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The minimum irrigation density of a film heat exchanger is studied in 
relation to the temperature regime, the roughness of the wall surface. 
its material, and certain structural features of the distributor. 

One of the p r i n c i p a l  c h a r a c t e r i s t i c s  of f i lm  heat  
e x c h a n g e r s  is  the " m i n i m u m  i r r i g a t i o n  dens i ty , "  s i n c e  
the heat  t r a n s f e r  f r o m  the wal l  to the l iquid  f i lm  d e -  
pends  not only on the flow r e g i m e  but  a l s o  on the w e t -  
t ing condi t ions  at  the  h e a t - t r a n s f e r  s u r f a c e  [3]. The 
m i n i m u m  i r r i g a t i o n  dens i ty  F m i  n i s  u sua l l y  def ined as  
the l e a s t  amount  of running  l iquid  r e q u i r e d  to c o m p l e t e -  
ly  wet  the  s u r f a c e  p e r  uni t  wet ted  p e r i m e t e r  p e r  unit  
t i m e .  

At  i r r i g a t i o n  d e n s i t i e s  l e s s  than F m i  n the na tu re  
of the f i lm  flow changes  ; a s  a r e s u l t  of i ncomple t e  
wet t ing,  the  h e a t - t r a n s f e r  s u r f a c e  is  only p a r t i a l l y  
u t i l i zed ,  which l eads  to a s h a r p  fa l l  in the a v e r a g e  
h e a t - t r a n s f e r  coe f f i c i en t s .  

The pub l i shed  i n fo rma t ion  on F m i  n i s  c o n t r a d i c -  
t o r y  and incomple t e  [3 -9 ] .  Opposing v iews a r e  held  
r e g a r d i n g  the ef fec t  of the  t e m p e r a t u r e  r e g i m e  on 
F m i n ;  the ef fec t  of the roughnes s  and m a t e r i a l  of the 
wal l  s u r f a c e  has  not been  e s t a b l i s h e d ,  nor  has  that  of 
the p h y s i c a l  p r o p e r t i e s  of the i r r i g a t i n g  l iquid and the 
des ign  of the d i s t r i b u t o r .  

A c c o r d i n g l y ,  we have e x p e r i m e n t a l l y  i nves t i ga t e d  
the r e l a t i o n  be tween the a b o v e - m e n t i o n e d  f a c t o r s  and 
F m i n  o The e x p e r i m e n t a l  a p p a r a t u s ,  the method  of i n -  
ves t iga t ion ,  and c e r t a i n  p r e l i m i n a r y  r e s u l t s  w e r e  d e -  
s c r i b e d  in [1, 2]. As  in [6], i t  was noted that  the  va lue  
of F m i  depends  on whe the r  the wal l  s u r f a c e  i s  d r y  
( F m i  n ~ o r  p r e w e t t e d  ( F m i n  2). The d i f f e r ences  of 
450-1200% obta ined  depend on the in le t  t e m p e r a t u r e  
of the l iquid  t in,  the t e m p e r a t u r e  d i f f e r ence  be tween  
the hea ted  wal l  and the f i l m , t h e  roughness  and s t a t e  
of con tamina t ion  of the wal l ,  the m a t e r i a l  of the e x -  
p e r i m e n t a l t u b e ,  a n d t h e  de s ign  of the  d i s t r i b u t o r .  The 
e x p e r i m e n t a l  dependence  of F m i  n t and F m i  n 2 on wal l  
t e m p e r a t u r e  is p r e s e n t e d  in F ig .  1 for  a smooth  tube 
of 1 C r l 8 N i l 0 T [  s t a i n l e s s  s t e e l  i r r i g a t e d  with d i s t i l l e d  
w a t e r  a t  f i lm  in le t  t e m p e r a t u r e s  t in = 20, 44.3, and 
62.9~176 This  d i s c r e p a n c y  be tween  the v a l u e s  of 
F m i n  1 and F m i  n 2 can be a t t r i b u t e d  to contac t  angle  
h y s t e r e s i s  [2, 6]. As the a v e r a g e  t e m p e r a t u r e  t w of 
the wet ted  wal l  r i s e s ,  the m i n i m u m  i r r i g a t i o n  de ns i t y  
i n c r e a s e s  c o n s i d e r a b l y .  Thus,  a t  t in  = 20~ and tw = 
= 20~ F m i n 2  = 14.87 k g / m .  h r ,  whi le  at  t w = 120~ 
F m i n 2  = 496.7 k g / m .  hr  (F ig .  1, cu rve  a). As  the  
t e m p e r a t u r e  d i f f e rence  be tween  the wal l  and the f i lm  
i n c r e a s e s ,  the  i r r i g a t i n g  l iquid  begins  to ga the r  into 
th ickened  f i l a m e n t s ,  be tween  which a th inner  f i lm  is 

