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The a r t i c l e  g ives  expe r imen ta l  data  on heat  t r a n s f e r  with the condensat ion of the moving 
v a p o r  of  Freon-21  (F-21) in a wide range  of ve loc i t ies ,  spec i f ic  weights  of the vapor ,  t r a n s -  
v e r s e  d imens ions  of  the e x p e r i m e n t a l  sect ion,  and heat  fluxes. The points  obtained a r e  c o m -  
p a r e d  with  the  e x p e r i m e n t s  of o the r  au thors  and with exis t ing theore t i ca l  dependences.  

The p r o b l e m  of the condensat ion of a moving  vapor ,  posed  in 1916 by Nusse l t  [1] fo r  the l a m i n a r  flow of 
a f i lm of condensate ,  has  not been  solved fo r  m a n y  o the r  conditions up to the p r e s e n t  t ime ,  and is  a t t r ac t ing  
m o r e  and m o r e  at tent ion on the p a r t  of i nves t iga to r s ,  both  in ou r  country  [2-12] and ab road  [13-16]. The ex-  
p e r i m e n t a l  data  fo r  a quant i ta t ive  evaluat ion of the ef fec t  of the veloci ty  of the v a p o r  on heat  t r a n s f e r  with 
condensat ion a r e  st i l l  insufficient .  

The p r e s e n t  work  is  a continuation of [12] and has the a im of broadening  the range  of change in the 
p r inc ipa l  p a r a m e t e r s  of the condensation,  i .e . ,  the ve loc i t i e s  of the vapor ,  i t s  speci f ic  weights ,  the heat f luxes 
and t e m p e r a t u r e  heads,  and the g e o m e t r i c  d imens ions  of the expe r imen ta l  sect ions .  The expe r imen t s  w e r e  
made  with Freon-21  (CHFC12 ), whose condensat ion can be  studied with an e x c e s s  p r e s s u r e ,  which e l imina tes  
noncondensing g a s e s  f rom the v a p o r  volume,  the ma in  source  of e r r o r s  in e x p e r i m e n t s  on the invest igat ion of 
heat  t r a n s f e r  wi th  condensation.  A schema t i c  d i ag ram of the t e s t  s tand in which the expe r imen t s  on the con- 
densat ion of F-21 w e r e  made  is shown in Fig. l a ,  b. 

The F reon  was  fed by the  pump 1 to t h e  hea t e r  2, where  it was  hea ted  up to the sa tura t ion  t empe ra tu r e .  
It then en te red  the v a p o r i z e r  3, w h e r e  it was  v a p o r i z e d  using the hea t e r  4 (power  N < 200 kW). F rom the 
v a p o r i z e r ,  the  Freon  v a p o r  p a s s e d  through a s e p a r a t o r ,  a r r a n g e d  in the upper  p a r t  of the housing of the 
v a p o r i z e r ,  and then en t e red  the condenser  5, whe re  it  condensed on the tube bundle 14. The condensed liquid 
flowed off to the  s u p e r c o o l e r  6, and then to the r e s e r v o i r  7. The expe r imen ta l  sect ion 9 was  a r r a n g e d  in the 
s l i t  13 ins ide  the tube bundle of the condenser .  The m a x i m a l  width between the wal ls  of the sl i t  was  46 ram,  
and the length 560 ram.  The  expe r imen ta l  sect ion was  ins ta l led  at  a dis tance of 130 m m  f rom the inlet  of the 
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vapor  into the slit. 

TAB LE 1 

Num-[ ]z, mm ~,mm berof D,mm 
tube 

Material 

i 17 565 l, 2 Nickel 
2 17 547 1.0 Titanium 
3 6 528 0,25 Nickel 
4 2,5 548 0,15 Nickel 

W, rrd ts ' ~ 
sec 

8,0 40; (!o 
1,3 4O; 6O 
3,0 40; 60; 
5,0 40; 60 

9o 

The tube bundle of the condenser  was cooled by water ,  which entered f rom the constant-head tank 8 
through the distributing r ece ive r s  11. The overflow rece iver  10 was used as a volumetr ic  f lowmeter  for  
measur ing  the total m a s s  flow rate  of water  through the tube bundle of the condenser  and the experimental  
section. Filling of the unit with Freon was c a r r i e d  out af ter  its p re l iminary  evacuation with the forevacuum 
pump 12. 

