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ABSTRACT

Natural and commercially available particles of
uniform shape and size were used to study the effect of
particle shape” on hindered settling in creeping flow (Reg <
0.1), where fluid flow behaviour is independent of pafticle?
Reyﬁolds number and the effect of shape is most prominent,
Particles of different shapes used were spherical glass
beads, cubic salt (NaCl) crystals and ABS plastic pellets,
flaky sugar crystals and angular mineral (silicate) crystals,
They were carefully sized by sieving and liquid elutriation
to avoid other effects like size segregation, Constant settl-
ing data were processed in the form of uv rather than u to
eliminate the effect of temperature variation on viscosity,

The effect of the wall on hindered settling rate was
found to be small in most cases, -The method proposed by
Beranek and Klumpar for correlating fluidization data on
different shaped particles was found to be only moderately
successful in correlating the present settling data for dif-
ferent shapes., |

Results were plotted'as loguy versus log €, and the
index n of the equation wuy/(uV)gyr = €9 was calculated by
least squares, It varied from an average value of 4.8 for
the smooth Sphgrés to 5.4 for the cubes to 5.8 for the flaky
or angular particles, 1In contrast to the corresponding term
proposed by Richardson and Zaki, the term (uv) oyt Was measur-
ably lower than uv for free settling of the spherically iso-

tropic particles, More significantly, the index n was graph-
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ically found to display a definite trend with the random loose
fixed bed porosity, which is shape dependent and easily measur-
ed, and may therefore turn out to be a simple and useful para-

meter for taking account of shape variation,
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INTRODUCTION

Single spherical particle settling or free settling
of spheres in a quiescent infinite fluid within the'crgeping
flow regime was studied theoretically by Stokes (1), and the
well known Stokes' law has been verified by various experi-
mental data (2). Hindered settling, in contrast to free
settling of isolated particles, describes a swarm of parti-
cles settling simultaneously, as in most practical sedimenta-
tions., It is different from free settling because of the
interference on the fluid stream surrounding a given
particle by the presence of neighbouring particles.

An early investigation of sedimentation made by Coe
and Clevenger (3) showed that sedimentation usually began
with a constant rate, and that particles were continuously
depositing on the bottom of the container to form a bed of
sediment. The settling rate in this period is called the
contant initial settling rate., From a hydrodynamic point of
view, hindered settling of a monosize system is similar to
particulate fluidization when there are no boundaries to the
particle bed. 1In fact studies in these two areas are comple-
mentary to each other., Because of their wide application in
chemical engineering and other fields, a considerable amount
of study has been made of such fluid-particle systems.

Most work in the literature deals with spherical -
particle systems, presumably because a sphere has the most
simple configuration, of which the size and shape are easily
defined, Investigations on nonspherical particles are mostly

restricted to free settling.



LITERATURE SURVEY

1. Single Particle

The earliest study on resistance of a single spherical
body moving relative to fluid was made by Stokes (1), whose
analytical result is applicable within the creeping or vis=~
cous flow region, where fluid inertia is negligible compared
to viscous shear., Later, study was extended to somewhat
higher Reynolds numbers by Proudman and Pearson (4), White-
head (5), Oseen (6) and Jenson (7). An analytical solution
of creeping flow past an ellipsoid has been developed by
Oberbeck (8) and Gans (9), who proved that a body possessing
three pérpendicular planes of symmetry has no tendency to
assume any particular orientation as it settles, Subsequent-
ly, theoretical study on free settling of a single particie
was extended to settling at higher Reynolds numbers, to cases
where the fluid is bounded by solid walls and a bottom, to
irregular shaped body settling, and to improved mathematical
techniques of analysis, The studies are well described by
Happel and Brenner (10). |

An experimental study on single non-spherical parti-
cles of well-defined shape was made by Pernolet (11), who
investigated cubes, disc and prisms over a narrow range of
Reynolds number, Pettyjohn and Christiansen (12) specifically
étudied isometric particles over a large range of Reynolds
number, and were able to correlate the Stokes' law shape
factors of five isometric bodies in creeping flow region, as
well as drag coefficients'at highér Reynolds number region,

with sphericity, Similar work was done by Chowdhury (13) and



a similar conclusion was obtained. Heiss and Coull (14)
studied the effect of orientation and shape on the settling
velocity of non-isometric particles in the viscous region,

and reached the conclusion that sphericity alohe was not
sufficienf to take account of both shape and orientation
effects on the free settling of non-isometric orthotropic
bodies, Correlation of sphericity to Stokes'! law shape fac-
tor was possible by including as additional parameters the
diameter of a sphere of equal volume and the diameter of a
circle of equal projected area to the body in question,
Recently Blumberg and Mohr (15) have extended the study of
cylindrical particles in viscous flow to orientations inter-
mediate between horizontal and vertical. Other experimental
studies on orthotroﬁic bodies were those of McNown and Malaika
(16), who investigated discs, cylinders, a prismatic body and
a conical body settling pafallel to the particle axis, and
determined the limit of the viscous flow region for the various
shapes; and Jayaweera (17), who studied the free settling of
cylinders and cones over a particle Reynolds number range of
0.01 to 1000, At high particle Reynolds number, free settling
of single particles was found to depend on the density ratio
of solid to liquid, as well as on shape, by both Christiansen
(18) and Isaacs (19).

Becker (20) has attempted to correlate shape and
Reynolds number with drag coefficient, for various literature
data., A review by Torobin and Gauvin (21) covered extensive
references on the effect of particle shape and roughness, So

far, even for single particle settling, the choice of a suit~-



able shape factor which is applicable to all the experimental
data has been found to be extremely difficult because of the
complicating effects of orientation, and of rotation of non-
isometric orthotropic bodies., The problem is further compli-
cated by the different character of flow at different Reynolds
numbers, by the dependence of free roientation on Reynolds
number, and by the vast irregularity and diversity of particle

shapes to be considered.

2, Multiparticle
Empirical and analytical approéches to the dynamics of
hindered settling have often followed two methods:

i, treating the dynamics of a single particle and trying
to extend the result to a multiple particle system by appro-
priate modification of the boundary cohditions, which usually
tuined out to be some function of the ;oncentration of parti-
cles in the fluid ( 22, 23, 24, 25, 26).

ii, modifying the continuum mechanics of a single phase
fluid by treating the suspension as a liquid, the properties
of which are altered by the presence of particles (10, 27, 28,
29, 30). |

Some empirical equations also resulted from adopting
the law of flow through packed beds with certain modifications
(31, 32, 33).

The problem of the motion of aAswarm of solid spherical
particles through fluid has been treated theoretically by
various investigators by the approach of method ii, The vis-

cosity of dilute suspension was derived by Einstein (34), and



was later adopted by Vand and Hawskley (35, 27) in developing
their equation for sedimentation in the viscous region, Their
equation was confirmed by Hanratty and Bandukwala (28) to be
valid over a certain concentration range for spherical parti-
cles, Based on the equation of motion, neglecting the fluid
inertia, and on Darcy's equation for fluid flow through

packéd beds, Brinkman (36) also arrived at a solution for con-
centrated suspensions which was verified experimentally by
Verschoor (37). By modification of the boundary conditions on
- a fluid flowing past a singie sphere, various models have been
aésumed and studied either analytically o numérically, namely
the hexagonal configuration of Richardson and Zaki (26), the
free surface model of Happel (22) for viscous region settling,
and the numerical solution at higher Reynolds number by LeClair
and Hamielec (24) following the model of Kuwabara (23).

An experimental study by Robinson (38) suggested a
modification of Stokes' law for predicting the settling rates
of a suspension of fine, closely sized particles, Steinour
(30), using a similar approach, was able to find the correct-
ion factor to account for the change in the properties of the
pseudo-single phase suspension due to the presence of parti-
cles. Loeffler and Ruth (33) considered that the settling
condition'should agree with Stokes' law as porosity approéches
unity and be similar to flow through a packed bed at a pofosity
of 0.48,the value assigned to loosely packed spherical pafti-
cles, By comparison to the Kozeny equation they obtained a
porosity dependent correction function which could be incorpo-

rated into the free settling equation, Richardson (31) and



Harris (32), respectively, calculated the friction factor
for fluid flow through an expanded bed at different
concentrations, Oliver (39) also obtained a semi-emﬁirical
expression by modifying the stream function for a single
spherical body and inserting a correction factor for the
viscosity change due to the sﬁrrounding particles,

Other émpirical expressions based on the approaches
stated earlier were also found in particulate fluidization
(40, 41, 42), |

An overall experimental study of hindered settling
and particulate fluidization of spherical particles over a
wide range of Reynolds number was undertaken by Richardson
and Zaki (43), and 1atér hindered_settiing of spherical
particles was carried out by Gasparyan and Ikaryan (25).
The results of both studies were comparable and similarly
correlated, Without resorting to any sophisticated hydro-
dynamics, both pairs of investigators plotted the settling
velocity, u, against the porosity, e on log-log coordinates,
The slope of the resulting straight line was found by
Richardson and Zaki (43) to depend on the free settling
Reynolds number, Re,, of the given uniform-size particles,
With extrapolation to a porosity of unity giving approxi-
mately the free settling velocity, ue

RS SRR ¢
Ugs € (1)

The exponent n depended on wall effect, in addition to Reg:

n = 4,65 + 1955~ Rep < 052 (2a)



n = (4,35 + 17.5-3-)Reg?" 0> 0.2< Reg < 1 (2b)
n = (4.45 + 18—%€)Re50’1 1 < Reg < 200  (2¢)
n = 4,45 Reg0+! 200 < Reg < 500  (2d)
n = 2,39 ' ‘ 500 < Req (2e)

This method of correlation had previously been
attempted by Hancock (44). The correlation, though simple,
was found to be generally valid in ideal hindered settling
without flocculation and particulate fluidization. Fluidi-
zation data of Wilhelm and Kwauk (42) and of Lewis et al
(40) were also found to be well correlated in this way,

Most of the previous investigations have been done on
spherical particles, and occasionally on irregular particles,
but without particle shape as a épecified variable of study.

The effect of particle shape in particulate fluidi-
zation aﬁ high Reynolds number has been studied by Richard-
son and Zaki (43) for non-spherical particles of regular
geometrical shape, namely cubes, plates, cylinders and
hexagonal prisms, It was found that in the high Reynolds
number range, the particulate fluidization expansion data of
these particles did not differ very much from the corres-
ponding results for spherical particles, When correlated in
exponential form the power n could be related to the
Heywood volumetric shape factor:

3
Dy _
D

oy

KV=

(3)



Irregular shape particle hindered settling over a
large Reynolds number range was studied by Gasparyan and
Ikaryan (45). Using the hypothesis that a layer of immobile
fluid clings to the surface of an irregular particle, so as
to form a smooth pseudo-particle, they were able to extend
their hindered éettling equation for spherical barticles to
irregular particles by means of appropriate correction factors.
The so-called "form coefficient” and "volume coefficient" were
different for different systems'of irfegular particles, and
thus have to be determined experimentally for any specific
particle shape.

in sedimentation of non-spherical particles at low
Reynolds'number, which often prevails in practical problems,
the shape correction factors like those of Gasparyan are not
known, and a spherical shape is therefore usually assumed fof
predictive purposes, However, experimental data in the viscous
region of Richardson and Meikle (31) on sedimentation of alu-
mina powder, of Jottrand (46) on fluidization of sand, and of
- Gasparyan and Ikaryan (45) on sedimentation of crushed basalt,
crushed barite, and other irregular particles when correlated
in the Richardson-Zaki exponential form,show values of the
exponent n significantly different from that for spherical
particles in the same Reynolds number range., Thus values of
5.6 were obtained for sand, around 6.5 for crushed basalt
particles and as high as 10.5 for alumina powder, compared
to 4.65 found by Richardson and Zaki for:spheres.

Mueller and Schramm (47) suggested that in the low

Reynolds number region, expansion of a fluidized bed of non-



spherical particles which possess a maximum length dimen-
sion less than 1;5 times the maximum width could be
predicted from the same graph which applies to spherical
particles; and that only at Reynolds numbers beyond the
preeping flow region was a different graph for irregular
particles required. The graph presented by these authors
can also be found in the textbook by Zenz and Othmer (48),
who indicate that the graph was prepared by drawing smooth
curves through the experimental data of a number of in-
vestigators, The graph is a log-~log plot of (Re/CD)l/3
against (RgCD)l/3 with bed porosity as parameter. Thus the
variables velocity and diameter each appear only on the
respective coordinate axes, thereby eliminating the usual
trial and error procedure when either of these variables is
the unknown,

For convenience, Figure 1 was prepared based on the
accepted drag coefficient-Reynolds number plot for single
sphere settling (49), and on Richardson and Zaki's empirical
equations for hindered settling, assuming no wall effect.
The graph appears to be in fair agreement with that of Mueller
and Schramm, The variable, diameter, on the abscissa, when
applied to a nonspherical particle, was taken by Mueller and
Schramm to be the diameter of a sphere having the same vol-
ume as the given particle, It is noted that in the creeping
flow region (Rey < approx. 0.2) the lines for each porosity
are straight and parallel to each other, and have a slope of
2, This result arises from Stokes' law, which can be put in

the form
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Modified Plot of Cp - Re for Single Particle
and Suspension ,
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Cp = 1%20 %)
ox (%%9-)1/3 « (CDReg)Z/B | (4a)

The vertical spacing between these lines of differ-

ent porosity is. proportional to the index n of equation 1
and 2, and is constant in the creeping flow region, where
‘n = 4,65, In the light of the few experimental data on
nonspherical particles in creeping flow mentioned earlier,
the graph obviously does not apply to aiumina powder and
crushed basalt, Even for nonspherical particles in which
the maximum length is equal to the maximum width, for ex-
ample the data of the present work on cubic salt crystals
in creeping flow, the prediction of this graph is poor. It
is interesting to note that, on the one hand, Richardson
and Zaki's results on artificial nonspherical particles
showed a smaller difference between the index n for non-
spheres and that for spheres in the high Reynolds number
range than in creeping flow, while on the other hand
Mueller and Schramm suggested that a separate graph was re-
quired for irregular particles only in the region beyond
creeping flow,

It can be concluded that no extensive investigation
has been done on the effect of shape on the relationship
between hindered settling rate and concentration, except
possibly in the high Reynolds number range. A study of the

particle shape effect, particularly in the creeping flow
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regions, should therefore be useful and significant.

3. The Work of Beranek and Klumpar

| In their>paper titled "A New Theory of Fluidization",
Beranek énd Klumpar (50), in céfrelating expansion data of
| fluidized beds, suggested that a plot of (l-e€)/(1l- €y,)
against either u/ug or (u-u;,)/u, was superior to other
‘methods of corrélation which did nof fit their experimental
data, Here € is the porosity of the expanded bed, € is the;
fixed bed porosity corresponding to a random loose packed
bed obtained by letting the particles in suspension settle
freely until they had reached a constant height, and ujip
is the incipient fluidization velocity. The term (l-¢)/
(1-€,) was denoted as "characterizing the geometric similar-
ity"., Without using any conventional shape factor, they
were able to plot both spherical particle data and irre-
gular particles data, obtained at different‘free settling
Reynolds numbers, on the same curve, Howéver, plotting of
data at different free settling Reynolds numbers on a single
curve is in principle wrong, since it is well known that
dependence of u/u, on porosity for particles of fixed shape
(e.g. spherical) varies with free settling Reynolds number.

This point becomes more obvious by reference to Figure 2,
where the Richardson-Zaki empirical equations for spherical
particles are plotted in the manner of Beranek, assumming
€y equal to 0,435,

That Beranek and Klumpar were apparently able to

correlate their data on a single curve may be attributed to



13

L
wiw : ‘ \
i €b = 0.435 ‘ \
0.l |- ' RICHARDSON-ZAKI EQT. ,\\.—
[ —— Reo<02,U -e*%% - =
T = - 63"0l
Reo 50, Voo ' [
0.05 |- :
[ ——— Reo>500,U =¢?3°
[ N T T O Y| | I T T N N
0.05 0.1 0.2 0.5 1.0
- M
Ueo
Figure 2. Berahek—Klumpar Plot based on Richardson-
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the relatively narrow range of free settling Reynolds
number covered,

If spherical and nonspherical particle data at
similar values of Rey could really fall on the same curve
as suggested by Beranek, it must be €} which accounts for
the shape variation of the particles., Random loose fixed
bed porosity has indeed been reported to be related to the
sphericity of particles (51)., The use of such a fixed bed
porosity has the advantage of being much easier.to measure
than conventional shape factors, and of giving a statisti-
cal "shape measurement' without referring to the orienta--
~ tion of particles, which is assumed random in a randomly
packed bed., |

| As the efféct of Reynolds number level on the
concentration dependence of bed expansion was ignored by
Beranek and Klumpar,‘in fact no conclusion can be drawn as
to the validity of their correlation. Furthermore Beranek
and Klumpar, in presenting their result, included some data
on porous partiéles, and also the data of Wilhelm and
Kwauk (42), whose fixed bed porosity wés not for random loose
packing., The previously mentioned studies (31, 45, 46)
show that hindered settling and particulate fluidization
data, plotted in exponential form, give more sensitive
variation of index, n, with shape in creeping flow than at
higher Reynolds numbers. In the creeping flow region, where
the fluid flow behaviour is independent of Reynolds number,
compariécn of effects due to shape may be simplified.

Therefore a study of hindered settling of various shape

(
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particles in the creeping flow region, which will be
described in this work, should clarify the validity or
otherwise of the above stated suggestion by Beranek and

Klumpar.,
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GENERAL THEORETICAL CONSIDERATIONS

‘1. Free Settling

M 'Consider a single, uniform density particle of
size, L settiing with a constant terminal veiocity Ug
and constant orientation in an infinite fluid medium of
viscosity pi. When the motion is in the creeping flow
region, the total drag force on the particle, which con-
sists of both viscous shear forces and pressure forces, is
proportional to L, u, and ., and is independent of the

fluid density p:
F = KLpug, (5)

The criterion of flow behaviour is the particle
Reynolds number, which is the ratio of fluid inertia to
viscous forces and is defined as

Re, = L;j“’ (6)

At low Rey, fluid inertia is relatively unimportant
compared to viscous shear, and equation 5 applies at any
Reg .Within certain limits, The flow is called creeping
flow or viscous flow and is characterized by the absence of
wakes and of boundary layer separation of fluid behind the
particle, Beyond the creeping flow region the fluid inertia
can no longer be neglected, and the resistance force on the
particle cannot be expressed by equation 5,

A sphere is the simplest shaped particle, the size

of which can be described by a single dimension, diameter D,



irrespective of its orientation, Equation 5, written for

sphere, becomes

F = 37TD/u,u°° (5a)

which can be proved analytically from the equation of mo-

tion and has been verified experimentally., The Reynolds

number then becomes

Reo = Q%m_ (6a)

In general, for all particle shapes and Reynolds

numbers, the drag force is expressed as

) |
F = CDAPE?E— (7)

For a sphere, where is the projected area of the parti-
PRELEs

cle normal to the flow axis.

= 24 |
CD Reo Reo < 0.2 (4)
¢y = £(Reo) Reg > 0.2 (4b)

By equating the drag force exerted on a spherical

17

particle to the gravitational force less the buoyancy force

on it, the terminal settling velocity of the particle can be

calculated as

2 .

which is a familiar special form of Stokes' law applicable

to particle motion in a gravitational field,
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The more regular parficles of interest with shapes
other than spherical may be classified into spherically iso-
tropic particles, which have three equal mutually perpendi-
cular axes of symmetry, and orthotropic particles, which
possess three mutually perpendivular planes of symmetry and of
which spherically isotropic particle$ are a particular case,
Nonspherical particle settling is more compiicated than that
of spheres because of the unlimited number of orientations
which are possiblé and the variation of translational resist-
éhce with orientation. The problem is further complicated by
rotation of particles at higher Reynolds numbers, or by shépe
assymmetry even at low Reg.

Within the creeping flow region, a spherically iso=-
tropic particle settles in its initial orientation and in the
direction of the gravitional force. The translational resist=-
ance is the same in any orientation and is larger than that on
a sphere of equal volume (12)., The drag force exerted on a

steadily settling particle in creeping flow is then given by

A .
F = %g; Dy : | (5b)
Thus .
D2 ,, ,
Uy = KST’X-(%%iElg : (8a)

where4Dv~is‘the diameter of a sphere of equal volume and Kgris
called the Stokes' law shape factor, which was found to be a
function of sphericity (12).

An orthotropic particle, if settling in the creeping
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flow region, will preserve its initial orientation, but will
not necessarily fall in the direction of the gravitational
force except when its axis is parallel to the gravitational
force (14), The translational resistance depends on the
orientation for a specified shape particle. A similar Stokes'
law shape factor can be derived for some artificial ortho-
tropic particles (14), but since correlation of this factor to
sphericity alone is insufficient, such parameters as ratio of
axis lengths, and diameters defined in various ways, become
necessary to account for the volume and orientation of the
particle (14, 15),

Particles without any axis of symmetry and irregular
particles, when settling in creeping flow, will rotate and thus
rotational resistance arises in addition to translational
resistance. Both resistances contribute to the drag force of
the fluid exerted on the particle,

Beyond the creeping flow region, settling of a parti-
cle may involve spihning, wobbling and other‘secondary motions,
and the particle orientates in such a way that resistance to
fluid flow is a maximﬁm, at least for many particles studied (20).

Analytical proofs for creeping flow are available for
bodies of revolution like spheres and spheroids. These proofs
can be intuitively applied to particles of symmetric shape with
plane surfaces, for which analytical solutions are difficult but
experimental verifications are possible,

To account for variation in shape, many methods have
been suggested for "measuring the shape'" of nonsphéfical parti-

cles and their equivalent diameters. The equivalent diameter
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of a nonsphere has usually been based on a sphere of equal
volume,'or equal surface area or equal settling velocity, each
of which has its own justification on hydrodynamical grounds.
Examples are given in Tables 1 and 2,

The Stokes!' law shape factor, Kgr, has been correlated
to the other shape factors, which can be determined by non=-
hydrodynamic measurements (12). Use of shape factor may be
successful for particular éhapes, but not generally satisfactory
for all shapes, especially when orientation effects are import-
ant and other parameters are required,

The measurement of a shape factor such as sphericity is
always difficult, As previously mehtioned, the fixed bed poro-
sity of uniform size and shape particles has been suggested to
be in some way related to sphericity (51), Fixed bed packing,
however, does not give an unique porosity for a set of parti-
cles, Spheres, for example, give four considerably different
porosities corresponding to special geometric arrangements in
the bed (53) of which random packing can be considered to be
mixtures in varying proportions. Random loose packing however,

was found to give roughly a constant porosity.

2. Hindered Settling

_ In a multiparticle system, the effect of the presence
of other'particles in the vicinity of the particle must be
considered; this effect may be hydrodynamical or mechanical,
Richardson and Zaki (43), by means of dimensional analysis and
considering the possible effect of the wall on particle motion,

arrived at the following grouping of dimensionless quantities



Table ‘1

Equivélent Diameters

Equivalent Definition: Diameter of spheré
diameter . of same

Dy volume or drag force

ﬁs surface area

ﬁu settling rate

Table 2

Shape Factors

Shape factor

Variable compared

Fixed wvariable

\l/ = As/A

1

¢ ct/C

Ky =7TD3/6D2

KgT= ug/uy |

surface area
perimeter of
projection
volume

settling rate

volume ‘or drag
force

projected area -

volume or
drag force

21
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- for spherical particles:

(==}

u_ . Dug , D_
- = @ (J/ ’ Dt’e) (9)
where € is the porosity of the bed., The empirical equations

were presented in the form

u n
= € (1a
Uext : )

where ugy¢ is the velocity obtained by extrapolating the log-log
plot of settling rate versus porosity to a porosity of unity, and
was. found to be approximately the same as the free settling
velocity of a single particle in an infinite medium., Thus,
multiparticle settling is related to free settling by a correct-
ion term which is a function of porosity. In the creeping flow
region, Reg< 0.2, this function does not vary with Reo, and

equation la becomes

when wall effect is negligible, The function wvaries with
Reynolds number beyond the creeping flow region,

Analytical solutions‘of creeping flow hindered settling
have been proposed (22, 23, 24, 26) based on some idealized
models, The agreement with experiment is not entirely satis-
factory, the experimental results always showing higher settling

rates than predicted, Two particles settling represents a
particular case of multiparticle settling, Both analytical and

experimental results, in good agreement (10) with each other,
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have shown that mutual interference of two spherical particles
always reduces the drag force on the particles, and consequently
the settling rate is faster than the free settling rate, This
result is in apparent contradiction to equation la, considering
porosity as fractional volume of fluid unoccupied by solid. It
is therefore suggested that when the number of particles is |
small, for example at high porosity, the general equation for an
"infinite" number of particles should not be applied,

‘ In analysing spherical particle hindered settling it is
always assumed that the hindrance effect is essentially hydro-
dynamical, and also that the spheres do not rotate, though
rotation does not affect the drag force appreciably in viscous
flow, For nonspherical particles, however, even free settling
may involve non-vertical motion and rotation, Thus the hindered
‘settiing rate may be further changed by mechanical contact bet-
ween particles, in addition to pure hydrodynamic interference
caused by neighbours. Analysis which includes thexpossible
effects of rotation and orientation of an infinite number of
nonspherical particles may be rather complicated., Even in the
diverse studies of spherical multiparticle systems, the con-
clusions are not unique, An investigation of the effect of
shape on hindered settling in creeping flow is therefore reason-
ably restricted to an experimental study on uniform particles of
various available, suitable shapes. This study was confined to
the constant rate sedimentation period, the universal existence
of which for uniform size particleé can be justified even on

theoretical grounds (see Appendix I),
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3. Wall Effect

The wall effect on a single particle arises from the
backflow of liquid which is displaced by the settling particle
in a vessel with a finite boundary. In the creeping flow re-
gion, when a sphere settles axially along a‘tube, the actual

drag force on the sphere (10) is giﬁen by

F

Fi= 5 =
D by
1 k(Dt) + O(Dt)

(10)

where F is the drag force on‘a sphere settling in an infinite
medium given by equation 5a and k has a numerical value of
2,104, The sphere settles without rotation in this center loca-
tion., At any other (eccentric) position, however, a torque is
exerted on the sphere‘and it rotates in one direction or another
while settling. Consquently k changes in accordance with the
radial location of the particle. The value of k decreases very
slightly (about 3%) when the location of the sphere changes from
the cylinder axis to a distance from the axis equal to 0.4 of
the cylinder radius, Further eccentricity causes an abrupt in-
crease in k, Nonspherical partiéles; besides undergoing rota-
tion, may also drift éideways. The same correction for wall eff-
ect as for spheres is applicable to nonspherical particles if Dy
is used as the characteristic diameter of the particle (54),

The approximate form for equation 10, obtained by performing the

division and neglecting higher orders of D/D., is

F'= F(1+k §-) | (11)
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The corresponding correction for free settling velocity is
Up = ug(l + k £-) (12)

o D¢ .

The latter was found to be valid at low D/Dy(<0.1) in the
creeping flow region (55). At higher Reynolds numbers wall
effect becomes less significant, The problem, taking into
account fluid inertia, has been studied by Faxen and others
(10).

Wall effect in multiparticle settling has not been
solved theoretically., Richardson and Zaki have attempted to
include the wall effect for sedimentation of spheres in the
index n of equation 1., The same trend as for free settling was
found, with wall effect being important at low Reynolds numbers

and absent at high Reynolds numbers,
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EXPERIMENTAL .

1, Variables Studied -

The main‘object of the;experimental work was to in-
vestigate the effect of particle shape on hindered settl?ng'
in creeping flow and testing the correlation of Beranek and
Klumpar., Other effects such as segregation, which was found
to have an appreciable effect on settling behaviour, were to
be avoided as far as possible, The experimental data collected
were hindered settling rate, u, and the corresponding bed poro-
sity,e. Fixed bed porosity, €p, is required for the Beranek-
Klumpar plot. Since estimated free settling rate was found to
be obviously different from the extrapolated value, u,,., at
porosity of unity, data on free settling rate, u,, were collect-
ed for spherically isotropic particles. The possible effect of
the boundary on settling was studied by performing tests on the
same systems in columns of different sizes, the highest value

of Dy/D¢ being 0,045,

2. Materials

A, Particle Selection

It was desirable to have particles of uniform shape and
size, a requirement which was impossible to fulfill absolutely,
The criteria used for selecting particle size may be described
as follows, On the one hand, the size had to be large enough
so that such electrostatic effects as flocculation were negli-
gible and individual particle shape could be easily observed.
On the other hand,.a preliminary test showed that with the ex-

perimental method adopted, the particle size had to be relative-
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ly small in order to get uniform suspension of the particles.
To assure that settling was in the creeping flow regime, an
extremely viscous liquid was required for the larger particles,
Agitation of the suspension then became difficult, Another
objection to the use of large particles was that the relative-
ly large wall effect possibly present in créeping flow might
overshadow the effect of particle shape, The initial -idea was
to manufacture a large quantity of artificial particles cut
from square and round rods. Because of the lengthy fabrication
time required, however, use was instead made of natural or
commercially available particles which conformed to the above
requisites as far as possible and, in addition, were of homo-
geneous density, free running, non-hygroscopic and insoluble in

an appropriate settling medium and washing liquid,

B, Discussion on Segregation

Perféctly monosize particles are practically impossible
to obtain by various methods of sizing, The degree of segrega-
tion_by size will be different for different size distributions,
and will be attenuated at higher particle concentrations., Kaye
and Davies (56) reported that segregation by size was observable
visuélly in the settling of a binary mixture of‘two sets of
particles having a mode mean size distribution ratio of about
1.3, when the poroéity was higher than 0,6, Binary mixtures
from two consecutive fourth root series Tyler"Séreens have
been observed to give size segregation in fluidization (57).

