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I. IHIRODUCTION

One of the most recent developments in the field of
unit operations is fluidization, Fluidization was developed
primarily because of its important application in the
petroleum industry. Some of the principszl applications
of fluidization are in the cracking of petroleum, synthesis
of alcohols and gasoline, pneumatic transport of sclids,
and drying, to mention just a few.

The literature pertaining to fluidization is
qualitative even though considerable risearch has and
is being done on fluo-solids, and the information available
covers only limited operating conditions. Fluidization
occurs when perticles of solids are maintained in a dense
turbulent state by means of a moving fluild, usually an inert
gas carrier, The physical varisbles in fluldization
are the characteristics of the retaining vessel, fluidizing
medium, and the particles to be fluidized. The important
characteristic of the retaining vessel is the diameter~to-
length rstio, the greater this ratio the less is the tendency
for slugeing. The important factors in fiuidization

vre the velocity, density, eand viscosity of the fluid,
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while the properties of the fluidized solid which are
of 1mportance are the size, shape, density, surface
tension, and electrostatic charge of the solid.

The research conducted on fluidization has been
concernad primarily with the principles of fluid {low,
however many factors concerning the effects of particle
size, vessel diameter, particle shape, surface tension,
and tne elsctro-static charge have not been fully
developed. In aduition, considerable research has been
directed towerds heat and mass transfer in flnidized beds,

The purpoge of the investipgation was to detsrmine
the mean particle diameter, rarticle density, and the
fraction volds of Ottaws sand (20-to 30-mesh, 30-to
S5U-mash, and 50-to 7C-mesh) to be used in extended studisg

on fluidization,



II. LITERATURE REVIEW

onrmp s,

Fluidigzation, as it is known today, was first developed
by the mineral industry for use in mineral separations.
For generations pneumatic transport o solids, which is an
application of fluidization, has been utilized. FHowever, in
the last few ysars the petrolewn: industry has mades remarkable
progress in the field of fluidization, The use ol finely
powdered solids as catalysts was first successfully applied
to large-scale commercial operation in 1942 for the cracking
of petroleusm. In two years time, 1944, the fluid
catalytic-cracking process accounted for fifty per cent of
the total catalytic-cracking capacity. Following World dar II,
two-thirds of the catslytic-cracking cepacity bullt employed
the "fluid process”. Fluidization has been accepted ag a
new unit operation by the petroleum industry, yet much of the
research that has been and is being performed nas not been
published. The following literature review includes
information on fluildization divided into spplications of the
fluo-solids technigue, fluidization terminology, principles

of fluidization, and msthematical correlations needed.
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Applications of the Flus-Solids Technigue

There are no dates avallable for fracing the history
of the fluidization of solid particles by means of a moving
fluid. For many years solide have been transferred through
pipes by pneumatic conveyance(33), which is fluidization in
combination with solids transportation. The "teeter
condition"(33) | which is the fluidization of solid particles
in water for separating minerals on a basis of differing
particle sizes, shapes, and specific gravities, as used by
the mineral industry, was one of the places the mineral
industry began using fluidization., Fluidization is involved
in zny separation operation{33) in which 2 suspended
solid or ligquid 1s caused to flow with and countercurrent
to another fluid., Fluidizstion of particles has been known
for some time, however only recently has fluidization
been applied to chemical enginesrins unit operations and
processes(2%), It nae taken fluldization only a very few
years to become recognized as a generally accepted unit

operation of chemical engineering.



Applications of Fluidization in Chemical Engineering.

In the early part of 1942 the use of finely powdared solids
as catalysts was Lirst successfully applied to large-scale
comuercial operctions in the cracking of petroleum 22 .

The success of fluldization 1s based on the growth of fluld
catalytic-cracking capuacity from 40,000 berrels per day in
1942, to 1,000,000 barrels per day in 1948(22), The
principal method of catalytic cracking for the entire

0il refining industry is today the fluid catalytic eracking
process<6).

Fluldization has been successfully apnliied to many
other fields, some of which are fluidization in hydrocarbon
synthesis<23), coal gasification(1k>, reduction of ores(gm9
Figscher-Tropsch reacti@ns(gu)for synthetic gasollne
ranufacture, drying(gg), the oxidzation of varlous hydrocarhons
such as naphth&leae(33), and transport of a wvariety of
salids(gh).

Advanteges of o Filuildized Bed., The wide snd immediste

sccartance of the fluildized-solids technigue was due to the

sevaral unigue charzcteristics of a fiuldized system.

Before discussing the advantages of a fluldized bed, the

difference between a fixed bed znd a fluidized bed should



be understood. ﬁurphy(gg) has defined a fluidized bed as

& mags of solid particles which exhibits the liguied-like
characteristics of mobllity, hydrostatic pressure, and an
observable upper free surface or boundary zons across which
a marked change in concentration of perticles occurs;
whereas, a fixed bed is defined as a body of motionless
particles supported by direct contact with each other and
the retaining walls of the contalner.

The basic advantages of the fluidiged-solids system
are the =23s5e with which the solilds muy be truansported from
vessel to vessel permitting the most efficient utilization
of hest and the rsady development of & continuous process,
and the extreme turbulence of the solid-gas suspensions
allowing excellent heat transfer to be achieved to and from
the system{€9), The above charactsristics make the use of
fluidized solids particularly applicable to those srocesses
in which large amounts of heat must be transferred and
large amounts of sollds must be treated, as in catalyst

. o
regeneratlan(¢2).



Fluidization Terminology

The terminology used by many of the investigators
is often different and overlapping and probably will
remain as a glossary which will establish some
permanent nomenclature, In 1949 Murphy(zg) presented a
rather incomplete glossary for establishing a permanent
nomenclature in the field of fluidization.

