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ABS TRACT

The object of this paper is to present an equation
that suggests that the mechanism of "hindered" settling
might be similar to that of the flow of a fluid through a
fixed bed of particles, together with presenting the re-
sults of the correlation in such a fashion that one would
easily be able to estimate the error incurred In using the
resulting equation,

Many of the previous investigators have based their
results either on very few measurements or on a |imfted
range of particle size. It was therefore thought worth=
while to combine the data of several of these Investigators
in the correlation presented in this paper.

Starting with the Kozeny = Falr - Hatch equation, the
results were arranged into two dimensionaless groups similar
to Frovde and Reynolds numbers. Next from measurements of
the particle diameter and density, liquid density and vis=
cosity and data relating the observed settling velocity of
the particles to the porosity of the suspension, a very
good correlation was obtained for a large number of particles,
{d = 10 to d = |740 microns) in various fluids.

The final equation was found to be a modified Stokes
equation, and to predict the settling velocity of essentially
spherical particles with a maximum error of % 20 per cenft for

porosities vup to 0,80, For porosities less than 0.725 the
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per cent error Is only # 12 per cent, This equation is
limited to streamline flow, but could be extended into the
turbulent region by means of a correction factor., A sug~
gestlon for correlating this correction factor is presented
In the conclusions of this paper.

The resuvlts also suggest that the equation might be
valvable in predicting the settling velocity of non=-spheri=-
cal particles, a problem that has not been successfully

solved to date.



CHAPTER |
INTRODUCT ION

Sir George Stokes Is credited with the first state=-
ment for the viscous force acting on a single spherical
particle in an infinite media. The equation bearing his
name resvlts from equating the viscous force to the ef-

fective gravitational force acting on a particle, l.e.

3}'7)U0d =7T_..g_3_ {e -el
U, = 92 (@ - 8o
s

(1)

==
]

velocity of the particle
{Stokes velocity)

N

density of particle

F% = density of liquid

a
(1]

diameter of particle

viscosity of fluid

JaN

acceleration of gravity

Q

Equation | is limited to a single spherical particle
falling in an Infinite expanse of fluid there being no slip=-
ping of fluld at the surface of the particle and thét the
motion is streamline. Many investigators have attempted to
modify the Stokes equation in order to remove these re-

strictions, such as concentration and shape of particles.



If the concentration of a suspension is sufficiently
high so that the particles are crowded together and iInter-
fere with the settling of neighboring particles, the entire
suspension will settle at a constant rate and a definite
liquid interface will exist, This form of sedimentation is
known as "hindered" or "line" settling. The theoretical
treatments of hindered settling have met with limited svc-
cess dvue to the complexity of the varlables involved.

The most recent theoretical approach is that of Brinkman (1)
but it is definitely limited to low concentration.

This survey deals mainly with the data of Investi-
gators who have tried to determine the effect of concent-
ration on the settling velocity of uvniformly sized particles,
by the uvse of emperical or semi-émperical approaches. An
equation is presented which suggests that the mechanism
of hindered settling might be similar to that of the flow

of a fluid through a flxed bed of particles.



CHAPTER |1
LI TERATURE SURVEY

Robinson (2) suggested the following equation for

predicting the settling velocity of very fine particles:

g_g_., kd2( - ) -
{//s

= height of interface
time

= a3 proportionality constant

a »~ ©® I
]

GSL m density of particle

density of suspensfion

N

1]

///s viscosity of suspension

For the experimental verification of this equatlion,
Robinson used data obtained by Adams and Glasson (3). The
viscosity of the suspension was obtalned as a function of
the helght of the suspension by experiment. The equation

was then written In the following form:

o
@H@_ - k4o (3)
///s

average dimension of particle



The left hand side of this equation was evaluvated graphically.
An intergal curve was then constructed and plotted against ©.
This curve gave a straight line indicating that the modified
Stokes equation fits the data well.

The equation was next used to predict a settling
curve, The calculated velocity compared favorable with the
experimental data, but only two different experimental runs
were used in the entire presentation.

