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THE INTERACTION OF TWO-DIMENSIONAL, 
STRATIFIED, TURBULENT AIR-WATER 

AND STEAM-WATER FLOWS 

by 

John H. Linehan 

SUMMARY 

In this r epor t , analyt ical models based on an in tegra ted form of the 
boundary- layer - type equation a r e developed to descr ibe the interact ion of 
two-dimensional , s trat if ied, turbulent , two-phase fluids. P a r t i c u l a r em-
phas is was placed on the descr ipt ion of flows whereby the gas -phase veloc-
ity is at leas t an order of magnitude l a rge r than the l iquid-phase velocity 
and the gas -phase momentum is the same o rde r of magnitude as the liquid-
phase momentum. Under these c i r cums tances , where the momentum t r a n s -
f e r r e d from the gas phase to the liquid phase plays a significant ro le in the 
behavior of the liquid, the liquid phase occupies a smal l port ion of the flow 
and is r e f e r r e d to as a film. 

The models developed in this repor t were compared to exper iments 
per formed in a horizontal tes t section whose inner dimensions were 6 by 
21/32 in. In the tw^o-component exper iments , a i r flowed over water ; in the 
one-component exper iments , s t eam flowed over wa te r . The film th icknesses 
in the a i r - w a t e r exper iments were m e a s u r e d by the conductance-probes 
method, and in the s t eam-wate r exper iments , by the needle-contac t -probe 
method. 

In turbulent flow, the phase interface is general ly cha rac te r i zed by 
a complex wave s t ruc tu r e . For tw^o-component flows, cor re la t ions were 
proposed for the determinat ion of the momentum t r a n s f e r r e d from the gas 
phase to the film via turbulent shear s t r e s s . In the th ree -d imens iona l and 
rol l -wave r e g i m e s , the interfacial friction factor was sat isfactor i ly r e p r e -
sented by a l inear function of the film Reynolds number only. For one-
component flows, where the film was subcooled with respec t to the 
t empe ra tu r e of the sa tura ted vapor , the interfacial shear s t r e s s was aug-
mented by a t e r m propor t ional to the product of the average vapor velocity 
and the condensation r a t e . The interface shear s t r e s s during film condensa-
tion was significantly l a rge r than the two-component turbulent shear s t r e s s . 

The wall shear s t r e s s in the film was evaluated using the wa l l - l aye r -
model concept and the von Karman un iversa l velocity profi le . The wal l - laye 
model sa t is factor i ly pred ic ted the wall shear s t r e s s up to 5000, the highest 
film Reynolds number encountered in the a i r -wa t e r exper iments . 



Since the film thickness var ied in the exper iments , the hydrostat ic 
p r e s s u r e in the film var ied in propor t ion to the axial gradient of film 
th ickness . The hydrosta t ic p r e s s u r e var ia t ion was an important t e r m in 
the momentum equations, especial ly for the low water f lowrates . 

In the development of the model of film condensation, it was a s -
sumed that condensation occu r r ed as a resu l t of the subcooling of the film. 
A model which emphasized the effect of interfacial wave motion on the 
t r anspor t of heat in the film, was proposed for evaluating the condensing 
hea t - t r ans fe r coefficient. This model pred ic ted that the film Stanton num-
ber was a constant. The s t eam-wa te r exper iments verif ied the constancy 
of the film Stanton number within the range of exper imenta l e r r o r ; its 
value was 0.0073. 

I. INTRODUCTION 

An understanding of the in teract ion at the phase interface in the 
concurrent s trat if ied flow of gas and liquid films is of considerable value 
in the engineering design of var ious p r o c e s s e s . Consider , for example, 
the l iquid-meta l MHD film genera to r . In the film genera to r , the w^orking 
fluid is a tw^o-phase mix ture p repa red so that the phases a r e , in pr inc ip le , 
separa ted and flow through the genera tor in a s trat if ied manner . The high-
velocity f ree - su r face film that is formed in te rac t s with the magnetic field. 
The ensuing losses of momentum in the film may be compensated through 
the momentum exchange between the gas and liquid at the phase interface. 
For a high-velocity, two-component gas and liquid, this interact ion is 
through the turbulent shear s t r e s s at the wavy gas- l iquid in terface . In a 
one-component fluid, additional momentum can be t r a n s f e r r e d from the 
vapor to the liquid by subcooling the liquid film, causing condensation. In 
the above example, compar ison of the one- and two-component film genera-
to rs necess i t a t e s a fundamental understanding of the effects of the t r anspor t 
p r o c e s s e s at the gas- l iquid interface on the physical behavior of the film. 
In addition to the film genera tor , the in teract ion at the phase interface is of 
impor tance in the following: film cooling of rocket m o t o r s , turbine b lades , 
e tc . , conveying of liquids by concurrent gas s t r e a m s as in oil p ipel ines , 
annular film boiling, e tc . 

To elucidate the effects of interfacial t r anspo r t p r o c e s s e s on film 
flow, this repor t is concerned with the horizontal , concurrent , s trat if ied 
flow of a turbulent gas s t r e a m over a turbulent liquid film. In the two-
component case , the only in teract ion of in te res t between the gas s t r e a m 
and liquid film is the interface shear s t r e s s . In the one-component case , 
an additional interact ion between the vapor s t r e a m and liquid film at the 
phase interface is cons idered as a resu l t of condensation of the vapor . The 
one- and two-component fluids selected for considerat ion in the exper i -
menta l port ion of this r epor t w e r e , respect ive ly , s t eam-wa te r and a i r - w a t e r . 



A. P r e v i o u s W o r k 

1. T w o - c o m p o n e n t C o n c u r r e n t S t r a t i f i e d F l o w 

Many a s p e c t s of the flow of a f i lm in the p r e s e n c e of a c o n c u r -
r e n t g a s p h a s e have b e e n s t u d i e d . An e x c e l l e n t r e v i e w , inc lud ing an e x t e n -
s ive b i b l i o g r a p h y , c o v e r i n g a l l p h a s e s of the r e s e a r c h on f i lm flow h a s 
b e e n p r e p a r e d by Fulford.^^ The fol lowing d i s c u s s i o n c o n s i d e r s only t h o s e 
r e s u l t s r e l e v a n t to the r e s e a r c h p r e s e n t e d h e r e . 

T h e i n t e r f a c e b e t w e e n g a s and l i qu id p h a s e s t h a t a r e f lowing 
c o n c u r r e n t l y i s u s u a l l y c h a r a c t e r i z e d by the p r e s e n c e of w^avelike d i s t u r -
b a n c e s . H a n r a t t y and Woodmansee^'^ o b s e r v e d five d i s t i n c t i n t e r f a c i a l 
cond i t i ons for the flow^ of a i r o v e r l iqu id f i l m s : 

1) Smooth i n t e r f a c e . 

2) T w o - d i m e n s i o n a l w a v e s : long c r e s t e d w a v e s e x t e n d e d 

o v e r the e n t i r e b r e a d t h of the c h a n n e l . 

3) T h r e e - d i m e n s i o n a l w^aves: a c r o s s - h a t c h e d wave s t r u c -
t u r e g iving the s u r f a c e a p e b b l y a p p e a r a n c e . 

4) Rol l w a v e s : l a r g e - a m p l i t u d e , l o n g - c r e s t e d w a v e s s u p e r -
i m p o s e d on a pebb ly s t r u c t u r e . 

5) . A t o m i z a t i o n o r e n t r a i n m e n t : l iqu id d r o p s t o r n f r o m the 

f i lm and c a r r i e d in the gas p h a s e . 

In g e n e r a l , a s m o o t h i n t e r f a c e betw^een the g a s and l iqu id 
p h a s e s i s diff icult to p r o d u c e in the l a b o r a t o r y . F o r e x a m p l e , in the t u r -
bu l en t flow of a i r o v e r w a t e r , Cohen^ found tha t the i n t e r f a c e w a s a l w a y s 
d i s t u r b e d . 

T h e p r e s e n c e of i n t e r f a c i a l d i s t u r b a n c e s h a s b e e n a c o m p l i c a t i n g 
f a c t o r in a r r i v i n g a t a p h y s i c a l u n d e r s t a n d i n g of the i n t e r f a c i a l s h e a r s t r e s s 
in f i lm flow. T h i s h a s p r o v i d e d the i m p e t u s to deve lop c o r r e l a t i o n s , for the 
i n t e r f a c i a l s h e a r s t r e s s , w h i c h a r e r e l a t e d to s o m e o v e r a l l p r o p e r t i e s of 
the f low, s u c h a s the f i lm and g a s R e y n o l d s n u m b e r s . A c o r r e l a t i o n of t h i s 
type would a l l e v i a t e the n e c e s s i t y of c o n s i d e r i n g the d e t a i l s of the i n t e r -
f a c i a l t r a n s p o r t m e c h a n i s m s . The e x p e r i m e n t a l flow s y s t e m s n o r m a l l y 
u s e d in d e t e r m i n i n g the c o r r e l a t i o n can be c l a s s i f i e d a s e i t h e r the a n n u l a r 
flow^ of g a s and l iqu id p h a s e s i n s i d e a p ipe o r the s t r a t i f i e d flow of g a s and 
l i qu ids o v e r v e r t i c a l o r h o r i z o n t a l s u r f a c e s . In e i t h e r c a s e , the d i r e c t 
m e a s u r e m e n t of an i n t e r f a c i a l s h e a r s t r e s s i s not p r a c t i c a l . The i n d i r e c t 
d e t e r m i n a t i o n i nvo lves c o n s i d e r a t i o n of the c h a n g e s in m o m e n t u m of the 
g a s and l iqu id p h a s e s , t he p e r t i n e n t w a l l s h e a r s t r e s s e s , and the p r e s s u r e 
g r a d i e n t . 



A des i rable means of indirect ly measur ing the interface shear 
s t r e s s is to study the flow in a region where it is "fully developed," i .e . , 
w^here the momentum change in the gas and liquid phases is negligible. In 
this case , the p r e s s u r e drop is a function of only the shear s t r e s s at the 
enclosing su r faces . Hanrat ty and Engen^^ studied the interact ion of a turbu-
lent a i r s t r e a m flowing over a horizontal water film in a region in which 
the momentum of the flow did not change. They showed that by measur ing 
the p r e s s u r e drop, the location of the velocity maximum in the air by a 
pitot t r a v e r s e , and the film th ickness , the interfacial shear s t r e s s could 
be calculated from a simple force balance . 

The effect of waves on the gas phase can be imagined as being 
s imi la r to that of a roughened solid surface . Lil leleht and Hanratty^^ used 
the method of Nikuradse^^ to es tabl ish a cor re la t ion for the interfacial 
fr ict ion factor . They m e a s u r e d the interfacial friction factor in the man-
ner proposed by Hanratty and Engen and t r i ed to find a relat ionship between 
the "equivalent sand roughness" of Nikuradse and the m e a s u r e d roo t -mean-
square displacement of the film from its average height. An o rde r -
of-magnitude agreement was achieved. Cohen,^ using the same exper imental 
facility as Lil leleht , found that when the interfacial waves at the interface 
betw^een a turbulent a i r s t r e a m and a horizontal liquid film were t h r e e -
dimensional , the interface friction factor was essent ia l ly independent of the 
a i r velocity and could be co r re l a t ed with a d imens ionless , roo t -mean-
square wave-height p a r a m e t e r . 

Interface frict ion factors have also been determined for the 
annular flow of a i r and water in ve r t i ca l tubes . General ly , the interfacial 
shear s t r e s s was evaluated by measur ing the p r e s s u r e drop over a length 
of tube and then applying a momentum balance wri t ten for the flow. For 
example. Shearer and Nedderman'*^ m e a s u r e d the p r e s s u r e drop for the 
annular flow of a i r and var ious l iquids, where the phase interface was cov-
e red with smal l r ipp les . The force balance they used to calculate the 
interfacial friction factor a s sumed that the momentum change of the flow 
was negligible. Using the m e a s u r e d p r e s s u r e drop and an analytically 
de termined film th ickness , they calculated the interfacial friction fac to r s . 
Relating the interface friction factor to the equivalent sand roughness of 
Nikuradse , they proposed a cor re la t ion for the equivalent sand roughness 
and var ious p a r a m e t e r s of the flow. 

The interface shear s t r e s s plays an important role in de ter -
mining the behavior of a film flowing in the p resence of a gas . However, 
the wall shear s t r e s s in the film is equally impor tant . Because the annpli-
tude of the interfacial d is turbances is usually of the same o rde r of magni-
tude as the mean liquid film thickness,'^ obtaining d i rec t measu remen t s of 
the wall shear s t r e s s is very difficult. 



In l i eu of a m e a s u r e m e n t of the w a l l s h e a r s t r e s s in the f i lm , 
it h a s b e e n e v a l u a t e d t h r o u g h r e l a t i o n s h i p s d e v e l o p e d f r o m the concep t of 
the " w a l l - l a y e r m o d e l " of f i lm flow. C a r p e n t e r and Colburn^ f i r s t s u g -
g e s t e d t h i s concep t w^hen they a s s u m e d t h a t a l iqu id f i lm flowing u n d e r the 
inf luence of a h i g h - v e l o c i t y t u r b u l e n t g a s s t r e a m b e h a v e s a s the w a l l l a y e r 
of a s i n g l e - p h a s e l iqu id flow wi th the sanne t h i c k n e s s and w^all s h e a r s t r e s s . 
The w a l l - l a y e r m o d e l u s e s a s i n g l e - p h a s e v e l o c i t y p ro f i l e to e s t a b l i s h an 
e x p r e s s i o n for the w a l l s h e a r s t r e s s . V a r i o u s s i n g l e - p h a s e v e l o c i t y p r o -
f i l e s have b e e n u s e d w^ith v a r y i n g d e g r e e s of s u c c e s s . F o r e x a m p l e , 
D u k l e r and Berge l in^* u s e d the von Karman'*^ u n i v e r s a l v e l o c i t y d i s t r i b u t i o n 
in s tudying the flow of f i l m s o v e r v e r t i c a l s u r f a c e s . W h e r e no i n t e r f a c i a l 
s h e a r e x i s t e d , the a g r e e m e n t b e t w e e n m e a s u r e d f i lm t h i c k n e s s e s and t h o s e 
c a l c u l a t e d w a s qu i te c l o s e . A n d e r s o n and Mantzouranis"* u s e d the 
von K a r m a n v e l o c i t y p r o f i l e in t h e i r s tudy of a n n u l a r flow in a v e r t i c a l t u b e . 
P r e d i c t i o n s of the l iqu id f i lm t h i c k n e s s w e r e a c c u r a t e to ±15%. In a n o t h e r 
a n a l y s i s of f i lm flow, Dukler^^ u s e d the e x p r e s s i o n p r o p o s e d by De i s s l e r^^ 
for the eddy v i s c o s i t y n e a r the so l id b o u n d a r y . The t h i c k n e s s of a l iqu id 
f i lm flowing c o n c u r r e n t l y w i t h a g a s w a s p r e d i c t e d t h e o r e t i c a l l y . In a 
s u c c e e d i n g p a p e r , D u k l e r c o m p a r e d the a f o r e m e n t i o n e d r e s u l t s w i th da ta 
and found good a g r e e m e n t for bo th the c a s e of z e r o and f ini te i n t e r f a c i a l 
s h e a r s t r e s s . F o r the h o r i z o n t a l flow of t u r b u l e n t a i r o v e r l iqu id f i l m s , 
Hershman^"* c o m p a r e d the p r e d i c t i o n s of f i lm t h i c k n e s s e v a l u a t e d by u s i n g 
D e i s s l e r ' s r e s u l t s in the w^al l - layer m o d e l to m e a s u r e d f i lm t h i c k n e s s e s . 
He conc luded tha t t he w a l l - l a y e r m o d e l i s a v a l i d d e s c r i p t i o n of a l iqu id 
f i lm v/hen the s u r f a c e i s d i s t u r b e d by w a v e s . Us ing the s a m e e x p e r i m e n t a l 
f ac i l i t y a s H e r s h m a n , Cohen^ found t h a t , by a s s u m i n g a c o n s t a n t v e l o c i t y in 
the f i lm f r o m the i n t e r f a c e up to a d i s t a n c e n e a r the w a l l , and t h e n a l i n e a r 
v a r i a t i o n in v e l o c i t y un t i l the w^all i s r e a c h e d , a o n e - p a r a m e t e r m o d e l r e -
s u l t e d w h i c h cou ld be c h o s e n to fit the d a t a of m e a s u r e d f i lm t h i c k n e s s e s . 

It i s v e r y diff icult to p r e d i c t t he b e h a v i o r of a f i lm u n d e r the 
in f luence of a c o n c u r r e n t g a s p h a s e w h e n m o m e n t u m c h a n g e s in the flow 
a r e i m p o r t a n t and w h e n the p h a s e i n t e r f a c e i s c o v e r e d by w a v e s . W a l l i s 
d i s c u s s e d v a r i o u s m e t h o d s of a t t a c k i n g t h i s p r o b l e m . The u s u a l p r o c e d u r e 
i s (1) to c i r c u m v e n t c o n s i d e r i n g the i n t e r f a c i a l d i s t u r b a n c e s by a s s u m i n g 
tha t the i n t e r f a c e i s s m o o t h , and (2) to i n t r o d u c e a p p r o p r i a t e c o r r e l a t i o n s 
for the i n t e r f a c e and w a l l s h e a r s t r e s s e s and the s t a t i c p r e s s u r e g r a d i e n t 
w h i c h a c c o u n t for the ef fects of the w a v e s . J u s t a s t h e r e a r e v a r i o u s m o d e l s 
for d e s c r i b i n g t h e s h e a r s t r e s s e s , t h e r e a r e a n u m b e r of c o r r e l a t i o n s for 
t h e p r e s s u r e g r a d i e n t . A n o t a b l e e x a m p l e i s t he L o c k h a r t and Mart ine l l i '^ 
c o r r e l a t i o n , w h i c h w a s d e r i v e d to enab le p r e d i c t i o n s to be m a d e of the f r i c -
t i ona l p r e s s u r e d r o p in h o r i z o n t a l a n n u l a r o r s t r a t i f i e d f low. T h i s c o r r e l a -
t ion h a s a l s o b e e n a p p l i e d w i th s o m e s u c c e s s to o t h e r p ipe o r i e n t a t i o n s and 
flow r e g i m e s . 

I n c r e a s e of the g a s v e l o c i t y e v e n t u a l l y c a u s e s l iqu id d r o p l e t s to 
be t o r n f r o m the f i lm and c a r r i e d a long in the g a s p h a s e . S ince t h i s flow^ 
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condition is excluded from considerat ion in this r epor t , r e su l t s from 
studies concerning the onset of this flow regime a r e cited. Entra inment 
for a i r flowing concurrent ly over w^ater, aqueous solutions, and oils in 
horizontal flow has been invest igated exper imental ly by Van Rossum. ^ 
The onset of ent ra inment was de termined by visual observat ion. For 
wa te r , the c r i t i ca l velocity occur red at 59 f t / s e c . Wallis^° visually de te r -
mined, in a flow geometry s imi la r to Van R o s s u m ' s , the onset velocity for 
ent ra inment for the flow of a i r over water and glycer ine . He repor ted a 
c r i t i ca l velocity range of 53-58 f t / sec for the flow of a i r over wate r . 
Hanrat ty and Woodmanse^'' have given a physical explanation of ent ra in-
ment . They s ta ted that a tomizat ion occurs by the suction of drops from 
the c r e s t s of w^aves and by the eruption of rafts of bubbles from the c r e s t s 
of ro l l w^aves. 

2. Condensing One-component Concurrent Stratified Flow 

Extensive reviews of the l i t e r a tu re on condensing heat t ransfe r 
have been compiled in Refs. 3 and 51. Only the r e su l t s of r e s e a r c h pe r -
taining to the condensation on fi lms moving under the influence of sa tura ted 
vapors a r e review^ed h e r e . 

In his c lass ic work on film condensation, Nusselt^^ extended 
his analysis of film condensation on a ve r t i ca l surface with no vapor motion 
to include laminar film condensation inside a ve r t i ca l tube with vapor 
motion. He a s sumed that the l iquid-vapor interfacial shear s t r e s s was 
proport ional to the fr ict ional p r e s s u r e drop for pipe flow containing the 
vapor alone. This p r e sumed that the condensate film was smal l enough to 
render the vapor velocity constant. In this ana lys i s , the m a s s balance be -
tw^een the condensate and vapor flow is not satisfied. Jacob, Erk , and Eck 
extended the analysis to co r r ec t the m a s s balance , but re ta ined the s im-
plified model of l iquid-vapor shear s t r e s s . 

Many of the ear ly exper iments on filin condensation produced 
data that yielded hea t - t r ans fe r coefficients higher than that calculated from 
the Nussel t theory . Kirkbride^^ summar ized some of these data. This 
var iance between exper iment and theory prompted modifications to the 
Nussel t theory in the form of re laxat ion of one or m o r e of Nusse l t ' s 
a ssumpt ions . 

Since the data were higher than predicted, it was speculated that 
perhaps the film was turbulent ra ther than l amina r . Turbulent film con-
densation was cons idered f i r s t by Colburn.^" He presunaed that the film 
became turbulent at a film Reynolds number of 400. His semi theore t ica l 
re la t ionship for hea t - t r ans fe r coefficients st i l l yielded hea t - t r ans fe r coef-
ficients lower than those observed experimental ly for condensing, though 
c loser than the Nussel t predic t ion. Colburn concluded that lower " t ransi t ion" 



Reyno lds n u m b e r and th inn ing of the f i lm due to l i q u i d - v a p o r i n t e r f a c i a l 
s h e a r s t r e s s m a y be the r e a s o n s for the con t inued d i s c r e p a n c i e s . L a t e r , 
C a r p e n t e r and Colburn^ s t u d i e d the ef fects of m a s s t r a n s f e r and s h e a r 
s t r e s s a t the l i q u i d - v a p o r i n t e r f a c e on f i lm c o n d e n s a t i o n i n s i d e a v e r t i c a l 
t u b e . The c o r r e l a t i o n of B e r g e l i n et a l .^ w a s u s e d to e v a l u a t e the s h e a r 
s t r e s s a t the l i q u i d - v a p o r i n t e r f a c e . T h i s c o r r e l a t i o n w a s d e v e l o p e d for 
two-conaponen t f low. T h e y a s s u m e d the f i lm to be t u r b u l e n t and u s e d the 
concep t of the w a l l - l a y e r m o d e l m e n t i o n e d e a r l i e r in t h i s c h a p t e r . T h e y 
f u r t h e r a s s u m e d tha t the s ign i f i can t r e s i s t a n c e to h e a t flow w a s due to the 
v i s c o u s s u b l a y e r of the c o n d e n s a t e . The m o m e n t u m t r a n s f e r r e d to the 
f i lm by c o n d e n s a t i o n w a s t a k e n to be equa l to the p r o d u c t of the v a p o r v e -
loc i t y and the c o n d e n s a t i o n r a t e . T h e i r h e a t - t r a n s f e r coe f f i c i en t s v a r i e d 
d i r e c t l y w i th t h e a v e r a g e m a s s v e l o c i t y of the v a p o r . T h e s e p r e d i c t i o n s 
showed the r i g h t t r e n d w h e n c o m p a r e d w i th the da ta of C a r p e n t e r . ^ 

A f u r t h e r r e f i n e m e n t w a s r e p o r t e d by Rohsenow^, W e b b e r , and 
L i n g , who a t t e m p t e d to a c c o u n t for the h e a t - t r a n s f e r r e s i s t a n c e of the 
e n t i r e f i lm . Us ing the concep t of the w a l l - l a y e r m o d e l , they a s s u m e d tha t 
the v e l o c i t y d i s t r i b u t i o n in the f i lm w a s tha t of von Karman."*^ T h e y a l s o 
c o n s i d e r e d the effect of subcoo l ing in the f i lm and s h e a r s t r e s s at t he 
l i q u i d - v a p o r i n t e r f a c e . They d e v e l o p e d a " t r a n s i t i o n " R e y n o l d s n u m b e r , 
w h i c h i s a funct ion of i n t e r f a c i a l s h e a r . E v a l u a t i o n of the h e a t - t r a n s f e r 
coeff ic ient v ia t h e i r m o d e l n e c e s s i t a t e s knowledge of the i n t e r f a c i a l s h e a r 
s t r e s s . To c a l c u l a t e the i n t e r f a c i a l s h e a r s t r e s s , R o h s e n o w , W e b b e r , and 
Ling s u g g e s t u s i n g the c o r r e l a t i o n of B e r g e l i n et a l . As s p e c u l a t e d by 
C o l b u r n , t he r e s u l t s show tha t the i n t e r f a c i a l s h e a r i n c r e a s e s the h e a t -
t r a n s f e r coef f ic ien t . 

In a l l the a f o r e m e n t i o n e d a n a l y s e s , c o n v e c t i v e m o m e n t u m and 
e n e r g y c h a n g e s w^ere c o n s i d e r e d n e g l i g i b l e . The p r e c e d i n g t h e o r i e s have 
en joyed s o m e s u c c e s s in the p r e d i c t i o n of h e a t - t r a n s f e r coe f f i c i en t s for 
c o n d e n s a t i o n i n s i d e t u b e s excep t for l iqu id m e t a l s . R e s e a r c h in l i qu id -
m e t a l f i lm c o n d e n s a t i o n h a s i s o l a t e d t h i s d i s c r e p a n c y in t e r m s of a l i qu id -
v a p o r i n t e r f a c i a l r e s i s t a n c e .^^'^^ 

A k e r s , D e a n s , and G r o s s e r ^ s t u d i e d the effect of v a p o r v e l o c i t y , 
t e m p e r a t u r e d i f f e r e n c e , and f luid p r o p e r t i e s on the h e a t - t r a n s f e r coeff ic ient 
of a v a p o r condens ing in a h o r i z o n t a l t u b e . T h e i r r e s u l t i n g c o r r e l a t i o n w a s 
wi th in 20% of the da t a . M e y e r s and Rosson^^ c o n d e n s e d m e t h a n o l in h o r i -
zon t a l t u b e s and found tha t t he a v e r a g e h e a t - t r a n s f e r coef f i c ien t s w e r e i n d e -
penden t of v a p o r v e l o c i t y , bu t dependen t on c o n d e n s a t e f l o w r a t e s . The 
m a x i m u m f i lm R e y n o l d s n u m b e r in t h e i r e x p e r i m e n t s w a s l e s s t h a n 500. 
A l t m a n , S taub , and N o r r i s ^ u s e d the m e t h o d of C a r p e n t e r and C o l b u r n to 
c o r r e l a t e l o c a l h e a t - t r a n s f e r da ta o b t a i n e d by condens ing F r e o n - 2 2 in 
h o r i z o n t a l t u b e s at h igh v a p o r v e l o c i t i e s . F o r in le t q u a l i t i e s l e s s t h a n 9 2 % , 
f a i r a g r e e m e n t w a s o b t a i n e d . F o r q u a l i t i e s g r e a t e r t h a n 92%, an e m p i r i c a l 



factor was introduced to co r re l a t e the data. Soliman, Schuster , and 
Berenson developed a cor re la t ion for the hea t - t r ans fe r coefficient in the 
form given by Carpenter and Colburn. Re-evaluating the constants in this 
cor re la t ion , they found that the predict ions of this cor re la t ion agreed well 
with the available exper imenta l data over a range of vapor velocit ies from 
20 to 1000 f t / sec and a range of P rand t l numbers from 1 to 10. 

Hilding^ der ived differential equations for high-velocity con-
densation, assuming the flow reg ime to be annular and one-dimensional . 
The maximum s team velocity encountered was 1800 f t / s e c . To predic t the 
behavior of the flow with axial length, Hilding used the continuity, vapor 
momentum, and energy equations. To re la te the veloci t ies of each phase 
at the in ter face , he assumed that the dynamic p r e s s u r e s on ei ther side of 
the vapor- l iquid interface were equal. Dukler,^^ in his wri t ten discussion 
of the paper , questioned the validity of this las t assumption and the method 
used to solve the governing equations. The assumption of annular flow is 
also in question. Borchmann condensed vapor in annuli and found that 
approximately 75% of the condensate was entrained by the vapor when the 
vapor velocity was approximately 110 f t / s e c . 

B. Scope of the Investigation 

The pr incipal objective of this repor t was to study the effects of 
interfacial t r anspor t p r o c e s s e s on the physical behavior of a film in a 
sys tem where a turbulent gas s t r e a m flows para l l e l to a horizontal turbu-
lent film. In the two-component ca se , the only in teract ion considered 
between the gas and liquid phases was the interface shear s t r e s s . In the 
one-component case , the additional interfacial in teract ion result ing from 
condensation of the vapor was also considered. 

The survey of the l i t e r a tu re on the strat if ied turbulent flow of one-
and tw^o-component fluids revea led the physical complexity of the flow 
mechan ics . To al leviate the necess i ty of a detailed considerat ion of the 
local flow mechan ics , assumpt ions appropr ia te to simplifying the per t inent 
equations of change were delineated. An analytical model , consistent with 
the aforementioned assumpt ions , was developed to descr ibe the horizontal , 
s trat if ied, turbulent flow of a gas over a liquid film. 

Exper iments to confirm the model were per formed on a i r -wa te r 
and steam-wrater flows in a hor izontal , rec tangular tes t section. 

In both the a i r -wa t e r and steam-w^ater exper iments , the var ia t ion 
in the mean film thickness w^ith axial length from the entrance of the tes t 
section was measu red . Information regarding the heights of the c r e s t s 
and troughs of the waves in re la t ion to the mean film thickness were ob-
tained. The flow reg imes were observed visual ly. Other p r i m a r y 



m e a s u r e m e n t s i n c l u d e d w e r e the in le t f l o w r a t e s of the g a s and l iqu id p h a s e s 
and , in the s t e a m - w a t e r e x p e r i m e n t , the t e m p e r a t u r e of the f i lm at the w a l l 
s u r f a c e . 

