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I. SUMMARY

Information om the transfer of heat within

fluidized beds is necessary in their design for use

in exothermic 2nd endotltermic resctions. The primary

burnose of this thesis hes been to investigate thermal

effects within a fluidized bed.

The spparatus used in this work was constructed

by the author and consisted of = 2 inch inside diszmeter

column. It wes heated st the bottom with sn externas}

neater and coolsd at the top by a water jacket. The

80114 used was a wixture of ¥o.'s 11, 13, 15, and 17

zlags beads.

The procedure consisted of imposing 2 vertical

temmersture gradient across the column. When scuilibrium

had been reached the necsssarv measurements were taken

and the conductivitv wes calculated using Fourier's

law, Qw = kAAT/1.. Studies of temperature profiles

and temversture Fluctustions within the bed were also

made.

The thermal conductivity was found to be

indevnendent of the distance between the heater and cool-

er sections, heat input to the bed, temperature drop

across the test ssction and temperature level in the

sed within the following renge of variables:

Distance between heater 14 inches to 26 inches
and cooler

Heat input by heater 492 to 1340 BTU/hr.



Temperature dropn across 4.8 to 23.09%
the test section

Temperature at the test 116.1 to 275.7°F
gection bottom

Superficisl air velocity 0.405 to 0.940 Ti./sec.

Thermal conductivity 1700 te 11310 BY¥U/hy.~ £t.2F

It was 2 function of the superficisl alr veloclty through

the bed 2nd 1s revresented by the following equation:

x= (Vg ~- 0.51) 25000.

Vertical tempersture profiles within the bed were found

to be linesr. Tempersture fluctuations were found to

Jecrescse 2g distance upward from the heater increased.

Fluctuations in the temperature difference scross the

test section were found to decresse with increasing

sir velocity.



I1, INTRODUCTION

A. General: Bince the use of fluidized beds in the cat-

alytic cracking of petroleum in 1942, the applications

of these beds in industrial ovrocesses has been stesdily

increasing. They are now 21so used in the Fischer-Tropsch

synthesis of hydrocarbons, the gasification of coal, sand

the distillation of shale oil. (5)

A fluidized bed is 2 suspension of finely divided

80114 particles in 2 fluidizing medium. The Tlulidizing

medium may be elther as gas or as liguid. In the Tollowing

discussion, only a gas was used as the fluidizing medium.

Thers are four notlceszble stages in the Tluidization

process. (6)

L. At low gas velocities, there is no fluidization

snd the particles sre supported by resting upon

zach other.

At somewhat higher air velocities, the quiescent

gtege 18 reached. Here the fluid velocity Just

nalences the gravitational force on the particles,

and they are supported by the fluidizing medium.

At still higher =zir velocities the turbulent

stage is reached. This stage is characterized

by rapid mixing of the solid particles. The mix-

ing pattern 1s generally believed to consist of

upward flow in the center of the column and

downward flow along the walls. This stage is the
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one ordinarily used in industrial processes.

Finally, 2t the highest air velocities, the part-

icles sre lifted up and carried out of the bed by

the air.

The primary advantage of fluldized beds is the

excellent temverature control which can be obtained. This

is possible because of the excellent mixing of the solids in

the bed. These solids cerry most of the heat, resulting

in 2 practically uniform temperature throughout the bed.

Since most industrial processes have 2n optimum tempera-

ture at which they give 2 meximum yield, the importance of

this close temperature control is reasdllv recognizable.

Another a2dventsge is the ease of removzl or addi-

tion of solide from or to the bad, The 30lild particles

may be used elther zs a catalyst for a resction or as

one of the resctants in 2 resction. When the resctants sre

used as the solid particles, the removal of reaction

oroducts from the bed 2nd the addition of fresh reactant

is made easier. When the varticles are used as a catalyst

in 2 reaction, asddition of fresh catalyst and removal

of spent catalyst is greatly simplified.

A third zdvantace is the high rate of heat transfer

within a fluidized bed. This enshles rapid removal of heat

from the bed in highly sxothermic reactions, and raonid

addition of hest to the bed for endstnermic reactions.

