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Abstract 

This article gives a general review of sedimentation behavior relating to dilute 
suspensions of solids in liquids. There is a strong assumption that partial-fluid 
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2 BHATTY ET AL. 

association is the factor responsible for variations of sedimentation behavior 
from one suspension system to another. Studies are therefore cited to acquire an 
understanding of the hydrodynamic interactions between the solids and liquids 
within suspensions. Behavior of colloidiil suspensions is also included, and the 
effects of such factors as liquid dielectric constant, charge density, and electrical 
potential on the interaction of particles are discussed. 

INTRODUCTION 

A number of industrial processes deal essentially with the movements 
of solids in fluids. The phenomenon is of extreme theoretical and 
practical importance in processes such as differential settling, sedi- 
mentation, thickening, and filtration. The behavior of particles in a very 
dilute suspension (Reynolds number Re < 1) was studied by Stokes in 
1851 when he determined the limiting (i.e., maximum) velocity V,  of an 
isolated spherically shaped particle in a viscous liquid by 

where g = acceleration due to gravity (cm/s2) 
r = radius of particle (cm) 
pS = density of the solid particle (g/cm3) 
p, = density of the liquid (g/c1n3) 
rl = absolute viscosity of liquid (g/cm * s) 

A brief description of Reynolds number is given in the Appendix. 
Under the Stokes’ conditions it is asimmed that resistance to the motion 
of a spherical particle R is directly proportional to the size and velocity of 
the falling particle and is given by 

in which r is the radius of the sphere and u is the velocity of fall of the 
particle. This is true of large or small spheres provided IJ is small enough. 
The fact should be emphasized that Stokes’ law, although holding for low 
velocities of all moving spheres, holds for the terminal velocity of smaller 
spheres, but fails for the terminal velocity of large spheres (I). 

Under Newton-Rittinger conditions, the resistance to the motion of a 
sphere is 
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SUSPENSIONS AND SEDIMENTS. I 3 

(3)  
C,np,r2v2 

2 
R =  

in which C, is known as the coefficient of resistance. This equation deals 
with motion under turbulent resistance conditions. 

In suspensions of higher solid concentrations, there is a real possibility 
that the fall of any single particle will be hindered by the other particles 
in its path. It is found that solid-liquid and solid-solid interaction causes 
departure from Stokes’ law at particle concentrations higher than a 
certain value, and, therefore, the settling behavior of a single particle in a 
concentrated suspension is dependent on the neighboring solid particles 
and on the relative increase in the density of the suspension. 

The degree of these interactions is controlled by the overall interfacial 
area between the liquid and the solid, which increases by the intro- 
duction of more and more solid particles into thc suspension. Small 
particles will give relatively larger interfacial areas for unit mass and will 
thus result in a higher degree of interaction. 

For larger particles the interaction will be reduced and, thus, their 
settling will be relatively more influenced by other physical factors, such 
as size, shape, specific gravity, and concentration of particles in the 
suspension. 

MOVEMENT OF PARTICLES IN DILUTE SUSPENSIONS 

If a number of particles are settling simultaneously in a liquid, the 
conditions are different from those in which a single particle is settling. 
For a particle falling in a liquid, there must be an appreciable 
displacement of fluid in the direction opposite to that of the motion of the 
particle. In the case of particles falling in a “still” liquid, the liquid ceases 
to be “still” as a first approximation if the particks are present in large 
numbers. 

Hall (2) and Boardman and Kaye (3) studied the settling rate of a single 
particle in the presence of another particle or even a container wall and 
showed it to be effected in such a way that when the particle is settling 
near the wall its velocity is reduced, but when it is brought near other 
particles its velocity is increased. This degree of acceleration was also 
reported by Happel (4) who attributed it to be a function of interparticle 
distance and the geometric locations of the particles. 