M o d e l s d e v e l o p e d for the i n t e r f a c e s h e a r s t r e s s for t w o - c o m p o n e n t 
flow have r e q u i r e d knowledge of the s t r u c t u r e of the i n t e r f a c i a l w a v e s . 
Not ing the d i s t i n c t c h a r a c t e r i s t i c s of the v a r i o u s wave r e g i m e s , the a f o r e -
m e n t i o n e d m o d e l s w e r e s i m p l i f i e d by i n v e s t i g a t i n g c o r r e l a t i o n s for the 
i n t e r f a c e s h e a r s t r e s s w h i c h only r e q u i r e knowledge of the wave r e g i m e 
and not of the d e t a i l s of the s t r u c t u r e . The i n t e r f a c e c h a r a c t e r i s t i c s for 
the t u r b u l e n t flow^ of w a t e r f i l m s in the p r e s e n c e of a t u r b u l e n t g a s p h a s e 
a r e t h r e e - d i m e n s i o n a l , r o l l - w a v e , o r e n t r a i n i n g . Since e n t r a i n m e n t o c c u r s 
f r o m the r o l l - w a v e s v/hen the g a s v e l o c i t y i n c r e a s e s to the a p p r o p r i a t e 
m a g n i t u d e , and s i n c e t h i s p h e n o m e n a w a s e x c l u d e d f r o m c o n s i d e r a t i o n in 
t h i s r e s e a r c h , t he t h r e e - d i m e n s i o n a l wave r e g i m e w a s g iven p r i n c i p a l 
c o n s i d e r a t i o n . 

In the condens ing h e a t - t r a n s f e r l i t e r a t u r e , the i n t e r f a c e s h e a r 
s t r e s s h a s g e n e r a l l y b e e n e v a l u a t e d f r o m c o r r e l a t i o n s for t w o - c o m p o n e n t 
f low. The a p p l i c a b i l i t y of t h i s type of c o r r e l a t i o n and the p o s s i b l e effect 
of c o n d e n s a t i o n w a s i n v e s t i g a t e d . 

In p r e v i o u s w o r k on f i lm c o n d e n s a t i o n , t he p r i n c i p a l r e s i s t a n c e to 
h e a t t r a n s f e r in the f i lm w a s in the r e g i o n of the f i lm in c l o s e p r o x i m i t y to 
the w a l l f r o m w h i c h cool ing w a s e f fec ted . T h i s r e g i o n of the f i lm i s v i s c o u s 
and l a r g e l y una f fec ted by the p r e s e n c e of i n t e r f a c i a l w a v e s . To i n v e s t i g a t e 
the effect of w a v e s on hea t t r a n s f e r in the m a i n p o r t i o n of the f i lm , conden -
s a t i o n w a s ef fec ted by i n i t i a l l y subcoo l ing the f i l m . Since the r e s i s t a n c e to 
h e a t t r a n s f e r in t h i s c a s e i s r e l a t e d to the o v e r a l l c h a r a c t e r i s t i c s of the 
f i lm , p r e v i o u s l y d e v e l o p e d m o d e l s wh ich e m p h a s i z e the w a l l r e g i o n a r e not 
a p p l i c a b l e . T h u s , a ne'w m o d e l , w^hich c o n s i d e r s the r e s i s t a n c e to be a 
funct ion of the o v e r a l l c h a r a c t e r i s t i c s of the f i l m , w a s d e v e l o p e d . 



II, THEORY 

In this chapter , analytical models a re developed to descr ibe the 
interact ion of two-dimensional , strat if ied, turbulent, two-phase fluids. 
Emphas i s is placed on the descr ipt ion of flows whereby the gas -phase 
velocity is at l eas t an order of magnitude l a rge r than the l iquid-phase 
velocity, and the gas -phase momentum is the same order of magnitude as 
the l iquid-phase momentum. Under these c i r cums tances , where the m o -
mentum t r ans f e r r ed from the gas phase to the liquid phase plays a signifi-
cant role in the behavior of the liquid, the liquid phase occupies a smal l 
portion of the total flow a r ea and is r e f e r r ed to as a film. Since the liquid-
gas interface is general ly quite dis turbed (wavy), one goal of the model 
development is to provide the capability of descr ibing the actual behavior 
without knowing the detai ls of the local flow mechanics . 

Although the p r i m a r y intention of the succeeding development is 
to consider turbulent flow, laminar flow is also of in te res t . In par t icu la r , 
l aminar flow is useful since it avoids considerat ion of the Reynold s t r e s s e s 
when the p r i m a r y in te res t is d i rec ted at developing the appropr ia te forms 
of the governing equations and boundary conditions. As will be shown in the 
development, the extension of the laminar-f low model to the turbulent-flow 
model is quite s t ra ightforward. Considerat ion of laminar flow also provides 
an indication of the possible extension of the r e su l t s of this chapter to other 
flow r eg imes , say turbulent gas and laminar liquid flow, 

A. Two-component Flow 

In this section, governing equations a r e der ived to descr ibe the two-
dimensional , s trat if ied flow of a gas and liquid s t r e a m in both the laminar 
and turbulent flow r e g i m e s . The per t inent equations of change for each 
component a r e : 

Continuity 

7 5 f = (v.K,: (1, 

Momentum 

P 5 I = -VP - (V.r) +pg; (2) 

Energy 

p C v § | = V . (kVT) - T ( | | ) ( V . 7 ) + ^ 0 . (3) 
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F i g u r e 1 shows the c o o r d i n a t e s y s t e m to be u s e d in th i s d e v e l o p m e n t . 

z ^ y / z ^ z z 

Fig. 1 FILM, 

Coordinate System Used in Developing 
rp-r-== -y=^=s=-z^E~^—z=^^— -^ -— ^ - •j^-:=^= - the Governing Equations 
/ / / / 7 7 7 7 7~-V 

1. L a m i n a r F low 

a. E q u a t i o n s of Mot ion. The following a s s u m p t i o n s d e l i n e a t e 
the m o d e l u s e d in t h i s s ec t ion : 

1. The flow p a t t e r n i s l a m i n a r and t w o - d i m e n s i o n a l . 

2. The f luids a r e i n c o m p r e s s i b l e . 

3. The t r a n s p o r t p r o p e r t i e s a r e c o n s t a n t , 

4. No t e m p e r a t u r e g r a d i e n t s e x i s t . 

5. The i n t e r f a c e b e t w e e n the g a s and l iquid s t r e a m s 
i s s m o o t h . 

6. The flow is t i m e - i n d e p d e n d e n t . 

7. No m a s s t r a n s f e r o c c u r s b e t w e e n the p h a s e s . 

F r o m t h e s e a s s u m p t i o n s , E q s . 1-3 r e d u c e , for e a c h 
componen t , to 

1 ^ + 1 ^ = 0; (4) 
o x dy 

Su 5 u 
^ 3 ~ + '^S— ox d y p Sx p VSx2 ByV 

Sv a v 1 ^ P u (^\ S M , , , 

"^^•^"^7 = "pd7 "̂ y V t e ^ VJ- ^̂^ 

b . B o u n d a r y C o n d i t i o n s . The b o u n d a r y and c o m p a t i b i l i t y 
cond i t ions tha t the so lu t ions to E q s . 4 - 6 sa t i s fy a r e no ted or d e r i v e d in 
th i s s e c t i o n . At y = 0, 

u^ = v^ = 0; (7) 



at y = b, 

ua = va = 0; (10) 

a Pa f^^n 
- ^ a l % ^ ] ; (11) 

SP=. / S ^2. 
V ; 

-d t /dx . 1 . ,._ > 
n = -. ^ r t + -. r J (13) 

At y = t (the interface), the velocity in both phases is the same; i .e., there 
is no slip. This requ i rement may be satisfied by requir ing that the veloci t ies 
normal and tangential to the surface of the interface be the same in both 
phases . 

The unit no rma l and tangential vec to rs to the interface a re 

-d t /dx . 1 

l+ (d t /dx )V Vl+(dt /dxV 

and 

1 , d t /dx . ,, ,, 

[l + (dt/dx)'j [l + (dt/dx)'j 

The no-s l ip condition at the interface r equ i re s that the 
velocity vector in each phase at the interface be identical . The tangential 
and normal components of this vector a r e 

u V dt /dx ,, _, 

( l + ( d t / d x ) 2 ) ' ' ( l+ (d t /dx)2) ' ' 

and 

T7 ^ u d t / d x . V / , , , 
V ' n = -j-^ 1—^^—_ + -. ;—— , (16) 

/ \ 1 /-> / \ 1 / 2 ^ ' 

(l + (dt/dx)V ' ' (l + (dt/dx) ') 

Now, since (V •t)£ = ( 7 • t)a and (V .n)£ = (V - n)a, the 
following identi t ies a re wri t ten: 



^^•*)i£+(^-^)^= (^ •* )a£+(^- )a ; (17) 

(^•^)i-(^"")i£ -~ (^•^)a-(^-n)a£ (18) 

Subs t i t u t ing E q s . 15 and 16 in to E q s , 17 and 18 g i v e s the 

following r e s u l t s : 

'^a t " ""-̂  
(19) 

v ^ I . = v^ (20) 

F o r a t w o - c o m p o n e n t flow wi th no m a s s t r a n s f e r , we h a v e , 
f r o m con t inu i ty c o n s i d e r a t i o n s , F • n = 0. F r o m Eq . 16, the following 
r e s u l t i s ob ta ined : 

d^ _ 111 
dx u 11 

(21) 

The f o r c e at the i n t e r f a c e , n e g l e c t i n g s u r f a c e t e n s i o n , i s 
( s e e , for e x a m p l e . Lodge ^) 

P n + ( T - n ) = Z ^ ^ i + Z ^ i Z ^ i j ^ j 
i i J 

(22) 

•^xx d^A^ T . 
xy 

[1 + ( d t / d x ) ' ] ' ' [ 1 + ( d t / d x ) ' ] 
1/2, 

- T 
yx 

d t / d x 
_ZI_ 

[ 1 + ( d t / d x ) ' ] ' ^ ' [1 + ( d t / d x ) ' ] ' ^ ' ' 

(23) 

w h e r e 

° x x = P - 2 ^ 
Su 

dx 

'yy 
P - 2iLi >v 

a y 

(24) 

(25) 

and 

xy - yx - "Kay t ox 
(26) 
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Equa t ing the f o r c e s in the x and y d i r e c t i o n s in each p h a s e g ives 

dt 
( ° x x ^ - ^ x x j t dT • ( T ' w f l - T x y i - ' xy^^ I = 0, (27) 

and 

(ayy^ - ayy J I ̂  - ( '^xy^-^xy^^-
dt 
dx 

(28) 

and 

Subs t i tu t ing E q s . 24-26 in to E q s . 27 and 28 y i e l d s 

^^a 
+ P ^ - 2 u , T—-

3-1 ' ^^ ax 

av̂  

X 

au; 
/^a 

Sv, 
- M; = 0. (29) 

+ P; 2/ i . a y 

Su, 

,-^-r, - C a J 

Adding and s u b t r a c t i n g E q s . 29 and 30 g i v e s 

Svi 

3X 

3U, 

Mai a y 57" 0, 

dt_ 
dx 

= 0. 
(30) 

(31) 

and 

{' 
Su, 

2/J; 
a X 

' ( d t / d x ) ' + 1 

( d t / d x ) ' - 1 
= 0. (32) 

E q u a t i o n s 4 - 6 and the a s s o c i a t e d b o u n d a r y cond i t ions a r e 
diff icult to so lve , even n u m e r i c a l l y . H o w e v e r , a c o n t r a c t i o n of the a f o r e -
m e n t i o n e d s y s t e m of e q u a t i o n s and b o u n d a r y cond i t ions to a s y s t e m of 
equa t i ons s i m i l a r to the b o u n d a r y - l a y e r equa t ions can be a c c o m p l i s h e d 
by an o r d e r - o f - m a g n i t u d e a n a l y s i s s i m i l a r to tha t conven t iona l ly u s e d 
(e .g . , s ee Sch l i ch t ing ). 
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c. D e v e l o p m e n t of B o u n d a r y - l a y e r - t y p e E q u a t i o n s . When the 
filnni i s th in wi th r e s p e c t to the c h a n n e l s p a c i n g , and when the g a s v e l o c i t y 
i s an o r d e r of m a g n i t u d e l a r g e r than the filnn ve l oc i t y , the r a t e of change of 
f i lm t h i c k n e s s wi th r e s p e c t to a x i a l l eng th , d t / d x , i s s m a l l . Qua l i t a t i ve ly , 
th i s m e a n s tha t the g a s can t r a n s f e r an a m o u n t of m o m e n t u m to the f i lm 
tha t i s a p p r o x i m a t e l y equa l to the m o m e n t u m l o s s f r o m the f i lm to the w a l l . 
In l ight of the p r e c e d i n g , it i s a s s u m e d tha t d t / d x « 1. E q u a t i o n 21 
then i m p l i e s tha t v l ^ <;<; u K . To e x a m i n e the ex ten t to wh ich the 
a s s u m p t i o n tha t d t / d x « 1 can s impl i fy E q s . 4 - 6 , t h e s e e q u a t i o n s , a s 
app l i ed to the f i lm, a r e m a d e d i m e n s i o n l e s s , and the m a g n i t u d e s of the 
v a r i o u s t e r m s a r e e s t i m a t e d . 

The fol lowing d i m e n s i o n l e s s v a r i a b l e s a r e def ined: 

^ i ^ ^ i ^ P^ - X - y -
n£, r - = v^, — ^ ^ = P^, - = X, 4- = y. 

The l eng th , L, i s a c h a r a c t e r i s t i c a x i a l l eng th . The c h a r a c t e r i s t i c ve loc i t y , 
u£ , i s c h o s e n a s the m a s s a v e r a g e v e l o c i t y at x = 0. T h i s c h o i c e i s 
d i c t a t e d by the fact tha t the a v e r a g e v e l o c i t y in the f i lm v a r i e s wi th ax i a l 
l eng th in i n v e r s e p r o p o r t i o n to the m e a n f i lm t h i c k n e s s . H o w e v e r , s i n c e 
it h a s b e e n a s s u m e d tha t d t / d x i s s m a l l , the d i f f e r e n c e b e t w e e n the a v e r a g e 
v e l o c i t y a t x = 0 and e l s e w h e r e in the f i lm should a l s o be s m a l l . T h i s 
fo l lows f r o m con t inu i ty c o n s i d e r a t i o n s , s i n c e the m a s s f l o w r a t e p e r uni t 
width , W^ , r e m a i n s c o n s t a n t . T h a t i s , 

W^ = / ppUndy = p^ugt = c o n s t a n t . (33) 

Subs t i tu t ing the d i m e n s i o n l e s s v a r i a b l e s in to E q s , 4 - 6 g i v e s 

bnp avfl 
- ^ + — i = 0, (34) 
ax ay 

^^£ ^ ^h ^^£ ^H P'ui ^'u/ 
— = + "< + — 
^y ax U ^ L L ^ X ' Sy2 

no +wn = - + "< + >, (35) 

ax av dx u ^ L i a x ^ ay2 

a n d 

3x 'y 

av̂  av_̂  
UJ7 + Vfl = - —^̂ — + — — < + ->. (36) 



The dimensionless p a r a m e t e r s in these equations a re a Reynolds number, 
u^ L/v_g, and a Froude number, u^^/gyL. 

The cha rac t e r i s t i c length, L, is assumed to be chosen so that 

Su^ 

where the O notation means "approximate magnitude of" and does not 
infer a bound in a limiting p r o c e s s . F r o m Eq. 34, it can be concluded 
that 

^ = o ( i ) . 

Since 

^ 1 /s I dt 

-̂̂ It = ̂ ^Iti^ 

and 

u£^ 0(1) . 

it follows that 

Sy " U/dx, 

Thus, the o rde r s of magnitude of the var ious t e r m s in Eqs . 34 and 35 a r e 

^ ^ = 0, 

dx ay 

^ I 

1 dt /d X 

dt /dx 

^ aâ  sâ  ap̂  v̂  fa'u^ a'u 
X ay ax u . L lax ay^ 

1 • 1 ^ . ^ _ 1 _ J 
dx d t /dx (d t / d i ) ' 



Therefore , for the viscous t e r m s to be of the same order of magnitude as 
the momentum t e r m s (a necess i ty if the order of the differential equation 
is to be p rese rved) , the order of magnitude of the Reynolds number mus t 
be 

Vi^J 1 
.(dt/dx)'J 

It can also be concluded that a ' u ^ / a x ' can be neglected in favor of a u^/oy . 

The o rde r s of magnitude of the var ious t e r m s in Eq. 36 a r e 

""̂  ax ^^^' hy ^ ~ by ' u|^ ^u^^L\ax2 ^ a ? 

I i I I I i I 

dt dt / d t \ dt j _ 

dx dx Vdx/ dx dt_ 

dx 

Since all t e r m s in the above equation a re of 0(d t /dx) , 

^^H Sv^ 
^ - O f ^ l ~- 0. (37) 

a9 n\ \dx 

Equation 37 can be integrated to give 

h =4^[y + f(x)]. 

The constant of integrat ion can be de termined as follows: At y := t, 

/ \ / \ i 

^i - Pi It-. 

• • P i = • z ^ ( t - y ) + P i L . (38) 
u' It 

If Eq. 38 is differentiated with r e spec t to x, the axial var ia t ion of p r e s s u r e 
in the liquid film becomes 
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^dx/ dx 
_ 2 

Summing up, the per t inent equations in the liquid film can be wri t ten 

Sx 
= 0, (40) 

and 

^^C.^li- _ 1 ^ 4 t ) gy^dt ^ -̂g ^'^i 
3y dx u2, dx u^ L By^ Sx ov dx u2. dx Ufl L O"^ 

The b o u n d a r y - l a y e r - t y p e e q u a t i o n s d e r i v e d h e r e differ 
f r o m the n o r m a l e q u a t i o n s in tha t a b o d y - f o r c e t e r m p r o p o r t i o n a l to d t / d x 
i s i nc luded . T h i s body f o r c e i s n o r m a l l y n e g l e c t e d in s i n g l e - p h a s e b o u n d a r y -
l a y e r e q u a t i o n s w h e r e the p r e s s u r e i s t a k e n to be equa l to the d i f f e r ence 
b e t w e e n the p r e s s u r e d u r i n g m o t i o n and at r e s t . S ince a f r ee s u r f a c e i s 
p r e s e n t in t h i s s i t ua t i on , the effect of the body f o r c e t e r m i s not , a p r i o r i , 
n e g l i g i b l e . The s i g n i f i c a n c e of the b o d y - f o r c e t e r m i s m a n i f e s t e d in the 
mod i f i ed F r o u d e n u m b e r , 

F r 
£Q 

P h y s i c a l l y , E q s . 40 and 41 a r e r e a l i s t i c . At l a r g e v a l u e s 
of X, d t / d x a p p r o a c h e s z e r o . T h i s r e p r e s e n t s the c a s e of fully deve loped 
s t r a t i f i e d flow for wh ich u£ = u^(y) and v£ = 0. F o r fully deve loped 
s t r a t i f i e d flow, the g o v e r n i n g e q u a t i o n s in the f i lm a r e 

au^ 
Sx 

0, (42) 

and 

d P ^ V d^S. 
0 = - - T ^ + - ^ TT- (43) 

X u« L dy 

Now, for d t / d x f 0 but << 1, it i s p h y s i c a l l y r e a s o n a b l e t ha t the m o m e n t u m 
c h a n g e s in the f i lm in the a x i a l d i r e c t i o n a r e m u c h m o r e i m p o r t a n t than t h o s e 
in the y d i r e c t i o n . T h u s , the cho ice of the b o u n d a r y - l a y e r - t y p e equa t ions a s 
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the g o v e r n i n g e q u a t i o n s in the l iqu id f i lm i s i n d i c a t e d . S ince e q u a t i o n s of 
the f o r m of E q s . 42 and 43 apply to the g a s p h a s e at l a r g e x, i t i s p h y s i c a l l y 
r e a s o n a b l e tha t the a f o r e m e n t i o n e d a r g u m e n t s r e g a r d i n g the b o u n d a r y -
l a y e r - t y p e e q u a t i o n s app ly not only to the f i lm, but a l s o to the g a s p h a s e . 
S ince the d e n s i t y r a t i o of l iqu id and g a s p h a s e s u n d e r c o n s i d e r a t i o n i s 
O(lOOO), the b o d y - f o r c e t e r m i s s ign i f i can t only in the f i lm m o m e n t u m 
equa t ion , imp ly ing tha t the s t a t i c p r e s s u r e in the g a s p h a s e i s c o n s t a n t 
over the y c o o r d i n a t e . In l ight of the fo rego ing , the p e r t i n e n t b o u n d a r y -
l a y e r - t y p e e q u a t i o n s in the g a s p h a s e a r e 

C^Up 

a x ^y 
(44) 

u . + V, 

ay 

d P 

dK 

a^u 
+ 

u a„L ay^ 
(45) 

a n d 

ap. 
0, (46) 

w h e r e Uĝ  for the g a s p h a s e r e f e r s to the a v e r a g e g a s v e l o c i t y a t x = 0. 
Al l o the r n o r m a l i z i n g p a r a m e t e r s r e m a i n the s a m e . 

C o n s i d e r i n g the b o u n d a r y c o n d i t i o n s , only E q s . 31 and 32 
a r e sub jec t to s i m p l i f i c a t i o n . F o r e x a m p l e , in Eq . 3 1 , 

S| . o/'4A and | i = of^ 
d t 

V d ^ 
Jx ^dxV 

T h e r e f o r e , 

au^ 
^i by jL ia ' 

ay 
(47) 

In Eq . 32, not ing tha t d t / d x < < 1 , the d i m e n s i o n l e s s f o r m 

of the l iquid t e r m s i s 

^£ 
2v£au | 

ui) L ax 
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Now, since P^ = 0 ( l ) , 

aVax = o(i), 

and 

-- O 

1 '̂  \ 2 

_Vdx/J 

the second t e r m is negligible in coinparison with the f i rs t . Therefore , Eq. 32 
reduces to 

P^l. 

Since Pg^ = f(x), Eq. 39 in dimensional form becomes 

(48) 

ax 
dt dPa 

(49) 

In summary , the governing equations and boundary conditions 
for each phase a re as follows: 

The liquid film 

^^i_^ ^ = 0-
3X ay 

au I ) U ^ d P . 

The gas phase 

- g> 
dt 

P i dx *ydx + ^^"a 

^^u^. 

y 

(50) 

(51) 

^^a Sv^ 

)x 

au 
U ; + V-

3X 

0; 

au 
a 

Sy 

1 ^ ^ a 
Pa ax 

â u 
a 

a ay2 

(52) 

(53) 

The boundary conditions 

y = 0; u^ = 0, ^l - 0; 

y = b; ua = 0, Va = 0; 

(54) 

(55) 
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y --

Pi 

Mi 

= t; 

= P a ; 

ay -

^i 

Ma 

= ^ a 

^ - a 

ay 

v^ = Va; (56) 

(57) 

(58) 

d. F u l l y D e v e l o p e d S t r a t i f i e d F l o w . T h e fu l ly d e v e l o p e d f low 

p a t t e r n i s , b y d e f i n i t i o n , t h e a s y m p t o t i c f low p a t t e r n , i . e . , t h e c a s e f o r w h i c h 

d t / d x = 0 a n d u = u ( y ) . F o r t h i s c a s e , t h e g o v e r n i n g e q u a t i o n s a n d b o u n d a r y 

c o n d i t i o n s r e d u c e to t h e f o l l o w i n g : 

T h e l i q u i d f i l m 

T h e 

T h e 

d P a 

d x 

g a s p h a s e 

d P a 

d x 

b o u n d a r y 

d^u^ 

^ ^ d y ^ • 

^ ^ - a 
^ - dy^ • 

c o n d i t i o n s 

(59) 

(60) 

y = 0; u ^ = 0; (61) 

y = b ; u a = 0; (62) 

y = t; u^ = Ug-, (63) 

du^ d u 

M i ^ = M a i ^ - (64) 

S o l u t i o n s of E q s . 59 a n d 60 a r e 

1 d P a 1 d P a 

T h e e q u a t i o n s a b o v e s a t i s f y t h e b o u n d a r y c o n d i t i o n s a t y = 0 a n d y = b . 

T h e c o n s t a n t s of i n t e g r a t i o n , a j a n d a^, c a n b e f o u n d f r o m t h e b o u n d a r y 

c o n d i t i o n s a t y = t . 

1 "^^a 1 ^ ^ a "^^a ^ P . 



Solving for aj and a2 g i v e s the c o m p l e t e so lu t ion . 

1 '^^ 

"^ = 2;^ T T ^ y ' - ^ ^ ' ^ '̂̂  

a n d 

1 d P 1 a 
u , = a- 2 / i^ dx 

w h e r e 

[(y'-b^) - 7 ( y - b ) ] , (66) 

^ b - - t - ( l - e ) 

^ b - t ( l - £ ) 

a n d 

Ma 
£ = — . (68) 

Mi 

The fully d e v e l o p e d f i lm t h i c k n e s s and p r e s s u r e g r a d i e n t 
can be de t e rnn ined f r o m E q s . 65 and 66 by con t inu i ty c o n s i d e r a t i o n s . The 
con t inu i ty e q u a t i o n s for the l iqu id and g a s p h a s e s a r e 

Wi = / Pm dy ' (69) 
J 0 

and 

Wa - J PaUa dy. (70) 

Subs t i t u t ing E q s . 65 and 66 in to E q s . 69 and 70 and i n t e g r a t i n g , we obta in 

2Wg M^ d P 

P£ dx 

and 

{ T - ^ 4 1 . (71) 

P a '̂̂ {-M^̂ ^̂ -l̂ ^̂ -̂ -"-̂  <-) 
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Dividing E q s . 71 and 72 and s impl i fy ing r e s u l t in the fol lowing q u a r t i c 

equa t ion for the f i lm t h i c k n e s s : 

^ ( l + £ ^ ) t̂  + 4 ( 1 + 3e(l - £) + ^ !.t^ 
3̂  \ W i / b^ 1̂  Wi 

+ ±}3{l-e) - 1 - e ^ 
W £. 

t^ + - ( 1 - e) t - 1 = 0. (73) 

The p r e s s u r e g r a d i e n t can be d e t e r m i n e d by s u b s t i t u t i n g the so lu t ion of 
Eq . 73 into E q s . 71 or 72. 

e. M o m e n t u m I n t e g r a l E q u a t i o n s . F o r d t / d x / 0, the p e r t i n e n t 
s y s t e m of g o v e r n i n g e q u a t i o n s is E q s . 5 0 - 5 3 . T h e s e h igh ly n o n l i n e a r p a r t i a l 
d i f f e r en t i a l e q u a t i o n s a r e coup led t h r o u g h b o u n d a r y cond i t i ons e x p r e s s e d by 
E q s , 5 4 - 5 8 . S ince the flow is bounded by two confining s u r f a c e s , an a n a l y t i -
ca l so lu t ion to t h e s e equa t ions i s not p o s s i b l e . T h u s , an a p p r o x i m a t e m e t h o d 
i s p r o p o s e d . 

A w e l l - k n o w n m e t h o d u s e d in so lv ing the b o u n d a r y - l a y e r -
type e q u a t i o n s i s the m o m e n t u m - i n t e g r a l t e c h n i q u e . In t h i s t e c h n i q u e , the 
g o v e r n i n g e q u a t i o n s a r e i n t e g r a t e d o v e r the c o o r d i n a t e n o r m a l to the flow, 
in t h i s c a s e , the y c o o r d i n a t e . If t h i s m e t h o d i s app l i ed to the l iquid f i lm, 
E q s . 50 and 51 a r e i n t e g r a t e d f r o m y = 0 to y = t a s fo l lows: 

;x 

' ^ (ui) ' 

)x 
dy + n au/; 

i vi 
' y 

dy = 

1 r' d^a 

P£ J '^^ 
- ' 0 

g y ^ d y + Vi 

.t . 2 

ay2 
d y . 

I n t e g r a t i n g by p a r t s r e s u l t s in 

t a u (J A b{u.£V£) 

j ^̂ V"̂ ^ ay ^y 

inn) inn) + n^^y-
)U£ 

)X 
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Subs t i tu t ing th i s r e s u l t into the i n t e g r a t e d m o m e n t u m equa t ion g i v e s 

i ( u ^ ) ^ ^' a(u^)' 

P£ 

dt ^ 1 ^uj 

dT" Vd;^ + ̂ n i7 
t d P a 

ay 

With the s u b s t i t u t i o n of the i n t e g r a t e d con t inu i ty equa t ion in to the above 
equa t ion and wi th a p p l i c a t i o n of the L i e b n i t z r u l e to the l e f t - hand s ide of 
the above , the m o m e n t u m i n t e g r a l equa t ion b e c o m e s 

h f '̂/y - ̂ ilt h f î̂ y 
t d P a 

P£ dx 

au 
+ ^n^ 

dt 

au. 

ay 
(74) 

The g a s - p h a s e m o m e n t u m i n t e g r a l equa t i on i s d e r i v e d f r o m E q s . 52 and 53 
in a s i m i l a r m a n n e r to g ive 

_d_ 

dx 
/ ^ a d y - u a | ^ ^ j u, 
•^t -^t 

dy 
b - t d P a 

Pa dx 

'au. 
+ V. 

ai a. 

au. 

b y 
(75) 

F o r a t w o - c o m p o n e n t s y s t e m , con t inu i ty c o n s i d e r a t i o n s r e q u i r e tha t s i nce 

,t 
W 

i / P i ^ i ^ y c o n s t a n t . (69) 

and 

^ a - / Pa^ady = c o n s t a n t , 
-̂ t 

(70) 

t h e r e f o r e 

dx i^y = 0, 



and 

_d_ 

dx -JZ ^ ady 

T h u s , the m o m e n t u m i n t e g r a l e q u a t i o n s for the t w o - c o m p o n e n t s y s t e m 

a r e , f inal ly . 

d 

dx 

t d ^ a au i 

/ "̂ ŷ = - ^ " d T - V t l + ^ M ^ 
aui 

ay 
(76) 

and 

dx 1 
^Idy 

b - t d P a 

Pa dx 
+ Va. 

au. 