One disadventage 1s possible back mixing of

reaction products with the fresh resctants. This dilutes



the reactants 2nd lowers the yield from the maximum

obtainable,

B. Object: Although fluidized beds have been in indus-

trial use for approximately ten years, much of the data

necessary for the design and analysis of these systems

1s 3t111 lacking. In particular, little work hss been done

in the field of interna] heat transfer in fluidized

beds... It is obvious that control of thes temperature level

and rete of heat Flow 1s necessarv for competent design.

In the past few years, several workers at M.I.T.

have made studies of internal heat transfer in fluidized

beds. It was the purvose of the suthor to try to substantiate

the results of the previous workers and sglso to increase

the number of varisbles studied by verying the distance

setween the hesting snd cooling elements. A second

ourpose was to obtaln temperature fluctustion dats

to help make more clear the mixing patterns within these

beds.

fC. Previous Work!

1. Mixing Phenomena: The general psttern of solid

mixing in fluldized beds has been shown to be vertical

upward Flow in the center of the bed(core) and vertical

jownward flow along the bed wslls{sannulus). This pattern

is modified by various smounts- of cross mixing between

the core znd annulus.

Bart (2), by means of a tracer technique, investi-

zated the mechenicsof mixing, Using a three inch
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diameter column, he initially charged the tracer Solid

to the bottom half of the column and bulk solid to the

other half. The fluidizing air was then turned on for =

definite time interval, and was then shut off. Sections

of the bed were then analyzed for the various z2mounts of

tracer and bulk solid. He concluded that for column

diameters of less than three inches and superficial air

velocities of leas than 1.5 feet Der sscond, circulations

followed the core 2nd annulus pattern. The velocities

of the solids upward in the core was on the order of

three times as great 2s the solid velocity downward in

the snnulus. For the assumption of steady flow in 2

betch system, the amount of fluldized solid at 2 cross

section must remein the seme. To sgccount for this, he

pronosed that either the cross-sectional sres of the

annulus be three times the cross-sectional area of the

core, or thet the solid density in the snnulus bs three

times the s0lid density in the core, or more likely,

sn combination of the two. He found that 1lnecressss 1n

sir velocity resulted in a greater amount of side mix-

ing probably dus to turbulence, 2nd that decrezsing

time of contact decreased net side mixing.

Carlsmith and Freund (3), using silica gmel

nicrosvheres as the solid, found that at low velocities,

sore and annulus flow up the center and down the walls

with side mixing between the two was most important.

They alsec found that at lower alr velocities,



rate of circulation increases with decreasing particle size

and increasing 2ir velocity. At higher 21ir velocities

the main effect of increased air velocity was to in-

crease turbulence 2nd side mixing. They state that the

core to annulus 2rea ratio is considerably less than one.

However, thev found the core =2nd annulus theory to

be 2t best 2 crude szrproximation, dependent on three

Juestionable assumbdtionas?:

1. Constsnt solid velocity scross the core.

2. Constant solid velocity scross the annulus,

;» Constant rate of side mixing between core and

annulus.

2.Heat transfer: Trilling (9),found that heat

transfer coefficients in fluidized beds were from 2 to 150

times larger than those of empty tubes or fixed beds

with the same particles to tube diameter rstios zt the same

zas veloecitv. He suggested two possible reasons for this:

I. Solid particle motion incresses the zas stream

turbulence, eliminating core resistance and de-

creasing the thickness of the laminar film along

the heat transfer surface.

The solid particles sct as carriers of heat, trans-

vorting it Doth radially and longitudinally

throughout the bed.

He found that in 211 cases, the hest transfer

coefficients increase with decreasing particle size. Also,
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at low 801id concentrations, an increszse in solid cone

centration generally increased heat transfer rates.

Diameter of the containing vessel seemed to have no

effect.

Bakal (1), using = two inch inside diameter

glass column with air as the fluidizing medium 2nd

No. 13 glass beads 2s the solid particles, found that the

axial thermal conductivity of the fluidized bed increased

with increasing superficial ges velocity. The column wes

neated internally at the bottom and cooled at the top. He

found k, the heat transfer coefficient to vary from 2750

to 10600 BTU/hr.-ft.-9. The heat transfer coefficient

was calculated using Fourier's Law:

Quo kAAT
L

where &lt;&lt;. 1s the heat transfered in the bed from the

nesting to the cooling section (heat carried

out by the cooling water) in BTU/hr.

