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R e s u l t s  f r o m  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  into the h y d r o d y n a m i c s  of  the  downward  mo t ion  of a 
l i qu id  f i lm  in v e r t i c a l  tubes  in  an a i r - v a p o r  c o u n t e r c u r r e n t  a r e  p r e s e n t e d .  In add i t ion ,  we  
have  d e r i v e d  the  t h e o r e t i c a l  r e l a t i o n s h i p s  for  the  l i q u i d - f i l m  t h i c k n e s s e s  and the t u b e - " b r e a k -  
up" d e n s i t y .  

The  flow of l i qu id  f i l m s  in v e r t i c a l  tubes  in a c o u n t e r c u r r e n t  wi th  a gas  o r  v a p o r  o c c u r s  in v a r i o u s  
m a s s -  and h e a t - e x c h a n g e  i n s t a l l a t i o n s ,  and it h a ppe ns  on r e v e r s a l  of c i r c u l a t i o n  in s t e a m  b o i l e r s  and in 
c i r c u l a t o r y  e v a p o r a t o r s ,  when a s e m i r e v e r s a l  r e g i m e  s e t s  in [1, 2]. 

It is to c e r t a i n  p r o b l e m s  of the  h y d r o d y n a m i c s  of such  mot ion  tha t  th is  p a p e r  is  devo ted .  

The  t e s t s  w e r e  c a r r i e d  out  on t h r e e  i n s t a l l a t i o n s .  The  f i r s t  unit  was  an e v a p o r a t o r  wi th  two tubes  
32.7 and 52.5 m m  in d i a m e t e r  and 3 m in length;  the  s e c o n d  unit  was  a 24- tube  e v a p o r a t o r  whose  tubes  e x -  
h i b i t ed  the fo l lowing  d i m e n s i o n s :  d = 30 m m ,  L = 2.5. The t h i r d  i n s t a l l a t i o n  was  used  to m e a s u r e  the  
t h i c k n e s s  of  the  l iqu id  f i lm  by a method  in which  the f low of  the l iqu id  was  sudden ly  shut  off. The  length  
of  the  e x p e r i m e n t a l  s e g m e n t  was  2017 r am,  wi th  an  i n s ide  d i a m e t e r  of 32.7 ram.  W a t e r  and s u g a r  s o l u -  
t i ons  w e r e  u sed  as  the work ing  f lu id  in each  of the  i n s t a l l a t i o n s .  In the  e x p e r i m e n t s  wi th  a bo i l i ng  f i l m ,  
the  hea t  f low v a r i e d  f r o m  6000 to 50,000 W / m  2 at  a s e c o n d a r y - v a p o r  p r e s s u r e  r a ng ing  f r o m  1-2 .55  b a r .  
The  a d i a b a t i c - f l o w  e x p e r i m e n t s  w e r e  c a r r i e d  out at  an a i r  d e n s i t y  p"  = 1 .2 -2 .4  k g / m  3 and at  a l iqu id  v i s -  
c o s i t y  # '  = 1" 10-3-270 �9 10 -3 N.  s e c / m  2. 

A d e s c e n d i n g  flow of  a f i lm  in a e o u n t e r c u r r e n t  wi th  a gas  is  s e t  up both  when the l i qu id  s w e l l s  to a 
cons t an t  l e v e l  above  the  tube used  in the e x p e r i m e n t  and when the  l i qu id  i s  p o u r e d  o v e r  the  uppe r  l ip  of the  
tube .  The l iqu id  e n t e r s  the  tube f r o m  the  top and is  r e m o v e d  into m e a s u r i n g  t anks  at  the  b o t t o m ,  w h e r e  a 
v o l u m e t r i c  me thod  is  e m p l o y e d  to d e t e r m i n e  the  " b r e a k u p "  d e n s i t y  of the  tube.  

The  a i r  is  s a t u r a t e d  wi th  m o i s t u r e  a s  i t  is  bubb led  t h rough  the w a t e r  and,  a f t e r  c a r e f u l l y  s e p a r a t i n g  
out  the  w a t e r  d r o p l e t s ,  i t  is  fed f r o m  the b o t t o m  into the e x p e r i m e n t a l  tube .  D i a p h r a g m s  a r e  u sed  to m e a -  
s u r e  the  w a t e r  f low r a t e .  

