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The authors report on the effect of adding a surfactant on two-phase 
-flow structure, flow friction, and true gas content in an annular chan- 
nel. 

The re  have been n u m e r o u s  s tudies  of gas - l iqu id  
d i s p e r s i o n s  flowing in channels  of va r ious  shapes.  It 
is suff ic ient  to r eca l l  the work of Levich [6], Tele tov 
[9], Mi ropo l ' sk i i  and Styrikovich [7], Kutate ladze [1], 
and Kos t e r i n  et al. [2, 3]. 
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Fig. 1. Flow f r i c t ion  of a smooth annu la r  
channel  for a 0.1% solut ion of " P r o g r e s s "  
in water :  1) tu rbu len t  flow of water ,  

2) tu rbu len t  flow of solution. 

However,  the re  has  been  r e l a t i ve ly  l i t t le  i nves t i ga -  
t ion of the hydrodynamics  of gas - l i qu id  flows in the 
annu l a r  channel  fo rmed  by concen t r i c  tubes.  Even l e s s  
a t ten t ion  has been paid to the flow p r o c e s s e s  of g a s -  
l iquid d i s p e r s i o n s  in annu l a r  channels  in the p r e s e n c e  
of su r fac tan t s  (SA) and frothing.  At the s ame  t ime,  in 
p r a c t i c e  it is compara t i ve ly  r a r e  to encounte r  a l iquid 
with a c lean  sur face .  Usual ly  the l a t t e r  is m o r e  or  
l e s s  covered  with SA which, when the l iquid flows, 
may  cause  s table  frothing,  an impor t an t  fac tor  in a 
n u m b e r  of technica l  p r o c e s s e s  (s team genera t ion ,  f lo -  
tation, f i r e -ex t ingu i sh ing ,  etc. ) and when SA a r e  used 
in the oil indus t ry .  

This  paper  d e s c r i b e s  the r e s u l t s  of an expe r imen ta l  
inves t iga t ion  of the effect of the sur fae tan t  " P r o g r e s s "  
on the t rue  gas content ,  flow s t r u c t u r e ,  and flow f r i c -  
t ion of an a i r - w a t e r  d i s p e r s i o n  flowing upwards  through 
a smooth v e r t i c a l  a n n u l a r  channel  in the range  of v a r i -  
a t ion of (z f rom 0.00 to 0.5 at a mean  p r e s s u r e  in the 
channel  of 1.2 k g / c m  2, Re c = 104, F r  c = 5 -20  and We = 
184-330.  

The Weber  n u m b e r  was v a r i e d  by adding " P r o g r e s s "  
to the wa te r  in amounts  r ang ing  f rom 0.05 to 0.7% by 
weight. The su r f ace  t ens ion  of the solut ion (as c o m -  
p a r e d  with that of pu re  water) was reduced  by a fac tor  
of up to 2.7. 

"Progress" is obtained by sulfonating a mixture of 

olefins C8-C18 with sulfuric acid monohydrate with 

subsequent neutralization of the mixture of sulfo esters 

with caustic soda. 

"Progress" has the structural formula 

~)CHOSO3Na . 

The principal technical characteristics of this sub- 

stance are given in specifications VTU no. 3152-58. 
In the amount of 0.7% by weight "Progress" has 

almost no effect on the viscosity of water, which ex- 

cludes the possibility of a change in the viscosity of 

the liquid affecting the hydraulic losses. The viscosity 

of the water was measured with an Ostwald-Pinkevich 
viscometer. 

In the experimental apparatus the annular gap was 

formed by an inner metal cylinder and an outer cyl- 

inder of transparent acrylic plastic. The outside di- 

ameter of the inner cylinder was 88 ram, the inside 
diameter of the outer cylinder 116 mm. The total 

length of the channel including the inlet section was 
1250 ram. 

In order to facilitate a visual investigation, the 

inner cylinder was coated with black lacquer, while 
the outer cylinder was carefully polished. The rel- 

ative roughness of the surfaces of the annular working 

channel was r/k = i0 000-12 000. 

The liquid was circulated by a centrifugal pump 

with a capacity of 3//see. A uniform supply of water 

to the annular channel was ensured by using a constant- 

level tank. At the inlet to the working section we in- 

troduced a mixer and a ring consisting of a brass tube 

with twelve nozzles through which air entered the 

liquid. This system ensured a uniform supply of air 

over the entire perimeter of the annular channel. 

Holes for static pressure tubes were made in the 

outer cylinder at intervals of i00 ram. 

