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A complex  exper imen ta l  invest igat ion of the outflow of sa tu ra ted  and subcooled wa te r  through 
channels of different  fo rms  has been  ca r r i ed  out in the p r e s s u r e  range  of 5-20 ba r ;  the  inves -  
t igat ion included the m e a s u r e m e n t s  of the d i scha rge ,  s ta t ic  p r e s s u r e  cu rves ,  mo i s tu r e  content 
field of the two-phase  flow, and the photographic record ing  of the evapora t ion  p r o c e s s .  E m p i r i -  
cal  equations a r e  proposed for  de te rmin ing  the  c r i t i ca l  d i s cha rge .  

The outflow of liquid into a med ium with sma l l  c o u n t e r p r e s s u r e  leads  to the fo rmat ion  of a ve ry  
mois t  two-phase  flow. In the gene ra l  case  this p rocess  occurs  with the  violat ion of the the rmodynamic  
equil ibrium and the v a p o r -  liquid flow thus formed is cha rac t e r i zed  by  a s t r u c t u r a l  inhomogeneRy [1,2]. A 11 
this  makes  it difficult to  use analy t ica l  methods for  de te rmin ing  the m a x i m u m  d i scha rge  of the  evaporat ing 
liquid and forces  one to  take  r e c o u r s e  to  expe r imen t s .  In the  exper imen ta l  r e s p e c t  the mos t  comp}etely in- 
vest igated flow is the  flow of wa te r  through d iaphragms  and cyl indr ica l  channels and t h e r e  a r e  prac t ica l ly  no 
investigations of the flow of an evaporat ing liquid to channels of va r i ab l e  c ro s s  sec t ion ,  as can be s e e n  f rom 
c omprehens  ive r eviews [3,4 ]. 

We made  an a t tempt  to  study the  effect  of the geome t ry  of the channel on the c r i t i ca l  phenomena in a 
two-phase  flow and on the c r i t i ca l  d i scha rge .  The exper iments  were  conducted on a device  which was made 
accord ing  to the closed s c h e m e  and is descr ibed  in [5]. As the operat ing subs tance  we used clean deae ra ted  
water  f rom the main  supply to  the boi le rs  of the Kazan'  T E T s - 2  t h e r m o e l e c t r i c  power plant. Befo re  the ex-  
pe r imen ta l  segments  the wa te r  p a r a m e t e r s  were  m e a s u r e d  in the p r e s s u r e  range  of 5-20 b a r  and t e m p e r a t u r e  
range  of 100-200~ The geom e t ry  of the exper imen ta l  channels is shown in Fig. 1. They include Lava l  
nozzles with opening angles  of 2-30 ~ diverging channels  with a sharp-edged  entrant  or i f ice  and opening angles  
of 4-30 ~ and channels of constant  c r o s s  sect ion.  In all,  23 plane channels were  tes ted.  The d imens ions  of 
some  of these  a r e  given in Table  1. The s tat ic  p r e s s u r e  dis t r ibut ion along the length of the expe r imen ta l  
channels was m e a s u r e d  with the use of a tension probe  placed in the plane wall  of the channel. The fields of 
the phase  concentra t ions  in the flow were  obtained by the rad iographic  method descr ibed  in [2] by i l luminating 
the two-phase  flow with x - r a y  beam s .  

A combined analys is  of the s ta t ic  p r e s s u r e  cu rves ,  the mo i s tu re  content field, and the d i scharge  c h a r -  
a c t e r i s t i c s  of the channels ,  for  which the typica l  r esu l t s  of m e a s u r e m e n t s  a r e  given in Figs. 2, 3, and 4, 
showed that  the es tabl i shment  of the  m a x i m u m  d i scharge  is re la ted  to  the fo rmat ion  of a zone of intense 
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TABLE I 

