
C H A P T E R  II 
L IT E R A T U R E  R E V IE W

T h e  liq u id  d ro p le t im p ac t on  a  so lid  su rface  w as f irs t s tu d ie d  b y  W o rth in g to n  
(1 8 7 6 ), h e  in v e s tig a te d  th e  im p ac t p a tte rn s  o f  th e  v a rio u s  liq u id  d ro p le ts  fa llin g  on to  
h o riz o n ta l sm o k e d  g lass  p la te s . W ith  u sin g  th e  s im p le  flash  te c h n iq u e , it w as  re 
v ea led  th a t th e  sp la sh in g  p a tte rn s  w ere  m a in ly  g o v e rn ed  by  th e  fa llin g  v e lo c ity  o f  
liq u id  d ro p le ts . A  liq u id  sp la sh  o ccu rred  w hen  th e  fa llin g  v e lo c ity  o f  liqu id  d ro p le ts  
in c rease  u p  to  a  ce rta in  lev e l.

F u k a i e t  a l  (1 9 9 3 ), u sed  th e  f in ite  e lem en t m e th o d  to  s im u la te  d ro p  im pact. 
T he e ffe c t o f  g rav ity , v isc o s ity , su rfa c e  ten s io n  and  in e r tia  fo rce  w e re  in v estig a ted . 
L a te r s tu d ie s  a c c o u n te d  fo r  w e ttin g  e ffec t on  th e  sp read in g  o f  th e  liq u id  d ro p le t on 
th e  su b s tra te  fo llo w in g  im p ac t. T h e  s tu d ies  d e m o n s tra te d  th e  im p o rta n c e  o f  W eb er 
n u m b er o n  th e  d y n a m ic  o f  th e  d rop  u p o n  im pact. F u rth e rm o re , it sh o w ed  th e  ro le  o f  
a d v a n c in g  an d  re c e d in g  co n ta c t a n g le  on  th e  m a x im u m  and  fina l v a lu es  so -ca lled  
“ sp la t” .

M o s t e x p e rim e n ts  w ere  p e rfo rm ed  u sin g  av e rag e  sp eed  ca m e ra s  (i.e. 50  to  60 
fram es p e r  sec ) w h ic h  c a n n o t o b se rv e  c lea rly  th e  sp read in g , sp la sh in g , o r  reb o u n d  
p h e n o m e n a  o f  l iq u id  d ro p le t im p ac t s in ce  th ese  p h e n o m e n a  o c c u r  in  ju s t  a  few  m illi
seco n d  ra n g e  o f  tim e . R e c e n tly  h ig h  sp eed  c a m era s  a re  a v a ila b le  fo r  ta k in g  im ag e  
w ith  h ig h  sh u tte r  sp e e d s  m o re  th an  1 0 0 0  fram e p e r  sec o r  less th a n  0 . 0 0 1  sec  p e r  im 
age.

T h e  k e y  e x p e rim e n ta l p a ra m e te rs  th a t co n tro l th e  sp re a d in g  a re  th e  im p ac t 
v e lo c ity  (V ), th e  d ro p le t d ia m e te r  (D ), th e  liq u id  p h y s ica l p ro p e r tie s  su ch  as su rface  
te n s io n  ( a ) ,  v isc o s ity  (p ) ,  an d  th e  p ro p e rtie s  o f  so lid  su b s tra te  itse lf . S ch ia ffin o  and  
S o n in  (1 9 9 5 )  p ro p o se d  re le v a n t d im e n s io n le ss  p a ra m e te rs  to  c h a ra c te r iz e  d ro p  im 
p ac t a n d  sp re a d in g  w h ic h  w ere  th e  W e b e r n u m b e r (W e =  p D V 2 / < j )  an d  th e  O hne-

sorge number (Oh = / / /  y l p D < j  ), where p is the liquid velocity, We is the ratio of in-
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ertial force to the surface tension (a) and Oh is the ratio between the intrinsic time
for inertial oscillations and for their decay by viscous diffusion.