'y 
(77) 

The a s s o c i a t e d b o u n d a r y c o n d i t i o n s r e d u c e to 

y = 0; u^ = 0; 

y = b ; Uj 0: 

y = t; u^ = Ua; 

aui au^ 

(78) 

(79) 

(80) 

(81) 

f. V e l o c i t y P r o f i l e s in the G a s and L iqu id P h a s e s . The a p -
p r o x i m a t e m e t h o d of so lv ing the i n t e g r a t e d b o u n d a r y - l a y e r e q u a t i o n s h a s 
b e e n c r e d i t e d to von K a r m a n and P o h l h a u s e n . In th i s m e t h o d , p l a u s i b l e 
a s s u m p t i o n s a r e m a d e about the v e l o c i t y d i s t r i b u t i o n in the b o u n d a r y l a y e r , 
abandoning any a t t e m p t to sa t i s fy the b o u n d a r y - l a y e r e q u a t i o n s for e v e r y 
fluid p a r t i c l e . The f o r m of the v e l o c i t y d i s t r i b u t i o n i s u s u a l l y c h o s e n to 
be a p o l y n o m i a l of d e g r e e N, a s fol lows 

N 
u(x,y) = 2^ cn(x)y" . (82) 

n=o 

The coe f f i c i en t s , Cn(x), a r e e v a l u a t e d by r e q u i r i n g tha t the a s s u m e d v e l o c i t y 
d i s t r i b u t i o n sa t i s fy the s a m e b o u n d a r y cond i t i ons a s the e x a c t so lu t ion . In 
add i t ion , the p r e s e n c e of a p r e s s u r e g r a d i e n t r e q u i r e s t ha t the a s s u m e d 
d i s t r i b u t i o n m u s t a l low for a po in t of in f lec t ion for a p o s i t i v e p r e s s u r e 



gradient and for no point of inflection for a negative p r e s s u r e gradient . The 
boundary and compatibili ty conditions that manifest these requ i rements a re 

y = 0; Ui = 0; (78) 

dPa dt S 'ui 
I T = -PJi^yl^^ ^£—z' (^^) 

y = t; Ui = Ua; (80) 

au^ ^^a 
^& — = M a — ; (81) 

y = b; Ua - 0; (79) 

dPa a^Ua 
—-^ - Ma T' (84) 

Since the m a s s flowrate of the gas and liquid phases r ema ins constant, the 
velocity profi les mus t also satisfy the integrated continuity equations, 

Wi = / P^u^ dy, (69) 

and 

Wa = / Pa^a dy. (70) 

Keeping in mind the preceding r equ i r emen t s , the following 
cubic polynomials a re chosen for the velocity distr ibut ions in the liquid 
and gas phases : 

3 ^ r 1 dPa P i g y d t l 2 
•P y +1 -^ 2— + -^ -^r-rV + c . y, (85) 
^3 t ^l-^i dx Zli£ dxj ' i i 

U/9 = c 

and 

c , i'x!_3y^ + 2bM + J - ^ ( y 2 _ b 2 ) + c , ( y - b ) . (86) 
S \ b / 2jUa dx a 

The velocity dis t r ibut ions presen ted above satisfy Eqs . 78, 83, 79, and 84. 
The remaining var iab le coefficients, Cn , Cp > c^ , and c^ , can be evaluated 
by using Eqs . 80, 81, 69, and 70. i 3 i 3 



Once the r e m a i n i n g coe f f i c i en t s a r e d e t e r m i n e d , the a s s u m e d 
v e l o c i t y p r o f i l e s c a n be s u b s t i t u t e d in to the m o m e n t u m i n t e g r a l e q u a t i o n s , 
E q s , 76 and 77. I n s p e c t i o n shows tha t the r e s u l t wi l l be two s i m u l t a n e o u s , 
s e c o n d - o r d e r , n o n l i n e a r d i f f e r en t i a l e q u a t i o n s . The d e p e n d e n t v a r i a b l e s in 
t h e s e e q u a t i o n s a r e the p r e s s u r e . P a . and the f i lm t h i c k n e s s , t. S ince the 
d i f f e r en t i a l e q u a t i o n s a r e of s e c o n d o r d e r , four i n i t i a l cond i t i ons m u s t be 
spec i f i ed : the i n i t i a l f i lm t h i c k n e s s and p r e s s u r e and the i n i t i a l g r a d i e n t s of 
t h e s e v a r i a b l e s . N o r m a l l y , the v a l u e s of the i n i t i a l g r a d i e n t s of f i lm t h i c k -
n e s s and p r e s s u r e a r e not known wi thout r e c o u r s e to e x p e r i m e n t . T h i s i s , 
t h e r e f o r e , a d i s a d v a n t a g e tha t c a u s e s a p r a c t i c a l b a r r i e r to u s e of t h i s 
t e chn ique a s a p r e d i c t i v e m e t h o d . 

g. D i s c u s s i o n . An a n a l y t i c a l m o d e l d e s c r i b i n g the flow of 
thin f i l m s u n d e r the in f luence of a c o n c u r r e n t g a s p h a s e h a s been deve loped . 
If d t / d x « 1, b o u n d a r y - l a y e r - t y p e e q u a t i o n s can be u s e d to d e s c r i b e the 
flow. The in f luence of the h y d r o s t a t i c p r e s s u r e g r a d i e n t h a s b e e n i n d i c a t e d 
by the mod i f i ed F r o u d e n u m b e r , un / g y L d t / d x . 

An a p p r o x i m a t e m e t h o d of so lu t ion of the b o u n d a r y - l a y e r -
type e q u a t i o n s h a s been p r o p o s e d , us ing the m o m e n t u m i n t e g r a l t e c h n i q u e . 
T h i s m e t h o d i s not , a p r i o r i , p r e d i c t i v e due to the n e c e s s i t y of the e x p e r i -
m e n t a l d e t e r m i n a t i o n of the i n i t i a l f i lm t h i c k n e s s and p r e s s u r e g r a d i e n t s . 

H o w e v e r , a s wi l l be shown in Sec t ion 2, be low the m o m e n t u m 
i n t e g r a l e q u a t i o n s offer a s i m p l e m e a n s of p r e d i c t i n g the p r e s s u r e g r a d i e n t 
and the f i lm t h i c k n e s s when the flow r e g i m e i s t u r b u l e n t . 

2. T u r b u l e n t F low 

T h i s s e c t i o n c o n s i d e r s the c o n c u r r e n t , t u r b u l e n t flow of s t r a t i f i e d 
g a s and l iquid p h a s e s . Of p r i n c i p a l i n t e r e s t a r e flows tha t a r e not fully d e -
v e l o p e d in the s e n s e tha t d t / d x / 0, and w h o s e p h a s e i n t e r f a c e i s c h a r a c -
t e r i z e d by t h r e e - d i m e n s i o n a l d i s t u r b a n c e s . 

The p u r p o s e of the s u c c e e d i n g d e v e l o p m e n t i s to c o n s t r u c t , for 
the a f o r e m e n t i o n e d f lows , a s i m p l e a n a l y t i c a l m o d e l tha t r e q u i r e s l i t t l e 
knowledge of the d e t a i l s of the l o c a l flow m e c h a n i c s . 

a. C r i t i c a l F i l m and G a s R e y n o l d s N u m b e r . F u l f o r d def ined 
t h r e e r e g i m e s of f i lm flow: s m o o t h l a m i n a r , wavy l a m i n a r , and wavy 
t u r b u l e n t . The f i lm R e y n o l d s n u m b e r u s e d to d e l i n e a t e the t r a n s i t i o n 
f r o m l a m i n a r to t u r b u l e n t flow is def ined a s fo l lows: 

W i 
R e i = - i . (87) 
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D a t a c o n c e r n i n g the c r i t i c a l R e y n o l d s n u m b e r m i g h t be 
e x p e c t e d to exh ib i t s o m e s p r e a d s i n c e the t r a n s i t i o n i s p r o b a b l y a connbina-
t ion of a T o U m i e n - S c h l i c h t i n g i n s t a b i l i t y in con junc t ion wi th d i s t u r b a n c e s in 
the f i lm r e s u l t i n g f r o m the ac t ion of the s u r f a c e w a v e s . After c r i t i c a l l y 
e x a m i n i n g m a n y da t a , F u l f o r d c o n c l u d e d tha t the c r i t i c a l Reyno lds n u m b e r 
for f i lm flow is b e t w e e n 250 and 400 . F u l f o r d no ted tha t the c r i t i c a l Reyno lds 
n u m b e r i s u s u a l l y d e t e r m i n e d f r o m d i s t i n c t s lope c h a n g e s in the c u r v e s of 
f i lm t h i c k n e s s , s u r f a c e ve loc i ty , h e a t - o r m a s s - t r a n s f e r coef f i c ien t s in the 
f i lm, e t c . , when p l o t t e d a g a i n s t R e i . 

C o m p l e t e da t a a r e not a v a i l a b l e r e g a r d i n g the c r i t i c a l 
R e y n o l d s n u m b e r for t w o - d i m e n s i o n a l flow of a s i n g l e - p h a s e fluid. T h e r e -
f o r e , the c r i t i c a l R e y n o l d s n u m b e r for the g a s p h a s e wi l l be b r a c k e t e d by 
c o n s i d e r i n g the c r i t i c a l R e y n o l d s n u m b e r of s i n g l e - p h a s e f luids flowing in 
condu i t s of s i m i l a r g e o m e t r y . Schlichting'*^ def ined the R e y n o l d s n u m b e r 
for condu i t s of n o n c i r c u l a r c r o s s s e c t i o n a s 

R e ^ = - ^ - ^ . (88) 
^a 

w h e r e Rj^ d e n o t e s the h y d r a u l i c d i a m e t e r . In F i g u r e 20.12 of Ref. 4 1 , 
Sch l ich t ing p l o t s f r i c t ion f a c t o r s v e r s u s R e a for v a r i o u s g e o m e t r i e s . F o r 
a r e c t a n g u l a r condui t of a s p e c t r a t i o 3 . 5 : 1 , the b r e a k in the c u r v e o c c u r s 
at a R e y n o l d s n u m b e r of a p p r o x i m a t e l y 2000. Ano the r c u r v e in tha t 
f igu re i s for a n a r r o w a n n u l u s , wh ich i s a n a l o g o u s to a r e c t a n g u l a r channe l 
of l a r g e a s p e c t r a t i o . The c r i t i c a l Reyno lds n u m b e r f r o m th is c u r v e a p p e a r s 
to be 4000. T h u s , the c r i t i c a l R e y n o l d s n u m b e r in th i s r e s e a r c h wi l l be 
a s s u m e d to be f r o m 2000 to 4000. 

b . M o m e n t u m I n t e g r a l E q u a t i o n s . The s h e a r - s t r e s s t e r m s in 
the m o m e n t u m i n t e g r a l equa t i ons a l r e a d y d e r i v e d for the l a m i n a r flow of the 
g a s and l iqu id p h a s e s w e r e e x p r e s s e d in t e r m s of the p r o d u c t s of the v i s -
c o s i t y t i m e s the g r a d i e n t of v e l o c i t y in the y d i r e c t i o n , e v a l u a t e d at e i t h e r 
the w a l l o r the i n t e r f a c e . Wr i t i ng the s h e a r s t r e s s e s in t e r m s of the 
s y m b o l T, and c o n s i d e r i n g u to be the t i m e - a v e r a g e d ve loc i ty in the x 
d i r e c t i o n , we can a s s u m e the m o m e n t u m i n t e g r a l equa t i ons to be va l id for 
t u r b u l e n t flow a s w e l l a s l a m i n a r flow. T h u s , for t u r b u l e n t g a s and l iquid 
flow, the m o m e n t u m i n t e g r a l e q u a t i o n s a r e 

h f 1̂' d P a dt 1 

a n d 

dx / 4^y -~ - p 7 — - V i ; : + ^ ( - i - - o ) ' («9) 

. d P , 
5 - t a 1 , , , , 



In E q s , 89 and 90, T^^ TQ^ and 7"-̂  r e p r e s e n t , r e s p e c t i v e l y , the t u r b u l e n t s h e a r 

s t r e s s on the u p p e r and l o w e r so l id s u r f a c e and a t the g a s - l i q u i d i n t e r f a c e . 

In the d e v e l o p m e n t of the m o m e n t u m i n t e g r a l e q u a t i o n s , it 
h a s b e e n a s s u m e d tha t the p h a s e i n t e r f a c e i s s m o o t h . F o r t u r b u l e n t l iqu id 
and g a s f lows, t h i s i s g e n e r a l l y not t r u e . The i n t e r f a c e i s n o r m a l l y c h a r a c -
t e r i z e d by d i s t u r b a n c e s tha t r a n g e fronn. t w o - d i m e n s i o n a l w a v e s for the 
l ower R e i and R c a t h r o u g h t h r e e - d i m e n s i o n a l w a v e s , r o l l w a v e s , and f inal ly , 
e n t r a i n m e n t for the h i g h e r Reg and R e i - Da ta c o n c e r n i n g the a m p l i t u d e and 
f r e q u e n c y of t h e s e i n t e r f a c i a l w a v e s for nonfully deve loped flows ( d t / d x / 0) 
a r e l a ck ing . T h u s , w i th the a f o r e m e n t i o n e d s t a t e of knowledge r e g a r d i n g 
i n t e r f a c i a l d i s t u r b a n c e s , it i s r e a s o n a b l e to a s s u m e a s m o o t h i n t e r f a c e and 
inc lude the ef fec ts of w a v e s in the eva lua t i o n of TJ_. Th i s a l l ows the c o n s t r u c -
t ion of a r e l a t i v e l y s i m p l e a n a l y t i c a l m o d e l , a s e v i d e n c e d by E q s . 89 and 90. 

A n o t h e r a s s u m p t i o n i s tha t t h e r e i s no m a s s t r a n s f e r a c r o s s 
the p h a s e i n t e r f a c e . T h i s e l i m i n a t e s , in effect, the c o n s i d e r a t i o n of e n t r a i n -
ing f lows by the p r e s e n t m o d e l . 

c. V e l o c i t y P r o f i l e s in the Gas and Liquid P h a s e s . As for 
l a m i n a r g a s and l iqu id flow, v e l o c i t y d i s t r i b u t i o n s m u s t be a s s u m e d in e a c h 
p h a s e so tha t the c o n v e c t i v e m o m e n t u m t e r m s can be e v a l u a t e d . H o w e v e r , 
b e c a u s e of the r e l a t i v e " f l a t n e s s " of t u r b u l e n t v e l o c i t y p r o f i l e s , it i s p o s -
s ib le to b y p a s s the n e c e s s i t y of exp l i c i t l y i n t r o d u c i n g a s s u m e d v e l o c i t y 
d i s t r i b u t i o n s in to the c o n v e c t i v e m o m e n t u m t e r m s . F o r e x a m p l e , it can be 
a s s u m e d for c o m p a r i s o n tha t the v e l o c i t y d i s t r i b u t i o n in the g a s p h a s e 
fol lows the w e l l - k n o w n l / 7 p o w e r law. Tha t i s . 

To show tha t the ve loc i t y d i s t r i b u t i o n in the c o n v e c t i v e -
m o m e n t u m t e r m s do not n e e d to be c o n s i d e r e d exp l i c i t l y , it i s n e c e s s a r y 
tha t 

2 ^ — 2 

Ua - Ua-

The de f in i t ions of Ua and Ua a r e 

(92) 



a n d 

, b - t 

'^^b-t)^'J/ -
2 Ua dy . (93) 

Substituting Eq. 91 into Eqs . 92 and 93 and integrating gives 

— 64 _2 
- a = 63-a-

Therefore , the e r r o r in replacing Ua by Ua is approximately 1.6%. A s imi la r 
resu l t is obtained by assuming the l / 7 power law for the film. 

Thus, the convective momentum t e r m s can be expressed 
approximately as 

k f ^dy = £(tup. 
' 0 

and 

| . r \ i d , = |-(,.-t,.i) 

These las t two equations can be rewri t ten by using Eqs . 69 
and 70, giving 

and 

d r^ , . W'a dt 
-^ j uidy = - ^ - ^ - , ^ . (95) 
^^ ' ^ ' p ' j b - t ) ' ^ ^ 

Substituting Eqs . 94 and 95 into Eqs . 89 and 90 yields 

r2 
n dt t dPa dt 1 
p2 t2 dx P£ dx *y dx P£ gy^7;;+^('^i-^°)' (96) 



a n d 

K dt b - t dPa 1 
— (Ti+Tb) . (97) 

p | ( b - t ) ' d ^ P a d^ Pa 

E q u a t i o n s 96 and 97 a r e s i m u l t a n e o u s , n o n l i n e a r , o r d i n a r y , 
d i f f e r en t i a l equa t i ons in the d e p e n d e n t v a r i a b l e s , t and P a - To so lve the 
e q u a t i o n s , e x p r e s s i o n s m u s t be found for the i n t e r f a c e s h e a r s t r e s s , T^, 
and the two w a l l s h e a r s t r e s s e s , T]~, and TQ-

d. T u r b u l e n t Wal l S h e a r S t r e s s . The e v a u l a t i o n of the w a l l 
s h e a r s t r e s s in the l iqu id filna r e q u i r e s an a s s u m p t i o n c o n c e r n i n g the t u r b u -
len t n a t u r e of the f i lm, p a r t i c u l a r l y in the r e g i o n n e a r the w a l l . C a r p e n t e r 

•7 

and C o l b u r n s u g g e s t e d what i s t e r m e d the " w a l l - l a y e r m o d e l " of f i lm flow. 
T h i s m o d e l a s s u m e s tha t a l iqu id f i lm flowing u n d e r the in f luence of a h i g h -
v e l o c i t y t u r b u l e n t g a s s t r e a m b e h a v e s a s the w a l l l a y e r of a s i n g l e - p h a s e 
l iquid flow wi th the s a m e t h i c k n e s s and w a l l s h e a r s t r e s s . In o the r w o r d s , 
an o b s e r v e r looking in to the f i lm and o b s e r v i n g e v e n t s a t the w a l l canno t 
" s e e " far enough in to the l iqu id to d i s t i n g u i s h w h e t h e r the l iquid is flowing 
a s a f i lm or a s a s i n g l e - p h a s e fluid. The " w a l l - l a y e r m o d e l " a l l ows u s e of 
a s i n g l e - p h a s e v e l o c i t y p r o f i l e to e s t a b l i s h an e x p r e s s i o n for the w a l l s h e a r 
s t r e s s . 

Di f fe ren t v e l o c i t y p r o f i l e s have b e e n u s e d by v a r i o u s in -
v e s t i g a t o r s in the " w a l l - l a y e r m o d e l . " One of the a s s u m e d p r o f i l e s i s 
the von K a r m a n u n i v e r s a l v e l o c i t y d i s t r i b u t i o n . F o r e x a m p l e , it h a s b e e n 
u s e d s u c c e s s f u l l y by Duk le r and B e r g e l i n for the fal l ing flow of f i l m s on 
a v e r t i c a l wa l l , by A n d e r s o n and Mantzouranis"* for c o n c u r r e n t a n n u l a r 
flow, and by R o h s e n o w , W e b b e r , and Ling for t u r b u l e n t f i lm c o n d e n s a t i o n . 

The u n i v e r s a l v e l o c i t y d i s t r i b u t i o n , wh ich i s u s e d in t h i s 

r e s e a r c h , i s 

a n d 

w h e r e 

ul = y^ for 0 < y^ < 5, (98) 

u j = - 3 . 0 5 + 5.0 In y"̂  for 5 < y"̂  < 30, (99) 

u^ = 5.5 + 2.5 In y"*" for 30 < y"̂  < t, (100) 

^ i = ^i / u ' y = y u /v£. 



and 

u (the frictional velocity) = />y To/p 

For values of t > 30, the universal velocity distribution 

may be integrated, using Eq. 69, to give 

Re^ = 3.0t"̂  + 2.5t"̂  In t"*" - 64. (101) 

Substituting t =30 into Eq, 101 results in Rei = 270, This value of the 
Reynolds number corresponds closely to the lower value of the critical 
Reynolds number cited earlier. 

Hershman^^ studied the fully developed flow of turbulent 
air over various liquid films in a channel whose aspect ratio was 12:1. 
Assuming the "wall-layer model" and using Deissler's velocity distribu-
tion, Hershman compared measured values of t versus Rei for experi-
ments in which three-dimensional waves were present on the film surface. 
The maximum value of Rei in his experiments was approximately 600. 
He concluded that the agreement between experiment and theory was satis-
factory. For a given Rei, the values of t"*" calculated using the von Karman 
and Deissler velocity profiles agree within 1-4% over the range of t in the 
Hershman experiments, and this variation is within the experimental scatter 
of Hershman's data. The principal advantage of using the von Karman dis-
tribution over that of Deissler is that the former is easier to use in practice. 

An expression for the wall shear stress results from the 
following definition of t"*": 

t^.-l /H 

Rearranging results in 

^0 = PpA^ > . (102) 

Thus, Eqs. 101 and 102 are a set of equations that allow the 
evaluation of the wall shear stress, Tg, in terms of the filna thickness, t, 
and the film Reynolds number, Rei. 

The evaluation of the wall shear stress in the gas phase 
requires knowledge of the turbulent profile in the gas phase, particularly 
in the region of the wall. Hanratty and Engen^^ found, for the fully developed 
flow of a horizontal, stratified, turbulent gas and liquid, that the velocity 
profile in the gas phase near the wall was unaffected by the presence of the 
moving liquid phase. 



43 

In light of these results, it is assumed that the wall shear 

stress in the gas phase may be determined from the Blasius equation for 

the friction factor in turbulent flow."* 

The Blasius equation for the friction factor is defined as 

0.316 

(Rea)' 
f . ^ ^ ^ ^ , . (103) 

The relationship between the friction factor and the wall shear stress for 

a rectangular channel is defined by 

ft 
8 -̂ b = -TPaui. (104) 

Combining Eqs. 103 and 104 and using the continuity equation, Eq. 70 yields 

0.316 Wa 
Tu = . 105) 

^ (Rea)^/^ 8p^(b - t)^ 

Cohen measured the wall shear stress for the flow of air 
in a rectangular channel of aspect ratio 12:1. He found that the Blasius 
friction factor increased by about 9%. That is, 

% = - ^ ^ ^ ^ . (106) 

Since the aspect ratio for the gas flow in the experimental test section used 
in this research is approxinmately 10:1,'this result is used in place of Eq. 103. 
Cohen's data further indicate that Eq, 106 is valid above Rca - 7000. Replac-
ing the coefficient in Eq. 105 gives 

0.346 K 
' ^ h = TT ,• (107) 

^ (Rea)'/^ 8pa(b - t)^ 

e. Interfacial Shear Stress. The evaluation of the shear stress 
at the interface between the gas phase and liquid film is complicated by the 
wavy structure. Depending on the Reynolds numbers of the gas and liquid 
phases, various interfacial wave forms occur. 

The various interfacial disturbances that appear as the gas 
flowrate is increased for a fixed liquid flowrate are: 1) smooth surface, 
2) two-dimensional waves, 3) three-dimensional waves (pebbly structure), 
4) roll waves, and 5) entrainment. The characteristic amplitude and wave-
length of the various disturbances are functions of both the gas and liquid 
Reynolds numbers. 
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Reasoning that the effect of the waves on the gas phase is 
s imi lar to that of a roughened solid surface, a t tempts have been made to 
co r re l a t e the interfacial friction factor by using the method of Nikuradse, 
This necess i t a t e s establishing a re la t ionship between the "equivalent sand 
roughness" of Nikuradse and the actual interfacial s t ruc ture . For example, 
Lilleleht and Hanrat ty compared the r o o t - m e a n - s q u a r e displacement of 
the film from i ts average height with Nikuradse ' s m e a s u r e m e n t s with 
sand roughness . An order -of -magni tude agreement was achieved. The 
pr incipal disadvantage of this method is that it r equ i r e s knowledge of the 
actual interfacial s t ruc tu re . 

In the th ree -d imens iona l wave reg ime (the reg ime of p r inc i -
pal in te res t in this r e s e a r c h ) , a simple model is proposed so that detailed 
knowledge of the interfacial s t ruc tu re is not neces sa ry . The interface 
friction factor is defined as 

8r. 
fi ^ - — . (108) 

Pa^a 

In place of the average velocity of the gas , the difference between the average 
veloci t ies in the gas and liquid phases could be used in Eq. 108. However, 
the average gas velocity is normal ly much l a rge r than the average liquid 
velocity; therefore , choosing the la t ter over the former has no advantage. 

Hershman m e a s u r e d values of f̂  for the flow of air over 
var ious liquid films when d t /dx = 0. He noted that over the var ious wave 
r eg imes , fĵ  was a function of both Re^ and Rea for a given liquid. Cohen, 
using the same exper imenta l facility as Hershnaan, found that in the t h r e e -
dimensional wave reg ime , fĵ  was essent ia l ly independent of the air velocity 
and could be co r re l a t ed with a d imensionless r o o t - m e a n - s q u a r e wave-height 
p a r a m e t e r . The independence of fi on Rca is analogous to the independence 
of the friction factor on Reynolds number for flow in a rough pipe where the 
roughness e lements a r e coa r se and closely spaced. Cohen's data further 
revealed that the r o o t - m e a n - s q u a r e wave height var ied with Rei for a 
given Rea- These r e su l t s suggest the possibi l i ty of constructing a c o r r e l a -
tion for the interfacia l friction factor as a function of Re^ alone. 

A cor re la t ion of the type suggested above r e p r e s e n t s a 
significant simplification of the problem of evaluating the interface shear 
s t r e s s . In effect, such a cor re la t ion allows the calculation of the in ter -
facial shear s t r e s s without re fe rence to any detailed knowledge of the 
interfacial s t ruc tu re . Using Cohen's data for the flow of a i r over water 
as the bas i s for the construct ion of a cor re la t ion , the following re la t ion-
ship between f̂  and Re i is proposed: 
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F o r Re^ < 340, 

fj = 7.5 • R e i • 10-5 ^ 0.0272; 

for Re^ > 340, 

f. = 0.926 • R e i • 10"^ + 0 .0524. 

(109) 

(110) 

F i g u r e 2 c o m p a r e s E q s . 109 and 110 and C o h e n ' s da t a . 
T h e s e da t a c o v e r a r a n g e of R e a f r o m 7,000 to 11 ,000. 

T 

RANGE OF COHEN'S DATA FOR 

RBg FROM 7,000 TO 11,000 

M|=0.926Re^ 10° •(0.05E4 

J_ 

The t r a n s i t i o n to t h r e e -
d i m e n s i o n a l w a v e s , a s po in ted out 
by Cohen, is a funct ion of l iqu id 
v i s c o s i t y . T h e r e f o r e , the p r o p o s e d 
c o r r e l a t i o n i s p r o b a b l y l i m i t e d to 
l iqu ids wi th v i s c o s i t i e s c o m p a r a b l e 
to tha t of w a t e r . The p o s s i b l e e x -
t r a p o l a t i o n of t h i s c o r r e l a t i o n to 
R e i g r e a t e r than the r a n g e of C o h e n ' s 
da t a w a s i n v e s t i g a t e d e x p e r i m e n t a l l y . 

B . O n e - c o m p o n e n t F low 

400 600 800 
FILM REYNOLDS NUMBER, Re^ 

1000 

Fig. 2. Comparison of the Proposed Relationship 

for the Interfacial Friction Factor with 

the Data of Cohen. 

The s t r a t i f i e d flow of a o n e -
c o m p o n e n t fluid in wh ich the m a s s 
flow a c r o s s the p h a s e i n t e r f a c e i s 
f r o m the v a p o r to l iquid i s u s u a l l y 
r e f e r r e d to a s f i lm c o n d e n s a t i o n . In 
th i s s ec t ion , an a n a l y t i c a l m o d e l i s 

deve loped to d e s c r i b e f i lm c o n d e n s a t i o n when the v a p o r and l iquid p h a s e s 
a r e t u r b u l e n t . The a s s u m p t i o n s m a d e in the s u c c e e d i n g d e v e l o p m e n t a r e 
s i m i l a r to t h o s e m a d e for the t w o - c o m p o n e n t flow in Sec t ion A. The p r i n -
c ipa l d i f f e rence b e t w e e n the m o d e l of f i lm c o n d e n s a t i o n d e l i n e a t e d h e r e 
and p r e v i o u s l y deve loped m o d e l s is tha t i t i s a s s u m e d tha t the p h a s e change 
tha t o c c u r s is a r e s u l t of the subcool ing in the f i lm and tha t no h e a t is 
t r a n s f e r r e d f r o m the f i lm to the a m b i e n t ( ad i aba t i c w a l l s ) . 

1. T u r b u l e n t M o m e n t u m E q u a t i o n s 

a. M o m e n t u m I n t e g r a l E q u a t i o n s . The a s s u m p t i o n s , which 
a r e s i m i l a r to t h o s e m a d e in Sec t ion A, p e r t i n e n t to the d e v e l o p m e n t of 
the m o d e l a r e : 

1. The flow p a t t e r n i s t u r b u l e n t and t w o - d i m e n s i o n a l . 

2. The f luids a r e i n c o m p r e s s i b l e . 



46 

3. The i n t e r f a c e b e t w e e n the v a p o r and l iqu id s t r e a n a s 
i s s m o o t h . 

4. The flow is t i m e - i n d e p e n d e n t . 

5. d t / d x « 1. 

S ince d t / d x « 1, the b o u n d a r y - l a y e r - t y p e equa t ions a r e 
a s s u m e d a p p l i c a b l e to the v a p o r and l iqu id s t r e a m s . F o r t u r b u l e n t flow, 
E q s , 74 and 75 a r e : 

F o r the f i lm. 

d r̂  2 d r^ 
-^ / ^i^y - ^i t i;^ / ^^^y ^ 

Jo Jo 

for the v a p o r p h a s e . 

t d P s I, o d t 1 / \ 
(111) 

-^ j 4-y - -s u t d y - U£ 
' ^ J t "='' = 

b - t dPg 1 , , 
(112) 

The s u b s c r i p t s r e f e r s to the v a p o r p h a s e . 

