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I N T E R A C T I O N  O F  D R O P S  W I T H  B O U N D A R Y  

L A Y E R  ON R O T A T I N G  S U R F A C E  

O.  A .  P o v a r o v ,  O .  I .  N a z a r o v ,  
L .  A .  I g n a t ~ e v s k a y a ,  a n d  A .  I .  N i k o l V s k i i  

UDC 532.529.5 

The in te rac t ion  of a drop with a boundary l aye r  on the su r face  of a rotat ing disk is inves t iga ted  
exper imen ta l ly .  

Theore t i ca l  and expe r imen ta l  inves t igat ions  of a two-phase  cu r r en t  flowing around a fixed plate  [1, 2] 
have shown that, the boundary l ayer  has  a s ignif icant  effect  on the type of motion obse rved  and the sel~ling out 
of mo i s tu re .  

The in terac t ion  of mo i s tu re  with the boundary l aye r  of a moving su r f ace ,  although it  is  a subject  of some 
impor t ance ,  has yet  to be adequately studied.  

In the p r e sen t  pape r ,  the in te rac t ion  of a s ingle drop with the boundary l ayer  on the su r face  of a rotat ing 
disk is  cons idered .  

A d i ag ram of the expe r imen ta l  appara tus  is given in Fig.  1. Disk 1 is ro ta ted  by a d c  moto r  about an 
axis  pe rpend icu la r  to i ts  plane.  A g e n e r a t o r  2 feeds a s e r i e s  of drops  (d d = 0.3-4.0 ram; Vd = 0.1-10 m / s e c )  
no rma l ly  to the disk su r face  [4]. The p r o c e s s e s  of  in te rac t ion  of the drop  with the boundary l ayer  and the 
change in veloci ty  and d i a m e t e r  of the drops  were  r eco rded  using a f a s t - e x p o s u r e  SKS- lm-16  cine c a m e r a  
(Fig. la) and photography by a Zen i t -3m c a m e r a  (Fig. lb) .  In the f i r s t  c a se ,  the light sou rce  was a DPSh-250 
m e r c u r y  lamp,  in the second case  an ISSh-15 s t robe  lamp with a f lash length of no more  than 10 -5 sec .  The 
f lash f requency could be va r i ed  in the range  5-500 Hz. 

It is cons iderab ly  s i m p l e r  to study the in te rac t ion  of a drop with a disk su r face  ro ta t ing  in an infinite 
space ,  s ince in this case  the Navie r - -S tokes  equation for  the boundary l ayer  has an accura te  solution [3]. Anal- 
ys i s  of this  solution shows that  the axial  veloci ty  components  in the boundary l aye r  a r e  sma l l  in compar i son  
with the o ther  components ;  the m a x i m u m  value of the radia l  veloci ty  component  is an o r d e r  of magnitude less  
than the az imuthal .  Thus ,  the behav ior  of the drop in the boundary l aye r  is de te rmined  mainly  by the grad ien t  
of the az imutha l  veloci ty component .  

The upper  pa r t  of Fig.  2 shows s t r o b o g r a m s  of the drop t r a j e c t o r y  for  col l is ion with the su r face  of a 
disk  rota t ing with f requency w. It is evident that in the region of contact  with the disk the drop  is de formed  and 
then immed ia t e ly  re f lec ted  at  an angle a to the d isk  sur face ;  the drop  t r a j e c t o r y  is  c lose  to pa rabo l ic .  After  
ref lec t ion  f r o m  the d isk ,  the deformed  drop begins to ro ta te  with f requency  Wd. 

T r a n s l a t e d  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 31, No. 6, pp. 1068-1073, D e c e m b e r ,  1976. 
Original  a r t i c l e  submi t ted  March  17, 1975. 
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Fig .  1 
Fig.  1. D i a g r a m  of appara tus :  a) fo r  rap id  cine photography of col l is ion p roce s s :  1) rotat ing disk; 2) drop 
gene ra to r ;  3) cine c a m e r a ;  4) m e r c u r y  lamp;  b) to photograph drop t r a j ec to ry :  1) rotat ing disk; 2) drop g e n e r -  
a to r ;  3) c a m e r a ;  4) ISSh-15 s t robe  l amp .  

Fig .  2. Drop t r a j e c t o r y  and c ine - f i lm f r a m e s  for  col l is ion of drop  (d d = 2 ram, v d = 1.2 m / s e c )  with s u r -  
face  of rota t ing sphere :  a) for  u = 30 m / s e c ;  b) 60 m / s e c .  

In the expe r imen t s ,  t h ree  types  of in te rac t ion  of the drop with the disk could be distinguished: 1) The 
drop is  cap tured  by the d isk  on contact  and sp reads  out ove r  i ts  su r face ;  2) the drop en te rs  the boundary l ayer  
of the disk,  is sl ightly de fo rmed ,  and is  pa r t i a l ly  sp r ead  out ove r  the su r face  and par t i a l ly  re f lec ted  f r o m  it; 
3) the d rop  is s t rongly  deformed  in the boundary l aye r  and, without touching the su r face ,  is re f lec ted  away 
f r o m  it .  

