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The r e su l t s  of an expe r imen ta l  invest igat ion into heat  t r a n s f e r  taking place during the boiling 
of oxygen in ve r t i c a l  channels under  natural  c i rcu la t ion  a re  p resen ted .  A re la t ionship  gen-  
e ra l i z ing  the expe r imen ta l  data  is p roposed .  

The complex i ty  of h e a t - t r a n s f e r  in a i r - s e p a r a t i n g  ins ta l la t ions  of the c o n d e n s e r - e v a p o r a t o r  type lies in 
the fact  that the condensat ion and boiling of l o w - t e m p e r a t u r e  working media  such as oxygen and ni t rogen 
Lake place under  sma l l  t e m p e r a t u r e  heads  and a r e  mutual ly  re la ted  to one another .  Oxygen boils with a 
reduced  level  of the liquid in the down pipe, and the vapor -gene ra t ing  tubes have to allow f ree  flow in o r d e r  
to avoid opera t ing  conditions leading to explosions .  

Heal  t r a n s f e r  assoc ia ted  with the boiling of oxygen and n i t rogen on and within ve r t i c a l  pipes was 
studied under  conditions of e l ec t r i c  heat ing in [1-4]; in c o n d e n s e r - e v a p o r a t o r s  the boiling of oxygen or  any 
o ther  liquid takes  place under  conditions of condensat ion heating.  

The functional re la t ionships  obtained in [1, 3] were  used as a bas i s  for  the t h e r m a l  calcula t ion of con-  
d e n s e r - e v a p o r a t o r s  in [5]. The subs tant ia l  s y s t e m a t i c  d i f fe rences  which a r i s e  between the theore t ica l  and 
expe r imen ta l  heat  flow dens i t ies  [6] demand a r ede te rmina t ion  of the heat  t r a n s f e r  assoc ia ted  with the boi l -  
ing of oxygen in ve r t i ca l  channels .  

In this p a p e r  we shal l  p r e s en t  the r e su l t s  of an invest igat ion into the heat  t r a n s f e r  a s soc ia ted  with the 
boiling of oxygen under  conditions of condensat ion heating.  The expe r imen t s  were  c a r r i e d  out in tubular  
and p la te - f in  models  of c o n d e n s e r - e v a p o r a t o r s  under  a lmos t  industr ia l  condit ions.  The bas ic  p r inc ip les  
of the models  a re  indicated in Figs.  1 and 2; the expe r imen ta l  t e s t -bed  was desc r ibed  in [9]. 

The tubular  models  cons is ted  of 46 copper  vapo r -gene ra t i ng  tubes 12 • 1.5 m m  in d iamete r ,  Lhe tube 
lengths being 1.46 and 2.94 m respec t ive ly .  In the side of one of the vapo r -gene ra t i ng  tubes was a mult iple  
coppe r -Cons tan tan  the rmocouple  enabling the t e m p e r a t u r e  of the wall  t0 be m e a s u r e d  at nine points up and 
down the tube. In another  tube was a mult iple  thermocouple  for  measu r ing  the t e m p e r a t u r e  of the vapor  
- l i q u i d  flow at e leven points up and down the expe r imen ta l  sect ion.  The t e m p e r a t u r e  of the boiling medium 
was m e a s u r e d  at the tube inlet and outlet.  The t e m p e r a t u r e  drops  between the outlet and any of the points 
of the mult iple  the rmocouples  were  m e a s u r e d  by a d i f ferent ia l  method.  The t h e r m o - e m f  was m e a s u r e d  
with an R-306 po ten t iomete r  together  with a m i r r o r  ga lvanomete r  of the M 195/1 type and a no rma l  m e r -  
cu ry  cell .  The accu racy  of the t e m p e r a t u r e - d r o p  m e a s u r e m e n t s  was -"0.07 deg. 

The p la te - f in  c o n d e n s e r - e v a p o r a t o r  cons is ted  of two packs  made f r o m  the a luminum alloy AMtsS by 
so lder ing  in a flux mel t .  The length of the vapo r -gene ra t i ng  channels was 1.625 m, the d imensions  of the 
fin s t ack  6 • 4.22 • 0.22 ram. The c o n s t r u c t i o n s o f p l a t e - f i n c o n d e n s e r - e v a p o r a t o r s  i n a i r - s e p a r a t i n g i n s t a l -  
lat ions were  cons idered  in [12]. 

