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Hydrodynamic and Aerodynamic Breakup o f  L i q u i d  Sheets 

R. Ingebo 

NASA Lewis Research Center 
Cleveland. Ohio 

ABSTRACT 

Hvdrodynamic and aerodynamic breakup o f  water 
s h ~ e t s  i n t o  sprays fo r iwd  by inp ing ing  je t .  splash 
p l a t € ,  and conventional simplex f u e l  nozzles were 
invest igated i n  quiesce-tt a i r  and h igh  v e l o c i t y  a i r -  
streams. Mean drop d ianeter  4, f e r  each spray 
was determined w i t h  a s:anning radiometer p rev ious ly  
developed a t  NASA Lewis Research Center. With 
i m i n g i n q  j e t  f u e l  i n j ~ c t o r s .  the r a t i o  o f  o r i f i c e  
diameter Do t o  mean drop diameter D,,, was 
cor re la ted  w i t h  hydrodynamic f o r c e  i n  terms o f  the  
l i a u i d  j e t  Reynolds number Re1 and aerodynamic 
fo rce  i n  :-rms o f  the  a i rs t ream r e l a t i v e  v e l o c i t y  
Reynolds n mber Re5 as fo l lows:  DolDm = 
0.013 Rd.! + 2x10-- Rer. Y i t h  h lgh  veloc- 

o, i t v  airstreams. aerodynamic fo rce  con t r ibu ted  the  
0 )  .-, most t o  breakup s i n c r  Rer >> Rel. L i q u i d  sheet 
r( 

I breakup w i t h  splash p l a t e  f u e l  i n j e c t  r z  gave the 
Id 8 - f o l i cw inq  expression; O I D  I 2.6~10- Re1 + 

?.4xl0-'.4ea where Re: Ts a i rs t ream 
Rtynolds number based on a i rs t ream ve loc i t y .  H y d r e  
dvnarnic f o r c e  was much more e f f e c t i v e  i n  breakup 
w i t h  sp1ar.h p la tes  than w i t h  impinging j e t  f u e l  
i n j r c t o r s  since Do/Dm var ied  w i t h  Re1 t o  
the f i r s t  power. Breakup o f  s w i r l i n g  water sheets 
tormed w i t h  simplex pressure atomizing f u e l  nozzles 
qave thr  f o l l o w i n  expression: Do/Dm = 3 O,!D,,,h + 2.?xlO-  (Rea - Rec) where 
D, h and Re, are constants def ined as the 
hvbrodvnamic mean drop diameter and the c r i t i c a l  
Reynolds number f o r  aerodynamic breakup. respec- 
t ivclly. Hydrodynamic fo rce  was considerably more 
e f f e c t i v e  i n  break~rp w i t h  s w i r l i n g  sheets than w i t h  
splash p l a t e  f u e l  i n jec to rs .  However. aerodyriamic 
force tended t o  decrease the cone anqle and inorease 
mean drop s ize  w i t h  a i rs t ream Reyno:ds numbers below 
the c r i t  i, a1 Re molds number Rec. Experimental 
(-ondit ions inc1u::ed water f l o w  ra tes  of 27 t o  68 
1 , t e r  per hour and a i r f  law mpss v e l o c i t i e s  o f  1.7 t o  
15, :  q / c d  - sec at 293 K and atmospheric pressure. 
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INTRODUCTION 

An i n v e s t i g a t i o n  was conducted t o  study t h e  
i n t e r a c t i o n  and determine the e f f e c t  o f  hydro- 
dynamic, arrodynamic and 1 i q u i d  su r f  ace forces on 
the  mean drop diameter o f  water sprays t h a t  are pro- 
duced by the breakup o f  nonswi r l i ng  and s w i r l i n g  
water sheets i n  quiescent a i r  and i n  a i r f l o w s  simi- 
l a r  t o  those encountered i n  gas t u r b i n e  cocnbustors. 
The mean drop diameter i s  used t o  character ize f u e l  
sprays and i t  i s  a very inpor tan t  f a c t o r  i n  deter- 
min ing the performance and exhaust emissions o f  gas 
t u r b i n e  combustors. Th is  I s  demonstrated i n  Ref. 1 
where n i t rogen  oxide emissions i n  the  exhaust gases 



u?re found t o  vary d i r e c t l y  w i t h  the square o f  the 
mean drop d i a m t e r  o f  the f u e l  spray. 

