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It is well known that waves formed by instabil i t ies at the surface  of f ree ly  discharging fluid fi lms intensify 
substantial ly the p r o c e s s e s  of interphase heat and mass  t rans fe r .  It has been shown in direct  exper iments  
[1, 2] that during desorpt ion f rom laminar -wave  fluid films of weakly dissolved CO 2 gas the m a s s - t r a n s f e r  co-  
efficient due to waves is enhanced by more  than twice, and this effect depends on both the period and the am-  
plitude of the s ta t ionary two-dimensional  waves. 

It is noted that since for  weakly dissolved gases  the main res i s tance  is concentrated in the fluid phase, 
the diffusion p rocess  in the gas can be neglected. However,  the information obtained in these studies was in- 
sufficient for  proper  verif ication of the full theoret ical  models  [3-5], constructed for large  values of the Schmidt 
number  Sc = ~ /D  (D is the diffusion coefficient) within the approximation of a thin diffusion boundary layer  near  
the f ree  surface.  

The m a s s - t r a n s f e r  experiments  in [2] were ca r r i ed  out only for  low values of the numbers  Re <- 40 (Re = 
q0/~,where q0is the specific fluid discharge,  and g is the kinematic viscosity) with fixed wave pa rame te r s  in 
the two-dimensional  wave regime.  In real  si tuations these two-dimensional  waves exist only at the initial po r -  
tion of wave generat ion and growth, and a chaotic three-d imensional  nonlinear wave regime [5] develops fur ther  
with length, as the two-dimensional  waves are  deformed very strongly.  

The study of dynamics of such waves i s  of independent in te res t  in developing the theory  of nonlinear d is -  
pers ion  waves. On the other  hand, it is obvious that in studying interphase m a s s  t r ans fe r  it is neces sa ry  to 
know well the s t ruc tu re  and all wave cha rac te r i s t i c s  in the experimental ly  real ized wave regime.  P rec i se ly  
these studies were ca r r i ed  out in the present  study for  vert ical ly discharging fluid f i lms with Re <_ 400. New 
information is obtained concerning the effect of wave dynamics  on t r anspor t  p r o c e s s e s  as a whole, and, in p a r -  
t icular ,  the variat ion of the intensification factor  of this p rocess  as a function of length of the film surface with 
variat ion of the wave charac te r i s t i c s  and of Re. 

The experimental  resul ts  are  compared with the asymptotic  theoret ical  models,  and the m a s s - t r a n s f e r  
intensification mechanism by waves is d iscussed in detail. 

1. Experimental  Technique. The experiments  were per formed on the instrumentat ion of [2, 5]. The fluid 
film d i scharges  f rom a coaxial annular gap of width 0.5 mm long a vert ical  steel cylinder of d iameter  60 mm 
and length 1 m The fluid is saturated ver t ica l ly  by a CO 2 gas, is thermal ly  stabilized at a level of 20~ and 
reaches  the operating port ion through the d i s cha rge -measu r ing  ins t rument  f rom a constant- level  r e se rvo i r .  
The wave p a r a m e t e r s  and the local gas concentrat ion are  also measured  as a function of length during the ex- 
per imental  p rocess .  

Measurements  of the local f i lm width were ca r r i ed  out by a shadow method, in which, unlike the method 
descr ibed in [5], the light source  was taken to be p lane-para l le l  l a se r  radiation, with the use of photoelectron 
record ing  of the optical signal. This photoelectr ic  method makes it possible to measure  the film width with an 
e r r o r  varying f rom 0.5 to 5%, the wave amplitude within 1%, and the period and phase  velocity within i% too. 

The measurement  of the mean m a s s - t r a n s f e r  coefficient was ca r r i ed  out by a conduetometric  method [6]. 
The essence  of this method is that the ra t io  of e lect r ic  signals of two special  platinum e lec t rochemica l  detec-  
to rs ,  placed in the fluid in the distributing input ins t rument  and in the mobile liquid sample,  is a step function 
of the CO 2 concentrat ion rat io at the inlet C O and outlet C L of the m a s s - t r a n s f e r  port ion of length L. 
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Fig. i 

Thus, the m a s s - t r a n s f e r  coefficient upon desorption k L = (q/L) ln(C0/Ci) ,  obtained f rom the balance of 
the gas dissolved in the film, is proport ional  to the logari thm of rat io of signals U~, U~ at the inlets of the 
corresponding amplifiers" k L P(q / L) ln(U~/ * = UL), where P is a tempera ture-dependent  coefficient (0.5-1) 
determined as a resul t  of cal ibrat ion measuremen t s .  The total e r r o r  in determining the Sherwood number 
Sh = kLh0/D was 0.6-2.7%. This method was verified experimentally.  

