s  a  maximum p r e s s u r e  

whose d i s t r i b u t i o n  a l o n g  t h e  w a t e r  l a y e r  b o t t o m  i s  g i v e n  by Eq. 65. Upon 

a v e r a g i n g  t h i s  p r e s s u r e  o v e r  a  1- i n c h  d iamete r  s u r f a c e  a rea  and s u b s t i -  

t u t i n g  t h e  p o i n t  peak impact  p r e s s u r e  f rom Eq. 63, t h e  r e l a t i o n  between 

t h e  wa te r  l a y e r  dep th  and t h e  drop impact  p r e s s u r e  on a  1 - i n c h  d iamete r  

a rea  i s  shown i n  F i g .  3 4  t o  s i m u l a t e  t h e  e x p e r i m e n t a l  t e s t  conducted by 

Palmer (114).  The l a r g e  d i sc repancy  between t h e  two may be caused by two 

f a c t o r s :  

A .  The s t a t i c  l o a d  c a l i b r a t i o n  used by Palmer: I f  t h e  f requency o f  t h e  

drop impact  p r e s s u r e  p u l s e ,  wh ich  i s  abou t  1250 c y c l e s / s e c  f o r  a  

w a t e r  l a y e r  dep th  o f  a p p r o x i m a t e l y  0.15 i n . ,  i s  h i g h e r  than t h a t  o f  

t h e  s t r a i n  gage used by Palmer, t h e  s t a t i c  l o a d  c a l i b r a t i o n  c o u l d  

r e s u l t  i n  low p r e s s u r e  v a l u e  b e i n g  reco rded .  

B .  The non-un i fo rm response a c r o s s  t h e  s u r f a c e  o f  t h e  s t r a i n  gage: The 

h a l f  i n c h  q u a r t z  p r e s s u r e  t r a n s d u c e r  used i n  t h i s  s tudy  has a  non- 

u n i f o r m  response a c r o s s  i t s  s u r f a c e .  I t  would  n o t  be reasonab le  t o  

expec t  a  u n i f o r m  s u r f a c e  response f rom t h e  c e n t e r  t o  t h e  edge o f  a  

1- i n c h  d iamete r  f o i l - t y p e  s p i r a l  s t r a i n  gage used by Palmer.  
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7.4  V e r t i c a l  Pressure D i s t r i b u t i o n  

I n  F igs .  35 and 36, the  v e r t i c a l  p ressure  d i s t r i b u t i o n s  f o r  two 

drop s i zes  a t  f o u r  v e r t i c a l  c ross  sec t ions ,  r = 1, 5, 10, and 20, a r e  

p l o t t e d  a t  t h ree  t ime stages: one before,  one near, and one a f t e r  t he  

t ime  when maximum impact p ressure  occurs  a t  t h e  bottom o f  t he  water  l a y e r .  

The h y d r o s t a t i c  p o i n t  p ressure  d i s t r i b u t i o n s  a r e  a l s o  d i sp l ayed  a t  r = 20 

i n  bo th  f i g u r e s .  

Near the  drop impact p o i n t ,  t h e  p o i n t  p ressure  increases sharp ly  

t o  i t s  maximum va lue  below t h e  f r e e  water  su r face  and then decreases toward 

the  bottom.. Due t o  t he  d i r e c t  impact o f  t he  imping ing drop, the p ressure  

magnitude i s  s u b s t a n t i a l l y  h i ghe r  than t h a t  o f  the  co r respond inghyd ro -  

s t a t i c  p ressure .  For example, the  peak p ressure  i n  F i g .  35 i s  about 600 

t imes i t s  cor responding h y d r o s t a t i c  pressure.  A l though  t h i s  i s  the  case 

near drop impact p o i n t ,  t he  p ressure  d i s t r i b u t i o n  has t he  genera l ' shape  

o f  t h e  h y d r o s t a t i c  d i s t r i b u t i o n  f a r  away from t h a t  p o i n t .  A t  r = 20, 

which i s  approx imate ly  one h a l f  i nch  from t h e  drop impact p o i n t ,  the  pres-  

sure va lue  d i f f e r s  l i t t l e  from i t s  cor responding h y d r o s t a t i c  pressure.. I t  

should  be p o i n t e d  ou t  t h a t  near t he  drop impact p o i n t  t he  s p a t i a l  p ressure  

d i s t r i b u t i o n s  a re  s i m i l a r  t o  each o the r  be fo re  the  maximum impact pressure 

occurs  as shown i n  F igs .  35 and 36. T h e i r  shapes a r e  s i m i l a r  t o  those re- 

p o r t e d  from break ing  water  waves (134). 

I n  ana l yz i ng  sha l low over land  f l o w  problems, an over-pressure 

concept which,assumes an a d d i t i o n a l  dynamic p ressure  i n  ana l yz i ng  t he  f l ow  

problem was mathemat ica l l y  in t roduced  t o  account f o r  the  drop impact e f f e c t  

by some researchers  (23, 53) .  Th i s  study p o i n t s  ou t  t h a t  t he  pressure away 

from drop impact p o i n t  remains h y d r o s t a t i c a l l y  d i s t r i b u t e d  du r i ng  t he  drop 
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s p l a s h i n g  p rocess .  Even under t h e  drop impact  p o i n t ,  t h e  h i g h  dynamic 

p r e s s u r e  o n l y  l a s t s  1  t o  2  msec b e f o r e  i t  f a l l s  t o  a  v a l u e  o f  t h e  same 

o r d e r  o f  magni tude as  the  i n i t i a l  h y d r o s t a t i c  p r e s s u r e .  T h i s  t i m e  i n t e r -  

v a l  i s  r a t h e r  s h o r t  as compared w i t h  t h e  t i m e  i n t e r v a l  between success i ve  

drops i n  n a t u r a l  r a i n f a l l .  For t h e  drop p a t t e r n  used i n  t h e  O . W . R . R .  

p r o j e c t ,  t h e  i n t e r v a l  between drop impacts i s  a p p r o x i m a t e l y  0.42 sec f o r  

a  10 i n . / h r  r a i n f a l l .  Thus, i t  suggests  t h a t  t h e  o v e r - p r e s s u r e  concept  

does n o t  p r e s e n t  a  t h e o r e t i c a l l y  a c c u r a t e  d e s c r i p t i o n  under t h e  c o n d i t i o n  

o f  a  s e r i e s  o f  s i n g l e  drops s t r i k i n g  one p o i n t .  