Several i nves t iga to rs  have studies the at- 
i z a t i o n  o f  l i q u i d  j e t s  i n  airstream. I n  Ref. 2, 
Mayer i d e n t i f i e s  capi 1 lary-wave breakup as occurr ing 
when r e l a t i v e l y  large l i q u i d  j e t s  are in jec ted  i n  
quiescent o r  very low v e l o c i t y  airstreams. I n  t h i s  
case. hvdrodynamic and aerodymanic forces are r e l b  
t i v c l y  low. However, when the v e l o c i t y  o f  the a i r -  
stream r e l a t i v e  t o  the l i q u i d  j e t  v e l o c i t y  i s  la rge  
and the aerodynamic fo rce  i s  s u f f i c i e n t l y  high, then 
according t o  Adelberg i n  Ref. 3 another type o f  
breakup occurs which he def ines as acceleration-wave 
breakup. I n  Ref. 4 i t  was found t h a t  the mean drop 
diameter f o r  l i q u i d  j e t  breakup cculd be cor re la ted  
w i t h  the product of the Webcr and Reynolds nunber, 
and t r a n s i t i o n  from c a p i l l a r y  t o  accelerat ion wave 
breakup occurred when the value o f  the product of 
the Ueher and Reynolds nunber equaled 106. 

I n  the present study of l i q u i d  sheet atom- 
i za t ion .  the e f f e c t  o f  hydrodynamic and aerodynamic 
fo rce  on mean drop diameter was s tudied i n  the 
reqimes o f  capi 1 lary-wave and accelerat ion-wave 
breakup. Three general condi t ions of 1 i p u i d  sheet 
atomizat ion were invest igated, namely. breakup i n  
quiescent a i r .  i n  a i rs t ream of zero v e l o c i t y  re la-  
t i v e  t o  l i q u i d  j e t  ve loc i ty .  and i n  h igh  v e l o c i t y  
airstreams. I n  the f i r s t  case. i.e. l i q u i d  sheet 
breakup i n  quiescent a i r ,  both hydrodynamic and 
aerodvnamic forces i n t e r a c t  w i t h  l i q u i d  forces. and 
atnm1:dtion qenera l lv  occurs i n  the  c a p i l l a r y  wave 
hreak~ip reqime. I n  the second case. on ly  hydro- 
dvnamic forces appreciably ef fect  the mean drop dia- 
w t e r  5ince aerodynamic fa rce  i s  neg l ig ib le .  Break- 
up i< p r i m a r i l y  i n  the capi l larywave reqime and as a 
rtaztrlt w a n  drop diameters are la rger  than those 
ohta inrd w i t h  quiescent a i r .  I n  the f i n a l  case o f  
l i q u i d  shee? hreakup i n  h iqh v e l o c i t y  airstreams, 
thp a?rcdynamic fo rce  has the major e f f e c t  an f ine -  
nezs of r tomizat Ion and breakup occurs p r i m a r i l y  i n  
the b r i e l e r a t  #on-wave regime. This  cond i t i on  i s  
most  appl icable t o  qas tu rb ine  combustors operat inq 
at i d le ,  take-of f  and c ru ise  condit ions. 

Now-zui r l rnq and s w i r l i n g  l i q u i d  sheets were 
in jectet l  i n  airstreams and mean drop diameter data 
wert ohtained from water sprays produced by inping- 
ing je t .  splash p l a t e  and conventional s inp lex pres- 
sure atomizinq fue l  nozz'les. Non-swir l ing l i q u i d  
sheets were in jec ted  a l l a l l y  and r a d i a l l y  i n  a i r -  
streams and sw i r l i t t q  hollow-cone sheets were 
in jected at  a cone-angle of 45"n quiescent and 
non-swir l inp a i r f l ows  i n  a 7.6 cm. ins ide  diameter 
dur t .  The a i rs t ream mass ve loc i t y .  F V was 
varied from 1.5 t o  75.7 glcm2-sec at  ~ Q ' K  and 
atmospheric pressure. O r i f i c e  diameters va r ied  f rom 
0.023 t o  0.717 c r  f o r  the three d i f f e r e n t  types o f  
f u r l  i n jec to rs .  Uater f low r a t e s  were var ied from 
? 7  t o  69 l i t e r  per hour. Mean drop diameter data 
hpre then i > r r e l a t e d  w i t h  hydrodvnamic forces based 
on l i o u i d  v e l o c i t y  and o r i f i c e  diameter and w i t h  
aernciy3amic forces based on a i rs t ream mass ve loc i t y .  

