
T H E O R E T I C A L  S T U D I E S  ON SOME A S P E C T S  OF D R O P L E T  A N D SPR AY

E V A P O R A T I O N

S Y N O P S I S

E v a p o r a t i o n  of a t o m i s e d  l i q u i d  s pr ay s in a hot c o n v e c t i v e  

g a s e o u s  m e d i u m  is a s s o c i a t e d  w i t h  the pow er i n d u s t r y  using 

l i q u i d  fuel c o m b u s t i o n  and also w i t h  the pr o c e s s  

i n d u s t r y  in the fi e l d  of s p r a y  d r y i n g .  The e n t i r e  s u c c e s s  

of these p r o c e s s e s  are c e n t e r e d  ar ou nd  the p h y s i c a l  

u n d e r s t a n d i n g  of the bas ic m e c h a n i s m  of a t o m i s a t i o n  of 

l i q u i d  and of the e v a p o r a t i o n  h i s t o r i e s  of the r e s u l t i n g  

s p r a y  in a s t r e a m  of s u r r o u n d i n g  hot gas. W h i l e  on one 

h a n d  , the g e n e r a t i o n  of a s p r a y  of p r e a s s i g n e d  

c h a r a c t e r i s t i c s ,  is g u i d e d  by the h y d r o d y n a m i c s  of fl o w  

i n s i d e  the n o z z l e  and the h y d r o d y n a m i c  i n s t a b i l i t y  of the 

m o v i n g  li qu id  she et or jet in the s u r r o u n d i n g  m e d i u m  

c u l m i n a t i n g  in f o r m a t i o n  of d r o p l e t s , t h e  e f f e c t i v e  

o p e r a t i o n  of the e n t i r e  s p r a y  e v a p o r a t i o n  on the o t h e r  

h a n d  is d i c t a t e d  by the k i n e m a t i c s  and th e r m a l  

i n t e r a c t i o n s  of the d r o p l e t s  w i t h  the s u r r o u n d i n g  

c o n v e c t i v e  m e d i u m .  M o r e o v e r , t h e  t h e r m o d y n a m i c  a n a l y s i s  of 

s p r a y  e v a p o r a t i o n  al so pl a y s  an i m p o r t a n t  role in the 

o p t i m i s a t i o n  of the p r o c e s s  w i t h  r e s p e c t  to the e f f i c i e n t  

t r a n s f e r  of e n e r g y ,  in p a r t i c u l a r -  in r e l a t i o n  to its 

a p p l i c a t i o n  in the p o we r  se ct o r.

L i t e r a t u r e  r e v i e w  on s p r a y  g e n e r a t i o n  sho ws that a go o d  

n u m b e r  of t h e o r e t i c a l  and e x p e r i m e n t a l  s t u d i e s  are
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a v a i l a b l e  both in r e l a t i o n  to the h y d r o d y n a m i c s  of fl o w  

i n s i d e  the n o z z l e  and also to the pro ce ss  of a t o m i s a t i o n  

t h r o u g h  the h y d r o d y n a m i c  i n s t a b i l i t y  of the high speed 

l i q u i d  sheet or jet in the s u r r o u n d i n g  medium. These 

i n v o l v e  p r e d i c t i o n s  of spr ay c h a r a c t e r i s t i c s  as a f u n c t i o n  

of p e r t i n e n t  input p a r a m e t e r s  - namel y,  the i n j e c t i o n  

c o n d i t i o n s  , n o z z l e  g e o m e t r y  and the p r o p e r t i e s  of the 

l i q u i d  and the s u r r o u n d i n g  med iu m.

In the field of s p ra y  e v a p o r a t i o n  in a hot c o n v e c t i v e  

g a s e o u s  m e d i u m ,  a la rge  n u m b e r  of w o r k -  b o t h  e m p i r i c a l  and 

t h e o r e t i c a l  in n a t u r e  are a v a i l a b l e ,  r e l a t i n g  to the 

s t u d i e s  of he at , ma s s  and m o m e n t u m  t r a n s p o r t  of a s i n g l e  

e v a p o r a t i n g  d r o p  and to the s t u d i e s  of s p r a y  m o d e l l i n g  - 

e i t h e r  on the b a s i s  of d i s c r e t e  d r o p l e t  b e h a v i o u r  or on 

the ba si s of l o c a l i s e d  h o m o g e n e o u s  flow. F r o m  a w id e 

r e v i e w  of the l i t e r a t u r e  in this fi eld  it a p p e a r s  that 

c e r t a i n  a s p e c t s  of sp r a y  e v a p o r a t i o n’ ha ve not yet 

r e c e i v e d  a d e q u a t e  a t t e n t i o n  and r e q u i r e  to be a n a l y s e d  

f u r t h e r .  A f e w  s uch a s p e c t s  can be s u m m a r i s e d  and 

c l a s s i f i e d  as f o l l o w s  :