A s s u m i n g , a s in Sec t ion A, tha t u^ - u'̂  for e a c h p h a s e , the 
f i r s t t e r m s on the l e f t - hand s i d e s of E q s , 111 and 112 can be w r i t t e n a s 

,t 

Jo 

(113) 

a n d 

d̂T J^ "sdy - ^ [(b - t) u|] , (114) 

At any g iven x, con t inu i ty c o n s i d e r a t i o n s r e q u i r e t ha t 

i£ dy. W i 
Jo 

(115) 

a n d 

W, 

/ • 
PgUg dy. (116) 
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Using Eqs, 115 and 116, Eqs. 113 and 114 can be expressed as 

d 
dx i; -w. ̂ i(?). 

and 

A. f' 4dy ~-±±-(^l (118) 
dx / ^ ^ „2 dxVb - t / ^ ' 

Differentiating Eqs , 115 and 116 with respec t to x yields 

1 dw^ 
(119) 

and 

1 dW3 d r^ 
Us dy. (120) 

Ps dx dx J^ 

Substituting Eqs . 117-120 into Eqs . I l l and 112 gives 

r2 

^ i dt r'^l "^lt\^Wi t d^s dt 1 , 
- gv t : r -+T- (^ . - - ' ^o ) . (121) p^t ' dx \^p2t PH } ^^ P£ <i^ ^ dx p£ i 

and 

< dt / ^W, " s I , W W 3 b - t ^ P s 1 , , , 

+ - 1 - - T - - 7 r - = - - ; ^ ^ ^ - T - ( ' ^ b + '^i)' (122) p > - t ) ' ^ ^ VPs(b-t) '^J ^" ' « ' " ^ s 

Note that d W i / d x = -dWg/dx, and that the value of dWg/dx 
is evaluated from energy cons idera t ions . Equations 121 and 122 a r e s imul-
taneous, nonlinear , ord inary differential equations whose dependent var iab les 
a re t and Pg. To solve these equations, re la t ionships for r^, TQ, T-^, ^£1*.' 

and Ug I must be establ ished. In Section A, express ions for T^ and TQ have 

been delineated, and these r e su l t s a r e a ssumed applicable to the p resen t 
case . 
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Interfacial Velocity. At the interface, Eq, 80 r equ i r e s that 

un I . = u 

Although the interface has been assumed to be smooth, the interface is highly 
dis turbed in the actual case . The interface velocity, uU, could be anywhere 
between the average vapor velocity and the average liquid velocity. In their 
analysis of turbulent film condensation. Carpenter and Colburn chose the 
vapor velocity. However, because of the order-of -magni tude difference in 
the v i scos i t i es of the vapor and liquid phases , the magnitude of the interface 
velocity is probably c loser to the liquid average velocity than to the vapor 
average velocity. The re la t ionship between u | t and \5.£ is frequently expressed 
as 

u | t = /3ui. (123) 

Various inves t igators of turbulent film condensation have chosen values of 
^ in the range from 1 to 2. For example, Hilding^ used j3 = 2, while 
Soliman, Schuster , and Berenson'*^ used jS = 1.25. Assuming the interface 
to be smooth and the velocity profile in the film to follow the l / 7 power law, 
the value of /3 is calculated to be 1.14. Since the contribution of the m o -
mentum t e r m containing the interface velocity has usually been found to be 
of minor innportance (Rohsenow, Webber, and Ling ), the value of 1.14 is 
used in this repor t . 

If the indicated substitution for u k is made, Eqs . 121 and 
122 become 

W| \ dt t dPs / 0 ^ 6 w A d W . 1 
+ gyt XT + T T T ^ ^ = - - ^ - b ; r +777(^1-^0). (124) 'y ; dx Pi dx - I 2 J dx P£ PI '^ ' I ^^ t^£ ^^ \ p-g 

and 

K 
Ps(b - 4 

dt 
dx 

+ 

c. 

u ^dP b - t s 

Ps dx 

Effect 

J 2Wg 

Ip's(b-t) 

of Condensati 

1.14W^| 

P s P i t J 

on on the 

dWi 

dx 

Inter face 

^b+'^i)-

Shear S t res s , 

(125) 

In 
constructing naodels of turbulent film condensation, invest igators have 
general ly acknowledged that establishing a model for evaluating the in te r -
face shear s t r e s s is pa r t i cu la r ly difficult. P a r t of the difficulty is that the 
s t ruc tu re of the phase interface is normal ly disturbed. This pa r t of the 
problena has been d iscussed in Section A. However, the pr incipal difficulty 
has been to a s s e s s to the effect of condensation on the interface shear s t r e s s . 



49 

B e c a u s e of the r e l a t i v e abundance of da t a for t w o - c o m p o n e n t 

s y s t e m s in c o m p a r i s o n to o n e - c o m p o n e n t s y s t e m s , m a n y i n v e s t i g a t o r s have 

u s e d t h e s e da t a and i g n o r e d the effect m e n t i o n e d in the l a s t s e n t e n c e of the 

above p a r a g r a p h . So l iman , S c h u s t e r , and B e r e n s o n s t a t e d t h a t t h e r e i s no 

effect of c o n d e n s a t i o n on the i n t e r f a c e s h e a r s t r e s s . 

In c o n t r a s t to the a f o r e m e n t i o n e d a s s u m p t i o n s of m o s t 
i n v e s t i g a t o r s of t u r b u l e n t f i lm c o n d e n s a t i o n . S i l ve r and S i l ve r and Wal l i s 
t r i e d to a c c o u n t for the effect of c o n d e n s a t i o n on i n t e r f a c i a l s h e a r s t r e s s 
by us ing the c o n c e p t of a " R e y n o l d s flux" in the v a p o r p h a s e . Admi t t i ng 
to the p o s s i b l e o v e r s i m p l i f i c a t i o n of the a c t u a l p h e n o m e n o n . S i l ve r and 
Wal l i s d e r i v e d the fol lowing r e s u l t : 

w h e r e 

dW 
<P^-^—^, (127) 

PgUg dx 

and 

f. 2T. 

^ i = ^ = - ^ - (128) 
^ P s ^ s 

Note tha t X^ and Xĵ  a r e , r e s p e c t i v e l y , the f r i c t i o n f a c t o r s wi th and wi thout 
c o n d e n s a t i o n for the s a m e f r e e - s t r e a m c o n d i t i o n s . Note a l s o tha t d W g / d x 
i s n e g a t i v e . 

E q u a t i o n 126 w a s not c o m p a r e d to any da t a on t u r b u l e n t f i lm 
c o n d e n s a t i o n . H o w e v e r , the f o r m E q . 126 i s r e a s o n a b l e , a s m a y be s e e n by 
the fol lowing ana logy . The effect of c o n d e n s a t i o n on i n t e r f a c e s h e a r s t r e s s 
m a y be v i s u a l i z e d by ana logy wi th the f a m i l i a r p r o b l e m of suc t i on f r o m 
t u r b u l e n t b o u n d a r y l a y e r s flowing ove r flat p l a t e s . The s h e a r s t r e s s a t the 
s u r f a c e of the f lat p l a t e in the p r e s e n c e of suc t ion i s augnaented by a t e r m 
wh ich i s p r o p o r t i o n a l to the v o l u m e t r i c s u c t i o n r a t e t i m e s the f r e e - s t r e a m 
v e l o c i t y . T h i s r e s u l t i s c l e a r l y c o n s i s t e n t wi th Eq . 126. 

M i c k l e y et a l . u s e d " f i lm t h e o r y " to d e v e l o p an e x p r e s s i o n 
r e l a t i n g the f r i c t i o n f ac to r wi th suc t i on to the f r i c t i on f ac to r wi thou t suc t ion 
for the s a m e f r e e - s t r e a m flow c o n d i t i o n s . T h e i r r e s u l t s w a s 
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"1- ±\ . (1Z9) 
Aj exp (0/A.i) - 1 

They concluded that, within the prec is ion of the i r exper imenta l r e su l t s , 
film theory predic ted the m e a s u r e d effect of suction on the friction factor. 

Equations 126 and 129 may be compared by considering 
large values of the suction p a r a m e t e r , 0 . Both equations indicate that 
^ i / ^ i 1^ approximately equal to 0. F r o m Eq. 128, this resu l t shows that 
the interface shear s t r e s s is propor t ional to the product of the condensation 
ra te and the average vapor velocity. That i s , 

dW 
r , -. . - „ , ^ . (130) 

The above resu l t i s , pe rhaps , an indication of the reason for the success of 
the model of Carpenter and Colburn for turbulent film condensation. 
Although Carpenter and Colburn used two-component flow data to evaluate 
fĵ , they cons idered the interface velocity to be equal to Ug. Since Ug is 
usually much l a r g e r than uU, they, in fact, co r rec t ly accounted for the 
total momentum exchange at the interface. 

Neither Eq. 126 nor 129 is based on a model that is com-
pletely analogous to film condensation, i .e. , a flat plate with no p r e s s u r e 
gradient , in compar ison to a wavy, moving surface in the p resence of a 
p r e s s u r e gradient . However, in light of these models , and considering the 
success of the Carpenter and Colburn corre la t ion , a simple model is p r o -
posed. In essence , it is a s sumed that the interface shear s t r e s s is aug-
mented by an amount exactly equal to the condensation ra te t imes the 
average vapor velocity, or 

^ i = f i - T - - ^s^JT-- (131) 8 s dx 

* , In t e r m s of the friction factor ra t io , A-̂ /A.̂ , this model s ta tes that 

* 
A-i 0 

F r o m Eq. 116, Eq. 131 can be expressed as 

-̂ i = 
fi < Wg dW^ 

+ — — - 3 — • (133) 
8 p g ( b - t ) ' P g ( b - t ) dx 



2. Turbulent Energy Equations 

a. Energy Integral Equations. The vapor phase is assumed 
to be saturated, and the t empera tu re of the vapor is assumed to be constant 
throughout the region of in te res t . Thus, the only energy equation considered 
per ta ins to the liquid phase . It is assumed that the turbulent boundary- layer-
type energy equation can be applied to the film to give 

aT i aT 

^ ^ ^ 
+ V 

£ a aT £ 

X £ ay ~ T^\^^~^J' 
(134) 

where a,£ is the turbulent the rmal diffusivity. The per t inent boundary 
conditions a re 

y = 0; u^ = 0; v£ = 0; 

T£ = To; 

y = t; T£ = Tg. 

Integrating Eq. 134 with r e spec t to y yields 

(135) 

(136) 

(137) 

aT^ ft aT^ 

Jo 

aT 
a 

£ _a_ ^ 
ayV̂ -*̂  ay 

dy. (138) 

The r ight-hand side of the above equation beconaes 

a f ^ T A aT^ 

a7r^^J ^̂  ^'^^It^ 
aT. 

a, ̂ 0 a 0 o y 

The surface at y = 0 is assumed to be adiabatic; i .e . , condensation resu l t s 
from subcooling in the film. Therefore , 

Jo 

aT. 

aTV '̂̂ 'a = ex . 
y> 

aij 
'̂  11 av 

(139) 

The second t e r m on the left-hand side of Eq. 138 may be integrated by 
pa r t s to give 

^ t aT^ ^ t bv£ 

/ " ^ — = v ^ l t ^ s - v i l ^ T o - / T i - ^ d y . 
Jo Jo 
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Noting that vA i = 0 and using the continuity equation produces 

J 0 

aT £ 
£ by 

(140) 

0 '^0 

Substituting Eqs . 139 and 140 into Eq. 138 resu l t s in 

ft ^ rt ^u^ ^T£ 

/ ^ ( - i T ^ ) d y - T s / ^ d y = a^l^ — 

Using Liebni tz 's rule on the left-hand side of the above equation produces 
the energy in tegra l equation. 

d_ 
dx 

^ T i 
/ u ^ T ^ d y - T g - / u^dy =<^£\,^ 

Jo Jo 

(141) 

Equation 141 may be simplified further by assuming that 
the t empera tu re in the film is uniform and equal to the t empera tu re at 
y = 0. Justif ication for this assumption l ies in the effect of the interfacial 
d is turbances on the film. Hilding and Coogan m e a s u r e d film thickness for 
high-velocity condensing annular flow inside horizontal tubes. Their r esu l t s 
indicated that the waves deeply penet ra ted the film. A plot of the rat io of 
mean film thickness to the maximum wave height ve r sus film average ve -
locity showed the average ra t io to be about l / 2 . Since the model considered 
he re assumed that the surface at y = 0 is adiabatic, the result ing agitation 
of waves on the film may be visual ized as tending to minimize any t empera -
ture gradients in the y direct ion. If it is assumed, therefore , that T^ - TQ, 
Eq. 141 becomes 

d f r \ d r ^^^ , (142) 

where K 1̂ is the turbulent t he rma l conductivity. 

The r ight-hand side of Eq. 142 r e p r e s e n t s the heat t rans-
fe r red into the film by the condensation p r o c e s s . This is expressed by 

K( 
t by H 

dWi 
(143) 
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Subs t i tu t ing E q s . 143 and 119 into Eq . 142 g i v e s the f inal 
f o r m of the f i lm e n e r g y equa t ion , 

dT dWn dWo 
(144) 

A l t e r n a t i v e l y , Eq . 144 m a y be e x p r e s s e d in t e r m s of the en tha lpy of the 

l iquid f i lm by a s s u m i n g h£ = CpT^ . T h u s , 

d h . dW, 

wg -r- = (^g- ho) 
I 

d x 
(145) 

To so lve E q s . 144 and 145 r e q u i r e s finding an i ndependen t 
r e l a t i o n s h i p for the c o n d e n s a t i o n r a t e , d W ^ / d x . 

b . Condens ing H e a t - t r a n s f e r Coeff ic ien t . Many c o r r e l a t i o n s 
have b e e n p r o p o s e d for the condens ing h e a t - t r a n s f e r coef f ic ien t for t u r b u l e n t 
f i lm c o n d e n s a t i o n . In g e n e r a l , the m o d e l s deve loped a r e for f i l m s tha t a r e 
coo led by h e a t t r a n s f e r t h r o u g h the w a l l and h a v e , t h e r e f o r e , e m p h a s i z e d 
the " l a m i n a r " r e g i o n of the filmi c l o s e to the w a l l . It h a s been assunned tha t 
the r e m a i n i n g " t u r b u l e n t " r e g i o n of the f i lm c o n t r i b u t e d i n s ign i f i can t ly to 
the o v e r a l l thermia l r e s i s t a n c e . ^ 

In th i s r e s e a r c h , the wa l l i s a d i a b a t i c . T h e r e f o r e , the 
r e g i o n of the f i lm n e a r the wal l is not expec t ed to be the m a j o r t h e r m a l 
r e s i s t a n c e . I n s t e a d , it m i g h t be s u p p o s e d tha t b e c a u s e of i n t e r f a c i a l d i s -
t u r b a n c e s on the f i lm, the m a j o r t h e r m a l r e s i s t a n c e is r e l a t e d to s o m e 
o v e r a l l c h a r a c t e r i s t i c s of the f i lm. 

The condens ing h e a t - t r a n s f e r coeff ic ient i s def ined a s 

h = 
To' 

(146) 

F r o m E q . 143, the h e a t t r a n s f e r r e d to the f i lm is r e l a t e d to the t e m p e r a t u r e 
g r a d i e n t at the i n t e r f a c e tinnes an effect ive t u r b u l e n t t h e r m a l conduc t iv i ty , 
o r 

1c K 
aT, 

^ t ^ y 
; i43) 

The uns t eady , chao t i c m o t i o n of t u r b u l e n t flow is f r equen t ly 
c h a r a c t e r i z e d by the concep t of t u r b u l e n t e d d i e s . In t e r m s of the k ine t i c 
e n e r g y of the t u r b u l e n t m o t i o n , the " l a r g e - s c a l e " e d d i e s a r e c o n s i d e r e d to 
con ta in the m a i n p a r t of the k ine t i c e n e r g y , supplying th i s e n e r g y to the 
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" s m a l l - s c a l e " e d d i e s , wh ich in t u r n d i s s i p a t e the e n e r g y by v i s c o u s ac t ion . 
T u r b u l e n t e d d i e s a r e c h a r a c t e r i z e d by t h e i r v e l o c i t i e s and the d i s t a n c e s 
o v e r wh ich t h e i r v e l o c i t i e s c h a n g e s ign i f i can t ly . T h u s , the m o s t r a p i d 
eddy m o t i o n i s p r e s e n t in the l a r g e - s c a l e e d d i e s . F o r e x a m p l e , in p ipe 
flow the l a r g e - s c a l e e d d i e s a r e d e s c r i b e d in t e r m s of the a v e r a g e v e l o c i t y 
of the flow and the d i a m e t e r of the t u b e . 

In f r ee t u r b u l e n t flow, Prandtl"*^ r e l a t e d the eddy diffusivi ty 
for m o m e n t u m to the l a r g e - s c a l e e d d i e s . He h y p o t h e s i z e d t h a t the m o m e n -
tuna t r a n s f e r r e d in the m i x i n g zone w a s d e t e r m i n e d by the d i m e n s i o n s of 
t h i s zone and the v e l o c i t y d i f f e r ence a c r o s s the zone . T h i s m o d e l h a s 
found m a n y a p p l i c a t i o n s in d e s c r i b i n g j e t f lows. 

In the t r a n s f e r of h e a t in a t u r b u l e n t f i lm on an a d i a b a t i c 
s u r f a c e , the t r a n s p o r t m e c h a n i s m i s v i s u a l i z e d a s be ing l a r g e l y dependen t 
on the a c t i o n of the i n t e r f a c i a l d i s t u r b a n c e s . Tha t i s , the deep p e n e t r a t i n g 
w a v e s c a u s e a " l a r g e - s c a l e eddy m o t i o n . " Since the c h a r a c t e r i s t i c v e l o c i t y 
of the f i lm i s u^, and the c h a r a c t e r i s t i c d i m e n s i o n of the "mix ing zone" i s t, 
i t i s a s s u m e d t h a t the eddy di f fus iv i ty of h e a t m a y be e x p r e s s e d a s 

e ^ = d i tu^ . (147) 

The eddy dif fus ivi ty of h e a t is r e l a t e d to the t u r b u l e n t t h e r m a l conduc t iv i ty 

by 

K ^ l t = K ^ = PiCpCH- (148) 

Subs t i tu t ing Eq . 147 in to Eq, 148 g i v e s 

K ^ l t = d ip^Cptn^ = d i k ^ R e ^ P r ^ . (149) 

Note tha t K£ / f(y). 

It w a s a s s u m e d e a r l i e r tha t the a v e r a g e t e m p e r a t u r e of the 
f i lm i s TQ. T h i s i m p l i e s t ha t the v a r i a t i o n of t e m p e r a t u r e f r o m Tg a t the 
i n t e r f a c e to the a v e r a g e t e m p e r a t u r e , TQ, e x i s t s ove r a v e r y s m a l l l eng th , 
6 , in the v i c i n i t y of the i n t e r f a c e . S ince the m i x i n g zone i s a s s u m e d equa l 
to the f i lm t h i c k n e s s , i t i s r e a s o n a b l e to a s s u m e tha t the length , 6, i s 
p r o p o r t i o n a l to t. T h a t i s , 

6 = dzt. (150) 

A s s u m i n g a l i n e a r v a r i a t i o n of T^ a c r o s s the l eng th , 6, g i v e s 

ST^ T s - To 

d.t • (^^^) 



Combin in g E q s . 143, 146, 149, and 151 y i e l d s 

di k^ 
(152) 

Defining 

N u i 
h t 

and subs t i t u t i ng th i s def in i t ion in to Eq . 152 g i v e s 

N u ^ 

R e ^ P r ^ 
H-

= Stn = d, (153) 

T h u s , the m o d e l d e v e l o p e d h e r e p r e d i c t s tha t the S tan ton 
n u m b e r i s a c o n s t a n t . Note the p o s s i b l e a p p l i c a t i o n of t h i s r e s u l t . In 
p a r t i c u l a r , a s s u m p t i o n s c o n c e r n i n g the c a u s e of the hea t t r a n s f e r r e d to 
the s u r f a c e w e r e not r e q u i r e d . T h u s , t h i s m o d e l m a y find a p p l i c a t i o n in 
d e s c r i b i n g h e a t t r a n s f e r to wavy f i l m s in a a d i a b a t i c , t w o - c o m p o n e n t 
s y s t e m . In add i t ion , u s ing the ana logy b e t w e e n e n e r g y and m a s s t r a n s f e r , 
the m o d e l m i g h t a l s o p r e d i c t the a b s o r p t i o n of a g a s in to a wavy l iqu id 
f i lm, when the l i q u i d - p h a s e diffusion r e s i s t a n c e i s c o n t r o l l i n g . 

The c o n s t a n t , ds, in Eq . 153 m u s t be e v a l u a t e d by e x p e r i -
m e n t . To a c c o m p l i s h t h i s e v a l u a t i o n , the fol lowing f o r m of Eq . 152 i s u s e d 

CpW^ 
(154) 

C o m b i n i n g E q s . 143 and 146 r e s u l t s in a n o t h e r r e l a t i o n s h i p for h. 

hfg dW^ 

To - Tn dx • 
(155) 

Us ing Eq . 144 in con junc t ion wi th E q s . 154 and 155 g i v e s the fol lowing r e -
sul t for ds: 

St / d, = t-
dT g 
dx T , 

(156) 

1 + 
hf 

( T s - T o ) 

g J 



Thus, the Stanton number can be evaluated by measur ing the average film 
thickness , t, the surface t empera tu re , TQ, and the vapor t empera tu re , 
T . This evaluation can also validate the conclusion that the Stanton 
number is constant. 

Equation 156 is not affected by any e r r o r resul t ing from 
the i nc rease in hea t - t r ans fe r surface a r e a due to waves. 



Ill, EXPERIMENTAL EQUIPMENT AND PROCEDURE 

A, D e s c r i p t i o n 

Al l s t e a m - w a t e r e x p e r i m e n t s w e r e conduc ted in an e x p e r i m e n t a l 

fac i l i ty , wh ich is s c h e m a t i c a l l y r e p r e s e n t e d in F i g , 3. 

Fig. 3. Schematic Diagram of the Experimental Facility 

B. E x p e r i m e n t a l E q u i p m e n t 

1. F low S y s t e m s 

a. Liquid S y s t e m . The w a t e r - s u p p l y p r e s s u r e w a s p r o d u c e d 
by a t w o - s t a g e A u r o r a t u r b i n e p u m p d r i v e n by a 25 -hp e l e c t r i c m o t o r . The 
m a x i m u m output of t h i s p u m p w a s 100 g p m at 80 p s i g . Al l p ip ing f r o m the 
p u m p exi t to the i n j ec to r w a s 1-in. Schedu le 40 s t a i n l e s s s t e e l . The s h e l l 
and tube h e a t e x c h a n g e r c o n s i s t e d of a 3 - i n . - d i a m p ipe conta in ing 17 c o p p e r 
t u b e s . The l / 2 - i n . - O D tubes had a w a l l t h i c k n e s s of 0.0325 in. The w a t e r 
f l owra t e to the i n j ec to r w a s c o n t r o l l e d by e i t h e r a 1- or l / 2 - i n . globe v a l v e . 
The w a t e r f l owra t e w a s d e t e r m i n e d by m e a s u r i n g the d i f f e r en t i a l p r e s s u r e 
a c r o s s an o r i f i c e p l a t e wi th a m a n o m e t e r . 

The l iquid s y s t e m w a s o p e r a t e d a s a c l o s e d s y s t e m . The 
w a t e r w a s d r a i n e d by g r a v i t y to the feed p u m p v ia the r e s e r v o i r t h r o u g h 



a 2 - i n . - d i a m f lex ib le h o s e . The l iqu id s y s t e m w a s no t i n s u l a t e d in e i t h e r 
the a i r - w a t e r o r s t e a m - w a t e r e x p e r i m e n t s . In the s t e a m - w a t e r e x p e r i m e n t s , 
suff ic ient h e a t l o s s e s w^ere s u s t a i n e d in the r e s e r v o i r and a s s o c i a t e d p ip ing 
so t h a t c a v i t a t i o n in the p u m p w a s p r e v e n t e d . The w^ater t e m p e r a t u r e a t the 
in le t to the i n j e c t o r w a s c o n t r o l l e d by v a r y i n g the cooling-w^ater f l owra t e on 
the s h e l l s i d e of t h e h e a t e x c h a n g e r . In t h e a i r - w a t e r e x p e r i m e n t s , t h e 
w a t e r t e m p e r a t u r e w a s m a i n t a i n e d at the a m b i e n t t e m p e r a t u r e . 

In the s t e a m - w a t e r e x p e r i m e n t s , t he t e m p e r a t u r e a t t he exi t 
of the h e a t e x c h a n g e r w^as m o n i t o r e d by a c o p p e r - c o n s t a n t a n s h e a t h e d 
t h e r m o c o u p l e . 

b . A i r and S t e a m S y s t e m s . The a i r and s t e a m s y s t e m s -were 
v i r t u a l l y i d e n t i c a l . L a b o r a t o r y s e r v i c e s u p p l i e s w e r e u s e d in both s y s t e m s . 
The a i r w a s supp l i ed t h r o u g h a r e g u l a t o r , wh ich m a i n t a i n e d a c o n s t a n t supply 
p r e s s u r e . The a i r t e m p e r a t u r e w a s w^ithin 2°F of the a m b i e n t t e m p e r a t u r e . 
No p r o v i s i o n w a s m a d e for c o n t r o l l i n g the a i r t e m p e r a t u r e ; t he o v e r 300 ft of 
u n i n s u l a t e d p ip ing f r o m the s o u r c e r e s e r v o i r m a i n t a i n e d the a i r at the a m b i -
ent t e m p e r a t u r e . This c o n s t a n c y of t e m p e r a t u r e w a s f u r t h e r no ted by m e a -
s u r i n g t h e t e m p e r a t u r e of the w^ater a t the s e p a r a t o r in le t . V a r y i n g the a i r 
f l o w r a t e o v e r the r a n g e s u s e d in t h e s e e x p e r i m e n t s p r o d u c e d no n o t i c e a b l e 
change in w a t e r t e m p e r a t u r e . 

The s t e a m w a s supp l i ed t h r o u g h a r e g u l a t o r so t h a t the 
p r e s s u r e a t the c o n n e c t i o n to the loop w a s 90 p s i a . The m a x i m u m flow^rate 
w a s 0,2 l b / s e c . The a i r con ten t in the s t e a m supply w a s m e a s u r e d at the 
connec t i on to the loop , and t h e r a t i o of t h e m a s s flow^rate of a i r t o s t e a m 
w a s a p p r o x i m a t e l y 3 x 10"^. T h i s r e s u l t is c o n s i s t e n t wi th the fact t ha t t he 
b o i l e r f e e d w a t e r a t the l a b o r a t o r y c e n t r a l s t e a m supp ly i s d e a e r a t e d . 

The p ip ing f r o m the supp ly to the in le t c a l m i n g s e c t i o n w a s 
1-in. Schedu le 40 s t a i n l e s s s t e e l p i p e . The f l o w r a t e of a i r or s t e a m w a s 
c o n t r o l l e d by e i t h e r a 1- or l / 2 - i n . g lobe v a l v e . The a i r or s t e a m flow^rate 
•was d e t e r m i n e d by m e a s u r i n g the d i f f e r e n t i a l p r e s s u r e a c r o s s an o r i f i c e 
p l a t e w^ith a m a n o m e t e r . The u p s t r e a m p r e s s u r e a t the o r i f i c e p l a t e w a s 
m e a s u r e d by a B o u r d o n p r e s s u r e gauge . In add i t ion , the s t e a m t e r a p e r a t u r e 
w a s m e a s u r e d at the o r i f i c e p l a t e by the i m m e r s i o n of an i r o n - c o n s t a n t a n 
s h e a t h e d t h e r m o c o u p l e in the s t e a m . 

The 4 - f t - l o n g c a l m i n g s e c t i o n a t the i n j ec to r in le t w^as a 
r e c t a n g u l a r s t a i n l e s s s t e e l condui t w i th i n n e r d i m e n s i o n s of 6 in, (width) 
by 9 / 1 6 in. (he ight ) . At the ex i t of t h e c a l m i n g s e c t i o n , t he s t e a m t e m p e r a -
t u r e w^as m e a s u r e d by an i r o n - c o n s t a n t a n s h e a t h e d t h e r m o c o u p l e i m m e r s e d 
in the s t e a m , and the p r e s s u r e w^as m e a s u r e d by a H e i s e gauge . T h e s e 
m e a s u r e m e n t s w e r e m a d e to e n s u r e t h a t t he s t e a m w^as not s u p e r h e a t e d . 
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The s e p a r a t o r in the a i r - w a t e r e x p e r i m e n t s w a s a 5 5 - i n , -
long, 1 1 - i n . - d i a m Luc i t e tank . The top end of the t ank w a s open to the 
a t m o s p h e r e . The s e p a r a t o r in the s t e a m - w a t e r e x p e r i m e n t s w a s a 5-f t -
long, 1 5 - i n . - d i a m s t a i n l e s s s t e e l t ank . The top of the t ank w a s ven t ed to 
the a t m o s p h e r e by a 1-in, c o p p e r d i s c h a r g e l ine . The s t e a m - d i s c h a r g e 
l ine w a s i n s e r t e d into a 2 - in . s t a i n l e s s s t e e l p ipe in wh ich cold w a t e r w a s 
in jec ted by the cool ing p u m p . The supply of cold w a t e r c o n d e n s e d the 
s t e a r a to p r e v e n t it f r o m e n t e r i n g the d r a i n . 

In t h e s t e a m - w a t e r e x p e r i m e n t s , t he s t e a m s y s t e m w a s 
i n s u l a t e d wi th e i t h e r l | - i n . - t h i c k F i b e r g l a s i n s u l a t i o n c o v e r e d wi th an 
a l u m i n u m back ing o r 1-in. F i b e r g l a s l agg ing . 

c. I n j e c t o r . The i n j e c t o r i n t r o d u c e d two p a r a l l e l s t r e a m s of 
fluid into the t e s t s e c t i o n so t h a t the flow w a s t w o - d i m e n s i o n a l . F i g u r e 4 

is a c r o s s - s e c t i o n a l s c h e m a t i c d i a g r a m 
of the i n j e c t o r . Soft s o l d e r w a s u s e d to 
f a b r i c a t e the i n j ec to r f r o m s t a i n l e s s 
s t e e l p l a t e s . 