Fuel I n j e c t o r s  were mounted i n  the  open-duct 
f a c i l i t v  as shown i n  F lg.  1. A i r f l o w  was drawn f rom 
the laboratory  supply systen. a t  ambient tenperature 
(293 K) as Cetermined w i t h  en 1.C. thermocouple, and 
exhausted i n t o  the atmosphere. A i r f l o w  r a t e  was 
determined w i t h  an o r i f i c e  as the a i r f l o w  c o n t r o l  
valve was opened u n t i l  t he  des i red a i r f l o w  r a t e  per  

u n i t  area was ob ained over a mass v e l o c i t y  range o f  
1.7 t o  25.7 g l c f - S K  The bel lmouth t e s t  sec t ion  
shown i n  F ig.  1 has a t o t a l  length o f  15.2 cm, an 
i n s i d e  diameter ( o f  t h e  c i r c u l a r  duct )  o f  7.6 cm and 
i t  i s  mounted ins ide  o f  a duct t h a t  i s  5 m i n  length 
w i t h  an i n s i d e  diameter o f  15.2 cm. 

Uater sheets were produced at  the  duct cen te r  
l i n e  and d i rec ted  a x i a l l y  downstream w i t h  the  f u e l  
i n j e c t o r s  shown i n  F igs.  2( a) t o  ( c ) .  The impinging 
j e t s  produced a r e l a t i v e l y  f l a t  sheet f l o w i n g  i n  the 
same d i r e c t i o n  as the a i r f l o w .  The splash p l a t e  
produced a l i q u i d  sheet i n j e c t e d  r a d i a l l y  o r  normal 
t o  the a i r f l ow,  and the  conventional Monarch simplex 
nozzle produced a s w i r l i n g  hol lok-cone sheet w i t h  a 
cone-angle o f  4S0 i n  quiescent a i r ,  i.e. no a i r -  
f l o w  i n  the  duct. The water sheets, a t  293 K as 
determined w i t h  an I .C .  thermocouple, were formed by 
g radua l l y  opening a water f l o w  con t ro l  va lve u n t i l  
t he  des i red water f l o w  r a t e  over a range o f  27 t o  68 
l i t e r s l h o u r  was obtained as measured w i t h  a tu rb ine  
f l o w  meter. 

When the  a i r  and water f l o w  r a t e s  were set. mean 
drop diameter data were obtained w i t h  the  scanning 
radiometer mounted 11.4 cm downstream of t h e  open- 
duct e x i t .  The scanning radiometer o p t i c a l  system 
shown i n  F ig.  3 consis ted o f  a 1 - m i l l i w a t t  h e l i u m  
neon laser. a 0.003-cm-di*s aperaturr.  a 7.5-cm-diam 
c o l l i m a t i n g  iens. a 10-cm-,ism converging lens, a 
5-cwdiam c o l l e c t i n q  lens. a scanning d isk  w i t h  a 
0.05- by  0.05-cm s l i t .  a ~ i m i n g  l i a h t .  and a p h o t s  
m u l t i p l i a r  detector .  A more c m l e t e  d e s c r i p t i i , n  of 
the  scanning radiometer. the  mean drop diameter 
range. and the  method o f  determining mean p a r t i c l e  
Size are discursed i n  Refs. 5 and 6. 

EXPERIMENTAL RESULTS 

To ob ta in  a b e t t e r  understanding o f  l i q u i d  shee: 
a t o m i z ~ t i o n  and thereby advance f u e l  i n j e c t o r  tech- 
nology f o r  gas t u r b i n e  combustor and augmentor 
appl icat ions.  mean drop diameters were determined 
f o r  the  breakup o f  water sheet< i n  h igh  v e l o c i t y  
airstreams. A x i a l l y  and r a d i a l l y  i n j e c t e d  sheets 
were produced w i t h  inp ing ing  j e t  and splash p l a t e  
f u e l  i n jec to rs ,  respect ive ly .  S w i r l i n g  h o l l o c c o n e  
sheets were i n j e c t e d  a x i a l l y  dcwnstream k i t h  pres- 
sure atomizing simplex nozzles. 

