
of the prof i les  of the liquid veloci ty and the intensi ty of the turbulent  pulsat ions is now being conducted for  a 
future  invest igat ion of the flow in the indicated range  of the p a r a m e t e r s .  

N O T A T I O N  

r ,  wall shea r  s t r e s s ;  r0, wall s h e a r  s t r e s s  in one-phase  flow; fl, bulk f low- ra te  gas content; ~ ,  local  
t r ue  gas  content; R,  pipe radius;  y ,  d is tance  f r o m  wall; Re,  Reynolds number ,  const ructed f r o m  reduced 
veloci ty  and v iscos i ty  of the liquid. 
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H E A T  E X C H A N G E  IN F I L M  C O N D E N S A T I O N  O F  

S T A T I O N A R Y  V A P O R  ON A V E R T I C A L  S U R F A C E  

I .  I .  G o g o n i n ,  A .  R .  D o r o k h o v ,  
a n d  V .  I .  S o s u n o v  

UDC 536.248.2 

New exper imen ta l  data a r e  p resen ted  on the condensat ion of chladone-21 on ve r t i ca l  tubes 
over  a wide range  of Reynolds numbers  and a r e  compared  with theore t i ca l  r e su l t s .  

The heat exchange when a pure  s ta t ionary  sa tu ra ted  vapor  condenses on a ve r t i ca l  su r f ace  was f i r s t  
cons idered  by Nussel t  [1] in the case  of l am i na r  flow of a f i lm of condensate.  He obtained the following r e l a -  
t ion for  the mean h e a t - t r a n s f e r  coeff icient  (~ for  condensation on a ve r t i c a l  plate  of height L: 

4 , .  , " 
= 0,943~ ~Sp (p, p") r g / ~ S t L  . 

In d imens ion less  fo rm Eq. (1) can be wri t ten as 

(a/k) (vZ/g) ';s = 0,925Re-'/a. 

(1) 

(2) 

Nussel t  made a number  of assumpt ions  in der iving Eq. (1), the c o r r e c t n e s s  of which was conf i rmed by l a t e r  
invest igat ions .  A rev iew of the work  on this question can be found in [2]. It has been es tabl ished that  for  
l amina r  flow of a f i lm of condensate  t he r e  is no need to introduce any additional co r rec t ions  to (1) when Pr  _> 
1, and K ~ 5, s ince they lie within the l imits  of expe r imen ta l  accu racy .  Here  P r  = v / a ,  K = (r/c)At a r e  the 
Prandt l  and Kutateladze c r i t e r i a .  

However ,  Eq. (1) has an ex t r eme ly  l imited a r e a  of applicat ion s ince purely  l amina r  flow of a f i lm of 
condensate  only occurs  for  ve ry  smal l  Reynolds numbers  of the f i lm Re = q L / p r  = G / v .  

For  Re ~ 5 waves a r e  fo rmed  in the flowing f i lm which intensify the heat t r a n s f e r .  Attention was f i r s t  
dra~m to this in [3]. In [4] for  Reynolds numbers  of the f i lm charac te r i z ing  the beginning of wave format ion ,  
the following re la t ionship  was proposed:  

Insti tute of T h e r m a l  Phys ics ,  Siberian Branch,  Academy of Sciences of the USSR, Novosib i rsk .  T r a n s -  
lated f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 35,No. 6, pp. 1050-1058, D e c e m b e r ,  1978. Original a r t i c l e  
submit ted June 8, 1978. 
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T A B L E  1. T h e o r e t i c a l  R e l a t i o n s  f o r  C a l c u l a t i n g  the  Heat  T r a n s -  
f e r  When  a F i x e d  V a p o r  C o n d e n s e s  on V e r t i c a l  S u r f a c e s  

i 

Lit. source Equation Re, Recr 

Kirkbride [I0]  

Colbum [7] 

Kutateladze [9] 

Labuntsov [6] 

(r (v2/D l / 2 =0,0076Re ~ 

(~/~.) (vVg) I /a = Re/[22Pr - !  / 3 x 

X (Re 0 ,8 __ 364) -+- 12800] 

(cq~.) (v~lg) 1 / 3= 0,054Pr o, 4 Re/ 

(Re5/6 _47q_21PrO .4) 

(a/~,) (vz/g) I / a ~ R e / [ 2 3 0 0 - -  

q.41Pr-O, 5 (Re3/4 89) (pr/Prst)o, 2s] 

Re ~46/v,  Recr=1600 

Re =46/% Recr=160C 

Re =G/v, Recr = 100 

Re =G/v, Recr = 400 

Eq. No. 