Fluldization. Patterson(3C) gefined fluidization
as that unit operation in which a mass of solid particles,
usually finely divided, is maintained by means of an
upwardly moving gas stream in a turbulent, dense state,
Murphy(zg) and other investigators(35) have further
divided fluidization into particulate and aggregative
fluidization,

Fixed Bed. A fixed bed(®?) 1s a body of motionless
solid particles supported by direct contact with each
other and the retaining walls,

Moving Bed. A moving bed(®®) is a body in which the
particles remain in direct contact and are substantially
fixed in positlion with respect to each other, but move

with respect to the retaining walls.



Fluldized Mass. £ fluidized masst29) of solid

3
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particles is one which exhibits the mobility and
hydrostatic pressure characteristic of a fluid. This
condition may be achieved by suspending the particles by
means of a stream of gas or liguld rising past the
particles,

Fluldized Bed. A fludized bed(29) is a nass of
solid particles winich exhibits the liquid-like
characteristics of mobllity, hydrostatic pressure, and
an observable upper free surface or boundary across which
a marked change in concentration or particles occurs. 1In
& fluldized bed, the random motion of the particles
increases with increasing velocity of the supporting
~medium,

Channeling. The establishment of flow paths in a
bed of so0lid particles through which a disproportionate
quantity of the introduced fluid passes is ruown as
channeling(gg). Channeling is especially encountered in
fixed beds.

Slugeing, Slugsing(29) is 4 condition in which

pockets or bubhles of the supporting fluid grow to the
diameter of the containing vessel, and the mass of the
particles trapped between adjzcent pockets moves unward
in & pistonelike fashion., This condition is usually

limited to vessels of high length-to-dismeter ratio.



Dense Phasze and Dilute Phase. In connection with

catalytic cracking, Leva et al(lu) stated that the termé
dense-phase and dilute-phase types of fluidization have
become familiar., The dense phase 1is encountered in the
reactor and stand pipes, while the dilute phase exists
in piping which leads to the reactor and through which
the flowing hydrocarbon vapors convey the catalyst iato
the reactor(M), patterson(3l) aivided fluidized beds
into three types: high density, used in stand pipes;
medium density, used in reactors; and low density, used
in lines transferring the fluid mixture,

20)

Fluidization Processes. Lewls et al( classified

fluidization processes into continuous and bateh types.
In the continuous process, the solid particles move
continuously through the fluidization unit. In the batch
process, no attempt is made to return entrained particles
to the bed,

Elutriation. Leva‘l®) has defined elutristion as
the process of separating a mixture of finely divided
solids Iinto individusl components with the zid of a

fluid current.



Attrition. Attrition(10) is the break-down of
particles by rubbing and collision in & turbulently
fluidized bed of solids. Levall0) has aiscussed
qualitatively a limiting mass veloclity above which
attrition rates are high and prohibit prolonged operation.
This limiting velocity, of course, depends upon the

physical properties of the solid.
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Principles of Fluidization

The fluidized stute 1s achieved(33) when a bed of
perticles 1s brought into a continuously agitated state
by an upwardly moving stream of fluid. When a streanm
of gas or liguid is passed through a mass of solid
particles, reproducible changes in physical behzvior(29)
are observed which passz successive steges as the fluld
velocity 1s increased,

Fluidization Stages. When the velocity of a gas or

liquid flowing up through a mass of solld psrticles is
insufficient to 1ift or support any of the solid, the

mass is celled a fixed beé(gg), or a moving bed, depending
on whether the golid is stationary or moving with respect
to the containing vessel, With further slight increases
in the fluld velocity, the particles are fully supported
snd the expanding bed becomes fluidized(29), Just

at the point of fluldization, or the critical mass velocity,
the mase may form a quiescent fluidized bed(gg). Finally,
if the fluid velocity is still further increased, or if
the solids feed rate 1s too low, the surface of the
fluidized bed disappears and the whole mass becomes a

dispersed suspension,



Behavior of s Bed of S50lid Partlcles at the Critical

Mass Velocity. At the critical mass velocity, the particles
are fully supported by the fluid(gg). Murphy(29) stated that
just at the point of fluidization the mass may form a
guiescent fluldized bed. Experimental data have indicated
that before fluidization could begin, a definite amount

of expansion was necessary, which depended entirely on the
original oed density for any one material, The limiting

bed density at which fluldization begins has been termed
"maxipum fluld density", and the fractional voids

zszociated with this condition have been called "minimum
fluid void&ge“(ll),

Important Characteristics of a Fluidized Bed znd

S0lids. The following discussion contains a description
of verious charscteristics of a fluidized bed and solids.
The discussion includes voldage, particle density, and
particle diameter.

19) hove indicastzd thsat

Voidage. Observations(
a bed of Iine, soiid perticles must have a certein
minirmum voidage before the particles in the bed are
sufficiently disengsged from each other to permit
free motion within the bed. Leva et al(1€) noted
from a suty of fluidization characteristics of an

irregularly-shaped, iron, Fischer-Trovsch catalyst



that minimum fluid voldage depended upon the shape
of the particles as well as upon the effective
particle diameter., Leva et al(1l) further stated
that the minimum fluld voidage was greater for sharp,
rough particles than for round, smooth particlcs,
Beds of small particles heve larger minimum voidage
than do large particles and the actual height of the
bed of fixed particles before fluidization does not
have any effect on the minipum fluid voidage(la).

Particle Density. Lewis et al(20) have shown

thst the critical mass velocity was directly
proportional to the density of the solids. Metheson
et al(23) noted that incresasing the density of the
solids increased the maximum bed density. Morse(gg)
found that segregation was favored by increased
particle density., Ketternring et al(g) observed
that for & given size of particle, mass and heat
transfer coefficients increased with increasing
particle density because of an increase in slip

velocity with perticle density.



