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FORMATION OF THE DROP-SIZE SPECTRUM iN 

A GAS-LIQUID FLOW 

V. N. Bykov and M. E. Lavrent'ev UDC 532.529.5 

The deformation of the surface waves on a liquid film, the breakaway of liquid f rom the 
film, and the d rop-s ize  spec t rum formed during wave dest ruct ion a re  investigated by using 
a holographic method. 

The mois ture  suspended in the gas core  of a d ispersed  annular  g a s -  liquid flow is formed as a result  
of par t  of the liquid breaking away f rom the fi lm on the channel wall. Up to now it has been established that 
the breakaway of liquid is rea l ized pr incipal ly  f rom the c r e s t s  of the largest ,  so-ca l led  ~perturbing '  waves. 
The liquid str ipped f rom the wave c r e s t  is subsequently taken into the gas core  of the flow. The drop spec-  
t rum in the core  of a d ispersed  annular flow is fo rmed as a resu l t  of breakup and coagulation of the drops 
str ipped f rom the film. 

In this paper ,  the breakaw ay of liquid f rom a film rtmning over  the outer  surface  of a 6 . 0 - m m - d i a m e t e r  
pipe is studied using a holographic method [1, 2]. The liquid is inserted through an annular ~ 5 - m m  gap 
between two coaxial pipes. The tests  were conducted with water ,  ethyl alcohol, and glycerin solutions 
(the viscosities of the aqueous glycerin solutions are 20 �9 I0 -~ and 140-i0 -~ mZ/sec) at air speeds of 35- 
ii0 m/sec. The liquid flow ratesperunit perimeter were 0~176 kg/m-sec for water, 0.2-0.5kg/m. see 

for alcohol, and 0.08-1.0 kg/m. sec for the glycerin solutions. 

Deciphering the holograms showed that the disintegration of the surface waves is analogous to breakup 
of a liquid jet in a gas. The nature of drop formation around the film surface, like breakup of a jet, depends 
essentially on the viscosity of the liquid. In conformity with this, all liquids can be grouped into low-viscosity 
(water, alcohol) and high-viscosity (glycerin) liquids depending on the magnitude of the parameter aa/pl v~. A 
study of the holograms showed the following sequence of wave destruction. The smooth monotonic character 
of the wave surface is spoiled first. Individual perturbations appear which grow with time and eventually de- 
velop a rather complex shape. The presence of one or more projections is characteristic for such a perturbed 
surface. One such projection can evolve into a jet flowing out of the film into the gas flow. The most charac- 
teristic, fully developed jet is shown in Fig. la. Waves and necks appear in the jet, and in the. long run it dis- 

sociates into individual drops (Fig. Ib). 

The formation of not one, but several, individual jets on the surface of one wave is possible at higher 

gas velocities. 

It should be emphasized that in all these cases we speak of perturbations in the scale of the wave it- 
self, when the wave as a whole takes part in the deformation and when we can speak about the internal 
motion of the whole liquid mass  included in the wave. We r e f e r  to this  type of wave surface destruct ion as 
dissociation.  Dissociat ion is the main type of wave dest ruct ion at re la t ively low gas velocit ies.  These ve-  
locit ies reach approximately  50 m / s e c  fo r  water .  
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Fig. 1. Dissociat ion of the surface waves on awa te r f i lm :  a ) je t  
taking form; being largest ;  b) jet breaking up into individual 

drops.  

Not only the l a rges t  waves: ~ themselves  are  des t royed at higher velocit ies,  but also the waves whose 
amplitudes a re  compara t ive ly  smal l  turn  out to be unstable.  The frequency of the se wave s grows.  T he spacing be -  
tween the unstable waves diminishes f rom 1-2 cm to severa l  mi l l imete r s .  

Numerous shallow per turbat ions ,  which a re  unstable and whose scale is an order  less  than the size 
of the wave itself, appear  on the surface  wave pat tern  at high gas velocit ies.  Consequently, such wave turns 
out to be surrounded by a cloud of fine drops,  which give r i se  to the "mis ty  ~ appearance of the per turbingwave,  
as a number  of invest igators  have remarked .  We r e f e r  to this type of destruct ion as spray.  The presence  of 
spray does not exclude the possibi l i ty of wave dissociat ion,  with the spray emanating not only f rom the wave 
surface,  but also f rom the let  surface.  

In addition to the qualitative visual  investigation of the sur face-wave  state of the liquid film, we measured  
its mean thickness,  wave heights, and d iameters  of the jets fo rmed during wave dissociation. A double-ex-  
posure  method was used to determine the fi lm thickness during the taking of the holographs.  

