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Abstract

Studies were made of the distribution of cémponents, when two
materials are fluidized in a liguid. The hypothesis tested was that the
distribution of matefial is a function of the bulk density differenee of

he component beds. The component bed having the greatest bulk density
will occupy the bottom of the total bed. It is possible for the bulk
density of one material to be greater than the other atVIOW'velocities,
and less than the other at high velocities. At some intermediaté condition
the bulk density difference between thé two beds must be zero. This situation,
cailed the inversion point, produces hoﬁogeneous mixing of the two
components.

Mixtures of two materials ior which an inversion was predicted by the
stated hypothesis were tested. In the intermediate and turbuient flow
regions inversions did nét oceur because macroscopic mixing destroyed the
bulk density gradients being established. However, in the laminar flow
region, where mixing was negligible, inversions did oceur.

The quality of the inversion was affected as {ollows. For a sharp
clear inversion of Ehe two materials at the predicted velocity, the diameter
rativof the two groups of particles muét be much greafer than one and the
density ratio (corrected for buoyancy) of the two groups of particles must
be ﬁuéh less than one. Also of importance is the absolute density (corrected
for buoyancy) of the pérticles.

Particle size‘distribution also appeared to strongly afiect the
gquality of the inversion. Thése distribations set up balk density gradients
within the single component bveds. This appeared to cause mixing of the
two components and in some cases even formation of the two inverted beds

vefore the predicted inversion velocity was reached.



viii

The prediction of the bed expansion of mixtures was also studied. A
correlation was developed on the assumption that each component of the
mixture could be treated separately. The overall expansion thus would be
the sum of the.expans;ons.of the individual components. There was very
good agreement between values predicted by this method and experimental
data. Thé method predic¢ted expansion well for all degrees of mixing of
the two componehts, but did not predict well when one of tiie components
was near its minimum porosity for fluidization.

The empirical equations of Richardson and Zaki (h).for single component
liguid fluidization expansions were checked. The values of the index "n"
Bbtained from experimental data agreed withiﬁ + B%IOf those calculated
- using the correlations. The eguation developed by Richardson and Zaki
for determining the free settling velocity of a single bgrticle from
extrapolated expansion data gave results which were within + }5% of those

obtained using the standard drag coefficient-Reynolds number plot for an

isolated sphere.
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Nomenclature

cross-sectional area of column, ft.

'bl

Cl

m

index in lewis and Bowerman equation, dimensionless.

1odified orifice meter coefficient,

B where}L

r [P
P p|'-p2

is in centipoises and the rest engineering units.

modified orifice meter coefficient,

engineering units.

colwm diameter, ft.

average particle diameter, ft., mm.

gravitational force, 1lb-force.

drag force, lb-force.

acceleration of gravity, ft./sec.
Newton's law conversion factor, (ft.) (1b.)/(1b-force) (sec.

variable constant, dimensionless.

2

]gi ﬂ'/___li__ all

P ~P’

2)

constant in Lewis and Bowerman equation, dimensionless.

I/m

constant containing liquid properties and Xk, kg

dimensional. ;

Tm-172 2-m’
P

vertical distance in a fluidized bed, ft.; vertical distance

between a base position in the bed and an elevated position, ft.

weight of solid particles in a fluidized bed, lbs.

state-of-flow-index, dimensionless.

Richardson and Zali index, dimensionless.

fluid pressure, lb-force/ft.

frictional pressure loss

P ratio, (Ap/L )/(Ap/L
F ! F

volumetric flow rate, ft.

particle Reynolds number,

2

in a fluidized bed, lb-force/ft.2

)
3/sec.

dVsp

H

., dimensionless.

theoretical

dimensionless.



r - particle di;:ne*;errnatiq, dl /d2 , dimensionless.

t - time of efflux for fluid in ﬁiscometer tube, sec.

\") - velocity of fluid, ft./sec.

Vo - free settling velocity of a particle, ft./sec.

Vi - superiicial liquid velocity when Richardson and Zaki plot is

extrapolated to € = 1.0, ft./sec.

Vp - velocity of particle in a fluidized bed, ft/sec. .

Vg - superficial liguid velocity, ft./sec.
Vslip - slip velocity between particle and fluid, ft./sec.

v - volume of a fluidized bed fraction, ft.o .

vy - ‘total volume of fluidized bed, lbs.
'wm - weight of solids mixture in fluidized bed, 1lbs.

w - vweight of a épecific fraction of solids, in fluidized bed, lbs.

- density corrected for buoyancy ratio, ( Psit — P )/ ( Ps2 —P);

dimensionless.

€ - orosity of fluidized bed, dimensionless.
P v ;
€m¢ - ninimwn porosity for fluidization, dimensionless.
€m - average porosity of mixture, dimensionless.

M, Mg - viscosity of Tluid, 1. /(ft. )(sec.)

e =-.viscosity of iluidized suspension, 1b./(ft. )(sec.)
PPy - density of fluid 1b./£t.3 .
Pe - density of fluidized suspension, l‘o./ft.3 . |
pB - i)u‘lk density of fluidized bed, lb./'ft.3.
ps - density of solid pérticles, g,m./cm.3 ; lbs./f’c.3 .
¢ - weight fraction of a solid component of a mixture.
subscripts

1, 2, A, B - specific fluidized beds of particles; 1 and 2 also
denote upstream and downstresm taps, respectively, on flowmeters.
i - any individual fluidized bed fraction. 4



0 - free settling conditions.
F - frictional; also denotes gravitational units of force.

T - +test section based on empty tube.
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- INTRODUCTION

Fluidization is a process widely used in industry, but the théory and
techniques for design of liquid fluidization eguipment and processes are not
fully undersﬁood at the present time. Thus a sound program based on
theoretical development and experimentation must be carried out to develop
religble design criteria.

The present work was formulatgd to study liquid fluidization of two
component mixtures of solids, for egample, a mixture of lead and steel
fluidized by water. The two materials would have specified diameter and
density ratios such that inversion of the ﬁaterials will occur at some
overall porosity above the minimum fluldization porosity.

Consider a fluidized bed composed of material A and material B such
that  pgp PPsg and  dg>dp . For particular ratios of Pga/Psg
in conjunction with specified ratios of dB/dA , the fluidized bed will
respond in the.following way to cﬁanges in superiicial ligquid velocity.

At low Tlow rates the fluidized bed will be made up of two layers, one

above the other, such that all the heavy small particles will form a
fluidized assemblage at the bottom.of the column guite distinct from the
Alight large ones whicn have formed an'assemblage above the small heavy
particles. Similarly at high velocities the fluidized bed will again be
composed of two distinqt strata, but now the large light particles will be
at the bottom and'the heavy small particles will be at the top of tle bed.
AL some intermediate velocity between the two extremes inversion occurs.

The inversion mode has been defined as the point of changeover, or the ppint
of homogeneous fluidization of the two species of particles. |

Inversion of the sort described above can occur becauase of the nature

of particulate fluidization. Wilhelm and Kwauk (l) have described



2.
particulate fluidization, asually but not always syhonymous:with liquid
fluidization, as characterized by the separation of individual particles
much in the manner of a'gas; A mean free path can be observed, and the
length of the path is found to increase with velocity." THus liquid
fluidization 1s observed to Le an ordered expansion of the particles in
the bed, without rapid large scale circﬁlation and mixing of particles.
Because of this, the position of the particles in a fluidizea bed will be
governed almost exclusively by drag and gravitational forces, on which
the inversion phenomenonlis based.

Qualitative observations of inversions have been described by two
earlier workers, namely, Hancock (2) and Jottrand (3). HancockA(2) in
1936 discussed and describéd-inversions of the type described above. The
ovservations madé were:

(1) At similar velocities in a coluwm of fluidized mixed sands, the
"bulk density, f)B , developed by the bed increases from the top downwards,
whereas with a uniform sand the bulk density is uﬁiform down the bed.

(2)- If one uniform sand has a pérticular bulk density at a particular
liguid velocity, then it is possible for another uniform sand of a different
solid density to develop the same bulk density at the specified liguid
velocity if the size of its particles is suitably related to the particle
size of ﬁhe former particles.

(3) When two uniform sands develop the same bulk densities at a
particular liquid velpcity, the total mixture behaves as 6ngﬁuniform bed.

Jottrand (3) has observed a s;milar phenomenon but, as with Hancock,
no guantitative measurements were recorded. In Jottrand's work a sggcial
case involving éne component fluidized and the other unfluidizgd is

reported. he conclusion drawn by Jottrand was, however, eguivalent to



~that drawn by Hancock, namely that, the primary factor governing
classification in fluidized beds is the average bull density developed by
each of the components of the mixture fluidized seperately.

In order to correlate data obtained on ﬁwo component fluidization,.the
literature was searched to determine the best method for measuring particle
concentrations al various locations in the bed. Most liquid fluidization
data have been correlated by bed expansion ( € vs. \Q ) and differential
pressure gradient ( ApF/l_ vs. Vs, ) through the bed. Analysis showed that
the bulk density difference between two sections of a bed waé é@uivalent
or at least proportional to théldifference in differentialtfrictional
pressure gradient between the sections. Therefore meaéurements of
frictional pressure loss profiles could be used to determine bulk density

profiles and hence longitudinal particle distributions, in a fluidized bed.



THEORY

A. Free Settling Velocity of a Particle

If a particle is falling under‘the influaence of gravity in a fluid
medium, the particle will accelerate tg a constant terminal velocity: V%
This velocity is dependent on the diameter, shape and density of the
particle and the propertiés of the fluid through which it is falling. The
constant terminal velocity will be achieved when the buoyancy-corrected
gravitational accelerating force, Fg, is counterbalanced by the resisting

upward drag force, Fd‘ For spheres,

Fg= Td’(Ps-P)gc 1
6

and Fp= | Cpp md?V? 2
8

On equating ngnd.FD of eauations 1 and 2, the drag coefficiedt, Cp; is

then given by

_ 4dgc(ps-p) . 5
3P

D

The particle drag data can be répresented in terms of a plot similar
to the friction factor - Reynolds number plot for presenting pipeline
pressure drop data. The dfag coefiicient is plotted against the Reynolds
number based on a characteristic particle dimension and on the relative
velocity between the particle and the fluid medium. he drag coefficient -
Reynolds number curve has been divided into three regions, the Stokes' Law
or laminar range, the iﬁtermediate region, and the Newton or turbulent
region. In each region the curve has been approximated by a straight line.

For the individual ranges Cp may be approximated as [ollows.



Stokes' Region

Re,< 03

Cp = 24/Re a4
a(ps-p) d? ‘

VO = . _Ei_e___. 5

Em
Intermediate Region
03 <Rey,< 500

Cp= 18-6Re™*® ' | 6

0152 ¢"'¢ 0714(P p)°'7‘4
Vo= 0-428 . 0-288 7

B2 p

Newton Region

500 < Re,< 500,000

Cp= 0-44 | 8

- 08 -
v - [sgcd:ops P)] o

Generalizing, it can be stated that the drag force Fp is given by

the following eguation:

m.m 2-m_m-| 10

At low values of Reynolds number, where fluid resistance is independent

of density, m egquals 1.0, but this index increases to 2.0 at high values
of the Reynolds.nﬁmber, where Tluid resistaﬁce is independent of viscosity.
Equating equétionsl and 10, we obtain a generalized eguation for the free

settling or terminal velocity of fall of a particle:



- k(Ps'P)Vm é3-ni/mgl/m
0" ﬁ-l)/z p2-m

he constant, k, in the equation varies from %Bin the Stokes' region to

4. |
2 —
3044

11

in. the Newton region, for a spherical particle.

B. Bed Expansion Correlations

Numerous equations have‘been developed for correlating bed expansion
data, but there does not seem to be much agreement among workers as to
which correlation is best. At the present time, the most comprehensive
‘and easiest correlations to apply are the simple power functions relating
porosity and superficial liquid velocity. Variéus studies reported in
the literature on the velocity - voidage relationship in multiparticle
systems are analysed in the following sections.

Happel (6) developed an equation for expansion relatiohships, by
using the Nevier-Stokes' equations without the inertial terms to describe
the motion of multiparticle systems. ‘The model of a fluidized ox
sedimenting béd was that of a number of cells, each consisting of a
spherical partiqle at the center enclosed by a spherical envelope of
fluid. The Voluﬁe of fluid within the envelope was such that the porosity
of a cell was equal to the overall porosity of the bed, and the envelope
itself was assumed to behave like a free surface. That is, to obey the
condition of zero shear stress at the fluid-fluid boundary. Disturbances
caused by particles were confined to the cell in which they were
associated. The relationship developed on these:postulates is given by

V  3-451-6" +451-€%® - 3(1-€)*

- 12
A 3+ 2(1-€)°%/?
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This equatioﬁ'pfovides gbod agreenent with experiment at vég} high and
very4low voldage, and atrlow Reynolds numbers, but is poor outside of these
regions,

Hawksley (7) developed an equation based on the following proposals:
(l) What 1s important is not the‘fluid density or viscosity but the
suspension density and viscosity. (2) The relative velocity bhetween
fluid and particles is Vg/e . Thus the fluidized bed density and

Viscosity are given by the following equations:
Pre =g exp 4 10-€)/(0-64 +€)] 13
Pe = psll-€) + e€p !

Substitution of equationsl3 and 1b into the Stokes' Law equation gives

(Pg-P)gdzéz

A ' 15
184 exp [4-1(1-€)/(064+¢€]]
so that |
Vv €?
= _ 16

Vo exp [4:1(1-€)/(064 + €))]
The agreement of‘this equation with experimental data is again good at
low Reynolds numbers but not at:high Reynolds nwibers.

Richardson and Zaki (4) have developed an equation based on the
dynamic equilibrium of individual particles as a function of the fluidized
bed and apparatus properties. The equation is based on a-dimensional
analysis development to determine the variables wnich are important and
how they are grouped, and a comprehensive group of experiments to
determine the powers on the various functional groﬁps. Dimensional

analysis anticipated the following groupings:



v
_s=f[ﬂ’if3,i,e] | 17
Vo B D »

The expansion equation developed was the following:

Vs n
—_ = € 18
Vi
vhere Vi is the velocity obtained by extrapolating the log-log plot of
superficial liquid velocity versus porosity to a porosity of one. The

pover n is a function of both the flow rééime and the apparatus:

n= 465 + 195(d/D) Re,< 02 19
n= {4:45 + 18(d/D)| Res " 0-2<Re,< 200 20
n= 445 Re, 200<Re,< 500 o1
n= 2-39 Reé> 500 20

Also, it has been shown by Richardson and Zaki: that the following

relationship holds:
log V, = logV; + d/D 23

The correlations of Richardson and Zaki have been subjected to
rigorous tests by comparingvthem with extensive liquid fluidization data
from numerous literature sources. Excellent agreement has beeﬁ obtained,
according to Leva (5). These correlations are the most reliable method of
predicting expansion of liguid fluidized beds and are valid virtually up

to € = 1.0



)

levis and Bowerman (8) developed an equation of the form

%

— = Volk'e®) 24

where k' and b' are specific constants. This equation is intended to

take into account the effects that particles mayvexert on each other. As
these effects should decrease as interparticle spaces increase, the
_occufrence of bed voidage in the relationship shown above appears to be
reasonable. In the absence of wall effect, when according to equation 23
Vo = Vi , equation 24 is obviously equivalent to equation 18 with b' equal

to h4l.