R io b o o  e t  a l  (2 0 0 1 ) in v estig a ted  th e  o u tco m es  o f  th e  d ro p le t im p a c t p h e n o 
m en a . F ig u re  2.1 sh o w s 6  d iffe re n t o u tco m es  fro m  the  d ro p le t im p a c t on  so lid  su r
face , d e p o s i t io n , p r o m p t  sp la sh , c o r o n a  sp la s h , r e c e d in g  b re a k -u p , r e b o u n d , and 
p a r t i a l  r e b o u n d .  F o r th e  d e p o s itio n , a fte r c o n ta c tin g  so lid  su rface  a  liq u id  d ro p le t 
on ly  d e fo rm s d u r in g  th e  en tire  p ro cess  and  a t fin a lly  th e  liq u id  d ro p le t b eco m e  flat 
and  a d h e re s  on  th e  so lid  su rface . F o r the  p ro m p t sp lash , a  liq u id  d ro p le t w ith  h igh  
en e rg y  co llid e s  in te n se ly  an d  so it sp lash  w ith  a  la rge  n u m b e r  o f  t in y  w a te r  d rop le ts . 
F o r c o ro n a  sp la sh  a fte r  co llid e  th e  so lid  su rface , a  co ro n a  is  fo rm s d u rin g  th e  sp read 
ing  p h a se  and  e v e n tu a lly  b re a k s  up  in to  tin y  d ro p le ts . T h e  R e c e d in g  b reak -u p  is 
d ro p le ts  a re  le ft on  th e  su rfa c e  d u rin g  th e  re c e d in g  p h ase  a f te r  it re a c h e s  m ax im u m  
sp read in g . T h e  R e b o u n d  is th e  en tire  d rop  re b o u n d  on  th e  su rface . T h e  P artia l re 
b o u n d  is  th e  p a r tia l p a rt o f  th e  liq u id  d ro p le t ad h e re s  on  th e  su rface  w h ile  so m e  p art 
reb o u n d .
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Figure 2,1: 6 Types of outcomes of water droplet impact (Rioboo e t a t, 2001)
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T h e y  ex p la in e d  th e  re su lts  b y  re la tin g  to  p ro c e ss  p a ra m e te rs ; ro u g h n ess  w a 
v e le n g th  (R w ), ro u g h n e ss  am p litu d e  (R a), im p ac t v e lo c ity , d ro p  s iz e , v isco s ity , and  
su rface  te n s io n  w ith  d e c re a s in g  th e  su rface  te n s io n  o f  liq u id , le a d in g  to  in c rea s in g  
w e tta b ility  o r  in c re a s in g  th e  su rface  ro u g h n ess , th e  h y s te re s is  b e tw e e n  ad v an c in g  and  
re c e d in g  c o n ta c t an g le  in c rea sed . M o re o v e r  th ey  p ro p o se d  th e  tim e  ev o lu tio n  o f  th e  
sp read in g  p h a se  a f te r  th e  im p a c t w h ic h  w as d iv id e d  in to  th re e  m a in  p h ases: ( 1 ) th e  
p ro p a g a tio n  o f  an d  in te rn a l sh o ck  w av e  at th e  v e ry  b e g in n in g  o f  th e  im p ac t; ( 2 ) th e  
g en e ra tio n  o f  th e  sp re a d in g  la m e lla  an d  (3) th e  d ro p  d e fo rm a tio n  in to  p an cak e  sh ap e . 
T o  q u a n tify  th e  v a r io u s  o u tc o m e s  o f  th e  im p ac t, th e  d im e n s io n le s s  p a ra m e te rs  o f  
R ey n o ld  n u m b e r  (R e), W e b e r  n u m b er (W e), an d  th e  O m e so rg e  n u m b e r  (O h) w e re  
used . H o w e v e r , th e  u se s  o f  d im en s io n le ss  p a ra m e te rs  w e re  u su a lly  lim ited  to  th e  
sp lash  an d  d e p o s itio n , o r  so m e tim e s  co m b in a tio n . It w as  p o in ted  o u t th a t b o th  an d  
ro u g h n ess  o f  th e  su rface  w e re  n o t be  ta k e n  in to  th e se  d im e n s io n le ss  n u m b e rs , r e s u lt
ing  in  th e  lim ita tio n  o f  th e se  m eth o d .

