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I. INTROUDUCTION

The application of the principles of fluidigzation to the
eracking of petroleum hydrocarbons has been one of the most
remarksble developmente in the petroleum industry in recent
ysars. By use of fluidiration, whereby solid particles are main-
tained in a turbulent or pseudo-liquid state by the moving fluid,
the national production and quality of gascline and other petro-
leum products was greatly increased during world War II when their
demand was at its peak.

The wise use and application of fluidization today has made
further study on this unit operation necessary. The important
physical variables in fluiaization are the characteristics of
the fluidized solid, fluildizing medium, and the retalning vessel.
In spite of the effect of these physical variables in fluidisa-
tion some important information pertaining to fundamental rela-
tionships between these variables and the operational variables
of the system is still lacking.

The principal developments in fluidization in recent years
have been directed primarily along studies of fluid flow through
the fluidized bed. At the same time, however, the influence of
mass velocity on the pressure drop through the system has led to

quantitative research on this phase of fluidigation. In many of



these investigations the application of dimensional and statis-~
tical analysis have proved effective in the correlation of the
results.

The purpose of the investigation was to correlate the
pressure drop across a fluidized bed of ottawa sand with the
variables of bed height, bed diameter, and particle size by

dimensional andi statistical means.



II. LITERAIURE, REVIEW

Fluidization as a chemical process is rather recent, dating
baek only to 1942 when the application of fluldized-solids
techniques in the petroleum industry paved the way for its use
in many related protesses. Lver since the application of fluid-
iged-solids techniques proved effective in the production of
high-ootane gasoline, further application and research into the
fundamentals of fluicised-solid techniques has been, and is being,
investigated. The following review of the literature attempts to
familiarize the reader with the more important principles and
variables of fluidized systems and the relating of these prin-
ciples and variables through the application of dimensional
analysis and statistical analysis.

Industrial Applications of Fluldization

Fluidization of solids has been termed the intermediate
operation between the flow of solids through fluids and the
flow of fluids through aolida(“). The use of a fluidized
system for the conveying of solidu(h’19) is perhaps the oldest
physical use of fluidized-solids techniques. Yet, with the
inereasing complexity of many chemical processes the applica-

tion of fluluized-solids techniques has proved to be very



satisfactory in increasing industrial yields, lowering existing
operatiocnal costs, and providing for the applicabllity of con-
tinuous operational systems. The following is a list of some of
the more important applications of fluidized~solid techniques in
chemical industry: (1) distillation of hardwood, (2) ocatalytie
cracking of l'urdx-v:»cmx-bom(l‘o’f'3 »60) » (3) manufacture of acti-
vated carbon{16s18)) (1) production of phthalic anhydride,

(5) caleination of 1mstom(l9) , (6) gasification of coal,
(7) evaporation of solidu“a ) , (8) synthesis of hydrocarbons
from natural gu( 53). (9) fractionation of gases using solid
adsorbents(58), and (10) drying of gases by hot fluidized-
solida(%8),

Pluidisation Terminology

The increasing application of fluidized-solids techniques,
both in industry and research, has resulted in a wide and
diversified mmber of definitions of the phases and character-
istics of fluicized systems. Recently, however, at.t.cnpta(u')
have been made to standardize the nomenclature commonly employed
in deseriptions of fluidigzed systems. The following list of

nomenclature on fluidization is presented so as to provide the



reader with the foundation for the proper understanding of the
terms used throughout the course of this investigation.

Fluidization. Fluldization has been defined as the unit
operation in which a mass of finely civided solids is maintained
in a turbulent dense state by being cispersed in an upward moving
gas atrsan(zk). kicholson ana Moiso(kv) define fluidization as
the state which exists when a gas separates and supports the par-
ticles of a bed and provides mobility and fluidity for the mass
of suspended particles. According to wilhelm and Kutuk(bh) fluid-
ization may be divided into two modes of fluidization, namely
particulate and aggregative.

Fluidiged Hass. A fluidized nans(lh) of solld particles is
one which exhibits the mobility and hydrostatic pressure char-
acteristics of a fluid. Inveatigutors(17) studying the various
phases and states of a fluidized mass of solid particles have
drawn analogies between the states of a fluidized mass and the
three physical states of matter.

Fluidised ted. 4 fluidiged bcd(lu) is a mass of solid
particles which exhibit the liquid-like charasteristics of
mcbility, hydrostatic pressure, and an observable upper free
surfece or boundary zone across which a marked change in the
eoncentration of the particles occurs. A fluidized bed is

13,60
characterized by the presence of two distinet phasoo( 3 ),



(1) a continuous phase, and (2) a discontinuous phase. The
continuous phase is characterized by tie uniform distribution of
the solid particles in the supporting gas stresm, while the dis-
continuous phase ie represented by the formation of bubbles, slugs,
or pockets of gas moving upward through the bed of solids. Thomas
and Hoekstra(sg) in similar investigations state that & fluldized
bed may be produced merely by the passsge of gases and vapors
upward through powdered eclice.

Ineipient Fluidization. Incipient fluidization occurs when
the particles of the bed are just suspended in the upward gas
strean of the fluldizing gas(éo).

guiesgent Fluidized Bed. A quiescent fluidized bed is a
dense fluldized bed which exhibits little or no mixing of the

aclid particles of the bed **),

(%)

Dispersed Suspension. A dispersed suspension iz a
mass of solic particles or aggregates suspended in a current of
liquid or gas rising past the particles. This suspension which
differs from a fluidized bed in that an upper level or inter-
face is not formed under conditions of continuous sclids entrain-
ment and uniform superficial velocity.

Channeling. Channelin;(la) is the establisiment of flow
paths in a bed of solid particles through which a diepropor-

tionate quantity of the introduced fluid passes. Channeling



is likely to occur most frequently at low fluld mass veloci-
tioa(zz).

Slugging. Slugging ™) 1e a condition in which pockets
or bubules of the supporting fluid grow to the diameter of the
sontaining vessel and the mass of particles trapped between
adjacent pockets move upward in a pistonlike fashion. ESlugging
is especially common in retaining vessels of small diameter-to-

length ratios(zz).

Principles of Fluidization

Fluidization occurs when the fluidizing gas or medium sep-
arates and supports the particles, and provides mcbility and
fluidity for the mass of suspended particlos(b7). It has been
observed, however, that the passage of a gas through a bed of
solids produces certain physical changes in the bed, these
changes being referred to as stages in fluidization.

Stages in Fluidization. It has been observed(*3) that a

definite relationship exists between the mass velocity of the
fluidizing medium and the pressure drop through the {luidized

bed. Studies have revealed that the pressure drop through a
fluidized bed is related to the varicus stages that occur when

the fluid velocity through the bed is increased and thea decreased.

Miller and Logwinuk(“B) investigated the relationship between



pressure drop and mass velocity on silicon carbide, sand, alum-
inum oxide, and silica gel. Referring to Figure 1, page 9, it
is observed that as the fluid velocity is increased slightly a
eorresponding pressure drop occurs through and over the bed of
solias; the pressure drop increasing linearly witi gas flow
between points 1 and 2. Toint 2 correspcnds to a pressure drop
equal to the weight of the solids divided by the eross-tecticnal
area of tre column. From point 2 to point 3 the bed begins to
expand, until at point 3 the bed has exparncded sufficiently to
establich fluicization. From point 3 to point 4 a small increase
in the mass velocity results in a decrease in the pressure drop
for the system. A further increase in the mass velocity of the
fluid causes an increase in the pressure drop through the bed
until point 5 is reached, corresponding to the pressure drop at
whieh fluicization begins. khen the mass velocity is increased
further, past point 3, the bed becomes more vigerously fluidized.
it has been shown that the preszurs crop-velocity relationship
would follow curve 5-6 or 5-8 for small particles. As the mass
velocity is gradually decreased the pressure drop-velocity curve
follows points 5-2A=1A. The curve 1-2 cannot be reproduced; the
displacement, d, depending on the initial packing of the bed.
The mass velocity requirec for fluidization to begin is shown

at the interasoction of O of the lines extending from curves
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5-6 and lA-24. The msss velocity required for fluidization to
begin, or the critical mass velocity, is important, for below this
velocity no fluidization of the solid particles of the bed will
oceur.

Behavior of ed of Solids. Inasmch as the eritical mass

velocity is the boundary condition for the oeccurrence of fluidiza-~
tion in beds of solid particles, it 1s necessary to investigate the
behavior of the bed at mass velocities less than, equal to, and
greater than the critical mass velocity.
Mass Velocity Less than Critical Mass Velocity.

Leval25) gtatec that if the fluidising medium is admitted

to the bed of solide at a very low rate a small pressure

drop will oceur, increasing linearly with increasing mass

veloeity until the eritical mass velocity of the fluidizing

medium is obtained. In a similar investigation, Fesnick and

Hhito(SA) found that with low air velocities ihers is no

observable motion of the bed. Wilhelm and Kwuuk(éz)

report
that increasing the velocity of the fluidising mediun leads
to a continually expanding bed, until, at the ultimate
1imit, particles are so widely separated that they behave
individually rather than as a part of the bed, or in short,
they are fluidized. All of these investigations indicate

that at gas velocitlies less than the critical mass velocity



the gas merely percolates upward through the bed without
agitating the individual particles of the bed and the
pressure drop through the bed is less than the equivalent

weight of the solids that ccmpose the bed.

Mass Velocity Iqual tc Critical Hass Velocity. In

(26) reported

investigaticns on round and sharp sands, Leva
that as the fluid mass velocity incressed the bed expanded
until the eritical mass velocity was attained. At thilas
velocity, the bed expanded until the individual particles
became disengaged sufficiently from each other to permit
intermal motlon of the bed. Wilhelm and Kuank(62) state

that at the eritical maes velocity the particles of the bed
are fully supported by the fluidizing medium. In their
investigation it was obeerved that an inorease in the mass
velccity led to a continually expanding bed, until the
particles were so widely separated that they behaved individ-
ually rather than as a unified bed.

Kass Velocity Greater than Critical Hass Velocity. At

very high velocity rates(26), large bubbles usually force their
way upward through beds of solic particles. iller and
Logwinuk(“B) state that during velocity inerease, bubtbles

of gas coalesced at times and bubbled through the fluidized

material, snalogous to a gas bubble passing through a liquid.



At etill greater gas flow, these bubbles extended from one
wall of the column to the other. As the veloeity became more
violent(zb’hA’S“) the slugs or streams of powdered material

were lifted from the bed. Leva(zé)

reported that for a slug-
ging bed the pressure drop through the bed fluctuated between
wide limits, but in normally fluidized beds the pressure

dror remained essentially ccnstant.

Characteristies of Fluidized Beds

In the following paragraphes will be found a resume of some
of the more important characteristics of fluidized beds. Included
in the review will be the inaivicual effect of each of the vari-
ables on the character of a fluidized bed and the mathematical
relationship between the variables and the fluidised state.

Bed Expansion. Lava(33) has indicated that a eertain amount
of expansion of the bed of solids i3 necessary before fluidization
can exist. The maximum expansicn of a bed of solids without slug-
ging occurs at approximately the critical mass velocity. Ergun,
Sabri, anc Orning(lz) state that a definite relationship exists
between bed expansion and fraction voids under conditions of bed
expansion at high fluid mass velocity. Aecording to Lova(al’“l),

to expand a bed of solids requires a certain amount of energy which
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16 less than that required to expand and fluidige the bed. Also,
in expanded beds the particles do not change position with respest
to each other but do require additional energy to maintain the
internal motion of the particles in the bed. At the same time,

it has bemn ahoun(Bo) that mere expansion was insufficient in many
cases to permit fluidization of the solids of the bed. However,
tests have indicated that the expansion of a bed depends entirely
on the original static bed density.

Solids Entrainment. Entraimment cf the golid particles of a
bed of solids at high fluid mass velocities has been studied by
seversl investigators. Sitti((56) confirms the fast that high
fluld mass velocities are required for appreciable solid entrain-
ment in that there is very little solid entrainment initially in
fluidizing a bed of solid particles. According to Parent, Yagol,
ard Stoinor(ha), the entrainment of solids increases with increas-
ing air flow rate and when the air velocity becomes very high the
boundary layer disappears and heavy entrainment becomes apparent.

Bed Height. Very little information is available relative to
the effeot of the bed height on the other variables encountered in
fluidized systems. Miller and Logwinuk(“h), Korse and Ballou(LS),
and Wilhelm and Kutnk(63) all state that the height of the solids
in the bed does not have any appreciable effect on such variables

as mass velocity, heat transfer, and pressure drop. Resnick and



(55)

White agree that the height of the bed has little or no effect

upon the heat transfer through the solids. According to Lon(Bz)
and Parent, Yagol, and Stoinor(l‘q), the only major effect of bed
height is in relation to slugging through the bed, the greater the
height of the bed of solids, the greater the chance of slugging.

Slugging. Slugging in flulcized bed cccurs in tall, small
diameter bods(ZZ). Lova(‘%) reporte that in small diameter beds,
functioning at high gas rates, bubbles of the gas coslesce and
form a gas slug which usually extends over the entire eross-
section of the retaining vessel. Under these conditions, it has
been observed that the pressure manometers in the system fluc-
tuate over wide limits. In further 1mcatigutiom(29) s Leva
also reports that for most investigations the operation of a
fluicized system under slugging conditions ies not practical.
Yet, in the case of heat transfer, it was observed that the heat
transfer coefficients obtained under conditions of slugging cid
not vary appreciably from those obtained under conditions of smooth
fluidization.

Channeling. Leva(zb) states that channeling can be shown to
depend mainly on four factors: (1) moisture in the bed,
(2) diameter of bed, (3) rate of gas flow, and (L) diameter
of particles in bed. Tests have shown that ehanneling is

restricted tc low mass velocity flow in which case the gas



ebbs upward through the spsces around and between the particles

(59) found that with initial slow

of the bed. Thomas and fHoekstra
increase in the mass velocity of the fluidizing medium small
channels appear in the bed of solids, accompanied by a slight bed
expansion., At high mass velocities the agitation of the bed is
more intense than at low velocities and as a result the agitation
destroys the channels as soon as they are formed in the bcd(27).
Although the reason for increased channeling through fine par-
ticles iz not clearly understoocd, investigations have shown that
sn increase in channeling with decrsase in particle diameter does
take place.

Pressure Drop. The pressure drop through a packed bed is

caused chiefly by the expansion and contraction of the fluids
passing into and through the volds of the bod(38). Belden and
Kn.lcl(z) report that the pressure drop through a bed of solids
is dus to two factors, namely, a static and a friction factor
which account for the entire pressure drop through the bed.

