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= universal constant in Equa- 

= molecular weight 
= pressure, lb./sq. in. abs. 
=: critical pressure, lb./sq. in. 

abs. 
= critical pressure of reference 

substance 2, lb./sq. in. abs. 
= reduced pressure, dimension- 

less 
= critical temperature, O K .  

= reduced temperature, dimen- 

= temperature, “C. 

tion (3) 

sionless 

Letters 

= viscometer constant at tem- 
perature and pressure, sq. 
cm./ sec.‘ 

= viscometer constant corrected 
to 0°C. and 0 pressure, sq. 
cm./sec.’ 

= fall time interval, sec. 
= absolute viscosity, poise 
= density of fluid, g./cc. 
= critical density of fluid, g./ 

= density of the falling body, 
cc. 

g./cc. 
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Suspension of Slurries by Mechanical Mixers 
JOEL WEISMAN and L. E. EFFERDING 

Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

The production of essentially homogeneous slurries involves both initial solids suspension and 
expansion of the particle bed to fill the container. When geometry and solids concentration are 
held constont, both phenomena are found to be controlled by similar dimensionless groupings 
of power per unit volume, density, and relative velocity between the fluid and particle. 
The dimensionless group applicable to bed expansion is  shown to be consistent with hydro- 
dynamic theory. Design equations for use with the paddle type of impeller are presented. 

Sliirries have recently been used in 
an increasing number of industrial sit- 
uations. An application of major inter- 
est is the proposed use of an aqueous 
thoria-urania slurry as a nuclear reactor 
fuel. Solving the .problems associated 
with the use of this fuel in a large-sized 
power plant has been the subject of an 
extensive research and development 
program (7, 8). 

Maintenance of an essentially homo- 
geneous suspension is one of the prime 

Tabular material has been deposited as docu- 
ment No. 6288 with the American Documenta- 
tion Instihrte Photoduplication Service Library 
of Congress h’washin on 25 D. C an& ma be 
obtained foi $2.50 E r  phoioprints”or $1.72 for 
35-mm. microfilm. 

requisites for successful operation of a 
slurry-fueled nuclear power plant. 
Therefore as part of the development 
program the problems of slurry suspen- 
sion were investi ated in several types 

ported in this paper were one aspect 
of this investigation. The specific ob- 
jectives of these mixing ‘experiments 
were to determine for the turbulent 
region the factors controlling the pro- 
duction of essentially homogeneous 
suspensions of solid particles by me- 
chanical mixers and to obtain the in- 
formation necessary for the design of 
large mixers suitable for use in plant- 
sized slurry storage tanks. 
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of equipment. T !I e mixing studies re- 

PREVIOUS STUDIES ON SLURRY 
A G I T A T I O N  

Hixson and co-workers (3 to 6) in 
an extensive study of the agitation of 
slurries of soluble salts determined 
mass transfer coefficients as a function 
of mixing Reynolds number and system 
geometry. 

White, Summerford, et d. (24 ,15 )  
and Raghavendra and Mukherji (11) 
studied the distribution of sand in un- 
baffled tanks using paddle agitators. 
White et al. found that with coarsely 
sized material the fines were suspended 
but the large particles remained at the 
tank bottom. Later studies with more 
closely sized material of various sizes 
(0.14 to 0.42 mm.) showed that it was 
not possible to achieve complete SUS- 
pension of all the sand particles in 
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their system. They concluded that in 
an unbaffled System the vortex estab- 
lished at high speeds produces cen- 
trifugal forces which are sufficiently 
strong to combat the forces tending to 
produce a more uniform concentration. 

The mixing of dilute suspensions of 
insoluble solids in highly viscous 
liquids was investigated by Hirsekom 
and Miller (2). The particle size, 
liquid viscosity, and tank diameter 
were simultaneously varied so that 
both the mixing Reynolds number and 
particle settling rate were maintained 
approximately constant. The minimum 
power to achieve suspension was de- 
fined as the power input when all par- 
ticles were lifted from the bottom of 
ths tank. The authors' results can be 
expressed as 

( P J V , )  ( C O D )  = constant (1)  
It was noticed that just as complete 
suspension was obtained, the portion 
of the liquid nearest the surface was 
devoid of solids. The material below 
the slurry-fluid interface was however 
essentially uniform in concentration. 