(6) 

if) 

(8) 

(9) 

R% = 0 . 6 0 7  (,~S/pSv4g) ' / ' ', (3) 

which  was ob t a ined  a s s u m i n g  tha t  t h e  o c c u r r e n c e  of t h e  waves  had a c a p i l l a r y  o r i g i n .  A c c o r d i n g  to  t he  da t a  
f r o m  r e c e n t  i n v e s t i g a t i o n s  [5], g r a v i t a t i o n a l  waves  a r e  f o r m e d  on t h e  s u r f a c e  of t he  f lowing f i l m  which  a c c o m -  
pany  c a p i l l a r y  w a v e s .  

When i n t r o d u c i n g  a c o r r e c t i o n  to  t a k e  in to  accoun t  t h e  wave  f o r m a t i o n ,  Eq .  (2) t a k e s  t h e  f o r m  [30] 

(~/~.) (vX/g) Us = 1.18Re - U s .  (4) 

When c a l c u l a t i n g  the  hea t  e x c h a n g e  fo r  R e y n o l d s  n u m b e r s  of  the  f i l m  of c o n d e n s a t e  5 < R e  < 100 in [6] 
t h e  fo l lowing  e m p i r i c a l  c o r r e c t i o n  to  Eq.  (2) was  r e c o m m e n d e d :  

% = Re o.or (4a) 

When the  R e y n o l d s  n u m b e r  of t he  f i l m  is  i n c r e a s e d  f u r t h e r ,  t h e  wave  m o d e  of f low of t he  c o n d e n s a t e  

b e c o m e s  t u r b u l e n t .  T h e  hea t  t r a n s f e r  in  c o n d e n s a t i o n  in  t he  c a s e  of t u r b u l e n t  f low of the  f i l m  of c o n d e n s a t e  
has  been  i n v e s t i g a t e d  in [6-10 ,  33,  e t c .  ]. 

T a b l e  1 shows  s o m e  of t he  t h e o r e t i c a l  r e l a t i o n s  m o s t  of ten e n c o u n t e r e d  in p r a c t i c e ,  r e p r e s e n t i n g  to  
s o m e  d e g r e e  t he  fo l lowing  func t i ona l  r e l a t i o n s h i p :  

(ap.) (v21g) i/3 = f (Re, Pr). (5) 

E x p e r i m e n t a l  i n v e s t i g a t i o n s  of t he  c o n d e n s a t i o n  of s t a t i o n a r y  v a p o r  of d i f f e r e n t  l i qu ids  in v e r t i c a l  t ubes  
have  been  m a d e  by many  w o r k e r s .  T a b l e  2 g i v e s  i n f o r m a t i o n  on s o m e  of t h e  e x p e r i m e n t a l  w o r k .  It i s  s e e n  
f r o m  T a b l e  2 tha t  the  g r e a t e s t  a m o u n t  of w o r k  has  been  c a r r i e d  out  on the  c o n d e n s a t i o n  of w a t e r  v a p o r .  F i g u r e  
1 shows  e x p e r i m e n t a l  da t a  ob ta ined  by d i f f e r e n t  w o r k e r s  in e x p e r i m e n t s  with w a t e r  v a p o r .  The  l a r g e  s p r e a d  
in  t he  p o i n t s ,  p a r t i c u l a r l y  in  t he  r a n g e  102 < Re < 103, c o r r e s p o n d i n g  to  t he  t r a n s i t i o n  m o d e ,  i s  n o t e w o r t h y .  
The  e x p e r i m e n t s  c a r r i e d  out by each  w o r k e r  w e r e  o v e r  a n a r r o w  r a n g e  of Reyno lds  n u m b e r s .  

F i g u r e  2 shows  e x p e r i m e n t a l  da t a  on t h e  c o n d e n s a t i o n  of the  v a p o r  of d i f f e r e n t  m a t e r i a l s .  H e r e  t he  
s p r e a d  be tween  the  e x p e r i m e n t a l  po in t s  i s  s o m e w h a t  l e s s  but ,  a s  in  the  e x p e r i m e n t s  with w a t e r  v a p o r ,  t h e  
d a t a  g i v e n  in t he  v a r i o u s  p a p e r s  w e r e  ob ta ined  o v e r  a n a r r o w  r a n g e  of Reyno lds  n u m b e r s .  