(5,20,21,34,57) have

These tu@ investizations and many others
related and correlated pressure drop with many other variables
such as surface roughness, particle diameter, fraction voids,
and fluid mass velocity. Lava(36) has led the investigations
on the effect of the many variables on pressure drop. He has

reported that the total pressure drop through a bed is a result
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of the pressure drop through the packing plus the pressure drop
caused by the presence of the retaining wall of the vessel. In
an interesting investigation, Parent, Yagol, and Stein.r(“s)
reported that the pressure drop through fixed-bed systems 1is
equivalent to the suspension head opposing the flow regardless
of the nature of the gas or solids or the flow rate, provided
smooth fluidization is obtained. Studies on tube cismeter and
(15) reporting

that for a constant vessel diameter and free-fraction void con-

fraction volds has resulted in Fujita and Uchida

tent, a decreass in the diameter of the vessel tends to increase
the pressure drop across the length of the vessel. Toomey and
Johnstone, in their studies on the gaseous fluidization of solid
partielel(6°), found that a considerable amcunt of energy is
dissipated as a result of the collisions of the particles of
the bed in their fluidized astate and that this energy is
recorded as pressure drop through and aercss the system.

Chilton, Thomas, and colburn(6), and Valle(bl)

» investigated

the influence of particle size on the pressure drop through a
fluidized bed of varied solids. Valle restricted his investigs-
tion to the relstionship between the total surface area of the
particles composing the bed and the pressure drop, correlating
the data but not developing any empirical equation. Leva(BS)

was one of the first to investigate the effect of fluid mass



velocity on the pressure drop through a bed of solid particles.
He reported that the pressure drop could be expressed in terms
of two dimensionless equations, one for laminar flow anc one
for turbulent flow of the fluicizing medium through the bed of
solids. Leva also reported that there are two primary reasons
for the cccurrence of pressure drop through fluidized beds,
namely (1) the contraction csused by the shape of the voids
into and through which the gas must paes, and (2) the friction
betwean the zas stream and the particles of the bed. The shape
and the roughness of the particles of the bed have been
studied(39). In these studies it has been shown, that other
things remaining constant, the pressure drop through very rough
particles, such as aloxite granules, is more than twice that
obtained through smooth particles such as porcelain or glass.
¥any attempts have been made to correlate the pressure drop
through fluidized beds with one or more other variables of
these gystems such as mass velocity, fraction voids, particle
diameter, particle density, and many others. Two of the more
important of these attempts are presented in the following

raview,
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Lova(37) has shown that the pressure drop through a fluldiged
bed is dependent upcn the mass velocity, fluld viscosity, par-
tiele density, fraction voids, and the particle shape factor for

smooth particles. The mathematical correlatlion for thesc vari-

ables is
. 1.l 3
bp ges
where:

= fluid mass velocity through bed, lb/hr-sq ft

G
A = viscosity of the fluidizing medium, lb/ft-sec
N\ = particle shape factor, dimensionless
6

= fraction voids of particles composing bed,
dimensionless

Dp = particle diameter of bed particles, ft
g = acceleration cue tc gravity, ft/sec/see
¢ = density of particles of bed, lb/cu £t

Lp = pressure drop through bed of solids, lb/sg ft.



Chilton, Thomas, and Colburn(6’7) investigated the influence
of fluid viscosity, wall effect, length of packed tube, and other
variables on the pressure drop through a bed of fluldized solids.
In their investigation tha flow of the fluidizing medium through
the bad was considered as the flow through parsllel conduits of
irregular cross-secticn. The correlation for the pressure drop

cbtained is

2,27 ap 2010 L g0

1,15
)

P (2)

Ap = wall eZfect factor, diuensionless
Z = viscosity of fluidizing medium, 1b/ft-see
L = length of packed tube, fi

G. = mass velocity based on cross-sectional area
of empty tube, 1b/sq fi-sec

e = average density of fluidising medium, lb/cu ft
D, = average particle diameter, ft

6P = pressure drop through bed of solids, 1b/sq ft.



Characteristics of Fluidized Solids

In the following paragraphs some of the more important
characteristics of fluidized solids are reviewed. Included in
the review are the individual effacts of each of the variables
on the character of a fluldized system.

Iype of Solids. In the many studies of fluidized systems
there have been a countless number of different solids employed.
Some of tne materials are products such as ssend, wheat, clover
seed, and lead shot which have been transported by the use of
fluicized eystcnl(“). In other investigations the type of solid
employed has had some physical property such as roughness, shapse,
dismeter, or density which was to be studied in relationship to
other variables encountered in mathematical eorrelations.

Farticle Dismeter. The dismeter of the particles used in
fluidized beds has a marked influence on many of the other
variables of the system such as pressure drop and mass velocity.
In connection with mass velocity Leva(27) has found that channel-
ing will increase with a decrease in the diameter of the par-
ticles. Parallel invoatigationa(zg) have shown that the diameter
of the particles of the bed has a marked effsct on the heat
tranafer through the bed and also on the fluidization efficiency

(44)

of the fluidized system. Miller and Logwinuk in their
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investigation calculated the particle diameter by the gecmetric
opening of two sieves and expressed the mean particle diameter

for a mixture of particles as

y =Y
y = 1

wheres
Dp = particle diameter, ft

X = weight fraction of clusely screened material,
dimensionleas

d = geometric mean diameter of fraction, ft

Yy = number of fractions, dimensionless.

Density of Farticles. Very little experimentation has been
performed in an effort to correlate density of material used in
a fluidized system directly to pressure drop or other variables

(58), an increase in the

of the system. According to Sittig
bulk density of the material in the bed will result in a greater
pressure drop over the bed as shown in studies on socony bead
catalyst. cha(zg) has studied the relationship between par-
ticle density and has reported that for all practical purposes
the heat transfer through a bed of particles is not significantly

influenced by the density of the particles of the bed.



Characteristics of Fluidizing Medium

Some of the eharacteristics of the fluidizing medium, such
as viscosity, density, and mass velocity, and their effect on
the character of a fluidized system is presented in the following
paragraphs:

Fluidising Medium. Both gaseous and liquid fluidizing media
have been employed in systems of fluidized solids. In many cases
the conditions of operation dictate the type and manner of
fluidization. The use of a gas medium to fluidise a bed of
solids is by far the most widely used, the fluidised cracking
of petroleum hydrocarbons being perhaps the most extensive
application.

Fluid Viscosity. According to Kiddoo(zz), the viscosity
of the fluidising medium is relatively unimportant in its effect
upon the other variables of the systen. Lovn(l‘z) disagrees and
states that for a wide range of operating conditions the kine-
matic viscosity of the fluidizing medium largely determines the
fluidigation efficiency.

Fluid Mass Velocity. Kiddoo(ZB) has found that the fluid
mass velocity is the most important variable to be encountered
in fluidized systems with the exception of the particle size of
the solids composing the bed. In his studies on heat transfer

Kiddoo states that the effect of fluid mass velocity on the



heat transfer through beds cf sand and other materials is
uncortdn(23 ). However, for most commercial applications the
fluid mass velocity is normally limited to the range of from
0.5 to 2.0 feet per second. Parent, Yagol, and Steiner(so)
reported that under proper operational conditicns it is possible
to have boiling or aeration of the bed of solids at rates which
arcvlua than that required to sweer even the finest particles
out of the bed. Furthermore, the actual fluidization of the
particles of the bed starts in the upper region of the retaining
vessel and moves downwarc through the bed with ineremental
increases in the mass velocity of the fluidizing medium. JSev-

eral attempts have been made to correlate the mass velocity



with the other variables of the system with the following
empirical equation being one of the better ones:
2. 3P -Plps
0.005 0,25, (s ~07C

G = (‘0)
N2(1 - Spp) U

where:

D, = aversge particle diameter, ft
= minimum fluid voidages, dimensionless
= density of the solid particles, lb/cu ft
density of the fluidizing medium, lb/eu ft
= gravitational constant, ft/sec/sec
= ghape factor of particles, dimensionless

= viscosity of fluidizing medium, lb/ft-sec

&)
O x > & "O:og
]

= fluid mass velocity, 1lb/ft-sec.

Fluid Density. Parent, Ygsol, and Stetner{}) and
Kiddoo(23) report that in moet cases the effect of the fluid
density on pressure drop and other variables of the system 1is
negligible. The reason for this condition is that in most cases
the deneity of the solid particles composing the bed is far
greater than the density of even the heavy gases that may be
used for fluildization. In the case of fluidization with liquids

the effect of fluid density will, of course, be more pronounced.



Characteristics of hetaining Vessel

The characteristics of vessel length, distribution plate,

and tube diameter of the retaining vessel are presented in this

section.
Vessel Length. Hiller and Logwinuk' ¥ report that the

height of the bed of solids has no appreciable effect upon the
mass velocity of the fluiaizing medium. In their investigation
it was found that an increase of three hundred per cent in the
weight or height of the bed caused no pronounced change in the

(28,55) have shown

critical mase velocity. Other investigations
that the height of the bed of solides has little or no effect
upon the rate of heat transfer through the bed. Wilhelm and
Kwauk(93) have reported that the height of the bed of solids has
very little effect except on the pressure drop through the bed.
In their investigation it was determined that the pressure drop
through the bed of solids is directly proportiocnal to the pres-
sure drop per unit initial height of the bed.

Distribution Plate. Very little work has been performed
as to the effect of the shape of the distribution plate on
the fluidimzetion of the solids of the bed. Invcatiga&ion(a)
has shown that a change in the shape of the distribution plate

from concave upward to concave downward, has resulted in the



«2b=

solids of ths bed¢ moving upwarc at the wall and downward at the
center of the column as ccmpared with the conventiocnal manner of
particle circulation.

Vessel Dismeter. It has been repcrted(BZ) that the diameter

of the vessel has a marked influence upon the advent of slugging
with increased fluid mass velocity through the bed of solids. The
smaller the diameter, the greater is the tendency for the solids
to "slug®. In other invoetigatiana(hs’so) it was cbserved that if
the dismeter of the vessel were small the solids would cause a
head loss as a result of the arag against the sides of the retain-
ing vessel. This influence of the retaining wall on the fluidiza-
tion is known as "wall effect". Farent, Yagol, and steinor(sl)
have observed that the influence of wall effect can be all but
eliminated if the diameter of the vessel iz greater than six
inohes. Still other investigations(2?) nhave incicated that the
diameter of the vessel has little or no effect upon the heat
transfer through the bed since the advent of nearly perfect

mixing causes uniform temperature distribution throughout the

bed.



Application of uimensional Analysis to Fluidization Studies

In recent years the application of the principles of dimen-
sional analyeis to the study of fluldization has been very suc-
cessful. Through the use of dimensicnal analysis the many dimen-
sional equations developed have proved extremely important in the
study and correlation of many of the related variables of fluid-
ized systems. Dimensional snalyeis is a means of obtaining par-
tial informstion about relations between variables which must
hold true for definite physical systems. 'ine primary advantage
of the use of dimensional analysis lies in the faet that it may
be applied to a phyesical system when only a partial knowledge of
the reiationship of the variables of the system 1s available. The
informatict. obtained through the use of aimensicnal analysis can
then be used to great advantage in limiting the experimental
measurements necessary to detemine complete information ag to
the relationship of the variables of the physical system. In
general, dimensional analysis is applicable to physical systems
only when an understanding of the system is sufficiently complete
to explain its behavior.

Funuemental Units. The employment of the principles of
dimensional analysis has resulted in the standardisation of the

fundamental units used throughout fluidization stuuies. Funda~

mental units are those units which are derived independently
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of all other units(hb).

The fundamental units of length, mass,
time, anc temperature are (1) ttre nmeter, (2) the granm,

(3) the mean solar second, anc (4) the degree centigrade,
respectively. These fundamental units vary from the metric to
the znglish systems, but are derived independently of all other
units in both systems. In many applications the proper choice
of funcamental units and the substitution of the correct con-
sistent dimensions for these uniis are extremely important if
the desired results are to be obtained.

Derived Unite. The derived units in dimensional analysis
are those units which are exprsssec in terms of the funcamental
units(hé). in all cases the derived units of any guantity are
dependent uprcn the fundamcntal unite of mass, length, time, or
tezperature. The dimensions of the uerived unite are defined
as the powers to which the funuamental unite vary in proporticn
to the derived units.

Correlation of variables. As stated before, the application
of dimensional analysis has permitted the eorrelation of many of
the variables encountered in fluiuization studies. In order to
obtain the exponents and the dimensional consetant for the deter-
mineu dimensionless equation it 1s necessary to evaluate experi-
mentally the magnitude of the various dimensionless groups in

the equation. Once the magnitude and the variation of the



individual groups of tt.e equaticn are evaluated, the numerical
value of the exponents of the groups anc the dimensicnal con-
stant may be determinea. A graphiczl determination of the egua-
tion unknowns is poseible if thie character of the inaividual
dimensionless groups permits the variation of one group at s
time while holding the remaining groups constant. In this men-
ner the slope of the line cbtained is a measure of the exponent,
and the numerical value of ilie intercept of the line with the
ordinate at zero value ior ths group veing varied is a weasure
of the uimensional constant. ‘his is accumplishsu when the
logarithm of the group being varied is plotted ageinst the
logarithm of the remainin: groups on rectangular eoordinates.

In many cases it is not possible to determine a numerical value
of gzerc for the logaritim of the group being varied, in wiich
case the line must be extrapolateu in order to obtalin an inter-
acciion with the crdinate. As stateu above, the graphical solu-
tion of the unknowns in the cimensionles: equation requiree tnut
oﬁch group of the equation be varied independently of tne other
groups of the equation. Wwhere this is not possible an alternste
means of correlation of the variables is necessary. The use of
statistical regression for this purpcse is such an aiternate

means,



Application of ttatistical snalysie tc Pluidisation ctudies

In recent vears the use of statistical analysis for the deter-
mination of the significant variables of a system as well as the
correlation of the variables has beccme prominent. In the follow-
ing pages will be founc a discussion cf the applieation of the
principles of analysis of variance and regression as aprrlied to
experimental systems.

Analysis of Variance. An analysis of variance is a means of

testing the eignificance or importance ¢f the variatles cf a
ayatem(lo). In many investizationes the deterwinatlon cof the
important variable or variables can be a time-consuming operation.
Prior to the application'of the principles of analysis of vari-
ance the ceterzination of the independence ¢f one variable of the
systex upon the other may have required a large number of experi-
mental determinations whoreby one variable wae tested against

the remainincs variables by holding the remaining variables con-
stant. In many czsee it is nct possible tc hold the important
variable of a system constant. This makes the applicaticn of a
statistical procedure, which takec into account the variation of
the variables, extrenecly valuable. J,lso, there iz the possibility
that holding & variable conctant, at some fixed value sor the

investipaticn, will cause s different reecull than would have been



obtained in the investisation for other values of the variables.
Through the applicaticn of the principles of analysis of vari-
ance these difficulties can be overcome and an accurate evalua-
tion of the depencence of each variable upon the systen determined.