Steinour (4) studied the settling rates of fine
pear| taploca and microscopic glass spheres. He reasoned
that the effect of concentration could be taken into account

by the following equation:

Ug ® dQle—F%lgﬁe (4)
'y/

Us = velocity of particle
relative to fluid

ps = density of fluid

=
®
1]

a function of the porosity

volume fraction of voids
in bed or suspension

[}
]

The relative velocity, Us, iIs related to the observed

velocity, U., by a continuity equation, and the results are:

Us = Uc (5)
14
(Op'(gs 2 e{(Op— Q} (6)



From experimental data e was found to be equal to

IO""BQII'QI. The results of substituting these values into

equation 4 is the followlng equation:

U, = eQdQ,p?; Borg 107182t 1=¢) o

For high concentrations, e less than 0.73, the data

was found to fit the equation
U = 0.123 Uy e3 (8)
I=e

U, = Stokes velocity

Actually very little experimental data were used in
the evaluvation of these equations.

In a second article Steinour (5) concerned himself
with suspensions of uniformly sized angular particles. He
obtained data on two different emery particles suspended iIn
water containing a wetting agent to prevent flocculation.
It was found that equation 8 did not apply. Steinour used
a correction term "wi" which was to represent "immobile"
water which was supposed to be dragged along with the
settling particles. The equation governing the flow of

irregular shaped particles was reported to be:

U~ = 0.123 U (e-wi]g
S NI = T (9)

In the specific case of the emeries wi was found to be

0.168,



An A.E.C. report on work done by loeffler (6) seems
to verify the theory proposed by Ruth (7) that hindered
settling is governed by a combination of forces that govern
flow through a packed bed and the flow of a single sphere
through a fluid., The resulting equation is derived by
equating the sum of the Stokes and Kozeny forces corrected

for turbulence to the buovant weight of the bed.

kull<4+ Z) = Ku
ky = d Ucll<4 Fg)
tl-@7p1V3f7J
3 (10)
0d31 @p- O Oy
l%[lz

= 2K (1 4 Fke)

Ku

z-
(14 Fg)

Fs = experimentally determined
turbulence factor for flow
past a single sphere

Fke = experimentally determined

turbulence factor for flow
through an expanded bed

/y/ (sphericity),

surface area of sphere ,
surface area of particle
where both sphere and
particle have the same
volume

3

A8
L]
il
N e

o
1]
Ia

-2

7<
1

¢ the Kozeny constant for
an expanded bed



Equation 10 should apply over the entire range of porosity
and Reynolds number, since it reduces to the Stokes equatlon
at a porosity of unity and it also includes correction terms
for turbulence.

The authors state that a definite wall effect was
noted in the small diameter tubes, but with tubes having a
diameter greater than flve centimeters no wall effect was
noticed. The resvlting equatlions are quite complicated
and it would be very difficult to estimate the degree of
dccyracy that they will exhibit In predicting settling ve-
loclties, solely from the fact that the data exhibited a
falr degree of correlation.

The very recent work by Richardson and Zaki (8)
treats the problem quite differently than the previously
mentioned Investtgators, From dimensional analysis the
authors have shown that for a uniform suspension the ratio
of the actval settling velocity to the Stokes velocity is

as follows:

For either viscous or turbuleat conditions

Uc/Us = fle,d) (1)
D
For the transition zone

U
UE = flflk>€91d, e, d/D) (12)

© T



D = diameter of tube

(a1
1]

particle diameter

U = Stokes velocity

b

The equations were found to be of the form:

i

viscosity of fluid

density of fluid

Ue =
Uo

where n = fotd, dUo pu (13)

n

a) For R, less thén 0.2 n = 4.65 + 19.65%

b) For R, greater than 0,2 and less than | n =

(4,35 + 17,5 §18,~0:0!