In F i g s .  1 and 2 we c o m p a r e  the  e x p e r i m e n t a l  r e s u l t s  wi th  the  t h e o r e t i c a l  equa t ions  f r o m  T a b l e  1 fo r  
P r  = 2 and P r  = 5, r e s p e c t i v e l y .  * It i s  s e e n  f r o m  the  f i g u r e s  tha t  in the  r a n g e  of l a m i n a r  and l a m i n a r - w a v e  

* In c o n s t r u c t i n g  the  K u t a t e l a d z e  c u r v e ,  t he  v a l u e s  of the  h e a t - t r a n s f e r  coe f f i c i en t  in the  t u r b u l e n t  m o d e  w e r e  
found f r o m  (10). 
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T A B L E  2 .  E x p e r i m e n t a l  D a t a  on  t h e  C o n d e n s a t i o n  o f  D i f f e r e n t  S u b s t a n c e s  

Lit. source Substance Exper. part Range of main parameters 

Badger et al. [llq 

Meisenburg [ 12] 

Kutateladze, 
Shrentsel [13] 

Gudemch__u_k_ [14] 

Masynkevich [ 15] 

Burov [16] 

Zozulya [17] 

Zozulya [18] 

Pimenova [19] 

Ratiani, 
Shekriladze [20] 

Zozulya, 
Khorunzhii [21] 

Kozftfldi [22] 

Sato, Ogata [23] 

Ivanov, 
Elukhin [24] 

Chemobyl'skii, 
Gorodinskaya [25] 
Butuzov et al. [26] 

Baker, 
Hipkin [27] 

Diphenyl 

Water 

Water 

Water 

Chladone- 12 

Water 

G lyce rine 

Water 
Water 

CO2 

Water 

CC14 

Cldadone- 12 

Chladone-22 

Helium 

Oxygen 
Nitrogen 
Argon 

Ammonia 

Water 

Benzine 
Ethanol 
Acetone, heptane 
mixture 

D = 22.2 mm 
L = 3 . 6 m  
D = 25.4 mm 
L = 3 . 6 m  
D = 19 mm 
L = l m a n d 4 m  
D = 35 mm 
L = 950 mm 
D = 16 mm 
L = 276 mm 

D = 20 mm 
L = 275; 550; 1000 mm 
D = 2 4 m m  
L = 972 and 1947 mm 

The same 
Generalization of the data 
from 12 publications 

D = 25 mm 
L = l m  
D = 21.5 mm 
L = 217 mm 
D = 16 mm 
L = 980 mm 
D = 40 mm 
L = 500 mm 

The same 

D= 14 mm 
L = 32 mm 
D = 8 m m  
L=2 .4  m 
D = 16 mm 
L= 0.2 m 
L = 0.5; 2 m 

D= 17 mm. 22 mm 
D = 18 mm 
L = 1.27 m 
D = 25.4 mm 
L= 1.12 m 

Re = 300-5500 
Pr -~5 

Re = 100-1000 

Pr ~ 1.75 
Re = 25-2200 

Pr ~ 1.1- 1.75 
Re = 300-2500 

Pr ~ 1.75 
Re = 20-100 

Pr : 3.7 
Re = 25-175 

Pr ~ 1.75 
Re = 0.25-2.5 
Re = 25-500 

Pr ~ 1.75 
Re = 10-2000 

Re = 200-850 

Re = 2.5-45 

Pr ~ 1.75 
Re = 7.5-620 

Pr = 4.55 
Re = 70.0-200 

Pr = 3.9 
Re = 46-138 

Pr = 3.6 
Re = 1-95.0 

Pr = 0.59 

Re = 1-75.0 Pt = 1.74 

2,,0 

Re = 4-240 

Re = 11-44 
Pr = 1.75 

Re = 38-500 

f l o w s  of  t h e  f i l m  of  c o n d e n s a t e  t h e  e x p e r i m e n t a l  d a t a  a r e  s a t i s f a c t o r i l y  d e s c r i b e d  b y  t h e  N u s s e l t  r e l a t i o n  (2) 

w i t h  a c o r r e c t i o n  f o r  t h e  w a v e  f l o w  of  t h e  f i l m  s  

E q u a t i o n s  (6) - (10)  f o r  t h e  t u r b u l e n t  m o d e  d i f f e r  c o n s i d e r a b l y  f r o m  o n e  a n o t h e r  i n  t h e  r a n g e  of  R e y n o l d s  

n u m b e r s  c o r r e s p o n d i n g  t o  t h e  t r a n s i t i o n  f r o m  l a m i n a r - w a v e  f l o w  t o  t u r b u l e n t  f l o w .  F r o m  t h e  e x p e r i m e ~ a l  

d a t a  i t  i s  n o t  p o s s i b l e  t o  d r a w  a n y  c o n c l u s i o n s  r e g a r d i n g  t h e  c o r r e c t n e s s  of  a n y  p a r t i c u l a r  t h e o r e t i c a l  e q u a t i o n  

b e c a u s e  o f  t h e  l a r g e  s p r e a d  i n  t h e  e x p e r i m e n t a l  p o i n t s .  