The m o s t i m p o r t a n t funct ion of 
the i n j ec to r w a s to e n s u r e tha t t he w a t e r 
f o r m e d a u n i f o r m f i lm a c r o s s the lov/er 
s u r f a c e of the t e s t s ec t i on . To p r e v e n t 
j e t t i ng into the gas s t r e a m , the h o r i z o n -
t a l s l i t i m m e d i a t e l y ad j acen t to the i n i -
t i a l i n t e r a c t i o n of the tw^o s t r e a m s should 
be a s long a s p o s s i b l e . T h e r e should a l s o 
be a s l i t t l e m a t e r i a l a s p o s s i b l e betw^een 
the two s t r e a m s at the a p p r o a c h to the 
po in t of in i t i a l i n t e r a c t i o n . B e c a u s e the 
wid th of the s l i t w a s 6 in . , d i f f icu l t ies 
e n c o u n t e r e d in m a c h i n i n g the s u r f a c e s 
of the s l i t c a u s e d a c o m p r o m i s e in 
ach i ev ing the a f o r e m e n t i o n e d d e s i r e d 

g o a l s . The con f igu ra t i on shown in F i g . 4 w a s the r e s u l t of t h i s c o m p r o m i s e . 
The l a r g e w a t e r r e s e r v o i r , w h o s e i n n e r d i m e n s i o n s w e r e 4 in. ( length) by 
6 in. (height) by 6 in. (width), w a s c h o s e n to e n s u r e u n i f o r m v e l o c i t i e s in 
the e n t r a n c e of the s l i t . Th i s d i m i n i s h e d the effect of the t r a n s i t i o n f r o m 
the p ipe to the n a r r o w s l i t . Un i fo rmi ty of the s l i t a t the poin t w h e r e the 
two s t r e a m s m e t w a s e n s u r e d by s o f t - s o l d e r i n g on the u p p e r s u r f a c e of the 
i n j ec to r four u n i f o r m l y s p a c e d l / 6 4 - i n . - d i a m p i n s , wh ich ex tended to the 
u p p e r s u r f a c e of the s l i t . The l o w e r s u r f a c e of the s l i t w a s ex tended beyond 
the ex i t p l ane of the i n j e c t o r . Th i s a l lowed m a c h i n i n g the l o w e r s u r f a c e of 
the t e s t s e c t i o n to m a t c h tha t of the s l i t to g u a r a n t e e a smoo th l o w e r s u r f a c e . 
The he igh t of the s l i t , a s m e a s u r e d by f e e l e r g a u g e s , w a s 0.054 in. The 
i n n e r d i m e n s i o n s of the gas c h a n n e l w e r e the s a m e a s t h o s e of the c a l m i n g 
s ec t i on . 

Fig. 4. Cross-sectional Schematic 

Diagram of the Injector 
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In the s t e a m - w a t e r e x p e r i m e n t s , the i n j ec to r w a s i n s u l a t e d 
wi th 1- |--in.-thick F i b e r g l a s i n s u l a t i o n c o v e r e d wi th a l u m i n u m b a c k i n g , and 
the t e m p e r a t u r e of the w a t e r in the i n j ec to r r e s e r v o i r w a s m e a s u r e d by an 
i r o n - c o n s t a n t a n s h e a t h e d t h e r m o c o u p l e 1/2 in. be low the s u r f a c e s e p a r a t i n g 
t h e s t e a m and w a t e r and 3 in. f r o m the ex i t p l a n e of the i n j e c t o r . 

d. A i r - W a t e r T e s t Sec t ion . The a i r - w a t e r t e s t s e c t i o n w a s 
f a b r i c a t e d f r o m 3 / 8 ~ i n . - t h i c k Luc i t e s h e e t s . The i n n e r d i m e n s i o n s of t h e 
r e c t a n g u l a r c h a n n e l w e r e 6 in. (width) by 2 1 / 3 2 in. (he ight ) , y ie ld ing an 
a s p e c t r a t i o of 9 . 1 : 1 . The l eng th of the t e s t s e c t i o n w a s 2.5 ft. 

The low^er s u r f a c e of the t e s t s e c t i o n w a s r a a c h i n e d so t h a t 
i t s union wi th the l o w e r s u r f a c e of the s l i t of the i n j ec to r w^as s m o o t h . At 
a p p r o x i m a t e l y 3 /8 in. f r o m the p l a n e of the i n j e c t o r exi t , t h r e e 1 /32- in . 
n e e d l e s w e r e i n s e r t e d f lush wi th the l o w e r s u r f a c e of the t e s t s e c t i o n . T h e s e 
n e e d l e s , wh ich w e r e u s e d for d y e - i n j e c t i o n s t u d i e s , w e r e 1/2, Zj, and 4 - in, 
f r o m one s ide of the t e s t s e c t i o n . 

S y m m e t r i c about the c e n t e r l i n e of t h e t e s t s e c t i o n and 
n o r m a l to the flow^, 1 /8- in . s t a i n l e s s s t e e l e l e c t r o d e s ( conduc t ance p r o b e s ) 
w e r e m o u n t e d f lush -with t h e l o w e r s u r f a c e of the t e s t s e c t i o n . The spac ing 
b e t w e e n the c e n t e r s of e a c h p a i r of e l e c t r o d e s w a s 1/2 in. The f i r s t p a i r of 
e l e c t r o d e s w a s m o u n t e d 1 in. f r o m t h e ex i t p l a n e of t h e i n j e c t o r a long t h e 
a x i s of flow. Add i t i ona l p a i r s of e l e c t r o d e s w^ere p l a c e d at 2 - in . i n t e r v a l s 
t h r o u g h the f i r s t 13 in. F u r t h e r p a i r s of e l e c t r o d e s w e r e s p a c e d at 6- in , 
i n t e r v a l s to the end of the t e s t s e c t i o n . F o u r m o r e p a i r s of e l e c t r o d e s w^ere 
m o u n t e d n o r m a l to the d i r e c t i o n of flow, 13 in. f r o m the ex i t p l ane of the 
i n j e c t o r . Aga in , t he s p a c i n g b e t w e e n the c e n t e r s of t h e e l e c t r o d e s w a s 
1/2 in. The c e n t e r s b e t w e e n the four p a i r s of e l e c t r o d e s w e r e p o s i t i o n e d 
s y m m e t r i c a l l y w^ith r e s p e c t to the c e n t e r l i n e of the t e s t s e c t i o n at d i s t a n c e s 
of 1,25 and 2.25 in. 

A n e e d l e - c o n t a c t p r o b e w a s m o u n t e d on the u p p e r s u r f a c e of 
the t e s t s e c t i o n , 3 in. f r o m the exi t p l a n e of the i n j e c t o r . The d e t a i l s of the 
n e e d l e - c o n t a c t - p r o b e a s s e m b l y a r e g iven in Sec t ion B .2 .a of t h i s c h a p t e r . 
The r e l a t i v e d i s t a n c e b e t w e e n the n e e d l e - c o n t a c t p r o b e and the l o w e r s u r f a c e 
of the t e s t s e c t i o n w a s m e a s u r e d by a m i c r o m e t e r a n c h o r e d to the t e s t s e c -
t i on by a n a l u m i n u m b r a c k e t . 

At the exi t of t h e t e s t s e c t i o n , the w a t e r t e m p e r a t u r e w a s 

m e a s u r e d by an i r o n - c o n s t a n t a n t h e r m o c o u p l e i n s e r t e d into the f i lm. 

e. S t e a r a - W a t e r T e s t Sec t ion . F i g u r e 5 is a p h o t o g r a p h of the 
s t e a m - w a t e r t e s t s e c t i o n in p l a c e in the e x p e r i m e n t a l f ac i l i ty . The u p p e r 
and l o w e r s u r f a c e s of the t e s t s e c t i o n w e r e m a c h i n e d f r o m 3 / 8 - i n , - t h i c k 
s t a i n l e s s s t e e l p l a t e s . T h e i r l eng th , wh ich w a s the o v e r a l l l eng th of the 
t e s t s e c t i o n , w a s 18 in. The l o w e r s u r f a c e w a s m a c h i n e d so t h a t it m a t e d 
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smoothly with the lower surface of the slit in the injector. For visual 
observation of the phenomenon, the sides of the tes t sectionw^ere constructed 
of 1/4-in. s ta inless s teel plates and optical g lass . The f i rs t 1-|- in. and the 
last 3-|- in. of the t e s t - sec t ion sides were s ta inless steel; the middle 13 in. 
was g lass . The glass was ground in a step pat tern, forming a flange for 
sealing as shown schematical ly in Fig. 6. Stainless s teel flanges were then 
machined to fit over the glass and bolted in place. The s ta inless s teel com-
ponents of the tes t section were fabricated by using soft solder . 
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T h e r m o c o u p l e s u s e d to m e a s u r e the s u r f a c e t e m p e r a t u r e 
of t h e w^ater a long the c e n t e r l i n e of the t e s t s e c t i o n w^ere p o s i t i o n e d at t he 
exi t p l a n e of the i n j e c t o r , 3 /8 in. f r o m the exi t p l a n e , and at s u c c e s s i v e 
1-in. i n t e r v a l s t h e r e a f t e r to the exi t of the t e s t s e c t i o n . In a l l , t h e r e w e r e 
17 t h e r m o c o u p l e s . The w ^ a t e r - s u r f a c e t h e r m o c o u p l e s w e r e f a b r i c a t e d f r o m 
s e l e c t - g r a d e , 3 0 - g a u g e c o p p e r - c o n s t a n t a n v / i r e . A s i l v e r - s o l d e r j u n c t i o n 
w a s f o r m e d , cut in half, and m e c h a n i c a l l y f o r c e d t h r o u g h a die so t h a t i t s 
d i a m e t e r w a s 0 .073 in. The t h e r m o c o u p l e w a s t h e n c h e c k e d for e l e c t r i c a l 
con t inu i ty . At the a p p r o p r i a t e l o c a t i o n s in the low^er s u r f a c e of the t e s t 
s e c t i o n s , 0 . 0 6 7 - i n . - d i a m h o l e s w e r e d r i l l e d and c o u n t e r b o r e d to 0.125 in. 
The j unc t ion of t h e t h e r m o c o u p l e s w a s t h e n m e c h a n i c a l l y f o r c e d into the 
c o u n t e r b o r e d h o l e , f lush wi th the s u r f a c e , to f o r m a f r i c t i o n fit. The 
t h e r r a o c o u p l e s ^vere t h e n c h e c k e d a g a i n for e l e c t r i c a l con t inu i ty . 

E igh t n e e d l e - c o n t a c t p r o b e s w e r e m o u n t e d on the u p p e r 
s u r f a c e of the t e s t s e c t i o n , 1 j in. f r o m the exi t p l a n e of the i n j ec to r and at 
s u c c e s s i v e 2-in. i n t e r v a l s . The 2 - in . i n t e r v a l b e t w e e n s u c c e s s i v e n e e d l e -
c o n t a c t p r o b e s n e c e s s i t a t e d the d e s i g n of a c o m p a c t d e v i c e for m e a s u r i n g 
the p o s i t i o n of the t i p of the n e e d l e - c o n t a c t p r o b e r e l a t i v e to t h e lov/er 
s u r f a c e of t h e t e s t s e c t i o n , A r e f e r e n c e b a r w a s p r o v i d e d , ex tend ing the 
l eng th of the t e s t s e c t i o n , a long w h i c h a m i c r o m e t e r could be indexed f r o m 
p r o b e to p r o b e . The p r o b e r e f e r e n c e b a r w a s m a c h i n e d t r u e to 0.005 in. 
o v e r i t s l eng th . P a r a l l e l s l o t s at the top and b o t t o m of the b a r , 180° a p a r t , 
and an a r c s e g m e n t w e r e m a c h i n e d to p r o v i d e a guide for the t r a v e r s i n g of 
the m i c r o m e t e r . A V l i e r p l u n g e r and s lo t k e y s v /e re f ixed to the m i c r o m e t e r 
for index ing and l oca t i ng the m i c r o m e t e r a t e a c h p r o b e loca t ion . The b a r 
w a s f ixed t o b l o c k s a t e a c h end of t h e t e s t s e c t i o n . 

At 2 in. f r o m the ex i t of the t e s t s e c t i o n , an i r o n - c o n s t a n t a n 
s h e a t h e d t h e r m o c o u p l e w a s i n s e r t e d into the s t e a m to m e a s u r e the exi t ing 
s t e a m t e m p e r a t u r e . 

E x c e p t for t h e g l a s s s u r f a c e s , the t e s t s e c t i o n w a s i n s u l a t e d 
wi th l - | - i n . - t h i c k F i b e r g l a s i n s u l a t i o n c o v e r e d wi th a l u m i n u m b a c k i n g . 

In a l l t h e e x p e r i m e n t s , t h e s t e a m a t t he in le t t o t h e t e s t 
s e c t i o n Avas s a t u r a t e d . Th i s w a s e s t a b l i s h e d by m e a s u r i n g the t e m p e r a t u r e 
and p r e s s u r e of the s t e a m a t the in le t of the i n j e c t o r . The qua l i ty of the 
s t e a m a t the c o n n e c t i o n to the s e r v i c e supp ly w^as m e a s u r e d o v e r the r a n g e 
of s t e a m f l o w r a t e s e n c o u n t e r e d in the e x p e r i m e n t s . The m i n i m u m qua l i t y 
m e a s u r e d w a s 99%. By c o n s e r v a t i v e l y e s t i m a t i n g h e a t l o s s e s f r o m t h e 
s t e a r a , t he m i n i m u m qua l i t y a t t he e n t r a n c e to the t e s t s e c t i o n w a s c a l c u l a t e d 
to b e 97%. 

2. F i l m - t h i c k n e s s M e a s u r e m e n t Me thods 

The f o r m i d a b l e p r o b l e m of m e a s u r i n g l iquid f i lm t h i c k n e s s e s 
in t h e p r e s e n c e of a r b i t r a r y d i s t u r b a n c e s a t t h e g a s - l i q u i d i n t e r f a c e h a s 



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

and Hewitt^^ c r i t i c a l l y r e v i e w e d the v a r i o u s t e c h n i q u e s tha t have b e e n e m -

p loyed by e x p e r i m e n t e r s . In g e n e r a l , the v a r i o u s m e t h o d s can be c l a s s i f i e d 

a s fo l lows: 

a) M e t h o d s tha t m e a s u r e an " a v e r a g e " t h i c k n e s s o v e r s o m e 

a r b i t r a r y long l eng th of f i lm. 

b) M e t h o d s tha t m e a s u r e a l o c a l t h i c k n e s s . 

The n a t u r e of the e x p e r i m e n t s c o n d u c t e d in t h e s e r e s e a r c h e s 
d i c t a t e d c r i t e r i a t h a t a f i l m - t h i c k n e s s m e a s u r e m e n t had to s a t i s f y . Q u a n t i -
t a t i v e l y , the b a s i c r e q u i r e m e n t w a s to m e a s u r e the l o c a l t e m p o r a l a v e r a g e 
t h i c k n e s s of the f i lm at s e l e c t i v e l y s p a c e d d i s t a n c e s f r o m the ex i t p lane of 
the i n j e c t o r . The m e t h o d of m e a s u r e m e n t had to be i n d i r e c t o r of s u c h a 
m o b i l i t y t ha t a r b i t r a r y d i s t u r b a n c e s w e r e not g e n e r a t e d tha t would i n t e r f e r e 
wi th s u b s e q u e n t m e a s u r e m e n t s . The i n s t r u m e n t had to be c o m p a c t to the 
ex t en t t ha t f i lm t h i c k n e s s e s cou ld be m e a s u r e d at r e l a t i v e l y c l o s e i n t e r v a l s . 
F i n a l l y , for wavy g a s - w a t e r i n t e r f a c e s , the t e c h n i q u e i t s e l f had to p r o v i d e 
a t e m p o r a l m e a n t h i c k n e s s wi thou t r e q u i r i n g a d d i t i o n a l a n a l y t i c a l a v e r a g i n g 
p r o c e d u r e s . Of the m a n y t e c h n i q u e s d e s c r i b e d by C o l l i e r and Hewi t t , ^̂  the 
c o n d u c t a n c e p r o b e s m e t h o d and the n e e d l e - c o n t a c t - p r o b e m e t h o d a p p e a r e d 
to sa t i s fy m o s t of the c i t e d r e q u i r e m e n t s . 

a . C o n d u c t a n c e P r o b e s . The c o n d u c t a n c e - p r o b e s m e t h o d i s 
b a s e d on the func t iona l d e p e n d e n c e of the e l e c t r i c a l c o n d u c t a n c e of the filmi 
on the f i lm t h i c k n e s s . F o r e x a m p l e , if the p r o b e s p r o j e c t a c r o s s the full 
t h i c k n e s s of the f i lm, the c u r r e n t f ie ld in the f i lm i s a p p r o x i m a t e l y t w o -
d i m e n s i o n a l and e q u i v a l e n t to t ha t of two l ine e l e c t r o d e s s u p p o r t e d in an 
inf ini te conduc t ing m e d i a . In the l a t t e r c a s e , Hewi t t , King, and Lovegrove^^ 
showed tha t C, the c o n d u c t a n c e of the f i lm, i s l i n e a r l y r e l a t e d to t, the f i lm 
t h i c k n e s s . In p r a c t i c e , i t h a s not b e e n d e s i r a b l e to have the p r o b e s p r o j e c t -
ing in to the f i l m s a s they would d i s r u p t the f i lm flow and would have to be 
a d j u s t a b l e to a c c o u n t for v a r y i n g f i lm t h i c k n e s s e s . T h u s , the p r o b e s a r e 
m o u n t e d f lush wi th the f i l m - s o l i d s u r f a c e . In t h i s c a s e , the above l i n e a r 
r e l a t i o n s h i p wi l l p r o b a b l y no l o n g e r ho ld (a l though for s m a l l v a l u e s of t, i t 
shou ld hold a p p r o x i m a t e l y ) ; h o w e v e r , the m e t h o d now p r o v i d e s for an i n d i r e c 
m e a s u r e m e n t of t . 

The b a s i c a d v a n t a g e of t h i s m e t h o d i s t h a t a l o c a l i z e d , 
i n d i r e c t m e a s u r e m e n t of f i lm t h i c k n e s s can be o b t a i n e d . A l s o , t h i s m e t h o d 
can e a s i l y p r o v i d e a t e m p o r a l m e a n t h i c k n e s s wi th a p p r o p r i a t e r e c o r d i n g 
i n s t r u m e n t s or p r o d u c e l i m i t e d i n f o r m a t i o n about the i n s t a n t a n e o u s v a r i a t i o n 
of the f i lm wi th t i m e . The p r i n c i p a l d i s a d v a n t a g e of th i s m e t h o d i s tha t , 
b e c a u s e of the n o n l i n e a r i t y in the d e p e n d e n c e of f i lm c o n d u c t a n c e on f i lm 
t h i c k n e s s , the r e l a t i o n s h i p m u s t be e s t a b l i s h e d by c a l i b r a t i o n . 
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The s i z e , s p a c i n g , and g e o m e t r y of the e l e c t r o d e s a r e 
a r b i t r a r y . Van Rossum^* u s e d r e c t a n g u l a r e l e c t r o d e s p l a c e d n o r m a l to 
the flow. At A E R E , H a r w e l l , England,^^'2°'27,28 ^ound e l e c t r o d e s w e r e 
u s e d . B e c a u s e of t h e e a s e in i n s t a l l i n g round e l e c t r o d e s in the t e s t s e c -
t ion, t h e y w e r e u s e d in t h i s r e s e a r c h . At H a r w e l l , 1 / 8 - i n . - d i a m s t a i n -
l e s s s t e e l r o d s , s p a c e d 1/2 in. a p a r t , w e r e i n s t a l l e d p a r a l l e l t o the flow 
in v e r t i c a l round t u b e s . The r e s u l t s of t h e i r e x p e r i m e n t s w e r e qui te 
s a t i s f a c t o r y . T h e r e f o r e , t h e s a m e rod s i z e and s p a c i n g s w e r e u s e d in 
t h e s e r e s e a r c h e s , t he o r i e n t a t i o n of the e l e c t r o d e s be ing changed , how-

e v e r , by m a k i n g t h e m n o r m a l to the 
floAV. With th i s o r i e n t a t i o n , a m o r e 
l o c a l i z e d f i lm t h i c k n e s s w a s ob ta ined 
in the d i r e c t i o n of t h e flow. F i g u r e 7 
is a s c h e m a t i c d i a g r a m of the r o d s in 
r e l a t i o n to a t y p i c a l f i lm. ^TEST 

SECTION 

PROBE' 

Fig. 7. Orientation of Conductance Probes in 
Relation to a Typical Film Thickness 

PROBES 

F i g u r e 8 i s a s c h e m a t i c r e p -

r e s e n t a t i o n of t h e c o n d u c t a n c e - p r o b e s 

c i r c u i t . B a s i c a l l y , i t w a s a b a l a n c e d , 

u n g r o u n d e d c i r c u i t d r i v e n b y a H e w l e t t -

P a c k a r d a u d i o s w e e p o s c i l l a t o r ( M o d e l 2 0 7 A ) . T h e c i r c u i t w a s b a l a n c e d 

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

n o i s e . T h e s i z e of t h e 1% r e s i s t o r s 

w a s a r b i t r a r i l y c h o s e n s o t h a t t h e 

t o t a l c i r c u i t r e s i s t a n c e w o u l d b e IOAV, 

y e t l a r g e e n o u g h s o t h a t t h e v o l t a g e 

d r o p a c r o s s t h e m w a s a r e a s o n a b l e 

f r a c t i o n of t h e c i r c u i t i n p u t v o l t a g e . 

T h e o s c i l l a t o r w a s o p e r a t e d a r b i -

t r a r i l y a t 1000 H z , a f r e q u e n c y h i g h 

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

e l e c t r o d e i n t e r f a c e , b u t l o w e n o u g h SWITCH 

t o a v o i d c a p a c i t a n c e e f f e c t s . Fig. 8. Circuit for Conductance-probes Method 

T h e v o l t a g e s u p p l i e d t o t h e c i r c u i t b y t h e o s c i l l a t o r w a s 

a p p r o x i m a t e l y 12 V. T h e c o n d u c t a n c e o r i n v e r s e r e s i s t a n c e of t h e f i l m 

w a s d e t e r m i n e d i n t h e f o l l o w i n g w a y : 

^ B - ^ c = l ( R p + 2 0 0 0 ) ; 

E ^ - E g = 1(1000) 

; i 5 7 ) 

•158) 

D i v i d i n g t h e s e t w o e q u a t i o n s a n d r e a r r a n g i n g g i v e s 

1 IQ-^ 
C = 

R T ^ B - E c 
159) 

^ A ' ^ B 
- 2 



To a r r i v e a t t e m p o r a l m e a n t h i c k n e s s e s in the p r e s e n c e of 
a r b i t r a r y i n t e r f a c i a l d i s t u r b a n c e s , t he i n s t a n t a n e o u s v a l u e s of E B - E c ^^^ 

E A " ^ B w a s i n t e g r a t e d wi th t i m e . Th is w a s a c c o m p l i s h e d by u s ing a 
H e w l e t t - P a c k a r d i n t e g r a t i n g DVM (Model 240 IC) wi th an a c / o h m s c o n v e r t e r 
(Model 2410B). The i n t e g r a t i n g i n t e r v a l w a s c h o s e n a s 10 s e c . O v e r a l a r g e 
n u m b e r of r u n s , the i n t e g r a t e d va lue of E ^ - E B w a s c o n s t a n t to w i th in t h r e e 
s ign i f ican t f i g u r e s . S ince t h e l o w e s t wave f r e q u e n c y e n c o u n t e r e d w a s a p -
p r o x i m a t e l y 10 Hz, the a v e r a g e inc luded a p p r o x i m a t e l y 100 c y c l e s . The 
a c c u r a c y of the a f o r e m e n t i o n e d t e m p o r a l m e a n t h i c k n e s s e s is d i s c u s s e d 
in Append ix A. The t i m e v a r i a t i o n of t h e f i lm Avas m o n i t o r e d by d i s p l a y i n g 
the vo l t age d r o p , E ^ - E-p, on a T e k t r o n i x o s c i l l o s c o p e (Type 53 lA) wi th a 
p l u g - i n d i f f e r en t i a l a r ap l i f i e r (Type D). The d i f f e r en t i a l a m p l i f i e r e l i r a ina t ed 
e r r o r s due to n o i s e . F r o r a t h e d i s p l a y on the o s c i l l o s c o p e , it w a s e a s y to 
d e t e r m i n e , for m o s t c a s e s , a c h a r a c t e r i s t i c f r e q u e n c y of the s u r f a c e 
d i s t u r b a n c e s . 

C o l l i e r and Hewitt^^ no ted tha t the g e o m e t r y of the c a l i b r a -
t ion ce l l m u s t be c l o s e to t h a t of the e x p e r i m e n t a l t e s t fac i l i ty . Th i s c r i -
t e r i o n w a s i n c o r p o r a t e d into the d e s i g n of the c a l i b r a t i o n ce l l shown in F i g . 9. 

112-9802-A 
Fig. 9. Calibration Cell for the Conductance-probes Method 
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B a s i c a l l y , t h e c e l l c o n s i s t e d of t w o b l o c k s of L u c i t e a r r a n g e d s u c h t h a t 

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

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

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

0 . 0 0 0 4 i n . T w o m e t h o d s of m e a s u r i n g t h e d i s t a n c e b e t w e e n t h e s u r f a c e s 

w e r e t r i e d : (1) b y p l a c i n g m i c r o m e t e r - m e a s u r e d s h i m s t o c k a l o n g t h e f o u r 

e d g e s , a n d (2) b y m e a s u r i n g t h e d i s p l a c e m e n t of t h e a d j u s t m e n t s c r e w b y 

a d i a l i n d i c a t o r . T h e d i a l i n d i c a t o r v / a s u s e d f o r c a l i b r a t i n g , a s i t w^as 

show^n t o b e c o n s i s t e n t w i t h i n 0 . 0 0 1 i n . of t h e v a l u e of t h e s u r f a c e s e p a r a -

t i o n d e t e r m i n e d b y u s i n g t h e s h i r a s . 

5 1 4 

S i n c e t a p w a t e r w^as u s e d i n t h e a i r - w a t e r e x p e r i m e n t s , a 

c a l i b r a t i o n c u r v e Avas o b t a i n e d e a c h t i m e t h e l o o p w a s f i l l e d . T h e c a l i b r a -

t i o n b e i n g a f u n c t i o n of t h e s p e c i f i c r e -

s i s t i v i t y of t h e w a t e r , t h e l o o p w a s 

18 I— ^—I o p e r a t e d w i t h i n 2 - 3 ° F of r o o m t e m p e r a -

t u r e t o e n s u r e t h a t t h e c a l i b r a t i o n o b -

'^' ^ ^ tained at room teraperature v/as valid. 

The sample of water used in the calibra-

tion was taken directly from the separa-

0 121— / H tor at the exit of the test section. 

Before water was introduced 

into the calibration cell, a zero reading 

was taken on the dial indicator. As noted 

above, the dial indicator read correctly 

to within 0.001 in. Figure 10, a typical 

calibration curve, shows that the varia-

tion of C with t was nonlinear at large 

values of t. 

d 6 

0040 0080 

FILM THICKNESS, in . b. Needle-contact Probe. The 

needle-contact-probe method consists of 

bringing a needle up to the surface of the 

film and measuring the distance from the 

tip of the needle to the wall upon contact with the film. This technique has 

Fig. 10. Calibration Curve for the 

Conductance-probes Method 

36 been used by many investigators, for example, McManus, Hewitt, King, 

and Lovegrove, and Hilding and Coogan. 25 

Figure 11 is a photograph of the needle-contact probe. The 

needle was fabricated from a 6-in. length of 0.024-in. spring steel. The tip, 

approximately 1/4 in. long, was ground and polished to a point. The longer 

segment of the needle was encased in a Teflon sleeve to provide electrical 

insulation and fitted into a 3-|--in.-long piece of 1/8-in.-diam stainless steel 

tubing. At the end of the tubing opposite the point, the probe was bent to a 

right angle and mechanically fixed. The needle tip was then brush-coated 

with three applications of silicone varnish and cured at approximately 400°F 
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f o r 1 h r a f t e r e a c h c o a t i n g . T h e v a r n i s h s e a l e d a n d c o v e r e d t h e p r o b e t o 

a p p r o x i m a t e l y 0 . 0 0 1 i n . of t h e p o i n t . T h e n t h e p r o b e w a s i n s t a l l e d i n a 

S w a g e l o c k f i t t i n g . A t t h e e n d of t h e f i t t i n g , a b r a s s s l e e v e w a s b o r e d t o 

a 0 . 2 6 - i n . d i a m e t e r a n d w a s c o n c e n t r i c a l l y l o c a t e d a n d s o l d e r e d t o t h e 

f i t t i n g , w h i c h w a s a l s o b o r e d t o a 0 . 2 6 - i n . d i a m e t e r . T h e s l e e v e l e n g t h w a s 

1/8 in . A n i d e n t i c a l s l e e v e a n d a n O - r i n g w e r e l o c a t e d in t h e f i t t i n g f e r r u l e 

a r e a . T h e s e g u i d e s e n s u r e d a t r u e v e r t i c a l t r a v e l of t h e p r o b e . T h e s p r i n g 

b e t w e e n t h e f i t t i n g n u t a n d a c o l l a r a t t h e e n d of t h e t u b i n g p r o v i d e d a t e n -

s i o n a g a i n s t t h e p r o b e . 

112-9803 

Fig. 11. Needle-contact Probe 

W h e n t h e i n t e r f a c e b e t w e e n t h e g a s a n d w a t e r w a s w a v y , 

f i r s t c o n t a c t w a s w i t h t h e c r e s t s of t h e w a v e s . C o n t i n u o u s c o n t a c t w i t h t h e 

f i l m d i d n o t o c c u r u n t i l t h e t r o u g h s of t h e w a v e s w e r e b e i n g t o u c h e d . T o 

e s t a b l i s h t h e t e m p o r a l r a e a n t h i c k n e s s , t h e m e t h o d of r e l a t i v e c o n t a c t t i m e 

s u g g e s t e d by M c M a n u s w a s u s e d . M c M a n u s d e f i n e d t h e t e m p o r a l r a e a n 

t h i c k n e s s a s " t h e d i s t a n c e f r o m t h e t u b e w a l l w h e r e a l i n e i n t h e a x i a l 

d i r e c t i o n w o u l d h a v e h a l f i t s l e n g t h i n t h e w a t e r a n d h a l f i t s l e n g t h in t h e 

a i r . " T h a t i s , a t a g i v e n d i s t a n c e f r o r a t h e w a l l f o r s o m e u n i t of t i r a e , t h e 

n e e d l e w o u l d b e in c o n t a c t w i t h t h e f i l m h a l f t h e t i m e a n d in c o n t a c t w i t h 

t h e g a s h a l f t h e t i m e . 
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-NEEDLE CONTACT PROBE 

CURRENT METER 

^TDC POWER 

T SUPPLY 

DECADE BOX 

Fig. 12. Circuit for Needle-contact-
probe Method 

To m e a s u r e the r e l a t i v e con t ac t t i m e , the n e e d l e - c o n t a c t 
p r o b e w a s m a d e p a r t of a s e r i e s dc c i r c u i t con ta in ing a S i m p s o n 25-|nArap 
c u r r e n t m e t e r of the d ' A r s o n v a l t y p e , a 7 .5-V b a t t e r y , and a d e c a d e box. 