In a preliminary test it was found that a mixture of

sized salt particles from two consecutive fourth root series
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screens, the smaller fraction of which was colored, displayed
minor size segregation up to a porosity of 0.87. Visual
observation during settling was difficult, However, the final
sediment showed the colored smaiier size particles concentrated
in the top portion of the bed, A quantitative cOmpaéison was
obtained by simultaneously settling in similar cylinders 35/42
mesh mineral particles and a 90% mixture of the same material
with 10% 42/48 mesh particles, the next smaller size in the
fourth root screen series, The results, plotted in Figure 3,
show that the effect of size distribution was significant, es-
pecially at high porosity, This result emphasized the necessi-
ty of using closely sized particles,

The effect of particle size distribution was carefully
studied by Loeffler and Ruth (33) using spherical particles,
They found that fourth root series écreen fractions, with a
maximum size distribution of less than 20%, settled at the same
rate as carefully ground spheres which had a diameter variation
of only 5%. Thus fourth root series scfeens are capable of
producing "monosize spheres" as far as hindered settling is

concerned,

C. Separation of Particles..

Two_methods of separating particles were used: convent-
ional sieving on Tyler fourth root series screens and liquid
elutriation, Liquid elutriation, which separates particles by
differences in hydrodynamic drag, was introduced in addition to
sieving, since particles of different shape may not be well

separated by sieving.
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In sieving, about 400 grams of solid was introduced on
to the tép screen, After the first sieving, the particle frac-
tions were collected and further screening was performed on these
primary fractions, using 100 gram samples obtained by combining
like fractions from several primary screenings, Subsequent
sieving was carried out for 10-minute intervals, until the
change in weight of each particle fraction became negligible,
Blind sieves were cleaned after each sieving. Sieving was

performed on a Ro-tap shaker,

D, Liquid Elutriation

Liquid elutriation is fundamentally particulate fluidi-
zation at high porosity, where segregation by size is prominent,
It was carried out in a glass column of 4.6 cm, I1.D., equipped
with a supporting screen S, and a screen gate G, as shown in
Figure 4, Liquid was stored in jar A and was pumped to the
column F through an explosion-proof centrifugal pump P, The
flow rate of liquid was controlled by a diaphragm valve D, The
liquid, after passing through the column, was returned to the
storage jar from the overflow H, Pump heat was removed by the
water cooling coil C, The fine particles carried over by the
liquid were collected on screen B, Detailed deécription of the
elutriation apparatus and its teéting is reported in Appendix
II, The method was capable of separating spherical particles
of different size as effectively as fourth root series Tyler
screens,

The particles which underwent elutriation were all

sieved as described above, An appropriate quantity of particles
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to make a fluidized bed of porosity about 0.95 in the available
/ S
length was introduced into the column., Cooling water was turned

’

on and -elutriating liquid was circulated through the unit, its
flow rate being cbntrolled by adjusting the valve, ?
The quantity of particles to be removed was determined
roughly by trial and error on the first batch of a given set of
particles, In a trial, the total height of the fluidized bed
of a certain quantity of particles was recorded before closing
the screen gate to remove the "smaller" size portion. After the
screen gate was closed, the column was disassembled and those
particles on top of the screen gate were recovered, The remain-
ing particles were tested for segregation by fluidizing in the
same column, The topmost part of the bed was again collected by
the screen gate, colored, and re-inserted into. the column.. If
visual segregation was observed, further trials were performed
which involved fluidizing the total original particles to a
larger bed height, which was recorded, and removing a larger
quantity of particles than in the previous trial, until no vis=
ual segregation could be observed in the remaining particles,
.~ Other batches of the particles were separated by fluidizing the
same weight of particles to the final recorded bed height and

closing the screen gate,

E, Description of the Particles

Five kinds of particles were used, They were: spherical
glass beads, cubic salt (ﬁaCl) crystalg and cubic ABS copolymer
pellets, both of which are isometric and spherically isotropic,

flaky sugar crystals, and imperfect octahedron-shaped mineral



33

(silicate) crystals (henceforward referred to as mineral
crystals), Their properties are desctibed in Table 3, and

their shapes are illustrated in Figure 5,

Table 3

Properties of Particles

Particle Materials Size, Dy, Dens%ty Run No,
shape cm g/cm
Spherical glass beads 0.0492 2,959 7
0.114 2.977 1,2
Cubic salt crystals | 0.0282 2.161 5
0.0341 2.169 3
0.0391 2,163 4
ABS pellets 0.288 ’ 1,061 6
Flaky sugar crystals| 0,113 1.590 12
| 0.135 1.590 11
Angular mineral 0.0426 2.632 10
crystals
0.0508 2,632 9

The glass beads were practically spherical, Most of the salt
crystals were cubic in shape, with rounded off corners, A few
twin-crystals were present, The ABS pellets, which had been
originally chopped from plastic rods and occasionally contained -
pores within the particles, were used without further treatment.
They were not perfect cubes, but they were uniform in shape and

size. The sugar crystals did not have any plane of symmetry and
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Figure 5. Photographic Pictures of Particles
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Sugar crystals, Run 11=-
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Mineral crystals, Run 10- Mineral crystals, Run 9~

\
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Discarded mineral crystals Discarded mineral crystals
from liquid elutriation, from liquid elutriation,

Run 10- Run 9-

Figure 5, Photographic Pictures of Particles (continued)
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differed markedly  from spheres or granules; and the mineral
crystals of imperfect octahedron had one axis grown longer
than the other two and appeared to be less uniform than the.
other particles, The particles other than the glass beads and
the sugar crystals had microscoPically'rough surfaces, but the
protuberances were small compared to the particle dimensions,
and it is therefore likely that the particles were hydrodyna=-
mically'smooth.

The behaviour of spherical particles was used as a
basis for comparison with other work on ithe same shape éﬁd
with the behaviour of particles of different shape. Cubic
particles were used because cubes are Spherically-isotropic,
and becauée free seftling results for such particles are
available in the literature, Thus comparisons will be more
significant,

The glass beads and salt crystals were sized by siev-
ing; subsequent elutriation did not show improved separation.
Sugar crystals and hineral crystals were sieved before elutri-
ation, The raw particles of sugar contained some broken
crystalé,Abesides being contaminated by other brittle needle-
shaped material which could not be completely removed by
sieving, The mineral crystals containéd some irregular parti-
cles with rough surfaces, which were §£ill present after siev-
ing, These unwanted particles of odd:shape or size were
removed by liquid elutriation, Benzeﬁé was used as an elutria-
tion liquid, About 10-20% of the particles were removed by

elutriation from each set after sieving,
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F, Test Liquids

The test liquids had to be Newtonian fluids and to
preferably show viscosity stability with respect to time of
storage, Test liquids used were water sélutions of poly-
ethylene glycol; and blended solutions of different grades
of automobile crank case oil for those particles which were
soluble in aqueous solution. The advantages of these liquids
was that the desired viscosity could be obtained by suitable
blénding._ The o0il solutions, which were miscible mixtures of
two Newtonian hydrocarbon liquids, were naturally Newtonain
vliquids. The 45% polyethylene glycol-water solutions were
tested and found to behave as Newtonian liquids, at least in

the experimental range., Details are given in Appendix III,

3. Apparatus _

Settling was carried out in two-foot loﬁg, flat-
bottomed glass columns with vertical;cylindrical walls, The
bottom ends of the columns.were closed by flat blind flanges.
Diameters of the glass columns did not vary significantly in
‘different directions, and the column walls were practically
straight, Thus the final bed porosify could be calculatea
by measuring the final bed height, knowing the weight and den-
sity of the particles, The topcends of the column wére
fitted with threaded flanges, which were acceésible-to threaded
plexiglass plugs. The bottom surfaces of the plugs were slight-
ly conical and the apexes were fitted with-venting valves so
that trapped air and excess liquid could escape\bn tightening,
ﬁolés of appropriate size were drilled in the top and bottom -

flanges at accurate positions for mounting, Paper scales gra-
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duated to one millimeter were fixed to the column, and several
movable hairlines made from'cellophone,were provided for easy
visualization during timing,

Five columns of different internal diameters were
available;,in order to‘obtain results at different particle to
column size ratios, The mean diameter of each column was
determined from direct measurement of diameters in different’
directions, The volume of each column was calculated from the
weight of water which filled the empty column, ' The diameter

and volume of each column is shown in Table 4,

Table 4

Dimensions of Settling Columns

Column - Mean inside Volume
No. diameter, cm cm3
1 2,54 313
2 3.78 692
3 5.08 1250
4 7.71 2877
5 10.12 ' 4893

The assembly of the apparatus is shown in Figure 6,
Each column was mounted on the supporting frame, with space
allowable for more than one column to be tested simultaneously,

and was carried on an angle iron rack at pivot, 6, The
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supporting frame could be cranked by handle, 7, and set vertical
by the stopping clamp, 8, which was released during cranking,

To assure a vertical position of the column during settliﬁg, the
_unit was placed on a horizohtal surface adjusted by a.level.
Hooks, 9, and\bolts, 10, were accurately located during fabrica-
tion in such a position that any of the columns was in a verti-
cal position when mounted on it, The position of the'stopping

clamp was adjustable for vertical alignment of the columns,

4, Experimental Procedures

A, Particle Size Measurement

Particle sizes were measured by three different methods,
Small samples of appropriate size were obtained by means of a
sample sPiitter. |

a, A sample of about 1000 particles was collected,
counted and weighed on an analytical balance, From the known
density of the particles, the avefage volume of a single
particle was calculated, The average size of the particles
could then be easily calculated if a pérticle éhépe was de=-
fined in the first place,

b, Particles from a sample were settled one at a time
in the same liquid as used for the hindered éettling runs, at
the center position of one of the larger glass columns, The
temperature of the liquid“was recordedlalong ﬁith the settling
rate, From the_average value of uv, a‘particle size could be
calculated, |

c. Samples of glass beads and salt crystals were

measured on a microscope equipped with a prism to project the
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enlarged picture of the particles onto a ground glass screen,
With a suitable combination of lenses, the size of the enlarged
particles pictures, which were of the order of an inch, could
be measured by Vernier calipers. The glasslbeads were measured
in an arbitrary but consistent direction, The salt crystals
were measufed in both directions parallel to their two edges,
The measurements were calibrated against a gége of size 1 mm,,
the image of which was projected onto the screen and measured

similarly, This measurement is reported in Appendix X,

B. General Procedure

Experiments were set up to find the hindered settling
rate at various bed porosities, as well as the final settled
bed porosity, of ﬁomogeneous particles of different sizes and
‘shapes. It was essential that the initial particle suspension
had uniform concehtration correSponding to the overall voidage
throughout the column, and that the column was in a vertical
position during settling., The viscosity and density of liquids
were respectively measured’by Cannon-Fenske viscometers and
Westphal balance, The particle density was determined by
conventional specific gravity bottles, These meaéurements are
described in Appendix IV, The routine procedures used were as
follows: '

a., Samples were taken from the specified set of
particles in order to measure particle size,

b, Density of the particles was aiso'meaSured; The
quantity>of'particles required for a column to attain the
highest desired porosity;_and the subsequent increments re-

quired for specified lower porosities, were weighed on a scale

-

e
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having a sensitivity of at least 4+ 0,05 grams., The possible
accumulated error in weight was checked by weighing the parti-
cles remaining,

c. Based on the measured physical properties of the
solid and the approximate density of the test liquid, the
required viscosity of the liquid for creeping flow was estimated;
and from a pre-composed empirical chart of viscosity vs, con-
centration of liquid solution, a suitable quantity of test
liquid was prepared with the required concentration, The
liquid density at room temperature was measured, as was the vis-
cosity at intervals of 10F, over the maximum conceivable range
of room femperature to be encountered in the experiments,

d. The particles required for the highest porosity
were soaked in the test liquid. The suspension was agitated on
the supporting frame by cranking to get the particles completely
wetted, A short period of standing was allowed for entrained
tiny air bubbles to be released from the liquid, The column was
then filled with excess liquid, which was vented through ' the
venting valve when the plug was tightened to exclude air from
the system, Agitation was started again until particles and
liquid came to thermal equilibrium with the room temperature,
The femperature of the liquid was then measured by the same
thermometer which had been used in the viscosity measurements,

e, The column wés cranked carefully with an appropriate
- speed and constant observation until uniform suspension through-
out the column was believed to have been attained, It was then
set vertically, Timing begén after the supernatant-éuspension

interface had fallen several centimeters, Two stopwatches, one
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of which hung on the strihg beside the column, were started.
Height of interface and corresponding time were recorded
constantly, After a Eertain height, estimated to be within
the constant settling rate range from a first tridl, the non-
hanging watch was stopped, while the one on the string was
still used for recording height and time, Observation of
particle motion circulation was reported. Those trials which
had obvious circulation were discarded. o

f. The timing was usuélly repeated at least once if
the result was satisfactory by the criteria of no obvious
circulation and constant rate settling., Otherwise more trials
were performed,

g. The temperature of the liquid was méasured after
every two trials, Airiwas excluded from the liduid after
each opening and retightening of the plug for temperature
measufement. Final ‘bed height and approximate duration of
settling were recorded after the suspension had settled for a
long period,

| For experiments on lower porosities, increments of
particles were added and the procedure from step d. was

repeated.

C. Experimental Technique and Settling
Data Selection
After the colﬁmn was set vertical from its rotary
cranking motion, circulation of the suspension was often
observed, the direction being always opposite to the direction

of cranking, An unreproducibly high settling velocity would
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then result, The circulation phenomenon, illustrated in

Figure 7, may be explained as follows,

Direction of Cranking

Figure 7, Illustration of Suspension
; ‘Circulation

Before the.column is set vertical, it is in an in-
clined position, during which pargicles start settling onto
the lower side of the colufn wali, Because of the obstruction
offered by the‘wall, the particles can only move by "sliding
down" along the wall to the bottom of the tube, the liquid
dispiaced being forced upward along the upper wall and thereby
creating circulation in the opposite direction to the cranking,
By the time the column has been set vertical, this motion still
persists until its force is fully damped.

Circulation in the dilute suspension was more vigorous

than that in the concentrated suspension, but both cases could
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result in a faster initial settling velocity than without cir-
culation and invalidated the assumption of uniform initial
concentration., Circulation diluted the upper portion of the
bed and undoubtedly also introduced unpredictable forces on
the particles.

| The circulation trouble caused by the cranking motion
was minimized by cranking with a suitable speed and watching
the tendency for circulation, The column was set vertical
with a gentle action, but when the suspension tgnded to circu~-
late, the column was swung slowly in the opposite direction to
a slight inclination in such a way as to produce an opposing
circulation, after which it was again gently set vertical,
This technique was successful in damping the circulation ten-
dency. For fine particles, the motion and concentration dis-
tribution of which were difficult to visualize by eye, some of
the particles were colored,

Any inclination of the column during settling also
caused circulation to develop, even if the above method did
avoid circulation at the beginning., This phenomenon had been
noted by Pearce (58), The vertical positioning of the coiumn
was therefore checked by a level,

The experimental method adopted was successful in ex-
cluding air from the column., In the viscous liquid, a large
air bubble always introduces a diffuse interface during the
early stage of settling, while tiny air bubbles which rise
slowly during settling can interfere with the downward moving
particles, The speed of cranking was important to get)a uni-

form suspension throughout the column. When it was too fast,
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a centrifugal action was introduced and concentration of the
suspension at both ends was observed visually, while if it

was too slow, the particles would either concentrate at one

end or keep on circulating about the middle part of the

column, Acceptance of data which conformed to the réquire-
ment of uniform concentration was by indirect judgement, based
on the sedimentation theory discussed in Appendix I. Irres-
pective of the mode of the settling flux-concentration curve,
any initially uniform suspension should have an initial period
of constant settling rate, which corresponds to the specified
concentration. The height versus time plot should therefore
have a straight line section at the beginning, for the duration
of the constant rate period. In the present experiments,
height versus time was plotted for each trial, An example of
such a plot is included in Appendix XII, Those tests with ini=-
tial settling curves concave upward (implying more concentrated
suspension at the lower end of the bed) or concave downward
(implying the opposite) were discarded. The settling rate of

a test was then calculated from corfeSponding height and time
intervéls within the initial constant rate settling period, It
was found that the reproducibility by this selection method was
acceptable, standard deviation being rarely higher than 5% and

usually within 3%,

D, Data Processing
Because the temperature was not controlled, viscosity
of“the liquid varied among the tests on a given porosity, be-

sides varying from one porosity to another, In order that -
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viscosity not become an additional parameter in the correlation
of settling rate with porosity, the product uv instead of u
alone was treated as a variable independent of temperature, as
shoWn in Appendix VI, For those tests in which temperature
variation was noted, the arithmetic mean of the temperature
before and after a test was used to calculate the viscosity.
The viscosity at any temperature was obtained by linear inter-
polation from a series of temperature-viscosity data which brac;
keted the experimental temperature., Temperature had much effect
on viscosity of the test liquids, a change of about 3 per cent
per OF, being typical., In the final correlation the average
value of uv at one porosity was used.

Similarly, in calculating the size of particles from
several measurements of free settling velocity, uv was averaged

as a product instead of u and v individually.
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RESULTS AND DISCUSSION

1, General

Experimental results for uy at different porosities
“for various runs on different shapes and different particle-to-
column diameter ratios are reported in Appendix VII, For each
run, average values of uv at each porosity were plotted as log
uv against loge . It was found that a straight line could be
drawn through the data if one or a few points in the dilute re-
gion weére left out in the curve-fitting. The best straight lines
were drawn through the data by the least squares method, using
loge as the independent variable, Those data in the dilute
region which had to be left out in the straight line fitting
were obvious from the plot, They invariably turned out to be
more than 6% lower than the values from the accepted best fit
equation, For the runs like Run 1ll- and Run 12-, where the data
were intrinsically more scattered, data in the dilute region
which deviated slightly more from the estimated best fit values
were still accepted, |

Results were presented in the above form because of its
simplicity, Data on sedimentation and particulaté fluidization
collected from fhe literature (29, 30, 33, 42) showed that, by
discarding a few data in the very dilute and very concentrated
regions, straight line fitting was acceptable even at higher
Reynolds numbers. By correlating in this manner, particle shape
and particle~to~-column diameter ratio were expected to show their
effect in the index n.

The processed data are presented in Appendix VIII, The

slopes of the fitted straight lines in the log uv -loge plots,
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and their respective 95% confidence limits, were calculated.
The poésible'effect of the wall was studied by comparing\the
results obtained for different particle-to-column diameter ra—.
tios,

The value of (uV)gyt, obtained by extrapolating the
least squares 1ines to a porosity of unity, and their respective
95% confidence limits, were calculated and compared to the ex=-
perimental free settling results (Appendix.IX) for the glass
. beads, salt crystals and ABS pellets, the shape factors of which
were all known., The corresponding Stokes particle sizes were
compared with microscopic size measurements (Appendix X) and
results from weighing particle samples,

‘'The method suggested by Beranek'and Klumpar (50), that
of using fixed bed porosity in order to account for shape varia-
tion in correlating settling data on particles of different
shapes, was tested,

According to equation 2a, using D,, as particle diameter,
a linear relationship exists between log u and Dy/D¢ at a fixed
porosity. Thus, for the present linear extrapolation of log uv
versus Dy/D¢ to zero D,/D, at constant € , should eliminate any
wall effect present, However this method is not appropriate to
the present data because of the variation of uv within a test, and
because of the limited number of values of D,,/Dy available, which
may give rather uncertain extrapolation,

The variation of uv in the original data might be due to
experimental error, including the difficulty of getting absolute-
ly uniform suspensions. From the respective average values of

uv , a wall effect appears to manifest itself, but not prominently,
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The results for the five kinds of particles are pre-
sented below, In all 16g uv-loge plots, solid points were not

used in the curve-fitting calculation,

2. Index n for Hindered Settling

A, Spherical Glass Beads

The settling data are plotted in Figures 8a-8g, and a
summary of results from Appendix VIII is given in Table 5, which
shows the least squares. values of the index n, with their res-
pective 95% confidence limits,

The measured values of n for the glass'beads were all
lower than those suggested by Richardson and Zaki (43) with wall
correction (equation 2a), but slightly higher than the Richard-
son-Zaki value of 4,65 without wall correction., For all but
Run 7-3, the calculated Richardson-Zaki indices, assuming wall
effect, lay outside the 95% confidence limits of the experiment-
al values,

In Figure 9, average values of uv for the same set of
particles settling in columns of different sizes are compared
for wall effect., The qualitative trends seem to be reasonable
except in the case of Runs 1-2 and 1-3, the positioné of which
appear reversed,

A_ Values of n for different particle-to-column diameter
ratios are plotted in Figure 10, with the line recommended by
Richardson and Zaki (43) included for comparison, The reason
why the values of n in the present experiments are different
from those of Richardson and Zaki is probably the rigorous
criterion for accepting or rejecting settling data used here, as

opposed to the methods of either simply timing an initial sett=-
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Table 5

Summary of Results for Spherical Glass Beads

n with 95% Eqt, 2a, n =
Run No, Dy, cm Dy, /D¢ Confidence limits 4,65 + 19,5 D/D¢
1-1 0.114 | 0.045 4,97 + 0,35 5.53
1-2 0.030 4,83 + 0,11 5,24
1-3 0.022 4,82 + 0,09 5.08
2-1 0.045 4,68 + 0,32 5.53
2-2 0.030 4,74 + 0,37 5.24
2-3 0.022 | 4.67 + 0.16 5.08
7-3 0.0492| 0,0097 | 4,69 + 0,16 4,84
Table 6

Summary of Results for Cubic Particles

Particles Run No, Dy cm Dy /D¢ Cogfgiggczs%imits

Salt | 5-3 0.0282 | 0.0056 5.45 + 0,08
3-1A 0.0341 | 0,0134 5,54 + 0,12
3-2 0.0090 5,50 + 0.09
3-3 0.0067 5.38 + 0,07
3-4 0.0044 5.24 + 0,06
42 0.0391 | 0.0103 5.55 + 0,07
4-3 0.0077 5.49 + 0,05

ABS 6-4 0.288 0.0374 5.44 + 0,13

o 6-5 0.0285 5.45 + 0,22
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ling period, or drawing a tangent to any initial settling

curve and computing the constant settling rate from this tangent,
The former method was apparently used by Richardson and Zaki.
Either method would have given a variation as large as 10% in

the present experiments,

B, Cubic Salt Crystals and ABS Pellets

Results for cubic shape particles are plotted in
Figures 1lla-1li and summarized in Table 6, the detail of which
are in Appendix VIII, |

The slopes of the best straight lines, given by the
index n, were consistently higher than those for the glass
beads,:as shown in Figure 10, Figure 12 is a plot of the
averaged data for particles of the same size settling in columns
of different diameters., In this range of D,/Dy, the effect of
the wall was again not prominent, particularly at high porosity
where the points overlapped., Differences in values of the in-
dex n mainly arose from the differences in settling rate at low
porosity., No definite trend gould be observed in the graphs,
However, by ignoring“Rdn 3-4 on the salt crystals and the two
runs on the ABS pellets, and plotting n for each run against
Dy/D¢, as in Figure 10, the best straight line fit to the points

was givenvby

D -
= 5,33 4+ 17,3 =¥ '
n B - F13)

This form of equation was suggested by Richardson and

Zaki who obtained
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n = 4.65 + 19,55 (2a)

for spheres. The line corresponding to equation 13 éould not
be extended to the ABS pellets, which lie almost in the same
region of n as the salt crystals but have higher values of
Dy/Dt. The linear relationship may not be applicable to those
higher values of Dv/Dt, where n appears to level off, at.least
temporarily. Richardson and Zaki obtained similar unexplained

results for spheres at higher Rey and higher D/Dy (0.04).

C. Flaky Sugar Crystals and Angular Mineral Crystals

The results are summarized in Talbe 7 and shown in
Figures 13a - 1l4d. The least squares values of the iﬁdex n for
the sugar crystals and the mineral crystals were much higher
than those for the glass beads, and somewhat'higher than those
for the salt crystals and the ABS pellets, in the same range of
Dv/Dt (Figure 10), This was consistent, since flaky and angu-
lar shapes have a lower sphericity than cubes, which in turn are
of course lower in sphericity than spheres,

The settling rate of similar particles in columns of
different diameters (Runs 9-, 10-, 11- in Appendix VIII)did not
show any consistent:wall effect,

The index n thus appears to be more sensitive to parti=-
cle shape than to wall effect, at 1east.for the present data.
Comparison of shape éffect is, nevertheless, best made at simi-
lar particle-to—column diameter ratios.

It has been reported that n for nonspherical particles
of specified shape varied with absolute particle size (59).

However, from the present results for different sets of salt



66

Table 7
Summary of Results for Sugar Crystals

and Mineral Crystals

Particles Run No, Dy, cm : Dy, /D¢ Cogfzéggczs%imits
Sugar 12-3 0.113 0.0222 5.83 + 0,34
11-2 0.135 ~ 0.0356 5.69 + 0,33
11-3 0.135 0.0265 5,66 + 0,45
Mineral.. 10-2 0.0426 0.0113 5.89 + 0.19
10-3 0.0426 0.0084 5,76 + 0,08
9-2 0.0508 0.0135 5.69 + 0,07
9-3 0.0508 | 0.010 5.69 + 0.10
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crystals having average sizes which differed by a factors of
1.5 and similar narrow size distributions (Appendix X), the
index n for the same shape did not depend on the particle size,
The deviation of the data at high porosity (e~0,90-0,95)
from the best straight line cannot be regarded as an intrinsic
behaviour of ideal suspensions. This can be judged from the
loguv-loge plots, which show that the straight lines for the
finer particle suspensions apply to higher ﬁorosities than those
for the coarser particle suspensions. Despite the greater di-
fficulty in obtaining a narrow cut of the finer particles, the
coarser particles were subject to a slightly greater uncertainty
in the location of the supernatant-suspension interface, and
were also more subject to the possible distorting effect of

circulation and the wall,

3. Comparison with Single Particle Results

In Tables 8 and 9, values of uv obtained by extrapolat-
ing the loguv-loge plot to a porosity of unity are compared to
the average values of the same ﬁroduct obtained by free settl-
ing. Both have also been corrected for wall effect by equation
12, Values of (uv)eyt and (uv)éxt are consistently several
percent lower than (uv)g and (uv), reépectively, which is dif-
ferent from what Richardson and Zaki (43) suggested.

To check the validity of the small samples used in the
free settling experiments, sﬁhere diameter and cube length were

calculated from (uv)éxt and (uv), by equation 8a:

N

t8uyp ] (8a)

P = [ Ksrlpp - ple



Tabl

Comparison of uv for Glass Beads

e 8

Run No, v (0,01 cmsec 2y éﬁzg%eXt Egv'eXt
(uv)ext (uv) ' oxt (W)o  (uv), uyV S
1-1 115.4 126,2 125.7 129.6 125,9 | 1,027 0.998
.1-2 116.5 123.8 1,047 1,017
1-3 114.3 119.6 1,083 1,052
2-1 106 .8 116.8 123,7 127.6 123.9 1,092 1,061
2-2 111,2 118,2 1,080 1.048
2-3 110.0 115,2 1,107 1.076
7-3 20.85 21,27 23.8 24,3 -23.5 | 1,142 1,105

[



Table 9

Comparison of uv for Cubic Particles

Particle Run No, uv (0.01 cm3sec 2) iﬁ%;fext E;V'ext
(W) ext (W) ' oyt (uwv)o (uv),| wv
Salt 5-3 5.30 5.36 6.50 6.57 | 6.54 1.23 1,22
3-1a 7.68 7.90 8.79 8.91 | 9.67] 1.13 | 1.22
3-2 7.63 7.77 1.15 1.24
3.3 | 7.51 7.62 | - 1.17 1.27
3-4 7.33 7.39 1.20 1.31
4=2 10,72 10.9 11,78 11.97 |12.6 | 1.10 1.16
4-3 10,53 10,67 1.12 1.18
ABS 6-4 70,2 75.7 87.4 94.3 [94.8 | 1.25 1.25
6-5 76.5 81.1 1.16 1,17

€L
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For a cube

Kgr = 0.93.:(12)
and L3 = D?,(-g.)

The calculated diameters and cube lengths are recorded in

Tables 10 and 11, Agreement between diameters and éube lengths
calculated from the free'séttling experiments and those by both
microscopic measurements and sample weighing was satisfactory,
thus confimming that the small samples used in the free settling
experiments were representative, and that the log uv - loge plots
therefore do really extrapolate at a porosity of unity to values
of uy lower than those obtained by free settling.

Gasparyan and lkaryan (25) obtained a similar result in
the creeping flow region, and found that the difference between
the extrapolated u and the u calculated for free settling was
greater than 20% at higher Reynolds numbers,

The agreement between the calculated average lengths of
the salt crystals and those from both microsc0pic"measuremehts |
and sample weighing indicates that the chosen salt crystals be=-

haved as cubes even though they had rounded~off corners,

4, Settled Bed Porosity

The settled bed porosity was found to approach a const-
ant value a short time after the observable settling process had
subsided, These values were reproducible, and are plotted against
sediment bed height in Figures 15a-c for different shapes of
particles, Those data at low bed height were rendered less re-

- liable than the others because of the boundary effect at the



Comparison of Diameters of Glass Beads

Table 10

Run No, Sieve openings Sphere diameter, cm, from
‘ Sample
cm weighing Dy | (undext (uv)'ext| (uv)e (uv), | microscope

1-1 0.0991/0,117 0.114 0.109 0.114 0.114 0,116 0.112
1-2 ave, 0,108 0.110 0.113

1-3 0.109 0,111

2-1 0.106 0.111

2-2 0.108 0.111

2-3 0.107 0.110

7-3 ave, 0,0456 0.0492 0.0463 0,0468 | 0,0494 0,050 0.492

0,0417/0,0495

YA



Table»ll

Comparison of Cube Lengths of Cubic Particles

Particles Run No, Sieve openings Dy, Length of Cube, cm,, from Sample
cm cm (udext, (Uv)'ext | (uv), (uv), Imicroscope | weighing
Salt 5«3 0.0208/0.0250 0.0282| 0.,0212 0,0214) 0,0234 0,023 0,0229 0.0234
ave, 0,0229 0.0232
3-1A 0.0250/0,0295 0.0341f 0,0254 0.0258 0.0272?0.0274 0.0273 0,0272
3-2 ave, 0,0273 0.0253 0,0256 0.0274
3-3 0,0252 0.,0254
3=4 0.0248 00,0249
4-2 0.,0295/0,0351 0.0391 0,0302 0,0305| 0,0316 0,0318 0,0316 0.0316
4-3 ave, 0,323 0.0295 0,0302 0.0319
ABS 6-4 0.288 | 0,207 0.214 {0,230 0,239 0.232
6=5 0.216 0,221

9L
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bottom, complicated possibly by uneveness of the walls at the
bottom of the columns,

Fixed or settled bed porosity decreased slightly with
bed height. .The probable explanation for this trend is that,
the greater the bed height, the greater the applied pressure on
the lower portion of the bed, and hence the greater the degree.
of compaction dfvthe bed,

It was found that those particles with shapes appre-
ciably different from spheres showed a greater sensitivity of €
to bed height than the spheres, Stacked beds of non-spherical
bodies or rough bodies have been observed to form beds of less
stable porosity with respect to pressure then smooth spheres (60).
This effect, however, was only a minor one for the random loose
packed beds of the present experiments,

The mean values of € for each run were estimated by
drawing a horizontal line through the data, ignoring the points
at low bed height., The mean values of €, obtained were 0,435
(variation 0.432-0;438) for the spherical glass beads, 0.455
(variation 0,450~0,461) for the cubic salt crystals, 0,486 (va-
riatién 0.485-0,487) for the mineral crystals and 0,485 for the
sugar crystals, The ABS pellets showed an appreciable change of
€, with bed height, due presumably to their low density which
requires a greater bed height to produce packing stability,
Comparing with the packed bed porosity results of Brownell et, al,
(51), the value of €, obtained for the glass beads agrees very
closely to their value of random loose porosity for uniform smooth
spheres, while €, of the salt crystals corresponds to their ran-

dom loose packed bed of particles having a sphericity of 0,84,



81

The latter figure is a little higher than the sphericity of a
perfect cube, 0,806, and might be attributed to the rounded-off

corners of the salt crystals which increased their sphericity.

