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Because of the interactions among suspension particles, the 
settling velocity of particles in suspensions is slower than the ter- 
minal velocity of a single particle of the same size. The most ac- 
curate empirical expression relating the settling velocity to the 
suspension porosity is represented by 
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where UR is the ratio of the particle velocity relative to the liquid 
during settling to the terminal velocity of a particle in an infinite 
medium. (Garside and AIDibouni, 1977) The exponent, n, depends 
only upon the Reynolds number, ( N R e ) ,  which is based on the 
terminal velocity. This expression is similar to the correlation 
proposed by Richardson and Zaki (1954), although their values of 

were slightly different from those of Garside and AlDibouni. 
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A different approach was taken by Ishii and Zuber (1979). Ishii 
and Zuber defined a Reynolds number and a drag coefficient for 
suspension particles using the relative velocity of the settling par- 
ticles with respect to the liquid as 

NRe = dpEvr/C(m (2) 

(3) 

These investigators proposed that the relationship between CD and 
N R e  for particles in suspensions is identical to the well-known 
C D - N R e  relationship for a single particle at low N R ~ .  The U ,  - 
E relationship obtained on this basis at low Reynolds numbers, was 
shown to compare well with experimental data. 

Equation 3 also predicts that if p s  > pe, solid particles should 
always move downwards in the suspending liquid. This prediction 
is contrary to experimental observations reported by Richardson 
and Meikle (1961), who found that particles which are heavier than 
liquid may actually move upward in the liquid if the suspension 
density is high enough. 

Masliah (1979) presented an equation for hindered settling of 
polydispersed particles in suspensions at low N R ~ ;  that equation 
may be written as 

URi = F(E)(Psi - P m ) / ( P s i  - P l )  (4) 

Masliah’s treatment explains the observations of Richardson and 
Meikle (1961) but incorporates an empirical porosity function F ( E )  
and is not applicable to high N R ~ .  

Here, a new method is proposed for predicting the UR-E rela- 
tionship of particles in suspensions at all N R ~ .  Predictions based on 
new method are shown to compare well both with experimental 
data and with earlier correlations. 

and 

CD = 4d(pS - ~e)g~ l (3pev ,2 )  

THEORY 

The relationship between the drag coefficient and the N R ~  (based 
on the terminal velocity) for a single particle settling in a liquid is 
available in literature (e.g., Leva, 1959). The calculation of the 
terminal velocity is facilitated by introducing a new parameter, 

(5) 

which is independent of the terminal velocity. The N R ~  (based on 
the terminal velocity) is defined as 

ff = CD(NRe,t)’  = 4gd3pt(ps - pE)/(3p:; 

NRe,t = UtdPe/Pe (6) 

and may be expressed in terms of a as 

NRe,$  = p(a) = A a B ( ( l  - F)[1 - e~p( - -C1a~1) ]~1  
+ F[ tanh(C~a~Z) ]~z}  (7) 

whereA=1 .5076 ,B=0 .5 ,C~=0 .1811 ,D~=0 .2381 ,E~=2 .1 ,  
C2 = 0.3480, Dz = 0.1471, E2 = 3.4, and F = 3.9. The predictions 
of Eq. 7 agree within 5% with the NRe,t - a relationship given by 
Wallis (1969). It is proposed here that this relationship also holds 
true for particles in suspensions for which the corresponding N R ~ , ,  
and a, are defined for suspensions, or 

(8) 

NRe,m = vrdprn/pm (9) 

a m  = 4gd3pm(ps - P ~ ) I ( ~ C ( ; )  
and 

where the subscript m refers to the properties of the suspension. 
For a suspension of particles of the same density, pm is given by 

Pm = ~ s ( 1  - €1 + P ~ E  (10) 

The suspension viscosity is related to the porosity of the suspension 
(i.e., volume concentration) (Thomas, 1965) as 

M = p m / p i  = 1 + 2.5(1 - E) + 10.05(1 - E ) ~  

+ 0.00273 exp[16.6(1 - E ) ]  (11) 

