
A S T U D Y  OF B O I L I N G  AND C O N D E N S A T I O N  IN 

A H E A T  T1RANSFE1R E L E M E N T  

S. P .  A n d r e e v  UDC 536.423.1/4 

Test  data are  shown on the heat t ransfer  during simultaneous boiling and condensation in a 
closed channel, whereupon recommendat ions  are made for the design of  heat t ransfer  ele-  
ments.  

Boiling and condensation were  studied on a flat heat t r ans fe r  element i m long and 100 x 8 mm in 
c r o s s  section, the heat flowing in and out on one side. The heat t r ans fe r  element with phase t r ans fo rma-  
tions of the c a r r i e r  medium [1, 2] constituted a closed channel par t ly  filled with liquid and containing, be-  
sides, an evacuated internal cavity. The condensed heat c a r r i e r  was driven toward the heat input segment 
by the force of gravity.  Distilled water ,  ethanol, and methanol were  used as heat c a r r i e r s .  The element 
was filled with heat c a r r i e r  liquid up to the top sur face  of the heating segment,  the length of which was 
varied f rom 200 to 50 mm. The 200 mm long condenser  segment was located 600-675 mm away f rom the 
heating segment  and cooled with running water.  After installation of the heat c a r r i e r ,  air  was r emoved  
f rom the cavity by means of a vacuum pump. 

The tests  were per formed over  a tempera ture  range f rom 10 to 70~ with the element in three dif- 
ferent  posit ions:  ver t ica l ,  45 ~ and 5 ~ f rom the horizontal.  The thermal  flux density at the heating seg-  
ment was var ied f rom 2000 to 100,000 W/m 2. Measured were the power input, the flow rate,  the t empera-  
ture and the t empera tu re  r ise  of the cooling water ,  the tempera ture  of vapor in the center  of the element, 
the tempera ture  of liquid in the heating segment,  and the wall t empera ture  over the length of the heat t r ans -  
fer  element. In addition, the boiling and the condensation were  visual ly observed and photographically r e -  
corded.  

The mean coefficient of heat t r ans fe r  during boiling within a confined volume was defined as 

~'b-- qh___ 
~b r._. ts ' 

w i t h t  b denoting the tempera ture  of the heating surface at the center  section of the evaporator  segment.  

The maximum rela t ive  e r r o r  in determining ~b was 10% for the heater  with a 0.02 m 2 surface area  
and ~.7% for  the hea te r  with a0.005 m 2 surface area.  

The author studied the effect of p r e s s u r e  and thermal  flux density on the  mean coefficient of heat 
t r ans fe r  during boiling. Inasmuch as the heat t r ans fe r  tests  were per formed within the 10-70~ t empera -  
ture  range, the saturation p re s su re  in the sys tem was 0.01-0.3 ba r  for  water  and 0.04-0.5 ba r  for the al-  
cohols.  

The boiling p rocess  within this p r e s s u r e  range features  cer ta in  singulari t ies  noted in [3-5]: the p ro -  
cess  is ra ther  unsteady and unstable, the bubbles are large (d o > 10 mm), the vapor nucleation centers  are  
few, there is a charac te r i s t i c  crackle ,  the liquid is highly superheated, and the tempera ture  of the heat-  
ing surface as well as the tempera ture  of the liquid fluctuate widely during bubble formation.  To these 
features  one should add an appreciable effect of the hydrostat ic  p r e s su re  exerted by the liquid column 
above the evapora tor  segment, which becomes  ve ry  significant at lower p res su re  levels and causes  a va r i -  
ation in the tempera ture  of the heat t r ans fe r  along the height of the evaporator  segment.  
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Effec t  of p r e s s u r e  (Ps ,  ba r )  on the hea t  t r a n s -  
f e r  d u r i n g  b o i l i n g  of w a t e r  (1), e thano l  (2), and m e t h -  
anol  (3). 