I . P r e d i c t i o n  of t r a n s p o r t  c o e f f i c i e n t s  of an

e v a p o r a t i n g  l i q u i d  d r o p  by a t h e o r e t i c a l  

a n a l y s i s  t h r o u g h  the use of the f u n d a m e n t a l  

c o n s e r v a t i o n  e q u a t i o n s .

II . D e s c r i p t i o n  of a g e n e r a l i s e d  m a t h e m a t i c a l

m o d e l  d e p i c t i n g  the i n t e r a c t i o n s  b e t w e e n  the 

e v a p o r a t i o n  and the p e r f o r m a n c e  c h a r a c t e r i s t i c s
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of s p r a y  t h r o u g h  Che r e l a t i v e  i n f l u e n c e s  of all 

the p e r t i n e n t  input p a r a m e t e r s  i n v o l v e d  in the 

p r o c e s s  .

III. T h e r m o d y n a m i c  a n a l y s i s  in e v a l u a t i n g  the total 

i r r e v e r s i b i l i t i e s  a s s o c i a t e d  wi t h  the p r o c e s s  

of s p r a y  e v a p o r a t i o n  and its o p t i m i s a t i o n  with 

re s p e c t  to the to tal  e n e r g y  t r an sf er .

IV . Basic u n d e r s t a n d i n g  of the m e c h a n i s m  of 

a u g m e n t i n g  the t r a n s p o r t  p r o c e s s e s  f r o m  an 

e v a p o r a t i n g  liq ui d drop by the i n c o r p o r a t i o n  of 

free s t r e a m  t u r b u l e n c e s .

T h i s  th e s i s  is t h e r e f o r e  d i r e c t e d  to w a r d s  a t h e o r e t i c a l  

i n v e s t i g a t i o n s  in to the d i f f e r e n t  as p e c t s  of d r o p l e t  and 

s p r a y  e v a p o r a t i o n  as m e n t i o n e d  ab o v e  and has been 

p r e s e n t e d  u n d e r  the f o l l o w i n g  b r oa d heads:

A. N u m e r i c a l  p r e d i c t i o n  of heat and mass t r a n s f e r  

c o e f f i c i e n t s  of an e v a p o r a t i n g  l i q u i d  d r o p  in 

c r e e p i n g  f l o w .

B. I n v e s t i g a t i o n s  into the p e r f o r m a n c e  c h a r a c t e r i s t i c s  

of an e v a p o r a t i n g  a t o m i s e d  s p r a y  in a u n i f o r m  s t r e a m  

of hot g a s .

.1 I n f l u e n c e  of d o w n s t r e a m  d i s t a n c e  on dr o p  size 

c h a r a c t e r i s t i c s

.2 E v a p o r a t i o n  , dro p size and s p a t i a l  d i s p e r s i o n  

c h a r a c t e r i s t i c s  of ^liquid s p r a y  c o n t a i n i ng d i s s o l v e d  

sol id s ^

,3 S e c o n d  law a n a l y s i s  of s p r a y  e v a p o r a t i o n
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C. D y n am ic s of a liqu id  d r o p l e t  , and e v a p o r a t i o n

h i s t o r i e s  of d r o p l e t s  and spr ay s in p e r i o d i c a l l y  

f l u c t u a t i n g  free s t r e a m  m o t i o n  

.1 Drag r e s i s t a n c e  on a li qu id  s p he re  in c r e e p i n g  flow 

w i t h  a p e r i o d i c a l l y  f l u c t u a t i n g  free s t r e a m  m o t i o n  

.2 K i n e m a t i c s  and e v a p o r a t i o n  h i s t o r i e s  of d r o p l e t s  

and sp ra y s  in a p e r i o d i c a l l y  f l u c t u a t i n g  free s t r e a m  

m o t i o n

A bri ef d e s c r i p t i o n  on the w o r k  l i s t e d  a b o v e  is g i ve n 

b e l o w  :