The interparticle distance varies constantly, so the actual distance 
cannot be assumed. From the foregoing observations, a suitable wall 
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4 BHATTY ET AL. 

correction can be calculated from the: Munroe equation (5)  which relates 
the settling velocity (V,) of a particle to the ratio of the radii of the particle 
and the cylinder: 

v,= 1 -  

where r and r‘ are the radii 
respectively. 

(4) 

of the particle (sperical) and the cylinder, 

The determination of an appropriate particle radius is still doubtful 
under these conditions due to the fact that in Muilroe’s experiments, the 
“cylinder wall” is supposed to be a real stationary boundary, but it is an 
imaginary and moving boundary in the case of the application of this 
equation to the movement of particles “en masse.” The problem is the 
same with the application of Francis.’ equation for wall correction (6): 

Francis’ correction has been applied to the calculation of settling 
velocities of various size glass ballotinis settling in aqueous glycerol. 
Table 1 shows a comparison of the (calculated, observed, and corrected 
settling velocities and the corresponding particle radii. 

The wall correction factor will be minimal for Gne particles settling in a 
large diameter container because the ratio r/r’ will become much 
smaller. 

In an observation by Kaye and Boardman (3), the particle acceleration 
effect was found to be due to particle-particle interaction in dilute 
suspensions. This has been explained by the formation of clusters 
enabling groups of particles to fall more quickly than individual 
particles. The mean observed settling rate, therefore, increases above the 
Stokes’ limiting value V, with an increase of solids concentration up to 
some maximum value. On a further increase of concentration, however, 
the velocity falls rapidly because the phenomenon of return flow 
counteracts the cluster formation and hindered settling is dominant after 
that. These observations, therefore., lead to a general form of the 
sedimentation curve of the type shown in Fig. 1. 

The variation in settling time may be used as a measure of the degree of 
clustering. The interaction between particles leads tc the formation of 
doublets, triplets, quadruplets, and even larger clusters. 

Gotoh et al. (7) and Kame1 et al. (8) emphasized that the formation and 
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6 BHATTY ET AL. 

I I - SOLID VOLUME FRACTION 0 

Fic. 1 .  Dependence of sedimentation rate on ,concentration of suspensions of closely sized 
spheres (V, = Btokes' velocity). 

stability of a cluster depends on the :size ratio of the component spheres, 
and Hall (2) reported that in a pair of spheres of different sizes, a stable 
doublet will not be formed. 

Kay and Boardman's observations on the formation of clusters in 
dilute suspensions have been confirmed by studies by Slack (9), Hocking 
(ZO), Johne (ZZ), Koglin (12-15), and Bhatty et al. (16, 17). Studies by 
Maude and Whitmore (18) and Bhatty et al. (16) considered a cluster of 
particles as a single large particle of appropriate chemistry but of reduced 
rigidity. This may very well be attributed to the attached immobile liquid 
within the cluster which causes it to settle with a lower velocity. 

Hawksley (19) earlier pointed out that a suitable correction factor could 
be applied to those formations in which particles are close enough so that 
the interparticle distance is smalller than their distance from the 
container wall. The resultant effect observed was a greater terminal 
velocity of the cluster due to reduction in drag on the individual particles. 
In a theoretical study on particle--particle interaction for a pair of 
spheres, Happel (4 )  calculated the ratio of the drag force exerted on either 
sphere to that exerted on a single! sphere against LID, the ratio of 
interparticle separation, where L is the center-to-center distance between 
spheres of diameterD (spheres touching whenL = D). These calculations 
have been carried out for cases of a1 falling sphere (a) parallel and (b) 
perpendicular to their center lines. The results are shown in Table 2. For 
LID greater than 10, this interaction becomes negligible. 
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SUSPENSIONS AND SEDIMENTS. I 7 

TABLE 2 
Ratio of Drag Force Exerted on the Plane of Spheres to That Exerted on a 
Single Sphere for Cases of Spheres Falling (a) Parallel and (b) Per- 

pendicular to Their Center Lines 

LID 1 2 3 4 5 6 7 

(a) 0.65 0.73 0.80 0.83 0.86 0.80 0.91 
0) 0.70 0.83 0.87 0.91 0.93 0.94 0.95 

Oseen (20) showed that for two identical spheres falling in a vertical 
line, the retardation on the following sphere is smaller than on the 
leading sphere, so that they move toward each other. A large sphere 
falling in a vertical line in the vicinity of a small sphere may pick up the 
small sphere so that it revolves around the large sphere as a satellite. 

