
M I X I N G  OF T W O  L I Q U I D S  IN A D E V E L O P E D  T U R B U L E N C E  

R E G I O N  A C R O S S  A L O W - P E N E T R A B I L I T Y  S E P A R A T O R  
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An approx imate  solution is  given to the p rob lem of two liquids flowing one behind the 
other  along a pipe under developed turbulence conditions and mixing a c r o s s  a low-pene-  
t rab i l i ty  s epa ra to r  instal led between them. 

In order  to inhibit the mixing p roces s  in pipes,  a specia l  mechanica l  device can be instal led to s epa -  
r a t e  two liquids flowing one behind the other and to ac t  as  a s e p a r a t o r  which will prevent  their  mixing. 
P rac t i ca l  exper ience  has shown, however,  that absolute  separa t ion  cannot be achieved with mechanica l  
devices .  Owing to i ts  design c h a r a c t e r i s t i c s  and a lso  owing to the wear  of sea l s ,  a mechanical  s e p a r a t o r  
is a lways penetrable  to some extent. This penetrabi l i ty  causes  the liquids to leak a c r o s s  the s e p a r a t o r  
in both d i rec t ions  and a mixture  is thus produced in the zones before  and behind the sepa ra to r ,  the amount  
of this mix tu re  depending on the magnitude of the leakage cu r ren t s ,  on the hydrodynamic  conditions of the 
main  flow, and on the length of t ime  the s e p a r a t o r  has been moving inside the mixing zone. As the s e p a r a -  
tor  moves ,  a p r e s s u r e  drop in the main  flow developed by the braking act ion of the s e p a r a t o r  (Fig. 1) 
produces a forward  leakage cu r ren t  (from zone II to zone I). A backward leakage cu r ren t  is produced by 
the braking act ion of the pipe walls along the boundary layer .  The magnitudes of the leakage cu r ren t s  a r e  
impor tan t  p a r a m e t e r s  of the mixing p roces s  with a s e p a r a t o r  in the contact  zone between two liquids, and 
they in turn depend on the sea l  design and on the f r ic t ion  effects  at  this moving sepa ra to r .  

The development  and the appl icat ion of new s e p a r a t o r  designs must  be based on quanti tat ive data 
about these leakage cu r ren t s ,  but nei ther  a theore t ica l  nor an exper imen ta l  evaluation of the la t ter  is pos -  
sible. It is possible ,  however ,  to formula te  the p rob lem so that i ts  solution can be used for evaluating the 
resu l t s  of spec ia l ly  planned exper imen t s  and thus for  pinpointing the ef fec t iveness  of one or another  s epa -  
r a t o r  design. 

We will a s s u m e  that along the boundary between two incompress ib l e  liquids of low v i scos i ty  and 
s im i l a r  densi t ies  (see Fig. 1 ) t h e r e  is placed a s i n g l e - b a r r i e r  device (such s e p a r a t o r s  include also,  for  
example ,  spher ica l  or so l id -cy l indr ica l  ones). 

In this case  the mixing p roces s  will be s imula ted  according  to the Taylor  hypothesis  [1] based on the 
s e m i e m p i r i c a l  equation of turbulent diffusion [2] under the following assumpt ions :  

the p resence  of a mechanica l  s e p a r a t o r  has no significant  effect  on the ave rage  veloci ty  dis t r ibut ion 
in the flow; 

the mix ture  concentra t ion in the developed turbulence region d i rec t ly  at  the s e p a r a t o r  becomes  with 
t ime  a lmos t  uni form a c r o s s  the pipe sect ion [3]; 

the mix tu re  is "pass ive , "  i .e . ,  does not influence the flow dynamics;  

init ial ly the s epa ra to r  l ies in the plane of contact  between the liquids flowing one behind the other. 

With these assumpt ions ,  using a s y s t e m  of coordinates  of which the or igin moves  with the plane of 
the s epa ra to r ,  whilst the axis coincides with the pipe axis ,  one can r e p r e s e n t  the mixing p rocess  s chema t i -  
cal ly  by the following equations: 
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Fig. i. Schematic diagram showing the position of a separator in the pipeline: I) pipe; 2) separator; 
3) direction of flow; I) zone before the separator; If) zone behind the separator. 

Fig. 2. Concentration of a displaced liquid along the mixing zone without a separator. 
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The solutions to Eqs. (1), (2), and (3) must sa t is fy  the following initial and boundary conditions: 

c i (x, 0) = i for x C [0, co), (4) 

c2 (x, 0) : 0 for x ~ (-- oo, 0], 
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0x 

& [c~ (0, t) - ca (0, 0] - K~ o ~  (0, t) 0, (5) 
f Ox 
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The pa rame te r s  ql and q2 depend on many fac tors  (on the seal  geomet ry  and penetrabil i ty,  on the ra te  of 
wear ,  on the sepa ra to r  r e s i s t ance  forces ,  and on changes in the slope along the pipeline) and a re  general ly  
unknown functions. We will consider  the case  of a sepa ra to r  provided with metal l ized elast ic  seals (wear 
res i s tan t  grades  of s teel  a r e  used for  metal l izing the seal elements)  and moving inside a pipe with a con- 
stant slope, for  which one may quite accura te ly  assume that ql = const and q2 = const. When one in-  
compress ib le  low-viscos i ty  liquid flows behind another  of s imi la r  density,  it may be assumed that with 
t ime (t>> 0) K 1 = K  2 =K. 