Impinging J e t  Fuel I n j e c t o r s  
The e f f e c t  o f  a i rs t ream r e l a t i v e  mass v e l o c i t v  

FgVr On the rec ip roca l  mean drop diameter 
Dm i s  shown i n  F ig.  4 and the  f o l l o w i n g  expres- 
s ion  i s  obtained: 

where V 1  and Vr are l i q u i d  v e l o c i t y  and 
a i rs t ream v e l o c i t y  r e l a t i v e  t o  the  l i c . . ' J  ve loc i ty .  
respec t i ve ly .  This  expression may be r e w r i t t e n  i n  
terms of the dimensionless r a t i o  o f  n r i f i c ~  t o  mean 
drop diameter DoIDm. the  l i q u i d  j e t  Reynolds 
nunLl r  Re] f o r  hydrodynamic breakup, and the 
a i rs t ream r e l a t i v e  v e l o c i t y  Reynolds number Rer 
f o r  aerodynamic breakup as fo l lows :  

s i ~ c e  7 = l o . l x l ~ - ~  cn?/sec and - 
1.81~10- glcm-sec. The mean drop diameter Dm 



measured wi th  the scanning radiometer i s  3ssurned t o  
be approximately equal t o  the Sauter mean diameter. 
SHD or  03 . 

Thee f fec t  o f  mass ve loc i ty  oaVa on 
Dm i s  shown i n  Fig. 5. This p l o t  gives a bet te r  
overa l l  p ic tu re  of 1 iqu id  sheet breakup and shows 
that  the reciprocal mean drop diameter f o r  
hydrodynamic breakup. 0%: . i s  equal t o  110 
and 10 f o r  the 0.033 and 8.212 centimeter-diiunetet 
o r i f i ces ,  respectively. This occurs when V = V 1  
and therefore Vr = 0. Also. Fiq. 8 shows &at 
when the data are extrapolated t o  the condi t ion 
V = 0, then Dm i s  equal to  210 and 20 f o r  
tce  0.033 and 0.212 centimeter-diameter or i f i ces .  
respectively. 

Simi lar  re lat ionships f o r  the breakup on 
F-heptane sheets produced wi th  inpinging j e t  f u e l  
in jec tors  f o r  rocket combustors are derived i n  the 
Appendix. The der ivat ion i s  based on mean drop s ize 
data given i n  Ref. 7 which were obtained wi th  a 
photo~raphic technique. As a resut t ,  the fo l lowing 
gxpression i s  derived i n  terms o f  the Sauter mean 
drop diameter 032 as follows: 

Conparison o f  Eq. (3)  w i th  Eq. (2) shows that  the 
hydrodynamic breakup coef f i c ien t  of 23.0x10-~ 
f o r  wate sprays i s  somewhat higher than tha t  o f  
18.6xlO-j f o r  n-heptane sprays. Alsp. the aero- 
dynamic breakup coef f i c ien t  of 2x10- f o r  water 
sprays i s  somewhat larger than tha t  f o r  n-heptane 
sprays. This may be a t t r ibu ted t o  the f a c t  tha t  Eq. 
( 2 )  i s  obtained f o r  very high momentum airstreams 
wi th 2 mass velocity, oaVp, range o f  7.3 t o  25.7 
glcn?-sec which i s  p r i m a r ~ l y  i n  the acceler- 
at ion-wave breakup regime. Equation ( 3 ) ,  as derived 
from Ref. 7. o l y  covers a mass veloci ty  range of 
2.4 t o  11 g l c a -  sec which i s  p r imar i l y  i n  the 
capillary-wave breakup regime f o r  low momentum a i r -  
s t  reams. 

Splash Plate Fuel In jec tors  
B r e a k u p  i n  airstreams of r a d i a l l y  in jected water 
sheets produced by the splash p la te  f u e l  in jec tor  
shown i n  Fig. 3 was investigated. As shown i n  Figs. 
6(a) and (b), va luesof  D a r e p l o t t e d  against 
mass velocity. paVa. f o r  t r e  0.I016 and 0.216 
centimeter-diameter fue l  t bes respectively. Mean 
drop diameter data f o r  Diy give the fo l lowing 
empirical re la t ion :  