Hypothesis anc Aseumptions. The hypotheses for the

pany {orms emploved in tests of analysis of variance are
dependent upori the particular form of analysis usec, while
the ascumptions employed are general ana valid for any of
the forms employed. Therefore, the test of the signifi-
cance in an analysis of variance is valid only if the
observations are fron a normal cistribution and the vari-
ance of each group of data is the same. This implies that
the observations, when plotted, will take on the form of a
symmetrical bell-shaped curve which extends infinitely far
in both a positive and a negative direction. Also, there
should be a homogeneous spread of the observations in each
group from the average of the group. In an analysis cf
variance tiie hypcthesis is statea that there is nc effect
in the variation of the experimental observations as a
result of the variables of the syster:. The procedure
enployed is merely tc test the variables of the system
both independently and tcgether to determine whether any

of the variables are significant or important in causing
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the variation of the experimental data. Wwhen the test of
significance shows that the variable or variables of the
system are significant the hypothesis can be rejected for
that varisble.

Variables of Classification. The form of the enalysis

of variance is dependent upon the number of variables that
exist in the experimental system. Many different formn(lo)
are avalilable for the anzslysis of variance of from one to
five sepsrate and independent variables with the following
forms being the more importent: (1) randomized-block,

(2) factorial analysis, (3) split plot, (4) 4incomplete
block, and (5) latin square. Each of the above forms of
analysis must be handled according to detailed procedures
which apply only to that form. At the same time, there are
certain considerations which must be taken into account
regardless of the experimental analysis form under con-
sideration. In all forms of an analysis of variance an
attempt is made to study the several variables in the most
efficient manner. In each form the sum of squares for the
individual variables, the sum of squares for t:e interaction
or the residual, and the sum of squares for the total is
computed. The mean sum of squeres, which serves as the

estinnte of the veriance for the varieble or for the
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interacticn, is slways computed by dividing the sur of
squares by the degree of freedor for the particular guan-
tity. <he total degree of freedow ls one less than the
nurber of experimental observations, while the degree of
freedom for the quantity under consideration is one less
than the number of separate variables involved in the
quantity.

significance. The objective of the analysis of vari-
ance is to determine which, if any, of the independent
variables of the experimental system are significant or
important in causing tre variaticn in the experimental data
as a resuit of the variation of zll of the variables taken
together. The variation of the observations in the experi-
mental data is caused not only by variance in the popula-
tion and the variatior. as a result of experimental error,
but alsc us a result of changes in the variables cf the
gystem. The statietic employec in the test for signifi- |
cance is the F statistic. This statistic ie the ratlo of
the mean sum of squaresz of the quantity under considera~
tion tc the mean sux of squares for interaction. In tlhe
teet for significance a level of significance must be
selected to be used in connection with the F test. The

level of significance determines the chance that will be



permitted for a variable of the system testing signifi-
cant when it is reslly not significant. The value of F
for <ach of the variables of the system is determined and
co.pared with the value of F for the proper number of
degrees of frcedom at the chosen level of significance.

If the experimental value of F exceeds the value from com-
puted tables, the variation of the experimental observe-
tions is caused more by that particular variable than would
be expected by chance at the level of significance. Under
these conditicns it is possible to have any number of vari-
ables significant, as well as significant interaction. The
fact that the interaction is significant means that two or
more variables are causing effects on the experimental
observations when taken together that they would not pro-
duce when taken sepsrately. In connection with the sig-
nificance of the variables of & system it should be pointed
out that if two variables of a system are significant, the
F value of one being twice that of the other, there is no
assurance that the first variable is causing twice the varia-
tion in the experimental observations than is the second.
It should be also pointed out that if there are several
variables involved in an experimental system and only one

of those variables is significant, it does not mean that



only that significant variable is causing iLhe variation in
the observed velues, but, instead, that all of the variables
may be caucing variation in the experimental cbservaticns to
which the significant variable is producing the wajor varia-
tion.

(11)

legressicn and (orrelation. Luncan states that in most

cases a cependent variabie can ue estimated with greater precision
if the estimate of the variable is based upon several indspendent
variables rather than only one. [Ii.is situation is the Lype that
exists in many Investijations, particularly in fluldization
sludies where as many as seven or eigit independent variables

méy be gonsidered in relaticn to the dependeat variable. Thers
has been considersble controversy in recent years as Lo the best,
and simpiest, definiticn of the teru 'regression". according to
Duncan(ll), “regression’, in statistics, means simply tle average
relationship between variavies. Therefore, the regression of

X3 on X, would mean the relutionship between the average of the
values of X; for a given value of i,« In & similar manner tl.e
regression of i, on X; means the average of the values of i)

for a given value of Xj. kis statea sbove, in many investiga-
tions the relationship between the variables of the system is
determined by controllea expcriments. liowever, in many

instances it is not physically possible to control the mode



of experimentation and in these cases the relationships between
the variables of the systex. must be determined by analyeing the
data as it is obtained. The means of achieving the relationships
is then by employment of the principles of modern regression and
correlation analysis.

Variables of Classification. Hegression between the
varisbles of a system can apply to as few as two independent
variables. In the case of two-variable regression the time
and difficulty of computation is considerably less than that
required in multiple regression. When the number of inde-
pendent variables of the experimental system exceed two,
special means must be employed in order to determine the
numerical value of the unknown quantites.

Normal Equations. The determination of the unknown
quantities for multiple regression involves the solving of
a set of simultaneous equations eqgual tc one more equa-
tion than the number of independent variables of the
systes. Since the solving of the simultanecus equations
would become extremely difficult if the number of inde-
pendent variables exceeded two or three, a simplified
camputational procedure known as the abbreviated Uoolittle
nethod(n') has been devised for the solution of the simul-

tanecus equations. In order to solve the equations for



the unknown quantities it is first necessary to evaluate
the matrix for the experimental data., The matrix consists
of a square block of mumbers, each number representing
either a sum of squares or a sum of products for the
experimental observations for each variable teken inde-
pendently and as a product of the other wvariubles. The
matrix, therefore, represents the sum of squares and the
sum of products for every possible combination of the
experimental observations for each of the independent
and dependent variables of the system. The normal equa-
tions consist simply of the rows and colurms of the
matrix in their proper order with the corresponding
symbol for the unknown substituted into the proper
column of the matrix.

Determination of Unknown Cuantities, The actual
solution of the simltansous equations or the normal
equations is eccomplished by means of the abbreviated
Doolittle mothod(ll). This procedure for the solution
of simultaneous equations has two modes of solution, the
forward and the backward solutions. The forward solu~
tion involves interrelations between the terms of the
matrix of the normal equations, while the backward

solution involves interrselations between the inverase



of the matrix of the normel equations. In both solutions
strict methods of computational procedure must be adhered
to in order to obtain the desired numerical walues for the
unknowns of the normal equations. The principal advantage
of these methods of solution of simultaneous equations
lies, not only in the fect that it is considerably less
time consuming, but also that it provides methods for
checking both the mathemstics and the statistics involved
85 the solution of the normal equaticns progresses, At
the completion of the computational procedure the numerical
values of the unknowns in the normal equations are come
puted from the statistical relations existing between the
intermediate terms computed during the sclution of the
normal equations by the Doolittle procedure,

Tests of Significance. Testa of significance in
multiple regression arc provided just as they were in
analysis of variance of independent variables. The
test of significance in multiple regression involves
the standard F test whereby the experimental F value
is compared with the F value from computed tables at
the chosen level of significance. The experimental F
value is obtained by dividing the mean sum of squares

for regression, where the degree of freedom is equal to
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the number of independent variables x, by the mean sum
of squares for residual, where the degree of freedom is
equal to the total numbor of observations n for the
system minus x + 1. If the experimental value of F
exceeds the value from the tables at the chosen level
of significance it indicates that the regression due
to all of the variables of the system was significant.
Should the experimental F value not be significant, it
indicates that one or mors of the independent varisbles
of the system are insignificant and ean be eliminated
from the normal equstions. This means that one variable
of the equations must be eliminated, the unknowns re-
evaluated, and the significance of the regression re-
determined. In many procedures, the significance of
the regression is tested prior to the determination of
the numerical valuez of the unknowns in the normal equa-
tions, whereby the computation of the unimowns is not
repeated every time the regression should prove tc be
insignificant. If an idea of the relative importance
of the independent variables is known prior to the use
of the regression computations, the normal equations
can be set up with the supposed least significant vari-
able in the last colum so that it can be dropped from



further computations with the least amount of difficulty
should the regressicn prove to be insignificant for all

of the varisbles.



1iT.  Erornbeoidiik

The experimental gection in the investigation of the
applicaticn of dimensional and statistical analysis to fluid-
ization studies includes the purvose of the investigation,
the plan of experimentation, the materials anu apparatus used,
the method of procedure, the data and rssults, ana the sample

calculations.

Purpose of Investigation

The purpose of the investigation was to correlate the
pressurs drop across a fluidized bed of ottawa sanu with the
variables of bed nheight, bed diaweter, and particle size by

dimensional anc statistical means,

Elan of investigation

The plan of the investigation consisted of a survey of
the literature, the modification of the fluidization equipment,
orifice calibration, analytical tests, operational tests, and

the analysis of results.,



Literature Heview. A survey of the available literature

pertaining to the pressure drop encountered through a fluidised
bed of solid perticles was made so as to gain a knowledge of
previous worry performed by other investigators. In additien,
particular attention wes devoted to the literature relating to
both dimensional and statistical analysis.

Modification of Fluidization kquipment. The apparatus
used in this investigation consisted of copper fluidization
columns which wers used in conjunction with air driers
designed and constructed by Brockon(s). The fluidization
columns were designed and constructed to permit the deter-
mination of the pressure drop encountered throughout the bed
of solids at six-inch increments of bed helght,

urifice Calibration. A check was made on the calibration
curve for the 3/lé-inch orifice plate in the air manometer of
the fluidisation column as originally calibrated by
Dickcraon(9). The insufficient capacity of available
commercial wet test meters did not permit the calibration
of the entire range of the manometer differentials used in
this investigation. Therefore, it was necessary to extrap-

(%)

clate the curve of Dickerson to cover operational ranges.,



Analyticel Tests. Analytical tests were performed with
the assistance of Luttrell(69) to determine the absolute
density and mean particle diameter of the ottaws sand, the
fraction voids of the three ranges of sand, and the humidity
of the fluidiging air used in the pressure drbp determinations,

Operaticnal Tests. Experimental tests were made using
three ranges of ottawa sand, two column diameters, and seven
bed heights increasing by six-inch increments. The tests
determined the static pressure drop at each combination of
the above variables. In addlition, tests were conducted to
determine the bed expansion at each bed height using the
three ranges of ottawa sand &nd the two column diameters,

Anelysis of Results. The data obtalned from the opera-

tional tests were used to evaluate the significant variables
of the fluldization system and to deternmine the numericel

value of the unknown constants in the dimensionless equation.



Materials

The following materiales were used in the investigstion.

aAir. Compressed air, humidity G.006 pound of water per
pound of dry &ir. Suppliec¢ by Nash hytor compressor, Depart-
ment of Chemical Engineering, Virginia Polytechnic Institute,
Blacksburg, Va. Used as fluidizinp medium in performance of
fluidization tests.

Carbon Tetrachloride. Technical grade. Obtained from
Pisher Scientific Co., Silver Spring, Md. Used as manometer
fluid for pressure drop menometers of fluldigation system.

Drierite. Six-mesh (U.S. Standard); bulk density, 54
to 60 pounds per cubic foot; anhydrous calcium sulfate coated
with C.F. cobalt chloride. Obtained from W. A, Hammond
Drierite Co,, ienia, Chio. Used as drying agent for removing
moisture from fluidizing medium.

Dye. 1,4~Bis (amylamino) anthraquinone, Re2135=60=F .
(btained from American Cyanamid Co., Bound Brook, N. J.

Used to color carben tetrachloride manometer fluid.

Mercury. Obtained from Fisher Scientific Co., Silver

Spring, Md. Used as manometer fluid for reference pressure

manometer and air manometer in the fluidisation system.



QOttawa Sand. Standard testing sand; 20 to 30~ and
30 to 50-mesh U.S, Standard; mean psrticle diemeters of
0.0266 and 0.0180 inch, respectively; absclute density,
166.6 pounds per cubic foot. C(btained from Ottawa Sand
Co., Uttawa, 111. Used as fluidized sclid,

Ottawa Sand. Standard testing sand; 50 to 70-mesh
Uese Standard: mean perticle diameter G,01l03 inch; absolute
density, 166.6 pounds per cubic foot. C(btained from
American Graded Sands Co., Chicagoe 13, 111, Used as
fluidized solld.

Permatex. Obtained from Permated Co., Inc., Brooklyn 35,
Ne Yo Used to form gasket around air drier windows.

water, Distilled. Cbtained from laboratory still in the

Department of Chemical rngineering, Virginia Polytechnic
Institute, Blacksburg, Va. Used in absolute density deter-

minations of ottawa sand.



Apparatus

The following apparatus and squirment were used in the
course of the investigation.

Balance, An ical. Chain-o-matic, 250 gram capacity,
sensitivity 1/20 milligram. MNanufactured by Seederer-
Kohlbusch, Inc., Jersey City, N. J. Used for welighing sand
for density deterainations.

Balance, Beam. Twenty-kilogram capacity, one-gram
increments. IObt;inod from Fisher Scientific Co., Silver
Spring, ¥d. Used for weighing sand samples and testing
screens.

Fluidization System. A drawing of the fluidization column
and accessory equipment showing the relationship of the major
components of the system is shown in Figure 2, page 47. A
detail drawing of the fluidization column 1s shown in Figure 3,
page 48, with the bLill of materials in Table I, page 49.

Furnace. Llectric, 3.4 kw, 220 v, maximum temperature
1850 °F. Hsnufactured by Cooley ilectric Manufacturing Co.,
Indianapolis, Ind. Used to dry sand samples prior to density

determinaticns.
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GClassware. Miscellaneous laboratory glassware used in
the investigatior. includaed Leakers, flas«s, and plpets. Fanu-
facturnd by Corrdng (lassware Lo., Lorning, N. Y. Used fer
miccellaneous test purposes.

Hot Flate. Autemp heater, 115 v, &c, 450 w. Ubtalned
from Fisher Scientific Co., Silver Spring, Md. Used in ottawa
sand density determinations.

Meter, Gas. Number 4354740, graduasted in cublc feet
and tenths of cubic feet. Manufactured by Precision
Seientific Co., Chicago, Ill. Used to measure air flow
for orifice calibration.

Pans., Steel, four required, 0.1 cubic foot capacity.
(btained from risher Scientific Co., Pittsburgh, Pa, Used
with semple splitter for quartering samples for screen
analysis.

Sieves. Tyler standard scresn scale. Seven required;
16-, 2=, 30-, &O-, 50-, 70-, and 100-mesh. Obtained from
we Se Tyler Co., Cleveland, Chio. Used for screen analysis
of ottawa sand.

Riddle, Combs Gyratory. Ubtained from (reet western

sanufacturing Co., Leavenworth, ken. Used for shaking test

sieves in ottawa sand screen analysis.