Particle Diameter. Leva st a1(12) reported

that the minimum fluld voidage increased with &
decrease in particle diameter, and that slugging
was favored by large particles, Similarly,

Miller and Logwinuk(zé) have shown that the
critical mezse velocity, for particles of a given
density, increased with increasing partlcle size.
Lewls et al(zl) observed that for a given
length-to-diameter ratio of & bed, the prsssure
drop across fluidized beds increased with an
increase in particle size. Leva et al(ls) observed
that channeling was favored by fine particles,
whereas Morse found that segregation of particles(27)
increased with increasing particle size. Also,
Leva et al1{13) reported that the smooth range of
fluidizatlion was larger for small particles than

for large ones.
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Mathematical Correlations

Great differences exist in the methods employed by
various investigators in making experimental measurements(8>
for particle size, density measurements, fraction volds,
and the like. Fach time a new investigation on fluidization
is planned, it 1s necessary to specify the procedures to be
followed in detail. Campbell(%) explained that many of

the mathematical relationships developed in fluidization

are satisfactory for some commercial uses, yet they are
unsafe in universal application, The mathematical
correlstions to be discussed are determination of particle

diameter, particle density, and fraction voids.,

Determination of Particle Diasmeter., The two best

methods for determining the particle dlameter of spherical
particles is relatively an easy maetter as long as the solilds
are uniform in size., Magnified photographs or the microscope

are easily utilized,
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Gregg(7) has presented a method for determining
particle size based on the average projected length and
breadth of at least 20 representative particles. Gregg's

correlation may be stated as follows:

Dp.lthx}}xL (1)
™

D. =« average particle size in.

B - average breadth or width of the
particles perpendicular to the
longest axis of the particles, in,

L = average length of the particles
along the longest axls of the
particles, in.

C = an experimentally determined
constant equal to 0.77 for rounded
particles and 0.75 for rough

particles, dimensionless,

Gregg has pointed out that the average breadth, B, is reloted
to the size of the aperture in a sieve through which the

varticles will pass.



The most common method for determining the average
particle’size is the weighted geometrlc mean meth9d<25)9

which is as follows:

~
i
e

L
L)
oot

wheras

geometric mean particle Jdiameter, in.

e
1]

y = number of sieved components in the

solids mixture

- RN e 4

9pgm= Jd; x dp « geometric mean diameter
of component roteined
between adjacent sisves
having aperaturs sizes
dy and dy, in.

X = welght fraction of closely scraened
material,

It wss reported by Leva et 31(17) that the geomstric mean

prrticle size correlsted well in fluidization studies.
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Particle Density. The density or specific grevity

of solids is generally obtained by means of water

displacement using pycnometers or various specific

gravity bottles which are avallazble for this purpose

(16)

The equation used with the above method is as follows:

wheres:

[#2]

N

Qo

snd 81
dl
No

¥3

C»

i

= (3)
(
(

m} w
AR | aad
N Nvga?

absolute density of solid particles,
1b/ cu ft

dry weight of solids, gm
snecific gravity of water at temperature
Tl and Tg

density of water at temperature
Ty, 1b/cu ft

y@ight of water to fill gr:vity bottle at
T, em
welght of water to fill gravity bottle

at tempersture T, minus weight of water
displaced by sol%d particles at temperature

TQ 3y Elle



,f
Voidage,  The fraction voidage volume within a bed
of solids may be obtained from the following equation(3%):

¥z (L-Lo)/L (4)

wheres

Y = fraction voids, demensionless

b
"

height of bed containing voids, ft
Lo « height of voidless bed, ft
Lo = W/(’p A
where:
W = weight of solids charged

into vessel, 1b

Qp = absolute density of solids,
1b/cu ft

A = cross-sectional ares of
vessel, sqg ft.
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IIT. EXPERIMENTAL

The experimental portion of this investigation
includes the purpose of investigation, plan of
experimentation, materisls and apparatus, method of

procedure, data and results, and sample calculations.

Purpose of Investigation

The purpose of the investigation was to deternine
the mean particle dilameter, density, and the fraction
volds of Ottawa sand (20-to 30-mesh, 30-to 50-mesh,
50-to 70-mesh) to be used in extended studies on

fluidization,

Plan of Experimentation

The plan of experimentation followed in this
investigation consisted of a review of literature on
fluidization, selection of materials, and performance

of tests.
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Literature Review., The literaturs review included a

study of the history of fluidization and the reasons for
the rapid acceptaﬁce of fluidization as a new unit operation
in chemical engineering. Applications of fluidization to
various chemical processes were noted and the advantages
and disadvantages of fluldized beds were discussed., The
terminology emrployed in fluidization was reviewed and

a study was made of past work performed by several
investigators., The effects of the physical properties of
the fluldizasting medium were discussed in relationship to
particular properties (mean particle diameter, density, and
fraction voids),

Selection of Materials, The solid particles ussd in

this investigation were desired to have a range in particle
size from 20-mesh to 70-mesh, spherical in shape, and constant
density:; The material chosen was Ottawa sand (2C-to 30-mesh,

Au=to Z0=-mesh, 50-to 70-mesh).

Performance of Tests., The procedure followed in the
performsnce of tests consisted of several steps. The particle

clameter was determined by two methods, enlsrgement of
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photographs and geometric mean. The particle density
was determined by using a Hogarth specific gravity
bottle., The fraction voids were determined by finding

the percentage void volume,



Materials

The specifications for the materials used in this
investigation are presented as follows:

Air: Compressed air, humidity 0.006 pound of water
per pound of dry air. Supplied by nash hytor compressor,
Department of Chemical Fngineering, Virglinia Polytechnic
Institute, Blacksburg, Va. Used as fluidization medium
and as heat transfer medium for regenerating indicating
drierite,

Carbon Tetrachloride. Lot No G)54J; C.P,; Code No

1556; bolling range, 75-77° C; 0.02 welght per cent
nonvolatile; 0,006 w-ight per cent sulfur; molecular weight,
153.8%, Made and distributed by General Chemical Division,
Allied Chemical and Dye Corp., New York, N. ¥, Used as
manometer fluld for indicating the pressure drop across
fluidized beds of solid particles.