D;' = -1 
'm.0 + l3 'aVa (4) 

where 0,: i s  the value of D$ a t  
vr = v a  = 8. Since breakup data f o r  the con- 
d i t i o n  V = 0 was not obtained f r the splash f p la te  fue? in jector ,  values o f  D s O  were 
tieteririned by extrapolattng the data t o  V a  = 0. 
These values are then p lo t ted  against l i q u i d  j e t  
veloci ty ,  V1. as shown i n  Fig. 7 t o  g ive the 
fo l lowing expression: 

f o r  the hydrodynamic and aorodymanic breakup of 
water sheets i n  quiescent a i r .  i.e. V a  = 0. A t  
t h i s  condition, Q,l i s  d i r e c t l y  proport ional 

t o  the l i q u i d  j e t  ve loc i ty  and imAependent o r  
o r i f i c e  diameter. This resu l t  i >  , . i t e  d i f f e ren t  
from that  obtained wi th  inpinging jets. Thus. the 
tw expressions. Eq. (7) and Eq. (1)  can not be 
conpared d i r e c t l y  since the : irs+ '.em on the r t q h t  
hand side o f  Eq. (1) i s  derived s t r i c t l y  f o r  h y d r ~  
dynamic breakup whereas D-1 includes both 
hydrodynamic and aerodynm%'breakup. 

By subst i tu t ing  Eq. (5) i n t o  Eq. (4). the 
fo l lowing expression f o r  splash p la te  f u e l  i n j ec to r  
breakup o f  water sheets i n  high ve loc i ty  airstreams 
i s  obtained: 

which may be rewr i t ten  as fol lows: 

Comparison o f  equation 6b fo r  splash p la te  f ue l  
in jec tors  wi th Eq. (2) f o r  i m i n g i n g  j e t s  shows that  
hydrodynamic breakup varies w i th  Re1 t o  the 
f i r s t  power i n  equation 6b and w i th  ~ e f - ~  i n  
Eq. (2 ) .  However, the coef f i c ien t  f o r  Re1 i s  
c~ns iderab ly  higher i n  Eq. (2) than Eq. (6b). Data 
from Fig. 5 f o r  i rp ing ing j e t s  are p lo t ted  i n  Fig. 
6( ) f o r  cocnparison and show that  values o f  ! D;s\ were sowwhat lower f o r  inpinging j e t s  o f  
approximately the same o r i f i c e  diameter o f  0.216 
centimeters. 

Pressure Atomizating Sinplex Nozzles 
Breakuo o f  swi r l ina  hollow-cone water sheets 

in jected a x i a l l y  dormsiream i n  high momentum a i r -  
f lows was investigated. This i s  a much m r e  com- 
p l ica ted type o f  l i q u i d  sheet breakup t o  analyze due 
t o  the d i f f i c u l t y  o f  establ ishing the ve loc i ty  o f  
the swi r l ing  l i q u i d  r e l a t i v e  t o  the airstream. i.e. 
Vr. Also, the e f f ec t  o f  airstream mass ve loc i ty  
on varying and reducing the cone angle obtained wi th  
various sizes of sinplex nozzles adds t o  the d i f f i -  
c u l t i e s  o f  determining Vr. Thus, f o r  t h i s  study, 
Dm1 data are p lo t ted  against mass velocity, 
caVa, as shown i n  Fig. 8. 

At the i n i t i a l  condition, oaVa 0 0 and 
0-,1 =-Dm . Both hydrodynamic and aero- 
dynamic forces are a f fec t ing  the l i q u i d  sheet 
breakup process. However, as mass eloci ty ,  
oaVa. i s  increased the value o f  0% 1 
de reased u n t i l  i t reaches a minimum value o f  f 0, h since r e l a t i v e  velocity, Vr, ap- 
prbaches zero and the breakup process i s  p r imar i l y  
contro l led by the hydrodynamic pressure drop of the 

,s mass ve loc i ty  i s  increased from 4 t o  
:~q~i:i~&-sec f o r  the small nozzles (Po = 0.09) 
there i s  only a s l i g h t  increase i n  D-, . This 
intermediate region i s  p r imar i l y  a capillary-wave 
breakup reg+ ,te which i s  t ransfoned i n t o  
acceleration-wave brebkup as mass ve loc i ty  .s 
increased t o  the maximum value of 15.7 g,cJ-sec. 
Thus, the fo l lowing enp i r ica l  2xpressions are 
derived from the data p lo t ted  i n  Fig. 8: 

which may be rewr i t ten  as: 



h h t ~ r ~  DmSh = ? I 0  and 140 rn when 0, - 0.09 
11~4 i ) .1> gm r ~ s p t ~ c t i v c l y .  and eCV-  = 14.5 and 
11.5 p1cm'-see whrn 0, = 0.09 and b . 1 3  cm. 
r ~ q p r c t  1velv. 