Zwietering (16) reported the results 
of an extensive investigation of stirrer 
speeds and dimensions required to 
suspend various slurries. He considered 
only the question of suspension and 
reported no quantitative information 
on the degree of homogeneity of the 
mixture. Zwietering did note that with 
rapidly settling particles just at  their 
suspension point a layer of clean liquid 
exists adjacent to the surface. The in- 
vestigation included studies with pad- 
dles, turbines, vaned disks, and pro- 
pellers. When one uses Hirsekorn and 
Miller's ( 2 )  suspension criterion (no 
particles remaining on tank bottom), 
the conditions required for suspension 
could be correlated by 

Nd"" 
v0'lS0 ( gAp/pt  ) MB0.13 

S =  

= F [ ( D / d )  (a/D)I ( 2 )  
The effect of D/d and D/a  were pre- 
sented graphically for each of the im- 
peller types studied. For paddle type 
of impellers the dimensionless charac- 
terization group s increased with in- 
creasing values of D / d  and a/D. 

In studies of the rate of solution of 
salt crystals in an agitated tank Kneule 
(9) found that applied power inputs 
beyond those required just to suspend 
the particles had little effect on the 
rate of mass transfer. If the notation of 
Zwietering (16)  is used to facilitate 
comparison, the suspension-power cor- 
relation presented by Kneule can be 
written as 

Values of A were not presented by 
Kneule. The correlations of Rushton 
et al. (12) show that the mixing power 
is given by 

Since for a given geometry N ,  is a con- 
stant in the fully turbulent region, one 
can rewrite Equation (3)  as 

If one notes that for most of the sys- 
tems tested p,,, does not differ greatly 
from pi,  the marked similarity of Equa- 
tions (2) and.(5) is evident. 

It is pointed out in the work of 
Hirsekorn and Miller ( 2 )  that the sus- 

Fig. 1. Mixing-tank arrangements. 

pension of particulate solids involves 
two distinct problems: the initial sus- 
pension of the particles and the com- 
plete dispersion of the already sus- 
pended solids. At the beginning of 
this investigation the literature data 
on the former problem were not in 
complete agreement, and there was es- 
sentially no information applicable to 
the latter problem in the fully turbu- 
lent region. 

EXPERIMENTAL APPARATUS 
AND MATERIALS 

Methods of producing slurry sus- 
pensions by rotating mixers were studied 
in transparent cylindrical tanks having 
diameters of 5M, 9% and 11% in. Figure 
1 shows the arrangement of both single 
and multiple impeller systems. Each tank 
was fitted with four baffles extending to 
the tank bottom and having a baffle width 
to tank diameter ratio of 1/12. The tanks 
were mounted so that mixing phenomena 
might be observed visually through the 
walls and bottom of the vessel. In all 
cases studied, six-bladed paddle-type im- 
pellers with a width-to-diameter ratio of 
$6 were used. The impellers were 2, 3, 
and 4 in. in diameter. The mixing vessels 
were mounted in an adjustable frame so 
that the impeller height above the vessel 
bottom might be varied. 

A %-hp. variable-speed motor was sus- 
pended vertically above the vessel by 

means of a thin wire. Lateral motion was 
restricted by a loosely fitted radial ball 
bearing. The power imput to the vessel 
was computed from measurement of the 
shaft torque and speed. Torque values 
were obtained from a calibrated spring 
scale of appropriate range acting upon a 
2-in. lever arm. Speed measurements were 
obtained from an electronic frequency 
meter with a photoelectric pickup. An 
aluminum disk, integral with the motor 
chuck and painted in alternate dark and 
light bands, served as an intermittent re- 
flector for the photoelectric pickup. Dur- 
ing the course of the experiments the 
impeller power requirements varied from 
0,001 to 0.17 hp., and impeller speeds 
ranged from 200 to 2,200 rev./min. It is 
estimated that the maximum error in the 
computed power was less than 10%. 

The mixing studies were conducted 
with aqueous slurries of thorium oxide 
and both aqueous and nonaqueous slurries 
of spherical glass beads. A series of Tyler 
sieves were used to determine the average 
diameter of both sizes of glass beads 
which were studied. All particles of the 
small-size beads were between 37 and 53 
p in diameter. The average diameter was 
therefore taken as 45p. The large-sized 
glass beads were found to have the fol- 
lowing size distributions: 

Diameter range, ( a )  Weight,% 

88 - 125 6.4 
125 - 147 9.3 
147 - 177 63.2 

> 177 21.2 

100.0 

Microscopic examination of the particles 
above 177 p showed them to .have an 
average diameter of about 185 p .  The 
average diameter of the large-sized beads 
was taken as 

ZN46 
ijavg = - 

Z Nt 

By use of the mean diameter in each size 
range and the relative number of parti- 
cles in each range tiavg was computed as 
140 p. 

