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ABSTRACT 

A se r i es  o f  exper imental  t e s t s  was c a r r i e d  out on an 'OGEE' shaped planform, l i q u i d  a i r - shea r  
e l e c t r o s t a t i c  nozzle. L i q u i d  was e j e c t e d  from t h e  upper sur face o f  i h e  nozz le  and was then dispersed and 
atomized e f f i c i e n t l y  by a h igh  speed a i r  f l o w  passing over t he  nozz le  and by t he  e f f ec t  o f  two very  s t rong  
coherent a i r  v o r t i c e s  generated by t h e  'OGEE1 shaped nozzle surface. I n i t i a l  t e s t  r e s u l t s  which are  presented 
i n  t h e  paper shaw the nozz le  t o  per form f a r  supe r i o r  t o  a s i m i l a r  d e l t a  wing shaped nozz le  design which i s  
used ex tens i ve l y  i n  var ious  i n d u s t r i a l  app l i ca t i ons .  

INTRODUCTION 

The a i r  shear nozzle i s  used i n  many spray a p p l i c a t i o n s  which r e q u i r e  r e l a t i v e l y  l a r g e  q u a n t i t i e s  
o f  f i n e l y  atomized l i q u i d  drop le ts .  It cons i s t s  o f  an o r i f i c e  which in t roduces a l i q u i d  i n t o  a h igh  v e l o c i t y  
a i r  stream. The a tomizat ion  r e s u l t s  from t h e  mechanical d i s r u p t i o n  o f  t he  l i q u i d  stream by the  a i r  shear and 
pressure forces1. A number o f  d i f f e r e n t  geometries have been used f o r  t he  nozz le  rang ing from simple open 
tubes t o  aerodynamical ly shaped nozzles. One comnonly used geometry i s  a d e l t a  wing shaped planform nozz le  
w i t h  a ra i sed  l i p  along i t s  t r a i l i n g  edge (See F igu re  1.) I n  a prev ious i n v e s t i g a t i o n 2  the  a tom iza t i on  
p a t t e r n  o f  t h i s  nozzle was s tud ied i n  order  t o  op t im ize  t h e  p o s i t i o n i n g  of an i n d u c t i o n  e lec t rode  fo r  
e l e c t r o s t a t i c  charging o f  the  d rop le t s .  I n  t he  course o f  t h i s  i n v e s t i g a t i o n  i t  was d iscovered t h a t  c o n t r a r y  
t o  expectat ions,  the  m a j o r i t y  o f  t h e  a tomizat ion  took p lace o f f  t h e  open sur tace o f  t he  nozz le  r a t h e r  than the 
ra i sed  1 i p .  This observat ion  l e d  t o  f u r t h e r  exper imenta t ion  t o  determine t h e  i n f l u e n c e  o f  t he  aerodynamic 
shape on the  e f f ec t i veness  o f  a tomizat ion .  It l e d  t o  t he  deve lo~ment  o f  t he  new OGEE shaped l i q u i d  a i r  shear 
nozzle shown i n  Fig. 2 (Patent Pending). I n  what fo l lows a d e s c r i p t i o n  o f  t he  theory  of opera t ion  along w i t h  
exper imental  r e s u l t s  are presented f o r  both  t he  d e l t a  wing and OGEE nozzles w i t h  and w i thou t  e l e c t r o s t a t i c  
charging. 