The static pressure distribution over the length of 

the channel was measured with an inclined multitube 

manometer, the water flow rate was determined 

gravimetrically, and the air flow rate with a double 

orifice; the water temperature at the inlet and outlet 

of the working section was checked with mercury 

thermometers. The surface tension was measured 

with a stalagmanometer, with an electronic device for 

automatically counting the drops, developed at the 

Institute of Physical Chemistry AS USSR. In each ex- 

periment the measurements were repeated not less 

than 3 times and then averaged. In studying two-phase 

flows the determination of static pressure is partic- 

ularly troublesome owing to the large pressure pul- 

sations, whose amplitude sometimes exceeds the static 

pressure drop. In order to avoid this, we used special 

compensating vessels made of transparent plastic for 
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v i sua l  obse rva t ion  of the degass ing  of the l iquid en -  
t e r i n g  the m a n o m e t e r  and connect ing  coi ls  with a ve ry  
sma l l  ins ide  d i ame te r .  All  this  en su red  a high level  of 
i ne r t i a  of the s ta t ic  p r e s s u r e  sampl ing  sys t em and 
made  it poss ib le  to m e a s u r e  the f r i c t ion  l o s se s  with 
suff ic ient  accuracy .  

The t rue  vo lume t r i c  gas content  was d e t e r m i n e d  by 
i r r a d i a t i n g  the working channel  with f i - r ays  ins tead  of 
the h a r d e r  T - r a y s  used in [7, 8]. This  method makes  
it poss ib le  to d e t e r m i n e  the m e a n  value of the t rue  gas 
content  at any point  of the working sect ion.  F o r  this 
purpose  we spec ia l ly  des igned a device  us ing  tha l l ium 
204 as  the rad ioac t ive  isotope. The en t i r e  p lane  of 
the channel  c ro s s  sec t ion  was i r r a d i a t e d  at a point  on 
the hydrodynamica l ly  s tab i l ized  pa r t  of the channel .  

Before p roceed ing  to inves t iga te  the effect of SA on 
the flow f r i c t ion  and t rue  gas content,  we d e t e r m i n e d  
the hydrau l ic  c h a r a c t e r i s t i c s  of the annu l a r  channel  
in r e l a t ion  to a s i ng l e -phase  l iquid (water) flow at 
Re = 104-4 �9 10 t. Apar t  f rom the main  tes t  stand, for  
these  p r e l i m i n a r y  m e a s u r e m e n t s  we used a hor izon ta l  
appara tus  with an annu l a r  channel  2.5 m long in  which 
the outs ide d i a m e t e r  of the i nne r  tube d 1 = 24 m m  and 
the ins ide  d i a m e t e r  of the outer  tube d 2 = 35.6 mm.  On 
this  appara tus  the s ta t ic  p r e s s u r e  drop reached  2.5 m 
H20. 

Experiments on a horizontal apparatus had to be 

carried out for the following reasons. 
It is kno~m that SA added to water moving through 

channels is adsorbed on the very fine air bubbles that 

are trapped by the liquid flow'in the presence of SA. 

Thus, there is formed a two-phase system with a mi- 

crodisperse structure, which can be detected by ex- 
amining the liquid under the microscope at small mag- 

n i f i ca tmns .  

Fig. 2. F low s t r u c t u r e  of gas - l i qu id  d i s p e r s i o n  
in an annu la r  channel  (Re c = 104; e = 0.4): 
1, 2) slug flow without SA, We = 184; 3, 4) d i s -  
p e r s e d  flow with f ro th ing following the i n t r o -  

duct ion of SA, We = 264. 

Consequently, when this kind of liquid flows through 

a vertical channel it is necessary to take into account 

the presence of a gas phase in the flow. However, in 

our experiments the gas phase was present in very 
small volumes of about 2%, and therefore the fi-ir- 
radiation method employed did not give quantitative 
results. When the channel is arranged horizontally, 
it is no longer necessary to determine the true weight 
of the column of gas-liquid dispersion and any re- 
lated errors are eliminated. 

Fig. 3. Effect of " P r o g r e s s "  on the r e l a t i on  
between the reduced  r e s i s t a n c e  coeff ic ient  
and (A) the t rue  v o l u m e t r i c  gas content  and 
(B) the f l ow- ra t e  v o l u m e t r i c  gas content:  
1) expe r imen ta l  data for  an a i r - w a t e r  d i s -  
p e r s i o n  without SA, ~ = 74,0 d y n e / c m ;  
2 and 3) expe r imen ta l  data for  a gas - l i qu id  
d i s p e r s i o n  with SA, a f rom 27.8 to 74.0 
d y n e / c m  (a) 27.8; b) 30.2; c) 41.7; d) 52.4). 

