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1. 

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 res-ults in unstable colvimn 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 coliimn 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 (l) vibrator size and vibrational frequency 

(6000 to 10000 CBI), (2) feed particle size (O.OO3O 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. 
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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 O098 

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. 

All of the design data were correlated into a set of five 

equations. These equations account for variations in feed particle 

density, shape and size; column cross sectional area; density and 

superficial velocity of the fluidizlng 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 alumina and silica gel feeds« 

In the mass-transfer study the Murphree vapor efficiency 

was found to be approximately 100/̂  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 

a modified mass-transfer coefficient of 35'^ Ib/sec-ft -lb/ft~". 
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The blgh efficiencies could not be attributed to the equipment d_esign 

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. 



I I . DTTRODUCTION 

A. General Discussion 

Since 19^5 "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 fluidizlng 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 
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fixed in position, and pneumatic transport of solid.s, in which the 

fluid velocity is high enough to carry the particulate solids in the 

fluid stream. 

Prior to 19^0 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 

(9) 

in a rising stream of water . 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 Oil Development 
(26 27) 

Co. ' . 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 

(29) 
developed^ -"̂  . 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-

. , . (5,14,17,21,22,2^^,36,38) r, ... T.-, .. .̂  • -, ^ A 
ization •' ' ' ' ' j~> )~> I ^ Considerable data is also reported 

/-, o 
on chemical applications involving batch or single stage processing •' 
"I o oo ̂  

' . 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 

onthesubject^l'13,23,34,35)^ 
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B. 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. 

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 , the recovery of dilute oxides of 

Np , the methylation of pentanes^ , the conversion of UO to UF, ̂  

(3) 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 

unstable operation •* 

C. Present Work 

(37) In work at The Pennsylvania State University ,3. 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 
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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, pilot-plant column was constructed. The 

experimental work fell into two areas: (l) development 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. 
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III. THE EQUIIMENT 

A. Description 

1. Mu l t i s t age Coliimn 

A six-inch diameter column (Figures 1, 2) was constructed 

of alternate Pyrex glass pipe and brass sections with each of its three 

plates 2k 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 fluidizlng 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 fo\ir inches from the top. The product was 

removed from the bottom through a manually-operated gate valve. 

2. Plates 

Each of the three plates consisted of three parts --a 

support, a layer of beads, and a cover (Figure 3 and k). 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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Figure 2. 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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@ WIRE SCREEN 

@ INERT BEADS 
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Figure k. Schematic Diagram of a Plate in the Multistage Column 



13. 

from an air-operated vibrator (one for each plate), located outside 

the column, to the plate by means of a l/4-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. Auxiliaiy Equlpnent 

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. 

Hie fluldizing-gas rate was determined by passing the 

gas thro\agh a rotameter after it had been humidified. The humidif1-

cation was necessary to eliminate static electricity within the bed. 

The humidifier consisted of two 4-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 droplets. 

For the mass-transfer work a General Electric dew-point 

recorder was utilized. A schematic for this recorder is phown in 

Appendix II. 

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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Figure 5' Photograph of the Humidifiers 
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cations). With dry air (dew point of -80 F ) as the fluidizlng 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 colimm. The static electricity was 

eliminated by fluidizlng the bed with air having a dew point of approx­

imately 25 F (28^ absolute humidity). It should be noted that sat­

urated fluidizlng air caused the bed to cake thus stopping operation 

of the column completely. 

2. Feed Mechanism 

At high, fluidizing-air velocities it was necessary to 

pressxirize 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 RP M ) . 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, unifonn throughput rates on all three 

plates) since this depended upon the pressure of the supply air. How­

ever, the use of pressure regulators in the air lines kept this diffi­

culty to a minimum. 

k, Bed-Level Control 

The beds were easily maintained within l/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. 
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Part 1. 

DESIGN STUDY 



18. 

IV, PART 1 - DESIGN RTTTDY 

This work was done to determine the operational chai^cteristics 

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 a cover and 

support screen. Several variables 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 colirnm. The throughput rate was detennined as a function 

of (l) 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 

Variable 

Feed diameter, in. 

Feed density (bulk), g/cc 

Shape factors, dimensionless 

Air velocity, ft/sec 

Bed depth, in. 

Throughput rates, ft-̂ /hr-ft 

Vibrator on-time, ̂  

Depth of inert bead.s, in. 

Diameter of inert beads, in. 

Density of inert beads, g/cc 

; Variables 

Min 

0.0030 

0.720 

1 

0 

3 

0 

0 

0.072 

0.0357 

0.720 

Tested 

Efenge 
Max 

0.0110 

1.5 

1.62 

0.50 

9 

15 

100 

o.k36 

0.118 

5.4 

Max/Mln 

3.66 

2.09 

1.62 

-

3 

-

0 

6.05 

3.31 

7.5 
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B. Preliminary Work 

1. 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

izlng 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 colimin, 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 

colqmn 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-

siire 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 l/2 psig 

in differential pressure was required. When the higher set-pressure 

was reached the circuit to the solenoid 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 solenoid 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

izlng 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 xmder 

study. 

The corrections applied to the rotameter readings to determine 

superficial air velocities in the colijmn are described in Appendix I. 

Each of the vibrators was adjusted to give the same vibration 

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 man 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 Freq̂ uency 

In Table 2 the operating conditions for this study are 

tab\ilated. 

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 ll). Throughput rates as a function of vibrator on-

time were determined for various vibrational frequencies from 6000 

to 10000 CM. The vibrational frequencies 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 ko mesh screen, 

13 mesh punched plate 

Contactor No. 300 (See D-2) 

Diameter of glass feed particles,D . 0.0039 in. (No. I30) 

Bed depth, H 7 in. 

Superficial air velocity, u O.I9 ft/sec 

Depth of inert beads, L 0.2l8 in. 

*Vibrator BD-10 and BD-I3 

Vibrational frequency, S 6OOO to 10000 C M 

Run numbers I22l|-2î -3 

Diameter of inert beads, Dj 0.0357 in. (glass) 

Variables for this study 

The experimental data from runs using Wo. 10 vibrators 

on each plate are shown in Figure 6. The restilts from No. 13 vibrators 

are shown in Figure 7« As seen in these figures, the maxim-um through­

put rates (vibrator on-time equal to 100/̂ ) 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 is 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 (lb), W the ball weight (lb), R the radius of rota­

tion (in,), and S the vibrational frequency (CM). 

F = 0.0000281)- WRS^ (1) 
c 
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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-welght 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 C M 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. 'I*he 

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 Wo. 300 
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consisted of a hard copper tube wJth the vlhrator locateri nt 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 ^0 mesh screen, 

13 mesh punched plate 

^Contactors #300, 301, 302, 303, 30̂ ^ 

Diameter of glass feed particles,D . 0.0039 in. (No. 130) 

Bed depth, H 7 in. 

Superficial air velocity, u 0.19 ft/sec 

Depth of inert beads, L 0.2l8 in. 

Vibrator BD-10 and BD-13 

Vibrational frequency, S 7500 to 11000 C M 

Run numbers I3OO-308, 1220-233 

Diameter of inert beads, Dj 0.0357 in. (glass) 

Variables for this study 

The efficiency for each of the Investigated contactors 

was detennined with the aid of Figure 10. For each contactor tested, 

runs were made at a constant energy-per-\init-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 
g ^ rate of-new contactor/ ^ /̂ s 
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 4. 

