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I. SUMMARY

A. Statement of the Problem

Multistage fluidization reactors in use today are generally
equipped with downcomers to permit the movement of solids from stage
to stage. However, this method of achieving downward transport of
solids results in unstable column operation. To overcome this problem
a method was developed by this author which eliminated downcomers and
achieved downward transport of solids by utilizing vibration to "shake-
down" the fluidized material through a plate consisting of large,
non-fluidized, spherical beads and a support screen. It was the pur-
pose of this work to improve the preliminary plate design, build a
three-stage six-inch diameter column and to obtain and correlate design
and mass-transfer data using the new equipment.

B. Procedure

For the design study the glass-bead air system was used. The
data were evaluated on the basis of the effect that changes in the
variables had upon the solids throughput rate. This rate was deter-
mined as a function of (1) vibrator size and vibrational frequency
(6000 to 10000 CPM), (2) feed particle size (0.0030 to 0.0110 in.
diameter), (3) plate resistance (depth, density and diameter of the
large non-fluidized beads), (4) superficial air velocity (zero to 0.5
ft/sec) and (5) fluidized bed depth (3 to 9 in.).

For the mass-transfer study, the silica-gel water-vapor
adsorption system was chosen because it lends itself readily to the
fluidization technique and presents no difficult analytical problems.
The equilibrium relationship for the system was determined for temper-

atures from 20 to 40°C and pressures from atmospheric to 20 psia.



2.
These data were then used to evaluate the Murphree vapor efficiency
for the adsorption of water vapor from air by silica gel in the six-
inch diameter multistage unit. From the efficiency a modified mass-
transfer coefficient was calculated. Runs were made at bed depths from
3/4 in. to 8 in. and superficial air velocities from 0.20 to 0.98
ft/sec.

C. Results and Conclusions

Two improvements were made on the preliminary plate design.
The first was the incorporation of a cover screen as part of each plate.
This in effect "sandwiched" the large non-fluidized beads and resulted
in greatly improved operational stability. The second improvement was
the use of internal vibration. This advance permitted control of the
fluidized solids bed depth on an individual stage basis.

A1l of the design data were correlated into a set of five
equations. These equations account for variations in feed particle
density, shape and sizej; column cross sectional area; density and
superficial velocity of the fluidizing gas; and the amount and size of
the non-fluidized beads on the distributor plate. From the equations
it is possible to calculate the amount and size of non-fluidized beads
that are necessary to achieve a given throughput rate of any material
under any operating conditions. The correlation was tested by making
runs using non-spherical zlumina and silica gel feeds.

In the mass-transfer study the Murphree vapor efficiency
was found to be approximately lOO% for all bed depths investigated
and for all but the highest superficial air velocity. At an air velo-
city of 0.98 ft/sec the efficiency dropped to 96.5% corresponding to

o
a modified mass-transfer coefficient of 35.4 lb/sec-ft3—lb/ft“.



The high efficiencies could not be attributed to the equipment design
but rather to the fact that the gel particles were small and would have

been efficient in any type of equipment when tested under the operating

conditions used in this study.



1I. INTRODUCTION

A. General Discussion

Since 1945 the fluid-bed technique for contacting fluids and
solids has found widespread application in the chemical and petroleum
processing industries. A fluidized bed results from the passage of a
fluid upward through a bed of small, particulate solids at a velocity
sufficiently high to impart a buoying effect to the solids. The fluid
used can be either liquid or gas. In the case of liquids the fluid-
ization is referred to as particulate; in the case of gases as
aggregative.

There are several stages of fluidization which are dependent
upon the velocity of the fluidizing medium and the particle movement
within the bed. In the initial stage the bed expands but no signi-
ficant circulatory motion is imparted to the particulate solids. As
the velocity of the gas is increased a point of minimum fluidization
is reached. Under this condition, bubbles appear on the surface of
the bed and there is a limited amount of particle circulation. Further
increases in gas velocity result in increased bed turbulence. At very
high fluid velocities the bed becomes dispersed and is carried from
the equipment in the fluid stream.

In general, the operating conditions used for industrial
applications are characterized by high turbulence in which the solids
move upward through the center of the bed and downward along the walls
of the equipment. This is the result of the fact that the highest
fluid velocities occur in the middle of the bed.

In conclusion, it can be stated that fluidization occurs

between the extremes of fixed bed operation,in which the solids are



fixed in position, and pnenmatic transport of solids, in which the
fluid velocity is high enough to carry the particulate solids in the
fluid stream.

Prior to 1940 fluidization techniques were confined to the
separation of solids of different densities, particularly in the
mineral industry. This was typically done by suspending the solids
in a rising stream of water(g). At the time it was considered impos-
sible to suspend solids by gases.

The rapid development of the latter technique was the result
of the petroleum industry's search for better methods to process crude
oils. A pioneer in the development of catalytic cracking as an appli-
cation of the fluid-bed process was the Standard 0il Development
Co.(26’27). This early work was an outgrowth of the fixed-bed method
for catalytic cracking.

The use of a standpipe for transfer of solids was soon
developed(29). This, combined with the fluid bed, a transfer line,
and a solids recovery system represents the basic fluid-bed system
as it is known today.

The literature is filled with reports of work investigating
the mechanics and basic (solid and fluid) parameters involved in fluid-

(5,1k4,17,21,22,2k4 36,38)

ization . Considerable data is also reported

(18,

on chemical applications involving batch or single stage processing

19’20). Because of the turbulence within a fluidized bed, uniform

temperature is maintained throughout. This has led to interest in the
field of heat transfer with the resultant publication of many papers

(1,13,23,34,35)

on the subject



R, Multistage Work

In certain applications, it is desirable to maintain axial
temperature and concentration gradients within the reacting material.
Because of the turbulent nature of fluidized beds, this is not possible
where only one stage is involved. For such situations, multistage
reactors have been developed.

(16)

Levey, Jr., et al. have developed a single-stage reactor
which has the advantages of the multistage units. Their design incor-
porates tapered columns to hold the fluidized bed. As a direct result
of the taper, solids mixing is reduced by a factor of ten, thus leading
to true countercurrent operation.

At the present time, all industrial multistage units accom-
plish downward transport of solids between stages by means of plates
and downcomers. Industrial applications utilizing such units include

(31)

the magnetic conversion of iron ores , the adsorption separation of

(7

hydrocarbon gases with charcoal

 (6)

, the recovery of dilute oxides of

(28)

the methylation of pentanes , the conversion of UO3 to UFH

(3)

(10)

b4

and the dehumidification of air Downcomers have caused the most

difficulty in the operation of such units because of back-mixing

resulting from slugging in the downcomer tubes. This has led to
(6,11)

unstable operation .

C. Present Work

(37)

In work at The Pennsylvania State University , a method
to achieve downward transport of solids without downcomers was devised.
Two major developments were responsible for the success of this work.
The first was the discovery that proper fluidization could be achieved

above a simple supporting screen if a layer of spherical beads that the



screen would not pass were incorporated in the bottom of the bed.
The second major development was the utilization of vibration to
"shake-down" the fluidized beads through the large beads and screen.
The promising results of the Pennsylvania State University
work led to the present study which was carried out at the Argonne
National Laboratory. Improvements were made on the original plate
design and a three-stage, pllot-plant column was constructed. The
experimental work fell into two areas: (1) developument of a design
correlation using the glass-bead air system, and (2) investigation of
column efficiency from mass-transfer experiments involving the adsorp-

tion of water vapor from air by silica gel.



III. THE EQUIPMENT

A. Description

1. Multistage Column

A six-inch diameter column (Figures 1, 2) was constructed
of alternate Pyrex glass pipe and brass sections with each of its three
plates 24 inches apart. The glass permitted visual observation of the
fluidized bed. Sample ports and pressure taps were located in the
brass portions of the column.

The fluidizing gas entered at the bottom through the
side of a glass tee and was uniformly distributed by passage through
tightly packed cotton gauze. The gas left the column through two
porous, sintered stainless steel filters. These trapped any
entrained solids.

The feed was stored in a hopper located above the column.
Gravity flow carried the material into a screw feeder and thence into
the column at a point four inches from the top. The product was
removed from the bottom through a manually-operated gate valve.

2. DPlates

Fach of the three plates consisted of three parts -- a
support, a layer of beads, and a cover (Figure 3 and 4). The support
and cover were identical and consisted of a wire screen attached to a
punched-metal plate, the latter to add stiffness. Between the support
and cover there was a layer of spherical beads. These beads offered
resistance to the downward transport of solids. Because of their
chemical and physical inertness, these will hereafter be referred to
as inert beads. The openings in the cover and support were not large

enough to permit the inert beads to escape. Vibration was transmitted
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Photograph of the Multistage Fluidization Column and Auxiliary Equipment
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Figure 3. Photograph of a Stage in the Six-inch Column
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from an air-operated vibrator (one for each plate), located outside

the column, to the plate by means of a l/h-inch diameter steel rod.

One end of the rod was pointed and fitted into any hole in the plate
cover. At the other end of the rod a vibrator was attached. The vibra-
tion was thus transmitted along the rod from the vibrator to the plate.
The rod entered the column through a rubber stopper that provided the
gas seal; diaphragm or bellows seals could be used for the same purpose.

3. Auxiliary Equipment

The bed-level control system depended upon sensing differ-
ential pressure across each bed. The pressure was magnified by Taylor
pressure transmitters (one for each stage) and recorded by a three-pen
Taylor Transcope recorder. Three Mercoid switches, operating on signals
from the transmitters, opened and closed electrical circuits to the
solenoids located in the air-supply lines of the vibrators.

The fluidizing-gas rate was determined by passing the
gas through a rotameter after it had been humidified. The humidifi-
cation was necegsary to eliminate static electricity within the bed.

The humidifier consisted of two lb-inch I.D. stainless
tubes each 2-feet long (Figure 5). The first contacted the gas and
the water while the second removed any entrained drqplets.

For the mass-transfer work a General Electric dew-point
recorder was utilized. A schematic for this recorder is ghown in
Appendix IT.

B. Discussion of Column Operation

1. Static Electricity

Part 1 of the experimental work involved the use of glass

beads as feed material (See Appendix I for the feed material specifi-
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cations). With dry air (dew point of -80°F) as the fluidizing gas,

the glass beads became charged with static electricty. This led to
non-reproducible experimental data because the beads agglomerated and
stuck to the sides of the glass column. The static electricity was
eliminated by fluidizing the bed with air having a dew point of approx-
imately 25°F (28% absolute humidity). It should be noted that sat-
urated fluidizing air caused the bed to cake thus stopping operation
of the column completely.

2. TFeed Mechanism

At high, fluidizing-alr velocities it was necessary to
pressurize the feed hopper in order to maintain the desired feed rate.
If the pressure in the hopper was considerably higher than that in the
top of the column the feed would blow past the screw and the housing
of the feeder thus nullifying the ability to control the feed rate by
means of the variable speed transmission.

3. Vibrators and Plate Contactors

The efficiency of vibrator operation depended upon how
the vibrators were attached to the rod. Vibration was produced by a
rotating steel ball that generated centrifugal force as it rotated
within the vibrator. It was found that vibrators rigidly attached to
an immovable object dissipate the available energy from the expanding
air almost entirely as centrifugal force (maximum RPM). The only
losses in this case were entrance and exit losses of the air and
frictional losses to the vibrator wall by the revolving steel ball.
If the vibrator was loosened, additional energy went into motion of
the vibrator itself. Under these conditions less energy was available

for centrifugal force and the revolving ball slowed down.
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Some difficulty was encountered in maintaining a constant
vibrational frequency (hence, uniform throughput rates on all three
plates) since this depended upon the pressure of the supply air. How-
ever, the use of pressure regulatcrs in the air lines kept this diffi-
culty to a minimum.

