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Summary 

Results obtained during the first year of an investigation of the 
structure of sprays are briefly described. Further details may be found 
in Refs. 1-3. 

The investigation involves both experimentation and analysis. Experi- 
mental objectives are to complete measurements of the structure of nonevapo- 
rating, evaporating and combusting .sprays for sufficiently well-defined 
boundary conditions to allow evaluation of models of these processes (Fig. 1). 
Analytical objectives are to begin model evaluation using both existing and 
the new data (Fig..2). The results of the investigation have application to 
the development of rational design methods for aircraft combustion chambers 
and other devices involving spray combustion (Fig. 3). 

Major assumptions for the models are summarized in Fig. 4. The con- 
tinuous phase is treated using a k-&-g model of turbulence originally pro- 
posed by Lockwood and Naguib [ 4 ] ,  which has been extensively calibrated for 
noncombusting and combusting single-phase flows during earlier work in this 
laboratory 15-71. 

Three methods for treating the discrete phase are being considered: 
(1) a locally homogeneous flow (LHF) model, (2) a deterministic separated 
flow (DSF) model, and (3) a stochastic separated flow (SSF) model. The 
main properties of these models are summarized in Figs. 5-7. Infinitely 
fast interphase transport rates and local thermodynamic equilibrium are 
assumed for the LHF model (Fig. 5)--implying that both phases have the same 
temperature and velocity at each point in the flow. LHF models provide a 
useful limit for infinitely small particles or drops, but generally over- 
estimate the rate of development of practical sprays [5-71. DSF models 
(Fig. 6) provide for finite interphase transport rates, but assume that 
interphase transport can be found by ignoring effects of turbulent fluctu- 
ations. Most spray models reported to date employ this approximation. The 
present SSF model (Fig. 7) adapts an approach originally proposed by Gosman 
and Ioannides [8] .  In this case, particles or drops are assumed to interact 
with a succession of.turbulent eddies whose properties are determined by 
random sampling--given mean and fluctuating properties of the flow from the 
k-E-g model calculations. This involves computation of a statistically 
significant number of particle trajectories using Monte Carlo techniques. 
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I n i t i a l  model e v a l u a t i o n  employed d a t a  f o r  d i l u t e  p a r t i c l e - l a d e n  jets-- 
t o  avo id  compl ica t ions  due t o  p a r t i c l e  coa lescence ,  p a r t i c l e  c o l l i s i o n s  and 
p o l y d i s p e r s e  p a r t i c l e  f lows.  Only a sample of t h e  r e s u l t s  i s  g iven  h e r e ,  
c f .  Refs .  [l-31 f o r  complete f i n d i n g s .  

The p r e s c r i p t i o n  f o r  eddy p r o p e r t i e s  used i n  t h e  SSF model was c a l i -  
b r a t e d  u s i n g  t h e o r e t i c a l  r e s u l t s  of Hinze [9]--similar t o  Gosman and 
Ioann ides  181. Th is  a n a l y s i s  was f o r  t h e  d i s p e r s i o n  of i n f i n i t e l y - s m a l l  
p a r t i c l e s  i n  a homogeneous and i s o t r o p i c  t u r b u l e n t  f low. The comparison 
between SSF p r e d i c t i o n s  and t h e  a n a l y t i c a l  r e s u l t  i s  i l l u s t r a t e d  i n  F i g .  8. 
Good agreement was achieved--f ix ing methods f o r  e s t i m a t i n g  p a r r i c l e  i n t e r -  
a c t i o n s  w i t h  e d d i e s .  The SSF model p r e d i c t i o n s  a r e  compared w i t h  measure- 
ments of p a r t i c l e  d i s p e r s i o n  i n  a d u c t  f low,  r e p o r t e d  by Snyder and Lumley 
[ l o ] ,  i n  F i g .  9 .  The model i s  s e e n  t o  p rov ide  encouraging p r e d i c t i o n s  of 
e f f e c t s  of p a r t i c l e  p r o p e r t i e s  on r a t e s  of p a r t i c l e  d i s p e r s i o n .  