7.5 V e l o c i t y  F i e l d  And Shear ing  S t r e s s  

I n  o v e r l a n d  f l o w  w i t h  r a i n f a l l ,  drops a f t e r  s t r i k i n g  t h e  s u r f a c e  

w a t e r  l a y e r  d i s t r i b u t e  i n t o  i t  and genera te  a  l o c a l  d i s t u r b a n c e  wh ich  re-  

s u l t s  i n  h i g h  r e s i s t a n c e  t o  f l o w .  Thus, t h e  v e l o c i t y  f i e l d  a f t e r  drop- 

l i q u i d  impact  i s  one o f  t h e  i m p o r t a n t  f a c t o r s  i n  s t u d y i n g  t h e  d r o p - l i q u i d  

impact  p rocess .  I n  F i g s .  17 and 18 sequences o f  v e l o c i t y  v e c t o r  f i e l d s  

a r e  d i s p l a y e d  f rom i n i t i a l  impact  up t o  t h e  t i m e  when t h e  c r a t e r  a p p r o x i -  

ma te l y  reaches i t s  maximum s i z e .  L i n e s  r a d i a t i n g  f rom t h e  c e n t e r  o f  each 

c o m p u t a t i o n a l  c e l l  i n d i c a t e  b o t h  t h e  d i r e c t i o n  and magni tude o f  t h e  ve loc -  

i t y  and c o n s t i t u t e  t h e  i ns tan taneous  v e l o c i t y  v e c t o r  f i e l d .  F l u i d  be low 

t h e  drop impact  p o i n t  tends t o  f l o w  downward and outward,  w h i l e  f l u i d  

around i t  tends t o  f l o w  outward  and upward. These mot ions  combine t o  fo rm 

a  c r a t e r  be low and a  crown around t h e  drop impact  p o i n t .  O f  t hose  drops 

s t u d i e d ,  t h e  f l u i d  f i e l d  was s i g n i f i c a n t l y  d i s t u r b e d  by t h e  imp ing ing  drop 

i n  a  d iamete r  a p p r o x i m a t e l y  1 - i n c h  below t h e  drop impact  p o i n t .  T h i s  re-  

s u l t  i s  i n  agreement w i t h  t h e  h i g h  r e s i s t a n c e  f o r c e  r e p o r t e d  by Wenzel 



e t .  a l .  (137) caused by drops spaced 1 - inch  a p a r t  imping ing on sheet 

f l o w  l e s s  than one inch  deep. 

The s p a t i a l  shear s t r e s s  d i s t r i b u t i o n  a l ong  t he  bottom o f  the  

water  l a y e r  as w e l l  as t he  shear s t r e s s  t ime v a r i a t i o n  a t  a  s p e c i f i c  

d i s t ance  from the  drop impact p o i n t  f o r  t h r e e  d i f f e r e n t  cases i s  shown 

i n  F i gs .  19, 20, and 21. These f i g u r e s  show a r e l a t i v e l y  h i g h  shear 

s t r e s s  whose magnitude increases as t h e  c r a t e r  s i z e  increases. For ex- 

ample, t he  p e r m i s s i b l e  u n i t  t r a c t i v e  f o r c e  f o r  cana ls  i n  noncohesive 

m a t e r i a l  r epo r t ed  by U.S .  Bureau o f  Reclamat ion (25) i s  approx imate ly  

2  
0.04 l b / f t  f o r  p a r t i c l e s  o f  average d iameter  o f  1  mm. Whereas the  max- 

L 
imum shea'r s t r e s s  below a 0.083 i n .  deep water  l a y e r  i s  0.18 l b / f t  as 

shown i n  F i g .  21. I t  should  a l s o  be p o i n t e d  o u t  t h a t  f o r  a  un i f o rm  sheet 

f l o w  o f  a  depth o f  0.083 i n .  on a  su r f ace  w i t h  a  1% slope, t he  shear 

2  
s t r e s s  exe r t ed  by t h e  f l o w  i s  o n l y  0.00432 l b / f t  w i t h  no r a i n f a l l  pres- 

e n t .  Thus, t he  r a i n f a l l  i n  t h i s  case increases the  boundary shear by a  

f a c t o r  o f  approx imate ly  42. 

When t he  c r a t e r  reaches i t s  maximum s ize ,  t he  k i n e t i c  energy 

o f  t he  f l u i d  reaches a minimum. Therea f te r ,  t he  f l u i d  around t he  c r a t e r  

f l ows  r a d i a l l y  inward t o  t h e  c r a t e r  cen te r  t o  form a Ray le igh  j e t  (67, 

68, 146).    his back f l o w  phase was no t  s t u d i e d  because o f  the  1arg.e 

amount o f  computer t ime requ i red .  T h i s  backward f l u i d  mot ion caused a 

r a d i a l l y  inward shear ing fo rce  which toge ther  w i t h  t he  i n i t i a l  outward 

shear ing f o r c e  c o u l d  loosen any s o i l  p a r t i c l e s  i n  t h e  impact reg ion,  thus 

i n i t i a t i n g  t he  s o i l  e ros i on  process.  The maximum shear ing  f o r c e  occurs 

around t he  edge o f  t he  maximum c r a t e r  d i r e c t e d  r a d i a l l y  outward suggest ing 

t h a t  t he  s o i l  e r o s i o n  t h e r e  i s  the  s t r onges t .  



7.6. Drop-L iqu id  Impact Behavior 

A f t e r  a  drop s t r i k e s  a  s tagnant  water  l a y e r ,  a  h i g h  p ressure  i s  

momentar i ly  exer ted  on t he  water  su r face .  Th i s  h i g h  pressure,  as w e l l  as 

the drop i t s e l f ,  i s  then d i s t r i b u t e d  i n t o  t he  water  l a y e r .  The pressure 

and v e l o c i t y  f i e l d s  due t o  t h i s  process generate  a  l o c a l  d i s tu rbance  

which i s  cha rac te r i zed  by the  c r a t e r  forming below t he  water  su r face  and 

a  crown emerging above around t he  drop impact p o i n t .  Small d r o p l e t s  a r e  

e j e c t e d  from the  crown edge. As t he  k i n e t i c  energy O F  the system decreases, 

the  c r a t e r  en la rges  u n t i l  i t  reaches i t s  maximum s i z e .  The newly acqu i red  

p o t e n t i a l  energy as w e l l  as the su r f ace  energy thereupon cause a  water  c o l -  

umn, which may o r  may no t  re lease  smal l  d rop le t s ,  t o  r i s e  f rom the cen te r  

o f  the  crown. A f t e r  i t  subsides sma l l  r i p p l e s  spread outward i n  an ever-  

w idening c i r c l e  (68, 146). To s imu la te  t h i s  drop-1 i q u i d  impact process, 

the mathematical  model proposed e a r l i e r  was so lved.  

The t ime h i s t o r y ,  as determined from the  mathematical  model, o f  

the behav ior  o f  the  c r a t e r  rad ius ,  crown t i p ,  and t he  cen te r  p o s i t i o n  o f  

the  c r a t e r  a f t e r  a  2.7 mm drop s t r i k e s  a  0.241 i n .  deep water  l a y e r  w i t h  

an impact speed 15.4 fps  i s  shown i n  F i g .  24. Some c h a r a c t e r i s t i c  i n f o r -  

mat ion a r e  g iven  below: 

maximum c r a t e r  r ad ius  = 0.194 i n .  
maximum c r a t e r  depth > 0.241 i n .  
t ime  t o  reach maximum c r a t e r  rad ius  15 msec 

For purposes o f  comparison exper imenta l  data ob ta i ned  by Engel (42) f o r  

a  2.76 mm drop s t r i k i n g  a  l a r g e  water  poo l  w i t h  an impact speed o f  13.1 fps 

i s  g iven  below: 

maximum c r a t e r  r ad ius  = 0.223 i n .  
maximum c r a t e r  depth = 0.286 i n .  
t ime  t o  reach maximum c r a t e r  rad ius  = 13.9 msec 



The a n a l y t i c a l  r e s u l t s  show q u a l i t a t i v e  agreement w i t h  Enge l ' s  exper i -  

mental  work. The d i f f e r e n c e  between the  two c r a t e r  r a d i  i c o u l d  be due 

t o  the f i n i t e  boundary w a l l  superimposed a t  a  r ad ius  0.506 i n .  f rom the  

drop impact p o i n t  (102). The bot tom o f  the  t r a y  was exposed i n  the  ana- 

l y t i c a l  study, t h e r e f o r e  the  maximum c r a t e r  depth c o u l d  be g r e a t e r  than 

0.241 i n .  should  the  water  l a y e r  depth be g r e a t e r  than 0.241 i n .  (98).  