T h e  p u r p o s e  of  t h e  p r e s e n t  p a p e r  i s  t o  m a k e  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h e  h e a t  e x c h a n g e  i n  t h e  

c o n d e n s a t i o n  of  a f i x e d  v a p o r  on  v e r t i c a l  t u b e s  o v e r  a w i d e  r a n g e  of R e y n o l d s  n u m b e r s .  W e  c h o s e  c h l a d o n e -  

21 (CHFC12) a s  t h e  w o r k i n g  s u b s t a n c e  s i n c e  i t  i s  a c o n v e n i e n t  s i m u l a t i n g  s u b s t a n c e  a n d  i s  a p r o m i s i n g  w o r k i n g  

m a t e r i a l  i n  l o w - t e m p e r a t u r e  p o w e r  e n g i n e e r i n g  [31]. 

T h e  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  u s i n g  t h e  a r r a n g e m e n t  s h o w n  i n  F i g .  3 .  T h e  b o d y  o f  t h e  c o n d e n s e r  

c o n s i s t e d  of  a c y l i n d e r  of  i n t e r n a l  d i a m e t e r  50 m m  a n d  l e n g t h  1200  m m .  A d i s t r i b u t e d  s u p p l y  o f  v a p o r  w a s  

p r o v i d e d  f r o m  t h e  s i d e s  of  t h e  c y l i n d e r .  A l l  t h e  p a r t s  of  t h e  e q u i p m e n t  w e r e  m a d e  of  s t a i n l e s s  s t e e l  a n d  w e r e  

t h e r m a l l y  i n s u l a t e d  w i t h  a s b e s t o s .  T h e  e x p e r i m e n t a l  p a r t s  w e r e  f a s t e n e d  w i t h  p a c k i n g  on  t h e  u p p e r  a n d  l o w e r  
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lg 2 J q ~ ~ 7 ~ 910 J u 5 6 7 8 310 ~ 2 J Re 

Fig.  1. Condensation of water  vapor  on ve r t i c a l  tubes:  1) Mei-  
senburg  [12]; 2) Kuta te ladze ,  Shrentse l  [13]; 3) Gudemchuk [14]; 
4) Burov [16]; 5) Zozulya [17]; 6) Rat iani ,  Shekr i ladze  [20]; 7) 
Butuzov et a l .  [26]. The data obtained by the following authors  
a r e  taken f r o m  [10, 18]: 8) Calender  and Nicholson; 9) Jordan;  
10) Jakob,  E r k ,  Ek; 11) Gebbard  and Badger ;  12) Lozhkin and 
Kanaev; 13) Baker  and Strobe;  14) Shi and Kraze ;  15) English 
and Donkin; 16) Fredzhen .  a) (2); b) theore t i ca l  f r o m  (2) with 
the co r rec t ion  (4a); c) (4); d) (10); e) (6); f) (7); g) (9). Curves  
(7), (9), and (10) a r e  drawn for  P r  = 2. 

f.vz)l/j_ 
~ tT/  

2 

]]] 4-2 u-5 *-8 +-11 0-I~ ---I 
,I I I I I i i  o-: 0-6 ,-9 .-iz  -15 

J,l i t  i 
5 6 831g ~ 2 5 78310 J 2 J q 5 

1 

7Re 

Fig.  2. F i lm condensation of different  liquids on ve r t i ca l  tubes:  
1) CO 2 [19]; 2) CCI 4 [21]; 3) X-12 [15]; 4) X-12 [22]; 5) X-22 [22]; 
6) diphenyl [II]; 7) acetone [27]; 8) benzine [27]; 9) ethanol [27]; 
I0) heptane mixture [27]; 11) ammonia [25]; 12) oxygen [24]; 13) 
nitrogen [24]; 14) argon [24]; 15) ammonia [15]. The remaining 
notation is the same as in Fig. 1. Curves (7), (9), and (10) are 
drawn for Pr = 5. 

flanges of the condenser  along the i r  cen te r .  The cha rac t e r i s t i c s  of the exper imenta l  pa r t s  a r e  given in Table  
3. 

We used fa i r ly  pure  chladone in the expe r imen t s .  According to a fac tory  ana lys i s ,  its composi t ion was 
as follows: CHFCI 2 99.8%, m o i s t u r e  0.12% (by weight), CF2C12 0.08%. 

Before  the exper iment  the chladone was purif ied of water  and a f t e r  filling the equipment the l a t t e r  was 
blown through many t i m e s .  In the calculat ions the p rope r t i e s  of X-21 were  taken f rom [28]. 

