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The charac te r i s t ic  features  of s t roboscopic visualization and the possibil i t ies of using this 
method for studying the flow of thin fi lms are  considered.  The velocity field and the field 
of turbulent pulsations are  studied experimental ly for the film flow of liquids with Reynolds 
numbers  of R = 40-1770. 

The experimental  analysis  of the kinematic charac te r i s t i c s  of liquid f i lms involves a number  of special  
features .  F i r s t  of all, the measurements  are  made in a thin boundary layer;  when even the smal les t  ve loc-  
ity sensors ,  such as the f i laments of a the rmoanemometer  or  the adapter of a Pitot tube, a re  introduced into 
this layer,  there may be considerable changes in the s t ructure  of the flow, the dimensions of the velocity 
sensor  being commensurable  with the linear dimensions of the flow. The use of a thermoanomometer  for 
studying flow in thin layers  of liquid cannot be regarded as very  efficient, since fi laments down to one mi-  
cron in size a re  required for measurements  close to the wall and par t icu lar ly  inside the viscous underlayer .  
The manufacture of such sensors  and the question of ensuring their  stability a re  complicated problems.  A 
further  complication is the existence of a free,  undulating surface of the liquid film [1, 2]. Rigorous demands 
are  made upon the cleanness of the whole experimental  set-up,  since the "quality" of the fi lament depends 
very  great ly  on the state of its surface.  Ear l i e r  at tempts at using a thermoanemometer  were r e s t r i c t ed  to 
studying simply the average values of the longitudinal velocity component, and only then within the limits of 
the continuous boundary (wall) layer .  The diameter  of the filament was in this case ten microns ,  which could 
hardly fail to affect the accuracy  of the resu l t s  [1]. For  measurement  in a thin boundary layer  it is essent ial  
to allow for the effect of the wall on the readings of the instrument,  this influence being very  considerable 
and the determination of the corresponding correc t ion  frequently being difficult [3, 4]. 

In view of all this, visualization methods assume a par t icular  interest  [5-7]. 

In the present  investigation we studied the flow of a descending liquid film by the s t roboscopic v isua-  
lization method [6], using a genera tor  producing a t ra in  of very  strong light pulses [8]. The essence of the 
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Fig. 1 

method lies in photographing small  l ight-scat ter ing or reflect ing par t ic les  in t ro-  
duced into the flow and subjected to pulses of illumination f rom one side. The size 
of the par t ic les  should be less than the scale of the phenomenon under examination, 
i.e., less than the dimensions of the smal les t  vortex which may exist in the flow. 
The t ime required for the par t ic les  to reac t  to an instantaneous change in the cha r -  
ac ter  of the flow should be shor ter  than the shor tes t  t ime scale of the flow. As 
nmarkers"  in this investigation we used spherical  aluminum par t ic les  2-10 t~ in 
size. A ser ies  of flash-lamp pulses gives a ser ies  of images of the same part ic les  
on the photographic film. The distance between two neighboring images enables us 
to determine the two components of the instantaneous velocity vector  u x, Uy (the x 
and y components are  respect ive ly  reckoned along and ac ross  the flow). The mea-  
suring sys tem consists  of an electronic s troboscope [8] and an optical measuring 
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device (Fig. 1) which contains the light source (a flash lamp 1), an optical slit 2, a h igh- t ransmiss ion  ob- 
jec t ive-condenser  3, and the ref lect ing m i r r o r  surface of the working par t  4. The beam of paral le l  r ays  
f rom the light source illuminates a region 5-8 mm in height and of the order  of 3 mm around the pe r imete r  
in the liquid. The photographic camera  5 is focussed on the same region,  its optical axis being inclined 
at a cer tain angle i to the normal  of the m i r r o r  surface.  Control experiments  gave the optimum angle as 
i = 30-40 ~ The camera  is supplied with an at tachment giving the magnification required.  

