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is the p r e s s u r e ;  
is the t e m p e r a t u r e ;  
is the enthalpy; 
is the specif ic  volume;  
is the Prandt l  number ;  
is the d ryness  level ;  
is the adiabat ic  exponent of the heated vapor ;  
a re  the coeff icients  of t h e r m a l  conductivity,  dynamic and k inemat ic  v i scos i ty ,  respec t ive ly .  

The subscr ip t s  l and v r e f e r ,  r e spec t ive ly ,  to p a r a m e t e r s  of the liquid and vapor  phase;  e r e f e r s  to p a r a m e t e r s  
of the ex te rna l  flow. 
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The c r i t e r i a l  p r o c e s s i n g  of expe r imen ta l  r e s u l t s ,  obtained by studying the d ischarge  of hot wa te r  
into the a tmosphe re  through a Lava l  nozzle ,  is proposed.  The initial p a r a m e t e r s  of the wa t e r  
were  va r i ed  over  the range  P0 = 4.9-17.6 bar  and t o = 119-204~ 

The effect  is invest igated in this pape r  of the initial  p a r a m e t e r s  of hot wa t e r ,  P0 and t o [t o > ts(Pn)], where  
ts(Pn) is the sa tura t ion  t e m p e r a t u r e  a t  the t e m p e r a t u r e  of the surrounding med ium,  on the d i scharge  c h a r a c -  
t e r i s t i c s ,  the m e a n - m a s s  efflux ve loc i t i e s ,  and p r e s s u r e s  for  nozzles  of specif ied geomet ry .  

The expe r imen t s  were  conducted in a faci l i ty  r ep resen t ing  a hydraul ic  c i rcui t ,  including a h i g h - p r e s s u r e  
tank, the working  section - the nozzle ,  and a ca tcher  vesse l .  In o rde r  to produce  wa te r  with specif ied initial 
p a r a m e t e r s ,  a number  of anc i l l a ry  devices  we re  provided:  a hea t -exchanger ;  e l ec t r i c  hea te r ;  a c o m p r e s s e d  
a i r  supply line; and pumps.  

The expe r imen t s  we re  c a r r i e d  out with w a t e r  that had not undergone p r e l i m i n a r y  deaera t ion  and pu r i f i ca -  
tion; however ,  during heat ing up in the closed vo lume,  a per iodic  p r e s s u r e  ~scouring" was ca r r i ed  out, which 
led to a reduct ion of the amount  of gas in the wate r .  The wa te r  obtained was underheated by 1-2 ~ before  the 
sa tura t ion line. Grea t e r  underhes t ings  were  achieved by the addition of c o m p r e s s e d  a i r .  

During the expe r imen t ,  the initial  t e m p e r a t u r e  of the wa t e r  (to) , the initial p r e s s u r e  (P0), the s ta t ic  
p r e s s u r e  along the nozzle (Pi), the w a t e r  flow ra te  pe r  second (G), and the reac t ive  thrus t  (R) were  measu red .  
F r o m  the m e a s u r e d  values  of G, R,  and P0, the mean flow veloci ty  at the outlet  was  calculated by the formula  

Inst i tute of T h e r m o p h y s i c s ,  Siberian Branch of the Academy of Sciences of the SSSR, Novos ib i r sk .  T r a n s -  
lated f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 35, No. 5, pp. 796-800, N o v e m b e r ,  1978. Original  a r t i c le  
submit ted July 19, 1977. 
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Fig .  1. Dependence  of c r i t i c a l  c a v i t a t i o n  

n u m b e r  o-* = [Ps(t0) - p ~ h y [ p  0 - p~h] on the 
i n i t i a l  d i m e n s i o n l e s s  s u b h e a t i n g  of the l iqu id  
1 - ps(t0)/P0; 1) a u t h o r s '  e x p e r i m e n t a l  da ta ;  
2) [1]; 3) [2]; 4) [3]; 5) [4]; 6) [5] - w a t e r ;  7) 
[5] F r e o n - l l 3 .  

w,, .= [ R  - -  (Po - -  Pn  ) F~, I ;G.  