4, Bed-Level Control

The beds were easily maintained within 1/2 inch of the
desired fixed-bed depth. No difficulties were encountered with the
Mercoid switches or pressure transmitters. The pressure-tap lines
from the column to the transmitters were cleaned frequently to prevent
buildup of solids. Occasional clogged lines caused inaccurate differ-
ential-pressure readings which resulted in buildup or emptying of the

beds involved.



Part 1.

DESIGN STUDY
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TV, PART 1 - DESTGN STUMY

This work was done to determine the operational characteristics
of a newly designed multistage fluidization column. The distin-
guishing feature of the equipment was the use of vibration to achieve
downward transport of solids from stage to stage through a plate con-
sisting of spherical material "sandwiched' between & cover and
support screen. OSeveral variasbles were studied and the data were then
incorporated into a design correlation.

A. Scope

Glass beads were fluidized with air in the six-inch diameter,

three-stage column. The throughput rate was determined as a function
of (1) vibrator size and vibrational frequency, (2) feed particle size
and density, (3) plate resistance, (4) superficial air velocity, (5)
fluidized-bed depth, and (6) vibrator on-time. The extent to which the

variables were investigated is shown in Table 1.
Table 1
Scope of the Variables Tested

Range

Variable Min Max Max/Min
Feed diameter, in. 0.0030 0.0110 3.66
Feed density (bulk), g/cc 0.720 1.5 2.09
Shape factors, dimensionless 1 1.62 1.62
Air velocity, ft/sec 0 0.50 -
Bed depth, in. 3 9 3
Throughput rates, ft3/hr-ft2 0 15 -
Vibrator on-time, % 0 100 0
Depth of ‘nert beads, ir. 0.072 0.436 6.05
Diameter of inert beads, in. 0.0357 0.118 3.31

Density of inert beads, g/cc 0.720 5.4 7.5
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B. Preliminary Work

1l. Cover Plate

In the original column constructed at the Pennsylvania
State University there was no cover plate incorporated into the bed
support and the inert beads could, under the influence of the fluid-
izing gas, become unevenly distributed. Under these conditions,
stable operation of the column was limited to superficial air velo-
cities no higher than twice that required for minimum fluidization.
At higher velocities the increased motion of the fluidized bed dug
holes in the layer of inert beads thus lowering the plate resistance
and causing very large uncontrolled throughput rates. Preliminary
work at Argonne, in a two-inch glass column, using the glass-bead
air system, showed that the use of a cover plate (pressing on the
inert beads) eliminated this problem, thus making stable column
operation possible over a much wider gas velocity range (up to ten
times the minimum velocity for fluidization--the experimental
maximum) .

2. Internal Vibrators

A major improvement over The Pennsylvania State Uni-
versity column resulted from the use of "internal" vibration. When
vibration was applied on the outside of the columm, as was done
previously, throughput occurred on all plates. Such throughput
was nonreproducible. Some means was necessary to damp the vibration
between plates. It was found that this could be accomplished by
transmitting the vibration from outside the column directly to each
plate by means of a metal rod. This transmitter simply conducted the

vibrations from the vibrator to the plate. A flexible seal such as a
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bellows or rubber stopper was necessary where the transmitter entered
the column in order to eliminate transmission of the vibration to the
column itself. Under these conditions the throughput was selective,
occurring only on the plate vibrated.

3. Level Control

The method used to control the bed level on each plate
of the six-inch column resulted from the use of internal vibration.
Since throughput occurred only on the plate vibrated, the on-off cycle
was determined in the following manner. The differential pressure (one
to twelve inches of water) across each plate was sensed and magnified
to from 3 to 15 psig by a Taylor differential-pressure transmitter.
The outputs of the transmitters were fed to Mercoid differential pres-
sure controllers and to a Taylor three-pen Transcope recorder. The
latter made a permanent record of the differential pressure across each
of the three stages during the experimental work. The Mercoid pressure
controllers controlled electrical circuits to solenoid valves in the

vibrator air lines. The pressure switches were set to open and close

at the desired differential pressures. A minimum change of 1/2 psig
in differential pressure was required. When the higher set-pressure
was reached the circult to the solenocid was closed thus turning on the
air supply to the vibrator. With the vibrator in operation bed material
passed downward through the support plate to the plate below. The loss
of material on the plate caused the differential pressure to decrease.

- When the value of the differential pressure had reached the lower set-
point value, the circuit to the solenold was opened, and the air supply

to the vibrator stopped thus halting the downward transport of solids.
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The frequency of the on-off cycle depended upon the feed
rate., For given operational conditions the maximum throughput rate
occurred with the vibrators in operation 100 percent of the time. A
linear relationship was found to exist between the throughput rate and
the percentage of time that the vibrators were in operation.

C. Procedure

Each of the three beds was initially filled to the desired
depth with feed material. This was accomplished by feeding in material
on the top plate and operating the vibrators on the two upper plates
until the bottom stage was filled. Then the middle-stage vibrator
was turned off to fill this stage. With this accomplished, the top
plate was filled to the desired depth. The feed hopper was then loaded
and the screw-feeder drive set to the operating feed rate. The fluid-
izing air was then turned on with the rate regulated by a valve located
at the inlet to the air rotameter. The running time indicator was set
to zero. The electrical circuits to the Mercoid switches, the screw-
feeder drive and the running-time indicator were then simultaneously
closed.

The product collected in the bottom of the column throughout
the run. It was then released into a small, weighed cardboard drum
by opening a l/2-inch gate valve located at the extreme bottom of the
column. The product was then weighed and the throughput rate deter-
mined, The runs varied from 2 to 30 minutes depending upon the through-
put rate. The percentage of the total run time that the vibrators were
in operation (hereafter referred to as vibrator on-time) was determined
from electrical timers located in the solenoid air-vibrator circuits

and from the total length of the run. These timers registered the total
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time that the air vibrator circuits were energized.

In all runs, the raw data were plotted as vibrator on-time
versus throughput rate with the parameters being the variables under
study.

The corrections applied to the rotameter readings to determine
superficial air velocities in the column are described in Appendix T.

Each of the vibrators was adjusted to give the same vibrasion
tional frequency for any given run. This frequency was checked for
consistency throughout the runs. If the vibrator on-time differed
more than 10 percent between plates, the run was discarded. In all
calculations, the average vibrator on-time for the three plates was
used. Water was periodically added to the humidifier in order to
ensure static-free operation of the column.

D, Discussion of the Experimental Results

At the beginning of the following sections, D-1 through
D-6, a table is presented showing the operating conditions for the
study. Additional information, including the experimental data are
included in Appendix I.

1. Vibrational Frequency

In Table 2 the operating conditions for this study are
tabulated.

Model BD, Martin Engineering Co. (Neponset, Illinois),
air vibrators of two sizes--No. 10 and No. 13--were used in this work
(Figures 8 and 11). Throughput rates as a function of vibrator on-
time were determined for various vibrational frequencies from 6000
to 10000 CPMt The vibrational fregquencies were determined by direct

reading of a Fowler Vibra-Tak--a reed-type vibration indicator.
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Table 2

Operational Conditions for Vibrational Frequency Study

Cover and support plate eeeeeeece.. .. 4O mesh screen,
13 mesh punched plate

CONtACtOr vveessrecesoncasonoascasan No. 300 (See D-2)
Diameter of glass feed particles,D, . 0.0039 in. (No. 130)
Bed depth, H tceciiviiinseneceneren. .. T in.

Superficial air velocity, U «eeeves.s 0.19 ft/sec

Depth of inert beads, L .v.vcvvses... 0.218 in.

V0T8T vvrvnrrnenn. e neieaea .... BD-10 and BD-13
*Vibrational frequency, S .e........ . 6000 to 10000 CPM
Run numbers ...ccevececens feeacecans . I22oh-243

Diameter of inert beads, DI coee.... . 0.0357 in. (glass)

Variables for this study

The experimental data from runs using No. 10 vibrators
on each plate are shown in Figure 6. The results from No. 13 vibrators
are shown in Figure 7. As seen in these figures, the maximum through-
put rates (vibrator on-time equal to lOO%) in all cases increased as
the vibrational frequency increased.

In the air vibrators centrifugal force is generated by
a revolving steel ball. This centrifugal force i1s a function of the
physical properties of the vibrator and the vibrational frequency.

It can be calculated from the following equation in which F, is the
centrifugal force (1b), W the ball weight (1b), R the radius of rota-

tion (in.), and S the vibrational fregquency (cmM).

F_ = 0.000028}4 WRS2 (1)
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This equation is derived in Appendix I. The physical properties of
the vibrators along with a schematic diagram are shown in Figure 8.

A plot of centrifugal force versus maximum throughput
rate (Figure 9) with vibrator on-time as a parameter does not corre-
late the data from both vibrators into a single set of curves. How-
ever, when two correction factors are applied to the centrifugal
force making it, in effect, an energy per unit-vibrator-weight term,
the data from both vibrators falls on one set of curves (Figure 10).
The correction factors are lever arm length (See Figure 8) and total
vibrator weight. The centrifugal force is multiplied by the lever
arm length because it acts to magnify the generated force and is
divided by the total vibrator weight since a heavy vibrator absorbs
more energy then a light one. Thus in a heavy vibrator a smaller
percentage of the generated energy is available for transmission to
the plate.

Number 10 vibrators at 8000 CPM were used for the design
experiments. In the design correlation’ (Part V) the effect of vibra-
tional frequency is not included.

2. Contactors

After completion of the vibrational-frequency study the
efficiency of several contactors was investigated. A photograph of
those tested along with their code numbers is shown in Figure 11. The
operating conditions for these runs are shown in Table 3.

For a basis to calculate the efficiency of the various
contactors, contactor No. 300 was arbitrarily chosen to be 100%
efficient. This choice was made because of the data obtained on this

contactor in the vibrational frequency studies. Contactor No. 300
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consisted of a hard copper tube with the wihrator located at one end.
A copper claw was attached to the other end of the tube by means of a
flare fitting. The prongs of the copper claw were forced into the

holes of the cover plate, thus completing the transmission line from

the vibrator to the plate.

Table 3

Operational Conditions for Contactor Study

Cover and support plate .....ccc00u.. 40 mesh screen,
13 mesh punched plate
*

Contactors «oeeeeeconeneanas ceenas .. #300, 301, 302, 303, 30k
Diameter of glass feed particles,Dp . 0.0039 in. (No. 130)
Bed depth, H .......... cheeseeevaonns 7 in.

Superficial air velocity, U «veeeeess 0.19 ft/sec
\
Depth of inert beads, I ............. 0.218 in.
Vibrator c.iveeeeeieireaneosceccnsoans BD-10 and BD-13
*

Vibrational freguency, S ¢....cc.... 7500 to 11000 CBM
Run numbers ......... Ceececrenaneanes I300-308, I220-233
Diameter of inert beads, DI ......... 0.0357 in. (glass)

Variables for this study

The efficiency for each of the investigated contactors
was determined with the aid of Figure 10. For each contactor tested,
runs were made at a constant energy-per-unit-vibrator-weight (ordinate
of Figure 10). From the experimental data the throughput rates for
vibrator on-times of 25%, 50%, 75%, and 100% were determined. The

efficiency was then evaluated from the following equation for each
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of the vibrator on-times. These were then averaged to get the reported

efficiencies for each contactor.

Ordinate Fig. 10 for contactor No. 300 at throughput

E = rate of -new contactor(loo) (2)
C  Energy per unit vibrator weight used in study of new
contactor

Figure 12 presents the experimental data as a plot for vibrator on-time
versus the throughput rate for the contactors studies. The efficiencies

of each are summarized in Table L.