The use of visualization methods when studying film flows is complicated by difficulties of coordina-  
tion (i.e., establishment of position) re lat ive to the solid surface.  In cont ras t  to flow in a flat t ransparent  
channel [6], there  is in this case no re fe rence  mark on the bottom of the channel which might be exposed on 
the photographic film. The problem is also complicated by the existence of a free surface,  which in the 
overwhelming" majori ty  of cases  has an undulating charac te r  [1, 2]. In a number of investigations [9, 10] no 
coordination was effected at all, and the resul tant  values of the instantaneous velocity were  analyzed on the 
assumption that there was a uniform distribution of the par t ic les  in the liquid film and also that the veloc-  
ity profile constituted a monotonic curve.  However, experiment shows [11] that, even in the case of a uni- 
form concentration of par t ic les  at the inlet, the par t ic les  distribution in the flow is far  f rom uniform. 

The assumption as to the monotonic nature of the veloci ty profile also meets with the objection that 
only the profile of the average velocity may be assumed to be monotonic. An opt ica l -mechanical  method of 
coordination was employed in [12]; a shor t - focus  objective with a very  small  depth of focus (3-5 #) was 
placed in a plane perpendicular  to the washed surface.  All sections r ight  up to the wall were success ively  
illuminated and photographed. In this case the resul tant  information was ext remely  limited, since for each 
individual measurement  only a ve ry  nar row region was illuminated and photographed, there  being a high 
probabili ty of finding no par t ic le  at all  in this region.  In the most favorable case  the factual information 
was limited to the instantaneous values of the longitudinal velocity component. Fu r the rmore ,  ex t remely  
r igorous  demands were imposed upon the accuracy  of manufacturing the mechanism used for moving the ob- 
jective. 

In the present  investigation we used an optical method of coordination. If the surface o f  the working 
par t  along which the liquid fi lm flows is optically specular ,  then each par t ic le  falling into the f rame will 
have both a rea l  and an imaginary image. In the photographic mater ia l  we shall have a "double" t rack of 
the par t ic le .  The real  and imaginary images of the par t ic le  are  symmet r i ca l  with respec t  to the m i r r o r  
plane and equidistant f rom it. The distance of the par t ic le  f rom the wall may be expressed in t e rms  of the 
corresponding coordinates of the ex t reme images of the t rac t :  ~ 1, ~ 3, the ext reme rea l  coordinates  of the 
t rack,  and ~1, V3, the ext reme imaginary coordinates,  as follows: 

Y = {(5~ -- ~l~) + (5 -- n~)] 14 (i) 

In deciphering the t racks  of the par t ic les  we must  r e m e m b e r  that the optical axis Qf the photographic 
camera  is not perpendicular  to the washed surface but inclined at a certain angle i. Since the object of the 
photograph, the "velocity sensor , "  lies in a medium with a re f rac t ive  index n > 1 while the photographic 
objective lies in air  with n = 1, we must take account of the re f rac t ion  of the incident and ref lected light 
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r a y s  at  the boundary of the two media.  Allowing for re f lec t ion  and r e f r ac t ion  and the magnif icat ion of the 
object ive with the adapter  N, the re la t ionship  between the r ea l  dis tance f rom the wall  and the value r eco rded  
in the photographic ma te r i a l  may be wri t ten  

(~, - -  % )  4 -  (~3 - -  *is) 
Y= 4Nsi~ i l / t  + (t -- n12/n~') tg~i (2) 

The s t ruc tu re  of the flow was studied in an appara tus  the working pa r t  of which consti tuted a ve r t i ca l  
cyl indr ica l  channel 1000 m m  long with a d i ame te r  of 43 m m  made of KhlSN10T steel .  The outer  sur face  of 
the working sect ion was carefu l ly  polished so as to give an opt ical ly specular  sur face .  The working liquid, 
dist i l led water ,  was fed to the outer  surface  of the working section through a slot  d is t r ibutor  f rom a tank 
with a constant  f r ee  level .  