The select ion and handling of signals of the two amplif iers  of the cons tan t -cur ren t  shadow device and of 
the two conductometr ic  amplif iers ,  along with the data analysis  of the cur rent  values of the length, t empera ture ,  
solvent discharge,  and physical  proper t ies  of the fluid and gas, were car r ied  out in an automatic measurement  
complex. 

The mea.,~urement complex, whose block d iagram is shown in Fig. 1, consists  of a shadow device: photo- 
mult ipl iers  1 and 2, high-voltage power supplies 3 and 24, cons tan t -cur ren t  amplif iers  4 and 5, a two-beam 
osc i l lograph 7 and vol tmeters  8 and 9; a conductometr ic  device: a low-frequency genera tor  10, a precis ion 
separa to r  11, e lec t rochemical  de tec tors  14 and 15, measuremen t  amplif iers  12 and 13, integrating vol tmeters  
16 and 17, and a difference amplif ier  18; and a universal  computing complex (UCC M 6000) 19, to which are  
attached a KAMAK cra te  6 with a terminal  20 and a graph display 21, a pr in ter  22, and a magnetic disk unit 23. 
All three  sections can operate  autonomously .  

In establishing the graph of the film thickness  as a function of time, we used the phase method of the s t ruc-  
tural  averaged signal, making it possible to extract  the charac te r i s t ic  s t ruc tu res  of the separat ion s t ruc ture  
under conditions of a s tochast ic  wave p rocess  and thus to obtain their  general ized "por t ra i t s . "  The p r in t e r ' s  
in ter rogat ion period was determined in this case p r imar i ly  f rom data on the maximum signal frequency, mea -  
sured by a spec t rum analyzer .  The averaging was car r ied  out over  the charac te r i s t i c  phase of the signal H = 
h0(t, x 0, z 0) - (h) ,  more  precise ly ,  {H ~ 0, H =0}.  

The methodology of measur ing  the m a s s - t r a n s f e r  coefficient was car r ied  out by measur ing the gas inlet 
f rom the smooth film 1 - C0/C L and compar ing it with calculation resul ts  of permeat ion theory and with exact  
calculations of convective diffusion equations [7]. The difference between measurements  and calculations did 
not exceed 3-5%. 

The physical  p roper t i es  of the fluid and the gas (surface tension a ,  density p ,  viscosi ty ~) were de te r -  
mined f rom l~mwn tabulated data and controlled direct ly  during the experiments  by means of standard methods. 
To calculate the diffusion coefficient we used the dependence of [8], general izing all known experimental  and 
theore t ica l  resul ts  for D = 132 �9 10-~5/Vgfi pBi, where Vg is the mo la r  volume of the gas, and fi and Bi are  c o n -  

s t a n t s  depending on the type of the fluid. Thus, for CO2, Vg = 37.3 m3/mole ,  and for water fi = 1.0, B i = - 1 . 1 5 .  

In o rde r  to avoid dependences of the diffusion coefficient on the concentrat ion of the dissolving gas, the 
exper iments  on desorpt ion of carbon dioxide gas were car r ied  out at concentrat ions of 50-500 rag/ l i ter ,  which 
is substantial ly less than the saturated fluid concentrat ion.  

2. Inherent  Chaotic Waves. As is well known [5], in the Re region f rom 3-7 to 400 one observes  a stable 
laminar -wave  flow regime,  charac te r ized  by the generat ion of per turbat ions following the smooth portion, lead-  
ing to formation- of l inear and nonlinear two-dimensional  waves. Fur ther ,  at distances of the o rde r  of severa l  
wavelengths they decompose into three-d imens ional  chaotic waves propagating downward along the formation 
flow. 

Using the phase-averag ing  method on the signal of the fluid-film thickness,  general ized "por t ra i t s"  were 
obtained of these  coherent  per turbat ion s t ruc tu res  of the film surface.  Figure 2 shows in the coordinates (h, t) 
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c h a r a c t e r i s t i c  wave p ro f i l e s ,  r emoved  f r o m  the l ines  of wave fo rmat ion  by a d i s tance  of 260 m m  f rom the fluid 
in le t  (water ,  Fi t/11 = 8.79 +_ 0,02, Fi = o3/p3gv 4) , as  a function of Re,  while Table  1 p r o v i d e s  g e n e r a l i z e d  data,  
r e s p e c t i v e l y ,  fo r  the mean f i lm th ickness  (h}, the pe r iod  T, the longitudinal  component  of the phase  ve loc i ty  c, 
and the "wavelength" 2 ~ h 0 / k  (k i s  the wave number ,  and h 0 i s  the Nusse l t  th ickness)  of these  s t r u c t u r e s  for  Re.  