The  p r e l i m i n a r y  eva lua t i on  of b o i l i n g  t e s t  da t a  has  shown that ,  f o r  a l l  p r a c t i c a l  p u r p o s e s ,  the  mean  
hea t  t r a n s f e r  c o e f f i c i e n t  d e p e n d s  n e i t h e r  on the s i z e  of the hea t  t r a n s f e r  s u r f a c e  n o r  on i t s  i nc l i na t i on  f r o m  
the h o r i z o n t a l  (90 ~ and 45~ The  r e l a t i o n  ~ b  = f(qb) i s  a p o w e r - l a w  r e l a t i o n  wi th  an exponent  0.7, j u s t  a s  
a t  h i g h e r  p r e s s u r e s .  Some ~ b / q  ~ = f (Ps)  c u r v e s  a r e  shown in F ig .  1 fo r  w a t e r ,  e thanol ,  and me thano l .  
The  c o r r e s p o n d i n g  f o r m u l a s ,  b a s e d  on the l i n e a r i z a t i o n  of t e s t  da t a  in l o g a r i t h m i c  c o o r d i n a t e s ,  a r e  

fo r  w a t e r  
~Z b ~ • . ~  0 . 7 n 0 . 5 2  o . i /q  b r s  , (1) 

fo r  e thano l  

fo r  m e t h a n o l  

~ b  : ~ " ~  0 7 ~ 0 . 3 7  '~'vtqb' ~'s , (2) 

-b .-, ,at., 0 , 7 r , 0 , 4  
= ~176 *'s �9 (3) 

Wi th in  the s a m e  p r e s s u r e  r a n g e ,  the hea t  t r a n s f e r  c o e f f i c i e n t  is  a d i f f e r e n t  funct ion  of p r e s s u r e  f o r  
the d i f f e r e n t  hea t  c a r r i e r  s u b s t a n c e s .  The  t e s t  d a t a  have  been  g e n e r a l i z e d  b y  the me thod  p r o p o s e d  by  
V. M. V o r i s h a n s k t i  [6] and b a s e d  on the t h e r m o d y n a m i c  law f o r  the r e s p e c t i v e  s t a t e s .  An e va lua t i on  of 
the t e s t  d a t a  in the c o o r d i n a t e s  

Zb 
p,c/ar T~516M-,/6q~/a = f (P/P cr) 

in F i g .  2 has  y i e l d e d  the fo l lowing  u n i v e r s a l  f o r m u l a  fo r  a l l  t h r e e  s u b s t a n c e s :  
p~/a 

Cr ^2/3  [ /DQD "~O'023(P/PC[)--0"25 ~b: 750 Ts/6MI/6 qb t / cry " (4) 
�9 Cl2 

F o r m u l a  (4) is  e s s e n t i a l l y  a m o d i f i c a t i o n  of the f o r m u l a  p r o p o s e d  in [6], e x t e n d i n g  the l a t t e r  to the 
r a n g e  of l o w e r  p r e s s u r e s  and a p p l i c a b l e  f o r  c a l c u l a t i n g  the hea t  t r a n s f e r  c o e f f i c i e n t  at ( P / P c r )  -< 4.5 �9 10 -a. 