Type of 
channel  

L-2 
L-3 
L-4 
L-5 
K-2 
K-3 
S-2 

135 
135 
135 
135 
118 
l l2 
90 

8O 
83 
85 
85 

Dimensions of channel,  nm 

9,5 
9,5 
9,5 
9,3 
8,9 
9,0 
9,25 

h b 

7,0 10 
6,35 7 
6,2 5 
7,0 5 
7 , t  
7,1 
5,8 

R =, deg 

45 6:30' 
45 II s 
45 17~ 
45 30 ~ 
- -  1 2  ~ 
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Fig. 1. Experimental channels. 
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Fig. 2. Static pressure distr ibution along the length of the 
L-2 channel: for Po = 13.2 bar, t o = 191.6~ 1) Pep = 5 bar) 
2) 7.9~ 3) 8.5; 4) 11.1 bar; for P0 = 13.2 bar, t o = 131.6~ 
5) Pcp= 1.2 bar) 6) 5.1; 7) 8.1 bar. 

evaporation in which the flow s t ruc tu re  changes f rom liquid-drop type to a form dispersed across  a smal l  
t rans i t ion  region having bubble-type s t ruc tu re .  In L-type channels the zone of intense evaporation is behind 
the throat  of the nozzle,  as shown in Fig. 3; in Kand S type channels, where the process  of evaporation is 
initiated by the sharp  edge, this zone is formed in the entrance segment of the channel. 

In the outflow of both saturated water and water subcooled to the saturat ion t empera tu re  with respect  to 
the p re s su re  at the entrance into the channel with enhanced counterpressure ,  the discharge of the liquid through 
the channel remains  constant until the perturbat ion connected with the increased counterpressure  reaches  the 
zone of intensive evaporation. Different flow regimes  of saturated and subcooled waters a re  observed.  In the 
outflow of saturated water or water with parameters  close to saturat ion the absolute magnitude of the p ressu re  
gradient  in the diverging part of the nozzle decreases  with t h e  increase  of Pcp; as seen f rom Fig. 2, the vapor 
content of the flow dec reases ,  but no qualitative changes in the  flow s t ruc ture  a re  observed.  Similar flow r e -  
gimes were obtained in [6]. 

In the case  of the flow of subcooled water with counte rpressure  Ps /P0 < P c p / P  0 < 0.6 a condensation jump 
appears in the two--phase flow, which is followed by a vapor condensation front.  With the increase  of the counter-  
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Fig. 3. Local values of the t rue  volumetr ic  vapor content of 
the two-phase  flow in an L-2 channel:  a) 1~0 = 13.2 bar ,  t o = 
131.6~ P c p = l . l b a r ;  b) P0 ='131.2 bar ,  t o = 131.6~ Pep = 
8.0 bar .  
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Fig. 4. Dependence of the d ischarge  
on the geometry  of the channel and counter -  
p r e s s u r e :  for P0 = 13.2 bar ,  t o = 191-191.6~ : 
i) L-2; 2) L-3; 3) L-4~ 4) L-5; 5) K-2; 6} 
K-3; 7) S-2, G/F, kgf/(sec, cm2). 

pressure  the perturbation and the condensation front following it a re  displaced up the flow, and the two-phase  
region of the flow can be localized between the evaporation front and the condensation front as shown in Fig.  3. 
For  Pcp/P0> 0.6 apure ly  hydraulic flow reg ime is real ized.  The flow regimes  of saturated and subeooled 
water ,  described above, occurred in a L a v a l n o z z l e  as well as  in K and S channels.  

The cr i t ical  p re s su re  drop,  at which the d ischarge  reached its maximum value, had a very  weak de-  
pendence on the geometry  of the channel; in the investigated range of P0 and t 0, flcr = 0.5-0.65. The cr i t ical  
d ischarge  is substantially affected by the shape of the channel, other conditions remaining constant .  The d i s -  
charge  of saturated and subcooled water through a Laval nozzle increases  with the increase  of the aper ture  
opening angle ~ and reaches  the maximum value for ~ = 17014 ', as seen  f rom Fig.  4. A subsequent increase  
of a resul ts  in a dec rease  of the d ischarge  of liquid through the channel; this is probably explained by the 
b reak  in the flow. 