Until the t r a n s i t i o n  to the turbulent  flow r e g i m e  the waves have the shape of independent  ident ica l  su r f ace  
pe r t u rba t i ons  with a s teep  f ront  and mild r e t a r d e d  f ronts .  With i n c r e a s i n g  Re the wave ampl i tude  A = h . / h  0 
i n c r e a s e s ,  ach ieves  max imum values  for  Re _ 20-70, and again d e c r e a s e s .  In th is  case  a lump is  fo rmed  at 
the r e t a r d e d  f ront  of the s t r u c t u r e s ,  which for  l a r g e  Re decays  into a r e s i d u a l  l a y e r  and de c om pos e s  into two 
waves of s m a l l  ampl i tude .  The ampl i tude  of these  fo rma t ions  i n c r e a s e s ,  while that  of the fundamental  wave de-  
c r e a s e s .  In the t r ans i t i on  region  to the turbulent  r e g i m e  (for Re - -  350-400) the ampl i tudes  become c o mmen-  
su ra t e ,  and the shapes  a r e  more  s y m m e t r i c .  A s i m i l a r  evolut ion of the s t r u c t u r a l  shape is  found accord ing  to 
the c l a s s i f i c a t i on  of f i lm r e g i m e  flows ( c a r r i e d  out, for example ,  in [9]) by the va r ia t ion  of the max imum and 
mean f i lm widths with Re. The Re dependences  of the mean  f i lm th ickness  and of the ampli tude,  d i m e n s i o n l e s s  
in the Nusse l t  t h i ckness  h 6 = (3~2/g)i/~Rel/3 of a smooth  f i lm,  and of the wave pe r i ods  and t h e i r  phase  ve loc i t i e s  
a r e  a l so  found in good a g r e e m e n t  with the da ta  of [10-12]. As is seen  f rom Fig.  2 and Table 1, an e x t r e m u m  
in the behav io r  of wave c h a r a c t e r i s t i c s  is obse rved  in the region  of values  Re = 50-100, r e l a t e d ,  obviously ,  to 

the r e a r r a n g e m e n t  of the s t r u c t u r a l  p ro f i l e s ,  a c oa r s e n i ng  of t he i r  leading front ,  and an i n c r e a s e  in the r e l a t i v e  
wave ampl i tude .  All  th is  leads  to a subs tan t i a l  cont r ibu t ion  of non l inear i ty  to the gene ra l  pa t t e r n  of wave evolu-  
t ion.  

The appea rance  of non l inea r  d i s p e r s i o n  effects  in the r e g i m e  of t h r e e - d i m e n s i o n a l  wave flow can be i l -  
l u s t r a t ed  in Fig .  3, where  we i l l u s t r a t e  m e a s u r e m e n t s  of c / u  0 values  as a function of kA = 2 ~ h . / X .  As is  in -  
d ica ted ,  the da ta  a r e  g e n e r a l i z e d  by the dependence c / u  0 ~ (kA)P, s i m i l a r  to that  obtained in [5, 13]. H.ere 

a l / l l  p = - 1  for  the s t r u c t u r e s  (line 1) nd p = - 0 . 4 6  for  two-d imens iona l  waves (using in 2 Re = 10-31, F i  = 9.2, 
and in 3 the da ta  of [13] fo r  Re = 4--12, Fi l/li = 3,55, Fi = a~/(pagv4)). 

S imul taneous ly  with s tudying wave dynamics  of an inheren t ly  d i scha rg ing  f i lm,  dependences  were  obtained 
of the in tens i f ica t ion  fac to r  of m a s s  t r a n s f e r  Sh/Sh 0 as a function of Re at  Sc = 582 for  s ix teen  values  of the 
length L of the m a s s  exchange por t ion,  s e v e r a l  of which a r e  shown in Fig .  4. Here  we used the e x p r e s s i o n  as  
the m a s s - t r a n s f e r  coeff ic ient  for  a smooth  f i lm Sh0 = V6h0Pe/nL, where  the P e c i e t  number  is Pe  = q /D .  

