
turbulent boundary layers; 5"*, 5~*, magnitude of the momentum and energy losses; P0, w0, T0, density, velocity, 
and temperature at the outer boundary_-layer limit; Pw, Tw, density and temperature on the permeable wall; 
Ww, velocity of injected gas delivery; j = pwWw/p0w0, blowing intensity; o~ = w/w0; ~ = (T w - T)/(T w - To) , 
dimensionless velocity and temperature; w', T ' ,  velocity and temperature pulsations (fluctuations); ~sx, rela- 
tive heat-exchange coefficient; btx, permeability parameter; bcr, critical permeability parameter; St0x, 
Stanton number under standard conditions; AP, static pressure drop on the permeable wall and in the free 
stream; y, transverse coordinate; Re x, Reynolds criterion; cf, friction coefficient. 
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STATIONARY T W O - D I M E N S I O N A L  ROLLING WAVES 

A V E R T I C A L  F I L M  OF FLUID 

V. E. N a k o r y a k o v ,  B. G. P o k u s a e v ,  
and S. V. A l e k s e e n k o  

ON 

UDC 532.62 

The wave c h a r a c t e r i s t i c s  of two-dimens ional  s ta t ionary roll ing waves  on a ve r t i ca l  f i lm of fluid 
a re  investigated exper imenta l ly  using the e lectrodiffusion and shadow methods.  

In order to calculate with sufficient accuracy the processes of heat and mass exchange during the drain- 
age of thin films of fluid, it is important to be able to take into account the influence of wave formation, es-  
pecially in the case in which the process rate is determined by mass exchange with respect to the gas [1]. 

In spite of the large number of theoretical papers written on this area of study [2-5], there is as yet 
no certainty that the theoreticians' predictions about the physics of wave formation on the surface of thin verti- 
cal layers of fluid are correct. 
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Fig. 1. Osci lLograms of the 
prof i les  of excited waves  (a, 
b,  a n d c )  and the s imul taneous 
recording  of f r ic t ion  and th ick-  
ness  a t  a single point (d); a) 
c = 0.5 m / s e c ;  b) 0.38; c) 0.3 
m / s e c ;  h, ram; T, pA. 

The overwhelming major i ty  of the theoret ical  models  a r e  based on an assumpt ion  about the pureLy cap i l -  
lary  nature  of wave format ion ,  the two-dimensionaL s t ruc tu re  of waves ,  and the sma l lnes s  of the wave a m p l i -  
tude compa red  with the mean  f i lm thickness.  

The only experimentaL investigation in which the difficulty of organizing two-dimensional  waves  is pointed 
out and specialLy organized two-dimensional  waves  a re  actually observed was ca r r i ed  out by Kapitsa and 
Kapitsa [6]. In other expe r imen ta l  papers  such as  [7-9], as  a rule ,  no different ia t ion is made between two-  
d imens ional  and th ree -d imens iona l  w a v e s ,  and the anaLysis and compar i son  with theore t ica l  resuLts of these 
data a r e ,  consequently,  made much more  difficult.  

It is a l so  a well-known fact  that waves  on the sur face  of ve r t i ca l  f i lms  of fluid grow rapidly and at a very  
shor t  d is tance  the i r  ampLitude can exceed the m e a n  f i lm thickness ,  at which point so-caLled rolLing wave con -  
dit ions a re  rea l ized.  The rol l ing waves  have not been studied in previously  published papers  and the r e su l t s  
of the p re sen t  au tho r s '  expe r imen t s  indicate that the c h a r a c t e r i s t i c s  of large-ampLitude waves  on a thin ve r t i ca l  
f i lm are  heavily dependent on the v i scos i ty  of the fluid and may be noncapi l lary  in nature.  This  possibi l i ty has 
been demons t ra ted  theoreticaLly for  slightLy nonLinear waves  in [4]. 

The a im of this pape r  is to estabLish the fundamentaL Laws governing the behavior  of s ta t ionary  two-d i -  
mens iona l  waves of random ampli tude on a ver t i ca l ly  draining thin f i lm of fluid. 