A is the cross sectional area of the column in

square feet.

T 18 the temperature drop across the test sec-

tion in OF,

I: is the length of the test section in feet.

kK is the heat transfer coefficient or thermal

conductivity in BTU/hr.-It.-°F.

McCord (8),used the same column as Bskal, again

heating at the bottom and cooling at the top. Air was

fluidizing medium 2nd silica gel microspheres and glass



beads were used as the solid particles. He found the

thermal conductivity to be independent of the heat

input to the bed, temperature level of the bed,

temperature driving force through the bed, length of

bed,. and weight of solids in the bed. He found that the

thermal conductivity was a function of the superficiszl

zas velocity, and recommended the use of the following

equations.

For glass beads: k = groove” (Vg from 0.8 to

1.5 t1./s2a.)

For microsoheres: k = 700072: 25 (Vg from 0.1 to

0.6 £1./80¢c.Y

He found that the solids did not circulate in =

smooth manner. For microspheres, they circulate up the

center and down the sides, with conslderesble cross

mixing. For glass beads under slugging conditions,

violent cross mixing masks any circulation pattern. Taree

mechanisms of solid mixing were pronosed:

1. ‘he solids move up the center and down the sides

in spurts.

. The core of upflowing solids changes 1ts radial

position from time to time.

Cross mixing occurs as slugs of solids trans-

ported from one redial position to another.

Camp and Eissenberg (4), used the same two inch

inside dlameter glass column as Bakal and McCord, with

the hester zt the bottom 2nd the ecoonler st the tov. They



/ ¢

used air as the fluldizing medium, 2nd microspheres 2nd

No. 13 glass beads as the solid particles. The equations

they arrived =t =2re:

For glass beads: k zr 6000Vg?+1

For microspheres: k = 8900v, 0: 2%

They found that changing the length of the test

section had no zpparent effect on the vertical thermal

sonductivity.

Christensen (5),using 2 three inch inside diameter

glass column with 2 29 inch test section, heater zt the

bottom and the cooler at the ton, found the vertical

thermal conductivity to be indspendent of the heat input

to the bed, the temperature level of the bed, the temper-

ature difference scross the test section, and the smount

of solid within the bed. It was a function of the super-

ficial gas velocity. The ecuations he obtained for micro-

spheres are:

RZ 3800 4 4500 Vg (for Vg of 0.2 to 1.4 £5./3es,)

k = *6500 4 1700 Vp (for Vy of 1.4 to 2.9 ft./sec.)

He noted a discontinuity at 1.4 ft./sec., but made no

sttempt to explain it. He found that vertical temperature

profiles within the bed were linear.

D. Nature of the Work: The fluidized bed was a two

inch inside diesmeter column with en externel heater locat-

ed at the bottom and a cooler located at the top. The

fluidizing medium was air and the solid particles used

were a mixture of No.'s 11, 13, 15, and 17 glass beads.



Two distances between the heater and cooler, 14 inches

and 26 inches, were used. Temperature measurements were

taken at the centerline of the bed. Vertical thermal

conductivities have been calculated and plotted, and

temperature fluctuation data has been plotted.
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IIT. APPARATUS

The apparatus used in this work (as shown in

Fig. 1) was constructed by the author. It consisted of

2 two inch inside diameter column. The bottom calming

section was 15 inches in height and was made of glsss.

It was vacked with cuarter inch glass beads to insure

even distribution of the air. Above these beads wes 2

200 mesh screen to support the bed znd further dis-

tribute the incoming air. Before the air sntered the

calming section, it was psssed through a filter packed

with glass wool to eliminate any entrained oil in the air.

Also preceding the calming section were an orifice to

measure sir flow rate and &amp; thermometer to messure

santrance alr tempersture. A pressure tap wos loested at

the air orifice to record static air pressure at the

orifice.

The heater section was 15 inches long and was

constructed of copper tubing. It was wound with Nichrome

~esistance wire and insulated by mica sheet. A voltmeter

and an smmeter were introduced into the eircult to

measure the nower input, 2nd 2 slide wire resistance

enabled variation of the power invut.