406 



~0 

2 

o, oz o, o2  q o s  o,~ 

Fig .  3 

\ 
\ 

\ . 
�9169 

' 

k A = 2 ~ Z h . ~  

S2_~ L, cm 
Sh o o 69,5 

e 56 

;r ~L_o, "~ ~ X  �9 30 
~ . - - . . . a - /~  , ~ . ~ \ " x  0 �9 20 
~'~' .." Z .J_--~_ - ' . ~ " k " ~  ,, lz ' d - :  'k 
1,5 f 

, ~__~"  . . . . . . . . . .  \ - ~  

0,51 . . . . .  _J_ _ . . L _ _ L ~  __L._ 
" 10 2 0  5 0  5 0  1 0 0  ZOO @e 

Fig.  4 

�9 Sh/S%] 

r ~ o  7 o ' ~,~o-~ , , ~  

7 . . . .  I �9 

0 f A 2 X, cm 0 2 # i-J./2 
Fig.  5 

[ . I  | 

We proceed  to analyze  these  r e s u l t s .  As is seen,  except  fo r  the in i t ia l  por t ion  ( region I in Fig .  4), fo r  a l l  
inves t iga ted  lengths of the m a s s - t r a n s f e r  por t ion,  the r e l a t i ve  m a s s -  t r a n s f e r  coeff ic ient  in i t ia l ly  i n c r e a s e s  sub-  
s t an t i a l ly  with i n c r e a s i n g  Re until Re ~ 20-30, while for Re > 100 i t  i s  subs tan t i a l ly  reduced to Sh/Sh 0 ~ 1. A 
c o m p a r i s o n  has  been prov ided  between expe r imen ta l  data  and the r e s u l t s  of [2] (line 1, Sc = 3750, L = 29.5 cm) 
and [14] (line 2, Sc = 600, L = 57 cm). Good ag reemen t  is  not iced in the gene ra l  t endenc ies  of the dependences  
for  each of the c o m p a r a b l e  expe r imen t a l  condi t ions,  and the r e s u l t  of [2] concerning  the growth in the in ten-  
s i f i ca t ion  f ac to r  with i n c r e a s i n g  Sc has been ver i f ied  (for o the rwise  equal condit ions).  The effect  of the p o r -  
t ion of flow e s t ab l i shmen t  at the input i s  e x p r e s s e d  in the low values  of the in tens i f ica t ion  f ac to r  (Sh/Sh 0 < 1) 
up to values  L = 9-12 cm for  Re - 100. On the o ther  hand, i t  is  lmown that  the o c c u r r e n c e  of waves at the f i lm 
su r f ace  at these  Re values  t akes  p lace  at d i s t ances  of 5-10 cm f rom the input [5]. It is  c l e a r  that  at these  d i s -  
t ances  the i n c r e a s e  in the m a s s - t r a n s f e r  coeff ic ient  f rom ze ro  at L = 0 o c c u r s  due to both the e s t ab l i shmen t  of 
a s e m i p a r a b o I i c  veloci ty  p rof i l e  and to wave format ion .  We note that  for  an incl ined f i lm the evolution of a 
ve loc i ty  p ro f i l e  and of waves occu r s  at longer  d i s t ances  f rom the inlet ;  t h e r e f o r e ,  the in tens i f ica t ion  fac to r  
mus t  be s m a l l e r  than on a ve r t i c a l  wall .  

3. Quas i s t a t i ona ry  Exci ted  Waves.  F o r  maximum length of the opera t ing  por t ion  (L = 70 cm) the con- 
t r ibu t ion  of the in i t i a l  por t ion  to the mean m a s s - t r a n s f e r  coeff ic ient  is  s igni f icant .  To e l imina te  th is  effect,  
model ing  was under taken  of the waveflow r e g i m e s  by qua s i s t a t i ona r y  exci ted  f luctuat ions of the d i scha rg ing  
fluid. The p o s s i b i l i t y  of th is  model ing was i l l u s t r a t e d  in [5], where  it was shown that  the wave r e g i m e  i s  e s -  
t ab l i shed  at  d i s t a n c e s  of the o r d e r  of a wavelength f rom the a p e r t u r e  of the gap f rom which the f i lm flows. 
The advantage of th is  approach  i s  that  the p rob lem of t heo re t i c a l  model ing  of the m a s s - t r a n s f e r  p r o c e s s  is  
f ac i l i t a t ed ,  lh this  case  it must  be r e m e m b e r e d  that  the exci ted  waves r e t a in  the two-d imens iona l i t y  and p e r i -  
odic i ty  for  Re not exceeding  30-40. 
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The proper t ies  of two-dimensional  quasis ta t ionary waves have been investigated quite well [5]. The re -  
fore,  we note here  only the nonlineari ty of the s ta t ionary excited waves (lines 2, 3 in Fig. 3) and the small  con- 
tribution (~4gc) of waves to the relat ive surface  enhancement (length ~ ) of the phase separat ion boundary. 