C. PFrictional Pressure Drop in a Fluidized Bed

The frictional pressure drop relationship in a fluidized bed is
developed from the supposition that the particleg in a fluidized bed are
entirely supported by <the fluid. That is, the weight gradient of the solid

bed is equal %to the frictional pressure gradient through the bed caused by

- mass Tlow:
Ap_= (ps—pP) 25
F ApPggc * '
A _
or —Pf =(p$-p)(l—e)g 26
9c

These equations were experimentally corroboratedfor numerous solids
fluidized in lEQuids byVWilhelm and Kwauk (1). Most of Wiihglm and
Kwauk's data agree with the theoretical equation within 5%. The results
of Richardson and Z'aki (h).tend to indicate that the above equation holds
for beds composed of particles which have a relativély low density and

in which the particle to column diameter ratio is small.
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For beds composed of large particles or very heavy particles,
channeling, bridging and other aggregative effects occur and equation 26
does not agree too well with experiment. Figure 1 shows a graph relating
the friétional pressure drop across a particulatély fluidized bed with
velocity through the bed. Also shown is a diagram of the pressure drop

per unit length through a fluidized bed.

D. Stratification and Classification

An important problem which had not been worked on extensively in the
past is stratification and classification in particulately fluidized beds
composed either of one material or of a number of materials. Work in the
field of stratificationAby size is being carried on at the present time in
this department and should provide sone useful information.

Richardson and Z'eki (A) showed that if a fluidized bed is composed of
particles of two distinct size ranges, then the sirall particles will form
a bed on top of the bed of large particles, and there will be a distinct
'interface between the two beds. In a fluidized bed composed of a
continuous range of particle sizes the solids will tend to arrange
themsgl?es 80 thaththe greatest amount of fines will be in the upper part
ot the bed. Verschoor (9) observed that stratification of particles will -
occur even for very narrow size ranges (100 to 120 mesh). Andrieu (10)
systemétically studied stratification by size in water-fluidized beds and
found/that the porosity of the fluldized bed increased frém the bottom to
the top of the fluidized bed, a conclusion which h¢ deduced from the
observed decrease in the pressure gradient and hence the apparéht or bulk
density of the fluidized bed. This finding is consisteﬁt with Hancock's (2)

first observation, previously discussed.
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E. Theoretical Derivation for Inversion

" The driving force for segregation or stratification of two groups of
particles in a particulately fluidized bed is assumed to be the difference
in bulk density of the beds formed by each group of particles When they
are individually subjected to the given superficial liquid velocity. The
bulk density of a fluidized bed is given by

Pa = (I-€)p; + €p o

N

The difference in bulk density between two beds composed of particles 1

and 2, respectively, is therefore

Pei —Ps2 = (I-€)(Pg=p) — (I-€(psa-p) 28

Many bed expansioﬁ functions exist, but the sirmplest equation and that
which represents empirical data best over the whole range encountered is

that of Richardson and Zaki (4), which is

Vg =V; € C29

30

The free settling velocity 1s given by equation 11, which is
i/m (3-m)/m
u
v° - k (PS-P) d 31
Combining equations 30 and 31,

- 1] I/m -
Ve =107 k" (pe-p) ™ a®T™ M " 32
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As particles 1 and 2 are subjected to the same superficial liguid velocity,
it follows that
dl I 3-m| % l 3" mz

k':lOD(PSt"P)m‘dt " 'e:‘u = k210 D(Psz —-p) 4, " 522 33

If the assumption is made that both groups of particles fluidized within
the same flow régime, that is, in a given region of Re, (e.g. the Stokes'
region or the Newton region), then k1" = kp", my = my and ny = no .

These conditions can be approximately produced experimentally. Also if
it can be assumed that the particles are small relative éo the column
diametef, then 10(d2"d1)/D“is equal to 1.0 approximately. Simplifying

equation 33 accordingly,

.I/mn (3-m)/mn
€2 = €ly)  (r) 3h

vhere 7=(Ps|‘P)/(P52‘P) < | , and r = dl /da > |

Substituting eguation 34 back into 28 we have

~

| (3-m)/mn
r ] 35

) |
Par-Pa2=(Py L) [(1- Sl et - -y-(.,,,,-.,,mn)

Inspection of equation 35 will reveal the following information:
(1) suppose that

| . r(3-m)/mn

-y < &l- " _(mn-1)/mn

Y 4

The bulk density of bed 1 will then be less than the bulk density of bed 2,

36

and the latter will occupy the bottom section of the column with bed 1
above 1t. 'This is classification by density.
(2) suppose that

(3-m)/mn
~ (mn-1}/mn

-+ > U~ 37



. | | | 1.

The bulk density of bed 2 will be less then the bulk densié& of bedAl, and
thus bed 2 will occupy the top of the column with bed 1 in the bbttom
section.

(3) suppose that

| r(3-m)/mn
|- — = € (l- — ) 38

Y Y(mn-l)/mn

The bulk density of bed 1 equals the bulk density of bed 2 and according
to Hancock (2) there should be perfect mixing of the two sets of particles,l.
producing one homogeneously fluidized bed. If this condition holds at a
particular value of €, , then for values of €, less then this value,
situation 1 will cccur and bed 2 will be at the bottom and bed 1 at the
.top. Similarly for values of €| greater than this particular €| ,
situation 2 will occur. These situations are represented diagramaticall&t
by figure 2.

For situation 3 to occuf, the bulk density difference must be equal
to Zero, and therefore by equation 35,

! _y

€ = )'an l,(:S-m)/rnn -y

39

The corresponding value of €5 for this particular value of € is
given by equation 34, or by applying the condition of zero bulk density

difference to equation 28, which then simplifies to
€2 = |- y(i- €) Lo

Since the void fraction in a particulately fluidized bed can vary only

from €mfto 1, a reversal from sorting to sizing will occur in such a
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bed during its expansion only if r and Y are such that
Gmf<€' <€2 < ]

where €| and €gare ca;Lculated from equations 39 and 3% (or LO)
respectively. Beare (ll) has produced a plot for the laminar or Stokes'.
region (m=1, n=4.65) relating inversion conditions with particular values
of r and Yy . This plot is givén in Appendix I. A similar plot also |
appears for the Newton region (m=2, n=2.39) which can be compared to the

laninar plot.

F. Mixed Bed Height Predictions

Numerous workers have correlated liquid fluidized bed expansion
equations for uniform particles, but very little work Hés been done on
correlating expansion data for fluidized bedsvcomposed'of mixed sizes or
beds composed of more than one solid material. ILewis and Boﬁerman (8)
studied fluidized beds of non-uniform sized particies and found thét the
performaﬁce of the system could be accurately predicted from equations‘for
the constant diameter spheres. This can be done by using the equations to
calculate the performance for each narrow particle size fraction, then
summing the contributions for all fractions to give the overall bed
expansion. If a fluidized bed is composed of a number of different
materials and it can berassumed that the fluidized bed is separated into
distinct layers of different materials, then the contributions for each
section can be similarly summed to give the overall average porosity of
the\mixture as a function of velocity.

Suppose & fluidized bed is composed of W pomnds of particles of

density psl ) Wa pounds of particles of ‘density PsZ , and so on. Tlhen

the volume of each section in the fluidized bed is given by the following



equatioﬁ, in which the subscript i refers to any individual section i :

| ' Vl.
Psn

The total valumesof the bed is the sum of the volume of the different

Vi ¢ 41

éectiéns.

‘ ] wi
"Iy = Erigxgh

The average porosity of the mixture is the ratio of volume of liquid in

Lo

the bed to the total volume of the fluidized bed.
v _x Wi _z‘”_i
| - € Psi Psi ' 43

il Wi
2 |- € xP_si

€m=

IR,

Lo Vi
2 sz#si

Ll

[ ]
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he above equation should hold for a fluidized bed which is separated into

layers, but not necessarily when the materials are mixed together. It is

here postulated that equation (44) also applies to mixed beds. Thus the

average porosity and the height of a fluidized bed of mixed species can be

predicted from a knowledge of the porosity-veloclty relationships of the
individual components.

Hoffman, Lapidus and Elgin (12) have studied this aspect of
fluidization and héve proposed an equation for the overall bed expansion
of a bed of mixed sizes. Their work is concerned with particles of the

same material but different sizes, during the expansion of which the

particles are completely segregated by size and do not mix. The equation

they propose is eguivalent to
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em o= 1o —l_ .

x.
|- €
vhere X;= W; / Wp, = weight fraction of size i in the solid mixture.

This equation is equivalent to equation 43 or L4 for constant density

solids, but Elgin et al make the statement that it does not hold for

fluidized beds when the layers mix.
The basic assumption underlying Elgin's work is that a unique
relationship exists between the slip velocity and the hold up for any

’

particulate system. The slip velocity is the relative velocity between

the particles and the fluid and is given by .
VY | .
V li S —— - __E._. )+6
sip € |- €

For a batch-fluidized bed, Vp =0 and the slip velocity is equivalent

to the average interstitial velocity in the bed.



APPARATUS

A. Ceneral

The equipment was designed so that a wide range of flows could be
pumped through the test section. A schematic diagram'of the apparatus is
displayed in figure 3. The equipment is an open system composed of two
loops. The primary loop consists of the storage tank, pump and heat
exchanger which maintains the fluid at room temperature. The secondary
circuit consists of the flow- and temperature-measuring section and the
test columm.

(a) Pump

The test fluid is circulated by a Paramount close~coupled type
‘U 1-3-2 pump driven by a 3 h.p. motor operating at 3450 rpm. The pump
‘was provided with a John Crane mechanical seal to prevent air being sucked
‘into the pump. The capacity of the pump is 60 U.S. gallons per minate
against a total headtof seventy feet.of water and vwas supplied by Pumps
and Power Limited, of Vancouver, B.C.

(v) Piping

The piping is 2-inch IﬂD., type L, Noranada copper seamless pipe,
and the fittings used throughout were all copper or brass. All shut-off
valves except the flow control valves are 2-inch brass gate valves. The
two large control valves are globe valves and the small control val?es are
needle valves.

(¢) Heat exchanger

The heat exchanger which removes heat generated by the pump is a
seven-tube baffled, counter-current type. The cooling medium wds on the
shell side and the test fluid was in the tubes. In runs with low
viscosity fluids the temperature of the effluent liquid was controlled

by adjusting the cooling water throughput. With high viscosity fluids,
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A-test section - 2"1.D. X 5' long
B - calming section - 152" long
C- expansion exit section

D - equalizing entry section

E- thermometer

F- capillary flow meter | A
G,,G,,G5- orifice meters

FITIXIL
+ EE
G,1Gz|Gs| 1
| F. o
X 1

|feed E ;D

= =" '

tank |

b

-

heat exchanger

pump

Figure 3. Schematic Diagram of Apparatus.
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where the controlling resistance was on the tube side, the temperature was
éontrolled by adjusting the flow through the primary circuit. Thermémeter
E in figure 3 ﬁaé used to measure the efflux temperature to the tést section.
(d) Flow Meters
The liquid-metering section consists of three sharp—edged orifice meter
runs and a capillary flow meter. A calminy length upstream of at least
50 diameters and downstream of at least 10 diameters was allowed on orifice
meter runs, and all orifice meters were fitted with cbrner taps. The
capillary'flow meter consists of a 0.25-inch diameter, stainless steel
tube 4'7" long with a calming length upstream, and downstream of 100 pipe
diameters and 50 pipe diameters respectively. The pressure drop across .
he flow meters was measured Dby meaﬁs'of one of two manometers, a 60-inch
air-{illed inverted U-tube manometer for relatively small pressure drops,
and a 30-inch mercury-filled U-tube Merian manomete:r for higher pressure
drops. The tap leads from the meters are connected to.a manifold system,
so that the pressure drop across any meter may be measured by 6ne or both
manometers. Vents were provided at all high points to allow complete
removal of air froﬁ the lines and mercury traps were 1itted to the mercury

manometer. Pertinent details as to sizes of orifices are given in table I.

) ' Table T

Orifice Meter Sizes

Meter Run Orifice Diameter Run Diameter
’ inches _ inches
1 . . 0.85 2.0
2 0.40 | 1.0

3 0.20 0.5
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(e) Test Fluids

The test fluid ﬁsed for laminar flow runs vas an agueous solution of
polyethylene glycol E-9000, supplied by Dow Chemicsal Company, of Midland,
Michigan. For the intermediate region runs, water was used as the test
liguid. These liguids were used becausé they meet the following require-
ments: they are (1) Newtonian, (2) non-corrosive, (3) stable and resistant
to bacterial attéck, (h) possess high viscosity at high glycol concentrations,
are (5) transparent, and (6) are not toxic. The Newtonian properties of
the polyethyléne glycol solutions were checked by comparing the Stormer
Viscosimeter (Ch.E.2002) curves for these solutions with those obtained
for-glycerol solutions. No non-Newtonian behavioar could be detected
after the glycol socluations were‘violentlf stirred for a long time. To
increase corrosion resistance, sodium dichromate and sodium hydréxide were
added. These chemicals effectively stopped any corrosion but caused the
glycol solution to turn a dark orange-brown color. The solution used was
L0% vy weight of polyethylene glycol in water, which had a viscosity of

about 0.090 1L./ft.sec and a density of 67.4 1b./ft.3 at TO°F.
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B. Test Section

The test section consisted of one of two test columns, an
‘ordinary 2-inch I.D. and 5-foot long industrial Pyrex glass tube and a -
column constructed of perspex containing pressure téps at numerous
positions up the column. The perspex column was alsé 2-inch I.D. and
5 feet long. A detailed schematic diagram of a pressure tap.&ppearee
in figure 4. Each pressure tap was connected into one of two headers
in such a way that frictional pressure drop measureﬁents qould be made
across alternate taps or Ifrom the bottom tap to any other tap.  The
headers were connected to a 100-cm. long 8-mm. glass U-tube cohtaining
_ carbon tetrachloride. A diagram of the differential pressure measuring
system appears in figure 6.

The column attachment flanges were constructed so that the column
could be aligned vertically, and so that the calming section and column
Joint could be properly aligned. It was found that the quality of
tfluidization was affected markedly by these two factors. Non~alignment
of column and calming section caused }arge eddies and channeling in the
fluidized bed. Large scale circulation up one wall of the colwm and
down the other resulted>from not having the column vertical.

The support for the fluidized bed was a 16 mesh stainless steel
screen on top of which wés a 2-inch deep fixed bed of lead spheres.

The diameter of the spheres Qsed in a particular run vas determined by
the size and density of the material being fluidized in the .column during
the run. If the lead spheres were too large, they caused channeling in
the fluidized bed and if they vwere too small they fluidized'and'
disrupﬁed the bed being studied. The equalizing entry section consisted

of a 152-inch long section of straight copper pipe and a concentric
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annulus distributor to the straight pipe. A diagram of this distributor
is shown in figure 5. The expansion exit section is a simple overflow
from the 2-inch diameter pipe into a larger chamber. A diagram of this

section is also shown in figure 5.
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Schematic Diagram of a Sectional View of the Colamn.
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Figare 5. Diagram of Entry Section to and Exit Section from Colium.
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Key to Figure L4
plastic "O"-ring.
plug with 1/16" hole drilled through it.
150 Tyler mesh screen covering pressure tap inlet.
2-inch I.D. entry section to column.
3/8" Dmperial compression nut.
1/4 pi@e to 3/8" compression Imperial connector.
2~inch I.D. pérspex columi.:.:.
pécked béd of lead spheres.
16 mesh stainless steel support screen.
rubber gasket.
brass adapter flange for sﬁpport screen.
brass flange.
1/4" inch I.D. copper tuling.

rubber gasket.

Key to Figure 5

brass connector flange.

2-inch I.D.‘column extension.

2-inch I.D. return line to storage tank.

h-ineh I.D. expansion section.

6. alignment apparatus for sampler used by B.Pruden (15).
2-inch I.D. line from fluid metering section.

2~inch I.D. calming section below column.