AIR FLOW CHARACTERISTICS AS APPLIED TO AIR SHEAR NOZZLE DESIGN 

The OGEE a i r  shear nozzle,  as shown i n  Fig. 2, has a s lender  wing a i r f o i l  p lan form shape. The 
p a r t i c u l a r  shape used i s  c a l l e d  an 'OGEE' wing according t o  t h e  resemblance t o  a l ead ing  edge o f  a wave l i k e  
form s i m i l a r  t o  t he  l e t t e r  I s ' .  The c h a r a c t e r i s t i c s  of s lender  wings are  we l l  descr ibed by ~ o e r n e r ~ .  The 
essen t i a l  f l o w  regime generated by a s lender  wing a t  an angle of inc idence t o  t h e  approaching f low cons i s t s  
o f  two, strong, coherent v o r t i c e s  c i r c u l a t i n g  w i t h  oppos i te  r o t a t i o n a l  sense. These v o r t i c e s  s t a r t  a t  t he  
apex o f  t he  nozzle and are c o n t i n u a l l y  shed from the  sharp ' s '  shaped l ead ing  edge t o  proceed downstream and 
pass over t he  t r a i l i n g  edge. The two v o r t i c e s  pass over t he  t r a i l i n g  edge o f  t h e  nozz le  a t  a p o s i t i o n  ranging 
from 90% t o  70% o f  the  semi span measured from the  nozz le  cen t re  l i n e .  This depends on the  angle o f  inc idence 
and t h e  r a t i o  o f  the  semi span t o  t h e  length .  The he igh t  o f  t h e  vor tex  cores above t h e  wing increases w i t h  an 
increase i n  t he  angle o f  incidence. I n  t he  design o f  an a i r -shear  nozz le  t h e  ang le  o f  inc idence and span t o  
l eng rh  r a t i o  has t o  be chosen such t h a t  t he  v o r t i c e s  shed from t h e  l ead ing  edge have a t r a j e c t o r y  passing near 
t he  reg ion  where l i q u i d  w i l l  be re leased i n t o  t he  f low. One advantage o f  us ing  a s lender  wing shaped nozz le  
i ns tead  o f  a more convent ional  s t r a i g h t  wing o f  h igher  aspect r a t i o  i s  t h a t  i n  t h e  case of a s lender  wing t h e  
coherent vor tex  p a t t e r n  i s  f u l l y  developed before  t he  f l o w  reaches the  t r a i l i n g  edge whereas f o r  a s t r a i g h t  
wing, t he  f l o w  i s  not f u l l y  developed u n t i l  a t  l e a s t  several  w i ~ g  spans downstream o f  t he  t r a i l i n g  edge. I n  
t he  f i n a l  design, the  v o r t i c e s  pass over the  upper sur face o f  t he  nozz le  and increase the  divergence o f  t h e  
l i q u i d  f low emi t ted  from the  upper surface. The e f f e c t  o f  t he  two v o r t i c e s  a l s o  c reates  a very :ow pressure  
o r  h igh  suc t i on  which improves the  1 i q u i d  f l aw  and d r o p l e t  atomizat ion.  The e f f e c t  o f  the  c i r c u l a t i o n  and 
r o t a t i o n  o f  t he  v o r t i c e s  a l s o  improves t h e  mass t r a n s f e r  o f  t h e  l i q u i d  d r o p l e t s  a f t e r  t h e  two-phase f low has 
passed downstream of  t he  t r a i l i n g  edge o f  t he  nozzle. A phys ica l  advantage o f  t h e  'OGEE' shaped p l a n f o n  
nozz le  compared w i t h  t he  d e l t a  wing s h a ~ e d  nozz le  i s  t h a t  geomet r i ca l l y  a l a r g e r  l i q u i d  j e t  can be achieved 
f o r  t h e  same length,  span and th ickness o f  nozzle. 

INDUCTION CHARGING WITH AIR SHEAR NOZZLES 

The geometry o f  the  a i r  shear nozz le  descr ibed above i r .  i d e a l l y  s u i t e d  f o r  i nduc t i on  charg ing 
s ince  the  a tomizat ion  takes p lace over t h e  open face of t he  nozzle. Thus by p l a c i n g  an i n s u l a t e d  p lane 
e lec t rode  oppos i te  the  nozzle face and by ensur ing  t h a t  t h e  l i q u i d  has adequate c o n d u c t i v i t y  and i s  connected 
t o  ground, i nduc t i on  charg ing o f  t he  d r o p l e t s  w i l l  t ake  p lace a t  t h e  moment o f  a tomizat ion .  The advantages o f  
combining e l e c t r o s t a t i c  charging i n  d r o p l e t  spray ing a re  we l l  known4 and when compared w i t h  s imple mechanical 
a t a n i r a t l o n  inc lude:  



1. The product ion o f  smal ler more un i formly  s ized drop le ts .  s ince e l e c t r o s t a t i c  sur face charge counteracts 
surface tens ion forces. 

2. k r e  un i fo rm ly  dispersed d rop le t s  on account of the mutual repu ls ion caused by t h e i r  l i k e  charges, 

3. More e f f e c t i v e  depos i t ion  o f  the charged d rop le t s  on t a r g e t  surfaces, due t o  the  a t t r a c t i o n  by inda4ced 
space charge image. 