! t  i s  in terest !nq t o  note that low mocne"tum a i r -  
\trr,i.s. w i t l l  vdlue) of j e a  < ReC and mas. 
v ~ l c ) i i t  ies below 70 glc -see. tended t o  q i v e  
valuez o f  which were helow the values 
obtained 111 quiescent a i r .  This i s  a t t r i b u t e d  t o  a 
clecrt>as? i n  conc atiqle o f  the hol  low-cone spr-y  
a l l i c t ~  p r o d ~ ~ c t l s  la rger  drop sizes apd less e f f i c i e n t  
atcvnizatii)~l. a id  a decrease i n  r e l a t i v e  v e l o c i t y  
Vr .  I t -was only  hv qoinq t o  values o f  oaVa 
.'O u icm - s r c  hat drop s ize  was decreased and 
r , q l u ~ r  o f  Dnll o r  spec i f i c  s l ~ r f  ace area o f  the 
<pr,i\ wt3< appreciably increased. 

Fiutrr'.. 8 also includes a p l o t  o f  the  data f rom 
t iu1:re 6a  f o r  the splash p l a t e  f u e l  i n j e c t o r  tha t  
has an c r r i f i i r  Oiameter o f  0.1016 cent imetr rs .  At 
i i iu l i  maqs v r l o c i t i e s  the splash p l a t e  qave much 
b e t t e r  breakup. 1.e. a higher value o f  Dkl, 
thnv 1 .  slmplet nozzle haviria an o r i f i c e  diameter 
c.f 0.W centimeters. Tho lower value o f  the simplex 
~>\.i:lt' rnav he intrsc,l hv the co l lapse of the spray 
t-orltl- ariale. However. a cornparaison o f  Eq. (7b) w i t h  
i ~ q .  (. ' \  aric? ( b b )  stiows that  a c o e f f i c i e n t  o f  
'."XI@ . w ~ s  obtained f o r  aerodynamic breakup i n  
the acrPlerat  ~cln.uare reginie which i s  approximately 
t t i r  !.,tmt, b d l t r r  as that obtained f o r  the impinging 
. : ~ t  arl~t s p l a r t ~  p l a t e  f u e l  i n jec to rs .  I n  the case o f  
, r : ] r i t  ion i t ~ t ~  qtrrrscent z i r .  Fig. 8 shows tha t  
tivdrnc+ynamic breakirp w i t h  simplex nozzles i s  much 
more e f f e c t  i r e  i n  produc lng f i n e l y  atomized sprays 
thnt the splaqh p l a t e  o r  i m i n g l n a  j e t  f u e l  i n j e c t o r .  

Valucs c f  ?m!, f o r  quiescent a i r  (Va = 0)  
art. p l o t t r d  auainqt l i q u i d  d i f f e r e n t i a l  pressure. 
AP or1 the 11)a  lo^ p l o t  shown i n  F i g .  9 which gives 
t r l r  t c !  lc?wing expression: 

vht-rr the c o e f f i c i e n t  k i s  a consta t f o r  a given P s i n - p l ~ t  f1!+%1 noz:le. 81 Assuming Oh t o  be 
,? i~rv,. t  icrr of the i ~ o z z l e  t low numher Fn. the co- 
. , f f  i~ lt,r7t k r r ,  rva1ti.stt.d t o  q ive the fo l low ina  
,-cwr.clat inq etprcsz ion f o r  the two s i m l e x  f u e l  
I'll?? I t > < '  

k t l r ' r ~  A P ?  and Fn are expressed i n  NI$ ~ n d  
I I h r  ( N ' m .  )i'.5. respect ive ly .  

i n  Rpf. 7. t h r  f o l l n w i r g  expression was obtained 
f o r  itTrozent. spravs and the cond i t i on  V a  0: 

~!?JI' c!r(-p oiamctt-rs w r r r  ohtained w i t h  a l i g h t  scat- 
t  c r  i r ~ q  inst  rlrment find krrosene spravs were produced 
k i t h  qimplex Delavan noz?les having a cone angle o f  
HP@ and f  l n t  numbers ranging from 0.0182 t o  
;.D?I\J. Cnmar i  son o f  Eqs. ( 9 )  and (10) shows expo- 
tivnt < f o r  the f low r~urnber and AP apree very wel l .  
a lzo.  the c o e f f i c i e n t s  i n  the two equations are ap- 
p r o x i s n t ~ l v  the ~ame. However. the coef f ic !ents  can 
not bp i m p a r e d  d i r e c t l y  since Eq. (9 )  was der ived 

i n  t h i s  study f o r  simplex Monarch nozzles producing 
watcr sprays at a cone anqle o f  45O i n  quiescent 
a i r .  