5. Beranek=-Klumpar Plot

| Fighres l6a-16d, respectively, are tests of four varia-
tions of the Beranek-Klumpar method, using the experimental data
of the present study.' Where u, rather than uext is used in the
abscissa, only the data for Spherically isotropic particles are
plotted, since u, for the other particles is a function of
orientation, The data for ABS pellets were not included because
of the large bed height effect on €, The term ujn was obtained

from

n
Uin = Uext€b - (14)

using the experimentally determined values of n for the given

run and of €, for the given particles shape, The best df the

four variations is Figure 16a, which does result in some corre-
lation of the data for different shapes, but can hardly be consi=-
dered a perfect correlation, the maximum horizontal spread between
the points averaging about 15%. A distinct difference between

the curves for different shapes still persists even when the com-

parison is restricted to similar particle-to-column diameter ratios,

6. n - €, Plot

Ignoring the wall effect, the index n was plotted against
the settled bed porosity in Figure 17, An obvious trend was found
for n to increase with €y, The latter is related to particle

shape in general and sphericity in particuler (51), We thus have
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a potentially useful method of predicting n for different parti-
cle shapes., Any uncertainty in the prediction of n by this
method is probably smaller than the error (up to 20%) incurred
by the Richardson-Zaki method of using ue instead of ugye in
e = (la)
Uext
7. Observations
For spherical glass beads, the top layer of a settling
suspension, the thickness of which was of the order of a few
particle diameters, consisted of particles arranged randomly
in space, Relative motion of the particles within this layer
rarely oécurred, except that occasionally a particle might move
upward through the bed and then fall on its arrival at the inter-
face, Below this calm layer, particles travelled relative to
each other in apparently random directions., Clusters of
particles were moving downward, while some nearby clusters of
particles were rising. A given cluster might rise at one
moment and fall at another moment, or might break up during its
movement, By "cluster" is meant a group of particles which
moved together énd rotated és a whole, but not in the same
sense as agglomorated particles which occur in flocculation;
there was no distinct difference in interparticle distance with-
in and outside a cluster, Lateral motion of barticles was
observed in the lower portion of a suspension. The motion was
not systematically in the radial direction. 'The occurrence of
interparticle contact between spherical particles was uncertain,
The same general type of behaviour was found in the sett-

ling beds of nonspherical particles., Orientation of the individual
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particles was apparently random and changing during settling,
There was observable interparticle contact between some particles.
A particle would change its orientation when it was diverted by

a neighbour either by direct obstruction or by hydrodynamic in-
ter ference,

It is likely that the net motion of the particles was
affected by particle orientation. The overall orientation of a
settling bed may not be the one-which gives the least resistance
to fluid flow and, in addition, mechanical contact between pérti-
cles causes further energy dissipation, This might be one reason
why nonspherical particles with flaky or angular shapes have hin-
dered settling rates more affected by concentration than do
spheres,

Experimental settling rates in creeping flow reported
here and many in the literature (33, 43, 62) were found to be
considerably higher than those for a mechanically extended bed
with spheres in cubic array (61), and also considerably  higher
than those predicted theoretically by both the "free surface"’
model of Happel (22) and the hexagonal configuration model of
Richardson and Zaki (26) (see Figure 18)., On the other hand,
multiparticle motion in small clusters was reported (10) to have
reduced drag, which could. explain the faster settling rates of
the experimental results compared to those of the idealized

models,
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CONCLUSIONS

1, Hindered settling without flocculation of spherical
and nonspheriéal narrowly sized particles of uniform shape in
creeping flow can be well represented by a simple straight line
fitted to the data on log uv- loge coordinates, if a few data in
the dilute region (€~0,90-0.95) are excluded, The non-linearity
of this region was believed to arise from the uncertainty in the
low concentrations, The élope n‘of the fitted line depends on

particle shape, ranging from an average value of 4.8 for smooth

spheres to 5.4 for cubes to 5.8 for angular crystals,

2., The index n for spheres was close to that found in
the literature (25, 43), but the results for different particle-
to-column diameter ratios (Dy/Dy< 0,045) did not show nearly the
same effect of the wall as that reported by Richardson and Zaki
(43). On the other hand, for cubic salt crystals, n could be re-

presented statistically up to Dy /D = 0,015 by
n=5,334 17,3 D,;/D¢

the wall correction constant of which is close to that of Richard-
son and Zaki, However, this constant fails completely at values

of D, /Dy above 0.015.

3. The method recommended by Beranek and Klumpar for
correlating both spherical and nonspherical particle fluidization
data was only moderately successful in correlating the present
settling data for different shapes, The fluidization data

plotted by Beranek and Klumpar included some on porous particles
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and were thus probably misleading; and even those data showed

considerable scatter,

4, The settling rates obtained by linear extrapolation
on log-log coordinates to a porosity of unity were found to be
lower than the corresponding free settling rates obtained by ex-
periment or computed by size measurement.. This finding is sup-

ported by some careful experimental data in the literature (33).

5. The index n obtained for non-isotropic particles
was consistently higher than that for spherically isotropic
particles, This greater concentration dependence of the non-
isotropic particle settling rétes could be caused by the random
orientation and consequent greater mutual hindrance of thé non-

isotropic particles, observed visually,

6. The index n showed a definite increase with the
settled or random loose fixed bed porosity of the particles,

The latter decreased slightly with bed height for low bed heights,
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RECOMMENDATIONS

Prediction of index n by measuring €p should be useful;
It is suggested that more data at low D, /D, for various particle
éhapes, including elongated needle shaﬁes, be collected in the
creeping flow region to confirm the method. A procedure for ob-
taining a more consistent value of € should be used, It is
also desirable to study the prediction of ug,+ aﬁd its relation-
ship to ues , which has a unique value independent of'orientation
only for sphericall& isotropic bodies, For non-isotrspic bodies,
the free settling velocity u, of an equivalent volume spheres,
which does have a unique value for a given particle, could be
applied instead 6f Ug »

Since the present experimental method could not be used
for mixing a fast settling suspension, and the method of process-
ing data in the uy form is inapplicable beyond creeping flow,
further work at high Reynolds numbers should be done by using
fluidization as both the mixing and fluid-solid contacting method,
with liquid temperature well controlled. This would involve
careful design of the fluidization column and examination of the
effect of entrance design and supporting screen.

Artificial particles with regular shapes would give
more information than irregular shapes since their behaviour in
free settling is better understood, In addition, current work
(63) on artificially expanded packed beds of spheres could be
profiﬁably extended to non-spherical particles,

The wall effect on hindered settling of spherical parti-

cles found by Richardson and Zaki did not agree with the present
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work, which was not aimed specifically‘to study.wall effect,

The wall effect on spheres in the high Reynolds number region

was studied by Nenzil and Hrdina (64), who used € as a parameter
and correlated u with D/Dt; More work is required on wall
effect for hindered seétiing of spheres in creeping flow and

the influence of non-sphericity on this effect, This information
would be particularly useful for. further work in this field in-

volving the use of relatively large particles in small containers,



NOMENCLATURE

surface area of sphere of equal volume
projected area of particle
surface area of particle

perimeter of the particle projected
onto a surface

circumference of a circle of area equal to
the projected area of the particle

drag coefficient
calibration constant of viscometer

zolu?etrlc concentration of suspension,
l-€

diameter of sphere

diameter of a circle of same area as the
projected area of the particle 1y1ng in
its most stable position

diameter of sphere of equal surface area
column diameter

diameter of sphere of equal settling rate

diameter of sphere of equal volume

drag force on particle settling in infinite
medium

drag force

function  of

acceleration of gravity 980
proportionality constant

Stokes! law shape factor

Heywood volumetric shape factor defined as
D3 /6Dg

dimension of length

Richardson-Zaki index

94

cm
cm

cm

N N NN

cm

.- CI

[cs/sec

cm

cm

cm
cm
cm -

cm

g.cm,sec”

g.cm.sec:'2

cm,sec

cm
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Re particle Reynolds number defined as %% or gyg

Reg free settling particle Reynolds number defined
as Dug , Dyuw , or Lug

v v v

ter duration of constant rate settling sec

te efflux time of liquid in viscometer sec

u hindéred settling rate or superficial em sec™!
velocity of liquid in fluidization

Uext extrapolated free settling rate em sec”!

Uin incipient fluidization velocity cm sec"1

ug single particle free settling rate in cm ssec-1
bounded medium

oo single particle free settling rate in cm sec™ !

v infinite medium

Uy, free settling rate of sphere of equal ﬁcmﬁsec'l
volume in infinite medium

(u/)ext  corresponding to uext xV (O.Olcm3sec'2)

(uv)déxt  (uv)ext corrected for wall by eqt. 12 (O.OICmBSec-Z)

(uv)g corresponding to u, X v (0.0lcm sec™?)

uv corresponding to Ue X V 0.0lcm’sec”

(W)e ponding (0.0lcm’sec™?)

U upward travelling rate of concentration cm sec"1
discontinuity plane in hindered settling

\Y volume cm3

W upward travelling rate of a constant cm sec'1
concentration element in hindered
settling

Zil initial suspension bed height cm

Greek Letters
€ porosity of suspension or fluidized bed
€h fixed bed porosity

P density of liquid guen™3



Pp density of particle

@ function of

q7’ sphericity defined as Ag/A

H visoosity of liquid

1% kinematic viscosity of
liquid

Abbreviations

DIST distance

eq. equation

HTB height of settled bed

PEG polyethylene glycol

TEMP temperature

WT, weight of solid
standard deviation

STD.DEV,

g.Cm

¢p or (0.0lgcm'lsec

cs or (0.01lcem

2

96

sec

..]_)
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APPENDIX I  THEORY OF SEDIMENTATION

A theory of sédimentation without detailed consideration
of the hydrodynamics of particles was suggested by Kynch (65)
and verified experimentally by Shannon et. al, (66). The
analysis is restricted by the assumption of an ideal suspension,
namely, uniform particle shape and density, absence of wall
effect, and settling velocities dependent only on the local
particle concentration., Consider such a suspension in a cylin-
drical éontainer. By material balance it can be shown that if
there is any concentration gradient present in the settling
suspeﬁsion, an elemental plane of constant concentration will

propagate upWard through the bed with velocity

where ¢ is the local particle concentration at the elemental

plane under consideration, The term uc is the volumetric solid
flux, If discontinuity of concentration is present in the bed,
the discontinuity plane wili move ﬁpward through the dispersion

at a velocity of

U= - %f%sl_ - . (uggz--cfuc)l (1-2)
wherel&signifiés a finite change of concentration at the
discontinuity, With these relationships and the relationship
between settlingvflux, uc, and coﬁcentration, ¢, as shown in
Figure I-1, it is possible to predict quantitatively the com=-

plete settling curve for a suspension of given concentration,
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and at least qualitatively, the curve for any dispersion
having a certain variation of concentration with height, The
shape of the settling flux graph has a profound effect on the
settling curve derived from it, The settling flux graph of a
microglass bead suspension which was an unflocculated ideal
suspension was found to be of the form shown in Figure I-2
(62), though argument arose as to the actual shape of the
curve at high concentration (67). In spite of this point, it
can still be shown that an initially uniform suspension should
have a period of constant initial settling rate, with a solid
flux corresponding to the overall concentration, For a sus-
pension of initial concentration cj which settles discontinuous-
ly to an ultimate sediment of concentration c,, the initial
settling rate is u; while the upward velocity of discontinuity

between c¢; and c¢,, according to equation I-2, should be

ujcyi-0

g = —E:T:E;— (1-2a)

All settling is then at constant rate for a period

ter =~ T (1-3)
where zj is the initial height of the suspension,

If the flux graph is of the double concave type as
suggested by Shannon (66) and shown in Figure 1-2, and if the
initial concentration cj happens to be 'in a concentration
region wﬁere a discontinuous step change to c, is unstable, the
suspension will settle in such a way that the upper portion

still corresponds to the -initial concentration ci‘and the lower
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part varies abruptly from c, at the bottom to cj3, and thence

continuously to cp, where c3 and c, are inflexion points on

the curve.

The elemental plane of constant concentration cj

will propagate upward with velocity corresponding to equation

I-1

dc

W= = 9uc)
at cH

(I-1a)

and the downward moving rate of supernatant=-suspension inter-

face is uj,

T
cr ~ ui+'w

is of constant rate.

The first period of duration

(1-4)

After time t.,, the downward moving super-

natant-suspension interface will settle with a decreasing rate

as it hits the upward moving element planes of increasing

concentration,

Figure I-1, Sedimentation
Flux Plot, Single Concave

uc

Figure I-2, Sedimentation
Flux Plot, Double Concave
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APPENDIX II  DESCRIPTION AND TESTING
~ OF LIQUID ELUTRIATION
APPARATUS

The column consisted of two parts, with a supporting
screen midway in the lower part, so that a considerable length of
column acted as an entrance calming section (see Figure 4).

The two parts of the coiumn were inserted into métching poly-
ethylene blocks with openings equal to the column diameter., The
connectibns between the column and the polyethylene blocks were
sealed with O-rings to4facilitate easy disassembly of the col;
umn, A gate with.a screen at the center was installed in the
gap between the two,blocks.‘ It could be pulled out of the open-
ing so that free flow through the opening was permitted, or
pushed into the opening so that onlylliquid could pass through
the screen, Details of the screen gate unit are shown ini-
Figure II-1. The column was clamped to an iron suppbrt‘ané set
in vertical posifion by means of a plummet. :

The column was tested with spherical glass beads which
had been closely sized by sieving., Mixtures of glass beads
from two consecutive fourth root series Tyler screens were pre-
pared in the proportion 907% of the larger size fraction and 10%
of the smaller, the latter colored black by marking ink, The
volume of column available for a fluidized bed was calculated,
and the amount of mixture which would produce a fluidized bed of
porosity 0,95 was-introduced; Visual segregation by size was
obvious in the fluidization even at lower porosity, Clear cut

separation was naturally impossible, Nevertheless the column
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was able to separate spherical particles of different sizes as
effectively as the fourth root series Tyler screens, A further
test was done by fluidizing closely sized glass beads from
fourth root series screens in the column and collecting a small
portion of the particles at the topmost part of the bed‘by shut-
ting the screen gate., The recovered "apparently smaller" parti-
cles were colored as before and re-inéerted\in the column, 1In

this case no visual segregation could be observed,
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APPENDIX III NEWTONIAN BEHAVIOUR OF
" POLYETHYLENE GLYCOL SOLUTION

The 45% polyethylene water solution was tested for
Newtonian behaviour in capillary viscometers (Cannon-Fenske)
of different sizes. Table III-1 shows that the calculated
viscosity did not change with'capillary diameter, This in-
dicated that the liquid behaved like a Newtonian fluid at
least below the shear stress experienced by the liquid in the
test, the highest of which was in the largest capillary, It
can be shown that the capillary viscometers of different sizes
calibrated with Newtonian liquids do not give constant appa-

rent viscosity for a

Table III-1
Calculated Viscosity of PEG from
Different Size Viscometers

Temperature: 77.05°F

. Approx. I.D. of Efflux Time| Calculated
Viscometer Capillary* cm Sec. Viscosity cs
C3(size 200) 0.102 2383.6 259.8
D91(size 300) | 0,126 1130.7 259.9
C965(size 400)| 0.188 222,1 260.0

* from A.S.T.M, D&45-53T (68)

non-Newtonian liquid., The maximum shear stress of the test,
which occured at the wall of the capillary, and the largest

capillary was estimated by the laminar pipe flow equation for
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a Newtonian fluid (69).

Trzig = -4—5%-— (111;1a)
where Tyz g is the axial direction shear stress at the wall of
the capillary the radiﬁs of which is R andA P is the pressure
difference over the capillary length L, 1In fhe viscometer, AP
can be taken as Log (In factAP is 1afger'than Log since the
driving head in the Qiscometer is larger than the capillary
length, which causes the main friction to fluid flow), Neglect=-

ing the unsteady state flow, equation III-la becomes

Trag = B5E- - - (I11I-1b)

Approximate shear stress for viscometer C965 was estimated as.

- 1 082 2 0 4 80 -— 49.8 dynes/cmz

Trzig ©

The possible maximum shear stress experienced by the
liquid in glass bead settling was estimated from the equation

for a single sphere settling in an infinite medium (69

3 Lu : '
Trelr = 'fHEQ' Sin © (111-2)

where T.qgr is the shear stress in the angular direction at the
sphere surface which is larger than that beyond the surface, ug,
is the free settling Qelocity and R is the radius of the sphere,
Maximum shear stress occurs at © = 7/2, From free settling

data on 0,1135 mm glass beads, taking R =*0.058 cm,
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3 _140,5 . 2
TrelR = 5 70.058 ~ 36.% dynes/cm

which.is within the shear stress of the test, Thus 45%
polyethylene glycol water solution conformed to Newtonian

behavior in the present experimental condition,
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APPENDIX IV  MEASUREMENT OF DENSITY
o AND VISCOSITY

A, Measuremént of Liquid Density

Liquid density was measured with a Westphal balance
which had been calibrated with distilled water at room tem-
perature, from which the appropriate correction factor was
applied to all subsequent measﬁrements. The sensitivity of
the balance depended on the viscosity of the liquid and was

estimated to be better than 0,001 gram/cu,cm,

B, Measurement of Particle Density

Conventional specific gravity bottles were used to
measure the density of the particles, Th%jdensity was based
on the known density of water (71),={ﬁ which the particles were
immersed. For those particles which were”soluble in water, a
second immersing medium, benzene, was.used. The bottles whigh
contained liquid and particles werevboiled to drive out the air
bubbles trapped between the pafticles. All weighings were made
at the same temperature by letting the bottles stand in a con-
stant temperature bath slightly above room temperature, and
immediatelyftightening the cap on removing the bottle from the

bath: in order to avoid losing liquié by evaporation,

C. Measurement of Liquid Viscosity

The kinematic viscoéity of various test liquids was
determined by Cannon-Fenske viscometers of appropriate size,
essentially coﬁforminé to the specifications and procedures

described in ASTM manual (68)., The viscometers were immersed
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in a constant temperature bath with temperature controlled to
within-iAO.OSOF. The‘efflux time of thé test liquid was mea-
sured by a stobwatch graduated in divisions of 0.2 seconds.
The stopwatches\used were all tested against N,B,S, time sig-
nals broadcasted on Station WWV over 12-hour béfiods,‘and
‘were found to be accurate to within 0,02%., Calibration of a
series of viscometers ranging from size 100 to size 400 is

reported in Appendix V,
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APPENDIX V CALIBRATION OF VISCOMETERS

The Cannon-Fenske viscometers ranging from size 100 to
size 450 were calibrated by comparing the efflux time of a
1iquid in two ‘viscometers of consecutive size number in the
same'bath.at 77°F. Viscometer No, B78 was the standard on
which all the other larger viscometers were based, It was
calibrated by Cannon Laboratories, This step-up proéedure of
calibration, which was originally suggested in A.S.T.M,
D445-53T (68) for basic calibration of master viscometer, was
found to be satisfactory for the rdutine viscometers, The
calibration constant of each of the viscometers used are listed
in Table V-1, The correction for kineﬁic energy is negligible
for the 1érger size viscometers at liquid efflux time higher |

than 200 seconds. Thus viscosity was calculated as

where te is the efflux time of the liquid in the viscometer of
calibration constant, CGy. The calibration constant of the
viscometer of the highest size number was checked by the
standard oil supplied by Cannon Laboratories, The difference
was less than 0,5%. Procedures for filling, cleaning and
measuring efflux time are described in the A,S.T.M. manual (68).
The excellent agreement in Table V-1 between C,, (2,590)
for the largest viscometer as determined by the standard oil
(S-600) and that obtained by the step-up procedure using the
blended solutions of automobile crank case oils (2,583) is a

strong indication that the later oils were Newtonian,



Table V-1

Summary of Viscometer Calibration

Calibrated Reference Standard Efflux Efflux Ave, Efflux | Calibration
a a . liquid time time time constant at 77°F
viscometer viscometer . . /
No. * sec ratio ratio - Cy cs/sec

No. Size No. ¢

B78 100 ® - - - - 0.01246

H69 150 B78 0il A 208,7 2.581 2,582 0.03218
0il B 324.4 2,584

C3 200 H69 0il C 334, 7 3.390 3.388 0,1090
0il D 338.7 3.387

c8 200 i - - - - 0,1086

D91 300 c3 0il E 222,14 2,109 2,108 0.2299
Qil F 336,7 2,107 S

J781 ‘300 D91 PEG sol'n 619.7 1,081 1,081 0.2485

965 400 D91 0il G 225.5 5,095 5,096 1.7
0il H 249,0 5.096

E60 4,00 D91 0il H 254.,0 4.985 4.985 1,149

V389 450 C965 01l I 160.4 2,205 2,206 2.583
PEG sol'n 337.9 2,206

V389 450 e 0il S-600 562,5 - - 2,590

* Calibrated by Cannon Laboratories, Penn, State College.

#  Calibrated by De Verteuil (70).

##% Standard oil supplied by Cannon Laboratories, kinematic viscosity = 1457 cs. at 77°F

(A
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APPENDIX VI JUSTIFICATION OF USING uv

In the viscous flow region the free settling rate of
a particle in a given orientation is

« L2(Po-P)g
18 0 Veo.

Uy =
2
or Uty =k %_%g%ffgg | (8b)

¢

The general éxpression for multiparticle settling system is

"_:1'1'; = ¢(€, Reg, 'g%) ' | (9)

and under viscous flow conditions in a given container
L = gr(e) (VI-1)
uCD

where u and u, are measured under the same physical conditions,
Temperature change has much effect on the viscosity but not on

the other physical properties in equation, Thus
UV, = constant (Vi-2)

if u of equation VI-1 is measured at a temperature for which
the liquid viscosity isv, which is different from the value Vy,

at which u, 1is measured, u, can be corrected to

which is then the free settling velocity at viscosity v.

Equation VI-1 then becomes
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et (et

Thus when temperature is not constant, uv/ugl,has the same
functional relationship as u/ue provided that the right hand
side of equation 8b‘isbindependent of temperature,

Variation of thé right hand side of equation 8b with
temperature was checked by the data from Run 2-, Glass beads in
Polyethylene Glycol solution, The particle dimension, L, and
particle density,ﬁ$ , should not contribute significant change
since solid expansion coefficient is very small (0.274)(10'4 in

volume, (2)), Variation of liquid density over 8 Fahrenheit deg.

of 45% PEG solution was from

1,085 g/cm3 at 67.2°F
to 1,0825 g/cm> at 75.29F

The correspondlng variation of gop-p)/p was calculated based

onp= 2 977 g/cm as

1.744 at 67.2°F
and 1.750 at 75,2°F

Percentage change is 0.,35%. Temperature effect on the other
liquid was expected to be of the same order. Actual tempera-
ture variation in the experiment was much smaller than 8 Fahrenheit

degrees, as shown in the original data in AppendiX'VLL,



APPENDIX VII ORIGINAL DATA ON HINDERED
| ' SETTLING

The first number in Run No, signifies a combination
of partiéles and liquid, Except in Run 8~P and 8-M, where
P and M stand for "pure" and "mixture" respectively, the
second number représenté and the size of the column used in
the settling., The column diameters of 2.54 cm, 3.78 cm,
5,08 cmy, 7.71 cm and 10,12 cm are denoted respectively by the
numbers 1 to 5.
Nomenclature in all computer print out is explained in

. Appendix XIII,



Run No, .

Spherical shape

1-1
1-2
1-3
2-1
2-2
2-3
7-3

0.114 cm
0.114
0.114
0.114
0.114
0.114 cm

cm

cm

cm

cm

Glass
Glass
Glass
Glass
Glass

Glass

APPENDIX VII INDEX

Particles*

Beads
Beads
Beads
Beads
Beads

Beads

0.0492 cm Glass Beads

Cubic shape

3-1A
3-2
3-3
3-4
b4=2
4-3

0.0341
0.0341

0.0341 cm

0.0341

0.0391 cm

0.0391

cm

cm

cm

cm

Salt
Salt
Salt
Salt
Salt
Salt

Crystals
Crystals
Crystals
Crystals
Crystals

Crystals

SETTLING DATA

40%
40%
40%
45%
45%
45%

PEG

PEG
PEG
PEG
PEG
PEG

Liquid

Solution
Solution
Solution
Solution
Solution

Solution

35.4% PEG Solution

84.,9%
84,9%
84,97%
84 .,9%
88.1%
88,1%

*Dy is used to indicate particle size

SAE
SAE
SAE
SAE
SAE
SAE

10W +
10W +
10W +
10W +
10W-+
10W +

Kerosene
Kerosene
Kerosene
Kerosene
Kerosene

Kerosene

Column

Diameter

2.54
3.78
5.08
2.54
3.78
5.08
5.08

2,54
3.78
5.08
7.71
3.78
5.08

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm

cm

Page

VII-4
VII-5
VII-6
VII-8
VII-9
VII-10
VII-11

VII-12
VII-13
VII-14
VII-15
VII-16
VII-17

I-IIA



Run No,

Cubic shape

5=-3
6=-4
6-5

APPENDIX VII INDEX (continued)

SETTLING DATA

Particles*

0,0282 cm Salt Crystals

0,288 cm ABS Pellets
0.288 cm ABS Pellets

Segregation test

35/42 mesh Mineral

8-P

8-M

Angular
9-2
9-3

10-2
10-3

Crystals

90% 35/42 mesh + 10%
42/48 mesh Mixture of
Mineral Crystals

shape

0.0508
0.0508
0.0426
0;0426

cm Mineral Crystals
cm Mineral Crystals
cm Mineral Crystals

cm Mineral Crystals

Liquid

88.1% SAE 10W + Kerosene
66% SAE 30 + Kerésenév
66% SAE 30 + Kerosene

88.1% SAE 10W 4 Kerosene

88.1% SAE 10W + Kerosene

95% SAE 10W + Kerosene
95% SAE 10W + Kerosene
88.1% SAE 10W + Kerosene
88,1% SAE 10W + Kerosene

Column

Diameter

5.08

cm

7.71 em
10,12 em

3.5 cm

3.5 em

3.78
5,08
3.78
5.08

cm

cm

cm

Page

VII-18
VII-19
VII-20

VII-21

VII-22

VII-23
VII-24
VII-25
VII-26

¢~11IA



APPENDIX INDEX (continued)

Run No, Particles*

Flaky shape
11-2 0,135 cm Sugar Crystals
11-3 0,135 cm Sugar Crystals
12-3 0,113 cm Sugar Crystals

- SETTLING DATA

Liquid

66% SAE 30 + SAE 10W
667% SAE 30 + SAE 10W

247, SAE 30 + SAE 10W

VISCOSITY DATA

Column
Diameter

3.78 cm
5.08 cm
5.08 em

Page

VII-27
VII-28
VII-29

VII-30

CE-TIA
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RUN 1-1

PARTICLES= GLASS BEADS - ~ DENSITY= 2.977 GM/CM®

LIQUID= P.E.G.SOLN 40/100 DENSITY= 1.071 GM/CM3

PARTICLE SIZE Dy= 0.1135 CMy, Dy = 2.54 CM, Dy/Dj = 0.0447

SIEVE OPENINGS 0.991/1.168 MM, NO ELUTRIATION

TEMP DIST SETTLING U U%NU EPS
°F CM TIME SEC CM/SEC 0.01CM3/SEC?

