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ABSTRACT 
E x p e r i m e n t s  were  c o n d u c t e d  to d e v e l o p  a b e t t e r  u n d e r s t a n d i n g  of  
stress distribution at the interface of alr-drlven liquid films using 
solid waves similar in shape to the Interracial disturbances. Pres- 
sure and v e l o c i t y  measu remen t s  a round  the  c o n t o u r  of  each  wave i n d i -  
c a t e  t h a t  t h e  a i r  f low s e p a r a t e s  from the  downs t ream s i d e  of  t he  
wave.  These  r e s u l t s  s u g g e s t  t h a t  t h e  mass and momentum t r a n s p o r t  o f  
l i q u i d  f i l m s  i n  p a r a l l e l  t w o - p h a s e  f low may be domina t ed  by form d rag  
f o r c e s  e x e r t e d  on the  i n t e r r a c i a l  waves r a t h e r  t han  s h e a r  f o r c e s .  

I n t r o d u c t i o n  

C o n s i d e r a b l e  a t t e n t i o n  has  been  g i v e n  by many r e s e a r c h e r s  to t he  p rob lem 

o f  p r e d i c t i n g  s p a t i a l  v a r i a t i o n s  of  the  s h e a r  s t r e s s  and p r e s s u r e  a t  t he  

i n t e r f a c e  of  a l i q u i d  f i l m  d r i v e n  by p a r a l l e l  gas  f l o w .  For  s m a l l  wave a m p l i -  

t u d e s  such  v a r i a t i o n s  a r e  s i n u s o i d a l  [ 1 - 3 ] .  Thus they  can be d e s c r i b e d  by 

w e l l  e s t a b l i s h e d  l i n e a r i z e d  momentum e q u a t i o n s .  However,  a c c o r d i n g  to  more 

r e c e n t  e x p e r i m e n t a l  r e s u l t s  [ 4 ] ,  s e p a r a t i o n  and f low r e v e r s a l  o c c u r  o v e r  s o l i d  

wavy w a l l s  f o r  wave a m p l i t u d e  to w a v e l e n g t h  r a t i o s  i n  e x c e s s  of  0 . 0 1 6 5 .  Thus ,  

i t  i s  q u i t e  p o s s i b l e  t h a t  t he  m o t i o n  of  a " s h e a r - d r i v e n "  f i l m  i s  a c t u a l l y  dom- 

i n a t e d  by form d r a g .  

The p r e s e n t  s t u d y  f o c u s e s  on the  mechanisms of  i n t e r r a c i a l  instability of  

an alr-drlven liquid film, and on the spatial variation of pressure along the 

alr-llquld interface. 

535 



536 I. Mudawwar Vol. 13, No. 5 

Experiments 

The test facility, which is shown in Fig.l, consisted of a wind-tunnel, 

a i r  n o z z l e ,  l i q u i d  r e s e r v o i r  and f e e d i n g  s e c t i o n ,  a f low c h a n n e l  and a me a s -  

u r e m e n t  cylinder. A I/4-hp air blower equipped with a speed controller pro- 

vided a wide range of air speeds into the flow channel. The end of the 

diffuser was i00 cm by i00 cm in cross section where several screens were 

mounted in parallel to eliminate vorticity effects created by the air blower. 

The air nozzle at the inlet to the flow channel was covered with a smooth 

layer of Mylar to avoid local flow separation. It provided a flow area reduc- 

tion of 30.48 cm Dy 30.48 cm to 4.76 cm by I0.16 cm over a distance of 30.48 

cm. Nozzle flow calculations suggested that the boundary layer near the noz- 

zle outlet was very thin and could be assumed to start at the inlet to the 

flow channel. Rubber damping plates were installed at both ends of the nozzle 

to minimize vibration induced by the air blower. 