The  expe r imen ta l  models  were  p laced in a t h e r m o s t a t  and this was filled with liquid oxygen up to a 
spec i f ied  level .  
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Fig. 1. Arrangement  of the tubular models of a condenser -  
evapora tor :  1) upper  tube grid; 2) inlet of ni t rogen for  con- 
densation; 3) vapor -genera t ing  tubes; 4) outer  casing; 5) inner 
casing; 6) inlet for  boiling oxygen; 7) liquid f lowmeter ;  8) con- 
densate  outlet; 9) lower tube grid;  10) condensate outlet; 11) 
level of condensate;  12) outlet of circulat ing oxygen; 13) outlet 
of oxygen vapor .  

Fig. 2. Arrangement  of the plate-f in model of a condenser -  
evapora tor :  1) outlet of oxygen vapor;  2) inlet of ni trogen for  
condensation; 3) vapor -genera t ing  channel; 4) condensation 
channel;  5) plate-f in pack; 6) condensat e outlet; 7) boiling oxy- 
gen inlet; 8) liquid f lowmeter ;  9) down sys tem of circulat ing 
c i rcui t .  

The heat c a r r i e r  in these exper iments  was condensing nitrogen, the hea t - rece iv ing  medium was oxy- 
gen. In the tubular models  condensation took place in the intertube space, and boiling occur red  between the 
tubes; in the plate-f in apparatus these changes took place in the boiling and condensation channels r e s p e c -  
t ively.  The heat evolved on condensation was taken up by the oxygen. In the vapor-genera t ing  channels 
and tubes, the c i rculat ion of the boiling liquid began under the influence of the ponderomotive p r e s su re  head; 
its veloci ty was measu red  with a f lowmeter  of the turbine type andvar~ed f rom 0.03 to 0.35 m / s e e .  The c i r -  
culating liquid poured f rom the upper grids into the main volume of the liquid oxygen along the down pipes.  
The heat  flow density was de termined  f rom the amount of condensate and equalled 600-4500 W / m  2. The 
level of the condensate was kept constant during the exper iments ,  in the tubular models in the intertube 
space,  and in the plate-fin models in the condensate col lec tor .  

The exper iments  were ca r r i ed  out over  a wide range of operating p a r am e te r s ,  corresponding to those 
encountered in industr ial  sys tems .  Thus the p r e s s u r e  of the boiling medium had three values, 1.225, 1.4, 
and 1.55 bar;  the re la t ive  level of the oxygen in the down pipe var ied f rom 0.3 to 0.9 of the working length 
of the vapor-genera t ing  channels.  
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Fig. 3. Exper imenta l  data regarding  the boiling of oxygen in ver t i ca l  channels (A = ((1/Q/MAh)--I)  
( Q d / F p ~ r v ) ~  Re = w0d/v): 1) Tubular  model 1.46 m long; 2) tubular  model  2.94 m long; 3) 
p la te- f in  model .  

Fig. 4. Expe r imen ta l  data  of [10, 11] regarding  the boiling of oxygen in ve r t i ca l  tubes (B = (1/KT) 
- 1 ) R e ~ %( l /d ) i - l ) :  1) tube  l = 5 m ; d = 9 m m ;  [11]; 2) l = l . 8 1 m ,  d = 4 m m  [11];3) l = l m ; d  =7 .6  
mm  [ l l ] ; 4 )  l = l . 8 1 m ; d  = 9 m m  [11]; 5) l ' = 1 . 0 2 m ;  d = 9 . 6 m m  [11];6) tube l = 2 . 4 m ,  d = S m m  
[10]; 7) Eq.  (8). 

A genera l ized  express ion  was der ived  for  the exper imenta l  data r e l a t i ng  to the intensity of heat t r ans -  
f e r  while boiling, using the integrated cha rac t e r i s t i c s  of h e a t - t r a n s f e r .  