{1 F3

c) For R, greater than | and less than 200 n

t4.45+ 18 &)g,-0.0l

d
D

d) For R, greater than 200 and less than 500 n

-0.0l
4,45 R,

e) For R, greater than 500 n = 2,39

f) For non-spherical particles in the turbulent

region only n = 2.7KO'Ié
3
K w {7 ds
6 dpa
d. = diameter of sphere with

$
same volume of particle

[« 8
]

o the diameter of a circle
of the same area as the
particle when lying in
its most stable position



This work should be very valuable since no special
mechanism was assumed in the derivations, and also the wall
effect % has been correlated for the first time. The data
seem to correlate well, but no' effort was made to use the
resulting equations to predict settling velocities, and
compare the experimental and calculated velocity., This
work was limited to particles greater than one hundred
microns.

Robinson (2) and Steinour (4,5) both assumed that
the effective buoyancy force acting on the particles was
that of the suspension. For uniform particles settling at
the same rate this cannot be true, since each particle must
displace its own volume of fluid. Therefore if the suspended
material is closely sized, the density of the fluvid Is the
correct buoyant force.

On the other hand, if a relatively large particle is
settling tn @ suspension composed of particles small enough
tc act as part of the fluid, the larger particle displaces
its volume of suspension and therefore the density of the
suspension should be vused.

For a range of particles the correct buovyant force is
quite complex, consisting of the density of the fluid for the
smallest particles, up to the density of the suspension for
the largest. Similarly the viscosity of the suspension is

not correct for a closely sized suspension. The effect of
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concentration on the resistance for a given relative
velocity Is dve to the increased velocity gradients, That
is the velocity of the fluld is zero at the surface of the

particle and a maximum at some distance from the particle.



CHAPTER 111

EXPERIMENTAL PRCCEDURE AND
PRELIMINARY CALCULATIONS

The equipment vsed for obtaining sedimentation data
is quite simple., Gradvated cylinders are vsvally used for
settling chambers along with a timer to obtain the subsi=-
dence of the liquid interface as a function of time.

A known weight of sample is placed in the container
and then a measured quantity of liquid is added. The mixture
is gently rocked back and forth until the suspension is
thoroughly mixed., Next the cylinder is placed In an upright
position and the timer started, Data is thus obtained re-
lating the Heighf of the interface with the corresponding
time interval, See fig, | (9).

In @ more elaborate system a transparent constant
temperature bath can be provided for the cylinder to prevent
any possible thermal effects due to the ambient room tempera=-
ture.,

To obtain the velocity of the interface, which is
equivalent to the particle velocity since the entire suspen=
sion settles at the same rste, it is only necessary to sub-
tract the initial height of the suspension from the height
of the suspension at any time, and to plot this distance

against the corresponding time interval, The results
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should be a straight line whose slope is equal to the ob-
served particle veloclty.

The porosity of the suspension is obtained by dividing
the weight of sample by its density, then dividing this
quantity by the total volume of the suspension and sub=-
tracting the resulting number from one. |In this Investi-
gation the data of Steinour (4,5), Lewis et al (10), and
loeffler (l1l) were used which made these preliminary cal-
culations unnecessary In this paper.

The diameters of the non=-spherical emeries used by
Steinour (5) were obtained by the "Wagner Turbidimeter
Method"{12), This method consists essentially of a source
of light of constant intensity which passes through a sett=-
ling suspension and into a photoelectric cell. The current
generated in the cell iIs a8 measure of the turbidity of the
suspension, The turbidity is related to the surface area
of the suspended particles which allows the diameter of the
particle to be reported as equivalent to the diameter of a
sphere having the same density of the Irregular particle and
obeylng Stokes law, equation |,

For a very complete treatment of particle size
measurement the reader is referred to a book by DallaValle

(13),



CHAPTER 1V

MECHANISM OF HINDERED SETTLING
AND CORRELATION OF DATA

Hindered settling can be thought of as analogous
to the flow of a fluid through a packed bed, The Kozeny

(14) - Falr - Hatch (15) equation deals with this type flow.