All the pa r t s  of the unit were  made of s tainless  steel and were  designed for  a p r e s s u r e  of 50 arm. The 
main subassembl ies  of the unit were  heat- insula ted with asbes tos  and were  provided with compensating 
heaters .  

In the experiment ,  a determination was made of the hea t - t r ans fe r  coefficient ~, W/(m z �9 ~ at the ex- 
ternal  surface  of the experimental  section 

a = q /A t .  (1) 

The heat flux q, W / m  2, was determined by the general ly  accepted method, measur ing  the m a s s  flow rate and 
the heating of the wate r  used for cooling the experimental  section. The m a s s  flow rate of the water  was m e a -  
sured with a pneumatic  ro tameter ,  and the heating with a differential thermocouple,  cal ibrated with an ac-  
curacy  of +0.02~ 

In determination of the t empera tu re  head At = t s - t w ,  ~ the t empera tu re  of the saturated vapor  ts ,  
~ C, was measu red  with a C h r o m e l - C o p e l  thermocouple ,  and was moni tored with respec t  to the p ressure .  
The t empera tu re  of the wall of the experimental  section tw, ~ was determined from the change in its r e -  
s is tance;  here ,  a cor rec t ion  was introduced for  its thickness.  The accuracy  in determination of c~ with At >__ 
5~ was within the l imits of 7%. 

The velocity of the vapor  in the slit ahead of the experimental  section w, m / s e c ,  was determined from 
the power  genera ted  by the heater.  To moni tor  the heat balance,  measuremen t s  were  made of the amount of 
heat removed  f rom the condenser,  and the m a s s  flow rate of Freon entering the vaporizer .  Under s teady- 
state conditions, these three  methods gave close resul ts  (not worse  than 5% ). 

The t empera tu re  in different par t s  of the loop was measu red  with thermocouples ,  led out to multipoint 
potent iometers .  Exact measuremen t s  of the readings of the thermocouples  were  made with a semiautomatic  
R-368 potent iometer .  The thermocouples  in the experimental  section were  cal ibrated using a U-10 ul t ra-  
the rmos ta t  (product of Eas t  Germany) with re fe rence  to labora tory  m e r c u r y  thermocouples  with a graduation 
of 0.I~ 

The hea t - t r ans fe r  coefficient with the condensation of F-21 in the experimental  sections was determined 
under s teady-s ta te  conditions of operat ion of the unit. With a given velocity of the vapor  ahead of the experi-  
mental  section, and with a determined t empera tu re  of the vapor  in the condenser,  a se r ies  of measu remen t s  
was made of the hea t - t r ans f e r  coefficient as a function of the value of the tempera ture  head, a change in which 
was achieved mainly by a change in the t empera tu re  of the wate r  used to cool the experimental  section. 

The exper iments  were  made with high-puri ty  Freon. During the course  of the experiment,  repeated 
analyses  were  made of samples of the liquid and vapor  phases ,  which showed that the main impuri ty in the 
vapor  was air ,  but that its concentration did not exceed 0.1%. Experiments  on the condensation Of the motion- 
less  vapor  of F-21 with an a i r  impuri ty  showed that a concentrat ion of a i r  up to 0.1% has no appreciable ef-  
fect on the heat t rans fe r ;  therefore ,  its diffusional r es i s t ance  may be left out of consideration~ 

The phys ica l  cha rac te r i s t i c s  of F-21 in the calculations were  taken from handbooks [17, 18]. The ex- 
per imenta l  sect ions,  on whose outer  surface the condensation of the Freon vapor  took place,  were  smooth 
thin-walled tubes, whose geometr ic  cha rac t e r i s t i c s  (D is the diameter ,  l is the length of the tube, 5 is the 
thickness  of the wall)  a re  given in Table 1. The same table gives the values of the condensation t empera tu res  
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a t  w h i c h  the  e x p e r i m e n t s  w e r e  m a d e  and  the  m a x i m a l  v e l o c i t i e s  of  the  m o t i o n  of  t he  v a p o r  a t t a i n a b l e  in the  
e x p e r i m e n t s .  