Table k 

Contactor 

Contactor 

300 

301 

302 

303 

3o4 

No. 

Eff Iciencies 

Average Efficiencies 

100^ 

h2io 

Ikli 

225/0 

203^ 

Contactor Wo. 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 ll). 

The low efficiency of if2̂  is attributed to high energy losses in the 

flare connection between the original copper tubing and the additional 

piece. 

The solid-steel-rod contactor (No. 302) gave an effi­

ciency of 1^7^. This was attributed to better energy transmission in 

the i^latively 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 (2255̂ ) was attained with the 

simplest contactor (No. 303). This contactor consisted of l/4-in. 

diameter solid steel rod one end of which was machined to a 330 point. 

This point fitted tightly into any hole in the cover plate. The high 

efficiency is attributed to its 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 

a l/l+-in. diameter brass rod with a 300° ^ ^ ^ .̂̂ ^̂  ^^.^ /......̂  

pointed end. Instead of fitting into the ^ 
ORIGINAL FINAL 

cover plate, the pointed end was placed 

Figure 13. Contactor No. 3O3 
into a machined fitting which had been Point Wear 

previously soldered to the cover plate (see 

Figure ll). 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 ik. The use of swagelock fitting 
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VIBRATOR-

CONTACTOR 

SWAGELOCK' TYPE FITTING TO MAKE 
A SEAL WITH THE CONTACTOR 

SPACE BETWEEN CAP AND 'SWAGELOCK 

TEFLON 

N O T E : T H E CONTACTOR DOES NOT TOUCH 
THE CAP OR ANY PART OF THE 
METAL COLUMN. THE ONLY METAL 
CONTACTS ARE MADE BY THE TEFLON. 

BRASS SECTION OF MULTISTAGE COLUMN 

Figure Ik, Schematic Diagram of Corrosion-resistant Seal 
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and teflon spacers for the seating material gives the necessary resis­

tance to corrosive and high temperature operation. To maintain high 

contactor efficiency it was foimd 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. 

Table 5 

Operational Conditions for Particle Size Study 

Cover and support plate kO mesh screen, 

13 mesh punched plate 

Contactor Wo. 303 

Diameter of glass feed particles, D 0.00^5 to O.OO30 in. 

^ (No. 120, 130, llfO, 150) 

Bed depth, H 7 in. 

Superficial air velocity, u O.I9 ft/sec 

Depth of inert beads, L 0.218 in. 

Vibrator BD-10 

Vibrational frequency, S 8OOO C M 

Rxm numbers lkOO-ko6, 1303-305 

Diameter of inert beads, D 0.0357 in. (glass) 
Variable for this study 
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The experimental results have been plotted in Figure 15 

as vibrator on-time yersus 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 "critical 

diameter" is the diameter of the largest sphere that will pass through 

the void space between the tightly packed inert beads. The "critical 

diameter", D̂ ,, is related to the inert bead diameter by the following 

equation: 

D^ = D-]./6.46 (3) 

This eqiiation 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 l6. Extrapolation of this line to zero throughput 

rate shows that a diameter difference, D -Dj, greater than 0.0002 in. 

is necessary for downward transport of solids to occur in a column 

operating \uider stable conditions. With unstable operating conditions, 
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due to very small depths of inert beads, the minimnm diameter differ­

ence can be negative. 

k. Plate 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 kO and l6 mesh screens, 
13 mesh punched plate 

Contactor Ko. 303 

Diameter of glass feed particles,Dp . 0.0110 to O.OO3O in. 
(Ko. 090, 100, 110, 120, 
130, l40, 150, 500) 

Bed depth, H 7 in. 

Superficial air velocity, u most runs O.19 ft/sec; some, 
depending on particle size 
at 0.21, 0.35 and O.38 ft/sec 

*Depth of inert beads, L 0.072, 0.li|-4, 0.218 and 

0.436 in. 

Vibrator BD-10 

Vibrational frequency, S 80OO CBI 

Run numbers I5OO-55O, I303-305 
Diameter of inert beads, D^ O.O357, 0.0592, O.II8 in. 

glass, actj 
and copper 

Inert bead material glass, activated alumina 

Variables for this study 
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(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 nvmibers 110^ 120, 130, l4o, and I50. A 

superficial vapor velocity of O.I9 ft/sec was used throughout. The 

expejrimental data are presented in Figures 15^ 17 and 18. From these 

figures it can be seen that the maximum throughput rate increases for 

any given 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 solids as they pass downward through the 

plates. ¥ith these assumptions and the fact that the free area 

(cross-sectional) in the plates will determine the amount of material 

that can pass through the plates ve can derive the; mimimum theoretical 

line shown in Figure 19. This was done in the following manner: 

Experimentally the maximum throughput irate for Ko. 130 feed beads 

through a plate having no inert beads and 40-meBh cover and support 

screens was found to be 36O Ib/hr. For this determination, the Ko. 10 

vibrators were operated at 80OO CIM. Under these conditions the free 

2 
area vas 0.059 ft . When one layer of inert beads is added to the 

plate the free area is reduced to 0.042 ft and, assuming a linear 
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(b) Densitv of Iner t Beads 
Ĵ  1. u. , 

In this investigation copper and activated alximina 

beads were used as the inert material. Kumber 120 and I30 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.l44 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 I.5 g/cc for the glass, 

5.4 for the copper and O.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 throi;ighput 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 

throiaghput 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 alximina study (Figure 22) 

are compared with those obtained using glass beads (Figure I7)., 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 

"critical 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 

"critical diameter" and indicated the need for using 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.l88-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 Ko. I30 glass beads as feed, a superficial air 

velocity of O.I9 ft/sec and 0.144-ln. depth of 0.0357-in. diameter 

glass spheres as inert material. Bed depths of 3, 5, 1, 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 4o mesh screen, 

13 mesh punched plate 

Contactor Ko. 303 

Diameter of glass feed particles,Bp . 0.0039 in. (Ko. I30) 

Bed depth, H 3, 5, 7, 9 in. 

Superficial air velocity, u O.I9 ft/sec 

Depth of inert beads, L 0.l44 in. 

Vibrators BD-10 and BD-I3 

Vibrational frequency, S 80OO CPM 

Run numbers I908-920 

Diameter of inert beads, D-j- 0.0357 in. (glass) 

Variable for this study 

The results are piresented 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 Ib/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 

(37) in the work conducted at The Pennsylvania State University . Data 

for the Pennsylvania State University work are shown as the dashed line 

in Figure 25. The change in the status of fluidized-bed depth from a 

variable to a non-variable is 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 distxirbance 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 fluidizlng 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 

minimiim 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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Figure 26. Maximum Throughput Rate vs Superficial Air 
Velocity for No. I3O Feed Material 
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velocity, 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 40 mesh screen, 

13 mesh punched plate 

Contactor Ko. 303 

Diameter of glass feed particles, D O.OO69 to O.OO8O in. 

^ (Ko. 100, 130, 500) 

Bed depth, H 7 in. 

Superficial air velocity, u 0.0 to O.5 ft/sec 

Depth of inert beads, L 0.144 in. 

