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An equation is obtained to determine the coefficient of hydraul ic  drag of dilute emulsions by 
using the turbulent v iscos i ty  concept and the phenomenon of quenching turbulent pulsations o 
The resul ts  of the theory are  compared  with experiment .  

If some mass  of fluid is incident in a turbulent s t r eam which does not mix with the fluid and has a 
sufficiently high degree of turbulence,  then fractionation of this fluid under the effect of the turbulent pul-  
sations occurs  [1-3]. In this case a dilute emulsion is formed for a low content of the dispers ing fluid. 
The least  d iameter  of the droplets of such an emulsion will exceed the internal scale of the turbulent pul- 
sations and can be determined as a function of the intraphasal  tension ~, the density of the dispers ion 
medium Pl, the inner d iameter  D of the pipe, and the mean flow veloci ty w by means of the Kolmogorov 
formula  [2, 3] 

\Fi l l  w6/~ ' 
(1) 

where k ~ 0.5 is the drag coefficient for flow around a drop. 

The viscosi ty  conception developed in the Millionshchikov semiempi r ica l  theory of turbulence [4-6] 
is used to descr ibe  the turbulent flow of dilute emulsions;  hence the influence of the d ispersed  fluid on the 
coefficients of dynamic ~e and turbulent ~te v iscos i ty  of the emulsion is taken into account.  

Dilute emulsions behave s imi la r ly  to simple fluids and are subject  to the Newton and Poiseuil le laws. 
Let us write the equation of motion of dilute emulsions in a pipe as 

L( ~ d~t (tJ~§ te,~T~-~j ~ ~, (2) 

where u and ~- are  the veloci ty and tangential s t r e s s  at a distance y f rom the pipe wall. Under the assump-  
tion of axial symmet ry ,  the tangential s t r e s s  at the given section is related to the tangential s t r e s s  at the 
wall Tw by 

where Y0 is the dimensionless distance f rom the wall defined by the rat io between y and the pipe radius r ,  
i~ Y0 = y / r .  

The influence of d ispersed fluid globules on the coefficient of dynamic v iscos i ty  of a dilute emulsion 
is manifest  in the fact that the dynamic v iscos i ty  of the emulsion ge increases  with the growth in the content 
of the dispers ion phase fl which exceeds the v iscos i ty  of the d i spers ionmedium p~. Brinkman [7] obtained 

~=~,i(I - ~ ) - ~  (3) 

for  the case when the drops move independently. 
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TABLE 1. Physica l  P roper t i e s  of Fluids at a Tempera tu re  of 20~ 

Working fluid 

Water 

Transformer oil * 

Kinematic vis- 
cosity, m2/sec 

t,7.10--~ 

24,3. t0 -6 

Interphasal tension on the 
Density, kg/m! transformer oil--water inter- 

face, N/m 

998 ] 44'8"t0--z 

896 

*The surfactants  in t r a n s f o r m e r  oil are  aspha l t - res ins .  

For  dilute emulsions,  (3) yields good agreement  with test  data and can be used in the motion equa- 
tion (2). 

For  flows of emulsions in a pipe the scale for the pulsation velocit ies in the region of developed 
turbulence is the dynamic velocity corresponding to the tangential s t r e s s  at a given radius [4-6]: 

v.,j e~V.et/l --  Yo, (4) 

where v ,  e = T4-~w/D e is the dynamic veloci ty.  The density of the emulsion Pe is hence determined additive- 
ly Pe = Pl (1 - fl) + P2fl, where P2 is the density of the disperse phase.  

Equation (2) can be represen ted  as 

(~ + ~te) 77 ~ = v~e(t - -  Yo) = v.~,2 (5)  

where v e is the coefficient of kinematic v iscos i ty  of the emulsion (~e = tte/Oe); Vte is the turbulent kine- 

mat ic  v iscos i ty  (Vte= ttte/0e). 

Let  us define the turbulent kinematic viscosi ty  as the product  of the dynamic velocity V.y e at a given 
radius and the mixing path I e. 

v te=V,yele. (6) 

Then taking account of (4) and (6), Eq. (5) becomes 

, ~ d u  

It is seen f rom this equation that for sufficiently high values of the Reynolds number when the v is-  
cosi ty can be neglected, a change in l e along the radius in conformity with the formula  

t r  - ~ A ) V I '  - yo, 

corresponds  to the logari thmic profile,  where a e is a dimensionless coefficient and 5 A is the thickness of 
the laminar  sublayer .  For  s ingle-phase fluids the value of the dimensionless coefficient and the laminar  
sublayer  thickness are  determined in [4-6] on the basis  of process ing  experimental  data: a = 0 for laminar  
flow, a = 0.39 for  developed turbulent flow, and 5 = v .  6A/V = 7.8. 

The influence of globules of d ispersed fluid on the turbulent kinematic viscosi ty  is manifest  in the 
diminution of the mixing pathlength as compared with the turbulent flow of a s ingle-phase fluid. 

