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Results are described for an investigation into the boiling of Freon-12 
in the following range of inertial accelerations: a/g = 1-5260, 

I n c r e a s i n g  i n t e r e s t  has r ecen t ly  been  exp re s sed  in 
s tudies  of the p r o c e s s e s  involved in the boi l ing of 
l iquids under  condi t ions  of i ne r t i a l  acce le ra t ion .  When 
us ing  evapora t ion  cooling in h igh-speed  ro ta t ion  equip-  
men t  (for example ,  in tu rb ine  g e n e r a t o r s ,  and in 
spec ia l i zed  e l e c t r i c a l  equipment ,  etc. ) the coeff ic ients  
of a cce l e r a t i on  may reach  as high as 5000 and mor e .  
However,  the m a j o r i t y  of publ i shed  s tudies  [7-14]  
encompass  only a r e l a t i ve ly  sma l l  range  of va r i a t i ons  
in the g r a v i t a t i o n - i n e r t i a l  acce le ra t ions  (0-100g).  In 
r e f e r e n c e s  [4,5] only the c r i t i c a l  heat flows in the 
boi l ing of wa te r  and alcohol [5] were  inves t iga ted  for  
acce l e ra t i ons  to a /g  = 200 and 2050, r e spec t ive ly .  

F i g u r e  1 shows the d i ag ram of an expe r imen ta l  
in s t a l l a t ion  used in the expe r imen t s .  A deta i led  de-  
s c r ip t i on  of the ins ta l l a t ion ,  its ro ta t ing  p a r t s ,  and the 
m e a s u r e m e n t  c i r cu i t  has been publ ished in [2]. 

Here we are  inves t iga t ing  the p roces s  of bo i l ing  
F r e o n - 1 2  at the ins ide  sur face  of the tes t  e l emen t s  
which are  made  up of copper  cy l inde r s  with a d i a m e t e r  
of d = 30 m m  and a length of 40 mm.  

Visual  obse rva t ions  and s t roboscopic  photography 
r evea l ed  the poss ib i l i t y  of e s t ab l i sh ing  the na tu re  of 
the p r o c e s s e s  involved in the boi l ing of F r e o n - 1 2  in 
a field acted on by cen t r i fuga l  fo rces ,  as wel l  as the 
possibility of confirming the validity of earlier concepts 

regarding the phenomena taking place in this case [I, 
2,10]. The test liquid was thrown to the peripheral 

portion of the test element under the action of the cen- 
trifugal forces and it filled a portion of the test-element 

cross section (Fig. 2) in accordance with the specified 

regime of the test. In Fig. 2 we see the zones of the 
most intense vapor formation within the liquid layer. 
In the case of small heat flows these zones are situated 

near the phase-separation surface. With an increase in 

the heat flow (with a constant acceleration factor a/g 

and a constant thickness 6for the layer) the region of 

intense boiling is extended into the depth of the liquid, 

i. e., into the region of elevated pressure. This fact 

can be treated as an experimental confirmation of the 
existence of various saturation temperatures within 

the thickness of the liquid layer in the case of inertial 
accelerations. This can also be concluded from the 
"displacement" of the boiling foei toward the free sur- 

face with an increase in the acceleration factor in the 

case of a constant heat flow. The light region in the 
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Fig.  1. Expe r imen ta l  ins ta l l a t ion :  1) ro ta t ing  model;  2) m a n o m e t e r ;  3) t h e r -  
m o m e t e r ;  4) pump; 5) m e a s u r i n g  tank; 6) eondensa te  col lec tor ;  7) r e c e i v e r ;  

8) needle  valve;  9) condenser .  

739 



Fig .  2. F r e o n - 1 2  bo i l ing  in the  r e g i o n  of c en -  
t r i f u g a l  f o r c e s :  1) a / g  = 204; 2) 460; 3) 820; a) 
q = 53 200 W/m2; b) 106 400; c) 160 000 

c e n t r a l  po r t i on  of the l iquid l a y e r  i nd i ca t e s  the absence  
of vapor  bubbles  in th is  zone.  T h e r e  is  r e a s o n  to a s -  
sume  that  the l iqu id - -wi th  the t e m p e r a t u r e  p r e v a i l i n g  
at the  p h a s e - s e p a r a t i o n  s u r f a c e - - i s  sh i f ted  into the  
depth of the  l a y e r  under  the ac t ion  of cen t r i fuga l  f o r c e s ,  
t h e r e b y  p a r t i c i p a t i n g  in the s o - c a l l e d  " f r e e "  convec -  
t ion.  As fol lows f r o m  F ig .  2, the r o l e  of the  " f r ee"  
convec t ion  i n c r e a s e s  in th is  c a s e  with an i n c r e a s e  in 
the a c c e l e r a t i o n  f ac to r .  