Table L

Contactor Efficiencies

Contactor No. Average Efficiencies
300 100%
301 k2%
302 1h7%
303 225%
30L 203%

Contactor No. 301 was identical to No. 300 except for
the addition. .of a short piece of soft copper tubing which permitted
mounting of the vibrator in a horizontal position (See Figure 11).

The low efficiency of 42o% is attributed to high energy losses in the
flare connection between the original copper tubing and the additicnal
piece.

The solid-steel-rod contactor (No. 302) gave an effi-
ciency of 147%. This was attributed to better energy transmission in

the relatively unyielding steel rod as compared to the copper tubing
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contactors. In this contactor, contact with the plates was made by a
copper claw identical to that used in contactors No. 300 and 301.
However, the claw was soldered to the rod in this case.

The highest efficiency (225%) was attained with the
simplest contactor (No. 303). This contactor consisted of 1/4-in.
diameter so0lid steel rod one end of which was machined to a 330o point.
This point fitted tightly into any hole in the cover plate. The high
efficiency is attributed to 1ts simple design and consequent absence
of areas for energy losses. Because of its high efficiency, simplicity,
and durability this type of contactor was used for all of the remaining
design studies. After approximately 75 hours of operation, the points
and the holes in which they were placed were examined for wear. ©Slight
wear had occurred on the points in the form of a "seating'" ring the
diameter of the plate hole. This is illustrated in Figure 13.

Contactor No. 304 gave a high

efficiency of 203% and was relatively

complex in construction. It consisted of [<1
a 1/b-in. diameter brass rod with a 300° s s { .
pointed end. Instead of fitting into the \/

ORIGINAL FINAL

cover plate, the pointed end was placed
Figure 13. Contactor No. 303
into a machined fitting which had been Point Wear
previously soldered to the cover plate (see
Figure 11). Difficulty was encountered in seating the point properly.
With a corrosive system or a process involving high
temperatures it would not be possible to use a rubber stopper for the

column-contactor seal. A corrosion-resistant seal was developed and

is shown schematically in Figure 1k. The use of swagelock fitting
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CONTACTS ARE MADE BY THE TEFLON.

T BRASS SECTION OF MULTISTAGE COLUMN

Figure 14. Schematic Diagram of Corrosion-resistant Seal
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and teflcon spacers for the seating material gives the necesscary recis-
tance to corrosive and high temperature operation. To maintain high
contactor efficiency it was found necessary to mount the teflon-swage-
lock combination in such a manner that resiliency was incorporated
into the design. A corrosion-resistant metal bellows would provide
the same effect. Direct contact to the column itself except through
the resilient teflon or bellows seal cannot occur if high efficiency
is to be maintained.

3. Feed Particle Size

The operational conditions for this study are presented

in Table 5.
Teble 5
Operational Conditions for Particle Size Study
Cover and support plate ....c....... cesesss. 40 mesh screen,
13 mesh punched plate
Contactor tieveernnierninennanes eessesonsss No. 303
*Diameter of glass feed particles, Dp ..... 0.0045 to 0.0030 in.
(No. 120, 130, 140, 150)
Bed depth, H ...evrierrrirrecsnsnnannans see.  in.
Superficial air velocity, U «.ecevenennan., 0.19 ft/sec
Depth of inert beads, L ........ e 0.218 in.
Vibrator ............ Ceertecee e e+e... BD-10
Vibrational frequency, S .eceeeivierearann. 8000 CPM

RUN NUMDETS «vvvrovveosonvsnsssnaessnsasess 1400-40O6, 1303-305

Diameter of inert beads, D_. ceoeeceeoarnsns 0.0357 in. (glass)

I

Variable for this study
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The experimental results have been plotted in Figure 15
as vibrator on-time versus the throughput rate. As seen in Figure 15
the maximum throughput rate was achieved with the smallest diameter
(0.0030-in.) feed material. From this work the size of the openings
in the support and cover plates was found to have little effect upon
the throughput rate, as long as the openings were nearly equal in
diameter to the inert beads. It was necessary for these openings to
be slightly smaller than the inert bead diameter in order to prevent
their escape.

Investigation of the data showed that the important
factor in controlling the magnitude of the throughput rate is a
so-called "critical diameter". This is related to the size of the
inert beads and can be defined in the following manner: The "eritical
diameter" is the diameter of the largest sphere that will pass through
the void space between the tightly packed inert beads. The "eritical
diemeter”, D,, is related to the inert bead diameter by the following

equation:

D, = Dy/6.46 (3)

This equation is derived in Appendix I. When the difference between
the "critical diameter" and the average feed diameter is plotted
against the maximum throughput rate (that rate occurring with the
vibrator on-time equal to 100%) a straight line results. This is
shown in Figure 16. Extrapolation of this line to zero throughput
rate shows that a diameter difference, Dc'DI’ greater than 0.0002 in.
is necessary for downward transport of solids to occur in a column

operating under stable conditions. With unstable operating conditions,
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due to very small depths of inert beads; the minimm diameter differ-
ence can be negative.

4, 7Plate Resistance

The plate resistance investigation involved the study
of several factors. These will be discussed in the following order:
(a) the depth of inert beads on each plate, (b) the density of
inert beads and (c) the diameter of inert beads. A summary of the

operating conditions for this work is presented in Table 6.

Table 6

Operational Conditions for the Plate Resistance Study

Cover and support plate .ese...sves.s 40 and 16 mesh screens,
13 mesh punched plate

Contactor evceverineniennnn s . No. 303

Diameter of glass feed particles,Dp . 0.0110 to 0.0030 in.
(No. 090, 100, 110, 120,
130, 140, 150, 500)

Bed depth, H ....... cesssscssacsasnsss [ in.

Superficial air velocity, U e¢seeess.. most runs 0.19 ft/sec; some,
depending on particle size

at 0.21, 0.35 and 0.38 ft/sec

*Depth of inert beads, L veveseesse.s 0.072, 0.144, 0.218 and
0.436 in.

Vibrator sececssecssecncnsscasssaesss BD=10

Vibrational frequency, S sceecesesss. 3000 CPM

Run numbers sceevsvecesccereacssseese 1500-550, I303-305
*Diameter of inert beads, Dy ........ 0.0357, 0.0592, 0.118 in.

*
Inert bead material «.ieeeeeeeese... glass, activated alumina
and copper

Variables for this study



b,

(a) Depth of Inert Beads on Each Plate

In this phase of the plate resistance work glass
beads were used for both the feed and the inert bead material.
Throughput rates were investigated at inert bead depths of 0.072, 0.144
and 0.218 inches for feed bead numbers 110 sy 120, 130, 140 , and 150. A
superficial vapor velocity of 0.19 ft/sec was used throughout. The
experimental data are presented in Figures 15, 17 and 18. From thege
figures it can be seen that the maximum throughput rate increases for
any glven feed size as the depth of inert beads is decreased. The
dependence of throughput rate, however, is not linear with the depth
of inert beads.

From the experimental results discussed above, we
can gain an insight into the mechanism responsible for throughput
in addition. to the "critical diameter" factor. Let us assume that the
vibration transmitted to the plates does not impart any motion to the
inert beads but does impart sufficient energy to the feed material to
insure no clogging of the scolids as they pass downward through the
plates. With these assumptions and the faect that the free area
(cross-sectional) in the plates will determine the amount of material
that can pass through the plates we can derive the mimimum theoretical
line shown in Figure 19. This was done in the following manner:
Experimentally the maximum throughput rate for No. 130 feed beads
through a plate having no inert beads and 4O-mesh cover and support
screens was found to be 360 1b/hr. For this determination, the No. 10
vibrators were operated at 8000 CPM. Under these conditions the free
area was 0.059 ftg. When one layer of inert beads is added to the

plate the free area is reduced to 0.042 ft2 and, assuming a linear
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(b) Density of Inert Beads

In this investigation copper and activated alumina
beads were used as the inert material. Number 120 and 130 glass beads
were used as the feed and the results compared with those in which
glass beads were used as the inert material., The diameter of the
alumina and copper spheres was determined by taking the average of
micrometer measurements on 100 particles of each material. The average
diameter of the alumina particles was found to be 0.0377 in. while that
of the copper particles was found to be 0.0365 in. The alumina runs
were made with 0.14%4 in. of inert oxide beads on each plate. In the
copper study 0.072 in. of inert copper beads were used. The bulk
densities for the inert bead materials were 1.5 g/cc for the glass,

5.4 for the copper and 0.72 for the alumina.

Figure 21 presents the results of the copper study.
Comparison of the throughput rates found when using copper inert beads
with those found when using glass beads reveals little difference in
the throughput rates. In both cases, the throughput rates with copper
were slightly smaller. In view of the fact that the "critical diameter”
was larger in the case of the copper inert beads than for the glass
beads the decrease in the throughput must be due to the high density of
the copper beads. This would be expected because greater energy is
necessary to impart motion to high density material than to low density
material, Another factor involved in this decrease is the fact that
the copper beads were not as spherical as the glass beads. Since the
throughput rate decreased 15% on the average while the density of
the inert material increased 3.5 times, it was concluded that the den-

sity of the inert material had little effect upon the throughput rate.
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When the results of the alumina study (Figure 22)
are compared with those obtained using glass beads (Figure 17), one
finds that the throughput rates were greatly reduced (57%) when
alumina was used for the inert beads. In this case the reduction in
throughput rates is believed to have been caused by a reduction in the
"eritical diameter" caused by fracturing of the relatively soft alumina
particles. Alumina fines were found in the inert-bead section of the
plates after completion of the runs, thus confirming the cause.

From the above investigation it is concluded that
the particle density of the inert material plays a minor role in deter-
mining the throughput rate. It reaffirmed the importance of the
"eritical diameter" and indicated the need for ueing spherical material
for the inert beads.

(c) Diameter of the Inert Beads

The size of the inert beads is important in deter-
mining the largest particle that will pass downward through the plates
in the column. In this work, 0.0357, 0.0592 and 0.188-in. diameter
glass beads were used as inert material. The experimental data are
presented in Figure 23 for the two larger beads. The data for the
0.0357-in. beads are presented in Figure 17. The data confirm the
previous discussion (Section D-3), and will not be further discussed
here.

5. Bed Depth Investigation

The effect of bed depth upon the throughput rate was
investigated using No. 130 glass beads as feed, a superficial air
velocity of 0.19 ft/sec and 0.14k-in. depth of 0.0357-in. diameter

glass spheres as inert material. Bed depths of 3, 5, 7, and 9 in. were
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‘ studied. These conditions are summarized in Table 7.

Table 7
Operational Study for Bed Depth Study

Cover and support plate .eeececess... 40 mesh screen,
13 mesh punched plate

Contactor seseescesecsssncsssanssssess NO. 303

Diameter of glass feed particles,D, . 0.0039 in. (No. 130)
*Bed depth, H cveieevercesscasesnssas 3, 5, 7, 9 in.
Superficial air velocity, U «se.ece.. 0.19 ft/sec

Depth of inert beads, L .eeeevesesoo. O.14k4 in,

Vibrators eeeseceeeceas seessececasenna BD-10 and BD-13
Vibrational frequency, S coveeveessn . 8000 CPM
F RUDR NUMDETSE veveenreesoscocaseneneses 1908-920

Diameter of inert beads, Dy +........ 0.0357 in. (glass)

Variable for this study

The results are presented in Figure 24 as vibrator on-time versus the
throughput rate and in Figure 25 as bed depth versus the maximum
throughput rate. The range of bed depths studied correspond to depth
over diameter ratios from 0.5 to 1.5. As seen in Figure 25, the
throughput rate tends to decrease for bed depths less than 7 in. How-
ever, since this decrease is only 15 lb/hr in going from a 7 to a

2-in, bed, the throughput rate for engineering purposes can be consid-
ered independent of the fluidized bed depth. Above 7 in. the throughput
rate was experimentally found to be independent of the, fluidized-bed

depth.
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The depth of the fluidized bed was definitely a variable
in the work conducted at The Pennsylvania State Uhiversity(37). Data
for the Pennsylvania State University work are shown as the dashed line
in Figure 25. The change in the status of fluldized-bed depth from a
variable to a non-variable 1s accounted for by the use of a cover plate
on each of the stages in the Argonne column. In the Pennsylvania State
University column, the fact that bed depth was a variable can be
explained as follows: With no cover plate present, the motion of the
fluidized bed caused the inert beads to be thinned in spots thus baring
the support plate and reducing the resistance offered by the inert
beads to the downward transport of solids. As the beds became deeper
the disturbance of the bead layer increased due to the increased
bouncing action or motion of the fluidized bed. The latter was caused
by the formation of rather large bubbles of fluidizing gas as the small
bubbles coalesced while rising through the fluidized bed. In the
Argonne column, the cover plate on each stage prevented, to a great
extent, the eroding action of the fluidized bed. This led to

much greater stability in the operation of the column.