The working section of the experimentaL appara tus  is a t r anspa ren t  p las t ic  tube 1 m Long and 60 m m  in 
d i a m e t e r  with a f i lm of fluid draining off along its ex te rna l  sur face .  The thickness of the f i lm is measu red  by 
the shadow method and the f r ic t ion at  the wall ,  by the eLectrodiffusion method. A d i ag ram of the appara tus  and 
the p rocedure  for  measu r ing  the fr ic t ion and thickness  a re  descr ibed  in detaiL in [10] and [11]. The ampli tudes ,  
wavelengths ,  and mean  f i lm thickness  a re  measured  f rom the osci lLograms of the instantaneous f i lm thickness.  
The wave veloci ty  is de te rmined  f rom the phase shift  between two s imul taneously  recorded  fluctuations in the 
th ickness  which cor respond  to two different  points aLong the tube. The f i lm- th ickness  m e a s u r e m e n t  e r r o r  does 
not exceed 7%, the wavelength m e a s u r e m e n t  e r r o r  does not exceed 9%, and the phase-veLocity m e a s u r e m e n t  
e r r o r  does not exceed 8%. 

When a fluid f i lm dra ins  off along a ve r t i c a l  wall ,  waves  are  genera ted  at a ce r t a in  dis tance f rom the 
fluid outflow point, which inc rease  rapidly in ampli tude and reach  a s ta t ionary  mode in which the phase veloci ty 
of wave propagat ion,  the wavelength,  and the ampli tude do not vary  or  vary  sLightLy aLong the tube. In al l  the 
modes invest igated by the p r e s e n t  authors  the s ta t ionary  wave f o r m s  cor respond  to Fig. 1. The Length of the 
two-dimens iona l  wave zone is,  unfortunately,  shor t  and does not exceed 150 ram. T h e r e a f t e r  the waves  decay 
and become th ree -d imens iona l .  Kapi tsa  and Kapitsa [6] have excited waves  artificialLy by fLuctuations in the 
fluid flow ra te  in o rde r  to regulate  the two-dimensionaL waves  and increase  the region over  which they exist .  

In these expe r imen t s  the flow ra te  is fLuctuated by osciLlating a m e m b r a n e  in a c h a m b e r  connected by 
rubbe r  tubing to the input device of the working section.  The whole s y s t e m  is filled with fluid. The memb ran e  
is act ivated by an e lec t r i c  moto r  with a number  of revolut ions which can be regulated by a c r ank  gear .  The 
m e m b r a n e  osci l lat ion f requency va r i e s  f r o m  a few her tz  to a few dozen her tz .  The f requency of mo to r  r evo lu -  
tion is measu red  d i rec t ly  in the cour se  of the exper iment .  

518 



c l i ! c.a 

t " "OL 

I I 

i / "  i i 

I , - - 5  i 
v --f * - - 6  ! 
0--Z �9 b] 
�9 - - 3  x - - 0  ! 

[ a312b 
o 0,5 ~,o ~ a,'e o 50 ,'oo Lg~J' 

Fig ;  2. Dependence  of phase  v e l o c i t y  of w a v e s  on t h e i r  a m p l i t u d e :  
a - e x c i t e d  w a v e s :  1) g l y c e r i n e  so lu t i on  v = 2 .16-  10 -6 m 2 / s e c ,  ~ /  
p = 6 5 . 2 . 1 0  4 m 3 / s e c 2 ;  2) a l c o h o l  so lu t ion  u = 2.12,  ~ / p  = 28.5; 3) 
g l y c e r i n e  so lu t i on  v = 11.2,  r  = 55.9,  Re = 4.0; 4) Re = 5.9; 5) 
7.9; 6) 9.8; 7) 12.45; 8) n a t u r a l  w a v e s :  g l y c e r i n e  so lu t ion  u = 2.16,  
~ / p  = 65.2; c ,  m / s e c ;  a ,  m; b - e x c i t e d  w a v e s :  1) w a t e r  v = 0 .9-  
10 -6 m 2 / s e c ,  ~ / p  = 72 �9 10 -G m 3 / s e c 2 ;  2) w a t e r  ~ = 1.03, ~ / p  = 