E x p e r i m e n t s  to s tudy the t r a n s f e r  of hea t  in the 
bo i l ing  of F r e o n - 1 2  w e r e  c a r r i e d  out w i t h t h e  fo l lowing 
va lues  fo r  the p a r a m e t e r s  be ing  inves t iga t ed :  a/g = 
= 1, 204, 460, 820, 1300, 1900, 2570, 3360, 4270, 
5250, q = 2 6  600, 53 200, 79 800, 106 400, 133 000, 
160 000, 200 000 W / m  2, 6 = 3 ,  5, 10, 15 m m .  

In p r o c e s s i n g  the e x p e r i m e n t a l  da t a  we a s s u m e d  
tha t  a l l  of the hea t  supp l i ed  to the t e s t  e l e m e n t s  is  
r e m o v e d  th rough  the s u r f a c e  f lushed  e x c l u s i v e l y  by 
the l iquid  (the r e m o v a l  of hea t  by the v a p o r  phase  is  
not c o n s i d e r e d ) .  The c o m p o s i t i o n  of the t h e r m a l  b a l -  
ance whose  m a x i m u m  d i v e r g e n c e  amounts  to 8 % con-  
f i r m e d  the va l i d i t y  of th is  a s s u m p t i o n .  Thus ,  the s p e -  
c i f ic  hea t  flow is  d e t e r m i n e d  f r o m  the f o r m u l a  

r - - 5  
q = Q/2r arc cos l. (1) 

r 

With c o n s i d e r a t i o n  of the e r r o r  in the m e a s u r e m e n t  
of the  l i q u i d - l a y e r  t h i ckness  and of the g e o m e t r i c  
d i m e n s i o n s  of the t e s t  e l e m e n t ,  the m o s t  p r o b a b l e  
e r r o r  in the d e t e r m i n a t i o n  of q amounted  to 10%. 

The t e s t s  e s t a b l i s h e d  that  the t e m p e r a t u r e  of the 
hea t ing  s u r f a c e - - b e c a u s e  of the high t h e r m a l  conduc-  
t i v i t y  of c o p p e r - - i s  v i r t u a l l y  i den t i ca l  at a l l  po in ts  a t  
which  i t  c o m e s  into contac t  with the  l iquid .  The s a t -  
u r a t i on  t e m p e r a t u r e  fo r  the l iquid  v a r i e d  ove r  the 
s u r f a c e  of the t e s t  e l e m e n t  as a r e s u l t  of a p r e s s u r e  
g r a d i e n t  which was  deve loped  by the cen t r i fuga l  f o r c e s .  
Thus ,  in connec t ion  with the change in the t e m p e r a t u r e  
head ove r  the s u r f a c e  of the t e s t  e l e m e n t  the l oca l  
va lue s  of the h e a t - t r a n s f e r  coef f i c ien t s  wi l l  a l so  be 

changed.  To obta in  the ave r age  h e a t - t r a n s f e r  coe f -  
f i c i en t s  we d e t e r m i n e d  the m e a n - i n t e g r a l  value  for  
the l iquid  s a t u r a t i o n  t e m p e r a t u r e  over  the f lushed  
su r f ace :  

,i" t , :cls 
t~la ~ = ~_L_____ , (2) 

- S 

w h e r e  
P 

j ' OT 
tl =tl-l- ~p dpx. (3) 

,Or 

A s s u m i n g  OT/Op ~- A T / A p  = cons t  in the r ange  of 
change in p r e s s u r e  ove r  the t h i ckness  of the  l iquid 
l a y e r ,  a f t e r  i n t e g r a t i o n  of (2) with c o n s i d e r a t i o n  of 
(3), we obta in  

1 av  ~ t l  

whe re  Ap is  the p r e s s u r e  d i f f e r ence  a c r o s s  the th ick-  
ne s s  of the l iquid l a y e r :  

h p -= p(.o ~ R 6, (5) 

and AT is  the change in the l iquid s a t u r a t i o n  t e m p e r a -  
t u r e ,  c o r r e s p o n d i n g  to Ap fo r  the given Pt. 

