
i 
.-. , 

NASA Technical Memorandum 100813 

8 

Effect of' Mass-Velocity on Liquid Jet 
Atomization in Mach 1 Gasflow 

Robert D. Ingebo 
Lewis Research Center 
Cleveland, Ohio 

[NASA-TM-100813) EFFECT OF MBSS-VEL3CXTY ON ~88-23-194 LIQUID J E T  A T O H I Z B T I O N  IN MACH I GASFLOU 

lNASA) 8 p CSCL 14fl 
Unclas 

6313s 0142399 

Prepared for the 
Foarth International Conference on Liquid Atomization and Spray Systems 
sponsored by The Fuel Society of Japan 
Sendai, Japotn, August 22-24, 1988 



EFFECT OF MASS-VELOCITY ON LIQUID JET A T O M I Z A T I O N  I N  MACH 1 GASFLOW 

R o b e r t  0. I n g e b o  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
C1 eve1 and, O h i o  441 35 

SUMMARY 

I n t e r a c t i n g  two-phase f low i n  f o u r  d i f f e r e n t l y  s i z e d  pneumat ic  t w o - f l u i d  
a t o m i z e r s  was i n v e s t i g a t e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  gas m a s s - v e l o c i t y  o n  
t h e  S a u t e r  mean d i a m e t e r  o f  sprays  produced b y  smal l  d i a m e t e r  l i q u i d  j e t s  
b r e a k i n g  up i n  h i g h  v e l o c i t y  g a s f l o w .  Tes ts  were conducted  p r i m a r i l y  i n  t h e  
a c c e l e r a t i o n - w a v e  reg ime f o r  l i q u i d  j e t  a t o m i z a t i o n ,  where i t  was f o u n d  t h a t  
t h e  loss o f  d r o p l e t s  due t o  v a p o r i z a t i o n  had a marked e f f e c t  on d r o p  s i z e  meas- 
urements.  A s c a t t e r e d - l i g h t  scanner ,  deve loped a t  NASA Lewis Research C e n t e r  
was used t o  measure t h e  S a u t e r  mean d i a m e t e r ,  032, wh ich  was c o r r e l a t e d  w i t h  
n i t r o g e n  gas m a s s - v e l o c i t y  t o  g i v e  t h e  f o l l o w i n g  e x p r e s s i o n :  
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D32 - 1  = 11.7(p,,/Vn) 1.33 

The exponent  1.33 f o r  t h e  gas m a s s - v e l o c i t y  i s  i d e n t i c a l  t o  t h a t  p r e d i c t e d  b y  
a t o m i z a t i o n  t h e o r y  f o r  l i q u i d  j e t  b reakup i n  t h e  a c c e l e r a t i o n - w a v e  reg ime.  

INTRODUCTION 

When l i q u i d  f u e l s  a r e  i n j e c t e d  i n t o  gas t u r b i n e  or r o c k e t  combustors  t h e y  
a r e  r a p i d l y  a tomized i n t o  c l o u d s  o f  v a p o r i z i n g  d r o p l e t s  t h a t  q u i c k l y  i g n i t e  
and b u r n .  To a c c u r a t e l y  d e s c r i b e  t h e  f u e l - s p r a y  combust ion  p r o c e s s ,  d e t a i l e d  
knowledge o f  f u e l  s p r a y  f o r m a t i o n  i s  r e q u i r e d  and c h a r a c t e r i s t i c  d r o p s i z e  meas- 
urements a r e  needed a t  t h e  p o i n t  o f  i n i t i a l  s p r a y  f o r m a t i o n  near  t h e  a t o m i z e r  
o r i f i c e .  Also, t o  b e t t e r  unders tand how l i q u i d  f u e l s  a r e  a tomized,  rnathemati-  
c a l  e x p r e s s i o n s  a r e  needed t h a t  a d e q u a t e l y  d e s c r i b e  processes  such as t w o - f l u i d  
a t o m i z a t i o n  i n  which v a r i o u s  l i q u i d  and gas c o m b i n a t i o n s  may be used t o  produce 
t h e  s p r a y s .  To do t h i s ,  t h e  e f f e c t s  o f  l i q u i d  and gas p r o p e r t i e s  o n  s p r a y  
d r o p s i z e  must be de termined.  Numerous i n v e s t i g a t o r s  have r e p o r t e d  e x p e r i m e n t a l  
r e s u l t s  t h a t  c o r r e l a t e  s p r a y  c h a r a c t e r i s t i c  d r o p s i z e  w i t h  r e l a t i v e  v e l o c i t y ,  
i . e . ,  gas v e l o c i t y  r e l a t i v e  to  l i q u i d - s u r f a c e  v e l o c i t y  and a l s o  w i t h  l i q u i d  
p r o p e r t i e s  as g i v e n  i n  r e f e r e n c e s  1 t o  5 .  Some o f  t h e  c o r r e l a t i o n s  agree v e r y  
w e l l  w i t h  a t o m i z a t i o n  t h e o r y  whereas o t h e r s  d i f f e r  c o n s i d e r a b l y .  T h i s  c o u l d  
be a t t r i b u t e d  t o  t h e  f a c t  t h a t  measurement t e c h n i q u e s  and i n s t r u m e n t a t i o n  have 
n o t  y e t  been s u f f i c i e n t l y  deve loped or s t a n d a r d i z e d  t o  such an e x t e n t  t h a t  good 
agreement m i g h t  be expec ted .  E x p e r i m e n t a l  s t u d i e s  a r e  needed t h a t  w i l l  p roduce 
c o r r e l a t i o n s  o f  c h a r a c t e r i s t i c  d r o p s i z e  measurements w i t h  d i m e n s i o n l e s s  f o r c e  
r a t i o s  such as t h e  Reynolds and Weber numbers. Such c o r r e l a t i o n s  a r e  v e r y  use- 
f u l  i n  c a l i b r a t i n g  f u e l  n o z z l e s  f o r  j e t  e n g i n e s .  T h i s  can be accompl ished b y  



