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F R E O N - 2 1  IN A H O R I Z O N T A L  T U B E  
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OF M O V I N G  

The question of the effect  of the veloci ty  of a condensing vapor  on heat t r a n s f e r  was f i r s t  invest igated 
theore t ica l ly  by Nusse l t  for  the l am i na r  flow of a f i lm condensate  [1]; the solution can be r e p r e s e n t e d  in 
the fo rm [2] 
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Here  7r is a d imens ion less  complex;  a and % a re  the h e a t - t r a n s f e r  coeff icients ,  with the condensation 
of moving and s ta t ionary  vapor ,  r e spec t ive ly ,  W / ( m .  deg); X is the t he rma l  conductivity of the liquid, W /  
( m .  deg); T" and T'  a re  the specif ic  weights  of the vapor  and liquid, N/m3; cf  is the local  f r ic t ion coeff i -  
cient; w is the ve loc i ty  of the vapor  outside of the boundary layer .  

Fo r  the turbulent  flow of a f i lm of condensate ,  the f i r s t  suff iciently gene ra l  invest igat ion was de -  
sc r ibed  in [3]. A fu r the r  development  of the theory  is contained in [4-6]. 

However ,  the r e s u l t s  of expe r imen ta l  invest igat ions [4, 7, 8] do not conf i rm the exis tence  Of the s ingle-  
valued dependence (1), if the f r ic t ion  coefficient ,  c f ,  is taken in accordance  with the conditions of flow around 
a "dry"  sur face .  The re  is not only a quan t i t a t ive /bu t  a lso  k quali tat ive d ivergence  between theory  and ex-  
pe r imen t .  

The authors  of [9] explain this d ivergence  by the fact  that  all  the preceding  invest igat ions did not take 
account  of the cons iderable  effect  of suction f r o m  the boundary layer  of vapor  on the f r ic t ion coefficient  of 
the la t te r  at the su r face  of the vapor .  Actually,  in the p r e s e n c e  of the s t rong suction which a lmos t  a lways 
ex i s t s  in condensation p r o c e s s e s ,  the f r ic t ion coeff icient  cannot be de te rmined  using fo rmulas  for  flow 
around an i m p e r m e a b l e  sur face .  For  a l amina r  boundary layer ,  the p rob l em of suction was solved in the 
monograph of Schlichting [10]. In this case ,  with s t rong suction, the f r ic t ion (the tangential  s t r e s s ,  N / m  2) 
on a p e r m e a b l e  su r face  is equal to 
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Here  j is the m a s s  flow r a t e  of the t r a n s v e r s e  f lowof  m a s s  through 
a p e r m e a b l e  wall,  kg / ( sec  �9 m 2) ; p "  is the densi ty of the vapor ,  kg/m3; 
v is the veloci ty  of the vapor  at  the v a p o r - l i q u i d  in ter face ,  m / s e c .  

For  a turbulent  boundary layer ,  the genera l  Solution for  a p e r -  
meable  sur face  is given in [11, 12] in the theory  of a boundary with a 
vanishing v i scos i ty .  

The re la t ive  f r ic t ion  coefficient  with flow around a p e r m e a b l e  
plate  with Jw = const  and a Reynolds number  R x = idem 

Fig. 1 
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j Here Cfo is the fr ict ion coefficient at an impermeable  wall. 
_ _ J  

j If we construct  the dependence of ~* on the permeabi l i ty  factor ,  r e -  
i f e r red  to the local fr ict ion coefficient (Fig. 1) 

Fig. 3 b* = 2]w b 
c----~ = (~_0.25b)~. ~ (4) 

where - =  <b* <3.45, then at b * - * - ~  we have 

"I"* = b* (5) 
Thus, at the limit,  dependence (2) holds for any given flow conditions in the boundary layer .  F rom 

this, we have 

~/(a~a,), ~,----iw, n 2 = ~  (6) 

In the more general  case,  the dependence cf(b) must be introduced in accordance with (3). For  the 
p rocess  of film condensation 

p I ,  q 

~1 ~ p"w ~--" r T ' w  

Here q is the density of the heat flux, W/m2; r is the latent heat of vaporization,  J /kg.  

In the l i terature,  there are  ve ry  few experimental  data on the condensation of moving water  vapor in 
a horizontal  tube; these data exhibit a considerable amount of divergence in a comparable region of vapor 
flow ra tes .  In view of this, the experimental  investigation of the condensation of moving Freon  vapor is of 
definite importance,  both to ver i fy  the theoret ical  relat ionships,  and for prac t ica l  applications. 

The use of Freon,  whose condensation takes place with an overpressure ,  makes it comparat ively  easy  
to eliminate noncondensing gases  f rom the vapor volume; as is well known [7, 8], these gases  constitute the 
main source of e r r o r  in measurements  of heat t r ans fe r  with condensation. 
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Fig. 4 

The investigations were  ca r r i ed  out in a unit, a schematic  d iagram of which is shown in Fig. 2. The 
unit was designed after  the type used in [8]. Its main subassemblies  were:  the working volume 1, consisting 
of a s ta in less - s tee l  cyclinder with a dimater  of 350 mm and a length of 600 mm; a closed water  r ec i r cu l a -  
tion loop, connected to the constant-head tank 4; the experimental  section 3; a water  pump 7, and a sys tem 
for charging the Freon  9, and for evacuation 8. The working volume was carefully thermostat ted.  The the r -  
mostatt ing sys tem consisted in maintaining a zero tempera ture  difference between the working volume and 
the water  jacket 2, in which a constant t empera tu re  of the water was maintained using a U-10 u l t ra the rmo-  
stat 5, and of a compensating heater  17, wound on the outer shell; all the subunits were carefully insulated 
thermal ly ,  using asbestos .  