h = kAt1=e)?up 52 (5)
T o3 0L
L
or
T 3
4 gpl.

h = loss of head (ft. of liquid)

—
1n

length of bed

porosity

UL = fluid velocity

k = a constant characterlistic
of bed
Sy = specific surface area of

particle
(surface areca of particle)

volume of particle

S = shape factor
(S = 6 for spheres)

d = size factor
ld = diameter for sphere)



As the equatlons stand they are only limited by the re-=
strictions that the flow must be streamline and that the
pores of the suspension must be reasonably allke,

The pressure drop per unit length of bzd,é&ﬂ, has
been found for fluidization to be equivalent to an upward
flow of fluid just sufficient to maintain the particles in
a state of equilibrium, Since it is an established fact
that hindered settling velocities and fluidization veloclities
are equivalent the fcrm‘%f-can be expressed by the following

relatfon:

‘%- {l—elth-é’Lxg (17)
9c
SincedP = 1Pq (18)
i g,
Therefore

T

- iz, G50, -

L

Now by using this value of % in equation |6 and ar-

ranging the terms we obtain the following equation:

2
{%"Eﬁ“ - K'E—-—-————UC ﬁjeﬂ (20)

|
where K =
kSE



These are two dimensionaless groups very similar to
the Froude and Reynolds group. Figure 2 shows a plot of
Reynolds (Re) numbers versus Froude numbers (Fr) for several
particles ranging in size from 10 to 1740 microns. The
slope of the line for spherical particles Is one and the
constant K = 8,0 x l0"3. K was obtained by reading the
value of Fr at Re = |,

For non=spherical particles equation 20 is of the
same form as for spherical particles with the exception
that the value of K = 5,0 x 10~3 is different due to the
different shape factor. |Included in fig. 2 are data on
two different angular particles, The diameter of these
particles were determined by the "Wagner Turbidimeter
Method",

The shape factor S can easily be calculated If it
can be assumed that the constant k is the same for all
suspension in hindered settling, This assumption might
be justifled by the fact that many investigators have
found that during sedimentation iﬁe particles align them-
selves into an equilibrium arrangement presenting the
greatest possible area to the flowing fluid. MNow since
this has been found to be characteristic of hindered
settling suspensions, It would be possible that k, which
ts a constant characteristic of the bed, would be the

same for all hindered settling suspensions.,



For spherical particles S = 6 and K = 8,0 x 10-3.

k= _1_= 3,46
KS 2

For non=spherical emeries K = 5.0 x 10-3 and
S = 7,6 if k= 3,46,

If equation 20 is solved for Ug, the resulting
equation will show directly how the predicted settling
velocity compares with the observed velocity.

Y = K /%'2‘ (pp-Q'Tf_f] (21)

Since U. is directly proportional to K, it is only
necessary to observe how K deviates from the predicted
values of 8,0 x 1072 for spheres and 5.0 x 10=3 for angular
particles. Figure 3 shows a plot of Klobserved) versus

K({predicted)
- Fr

porosity (e}, Klobserved) = E_' Only data where the Rey=
[4

nolds numbers were less than 2 are presented in this

flgure.



CHAPTER V

DISCUSS ION OF RESULTS

The final form of equation 2! is a modified Stokes
equation even though the Kozeny (14) - Fair - Hatch (I5)

equation was the starting polint for its derivation,

c
1

i 83
e = 18 KUopo—

Uo = Stokes velocity
|
I —
3,4652
S = shape factor (5 = 6 for spheres)

= porosity (void fraction)

Steinour (4) reported a very similar equation, equation 8,
for spherical particles, when the porosity Is less than
0.73. It is not evident from his paper just how he ar-
rived at this form of the equation,

It is obvious from the form of equation 22 that the
predicted settling velocity, Ue, will become Indeterminate
at a porosity of unity Instead of reducing to the Stokes
velocity, Uy, Figure 3 shows that for most of the particles,
equation 22 will predict the settling velocity up to
porositles of 0,725 with a maxImum error of + twelve per
cent and + twenty per cent for porosities between 0,725

and 0.80. The error fincreases very raplidly for porosities
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greater than 0.80 with the exception of the angular particles
whose maximum error Is only eleven per cent at a porosity of
0.85,.