S W R Y  OF RESULTS 

Empir ica l  co r re la t ions  of the r a t i o  o f  o r i f i c e  
diameter Do t o  m a n  drop diameter Dm w l t h  
hvdrodvnamic force i n  tetms of the 1 i q u l d  .iet 
Revnolds number Re1 and aerodynamic to rce  i n  
terms c f  the a i rs t ream Reynolds number Red o r  
the a i rs t ream r e l a t i v e  v e l o c i t y  Reynolds number 
Re were der ived i n  t h i s  inves t iga t ion  o f  l i q u i d  
sheet breakup i r i  non-swir l  i nq  a i r f l o w .  They are 
l i s t e d  as fo l l ows :  

1. Impiriainu j e t  f u e l  i n j e c t o r s  n e the empir.- 
i r a l  $ elat ionship.  C,lD - 0.OZZ Re?.' + 

2x10-- Rer and w i t h  h i g l  v e l o c i t y  airstream. 
aerodynamic f o r c e  contr ibuted the most t o  hreakup 
since Rer >> Re1 i 

. i 

1 .  Splash p l a t e  f u e l  in jector 's  qave the  empi. - 

i c a l  re la t ionsh ip .  DOID, = ? . 9 x 1 0 - ~  Re1 + 

2 . 4 ~ 1 ~ 3  Rep and hydrodynamic fo rcc  was much 
more e f f e c t i v e  i n  breakup w i t h  splash p l a t e s  than 
w i t h  impinging j e t  f u e l  i n j e c t o r s  since DolDm 
var ied  w i t h  Re1 t o  the f i r s t  power. 

3. Simplex pi.essure a t o m i z i n ~  f c e l  nozzles uavr I 

the empir ica l  re la t ionsh ip .  @,/Dm = @o/I)m,h i 

+ 2.2x10-~ (Re, - Rec) where 4n.h and 
Rec are constants def ined as the hydrodyndmic J 

mean drop diameter and the c r i t i c a l  Kevnolds number 
f o r  aerodynamic breakup. respect ive ly .  Hydrodynamic 
f o r c e  was considerably morc e f f e c t i v e  i n  breakup 

1 
w i t h  s w i r l i n g  sheets than w i t h  splash p l a t e  f u e l  
i n jec to rs .  However. aerodynamic fo rce  tended t o  

1 : 
decrease the cone anqle and increase mean drop s ize  
when a i rs t ream Re,vnolds numbers were below the 
c r i t i c a :  Reynolds number Re,. 1 
APPENDIX i 
L i q u i d  Sheet Atomi,f_a_tion w i t h  Impingig--J_e_t Fuel 
injectors 
T p r e v i o ~ ~ s  experimental invest i g d t i o n  
described i n  Ref. 8. the breakup o f  n-heptane sheets 
a x i a l l y  i n j e c t e d  i n  airstreams was studied. Mean 
drop diameter. D 0. data were obtained w i t h  a ! 
photographic tec in ique  f o r  sprays produced by a i r -  
atomizing impinging- je t  f u e l  i n j e c t o r s  f o r  rocket  
combustcrr~. The e f f e c t  o f  l i q u i d  pressure drop o r  
hydrodynamic forces on the spray mean drop s ize  was 
determined f i r s t .  Then. the i n t e r a c t i n g  or a d d i t i v e  
e f f e c t  o f  hydrodynamic and aerodynamic forces on 

I 

mean drop s i z e  was invest igated.  