In cases where large spheres settle in a suspension of fine spheres, the 
fine particles act as a part of the fluid. The particle segregation occurs up 
to a limiting concentration when an interlocking mechanism prevents 
further segregation, and the suspension then settles “en masse.” Lockett 
and Hobbooley (24, while working on polydispersed suspensions, 
reported segregation of particles, resulting in the formation of multiple 
layers within the suspension which correspond to different particle sizes. 
Later Bhatty et al., while working on polydispersed suspensions of glass 
ballotinis in aqueous glycerol, confirmed this finding (22). 

While dealing with dilute suspension, Einstein (23) found that the 
change in settling velocity of a particle may be due to an increase in the 
viscosity of suspending liquid from q to qs: 

( 6) 

where (1 - E) is the solid volume fraction, i.e., the volumetric fraction of 
the suspension occupied by the solid. According to Kynch (24,25),  this 
formula requires modification for suspensions where (1 - E) > 1%. 

For microsized particles, known as colloidal particles, interactions of a 
physical nature are far less significant because the particles are so small 
that the electrical forces at the particle surfaces become responsible for 
the particle-particle and particle-liquid interactions. 

qs = ~ [ l  + 2.5(1 - E ) ]  

INTERACTION OF COLLOIDAL SIZE PARTICLES 

There are two principal forces which can be held responsible for the 
interaction between two particles in the colloidal size range: Coulombic 
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8 BHATTY ET AL. 

and van der Waals. Coulombic forces, are due to the net electrical charges 
of both particles and they may result in attraction or repulsion of the 
particles. These forces decrease with the square of the distance between 
the particles. Van der Waals forces are also based on electrical inter- 
actions. They do not involve two net charges, are always attractive, and 
decrease more rapidly with distance. They are due to the interaction of 
instantaneous asymmetric charge distribution on and about the particles. 

When two molecules, each carrying a dipole, are close to one another, 
they mutually influence their orientation so that a net attraction results. 
This causes the particles to cluster into flocs. The magnitude of this force 
has been successfully worked out by London (26) and by Slater and 
Kirkwood (27) on the basis of wave mechanics. According to them, the 
potential of attraction between the two like molecules varies inversely as 
the sixth power of the distance. From the basic implication of wave 
mechanics treatment, the summation of the attractive potential between 
atomic planes of two particles consisting of many molecules can be 
achieved. In considering this evaluation for two spheres, each of radius r, 
at a nearest distance D, the attractive ]potential energy per pair of spheres, 
w,, according to Verwey and Overbeek (28) is 

A r  
w A = - -  120 (7)  

where A is a constant value which depends upon the natures of the 
material and the separating medium. 

Bowman and Hughes (29) considered the effect of any dispersing 
medium on the interparticle reaction to be negligible, whereas according 
to Weisberg (30) the dielectric constant of the medium is of importance 
when the effect on interaction energy among neutral particles is 
considered. Davies, Dollimore, and Sharp (31) mentioned that there is no 
simple relationship between dielectric constant and flocculating be- 
haviour of the medium; but for organic liquids, simple electrostatic 
considerations would suggest that the: tendency to flocculation would be 
inversely proportional to dielectric constant. 