6. Superficial Air Velocity Studies

The superficial air velocity investigation covered the
range of velocities from zero to 0.5 ft/sec. The operational condi-
tions are presented in Table 8. The results are presented in Figures
26, 27 and 28. The dashed line in each of the figures represents the
minimum fluidization velocity. The minimum fluidization velocity was
taken as that velocity at which the differential pressure across each

plate suddenly decreased and leveled off to a constant value. At this
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velceity, the first gas bubbles appeared on the surface of the "fluid-

ized" bed.

Table 8

Operational Conditons for Superficial Air Velocity Study

Cover and support Plate ceeeeeeceseses... 4O mesh screen,
13 mesh punched plate

COntACTOY sverenesescscccsssseassanssasss NO. 303

Diameter of glass feed particles, Dp e ?ﬁ206§ogo §é808goé?.
¢ b 2
Bed depth, H ¢vveuievsroencsensoascsneeass [ in.
Superficial air velocity, U «eseeeravarns 0.0 to 0.5 ft/sec
Depth of inert beads, L ......... ceeeeses 0.1k dn.
Vibrator ..... feetscasesscnaaoens teeesss. BD-10
Vibrational frequency, S ..eeveveenens ... 8000 CPM
RUN NUMDETE «oaenennnnn e, 1801-846, I500-502, I5L9
Diameter of inert beads, DI ceesassessese 0.0357 and 0.0592 in.
(glass)

In Figures 26, 27, and 28 it can be seen that the maximum
throughput rate decreased linearly as the superficial air velocity was
increased from a value approximating that of the minimum fluidization
velocity. As the superficial air velocity increased from zero to that
required for minimum fluidization to occur, the maximum throughput rate
increased but not linearly.

Let us now examine the reasons for this behavior. The

2

kinetic energy of the fluidizing gas is %g— (expressed as feet of fluid
C

flowing). When expressed as a pressure, the kinetic energy is referred

to as velocity pressure (Pv) and is defined as follows:
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2
P =u pg/Egc (7)

This so called velocity pressure is exerted upon each of the feed
particles. At the same time, each of the feed particles exerts a

force opposite to that of the flowing air due to the action of gravity
upon its mass. If we assume spherical feed particles the velocity
pressure of the fluidizing gas will counteract the particle pressure,Pp,
based upon the cross-section area of the particle. The downward

particle pressure based upon its cross-sectional area is:

) @) |
P = - = 3.0 (e/e,) (8)
Tt 1
(52 (g,)

With a superficial air velocity of zero, throughput is
achieved because part of the vibrational energy is utilized in loosen-
ing the packed bed of feed material. As the velocity pressure is
slowly increased by increasing the superficial air velocity, larger
and larger fractions of the particle pressure are counterbalanced thus
allowing more and more freedom of movement in the "prefluidized” bed.
This increased freedom of movement reduces the clogging effect in the
inert bed layer and allows higher throughput rates. This continues
until a peak in the throughput curve is reached. At the peak the
superficial air velocity is such that there is maximum freedom of
particle movement with the velocity pressure not greater than the
particle pressure. In actuality the velocity pressure should be
approaching the particle pressure. Further increases in the velocity

pressure cause the bed to undergo vertical movement in which the feed
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particles are shoved away from the plate. This results in decreased
throughput because the particles are now suspended and carried upward
in the fluidizing gas stream.

For the reasons discussed above, the peak throughput
rate will occur at a superficial air velocity determined by equating

velocity pressure to particle pressure as follows:

P
v

P
Y

A' = 0.335 x 1073 (9)

In this equation A' is a constant which was evaluated from the experi-
mental values of P, and Pp. The superficial air velocities used to
calculate A' are designated as w, and are based upon the total cross-
sectional area of the column (0.196 ftg). When A' is calculated
from an air velocity based upon the free area existing at any level
within the inert bead layer (0.042 ftg) assuming no feed particles
present, the pressure ratio has a value of 0.725 x 10-2. If it is
assumed that spherical feed particles (with a diameter equal to the
critical diameter) fill the interstitial volume between the inert
beads, the cross-sectional area is further reduced (to 0.034 ftg)
and the pressure ratio increased to 0.0111l. The calculation of A!

is presented in Appendix I.

Using the relationship developed in Equation 9 it is
possible to determine the superficial air velocity, uy, at which
maximum throughput will occur for any given spherical feed particle.
To account for non-spherical particles a shape factor (¢s) is
included. The use and evaluation of the shape factor is discussed

in Part V, Section C. In its final form, Equation 9 becomes:
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2
Fy _ umpg¢s (10)
P To1.34 D’
P ey

When this equation is solved for u e get:

_ -3 -1 -1\1/2
w, = (120 x 1077)(P_P"D ) (11)

In this equation the average feed particle,Dp, is in inches.

The fact that throughput decreases linearly for super-
ficial vapor velocities greater than Uy enables an equation to be
empirically derived which relates the throughput rate at W to the
throughput rate at any velocity greater than u - The average slope
of the lines in Figures 26, 27, and 28 was found to be -127

1b-sec/hr-ft. Therefore by definition of the slope:

u
m

(" - WE)/(um ~ u) = slope = -127 (12)

Solving for the throughnut rate,wz, gives:

.
wg = wim -127 (u - w) (13)

Equation 11 can then be substituted into Equation 13. With Equation
13, the throughput rate at any L and u can be converted to the
throughput rate obtainable at u and the same L. Calculation of the
throughput rate a‘tum is of value because the design correlation
(Part V) is based upon the air velocity, u -

It i1s interesting to compare these results with those
obtained on the column constructed and operated at The Pennsylvania

(37)

State University In the Pennsylvania State University column
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increases in the superficial ailr velocity were accompanied by increases
in the throughput rates. The difference in operation between the two
columns is due to the incorporation of a cover plate in the Argonne
equipment. The effect of this plate was discussed under Section D-5.

7. Uncontrolled Throughput

Data on uncontrolled throughput rates were obtained
throughout the experimental investigation of the column variables
already discussed. Uncontrolled throughput is that downward transport
of solids which takes place without the vibrators in operation. On the
basis of glass beads, uncontrolled throughput rates in excess of
5 1b/hr were considered to be undesirsble. On the plots of vibrator
on-time versus throughput rate such as Figure 18, the uncontrolled
throughput rates were found at the x-axis intercepts, 1l.e. the through-
put rates at zero vibrator on-time. The influence of air velocity
upon the uncontrolled throughput rate is shown in Figure 29. Data
for this figure were obtained with plates containing 0.072 and 0.14k in.
of 0.0357-in. diameter inert beads. Glass beads were used as the feed.
As seen in this figure, the uncontrolled throughput rate increases very
rapidly as the vapor velocity is increased when the inert bead layer
is only 0.072-in. thick. However, in the runs using 0.14k4 in. of
inert material, the uncontrolled throughput rate was found to be
essentially independent of the air velocity. The fact that the uncon-
trolled throughput rate increased as the air velocity increased in the
former case is attributed to the fact that plates with only approxi-
mately l/16th inch of inert material tended to be non-uniform in resis-
tance to the downward flow of particles. From these findings, it is

recommended that inert bedad depths greater than 0.109 in. be.used in
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any colummn construction in order to eliminate the velocity dependence
described above.

The uncontrolled throughput rate was also found to be
dependent upon the difference between the "critical diameter" and the
average feed diameter. This dependence is shown in Figure 30 as a plot
of diameter differences versus the depth of inert beads on each plate.
If the difference in diameters fell above the line in this figure for
the given depth of inert beads, then the uncontrolled throughput rate
was found to be in excess of 5 1b/hr. Points beneath the line resulted
in uncontrolled throughput rates of less than 5 lb/hr. Figure 30 is
assumed to be valid for any vapor velocity as long as L is greater

than 0.109 inches.



T0.

Equation 11 is used to calculate the superficial air velocity =2t which

the maximum throughput rate occurs.

-1, ¢-1)1/2

g Dl (11)

= -3

u = (1.23 x 10 )(ppp

Equation 13 relates the effect of air velocity to the throughput rate.
u

U m

L= W =127 (u- ) (13)

The above equations were derived on the basisof the following

conditions:

Feed ....vovvenn. glass beads
Column «vevueenn. 6-inch diameter
Vibrators «...... BD-10 at 8000 CPM

operating 100% of the time

In order to give the correlation more general use, an equation can

be derived to relate the throughput rate of any material in any size
column with any vibrator on-time to that of glass beads in a 6-in.
column with the vibrators operating lOO% of the time. The derivation
of this equation follows: Throughput rates expressed as lb/hr are not
constant as the feed material is varied because of feed density varia-
tions. However, throughput rates expressed as ft3/hr-ft2 column cross-
sectional area are constant. For glass beads in a 6-in. dismeter

column:

u
wL

A6pgl

= Y ft3/hr-ft2 (15)

In which A6 is the cross sectional area of the 6-in. column and

Fgl is the bulk density of the glass beads.
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For any other material in any siz

u
W
L 3 2
g = Xt /hr-ft (16)
Equating X and Y:
u u
W W.
L L
- = (17)
A6pgl Ap

Solving for WE and substituting for A6 and d@l:

b
WE . Agpgl )Wi _ (0.196 ftig(l.s g/cq),wg _ (OAi 2>w§ (18)
Ap
To correct the desired operating throughput rate at a given vibrator
on-time to that occuring with the vibrator operating 100% of the time,
Equation 19 is modified by the addition of the desired vibrator on-
time, t, as shown in Equation 19. This is wvalid since the vibrator

on-time was found to be a linear function of the throughput rate.

u _ 29.2 _u
wL T Apt Y, (19)

In order to calculate the diameter of the inert beads directly it is
necessary to substitute Equation 3 into Equation 14. Eguation 20

results from this substitution.

- -
D, = 6.M6Dp¢é +2.18 x 10 W?g18 - 2.98 x 10 3 (20)

B. Limitations of the Correlation

The limiting values of the variables listed were determined

by the extent of the experimental investigation. In many cases it is
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felt that the limiting values could be extended.

Feed material ceccocsessesse any (no restrictions)
Fluidized bed depth ¢eee.ee D3 in.

Throughput rates ..eeseeess Uup to 15 ft3/hr-ft2
Fluidizing gas velocity ... up = u = Suy

Amount of inert material .. 0.109 in. £ 1 € 0.436 in.
Vibrators seessesessesessss BD-10 at 8000 CPM

Shape of inert material ... spherical only

C. Discussion of the Correlation

The correlation is felt to be valid for many types of feed
materials. (Activated alumina and silics gel were used to test the
correlation). The shape of the feed particles has been accounted for
by the inclusion of a shape factor. The factor used is that defined
by Leva(lu). Typical values range from 1 for spheres and 1.16 for
round sand to 1.73 for cracking catalyst. ©Since there is no easy
way to calculate the shape factor for jagged particles, Leva suggests
comparison of the feed material of unknown shape factor with that of

(14,15)

photos for materials of known shape factor. From a comparison
of the photos an approximate shepe factor can be determined for the
unknown meterial.