74.23 20.0 51.8 0.386 63.0 0.90
74,23 20.0 51.5 0.388 63.4 0.90
75.42 20.0 T 49.2 0.407 64.8 0.90
74.55 30.0 81.8 0.367 59.5 0.88
75.00  30.0 82.3  0.365 = 58.6 . 0.88
78.10 15.0 45.4 0.330 49,9 0.85
78.10 15.0 45,9 0.327 49,3 0.85
78.10 15.0 45.5 0.330 49,7 0.85
77.30 15.0 T 45.6 0.329 50.4 0.85
15,26 15.0 52.0 0.288 46.1 0.83
74,20 15.0 = 52.7 0.285 46,5 0.83
74,20 15.0 52.8 0.284 46.4 0.83
74,20 15.0 51.4 0.292 47.6 0.83
74,20 15.0 49.8 0.301 49,2 0.83
73.38 15.0 65.7 0.228 37.9 ~ 0.80
73.28 15.0 b4 .4 0.233 38.7 0.80
69.30 10.0 56.8 0.176 31.8 0.77
69.30 10.0 52.4 0.191 34,5 0.77
69.70 10.0 67.5 0.148 26.5 0.74
69.70 10.0 69.2 0.145 25.9 0.74
69.80 10.0 91.4 0.109 19.6 0.70
69.80 10.0 92.4 0.108 . 19.4 0.70

. 71.80 6.0 69.9  0.086 14,7 0.61
71.80 6.0 65.9 0.091 15.6 0.67
72.90 6.0 66.5 0.090 15.1 0.67
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RUN 1-2

PARTICLES= GLASS BEADS DENSITY= 2.977 GM/CM®
LIQUID= P.E.G.SOLN 40/100 DENSITY= 1.071 GM/CM3
PARTICLE SIZE Dy= 0.1135 CM, D3y = 3.78 CM, Dy/Dt = 0.0300
_SIEVE OPENINGS 0.991/1.168 MM, NO ELUTRIATION
TEMP DIST SETTLING u U%NU EPS
°F CM TIME SEC CM/SEC 0.01CM3®/SEC?
75.03 30.0 72.2 0.416 66.8 0.90
75.03 30.0 73.0 0.411 66,0 0.90
75.00 30.0 72.2 0.416 66.8 0.90
75.00 30.0 72.4 0.414 6646 0.90
74.00 20.0 48.2 0.415 _  68.0 0.90
74.00 20.0 48.0 0.417 68.3 0.90
73.40 20.0 52.8 0.379 62.8 0.88
73.40 20.0 51.5 0.388 64 .4 0.88
74.00 30.0 79.9 0.375 61.5 . 0.88
74,63 30.0 78.7 0.381 61.7 0.88
75.57 _ 15.0 43.6 0.344 54,7 0.85
75.00 15.0 47.0 0.319  51.3 0.85
74.83 15.0 . 46.8 0.321 51.7 0.85
77.13 15.0 48.8 0.307 47.3 0.83
77.13 15.0 48.6 0.309 47.5 0.83
76.60 15.0 48.9 0.307 47.7 0.83
76.10 15.0 49.4  0.304 47,7 0.83
73.60 15.0 62.6 0.240 39.6 0.80
73.60 15.0 60.8 0.247 40.8 0.80
73.60 15.0 61.7 0.243 40,2 . 0.80
73.80 15.0 61.8 0.243 39.9 0.80
73.88 15.0 73.4  0.204 33.6 0.77
73.40 10.0 50.8  0.197 32,7 0.77
73.40 10.0 48.2 0.207 34,4 0.77
73.40 10.0 - 48.2 0.207 34.4 0.77
70.50 10.0 69.1 0.145 25.5 0.74
70.50 10.0 64.1 0.156 T 27.5 0.74
70.50 10.0 65.0 - 0.154 27.1 0.74
70.50 10.0 65.7 0.152 26.8 0.74
70.12 10.0 86.6 0.115 20.5 0.70
69.20 6.0 644 0.093 ©16.9 0.67
70.50 6.0 62.0 0.097 17.1 0.67
71.00 6.0 64.1 0.094 16.3 0.67
72.10 6.0 75.0 0.080 13.6 0.64
71.00 6.0

76.8 0.078 13.6 0.64
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RUN 1-3

PARTICLES= GLASS BEADS

DENSITY= 2.977 GM/CM®

LIQUID= P.E.G.SOLN 40/100 DENSITY= 1.071 GM/CM3
PARTICLE SIZE Dy= 0.1135 CM, Dy = 5.08 CM, Dy/Dt = 0.0223
SIEVE OPENINGS 0.991/1.168 MM, NO ELUTRIATION

TEMP DIST SETTLING U U%NU EPS
eg M TIME SEC CM/SEC 0.01CM3/SEC?
22.15 20,0 52.4 0.382 65.1 0.90
22.15 20.0 51.0 0.392 66.9 0.90
22.15 20.0 53.4 0.375 63.9 0.90
22.15 20.0 51.6 0.388 6642 0.90
22.05 20,0 52.8 . 0.379 64.9 0.90 _
22.05 20.0 51.8 0.386 6641 0.90
21.95 20.0 55.8 0.358 61.6 0.88
21.95 20.0 56.6 0.353 60.8 0.88
22.15 20.0 56.6 0.353 60.3 0.88
22.15 20.0 ' 56.8 0.352 60.1 0.88
22.40 20.0 55.9 0.358 60,5 0.88
21.65 20.0 66.8 0.299 52.1 0.85
21.85 20.0 674 0.297 51.2 0.85
22.10 20.0 65.3 1 0.306 524 0.85
22.10 20.0 65.8 0.304 52.0 0.85
22.10 20.0 65.4 0.306 5243 0.85
_22.80 20.0 72.1 0.277 46,2 0.83
22.80 20.0 69.8 0.287 47.7 0.83
22.75 20.0 71.5 0.280 46.7 0.83
22.75 15.0 53,1 0.282 47.1 0.83
22.65 20.0 72.0 0.278 46.5 0.83
21.58 15.0 65.4 0.229 40.0 0.80
22.00 15.0 1 62.5 0.240 41.2 _ 0.80
22.50 15.0 66.0 0.227 38.3 0.80
22.40 12.0 514 0.233 39.5 0.80
22.40 12.0 50.6 0.237 40.1 0.80
22.35 12.0 51.6 0.233 39.4 0.80
22.25 12.0 6046 0.198 33.7 . 0.77
22.25 1 12.0 63.2  0.190 32.3 0.77
22.20 12.0 63.4 0.189 32.2 0.77
22.20 12.0 61.0 0.197 33.5 0.77
22.20 12.0 62.5 0.192 32.7 0.77
22.15 3.0 58.4 0.154 26.3 0.74
22.15 9.0 58.8 0.153 26.1 0. 74
22.20 9.0 ' 57.3  0.157 26.8  0.74
22.20 9.0 56.8 0.158 27.0 0.74
21.65 9.0 78.9 0.114 19.9 0.70
21.80 6.0 51.8 0.116 20.0 0.70
21.85 6.0 51.0 0.118 20.3 0.70
21.85 6.0 47.4 0.127 21.9 0.70
21.85 6.0 49.7 0.121 20.8 0.70.
21.80 6.0 61.6 0.097 16.9 0.67
21.80 6.0 62.0 0.097 16.7 0.67
21.90 6.0 62.8 0.096 16.5

0.67




VIii-7

' 0.096

21.90 6.0 62.4 16.6 0.67
21.70 6.0 81.0 0.074 12.9 0.64
21.70 6.0 78.3 0.077 13.3 0.64
21.70 6.0 T7.4 0.078 13.5 0.64
21.70 6.0 79.6 0.075 13.1 " 0.64




VII-8

RUN 2-1
PARTICLES= GLASS BEADS - DENSITY= 2.977 GM/CM3
LTQUID= P.E.G.SOLN 45/100 DENSITY= 1.082 GM/CM3
PARTICLE SIZE Dy= 0.1135 CM, Dy = 2.54 CMy Dy/Dj = 0.0447
SIEVE OPENINGS 0.991/1.168 MM, NO ELUTRIATION
TEMP DIST SETTLING U U%NU EPS
°F CM TIME SEC CM/SEC 0.01CM3/SEC?
71.00 . 37.0 186.0 0.1989 63.4 0.90
71.05 37.0 196.0 0.1888 60.1 0.90
71.05 37.0 186.0 0.1989 63.3 0.90
71.10 37.0 191.5 0.1932 61.4 0.90
71.20  37.0  208.0 _ 0.1779 S6.4  0.88
71.20 37.0 208.0 0.1779 56.4 0.88
72.20 20.0 126.8  0.1577 48.9 0.85
72.20 20.0 122.8 0.1629 50.5 0.85
72.20 20.0 123.4 0.1621 50.2 0.85
72.20  20.0 122.3 0.1635 50.7 0.85
72.00  20.0  137.5 0.1455 45,3 - 0.83
712.00 20.0 134,2 0.1490 46.4 0.83
72.00  20.0 135.8 0.1473 45,8 0.83
T3.40 16.0 127.6 - 0.1254 37.7 0.80
73.40  16.0 123.7 0.1293 38.9 0.80
73.40 12.0 94,3 0.1273 38.3 0.80
1 72.20 16.0 128.8 0.1242 ' 38.5 - 0.80
T4.40 38.0 344,5 0.1103 32.4 0.77
75.30 38.0 330.0 0.1152 33.2 0.77
75.40 38.0 332.0 0.1145 . 32.9 C0.77
72.10 16.0 198.1 0.0808  25.1 0.74
73.20 28.0 421.0 0.0665 20.1 0.70

715.30 20.0 354.0 0.0565 16.3 0.67




"VII-9

RUN 2-2 -

PARTICLES= GLASS BEADS _ DENSITY= 2.977 GM/CM>

LIQUID= P.E.G.SOLN 45/100 DENSITY= 1.082 GM/CM3

PARTICLE SIZE Dy= 0.1135 CMy Dy = 3.78 CM, Dy/Dt{ = 0.0300

SIEVE OPENINGS 0.991/1.168 MM, NO ELUTRIATION '

TEMP DIST SETTLING U U%NU EPS
°F CM TIME SEC CM/SEC 0.01CM3/SEC®

70.70 38.0 196.5 0.1934 621 0.895
71.50 38.0 202.5 0.1877 59.1 0.880
71.40 38.0 234.5 0.1620 . 51.2 0.850
71.40 38,0 . 227.0 0.1674 52.9 0.850
71.40 38.0 234.5 0.1620 51.2 0.850
72.87 = 21.0 137.6 0.1526 46.5 0.830
72.87 20.0 134.0 0.1493 45.5 0.830
72.87 20.0 132.6 0.1508 46,0 0.830 .
72.87 20.0 129.2 0.1548 47.2 0.830
71.50  20.0 164.2 0.1218 38.4 0.800
72.50 16.0 157.2 0.1018 31.3 0.770
72.50 16.0 157.2 0.1018 31.3 0.770
72.40 18.0 203.4 0.0885 27.3 0.740
72.20 16.0 182.6 0.0876 27.1 0.740
74.50 30.0 397.0 0.0756 22.2 0.700
75.50  30.0  370.0 0.0811 23.3  0.700
72.60 | 22.0 424.0 . 0.0519 15.9 . 0.670
72.60 22.0 388.5 0.0566 17.4 0.670
74.10 20.0 . 480.0 0.0417 12.3 0.640

74.60 20.0 460.0 0.0435 12.7 0.640




'VII-lO_

RUN 2-3

PARTICLES= GLASS BEADS

DENSITY= 2.977 GM/CM3

LIQUID=  P.E.G.SOLN 45/100 DENSITY= 1.082 GM/CM3

PARTICLE SIZE Dy= 0.1135 CM, Dy = 5.08 CM, Dy/Dt = 0.0223

SIEVE OPENINGS 0.991/1.168 MM, NO ELUTRIATION

TEMP DIST SETTLING U U%NU EPS
o CM TIME SEC CM/SEC 0.01CM3/SEC?

71.80 20.0 96.4 0.2075 6449 0.90
71.80 20.0 96.2 0.2079 6540 0.90
72.00 20.0 96.2 0.2079 64,7 0.90
69.90 20.0 100.8 0.1984 64.9 0.90
69.90 20.0 103.7  0.1929  63.1 0.90
70.20 20.0 108.8 0.1838 59.7 0.88
70.20 20.0 109.5 0.1826 59.3 0.88
70.10 20.0 109.1 0.1833 59.7 0.88
69.58 20.0 128.3 0.1559 51.3 0.85
69.58 20.0 123.6 0.1618 53,3 0.85
69.58 20.0 129.8 0.1541 50.8 _  0.85
69.80 20.0 123.0 0.1626 53.3 0.85
69.80 20.0 125.6 0.1592 52.2 0.85
69.80 20.0 127.0 0.1575 51.6 0.85
69.95 20.0 141.3 0.1415 46,2 0.83
70.00 20.0 142.0 0.1408 45,9 0.83
70.10 20.0 141.7 0.1411 45.9 0.83
70.10 20.0 137.2 0.1458 4744 0.83
71.90 10.0 75.2 0.1330 41.5 0.80
71.90 10.0 75.8 0.1319 41.2 0.80
71.90 10.0 76.8 0.1302 40.6 0.80
71.90 '10.0 T4.6 0.1344 41.9 0.80
72.30 8.0 73.1 0.1094 33,8 0.77
72.30 8.0 74,5 0.1074 33,2 0.77
72.70 8.0 74.0 0.1081 33,1 0.77
72.30 15.1 . 139.0 0.1086 33,6 0.77
72.70 15.6 149.0 0.1047 32.0 0.77
72.80 20.8 234.0 0.0891 27.2 0.74
72.80  21.0  244.0. 0.0863 26.3 0.74
73.00 6.0 68.2 0.0880 26.7 0.74
73.15 20.9 305.5 0.0684 20.7 0.70
73.15 21.3 311.0 0.0686 20.8 0.70
75.50 20.9 278.0 0.0752 21.6 0.70
75.50 20.9 305.0 0.0685 19.7 0.70
70.60 21.2 C 423.0 0.0500 16,1 0.67
72.05 21.1 398.0 0.0530 16.5 0.67
72.05 20,2 371.0 0.0544 16.9 0.67
72.15 20.1 429.0 0.0469 14.5 0.64
72.15 21.0 481.5 0.0436 13.5 0.64




VII-11

RUN 7-3

PARTICLES= GLASS BEADS DENSITY= 2.959 GM/CM>
LIQUID= P.E.G.SOLN 35.4 % DENSITY= 1.062 GM/CM3
PARTICLE SIZE Dy= 0.0492 CMy, Dy = 5.08 CM, Dy/Dt = 0.0097
SIEVE OPENINGS 0.417/0.495 MM, NO ELUTRIATION :
TEMP DIST SETTLING u U%NU EPS
°oF CM TIME SEC CM/SEC 0.01CM3/SEC?
73.20 9.0 66.4 0.1355 . 14,75 0.95
73.20 9.0 66.8 0.1347 14.67 0.95
73.75 12.0 97.2 0.1235 13.30 0.92
73.75  12.0 . 98.8 0.1215 13.08 0.92
73.75 12.0 99.4 0.1207 . 13,00 1 0.92
71.60 12.0 113.4  0.1058 11.90 0.90
71.60 12.0 107.4 0.1117 12.57 0.90
71.60 12.0 107.3 0.1118 12.58 0.90
71.60 12.0 109.0 0.1101 12.38 0.90
72.70 12.0 117.8 0.1019 11.20 0.88
72.70  12.0 _ 119.8  0.1002 11.02 . 0.88
72.70 12.0 111.6 0.1075 11.83 0.88
72.70 12.0 118.5 0.1013 1l.14 0.88
73.70 12.0 132.0 0.0909 3.80 0.85
73.70 12.0 132.2 _ 0.0908 9.79 0.85
74.05 12.0 156.4 0.0767 8422 0,82
74.90 12.0 152.0 0.0789 . 8.32 0.82
70.70 12.0 167.6 0.0716 8.19 0.82
70.70 12.0 163.9 0.0732 8.38 0.82
72.25 12.0 176.2 0.0681 7.56 0.80
72.55 12.0  176.2 0.0681 7.51 0.80
72.90 9.0 156.0 0.0577 6432 0.77
73.65 9.0  194.2 0.0463 5,00 0.74
73.65 9.0 190.0 0.0474 5.11 0.74
73.65 9.0 1912 0.0471 " 5.08 C 0.74
71.60 10.0 268.6 0.0372 4.19 ©0.71
71.60 10.0 262.0 0.0382 4.29 0.71
73.20 10.0 330.0 0.0303 3.30 0.68
74,20 10.0 - 320.0 0.0313  3.34  0.68

75.20 10.0 381.0 0.0262 - 2.75 0.65




VII-12

RUN 3-1A , .

PARTICLES= SALT CRYSTALS ~ DENSITY= 2.169 GM/CM3

LIQUID=  SAE 10W 84.9%+ KEROSENE, DENSITY= 0.858 GM/CM3

PARTICLE SIZE Dy= 0.0341 CMy Dt = 2.54 CM, Dy/Dt = 0.0134

SIEVE OPENINGS 0.250/0.298 MM, NO ELUTRIATION
TEMP - DIST SETTLING U U*NU EPS

o cM TIME SEC CM/SEC  0.01CM3/SEC?

71.10 5.0 29.8 0.1678 5.395 0.95
71.10 5.0 31.0 0.1613 5.186 0.95
71.10 5.0 28.6 0.1748 5.622 0.95
71.80 10.0- 65.4 0.1529 4,827 0492
71.80 10.0 . 67.1__ 0.1490 4,704 0.92
71.80 . 10.0 69.6 0.1437 4.535 0.92
71.65 10.0 65.5 0.1527 4,800 0.92
72.40 10.0 70.2 0.1425 4,429 0.90
72.40 10.0 72.8 0.1374 4.271 _ 0.90
71.80 10.0 84.6 0.1182 3,731 0.88

72.00 10.0  82.3 0.1215 _ 3.815  0.88
72.00 10.0 103.2 0.0969 3,042 0.85
72.00 10.0 95.0  0.1053 3.305 0.85
73,30 10.0 96.0 0.1042 = 3.168 0.85
71.70 10.0 114.6 0.0873 2.762 0.83
72.50 10.0 116.0 0.0862 2.674 0.83

. 73.30 10.0  136.4 _ 0.0733 2,229 0.80
73.50 10.0 132.7 0.0754 2.281 0.80C
73.40 10.0 163.2 0.0613 1.859 0.77
73.40 10.0 165.7 0.0604 1.831 0.77
73.85 10.0 210.3 0.0476  1.427 0.74
73.85 10.0 210.4 0.0475 1.426 0.74
74,65 10.0 205.0 0.0488 1.435 0.74
70.80 10.0 279.0 0.0358 1.161 0.71
70.80 10.0 °  294.5 0.0340 1.100 0.71
71.10 10.0 270.6 0.0370 1.188. 0.71
70.40 8.0 296.6 0.0270 0.883 0.68

70.20 8.0 285.6 0.0280 0.921 0.68




VII~13

RUN 3-2

PARTICLES= SALT CRYSTALS , DENSITY= 2.169 GM/CM3

LIQUID= SAE 10W 84.9 %+ KEROSENE, DENSITY= 0.858 GM/CM3

PARTICLE SIZE Dy= 0.0341 CM, Dt = 3.78 CM, Dy/D{ = 0.0090

SIEVE OPENINGS 0.250/0.298 MM, NO ELUTRIATION

TEMP DIST SETTLING U U*NU EPS
of CM TIME SEC CM/SEC 0.01CM3/SEC®

71.20 10.0 59.1 0.1692 5.427 0.95
71.20 10.0 60.5 0.1653 5.301 . 0.95
71.20 10.0 59.5 0.1681 5.390 0.95
71.80 10.0 66.8 0.1497 4.726 0.92
71.80 10.0 67.4 0.1484 4,683 0.92
71.80 10.0 68.7 0.1456 4.595 0.92
71.85 10.0 67.1 0.1490 4.698 0.92
72.40 10.0 71.7 0.1395 4.336 0.90
72.40 10.0 70.7 0.1414 4.398 0.90
72.40 10.0 72.3 0.1383 4.300 0.90
71.90  10.0 84.6 0.1182 3.721 . 0.88
71.90 10.0 83.0 0.1205 3.793 . 0.88
72.00 10.0 82.0 0.1220 3.829 .0.88
71.80 10.0 96.7 0.1034 3,264 0.85
71.80 10.0 99.8 0.1002 3.163 0.85
71.80 10.0 99.0 0.1010 3.189 0.85
72.90 9.9 95,8 0.1028 3.157  0.85
71.50 10.0 116.0 0.0862 2.743 0.83
72.40 10.0 115.0 0.0870 2.704 0.83
73.45 10.0 136.2 0.0734 2.225 0.80
73.60 10.0 135.3 0.0739 2.231 0. 80
73.45 10.0 165.2 0.0605 1.834 0.77
73.45  10.0 167.0  0.0599 1.814 0.77
73.80 10.0 210.7 0.0475 1.426 0.74
73.80 10.0 205.8 0.0486 1.460 0.74
74.30 10.0 205.0 0.0488 1.448 0.74
70.90 8.0 222.8 0.0359 1.161 0.71
70.90 8.0 226.4 0.0353 1.142 0.71
71.20 8.0  215.5  0.0371 - 1.191 0.71
70.30 8.0 287.6 0.0278 0.912 0.68
70.30 8.0 294.1 0.0272 0.892 0.68
70.30 6.0 273.2 °  0.0220 0.720 0.65
70.30 6.0 274.8 0.0218 0.716 0.65




VII-14

RUN 3-3 : ,
_ PARTICLES= SALT CRYSTALS DENSITY= 2.169 GM/CM3
LIQUID= SAE 10W 84.9%+ KEROSENE, DENSITY= 0.853 GM/CM3
PARTICLE SIZE Dy= 0.0341 CM, Dy = 5.08 CM, Dy/Dt = 0.0067

SIEVE QPENINGS 0.250/0.,298 MM, NO ELUTRIATION
TEMP DIST SETTLING U U%NU EPS
°F CM TIME SEC CM/SEC 0.01CM3/SEC?
72.70 16.0 92.1 0.1737 5.361 0.95
72.70 16.0 - 91.1 0.1756 5.420 0.95
72.70 12.0 68.8 0.1744 5.383 0.95
S 72.70 12.0 68.8  0.1744 5.383 0.95
72.00 13.0 86.3  0.1506  4.730 _  0.92
72.00 13.0 87.0 0:1494 4,692 0.92
72.00 12.0 79.9 0.1502 4.716 0.92
©72.00 12.0 79.9 0.1502 4.716 0.92
72.20 16.0 117.0 0.1368 4.273 0.90
72.20 16.0 120.0 0.1333 4,166 0.90
72.20 16.0 116.2 0.1377 4,302 . 0.90
71.75 16.0 132.6 0.1207 3.814 0.88
71.75 16.0 133.3 0.1200 3.794 0.88
71.75 16.0 134.5 0.1190 3.760 0.88
71.75 16.0 130.2 0.1229 3.884 0.88
72.30 16.0 161.2 0.0993 3,094 0.85
_72.30 16.0 __ 154.5  0.1036 3,228 __ 0.85
72.30 16.0 158.5  0.1009 3.146 0.85
72.30 12.0 118.0 0.1017" 3.170 0.85
73.70 16.0 173.0 0.0925 2.785 0.83
73.70 16.0 173.7 0.0921 2.774 0.83
73.70 16.0 171.2 0.0935 2.815 0.83
74,10 16.0 209.5  0.0764 _ 2.278 0.80
74.10 16.0 213.0 0.0751 2.240 0.80
74.70 14.0 182.3 0.0768 2.257 0.80
74.70 20.0 314.5 0.0636 1.869 0.77
74.70 20.0 322.0 0.0621 1.825 0.77
75.10 . 20.0 322.5 0.0620 1.804 0.77
1 75.30 16.0 - 322.5 0.0496 1.436  0.74
75.30 16.0 312.0 0.0513 1.484 0.74
75.30 16.0 311.0 0.0514 1.489 0.74
75.30 16.0 307.0 0.0521 1.508 0.74
73.80 8.0 204.0 0.0392 1.178 0.71
74,20 8.0 200.0 0.0400 1.190 0.71
75.00 8.0 . 200.8 0.0398  1.162  0.71
75.30 8.0 245.5 0.0326 0.943 0.68
75.30 8.0 239.3 0.0334% 0.968 0.68
75.50 8.0 309.4 0.0259 0.745 0.65
~75.50 8.0 320.0 0.0250 0.720 0.65




VII-15

RUN 3-4 .

PARTICLES= SALT CRYSTALS  DENSITY= 2.169 GM/CM3
LIQUID= SAE 10W 84.9 %+ KERQSENE, DENSITY= 0.858 GM/CM3
PARTICLE SIZE Dy= 0.0341 CMy Dy = T.71 CM, Dy/Di = 0.0044

SIEVE QOPENINGS 0.250/0.298 MM, NO ELUTRIATION

TEMP DIST SETTLING: u U%NU EPS

°F CM TIME SEC  CM/SEC 0.01CM3/SEC?
70.50 14.0 85.8 0.1632 5.318 0.95
70.50 8.0 48.6 0.1646 5.365 .0.95
70.50 8.0 49.6 0.1613 5.256 T 0.95
70.62 8.0 54,5 0.1468 4.770 . 0.92
70.62 8.0 55,7  0.1436 4,667 _ 0.92
71.83 10.0 75.0 0.1333 4.203 0.90
71.83 10.0 75.0 0.1333 4,203 0.90
70.05 10.0 77.7 0.1287 4.241 0.90
70.39 - 10.0 85.7 0.1167 3.813 0.88
70.39 10.0  86.7 0.1153 3.769 0.88
70.53  10.0 = 102.2  0.0978 3.186 0.85
- 70.53 10.0 103.6 0.0965 3.143 0.85
71.07 10.0 117.3 0.0853 2.739 . 0.83
71.07 10.0 116.5 0.0858 2.758 0.83
71.20 12.0 140.2 0.0856 2.742 0.83
71.11 10.0 141.0 0.0709 2.277 . 0.80
71.11 10.0 141.3. 0.0708 2.272 . 0.80
71.52 10.0 173.7 0.0576 1.829 0.77
71.55 - 10.0 172.2 0.0581 1.844 0.77
71.05 10.0 214.6 0.0466 1.498 0.74
71.05 10.0 213.4 0.0469 1.507 T 0.74
71.45 8.0 209.6 0.0382 1.215 C0.71
71.20 8.0  214.7 0.0373 1.193 0.71
71.45 8.0 259.7 0.0308 0.981 0.68
71.50 6.0 = 246.8 0.0243 0.773 0.65
71.80 6.0

245.5 - 0.0244 0.771 0.65




VII-16

RUN 4-2 '
PARTICLES= SALT CRYSTALS . DENSITY= 2.163 GM/CM>
LIQUID= SAE 10W 88.1%+ KEROSENE, DENSITY= 0.861 GM/CM3
PARTICLE SIZE Dy= 0.0391 CM, Dy = 3.78 CM, Dy/Dt = 0.0103
SIEVE GPENINGS 0.295/0.351 MM, NO ELUTRIATION
TEMP DIST SETTLING U U*NU EPS
°oF CM TIME SEC CM/SEC 0.01CM3/SEC?
71.20 10.0 53.0 0.1887 7.30 0.950
71.20 10.0 52.3 0.1912 7.39 0.950
71.20 10.0 54.5 0.1835 7.09 0.950
71.20 10.0 51.7 0.1934 7.48 0.950
72.40 10.00 _  55.1 _ 0.1815 6.80  0.920
72.40 10.0 56.0 0.1786 6.69 0.920
72.40 10.0 © 57.5 0.1739 6.52 0.920
70.70 10.0 59.7 0.1675 6.56 0.920
70.70 10.0 59.1 0.1692 6.63 0.920
71.40 10.0 65.0 0.1538 5.92 0.900
71.40 10.0 63,2 0.1582 6.09  0.900
71.40 11.0 70.0 0.1571 6 .04 0.900
72.46 10.0 71.9 0.1391 5.20 0.880
72.46 11.0 74.5 0.1477 5.52 0.880
72.46 11.0 79.8 - 0.1378 5.16 0.880
72.46 11.0 78.0 0.1410 5.28 . 0.880
71.00 11.0 98.8 0.1113 _ 4.33  0.850
71.00 11.0 98.9 0.1112 4.32 0.850
71.00 11.0 94.7 - 0.1162 4.51 0.850
71.00 11.0 94.7 0.1162 4.51 0.850
72.73 15.0 148.3 0.1011 3.76 0.830
72.73 11.0 108.3 0.1016 3.77 0.830
72.73. 11.0 106.1 0.1037 ~ 3.85 0.830
69.25 14.0 180.8 0.0774 3.15 . 0.800"
69.25 11.0 141.9 0.0775 3.15 0.800
69.25 11.0 144.1 0.0763 3.10 0.800
70.50 . 10.0 156.0 0.0641 2.52 0.770
70.50 10.0 157.1 0.0637 2.51 0.770
70.52 10.0 157.0 0.0637  2.51 0.770
72.00 10.0 191.2 0.0523 1.98 0.740
72.00 10.0 193.2 0.0518 1.96 0.740
72.00 10.0 181.3 0.0552 2.09 0.740
72.40 10.0 191.0 0.0524 1.96 0.740
71.25 10.0 - 244.4 0.0409 1.58 0.710
71.75  10.0 ° 242.3  0.0413 1.57 0.710
71.75 10.0 242.3 0.0413 1.57 0.710 .
72.00 236.1 0.0339 1.28 0.680

72.00 242.1 0.0330 1.25 0.680

73.20 295.5 0.0271 0.99 0.650

8.0
8.0
72.15 10.0 303.4 0.0330 1.24 0.680
8.0
73.20 8.0 296.6 0.0270 0.99 0.650




VII-17

RUN 4-3 » ,
PARTICLES= SALT CRYSTALS _  DENSITY= 2.163 GM/CM®
LIQUID= SAE 10W 88.1 %+ KEROSENE, DENSITY= 0.861 GM/CM3
PARTICLE SIZE Dy= 0.0391 CMy, Dt = 5.08 CM, Dy/Dt = 0.0077
SIEVE OPENINGS 0.295/0.351 MM, NO ELUTRIATION
TEMP DIST SETTLING U U%NU EPS
oF CM TIME SEC CM/SEC 0.01CM3/SEC?
71.15 10.0 54,0 0.1852 7.17 0.950
71.15 10.0  53.8 0.1859 7.20 0.950
71.15 10.0 53.4 0.1873 7.25 0.950
71.15  10.0 52.0 0.1923 7.45 0.950
72.15  10.0_ 56.5 0.1770  6.67 _ 0.920
72.15 10.0 56.4 0.1773 6.69 0.920
72.15 10.0 58,2 0.1718 6448 0.920
71.40 10.0 6643 0.1508 5.80 0,900
71.40 10.0 64,7 0.1546 5.94 0.900
71.40 10.0 64.7 0.1546 5.94 0.900
72.55 10.0 72.3 0.1383  5.16  0.880
72.55 10.0 71.2 0.1404 5.24 0.880
72.55 10.0 72.2 0.1385 5.17 = 0.880
72.55 10.0 72.2 0.1385 5.17 0.880
70.90 11.0 98.0 0.1122 4.37 0.850
70.90 11.0 99.5 0.1106 4,31 0.850
70.90 11.0 95.1 0.1157 4,51 _ 0.850
72.60 15.0 148.8 0.1008 3.76 0.830
72.60 11.0 107.6 0.1022 3.81 0.830
72.60 11.0 106.5 0.1033 3,85 0.830
69.20 14.0 184.3 0.0760 3.09 0.800
69.20 11.0 144 .0 0.0764 3.11 0.800
69.20  11.0 . 145.4 0.0757 _  3.08 0.800
70.48 10.9  173.3 0.0629 2.48 0.770
70.48 10.9 172.8 0.0631 2.48 0.770
70.48 10.0 15640 0.0641 2.53 0.770
72.05 10.0 189.5 0.0528 . 1.99 0. 740
72.05 10.0 191.7  0.0522 1.97 0.740
72.05  10.0  180.5  0.0554 2.09  0.740
72.40 10.0 185.7 0.0539 2.02 0.740
70.95 10.0 245.7 0.0407 1.58 0.710
71.65 10.0 236.9 0.0422 1.61 0.710
71.65 10.0 337.7 0.0421 1.61 0.710
71.65 10.0 238.5 0.0419 1.60 0.710
71.90 8.0 234.4  0.0341 1.30 0.680
71.90 " 8.0 240.0 0.0333 1.27 0.680
72.03 8.0 241.3 0.0332 1.25 0.680
73.05 8.0 299.1 0.0267 0.99 0.650
73.05 8.0 598.0 0.0268 0.99 0.650