His tograms  of the water -wave  amplitudes are  presented in Fig. 2 for two different a i r  speeds. As is 
seen,  the spec t rum of the wave s izes  is sufficiently broad and will be broader ,  the lower the gas velocity. 
The larges t  waves can be considerably g rea te r  than the mean fi lm thickness:  All the waves on the film 
surface a r e  plotted on the h i s tograms ,  where only the fa i r ly  large ones a re  unstable. The lower boundary 
of the unstable-wave amplitudes is shown by a r rows .  The relat ive number  of these waves is smal l  at low 
veloci t ies .  The i r  f ract ion inc reases  significantly with the gas velocity.  The low boundary of the instability 
is s imultaneously shifted toward shal lower waves. The height of the per turbing waves usually exceeds the 

mean film thickness.  

The mean wave size for low-viscos i ty  liquids is approximately  the same as the mean film thickness. 
The mean jet d iameters  are  of the same order  as the size of the unstable waves in the dissipation domain. 
A diminution in the mean jet d iameters  occurs  for an increase  in the gas velocity with a diminution in the 
unstable-wave size.  A significant number of fine jets whose d iameters  are  substantially less  than the size 
of the waves themselves  appear  with spray  in low-viscos i ty  liquids i .e. ,  at high gas velocit ies.  

The theory  of breakup of a low-viscosi ty  liquid jet, considered in [3], can be used in a f i r s t  approx-  
imation for  a qualitative explanation of the mechanism of breakaway liquid f rom the fi lm and the formation 

of the d rop - s i ze  spec t rum in a gas-l iquid s t r eam.  

The p r e s s u r e  above the wave c r e s t  during a gas flow over  surface  waves turns out to be less  than 
at its base.  The presence  of such a p r e s s u r e  drop contr ibutes  to the growth of the wave amplitude. The 
unbroken nature of the flow p roces s  is spoiled for  a cer ta in  rat io between the flow velocity and wave 
size,  and a p r e s s u r e  difference appears  in the frontal  and root  zones of the wave. Circula tory  motion 
of the liquid within the wave occurs  as a resu l t  of this p r e s s u r e  drop. The liquid motion resul ts  f i r s t  
in deformation of the wave surface and then in its destruct ion under definite conditions. The presence  of 
a large  number  of stable waves of compara t ive ly  low amplitude on the film surface indicates that the ve loc-  
ity of the flow around an individual wave should be sufficiently high so that the gasdynamic effect of the 

s t r eam would be grea te r  than the capi l la ry  p r e s s u r e  pgU~ > (~/a. 
It follows f rom this condition that for water -wave  sizes corresponding to the lower instability bound- 

a ry ,  the s t reamline  veloci ty  should be 
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We cannot measure  the gas velocity di rect ly  at the Ievel of the wave height; however,  the following es t imate  can be 
made. The gas -ve loc i ty  profi le s over  a dry  experimental  pipe were measured .  Since the contamination of the flow 
with drops is slight, it was assumed that the gas -ve loc i ty  profi le wouldbe the same over  the f i lm surface waves. 
The gas veloci ty at a distance f rom the wail cor responding to the lower boundary of the unstable-wave 
amplitudes is taken as the magnitude of twice the cr i t ica i  veloci ty of the flow over the wave. According 
to such an es t imate  the cr i t ical  velocity of the flow over  a wave is 30-40 m / s e e ,  i.e., is of the same order  
as  according  to the est imate  presented above. 

The spray  phenomenon for a low-viscos i ty  liquid jet is the loss of stabili ty of the shor t -wave pe r t u r -  
bations (~ /d j e t  < 1). In application to the ease under considerat ion,  this means the loss of stabili ty of the 
shallow capi l lary  ripple waves on the surface of the large  per turbing waves. The amplitude of these waves 
are  on the o r d e r o f  10 -5 m and separate  d ropso f  approximately the same size appear  with their  de-  
s truct ion.  The destruct ion of such waves is possible only at higher gas veloci t ies  than for wave dissipation. 
An analogous es t imate  shows that this veloci ty should be on the order  of 70 m / s e e .  

It also follows f rom the theory  that both long and short  waves can simultaneously be unstable at 
high veloci t ies .  Our observat ions conf i rm this; both dissociat ion and spray occur simultaneously at high 
veloci t ies .  As an analysis  of tes t  resu l t s  showed, the influence of the physical proper t ies  of the liquid 
(viscosity and surface  tension) on the dest ruct ion of the fi lm surface  waves and drop format ion in the flow core  
reduce mainly to the predominant  influence of e i ther  kind of destruct ion - spray or  dissociation. 