The simplest expression for the charge interaction is given by the 
Poisson equation: 

d2  d2 d2  
dx2 dy dz 

where V2 = the Laplace operator - + + 7 
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SUSPENSIONS AND SEDIMENTS. I 8 

w = electrical potential 
d, = charge density in the double layer 
0, = liquid dielectric constant 

The rate of decrease in w with distance from the particle surface is thus 
inversely related to the liquid dielectric constant, and (other things being 
equal) the range of the effect of the electrostatic charge will be greater in 
liquids of higher D,. Thus the electrostatic hindrance is expected to be at 
a maximum with charged or polar particles of large surface area per gram 
in polar solvents, and at a minimum with uncharged or nonpolar solids 
of small specific surface in nonpolar solvents. For instance, the behavior 
of calcium carbonate suspensions in liquids of different dielectric 
constants (0,) has been presented by Davies (32) who noted the change in 
the flocculation factor n as a function of D,. Factor n is given in a 
generalized Richardson and Zaki's (33,34) expression as 

Q = KE" (9) 

where Q is the settling rate (cm/s) of the suspension, V,  is the Stokes' 
terminal velocity (cm/s), and E is the suspension porosity. An increase in 
n corresponds to an increase in flocculation of particles in suspension. 

Data for calcium carbonate suspension in various liquids is shown in 
Table 3. Liquids with higher dielectric constants (0,) generally show 
higher values of n, and therefore have a higher tendency to flocculate. 
However, higher values of n with low D, liquids such as benzene, ether, 
and ethyl acetate have revealed even further complexities. The correla- 

TABLE 3 
Values of Flocculation Factor n as a Function of 
Dielectric Constants of Different Liquids Used in 

Calcium Carbonate Suspensions 

Dielectric Flocculation 
constant factor 

Liquids (D,) n 

Benzene 
Diethyl ether 
Ethyl acetate 
Ethyl acetoacetate 
Acetone 
Water 
0.137 M NaCl 
0.9 1 5 M NaCl 

2.3 
4.3 
6.4 

15.9 
21.4 
78.0 

>78.0 
>78.0 

48.6 
35.6 
36.1 
38.2 
24.4 
62.2 
73.9 
74.2 
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10 BHATTY ET AL. 

tion between the dielectric constant and the hydrodynamic intera :tion 
between the particles is therefore not straightforward, and it requires 
further investigations. Davies (31) :suggested that most probably the 
mechanism of interaction observed with higher D, liquids in calcium 
carbonate suspensions is of electrostatic origin. 

CONCEPT OF DlOUBLE LAYER 

The boundary between a solid particle and the surrounding liquid is 
assumed to be the location of physical and chemical forces, known as 
boundary forces, which depend upon the properties of both phases. A 
solid particle in an aqueous environment acquires a surface charge due 
either to the disassociation of surface groups or the preferential adsorp- 
tion of ions. This charge is then b,alanced by an opposite charge of 
counterions. This leads to the existence of a double layer, first suggested 
by Helmholtz (39 ,  whose views were later modified by Gouy (36) and 
Chapman (37) who considered the second layer as a diffused one in 
which the ions of opposite charge (the counterions) are concentrated near 
the surface while the ions with similar charges (the co-ions) are repelled. 
Hence, there is an excess of counterions over co-ions in the vicinity of the 
surface, but this ion concentration decreases toward the bulk of the 
solution where it becomes uniform. Stern (38) further modified this 
theory by introducing a correction to the ionic thickness of the layer 
immediately adjacent to the surface (the Stern layer). This layer is 
considered to be held firmly to the surface through the electrostatic 
forces, and it is strong enough to overcome thermal agitations. Thus, the 
resulting electrical double layer consists of a compact Stern layer 
adjacent to the surface and a diffused layer, called the Gouy layer, 
immediately outside it. 

Only this diffuse layer of ions is free: to move. A free particle will tend to 
fall through its diffuse layer, leading to a polarization of charge 
distribution (Fig. 2) with a consequent diminution in the sedimentation 
rate. The electric potential gradients on and near a solid-liquid interface 
are represented schematically in Fig. 3, which is based on the work of 
Stern (38). The Stern layer is a layer of specifically adsorbed ions and of 
ions located within a distance from the solid surface. Following Kruyt 
(39), it is assumed that the Stem layer is immovably attached to the 
particle, moving with it during particle movement. It is also assumed that 
the zeta potential measures the electrical potential at the effective slip- 
ping plane between the particle (and associated fluid) and the bulk fluid. 
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SUSPENSIONS AND SEDIMENTS. I 11 

FIG. 2. Sedimentation of a solid particle through its diffuse layer of charge (schematic). 