6-inch I.D. expansion section.
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EXPERIMENTAL PROCEDURES

A. Operating Procedure

For each nmixture of solids tested the procedure was as follows.

Tach component vas run separatel& to determine the single componenf
properties; then the two components were mixed together and run to determine
how the mixture fluidized. During each of the three runs for each particular
mixture, expansion data and {rictional pressure loss dafa were obtained.
Visual observations of the bed were also recorded.

1. Expansion data.

At the various flow rates after equilibrium was obtained,‘the bed
height, room temperature, fluid temperature and manometer readings were
recorded. When the tést fluid was polyethylene glycol the bed took'about
5 minutes to come to equilibrium after the flow rate was changed. Water
fluidized beds required a much shorter time to come to equilibrium.

2. Frictional pressure drop data.

At various liquid flow rates and bed heights, frictional-pressure
drop profiles were determined by measuring thé difference’ in pressure
between varioﬁs pressure teps and a base pressure tap. Manometers were
bled before any readipgs were taken, to ensure that no air was in the
lines. When the test fluid was polyethylene glyéol, the manometer took
about 15 minutes to come to equilibrium. The sample calcuiations presented
in Appendix II for a particular mixture will give a good indication of

how data were taken and how the results were obtained.

B. Orifice Meter Calibrations
The method used for calibration of the orifices and the capillary
flow meter was as follows. At steady state conditions, when constant

temperature and manometer readings prevailed, the time to collect fifty
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pounds of fluid was measured. The capillary flow meter was calibrated

only for high viscosity polyethylene glycol solutiéﬁs; whereas the»%-and
l-inch orifice meters were calibrated for both polyethylene glycol solutions
andwuater. The data for the orifice meters has been plotted as C'/ReT

agalinst ReT , vhere ReTis the fluid Reynolds 3 number in the test

c L x /P W7
ReT P pl - pz ‘

Least squarés lines of the data were calculated. Maximum and mean

section and

deviations of the data from the least sQuares lines are given in Table 2.
;The délibration plots appear in Figures 7 and 8.. The least squareé
equations for the orifices méters are given in Teble 3.°

The capillary {low meter was calibrated in the laminar floﬁ range.
According to theory, for flow in the laminar region, the friction factor
times the Reynoids number should be a constant and equal to 16. The
average of this product as determined-from all calibration runs was
actually 15.395. The main source of the discrepancy cén be understood

by reference to the eguation for determining the product;

- mD*
f-Rer= —L 2 [ gc] | 18.
KQ 8Lm |

Equation 48 shows that a slight error in the measurement of the capillary
diameter will be greatlyymagnified in the f'RGT-product,

The maximunm andlmean deviations for the capillary Iflow meter are
respectively +3.5% and + 1.24%. The calibration equation déveloped for the

neter by weighting the 80 data points equally is

V; =1-468%107° p—'}:f’é k9.
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Table 2

Accuracy of Flow Meter Correlations

meter
%, glycol
1", glycol
3 ,:wéter

1", water

nean deviation maximun deviation
+2.3% + 10%
+2.9% + 9%
+ 2.0% 9%
+ 2.9% - 13%
Table 3

Least Squares Equations for Meters

Polyethylene glycol solution

2" neter
1" neter
Water

" meger

1" meter

CI
lopg=—— =
o8 ReT
t
logi;_=
Ret

i cll
Rert

-0.93631log(Rey ) -1.17h

-0.952310g( Rey) -0:557h

-1.064fog( Ret)1+32.399

=-1.018 1og(Rey) + 1.848
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C. Measurement of Viscosity and Density of Test Liquid.
The kinematic viscosity and fluid density of the test liquid were
measured in a constant temperature oil bath with a precision scientific

terperature controller capable of controlling within + 0.1°F. Samples

of the test liquid wére taken at the end of e&ch run, and during the run
for some of the longer runs. Duplicate measurements at three temperatures,
70, 75 and BOOF., were made of tﬁe samples. These temperatures were chosen
because they braqketed the temperature of the flﬁid in the test column
for almost all the runs. |

ﬁ The density of'ﬁhe fluids was measured using the departmental éet of
standard hydrometers {(Ch.E 1566). These hydrometers are standardized at
60°F., whereas the present experiments were conducted in'the range of
66-80°F. The possible error due to the temperature effect was checked using
'é‘Westphal balance and. distilled wé%ér:was employed as an absolute standard.
The hydrometers used were found to give the true aensity within + 0.2%.

A CannOn-Fenske viscosimeter (R933, Size 300) tube was especially
calibrated for measurement of the high viscosity polyetlhylene glycol solutions.
‘The tube was calibrated by comparing the discharge time for a tube (C—B)'
previquély calibrated by De Verteuil (13) with the time taken in the‘teét
viscosimeter. A precision of + 0.1% was obtained. The procedure used for
£illing, cleaning and measuring times of efflux from tubes is given in
the ASTM manual, Du45-53T (1k). For this tube, R933, within the
recormended range of kinematic viscosities (50-200 centistokes), the

vigcosity in centistokes is given by
V=0-2546t 50

where { = efflux time in seconds. The correction for kinetic energy is
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negligible provided the efflux time is greater than 200 seconds, and was

neglected in this case as the efflux times were of the order of 40O seconds.

D. Measurement of Particle Density.

Particle density was measuréd using a number of 25-ml. specific gravity
bottles. Two random samples vere talken from the bulk of the material and
the particle density was measured by the following method. Measurements
were obtained by first weighing the specific gravity bottle empty, next
filling it two-thirds full of particles and weighing, then filling it
completely and weighing and finally removing the particles and weighing the
bottle full of water. From these weighings and the temperature in the
laboratory, the volume and the welght of»particles‘could be determined, and

thus the density of the particles.

E. GSizing of Particles.

Two methods were used to measure the average diameter of the particles.
For gspherical particles greater than 2 mm., the micrometic method was used.
After screening the particles through a series of sieves developed by
B. Pruden (15), a random sample of 100 beads were measured using a
micrometer. The diameter used for the beads was the average of 100
measurements. For beads of 2 mm. or greater the maximum deviation of
the measured diameters from the average was about + 5.0%.

For smaller beads and particles, the arithmatic average of two
adjacent screen sizes was used. The procedure was as follows. About 500
grams of particles were screened between adjacent Tyler sieves of the hth
root series in a Ro-tap machine for 10-minute intervals. Aftervthe first

screening, particles which remained between the two specified sieves were
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collected and scfeened again. The second, third and fourth.screenings were
carried out on such particles only. Each screening was about 10 minutes
long, after which the sieves were regularly cleaned. It was found that
by ebout the fourtih screening a negligible amcunt of material was passing

through the smaller sieve.
&
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EXPERIMENTAL.RESULTS-
A. Experiments with a Single Species
1. Bed Expansion Measurements

To be able to predict inversion and bed expansions of mixtures of
two or more species of particles using single component equations and data,
numerous runs were made with single component fluidized beds. For each
experiment on fluidization of é particuiar species, curves were plotted
of log Vg against log € . Typical curves are shown in figures 13, 17,
21, 27, 28, 30, and the slopes and intercepfs obtained are given in tables
4 and 5. The data were correlated in this form becslise of its simplicity
and because Richardson and Zaki (4) haveAshown that it works quite well
over the complete range of fluidization.

The results obtained for the:slopes have been compared'with values
predicted by using the empirical equations of Richardson and Zeki in
tables 6 and 7. The agreement is good in almost every case.

Tables 6 and 7 also compare free settling velocity,\@ , as computéd
from the experimental intercepts and equation 23, with.Vg as calculated
from the standard drag coéfficient-Reynolds number correlations for free
settling of spheres. Discrepancies between the respective values, which
range as high as 30% but average less than 14%, co.ld be due to the
non-sphericity and non-uniformity of the particles.

Trial runs were made with a mixture of alundum and glass micro-bead
(cataphote) particles to determine the effect on a fluidized bed of having
another iluidized bed above or below the particular bed being studied.
When the fluidized micro-bead bed was above the alundum bed the expansion
cﬁfve for the alundum deviated slightly from the curve obtained when there

was nbt any bed above. As can be seen in figure 9, the alundan bed is



Sumnary of Fluidization

Tabl

e b

Results for Particles in Water

No. Particles - Req
amn. | pg, 223 Material |- ft‘/’gec log(V; ) n d/p | Figure
1 1.08 2.91 | Ballotini| 198 [ 0.590 -0.250 2.56 0.021 29
2 0.757 3.95 Alundum 129 | 0.543 | -0.280 2;87 0.015 27
3 | o.615 3.95 | Alundum | 97.8/0.516 | -0.310 2.95 | 0.013 28
L 0.912 3.95 Alundam 171 | 0.606 -0.235 2.76 0.018 31
5 1.83 2.92 Ballotini| 511 o.9dh ~0.080 2.31 0.036' 29
6 1.08 .17 Crystalon|{ 195 | 0.582 -0.25% 2.77 0,021 o7
7 0.542 k.50 | Nickel- | 89.3/0.532 | -0.285 3.02 | 0.011 30
Glass




Summary of Fluidization Results for Particles in Polyethylene Glycol

Table 5

No. | Forticles _ Re, Vy 1og(ﬁ ) a/p Figare
d,mm | Py 252“53 Material £t/ sec.
8 |0.456| 8.90 | Nickel 0.025 | 0.0236 -1.635 b5 | 0.009 | 13
9 | 0.645 1 3.95 | Alundunm o.031  0.0205 -1.700 5.36 | 0.013 17
10 2.28 2.73 | Ballotini| 0.507 0.0959 -1.063 4.59 | 0.045 13
11 |1.08 | 2.91] Ballotini| 0.077 0.0309 -1.530 ©5.13 | 0.021 17
12 |3.15 | 7.83] Steel 5.97 0.770 -0.185 4.13 | 0.062 21
13 | 2.05 |11.33] Lead 2.0k 0.40L -0.433 k.19 b.oho 21
1 |o.su2| k.so Néikel- -o.016é 0.0163- -1.800 4.84 | 0.011 2l
ass

"6¢



Table 6

Comparison of Results with Richardson-Zaki

LO.

and Free Settling Correlations. Water
No. Reg Vo £t/sec. n
Experiment |Correlation | Expt. Correl'n | Expt. | Correl'n
1 198.0 - 210.0 0.590 0.626 2.56 2.53
2 129.1 14k 0.543 .01606 2.87 2.83
3 97.8 102 0.516 0.538 2.95 2.97
L 171 198 0.606 0.701 2.76 2.80
5 511 537 0.904 0.951 2.31 2.38
6 195 218 0.582 0.651 2.77 2.72
7 89.3 v82 0.532' 0.487 - | 3.02 '2.98




Tatle 7

Comparison of Results with Richardson-Zaki and
Free Settling Correlations.

Polyethylene Glycol.

h1.

Re v, ft/sec. n
No. |Experiment jCorrelation |Experiment |Correlation | Experiment|Correlation
8 0.025 0.022 0.0236 0.0207 h.75 4.83
9 10.031 0.023 0.0265 0.0153 5.36 4.90
10 0.507 0.575 0.0959 0.1087 L4.59 5.20
11 0.077 0.068 0.0309 0.0274 5.13 5.07
12 5.97 .90 0.770 0.633 .13 | L.72
13 | 2.0u 2.39 0.0k 0.47h 419 b7l
14 0.0168 o.0136_ 6.0163 0.0132 L.84 L.86
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comﬁressed‘slightly by the presence of the micro-beads (cataphote), but
this effect disappears as the bed is expanded. Because the deviation

was very small it is assumed that having one fluidized bed on top of
another doesn't influence the f}uidization of the lower bed. The
expansion curve for the cataphote bed was not influenced at all by having
the élundum ved fluidized below it. Thus single component data can be
used to determine overall bed expansions for miﬁtures, provided the beds
do not mix. Results pertaining to expansion curveé for two components
which/do mix at certain porosities will be given in a later section.

The expansions of several of the water {luidized beds disg}ay an
interesting behaviour. The expansion curve is composed of two sections
of differént‘slopes, and the expansion seems to proceed differently in
the twé regions, as seen in figures 27, 28 and 30. The bed expands at
a greater rate with respect to velocity above porosities of about 55%
than it does at porosities below 55%. This behaviour seems to depend on
the d/D ratio, the velocity of the fluid, and the porosity of the bed.
The phenomenum was not cbserved when particles were fluidized in
polyethylene glycol solutions or when very large particles were fluidized
in wvater. Diagrams based on visual observations of'how beds appeared-to
fluidize and the particle flow patterns are given in figure 10. At
porosities of about 55% bubbling and void wave formationé begin to appear
in the fluidized bed. The void waves grow as the bed expands. These are
undoubtedly a cause for the change in slope of the expansion curve.
Observations similar to the aboye were also noted by Cairns and Prausnitz
(16) in their study of macroscbpic mixing in fluidization.

Cairns and Prausnitz (17) also measured the line velocity profiles in
wafe: fluidized beds in a 2-inch column using a tracer technigue. They

found that the velocity profiles begin to change their shape from a
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radially flat profile.and develob humps at 3 to 3.5 particle diameters
from the wall; at porosities oi about 55%. he height of the humps
relative to the average velocity depends on' the particle density.

There appears to be a limit to which a fluidized bed can be’
expanded before 1t becomes hydrodynamically'unstable. On expdnsion of
a bed slowly from & fixed ﬁoua.deﬂse and then a more dilute fluidized bed,
the bed expanded uniformly until a porosity of 85%. The bed was stable,
and disturbances which'méved through 1t affected the quality of
fluidization but did hot:cause any sustained oscillations.' If a bed was
expanded above 85% porosity, any disturbance beéinning in the bed became
amplified as it moved through the bed andJset'up continuous voideaves
and oscillations, which remained until tﬁe porosity of the bed was
decreased. After decreasing the porosity, the oscillations slowly
disappeared and the bed returned to a homogeneous fluidized state.
According to Jackson (18), fluidized beds wiil remain stable and will
not be affected by discontinuities unless the bed is expanded above a
certain limit. Disturbances in a fluidized ved grow as they move up
through the bed, but if a bed is not deep enough,_the disturbsnce will
have m9ved out of the bed before it has becomé‘large enough to disrupt
it. Slis and Willemse (19) have also observed these disturbances and
“have developed a theory £o account for their velocity of propagtion.

The #luidization of particles in the polyethylene glycol solutions
was much more-uniform in appearance than with water. It was not until
the bed wasiexpanded to about 75% porosity that notable circulation.of
the particles occurred. There was some tendency for particle movement
down the walls of the tube and up the centre, but it;was not very

pronounced. he particles, however, were continually coming together
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in small groﬁps, then falling through the bed as a group, dispersing, and

- rising again; This effect was particularly noticeable with nickel spheres,
whefe 5 or 6 particles would fall as a vertical ghain. For large particles,
such as ﬁhe lead and steel balls, there is evidence of mass movement of
groups of particles, but in these runs the particle Reynoldsf number

was greater than 2.0. Particle tlow consisted of a random eddying motion
and there.were fairly large variation; in the local solids concentrations
throughout the bed; However, disturbances similar to those observed in
deep, water-fluidized beds ﬁere not present in beds fluidized by the
polyethylene glycol solutions. .Sﬁch beds could be expanded out the top

of the coluwumn withouf larpge scale voids forming as they did in water-
-fluidized beds. Beds fluidized in polyethylene glycol segregated by

size to a much greater extent than they did in water, and at hipgh
porosities several beds dispersed to the point that no interface between

bed and fluid could be observed.