Spray was not detected in tests  with the glycer in  solutions,  for which the values of the surface tension 
a re  approximately the same as that of water  but whose viscos i t ies  are  20 and 140 t imes grea te r ,  r e s p e c -  
tively. Most cha rac te r i s t i c  for glycer in is the increase  in stability of the jet being formed during des t ruc -  
tion of the wave. Very long thin jets (die t = 30 m#, / je t  = 10-20 ram) were  detected in an examination of 
the holograms in the s t ream.  

In the case  of ethyl alcohol, whose viscosi ty  is approximately the same as that of water  but whose 
surface  tension is a lmost  one third less,  an abrupt inc rease  in the spray  intensity is charac te r i s t i c .  
Spray is noted for  alcohol in tes t s  with a i r  veloci t ies  on the o r d e r  of 30 m/see .  As should be expected 
a diminution in the surface tension shifts the lower boundary of the perturbing-wave amplitudes toward 
shallower waves.  At the same t ime, the mean and maximum wave s izes  increase  as compared  with the 
data for water .  

The maximum wave s izes ,  as well as their mean values,  increase  with the increase  in the liquid 
v iscos i ty .  Hence, the lower boundary of the per turbing-wave amplitudes shifts toward coa r se r  waves. 

The growth in wave stabili ty with the increase  in u l is evidently associa ted with the increase  in the 
t ime of deformation causing the wave destruct ion - the wave succeeds in reaching significant s izes before 
the liquid circulat ion therein produces a dynamic head sufficient to des t roy it. The mean s izes  of the 
liquid jet issuing f rom the wave during its destruct ion will diminish with both an increase  in v iscos i ty  and 
a diminution in the surface  tension. 

Applying the theory  [3] to an examination of the breakup p rocess  of a jet formed during destruct ion 
of the fi lm permi t s  making only qualitative es t imates ,  since it is impossible  to cons ider  the jet  velocity 
and d iamete r  constant.  At high velocit ies the length of the continuous par t  of a jet of low-viscos i ty  liquid 
is es t imated by the relationship 
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The length of the waves  f o r m e d  on the je t  is ?~ ~ 4 diet. Considering the m a x i m u m  drop d i a m e t e r  to be due 
to je t  d i s soc i a t i on  in a sec t ion  of length X, we obtain (for mean diet) 

dma x = 1.82~--(1"2)  10-4 m. 

Bes ides  such l a rge  drops ,  a l a rge  n u m b e r  of f ine r  ones a r e  also f o r m e d  during je t  dissociat ion.  The d i am-  
e t e r  of d rops  being f o r m e d  during spray ing  is ~ 10 -5 m. The re fo re ,  a suff iciently b road  spec t rum of the 
d rop  s ize  (10-5-2 �9 10 -4 m) should be  expected  in the des t ruc t ion  of the wave sur face  of a low-v i scos i ty  l iq-  

uid f i lm.  

I t  was  a lso  detected in p r o c e s s i n g  the ho lograms  that  the m a x i m u m  drop concentra t ion  is in a zone 
loca ted  at ~1  m m  f r o m  the f i lm sur face .  Th is  is the zone of drop generat ion;  t h e b r e a k a w a y o f l i q u i d f r o m  
the wave c r e s t  and des t ruc t ion  of the liquid j e t s  occur  here .  The overwhelming p a r t  of the drops  being fo rmed  
is  c a r r i e d  into the gas  co re  of the flow. In tens ive  secondary  breakup  of the d rops  occu r s  in the genera t ion 
zone. The m a j o r i t y  of the l a rge  drops  a re  deformed;  many  of them a re  in the b reakup  stage,  where  different  
b reakup  conf igurat ion a r e  obse rved .  Drops  divided in two in the f o r m  of a dumbbell  a r e  encountered in the 
flow; they a r e  des t royed  at once, uniting as s e v e r a l  individual drops  which f o r m  a pocke t - shaped  thin f i lm.  In 
pr inc ip le ,  drop  coagulat ion is poss ib le  in such a s t r e a m ,  but  we could not d i r ec t  any act  of coagulat ion on the 

ho lograms .  