The term ut of Eq. 9 represents the relative velocity between the 
suspended particle and the liquid medium. It is equal to U , / t  in 
the case of batch fluidization and to Ut  in the case of a single par- 
ticle settling in an infinite liquid. Using Eq. 5 through 9, the fol- 
lowing relationships can be easily established: 

(12) 

(134  

(Y, = at[€ + (1 - E ) R ] / M ~  

NRe,m = NRe,tURIE + (1 - €)RI/M 

where R represents the density ratio ps /pe ,  and 

or 

From Eq. 7 and the hypothesis that the NRe,t - a relationship is 
the same as the N R ~ , ,  - a, relationship, the above expression 
becomes 

(14) 
where /?(am) is of the same functional form of /?(a) (i.e., Eq. 7) with 
am replacing a. Thus, U R  depends upon a (which defines the 
regime according to Eq. 5); E (i.e., the suspension concentration); 
and R ,  the density ratio. For two limiting cases of high and low 
N R e , t ,  the following expressions are obtained: 

(i) LOW N R ~ , ~ .  This refers to the Stokes regime, where /?(a) = 
a/24. Eq. 14 gives 

UR = MP(am)/l[f + (1 - E)RIP(~)J 

UR = E/M (15) 
(ii) High N R ~ , ~ .  This refers to the Newtons regime where /?(a) 

(16) 

= (a/0.44)0.5. Equation 14 gives 

UR = ( f / [ E  + (1 - E)R}’.’ 

-a3 -0.2 - 0.1 
LOG ( e l  

Figure 1. Comparison of the present method with earlier correlations. 

R - 2  Richardson and Zaki (1954) 

G-A: Garside and AlDibouni (1977) 

1 - 2  lshll and Zuber (1979) 
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Figure 2. Comparison of the present method and earlier correlations with experimental data in the Newton's regime. 

COMPARISON WITH EXPERIMENTAL DATA 

(i) Low NRe,t. The UR-E relationship predicted by the present 
method at low NRe,t is given by Eq. 15, which is identical to the 
expression proposed by Ishii and Zuber earlier (1979). As pointed 
out by these authors, Eq. 15 agrees well with experimental data at 

(ii) Intermediate NRe , t .  Figure 1 shows the predictions of the 
present method and those of the earlier correlations at two different 
values of N R e , t .  The earlier correlations give a unique UR-E rela- 
tionship at a given N R e , t .  The present method, however, includes 
another parameter, i.e., the density ratio, R ,  as evidenced by Eq. 
14. In the Stokes' law regime at low N R e , t ,  viscous forces dominate, 
and R is unimportant (Eq. 15). As N R ~ , ~  increases, however, inertia 
becomes more and more important, and so does R.  Figure 1 shows 
two lines predicted by the present method for different values of 
R (corresponding approximately to the fluidization of glass and 
steel spheres by water). The difference between these lines is not 
very large, and both are seen to agree quite well with the method 
of Ishii and Zuber. Both the present method and that of Ishii and 
Zuber predict lower U R  at low E than the correlations of Richardson 
and Zaki (1954) and Garside and AlDibouni (1977). The original 
data of Richardson and Zaki also indicate this trend, however, as 
Ishii and Zuber have pointed out. 

(iii) Large NRe,t .  The experimental data reported by Richardson 
and Zaki (1954) and by Wilhelm and Kwauk (1948) which fall into 
this regime are shown in Figure 2 and cover the range of R = 2.35 
to 7.74. The broken lines were drawn through the experimental 
data. The predictions of the present method are seen to agree well 
with the lines representing experimental data. The figure also shows 
that the predictions of the present method compare very well with 
those of the earlier correlations. The present method differs 
qualitatively from the earlier ones in one respect, i.e., it predicts 
that the UR-E relationship depends upon R .  This dependence is 
most pronounced at high NRe, t .  The amount of experimental data 
available in this regime is, however, insufficient to conclude 
whether or not such a dependence is observed in practice. 

low NRe,t .  