2. Differential Pressure Measurements.

Differential pressure measurements were made on beds fluidized with
polyethylene glycol solution. Figures 11 ana 12 are examples of thesge
results. The results obtained are within 5% of the theoretical values for
all porosities below 85%. At porosities greater than 85% the particles
were sufficiently seéregaﬁedAby size tﬂat the porosity calculated from bed
height was not representative of the bulk of the bed, and thus
experimental results were significantly greater than the theoretical
predicted values. |

Further‘analysis of the results shows that for low porosities the
experiﬁental values of porosity are somewhat less than the theoretical

values, while at high porosities the experimental results are larger than
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the theoretical ones. This condition has been explained by Adler and
Happel (20) as being caused by the nature of the entrance section. They
‘have studied the effect of calming section packing and loose-packed bed
height to diameter ratio on differential pressure drop across a fluidized
bed. The results obtained indicate three trends. (1) With no.packing
in the calming section, the.ratio of experimental differential pressure
gradient to theoretical_pressure gradient calculated from equation 26,
known as the P ratio, is a function of the looser-packed bed height to

- diameter ratio and the porosity of the fluidized bed. (2) For packéd
calming sections, where the packiqgﬂ?s above the support as in our case,
the P ratio is only a function of the porosity of the fluidized bed.

Also of importance is the fact that the P ratio varies from about 0.90 at
porosities of 60% to about 1.10 at porosities of 90%. (3) When the
packing was beloﬁ the support screen the P ratios were always less than
l.O.'_This can be readily confirmed by observing Wilhelm and Kwauks' |
results (1).

When measuring the frictional pressure loss through the flaidized bed
by the method used in this work, the pressure loss due to wal% friction is
also measured. The result obtained can be treated as the sum of_the
pressure loss dﬁe to the fluidized bed plu:. the pressure loss due to the
wall. Calculations were made to determine the maximum error that the wall
pressure loss could cause. The highest free settling particle velocities
in water and in polyethylene glycol vere used in the calculation. The
maximum pressure loss per foot of column in the polyethylene glycol
fluidized bed was computed to be 0.039 1b. force /. ft% = ft, and in the
water fluidized bed 0.602 1. force ﬁ ftg ft. The measured frictional
pfessure losses in the fluidized bed Qere'never less than 5 lb. force/

f£?¥ ft, and thus the error due to wall friction was never greater than 1%.
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B. Ixperiments with two species.
1. Inversion of Mixtures.

Mixtures of two‘groqps of particles, for which single component data
had slready been méasured, were iluidized:using polyethylene glycol
solutions and water.

Many different mixtures were tested when the fluidizing medium was
water, but no visible inversions were obtained. Most miﬁtures expanded
in the following manner. At low velocities the bed was separated into two
distinct sections and as the fiuid velocity was increased the two
components mixed together. The‘mixing incregased as the fluid velocity
increased until a homogeneous mixed bed was obtained. On further increase
in fluid velocity no separation of the bed into two sections was observed.
This was not unexpected as most practical inversions are predicted to
occur at a porosity of about 85%, and in water fluidization the fluldized
bed is very.unstable at these porosities. It appears that macroscopic
mixing in the water~fluidized beds masked}the invefsions, and that the
driving force for segrégation due to bulk density difference was not great
enough to overcome the forces producing mixing affects and instabilities
in the fluidized bed.

Binary mixtures of particles vwere also fluidized in bolyethylene
glycol solutions, and very detgiled-results were obtained for four mixtures.
The résults obtained appear in Tableé 8§ - 11, and are followed by a general
analysis of tyo component'fluidi;ation.

The interpretation of data was as follows. Expansion déta were plotted
as logarithm (mean porosity) against logarithm ($uperficial liquid
velocity). The experimental points obtainéd are given and the expansion
curve predicted by equation (kk), using single.component data, is drawn as

a8 bold line. The agreement between experimental and predicted expansions



is very good, as can be seen in Figures 13, 17, 21 and 24. The
frictional.pressure drop data were plotted as difference in pressure from
a base position to a higher plane versus height L, which is the disfénce
between the base position and the higher plane. The paraneter is
superficial 1iquid.velo¢ity. These data are displayed in Figures 1k, 18
and 22. The differential pressure gradients for the individual components
were obtained by measuring the slopes of the straight lines in the latter
plots. The difference in bulk density of the two beds is numerically
equal to the difference in diffe;ggﬁialspreégure gradient for the beds.

Development is givén below.
(Bp /L) = (1-€)(pg ~Plg/gc 6.

(A%/L), -(ApF/L)z = (I- €))(pg, -P18/g. - (1- &) pso —P) /g, 51

The bulk density difference has already been shown to be given by

Pei —Pe2 =(1-€)(pg -p) — (I-€)(pga -pP) | 28

Thus

Per —Psz = [(ap/L) =~ (8p/L)] gc/g 52

The measured differential pressure difierences, which are thus equivalent
to the bulk density differences, are plotted against the superficial
liquid velocities in Figures 15, 19, 23 and 25. The bold line is the
curve obtained by using single component expansion data and theoretical
differential préssures to determine the iﬂversion point, as follows. At
a particular superficial liquid velocity eland ezwune read from the
single component expansion curves, and these valueé were used in equation
51 to calcuiate the difference in differential frictional pressure

gradient between the two components.



Table 8

Inversion Results for Nickel
and Ballotini Mixture

Properties
of
Mixture

Components

d,mm.

Ps

Material

Wt. of
Sample

0.456
8.90

Nickel

459.0 gm.

2.28
2.73
Ballotini

400.0 gm.

Buoyancy
ratio

Size
ratio

4

Predicted inversion
porosity (€n) by

equation

(39)

Predicted inversion
- porosity (G"Q

using single component

data.

Experimental inversion

porosity

Flow régime

0.212

5.01

0.817

0.842

0.783

Stokes
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Table 9

Inversion Results for
Alundum and Ballotini Mixture

Properties iy d,mm

o | ps

0.645 1.08
3.95 | 2.91

Alundum Ballotini

4470 gm.|320-:0 gm.

Mixture - Material
Components Wt. of
sample
Bubyancy ’ y
ratio )/
,size r
ratio

predicted inversion
porosity (€m) by
equation (39)

-predicted inversion
porosity using single
component data.

experimental inversion
porosity (€m)

flow rééime

0.640
1.675 ¢

0.805

0.806

0.763

Intermediate
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Table

10

Inversién Results for Lead
and Steel Mixture

Properties a,mm ©3.15 2.05
of Ps 7.83 11.33
Mixture Material Steel Iead
Components Wt. of 800.0 gm. | 900.0 gnm.
sample
buoyancy y 0.659
ratio
size r 1.536
ratio '
predicted inversion 0.803
porosity (€") by equation (39)
predicted inversion 0.688
porosity using single
component data
experimental inversion . 0.721
porosity (€m) '
flow régime Intermediate
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Table 11

Inversion Results for Nickel-Glass
and Ballotini Mixture.

Properties d,mm 0.542 1.08
o¥ Ps L.50 2.91
Mixture Material Nickel- Ballotini
E ‘ Glass
Components ‘
Wt. of 296.0 ga. | 290.0 gm.
sample
buoyancy y 0.537
ratio
‘size 1.99
X r

ratio
predicted inversion ‘ 0. 80k
porosity (€,) by egqiiation (39)

" predicted inversion 0.841
porosity using single

- component data
experimental inversion 0.807
porosity
flow réhime Stokes

-

00.
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The s;perficial liquid velocity at which homogeneous fluidization
occufred for the four mixtures was close to that predicted by equation (39)
.and that predictéd from éingle component data. Visggl observations showed
a gradual transition from heavy éomponent predoninantly at the bottom to
the heavy compogent predominantly at the top of the ted, as the velocity
of the Fluid was increased. An instantaneous flip-over of the component
beds as described in the theory did not occur. The way in which the
inversioné proceeded ié‘ﬁnteresting. As the superficial liquid velocity
was increased, mixing of the two components began at the interface between
the two beds, producing a region of mixed bed. Fuarther increase in velocity
caused the mixed bed regioﬁ to expand both upwards and downwards, until
it engulﬁed the whole fluidized bed. Finally, as the Velocity was
increased_further, the heavy smali particles begé& to move out of the
mixed bed and form a bed above the mixed bed. The mixed bed was slowly
depleted of heavy small particles as the velocity was increased until the
number of small particles left in the mixed bed was very small. Figures
give a shcematic representation of the inVersiQn of two mixtures.

The velocity intérval over which the intérface between beds was
indistingﬁiéhable occurred between bulk density differences of approximately -
-15 and +&t 1bs m/ft3. In this region of small bulk density differences
between the two components, the factors causing mixing, such as velocity
distribution and parﬁicle size distribution, have a greater effect than
the small bulk density gradients, and the beds remain mixed and do not
segregate. ¢

In order to have an almost instantaneous inversion, the region of
small bulk denéity difference must correspond to a small change in
superficial liquid velocity. For a-sharp clear.inversion the rate of

change of bulk density with respect to velocity must be large. Considering

°



“equation 28, the porosity is the ohly varisble on the right hand side
whicih is a function of velocity. Therefore the gradient of bulk density
difference with respect to porosity must be directly related to the

gradient of bulk den'sity difference with respect to velocity. Thus

l r(3-ﬁ\)/mn
- = - = =) — - 28
Pei ~Pe2= (Ps —P) [(' ),) € (1 y(mn-l)/mn )]
Differentiating with respect to € , we have
) d(Pa — e {3-m)/mn
Psi —Ps2 - (oo —py | I _ 53
ae Psi =P .},(mn-l)/mn 7
To have an inversion with Y < | , it is necessary that | « r and thus

r(3-m)/mn

{(mn-1)/mn

Referring to equation 53, it is apparent therefore that for a large gradient
of bulk density difference with respect to porosity,r must be large,

( Psi —p ) must be large and )’ nust be svmall. Anslysis of the data
shows that these factors do indeed have the predicted effect on the

quality of inversion. A comparison of mixtures appears in table 12.



Table 12

Quality-of-Inversion Predictions

T1.

Mixture Nickel- Nickel-Glass Alundum
Ballotini Ballotini Ballotini
Pst — P 1.84 gm/cc 1.84 gm/ce 1.84% gm/cc
r 5.01 1.99 1.67
Y 0.212 0.537 0.640
d(Pg—Pgal/dE | 10.6 gm/cc 2.21 gn/cc 1.44 gm/ce
Comments: . very good fair inversion| mixed bed

‘clear-cut

inversion

over most

of fluidization
region - poor
inversion.
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Particle size distribution; affected the preciseness of the inversions

and caused tﬁem to occur over a range of velocities. If a fluidized bed

is composed of material of a range of sizes, there will be a porosity
gradient through the fluidized bed which will gause a bulk density
gradient. This has been shown to be so by Andrieu (10) and numerous other
workers (4, 8, 9). Andrieu has also shown that the porosity gradation and
thus the bulk density grédation_increase as the overall average porosity

is increased. Both components in the mixfure have parﬁicle size
distributions and thus both have bulk density distributions. Three cases
arise. (1) The bulk density distributions of both beds is qqqal.  (2)_ The
bulk density distribution of the small heévyAparticles is greétef than

that of thé large light particles. (3) The bulk density distributioﬁ of
the heavy small particles is less than the bulk density distribution.of
" the large particles. Case (2) is the most likely for two reasons. As
~small particles cannot be sized as well as large particles, the bulk
density distribution will be greater for the small particlebed. Also,

the small heavy particles will be at a higher porosity at inversion fhan
the large light particles, so that tﬁe bulk density distribution will

again be greater Yor the small heavy particles than for the large particles.
Case (3) is very qnlikely. As the density ratio and sizé ratio of the
particles approach unity, the probability of case (1) increases.

As.case (2) is the most likely, the way in which it affects the

fluidized mixture will be discussed. The beds will begin to mix when the
~ bulk dénsity at the bottom of the top bed is egual té the bulk density at‘
the top of the bottom hed. See figure 26a; As the bulk density variation
in the small particle bed is greatér than in the large particle bed, the
"small particles will begin.to form a single component bed above the mixed

bed before the average bulk density differences between the beds is zero.
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This is illustrated in figure 26b, and accounts for the fact that the
observed inversion point always fell to the left of the theoretical
cross-over point in Figures 15, 19, 23 and 25. The components will
finally sepafate completel& into two beds when we have that situation
which is shown in figure 26c. This was readily noticeable with the
nickel-ballotini mixture, where the particle size distribution of the
nickel particles was much larger thaﬁ that of the ballotini particles.
After the inversion point was reached and an épparent Lhiomogeneous fluidized
bed appeared, as the superficial liquid velocity was increased a nickel
bed began to form on top of the mixed bed. The nickel bed became larger
but a mixed bed regionremained until a much greéter velocity than the
inversion veloclty was reached.

The case (l) situation would be similar o that of the alundum-
ballotini mixture. Here, after the inversion point was reached, a
ballotini bed began to form at.the bottom of the mixed bed and an alundum_
bed at the top. As the superficial liquid velocity was increased, the
region of mixed bed Aecreased until i1t disappeared at the centre of the

bed. This is shown in figure 26d.
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22 Prediction.of Bed Expansion for Mixtures.

Equatién ﬁh, developed in an earlier section to predict bed
‘expansions for nixtures of different materials; was tested for numerbﬁs
mixtures in fluidizing média of water and pplyethylene Zlycol solupions.
The eguation predicts the expansion of the mixed bheds very ﬁell. In
the inversion runs ﬁade with'polyethylene glycol solutions, the
experimental data‘cover the complete range of mixing of the two compoﬁents,
and equation Lk still predicts the expansion to a high degree of accuracy.
Comparisons of experimental and ﬁredicted expansions in polyethylene
zlycol solutions are given in figures 13, 17, 2i and 24. In each case,
the predicted expansion is represented by the dark bold line and the
experimental data by the circular points.

Many runs of difierent materials were made in water-fluidized beds
to tést equation L4 thoroughly. Mixtures for whaich the .Y ratio was large
and the T ratio small, represented‘by figures 27, 28 and 29, aﬁd
similarly nixtures with small 7'ratios and large r. ratlos, represented’
by figureé 30 and 31, were tested to détermine the effect of these factors
on How well the equatidn predicted the actual expansion. It was found
that for large r ratios, the equation did not predict the expansion well
at low porosities. In the region where one of the components is near the
minimum,pérosity of fluidiiation, the predicted curve deviated from the
experimental data. The latier fell much closer to the expansion line
for that component which is near the minimun fluidization velocity than
did phe predicted results. This can be seen in Figure 31

A series of runs was made with various ratios of nickel~-glass and -
ballotini to test équation 44 when there was large differences in the
volume of eacll component present. Thelequation’predicted the results

fairly well for all-ratios. Results are given in figure 32.
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It is interesting that an equdtion which is based on the assunmption
that the t;b materials are completely ségregated into two beds predicts
the egpansion even when the twb components ére partially or completely
mixed. This seems to indicate fhaf the building block theory of Happel (6),
that a Tluildized bed is made.up of cells, each of which is associated |
with a pafticle, and ?hat the size of the cells is depéndent only oﬁ the
particle and the slip velocity of the fluid,&is sound. - Thus thé cells

will be the same size whether they are in the mixture or in a completely

éegregated bed.
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CONCLUSIONS

1. The superficial liquid velocity which produées homogeneous fluidization
of two species does so at a mean porosity for the fluidized mixture which
is very close to that predicted by equation 39 and that predicted py single
component data. Eguation 39 is based on the following four assumptions:
ny = np, m = mp, kios kp, and (ap - dgybn is small. Thése conditions
are'satisfied approximately; eaci is in error by a small amount. Thds
equation 39 can be expected to give only an approximate value for the
inversion porosity, and correspbnding velocity. The single component data
also cannot predict inversion velocities precisely, becausé the porosity-
velocitly relationships obtained for the single component beds are average
values over the whole bed. Point conditions in the'fluidized bed describe
the situation better than average values, especially when the particles
are not perfectly uniform in size. Homogeneous<mixing in the fluidized
mixture is a function of the relative bulk density distribution in the
.single component beds.