D u r i n g  the e x p e r i m e n t s  wi th  bo i l i ng  f i lm  we m e a s u r e d  the l o c a l  v a l u e s  of  the h e a t  flow at  v a r i o u s  
p o i n t s  a long  the  tube .  P l a t e s  w e r e  moun ted  on the  tubes  fo r  th i s  p u r p o s e  to c o l l e c t  the  c o n d e n s a t e  and to 
p a s s  it  a long  to the  m e a s u r i n g  t a n k s .  

To d e t e r m i n e  the a v e r a g e  t h i c k n e s s  of  the  l iqu id  f i lm in t e s t s  involv ing  a i r - w a t e r  and a i r - s u g a r  
s o l u t i o n  f lows ,  w e  e m p l o y e d  the f a m i l i a r  m e t h o d  of  s u d d e n l y  cu t t ing  off the f low,  a method  d e s c r i b e d  in d e -  
t a i l  in [3, 4]. 

As  soon as  the  t w o - p h a s e  l iqu id  f i lm  a t t a i n s  the  s t e a d y  s t a t e ,  h i g h - s p e e d  v a l v e s  a r e  u s e d  to shut  off 
the  e x p e r i m e n t a l  p o r t i o n  of  the  tube i n s t a n t a n e o u s l y ,  and the quan t i ty  of l iqu id  is  then  m e a s u r e d .  Spec i a l  
c a l i b r a t i o n  t e s t s  w e r e  e m p l o y e d  to d e t e r m i n e  the  ex ten t  to which  the  l iqu id  f a i l ed  c o m p l e t e l y  to  r u n  down 
f r o m  the  tube  w a l l s .  The  e r r o r  in the  d e t e r m i n a t i o n  of the  f i lm  t h i c k n e s s  d id  not  e x c e e d  6%. The f i l m  
t h i c k n e s s  was  def ined  a s  
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Fig. 1. Volume density F V (m2/sec) versus  density and velocity w" (m/sec)  of gas (d = 52.5 ram): 1, 25 water 
- a i r ,  p" = 2.33 and 1.22 kg/mS; 35 w a t e r - v a p o r ,  p" = 0.65 kg /m 3. 

Fig. 2. Volume density F V (m2/sec) versus  velocity w" (m/sec) of gas and density of liquid (d = 32.75:15 
w a t e r - a i r ,  p" ,  1.22 kg/m3; 2, 3) sugar  s o l u t i o n - a i r ,  r e s p e c t i v e l y , # ' =  22.10 -3 N - s e c / m  2, p'= 1230 kg 
/ m  3 and/~' = 175 "10 -3 N. s e c / m  2, p '  = 1320 kg/m 3. 

d _ /  d ~ V 
8 - -  2 V ' 4  n L "  

The shearing s t r e s se s  at the free surface were found from the formula 

= A 4 ~ ( d .  285. TO 

The res i s tance  factors  for two-phase flow in a countercurrent  were determined from empir ical  
equations, by the method descr ibed in [6]. 

For  purposes  of visual observat ion and photography, a glass  tube 600 mm in length was mounted 
ahead of the experimental  seetion~ and the stabilization segments in front of the experimental  tube were 
1800 mm in length. 

The descending liquid-film flow in a countercurrent  with a gas takes place along the "flooding" bound- 
ary  when the tube is fed at the top from the liquid l ayer  above the boiler  tube, and that flow is determined 
by the hydrodynamic conditions below the point at which the liquid enters  the tube. The maximum quantity 
of liquid entering the tube is closely related to the velocity of the gas at the tube outlet. For  a given gas 
velocity and constant proper t ies  of the two-phase flow components,  by pouring the liquid over the upper 
lip of the tube it is possible to achieve any "breakup" density lower than the maximum in the boiler  tube. 
For  a liquid "breakup" density below the maximum for a given gas velocity, the forces  of fr ict ion exert  no 
significant effect on the film thickness,  nor on the magnitude of the "breakup" density. 

The basic  factor  determining the p rocess  of liquid flow is the gas velocity; as the lat ter  increases ,  
there is an increase  in the frictional shearing s t r e s ses  at the phase separation boundary T 0 = .~p "[W~el]2/2, 
the thickness diminishes,  and so does the velocity of liquid-film motion. 