The remaining comparisons between p r e d i c t i o n s  and measurements c o n s i d e r  
p a r t i c l e - l a d e n  j e t s .  LHF, DSF and SSF model p r e d i c t i o n s  a r e  compared w i t h  
t h e  measurements of Yuu e t  a l .  [ l l ]  i n  F i g .  10.  The LHF and DSF models 
over-  and under-es t imate  p a r t i c l e  d i s p e r s i o n ,  w h i l e  t h e  SSF model i s  i n  good 
agreement w i t h  measurements. Furthermore,  t h e  DSF model i n d i c a t e s  t h a t  t h e  
p a r t i c l e s  tend t o  c o n c e n t r a t e  n e a r  t h e  c e n t e r l i n e  as a x i a l  d i s t a n c e  inc reases - -  
which is  n o t  observed.  Comparison of t h e  models w i t h  measurements of McComb 
and S a l i h  [12 ,13] ,  L a a t s  and Frishman [14,15]  and Levy and Lockwood [16] 
c o n t i n u e s  i n  F i g s .  11-13. The SSF model y i e l d s  s a t i s f a c t o r y  p r e d i c t i o n s  f o r  
t h e s e  f lows,  a s i d e  from p o s s i b l e  e f f e c t s  of t u r b u l e n c e  modulat ion and turbu- 
l e n c e  g e n e r a t i o n  a t  h i g h  p a r t i c l e  mass l o a d i n g s  [ 2 , 3 ] .  T h i s  e v a l u a t i o n  i s  
n o t  adequa te ly  d e f i n i t i v e ,  however, due t o  u n c e r t a i n t i e s  i n  i n i t i a l  c o n d i t i o n s  
f o r  t h e  e x i s t i n g  p a r t i c l e - l a d e n  jet  d a t a  [l-31. 

Eva lua t ion  of t h e  models is  c o n t i n u i n g  u s i n g  d a t a  from t h e  p r e s e n t  in -  
v e s t i g a t i o n .  A s k e t c h  of t h e  t e s t  a p p a r a t u s  be ing  used f o r  noncombusting 
s p r a y s  is  i l l u s t r a t e d  i n  Fig .  14. An a i r -a tomiz ing  i n j e c t o r s p r a y s  v e r t i c a l l y  
downward a l o n g  t h e  c e n t e r l i n e  of a t r a v e r s i b l e  screened e n c l o s u r e .  Experi-  
mental  methods a r e  summarized i n  F i g .  15.  A l l  t echn iques  have been used i n  
work t o  d a t e ,  a s i d e  f r o m . t h e  LDA-vis ibi l i ty  method f o r  drop s i z e  and v e l o c i t y  
measurements--which r e q u i r e s  a d i f f e r e n t  o p t i c a l  geometry and is  be ing  de- 
f e r r e d  u n t i l  o t h e r  measurements are complete.  

Experimental  methods were e s t a b l i s h e d  by s a t i s f a c t o r y  measurements of 
t h e  p r o p e r t i e s  of a i r  j e t s ,  formed by t h e  i n j e c t o r ,  w i t h  e a r l i e r  work [ 5 , 6 ] .  
T e s t s  were t h e n  conducted i n  two 'nonevaporat ing s p r a y s  having SMD of 87 and 
30 pm. LHF and SSF model p r e d i c t i o n s  a r e  compared w i t h  measurements of mean 
gas v e l o c i t y  and mean l i q u i d  f l u x ,  a l o n g  t h e  s p r a y  a x i s ,  i n  F i g s .  16 and 17. 
There  i s  no fundamental  l i m i t a t i o n  i n  t h e  u s e  of t h e  LHF model i n  dense  
r e g i o n s  of t h e  sp ray ;  t h e r e f o r e ,  t h e s e  p r e d i c t i o n s  extend from t h e  i n j e c t o r  
e x i t .  The s e p a r a t e d  f low models, however, a r e  l i m i t e d  t o  d i l u t e  r e g i o n s  of 
t h e  s p r a y ;  t h e r e f o r e ,  t h e s e  c a l c u l a t i o n s  beg in  a t  x/d = 50--where adequa te  
i n i t i a l  c o n d i t i o n s  were a v a i l a b l e  from t h e  measurements. The p r e d i c t i o n  of 
t h e  LHF model improves f o r  t h e  more f i n e l y  atomized spray ,  Case 1, b u t  is  
n o t  v e r y  s a t i s f a c t o r y .  I n  c o n t r a s t ,  t h e  SSF model p rov ides  reasonab ly  good 