VII-18

RUN 5-~3 )
PARTICLES= SLAT CRYSTALS ~ DENSITY= 2.161 GM/CM3
LIQUID= SAE 10W 88.1%+ KEROSENE, DENSITY= 0.861 GM/CM3
PARTICLE SIZE Dy= 0.0282 CMy Dt = 5.08 CM, Dy/Dt = 0.0056
SIEVE OPENINGS 0.208/0.250 MM, NO ELUTRIATION
TEMP DIST SETTLING U U%NU EPS
op CM TIME SEC CM/SEC 0.01CM3/SEC?
70.65 8.0 85.4 0.0937 3,681 0.950
70.65 8.0 85.4 0.0937 3.681 0.950
70.65 8.0 84.7 0.0945 3.712 0.950
70.70 8.0 94.5 0.0847 3,322 0.920
70.70 8.0  95.0 0.0842 3,305 0.920
71.92 10.0 123.9 0.0807 3.068 0.905
71.92 10.0 126.6 0.0790 3,002 0.905
69,92 10.0 128.6 0.0778 3.114 0.905
70.37 10.0 140.7 0.0711 2.813 0.890
70.37 10.0 142.6 0.0701 2.776 0.890
70.55 10.0 159.4 0.0627  2.472 . 0.870
70.55 = 10.0 160.4 0.0623 2.456 0.870
71.20 10.0 173.2 0.0577 2.237 0.850
71.40 10.0 174.8 0.0572 2.205 0.850
71.21 10.0 199.4 0.0502 1.942 0.830
71.21 10.0 195.4 0.0512 1.982 0.830
71.35  10.0  244.9  0.0408  1.576  0.800
71.50 10.0 247.2 0.0405 1.555 0.800
70.90 10.0 307.4 0.0325 1.270 0.770
70.90 10.0 298.9 0.0335 1.306 0.770
71.30 8.0 297.4 0.0269 1.039 0.740
71.10 8.0 302.7 0.0264 1.026 0.740
71.41 = 8.0 375.6 0.0213 0.821 - 0.710
71.65 8.0 464.0 0.0172 0.660 0.680
71.99 6.0 351.2 0.0171 0.648 0.680
72.90 6.0 453,2 0.0132 0.490 0.650
72.69 7.0 518.4 0.0135 0.503 0.650




VII-19

RUN 6-4 :
PARTICLES= ABS CUBIC PELLETS  DENSITY= 1.061 GM/CM®
LIQUID= SAE 30 66 %+ KEROSENE DENSITY= 0.876 GM/CM3
PARTICLE SIZE Dy= 0.2880 CM, Dt = 7.71 CM, Dy/Di = 0.0374
NOMINAL LENGTH 1/10 INCH, NO SIEVING
TEMP  DIST SETTLING U UXNU EPS
°F CM TIME SEC CM/SEC 0.01CM3/SEC?
70.90 10.0 43.4 0.2304 48.30 0.95
70.90 10.0 42,4 0.2358 49,44 0.95
71.15 10.0 48.8 0.2049 42.57 0.92
71.15 10.0 49.4 0.2024 42.05 0.92
71.15  10.0 49.4 0.2024 42.05 0.92
71.15  10.0 52.6 0.1901 39,49 0.90
70.50 10.0 62.1 0.1610 34,22 0.88
70.50 10.0 60.2 0.1661 35.30 0.88
T1.42 10.0 70.0 0.1429 29.36 0.85
71.42 10.0 71.0 0.1408 28.94 0.85
T1.42 10.0 72.2 0.1385 28.46 0.85
72.38 10.0 75.3 0.1328 26.31 0.83
72.38 10.0 78.2.. 0.1279 25.33 0.83
72.38 10.0 T4..4 0.1344 26.62 0.83
72.38 11.0 85.8 0.1282 25.39 0.83
71.85 9.0 88.8 0.1014 -20.46 0.80
70.05 9.0  114.0 0.0789 17.04 0.77
70.05 9.0 113.8 0.0791 17.07 0.77
70.78 9.0 140.7 0.0640 13.46 0.74
70.78 9.0 138.0 0.0652 13.73 0.74
71.95 6.0 109.6 0.0547 11.01 0.71
72.12 6.0 112.0 0.0536 10.71 0.71
69.67 6.0 136.0  0.0441 9.64 0.68
69.67 9.0 199.4 0.0451 9.86 0.68




-~ RUN 6-5
_PARTICLES= ABS CUBIC PELLETS ____  DENSITY=_ 1.061_ GM/CM3
LIQUID= SAE 30 66 %+ KEROSENE DENSITY= 0.876 GM/CM3
PARTICLE SIZE Dy= 0.2880 CM, Dt = 10.12 CM, Dy/Dt = 0.0285
NOMINAL LENGTH 1/10 INCH, NO SIEVING
TEMP DIST SETTLING U U*NU EPS
°oF CM TIME SEC  CM/SEC _ 0.01CM3/SEC?
72.80 12.0 45.0 0.2667 52.06 0.95
72.95 12.0 49.0 0.2449 47.56 0.95
72.95 6.0 24.7 0.2429 47.18 0.95
73.30 12.0 48.0 0.2500 47.95 0.92
0 73.30 12.0  48.0 0.2500 47.95 0.90
74.30 12.0 56.4 0.2128 - 39.42 - 0.90
74.30 12.0 54.4 0.2206 40.87 0.90
74.30 12.0 53.8 0.2230 41.33 0.90
75.60 12.0 54.5 0.2202 39.05 0.88
75.70 12.0 55.4 0.2166 38.28 0.88
76.90 _ 12.0 _ _ 61.8  0.1942 32.85 0.85
77.10 12.0 61.2 0.1961 32.93 0.85
77.10 12.0 62.8 0.1911 32.09 0.85
72.40 12.0 84.2 0.1425 28.21 0.83
72.50 12.0 88.5 0.1356 26.75 0.83
72.50 12.0 84.0 0.1429 28.18 0.83
72.90 12.0 103.2 0.1163 22.62 0.80
73.00 12.0 105.5 0.1137 22.05 0.80
73.00 12.0 101.0  0.1188 23.03 0.80
73.10 9.0 98.2 0.0916 17.70 0.77
71.10 9.0 131.8 0.0683 14.21 0.74
71.10 9.0 129.5 0.0695 14.47 0.74
71.10 9.0 127.2 0.0708 14.73 0.74
71.90 9.0 150.0 0.0600 12.09 0.71
72.15 6.0 100.8 0.0595 11.88 0.71
72.15. 6.0 103.2 0.0581 11.61 0.71
73.40 6.0 115.0 0.0522 9.97 0.68
73.40 9.0 185.3 0.0486 1 9.28 0.68




VII-21

RUN 8-P ' '

PARTICLES= MINERAL CRYSTALS DENSITY= 2.623 GM/CM3

LIQUID= SAE 10W 88.1 %+ KEROSENE, DENSITY= 0.861 GM/CM3

PARTICLE SIZE Dy= 0.0384 CMy D{ = 3.50 CM, Dy/Dt = 0.0110

FROM SIEVING 35/42 MESH, SEGGREGATION TEST

TEMP DIST SETTLING u U%NU EPS
of cM TIME SEC CM/SEC 0.01CM3/SEC®

74.85 10.0 37.0  0.2703 9.54 0.90
74.85 4.0 15.5 0.2581 9.11 - ©  0.90
T4.85 4.0 15.4 0.2597 9.16 0.90
74.85 4,0 15.4 0.2597 9.16 0.90
72.30 5.0° 26.8  0.1866  7.03 __ 0.85
72.30 5.0 27.0 0.1852 6.98 0.85
73.35 5.0 37.4 0.1337 4.90 0.80
73.35 5.0 37.4 0.1337 4.90 . 0.80
73.00 5.0 57.2 0.0874 3.23 T 0.75
73.00 5.0 54,0 0.0926 = 3.42 0.75
73.50 5.0 59,0 0.0847 3,09 __  0.75
73.50 5.0 54.7 - 0.0914 3.34 0.75
73.50 5.0 57.6 0.0868 3.17 0.75
73.50 5.0 55.4 0.0903 3.29 0.75
73.50 5.0 57.4 0.0871 - 3.18 0.75
74.10 3.0 45.2  0.0664 2.39 0.70
74,10 3.0 52.0  0.0577  2.07 _  0.70
74.10 3.0 50.8 0.0591 = 2.12 0.70
74.1C 3.0 50.2 0.0598 2.15 0.70




VII-22

RUN 8—M ~ - ~

PARTICLES= MINERAL CRYSTALS ~ DENSITY= 2.623 GM/CM®

LIQUID= SAE 10W 88.1%+ KEROSENE, DENSITY= 0.861 GM/CM3

PARTICLE SIZE Dy= 0.0378 CM, Dt = 3.50 CM, Dy/D{ = 0.0108

MIXTURE 90% 35/42 MESH + 10%42/48 MESH, SEGGREGATION TEST

TEMP DIST SETTLING U . U%NU EPS
°F CM TIME SEC CM/SEC 0.01CM /SEC

74.75 10.0 42.8 0.2336 8.26 0.90
74.75 4.0 17.8 0.2247 7.95 0.90
74.75 4.0 18.1 0.2210 7.82 0.90
74.75 4.0 18.5 0.2162 7.65  0.90
72.30 5.0 30.0 0.1667 6.28  0.85
72.30 5.0 30.0 0.1667 6.28 0.85
73.40 5.0 41.0 0.1220 4 .46 0.80
73.40 5.0 40.7 0.1229 4.50 0.80
73,40 5.0 40.9 0.1222 4.47 0.80
72.95 5.0 60.4 0.0828 3.06 0.75
72.96 5.0 58.4  0.0856 3.17 0.75
73.40 5.0 62.0 0.0806 2.95 0.75
73.40 5.0 574 0.0871 3.19 0.75
73,40 5.0 60.1 '0.0832 3,04 0.75
73.40 5.0 59.4 0.0842 3.08 0.75
73.40 5.0 60.4 0.0828 3.03 0.75
74.00 3.0 48.2 0.0622 2.24. 0.70
74.00 3.0 54.5 0.0550 1.98 - 0.70
74.00 3.0 53,2 0.0564 2.03 0.70
74.00 3.0

53.3 0.0563 2.03 0.70




VII-23

RUN 9-2

PARTICLES= MINERAL CRYSTALS o DENSITY= 2.632 GM/CM3

LIQUID= SAE 10W 95%+ KEROSENE DENSITY= 0.862 GM/CM3

PARTICLE SIZE Dy= 0.0508 CM, Dt = 3.78 CM, Dy/Dt = 0.0134

SIEVE OPENINGS 0.417/0.495 MM, SIEVING + ELUTRIATION

TEMP DIST SETTLING U : U%NU EPS
°C . CM TIME SEC  CM/SEC  0.01CM3/SEC?

26.65 6.0 18.0 0.3333 15.68 0.95
26.65 6.0 18.9 0.3175 14.93 0.95
26.65 6.0 19.2 0.3125 14.70 0.95
26.65 6.0 18.1 0.3315 15.59 0.95
27.37 6.0 20.0  0.3000 13.61  0.92
27.37 6.0 19.2 0.3125 14.18 0.92
27.37 6.0 19.6 0.3061 13.89 0.92
27.55 6.0 19.6 0.3061 13.77 0.92
27.55 6.0 19.7 0.3046 13.70 0.92
27.64 12.0 42.2 0.2844 12.74 0.90
27.64 12.0 40.7 0.2948 _ 13.21 ~ 0.90
27.64 12.0 41.7 0.2878 ~ 12.89 0.90
27.75 12.0 . 40.0 . 0.3000 1 13.36 0.90
25.97 12.0 49.4 0.2429 11.80 . 0.88
25.97 15.0 62.8 0.2389 11.60 0.88
25.97 15.0 63.8 0.2351 11.42 0.88
26.20 15.0 60.4  0.2483  11.94 0.88
26.55 15.0 . 72.8 0.2060 9.74 0.85
26.55 15.0 73.3 0.2046 9.67 0.85
26.55 15.0 75.2 0.1995 9.43 0.85
26.63 _ 15.0 83.4 0.1799 8.47 0.83
26.70 15.0 83.0 0.1807 8.48 0.83
26.85  12.0 - 80.8 0.1485  6.91 _ 0.80
26.85 12.0 80.8 0.1485 6.91 0.80
26.90 9.0 61.0 0.1475 6.85 0.80
26.90 9.0 77.8 0.1157 5437 0.77
26.90 9.0 76.4 0.1178 5.47 0.77
23.63 9.0 116.6 0.0772 4a22 0.74
23.63 9.0 111.8 0.0805 4,40 _0.74
23.80 9.0 111.0 0.0811  4.40 0.74
24.40 9.0 141.4 0.0636" 3.35 0.71
24.40 9.0 136.4 0.0660 . 3.47 0.71
24.50 9.0 137.8 0.0653 3.42 0.71
24.82 6.0 116.0 0.0517 2.66 " 0.68
25.67 6.0 111.6 0.0538  2.65 ~ 0.68
25.67 6.0 109.6  0.0547 2.70 0.68
25.80 6.0

139.9 0.0429 2.10 0.65




VII-24

RUN 9-3

PARTICLES= MINERAL CRYSTALS . DENSITY= 2.632 GM/CcM3®

LIQUID= SAE 10W 95 %+ KEROSENE DENSITY= 0.862 GM/CM3

PARTICLE SIZE Dy= 0.0508 CMy, Dt = 5.08 CM, Dy/Dt = 0.0100

SIEVE OPENINGS 0.417/0.495 MM, SIEVING + ELUTRIATION

TEMP DIST SETTLING U . U%NU EPS .
°oC CM TIME SEC CM/SEC 0.01CM3/SEC?

26.50 6.0 18.3 0.3279 15.54 0.95
26.50 6.0 18.3 0.3279 15.54 0.95
26.5C 6.0 19.0 0.3158 14.97 0.95
26.50 6.0 18.6 0.3226 15.29 0.95
27.34 6.0 19.5  0.3077  13.98 . 0.92
27.34 6.0 19.0 0.3158 14.35 0.92
27.34 6.0 19.7 0.3046 13.84 0.92
27.55 6.0 19.6 0.3061 13.77 0.92
27,65 12.0 42.3 0.2837 12.70 0.90
27.65 12.0 41.0 0.2927 13.10 0.90
27.65 12.0 41.7 0.2878 12.88 0.90
27.75 12.0 41.4 0.2899 12.91 0.90
25.90 12.0  47.8 0.2510 12.24 0.88
25.90 . 15.0 63.3 0.2370 11.55 0.88
25.90 15.0 63.3 0.2370 11.55 0.88
26.10 15.0 61.8 0.2427 11.72 0.88
26.50 15.0 C 73.3 0.2046 9.70 0.85
26.50 15.0 T4.1 0.2024 9.60 0.85
26.50 15.0 - T4.4  0.2016 9.56 0.85
26,60 15.0 83.0 . 0.1807 8.52 0.83
26.60 15.0 — 82.7 0.1814 8.55 0.83
26,65 15.0 83.6 0.1794 8.44 0.83
26.85 12.0  81.0 - 0.1481 . 6.89 ~ 0.80
26.85 12.0 81.8 0.1467 6.83 0.80
26.90 9.0 60.5 0.1488 6.90 0.80
26.90 9.0 76.6 0.1175 5.45 0.77
26.90 9.0 75.7 0.1189 5.52 0.77
26.90 9.0 75.2 0.1197 5.55 0.77
23.55 9.0 113.2 0.0795 4,37 0.74
23.55 9.0 112.2 0.0802 4,41 0.74
23,70 9.0 112.0 0.0804 4.38 0.74
24.32 9.0 139.2 0.0647 3.41 0.71
24.32 9.0 138.5 0.0650 " 3.43 0.71
24.45 9.0 135.1 0.0666 3,49 0.71
24.80 7.0 134.7 0.0520 . 2.68  0.68
25.62 6.0 109.5 0.0548 2.71 0.68
25.62 6.0 107.6 0.0558 2.76 0.68
25.85 6.0 142.5 0.0421 2.06 0.65




VII-25

RUN 10-2
_PARTICLES= MINERAL CRYSTALS DENSITY= 2.632 GM/CM3
LIQUID= SAE 10W 88.1%+ KEROSENE, DENSITY= 0.858 GM/CM3
PARTICLE SIZE Dy= 0.0426 CMy Dt = 3.78 CM, Dy/Dt = 0.0113
SIEVE OPENINGS 0.351/0.417 MM, SIEVING + ELUTRIATION
TEMP DIST SETTLING U U*NU . EPS
°F CM TIME SEC _CM/SEC _ 0.0LlCM3/SEC
74,75 9.0 24.5 0.3673 13.00 0.95
74,75 9.0 23.0 0.3913 13.84 0.95
75.60 9.0 29.0 0.3103 10.74 _  0.92
75.60 9.0 28.4 0.3169 10.97 0.92
. 15.70 .12.0 36.2 . 0.3315 = 11.45 0.92
75.70 12.0 38.3 0.3133 10.82 0.92
76.30 9.0 | 28.6 0.3147 10.70 0.90
76.30 9.0 30.0 0.3000 10.20 0.90
76.30 3.0 29.0 0.3103 ~10.55 0.90
76.10 12.0 46.0 0.2609 8.92 0.88
76.10 12.0 44,0  0.2727  9.32  0.88
'75.95 12.0 58.3 0.2058 T 7.06 0.85
75.95 12.0 59,2 0.2027 6.96 0.85
73.85 12.0 72.6 0.1653 5.99 0.82
73.85 12.0 76.8 0.1562 5.66 0.82
73.85 9.0 55.6 0.1619 5.86 0.82
74.80 12.0 81.6 0.1471 5.20 0.80
74.80 12.0 77.2 0.1554 5.49 0.80
74.80 12.0 82.2 0.1460 5.16 0.80 .
71.90 12.0 110.8 0.1083 4.13 0.77
71.90 9.0 81.2 0.1108 4.23  0.77
71.90 9.0 83.6 0.1077 4.10 0.77
. 73.65 9.0 100.1  0.0899 3,27  0.74
73,65 9.0 98.2 0.0916 3.34 0.74
74.25 9.0 127.6 = 0.0705 2.53 0.71
74.40 6.0 86.6 0.0693 2.47 0.71
74.40 6.0 86.8 0.0691 2.47 0.71
73.50 6.0 114.2 0.0525 1.92 0.68
73.50 6.0 112.7  0.0532 1.95  0.68"
73.20 6.0 143.4 0.0418 1.54 0.65
73.20 6.0 141.0 0.0426 1.57 0.65




VII~-26

RUN 10-3
PARTICLES= MINERAL CRYSTALS o DENSITY= 2.632 GM/CM3
LIQUID= SAE 10W 8B.1% + KEROSENE, DENSITY= 0.858 GM/CM3
PARTICLE SIZE Dy= 0.0426 CM, Dt = 5.08 CM, Dy/Di = 0.0084%
SIEVE QPENINGS 0.351/0.417 MM, SIEVING + ELUTRIATION
TEMP DIST SETTLING U UsNU EPS
oF CM TIME SEC CM/SEC 0.01CM3/SEC
74.50 9.0 26.2 0.3435 12.23 0.95
74.50 9.0 25.6 0.3516 12.52 0.95
75.40 12.0 39.5 0.3038 10.57 0.92
75.40 9.0 29.7 0.3030 10.54 0.92
75.40 9.0 29.5 0.3051 10.61 - 0.92
76.30 9.0 29.6 0.3041 10.34 0.90
76.30 9.0 31.6 0.2848 9.69 0.90
76.30 11.0 36.4% 0.3022 10.28 0.90
76.10 11.0 44.3 0.2483 8.49 0.88
76.10 “12.0 44,8 0.2679 9.16 0.88
76.00 14.0 66.1 0.2118 7.26 0.85
76.00 12.0 55,6 0.2158 7.40 0.85
76.00 12.0 59.6 0.2013 6.90 0.85
76.00 12.0 56.8 0.2113 T.24 0.85
73.80 12.0 72.0 0.1667 6.04 0.82
73.80 12.0 73.7 0.1628 5.90 0.82
73.80 12.0 T4.5 0.1611 5.84 . 0.82
T4.60 12.0 83.3 0.1441 5.12 0.80
T4.60 12.0 83.2 01442 5.12 0.80
71.80 12.0 114.2 0.1051 4.02 0.77
71.80 9.0 85.1 0.1058 4.04 0.77
71.80 9.0 84.5 0.1065 4.07 0.77
73.60 9.0 99,2 0.0907 3.31 0.74
73.60 9.0 98.0 0.0918 3.35 0.74
74420 9.0 125.1 0.0719 - 2.58 0.71
74,20 6.0 85.6 0.0701 2.52 0.71
74 .40 6.0 83.0 0.0723 2.58 0.71
" 73.50 6.0 110.8 0.0542 1.98 0.68
73.50 6.0 112.0 0.0536. 1.96 ~  0.68
73.20 6.0 139.0 0.0432 1.59 0.65
73.20 6.0 l144.4 0.0416 1.53 0.65
73.20 6.0

142.2 0.0422 1.55 0.65




VIiI-27

RUN 11-2 . ' C
PARTICLES= SUGAR CRYSTALS o DENSITY= 1.590 GM/CM3
LIQUID= SAE 30 66% + SAE 10W . DENSITY= 0.876 GM/CM3
PARTICLE SIZE Dy= 0.1346 CM, Dt = 3.78 CM, Dy/Dt = 0.0356
STEVE OPENINGS 0.991/1.168 MM, SIEVING + ELUTRIATION
TEMP DIST SETTLING U UANU EPS
of cM TIME SEC  CM/SEC  0.01CM3/SEC?
71.90 9.0 39.4 0.2284 43,35 0.95
71.90 9.0 39,4 0.2284 43,35 0.95
71.90 9.0 41.0 0.2195 41.66 0.95
72.70 9.0 44.6 - 0.2018 37.21" 0.92
72.70 9.0 43.4  0.2074 38.24 0.92°
72.70 9.0 43,2 0.2083 38,42 0.92
73.40 12.0 60.8 0.1974 35,48 0.90
73.40 12.0 61.7 0.1945 34,96 0.90
73.80 12.0 T 64.5 0.1860 32.95 0.88
73.80 12.0 64.0 0.1875 33,21 0.88
73.80  12.0 _ 66.4  0.1807 32,01 _ 0.88
73.20 12.0 77.4 0.1550 28.07 0.85
73.20 12.0 78.8 0.1523 27.58 0.85
73.20 12.0 75.0 0.1600 28.97 0.85
73.20 12.0 75.5 0.1589 28.78 0.85
73.70 12.0 96.3 0.1246 22.15 0.82
73.70 12.0 90.6 0.1325 23.55  0.82
73.70 12.0 91.8 0.1307 23.24 0.82
71.50 9.0 85.0 0.1059 20.38 0.80
71.50 9.0 83.0 0.1084 20.87 0.80
71.5C 3.0 81.2 0.1108 21.3% 0.80
73.70 9.0 103.1 0.0873 15,52 0.77
73.70 9.0 95.4 0.0943 16.77 0.77
74.00 9.0 96.2 0.0936 16.45 0.77
73.60 6.0 78.0 0.0769 13.73 0.74
74.20 6.0 85.5 0.0702 12.25 0.74
~72.50 6.0 112.2 0.0535 9.93 0.71
72.50 6.0 107.4 0.0559 10.38 0.71
74.20 5.8 133.0 0.0436 7.62 0.68




VII-28

RUN 11-3
_ _PARTICLES= SUGAR CRYSTALS DENSITY= 1,590 GM/CM®
“LIQUID= SAE 30 66% + SAE 10W DENSITY= 0.876 GM/CM3
PARTICLE SIZE Dy= 0.1346 CMy Dy = 5.08 CM, Dy/Dy = 0.0265
SIEVE OPENINGS 0.991/1.168 MM, SIEVING + ELUTRIATION
TEMP DIST SETTLING U U%NU EPS
OF CM TIME SEC CM/SEC 0.01CM3/SEC?

71.65 9.0 41.0 - 0.2195 42,03 0.95
71.65 9.0 41.0 0.2195 42,03 0.95
72.70 9.0 44,4 0.2027 37.38 0.92
72.70 9,0 43,0 0.2093  38.60 - 0.92
72.70 9.0 43,2 - 0.2083 38,42 - 0.92
73.40 12.0 . 60.4 0.1987 35.71 0.90
73.40 12.0 59,4 0.2020 36.32 0.90
73.40 12.0 61.0 0.1967°  35.36 0.90
73.85 12.0 65.2 0.1840 32.54 0.88
73.85 12.0 66.0 0.1818 32.14 0.88
73.85 12.0 65.8 0.1824 32,24  0.88
73.20 12.0 75.2 0.1596 28.90 0.85
73.20 12.0 75.3 0.1594 28.86 0.85
73.30 12.0 94,4 0.1271 22.93 0.82
74.05 12.0 92.0 0.1304 22.89 0.82
71.30 9.0 82.8 0.1087 21.07 0.80
71.30 9.0 81.0 0.1111  21.54  0.80
72.00 9.0 81.0 0.1111 21.01 0.80
73.65 9.0 97.0 0.0928 16.53 . 0.77
73.65 9.0 97.2 0.0926 16 .49 0.77
73.90 9.0 97.0 0.0928 16.37 0.77
. 73.00 6.0 83.4 0.0719 13.12 074
73.20 6.0 79.7  0.0753 13.63 0.74
73.20 6.0 80.2 0.0748 13.55 " 0.74
74.30 6.0 78.3 0.0766 13.34 0.74
73.30 6.0 ° 109.6 0.0547 9.88 0.71
73.30 6.0 108.2 0.0555 10.00 0.71
72.70 6.0 143.0  0.0420 L T.T4 0.68
73.50 6.0

138.8 0.0432 T.T4% 0.68




VII-29

RUN 12-3 | |

PARTICLES= SUGAR CRYSTALS DENSITY= 1.590 GM/CM3

LIQUID= SAE 30 24%+ SAE 10W " DENSITY= 0.870 GM/CM3

PARTICLE SIZE Dy= 0.1133 CM, Dt = 5.08 CM, Dy/Dt = 0.0223

SIEVE OPENINGS 0.883/0.991 MM, SIEVING + ELUTRIATION
TEMP DIST SETTLING u U%NU EPS

of CM TIME SEC CM/SEC 0.01CM3/SEC?

74.90 9.0 32.4 0.2778 31.43 0.95
74.90 9.0 31.8 0.2830 32.02 0.95
74.90 3.0 30.4 0.2961 33.50 0.95
76.50 9.0 32.5 0.2769 29.73 0.92
764,50 9.0 33,0  0.2727  29.28°  0.92
76.50 9.0 32.4 0.2778 29.82 0.92
78.20 9.0 32.4 0.2778 28.24 ° 0.90
78.20 9.0 31.7 0.2839 - 28.87 0.90
78.20 9.0 33.0 0.2727 27.73 0.90
78.20 9.0 31.6 0.2848 28.96 0.90
78.20 9.0 33,4 0.2695  27.40 0.90
77.25 12.0 47.5 0.2526 26 .49 0.88
77.25 12.0 49.8 0.2410 25.27 . 0.88
77.25 9.0 36.2 0.2486 26.07 0.88
79.40 12.0 49.4 0.2429 23.78 0.85
79.40 12.0 51.4  0.2335 22.86 0.85
79.40 12.0 52.0 0.2308 22.59 0.85
75.20 12.0 74.6 0.1609 18.02 0.82
75.20 11.9 73.2 0.1626 S 18.21 0.82
76.80 9.0 59.3 0.1518 16.14 .80
79.45 9.0 68.2 0.1320 12.90 0.77
79.45 9.0 67.2 0.1339 13.09 0.77

. 79.50 6.0 59.4  0.1010  9.86 0.74
80.10 6.0 75.0 0.0800 7.65 0.71
80.80 6.0 92.6 0.0648 6.04 0.68




Run 1-1,2 .

Temperature
Viscosity

Temperature
Viscosity
Run 1-3
Temperature
Viscosity
Run 2-1,2

Temperature
Viscosity

Temperature
Viscosity
Run 2-3

Temperature
Viscosity

Run 3-1A,2,3

Temperature
Viscosity

Temperature
Viscosity

OF
cs

CSs

oC
cs

OF .