The crown t i p  behav io r  a l s o  shows a qua1 i t a t  i v e  agreement w i t h  the  photo- 
-1. 

graph ic  data ob ta ined  by ~ u t c h l e r "  o f  a  2.9 mm drop s t r i k i n g  a  0.114 i n .  

water  l a y e r  w i t h  a  speed o f  25.6 f ps .  

Whi le t he  maximum impact pressure occur red  w i t h i n  0 .6  msec a f t e r  

drop impact f o r  the  cases s tud ied,  subsequent f l u i d  mot ion  l a s t s  much 

l onge r .  By fo rm ing  a c r a t e r  and a crown as w e l l  as a  p o s s i b l e  rebounding 

wate r  column a t  a  l a t e r  stage as descr ibed  above, t he  imping ing drop s i g n i -  

f i c a n t l y  d i s t u r b s  the o r i g i n a l l y  s tagnant  water  l a y e r .  The c r a t e r  depth 

and w i d t h  a r e  an i n d i c a t i o n  o f  the  reg ion  o f  maximum d is tu rbance ,  and i t  

has been suspected (42, 43) t h a t  these dimensions depend on t he  k i n e t i c  , 

energy o f  t he  imping ing drop. However, a  genera l  r e l a t i o n s h i p  desc r i b i ng  

the  c r a t e r  geometry was no t  a t tempted because o f  t he  l a r g e  amount o f  com- 

p u t e r  t ime  requ i red .  I t  i s  b e l i e v e d  ' the mathematical  model c o u l d  be 

used f o r  t h i s  purpose g iven  s u f f i c i e n t  computer t ime .  

I n  F i g .  23, t he  d r o p - l i q u i d  impact behav ior  o f  a  3.7 mm drop 

s t r i k i n g  a  0.132 i n .  deep water  l a y e r  w i t h  an impact speed 28.41 f ps  i s  

shown. Approx imate ly  5  msec a f t e r  drop impact, t he  crown t i p  reaches the  

-1. 
4. 

' \ 

The pho tograph ic  data were ob ta ined  by ana l yz i ng  a h i g h  speed d rop - l ' i qu i d  
impact f i l m  borrowed from M r .  C a l v i n  K. Mutch ler ,  A g r i c u l t u r a l  Engineer, 
S o i l  and Water Conservat ion Research D i v i s i on ,  Mo r r i s ,  Minnesota.  



s o l i d  boundary w a l l  wh ich  i s  0.561 i n .  from t h e  drop impact  p o i n t .  F u r t h e r -  

more, no  w a t e r  i s  p r e s e n t  below t h e  drop impact p o i n t  a t  a p p r o x i m a t e l y  

2  msec. These data  i n d i c a t e  t h a t  t h e  c r a t e r  dep th  and crown t i p  r a d i u s  

c o u l d  be g r e a t e r  s h o u l d  t h e r e  be no p h y s i c a l  boundary .  The crown t i p  h i s -  

t o r y  a l s o  shows q u a l i t a t i v e  agreement w i t h  t h e  e x p e r i m e n t a l  da ta  taken by 

M u t c h l e r  bes ides  d i s p l a y i n g  t h e  r e l a t i v e  g r e a t e r  impact  e f f e c t  due t o  h i g h  

impact  speed. 

The s u r f a c e  d i s t u r b a n c e  can be d e s c r i b e d  by i n d i c a t i n g  v a r i a t i o n s  
.!- 

i n  w a t e r  depth .  The dep th  v a r i a t i o n  a t  f o u r  p o i n t s ,  r = 0.016, 0.148, 0.313, 

and 0.646 i n .  f rom t h e  drop impact  p o i n t  r e s p e c t i v e l y ,  a r e  shown i n  F i g .  26. 

The dep th  v a r i e s  r a p i d l y  near  t h e  d rop  impact  p o i n t  w h i l e  rema in ing  n e a r l y  

unchanged a t  a  d i s t a n c e  o f  0.5 i n .  The s m a l l  dep th  v a r i a t i o n  a t  t h i s  r a d i u s  

suggests t h a t  dep th  measurements taken  away f rom t h e  drop impact  p o i n t  can 

se rve  as an i n d i c a t i o n  o f  t h e  average w a t e r  dep th  i n  s t u d y i n g  o v e r l a n d  f l o w  

prob lems.  The s m a l l  p r e s s u r e  v a r i a t i o n  a t  0.495 i n .  f rom t h e  drop impact  

p o i n t  a l o n g  t h e  water layer bo t tom i s  shown i n  F i g .  37 t o  f u r t h e r  c o n f i r m  

t h e  r e l a t i v e  s m a l l  p r e s s u r e  d i s t u r b a n c e  a t  t h i s  p o i n t .  The f i r s t  two p o i n t s  

a r e  i n s i d e  t h e  c r a t e r  where dep th  decreases r a p i d l y .  Toward t h e  end o f  t h e  

sequence shown i n  F i g .  26, a  head between t h e  c r a t e r  c e n t e r  and t h e  sur -  

round ing  f l u i d  i s  b u i l t  wh ich  l a t e r  f o r c e s  t h e  f l u i d  t o  f l o w  back i n t o  t h e  

c r a t e r  c e n t e r .  

7.7 Sp lash ing  T e s t  

The s p l a s h i n g  o f  a  mercury drop o f  0.15 i n .  d iameter  f a l l i n g  3  i n .  

i n  t h e  a i r  a g a i n s t  a  smooth g l a s s  p l a t e  i s  d e s c r i b e d  by t h e  photographs 

taken  i n  t h e  e a r l y  1 9 t h  c e n t u r y  by Wor th ing ton  (145).  A n a l y t i c a l  r e s u l t s  



by us ing  t he  f o l l o w i n g  i n p u t  data 

d  = 0.15 in.-Hg 

p = 26.2 s l u g / f t  
3  

r = 0.0352 l b / f t  

6  2  
v = 1 .23~10 -  f t  /sec 

V = 4.0 fps  
0 

show c l o s e  agreement w i t h  Wor th ing ton 's  data as shown i n  F i g .  38. Ana- 

l y t  i c a l  r e s u l t s  ob ta ined  by Harlow and Shannon (67) by us ing  M A C  technique 

a r e  a l s o  inc luded  f o r  comparison. The d e v i a t i o n  o f  the  crown t i p  behav io r  

i s  p o s s i b l y  due t o  the  f a c t  t h a t  su r f ace  t ens ion  and v i s c o s i t y  were neg- 

l e c t e d  i n  t h e i r  a n a l y s i s .  However, i t  should  be p o i n t e d  o u t  t h a t  the  t ime 

base f o r  Wor th ing ton 's  data had been reduced by f o u r  be fo re  they were p l o t -  

t e d  on F ig .  38. The reason f o r  do ing t h i s  i s  because an examinat ion o f  

severa l  drop impact p i c t u r e s  taken by Wor th ington revealed t h a t  a  t ime  

i n t e r v a l  between p i c t u r e  e r r o r  o f  a  f a c t o r  o f  f o u r  i s  n o t  unreasonable 

s i n c e  t h i s  i n t e r v a l  was o f  t he  o rde r  o f  m i l l i s e c ~ n d s .  Cons ider ing t he  

f a c t  t h a t  those p i c t u r e s  were taken a t  a  t ime  when photographic  techniques 

were s t i l l  i n  the  e a r l y  stages o f  development, a  f a c t o r  o f  f o u r  was i n t r o -  

duced t o  a d j u s t  Wor th ing ton 's  data.  