p r e d i c t i o n s  o f  t h e s e  measurements. P r e d i c t e d  and measured r a d i a l  p r o f i l e s  
of l i q u i d  mass f l u x  a r e  p l o t t e d  i n  F i g .  18.  S i m i l a r  t o  t h e  r e s u l t s  f o r  
p a r t i c l e - l a d e n  j e t s ,  t h e  DSF model y i e l d s  e x c e s s i v e  c o n c e n t r a t i o n s  of t h e  
d i s p e r s e d  phase  near  t h e  a x i s ,  s i n c e  t u r b u l e n t  p a r t i c l e  d i f f u s i o n  is  ignored.  
The SSF model p rov ides  f a i r  p r e d i c t i o n s  of p a r t i c l e  sp read .  However, i n  
t h i s  c a s e ,  t h e  LHF model underes t imates  sp read  r a t e s !  Th is  e f f e c t  is  wel l -  
known, i n v o l v i n g  enhanced spread ing  of p a r t i c l e - l a d e n  f lows  by t u r b u l e n t  
d i f f u s i o n  f o r  a c e r t a i n  range  of p a r t i c l e  i n e r t i a l  p r o p e r t i e s .  The f a c t  
t h a t  t h e  SSF model c o r r e c t l y  p r e d i c t s  t h i s  t r e n d  i s  v e r y  encouraging.  Pre- 
d i c t e d  and measured t u r b u l e n c e  k i n e t i c  energy a r e  i l l u s t r a t e d  i n  F i g .  19.  
While t h e  LHF model underes t imates  t h e  magnitude o f  k and t h e  width  of t h e  
f low,  t h e  SSF model p r o v i d e s  s a t i s f a c t o r y  p r e d i c t i o n s .  Th i s ,  too ,  is  
encouraging,  s i n c e  p r e d i c t i o n s  of k are a n  impor tan t  element i n  e s t i m a t i n g  
eddy p r o p e r t i e s  f o r  t h e  SSF model. Good p r e d i c t i o n s  of Reynolds s t r e s s  
were a l s o  ob ta ined  w i t h  t h e  SSF model. Reynold s t r e s s  depends on E pre-  
d ic t ions - - sugges t ing  t h a t  t h i s  a s p e c t  of t h e  eddy p r e s c r i p t i o n  i s  a l s o  
adequate .  

The conc lus ions ,  t o  d a t e ,  are summarized i n  F ig .  20. The main con- 
c l u s i o n  i s  t h a t  t h e  SSF model p r o v i d e s  encouraging p r e d i c t i o n s  f o r  t h e s e  
mul t iphase  flows--with minimal added empiricism. It w i l l  be  most i n t e r e s t i n g  
t o  examine t h i s  methodology f o r  e v a p o r a t i n g  and cornbusting sprays--where 
e f f e c t s  of c o n c e n t r a t i o n  f l u c t u a t i o n s  must be considered a long  w i t h  v e l o c i t y  
f l u c t u a t i o n s .  The main l i m i t a t i o n  of t h e  e v a l u a t i o n ,  t h u s  f a r ,  i s  adequa te  
s p e c i f i c a t i o n  of i n i t i a l  c o n d i t i o n s  f o r  t h e  p r e s e n t  d a t a  base.  T e s t s  d u r i n g  
t h e  n e x t  r e p o r t  p e r i o d  are designed t o  e l i m i n a t e  t h i s  d e f i c i e n c y  (F ig .  21) .  

References  

1. Shuen, J-S., Chen, L-D., and Fae th ,  G. M . ,  "Evaluat ion of a S t o c h a s t i c  
Model of P a r t i c l e  D i s p e r s i o n  i n  a Turbu len t  Round J e t , "  AIChE J . ,  i n  
p r e s s .  

2. Shuen, J-S., Chen, L-D., and Fae th ,  G. M . ,  " P r e d i c t i o n s  of t h e  
S t r u c t u r e  of Turbu len t ,  Par t ic le-Laden,  Round Jets," AIAA 2 1 s t  Aero- 
space  Sc iences  Meeting,  Reno, January  1983; a l s o  submit ted t o  AIAA 
J o u r n a l .  