The hindered settling rates of slurries 
of both the large and small beads were 
measured as a function of concentration. 
At any given concentration the ratio of 
settling rates was found to be in agree- 
ment with the ratio of the squares of the 
average particle diameters. This was 
taken as a good indication that the com- 
putations had given the correct relative 
values of the average diameters. 

The problem of the determination of 
the average diameter (or free settling 
rate) of the thoria particles is more com- 
plex. Although the thoria is composed of 
very smalI particles (all under 4 p, most 
under 1 p ) ,  these particles agglomerate 
to form relatively large flocs. The mixing 
studies are concerned with the behavior 
of the flocs rather than the individual 
particles. Andreasen pipette measurements 
(without a dispersant) indicated the free 
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Fig. 3. Effect of Darticle size on power requirements and Fig. 2. Effect of Concentration on height of the slurry interface. 
height of the slurry interface. 

settling rate of the flocs to be of the order 
of 2 mm./sec. However with such a rapid 
settling rate the Andreasen pipette meas- 
urements are not accurate. The technique 
of using a substance such as glycerin to 
reduce the settling rate was not applicable 
in this case since another liquid would 
have changed the degree of flocculation. 
It will subsequently be shown that use of 
2 mm./sec. for the free settling rate to- 
gether with the assumption that the thoria 
flocs are half water allows the thoria data 
to be related to those obtained with glass 
beads. Additional support for this assump- 
tion is given by the work of Taylor and 
Biancheria (I ,  13) in the correlation of 
room-temperature hindered settling rates 
with settled bed densities. They found 
that use of a 2 mm./sec. free settling rate 
and a 50% particle porosity in their 
equations resulted in a good correlation of 
the data for the thoria used in the present 
study. 

DlSPERSlON OF AQUEOUS SLURRIES 
IN THE TURBULENT REGION 

The first problem studied was that 
of dispersing already suspended solids 
throughout the vessel volume. Zwieter- 
ing's (16) and Hirsekom and Miller's 
(2) observations that areas devoid of 
solids may exist adjacent to the air- 
liquid interface although all particles 
are suspended were confirmed, and a 
range of power inputs was found for 
which no particles remain on the tank 

bottom but a definite slurry-water in- 
terface exists. As the power input is 
increased, the interface rises until the 
slurry finally occupies the entire tank. 
The variation in concentration with 
distance below the interface was in- 
vestigated by measuring the change in 
pressure with liquid depth at a number 
of positions. The measurements were 
made with manometer dip tubes and 
a sensitive differential pressure cell 
with a porous-tipped probe. The por- 
ous tip served to exclude slurry from 
the instrument lead line. The pressure 
cell was capable of detecting a pres- 
sure differential equivalent to a con- 
centration change of 40 g./liter persist- 
ing for a depth of 1 in. Velocity-head 
effects were eliminated by making 
measurements during and immediately 
after mixing. Provided that no particles 
remained on the tank bottom, no de- 
parture from the linear relationship be- 
tween pressure and depth was observed 
except in the immediate vicinity of the 
slurry-water interface. Once all solids 
are suspended, the slurry concentration, 
averaged across any plane parallel to 
the tank bottom, appears to be essen- 
tially uniform below the slurry inter- 
face. (It should be noted that the 
measurement technique used would 
not detect local concentration varia- 
tions such as might occur adjacent to 

the impeller, impeller shaft, or vessel 
walls.) It was therefore concluded 
that the height of the slurry-water in- 
terface could be used as an index of 
the degree of slurry dispersion. 

Most of the data reported in this 
paper were obtained with the total 
liquid height 1.4 times the tank diam- 
eter. However a number of runs were 
made in which the liquid depth was 
varied from 1 to 2 tank diam. The in- 
terface location and impeller power 
requirements were found to be inde- 
pendent of the liquid level above the 
interface. 

The slurry-water interface was more 
clearly defined with increasing solids 
concentration and with a decreasing 
variation in particle size. In the turbu- 
lent region interface height determina- 
tions at solids concentrations below 
100 g./liter were not reproducible and 
were therefore omitted from the pres- 
ent study. 