Tes ts  w e r e  conducted on two L a v a l  nozz l es ,  r e p r e s e n t i n g  channels  f o r m e d  by two cones. The  d imens ions  
of  the f low sec t ion  of nozz le  No. 1 w e r e  ca l cu la ted  by the mode l  of e q u i l i b r i u m  ad iaba t i c -homogeneous  f l ow  f o r  
the i n i t i a l  c o n d i t i o n s :  P0 = 4.9 b a r ,  t o = 144~ Pn = 1 b a r ,  and G = 1 k g / s e c .  The  d i m e n s i o n s  of nozz le  No. 2 
w e r e  s e t  by the  condi t ion  of s i m i l a r i t y  of the e x p a n d i n g  p a r t s  of the channe l .  A f t e r  p r e p a r a t i o n ,  the  m e a s u r e -  
m e n t s  w e r e  c a r r i e d  out  and the fo l lowing  da ta  ob ta ined  fo r  nozz l e  No. 1: dth = 10.0 m m ,  d a = 34.6 r a m ,  length  
of the d i v e r g e n t  s e c t i o n  l = 394 m m ,  ang le  of c o n v e r g e n t  s e c t i o n  22 = 16~ ' ,  ang le  of  d i v e r g e n t  s e c t i o n  2~ = 
3~ fo r  n o z z l e  No. 2,  dth = 5 . 0 m m ,  d a = 1 8 . 6 m m ,  l = 2 0 0 m m ,  22 =21~  ' ,  a n d 2 ~ =  3~ ' .  In n o z z l e N o .  2,  
the t h r o a t  s e c t i o n  was  c o n s t r u c t e d  in the  f o r m  of a c y l i n d r i c a l  i n s e r t  wi th  a l ength  of 7 m m .  The  n o z z l e  was  
d r a i n e d  l e n g t h w i s e .  

The  e x p e r i m e n t a l  i n v e s t i g a t i o n s  w e r e  conduc ted  o v e r  the r a n g e  of v a r i a t i o n s  P0 = 4 .9 -17 .6  b a r ,  t o = 119-  
204 ~ a n d P n _  1 b a r .  

The  flow c h a r a c t e r i s t i c s  of a L a v a l  n o z z l e  a r e  d e t e r m i n e d  by the p r o c e s s e s  in the  t h r o a t ,  and the f l o w -  
r a t e  p e r  s e c o n d  G, fo r  the e f f lux  of w a t e r  s u b h e a t e d  up to the s a t u r a t i o n  l i n e ,  can be d e t e r m i n e d  by B e r n o u i l l i ' s  
equa t ion  

G .= Ft..h V-~2p o (po - Pbh). (I) 

The  c e n t r a l  m o m e n t  of the p r o b l e m  be ing  c o n s i d e r e d  is  the d e t e r m i n a t i o n  of the va lue  of Pth (the suff ix  th d e -  

no tes  t h roa t ) .  

The  b a s i c  a s s u m p t i o n  for  the p r o p o s e d  p r o c e s s i n g  of  the e x p e r i m e n t s  i s  the r e p r e s e n t a t i o n  of the flow 
in the nozz l e  t h r o a t  a s  the mo t ion  of a c a v i t a t i n g  l i qu id ,  de f ined  by the c a v i t a t i o n  n u m b e r  r 

o = [p, (to) - -  pthl,'O.hpdr [p, (to) - -  pth]. [P0 - -  Pth l- 

T h i s  a s s u m p t i o n  is  b a s e d  on the r e s u l t s  of a s tudy  of the p r o c e s s  of o r i g i n a t i o n  and d e v e l o p m e n t  of the v a p o r  
p h a s e  d u r i n g  the flow of hot  w a t e r ,  d i s c u s s e d  in d e t a i l  in [6]. 

Even  in the p r e s e n c e  of a s m a l l  p r e s s u r e  d r o p  Ap = P0 - Pn, in v iew of the d y n a m i c  r e d u c t i o n  of p r e s -  
s u r e  in the t h r o a t ,  the cond i t i ons  a r e  c r e a t e d  fo r  the  f o r m a t i o n  of a c a v i t a t i o n  vo id .  When  the p r e s s u r e  i s  
e s t a b l i s h e d  c l o s e  to ps(t0) ,  a " v a p o r  c loud le t "  f o r m s ,  which  r a p i d l y  c o l l a p s e s  d o w n s t r e a m .  With f u r t h e r  r e d u c -  
t ion  of p r e s s u r e ,  the v a p o r  r e g i o n  e x p a n d s ,  f i l l i ng  an even  l a r g e r  and l a r g e r  p a r t  of the  noz z l e .  When  the 
r e l a t i v e  c o u n t e r p r e s s u r e  e~ = Pn/P0 r e a c h e s  a v a l u e  a t  which  a change  of the e x t e r n a l  p r e s s u r e  c e a s e s  to a f f ec t  
the  p a r a m e t e r s  in the t h r o a t ,  the f low r a t e  a t t a i n s  the  m a x i m u m  va lue .  
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Fig. 2. Cri ter ia1 processing of the experimental  p res-  
sure values in di f ferent sections of nozzles No, 1 (black 
points) and No. 2 (open points) ! a) F i /F th  = 3.5l b) 6.21 c) 
9.0; d) 11.8; e) 13.9l 1) P0 = 5,9 bar; 2) 7.8; 3) 9.01 4) 11,7; 
5) 13.7l 6) 17,6. 