T h e  re b o u n d  p ro c e ss  w as  f irs t p ro p o se d  b y  M a o  e t  a l  (1 9 9 7 ), A s sh o w n  in 
F ig u re  2 .2 , th e  p ro p o se d  im p a c t p ro cess  co n sis ts  o f  4  s tag es  1) s ta g e  a :  b e fo r e  im p a c t;  
at th is  s ta g e  th e  d ro p le t im p a c t en e rg y  co n s is ts  o f  k in e tic  e n e rg y , su rfa c e  en erg y , and  
p o ten tia l en e rg y , 2 ) s ta g e  b :  m a x im u m  s p r e a d in g ; a t th is  p o in t at w h ic h  the  liq u id  
f lo w  c h a n g e s  d ire c tio n  f ro m  sp read in g  o u tw ard  to  re c o ilin g  in w ard s . A t th is  stag e  th e  
su rface  e n e rg y  is  m a x im u m  w h ile  k in e tic  en e rg y  is  ze ro , 3 ) s ta g e  c : m a x im u m  r e -  
c o i l /r e b o u n d ;  th e  d ro p le t c h a n g e s  it d ire c tio n  o f  m o tio n  fro m  u p  to  d o w n  u n d e r th e  
in flu en ce  o f  g rav ity . T h e  d ro p le t p o sse sse s  th e  p o te n tia l an d  su rfa c e  en e rg y  w ith o u t 
th e  k in e tic  en e rg y , 4) th e  la s t s ta g e  d :  e q u ilib r iu m ;  th e  d ro p le t p o sse s se s  a  m in im u m  
en e rg y  th a t  is  eq u a l to  th e  s ta tic  su rface  en ergy . T h e  re su lts  in d ic a te d  th a t th e  liq u id  
v isc o s ity  an d  th e  im p a c t v e lo c ity  w ere  fo u n d  to  b e  th e  m o s t im p o rta n t p a ra m e te rs  
a ffe c tin g  e sp e c ia lly  s ta g e  b . T h e  v isco s ity  and  s ta tic  c o n ta c t an g le  p la y  a  d o m in a n t 
ro le  in  d e te rm in in g  th e  te n d e n c y  o f  a  d ro p le t to  re b o u n d  a f te r  th e  im p a c t. A  sem iem - 
p e rica l m o d e l w as  d e v e lo p e d  to  p red ic t th e  m a x im u m  sp re a d in g  as a  fu n c tio n  o f  th e  
R ey n o ld  n u m b e r  (R e), th e  W e b e r  n u m b e r (W e), a n d  th e  s ta tic  c o n ta c t an g le . T h e  r e 
b o u n d  m o d e l w as  d e v e lo p e d  to  p red ic t th e  te n d e n c y  o f  th e  d ro p le t to  reb o u n d  u p o n  
th e  im p a c t as  a  fu n c tio n  o f  th e  m ax im u m  sp read  an d  th e  s ta tic  c o n ta c t an g le .
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F ig u re  2 .2 : F o u r s ta g e s  o f  th e  p ro p o se d  im p ac t p ro c e ss  (M a o  e t  a l ,  1997)

A  n u m b e r o f  re se a rch  w o rk s  in v es tig a ted  th e  e ffe c t o f  ad d in g  o f  su rface  ac 
tiv e  a g e n t (su rfa c ta n t)  in  w h ic h  a  flu id  in te rface  u n d e rg o e s  v e ry  la rg e  d e fo rm atio n . 
Z h a n g .e t  a l  (1 9 9 6 ) re p o rte d  th a t  th e  d y n am ic  su rfa c e  te n s io n  (D S T ) ra d ic a lly  a lte red  
th e  d y n a m ic  o f  th e  im p a c t p ro c e ss  co m p ared  to  th e  s itu a tio n  in  w h ich  th e  flu id  in te r
face  w a s  c lean . T h e y  in v e s tig a te d  th a t th e  im p ac t o n  a  so lid  su b s tra te  o f  a  N e w to n ia n  
liq u id  d ro p le t c o n ta in in g  tw o  su rfac tan ts  o f  S D S  an d  T rito n  X -1 0 0 . T h e  p re se n c e  o f  
su rfa c ta n t w as fo u n d  to  ca u se  a  la rge  d e fo rm a tio n  o f  th e  liq u id  d ro p le t w ith  a  la rge  
am p litu d e  o sc illa tio n  th a t h a p p e n e d  u p o n  im p a c tin g  and  sp re a d in g  on  th e  substra te . 
A  m a jo r  c o n se q u e n c e  o f  th e  p re sen ce  o f  su rfa c ta n t w as th a t  su rfa c ta n t a ccu m u la tes  
o n  th e  f lu id  in te rfa c e  cau se  th e  re d u c tio n  o f  th e  su rface  te n s io n .A s  a  re su lts , it e n 
h an ces  th e  sp re a d in g  o f  th e  d ro p le t a c ro ss  th e  su b stra te . O n  th e  o th e r h a n d , th e  n o n  
u n ifo rm  d is tr ib u tio n  o f  su rfa c ta n t a lo n g  th e  flu id  in te rface  g iv e s  ra ise d  a  M aran g o n i 
stress  th a t  in h ib its  th e  sp re a d in g  effect.