To substantiate the general application of the correlation,
runs were made using alumina and silica gel as the feed materials. The
oxide had a bulk density of 55 lb/ft3 and a shape factor (as determined
by Leva's method) of 1.62; the gel a bulk density of 45 1b/ft3 and a

shape factor of 1.40. Photos of the three feed materials are shown in
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Figure 32. The experimental throughput rates were 33.4 lb/hr for the
alumina and 5.8 1b/hr for the gel. The correlation predicted through-
put rates of 35 lb/hr for the alumina and 5.3 lb/hr for the gel. The
results of these runs are included in Figure 31.

In determining the average particle diameter of the feed
the weight mean average was used. It should be emphasized that the
largest particle in any feed, when multiplied by its shape factor,
must have a diameter in the order of the "critical diameter". If a
substantial number of the feed particles are larger than the "critical
diameter" the plates will clog and no throughput will be obtained. On
the other hand, an average particle diameter considerably smaller than
the "critical diameter" will cause uncontrolled throughput. One set
of runs was made using a speclally prepared glass bead mixture (No. 500)
which contained a wide particle size distribution (from 50 to 400 mesh).
The calculated throughput rate of Tk.6 1b/hr was 6.6 1bs more than the
actual rate of 68 1b/nr. (See Figure 31).

The effect of vibrational frequency was not included in the
correlation in order to incorporate a safety factor into the calcula-
tions. As discussed in Part IV, Section D, increases in vibrational
frequency cause increased throughput rates of as much as 20%. If in
actuality the throughput rates are less than desired, they can be
increased by increasing the vibrational frequency above the 8000 CPM
used for the correlation.

The inert glass beads were obtained from the A. S. Lapine Co.
of Chicago, Illinois, in closely graded sizes of 1/2, 1, 1-1/2, 2,
2-1/2, and 3 mm diameter. Because the sizes available differ by

1/2 mm, it is advisable to use inert beads next largest to that calcu-
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lated by Equation 20. This will result in a greater than desired
throughput rate, which will automatically be corrected by a reduction
of the vibrator on-time. This procedure incorporates another safety
factor into the calculations.

A comparison of the experimental and the calculated values
of the throughput rates is presented in Appendix I. An average
deviation of 4.7 1b/hr between the calculated and experimental
throughput rates was found. Based upon the average throughput rate
of T1i.7 lb/hr this gave an average deviation of 6.5%.

D. Procedure for Using the Correlation

The following procedure is based upon the assumption that
the designer wants to know what size inert beads is necessary to
achieve a desired throughput rate for a particular feed while the
column is operating under known conditions (vapor velocity, vapor
density, etc). If the requirement is to know the turoughput rate for
a particular material using an already existent column, the procedure
would be identical but carried-out in reverse order.

Step 1: From Equation 18, the throughput rate based upon

glass beads is determined. This throughput rate is for

the desired superficial vapor velocity, u, and depth of

inert beads, L. It is recommended that the value of L be

arbitrarily chosen as 0.218 in. as this insures stable plate

operation. We have therefore calculated W?218.

Step 2: The superficial ."por velocity at which maximum

throughput occurs is then calculated from Egquation 11. This

equation, 11 , utilizes the physical properties of the fluid-

izing gas and the feed material.
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Step 3: Equation 13 is now used to correct the throughput
rate at superficial vapor velocity, u, to that occuring at
W, . Since the depth of inert beads was chosen to be

0.218 in. this calculation gives us W?gl8’ If we had not
chosen L equal to 0.218 in. Equation 6 would have to be used
prior to the next step.

Step 4: Finally Equation 20 is used to calculate the
diameter of the inert beads, Dy. The actual diameter of the
inert beads used is the nearest 1/2 mm larger bead than the
calculated value, DI'

Step 5: In order to determine if these conditions will
result in too much uncontrolled throughput, use is made of
Figure 30. If the diameter difference, (DI/6.46) - Dp¢s,
falls above the line in this figure for L equal to 0.218 in.
then the uncontrolled throughput rate will be greater than

5 1b/hr (based on glass beads density). If this is the case,
L should be increased and the above calculation procedure
repeated using the new value of L. If the point falls below
the line, uncontrolled throughput will be less than 5 lb/hr

and no further calculations are then necessary.

Sample Calculation

It is desired to dehumidify air using activated alumina.

The desired operating conditions are as follows:

Feed: activated alumina Py = 0.07k2 1b/ft3 (air)
p = 0.875 g/cc Column: 6-in. diameter
o, = 100 1b/£t3 - 0.15 ft/sec

D_ = 0.0045-in. diameter we = Lo 1b/hr

u
P L
g =1.62 + € 80%



Find:
Step 1:

Step 2:

Step 3:

Step L:

Step 5:

Step 6:

DI and L. to give the required throughput rate.
Assume the inert bead depth (L) equal to 0.218 in.

Calculate W™ from Equation 18:

218

W _ 29.2(140)
.218 © 0.196(0.875)(80

y = 85 1b/hr

Calculate W from Equation 11:

-3
B -3 -1 4-1y1/2 \|1.2 x 10°~(100)(0.00L5)
w, = (1.23 x 207°) (o oD 477) -—q 0.0752)(1.62)

u = 0.072 ft/sec

Um

Calculate W 518 from Equation 13:

U.m _ Ao
W =W 58

.218 +127(u - )

m

85 + 127(0.15 - 0.072)

= 95.8 1b/hr
Calculate DI from Equation 20:

D; = 6.A6DP¢S +2.18 x 1o‘hwum - 2.98 x.1073

.218 :
3

6.46(0.0045)(1.62) + 2.18 x 1o'u(95.8) - 2.98 x 10~

0.0651 in. or 1.65 mm

Since the inert beads are available in 1/2 mm sizes, choose

2 mm beads for the inert material.

Check Figure 30 for uncontrolled throughput:

D./6.46 - DP¢S = 2/(25.4)(6.46) - 0.0045(1.62) = 0.0048 in.

For L equal to 0.218 in. the point falls above the line.

Therefore the uncontrolled throughput rate will be >5 lb/hr.



Step 8:

Step 9:

Step 10:

Step 11:

Step 12:

. . u
Revisc L by consulting Figure 30 and recalculate back to WL

to determine if t (the vibrator on-time) will still be
equal to or less than 80% for a throughput rate of 40O lb/hr.
Let L equal 0.327 in. (Point now under the line in Figure 30)

Calculate W m18 from Equation 20 using DI equal to 2 mm:

0.0788 = 0.04k72 + 2.18 x 10 u Whg - 2.98 x 1073
w?gl8 = 159 1b/hr
Calculate w?§27 from Equation 6:
w?§27 = w?ng - 100 + exp(lk.0k - 0.368 1n L)

159 - 100 + exp(4.0k - 0.368 1n 0.327)

159 - 100 + 87 = 146 1b/hr

Calculate W'u327 for u equal to 0.15 ft/sec (use Equation 13):
u - - —
w.327 = 146 - 127(0.15 - 0.072)
= 136 1b/hr
Calculate w 327/t from Equation 18:
W (Ap)
.327 _ 327 _ 136(0.196)(0.875) _ 0.79
t 29.2 29.2 :

Using the desired throughput rate (w',..) of 40 1b/hr, the

327

above equation is solved for t, the vibrator on-time.

= 50.2% which is €80%

The final design conditions will then be:

L = 0.327 in. .t = 50%

pa— u_
D; = 2 m wp = ko 1b/hr
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I. PART I - CONCLUGICNG

The following conclusions were drawn from the operation of a
newly designed three-stage, fluidized-bed reactor.

1. The incorporation of a cover plate into each stage results in
improved column stability.

2. The use of internal vibration allows individual control of the
throughput of each plate.

3. Bed depth can be controlled to within one-half inch of any de-
sired depth by controlling vibrator operation in accordance with
the differential pressure across each stage and its bed.

4. A design correlation has been developed which permits the cal-
culation of the column variables necessary to achieve the desired

throughput of any feed material.
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VII. PROCESS APPLICATIONS

Generally speaking, the equipment discussed in this thesis
would have application in any gas-solid reaction in which counter-
current flow is desirable. This equipment would also be useful where
it is advantageous to maintain temperature gradients in order to
effect a clean-up of residual reactant.

Specific application discussed in the literature and summarized
by Zenz and Othmer(39) include the reduction of iron ore withhydro-

gen to produce sponge iron and with carbon monoxide to produce Fe_C;

3
the continuous drying of cement rock, coal and table salt; the re-
duction of uranium trioxide to uranium dioxide with hydrogen; the
roasting of pyritic ores, gold ores and limestone; the retorting of
oil shales; the fluorination of hydrocarbons in cobalt triflucride
beds; the calcination of low grade manganese ores; the chlorination

of titanium ores; and the recovery of zinc from sulfide concentrates

by chlorination.
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VIII. PART 2. -- MASS TRANSFER STUDY

A. Introduction

The purpose of this phase of the work was to obtain
experimental mass-transfer data using the newly designed multistage
fluidization column, and if possible to make a comparison of the
operation of this column with other fluidized-bed units. For this
study the silica-gel water-vapor adsorption system was chosen,
because it lends itself readily to the fluidization technique and
presents no difficult analytical problems.

Several mass-transfer studies have been reported in the
literature (2,3,7,8,12,32,33). Of these the works of Cox (3) and
Etherington (7) are of most interest in the present study. Cox cal-
culated mass-transfer coefficients for the silica-gel water system
from data obtained on a pilot-plant-size multistage fluidization
column equipped with downcomers. His purpose was to show the
possibility of using fluidization in the large scale drying of air.
He found that the mass-transfer coefficient decreased as the bed
depth increased. Etherington calculated Murphree vapor efficiencies
for a multistage unit in which Cl’ 02 and C3 hydrocarbons were ad-
sorbed on activated charcoal. He reported efficiencies of nearly
100% at high vapor velocities and nearly 70% for velocities in the
minimum fluidization range. Gas distribution problems were encoun-
tered in this study.

B. Scope

The equilibrium relationship between silica gel and

water vapor was determined for temperatures from 20 to 40 oC and

pressures from atmospheric to 20 psia. These data were then used
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to cvaluate the Murphrce vapor cfficiency for the adcorption cf
water vapor from air by silica gel in the six-inch multistage fluid-
ization column. From the efficiency a modified mass-transfer
coefficient was calculated. Runs were made at bed depths from

3/4 in. to 8 in. and superficial air velocities from 0.20 to

0.98 ft/sec.

C. Equilibrium Experiments

1. Equipment

The equilibrium experiments were carried out in a
2-in. I. D. glass column (see Figures 33 and 34). The fluidized
silica-gel bed was supported by a wire screen which had openings
smaller than the gel particles. There were no inert beads present.
However, the fluidization was good because of the relatively high
air velocity (0.45 ft/sec) and small column diameter. Gel samples
were removed from the column through a Tygon tube. The bed temper-
ature was determined from a thermometer placed in the bed. To obtain
equllibrium data at elevated temperatures a resistance heating tape
was used. This tape was wound around the outside of the glass
column and its power input was controlled by a Variac. The hum-
idifiers described in Part III (See Figure 5) were used to obtain
the desired absolute humidity and the General Electric dew point
recorder continuously monitored the water content of the fluidizing
air.

2. Procedure

Two to three inches of activated silica gel were
placed in the 2-in. column. The fluidizing air was then turned on

and adjusted to the desired absolute humidity by regulating the



AIR TO ATMOSPHERE

THERMOMETER

SAMPLING
TUBE

HEATING
TAPE

Figure 33.