In ana lyz ing  the r e s u l t s  we d e t e r m i n e d  the va lue  
of ~ for  pu re  water  and water  conta in ing  0.1% SA f r o m  
the D a r c y - W e i s b a c h  fo rmula  

L v~ 
AP ---- s - - - 7 1  (1) 

2 (r., - -  r l )  2g 

and cons t ruc t ed  a graph of r e s i s t a n c e  coeff ic ient  vs. 
Reynolds  n u m b e r  (Fig. 1). 

It was es tab l i shed  that adding SA to the flow of 
wa te r  reduced  the flow f r i c t ion  (l ine 2) as compared  
with the resistance of the channel to water alone (line 

i). 
A similar effect was previously noted in [10-15], 

whose authors point out that long ehainlike SA mol- 

ecules in the boundary'layer improve the slippage con- 

ditions, which reduces the shear stresses at the tube 

walls. 
The subsequent experiments were made on a ver- 

tical annu la r  channel  c a r r y i n g  an a i r - w a t e r  d i s p e r s i o n  

with and without " P r o g r e s s "  at t rue  v o l u m e t r i c  gas 
contents  ~ f rom 0.0 to 0.5. 

In the e xpe r i me n t s  we kept the p a r a m e t e r s  Re e, p,  
F r c ,  ~ cons tant  and var ied  the su r face  t e n s ion  a and 
the f l ow - r a t e  gas content  ft. 

In the m e a s u r i n g  sec t ion  of the ve r t i c a l  expe r i -  
menta l  appara tus  we c rea t ed  a s teady flow r e g i m e  with 
given va lues  of v c and (p for  a flow of d i s p e r s i o n  with-  
out SA. The de s i r e d  va lues  of v c and e were  se lec ted  
by regu la t ing  the flow ra t e s  of water  and a i r .  The 



308 IN ZHENERNO-FI ZICHESKII ZHURNAL 

p r e s s u r e  drops  AP on the m e a s u r i n g  sect ion L were  
recorded,  and the f low s t r u c t u r e  was photographed 
with a m o t i o n - p i c t u r e  camera .  We then added " P r o -  
g r e s s "  to the water  in a given concen t ra t ion  by weight, 
repea ted  the m e a s u r e m e n t s  of ~ and AP u, and r e -  
corded the flow s t ruc tu re .  
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Fig. 4. T r u e  gas content  as a funct ion 
of f l ow- ra t e  gas content  for  a ve r t i c a l  
annu la r  channel:  1) for gas - l iqu id  d i s -  
p e r s i o n  (a = 74.0 dyne/era) ;  2, 3, 4) for  
a gas - l i qu id  d i spe r s ion  with " P r o g r e s s "  
(a r e s p e c t i v e l y 5 2 . 4 ,  41.7, and 27 .3 -  

30.2 dyne / cm) .  

P a r t s  1 and 2 of Fig. 2 r e l a t e  to s lug flow with (p = 
= 0.42 without SA; when SA is added in the amount  of 
0.05% by weight of water  the flow s t r u c t u r e  changes 
rad ica l ly ,  becoming  m o r e  d i s p e r s e d  (F igs .  2 ,3 ,  and 
4,. When the concen t ra t ion  of SA is fu r the r  i nc rea sed  
by a fac tor  of 10-12,  the s t r u c t u r e  of the gas - l i qu id  
flow i s  only s l ight ly  affected.  

When SA is in t roduced into a gas - l i qu id  mix t u r e  
the f r ee  su r face  energy  of the l iqu id -gas  sys t em is 
reduced,  as  a r e s u l t  of which the s t rength  of the s u r -  
face f i lms  of the a i r  bubbles  dec l ines  [6]. Clear ly ,  
therefore ,  in our  expe r imen t s  when " P r o g r e s s "  was 
added to the flow, l a rge  a i r  bubbles  were  b rokbn  down 
into s m a l l e r  ones unde r  the act ion of tu rbu len t  f luc tu -  
a t ions  with a cons tan t  c h a r a c t e r i s t i c .  

Thus,  for  an examina t ion  of the f l o w s t r u c t u r e  we 
see  that when even a smal l  quant i ty  of SA (0.05%) is 
added to the flow the d i s p e r s i t y  i n c r e a s e s  as  a r e s u l t  
of the breakdown of la rge  bubbles  at cons tan t  B. T h e r e -  
fore  the t rue  gas content  of the mix tu r e  a lso  i n c r e a s e s ,  
while the r e l a t i v e  phase  ve loc i t i e s  fall, which, as 
Krylov  [4] has shown, leads  to a d e c r e a s e  in flow f r i c -  
tion. This  c o n f i r m s  the  r e s u l t s  of our  e x p e r i m e n t s  
ana lyzed  by T e l e t o v ' s  method. 