Analysis of the electroviscous problem for suspensions is much more 
complex than for single particles because the effects of electrostatic 
interactions between the particles, and of flow round the particles, must 
be taken into account. Sengupta (40) indicated that if the double layer 
thickness is much greater than the mean separation between particles 
and there is laminar flow, the suspension may be regarded as an ordinary 
electrolyte, the particles being merely exceptionally large and highly 
charged ions. 

For the case where the double layer thickness is small compared to the 
mean separation, and again with laminar flow, the potential near any 
given particle will be undisturbed by electrical effects from other 
particles. However, the retardation field of the particle, arising from the 
polarization of the otherwise symmetrical field by fluid flow, will be 
supplemented by an additional consideration representing the inter- 
actions between electrostatic fields and the effect of the fluid flows round 
the particles. 

The potential between the Stern layer and the diffused layer (Gouy 
layerj is probably very close to the electrokinetic potential, frequently 
called the zeta potential (0, i.e., the potential difference between the rigid 
solution layer and the mobile part of the solution adjacent to the bulk 
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12 BHATTY ET AL. 

ZETA POTENTIAL 

SURFACE 
POTENTIAL 

PARTICLE ,, 
SURFACE 

- I 
STERN 
(FIXED) 
LAYER 

SURFACE OF SHEAR BETWEEN PARTICLE 
(AND ASSOCIATED LIQUID) AND BULK LIQUID. 

FIG. 3. The electrical potential gradients on and near a solid-liquid interface of a suspended 
particle (schematic). 

solution. The important application alf the zeta potential is the estimation 
of the surface charge of solid particles in an electrolyte solution. 

A change in the composition of the medium results in a change in the 
zeta potential; sometimes in an increase, sometimes in a decrease, and 
sometimes even a reversal of sign. 

If an ion is preferentially adsorbled by the solid particle from the 
medium or is preferentially diffused from the solid into the medium, this 
is a potential-determining ion of particular significance. The charge on 
the particle is therefore sensitive to a change in the ionic concentration of 
the medium, which may easily be brought about by changing the pH of 
the medium. At a certain pH value the zeta potential is nil and the surface 
is neutral; this is at zero point of charge (z.P.c.), which differs for different 
materials. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SUSPENSIONS AND SEDIMENTS. I 13 

APPENDIX 

The Reynolds number, Re, is an absolute number lacking in physical 
dimensions. Dimensionally: 

where r = radius of the solid particle 
u = velocity of the particle 
p, = density of the liquid 
q = viscosity of the liquid 

This was derived by Osborne Reynolds and has since become indespen- 
sible in fluid mechanics. Stokes’ law is accurately valid up to Re = 0.6. In 
contrast, the Newton-Rittinger relationship is approximately valid from 
Re = 800 to Re = 200,000. From Re = 0.6 to Re = 800, no theoretical 
formula is valid. 

REFERENCES 

1. A. M. Gaudin. Principles ofMineral Dressing McGraw-Hill, London, 1939. 
2. W. E. Hall, PhD Thesis, University of Birmingham, United Kingdom, 1956. 
3. B. H. b y e  and R. P. Boardman. Proceeding ofthe Symposium on the Interaction between 

Fluids and Panicles, Institution of Chemical Engineers, London, 1962. 
4. J. Happel and H. Brenner. Low Reynolds Number Hydrodynamics, Prentice-Hall, 

Englewood Cliffs, New Jersey. 1951. 
5. H. S. Munroe. Trans. Am. Inst. Min. Eng., 17, 637 (1888-89). 
6. A. W. Francis. Physics, 4. 403 (1933). 
7. K. Gotoh, W. S. Jodrey, and E. M. Tory, Powder Technol., 21, 285 (1978). 
8. M. T. Kamel. E. M. Tory. and W. S. Jodrey, hid.,  24, 19 (1979). 
9. G. W. Slack Reported in part by R. E. Pattle. 3rd Congr. Eur. Fed., Chem. Eng. London, p. 
40 (1962). 