51

Speeific Gravity dottle. iicgerth, A.5.,T.He; 100-nl,

pyrex glesa, CUbtained from Fisher tcientific Co., Silver
spring, Md. Used for dsterrining absolute density of ottawa
sand.

Trermometers. iercury in glass, range O to 300 °F, two

degree Fahrenheit increments. Obt:ined from Plsher Seientific
Co., Silver Spring, lid. Used for determining absolute density
of ottawa sand.

Timer. Klectric, 115 v, 60 cy, readings in minutes and
hundreiths of a minute. Cbtained from Fisher Scientific Co.,
Silver 3pring, Md. Used to time shaking of test screens.

Vacuum (leaner. OSeries 36686, 110 v, 60 cy. O(btained

from Westinghouse hlectrical Corp., hansfield Works, lansfleld,

Chio. Used to withdraw ottawa sand from fluidization colusms.



cebnoe of rrugeduse
ARV

The method of procedure followed in this Investigallon 1is
presentea under the following headings: (1) modification of
fluidization equipment, (2) orifice calibration, (3) analyt-
ical tests, and (4) pressure drop determinations,

Hodification of Fluidization kculpment, The fluidization

equipment shown in Figure 2, page 47, required several modifice~
tions before the rressure drop deterrineticns could be mede,

"~ Fluidigation Columns. This investigation recuired

that the static pressure drop be deternined et six-inch
increments elong the vertical avis of the fluidizstion
colurns, Efforts were made tc obtain two- and four-inch
gless pyrex columns with the appropriate mancmeier leads
located at six~inch increments along the vertical axis

of the columns. However, the ccst of such columnns was
piohibitive and it was decided to construct coluns of
copper tubing instead. In the constructiocn of the copper
fluidization columms, Figure 3, nagze 48, two- and four-
inch copper tubing was cutbto a length of exactly four
feet. ‘Two places of 1/Lh-inch flat iron were obtrined &nd
cut to form u flangs at the bottom of the L-inch column

and a support at the top of the column. The bottom flange



wrs formed by cutting a hole iv the conter of the flat
iren plete, slipring it cver the cutside edpe of the
i~inch diwsster copper tubing, aAncd welding in ~lace. A
similar procedure wis employed for the 2-inch coluvrm
using 1/8-inch fiat iron plate. loles were drilled in
the flange sections to correspond to the stationary bolts
on %“he bagse plate of the column support. The flat iron
plate, fourtean inchee scuare, was welded to the top of
the copper tuking. A 5/8-inch hole was drilled in each
corner of the rlat iron rlste to accommodate the 1/2-inch
support rods. 4 A=inch section of 4-inch black iren pipe
was threaded at one end and welded te the top of the
support flange. A 2-inch hole was burned in the center
of the scection and & one-foot length of 2-irch black iron
pipe welded into the hole., This section was connected teo
the c¢yclone separator by mseans of & 2-inch union. The
2-inch fluidization column was prevared in 2 similar
manner. A black iron cap was provided to close the

short sections welded to the top of the columns. Uith
this portion of the construction completed, sevan 1/2
inch holes were drilled along the verticsal axis of the
columns, the holes spaced at six-inch crements. Into

each hole was welded a L-inch length of 1/8-inch black



iron pipe threaded at the free end. These short lengths
of 1/8-inch pipe served as the leads to the pressure drop
manometors. In order to prevent clogging of the manometer
lines with fine particles of ottawa sand 1/2-inch diameter
sections of 200-mesh screen were cut and placed in the 1/8-
inch unions connected to the ends of the manometer leads.

Cyclone. A 6~inch diameter cyclone, constructed from
an 18-inch section of black iron pipe, was used to collect
the entrained solids from the top of the fluidization
columns.

Mounting Board. A A-foot x 3-foot x 3/k-inch section
of plywood was used as a mounting board for the pressure
drop manometers of the fluidigation system. Seven manoa-
eters were mounted to the board, a hole being provided for
the leads to the manometers from the back side of the
board. One-eighth-inch copper tubing was used to connect
the leads from the fluidization columns to the manometers.
At the column end of the copper tubing, 1/8-inch Parker
fittings were provided for the connection to the unions
which served as the filters in the system. At the
manometer end of the copper tubing, 1/8-inch compression-
type fittings were used to connect the 1/8-inch copper

pressure lines to the manometers.



Thermometer Wells. Holes were drilled into the air
calming chamber and the air drying chambers of the fluid-
ization systex to accommodate thermometers.

Analytical Procedure. The analytical procedure for the
investigation consisted of the determination of the ottawa sand
density, the mean particle diameter of the ottawa sand, the
fraction voide of the three ranges of sand, and the humidity
of the fluldising air,

Density Determinations. The absolute density of the
20 to 30-, 30 to 50-, and 50 to 70-mesh ranges of the
ottawa sand were determined by A.5.T.M, standard pro-
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cedure
Particle Diameter by Screen Analysis. In the investi-
gation it was necessary to determine the mean particle
diameter for the three ranges of ottawa sand. Eepresenta-
tive l00-gram samples of each of the three ranges of sand
were used in the screen analysis. Kach screen in a nest
of seven standard testing sieves consisting of the 16—, 20-,
30-, UO-, 50=, 70-, and 10O-mesh screens was tared and
placed in the gyratory riddle, The 100-gram sanple of
the 20 to 30-mesh sand was placed on the lo-mesh screen,
the 1lid placed on the top of the screens, and the gyratory

riddle started. After seven minutes of shaking, the riddle



was turned off and the weight of sand retained on each of
the testing screens was determined. This procedure was
repeated for the 100-gram sample of the 30 to 50~ and the
50 to 70-mesh ranges of the ottawa sand with the numerical
value for the mean particle dismeter of each range calou-
ratedt "),

Particle Diameter by Photographic Analysis. The mean
particle diameter for the three ranges of the ottewa sand
was also determined by the use of photographic analysie.

A LOO=gram sample of each of the three ranges of sand was
obtained and quartered until only a 100-gram sample remain-
ed. A photographic enlargement of the particles in the
final quartered sample was made at an enlargement ratio
of 29.5. From the photographic enlargement and the
measurement reference scale, which was photographed

with the sand sample, it was posaiblo to obtain the mean
particle diameter of the sand. Effort was made to

select particles for measurement from all portions of
the sample and to select approximately the same number
of large and small particles in the dlameter determina~
tion. Once the diameters of the selected particles were

measured, the mean particle diameter for that particular



range of sand was determined by averaging the values for
the individual measurements.

Fraction Voids Determination. In the investigation

it was necessary to determine the fraction voids for the
2 to 30-, 30 to 50-, and 50 to 7U-mesh ranges of the
ottawa sand at the bed expansion corresponding to the
eritical mass velocity. Since the copper fluidigzation
columns did not permit visual observations for the

. measurement of the height of the expanded beds of sand
it was necessary to determine the fraction wvoids of the
three ranges of sand by other means.

For this test 2- and 4~inch diameter pyrex glass
columns were substituted for the copper columns and
observations for bed expansion were made at 6-inch bed
heights at the critical mass velocity. From measure-
ments made in these columns as to bed expansion and
known weights of sand for élch é-inch increment the
fraction voids were determined.

Humidity of Pluidiging Air. The humidity of the
flgidizing air was determined by obtaining the wet and
dry bulb temperature of the air stream from the drying

chambers.



Orifice Calibration. The manometer in the air line
to the air calming cramber of the flulidizing system was
calibrated to determine the velocity of the fluidising
air for corresponding differentials on the mercury
manometer. The calibration was performed by measuring
‘gas flow volumes for five-minute intervals with a wet
test meter as a function of the pressure drop recorded
for the particular flow rate.

Performance of Fressure Lrop Leterminations. The pressure
drop determinations for the investigation were made using the
2~ and 4-inch copper fluidization columns. The 4-inch copper
column wuv installed above the air calming section A by fas-
tening the base flange of the column to the base plate of the
sestion with #ix 2-1/2 x 1/4-inch square-headed steel bolts.
The pressure crop lines were connected to the unions U-2 to
U~8 and the connection to the cyclone separator was made
through U-1 and valve Y=1. The reference manometer was con-
nected to the base of the fluidization column by means of
valve V=9 and union Y-9. With these connections securely
fastened, the car at the top of the column was removed and
sufficient 20 to 30-mesh ottawa sand poured into the column
to £ill it to a height of six inches. Measurements of the

actual bed height were made with a 1/4-inch diameter probe



with a flat disc welced on the bottom to prevent the probe
from penetrating below the surface of the sand layer. Once
the level of the sand was determined to be six inches the
messuring probe was removed from the column and the cap

replaced. Valves V-1, V-8, V-9, ¥-12, V-18, and Y-19 were

opened and the air velocity to the fluidization column was
increassd by opening V-10 until the sand in the fluidization
eolumn was slugging. Then, valve Y-10 was closed. This pro-
cedure attempted to compensate for any difference in the pack-
ing of the bed of sand at the different bed heights by starting
each pressure drop determination with the bed of sand under
conditions of loose packing. Valve V-10 was again opened and.
the air velocity to the fluidization column increased until
the maximun differential was obtained on reference manometesr
¥-8. At thie point the differential on the reference manom-
eter and bed height manometer {-1 were recorded as well as
that on the air line manometer }-9. Three separate readings
were taken for the reference, height, and sir line manometers
for the é-incl bed of 20 to 30-mesh sand. With the entering
air velocity set at some intermediate velocity between sero
and the slugging velocity, the cap on the top of the column
was removed and enough of the 20 to 30-mesh sand added to

the column to produce an overall bed height of one foot.



This procedure allowed the "fines' to remain on the top of the
bed of sand as the column was filled, thereby preventing upward
gurges of the bed as the critical mass Qelocity was approached.
The cap was replaced, valve V-8 closed and valve V-7 opened.
Pressure drop determinatione were again made for the one foot
bed height as described for the 6-inch bed height. This pro-
cedure was repeated for bed heights of 1-1/2-, 2-, 2-1/2=, 3-,
and 3-1/2-feet with the differentials being recorded for the
air, reference, and height manometers for three tests at each
height. In all tests the lines to the bed height mancmeters
were closed with the exception of the line corresponding to
the particular height of sand under consideration. At the
conclusion of the third test for each of the bed heighte the
temperature of the fluidizing air was recorded. After the
pressure drop over the various bed heights had been obtained
inoreasing the level of sand in the column, the same procedure
was repeated decreasing the level by increments of six inches.
Three additional values were again recorded for the pressure
drop st each of the seven bed heights. The decreass in sand
level was accamplished by sucking out the 20 to 30-mesh sand
with a vacuum cleaner anc a five-fcot section of l-inch

diameter plastic tubing. After the pressure drops for the
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6-ineh bed height were obtained, the remainder of the 20 to
30-mesh sand was sucked out of the coluwmn. This concluded the
pressure drop determination for the 20 to 3U-mesh sand using
the 4-inch diameter fluidization column. Identical tests
were performed on both the 3C to 50- ana the 50 to 70-mesh
rangee of the ottawa sand with the L-incl diameter column.

At the conclusion of the tests on the L4-inch diameter column,
identical tests were performed on the same three ranges of

sand using the 2-inch diameter fluidization column.
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'ata and Results

The date and resuiis of thie investigation are presented
on the following pages.

Orifice Calibration. The calibration data for the 3/16-
inch orifice plate in the air line to the fluldization column
is presented in Table II, page 63. Air flow rates and manom-
eter readings are plotted in Figure 4L, page 64.

Density of Cttawa Sand. The data for the determination

of the absolute density of tihe ottawa sand is presented in

Table 111, page 65.
Particle Liameter. The data for the determination of the

particle dismeter of the ottawa sand by screen analysis and
by photographic analysis is presented in Tables 1V and V,
pages 66 and 67.

Fraction Voids. The experimental data for the determina~
tion of the fraction voids of the three ranges of ottawa
sand is presented in Table Vi, page 68.

Qperational bata. The operational data for the teats
on the 2~ and 4-inch fluidization columns is presented in
Tables VII and Vill, pages 69 and 70.

Qperational Variables. Values for the alr velocity,
pressure drop, and fraction voids for the three ranges of
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TABLE I1X

Calibration Lata for 3/16-inch Orifice Plate

in Air Line to Fluidization Column

Test Wet-test keter Time, Manometer liass Flow Rate

No Reading, lleading,

cu ft sec in. Hg 1b/hr
1 1.0 63.14 0.25 415
2 2.0 41.9 0.50 6.28%
3 3.0 63.8 1,00 8.25%
A 4O 46.1 2,00 11,40
5 5.0 36.4 3.00 140
6 6.0 L6.9 4.00 16.90
7 7.0 54.8 5,00 19.20
8 8.0 47.6 6.00 22.10

a Indicates values confirmed in this investigation

Dickerson, n. He: Evaluation of the Coefficient of
Heat Transfer at the Heater-wWall Boundary of an
Internally Heated Air-Fluidized Bed of Aerocat
Cracking Catalyst. Unpublished B. Se¢. Thesis,
Library, Va. Poly. Inst., Blacksburg, Va. (1953).
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TABLE IV

Segeen Analyses of Ottaws Sand for Deterwination of Particle Dismeter
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TABLE V

Average Particle Uiameter of Ottawa Sands

from Photographic Analysie

Particle lisze, Particle Dianeter‘,
mesh in.
20 to 30 0.0278
30 to 50 0.0191
50 to 70 0.0108

& Represents average of 20 values

Luttrell, R. S«t The Uetermination of the Kean
Particle Dismeter, Density, and Fraction
Volds of Ottawa Sand. Unpublished B. Sec.
Thesis, Library, Va. Foly. Inst., Blacksburg,
va. (1955).
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TABLE VI

Fraction Voids of Cttawa Sand

Sand Tube Bed Sélida Cross-secticnal Fraction
Size, Diameter Height, Weight, Area of Vessel, Voids®,
nesh in. ft 1o sq It 4
20 to 30 2 0.5 1.1 0.0218 37.1
4 0.5 Le49 0.0872 38.2
30 to 50 2 0.5 1.12 0.0218 38.7
4 0.5 Le31 0.0872 0.7
50 to 70 2 0.5 1,07 0.0218 41.3
I 0.5 416 0.0872 2.7

a Represents average of three tests using 2~ and 4-inch
diameter columns

Luttrell, R. S.3 The Determination of the Hean Particle
Diameter, Lensity, and Fraction Volds of Ottawa Sand.
Unpublished B. Se, Thesis, Library, Va. Poly. Inst.,
Blacksburg, Va. (1955).