I t  has  been exper imen ta l ly  es tabl i shed [6] that with an initial d imens ion less  subheating of the wa te r  [1 - 
ps(t0)/P0] -< 0.7, the value 81 > 0.2, i .e . ,  in the range  of initial  values  of P0 and t o inves t igated,  with efflux into 
the a t m o s p h e r e ,  the nozzle ope ra t e s  in conditions of a supe rc r i t i ca l  p r e s s u r e  drop. In these condit ions,  the 
p rob l em reduces  to the de te rmina t ion  of the function 

: / [1-- p, (to)/Po ] 

Figure  1 shows the dependence of the cavi tat ion number  in the conditions of the c r i t i ca l  flow cycle a*, on 
the initial d imens ion less  subheating of the liquid 1 - Ps(t0)/P0; the values  of a* have been calculated f r o m  the 
exper imen ta l  r e su l t s  obtained both by us in this invest igat ion and by other  authors  [1-5]. The data on the d i s -  
charge of Freon-113 [5], p r o c e s s e d  in the p roposed  coord ina tes ,  a r e  a lso  shown in Fig. 1. 

Compar i son  of the exper imenta l ly  m e a s u r e d  flow r a t e s  with the values  calculated by Eq. (1), ff P~h is de-  
t e rmined  by Fig. 1, gives comple te ly  sa t i s f ac to ry  ag reemen t .  

In the expanding pa r t  of the nozzle ,  as ana lys i s  of the expe r imen ta l  data shows,  the d ischarge  p r o c e s s  
of the subheated liquid is de te rmined  by the initial  p a r a m e t e r s  (P0, to, and Pn), the the rmophys ica l  p r o p e r t i e s  
of the liquid (Cp, r ) ,  and the geomet r i ca l  d imens ions  of the channel (dth, d a, and l). 

The dimensional  ana lys i s  c a r r i ed  out leads  to the conclusion that, in the p rob lem being cons idered ,  the 
requ i red  functions have the fo rm 

p~/p,(t~ =/:,(K, Pn/P,, lddm ~Idtla), 

wJV-c. [ t o -  I s (Pn}l :-f2 (K, pn/po, t./dth, d~/dn), 

where  l i is the dis tance f r o m  the nozzle throat  to the i - th  section.  

F igures  2 and 3 show the c r i t e r i a l  p r o c e s s i n g  of the expe r imen ta l  p r e s s u r e  values  in ce r ta in  c o m p a r a -  
t ive sect ions  of nozzles  Nos.  1 and 2, and the d i scharge  veloci ty  for  these nozzles .  The r e su l t s  a r e  s a t i s f a c -  
tor i ly  genera l ized  by the re la t ions  

Pi/P, (to) : ]' (K. Pn:Po), wa/)/Cp [t o - -  t, (pn)] = F (K'Pn/Po)" 

The d i spe r s i ty  between the d ischarge  veloci ty  curves  for  nozzles  1 and 2 obviously is  due to inaccura te  s i m i -  
l a r i ty :  the deviat ion in the outlet  a r e a s  amounts  to 15%. 

I t  has  not been poss ib le  to obtain a genera l ized  dependence of the nozzle veloci ty  coefficient  q9 on the p e r -  
f o rmance  p a r a m e t e r s .  The quantity ~ can be calculated eas i ly  f r o m  the d i scharge  veloci ty  w a 
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Fig. 3. Cr i t e r i a l  p r o c e s s i n g  of the e x -  
pe r imen ta l  values  of the d ischarge  m e a n -  
m a s s  veloci ty  A = (Wa/~Cp[t 0 - ts(Pn)l); a) 
nozzle N o . l ,  b) No. 2; 1) P0 = 5.9 bar ;  2) 
7.8; 3) 9.8; 4) 11.7; 5) 13.7; 6) 17.6. Open 
points) nozzle No. 1, b lack points) nozzle 
No. 2. 

where  Wmax is the d ischarge  veloci ty  with i sen t rop ic  expansion up to the p r e s s u r e  of the surrounding medium.  