In the exper iment  we de te rmined  the h e a t - t r a n s f e r  coefficient  ~ at the externa l  su r f ace  of the exper i -  
menta l  pa r t  ~ = q /At .  The heat flux density q, W / m  2, was found f rom m e a s u r e m e n t s  of the flow r a t e  and 
heating of the wate r ,  and a l so  f r o m  the flow r a t e  of the condensate.  When determining the t e m p e r a t u r e  head 
At = t"  - -  tw, ~ we m e a s u r e d  the t e m p e r a t u r e  of the sa tu ra ted  vapor  t"  using a thermocouple .  In the exper i -  
ments  the co r respondence  between the m e a s u r e d  t e m p e r a t u r e  of the vapor  and the dependence of X-21 d e t e r -  
mined f rom P, T was maintained.  The p r e s s u r e  in the condenser  was measu red  with a c lass  0.35 m a n o m e t e r .  
The t e m p e r a t u r e  of the wall of the exper imenta l  pa r t s  was measu red  by two methods .  In the exper iments  on 
pa r t s  No. 2, 3, and 4 of the tube we used r e s i s t a n c e  t h e r m o m e t e r s .  The t e m p e r a t u r e  of the wall  of tubes No. 1 
and 5 was found as the a v e r a g e  of the readings  of s ix  thermocouples  s tamped with an in te rva l  increas ing  un i fo rm-  
ly f r o m  the ve r t ex  to the bot tom of the tube.  
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TABLE 3. Experimental  Par ts  

External diameter Tube length I 
No. Material 

D, mm L, mm I 

15 
15 
2,5 
5 

16 

260 Nic el 
!140 
1120 
290 

T A B L E  4. E x p e r i m e n t a l  Data  on the  Condensa t ion  of Chladone-21  on 
V e r t i c a l  Tubes  

At, *C~ At, ~ I q. 10-L At, oc q. l O - ' ,  q " lO-s ,  &t,~ q "10-=, q "10-1. At,~ 
W/re' W/re' W/m = W/m = W/rr3 

Tube No, 1 
t" =40 cc 
5,2 2,9 
4 , 8  2 , 5  
5,0 2,8 
3,8 2,1 
7,1 4,6 
8,3 5,7 

10,2 7,7 
II ,2 8,5 
I1,8 9,5 
22,0 16,5 
20,6 18,5 
20,9 19,7 
20,8 18,7 
11,8 8,5 
11,7 8,8 
2,8 1,5 

t" =60 ~ 
24,7 :22,5 
21,6 : 18,2 
19,4 14,9 
17,6 14,9 
17,1 14,4 
9,6 [ 8,1 
9,9 8,5 
8,2 5,7 
7,9 6,5 
6,6 5,3 

19,4 14,1 
16,6 il,8 
13,9 ll ,6 
6,5 I 4,8 
4,5 ! 3,2 
3,9 2,6 
3,3 i 2,0 
3,2 2,1 
2,8 1,6 

36,6 J35,1 
27,1 26,5 
13,2 9,6 

4,7 27,3 19,5 
,7 39,5 33,6 

c Tube No. 3 
43,8 t"=40 ~ 

12,4 10,2 
12,8 11,1 
16,3 13,5 

t"=60oC 

t"=  125 ~ 
118,0 93,1 
115,0 92,3 
I04,0 86,8 
88,7 71,6 
95,9 81,1 
94,7 
93,0 
85,1 . 

31,1 30,3 
38,4 33,0 
30,2 30,8 
26,1 24,6 
18,0 15,1 
10,9 8;3 
9,9 8,3 

t " = 9 0  ~ 

39,5 
39,1 
36,7 
33,0 
35,2 
34,1 
31,6 
28,0 
27,6 
21,9 
18,6 
17,7 
18,2 
15.8 
13,0 

37,8 80,1 
37,1 78,3 
33,6 69,7 
30,6 Tube No.5 
33,9 t"=40 ~ 
30,9 23,8 16,3 
28,5 10,9 5,7 
24,7 7,7 3,7 
23,6 4,9 2,2 
19,5 3,1 1,4 

12,2 
7,6 
2,8 

t" = 90 

49,1 
64,4 62,7 
68,4 54,5 
53,8 49,6 
19,8 16,7 
38,8 34,7 
33,4 28,6 
13,4 10,3 
76,0 64.9 
17,7 13,6 
22,4 15,9 
25,6 19,9 
31,6 25,9 

t " ~  125 ~ 
96,5 89,3 
96,0 87,7 
33,7 76,1 
67,1 63,8 
54,0 48,9 
53,2 47,5 
67,5 63,8 
54,6 49,1 
82,1 77,1 