Drierite. Indicating; C-mesh (U.S, Standard); bulk
density, 54 to 60 pounds per cubic foot; anhydrous calcium
sulfate coated with C.P. cobalt chloride; r=generated
at 375° F in two hours. Obtained from W. A. Hammond
Drierite Company, Xenia, Ohio. Used as drying agent

for removing moisture from fluidizing medium (air).
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Mercury. Obtained from Fisher Scientific Co., Silver
Spring, Md. Used as manometer fluid of orifice meter in
air line to fluidization column.

Sand., Ottawa sand; absolute density, 166.6 pounds
per cubic foot; 20=-to 30-mesh, 30-to 50~-mesh, 50~to 70-mesh
(Tyler Standard); weighted, geometric mean particle diameter,
0.0253C inch, ,01691 inch, 0,00981 inch, respectively;
meets specifications of A, 5. T. M. Designation C-130.
Obtained from Ottawa Silica Co., Ottawa, Ill. Used as the
solid components for the fluidized beds studied.

Water, Distilled. Obtained from laboratory still in

the Department of Chemical Engineering, Virginia Polytechnic
Institute, Blacksburg, Virginia. Used in absolute density

determinations for solid particles.



Apparatus

The apparatus used in this investigation are described
as follows:

Analytical Balance., Chain-o-matic, 250-gram capacity
graduated in one-gram lincrements, Obtained from Seederer-
Kolbusch, Inc., Jersey City, N. J. Used for weighing solid
particles for density determinations,

Beam Balance. ©OStainless steel, 610-gram capacity,
graduated in 1/10,000 of & gram, Made by Ohaus and Co.,
Newark, N. J. Distributed by Schaar and Co.,, Chicago, Il1ll.
Used for weighing solid particles used in sieve analysis.

Gyratory Riddle. Combs, model s«102. Obtained from

Creat Western Manufacturing Co., lLeavenworth, Kans, Used
for shaking sieves in screen analysis of solid particles.

Hot Plate. Autemp heater, 115 v, ac, 450 w. Obtained
from Fisher Scientiflc Co., Silver Spring, Md. Used in
density determinations for solid particles to boil suspensions
to expel entrapped air from particles,

Miscellaneous Glassware. Several pieces of laboratory

glassware such as beakers, flasks, test tubes, and glass
funnels were obtained from Fisher Scientific Co., Silver

Spring, Md., Used for miscellaneous purposes.
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Oven. BElectric; inside size 12 x 18 inches, 12

inches high; 110 v, 660 w, range, 0-500°F., Obtained from
wWill Corp., Rochester, N, Y. Used to dry particles for
density determinations,

Sieves. No 16, 20, 30, 40, 50, 70, 100 (Tyler
Standard); complete‘with 1id and pan; brass; 8-inch dismeter.
Obtained from the W, 5. Tyler Co., Clevelend, Ohio. Used
for screen analysis of solid particles,

opecific Gravity Bottle. Hogarth, A, 5, T. M.; 100-ml,

pyrex glass., Obtained from Fisher Scientific Co., Silver
Spring, Md. Used for determining absolute density of solid
particles,

Thermometers. Mercury in glass, range, C=300° P,
graduated in 29 F increments; 3-inch immersion, Obfained
from Flsher Scientific Co., Silver Spring, Md. Used to
measure temperatures of the solid particles in the absoclute
dengity determinstion.

Timer., Electric, "Precision Time It", 0-9999.0 seconds,
graduated in 1/10 of a second, 115 v, 60 cy, 5 w. Obtained
from Precision Scientific Co., Chicago, Ill., Used in

determining the time for shaking in the sieve analysis.



Weighing Bottles. Ground-glass stoppered, 60 ml,
catalog No 3-415, Obtained from Fisher Sclentific Co.,
Silver Spring, Md. Used in the absolute density
determinations.

Welghts. Analytical balance weights, Code No 61-4,
100 gm combined weight, stainless steel. Made and
distributed by Voland and Sons, Inc,, New Rochelle, N, Y,
Used with analytical balance.
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Maethod of Procedure

The method of procedure followed in the performance
of this investigatlion for determing the characteristics
of the solid particle included absolute density determinations,
screen analyses for determining the weighted, geometric mean
diameters, enlargement of photographs to determine the mean

diameters, and fraction voids.

Density Determinations. The absolute densitites of
the solid particles studied were determined with a
100-milliliter, Hogarth specific gravity bottle as follows:
A 60-milliliter, stoppered welghing bottle was filled about
three~fourths full with a sample of the solid particles
to be tested, and placed in an electric over at 40O degrees
Fahrenheit for twenty-four hours to dry the materiazl.
After removing the sample from the oven, the material was
desiccated until cool., A clean, Hogarth specific bottle
was tared and filled with distilled water, being careful
to expel all air from the bottle. The outside of the bottle
was wiped dry, the bottle and water rapidly weighed, and

the temperature,(Ty), measured with a thermometer immediately



after the weight of the bottle znd water were recorded.
Half of the water was poured out of the bottle, and a
previously-weighed quantity of the dried particles

was placed in the gravity bottle such that the bottom

was covered to not more than 1/4% inch. The gravity bottle
was then placed on a hot plate and the suspension

bolled for one hour to expel all z2ir from the material.
After cooling the contents of the gravity bottle to
ambient temperature, the bottle was filled with distilled
water, the outslde of the bottle was wiped dry, ¢nd the
welght of the bottle and contents were rapidly taken,
After the wsight was recorded, the temperature, (Tp), of
the contents of the bottles was immediztely determined.
The density of the solid particles wszs then calculated by
means of equation 3, page 18.