2. The expefimental mixture porosity at homogeneous fluidization is less

~ than that predicted by single component data. This was analyzed and ‘it
was found that the only cause could be particle size distribution in the
two single component beds. Also, the bulk density gradation in the small
particle bed must be preater than that in the large particle bed. This
would cause the point of homogeneous fluidization to be reached before
that predicted from single component data. The two conditions which cause
the bulk density gradation to be greater in the small particle bed are:
(l) the large particles can be sized better than the small particles;

(2) the small particles are at a higher average porosity, thus the effect

of particle size distribution on the bulk deésity will be much greater
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,;lthan for the large particles, which are at & much lower porosity.

3. For a clear;cut invérsion in the fluidized bed the region of low

bulk density differences, where mixing forces are predoﬁinant, must be
trayersed by a small change in &elocity. This 1is accomplished by having
a large value of r and a correspondingly small value of Y .

k.  In contrast to beds fluidized by polyethylene glycol solutions,
inversions in water-fluidized beds were not obtained because the extreme
turbulence, particle circulation, and porosity distributions disrupted
the bed too much. Bulk density gradients did not pet a chance to develop,
as mixing forces were.much more predominant. The porosity of the small
particle beds required to produce homoéeneous fluidization wés usually
greatér than 85%. At porosities in thisnrange, water-fluidized beds are
hydrodynamically unstable.

5. The prediction of mixed bed expansion based on single component data
using equation 4k is very good. The equation predicts the expansion éver
the measured rapge ofrfluidization:for:mixturéswhich havesvolutie &ati%él-
as great as 10:1. It also predicts the expansion very well for a wide
range of Yy and r ratios. The predicted values begin to deViate from the
experimental values when one of the.two components of the mixture is close
to its minimumAporosity for fluidization. Even thoggh the equation is
based on the assumption of no mixing of the con@ongnt beds, it predicts

. the expansion of the four mixtures which passed through all stages of
nixing as they were fluldized. This seems to indicate that the holdup

in a fluldized bed is only a function of the individual particles and

the superiicial liquid velocity, and unaffected by particle interactions.
6. The Richardson and Zaki method of plotting data for single corponents
appears to be excellent, as most data fell on a straight line having a -

slope very nearly equal to that predicted by the Richardson and Zaki equations.
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The data began to tail off at very high porosities, but this is probably
.caused by size stratification in the fluidized bed.
7. Equation 23, de&eloped by Richardson and Zaki for calculating the free
settling velocity of the particles from the expansion lines velocity
intercept at a porosity of 100%, gives answers which are.often 10-20%
different frmnfhosecalculated using the drag coefficient-Reynolds' nunber
plot for spheres. This could be caﬁsed by a number of factors, two of
which hay be the non-sphericity and non-uniformity of the particles. On
the other hand, there is also the possibility that equation 23 does not
adequately correct for the wall effect. Richardson and Zeki have assumed
that the wall effect is only a fgnction of the particle to column diameter
ratio; and have ignored other possible variables such as fluid rééime.
8. The frictional pressure drop equation based on a simple force balance,
popularized by Wilhelﬁ and Kwauk, predicts the experimental results well,
except at very high porosities where there is a large amount of segregation
by size of the particles. The average error is approximately 5%. The
error due to assuming the wali pressure loss was negligible’wés
found 4o be less than 1%. Also itihas been shown that measurement of

1

pressure loss profiles is an excellent method for determining longitudinal

A

bulk density and porosity distributions in fluidized beds.
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Recommendations for Further Work

i. _termination of thé effect of barticle size distribution on the
inversion point is important. This may be accomplished by the following
procedure:

(a) Fluidize awmmixture of two materials of known properties and
dbtaip gxpgésioﬁ_and differentig; pressure datae for the mixture.

(b) At a velocify‘just less than the inversion veloc;ty,.remoye
separatel& thg upper and lpwer portions of the bed. Measure the average
particlg diameter of the small heavy particles which were ' 'in the top bed.
Do the sémé for the iarge particles which were in the small particle béd.

(c) With the small particles which were in the large particle bed
and the large.particles which‘were ip the small ﬁarticle bed removed,.
fiuidize the remaining mixturé.; Expansion and differential pressure
daté should be obtained. |

(a) At a velocipy.just greatér than the inversion velocity, remove
separately the ﬁpper and lower:bgds_of the mixture. Measure the average
particle diemeter of thé large péQ%icles which remained in the top bed
and of the small particles which remained in the bottom bed.

If the particle size distribution was approximately Gaussian and if
particle size distribution is important; t@e Tollowing results should be
obtained. TFigure 33 is a dlagram of the particle size distribution in
the?small heavy particle bgd and tﬁe largé;ligﬁt particle bed. The average
diameter of the small particles measﬁred ih*part (b) should be in the
shaded region A. The a#ergge diameter of the small partiéles measured in
'part (4) should be in the shadgﬁ region B. Similarly for the large
particle bed, the average diameter of the particles removed in patt (b) -

should be in the shaded region D, and the average diameter of the particles
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Figure 33. Particle Size Distributions
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removed in part (4) shouldﬁbe in the shdaded region C.‘ If the above
conditions afe consistent with the experimental results for average
particle diametérsL then particle sizé distribution is a very important
factor affecting inversions. The above procédure may be carried out a
number of fimes until théiiqyersion occurs over a very narrovw velocity
range.

2. Most nixtures subjected to inversion runs in the present research
vere approximately SO—SOIQixtures by volume. Numerous experiments
should be run'hhere the initial amount of each cqmponent added is
different from 50% by volume. If the resﬁlts afe similgr to those
obtained in the present report, it can be concluded that the relative
proportions of each materisl has noteffectuon the mixing and segregation

in the fluldized mixture. If the inversions obtained are clear-cut,

then runs made with very small amounts of one material added to another
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can be used to measure rates of mixing. The time for the small amount

of material to_mix homogénebusly in the compoﬁent of large volume could

be meaéured. This would be a measure of the random mixing of particles,
because the driving force due to bulk density difference would then be
negligible. |

3. Experiménts may be mede to determine the experimental limits of
~'densi"c,y and size difference which can be tolerated in seeking an inversion.
4. Motion ﬁictures bf.invefsigns may also be taken.to record Viéually

‘how an inversion takes place.
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APPENDIX I - BEARE'S PLOTS FOR PREDICTION OF
INVERSION POROSITIES.
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Below is presented Beare.'s plot for the laminar or Stokes' flow
region. it relates inversion cdnditidns with particular values of r and
@. The plot is based on the simplifying assumptions that -r nz =N = L.65
in the Richardson-Zaki equations, and that the Stokes' law equation for free
settling holds.
Thus

Vs = Volen' = Voaenz

and

dZ (P - d5 (Peo—
) (F::#P)g €|4-es g2 (Ipsszp)g 624'“ | (a)

The bulk density difference at inversion equals zero.

Therefore

Pai —PB2 = Psill-€) +p€ — pell-€)) - p€; = 0

(1— €)pg -P) = (1~ €)psa =p)
whénce |
|- € - Ps2 —P
I - € Pst —P
Define
a:-l.='osz—p>| r-'=-ﬂ > |
Then Y Pst P d



and from equation A above,
' 4-65
= a (c)
€| .
Manipulating equations B and C,

a —|
@3858/465 2/468 _

€|=

€,= €/a + (a-1)/a

Using the two equations given above, a chart was developed by Beare to
give the porosities of the two beds at inversion for any particular
combination of/ r a.nd ad . The chart appears in figure 33.

A similar chart was also developed by the present author tfor the
Wewton region. Thé assamptioﬁs used are: (l) n =np = 2.39 and.
(2) Newton's law for free settliﬁg holds. The inversion porosities are
then |

a-|
b7 g378/4-78 ZET RN

and
€, = €§/a + (a-|)/a

These equations were used to develop the chart, which works on the same

principle as Beare's chart and appears in figure 34.
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APPENDIX II

SAMPLE CAICULATION AND ERROR ANALYSIS



Reference Literature Data:

Density of Mercury.
Perry, J.H., editor, Chemical Engineers! Handbook, Third Edition,
McGraw-Hill Book Co.Inc., New York, 1950, p.l76.

Density of Carbon Tetrachloride. :
Riddick, J.A. and Toops, Jr., E.E., Organic Solvents, Volume 7,
Second Edition, Interscience Publishers, Inc., New York, 1955, p.19k.

Drag Coefficient - Reynolds' number data.
Zenz, A.F., and Othmer, D.F., Fluidization and Fluid-Particle Systems;
Reinhold Publishing Corporation, New York, 1960, p.203.

Density of Water. '
_Chemical Engineers' Handbook, p.l175, complete reference above.

Viscosity of Water.
Chemical Engineers' Handbook, p.374, complete reference above.
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A. Porosity of Bed.

H 4.00 + 0.05 gm./cc.

[
it

20.0 + 0.5 cm. 3 ps‘

. 2
"W = 1400.0 + 1.0 gm. ; A =20.26 + 0.18 cm .

€=1 - 400.0/(20.0 x 20.26 x 4.00) _

= 0.72h4
1-€ = W/PpHA
1 0.05 0.5 0.18
Foo " Too T 0.0 T 0.2

(0.0487)(0.276)

maximum error in (l - € )

it

= maximam error in €

meximun percent error in €= (0.0h87)(g.276) x 100%
. 0.72

= + 1.86%

B. Calculation of Pressure Loss in a Fluidized Bed.
Ap X |
_._f= 0,394 —— ( pm- pF )8/9, 1b force/ft.3
X = 10.0 0.2 cm. ; P, =100.0 * 0.3 Ibs./5t.3
Pe= 67.0 + 0.6 1bs./ft.3; L = 3.0 + 0.31 inches.

(Py -Pg ) = (100.0 - 67.0) * 0.9 Ibs./rt.3
maximum percent error in_ApF/ L =

_ . 0.2 0.9 , 0.0313 y 1004 = 5.
(9% + 552 + 233 100% = 5.77 %

C. Velocity of Fluid.
Vv = f(Re)

D= 2.0 +0.31 inches P 66-6 + 0.6 1bs./ft.3



e

L= 0.090 + 0.002 lbs./ft.sec.

Re - taken from .correlation chart, for which the mean error is + 2.8%

28%”_'3‘101 +C66 + 550 ) 100% -

1

maximum error in V

7.48%

i



APPENDIX III - MATERIALS USED

Material Particle Density Average Appendix IV
Shape gm./cc. Diameter Run No.
mm.
Alundum Branular, 3.95 0.645 3
jagged 0.645 2%
. 0.767 2
0.912 l
1.52 11
Ballotini glass 2.91- 1.08 1
spheres 1.08 o%
1.83 5
2.73 .28 1%
Cataphote glass 2.47 0.767 9
micro-beads izTo c
Crystalon granular . " 3.50 1.08 6
Iead shot, . 11.30 2.05 S 3I¥
spherical ' :
Nickel spherical - 8.91 0.456 1*
0.384% 10
Nickel- nickel coated u4.50 0.542
Glass glass spheres
Steel ball bearings 7.80. ~ 3.

* polyethylene glycol

solution run

15 : 3*

numbers
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" APPENDIX IV - INDEX

Run No. - Description Page'

Polyethylene- glycol

1 Ballotini-Nickel Mixture J:h
2 ‘ Ballotini-Alundum Mixture A L-9
3 lead~Steel Mixture A 4-13
L4 Ballotini-Nickel-Glass Mixture 4-16
Waﬁer ,
1 ' Ballotini (1.08 mm.) - 4-17
2 , Aundum (0.767 mm. ) 4-18
3 Alundum (0.6k45 mi. ) ‘ 4-19
b Alundun (0.912 wmm.) , 4-19
5 Ballotini (1.83 mm.) 4-18
6 Crystalon (1.08 mm.) , L-20
7 Ballotini-Nickel-Glass Mixture (1) L-21
8 Ballotini-Nickel-Glass Mixture (2) L-25
9 Alundum-Cataphote Mixture L-26
10 , Alunddm-Nickel Mixture | h—28'
11 o ’ Alundum-Crystalon Mixture (1) W29 .
12 ' Ballotini-Alundum Mixture M-3d“
13 AMundum-Crystalon Mixture (2) 4-20

All original data for the expansion runs and the frictional pressure
runs are included in this section. Explanationsof table headings are

as follows:
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Ave. Diameter - the average diameter of the particles based on the
arithmetic average of the screen sizes.

From Run - refers to the particular run in which the single.
component data for the material appears.

Across Taps - the frictional pressuré gradient reading was measured
across the following two pressure taps.

Run 1 (Polyethylene Glycol) - a run in which the fluidizing medium is
' the polyethylene glycol solution; simllarly for
water runs (water).

1" Meter (Mercury), etc. =~ refers to the particular flow meter and .
manometer fluid used to make that particular reading.
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Run 1 (Polyethylene Glycol)
Material:
Wt. of Sample:

Glass Ballotini
L00 gms.

Ave. ﬁiameter:
Density: 2:73 gm./cm3.

2. 28nm.

- 1" Meter (Mercury) .

Manometer Reading Temperature Temperature Bed
arm 1l in. !marmm 2 in.  column OF Room  OF Height cm.
915 *  6.95 70.8 70.1 23.6
"14.00 * 10.75 71.0 71.0 - 29.8
0.60 4.60 72.5 3.4 38.3
3.90 L.30 71.0 T1.6 54.6
- 5,50 7.00 - - T1.0 1.4 96.6
C k.55 *0 3,15 69.5 69.6 17.5
- 2,20 % 1.00 70.2 70.8 1k.1
6.60 ¥ 4.80 70.4 70.9 20.2
15.10 * 11.65 70.6 71.0 31.8
4.15 - 2.25 | 70.7 71.0 4s5.3
6.10 4.00 71.0 70.9 71.8

= 4" Meter (Air)

Run 1 (Polyethylene Glycol)
Material:

Nickel

Ave. Diameter: O0.456_mm.

Wt. of Sample: L47 ems. Density: 8.92 gm./cm3.
Manometer Reading Temperature Temperature Bed
arm 1 in. arm 2 in. column °F Room °F height cn.
0.90 0.25 74.0 73.2 5.4
1.10 0.35 73-9 73.h4 5.7
1.60 0.70 4.0 73.8 6.7
2.05 1.10 4.0 73.6 7.4
2.60 1.60 4.0 73.9 8.5
3.40 2.30 73.9 73.6 10.1
3.75 2.60 73.9 73.7 11.0
L.40 3.10 73.8- 73.6 12.3
4.85 3.50 73.8 3.7 13.7
5.65 4.10. 73.8 "73.8 16.0
6.15 4.50 73.8 73.4 17.8
6.50 4,85 73.8 73.4 13.5
7.25 5.45 73.8 73.6 23.0

£ Meter (Mercury)




Run 1 (Polyethylene Glycol) : o
Material: Glass Ballotini Ave. Diameter: '2.28 mm.

‘Wt. of Sample: L00.0 gnm. : Density: 2.73 gm./cc.
From Run .

