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V ,  V .  L o z o v e t s k i i  

GAS AND 

UDC 532.529.5 

The fluid frict ion and breakaway of liquid from the surface of a film are investigated and described 
quantitatively. 

Relatively few investigations have been devoted to the interaction of gas and liquid flows in downward and 
upward entrained motion [1-6]. This type of flow takes place in various heat-  and m a s s - t r a n s f e r  devices and 
permi ts  appreciable intensification of hea t - t r ans fe r  p rocesses  a ta  so l id- - l iqu id  interface as well as m a s s -  
t ransfer  p rocesses  at a l iqu id- -gas  interface.  The efficiency of heat-  and m a s s - t r a n s f e r  equipment is im- 
proved in this case by the reduced film thickness and increased velocity in the film under the ac t ionof the  gas 
flow and inception of turbulence inthe gas layers  adjacent to the film surface,  all of which intensify heat and 
mass  t rans fe r  a t the  l iqu id - -gas  interface.  

The annu la r -mis t  flow reg ime covered by the resul ts  of the investigation deseribed below is observed at 
high velocities and large volume contents of the gaseous phase.  It is charac te r ized  by two sharply differentiated 
flow zones: 1) the wal lzone,  which is occupied bya thinliquid film; 2) the flow core ,  in which thegaseous phase 
moves together with suspended droplets of the liquid phase, which are  broken awayf rom the surface of the film. 
The velocity of the film is much lower  than that of the gas .  Mass t ransfer  takes place between the film and the 
core,  fur ther  intensifyingthe heat-  and m a s s - t r a n s f e r  p rocesses  and simultaneously increasing the f lu id-fr ic-  
tion (viscous) losses .  

We have investigated the mass  t ransfer  and fluid f r ic t ionassoc ia ted  with entrained downward flow of a 
liquid film and gas core on an experimental  setup consisting of a working section in the form of a vert ical  t rans -  
parent  plastic pipe of inside diameter  d =40 mm and length l =2000 ram. In the upper part  of the working sec -  
tion we installeda f i lm-forming device in the form of an annular injection slot of width0.6 ram, along withan 
a i r - in ject ion device compris ing a Vitoshinskii nozzle,  which provides a un i fo rmgas -ve loc i ty  profile in the 
en t rysee t ion .  The investigations were ea r r i edou t  for a gas - - l i qu idsys t em with water  and a i runde r  isother-  
mal conditions. 

The water  entered a supply tank, in which an overflow pipe was installed to maintain a constant level, thus 
assur ing  a constant flow rate  throughout one experiment .  F r o m  the supply tank the water  flowed into the f i lm- 
formingdeviee .  The static p re s su re  was tapped at d is taneesof  35,895,  and1915 m m f r o m  t h e e n t r y o f  water 
and a i r  into the working section, making it possible to determine the p ressu re  drops along the length of the 
channel. 

A chamber  was placed in the lower par t  of the working section to permi t  separat ion of the liquid s t r eam-  
ing along the pipe wall as a film and the flow core of a ir  containing suspended detached liquid droplets .  The 
lat ter  were captured by cyl indr ica lsampl ing probeswith  diameters  di =10, 20, 30, and 35 mm, which were 
mounted at a distance of 2000 mm from the entry to the working section and subsequently delivered their con- 
tents into the measuremen t  vesse l .  

The mass - f low of water  in the experiments  was (1.54 to 12.56) �9 10 -2 kg /see ,  corresponding to a variation 
of the spray  density F from 0.125 to 1.6 kg /m � 9  The water temperature  in this case was 8 to 12~ and 
the Reynolds number  of the liquid hadvalues  
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Fig.  1. T o t a l p r e s s u r e  drop APt, m m  H20, versus  re la t ive  a i r -  
flow velocity W 0, m / s e e .  1) According to Eq. (67; 2) end of phase -  
sepa ra ted  flow reg ime;  37 beginning of r eg ime  of s t rong b r e a k -  
away and en t r a tnmen to f  liquid; at r =0.124 k g / m  � 9  b) 0.25; 
c) 0.5;  d) 1 .0 ;e )  1 . 6 k g / m  o SeCo 

Fig.  2. Hydrodynamic losses  ve r sus  droplet  d i ame te r  d, ram,  
calculated according to (87 and (97 (solid line) and exper imenta l :  
a) p resen t  study, d=40 ram; b) data of [2], d=13 + 0 . 1 r a m ;  c) 
data of [3], d =18.7 m m .  