Figure  5 shows the experimental  resu l t s  of investigating waves and mass  t r ans fe r  at Re = 10 for  three 
waveflow reg imes .  On the left are  shown the excited wave profi les  and their  wave charac te r i s t i c s ,  and on the 
right the corresponding dependences of the intensification fac tor  ] / ~ 7 ~  (for a smooth film Sh0 ~ t / ] / ~ .  
In the plots one can t r ace  the charac te r i s t i c  l inear  increase  of Sh/Sh 0 with ] f ~  at shor t  dis tances f rom 
the inlet. Fur ther ,  reaching saturation,  the functional dependence s t a r t s  decreas ing,  and can acquire again 
values of the o rde r  of 1. Similar  experimental  dependences of Sh/Sh 0 on dimensionless  length (selected f rom 
Fig. 3 for  chaotic waves), obtained in the r eg imes  corresponding to those shown in Fig. 2, are  shown in Fig. 6. 

As seen by compar ing the plots, the shape of the dependence of Sh/Sh 0 on ]/L--~ is determined by the 
wave cha rac t e r i s t i c s  of the flow. Trac ing  the variat ion of this function with wave velocity and amplitude, it 
can be noted that tors ion in the initial port ion of the curves  and large  absolute values of the maximum inten- 
sification fac tor  are  achieved for la rge  values of wave velocity and amplitude and for  longer waves with sma l l e r  
wave number.  This fact was f i rs t  noted in [1, 2]. As to flows with chaotic waves, as seen f rom Fig. 6, as a 
whole the nature of increase  in the m a s s - t r a n s f e r  intensification factor  (Sh/Sh0) with length is retained, though, 
as shown below, the role of the initial hydrodynamic a n d m a s s - t r a n s f e r  port ions is more  substantial in this case 
than for quasis ta t ionary two-dimensional  wave flow. 

4. Model of the Transpor t  P roces s .  Similar ly  to the problem investigated for  a smooth film, in the dif-  
fusion problem of a weakly dissolved gas we consider  two limiting cases  of values of the phase  contact t ime 

= L / h  Pc: 8 << 1 and 0 ~ 1. At 8 > 1.67 the film is a l ready fully saturated by the gas (for absorption) or  
by depletion (for desorption).  

The analysis  of gas diffusion in a discharging wave film with 8 << 1 was car r ied  out in [3, 4]. Analysis  
of the problem with Pe >> 1 shows that for long waves (e ---- <h)l~. << t)' of large amplitude with So ,~ l / J ,  Re 

1 - 1 / ~ 2, in the t ranspor t  equation written in the coordinates  ::(~. = x - -  ct, X ---- ] ] / i  -}- h~ dx, i*l = ] / i  + hl  (h - -  y) ,  
0 

it is  n e c e s s a r y  to take into account the curva ture  of the phase separat ion surface,  which is expressed in t e r m s  
of cor rec t ions  of o rde r  e and e2 to the coefficients in front  of the derivat ives .  

For  s ta t ionary waves the problem is writ ten in the form 

o___c ~_vs a_c w~ o~c 
a~ - -  w s az - e Pe - ~ T ,  

X = 0 ,  C = t; ~ = 0, C =  0; ~-+oo~ C--~l ,  (4.1) 
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w h e r e  C = (C - -  Cs)I(C o - -  Cs); Ws = Us is the s u r f a c e  ve loc i ty  in a coord ina te  s y s t e m  a t tached  to the wave,  

-- - -  J" Ud~l ; we used the condi t ion  of a b se nce  of tangent ia l  s t r e s s e s  at the s u r f a c e  8 u / 8  r = 0 for  ~ = 0, and 
0 

S is t h e  value of  the quant i ty  at  the s e p a r a t i o n  s u r f a c e .  Solv ing  the s y s t e m  (4.1) by the  methods  used in the 
r e f e r e n c e s  quo!~ed, we obta in  a f te r  a v e r a g i n g  the gas  flow o v e r  the  phase  ~ and the length 5~ of the s u r f a c e  

_ V T  I~ I I 11 '=  
Sh---~ = r~ j W--~s ] j Wsd~l  d~. (4.2) 

o (=~(~%(~)) 

1 

H e r e  ~ = L S ] / t  + e~h~dx; Sho = V ~  ~f is the m a s s - t r a n s f e r  coef f ic ien t  of  a s m o o t h  f i lm of length .~ 
0 0 

r Usa 
and width (h>, and g~ = I[-1; fl(~) :=  J ~ - s  dg. Accord ing  to [4], fo r  .~ << I the expans ion  of the lower  l imi t  

/ ! I of the i n t e g r a l  in (4.2) in a s e r i e s  leads  to g l ( ~  -F J~(~)) = ~_ + ~ J~(~) + 0 ( ~ )  = ~ - -  W s ~ l U U s  q- 0 ( ~ ) .  The 
m i n i m u m  values  of the in tens i f i ca t ion  f a c t o r  a r e  then 

1 

0 
(4.3) 

At the points  -(F,, ---- m]l(~) (m = ~., 2 . . . .  ) e x p r e s s i o n  (4.2) a c q u i r e s  the value 

= ~ h ( 1 )  (4.4) 

s ince  gl(mfl(l)  + ]~(~) = pl(/l(m + ~)) = rn + ~. E x p r e s s i o n s  (4.3) and (4.4) a r e  independent  o f t h e n u m b e r  of 
waves  at the m a s s - t r a n s f e r  por t ion ,  with va lues  both s m a l l e r  and l a r g e r  thma u n i t y .  