TABLE VII

Operational Data for Fluidisation of Ottaws Sand in
Iwo-inch Dismeter Fluidization Colwm

Sand Sisze, Bed Height, Manometer Differentials® Bed Adr
Expansion, Temperature,

Alr, Reference, DBed lieight,

mesh ft in. Hg in. Hg in. CCL in. op
20 to 30 0.5 0.75 0.84 0.38 1.00 68
1.0 0.71 1.50 1.00 1.00 68

1.5 0.79 2.25 1.17 1.25 48

2.0 0.97 3.38 Lokb 2.38 48

2.5 loikb h.92 2.02 2.50 68

3.0 1.75 6.73 2.00 3.50 69

3e5 1.96 7.87 2.19 3.75 69

30 to 50 0.5 0.25 0.75 0.25 0.50 70
1.0 0.25 1.43 O.84 0.75 70

1.5 0.33 2e2h 1.17 1.00 70

2.0 0.50 3.00 1.28 1.38 70

2.5 0.52 3.83 1.47 2.25 70

3.0 0.63 LeSU 1.71 3.13 n

3.5 0.80 6.08 1.79 4.00 7

50 to 70 0.5 0.2 0.61 0.22 0.50 h
1.0 0.25 1.38 0.53 1.00 74

1.5 0.33 2.05 0.96 2.25 7%

2.0 0.40 2.73 1.29 2.75 %

2.5 0.50 3.48 134 3.28 Th

3.0 0.55 bhe25 1.48 h00 74

3.5 0.74 5.35 1.76 &e50 Th

a Represents average of six separate readings. Average wet bulb temperature 56 °F,







TABLE VIII

Operational Data for Fluidizstlon of Otteawa Sand in

Four-inch Dismeter Fluidization Colusm
Sand Sise, Bed Height, Manometer Differentials® Bed Mr
Expansion,  Temperature,
Air, [eference, Bed Height,

mesh T in. Hg  in. Hg in. CC1, in. °r
20 to 30 0.5 7.19 1.00 0.25 0.31 75
1.0 7+63 1.50 0.50 0.31 76

1.5 8.1 2,25 0.50 0.63 e

2.0 9.09 3.2 0.65 1.25 (i

2.5 9.58 3.75 0.75 1.50 'n

3.0 10.42 bbb 0.73 1.50 77

3.5 10.54 5.28 0.82 1.50 77

30 to 50 0.5 2.69 0.75 0.25 0.63 T
1.0 2.35 1.50 0.63 0.63 T4

1.5 2.95 2.23 0.58 0.75 T

2.0 2.87 2.92 0.52 1.50 ()

2.5 3.04 3.63 0.57 1.75 T4

3.0 3.2 he25 0.60 1.86 7h

3.5 3.73 5.00 0.78 2.00 74

50 te 70 0.5 0.75 0.58 0.13 0.25 72
1.0 0.79 1.38 0.58 0.38 72

1.5 0.88 2.00 0.88 0.86 72

2.0 1.00 2.75 1.00 1.00 72

2.5 1.22 3.40 1.23 1.23 72

3.0 1.70 k.00 1.45 L.45 72

3.5 2.00 h.75 1.50 1.50 72

& lHepresents average of six separate readings. Average wet bulb temperature 56 °F.



ottawa sana using the 2~ snd 4~inch fluidization columns are
presented in iables IX and 4, pages 72 anu T3.
Dimensionless Groups. The numericali values for the

groups of the dimensionless equaticn are presented in Table XI,

page Tihe



TABLE IX

Pressure Lrop, Fraction Volds, and Air Velocity

for the Fluidigation of Ottawa Sand

in Two-ineh Fluidization Column

Sand Bed Height, Adr Fressure Drop, Fraotion Voids,
Size, Velocity,
mesh v £t/sec 1b/sq £t dimensionless
20 to 30 0.5 1.37 56.1 0.391
1.0 1.35 97.6 0.387
1.5 1.39 149.2 0.378
2.0 1.52 226.8 0.372
2.5 1.78 330.4 0,371
3.0 1.94 L5844 0.370
3.5 2.06 537.8 0.373
30 to 50 0.5 0.79 50.8 0.396
1.0 0.79 94.0 0.380
1.5 0.93 148.4 0.394
2.0 1.15 20C.3 0.383
2¢5 1.18 258.6 0.398
3.0 1.27 303.7 0,382
3¢5 1.39 Lll.) 0.358
50 to 70 0.5 0.73 41.3 0.426
1.0 0.79 93.1 0.426
1.5 0.93 136.7 0.418
2.0 1.03 18,2 0.419
245 1.15 234.7 0.419
3.0 1,17 287.7 0.419

3‘5 1035 365.3 0.&18




TaBLE X

Pressure Urop, Fraction Voids, and Air Velocity

for the Fluidization of Cttawa Cand

in Four-inch YFluicization Column

Sand Bed Height, Alr Freesure Drop, Fraction Voids,
Size, Velocity,
mesh 41 £t/sec 1b/8q ft dimensionless
20 to 30 0.5 1.16 67.8 0.379
1.0 1.21 101.7 0.383
1.5 1.25 1546 0.388
2.0 1.39 221.5 0.385
2.5 1.45 258.6 0.385
3.0 1.56 308.4 0.384
3.5 1.57 366.2 0.385
30 to 50 0.5 0061 50.9 001006
1.0 0.56 100.7 0.410
1.5 0.64 152.7 O.411
2.0 0.63 201.8 O.412
2.5 0.66 25144 0.411
3.0 0.67 295.0 0.412
35 Ol 346.5 0.412
50 to 70 0.5 0.34 33.8 04437
1.0 0.35 92.7 0.430
1.5 0.37 133.9 0.429
2.0 0.38 185.9 0.431
2¢5 Oel2 229.9 0.433
3.0 O.48 270.3 0.432
3.5 Q.52 322.6 0.432







Buperical Value for Dimensionless Groups of Fressure Lyop Equation
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Sample Calculations

4 sample of each caleulation made in this investigaticn
is presented on the following pages.

Alr Humidity. 7The humicity of the fluidizing mecium was

determined from the wet and dry bulb temperatures of the alr

at atmospheric prescure by neans of a humicity chart(l). To
calculate the humidity, an adiabatic curve was followed from
the point at which the wet bulb isotherm and saturation curve
intersected, to a point ¢n the adisbatic cuirve corresponding
to the dry bulb temperature. A horizontal line from this pcint
intersected the humicity axis at the humidity of the fluidizing
air. The maximum hunidity for the tasts of this investigation
occurred at a wet bulb temperature of 56 °F and a dry bulb
temperature of 70 °F. Prom the humidity chart the humidity

of the sir was founc to be 0,006 pound of water vapor per

pound of dry air.



Fluid Density. The value for the fluid density used in
thie investigation was calculated from the perfect gas law at
712 millimeters pressure and 72 °F:

Pe . (PG
' (®)(T)

Qf _ _(ib/eq in.)(28.8)
(1b mol/*R)(*R)

where:
(f = deneity, 1b/cu ft
P = barometric pressure, 1b/eq in.
M = molecular weight, 28.8

= gas constant, 10.73 1b mol/°R

R
T = gabsolute temperature, °iQ

D 13.75)(28.8
" (10.73)(532

D = 0,0694 1b/eu ft.



Fluid Velocity. The values of fluid velocity used in

this investigation were obtained through the use of Figure
4, page 64L. For a bed height of 2.0 feet using the 2-inch
dismeter fluidization column the air velocity through the

bed of 20 to 30-mesh sand wasi

Up

" ) (3600)

(1o/hr)
(1b/cu f£t)(sq ft)(sec/hr)

where:
Up = fluld velocity, ft/zec
W = weight flow of fluid, 1b/hr
(} = Gensity of fluic, 1lb/cu ft
A = area of tube, sq ft

(8.28)
(0.0694)(0.02185)(3600)

Up = 1.52 ft/cec,
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Fluid Viscosity. The fluid viscosity was calculated from
handbook valucs(sz) for various gases at one atmosphers pressure
and various teuperatures. Porny(sz) states that minor devia-
tions from standard pressurc have little effect upon the vis-
cosity of gases and so any effects encountered on the viscosity
of the air in this investigation as a result of lower operational
pressures were nezlected. Thus, the value of fluid viscosity used
in this investigation was obtained for the average of the fluid
temperatures of Table VII, page 69, and Table VIiI, page 70, and
the use of the line coordinate chart from Ferry's Handbook(sz).

The fluic viscosity of air at 72 °F is as followa:

,/Qf- = 0.0179 centipoise

Mg, = /iéﬁ

/4 - centipoise
fe chntipoise?lb?tt-sec5

where:

fluid viscosity in metric units, centipoise

S
B

fluic viscosity in Fnglish units, lb/ft-see

S

¢ = conversion factor from metric to Znglish units,
1488 centipoise/lb/ft-sec
/‘{f - 0.01 = 0,000012 lb/tt-aoc.
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Particle Density. The absolute density of the solid par-

ticles studied in this investigation was determined by water

dieplacement with a Hogarth specific gravity bottle. The cal~

culation of the rarticle density for the ottawa sand from

Table I1I, page 65, 1s presented below.

where!

Wy x 8 x dl
Co = i, - Wy(ay/eg)

(gm) x (1b/cu £t x cu ft/gm) x (1b/eu £t)

(gm) - (gm) x (1b/cu £t x cu ft/1b)

absolute density of solid particles, lb/cu ft
dry weight of solids, gm
weight of water to fill gravity bottle at 31’ [
weight of water to fill gravity bottle at tem-
perature T, minus weight of water displaced
by solid particles at T,, gm
75 °F (0.99736). Specific gravity,s;, teken at Tj.
72 °F (0.99774). Specific gravity,s,, teken at Toe

(10.0077)(0.99736)(62.L4)
(116.1367 =~ 112.3934 x 0.99774/0.99736)

(’p = 166.1 1b/cu ft.



Particle Liaseter. The weighted, geometric mean, par-
ticle diameter was evaluated from ecreen analyses of the
various solid particles in the investigestion. The particle
diameter for the 5C to 70-mesh range of ottawa sand from

Table IV, page 66, is illustrated below.

¥y =y
Dp"zx‘m
y = 1

y =y

Dp =2(1b/1b) (in.)
y =1

wheres
Dp = weighted, geometric mean particle dlameter, in.
y = number of sieved components in the solids mixture
= \d; xd; = geometric mean diameter cof cmmhnt

retained on adjacent sieves having
apertures d) and dj, in.

dpgn

X = weight fraction of closely soreened material
retained between adjacent sieves of a square
root-of-two series of screens

Dp « (3.42)(0.0164 x 0.0116)5 + (93,66)(0.0116 x 0.0032)é +
(2.92)(0.0082 x 0.0058)2

Dp = 0,00980 in.



Particle Diameter by Ihotograriic Anslysis. The averagse

particle size was also determined by phictographic analysis on
the three ranges of ottawa sana using an enlargement ratio
of 29.5. From Table V, page 67, the particle diameter of the

50 to 70-mesh range of ottawa sanc is presented.

\}(b)(C)(B)(L)
D -
P x|

. (d)(0.76)(in.)(in.)
P (3.1416)

wheret
L, = average particle dlameter, in.
B = average breadth or width of the particles
perpendicular to the longest axis of the
particles, in.

L = average length: of tre particles along the
longest axis cf the rarticles, in.

€ = constant, 0.76

D = (4)(0.76)(0,100)(0.0120)
P 3,116

Dp = 0.0108 in.




Pressure Irop. The pressure drop across the fluldized bed

of 2C to 30-mesh ottawa sand for a bed height of 2.0 feet in the
L-inch fluidization column as shown in Table VIII, page 70, was cel-

culated as follows:

(62.3)(13.6 Hy - 1.595 Hp)
12

(1b/cu £t) x (4n. - in.)
(in./f%)

Ap =

where!
Lp = pressure drop across fluidized bed, 1b/sq ft
Hy = reference manometer differential, in. Hg

Hz = bed height manometer differential, in. CClk

62.3 X (13.6 X 3.21) - (10595 X 0065)
12

4p = 221.5 1b/aq ft.



Fraction Voids. The fraction voids of a fluldized bed of

solid particles at critical rass velocity was calculated as
shown below for the 20 to 30-mesh range of ottawa sand in the
2-inch fluidization column, Table VI, page 68.

L - (wfzA
L

(rt) -~ (1b/lb-cu ft-sq ft)
(£¢)

c =

where:
& = fraction voids, volume per cent
L = bed depth, ft
W = weight of solid particles in bed, 1lb
er = absoclute particle density, lb/cu ft

A = cross-sectional area of column, sq ft

(005) - (10W166.6 X 0.0218) x

< (0.5)

100

S « 37.1 per cent.
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Derlvation of Correlation Eguation. To determine the

effects of particle size, tube diameter, and bed height on
the pressurc drop in a fluldized system a dimensionless equa-
tion was derived by dimensional analysis. The variables

incorporated in the equation were:

4P

Ugs Dps s (.,/f,. L, g Dy, and €

where!
4P = pressure di'op across fluidized bed, lb/ft-sec/sec
Usp = fluid velocity, ft/sec
Dp = mean particle diasmeter, ft
(’f = fluld density, lb/cu ft
6‘ = absolute particle density, lb/eu ft
Mg = fluld viseosity, 1b/ft-sec
L = bed height, £t
g = gravitational constant, 32.18 ft/sec/sec
Df. = tube diameter, ft

€ = fraction voids, dimensionless.



Eruatin: the variables of the syster in exponential form

to an unknown dimensionless number, A,
A= @Rt ® 1) (P (4° AT (L @ Wt (5

where:

a, b,e¢c,d, e, f, g, h, and 1 = exponents, dimensionless.

Writing the equation in dimensionless form and substituting
fundamental units,

o = (lem2)s (Le71)b (L)¢ (ur3)9 a3y (uu-leml)f
W& (w3 (!

The sum of the exponents for each dimension are equated for

each side of the dimensionless equation,

H = O = a+de+er{
L =« ¢ = «a+be+tec-3d-3e~-feg+h+i

@ = 0=-2a b =f =2h

Since there ars nine variables having dimensions, and there are
three dimensions, the exponents of nine minus three, or six,

variables of the equation will be selected for solving the



remaining three exponents. Hence, solving in terms of a, b,

e, &, £, and g, the relationships of d, h, and 1 are

d = -3 -¢ ~f
h = «a =b/2 -t/2
1 = -a -b/2 -¢ -3f/2 -g

Substituting the values for the exponents of the dimensional

variables into equation (5), page 85,

A e ) ® 0)° (™ (0 " (W

(a)-a-blz-f/z (Dt)-a-b/z-c-Bf/Z-g

The variables of like exponents may be grouped in the

following manner:

A= (g (u/ehied)” 0 /0)° (a/pp"

%/ (”:8%‘%43/2)‘ (W)t € (6)

Since the fraction voids, €, are dimensionless, this variable

may be added to the other variables of squation (6) at this



stage. Inasmuch as i has besen desirnated as some unkncwn, equa~

tion (6), page 86, mav be rewritien 28 follows:

(AR.)
Cele

where:

4p

Up Dp s P Ly
k; y = £§-> e D3/2> & e

4P/g, 1b/eq Lt |
constant factcr of proportionality, dimensionless
b/a

¢/a

o/a

t/a

g/a

Analysis of Variance. The for:. used for the analysis of

variance of the experimental observatiocns in this investigation

was the gplit-plot analysis. The algebraic sclution of this

method of analysle is presented in the accompanying table.