One of the advantages of the present method is that it leads to 
a single equation, Eq. 14, which is applicable at all N R ~ , ~  and re- 
duces to the appropriate asymptotic forms. There is no need to 
divide the complete range of NRe, t  into different regimes. 

The present method can be applied easily to systems involving 
particles of different types. During sedimentation and fluidization 
of such systems, the different types of particles also tend to segre- 
gate. The application of the present method to such a system at low 
NRe,t  gives 

Psi - Pm 
uR4 = (zTG)/ 

where the subscript i refers to a particular type of particle. The (pd 
- p,) term in the numerator implies that particles heavier than 
the liquid can move upwards with respect to the liquid if pm is 
sufficiently high. This equation is identical to Eq. 4, which is based 
on the derivative presented by Masliah (1979), except for the fact 
that F ( E )  is replaced by 1/M. Masliah applied his equation to the 
experimental data of Richardson and Meikle (1961), which covered 
the range of E = 0.7 to 1.0. It can be shown rather easily that F ( E )  
and 1/M are very nearly equal in this range of E .  

CONCLUSIONS 

A new method is developed for predicting the velocity-voidage 
relationship for sedimentation and fluidization of solid-liquid 
systems at all Reynolds numbers. It is based on the use of the 
CD-NR, relationship for a single particle and the use of suspension 
density and suspension viscosity. The predictions are shown to be 
in good agreement with experimental data and earlier correlations. 
The method is also applicable to systems involving several species 
of particles. 
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Greek Letters 

a = CD(NRe,t)’  
= functional form in Eq. 7 
= porosity t 

P = density 
P = viscosity 

P 

NOTATION 

= drag coefficient 
= particle diameter 
= a function appearing in Eq. 4 
= acceleration resulting from gravity 

= Reynolds number defined by Eq. 2 
= Reynolds number for a suspension defined by Eq. 9 
= Reynolds number based on terminal velocity, defined 

. = Pm/Pe 

by Eq. 6 
= Ps/Pe  
= superficial liquid velocity 
= or /  ut 
= terminal velocity of a particle in an infinite medium 
= relative velocity between liquid and particles 

Subscripts 

i = ith particle species e = liquid 
m = mixture or suspension 
S = solid 
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Electroconvective Enhancement of Mass or Heat Exchange Between a 
Drop or Bubble and Surroundings in the Presence of an Interfacial 
Tension Gradient 
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Experimental evidence suggests (Thornton, 1968; Bailes and 
Thornton, 1971; Harker and Ahmadzadeh, 1974 Bailes, 1981) and 
computations appear to confirm (Motrison, 1977; Griffiths and 
Morrison, 1979; Chang et al., 1982; Chang and Berg, 1983) that 
electric fields may, under certain circumstances, lead to significant 
enhancements in the mass (or heat) exchange rate between drops 
or bubbles and a surrounding liquid medium. The premise of the 
computational models is that such enhancement may be traced to 
electric-field-induced circulation in the drop, as first described by 
G. I. Taylor (1966). When the drop is stationary with respect to the 
external medium and the electric field is uniform, the circulation 
takes the form of a symmetrical pair of tori inside the drop, with 
surface flow directed either from the poles toward the equator or 
vice versa, depending on the electrical properties of the system. 
For the situation more likely to exist in practice, in which the drop 
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or bubble translates by gravity and the electric field is oriented 
parallel to the translation, the flow becomes a hybrid between the 
single torus, Hadamard-Rybczynski circulation and the elec- 
trohydrodynamic circulation, as described by Taylor (Chang et 
al., 1982; Chang and Berg, 1983). The torus on the rear side of the 
drop is reduced in size and may be absent altogether. tinder the 
latter conditions, no significant electroconvective enhancement 
of exchange rates may be anticipated. The extent of flow modifi- 
cation by the electric field may be conveniently characterized in 
terms of the dimensionless parameter W (Chang et al., 1982): 

4V(1 + X) 
uo 

W =  

where V is the maximum electrically-induced interfacial velocity 
in the corresponding Taylor problem and is given by: 
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