The experimental  section 3 was a smooth nickel tube with a diameter  of D = 17 mm and a length of 
520 mm. It was installed between the inner walls of the shell 14, thanks to which there was set up a directed 
flow of vapor f rom the top downward, as the resu l t  of condensation of the vapor in the auxil iary condenser  
18, consist ing of six finned tubes. In the salts ,  additional half-tubes were used to simulate flow of the vapor 
around the experimental  section along a second ser ies  of s taggered bundles with a spacing S/D = 1.6. The 
width of the nar rowes t  par t  between the additional tubes was equal to 10 ram. The distance between thewalls  
of the shell at the vapor inlet was 27 ram. The Freon  was vaporized using heater  16, installed in the lower 
par t  of the volume; the heater  had a power of 10 kW. The velocity of the vapor was calculated f rom the 
power developed by the heater ,  and was r e f e r r e d  to a narrow cross  section of the bundle. The heat flux 
was determined f rom the mass flow ra te  and the heating up of the water  in the experimental  tube. The m a s s  
flow ra te  of the water  was measured  by the weight method, and the heating up using the differential t he rmo-  
couple 13. The tempera tu re  of the saturated vapor was determined with the two-junction thermocouple 
10, and the wall t empera ture  of the experimental  section f rom the change in its res i s tance .  For  this purpose 
it was connected into the circui t  of an R329 bridge. A cor rec t ion  for the change in the wall t empera ture  
over the thickness was introduced using a known formula  [13]. All the thermocouples  were individually 
calibrated,  and the experimental  section was cal ibrated after  its installation in the volume. The cal ibrat ion 
was verif ied before each ser ies  of measurements .  After the unit had been filled with Freon,  the system 
was purged repeatedly to eliminate any t r aces  of air;  this was monitored f rom the corresponding dependence 
of the p r e s s u r e  on the tempera ture .  The accuracy  of the measurements  was determined on the basis of the 
accuracy  in determinat ion of the heat flux and, with a t empera ture  head between the vapor and the wall s 
5~ was not less than 7%. 

Figure 3 gives the experimental  data on heat t ransfer ,  and the values of the hea t - t r ans fe r  coefficient 
* = a .  10-3  W/(m 2. deg), as a function of At ~ With the condensation of s tat ionary Freon-21 vapor {points 1) 

and moving vapor (points 2, 3, 4, 5), at vapor flow velocit ies w = 0.11, 0.22, 0.37, and 0.56 m/see ,  r e s p e c -  
tively. The dotted lines 1' ,  3 ' ,  5 '  r ep resen t  calculation using a theoret ical  formula  obtained in [9], at w = 0, 
0.22, and 0.56 m/ sec .  The experiments  were made at a p r e s s u r e  of 5.2 bar.  In this case,  the tempera ture  
head var ied f rom 2 to 20~ The experimental  points for s ta t ionary vapor differ f rom those calculated using 
the Nusselt  theory by not more than 10%. In experiments  in the presence  of velocity, the form of the depend- 
ences is in qualitative agreement  with the experimental  data of other authors on water vapor.  While, for 
s tat ionary vapor the hea t - t r ans fe r  coefficient is proport ional  to the tempera ture  head to the -0 .25  power, 
for moving vapor the exponent of At dec reases  with an increase  in the velocity and, in our experiments,  
attains -0 .18 .  
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A corre la t ion  of the experimental  data obtained, ca r r i ed  out in accordance  with dependence (6), is 
presented in Fig.  4, on which points 1, 2, 3, 4 correspond to the velocities w = 0.11, 0.22, (}.37, and 0.56 m /  
sec for Freon vapor,  and points 5, 6, 7, 8, and 9 to velocit ies f rom 1 up to 16 m / s e c  for water vapor ;points  
5 and 6 were obtained at p = 0.48 arm, and points 7, 8, and 9 a t  p = 0.88. The data on the condensation of 
water  vapor were  taken f rom [8]. It is evident that dependence (6) cor re la tes  sufficiently well the exper i -  
mental data obtained with the condensation of water  and Freon  vapors .  

Here, it must  be borne in mind that a majori ty of the experimental  data of [8] was obtained at small  
t empera tu re  heads (At = 1.2-4~ and, therefore ,  cannot pretend to a high degree of accuracy  in de termina-  
tion of the hea t - t r ans fe r  coefficient.  In addition, there is a s trat if icat ion of these data with respec t  to p r e s -  
sure  which is evidently connected with the r is ing concentration of a ir  at a lowered p re s su re .  

It is evident f rom Fig. 4 that the s t rongest  effect of suction on heat t r ans fe r  is observed at values of 
the determining pa rame te r  lower than 0.15. 

In conclusion, the authors thank S. S. Kutateladze for his in teres t  in the work. 
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