TABLE XII

Algebraic Solution of Split-plot Analysis

A
R M o 8.
Replications Replications Replications

By - Ry . Rp mnl.nj.n, mnl.nj.n,
By xmu1 - ®p - ¥ 41 X411 - X351 ¢ *4rd %501 Xall + Xajl * Xarl ¥a.1 X,.1
By X33k - XLjk * *1rk Xl.k X1k * Xijk * *irk Xi.k Xalk + Xajk * Xark Xa.k X, .k
B x1b + X13p « Xrb X1.p X1b + X35p + *Xirb Li.b g - * Xajb * Xarb X3.p X..b

. - 43, « N1, X, X5y, - X35, - Xar, X4, X, * Xa3. * Xar, %a., X,
N where (1) A3, «.., Ay are 'a' classifications

(2) Ry, +««, Rp are 'r' reolications

. . (3) B, +e«., By are 'b' classifications
5Tl (&) x5 is the observation in the i*h 5 classification,
- jt8 replication, k*" B classification
i :r' St Jillesesty Wilyesish

Kramer, C. Y.:

r
(5) 4 = = (8) x,,
Xk 3_1‘13: Kk

b
®) X = Zx5 (9 x4,

b

M %, = Zha - Zx 0 X,

Inst., Hlacksburg, Va., Agri. Expt. Sta. Report (1954).

-
1-1&"

i=1

Simplified Computations for Multiple Regressiomn, Va. Poly.

- éx
J.l .J.

= éx
k.l ..k



In Table XII, any number of variables of classification,
A, any number of variables of classification, B, and any number
‘of "repsats" or replications, R, may be employed in the analysis
by extending the nomenclature to cover the desired number of
variables. When the tables are set up as shown and the sums
of the various rows and columns are calculated, the following
ten steps are required to calculate the sums of squares to be

used in the analyseis of variance.



x2..
D) e = & .
= x5
(2) Between A classification = §, = .. ¢
rb
2xfj.
(3) Between Replications = Sp = J%B—_ -¢
s r
s = xij
(4) Total (a) = Sp , = i=1 -1;1 ‘-0

(5) Error (a) = Sy, = Sp.a, =Sy - S5R

b
=x
k.l e

ar

(6) Between B classifications = Sg =

a b
£ =4
. o A=l k=l 2
(7) Total (AxB) Sp.A.B. ¢

(8) AxB = Sz = Sp B, =5 -5

a r b
(9) Total = - = Z2 =z -
°1 =1l =1 k=l x“k

(10) Error (b) « Sg,8, = St -~ Sr.a, -8B - SaB

when the sums of squares are calculated, the following analysis
of variance table is set up for the determination of the experi-

mental F values.



TABLE XIIX

Analysis of Variance

Sourse daf S.8 HeSe F
Between A a-1 G 82=5,/(a-1) /a2
Between Reps r-1 SR g2=5./(r-1) /92
Error (a) (a<1)(r-1)  Sg.p. 83=Sg.,./(a~1)(r-1)

Between B (b-1) Sp sg=sp/(b=1) o5/o%
AxB (a-1)(b-1) S5 62p=5,p/(a-1)(b-1) 5%/
Error (b) a(b-1)(r-1) 8z, s2=Sg.p./a(b-1)(r-1)

Total arb - 1 8¢

Kramer, C. Y.:

Simplified Computations for Multiple

Regression, Va. Poly. Inst., Blacksburg, Va.,
Agri. Expt. Sta. Report (1954).



The final step in the procecure is the comparison of
the experimental F values with the values from the computed
tables at the chosen level of significance for the appropriate
number of degrees of freedom.

In this inveatigation the tube sige was designated as the
A veriable of classification, the bed height was designated as
the B variable of classification, and the sand size was chosen
as the replications. vith the variables in this arrangement the
split-plot tables were computed.
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The level of significance chosen in the investigation
was L equal to 0.05. Therefore, in the following table the
experimental F values are compared with the F values from
computed tables.
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TABLE XVI

Comparison of Ixperimental and Computed "F" Values

Variable Experimental Fo,95 from Remarks
F Value Computed Tables
Tube Diameter 2.708 Fo‘95(1,2) = 18,5 Not
Significant
Sand Sige 4,176 !‘0‘95(2,&) = 19.0 Not
Significant
Bed Height 109.810 FQ'95(6,21¢) = 2,51 Significant
AXxB
Interaction 2.7C% F0.95(6,2h) w 2,51 Significant




Evaluation of Iquation Unknowns. irior to the evaluation

of the mmerical values for the exponents of the groupe of the
dimensionless equation it was necessary to place the dimension-
less equation (7) in the following general form:

Y = bo + blxl + b2X2 + BBX3 (8)
where:
Y = dependent variable
by, = numerical constant
b3, by, b3 = unknown coefficients

Xy, X5 X3 = experimental quantities.

Therefore, equation (8) is the general form for a system of
one dependent variable, _I_, and three independent variables,
Xy, T w0 1y

The matrix of equation (8) ie calculated by obtaining the
sums of squares and sums of products of the experimental quan-
tities and arranging the matrix in the followlng form:
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After completing the calculations for each row of the
Doolittle proceduro(m) , the term indicated in the check column
is computed and compared with the _A_i_»_g_ or 2& term associated
with it. If these terms do not agree within one of the last
two decimal places, a mistake has been made and the last row
should be checked before proceeding.

The test for regression due to all the variables of the
system is computed with the aid of the following table of

analysisi
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TABLE XVII

Analysis of Variance for Regression

Source Degree of Sum of Mean Sum of F
Freedon Squares Squares

Regression(R) 5 ayy - Ayy ﬁr_%ﬁn K3 (1

Residual(s) n-5 Ayy v

Total n-1 ayy

Kramer, C. Y.: GSimplified Computations for Multiple
Regression, Va. Poly. Inst., Blacksburg, Va.,
Agri. Expt. Sta. Report (1954).



If F is not significant, one independent variable of the system
must be eliminated from the matrix (9) and the F re-evaluated.
If the F value is significant for (5, n~l) degrees of freedom,

the unknown coefficients may be computed:

bs = Bsy, b, = Buy - bsBus, by = B3y - byB3, - bsB35,
b2 - Ba-b3823.bl&52h_b5825’ bl = B]J-b2512.b3313.bh31h.bb815'
Do = T = byX) b yX,-baXy=b, X, ~byXs

The form of the dimensionless equation (7) can be placed
into the form of equation (8) by taking the logaritim of equa~-
tion (7). The density group cannot be included in the expression
since tho group does not vary over the n observations. Table
XVIII contains the logarithaic valuqe for the groupe of the
dimensionless equation where Y is the values for the pressure
drop group, _1_(_1_ the values for the velocity group, 3(_2‘ the values
for the particle diameter group, }2 the values for the bed
height group, & the values for the fraction voids group, and

fﬁ the values for the viscosity group.






n X X Xy X4 X, Xy
1 3.684 -1. 771 —-2e 12l 0.503 ~l.591 b 661
2 3.925 -1.756 -2.124 0.793 -1.587 =l 661
3 4,108 -1 777 -2.124 0.969 -1.577 =l 661
i &.289 ~1.815 -2 124 1.102 -1.570 -l 661
5 Lel5h ~1.884 -2.124 1.199 -1.569 ~ly 661
é h596 ~1.926 -2.124, 1.275 ~1.567 ~b661
7 Lebb5 -1.948 -2.124 1.339 ~1.571 by 661
8 3.641 -l.532 -3.953 0.519 ~1.597 -4 .661
9 3.508 -l.532 -3.953 0.801 -1.579 ~l 661
10 ko105 -1.602 -3.953 0.972 =1.595 ~ly o661
1 L.237 -1.695 -3.953 1.108 -1.583 =l 661
12 L3047 ~1.706 -3.953 1.202 -1.599 k661
13 -1.737 =-3.953 1.279 ~1.581 =k 661
14 &553 -1 777 -3.953 1344 -1.599 b 661
15 3.551 -1.957 -3.712 0.495 -1.629 4661
1‘ 30“ 4.,” -,om 0-7,3 .1.6” w
17 4070 ~1.602 -3.712 0.976 -l.621 ~lyo 661
18 4.196 ~1.647 -3.712 1.099 -1.622 kb6l
19 44306 -1.695 4722 1.195 ~l.622 b 661
20 4393 -1.702 -3.712 1.275 -1.622 -l 661
21 L4997 ~1.764 -3.712 1.349 -1.621 -l 661
22 3.467 ~1.549 -3.823 0.201 -1.578 ~4. 201
23 3.643 ~1.549 -3.823 0.489 ~1.583 =l 201
24 3.825 «1.583 -3.823 0.668 -1.589 -4 201
25 3.981 -1.628 -3.823 0.800 ~1,585 iy 201
26 4.050 -L.647 -3.823 0.897 ~1l.585 -le 201
27 4125 -1.679 -3.823 0.972 -1l.584 -4.201
28 & 200 -1.682 -3.823 1.037 -1.585 «lo201
29 3.343 -1l.221 =3.653 0.217 ~1.608 o201
30 3.640 -1.235 -3.653 0.499 ~1.612 -y 201
3 3.820 -1.292 ~3.653 0.670 -1.613 -l 201
’2 30” ‘L” "’.6’3 m "lom "om
33 4036 -1.305 ~3.653 0.900 ~1.613 =y 201
34 4106 -1.311 -3.653 0.976 SIS T ) |
35 4176 «1.356 «3.653 1.042 =~1.614 ~l.201
36 3.237 -1.017 =341l 0.193 ~l.640 ~iyo 201
37 3.604 -1.029 =3.411 0.489 ~1.633 -l 201
18 3.763 -1.053 =3.411 0.673 -1.632 ~lye 201
39 3.905 «1.064 =3.411 0.797 -1.634 =lyo 201
&0 3.998 -1.111 -3.411 0.893 -1.636 =k 201
Al k069 =1.167 «3.411 0.972 =1.635 iy 201
L2 bell5 -l.201 ~3.411 1.047 -1.635 -y 201




From Table XVIII the values for the sums of squares and
sums of products fer the variables of the system were deter-

mined to be as follows:

Y 168,918 Y5,  -260.855,236
X, ~64.3u0 YX,  -580.255,236
o =1k 732 YX; 152.417,141
x5 36.824 YX,  -270.789,408
X,  -67.35 IXg  -750.033,218
Xy -186.102 X,  219.599,164
X2 514.578,316 XXy -58.158,510
5 36,404,276 X, — 103.007,836
X 108,034,022 XjXg  287.016,560
2 826.839,762 XXy  -125.766,482
XgX,  -58.979,559 XX,  232.300,639
XjXs  -164.627,64b XX5 ~ 639.539,712
XX  298.378,87 ¥ 684.072,638
2
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The terms of the matrix are calculated using the values
for the sume of squares and eums of products of the experi-
mental quantities.

2
n ¥ 2
&‘1 »

=l
n n
z (acélxmy £23: )
- 2 X - -' = £
812 p _1":& 3c n

219.569,184 - (—64-3h0‘)‘;-1hh-732) - =2.116,456
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The remaining a terms of the matrix are calculated from the
sums of squares snd sums of producte and the employment of the

equations of page 99.

N =0.172,077 8, 0.020,658
85 1,926,020 a5 =0,066,699
Lo 15.831,845 ag 2.221,801
% 1.129,021 3y -2.,088,9.,8
& 0.198,755 ‘2;7 1.836,191
Y ~1.767,779 Ay 4.316,274
a8, 4,118,296 Ny 0.098,757
a3, 0.073,862 ag, -1.557,561
85 ~1.460, 500 &y 4,708,574

&13 "10 7&7,650

Substituting the terms of the matrix in their proper position
and obtaining the sum of each row including the terms omitted
due to symmetry of the matrix, the following calculations are

obtained:
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TABLE XIX

Test for Significance of Regression Variables

Source df Sum of Squares Mean Sum of Squares ¥
Regression 5 h586,788 0.917,357 271,247
Residual 36 0.121,786 0.003,3&

Total 41
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With the unknown values of the dimensionless equation (7)

evaluated, the final form of the equation becomes:

Y = 3017!‘. - 00186X1 + 01039.x2 + 1'017X3 - 0.297Xh

+ 0.151!5

wheres
Y = log ap/ ()th, dimensionlese
I; = log Ug/ \g Dy, dimensionless
X, = log Dp/Dt,’ dimensionless
X; = log L/Dy, dimensionless
X, = log € , dimensionless
XS = 16&/?:/ ngl/ZDtB/z Iy dimensionless.



IV. DISCUSSION

fha results obtained during the performance of this
investigation are discussed, recommendations for future work
are rresentec, and the limitations imposed upon the investi-

gation are stated in this section.

Liscussion of Results

The discussion of results deals with the fluidization
solumn construction, analytical procedure, orifice calibra-
tion, experimental procedure, qualitative observations, quan-
titative observaticns, dimensionless pressure drop equation,
analysis of variance, statistical regression, and application
of developed dimensionless equation.

Fluidization Column Construction. The fluidization
columne used in this investigation were constructed of 2- and
L-inch diameter copper tubing. The cost of commercial glass
pyrex columns made their use prohibitive for the purposes of
this investigation. The copper fluidization columns proved to
be very satisfactory for the pressure drop determinations at
the seven bed heighte. The use of eopper construction for the
columns was believed to be advantageous from the assembly

standpoint. However, the disadvantage of the use of copper



construction was in making visual observations and expansion
measurements. Measurements of ted height in the columns were
made with a 1/4-inch rod probe. The use of the probe to
measure the bed heizhts of sand in the column was believed to
be both efficient and accurate for the purposes of the investi-~
gation. Had glass construction been employed, the measurement
of bed expension could have been made concurrent with the
pressure drop measurements at the critical mass velocity. As
it was, glass fluidization columns were substituted for the
copper columne for these measurements. At the same time,

the qualitative observations of channeling and slugging were
obtained on the glass cclumns.

Analvtical Procecure. The method of procedure used

for the determination of the absolute density of the solid

particles, the mean particle diameter, the fraction voids,

and the humidity of the fluidizing medium are considered in
the following paragraphs.

Absolute Density of Solid Particles. The absolute

densities of the three ranges of ottawa sand were deter-
mined by water displacement using a Hogarth specific
gravity bottls(és). Prior to the measurement of the

water displaced, the sanc was placed in a half-filled
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bottle of water and boiled fcr ons hour to expel alr
from the pores of the sand. Duplicate tests were made
on the three ranges of sand and the absolute density
taken as the average of all individual values. The
numerical value for the absolute density from this
investigation was found to vary only O.4 per cent from
the value calculated by Laatovica(éé).

