
9. B . P .  Nikol ' ski i  (editor),  Handbook of Chemis t ry  [in Russian] ,  Vol. 3, GKhI, Leningrad--Moscow 
(I 952). 

10. A .P .  Frumkin, V. S. Bagotskii, et al., Kinetics of Electrode Processes [in Russian], Izd. MGU, 
Moscow (1952). 

11. M.A. Mikheev and I. M. Mikheeva, Fundamentals of Heat Transfer [in Russian], ]~nergiya, Moscow 
(1973). 

12. E . A .  Moelwyn-Hughes,  Phys ica l  C h e m i s t r y ,  2nd e d . ,  Pe rgamon  (1964). 
13. N . I .  Kobasko,  Metalloved.  T e r m .  Obrab.  Me t . ,  No. 3 0968) .  
14. L . V .  P e t r a s h ,  Quenching Media [in Russ ian] ,  Mashgiz,  Moscow (1959). 
15. Ya. I.  G e r a s i m o v  (editor),  Course  in Phys ica l  Chemis t ry  [in Russ ian] ,  Vol. 2, Khimiya ,  Moscow 

(1973). 

E X P E R I M E N T A L  S T U D Y  O F  T H E  P R O C E S S  O F  F I L M  

C O N D E N S A T I O N  O F  N I T R O G E N  V A P O R  F R O M  A 

M I X T U R E  W I T H  H E L I U M  

V.  K .  O r l o v ,  A .  I .  S m o r o d i n ,  
a n d  L .  D .  M a r c h e n k o  

UDC 536.423.4 

On the bas i s  of an expe r imen ta l  study of the p roce s s  of f i lm condensation of ni trogen vapor  
f r o m  a mix tu re  with hel ium and of the hydrodynamics  of the fi lm, data a r e  obtained which 
make  it  poss ib le  to ca lcula te  counterf low condensers  for  cryogenic  ins ta l la t ions .  

In appa ra tuses  for  the obtainment  and enr ichment  of a neon--hel ium mix ture  through the f ract ionat ion 
of a i r ,  fo r  the purif icat ion of hel ium f r o m  admix tu res  of neon, hydrogen,  n i t rogen,  and oxygen,  and for  the 
l o w - t e m p e r a t u r e  f rac t ionat ion of hydrocarbons ,  the p r o c e s s  of vapor  condensation is  compl ica ted  by the p r e s -  
ence of a component  with a s m a l l  mo lecu l a r  m a s s ,  this p r e sence  having an impor tan t  effect on the intensi ty 
of heat  and m a s s  exchange.  The heat and m a s s  exchanges in these  appa ra tuses  take p lace ,  as a ru le ,  at in-  
c r e a s e d  p r e s s u r e s  and low t e m p e r a t u r e s ,  which p reven ts  the re l iab le  use  of expe r imen ta l  data on heat and 
m a s s  exchange during the condensat ion of wa te r  vapor  f rom mix tu r e s  with different  gases  [1-2]. Under the 
conditions of i n c r e a s e d  p r e s s u r e s ,  vapo r - -ga s  mix tu res  display the p rope r t i e s  of phys icochemica l  solut ions,  
and the i r  t he rmophys i ca l  p r o p e r t i e s  do not obey laws of additivity.  

The r e su l t s  of an expe r imen ta l  study of the p roce s s  of condensation of ni trogen vapor  f rom a n i t rogen--  
hel ium mix tu re  moving inside ve r t i c a l  pipes a r e  p resen ted  in the r epo r t .  The t e s t s  were  pe r fo rmed  on a stand 
which was c rea ted  with al lowance fo r  the spec ia l  f ea tu res  of the p r o c e s s  of condensation of cryogenic  sub-  
s t ances .  A shield cooled by liquid ni t rogen was placed between the exper imen ta l  model  and the t he rma l  c h a m -  
be r  to reduce  the heat  influxes (Fig. 1). The t h e r m a l  chambe r  had powder -vacuum insulation. A vacuum 
(1.33 Pa) was mainta ined in the space  between the shield and the exper imen ta l  model .  The gas mix ture  of the 
requi red  composi t ion was m a d e  up in a gas holder;  the p r e s s u r e  was produced with a m e m b r a n e  c o m p r e s s o r .  
The p r e l i m i n a r y  cooling of the mix tu re  was accompl i shed  in a coil  placed in a v e s s e l  containing boiling nitrogen.  
The pipeline f r o m  the heat  exchanger  to the expe r imen ta l  model  had vacuum-sh ie ld  insulat ion,  which made it 
poss ib le  to obtain a vapo r - -ga s  mix tu re  with a t e m p e r a t u r e  exceeding the sa tura t ion  t e m p e r a t u r e  by 2-3 ~ 
Under  these  conditions the vapo r - -ga s  mix tu re  was in the sa tu ra ted  s ta te  along a lmos t  the en t i re  length of the 
zone of m a s s  exchange.  