III 94,9 

Tube NO,2 
t"=40 ~ 

2,8 1,0 
6,4 2,8 
7,5 3,5 
9,6 5,1 

11,9 6,6 
15,0 9,0 
18,4 11,5 

80,0 
76,0 
70,0 
66,6 
56,.q 
58.F 
35,2 
28,8 

67,4 
64,0 
59,4 
57. 7 
49,1 
49,2 
28.0 
24,7 

Tube No. 4 
t"=40 ~ 

20,7 
21,3 
22,0 
14,6 
11,1 
7.8 
7,5 
7,3 
8,7 
9,3 

10,7 
10,6 
12,0 

19,3 
18,7 
19,1 
12,2 
I0,I 
5,8 
5,4 
5,7 
7,2 
7,2 
8,4 
8,4 
I0,2 

17,2 
16,8 
15,9 
13,7 
10,9 

r '=90 ~ 

71,5 63,8 
71,7 64,1 
68,4 61,0 
60,5 64,3 
59,6 53,5 
52,7 47,5 
46,1 41,4 
46,0 41,4 
48,5 43,7 
38.1 35,6 
36,6 34.9 
25.9 24,7 
19,8 19,5 
27,4 26.1 
26,6 25,8 
42,6 39,0 
52,7 47,2 

3,3 1.3 
6,0 2,9 
514 2.7 
4.0 2,0 
2.3 0,8 
4,0 "! ,8 
5,4 2,7 

23,0 15.3 
20,0 12,8- 
17,2 9,9 
8,9 5,1 
7,0 3,6 
9,0 4,3 

11,8 6,6 
t " = 6 0  ~ 

42,0 36,0 
42,9 35,6 
26,9 20,3 
29,0 23,4 
20,3 14,6 

~=90 ~ 
60,5 ] 62,7 
56,2 56,9 
43,5 43,1 

The  a c c u r a c y  in  d e t e r m i n i n g  the  h e a t - t r a n s f e r  coef f ic ien t  was not l e s s  than  10% 

We inves t iga ted  the  dependence  of the  h e a t - t r a n s f e r  coef f ic ien t  on the  t e m p e r a t u r e  head and on the  phy-  
s i c a l  p r o p e r t i e s  of the  condensa t e s  (the s a t u r a t i o n  t e m p e r a t u r e ) .  The  v a p o r - w a l l  t e m p e r a t u r e  head was chan -  
ged by v a r y i n g  the  t e m p e r a t u r e  of the  wa t e r  which cool the  e x p e r i m e n t a l  p a r t .  About  200 m e a s u r e m e n t s  in  a l l  
were  t aken  of the  h e a t - t r a n s f e r  coef f i c ien t .  P a r t  of the  da ta  ob ta ined  is  shown in  T a b l e  4.  

We found in  the e x p e r i m e n t  tha t  for  a change in  the  condensa t i on  t e m p e r a t u r e  f r o m  40~ to  125~ t h e r e  
is  no d i f f e r en t i a t i on  of the  e x p e r i m e n t a l  da ta  with r e s p e c t  to  the  p r e s s u r e s ,  in  a g r e e m e n t  with the r e s u l t s  ob-  

t a ined  in  [29]. 

The e x p e r i m e n t a l  da ta  ob ta ined  w e r e  p r o c e s s e d  in  (~/}.)(v2/g)l /3--Re coord ina t e s  (Fig.  4). As is  s e e n  
f r o m  the  f igu re ,  the Reynolds  n u m b e r s  v a r i e d  over  the  r a n g e  10 __< Re _ 4300,  which enab led  us  to  cove r  l a -  
m i n a r - w a v e  flow, t r a n s i t i o n a l  flow, and t u r b u l e n t  flow of the f i lm.  He re  we a l so  p r e s e n t  data  on the conden -  
sa t ion  of o ther  chladones  [15, 22]. 
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Cold wate~ ~c,~_ l F ' ~  
H o t  w a t e r  ~m4---~ 6~ 

i - -  Z - -  - -  

L .... 

Fig. 3. Experimental  a r rangement :  
1) vapor  genera tor ;  2) condenser ;  3) 

. experimental  par t ;  4) condensate 
i volume f lowmeter;  water  flow- 5) 
i mete r ;  6) constant-head tank. 

10 Z 3 ~ 56 

] . I 
/"1il 

8918 z Z 3 ~ 5 6 788103 2 J ~I Re 

Fig. 4. Fi lm condensation of chladones on ver t ica l  sur faces  
(Re = G/u): 1) obtained by the authors,  X-21; 2) X-12 [15]; 3) X- 
12 [22]; 4) X-22 [22]. a) Calculated f rom Eq. (2) with the c o r -  
rect ion (4a); b} calculated using (10) with Pr  = 3. 

Experimental  data obtained on tubes of different length and d iameter ,  for  different condensation t empe r -  
a tures ,  can be sa t i s fac tor i ly  genera l ized  in these coordinates ,  and agree  with condensation data for  other 
chladones.  