Screen Analyses. Screen cnalyses were performed on
representstive samples of each range »f the solid psrticles
studied in order to determine the average particle sizge of
 the materisls, Oamples of 10C grams vere ussd wilth sieves
eicht inches in dismeter, The sicves were arranged so that
the sizes of the aperatures of zdjacent sieves were related
by the multiplier, square root of two. The weighted,
geomeiric mean, particle diamester was calculzted for each

sand size by means of eguation 2, page 17.



bize Analysis by Photogreph Means. Magnified photographs

were used to determine the particles sizes ol the sand. To
determine the particle size by magnified photographs

20 representative particles of each slze were studied as
shown in Flgure 1, page 31. The photographs were made such
thet length measurements could be read directly. The
magnification used in making the photographs was 29.,5. Ths
particle diameter using the magnified photographs was
calculated for each of the sand sizes by means of eguation 1,
page 16,

Fraction Volds., The fraction volds for the 20- to 30-,

30-to 5C-, and 50-to 70-mesh ranges of the Ottaws sand were
determined by using 2- and Y-inch diameter copper tubes

six inches in height, After taring the 2-inch copper tube,
it wgs filled with the 20-to 30-mesh Ottawa sand and
welghed., Knowing the absolute density of the sand, the
fraction volds were calculated by using equation %, page 19.
Duplicate tests were carried out for each ssnd size using

both the 2« and Y-inch copper tubes,



FIGURE 1, ENLARGEMENT OF 20-T0 30-MESH OTTAWA
SAND FOR PARTICLE DIAMETER DETERMINATION
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FIGURE 2, ENLARGEMENT OF 30-TC 50-MESH OTTAWA
SAND FOR PARTICLE DIAMETER DETERMINATION
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Data and Results

The data and results of this investigation are
nresented on the following pages,

Particle Density. The particle densities of the

ranges, 20-to 30, 30-to 50, and 50-to 7(-mesh, of
Ottawe sand are presented in Table I, page 35,

Screen Analyses. The results of screen analyses

of the ranges, 20-to 30, 30-to 50, and 50-to 7C-mesh
of Ottawa sand for determining the weighted, geometric
mean, particle dlameters of the particles are presented
in Table II, page 36.

Magnified Photographs. The measurements taken on
the magnified photographs for determining the mean
particle diameters of the three sizes of Ottawa sand
are presented in Table III, page 37.

Fraction Voids. The data determining the fraction
voids of the three ranges, 20-to 30, 3C-to 50, and
5C-to 70-mesh, of Ottawa sand are shown in Table IV,

page 38.



T4BLL

I

Density of Ottawa -Dand

Temperature

Temperature

Weight Bf Yielght of Weight of Veight of True True

Bottle Bottle and Sand Sample Bot tle &and of Distilled of Contents Density Density

Distilled Contents Viater
Sand Water

Test Sizaa 3
No ilesh gm gm gn gm oF oF egm/ce 1b/ft
1 20 to 30 41,4546 157.5915 10.0077 163.8557 75 72 2.67 166.1
2 41.4546 157.5913 10,0002 165.8187 75 74 2.72 169.1
3 41,4540 157.85918 10,0009 165,8101 75 74 Z.64 164.2
4 30 to 50 41,4546 157.5913 10,0018 165.8426 72 71 2,67 166.0
5 41.4546 157.5913 10.0044 165.82152 71 73 2465 165.0
6 41,4546 157.5913 10.0023 163.8944 70 68 2.70 168.0
7 50 to 70 41.4546 157.5913 10.0023 163.8651 71 69 2,68 166.8
8 41.45406 157.5913 10,0010 163.8744 70 70 2.69 167.5
Averuage 166.6

a
Tyler screen scale.

bﬂogarth specific grevity bottle.




TABLE II
Screen Analyses of Ottawa Sand for
Determining of Particle Size
Material a Ives
Test Sand Tyler Sieve Series, Sieve Aperture, Retained, - fa.4,, R p_° o
Size | ’ ' p’
l
No Mesh Sieve No in. wtdk in. in. in. in
1 20 to 30 16 0.0464 et ORI A S, S S P S £ 0.0253
NG - 0.0328 .54 0.03800 0.00051 :
30 0.0232 7{. 40 0.02760 0.02191
40 0.0164 {.80 0.01950 0.001953
50 0.0116 .68 0.01380 0.00064
70 0.0082 .05 0.00975, 0.00020
100 0.0058 .59 0.00689 0.00018
2 16 0.0464 pOO & T Redsake e 0.02532
20 0.0328 . 95 0.03800 0.00074
%0 0.0232 7491 0.02760 0.02123
40 0.0164 1.8z 0.01950 0.00211
50 0.0116 .91 0.01380 0.00082
70 0.0082 44 0.00975 0.00034
100 0.0058 L 97 0.00689 0.00007
16 0.0464 o R e e s 0.02
3 20 0.0328 .00 0508B00: . ' wrasens o
30 0.0232 7.80 0.02760 0.02203
40 0.0164 L10 0.01950 0.00197
50 0.0116 .06 0.01380 0.00084
70 0.0082 +03 0.00975 0.00030
100 0.0058 .01 0.00689 0.00007 .
|
| 0.02530
" 30 to 50 16 0.0464 L S et 0.01677
20 0.0328 .00 QalBBO0 . s dens
30 0.0232 53 0.02760 0.00015
40 0.0164 . 00 0.01950 0.01036
50 0.0116 77 0.01380 0.00590
70 0.0082 .70  0.00975 0.00036

0.00

0.00
0.00
2.04
§5.40
2.56

0.00
0.00
0.00
0.00
3.62
13.78
2.60

0.00
0.00
10,00
0.00
4.61
91.82
5.57

»
.

