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We investigate the "second" regime of liquid atomization by means of a rotating disc, with 
this regime characterized by the formation of droplets of uniform size. It is this phenome- 
non that is of interest for engineering processes. Formulas suitable for practical calcula- 
tions are proposed. 

In the atomization of liquids - one of the most  common engineering p roces se s  - the effort is general ly  
toward the attainment of droplets  of a specific optimum size; however, most  a tomizers  fo rm polydisperse  
sys tems  of droplets with a wide range of sizes,  which does not lend itself to controI.  In this connection, 
there  is some interest  in rotat ing a tomizers  which, under cer ta in  conditions, provide for  uniform size in 
the droplets that are  formed.  

We know [1-4] that the atomization of a liquid by means of a smooth rotating disc or cone involves 
three  different atomization reg imes .  At very  low liquid flow ra tes  approximately identical droplets are  
formed at the edge of the disc and these a re  known as "p r imary  droplets" (the f i rs t  reg ime) .*  As the liquid 
flow rate  is increased,  the f i rs t  r eg ime is replaced by the second, in which we no longer find individual 
droplets  at the edge of the disc, but continuous liquid f i laments.  At some distance f rom the edge of the 
disc these f i laments break  down into "secondary"  droplets,  less uniform in size than the p r i m a r y  droplets .  
Finally, with a fur ther  increase  in the liquid flow rate the second regime of atomization is replaced by a 
third, in which it is no longer the individual liquid fi laments that a re  thrown out f rom the edges of the disc, 
but a solid film; when subjected to per turbat ions  this f i lm can be broken down into droplets of different 
s izes .  

The f i r s t  a tomizat ion reg ime is frequently used in labora tory  experiments;  because of the low liquid 
flow rate  at which this reg ime is achieved, for all intents and purposes,  it cannot be used in engineering 
p roces se s .  

In the third atomization regime,  the polydispers ion rat io is approximately the same as for the other 
a tomizers  (hydraulic, pneumatic), so that the use of disc a tomizers  operating in the reg ime introduces 
nothing that is fundamentally new to atomization technique. 

According to [1], the boundary separat ing the "monodisperse"  region of atomization (the f i rs t  and 
second regimes ,  re la t ively uniform droplet size) f rom the "polydisperse" region (the third regime) is de- 
te rmined by the empir ical  formula  

pQ%1,2 ~o.33 
- -  4 . 5 .  k = 1,77 R1.37 

When k < 4.5 we achieve either the f i rs t  or second regimes;  with k > 4.5 we achieve the third reg ime.  

In connection with engineering p rocesses ,  the grea tes t  interest  is shown in the second atomization 
regime which is cha rac t e r i zed  by the formation and breakdown of the liquid fi laments,  since the "secondary"  

*Smaller  drople t -sa te l l i tes  are  formed simultaneously,  and their  relat ive quantity increases  as the 
liquid flow rate  inc reases .  
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Fig. 1. Diagram of the ex- 
per imental  installation. 

droplets  formed in this regime a re  still quite uniform in size, and at the 
same time, this regime is achieved at increased  liquid flow rates  that are  
acceptable f rom the pract ica l  standpoint. This regime has not yet been 
adequately studied. Let us now examine it in g rea te r  detail. 

The liquid is fed to the center  of a rotating disc in a continuous jet 
which spreads  out over the disc surface,  forming a thin fi lm whose thick- 
ness is measured  in microns .  As a resul t  of the interaction between the 
centrifugal  forces  and the forces  of surface tension, the liquid accumu-  
lates at the per iphery  of the disc in the fo rm of a ring. The c ros s  sec-  
tion of this ring may be assumed to be approximately c i rcular ,  with the 
radius 

1 ( o /'/2 
a = - -  ( 1 )  ~ 2 - ~ - p  / " 

Formula  (1) is in sa t i s fac tory  agreement  with the experimental  data 
of [2]. 