The expe r imen ta l  model  (Fig. 1) cons is ted  of five copper  pipes with an inner  d i ame te r  of 8 m m ,  a wall 
th ickness  of 2 m m ,  and a length of 3000 ram,  so ldered  to pipe g r ids .  The height var ia t ion  in the composi t ion 
of the moving v a p o r - - g a s  mix tu re  was de te rmined  by sampl ing the mix ture  f r o m  the cen te r s  of the pipes through 
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Fig .  1. D iagram of e xpe r i m e n t a l  model :  1) expe r imen ta l  m o d -  
el;  2) shie ld;  3) t h e r m a l  c h a m b e r .  

s a m p l e r s  mounted at heights  of 130, 210, 410, 600, 800, 1000, 1200, and 1400 m m  m e a s u r e d  f rom the lower 
pipe g r i d ,  r e s p e c t i v e l y .  Liquid ni t rogen was used as the cooling l iquid.  The level  of the cooling liquid was 
kept constant  in the t e s t s  and compr i s ed  2.0 m. The pipe t e m p e r a t u r e  along the height of the wall  was m e a -  
sured  with a mult i  junction copper - -Cons tan tan  the rmocouple .  The mounting points of the thermocouple  junc-  
t ions coincided with the points of sampl ing  of the mix ture  for  ana ly s i s .  

The de te rmina t ion  of r e l i ab l e  data on the t he rmophys i ca l  p r o p e r t i e s  of vapo r - -gas  mix tu re s  at i nc reased  
p r e s s u r e s  and low t e m p e r a t u r e s ,  when one component  is  in a sa tu ra ted  s ta te  while the o ther  component is  a 
gas of low m o l e c u l a r  mass  {helium or  hydrogen) ,  is  h indered in connection with the absence  of l i t e r a t u r e  data .  
The ca lcula t ion  of the t h e r m o p h y s i c a l  p r o p e r t i e s  of the n i t rogen- -he l ium mixture  in the inves t iga ted  range  of 
t e m p e r a t u r e s ,  p r e s s u r e s ,  and concent ra t ions  through the ana lys i s  of the expe r imen ta l  data was c a r r i e d  out on 
the bas is  of e m p i r i c a l  functions valid at  p r e s s u r e s  of 0.2-1- l0  s Pa and t e m p e r a t u r e s  of f rom 273 to 373~ in 
which the effect  of the component with the low molecu la r  mass  is  taken into account [3, 4]. The dependence 
of the P rand t l  number  of the n i t rogen- -he l ium mix tu re  on the t e m p e r a t u r e  and p r e s s u r e  i s  p re sen ted  in Fig.  2. 
The compl ica ted  nature  of the dependence of the P rand t l  number  is  de te rmined  by the fact  that  the t h e r m a l  
conduct iv i ty ,  v i s cos i t y ,  and heat  capac i ty  of the vapo r - -gas  mix tu re  vary  to d i f ferent  de g r e e s  as  functions of 
the t e m p e r a t u r e  and p r e s s u r e  and of the composi t ion  of the mix ture .  

The t e m p e r a t u r e  at the phase in te r face  was de te rmined  by ca lcula t ion  using the Nusse l t  function [5]. 
The theory  of f i lm condensat ion of a pure  vapor  at a v e r t i c a l  su r face  was worked out by Nusse l t  using a num- 
ber  of a s sump t ions ,  including the fact  that  the condensate  f i lm moves  under  the effect  of the force  of g rav i ty  
and that f r i c t ion  at  the phase  in te r face  is  negl igibly s m a l l .  To extend this  p r e m i s e  to the r e a l  p r o c e s s  of 
counterf low condensat ion of vapor  f rom a vap o r - - ga s  mix tu re  in a v e r t i c a l  channel one needs exact  data on the 
condit ions of ex i s t ence  of the f i lm mode of flow of the condensate  f i lm without i ts  r e t a rda t i on  by the v a p o r - - g a s  
s t r e a m .  