3.  Shuen, J-S., Solomon, A.S.P. and Fae th ,  G. M . ,  "The S t r u c t u r e  of 
Nonevaporating and Evaporat ing Sprays:  P r e d i c t i o n s  and Measurements,". 
Report  under NASA Grant  No. NAG 3-190, The Pennsylvania  S t a t e  Uni- 
v e r s i t y ,  October 1982. 

4. Lockwood, F. C. and Naguib, A.  S., "The P r e d i c t i o n  of t h e  F l u c t u a t i o n s  
i n  t h e  P r o p e r t i e s  o f  Free ,  Round-Jet, Turbu len t ,  D i f f u s i o n  Flames,'' 
Combustion and Flame, Vol. 24, 1975, pp. 109-124. 

5. Sheare r ,  A. J.,  Tamura, H. ,  and Fae th ,  G. M . ,  "Evaluat ion of a 
Loca l ly  Homogeneous Flow Model of Spray Evaporat ion,"  J. of Energy, 
Vol. 3 ,  September-October 1979, pp. 271-278. 



Mao, C-P., Szekely, G. A., Jr., and Faeth, G. M., "Evaluation of a 
Locally Homogeneous Flow Model of Spray Combustion," J. of Enerpy, 
Vol. 4, March-April 1980, pp. 78-87. 

Mao, C-P., Wakamatsu, Y., and Faeth, G. M., "A Simplified Model of 
High Pressure Spray Combustion,'' Eighteenth Symposium (International) 
on Combustion, The Combustion ~nstitute, Pittsburgh, 1981, pp. 337- 

Gosman, A. D.,and Ioannides, E., "Aspects of Computer Simulation of 
Liquid-Fueled Combustors," AIAA Paper No. 81-0323, 1981. 

Hinze, J. O., Turbulence, 2nd Ed., McGraw-Hill, New York, 1975, 
p. 427; also pp. 724-734. 

Snyder, W. H.,and Lumley, J. L., "Some Measurements of Particle 
Velocity Autocorrelation Functions in a Turbulent Flow," J. Fluid 
Mech., Vol. 48, 1971, pp. 41-71. -- 

Yuu, S., Yasukouchi, N., Hirosawa, Y., and Jotaki, T., "Particle 
Turbulent Diffusion in a Dust Laden Round ~et," AIChE J., Vol. 24, 
1978, pp. 509-519. 

McComb, W. D., and Salih, S. M., "Comparison of Some Theoretical 
Concentration Profiles for Solid Particle Measurements Using a Laser- 
Doppler Anemometer," J. Aerosol Sci.., Vol. 9, 1978, pp. 299-313. 

McComb, W. D., and Salih, S. M., "Measurement of Normalized Radial 
Concentration Profiles in a Turbulent Aerosol Jet Using a Laser- 
Doppler Anemometer," J. Aerosol Sci., Vol. 8, 1977, pp. 171-181. 

Laats, M. K., and Frishman, F. A., "Assumptions Used in Calculating 
the Two-Phase Jet," Fluid Dynamics, Vol. 5, 1970, pp. 333-338. 

Laats, M. K., and Frishman, F. A., "Scattering of an Inert Admixture 
of Different Grain Size in a Two-Phase Axisymmetric Jet," Heat 
Transfer-Soviet Res., Vol. 2, 1970, pp. 7-12. 

Levy, Y., and Lockwood, F. C., "Velocity Measurements in a Particle 
Laden Turbulent Free Jet," Combustion and Flame, Vol. 40, 1981, 
pp. 333-339. 



OBJECTIVES:' COMPLETE MEASUREMENTS OF SPRAY STRUCTURE S U I T A B L E  

FOR EVALUATION OF MODELS. 

CONFIGURATION: AXISYMMETR IC SPRAY OR PARTICLE-LADEN JET IN A 

QUIESCENT ENVIRONMENT. 

V .  COMBUST 1NG SPRAY (n-PENTANE) . 

Figure 1. - Experimental Obj'ectives. 

OBJECTIVES: COMPLETE EVALUATION OF TYPICAL MODELS USING BOTH 

E X I S T I N G  AND NEW DATA. 

MODELS: I. LOCALLY HOMOGENEOUS FLOW (LHF)--INFINITELY 
FAST INTERPHASE TRANSPORT RATES. 

I I, DETERMINISTIC SEPARATED FLOW (DSFI--FINITE 
INTERPHASE TRANSPORT RATES CONSIDERING 

P A R T I C L E  RESPONSE TO MEAN MOTION. 