The liquid ring at the edge of the disc, since it is unstable, is de- 
formed by random perturbations,  and for the determination of the "wave- 
length" (the most  probable distance between the deforming sections of 
the ring) we can use the formulas  applicable to the theory of l iquid-jet 
decay ([5], p. 626); for a low-viscos i ty  liquid ( ~ : ~ > >  1) 

= 9a, (2) 

for  a h igh-viscos i ty  liquid (g~a~p-~<< 1) 

In the general  case, 

~ =  13 f / ~  a~ �9 

according to the approximate Weber formula [6], 

~ = 9 a  ( l +  , /4--~- '~/ ' /2 .  
F a o  / 

(3) 

(4) 

According to [2], if we assume that the f i laments flow f rom the liquid ring at the edge of the disc 
p rec i se ly  at the points of deformation, the number of f i laments is given by 

z =  2~__RR (5) 

According to results f rom spark photography [2], the liquid fi laments are nearly involute in shape, 
i .e . ,  the motion of an element of the filament is approximately described by the formula 

S = 0 . 5 R ~ t  2. (6) 

Let us examine the p rocess  of a liquid filament disintegrating into droplets .  

At some a rb i t r a ry  c r o s s  section of the filament, because of its continuity, with considerat ion of (6), 

- - ~  d S  
Q ~r2v = ~ r  ~ _ _  -_ ~r~R(o~t, 
Z dt  

f rom which the radius r of the f i lament c r o s s  section, corresponding to its length S, is given by 

V / Q (7) 
r = ~ Z R t o ~  

In the case  of a low-viscos i ty  liquid ( ~ > >  1), according to (1), (2), and (5) 

Z = R(0 - -  �9 

The t ime for  the disintegration of the fi lament into droplets (theoretically the t ime for the increase  
in the amplitude of the ax isymmetr ie  per turbat ion by a faetor of e, [5], p. 626), 

tp --- 8.5 �9 (9) 
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Fig.  2. In t eg ra l  c u r v e s  fo r  d rop le t  
s i ze  d i s t r ibu t ion  (motor  oil is  used  
as the liquid, w = 314 sec  - j ,  R =  3.5 
cm):  a) f i r s t  a tomiza t ion  r eg ime ,  
Q = 0.1 cm3/sec;  b) second  r eg ime ,  
Q = 0.5 cm3/sec ;  c) th i rd  r eg ime ,  Q 
: 3.3 cm3/sec .  

Having subs t i tu ted  the va lues  of Z and t f r o m  (8) and (9) into (7), fo r  the  f i l ament  r ad ius  at the point  
of decay  we de r ive  the e x p r e s s i o n  

{ 0a ~2/r 
r d = 0,39 [ p~oaRS/a ] �9 (10) 

The  unknown rad ius  x f o r  the " s e c o n d a r y "  d rop le t s  f o r m e d  as  a r e s u l t  of the decay  of a f i l ament  of 
r ad ius  r d into c y l i n d e r s  of height  k = 9r  d is 

xt =0.74 ( Q ~ ) 2 / 7 .  p(0aRS/2 , (11) 

The  length of the nondecay ing  por t ion  of the f i lament ,  a c c o r d i n g  to (6) in conjunct ion  with (9) and (10), 
is g iven by 

=2.3  ( Q"~9 "] 1/7. (12) Sd 
Rsto4a ] 

In the c a s e  of an e x t r e m e l y  v i s c o u s  liquid ( r d ~ - ~ 2  << 1), a c c o r d i n g  to [5], p .  626, if we a s s u m e  that  

5vpr 
td , (13) 

f r o m  s i m i l a r  ca lcu la t ions  we obtain 

x 2 = 1,06 o.o,2r QO,3o6 vo.o14 
p0,27 R0.725 (D0.84 ' (14) 

/0)2~ 1/12 
Sd2 = 5,4 ~ ]  ~7)5 /4u  5/3. (15) 

