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E F F E C T  OF T H E  D E G R E E  OF D I S P E R S I O N ,  T H E  D R O P  

C O N C E N T R A T I O N  A N D  T H E I R  F I N E  S U B D I V I S I O N  ON T H E  

E N E R G Y  A N D  F L O W  C H A R A C T E R I S T I C S  O F  V A P O R - D R O P  

F L O W S  

G .  A .  F i l i p p o v ,  G .  A .  S a l t a n o v ,  
a n d  K .  G .  G e o r g i e v  

UDC 532.529.5 

The  deg ree  of d i spe r s ion  of the condensed phase  and I ts  concentra t ion a r e  the mos t  impor tan t  
p a r a m e t e r s  of h igh-speed  two-phase  flows, which de t e rmine ,  in pa r t i cu l a r ,  the i r  energy and 
d i scha rge  c h a r a c t e r i s t i c s .  

Numerous  invest igat ions have been made  of two-phase  flows in nozzles .  A genera l iza t ion  of the r e su l t s  
of t hese  inves t igat ions  is g iven in [1-3, etc.  ]. A theore t i ca l  ana lys i s  of the effect  of the pa r t i c l e  s i ze  on the 
flow of a mix tu re  of gas  and pa r t i c l e s  in nozzles was f i r s t  given in [4] using the solution of a s impl i f ied  s y s t e m  
of d i f ferent ia l  equations.  It was shown that  when the s l ip coeff icient  v = u2/u 1 i n c r e a s e s  (in the case  cons idered  
this co r responded  to a reduct ion in the pa r t i c l e  size)  the flow of a two-phase  mix tu re  through a nozzle is r e -  
duced,  o ther  things being equal.  In [2, 4] an ana lys i s  is given of expe r imen ta l  invest igat ions of the effect  of 
the concentra t ion  of condensed phase  Y0 when a highly d i spe r s e  v a p o r - d r o p  medium flows in nozzles ove r  a 
wide range  of values  of Y0. A numer i ca l  invest igat ion of the effect  of the pa r t i c t e  s ize  D 0 on the c h a r a c t e r -  
i s t ics  of two-phase  flows is given in [5]. The s t rong  effect of D o and Y0 on the energy loss  and the flow c h a r -  
a c t e r i s t i c s  of nozzles  in the case  of the flow of two-phase  mix tu res  ~ s  qual i tat ively conf i rmed.  

It should be noted that in these  invest igat ions the fine subdivis ion of the pa r t i c les  was ignored.  At the 
s a m e  t ime ,  in actual  v a p o r - d r o p  h igh-speed flows (par t icular ly  in the flowing par t s  of m o i s t - v a p o r  turbines)  
the deformat ion  and subdivis ion of the liquid drops  a r e  ex t r eme ly  intense.  This in turn  leads to a cons ide r -  
able d i f fe rence  between the theore t ica l  r e su l t s  obtained ignoring these  p r o c e s s e s ,  and exper imen ta l  data.  In 
p r ac t i ce ,  t he re  have a lso  been no invest igat ions in developing methods for  the a r t i f i c ia l  control  of the degree  
of d i spe r s ion  of h igh-speed v a p o r - d r o p  flows due to in tensi f icat ion of the subdivis ion or  coagulation of the p a r -  
t ic les  and the energy  and flow c h a r a c t e r i s t i c s  of such flows as  a r e su l t  of this .  The development  of methods 
of reducing the par t ic le  s izes  is of cons iderab le  p rac t i ca l  impor t ance ,  pa r t i cu la r ly  f r o m  the point of view of 
inc reas ing  the economic efficiency of m o i s t - v a p o r  turbines  and fo r  reducing the e ros ion  of t he i r  components .  

