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Resu l t s  of an expe r imen ta l  study a re  shown where  the shear ing s t r e s s e s  at a ve r t i c a l  wall  
during downward f i lm flow of a liquid were  m e a s u r e d  by the e lect rodif fus ion method. The 
f i lm th ickness  was  m e a s u r e d  by the shadowgraph method.  

A study of the m e c h a n i s m  by which liquid f i lms  flow down along ve r t i ca l  walls  is impor tan t ,  if one 
cons ide r s  the wide technological  appl icat ion of f i lm-f low appara tus .  

The authors  p r e s e n t  here  r e su l t s  of e lec t rodi f fus ion m e a s u r e m e n t s  cover ing  the ave rage  f r ic t ion at  
a ve r t i c a l  su r face ,  this  method having been p roposed  e a r l i e r  [1, 2] for  one-phase  s t r e a m s .  

The g is t  of the e lec t rodi f fus ion method is as  follows. If a d i r ec t  c u r r e n t  is pas sed  through an e l e c t r o -  
lytic cel l  (anode--e lec t ro ly te  f i lm--ca thode) ,  then the following reac t ions  take place at  the cathode and at  
the anode respec t ive ly :  

Fe (CN) a- ~- e --~ Fe (CN) 4-, 

Fe (CN) 4- -+ Fe (CN) a- -:- e. 

When the diffusion cu r r en t  is m a x i m u m ,  then the m a s s  flow toward the m e a s u r i n g  e lec t rode  can be 
de t e rmined  accord ing  to the re la t ion  

I q ... .  0 - - T ) ,  (1) 
Fq~ 

with the t r a n s p o r t  num ber  T equal  to 0.001 for  the p a r a m e t e r s  of our  p a r t i c u l a r  e lec t ro ly te  solution. 

Le t  one e lec t rode  (the cathode,  for  example)  r e p r e s e n t  a conductive and hydrodynamica l ly  smooth 
a r e a ,  mounted into a d ie lec t r i c  plate  along which the e l ec t ro ly te  is flowing. F r o m  an ana lys i s  of diffusive 
t r a n s f e r  at  the e lec t rode  one can now es t ab l i sh  the re la t ion  between the m a s s  flow toward the e lec t rode  
su r face  and the f r ic t ion  a t  that  sur face .  In our  case  the p r o c e s s  at  the e lec t rode  is cha r ac t e r i z ed  by v e r y  
high va lues  of the P rand t l  d i f fus ion .number  P r  ~ 1000. As a consequence,  the r a t h e r  thin diffusion l aye r  
a t  the p robe  su r face  is a lways contained within the l a m i n a r  sub laye r ,  where  the veloci ty  prof i le  is  l inear  
[3]. 

If x denotes  the longitudinal coordinate  r e f e r r e d  to the p robe  and y denotes  the t r a n s v e r s e  coordinate ,  
then the equation of a diffusive boundary l aye r  is 

%,, OC 02C 
- -  y . . . .  D - - ,  ( 2 )  

Ox 092 

for  s teady flow, with C(x, 0) = 0 in the diffusion mode and C(x, ~) = Coo. A s imul taneous  solution of Eqs. 
(2) and (1) y ie lds  the following re la t ion  between the shear ing  s t r e s s  at the e lec t rode  and the m a x i m u m  di f -  
fusion cur ren t :  
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Fig. i. Schematic diagram of the test apparatus: i) film of liquid, 2) active compartment, 
3) probe, 4) anode, 5) amplifier, 6) loop oscillograph, 7) to 12) optical system. 