The f i r s t  f o r m  of in te rac t ion  (no ref lec t ion  f r o m  the surface)  co r r e sponds  to a low azimuthal  veloci ty  u. 
The drop p a s s e s  through the boundary l a y e r  and,  s t i l l  undeformed,  en te r s  into contact  with the su r f ace ,  g rad -  
ually spread ing  out in the d i rec t ion  of ro ta t ion  of the disk.  

At higher  values of u (for the s ame  drop veloci ty  v d) , a second type of in te rac t ion  is  observed;  in this 
c a s e ,  pa r t  of the drop  is  r e f l ec ted  f r o m  the su r f ace  (Fig. 2a). As it approaches  the d isk ,  the d rop  is sl ightly 
deformed;  the lower  pa r t  of the drop  contacts  the disk su r face  and is c a r r i e d  along with i t ,  but the upper  pa r t  
is hardly  d isplaced in the d i rec t ion  of rota t ion ( f rames  1-3).  S imi lar ly  to the case  of coll is ion with a fixed 
su r f ace ,  the bot tom p a r t  of the drop  is  sp r ead  out in the region of contact .  The motion of the disk p romotes  
the spread ing  of the contacting pa r t  of the drop ,  but not the r e a r w a r d  por t ion .  As a r e su l t  of the veloci ty  
gradient  in the boundary l aye r ,  a wedge of a i r  f o r m s  under  the drop,  which begins to r i s e  ( f rames  4-8).  Then 
the lifting fo rce  s e p a r a t e s  the drop f r o m  the disk su r face  ( f rames  9-12) and p ro jec t s  it beyond the l imits  of 
the boundary l aye r ;  the drop then moves  in a pa rabo la  toward  a second col l is ion with the sur face .  

F u r t h e r  i n c r e a s e  in u leads to total  re f lec t ion  of the drop on in terac t ion  with the boundary l ayer  of the 
rotat ing su r f ace  (Fig. 2b). In this  case  the d rop  is  s ignif icant ly deformed  as it en te rs  the boundary l aye r  
( f rames  2 and 3), as a r e su l t  both of the dynamic p r e s s u r e  d i f ference  exer ted  on the drop by the flow gradient  
and a lso  of the reduction in s ta t ic  p r e s s u r e  c lose  to the su r face  of the rota t ing disk.  The lower pa r t  of the 
d isk  is  d isp laced  in the d i rec t ion  of rota t ion of the s u r f a c e ,  and under  the action of the inc reas ing  lift fo rce  
begins to r i s e  above the su r face .  The drop takes  a s t r eaml ined  fo rm (frames 4-7).  The cen te r  of  applicat ion 
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Fig. 3. Effect of pa rame te r s  on reflection of drop f rom disk: a) 
velocity ratio:  1) drop d iameter  d d = 0.3 ram; 2) 0.8; 3) 4; I) region 
of complete adherence;  II) par t ia l  reflection; III) total reflection; b) 
(Vd/U) 2.104 as a function of 5/dd; 1) laminar  flow; 2) turbulent; Vd, 
m / s e c ;  5.103, m; u, m / s e c .  

of the aerodynamic  force  (the p re s su re  center) does not coincide with the center  of mass  of the drop,  which 
leads to spatial  rotat ion of the drop (frames 8-12) at some angular  velocity.  

The d rop- - sur face  interaction conformed to a s imi la r  pat tern for  all the drop sizes investigated: 0.5 < 
d d < 4.0 ram. The boundaries between the observed types of coll ision for  drops of various dimensions are  
shown in Fig.  3a. The boundary between interact ions of types I (complete "adherence") and !I (partial re f lec-  
tion) is prac t ica l ly  independent of the drop size.  In the exper iments ,  type- I  coll isions were observed over 
the whole range of d d when Vd/U < 0.15. The position of the boundary between types II and III (complete r e -  
flection) is determined by the drop s ize .  Fo r  all values of dd, the boundary curve  has a discontinuity at u 
40 m / s e c ,  caused by the t ransi t ion f rom laminar  to turbulent flow of the gas around the rotating disk, i . e . ,  
in this region Re D = wR2/7 ~ t tecr .  

The dimensionless  l i f t - force  coefficient  is w~t ten  in the form 

Cw FL 
S pus 

2 

The t ime that the drop is subjected to the lift force  is determined by the t ime that it spends in the bound- 
a r y - l a y e r  region.  If it is assumed that within the boundary layer  the drop moves with constant decelerat ion 
under the action of the lift force ,  then the decelerat ion of the drop may be determined as a = v~/25. Then the 
l i f t - force  coefficient,  taking into account the mass  of the drop and its frontal  a rea ,  may be written in the form 

= - -  . 5 . 9 .  l 0  s . 