A. N U M E R I C A L  P R E D I C T I O N  OF H E A T  AND M A S S  T R A N S F E R  

C O E F F I C I E N T S  OF A N  E V A P O R A T I N G  L I Q U I D  DR OP IN 

C R E E P I N G  F L O W

H eat  and mass t r a n s f e r  c o e f f i c i e n t s  of an e v a p o r a t i n g  

l i q u i d  sp he r e  in a 2 - d i m e n s i o n a l  c r e e p i n g  f l o w  hav e been 

p r e d i c t e d  fro m n u m e r i c a l  s o l u t i o n s  of e n e r g y  and s p e c i e s  

c o n t i n u i t y  e q u a t i o n s .  The h y d r o d y n a m i c  f l o w  field of the 

g a s e o u s  p h a s e  s u r r o u n d i n g  the d r o p  has b e e n  t a k e n  as that 

of a s t e a d y  2 - d i m e n s i o n a l  c r e e p i n g  f l o w  a r o u n d  a l i q u i d  

s p h e r e  ( H a d a m a r d  - R y b c z y n s k i  s o l u t i o n )  s u p e r i m p o s e d  w i t h  

a p u r e l y  r a d i a l  f l o w  f i e l d  o r i g i n a t i n g  f r o m  the d i f f u s i o n  

of the l i q u i d  v a p o u r  in t o  the s u r r o u n d i n g  and the 

c o n t i n u o u s  d i s p l a c e m e n t  of the l i q u i d - v a p o u r  i n t e r f a c e  

( d r o p l e t  r a d i u s ) .  The t e m p e r a t u r e  and the v a p o u r  

c o n c e n t r a t i o n  f i e l d s  a r o u n d  the d r o p l e t  at a n y  i n s t a n t  has 

b e e n  m a p p e d  in r-8 p l a n e  f r o m  the s o l u t i o n s  of e n e r g y  and

u
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s p e c i e s  c o n t i n u i t y  e q u a t i o n s .The s o l u t i o n s  to these

c o n s e r v a t i o n  e q u a t i o n s  have be en o b t a i n e d  by the fi ni te

d i f f e r e n c e  t e c h n i q u e  wi th  the a l t e r n a t i n g  d i r e c t i o n

i m p l i c i t  s c h e m e  a l o n g w i t h  the re la van t initia l and

b o u n d a r y  c o n d i t i o n s  of the p r o bl em . The a v e r a g e  Nus se lt
r - — ■--------------------------- — "  - ‘

and S h e r w o o d  n u m b e r s  at any i n s t a n t  have b e e n  c a l c u l a t e d  

f r o m  the s u r f a c e  i n t e g r a l  of the lo ca l t r a n s f e r  

c o e f f i c i e n t s  d e t e r m i n e d  fr om the r e s p e c t i v e  g r a d i e n t s  at 

d i f f e r e n t  p o i n t s  on the s u r f ac e . F i n al ly , the st ea dy  state 

v a l u e s  of the a v e r a g e  N u s s e l t  and S h e r w o o d  n u m b e r s  

a l o n g w i t h  th e i r  v a r i a t i o n s  with» Pe c l e t  and Le wis  n u m b e r s  

h a v e  b e e n  predicted,. The r e s u l t s  ha v e b e e n  c o m p a r e d  wit h 

the e x i s t i n g  e m p i r i c a l  i n f o r m a t i o n s  on the r e s p e c t i v e  

t r a n s p o r t  c o e f f i c i e n t s  of an e v a p o r a t i n g  l i q u i d  s p h e r e  in 

v e r y  l o w  r a n g e s  of R e y n o l d s  n u m b e r  ( c o m p a t i b l e  to c r e e p i n g  

flow ).