With c o n s i d e r a t i o n  of 0T/0p  as  a funct ion of p r e s -  
s u r e ,  we obta ined  a r e f i ned  f o r m u l a  fo r  the d e t e r m i n a -  
t ion of t 1 which,  in view of i t s  c u m b e r s o m e  na tu re ,  av 
is  not p r e s e n t e d  h e r e .  The d i v e r g e n c e  in the va lues  
of t l a  v, d e r i v e d  f r o m  Eq. (4) and f r o m  the r e f ined  
f o r m u l a ,  does  not exceed  1%. 

Thus,  the  a v e r a g e  h e a t - t r a n s f e r  coef f i c ien t s  w e r e  
d e t e r m i n e d  f r o m  the f o r m u l a  

q 

~ -  tw -~;~v (6) 
A n a l y s i s  of the e r r o r s  d e m o n s t r a t e d  that  the m o s t  

p r o b a b l e  e r r o r  in the d e t e r m i n a t i o n  of a n y  amounted  
to ~25%. 

As a r e s u l t  of the ad jus tmen t  t e s t s  c a r r i e d  out in 
the absence  of mach ine  ro t a t ion ,  we obta ined  da ta  
g e n e r a l i z e d  by the e m p i r i c a l  equat ion 

a -~ 7.96q ~ (7) 

The d i v e r g e n c e  of t he se  da ta  f r o m  the r e s u l t s  of r e f -  
e r e n c e  [7] does  not exceed  10%. 

In c a r r y i n g  out the b a s i c  t e s t s  we e s t a b l i s h e d  that  
fo r  spec i f i c  q, a/g, and 6 the  l iquid does  not boi l  ove r  
the e n t i r e  f lushed  hea t ing  s u r f a c e ,  i . e . ,  the t e m p e r -  
a tu re  of the wa l l  undernea th  the l iquid l a y e r  was lower  
than the s a t u r a t i o n  t e m p e r a t u r e  fo r  the c o r r e s p o n d i n g  
p r e s s u r e  Pl + Ap. This  m e a n s  that  a spec i f i c  value  
fo r  the m i n i m u m  heat  flow qmin c o r r e s p o n d s  to each  
va lue  of a/g and 5; below th is  m i n i m u m  va lue  for  the 
hea t  flow the l iquid benea th  the l a y e r  had not r e a c h e d  
the s a t u r a t i o n  t e m p e r a t u r e .  H e r e  the hea t  flow was 
r e m o v e d  by the bo i l ing  of the l iquid  n e a r  the p h a s e -  
s e p a r a t i o n  su r f ace  and by " f r e e "  convec t ion  to the 
r e m a i n i n g  s e g m e n t s  of the hea t ing  su r f ace .  The da ta  
on qmin  ove r  the en t i r e  s tud ied  range  of a/g and 6 
have been  g e n e r a l i z e d  by the e m p i r i c a l  equat ion 
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Fig.  3. H e a t - t r a n s f e r  coeff ic ients  v e r s u s  3" I4P  2 i _...K__L_J_ 
heat  flux: 1) a/g= 1; 2) 204; 3) 460; 4) 820; 3 4 5 5  8 /~-3 2 g 4 a/~ 

5) 1300; 6) 1900; 7) 2570; 8) 3360; 9) 4270; 
10) 5250 

qm~n~ 4"l'lO-3 ( ~-) L86'44" (8) 

The expe r imen ta l  data were  p r o c e s s e d  accord ing  
to f o r m u l a  (6) for  q > qmin.  Here we found that the 
h e a t - t r a n s f e r  coeff ic ients  are  independent  of the l iq-  
u i d - l a y e r  thickness 5. 

Figure 3 shows the heat-transfer coefficients as a 
function of the specific heat flows for a liquid-layer 
thickness of 6 = 5 mm and various values of the ac- 
celeration factor (from 1 to 5250). We see from the 
graph that with an increase in the inertial accelera- 
tions the absolute values of the heat-transfer coef- 
ficients increase substantially. The relative influence 
of the heat flow on the intensity of heat transfer with 
an increase in a/g diminshes. The experimental data 
for each value of the acceleration factor can be gen- 
eralized by an equation of the following type: 

a = C ~ ,  (9) 

where the exponent n diminishes from 0.6 for a/g = I 
to 0.1 a/g = 5250. 