The  r e s u l t s  obtained above di f fer  f r o m t h e  data  of [4] only in that  he re ,  by m e a n s  of Ws = Y ~ + e~h~ws + c, 
Us = us + e~h'vs within the a p p r o x i m a t e  equat ion  we accounted  fo r  the  efs of the c u r v a t u r e  of the s e p a r a t i o n  
s u r f a c e ,  which is subs tan t i a l  for  l a r g e - a m p l i t u d e  waves  for  m o d e r a t e  Re.  

In the c a s e  of  m o d e r a t e  values  of the phase  con tac t  t ime  in a smoo th  f i lm with 0 > 0.1 a va r i a t ion  of the 
gas  concen t r a t i on  o c c u r s  o v e r  the whole f i lm fl~ickness. It is  a s s u m e d  tha t  this  condi t ion is a lso  sa t i s f ied  
dur ing  wave mot ion  of  the f i lm s u r f a c e  

c ( L  x,  ~) = - J ( L  z)9(~),  ~ = i - ~ T h ( ~ ) ,  

where  the funct ion r is given as  
�9 

3 ~2 - -  bl 3 b2n-3  - -  b2n+l  
9 (~) = b2n_l~ 2~-~, b, = 1, b a = -~ ,.~ ~ , 3 '  b2,~+~ = "5 ~2 ~n(2-Z-+ U ~ 

and s a t i s f i e s  the fol lowing condi t ions  at the f r e e  boundary  and at the sol id wall 

q)(O) : O, q) l (O)  : O. 

Using the usual  a s s u m p t i o n  of  local  s e m i p a r a b o l i c  ve loc i ty  p rof i l e  of the f i lm,  i n t eg ra t i on  a c r o s s  the fluid l a y e r  
leads  to the  p r o b l e m  of d e t e r m i n i n g  the gas  flow dens i ty  th rough  the s e p a r a t i o n  boundary:  

0~ ~ w s 0 =  7 s  x = x  0 , ] = ] 0 ( ~ ) ,  

1 1 

v = j" 9d~, a = S 19dUT, ~ = 9' (0)/s Pe 7, 9' (01 = t ,  I (~) = 1 -- ~-~. 
0 0 

(4.5) 

The solut ion oil (4.5) is 
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sh/S~o 

Fig .  7 

000 0 

r 

" - '  ' IfZl,  

] (~, x) = / o ( g )  u's [g2 (x- -%+I~(~)) ]  exp I~ - a~ 
Ws (g)j Ws h2 

g~(X-Xo+#=(~) ) 
0 

g~  = 1-;:, 1~ (~) = o: a%,  w s  = ~ u s  - c .  

F o r  0 _> 0.1 the  m a s s - t r a n s f e r  coe f f i c i en t  of a s m o o t h  f i l m  i s  g iven  by the  fo l lowing  e x p r e s s i o n  wi th  an e r r o r  
not  e x c e e d i n g  2% 

Sh o = - -  In [R: exp ( '  ~0)1/0, R1 = 0,8056,. ~[ = 3,41 

and the  i n t e n s i f i c a t i o n  f a c t o r  i s  w r i t t e n  in the  f o r m  

? ~ [w s + t -- c] h 2 
Sh = (3.41 + 0.2t60) -1 0 Sh 1 + ~ k (~) 1 "  u'sh2/fi Sh o 

a = 0,59, fi = i /yePe,  y = 0,316. 

• 

(4.6) 

One e a s i l y  o b t a i n s  e x p r e s s i o n s  fo r  the  i n t e n s i f i c a t i o n  f a c t o r  a t  t he  p o i n t s  L m - x 0 = mr2(1) (m = 1, 2, 3 . . . .  ), 

s i n c e  g2(Lm - x 0 + f2(~ )) = g2(f2( m + ~)) = m + } : 

( ) S h ~ = ( 3 . 4 1 + 0 . 2 1 6 0 )  -1 z 0 S h i +  ~ r  s + t - c )  h ~]0(~) l - - e x p  ml~ d~ . (4.7) 

S ince  w S < 0, e x p r e s s i o n  (4.7) d e c r e a s e s  wi th  i n c r e a s i n g  m; t h e r e f o r e ,  (Sh /Sh0)m+ 1 < (Sh/Sh0) m.  