B. I N V E S T I G A T I O N S  IN T O  THE P E R F O R M A N C E  C H A R A C T E R I S T I C S  OF 

AN E V A P O R A T I N G  A T O M I S E D  S P R A Y  IN A U N I F O R M  S T R E A M  OF 

H O T  GAS

A n o n - e v a p o r a t i v e  s p r a y  is u s u a l l y  c h a r a c t e r i s e d  by the 

d r o p  size d i s t r i b u t i o n  and s p a t i a l  d i s p e r s i o n  

f e a t u r e s ,w h i l e  for an e v a p o r a t i n g  s p r a y , i n  a d d i t i o n  to 

a b o v e , t h e  rat e of e v a p o r a t i o n  ( b a s e d  on its i n t e r a c t i o n  

w i t h  the s u r r o u n d i n g  s t r e a m )  a l o n g w i t h  the e n t r o p y  

g e n e r a t i o n  h i s t o r i e s  are i m p o r t a n t  p a r a m e t e r s  for its 

c h a r a c t e r i s a t i o n .  W h i l e  the s t u d i e s  on the r at e of 

e v a p o r a t i o n ,  s p a t i a l  d i s p e r s i o n  and d r o p  si z e  d i s t r i b u t i o n
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c h a r a c t e r i s t i c s  gi v e  an i ns i g h t  into the ba si c d i m e n s i o n s  

of the c h a mb er , the s ec on d  law a n a l y s i s  a id ed  by the 

e n t r o p y  g e n e r a t i o n  h i s t o r i e s  will lead to the co n c e p t  of 

o p t i m i s a t i o n  of the p r o c e s s  in r e l a t i o n  to the e f f i c i e n t  

t r a n s f e r  of e n e r g y .  The w o r k  un de r this head is ai me d at 

c a r r y i n g  out s t u d i e s  on these a s p e c t s  of s p r a y  e v a p o r a t i o n  

and has been p r e s e n t e d  as b e l o w  :

B.l I n f l u e n c e  of d o w n s t r e a m  d i s t a n c e  on drop size 

c h a r a c t e r i s t i c s

N u m e r i c a l  s t u d i e s  ha ve  b een  m a d e  to e v a l u a t e  the d r o p  size 

d i s t r i b u t i o n s  and m e a n  dr op  d i a m e t e r  of an a t o m i s e d  li qu id  

s p r a y  at v a r i o u s  d o w n s t r e a m  d i s t a n c e s  in a u n i f o r m  s t r e a m  

of hot gas. W i t h  the hel p of a u n i f i e d  s p r a y  e v a p o r a t i o n  

m o d e l ,d e v e l o p e d  for the p r e s e n t  p u r p o s e ,  both the 

t h e o r e t i c a l  dr op si ze d i s t r i b u t i o n  and the s am e that co ul d 

h a v e  b e e n  o b t a i n e d  in p r a c t i c e  by li gh t s c a t t e r i n g  

m e a s u r e m e n t  t e c h n i q u e ,  have b e e n  d e t e r m i n e d  n u m e r i c a l l y  at 

d i f f e r e n t  d o w n s t r e a m  s e c t i o n s  p e r p e n d i c u l a r  to the axis of 

the spray. V a r i a t i o n s  of m as s m e a n  d r o p  d i a m e t e r  w i t h  the 

a x i a l  d i s t a n c e  for an y a t o m i s e d  sp ra y,  s p e c i f i e d  by the 

R o s i n  - R a m m l e r  e q u a t i o n  as its i n i t i a l  size d i s t r i b u t i o n  

f u n c t i o n , h a s  b e e n  e s t a b l i s h e d .  F i n a l l y ,  the i n f l u e n c e s  of 

all the p e r t i n e n t  input p a r a m e t e r s  c o n t r o l l i n g  the 

d i s p e r s i o n  and e v a p o r a t i o n  of the s p r a y  on the mass mea n 

d i a m e t e r  - d i s t a n c e  h i s t o r i e s  ha ve b e e n  r e c o g n i s e d .  A 

c o m p a r a t i v e  p i c t u r e  of the i n f l u e n c e  of d o w n s t r e a m  

d i s t a n c e  on a c t u a l  m a s s  m e a n  d i a m e t e r  an d that w h i c h
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c o ul d have be en o b t a i n e d  from light s c a t t e r i n g
^ --  ---------- * “ * -  * * —

m e a s u r e m e n t  t e c h n i q u e  , f o r bo th  non - e v a p o r a t i ve _

e v a p o r a t i v e  a t o m i s e d  sp ra ys  is one___of th e _i n t e r e s t i n g

p r e d i c t i v e  f e a t u r e s  of this p r o b l e m .

B.2 E v a p o r a t i o n ,  dro p si ze and s p a t i a l  d i s p e r s i o n

c h a r a c t e r i s t i c s  of li qu id  s p ra y c o n t a i n i n g

d i s s o l v e d  solid s.