Vibrator BD-10 

Vibrational frequency, S 8OOO CPM 

Run numbers l801-846, I5OO-502, 1549 

Diameter of inert beads, D O.O357 and O.O592 in. 
(glass) 

In Figures 26, 27, and 28 it can be seen that the maximimi 

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 fluidizlng gas is p — (expressed as feet of fluid 
^ c 

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

to as velocity pressure (P ) and is defined as follows: 
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P = u^p /2g (7) 
V g' c ^ ' •' 

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 fluidizlng gas will counteract the particle pressure,? , 
P 

based upon the cross-section area of the particle. The downward 

particle pressure based upon its cross-sectional area is: 

(pJ(|)(«D;3)(g) 

P = : = | p D ' ( g / g ) (8) 
p 3 '̂p p'^'^c^ ^ ̂  

jtD' 

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 pressiure are co\xnterbalanced 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 maximxmi freedom of 

particle movement with the velocity pressure not greater than the 

particle pressiire. 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 

thixjughput because the particles are now suspended and carried upward 

in the fluidizlng gas stream. 

For the reasons discussed above, the peak throughput 

rate will occur at a superficial air velocity detennined by equating 

velocity pressure to particle pressure as follows: 

P o 
- p ^ = A' = 0.335 X lo'^ (9) 

p 

In this equation A' is a constant which was evaluated from the experi­

mental values of P.̂  and P^. The superficial air velocities used to 

calculate A' are designated as u and are based upon the total cross-

sectional area of the coliimn (O.I96 ft ). When A' is calcinated 

from an air velocity based \;ipon the free area existing at any level 

within the inert bead layer (0.042 ft ) assuming no feed particles 

-2 
present, the pressure ratio has a value of 0.725 x 10 . 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 ft ) 

and the presstire ratio increased to 0.0111. The calculation of A' 

is presented in Appendix I. 

Using the relationship developed in Equation 9 i"b is 

possible to determine the superficial air velocity, u^, at which 

maximum throughput will occur for any given spherical feed particle. 

To account for non-spherical particles a shape factor (0s) is 

Included. The use and evaluation of the shape factor is discussed 

in Part V, Section C. In its final fonn. Equation 9 becomes: 
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V _ m g'̂s (10) 
P " 1.34gp D' 
P P P 

When this equation is solved for u we get: 

u = (1.20 X 10"3)(P P'̂ D 0"^)^/^ /,,v 
m ^ ^̂  p g p'̂ s ^ (11) 

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

The fact that throughput decreases linearly for super­

ficial vapor velocities greater than u enables an equation to be 

empirically derived which relates the throughput rate at u 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 

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

u 
(Ŵ "" - W^)/(u^ - u) = slope = -127 (12) 

Solving for the throughput rate,W gives: 

W^ = W^^ -127 (u - u^) (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 at u is of value because the design corjrelatlon 

(Part V) is based upon the air velocity, u . 

It is 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 air 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 \inder Section D-5. 

7. Uncontrolled Throughput 

Data on xincontrolled 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 Ib/hr were considered to be undesirable. On the plots of vibrator 

on-time versus throughput rate auch as Figure l8, the uncontrolled 

throughput rates were found at the x-axis intercepts, i.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 O.O72 and 0.l44 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.l44 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 

foimer case is attributed to the fact that plates with only approxi­

mately l/l6th 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 beSid depths greater than O.IO9 in. be.used in 

file:///inder
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Figure 29. Superficial Air Velocity vs Uncontrolled Throughput ON 
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any column 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 Ib/hr. Points beneath the line resiilted 

in uncontrolled throughput rates of less than 5 Ib/hr. Figure 30 is 

assumed to be valid for any vapor velocity as long as L is greater 

than 0.109 inches. 
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Equation 11 is used to calculate the superficial air velocity at which 

the maximum throughput rate occurs. 

u = (1.23 X 10"3)(p p -̂ D 0"-^)^/^ (11) 

m ^ -̂  ' ^ p g p s ^ ^ ^ 

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

W^ = Ŵ "̂  -127 (u - u^) (13) 

The above equations were derived on the basis of the following 

conditions: 

Feed glass beads 

Column 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 100^ of the time. The derivation 

of this equation follows: Throughput rates expressed as Ib/hr are not 

constant as the feed material is varied because of feed density varia-
O p 

tions. However, throughput rates expressed as ft /hr-ft column cross-

sectional area are constant. For glass beads in a 6-in. diameter 

col-umn: 

w"" 
^ = Y ftVbr-ft^ (15) 

^6Pgl 

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

p ., is the bulk density cf the glass beads. 
gl 
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For any other inaterial in any size coliunn; 

u 
W.r 

Ap 
= X f t^ /h r - f t ^ (16) 

Equating X and Y: 

„u u 
W w 
^ • = ^^ (17) ^6Pgl ^P 

Solving for W.j. and substituting for A^ and pP-.: 

yu ^ ( ̂ 6 V ̂  u ̂  (0.196 ft^)(l.5 g/cc) u ̂  (0^222. u , Q. 

To correct the desired operating throughput rate at a given vibrator 

on-time to that occuring with the vibrator operating lOOfo of the time. 

Equation 19 is modified by the addition of the desired vibrator on-

time, t, as shown in Equation 19- This is valid since the vibrator 

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

„u 29.2 u /,_,>. 

In order to calculate the diameter of the inert beads directly it is 

necessary to substitute Equation 3 Into Equation l4. Equation 20 

results from this substitution. 

Dj = 6.46D 0^ + 2.18 X 1 0 " V m ^ g - 2.98 X 10"2 (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 any (no restrictions) 

Fluidized bed depth >3 in. 

Throughput rates up to 15 ft-^/hr-ft 

Fluidizlng gas velocity ... u^ = u = ^VL^ 

Amount of inert material .. 0.109 in- = L - O.436 In. 

Vibrators BD-10 at 8OOO CM 

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 silica 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 . Typical values range from 1 for spheres and I.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 

photos ' for materials of known shape factor. From a comparison 

of the photos an approximate shape factor can be determined for the 

unknown material. 

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/ft and a shape factor (as determined 

by Leva's method) of 1.62j the gel a bulk density of 45 lb/ft 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 Ib/hr for the 

alumina and 5*8 Ib/hr for the gel. The correlation predicted through­

put rates of 35 Ib/hr for the alumina and 5.3 Ib/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 specially prepared glass bead mixture (No. 500) 

which contained a wide particle size distribution (from 50 to 400 mesh). 

The calculated throughput rate of 74.6 Ib/hr was 6.6 lbs more than the 

actual rate of 68 Ib/hr. (See Figure 3l)• 

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 l/2, 1, 1-1/2, 2, 

2-1/2, and 3 inm 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 Ib/hr between the calculated and experimental 

throughput rates was found. Based upon the average throughput rate 

of 71-7 Ib/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 throughput 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 l8, 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 0.2l8 in. as this insures stable plate 

operation. We have therefore calculated W p n. 

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

throughput occurs is then calculated from Equation 11. This 

equation, 11 , utilizes the physical properties of the fluid­

izlng gas and the feed material. 
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step 3- Equation 13 ^s now used to correct the throughput 

rate at superficial vapor velocity, u, to that occuring at 

u^. Since the depth of inert beads was chosen to be 

Um 

0.218 in. this calculation gives us W ™ g. If we had not 

chosen L equal to 0.2l8 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, D-j-. The actual diameter of the 

inert beads used is the nearest l/2 mm larger bead than the 

calculated value, D.̂.. 