72.9; 3) aqueous  so lu t i on  of g l y c e r i n e  and a l c o h o l  v = 1.65,  ~ / p  = 
46.8; 4) a l c o h o l  so lu t ion  v = 2.12,  ~ / p  = 28.5; 5) g l y c e r i n e  so lu t i on  
v = 2.16,  ~ / p  = 65.2; 6) v = 3.9,  c : / p  = 60.7; 7) v = 7.2, a / p  =57.6;  
8) 1, = 11.2,  ~ / p  = 55.9. 

When w a v e s  a r e  exc i t ed  on the f i l m  s u r f a c e  by f l uc tua t i ons  in the f luid flow r a t e ,  the wave  p a t t e r n  t a k e s  
the s a m e  f o r m  as  in the c a s e  of n a t u r a l  d r a i n a g e .  The  w a v e s  a r e ,  h o w e v e r ,  g e n e r a t e d  d i r e c t l y  a t  the input ,  
and the r e g i o n  of t w o - d i m e n s i o n a l  w e l l - f o r m e d  w a v e s  is  s i g n i f i c a n t l y  l a r g e r  than in the c a s e  of n a t u r a l  d r a i n -  

age .  

Exc i t ed  r e g u l a r  s t a t i o n a r y  w a v e s  a r e  g e n e r a t e d  in a c e r t a i n  f r e q u e n c y  r ange  d e p e n d e n t  on the p h y s i c a l  
p r o p e r t i e s  and flow r a t e  of the f luid.  F o r  e x a m p l e ,  fo r  an  aqueous  so lu t i on  of g l y c e r i n e  wi th  a v i s c o s i t y  v = 
3 .9 -  10 -s m 2 / s e c  and a s u r f a c e  t en s ion  of ~ / p  = 6 0 . 7 . 1 0  -6 m 3 / s e c  2 when Re = 20 the e xc i t e d  w a v e s  e x i s t  in 

7 - 3 2 - H z  r a n g e  of f r e q u e n c i e s .  Beyond the l i m i t s  of th i s  r a n g e  t h e r e  is  no r e g u l a r  wave  p a t t e r n .  

In the c a s e  of the m a x i m u m  p o s s i b l e  e x c i t a t i o n  f r e q u e n c y ,  l o w - a m p l i t u d e  w a v e s  a r e  g e n e r a t e d  wi th  a 
f o r m  c l o s e  to the s i n u s o i d a l  (Fig. l c ) .  As  the f r e q u e n c y  is r e duc e d  the w a v e s  t ake  on the c h a r a c t e r i s t i c  a p -  
p e a r a n c e  of the r o l l i n g  wave  (Fig.  l a ,  b ,  and d) wi th  h i g h - f r e q u e n c y  o s c i l l a t i o n s  p r e c e d i n g  a s t e e p  f ront .  

The  f ac t  that  wi th  a g iven  fluid flow r a t e  the wave  c h a r a c t e r i s t i c s  of the s t a t i o n a r y  wave  p r o c e s s  a r e  
whol ly  d e t e r m i n e d  by the f r e q u e n c y  of the o s c i l l a t i o n s  s u p e r i m p o s e d  on i t  and a r e  i ndependen t  of the a m p l i t u d e  
of f l uc tua t i ons  in the  flow r a t e  is  i n t e r e s t i n g  and e x t r e m e l y  i m p o r t a n t  f r o m  the poin t  of v iew of the me thodo logy  
of the e x p e r i m e n t .  Th i s  c i r c u m s t a n c e  h a s  been  d e m o n s t r a t e d  by s p e c i a l  e x p e r i m e n t s  to m e a s u r e  the a m p l i t u d e  
of f l uc tua t i ons  in the f r i c t i o n  a t  the w a l l  in the  a n n u l a r  d i s t r i b u t i n g  s l i t  f r o m  which  the f i lm  f lows out and a t  a 
c e r t a i n  d i s t a n c e  f r o m  the r i m  of the s l i t  in the r e g i o n  of which  the s t a t i o n a r y - w a v e  mode  e x i s t s ;  the f i lm  t h i c k -  
n e s s  is  a l s o  m e a s u r e d  h e r e .  