V(A

SCREEN BED
SUPPORT

8.

-

FLUIDIZING AIR INLET

Y
) DEW POINT
RECORDER AIR VENTED
SYNBOLS
4 F - FILTER
H = HUMIDIFIER

P — PRESSURE GAUGE
R - ROTOMETER

V — VARIAC
X - VALVE
®
LAB
- R & H —@—e— AR
LINE

Schematic Diagram of the 2-in. Diameter Glass Column Used
to Obtain the Equilibrium Data



85.

Figure 3%. Photograph of the Two-inch Column and Auxiliary Equipment



pressure in the humidifiers. If the run wvas tc be made 2t an
elevated temperature, the Variac was set to give the desired tem-
perature within the bed. Each run lasted approximately 24 hours and
was terminated when the dew point of the air leaving the fluidized
bed was equal to the dew point of the air entering the bed. At this
point the bed temperature was recorded and a sample of the saturated
gel was removed from the column. A three or four gram sample was
weighed and placed in an oven at 220 °C. After 24 hours at this
temperature the sample was removed and again weighed. The equili-
brium water content of the gel (expressed as weight percent water
vapor adsorbed on a dry gel basis) was then determined.

To evaluate the effect of absolute pressure upon the
equilibrium water content of the gel a slightly different procedure
was used. In this case the dew point of the gas leaving the fluid-
ized bed at atmospheric pressure, Py, was determined. Then the
Pressure was increased to P, and the new dew point noted. Using
the equilibrium curves for atmospheric pressure, the change in
water content of the gel (at equilibrium) was determined for the
change in pressure from atmospheric to Py - For a given dew point
(the average of that at p, and pg) and bed temperature, the effect
of pressure was then expressed as the change in the equilibrium
water percentage divided by the gauge pressure -- A%/psig.

3. Discussion of the Results

Figure 35 is a graph of equilibrium water content
versus gel temperature with the air dew point as a parameter. The
solid lines are from experimental data obtained in this work. The

()

dotted lines represent data supplied by the Davison Chemical Co.
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their silica gel literature. It can be seen that the adscrptive

[

capacity of the silica gel used in this work was effected by
temperature in the same manner as was that used in the Davison
experiments. However, as Figure 36 shows, the gel used in this work
had a consistantly greater equilibrium water capacity, for any given
humidity and bed temperature, than the material used to obtain the
Davison data. This is quite reasonable in view of the fact that the
Davison data is representative of many sizes and grades of gel
available, and does not specifically apply to the material being
used in this study.

A plot of the equilibrium curves for silica gel at
atmospheric pressure for temperatures from 20 to hOOC is presented
in Figure 37. 1In this figure the circled points represent actual
experimental data obtained as outlined in the procedure. The portions
of the figure not represented by actual experimental data were
obtained by cross-plotting Figure 35.

In order to use one set of equilibrium curves based
upon atmospheric pressure it was necessary to determine a correction
factor to apply to the experimentally determined gel water contents
obtained at pressures other than atmospheric. This correction factor
-- change in equilibrium water percentage per psig -- was found to be
a function of the bed temperature and the air dew point. Figure 38
shows the relationship between these variables. In this figure the
lines for bed temperatures of 26, 28 1/2, 32, and 36°C were
experimentally determined. The lines for other temperatures were
then added on the basis of a logarithmic variation of bed temp-

erature with the correction factor. A sample calculation showing
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how A%/psig was calculated from experimental data is prescnted in
Appendix II. All of the experimental data for this part of the
thesis are also found in Appendix IT.

D. Multistage Column Experiments

1. Equipment Modifications and Operating Conditions

Several minor changes were made in the multistage
column for this study. First, on each of the three stages a Tygon
tube (1/4-in. I.D.) was run from a point approximately 1/2 in. above
the cover plate upward and to the outside of the column through a
port in each of the brass sections. These tubes were used to
obtain samples of the silica gel from the beds. Second, a ther-
mometer was placed in each of the beds. These were attached to the
vibration-transmitter rods (see Figure 3). Third, a piece of rubber
hose was used to connect an opening in the top of the feed hopper
to a line located in the top of the column. Through this hose the
pressure was equalized between the feed hopper and the top of the
column. Such a pressure equalization was necessary to insure a
constant feed rate at high superficial air velocities. Fourth, one
of the stainless steel filters was removed from one of the two gas
outlets. It was replaced by a copper line which led from the gas
outlet to a ventilated hood. Any solids carry-over was then trapped
in the hood. This change was made to eliminate the necessity of
blowing back the filters as the pressure built up due to trapped
fines. The presence of any blow-back air would dilute the air
leaving the top stage and lead to false dew point readings. Fifth,
copper tubing was run from a point on the center line of the column

located approximately twelve inches above the cover plate for each
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stage to the dew point recorder. This permitted continuous deter-
mination of the dew point of the air leaving each stage.

The silica gel used for this work was a mixture
consisting of particles from 28 to 200 mesh with an average weight-
mean diameter of 0.0109-in. Three millimeter diameter inert glass
beads were incorporated into each of the three stage supports.

2. Procedure

The silica gel as received from the Davison Chemical
Company could easily lower the air dew-point from 6OOF to -75OF.
However, under these conditions the gel particles stuck to the sides
of the glass column and to the inert beads in the support section,
thus preventing soclids throughput. It was noted that partially-
saturated gel (the treated air leaving the bed had a dew point
greater than -lOOF) did not stick to the walls of the column. For
this reason all of the feed material was partially saturated to the
point where the air leaving the fluidized bed had a dew point of o°F.
The partial saturation of the gel was done in the top stage of the
multistage column. The fluidizing air had a dew point of approxi-
mately 6OOF before entering the bed at a superficial velocity of
0.20 ft/sec. The exit dew point was continuously monitored and when
it reached 0°F the air was turned off and the column was emptied.
The material was then stored in closed metal containers until the
amount required to make a run had been prepared (approximately
2k 1b).

Prior to starting a run the column was loaded with
silica gel by the method described in Part 1. The moist fluidizing

air was then adjusted to give the desired superficial air velocity,
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the screw feeder turned on and the level-control system set to
maintain the desired bed depth. In some runs the bed-level control
system was operated manually in order to maintain a minimum (less
than 1/4 in.) fluctuation in the bed depth. The column operating
pressure was noted every 10 to 15 minutes. In all runs solids sampling
and dew point measurement were done on the top stage first and the
bottom stage last. This sequence was followed so that the air of
lowest dew point (that leaving the top stage) went through the dew
point equipment first. This resulted in faster dew point determina-
tions because no time was lost in drying the lines. No samples were
taken from a particular stage until the bed temperature and dew point
remained constant. When these criteria were met, solids were removed
from the stage in question and the dew point and bed temperature were
recorded. A three to four gram sample of the solids was then weighed
and placed in an oven at 2200C for 24 hours. The sample was then
reweighed and its water content determined by weight difference. The
water content of the gel (corrected for the effect of column pressure)
combined with the equilibrium curve and the dew point of the air
leaving each stage was then used to calculate the Murphree vapor
efficiency. This process was repeated for the middle and bottom
stages.
3. Theory

An evaluation of the efficiency of gas-sclids con-
tacting in a fluidized bed can be made by use of the Murphree vapor
efficilency concept(25)° This concept was first developed for use in
rectification. It is readily adaptable to fluidization for two

reasons: (l) In the fluidized bed there is considerable turbulence
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vibrator on~time, %
superficial vapor velocity, ft/sec

superficial vapor velocity at the maximum throughput
rate, ft/sec

ball weight, 1b

desired throughput rate of feed material at vapor velocity
u, inert bead depth L, and vibrator on-time t, lb/hr

desired throughput rate of feed material at vapor velocity
u, inert bead depth L, and vibrator on-time t, 1b/sec

throughput rate based upon the density of glass beads at
vapor velocity u, and inert bead depth L, (t = 100%), 1b/hr

throughput rate based upon the density of glass beads at
vapor velocity u, and inert bead depth L, (t = 100%), 1b/hr

moisture content of the air leaving stage n, 1b water/lb BDA

moisture content of the alir in equilibrium with the solids
on plate n, 1b water/ 1b BDA

moisture content of the air leaving stage n+l, 1b water/lb BDA

constants

bulk density of the feed particles, g/cc
density of the fluidizing gas, 1b/ft3
absolute density of the feed particles, 1b/ft>
bulk density of the glass beads, 1.5 g/cc

shape factor, dimensionless
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Specifications for the Feed Materials

Feed Feed Average Percent Retained on U. S. Sieves
Material DNo, Diameter, U, 5. Sieve No.
in. b 50 60 T0 8 100 120 140 170 200 230
Glass 090 0.0110 - - 8o - 20 - - - - - -
Beads
100 0.0080 - - - - 85 15 - - - - -
110 0.0058 - - - - 5 75 20 - - - -
120 0.0045 - - - - - - 20 70 10 - -
130 0.0039 - - - - - - - 10 50 35 >
140 0.0033 - - - - - - - - 10 60 20
150 0.0030 - - - - - - - - - 5 50
500 0.0069 - 2 - 20 - 37 - 24 - 16 -
Alumina - 0.00k45 - - - - - 1 - 58 - 39 -
Silica
ol - 0.0109 11 38 - 14 - 15 - 10 - 8 -
Class Beads: p = 1.50 g/ce, p = 156 1p/2t3

Alumina: p = 0.875 g/cc, p = 100 1b/£t3

Silica Gel: p 75 1b/£t3

fl
1

0.720 g/cc, Py
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Experimental Data for Vibrational Frequency Study

Data for Figures 9 and 10.

The throughput data for Figures 9 and 10 were obtained from

Figures 6 and 7. The physical properties of the vibrators used

to calculate the centrifugal force, Fc

, are given in Figure 8.

Energy per Unit

Vibrator t, S, iﬁ’ Vibrator Weight, W,
Ne. % CPM (Fig. 9) (%g:-lbiéib 1v/hr
Fig.
10 25 7000 L.35 18.9 2.0
10 25 7500 5.00 21.6 6.8
10 25 9000  7.20 31.2 8.6
10 25 10000 8.88 38.4 10.0
13 25 6000 9.70 16.8 1.7
13 25 8oo0  17.2 29.8 8.5
13 25 9000 21.8 37.8 10.0
13 25 10000 26.9 6.6 12.5
10 50 7500 5.00 21.6 1k,2
10 50 9000 T7.20 31.2 18.0
10 50 10000 8.88 38.4 20.0
13 50 8000 17.2 29.8 16.8
13 50 9000 21.8 37.8 20.0
13 50 10000 26.9 k6.6 24,5
10 75 7500 5.00 21.6 21.3
10 75 9000  T7.20 31.2 27.3
10 75 10000 8.88 38.4 30.0
13 75 8000 17.2 29.8 25.3

111.
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Experimental Data for Vibrational Frequency Study

Data for Figures 9 and 10. (Concluded)

Energy per Unit

112.

Vibrator  t, s, fg’ Vibrator Weight, W,
No. % CPM (Fig. 9) (%gi—%b%é%b 1b/hr
g
13 75 9000 21.8 37.8 30.0
13 75 10000 26.9 k6.6 36.7
10 100 7500  5.00 21.6 28.5
10 100 9000 7.20 3l.2 36.6
10 100 10000 8.88 38.4 40.0
13 100 8000 17.2 29.8 33.8
13 100 9000 21.8 37.8 ho.0
13 100 10000 26.9 46.6 48.8




Experimental Data for Contactor Study

Data for Figure 12.

u = 0.19 ft/sec

DP = 0.0039 in. (No. 130)
D, = 0.0357 in.
L = 0.218 in.
H = 7 in.