Step 5̂  In order to determine if these conditions will 

result in too much uncontrolled throughput, use is made of 

Figure 30. If the diameter difference, (D-J-/6.46) - D 0^, 

falls above the line in this figure for L equal to 0.218 in. 

then the uncontrolled throughput rate will be greater than 

5 Ib/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 Ib/hr 

and no further calculations are then necessary. 

E. Sample Calculation 

It is desired to dehumidify air using activated alumina. 

The desired operating conditions are as follows: 

Feed: activated alumina p = 0.0742 lb/ft-̂  (air) 
g 

p = 0.875 g/cc Column: 6-in. diameter 
p = 100 Ib/ft-̂  u =0.15 ft/sec 
p ' ' 
D = 0.0045-ln. diameter ŵ ^ = 4o Ib/hr 
p L ' 
0 = 1.62 t ̂  80̂ 0 
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Find: D and L to give the required throughput rate. 

Step 1: Assume the inert bead depth (L) equal to 0.218 in. 

Step 2: Calculate W^pi« i'̂ '̂om Equation l8: 

«!£18 • 0.19l?o!^^i(bo) = «5 Ib/hr 

Step 3: Calciilate u from Equation 11: 

/, ^^ -,r.-3\f -1T^ ^ - l ^ l / 2 \ 1.2 X 10"^(lOO)(0.0045) 
% = (1.23 X 10 ^)(PpPg D^0^ ) =\^ o.0742S(l.^2) 

u = 0.072 f t / sec m ' 

Step 4: Calculate W^̂  g from Equation 13: 

• ^ ! l i 8 = ^^218 ^ I27(u - u^) 

= 85 + 127(0.15 - 0.072) 

= 9 5 . 8 Ib /hr 

Step 5: Calculate D from Equation 20: 

D^ = 6.46D 0 + 2.18 X lO'V^^^n - 2.98 x.lO"^ 
I p^s .218 

= 6.46(o.oo45)(i.62) + 2.18 X 10" (95.8) - 2.98 X 10"^ ~ 

= 0.0651 in. or 1.65 mm 

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

2 mm beads for the inert material. 

Step 6: Check Figure 30 for uncontrolled throughput: 

D /6.46 - D 0 = 2/(25.4)(6.46) - 0.0045(1.62) = o.oo48 in. 
X p s 

For L equal to 0.2l8 in. the point falls above the line. 

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



78. 

Step 7: Revise L by consulting Figure 30 and recalculate back to ŵ . 
L 

to determine if t (the vibrator on-time) will still be 

equal to or less than 80^ for a throughput rate of 4o Ib/hr. 

Let L equal 0.327 in. (Point now under the line in Figure 30) 

Step 8: Calculate W ^ n from Equation 20 using D, equal to 2 mm: 

0.0788 = 0.0472 + 2.18 X 10" W^™ o - 2.98 X 10"^ .218 

W rUm ;̂ 5̂ g = 159 Ib/hr 

Step 9= Calculate W ^ from Equation 6: 

W^^ = W'̂ m̂ g - 100 + exp(4.04 - 0.368 In L) 

= 159 - 100 + exp(4.04 - 0.368 In O.327) 

= 159 - 100 + 87 = l46 Ib/hr 

Step 10: Calculate W for u equal to O.15 ft/sec (use Equation I3)» 
. 3 ^ I 

w^227 = 1̂ 6 - 127(0.15 - 0.072) 

= 136 Ib/hr 

Step 11: Calculate w 007/"̂  from Equation 18: 

^.327 ^.327^^P^ 136(0.196)(0.875) . ̂ q. 
t 29.2 29.2 U.fî U 

Using the desired throughput rate (w ) of 40 Ib/hr, the 

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

t = 50.2^ which is <i 

Step 12: The final design conditions will then be: 

L = 0.327 in. . t = 50^ 

D^ = 2 mm w^ = 40 Ib/hr 
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VI. PART I - CONCLUSIONS 

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 APPUCATIOKS 

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 

(39) by Zenz and Othmer^ ' include the reduction of iron ore withhydro-

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

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 trifluoride 

beds; the calcination of low grade manganese ores; the chlorination 

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

by chlorination. 



<̂  

EH 
CO 

CU 

EH 
CQ 

w 
CQ 

..if 



82. 

VIII. PART 2. -- M.A_SS TRANSFER STUDY 

A. Introduction 

The pur.pose 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 C,, Cp and C 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 C and 

pressures from atmospheric to 20 psia. These data were then used 
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to evaluate the Murphrcc vapor efficiency for the adsorption of 

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/^ 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 3^)- 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.i]-5 ft/sec) and small column diameter. Gel samples 

were removed from the column through a Tygon tube. The bed temper-

atiore was determined from a thermometer placed in the bed. To obtain 

equilibrium data at elevated temperatures a resistance heating tape 

was used. This tape was wound around the outside of the glass 

colxunn and its power input was controlled by a Variac. The hum­

idifiers described in Part III (See Figirre 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 
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to Obtain the Equilibrium Data 
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Figure 3^. Photograph of the Two-inch Column and Auxiliary Equipment 
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pressure in the hxijnidifiers. If the run •'..'•as to be made at an 

elevated temperat^ure, the Variac was set to give the desired tem­

perature •vd.thin the bed. Each run lasted approximately 2̂1 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 temperat-ure 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 2k hours at this 

temperature the sample was removed and again weighed. The equili-

brî um water content of the gel (expressed as weight percent water 

vapor adsorbed on a di-y gel basis) was then determined. 

To evaluate the effect of absolute pressure upon the 

equilibri-um 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 presŝ ure, p , was determined. Then the 

pressure was increased to Pp 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 press\ire from atmospheric to Pp. For a given dew point 

(the average of that at p., and Pp) and bed temperature, the effect 

of pressure was then expressed as the change in the equilibrium 

water percentage divided by the gauge pressure -- Z^/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 

(k) 
dotted lines represent data supplied by the Davison Chemical Co. 
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Figure 35. Equilibrium Silica Gel Water Content vs Bed Temperature with 
Dew Point as the Parameter 
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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 equilibri'um 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 equilibrî um curves for silica gel at 

atmospheric pressure for temperatures from 20 to UO C is presented 

in Figure 37- In 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 equilibrî um 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 I/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-

eratiire with the correction factor. A sample calculation showing 
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how 2^/psig was calculated from, experimental data is presented in 

Appendix II. All of the experimental data for this part of the 

thesis are also fo'und in Appendix II. 

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 (l/i+-in. I.D.) was r̂ un from a point approximately l/2 in. above 

the cover plate upward and to the outside of the col̂ umn 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 

presŝ ure 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 press'ure 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 6o F to -75 F-

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 solids throughput. It was noted that partially-

saturated gel (the treated air leaving the bed had a dew point 

greater than -10 F ) did not stick to the walls of the colixmn. 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 0 F. 

The partial saturation of the gel was done in the top stage of the 

multistage col-umn. The fluidizing air had a dew point of approxi­

mately 60 F before entering the bed at a superficial velocity of 

O.gO 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 

amô unt required to make a run had been prepared (approximately 

2k lb). 

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. 



9h. 