Since a film of surfactants  adsorbed on the fluid interface hinders penetrat ion of the pulsating mo-  
tions within the globules, then the diminution of the mixing pathlength during turbulent flow of an emulsion 
is determined,  f i r s t  of all, by a diminution in the volume in which turbulent energy dissipation occurs  (it is 
neces sa ry  to eliminate the volume occupied by the globules of d ispersed phase f rom the total volume of 
the turbulent s t r eam core),  i.e.,  the factor  ( 1 -  ~) should be introduced in the dimensionless coefficient 
of the mixing pathlength. Moreover ,  since the dimension of droplets of the emulsion under considerat ion 
exceeds the internal scale of turbulence of the dispersion medium ~0, some quenching of the turbulent pul- 
sations occurs  on the surface of these droplets .  If it is considered that complete quenching of the turbulent 
pulsations occurs  in the dispers ion medium in an emulsion with close packing of globules of d iameter  dp, 
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such that the c l ea rance  between them does not exceed h0, then the eff ic iency of quenching the turbulent  
pulsat ions on the sur face  of dilute emuls ion  globules can be taken into account by the f ac to r  (1 - S/Sp) to 
the d imens ion less  coeff ic ient  of the mixing pathlength,  where  S/Sp is the ra t io  between the in te rphasa l  
su r f aces  of the dilute and m o s t  compact  emulst ionso T h e r e f o r e  

ae=0.39(i - -  ~) (t - -  S/Sp). 

The f rac t ion  of d i spe r sed  phase  by volume for  the c lo ses t  a r r a n g e m e n t  of globules in the compac t  
emuls ion  is tip = .741 [8]. 

Hence 

S ~ /'~-a" (7) 
= 0.74f 

Examining the model  of the c loses t  globule a r r angemen t ,  we find f r o m  g e o m e t r i c  r ep re sen ta t ions  
tha t the  g r e a t e s t  dimension of the c l ea rance  between globules is  h = 0.365dp. The in ternal  sca le  of tu rbu-  
lence of the d i spers ion  med ium ~0 is de te rmined  f rom the condition that  the Reynolds number  for motion 
of the sca le  ~0 is one [3]: 

D 

~'o- Re~/~l -- $ 

Equating h and ~o we find that  

d p  = ~.  ~ ~--~T-~ J " ( 8 )  

Substituting (1) and (8) into (7), we obtain 

S/Sp=O.863~M c'v~, 

where  M = t.t~w~/D01a 4 is a d imens ion less  p a r a m e t e r .  

Consequently,  we finally have for  the d imens ion less  coefficient  of the mixing pathlength 

ae=0.39(t - -  [~) (i -- 0.863~M~ (9) 

The l amina r  sublayer  thickness can evident ly  be cons idered  analogously to a s ing le -phase  fluid 5 = 
V.e6A/~ e = 7.8. 

T h e r e f o r e ,  the equation of motion of a dilute emuls ion  in a pipe becomes  

where  

du/v 
[be + ae (Yo - -  6o) (1 - -  Yo)] - - ~ o  *~= 1 - -  Yo, 

be=ve/rv*e, 5o=6A/r, a~O for g o d  5o: 

ae=0.39(l - -  ~) (t --0.863~M0,15) for  go ~ 80. 

In tegra t ing this  equation taking account of a smooth m e r g e r  with the l amina r  sub laye r ,  we have 

w--~ "~e Yo - -  for go < 60, 

~=V.e In i+ % (go -- 5o) (l -- + 7  -~]/X--[2yo--0+5,)l}[V-~+(~o Ill j 

for yo >  ho rx-- 

The formulas (10) yield the velocity distribution over the whole range of variation of Y0 between 0 
and 1, where the condition du/dy = 0 is satisfied on the pipe axis, i.e., for y 0 = i. 

T h e  d r a g  coe f f i c i en t  fo r  an  e m u l s i o n  f lowing in  p i p e s  i s  def ined  by the  f o r m u l a  

(lo) 
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~ e ~ 2  D A p 8(%:e/2. 
L pew 2 ~w / '  

where Ap is the p r e s s u r e  drop in a length L. 

The mean value of the velocity is determined by the integral  

i 

w = 2 ~ (i - -  Yo) udyo" 
0 " 

Fig. 1 Integration is hence separated into two sections,  f rom 0 to 
50, where a e = 0 and f rom 5 o t e l , w h e r e  a e is defined by means of 

(9). Following [4-6], in the integration between 60 and 1 we use the replacement  of (10) for this interval  by 
the express ion 

[ ~176 ] _ i in t -~  (yo--~0) + 6 - ~ i ( y o / b e ,  

�9 which differs f rom (10) for smal l  values of b e by just  the small  co r rec t ion  f(Y0/be) which appears just  near 
the pipe axis. 

The formulas  for w / v .  e and k e are  

( 0 0 -  ( no ) +1 nero ' %---e = -T = 7 e  4 / a3e L ~-  + 2~ --  + 6 - -  e; (11) 

8 

where 

a e Ree ~'Df)e (z = i + (i -- 8o), 
=%T' 

is a smal l  co r rec t ion  re la ted to the function f(Y0/be) which can be neglected in prac t ice .  Formulas  (11) 
yield a pa rame t r i c  dependence between Re e and he, where b e is the pa ramete r .  

Experimental  investigations to determine the hydraulic drag coefficient ~e were conducted on an ap- 
paratus  descr ibed in [9] for the flow of a dilute t r ans fo rmer  oil emulsion in water  in a 39~ 

pipe at a tempera ture  of 19 • I~ 

The fluids whose physical  proper t ies  are  presented in the table were delivered to the experimental  
section by extrusion by a i r  f rom r e s e r v o i r s  so that the formation of the emulsion in the pipeline occur red  
only under the effect of turbulent pulsations.  

Given in Fig. 1 is a compar ison  between the resul ts  of experiments  and computations using (11) for 
an emulsion with a fi = 0.1 d ispersed  phase content. Curve 2 shows the drag law for a pure fluid. It is 
seen that the drag coefficient for a dilute emulsion (curve 1) is substantially below that for the pure fluid. 
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