ma in t a ined .  With fu r t he r  i n c r e a s e  in At = tw - tf,  the 
f i lm  be tween  these  f i l a m e n t s  f i r s t  p e r i o d i c a l l y ,  then 
c omple t e ly  d i s a p p e a r s ;  the f i l amen t s  grow even t h i c k -  
e r ,  a cqu i r i ng  an oval  shape,  and flow in z igzags  over  
the  e x p e r i m e n t a l  tube.  

The loca l  th ickening  l e a d s  to a nonuni form t e m p e r -  
a t u r e  d i s t r i b u t i o n  in the l iquid a long the wet ted  p e r -  
i m e t e r  of the tube;  the t e m p e r a t u r e  of the i n t e r m e d i -  
a te  bands  of l iquid  be tween  the f i l amen t s  a p p r o a c h e s  
the t e m p e r a t u r e  of the wal l .  This ,  in turn,  l e ads  to 
nonun i fo rmi ty  of the s u r f a c e  t ens ion  in d i f fe ren t  p a r t s  
of the w a t e r  f i lm.  The f i lm usua l l y  d i s i n t e g r a t e s  in 
the upper  p a r t  of the  tube n e a r  the  d i s t r i b u t o r ,  w h e r e  
at  the in le t  the f i lm has the lowes t  t e m p e r a t u r e ;  t h e r e -  
fo re ,  i n c r e a s i n g  t in r e d u c e s  the value  of the m i n i m u m  
i r r i g a t i o n  dens i ty  (Fig.  1, cu rves  a, b, and c). It 
should a l so  be  noted that  a t  t w > 100 ~ C these  e x p e r i -  
men ta l  cu rves  do not have a descend ing  b ranch ,  a s  in 
the r e l a t i o n s  p r o p o s e d  by Norman  et  a l .  [7, 8], whose 
e x p e r i m e n t a l  tube was only 152 m m  long; t h e i r  ob -  
s e r v a t i o n s  of wet t ing ac t ion  in the  lower  p a r t  of the 
tube we re  o b s t r u c t e d  s ince  the  ins ide  wet ted  d i a m e t e r  
of the tube was  22.14 ram.  The na tu re  of the r e l a t i o n s  
obta ined  in our  e x p e r i m e n t s  with a tube a p p r o x i m a t e l y  
s ix  t i m e s  as  long (591 ram) [s ic]  a s  in [7, 8] can be  a t -  
t r i b u t e d  to the  fac t  that  a t  the given flow r a t e s  and t e m -  
p e r a t u r e s ,  as  a r e s u l t  of boi l ing,  "dry"  spots  a p p e a r  
in the lower  p a r t  of the tube.  These  n e c e s s i t a t e  an 
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Fig .  1. Minimum i r r i g a t i o n  d e n s i t i e s  F m i  n 1 
(curves  a ' ,  b ' ,  and c ' )  and F m i  n 2 (curves  a, 
b, and c) as  a funct ion of  t w for  a smooth  tube 
of 1 C r l S N i l 0 T i  s t a i n l e s s  s t e e l  at  d i f fe ren t  f i lm 
in le t  t e m p e r a t u r e :  1) t in = 20; 2) 44.3; 3) 62.9~ 
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i n c r e a s e  in i r r i ga t i on  density~ i . e . ,  in this case the 
d i s in teg ra t ion  of the f i lm is d isplaced f rom the upper  
to the lowest par t  of the tube. 

The densi ty  F m i  n a lso  depends on the width of the 
d i s t r i bu to r  sl i t .  Thus, at a s l i t  width S = 0.15 m m  

F m i n  2 = 14.87 kg /m �9 hr ,  and at S = 0 . 5 m m  Fmin2  = 
= 8.23 k g / m  �9 hr.  This  can be a t t r ibu ted  to the m o r e  
un i form d is t r ibu t ion  of l iquid over the wetted p e r i m e -  
t e r  in connect ion with the fact that  as the wall t e m p e r -  
a tu re  r i s e s  the concen t r ic i ty  of the s l i t  is d is turbed .  
Therefore ,  to obtain low values  of F m i  n the d i s t r i b u -  
to r  should ensu re  un i fo rm d i s t r ibu t ion  of l iquid over  
the wetted p e r i m e t e r  of the tube and good wett ing in 
the upper  par t  of the tube, which can be achieved by 
i n c r e a s i n g  the angle of twist  at the d i s t r i bu to r  outlet  
and by a sui table  choice of s l i t  width S. 