I n  the previous work w i t h  the d e l t a  wing shaped nozzleZ the  s i z e  and shape o f  the i nduc t i on  
e lec t rode  was i nves t i ga ted  along w i t h  the  value o f  o p t i r u n  i nduc t i on  f i e l d  t o  maximize the charge t o  mass 
r a t i o s .  

EXPERIMENTAL RESULTS 

The experiments were c a r r i e d  out  us ing a comnerc ia l ly  a v a i l a b l e  a i r  b l a s t  sprayer o f  the K inke lder  
type as used i n  a g r i c u l t u r a l  spraying. For the purpose of these tes ts ,  the spray heads were modif ied t o  a1 low 
induc t i on  charging'. This modi f i ~ a t i o n  cons is ted of  rep lac ing  the  cast aluminum spray heads w i t h  i d e n t i c a l l y  
shaped f i b r e g l a s s  heads having conduct ive i nduc t i on  e lec t rodes embedded f l u s h  w i t h  the i n s i d e  surface a t  
p o i n t s  opposi te the a i r  shear nozzles. The e lec t rodes were connected v i a  an imt~edded h igh vo l tage cable t o  a 
s e l f  r egu la t i ng  H.V. power supply ra ted  15 kV open c i r c u i t .  The pcwer supply was fed f r a n  a 12 V DC bat tery .  
The complete spray system i s  shown i n  Fig. 3. With t h i s  arrangement i t  was poss ib le  t o  t e s t  the a i r  shear 
nozzles under f i x e d  cond i t i ons  w i t h  the  on ly  d i f f e r e n c e  being the  presence o r  absence o f  i nduc t i on  charging 
(i.e.: i nduc t i on  vo l tage switched on o r  o f f ) .  

F igure  4 shows an example o f  the type of a tomizat ion produced w i t h  a s i n g l e  NEE nozz le  mounted i n  
t he  spray head. This photograph i l l u s t r a t e s  the back flow o f  l i q u i d  caused by the v o r t i c e s  induced by the  
OGEE nozzle and the r e s u l t i n g  a tomizat ion.  Normally f i v e  nozzles were mounted i n  t h e  head dur ing the tes ts .  

The d rop le t s  were sampled us ing microscope s l  ides coated w i t h  v iscous polybutene. The s l i d e s  were 
mounted behind a mechanical shu t te r  having a 1 cm diameter opening. This al lowed the  s l i d e  t o  be exposed t o  
t h e  cloud of d rop le t s  for b r i e f  exposures (- 0.5 second). The viscous polybutene trapped the d rop le t s  i n t a c t  
and when covered w i t h  a s l i d e  cover imnedia te ly  a f t e r  sampling, allowed p a r t i c l e  ana lys i s  t o  be done up t o  2 
o r  3 days a f t e r  the t e s t  w i thout  any change i n  the sample. The p a r t i c l e s  were counted and s ized manually 
us ing a microscope equipped w i t h  a squared g r a t i c u l e .  

The spray pa t te rn  was sampled w i t h  the  shuttev mounted a t  a r i g h t  angle t o  the s p r i y  flow a t  a 
d i s tance  of 3 m from the  heads. Drop le t  charges were measured by c o l l e c t i n g  samples o f  the spray i n  a 
snielded m e t a l l i c  conta iner  connected as a Faraday p a i l .  Thus by measuring the accumulated charge for  a g iven 
MSS o f  drop le ts ,  the average charge t o  mass r a t i o  was ca lcu la ted.  

Table I, gives a s u m r y  o f  the r e s u l t s  obtained f o r  one set o f  cond i t ions.  A s i m i l a r  pat.tern o f  
r e s u l t s  was found f o r  d i f f e r e n t  f low ra tes  for  both the l i q u i d  feed and the  e n t r a i n w n t  a i r .  