In th is  way,  if the e n t i r e  r a n g e  of b o i l i n g  p r e s s u r e s  is  c o n s i d e r e d ,  the oe b = f(Ps)  c u r v e  p a s s e s  
t h rough  an in f l ec t ion  po in t  c h a r a c t e r i s t i c  of each  p a r t i c u l a r  l iquid ,  i n a s m u c h  as  the exponent  of P i n c r e a s e s  
wi th  r i s i n g  p r e s s u r e  above  a t m o s p h e r i c .  Th i s  c o n f i r m s  an e a r l i e r  c o n c l u s i o n  tha t  the b o i l i n g  p r o c e s s  b e -  
c o m e s  q u a l i t a t i v e l y  d i f f e r e n t  a t  low p r e s s u r e s .  Since the p h y s i c a l  p r o p e r t i e s  of the l iquid  and the v a p o r  
v a r y  m o n o t o n i c a l l y  u n d e r  v a r y i n g  p r e s s u r e  wi th in  the r a n g e  of the r e s p e c t i v e  p h a s e ,  h e n c e  such  a q u a l i t a -  
t ive  d i f f e r e n c e  can  be  exp l a ined  on ly  by  a change  in the k i n e m a t i c  c h a r a c t e r i s t i c s  of the t w o - p h a s e  s t r e a m .  
Th i s  m e a n s  that  the s p e c t r u m  of v e l o c i t y  f i e l d s  wi th in  the v o l u m e  of b o i l i n g  l iquid  is  d e t e r m i n e d  not: only  
by  the t h e r m a l  f lux d e n s i t y  but  a l so  by  the d i m e n s i o n s ,  the  n u m b e r ,  and the f r e q u e n c y  of b u b b l e s  - -  a l l  of 
which  v a r y  with  v a r y i n g  p r e s s u r e  much m o r e  in the l o w - p r e s s u r e  than in the h i g h - p r e s s u r e  r a n g e .  It i s  
w e l l  known tha t  at  P > 1 b a r  the f r e q u e n c y  and the n u m b e r  of v a p o r  nuc l e a t i on  c e n t e r s  d e c r e a s e  wi th  in -  
c r e a s i n g  p r e s s u r e ,  but  they  a l so  do when P < 1 ba r ;  a t  P <_ 0.2 b a r  the f r e q u e n c y  as  we l l  as  the n u m b e r  
of v a p o r  n u c l e a t i o n  c e n t e r s  b e c o m e  d i s p r o p o r t i o n a t e l y  l o w e r  than at P = 1 b a r .  Thus ,  d e c r e a s i n g  the p r e s -  
s u r e  by  one o r d e r  of m a g n i t u d e  ( f rom 1 to 0.1 ba r )  r e s u l t s  in a t enfo ld  i n c r e a s e  in the s p e c i f i c  vo lume  of 
v a p o r ,  wh i l e  the i n c r e a s e  in bubb le  d i m e n s i o n  by  one o r d e r  of magn i tude  (and in v o l u m e  by  t h r e e  o r d e r s  of 
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Fig .  2. Evaluat ion of boi l ing t e s t  data  in un ive r sa l  e o -  
o rd ina te s  (designat ions a re  the s ame  as  in Fig .  1): B 

_ : /-2/3T-5tG-~l/?3.~r-1/6 
- C~blqb cr ~er ~w " 

magnitude) ind ica tes  a d e c r e a s e  in the product  (number) x (frequency) of vapor  nucleat ion c e n t e r s  by a 
f ac to r  of 100. 

Stable f i lm condensat ion on the cooled segment  begins  only under  heavy heat  loads,  when the quan- 
t i ty  of condensa te  becomes  l a rge  enough to fo rm a continuous f i lm. At qc < 104 W/mS the condensate  b e -  
gins to flow off along liquid s t r e a k s .  

The mean coeff ic ient  of heat  t r a n s f e r  dur ing  condensat ion is defined as 

a-e= qc_ . 
t s - t o  

The t e m p e r a t u r e  of the condense r  w a l t t  e was de t e r m i ne d  as the average  read ing  of nine t h e r m o -  
couples  Uniformly spaced on the inside condensat ion su r face .  The max imum re l a t i ve  e r r o r  in de te rmin ing  
~c  dur ing  f i lm condensat ion was  16%, but r eached  24% at qe < 104 W/m2 because  of low t e m p e r a t u r e  d rops  
dur ing  condensat ion.  

We wil l  analyze the data  pe r t a in ing  to f i lm condensat ion with the t es t  e lement  inclined 90 ~ and 45 ~ 
r e s p e c t i v e l y  f rom the hor izon ta l .  

The f i lm flow was l a m i n a r  under  all  tes t  condi t ions and in most  c a s e s  subundulatory.  The Reynolds  
number  for  the f i lm in the wa te r  t e s t s  was not h igher  than Re = 5. In the alcohol  t e s t s  waves  were  f o r m -  
ing at a t h e r m a l  flux dens i ty  qc -> 2 �9 104 W/m 2. An explanat ion for  this is that the a lcohols  have a lower 
heat  of phase  t r a n s f o r m a t i o n  than w a t e r  and that the flow ra te  of t he i r  condensate  is  co r r e spond ing ly  higher  
under  the same heat  loads.  The va lues  of the heat  t r a n s f e r  coeff ic ient  obtained here  we re  20-25% lower  
than those ca lcu la t ed  by the Nusse t t  equation. This  d i s c r e p a n c y  between tes ted  and ca lcu la ted  va lues  is 
n o r m a l  for  the given s y s t e m  and due to the combined effect of h igher  mo i s tu re  content  in the vapor  and of 

v a p o r -  l iquid counterf tow. 