I t  should  be noted that  the wave  c h a r a c t e r i s t i c s  of n a t u r a l  w a v e s  fo r  a g iven  f luid a r e  dependen t  only on 
the flow r a t e ,  and when  the f r e q u e n c y  of the s u p e r i m p o s e d  o s c i l l a t i o n s  c o i n c i d e s  wi th  the f r equency  of the 
n a t u r a l  w a v e s  the wave  p a t t e r n s  a r e  i d e n t i c a l ,  wh ich  has  been  o b s e r v e d  in s p e c i a l l y  run  e x p e r i m e n t s .  

W a t e r  and aqueous  so lu t i ons  of e thy l  a l c o h o l  and g l y c e r i n e  a r e  used a s  the w ork ing  f lu ids  wi th  the v i s -  
c o s i t y  v a r y i n g  f r o m  0.9" 10 -6 to 11.2 �9 10 -6 m 2 / s e c  and the s u r f a c e  t ens ion  v a r y i n g  f r o m  28.5 �9 10 -6 to 7 2 . 9 . 1 0  -6 
m 3 / s e c  2. The  r a n g e o f  v a r i a t i o n s  in the  R e y n o l d s  n u m b e r  Re = Q / v ,  w h e r e  Q is  the fluid flow r a t e  r e l a t i v e  to 

the  p ipe  p e r i m e t e r ,  is  4 -40 .  

F i g u r e  2a shows the d e p e n d e n c e  of the phase  v e l o c i t y  of r o l l i n g  w a v e s  on the a m p l i t u d e  a fo r  s e v e r a l  
f lu ids  wi th  d i f f e r e n t  Re n u m b e r s .  The  a m p l i t u d e  a is  de f ined  as  the m a x i m u m  f i l m  t h i c k n e s s .  A l i n e a r  r e l a t i o n -  
sh ip  i s  c l e a r l y  o b s e r v e d  in a l l  the e x p e r i m e n t s ,  wi th  both  n a t u r a l  and e x c i t e d  w a v e s ,  be tw e e n  the phase  ve loc i t y  
of the r o i l i n g  w a v e s  and t h e i r  a m p l i t u d e .  The  phase  v e l o c i t y  is  not d e p e n d e n t  on the m e a n  f luid flow r a t e  and is 
s l i g h t l y  dependen t  on s u r f a c e  t en s ion  so  that  the r e s u l t s  c a n  be  c o r r e l a t e d  in the f o r m  of the r e l a t i o n  (Fig.  2b) 

c_a_av =1.98 g - - ~ ]  , (1) 
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Fig .  3, Connect ion  between wave ampl i tude arid wave leng th :  a -  
glycer ine  solution, v = 7 .2 .10  -6 m 2 / s e c ,  trip = 57.6" 10 -6 m3/ 
sec2; I) Re = 20; II) 10.1; III) 6.1 [1) excited waves ;  2) natural];  a ,  
m; X, m; b - f o r  notation 1-8 see F ig .  2b; 9, 10, 11 denote natural  
waves  for  fluids 4, 5, and 7, r espec t ive ly  (see Fig.  2b). N = 1 /  
(Re OA6F i 0. 02) 

where  the ca/v complex is the Reynolds number  plotted in t e r m s  of phase velocity and wave amplitude and 
g(a3/ , :  2) is the Gal i leo  number .  The re la t ionship (1) is bes t  r ep resen ted  for  p rac t i ca l  use in the fo rm 

c=1.98( g_~_~ )'/3a. (2) 

All the data on s ta t ionary  excited waves  a re  contained in this relat ionship.  