A compar i son  with the theore t ica l  relat ions showed that up to Re ~ 100 the resul ts  of the experiment a re  
in sa t i s fac tory  agreement  with the calculations using Eq. (2) with a cor rec t ion  for  the wave motion s [6] (line 
2). For  Re > 100 best agreement  with experiment is obtained by a numerica l  calculation of the heat t r ans fe r  
for  a mixed flow mode of the condensate f i lm,  when the local value of the hea t - t r ans fe r  coefficient in the r e -  
gion of turbulent flow is calculated using Kutateladze 's  equation [30] (line 4). In this case the cr i t ical  Reynolds 
number was taken as Recr  = 100 

Oz,~l~,) (v~/g) '/3 = 0.4Pr T]~/3 8 {In [ ( ~  + V~6 - -  I 1.6)/(V~ - -  V ~]a - 11,6 )] + 4.65 pr}-', (i0) 

where ?75 = v*5/ r  is the dimensionless  thickness ofthe fi lm, and Vw* = ~ = ~/g6 (1 -p" /p ' )  is the velocity 
of the tangent']al s t r e s s .  

At the same  t ime it is well known that the cr i t ical  Reynolds number of the film for  gravitat ional  flow is 
equal to 400 [30, 32]. 

Kutateladze explained this d isagreement  by assuming that the waves on the external surface of the film 
of condensate inc rease  the contact sur face  and inc rease  the effective value of its thermal  conductivity. The 
la t ter  can be considered as the occur rence  of quasiturbulent heat conduction and one can extend Eq. (10) into 
the region of Reynolds numbers  beginning with Re ~ 100. 

A calculation using the approximate relat ion (8) in the region of Reynolds numbers 100 _< Re _< 1000 gives 
a somewhat increased  value (by ~ 10%) of the hea t - t r ans fe r  coefficient compared with the numerical  calculation. 

It is noteworthy that over  a wide range of variat ion of Reynolds numbers the experimentally determined 
hea t - t r ans fe r  coefficient had a pract ical ly  constant value, which d isagrees  with calculations using the theore -  
t ical  relat ions (6)-(9) ff we take Recr  = 400. Note that these relat ions were obtained for  a mixed flow mode 
for  the condensate fi lm, i . e . ,  taking into account the laminar  part .  

It follows f rom an analysis of the data obtained and also of the data obtained by other workers  that: 

1455 



a) up to the present time heat exchange in condensation has been investigated over a wide range of 
Reynolds numbers only for two mater ia ls ,  v i z . ,  water and chladone-21; 

b) for Re < 5, according to [17, 20, 25], the heat exchange can be calculated using Eq. (2); 

c) in the range of values 5 _ Re _~ 100 satisfactory results a re  obtained using Eq. (2) with the co r rec -  
tion s = Re~ 04; 

d) for values of Re = 100-1000 best agreement with experiment is obtained using Eq. (10); 

e) for Re > 1000 calculations using Eqs. (6)-(10) give practically the same results and agree with the 
data obtained for the condensation of X-21, and also the data on the condensation of diphenyl [11], in the 
region of high Reynolds numbers with an accuracy of ~15%. 

N O T A T I O N  

v, kinematic viscosity, m2/sec; c, specific heat, J /kg.deg C; g, acceleration due to gravity,  m/sec2; 
L, length of the experimental part ,  m; D, diameter of the experimental part,  m; rw, tangential s t ress  on the 
wall, N/m2; q, specific heat flux, W/m2; ax ,  local heat- t ransfer  coefficient, W/m2.deg C; X, thermal conduc- 
tivity of the liquid, W/m.deg C; p' and p ' ,  densities of the liquid and vapor, kg/m3; r ,  latent heat of vaporiza- 
tion, kJ/kg; ~, dynamic viscosity of the liquid, N-sec/m2; At = t" -- tw, temperature  difference between the 
saturated vapor and the wall,~ ~, surface tension, N/m; 5, film thickness, m; and a,  thermal  diffusivity, 
m2/sec. 
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E F F E C T  OF T H E  D E G R E E  OF D I S P E R S I O N ,  T H E  D R O P  

C O N C E N T R A T I O N  A N D  T H E I R  F I N E  S U B D I V I S I O N  ON T H E  

E N E R G Y  A N D  F L O W  C H A R A C T E R I S T I C S  O F  V A P O R - D R O P  

F L O W S  

G .  A .  F i l i p p o v ,  G .  A .  S a l t a n o v ,  
a n d  K .  G .  G e o r g i e v  

UDC 532.529.5 

The  deg ree  of d i spe r s ion  of the condensed phase  and I ts  concentra t ion a r e  the mos t  impor tan t  
p a r a m e t e r s  of h igh-speed  two-phase  flows, which de t e rmine ,  in pa r t i cu l a r ,  the i r  energy and 
d i scha rge  c h a r a c t e r i s t i c s .  