7.8 Energy T rans fo rmat ion  

The t r ans fo rma t i on  between p o t e n t i a l ,  k i n e t i c ,  and sur face  ener- 

g i e s  can be descr ibed  i f  c e r t a i n  assumptions a r e  made. The temperatyre i s  

assumed t o  remain cons tan t  and a l l  o t h e r  energy forms a r e  neg lec ted  inc lud-  

ing  sound energy (43, 44).  The d imension less energy equa t ion  can be 

ob ta ined  by m u l t i p l y i n g  t h e  equat ions o f  mot ion,  Eqs. 6 and 7, by t h e i r  



c o r r e s p o n d i n g  v e l o c i t y  components 

a v r  a v Z  
where w i s  t h e  v o r t i c i t y  = -  - - 

a z  a t - .  

Upon add ing  Eqs. 66 and 67 and i n t e g r a t i n g  o v e r  t h e  f l u i d  domain, i t  y i e l d s  

t h e  d imens ion less  energy e q u a t i o n  

2 
where V = Vr 

2 + vZ2 and Y i s  t h e  d i m e n s i o n l e s s v o l u m e .  

The f i r s t  i n t e g r a l  i n  Eq. 68 s tands f o r  t h e  r a t e  o f  change o f  k i n e t i c  

energy ,  Ek, t h e  second i n t e g r a l  s tands  f o r  t h e  r a t e  change o f  p o t e n t i a l  

energy, E  t h e  t h i r d  i n t e g r a l  r e p r e s e n t s  t h e  r a t e  change o f  energy and 
P ' 

t h e  r a t e  a t  wh ich  work  i s  done i n v o l v i n g  t h e  p r e s s u r e ,  h e r e i n  des igna ted  

as  t h e  r a t e  o f  change o f  t h e  p r e s s u r e  energy,  and t h e  f o u r t h  i n t e g r a l  rep- 

r e s e n t s  t h e  r a t e  o f  change o f  energy due t o  t h e  processes o f  i n t e r a l  f r i c -  

t i o n  and t h e  r a t e  a t  wh ich  t h e  mechan ica l  energy i s  d i s s i p a t e d .  A l l  energy 

forms a r e  d imens ion less .  

The f r e e  w a t e r  s u r f a c e  i s  assumed t o  be a t  i t s  l o c a l  e q u i l i b r i u m  

stage,  t h e  s u r f a c e  energy,  Esy  a t  any p a r t i c u l a r  i n s t a n t  i s  g i v e n  by 



sur face  

The t o t a l  i n i t i a l  energy, Ei, i s  g i ven  by 

The c o n t r i b u t i o n  t o  t he  t o t a l  energy a t  subsequent t ime  i n t e r v a l s  can be 

determined by numer ica l  i n t e g r a t i o n  o f  Eqs. 68 and 69. I n  the  numer ica l  

i n t e g r a t i o n ,  the energy components f o r  each c e l l  i n  r- and z -d i  r e c t  ions 

a r e  l o c a t e d  a t  t he  same node p o i n t s  as t h e i r  cor responding v e l o c i t y  com- 

ponents. T h e i r  magnitudes a r e  g i ven  by m u l t i p l y i n g  Eqs. 66 and 67 by 

t h e  a p p r o p r i a t e  f l u i d  volume i n  t he  c e l l .  Mathemat ica l l y  t h e  r a t e  o f  

change o f  mechanical energy components i n  the r- and z - d i r e c t i o n s  a r e  

where 

FcFr =lpSi y j  ( i -0 .5)  L 0 
i ,j 

. (i- 1.5) 
i f l i r i y j  , 

s  r 
i - 1 , j  i ,j 



and they a r e  l o c a t e d  a t  th.e same node p o i n t s  as  V and VZ . The 
r .  

I ,j i ,j 
r a t e  o f  change o f  energy a t  t h e  c e n t e r  o f  each c e l l  can t h e r e a f t e r  be  

i n t e r p o l a t e d  as  

dE r 
d  E  

r 
d  E  

z  
dE 

dE i+ i+l,i d+ i , j + l  
z  

j d t  d t  d t  d t  + 
= [ FCF + FCFr FCF + FCFz 

1 p s  ( i - 0 . 5 )  (74) 
d t  r .  i+l ,j z .  

I ,j I ,j i , j+l 
i ,j 

wh ich  upon summation ove r  t h e  e n t i r e  f l u i d  domain g i v e s  t h e  t o t a l  r a t e  

change o f  mechan ica l  energy.  

For example, t h e  t i m e  v a r i a t i o n  - o f  energy forms a f t e r  a  3.7 mm 

drop s t r i k e s  a  0.33 i n .  deep w a t e r  l a y e r  w i t h  a  speed o f  15.9 f p s  a r e  p r e -  

sen ted  i n  F i g .  39.  The magni tude o f  t h e  f o u r t h  i n t e g r a l  i n  Eq. 68 i s  l e s s  

than 0.1% o f  t h a t  o f  t h e  t h i r d  i n t e g r a l  and i s  t h e r e f o r e  n o t  p l o t t e d .  F ig-  

u r e  39 shows t h a t  a t  I 5  msec a f t e r  d r o p - l i q u i d  impact  when t h e  c r a t e r  

approaches i t s  maximum s i z e ,  t h e  k i n e t i c  energy  and s u r f a c e  energy decreases 

s l o w l y  w h i l e  t h e  p o t e n e t i a l  energy  i n c r e a s e s  s l i g h t l y ,  The k i n e t i c  energy 

reaches a  l o c a l  minimum when t h e  c r a t e r  reaches i t s  r e l a t i v e  maximum s i z e ,  

however t h e  k i n e t i c  energy  a t  t h i s  p o i n t  does n o t  approach z e r o  a s  postu-  

l a t e d  by Enge l  (42) .  I n  o t h e r  words, t h e  f l u i d  does n o t  cease i t s  mo t ion  

when t h e  c r a t e r  reaches i t s  maximum s i z e .  I n s t e a d  i t  c i r c u l a t e s  i n  a  ve r -  

t i c a l  p l a n e  and f l o w s  r a d i a l l y  inward t o  fo rm t h e  R a y l e i g h t  j e t .  The t o t a l  

energy  i s  n e a r l y  p r e s e r v e d  s i n c e  t h e  o n l y  mechanism f o r  mechan ica l  energy 

d i s s i p a t i o n  i s  v i s c o u s  shear wh ich  has l i t t l e  e f f e c t  i n  t h e  d u r a t i o n  shown 

i n  F i g .  39. I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  energy t r a n s f o r m a t i o n  con- 

s i d e r e d  i n  t h i s  s e c t i o n  i s  t h e  t r a n s f o r m a t i o n  between mechan ica l  e n e r g i e s .  

Other  energy t r a n s f o r m a t i o n s  such a s  t h e  h e a t  t r a n s f e r  t h a t  m i g h t  occu r  

upon d r o p - l i q u i d  c o n t a c t  and t h e  energy c a r r i e d  by t h e  s m a l l  d r o p l e t s  sepa- 
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i n t r o d u c e d  i n  e s t i m a t i n g  t h e  d imens ion less  peak p r e s s u r e  v a l u e  shou ld  

t h e  s u r f a c e  t e n s i o n  f o r c e  be n e g l e c t e d  i n  t h e  a n a l y s i s  i n  t h i s  case.  

T h i s  compar ison j u s t i f i e s  t h e  i n c l u s i o n  o f  s u r f a c e  t e n s i o n  i n  t h e  ana- 

l y s i s  and no f u r t h e r  compar isons were made because l i m i t a t i o n  on computer 

t ime. 