Particle Size. The numerical value for the diameter

of the ottawa send used ir this investigtion was deter-
mined from the average of the sand dismeters by screen
and photographic analyses. The sand diametesrs for the
20 to 30-, 30 to 50-, anc the 50 to 70-mesh ranges of
ottawa sand as determined by the weighted, geometric
mean, procedure were found to be approximately 9.9,
16,2, and 9.9 per cent, respectively, lower than the
values from the photographic analysis. Reference is
made to Tables IV and V, pages 66 and 67, for the com-
parison of the particle diameters by the two methods.
It 4s noted that the valuse for the sand diameters by
the weighted, geometric mean, procedure are dependent
primarily upon the sieve aperture and sieve ratlo, while

the photographic analysis procedure includes the physical



shape of the sand particles. Lastovica(éé) has deter-
mined the shape factor of ottaws sand to be 1.37 based
on & sphere having o shape facter of 1..00. Therefore,
it is believed that the physical shape of the ottawa
sand is the primary reason for the deviations of the
twe procedurss. However, no quantitative figures are
availsble fer the exact devisticns of the two pro-
cedures for particle dlameter as & result of particle
shape factor.

Fraction Voids. Determinations of fraction voids

were made on the three ranges of ottawa sand in 2- and
L-inch celwms. Resulis, Tables 1X and X, pages 72
and 73, show that the fraction voids increased 5.0 per
cent with increase in column diameter ana 6.0 per cent
with cecrease in particle size. This was in agreeuent
with the work of Lastovica(67). The increase in the
fraction voias with decrease in particle diameter is
due to the ease with which finer particles fluiaize.
Fluidization has been shown to oecur first at the
upper surface of a bed of solids and along the wall

of the coluun(jb). Therefore, the increase in the

fraction voids with increase in vessel dianmeter may

be attributed to the influence of increased "wall



effect", or surface area, on fluidization. This would
indicate that an increase in wall surface area would
increase the fracticon veids. Since only threc ranges of
canc were employed in the investigation, no trends as to
fraction velds ccule be predicted. However, cbservations
on the rangee used showed erratic deviations from larger
to smaller particle vize and smaller tc larger tube
Clameter. The maximum ceviation in particle size and
tube dismeter occurred betwesn the 30 to 50-mesh and the
5( to TO-mesh ranges of sand and was evaluated to be

2.6 per cent.

Alr Humidity. The maximum hunidity of the air in

he tests of inis investigation was determined to be
0.006 pound of water vapcr per pound of dry air. FPrior
to passing the air intc the fluicization column, it wae
dried in a chamber filled with indicating drierite,
Figure 2, page 47. Since the color of the drierite did
not change caapletely from blue to red during the experi-
menisl tests, no attempt was made to regenerate the dry-
ing agent. Visual observations at the conclusion of the
pressure drop aeterminations showed no signs of particle
agglomeration ae a result of molsture content. There-

fore, the value for the humidity of the fluidizing air



used in this investigation was determined at the con-

clusion of the experimental tests and represented the

maximum humidity at any time in the investigation.

Orifice Calibration. The 3/16-inch orifice plate in the
air line to the fluidization systes was calibrated originally
by Dickerlon(9). A large capacity wet test meter was used for
this calibration with a range of zero to six inches of mercury
covered. In this investigation, however, the range of avail-
able wet test meters was only from zero to one inch of mercury.
Therefore, the curve of Dickeraon(q) was used in this investi-
gation by extrapolation of the curve to cover the higher ranges
exployed. It is believed that only elight error was introduced
into the velocity calculations as a result of extrapolating
the ealibration curve since the curve formed a straight line
above manometer differentials of two inches of mercury. Flow
rates of 1/2- and l-inch of mercury were used in thie investi-
gation to confirm the curve of Dickorson(9). The flow rates
ealculated at these two values agreed exactly with the cor-
responding values from the calibration curve.

Experimental Procedurs. Consideration of the experi-

mental procedure includes the eritical mass velocity and

the method of solids charging.
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Critical iass Velocity. All experimentzsl tests in

this investigation were conducten at the critical nass
velocity of the fluldiiing air. The primary reason for
operation at the critical mass veloclt; was that at this
velocity the maximum pressure droy is ottained over the
various bed heights. It was belisved that if a dimension-
less equetion were Lo be develeped correlsting pressure
drop with the cther veriables of a fluidized systerm it
would be most effective i the pressure drop values
correlated were the waxirmu: values obtalned. lence, it
was decided to operate all tests st the critical nass
velocity rether thai ot some other velocity. The second
consideration in relation to ¢ritical mass velocity is

its variation with the other nhysical variables of the
syste... After the critical nass velocity is reached, it
becomes extremaly difficult to determine accurately the
pressure drop over the system due to violent fluctus-
tion of the pressure drop nanoueters, Therefore, opera-
tion &t velecities above the criticel mass velocity was
ruled out. The criticz]l mess velocity i= not a constant
value, but varies with variation in particle diamcter(LB).

Miller und Logwinuk'“3) furtior state that the critical
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mass velocity would have to fulfil certain requirements.
The selected velocity would have tc be high enough to
cause bed expansion at large bed heights, and low encugh
to prevent slugging at low bed heights. In a sinilar
manner, the pre-determined constant velocity would have
to be same value which would not cause slugging with fine
particles and insufficient bed expansion witl large par-
ticles. Likewise, similar variation of tube dismeter
would also have to be considered. It was believed that
the selsction of a constant velocity to fulfil these
conditiocns was unlikely, and, therefore, all tests were
conducted at critical mess velocity. This selection
meant that the eritical mass velocity would not be a
constant in the system, but, instead, a dependent vari-
able. However, operation at the critical mass velocity
would further mean that exact replication of the experi-
mental tests could be achieved if desired. This 1is

true since the critical mass velocity would be constant
for a particular bed height, a particular particle size,
and a particular tube diameter provided the fluidized

solid and fluidizing medium remained constant.
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Method of Solids Charging. In this investigation

the level of sand in the fluidization column was changed
by adding or removing sand from the top of the column.

In order to prevent any deviation in pressure drop over

a bed of sanc as a result of particle packing, all bed
heights of sand were "slugged” and allowed to settle to

a loose packed Led prior to pressure drop determination.
Therefore, any effects on bed density as a result of the
distance the charged sand fell from the top of the column
as it was poured into it were compensated for by slugging
each bed of sand. The level of the loosely packed bed of
sand was, however, slightly greater than the level before
slugging in all cases. This introduced an error of the
height of the beds of sand tefore each pressure drop
doterminﬁtion was made. However, these errors due to
expansion were eliminated when the critical mass velocity
was obtained, for at that velocity maxiwmum bed expansion
occurred.

Qualitative Observations. The qualitative observations

made in this investigation deal with the slugging of solid par-
ticles, the channeling through the beds of solid particles, and

the solids entraimment.
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Ol « Siice all experimental observations
wore performed at the critical mass velocity, no slug-
ing cccurred during the performance of the pressure drop
determinaticns., Hau slugging occurred during the per-
formance of the tests, wide fluctuation would have
doveloped on the pressure drop mancmeters.

Channeling. Lince all beds of sand were "slugged”
prior to the pressure drop determinations to produce
loosely puckeu vede, the formation of channels through
the bed of solids was quite unlikely. Visual observa-
tions of bed expansion at critical mass velocity failed
to show any evidence of channeling for the three sand
sizes and two tube diameters at the various bed heights.

Solids Entrainment. The experimental tests were
eonductea with no appreciable solids entraimment. At
the conclusion of the tests for each particle size and
each vessel diaueter, the sollds collected in the
cyclone separator were removed. In all cases, less
than C.l per cent of the “fines’ of each particle
range entrained. However, since the bed neight was
measured prior to each pressure drop determination, the
louss of solids was compensated for when the height of

the bed of sand was increased.



Quantitative Observations. The guantitative observations

made in this investigation deal with the pressure drop, frac~

tion voids, bed expansion, and mass velocity.

Pressure Drop. Wilhelm and Kwauk(63) have reported

that the height of the bed of solids has very little
effect on any varisble except the pressure drop through
the bed. In their investigation it was determined that
the pressure drop through the bed of solids was directly
proporticnal to the pressure drop per unit initial height
of the bed. In this investigation the pressure drop per
unit initial height of sand was found to deviate approxi~
mately 10 per cent for the 20 to 30- and 50 to 70-mesh
range of the ottawa sand. However, good agreement with
the work of Wilhelm and Kwauk was obtained with the 30

to 50-mesh range of sand for the two vessel diameters
ueed. The static pressure drop was found to increase

as a whole number multiple of the pressure drop for the
six-inch bed of sand. In the case of the 20 to 30~mesh
range the deviations were low, whereas with the 50 to
70-mesh range the deviations were approximately 10 per
cent high. Consideration of the effects of particle
diameter on the pressure drop through the system will

be discussed later.
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(21} oncluded that the total

dariuv and Holstab
pressure urop across fluidized beds was the sum of a
pressure drop due to gas flow and a solids pressure
drop consisting of a solids static head, a solids frac-
tion loss cue to contact between the solids and tube
wall, and an acceleration pressure drop. In this
investigation, the total pressure drop at eritical
mass velocity was found to be essentially equal to the
solids static head, or the weight of solid particles
in the fluidiszation veseel dividea by the cross-sec-~
tional area. The actual pressure drop values were
found to be from five to ten per cent higher than the
solide static head for all three ranges of material
studied, Lastovica(és) in his investigation also found
that pusitive deviations of approximately five per cent
were obtained depending on the material under considera-
tion. In this investigation the pressure drops for the
2-inch fluidization coclumn were found to exceed those
for the L-inch column. Leva(37) states that the pres-
sure drop through packeda beds was believed to be caused
chiefly by expansion and contraction of the fluld passing
through the bed voids. Since the fraction voids in the

2-inch dismeter bed was found to be less than that of the
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4-inch diamster bed, the fluid passing through the smaller
bed would encounter more resistance than in the larger
bed, hence, a zrester pressure drop. The maximum pres-
sure drop for the two columns occurred over the 20 to
30-mesh range of sand with proportional decreases as

the 30 to 50~ and the SC tc 70-mesh ranges of sand were
employed.

40)

Fraction Voids. Leva( states that the fraction

voids increase with decrecasing particle size. Tests of
this investigaticn confirmed this fact, but failed to show
any definite relationship betwsen the increase in voidage
with decrease in particle size. The increase in fraction
volds with decrease in pgrticla ¢lze can be attributed to
the ease with whiech fluidizaticn is obtained as the size
and weight of the incividual particles decreases. 7Tests
on the fraction vcids for loose-packed beds and expanded
bede at critical mass velocity showed that the fraction
voids increased as the vessel diameter was increased fcr
a constant bed height. The reason for this, "wall effect”,
hae previously been discussed. This increase in voidage

confirms the resulte of Laatovica(67)

for experimental
determinations using ottawa sand as the fluldized solid

and air as the fluidizing medium.
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Bed Ixpansicn. Teests of this investigation failed

to establish any cefinite relationship between the degree
of bed exnansiocn at critical mass velocity. The valnes
for bed expaneion fer cll bed heights in 6~inch Ancrements,
Tables IX and X, paces 72 and 73, snowed no definite mul-
tirle increase for the expansion of the reference six-
inch bed. For cmaller bed heights the expansion was con-
stant or showed very little increace. 4s greater bed
heights were used, the expansicn of heds increased up

%0 200 per cent in excess of expected values as & result
of "wall effect". The influence of "wall eff«ct" was
noted further in that the expansion for beds of sand in
the z-inch colwmn was, in all caces, greater than the
expansion for the ccrresponding bed heights using the
L=inch column. One source of experimental error in the
expansion measurements was due to the wide fluctuations
of the upper surface cf the beds éf sand. Even at the
oritical mass velocity, with no evidence of elugging in
the beds, the upper surface of the eand beds wak dif-
ficult toc measure accurately as a result of the pulsa-
tions of the finer sand particles. A4s a resvlt, errors
of from 1/4~ to 1/2-inch were possible in recording the

bed expsnsions.
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Critical ¥ass Velocity. The values for the critical

nase velocity were observed to be considerably higher for
the pressure drop deteMtions on the 2-inch diameter
column than on the 4-inch column. This would be necessary
to overcome the greater resistance of the amaller diameter
tube, Tables IX and X, pages 72 and 73, show that the
ratio of the mass velocities for the 2~ and 4~inch
diameter columns increase as the sand size and bed

height is increased. Miller and Logwinuk(“') etate

that a 300 per cent increase in the height of the bed

of solids did not appreciably affect the critical mass
velocity. Examination of Tables IX and X, pages 72

and 73, show this to be ;aamtially true for bed

heights up to 200 per cent increase, but above 200

per cent increase in bed height the eritical mass
velocity shows a marked increase with inorease in bed
height. Morsover, :iller and Logwinuk(44) in their
inveatigation failed to include the t.ubg diameter as a
possible variable in the fluidization system. Results

of this investigation clearly show that for a constant
particle size and constant bed height, the critical maes
velocity increases as the tube diameter 1s decreased

from L to 2 inches.
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Dimensionless Pressure Lrop Ecuation. Pressure drop
was correlated with the important variables in fluidization

by means of equation (7), page 87, which was developed by
dimensional analysis. The final form of the dimensionless

equation contained the following dimensionless groups:

4p , U bp , L As , and g (1)

’ 3 >
Pee \eby Dy D¢ ( t e Dt3/2

- The unknown exponents and dimensionless constant of equation
(7) were evaluated through procedures of statistical regres-
sion. Convenience of calculation and evaluation of the
unknown quantities required the conversion of the above

groups (11) to the following general form:
Y = bg ¢+ byXg ¢+ boXp ¢+ bgXz ¢ o ¢ o (12)

This logarithmic form of equation (7) was the convenient form
for calculation since the magnitude of the Y and X terms was

between + 5. lith the evaluated b terms substituted into
Y - 30173 - OQI%XI + 0.039XZ + 1001713

- 0.297X, + 0.151Xs (13)
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No attempt was made in the cevelopment of the dimensionless
equation (7) to combine or prearrange any terms incorporated
into the equation. Several attempts were required to obtain
the dimensionless grouping of variables. In the final arrange-
ment it was necessary to solve in temms of the viscosity
exponent in order to prevent the values of the viscosity
group from being of the magnitude of 108. In the statistical
procedure for the evaluation of the equation unknowns it was
necessary to eliminate the 6,/ € ¢ group from the final equa-
tion for reasons to be discussed later. &ince the fraction
voids term, &, is dimensionless il was not necessary to
include it in the preliminary steps of the equation develop-
ment. Had it been included originally the dimensions of the
tern, ;2[&2, would have canceled when the sum of the exponents
for each dimension were equated. For this reason, it was only
necessary to include the fraction volds term when the other
terms of the equation were correlauted. The observed and cal-
culated values for the dimensionless groups Were checked by
means of equation (13). Using equation (13) the average
deviation of observed from calculated values was found tc be
0.5 per cent for the Y values. This resulted in an average
deviation of 6.0 per cent for the values of pressure drop

throughout the range of operation. Equation (13) was used
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to check the preesure drops observed by Lastovica(67) over
beds of ottawa sand in 2- and 4-inch columns at varisble mass
velocity. Computed pressure drop valuee wers 19 and 20 per
cent higher for the 2- and 4~inch columns, respectively. How-
ever, it is believed that such disagreement is justified in
a8 much as the particle size used by Lastovica was not within

-

the limits of this investigation.