Manometer Reading Temp Tenmp Bed Across
arm 1 “arm 2 Column Room " Beight Taps .

em cm . OF . OF ©cm

59.0 61.4 70.8 70.1 23.5 1-2
56.8 - 63.7 - 70.8 71.1 "1-k4
54.3 66.2 71.0 71.0 1-6
52.0 68.6 71.0 71.0 1-8
59.2 61.2 71.0 71.0 29.8 1-2
57.3 63.0 71.0 71.0 - ' 1-4

1 55.5 . 65.0 72.0 72.5 1-6
53.7 66.9 72.0 72.5 1-8
51.9 - 68.8 72.0 73.2 "1-10
52.6 68.5 - 72.5 73.4 38.3 1-12
53.6 67.1 73.0 73.8 1-10
55.0 65.6 2.4 . 73.3 1-8
56.4  6L.2 T2.4 73.3 1-6
50.7 55.6 71.2 71.2 1-k4
52.3 53.9 71.0 71.5 _ 1-2
52.6 53.7 71.0 7.6 - BL26 1-2
51.7 54,5 71.0 71.8 1~k

" 50.5 55.7 71.0 T1.6 1-6
7.k 57.8 71.0 1.4 ©1-10 .
47.3 59.0 71.0 71.5 1-12 .
Ls.h 61.0 71.2 71.5° 1-16
43.5 - 63.0 71.0 1.4 , 1-20
42.3 4.3 71.0 1.4 96.6 1-36
L1 62.4 71.0 71.1 ' 1-28
46.5 59.9 71.5 T1.2 1-20 -
49.8 56.4 71.2 Tl:h4 1-10
51.h4 54.6 69.5 69.6 .. 17.5 1-2:
48,5 57.5 69.6 69.8 1-h
48.5 57.5 70.0 70.4 2«5
51.5 5h.7 70.0 70.7 4-5




Run-1 (Polyethylene Glycol)

Nickel

& - ‘Materials: Glass Ballotini
Uy of ‘Samples 4000 gy "459.0 gn. -
- From Run v oy I 1
. Manometer Reading Terperature Temperature Bed .
. arm 1l in. arm 2 in. colum OF ° Room - OF Heights cn.
) Ni glass
.0.40 -1.55 S T71.8 72.0 8.4 » 21.5 *
1.10 2.35 TL.7 72.6 1 10.6 . 25.0
1.80 3.10 71.6 72.6 12.2 28.0
2.65 4.10 71.8 72.8 k4.5 31.5
3.35 “ .95 71.5 72.8 16.0 3h.1
L.50 6.35 71.6 72.9 - 37.2
5,60 7.45 70.5 70.6 - 40.2 o
6.30 8.55 - 70.5 71.6 39.6 48.0
6.70 9.05 71.8 735 375 59.0
7.30 . 9.90 72.5 74.0 36.0 70.0
4.50 6.50 " 71.0 73.1 - - 36.3
8.20 5.85 71.0 . T3.2 39.6 40.5
%" Meter (Mercury) ¥ - Subtract 2.80 from all valves
' in cdlumn.
Run 1 v
Viscosity and Density
Temperature " Viscosity Temperature Density
oF "16/ft.sec. oF gm./cc.
70.0 0.096 75.0 - 66.55
75.0 0.087 5.4 66.52
80.0 0.079 63.8 66.73
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Run 1 (Polyethylene Glycol)

Materials: Glass Ballotini Nickel
Wt. of sample: 400.0 gnm. 459.0 gnm.
From Run ’
Bed Manometer Reading Temp. Temp. - Across
Height arm 1 arm 2 Column Roomn Taps
cri. cm., cm. ) OF OF
18.7 46.1 60.0 . 71.8 72.0 2-3
39.7 66.6 71.9 72.4 2-5
34.2 72.0 71.6 72.5 2-7
25.2 28.1 77.8 - 71.6 72.6 2-11
31.8 Th.3 71.5 T2V 4 2-9
35.0 71.1 71.6 72.5 2-7
‘39,1 67.2 71.6 72.5 2-5
48.3 58.3 71.6 72.6 2-3
31.3 49.9 56.6 71.5 72.8 2-3
ho.9 63.4 71.7 72.8 2-5
37.3 69.0 1.7 12.9 2-7
34.3 71.8 71.8 73.0 2-9
31.3 4.8 71.8 73.0 2-11
37.4 27.8 77.6 70.5 70.6 2-14
32.8 72.9 70.6 - “TL.1 2-11
36.6 69.3 " 70.3 T1.h4 2-9
41.0 65.1 0.4 7.6 2-7
Ls.7 60.6 70.2 T1.4 2-5
50.9 56.6 70.5 71.5 2-3
56.2 30.4 75.7 71.8 73.5 2-14
26.5 79.6 72.0 73.4 2-18
2h.6 81.5 72.0 73.4 2-22
35.7 70.8 72.0 73.4 2-11
L 39.1 67.4 72.0 73.5 2-9
42.8 63.7 71.9 73.3 27
47.0 59.5 T72.0 73.8 2-5
51.1 55.6 72.0 73.9 2-3
33.5 ° 26.7 79.2 71.0 73.1 2-1k
31.h4 4.6 71.0 73-0 2-11
34.8 71.3 . 71.0 73.0 2-9
38.8 67.5 71.0 73.1 2-7
Li.3 62.1 71.0 72.8 2-5
50.2 56.4 71.0° 73.2 2-3
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Run 1 (Polyethylene Glycol)

Materials: Glass Ballotini Nickel
Wt. of Sample: 400.0 gm. 459.0 gn.
From = Run 1
Bed Manometer Reading Temp. Temp. Across
Height arm 1 arm 1 _Column Room Taps
cm. . cn. cm. OF oF
37.7 50.8 55.8 T7L.0 - 73.2 2-3
- 45.9 60.6 71.0 73.4 2-5
41.3 65.0 71.0 73.4 2-7
37.1 69.1 71.0 73.4 2~9
67.2 - 51.h4 " 55.2 72.5 4.0 2-3
L7.5 59.0 72.0 73.6 2-5
%3.9 62.5 - 71.8 73.6 2-7
40.6 65.7 71.5 73.4 2-9
37.4 68.8 71.5 73.3 2-11
32.8 73.2 1.4 73.2 2-14
30.1 75.9 1.4 73.3 2-18
27.9 78.1 71.3 T3.4 2-22
26.2 79.7 T1.3 73.4 2-26
25.1 80.8 71.3 73.2 2-32

W



-

Run 2 (Polyethylene Glycol)

Material: Glass Ballotini Ave. Diameter 1.08 mn.

Wt. of Sample 320 gnm. Density S 2.91 gm./cm3.

Manometer Reading - Temperature - Temperature Bed

arm 1 in. arm 2 in. Column OF Room e Height cm.

S 2.60 % 2.25 75.6 24.0. 9.6
5.50 ¥ 5.30 76.0 2h.0 10.8
8.05 . 5.50 4.5 24.0 - 40.6
7.00 L.65 Th.7 24.2 . 32.8
5.80 3.70 Th.7 24.3 26.7
4.65 2.75 o 75.0 24.3 22.4
3.35 1.60 75.0 2h.5 18.1
2.47 . 0.80 75.2 ‘ 2L.6 15.1

12.40° * 13.50 75.6 : . 2h.6 13.3
9.15 6.40 ‘ T%.9 24.7 49.4

10.25 - 7.30 : 74.8 k.9 66.5

11.05 " 7.90 . - T4.8 24.8 82.8
9.65 - 6.80 ‘ Th.6 4.6 58.6
7.40 5.00 : 75.0 2h.6 35.8
6.35 %.10 75.0 25.0 29.4
5.20 3.15 - 75.3 25.0 . 241
* " Meter (Air) " Meter (Mercury)

Run 2 (Polyethylene Glycol) :

Material: Alundum Ave. Diameter: 0.645 mm.

Wt. of Sample: 440 gm. -  Density: 3.95 gm./cm3.

Manometer Reading .. Temperature Temperature Bed

arm 1 in. Arm 2 in. Column OF Room oF Height cm.
L. 40 2.75 , 71.3 N 7.2 - 31.1
4.75 3.00 ' T, 7.0 33.5
5.10 3.20 1.3 . 71.4 36.6
5.50 3.60 71.3 ¢ 70.9 40.6

. 6.05 4,10 71.3. TLl.2 7.0
6.50 k.45 1.4 71.5 53.5
3.85 2.25 T1.3 T1.2 28.5
3.25 1.70 , 71.3 71.0 L.l
2.60 1.10 71.3 71.2 20.6
1.95 0.50 , T1.3 T1.3 17.1
1.35 0.00- 71.3 1.4 13.8

" Meter (Mercury)
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Run 2 (Polyethylene Glycol) , :
Material: Alundum Ave. Diameter 0.645 m.

Wt. of Sample: L40. gm. " Density 3.95 gm./cc.
Manometér Reading Temp. Temp. Bed Across
arm 1 arm 2 Column Room Height Taps
: in. in. . °F oF cm.
52.3 55.2 71.1 Ti.1 32.6 1-2
Lg.7 . ST-7 71.0 70.9 1-4
L.k 59.9 71.0 71.0 1-6
hs.1 62.2 71.0 TL.2 1-8
42.8 64.5 ‘ 71.2 7.2 1-10
©39.3 67.9 T1.3 TL.L 1-13 -
40.9 66.3 T1l.h4 70.9 21.1 1-8
L. 5 62.9 71.5 71.2 . 1-6
48.1 59.4 71.5 71.2 1-k
51.7 55.6 71.2 70.2 1-2
52.5 54.9 - T71.5 70.6 42.0 1-2
50.5 56.9 - T1.7 70.8 1-4
4L8.6 58.8 . TL.6 . 71.0 1-6
L6.7 60.6 71.6 71.1 1-8
L4.8 62.4 1. 70.9 1-10
42.0 65.2 1.7 71.2 1-13
p 1-17

8.8 6B.2 7.7 M.
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Run 2 (Polyethylene Glycol) :
Materials: . Glass Ballotini. Alundum

'Wt. of Sample: . 320.0 gm. ' . 447.0 gn.
From Run - 2 2
Manometer Reading - Temperature Tempersature Bed
arm 1 arm 2 Column COF Room ©C - -Height cm.
7.20 * 7.40 : 73.5 22.0 25.5
7.00 % 6.90 4.0 22.2 24.8
6.50 * 7.50 N 73.1 22.0 25.4
8.30 # "9.30 73.5 22.4 27.4
9.90 * 10.85 . 73.7 22.6 28.9
11.70 . * 12.70 "73.8 22.3 30.5
13.45 * 14.50 73.8 22.3 - 31.9
2.20 0.50 73.7 22.3 33.6
2.50 0.80 73.7 22.4 36.4
3.05 1.25 73.5 22.4 _ 40.7
3.35 . 1.55 73.6 22.5 hh,1
-3.85 . 2.00 73.9 . 22.6 48.2
4.30 2.40 . 3.4 22.4 53.4
4.95 2.90 73.4 22.h . 61.1
5.50 3.40 - 73.2 22.2 : 69.7
6.10 3.90 73.0 22.1 80.7
6.70 L.35 - 73.1 22.6 92.8
7.25 L.80 73.0 22.5 108.6
7.75 5.25 73.1 22.7 125.4
* 1 Meter (Air) " Meter (Mercury)
Run 2 ~
Viscosity and Density
Temperature Viscosity Temperature Density .
oF . 1b./ft.sec. ' OF gn./cc.
70.0 0.079 70.0 66.67
75.0 0.087 75.0 66.61
80.0 0.096 80.0 '66.55
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Run 2 (Polyethylene Glycol) _ ‘
Materials: _ Glass Ballotini Alundum

Wt. of Samples 315.0 gnm. Lk40.0 gm.
From Run 2 2 ‘
Manometer Reading Temp . Temp. Bed . Across
arm 1 arm 2 Column - Room Helght Taps
cm. cm. o o cm.
31.6 43.9 72.3 72.5 34.0 1-4
27.9 47.6 1.9 72.2 “1-6
2h.L . . 51,1 TL.7 T2.4 1-8
21.1 5h. 4 T1.7 72.0 1-10
16.0 59.4 71.7 72.0 1-13
16.1 59.2 T1.2 71.8 45.9 127
1.4 54.1 71.2 71.8 1-13
25.5 - 50.1 1.2 T71.2 1-10
28.3 7.4 71.5 . T2.2 - 1-8
30.9 L4.8 71.5 71.3 1-6
33.6 h2.1. T1.5 71.1 1-4
36.5 39.5 T1.5 71.6 ‘ , 1-2
35.1 40.6 73.8 72.8 2h.5 1.2
29.4 46.1 73.8 T2.9 ‘ S 1-h
4.2 51.3 73.9 73.9 1-6
19.8 55.6 73.9 T4.0 1-8
15.4 55.9 73.9 4.2 1-10
32.6 h3.7 Th.3 4.3 1-3
27.1 k9.5 T4.9 4.9 1-5
22.5 sh.2 4.8 75.0 1-7
18.4 58.3 4.8 . T4.8 1-9
37.1 38.6 - 73.5 72.8 100.0 1-2
35.7 40.1 73.5 73.2 1-4
‘34.2 1.5 73.2 72.9 1-6
32.9 L42.6 73.0° 2.8 1-8
31.6 43.9 - 73.2 73.2 . 1-10
29.8 45.8 - 73.3 . T3.6 1-13
27.1 48.4 73.2" 73.0 1-17
24.6 50.7 73.2 72.5 1-21
22.1 53.2 - 73.2 72.6 1-25
18.8 56.6 73.0 72.5 1-31
14.9 60.3 73.2 72.9 1-39
13.1 62.1 73.1 73.0 1-43




h-13

Ran 3 (Polyethylene Glycol) '
Material: Lead Ave., Diameter 2.05 mm.

Wt. of Sample:  900.0 gm. Density © 11.33gm./cc.

Manometer  Reading Temperature Temperature Bed

arm 1 in. arm 2 in. Column °OF Room: OF : Height cm.
2.20 ¥ 3.50 » 73.9 ' T3.k4 ' 8.5
4.30 * | 5.20 73.8 73.4 9.7
7.20 ¥ 7.80 73.9 73.4 10.9
0.40 - 1.50 4.0 73.6 12.3
1.00 - 2.10 4.0 T3.4 14.3
1.70 2.80 4.0 73.4 16.3
2.45 3.70 73.9 73.4 18.5
3.05 - h.ho 73.9 73.L4 20.4
4.15 . 5.80 74.0 73.4 - 24.2
h.95 6.75 4.0 73.4 27.1
5.80 ) 7.80q Tho1 73.6 31.1
6.70 $.85 4.0 73.6 35.3 .
* 4" Meter (Air) 4 " Meter (Mercury)

Run 3 (Polyethylene Glycol)

. Material: Steel Ave., Diameter 3. 15mm.

Wt. of Sample: 800 gn. Density 7.83 gm./cc.

Manometer - Redding Temperature Temperature - -~ Bed

dim. slalinele eFm. 21 in. Column OF Room °F Height cm.
1.30 ¥ 2.80 - Th.O 73.2 10.1

- h.90 5.80 73.9 73.2 11.6
1.55 0.55 - -~ 73.9 73.2 13.0
2.50 1.40 T73.9 73.2 L7
3.35 2.20 73.9 T73.4 15.8
4.15 2.85 73.9 73.5 16.9
5.30 3.80 73.9 73.5 18.3
6.60 4.90 Th.1 73.4 20.0
8.15 6.10 : Th.2 ~73.3 22.1
9.95 7.60 Th.2 - 73.3 2L.6
11.10 8.60 4.1 73.4 26.1

* 1" Meter (Air) ' %“ Meter (Mercury)
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Run 3 (Polyethylene Glycol)

Material:

© Wt. of Sample:

900.0 gn.

800.0 gm.