0.03800
0.02760
0.01950
0.01380
0.00975
0.00689

0.03800
0.02760
0.01950
0.01380
0.00975
0.00689

w4 PR
IR

"70.00014
0.01076

§ r

- ——— -

0.00055
0.01059
0.00562
0.00029

0.00930
0.00018

———————
- ——— - ——
- ——— - ——

0.00050
0.00914
0.00018

0.00064
0.00895
0.00025

0.00976

0.00982

0.00984

0.01691

0.00981

30 0:0232

40 0.0164

50 0.0116

70 0.0082

100 0.0058

i § 50 to 70 16 0.0464

20 0.0328

30 0.0232

40 0.0164

50 0.0116

70 0.0082

100 0.0058

8 16 0.0464

20 0.0328

30 0.0232

40 0.0164

50 0.0116

70 0.0082

100 0.0058

9 16 0.0464

20 0.03z28

30 0.0232

40 0.0164

50 0.0116

70 0.0082

100 0.0058
a

The value dlda is the geometric mean of adjacent sieve
apertures.

b

The value 4, is the product of ,ﬁ d, and the percentage

of material retained between adjacent sieves,

c

The value D, is the weighted, geometric mean, particle

diameter, equal to X dp' ;




TABLE II1

Particle Size of Ottawa Sand®

by Magnified Photographs

Particle Size Particle Size Particle 3ize
20-to 30-mesh 30-t0 S50-mesh 50~-to 70-mesh
Length Width Length width Length Width
of of Particle of of Particle of of Particle
5 1 Particle, Particle, Viameter, Particle, rarticle, Diameter, Particle, Particle, Diameter,
ample

No in. in. in, in. in. in. in. in, in.
1 0.0354 0.0307 0.0324 0.0194 0.0187 0.0187 0.0114 0.0094 0.0101
2 0.0307 0.0257 0.0276 0.0247 0.0187 0.0211 0.0107 0.0100 0.0102
3 0.0254 0.0234 0.0239 0.0200 0.0180 0.0186 0.0120 0.0107 0.0111
4 0.0814 0.0287 0.02394 0.0230 U.0167 0.0182 0.0120 0.0107 0.0111
5 0.0307 0.0254 0.0274 0.0214 0.0174 0.0189 0.0120 0.0100 0.0108
6 0.0275 0.0240 0.0257 0.0167 0.0154 J.0158 0.0107 0.0107 0.0108
7 0.0287 0.0266 0.0272 0.0194 0.0180 0.0184 0.0107 0.0107 0.0105
8 0.02%4 0.0254 0.0250 0.0214 0.0200 0,020 0.0154 0.0127 0.0128
9 0.0354 0.0300 0.0316 0.0287 0.0221 0.0220 0.0107 0.0127 0.0114
10 00,0307 0.0257 0.0276 0.0200 0.0187 00,0190 0.0120 0.0107 0.0111
11 0.0280 2.0260 0.0265 0.0187 U.0147 J.0168 0.0120 0.0087 0.0100
12 0.,0280 00,0257 0.0267 3.0187 00,0174 0.0177 0.0094 0.0100 0.00958
13 0.0280 0.0247 0.025¢8 0.0187 0.9180 0.01890 0.0120 0.0094 0.0104
14 0.0307 0.0208 0.0893 0.0214 0.0200 0.0203 0.0120 0.010 0.0118
15 0.0294 0.0280 0.0271 0.0281 0.0214 0.0214 0.0120 0.0107 0.0111
16 0.0314 0.0267 0.0284 0.0234 0.0200 0.02186 0.0120 0.0094 0.0104
17 0.0347 0.0280 0.0312 0.0221 0.0180 0.0196 0.0120 0.0100 0.0108
18 0.0300 0.0300 0.0295 0.0187 0.0180 0.0180 0.0120 0.0100 0.0108
19 0.0307 0.0247 0.0270 0.0200 0.0180 0.0186 0.0120 0.0107 0.0111
20 0.0294 0.0247 0.0264 0.0221 0.0200 0.02086 0.0120 0.0094 0.0104
average 0.0278 0.0191 0.0108

@ine three sizes of Ottawa sand are 20-to 30-mesh,
30-to 50~pmesh, and 50-to 70-mesh.
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TABLE IV

Fraction Voids of Ottawa Sand

Crossesectional
Height Welght Area

Sand Column of of of Fraction
Size Diameter, Vessel, Solids, Vessel, Void,a
Mesh in. ft 1b sq ft per cent

20 to 30 2 0.5 1.1k 0.0218 37.1

L 0.5 b Lo 0.0872 38.2

30 to 50 2 0.5 1,12 0.C218 38.7

L 0.5 k.31 0. 0872 40.7

50 to 70 2 0.5 1.07 0.0218 41,3

0.5 4,16 0.C872 4o,7

aAVerage of three test using 2-and b4-inch diameter columns.



Sample Calculations

A sample of each calculation made in computing the
results of this investigation are presented on the
following pages.

Particle Density. The absolute density of the solid

particles studied in this investigstion was determined by
water displacement with a Hogarth, speciflc gravity bottle,
The calculation of the particle density for the Ottawa sand,
Table I, page 35, is 1llustrated below, using equation 3,

page 18,



where:
Po
W

1

] ]

11

-
-

ol‘f‘ Oo

wl X Sy x_ﬁ;
W2 - W3 (31/52)

= m) x (1b/eu ft x cu ft/em) x (1b/cu ft
igmi - igm} X (1b/cu ft x cu Ft/1b)

absolute density of solid particles, 1b/cu £t
dry weight of solids, gm

welght of water to fill gravity bottle at
Ty, gm

Welght of water to fill gravity bottle =zt
temperature T, minus weight of water displaced
by solid partgcles at Tz, gm

75 °F (0.99736)

72 °F (0.99774)

——uzriﬁuQQZZ;a 0,99736 x 62,4 _

16¢,1 1b/cu ft.




bl

Particle Diameter. The weighted, geometric wmean,

particle diameter was evalusted from scresn analyses of
the various solid particles in this investigation, The
calculation of the particle diameter for tne 50-to 7J-mesh
Ottawa sand, Table II, page 36, is illustrated below,

.using equation 2, page 17.



D, = (1b/1b) (in.)
y=1

where:
Dp = weighted, geometric mean particle dlameter, iun.
~ number of sisved components in the solids
mixture
dpgm = dl b dg = geometric mesn diameter of component

retained adjacent sieves having
aperatrue sizes d; and d,, in.