7.10 E f f e c t  O f  Numer ica l  Scheme On Accuracy O f  S o l u t i o n  

The accuracy  w i t h  wh ich  t h e  n u m e r i c a l  s o l u t i o n  approaches t h e  

e x a c t  s o l u t i o n  t o  t h e  d i f f e r e n t i a l  equa t ions ,  Eqs. 5, 6, and 7, i s  a  func-. 

t i o n  o f  c e l l  s i z e ,  t i m e  increment,  and s i z e  o f  c o m p u t a t i o n a l  f i e l d .  I n  

genera l ,  i f  s t a b i l i t y  i s  n o t  a  problem, t h e  s m a l l e r  t h e  c e l l  s i z e  and t ime  

increment  and t h e  l a r g e r  t h e  c o m p u t a t i o n a l  f i e l d  t h e  more a c c u r a t e  t h e  

s o l u t i o n  w i l l  be. The q u e s t i o n  o f  how a c c u r a t e l y  t h e  d i f f e r e n t i a l  equa- 

t i o n s  and boundary c o n d i t i o n s  d e s c r i b e  t h e  p h y s i c a l  p rob lem i s  a n o t h e r  

q u e s t  i on .  Because o f  1  i m i  t e d  a v a i l a b l e  computer  t irne and s t o r a g e  ava i l a -  

b i l i  t y  a  r e l a t i v e l y  l a r g e  c e l l  s i z e  and a  l a r g e  c o m p u t a t i o n a l  t ime i n c r e -  

ment were used. 

A. Computa t iona l  C e l l  S i z e  E f f e c t :  A  smooth numer i ca l  r e s u l t  i n  g e n e r a l  

i s  o b t a i n e d  by u s i n g  a  f i n e  c e l l  s i z e  i n s t e a d  o f  a  l a r g e  c e l l  s i z e .  

For t h e  mercury s p l a s h i n g  t e s t ,  two c e l l  s i z e s  were used t o  i l l u s t r a t e  

t h e  e f f e c t  o f  c e l l  s i z e .  I n  F i g .  41, p o i n t w i s e  n u m e r i c a l  s o l u t i o n s  

a r e  p r e s e n t e d  i n  t h e  fo rm o f  a  s e t  o f  s h o r t  s t r a i g h t  l i n e s .  Numer ica l  

r e s u l t s  by u s i n g  L = 0.0149 i n .  a r e  p l o t t e d  w i t h  s h o r t  s t r a i g h t  l i n e s  

t h r o u g h  wh ich  smooth c u r v e s  a r e  drawn, w h i l e  r e s u l t s  by u s i n g  

L = 0.00747 i n .  a r e  p l o t t e d  w i t h  d o t t e d  l i n e s .  The c e l l  s i z e  d i f f e r s  

by  a  f a c t o r  o f  two b u t  t h e  d i f f e r e n c e  i n  e s t i m a t i n g  t h e  drop top and 



t i p  behav ior  i s  l e s s  than 4%. For t he  water  drop computat ions a  c e l l  

s i z e  o f  approx imate ly  0.025 i n .  was used which r e q u i r e d  t h r e e  t o  t en  

minutes t o  run each i n d i v i d u a l  d r o p - l i q u i d  impact t e s t  us i ng  an IBM 

360/50 d i g i t a l  computer. The t ime increment was chosen t o  s a t i s f y  t he  

c r i t e r i a  g iven  by Eqs. 53, 54,. and 55 t o  assure numer ica l  s t a b i l i t y .  

B. Computat ional  F i e l d  S i ze  E f f e c t :  T h i s  study was in tended t o  i n v e s t i -  

g a t e  the  d r o p - l i q u i d  impact phenomenon i n  an i n f i n i t e  wide f l u i d  f i e l d .  

A f i n i t e  amount o f  computer s torage,  however, r equ i  red  t h a t  a  boundary 

be p laced  on t he  f i e l d .  A c i r c u m f e r e n t i a l  s o l i d  w a l l  was t h e r e f o r e  in- 

s t a l l e d  around t he  drop impact p o i n t ,  and t h e  computa t iona l  f i e l d  s i z e  

was chosen t o  m in im ize  t h i s  s i d e  w a l l  e f f e c t .  T h i s  w a l l  was n o t  p resen t  

i n  t h e  exper imenta l  s t ud ies .  I n  F i g .  42, the impact p ressure  pu l ses  f o r  

t h r e e  d i f f e r e n t  computa t iona l  f i e l d  s i z e s  w i t h  r a d i i ,  R = 0.23, 0.561, 

and 1.15 in . ,  a r e  presented.  The p ressure  pu l ses  w i t h  R = 0.561 and 

1.15 i n .  show no s i g n i f i c a n t  d i f f e r e n c e  i n d i c a t i n g  t h a t  t he  s i d e  w a l l  

e f f e c t  beyond R = 0.561 in .  i s  n e g l i g i b l e ,  w h i l e  the  p ressure  p u l s e  

w i t h  R = 0.23 i n .  has a  r e l a t i v e  l a r g e r  magnitude d i s p l a y i n g  a  s t r ong  

s i d e  w a l l  e f f e c t .  Therefore,  a  computat iona l  f i e l d  w i t h  a  r ad ius  o f  

approx imate ly  0.5 i n .  i s  j u s t i f i e d  f o r  computat ions concern ing t he  pres- 

su re  f i e l d .  

Free S l i p  versus No S l i p  Condi t ion:  P h y s i c a l l y  t he  f l u i d  can n o t  s l i p  

on a  s o l i d  w a l l .  However, i f  t h e  boundary l a y e r  t h i c kness  i s  l e s s  than 

t h e  c e l l  s i ze ,  a  f r e e  s l i p  boundary c o n d i t i o n  i n  t he  numer ica l  computa- 

\ 
t i o n  may produce a  more accura te  r e s u l t .  I n  t h i s  s tudy,  t he  f l u i d  ve- 

l o c i t y  near t he  s o l i d  w a l l  generated by t he  imping ing drop i s  very  smal l ,  

t h e r e f o r e  the  numer ica l  r e s u l t s  us i ng  bo th  c o n d i t i o n s  showed e s s e n t i a l l y  

no d i f f e r e n c e  up t o  t he  t ime  when maximum impact p ressure  occurred. 



7.11 E r r o r  A n a l y s i s  On Exper imen ta l  Data 

The p o s s i b l e  sources o f  e x p e r i m e n t a l  e r r o r  and an e s t i m a t e  o f  

t h e i r  magni tude a r e  g i v e n  below. 

A. Su r face  Tens ion V a r i a t i o n :  For a  t e s t  p e r i o d  o f  f o u r  months, t h e  

room and w a t e r  tempera tu re  v a r i e d  between 6 5 ' ~  and 74 '~ .  The c o r -  

respond ing v a r i a t i o n  i n  s u r f a c e  t e n s i o n  f o r c e  p e r  u n i t  l e n g t h  w i t h  

0 
r e s p e c t  t o  t h e  average tempera tu re  o f  70 F  i s  about  20.5%. 

B.  Drop S i z e  V a r i a t i o n :  Between twenty  t o  th ree-hundred drops produced 

a t  v a r i o u s  f l o w  r a t e  were c o l l e c t e d  and weighed t o  0.001 gm. T h i s  

cor responds t o  an average w e i g h i n g  e r r o r  o f  l e s s  than  0.1%. The 

average drop w e i g h t  was then  used t o  c a l c u l a t e  t h e  e q u i v a l e n t  d rop 

d iamete r .  The drop s i z e  thus  o b t a i n e d  v a r i e s  m a i n l y  as  a  f u n c t i o n  

o f  t u b e  geometry and t i p  geometry.  I t s  v a r i a t i o n  can be regarded as  

an aggrega te  e r r o r  w i t h  respec t  t o  i t s  average v a l u e .  