In s tudying the hea t  t r a n s f e r  in a c losed  s y s t e m  it is  d e s i r a b l e  to use the same method of evaluat ing 
and gene ra l i z ing  the t es t  data  on the b a s i s  of the the rmodynamic  s i m i l a r i t y  theory.  As has  been shown in 
[7], the following exp re s s ion  may be se t  up fo r  the coeff ic ient  of hea t  t r a n s f e r  dur ing  condensat ion:  

-ac= q"' l"' d"" l--g-) T~' Per R F (P/Per')" (5) 

During f i lm condensat ion of vapor  at  a v e r t i c a l  flat  wall  W e ~ q-ff31-~/4 which follows f rom an ana ly t i c -  
aI solution of the Nusse t t  equation and is val id  when t w = const  at a modera te  vapor  ve loc i ty .  In this case  
the exponents mr, m2, m3, and m 4 a re ,  by d imens iona l  ana lys i s ,  found to be 

m 1 = - 2 / 3 ;  m S = - 1 / 4 ;  ran=5/4; m 4=3/4 ,  

and re la t ion  (5) b e c o m e s  

AD~/4 R3/4 F (PIPcr) 
,~ c r  

- -  1 / 4  j~/J 2 / 3  (6) 

The t rends  of function F ( P / P e r  ) and the n u m e r i c a l  coeff ic ient  A were  de te rmined  on the b a s i s  of tes t  data 
(Fig.  3) in the coord ina te s  of r e l a t ion  (6). 
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tn u n i v e r s a l  c o -  
o r d i n a t e s  ( de s igna t i ons  a r e  the s a m e  as  in F ig .  1): B 
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In th i s  way,  a u n i v e r s a l  equa t ion  has  been  ob ta ined  fo r  the m e a n  c o e f f i c i e n t  of hea t  t r a n s f e r  d u r i n g  
c o n d e n s a t i o n  which  is  s t r u c t u r a l l y  ana logous  to Eq.  (4): 

)o5/4 
~c = 3.36-104 r c r  q-i/a l-1/4 (P/Per)~ . (7) 

,~ t/4 AA'2/3 
- - o r  " ~  

The variation of ~c depending on the inclination angle/3 can be accounted for by introducing tke fac- 
tor (sin/?)I/4 in Eq. (7). However, Eq. (7) is valid only when the condenser is not wetted by water coming 
from the evaporator. At low inclination angles (5~ even under a minimal heat load the condenser sur- 
face is completely wetted by a vapor-liquid mixture. This leads to a change in the heat transfer pattern, 
inasmuch as heat is now transmitted not only directly through phase transformations but also through con- 
vection in the two-phase stream. The flow of the two-phase stream is quasiplugged in nature, i.e., some- 
where between split apart to annular. This is also indicated by the relation between the thermal flt~ den- 
sity and the heat transfer coefficient at the heat input segment. While for a split flow a ~ q0.~ and for an 
annular flow c~ ~ q0.2, the water test with p = 5 ~ yielded 

~b = 2.62 q~,41 fo.68 -s - (8) 

The coefficient of heat transfer at the cooling segment is almost independent of the thermal flux den- 
stty and is determined only by the saturation pressure of temperature: 

~c = 330 t~ "96 . (9) 

Thi s  m e a n s  that  c o n v e c t i v e  hea t  t r a n s f e r  p r e d o m i n a t e s  at  the h e a t  input  s e g m e n t .  

The b a s i c  p r o b l e m  in d e s i g n i n g  a hea t  t r a n s f e r  e l e m e n t  is  to e n s u r e  a m i n i m u m  t e m p e r a t u r e  d i f -  
f e r e n c e  b e t w e e n  the hea t  input  and the hea t  output  s e g m e n t  at  a g iven  hea t  load  and a g iven  length  of the 
e l e m e n t .  As the p e r f o r m a n c e  c r i t e r i o n  f o r  a hea t  t r a n s f e r  e l e m e n t  we m a y  use  i t s  e f f ec t ive  t h e r m a l  c o n -  
d u e t i v l t y  

0l 
~ f f  = T T ~ b  _- /~) .  (10) 

The n e c e s s a r y  s u r f a c e s  and the a r r a n g e m e n t  of e v a p o r a t o r  and c o n d e n s e r  s e g m e n t s  a r e  d e s i g n e d  on 
the b a s i s  of f o r m u l a s  (7) and (4), a i m i n g  at  the  c r i t i c a l  t h e r m a l  f lux d e n s i t y  d u r i n g  b o i l i n g  and the m i n i m u m  
f lux  d e n s i t y  at  which  f i l m  c o n d e n s a t i o n  of v a p o r  b e g i n s .  