I I I. STOCHASTIC SEPARATED FLOW (SSFI--FINITE 
INTERPHASE TRANSPORT RATES BUT P A R T I C L E S  

RESPOND TO I N D I V I D U A L  EDDIES.  

EVALUATION: GAS JETS,SOLID-PARTICLE-LADEN JETS, NONEVAPORATING 

SPRAYS, EVAPORATING SPRAYS AND COMBUSTING SPRAYS. 

Figure 2 .- Analy t ica l  Obj ec t ives .  



POTENTIAL CONTRIBUTIONS OF THE RESULTS ARE: 

1, THE DEVELOPMENT OF RATIONAL DESIGN METHODS FOR 

AIRCRAFT COMBUSTION CHAMBERS, GAS-TURBINE 

COMBUSTORS, FURIIACES, STRATIF IED-CHARGE 1 ,C,  

ENGINES AND DIESEL ENGINES, 

2 .  IMPROVED UNDERSTANDING OF THE PROPERTIES OF 

TURBULENT PARTICLEiDROP-LADEN FLOWS, 

Figure  3 . -  Appl i ca t i ons  of t h e  i n v e s t i g a t i o n .  

2, k - E  -9 TURBULENCE MODEL WHICH I S  WELL-CALIBRATED FOR NONCOMBUSTING 

AND COMBUSTING SINGLE-PHASE J E T S ,  

3.  ~~EGLJGIBLE K I N E T I C  ENERGY AND VISCOUS D I S S I P A T I O N  OF MEAN FLOW 

AND R A D I A T I O N ,  

6. DSF AND SSF ONLY: DILUTE -PARTICULATE FLOW SO EFFECTS OF TURBULENCE 

GENERATION AND D I S S l P , A T I O N  BY PARTICLES, P A R T I C L E  COLLISIONS,  AND 

ADJACENT-PARTICLE DISTURBANCES OF INTERPHASE TRANSPORT RATES ARE 

N E G L I G I B L E .  

Figure  4.- Major assumptions of t h e  models. 



ASSUMPTION: INFINITELY FAST INTERPHASE TRANSPORT RATES, I, E., 

P A R T I C L E  AND CONTINUOUS PHASE V E L O C I T I E S  AND 

TEMPERATURES ARE I D E N T I C A L  AND LOCAL THERMODYNAMIC 

E Q U I L I B R I U M  INCLUDES BOTH PHASES. 

Figure 5 . -  Propert ies  of the LHF model. 

ASSUMPTION: FINITE INTERPHASE TRANSPORT RATES WITH PARTICLES 

RESPONDING TO MEAN MOTION,  

NOTES : I, PARTICLE DISPERSION IGNORED--ONLY VALID FOR 

"LARGE" PARTICLES. 

I I I. EULERIAN CALCULATION FOR CONTINUOUS PHASE WITH 

D I S T R I B U T E D  SOURCE TERMS FROM P A R T I C L E  INTERACTIONS.  

Figure 6 . -  Propert ies  of the  DSF model. 



ASSUMPTION : FINITE INTERPHASE TRANSPORT RATES WITH PARTICLES 
INTERACTING WITH A SUCCESSION OF INDIVIDUAL EDDIES 

WHOSE PROPERTIES ARE FOUND BY RANDOM SAMPLING OF 
LOCAL TURBULENCE PROPERTIES, 

I I. PROVIDES PREDICTIONS OF FLUCTUATING PARTICLE 
PROPERTIES AND TURBULENT PARTICLE DISPERSION. 

I I I a COFIPUTATION SII~IILAR TO DSF MODEL--P~ONTE CARLO 
TECHNIQUE TO FIIJD PARTICLE TRAJECTORIES, 

Figure 7.- P r o p e r t i e s  of t h e  SSF model. 