The p r i m a r y  p r o c e s s  of drop b reakup  follows also f r o m  the na ture  of the deformat ion  of the d r o p - s i z e  
s p e c t r u m  with d is tance  f r o m  the f i lm into the depths of the gas  co re  (Fig. 3). The s p e c t r u m  width d e c r e a s e s  
with d is tance  f r o m  the f i lm,  the d rops  becom e  f iner ,  and the f rac t ion  of drops  of mos t  p robable  s ize i n c r e a s e s  
somewhat .  The m o s t  e s sen t i a l  changes  in the s p e c t r u m  occur  in the 2-2.5 m m  zone. At l a rge  d is tances  f r o m  
the f i lm the deformat ion  of the d r o p - s i z e  s pec t rum is insignificant.  In o r d e r  of magnitude this zone c o r r e -  
sponds to the th ickness  of the l a m i n a r  boundary  l aye r  of the gas  ove r  a smooth  f i lm.  The re fo re ,  i t  is poss ib le  to 
to r e g a r d  the boundary  l a y e r  as  the main  drop b reakup  zone in a d i s p e r s e d  annular  flow under  the condition that  
the drop res idence  t ime  in this region is g r e a t e r  than the b reakup  t ime.  E s t i m a t e s  show that  the b reakup  t ime 
fo r  l ow-v i scos i ty  liquids is  approx imate ly  1-2 o r d e r s  l e s s  than the res idence  t ime.  Moreover ,  s ince the f o r -  
mat ion of the s p e c t r u m  of the drop  s ize  p r o c e e d s  p r inc ipa l ly  because  of the i r  secondary  b reakup  in the gas  
boundary layer~ the influence of the liquid flow ra te  and therefore~ of the f i lm th ickness  on the mean  drop size 
in the flow~ turn out to be negligible.  Th i s  is ver i f ied  by t e s t  r e su l t s .  Cha rac t e r i s t i c  f o r  v iscous  liquids inn m o r e  
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uniform deformation of the drop-size spectrum, but without any very definite extremum in the drop-size dis- 
tribution, depending on the gas velocity and being less noticeable with distance from the film surface. 

The mean drop sizes for all the liquids studied are shown in Fig. 4 as a function of the gas velocity. 
The dependence of the mean drop size on the gas velocity is weaker for high-viscosity liquids than for low- 
viscosity liquids, where the mean drop size of the glycerin solutions is almost the same as for alcohol at 
low gas velocities. 

In the case of a viscous liquid, thinner jets are formed and the drops obtained during dissociation of 
these jets will be finer. For low-viscosity liquids, the spray and secondary breakup of detached drops in 
the boundary layer intensify with the increase in gas velocity. The strong dependence of the mean drop size 
of a low-viscosity liquid on the gas velocity is evidently due to this. Hence, the drop sizes of a viscous liquid 
vary slightly with the increase in velocity, and the drops of a low-viscosity liquid turn out to be finer at rel- 
atively high gas velocities than for a high-viscosity liquid. 

NOTATION 

d, diameter; a, characteristic geometric size; A, wave amplitude; hA, number of waves in the inter- 
val ~A; ndD , number of drops in an interval AdD; u, velocity; T, time; u, coefficient of kinematic vis- 
cosity; p, density; ~, coefficient of surface tension. 

io 

2. 

3. 

LITERATURE CITED 

V. N. Bykov and M. E. Lavrent'ev, Physics of Aerocolloidal Systems fin Russian], No. 7 (1972). 
I. I. Paleev, F. A. Agafonova, V. N. Bykov, and M. E. Lavrent'ev, Energomashinostroenie, No. 
6 (1972). 
V. G. Levich, Physicochemical Hydrodynamics [in Russian], Fizmatgiz, Moscow (1959). 

PROBLEM OF DESCRIBING THE FLOW 

AN INJECTOR MIXING CHAMBER 

V .  F. Irodov 

FIE LD IN 

UDC 536.248.2:621.176 

The use of a three-component flow model is proposed. The results of numerical calcula- 
tions are presented and compared with the experimental results. 

In o rder  to desc r ibe  the one-d imens iona l  flow field in the mixing chambe r  of a condensing injector ,  
the model  of a continuous liquid jet has  been used [1, 2], where  it was  supposed that the jet of liquid issuing 
f r o m  the liquid nozzle  is not d is in tegra ted ,  but r e m a i n s  comple te  in the ent i re  pa r t  of the mixing chamber  
invest igated.  The numer ica l  ca lcula t ions ,  c a r r i e d  out on the bas i s  of this model ,  have provided s a t i s -  
fac tory  a g r e e m e n t  with e x p e r i m e n t  only in the case  of h e a t - t r a n s f e r  -coefficients f r o m  vapor  to liquid which 
a r e  o r d e r s  of magnitude higher  than the wel l -known values  for f i lm condensation. The la t t e r  means  that  
the continuous l iquid- je t  model s ignif icant ly r educes  the su r face  of in teract ion of the phases .  Since, in 
fac t ,  a s ignif icant  a tomiza t ion  of the liquid jet a l m o s t  a lways is obse rved ,  it will be advantageous to r e v e r t  
to flow models  where  a tomizat ion  is taken into account.  
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