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THIN-LAYER FLOW OF A TWO-PHASE MEDIUM OVER THE SURFACE OF A CENTRIFUGAL 

MIXER, TAKING ACCOUNT OF RHEOLOGICAL FACTORS 

F. G. Akhmadiev, A. A. Aleksandrovskii, UDC 532.529.5:621.929.9 
and R. I. Ibyatov 

On the basis of a hydrodynamic model of multivelocity interpenetrating continua, 
the flow of miscible materials over the working surface of centrifugal mixers is 
investigated. 

The mixing of highly disperse materials with viscous liquids is widely used in various 
branches of industry. Success in the development and commercial introduction of mixers that 
ensure a high quality of distribution of disperse materials in viscous liquids with sufficient 
productivity in continuous operation and allow the difficulties associated with the specific 
properties and treatment conditions of these materials to be overcome is only possible in the 
presence of a mathematical description of the processes occurring in them on mixing. One ap- 
paratus satisfying these requirements is the multicascade centrifugal mixer. A possible form 
of this type of mixer is shown in Fig. i. In the present work, the flow of miscible materials 
over the working surface of the mixer is described, allowing,the optimal constructional ele- 
ments of the apparatus to be determined. 

In the operation of a rotational mixer, highly disperse liquid and solid components are 
fed to the center of the rotating element of the first stage of the rotor and, in layers, 
pure liquid, the mixture forming, and the solid component flow over the surface of the conical 
ring. As a result of their combined motion under the action of the centrifugal force F, collec- 
tive deposition of the solid material in the liquid occurs, and then all thismass is dispersed 
by the edge of the rotating element (Fig. i). The processes occurring in the subsequent 
stages of the rotor, which are analogous in construction, are flow of the two-phase medium and 
dispersion, as a result of which the final redistribution of the components is accomplished. 

The motion of each layer of material over the surface of the rotating rotor is described 
by the equations of continuum mechanics; each layer corresponds to a particular theological 

equation of state. The flow of pure liquid isdescribed by the Navier--Stokes equation, and 
the mixture constitutes a two-phase medium, the flow of which may be described using the re- 
suits of [i, 2]. The motion of the highly disperse material may be regarded as motion of some 
continuous medium according to its rheological equation of state. In this case, however, the 
general problem is greatly complicated; therefore, it is assumed that the solid material moves 
in the longitudinal direction at some mean velocity VZ[d~(Z)], and that there is no relative 
motion at the interface between the mixture and the solid phase. These assumptions are com- 
pletely justified for the given case of flow. 

Let do(1), ~1(Z), ~=(1) be the thickness of the pure liquid layer, the pure liquid layer 
and the layer of mixture forming, taken together, and the thickness of the whole layer, respec- 
tively. Consider the flow of miscible materials in the orthogonal coordinate system x ~, x =, 
x 3 fixed with respect to Zhe rotor (Fig. i), under the following assumptions, which are valid 
for the given type of flow: the flow is axisymmetric and steady; the film thickness is con- 
siderably less than the corresponding radius of the conical rotor ring, i.e., 62/R = e << i; 
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Fig. i. Flow diagram of miscible mate- 
rials at the working surface of a ro- 
tational mixer. 

the Coriolis= forces are neglected in comparison with the centrifugal forces F l = ~2Rsin a and 
F 6 = - - ~  R c o s  a .  

The~ the equations describing the motion o f  the liquid and the two-phase mixtule, taking 
account ~f these assumptions, after evaluating the significance of the terms, according to 
[3, 4], are written in the form 

a (RVloxD O(RVIo~') 4- = O, ( 1 )  
ax i ax e 

ov,o,,) 
@x ~' ~q ~.r 2 + pOFz ' == /), (2) 

OP-~~ 4- PTFx:-- O, (3) 
Ox 2 

0 (~ lRVl . , . , )  O(:~RV~ ) 
' '<" = I). ( 4 )  

bx ~ T O.v~ 

o ( 
Ox "-~" t. 'tt ( ~ )  ax~ ] - -  f(o~2)(v~, - -  v2.,) + O~F, --= 0, (5) 

Dp 
(6) 

a(~RVz~,) a(=~RV2~ D 
Ox~ + Ox2 ---0, (7) 

f(=~)(V:~,--V2~, ) § p.,F, = O, (8) 

~ P  
-=~ ~ + f(:~)(vi~-v~,) + o~f  ~ ~ o. (9) 