The initial dispersion studies were 
carried out with glass-bead-water slur- 
ries by means of single impellers placed 
one-half an impeller diameter above 
the tank bottom. Reynolds numbers 
( N # p L / p l )  varied from about 2 x 10' 
to 2 x 10". These tests established that 
the power input increases exponentially 
with the height of the slurry interface 
above the impeller midplane. I t  was 
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also found that at a given interface 
height the impeller power increases 
with increasing solids concentration. 
That this effect is not simply a matter 
of increasing mixture density is shorn 
in Figure 2, where the interface height 
is plotted against (g.P) / (gp,,,) . It was 
found that the power varies directly 
with the volume fraction of solids to 
the 2/3 power [ (l-e)”*]. The same 
variation was noted with the thoria 
slurries when (1-e)  was computed on 
the basis that the thoria flocs are half 
water. Application of the solids-frac- 
tion correction to a typical set of data 
is shown in Figure 3. This plot also 
shows the effect of particle size on 
power requirements. At a given inter- 
face level the data for the two particle 
sizes differ by a factor approximately 
equal to that of the ratio of the free- 
settling velocities of the particles. 

The effects of both tank size and the 
ratio of impeller diameter to tank 
diameter were also evaluated. For geo- 
metrically similar systems compared at 
the same value of h / D  the power re- 
quirements were found to be directly 
proportional to the vessel volume. For 
values of d / D  between 0.176 and 0.426 
it was found that the power per unit 
volume required to maintain the inter- 
face at a given value of h / D  varied 
inversely with ( d / D )  lrZ. 

It was found that for a given system 
the interface height increases by 25 to 
35% if the baffles are lifted from the 
bottom by a distance equal to M an 
impeller diameter. Thus a vessel baf- 
fled to the bottom is less efficient in 
terms of the power requirement to ex- 
pand a bed. This aspect of mixing was 
not pursued further because of the 
limited time available for this study. 
All curves and equations presented in 
this paper are based on the case where 
the baffles extend to the tank bottom. 

ANALYSIS OF THE BEHAVIOR 
OF THE SLURRY INTERFACE 

The experimental observations lead 
to the conclusion that the degree of 
mixing decreases with increasing dis- 
tance from the impeller. I t  would seem 
reasonable to suppose that the region 
of the slurry-water interface is quies- 
cent and therefore that laminar flow 
conditions prevail. In addition, at the 
slurry-water interface the suspending 
and settling forces must be in equilib- 
rium. Making the above assumptions 
and noting that the particles just at 
the interface must be in a low concen- 
tration region, one can mathematically 
analyze the behavior of these particles. 
In so doing, the authors shall essen- 
tially follow the treatment developed 
by Langevin (10) for the analysis of 
Brownian motion. 

For the interface region the partial 
differential equation describing the 
motion of a single particle in the ver- 
tical direction may be written as 

Multiplying through by x and manipu- 
lating to incorporate x‘ as the depend- 
ent variable leads to 

If one applies this to the behavior of 
an average particle, the last term be- 
comes zero owing to the random varia- 
tion of collision forces and particle 
displacements. Equation (8) then be- 
comes 

- - 

where the bar denotes averaged con- 
ditions. The last term of Equation (9)  
represents twice the vertical compo- 
nent of the average kinetic energy of a 
particle. BY replacing (m/g. )  [ (dx) / 
(at)]’ by 2E1 and noting that at equi- 
librium conditions t may be considered 
to be infinite, one may integrate Equa- 
t:on (9) to obtain 

where d3c is the average vertical dis- 
placement of a particle in the time 
interval t .  If one now evaluates the 
friction factor in terms of Stokes’s free- 
settling velocity, he obtains 

Division by t‘ and replacement of E/t 
by p‘/3 (this assumes the y and z 
components of kinetic energy of the 
particle are equal to the x component) 
yields 

(12) 
f 3 g VP(AP) 

(GI’ - 4g,p‘v, -_ 

The term (G)’/t2 is the square of the 
average velocity of a particle. Since 
the particle is in equilibrium at the 
slurry-liquid interface, the average 
velocity of a particle must be equal to 
the gravitational settling velocity. 
Therefore 

It is now necessary to relate p’ to 
the power input of the impeller. It has 
been shown by a number of investiga- 
tions (12) of the fully turbulent region, 
and borne out by the data obtained in 
this study, that for a given system and 
impeller speed the power input of the 
impeller is directly proportional to the 
mixture density. Hence the ratio of the 
power required to agitate the slurry 
mixture to that required to agitate the 
suspending medium is given by 