5. C o m p a r i s o n  wi th  E x p e r i m e n t .  C a l c u l a t i o n s  by Eqs .  (4.2) ( l ine  1 in F ig .  7b) and (4.6) ( l ine 2) fo r  the 
wave  (Fig .  7a) r e c o r d e d  in the  e x p e r i m e n t  a r e  c o m p a r e d  in  F ig .  7b with  m e a s u r e d  v a l u e s  of  S h / S h  0 f o r  Sc = 
578, F i  = 3.85 �9 1010 , Re  = 10, T = 85.4 m s e c ,  c / u  0 = 3.2. 

The  f i l m  s u r f a c e  v e l o c i t y  has  been  e s t a b l i s h e d  u n d e r  the  a s s u m p t i o n  of  r e t a i n i n g  the  d i s c h a r g e  at  the  d i s -  
t a h o e  of one w a v e l e n g t h  [5]. The  g a s  f low d e n s i t y  J0(~) in  (4.7) was  d e t e r m i n e d  by s o l v i n g  (4.1) a t  L = x  0, and 
fo r  Sh 1 we s e l e c t e d  the  Sh va lue  at  x 0 = 20.0 (36 cm) .  Good q u a l i t a t i v e  a g r e e m e n t  can  be noted  b e t w e e n  the  e x -  
p e r i m e n t a l  and m o d e l  d e p e n d e n c e s  both for  the  i n i t i a l  ( 8 < 0.044) and for  the  e v o l v e d  ( 0 > 0.1) d i f fu s ion  p o r t i o n .  

I t  was  shown t h e o r e t i c a l l y  in [4, 15] t ha t  the  e f f ec t  of w a v e s  on d i f f u s i o n  of  a w e a k l y  d i s s o l v e d  gas  in  a 
d i s c h a r g i n g  f i l m  i s  r e l a t e d  to the  i n c r e a s e  in  the  l o c a l  gas  f low in t r o u g h s  a t  the  t r a i l i n g  f r o n t s  of  t he  w a v e s ,  
w h e r e  the  f luid f lows  t o w a r d  the  f r e e  s u r f a c e .  Th is  is  r e l a t e d  to c o m p r e s s i o n  in  the  t r o u g h s  and e x p a n s i o n  in  
t h e  c r e s t s  of  t he  c u r r e n t  l i n e s ,  c a r r i e d  out  d u r i n g  wave  m o t i o n  be low the  f low.  

In i n t e r p r e t i n g  the  d e p e n d e n c e s  ob t a ined ,  an i m p o r t a n t  quan t i ty  i s  t h e  d r i f t  t i m e  of the  wave  s y s t e m  with  

r e s p e c t  to t he  f low, which  can  be de f ined  a s  ~d = .! d~/(c - -  us). In the  l a b o r a t o r y  c o o r d i n a t e  s y s t e m  t h i s  t i m e  
L 0 

c o r r e s p o n d s  to  a d i s t a n c e  L1 = c S d~/(Us - -  c) f r o m  the  i n l e t ,  on which  the  f luid u n d e r  the  (i + 1 ) - th  wave  i s  t o t a l l y  
0 

d i s p l a c e d  by the  f lu id  found a t  the  beg inn ing  of the  m o t i o n  u n d e r  the  i - t h  wave ,  and,  c o n s e q u e n t l y ,  i s  d e p l e t e d  
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by the gas (in the case  of its desorption).  Depending on the relationship of L 1 values, the cur ren t  lengths of 
the mass -exchange  portion L, and the di f fus ion- layer  length Ld -< 0"067h0 Pe (the equality corresponds  to a 
smooth film), a different behavior of Sh and Sh/Sh 0 with varying dimensionless  distance f rom the inlet (number 
of waves on the film) is observed.  This is related to the effect of the velocity profile in the film on the evolu- 
tion of the concentrat ion profi le  near  the free surface .  

At dis tances L ~ L 1 << L d the diffusion l aye r  is thin, and each of these distances leads to a maximum in- 
c r ease  of the local gas flow, while in this region Sh/Sh 0 ~ (L/X)1/2 (curve I in Fig. 7). With fur ther  increase  
in L the width of the diffusion layer  is enhanced and the drift  t ime is shortened, leading in turn to reduced val- 
ues of the local maxima of the intensification fac tor  [4]. It is p rec ise ly  this mechanism which underlies the 
continuous inc rease  in Sh/Sh 0 predicted in [4] for u S ~ c. For  L > Ld the intensification factor  (delaying its 
growth) reaches  maximum values and dec reases ,  but the s lower it is, the longer is the drif t  t ime. 