In K-type channels a noticeable effect of the opening angle ~ on the cr i t ica l  d ischarge  appears only for 
smal l  subcooliug. With the increase  of subcooling the effect of the opening angle on the d ischarge  decreases  
and for re lat ive subcooling 1 --  Ps /P0  > 0.4 the d ischarge  of the liquid through K channels remains  pract ical ly  
constant with the increase  of ~ .  

As a resul t  of a general izat ion of the experimental  data on the outflow of saturated and subcooled water 
the following equation is proposed for determining the cr i t ica l  d i scharge :  

6 = ~t:,~,. V2p' [Po --c,c~,Po (to) l . . (i) 

The coefficients Ct and Ca occurr ing  in (1) take account of the effect of the initial subeooUng of the liquid and 
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F i g ,  5. D e p e n d e n c e  on t he  c r i t i c a l  d i s -  
charge  of water  through the L-2 channel on 
the initial pa ramete rs  of the flow: 1) t o = 
104~ 2) 153; 3) 173; 4) 191. Continuous 
curve) computation f rom Eq. (1) for ~ = 0.98; 
dashed curve) computation f rom (6) for # = 
0.98. G, kg f / ( s ec ,  cm2); P, bar .  

the geomet ry  of the channel on the d i scharge .  For  the coefficients Ct and Ca we have der ived the following 
empir ica l  equations.  

Type-S channels of constant c ross  sect ion with the rounding angle of the entrance edge R -< 0.1 mm:  

C~s= 1.0; Cts= 1.0169 --  0,0806 [0.3038--1n ( I .063- -  p ~ ) ]  ~ " 

Diverging type-K channels  with sharp ent rance  edge: 

8,0872 
C t K = C s ;  C K=0.7008 

a -- 27.0297 

Laval nozzle:  

(2) 

(3) 

c L=og,0  ] (4) 

C=L = 1.0333--(0.3367a -7 4) ~'96 exp (-- 15.8216 - -  0.3078~). (5) 

A compar is ion  of the computation of the cr i t ica l  d ischarge  using Eq. (1) with the exper imental  resul t s  
for  the L-2 channel is shown in Fig.  5. The resul ts  of the computation of the cr i t ica l  d i scharge  f rom the 
simplif ied equation 

G = ,ttFmi n V 29' [Po - -  Ps (to)], (6) 

where it is assumed that the cr i t ica l  cross  sec t ion  coincides with the minimum cross  sect ion of the channel and 
the p r e s su r e  in this c ross  sec t ion  equals the sa tura t ion p r e s su re  corresponding to  the initial p r e s su re  of the 
liquid, a r e  a lso shown in Fig. 5. As seen  f rom Fig. 5, Eq. (6) gives a sa t i s fac tory  descr ip t ion  of the exper i -  
mental  values of the d i scharge  only for the flow of s t rongly subcooled water .  For  smal l  subcooling, Eq. (1), 
which takes account of the r ea l  charac te r i s t i c s  of the outflow of evaporating liquid, i .e. ,  the overheating of 
the liquid ahead of the evaporat ion front and the effect of the geomet ry  of the channel on the flow paramete rs  
in the zone of intense evaporation,  gives be t te r  r e su l t s .  

NOTATION 

~, opening angle of the channel, deg; P0, pressure at the entrance to the channel; Pcp, counterpres- 
sure; Ps, saturation pressure; to, water temperature at entrance to the channel; Fmin, area of the minimum 
cross section of the channel; G, discharge; Ct, Cc~, coefficients; p', density of saturated liquid. 

2, 
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A P E C U L I A R I T Y  I N  M E A S U R I N G  T H E  D I S P E R S E  D R O P  

C O M P O S I T I O N  IN A T W O - P H A S E  S T R E A M  

V .  V .  U s h a k o v  UDC532.529.5 

The paradox of repea ted  drop breakup  in a two-phase  s t r e a m  is cons idered .  A method of m e a -  
sur ing the i r  s l ip  coefficients is p roposed .  