Tube OD Tube I D  d  V a r i a t i o n  % V a r i a t i o n  
( i n . )  ( i n . )  (mm) (mm) (%) 

C .  Depth Measurement E r r o r :  The dep th  o f  t h e  wa te r  l a y e r  was measured 

t o f  0.001 i n .  u s i n g  a  micrometer  p o i n t  gage. T h i s  r e s u l t s  i n  a  

+ 0.16% t o t  2.0% e r r o r  i n  measur ing t h e  wa te r  dep th  wh ich  v a r i e d  - 
f rom 0 .6  t o  0.05 i n .  

D.  Su r face  S e n s i v i t y  o f  P ressu re  Transducer :  The s u r f a c e  s e n s i t i v i t y  

o f  t h e  p r e s s u r e  t r a n s d u c e r  used i n  t h i s  s tudy  was assumed t o  have t h e  



response c u r v e  d e s c r i b e d  i n  F i g .  10. Two o t h e r  reasonab le  a l t e r n a -  

t i v e s  o f  t h e  response c u r v e  a r e :  f i r s t ,  a  one- to-one response f rom 

t r a n s d u c e r  c e n t e r  t o  a  r a d i u s  o f  0.132 i n .  and t h e n  a  l i n e a r  decrease 

t o  z e r o  response a t  a  r a d i u s  o f  0.180 in ;  second, a  u n i f o r m  s e n s i t i v -  

i t y  i n s i d e  a  c i r c l e  o f  r a d i u s  0.132 i n .  The d i sc repancy  between these 

two p o s s i b l e  p r e s s u r e  response c u r v e s  and t h e  one used i n  t h e  p r e s e n t  

s t u d y  amounts t o  +6.7 t o  -7.7%. 

P ressu re  P u l s e  E r r o r :  To t r a c e  t h e  impact  p r e s s u r e  p u l s e  f rom t h e  

o s c i l l o s c o p e  i n v o l v e d  a  r e a d i n g  e r r o r  o f t  0.015 i n .  wh ich  r e p r e s e n t s  

a  0 .8  t o  2.0% e r r o r  i n  r e c o r d i n g  v a r i o u s  p r e s s u r e  p u l s e s .  The chance 

o f  u s i n g  impact p r e s s u r e  p u l s e  n o t  s t r i k i n g  d i r e c t l y  upon t h e  c e n t e r  

o f  t h e  t r a n s d u c e r  was s m a l l  because o f  t h e  p rocedure  i n  r e c o r d i n g  t h e  

impact  p r e s s u r e  p u l s e  as  d e s c r i b e d  i n  s e c t i o n  6.1.1, however, quant  i t a -  1 

t i v e  e r r o r  e s t i m a t i o n  i s  u n a v a i l a b l e .  The da ta  s c a t t e r  abou t  t h e  

c u r v e s  i n  F i g s .  28-31 c o u l d  be v iewed q u a l i t a t i v e l y  as a  rough t o t a l  

e r r o r  e s t i m a t i o n .  Such a  t y p i c a l  e r r o r  amolints t o  f 3.6%. 

The r i s e  t i m e  o f  t h e  t r a n s d u c e r  was abou t  3  microseconds wh ich  

was s u f f i c i e n t  f o r  measur ing  t h e  p r e s s u r e  r i s e  a c c u r a t e l y ,  y e t  t h e  reco rded  

t i m e  t o  reach t h e  maximum impact  p r e s s u r e ,  t was r a t h e r  random as shown 
P ' 

i n  F i g .  27 and v a r i e d  more than  100%. F i g u r e  27 a l s o  shows t h a t  t h e  r e s u l t s  

s c a t t e r  more w i d e l y  f o r  d rops f a l l i n g  a  s h o r t  d i s t a n c e .  T h i s  suggests  t h a t  

t h e  randomness o f  t h e  r e s u l t s  c o u l d  be due t o  t h e  d i f f e r e n c e  i n  drop geom- 

e t r y  upon drop impact ,  s i n c e  t h e  drop o s c i l l a t e s  and changes i t s  shape 
\ 

w h i l e  f a l l i n g  i n  t h e  a i r  and reaches a  s t a b l e  drop shape o n l y  a f t e r  f a l l i n g  

a  s u f f i c i e n t  d i s t a n c e .  Magnat ic  tape  was c o n s i d e r e d  a s  a  r e c o r d i n g  a i d  a t  

one t i m e  and was n o t  used due t o  t h e  f a c t  t h a t  t h e  t i m e  span between each 



7.11 E r r o r  A n a l y s i s  On Exper imen ta l  Data 

The p o s s i b l e  sources o f  e x p e r i m e n t a l  e r r o r  and an e s t i m a t e  o f  

t h e i r  magni tude a r e  g i v e n  be low.  

A. Su r face  Tens ion V a r i a t i o n :  For a  t e s t  p e r i o d  o f  f o u r  months, t h e  

room and w a t e r  tempera tu re  v a r i e d  between 6 5 ' ~  and 74 '~ .  The c o r -  

respond ing  v a r i a t i o n  i n  s u r f a c e  t e n s i o n  f o r c e  p e r  u n i t  l e n g t h  w i t h  

r e s p e c t  t o  t h e  average tempera tu re  o f  70°F i s  about  20.5%. 

B. Drop S i z e  V a r i a t i o n :  Between twenty  t o  th ree -hundred  drops produced 

a t  v a r i o u s  f l o w  r a t e  were c o l l e c t e d  and weighed t o  0.001 gm. T h i s  

cor responds t o  an average w e i g h i n g  e r r o r  o f  l e s s  than 0.1%. The 

average drop w e i g h t  was then used t o  c a l c u l a t e  t h e  e q u i v a l e n t  drop 

d iamete r .  The drop s i z e  t h u s  o b t a i n e d  v a r i e s  m a i n l y  as  a  f u n c t i o n  

o f  t u b e  geometry and t i p  geometry. I t s  v a r i a t i o n  can be regarded as 

an aggrega te  e r r o r  w i t h  r e s p e c t  t o  i t s  average v a l u e .  

Tube OD Tube I D  d  V a r i a t i o n  % V a r i a t i o n  
( i n . )  ( i n . )  (mm) ( m d  (%) 

C .  Depth Measurement E r r o r :  The dep th  o f  t h e  wa te r  l a y e r  was measured 

t o  - + 0.001 i n .  u s i n g  a  m ic romete r  p o i n t  gage. T h i s  r e s u l t s  i n  a  

+ 0.16% t b  + 2.0% e r r o r  i n  measur ing  t h e  w a t e r  depth  wh ich  v a r i e d  - - 

from 0.6  t o  0.05 i n .  

D. Su r face  Sens i v i  t y  o f  P ressu re  Transducer:  The s u r f a c e  sens i t i v i  t y  

o f  t h e  p r e s s u r e  t ransducer  used i n  t h i s  s tudy  was assumed t o  have t h e  



response curve  descr ibed  i n  F ig .  10.. Two o t h e r  reasonable a l t e r n a -  

t i v e s  o f  the  response curve  are:  f i r s t ,  a  one-to-one response from 

t ransducer  cen te r  t o  a  r ad ius  o f  0.132 in .  and then a  l i n e a r  decrease 

t o  ze ro  response a t  a  rad ius  o f  0.180 in;  second, a  un i f o rm  s e n s i t i v -  

i t y  i n s i d e  a  c i r c l e  o f  r ad i us ' 0 .132  i n .  The d iscrepancy between these 

two p o s s i b l e  p ressure  response curves and t he  one used i n  t he  p resen t  

study amounts t o  +6.7 t o  -7.7%. 