TABLE 1 

RESULTS OF TESTS ON THE 'OGEE' SHAPED PLASTIC NOZZLE AND A DELTA WING SHAPED METAL NOZZLE 

'OGEE' Shaped P l a s t i c  Nozzle De l ta  Ying Metal Nozzle 

Voltage 'On' Voltage ' O f f '  Voltage 'On' V o l t a g  'O f f '  

&an diameter of d rop le t  51 6 1 69 70 
(um) 
Standard dev ia t i on  o f  37 32 48 6 1 

diameters measured (urn) 

Charge t o  mdss r a t l c  
( vCl9 1 
A i r  speed (mls) 

l i q u i d  f low r a t e  = kg/s/nozzle 

DISCUSSION 

One o f  the most s i g n i f i c a n t  f i nd ings  i n  the course o f  t h i s  development was the ?served backf low 
of the l i q u i d  cber the top surface of the OGEE nozzle.  The f l ow  v i s u a l i z a t i o n  s tud ies  c l e a r l y  showed tha t  
when the l i q u i d  emerged f r a n  the upper surface o f  the nozzle the i n i t i a l  mot ion was upstream due t o  t! ie 
separated f l ow  near the cent re  o f  the nozzle. This g r e a t l y  improved the mechanical a tomizat ion o f  the l i q u i d  
s ince it was more r e a d i l y  ent ra ined by the two s t rong coherent vor t ices .  I n  add i t i on ,  the upstream motion 
produced a l a r g e r  area of a tomizat ion g i v i n g  b e t t e r  exposure t o  the induc ing e l e c t r i c  f i e l d  f o r  the combfned 
mechanical - e l e c t r o s t a t i c  atomizat ion. 



As seen from Table I, t h e  OGEE generated d rop le t s  o f f e red  cons iderab le  improvement over t h e  d e l t a  
wing nozzle. Comparing the two cond i t i ons  i .e. w i t h  and w i thou t  e l e c t r o s t a t i c  charg ing it i s  seen t h a t :  

a )  t h e  d r o p l e t s  generated w i t h  t h e  OGEE a re  smallt!r i n  diameter;  13% i n  t h e  case o f  pure mechanical 
atomizat ion,  26% i n  the  case o f  mechanical - e l e c t r o s t a t i c  a tomizat ion .  

b )  t h e  d r o p l e t s  generated w i t h  t h e  OGEE are  more ur i i form; t he  standard d e v i a t i o n  i s  48% smal le r  i n  t he  case 
o f  mechanical atomizat ion,  23% sma l l e r  i n  t he  case o f  mechan i ca l -e lec t ros ta t i c  a tomizat ion .  

c )  t h e  number o f  d rop le t s  generated w i t h  t he  OGEE i s  g rea te r :  cons ide r i ng  t h a t  t he  l i q u i d  f l o w  r a t e s  were 
t h e  same i n  a l l  cases and t h a t  mass i s  p rcpo r t i ona l  t o  the  cube o f  d iameter t h e  average number o f  OGEE 
generated drops i s  147% g rea te r  than t h e  d e l t a  generated drops f o r  t h e  mechanical a tomizat ion ,  and 2453 
g rea te r  f o r  the  mechan i ca l -e lec t ros ta t i c  a tomizat ion .  

d )  t h e  mechan i ca l -e lec t ros ta t i c  a tom iza t i on  produced i n  the  OGEE nozz le  i s  supe r i o r  t o  a l l  o the r  c o n d i t i o n s  
i n  terms o f  minimum p a r t i c l e  s ize ,  u n i f o r m i t y  o f  p a r t i c l e  s ize ,  maximum number o f  d r o p l e t s  f o r  a g ivpn 
l i q u i d  f low r a t e  and charge t o  mass r a t i o .  

CONCLUSIONS 

Due t o  the  improved a tom iza t i on  i t  it be l i eved  t h a t  t h e  new nozz le ,descr ibed here w i l l  Save 
supe r i o r  c h a r a c t e r i s t r i c s  f o r  bo th  i n d u s t r i a l  and a g r i c u l t u r a l  a p p l i c a t i o n s  where l a r g e  concen t ra t i ons  o f  
reasonably uniform, small s i zed  :'-oplets are  requ i red.  Also being an a i r  shear nozz le  it r e t a i n s  t h e  
advantages of having a r e l a t i v e l y  l a r g e  diameter c l o g  f r e e  feed a l l o w i n g  s u b s t a n t i a l  l i q u i d  f l o w  ra tes .  
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FIGURE 2. THE OGEE A I R  SAEP.!? HOZZLE. 
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HEAD (ENTRAINMENT A I R  VESOCl TY 
$ 5  n/s). 

FIGURE 3, WE ELECTROSTATIC SPRAY SYSTEM. 