X = weight fraction of closely screened matericl
retained between adjacent sieves of a sguare
root-of-two series of screens

D = 2.0% x (0.016% £ 9-011 6
p (0.0116 x 0.C082)% ¢
(0.0082 x O, ou58)%

i
¥E £ 95.%0 x
2.56 x
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Particle Diameter by Magnified Photographs. The

average particle size was evaluated by msgnified photographs,

The enlargement of the particles was 29.5 using 20
representative particles, The calculstion of the psrticle
diameter for the 50-to 7 -mesh Ottawa s¢nd, Table III, page 37,

is 1illustrated below, using equation 1, page 16,

D, :'J% xC xBxL
v

where:

D average particle size, in,

-]
1]

B = average breadth or width of the particles
perpendicular to the longest axls of the
particles, in,

L & average length of the particles along the
longest axis of the particles, in.

C = Oo 76

D = li_ﬁ Ce76 x 0,100 % 0,0120
P ™

D - 0. 01‘38 inc

o]
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‘ Fraction Volds. Ths fraction volds in a fluidized
bed of solid particles for any particular rate of fluid

passing through the bed was calculsted as is iilustrated
below for 50-to 70-mesh Ottawa sand in a two-inch vessel,

test 1, Table IV , page 38.

L - (W/p, &)
- Po x 100
T
E o (ft) -Q0b/lb-cu ft-sg £1)
ft)

where:

fraction void, voluwe per cent

i

bed depth, ft

= ¢ =
1

it

weight of so0lid particles in bed, 1b
Pp = absolute particle density, 1b/cu ft
A = cross-sectional area of vessel, sg ft

(w/ppﬁ)

Lo

voidless bed depth, ft

i

Qo9 = (1,14/166,6 x 0,0°18) x 100
0e5
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IV, DISCUSSION

The results obtained auring this investigation are
discussed, recommendations for future work are presented,
and the limitations imposed upon the investigation are

stated in this section.

Discussion of Results

The discussion of results deals with the particle
diameter by screen analyses, particle diameter by magnified
photographs, determination of absolute density of solid
particles, fraction voids, and experimental errors.

Partlcie Diameter by Screen Analyses., Welghted,

geometric mean, particle diameters were calcul:ited for the
20~-to 30, 30-to 50, and 50-to 7C-mesh Ottawa sand in this
investigation from screen analyses, which are presented in
Table II, page 36, For each of the ranges of the Ottawa
sand three tests were made and the discrepancy between
these tests for each range was less than 0.5 per cent. The

welghted, geometric mean, particle diameters of the 20-to 30,
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30-to 50, and 50-to 7C-mesh Ottaws sznd were 0.02530,
0.01691, and 0.00981 inch, respectively., For the z0-to
30~-mesh Ottawa sand 79,40 per cent was retained on the
30-mesh sieve(Tyler Sieve Series), for the 30-to 50=-mesh
Ottawa sond 42,77 per cent was retained on the 50-mesh
sieve (Tyler Sieve Series), and for the 50-to 7C-mesh
Ottawa sand 95.40 per cent was retained on the 70~mesh
sieve (Tyler Sieve Series). For each size the amount to
be retained on the 30=-, 50-, and 70-mesh sieve was 95 per
cent as sold.

Particle Diasmeter by Magnified Photographs. The

average particle diameters were determined for the 20-to
30, 30-to 50, and 50-to 7C-mesh Ottawa sand in this
investigation by magnified photographs, which are presented
in Table IIl, page 37. Twenty representative samples of
each of the three ranges were utilized in determining the
average perticle diameter, The average particle diameter
of the 20-to 30, 30-to 50, and 50-to 70-mesh Ottawa sand
were 0,0278, 0.0191, and 0.0108 ineh, respectively, The
discrepancy between the particle diameters of the 20-to 30,
30-to 50, and 50-to 7C¢-mesh Ottawa sand were 11.2, 12,9,

¢nd 10.1 per cent, respectively.



The difference between the particle diameter as
determined by the magnified pnotographs and screecn analyses
was the shape factor of 0.76. In the magnified
photographs, two diameters were measured perpendicular
to each other and using equation 1, page 16, the average
diameter was determined, But in using this equation a

(7)

shape factor had to be introduced, and Gregg determined
this shape factor equal to 0.77 for rounded particles

and 0.75 for rough particles. For the Ottawa sand an
average of the two was chosen as 0.76. Therefore, the
difference hetween the screen analyses and the magnified

photographs was in the value assumed for the shape factor,

Determination of Absolute Density of Solid Particles.

The absolute densities of solid particles are generally
determined by water displacement and in this investigation
the absolute density was determined by water displacement
using a Hogarth specific gravity bottle. But the amount
of water displaced by the particles was measured, {he
Ottawa sand was placed in a gravity bottle, half filled
with water, and boiled for one hour on a hot plate to
expel the alr from the voids, Occasionally, the bottle

was removed from the hot plate and shaken to agitate the
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particles. After twenty minutes, the air was believed to
have been removed from the voids by bolling and agitation,
because bubbles were observed to héve ceased being

released from the particles, However, the sand particles
were boiled for an hour to insure complete air removal

from the sand. As a check, several density determinations
were made on each of the three ranges of Ottawa sand (20-to
30, 30-to 50, and 50=-to 70-mesh). The results obtained
varied less than C.5 per cent for any given sand range,

The average absolute density for the three ranges of Ottawa
sand (20-to 30, 30-to 50, and 50-to 70-mesh) was 166.6 pounds
per cubic foot as shown in Table I, page 35.

Fraction Volds., The fraction voids &5 shown in Table

IV, page 38, were calculated for the 20-to 30, 30-to 50,

ana 50-to 70-mesh COttawa sand in this investigation by
using 2- znd Y4-inch diameter tubes which sre six inches in
height, Knowing the weight of the sand (20-to 30, 30-to 50,
and 50-to 70-mesh) required to £ill one of these tubes

and the absolute density, by using equation %, page 19,

the fraction volds for the three ranges could be calculated.
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The fraction voids for the 20-to 30-mesh Ottawa sand in

the 2-znd 4-inch tubes were 37.1 and 38.2 per cent. For
the 30-to 50-mesh Ottawa sand in the 2-and Y-inch tubes,
the fraction voids were 38.7 and 40,7 per cent, The 50-to
7C-mesh Ottawa sand in the 2-and 4-inch tubes had fraction
volds of 41.3 and 42,7 per cent, respectively, As the sand
particles decrease in size the fraction voids chow a

slight increase.