The d e c a d e box w^as u s e d to s e t an u p p e r 
l i m i t on the dc c u r r e n t c o m p a t i b l e w^ith 
f u l l - s c a l e de f l ec t ion of the c u r r e n t m e t e r . 
Th i s c i r c u i t is shown s c h e m a t i c a l l y in 
F i g . 12. When the n e e d l e w a s not in con-
t a c t wi th the f i lm, no c u r r e n t flowed in 
the c i r c u i t . As the n e e d l e p e n e t r a t e d the 
w a v e s on the f i lm s u r f a c e , c u r r e n t f lowed 
t h r o u g h the c i r c u i t on an i n t e r r u p t e d b a s i s . 
The c u r r e n t w a s con t inuous when the n e e d l e 
t ouched the t r o u g h s of the w a v e s . M c M a n u s 
c o n s i d e r e d the t e m p o r a l m e a n t h i c k n e s s 

as the l oca t i on a t wh ich the c u r r e n t r e a d i n g w a s 50% of the va lue m e a s u r e d 
when the n e e d l e t o u c h e d t h e t r o u g h s of the w a v e s . The fol lowing p r o c e d u r e 
w a s u s e d t o r a e a s u r e the f i lra t h i c k n e s s : The n e e d l e w a s l o w e r e d un t i l it 
c a m e into con t ac t wi th the t r o u g h s of the w a v e s . The c u r r e n t r e a d i n g on the 
r a e t e r w a s t h e n no ted . Then the n e e d l e w a s w i t h d r a w n u n t i l t he c u r r e n t r e a d -
ing r e a c h e d 50% of the a f o r e m e n t i o n e d v a l u e , m a r k i n g the l o c a t i o n of the 
m e a n f i lm t h i c k n e s s . F i n a l l y , t he n e e d l e w a s w i t h d r a w n into the u p p e r s u r -
face of the t e s t s e c t i o n so tha t s u b s e q u e n t m e a s u r e m e n t s w e r e not affected. 

A n o t h e r m e t h o d u s i n g the n e e d l e - c o n t a c t p r o b e h a s b e e n 
u s e d to m e a s u r e the t e m p o r a l m e a n filnn t h i c k n e s s . Hewi t t , King, and 
Lovegrove^^ and Hilding and Coogan^^ counted the n u m b e r of t i m e s t h a t the 
n e e d l e is a l t e r n a t e l y in c o n t a c t w^ith the gas o r w a t e r in a g iven i n t e r v a l of 
t i m e . With t h i s f r e q u e n c y p lo t t ed a g a i n s t p o s i t i o n f r o m the wa l l , t he l oca t ion 
a t wh ich the f r e q u e n c y w a s a m a x i m u m w a s c o n s i d e r e d to be the t e m p o r a l 
r a e a n f i lm t h i c k n e s s . In both i n s t a n c e s , t h e s e m e a s u r e m e n t s w e r e c o m p a r e d 
w^ith the m e t h o d of M c M a n u s , and good a g r e e m e n t b e t w e e n the m e a s u r e m e n t s 
w a s noted . The m e t h o d of M c M a n u s w a s u s e d in th i s r e s e a r c h s ince it i n -
vo lved m u c h l e s s t i m e in m a k i n g a g iven m e a s u r e m e n t . 

The c r e s t s and t r o u g h s of the w a v e s w e r e m e a s u r e d by 
m o n i t o r i n g the v o l t a g e d r o p a c r o s s the n e e d l e - c o n t a c t p r o b e on a T e k t r o n i x 
o s c i l l o s c o p e (Type 502). 

The a c c u r a c y of the n e e d l e - c o n t a c t p r o b e is d i s c u s s e d 
in Appendix A. 

The m e a s u r e m e n t of m e a n f i lm t h i c k n e s s wi th the n e e d l e -
con tac t p r o b e n e c e s s i t a t e d finding the m i c r o m e t e r s e t t i ng -when the need le 
w a s in con tac t wi th the l o w e r s u r f a c e of the t e s t s e c t i o n . This w a s e a s i l y 
a c c o m p l i s h e d b e c a u s e of the d i f f e r e n c e s in the e l e c t r i c a l conduc t iv i ty of the 
s t ea ra , w a t e r , and l o w e r s u r f a c e of the t e s t s ec t i on . The z e r o r e a d i n g w a s 



t a k e n when the t e m p e r a t u r e of t h e t e s t s e c t i o n , w i th both s t e a m and w a t e r 
f lowing, r e a c h e d a s t e a d y s t a t e . The o s c i l l o s c o p e w a s t h e n connec t ed m 
p a r a l l e l b e t w e e n the n e e d l e - c o n t a c t p r o b e and the l o w e r s u r f a c e of the t e s t 
s ec t i on . The in i t i a l v o l t a g e r e a d i n g wi th the p r o b e i m m e r s e d in the s t e a m 
w a s e s s e n t i a l l y the o p e n - c i r c u i t v o l t a g e due to the v e r y s m a l l e l e c t r i c a l 
conduc t iv i ty of the s t e a m . When t h e p r o b e w a s l o w e r e d into the w a t e r , t h e 
vo l t age d r o p a c r o s s the p r o b e d i m i n i s h e d b e c a u s e of the f ini te e l e c t r i c a l 
conduc t iv i ty of the w a t e r . When the p r o b e c a m e m con tac t w^ith the lov/er 
s u r f a c e , the v o l t a g e d r o p a c r o s s the p r o b e d e c r e a s e d s h a r p l y b e c a u s e of 
the r e l a t i v e l y l a r g e e l e c t r i c a l conduc t iv i t y of the l o w e r s u r f a c e of the t e s t 
s ec t i on . At t h i s po in t , the m i c r o m e t e r w a s r e a d . The m i c r o m e t e r s e t t i n g , 
wi th the p r o b e in con tac t w i th the l o w e r s u r f a c e of the t e s t s e c t i o n , w a s r e a d 
for e a c h of the e ight p r o b e s in the s t eam-w^a te r t e s t s e c t i o n . The p r o c e d u r e 
for the n e e d l e - c o n t a c t p r o b e in the a i r -Avater t e s t s e c t i o n s w a s s i m i l a r . 

c. D i s c u s s i o n . The c o n d u c t a n c e - p r o b e m e t h o d h a s the a d v a n -
t age of be ing an i n d i r e c t m e t h o d of ob ta in ing l o c a l f i lm t h i c k n e s s e s . It can 
a l s o p r o v i d e i n f o r m a t i o n r e g a r d i n g the i n s t a n t a n e o u s v a r i a t i o n of f i lm t h i c k -
n e s s wi th t i m e . H o w e v e r , t h i s m e t h o d r e q u i r e s a c a l i b r a t i o n to e s t a b l i s h 
the r e l a t i o n s h i p b e t w e e n the c o n d u c t a n c e of the f i lm, C, and the f i lm t h i c k -
n e s s , t. E x c e p t for s m a l l v a l u e s of t, t he v a r i a t i o n of C v e r s u s t i s n o n -
l i n e a r . In add i t ion , the c a l i b r a t i o n -would exhib i t a d e p e n d e n c y on t e m p e r a t u r e . 
S ince the n e e d l e - c o n t a c t - p r o b e m e t h o d does not h a v e t h e s e d i s a d v a n t a g e s , it 
•was c h o s e n to m e a s u r e f i lm t h i c k n e s s m t h e s t e a m - w a t e r e x p e r i m e n t s . How-
e v e r , t h i s cho ice s a c r i f i c e d the a b i l i t y to ob ta in i n d i r e c t m e a s u r e m e n t s of 
f i lm t h i c k n e s s and i n f o r m a t i o n r e g a r d i n g the i n s t a n t a n e o u s v a r i a t i o n of f i l ra 
t h i c k n e s s wi th t i m e . 

3. M e a s u r e m e n t of T e m p e r a t u r e s , P r e s s u r e s , and F l o w r a t e s 

In the s t e a m - w a t e r t e s t s , the t h e r m o c o u p l e s m t h e t e s t f ac i l i t y 
and t e s t s e c t i o n •were m e a s u r e d v i a the r e f e r e n c e i ce j u n c t i o n by u s i n g a 
H e w l e t t - P a c k a r d i n t e g r a t i n g DVM (Model 240 IC) . The i n t e g r a t i n g t i m e 
n o r m a l l y c h o s e n w a s 10 s e c . 

The s h e a t h e d t h e r m o c o u p l e s w^ere c a l i b r a t e d in a t e m p e r a t u r e -
c o n t r o l l e d o i l ba th . A r e s i s t a n c e t h e r m o m e t e r , c a l i b r a t e d by t h e N a t i o n a l 
B u r e a u of S t a n d a r d s , w a s u s e d to m e a s u r e the t e r a p e r a t u r e of t h e oi l ba th . 
The t e m p e r a t u r e of the oi l ba th w a s v a r i e d f r o m 70 to 240°F. The r e s u l t i n g 
c a l i b r a t i o n w a s f i t ted by a q u a d r a t i c l e a s t - s q u a r e s equa t i on w i th a r a a x i m u m 
e r r o r of l e s s t han 0 ,2°F . S ince the s u r f a c e t h e r m o c o u p l e s could not be c a l i -
b r a t e d in p l a c e in the t e s t s e c t i o n , two t h e r m o c o u p l e s w e r e r a n d o m l y c h o s e n 
f r o m the se t f a b r i c a t e d for the t e s t s e c t i o n . T h e s e c o u p l e s w e r e c a l i b r a t e d 
the s a r a e way a s no ted above . Over the t e r a p e r a t u r e r a n g e of 70-240°F5 t h e 
a g r e e m e n t w a s wi th in 0 .1°F . The r e s u l t i n g c a l i b r a t i o n w a s f i t ted by a q u a -
d r a t i c l e a s t - s q u a r e s e q u a t i o n wi th a maxi raumi e r r o r of 0 .1°F . As an a d d i -
t i o n a l q u a l i t a t i v e p r e c a u t i o n , the s u r f a c e t h e r i n o c o u p l e s w^ere c h e c k e d in 



p l a c e in the t e s t s e c t i o n when the e x p e r i m e n t a l f ac i l i t y w a s at r o o m t e m p e r a -
t u r e . The m a x i m u m d i f f e r e n c e in t e m p e r a t u r e betw^een the s u r f a c e t h e r m o -
coup les w^as 1/3°F. 

The t h e r m o c o u p l e s u s e d in the a i r -w^ater e x p e r i m e n t s w e r e i r o n -
c o n s t a n t a n . The t e m p e r a t u r e w a s m e a s u r e d wi th a p o t e n t i o m e t e r t h r o u g h an 
ice junc t ion . At r o o m t e m p e r a t u r e , t h e s e t h e r m o c o u p l e s w e r e wi th in ±1°F 
of a s t a n d a r d l a b o r a t o r y m e r c u r y - i n - g l a s s t h e r m o m e t e r . 

The s t e a m p r e s s u r e a t the exi t of the c a l m i n g s e c t i o n w a s m e a -
s u r e d wi th a 0 - 5 0 - p s i g H e i s e gauge . The gauge w a s c a l i b r a t e d , and the 
m a x i m u m e r r o r w a s 0.1 p s i g . 

Al l the o r i f i c e p l a t e s u s e d w e r e of the k n i f e - e d g e d type , con-
s t r u c t e d and m o u n t e d a c c o r d i n g to the s t a n d a r d s g iven by G r a c e and Lapp le . 
The w a t e r o r i f i c e p l a t e s w e r e c a l i b r a t e d by weigh ing the d i s c h a r g e o v e r a 
g iven t i m e i n t e r v a l . The a i r and s t e a m o r i f i ce p l a t e s had b e e n s i m i l a r l y 
c a l i b r a t e d u s ing w a t e r w h o s e o r i f i c e Reyno lds n u m b e r w a s v a r i e d o v e r the 
r a n g e of s t e a m and a i r o r i f i c e Reyno lds n u m b e r s of i n t e r e s t . 

The s t a n d a r d equa t ion u s e d to c a l c u l a t e the m a s s f l owra t e of 

fluid t h r o u g h an o r i f i c e p l a t e is g iven by 

The o r i f i c e coeff ic ient , C ^, c an be s e l e c t e d f r o m the da ta of G r a c e and 
Lapp le . F o r e x a m p l e , th i s equa t ion p r e d i c t e d f l o w r a t e s wi th in 2% of the 
m e a s u r e d f l o w r a t e s for an o r i f i c e wi th JSQJ. = 0.125 and CQ^. = 0 . 6 1 . 

4. E x p e r i m e n t a l P r o c e d u r e 

a. A i r - W a t e r E x p e r i m e n t s . The l iquid s y s t e m w a s f i l led wi th 
sof tened w^ater un t i l the w^ater l e v e l in the s e p a r a t o r w^as a p p r o x i m a t e l y 6 in. 
be low the t e s t s ec t i on . The p u m p w a s then s t a r t e d , and the w^a te r -con t ro l 
va lve opened , p e r m i t t i n g flow^ in the t e s t s e c t i o n . The m a n o m e t e r c o n n e c t e d 
to the w ^ a t e r - m e a s u r i n g o r i f i c e w a s t h e n b led . The a i r - c o n t r o l v a l v e w^as 
opened , and a i r w a s i n t r o d u c e d into the t e s t s ec t i on . The m a n o m e t e r con-
nec t ed to the a i r o r i f i c e w a s t h e n opened . 

The only e n e r g y input to the w^ater w a s t h r o u g h l o s s e s in 
the p u m p . As the w a t e r w a s h e a t e d , the h e a t - e x c h a n g e r c o o l a n t - c o n t r o l 
va lve w a s ad jus t ed to m a i n t a i n the t e m p e r a t u r e of the w a t e r in the t e s t s e c -
t ion at r o o m t e m p e r a t u r e . The in i t i a l h e a t - u p t i m e of the w a t e r v a r i e d , 
depend ing on the t e m p e r a t u r e of t h e l a b o r a t o r y s e r v i c e supply . An a v e r a g e 
h e a t - u p t i m e w^as 2 h r . 

^ g c P a v g ^ P o r 
1/2 

1 -iS'c o r 

(160) 



The d i g i t a l v o l t r a e t e r u s e d in t h e c o n d u c t a n c e - p r o b e s m e a -
s u r e m e n t m e t h o d w^as left on o v e r n i g h t . Th i s a l lowed s t a b i l i z a t i o n , v i r t u a l l y 
e l i m i n a t i n g dr i f t . E a c h m o r n i n g , h o w e v e r , the c a l i b r a t i o n of the d ig i t a l v o l t -
m e t e r w a s checked . 

E a c h day , a s a r a p l e of w a t e r w^as dra^wn f r o m the s e p a r a t o r 
and i n t r o d u c e d into the c a l i b r a t i o n ce l l . The c a l i b r a t i o n w a s p e r f o r m e d o v e r 
0 ,01- in . i n t e r v a l s . A t h e r m o c o u p l e w a s i n s e r t e d into the c a l i b r a t i o n ce l l , 
and the t e m p e r a t u r e of the w^ater m e a s u r e d and c o m p a r e d to the t e m p e r a -
t u r e m e a s u r e d at the ex i t of the t e s t s e c t i o n . 

E a c h t e s t s t a r t e d wi th s e t t i ng the a i r and -water f lo-wrates . 
The t h e r m o c o u p l e a t the ex i t of the t e s t s e c t i o n w a s c h e c k e d to s e e if t he 
t e m p e r a t u r e had changed . The a p p r o p r i a t e v o l t a g e d r o p s for the v a r i o u s 
p a i r s of p r o b e s w e r e m e a s u r e d by the DVM o v e r a 1 0 - s e c i n t e g r a t i n g i n t e r -
va l . At the end of e a c h t e s t , the flo-wrate w a s a g a i n checked . A t y p i c a l t e s t 
took 20 ra in . 

b . S t e a m - W a t e r E x p e r i m e n t s . The l iquid s y s t e m w a s f i l led 
wi th sof tened w a t e r un t i l the w a t e r l e v e l in the s e p a r a t o r w a s a p p r o x i m a t e l y 
6 in. be low the t e s t s e c t i o n . The p u m p w a s t h e n t u r n e d on and the w a t e r -
c o n t r o l va lve opened , p e r m i t t i n g flo-w in the t e s t s e c t i o n . The m a n o m e t e r 
c o n n e c t e d to the w a t e r - m e a s u r i n g o r i f i c e w a s t hen b l ed . The s t e a m - s u p p l y 
l ine -was then b l ed to r e m o v e any c o n d e n s a t e , and the s t e a m - c o n t r o l va lve 
w a s opened , i n t r o d u c i n g s t e a r a into the t e s t s e c t i o n . The m a n o m e t e r c o n -
n e c t e d to the s t e a m o r i f i c e w^as t h e n opened . B e f o r e any da ta w e r e t a k e n , 
the w a t e r in the l iquid s y s t e m w^as a l lowed to h e a t up to a p p r o x i m a t e l y the 
s a t u r a t i o n t e m p e r a t u r e c o r r e s p o n d i n g to the p r e s s u r e in the t e s t s e c t i o n . 
Th i s a l l owed any a i r d i s s o l v e d in the w a t e r to be r e l e a s e d and p u r g e d f r o m 
the s y s t e m t h r o u g h the s t e a m - d i s c h a r g e l i ne . 

At the s t a r t of e a c h t e s t , t he c o o l a n t - c o n t r o l v a l v e in the 
h e a t e x c h a n g e r w a s ad ju s t ed so tha t t he t e m p e r a t u r e of the w a t e r in the in -
j e c t o r w a s se t at the d e s i r e d v a l u e of subcoo l ing . The s y s t e m w a s t h e n 
a l lowed to r e a c h s t e a d y s t a t e , t ak ing 10-30 m i n . When the s y s t e m r e a c h e d 
s t e a d y s t a t e , a s e v i d e n c e d by c o n s t a n t t e m p e r a t u r e in the t e s t s ec t i on , a t e s t 
w a s begun . 

The s t e a m and w a t e r f l o w r a t e s w e r e t h e n r a e a s u r e d . The 
b a r o m e t r i c p r e s s u r e w a s r e a d on a c a l i b r a t e d a b s o l u t e - p r e s s u r e gauge . 
The t e m p e r a t u r e and p r e s s u r e of the s t e a m a t the exi t of the c a l m i n g s e c -
t ion w a s t h e n r e a d to e n s u r e t h a t t he s t e a m w a s not s u p e r h e a t e d . The s u r -
face t e m p e r a t u r e s in the t e s t s e c t i o n w e r e t h e n r a e a s u r e d by the DVM wi th 
a 1 0 - s e c i n t e g r a t i n g p e r i o d . The i n j e c t o r t e m p e r a t u r e and the e x i t - s t e a m 
t e r a p e r a t u r e w e r e m e a s u r e d . The n e e d l e - c o n t a c t p r o b e s w^ere low^ered to 
m e a s u r e the f i lm t h i c k n e s s , s t a r t i n g a t t he exi t of the t e s t s e c t i o n and p r o -
ceed ing to the in le t . Af te r e a c h r a e a s u r e m e n t , t h e n e e d l e w a s w i t h d r a w n 



into the u p p e r s u r f a c e so t h a t s u b s e q u e n t m e a s u r e m e n t s w e r e not d i s r u p t e d . 
At the end of e a c h t e s t , the s t e a m and w a t e r f l o w r a t e s w e r e a g a i n m e a s u r e d . 
The d a t a - a c q u i s i t i o n t i m e v a r i e d b e t w e e n 30 and 45 m i n . 

5. P r e l i m i n a r y E x p e r i m e n t s 

a. D y e - i n j e c t i o n S t u d i e s . To check the a s s u m p t i o n t h a t the 
flow in t h e f i lm w a s t w o - d i m e n B i o n a l , d y e - i n j e c t i o n s t u d i e s w e r e c a r r i e d 
out a s p a r t of the a i r - w a t e r e x p e r i r a e n t s . Dye (blue ink) -was in j ec ted into 
the w a t e r f i lm t h r o u g h the n e e d l e s i m b e d d e d in the l o w e r s u r f a c e of the a i r -
w a t e r t e s t s e c t i o n . (The l o c a t i o n of t h e s e n e e d l e s h a s b e e n d e s c r i b e d 
p r e v i o u s l y . ) T h e s e s t u d i e s w e r e c a r r i e d out o v e r v a r i o u s c o m b i n a t i o n s of 
h igh and low v /a te r and a i r f low^rates. It w a s v i s u a l l y o b s e r v e d t h a t the p a t h 
of the dye f r o m the v a r i o u s i n j ec t i on p o i n t s w^as p a r a l l e l to the c e n t e r l i n e of 
the t e s t s e c t i o n . T h e s e r e s u l t s i n d i c a t e d t h a t the r a a s s f l o w r a t e of w a t e r 
p e r uni t l eng th of w e t t e d p e r i r a e t e r r e r a a i n e d c o n s t a n t in the d i r e c t i o n n o r m a l 
to the flo-w a s the w^ater p r o g r e s s e d t h r o u g h the t e s t s ec t i on . S ince the a s p e c t 
r a t i o of the s l i t w a s a p p r o x i m a t e l y 100:1 , t he m a s s f l o w r a t e of w a t e r p e r uni t 
l eng th of w e t t e d p e r i m e t e r w^as in i t i a l l y e x p e c t e d to be the s a m e a c r o s s the 
wid th of the s l i t . T h u s , the a s s u m p t i o n of t w o - d i r a e n s i o n a l flow in the f i lm 
a p p e a r e d to be r e a s o n a b l e . 

b . F i l m - t h i c k n e s s V a r i a t i o n N o r m a l to the F low. As p a r t of 
the a i r - w a t e r t e s t s , t h e f i l m - t h i c k n e s s v a r i a t i o n n o r m a l to the d i r e c t i o n of 
flow^ w a s m e a s u r e d by the five p a i r s of c o n d u c t a n c e p r o b e s , n o r m a l to the 
d i r e c t i o n of flow a t a d i s t a n c e of 13 in. f r o m t h e exi t p l a n e of the i n j e c t o r . 
F o r a i r v e l o c i t i e s , an o r d e r of m a g n i t u d e l a r g e r t h a n the w a t e r ve loc i ty , the 
a v e r a g e v a r i a t i o n in f i lm t h i c k n e s s f r o m the c e n t e r l i n e of the t e s t s e c t i o n 
to 1.25 in. on e i t h e r s ide of the c e n t e r l i n e , w^as l e s s t h a n 10%. This r e s u l t 
i n d i c a t e d tha t t he flow in t h e c e n t r a l 40% of the c h a n n e l w^as r e l a t i v e l y i n d e -
p e n d e n t of s i d e - w a l l effects and, t h e r e f o r e , t he effect of the s ide w^alls on 
da t a t a k e n a long the c e n t e r l i n e of t h e t e s t s e c t i o n -would be s m a l l . C o h e n ' 
found the a i r v e l o c i t y in t h e c e n t r a l p o r t i o n of a r e c t a n g u l a r condui t of 12:1 
a s p e c t r a t i o to be e s s e n t i a l l y c o n s t a n t o v e r the c e n t r a l 25% of t h e channe l . 
In t h i s r e s e a r c h , t he a s p e c t r a t i o for the a i r flo-w -was a p p r o x i m a t e l y 10:1 ; 
t h u s , C o h e n ' s r e s u l t is a s s u m e d a p p l i c a b l e , f u r t h e r c o n f i r m i n g the a s s u m p -
t ion of t w o - d i m e n s i o n a l flo-w. 

c. C o m p a r i s o n of F i l m - t h i c k n e s s M e a s u r e m e n t M e t h o d s . In 
the a i r - w a t e r t e s t s e c t i o n , a n e e d l e - c o n t a c t p r o b e w a s m o u n t e d d i r e c t l y 
above a p a i r of c o n d u c t a n c e p r o b e s . To ga in conf idence in t h e s e t e c h n i q u e s 
for m e a s u r i n g t e m p o r a l m e a n f i lm t h i c k n e s s e s , da t a w e r e t a k e n wi th w ide ly 
v a r y i n g a i r and w a t e r f l o w r a t e s . Tab le I s u m m a r i z e s t h e s e da ta . Inc luded 
in t h i s t a b l e a r e the p e a k s of the h i g h e s t w a v e s and the t r o u g h s of the d e e p e s t 
w a v e s a s m e a s u r e d by the n e e d l e - c o n t a c t p r o b e . The a g r e e m e n t r e p r e s e n t e d 
by t h e s e da ta a p p e a r s qu i te good. 



TABLE I. Compar ison of F i lm- th ickness Measurements 
Using the Conductance-probes Method 
and the Needle-contac t -probe Method 

F i lm Thickness , in. 

ivity P robes Needle Contact Peaks Trough 

0.121 

0.080 

0.072 

0.0635 

0.0385 

0.033 

0,030 

0.061 

0.121 

0.080 

0.071 

0.062 

0.042 

0.035 

0.029 

0.062 

No w a v e s 

No w a v e s 

No w a v e s 

0.072 0.037 

0.076 0.010 

0.076 0.010 

0.105 0.007 

0.088 0.035 



IV. R E S U L T S AND DISCUSSION 

A. A i r - W a t e r E x p e r i m e n t 

The a i r - w a t e r e x p e r i m e n t s w e r e u n d e r t a k e n to a s s e s s the a p p l i c a -
b i l i ty of the a n a l y t i c a l m o d e l deve loped for the s t r a t i f i e d t u r b u l e n t flow of 
a gas p h a s e o v e r a h o r i z o n t a l f i lm . Of p a r t i c u l a r i n t e r e s t w a s w h e t h e r the 
a s s u m e d s h e a r - s t r e s s m o d e l s y i e l d e d p r e d i c t i o n s c o n s i s t e n t wi th the a c t u a l 
p h y s i c a l p h e n o r a e n a . The s h e a r - s t r e s s m o d e l s have been t e s t e d m a i n l y by 
e x p e r i m e n t s in wh ich the c h a n g e s in c o n v e c t i v e m o m e n t u m t e r m s of the 
g o v e r n i n g e q u a t i o n s w e r e n e g l i g i b l e o r z e r o . The o p p o s i t e i s t r u e in t h i s 
r e s e a r c h , w h e r e d t / d x i s no t equa l to z e r o and an add i t i ona l monnen tum 
t e r m , w h i c h r e p r e s e n t s the h y d r o s t a t i c p r e s s u r e v a r i a t i o n in the f i lm, i s 
i nc luded . S ince the a n a l y t i c a l m o d e l for f i lm c o n d e n s a t i o n e m b o d i e d m o s t 
of the a s s u m p t i o n s m a d e for the m o d e l of the t w o - c o m p o n e n t flow, the s u c -
c e s s of the f i l m - c o n d e n s a t i o n m o d e l i s p r e d i c a t e d on the e s t a b l i s h m e n t of 
t h e p h y s i c a l c o n s i s t e n c y of the t w o - c o m p o n e n t m o d e l wi th the a i r - w a t e r 
e x p e r i m e n t s . 

T h i s c h a p t e r c o m p a r e s the m o d e l for t w o - c o m p o n e n t flow and the 
a i r - w a t e r e x p e r i m e n t s . A flow c h a r t d e l i n e a t i n g the c a l c u l a t i o n a l p r o c e -
d u r e u s e d in the c o m p u t e r p r o g r a m for the m o d e l is g iven in Appendix B . 

The a c c u r a c y of the f i l m - t h i c k n e s s m e a s u r e m e n t s p r e s e n t e d for 
the a i r - w a t e r e x p e r i m e n t s i s d i s c u s s e d in Append ix A. 

1. W a l l - l a y e r M o d e l of the F i l m 

In the d e v e l o p m e n t of the m o d e l for two-connponen t flow, i t w a s 
a s s u m e d tha t the w a l l s h e a r s t r e s s in the filna could be d e t e r m i n e d by u s i n g 
the concep t of the " w a l l - l a y e r " m o d e l for f i lm flow. S ince H e r s h m a n had 
shown the w a l l - l a y e r m o d e l to be a p p l i c a b l e to h o r i z o n t a l f i l m s up to R e ^ 
of a p p r o x i m a t e l y 600, add i t i ona l c o n f i r m a t i o n w a s sought for Re^ g r e a t e r 
than 600 . 

To i s o l a t e the effect of the w a l l s h e a r s t r e s s on the f i lm f r o m 
the ef fects of i n t e r f a c e s h e a r s t r e s s and p r e s s u r e g r a d i e n t in the a i r s t r e a m , 
d a t a w e r e t a k e n w i th W^̂  = 0. In effect , t h i s m e a n t t h a t t he m o m e n t u m 
change of the f i lm w a s a r e s u l t of the wa l l s h e a r s t r e s s and the s t a t i c p r e s -
s u r e g r a d i e n t c a u s e d by the h y d r o s t a t i c t e r m . F i g u r e 13 c o m p a r e s t h e s e 
da t a to the p r e d i c t i o n s f r o m the nriodel of t w o - c o m p o n e n t flow. The a g r e e -
r a e n t b e t w e e n the d a t a and the p r e d i c t i o n s of the m o d e l i s good for the r a n g e 
of R e ^ f ro ra 1000 to 8000 . In t h i s r a n g e of R e ^ , the f i lm i s t u r b u l e n t . 
Th i s r e s u l t i s p a r t i c u l a r l y i n t e r e s t i n g s i n c e the w a l l - l a y e r m o d e l h a s b e e n 
u s e d p r i n c i p a l l y for f i lms f lowing u n d e r the in f luence of a h i g h - v e l o c i t y 
gas s t r e a m . 
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T h e d i s c r e p a n c y b e t w e e n t h e p r e d i c t i o n s of t h e m o d e l a n d t h e 

d a t a f o r R e ^ = 1067 c a n b e d i s c u s s e d b y w r i t i n g t h e c o n v e c t i v e - m o m e n t u m 

t e r m a n d t h e h y d r o s t a t i c t e r m of E q . 96 a s 

W £ \ d t 
2 .2 + gyV — . 

P£^' 

E x a r a i n a t i o n of the ternn in p a r e n t h e s e s r e v e a l s tha t , for a g iven va lue of 
Wp , t h e r e a r e v a l u e s of t for wh ich the d i f f e r ence b e t w e e n the two t e r m s 
in p a r e n t h e s e s is s m a l l . S ince it w a s a s s u m e d in the d e v e l o p m e n t of 
Eq . 96 tha t 

i t i s c l e a r tha t when the a f o r e m e n t i o n e d d i f f e r e n c e i s s m a l l , the a p p r o x i m a -

t ion should be r e p l a c e d by 

2 —2 

U „ = T]U '£ £• 
(161) 

In effect, th i s r e s u l t po in t s out tha t the " n o n f l a t n e s s " of the v e l o c i t y p ro f i l e 

canno t a lways be n e g l e c t e d . 