The c r t t e r i a l  condition for  s tab i l i ty  of drops  [1] 

2rpguZ ~ r 10.6 (1) 

a Y 1 train�9 

is known in computat ions of the heat and m a s s  t r a n s f e r  assoc ia ted  with a i r  a tomiza t ion  of fluids.  

The  exis tence  of a l imit  d rop  s i ze  r --- r m i n  which is s tab le  in any high-speed s t r e a m  dictated the mutual  
influence of aerodyrmmie  forces  and iner t ia  and deformabi l i ty  of the  drops  [!]. For  water  r m i  n = 23 t~. At 
the  s a m e  t ime ,  it has been  detected in [2] that  the m a x i m a  of the m a s s  s p e c t r a  of water  drop~ de te rmined  by 
the  method of light sca t t e r ing  in the cyl indr ica l  par t  of a Venturi  tube (throat) shift  toward s m a l l e r  s i zes  as 
the  checked sect ion is r emoved  f r o m  the ent rance  Into the th roa t .  The authors  in te rpre ted  this fact as the r e -  
sutt  of repeated  breakup  of the drops  of turbulent  gas pulsat ions,  which contradic ts  (1). Indeed, according 
to  the t e s t  conditions in [2], the veloci ty of blowing the c o a r s e s t  u 0 = 120 m / s e e  in the f i r s t  checking s ee -  
"tion {x 1 = 30 mm) for  u 0 = 120 m / s e e  was known to  be less than 120 m / s e e ,  and t h e r e f o r e  [according to (1)] 
drops  of radius  ---50 t~ should be s tab le  under subsequent  t ranspor ta t ion .  

The continuous breakup of d rops  i n a  turbulent  s t r e a m  observed in [3] does not contradic t  (1), but a lso  
does not conf i rm the  deduction in [21, s ince  the immisc ib l e  fluids in [3] posses sed  the identical  densi ty  and 
su r f ace  tens ion  ( f ine-scale  turbulent  pulsations were  studied),  while Og << of in [2]. 

We t r ied  to  show the p re sence  of another ,  purely k inemat ica l ,  r eason  for  the  t r a n s f o r m a t i o n  of the s ize  
spec t rum observed in the sec t ion  of d rop  acce l e r a t i on  by the  gas s t r e a m .  We have In mind one pecul iar i ty  in 
measur ing  the d i s p e r s e n e s s  in a two-phase  s t r e a m ,  which has st i l l  not rece ived  a c l ea r  exposure  in the l i t e r -  
a tu re .  

As is known, the mass  s p e c t r u m  g(r ,  x) in a two-phase  s t r e a m  is understood to  be  the m a s s  f rac t ion  of 
drops  supplied by unit volume of gas .  Hence, the flow r a t e  of d rops ,  whose rad i i  lie in the in te rva l  dr ,  in a 
sec t ion  x is 

dq(r, x)= Qfg(r, x)dr = mg(r, x)v(x)S(x)dr, (2) 

s ince m = Qf/Qg and Qg = v(x)S(x). 

If the drops  being t r anspor t ed  in the in terva l  {x 1 --  x2} re t a in  the i r  s i ze  (no ceagulat ion or breakup) ,  
• gO:, xt) = g(r ,  x2). 

V. I .  Lenin Khar 'kov Polytechnic Inst i tute .  T rans l a t ed  f rom Inzhenerno-F iz ichesk t i  Zhurnal ,  Vol. 32, 
No. 6, pp. 995-999, June, 1977. Original a r t i c l e  submit ted May 4, 1976. 

This nmterial is protected by copyright registered in the name o f  Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part [ 
o f  this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by'any means, electronic, mechanical, photocopying, [ 
microfilming, recording or otherwise, without written permission o f  the publisher. A copy o f  this article is available from the publisher for $ 7.50. ] 

642 