It seems reasonable to conclude that 
the difference between P and P I  is the 
total power input to the solid particles: 

4 Pp = P - (1-e) 
P m  

If one designates the average power 
input to an individual particle as poug, 
then 

(15) 

VPPP - VPP(4) (le) p,.u = - - 
V(1-e) Vp, 

For agitation in geometrically similar 
systems the ratio p’/p.., may be ex- 
pected to be a function of h /D,  (1-e) ,  
and the mixing Reynolds number. How- 
ever since in the fully turbulent region 
the Reynolds number does not affect 
the power number, it seems reasonable 
that for this restricted case N, .  will 
not affect p’/paog. Therefore 

p’ == pgog  * F ( 1-e) + F’ ( h / D )  

(17) 

Substitution of the value of p’ from 
Equation (13) and rearrangement 
gives 

CORRELATION OF INTERFACE 
BEHAVIOR AT MIXING REYNOLDS 
NUMBER IN THE TURBULENT 
REGION 

The previously cited experimental 
data show that the power requirements 
in geometrically similar systems vary 
directly with (l-e)zla and exponen- 
tially with h /D.  Inserting these func- 
tions explicitly in Equation (18) gives 

( h / D )  = K,ln 

[ ( g c p  ) (l--r)””] + K z  (19) 
gpmVvs 

If one extends the above equation to 
include the effect of varying impeller- 
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diameter-to-tank-diameter ratios, one 
has 

2.0 

9 

1.6 

I 

( h / D )  = Kiln[ ( g c p  ) 
gpnavv. 

9 45p GLASS-WATER SLURRY 6 :  2 0: 5 C i 420 

L I I O p G L A S S - W A T E R  SLURRY 6:2 O ; l l $  C:210 

0 1IOp GLASS-WATER SLURRY 6 - 4  0: 9 1  C:420 

- 

- 

( 1-- . ) -z /8~(d/D)1p2] + K', (20) 

Figure 4 shows the data for aqueous 
slurries agitated by a single impeller 
when correlated in this fashion. In this 
correlation the specific gravity of 
glass beads was taken as 2.25, and 
free-settling velocities in water of 18 
and 1.85 mm./sec. were used for par- 
ticle diameters of 140 and 45 p re- 
spectively. As previously stated, the 
free-settling ve1oc;ty of thoria particles 
was taken to be 2 mm./sec., and the 
porosity of thoria flocs was taken as 
4/2 (specific gravity = 4.85). It can be 
seen that excellent agreement is ob- 
tained between the various systems 
tested. For h / D  values above 0.5 the 
equation of the average line through 
the data is 

[ h / D  = 0.23 In 

( l - ~ ) - ' / ~  ( d / D ) " ]  + 0.1 (21) 

To check the above correlation with 
another fluid, a few runs were con- 
ducted where the 140-p glass beads at 
a nominal concentration of 105 g./ 
liter were agitated in carbon tetrachlo- 
ride. When correlated in accordance 
with Equation (22),  the limited data 
obtained fall within the scatter ob- 
served with the water data. 

The effect of the height of the im- 
peller from the tank bottom, was in- 
vestigated for several different systems. 
I t  was found that this effect depended 
on the ratio a/d.  The results can be 
expressed in terms of an empirical cor- 
rection factor, where 

(l--e)-"' (d /D)"*  + 0.1 (22) 1 1  
Values of f as a function of a/d are 
presented graphically in Figure 5. It  
will be seen that for a /d  values of 1/2 
or more, f remains at 1; at values of 
a/d below 4 / 2 ,  f increases slightly. 

I t  would be expected that the power 
to expand a suspended bed in a long 
tank would be materially reduced by 
the use of several impellers. The effect 
of multiple impellers on the slurry 
water interface level was therefore in- 
vestigated. I t  was found that the cor- 
relation developed for single-impeller 
systems applies provided that the power 
is divided by the number of impellers 
and the interface height is measured 
above the midplane of the uppermost 
impeller. As shown in Figure 6, the 
data for one-, two-, and three-impeller 
systems, arranged as illustrated in Fig- 
ure 1, are well correlated by 

h - = 0.23 In 
D 

or 
h / D  = 0.23 In Y + 0.1 (24) 

Equation (24) can be used to deter- 
mine, for the fully turbulent region 
the number of impellers required to 
produce a fully dispersed suspension 
with the minimum power input. The 
authors will consider the situation 
where there are n equally spaced im- 
pellers; the lowest impeller is as close 
to the tank bottom as possible, and the 
distance of the liquid surface from the 
top impeller equals half the distance 
between impellers. I t  can be shown 
that the power is a minimum for 

n =  (25) 

For large values of h'/D Equation 
(25) simplifies to 

0.5 + 0.5 v'l + 0.92 D/h 
' -1 + ~ ' 1  + 0.92 D/h' 

n = 2.18 ( h ' / D )  (26) 
When h ' /D is 5 or above, the value of 
n computed by Equation (26) is with- 
in 10% of that computed by Equation 
(25).  