The s t ab le  s epa ra t ion  of the vapo r - -gas  mix ture  can take p lace  only at a veloci ty  co r respond ing  to the 
f i lm mode of motion of the phases .  An i n c r e a s e  in the veloci ty  of the vapor - -gas  s t r e a m  to the c r i t i c a l  veloci ty  
at  the en t rance  to the appara tus  leads  to the "choking" phenomenon in which the condensate  f i lm flowing down 
along the wal ls  and the vapo r - -ga s  s t r e a m  begin to move upward in company.  The composi t ion  of the vapor - -  
gas mix ture  becomes  the same  at  the en t rance  and exi t ,  i . e . ,  the sepa ra t ion  p r o c e s s  cea se s  to take p lace .  
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Fig. 2. Dependence of Prandt l  number of ni trogen--helium vapor--gas  
mixture on t empera tu re  at different p re s su re s :  1) 2.0.105 Pa; 2) 4.0. 105; 
3) 6.0.105; 4) 1.2.106; 5) 3.0.106 Pa.  T, ~ 

Fig. 3. Dependence of p r e s s u r e  drop in experimental  section on velocity 
of vapor- -gas  mixture at entrance at different p r e s su re s :  1) 2.0.105 Pa; 
2) 4.0- 105; 3) 6.0. 105; 4} 1.2.106 Pa.  W, m / s e c ;  AP,  Pa. 

An experimentztl study was conducted to determine the conditions of the transit ion f rom the film mode to 
the mode charac te r i zed  by retardat ion of the liquid by the gas s t r eam and by a sharp increase  in the p res su re  
drop in the experimental  section. 

The dependence of the p r e s s u r e  drop in the experimental  section on the velocity of the vapor--gas  mix-  
ture at  the entrance at different p r e s su re s  is presented in Fig. 3. The cha rac t e r  of these functions is quali-  
tatively retained with a variat ion in p res su re  f rom 2.105 to 12.105 Pa. 

The experimental  data on the c r i t i ca l  velocity were analyzed in the form of the dependence [6] 

(.,,cr~ wexl . ....... Pmilz~A6 = [ I (  L"~ ~ \ ~ /  (1) 
ed Pz 

and a re  presented in [7]. 

The resul ts  of the studies of the c r i t ica l  velocity of vapor under the conditions of condensation showed 
that Fradkov ' s  equation [6], obtained for  i r r iga ted  pipes,  gives vapor velocities which are  overstated by about 
two t imes .  At the same t ime,  Eq. (1) in general  form is valid for  these two cases  of the counterflow of the 
vapor  and liquid film. 

The studies of heat and mass  exchange during the condensation of nitrogen vapor f rom a mixture with 
helium were conducted in the film mode of motion of the phases.  

The p re s su re  of the vapor--gas  mixture in. the tes ts  was varied f rom 2.105 to 30.105 Pa,  the initial con-  
centrat ion of nitrogen vapor was varied f rom 10 to 40% by volume, and the Reynolds number was varied f rom 
0:8.103 to 10.103. The resul ts  of measurements  of the distributions of the concentration of nitrogen vapor and 
of the wall t empera ture  along the height of the experimental  model were used as the initial data for  the de te r -  
mination of the coefficients of heat and mass  t r ans fe r .  

Theoret ical  and experimental  studies [2, 8, 9] have shown that the physical  pat tern of the process  of con-  
densation of vapor f rom a vapor- -gas  mixture can be descr ibed using the analogy of the p rocesses  of heat and 
mass  exchange during condensation with the process  of heat exchange during the suction of gas f rom a bound- 
a ry  layer .  

In this case the relat ive intensity of mass  exchange during condensation 

g o  = ]wa( 1 - -  Cwa ~ (2) 
poUo (Cwa-- c o) StDo 

�9 is connected with the relative permeabi l i ty  

bD= Jwa 1 (3) 
poUo Stoo 
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Fig. 4. Genera l iza t ion  of expe r imen ta l  data on m a s s  exchange 
during condensation of vapor  f r o m  vapor - -gas  mix tures :  1) 
6.0.105 Pa; 2) 1.2.106; 3) 3.0.106 . Data: 4, 5) [10]; 6) [11]; 7, 
8) [12]; 9) [13]; 10, 11) [14]; 12) [2]; ~ ' D '  b'D: d imens ionless  
complexes .  

by the relat ion obtained by Kutateladze and Leont 'ev  [8]: 

% = f (b~) (4) 

The resu l t s  of an analys is  of the exper imen ta l  data of the p resen t  study and the data of [2, 10-14] in the 
fo rm of the dependence (4) a re  presented  in Fig. 4. The re la t ive  intensi ty of m a s s  exchange ~ 'D is cons t ruc t -  
ed f r o m  the diffusional m a s s  flux, which is taken into account by the introduction of the fac tor  (1 = Cwa); the 
quantity St'D0 is a p rope r ty  of the hydrodynamic envi ronment  in the concre te  case .  

The sa t i s f ac to ry  a g r e e m e n t  of the resu l t s  of our  work and the resu l t s  of [2, 10-14] with the theore t ica l  
solution of Kutateladze and Leont 'ev  should be noted. 