For  constant physical  proper t ies  of gas and liquid (0/0d = const),  C w = f [dd /5  ; (Vd/U)2]. By plotting the 
boundary between the types of interact ion in the coordinates [dd/6 ; (Vd/U) 2] , the value of C w charac ter iz ing  
the t ransi t ion f rom par t ia l  to complete reflect ion of the drop f rom the disk surface can be determined (Fig. 3b). 

t In the ease  of laminar  flow of the gas ,  C% = 0.52; for turbulent flow, C w = 0.068. This means thai:, when all 
o ther  conditions a re  equal, the lift force  at which total ref lect ion is established is approximately 8 t imes  
sma l l e r  for  turbulent flow than for  laminar  flow. This difference may be explained both by the change in the 
velocity curve and by the inc rease  in thickness of the boundary layer  St (Fig. 3b), which leads to inc rease  in 
the t ime that the drop is in the gradient  flow. 

The shape of the drop and the rate of its deformation are  among the most  important  pa ramete r s  affect-  
ing the interact ion of the drop with the boundary layer .  It is neces sa ry  to distinguish between the deformation 
of the drop in the boundary layer  and deformation of the drop on impact  with the sur face .  

The t r a j ec to ry  of the ref lected drop (or par t  of a drop) is determined by the initiat velocity v~ ell and the 
angle of reflect ion a .  In addition, as a l ready noted, the ref lected drop rotates with some frequency co d. 

In Fig.  4a,  the veloci ty-re tent ion coefficient K = v~efl /v d (1),the angle of reflect ion ~ (2), and the frequen- 
cy of rotation of the drop w d (3) are  shown as a function of C w for  laminar  flow (Re D = 2. 105). It should be 
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Fig.  4. Basic  c h a r a c t e r i s t i c s  of motion of re f lec ted  drop: a) as a 
function of C w fo r  Re D = 2.10~; b) as a function of Re D fo r  d d = 
3 and 1.5 ram; w d '  see- l ;  a, deg. 

noted that  the value K = 1 is  r eached  at the boundary between the ca se s  of pa r t i a l  and comple te  ref lect ion.  The 
rota t ional  f requency of the drop in the expe r imen t s  reached  oJ d = 100 sec  -1, which co r responds  to n ~ 950 r p m .  
At high r a t e s  of  ro ta t ion ,  breakdown of the drop  is  observed .  

As is  evident f r o m  Fig.  4b, the type of flow in the boundary l ayer  has a s ignif icant  effect  on the values 
o f  K and ~ .  The c o m p a r a t i v e l y  na r row  range  of var ia t ion  of Re D in the dependences shown is the resu l t  of 
breakdown of the r e f l ec ted  drop fo r  Re D > 6. l0 s when d d > 1.5 m m .  

The obse rved  f ea tu res  of the in te rac t ion  of the d rop  with the boundary l aye r  of a rotat ing su r face  appea r  
again in the ca se  of incidence of the d rop  on a rotat ing cy l inder .  Here  also the re  a r e  three  types of in te rac t ion  
but,  because  of the d i f fe rences  in the gas  flow c lose  to a disk and a cy l inder ,  the boundaries  between the types 
of  col l is ion a r e  shif ted toward  higher  values  of Vd/U. It  is  obvious that s i m i l a r  r e su l t s  would a lso  be expected 
in the case  of t r ans la t iona l  motion of the su r f ace .  

It i s  a lso  n e c e s s a r y  to note that  the p r e sence  of a liquid f i lm on the disk signif icantly affects  the behavior  
of the drop.  In expe r imen t s  with the supply of a liquid f i lm to the disk,  i t  is  imposs ib le  to achieve even par t i a l  
re f lec t ion  of the drop;  in al l  conditions the drop  is adsorbed  by the f i lm.  Apar t  f rom th is ,  the in teract ion is  
ve ry  s i m i l a r  to the f i r s t  case  fo r  the d ry  disk.  The drop is p rac t i ca l ly  undeformed as it  approaches  the s u r -  
face  of the f i lm and, a f t e r  contact  with the f i lm,  is uni formly  c a r r i e d  away by the liquid l aye r .  The gas  flow 
reaches  i ts  m a x i m u m  value at  the boundary between the phase s ;  this value is significantly lower  than the az i -  
muthal  veloci ty  of the d isk ,  on account of which the lift  fo rce  acting on the drop  is a lso  l e s s .  However ,  for  
ve ry  sma l l  ra t ios  Vd/U < 10 -~, i t  is poss ib le  to achieve ref lec t ion of the drop  f r o m  the su r f ace  coated by the 
f i lm.  

N O T A T I O N  

dd, drop d i ame te r ;  Vd, drop  velocity;  co, r a t e  of ro ta t ion  of disk; u, az imuthal  veloci ty  of disk; R, disk 
radius ;  v, k inemat ic  v iscos i ty ;  Cw, lift fo rce  coefficient;  FL,  lift  force;  S, f ronta l  a r e a  of drop; p, density of 
gaseous  medium;  Pd, densi ty of drop;  6, bounda ry - l aye r  th ickness ;  Wd, ra te  of rotat ion of drop;  Vd re f l ,  ve loc-  
ity of drop re f l ec ted  f r o m  disk; ~ ,  angle of ref lec t ion of drop.  
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