For  a w a t e r - a i r  system when P_ = 1 bar  we observed visually the submers ion of the liquid film as the 
Reynolds number of the air increased,  and there was intensified wave formation. With a velocity of ap-  
proximately 10 m / s e c  for the air  the water film broke up into drops which remained on the surface and be-  
gan to t remble  under the action of the air.  It was only as the air reached a velocity of about 15 m / s e c  that 
the inversion of the flow set in, i . e . ,  the liquid began to flow from the bottom to the top. 
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Fig. 3. Generalization of experimental  data in sys tem Fr 
= f[K(p ' /p ' )0 .2]:  d - 52.5 mm: 1, 2) w a t e r - a i r  p" = 2.2-2.4 
and 1.2-1,24 kg/m3; 3) w a t e r - v a p o r  p" = 0.6-0,68 kg /m 3 
d -  32.7 ram: 4) w a t e r - a i r  p" = 1.22 kg/mS; 5 and 6) su ,  
gar  s o l u t i o n - a i r  t~' = 21-39" 10 -3 and 100-260" 10 -3 N. sec 
/m3; 7) w a t e r - v a p o r  p " =  0.6-0.68 kg/m 3. 

For a sugar solution exhibiting a viscosi ty  of 160.10  -3 N. s e c / m  2, with the air  moving at a speed 
higher than 6.5 m / s e c ,  we visually observed the appearance of c i rcu lar  waves moving upward along the 
film surface,  with the liquid moving downward at the wall. With gas velocit ies close to a cr i t ical  value, 
the wave amplitude increases ,  and at a velocity of about 11-12 m/ see  undulating segments  of the liquid are  
suspended from the film surface,  with a slight descending motion continuing in the layer  at the wall. It is 
only with an air  velocity on the o rde r  of 16 to 17 m / s e e  that the entire liquid film begins to move upward. 

With a drop in the gas velocity there  is a reduction in the frictional shearing s t r e s se s ,  the "break-  
up" density increases ,  and the liquid begins to separate  f rom the wall and move in the form of a jet. At 
liquid velocit ies close to those at which bubbles are  swept downward, the semi reve r sed  motion changes 
completely into r eve r sed  motion. 

The film flows downward in a specific interval of g a s - l i q u i d  velocit ies.  The lower bound of this 
interval is the velocity at which the bubbles are entrained by the liquid, while the upper bound is the in- 
vers ion  of the flow which sets in for adiabatic flows when the two-phase flow stability c r i te r ion  reaches  a 
value of K -~ 3.2, which agrees  with the data of [7]. In the case of a boiler  tube, as the heat flow increases  
there is an increase  in the velocity of the vapor at the tube outlet and there is a corresponding drop in the 
liquid "breakup" density. With a drop in the "breakup" density, the thickness of the liquid film diminishes,  
and sections of the heating surface are  left bare.  In turn, this leads to a drop in the heat flow and to an in- 
c r ease  in the quantity of liquid entering the tube. The boiler tube operates  in a pulsating regime when 
the vapor veloci t ies  reach cr i t ical  values. 

The effect of the gas density on the magnitude of the volume "breakup n density F V is shown in Fig. 1. 
Given a constant gas velocity,  the magnitude of the volume "breakup" density diminishes as the gas den- 
sity increases  and the space within which the s emi reve r sed  flow can exist stably is reduced. 

We see f rom Fig. 1 (curve 2) and Fig. 2 (curve 1) that the volume "breakup" density of the liquid for 
a tube 52.5 mm in d iameter  is g rea te r  than for a tube 32~ mm in diameter ,  given the same velocity and 
density of the air .  With an increase  in the tube diameter ,  the value of F V increases  and the space within 
which the s emi reve r sed  flow can exist stably is expanded. 

To determine the effect of viscosi ty  and liquid density on the volume "breakup" density, we ca r r i ed  
out tes ts  on sugar s o l u t i o n - a i r  flows in a tube 32.7 mm in d iameter  at P2 = 1 bar  (Fig. 2). We see from 
Fig. 2 that the wetting density for the solutions var ies  only slightly in compar ison with the water ,  even though 
the viscosi ty  var ies  great ly.  Since the liquid film moves by gravitation,  the increase  in F V is apparently 
explained not by the viscosi ty  of the solution but by the increase  in the liquid density f rom 1000 kg /m 3 for 
water  to 1320 kg /m 3 for a sugar solution with a viscosi ty  o f # '  = 175-10 -3 N-sec /m 2. The thickness of the 
film increases  as the viscosi ty  of the solution increases ,  but the flow velocity for the film diminishes.  
The fact that F V changes only slightly with a change in the viscosi ty  of the liquid within the indicated l imits  
can apparently be explained by these mutually offsetting factors .  
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Fig. 4. Genera l i za t ion  of expe r imen ta l  data  in c o o r d i -  
na tes  (6//10"23)(ma/N. s e c ) -  F v ( m 2 / s e c )  (d = 32.7 ram, 
p"  1.22 kg/m3):  1) w a t e r - a i r  # '  = 1" 10 -3 N" see /m2;  2 
and 3) suga r  s o l u t i o n ,  a i r  p '  = 2 1 - 3 9 . 1 0  -3 and 100-260 
�9 10 -3 N" s e c / m  2. 