S ik a lo  e t  a l .  (2 0 0 5 ) in v e s tig a te d  th e  g ly c e r in  d ro p le t im p a c t o n  an  in c lin ed  
p la te  w ith  d iffe re n t d eg rees . T h e  re su lts  sh o w ed  th a t d ro p le t re b o u n d  a p p ea red  o n ly  
on  th e  d ry  sm o o th  g la ss  su rfa c e  an d  w e tted  su rfa c e s , th e  re b o u n d  d id  n o t o c c u r b e 
cau se  th e  d ro p le t s lip e d  d u rin g  th e  reco ilin g  p h ase . In te re s tin g ly , th e  d ro p le ts  re 
b o u n d  w a s  o b se rv e d  on  w e tte d  su rfaces  w ith  la rg e r im p a c t a n g le s  th a n  th e  dry  
sm o o th  g lass.
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Poml o f 
impact

Splash of an isopropanol droplet on smooth glass = 45°.

Partial rebound o f a glycerin droplet on dry smooth glass (a = 30°)
Impact o f a glycerin droplet on dry smooth glass 
edge o f the droplet spreads forward, whilst the back edge 
(a) Rebound at a  = 8. and (b) partial rebound at a = 9.

F ig u re  2 .3  R e b o u n d  p a tte rn  o f  g ly ce rin  d ro p le ts  on  in c lin e  su rface s  (S ika lo  e t  a l ,
2 005)

M o reo v e r, th e  g ly c e r in  d ro p le t, a h ig h  v isco u s  liq u id , w a s  fo u n d  to  d is jo in  o n  th e  
h ig h ly  sm o o th  w a lls  a t la rg e  im p ac t an g le s , and  fu lly  d e p o s it w ith o u t sep a ra tio n  on  
th e  ro u g h  su rface .

A  n u m b e r  o f  re se a rc h  w o rk s  w e re  ra re ly  c a rr ie d  o u t to  in v e s tig a te  th e  e ffec t 
o f  te m p e ra tu re  o n  th e  im p a c t p h e n o m e n a  o f  liqu id . W a c h te rs  an d  W e s te rin g  (1 9 9 6 ) 
s tu d ied  a  w a te r  d ro p le t in  c o llis io n  w ith  a  go ld  su rfa c e  a b o v e  th e  L e id e n fro s t te m p e r
ature. L e id e n fro s t te m p e ra tu re  is th e  te m p e ra tu re  ab o v e  liq u id  b o ilin g  te m p e ra tu re  
on ce  a  l iq u id  d ro p le t re a c h e s  a  so lid  su rface , so m e  p a r t o f  th e  liq u id  d ro p le t h a s  a l
read y  e v a p o ra te d  to  c rea te  th e  a ir in su la tio n  b e tw een  liq u id  d ro p le t an d  so lid  su rface . 
T he W e b e r  n u m b e r  w a s  fo u n d  to  be an  im p o rtan t e ffe c t o n  th e  d y n a m ic  p a ra m e te r  o f  
th e  d ro p le t. D e p e n d in g  o n  th e  W eb er n u m b er, th e  d ro p le t w o u ld  e ith e r reb o u n d  
w ith o u t d is in te g ra tio n  o r  sp la sh  on  th e  su rface  a f te r  im p ac t, d e p e n d in g  on  th e  W e b 
b e r n u m b er. G ro e n d e s  an d  M e s le r  (1 9 8 2 ) s tu d ied  th e  sa tu ra tio n  f ilm  b o ilin g  im p a c t 
o f  th e  w a te r  d ro p le t o n  q u a r tz  su rface  o f  4 6 0 °c . T h e y  u se d  a  fa s t- re sp o n se  th e rm o 
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m e te r to  m e a su re  th e  flu c tu a tio n  o f  th e  su rface  te m p e ra tu re , an d  th e  m a x im a l te m 
p e ra tu re  d ro p  on  th e  so lid  su rface  d u rin g  the  im p a c t w as re c o d e d  to  be  ab o u t 2 0 ° c .  
H a tta  e t  a l .  (1 9 9 7 ) c o n d u c te d  a  se ries  o f  e x p e rim e n ts  to  s tu d y  th e  f ilm -b o ilin g  im pac t 
o f  w a te r  d ro p le ts  o n  d iffe re n t m e ta llic  su rfaces. E x p e rim e n ta l re su lts  o n  su ch  p ro p e r
tie s  as  th e  d e fo rm a tio n  and  th e  reb o u n d  h e ig h t o f  th e  d ro p le t d u rin g  th e  im p ac t, and 
th e  re s id e n c e  tim e  o f  th e  d ro p le t on  the  su rface  w e re  found  to  d ep e n d  on  d ro p le t size 
and  im p a c tin g  v e lo c ity .
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