In solving the problem of the motion of a mass over the mixer surface, the determining 
values are the velocities of mixture motion along the rotor generatrix Vl~x~ , V1x i, V=x~ , 
the rate Of deposition of solid particles in the centrifugal field V2x =, the transverse velo- 
cities Vlox2 , V1x =, and the layer thicknesses 61, 60, ~2. If Eqs. (5) and (8) are added and 
the pressure is eliminated from Eqs. (6) and (9), the system of equations obtained is 

0 0 
ax--- C (Rv~.~,) + &---T ( R v ~ J  = o,  ( l o )  

a (  OVlo,, ) o F 
~x Ox z + fll  x, = O, ( l l )  

D 3 
Ox-'-- C (%RV~xJ + ~ (%RV~x J = O, ( 1 2 )  

1 4 6 9  



O ( OV,,,'~ 
ax ~ vt ( o q ) ~ j  + (Pl + P,)Fx, = O, (13) 

f (a~)(Vtx, - -  V2.,.,) + p~F x, = 0, (14) 

f (=d(v,~, -- v ~ , )  - =~a~. (po _ poo) F .  = o, (15) 

which are sufficient for the determination of the velocity fields that are of interest here. 
The boundary conditions for the system in Eqs. (10)-(15) take the form: 

when X ~' ~ 0 V~ Oxt ------ Vlox~ = O, (16a) 

OV ~ o,,, OV tx, 
whenx' = 61 Vlox, = Vlx,, Vlox, = a~V|x,, I-h ax' = V(c%)--~-ff- , (16b) 

OVlx, 
when x ~ = 6, ~ = 0. 

As a r e s u l t  o f  s o l v i n g  Eqs.  ( 1 0 ) - ( 1 5 )  w i t h  the  boundary  c o n d i t i o n s  in  Eq. 
lowing  dependences  a r e  o b t a i n e d :  

p~ 6' C1 (l) 6 
V~o~ = - ~  -~ ~ ,  

(16c) 

(16), the fol- 

(17) 

Vlo6 = (sintzF~ -5 RF;)p~ 3 (sin aCx + RC[) 
6par 21hR 6~' 

(18) 

pFlS' ~ApFlSo8 r C18 

(sin eFt+RF;) [p(SS_axSo 3) p~O a]8; 
V16= 6R ~.(ad + Wl a2Ap (sin a F~6o + RFzSo + RF;ao) (8' -- ch82o) -- 

2~ (a,) R 

(~m :c, + Rc~) [ ( 8 , -  = ,g )  . ao ~ l 
2R L ~ - 'c-~--J 

(sin =C~ + RC~) 
R 

( i9 )  

(8 -- cZlSo), ( 2 0 )  

V,t = V1z -5 p~Fl (21) 

Vs~ = V18 + ~I~z~ApF6 
, (22) 

f(=~) 

V~ (81) = Vlt (1, 81), ( 23 )  

where 

~t( ; 
J 

Ap = p~'p~; p = Pl + P2; a prime denotes the derivative with respect to I. 

To determine the unknowns 80, 81, 82, use is made of the conditions of constant flow rate 
of the solid and liquid components ql and q2 and the mechanism of variation in the thickness 
80, which may be written in the form 
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Fig. 2. Comparison of experimental and theo- 
retical data on the layer-film thickness 62, 
and the theoreticalvalues of $~, 60: i) the 
system glycerin + KCI: ql = 28~i0 -3 kg/sec, 
q2 = Ii'I0 -3 kg/sec, ~ = 200 sec-1; 2) glyc- 
erin + A1203: ql = 28"10 -3 kg/sec, q2 =" 22" 
10 -3 kg/sec, m = i00 sec -~, where i--2, i--l, 
i--0 refer to 62, 61, ~o, respectively, for 
the i-th system (i = i, 2). 6, r, m. 

, -~rPlVlozd8 § f 2~xr~176 d6 
b 8, 

= ql, (24) 

.i', 2~r%p2V=zd6~ _~ 2~rto2 ~ IV t (61)](6~ _ 61 ) : q2, 
6o 

(25) 

d6o Vz6 (1, 60) V~6 (1, 60) - -  Vl6 (l, 60) 

d~- - -  Vlt (l, 60) + V2t (l, 60) ' (26) 

where r = R-- 6cos ~; P2o is the bulk density of the solid phase. 