Experimental Errors, Possible sources of errors in
this investigation were to be found in magnified photographs
and fraction voids,

Errors in Magnifled Photographs. The magnified
photographs were made with & scale and after the
enlargement it caused difficulty in reading the
correct magnification. Twenty sand particles were
used to determine the particle diameter and varied for
the 20-to 30-mesh Ottawa sand from 00,0324 to 0.0239
inches in diameter but gave an averzge for the twenty
particles of 0.0278 inch in diameter. The twenty sand
particles taken for the average were chosen at random,
trying to get some small, medium, snd large ones

combined,



Errors in Determining Fraction Voids. The fraction

voids were determined by using 2-2nd heinch diameter
tubes which were six inches in height, and the assumption
was made that for a tube twelve inches high or wmore
and elther 2- or W-inches in diameter, the fraction voids

would be proportional to the height.



Recommendations

The following recommendations were made after
completing this investigation,

Fraction Voids Determined for Esch Bed Height. The

fraction volds as determined gives results only for

one bed height, The fraction voids should be determined
for each bed height so that a true relsationship to bed
height for fraction volds would result. Therefore, tubes
2~ and Y~inches in diameter and 3.5 feet in height should
be used instead of tubes 2- and beinches in diameter and
six inches in helght.

Enlorgement Scale. The smallest reading that could

be read on the scale used was 0.,0625 inches before
enlargement, After magnification the 0.0625 inch was
enlarged 29.5 times making the 0.0625 inch egqual to 1.84
inch., A scale that reads hundredth's of an inch would only
increase the Q0,01 inch reading to C.29%5 inches thus giving

increased accuracy.



Limitations

The limitations imposed upon this investigation are
presented in the following paragraphs,

Temperature, The ambient temperature during the

density determination wes 76 degrees Fahrenheit. The
temperature of the distilled water used in the density
determinations was 79 degrees Fahrenheit, The sand
samples for the density determinatlions were dried at a
temperature of W00 degrees Fahrenheilt,

Time., In the density determination the sand sanmples
were dried for 24 hours and boiled with distilled water
for one hour, In determining tﬁe mean particle diameter
by screen analyses, the gryatory riddle was operated for
geven minutes,

Materials Tested., The materiszsls studied in this

investigation consisted of 20-to 30, 30-to 50, and
50=-to 70-mesh Ottawa sand.

Sand S5ize. The weighted, geometric mean particle
diameters of the 20-to 30, 30-to 50, and 50-to 70-mesh

Ottawa sond were determined from screen analyses, The



particle sizes for the 20-to 30, 30-to 50, and 50~to
70~-mesh Ottawa sand are (0.02530, 0.01691, and 0.00981
inch diameter, respectively.,

Magnification. The average particle diameters of
the 20-to 30, 30-to 50 and 50-to 7C-mesh Ottawa sand
were determined by magnified photographs. The
magnification at which the average dlameters was
determined was 29.5. The particle slzes for the 20-to 30,
30-to 50, 50=to 7C-mesh are (,0278, 0.0191, 0.0108 inches
in diameter,

Eguipment for Fraction Volds. The fraction voids

were determined using 2- and 4-inch diameter tubes which

were six inches in height,



V., CONCLUSIONS

The investigation "Determination of the Mean Particle
Diameter, Density, and Fraction Voids of Ottawa Sand"
performed at an ambient temperature of 79 degrees
Fahrenheit, with a magnification for the magnified
photographs of 29.5, an absolute density of 166,6 pounds
per cubic foot, and the sand particles variled from 0.02530
to 0.,00981 inch in diameter. The investigation led to the
following conclusions:

1, The average particle diameters as determined by
magnified photographs and by screen analyses are not
comparible, The particle diameter as determined by both
methods for the 20-to 30-mesh Ottawa sand varied 11.2
per cent.

2. The density of the Ottawa sand was 166.,6 pounds
per cubic foot which agrees within O.4 per cent of published
values,

3. The fraction voids are influenced by the particle
size, The fractlion volds increased as the particle sige
of the Ottawa sand dscreases, For the 20-to 30, 30-to 50,
and 50-to 7C-mesh Ottawa sand the fraction volds increased

from 37.1 to 41.3 per cent.



VI, SUMMARY

Fluidization is one of the most recent developments
in the field of unit operations. It occurs when particles
of solids are meintsined in a dense turbulent state by
means of & moving fluid., The literature pertaining to
fluidigzation covers only limited opereting conditions,
and the physical variables in fluidization are the
characteristics of the retaining vessel, fluidizing medium,
and the particles to be fluidized.

The properties of the fluldized solid which are of
importance are the size, shape, density, surfuce tension,
end electirostatic charge of the solids, but they have not
besn fully developed,

The purpose of this investigation was to determine the
mean particle diamaster, particle density, and the fraction
voids of Ottawa sand (2C-to 30, 30-to 50, and 50-to 70-mesh)
to be used in extended studies on fluidization.

In the above investigstion, the mean particle diamesters
determined by screen analyses for 20-to 30, 3C-to 50, and
50-to 70-mesh Ottawa sand were 0,02530, C.0Ll691, and

0.,0C%81 inches, respectively, The average particle diameters
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determined by magnified photographs for 20-to 30, 30-to 50,
50-to 70-mesh Ottawa sand were 00,0278, 0.0191, and 0.0108
inches, respectively. The absolute density of the Ottawa
sand was 166.6 pounds per cublic foot. The fraction volds
for the 20-to 30, 30-to 50, and 50-to 7C-mesh Ottawa sand
in the 2-inch diameter tube were 37.1, 38.7, and 41.3 per
cent and in the 4-inch diameter tube 38.2, 40.7, and 42,7

per cent, respectively,.



5.

6.

7
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