The wave ampl i tudes  in these exper imen t s  a re  g rea t  and the ra t io  of max imum film thickness a to mean 
thickness  va r i e s  within l imits  of 1.1 and 3.0. 

F igure  3a depicts  data for  a w a t e r - g l y c e r i n e  solution in t e r m s  of the dependence of the ampli tude of the 
roil ing waves  on the wavelength for  different  Re numbers .  The dependences for  all  other  fluids take an ana l -  
ogous form.  I3y using the exper imen ta l  relatiorishp a ~ X1/3Re ~ obtained f rom these graphs ,  it i s  possible  
to  r e p r e s e n t  al l  the data on wavelength for  both na tura l  and excited waves  (with a max imum sca t t e r  of 20%) in 
the fo rm of Fig. 3b and to desc r ibe  them approximate ly  by the following rela t ion:  

_ _ V ~ - T E f -  ~ g - : - ]  R : " ~ F i  ~176 ' 

where Fi = ((~/p)3/gv4 is the film number. The range of variations in the film number Fi for the fluids used in 
the experiments is 1.18-106-5.82 �9 10 I~ . 

The rolling waves shown on the oscillograms in Fig. la ,  b, and d can be subdivided into a large principal 
wave and a forerunner in the form of a damped harmonic wave moving in front of it with the same velocity e. The 
wavelength k,  is then g r e a t e r  than the local mean thickness of the fluid layer .  The dependence of the ra te  of 
propagat ion of the fo re runne r  on the wavelength X, is used to prove its cap i l l a ry  nature.  

C-U.) i 

i 

i 6 ~ 
, o  o B 

i i .~ ' 
i m 

Fig. 4. Rate of propagat ion of 
cap i l l a ry  waves:  1) alcohol so lu-  
tion, v = 2.12- 10 -6 m 2 / s e c ,  a~ 
p = 28.5" 10 -6 m3/sec2; 2) glyc- 

erine solution, ), = 7.2, a/p = 
57.6; I) formula (4). 
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It is known that the rate  of propagation of capi l lary  tong waves in shallow water  is defined as 

2~ _ / "  q 
J /  h,, (4) c - -  u. ~ ~., J '  P 

where  u.  is the fluid l aye r  v e l o c i t y ,  ~. is the wavelength, and h ,  is the fluid layer  thickness. Since a shallow 
ripple is propagated through the res idual  layer  of thickness h .  (Fig. la  and d), the velocity of the surface  h .  
can be determined f rom Nussel t ' s  formula for  a smooth laminar  film: 

3 gh, 
u. = 2 3v (5) 

In fact, as can be seen from the simultaneous recordings of the instantaneous thickness of the film and the 
limiting diffusive current I, related to the magnitude of the friction ~- at the wall by the formula 7 = At 3 [10, 11], 
where A is the calibration coefficient, the flow of the residual layer {marked off by the dashed lines in Fig. ld) 
is purely laminar.  

Exper imenta l  data for  glycer ine and ethyl alcohol solutions are  compared in Fig. 4 with the theoret ical  
relat ionship (4). A good agreement  between exper iment  and theoret ical  calculation is observed for  all the fluids 
used in the exper iments ,  which proves that the s t ruc ture  of the shallow ripple in front of the wave is capi l lary.  

N O T A T I O N  

h, film thickness,  m; a,  wave amplitude, m; c, phase velocity of waves,  m / s e c ;  ~, wavelength, m; [, 
limiting diffusive cu r ren t ,  pA; u, fluid velocity,  m / s e c ;  g, acce lera t ion  of gravi ty ,  m / s e e 2 ;  u, coefficient  of 
kinematic viscosi ty ,  m2/ sec ;  c~, coefficient  of surface tension, kg / sec2 ;  p, fluid density,  kg /m3;  Q, specific 
flow rate of fluid, m2 / sec ;  T, fr ict ion at wait,  N / m 2 ;  Re = Q / v ,  Reynolds number;  Fi  = (cr/p)3/gv 4, film 
number; *, value relative to residual layer. 
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