The optimum spacing predicted by 
Equations (25) and (26) must be 
considered as only approximate. Use of 
these equations involves extrapolation 
of the power-input relationship some- 
what beyond the range of the data ob- 
tained. 

DISPERSION STUDIES IN THE 
TRANSITION AND LAMINAR REGION 

Although beyond the scope of the 
work originally contemplated, a num- 
ber of runs were made outside the 
fully turbulent region. The work was 
restricted to studies of the 1 4 0 / ~  glass 
beads in the 5 s - i n .  tank. Glycerol- 
water solutions having viscosities five 
and twenty-five times the viscosity of 

I :  ( ~ r ~ ) ( , - , j f ( i j i  
II".V", 

0 

a 

Fig. 4. Generalized correlation of interface heights and power 
requirements for single impeller systems in the turbulent Fig. 5. Interface height-correction factor as a function of impeller 

region. height above tank bottom. 
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Fig. 6. Correlation of interface heights and power requirements 
for multiple impeller systems in the turbulent region. 

room temperature water were used. 
Figure 7 compares the results with 
the data for the fully turbulent region. 
It is seen that the'more viscous the 
suspending medium (lower Reynolds 
number), the more power is required. 
The supposition that the effect ob- 
served is a function of Reynolds num- 
ber is also indicated by the fact 
that for a given fluid the increase in 
power is greatest at the lower interface 
heights and hence at the lowest agita- 
tor speeds and Reynolds numbers. 

Figure 8 shows, as a function of 
Reynolds number, NdapJp , ,  the ratio 
of the actual power required to the 
power to maintain the same interface 
level computed from Equation (22). 
It  would appear that this ratio is unity 
for values of NRs above 2.5 x lo4. For 
values of NRe below 1.5 x lo' the data 
are fairly well correlated by 

P / P o  = 4 x 10* (NRe) -0 .8  (27) 
The interface height data of Hirsekom 
and h4iller ( 2 )  for two-bladed paddles 
at NEs  values below 25 are also shown 
on Figure 9. These data are also corre- 
lated by Equation (27). It will be 
noted that the ratio of P/P, begins to 
depart from unity at about N, ,  = 2 x 
lo'. This is approximately the same 
Reynolds number at which the power 
number vs. NBe curves for many im- 
pellers cease being horizontal lines 
( 1 2 ) .  The power data obtained in 
this study also follow this pattern. 

SUSPENSION-POWER REQUIREMENTS 

The criterion used for full suspen- 
sion is the same as that proposed by 
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Fig. 7. Effect of Reynolds number on power requirements and 
interface heights. 

Hirsekorn and Miller (2) and Zwieter- 
ing (16), namely that all particles are 
lifted from the vessel bottom. Since 
visual observation was required, it was 
necessary to rely solely on the glass- 
bead slurries for this portion of the in- 
vestigation. All the thoria slurries 
studied were too milky to allow the 
point at which suspension occurred to 
be determined with any degree of ac- 
curacy. . 

Comparison of the data with the 
previously described correlations of 
Zwietering (16) and Kneule (9) 
showed that best agreement is ob- 
tained with Kneule's dimensionless 
group [Equation (3)]. If Equation 
(3)  is rewritten with the notation of 
this paper used, 

Since in the turbulent region the rela- 
tive velocity between the fluid and a 
particle is expressed by Newton's rela- 
tion 

u, = 1.74[ ,-I g 6(APP) (29) 

Equation (28) may be rewritten as 

It  will be noted that the dimensionless 
power group of Equation (30) is in 
the same form as the power group of 
Equations (18) through (23) but that 
Ap replaces p,,, and u. replaces us. Use 
of a relative particle-fluid velocity cal- 
culated on the basis of Newton's law 
(u.) rather than Stokes's law ( u , )  
seems reasonable since the particles on 
being removed from the tqnk bottom 
are in the turbulent region near the 
impeller. 