From Run
Manometer Reading - Temperature Tempersature Bed
arm 1 in. arm 2 . in. Column . °F Room OF Height cm.
14.30 *+ 11.10 T72.6 Th. L 18.6
2.45 % 3.70 73.7. 72.6 20.2
5.60 * = 6.30 4.0 72.8 2211
9.70 * 9.90 4.3 73.0 bk
13.50 * 13.20 4.3 73.0 26.4
2.05 . 1.00 73.8 72.8 28.1
2.50 1.40 73.6 73.0 30.1
3.00 11.80 73.5 72.8 32.1
3.50 . 2.25 73.6- *73.0 3.1
4.30 2.95 4.0 73.0 37.4
5.55 4 h.oo 4.0 73.2 h2.1
6.45 L.70 4.0 . T34 45.6
" 6.95 £5115 4.0 71.2 L7.3
7.85 5.90 4.0 71.0 51.6
"8.65 6.50 73.8 TL.2 56.1
9.15 . 6.90 73.5 70.8 159.6
9.80 7.40 73.2 70.8 63.8
10.30 7.80 73.3 71.0 67.4
10.70 "8.15 73.3 71.0 71.6
11.20 8.55 73.3 71.0 75.1

%

1" Meter (Air)
" Meter (Mercury)

" Meter (Mercury)

Run 3

ViscOsgity and Density

Temperature

Viscosity

Temperagure

De

nsity

F 1b./ft.sec. F 1b. /£t
70.0 0.081 70.0 66.64
75.0 0.088 75.0 66.60
80.0 0.099 80.0 66.49




ho15

Run 3 (Polyethylene Glycol)

Material: lead Steel

Wt. of Sample: 900.0 gm. . 300.0 gn.

From Run 3 3 '

Manometer RBeading Temperature Temperature - Bed Across

arm 1 arm 2 Column . Roon Height Taps

cm. cine. OF op cm.

ho.s5 66.8 73.0 71.2 28.8 2-k
48.9 60.7 73.0 T1.4 : 2-3
48.7 61.0 73.0 1.4 3-4
48.5 60.8 73.0 T1.4 Yag
48.5 61.0 73.0 70.9 5-6
48.8 60.4 73.0 71.0 6-7
LB.6 60.8 73.0 71.2 7-8
48.8 60.2 73.3 T7L.0 8-9
48.8 60.6 73.3 T1.2 9-10
50.4 . 58.6 75.0 73.7 Lh.6 2-3
50.4 56.8 T4 7 73.5 3-4
50.3 58.7 75.0 Th.3 L-5
50. 4 58.7 3.9 72.9 5-6
50.5 58. 14 73.8 72.5 6-7
50. 4 58.7 74.0 73.2 7-8
50.5 58.4 Th.1 73.4 8-9
50. 5 58.6 - T73.9 T2.3 9-10
50. 4 58.4 4.0 72.8 10-11
50.4 58.7 4.0 73.0 11-12
46.6 62.4 h.3 T2.7 12-14
46,7 62.4 Th.3 72.6 14-16
49.0 59.8 73.3 71.4 60.1 22-20
Lg.2 60.0° 73.5 T1.6 20-18
48.7 60.3 73.6 71.8 18-16
48.8 60.5 73.5 72.0 16-1h
48.4 60.5 73.8 72.0 14-12
45.0 6h.5 73.8 72.2 12-9
L4.8 SN 73.8 72.3 9-6
4.6 64.8 73.5 72.0 6-3
51.1 57.9 73:5 71.9 3-2
" L6.9 61.8 73.5 1.7 22.7 2-3
b7.1 62.2 73.7 71.7 3-l
46.8 62.1 73.8 71.8 L5
46.9. 62.5 Th.O 71.8 5-6
“h7.2 61.8 4.0 72.0 6-7
49.2 60.1 Th.1 72.1 T7-8
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Run 4 (Polyethylene Glycol)

Material: Nickel Glass Ave.Diameter 0.542 mm.

Wtioof:Sample: 206.0 gn. Demsity 4.50 gm/cc.

Manometer Reading Termperature Temperature Bed”’

arm 1 .in. arm 2 in. Colurm OF Room OF - Height cm.
0.30 0.50 75.0 3.4 7.2
0.60 0.80 75.0 73.6 8.4
1.00 1.15 75.1 74.0 5.8
1.35 1.h5 h.9 73.6 10.8
1.95 1.95 .5 73.6 12.7
2.35 2.35 h.9 73.8 14.6
2.95 2.85 4.8 73.6 17.3
3.40 3.20 - 4.9 73.6 20.1
3.80 3.50 - 4.9 73.8 23.3
4. 30 4.00 4.9 73.6 28.3

£" Meter (Mercury)

Run 4 (Polyethylene Glycol)

Material: Glass Ballotini Nickel Glass

Wt. of Sample: 290.0 gm. 296.0 an.

From Run ' 1 b

Manometer Reading Temperature Temperature Bed

arm 1 in. arm 2 in. Column  OF Room  ©OF Height cm.
0.35 0.50 76.7 Th.8 16.8
0.70 0.85 75.8 74.8 19.9
1.20 1.30 76.4 Th. b 22.9
1.65 1.70 75.8 Th.1 25.7
2.10 2.10 75.6 T4.3 28.5
2.60 2.55 75.3 Th.2 32.0
3.15 3.00" 75.4 Th. b 36.3

*  3.65 3.40 75. 4 h.2 41.5
4. 20 3.85 75.5 7h.3 48.3
4.G5 4.20 75.6 h. 4 56.3

" Meter (Mercury)

* Homogeneous Mixing Point
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Run 1 (Water)

Material: Glass Ballotini Ave.Dianeter 1.08 mm.
Wt. of Sample: %00.0 gn. Density 2.91 gm./cc.
Manometer Reading Temperature Temperature Bed
arm 1 in. arm 2 in. Column  OF Room - oC Height cm.
3.40 1.30 78.9 24h.3 15.80
2.65 0.65 78.8 4.3 14.60
2.05 ' 0.05 , 78.8 24.3 13.40
.45 ¢ 0.45 78.7 24.3 11.90
.15 2.00 ' 78.7 24.3 17.00
L.80 2.60 . 78.7 2L.2 '17.00
5.35 3.05 8.7 2h.2 18.7
5.90. 3.45 8.7 2h.2 19.4
6.50 4.00 78.7 2L.2 20.3
7.10 4.50 78.7 24.2 21.0
7.85 5.10 76.7 2L.2 22.1
8.50 5.65 78.7 24.0 22.9
9.05 6.10 75.7 24.0 23.6
10.15 7.00 78.7 24,0 25.2
11.40 8.00 78.7 24.0 26.8
12.65 9.00 8.7 2h. 0 28.6
13.85 " 9.95 8.7 24.0 30.3
15.10 10.95 78.7 24.0 32.1

Y Meter (Mercury)
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Run 2 (Water)
Material: Alundum

Ave. Diameter

0.767 wmm.

Wt. of Sample: 500.0 gr. Density: 3.95 gm/ce.

Manometer Reading Temperature Temperature Bed

arm 1 in. arm 2 in. Column OF Room o¢ Height cm.
0.25 0.55 69.5 22.5 12.0
0.55 0.85 69.5 22.5 13.0
0.95 1.20 9.5 22.5 1L.0
1.35 1.55 69.5 22.5 14.8
1.90 2.05 69.5 22.5 15.9
2.35 2.540 " 69.5 . 22.6 16.7
2.95 2.95 69.2 22.6 17.8
3.45 3.35  69.2 22.6 18.6
4.05 3.85 - 69.1 22.6 19.5
4.60 4.30 69.1 22.6 20.5
5.20 4.80 69.0 22.5 21.4
5.95 5.40 69.0 22.6 22.6
6.70 6.00 69.0 22.6 23.8
7.20 6.45 69.0 22.5 2L.7
7.95 7.00 69.0 22.6 25.9

%"_Meter (Mercury)
Run 5 (Water)
Material:’ Glass Ballotini Ave. Diameter 1.83 mn.

Wt. of Sample: 400.0 gm. Density 2.91 gm/cc.
Manometer Reading Temperature Terperature Bed
arm 1 in. arm2. in. Column OF Room oC Height cm.
0.85 1.05 70.2 23.0 11.0
1.95 7 2.00 70.2 23.0 12.0
3.40 3.30 70.1 23.0 13.3
L4.60 .25 70.1 23.0 k.1
5.90 5.30 70.1 23.0 15.0 *
6.90 6.10 , 70.1 23.0 15.6
8.10 7.00 70.1 23.0 16.2
9.45 8.00 70.1 23.0 16.9
10.60 © 9.05 70.1 23.0 17.6
11.80 10.00 70.1 23.0 8.2
13.10 11.00 70.1 23.0 18.7

3" Meter (Mercury)




h-19

Run 3 (Water)

Material: Alundum " Ave. Diameter 10.645 mm.

Wt. of Sample: 500.0 gm. . . Density 3.95 gn/ce.

Manometer Reading Tenperature Temperature Bed

arm 1 in. am 2 in. Column OF Room  ©C Height cn.
0.25 0.50 70.0 23.2 12.6
0.65 0.95 70.0 - 23.2 14.0
1.10 1.30 70.0 23.2 15.3
1.50 1.70 70.0 23.2 16.2
1.95 2.05 T70.0 23.2 17.3
2.35 2.40 70.0 23.0 18.1
2.80 2.80 70.0 73.0 19.0
3.4s5 3.35 70.0 23.0 20.3
L.10 3.90 70.0 23.0 21.5
4.30 b.4s5 T0.0 23.0 22.7
5.50 5.05 70.0 23.0 24.3
6.15 5.55 70.0 23.0 25.6
6.50 6.00 T1.1 23.0 26.3
7.45 6.60 71.1 23.0 28.4
8.10 7.10 71.1 23.0 29.6

3" Meter (Mercury)

-

Run 4 (Water)

Material: Alundunm Ave. Diameter 0.912 mm.

Wt. of "Samplé: 500.0 ga. Density 3.95 gm/ct.

Manometer Reading Tenperature Temperature Bed

arm 1 in. arm 2 in. Column OF Room  ©C Height cm.
0.30 0.50 Th.2 22.6 11.h4
0.80 1.00 Th.2 22.6 12.8
1.20 1.35 Th.2 22.6 13.7
1.95 2.00 4.2 22.6 4.9
2.55 2.50 4.3 22.6 15.8
3.20 3.10 Th.2 22.6 16.7
3.80 3.60 Th.2 22.6 17.5
L. L5 4.10 Th.2 22.6 18.3
5.15 4.70 4.3 22.6 19.2
5.80 5.20 7h.3 22.6 20.0
6.70 5.95 7h.3 22.6 21.1
7.-70 6.75 T3 22.6 22.4

1" Meter (Mercury)
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Run 6 (Water)

Material: Crystalon Ave. Diameter- 1.08 .
Wt. of Sample: 350.0 gm. Density
Manometer - Reading Temperature . Temperature Bed
arm 1 in. arm 2 in. Column  OF Room  ©C Height cm.
10.80 ¥ - 10.60 70.0 19.6 11.3
3.10 * 3.20 70.0 19.6 9.8
0.20 2.85 70.0 19.7 12.5
0.75 3.30 70.0 19.7 13.3
1.55 4.00 T70.0 19.7 14k
2.50 .75 70.0 19.4 15.5
3.35 5.45 70.0 19.6 16.5
4.30 6.20 70.0 19.9 17.6
5.50 7.20 70.1 19.8 19.2
7.20 8.60 - 70.1 19.6 21.2
8.80 9.80 70.1 19.7 23.2
10.30 11.00 70.2 19.8 25.2
11.70 12.15 T70.3 19.9 27.1
* 1" Meter (Air) 1" Meter (Mercury)
Run 13 :
Material: Alundun Crystalon
Wt. of Sample: 350.0 gn. 350.0 gm.
From Run 3 Run 6
Manowmeter Reading Temperature : Temperature Bed
arm 1 in. arm 2 in. Column °COF Roon °c . Height cm. .
14.00 * 13.60 70.4 19.8 21.7
0.05 2.70 70.5 20.0 22.9
0.40 - 3.00 70.6 20.0 23.7
1.00 3.55 70.7 20.0 25.6
1.80 L.20 - 70.6 20.0 27.7
2.80 5.00 - 70.7 19.9 30.1
3.80 5.80 70.7 20.0 32.6
5.45 7.10 70.8 20.0 36.7
7.20 8.50 70.8 20.0 41.3
Q.40 10.25 TL. b 20.0 47.3
10.60 11.25 70.9 20.0 51.7
11.95 12.30 71.0 19.9 56.0
13.60 13.75 70.8 20.0 63.0

* 1" Meter (Air) " Meter (Mercury)
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Run 7 (Water)

‘Material: Glass Ballotini Ave. Diameter - 1.08 mm.
Wt. of Saumple: 320.8 gn. Density 2.91
Manometer Reading Temperature Temperature' Bed
arm 1 in. arm 2 in. Column OF Room ©C Height cm.
4.60 * 3.20 71.8 22.9 9.1
8.70 * - 6.60 71.8 22.9 9.9
1L4.50 * 11.50 71.9 23.0 10.6
0.15 - 2.80 71.9 22.9 11.4
0.90 3.40 72.1 22.8 , 12.3
1.80 4.20 72.3 22.9 13.4
- 2.60 4.85 72.3 22.9 1h.2
3.50 5,55 72.4 22.9 15.2
4.40 6.30 72.3 22.9 16.0
5.45 7.20 T72.3 23.0 17.1
6.45 7.90 724 23.0 18.1
7.50 8.80 72.5 23.0 19.2
8.40 9.50 72.5 23.0 20.1
* 3" Meter (Air) . " Meter (Mercury)
Run 7 (Water) _
Material: Nickel-Glass Ave. Diameter 0.542 mn.
Wt. of Sample: 334.0 gn. Density 4.50 gm/cc.
Manometer Reading Temperature Temperature Bed
arm 1 in. arm 2 in. Column  ©OF Room ©C Height cm.
3.10 * 3.40 67.2 19.6 7.0
7.10 * 7.30 : 67.7 19.5 7.6
12.70 * 12.80 67.3 19.5 8.4
0.20 2.85 674 19.6 9.1
0.90 3.45 67.6 19.6 10.0
2.00 k.35 67.8 19.8 11.3
3.10 5.25 68.1 20.0 12.3
4.50 6.40 68.3 20.0 13.8
6.50 8.00 68.3 19.7 15.0
2.10 4.50 684 19.6 11.4
0.50 3.10 65.5 19.6 9.6
0.10 2.55 | 68.6 19.5 - 8.7
* 1" Meter (Air) £" Meter (Mercury) '
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Run 7 (Water)

»

Mixture Glass Ballotini Nickel Glass
Wt. of Sample: 320.0 gn. 49,5 gm.
From Run T 7
Manometer Reading Temperature Temperature Bed
arm 1 in. arm 2 in. Column ©OF Room  °C Height cm.
3.10 * 4.90 70.6 22.0 10.1
4,80 * 6.30 70.5 10.5
8.80 * 10.30 70.3 11.3
0.0% 2.50 70.3 12.2
0.50 3.05 70.2 13.1
1.15 3.60 70.2 1h.1
1.90 4,20 70.2 15.0
2.70 4.95 70.2 16.1
3.90 5.90 70.3 17.4
5.45 7.15 70.2 19.2
7.00 8.40 70.2 2.1
9.20 10.05 70.2 23.5
10.10 10.80 70.2 2h .7
12.50 12.80 70.2 27.5
* 1" Meter (Air) 1" Meter (Mercury)
Run 7'(Water ) :
Mixture Glass Ballotini - Nickel-Glass
Wt. of Sample: 320.0 gn. 99.0 gn.
From Run T
Manorneter Reading Temperature Temperature Bed
arm 1 in. arm 2 in. Colunn ©OF Room ©C Height cm.
2.70 % L.90 70.4 22.0 11.1
11.20 * 13.00 T70.5 22.0 13.0
0.20 2.80 T0.5 22.0 4.1
1.00 ©3.50 70.3 22.0 15.4
2.15 L.us 70.3 22.0 1T7.0
3.20 5.30 70.3 22.0 18.4 .
4.40 6.25 70.3 22.1 20.0
5.50 7.20 70.3 22.2 ~21.h
£.80 8.20 70.3 22.2 23.2
7.90 9.10 70.3 22.1 2L.6
9.45 10.40 70.3 - 22.2 26.7
11.20 11.80 70.3 22.2 29.3
* 1" Meter (Air) " Meter (Mercury)
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Run 7 (Water)