The t r a n s v e r s e  velocity fluctuations in the leading wave front inc rease  with increas ing  wave amplitude, 
and, consequently, so do the local gas flow in the wave troughs and the intensification factor .  For  large L > L d 
the decay in Sh/Sh 0 occurs  more  slowly for la rge-ampl i tude  waves. The effect of the wave length and of the 
fluid p roper t i es  on m a s s  exchange can be accounted for  by means of the p a r a m e t e r  ePe. The la rger  ePe is, 
the fas te r  Sh/Sh 0 inc reases  for  L << L d and dec reases  for L >> L d. 

What was said is also valid for chaotic r eg imes  (see Fig. 6). Here,  however,  the presence  of extended 
initial hydrodynamic and, consequently, mass -exchange  port ions leads to substantial ly lower Sh/Sh 0 values (for 
given L/X) in compar i son  with the quasis ta t ionary two-dimensional  wave regime.  

In conclusion we note that within the concepts presented one can now understand and descr ibe  our data on 
mass  exchange in a film as a function of its wave pa ramete r s ,  and explain inconsistent  experimental  resul ts  of 
other  authors.  

L I T E R A T U R E  C I T E D  

1. V. Beshkov and Khr. Boyadzhnev, "Effect  of waves on mass  t ranspor t  during film flow," Izv. Khim. Belg. 
Akad. Nauk, 1_~.1,209 (]978). 

2. V . E .  Nakoryakov, B. G. Pokusaev, and S. V. Alekseenko, "Effect  of waves on desorption of carbon di-  
oxide gas f rom discharging fluid f i lms," Teor.  Osn. Khim. Tekhnol., 17, No. 3 (1983). 

3. E. Ruekenstein and C. Berbente,  "Mass t r ans f e r  to falling liquid films at low Reynolds numbers ,"  Int. 
J .  Heat t~[ass Transfe r ,  11.1, No. 4 (1968). 

4. P . I .  Geshev and A. M. Lapin, "Diffusion of a weakly dissolved gas in discharging wave fluid fi lms," Zh. 
Pr ik l .  Mekh. Tekh. Fiz . ,  No. 6 (] 983). 

5. V . E .  Nakoryakov, B. G. Pokusaev, and I. R. Shreiber,  Wave Propagat ion in Gas-  and Vapor-Fluid Media 
[in Russian],  ITF SO AN SSSR, Novosibirsk  (1983). 

6. K . B .  Radev, "Conductive measurement  method of studying mass  exchange p rocesses  between phases in 
gas-f luid flows," in: Heat Mass Trans fe r  in One- and Two-Phase  Systems [in Russian],  ITF SO AN SSSR, 
Novosibirsk  (1983). 

7. Z. Rotem and J.  E. Neilson, "Exact  solution for diffusion to flow down an incline," Can. J .  Chem. Eng., 
47, No. 3 (1969). 

8. H. Sovavi[, "A corre la t ion  of diffusivities of gases in liquids," Coll. Czechoslov.  Chem. Comm.,  4__1, No. 12 
(1976). 

9. T. Ishihara,  Y. Iwagak, and Y. Iwasa, 'D i scuss ion  on roll waves and slug flows in inclined open channels," 
Trans .  A:mer. Soc. Civil Eng., No. 126 (]961). 

10. S. Porta lski ,  "Studies of falling liquid film flow. Film thickness on a smooth vert ical  plate," Chem. Eng., 
Sci., 1_~8, :No. 12 (1963). 

11. I . A .  Rogovaya, V. M. Olevskli, and N. G. Runova, "Measurement  of pa r ame te r s  of film wave flow on a 
ver t ical  plate," Teor.  Osn. Khim. Teldmol., 3, No. 2 (1969). 

12. K . J .  Chu and A. E. Dukler, "Statist ical cha rac t e r i s t i c s  of thin wavy films," AIChE. J . ,  21, No. 3 (1975). 
13. V . E .  Nakoryakov, B. G. Pokusaev,  and S. V. Alekseenko, "Stationary two-dimensional  rolling waves on a 

vert ical  fluid film," Inzh. Fiz. Zh., 30, No. 5 (1976). 
14. N .N .  Kulov and V. A. Malyusov, "Mass t r a n s f e r  in a tube with i r r igat ion discharge and a mobile fluid 

film," Teor .  Osn. Khim. Tekhnol., 1, No. 2 (1967). 
15. P . I .  Geshev, A. M. Lapin, and O. Yu. Tsvelodub, Heat and Mass Trans fe r  in Wavy Discharging Fi lms:  

Hydrodynamic and Mass Trans fe r  in Flows with a F ree  Surface [in Russian],  ITF SO AN SSSR, Novosi-  
b i r sk  (19136). 

411 