Numerous  invest igat ions have been made  of two-phase  flows in nozzles .  A genera l iza t ion  of the r e su l t s  
of t hese  inves t igat ions  is g iven in [1-3, etc.  ]. A theore t i ca l  ana lys i s  of the effect  of the pa r t i c l e  s i ze  on the 
flow of a mix tu re  of gas  and pa r t i c l e s  in nozzles was f i r s t  given in [4] using the solution of a s impl i f ied  s y s t e m  
of d i f ferent ia l  equations.  It was shown that  when the s l ip coeff icient  v = u2/u 1 i n c r e a s e s  (in the case  cons idered  
this co r responded  to a reduct ion in the pa r t i c l e  size)  the flow of a two-phase  mix tu re  through a nozzle is r e -  
duced,  o ther  things being equal.  In [2, 4] an ana lys i s  is given of expe r imen ta l  invest igat ions of the effect  of 
the concentra t ion  of condensed phase  Y0 when a highly d i spe r s e  v a p o r - d r o p  medium flows in nozzles ove r  a 
wide range  of values  of Y0. A numer i ca l  invest igat ion of the effect  of the pa r t i c t e  s ize  D 0 on the c h a r a c t e r -  
i s t ics  of two-phase  flows is given in [5]. The s t rong  effect of D o and Y0 on the energy loss  and the flow c h a r -  
a c t e r i s t i c s  of nozzles  in the case  of the flow of two-phase  mix tu res  ~ s  qual i tat ively conf i rmed.  

It should be noted that in these  invest igat ions the fine subdivis ion of the pa r t i c les  was ignored.  At the 
s a m e  t ime ,  in actual  v a p o r - d r o p  h igh-speed flows (par t icular ly  in the flowing par t s  of m o i s t - v a p o r  turbines)  
the deformat ion  and subdivis ion of the liquid drops  a r e  ex t r eme ly  intense.  This in turn  leads to a cons ide r -  
able d i f fe rence  between the theore t ica l  r e su l t s  obtained ignoring these  p r o c e s s e s ,  and exper imen ta l  data.  In 
p r ac t i ce ,  t he re  have a lso  been no invest igat ions in developing methods for  the a r t i f i c ia l  control  of the degree  
of d i spe r s ion  of h igh-speed v a p o r - d r o p  flows due to in tensi f icat ion of the subdivis ion or  coagulation of the p a r -  
t ic les  and the energy  and flow c h a r a c t e r i s t i c s  of such flows as  a r e su l t  of this .  The development  of methods 
of reducing the par t ic le  s izes  is of cons iderab le  p rac t i ca l  impor t ance ,  pa r t i cu la r ly  f r o m  the point of view of 
inc reas ing  the economic efficiency of m o i s t - v a p o r  turbines  and fo r  reducing the e ros ion  of t he i r  components .  

The main  purpose  of this  pape r  is to make  a numer i ca l  and exper imenta l  invest igat ion of the effect  of 
fine subdivision of the drops  on the c h a r a c t e r i s t i c s  of v a p o r - d r o p  f lows,  and a lso  to study methods for  the 
effect ive contro l  of t he i r  d i spe r s ion  s t ruc tu r e .  One of these  methods is by introducing sma l l  quanti t ies of s u r -  
f a ce - ac t i ve  m a t e r i a l s  into the flow. The s u r f a c e - a c t i v e  m a t e r i a l ,  when it in te rac ts  with the liquid phase ,  
changes the su r f ace  tension o f t h e d r o p s ,  and, consequent ly,  the locat ion,  m e c h a n i s m ,  and intensi ty of the i r  
subdivis ion.  In this invest igat ion we added oc tadecylamine  to the flow to obtain a different  d i spe r s ion  s t ruc tu re  
at the input to the nozzle .  At the s a m e  t ime ,  the assumpt ion  that oc tadecylamine  only affects  the su r face  
tension of the drops  (i. e . ,  the Weber  number)  enables us ,  to a f i r s t  approx imat ion ,  to e s t ima te  the effect of 
the s u r f a c e - a c t i v e  m a t e r i a l  on the c h a r a c t e r i s t i c s  of two-phase  flows. 

Moscow Power  Inst i tute .  T rans l a t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 35, No. 6, pp. 1059- 
1065, D e c e m b e r ,  1978. Original  a r t i c l e  submit ted  May 22, 1978. 

0022-0841/78/3506-1457507.50 �9 Plenum Publishing Corpora t ion  1457 