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 minim-um (less 

than l/k 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 measuxement 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 res-ulted 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 220 C for 2k 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-solids con­

tacting in a fluidized bed can be made by use of the Murphree vapor-

(25) 
efficiency concept „ 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 



5̂  130 

o 
z 
UJ 

o 
U-
u- I 10 
UJ 
Od 
O 
Q_ 
< 
> 
UJ 
UJ 9 0 
tr 
I 
Q-
Q: 
3 

70 

a 
D 
o 
o 

O BOTTOM STAGE 

D MIDDLE STAGE 

O 
D 

H 

D 

SUPERFICIAL AIR VEL0CITY-0.20 ft/sec 

50 
0 2 3 4 5 6 

BED DEPTH, in. 

Figure 39- Murphree Vapor Efficiency vs Bed Depth 

8 

vo 
00 



103. 

t = vibrator on-time, ̂  

u = superficial vapor velocity, ft/sec 

u = superTicial vapor velocity at the maximum throughput 
rate, ft/sec 

W = ball weight, lb 

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

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

W ^ = tliroughput rate based upon the density of glass beads at 
vapor velocity u, and inert bead depth L, (t = 100^), Ib/hr 

TU-W^ = throughput rate based upon the density of glass beads at 
vapor velocity u, and inert bead depth L, (t = 1005^), Ib/hr 

Y = moisture content of the air leaving stage n, lb water/lb BDA 

•X-

Y^ = moisttire content of the air in equilibrixim with the solids 
on plate n, lb water/ lb BDA n 

Y _!_.. = moisture content of the air leaving stage n+1, lb water/lb BDA 

A',X,Y = constants 

p = bulk density of the feed particles, g/cc 

p = density of the fluidizing gas, Ib/ff^ 

p = absolute density of the feed particles, Ib/ft"̂  
i_ 

p , = bulk density of the glass beads, 1.5 g/cc 
SI 

0 = shape factor, dlmensionless 
s 
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Specifications for the Feed Materials 

Feed Feed Average 
Material No. Diameter, 

in. 

Percent Retained on U. S. Sieves 
U. S. Sieve No. 

kO 50 60 70 80 100 120 l40 170 200 230 4̂00 

Glass 
Beads 

Alumina 

Silica 
Gel 

090 

100 

110 

120 

130 

liK) 

150 

500 

-

-

0.0110 

0.0080 

0.0058 

0.00i^5 

0.0039 

0.0033 

0.0030 

0.0069 

0.00U5 

0.0109 

80 

11 38 

20 

Ik 

20 

85 

5 

-

-

-

-

-

-

-

-

15 

75 

-

-

-

-

37 

1 

15 

-

-

20 

20 

-

-

-

-

-

_ 

-

-

-

70 

10 

-

-

2k 

58 

10 

-

-

-

10 

50 

10 

-

-

-

-

-

-

-

-

35 

60 

5 

16 

39 

8 

-

-

-

-

5 

20 

50 

-

-

.. 

-

-

-

-

-

10 

h^ 

1 

2 

k 

Glass Beads: p = I.50 g/cc, p = I56 Ib/ft^ 

Alumina: p =0.875 g/cc, p = 100 Ib/tt^ 

Silica Gel: p =0.720 g/cc, p = 75 Ib/ft^ 
Sr 



Experimental Iteta for Vibrational Frequency Stud;̂'" 

Data for Figures 9 and 10. 

The throughput data for Figures 9 ^̂ .d 10 were obtained from 

Figures 6 and 7» Itie physical properties of the vibrators used 

to calculate the centrifugal force, F , are given in Figure 8. 

Vibrator 
No. 

10 

10 

10 

10 

13 

13 

13 

13 

10 

10 

10 

13 

13 

13 

10 

10 

10 

13 

t. 
io 

25 

25 

25 

25 

25 

25 

25 

25 

50 

50 

50 

50 

50 

50 

75 

75 

75 

75 

S, 
CIM 

7000 

7500 

9000 

10000 

6000 

8000 

9000 

10000 

7500 

9000 

10000 

8000 

9000 

10000 

7500 

9000 

10000 

8ooo 

F 
lb 

(Fig. 9) 

^.35 

5.00 

7.20 

8.88 

9.70 

17.2 

21.8 

26.9 

5.00 

7.20 

8.88 

17.2 

21.8 

26.9 

5.00 

7.20 

8.88 

17.2 

Vibrator Weight, 
(in.-lb)/lb 
(Fig. 10) 

18.9 

21.6 

31.2 

38.4 

16.8 

29.8 

37.8 

kG.e 

21.6 

31.2 

38.4 

29.8 

37.8 

kG,e 

21.6 

31.2 

38.4 

29.8 

•w. 

Ib/hr 

2.0 

6.8 

8.6 

10.0 

1.7 

8.5 

10.0 

12.5 

li;.2 

18.0 

20.0 

16.8 

20.0 

24.5 

21.3 

27.3 

30.0 

25.3 
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Experimental Data for Vibrational Frequency Study 

Data for Figures 9 and 10. (Concluded) 

jp Energy per Unit 
Vibrator t, S, ?^' Vibrator Weight, w. 

No. i CIM ,„.7 _s (in.-lb)/lb Ib/hr 

13 

13 

10 

10 

10 

13 

13 

13 

75 

75 

100 

100 

100 

100 

100 

100 

9000 

10000 

7500 

9000 

10000 

8000 

9000 

10000 

21.8 

26.9 

5.00 

7.20 

8.88 

17.2 

21.8 

26.9 

37.8 

k6.6 

21.6 

31.2 

38.4 

29.8 

37.8 

k6.6 

30.0 

36.7 

28.5 

36.6 

40.0 

33.8 

î O.O 

1̂ 8.8 



113. 

Experimental Data for Contactor Study 

Data for Figure 12. 

u =0.19 ft/sec 

D = 0.0039 in. (No. 130) 

Dj = 0.0357 in. 

L = 0.218 in. 

H = 7 in. 

Run Contactor Vibrator S, t, w. 
No. No. No. c m /o Ib/hr 

1231 

1232 

1233 

1221 

1220 

1223 

1300 

1301 

1302 

1305 

I304 

1303 

1306 

1307 

1308 

300 

300 

300 

301 

301 

301 

302 

302 

302 

303 

303 

303 

304 

304 

30î  

10 

10 

10 

13 

13 

13 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10000 

10000 

10000 

11000 

11000 

11000 

7500 

7500 

7500 

8300 

8300 

8300 

8000 

8000 

8000 

25 

î8 

79 

39 

52 

88 

22 

53 

91 

3̂  

68 

86 

21 

k6 

68 

9.2 

20.0 

31.0 

12.3 

15.6 

25.0 

8.4 

18.7 

31.6 

16.4 

37.5 

47.5 

11.8 

23.3 

35.7 

I 
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Experimental Data for Plate Resistance Study 

Data for Figures 17 and l8. 

Contactor No. 303 

Vibrator No. 10 at 8000 CIM 

u = 0.19 ft/sec 

(L 

^1 

(L 

^I 

Figure 
No. 

17 

= O.lMf in., 
= 0.0357 in.) 

18 

= 0.072 in., 
= 0.0357 in.) 

Run 
No. 

1508 

1506 

1507 

1500 

1501 

1502 

1503 

1504 

1505 

1519 

1512 

1513 

1514 

1509 

1510 

1511 

1515 

1516 

1517 

D and Feed 
P in. 