To tes t  the de r ived  f o r m u l a s  giving the rad ius  of the " s e c o n d a r y "  d rop le t s ,  we p e r f o r m e d  t e s t s  on the 
ins ta l la t ion  shown s c h e m a t i c a l l y  in Fig .  1. A cont inuous l iquid je t  f r o m  a s p r a y  nozz le  3 whose  p lu n g e r  is 
ac ted  on by weight  4 is d i r ec t ed  at the c e n t r a l  cy l i nd r i ca l  d e p r e s s i o n  of a smoo th  ho r i zon t a l  disc  1 se t  into 
ro t a t ion  by means  of e l ec t r i c  m o t o r  2. The disc  is  made  of dura lumin ,  with a r ad ius  R = 3.5 era; i ts  w o r k -  
ing s u r f a c e  has  been  po l i shed  to e l imina te  the g r o o v e s  v i s ib l e  to the naked  eye .  To m e a s u r e  the ro ta t iona l  
v e l o c i t y  of the disc,  a r ing  5 is mounted  at the lower  end of the shaf t  of e l ec t r i c  m o t o r  2 and this  r ing  is 
p r o v i d e d  with s l i t s  to b r e a k  up a light b e a m  d i r e c t e d  f r o m  an incandescen t  bulb 6 to  the p h o t o r e s i s t a n e e  7. 
The  f r e q u e n c y  of the pu l s e s  g e n e r a t e d  by  the p h o t o r e s i s t a n c e  (i. e . ,  the ro ta t iona l  ve loc i t y  of the disc)  was  
m e a s u r e d  by m e a n s  of a f r e q u e n c y  m e t e r  and regu la t ed  with a rheos t a t .  At 9 c m  below the p lane  of the disc 
a T e x t o l i t e  shee t  is  se t  up with a r ad i a l  r e c t a n g u l a r  s lot  to hold s l ides  to co l l ec t  the d rop le t s  f o r m e d  at v a t -  
ious d i s t ances  f r o m  the axis  of the d i sc .  To e n s u r e  a cons tan t  d i spe r s ion  coef f ic ien t  f o r  the depos i t ed  d rop -  
lets ,  the s l ides  w e r e  f i r s t  c o v e r e d  with a thin s i l i cone  l aye r .  Dur ing  the opera t ion  of the a t o m i z e r ,  the 
s l ides  w e r e  exposed  to a s l i t  shu t t e r  to p r e ven t  the depos i t ion  of an e x c e s s i v e  n u m b e r  of d rop le t s .  The 
s l ides  w e r e  then examined  in a m i c r o s c o p e  and the depos i t ed  d rop le t s  w e r e  counted  and m e a s u r e d  fo r  a 
spec i f ic  a r e a  of the s l ide .  

The t e s t s  w e r e  p e r f o r m e d  with two l iquids:  t r a n s f o r m e r  o i l  (/329 = 0.892 g / c m  3, v20 = 0.218 cm2/sec ,  
or20 = 33.2 g / s ec  2) and with m o t o r  oil (P20 = 0.897 g / c m  2, v20 = 26.4 cm2/sec,  r = 29 g/sec2).  The  tes t  r e s u l t s  
w e r e  used  to  d e t e r m i n e  the d rop le t  s i ze  d is t r ibut ion;  c o n s i d e r a t i o n  was  given h e r e  to the d i s t ance  s e p a r a -  
t ing each s l ide  f r o m  the axis  of the disc  ro ta t ion .  By o b s e r v i n g  the r ing  of s ta ined  l iquid on a ho r i zon ta l  
shee t  of paper ,  we  p r o v e d  the a x i s y m m e t r i e a I  na tu r e  of the p r o c e s s .  
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F i g .  3. C o m p a r i s o n  of the  c a l c u l a t e d  v a l u e s  f o r  the  r a d i u s  
x of the  " s e c o n d a r y "  d r o p l e t s  ( cu rves )  and  the  m e a s u r e d  v a l -  
ue s  of t he  m e d i a n  d r o p l e t  m a s s  r a d i u s  r m (the po in t s ) :  a) 
m o t o r  oil ,  w = 314 s e e - l ;  b) t r a n s f o r m e r  oil ,  co = 157 s e e - l ;  
c) t r a n s f o r m e r  oil ,  w = 314 s e e - l ;  d) t r a n s f o r m e r  oil ,  w 
= 628 s e e  -1. 