The main  purpose  of this  pape r  is to make  a numer i ca l  and exper imenta l  invest igat ion of the effect  of 
fine subdivision of the drops  on the c h a r a c t e r i s t i c s  of v a p o r - d r o p  f lows,  and a lso  to study methods for  the 
effect ive contro l  of t he i r  d i spe r s ion  s t ruc tu r e .  One of these  methods is by introducing sma l l  quanti t ies of s u r -  
f a ce - ac t i ve  m a t e r i a l s  into the flow. The s u r f a c e - a c t i v e  m a t e r i a l ,  when it in te rac ts  with the liquid phase ,  
changes the su r f ace  tension o f t h e d r o p s ,  and, consequent ly,  the locat ion,  m e c h a n i s m ,  and intensi ty of the i r  
subdivis ion.  In this invest igat ion we added oc tadecylamine  to the flow to obtain a different  d i spe r s ion  s t ruc tu re  
at the input to the nozzle .  At the s a m e  t ime ,  the assumpt ion  that oc tadecylamine  only affects  the su r face  
tension of the drops  (i. e . ,  the Weber  number)  enables us ,  to a f i r s t  approx imat ion ,  to e s t ima te  the effect of 
the s u r f a c e - a c t i v e  m a t e r i a l  on the c h a r a c t e r i s t i c s  of two-phase  flows. 
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Change in the flow parameters along the length of the nozzles: 1)f ;  2) 

(calculated); 3-6) v; 3) D O =40/~, a =0.08 N/m;  4) 80 and 0.08; 5) 40 and 0.02; 6) 
80 and 0.02; the c i rc les  represen t  e (experimental). e 1 = 0.6, Y0 = 15%, and Kd = 
2. 

Fig. 2. Drop s ize  distribution density aL the input to the nozzle: 1) ~t = 0; 2) ~ = 
56-10 -6 kg octadecylamine/kg vapor,  e 1 = 0.6, Y0 = 14.2%. fro, 1//J; D 0, p. 
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Fig.  3. Effect of the par t ic le  s ize  on 
the d ischarge  coefficient and loss of 
the vapor phase: 9) ~, residual  ~. 11 
D o =5  U; 21 1 0 ; 3 ) 2 0 ;  4) 40; 5) 60; 6, 
7) experimental;  6) ~ = 0, D0M = 60p; 
7) ~4 = 56.10 -6 kg octadecylamine/kg 

0 of vapor ,  D0 M =20; 8)according to (67, 
K d = 6 ; 2  t) D O =80 ,  K d =8.  e 1 =0.6 ,  
Y0 =15%, ~, %. 

The main problem of a theore t ica l  investigation is to determine the d ischarge  and energy loss coefficients 
of vapor -drop  nozzle flows taking into account the aerodynamic fine subdivision of the drops and the change in 
the dispers ion s t ruc tu re  of the condensed phase.  

The experiments were made on a closed type of mois t -vapor  aerodynamic tube [3]. The object of the in-  
vestigation was a plane subsonic nozzle whose profile is represented by curve 1 in Fig. 1. The following quan- 
ti t ies were measured:  the p r e s s u r e  drop in the nozzle,  the p res su re  distribution along the length of the nozzle,  
the initial degree of humidity (found f rom the heat and mass  balance}, and the mass  distribution of the drops 
with respec t  to dimensions at the input to the nozzle using the method of repl icas [7]. 

The vapor was ar t i f ic ial ly  moistened by spraying the condensate with a s team sp raye r .  The octadecyl-  
amine was added by means of a plunger pump. The vapor was added separate ly  f rom the main vapor conductor.  
Hence, a reduction in the dimensions of the drop at the input to the nozzle occur red  due to aerodynamic fine sub- 
division, and not due to a change in the spraying charac te r i s t i c s .  The degree of humidity Y0 at the input of the 
nozzle varied f rom 0 to 15%. The degree of d ispers ion of the drops was varied by introducing octadecylamine 
into the vapor-conducting channel in very  smal l  doses ~ < 6.10 -5 kg per  ki logram of vapor.  The experimental  
pa r t i c l e - s i ze  distribution functions at the input of the nozzle a r e  shown in Fig. 2. A considerable reduction in 
the s ize  of the part icles was found when octadecylamine was introduced, and the model s ize  D0 M decreased  by 
a factor  of more  than 3 for a relat ive consumption of octadecylamine in amounts of 0.0056%. The discharge 
coefficient of the moist  flow was defined as the rat io of the measured mass discharge to the theoret ical .  The 
lat ter  was calculated assuming complete thermodynamic  equiUbrium for a known p res su re  drop in the nozzle 
[61. 
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F i g .  4. Ef fec t  of s u b d i v i s i o n  of t he  d r o p  on t h e  c h a r a c t e r i s t i c s  of t h e  v a p o r -  
d r o p  f low: 1, 3,  5) D O = 80 g ,  wi th  s u b d i v i s i o n ;  2, 4 ,  6) 80,  wi thout  s u b d i v i -  