A n u m e r i c al m o d e l  e x p r e s s e d  in n o n d i m e n s i o n a  1 form has

b e e n  d e v e l o p e d  to d e s c r i b e  t h e _ e v a p o r a t i on , d r o p ^ s i z e_and

s p a t i a l  d i s p e r s i o n  h i s t o r i e s  of an a t o m i s e d  l i q u id spray^ 

c o n t a i n i n g  d i s s o l v e d  so li ds  in a s t r e a m  of hot g a s . The 

m o d e l  u t i l i s e s  the e m p i r i c a l  e q u a t i o n s  (as d e s c r i b e d  in 

l i t e r a t u r e )  of t r a n s p o r t  p r o c e s s e s  for d i s c r e t e  d r o p s  and 

is b a s e d  on the a s s u m p t i o n  of g r a d u a l  a c c u m u l a t i o n  of 

s o l i d  p a r t i c l e s  in the core. It i n c o r p o r a t e s  a g e n e r a l i s e d  

s c h e m e ,  d e v e l o p e d  for the p u r p o s e  of u p d a t i n g  the l i q u i d  

and the s u r r o u n d i n g  gas p r o p e r t i e s  due to c h a n g e s  in 

t e m p e r a t u r e  a n d  c o n c e n t r a t i o n  of the c o n s t i t u e n t s .  The 

e v a p o r a t i o n  and the m e a n  d r o p  d i a m e t e r  h i s t o r i e s  of s p r a y s  

a l o n g  the d i s t a n c e  for all the p e r t i n e n t  input p a r a m e t e r s  

lik e  i n i t i a l  l i q u i d c o n c e n t r a t i o n ,  R e y n o l d s  n u m b e r  of 

s p r a y , r a t i o  of s u r r o u n d i n g  to d r o p l e t  i n i t i a l  t e m p e r a t u r e  

h a v e  b e e n  s t u d i e d  in this p r o b l e m .

B.3 S e c o n d  l a w  a n a l y s i s  of s p r a y  e v a p o r a t i o n

S e c o n d  l a w  a n l y s i s  for a n e v a p o r a t i n g  a t o m i s e d  l i q u i d  

s p r a y  is m a d e  in a u n i f o r m  p a r a l l e l  s t r e a m  of hot gas.
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W i t h  the h e l p  of the n u m e r i c a l  mod el for spray 

e v a p o r a t i o n ,  as d e s c r i b e d  e a r l i e r ,  an e x e r g y  ( a v a i l a b l e  

e n e r g y )  a n a l y s i s  has been c a r r i e d  out to d e t e r m i n e  

t h e o r e t i c a l l y  the e n t r o p y  g e n e r a t i o n  h i s t o r i e s  of the 

e v a p o r a t i n g  spra y.  The total rates of heat t r a n s f e r  and 

a s s o c i a t e d  i r r e v e r s b i 1 ities for c o m p l e t e  e v a p o r a t i o n  of 

the s p ra y has b e e n  c a l c u l a t e d .  A m e r i t  f u n c t i o n  M, d e f i n e d  

as

ra te of total e x e r g y  t r a n s f e r r e d
M = --------------------------------------------------------------------------,,

(rate of total e x e r g y  t r a n s f e r r e d  + rate of total

e x e r g y  d e s t r o y e d )

has b e e n  e v a l u a t e d  for v a r i o u s  v a l u e s  of p e r t i n e n t  input 

p a r a m e t e r s  ,n a m e l y  the i ni t i a l  R e y n o l d s  n u m b e r  , Re^( )

an d the ratio of a m b i e n t  to in it al  d r o p l e t  t e m p e r a t u r e ,

i i
0 ( - 6L / 0.) • F i n a l l y ,  f r o m  the i n f l u e n c e s  of Re: and 0 on theAC w | ' ' 1 or.

m e r i t  f u n c t i o n  and on the l e n g t h  of c o m p l e t e  e v a p o r a t i o n  

c o n c l u s i o n s  h a v e  be en d r a w n  in the li gh t of the t h e r m o d y n 

a m i c  o p t i m i s a t i o n  of the p r o c e s s .