f i rs t  making d r o p s i z e  measurements o f  wa te r  sprays  produced w i t h  t h e  f u e l  noz- 
z l e  and then u s i n g  t h e  c o r r e l a t i o n  t o  c o r r e c t  f o r  t h e  e f f e c t s  o f  l i q u i d  den- 
s i t y ,  v i s c o s i t y ,  and su r face  t e n s i o n  on t h e  d r o p s i z e  t h a t  would be produced 
w i t h  t h e  n o z z l e  u s i n g  a f u e l  such as a Je t -A .  

From a s t u d y  r e p o r t e d  i n  r e f e r e n c e  6,  i t  was found  t h a t  t h e  e f f e c t  o f  
d r o p l e t  v a p o r i z a t i o n  on sp ray  samples c o u l d  be m i n i m i z e d  by t a k i n g  t h e  sample 
a t  a d i s t a n c e  o f  o n l y  2 . 2  cm downstream of t h e  a t o m i z e r  o r i f i c e .  T h i s  tech -  
n i q u e  gave t h e  b e s t  agreement between t h e o r e t i c a l  and e x p e r i m e n t a l  e f f e c t s  o f  
n i t r o g e n  gas f l o w r a t e  on Sau te r  mean, D32,  v o l u m e - l i n e a r  mean, 031, and volume 
median, D v . 5 ,  d rop  s i z e s .  T h e r e f o r e ,  i n  t h e  p r e s e n t  s t u d y ,  t h e  c h a r a c t e r i s t i c  
d rop  d iamete rs  were measured a t  a samp l ing  d i s t a n c e  of 2.2 cm downstream o f  t h e  
n o z z l e  o r i f i c e ,  w i t h  a s c a t t e r e d - l i g h t  scann ing  d r o p s i z e  measur ing  i n s t r u m e n t  
p r e v i o u s l y  deve loped a t  t h e  NASA Lewis Research C e n t e r .  

Pr ior  t o  t h i s  s t u d y ,  an i n v e s t i g a t i o n  was made w i t h  t w o - f l u i d  a t o m i z e r s  
and good agreement o f  e x p e r i m e n t a l  r e s u l t s  w i t h  a t o m i z a t i o n  t h e o r y  was o b t a i n e d  
as d i s c u s s e d  i n  r e f e r e n c e  6. I t  was found  t h a t  t h e  Sau te r  mean d r o p  d i a m e t e r ,  
032, c o u l d  be c o r r e l a t e d  w i t h  n i t r o g e n  gas f l o w r a t e ,  Wn, r a i s e d  t o  t h e  -1.33 
power, wh ich  agrees w e l l  w i t h  a t o m i z a t i o n  t h e o r y  for l i q u i d  j e t  b reakup i n  
h i g h - v e l o c i t y  g a s f l o w .  A s  a c o n t i n u a t i o n  of t h a t  s tudy ,  t h e  p r e s e n t  i n v e s t i g a -  
t i o n  was i n i t i a t e d  t o  e x t e n d  e x p e r i m e n t a l  c o n d i t i o n s  t o  i n c l u d e  a v a r i a t i o n  i n  
t h e  n o z z l e  o r i f i c e  d i a m e t e r .  By u s i n g  f o u r  d i f f e r e n t l y  s i z e d  a t o m i z e r s ,  i t  was 
p o s s i b l e  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  n i t r o g e n  gas m a s s - v e l o c i t y ,  PgV4, on t h e  
c h a r a c t e r i s t i c  d r o p  s i z e ,  Dc,  o f  t h e  sp rays .  Values o f  p Vg were ca c u l a t e d  