0.0058 (No. 

0.004-5 (No. 

0.004-5 

0.0039 (No. 

0.0039 

0.0039 

0.0030 (No. 

0.0030 

0.0030 

0.0058 (No. 

0.0045 (No. 

0.0045 

0.0045 

0.0039 (No. 

0.0039 

0.0039 

0.0030 (No. 

0.0030 

0.0030 

, No., 

110) 

120) 

130) 

150) 

110) 

120) 

130) 

150) 

i' 
88 

42 

83 

22 

61 

70 

20 

53 

72 

100 

23 

53 

100 

21 

55 

100 

19 

45 

100 

Ib/hr 

10.5 

15.0 

29.8 

16.3 

42.9 

48.8 

19.5 

46.3 

61.0 

27.3 

17.5 

33.8 

71.0 

28.0 

63.6 

111 

36.0 

66.0 

127 
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Experimental Data for Plate Resistance Study 

Data for Figure 19. 

Contactor No. 303 

Vibrator No. 10 at 8000 CIM 

D = 0.0039 in. (No. 130) 
Ir 

u = 0.19 ft/sec 

Run No. 
or 

Other Soxirce 

1521 

Theoiy 

Theoiy 

Theory 

Theory 

Theory 

Theory 

Theoiy 

Theory 

1511 

1500-502 

1303-305 

From Fig. 10 

From Fig. 10 

Energy per Unit 
Vibrator Weight, 

(in.-lb)/lb 

25 

(25) 

(25) 

(25) 

(25) 

(25) 

(25) 

(25) 

(25) 

25 

25 

25 

31 

50 

Column 
Free Area, 

ft2 

0.059 

0.042 

0.021 

0.0105 

0.0052 

0.0026 

0.0013 

0.0006 

0.0003 

-.— 

Number of 
Inert Bead 
Layers 

0 

1 

2 

3 

4 

5 

6 

7 

8 

2.3 

î .5 

6.8 

6.8 

6.8 

W^ 
^L^ 

Ib/hr 

360 

258 

129 

64 

32 

16 

8 

4 

2 

111 

71 

5̂  

83* 

108 

* Corrected for contactor efficiency. 
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Bxperimpntal 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 fimction 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. Ib/hr Ib/hr 

0.436 

0.218 

0.144 

0.072 

-21. 

0 

+11 

+50 

5 100 - 21. 

100 + 0 

100 + 11 

100 + 50 

5 = 78.5 

= 100 

= 111 

= 150 
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Experimental Data for Plate Resistance Study 

Data for Figures 21 and 22. 

Contactor No. 303 

Vibrator No. 10 at 8000 CPM 

u = 0.19 ft/sec 

H = 7 in. 

Figure 
No. 

21 

(Copper inert 
beads, L = 0.072 in.) 

22 

(Al-umina inert 
beads, L = 0.l44 in.) 

Run 
No. 

1541 

1537 

1538 

1540 

1539 

1535 

1534 

1535 

1536 

1528 

1531 

1532 

1533 

D and Feed 
P . in. 

0.0045 (No. 

0.0045 

0.0045 

0.0045 

0.0045 

0.0039 (No. 

0.0039 

0.0039 

0.0039 

0.0045 (No. 

0.0045 

0.0039 (No. 

0.0039 

No., 

120) 

130) 

120) 

130) 

28 

49 

53 

64 

100 

0 

31 

49 

100 

50 

100 

60 

100 

Ib/hr 

16.1 

19.5 

28.3 

31.2 

48.5 

6.2 

35.0 

52.2 

110 

8.6 

18.2 

20.4 

31.9 
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Experimental Data for Plate Resistance Study 

Data for Figure 23. 

Run 
No. 

1525 

1526 

1526 

1544 

1542 

1543 

1545 

1545 

1546 

1547 

1550 

1548 

1549 

ft/sec 

0.35 

0.21 

0.21 

0.38 

0.38 

0.38 

0.19 

0.19 

0.19 

0.19 

0.19 

0.19 

0.19 

Dl, 
in. 

0.118 

0.118 

0.118 

0.0592 

0.0592 

0.0592 

0.0592 

0.0592 

0.0592 

0.0592 

0.0592 

0.0592 

0.0592 

in. 

0.436 

0.436 

0.436 

0.218 

0.218 

0.218 

0.218 

0.218 

0.218 

0.218 

0.218 

0.218 

0.218 

D and Feed 
P in. 

0.0110 (No. 

0.0080 (No. 

0.0080 

0.0080 

0.0080 

0.0080 

0.0045 (No. 

0.0045 

0.0045 

0.0045 

0.0069 (No. 

0.0069 

0.0069 

No., 

090) 

100) 

120) 

500) 

I' 
100 

0 

100 

48 

80 

100 

0 

25 

47 

58 

32 

53 

100 

Ib/hr 

l42 

17.2 

292 

17.8 

27.2 

37.5 

2.8 

37.8 

65.6 

86.0 

19.9 

34.2 

70.4 



Experimental Data for Bed Depth Study 

Data for Figures 24 and 25. (Penn State data frcjm reference 37.) 

Contactor No. 303 

Vibrator No. 10 at 80OO CPM 

D = 0.0039 in. (No. 130) 

Figiire 
No. 

24 

25 

u = C 

^1 = 
L = 

Run 
No. 

1909 

1908 

1910 

1911 

1912 

1913 

1916 

1915 

1914 

1919 

1918 

1917 

1920 

1908-910 

1911-913 

1914-916 

1917-920 

).19 ft/sec 

0.0357 in. 

0.144 in. 

in. 

3 

3 

3 

5 

5 

5 

7 

7 

7 

9 

9 

9 

9 

3 

5 

7 

9 

> 
^ 

41 

76 

100 

47 

78 

100 

24 

46 

84 

32 

48 

64 

82 

100 

100 

100 

100 

Ib/hr 

18.9 

38.5 

53.0 

26.0 

42.2 

53.5 

15.2 

28.2 

50.0 

17.7 

26.2 

37.5 

46.6 

h9 

55 

60 

60 
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Experimental Data for Superficial Air Velocity Study 

Data for Figures 26, 27 and 28. 

Contactor No. 303 

Vibrator No. 10 at 8000 CIM 

H = 7 in. 

t = 

\e 
Figure Run u, L' 
No. No. ft/sec Ib/hr 

(L = 
Dl 

^P 

(L = 
Dl 
^P 

26 

= 0.144 in., 
= 0.0357 in., 

= 0.0039 in.) 

27 

•• 0.218 in.. 
= 0.0592 in.. 
= 0.0080 in.) 

1819 

1823 

I8l4-8l7 

1500-502 

1820-822 

1801-805 

1806-807 

1808-8.11 

1831 

1828 

1830 

1829 

1825 

1824 

1846 

1826 

1827 

0 

0.07^ 

o.n 

0.19 

0.15 

0.27 

0.35 

0.42 

0 

0.11 

0.13 

0.15 

0.19 

0.23 

0.34 

0.43 

0.50 

48.0 

72.0 

66.0 

69.0 

73.0 

53.0 

37.5 

33.0 

14.5 

19.8 

43.4 

58.8 

55.0 

50.0 

38.0 

26.4 

25.8 

Continued on next page. 
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Experimental Data for Uncontrolled Throughput Study 

Ifeta 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, D -D 0 , 
' c p s-* 

in. in. 