10. L. M. Hocking, J .  Fluid Mech., 20, 129 (1964). 
11. R. Johne, Chem.-Ing. Tech., 38, 428 (1966). 
1.2. B. Koglin, Dip. Ing. Thesis, University of Karlsruhe, West Germany, 1971. 
13. B. Koglin. Proc. Conf Particle Tech., Chicago, 1973, p. 265. 
14. B. Koglin, 1st European Symposium on Panicle SizeMeasurement. September 17-19. 1976, 

15. B. Koglin and A. Taweel, Harold Heywood Symposium, Loughborough, United 

16. J. I. Bhatty, D. Dollimore, L. Davies, and G. A. Gamlen, Powder Technol., 25, 53 

17. J. I. Bhatty, Sep. Sci. Technol., 2(9), 953 (1986). 
18. A. D. Maude and R. L. Whitmore, Br. J.  Appl. Phys., 4, 477 (1958). 

Nuremberg. p. 235. 

Kingdom, September 1973. 

(1980). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



14 BHATTY ET AL. 

19. P. G. W. Hawksley. Br. Coal Utilization Ra. Assoc. Bull.. 5, 4 (1951). 
20. C. W. Oseen, Leipzig Akad. Verlag, 8 (1927). 
21. M. J. Lockett and H. M. Hobbooley, Trans. Inst. Chem. Eng.. 51, 281 (1973). 
22. J. I. Bhatty and D. Dollimore, in Paniculate and Mulriphase Processes, Vol. 3. Colloidal and 

Interphase Phenomenon, (T. Airman and T. N. Veziroglue, eds.). Hemisphere Publica- 
tions, New York 1987. p. 77. 

23, k Einstein, Kolloid Z.. 27, 137 (1922). 
24. G. J. Kynch. Br. J.  Apl. Phys., 3, 5 (1954). 
25. G. J. Kynch, J.  Fluid Mech.. 5, 193 (1959). 
26. F. London, Phys. Z.. 60. 419 (1930). 
27. J. C. Slater and J. Kirkwood. Phys. Rev., 37, 682 (1931). 
28. E. J. W. Venvay and J. Overbeek. Theory of Stability of Lyophobic Colloid,s, Elsevier, 

29. k Bowman and W. J. Hughes. J. Oil Colour Chemist'As.soc.. 34, 412 (1951). 
30. H. E. Weisberg. Off Dig. Federation Soc. Paint Technol.. p .  1152 (1962). 
31. L. Davies. D. Dollimore. and J. H. Sharp, Powder Technol., 5, 61 (1976). 
32. L. Davies, PhD Thesis, University of Salfomrd. United Kingdom. 1977. 
33. J. F. Richardson and W. N. Zaki. Chem. Eng. Sci.. 3, 65 (1954). 
34. J. F. Richardson and W. N. Zaki, Trans. Inst. Chem. Eng.. 32. 35 (1954). 
35. H. Helmoltz. Ann. Phys., 7, 337 (1879). 
36. M. Gouy. J. Phys., 9, 457 (1910). 
37. D. L. Chapman. Philos. Mag., 25, 475 (1913). 
38. 0. Stern. J.  Electrochem., 30. 508 (1924). 
39. H. R. Kruyt, Colloid Science, Val. I. Elsevier. Amsterdam. 1952. pp. 1. 78. 197. 
40. M. Sengupta, J. Colloid Interjace Sci.. 26, 240 (1968). 

Amsterdam, 1948. 

Received by editor December 21. 1987 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