Fig. 2. Drag coefficient ~ as a function of the Reynolds number  Re in an annular  channel: 
1) 900mm f rom the entrance with L / h  = 180, 2) 950mm f rom the entrance with L / h  = 190, 
3) according to Blasius.  

where  l and b denote the electrode length and the e lect rode width respect ively.  In the case  of a c i r cu la r  
probe this equation becomes 

3 12,el 3 (3) 
T w -  3 2 3 5 " r  

The test  apparatus  is shown schemat ical ly  in Fig. 1. A film of liquid (electrolyte) 1 flowed down 
along the surface of a ver t ica l  cyl indr ical  tube 2 made of acry l ic  glass .  The tube was 1000mm long and 
60 mm indiameter .  Flush against  the tube wa l lwere  installed measur ing  e lect rodes  (cathodes) 3. The other  e l ec -  
t rode  (anode) 4 with a much l a rge r  surface a rea  was placed in the lower par t  of the tes t  compartment .  The 
cathodes were  made of platinum wire  O. 2 m m  in d iameter ,  fused into a capi l lary made of chemical ly  r e s i s -  
tant g lass  with the p rope r  thermal  expansivity. This s t ruc ture  was hermet icaf ly  cemented into the tube 
and this entire tes t  assembly  was careful ly  polished with abras ive  powder. The end face of a platinum 
wire  served as the operating surface of the electrode.  As electrolyte  we used a 0.01N solution of a m i x -  
ture  of potass ium fer rocyanide  and potass ium fer r icyanide  in distil led water  with a 0.5N solution of NaOH. 
All neces sa ry  physical  constants were  e i ther  taken f rom published sources  [4] or  measu red  at a 25 ~ t e m -  
pe ra tu re ,  held in our  tes ts  within 0.2~ On account  of the smal l  difference between the dissociat ion po-  
tentials of oxygen and fer rocyanide ,  all tes ts  were pe r fo rmed  in an a tmosphere  of ni t rogen - an inert  gas 

- and the active compar tment  was covered with a protec t ive  jacket. 

A constant - level  supply tank ensured a constant  flow rate of liquid throughout the tes t  time. Break -  
down of the fi lm, especial ly at low values of the Reynolds number,  was prevented by the careful  surface 
polish and a concentr ic  al ignment of the film blower cone and the entire test  compar tment .  

A signal f rom the electrodiffusion probe was t ransmi t ted  to a spec ia l -purpose  dc ampl i f ier  5. For  
reading the average  cur ren t ,  the ampl i f ier  signal was smoothed by an e lectr ic  f i l ter  network; the rms  
cu r ren t  pulsations were  measured  at the same time. For  reading the instantaneous values of the diffusion 
cur ren t ,  the signal was recorded  on a loop osci l lograph 6. 

The pe r fo rmance  of probes  was checked by compar ing  the fr ict ion data obtained by the e l ec t rochemi -  
cal  method with well known formulas  for  annular  channels. As a resul t  of these control  tes ts ,  we d e t e r -  
mined the true active surface  a rea  of each probe-e lec t rode .  The protect ive  jacket in our tes ts  served as 
the outer  channel wall. The radius of the inner tube and the radius of the outer  tube were  in a rat io 0.86, 
while the rat io of channel length to gap width was 200. Our measu ramen t s  of the drag coefficient  are  c o m -  
pared  in Fig. 2 with the well known Blasius formula  k = 0. 316 Re-1/~ for  turbulent flow. All tes t  points 
plotted here r e f e r  to the t rue act ive surface of the e lect rodes .  The stability of probe readings depended 
largely  on the puri ty of the active surface and was achieved by e lec t rochemica l  activation in a pure 1N 
solution of NaOH [5]. 
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Fig. 3. Shearing s t r e s s  ~w as  a function of the Reynolds number .  Based on exper iments :  1) 
and 2) by the e lec t rodi f fus ion  method,  3) by 6av m e a s u r e m e n t s ,  4) accord ing  to [13]. Based on 
calculat ions:  1) accord ing  to [14], II) accord ing  to [15], TIT) according  to fo rmula  (7), IV) a c -  
cording to [10]. 

Fig. 4. Instantaneous fi lm th ickness ,  6, m m  and pulsat ions  of diffusion c u r r e n t  I, /~ A: 1) Re 
= 70; 2)Re = 890. 