0.072 0.0019 

0.144 0.0031 

0.436 0.0071 



Experimental Data for the Design Correlation 

Data for Figure 31. 

Feed 

Glass 

Glass 

Glass 

Glass 

Glass 

Glass 

Glass 

Glass 

p. 

g/cc 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

Pp' 

Ib/ft^ 

156 

156 

156 

156 

156 

156 

156 

156 

^^ 

1 

1 

1 

1 

1 

1 

1 

1 

L, 

in. 

0.218 

0.218 

0.218 

0.218 

0.072 

0.072 

0.144 

0.144 

^c^ 
4 

in.xlO 

55 

55 

55 

55 

55 

55 

55 

55 

D 0 
P s 

In.xio' 

h^ 

39 

33 

30 

39 

30 

58 

5̂ 

Continued 

-> -m^ -L^ Jl27)x Ŵ ^̂ Q̂ W^^Q D^-D 0 

ft/sec ft/sec Ib/hr ft/sec Ib/hr Ib/hr in.xlO' 

0.19 

0.19 

0.19 

0.19 

0.19 

0.19 

0.19 

0.19 

0.107 

0.100 

0.092 

0.088 

0.100 

0.088 

0.122 

0.107 

25.5 

53.5 

63.0 

72.0 

111 

127 

12.0 

35.0 

10.5 

11.4 

12.4 

13.0 

11.4 

13.0 

8.6 

11.0 

25.5 

53.5 

63.0 

72.0 

61.0 

77.0 

-3 

20.0 

36 

65 

75 

85 

72 

90 

6 

31 

10 

16 

22 

25 

16 

25 

-3 

10 

next page. 



Experimental Data for the Design Correlation 

Data for Figure 3I. (Concluded) 

Feed p, p , 0 , L, D , I* 0 s 

Glass 

Glass 

Glass 

Glass 

Glass 

Glass 

Alumina 

Silica 
Gel 

g/cc 

1.5 

1«5 

1.5 

1.5 

1»5 

1.5 

0.875 

0.720 

Ib/ft-

156 

156 

156 

156 

156 

156 

100 

75 

5 

1 ' 

1 

1 

1 

1 

1 

1.62 

i.4o 

in a 

0.144 

0.144 

0.218 

0.218 

0.218 

0.436 

0.218 

0.218 

in.xlO 

55 

55 

92 

92 

92 

168 

92 

183 

InoXlO' 

39 

30 

80 

69 

45 

110 

73 

152 

u, u^, w^, (I27)x W^^3 W^^8 ^c-^p^s 

(u-Um), i^ 
ft/sec ft/sec Ib/hr ft/sec Ib/hr Ib/hr in.xlO 

0.19 

0019 

0,36 

0.19 

0.19 

0.33 

0.15 

0.63 

0.100 

0.088 

00143 

0.133 

0.107 

0.169 

0.072 

0.096 

70.0 

85,0 

36.0 

68.0 

i4i 

l42 

33.4 

45.6 

11.4 

12.9 

27.8 

7.2 

10.5 

23.0 

10.0 

16.5 

55.0 

70.0 

36.0 

68.0 

i4l 

165 

57.0 

93.0 

66 

83 

64 

75 

152 

188 

67 

110 

16 

25 

12 

23 

47 

58 

19 

31 



Comparison of t h e Experimental and Ca lcu la ted 'Biroxighput Rates us ing t h e Design C o r r e l a t i o n 

Feed D -D ̂  
c p s 

m.xlO 

Glass 10 

Glass 16 

Glass 22 

Glass 25 

Glass 16 

Glass 25 

Glass -3 

Glass 10 

Ŵ m 
* . 2 l 8 

I b / h r 

43 .3 

61 .1 

78.9 

87 .8 

6 1 . 1 

87 .8 

4 . 8 

43 .3 

L. 

i n . 

0.218 

0.218 

0.218 

0.218 

0.072 

0.072 

0.144 

0.144 

w> 
I b / h r 

43 .3 

6 1 . 1 

78.9 

87 .8 

111 .1 

137.8 

19 .8 

58.3 

( I27)x 
(u-um) 
f t / s e c 

10 .5 

11.4 

12 .4 

13.0 

11.4 

13.0 

8.6 

10 .5 

«L 

I b / h r 

32 .8 

49 .7 

66 .5 

74 .8 

99 .7 

124.8 

11 .2 

47 .8 

P, 

g/cc 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

100 

100 

100 

100 

100 

100 

100 

100 

XT 

Calc . 
I b / h r 

32 .8 

^9-1 

66.5 

74 .8 

99 .7 

124.8 

11 .2 

4 7 . 8 

Expt . 
I b / h r 

25.5 

53.5 

63.0 

72.0 

111.0 

127.0 

12.0 

35.0 

C a l c , -
Expt . 
I b / h r 

+ 7 .3 

- 3 .8 

+ 3 .5 

+ 2 . 8 

- 1 1 . 3 

- 2 .2 

- 0 . 8 

+12.8 

Continued on next page. 



Comparison of the Experimental and Calculated Throughput Rates using the Design Correlation (Conclusion) 

Feed 

Glass 

Glass 

Glass 

Glass 

Glass 

Glass 

Alumina 

Silica 
Gel 

D -D 0 
C p B 

4 
in.xlO 

16 

25 

12 

23 

hi 

58 

19 

31 

W ^ „ 
,218 

Ib/hr 

61.1 

87.8 

49.4 

81.8 

153.0 

186.0 

70.0 

103.0 

in. 

0.144 

0.144 

0.218 

0.218 

0.218 

0.436 

0.218 

0.218 

L 

Ib/hr 

76.1 

102.8 

49.4 

81.8 

153.0 

163.0 

70.0 

103.0 

(I27)x 
(u-Um) 
ft/sec 

11.4 

12.9 

27.8 

7.2 

10.5 

23.0 

10.0 

16,5 

-L 

Ib/hr 

64.7 

89.9 

21.6 

74.6 

142.5 

l4o.o 

60.0 

86.5 

P. 

g/cc 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

0.875 

0.720 

100 

100 

100 

100 

100 

100 

100 

100 

u 
^L 

Calc. 
Ib/hr 

64.7 

89.9 

21.6 

74.6 

142.5 

i4o.o 

35.0 

42.0 

u 
WL 
Expt. 
ib/hr 

70.0 

85.0 

36.0 

68.0 

l4l.O 

142.0 

33.4 

45.6 

Calc.-
Expt. 
Ib/hr 

- 5.3 

+ 4.9 

- 4.4 

+ 6.6 

+ 1.5 

- 2.0 

+ 1.6 

-3.6 



132. 

Rotameter..Correeti6n Equation 

In order to correct the obsearved rotameter readings to flow rates 

for l4.7 psia and 70 F, the observed readings were multiplied by the 

following correction factor: 

^ 
(530/T^) (Pyi4.7) = -̂ 36 P^/T 

In this equation T is the absolute temperature ( R) of the air flow­

ing through the meter and P the pressure (psia.) at which the air is 

being metered. This factor was determined from data supplied by the 

Brooks Rotameter Company. With the experimental cohditions used in 

this study, the correction factor never exceeded 10/̂  and was gener­

ally less than 5^ of the observed reading. 



133. 