STOCHASTIC MODEL 
t, FROM: 

I I 

GOSMAN 8 IOANNIDES i 
PRESENT STUDY 

- 
ANALYTICAL SOLUTION 
FROM: HlNZE 
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0 10 20 30 40 

Figure 8,- SSF p r e d i c t i o n s  f o r  t h e  d i s -  
pe r s ion  of i n f i n i t e l y  smal l  p a r t i c l e s  
i n  a  homogeneous i s o t r o p i c  f l o w  (ana- 
l y t i c a l  r e s u l t s  from Hinze [9]). 
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PREDICTIONS 
GOSMAN R IOANNlDES - - 

F i g u r e  9 .-. P r e d i c t e d  and measured p a r t i c l e  d i s p e r s i o n  i n  a  
uniform gr id-generated t u r b u l e n t  f l o w  (measurements from 
Snyder and Lumley [ lo ] )  . 

r l x  

Figure  10.- Comparison of LHF, DSF, and SSF 
p r e d i c t i o n s  of  p a r t i c l e  d i s p e r s i o n  w i t h  
t h e  measurements of Yuu, e t  a l .  [ll] . 
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F igure  11.- Comparison of LHF and SSF F i g u r e  12.- Comparison of LHF and SSF 
p r e d i c t i o n s  w i t h  t h e  measurements OF p r e d i c t i o n s  w i t h  p a r t i c l e  mass velo-  
McComb and S a l i h  [12,13]. c i t y  measurements of L a a t s  and Fr i sh -  

man [14,15]. 
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Figure  14.- Sketch of t h e  experimental 
apparatus .  
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Figure 13.- Pred ic ted  and measured mean 
and f l u c t u a t i n g  p a r t i c l e  v e l o c i t i e s  
(da ta  from Levy and Lockwood [16] ) . 
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MEAN AND FLUCTUATING GAS AND LASER-DOPPLER ANEMOMETER ( I D A )  
P A R T I C L E  V E L O C I T I E S  

 SOK KINETIC SAMPLING AND ANALYSIS  

W I T H  GAS CHkOMATOGRAPH 

F i g u r e  15.- Summary of exper imenta l  methods. 

F igure  16.- P r e d i c t e d  and measured mean g a s  
v e l o c i t i e s  a long  t h e  a x i s  of nonevaporat ing 
sprays .  
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F i g u r e  17.- P r e d i c t e d  and measured mean l i q u i d  
mass f l u x  a long  t h e  a x i s  of nonevaporat ing 
sprays .  



Figure. 18.- Rad ia l  p r o i i l e s  o f  mean l i q u i d  mass f l u x  
i n  nonevaporat ing sprays .  
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F i g u r e  19.- Rad ia l  p r o f i l e s  of mean g a s  phase 
t u r b u l e n t  k i n e t i c  energy i n  nonevaporat ing 
sprays .  



1. MODEL PERFORMANCE: 
I. LHF AND DSF MODELS ARE V A L I D  AT L I M I T S  OF SMALL AND LARGE 

PARTICLES,  a u T  DATA BASE (AND PROBABLY SPRAYS IN GENERAL) 

INCLUDED FEW RESULTS A T  THESE CONDIT IONS.  

I I, SSF MODEL (PARTICULARLY THE MSSF VERSION) YIELDED ENCOURAGING 

RESULTS- -WITH M I N I M A L  E M P I R I C I S M .  

2. DECISIVE MODEL EVALUATION WAS NOT ACHIEVED DUE TO INADEQUATE 

S P E C I F I C A T I O N  OF I N I T I A L  C O N D I T I O N S  FOR MOST OF THE DATA BASE.  

3. EFFECTS ATTRIBUTABLE TO TURBULENCE GENERATION AND MODULATION 

WERE OBSERVED, HOWEVER, THE EFFECTS WERE SMALL S I N C E . D A T A  BASE 

WAS L I i q I T E D  TO D I L U T E  SPRAYS (VOID FRACTION > 99%), 

Figure  20.- Conclusions of t h e  i n v e s t i g a t i o n .  

PARTICLE-LADEN JETS COMPLETED, ASIDE FROM MEAN AND 

FLUCTUATING P A R T I C L E  V E L O C I T I E S .  

NONEVAPORAT ING SPRAYS COMPLETED, ASIDE FROM DROP SIZE 

AND V E L O C I T Y  MEASUREMENTS. 

EVAPORATING SPRAY s COIIPLETEC, ASIDE FROM MEAN AND 

FLUCTUATING GAS V E L O C l T  I ES ( I N  

PROGRESS) AND DROP SIZE AND 

V E L O C I T Y  MEASUREMENTS, 

Figure  21.- S t a t u s  of t h e  i n v e s t i g a t i o n .  
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