f o u r  d i f f e r e n t  n o z z l e  o r i f i c e s  v a r i e d  from 0.0804 t o  0 .246 cm2. 
from n i t r o g e n  gas w e i g h t  flow p e r  u n i t  a rea ,  Wn/Ao, and va 9 ues o f  A, f o r  t h e  

NOMENCLATURE 

A a rea  

D i  d i a m e t e r  o f  i t h  d r o p ,  cm 

D32 

n number o f  d r o p l e t s  

W w e i g h t  f l ow  o f  f l u i d ,  g / s e c  

x a x i a l  downstream sp ray  samp l ing  d i s t a n c e ,  cm 

p d e n s i t y  o f  f l u i d  

S u b s c r i p t s  

g gas 

n n i t r o g e n  

o a t o m i z e r  o r i f i c e  

3 2 Sau te r  mean d i a m e t e r ,  EinDi/EinDi, c m  

- 



APPARATUS AND PROCEDURE 

The pneumat ic  t w o - f l u i d  a t o m i z e r  was mounted i n  t h e  t e s t  s e c t i o n  as shown 
i n  f i g u r e  1 and a d i a g r a m  o f  t h e  a t o m i z e r  i s  shown i n  f i g u r e  2 .  The s p a t i a l  
r e s o l u t i o n  of t h e  s c a t t e r e d - l i g h t  scanner i s  2 . 8 6  c m  and cor responds t o  t h e  
l a s e r  beam d i a m e t e r .  A s u f f i c i e n t  volume o f  each s p r a y  was sampled t o  m i n i m i z e  
spray  p a t t e r n  e f f e c t s  when measur ing  c h a r a c t e r i s t i c  mean d r o p  d i a m e t e r s  f o r  
t h e  e n t i r e  s p r a y .  E f f e c t s  of t h e  d r o p  s i z e  d i s t r i b u t i o n  f u n c t i o n  on  s c a t t e r e d -  
l i g h t  scanner measurements i s  d i s c u s s e d  i n  d e t a i l  ( r e f .  7 ) .  I t  was f o u n d  
( r e f .  7 )  t h a t  t h e  i r r a d i a n c e  d i s t r i b u t i o n  i s  o n l y  weak ly  r e l a t e d  to  t h e  p a r t i -  
c l e  d iameter  d i s t r i b u t i o n  f u n c t i o n .  T h e r e f o r e ,  t h e  i r r a d i a n c e  d i s t r i b u t i o n  
was used t o  d e t e r m i n e  c h a r a c t e r i s t i c  d r o p  d i a m e t e r s  and changes i n  t h e  d r o p  
s i z e  d i s t r i b u t i o n  f u n c t i o n  were assumed t o  have a n e g l i g i b l e  e f f e c t  on  d r o p  
s i z e  measurements. R e p r o d u c i b i l i t y  t e s t s  gave e x p e r i m e n t a l  measurements o f  
d r o p  s i z e  t h a t  agreed w i t h i n  25 p e r c e n t .  F i v e  s e t s  of monosized p o l y s t y r e n e  
spheres h a v i n g  d i a m e t e r s  o f  8 ,  12, 25, 50, and 100 pm, were used t o  c a l i b r a t e  
t h e  s c a t t e r e d - l i g h t  scanner .  A more comple te  d e s c r i p t i o n  o f  t h e  s c a t t e r e d  
l i g h t  scanner ,  t h e  mean d r o p  d i a m e t e r  r a n g e ,  and t h e  method o f  d e t e r m i n i n g  mean 
or median p a r t i c l e  d i a m e t e r  can be f o u n d  i n  r e f e r e n c e s  7 and 8 .  The sprays  
c o n t a i n e d  a r e l a t i v e  h i g h  number d e n s i t y  o f  v e r y  s m a l l  d r o p l e t s  s i n c e  t h e y  were 
sampled v e r y  c l o s e  t o  t h e  a t o m i z e r  o r i f i c e .  A s  a r e s u l t ,  t h e  l i g h t  s c a t t e r i n g  
measurements were c o r r e c t e d  f o r  m u l t i p l e  s c a t t e r i n g  as d e s c r i b e d  i n  r e f e r e n c e  9 
c o n c e r n i n g  h i g h  number d e n s i t y  s p r a y s ,  and fo r  M i e  s c a t t e r i n g  a t  s m a l l  d r o p l e t  
d i a m e t e r s ,  i . e . ,  (10 pm. 