The instantaneous f i lm th ickness  was  m e a s u r e d  by the shadowgraph method shown schemat ica l ly  in 
Fig. 1. A light beam f r o m  source  7 was focused through lens 8 on the liquid f i lm at point 9. The d i a m e t e r  
of the light spot a t  this  point was  a lways l a r g e r  than the m a x i m u m  poss ib le  f i lm th ickness .  The shadow 
of the f i lm prof i le  was p ro jec ted  through object ive 10, shu t te r  11, and a m i r r o r  s y s t e m  on the photographic 
s t r ip  of a loop osc i l lograph  12. The con t ra s t  of the optical  sy s t em was  l e s s  than 1 m m ,  which made  it p o s -  
s ible  to s epa ra t e  out the examined flow region.  The n e c e s s a r y  magnif ica t ion was  obtained by adjust ing the 
d i s tance  between object ive  10 and shu t te r  11. The a v e r a g e  f i lm th ickness  was  m e a s u r e d  by t rac ing  the 
o s c i l l o g r a m s  with a p lan imete r .  In the evaluat ion of t e s t  data  for  l a m i n a r  flow, the a v e r a g e  f i lm th ickness  
6av was  found to have been s tabi l ized a l ready  at  a d is tance  equal  to approx imate ly  ten t imes  the f i lm th ick-  
ne s s  away f r o m  the s i te  of f i lm format ion.  This  conclusion was  based on the r e p o r t s  by S. Gasan [6] as  
wel l  as  by V. S. Kas i m ov  and F. F. Zigmund [7]. According to the r e p o r t  by K. Feind [8] and the e s t ima te  
by P. L. Kap i t sa  [9], the flow was  a s s u m e d  two--dimensional within an ac t ive  zone of the s ize as  in our  

t e s t s .  

A s i m p l e r  approach  may  a lso  be taken fo r  analyzing the f i lm s tabi l izat ion during turbulent  flow. The 
m o m e n t u m  equation will  be wr i t t en  as  follows: 

dG 
- e g 6  - -  t ~ ,  

dx 

with the longitudinal x -coord ina t e  m e a s u r e d  f r o m  the point where  the f i lm begins to fo rm ,  and 
6 

6 = p .t" u~dy' (4) 
0 

where  G denotes  the m o m e n t u m  of the liquid. We a s s u m e  that  in a turbulent  s t r e a m  the veloci ty  prof i le  
is de sc r ibed  by the P rand t l  equation u /u  s = /y/~)lD and the shear ing  s t r e s s  a t  the wal l  ~w is desc r ibed  by 
the Blas ius  equation 

T w ---- 0.0228u~ (v/u~6) l/4. 

We then in se r t  these  e x p r e s s i o n s  into (4) and obtain 

d6 _~ 63 g63 0.0284 =0,  (5) 
dx 64 Q2 Rel/4 

where  

8 

(2 --= S udy, Re = Qlv. 
o 
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Integrat ion of Eq. (5) y ie lds  x = F - - P  with 

p =  5eRel/4 { f l n [ .  (6--8e)~ 
0.0284.3 55+ 56.e + 5~e 

] + arctg [_.26 + &]l 
[ V~6e l /  

(6) 

Here  F = P a t  the point  where  the f i lm begins  to f o r m  5 = 6 b. 

An ana lys i s  based  on Eq. (6) shows that  s tabi l iza t ion occu r s  within the d is tance  (100 to 200) 5 b. 

F o r  the s tabi l ized flow mode,  Eq. 
turbulent  f i lm: 

During equi l ibr ium flow we have 

(5) y ie lds  an e x p r e s s i o n  fo r  the equi l ibr ium th ickness  of a smooth  

-% = pg6e ' (8) 

Values  of the ave r age  shear ing s t r e s s  a t  d i s t ances  900 and 950 m m  f r o m  the channel en t rance  a r e  
shown in Fig. 3 for  va lues  of the Reynolds number  ranging f rom 20 to 2800. The r e su l t s  of these  m e a s u r e -  
m e a t s  a r e  c o m p a r e d  here  with a l r eady  known theore t i ca l  and e m p t r i e a I  re la t ions .  