E .  Pressure Pulse E r ro r :  To t r a c e  the impact p ressure  pu l se  f rom the  

o s c i l l o s c o p e  i nvo l ved  a  reading e r r o r  o f  - + 0.015 i n .  which represents  

a  0.8 t o  2.0% e r r o r  i n  record ing  va r i ous  p ressure  pu lses .  The chance 

o f  us i ng  impact p ressure  p u l s e  n o t  s t r i k i n g  d i r e c t l y  upon the cen te r  

o f  the  t ransducer  was sma l l  because o f  t he  procedure i n  record ing  t he  

impact p ressure  pu l se  as descr ibed  i n  s e c t i o n  6.1.1, however, q u a n t i t a -  

t i v e  e r r o r  e s t i m a t i o n  i s  unava i l ab l e .  The data s c a t t e r  about the  

cu rves  i n  F igs.  28-31 cou ld  be viewed q u a l i t a t i v e l y  as a  rough t o t a l  

e r r o r  e s t i m a t i o n .  Such a  t y p i c a l  e r r o r  amounts t o  - + 3.6%. 

The r i s e  t ime  o f  the  t ransducer  was about 3  microseconds which 

was s u f f i c i e n t  f o r  measuring the p ressure  r i s e  accu ra te l y ,  y e t  the  recorded 

t ime t o  reach t he  maximum impact pressure,  t was r a t h e r  random as shown 
P ' 

i n  F i g .  27 and v a r i e d  more than 100%. F i gu re  27 a l s o  shows t h a t  t he  r e s u l t s  

s c a t t e r  more w ide l y  f o r  drops f a l l i n g  a  s h o r t  d i s tance .  Th is  suggests t h a t  

the  randomness o f  t he  r e s u l t s  c o u l d  be due t o  the  d i f f e r e n c e  i n  drop geom- 

e t r y  upon drop impact, s i nce  the  drop o s c i l l a t e s  and changes i t s  shape 
\ 

w h i l e  f a l l i n g  i n  t he  a i r  and reaches a  s t a b l e  drop shape on l y  a f t e r  f a l l i n g  

a  s u f f i c i e n t  d i s tance .  Magnatic tape was cons idered  as a  record ing  a i d  a t  

one t ime and was n o t  used due t o  t he  f a c t  t h a t  the  t ime span between each 



i n d i v i d u a l  p r e s s u r e  p u l s e  was much l o n g e r  t h a n  t h a t  o f  t h e  p r e s s u r e  p u l s e  

i t s e l f .  I n  a d d i t i o n ,  o n l y  a  s m a l l  p e r c e n t a g e  o f  t h e  t o t a l  d rop  impact  

measurements  were  used b e c a u s e  o n l y  t h o s e  t e s t s  in  which t h e  d rop  s t r u c k  

t h e  c e n t e r  o f  t h e  t r a n s d u c e r  were  u sed .  



d = 2,7 mm 
V, = 15.4 fps 
h = 0,241 in. 
L = 0,0241 in. 

+ Point Gage Pressure 

- Hydrostatic Pressure 

FIGURE 35 VERTICAL PRESSURE DISTRIBUTION 



d = 3.7 rnrn 
V, = 15,9 fps 
h = 0 . 3 3  in. 
L = 0,033 in. 

+ Point Gage Pressure 

Hydrostatic Pressure 

FIGURE 36 VERTICAL PRESSURE DISTRIBUTION 



d 3,7 mm 
vo= 15,9 fps 
h = 0133 in, 
R = 0,891 in, 

FIGURE 37 PRESSURE VARIATION 
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d. = 0 , 1 5  in,- Hg 0 a Worthington 
v o = 4  fps -- Harlow 8 Shannon 

L = 0,0149 in. - Analytical Results 

FIGURE 38 MERCURY DROP SPLASHING TEST 
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APPENDIX A  THE COMPRESSIBILITY EFFECT 

A f t e r  a  drop s t r i k e s  a  w a t e r  l a y e r ,  a  p o r t i o n  o f  t h e  f l u i d  

around t h e  drop impact  p o i n t  i s  compressed. The e f f e c t i v e  compression 

area,  Acy  f o r  a  drop w i t h  a  s p h e r i c a l  o r  e l l i p t i c a l  shape i s  a p p r o x i -  

mated by (15) 

For  a  3 mm drop s t r i k i n g  a  w a t e r  l a y e r  a t  20 fps ,  i t  r e q u i r e s  o n l y  

a p p r o x i m a t e l y  2.5 microseconds f o r  t h e  compression wave t o  t r a v e l  a c r o s s  

t h e  drop a t  a  speed o f  2000 fps ,  w h i c h  co r responds  t o  t h e  wave speed o f  

w a t e r  w i t h  0.1% a i r  c o n t e n t  (48, 129).  Dur ing  t h i s  s h o r t  p e r i o d  o f  t i m e  

an area,  
Ac  ' w i t h  a  r a d i u s  0.015 mm i s  compressed, and a  p r e s s u r e  P  

c , 
genera ted  by t h e  compression wave, i s  a p p r o x i m a t e l y  g i v e n  by (40) 

where A  i s  t h e  average drop c r o s s  s e c t i o n a l  a rea .  For t h e  drop impact  

case ment ioned,  t h i s  y i e l d s  a  p r e s s u r e  o f  a p p r o x i m a t e l y  2  l b / f t 2 ,  wh ich  

upon a v e r a g i n g  ove r  t h e  sens ing e lement  o f  t h e  t r a n s d u c e r  used i n  t h i s  

s tudy  r e s u l t s  i n  a  p r e s s u r e  s i g n a l  o f  a  n e g l i g i b l e  magni tude o f  

2 .5  x  l o m 7  p s i .  The re fo re ,  f o r  d rops s t u d i e d  t h e  compress ib le  e f f e c t  

genera ted  upon d r o p - l i q u i d  c o n t a c t  can be n e g l e c t e d  and t h e  f l u i d  d e n s i t y  

i s  t aken  as  c o n s t a n t .  
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APPENDIX C EXPERIMENTAL PRESSURE DATA 

P 
max 

I n  t h i s  appendix, the maximum impact pressure,  P , i s  
ma x 

p resen ted  as a f u n c t i o n  o f  t he  water  l a y e r  depth, h. A l s o  t abu la ted  

a r e  t h e  t ime t o  reach t he  maximum impact pressure,  t ., the approximate 
P . 

t ime  base o f  a s i n g l e  p ressure  pu lse,  tb, and t he  impact p ressure  value, 



Tube d H h t P  
'max Name P  2 ~  b  

(mm) ( f t  ) ( i n . )  ( p s i )  (msec) ( p s i  ) (msec) 
- - 

PElO 2.7 
PElO 2.7 
PE 10  2.7 
PElO 2.7 
PElO 2.7 
PE10 2.7 
PElO 2.7 
PElO 2.7 
PElO 2  - 7  
PElO 2.7 
PElO 2 - 7  
PElO 2 - 7  
PElO 2  7  
PElO 2.7 
PElO 2.7 
PElO 2.7 
PElO 2.7 
PElO 2  - 7  
PE10 2.7 
PElO 2.7 
PElO 2.7 
PElO 2.7 
PElO 2.7 
PE10 2.7 
PElO 2.7 
P E l O  2.7 
PElO 2  7  
PE 1 0  2.7 
PEl 0  2 - 7  
PElO 2.7 
PElO 2.7 
PElO 2.7 
P E l O  2.7 
PElO 2.7 
PElO 2.7 
PElO 2.7 
PElO 2.7 
PElO 2.7 
PElO 2.7 
PElO 2.7 