It is not evident why equation 22 should work so well
for the angular particles at high porosities. A definite
possibility would be the effect that angular particles have
on the viscosity of the suspension, Since these effects
are quite complex and not well established for concentrated
suspensions this investigation has not tried to take them
into account.

The value of the shape factor for angular emeries,

S = 7.6, as calculated from equa}lén 20, is very nearly
equal to S = 7,7 reported by Fair and Hatch (I5) for angu=-
lar sand particles which closely resembled the emeries
used by Steinour,

In using Steinour's (4,5) data it was necessary to
assume that the viscosity of a twelve per cent sodium=-
hexametaphospate solution used as dispersing agent for
small particles, was equal to the viscosity of pure water
at the same temperature as the mixture.

loeffler (6,11) et al reported that their data
showed no evidence of wall effect when the tube diameters
were greater than five-centimeters. Both Steinour (4,5)
and Llewis et al (10) uvsed tube diameters between ten and
twelve centimeters, therefore the data vused in this report

should be free from any wall effects.



Figure 2 indicates that equation 20 is definitely
limited to low Reynolds numbers, For Reynolds numbers
greater than two a family of curves is obtained showing that
the Froude number is still a function of the Reynolds number,
but that It is no longer & linear function., It would be
possible to correlate a turbulence factor similar to
Loeffler's (6) Fg, to extend the range of equation 20

into the turbulent region.



CHAPTER VI
CONCLUS IONS

Equation 22 was found to predict the settling
velocity of spherical particles under viscous flow con=-
ditions ranging in size from 13,5 to 1740 microns in
various liquids, water;ethylene glycol, and oil up to
porosities of 0.8 with a maximum error of + twenty per cent,
For porosities less than 0.725 the error is only + twelve
percent, Although equation 22 Is not as rigorous as Zaki
and Richardson's (8) equation I3 or loeffler's (6) equation
10 it has been tested for a wider range of particle size
and the resuvlts presented in such a fashion that the error
incurred In using this equation is obvious,

In the case of non-spherical particles, equation 22
has not been tested sufficlently to draw any definite con-
clusions, The fact that the shape factor calculated from
equation 20 for the emeries, S = 7,6, agreed with the shape
factor for angular sand particles, S = 7.7, which closely
resembled the emeries, might possibly justify further In-
vestigation of equation 22 for predicting the settling
velocity of non=spherical particles.

Figure 2 shows that a definite linear relation
exlsts between the Froude and Reynolds numbers in the

viscous region and also suggests that a correlation may
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exist to extend equation 20 into the turbulent regioen,
Loefflerts (6) paper should be very helpful in making swuch
a correlation,

None of the equations found in the literature seem
to have solved the problem of predicting the settling
velocity of non=-spherical particles, Equation I13f as re=-
ported by Zaki and Richardson (8) is limited to the turbu-
lent region only, and Loeffler's (6) equation 10, although
derived for the general case, was tested with spherical
particles only. |

If further investigation of equation 22 Is made on
non-spherical particles, the author suggests that the
specific surface area of the particle be determined by
methods developed by Carman and described by DallaValle
(13)., The apparatus used in these methods Is quite simple
and the actuval flow conditions would more closely resemble
those existing in a hindered settling suspension than would
the turbidimeter method where the particles are obeying

Stokes law.



