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The heat t ransfer  in liquid oxygen boiling in the tempera ture  range -194  to -153~ 
at p re s su res  of (0.025-1.08). 10 ~ N / m  2 was experimental ly  investigated. The em-  
pirical dependence of the hea t - t rans fe r  coefficient on thermal  flux density and p res -  
sure  is derived. 

At the present  t ime there is no complete theory of the boiling process  which permits  the calculation 
of cer tain hea t - t r ans fe r  charac te r i s t i cs  which are  important  in practical  applications. In many cases ex- 
perimental  studies remain  the most  rel iable method of obtaining the quantitative charac te r i s t i cs  of the boil-  
ing process  under different conditions. This is especial ly true for cryogenic liquids, which are  finding 
wider  application in contemporary  technology, and for which the boiling p rocess  has yet to be adequately 
studied [1]. 

This study will be dedicated to an examination of heat t ransfer  in liquid oxygen boiling in a large 
volume in the region of moderate  p res su res  (to 106 N/m2), since in this region no detailed experimental  
investigations have been conducted [2, 3]. 

A schemat ic  d iagram of the experimental  apparatus is presented in Fig. 1 [4]. The essential  part 
of the apparatus consists  of four steel shells placed inside each other and vacuum sealed by lids. These 
shells fo rm two Dewar flasks of special  shape. The shells a re  provided with observation windows 1. The 
interna[ volume 2 of the inner Dewar f lask served as the working space. The volume 3 external to the 
inner f lask serves  as a buffer zone, being filled with a hea t - t rans fe r  gas during the experiment by means 
of valve 4 and pipe 5; valves 6, 7 a re  mounted on its cover.  The internal volume of the outer Dewar f lask 
8 is filled with liquid nitrogen through pipe 9 and se rves  as a thermostat ,  eliminating heat flow to the 
inner Dewar flask. The condenser 10 is located inside the thermosta t  volume. In the volume 11, external 
to the outer f lask a high vacuum is maintained. 

Boiling studies were conducted witha tubular horizontal  heater  12 with polished surface (tube of 
1Kh18N9T stainless steel;  external diameter  8 .10  -3 m, wall thickness 3 �9 10 -t m, length 0.1 m), which 
is attached to copper cur rent  leads 13. The cur ren t  leads pass through the lids of all the cylinders.  

The tempera ture  of the heater  working surface was measured with a c o p p e r - c o n s t a n t a n  the rmo-  
couple, the test  junctions of which were placed within the heater in thermal  contact with the wall surface.  
The re fe rence  junctions of the thermocouple were located in a b rass  channel 14, situated within the work-  
ing space, which allowed measurements  of the difference between the tempera ture  of the inter ior  wall and 
the average  volume tempera ture  of the liquid being studied. The tempera ture  head between the external 
surface  of the heater  and the liquid volume is found f rom the measured tempera ture  difference by ca l -  
culating the tempera ture  drop over the heater  wall thickness [5]. 

To measure  the emf of the thermocouple a compensation sys tem was employed, including an R 306 
potentiometer and an M 195/1 m i r r o r  galvanometer.  The tempera ture  of the volume of the liquid oxygen 
was measured by five thermocouples  15, located at var ious heights in the working space, as well as a 
platinum res i s tance  the rmometer  16. 
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Fig. 1. Schematic  d i ag ram of exper imenta l  appara tus .  

The hea ter  was fed by a VU-12/600A rec t i f i e r .  

When the liquid oxygen boils ,  the vapor  is fed through pipes 17, 18 and valve 19 to condenser  10 
where  it is condensed, the condensate be ing  re turned to the working space  through valve 7 and pipe 20. 

The oxygen vapor  p r e s s u r e  in the working volume was measu red  by an MO standard manomete r  21, 
to 10 k g f / c m  2. 

Studies were  conducted with 99.95% pure liquid oxygen. 