F 
R% 1 0 0 -  1260. (1) 

gl 

This  range of Reynolds numbers  cor responds  to both l amina r - r ipp l e  and turbulent  flow of the liquid f i lm.  

The m a s s  flow of gas Gg =0. 008-0.06 kg / s ec ,  corresponding t ea  var ia t ion of the reduced Reynolds num-  
ber  of a i r  

4Og (1,2_10.0). 104" (2) Reg-- xd~tg 

The a i r  t e m p e r a t u r e  was mainta ined equal to the water  t e m p e r a t u r e .  This  condition ensured  i s o t h e r m i c -  
ity throughout the expe r imen t s .  In determining the mean  a i r  velocity Wg we took into account  the reduction in 
the throughflow c ros s  sect ion era  [r due to the p resence  of the liquid film flowing along the inner sur face  of the 
ve r t i ca l  channel.  All p rocess  ing of the exper imenta l  data was c a r r i e d  out for  the mean  re la t ive  gas veloci ty  W0, 
defined as 

~0 = ~g - i t -  z , ( 3 )  

where Wg is the m e a n a i r  velocity,  m / s e e ,  g ivenby  the express ion  

Wg = 4Og/Tg .~d, (4) 

and W l is the m a s s - f l o w - m e a n  velocity of the l tquidin the f i lm,  m / s e c :  

The re la t ive  a i r  velocity va r i eddur ing  the exper imen t s  in the in terval  3.6 m/see_< W0~ 32.5 m / s e e .  
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Fig.  3. Quantity of liquid gi, g / see ,  de tachedfrom film surface ve r -  
sus relative air  velocity W0, m / s e c .  A) dp=10 mm (solid l ines)and 
dp = 20 mm (dashed lines); B) dn =30 mm (solid) and dp = 35 mm (dashed). 
The r e s t  of the notation is the same  as Fig. 1. 

Fig.  4. Quantity K =gi" 10S/G/W40 "5~2"4versus spray density r ,  kg /  
m . s e c ,  a ) ~ = 0 . 2 5 ; b ) 0 . 5 ; c )  0 .75.  

The dependence of the hydrodynamic losses on the relative air  velocity is given in Fig.  1. An analysis 
of the curves  confirms the existence of two charac te r i s t ic  regimes  of downward two-phase flow: 

1) pure annular flow, i . e . ,  phase-separa ted  flow; 

2) breakaway and entrainment  of liquid droplets f rom the film surface,  i . e . ,  annula r -mis t  flow. 

The pure annular flow regime is observed for the investigated spray  densities at relative a i r  velocities 
upto 6-12 m / s e c .  The instant of onse tof  breakaway (curve 2) depends onthe spray  density; the higher the value 
of the lat ter  the smal le r  will be the a tr velocities at  which liquid begins to break away from the surface of the 
film. 

The annu la r -mis t  flow regime is observed,  beginning with values of W0> 14-16 m / s e c ;  this transit ion is 
essent ia l ly  independent of the spray  density.  

In the interval of relative a i r  velocities W 0 = 6-16 m / s e c  we have a transit ion flow regime charac ter ized  
by the maximum pres su re  gradient,  i . e . ,  maximum fluid-frict ion losses .  

Visual observations [ndicatedthat for small  a i r  velocities the effect of the air  on the film is slight. With 
an increase in the relat ive a i r  velocity waves appear  on the film surface,  their  amplitude increasing with the re la -  
tive velocity of the gaseous phase.  Sliding ripple waves appear,  possess ingthe  maximum amplitude and veloc-  
ity. At the cr i t ical  a i r  velocity the disturbing forces  of the air  a t the  tips of the wave c res t s  is sufficient to 
detach liquid droplets ,  which are  entrained by the air  flow and dispersed throughout its c ross  section. 

It is wellknown [2] that the total p ressu re  d ropfo r  downward two-phase flow is de te rminedas  the sum of 
the expenditure of energy of the gas in dry fr ict ion in the pipe APfr  and the expenditure of energy of the gas in 
f r ic t ionagains t  the liquid film, breakaway of droplets f rom its surface,  and acce le ra t tonof  the droplets in the 
f lowcore ,  APg_/ . The dry- f r ic t ion  losses  (curve 1 in Fig.  1) canbe de te rminedf rom the standard formula 

Apfr = ~, _l/ "ggWo 
d 2g ' (6) 

inwhich the fr ic t ioncoeff ie ient  ~. is determined according to Blasius and for  Reg__< l0 s 