Analysis of Variance. The phases of the analysis of
variance considered are the variables of classification, the
level of significance, the significant variables of the system,
and the signifidant int;racgion.

Vl;iablco of Classification. The variables of
classification considered wers the bed heights, tube
diameters, and the particle sizes. These were the
independent variables of the fluidized system. No
attempt was made to include the critical mass velocity
in the analysis of variance since it was a dependent
variable similar io the pressure drop. Had a fourth
variable, such as solids density, been investigated,
the split-plot method of analysis would have been
unsatisfactery for the four variab1§ system. A four
by four latin square analysis would have been satis-

factory in this instance. With the use of the
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split-plot analysis, Tatble XII, page 88, any nurber of
observations 1s poesible for each variable of classifica~
tion. However, through the application of statistical
analysis the number of observations required to predict
the significant variables of the system ls usually
reduced considerably.

Level of ignificance. In an analysis of variance

it is usually stated that the hypothesis (of equal mean
values among groups of a system) will be rejected if a
value of s statistic occurs which, if the hypothesis were
true, would be expscted only raroly(lo). In short, the
chance of a variable being considered significant when

it is really not significant can be determined prior to
the analysis of variance. The level of significance,

&, is a measure, therefore, of the chance that will be
permitted for rejection of a hypothesis when it is really
true. An alpha of 0.05 was used in this investigation.
This means that the chance permitted for a variable
proving significant when it is not,aignifiéant is five
per cent. In the analysis of variance, Table XV,

page 95, the experimental F value for bed height was
109.81, while the value Ior second order interaction

was 2,705. The fact that both values were aignificant,
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the first value being considerably larger than the second,
does not necessarily mean that the chance of error in the
smaller value is grester than th¢t in the larger value.
Actually, there are five chances in one hundred that both
terms are really not significant. As the numerical value
of alphs decreases, as from 0.05 to C.0l, the value of F
from the computed tables increases, as from L4.28 to 8.47
for (6,6) degrees of freedom. This would, therefore,
reduce the chance of an experimental F value exceeding
59422 from the computed tables if it were not really
significant.

Sipnificent Variables of Syslems. Bed helght was

determined to be the only significant independent vari-
able of the fluicigcation system. The fact that bed height
proved significant mesns that 1t causes the major variation
in the pressure drop observations for the system. This
agrees vit: the work of nilhel:n and Kwauk(63) who state
that bed height is the only experimental varisble having
any great effect upor. the pressure drop over the system.
This does not imply that variation in bed diameter or
particle size dves not prouuce variation in the pressure
(10)

dror. Dixon and Massey state that observation

varisnce is caused not only b, differences in variables
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of classification, but alsc by the poprulation variance
and by experimental errors. Nc inference can be drawn
from the numerical F valuee for particle diameter or
bed diameter. Since these two variables did not prove
significant it way énly be ccncluded that the pressure
drop variation due to variation of these variables is
not as great as that due to changes in bed height.

Significant Interaction. The fact that the inter-

action between bed height and tube diameter was sig-
nificant implies that the mean values of the groups
were more disperse than was expected when the effects
due to bed height anu tube dismeter werc removad
separately. Lixon ana I-:assey(lo) list several factors
that may cause the significant interaction: (1) there
is no interaction but a value has been cbtained and
declared significant, (2) the two variables are
producing effects tcgzether whrich they would not pro-
ducs alone, and (3) another uncontrolled factor is
of sufficient importance to include in the experiments.
Since an alpha of 0,05 was selected, the chance of
number (1) happening is five per cent of the time.

The use of alpha as 0.0l would have produced no inter-

action as the F0.29 value from the computed tables is



3.68 ab corpared with the experimentsl f value of
2+705. If the bed height anu tube diameter were pro-
duciné effects togethsr that they would not produce
separately, there is no assurance that the interzction -

is due cntirely to this factor. 4s for number (3)

above, 1t is believed that thie factor is the least

likely to be producing the interaction in as much as
nearly all poseible variadles tiat could be included

in the fluidized system were included. (f course, it

"is entirely possible that effects from one or more of
these reascns are combining to produce the interaction

‘between the variables.

Statistical Regression. The phases of the statistical
regression considered in this investigation are tne variavles
of olassification, computational procedure, significance of
system variables, and tlLe evaluation of the equation unknowns.

¥Wariables of Classification. ¥#ive independent
variables of classification were considered in this
investigation. ‘The algebraic eet-up of the statistical
regression procedure permits the correlaticn of any
nuzber of variables. However, computational procedures
became extremely time-consuming when the number of

independent variavles exceede six.
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Computational I'rocedure. ihe deteruination of the

unknown quantitiss through statistical regression depends
unon the varistion of the experimental observaticns from
the mean of the observatione. Since the density group of
the original eguation was a constant for all tests, it
could not be included in the statistical regression as a
constant has no variance. To evaluate the exponent of the
density group, Lhe group would have to be varied by employ-
ing two or more solid materials or two or more fluldizing
nedia.

The Uoolittle computaticnal procedure handled the
five varisble systen of this investigation quite well.
satisfactory checks were obtained for each line of the
computational procedurs as it progressed. cxitreme care
w8 necessary in computing the sums of squares and sums
of products of the observations of the experimental cata.
Mistakes encountered in the evaluation of the matrix
terms usually show up in the computations of each line
of the Dooclittle procedure. The diagonal terms of the
calculation represent a sum of squares ana therefore can

never contain a negative quantity.
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oignificant Variailes of System. The analysis of

variance for regression, Table XIX, pags 108, shows that
regression due to all the vuriables of the system was
significant. This means thet all groups involved in the
developed equztion were important enough to be included.
The fact that the experimental F value exceeded greatly
the value of 39&22 (5,36) from the computed tables does
not mean Lhat the equation is highly significant, but
only that the varlables are significant,

iyaluation of kouation Unknowns. The unknown quan~

titles of the equstior vere evaluated by the.rolationshipl
of page 109, The nuxerical value for the b terms were
evalusted to gix decimal places., However, since slide
rule, rather than sutometic calculator will normally

be used for computations, the values for the b terms

were rounded off to three decimal places,

Application of Developed Equation. KEquztion (13) was

applied to pressure drop observations of Lastovica(67) for
2- and k~-inch diameter beds of 7 to 30-mesh ottawa sand;
Positive pressure drop deviations of 19 and 20 per cent
were obtained for the 2- and 4-inch diarmeter tubes, respec-

tively. Two reasons are possible for the disagreement.:
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first, the 7 to 30-mesh range of ottawa sand used by lLastovica
was larger than the limiting range of this investigation; sec-
ondly, the pressure drops obeerved by Lastovica were in the
fluidization range proper and were, therefore, lower than the
valuee at critical mass velocity. For proper operation, equa-
tion (13) must be applied at the critical mase velocity for
tube ranges from 2 to 4 inches for particle siszes of ottawa
sand from 20 to 70-mesh. Attempts to apply the developed
equation at vessel diameters below 2 inches, specifically

1 inch and 7/16-inch, resulted in positive deviations of

346 and 438 per cent, respectively. These calculations,
though inconclusive, seem to indicate that as the tube
diameter approaches 2 inches the pressure drop deviatiocns

become less pronounced.
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Recommendations

The following recommendations are presented for further
study on the pressure drop through fluidized systems.

Folyethylene Columns. Since the construction of the copper

fluidization columns did not permit the'visual observation of
bed expansion, colummns of transparent polyethylene should be
constructed prior to future pressure drop determinaticns. Such
construction would permit the use of side leads for determining
the pressure drop at increments along the columm axis.

Investigation of Other Materials. Additional tests should

be made using different materials in the particle range from
20 to 70~mesh. Such tests would give further indication as to
the validity of equation (13). It is recommended that the
selection of other materials be such as to cause wide varia-
tion in the 6-/ € ¢ &roup of the dimensionless equation. In
this way, fhe variasbles of the system could be changed to
include particle density instead of bed height which has
already been shown to be significant. Such materials, with
their abscolute densities expressed in pounds per cubic foot,
are: sovabead fines, 139.2; tubular alumina, 238.8; and

superbrite glass beads, 179.5.
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Bed Height. Since disagreement was obtained with the
results of Miller and Logwinuk'™*) in relation to the effects
of bed height on critical maes velocity, tests should be con-
ducted to estimete the relationship of bed height on the
critical mass velocity for incremental increases of 500 to
1000 per cent. Such tests need only be concerned with the

variable of bed height.

limitations

The limitations imposed upon this investigation are pre-
sented in the following paragrsaphs.

Type of Fluidization rerformed. The fluidization tests
performed in this investigation were the batch type, in which
the material fluidized remained in the fluidiszation vessel
throughout each test.

Material Fluidized. The fluidized material used in this

investigation was ottawa sand with an absolute density of
166,6 pounds per cubic foot.

Siges of Ottawa Sand. Three ranges of ottawa sand were
employed with the particle sisze determined by screen and photo-
graphic analysis. The paerticle diameters by photographic
analysis for the three ranges of sand in order of deoreasing
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magnitude were: 2C to 3(-mesh, 0.0278 inch; 3C to 50-mesh,
0.0191 inch; 5C to 70-mesh, 0.010€ inch. The particle
diameters by screen analysis were: 20 to 3C-mesh, 0.0453
inch; 30 to 50-mesh, 0.,0169 inch; 50 to 70-mesh, 0,0098 inch.
Vessel Dismeter. Fluidization columns of 2- and k-inch

dismeter were constructed of copper and employed in the
investigation,

Fluidiging Medium. Air was used as the fluidizing medium
in the investigation. The air was passed through a bed of
8~-mesh indicating drierite prior to introduction inte the
colums. The air temperature veried frou 68 to 76 degrees
Fahrenheit and conteined a marimum humidit; of C,006 pound
of water vapor per pound of dry sair.

Air Velocity. The air velocity was held &t the critical

mass velocity for the tests of this investigation,.
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V. CONCLUSIONS

Fluidigation of ottawa sand of particle diameters,
0.0266 inch, 0.,0180 inch, and 0.0103 inch was performed in
2= and 4=~inch diameter columns. The static pressure drop
was determined at the critical mass velocity for bed heights
of 1/2-, 1=, 1-1/2-, 2-, 2-1/2-, 3-, and 3-1/2-feet. Air,
with maximum humidity of 0.006 pound of water vapor per
pound of dry air, varying from 68 to 76 degrees Fahrenheit
was used as the fluidizing medium. The results of the

investigation led to the following conclusions:

1. The pressure drop across the fluidized system de-
creased as the particle diameter decreased. A maximum de-
crease of 70 per cent occurred for the é6-inch bed height and
4=inch diameter column as the particle sige decreased from
0.0266 inch to 0.0103 inch.

2. The pressure drop across the fluidized system
increased as the tube diameter decreased. A maximum
increase of 49 per cent occurred for the 3-foot bed height
and the 20 to 30-mesh range of sand as the tube diameter
decreased from 4 to 2 inches.

3. The pressure drop across the fluidized system
increased as the bed height increased. A maximum increase
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of ten fold occurred for the 2-inch diameter column and the
20 to 30-mesh range of sand as the bed height increased from
1/2-foot to 3-1/2-feet.

L. The pressure drop across the fluidized system
increased thirteen fold as the sand size increased from
0.0103 inch to 0.0266 inch, the tube size decreased from
4 to 2 inches, and the bed height increased from 1/2-foot
to 3-1/2-feet. An equation was developed correlating the
pressure drop with the other factors of the fluidized system.

The equation was as follows:

4
L]

3.173 - 0.136X1 + 0.03912 + 1.01713
- 0'297XI+ + 0.15115

whers:
Y = log up/ efnt, dimensionless
X3 = log Ug/ \ gy, dimensionless
X, = log Dp/Dt, dimensionless
X = log Ifbt, dimeneionless
X, = log€, dimensionless
X5 = log /4‘,/ ()f ﬁDtB/Z, dimensionless.
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5. The bed height was determined to be the only sig-
nificant variable when subjected to analysis of variance.

Other variables included in the analysis were tube diameter

and sana size.

6. The groups, tp/ (D, Up/ g by, Lp/Dy, WDy € ,
and /(f/ 6: \[E-Dt , of the dimensionless equation were
significant as determined by an analysis of variance for

regression.



Vi. SUMMAEY

The use of fluiuized solids techniques has been very
prominent in recent years, especially in the petroleum
industry. With the increasing use of fluidized systems
the need for study of the relationships existing between
the variables of such systems became more importaent. The
application of the principles of dimensional and statistical
analysis to such studies have proved very effective.

The purpose of this investigation was tc correlate the
pressure drop across a fluicized bed of ottawa sand with
the variables of bed height, bed diameter, and particle
size by dimensional and statistical means.

In the investigation the effects of bed height, par~
ticle size, and vessel diameter on the pressure drop through
the fluidized system were studied. Copper fluidization
columns wers used having internal diameters of 2 and 4
inches. Standard testing grades of ottawa sand were employ-
ed as the sclid. The sand ranges studied were 20 to 30-,

30 to 50-, and 50 to 70-mesh (Tyler standard) with an
absclute density of 166.6 pounds per cubic foot. Seven
bed heights of 1/2~-, 1-, 1-1/2-, 2-, 2-1/2-, 3-, and
3-1/2-feet were used in the investigation with the statie
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pressure drop determined st the critical mass velocity at
each bed height. &air, varying in temperature from 68 to 76
degrees Fahrenheit and having a maximum humidity of C.006
pound of water vapor per pound of dry air, was employed as
the fluidiging medium.

sy means of dimensional and statistical analysis, an
empirical ejuation was developed sznd the exponents relating
pressure drop to the other properties of fluldized systexs
were evaluated. 7The equation applies only to velocities of

the flula at the critical mass velocity and is as follows:

<
»

3-173 - 0.186X1 + 00039X2 + l.Ol?Xs
- 0.297}(& + 0.15115

wheres
Y « log sp/ 0y dimensionless
Xy = log Up/ \gby, dimensionless
X, = log DP/Dt, dimensionless
X3 = log /Dy, dimensionless
X, = log € , dimenslionless

X5 = log//Qt/ etYE—DtB/z’ dimensionless.



The pressure drop over the fluidized system was determined
1o be dependent primarily on the bed height of sand employed.
The application of the principles of multiple regression showed
that all the dimensionless groups correlated with pressure drop
were significant. The pressure drop was shown to decrease as
particle diameter decreased, increase as the tube diameter

decreased, and increase as the bed height increased.
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