CS

OF
cs

OF

cs

OF
cs

OF
cs

68,00
185.90

77 .02
154,14

18,80
194,79

68,02
341,11

77,13

278,46

68,02
341,11

67 900
35.66

77.20
27.64

69.00
181,90

77 .99
151,23

20,10
184,86

69,00
333,74

69.00
333.74

68.00
34,86

VISCOSITY DATA

70,00
178,06

78.99
148,26

20,48
182,26

' 70.03

326,00

70,03
326,00

69.03
33.86

71,03
174,26

21.16
177.80

71,02
318,51

71,02
318,51

70,00
33.04

71,96
170.98

' 22.02

171,50

72.00
311,31

72,00
311,31

71.00
32.24

73.01
167,21

23,05
165.02

73,02
303.52

73.02
303,52

72,01
31.39

74,01
163.80

24,16
158,45

74,45
293,50

75.10
289,47

73.00
30.63

75.00
160.79

25,00

153.39

75,10
289,47

77,13
278,46

75,02

29,15

75,97
157,55

76,25
283.00

76.00
28,43,

0¢-1IIA



Run 3-4
Temperature
Viscosity -
Run 4-2,3
Temperature
Viscosity
Run 5-3
Temperature
Viscosity
Run 6-4
Temperature
Viscosity
Run 6-5

Temperature
Viscosity

Temperature
Viscosity
Run 7-3

Temperature
Viscosity

OF
cs

CSs

OF
cs

cs

OF
cs

cS

CcSs

68,00
34,72

68,00
42,04

68,00
42,17

68,05
231,.6

68,05
231.64

76,20
173.43

70,00
116,07

69.01
33.86

69.00
40,94

69.01
41,05

69.20
221.9

69.20 N
221,86

77,20
167,34

71,00
113,73

VISCOSITY DATA (continued)

70,00
32.99

70,00
39.88

70,00
39,96

69,98
216,3

69,98
216.3

72,00
111,64

71,00
32.19

71,00
38,87

71,00
38,94

71,10
208,2

71.10
208,16

73,00
109,27

71.95
31.43

72,00
37.85

71.95
37.98

72,00
200.7

72,00
200,66

74.00
107.20

73,01
30,62

73,00
36.90

73.01
36,94

73,00
193.9

73,06
193,87

75,00
105.18

74,00

29.88

74,00 75,00
35.90  34.9%

74,00
36.02

74,00
186.9

74,00 74,90
186,96 181,97

76 .00
103,06

1€-11A



Run 8~P,M
Temperature
Viscosity
Run 9-2,3

Temperature
Viscosity

Temperature
Viscosity
Run 10-2,3
Temperature
Viscosity
Run 11-2 ,3
Temperature
Viscosity
Run 12-3

Temperature
Viscosity

cSs

oC

cs

CcS

oC
cs

OfF
CcS

OF
cs

72.00
38,01

23.00
56,56

$27.50
45.10

71.00
39.04

70,00
203,00

74,00
116,30

73,05
36,92

23.50
55,06

28,00
44,00

71,85
38.18

71,00
195,90

75.00
112,80

VISCOSITY DATA (continued)

73.98

36,06

24,00
53.67

73.00
37.02

72,00
189.10

76,00
109.00

74,90
35,24

24.50
52,32

74,10
35.98

73.00
182.40

77,00
105,70

25,00
51,04

75.05
35.10

74.00
175.80

78,00
102.30

25,350
49,70

76,10
34,18

75,00
169,90

79.00
99.15

26.00
48,51

77,10
33.32

80,00
96.02

26,50
47,40

81,20
91.90

27,00
46,16

cE-1IA



VIII-1

APPENDIX VIII  CALCULATED RESULTS FOR HINDERED
- ' " SETTLING

** Data not used in curve fitting of eqt. la
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Run No,

2-Single
7-Single
3=-Single
4-Single
5-Single
6-Single

Run No,

APPENDIX IX  DATA AND RESULTS FOR FREE

SETTLING
Original Data

Particles

0.114 cm Glass Beads
0.0492 cm Glass Beads
0.0341 cm Salt Crystals
0.0391 cm Salt Crystals
0.0282 cm Salt Crystals
0.288 cm ABS Pellets

Calculated Results

2=-Single

1-Single
7-Single
3-Single
4-Single
5=Single
6~Single

VISCOSITY DATA

Column

7.71 cm
5.08
5.08
5,08
5.08
7.71

cm
cm
cm
cm

cm

IX-1

Page

1X=-2
IX-4
1X-6
I1X-8
IX~10
IX-12

Page -

IX-13>
IX-13
IX-14
IX-15
IX-16
IX-17
IX-18

IX-19

The first number in Run No, indicates the same combina=-

tion of particles and liquid as used in the hindered settling

tests,



Run 2- Single

IX-2

0.114 cm Glass Beads in 7.71 cm Column‘

TEMP DIST SETTLING U U*NU

DEG. F CM TIME SEC CM/SEC 0.01CM3/SEC?
70.50 10.0 16.4 0.61 123.32

..710.50 . 10.0 15.6 0.64 129.65

70.50 20.0 28.5 0.70 141.93
70.60 20.0 2744 0.73 147.37
70.60 20.0 35.1 0.57 115.04
70.60 20.0 35.1 0.57 115.04
70.80 20.0 32.4 0.62 124.20
70.80 . 20.0 35.3 0.57 . 113.99
70.80 "20.0 32.7 0.61 123.06
70.80 20.0 34.1 0.59 118.01
70.80 20.0 35.8 0.56 112.40
70.80 20.0 36.1 0.55 " 11l.47
70.80 20.0 33.5 0.60 120.12

70.80 20.0 34.2 "0.58 . 117.66 ;
70.10 20.0 35.0 0.57 116.37
70.20 20.0 27.2 0.74 149.49
70.20 20.0 33.9 0.59 119.94
70.20 - 20.0 30.4 0.66 133.75
70.20 - 20.0 33.2 0.60 122.47
- . .70020 20.0 35.7 0056 ,113089
70.20 20.0 38.0 0.53 " 107.00
70.20 20.0 34.7 0.58 117.18
70.20 20.0 35.0 0.57 116,17
70.20 20.0 35.9 0.56 113.26
70.20 20.0 32.0 0.63 127.06

- 70.20 20.0 . 28.4 . 0.70 143.17 .
70.20 20.0 35.4 0.56 114,86
70.20 20.0 31.5 0.63 129.08
70.20 20.0 35.6 0.56 114.21
70.20 20.0 29.8 0.67 136.44
70.20 20.0 33.2 0.60 122.47
... 70.20 20.0 38.0 . .0.53 107.00
70.20 . 20.0 30.0 067 135.53
70.20 20.0 27.2 O.74 149.49
70.20 20.0 35.0 0.517 116,17
70.20 20.0 374 0.53 108.72
70.20 20.0 28.7 0.70 141.67
.. ._.T70.20 .20.0 35.0 0.57 116.17

70.20 20.0 31.2 0.64 130.32
70.20 20.0 36.4 0.55 111.70
70.20 20.0 31.0 0.65 131.16
70.20 20.0 33.5 0.60 121.37
70.20 20.0 30.7 D.65 132.44

e 10620 . .. 20.0 28,2 . . . Q.71 . _144.18
70.20 .20.0 31.0 0.65 131.16
70.20 20.0 - 2T44 0.73 148.39
70,20 _20.0 __26.9 D.74 151.15




0.68

I1X-3

70.20 20.0 29.2 139.25
70.20 20.0 36.1 0.55 112.63
70.20 20.0 31.3 0.64 129.90
70.20 20.0 26.6 0.75 152.86
70.20 20.0 38.1 0.52 106.72
70.20 20.0 35.7 0.56 113,89
70.20 20.0 35.3 0.57 115.18
. T10.20. 20.0. 33.6. . . . 0.60 _.2121.01
70.20 20.0 37.4 0.53 108.72
70.20 20.0 33.8 0.59 120.30
70.20 20.0 36.1 0.55 112,63
68.85 10.0 17.6 0.57 118.96
68.68 20.0 30.0 0.67 140.09
_ 68,65 20.0 36.3 0.55 _.115.85
68.65 20.0 36.0 0.56 116.82
68,65 20.0 31.6 0.63 133.09
68.80 20.0 34.0 0.59 123.29
68,80 20.0 29.0 0.69 144.55
68.80 20.0 31.9 0.63 131.41
68.80 20.0 29.9 0.67 140.20
68.90 20.0 33.0 0.61 126.76
69.00 20.0 31.3 0.64 133,35
69.00 20.0 29.6 0.68 141,01
69.00 20.0 31.8 0.63 131.26
69.00 20.0 32.6 0.61 128.04
69.00. 20.0 34.8 - 0.57 . 119.94
69.00 20.0 34.8 0.57 119.94
- 69.00 20.0 32.9 0.61 126.87
69.00 20.0 35.3 0.57 118.24
69.25 20.0 31.7 0.63 130.93
69.70 20.0 32.2 0.62 127.58
- 69.25 20.0 34.6 0.58 0 .119.96
69.25 20.0 36,2 0.55 114.65
69.40 20.0 32.8 0.61 126.11
_69.40 20.0 35.4 0.56 116.85
69.40 20.0 30.6 0.65 135.18
69.50 20.0 26.4 0.76 156.33
69.50 20.0 34,8 ) 0.57 _ 118.59
69.50 10.0 15.4 0.65 133.99
69.50 20.0 36.6 0.55 112.76
69.50 20.0 33.6 0.60 122.83
69.70 20.0 33.1 0.60 124.11
69.70 20.0 28.8 0.69 142.65
69.70 - 10.0 16.8 0.60 . . 122.27.
69.70 20.0 33,7 0.59 121.91
69.70 20.0 34,2 0.58 '120.12
69.70 20.0 34.0 0.59 120.83
69.70 20.0 33.6 0.60 122.27
69.70 20.0 30.2 0.66 136.03
69.70 10.0 16.8 0.60 - 122.27
69.80 20.0 29.4 0.68 139.41
69.80 20.0 28.6 0.70 143,31
69.90 20.0 35.9 0.56 113.91




Run 7- Singie

IX-4

TEMP

0.,0497 cm Glass Beads In 5.08 cm Column

U%NU

DIST SETTLING U

DEG. F M TIME SEC CM/SEC 0.01CM3 /SEC?
69.75 -10.0 52.4 0.19 21.69
69.75. 210.0 48.8 . 0.20 23.29
69.70 10.0. 44.8 0.22 25439
69.70 10.0 52.8 0.19 21.55
69.70 16.90 4442 0.23 25.74
69.70 10.0 45.6 0.22 24.95
69.80 10.0 47.8 0.21 23.175
69.80 - 10.0 43.6 0.23 26.04
69.80 10.0 50.6 0.20 22.44
63.90 10.0 46. 4 0.22 24,42
70,00 16.0 56.6 0.18 19.98
70.05 10.0 50.0 0.20 22.59
70.05 16.0 47.2 0.21 23.93

. 170.10 10.0 38.8 . 0.26 29.08
70.10 10.0 46.8 0.21 24.11
70.10 10.0 38.0 0.26 29.69
70.40 10.0 54.2 0.18 20.69
70.40 10.0 43.0 0.23 26.08
70.40 10.0 48.2 0.21 23.27
.. 710.40 10.0 44,0 0.23. .. 25449
70445 10.0 42.0 0.24 26.68
70.50 10.0 45.6 0.22 24,55
70.50 10.0 49.4 0.20 22.66
70.50 10.0 47.6 0.21 - 23.51
70.60 10,0 44.8 0.22 24,93

.. 710.60. . 10.0 50.2 0.20 .. 22425
70.70 10.0 44.0 C.23 25.34
70.70 10.0 47.8 0.21 23.32
10.75 10.0 49.0 0,20 22.73
70.75 10.0 43.2 0.23 25.78
'70.80 -10.0, 43.8 0.23 25440

.. 10.80 10.0 40.6 0.25 27.40
70.80 - 10.0 43.6 0.23 25.52
70.90 10.0 5le4 0.19 21.60
70.90 10.0 - 55.3 0.18 20.08
70.90 10.0 50.4 0.20 22.03
70.95 10.0 53.8 0.19 20.62

S T71.00_ .10.0 . 45.8 0.22__ 24.19
71.00 10.0 39.8 0.25 27.84
71.00 10.0 51.2 0.20 21.64
71.00 "10.0 52,9 0.19 20.95
71.05 10.0 45.8 0.22 24.17
71.05 10.0 58.5 0.17 18.92
_71.10 . 10.0 48.2 . B.21 22.34
7T1.10 10.0 44 .0 0.23 25.13
71.15 10.0 51.6 0.19 21.41
71.15 10.0 51.8 0.19 21.33




IX=5

71.15 - 10.0 4646 0.21 23.71
71.50 10.0 56.8 0.18 19.32
71.50 10.0 51.6 0.19 21.27
71.50 10.0 52.9 0.19 20.75
71.50 10.0 46 44 0.22 23.65
71.50 10.0 43,6 0.23 25.17
71.50 10.0 44,0 0.23 24.94
71.40 10.0 48.6 0.21 .. 22.62
71.40 10.0 44,4 0.23 24.76
71.40 10.0 44,2 0.23 24.88
71.40 10.0 42.0 0.24 26.18
71.40 10.0 43,6 0.23 25.22
71.55 10.0 42.0 0.24 26.10
71.55 10.0 43.0 S 0.23 25.50
71.55 10.0 48.0 0.21 22.84
71.55 10.0 52.0 0.19 21.08
71.60 10.0 44.0 0.23 24.89
71.60 10.0 43,6 0.23 25.12
71.60 ~10.0 39.5 0.25 27.73
T1.60 - 10.0 40.4 _0.25 27.11
71.70 10.0 - 52.6 0.19 20.78
71.70 10.0 '53.8 0.19 20.32
71.70 10.0 40.8 0.25 26.79
71.70 10.0 40.6 0.25 " 26.93
71.70 1.0.0 45.6 0.22 23,97
C71.70 10.0 40.2 0.25 27.19
71.70 10.0 48.6 0.21 22449
" 71.80 10.0 54.0 0.19 20.21
71.80 10.0 47.5 0.21 22.97
71.80 10.0 51.6 0.19 21.15
71.80 10.0 42.2 0.24 25.86
71.80 10.0 49.6 0.20 22.00




IX-6

Run 3- Single 0.0341 cm Salt Crystals In 5.08 cm Column

TEMP DIST  SETTLING u o U%NU

DEG. F cM TIME SEC CM/SEC 0.01CM3/SEC?
74.50 10.0 38.6 . 0.26 7.72
T4.45 10.0 o 31.0 . 0.32 9,62
74445 20.0 58.0 , " 0.34 10.28
74.50 20.0 . 60.1 0.33 9.91
74,52 20.0 - 57,0 0.35 10.45
74.50 20.0 60.2 0.33 9.89
74.50 20.0 . ' 63.3 . - 0432 9.41
74.60 20.0 . 56.8  0.35  10.46

. 74.60 20.0 . 55.6 . 0.36 10.69
T4.65 20.0 - . 66.1 0.30 - 8.98
T4.65 . 20.0 5442 0.37 10.95
T4.65 20.0 © 0 57.1 ~ 0.35 ‘ 10.39
T4.65 20.0 71.0 0.28 : 8.36

. T74.80 10.0 . 31.0 - 0.32 . 9.54

 74.80 . 20.0 65.4 0.31 9.04
74.80 20.0 : 64.8 0.31 9.13
75.20 20.0 62.5 : 0.32 9.37
75.20 20.0 69. 4 0.29 8.44
75.20 . 20.0 . 64.5 0.31- 9.08
75.20 1 20.0 . 62.6 0.32 5 9.36
75.20 30.0 105.0 0.29 8.37
75.20 20.0 , 72.8 ' 0.27 8.04
75.20 20.0 69.2 0.29 8.46
75.20 20.0 . 54,4 " 0.37 ' 10.77

. 75.20 20.0 66.6 0.30 . 8.79

_75.20 . 20.0 . 54,2 . 0.37 10.81
75.20 20.0 . 66.0 0.30 8.87
75.20 20.0 63.1 0.32 9.28
75.20 20.0 70.9 : 0.28 8.26
75.20 20.0 75.0 0.27 7.81
75.20 20.0 55.0 0.36 10.65

__T4.55 20.0 78.0 0.26 - T7.63
74.55 20.0 99.2 _ 0.20 6.00 -
74.55 20.0 78.0 0.26 7.63
74.55 20.0 65.4 0.31 9.10
74.55 20.0 - 68,0 . - 0.29 8.75
74.55 20.0 o 69.7 0.29 . 8.54

_ . 74.80 . 20.0 _ 80.0 2 0.25 . T7.39 .
74.80 40.0 - 150.4 0.27 7.86
T4.80 30.0 95.8 . 0.31 9.26
74.80 20.0 66.3 0.30 8.92
74.80 20.0 69.0 0.29 8.57
74.80 20.0 6449 0.31 9.11
74.80 20.0 . 64.9 o 0.3 . 9.11
74.80 20.0 CT71.7 0.28 8.25
74.80 20.0 '65.8 0.30 - B.99

" 74.80 20.0 T4.6 . 0.27 7.93



IR-7

74.80 20.0 74.2 0.27 . 7.97
74.80 20.0 65.5 0.31 9.03
74.80 20.0 85.0 0.24 6.96
74.80 20.0 73.2 0.27 8.08
74.60 10.0 37.8. 0.26 7.86
74.60 10.0 36.8 0.27 8.07
74.60 10.0 32.2 0.31 9.23
74.60 10.0 34.0 0.29._ . 8.74
74.60 10.0 31.2 0.32 '9.52
74.60 20.0 76.2 0.26 7.80
74.60 10.0 35.6 0.28 8.35
74,60 10.0 46.8 0.21 6.35
74,60 20.0 71.8 0.28 8.28
74.60 20.0. 63.3 0.32 9.39
74.60 10.0 37.2 0.27 7.99
74.60 10.0 36.1 0.28 8.23
74,60 10.0 39.2 0.26 7.58
74.60 10.0 40,0 0.25 T.43
74,60 10.0 38.0 0.26 7.82
74460 10.0 37.8 _0.26 - 7.86
74.60 10.0 35.2 0.28 8.44
74.60 30.0 78.2 0.38 11.40
74.60 20.0 67.8 0.29 8.76
74.60 10.0 34.5 0.29 8.61




- IX=-8

Run 4-Single 0.0391 em Salt Crystals In 5,08 cm Column

TEMP - DIST ' SETTLING u UxNU

DEG. F CM TIME SEC CM/SEC 0.01CM3 /7 SEC?
73.60 10.0 28.6 0.35 12.73
T13.60 10.0 , 30.1 0.33 . 12.09
73.75 10.0 28.0 0.36 12.95
72.80 _ 10.0 28.6 0.35 12.99
72.80 10,0 - 25.6 . 0.39 14.51
72.80 10.0 29.0 ' 0.34 12.81
72.80 10.0 25.0 0.40 14.86
. 73.10_ ~_.10.0 L 28.7  0.35 12.84
T76.65 10.0 25.6 . - 0.39 13.13
76,65 10.0 27.5 0.36 12.22
C T76.65 ' 10.0 7 30.0 0.33 : 11.21
76.65 . 10.0 29.6 0.34 11.36
T6.65 10.0 : 29.4 0.34 11.43
76.65 10.0 29,2 0.34  11.51
76.65 10.0 o 24.9 0.40 13.50
76.65 10.0 32.0 0.31 10.51
76.65 10.0 29.4 0.34% 11.43
71.70 30.0 107 .4 0.28 10.69
71.70 10.0 25.6 0.39 14.94
o 71.70 20.0 ) 50.6 o 0.40 - 15.12
71.70 10.6 27.6 -0.38 14.69
71.80 10.0 o 27.2 . . 0.37 14.03
71.90 10.0 27.2 0.37 13.99
72.00 10.0 27.6 0.36 13.75
72.05 _ 10.0 - 28.0 0.36 13.54
72.10_ . 10.0 L 34,4 . 0.29_ 11.00
72.20 10.0 35.8 0.28 10.55
72.20 10.0 25.9 0.39 14.58
72.20 10.0 28.6 . 0.35 13.20
72.20 10.0 34,0 0.29 11.10
72.20 10.0 : 30.8 0.32 ' 12.26
72.40 10.0 54.5 ) 0.18 . 6.89
72.20 10.0 30.3 -~ 0.33 12.46
72.40 10.0 32.4 . 0.31 11.59
72.40 . 10.0 25.8 0.39 14.56
72.40 "10.0 33.8 0.30 11.11
. 72.50 10.0 30.6 0.33 - 12424
. J72.50. . 10.0 232.0° . . 0.31 . 11.70 .
72.50 10.0 31.4 ‘ 0.32 . .. 11.93
72.50. 10.0 34,6 0.29 ©10.83
72.50 . 10.0 28.4 - 0.35 13.19
© 72.50 "10.0 . 31.8 0.31 11.78
72.50 10.0 30.0 0.33 12.48
_72.50 i 10.0 30.6 0.33 12.24
72.50 20.0 67.2 0.30 . 11.15
72.50 10.0 32.0 0.31 11.70

72.50 10.0 31.4 0.32 11.93




0.36

1X=Y

- 71.20

72.50 20.0 55.0 13.62
72.50 10.0 34,2 0.29 10.95
72.50 10.0 29.6 0.34 12.65
71.50 10.0 37.2 0.27 10.34
71.50 10.0 33.4 ' 0.30 11.52
71.50 10.0 35,42 0.28 10.93
71.50 10.0 32.6 0.31 11.80
71.50 10.0 33.0 _0.30 11.66
71.50 10.0 32.2 0.31 11.95
71.50 10.0 32.4 0.31 11.87
71.50 10.0 34.9 0.29 11.02
71.50 10.0 28.6 0.35 13.45
71.50 10.0 31.8 0.31 12.10
71.50 .10.0 34,6 0.29 11.12
71.50 10.0 27.9 0.36 13.79
71.50 10.0 36.1 0.28 10.66
71.60 -10.0 35.1 0.28 10.93
71.60 10.0 35.6 0.28 10.78
71.60 20.0 56.8 . 0.35 13.51
71.60 10.0 33.6 _0.30 11.42
71.60 10.0 30.0 0.33 12.79
70.60 10.0 38.4 0.26 "10.26
70.60 10.0 4642 0.22 8.53
70.50 10.0 83.6 0.12 4,72
70.50 10.0 32.6 0.31 12.11
70.50 10.0 37.7 0.27 10.48
70.50 10.0 38.9 0426 10.15
70.50 © . 10.0 40.7 0.25 9.70
70.50 10.0 35.6 . "0.28 11.09
70.40 10.0 42,2 0.24 9.38
70.40 10.0 37.5 0.27 10.56

70.40 . 10.0 45.4 0.22 8.72
70.40 10.0 . 75.5 0.13 5.24
70.40 10.0 37.4 0.27 10.59
70.40 10.0 55.0 0.18 7.20
70.40 10.0 33.2 0.30 11.93
70.80 10.0 30.0 0.33 13.06

70.80 10.0. 31.6 . 0.32 12.40
71.10 10.0 32.4 . 0.31 12.00
71.20 10.0 29.0 0.34% 13.37
71.20 10.0 29.8 0.34 13.01
20.0 65.2 0.31 11.89




IX-10

Run 5-Single 0,0282 cm Salt Crystals In 5,08 cm Column

TEMP DIST SETTLING U - U%NU
DEG. F [of TIME SEC CM/SEC 0.01CM3/ SEC?
T4.40 10.0 85.2 0.12 4,18
T4.40 20.0 148.2 " 0.13 4,81
74.20 20.0 124.0 0.16 5.78
74.50 10.0 62.8 0.16 5.66
74.50 10.0 5640 0.18 6.35
74.50 10.0 47.8 0.21 T.44
74,50 10.0 59.6 0.17 5.96
74.60° 10.0 _47.5 0.21 CT.46
" 74.60 10.0 57.8 0.17 6.13
74,60 10.0 56.0 0.18 6.33
74,60 10.0 67.2 0.15 5.28
74.60 10.0 60.2 0.17 5,89
74,60 10.0 68.0 0.15 5.21
74,60 10.0 6344 0.16 5.59
74.60 20.0 140.7 0.14 5.04
74.60 10.0 48.8 0.20 7.26
74,60 10.0 65.3 0.15 543
74.60 10.0 62.9 0.16 5.64
74.60 '10.0 63.4 0.16 5.59
74.60 10.0 . 60.6 0.17 5.85
74.60 10.0 55.6 0.18 6.38
74,60 10.0 60.9 0.16 5.82
74,60 10.0 63.0 - 0.16 5.63
74,60 10.0 6T.6 G.15 5424
74.60 10.0 _ 65.3 0.15 5.43
T74.60 . 10.0 . _62.3 0.16 . 5.69
74.60 10.0 58.8 0.17 6.03
74.60 10.0 69.0 0.14 5.14
74,20 10.0 S56.4 0.18 6.35
74.60 10.0 57.0 0.18 6.22
74,60 10.0 48.0 0.21 7.39
74,60 10.0 49.6 0.20 ~7.15
74.60 10.0 41,0 0.24 8.65
74,60 10.0 44,0 0.23 8.06
74.60 10.0 45 .4 0.22 7.81
74,60 10.0 45.0 0.22 7.88
74.90 20.0 106.2 0.19 6,62
B . 75.10 20.0 102.0 0.20 6.86_
75.10 10.0 45,0 0.22 7.77
75420 20.0 90.6 0.22 7.70
75.20 10.0 45,2 0.22 7.72
75.20 10.0 47.0 0.21 7.42
75.20 10.0 49,4 0.20 7.06
B ~75.20 10.0 " 45,8 0.22 . T.62
75.20 10.0 57.2 0.17 6.10
75.20 20.0 97.2 0.21 7.18
10.0 57.2 0.17 6.08

75.30



IX-TT

75.30 10.0 50.0 0.20 - 6.96
75.30 10.0 54.6 0.18 6.37
75.30 10.0 55.5 0.18 - 6.27
75.40 10.0 63.3 0.16 5.48
75.40 10.0 - 53.6. 0.19 6,48
75.40 10.0 53.4 0.19 6.50
75.40 10.0 55.1 0.18 6.30
75.40 10.0 46 .4 0.22 i 7.48
75.40 20.0 92.9 0.22 7.47
75.40 10.0 44,0 0.23 7.89
75.60 10.0 57.8 0.17 5.97
75.60 10.0 50.8 0.20. 6.80
75.60 10.0 47.8 0.21 7.22
75.60. 20.0 106.2 0.19 6.50
75.60 10.0 49,1 0.20 7.03
75.60 10.0 57.6 0.17 5.99
75.80 10.0 5Te4 0.17 5.98
75.80 10.0 - 57.1 0.18 6.02
75.80 10.0 51.2 0.20 6.71
76.00 10.0 51.4 0.19 6.65
76.00 10.0 44,6 0.22 7.66
76.00 10.0 56.0 0.18 6.10
76.00 10.0 56.0 0.18 6.10
76.00 10.0 50.4 0.20 6.78
"76.10 10.0 45.8 0.22° T.44
76.20 10.0 44,2 _0.23 __ 7.69
76.20 10.0 49,4 0.20 6.88
76.20 10.0 46.6 0.21 7.30
76.20 10.0 5242 0.19 6.51
76.20 10.0 55.8 0.18 6.09
76.30 20.0 112.0 0.18 6.06
. 76.30 30.0 143.6 0.21 7.09
76.30 10.0 53,4 0.19 6.35
76.30 20.0 117.0 0.17 5.80
76.30 10.0 59,0 0.17 5.75
76.40 10.0 54.8 0.18 6.17
76.40 10.0 57.2 0.17 5.91
L16.40 10.0 . . 51.4 0.19 658
76.40 10.0 - 58.4 0.17 5.79
76.40 10.0 - 50.0 0.20 6.77
76.40 10.0 53.6 0.19 6.31
76.40 10.0 52.8 0.19 6.4l
76.40 - 10.0 57.6 0.17 5.87
76,40 20.0 - i 103.1 C0.19 6.56
76,40 10.0 44 . 4 0.23 7.62
76.50 10.0 60.4 0.17 5.59
76.50 10.0 46.9 0.21 . 7.20
76.50 20.0 91.0 0.22 7.42
76.50 30.0 155.3 0.19 6.52
 76.50 10.0 46,1 0.22 T7.32
. 76.50 10.0 51.2 0.20 6459
76.50 10.0 49,2 0.20 . 6.86




IX-12

Run 6-Single 0,288 cm ABS Pellets In 7.71 cm Column

TEMP DIST SETTLING U *NU
DEG. F CM TIME "SEC CM/SEC 0.01CM® /SEC?
70.20 16.0 36.8 0.43 93.40
70.20 16.0 40,2 0.40 _ 85.50
70.20 16.0 36.2 0.44 94.95
70.20 16.0 36.8 0.43 93,40
70.20 16.0 38.2 0e42 89.98
70.30 16.0 38.8 0.41 88.28
- 70.30 16.0 36.8 0.43 93.08
- 70.40 16,0 36.9 0.43 92.51
70.40 16.0 39,2 0.41 87.08
70.40 16.0 35,6 0.45 95,88
70.50 16.0 44,3 0.36 76.79
70.50 16.0 46,0 0.35 73.95
70.55 16.0 38.4 0.42 88.43
70.55 16.0 43,0 0.37 78.97
70.55 16.0 40.0 0.40 84,89
70.60 16.0 33,7 O0u4T "100.59
70.60 16.0 36.7 O.44 92.36
70.60 16.0 34,7 0.46 57.69
70.60 16.0 36.9 0.43 91.86
70.65 1 16.0 51.0 0.31 66435
70.65 16.0 34,5 0.46 98.08
70.65 16.0 38.2 0e42 88.58
70.90 16.0 39,4 0.41 85.13
70.90 16.0 41.8- 0.38 80.24
70.90 16.0 37.7 0.42 88.97
70.90 16.0 40.0 0.40 - 83.86
70.85 16.0 33.0 0.42 88.43
70.85 16.0 39,2 0.41 85.72
70.85 16.0 37.4 0.43 89.84
70.82 . 16.0 40.7 0.39 82.65
70.85 16.0 39,5 0.41 85,07
. 70.85 8.0 19.2 0.42 87.50
70.85 16.1 45.4 0.35 T74.34
70.85 16.0 38.8 0.41 86.60
- 70.85 16.0 38.2 0.42

87.96




Run 2-Single Calculated Results

IX-13

106.72 107.00 107.00 108.72 108.72 111.47
111.70 112.40 112.63 112.63 112.76 113.26
113.89 . 113.89 113.91 113.99 114.21 114,65
114.86 115.04 115.04 115.18 115.85 116.17
116.17 116.17 116.37 116.82 116.85 117.18
117.66 118.01 118.24 118.59 118.96 119.94
119.94 119.94 119.96 120.12 120.12 120.30
120.83 - 121.01 121.37 121.91 122.27 122.27
122.27 = 122.47 122.47 122.83 123,06 123.29
123.32 124,11 124.20 126.11 126.76 126.87
127.06 127.58 128.04 129.08 129.65: 129.90
130,32 130.93 131.16 131.16 131.26 131.41
132.44 133.09 133.35 133,75 133.99 135.18
135.53 136.03 - 136.44 139.25 139.41 140.09
.140.20 141.01 o 141.67 _ 141.93 142.65 143,17
143.31 144.18 144.55 147.37 148.39 149.49
" 149.49 151.15 152.86 156.33 ‘

CORRECTED FOR WALL

125.74 (0.01CM®*/SECH
129.64 (0.01CM3/SECH
STANDARD DEVIATION 11.89 (0.01CM3/SECH
NO. OF MEASUREMENTS= 100

AVERAGE U%NU

Run 1-~Single

Results from Run 2-Single corrected for 1iquid density,

URNU = 123,7 (0.01cm3/5écz)
CORRECTED FOR WALL 127,6 (0.0lcm>/sec?)