The rectangular flow channel consisted of an inlet liquid feeder and as 

many as three identical downstream sections 68.68 cm long and 5.08 by lO.16 cm 

in cross section. The side walls and upper cover of each of these sections 

were fabricated of 12.7 mm thick plexiglass for optical accessibility. Liquid 

i n j e c t i o n  i n t o  t h e  c h a n n e l  was p r o v i d e d  by a r e c t a n g u l a r  g r o o v e  m a c h i n e d  i n  

t h e  bo t tom w a l l  o f  t h e  f e e d e r  a t  a 45 d e g r e e  a n g l e  w i t h  r e s p e c t  to  t h e  a i r  

flow. The groove width was adjustable over a range of 0.318 0.794 mm by 

means of special adapters, The liquid front at the groove was protected 

against instabilities created by air drag by a 0.32 mm steel plate which 

extended between the groove and the air nozzle. Solutions of various concen- 

trations of glycerin in water were tested in these experiments. Gravity feed- 

ing was preferred to using a pump to prevent the generation of flow instabili- 

ties by mechanical vibrations. The liquid was stored in a large reservoir 

mounted on an elevated platform above the flow channel. Liquid injection into 

the channel was controlled by a valve installed at the bottom of the feeder. 

The liquid flow was brought to stagnation inside a reservoir attached to the 

bottom of the feeder to achieve uniform flow at the injection groove. The 

liquid flow rate was measured by collecting the film inside a calibrated 

cylinder at the end of the channel, The channel sections were carefully 

flanged together to ensure a smooth bottom wall. Pressure taps were mounted 

through the cover of each section. Several pitot-static and stagnation probes 
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FIG ] Schematic diagram of the experimental facility 

w e r e  u t i l i z e d  f o r  v e l o c i t y  m e a s u r e m e n t s .  V e l o c i t y  p r o f i l e s  n e a r  t h e  b o t t o m  

w a l l  w e r e  o b t a i n e d  u s i n g  a 0 . 5 0  mm b o u n d a r y  l a y e r  t u b e  w i t h  a f l a t t e n e d  t i p  t o  

m i n i m i z e  t h e  s h i f t  i n  t h e  e f f e c t i v e  c e n t e r  o f  m e a s u r e m e n t .  A v e r t i c a l  m i c r o m -  

e t e r  t r a n s l a t i o n  s t a g e  w i t h  a 0 . 0 1  am a c c u r a c y  was  u s e d  t o  c o n t r o l  t h e  e l e v a -  

t i o n  o f  t h e  b o u n d a r y  l a y e r  p r o b e .  The  b o t t o m  w a l l s  o f  t h e  c h a n n e l  s e c t i o n s  

w e r e  f a b r i c a t e d  o f  a l u m i n u m .  F o r  some  t e s t s ,  c h i l l e d  e t h y l e n e  g l y c o l  was  c i r -  

c u l a t e d  i n s i d e  c o p p e r  t u b i n g  s o l d e r e d  t o  t h e  b o t t o m  s i d e  o f  t h e  a l u m i n u m  

p l a t e s  t o  c r e a t e  t e m p e r a t u r e  a n d  v i s c o s i t y  g r a d i e n t s  a c r o s s  t h e  f i l m .  

A s p e c i a l l y  i n s t r u m e n t e d  p l a t e  was  f a b r i c a t e d  t o  f a c i l i t a t e  f l o w  a n d  

p r e s s u r e  m e a s u r e m e n t s  a r o u n d  s o l i d  w a v e s  c o n s t r u c t e d  o f  a m i x t u r e  o f  c l a y  a n d  

e p o x y .  The  s h a p e  o f  e a c h  wave  was  d e t e r m i n e d  f r o m  p h o t o g r a p h s  o f  a c t u a l  

l i q u i d  w a v e s .  T he  p r e s s u r e  d i s t r i b u t i o n  on  t h e  s u r f a c e  o f  t h e  s o l i d  wave  was  

o b t a i n e d  by  t h r e e  s t r a t e g i c a l l y  l o c a t e d  0 . 5 0  am d i a m e t e r  p r o b e s  a s  s h o w n  i n  