APPENDI X
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Appendix A

Tables 1=-17, Data Relating the Hindered Settling Velocity
{U.) to the Porosity of the Suspension, (e),
together with Corresponding Values of Reynolds
and Froude Numbers.

d = diameter of particles In
microns

density of particle iIn
gm/cc

density of fluid in gm/cc

R
n n

viscoslty of fluid iIn
poise

X

porosity (void fraction)

(]
n

Ues = observed settling velocity
of particle In cm/sec

fr = U2 Ll-e)
gd e3
Re = dUC'fz'ff’
Klobserved) = Fr/Re

Kipredicted) 8.0 x 10=3 for spherical
particles and 5.0 x 107

for angular particles
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Table |. Taploca iIn Oil (4):%
e Ve x 103 Fr x 106 Re x 10% Klobserved) x 103 Klobserved)
K(predicted)
05092 4., 927 0.418 0.513 8.16 } .02
0.592 T:75 0,69 0.93 7.43 0.93
0.691 15:9 1,36 1.91 Fol 3 0,89
0,665 11.9 0,925 1.43 6.44 0.80
0.727 22.6 .12 2.71 7.83 0.98
0.894 Gl 2 3 12 7.34 4,25 0.53

#Number in parentheses refers to bibliography.

1740
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Table 2, Glass Spheres in Water (4)

e VC x 103 Fr x IOé Re x IO4 K(observed) x I03 Klobserved)
Klpredicted)

0.60 0,997 1.38 1.94 7.1 0.89
0.70 2.175 3.05 4,22 7.2 0.90
0.80 5.3I 8.18 10.3 7.9 0.99
d = 13.6
ég = 2,32
o=
//=9.3xl0-3



Table 3.

Emery A in Water (5)

26

Vc X IO3 Fr x IO6

Re x 104

Klobserved) x 103

Kl{observed)

Klpredicted)

0.65  1.38 2,02 4.7 4.3 0.86
0.70  2.18 3.41 7.4 4.6 0.92
0.75  3.32 5.3 1.3 4,7 0.94
0.80  5.27 8.7 18.0 4,84 0.97
0.85  7.55 1.5 95.7 4.47 0.89

d = 12,2

@, = 3.79

Q=1

)J: 10=2



Table 4,

Emery B In Water (5)

27

Ve x 103 Fr x 10° Re x 10% Klobserved) x 103 K{observed)

K({Predicted)

0.65 0,847 0.99 2.25 4.4 0.88
0.70 1,35 I.67 3.59 4,65 0.94
0.75 2.06 2.5] 5,33 4.7 0.94
0.80 3.14 3.98 8.35 . 4,76 0.95
0.85 4.70 5,72 12,5 4.56 0.91
d : 9.6
(% = 3,77
fL=
=t



Table 5., Glass Spheres

in Water (10)

28

fr x 10! Re x 10-!

K(observed) x l03

e Ve x 10 Klobserved)
Kipredicted)
0.90 5.38 3.94 9.2 4.3 0,54
0.80 3,38 45 .75 7.84 0.98
0.75 2.51 3.82 4,27 8.95 1.12
0.70 |.84 2.96 3.12 55 1.19
0,65 .32 2.15 2.24 9.6 1.20
d = 100
F% z 2.48
Q=
Jﬁfz 8.7 x 10=3
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Table 6, Glass Spheres In Water (10)

e Vo x 1ol Frox 10! Re x 10~ Kiobserved) x 103 Klobserved)
Klpredicted)

0.78 5,07 7.6 11,2 6.8 0.85
0.60 |.62 3.18 3.56 8.95 .12
0.57 1,19 2.08 2.62 7.95 0.99
d = |55
eg = 2,32
L - I

9.3 x 10~3

/J



30

Table 7. Data on Glass Spheres in Ethylene Glycol (11}
e Ue x 102 Fr x 104 Re x IO2 Klobserved) x 103 Klobserved)
Klpredicted)
0.521 2.16 0.60 0.624 9.6 1.2
0,566 2.86 0.695 0.827 8.4 .05
0.597 3.58 0.865 |.04 8.4 .05
0.656 5.33 1.21 .53 7.9 0,99
0.674 5.93 .28 L.71 145 0.94
0.742 8.93 .80 2.50 6.9 0.86
0.767 10.47 .90 3.0l 6.3 0,79
0.810 13.64 2.43 3.94 6.2 0.78
0.851 17.60 2.70 5,08 5.4 0.67
d = 287
Co = 2.67
0= 1.1
= 153 x 10~3