F o r e x a m p l e , in the e x p e r i m e n t s dep i c t ed in F i g . 13, w h e r e 
W = 0, the effect of a " q u i e s c e n t " a m b i e n t was to e x e r t a r e t a r d i n g inf lu-
ence on the f i lm m o m e n t u m n e a r the s u r f a c e . The r e s u l t of th i s in f luence 
would be to m a k e r] d i f f e ren t f r o m un i ty . T h u s , the a s s u m p t i o n tha t r) = 1 
u n d e r e s t i m a t e s the f i lm m o m e n t u m , and when the h y d r o s t a t i c t e r m in the 
m o m e n t u m equa t ion b e c o m e s c o m p a r a b l e to the c o n v e c t i v e - m o m e n t u m 
t e r m , the a n a l y t i c a l m o d e l p r e d i c t s a d e c e l e r a t i o n of the f i lm tha t is too 
l a r g e . Th i s w a s the c a s e for Re^ = 1067. F o r the o t h e r v a l u e s of R e ^ , 
the f i lm m o m e n t u m w a s l a r g e enough so tha t the a s s u m p t i o n tha t r] = 1 had 
no n o t i c e a b l e effect . 



H o w e v e r , in c o n t r a s t to the c a s e w h e r e W^ = 0, the effect of 
gas f l o w r a t e s d i f fe ren t f r o m z e r o , e s p e c i a l l y when w a v e s a r e p r e s e n t on 
the g a s - f i l m i n t e r f a c e , i s to p r o m o t e t u r b u l e n t m i x i n g in the f i lm, t h e r e b y 
r e d u c i n g the v e l o c i t y g r a d i e n t a c r o s s the f i lra so tha t the va lue of T) wi l l 
a p p r o a c h un i ty . In addi t ion , a n o t h e r effect of a c o n c u r r e n t gas flow is to 
r e d u c e the m a g n i t u d e of a p o s i t i v e g r a d i e n t of f i lm t h i c k n e s s wi th r e s p e c t 
to a x i a l l eng th . T h u s , the d i f f e r ence b e t w e e n the t e r m s in p a r e n t h e s e s wi l l 
i n c r e a s e , f u r t h e r r e d u c i n g the effect of the a p p r o x i m a t i o n for T) on the 
change in f i lm m o m e n t u m . T h i s wi l l be v e r i f i e d in Sec t ion 2 be low. 

R e f e r r i n g aga in to F i g . 13, we s e e tha t the i n i t i a l f i lm t h i c k n e s s 
u s e d in the m o d e l w a s t aken a t s u c c e s s i v e l y l a r g e r v a l u e s of x for s u c -
c e s s i v e l y l a r g e r v a l u e s of Rew. The f i lm t h i c k n e s s f r o m the i n j e c t o r to the 
po in t at wh ich the i n i t i a l f i l ra t h i c k n e s s w a s c h o s e n i s e s s e n t i a l l y c o n s t a n t . 
S ince the fi lra t h i c k n e s s r e m a i n s a p p r o x i m a t e l y c o n s t a n t , i t i s i n f e r r e d 
f r o m Eq . 69 tha t the r a o m e n t u m of the f i lm r e m a i n s c o n s t a n t . H o w e v e r , the 
e x i s t e n c e of the -wall s h e a r s t r e s s p r e c l u d e s s u c h a c o n c l u s i o n . 

To exp la in th i s a p p a r e n t i n c o n s i s t e n c y , p o s s i b l e r a m i f i c a t i o n s 
of the a s s u m p t i o n tha t the von K a r m a n u n i v e r s a l ve loc i t y d i s t r i b u t i o n i s 
a p p l i c a b l e to the f i lm a r e n o t e d . In ana logy wi th p ipe flow, the u n i v e r s a l 
d i s t r i b u t i o n i s va l id only when the ve loc i t y p r o f i l e h a s b e c o m e fully d e v e l -
oped, i . e . , away f ro ra the r e g i o n of e n t r a n c e e f fec t s . A c c o r d i n g to the w a l l -
l a y e r m o d e l , th i s i r a p l i e s tha t the von K a r m a n d i s t r i b u t i o n wi l l apply to the 
f i lm a t s o m e d i s t a n c e f r o m the ex i t p l a n e of the i n j e c t o r w h e r e e n t r a n c e 
effects have b e c o m e n e g l i g i b l e . S ince the a n a l y t i c a l m o d e l s u c c e s s f u l l y 
p r e d i c t s the v a r i a t i o n of t wi th x d o w n s t r e a m f r o m the r e g i o n in w h i c h the 
f i lm i s e s s e n t i a l l y c o n s t a n t , i t i s t e n t a t i v e l y conc luded tha t e n t r a n c e effects 
a r e r e s p o n s i b l e for the c o n s t a n c y of f i lm t h i c k n e s s . Tha t i s , the ve loc i ty 
p r o f i l e in the f i lm in the r e g i o n n e a r the exi t p l a n e of the i n j e c t o r m u s t 
change f r o m a p r o f i l e i n d i c a t i v e of flow in the s l i t of the i n j e c t o r to the 
von K a r m a n u n i v e r s a l ve loc i t y d i s t r i b u t i o n . S ince the va lue of T) i s v a r i -
ab l e , a change in the m o m e n t u m of the f i lm i s p o s s i b l e , when d t / d x - 0, 
by v i r t u e of the change of the v e l o c i t y p r o f i l e . T h u s , in the e n t r a n c e r e g i o n , 
the r e s u l t i n g l o s s of n n o m e n t u m to the w a l l by s h e a r s t r e s s is p o s s i b l y 
supp l i ed by the f i l r a - m o m e n t u m change r e s u l t i n g f r o m the v e l o c i t y - p r o f i l e 
v a r i a t i o n . M o r e def in i te c o n c l u s i o n s r e g a r d i n g the e n t r a n c e r e g i o n of the 
f i lm r e q u i r e d e t a i l e d c o n s i d e r a t i o n of the ef fects of the g e o m e t r y at the 
ex i t p l a n e of the i n j e c t o r , t o g e t h e r wi th m e a s u r e m e n t s of the ve loc i t y p r o -
fi le in the f i lm . T h e s e c o n s i d e r a t i o n s w e r e not i n c l u d e d in th i s r e s e a r c h . 

T h e r e f o r e , s i n c e the a n a l y t i c m o d e l deve loped in th i s r e p o r t 
does not c o n s i d e r the p o s s i b l e v a r i a t i o n of the f i lm ve loc i t y p r o f i l e , the 
f i r s t m e a n i n g f u l da ta po in t c h o s e n as an i n i t i a l cond i t ion for the m o d e l i s 
the po in t a t wh ich the f i lm t h i c k n e s s exh ib i t s a f in i te g r a d i e n t . 



2. E x p e r i m e n t s on the T u r b u l e n t F l o w of Ai r and W a t e r 

Th is s e c t i o n c o m p a r e s the p r e d i c t i o n s of the m o d e l for the t w o -
c o m p o n e n t flow of t u r b u l e n t gas and l iqu id p h a s e s da t a t aken for the flow of 
a i r o v e r w a t e r . 

S ince the r a n g e of c r i t i c a l Reyno lds n u m b e r s for f i lm flow, a s 
c i t ed by Fulford,^^ ex t ends f r o m 240 to 400, the r a n g e of R e ^ in th i s s e t of 
e x p e r i m e n t s was v a r i e d f r o m 477 to 5062. 

Of p r i n c i p a l i n t e r e s t w a s the r a n g e of Re^^ for wh ich the a i r -
w a t e r i n t e r f a c e was c h a r a c t e r i z e d by t h r e e - d i m e n s i o n a l d i s t u r b a n c e s . 
W a l l i s , in e x p e r i m e n t s on the h o r i z o n t a l c o n c u r r e n t flow of a i r o v e r w a t e r , 
v i s u a l l y d e t e r m i n e d the ve loc i ty at wh ich a t h r e e - d i m e n s i o n a l (pebbly) s t r u c -
t u r e was p r e s e n t at the a i r - w a t e r i n t e r f a c e . The a i r ve loc i ty for the o n s e t 
of t h e s e d i s t u r b a n c e s w a s a p p r o x i m a t e l y 15-17 f t / s e c . F o r the e x p e r i m e n t s 
r e p o r t e d h e r e , th i s r a n g e of v e l o c i t i e s c o r r e s p o n d s a p p r o x i m a t e l y to a va lue 
of RCĝ  of 7000. V i s u a l o b s e r v a t i o n t h r o u g h the L u c i t e t e s t s e c t i o n in t h e s e 
e x p e r i m e n t s c o n f i r m e d the p r e s e n c e of a pebb ly s t r u c t u r e at t h i s R e y n o l d s 
n u m b e r . The a i r is t u r b u l e n t at th i s Reyno lds n u m b e r , and s i n c e th i s va lue 
of R e ^ c o r r e s p o n d s to the l ower l i m i t at wh ich Eq . 107 is va l id , it w a s 
s e l e c t e d a s the m i n i m u m a i r Reyno lds n u m b e r in th i s se t of e x p e r i m e n t s . 

As the a i r ve loc i t y i s i n c r e a s e d , the t h r e e - d i m e n s i o n a l w a v e s at 
the i n t e r f a c e u n d e r g o a t r a n s i t i o n to the r o l l - w a v e r e g i m e . A c c o r d i n g to the 
da ta of Wal l is ,^° the o n s e t of r o l l w a v e s o c c u r r e d at an a i r ve loc i ty of a p -
p r o x i m a t e l y 35 -38 f t / s e c . The l ower ve loc i ty c o r r e s p o n d s to R e ^ of a p -
p r o x i m a t e l y 19,000 for the e x p e r i m e n t s r e p o r t e d h e r e . The p r o p o s e d 
i n t e r f a c i a l f r i c t i o n - f a c t o r c o r r e l a t i o n , E q . 110, w a s t e s t e d in the r o l l - w a v e 
r e g i m e in the r a n g e of Re^^ f r o m 19,000 to 23 ,500 . 

W a l l i s a l s o found tha t e n t r a i n m e n t o c c u r r e d at a ve loc i ty of 
53 -58 f t / s e c . As d e t e r m i n e d by Van Rossum,^^ th i s r e s u l t is c o m p a t i b l e 
wi th an o n s e t ve loc i t y of 59 f t / s e c . S ince the l a r g e s t a i r ve loc i t y in t h e s e 
e x p e r i m e n t s w a s a p p r o x i m a t e l y 44 f t / s e c (Rcg^ = 23,500) , the p r o b l e m of 
e n t r a i n m e n t w a s avo ided . 

F i g u r e s 14-18 c o m p a r e the p r e d i c t i o n s of the m o d e l and the 
expe r innen ta l da t a . In F i g s . 1 4 - 1 7 , the m a s s f l o w r a t e of a i r w a s v a r i e d 
whi le the m a s s f l o w r a t e of w a t e r w a s kep t a p p r o x i m a t e l y c o n s t a n t . A l t e r -
na t e ly , in F i g . 18, the a i r v e l o c i t y w a s kep t a p p r o x i m a t e l y c o n s t a n t at a 
va lue such tha t the i n t e r f a c e d i s t u r b a n c e s w e r e in the r o l l - w a v e r e g i m e 
and the w a t e r f l o w r a t e w a s v a r i e d . The o v e r a l l a g r e e m e n t b e t w e e n the 
p r e d i c t i o n s of t h e m o d e l and the da t a i s e x c e l l e n t . 
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A l t h o u g h t h e w a v e c r e s t s a n d 

t r o u g h s w e r e n o t m e a s u r e d , e x c e p t 

f o r t h o s e r e s u l t s p r e s e n t e d i n T a b l e I , 

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

s i g n a l o n a n o s c i l l o s c o p e r e v e a l e d 

t h a t t h e w a v e s d e e p l y p e n e t r a t e d t h e 

f i l m . A l s o , t h e f r e q u e n c y of t h e d i s -

t u r b a n c e s d e c r e a s e d i n t h e d i r e c t i o n 

of flow^. T h e s e o b s e r v a t i o n s e m p h a -

s i z e d t h e c o m p l e x n a t u r e of t h e i n -

t e r f a c i a l d i s t u r b a n c e s . T h u s , t h e 

s u c c e s s of t h e s i m p l e i n t e r f a c i a l 

f r i c t i o n - f a c t o r c o r r e l a t i o n f o r t h r e e -

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

s i n c e i t a f f o r d s a c o n v e n i e n t m e t h o d 

of e v a l u a t i n g t h e i n t e r f a c e s h e a r 

s t r e s s w i t h o u t r e f e r r i n g t o t h e d e t a i l s 

of t h e i n t e r f a c i a l s t r u c t u r e . 

w. 0.08 lb/sec 
In t h e r o l l - w a v e f low r e g i m e , 

t h e a s s u m e d c o r r e l a t i o n f o r t h e i n -

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

c a b l e . H o w e v e r , by t r i a l a n d e r r o r t h e f o l l o w i n g s i m p l e c o r r e l a t i o n , w h i c h 

w a s a g a i n f o u n d t o b e i n d e p e n d e n t of R e ^ , w a s e s t a b l i s h e d : 

fi = 5.1 R e ^ • 10"^ + 0 . 0 5 6 . ( 1 6 2 ) 

F i g u r e 19 s h o w s t h e f r i c t i o n - f a c t o r 

c o r r e l a t i o n s f o r t h e t h r e e - d i m e n s i o n a l 

a n d r o l l - w a l l r e g i m e s . T h e f a c t t h a t 

t h e f r i c t i o n f a c t o r a t t h e i n t e r f a c e i s 

s u b s t a n t i a l l y i n c r e a s e d b y a f a c t o r of 

a p p r o x i m a t e l y 3 f o r R e ^ = 506Z m a y 

b e a t t r i b u t e d t o t h e c h a n g e in t h e c h a r -

a c t e r of t h e d i s t u r b a n c e s . 

S i n c e t h e w a v e s g r e a t l y i n -

c r e a s e t h e c o m p l e x i t y of t h e f l u i d 

m e c h a n i c s , i t i s c o n c l u d e d t h a t t h e 

m o d e l of t w o - c o m p o n e n t f l o w d e v e l o p e d 

in t h i s r e p o r t w i t h t h e a i d of v a r i o u s 

s i m p l i f y i n g a s s u m p t i o n s h a s b e e n j u s -

t i f i e d . I t i s a l s o c o n c l u d e d t h a t t h e 

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

i n t e r f a c i a l f r i c t i o n f a c t o r a r e u s e f u l 

i n d e s c r i b i n g t h e m o m e n t u m t r a n s -

f e r r e d f r o m t h e g a s to t h e l i q u i d p h a s e 

i n t h e p r e s e n c e of w a v e s . 
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3 . E x p e r i m e n t s o n C o n d i t i o n s f o r L a m i n a r F l o w in t h e F i l m 

A c c o r d i n g t o F u l f o r d ' s c r i t e r i o n , f o r R e ^ l e s s t h a n 4 0 0 b u t 

g r e a t e r t h a n 2 4 0 , t h e f i l m m a y b e e i t h e r l a m i n a r o r t u r b u l e n t . T o t e s t t h i s 

c r i t e r i o n , a d d i t i o n a l e x p e r i m e n t s w e r e m a d e f o r R e ^ = 3 0 0 . F i g u r e 20 

c o m p a r e s t h e p r e d i c t i o n s of t h e m o d e l a n d t h e d a t a . T h e f i l m w a s a s s u m e d 

t u r b u l e n t i n a l l t h r e e e x p e r i m e n t s . G o o d a g r e e n n e n t i s n o t e d , e x c e p t a t 

R e ^ = 7 0 0 0 , w h e r e t h e m o d e l p r e d i c t s 

f i l m d e c e l e r a t i o n a t a r a t e g r e a t e r t h a n 

w h a t w a s a c t u a l l y o b s e r v e d . T h e c o m -

p u t e r r e s u l t s r e v e a l e d t h a t t h e c o n v e c t i v e -

m o m e n t u m t e r m w a s a p p r o x i m a t e l y e q u a l 

t o t h e h y d r o s t a t i c t e r m . T h i s s u g g e s t e d 

t h a t t h e v a l u e of r] in E q . l 6 l s h o u l d n o t 

b e u n i t y . S i n c e R e ^ i s in t h e r a n g e w h e r e 

t h e f i l m c a n b e l a m i n a r , a v a l u e of T] = 

1.3 ( w h i c h i s c h a r a c t e r i s t i c of a l a m i n a r -

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

t h e m o d e l f o r f u r t h e r c a l c u l a t i o n . T o b e 

,o4|—n —I c o m p a t i b l e w i t h t h e a s s u m p t i o n of a l a m i -

n a r f i l m , t h e r e l a t i o n s h i p f o r t h e w a l l 

s h e a r s t r e s s i n t h e f i l m w a s m o d i f i e d . 

F r o m E q s . 65 a n d 6 9 , t h e w a l l s h e a r 

s t r e s s c a n b e e s t i m a t e d f r o m 
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The p r e d i c t i o n s of the m o d e l for bo th l a m i n a r and t u r b u l e n t 
f i lm a r e p lo t t ed t o g e t h e r wi th the da t a in F i g . 2 1 . A l s o inc luded in th i s f ig-
u r e a r e da ta for f i lms w h e r e Re^ a r e above and be low the r a n g e of c r i t i c a l 
Reyno lds n u m b e r s . T h u s , for R e ^ above the r a n g e of c r i t i c a l Reyno lds 
n u m b e r s , the f i lm b e h a v e s t u r b u l e n t l y . F o r R e ^ below the r a n g e of c r i t i -
c a l R e y n o l d s , t he f i lm exh ib i t s a l a m i n a r b e h a v i o r . F o r R e ^ wi th in the 
r a n g e of c r i t i c a l Reyno lds n u m b e r s , the f i lm b e h a v e s t u r b u l e n t l y for high 
a i r v e l o c i t i e s , but as the in f luence of the a i r is r e d u c e d , l a m i n a r - t y p e b e -
h a v i o r i s no t ed . Th i s i m p l i e s t h a t for the R e ^ flows in the r a n g e of c r i t i -
c a l Refl, the va lue of 7] v a r i e s frona 1 to 1.3 as a funct ion of R e ^ . 

B . S t e a m - W a t e r E x p e r i m e n t s 

The p u r p o s e of the s t e a m - w a t e r e x p e r i m e n t s w a s to t e s t t he val id-
i ty of the m o d e l deve loped for f i lm c o n d e n s a t i o n . Of p a r t i c u l a r i n t e r e s t 
w a s v e r i f i c a t i o n of the effect of m a s s t r a n s f e r on the i n t e r f a c i a l s h e a r 
s t r e s s and of the c o n s t a n c y of the S tan ton n u m b e r . 
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Since it w a s d e s i r e d to e v a l u a t e 
the ab i l i t y of the m o d e l to p r e d i c t f i lm 
c o n d e n s a t i o n when the i n t e r f a c i a l s t r u c -
t u r e w a s t h r e e - d i m e n s i o n a l , the in l e t 
s t e a m Reyno lds n u m b e r w a s v a r i e d f r o m 
a p p r o x i m a t e l y 14,000 to 17 ,500. Th is 
e n s u r e d tha t the d e c r e a s e in Reg t h r o u g h 
the t e s t s ec t i on , by v i r t u e of c o n d e n s a -
t ion , w a s s m a l l enough so tha t t h r e e -
d i m e n s i o n a l w^aves •were in the e n t i r e 
t e s t s e c t i o n . As d i s c u s s e d in S e c -
t ion I I I . B . l . e , the s t e a m at the in le t to 
the t e s t s e c t i o n w a s s a t u r a t e d and had a 
qua l i ty above 97%. The in l e t f i lm 
Reyno lds n u m b e r was v a r i e d f r o m a p -
p r o x i m a t e l y 250 (in the r a n g e of c r i t i c a l 
Reyno lds n u m b e r ) to 1800. The effects 
of c o n d e n s a t i o n r a t e w e r e o b s e r v e d by 
v a r y i n g the in l e t subcoo l ing of the w a t e r 
f r o m a p p r o x i m a t e l y 70°F ( l imi t s e t by 
coo l ing c a p a c i t y of the h e a t e x c h a n g e r ) 
to 200°F ( l imi t se t by h e a t l o s s e s f r o m 
the e x p e r i m e n t a l f ac i l i ty ) . 

1. E v a l u a t i o n of the S tan ton 
N u m b e r 

Fig. 21. Comparison of Model Predictions 
for Laminar and Turbulent Films 
vs. Data 

n u m b e r , St^, should be c o n s t a n t . 

In the d e v e l o p m e n t of the e x -
p r e s s i o n for the c o n d e n s i n g h e a t - t r a n s f e r 
coeff ic ient , it was shown tha t the S tan ton 
This r e s u l t can be t e s t e d wi th the a id of 

S t , = t ' 
dTo 

dx 

1 

[ l , ^^" ̂ °1 
L' •-.g J 

( T g - T o ) 

(156) 

T a b l e II l i s t s da t a f r o m t h r e e s t e a m - w a t e r e x p e r i m e n t s u s e d 
in the eva lua t i on of the Stanton n u m b e r . O v e r the r a n g e of da ta l i s t ed , 
R e ^ v a r i e d f r o m 340 to 1800 and Reg v a r i e d f r o m 13,000 to 17,500. T h e s e 
d a t a w e r e s e l e c t e d s i n c e the subcoo l ing in the f i lm w a s l a r g e and, t h e r e f o r e , 
the effects of any e r r o r s in t e m p e r a t u r e m e a s u r e m e n t s w e r e m i n i m i z e d . 
In the r a n g e of da t a p r e s e n t e d , dTg /dx and Tg - TQ a r e e a c h l a r g e r than 
1 0 ° F / i n . and 10°F. 



T A B L E II . E x p e r i m e n t a l Da ta U s e d to E v a l u a t e the S tan ton N u m b e r , St^ 

W^, l b / s e c : 0.057 0.099 0.192 
Wg, l b / s e c : 0.039 0.04 0.04 
Tg, ° F : 211 211 211 

X, i n . 

0 

0.375 
1.375 
2,375 
3.375 
4 .375 
5.375 

7.375 

t, in . 

0 .013 

0.017 

0.017 

0.028 

To, °F 

70.5 

100.9 
128.2 

162.9 
184.5 
194.7 

X, i n . 

0 

0.375 
1.375 
2.375 
3.375 
4 .375 
5.375 

7.375 

t, in . 

0.019 

0.021 

0.024 

0.030 

To, °F 

70.3 
84.7 

112.9 
144.6 

168.5 
183.3 

191.6 

X, i n . 

0.375 
1.375 
2.375 
3.375 
4 .375 

5.375 

7.375 

t, in . 

0.039 

0.030 

0.029 
0.036 

To, °F 

116.8 

129.1 
143.6 
155.1 

169 

177.6 

T o f u r t h e r m i n i m i z e p o s s i b l e e r r o r s in the f i l m - t h i c k n e s s and 
t e m p e r a t u r e m e a s u r e m e n t s , the da ta in T a b l e II w e r e f i t ted by cub ic l e a s t -
s q u a r e s e q u a t i o n s . The l e a s t - s q u a r e s equa t ion for TQ w a s d i f f e r e n t i a t e d 
wi th r e s p e c t to x, and the g r a d i e n t of TQ w a s ob ta ined . T h e s e equa t ions 
w e r e s u b s t i t u t e d in to E q . 156, and the S tan ton n u m b e r w a s e v a l u a t e d for 
e a c h s e t of t e s t da ta f r o m x = 1.4 in . to x = 4 .4 in. The va lue of x = 1.4 in . 
w a s s e l e c t e d to c o r r e s p o n d a p p r o x i m a t e l y to the l oca t ion of the f i r s t f i l m -
t h i c k n e s s m e a s u r e m e n t . The v a l u e of x = 4 .4 in . w a s d i c t a t e d by the d e s i r e 
of k e e p i n g d T o / d x > 1 0 ° F / i n . The S tan ton n u m b e r w a s e v a l u a t e d at 0 . 1 - i n . 
i n t e r v a l s for e a c h s e t of da ta ; t he a v e r a g e S tan ton n u m b e r for 90 d e t e r m i -
n a t i o n s w a s found to be 0 .0073 . Al though the r a n g e of S tan ton n u m b e r s c a l -
c u l a t e d v a r i e d f r o m a p p r o x i m a t e l y 0 .0055 to 0 . 0 1 , o v e r 70% of the 
d e t e r m i n a t i o n s w e r e b e t w e e n 0.006 and 0 .008 . 

The v a r i a t i o n of the S tan ton n u m b e r i s wi th in the r a n g e of p o s -
s ib l e e x p e r i m e n t a l e r r o r s in the d e t e r m i n a t i o n of the f i lm t h i c k n e s s and 
t e m p e r a t u r e . F o r e x a m p l e , in Append ix A it i s s t a t e d tha t the e r r o r in the 
f i l m - t h i c k n e s s m e a s u r e m e n t could be as l a r g e as ±0.002 in. F o r the da t a 
in T a b l e II , t h i s r e p r e s e n t s a v a r i a t i o n in the m e a s u r e d f i lm t h i c k n e s s of 
±15% for t = 0.013 in. to ±5% for t = 0.039 in . S ince St^ is d i r e c t l y p r o -
p o r t i o n a l to t, t h i s m e a s u r e m e n t e r r o r i s a p o s s i b l e e x p l a n a t i o n for the 
i n d i c a t e d v a r i a t i o n in the c a l c u l a t i o n . 

F o r the t h r e e e x p e r i m e n t s u n d e r c o n s i d e r a t i o n , i t i s conc luded 
t h a t t he S tan ton n u m b e r i s a p p r o x i m a t e l y c o n s t a n t . Add i t iona l c o n f i r m a t i o n 
of t h i s r e s u l t w i l l be o f fe red in Sec t i on 2 be low, -where the p r e d i c t i o n s of 
the m o d e l of f i lm c o n d e n s a t i o n a r e c o m p a r e d to the da t a f r o m a l l the s t e a m -
w a t e r e x p e r i m e n t s . 



2. C o m p a r i s o n of the Model of F i l m C o n d e n s a t i o n with E x p e r i m e n t 

In th i s sec t ion , the p r e d i c t i o n s of the m o d e l of f i lm c o n d e n s a -
t ion a r e c o m p a r e d to the da t a t a k e n for the s t e a m - w a t e r e x p e r i m e n t s . The 
m e a s u r e d f i lm t h i c k n e s s , t, and s u r f a c e t e m p e r a t u r e , TQ, and those v a l u e s 
c a l c u l a t e d u s i n g t h e m o d e l a r e to be c o m p a r e d to jus t i fy t he m o d e l s c h o s e n 
for the i n t e r f a c i a l f r i c t i o n f ac to r , X{ , and the h e a t - t r a n s f e r coeff ic ient , h. 
Al so inc luded in the p r e s e n t a t i o n of f i lm t h i c k n e s s a r e s o m e of the c r e s t s 
of the h i g h e s t w a v e s and t r o u g h s of the d e e p e s t w a v e s for the t h r e e -
d i m e n s i o n a l -waves e n c o u n t e r e d in t h e s e e x p e r i m e n t s . S ince they a r e not 
exp l i c i t l y c o n s i d e r e d in the m o d e l , t h e i r v a l u e l i e s in e m p h a s i z i n g the c o m -
p lex i ty of the p h e n o m e n o n in q u e s t i o n in c o m p a r i s o n to the r e l a t i v e s i m -
p l i c i t y of the m o d e l c h o s e n to r e p r e s e n t t h e i r e f fec t s . 
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Fig. 22. Effect of Model of Interface Shear 
Stress on Predictions of Film Sur-
face Temperature 

a. The Effect of C o n d e n s a t i o n 
on the I n t e r f a c i a l S h e a r S t r e s s . T o i l l u s -
t r a t e the effect of c o n d e n s a t i o n on the 
i n t e r f a c i a l s h e a r s t r e s s , s e v e r a l m e t h o d s 
for d e t e r m i n i n g T^ w e r e t e s t e d a g a i n s t 
da t a . In p a r t i c u l a r , the m o d e l of S i l ve r 
and Wal l i s (Eq. 126), the m o d e l p r o p o s e d 
in th i s r e p o r t (Eq. 131), and the m o d e l 
u s e d in the a i r - w a t e r e x p e r i m e n t s 
(Eq. IIO), w e r e u s e d in p r e d i c t i n g the 
t e m p e r a t u r e , TQ. and the f i lm t h i c k n e s s , 
t, for two d i f fe ren t e x p e r i m e n t s . F i g -
u r e s 22 and 23 show the r e s u l t s . The 
p r e d i c t i o n s of f i lm t h i c k n e s s v e r s u s the 
da t a i n d i c a t e tha t the c a l c u l a t e d a m o u n t 
of i n t e r f a c i a l m o m e n t u m t r a n s f e r r e d 
u s i n g the t w o - c o m p o n e n t f r i c t i o n - f a c t o r 
c o r r e l a t i o n is u n d e r e s t i m a t e d . I n s t e a d 
of m a n i f e s t i n g the in i t i a l a c c e l e r a t i o n in 
the f i lm tha t r e s u l t s f r om condens ing 
h i g h - v e l o c i t y v a p o r , t he m o d e l p r e d i c t s 
a d e c e l e r a t i o n of the f i lm. H o w e v e r , the 
m o d e l s t ha t inc lude the effect of m o m e n -
t u m t r a n s f e r v ia m a s s t r a n s f e r p r e d i c t 
the t r e n d s of the da ta r a t h e r we l l . 

In both e x p e r i m e n t s u n d e r 
c o n s i d e r a t i o n , the m o d e l p r o p o s e d in 
t h i s r e p o r t (Eq. 131) a g r e e s m o r e c l o s e l y 
wi th the f i l m - t h i c k n e s s da t a than the 
m o d e l of S i l ve r and W a l l i s . A p o s s i b l e 
exp lana t ion of t h i s r e s u l t i s tha t , in t h e i r 
d e r i v a t i o n of Eq . 126, S i l ve r and W a l l i s 
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u s e d a s imp l i f i ed t h e o r y of the a c t u a l p h e -
n o m e n o n , n e g l e c t i n g the ef fec ts of w a v e s and 
l i n e a r m o t i o n of the s u r f a c e . Al though 
Eq . 131 i s not d e r i v e d f r o m t h e o r y , it i s con -
s i s t e n t wi th the m a n n e r in wh ich C a r p e n t e r 
and C o l b u r n r e p r e s e n t e d t h e t o t a l m o m e n t u m 
t r a n s f e r r e d a c r o s s the v a p o r - l i q u i d i n t e r -
face and, s i n c e i t m o r e c l o s e l y p r e d i c t s the 
m o m e n t u m v a r i a t i o n in the f i lm, i t s u s e in 
the m o d e l of f i lm c o n d e n s a t i o n i s j u s t i f i ed . 