The utility of Equation (31) in cor- 
relating the data from geometrically 
similar systems is shown in Figure 9. 
It will be noted that the data obtained 
with the glycerol-water solutions in 
the transition region are also correlated. 
It would appear that for mixing Reyn- 
olds numbers above about lo" the rela- 
tive velocity between the fluid and a 
particle at the tank bottom is sufficiently 
high so that Newton's law may be 
used, As expected, the data of Hirse- 
korn and Miller ( 2 )  for Reynolds 
numbers below 30 are not well corre- 
lated. The suspension powers required 
were approximately seven times those 
which would be indicated by the re- 
sults of the present investigation. 

Figure 10 shows the effect of vary- 
ing the D/d  ratio as well as the height 
of the impeller above the tank bottom. 
For D / d  ratios of 2.35 to 2.75 the data 
are represented by 
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Fig. 8. Power requirement correction factor for the transition 
and laminar regions. 

0.1 1.0 2 3 10 100 

Fig. 10. Effect of system geometry on suspension power requirements. 

1.74 go P.  ( ?)-‘I2 relationship observed by Hirsekom and 
Miller [Equation (l)]. 
If Equation (32) is rewritten so that 
it is in the same form as Equation 
(21), one has 

n =  
g vt u. ( A P )  
- 0.4 e6.a SlD (31) 

For a D / d  ratio of 5.7, the data are 
represented by 1.74 go P ,  

- 

a / D  = 0.19 In 
[ g  vt % ( A p )  

112 ( y) ( d / D )  ] + 0.36 (34) 

n =  

= 0.95 (32) 
Although a firm corre1at:on cannot be 
advanced on the basis of the two D / d  
ratios studied, the following tentative 
equation is suggested: 

1.74 go P ,  l-er -’” 
g vt U , ( A p )  (T ) 

( d / D )  = 0.16 e6.aa1D (33) 
This is in agreement with the ( d / D )  

The similarity in the effect of distance 
from the impeller shown in these equa- 
tions seems reasonable. One would ex- 
pect that the rate of power dissipation 
per unit volume would decrease with 
distance in the same fashion both 
above and below the impeller. 

I t  is of interest to compare the re- 
sults of Zwietering (16) for two-bladed 
paddles with the data of the present 

.01 0.1 0.2 0.5 1.0 10 

Fig. 9. Correlation of suspension power requirements for geometrically similar 
systems. 

investigation. The dimensionless group- 
ing used in this paper can be related 
to that used by Zwietering by 

2.33 NnilaDmm,, . 110 v 0.1 6 .  D 054 dQ,= [ \ 

(35) - ni/a 

As those quantities describing slurry 
properties either do not change greatly 
or have low exponents, the quantity 
within the parenthesis varies little over 
the range of slurry properties investi- 
gated by Zwietering. If comparison is 
based on a 10 wt. % slurry in water 
with particles having a specific gravity 
of 2.3 and a diameter of 300 p, 

- 

.( 0.218D”’”dyS* > -  - 
A comparison of the values of fPS 
computed from the curves of Zwieter- 
ing by means of Equation (36) and 

computed by Equation (33) shows 
these to differ by a maximum of 30%. 
In addition while Zwietering had to 
use a separate set of curves for both 
paddle widths investigated, the present 
concept brings the curves for the two 
widths into close agreement. 

SUMMARY 

This study has confirmed earlier ob- 
servations that the production of an 
essentially homogeneous slurry by ro- 
tating mixers involves both the initial 
suspension of the particles and the ex- 
pansion of the particle bed to occupy 
the desired volume. At constant system 
geometry the initial suspension of the 
particles was found to be controlled 
by the dimensionless grouping ( g c P )  
[ ( l--E) / -~ ] - ‘ l ’ /  [g Vt u. (Ap) ] first pub- 
lished by Kneule (9) .  For mixing 
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Reynolds numbers above 108 Equation 
(33) can be used tQ predict suspension- 
power requirements when six-bladed 
paddles are used. The general agree- 
ment of Equation (33) with the re- 
sults of Zwietering (16) indicates that 
suspension powers so calculated will 
also be approximately correct for pad- 
dles having fewer than six blades. 