//
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Table 8, Data on Glass Spheres in Ethylene Glycol (11)
e U, x 1ol Fr x 103 Re x 10! Ktobserved) x 103 Klobserved)
K{predicted)

0.52 .36 0.806 .14 7.06 0.88
0.55 |.85 Il .55 7.13 0.89
0.60 2.66 1,58 2,23 7.10 0.89
0.67 4,69 2.85 3.93 7.25 0.91
0.76 8.09 4,17 6.77 6.16 0.77
0.83 11.36 4,53 9.52 4,75 0.59
0.89 14,90 4.0l 12.50 3,2 0.40

d = 850

(L = 2,63

L= 1.1

= |55 x 10~3
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Table 9, Glass Spheres in Water (11)
e U. x 10° Fr x IOI Re x 10~} Klobserved)s Klobserved)s
Kipredicted)
0.6l 2.20 126 2.6
0.70 3.41 l.55 4,04
0.78 4,49 136 5.24
0.85 5.84 1.26 6,90

#0nly K's corresponding to Re less than 2 are presented.

Ee
e
/}/

1

659
2.67

1.0

9.3 x 10-3
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Table 10, Glass Spheres in Water (11)

e U, - x 10° Fr x IO| Re x 10~! K(observed)®# Klobserved)s

Kipredicted
0.485 0.289 1.03 1,77
0.563 0.594 2,59 3,63
0.603 0.770 3,22 4,70
0.705 1.306 4,07 7.98
0.808 2.08 4,58 12,70
0.848 2.395 4,21 14,65

#nly K!'s corresponding to Re less than 2 are presented.

340
2.61
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Table Il, Glass Spheres in Water (I1)

e U, x 10° Fp x 102 Re x 10° Klobserved)* Klobserved)i
Klpredicted)s
0.59 2.28 v. KB 36.0
0.68 3.91 17.0 6l.8
0.76 5.0 15.3 79.0
0.84 6.9 14,1 109.0
0.89 7.28 @l 115.0

#Only K's corresponding to Re less than 2 are presented.

d = 903
Pp = 2.63
@, = 1.0

// = 9,3 x 1073
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Table 12. Glass Spheres in Water (I1)

e U. x 10° Fr x 102 Re x 10° Klobserved)® Klobserved)s

Kipredicted)
0.505 0.716 4,27 5.68
0.559 1.069 7.56 8.47
0.650 1,650 7470 13410
0,750 2,68 9,03 21.20
0.850 3.8 7.85 30,10
0.885 4,21 &.33 33.40

*Oniv K's corresponélng to Re less than 2 are presented,

6
€L

//

= 459

2.67

1.0

9.3 x IO"'3



Table 13, Polystyrene Spheres in Water (1)
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e U, x 10! Fr x 104 Re x 102 Klobserved) x 1073 Klobserved)
Kl{predicted)
0.50 0.73 2,79 3.26 8.55 1,07
0.563 2 4,75 5.38 8.8 Il
0.62 1.8 6.85 8.06 8.5 .06
0.750 3.6 10.40 16.15 6.4 0.80
- 0.825 4.9 9.97 22,0 4.5 0.56
0.87 6.0 9.5 26,9 3.5 0.44
d = 758
é% = |..085
(h = 1,0
= 9.3 x 1073



Table 14, Glass Spheres in Water (11)
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e U x 10! Fr x 103 Re x 10! Klobserved) x 10-3 K(observed)
K(predicted)
0.529 0.75 1.26 1.78 7.1 0.89
0.604 1,40 2,52 3,34 7.55 0.94
0.684 2,50 4,37 5.97 7.32 0.92
0.747  3.75 6.10 8.95 6.8 0.85
0.794 4.88 6.96 1.7 5.95 0.74
0.856 6,75 7.46 16. 1 4,64 0.58
d = 140
(9p = 2,59
el-: 1.0
= 9.3 x 10~3



Table |15, Glass Spheres in Water (11)
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Fr x 103 Re x 10!