The sa t i s f ac to ry  a g r e e m e n t  of the exper imenta l  data of the p resen t  work with the dependence (4) makes  
it  poss ib le  to use the theore t ica l  solution of [8] to analyze a wider  c i r c l e  of p rob lems  of condensation and to 
make  quali tat ive and quantitat ive al lowance for  the effect  of the t r a n s v e r s e  flow of m a t e r i a l  and the type of gas 
on the intensi ty of the p roce s s  of m a s s  exchange.  The resu l t s  of the exper imenta l  study made it poss ib le  to 
develop a method for  calculat ing counterf low devices  for  cryogenic ins ta l la t ions .  

N O T A T I O N  
c r  W~x, c r i t i ca l  veloci ty of mix tu re  at inlet  based on exper imenta l  data; d, inner  d i ame te r  of pipe; p,  den-  

s i ty  of mix ture ;  p,  coeff icient  of dynamic viscosi ty;  L, amount of vapor  condensing in the exper imenta l  section; 
G, amount of mix tu re  at inlet to exper imenta l  sect ion;  P0, density at outer  l imit  of boundary layer ;  u0, veloci ty  
at outer  l imit  of boundary layer ;  Jwa, t r a n s v e r s e  flow of substance  at heat -exchange sur face ;  Cwa , mass  con-  
cent ra t ion  of component  at wall; Co, m a s s  concentra t ion of component  at outer  l imit  of boundary layer ;  St, Stan- 
ton number .  
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C R I T I C A L  D I S C H A R G E  O F  A S P O N T A N E O U S L Y  

E V A P O R A T I N G  L I Q U I D  F R O M  C Y L I N D R I C A L  C H A N N E L S  

V.  A .  Z y s i n ,  1~. L .  K i t a n i n ,  
a n d  F .  R .  L a t y p o v  

UDC 532.542:536.423.1 

A method is  p roposed  for  the calculated de te rmina t ion  of the c r i t i ca l  p r e s s u r e  in the d ischarge  
of a spontaneously evapora t ing  sa tu ra ted  liquid through cyl indr ica l  channels .  The resu l t s  of 
the calculat ion a r e  compared  with expe r imen ta l  data .  

The d i scharge  of adiabat ical ly  e f fe rvesc ing  s t r e a m s  through channels of constant  c r o s s  sect ion at large 
longitudinal p r e s s u r e  gradients  is  of cons iderab le  p rac t i ca l  in te res t  fo r  a wide c i r c l e  of p rob lems  of modern  
technology. In this c a s e ,  as  a ru le ,  the p r e s s u r e  drop exceeds  the c r i t i ca l  value.  The re la t ionships  of the 
c r i s i s  phenomena in spontaneously evapora t ing  s t r e a m s  a re  very  compl ica ted.  Depending on the geome t r i ca l  
c h a r a c t e r i s t i c s  and the ini t ial  p a r a m e t e r s  of the liquid the t rue  flow ra tes  vary  within wide l imits:  f rom a 
value cor responding  to i sen t rop ic  d i scharge  to flow r a t e s  cor responding  to the case  of the d i scharge  of a non- 
e f f e rvesc ing  liquid. As a resu l t ,  a l l  the design recommenda t ions  have a pa r t i cu l a r  na ture ,  as a ru le ,  and a re  
not subject  to genera l iza t ion  [1, 2]. 

Below we propose  a method fo r  calculat ing the c r i t i ca l  s ta te  of a spontaneously evaporat ing s t r e a m  during 
d i scharge  f r o m  cyl indr ica l  channels  based on the s impl i f ied the rmodynamic  model  of [3], the e s sence  of which 
comes  down to the following. 

1. The e f f e rvescence  of the s t r e a m  takes  place only at the "channel walls and the penetra t ion of the vapor  
into the core  of the s t r e a m  takes  place only through the movemen t  of bubbles fo rmed  in the boundary layer .  

2. The p e r i p h e r a l  (boundary) s t r e a m  is in equi l ibr ium and mechan ica l  and t he rma l  phase  sl ippage is  
absent  f r o m  it. 

3. A jet  of superhea ted  (metastable)  liquid whose t e m p e r a t u r e  is taken as constant  moves  in the center .  
Thus ,  the motion of two one-d imens iona l  concur ren t  s t r e a m s  is  analyzed.  

If one neglects  the effect  of f r ic t ional  fo rces  at the channel wal ls ,  a s t r e a m  in a channel of constant  c r o s s  
sec t ion  is desc r ibed  by the s y s t e m  

p11171f I + p.aW2f.z = (I)o, (1) 

Po + ooWo ~ =P + i__ (p~w~)v, + _ i  (p~w~) ~ g, 
p, P~ 

ho + -  U % =  h, + rx + - V 

As shown in [2], the veloci ty of the cen t ra l  me tas tab le  s t r e a m  is de te rmined  by the equation 

V 2 ( P o - -  P) 
W~= p, , 

while the m a s s  veloci ty  ~'2 is  equal to P2W2. 

(2) 

(3) 

(4) 
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