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The dimensions of the droplets and moisture "tongues" running off the 
edges of the nozzle blades of wet-steam stages have been determined 
experimentally and as a result of calculations based on the formulas of 
various authors. A physical picture of runoff and disintegration in the 
edge wake has been obtained for subsonic, near-sonic, and supersonic 
wet-steam flows. 

In s tudying the e r o s i o n  of the b lades  of w e t - s t e a m  
s tages  and d e t e r m i n i n g  the components  of the m e -  
chanica l  l o s s e s  due to m o i s t u r e  it  is n e c e s s a r y  to con-  
s i de r  the fo rmat ion ,  magni tude ,  and mot ion of the 

m o i s t u r e  d rop le t s  in the axia l  gaps.  The re  have been 
ex t ens ive  e x p e r i m e n t a l  and t h e o r e t i c a l  s tudies  of the 
breakup of l iquids flowing f r o m  o r i f i c e s  and je t s  [1]. 
This  m a t e r i a l  is su i tab le  for  u se  in studying the f o r -  
ma t ion  of d rop l e t s  f r o m  the m o i s t u r e  f i lms  that run 
off the edges  of f ixed b lades .  This  leads  to the p rob -  
l e m  of compar ing  the e x p e r i m e n t a l  data obtained for  
j e t s  and fixed turb ine  blading.  

The breakup of m o i s t u r e  f i lms  running off nozz le  

edges  has  been  studied at the Len ingrad  Poly technic  
Inst i tute.  The working sec t ion  of the e x p e r i m e n t a l  r i g  

contained a row of nozz le  p r o f i l e s  with a p i tch  of 69 

m m  and a flow outlet  angle  of 19 ~ The s a m e  cascade  
had p r e v i o u s l y  been thoroughly t es ted  o n w e t s t e a m  [2]. 

In o r d e r  to study the f o r m a t i o n  and mot ion  of the 
d rop le t s  we ins ta l l ed  an opt ical  s y s t e m  that  enabled 
us to c a r r y  out h i g h - s p e e d  m o t i o n - p i c t u r e  photography 
(Fig. 1). The SKS-1M c a m e r a  ope ra t ed  at f i l m s p e e d s  
of 3700-4500 f r a m e s  p e r  second.  Var ious  m o i s t u r e  
l e v e l s  ahead of the ca scade  w e r e  inves t iga ted  in sub-  

sonic,  sonic,  and supe r son i c  flow r e g i m e s .  The 
m o i s t u r e  content  at the ca scade  in le t  va r i ed  f r o m  0 
( sa tu ra ted  s team)  to 1 0 ~  The i n t e r v a l s  of v a r i a t i o n  
of the M and Re n u m b e r s  w e r e  0 .5 -1 .67  and (1 .65-  
3.5)" 105 , r e s p e c t i v e l y .  The back p r e s s u r e  beyond 

the ca scade  v a r i e d  f r o m  0.06 to 0.1 b a r  depending on 
the r e g i m e .  

By studying the f i lms  obtained we w e r e  able to r e -  
c o n s t r u c t  the p r o c e s s  of f i lm runoff  f r o m  the blade 
edge and breakup of the m o i s t u r e  in the edge wake. 
The runoff p i c t u r e  changed subs tan t ia l ly  on t r ans i t i on  
f r o m  subsonic  (M = 0.5) to n e a r - s o n i c  or  supe r son i c  
flow v e l o c i t i e s  beyond the nozz le  channel .  