In a l l ,  200 e x p e r i m e n t s  w e r e  m a d e  on the  c o n d e n s a t i o n  of  m o t i o n l e s s ,  and  470 on the  c o n d e n s a t i o n  of  
m o v i n g  v a p o r .  P a r t  of the  e x p e r i m e n t a l  da t a  o b t a i n e d  on t h e  c o n d e n s a t i o n  of  F-21  on t u b e s  Nos.  1, 3,  and  4 
i s  shown in F i g s .  2 -4  in t h e  f o r m  of  t he  d e p e n d e n c e  of  the  h e a t - t r a n s f e r  c o e f f i c i e n t  ~ .  10 -3 W ( m  2. ~ on the  
v a p o r - w a l l  t e m p e r a t u r e  h e a d  A t ,  ~ C. 

A s  fo l lows  f r o m  the  f i g u r e s ,  f o r  m o t i o n l e s s  v a p o r  on a l l  the  t u b e s  the  N u s s e l t  d e p e n d e n c e  ~ ~ At  -~ 
i s  s a t i s f a c t o r i l y  fu l f i l l ed .  The  e x p e r i m e n t a l  d e p e n d e n c e  of  the  h e a t - t r a n s f e r  coe f f i c i en t  d i f f e r s  f r o m  the  c a l -  
c u l a t e d  [1] f o r  t u b e s  of  d i f f e r e n t  d i a m e t e r s .  W h i l e ,  f o r  a tube  wi th  D = 17 m m ,  the  p o i n t s  l i e  be low the  c a l -  
c u l a t e d  b y  a p p r o x i m a t e l y  10%, f o r  a tube  w i th  D = 2.5 m m ,  t hey  a r e  h i g h e r  by  15%. S p e c i a l l y  s e t - u p  e x p e r i -  
m e n t s  on t h e  c o n d e n s a t i o n  of  m o t i o n l e s s  v a p o r  in t u b e s  w i th  D = 1.5,  3.6,  7, a n d 4 5  m m  in the  uni t ,  in a c c o r d -  
a n c e  w i t h  t h e  m e t h o d  of  [12], c o n f i r m e d  the  m e a s u r e m e n t s  ob t a ined .  The  r e a s o n  f o r  the  dev i a t i on  of  the  e x -  
p e r i m e n t a l  d a t a  f r o m  the  t h e o r e t i c a l  in t he  c a s e  of  t he  c o n d e n s a t i o n  of  m o t i o n l e s s  v a p o r  i s  o b v i o u s l y  the  e f -  
f ec t  of  t he  s u r f a c e  t e n s i o n  f o r c e s  w h i c h  w e r e  n o t  t a k e n  into c o n s i d e r a t i o n  in the  c a l c u l a t i o n  of  [1]. The  h e a t -  
t r a n s f e r  c o e f f i c i e n t  f o r  m o t i o n l e s s  v a p o r  in o u r  e x p e r i m e n t s  does  not  depend  on t h e  change  in the  p r e s s u r e  
( the  c o n d e n s a t i o n  t e m p e r a t u r e ) ,  wh ich  i s  in a g r e e m e n t  w i t h  the  c o r r e l a t i o n  of  [19]. 

T h e  f o r m  of  t h e  d e p e n d e n c e s  of the  c o e f f i c i e n t  of  hea t  t r a n s f e r  on the  t e m p e r a t u r e  h e a d  o b t a i n e d  wi th  
t he  c o n d e n s a t i o n  of  m o v i n g  v a p o r  i s  in q u a l i t a t i v e  a g r e e m e n t  wi th  t he  e x p e r i m e n t s  of o t h e r  a u t h o r s  on w a t e r  
and  F r e o n  v a p o r  [3, 5, 8, 11, 12]. T h e  p o w e r  exponen t  n in t he  d e p e n d e n c e  ~ ~ A t  - n  d e c r e a s e s  wi th  a r i s e  in 
t he  v e l o c i t y  and  r e a c h e s  v a l u e s  of  n = 0.08 in e x p e r i m e n t s  on tube  No. 1 ( s e e  Fig .  2), i . e . ,  the  h e a t - t r a n s f e r  
c o e f f i c i e n t  i s  p r a c t i c a l l y  i n d e p e n d e n t  of  the  h e a t  f lux.  