F igu re  4 shows the h e a t - t r a n s f e r  coeff ic ients  as a 
funct ion of the acce l e ra t i ons  for  va r ious  values  of the 
specif ic  heat  flows. On the whole, the na tu re  of these  
funct ions  is in accord  with Kutate ladze  [3], which 
c h a r a c t e r i z e s  the combined act ion of the heat  flow and 
of the o rgan ized  mot ion  of the l iquid (forced or f ree  
motion) on the in tens i ty  of heat  t r a n s f e r .  In this  graph 
we can d is t inguish  two reg ions .  In the f i r s t  of these  
(a/g = 1-800)  the effect of the acce le ra t ions  is sub-  
s t an t i a l  for  r e l a t i ve ly  sma l l  heat flows. With an in-  
c r e a s e  in the heat  flow, the r e l a t ive  effect of the acce l -  
e r a t i on  on ~ is d imin ished .  In the heat-f low range  
26 600-160 000 W/m 2 the degree  of effect exer ted  by 
the acce l e r a t i ons  on oz d imin i shes  f rom 0.56 to 0.04. 

In the second region ,  with a c c e l e r a t i o n - f a c t o r  
va lues  of 1000 and higher ,  the re la t ive  effect of acce l -  
e r a t i on  on the h e a t - t r a n s f e r  coeff icient  is v i r t ua l l y  
ident ica l  for all  of the heat-f low values  studied here  
and it  is equal  to 0.6. In the a c c e l e r a t i o n - f a c t o r  range  
1000-5250 the e x p e r i m e n t a l  data are de sc r ibed  wel l  
by the e m p i r i c a l  equat ion 

a = 14.2 ( a ~0"6q0.23 ~-/ . (lO) 

Fig. 4. Heat-transfer coefficients versus inertial ac- 
celeration: 1) q= 26 600 W/m2; 2) 53 200; 3) 70 800; 

4) 106 400; 5) i33 000; 6) !60 000 

For the cases in which the boiling of the liquid did 

not take place over the entire flushed heating surface, 

i. e., when q < qmin' the experimental data have been 
processed according to the formula 

q 
(2.av -- ~w --t~ (11) 

and with a scattering of =~15% have been generalized by 
the equation 

a = 130@ 4. (12) 

Thus, the heat-transfer coefficients in this region 

are virtually independent of the inertial accelerations. 
This circumstance can be explained by the fact that 

the intensification of heat transfer as a result of the 

increasing effect of free convection is offset by the 

reduction in the number of developed-boiling zones 
which, with an increase in the accelerations, are 

"displaced" toward the phase-separation surface. 

The experimental data of this investigation have 

been obtained for a range of pressures between 7.5 

and 9.5 bar over the free surface of the liquid. An 

increase in pressure in the vapor space of the test 
element, resulting from the rotation of the vapor col- 
umn in the radial segment of the rotating contour, was 
determined from the change in the saturation tempera- 

ture at the phase-separation surface, as well as from 

the readings of tensometric pressure gauges. We 

obtained excellent agreement between the experimental 
data and those calculated from the theoretical formula 

[1]~ 
An increase in the heat-transfer coefficients with 

a rise in the inertial accelerations could also result 
from an increase in the saturation pressure within the 
test element. However, separate investigations of the 

function oz = f(p) for a/g = eonst showed that in this 
range of pressure variations the increase in ~ could 
amount to no more than 10%. 

NOTATION 

a is the inertial-gravitational acceleration, m/sec2; 

w is the angular velocity, 1/see; R is the liquid-layer 
rotation radius, m; g is the gravitational acceleration, 
m/sec2; Q is the heat flux, W; q is the specific heat 
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f lux,  W/mZ; t w is  the wa l l  t e m p e r a t u r e  of the e x p e r i -  
men ta l  s a m p l e ,  ~ t 1 is  the t e m p e r a t u r e  of the  l iquid,  
~ t l i s  the s a t u r a t i o n  t e m p e r a t u r e  at the i n t e r f a c e ,  
~ p{ is  the p r e s s u r e  at the i n t e r f a c e ,  ba r ;  Px is  the 
p r e s s u r e  in l iquid l a y e r  at a d i s t a n c e  x f r o m  the f r e e  
s u r f a c e ,  ba r ;  Ap i s  the p r e s s u r e  d rop  a c r o s s  the th i ck -  
ne s s  of the  ro t a t i ng  l iquid l a y e r ,  ba r ;  6 is  the t h i ckness  
of the l iquid  l a y e r ,  m; r is  the  i n t e r n a l  r a d i u s  of the 
e x p e r i m e n t a l  s a m p l e ,  m; l i s  the  length of the e x p e r i -  
m e n t a l  s a m p l e ,  m; Play is  the dens i ty  of the l iquid,  kg/m~;  

is  the h e a t - t r a n s f e r  coef f i c ien t ,  W / m  2 �9 deg; s is  the 
h a l f - s u r f a c e  of the e x p e r i m e n t a l  s a m p l e  in the f low, 
m 2 . 
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