F o r  the n e a r - s o n i c  and supe r son i c  r e g i m e s  the 
runoff  p i c tu r e  r e m a i n e d  a l m o s t  the same.  Moi s tu r e  
accumula t ed  g radua l ly  at the edge. Separa t ion  took 
p lace  only a f t e r  t h e  condensate  f i lm had r eached  a 
suf f ic ien t  th ickness .  At a sma l l  in i t ia l  m o i s t u r e  con-  
tent  (Y0 ~ 3 %) the m o i s t u r e  f i lm was a l t e r n a t e l y  d ragged  
0 .2 -0 .3  m m  into the wake and r e t u r n e d  to the blade in 
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Fig.  1. A r r a n g e m e n t  fo r  photographing the 
runoff  of m o i s t u r e  f i lms  and d rop le t s  f r o m  
the edge of a nozz le  blade: 1) i l lumina t ing  
tube; 2) nozz le  blade;  3) window glazed  
f lush with convex su r f ace  of blade;  4) p r i s m ;  

5) output tube. 

a pulsating motion. A tongue of moisture separated 

from the swollen film (Fig. 2). In 10 -3 sec this tongue 

was dragged 2-3 mm into the wake, after which a 

droplet of radius 0.1-0.2 mm detached itself from 
the tip. Sometimes several fine droplets 0.02-0.05 mm 

in radius were formed from the neck associated with 

the formation of the terminal droplet. Droplets were 

also observed to form from several tongues originating 

in the same bulge of the film. At near-sonic and super- 

sonic velocities the maximum length of the tongues 

was 3-4 mm. Sometimes their length reached only 

0.5-1 ram. To a considerable extent the frequency of 

film runoff from the nozzle edge was determined by 

the initial moisture content ahead of the cascade. At 

small moisture contents at the cascade inlet (less than 

2-3%) runoff was observed only twice per second in 

the camera field (approximately 6 mm along the length 

of the blade edge). As the initial moisture content in- 

creased, so did the runoff frequency. However, the 

nature of the runoff remained the same at small and 

large moisture contents for near-sonic and super- 
sonic regimes. The following stages of droplet forma- 
tion was observed: accumulation of a film, develop- 

ment of a tongue, disintegration of the tip of the tongue, 

contraction of the remainder of the tongue toward the 

edge, acceleration of the droplet in the wake, and 

breakup of the droplet in the flow. 

Another picture was observed at small subsonic 
ve loc i t i e s  ~M = 0.5). At an in i t ia l  m o s i t u r e  content  of 
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Fig. 2. Fo rma t ion  and breakup of m o i s t u r e  drople t  at t r a i l i ng  edge 
(five succes s ive  f rames) .  Pl = 0.23 bar ,  Yl = 6.7%; M = 0.567; f i lm 

speed 4000 f r a m e s  per  second. 
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3. Path (mm) and veloci ty  ( m / se c )  of d rople t  af ter  
s epa ra t ion  f rom tongue: 1) expe r imen ta l  path of droplet ;  
2) expe r imen ta l  veloci ty of droplet ;  3) veloci ty  of d rop-  

let  according  to (1). 

about 5% runoff took the form of sepa ra t ion  f rom the 
edge of individual  pa r t s  of the f i lm en t ra ined  by the 
flow. At a d is tance  of about 10 m m  along the wake 
f rom the edge large  p ieces  of f i lm were  broken  up by 
the f low.  Somet imes  at subsonic  ve loc i t ies  cont inuous 
r ibbons  of mo i s tu r e  7 -8  m m  long separa ted  f rom the 
edge. 

In no r eg ime  was the runoff point constant  along 
the length of the blade. The only except ion was the 
tongues f rom secondary  flows. The i r  pos i t ion  on the 
blade was at approx imate ly  one fourth the height of 
the channel  f rom the end walls .  

The ve loc i t ies  of the drople ts  and f i lms  in the wake 
immedia t e ly  af ter  separa t ion  f rom the cont inuous par t  
of the condensate  f i lm were  0 .3-0 .5  m / s e c .  At a d i s -  
tance of 3.7 m m  f rom the blade edge along the wake 
at M = 1, Yi = 5% the drople t  was acce l e ra t ed  to 
4 m / s e c .  After  this the drople t  became deformed and 
broke up. F igure  3 shows the path of a drople t  on the 
in te rva l  f rom 2.3 to 5.3 m m  along the wake f rom the 
blade edge taken f rom five s u c c e s s i v e  f r ames .  In the 
las t  two f r ames  the drople t  began to deform and b r e a k  
up. The deformat ion  was p a r t i c u l a r l y  grea t  in the 
las t  f rame.  In the subsequent  f r a m e s  the drople t  could 
not be dis t inguished.  