Two test sections were used. Both were made of

zlass, but one was 12 inches long and the other was 24

inches long. +hev were interchsngeable on the column

and were fastened to the heater and cooler sections

with metal sleeves.
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The cooler section wes made of copper, and was

15 inches long. It was well baffled to insure complete

mixing of the coolinz water and minimize variations in

the exit water temperature. An orifice was used to

measure the water flow rate. Thermometers were placed

at the entrance and exit of the cooling section to re-

cord entrance and. exit water temperatures.

The expanded sectlon was 24 inches in overall

length, and consisted of 12 inches of glass column

directly over the cooler and 12 more inches of the ex-

pander itself. The purpose of the exvanded sectlon was

LO drop the so0llds back into the bed znd eliminate

solid entrainment. A thermometer was located at the

top of the expended section to record exit 2ir temper-

ature, The 2ir from the expended section was then sent

to 2 cvelone separator, 10 disengage any solid that

left the expanded section. These solids were then re-

turned to the bed through 2 tube.

The heater and cooler sections were inter-

changeable, that is, the hester could be removed and the

cooler could be nlaced in the position occupied by the

heater.

Pressure taps and thermocouple probes were

located just below the cooling section and just above

the hezting section. Iron-Constentsn thermocouple wire

wes used. The temperztures were recorded by 2 standard
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potentiometer and sz photoelectric votentiometer.

The sntire column was insulated with a two

inch lsyer of fiberglass pipe. Glass wool was nlaced in

the cracks in the fiberglass pipe. This helped to reduce

heat losses from the column.
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IV. PROCEDURE

When 1t was desired to make a run, the bed was

first filled with enough solid so that the level of the

bed after the air was turned on was above the top of the

cooling section. After this was done the heat input and

the water flow rate were then set at the desired values.

At least three hours was then allowed for the bed to

reach equilibrium. Equilibrium was determined by taking

temperature readings within the bed. When the temperature

sf a given position in the bed was found to be reproducible,

equllibrium was assumed. Then the following measurements

were taken:

1. Temperature at the test section bottom.

2. Temperature at the test section top.

.+ Pressure drop across the air orifice.

4, Entrance and exit air temperatures.

5. Static pressure at the zir orifice.

5. Pressure drop across the water orifice.

T. Entrance and exit water temperatures.

B. Power input 1c ths hentsyr,

3. Pressure at the top and bottom of the Lest

section.

Temperatures in the test section were obtained

by averaging the values for 2 number of readings at

five second intervals. This was necessary because the

temperature in the bed fluctuated constantly.



Pressure drops across the air orifice also had

to be taken as the average of 2 number of readings be-

cause the values recorded by the manometer fluctuated

constantly. An sttempt was made to damp these fluctuations

by rinch~¢lamping the air line just before it entered the

solumn,. but fluctuations still persisted.

Tn runs 1 through 15 the distance between the

heating and cooling sections was 26 inches, while in runs

16 through 25 it was 14 inches.

The vertical tempersture profiles were obtained

by taking temperature readings at five different vertical

20ints within the bed. These temperatures were all tsken

at the centerline by means of a movable central thermo-

courle which ran the Y.ength of the test section.

Mluctuations in the bed temper=ture were obtained

at the bottom of the test section and at 14 inches =bove

the test section bottom. The values were taken at the

centerline at five second intervals 2nd resd from a

standard potentiometer,

Fluctuations in the vertical temperature difference

across the test section were also recorded. Thermo-

couples at the test section bottom znd zt 26 inches

above the test section bottom, at the centerline of the

bed, were blcked against each other. Resdings were taken

at five sscond intervals with a photoelectric notentio-

meter whiecn recorded temperature differences.
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V.. RESULTS

The results of this investigestion sre pre-

sented graphically in Figures 2 through 7. A complete

t2bulation of data 2nd results 1s included in the

appendix.

In Figure 7, the thermal conductivity k for

glass beads 1s plotted against the superficlal =ir vel-

ocity through the column for the 25 runs. The glass

beads were under slugging conditions in all these runs.

In runs 1 through 15, the distance between the heating

and cooling sections was 26 inches. In runs 16 through

o5, the distance between the two sections was 14 inches.