The energy balance in the vapor -genera t ing  channels co r re sponds  to 

'2 

i qtrans. ,,dF = .I' qconv. ,d:. (I) 

The integrals  in (1) may  be expressed  in the following form:  

f q t r a n s . , , d F = F ( r ~  ( A h  z), (2) 
( F )  

'2 

i" qconv. ,d[ -- (ZMi) ( ( Ah } ~ - -  ( ~h ) ~,). (3) 
} 

Allowing for (2) and (3), Eq. (1) may be wri t ten in the form 

/: ; ~z,9 ' F ( ,  ~h > ) - -  < a h  ) ,) = (2Mi)(  ( An > 0 - -  < Ah ) 1)" (4) 

From this we obtain the integrated c r i t e r ion  of energy t r a n s f e r  in the vapor-genera t ing  channel 

K, :-- F < ~,,o ? e _ Q _ Q . (5) 

zM, (.vM~) ( < ~t, > ~ - < ah > 1) M [% ( 7 ~ -  T~) + xr] 

The e n e r g y - t r a n s f e r  c r i t e r ion  const i tutes  the rat io of the actual heat t r ans fe r  f rom the wall to the maximum 
possible heat t r ans fe r  in the final thermodynamic  state  of the flow at the wall t empera tu re .  

An analysis  of the equations (the conservat ion  equations of the t r an s f e r  p roper t i e s  and the boundary 
conditions) enables us to obtain the argumental  quantities (numbers),  which in genera l  de te rmine  the in- 
tensi ty  of heat  t r an s f e r  during the boiling of the liquid in the channels.  As a resul t  of such an analysis  we 
obtain the following functional re la t ionship for  the integrated h ea t - t r an s f e r  c r i t e r ion  

Ks = ~(Re/, Ree ,  l/d, Pr, Fr, We, C). (6) 
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The exper imenta l  data obtained in the tubular  condenser -evapora to rs  were  analyzed using the f i r s t  
three  argumental  numbers  Ref, ReF, l /d  in (6). As a resul t  of the calculations we obtained a functional 
relat ionship for  the integrated c r i t e r ion  of heat  t ransfer ,  without detecting any influence of the Froude and 
Weber  numbers ,  which under  the exper imenta l  conditions varied over  a wide range. Any influence of the 
Prandt l  number  could not validly be inferred ,  since in our exper iments  it only var ied a little and remained 
around 1.9. 

The thermophysical  p roper t ies  of oxygen were taken from [8] at the saturat ion t empera tu re  c o r -  
responding to the p r e s s u r e  and oxygen concentrat ion in the vapor over  the boiling liquid. An exception was 
the vapor  density,  which was calculated f rom the Saturation t empera tu re  at the mean p r e s s u r e  in the vapor -  
generat ing channels.  The mass  flow of vapors  was r e f e r r e d  to the h ea t - t r an s f e r  surface,  i .e. ,  to the su r -  
face above the level of the condensate.  

The t empera tu re  head of the heat  t r an s f e r  associa ted with boiling was found as the difference between 
the mean t empera tu re  of the tube walls and the t empera tu re  of the liquid at the inlet into the vapor -gene ra t -  
ing tube, which, as indicated by the t empera tu re  measurements ,  was equal to the saturat ion t empera tu re  
at the p r e s s u r e  and concentrat ion of the vapor  at the outlet f rom the tubes.  The average wall t empera tu re  
was found by integrating the t empera tu res  measu red  in the exper iments  

TF = 1 f Tsdl. (7) 

l 

The geomet r ica l  cha rac te r i s t i c s  of the channel included the total, length and equivalent d iamete r .  

The resul ts  of our  general izat ion cor re la t ion  of the data are  presented  in Fig. 3. The exper imenta l  
data obtained in the tubular  models may be approximated to an accuracy  of 20% by the relat ionship 

1 
KT = 1 + 0.15 Re~ IReF ~ -I"1 (8) 

Equation (8) was used for  calculating the heat t r ans fe r  associated with boiling in the pla te-f in  conden- 
s e r - e v a p o r a t o r .  The resul ts  of the calculat ion are  a lso shown in Fig. 3. In determining the integrated 
c r i t e r ion  of heat t ransfer ,  the t empera tu re  of the wall was found by calculating the condensation p rocess  
as in [8] for  the low-mobil i ty vapor,  since we were unable to measure  this quantity exper imenta l ly .  The 
validity of this application of the relat ionship given in [8] for  calculating the condensation of ni t rogen was 
ver i f ied  by analyzing the condensation data obtained in the tubular models of the condenser -evapora to r .  

No percept ible  influence of the mate r ia l  composing the hea t - t r ans fe r  surface  (copper and aluminum 
alloy AMtsS) on the heat t r ans fe r  associa ted with the boiling of the oxygen in the channels under  conditions 
of natural  c i rcula t ion was observed.  