We studied the veloci ty  and turbulent  pulsat ion fields in a c ro s s  section lying at  a dis tance of 530 mm 
f rom the ent rance ,  the spraying liquid having a t e m p e r a t u r e  of t = 23-28~ and the spraying densi ty  being 
F = 0.03-1.5 k g / m .  sec.  In this way we studied the liquid f i lm flow for a range  of Reynolds numbers  (as 
de te rmined  f rom the th ickness  and veloci ty  of the film) R = 40-1800, i .e. ,  both the l aminar -undu la to ry  and 
turbulent  modes of liquid f i lm flow [2]. F igure  2 shows the prof i les  of the ave rage  fi lm veloci ty  exp re s sed  
d imens ionless ly .  The distance f rom the wall  is normal ized  with r e s p e c t  to the f i lm th ickness  5, de te rmined  
by the m a s s  flow and the exper imen ta l  veloci ty  prof i le .  

The continuous l ines r e p r e s e n t  the quadrat ic  ve loci ty  dis t r ibut ion for  the laminar  mode of flow (1) and 
the power  dis tr ibut ion with a power  index 1/7 f o r  the turbulent  mode (2). We see f rom the curves  that  for 
low intensi t ies  of sprinkling (R = 40, 60, 140, points 3, 4, 5 in Fig. 2) the re  is a fa i r ly  good a g r e e m e n t  with 
the parabol ic  veloci ty  distr ibution.  Thus,  despite  the exis tence of wave motion on the sur face  of the f i lm,  
the ave r age  flow is in fact  l aminar .  The wave phenomena on the sur face  may be compared  with the in t e r -  
mittent  nature  of the outer  boundary of the boundary layer  when the ave rage  veloci ty  prof i le  r e m a i n s  mono- 
tonic.  With  increas ing  sprinkl ing intensity (R > 200, points 6, 7), laminat ion of the veloci ty  prof i les  occurs ,  
the veloci ty  gradient  at the wall  i nc r ea se s ,  the degree  of filling of the prof i le  i nc r ea se s ,  and the re  is a g r a d -  
ual t rans i t ion  f rom the l aminar -undula to ry  to the turbulent -undula tory  mode of flow. However ,  even for the 
g r ea t e s t  spr inkl ing intensity (R = 1770, points 7) the veloci ty  prof i le  st i l l  d i f fers  cons iderably  f rom the p r o -  
file of  wel l -developed turbulent  flow based on the 1/7 law (curve 2). 

We studied two components  of the intensity of the veloci ty  pulsat ions Ux', Uy.' F igures  3 and 4 show 
the mean square  values  of these  quanti t ies r e f e r r e d  to the mean flow veloci ty  a . =  ~ / ~ x ,  aY = ~r 
for two modes of flow, R = 60 and 1770 (points 2 and 1 in Figs .  3 and 4 respec t ive ly) .  

F i r s t  of all,  we should note the p re sence  of fa i r ly  la rge  longitudinal veloci ty  pulsat ions for all  modes 
of f i lm flow, including low densi t ies  of sprinkling.  T r a n s v e r s e  pulsat ions were  a lso  r eco rded  for al l  modes 
of flow, but the i r  intensity was much weaker  than that  of the longitudinal pulsat ions ,  and only for  the g r ea t e s t  
sprinkling densi t ies  did it approach  the level  of the la t te r .  Fo r  low sprinkl ing densi t ies ,  cor responding  to 
the quadrat ic  distr ibution of the mean veloci ty,  the t r a n s v e r s e  pulsat ions a r e  an o rde r  of magnitude s m a l l e r  
than the longitudinal, the i r  value increas ing  slightly on moving away f rom the wall.  

For  both longitudinal and t r a n s v e r s e  pulsat ions there  is a c lea r  tendency to inc rease  with increas ing  
densi ty of the sprinkling.  The t r a n s v e r s e  pulsat ions inc rease  more  rapidly .  
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