F i g . 2 .  S e v e r a l  t e s t s  w e r e  p e r f o r m e d  t o  l o c a t e  t h e  f i r s t  p r o b e  a t  t h e  p o i n t  o f  

h i g h e s t  s t a g n a t i o n  p r e s s u r e .  A s e c o n d  p r o b e  was  l o c a t e d  a t  t h e  wave  c r e s t  

f o l l o w e d  by a t h i r d ,  w h i c h  was  m o u n t e d  a t  t h e  i n f l e c t i o n  p o i n t  d o w n s t r e a m  t h e  

c r e s t .  T h r e e  a d d i t i o n a l  p r e s s u r e  p r o b e s  w e r e  m o u n t e d  a t  e q u a l  d i s t a n c e s  o f  
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FIG 2 Sectional diagram of the solid wave plate showing locations of the 
static pressure taps. 

5.08 cm behind the wave crest to monitor pressure distribution within the 

separation region. The entire plate containing the solid waves was connected 

to the bottom wall of the channel. Velocity profiles were measured at various 

axial locations relative to the solid waves using boundary layer probes. 

Results and Discussion 

Experimental Observations 

Studies of the film characteristics were made for film mass flow rates of 

3xl0 -4 to ixl0 "2 kg/ms and for air speeds between 8.0 and 30 m/s. Both smooth 

and wavy film flow was observed over this range of parameters. Changes in the 

characteristics of the interfaclal disturbances were primarily induced by 

variations of air speed. At very low speeds the film interface was smooth and 

stable indicating shear-driven film motion. Wlth increased air speed the 

interface was no longer smooth and, as can be seen in Fig.3, uniform sinsoidal 

waves were observed. The wave crests spanned the full width of the channel 

and moved at a fairly constant speed. Increasing the air speed somewhat des- 

troyed the uniformity of the sinusoidal waves, Dut the distance between adja- 

cent crests remained roughly equal to the width of each wave. Accounting for 

the distortion of perspective due to the camera optics, Fig.3 shows the wave 

crests propogating in parallel rows while in Fig.4, which corresponds to a 

higher air speed, some three-dimensional disturbances can be observed. For 

higher air speeds, the wave shape was altered, with the wave width becoming 

significantly smaller than the separation between crests. Representative pho- 



Vol. 13, No. 5 INTERFACIAL INSTABILITIES OF LIQUID FIIMS 539 

J 

; ~L~i ~ ~';!i 

FIG 3 Liquid film in the sinusoidal 
regime (flow is from left to 
right). 

FIG 4 Liquid film flow in the 
quasi-sinusoidal regime 
(onset of three dimensional 
disturbances). 

FIG 5 Liquid film flow in the FIG 6 Liquid film flow in the 
ripple regime (large wave- ripple regime (small wave- 
length), length). 

tographs of this type of disturbance are shown in Figs.5 and 6. In this 

regime, the wave did not usually span the full channel width. In addition, 

the waves developed into ripples of sharp curvature and took on an almost sol- 

itary character. Advancing ripples seemed to capture slower upstream ripples 

to form larger and faster ripples. These disturbances dominated the motion of 

the film over most of the air speed range considered in this study. Thus the 

ripple flow may represent a "fully-developed" interfacial disturbance regime 

associated with high air speeds. 

To investigate the effect of ripples on mass transport within the film, 

fine saw dust was mixed with the glycerin solution and traced along the flow 
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channel. Particles scattered in the substrate film between Indlvldual ripples 

were practically stagnant with respect to the fast moving ripples. Once a 

particle was captured by an advancing ripple, it was then driven at the ripple 

s p e e d  o v e r  a c o n s i d e r a b l e  d i s t a n c e  b e f o r e  be ing  r e j e c t e d  i n t o  t he  s u b s t r a t a  

f i l m  beh ind  i t .  S i m i l a r  e f f e c t s  were o b s e r v e d  u s i n g  the  f low measuremen t  

c y l i n d e r  a t  t he  end o f  t he  c h a n n e l .  The wavy mo t i o n  seemed to  s u p p l y  d i s c r e t e  

m a s s e s  of  l i q u i d  upon the  a r r i v a l  o f  r i p p l e s  which  i n d i c a t e s  t he  d o m i n a t i n g  

r o l e  o f  t h e s e  r i p p l e s  i n  t r a n s p o r t i n g  the  bulk  of  t he  l i q u i d  f l o w .  