= 0,316/Re0. 25 . (7) 
g 
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The energy expenditures in frict ion against the liquid film, breakaway of droplets f rom its surface,  and 
accelera t ion of the droplets are  defined as APg- I  = APt -- APfr-  An analysis of the data in Fig.  i showsthat  

1 �9 75. �9 for the breakaway - en t r a inm en t  regime APg_ l ~ W  2. In phase-separa ted  flow APg_ l ~W 0 , t . e . ,  the a i r  
velocity affects APg_ l to the same degree as for the dryp[pe .  These data are consistent  with ear l ie r  results  
[2]~ For  F <_ 0.5 kg /m �9  corresponding to Re 5_< 385-400, i.e., laminar  film flow, APg_ l ~ F ~ For  
F> 0.5 kg /m �9 s ec, i . e . ,  for turbulent film flow, the power exponent is slightly different: Apg_ l ~ F ~ 72 

The subsequent process ing of the experimental  data was ca r r i ed  out in coordinates APg_ l = f(W0; F; l /d ) .  
The followingrelat ions were obtained as a resul t  for determiningthe values of APg_l:  

l 
hPg. l = 79.8W~F ~ d 1.6 (8) 

for r_< 0.5 kg /m �9  
I 

APg. z =68W~F ~ d1.6 
(9) 

for  F>0.5 kg /m ~ sec.  

These expressions are  applicable only for the b r e a k a w a y - e n t r a i n m e n t r e g i m e ,  i.e., for W0= 14-16 
m / s e e .  The scat ter  of the experimentalpoints  and of the experimental  data published in [2, 3] relative to the 
curves calculated according to relations (8)and (9) does notexeeed • (Fig. 2). Figure 2 gives a compilation 
of the experimental  data obtained by various authors in working sections of various d iameters ,  providing a 
means for assess ing  the influence of the diameter  on the hydrodynamic losses .  

Bes ides the determination of the foregoing quantities, equally important in two-phase flow is the quanti- 
tative descript ion of the breakawayand entrainment  of droplets f rom the surface .  By taking into aceountthe 
breakaway of liquid in the core it is possible to determine more  precise ly  the local charac te r i s t i cs  of the film 
and the heat-  and m a s s - t r a n s f e r  coefficients.  Some authors have published [3-5] a qualitative description of 
the breakaway process  in downwardarmular-mis t  flow. However, the complexity of any theore t ica lanalys is  
of the breakaway process  and the lack of sufficient experimental  data have so far  precluded the existence of 
quantitative relat ions describing the p rocess .  

As mentioned, with an increase in the air  velocity the pure annular flow regime is eventually superseded 
by annular -mis t  flow. As the relative a i r  velocity is fur ther  increased the pulsating ripple motion on the su r -  
face is intensified, causing the quantity of detachedliquid to increase .  According to Didenko andothers  [6], 
the cr i t ical  a i r  velocity charac ter iz ing  the beginning of breakaway depends weakly on the dimens ions and or ien-  
tation of the channel.  It has been confirmed experimental ly  [4] that at a sufficient distance from the entry of 
liquid intothe working section ( l /d>50)  thetwo-phase f lowmay be rega rded  as steady. The quantities of liquid 
detached from the film surface andprecipi ta ted into the film from the core are  equal inthis case .  It is under 
such conditions that the experiments  descr ibed here were conducted. 

Figure 3 gives the dependence of the quantity gi of liquid captured by the sampling probe on the relative 
air  velocity W 0 for various spray densities and sampling-probe d iameters .  An analysis  of the curves shows 
that for probes wi thd iameters  of 10 and20 ram, i r respect ive of the spraydens i ty ,  gi~W04"5. We obtainthe 
same resul t  for a probe diameter  of 30 ram, but only for F__. 0.5 k g / m .  sea,  corresponding to film Reynolds 
numbers Reh< 385-400, For  F>0.5 kg/m �9 sec,  i . e . ,  fo rRe  5 > 400, corresponding to turbulent f i lmflow, the 
power of W0differs.  For  probes with a diameter  of 35 mm the dependence of the quantity of detached l iquidonthe 
relative air  velocity has a more  complex behavior.  This fact  is attributable to capture of the wave c res t s  by the 
sampling probe.  The presence of a horizontal  plateau in the interval of relat ive air  velocities f rom 10 to20 m /  
see for a probe of diameter  35 mm can be exptainedby the fact thatthe main contribution tothe quanti tyof liquid 
entrained by the probe is from liquid at the c res ts  of waves that have the maximum value for the indicated values 
of the relat ive air  velocity, according to [1, 3], and overlap the space between the inner surface of the channel 
and the probe; this space is equal to 2.5 ram. It is probably for this reason the probe with diameter  o f 3 0 m m  
also exhibits a deviation for F> 0.5 kg /m �9 see.  