The superficial zir velocity was varied from 0.405 to

0.940 ft./sec. Temperatures st the bottom of the test section

ranged from 116.1°PF to 275.7°F. The water flow rate was

varied from 95 oounds/hr. to 192 pounds/hr. A straight

line has heen fitted to the data. Its equation 1s:

k=(Vg - 0.51) 25000

In figure 3, two vertical temperature profiles

are presented. Both profiles were taken when the

distance between the heater and the cooler was 26 inches.

The temperatures were taken 2t five points in the bed,

211 points being 2t the bed centerline but at varving

vertical positions.

In Figures 3 and 4, instantaneous temperature

fluctuations have becenplotted. The readings were taken



with a standard potentiometer at five second intervals,

The average value of the potentiometer readings cor-

responds to the zero. ordinste on the graphs with

deviations from the 2verage plotted as vositive and

negative deflections. In both figures, the distance

between the heater and cooler was 14 inches. The fluctuation

data was taken at the bottom of the test section and

at 14 inches above the bottom. In Figure 4, the

superficial =ir velociiy was 0.835 ft./sec., while

in Pligure 5 it wae O.775 ft./sec.

In Figures 6 and 7, fluctuations in the temp-

erature difference across the test section have been

clotted. In these runs, the distance between the heater

and cooler was 26 inches. Thermocouple probes at the

centerline position and with vertical positions at

O inches and 26 inches above the test section bottom

were bucked ageminst e2ch other. REadings were taken at

five second intervals witha photoelectric potentio-

meter which measured temperature differences. The aver-

age value of the fluctuations corresponds to the zero

ordinate on the graphs, with deviations {rom the

average plotted as positive and negative deflections.

The superficial 2ir velocities used were 0.653, 0.706,

0.776 and 0.8559 ft/sec.
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Vi... DISCUSSION CF RESULTS

A. Quantitative Results: In this study, the conductivity

has been calculated using Fourier's law and considering

the fluidized bed 28 2 s0lid rod slong which the heat is

transferred. The heat carried out by the cooling water

nes been considered as the he2t trensferred vertically

upward through the test section. This is justified be-

cause heat balances show the heat carried out by the

cooling water to be on the order of 85% of the heat

input from the heater, with the excevntion of a few runs

which show hizher heat loss to the surroundings. The bed

temperatures used in the calculations were tzken at the

bed centerline.

The values of thermal conductivity have been

plotted against the superficial 2ir velocity in Figure.?2.

A stralsht line hess been fitted to the data. Its equation

Le

X= (Vg ~ 0.51) 25000

If the two scattered points at the left are discarded,

the maximum deviation from ths equation ts 36%, snd the

average deviation is 18%. The larsest deviations sre

Found at the lower 2ir velocities. This may partly be due

to the fact that the bed was slugging in 211 runs, and the

readings on the alr orifice manomster fluctuated constantly.

Consecuently, =n average pressure drop reading had to be

teken. Errors in the manometer reading tend to make

for greater errors in the superficial air velocities
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at low velocities thena4 higher ones because of the

smaller absolute manometer readings at the lower air

velocities. Also, the thermal conductivity 1s a very

strong function of the superficial air velocity here,

and smell changes in the suvcerficisl air veloclty

represent much larger changes in the conductivity.

In this study, the thermsl conductivity was a

much stronger function of the superficial sir velocity

than in the investigations of Camp and Eissenberg (4),

snd McCord (8). Both of these other studies used =

? inch inside dlsmeter column with No. 13% glass besds

as the solid. In this study , 2 2 inch inch diam8ter column

wos 2lso used, but the solid particles were =z mixture

of No.'s 11, 13, 15, snd 17 zlass bosds with the

pz jority of the solids being in the smaller pesrticle

size rsnge. Also, ths other workers had an internal

neater vhile in this study =2n external heater was

used. The above differences in the experimental con-

ditions may explain the variance between the results

of this studv and the previogs studiss.

Within the range of veriables studled, the

thermal conductivity has heen found to be independent

of the distance between the cooling 2nd heating sections,

the heat input to the bed, temperature. drop across the

test section, 2nd the tempsersture level in the bed. The

conductivity incresses in 2 linear fashion with incress-

ing superficial air velocity. The ranges of the variables
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studied were:

Distance between heater l4inches and 26 inches
cooler.

Heat input by heater. 492 to 1340 BTU/hr.

