Signature redacted

Signature redacted



Signature redacted .



Tr

1IdI
I

VI

VITI
VIIT

IX

- TARLE OF CONTENTS

SUMMARY

INTRODUCTION

A,
B,
€
-D'

General

Object

Previocus Work

Nature of the Work

APPARATUS

PROCEDURE

RESULTS

DISCUSSION OF RESULTSHS

&hg' -

-B.:l

Quentitative Results
Qualitetive Results

CONCLUSIONS

RECOMMENDATTONS

APPENDIX

-

- »

Q=g Qo

Nomeneclaturs
Sample Calculations

. Betimation of Heat Logs

Summary of Dats and Results
Orifice Calibrations
Supplementary Information
Iiterature Citations

PAGE NO.



FIGURE NO.

TITLE
Apparatus

Effect of dilistance between heater
and cooler on conductivity

Vertical tempersture profiles
Temperature fluctustions
Tempnerature fluctuations
Temperature difference fluctustions
Temperature difference fluctuations
Water orifice calibration

Air orifice czlibration

PA

m

GHE

NO.
i
20

21
0o
23
o
25
41
42



I. SUMMARY

Informetion on the transfer of heat within
fluidized beds 1s necessgry in their desisgn for use
in exothermic 2nd endot termic reactions. The primary
purnose of this thesis hos been to investigate thermal
effects within a flulidized bed.

The apparatus used in this work was constructed
by the suthor snd consisted of 2 2 inch inside diesmeter
column. It was heated st the bottom with oan externsl
hesater .and cooled 2t the top by 2 water jacket. The
solid used was & mixture of No.'s 11, 13, 15, and 17
glass beads.

The procedure consisted of imvogsing 2 vertical
temnerature gradient across the column. YWhen ecullibrium
had been reached the necssserv measurements were taksen
and the conductivitv wss ecaleulated using Fourier's
law, Qw = kAAT/T,. Studies of tempersture nrofiles
and tempersture fluctustions within the bed were also
made.

The thermal conductivity was found to be
indenendent of the distance between the heater and cool-
er sectionsg, heat input to the bed, temperature drop
across the test section snd tempersture level in the
bed within the following range of variables:

Distence betwesn hester 14 inches to 26 inches
and cooler

Heat input by heater 492 to 1340 BTU/hr.



Temperature drop across 4.8 to 23.09F%
the test section

Tempersture at the test 11651 to 275.7°F
gection bottom

Superficisl air veloeity 0.405 to 0.940 ft./sec.

Thermal conductivitv 1700 to 11810 BTU/ar.- f1.5F
It was & funetion of the superficizsl air veloclty through
the bed a2nd is repressnted by the following sguastion:t

k = (Vg - 0.51) 25000.

Verticel temperature profiles within the bed were found
to be linesr. Tempersture fluctuations were found to
decresse 28 distesnce uoward from the heater increased.
Fluctuations in the temperature iifferende scross the
test section were found to decrease with incre=sing

alr veloeity.



II. INTRODUCTION

A, Generel: Bince the use of fluidized beds in the cat-

alytic cracking of petroleum in 1942, the applicetions

of these beds in industrial vprocesses has been steadily
lncreasing. They are now 2lso used in the Fischer-Tropsch
synthesis of hydrocarbons, the gasification of coal, and
the distillation of shale oil. (§)

A fluidized bed 1s a2 suspension of finely divided
gsolid particles in a fluldizine medium. The fluldlzing
medium may be elther a gas or a licuid. In the following
discussion, only a gas was used as the fluidizing medium.

There are four notlceable stages in the fluidization
process. (6)

1. At low g=as ﬁelocities, there is no fluldizatlon
and the vperticles 2re supported by resting upon
caech other.

2. 8t somewhat higzher air wvelocities, the quiescent.
stage is reached. Here the fluid veloecity just
balences the zravitational force on the particles,
and they are supported by the fluidizing medium.