T A B L E  1. Cond i t i ons  f o r  E x p e r i m e n t a t i o n  and D e r i v a t i o n  of Va lues  
fo r  the  Med ian  D r o p l e t  M a s s  R a d i u s  

Liquid I 
a}, $CC - I  

O,cin3/SeC 

rm, pin I 

Motor oil  
314 

0,2 0,5 

60 75 
52 72 

1,0 2,0 

97 165 
100 165 

Transforiner oil 
157 . 314 628 

4,0 1,0 1,5 12,0 0,5 0,7 10,9 II,0 11,3 11,8 

I 
165 55 76 !03 1 38 45 
172 73 82 125 ~ ~ ~ 41 53 

D u r i n g  the  t e s t s  we v a r i e d  the  v e l o c i t y  of d i s c  r o t a t i o n  (157, 314, and  628 sec  -1) a s  we l l  a s  the  l iqu id  
f low r a t e  ( f rom 0.05 to  4 c m a / s e c ) .  F i g u r e  2 shows  t y p i c a l  i n t e g r a l  c u r v e s  f o r  the  d i s t r i b u t i o n  of d r o p l e t  
s i z e s ,  d e t e r m i n e d  wi th  a s p e c i f i c  l iqu id  (motor  oil)  a t  a c o n s t a n t  r o t a t i o n a l  v e l o c i t y  (3000 rpm)  and fo r  v a r -  
ious  l i qu id  flow r a t e s .  At  a low flow r a t e ,  Q = 0.1 cm3/sec  (Fig .  2a), we f ind the  f i r s t  a t o m i z a t i o n  r e g i m e :  
~ 25% of the  l iqu id  is  c o n t a i n e d  in f ine  " s a t e l l i t e "  d r o p l e t s  wi th  a r a d i u s  r a ng ing  f r o m  15 to 75 # wi th  the  
r e m a i n i n g  75% i n c l u d e d  a m o n g  the  " p r i m a r y "  d r o p l e t s ,  i . e . ,  d r o p l e t s  tha t  a r e  a p p r o x i m a t e l y  i den t i ca l ,  ex -  

h ib i t i ng  a r a d i u s  f r o m  150 to 105 g. 

Wi th  an e l e v a t e d  flow r a t e ,  Q = 0 .2-1  cm~/sec ,  we  no ted  the  s e c o n d  a t o m i z a t i o n  r e g i m e  (Fig .  2b, 
Q = 0.5 cm3/sec) :  80% of the  l iqu id  i s  c o n t a i n e d  in " s e c o n d a r y "  d r o p l e t s ,  r e l a t i v e l y  u n i f o r m  in s i z e  (with 
the  r a d i u s  r a n g i n g  f r o m  55 th rough  95 #m) .  D e s p i t e  the  e l e v a t e d  l iqu id  f low ra t e ,  and a l l  o t h e r  cond i t i ons  
be ing  equal ,  the  " s e c o n d a r y "  d r o p l e t s  a r e  s m a l l e r  than the p r i m a r y  d r o p l e t s ,  wh ich  c o r r e s p o n d s  to  the  

a b o v e  c o n c e p t s  wi th  r e g a r d  to  the  m e c h a n i s m  of the  p r o c e s s .  