The veloci ty of the drople t  on the above-men t ioned  
in t e rva l  was calcula ted f rom the fo rmula  

where 

c~ 1// ~ - ' '  " a/2 = Z , ~ C a ~  , (1) 

9.38 ~ / /  ~'p"- 
A - -  P' d~ 
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The veloci ty of the s team in the wake was es t ima ted  
f rom the r e s u l t s  of [6]. 

On the length in ques t ion the edge wake had a width 
of about 1.2 ram, i . e . ,  c o m m e n s u r a b l e  with the di -  
m e n s i o n s  of the drople t s  formed,  which were  about 
0.5 m m  in d iamete r .  When a drople t  is acce le ra ted ,  
i ts  su r face  is  acted upon by a va r i ab le  dynamic  head 
co r re spond ing  to the s t eam veloci ty,  which v a r i e s  
over  the width of the wake. Good a g r e e m e n t  between 
fo rmula  (1) and the expe r imen ta l  r e su l t s  (Fig. 3) was ob- 
tained for 

Cav = Cw0 A- CW~.~ , 

2 

?i 
where  ew0 is the m i n i m u m  s team veloci ty  in the wake 
(core of wake), and Cw0.5" is the s t eam veloci ty  at a 

point  in  the wake where the devia t ion of the s t eam veloci ty  
in the wake f rom the veloci ty in the flow core  is half  
that in the core of the wake [6]. 

In der iv ing  fo rmula  (1) it  was a s s u m e d  that C x = 

The c r i t e r i o n  used to tes t  the s tabi l i ty  of the drop-  
let  was 

We = 2p" ( c  w - -  c ' ) ~ r  d 

G 

where  ~ is  the sur face  tens ion.  
Calculat ion of We for f r a m e s  4 and 5 (Fig. 3) gave 

a value close to 14, which is usua l ly  [7] regarded  as 
the upper  l imi t  of d i s in tegra t ion .  For  theore t ica l  
curves  3 (Fig. 3) we a s s u m e d  d i s in t eg ra t ion  of the 
drople t  in accordance  with f r a me  4. Calculat ion of 



the veloci ty  for the l a r g e s t  drople t  de t e rmined  for  
We = 14 gave the lower  curve.  The upper  b ranch  of 
curve  3 c h a r a c t e r i z e s  the veloci ty  of the average  drop-  
let,  whose rad ius  was taken equal to half  the rad ius  
of the max imum drople t  [8]. 

When the drople t  en t e r s  the flow, it is defomed by 
ae rodynamic  forces .  At the same t ime the drople t  is 
acce l e ra t ed  by the flow. In this  case the re la t ive  
veloci ty  and the value of the We n u m b e r  dec rease .  If 
the t ime  r equ i r ed  to reach the c r i t i c a l  phase of de for -  
ma t ion  is l e s s  than the acce l e r a t i on  t ime  to We ~ 14, 
the drople t  will  d i s in tegra te .  Otherwise  deformat ion ,  
having reached  a c e r t a i n  m a x i m u m ,  begins  to de-  
c rease .  As the re l a t ive  veloci ty d e c r e a s e s ,  the shape 
of the drople t  begins  to approach that  of a sphere .  

The t ime  r equ i r ed  to reach the c r i t i ca l  phase  can 
be e s t ima ted  f rom the fo rmu la  [7] 

t = 1.65d d (c"--c')-lp '~ p,,-0.s, 

for the r e g i m e  of Fig.  2, t = 0 . 5 . 1 0  -3 see.  The t ime 
r equ i r ed  for a c c e l e r a t i o n  of the drople t  to the pos i t ion  
shown in the fourth f r ame  is  2 . 5 . 1 0  -2 sec.  Conse-  
quently,  the c o r r e c t n e s s  of the ca lcula t ion  is  con-  
f i rmed  by the b reakup  of the drople t  observed  in f r a m e s  
4 and 5. 