3. At still higher a2ir wvelocities the turbulent
stage is reached. This stage is charscterized
by repid mixing of the solid particles. The mix-
ing pattern 1s generally belleved to consist of
voward flow in the center of the column and

downward flow along the walls. This stage 1is the



one ordinarily used in industrial processes.

4, Finally, 2t the highest air velocities, the part-
leles are lifted up and carried out of the bed by
the air.

The primary advantage of flulidized beds i1is the
excellent temperature control which can be obtained. This
1s pcssible because of the excellent mixing of the solids in
the bed. These sollids carry most of the heat, resulting
in a2 practically uniform temperature throushout the bed.
Sinece most industrial nrocecsses have sn optimum tempsera-
ture at which they give a meximum yield, the importance of
this close temperature control is readllvy recognizeble.

Another sdvantzge is ths ease of remov=2l or =2ddi-
tlion of golids from.or to the bed. The so0lld particles
may be used either 25 a catalyst for 2 resctiion or as
ohe of the resctants in a reaction. When the resctants asre
used as the solid pasrticles, the removal of reaction
oroducts from the bed =nd the addition of fresh reactant
is made easier. "hen the particles are used as a catalyst
in 2 reaction, asddition of fresh catalyst‘and removal
of spent catalyst is greatly simplified.

A third sdvantage is the high rate of hest transfer
within 2 fluildized bed. Thls ensbles ravid rsmoval of hest
from the bed in hichly exothermic reactions, and rapid
addition of heat to the bed for endethermic reactions.

One diéadvqntage is %ossible béck mixing Of&

reaction nroducts with the fresh resctants. This dilutes



the reactants and lowers the yield from the maximum
obtainable.

B. Object: Althouzh fluidized beds heve been in indus-

trial use for approximately ten years, much of the data

necessary for the design and analysis of these systems

is still lacking. In particular, little work hss been done

in the field of internsl heat transfer in fluildized

beds.. Tt dg obvicus thet control of ths temperature level

gnd rate of H*;* flow is necessary for competent design.
In the pest few yesrs, seversl workers at M.I.T.

have made studleg of interngl heasat trensfer in fluldlzed

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

the results of the previous workers aznd also to increase
the number of varisbles studied by verying the distance
between the heating and cooling elements. A second
purnose was to obtain temperature fluctustion data

to nelp make more clear the ﬁixing patterns within these
beds.

C. Previous Work:

1. Mixing Phenomenat:t The general pattern of solid

mixing in fluldized beds has been shown to be veftical
upward flow in the center of the bed(core) and vertical
downward flow alonz the hed walls(sannulus). This psttern
is modified by various amounts  of cross mixing between
the core and snnulus.

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

gated the mechanics of mixing. Using a three inch



diameter column, he inltially eharged the tracer solid
to the bottom half of the column and bulk solid to the
other half. Tde\fWuidiziﬁg alr wss then turned on for a
definite time interval, sznd was then shut off. Sections
of the bed were then analyzed for the varlous amounts of
tracer and bulk solid. He coneluded that for eolumn
diameters of less than three inches and surerficial air
velocities of less ﬁhan 1.5 feet psr second, circulations
followed ths core and snnulus pattern. The velocities
of the solids upward in the core was on the order of
three times asﬁgreat‘gs the solid veloecity downward in
the spnulus. For the assumption of stesdy flow in a2
betech system, the amount of fiuldized sbllid at & cross
section must remsin thersame. To meecount for thle, he
proposed that either the eross-sectionzl areas of the
annulus be three times tne cross-sectlonal area of thé
core, or that the solld deﬁsity in the annulus be three
times the solid density in the core, or more likely,

a combination of the two. He found that increases in
air veloecity resulted in a greater amount of side milx-
ing probsbly due to turbulence, =2nd that decrezsing
time of conteact decreased net side mixing.

Carlsmith and Freund (39, using silica gel
miecrogsvheres as the solid, found that at low veloeities,
core and annulus flow up the center and down thg walls
with side mixing between the two was most important.