The  t r a n s v e r s e  d i m e n s i o n s  of a hea t  t r a n s f e r  e l e m e n t  a r e  d e t e r m i n e d  on the b a s i s  of a h y d r o d y n a m i c  
a n a l y s i s  of the  v a p o r  flow. C o n s i d e r i n g  tha t  the- t h i c k n e s s  of the  l iquid  f i lm  f lowing  f r o m  the c o n d e n s e r  is  
n e g l i g i b l y  s m a l l  as  c o m p a r e d  to the c r o s s  s e c t i o n  a r e a  of the c ha nne l  (in our  t e s t s  i t  d id  not e x c e e d  0 .2 -  
0.5 ram) and tha t  i t s  v e l o c i t y  is  i n f i n i t e s i m a l  as  c o m p a r e d  to the v e l o c i t y  of the v a p o r  s t r e a m  (uv/u  L 
>- 1000), the f low of v a p o r  in a s t a t i o n a r y  channe l  may  be  a s s u m e d  s t e a d y .  Under  o u r  t e s t  c ond i t i ons  the 
v a p o r  f low w a s  l a m i n a r  in al l  m o d e s .  The  so lu t ion  to the N a v i e r - S t o k e s  equat ion  

dP d2u 
- -  ~ ( 1 1 )  dx dy 2 

l e a d s  to a r e l a t i o n  b e t w e e n  the hea t  load,  the p r e s s u r e  d rop  f r o m  hea t  input  s e g m e n t  to hea t  output s e g -  
ment ,  and the g e o m e t r i c a l  d i m e n s i o n s  of the hea t  t r a n s f e r  e l e m e n t .  
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For  a flat element 

Q a53 ( d P )  
rP"  2F - -  ~ , (12) 

w h e r e  - d P / d x  = ( P b - P c ) / l  = const .  

With the geometr ica l  dimensions and the heat load known, the drop in vapor p r e s s u r e  between evap- 
o ra to r  and condenser  segment can be found f rom the relation 

5 p =  2Q~tl (13) 
rp"a6 s 

For  a tubular element 

hP 128Q~tt (14) 
rp" nd 4 

With the aid of Eq. (13) or  (14), the dimensions of the vapor channel should be matched so that the 
drop in vapor  p r e s s u r e  will not produce a significant drop in saturat ion temperature ,  because at low p r e s -  
sures  this would lead to an additional increase  in the tempera ture  difference between the heating and the 
cooling segment.  

In our tests  the t empera tu re  difference between the heat input and the heat output segment was 7.5- 
25~ at a t ransmit ted power of 600 W. The effective thermal  conductivity was as high as 105 W/m. ~ 

NOTATION 

c~ is the heat t r ans fe r  coefficient,  W/m 2. ~ 
q is the thermal  flux density; 
T, t a re  t empe ra tu r e s ;  
P is the p ressure ;  
AP is the p r e s s u r e  drop; 
A is the constant coefficient; 
M is the molecular  weight; 
g is the accelera t ion of gravity; 
l is the length; 
d is the diameter;  
R is the universal  gas constant; 
fi is the inclination angle; 
Q is the heat load, power; 
F L is the c r o s s  section area; 
~'eff is the effective thermal  conductivity; 
t~ is the v iscos i ty  coefficient; 
u is the velocity; 
r is the heat of phase t ransformat ion;  
p" is the vapor  density; 
25 is the gap width; 
a is the channel width. 

S u b s c r i p t s  

c r e fe r s  to condensation; 
b r e fe r s  to boiling; 
c r  r e fe r s  to c r i t ica l  values; 
s r e fe r s  to saturation; 
w r e fe r s  to wall. 

1, 
2. 
3. 
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