T h o u g h  it ha s be en felt that the t h e r m o d y n a m i c  

o p t i m i s a t i o n  in r e l a t i o n  to e x e r g y  t r a n s f e r  is not of 

p r i m e  p r a c t i c a l  i m p o r t a n c e  in the e v a p o r a t i o n  of a t o m i s e d  

s p r a y s  of l i q u i d  c o n t a i n i n g  d i s s o l v e d  so li d s ,  a s s o c i a t e d  

w i t h  the p r o c e s s  of s p ra y d r y i n g ,  the e n t r o p y  g e n e r a t i o n  

h i s t o r i e s ,rep r e s e n t i n g  the i r r e v e r s i b i l i t y  c h a r a c t e r i s t i c s

of the p r o c e s s  has^_Jaeeji p r e s e n t e d  for a t h e o r e t i c a l

u n d e r s t a n d i n g  of the p h e n o m e j i a ^ ,
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C. D Y N A M I C S  OF A L I Q U I D  D R O P L E T  A N D  E V A P O R A T I O N  

H I S T O R I E S  OF S IN GL E  D R O P L E T  A N D  S P RA YS  IN 

P E R I O D I C A L L Y  F L U C T U A T I N G  FREE S T R E A M  M O T I O N

I n c o r p o r a t i o n  of free s t r e a m  t u r b u l e n c e s  in the flow field
—- ~ - - -

is one of the c o n v e n t i o n a l  m e t h o d s  of a u g m e n t i n g  the 

t r a n s p o r t  p r o c e s s e s .  In r e l a t i o n  to the e v a p o r a t i o n  of 

d r o p l e t s  and sp r a y s,  the d i f f u s i o n  of v a p o u r  ( g e n e r a t e d  

f r o m  the dro ps )and its e x p a n s i o n  in the free s t r e a m  a ls o 

i n d u c e  a f l u c t u a t i n g  v e l o c i t y  fi el d a l o n g w i t h  that a l r e a d y  

i m p o s e d  in the m a i n  s t r e a m  to e n h a n c e  the rate of 

e v a p o r a t i o n .  T h e  m e c h a n i s m  of s p r a y  e v a p o r a t i o n  u n d e r  this 

s i t u a t i o n  is g u i d e d  by the p h y s i c a l  r e s p o n s e  of the 

d i s c r e t e  d r o p l e t s  to su ch c h a n g e s  in r e l a t i o n  to th ei r 

t r a n s p o r t  p r o c e s s e s .  In o r d e r  to t h r o w  l i g h t  u n d e r  suc h 

c o n d i t i o n s  on the a s p e c t s  of s p r a y  e v a p o r a t i o n ,  an a t t e m p t  

has b e e n  m a d e , t h r o u g h  a p e r i o d i c  s i m m u l a t i o n  of free 

s t r e a m  t u r b u l e n c e ,in this w o r k  and is p r e s e n t e d  in the 

f o l l o w i n g  p r o b l e m s .

C*1 D r a g  r e s l s i t a n c e  on a l i q u i d  s p h e r e  in c r e e p i n g  f l o w  

w i t h  a p e r i o d i c a l l y  f l u c t u a t i n g  free s t r e a m  m o t i o n

T h e o r e t i c a l  s t u d i e s  h ave  b e e n  c a r r i e d  out to e v a l u a t e  the 

d r a g  r e s i s t a n c e  on a l i q u i d  s p h e r e  in c r e e p i n g  f l o w  (Re-*0) 

w i t h  a p e r i o d i c a l l y  f l u c t u a t  i n g f r e e  s t r e a m  m o t i o n  o ver a 

u n i f o r m  m e a n  v a l u e .  D ra g c o e f f i c i e n t  on the s p h e r e  has 

b e e n  c a l c u l a t e d  f r o m  the p r e s s u r e  and v e l o c i t y  

d i s t r i b u t i o n s  at its s u r f a c e  o b t a i n e d  f r o m  the a n a l y t i c a l
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s o l u t i o n  of the N a v i e r - S t o k e s  e q u a t i o n s .  The re su l t s  are 

p r e s e n t e d  in t e rm s of a f r a c t i o n a l  e r r o r  G ,d e f i n e d  as the 

r e l a t i v e  c h a n g e  of the i n s t a n t a n e o u s  drag c o e f f i c i e n t  in 

the u n s t e a d y  ca se fro m that c o m p u t e d  from the st ea dy  state 

d r a g  law ( H a d a m a r d  - R y b c z y n s k i  s o l u t i o n )  w i t h  R e y n o l d s  

n u m b e r  bas ed on i n s t a n t a n e o u s  v e l o c i t y ,  a s s u m i n g  a q u a s i 

s t e a d y  s i t u a t i o n .  It is o b s e r v e d  that € e x e c u t e s  a 

p e r i o d i c  f u n c t i o n  of time w i t h  a s hi ft of ph ase  fro m 

that of the p e r i o d i c  free s t r e a m  f l u c t u a t i o n .  A d e c r e a s e  

in u'tt ( uK / ) , Re ( 2aUWip / fi) and an i n c r e a s e  in U u ^ / u a ) ,

d e c r e a s e s  € at an y i n s t a nt . It has be en c o n c l u d e d  that as 