They a8lso found that at lower alr velocities,



rate of circulation increases with decreasing particle size
and ineressing 2ir veloclty. At higher sir velocitles
the main effect of increased air velocity was to in-
crease turbulence epd slde wixing. They state that the
core to annulus area ratio 1s considerably less than one.
However, thev found the core 2nd annulus thesorv to
be 2t best 2 crude zpproximation, dependent on three
cuestionable assumptions::
1. Constant sollid veloecity across the core.
2. Constent solid veloeity =2cross the annulus.
3. Constant rate of side mwixing between core and
annulusg.

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

transfer coefficlents in fluidized beds were from 2 to 150
times larger than those of empty fubes or fixed beds

with the same particle to tube dliasmeter ratios at the same
gas velocitv. He suggested two vossible reasons for this:

1. Solid particle motion incresses the zas stream
turbulence, eliminsting core resistance and de-
creasing the thickness of the laminar film along
the heat transfer surface.

2. The solid particles act as carriers of heat, trans-
vorting 1t both radially ahd longitudinally
throughout the bed.

He found thet in 211 cases, the heat transfer

coefficients increase with decreasing varticle size. Also,



at low s0lid concentrations, an increasse in solid con-
centration generally increased heat transfer rates.
Dismeter of the containing vessel seemed to have no
effect. |

Bakal (1), using a two inch inside diameter
glass column with air as the fluldizing medium =and
No. 13 glass beads as the solid varticles, found that the
axiz2l thermal conducﬁivity of the fluidized bed incréased
with increaging superficial gas velocity. The columm was
heated internally gt the bottom and cooled at the top. He
found k, the hesat trsnsfer coefficient to vary from 2750
to 10600 BTU/hr.-ft.-9F. The heat transfer coefficient

was calculated using Fourier's Law:

T kAAD
- i,

where Q_ 1is the heat transfered in the bed from the

heating to the cooling section (heat carried

out by the cooling water) in BTU/hr.

A i1s the cross sectional area of the column in
square feet.

T is the temper=ature drop across the test sec-
thon in'%e.

L 18 the length of the test sedtion in feet.

k is the hezt transfer coefficient or thermsl
conductivity in BTU/hr.-ft,-°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 zel microspheres and glass



beads were used e2s 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,. snd weight of solids in the bed. He found that the
thermal conductivity was a function of the superfici=l
zas veloclty, and recommended the use of the following
equations.

For glass beads: k = S?OOV'BI'7 (ﬁé from 0.8 to

1.5 Pt faee.)

dfrom Oy iirte

For microspheres: k = 7OOOVBO‘35 (VP

©.6 ./ see. )

He found thest the solids did not circulate in

e}

smooth manner. For microspheres, they circulate up the
center and down the sides, with considera2able cross
mixing. For glass beads under slugging conditions,
violent cross mixing masks any circulation pattern. Three
mechanisms of solid mixing were pronoged:
1. the solids nmove up the center and down the sides
in spurkta.
2. The core of upflowing soltds changes its radial
position from time to time.
5. Crosg mixing occurs as slugs of solids trans-

ported from one radial position to another.

Cemp and Eissenberg (4), used the same two inch
inside dismeter glasss column as Bakal and McCord, with

the heater at the bottom and the cooler at the top. They
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used alr as the fluildizing medium, 2nd microspheres =2nd
No. 13 glass beads as the so0lid particles. The equations
thevy 2rrived =t =2re:

il
6OOOVB

6900vgY" 38

For glass beads: k

For microsvheres: k

il

They found that changing the length of the teét
section had no apparent effect on the vertical thermal
conductivity.

Christensen (5),using a three inch inside diameter
glass column with 2 29 inch test section, hezater at the

bottom and the cooler at the ton, found the vertical

thermal conductivity to be independent of the heat inout

to the bed, the temperature level of the bed, the temper-
ature difference scross the test section, and the amount

of s0lid within the bed. It was a function of the super-

fi;ial gas velocity. The ecguations he obtainéd for micra-
gpheres are:!

k

3500 4 4500 Vg (for Vg of 0.2 to 1.4 ft./sec.)

k = %6500 4 1700 Vg (for Vg of 1.4 to 2.9 ft./sese.)
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 linesar.