Inthe core of the gas -- liquidflow we discern two zones, which differ in the value of the flux density of 
detached liquid g /=(gi  -- g i - l ) / (F i  -- F i - 0 ,  where (gi -- gi-1), g / see ,  is the quantity of liquid flowing ac ros s  
an annular area (F i -- Fi_l), m2: 

a) the central  zone of the core 0_<dp/d_< 0.75, in which gl is approximately constant; 
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b) the zone adjacent  to the sur face  of the f i lm 0.75 _< dp/d_<0.875, in which the liquid flowing in the f i lm,  
spec i f ica l ly  a t  thewave  c r e s t s ,  makes  a significant contribution to the value of gl"  

F o r  equal  sp r ay  density,  with an increase  inthe re la t ive  a i r  ve loe i ty the  flux densi ty of detached liquid 
inthe e e n t r a l p a r t  of the channel i n c r e a s e s .  A s i m i l a r  r e su l t  is obtainedwhen F is inc reasedwi th  W 0 =const .  
Inc reas ing  F or  W 0 tends to equal ize the distr ibution of detachedliquid in the channel c ro s s  sect ion.  

The subsequent  p roces s ing  of expe r imen ta lda t a  to de te rmine  the quantity of detached l iquidwas c a r r i e d  
out in coordinates  

gt/Gl = f(Wo; F; ~) (10) 

for  the in terval  0 _ ~ _ 0 . 7 5 .  

The r e su l t s  of this p roces s ing  show that  for  l a m i n a r - r i p p l e  flow the quantity gi/W~'S~ 2"4G l is propor t iona l  
to I a'~ and for  turbulent  flow it is p ropor t iona l  to F ~ (Fig.  4). On this bas i s  we obtainthe fo l lowingre la -  
tions for  the quantity of detached liquid and its rad ia l  distr ibution in the ehanneh 

gt/G l --- 0.28 �9 t0 - s  F ~-'~ wo'W4"s ~2.4~ (11) 

for  F-< 0 . S k g / m  �9 see ,  i . e . ,  for  Re 6 < 400; 

g~/GI = 0.1-10 -6  - F0'46 W~ "s ~ . 4  (12) 

for  F> 0.5 k g / m  �9 see .  

Relat ions (11)and (12)were  obtained for  the r eg ime  of b reakaway and en t r a inmen t  of liquid f rom the fi tm 
sur face ,  i . e . ,  for  W 0 > 14-16 m / s e e ,  and well  genera l ize  the expe r imen ta l  data in the in terval  0_< ~ _< 0.75 for 
l / d = 5 0 .  T h e m a x i m u m  s e a t t e r o f t h e e x p e r i m e n t a l  points re la t ive  to the gene ra l i z i ngeu rves  is not g r e a t e r  
than • The m a x i m u m  deviat ions in this case  a r e  obse rved  for  r <  o. 256 k g / m  � 9  

N O T A T I O N  

dp, d i a m e t e r o f  sampl ing probe  ; F, s p r aydens i t y ;  G/ ,  initial m a s s - f l o w  ra te  of liquid inf i lm;  Re 5, 
Reynolds number  of liquid f i lm; P l ,  dynamic v i scos i ty  of water ;  Gg, m a s s - f l o w  ra te  of gas (air); d, d iamete r  
of working section;  Wg, m a s s - f l o w - m e a n  veloci ty  of a i r ;  W l , m a s s - f l o w - m e a n  veloci ty of liquid film; W 0, mean  
re la t ive  a i r  velocity;  7g, density of a i r ;  APfr ,  energy  losses  of gas indry  f r ic t ion in pipe; APg_I ,  energy  losses  
of gas in b reakaway  of liquid droplets  f rom fi lm su r face  and their  acce le ra t ion ;  APt, total  energy  losses  of gas;  
)~, fluid f r ic t ion coefficient;  l ,  length of working section;  gi, quantity of liquid f rom flow core  enter ing a s a m -  
pling probe  of the i- th d iamete r ;  gl  ' flux dens ity of detached liquid inflow core;  Fi,  inside a rea  of i-th s a m -  
pling probe;  ~, d imens ion less  rad ia l  eoordinate .  
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