K(observed) x 10‘3 Klobserved]

e U, x Io!
Klpredicted)
0.513 0,97 2.08 2.72 7.65 0.96
0.603 2,06 4,54 5.77 7.85 0.98
0.641 2,76 6.35 7.73 . 8.23 1.03
0.716 4,48 ©.50 12.60 7.54 0.94
0.791  6.94 12.20 19,20 6.36 0.80
0.858 8,94 10,6 25,0 4,24 0.53
d = 164.5
o = 2.58
(i = 1.0
= 9.3 x 1073



Table 16, Polystyrene Spheres
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in Water (11)

e U. x 10l Frx10* Re x 102 K(observed) x 10-3 K(observed)
Klpredicted)
0.51  0.63 2.34 2.5 9.35 117
0.58  0.93 3.47 3.87 8.96 1,12
0.64  1.53 5.05 4.6 11.0 1.38
0.71 2.20 6.0l 8.75 6.86 0.86
0.76  2.90 7.11 (5 6.2 0.78
0.82  3.90 7.72 15.5 4.98 0.62
0.91  5.40 5.30 21.4 2.48 0.31
d = 650
(5 = 1.057
f.=1.0
= 9.3 x 1073
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Table |7. Polystyrene Spheres in Water (I11)

e U. x 10! Fr x 10% Re x 102 Klobserved) x 1072 Klobserved)

Klpredicted)

0.5 0.5 La¥? .69 10.5 .31
0.57 0.7 2,14 2.36 9.06 1,13
0.62 1.1 2.64 3.70 7.14 0.89
0.70 1.8 5.18 6.03 8.6 1.08
0.75 2.3 5.78 7.75 Tad 0.94
0.80 3.0 6.45 10. 10 6.45 0.81
0.85 3.7 6.25 12.50 5.0 0.62
d = 550
€, = 1.057
fL = 1.0

/}} Z 9.3 x 1073
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Figure 1. The Hindered Setting of Silicon Carbide (400 Grit) in
Methyl Alcohol (858 g./1.)
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Legend for Figa. 2 and 3

Figure 2,

Re= dUc(8-6)

M

———— Symbol Refgrence Parblcles dimferoms) ol gmfcc) Liquld tlamfecl  (potue} ]
= o 1) Taplaca 1740 1,38 ol 0,89 7.13 ! =]
— ] {4) Glass Spheren 13,8 2,32 Water 1.0 0.0093 ]
A 151 Emery A 12.2 1.79 waler 1.0 0,01 —
— v 151 Emery 8 9.4 3,717 Waler 1.0 0.01 |
a tar Glass Spheres 100 2,48 water 1.0 0.0087
= @ 110} Glass Spheres 155 2.32 water 1.0 0.0093
3 iy Glass Spheres 140 2.59 Water 1.0 0.0093
tiiy Glaws Spheres tas 2.58 Water 1.0 0.0093 © 2]
o] iy Glass Spheres 247 2,47 Ethylene Glyeal (.11 0.155 © o 8
= g 1) Glass Spheres 850 2,63 Ethylene Giveo! |,01 0.155 ;]
= ey Palystyrene 450 1.057 Waler 1.0 0.0003 — D
= o (11} Palystyrene 550 1.057 Wa ter 1.0 0.0093 =D| o o
— =] thry Palystyrene 758 1.055 Water 1.0 0.0093 —
— 9 th1)  Glase Spherey 459 2,67 waber 1.0 0.0093 o
- L] 1111 Glass Spheres 340 2,67 waler 1.0 00,0093 o
& (1) Glass Spheres 903 2,83 waler 1.0 0. 0093 T g (]
— L iy Glass Spheres 459 2.467 Waler 1.0 0.0003 ™
L L ]
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Froude-Reynolds Relation for Hindered Settling.
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