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

ineh inside diszmeter column with 2n external heater locat-
ed at the bottom and & cooler located at the top. The
fluidizing medium wes air and the solid particles used

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



Two distances Between the hestér and cooler, 14 inches’
and 26 inches, were used. Tenperature measurements were
taken at the centerline of the bed. Vertical thermal
conductivities have been calculated and plotted, and

temperature fluctuation data has been plotted.

[l
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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 wes made of glsss.,
It was packed with cusrter inch glass_beads to lnsure
even distribution of the air. Above these beads wes a
200 mesh screen to supvort the bed and further dié-
tribute the incoming air. Before the air sntered the
calming section, 1t was pessed through a filter packed
with glass wool to eliminate any entrained oil in the air.
Also preceding the calming section were an orifice to
me=asure air Tlow rate =2nd a thermometer to me=sure
entrance air tempersture. A vprecsure tap WQS.IOC9ted at
the 2ir orifice to record static alr pressure a2t the
orifice.

The heater section was 15 inches long and was
constructed of copver tubing. It was wound with Nichrome
resistance wire and insulated by mica sheef. A voltmeter
and an smmeter were introduced into the circuit to
measure the nower input, e2nd a slide wire resistance
ensbled vnriﬂtion of the nower innut.

Two test sections were used. Both were made of
glass, but one was 12 inches long 2nd the other was 24
inches long. *hey were interchsngeable on the column
and were fastened to the hester 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 tempersture. 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 th;eYit water temperatures.

The expanded seectlon wa2s 24 inches in overall
length, and consisted of 12 inches of glass column

directly over the cooler and 12 more ineches of the

D
”
i

pender itself. The purpose of the expanded sectlon was
to drop the solides back into the bed 2nd eliminste

solid entrainment. A thermometer was' locatéed at the

top of tae expended section to record exit 21r temper-
ature. The 2ir from the expnsnded section wa2s then sent
to 2 cyelone sepatrator, to disengasge any solid thét

left the expanded section. These solids were then re-
turned to the bed throuch 2 tube.

The hester and cooler gsections were inter-
cnangeable,. that 1is, the hester could be removed and the
cooler could be »nlaced in the positlon oceupied by the
heater.

Pressure taos and thermocounle probes were
located Just below the cooling section and just zbove
the heating section. Iron-Constentsn thermocouple wire

wes used. The temperstures were recorded by =2 standard



i:
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|

gl

potentiometer and a photoelectnic notentiometer.

The entire coiumn was inesulated with a two
inch layer of fiberglass pipe. Glass wool wss placed in
the cracks in the fiberglass pipe. This helped to reduce

heat losses from the column.



IV, PROCEDURE

When it was desired to make a2 run, the bed was‘
first filled with enough solid so that the level of the
bed after the 2ir was turned on was above the top of the
cooling section. After this was'done the heati input &nd
the water flow rate were then seﬁ-at the desired values.
At least three hours was then allowed for the bed to .
reach equilibrium. Equilibrium was determined by taking
ﬂemperature readings within the bed. When the temperature
at a given vositlon in the bed was found to be reproducible,
equilibrium was assumed. Then the following measurements
were taken:

1. Temperature at the test sectlon bottom.
2. Temperature at the tsst section top.
. Pressure drop aeross the a2ir orifice.

Entrance and exit 2ir temperatures.

. Bdtatic pressure at the =zir orifice.

4
L
5
6. Pressure drop scross the water orifice.
T. Entrance and exit water temperatures.
8. Power input to the heater.
9. Pressure at the top and bottom of the test
gection.
Temperatures in thes test section were obtained
by averaging the vaiues for 2 number of readings at

five second intervals. This was necéssary because the

temperature in the bed fluctuated constantly.

i



Pressure drops across the air orifice also had
to be taken as the average of a number of readines be-
cause the values recorded by the manometer fluctuated
constantly. An =2ttempt was made to damp these fluctustions
by‘pinch-clamping the air line just before it entered the
column,. but fluctustions still versisted.