Hydrodynamic Breakup 
I n  Ref. 8, the fo l l ow ing  expression f o r  the 

rec ip roca l  mean drop diameter f o r  hydrodynamic 
breakup. 030 h, was obtained from a study o f  the 
breakup o f  p i i r s  o f  impinging j e t s  i n  airstreams 
w i t h  r e l a t i v e  v e l o c i t y  Vr  - 0 and V a  - V1 : 

i l l )  

where V and Do are the l i q u i d  j e t  v e l o c i t y  
and o r i f \ c e  diameter r ~ s p e c t i v e l y .  A s t r a i g h t  l i n e  



pl l r t  o t  t q. (11) and t h r  data f o r  Ref. 8 are shown 
i n  F lu .  10. Equation 11 mav be r e w r i t t e n  i n  terms 
o f  the dim?nsi i~nless r a t i o  of o r i f i c e  d iamrter  t o  
h,vdrodvnamic w a n  drop Jiamt-ter. Djg.h, as fo l lows:  

"0 0.5 
6;;; - O.UZ4 Re, 

s i y e  He1 6 DoVllvl and v1 = 0.DObl 
cm Isvc f o r  n-heptane. 

Aerodvnamic Breaku 
- = r ~ b G 8  f o r  aerodynamic breakup w i t h  
hvdrodvr+amic force held constant arc  p l o t t e d  i n  F ig.  
11 and ~ i v r  the fo l low ing  expression f o r  m a n  drop 
s1ze: 

where r a V r  i s  the r e ! l t i v e  mass v e l o c i t y  whirh 
producPs the aerodynamic hreakup o f  the l i q u i d  
sheet. The usefulness o f  Eq. (13) i s  i l l u s t r a t e d  i n  
F ig .  11 which shows. tha t  i n i t i a l l y  when V, - 0. 
t h  fn l l ow inq  expression i obtained: DJb, - 
D ~ [ . ~  + 11 C ~ V ~  s ince 0 7 1 . ~  + S  evaluate8 a t  
Vr = V1. Then as Va increases Vr decreases 
u n t i l  Vr . 0 nd the value o f  D30 decreased 
u n t i l  - nrR h as given by sg. (11).  
F l r r th r r  ;ncre sck i n  V, incr rases V, and 
v r l ,es  o f  031 inct- are as given by t q .  (13).  The 
m n i m m  l f  D3 i  a t  Vr - 0 i s  due t o  
hp n ru : iq ih le  e f f e c t  of nerodynamfr fo rce  on breakup 
and i 1 l t r s t r ~ t r s  the need of having mass v e l o c i t i e s  
su f f  i i i r n t  l y  h igh  t o  more than comprnsate f o r  the 
file1 v z l o c i t v  and oh ta in  qood fuel atomizat inn i n  a 
ccunbustor. Thus. F,,V,, > 10 i s  r e r ~ ~ m m ~ n d r t i  when 
~ ~ s r n q  impinqinq j e t  f u e l  injt.ctnrs. 

Equation (13)  mav hc r rwr ' i t t en  i n  terms of t l w  
dimt'nsionlrss r a t i o  Dr1030 as fo l lows :  

ilnr-t. ..a 1 .$IXI(~* gl im3. I n  t e n s  of the 
Za~rtPr rnrari drop d iamr t r r  03;. the ex,)ression may 
bt> rewr i t t t *n  a s  fo l l~3wc:  

s i n c r  [I3;. = 1.29 D3* as qiven i n  Ref. 9. 
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Figure 1. - Test facility and auxiliary equipment iDimensions are i n  meters. 1 
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(a) Impinging jets with axially injected flat spray. 

(b) Splash plate with radblly injected flat spray. 

(c) Simplex pressure atomizing nozzle with axially injected swir l iy  
hollw-cone spray. 

Figure 2. - Liquid sheet fuel injec;?~. 
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Figure 3. - Scanning radiometer optical path. 
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Figure 4 - Variation of reciprocal mean amp diam- 
etcr, D:. with airstream relative mean velocity. 
$,V,, for rdter  sheets produced bv impiyinp jet 
injectors. 
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Figure 5. - Variation of reciprocal mean dmp diam- 
eter. D;. with airstnam mass velocity, paVa, 
for water sheets produced by impinging jet fuel 
injectors. 
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(a) Q 1016 cm-incide-diameter fuel tube. 

(b) Q 216 un-insih-diameter fuel tube. 

figure 6 - Variation d ncbtocal  mean drap di- 
ameter. D;. with airstream mass veloclty for 
water sheets pmduced by g l a s h  plate fuel in- 
kctw. 
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