T h e  e f f ec t  of  the  i n l e t  c o n d i t i o n s  h a s  b e e n  v e r i f i e d  in e x p e r i m e n t s  on t u b e s  Nos.  1 and 2. Tube  No. 1 
w a s  a r r a n g e d  in the  s e c o n d  row of  a c h e c k e r b o a r d  b u n d l e  w i th  a s p a c i n g  of s l / D  = 1.6 and  a d i s t a n c e  b e t w e e n  
n e i g h b o r i n g  t u b e s  of  the  bund le  equa l  to  10 r a m ,  a s  in t he  e x p e r i m e n t s  of  [12], and  tube  No. 2 in a s l i t  f o r m e d  
b y  s m o o t h  w a l l s ,  wi th  a d i s t a n c e  b e t w e e n  t h e m  of 46 m m .  The  e x p e r i m e n t  showed  tha t  the  d e p e n d e n c e s  of  the  
h e a t - t r a n s f e r  c o e f f i c i e n t  on the  v e l o c i t y  of  the  v a p o r  c o i n c i d e  in t he  c a s e  w h e r e  the  v e l o c i t y  of  the  v a p o r  i s  
r e f e r r e d  to  t he  f l o w - t h r o u g h  c r o s s  s e c t i o n  of  the  s l i t  a h e a d  of  the  e x p e r i m e n t a l  s e c t i o n  (which  h e l d  i f  t he  
w i d t h  of  the  s l i t  w a s  t aken  a s  10 and 46 m m ,  r e s p e c t i v e l y ) .  T u b e s  Nos.  3 and  4 w e r e  i n s t a l l e d  in a s l i t  f o r m e d  
by  s m o o t h  w a l l s ,  w i t h  a d i s t a n c e  b e t w e e n  t h e m  of  26 and  10 m m .  

T h e  d e p e n d e n c e  of  o~ on A t  f o r  tube  No. 4 ( s e e  Fig .  4) i s  f u n d a m e n t a l l y  d i f f e r e n t  in tha t ,  w i th  s m a l l  
t e m p e r a t u r e  h e a d s  ( A t  _ 10~ the  p o w e r  exponen t  n does  not  change  i t s  v a l u e  and i s  equa l  to  0.25,  i n d e -  
p e n d e n t l y  of  t he  r a t e  o f  m o t i o n  of  t he  v a p o r .  W i t h  l a r g e  t e m p e r a t u r e  h e a d s ,  wi th  a r i s e  in t he  v e l o c i t y  t h e r e  
i s  a d e c r e a s e  in t he  p o w e r  e x p o n e n t  f r o m  n = 0.25 to a v a l u e  of  n p r a c t i c a l l y  equa l  to z e r o ,  a s  in the  e x p e r i -  

m e n t s  on t u b e s  Nos .  1, 3. 

E x p e r i m e n t a l  d a t a  on the  c o n d e n s a t i o n  o f  m o v i n g  w a t e r  [5] and  F r e o n  v a p o r  w e r e  c o r r e l a t e d  in [12] b y  

the  d e p e n d e n c e  
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~/~0 =/(a,a~), (2) 

al  , / r o " w ,  a., = ~v2%p"/o' gk 

where  ~ and a0 a re  the hea t - t r ans fe r  coefficients of moving and motionless  vapor, W/(rn 2 �9 ~ k is the co- 
efficient of thermal  conductivity of the liquid, W/(m" ~ g is the accelera t ion due to gravity,  m/sec2;  p" is 
the density of the liquid and the vapor,  k g / m  3. 

With boundary conditions given with respec t  to the t empera tu re  head ~t ,  f rom (2) we can obtain 

a, ao =/ [F>(Pr -H)  ]. (3) 

where F r  = w2/gD, P r  = v / a ,  K = r / c A t  a re  the well-known Froude, Prandtl ,  and Kutateladze numbers;  
is the kinematic  viscosi ty ,  m2 / sec ;  a is the the rmal  diffusivity, m2/sec;  c is the specific heat capacity of 
the liquid, J / (kg" ~ C). 