Derivation of the Vibrator Centrifugal Force Equation 

The general centrifugal force equation for a revolving steel 

ball is: 

F = ^{Rz/) (1) 
e g^^ ^ 

where W is the ball weight in lb; R the path radius of curvature; 

g the gravitational constant (32.2 ft/sec ); "UT the angular velocity; 

and F the centrifxigal force in lb . The angular velocity is 

defined as: 

•ZAJ- = V/R (2) 

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

(l) gives: 

T^ . ^(H>(V^/E^) -.^^ (3) 

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

27rR 
' - -To 

We find that: 

,2_2„2„2 

(s) (4) 

^c = r ^ ̂  ̂ oR ̂  = 0.000341 WRS2 (5) 

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

F = 2.84 x 10'^ WRS^ (6) 
c 

Equation 6 is the centrifugal force equation used in this study. 



134. 

Derivation of the Critical Diameter Concept 

The "critical diameter", D , is defined as the diameter of the 
' c • 

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 trigomf̂ tric considerations: 

D.̂  D + D.̂  D-, 
. /-̂ o I . c I I 

sm 60 = — - 2 = D - D 
c I 

= 0. 

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

D.̂  = 0. 
T - 7̂ -̂ -̂  ̂  = 6,46 D I 0.13^ c c 



135. 

Relationship Between the Inert Bead Layers and the Inert Bead Depth 

Assuming close packing, the spherical beads will aline themselves 

as shown below. 

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 

shown above: 
(1) = D^ 

(2) = Dj/2 

And from trigonometry with ^ = 60 : 

sin P = (3)/Dj = sin 60° 

From which: 

(3) = D^(| \[3 ) = 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 = Dj + 0.868(D^)(x - 1) 



136. 

Relationship Between the Inert Bead Layers and the Inert Bead Depth 
(Concluded) 

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

L, in. X, layers 

0.218 6.8 

0.144 4.5 

0.072 2.2 

i 
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MASS-TRANSFER STUDY 



Experimental Equilibrium Data 

Data for Figure 35. 

Run 
No. 

E21 

E20 

EI9 

EI8 

EI7 

EI6 

EI5 

E4 

El4 

E2 

E22 

E23 

* 

•X-

* 

•K-

•X-

* 

# 

* 

•X-

* 

Dew Point 
°F 

-30 

-30 

- 7 

- 4 

+ 2 

-f 2 

+12 

+12 

+12 

+36 

+36 

+30 

-36 

-36 

-16 

-16 

+ 6 

+ 6 

+18 

+18 

+35 

+35 

1/2 

1/2 

1/2 

Sample 
Wet Wt., 
gm 

3.6438 

2.4248 

3.5442 

3.1457 

3.1551 

3.0206 

2.7863 

3.4622 

4.1697 

1.7888 

2.9265 

2.5743 

--

— 

— 

— 

— 

— 

— 

— 

--

--

Sample 
Dry Wt., 

gm 

3.6070 

2.3793 

3.4154 

3.0790 

3.0158 

2.9418 

2.6750 

3.2478 

3.8575 

1.5650 

2.7122 

2.4147 

--

— 

--

— 

— 

— 

— 

--

--

— 

Gel Water 
Content, 

1.02 

1.92 

3.77 

2.17 

4.62 

2.68 

4.20 

6.60 

8.09 

14.3 

7.90 

6.60 

0.70 

1.6 

1.5 

3.0 

2.6 

6.1 

3.7 

8.3 

6.0 

15.4 

* Davison Data(^) 



Experimental Eq^uilibrium Data 

Data for Figure 36. 

Bed Temp., 

20 

20 

20 

20 

20 

20 

20 

20 

4o 

4o 

40 

40 

4o 

40 

4o 

Dew Point, 

°F 

-30 

- 7 

+12 

+36 

-16 

+ 6 

+18 

+35 

- 7 

+12 

+36 

-16 

+ 6 

+18 

+35 

1/2 

1/2 

Humidity, 

Ib/lbxlO^ 

0.1464 

0.5̂ 23 

1.454 

4.540 

0.3301 

1.074 

1.953 

4.275 

0.5̂ 23 

1.454 

4.540 

0.3301 

1.074 

1.953 

4.275 

Gel Water 

Content,^ 

2.2 

h.5 

8.8 

18.8 

3.0 * 

6.1 * 

8.3 * 

15.4 * 

1.8 

3.6 

8.0 

1.5 * 

2.6 * 

3.8 * 

6.0 * 

* Davison Data ^^•' 



Experimental Equilibrium Data 

Data for Figure 37. 

Run 

No. 

E4 

E17 

E19 

E20 

EI5 

E21 

EI6 

EI8 

E22 

E23 

Bed Temp., 

°C 

25 

25 

25 

25 

36 

36 

38 

38 

4o 

4o 

Dew Point, 

°F 

+12 

+ 1 

- 7 

-30 

+12 

-30 

+ 2 

- 4 

+36 

+30 

1/2 

1/2 

Humidity, 

Ib/lbxlO^ 

1.454 

0.8295 

0.5423 

0.1464 

1.454 

0.1464 

0.8739 

0.6205 

4.54o 

3.454 

Gel Water 

Content,^ 

6.6 

h.l 

3.7 

1.9 

4.2 

1.02 

2.68 

2.17 

7.9 

6.6 



Equilibrium Pressure Conrection Data 

Data for Figure 38. 

Run p, . _ . _ Dew Dew Point 

N Q . psig 
A psig 

Point, °F Average, °F 

PCI 

PC2 

PC3 

PC4 

PC 5 

PC6 

PC7 

0.70 

3.25 

0.75 

3.25 

3.60 

0.75 

0.80 

3.25 

3.25 

0.80 

3.60 

0.80 

0.87 

3.25 

2.55 

2.50 

2.85 

2.45 

2.45 

2.80 

2.38 

27 

24 

30 3/^ 

27 1/2 

28 

31 1/2 

13 

10 

13 

16 

19 

22 

11 

8 

25 1/2 

29 

29 3/h 

11 1/2 

l4 1/2 

20 1/2 

9 1/2 

Humidity, Gel Water 

Ib/lbxlO^ Content, ̂  

3.00 

2.60 

3.57 

3.07 

3.15 

3.70 

1.53 

1,32 

1.53 

1.77 

2.05 

2.37 

1.38 

1.19 

7.05 

6.35 

7.90 

7.15 

7.25 

8.12 

4.30 

3.90 

4.30 

4.81 

5.35 

5.95 

4.05 

3.70 

Bed 

0.70 0.275 36 

0.75 0.300 36 

0.87 0.305 36 

o.4o 0.163 36 

0.51 0.208 36 

0.60 0.2l4 36 

0.35 0.147 36 



151. 

Sample Calculation of the Equilibrium Pressure Correction Term 
from the Experimental Data 

The following data were taken from a typical run. 

Bed temperature: 28 l/2°C 

Initial pressure in the column: 3=60 psig 

Final pressure in the column: 0.45 psig 

Initial dew point: 20 l/2°F 

Final dew point: 24 3/4°F 

Initial air humidity: 0,0022 lb water/lb BDA 

Final air humidity: 0.0027 lb water/lb BDA 

From the equilibrium cniirve (Figure 37) S't 28 l/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, A ^ , 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 O.365 ̂ /psig. 
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