The solution to the sys tem of equations (1) and (2) can be expressed  as 

c~(x' t)= l - - l  erfc [ x-2?lKt 2 V Kt ]/-~--]/-~4 ]/"-f~ 

• exp L [ V ~ ( V ~ -  V ~ )  x~+ t ( V ~  - ~ - . ~ ) ]  
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• exp[ "'--~" ui(]/-ua-'~-]/-~)x~' tVuiu:(2]/~+u~+u~)K " ] e r f c [  x +  ("-~+V-f()~t . (6) 

Q(x, / ) =  ---1 erfc [ - - x  -+- 27iKt ] 1,/~-1 - -  V~-2 
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Fig. 3. Concentration of a displaced liqui d 
along the moving zone of a mechanical  sepa-  
r a to r  when ql > (t2. 
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We will begin to analyze this solution by cons ider -  
ing the motion of two liquids one behind the other with- 
out a separa tor  at their boundary. This case corresponds  
to the condition that 

ql = q~ = fu m" (8) 

The resul ts  of further  analysis  are  presented in Figs. 2 and 3 (for u s = 1 m / s e c ,  K = 4 �9 10 ~ cm2/sec ,  
t = 10 5 sec). The mixture concentrat ion is shown distributed according to condition (8) in Fig. 2. The 
center  of s y m m e t r y  here,  where c1(0 , t) = c2(0 , t) = 0.5, moves at a velocity u s and the mixture is con- 
tained within the zone boundaries at l 0. The concentrat ion distribution when a mechanical separa tor  is 
present  is shown in Fig. 3. This pattern corresponds  to the condition that ql > q2. In this case there is 
more  mixture in zone I than in zone II. It becomes obvious f rom an analysis  of Eqs. (6) and (7) that there 
will be more  mixture in zone II when ql < q2. No mixture is produced in zone I when ql = 0, and none is 
produced in zone II when q2 = 0. 

It also follows f rom Fig. 3 that the effectiveness of a mechanical  separa tor  can be adequately well 
character ized by the magnitude of the step change in concentrat ion at the plane of the separator .  Obviously, 
such a step change in the concentrat ion is defined by the expression: 

6c (0, t) = c 1 (0, t) -- c~ (0, t). (9) 

A simultaneous considerat ion of Eqs. (6), (7), and (8) will make it evident that the step change in con- 
centrat ion due to the presence of a separa tor  is maximum and equal to 5c(0, t) = 1 when qi = q2 = 0, and 
this corresponds  to an absolutely impenetrable mechanical  separa tor ;  no mixing of liquids occurs  then 
in the contact zone, i.e., /mix =10. When ql ~ 0 and q2 r 0, on the other hand, then 5c{0, t) ~ 0 and lmi x 

0 at t ~ ~o. The latter indicates that the technical effectiveness of a penetrable mechanical  separa tor  
decreases  with time. 

It must  be noted, in conclusion, that the par t icular  solution to the problem as shown here makes 
it possible to evaluate the technical effectiveness of s ing le -ba r r i e r  separa tors .  With experimental  data 
on 5c(0, t) available, this requires  a solution of Eqs. (3) and (9) where f, t, urn, Us, K, and 5c(0, t) a re  
given while ql and q2 must  be determined. 
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Yl = (ql -- q2)/2Kf; 
u~ = q l / f ;  

u~ = q2/f;  

N O T A T I O N  

are  the volumetr ic  concentrations of the respect ive liquid displaced in zone I or zone 
II of the s t ream,  mS/m3; 
is the flow cross  section in the pipe, m2; 
a re  the forward and backward leakage currents  of the mixture,  respectively,  m3/ sec ;  
a re  the effective coefficients of turbulent diffusion, which charac te r izes  the spreading 
of mixture in zones I and II, respect ively,  cm2/sec ;  
is the mean linear flow velocity in the pipe, m / s e c ;  
is the veloci ty of the mechan i ca l s epa ra to r ,  m / s e c ;  
is the length of s t r eam segment containing the principal volume of mixture produced 
with a mechanical  separa tor  present,  m; 
is the  length of s t r eam segment within which the entire mixture is concentrated during 
overpumping in the absence of a mechanical  separa tor ,  m; 
is the time, sec;  
is the origin of coordinates;  
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erfc z = 1 - -g~-2 if exp (-z2)dz; 
0 

is the longitudinal coordinate, m. 
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