According to the g raphs ,  at a low Reynolds number  (for l a m i n a r - r i p p l e  flow) the re  is a sa t i s f ac to ry  
a g r e e m e n t  with the Nusse l t  theory  [14]. S imi lar  conclusions  have been a r r i v e d  a t  in [11, 12]. The g raphs  
indicate a t rans i t ion  to turbulent  flow within the Re = 400-500 range.  

At high Reynolds number  the re  is  a s a t i s f ac to ry  a g r e e m e n t  both with the Kuta te ladze- -S tyr ikovich  
re la t ion  [10] and with fo rmula  (7). However ,  f o rmula  (7) is m o r e  convenient  for  engineer ing  calculat ions.  
The data obtained he re  ag ree  c lose ly  with the G imbu t i s - -Vas i l yauskas  fo rmula  [131 based on d i rec t  m e n -  
s u r e m e n t s  of the shear ing  force  on the wall.  The blank dots in Fig. 3 r e p r e s e n t  f r ic t ion  values  calcula ted 
f r o m  readings  of ave rage  fi lm th ickness  on the bas i s  of the flow balance hypothes is ,  i. e . ,  accord ing  to 
the fo rmula  

"~1 = 9g6av- 

In Fig. 4 a r e  shown instantaneous f i lm th icknesses  and pulsa t ions  of the diffusion c u r r e n t  (which is 
uniquely re la ted  to f r ic t ion) ,  beth r eco rded  s imul taneous ly  a t  the s a m e  point a t  va r ious  va lues  of the 
Reynolds  number .  Evidently,  during l a m i n a r  flow (Re = 70) the re  is an a lmos t  comple te  co r r e spondenee  
between f luctuat ions of f i Im th ickness  and of shear ing  s t r e s s  at  the wall.  During turbuIent  flow (Re = 890) 
the f luctuat ions of shear ing  s t r e s s  follow the f luctuations of f i lm th ickness  only ve ry  roughly. In both flow 
modes  the re  a p p e a r s  a definite t ime  shift  between m a x i m u m  5 and m a x i m u m  7 w during low-f requency  
r ipples .  

q 
4~ 

F 
T 
I 
P r  = u/D 
x , y  
Tw 

D 
l 
b 
Coo 
C 
d 
X 
G 

P 

N O T A T I O N  

is the m a s s  flow ra te ;  
is the F a r a d a y  number ;  
is the e lec t rode  su r face  a rea ;  
is  the t r a n s p o r t  number ;  
is the m a x i m u m  diffusion cur ren t ;  
is the P rand t l  number ;  
a r e  the longitudinal and the t r a n s v e r s e  coord ina tes ;  
ts the shear ing  s t r e s s  at  the wall;  
ts the 
is the 
is. the 
,s the 
m the 
is the 
is the 
ts the 
m the 
is the 

dynamic  v i scos i ty ;  
diffusivity;  
e lec t rode  d imension  along the liquid flow; 
e lec t rode  d imens ion  pe rpend icu la r  to the liquid flow; 
ion concent ra t ion  outside the diffusive boundary layer ;  
ion concentrat ion;  
e lec t rode  d i ame te r ;  
d rag  coefficient;  
momentum;  
density;  
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u is the 
u s is the 
5 is the 

is the 
g is the 
Q is the 
Re = Q/v is the 
8 e is the 
Say is the 
Twl is the 
L is the 
h is the 

velocity; 
velocity at the film surface; 
film thickness; 
kinematic viscosity; 
acceleration of gravity; 
volume trickle rate; 
Reynolds number; 
equilibrium film thickness; 
average film thickness; 
average shearing s t ress  at the wall; 
distance from the channel entrance; 
gap width of the annular channel. 
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