Temperature drop 2cross 4.8 to 25.077
the test section.

Temperature at the test 115.1 to 275.7%
section bottom.

superficial air velocity. 0.405 to 0.940 ft./sec.

Thermal conductivity 1700 to 118310 BTU/hir.-f1.2F

B. Qualitative Results: Figure 3 shows the vertical

position in inches of test sectlon plotted sgainst

the temperature st the position in ®F. These tempera-

tures were taken at the centerline for five different

vertical positions within the bed. The distance between

the heater and cooler was 26 inches. The temperature

orofiles show 2 vracticelly linear decrease =28 the

listances above the heater increase.

A study of temperature fluctuetions in the bed at

the bottom of the test section 2nd 2t 14 inches above the

test section bottom is presented in Figures 4 and 5. The

distance between the heater and cooler was 14 inches.

the temperatures were taken only at the centerline.

The average fluctustion decreases at the further distance

from the heater. A probable explanation, assuming that the

air is at the same temperature zs the solid, 1s that

these fluctuations are due to variations in solid

temperature. As the hotter solid rises un from the heater
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there is loecsl overheating of the solid which has been

in contact with the hester wslls. This solid’ begins to

mix with the colder solid returning from the coolszar.

This mixing is probably not very complete at the lower

positions in the bed, and the greater differences in

temperatures of the solids at these lower positions

results in greater temperature Tluctustions as the solids

come in contact with the thermocouple bead. As the height

above the heater lncreases, the hotter and colder solids

sre more thoroughly mixed =nd are more likely to be at

the same temperature for =z given position in the béd,

resulting in smaller tempersturs fluctuations.

In Figures 5 »nd 7, fluctustions in the tempers-

ure difference across the! 26 inch test ssetion at five

second intervals are presented. The thermocouples were

located at the centerline, 26 inches apart in vertical d

Ther + re hucked zgeinst each other and the Fluctustions

were obtained from. a photoelectric potentiometer whieh

read the temperature difference.

These fluctuations are shown for four different

superficisl air velocities. The fluctuations in tenmpers-

ture difference tend to decresse at incressing superficisl

21r velocities. Bince the bed was under sluaging

conditions, this decrease in Tluctuations at higher sir

velocities 1s probably due to greater turbulence in the

bed at the higher =2ir velocities. The s0l1id is better

mixed =2t higher alr velocities and hence 2t 2 more
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uniform temperature for any portion of the bed. Thus

Individual temperatures tend to fluctuate less at any

ziven point in the bed, and therefore the sum or

difference of two fluctusting temperatures tends on the

average to be smeller,
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VII. CONCLUSIONS

J. Within the limits of this work, the thermal

conductivity has been found to be independent of the

iistance befiwsen the heating and cooling sections,

the hest input to the bed, the tempersture drop scroses

the test ssction, and the temperature level in the

hed. The thermsl conductivity ls a Function of ihe

superficial sir velocity through the bed, The ralstion is

represented by the eduation:

x= (Vg - 0.21) 28000

2. Vertical temperature profiles at the center-

line of the bed 2re linear, the temperature decreasing

with lncreszsing distance From the hester.

3. Temperature at any point in the bed fluctuated

continuously. These Tluctustions decreacgs ln 8lrze arf

the distance from the heating section 1s Increased.

4, Fluctuations in the temperature difference

across the test section decrease with increasing

superficial air velocity in thes: beéd.
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VIIT, RECOMMENDATIONS

l.. Further work should be done using the same

apparatus with the positions of the heater 2nd cooler

reversed to determine whet effect this has on the thermal

=onductivity.

?. Further work should be done using microspheres

and different sizes of zl2ss beads to determine what

the effect of particle gize is on the thermal conduct-

ivity.

3. Work should be done with columng having differ-

ent cross-sectional aress to determine the effect of

cross-sectional arsa on the conductivity.

4, Additional vertical temperature profiles, and

also rsdisl temperature profiles, should be obtained.

5.. Additional work should be done on the study

of temperature fluctuations within the bed.

6.. The experimental conditions, such as slze

Alstribution of the solid perticles, should be varied

in an effort to stop sluzging and obtain good flulid-

ization within the bed.