C o n s i d e r i n g t h e p r e d i c t i o n s of 
s u r f a c e t e m p e r a t u r e , To> v e r s u s the da t a 
for the v a r i o u s i n t e r f a c e f r i c t i o n - f a c t o r 
r e l a t i o n s h i p s , E q s . 126 and 131 a g r e e r a t h e r 
w e l l wi th the e x p e r i m e n t . A f u r t h e r effect 
of u s ing the t w o - c o m p o n e n t f r i c t ion fac to r is 
a l s o ev iden t . The u n d e r e s t i m a t i o n of the 
m o m e n t u m t r a n s f e r r e d to the fi lm r e s u l t s 
in an a p p a r e n t i n c r e a s e in f i lm t h i c k n e s s , 
which in t u r n i n c r e a s e s the condens ing h e a t -
t r a n s f e r r e s i s t a n c e . The o v e r a l l effect i s a 
d e c r e a s e in the c o n d e n s a t i o n r a t e . 

b . C o m p a r i s o n of the Model P r e -

Fig. 23. Effect of Model of Interface 
Shear Stress on Predictions 
of Film Thickness 

d i c t ions and Data . To c o m p a r e the m o d e l 

p r e d i c t i o n s and the da ta , e x p e r i m e n t s w e r e 
p e r f o r m e d v a r y i n g the i n l e t - f i l m subcool ing 
and the i n l e t - m a s s f l o w r a t e s of s t e a m and 

w a t e r o v e r the r a n g e s i n d i c a t e d e a r l i e r . F i g u r e s 24-37 show the r e s u l t s . 
In g e n e r a l , the a g r e e m e n t i s exce l l en t , e s p e c i a l l y c o n s i d e r i n g the r e l a t i o n -
sh ip of the w a v e s to the m e a s u r e d f i lm t h i c k n e s s . To put the w a v e s into 
p h y s i c a l p e r s p e c t i v e , the c h a r a c t e r i s t i c w a v e l e n g t h and the f r equency of 
the w a v e s m u s t be d i s c u s s e d . Al though t h e s e m e a s u r e m e n t s w e r e not p o s -
s ib l e in t h i s r e s e a r c h , r e f e r e n c e can be m a d e to the w o r k of C o h e n ' in 
which he d e t e r m i n e d the w a v e l e n g t h and wave ve loc i ty at the i ncep t ion of 
t h r e e - d i m e n s i o n a l d i s t u r b a n c e s on w a t e r f i l m s . F o r Re^ = 590, he m e a -
s u r e d a wave ve loc i t y of 1.03 f t / s e c and a wave l eng th of 0.39 in. Th i s c o r -
r e s p o n d s to a f r e q u e n c y of a p p r o x i m a t e l y 30 Hz . If t h e s e da t a to s o m e 
ex ten t r e p r e s e n t the t h r e e - d i m e n s i o n a l d i s t u r b a n c e s in the s t e a m - w a t e r 
e x p e r i m e n t s , t he a s s u m p t i o n s m a d e in C h a p t e r II a p p e a r to be r e a s o n a b l e . 
T h a t i s , the not ion tha t the w a v e s tend to a c t as an effect ive l a r g e - s c a l e 
eddy mot ion , wh ich t ends to m i n i m i z e the t e m p e r a t u r e g r a d i e n t s n o r m a l to 
the flow, is m o r e v i a b l e . In add i t ion , th i s a l s o l e n d s c r e d e n c e to the m o d e l 
p r o p o s e d for the c o n d e n s i n g h e a t - t r a n s f e r coef f ic ient . F u r t h e r j u s t i f i c a t i o n 
for t h i s m o d e l r e s u l t s f r o m the e x c e l l e n t a g r e e m e n t of the p r e d i c t e d t e m -
p e r a t u r e v a r i a t i o n a long the s u r f a c e wi th the m e a s u r e d v a l u e s . S ince Ren 



v a r i e d fromi 260 to 2100, Reg v a r i e d f r o m 18,000 to 7,000, and P r ^ v a r i e d 

f r o m 4.5 to 1.75 in the e x p e r i m e n t s r e p o r t e d h e r e , the a f o r e m e n t i o n e d 

a g r e e m e n t a l s o c o n f i r m s the u s e of S t^ = 0,0073 a s d e t e r m i n e d in S e c -

t ion B . 1 above . 

The f i r s t m e a n i n g f u l f i l m - t h i c k n e s s m e a s u r e m e n t w a s s e -
l e c t e d a s the i n i t i a l f i lm t h i c k n e s s in the m o d e l . T h i s i n i t i a l f i lm t h i c k n e s s 
did not a l w a y s c o r r e s p o n d to the f i r s t m e a s u r e d f i lm t h i c k n e s s . As in the 
a i r - w a t e r e x p e r i m e n t s , the effect of an " e n t r a n c e r e g i o n " a g a i n a p p e a r s . 
In the s t e a m - - w a t e r e x p e r i m e n t s , t h i s " e n t r a n c e r e g i o n " i s r e l a t e d to the 
a s s u m p t i o n of a u n i f o r m t e m p e r a t u r e p r o f i l e . In p a r t i c u l a r , t he e x p e r i -
m e n t a l m a n i f e s t a t i o n of the e n t r a n c e r e g i o n i s o b s e r v e d in the f i r s t fe-w 
s u r f a c e - t e m p e r a t u r e m e a s u r e m e n t s . The m e a s u r e m e n t s at x = 0 and 
x - 3 / 8 in. a r e g e n e r a l l y the s a m e . At h i g h e r l iqu id f l o w r a t e s , the r e g i o n s 
of t h i s a p p r o x i m a t e c o n s t a n c y of s u r f a c e t e m p e r a t u r e a p p e a r to i n c r e a s e in 
the d i r e c t i o n of flow. T h e s i m i l a r i t y b e t w e e n t h i s r e s u l t and the c o n s t a n c y 
o b s e r v e d in the f i lm t h i c k n e s s in the a i r - w a t e r e x p e r i m e n t s i s no ted . T h i s 
e n t r a n c e r e g i o n is a p p a r e n t l y at l e a s t p a r t l y d e p e n d e n t on the s t e a m flow-
r a t e . T h i s is e v i d e n c e by the fact tha t for W£ i n l e t a p p r o x i m a t e l y equa l 
to 0.19 l b / s e c , the e n t r a n c e r e g i o n d i m i n i s h e s f r o m j u s t u n d e r 3 in. to 
u n d e r 1 in . a s the s t e a m f l o w r a t e i s i n c r e a s e d f r o m 0.032 to 0.04 l b / s e c . 
As in the a i r - w a t e r c a s e , t he m o d e l of f i lm c o n d e n s a t i o n d o e s not d e s c r i b e 
th i s r e g i o n . T h e r e f o r e , the f i r s t mean ing fu l da t a po in t -was s e l e c t e d at the 
l o c a t i o n of a m e a s u r e d f i lm t h i c k n e s s w h e r e the t e m p e r a t u r e g r a d i e n t a p -
p e a r e d to d e c r e a s e m o n o t o n i c a l l y . 

In the e x p e r i m e n t s of F i g s . 2 4 - 2 9 , the i n i t i a l subcoo l ing in 
the f i lm i s v a r i e d for e s s e n t i a l l y c o n s t a n t i n l e t - s t e a m and w a t e r f l o w r a t e s . 
S ince the c o n d e n s a t i o n r a t e is p r o p o r t i o n a l to the d i f f e r e n c e b e t w e e n the 
s t e a m t e m p e r a t u r e and the f i lm subcoo l ing , the c o n d e n s a t i o n r a t e is l a r g e s t 
for the l a r g e s t i n i t i a l f i lm subcoo l ing . S ince the m o m e n t u m t r a n s f e r r e d to 
the f i lm v ia the i n t e r f a c e s h e a r s t r e s s i s p r o p o r t i o n a l to the c o n d e n s a t i o n 
r a t e , t he a c c e l e r a t i o n would be the g r e a t e s t in the f i lm wi th the l a r g e s t i n i -
t i a l subcoo l ing . T h i s is r e f l e c t e d in the m e a s u r e m e n t s of f i lm t h i c k n e s s 
wh ich show, in the f i r s t 7 in . , s u c c e s s i v e l y s m a l l e r t h i c k n e s s e s at any x 
for s u c c e s s i v e l y l a r g e r a m o u n t s of i n i t i a l f i lm s u b c o o l i n g . T h i s e m p h a -
s i z e s the fact tha t the m o m e n t u m t r a n s f e r r e d to the f i lm v ia the i n t e r f a c e 
s h e a r s t r e s s m u s t i nc lude the ef fects of c o n d e n s a t i o n . As the f i lm s u b -
cool ing i s r e d u c e d by c o n d e n s a t i o n , the f i lms tha t i n i t i a l l y a c c e l e r a t e d the 
m o s t now exhib i t the l a r g e s t d e c e l e r a t i o n . T h i s o b s e r v a t i o n c a n be a t t r i -
bu ted to the fact t ha t the f i lms wi th l a r g e i n i t i a l a m o u n t s of subcoo l ing con-
d e n s e m o r e of the s t e a m flow than the l o w e r subcoo l ing f i l m s . T h e r e f o r e , 
w h e n the c o n d e n s a t i o n r a t e b e c o m e s s m a l l e r due to the hearting of the f i lm 
by c o n d e n s a t i o n , t h e i n t e r f a c i a l s h e a r s t r e s s , w h i c h i s now e s s e n t i a l l y equa l 
to the t w o - c o m p o n e n t s h e a r s t r e s s , i s s m a l l e r for t h o s e e x p e r i m e n t s in 
wh ich the i n i t i a l subcoo l ing i s l a r g e s t . Th i s a l lows the wa l l s h e a r s t r e s s 
in the f i lm to d e c e l e r a t e the f i lm m o r e e f fec t ive ly . 
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In F i g s . 3 0 - 3 3 , the i n l e t - w a t e r f l o w r a t e i s v a r i e d whi le the 
in le t subcoo l ing in the f i lm and the i n l e t - s t e a m f lowra t e a r e a p p r o x i m a t e l y 
the s a m e . As w a s o b s e r v e d in the a i r - w a t e r e x p e r i m e n t s , the l a r g e s t 
w a t e r f l owra t e t ended to d e c e l e r a t e m o s t r a p i d l y . 

F i g u r e s 34-37 show the effect of v a p o r ve loc i ty for e s s e n -
t i a l ly c o n s t a n t i n i t i a l f i lm subcoo l ing and i n l e t w a t e r f l o w r a t e . The m o -
m e n t u m t r a n s f e r r e d to the f i lm v ia the i n t e r f a c i a l s h e a r s t r e s s is i n c r e a s e d 
a s the v a p o r ve loc i ty i n c r e a s e d . Th i s i s ev idenced by the f i l m - t h i c k n e s s 
m e a s u r e m e n t s , wh ich show t h a t the f i lm a c c e l e r a t e s f a s t e r for the h i g h e r 
v a p o r f l o w r a t e . 
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Fig. 36. Comparison of Model Predictions of 
Surface Temperature vs. Data as a 
Function of Inlet Steam Flowrate 
for Wĵ  = 0.1 lb/sec 

Fig. 37. Comparison of Model Predictions 
of Film Thickness vs. Data as a 
Function of Inlet Steam Flowrate 
for Wĵ  ^ 0.1 lb/sec 

c . C o m p a r i s o n of t h e C o n d e n s i n g H e a t - t r a n s f e r C o e f f i c i e n t 

w i t h t h e C a r p e n t e r - C o l b u r n C o r r e l a t i o n . T h e h e a t - t r a n s f e r c o e f f i c i e n t s 

c a l c u l a t e d f r o m E q . 152 c a n b e c o m p a r e d w i t h t h o s e p r e d i c t e d by t h e c o r -

r e l a t i o n of C a r p e n t e r a n d C o l b u r n , ^ w h i c h h a s b e e n w i d e l y u s e d i n t h e l i t e r -

a t u r e . T h e C a r p e n t e r a n d C o l b u r n c o r r e l a t i o n , w r i t t e n i n t e r m s of t h e 

p a r a m e t e r s i n t h i s w o r k , i s 

0.043 ^1/2 l/2p„l/2 

C o m p a r i n g the r e s u l t s of the two c o r r e l a t i o n s o v e r a wide r a n g e of cond i -
t i ons e n c o u n t e r e d in the e x p e r i m e n t s r e p o r t e d h e r e showed tha t Eq. 152 
y i e ld s v a l u e s of h 2 . 5 - 4 . 2 t i m e s as m u c h as the above equa t ion d o e s . T h i s 
r e s u l t is to be e x p e c t e d s i n c e the C a r p e n t e r - C o l b u r n c o r r e l a t i o n w a s d e -
ve loped on the b a s i s tha t the m a j o r r e s i s t a n c e to hea t t r a n s f e r w a s l oca t ed 
in the v i s c o u s r e g i o n of the f i lm n e a r the wa l l . T h i s r e g i o n w a s n e g l e c t e d 
in deve lop ing Eq. 152 in which the o v e r a l l r e s i s t a n c e of the f i lm w a s 
c o n s i d e r e d . 

The m a g n i t u d e of the condens ing h e a t - t r a n s f e r coeff ic ient 

c a l c u l a t e d by the m o d e l for the e x p e r i m e n t s of th i s r e s e a r c h v a r i e d f rom 

1100 to 5000 B t u / h r - f t ^ - ° F . 



V. CONCLUSIONS AND R E C O M M E N D A T I O N S 

The p r i n c i p a l c o n c l u s i o n s tha t can be m a d e by c o n s i d e r i n g the r e -

s u l t s of the t h e o r y and c o n f i r m i n g e x p e r i m e n t s a r e : 

1. The a n a l y t i c a l m o d e l s b a s e d on an i n t e g r a t e d f o r m of the t'wo-
d i m e n s i o n a l b o u n d a r y - l a y e r - t y p e e q u a t i o n s a r e r e a l i s t i c d e s c r i p t i o n s of 
the i n t e r a c t i o n of s t r a t i f i e d , t u r b u l e n t , t w o - p h a s e f lows when the change 
in the t h i c k n e s s of the f i lm in the d i r e c t i o n of flow^ is s m a l l . 

2. F o r t w o - c o m p o n e n t flow^, the t u r b u l e n t i n t e r f a c i a l f r i c t i o n f a c -
t o r s for bo th the t h r e e - d i m e n s i o n a l and r o l l - w a v e r e g i m e s can be d e t e r -
m i n e d f r o m s i m p l e l i n e a r func t ions of the f i lm R e y n o l d s n u m b e r . 

3. F o r o n e - c o m p o n e n t f lows , the m o m e n t u m t r a n s f e r r e d to the 
f i lm v ia the i n t e r f a c e s h e a r s t r e s s i s a u g m e n t e d by a t e r m tha t i s p r o p o r -
t i o n a l to the p r o d u c t of the a v e r a g e v a p o r v e l o c i t y t i m e s the c o n d e n s a t i o n 
r a t e . If the effect of c o n d e n s a t i o n r a t e on the i n t e r f a c e s h e a r s t r e s s i s 
n e g l e c t e d , the p r e d i c t e d c o n d e n s a t i o n r a t e i s u n d e r e s t i i n a t e d . 

4 . A m o d e l tha t e m p h a s i z e d the effect of the i n t e r f a c i a l w a v e s on 
the t r a n s p o r t of h e a t in the f i lm h a s b e e n d e v e l o p e d to d e s c r i b e f i lm con-
d e n s a t i o n on a s u b c o o l e d f i lm flowing o v e r an a d i a b a t i c s u r f a c e . T h i s 
m o d e l p r e d i c t s tha t the f i lm Stan ton n u m b e r i s a c o n s t a n t w i th in the r a n g e 
of e x p e r i m e n t a l e r r o r . The e m p i r i c a l l y d e t e r m i n e d v a l u e of the f i lm 
S tan ton n u m b e r w a s 0 . 0 0 7 3 . 

5. Use of the w a l l - l a y e r m o d e l in eva lua t ing the w a l l s h e a r s t r e s s 
in the f i lm i s v e r i f i e d . 

6. Due to the v a r i a t i o n of f i lm t h i c k n e s s in the d i r e c t i o n of flow, 
the r e s u l t i n g h y d r o s t a t i c p r e s s u r e v a r i a t i o n is a s ign i f i can t c o n t r i b u t i o n to 
the d e c e l e r a t i o n of the f i lm in i n s t a n c e s v /here the w a t e r f l o w r a t e w a s low. 

7. T h e t r a n s i t i o n f r o m l a m i n a r to t u r b u l e n t flow in the f i lm i s a 
funct ion of the g a s R e y n o l d s n u m b e r a s w e l l a s the l iqu id Reyno lds n u m b e r . 

R e c o m i n e n d a t i o n s for the e x t e n s i o n of the w o r k p r e s e n t e d in t h i s 
r e p o r t a r e : 

1. I n c l u s i o n of the MHD effect in the a n a l y t i c a l m o d e l , and e v a l u a -
t ion of the r e l a t i v e m e r i t s of the o n e - and t w o - c o m p o n e n t f i lm g e n e r a t o r . 

2. C o n s i d e r a t i o n of p o s s i b l e a l t e r a t i o n of the m o d e l deve loped in 
t h i s w o r k to d e s c r i b e f i lm c o n d e n s a t i o n w h e r e the a x i a l g r a d i e n t of the f i lm 
t h i c k n e s s i s not s m a l l . A p r a c t i c a l e x a m p l e of t h i s i s t he c a s e in w h i c h a l l 
the s t e a m c o n d e n s e s and the l iqu id p h a s e f i l l s the c h a n n e l . 

3. A p p l i c a t i o n of the m o d e l for the c o n d e n s i n g h e a t - t r a n s f e r coeff i -
c i en t to the c a s e of c o n d e n s a t i o n on a j e t . A p r a c t i c a l e x a m p l e of t h i s i s 
the c o n d e n s i n g i n j e c t o r . 



A P P E N D I X A 

D i s c u s s i o n of E r r o r s in M e a s u r e m e n t s of F i l m T h i c k n e s s 

T o put in to b e t t e r p e r s p e c t i v e the r e l a t i o n s h i p b e t w e e n the f i lm 
t h i c k n e s s m e a s u r e d by the c o n d u c t a n c e p r o b e s in the a i r - w a t e r e x p e r i m e n t s 
and b y t h e n e e d l e - c o n t a c t p r o b e in the s t e a m - w a t e r e x p e r i m e n t s , p o s s i b l e 
s o u r c e s of e r r o r wi l l be d i s c u s s e d . In p a r t , t h i s q u e s t i o n of e r r o r h a s a l -
r e a d y b e e n d i s c u s s e d w^hen, in S e c t i o n I I I . B . 5 , t he n e e d l e - c o n t a c t p r o b e s 
and c o n d u c t a n c e p r o b e s w^ere c o m p a r e d t h r o u g h a i r - w a t e r e x p e r i m e n t s . 
T h e a g r e e m e n t w a s good; h o w e v e r , t he r e l a t i o n s h i p b e t w e e n the m e a s u r e d 
m e a n f i lm t h i c k n e s s e s and the a c t u a l m e a n f i lm t h i c k n e s s m u s t be e x a m -
i n e d in l igh t of p o s s i b l e i n h e r e n t e r r o r s in e a c h m e t h o d . 

C o n s i d e r i n g f i r s t t he c o n d u c t a n c e p r o b e s , a p o s s i b l e s ign i f i can t 
s o u r c e of e r r o r r e s u l t s f r o m the n o n l i n e a r i t y of the r e l a t i o n s h i p b e t w e e n 
C and t , a s e v i d e n c e d in F i g . 10. In da ta a c q u i s i t i o n , the vo l t age m e a s u r e -
m e n t s w e r e a v e r a g e d w^ith t i m e , the f i lm t h i c k n e s s w a s d e t e r m i n e d f r o m 
an a v e r a g e v a l u e of C H o w e v e r , s i nce C v a r i e s n o n l i n e a r l y w i th t , and 
w a v e s a r e p r e s e n t at t he a i r - w a t e r i n t e r f a c e , the a v e r a g e v a l u e of C does 
not n e c e s s a r i l y c o r r e s p o n d to the a v e r a g e v a l u e of t . F o r the s m a l l e r f i lm 
t h i c k n e s s e s , the c a l i b r a t i o n c u r v e i s a p p r o x i m a t e l y l i n e a r ; t h e r e f o r e , the 
a v e r a g e of C i s a p p r o x i m a t e l y equa l to the a v e r a g e of t . T h i s c o n c l u s i o n 
i s v e r i f i e d in T a b l e I. H o w e v e r , for l a r g e r v a l u e s of t , w a v e s m i g h t c a u s e 
s ign i f i can t e r r o r s . To t e s t the m a g n i t u d e of the p o s s i b l e e r r o r , the c a l i b r a -
t ion c u r v e i s a p p r o x i m a t e d f r o m t = 0.04 to 0.14 in . by the r e l a t i o n s h i p 

C = 0.6t°-^ 

Since the a c t u a l f o r m of the w a v e s i s unknown, it i s a s s u m e d , for 
p u r p o s e s of d i s c u s s i o n , t ha t the w a v e s have a saw^tooth shape and the h e i g h t s 
of the c r e s t s and t r o u g h s of the w a v e s a r e 0.14 and 0 .04 in . , r e s p e c t i v e l y . 
T h e " t r u e " a v e r a g e f i lm t h i c k n e s s i s t hen 0.09 in . The a v e r a g e f i lm t h i c k -
n e s s d e t e r m i n e d by i n t e g r a t i n g C o v e r one p e r i o d of the w a v e i s 0.086 in. 
T h u s , t he f i lm t h i c k n e s s c a l c u l a t e d by a v e r a g i n g C i s a p p r o x i m a t e l y 4.5% 
too low. Al though t h i s d i s c u s s i o n i s l i m i t e d by the l a c k of q u a n t i t a t i v e in -
f o r m a t i o n c o n c e r n i n g the a c t u a l w a v e f o r m , it i s s o m e w h a t c o n s e r v a t i v e 
w i t h r e g a r d to the e s t i m a t i o n of the wave a m p l i t u d e s . The a m p l i t u d e s of 
the w a v e s w e r e e s t i m a t e d by o b s e r v i n g the c o n d u c t a n c e - p r o b e vo l t age on 
an o s c i l l o s c o p e . F o r the f i l m s tha t t e n d e d to t h i c k e n ( d e c e l e r a t e ) , a s 
o c c u r r e d w h e n the a i r f l o w r a t e w a s low, the w a v e a m p l i t u d e s w e r e s m a l l e r 
t h a n t h o s e a s s u m e d in the p r e c e d i n g d i s c u s s i o n . T h i s m e a n s tha t a v e r a g e s 
a r e t a k e n o v e r s m a l l e r r a n g e s of t , and a s the r a n g e of t d e c r e a s e s , the 
v a r i a t i o n of C w i t h t b e c o m e s m o r e l i n e a r . T h u s , t he e r r o r due to the 
m e t h o d of a v e r a g i n g l e a d s to a m e a s u r e d m e a n f i lm t h i c k n e s s for the l a r g e r 
v a l u e s of t a p p r o x i m a t e l y 5% l e s s t h a n the a c t u a l m e a n f i lm t h i c k n e s s . 



A n o t h e r p o s s i b l e s o u r c e of e r r o r in the m e a s u r e m e n t s m a d e wi th 
the c o n d u c t a n c e p r o b e s i s due to the fac t t ha t the m e a s u r e d m e a n f i lm t h i c k -
n e s s i s a c t u a l l y a t h r e e - d i m e n s i o n a l a v e r a g e . T e s t s m a d e on the c a l i b r a t i o n 
ce l l to d e t e r m i n e the r a n g e of the f ie ld affect ing the c u r r e n t flow t h r o u g h 
the l iqu id i n d i c a t e d tha t t he f ie ld w a s c o n c e n t r a t e d in the r e g i o n b e t w e e n the 
two p r o b e s . S ince the v a r i a t i o n in f i lm t h i c k n e s s w a s s m a l l , of the o r d e r 
of 10"'' i n . / i n . , t h i s e r r o r w a s n e g l i g i b l e . 

In the n e e d l e - c o n t a c t - p r o b e m e t h o d of m e a s u r i n g f i lm t h i c k n e s s e s , 
a p o s s i b l e s o u r c e of e r r o r i s due to c o n t a c t h y s t e r e s i s ; i . e . , s u r f a c e f o r c e s 
d e p r e s s the l iqu id w^hen the n e e d l e i s i n i t i a t i ng c o n t a c t and ex tend the l iqu id 
when the p r o b e i s ex i t ing the l iqu id . McManus^ s t a t e d tha t b e c a u s e the 
l iqu id i s f lowing and the s u r f a c e i s a g i t a t e d , t h i s effect i s n e g l i g i b l e . The 
r e s u l t s in T a b l e I a p p e a r to s u p p o r t t h i s c o n c l u s i o n . 

A n o t h e r s o u r c e of e r r o r w a s a r e s u l t of the m e t h o d of m e a s u r e m e n t . 
In the d e t e r m i n a t i o n of the r e l a t i v e c o n t a c t t i m e , the p o s i t i o n of the n e e d l e -
con t ac t p r o b e w a s n o t e d w h e n the c u r r e n t Veading w a s 50% of the v a l u e 
m e a s u r e d w h e n the n e e d l e t o u c h e d the t r o u g h s of the w^aves. S ince the 
m i c r o a m m e t e r u s e d w a s a r e l a t i v e l y s lowly r e s p o n d i n g i n s t r u m e n t , m o s t 
of the f l u c t u a t i o n s in the r e a d i n g s w e r e " i n t e g r a t e d o u t . " How^ever, for the 
e x p e r i m e n t s in w h i c h the w a v e a c t i v i t y w a s l a r g e s t , d e t e r m i n a t i o n of the c u r -
r e n t r e a d i n g , wi th in the f l u c t u a t i o n s p r e s e n t , w a s diff icul t , s i n c e c u r r e n t did no 
v a r y s ign i f i can t ly w^ith s m a l l d i s p l a c e m e n t s of the n e e d l e - c o n t a c t p r o b e on 
e i t h e r s ide of the m e a n f i lm t h i c k n e s s . T h i s m a d e it diff icult to d e c i d e on 
the l o c a t i o n of the m e a n f i lm t h i c k n e s s . In g e n e r a l , the m a x i m u m e r r o r 
a t t r i b u t a b l e to the m e t h o d of m e a s u r e m e n t w a s c o n s e r v a t i v e l y e s t i m a t e d at 
±0.002 in . 



APPENDIX B 

Details of Computer Computation 

The method of computer computation was essent ia l ly the same for 
both the one- and two-component analytical models . The governing momen-
tum equations were a pai r of s imultaneous, nonlinear , o rd inary differential 
equations, whose dependent var iab les were the film thickness, t, and 
the static p r e s s u r e , P . Given initial values of t and P at some 
value of X, success ive values of t and P at x + mA were evaluated in a 
s tep-by-s tep manner by using a Taylor s e r i e s . The f i rs t derivat ive in the 
Taylor s e r i e s could be used when A was chosen as 0.001 in. Choosing A 
as 0.00001 in. produced no noticeable change in the r e s u l t s . The f i rs t de-
r ivat ives were evaluated by simultaneously solving the momentum equations 
for d t /dx and dP /dx . In the one-component model , the var ia t ion of TQ 
with X was found in a s imi la r manner . 

Calculations were per formed on the CDC-3600 Computer . Typical 
computing t imes were approximately 2 min for each set of input data in the 
one-coinponent model and approximately 1 min for each set of input data in 
the two-component model . 

Data on the physical p roper t i e s of a i r were taken from Ecker t and 
Drake.^^ The p roper t i e s of s team and water were taken from Keenan and 
Keyes'^" and Kestin and Whitelaw.^^ 

The flow diagrams of the computer p rog rams used in this model 
computations a re shown in F i g s . B. l and B.2. 



INPUT DATA 

W/. VI, u Wg, Mg, Pa 

b. w. t, Pa, X, A 

Calculation of Air and Wate 

Reynolds Number 

by Eqs 87 and 88 

Calculation of Wall Shear 

Stress in Film 

by Eqs 101 and 102 

Calculation of Wall Shear 

Stress in Air 

by Eq 107 

Calculation of Interfacial 

Shear Stress 

by Eqs 108, 109, and 110 

Evaluation of Gradients in Film Thickness and 

Static Pressure by Simultaneous Solution of 

Eqs 96 and 97 

X • X + A 

t • t + A dt/dx 

Pa - Pa + A dPa/dx 

OUTPUT DATA 

X. t Pa, dt/dx, dPa/dx 

W^, Wa, Re^ Rea, 

TQ. T|. T|j, t+. f| 

2 \ * 

INPUT DATA 

W i | , . o . Ws| , .o , To|^.„, T „ hg 

x. To|^, t |x, ps, w, b. A, Ps, Cp 

Calculation of Steam and Water Flowrates at Input x 

by Eq 145 

Calculation of k£, p^, \n, Ms. and Pri 

Using the Equations of Rets 30 and 31 

Calculation of Steam and Water Reynolds Numbers 

by Eqs 87 and 88 

Calculation of Condensattng Heat-transfer Coefficient 

by Eq 152 

Calculation of Condensation Rate 

by Eqs 143 and 146 

Calculation of Gradient in Film Temperature 

by Eq 145 

Calculation of Wall Shear Stress in Film 

by Eqs 101 and 102 

Calculation of Wall Shear Stress in Steam 

by Eq 107 

Calculation of Interfacial Shear Stress 

by Eqs 109, 110, and 133 

Calculation of Gradients in Film Thickness 

and Static Pressure by Simultaneous 

Solution of Eqs 124 and 125 

X - X + A 

t - t + A dt/dx 

To • To + A dTo/dx 

Ps • Ps + A dPs/dx 

OUTPUT DATA 

X, t, To, dt/dx, dTp/dx, dPj/dx, 

W i . k/, PI. M i , Re/ , P r / , Cp, 

Ws. Ms. Ps. Res. to . Tb. '""• 

T|, f|, dW|/dx, h, q,. 

No 

Fig. B.l. Flow Diagram for Two-component 

Computer Program 

Fig. B.2. Flow Diagram for One-component 

Computer Program 
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