The exper imenta l  data of [10, 11] were calculated in the fo rm of the complexes  indicated in Eq. (8). 
Since the papers  in question gave no data regarding the absolute t empera tu re s  of the hea t - t ransmi t t ing  su r -  
face and the boiling medium, we used the t empera tu re  heads corresponding to the in terpre ta t ion  of the 
authors  of [10, 11] in this calculation. The exper imenta l  mater ia l  of [11] was v e ry  wide. In connection 
with our own investigations we used 108 exper iments  In the heat-f low range 1160-9300 W / m  z. The resul ts  
of the calculation are  p resen ted  in Fig. 4. The exper imenta l  data of [10,11] agree sa t i s fac tor i ly  with 
E q. (8). The deviation of the points f rom the proposed relat ionship is no g rea t e r  than ~-35%, 

Thus E q. (8) may be recommended  for  calculating heat t r ans fe r  during the boiling of low- tempera -  
ture  liquids in ver t i ca l  channels under conditions of natural  c i rculat ion of the boiling medium.  

K T -= Q/MAh 
Ref -= w0d/v 

Re F ~ Q/Fp"rv 
Q 
M 
2xh = cpAT + x r  

AT = T F-T'f 
Cp 

NOTATION 

is the integrated h e a t - t r a n s f e r  c r i t e r ion  (number); 
is the Reynolds number  of the flow of liquid at the inlet into the vapor-genera t ing  
channe Is; 
is the modified Reynolds number of the mass flow to the heat-transfer surface; 
is the heat-transfer power, W; 
is the mass flow of circulating liquid, kg/sec; 
is the enthalpy difference of heat transfer, J/kg; 

is the temperature head,, deg; 
is the specif ic  heat of liquid oxygen, J / k g .  deg; 
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energy of l iquid-vapor phase transition, J /kg ;  
gravimetric vapor content at the outlet from the vapor-generating chan- 

mean channel wall temperature, ~ 
oxygen temperature at the inlet into the channels, OK; 
mean velocity of the liquid oxygen at the inlet into the channels, m / s e c ;  
equivalent channel diameter, m; 
kinematic viscosity of the liquid oxygen, m2/sec;  
area of the heat- transfer  surface, m2; 
oxygen vapor density, kg/m3; 
length of channels, m; 
area of cross section, m2; 
average nominal mass velocity of energy transfer to the wall, kg/sec  .m2; 
average total enthalpy of unit mass of the flow, J / k g  �9 deg; 
Intensity of the mass flow, kg/sec ;  
flow density of convective heat transfer, W/m2; 
density of heat flow received by the boiling liquid from the wall, W / m  2. 

L I T E R A T U R E  C I T E D  

1. M . E .  Tvanov and N. K. Elukhin, Kislorod, No. 8, 19-28 (1959). 
2. N . K .  Elukhin and I. P. Vishnev, Kislorod, No. 4, 5-15 (1959). 
3. !. P. Vishnev and N. K. Elukhin, Trudy VNIIKIMASH, Moscow, No. 3, 85 (1960). 
4. I . P .  Vishnev and N. K. E lukhin, Trudy VNIIKIMASH, Moscow, No. 6, 44 (1963). 
5. N . K .  Elukhin and I. P. Vishnev, Trudy VNIIKIMASH, Moscow, No. 7(1963). 
6. V . I .  Sukhov, V. K. Orlov, and S. A. Shevyakova, TsINTIKhIMNEFTEMASh, Moscow (1971)-(de- 

posited article No. 3345). 
7. A . A .  Vasserman, ya .  Z. Kazavchinskii, and V. A. Rabinovich, Thermophysical Properties of Air 

and Its Components [in Russian], Nauka, Moscow (1966). 
8. D . A .  Labuntsov, Teplo6nergetika, No. 7, 72-80 (1957). 
9. V . I .  Sukhov, V. K. Orlov, and S. A. Shevyakova, Kislorodnaya Prom.,  No. 1, 25-32 (1970). 

10. M . E .  Ivanov, Candidate's Dissertation, Moscow Institute of Chemical Engineering [in Russian], 
Moscow (1956). 

11. I . P .  Vishnev, Candidate, s Dissertation, Moscow Institute of Chemical Engineering [in Russian], 
Moscow (1959). 

12. Lamellar Heat Exchangers of Air-Separating Installations [in Russian], TsINTIKhIMNESFTEMASh, 
Moscow (1972). 

1339 