R T“ﬁ”;?::‘,

Run 7-Single

Célculated Results

IX-14

18.92 19.32 19.98 20.08 20.21 20.32
20.62 20.69 - 20.75. 20.78 20.95 21.08

_21.15 21.27 21433 . 21.41 21.55  2l1.60
21.64 21.69 22.00 - 22.03 22.25 22 .44
22.49 22.59 22.62 22.66 22.73 22.84
22.94 22.97 23.27 23.29 23.32 23.51
23.65 23.71 23.75 23.93 23.97 24,11
24.17 24.19 24.42 24.55 24.76 24.88
24.89 24.93 24.94 24495 25.12 . 25.13
25.17 25.22 25.34 25.39 25440 25.49
25.50 25.52 25.74 25.78 25.86 26.04
26.08 26.10 26.18 26.68 26.79 26.93
27.11 27.19 27.40 27.73 27.84 29.08
29.69

AVERAGE U*%NU

CORRECTED FOR WALL

23.81 (0.01CM3/SECH
24.29 (0.01CM>/SECH

STANDARD DEVIATION
NO. OF MEASUREMENTS=

2.37 (0.01CM7/SECH

19




IX=15

Run 3-Single Calculated Results

6.00 6.35 . 6.96 7.39 T.43 7.58
7.63 7.63 T.72 7.80 7.81 7.82
7.86 .. 1.86 T.86 1.93 o T.97 . T.99
8.04 8.07 8.08 8.23 8.25 B.26
B.28 8.35 8.36 8.37 B.44 8.44
8.46 8.54 : 8.57 ~8.61 B.74 8.75
8.76 8.79 B.87 8.92 8.98 8.99
9.03 9.04 . 9.08 9.10 9.11 9.11
9.13 . 9.23 . 9.26 . 9.28 9.36 ..9.37
9.39 9.41 9.52 . 9.54 9.62 9.89
9.91 10.28 10.39 10.45 10.46 10.65

10.69 10.77 10.81 10.95 11.40

8.79 (0.01CM3/SECH

8.91 (0.01CM3/SECH

1.08 (0.01CM3/SECH
71

AVERAGE U*NU
CORRECTED FOR WALL
STANDARD DEVIATION
NO. OF MEASUREMENTS

(ETRTIN




Run 4=-Single Calculated Results

IX-16

4,72 5.24 6.89 7.20 8.53 8.72
9.38 9,70 10.15 10.26 10.34 10.48
- 10.51 . 10.55 10.56 10.59 10.66 10.69
10.78 10.83 10.93 10.93 10.95 11.00
11.02 11.09 11.10 11.11 11.12 11.15
11.21 11.36 11.42 11.43 11.43 11.51
11.52 -~ 11.59 11.66 11.70 11.70 11.78
11.80 11.87 11.89 11.93 11.93 11.93
11.95 -+ . 12.00 12.09 12.10 12.11 12.22
12.24 12.24. 12.26 12.40 12.46 12.48
12.65 12.73 12.79 12.81 12.84 12.95
12.99 13.01 13.06 13.13 13.19 13.20
13.37 13.45 13.50 13.51 13.54 13.62
13.75 13.79 13.99 14.03 14.51 14.56
14.58 .  14.69 - 14.86 14.94 15,12 :

AVERAGE U*NU

11.78, {0.01CM3/SECH

CORRECTED FOR WALL
STANDARD DEVIATION
NO. OF _MEASUREMENTS

W nfn

11.97 (0.01CM3/SECH
1.88 (0.01CM3/SECH

89 _




“IX-17

- Run 5-Single Calculated Results

4.18 4.81 5.04 5.14 5.21 5.24

5.28 5443 5.43 - 5.48 5.59 5.59
5.59 5.63 _5.64 5.66 _. 5.69 . 5.75
5.78 5.79 5.80 5.82 5.85 5.87
5.89 5.91 5.96 5.97 5.98 5.99
6.02 6.03 . 6.06 6.08 6.09 6.10
6.10 6.10 6.13 6.17 6.22 6.27
6.30 6.31 6.33 Co 6.35 6.35 6.35
6.37 . 6.38 . 6.41 6.48 6.50 ... 6450
6.51 6.52 6.56 . 6.58 6.59 6.62
6.65 6.71 6.77 . 6478 6.80 6.86
6.86 6.88 6.96 = - 7.03 7.06 7.09
7.15 7.18 T.20 T.22 1.26 ' 7.30
7.32 7.39 Te42 T.42 Te44 T.44
B T.46 C Te4a7 . T.48 o Te62 . Te62 . T.66
7.69 7.70 CT7.T72 T.77 7.81 7.88

6.50 (0.01CM>/SECH
6.57 (0.01CM3/SECH
0.83 (0.01CM3/SEC?H
99

- AVERAGE U*NU
CORRECTED FOR WALL.
STANDARD DEVIATION
NO. OF MEASUREMENTS

oo

I




Run 6=-Single Calculated Results

I1X-18

66435 73.95 T4.34 76.79 18.97 80.24
82.65 83.86 84.89 85.07 85.13 85.50
B5.72 B6.60 | . 87.08 _8T.50 . .  8T7.96. ..88.28
88.43 88.43 88.58 88.97 89.84 89.98
91.86 " 92.36 92.51 93.08 - 93.40 93.40
94.95 95.88 97.69 98.08 100.59

_ AVERAGE U=%NU

CORRECTED FOR WALL
STANDARD DEVIATION
NQ. OF MEASUREMENTS=

TRTET

87.40 (0.01CM® /SEQD.
94.27 (0.01CM3 /SEC®
7.29 (0.01CM3/SECH

35




Run 2-Single
Temperature
Viscosity
Run 3-Single
Temperature
Viscosity
Run 4-Single
Temperature
Viscosity.
Run 5-Single
Temperature
Viscosity

- Run 6-Single
Temperature
Viscosity
Run 7-3ingle

Temperature
.Viscosity

c8

OF
cs

OF
cs

OF
cs

OF
cs

68,00
213.20

69.02

33,94

69.02
41,03

69,02
41,03

69.20
221.86

69.00

115,42

69.00
208.70

70,00

33.06

69.98
40.03

69.98
40.03

70.00
216.3

70.00
113,06

VISCOSITY DATA

70.00
204.00

71.00
32.24

71.00
38.98

71.00
3898

71.10
208.16

71.00
110.80

71.00
200,50

72.00
31.46

72.00
37.95

72.00

- 37.95

72,00
200,66

71.%
108.90

73.00
30.67

73.10
36,86

73.10
36,86

74.00
29.88

74.00
36.03

74.00
36.03

75.02
29.15

75.05

35.02

75.05
35.02

76.00

29.43

76.00
34.17

76.00
34.17

77.20
33.15

77.20
33.15

61-X1



APPENDIX X  MICROSCOPIC MEASUREMENT OF

PARTICLE SIZE

X-1

The results were calculated from the measurement of

particle images of an order of an inch by Vernier calipers,

and arranged in an increasing order. Two dimensions of the

salt crystals were measured,

- INDEX
Run No, _Particles
y2. 0.114 cm (Dy) Glass Beads

0.0492 cm Glass Beads

0.0341 cm Salt Crystals
0.0391 cm Salt Crystalé
0.0282 cm Salt Crystals

(W I~ Vs

Page

X-2
X-3
X-4.
X~5
X~6



Run 1,2 Microscopic Measurement of 0,114 cm Glass Beads

0.1019

0.1017 0.1024 0.1031 0.1039 0.1044%
_0.1045 0.1049 -0.1050 0.1056 0.1056 0.1056
0.1056 0.1058 0.1058 0.1060 0.1060 0.1060
0.1060 0.1063 0.1065 0.1065 0.1065 0.1066
0.1066 0.1067 0.1067 0.1067 0.1070 0.1071
0.1080 0.1081 0.1082 0.1082 0.1089 0.1090
0.1092 0.1094 0.1099 0.1099 0.1099 0.1100
_ 0.1100 . 0.1102 0.1102 0.1104 = 0.1106 0.1108
0.1108 0.1108 0.1109 0.1112 0.1112 0.1112
0.1113 0.1114 0.1117 0.1117 0.1119 0.1119
0.1119 0.1122 0.1124 0.1125 0.1125 0.1125
0.1128 0.1132 0.1138 0.1140 0.1141 0.1141
0.1142 0.1145 0.1147 0.1154 0.1154 0.1164
0.1168 0.1169 0.1171 0.1173  0.1173 0.1175
0.1179 0.1189 0.1195 0.1207 0.1207 0.1210
0.1210 0.1213 0.1217 0.1217 0.1218 0.1223
0.1228 0.1229 0.1233 0.1236 0.1243 0.1245
0.1263 0.1272 0.1285%
AVERAGE LENGTH = 0.1123 CM (diameter)
STANDARD DEVIATION = 0.0063 CM
NO. OF MEASUREMENTS = 1053




X-3

Run 7 . Microscope Measur,ement of 0.0492 cm Glass Beads

0.0448 0.0450 0.0450 0.0450 0.0452 0.0454

0.0454 .  0.0455. 0.0456 0.0456 0.G457 . 0.0458
0.0458 0.0458 0.0459 0.0459 0.0460 0.0460
0.0460 0.0461 0.0461 0.0462 0.0462 0.0462
0.0463 0.0465 0.0465 0.0465 0.0465 0.0465
0.0467 0.0467 0.0468 0.0469 - 0.0470 0.0470
0.0470 0.0470 0.0471 0.0471 0.0472 0.0474
C.0474. . . 0.0475 . DJ0475 0 0 0.0475 - 0.0475 0.0476
0.0476 0.0476 : 0.0478 0.04738 0.0478 0.0480
0.0480 0.0480 - 0.0481 0.0481 0.0481 0.0482
0.0482 0.0484 0.0484 0.0484 0.0485 0.0485
0.0485 0.0486 . 0.0486 0.0486 0.0487 0.0487
0.0488 0.0488 0.0490 0.0492 0.0493 0.0494
0.0494 - 0.0495 0.0496 . 0.0497 - Q0.0497 .0.0497
~ 0.0498 0.0498 0.0499 0.0500 0.0500 0.0503
0.0503 0.0503 0.0505 0.0505 0.0509 0.0511

. JAVERAGE LENGTH

0.0514 0.051¢ 0.0517 0.0520 0.0536

0.0479 CM (diameter)
0.0018 CM
101

STANDARD DEVIATION
NO. OF MEASUREMENTS

[ ]




Run 3 Microscope Measurement of 0,0341 cm Salt Crystals

0.0208, 0.0230 0.0217, 0.0281 0.0225, 0.0272
0.0226, 0.0269 0.0230, 0.0221 0.0237, 0.0387
0.0239, 0.0227 0.0240, 0.0253 0.0240, 0.0237
0.0240, 0.0272 0.0240, 0.0264% 0.0240, 0.0249
0.0245, 0.0255 0.0245y 0.0277 0.0245y 0.0262
0.0246, 0.0253 0.0248, 0.0230 0.0250, 0.0260
0.0250, 0.0258 0.0252, 0.0261 0.0252,y 0.0240
0.0252, 0.0274 0.0254, 0.0254 0.0255, 0.0274
0.0256, 0.0244 0.02564 0.0246 0.0257, 0.0280
0.0257, 0.0280 0.0261y 0.0283 0.0261y 0.0265
0.0261, 0.0258 0.0262, 0.0293 0.0262y 0.0273
0.0265,y 0.0293 0.0265, 0.0230 0.0266, 0.0250
0.0266y 0.0277 0.0266y 0.0274 0.0266, 0.0268
0.0267, 0.0248 0.0267, 0.0257 0.0269, 0.0269
0.0269y 0.0275 0.0270, 0.0242 0.0271, 0.0252
0.0271, 0.0283 0.0271y 0.0278 0.0272, 0.0272
0.0272, 0.0272 0.0274, 0.0291 0.0274, 0.0266
0.0274y 0.0264 0.0275, 0.0235 0.0275, 0.0313
0.0275, 0.0301 0.0276, 0.0275 0.0276y 0.0301
0.0278, 0.0278 0.0278, 0.0295 0.0278y 0.0284
0.0279, 0.0265 0.0280, 0.0274 0.0280, 0.0265
0.0281, 0.0258 0.0282, 0.0278 0.0283,y 0.0260
0.0283, 0.0291 0.0284, 0.02656 6.0284y 0.0266
0.0285, 0.0260 C.0Z285, 0.0293 0.0285, 0.0289
0.0286, 0.0293 0.0286y 0.0314 0.0287, 0.0269
0.0287y 0.0302 0.0287, 0.0291 0.0288,y 040265
0.0288, 0.0267 0.0288, 0.0286 0.0288, .0.0305
0.0289, 0.0297 0.0289,y 0.0265 0.0289, 0.0246
0.0289, 0.0280 0.0290, 0.0281 0.0290, 0.0296
0.0291, 0.0300 0.0291, 0.0304% 0.0292, 0.0312
0.0293, 0.0311 0.0294, 0.0297 0.0294, 0.0276
0.0295, 0.0297 0.0296y 0.0248 0.0297, 0.0261
0.0302, 0.0277 0.0303, 0.0271 0.0304, 0.0316
0.0304, 0.0308 0.0307, 0.02856 0.0308y 0.0279
0.0309, 0.0304 0.0310, 0.0318 0.0314y 0.0291
0.0314, 0.0276 0.0319, 0.0300 0.0326, 0.0269
AVERAGE LENGTH = 0.0273, 0.0275 CM
STANDARD DEVIATION = 0.0023, 0.0024 CM
NO. OF MEASUREMENTS = 108 PAIRS




Run 4 Microscopic Measurement of

X=-5

0.0391 cm Salt Crystals

0.0233,

D.0291

0.0233 0.0262, 0.0335 0.0269,

0.0278y 0.0319 0.0280y 0.0295 0.0286y 0.0370
0.0288, 0.0335 0.0290, 0.0320 " 0.0290, 0.0297
0.0293, 0.0302 0.0294, 0.0312 0.0295, 0.0279
0.0298, 0.0338 0.0299, 0.0291 0.0300, 0.0286
0.0300, 0.0300 0.0300, 0.0307 0.0300, 0.0343
0.0301, 0.0312 0.0302, 0.0310 0.0303, 0.0332
0.0303, 0.0311 0.0303, 0.0314 0.0304, 0.0296

" 0.0304, 0.0296 0.0305, 0.0358 - 0.0306y 0.0306
0.0307, 0.0300 0.0307, 0.0344 0.0308, 0.0323
0.0309, 0.0326 0.0309, 0.0299 0.0309, 0.0306
0.0309, 0.0286 0.0309, 0.0305 0.0309, 0.0310
0.0309, 0.0311 0.0312, 0.0312 0.0312, 0.0356
0.0313, 0.0305 0.0313, 0.0343 0.0313, 0.0315

" 0.0315, 0.0302 0.0315, 0.0311 0.0315, 0.0297
0.0315, 0.0301 0.0316, 0.0341 0.0318, 0.0292
0.0318, 0.0318 0.0319, 0.0319 0.0319, 0.0336
0.0319, 0.0321 0.0320, 0.0335 0.0320, 0.0309
0.0321, 0.0349 0.0321, 0.0318 0.0322, 0.0307
0.0322, 0.0309 0.0323, 0.0259 0.0325, 0.0300
0.0325, 0.0316 0.0325, 0.0347 0.0326, 0.0296
0.0327, 0.0344 0.0327, 0.0323 0.0329, 0.0311
0.0330, 0.0289 0.0330, 0.0329 0.0330, 0.0337
0.0330, 0.0374 0.0331, 0.032% 0.0332, 0.0341
0.0334, 0.0316 0.0335, 0.0343 0.0336, 0.0331
0.0336, 0.0338 0.0336, 0.0334 0.0337, 0.0370
0.0337, 0.0359 0.0338, 0.0334 0.0342, 0.0355
0.0345, 0.0349 0.0347y 0.0360 0.0349, 0.0320
0.0352, 0.0283 0.0358, 0.0337 0.0383, 0.0354
0.0427, 0.0325

'AVERAGE LENGTH = 0.0316, 0.0319 CM

STANDARD DEVIATION = 0.0024, 0.0025 CM

NO. OF MEASUREMENTS = 88 PAIRS




Run 5 Microscopic Measurement of Particle Size

0.0197,

: 0.0181 0.0198, 0.0198 0.0201, 0.0212
0.0203, 0.0210 0.0205, 0.,0227 0.0206, 0.0189
0.0207, 0.0218 0.0207, 0.0260  0.0208, 0.0278
0.0208, 0.0223 0.0209, 0.0216 0.0211, 0.0221
0.0211, 0.0250 0.0212, 0.0262 0.0213, 0.0234
0.0214, 0.0212 0.0215, 0.0255 0.0215, 0.0228
0.0215, 0.0232 0.0216, 0.0200 0.0216, 0.0237
0.0217, 0.0218 0.0217, 0.0242 0.0217, 0.0221
0.0218, 0.0221 0.0219, 0.0230 0.0220, 0.0275
0.0220, 0.0240 0.0221, 0.0224% 0.0222, 0.0222
0.0222, 0.0244 0.0223, 0.0227 0.0223, 0.0217
0.0223, 0.0250 0.0224, 0.0228 0.0225, 0.0215
0.0225, 0.0239 0.0225, 0.0265 0.0227, 0.0213
0.0227, 0.0231 0.0227, 0.0229 0.0229, 0.0235
0.0230, 0.0264% 0.0230, 0.0247 " 0.0230, 0.0220
0.0230, 0.0241 0.0230, 0.0213 0.0230, 0.0244
0.0231, 0.0215 0.0232, 0.0258 0.0234, 0.0223
0.0235, 0.0227 0.0235, 0.0239 0.0235, 0.0226
0.0237, 0.0224 0.0237, 0.0230 0.0237, 0.0223
0.0240, 0.0221 0.0241, 0.0222 0.0244, 0.0241
0.0246y 0.0220 0.0246, 0.0247 " 0.0246y 0.0264
0.0247, 0.0214 " 0.0247y 0.0243 0.0248, 0.0282
0.0250, 0.0237 0.0251, 0.0227 0.0252, 0.0234
0.0252, 0.025% 0.0253, 0.0226 0.0254, 0.024%4
0.0254, 0.0231 0.0255, 0.0232 0.0258, 0.0232
0.0259, 0.0205 0.0269, 0.0285 0.0280, 0.0224

AVERAGE LENGTH 0.0229, 0.0232 CM

STANDARD DEVIATION
NO. OF MEASUREMENTS

0.0017, 0.0020 CWM
78 PAIRS

#owon




APPENDIX XI

DATA ON SETTLED BED POROSITY

INDEX
Run No, Particles Page
1-1 0.114 cm Glass Beads XI-1
1-2 0.114 cm Glass Beads XI-1
1-3 0.114 cm Glass Beads XI-2
2-1 0.114 cm Glass Beads XI-2
2-2 0.114 cm Glass Beads XI1-3
2-3 0.114 cm Glass Beads XI-3
7-3 0.0492 cm Glass Beads XI-4
3-1A 0.0341 cm Salt Crystals X1-4
3-2 0.0341 cm Salt Crystals XI-5
3-3 0.0341 cm Salt Crystals XI-S
3-4 0.0341 cm Salt Crystals XI-S
4-2 0.0341 cm Salt Crystals XI-6
4-3 0.0391 cm Salt Crystals X1-6
523 0.0282 cm Salt Crystals XI1-6
6-4 0.288 cm ABS Pellets XI-7
6-5 0,288 cm ABS Pellets XI-7
9-2 0.0508 cm Mineral Crystals XI-7
9-3 0.0508 cm Mineral Crystals X1-8
10-2 0.0426 cm Mineral Crystals XI-8
10-3 0.0426 cm Minerai Crystals XI-8
11-2 0.135 cm Sugar Crystals X1-9
11-3 0.135 cm Sugar Crystals X1-9
12-3 0.113 cm Sugar Crystals X1-9



X1-1

RUN 1-1 O.114 CM GLASS BEADS

EPs SETTLED BED SETTLED BEUL APPROA o
HEIGHT  CM POROSITY C TILiAE

0e90 11.10 0e439

0.88 13428 0e437

085 16.55 0.436

0«80 22420 0et39 - 1 HR

A 29400 0etits? o

0074 25090 O.[;L}O

Gell . 29.00 Delits2

“Uelh 29,00 Outitro

0.70 . " 33438 0e440

0.70 33422 04438 10 . HRS

0.67 3640 0.4725

Oeb67 36435 0435 5 HRS

006‘,4' 39-64 Oo/-.L?zl} 10 HP\S

RUN 1-2 04114 CM GLASS BEADS

EPS SETTLED BED  SETTLED BED APPROX o

HEIGHT G POROSITY T aid
J.50 1110 Oelits2
Ue88 13425 04439
C.85 1655 0.438
Ge85 © 16455 0e438
0e83 18480 0040
0.80 22.15 T T O0VEL0 T 1 AR
Oe77 25435 Col38 » '
077 25e40 0et39 5 HRS
074 23460 0437 o
0e70 33405 Oeti37
0«70 334173 0et39
U.70 33410 ALY
Vet7 36400 Dett33 2 HIRS
Ceb7 36612 Oett34 2 MRS
S ' T39055 Oeir33 4 HRS
Ue64 . 39440 Qets34 3 HRS
Oebty 39435 0e432 5 HRS




So BEADS

X1-2

RUN 1-3 04114 CM GLA
EPS SETTLED BED  SETTLED BED APPROX o
HEIGHT  CW PORKOSLITY TIME
0.90 11.10 Oeltits 25 MINS
0.88 13.20 0e439 1.5 HRS
055 {650 0.439
0e585 16450 O0et39 10 MINS
0.83 18470 0et39 20 MINS
UGB T TT22W 00 0 439 s “HRS
0.80 21.97 0¢436 5 MINS
0.77 25420 Cel37 20 MINS
0. 74 28450 0et37 0.5 HIR
074 28450 0e437 2 MINS
Oe74 28448 0e437 490 MINS
0.70 32.90 0.438 10 MINS
0.70 32485 0e437 1 HR
0.67 36410 0eb&36 10 MINS
U867 36450 CPRA 30 MINS
0e67 36400 Oe&35 3¢5 HRS
Uetity 39458 Oett36 '
064 39023 7EY 1 MIN
0e4 39415 0e433 645 HRS
0.64 39.15 0et33 1e75 HRS
RUN 2-1 Oellfs CM GLADS BEADS
EPS SETTLED SED SETTLED BEUL APPRUX o
' HETGHT  C# POROSITY TIME
090 114190 Oelits2 2¢5 HRS
0.58a 13.15 Oeta34 16 HRS
0eb5 1645 Del35 Ued FiR
0e85 16445 0.&35 1 HR
.83 T T 18460 Cetr 34 2 HRS .
0.80 2180 0a.431 14 HRS
0.80 21485 Ce&33 20 MINS
Calt 24480 Uet25 36 HRS
Ce77 25415 Oet33 0ed HR
0a77 25405 Oet:31 2e5 RS
A 28.20  0e429 2 HRS
Oell 28415 0e428 11 HRS
0.70 32475 Oe&32 5.5  HRS
0e67 35055 130 ThRD

Ol b



¥1-3

CRUN 2-2 0 04114 G GLASS BEADS -

EPS SETTLED BED SETTLED BEU APPROA o
HETGHT  CM. POROSITY T Lig
« 83 13420 - 0644 175 HRS
0.85 1645 - 04438 15 MINS
O L S T840 0°4756 15~ ARS ™
0.83 18460 0e437 11.5 HRS
0.80 21.88 0e437 15 HRS
TTTOWVTTT 2520 TTTULEET 7 HRS T
Oe74 28440 _ 04436 3433 HRS
0e70 32440 Cet:29 9 HRS
UvETT 36700 U455 3 HR3
Ouby4 38490 0et30 0e5 HR
0s64 38.70 - 06427 1045 HRS
RUN 2-3 0ell4 CM GLASY BEADS
EPS5 - SETTLED BED SETTLEL BED  APPROX.
HEIGHT  CM POROSITY TIME o
0.90 11.05 . Oetste?
0490 11.00 0e439 3 DAYS
(Job(-j 1302‘) O-/»fél-l l TH‘(
Ge85 16445 - 0.438
0485 16445 Co438 19 MINS
U.83 1d.65 Oet3% : 15 HRo -
0.80 21485 04435 535 COMINS
G+80 2185 0eli35% 20 MINS
oI 35,50 Cets 27 10 x’lll\":?
De78 28455 0.438 14 U
0e74 283450 Qets37 18 MINS
e 52050 T T 0429 11 HRS
Qu6L 3940 0e36 16 MINS
Oebids 39420 e 34 17 - MINS
Y 3G .40 o435 i

[¢a]
-
© e
=
¢




XI-4

RUN 060492 CM GLASS OEADS:
EPo SETTLEYD GED SETTLED bED APPRUK o
HEIGHT  CMm POROSITY TIME
Ce92 8.75 04436 1045  HRS
0«90 10.95 0e437 24 HRS,
083 13.05 0433 4 ARS
0.85 16440 0ets36 20 HRS
0e82 19450 0.430 11 HRS
R - I = Y § DA/ 40 THMINS
0.80 21.80 Oete3t 2.75 HRS
075 78420 0.431 4 HRS
UeT71 31640 0e430 9 HRO
Ue68 34465 Cet30 50 MIND
.68 34770 0.431 4 HRS
Ge63 34450 0e428 10 HRS
RUlN 3=1A 00341 Cv SALT CRYSTALS
EPS SETTLED BED  SETTLEL weu- APPRUK o
HEIGHT CM POROSITY Tl
.95 5¢80 0eltd?2 58 MINS
92 9430 0e&65 1.72 ngo
9D T1.60 046 1 HiR
a8 1392 Oelbls 24 HRS
055 19460 Ceb24 9 JHRS
S 17.36 0e391 3.5 HRS
Je 80 23403 0,460 2 HRS
0a77 26445 Gali59 2 HRS
TVTh FEREE) 0et5Y L Ao
0.71 33,33 0eti59 10 HR;?
0.68 36.72 0.458 Led | HRo
TTEL e T T 40.05 T T TTTT0Ve56 12 HRS




XI-5

ReN 3~2 U0.0341 (M SALT CRYSTALS

EPS SETTLED BED SETTLED BED. APPROA

HETGHT  CH PORCSITY - T lvic

0495 5480 0,469 50 MIND
G.92 Se32 OetsT1 1e79 HRS
0e90 11.63 0ets70 1 HR
0.88 13.92 0469 24 HRS
.55 174356 0e467 345 HRS:
063 19.60 0e4565 9 HRS
-0.30 23.03 0.465 2 HRS
Ue77 26 e ltB Oe&64 2 HRo
Qe 2986 Celid3 1 HR
Ue71 55428 0el63 10 HRo
0.68 36460 Qeti61 1.5 HRS
0eb5 39490 , 0et59 12 HRo

RUN 3-3  0.0241 M SALT CRYSTALS

EPS SETTLED 2ED  SETTLED SED APPROX .
HEIGHT ~CH PCROSITY Tlime
0.95 5.70 04459 10 CMINDS
0.65 5470 0459 10 HRo
0e92 9417 Outi6? 21 MTND
U050 11440 0459 2.5 HRS
0.68 13067 057 o0 THES T
055 1700 0etsH06 23 HiKS
Ue83 19420 Veli54 12 HiRS
0.80 22.55 0.453 2 HRS
0e77 25490 0.452 1.5 HRS
Oe74- 29420 Oets51] 33 HRS
071 32.60 Cetinl 6 MINS
0.68 35,90 0450 175 MINS
Ue65 36428 . 04450 15 MRS

RUN 2-4 0.0341 CM SALT CRYOSTALS

L ey APPROK .

=Po> SETTLED BED SETTLED BED  APPRC
HEIGHT  CM POROGSITY - TInE
Oe58 1370 Oe&t60 3 HRS
0«85 17.00 Oetr56 20 HRS
Ue53 194,20 Oelbdd 18 HRY
Ue30 22455 . Oetid3 1 HiRo
077 25435 Oet51 Ceb5 HR
T e T T 28,90 Q445 "16  HRS
Oell 32440 ) Oet:4t38 360 HR>
0e68 35470 Osbé7 11 HRS
Ueb5 39.00 ‘ 0e446 25 HRS



RUN 4-2

0¢0391 Cii SALT CRYSTALS

XI-6

EPS SETTLED BED SETTLED RED APPROX o
HEIGHT (M PORUSITY T IME
0.95 5475 Oetby 10 HRS
Ce92 9e15 Oets61 3 HRS
0.90 11.406 04459 25 MINS
G.88 12.60 Oetsd6 16 HRS
085 16495 0e455 3 HRS
0.83 19.20 Oel54 57 MINS
0.80 22450 0et52 17 HRS.
077 25.86 0e452 275 HRS
0.74 29.20 0.451 9.5 HRS
0.71 32.53 0eti51 3 HRS
0068 35478 Oe449 4 HRS ‘
0.65 38.93 0446 Co7 HR
0e65 39,20 0e450 0.7 HR
RUN 4-3 040391 CM SALT-CRYSTALS
CEPS SETTLED BED SETTLED BED APPROA o
HEIGHT  CM PORCSITY TLiME
GeS5 5480 0.468 10 HRS
0e92 9420 - 0e464 3 HRS
0v90 I'rogo” 0459 25 MINS
0.88 13465 0e458 16 HRS
0.85 17.05 Cets57 3 HRS
0v83 19230 0457 T TBTTTTTUTMINS
0.80 22460 Osts54 17 HRS
De77 25496 Qa3 275 HRS
VP 29350 0e4573 575 HiS
UeT1l 32465 Dets52 3 HRS
0.68 35495 Dett51 4 . HRS
UvE5 39028 0.450 037 B
RUN 5-3 040282 Ci SALT CRYSTALS
EPS SETTLED BED SETTLED BED APPROK o
HEIGHT  CM POROSITY o Tiae
0.92 9430 0e469 A
089 12.70 Oe&60 3 HRS
O—:d7 14-7’“/ Oet04 29 !‘“’(D
Geb&5 1715 0e4560 16 MRS
080 22480 04459 Ue5 HR
077 RETIY T U5 e T UTHRS T
Ce7l 29660 A 3.5 HRS
0e.71 32457 0ets57 11 HRS
0368 3635 0e45 7.5  HRS
0665 39465 Qe85 3.5  HR3



X1-7

RUN 6-4 04288 CM AB5 PELLETS

EPS SETTLED BED- SETTLED BED APPRRCK o
REIGHT  CM POROSITY T IME

0e95 6400 Cet86 a5 HR

0e92 9490 0e501

.90 12.10 0490

085 17475 0e679 l1e5 HR

0.83 20410 O0e4786 2 HRS

.80 23430 0470 1.0 HR

0477 26450 0e465 11 HRS

0e74 29470 04460 6eb HRS

071 32.90 0.456 16 HRS

0e68 36410 0453 24 HRS

RUN 6-5 04288 CM ABS PELLETS

EPS SETTLEY GED SETTLEY LEU APPROX
FEIGHT  CM PGROSITY Tivc

0e92 8430 Oetlills 3 HRS
¢e90 12410 0e497 - :

0.53 19.60 Oeti 72 9 FRS
0.80 23400 COets71 3 HRS
OeT74 29460 Oelib6 3 CHRS
071 33.00 04465 0.5  HR
Ue68 36400 0et59 8 HRS
RUN 9-2 040508 CM MINERAL CRYSTALS

) SETTLED oEU -~ LeTTLED biu APPIRCK o

AETGHT  CM . PUROSITY o TImE

0e95 6610 0e495 165 HRS
0e92 9470 0492 ) HR
0.90 12.10 G691 1.5 RS
0e90 1210 0.491 © 10 CHRS
0.83 14445  0e483 43 MINS
0e85 1810 0 e&89 ' 2 HRS
0e83 ' 20450 Celr89 43 Mo
080 24400 Celi€6 17 MIND
TNTT J7J55 0405 16 ko
GeTt 31415 Oetids 43 MIND
071 34470 Cets85 19 MINS
0.68 38.10 Cels82 3 HRS
Uebs - 38425 OetB4 18 MING
0eb5 4166 Oetrc? 14 HR >




XI-~8
“RUN 9-3 0.0508 CiM MINERAL CRYSTALS

EPS SETTLED BED SETTLED BED APPROX
HEIGHT  CM PCROSITY TIME
0.95 610 04494 145 HRS
CeS2 9.75 OetiS4 1 HR
0.92 G.75 . CelSh 1 HR
0e90 “l2el0 7 04490 1e5  HRS
Ceb8 14450 G489 43 CMINS
0.55 18.15 0.450 2 FHRS
0e83 20455 06490 43 MINS
0.8C 24405 CelB7 17 MINS
ToT7 27460 0.488 16 HRS
CeTs 31420 0e486 43 MINS
0.71 . 34,70 0.u84 19 MINS
0.68 T 38.20 K] 3 HRS
Ge68 38420 0e483 18 . MIN>

0e65 4170 0482 14 ARS

RUN 10-2 040426 CM MINERAL CRYSTALS

EPS SETTLED BED SETTLED wEU APPRUX .