s ion ;  1) # (Kd); 2) p (Do); 3) ~ (Kd); 4) ~ (Do); 5) v (Kd); 6) v (Do); 7) p (Kd); 
o = 0.02 N / m .  e 1 = 0.6; Y0 = 15%; D O , ~.  

F i g .  5. C o r r e c t i o n  f o r  s u b d i v i s i o n  to  t h e  d i s c h a r g e  coe f f i c i en t :  1) Y0 = 2.5%; 

2) 5; 3) 7.5; 4) 10; 5) 15; ~1 = 0 .6 ,  D O = 80 p .  

F i g u r e  3 shows  e x p e r i m e n t a l  c u r v e s  of p = f(Y0) ( c u rve s  6 and 7). As  migh t  have  been  expec t ed  f r o m  
the  a n a l y s i s  c a r r i e d  out in [5], a s  t h e  s i z e  of t he  d r o p  d e c r e a s e s  the  d i s c h a r g e  c o e f f i c i e n t  a l s o  d e c r e a s e s .  
H e n c e ,  the  e x p e r i m e n t s  q u a l i t a t i v e l y  c o n f i r m  the  r e s u l t s  of the  t h e o r e t i c a l  i n v e s t i g a t i o n s .  H o w e v e r ,  f r o m  
t h e  q u a n t i t a t i v e  poin t  of v i ew t h e r e  i s  a c o n s i d e r a b l e  d i s a g r e e m e n t .  T h u s ,  a c a l c u l a t i o n  of t h e  d i s c h a r g e  c o -  
e f f i c i en t  ~ f r o m  the  n o m o g r a m s  g i v e n  in [5], c o n s t r u c t e d  i g n o r i n g  the  f ine s u b d i v i s i o n ,  g i v e s  a va lue  p = 1.14,  
which  i s  8% h i g h e r  than  the  e x p e r i m e n t a l  v a l u e  ob t a ined  fo r  Y0 = 15%, e t = 0.6,  and D0M = 60 tt. 

A n u m e r i c a l  i n v e s t i g a t i o n  was m a d e  us ing  t h e  o r d i n a r y  s y s t e m  of d i f f e r e n t i a l  equa t ions  of a s t a t i o n a r y  
q u a s i - o n e - d i m e n s i o n a l  t w o - p h a s e  f low.  P r e v i o u s  i n v e s t i g a t i o n s  [2, 3, 5] showed tha t  o v e r  t he  r a n g e  of p a r a -  
m e t e r s  c o r r e s p o n d i n g  to  ou r  e x p e r i m e n t  (P0 = 105 N/m2 and D O > 10 p ) ,  t he  e f fec t  of m i s m a t c h  be tween  the  
v e l o c i t i e s  and the  m e c h a n i c a l  p h a s e  i n t e r a c t i o n  c o n s i d e r a b l y  e x c e e d s  t he  ef fec t  of  i n t e r p h a s e  hea t  and m a s s  
t r a n s f e r  on t h e  t w o - p h a s e  f low c h a r a c t e r i s t i c s  i n v e s t i g a t e d .  On the  b a s i s  of t h i s  in th i s  i n v e s t i g a t i o n  we used  
the  fo l lowing  a s s u m p t i o n s  in t he  n u m e r i c a l  a n a l y s i s :  no m a s s  t r a n s f e r  be tween  the  p h a s e s ,  no i n t e r a c t i o n  b e -  
tween  the  p a r t i c l e s ,  c o n s i d e r a t i o n  of t he  v i s c o s i t y  only fo r  i n t e r a c t i o n  be tween  the  p h a s e s ,  and the  u s e  of the  
q u a s i m o n o d i s p e r s e  m o d e l  of  t h e  l iquid  p h a s e .  The  i n t e r a c t i o n  f o r c e  be tween  t h e  p h a s e s  was c a l c u l a t e d  f r o m  
the  equa t ions  