"Material: Glass Ballotini Nickel Glass
Wt. of Sample: 320.0 gm. 165.0 em.
From Run ) ' 7 7
Manometer Reading Temperature Tenmperature Bed
arm 1 in. arm 2 in. Column  OF Room  ©C Height cm.
3.70 * 6.30 70.8 2.4 12.6
7.60 * 10.10 70.9 , 22.3 13.6
11.30 * 13.60 70.8 22.3 14.3
0.15 2.75 T0.7 22.3 15.5
1.00 3.50 70.7 22.3 17.0
2.00 4.30 70.6 . 22.4 18.5
3.20 5.30 70.6 22.3 20.4
4.60 6.40 70.7 22.3 22.4
6.15 7.70 © . 70.7 22.3 k.7
7.15 8.50 . T70.7 22.4 26.3
8.80 9.70 70.6 - 22.5 28.5
10.30 11.00 ’ 70.6 22.5 31.0
* 1" Meter (Air) " Meter (Mercury)
Run 7 (Water)
Material: : Glass Ballotini Ntckel Glass
Wt. of Sample 320.0 gm. ' 247.5 em.
From Run 7 ' 7
Manometer Reading - Temperature Temperature "Bed
arm 1 in. arm 2 in. Column ©OF Room OF Height cm.
3.10 * 6.00 71.0 22.6 14.3
8.40 * 11.50 71.0 - 22.7 15.9
0.00 2.60 71.0 22.6 174
0.65 3.20 71.0 22.5 18.8
1.30 3.75 70.9 22.5 20.2
2.10 h.bs -70.9 22.6 21.6
3.10 5.20 71.0 22.7 23.3
4.307 6.20 71.0 22.7 25.3
5.00 6.75 71.0 22.8 26.5
5.85 7.40 71.0 22.8 28.1
7.10 - 8.50 71.0 22.9 30.3
* 1" Meter (Air) " Meter (Mercury)
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Run 7 (Water) . :
Material: Glass Ballotini : Nickel Glass-

Wt. of Sample: 194.0 gm. , 300.0 gm.
From Raw T 7
Manometer Reading Terperature Terperature Bed
arm 1l in. arm 2 in. Column - OF Room  ©C Height -cm.
2.80 * 3.60 . . 69.7 23.0 11.6
6.70 * 7.30 70.0 23.0 12.7
13.30 * 13.50 69.8 23.0 1.2
0.40 3.00 69.7 23.0 15.6
1.25 3.75 69.7 23.0 17.1
2.05 L.4o 69.5 23.0 18.4
3.05 5.20 69.6 23.1 20.0
4.20 6.15 69.6 23.0 21.8
5.05 6.80 69.5 23.0 23.1
6.20 7.70 C69.6 23.0 2L.9
7.75 8.90 69.5 23.0 27.3
* " Meter (Air) " Meter (Mercury)
Run 7 (Water)
Material: Glass Ballotini Nickel =Glass
Wt. of Sample: 38.06 gn. 300.0 gm.
From Run 7 7
Manometer <Reading Temperature Temperature Bed
arm 1 in. arm 2 in. Colwm °©F Room oc " Height cm.
6.40 * 6.70 70.0 22.9 8.0 »
8.70 % 8.90 70.0 23.0 8.4
14.20 * 14.20 69.8 23.0 9.1
0.45 3.00 68.7 23.0 10.0
1.30 3.70 69.7 23.0 11.0
2.50 h.75 69.6 23.0 2.4
3.90 5.80 69.5 23.0 13.8
4.90 6.65 69.4 23.0 1k.9
5.60 T7.20 69.4 23.0 15577
* " Meter (Air) 3" Meter (Mercury)
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uRun 7 (Watér)

terial: Glass Ballotini Nickel Glass
‘Wt. of Sample: 300.0 gm. 19.4 gm.
From Run 7 7
Manometer Reading Temperature Temperature Bed
arm 1 in. arm 2 in. Coluwmn ©F Room - ©C Height
L.70 * 7 L4.70 - 68.9 . - 20,2 7.1
8.00 * 7.80 68.8 - 22.2 7.6
11.90 * 11.60 68.8 22.2 8.1e
0.05 2.65 68.7 22.3 8.7
0.55 3.10 68.7 22.2 . 3.4
1.45 . 3.90 68.6 22.2 10.4
2.35 4.60 68.6 22.3 11.4
3.50 5.55 68.7 22.3 12.5
4.50 6.35 68.7 22.4 13.6
5.35 7.00 68.7 22.4 4.3
* " Meter (Air) 1" Meter (Mercury)
Run 8 (Water)
Material: Glass Ballotini Nickel Glass
Wt. of Sample: 320.8 gm. 334.0 gnm.
From Run 7 7
Manometer Reading Temperature Temperature Bed
arm 1 in. arm 2 in. Colamn °F Room OS¢ Height
3.20 *% 3.40 69.8 20.0 15.9
7.90 * 7.80 £9.0 17.6
12.20 * 12.20 : 69.2 18.9
0.0 2.70 69.4 20.1
0.50 3.10 69.5 21.3
1.25 3.75 69.5 23.1
. 2.20 L.55 69.6 25.1
3.20 5.30 69.5 27.0
4.40 6.30 69.7 29.5
5.40 7.10 69.9 31.4
6.35 7.85 70.0 33.3
T.45 8.75 69.8 35.7
8.80 9.80 69.9 38.3
9.90 10.70 - 70.0 41.3
* 4" Meter (Water ) " Meter (Mercury)
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Run 9 (Water)

Material: Alundun . Ave. Dianmeter 0.912 mmn.
Wt. of Sample: 400.0 gm. Density 3.95 gn/cc.
Manometer Reading Temperature Temperature Bed
arm 1 in. arm 2 in. Column OF Room ©C "Height cm.
-0.15 0.55 73.0 23.0 8.5
-0.70 2.05 73.0 23.0 9.9
-0.45 2.35 T2.7 23.0 10.4
0 2.80 72.6 23.0 11.1
0.35 3.05 72.5 23.0 11.5
1.25 3.80 72.5 23.0 12.6
1.90 L.ho 72.5 23.0 13.5
2.95 5.20 - 72.7 23.0 1.4
3.80 5.90 T2.7 23.0 15:3
4. 70 6.70 72.7 23.0 16.2
5.65 7.40 72.6 22.6 17.1
6.70 . 8.20 72.6 23.0 18.1 -
7.80 9.05 T2, 23.0 19.2
8.90 10.05 72.6 22.9 20.5
* Above run without cataphote bed on top
Below - 300.0 gm. of cataphote on' top
-0.50 2.25 - 67.6 20.0 10.2
-0.15 2.55 67.6 20.0 10.7
0.25 2.95 67.8 20.2 11.3
0.75 3.40 © o 67.9 20.2 12.0
1.25 3.85 68.0 20.2 12.6
2.05 L.Lh5 8.1 20.3 13.4
2.85 5.15 68.8 20.3 14.2
3.60 5.70 68.9 20.3 15.0
L.2s5 6.25 69.0 20.3 15.6
5.15 6.90 69.1 20.3 16.5
5.95 7.60 . 69.2 20.3 17.h4
6.70 8.20 69.2 20.3 18.2
7.30 8.70 69.8 20.3 18.8
7.80 9.10 ' 69.9 20.3 19.4

4

Meter (Mercury)

Nl
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Run 9 (Water)

Material: Cataphote Ave. Diameter 0.767 mi.
Wt. of Sample: 300.0 gn. Density 2.47 gm/cc.
' Manometer Reading Temperature Temperature Bed
arm 1 in. arm 2 in. Column °OF Room © C Helght cm.
-0.50 2.25 67.6 ‘ 20.2 15.0
-0.15 2.55 67.6 20.2 16.3
0.25 2.95 67.8 20.2 17.8
0.75 .3.40 67.9 20.3 19. 4
11.25 3.85 68.0 20.3 21.1
2.05 L. 45 68.1 20.3 23.7
2.85 5.15 $3.8 20.3 26.3
3.60 5.70 68.9 . 20.3 28.9
4.25 6.25 69.0 20.3 31.5
5.15 6.90 69.1 20.3 35.2
5.95 7.60 69.2 20.3 39.1
6.70 8.20 69.2 . 20.3 43.3
7.30 8.70 "69.8 20.3 46.7
7.80 9.10 69.9 20.3 49.9

" Meter (Mercury)

mj=
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Run 10 (Water)

Material: Nickel . Ave. Diameter  0.384 mm.
Wt. of Sample: 800.0 gn. Density 8.92 gm/cc.
Manometer Reading Temperature Terperature Bed
arm 1 in. amm 2 in. Column ©OF Room ©¢C ' Height cim.
6.60 * 3.10 ° 72.2 22.5 ‘8.0
10.60 * 6.90 72.3 22.5 8.6
14.60 * 10.60 CT2.h 22.5 9.1
0.0 2.60 72.5 22.6 9.5
0.40 3.00 72.4 22.7 10.0
1.90 4.20 T2.7 22.7 11.2
.10 % 0.70 72.6 22.8 7.6
2.40 * 1.00 72.5 . 22.6 7.1
* 1" Meter (Air) . 4" Meter (Mercury)
Run 10 (Water)
Material: Alundum Nickel
Wt. of Sample: 400.0 gnm. 800.0 gm.
From Run 10 10
Manometer Reading Temperature Temperature Bed
axm 1 in. arm 2 in. Column °F Room ©°C Height cm.
1.50 * 3.30 TL.2 22.8 15.5
L.50 * 6.10 71.6 23.0 15.9
7.00 * 8.50 1.7 23.0 16.2
11.00 * 12.50 | T1.7 23.0 17.0
0.05 2.6 71.7 23.3 17.7
0.30 2.90 72.0 23.4 18.5
0.50 3.10 72.1 23.4 19.0
0.95 3.40 72.3 23.2 19.7
1.h4s5 3.90 72.3 23.3 20.5
2.00 4.35 72.3 23.3 21.4
2.50 k.70 72.3 22.8 22.0
3.30 5.40 72.5 23.0 23.0
4.30 6.20 72.6 23.3 -2h.1
5.540 T.00 T2.7 23.2 25.2
6.35 7.85 2.7 23.1 26.3
7.25 3.55 72.6 23.0 27.2
8.20 9.35 _ 72.8 23.0 28.3
9.00 10.00 . T2.7 23.0 29.2
#* 1" Meter (Air) 3" Meter (Mercury)
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R 10 (Water)

Material: Alundum Ave. Diameter 1.52 mm.
~Wt. of Sample: 500 gm. Density 3.95 gm/cc.
Manometer Reading Temperature Temperature Bed
arm 1 in. arm 2 in. Column CF Room ©°C Height cn.
-0.30 2.30 23.4 65.0 10.9
0.15 2.75 23.4 65.2 11.3
0.85 3.40 23.7 65.5 12.0
1.35 3:.35 23.5 65.7 2.4
3.20 5.30 23.4 65.7 13.5
4.95 6.75 23.5 65.8 4.k
7.30 .60 23.5 66.0 15.7
9.00 10.00 23.5 66.3 16.5
10.80 11.40 23.5 66.5 17.3
8.10 9.20 23.6 66.5 15.8
5.30 7.00 23.6 66.5 4.4
4.10 6.00 23.6 66.5 2 13.7
2.85 5.05 23.4 6.6 13.0
1.10 4.05 23.4 67.0 12.3
6.50 8.00 23.3 67.2 15.1°

i" Meter (Mercury)
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Run 11 (Water)

*

" Meter (Air)

v Meter (Mercury)

Material: Crystalon
Wt. oi Sample: 350.0 gm. 350.0 gm.
From Run 6
Manometer Reading Terperature Temperature Bed
arm 1 in. arm 2 in. Column , °F Column ©C Height cm.
1.30 * 8.80 71.6 22.0 18.6
4.00 * 11.30 71.6 22.0 19.5
0.35 2.30 T1.5 22.0 21.0
-0.10 2.60 1.7 22.0 21.9
0.30 2.90 71.8 22.0 23.0
1.10 3.60 72.3 22.1 25.1
2.00 4.35 72.5 22.1 27.1
3.00 5.15 T2.5 22.2 29.5
3.90 5.90 72.6 22.0 31.5
5.:10 6.90 72.6 22.0 34.2
6.60 8.00 T2.7 23.7 37.3
7.40 £.80 71.9 23.7 39.8
8.35 9.90 71.9 23.5 43.0
10.20 11.00 71.9 23.4 L6.7
11.30 11.80 72.0 23.1 h9.3
1
2
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Run 12 (Water)

Material: ; Glass Ballotini Alandun
Wt. of Sample: 320.8 gm. 450.0 gn.
From Run 1 Run 3
Manometer Reading ‘Temperature Temperatare Bed
arm 1 in. arm 2 in. Column COF Room ©C Height cm.
-0.90 ‘ 1.80 67.8 20.3 20.5
-0.55 2.15 68. " 20.5 22.4
-0.25 "2.45° 63.3 20.2 23.7
0.20 2.90 68.3 20.2 25.3
0.55 3.20 63.6 20.2 26.4
1.00 3.60 68.9 20.2 27.9
1.60 L.05 69.0 20.2 29.4
2.15 4.50 69.2 20.2 30.9
2.80 5.05 9.5 20.2 32.7
3.60 5.75 69.8 20.3 34.8
L.70 6.60 70.0 20.3 37.5
5.60 7.30 70.0 20.3 39.8
6.40 8.00 70.0 20.3 42,0
7.20 8.55 70.0 20.4 43.9
7.80 9.10 70.2 20.5 45.9
8.90 10.00 70.2 20.5 L8.7
9.65 10.50 70.3 20.6 51.0
10.30 . 11.00 72.0 20.8 48.0
11..40 12.00 72.3 21.0 49.5
10.80 11.40 71.9 21.0 49.0
10.30 11.00 71.9 21.0 47.0
9.00 10.00 71.9 21.0 b
7.75 9.00 T12.2 20.7 45.0
- 6.35 7.95 72.0 21.0 41.2
5.20 6.95 71.9 21.0 38.2
4.00 6.00 T1.9 21.0 35.0
~2.70 5.00 T1.9 21.0 31.8
1.50 4. 00 72.1 21.0 28.7
0.25 2.95 72.0 21.0 28.7
-0.70 - 2.00 - 72.0 -21.0 21.3

N~

Meter (Mercury)




APPENDIX V -~ MEASUREMENT OF LONGITUDINAL PARTICLE
CONCENTRATION (PROPOSED METHOD)

An informative method of measuring longitudinal particle conéentration
gradients, and hence segregationbby size, is a plot of P ratio vs. vertical
position in the column, using average porosity of the bed as a paraneter.
Such a plot is shown in Figure 36 for the fluidization of 2.28 mm. glass
ballotini by the polyethyleqe glycol solution. The curves obtained give
a measure of éhe fraction solids at a particular position relative to the

. L ]
average fraction solids in the bed, as can be seen by analyzing the following

equations.
(BprL) (1I-€)(ps -pPY ()
(Ap/l-)theory (I~ €)nlps—p)

or

(1-€); = (I-€), P (8)
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Figure 36. Plot of P.Ratio Profiles at Various Average
Porosities.