Before  exper iments  the working volume of the appara tus  was carefu l ly  r insed with ethanol, and then 
evacuated by heating and exhaust  through va lves  22, 23, 24, 25 and pipes 26, 27, 28. The working volume 
is filled to the upper  lid with liquid oxygen f r o m  pipe 29, while the the rmos ta t  volume is filled with liquid 
nitrogen. By heating the liquid oxygen with the aux i l i a ry  hea ter  30 the n e c e s s a r y  t e m p e r a t u r e  and p r e s -  
sure  conditions were  obtained in the working volume.  

Exper imen t s  to study the heat  exchange in the boiling of liquid oxygen were  conducted at t he rma l  
flux densi t ies  q between 40 and 170,000 W / m  2. During the exper iments  the t e m p e r a t u r e  of the liquid oxy-  

'gen var ied  -194  to -153~ and the p r e s s u r e  in the range  (0.025-1.08) �9 106 N / m  2. 

Allowing for  e r r o r  in measu r ing  the cu r ren t  and voltage drop at the hea te r ,  the e r r o r  in determining 
q was "6~c. The corresponding e r r o r  in the de te rmina t ion  of the t e m p e r a t u r e  drop At was :e20%, and that 
for  the h e a t - t r a n s f e r  coefficient  :e26~c. 

F o r  12 p r e s s u r e  values  the dependence of the h e a t - t r a n s f e r  coefficient  on the the rma l  flux densi ty q 
was determined;  the resu l t s  a r e  shown in Fig. 2. The h e a t - t r a n s f e r  coefficient  was de te rmined  f r o m  the 
fo rmula  

(z = q / A t .  (1) 
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Fig. 2, Dependence of h e a t - t r a n s f e r  coeff icients  on the rma l  
flux density: 1) 1 ~ = 0.025 N/m2;  2) 0.098-106; 3) 0.196. 106; 
4) 0.294 �9 106; 5) 0.392 �9 106; 6) 0.49 �9 106; 7) 0.59 �9 106; 8) 0.686 
�9 106; 9) 0.784. 106; 10) 0.88. 106; 11) 0.98" 106; 12) 1.08-106 . 

The dependence of q c r / q 0 c r  on sa tura t ion  p r e s s u r e  P is given in Fig. 3. For  compar i son ,  data f r o m  
[2, 3] a r e  a lso  shown in Fig. 3. The c h a r a c t e r  of the dependence obtained in the present  study is indis t in-  
guishable f r o m  that calculated using the data of [2, 3]. The depa r tu res  in values  of q c r / q 0 c r  lie within the 
l imits  of a g r e e m e n t  of the r e su l t s  of the var ious  authors .  

The studies were  conducted for  each of the p r e s s u r e s  over  the range  f r o m  pure convection to the 
f i r s t  c r i t i ca l  t h e rm a l  flux. 

Visual observa t ions  showed that, a t  t he rma l  flux densi t ies  q f r o m  50 to 2100 W / m  2 in the p r e s s u r e  
range  examined,  liquid boiling began in par t i cu la r  regions  of the hea ter .  With an i nc rea se  in q to 5000 W 
/ m  2, there  appeared  new act ive  cen te r s  of vapor  format ion ,  which genera ted vapor  independently of each 
other (isolated bubble mode). With fur ther  i nc rea se  in q to 30,000 W / m  2, there  occur red  a fusion of the 
s epa ra t e  vapor  bubbles,  at  f i r s t  at some  dis tance f r o m  the hea ter ,  and then on the hea ter  i t se l f  (mode of 
fusion of individual bubbles into a vapor  s t ruc tu re ,  "the vapor  mushroom") .  At q values  above 30,000 W / m  2 
developed bubble boiling was observed  (region of vapor  m u s h r o o m s  [6]). 

The function cha rac t e r i z ing  heat  t r a n s f e r  (Fig. 2) does not have the i r r egu l a r i t i e s  noted in [3]. 