3 C x ~ 2 p , u ,  ~ (1 - -  ~)" 
R = , (1) 

4Do 

24 4 
C== -.--~e+(Re)Z/-----~' if 3 < R e ~ 4 0 0 ,  (2) 

12.5 if 400.< Re ~ 10 a, (3) 
C== (Re)l/2 , 

C==0 .48 ,  if R e > 1 0 3  �9 

In a g r e e m e n t  with [3] we a s s u m e d  tha t  the  f ine  s u b d i v i s i o n  of t he  d r o p s  o c c u r s  when a va lue  of the  W e b e r  
n u m b e r  We = We k = 12 i s  r e a c h e d .  

We u s e d  the  s t a n d a r d  R u n g e - - K u t t a  me thod  to  i n t e g r a t e  t he  s e t  of e q u a t i o n s .  T h e  a e r o d y n a m i c  f ine  s u b -  
d i v i s i o n  p r o c e s s  i s ,  in g e n e r a l ,  c o m p l e x  and nonunique [3]. In th i s  i n v e s t i g a t i o n  we c h o s e  the  s i m p l e s t  s u b -  
d i v i s i o n  mode l :  The  t n t t i a l  d r o p ,  without  d e f o r m a t i o n ,  a f t e r  r e a c h i n g  We = Wek ,  i s  s i m u l t a n e o u s l y  s p l i t  up into 
n d i f f e r e n t  p a r t s ,  de f ined  by the  s u b d i v i s i o n  c o e f f i c i e n t .  F i g u r e  1 shows  the  p r e s s u r e  d i s t r i b u t i o n  e ( cu rve2 )  
and the  s l i p  c o e f f i c i e n t  v ( c u r v e s  3-6)  o v e r  the  length  of the  n o z z l e ,  ob ta ined  by c a l c u l a t i o n  fo r  a p r e s s u r e  
d r o p  in  t h e  n o z z l e  e t = 0.6 and an  i n i t i a l  humid i ty  Y0 = 15%. The  po in t s  r e p r e s e n t  t he  e x p e r i m e n t a l  p r e s s u r e  
d i s t r i b u t i o n .  A s  i s  s e e n ,  t he  f low u n d e r  t h e s e  cond i t ions  i s  n e c e s s a r i l y  a c c o m p a n i e d  by f ine  s u b d i v i s i o n  of 
the  d r o p s .  A r e d u c t i o n  in  the  s u r f a c e  t e n s i o n  of the  d r o p  l e a d s  to  a sh i f t  in the  f ine  s u b d i v i s i o n  c r o s s  s e c t i o n  
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opposite to the flow and to an increase  in the velocity of the liquid phase at the nozzle cutoff -- the dashed 
curves 5 and 6 in Fig.  1. 

Here we assume that the fine subdivision coefficient K d = 2. 

The resul ts  of an investigation of the effect of the initial humidity and drop s ize  on the discharge and 
loss coefficients a re  shown in Fig.  3. The discharge  coefficient # was calculated f rom the equation 

= f, (p,u,~l + P2u~2)/G,, 

where G t is the theore t ica l  d i scharge ,  calculated f rom the equilibrium heat t r ans fe r .  The loss coefficient 
of the vapor phase was found f rom the expression 

.~= (1- Piu'u__~ ~l Puu',u~t ) �9 100, %. 

(4) 

(5) 

Here the index t denotes that the corresponding quantity was found f rom gas -dynamic  tables for isoentropic 
expansion of supercooled vapor.  