P 
t 
At = ts (P0) -- to 
W 

Cp 
P 
r 
R 
F 
G 
l 
d 
K = cp~ t / r  

S u b s c r i p t s  
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i 

th 
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s 

NOTATION 

is the p r e s s u r e ;  
is the t e m p e r a t u r e ;  
is the initial  subheating; 
is the m e a n - m a s s  veloci ty;  
is the specif ic  hea t  of liquid; 
is the densi ty of liquid; 
is the heat  of vapor iza t ion ;  
is the reac t ive  thrus t ;  
i s  the a rea ;  
i s  the flow ra te  pe r  sec ;  
is the length; 
is the d i ame te r ;  
is the phase  convers ion  c r i t e r ion .  

is the initial  p a r a m e t e r s ;  
is the out le t  sect ion of nozzle;  
is the i - th  sect ion of nozzle;  
is the throa t  section;  
is the surrounding medium;  
is the sa tura t ion line; 
is the c r i t i ca l  conditions. 
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Based on a unified approach,  data are  analyzed and general ized concerning the distributions of 
velocity and t empera tu re ,  fr ict ional  res is tance  and heat t r ans fe r  in the case of turbulent f r e e -  
convective flow, and forced flow in conditions of the significant effect of the gravitational field. 

Turbulent forced flow in ver t ical  channels f rom below upwards with heating, and f rom above downwards 
with cooling, is considered under the conditions of action of the gravitational field. We call the l imiting case 
of the very  s t rong effect of buoyancy, the "free convection mode. " 

F i r s t  of all, we consider  f ree  turbulent convection close to the ver t ical  sur faces  f rom the general  pos i -  
tions of the boundary flows. 

In the f i r s t  place,  we will be interested in a boundary condition of the second species ,  and therefore 
we descr ibe  the dimensionless numbers  related with the thermal  effect by the quantity qc. However,  heat ex-  
change in the case of turbulent forced flow is a lmost  no different with the boundary conditions qc = const and 
tc = const. Even the turbulent f ree  convective flow is quite conservat ive during transit ion f rom the boundary 
condition qc = const  to tc = const. In par t icu la r ,  the data of a number  of papers  confirm this,  showing the 
independence of the hea t - t r ans fe r  coefficient cz = qc/(tc - too) on the longitudinal coordinate x, i .e. ,  for a speci-  
fied constant value of qc or  tc the other quantity correspondingly is also constant. 

In Fig. 1 the tempera ture  distribution in the case of forced turbulent boundary flow of air  [1, 2] and tu r -  
bulent f ree  convective flow of a i r  along a ver t ical  plate [3] are  compared in the universal  coordinates T + - ~ .  
In [3] the tangential s t r e s s  on the wall Tcwas measured  so that the fr ict ion velocity v ,  is determined by the 
experimental  data. It can be seen that the tempera ture  distribution in universal  coordinates in the case of 
f ree  convection coincides with the t empera tu re  distr ibution in the case of forced flow without the effect of 
mass  forces .  This distribution is descr ibed by the following interpolation relat ion:  

--  2,21n (1 ~-0,45Pr TI) + (13Pr ~'3 - -  In Pr - -  4) [1-- exp (-- Pr 3/4 ~11 "5/50)], (1) 

corresponding with an accuracy  of �9 7%to the mos t  rel iable experimental  data assembled in [1, 2, 4, 5], and 
the resul ts  of calculations given in these papers ,  over  the range of P r  values f rom 0.02 to 64. 

In [6], for  P r  ~ 16, the relation 

is obtained, f rom which it follows that 

~C 
p [~g (tr - -  t=) x,12/3 = corot (2) 

Gr~ T+~/x~_ Pr ~ A = 0.18, (2a) 

Trans la ted  f rom Inzhenerno-Fiz icheski i  Zhurnal,  Vol. 35, No. 5, pp. 801-811, November ,  1978. Or ig i -  
nal ar t ic le  submitted November 24, 1977. 
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