An analytical  form of dependence (3) was obtained in the theoret ical  communicat ions [4, 9, 10, 15]. Ac- 
cording to [4, 9], with an increase  in the velocity of the vapor,  the dependence of the hea t - t r ans fe r  coefficient 
on the t empera tu re  head becomes  weaker  and, at the limit,  vanishes altogether,  which was also observed in 
exper iments  on tubes Nos. 1, 3, and 4 (with At _ 10~ 

A corre la t ion  of the experimental  data on the condensation of moving Freon-21 vapor  on tubes 1-4 is 
shown in Fig. 5 [lines 1, 2, and 3 - average  experimental  data in tubes with D = 17.6 and 2.5 ram, r e spec -  
t ively; line 4 was calculated using formula  (4)]. With the condensation of motionless  vapor, the experimental  
value of the hea t - t r ans f e r  coefficient and the theoret ical  value do not coincide for tubes of different diameter ,  
as a resul t  of the effect of the surface tension forces ;  therefore ,  a corre la t ion in the coordinates ~/O~o, 

F r ( P r "  K) is not s ingle-valued and depends on the choice of ~0- This indeterminacy can be eliminated if we 
consider  the l imiting cases  of large  and small  ra tes  of motion of the vapor. 

It can be seen on Fig. 5a that, with the condensation of slowly moving vapor  [ F r / ( P r .  K) < 1], the data 
correlate better if we take the experimental value of the heat-transfer coefficient with the condensation of 
motionless vapor a0e; under these circumstances, the effect of the forces of surface tension is taken into 
consideration automatically. In the case of the condensation of rapidly moving vapor [ Fr/(Pr- K) > i], where 
the hydrodynamics of the film of condensate are completely determined by the forces of interphase friction 
and the viscosity of the liquid, the effect of the surface tension forces degenerates: the experimental data 
correlate better if we take the theoretical value of the heat-transfer coefficient-n0T (Fig. 5b). The experi- 
mental data on the condensation of moving F-21 vapor are in satisfactory agreement with the data of [5] on 
the condensation of water vapor, up to values Fr/(Pr" K) ~ i. With large values of the determining complex, 
the data of [5] lie below ours. A probable reason for this divergence is the effect of noncondensing gases (air), 
whose concentration, according to the data of [5], rose considerably with a decrease in the condensation pres- 
sure. 

The data obtained a re  compared  on Fig. 6 with calculated dependences from the l i te ra ture  [4, 9, 15]. 
Calculation using the formula  of [4] (Fig. 6, curve 1), over  the whole range of change in the determining com- 
plex, gives low values of the hea t - t r ans fe r  coefficient. The experimental  data [curve 5, value of ~0 with 
Fr / (Pr"  K) < 1 taken with considerat ion of the sur face  tension] are  in sa t i s fac tory  agreement  with the formula 
of [9] (curve 3). With values of F r / ( P r .  K) ~ 10, the experimental  data move to the asymptote (curve 4) 

"Nu/V'Re --> 0.9, (4) 
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where Nu = ~ D/}, and Re = wD/v are the Nusselt and Reynolds numbers, constructed from the physical 
properties of the liquid. Dependence (4) is valid for rapidly moving vapor. 

A calculation using the formula of the authors of [15] was made for two temperature heads At = 5 and 
20~ (Pr" K = 140 and 35 with t s = 40~ In Fig. 6, curve 2 was calculated for Pr" K = 140, curve 2' for 
Pr" K = 35. A comparison of the data obtained with the formula given in [15] shows that a calculation with 
small temperature heads gives high values of the heat-transfer coefficient. The dependence of ~ on At, 
which follows from the calculation, coincides qualitatively with the experiments on tube No. 4. This is obvi- 
ously explained by the fact that, on tube No. 4 with At _ 10~ "dry" friction must also be taken into consid- 
eration. Under these circumstances, in accordance with [15], the heat-transfer coefficient depends not only 
on the complex Fr/(Pr" K), but also on the product Pr.  K and the properties of the liquid and the vapor, de- 
termined by the complex R = (p'l~'/p"l~") I/2, where /~' and /~" are the dynamic viscosities of the liquid and the 
vapor ,  r e spec t ive ly .  

On the b a s i s  of the data obtained, i t  can be a s s u m e d  that a o n e - p a r a m e t e r  r ep resen ta t ion  of the re la t ive  
h e a t - t r a n s f e r  coeff icient ,  in acco rdance  with (3), in the inves t iga ted  range  of t e m p e r a t u r e  heads is poss ib le  
up to va lues  of F r / ( P r "  K) ~ 5.0. 
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