It follows f rom the theore t ica l  graphs (curves 1-5 in Fig.  3) that the discharge coefficient increases  as 
the d iameter  of the drop inc reases ,  and this increase  is more  intense the g rea t e r  the initial degree  of humi-  
dity. Analysis  showed that a reduction in p together  with a reduction in D o when there  is no fine subdivision 
occurs  for  two reasons:  f i r s t ,  the vapor  by accelera t ing the fine drops to higher slip coefficients loses a large 
amount of kinetic energy,  and finally its velocity at the exit of the nozzle falls;  second, the true volume con- 
centrat ion of the drop decreases  as its s ize dec rea se s ,  which corresponds to the data given in [4]. Both fac-  
to rs  contribute equally to the change in the d ischarge  coefficient.  The large d isagreement  between curves 5 
and 6 in Fig. 3 is due to the fact that the theore t ica l  d ischarge  coefficient does not take into account a number 
of factors  which occur  in actual flows, and p r imar i ly ,  the energy dissipation in the boundary layer  and the 
fine subdivision of the liquid phase.  A numer ica l  investigation of the effect of the fine subdivision mechanism 
on the flow charac te r i s t i c s  showed that the d ischarge  coefficient dec reases  while the loss coefficient increases  
as the subdivision coefficient increases  --  curves 1 and 3 in Fig.  4. Analysis showed that for  the mode with 
fine subdivision the pa ramete r s  of the vapor phase at the exit f rom the nozzle a r e  close to the values of the 
corresponding pa ramete r s  for  the mode without subdivision when the initial par t ic le  s izes  a re  the same as the 
par t ic le  s izes  af ter  subdivision. In par t icu lar ,  this is the cause of the smal l  difference in the loss coefficients 
--  curves 3 and 4 in Fig.  4. The additional reduction in the d ischarge  coefficient in the mode with subdivision 
is due to the fact that the drop,  af ter  subdivision, cannot be accelera ted  to the value of the velocity at the out- 
put, which it would have if its initial s ize  was equal to the s ize  af ter  subdivision. It is natural to assume that 
the difference between curves 1 and 2 of Fig. 4 will be less the ea r l i e r  subdivision occurs .  This assumption 
is confirmed by calculation. Curve 1 in Fig.  4 corresponds  to the subdivision c ross  section x = 6.4, while 
curve 7 corresponds  to x = 4.8 (see curves  4 and 6 in Fig. 1). The shape of curve 7 in Fig. 4 for  K d < 3 is 
due to the fact that the drops in the nozzle a re  subdivided twice (see also Fig. 1, curve 6). 

Figure  5 shows theore t ica l  curves of the effect of fine subdivision on the discharge coefficient for dif-  
ferent  values of Y0. The reduction in the d ischarge  due to fine subdivision ~u d occurs  more  intensively the 
g r ea t e r  the initial degree  of humidity. 

On the basis of the above numer ica l  analysis  we obtained a relation which enabled the theoret ical  d is -  
charge coefficient to be refined: 

I~ = D s (I~ t -- L~ ), (6) 

where/Jp is the theoretical coefficient ignoring subdivision, ~ku d is the increase in the discharge coefficient 
taking drop subdivision into account, and/as is the discharge coefficient of the nozzle for superheated vapor. 
In this case we assumed approximately that the reduction in # due to energy dissipation in the boundary layer 
is the same for superheated and moist vapor. We took the value 0.98 for/~s. The results of a calculation of 
p using (6) and the curves in Fig. 5 are shown in Fig. 3, curve 8. The agreement with experimental curve 6 

is satisfactory. 