It was found that a range of power 
inputs existed where the slurry was 
fully suspended but where a definite 
slurry-fluid interface existed below the 
liquid level. The minimum power re- 
quired to disperse a slurry in a given 
tank is thus determined by the condi- 
tions necessary just to maintain the 
slurry interface at the liquid level. The 
experimental results are consistent with 
the theoretical derivation which indi- 
cates that the interface level should be 
a function of the dimensionless group 
(gc  P ) / ( g p m  V v , ) .  For a single six- 
bladed paddle located so that a / D  is 
at least 0.5 and operating at Reynolds 
numbers above 2.5 x lo', the relation- 
ship between interface height and 
power input is given by Equation (21) .  
The same relationship is applicable to 
multiple impellers provided the inter- 
face height is measured above the top 
impeller and the power input is divided 
by the number of impellers. When N,, 
is below 2.5 x lo', the power required 
is greater than that computed by 
Equation (21) and the correction 
factor of Figure 8 is t2ntatively recom- 
mended. 

Further work is needed in several 
areas. Additional studies with paddle 
type of impellers are needed to define 
more thoroughly behav:or in the transi- 
tion and laminar regions. Studies using 
solid-fluid systems with large density 
differences should be undertaken to 
establish definitely the density term 
appearing in the dimensionless power 
groups. These invest:gations should 
also be extended to other impeller 
types to determine whether similar 
relationships apply. 
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NOTATION 
a = height of lowest impeller 

A = constant 
B = we:ght ratio of solids to 

liquid times 100 (referred to 
tank volume Vt ) , % 

above vessel bottom, ft.  
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solids concentration, g./liter 
of mixture 
impeller diameter, ft. 
vessel diameter, ft. 
vertical component of kinetic 
energy of si;lgle particle, ft.- 
1b.-force 
ratio of slurry interface 
height at given a/d to height 
at a/d = 1/2, dimensionless 
functional relationship 
local gravitational accelera- 
tion, ft./sec.* 
mass accelaration/force con- 
version factor, (1b.-mass) 
(ft.)/(lb.-force) (sec.2) 
interface height above mid- 
plane of top impeller, ft. 
interface height above vessel 
bottom, ft. 
friction factor for individual 
particle, (1b.-forcz) (sec.) /ft. 
constant 
mass oE individual particle, 
1b.-mass 
number of impellers 
impeller speed (rev./time) 
power number = P g , / p ,  
Na d', dimensionless 
mixing Reynolds number = 
Nd' p l / p , ,  dimensionless 
number of particles in given 
size range 
average power input to indi- 
vidual particle, ft.-lb./sec. 
power input to a single par- 
ticle in the region of the 
slurry water interface, ft.-1b.- 
force/sec. 
total mixing power input, ft. 
1b.-force/sec. 
power input to liquid, ft. 1b.- 
force/sec. 
mixing power computed from 
Equation (22),  ft. 1b.-force/ 
sec. 
power input to solid parti- 
cles, ft. 1b.-force/sec. 
minimum mixing power re- 
quired to suspend solids, ft. 
1b.-force/sec. 

,,O lgO.2 ( g ~ p / p l )  0.469.13 di- 
N 8." 

mensionless 
time, sec. 
relative vertical velocity be- 
tween particle and fluid in 
turbulent region = 1.74 (@?) y- , ft./sec. 

free settling velocity calcu- 
lated according to Stokes's 
law, ft./sec. 
system volume below inter- 
face, cu. ft. 
volume of individual parti- 
cle, cu. ft. 
volume of vessel 1 diam. in 
height, cu. ft. 
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X 

X = vertical distance, ft. 
Greek Letters 
s = particle diameter, ft. 
Sazg = average diameter 

= force acting on parti le ow- 
ing to collisions, 1b.-force 

E = liquid fraction of system vol- 
ume below interface, dimen- 
sionless 

= liquid fraction based on ves- 
sel volume Vt, dimensionless 

= size in p (on figures) 
= viscosity of suspending liq- 

E l  

P 
PI  

uid, 1b.-mass/sec. ft .  

sec. 
= density of slurry mixture be- 

low interface, 1b.-mass/cu. ft. 
= density of slurry based on 

tank volume V,, 1b.-mass/cu. 
ft. 

= density of suspending liquid, 
1b.-mass/cu. ft. 

= density of solid, 1b.-mass/cu. 
ft. 

= ,o# - p I ,  1b.-mass cu. ft. 

V = kinematic viscosity, sq. ft./ 

pm 

pmr 

PI 

P* 

AP 

D pf2. dimensionless 

mensionless 
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