S o l i d  Wave R e s u l t s  

The s h a r p  c u r v a t u r e  a s s o c i a t e d  w i t h  t he  shape  of  i n d i v i d u a l  l i q u i d  r i p -  

p l e s  i n d i c a t e s  t h a t  form drag  p l a y s  a s i g n i f i c a n t  r o l e  i n  t he  mo t i o n  of  the  

f i l m .  S i n c e  the  r i p p l e s  move va ry  s l o w l y  (<O. lOm/s)  r e l a t i v e  to  a i r  ( > l O m / s ) ,  

t h e  i n t e r f a c e  c o u l d  be assumed to  e x e r t  a s t e a d y  d i s t u r b a n c e  to  t he  a i r s i d e  

f l o w .  To p r o v i d e  more q u a n t i t a t i v e  d a t a  f o r  s u r f a c e  s t r e s s e s ,  p r e s s u r e  and 

v e l o c i t y  m e a s u r e m e n t s  were  p e r f o r m e d  u s i n g  s o l i d  r i p p l e s  whose c u r v a t u r e  

r e s e m b l e d  t h a t  o f  t y p i c a l  l i q u i d  r i p p l e s .  The shape  of  t h e  s o l i d  wave was 

c h a r a c t e r i z e d  by i t s  l e n g t h  L, h e i g h t  h ,  and the  wave p r o f i l e  f u n c t i o n  

y - I + sin-t---(x - L/4) (1) 

P r e s s u r e  m e a s u r e m e n t s  f o r  two s o l i d  r i p p l e s  a r e  shown in  F i g . 7 .  The d a t a  

i n d i c a t e  a p r e s s u r e  d i s t r i b u t i o n  s i m i l a r  to  t h a t  o b t a i n e d  f o r  c r o s s f l o w  o v e r  a 

c y l i n d e r  w i t h  s e p a r a t i o n  o c c u r r i n g  a t  i t s  t r a i l i n g  s i d e .  Approx ima te  v a l u e s  

o f  t h e  d rag  f o r c e  on the  r i p p l e  were o b t a i n e d  by u s i n g  the  measured  p r e s s u r e  

a t  t he  wave s u r f a c e  and t h r o u g h  the  e x t e n t  o f  t he  s e p a r a t i o n  r e g i o n  to  d e f i n e  

a p i e c e - w i s e  l i n e a r  p r e s s u r e  f u n c t i o n .  The d rag  f o r c e  on the  wave was com- 

p u t e d  u s i n g  the  f o l l o w i n g  e q u a t i o n :  

L[p al dYdx (2) 
F/w ~ j " P dx 

0 

where  F/w i s  t he  d r a g  f o r c e  p e r  u n i t  w i d t h  and (P -Pa )  i s  t he  measured  p r e s s u r e  

a t  t he  s o l i d  wave s u r f a c e  minus the  l o c a l  f r e e - s t r e a m  p r e s s u r e  measured  a t  t he  

u p p e r  c h a n n e l  c o v e r  d i r e c t l y  above  the  wave. The d rag  c o e f f i c i e n t  was d e f i n e d  
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FIG 7 Static pressure distribution around a solid wave for various wave 
shapes, air speeds and axial positions. 