Run  Contactor  Vibrator s, t, W,
No. No. No. CPM % 1b/hr
1231 300 10 10000 25 9.2
I232 300 10 10000 L8 20.0
1233 300 10 10000 79  31.0
1221 301 13 11000 39  12.3
1220 301 13 11000 52 15.6
1223 301 13 11000 88  25.0
1300 302 10 7500 22 8.4
1301 302 10 7500 53  18.7
1302 302 10 7500 91  31.6
1305 303 10 8300 34 16.4
I30k 303 10 8300 68 37.5
1303 303 10 8300 86 47.5
1306 304 10 8000 21 11.8
1307 30k 10 8000 L6 23.3
I308 304 10 8000 68 35.7
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Experimental Data for Plate Resistance Study

Data for Figures 17 and 18.

Figure

Contactor No. 303
Vibrator Ne. 10 at 8000 CPM
u = 0.19 ft/sec

Run

Dp and Feed No.,

Nt

117.

No. No. in, 1b/hr
17 1508 0.0058 (No. 110) 88 10.5
(L = 0.14%4 in., 1506 0.0045 (No. 120) 4o 15.0
D = 0.0357 in.)
1507 0.0045 83 29.8
1500 0.0039 (No. 130) 22 16.3
I501 0.0039 61 h2,9
1502 0.0039 70 48.8
1503 0.0030 (No. 150) 20 19.5
I50L 0.0030 53 46,3
1505 0.0030 72 61.0
18 1519 0.0058 (No. 110) 100 27.3
(L = 0.072 in., I512 0.0045 (No. 120) 23 17.5
D; = 0.0357 in.)
1513 0.00k45 53 33.8
151k 0.0045 100 71.0
1509 0.0039 (No. 130) 21 28.0
I510 0.0039 55 63.6
1511 0.0039 100 111
1515 0.0030 (No. 150) 19 36.0
1516 0.0030 45 66.0
1517 0.0030 100 127




Experimental Data for Plate Resistance Study

Data for Figure 19.

Contactor No. 303
Vibrator No. 10 at 8000 CPM
Dp = 0.0039 in. (No. 130)
u = 0.19 ft/sec

118.

Run No. Energy per Unit Column Number of WE,
or Vibrator Weight, Free Ares, Inert Bead
Other Source (in.-1b)/1b ft2 Layers 1b/hr
I521 25 " 0.059 0 360
Theory (25) 0.042 1 258
Theory (25) 0.021 2 129
Theory (25) 0.0105 3 64
Theory (25) 0.0052 L 32
Theory (25) 0.0026 5 16
Theory (25) 0.0013 6 8
Theory (25) 0.0006 7 L
Theory (25) 0.0003 8 2
I511 25 __ 2.3 111
1500-502 25 _ k.5 71
1303-305 a5 _ 6.8 5k
From Fig. 10 31 . 6.8 83*
From Fig. 10 50 6.8 108*

—

* Corrected for contactor efficiency.
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Experimental. Data for Plate Resistance Study

Data for Figure 20.

Data for this figure were obtained by averaging the increase or
decrease in the throughput rate for several runs as a function of
the inert-bead depth. The throughput rate occurring with an inert-

bead depth of 0.218 in. was used as the basis.

L, Change in the s,
Throughput Rate
in. 1b/hr 1b/hr
0.436 -21.5 100 - 21.5 = 78.5
0.218 0 100 + 0 =100
0.1hk +11 100 + 11 =111
0.072 +50 100 + 50 = 150




Experimental Data for Plate Registance Study

Data for Figures 21 and 22,

Contactor No. 303
Vibrator No. 10 at 8000 CPM
u = 0.19 ft/sec

120.

H =17 in.
Figure Run D and Feed No., t, w,
No. No. P in. % 1b/hr
21 I5k1 0.0045 (No. 120) 28 16.1
(Copper inert I537 0.00k45 it} 19.5
beads, L = 0.072 in.)
1538 0.0045 53 28.3
I540 0.0045 64 31.2
1539 0.0045 100 48.5
1535 0.0039 (No. 130) 0 6.2
I534 0.0039 31 35.0
I535 0.0039 Lo 52,2
1536 0.0039 100 110
oD 1528 0.00L45 (No. 120) 50 8.6
(Alumina inert I531 0.0045 100 18.2
beads, L = 0.144 in.)
1532 0.0039 (No. 130) 60 20.h4
1533 0.0039 100 31.9




. Experimental Data for Plate Resistance Study

Data for Figure 23.

121,

- Run u, Dy, L, D and Feed No., t, W,
No. ft/sec in. in. in. % 1b/hr
1525 0.35 0.118 0.436  0.0110 (No. 090) 100  1k2

. 1526 0.21 0.118 0.436  0.0080 (No. 100) 0 17.2
1526 0.21 0.118 0.436  0.0080 100 292

- I54k 0.38 0.0592 0.218 0.0080 48 17.8
I542 0.38 0.0592 0.218 0.0080 8o 27.2
I543 0.38 0.0592  0.218 0.0080 100 37.5
I545 0.19 0.0592 0.218 0.0045 (No. 120) 0 2.8
I545 0.19 0.0592 0.218 0.0045 25 37.8
I546 0.19 0.0592 0.218 0.0045 L7 65.6

- I547 0.19 0.0592 0.218 0.0045 58 86.0
1550 0.19 0.0592  0.218 0.0069 (No. 500) 32 19.9
1548 0.19 0.0592 0.218 0.0069 53 34,2
I549 0.19 0.0592 0.218  0.0069 100 TO.4




Experimental Data for Bed Depth Study

Data for Figures 24 and 25.

Contactor No. 303
Vibrator No. 10 at 8000 CPM

(Penn State data from reference 37.)

D, =0.0039 in. (No. 130)
u = 0.19 ft/sec
Dy = 0.0357 in.
L = 0.144 in.
Fiﬁgfe gg? igf ;’ l¥7hr
ol 1909 3 k1 18.9
1908 3 76 38.5
1910 3 100 53.0
1911 5 L7 26.0
Ig12 5 78 ho,2
1913 5 100 53.5
1916 7 2k 15.2
1915 7 L6 28.2
To1k 7 84 50.0
1919 9 32 7.7
1918 9 48 26.2
o1t 9 6k 37.5
1920 9 82 h6.6
25 1908-910 3 100 49
1911-913 5 100 55
I914-916 7 100 60
1917-920 9 100 60

122,
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Experimental Data for Superficial Air Veloeity Study

Data for Figures 26, 27 and 28,

Contactor No. 303
Vibrator No. 10 at 8000 CPM

H = 7 in.
t = 100%
wu
Figure Run u, L’
No. No. ft/sec 1b/hr
26 1819 0 48,0
(L = 0.14%4 in., 1823 0.074 72.0
D1 = 0.0357 in.,
Dp = 0.0039 in.) I814-817 0.11 66.0
1500-502 0.19 69.0
1820-822 0.15 73.0
1801-805 0.27 53.0
1806-807 0.35 37.5
I1808-811 0.42 33.0
27 1831 0 ik.5
(L = 0.218 in., 1828 0.11 19.8
D1 = 0.0592 in.
Dp = 0.0080 in.ﬁ I830 0.13 43,k
1829 0.15 58.8
1825 0.19 55.0
182k 0.23 50.0
1846 0.34 38.0
I826 0.43 26.4
1827 0.50 25.8

Continued on next page.
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Experimental Data for Uncontrolled Throughput Study

Data for Figure 30.
Data for this figure were determined from an overall analysis
of the experimental data. The coordinates for the points shown are

given below.

L, DC-DP¢S,

in. in.
0.072 0.0019
0.14h 0.0031

0.436 0.0071




Experimental Data for the Design Correlation

Data for Figure 31.

Feed  p, oy ., L, D, DP¢S, w,  u, W, §1?7)§ LIPS W.STB Dc-Dp¢S
g/ce 1b/ft3 in. in.xloLL in.xlolL ft/sec ft/sec 1b/hr fi/zgc, 1b/br 1b/hr in.xloll
Glass 1.5 156 1 0.218 55 ks 0.19 0.107 25.5 10.5 25.5 36 10
Glass 1.5 156 1 0.218 55 39 0.19 0.100 53.5 1l.4  53.5 65 16
Glass 1.5 156 1 0.218 55 33 0.19 0.092 63.0 12.4 63.0 75 22
Glass 1.5 156 1 0.218 55 30 0.19 0,088 72.0 13.0 7.0 85 25
Glass 1.5 156 1 0.072 55 39 0.19 0.100 111 1.k 61,0 T2 16
Glass 1.5 156 1 0.072 55 30 0.19 0.088 127 13.0 77.0 90 25
Glass 1.5 156 1 0.1hk 55 58 0.19 0.122 12,0 8.6 -3 6 -3
Glass 1.5 156 1 0.1k 55 45 0.19 0.107 35.0 11.0 20.0 31 10

Continued on next page.

AN



Experimental Data for the Design Correlation

Data for Figure 31. (Concluded)

Feed D, oy ., L, D, Dp¢s, u,  ow, WE, (127)x w?218 w?§18 DC-DP¢S

g/cc lb/ft3 in.,  in.x10% in.x10" ft/sec ft/sec 1b/hr §27:§Z’ 1b/hr 1b/hr in.x10*
Glass 1.5 156 1~ 0.1hk4 55 39 0.19 0.100 T0.0 11.% 55.0 66 16
Glass 1.5 156 1 0.1hk 55 30 0.19 0.088 85.0 12.9 70.0 83 25
Glass 1.5 156 1 0.218 92 80 0.36 0,143 36.0 27.8 36.0 64 12
Glass 1.5 156 1 0.218 92 69 0.19 0.133 68.0 7.2 68,0 75 23
Glass 1.5 156 1 0.218 92 45 0.19 0.107 141 10.5 141 152 L7
Glass 1.5 156 1 0.436 168 110 0.33 0.169 1h2 23.0 165 188 58
Alumina 0,875 100 1.62 0.218 92 73 0.15 0.072 33.4 10.0 57.0 67 19
Siééia 0.720 75 1.40 0.218 183 152 0,63 0.096 45,6 16.5 93.0 110 31
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Comparison of the Experimental and Calculated Throughput Rates using the Design Correlation

u

u

D s BT A
in.x10"  1b/hr  in. 1b/hr ft/sec 1b/hr gf/ec %  1b/hr 1b/hr  1b/hr

Glass 10 43,3 0.218 43.3 10.5 32.8 1.5 100 32.8 25,5 + 7.3
Glass 16 61.1 0.218 61.1 11.h4 k9.7 1.5 100 ho.7 53.5 - 3.8
Glass 22 78.9 0.218 78.9 12.4 66.5 1.5 100 66.5 63.0 + 3.5
Glass 25 87.8 0.218 87.8 13.0 .8 1.5 100 Th.8 72.0 + 2.8
Glass 16 61.1 0,072 111.1  1l.k 99.7 1.5 100  99.7 111.0  -11.3
Glass 25 87.8 0.072 137.8 13.0 124.8 1.5 100 124.8 127.0 - 2,2
Glass -3 4.8 0.1k 19.8 8.6 11.2 1.5 100 11.2 12.0 - 0.8
Glass 10 43,3 0.1hh 58.3 10.5 k7.8 1.5 100 47.8 35.0 +12,8