The exper imen ta l  data presented  in Fig. 2 can be r ep re sen ted  by the following empi r i ca l  equation 
found by the method of leas t  squares ;  

a = lO ,5 .10 -~P~  ~ (2) 

The hea t -exchange  data obtained in our study of the boiling of liquid oxygen at a tmosphe r i c  p r e s s u r e  
were  found to be in good a g r e e m e n t  with the r e su l t s  of [7], where  a horizontal  s tee l  pipe se rved  as  a 
hea te r ,  while they differed on the ave r age  by 10% f r o m  the resu l t s  of [5], where  a ve r t i ca l  tubular copper  
hea te r  was employed. The r e su t t s  of the well-known studies [2, 3] using a planar  platinum hea ter  over  a 
wide p r e s s u r e  range  a r e  at  va r i ance  with our resu l t s .  These  depa r tu res  a r e  evidently connected with the 
d i f fe rences  in hea te r  g e o m e t r y  and mate r i a l .  

We will compare  the r e su l t s  with some  s e m i e m p i r i c a I  fo rmulae  for  heat t r an s f e r  in bubble boiling*: 

1) Kutateladze [10] 

* Unfortunately,  they cannot be compared  with the r e su l t s  of Tien [8] and Lienhard [9], which include 
p a r a m e t e r s  re la ted  to the number  of act ive  boiling cen te r s ,  s ince cor responding  observa t ions  were  not 
made in our study. 
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2) Ronsenow [11] 
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Fig. 3. Dependence of qc r /q0c r  on pressure :  1) data of 
present  study; 2) [2]; 3) [3]. 
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Fig. 4. Generalized experimental data according to Eq. (6) 
for liquid oxygen boiling in a large volume [Nu = (c~/X) (c~ 
/ g ( P l  - PV)) I/2, Pe, = (q/LPva)((~/g(p l - -  pv))l/2, Kp = (P 
/ o')((;/g(p/ -- pv))l/2]. Notation as' i n  Fig. 2. 

3) 

where NT/ = 0.013; 

Gilmour [12] 

L~,,, o.ool ( pzDq )-o,3 p P~7~176 

(4) 

(5) 
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4) Borishanskii and Minchenko I13] 

: 8.7.10_ 4 q o" ~b~ o" . (6) 

As is evident f rom Fig. 4, the departure of the average values of our resul ts  f rom Eq. (6) does not 
exceed 15-20%. Data calculated from Eqs. (3) and (4) depart from ours by :~30%, while the departure os 
of our results from Eq. (5) is 80%. 

Our results can best be described by the following dimensionless relationship, obtained by the method 
of least squares (numerical values for the physical properties of liquid oxygen were taken from [14]): 

a ~ , /2= ~ ),/2 to,75 ~ )l/~]o,TL 
)~ ( g(Pl ~--Pv) ) 5"763"10-4[L~va ( g(Pl--Pv ) [ ~P---(g(Pl--Pv) (7) 

with change in the l imits of the defining cr i te r ia  

P ( ~ ) 1/2 
1"5"108 < -d- g(p  l Pv) , < 3 �9 10 s, 

1"5"I0~< L~P~-va g(Pl Pv ) ,~ 3 �9 10 ~. 

Equation (7) has the same s t ructure  as Eq. (6), differing somewhat in the values of the numerical  
coefficients and exponents. 

The dimensional equation (2) and the dimensionless equation (7) describe our data with a divergence 
of ~=I0%. 

For the calculation of hea t - t ransfer  coefficients for liquid oxygen boiling in a horizontal tubular 
heater  in the region of moderate  pressures  (up to 106 N / m  2) the equation of Borishanski and Minchenko, 
Eq. (6), may be recommended,  together with Eqs. (2) and (7). 
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NOTATION 

heat flux density, W/m 2; 
temperature head, deg; 
heat-transfer coefficient, W/m 2 �9 deg; 
thermal conductivity, W/m- deg; 
acceleration due to gravity, m/sec2; 
coefficient of surface tension; 
latent heat of vaporization, J/kg; 
thermal diffusivity, m2/sec; 
system pressure, N/m 2; 
specific heat capacity, J/kg- deg; 
diameter of the tubular heating surface, m; 
dynamic viscosity of liquid phase, kg/m.see; 
density, kg/m3; 
Prandtl number. 

S u b s c r i p t s  

l denotes the liquid phase; 
v denotes the vapor phase; 
T denotes the heating surface;  
cr denotes the cri t ical  value 
0er denotes the cr i t ical  value a t  atmospheric pressure .  

1. 
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