Tube d H h P  t P  
max 

Name P 2~ b 
(mm 1 ( f t  ( i n . )  ( p s i )  (msec) ( p s i )  (msec) 

P E l O  
PE 1 0  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l O  
P E l  0 
P E 2 0  
P E 2 0  
PE 2  0 
P E 2 0  
P E 2 0  
P E 2 0  
P E 2 0  
PE 2 0  
PE 2 0  
P E 2 0  
P E 2 0  
PE 2 0  
P E 2 0  
P E 2 0  
P E 2 0  
PE 2 0  
P E 2 0  
PE 2 0  
P E 2 0  
P E 2 0  
P E 2 0  
P E 2 0  
P E 2 0  



Tube d H h P t P 
max 

Name P 2~ b 
(mm ) ( f t  ) ( i n . )  ( p s i )  (msec) ( p s i )  (msec) 
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Tube d H h 
'max t P 2 P b 

P 
Name 

( f t  ( i n . )  ( p s i )  (msec) ( p s i )  (msec) 



A P P E N D I X  D A N A L Y T I C A L  PRESSURE DATA 

A f t e r  Eq. 8 was s o l v e d  f o r  t h e  p r e s s u r e  f i e l d  a t  a  s p e c i f i c  

t ime, t h e  dynamic p r e s s u r e  i n  t h e  bo t tom c e l l s ,  t h a t  i s  c e l l s  a long  t h e  

bo t tom o f  t h e  wa te r  l a y e r ,  i s  c a l c u l a t e d  as  

For i = 1, 3, 5, 7, 9, and 15, where i i s  t h e  c e l l  number, these dynamic 

p o i n t  p r e s s u r e  va lues  a r e  t a b u l a t e d  a t  s e v e r a l  t ime  stages,  a l o n g  w i t h  

t h e  necessary .  i n f o r m a t i o n  t o  c o n v e r t  them back i n t o  d imens iona l  form by 

t h e  f o l l o w i n g  equa t ions .  

2  3  
where g  = 32.2 f t / s e c  and P = 1.935 s l u g / f t  . 



d = 3.7 mm Vo = 15.9 fps  h = 0.33 i n .  R = 0.89 i n .  L = 0.033 i n .  

0. 0. 0. 0. 0. 0. 0. 0. 0. 
1 -17 .0258 .0234 ,0189 ,0164 ,0119 ,0084 .0058 .O&O 
2.5 1 -0430 .0391 .0318 .0239 .Ol7l .0119 .0082 .0057 
5.75 .(I226 -0206 ,0169 .0128 .Om3 ,0065 .0045 .003 1 

20.35 .0026 .0022 .0020 .0019 .0017 ,001 3 .0010 ,0008 

d = 2.7 mm V = 15.4 fps  h = 0.241 i n .  R = 0.506 i n .  L = 0.0241 in. 
0 

d = 2.7 mm vo = 25.1 fps  h = 0.405 i n .  R = 0.50 i n .  L = 0.0238 i n .  

0. 0. 0. 0. 0. 0. 0. 0. 0. 
1.37 .0116 .0113 .0106 .0097 .Om7 .0077 ,0069 .0063 
2.38 .0176 .0171 .0161 .0147 .0132 ..(I118 ,0106 .0096 
4.25 .0143 .0139 .013 1 .0120 .0108 .(I096 .0086 .0078 
8.46 .0086 .0084 .0079 .0072 .0065 .0058 .0052 .0047 

d = 2.7 mm Vo = 18.3 fps h = 0.241 i n .  R = 0.506 i n .  L = 0.0241 i n .  



d = 2.7 mm Vn = 15.4 f p s  h = 0.12 i n .  R = 0.506 i n .  L = 0.0241 i n .  

d = 2.7 mm vn = 15.4 fps h = 0.245 i n .  R = 0.368 i n .  L = 0 . 0 1 7 5  i n .  

d = 2 - 6 7  mm V-  = 25.1 f p s  h = 0.147 i n .  R = 0.342 i n .  L = 0.0122 i n .  

d = 3.12 mm vn = 26.8 f p s  h = 0.278 i n .  R = 0.584 i n .  L = 0.0278 i n .  



d = 3.12 mm V = 26.8 f p s  h = 0.111 i n .  R = 0.584 i n .  L = 0.0278 i n .  
0 

t (4 'P3 C"5 '? 7 (0 9 'P1 1 13 '1 5 (D 

d = 3.12 mm Vn = 21.8 f p s  h = 0.473 i n .  R = 0.584 i n .  L = 0.0278 i n .  

d - 3.12 mm V = 21 .8 f p s  h = 0.278 i n .  R = 0.584 i n .  L = 0.0278 i n .  
0 

t 
'PI Q3 p5 '?7 Q9 (O1 1 3 'P1 5 

0. 0. 0. 0. 0. 0. 0. 0. 0. 
1.08 .0275 .0249 .0201 .0150 .0108 .0076 .0054 .O&O 
2.38 ,0447 .0406 0 1 .0249 .0180 .0128 ,009 1 .0067 
4.24 .0353 .0327 .0264 .0201 .0146 .0104 .0074 .0055 
8 -50  .0209 ,0190 .0158 .0122 .0090 ,0065 .0047 ,0035 

d = 3.12 mm V = 21.8 f p s  h = 0.111 i n .  R = 0.584 i n .  L = 0.0278 i n .  
0 
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d = 3.12 mm V = 15.8 f p s  h = 0.11 1 i n .  R = 0.473 i n .  L = 0.0278 i n .  
0 

d = 3.7.mm v = 28.41 f p s  h = 0.395 i n .  R = 0.561 i n .  L = 0.033 i n .  
0 

d = 3.7 mm V = 22.6 f p s  h = 0.395 i n .  R = 0.506 i n .  L = 0.033 i n .  
0 

t 
'O1 ("3 ("5 4'7 1 1  ("1 3 ("1 5 (0 

9 
cn 

0. 0. 0. 0. 0. 0. 0. 0. 0. 
1.22 .0211 .0198 .0173 .0144 .0117 .0096 ,0081 .0072 
2.37 .0331 .0311 .0273 ,0288 .0186 .0153 ,0130 .0116 
3 ,0252 .0237 .0209 .0175 .0144 .0119 ,0101 .O@O 
8.47 .0136 .0128 . O l l 3  .0096 .0080 .0066 ,0057 .0051 

d = 3.68 mm Vo = 28.2 f p s  h = 0.151 i n .  R = 0.468 i n .  L = 0.0167 i n .  



d = 3.7 mm Vn = 28.41 f p s  h = 0.132 i n .  R = 0.561 in .  L = 0.033 i n .  

d = 3.7 mm Vo = 28.41 f ps  h = 0.264 i n .  R = 0.561 i n .  L = 0.033 i n .  

d = 3.7mmV = 19.3 fps h = 0.395 in .  R = 0561 i n .  L = 0.033 in .  
0 

d = 3.7 mm V = 15.9 f ps  h = 0.395 in .  R = 0.561 i n .  L = 0.033 in .  
0 