We w e r e  unable to d e t e r m i n e  the effect  of  su r f ace  tens ion  on the p r o c e s s  in the exper imen t ,  s ince  
the re  was  only a sl ight  change in the  s u r f a c e  t e n s i o n -  f r o m  58" 10 '3 to 76" 10 -3 N/re .  

To g e n e r a l i z e  the expe r imen ta l  da ta  so as  to de t e rmine  the "breakup"  dens i ty  of  the liquid in the 
tubes  in the case  of a descend ing  f i lm flow in a gas  counter f low we adopted the c r i t i c a l  r e la t ionsh ip  which 
included all  of the a b o v e - c o n s i d e r e d  f a c t o r s  which d e t e r m i n e  the p r o c e s s  of mot ion:  

[ P"] F r = f  K; p, j ,  (1) 

K is the s tabi l i ty  c r i t e r i o n  fo r  the f r ee  su r f ace  of the two-phase  flow and it r e f l e c t s  the ra t io  of the d y -  
n a m i c  head to the g rav i ty  f o r c e s  which act  on the liquid f i lm.  

We see  f r o m  Fig.  3 that  the expe r imen ta l  da ta  pe r t a in ing  to the v a p o r - w a t e r  and a i r - s u g a r  solut ion 
flows a r e  p r o p e r l y  c o v e r e d  by the fol lowing equat ions  fo r  tubes  of va r i ous  d i a m e t e r s  in r eg ions  of  s table  
s e m i r e v e r s e d  flow: 

for  F r  > 0.012 

for  F r  < 0.012 

F r l = 0 . 1 2 9 e x p - - 1 4 , 1 4 K [  P " l  ~ 
Lp'J ' 

�9 [ ~  Fr2 ---- 0.0653 exp - -  I0.12 K ~ . 

The value of r V f r o m  Eqs.  (2) and (3) is equal to 

/'v, = 0,404 d'.5 exp - -  8.054 
w" [p"] 0.7 

@.~[p'__ p,,10.25 [p,]0.-2 rnZ/sec' 

Fv, = 0,2046d 1'5 exp--  5.717 ~" [p"]0.7 m2/sec. 
c0.25 [ p '  p,,]0.~ [p,]o,~ 

(2) 

(3) 

(4) 

(5)  

If we neglec t  the va lue  of p"  in the  e x p r e s s i o n  ~p' - p " ,  f o r  eng inee r ing  ca lcu la t ions  of the vo lume 
"breakup"  dens i ty  o f  the l iquid at the inlet to the tube for  the  case  of s e m i r e v e r s e d  mot ion  we can r e c o m -  
mend the fol lowing f o r m u l a s :  

w" [p"l ~ 
Fv, = 0.404 d 1.5 exp - -  8.054 m2/sec, ~0.25 [p,]0.45 

Fv, = 0.2046d 1"5 exp--  5.717 w" [p-]0.7 . m2/sec. 
c0.25[p'10.45 

(6) 

(7)  
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Semenov [5] theore t ica l ly  der ived the following equation to de te rmine  the fi lm th ickness  for the flow 
of a liquid in a counterf low with gas:  

31~' 2~.' 

In de te rmin ing  the f i lm th ickness  f rom Eq. (8) we have to find the p r e s s u r e  d i f ference  APbr  a c r o s s  
the tube exper imenta l ly .  The equation ag ree s  with our data only for  smal l  th icknesses  of the liquid fi lm. 