a s  

F/w 
CD ~ I 2 

h[2-'PaU e ] 
C 3 )  

where p and U r e p r e s e n t  the  d e n s i t y  and v e l o c i t y  o f  the  f r e e  a i r  s t r e a m ,  a a 
r e s p e c t i v e l y .  The v a r i a t i o n  of  the  drag c o e f f i c i e n t  w i t h  a i r s i d e  R e y n o l d s  

number for two wave s h a p e s  i s  shown i n  F i g . 8 .  T h i s  f i g u r e  c l e a r l y  i n d i c a t e s  a 

s i g n i f i c a n t  i n c r e a s e  i n  the  form drag w i t h  an i n c r e a s e  o f  wave p r o t r u s i o n  i n t o  

t h e  a i r  boundary l a y e r .  



542 I. Mudawwar Vol. 13, No. 5 

O.8 

~o.~ 
< 

~ o.~ 

J 

: 0.2 

h/t × (c . )  

• .1~8 74.4 2o.  

O ,1~7 22 .0  

U - 17 ~ for bo th  waves 

~ .  

I I I I I I l I I l I I O. l 21 l I I I I I I iIO. 
2 , 0  4 .O 6 .0  8 .0  lO .O ~2 .0  ¢I. . 4, . 

Re ~ IO 
Re x ~ 10 .5  h 

FIG 8 Variation of the drag coefficient FIG 9 Variation of the ratio 
for air flow over a solid wave of separation distance 
with Reynolds number based on the to wave height with 
distance from the channel inlet. Reynolds number based on 

wave height. Results 
for two wave heights and 
two axial locations are 
shown (see Fig. 8 for 
key to symbols). 

To determine the separation distance behind the solid wave, the solid wave 

plate was slightly displaced in the axial direction and fixed in place while 

the boundary layer probe was translated in a direction normal to the plate. 

The reattachment point corresponded to the position at which the probe failed 

to detect changes in the total head in the vicinity of the plate. This method 

was successful to within 3 mm for separation distances of the order of 50 mm. 

Variation of the separation distance for two wave shapes are is shown in 

Fig.9. These results reveal the existence of a wide separation region behind 

the waves, a fact which explains some observations of the behavior of liquid 

waves in the ripple flow regime. The results of Figs.8 and 9 indicate that 

when ripples approach each other to the extent where the trailing ripple falls 

within the separation region of the leading ripple, the drag force exerted Dy 

the air flow on the trailln E ripple diminishes, causing it to slow down and 

merge with a faster advancing ripple. Larger ripples are formed which pro- 

trude further into the air boundary layer and gain higher form drag. Thus, 

ripple speeds tend to increase indefinitely in the flow direction. 
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C o n c l u s i o n s  

A i r - d r i v e n  l i q u i d  f i l m s  were  found to  d e v e l o p  i n t e r r a c i a l  waves e x c e p t  

f o r  v e r y  low a i r  s p e e d s .  Uni form s i n u s o i d a l  wave8 were o b s e r v e d  o v e r  a l i m -  

i t e d  r a n g e  of  a i r  s p e e d s  w h i l e  h i g h e r  a i r  s p e e d s  r e s u l t e d  in  t h e  f o r m a t i o n  of  

s o l i t a r y  r i p p l e s .  The r i p p l e  r eg ime  p r e v a i l e d  oyez  most  of  t he  o p e r a t i n g  con-  

d i t i o n s  of  the  p r e s e n t  s t u d y .  

P r e s s u r e  m e a s u r e m e n t s  on the  c o n t o u r  of  s o l i d  waves s i m i l a r  i n  shape  to  

t h e  l i q u i d  r i p p l e s  d e m o n s t r a t e  t he  f a c t  t h a t  t he  mo t i o n  of  l i q u i d  f i l m s  in  

p a r a l l e l  t w o - p h a s e  f low i s  domina t ed  by d rag  f o r c e s  e x e r t e d  by a i r  on i n t e r r a -  

c i a l  d i s t u r b a n c e s  which  t r a n s p o r t  t he  bulk  of  the  l i q u i d  f l ow r a t e .  
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