7. The pressure tans to the bed should be modified

to prevent their clogging up with solld during opera-

tlon,
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APPENDIX A. NOMENCLATURE

Cross-sectional ares of the column. 8g, Th.

Voltage input of heater. volts

Current input of hester. amperes

Thermal conductivity. Bl /hr.~-1%.-8%

Length over which conductivity ig cal- ft.
culated,

Pr Average oressure in the ved. cm. water

Fr Btatic pressure at alr orifice during cm. He
Balibration.

Static pressure at 2ir orifice during co. He
operation,

dr Heat input by he=zter, BTU/hr.

Heat loss to surroundings. BTU/hr.

Heat out in cooling water. Bri/ nr.

Ri Ytnside radius of insulation. 2h.

Ri-~ Tuteide rodius of insulation. Ft»

) Refers to specific bed temnersature. op

I'n Average temperature in bed. 7

Tr Temperature at air orifice during gs
nalibration.

Temperature at alr orifice during -
rverstion.

I Temperature of entrance cooling water. °C

Temperature of exit cooling water. on

i Superficisl =ir veloeity inithe bed. £1. / see.

Flow rate of 21r under orifice #mols/min.
eralibration conditions.

Flow rate of air under orifice #nols/min.
nperatinge conditions.

OC
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Mass flow rate of water. #/ hr.

fry. Pressure drop across sir orifice. cm, water

AT Temperature drop across bed. Bis

Subscripts
Refers to bed.

Refers to alr orifice calibration conditions.

Refers to insulation.

Refers to heater,

Refers to air orifice operating conditions.

Refers to cooling water.

:J
“of iy
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APPENDIX B. SAMPLE CALCULATIONS

1. Calculation of k (211 figures based on run No. 8 ))

tw = Wy, x 1.8 x(Tw, - Tiny)

T1546 x 1.8 %=(253.3 -04.0)

= 640 BTU/hr.

Te 9.3

I~ 2.17 fT.

A '= 0,0225 an. Tt,

k= SeEL = SRM = 6590 BTU/hr,-Tt.-ow

?.. Calculation of superficisl =2ir velocity

Ah = 21.2 centimeters water

We = 0.00183 pound mols ver minute(from Fig. 9)
Pa — JiWo = 0-00m83/Fax2)=Poe|= 0.00200 pound mols per minute

Vm = 0.00200 = 380 x 760 x 595oo 783x50=1.056ft/min.Vp. 1.000 in 0.788 £t./s¢c.
0.0225x60

3,» Heat input Dy the heater

Gy = 2.41 x Ex T= 3.41% 89» 3.0 = 720 Bru/nr,



APPENDIX C. ESTIMATION OF HEAT I0SSFROM THE COLUMN

411 calculations bezsed on run No. 3.

Yo Hest 1nput: &amp;, 23.41 x BE 2 I= 720 BTU nr,

2. Hest to cooler: Qu = 1.8 2 We x (Tw, - Ty)

= 640 BTU/hr.

, Losses through fest sscitlon and heater ssctlion:

A. Temperature of glass wool

inner = 230°F

outer = 80°F

B. Thermal conductivity of glass wool

k= 0.008 BrUY/ar.~tt.-"F

5. Area of heat transfer

Ri, +R) I
1% (40/12Y x {afin + 2/12) = 5.23 sq. TO.

where Ri, is thecoutside radius of the insul-

ation, Ri; 1s the inside radius of the insul-ation,.andI’isthelengthofthesectionunderconsideration.

D. Estimated hest losses from the column

Or. LAAT, C.028 x 8,03 » 130. 85 BFU/av.
L 3.53

Aniother source of heat 108s 13 in the wires

outside the bed leading to the heater. Also, the heat loss

through the insulation sround the heater is probably grest-

ar than here indicated becouse the heater is probably at

a temperature considerably higher than 230%%



APPENDIX D. SUMMARY OF DATA AND RESULTS

Run Number = 11 12 Ys 14 = uh 17 TB 19 a 23 24 PF

- gs" 26 3 14 ad | ) -4 14 14

Papen Flow rate, T40 140 95 “&gt; 185 ~&gt; 168 17 - 3 L085 L42 17¢

Change in water . 2.8 4.4040 4 {iy 1.90.72. .0 10 2 5D.
temperature, ¥C c i

tits : “ned 470 LT TOO 616 702 £40 zg i. op ~ ) 7 550 3 3 574 710 "38.2035. 10 883 1250 674 wf