The film th ickness  in the case  of descending flow in a gas  counterflow is affected p r i m a r i l y  by the 
v i scos i ty  of the liquid and the re la t ionship  between the gravi ta t ional  fo rces  and the shear ing  s t r e s s e s  at 
the fi lm sur face .  The shear ing  s t r e s s e s  r e t a r d  the fi lm flow, the film b e c o m e s  th icker ,  and its veloci ty 
is reduced.  

With an inc rease  in the "breakup"  densi ty there  is an inc rease  in the th ickness  and ve loc i ty  of the 
film; when the v i scos i ty  i n c r e a s e s ,  the th ickness  i n c r e a s e s  cor respondingly ,  but the veloci ty  of the flow 
diminishes .  

In genera l iz ing  the exper imenta l  data  to de t e rmine  the film th ickness  we used the re la t ionship  6 
= f lu ' ;  FV] .  

The effect  of the gravi ta t ional  fo rces  and shear ing  s t r e s s e s  is accounted for by the volume "breakup" 
densi ty which, for  the r e g i m e  under considera t ion ,  is a function of the quant i t ies  

/'v =/~[,u.'; p'; ,~; w"; d; O"]. (9) 

The exper imenta l  data  on film th ickness  (Fig. 4) a re  well  genera l i zed  by the following equations:  

for  Fr  > 0.012 

for  F r  < 0.012 

61 = 7.13 B0.23/-~,4, (lo) 

62 = 17.02 ~0.23/-o.23. (11) 

The effect  of v i scos i ty  is identical  throughout the ent i re  range of genera l iza t ion ,  since the film flows 
in a turbulent  manner  throughout the ent i re  region of s table  s e m i r e v e r s e d  motion. With a drop in the 
shear ing  s t r e s s e s ,  the turbulent  of the liquid is maintained as a resu l t  of the inc reased  th ickness  of the l iq-  
uid f i lm,  while in the reg ion  in which Ref i lm < R e e f ,  we have observed  with the naked eye the wave f o r m a -  
t ion at the su r face  of the f i lm which r e s u l t s  f r o m  the act ion of the shear ing  s t r e s s e s .  

The p r e sen ce  of two regions  in the genera l iza t ion  of the exper imen ta l  data is explained by the d i f fe r -  
ing effect  of  the shear ing  s t r e s s e s  on the f i lm flow. As a r e su l t  of our visual  obse rva t ions ,  the t r a n s i -  
t ion f rom one region to another  can be explained by the onset of substant ia l  wave format ion  at the sur face  
at the sur face  of the f i lm. 

On the bas i s  of Eqs. (6), (7), (10), and (11) we can calculate  the max imum poss ib le  "breakup"  density 
and the liquid film th ickness  for f i lm counterf low equipment  p r i o r  to the "flooding" r eg ime  and for the ease  
of s e m i r e v e r s e d  circulat ion.  

6 
L 
d 
V 
APbr  

TO 

T7 
Wre 1 = w" + W~oun d 
W]~ound 
p"  
p '  

N O T A T I O N  

is the liquid film thickness;  
is the length of the exper imenta l  tube segment;  
is the tube d iamete r ;  
is the volume of the liquid col lected in the exper imenta l  segment  of the tube; 
is the p r e s s u r e  d i f ference  a c r o s s  the exper imen ta l  tube segment  during liquid 
breakup;  
is the f r ic t ional  shear ing s t r e s s e s  at the f ree  surface;  
is the r e s i s t a n c e  factor ;  
is the re la t ive  gas  velocity; 
is the veloci ty  of the liquid at the phase  boundary of separa t ion;  
is the gas  density; 
is the liquid density; 
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pv 

= 4 A P b r / L  
P2 
F V 
K =w~ p~g/~gS(r(p ' - -p")  

Fr  = F V / ~ 3  
Refil  m = 4FV/~'  
Rec r  

g 
o" 
w ~ 

is the dynamic viscosi ty  of the gas; 
is the dynamic viscosi ty  of the solution; 
is the kinematic  viscosi ty  of the solution; 
is the p r e s s u r e  gradient; 
is the p r e s su re  in the space above the tube; 
is the volume "breakup" density of the liquid; 
is the stability c r i t e r ion  for the two-phase flow; 
is the Froude number; 
is the Reynolds number for  the film; 
is the Reynolds number which denotes the boundary of the t rans i t ion f rom l am-  
inar film flow to a turbulent regime;  
is the f ree - fa l l  accelerat ion;  
is the surface  tension; 
is the t rue  gas velocity.  
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