Tele tov  [9] was the f i r s t  to fo rmu la t e  the ge ne r a l  
d i f fe ren t ia l  equat ions  of hyd rodynamics  of two-phase  
m i x t u r e s ,  on the ba s i s  of which he der ived  d i m e n s i o n -  
l e s s  s i m i l a r i t y  c r i t e r i a  for  such flows, a lso p ropos ing  
a wel l - founded c r i t e r i a l  method of ana lyz ing  the ex-  
p e r i m e n t a l  data in the f o r m  

~p(~, Fr c, We, ~, y, ... e t c . ) ,  (2) 

z~ 2aP [~ ~_p ~-p ] 
~ �9 ~ " 

On the bas i s  of this work we may  a s s u m e  that under  
the condit ions of our  expe r imen t s  the invest igated 
quant i t ies  ~ and Xc a re  funct ions  of/3 and We. 

The r e s u l t s  of these  expe r imen t s  a re  p r e sen t ed  
in Fig.  3, A a n d B .  

It i s  c l ea r  f rom Fig. 3]A that the ra t io  

= )b/)~ (Rec) 

i n c r e a s e s  monotonica l ly  with i n c r e a s e  in the t rue  gas 
content  in the range  f rom 0 to 0.55 and fa l ls  by 1 0 -  
20% when " P r o g r e s s "  is introduced.  In the range  of 
va r i a t i on  of fl f rom 0 to 0.9 (Fig. 3B) the va lues  of 

l ie approximate ly  in the same  reg ion  both in the pure  
gas - l i qu id  flow (curve 1) and in the flow to which " P r o -  
g r e s s "  has been  added (curves  2, 3). 

Upon examining  the ~ vs. fl cu rves  for  flows with 
and without AS (Fig. 4), we see that when " P r o g r e s s ,  
is introduced,  a l a r g e r  t rue  gas content  (p co r re sponds  
to the same  f low- ra t e  gas content  fl, which, in acco rd -  
ance with Eq. (3), leads  to a dec rea se  of k c by about 
i0-i5%. 

Lutoshkin [5] 0ame to a s i m i l a r  conclus ion when i n -  
ves t iga t ing  the effect of SA on the opera t ion  of a i r  l i f ts .  

Thus,  the r e su l t s  of our  study of flow s t r u c t u r e  
and our  ana lys i s  of the m e a s u r e m e n t s  a r e  in qua l i t a -  
t ive agreement .  It should be noted that when SA is ad-  
ded, the s ta t ic  p r e s s u r e  f luctuat ions  in the flow a r e  
reduced  by a factor  of 2 - 3 .  

NOTATION 

Re c = ( 1 -  (p)2vt(r 2 - r t ) / v  1 - 2(Pv2(r 2 - r l ) / v  2 i s t h e  
Reynolds  n u m b e r  of d i spe r s i on f l ow ;  Vl and v 2 a r e  the 
k inemat ic  v i scos i t i e s  of wa te r  and a i r ;  r 1 and r 2 a r e  the 
rad i i  of i nne r  and outer  cy l i nde r s ;  v 1 = (G1/T1)F(1 - ga), 

v 2 = (G2/~/2)F~, and v c = v 1 ~ ~p(v 2 + , 1 ) a r e  the mean  
flow veloci t ies  of wa te r ,  a i r ,  and d i spe r s i on ;  F r c  = 

= (V2c/2g)(r2 - r l) is the Froude  n u m b e r  of d i s p e r s i o n  
flow; We = (2V2c)(r2 - r l ) /ug  is the Weber  n u m b e r ;  p is 
the f l ow- ra t e  vo lume t r i c  gas content, equal to ra t io  
of gas volume flow race to d i spe r s ion  vo lume f low ra te ;  

is  the t rue  vo lume t r i c  gas content ;  G 1 and G 2 a r e  the 
m a s s  flow ra t e s  of wa te r  and a i r ;  ~? = ~/2fl/Tp is  the m a s s  
f low- ra t e  gas content ;  ~/1 and ~2 a r e t h e  speci f ic  weights 
of wa te r  and a i r ;  Tp = 7i - fl(71 - ~/2) is  the f low- ra t e  
specif ic  weight of d i spe r s ion ;  k(Re c) is the r e s i s t a n c e  
coeff icient  for  s i ng l e -phase  flow of one of the phases  
of the d i spe r s ion  at a Reynolds n u m b e r  equal to the 
Reynolds  n u m b e r  of the d i spe r s ion ;  Xc is  the hydrau l i c  
r e s i s t a n c e  to flow of d i s p e r s e  sys t em;  r is the reduced 
r e s i s t a n c e  (deviat ion of k c f r o m  MRec)); ~ is the v i s -  
cosi ty  ra t io  of the phases ;  -~ is the speci f ic  weight r a -  
tio of the phases ;  ~ is the sur face  t ens ion .  
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