/
L i n c r e a s e s  g r a d u a l l y  t o w a r d s  the o r d e r  of 1 or m o r e , e v e n  

the m a x i m u m  v a l u e s  of € fall to n e g l i g i b l e  q u a n t i t i e s  for 

m o d e r a t e  v a l u e s  of v e l o c i t y  a m p l i t u d e s  of the f l u c t u a t i n g  

c o m p o n e n t  - th u s j u s t i f y i n g  the use of the s t e a d y  s t a t e  

d r a g  l a w  (b as ed  on i n s t a n t a n e o u s  v e l o c i t y )  to e v a l u a t e  the 

d r a g  c o e f f i c i e n t .

C . 2  K i n e m a t i c s  and e v a p o r a t i o n  h i s t o r i e s  of d r o p l e t s  and  

s p r a y s  in a p e r i o d i c a l l y  f l u c t u a t i n g  free s t r e a m  

m o t i o n

I n f l u e n c e  of fr ee  s t r e a m  t u r b u l e n c e  on the k i n e m a t i c s  and 

e v a p o r a t i o n  c h a r a c t e r i s t i c s  of a s i n g l e  d r o p l e t  a l o n g w l t h  

s p r a y  e v a p o r a t i o n  has b e e n  r e c o g n i s e d  t h r o u g h  a s i m p l i f i e d  

n u m e r i c a l  m o d e l  w i t h  a p e r i o d i c  s i m u l a t i o n  of free s t r e a m  

t u r b u l e n c e .  For a c o n t i n u o u s  i n j e c t i o n  of s i n g l e  d r o p s  the 

p e r i o d i c  free s t r e a m  c o n d i t i o n s  i n d u c e s  a p e r i o d i c  m o t i o n  

( w it h the sam e f r e q u e n c y  as that of the fr e e  s t r e a m )  on
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b o t h  the n o n - e v a p o r a t i v e  and e v a p o r a t i v e  d r o p s  at any 

d o w n s t r e a m  s e c t i o n .  The amp 1 1 1 u d e - d i s t a n c e  h i s t o r y  for a 

n o n - e v a p o r a t i v e  d r o p  e x h i b i t s  that the a m p l i t u d e  of dr o p  

v e l o c i t y  i n c r e a s e s  s h a r p l y  to a m a x i m u m  va lu e,  w i t h i n  a 

v e r y  s ho rt  d i s t a n c e  fr om the pla ne of i n j e c t i o n  and 

g r a d u a l l y  f l a t t e n s  or d e c r e a s e s  and th en at t a i n s  a 

c o n s t a n t  v a l u e (d e p e n d i n g  upo n the f r e q u e n c y ) .  In 

c o n t r a s t , i n  the case of the e v a p o r a t i n g  d r o p  the a m p l i t u d e  

of d r o p l e t  v e l o c i t y  i n s t e a d  of a t t a i n i n g  a c o n s t a n t  va lu e 

g o e s  on i n c r e a s i n g  m o n o t o n i c a l l y  in its e n t i r e  life time . 

R e g a r d i n g  the i n f l u e n c e  of free s t r e a m  f l u c t u a t i o n  on 

s p r a y  e v a p o r a t i o n ,  it is f o un d that an i n c r e a s e  in the 

r a t i o  of v e l o c i t y  a m p l i t u d e  of f l u c t u a t i n g  c o m p o n e n t  to 

the m e a n  v a l u e  of the free s t r e a m  (u* = u ® / U ® )  e n h a n c e s  

the e v a p o r a t i o n  rate w i t h  a c o n s e q u e n t i a l  d e c r e a s e  in the 

l e n g t h  of e v a p o r a t i o n .The f r e q u e n c y  of free s t r e a m  

f l u c t u a t i o n  h o w e v e r  has a n e g l i g i b l e  e f f e c t  on the 

e v a p o r a t i o n  h i s t o r y  of sprays .
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