EXPERIMENTAL RESULTS 

A s  shown i n  f i g u r e  1 ,  t h e  e n t i r e  s p r a y  was sampled a t  an a x i a l  d i s t a n c e  
o f  x = 2.2 cm downstream o f  t h e  a t o m i z e r  o r i f i c e .  Values o f  t h e  S a u t e r  mean 
d i a m e t e r ,  D32, a r e  p l o t t e d  a g a i n s t  n i t r o g e n  f l o w r a t e  p e r  u n i t  o r i f i c e  a r e a  as 
shown i n  f i g u r e  3 and t h e  f o l l o w i n g  e x p r e s s i o n  i s  o b t a i n e d :  

D i 2  1 = 11.7(Wn/Ao) 1.33 

- 1  = 1 1 . 7 ( p  v > 1 . 3 3  i n  t e r m s  o f  mass v e l o c i t y ,  pv .  n n  w h i c h  may be r e w r i t t e n  a s  D32  

The exponent  1 .33 f o r  Wn/Ao agrees v e r y  w e l l  w i t h  a t o m i z a t i o n  t h e o r y  

x = 2 .2  c m  a r e  l e s s  a f f e c t e d  b y  v a p o r i z a t i o n  and d i s p e r s i o n  o f  

fo r  l i q u i d - j e t  breakup i n  t h e  a c c e l e r a t i o n - w a v e  r e g i m e .  T h i s  agreement of 
e x p e r i m e n t a l  d a t a  w i t h  t h e o r y  was a t t r i b u t e d  t o  t h e  f a c t  t h a t  measurements 
o b t a i n e d  a t  
t h e  v e r y  smal l  d r o p l e t s  as compared w i t h  measurements made f a r t h e r  downstream 
of t h e  a t o m i z e r  o r i f i c e .  Values o f  t h e  exponent ,  n ,  o b t a i n e d  i n  o t h e r  e x p e r i -  
menta l  s t u d i e s  a r e  shown i n  t a b l e  1 for  compar ison w i t h  a t o m i z a t i o n  t h e o r y  f o r  
l i q u i d  j e t  breakup (ref. 1 0 ) .  

I t  i s  d i f f i c u l t  t o  compare r e s u l t s  o b t a i n e d  by  t h e  v a r i o u s  i n v e s t i g a t o r s  
s i n c e  a wide v a r i e t y  o f  t e c h n i q u e s  and i n s t r u m e n t s  w e r e  used t o  measure drop-  
s i z e .  The imag ing  and l i g h t  s c a t t e r i n g  t e c h n i q u e s  o f  r e f e r e n c e s  2 and 3 t e n d  
t o  g i v e  s p a t i a l  i n s t e a d  o f  t h e  f l u x  t y p e  o f  d r o p s i z e  d i s t r i b u t i o n s  wh ich  were 
o b t a i n e d  i n  r e f e r e n c e s  1 and 4 by  c o l l e c t i n g  wax spheres formed i n  h i g h  v e l o c -  
i t y  a i r f l o w .  Measurement t e c h n i q u e s  and i n s t r u m e n t a t i c n  have n o t  y e t  been s u f -  
f i c i e n t l y  developed or s t a n d a r d i z e d  t o  such 3n e < t e n t  t h a t  qood agreement m i g h t  
be expec ted  among d i f f e r e n t  i n v e s t i g a t s r ; .  
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Table 1 V e l o c i t y  Exponent, n ,  f o r  

Accelerat ion-Wave Breakup o f  L i q u i d  

- 1  " 
J e t s :  D ' ,., V 

m 9 

Source I Exponent, n I I 
Theoryb 
Present  s t u d y ,  X = 2 .2  cm 
Weiss and WorshamC 
Wol fe  and Andersend 
K i m  and M a r s h a l l e  
Nukiyama and Tanasawaf , 

X = 5 t o  2 5  cm 
L o r e n z e t t o  and Le febv reg  

1.33 
1.33 

a1.33 
1.33 

al. 14 

1 .o 
1 .o 

aDrop-size d a t a  f o r  wax spheres.  
bRef.  10. 
cRef.  4 .  
dRef.  5 .  
eRef. 1 .  
fRef.  3. 
gRef. 2. 
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