- HEIGHT (i PORUSITY Tlmc
0.95 6415 0e459
0692 9eT75 Qo4 1.5 HRRS
090 12.15 00493 15 MINS
058 14430 O0etd3 20 MINS
0085 17.95 04485 25 MINS
0.85 18.00 0.486 3 HRS
082 2145 - 0.4383 1«2  HR
0e80 23450 Oets84 1U HR o
Ce7T BAEEE 0484 5 MINS
et 31405 Oet84 3¢5 HRS
Oe71 34460 Geti83 245 HRO
.68 38410 0.482 0.5 HR
Ceb5 41e43 06479 945 HRS

RoiN 10-3 040426 CM MINERAL CRYSTALS

EPS CSETTLED BED SETTLED BED APPROKX o
HEIGHT  CM- PORCSITY T Ligg
0.95 6420 0.502
De92 9475 Det94 1e5 HRS
0+90 TTIVIE” 04497 15 MINo
0.88 14640 Geti86 20 MINS
0e85 18.05 Cets87 25 MINS
0.65 8715 0450~ TTTETTTTTTTHRS T
Uedi2 21465 06437 1e2 HRS
0480 23455 04435 10 MRS
O T 21463 0e486 20 MINS
0e77 2770 0e488 5 MIND
OeT4 31640 0e489 345 HRS
TOVTLTT 34,55 Oeu87 T2 5 T HRS
0.68 38645 04487 0.5  HR
0.¢65 41480 0e483 G5 HRS




RUN 11-2

0e135 CM SUGAR CRYSTALS

- XI-9

EPS SETTLED BED SETTLED BEU APPRUX .
: RELGHT M PCRCSITY T livc
0.95 6420 0,503 15 MIND
0692 " 9.70 06492 1 HR
T 0.90 12.10 091 1 HR
0.88 14450 0.490 05 HR
0.85 18400 Celi86 0.5 HR
0.82 21465 DetB3 065 HR
0.80 24.G0 0.486 10 HRS
0Ve80 23490 0e484 05 HR
0e77 27445 OetiBY 3.5 HRS
Oe74 31.05 Oetb4 40 MINS
Oa71 34445 Jet81 9 HRS
0.68 37.95 0e48U 2 HR>
Ruiv 11-3  0.13% CiM SUGAR CRYSTALS
EPS SETTLED BED  SETTLED BEUL APPROK o
HEIGHT O PORGST LY P IME
0.95 6425 04506 15 MINS
0.92 9.80 04496 1 HR
0v90 1747720 0Va9% i AR
0.68 14455 T 0.491 0.5 HR
0085 18005 ().487 '\)05 HR
0e82 21370 0.483 Ueb HR
Ge80 24400 Vel 86 1u HRo
0480 24400 JeltB86 Ced HR
077 27TdE5 U485 5 FIRS
Ot 31,00 OetB83 40 MINS
Oe7t: 31.00 Oets83 9 HRS
oV 3LVES UVEET 35 FMIRS
0.68 38410 0et82 4 HRS
RUiN 12-3 04113 CM SUGAR CRYSTALS
EPS SETTLED 3ED SETTLED GFD APPROX .
 EEIGHT PORGSIIY U LiE
695 bel2Y Ce506 9 HR>
Ge92 9450 "0e501 leu HR
U.90 122720 0e69 3 HR>
.68 14455 04491 1e5  HR
0.65 18.05 Cets87 9 HR®
Get2 21.60 T Ty s .20 MINS
a0 24400 Cets86 245 HRO
077 27450 Oel it 12 MINS
077 31.00 Uet§3 T 1u MIN
0.71 34435 0479 22 MIds
O.68 37470 0.476 8 HRS




APPENDIX XII  SAMPLE PLOT OF EXPERIMENTAL
- '~ BED HEIGHT vs, SETTLING TIME
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XI1I-1
APPENDIX XIII SAMPLE CALCULATIONS AND ERRORS

Sample calculations are given below; random cases for
error analysis are included.

1. (Settling rate)x(Liquid viscosity)

u DIST/TIME

By linear interpolation between short temperature interval,

_.. (TEMP-TEMP .
v =Y+ TEMp,-TEMEL) * W2-V1)
a., Run 3-1A at € = 0,92

DIST = 10,0 4+ 0.2 cm
TIME = 65,4 + 0,2 sec

u= 10.0/65.4 = 0,153 cm/sec

Maximum relative error in u

= a2 4 0.2 N o 9
- i (10.0 + 65,4 ) - i 2.4/0

TEMP = 71,8 + 0,15 deg, F

where + 0,15 deg, F is the uncertainty in the estimated liquid

temperature,
TEMPy = 70,1 # 0,03 deg, F
TEMP, = 72.01 # 0,03 deg, F
vy = 32.24 (£ 0.2%) cs
vy, = 3L1.39 (£ 0.2%) cs

By linear interpolation
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v= 31,57 cs

Maximum relative error in estimated v

0.79 0.85 31,57

1[0.092x%%4%%+(0 1540,03 , O Oi+8 03 , 0.002+0,002y 0.67]
=40,8% :

Thus maximum relative errvor in uy,
=4 (2,4 4+ 0,8) = + 3.2%

b, Run 3-2 at €= 0,74 with the largest temperature variation

DIST = 10,0 + 0.2 cm
TIME = 205.0 + 0.2 sec
u = 10,0/205.0 = 0.0488 cm/sec

Maximum relative error in u

- 0.2 4 20,2 v _ o
=+ (195 * 50550 = + 2.0%

TEMP = 74,3 % 0.5 deg, F

TEMPy= 73,0 + 0,03 deg. F

TEMP,= 75.02 + 0,03 deg. F
vy = 30.63 (£ 0.2%) cs

Vy = 29,15 (+ 0.2%) cs
By interpolation
V = 29,68 cs

Maximum relative error of estimated v

_ 30,63 , (0.5+0,03 ., 0,03+0,03 , 0,002+0,002y . 0,95
z [0'002 29.68 * UL Y00t TN 148 ) ¥ 35.68

n
I+

1.6%
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Maximum relative error in uy

=+ (2,0+41,6)% = + 3,6%

Error in the linear interpolation of viscosity over a small

temperature interval should be comparativeiy negligible,

2, Porosity
Porosities were selected to calculate the required

amount of particles to be weighed

WL = )2 (incremental weight for porosity change ofAé€)
= V2 A€pg

€ = l-WT/WpS

a, Run 3-1A at € = 0,65

V = 313.0 4 1.0 cm>

Ps = 2,169 + 0,005 g/cm> |

WI = 313 x 2.169 x (0.05+0.03x8+0.02x3) = 237.4 g.
accuracy

WT = 237.4 + 0.3 g

Maximum relative error in €

. 3 1,0 0,005, _ 0,3
=+t (3723130 * 2169) X 065

+ 0,37%

b, Run 3-3 at € = 0.65



XIII-4

1250 + 1.0 cmd

3 <

1250 x 2,169 x (0,05 + 0.03 x 8 + 0,02 x 3)
949,2 + 0,4 ¢

Maximum relative error in €

0,k 1, 0,005y . 0,35
t (94977 * 1250 * 21607 X 0.65

+ 0.19%

3. Fixed bed porosity

HTBthZxo 7854

Run 3-3 at € = 0,65

WT

1250%x2.169%(0,05+0,03x8+0,02x3)
949.240.4 g

pe = 2.16940.005 g/cm

39,2840.05 em

D = 5.0840.01 cm

€ =1 249.2[2,168
b = 39,28x%5,08Zx0. 7854

0.450

fo
=)
vs]
il

il

Maximum relative error in €p

0,005 , 0,05 , 0.0Lx2) . 0.55

Q.4
Gz * 760 * 36,8 * 550 g2
+ 0.96%

i

+

4, Effect of Uncertainty of € on uv
Consider equation la, taking n = 5. A 0.4% uncertainty

in € could cause an uncertainty of 2% in uy. Therefore any va-
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riation in uv which was larger than its own maximum error plus
that caused by ¢, should be considered to arise from the minor

nonuniformities in the suspension dicussed in the text,

5. Computation

The data 6n hindered settling were processed by the
computer'program A.dn page XI11-6 which does the viscosity in-
terpolation, averaging of uv and preliminary least squares
calculation, Program B was used to do the least squares esti-

mates of the processed‘data from program A,



Program A

Variables of the programs

RUN
PTC
LIQ
SCREEN
T(A)
TIME
DIST
EPS
.
NU
UNU
UNUA
TEMP
TEMPS

NUS

_NUMIN, NUMAX, minimum and maximum value of NU in a run

DENP
DENLIQ
DV
DT
DRATIO
NTEST
STNDD
LGUNUA

'LGEPS

run number

particle name
description of liquid
sieve opening

ta, 0.05 value

settling fime, sec
settling distance, cm
porosity

settling rate, cm/sec
kinematic viscosity, cs

uv, (0.01 cmisec™?)

average uv, (0.01 emdsec™?)

temperature OF or ©C

XIII-6

read-in temperature of viscosity data, unit same

as TEMP

read-in viscosity data in cs at TEMPS

particle density
liquid density

diameter of sphere of same volume as
the particle

column diameter
DV /DT

number of tests

standard deviation of average uv , (0.01 cm

log. of average uv

log. of €

g/cm
(I_’.g /cm3

cm

cm

3sec'z)



SLUNU -
SLGE
SLUNU2
SLUNE
SLGE2
-
LGUNUO
UNUO

CFDN
CFDLUN
UNUO1-UNUO2

DPEXT
DPEXT1~-DPEXT2

DPEXCO

REOMIN,
REOMAX

XIII-7

sum of log (uv)
sum of loge
2
sum of[log (uvﬂ
sum of log (w) x loge
sum of (log€)2
least Sqﬁares'estimated Richardson-Zaki index n
extrapolated log (uy) toe=1

(uv) galculated from extrapolated log (uv)
(0. 01 *Em /sed®

95% confidence interval of n
95% confidence interval of extrapolated log (uv)

95% conf&dence limits of extrapolated (uv)gy¢,

(0,01 cm>/sed)
sphere diameter calculated from (uv)gyy, cm

sphere diameter calculated from 95%
confidence limits of (uv)ext, cm

sphere diameter calculated from (uv)ext
corrected by wall, cm

maximum and minimum Reg based on DPEXT



FASE RETURN TO THE CHEMICAL S5 IT0 0 INS HUILDING XII1-8

JOB NUMBER 16116 CATELORY F USER 'S NAMEF~- YU=-S5EM CHUNG USER
JOoB START 1UHRS 34vI) 05 .525C VoMol OFF-
oB 16116 CHUONG YU=5EN
AGE 20
IME 3
ORTRAN PROGRAM A

1 REAL NUMeNUSyLSUNUAZLGERS s LGUNUD ¢ NUMINyNUMAX

2 CUMMON TaM¥P, LyNUTEMP Sy AUSy UMIUASNUMTIYN 4 NUMAX

3 DIMONSTION TIME(LC) oDISTLLIO) yEPS(L1S) U1 0)UNU(CLS),

ITEMPU2C) yNUL20) yTEMPS{Z0) o NUSTZ27) yUNUA(Z2D) y LGUNUACLD )Yy LGEPS(1S)

4 DIMENSIUN PTC({3),LIN(4) S5CREEMIL2) yRUN(I2)

5 DIMENSION T(14)

6 DATA TU2) s T3 s TUL) sy TUS) s TUH)YyTUT) s TL2) 4 TUO) s TLLO)yTLLL) o T(12) 1001
134T 14) /403002393, 182432,77632e5T7.92e46T732436532e300692e4207292:2289247
?0142.173,2.1604,2.145/

7 DIMENSTION FMTLE),FH#0UTY(16) o FMNIUT2(16) ,F20UT3(106)

1C DIMENSTON STMDD(1S) 4 MTEST(LS)

11 1CO00 READ 11492UNsPTCyDENPY LIS DENLIC, DV DTy SORETH

12 114 FORMAT (| P2ABL,3NME,F6.3,406,F10.4/2F10.471206 )

13 WRITE (T,114) RUMGPTC,DENP,LIG,CENLIG,DV, 0T SCREEN

14 READ 111y (TEMPS{M) yHMUSIM)yH¥=1412)

15 111 FORMAT (B8F10.D)

16 READ T4FNTFMOUTL,y, FHAOUT?, FHLUT3

17 1 FORMAT (16A5 )

' 2C WRITE(T7,11) FMOUTZ2.FMOUTS
K 21 11 FORMAT (16A5/)
’ 22 NUMIN=2C00, 0

23 HUMAX=0.0

24 DRATIO=DbV/DT

25 PRINT 243RUNPTCyDEMP LIGYyNENLIG,DYyDT,DRATIO,SCREEN

26 2 FORMAT (1Y o/ /7777 422X3206723%, L1HPARTICLES= 9 324,8X, 3HUENSTTY=
1F6.3,7TH GM/CM /23X, 11HLINQVUID= 1 4A6 42Xy BHDENSITY= 4F6.3,7H GM¥/C
2M /23X, Y THPARTICLE SIZ7E D = 4FT74449H CMy O =43F5.2912H CMy O /D =
3,F7.4/23X 41246 /)

27 PRINT 21

30 21 FORMAT (26X 4HTEWNP 35X g 4HDIST 34X o BHSFTTLING,, 53Xy LidUy 8Xy @aHUXMU, A X,y 2HE
1PS/367 4y 2HU Mg O G BHTIME STEC 32Xy 6HCM/SECy 2%, 1 1HO . HICM /SEC /)

31 NG 100CII=1,15

32 DO 100 I=1,10

33 READ (54FMT) TEMPLI)»OIST(I)»TIME(ILI)EPS(ITIY, IDCIR

34 IF (INCTR.MELS) GO T4 10

38 IF (TEMD(I).ED.D.) GO TQ 2009

36 1C0 CONTINUE

37 10 CALL NUCAL

40 NTESTI(II) =1

41 SUM=(

42 SUMSEGA=<,

43 DG 200 K=1,1

44 UCK)=DISTIK)/TINC(K)

45 UNU(K)=U(K)&=NU(K)

46 WRITE (6,FMOUTL) TEMD(K) yDISTIK) y TIME(K Y yU(K)yUHUIK)Y»ZTPS(IT)

47 SUMSOA=SUMSOA+UNULIK) *%2




5C 230 SUM=Si+IU (K)

51 UNUACTT) =5UM/FLCATOT)

52 1F (T.EQ41) G0 T 281

53 STNDG(TE) =5CRT( (SUMSQA=SUMkx2 /FLOAT(T}) /JFLUAT(I-1))

54 201 LOGUNUATTT)=ALOG1G{UNUJA(TT))

55 LOGEPS{TI)=ALOGLO{IPS(II))

56 1000 CONTILwUS

57 2020 Ii=il-1

60 SLUNU=GO.

61 SLGE=0.0

€2 SLUNMU2=D, 4

63 SLUNLE=D.7

64 SLGEZ=0. 02

65 D 3¢ [=1,11

66 SLUNU=SLUMNU+LGURNUALT)

67 SLGL=5LGE+LGLPSI(])

7C SLUNUZ2=SLUNUYZ2+L GUNUA(T ) **2

71 SLUNLE=SLUNLE+LGURUA( L) *LGERPSI(T)

72 SLGE2=SLGEZ2+LGEPS{T ) *x%2

72 30 CONTINUE

T4 N=(FLOAT({IT)®SLUNLE-SLGE®SLUNU)/(FLOAT(ILY*SLGEZ-SLGE®*%2)

5 LGUALIO=(SLUNU-N*=SLGE) /FLUAT(IT)

14 INUG=10, 0x*x1 GUNIUO

1 REAL LGEAVE

1CO LGEAVE=SLGE/FLOAT(IT)

101 SOLUN2= (SLUNU2-LGUNUOR*SLUNU-NXSLUNLE) /(FLOAT(TIT)~2,.0)

1C2 SOLUN=SCRTISDLUN?)

103 SLELE2=SLGE?2=-SLCEx*2/FLOAT(I])

104 CFON=T{II-2)%50LUN/SORT(SLELEZ)

105 CRDLUN=T(ITI=-2)%3DLUNRSORT (L O/FLOAT(IT) +LGEAVEX®2/SLELE?)

1C6 VARN=SOHLUNZ2/SLELED

167 SON=SORT (VARN)

110 UNUG=1C, Ok LSUNUG

111 UNMUOL=10.0%% (LGUNUO-CFDLUN)

112 UNUDR=13. 0¥ (LGUNUB+CFDLUN)

113 PHYPRU=0.1I8*¥DENLIO/ ({DENP-DENLIG) *930,)

114 DPSQ=UNUG*PHYPRO

115 DPELISQ=JNUDLI*PHYPR({

116 UPEZ250C=UNUOZ2*PHYPRU

117 UPEXT=SORT(DPSQ)

126¢ UPEXT1=50RT(DPE]LISE)

121 DPEXT2=S0RT{DPEZ2S5D)

122 CURFAC=1.242.1C4%0RATIO

123 CORF=SCRT(CORFAC)

124 DPEXCO=0PEXT*CURF

125 REOMIN=DPEXTHUNUD/MUMAX®X2% 1000

126 REOMAX=DPEXT*UNUG/NUMINY*2%] D, U

127 PRIMT 24RUNSPTC,yDENPZLIC,PENLIG,DV,DT,DRATIN,SCREEN

130 PRINT 229 REUMIN,REOMAX

131 22 FORMAT (23X, 5HP.CHLO) 94Xyl 6,3,1H=-yF6.3//23X,3HEPS, 2X, 9HUXNULAVL) ,
12Xy THLGUFPS) p 2X 3 BHLG(URNU) 42X 8IS TODEV o 9 1X 3 OHNG OF /32X, 12HOL G104
2/SEC 4 193X,13H TEST /)

132 WRITE(T74,221) NUMIMN, NUMAX

133 221 FORMAT (2F13.3)

134 DO 3000 K=1,11

135 IF (NTEST(K)LER.L ) Gt Tir 114G

136 WERITE (6,FMOUT2)EPSIK) yUNUA(K) yLGERPS(K) yLOUNUALK )y STNDU(K) oNTEL T
1K)

137 WRITE (T3 FMIUT2ICEPSIKY JUNUAIK) gLGEPSIK) 4L GUNUALK) y STHDDIH) yNTEST S




1K)

140 GO Tu 3200

141 110 WRITECE,FHOUT ) EPS{K) $HNUACK) Gy LGEPS(V) LSUNUALK )y NTEST(K)

142 WRAITEATHFAOUT3Y SPSUIK) fNUALK) yLGFPSIK) y LSUNUA(K ) 4o NTEST(K)

143 3C0C  CONTINUE

144 PRINT By LOGUNMUD My UNULy My Ny CFON,LOUNUD,y CFDLUN,UNUDL s UNUG2

145 8 FORI/MAT (/23%,24HLTAST SQUARES ELTIMATES /27X, 10HLOS{URNUY=9 [ T4 2
1A +9F A2 FHRLOGIIDS) /27X, AHUXND =3 FRL3,6H¥ERPSEX,F5,2 /27X,y 19HLON
2FIDENCE INTERVAL /23Xy 2Hid=9 0% 9F5e 29 3X,F5.2 /28X, 10HLGG(URNUYL, FY L4
By IXgFTea /728Xy 9HIURWIIEXT yF2.3y1H-yF8.3 )

146 PRINT 9,UNUCyIPcXT,DPEXCU,UNUOL,UNIO2,0PEXTY,0PcXT2

147 9 FORMAT (/23%,31HDIA, SF SPHERED CIRRESPONDING TO /27X, 10H{URNU)XT
129 F0.3, 14X FT.4y3H CHM/2TXy1SHCIRRECTED FUOR WALL,14X,F7.4,3H TM/ 21
2Xp 12HURNUIEXT OF 3 F 8.2, lH=yFB.3 3 1H» 92Xy FTobry lH=yFTo42HLM )

150 50 T 1C0C8N

151 END




152

SUBRUUTINE HuCAL

153 REAL NUZNUSy NUMTHNMUMAX

154 COMMGY TEMPy TaNU»TIMPL, JIUSy UNUAPNUMEN y NUMAX

155 DIMENSTON TEAPL20) 3 Ji{20) ,TEMPS{20)9NUS(2D) »UNUA(20)
156 Dy 22 K=1,1

157 DO 11 #=1,12

160 IF (TEMO(K) LT TERPS(M) dANDLTEMPIK) LELTEMPS(M+1)) 30 TO 12
161 11 CONTINUE

162 12 RATIO =(nUS(A+ 1) =nUS(M) ) /(T CMPS{M+1L)-TEMPS(M))

163 NUCGK) =NUSIM) HITEMPIK)-TEMPS (M) ) *RATID

164 IF (NU(K)LLTSNUMINY NUMIN=NU(K)

165 [FINUIK) ST NUMAXY) NUMAX=NUIK)

1€6 22 CONTINUE

1€7 RETURN

170 END

$ENTRY




EASE RETURN TO THE CHEMICAL FENGIMEERING BUILDING

JOB NUMBER 161156 CATEGCRY F USER'S NAME- YU~-SEN CHONG USER
JOB START O1HRS S50MIN 26.4SEC VaMnll OFF-
cB 16116 CHUONG YU—=SEN
AGE 35
IME 3
ORTRAN PROGRAM B

1 REAL NUyPNyNUS,LGUNUA,LGEPS s LGUNUGQ s NUMIN,NUMAX

2 INTEGER DISCAR

3 DIMENSION TIME(1Q)20IST{10),EPS(15),U(10),UNU(15),
1TEMP(20) yNU(20) yTEMPS(20) o NUS(2C) yUNUA{20) o LGUNUA(LS),LGEPS(15)

4 DIMENSION PTC(3),LIQ(4),SCREEN(12),RUN(2)

5 DIMENSION T(14)

6 DATA TU2)2TU3) T (4)sT(B)sT(OE)sTLT)sTUB)»T{O)yTI10),T(LL),T(12),T(1
13)3T(14)74.303,3.18242.77692¢57092.44792.36542.306492.262492422842.¢
20192.17942.160,2.145/

7 DIMENSION FMT(16) FMOUTL(16),FMUUT2(16) yFMOUT3(16)yFMOUT4(16),Fii0L
1T5(16)

10 DIMENSION - STNDD(15) 4NTEST(15)

11 1CCCO READ 1144RUNYPTCyDENPWLIQyDENLIGyDV DT SCREENyNUMIN,NUMAX

12 114 FORMAT { 2A6,3A6,F6.044A6,F10.0/2F10.0/12A6 /2F10.0 )

13 READ 1, FMOUT2,FMOUT 3, FMOUT4,FMOUTS

14 1 FORMAT(16A% )

15 DRATIO=DV/DT

1é PRINT 2yRUNyPTC,DENP,LIQ,DENLIQ,DV,DT,DRATIO,SCREEN

17 2 FORMAT (LHL922X92A6/23Xy11HPARTICLES= 1, 3A64+8X,8HDENSITY= ,F6.3,7H
1IGM/CM /23X, 11HLIQUID= 2 4A642 Xy BHDENSITY= yFH.337TH CM/CM /23X,1°
2HPARTICLE SIZE D = 4F7.449H CMy, D =,F6.2,12H City D /D =,F7.4/73
3,12A6 /)

20 PRINT 21 )

21 21 FORMAT ( 28Xy 3HEPS 32Xy OHUMXNU(AVE) 32Xy THLGIEPS) # 2X 3 BHLGIUXNU) 52X, RI
1STD.DEV. 91Xy 5HNC.OF /32X, 12H0.01CM /SEC 419X,14H TESTS/

22 SLUNU=Q.

23 SLGE=0.0

24 SLUNUZ2=C.O0

25 SLUNLE=0.0

2¢ SLGE2=0.0

27 [=0

30 DO 30 J=1,14

31 I=1+1

32 READ (5,31) EPS{I) UNUA(I),LGEPS({I),LGUNUA({I)y STNDD(I),NTEST(I),
1ISCAR

33 31 FORMATY (26X 3F9¢09F9,.0,F10.04FF.0yF11.091194Xy11)

34 IF (EPS(I).LT,0.CCC1) GO TO 40

35 IF (DISCARWNEL.O) GO TU 32

36 IF (NTEST(I).EQ.1l) GO TQ 110

37 WRITE {6,FMOUT2)EPS{I) yUNUALT) LGEPS(I) yLGUNUA(L),y STNDD(I)JNTEST
11)

40 GO TO 35

41 110 WRITE(6,FMOLUT3) EPS{I)UNUA(CT)+LGEPS(I) LGUNUALT)}NTEST(IT)

42 35 SLUNU=SLUNU+LGUNUA(T)

43 SLGE=SLGE+LGEPSI(I)

44 SLUNUZ2=SLUNUZ2+LGUNUA(T] ) *%*2




45 SLUNLE=SLUNLE+LGUNUA(T)I*LGEPS(T)

46 SLGE2=SLGE2+LGEPS(I )*x2

47 G0 Ty 30

5C 32 IF(NTEST(I).EQ.1) GO TO 13

51 WRITE (6,FMOUT4)EPS(I) yUNUALT)HLGEPS{I),LGUNUA(TL)y STNDD{I) yNTESTI
11)

52 I=1-1

53 GO 70 30

54 33 WRITD(64,FMOUTS) EPS(I)+UNUACT)yLGEPS(I) yLGUNUACT) NTEST(I)

5% I=1-1

56 30 CONTINUE

57 40 I1=I-1

60 N=(FLOAT(IT}*SLUNLE~SLGE*SLUNUY/(TFLOAT{IT)*SLGE2-SLGE*%*2)

61 LGUNUUO=(SLUNU-N*SLGE)/FLOATH(IT)

62 UNUG=10.0**LGUNUD

63 REAL LGEAVE

64 LGEAVE=SLGE/FLOAT(IT)

65 SDLUNZ2=(SLUNUZ2-LGUNUD*SLUNU-N*SLUNLE) /{FLOAT(IT)-2.0)

66 SDLUN=SQRT{SDLUN2)

67 SLELE2=SLGE2-SLGE**2/FLCATI(IT)

7C CFDN=TI{I1I-2)*SDLUN/SQRT(SLELLZ2)

71 CFDLUN=T(II-2)*SDLUNXSQRT(1.J3/FLOAT(II)+LGEAVE**2/SLELE2)

12 VARN=SDLUN2/SLELE?Z

LE] SON=SQRT(VARN)

T4 UNUO=10.0%*LGUNUOU

75 UNUCL1=10.0%%(LGUNUO~-CFDLUN)

16 UNUO2=10Q0.0%* (LGUNUO+CFDLUN)

7 PHYPRO=0.,18*%DENLIC/ ( (DENP-DENLIQ) *980.)

100 DPSQ=UNUO*PHYPRO

101 DPELISQ=UNUQL*PHYPRO

iCc2 DPE2SQ=ULNUD2*PHYPRNO

103 DPEXT=SQRT(CPSQ)

104 DPEXT1=SQRT(ULPE1SQ)

1C5 DPEXT2=SQRT(OPEZ25Q)

1Cé6 CORFAC=1.0+2.104%DRATIU

107 CORF=S5QRT(CORFAC)

110 DPEXCO=DPEXT*CORF

111 DPEL1CO=DPEXT1*CCRF

112 DPE2CO=DPEXT2*CORF

113 REOMIN=DPEXT*UNULO/NUMAX*%2%100.0

114 REOMAX=DPEXT*UNUC/NUMIN**%2%]100.0

115 PRINT 22 ,REOMIN,REOMAX

116 22 FORMAT(/23Xs5HRE(O) yTX9yFb6e391H-yFb643)

117 PRINT 84yLGUNUGNyUNUCyNyNyCFONyLGUNUG, CFOLUN,UNUOL ,,UNUDZ2

120 8 FORMAT (/23Xy24HLEAST SQUARES ESTIMATES /27X, 10HLOGIUANU)I=,FT7.4%,
I1H +,F6.2,9H*LOG(EPS) /27Xy O6HUXNU =,FB8,3,6H*EPS*%,F5,2 /27X,19HCE
2FIDENCE INTERVAL /28X,2HN=43XyF5.2,3X,F5.2 /28X, 10HLOGIUXNU)D,FT7,
391X9FTe4 /28X 9HIUXNU)IEXT 4F8,3,1H~yF8.3 )

121 PRINT 9,UNUQsDPEXTDPEXCUO,UNUOL ,UNUO2,DPEXT1,DPEXT2yDPELICO,DPEZCQ

122 9 FORMAT (/723X,31HDIA. GF SPHERE CORRESPONDING TO /27X, 10H(U*NU)EX
1=9F843914XsFTa4493H CM/27X,13HCORRECTED FNOR WALL,14X,F7e4,4,3H CM/ 2
2X 3 L2HIURNU)IEXT (OF ¢y FB84391H=9F8.3 9 1Hy 92Xy FT by lH-yFT7.4,2HCM/27X,15H
BURRECTED FOR WALL 414Xy F7.4y1H-yF7.4,2HCM )

123 G0 TO 1CCCO

124 END

SENTRY