I ei ores Vh3 36.0 18.4 26,1 29.9 30-2008: f1.2 p2.7 15.6 15.3 23.6 17.8 23.8 15.8 19.2 14.7 8.2 %.8 22.8 16.2|444138.228.320.0
Slate pressure of) 12.8 13.3 15.17 15.3 17.1 [19.3 18.4 (0 AB ae Tad Se EE een eT 13.4521.2 18.3 20.0 15.9 19.3 17.4

uo oouicy of 236.2 215.9 218.2 227.6 200.1 185.6 202.3 239.3 239.2 275.7 259.0 223.5 230.9 205.6 248.1 120.0 132.3 126.3 168.0 137.1 129.3 116.1 129.5 131.4 133.7

Jesr. st Son of 220.0 205.0 210.0 220.0 193.0 180.0 195.0 Ea I _——_ 145.0 129.3 121.3% 111.5 121.7 125.1 126.7

Toor Seti ptt T5278 07 KGET 8:3 sp 15.7 12.9 "8.3 150 10.6 131 17.3 15.0.8.7 £3.0/7.8 3:0 43 1.8 63 7

Susersdotal wir | 0.685 0.653 0.688 0.827 0.845 0.940 0.854 hm, 0.405 0.714 0.604 0.909 0.864 0.774 0.682

Soliear tan 28 6am sho $0.5 55.5 Gi 9.0 73.5 69.0 £4.5 58.5 63.0 62.0 68.0 €8.0 54.0 70.5 oo BAN&lt;.0 71.0. 72.0

nai: oF mputs Boi RR0 R00 2.00 20 BRRuREIRY i 3.00 3.03 ».55 2.50 2.85 2B 30 3.05 3.50 3.08 # 704.10 3.10 3.2¢

fest input of 500 ‘B92 £30 TOO  Ti2 7094720 bs et an seal mun ein. ARR Ya eR YE 801 A 25 1340 750 785

a once, 3390 4410. BN0 TKO 3260 11610555580 £590 4000 3780 2690 4430 3360 4970 4400 2110 1980 4220 E700 «20. 5240|39108340'BE204720
OL Loa wryme 88 EEC 80 shh 935 120 116 55 SP 52 154 426 °? aE en
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APPENDIX FE. ORIFICE CALIBRATIONS

The water orifice was cz2librated by timing the

discharge of a known wabght of water. Fig. 8 gives the

results as pounds of water per hour plotted against

nressure drop =2cross the orifice in centimeters of

mercury -

The sir orifice was calibrated using the gas-

ometer in room 3 - 054 at M. I. 7. The pressure 4Arop

across the orifice in centimeters of water was plotted on

logarithmic paper (Fig. 9) sgainst the flow rate of

air in pound mols per minute. The superficial zir vel-

dcity through the bed czn then be obtained by the

following method:

 nbitained from ths nlot. Then,

oo. “iii Pe = Ty

where FP, 1s the pressure at the orifice during overation

in centimeters of mercury,

P. le the pressure at the orifice during cal-

ibration in centimeters of mercury.

To 1s the tempersture at the orifice during opers-

tion in OR.

Te 18 the temperature at ths orifice during calibra-

tion in °R. Then,

Ae mW, x 350 x 76.0 xTg
PB x 460

where AVg is the volume of air flowing through the test



section thcecubte feet per! minute.

Pg 1s the average bed pressure in centimeters of

mercury.

Tr is the average bed temperature in PR. Then

Vg = AVy, giving the superficial 2ir velocity
A

through the bed.
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APPENDIX F. SUPPLEMENTARY INFORMATION

Lr. 00lids: Screen analysis

80 - 100 mesh 33.5 gms. 14.7%

115 - 150 mesh 28.7 gms. Hl

150 - 200 mesh 109.9 gms. 48 , 6%

Finer than 200 mesh _B4.4 zms, 24.0%
226.3 gms. 100.0%

The solids were = mixture of No.'s 11, 13, 15,

and 17 =l=2ss beads.

Column:
The column dlameter was 2.06 1lnches.
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