The Runge--Kutta method is used to solve Eqs. (24) and (26) simultaneously, and 62 is de- 
termined from Eq. (25). Comparison of the theoretical and experimental data shows good agree- 
ment (Fig. 2). The results of the calculations shown by the continuous lines l--j and 2--j cor- 
respond to the experimental values of 62 (j = 0, i, 2). Solving this hydrodynamic problem 
allows the optimal length of the generatrix of the rotor first stage necessary for obtaining 
a high-quality mixture to be determined from one of the conditions: I) 6o = 0, 2) 62--61 = 
0, 3) 60, 61 -- 60, 62 -- ~i are of the same order of magnitude as the dimensions of solid- 
particle agglomerations. Calculations by conditions i) - 3) show that mixing of highly dis- 
perse materials with viscous liquids is expediently undertaken in multicascade mixers with 
an elongated first stage, the length of its generatrix being determined from condition 3). 
The number of mixer cascades necessary to obtain quality mixing may be determined from a 
mathematical model of the kinetics of the continuous mixing process [5]. For a broad class 
of materials, it is sufficient to use three- or four-cascade mixers. 

As shown by the results of numerical calculations, the rheological properties of the 
carrier liquid and the middle layer of mixture have a strong influence on the flow condi- 
tions and hence on the optimal mixer dimensions. For example, when ql = 28 "10-3 kg/sec, q2 = 
31"10 -3 kg/sec, p~ = 1260 kg/m 3, p~ = 3960 kg/m s, a2 = 0.26, m = 200 sec -x, a = 150 vm, and at 
values of the carrier-phase viscosity ~i = 0.14, 1.4, and i0 sec'N/m 2, the optimal mixer di- 
mension determined from condition 3) is Rc = 0.04, 0.107, and 0.282 m, respectively. The 
longitudinal velocity averaged over the layer thicknesses is V1o~(Rc) = 0.29, V11(Rc) = 0.44; 
V1ol(Rc) = 0.098, VI~(R c) = 0.156; and VIo~(R c) = 0.036 m/sec, V11(Rc) = 0.958 m/sec, respec- 
tively. All the flow characteristics are also influenced by the particle size andtheir con- 
centration in the mixture a2. 

The motion (flow) of two-phase mixture in the remaining stages of the ~otor may be de- 
scribed by Eqs. (4)-(9). The same problem arises when the mixer is used for the preliminary 
mixing of coarse mixtures, in the operation of dispersion apparatus for the production of 
finely disperse suspensions and emulsions, and in some rotor--film mass-transfer equipment. 

The solution of Eqs. (4)-(9) with the boundary conditions 

6 = 0 V l l =  VI5 = O, 

6 = 61 P =  ~ t m '  avll/a6 = 0 ( 2 7 )  

takes the form 

V~z= pFz (816____~_t, V ~ t = V u +  pJ__L (28) 
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P 63 --  [RF~6; + (sin o~F~ + RF;) ~]20~82ra V~8 = (sin czFt + RF;) 6R~ ((z.) R[* (~) (29) 

0 0 
V26 - -  V16 _}_ ~ l ( z o .  (P2 - -  p I ) Fs. 

[(~) (30) 

The unknown m i x t u r e  t h i c k n e s s  ~1 i s  d e t e r m i n e d  f rom t h e  c o n d i t i o n  o f  c o n s t a n t  f low r a t e ,  
for example, of the liquid phase 

G 
i" 2arp,Vlld6 = q,, (31) 

. q~ ( a ~ )  
] �9 ( 3 2 )  pFz 

From the condition that ~i is of the order of the inclusion size, the generatrix length of 
the remaining stages of the rotor or other apparatus may be determined. Note that the solu- 
tions obtained are valid both for a monodisperse mixture and for particles of any size in a 
polydisperse mixture, since, if inertial terms are neglected in the equations of motion (the 
Stokes approximation), the equations describing the motion of the two-phase mixture in the two 

4= 
cases are the same; which follows from the results of [6]. Here =2=--~- fa~(aJda, where @(a) 
is the size distribution function. 

NOTATION 

Vj, 0i, aj, velocity, mean density, and bulk concentration of the j-th phase of the mix- 
ture; 9~, true density of the j-th phase, ~12, phase-interaction force; f(~2), ~(~), ~i, 
phase-ilteraction force coefficient, effective viscosity of the mixture, viscosity of the car- 
rier phase; qj, mass flow rate of the j-th phase; ~, angular velocity of rotor rotation, P, 
pressure; a, particle size; p, mixture density. 
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