Contaminat ion  of the wall su r face  a lso  leads to a 
cons ide rab le  change in  F m i  n. Grease  p reven ts  the 
un i fo rm wetting of the sur face  and F m i  n i n c r e a s e s  
sharply .  It can be removed  by washing the tubes with 
a boi l ing water  f i lm at l a rge  i r r i g a t i o n  dens i t i es  or 
with degreas ing  agents  (weak warm soda solution, 
acetone,  e tc . ) .  On the other hand, a coating of c o r -  
ros ion  on the tube apprec iab ly  r educes  the value of 

F m i n .  
The value of F m i  n is  a lso affected by the tube m a -  

t e r i a l .  The wet tabi l i ty  of a smooth tube of s t a i n l e s s  
s tee l  was in fe r io r  to that of an ident ical  tube of steel  
20 (Fig. 2, curves  a andb ,  respec t ive ly) .  Other things 
being equal, the d i f ference  in the values  of F m i  n for  
these  tubes i n c r e a s e d  with i n c r e a s e  in wall t e m p e r -  
a tu re :  at  t w = 20 ~ C F m i  n 2 for the tube of s t a in l e s s  
s teel  was 14.87 k g / m  �9 hr ,  while for s teel  20 it was 
9.7 kg /m �9 hr,  and at  t w = 120 ~ C the cor responding  
values  were  496.7 and 348.1 k g / m  �9 hr.  This may be 
a t t r ibu tab le  to changes in the contact  angle .  

The change in  F m i  n was espec ia l ly  not iceable  in 
working with rough tubes,  s ince  F m i  n i t se l f  is a f -  
fected by the type of a r t i f i c i a l  roughness ,  the height 
of the a spe r i t i e s ,  the i r  configurat ion,  and the i r  den-  
sity (Fig.  2, cu rves  e, d, and e)~ The va lues  of 

F m i n  2 obtained for  d i s t i l l ed  water  and rough tubes 
i n c r e a s e d  p a r t i c u l a r l y  s t rongly ,  as  compared  with 
the smooth tube, with i n c r e a s e  in t w at At > 35 ~ C. 
These  effects a re  a t t r ibu tab le  both to the cons i de r -  
able  change in contact  angle  in the p r e s e n c e  of rough-  
n e s s  and to a ce r t a in  i n c r e a s e  in i r r i g a t i o n  densi ty  
needed to cover  the a spe r i t i e s  with a f i lm.  

The exper imen ta l  data obtained may prove useful  
both in connect ion with the opera t ion  of exis t ing  f i lm 
appara tus  and in connect ion with the des ign  of new 
equipment .  

NOTATION 

S is the width of the d i s t r ibu to r  sl i t ,  m (mm) ; t in  
is  the t e m p e r a t u r e  of the i r r i g a t i n g  liquid on enter ing  
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Fig. 2. F mi  n 2 as a function of wall t e m p e r a t u r e  for  
smooth and rough tubes at t in  = 20 ~ C: curve  a) 
smooth s t a in l e s s  s teel  tube;  b) smooth s teel  20 tube;  
c) tube with t r a n s v e r s e  knur l ing  0.22 m m  deep, pitch 
1.01 m m ;  d) tube with longi tudinal  knur l ing  0.22 m m  
deep, pitch 0.50 mm;  e) tube with c r o s s  knur l ing  

0.16 m m  deep, pitch 0.97 mm.  

the d i s t r ibu to r ,  deg; tf is the average  t e m p e r a t u r e  
of the f i lm,  deg; tw is the average  t e m p e r a t u r e  of the 
wetted sur face  of the exper imenta l  tube wall,  deg; 
At is the d i f ference  between the average  t e m p e r a t u r e s  
of the wall and the f i lm,  deg; F m i  n is the m i n i m u m  
irrigation density, m2/sec(kg/m �9 hr) ; Fmi n I and Fmi n 2 
are the same for dry and prewetted wall surfaces, re- 

spectively, m2/sec(kg/in o hr). 
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