Wi th  an even g r e a t e r  f low r a t e ,  Q > 2 em3/sec ,  we no ted  a t h i r d  a t o m i z a t i o n  r e g i m e -  the  f o r m a t i o n  
of a p o l y d i s p e r s e  d r o p l e t  s y s t e m  tha t  i s  c h a r a c t e r i s t i c  fo r  c o n v e n t i o n a l  a t o m i z a t i o n  d e v i c e s  (Fig .  2c, Q = 3.3 
cm3/ sec ,  wi th  80~c of the  l iqu id  found in d r o p l e t s  wi th  a r a d i u s  r a n g i n g  f r o m  125 t h r o u g h  375 ~m) .  

F o r  p u r p o s e s  of c o m p a r i s o n  wi th  the  t h e o r e t i c a l  f o r m u l a s ,  we took the v a l u e s  of the  m e d i a n  d r o p l e t  
m a s s  r a d i u s  r m, d e r i v e d  in the  e x p e r i m e n t s  p e r f o r m e d  in the  s e c o n d  a t o m i z a t i o n  r e g i m e .  The  c on d i t i ons  
u n d e r  which  t h e s e  t e s t s  w e r e  conduc t ed  and u n d e r  which  we d e r i v e d  the  v a l u e s  of r m  a r e  l i s t e d  in the  t a b l e .  

The  r e s u l t s  of the  t e s t s  and  the  c a l c u l a t i o n s  (in a c c o r d a n c e  wi th  (14) f o r  m o t o r  oi l  and in a c c o r d a n c e  
wi th  (11) f o r  t r a n s f o r m e r  oil)  a r e  shown in F i g .  3. S a t i s f a c t o r y  a g r e e m e n t  was  a c h i e v e d .  

We s e e  f r o m  (11) and (14) tha t  the  l iqu id  v i s c o s i t y  has  l i t t l e  e f fec t  on the  s i z e  of the  " s e c o n d a r y "  d r o p -  
le t ;  t h i s  was  e x p e r i m e n t a l l y  c o n f i r m e d  (Fig .  3). H o w e v e r ,  f o r m u l a  (15) shows  tha t  the  v i s c o s i t y  has  a 
p r o n o u n c e d  e f fec t  on t h e  l eng th  of the  f i l a m e n t  s e c t i o n  tha t  does  not  d i s i n t e g r a t e ;  t h i s  was  c o n f i r m e d  in t e s t s  
wi th  a h igh ly  v i s c o u s  l iquid ,  and h e r e  the  thin l i qu id  f i l a m e n t s  tha t  d id  not d i s i n t e g r a t e  w e r e  t ens  of c e n t i -  
m e t e r s  in length  and w e r e  v i s i b l e  to the  n a k e d  eye .  A c c o r d i n g  to  (15), f o r  the  a t o m i z a t i o n  of a h igh ly  v i s -  
cous  l iqu id  we shou ld  u s e  d i s c s  wi th  l a r g e  r a d i i ;  fo r  the  f o r m a t i o n  of long f i l a m e n t s  (for e x a m p l e ,  to p r o -  
duce  f i b r o u s  p r o d u c t s )  we should ,  c o n v e r s e l y ,  u se  s m a l l - r a d i u s  d i s c s .  

On the  whole ,  the  d e r i v e d  r e s u l t s  d e m o n s t r a t e  the  v a l i d i t y  of the  a s s u m e d  m e c h a n i s m  fo r  the  p r o c e s s ,  

a s  we l l  a s  the  s u i t a b i l i t y  of the  p r o p o s e d  f o r m u l a s  fo r  p r a c t i c a l  c a l c u l a t i o n s .  

R and w 
p, u, if, a n d Q  

NOTATION 

are, respectively, the radius and the angular velocity of disc rotation; 
are, respectively, the density, the kinematic viscosity, the surface tension, and the flow 

rate of the liquid; 
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is the c r o s s - s e c t i o n a l  radius  of the liquid ring at the disc per iphery ;  
is the wavelength; 
is the number  of f i laments ;  
is the f i lament  length; 
is the t ime;  
is the ave r age  veloci ty  of motion for  a f i lament  element;  
is the f i lament  radius;  
is the radius  for  the " secondary"  droplet .  
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