There  have been n u m e r o u s  theore t ica l  s tudies  of 
the breakup of je ts  of l iquid flowing f rom or i f ices  and 
moving in a gas flow [1, 3, 4]. In these  s tudies  the m e c h a -  
n i s m  of decay of jets  as a r e s u l t  of the growth of 
uns tab le  v ib ra t ions  has been analyzed in detai l .  Shor t -  
wave v ib ra t ions  have been found to p redomina t e  in al l  
cases  of a tomizat ion.  A sma l l  sect ion of cont inuous 
jet  is a lmos t  always observed  d i rec t ly  at the nozzle  
opening. 

We wil l  employ the fo rmulas  obtained for water  
flowing f rom jets  and o r i f i ces  for  de t e rmin ing  the s ize  
of the drople ts  and the length of the cont inuous sec t ion  
formed as a r e s u l t  of m o i s t u r e  runoff f rom the edges 
of nozzle  b lades  in re la t ion  to our  own expe r imen t s .  

The p rob l em of the d i s in t eg ra t ion  of a l iquid cy l in -  
der  was f i r s t  solved by Rayleigh [5]. According  to 
Rayleigh the o rde r  of magni tude  of the drople t  is de-  
t e r m i n e d  by the wavelength of the uns tab le  v ib ra t ion  
having the m a x i m u m  growth inc remen t .  This wave is 
cal led the opt imal  wave. The co r re spond ing  wave-  
length 

47~{3 
X o p t -  , , 2 "  (2)  pc 

The ins tab i l i ty  of the je t  leads  to the sepa ra t ion  of 
a r ibbon  of length kop t. As a r e su l t  of i ts  na tu ra l  
v ib ra t ion  and in t e rna l  t u rbu lence  this  r ibbon  b reaks  
up into drople t s  of rad ius  

r d=7 .56  [ ~opt61 ]0.5 L - ~ - - -  j , (3) 

where  61 is the th ickness  of the f i lm on the concave 
su r face  of the blade. 

To inves t iga te  the s epa ra t i on  of the f i lm f rom the 
edge of the nozzle  blade,  is one of the expe r imen ta l  r e -  

g imes  we ma in ta ined  the p a r a m e t e r s :  p r e s s u r e  be-  
yond nozzle Pl = 0.06 bar ,  m o i s t u r e  content  of s t eam 
beyond nozzle  Yi = 5%, M = 1.5. F r o m  (2) and (3) for 
s epa ra t ion  of 12% of the m o i s t u r e  contained in the flow 
at the nozzle  outlet  onto the concave pa r t  of the nozzle  
blade [2] we obtain kop t = 3.52 �9 10 -3 m, r d = 0 .474mm.  
In our expe r imen t s  for this r eg ime  we obtained r d = 
= 0 .12-0.25 ram, i . e . ,  a r e su l t  of the same  order  as 
the ca lcula ted  value. 

In [7], on the bas i s  of the theory  of s imi l a r i t y ,  the 
following re la t ion  was obtained: 

dd=81F (Cav~p" . ~lp"8 ~,,2 )' (4) 

By ana lyz ing  the exper imen ta l  data of a n u m b e r  of 
d i f fe rent  inves t iga to rs  the same  authors  de t e rmined  
the funct ional  re la t ionsh ip  F and obtained Eq. (4) in 
the form 

dd=61(135_ F 3.67.10_s 6~p"o~ ( Cav~19" )0.9 (5) 

The drople t  r ad ius  was de t e rmined  f rom (5) for 
Pt : 0.06 bar ,  Yt : 5%, M = 1. The s team veloci ty in 
the wake behind the nozzle  edge was es t imated  in ac -  
cordance  with [6]. A s  a r e su l t  of the ca lcu la t ion  we 
obtained a drople t  rad ius  of 0.105 ram, close to the 
value 0 .15-0 .20 m m  m e a s u r e d  unde r  the same  condi-  
t ions.  