Continued on next page.
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Comparison of the Experimental and Calculated Throughput Rates using the Design Correlation (Conclusion)

et NRfy Why o omoWT o fems Wooe b b e
in,x10 1b/hr  in. lb/nr ft/sec 1b/hr g/cc %  1b/hr 1b/hr  1b/hr
Glass 16 61.1 0.1hk 76.1 11.k 64,7 1.5 100 6.7 70.0 - 5.3
Glass 25 87.8 0.14k  102.8 12.9 89.9 1.5 100 89.9 85.0 + k.9
Glass 12 Lo .k 0.218 ko .k 27.8 21.6 1.5 100 21.6 36.0 - 4.4
Glass 23 81.8 0.218 81.8 7.2 Th.6 1.5 100 Th.6 68.0 + 6.6
Glass L 153.0 0.218 153.0 10.5 k2,5 1,5 100 1k2.5 1k1.0 + 1.5
Glass 58 186.0  0.436 163.0 23.0 1%0.0 1.5 100  140.0 1k2.,0 - 2.0
Alumina 19 70.0 0.218 70.0 10.0 60.0 0.875 100 35.0 33.4 +1.6
aé%a 31 103.0 0.218 103.0 16.5 86.5 0.720 100 k2,0 k5.6 -3.6
e
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Rotameter. Correction Equation

In order to correct the cobserved rotameter readings to flow rates

for 14.7 psia and TOOF, the observed readings were multiplied by the

\|36 Pr/Tr

In this equation Tr is the gbsolute temperature (OR) of the air flow-

following correction factor:

Q(sso/Tr) (P/14.7)

[

ing through the meter and P_ the pressure (psia) at which the air is
being metered. This factor was determined from date supplied by the
Brooks Rotameter Company. With the experimental conditions used in
this study, the correction factor never exceeded 10% and was gener-

ally less than 5% of the observed reading.
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Derivation of the Vibratcr Centrifugal Force Eguation

The general centrifugal force equation for a revolving steel

ball is:

W
F_ = =(R%F) (1)
c g

c
where W is the ball weight in 1b; R the path radius of curvature;
gc the gravitational constant (32.2 ft/sec2); wr the angular velocity;

and Fc the centrifugal force in 1b The angular velocity is

7
defined as:

o = V/R (2)
in which V is the peripheral velocity, ft/sec. Substituting (2) into

(1) gives:

2
F,- (RO - T (3)

Since V in terms of revolutions per minute, S , is:

29 R
Vo= Z(8) (¥)
We find that:
2_22.2
W 2w RS 2
F o= — = O. :
. X R 0.0003%1: WRS (5)

c
If R is given in inches then (5) becomes:

Fo= 2.8k x 107° WRs® (6)

Equation 6 is the centrifugal force equation used in this study.
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Derivation of the Critical Diameter Concept

The "critical diameter", D, , is defined as the diameter of the
largest sphere that will pass through the void space between the
tightly packed inert beads. The relationship between these two

diameters can be derived from Figure A.

From trigometric considerations:

5 5 = 7 -1 = 0.868
c I

Solving the above equation for DI gives the desired equation, namely:

0.868
DI REN DC = 6.46 DC
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. Relationship Between the Inert Bead Layers and the Inert Bead Depth

Assuming close packing, the spherical beads will aline themselves

as shown below.

A

. | YV Y
X X
CY

<® o
~®

The total depth of inert beads, L , for the three layers shown will

- be less than three times the particle diameter, D In the triangle

I

shown above:

H
v/

(1) I

(2) = DI/e

And from trigonometry with B = 60°:
sin B = (3)/DI = sin 60°
From which:
- (3) = DZV3) = 0.868(D,)
From the figure we see that If x equals the total number of bead
layers in a 'bed' of depth L then:

L =D_ + O.868(DI)(X - 1)

I') I
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Relationship Between the Inert Bead layers and the Inert Bead Depth
(Concluded)

Therefore for beads with a diameter (DI) of 0.0357 inches:

L, in. X, layers
0.218 6.8
0.1k4k k.5

0.072 2.2
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. Experimental Equilibrium Data
Data for Figure 35.
Run Dew Point Sample Sample Gel Water
No. of Wet Wt., Dry Wt., Content,
gm gm
E21 -30 3.6438 3.6070 1.02
E20 -30 2.4248 2.3793 1.92
E19 -7 3.5442 3.4154 3.77
E18 -4 1/2 3.1k457 3.0790 2.17
) E1l7 + 2 3.1551 3.0158 L. 62
E16 + 2 3.0206 2.9418 2.68
E15 +12 2.7863 2.6750 4,20
Eb +12 3.4622 3.2478 6.60
E1h +12 L.1697 3.8575 8.09
E2 +36 1/2 1.7888 1.5650 14.3
E22 +36-1/2 2.9265 2.7122 7.90
- E23 +30 2.5743 2.1kt 6.60
* -36 - - 0.70
* -36 -- - 1.6
* -16 -- - 1.5
* -16 - -- 3.0
. * +6 -- -- 2.6
* + 6 - -- 6.1
) * +18 -- -- 3.7
* +18 -- -- 8.3
* +35 -- -- 6.0
* +35 -- -- 15.4

¥ Davison Data(h)



Experimental Equilibrium Data

Data for Figure 36.
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Bed Temp., Dew Point, Humidity, Gel Water
°¢ O 1b/1bx103 Content, %
20 -30 0.1464 2.2
20 -7 0.5423 h.5
20 +12 1.h45h 8.8
20 +36 1/2 4,540 18.8
20 -16 0.3301 3.0 ¥
20 +6 1,07k 6.1 *
20 +18 1.953 8.3 *
20 +35 4, o275 15.4 *
4o -7 0.5423 1.8
Lo +12 1.454 3.6
Lo +36 1/2 k. 540 8.0
Lo -16 0.3301 1.5 *
ho + 6 1.07h 2.6 ¥
ko +18 1.953 3.8 *
4o +35 4,275 6.0 *

¥ Davison Data (h)
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. Experimental Equilibrium Data

Data for Figure 37.

Run Bed Temp., Dew Point, Humidity, Gel Water
No. °c °r 1b/1bx10° Content,%
Eh o5 +12 1.h5k 6.6
E17 25 +1 0.8295 k.7
E19 25 -7 0.5423 3.7

N E20 25 -30 0.1h46h 1.9
E15 36 +12 1.45h h,2
E21 36 -30 0.1h46k 1.02
E16 38 + 2 0.8739 2.68

, E18 38 -ka/2 0.6205 2.17
E22 L0 +36 1/2 L. 5ko 7.9
E23 o) +30 3.454 6.6




o
Equilibrium Pressure Correction Data
Data for Figure 38.
Run P, Apsig Dew Dew Point Humidity, Gel Water Bed
No. psig Point, °F  Average, °F  1b/ 1bx10°  Content , % ot a%/psig Temp. ,°C
PC1 0.70 27 3.00 7.05 .
2.55 25 1/2 0.70 0.275 36
3.25 24 2.60 6.35
PC2  0.75 30 3/k4 3.57 7.90
2.50 29 0.75 0.300 36
3.25 27 1/2 3.07 7.15
PC3 3.60 28 3.15 7.25
2.85 29 3/k 0.87 0.305 36
0.75 31 1/2 3.70 8.12
Pck  0.80 13 1.53 4.30
2,45 11 1/2 0.4 0.163 36
3.25 10 1.32 3.90
PC5 3.25 13 1.53 k.30
2.45 1k 1/2 0.51 0.208 36
0.80 16 1.77 4.81
PC6 3.60 19 2.05 5.35
2.80 20 1/2 0.60 0.214 36
0.80 22 2.37 5.95
PCT 0.87 11 1.38 k.05
2.38 9 1/2 0.35 0.147 36
3.25 8 1.19 3.70

T
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' Sample Calculation of the Equilibrium Pressure Correction Term
from the Experimental Data

The following data were taken from a typical run.

Bed temperature: 28 1/2°C
Initial pressure in the column: 3.60 psig
Final pressure in the column: O.45 psig
Initial dew point: 20 1/2°F
Final dew point: 24 3/4°F
- Initial air humidity: 0.0022 1b water/lb BDA
Final air humidity: 0.0027 1b water/lb BDA
From the equilibrium curve (Figure 37) at 28 1/2 °C the equili-
brium gel water content for the initial and final humidities was
found to be:

Initial gel water content: 7.70%
- Final gel water content: 8.85%

The difference in the gel water content,él% , is therefore 1.15%.
The difference in column pressure was 3.15 psig. Therefore the

pressure correction term, A%/psig , is 1.15/3.15 or 0.365 %/psig.



~d

Number

+ W

o N O W

152,

LIST OF TABLES

Page
Scope of the Variables Tested ....cececsccsearscnces 18
Operational Conditions for Vibrational Frequency
Study ceeeeeens. cereesecreansesnresenrnannen ceeeaene 23
Operational Conditions for Contactor Study ........ . 31
Contactor Efficiencies .....cec0s eessscnanses sroscan 32
Operational Conditions for Feed Particle Size Study 36
Operational Conditions for Plate Resistance Study .. 4o
Operational Conditions for Bed Depth Study ...ce.... 53
Operational Conditions for Superficial Air Velocity
Study cevevocenronaansss Geessneasesrsensnes ceeeensee 60



Number

= W

10

11

12

13
14

15

16

17

LIST OF FIGURES

Schematic Diagram of the Multistage Fluidization
Column with the Level Control System Shown for the
Bottom Stage eeeevcosscesreveconcnns et sesennena .o

Photograph of the Multistage Fluidization Column
and Auxiliary Equipment .....oceccoccecescecans cevenes

Photograph of a Stage in the Six-inch Column ...ooe.-o
Schematic Diagram of a plate in the Multistage Column
Photograph of the Humidifiers ..cceveecevserceeesnncesns

Vibrator On+time as a Function of the Throughput Rate
for No. 10 Vibrators ..ccocceeveecnos Ceeecrsaeressanenns

Vibrator On-time as a Function of the Throughput Rate
for No. 13 Vibrators cocoecoseccsssoscsssss cesoseassoas

Schematic Diagram and Physical Properties of the Air
Vibrators ....... coeseanen ceeccosceacatsasseensaanne .

Centrifugal Force as a Function of Throughput Rate
with Vibrator On-time as the Parameter .......... ceense

Energy per Unit Vibrator Weight Versus Throughput Rate
with Vibrator On-time as the Parameter ..... sessensane

Photograph of the Vibrators and Contactors ...........

Vibrator On«time Versus the Throughput Rate for
Various Contactors ....ccsscecccocascssoosanos seasreea

Contactor No. 303 Point Wear ..cccocoescceecos ceoseaene
Schematic Diagram of the Corrosion-resistant Seal ....

Vibrator On-time Versus the Throughput Rate for
Various Sizes of Glass Feed Material ........ cesescons

Difference Between Feed Diameter and Critical Diameter
Versus the Maximum Throughput Rate .cccococosece ceesano

Vibrator On-time Versus the Throughput Rate with
0.14k4-in. Depth of Tnert BeadsS ..evececeoecencnccacnne

153.

Page

10
11
12

14

24

25

27

28

29
30

33
34
35

38

39

i)



Number

3k

35

36

38

39
Lo

Photograph of the Two-inch Column and Auxiliary
Equipment. ''''' S 0 0 9 0 % 5 0 B OO FEE PPN s e ey

Equilibrium Silica Gel Water Content as a Function of
Bed Temperature ...eccecenoees Ceeecrerearsssansns creone

Comparison of Equilibrium Date Supplied by Davison
Chemical Co. with that Obtained in this Work .........

Equilibrium Silica Gel Water Content as a Function of
Humidity ..ocvvneceees cracereteneraonns Ceetsetscetnnnns

Presgure Correction Factors Versus Dew Point with Bed
Temperature as the Parameter ..... sessnnnee Ceeeseeanae

Murphree Vapor Efficiency as a Function of Bed Depth .

Murphree Vapor Efficiency as a Function of Superficial
Air Velocity .oveevevecennrneenans Cherasnsenaans ceeeas

155.

Page

85

87

89

90

91
98

100