Naturally, the values of lap and ~u d depend on the specific initial and geometrical parameters of the 
nozzle, and also on the particle size distribution at the input to the nozzle. The results of a calculation of 
the discharge coefficient for different pressure drops E I (0.6 < et < 0.85) showed that the value of/~p is in- 
versely proportional to sl. The curves of #p(D0) for ~i = const are equidistant, which confirms that the pres- 
sure drop in the nozzle has only a small effect on the value of Z~Ud. 
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The r e su l t s  obtained showed that  an i nc r ea se  in the ini t ial  s i ze  of the pa r t i c l e s  leads to an i nc rea se  in 
the d i scharge  coeff icient  of the nozzle  and to a reduct ion in the loss  coefficient  of the vapor  phase  g. In the 
given speci f ic  nozzle  with Y0 = 15% and e 1 = 0.6 as the par t i c le  s ize  i n c r e a s e s  f r o m  5 p to 80 # the d i scharge  
coefficient  I n c r e a s e s  by 4% while the loss  coeff icient  of the vapor  phase  d e c r e a s e s  by 9%. The mechan i sm 
by which the liquid phase  is subdivided has a cons iderab le  effect  on the  d i scha rge  and energy  cha rac t e r i s t i c s  
of v a p o r - d r o p  f lows.  When the subdivis ion coeff icient  is i nc rea sed  f r o m  1 to 8 the value of p d e c r e a s e s  by 
5.5%, while the loss  coeff icient  of the  vapor  phase  i n c r e a s e s  by 9% (for the given speci f ic  nozzle  with Y0 = 15% 
and e 1 = 0.6). Under ce r ta in  conditions subdivision of the liquid phase  within the nozzle  may lead to m o r e  in-  
t ense  reduction in the d i scha rge  coefficient  than a reduct ion in the init ial  s ize  of the pa r t i c l e s .  This effect is 
the s a m e  as the effect  of the init ial  s ize  of the pa r t i c l e s  and the i r  subdivision on the quanti t ies ~ and ~, which 
is m o r e  pronounced the g r e a t e r  the concentra t ion  of the liquid phase  and the p r e s s u r e  gradient  in the nozzle.  

The r e f inemen t  of the d i scha rge  coeff icient  taking into account  the subdivis ion of the  liquid phase  en- 
abled s a t i s f ac to ry  a g r e e m e n t  to  be obtained between the  theo re t i ca l  and expe r imen ta l  r e su l t s .  

N O T A T I O N  

u, s l ip  coefficient;  u l ,  vapor  veloci ty;  u 2, pa r t i c l e  veloci ty;  Yo, t rue  init ial  concentra t ion of the liquid 
phase;  D 0, ini t ial  drop d i ame te r ;  Do M, modal  ini t ial  drop  d i ame te r ;  ~ = x /h ,  d imens ion less  coordinate  along 
the length of the nozzle;  x, coordinate  along the length of the nozzle;  h, height of the nozzle  in the output s e c -  
tion; f = fffl; f ,  t r a n s v e r s e  c r o s s - s e c t i o n a l  a r ea ;  f~, t r a n s v e r s e  c r o s s - s e c t i o n a l  a r e a  at the nozzle  outlet; 
~ ,  f l ow- ra t e  concentra t ion of oc tadecylamtne;  p ,  d i scharge  coefficient;  e, e 1, p r e s s u r e  drop  and m a x i m u m  
p r e s s u r e  drop  in the nozzle;  R,  in te rac t ion  fo rce  between the phases ;  Cx, r e s i s t a n c e  coefficient  of the drop;  
~a2, volume f rac t ion  of the liquid phase;  Pl, densi ty  of the vapor  phase;  Re = plDo(ul--u2)/p~, Reynolds number ;  
Pl,  dynamic v i scos i ty  of the vapor ;  We = P l D o ( U l - - U 2 ) 2 / a ,  Weber  number ;  o, su r f ace  tension of the  liquid; K d = 
Do/Dr, subdivis ion coefficient;  D1, d rop  d i a m e t e r  a f t e r  subdivision;  G, flow ra te ;  ~, kinetic energy loss  coeff i -  
cient of the vapor  phase;  ~p, theore t i ca l  d i scha rge  coefficient;  ~s ,  d i scha rge  coeff icient  for  superhea ted  v ap o r ;  
Apd , co r r ec t i on  for  subdivision to the d i scharge  coefficient;  and f m ,  drop s i ze  dis t r ibut ion densi ty .  
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