The d imens ions  of the cont inuous pa r t  of the tongue 
were  e s t ima ted  in accordance  with [3]. We employ the 
e r i t i e r i a l  r e la t ion  

So = BSWe-~ -1-2Ik~176 (6) 

where  So is the length of the cont inuous par t  of the jet  
(tongue), 5 is  the th ickness  of the nozzle  edge, B = 
= 27 is an exper imen ta l  quanti ty,  

p,, ~,2 c "2 p'6 
9 = - 7 ,  k - -  , W e -  

P p'8~ 

Equat ion (6) was obtained on the bas i s  of a solut ion of 
the p rob lem of stability" and d i s in t eg ra t ion  of a jet  by 
the method of smal l  pe r tu rba t ions .  

According to (6) the length of the tongue is 4 m m  
for Pi = 0.06 bar ,  Ya = 5%, M = 1. In the c o r r e s p o n d -  
ing e xpe r i me n t s  the length of the tongue was equal to 
2 - 4  ram. 

As a r e s u l t  of these e xpe r i me n t s  and ca lcula t ions  
we may draw the following conclus ions :  

1. The na tu re  of m o i s t u r e  runoff  f rom the edges 
of nozzle  b lades  depends e s se n t i a l l y  on the flow ve loc-  
ity. For  subsonic  flows in the flow core (M = 0.5) the 
f i lm runs  off the edge in the form of a r ibbon 7 -8  m m  
long. At n e a r - s o n i c ,  sonic,  and supe r son ic  ve loc i t ies  
in the flow core  beyond the nozzle  edges (M = 0.95--1.67) 
the length of the runoff tongues was 2 - 3  ram. 

2. The veloci ty of the drople ts  and f i lms in the wake 
immed ia t e ly  af ter  separa t ion  f rom the tongue was 0 .3 -  
0.5 m / s e c .  

3. In o rde r  to d e t e r m i n e  the length of the tongue 
and the s ize  of the d rop le t s  formed it is poss ib le  to 
use  fo rmulas  obtained for l iquid je ts .  
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NOTATION 

#", p" a re  the dynamic v iscos i ty  and the density of 
the steam; p' is the densi ty of the water;  S is  the path 
of the droplet  along the edge wake; C~v is the mean 
s team velocity in the edge wake. 

REFERENCES 

i. L. A. Vitman, B. D. Katsnel'son, and I. I. 
Paleev, Atomization of a Viscous Liquid [in Russian], 

Gosenergoizdat, 1962. 
2. I. I. Kirillov, I. P. Faddeev, and Kh. Kh. 

Tsigler, Izvestiya VUZ. Energetika, no. 5, 1966. 
3. A. S. Lyshevskii, Diesel-Jet Fuel Atomization 

Processes [in Russian], Mashgiz, 1963. 

4. B. I. Brounshtein and A. S. Zheleznyak, Phys- 
ieochemical  Basis  of Liquid Extract ion [in Russian],  
Izd. Khimiya, 1966. 

5. Lord  Rayleigh, Theory of Sound, Vol. 2 [Rus- 
s ian t ranslat ion] ,  GTTI, 1955. 

6. E. V. Solokhina, Trudy MAI, no. 68, 1956. 
7. B. V. Raushcnbakh et al. ,  Physical  Basis of 

the Working Process  in the Combustion Chambers of 
A i r -Brea th ing  Jet  Engines [in Russian],  Izv. Mashino- 
s t roenie ,  1964. 

8. I. P. Faddeev, Nauchno-tekhn. inf. byull. LPI, 
no. 12, 1959. 

23 October 1967 Kalinin Polytechnic Institute, 
Leningrad 

630 