ITn runs 1 through 15 the distance between the
heating and cooling sections was 26 inches, while in runs
16 throuzh 25 it was 14 inches.

The vertical temperature profiles were obtained
by taking temperature readings at five different vertical
vpointe within the bed. These temperatures were-all teken
2t the centerline by means of a2 movable central thermo-
couple which ran the Y.ength of the test sectibn.

Fluectuations in the bed tempersture were obtained
at the bottom of the test section and at 14 inches =hove
the test section bottom. The values were taken aﬁ the
centerline at five second intervals 2nd read from a
standard potentiometer.

Fluctuations in the vertical temperature difference
across the test section were also recorded. Thermo-
couples at the test section bottom and at 26 inches
ahove the test section bottom, at the centerline of the
bed, were blUcked azainst each other. Readings were taken
at five sscond intervals with a photoelectric notentio-

meter which recorded temperature differences.

i



V.. RESULTS

The results of thils investigastion sre pre-
sentéd grnﬁdically in Plgures 2 through 7. A complete
tabulation of data and results is included in the
appendix.

In Figure 2, the thermal conductivity k for
glass beads ig plotted against the superficial eir vel-
ocity through the column for the 25 runs. The glass
beads were under slugglng conditions in sll these runs.
In runs 1 throush 15, the distence hetween the heating
ahd cooling sections was 25 inches. In runs 16 through
25, the distance between the two sections was 14 inches.

The superficial 2ir veloeity was varied from 0.405 to

/ 8

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

ranged from 116.1% to 275.7°F. The water flow rate was
varied from 95 pounds/hr. to 192 pounds/hr. A straight
line has been fltted to the data. Its eguation is:
k=(Vg - 0.51) 25000

In figure 3, two vertiecal temperazture profiles
are presentsd. Both profiles were taken when the
distance between the heater and the cooler was 26 inches.
The temperstures were taken 2t five points in the bed,
all points belng a2t the bed centerline but at varying
vertical positions.

In Figures 3 and 4, instantasneous temperature

fluctustions have bsenplotted. The readings were taken
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wlith a standard potentiometer at'five second 1intervals.

‘The average value of the potentiometer readings cor-

responds to the ZzZero K ordinste on the graphs with
deviatlons from the average plotted as vositive and
negative deflections. Ih both figures, the distance
between the heater and cooler was 14 inches. The fluctuation
data was tsken at the bottom of the test section and
at 14 inches above the bottom. In Figure 4, the
superficial sir velocity was 0.635 ft./sec., while
in Figure 5 1t was 0.775 ft./seec.

In Figures 6 and 7, fluctuations in the temp--
erature difference acrosé the test section have been
nlotted. In these runs, the diétance between the heater

and cooler was 26 inches. Thermocouple probes at the

centerline position and with wvertical positions a2t

O inches and 26 inches above the test section bottom
were bucked ageainst each other. Rgadings were taken at
five second intervals with'a photoelectric potentio-
meter which measgured tempersture differences. The aver-
age value of the fluctuations corresponds to the zero
ordinate on the grephs, with deviastions from the
average plotted as positive and negative deflections.
The superficisl 2ir velocities used were 0.653, 0.706,

Q.TTE and 0.859 ft/sec.
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VI.. DISCUSSION OF RESULTS

Y A. Quantitative Results: 1In this study, the conductivity
y ‘has been calculated using Fourier's law and considering
‘ the fluidized bed 2s a2 g0lid rod 2long which the hest is
| transférred. The heat carried out by the cooling water
hes been considered as the hest tresnsferred vertically
upward through the test sectioh. Thie is justified be-
causge hest balaneces ghow the heﬁt'cerried out by the
cooling water to be on the order of 85% of the heat
input from the heater, with the excention of a few runs
which show nigher hest loss to the surroundings. The bed
temperatures used 1n the calculations were tsken a2t the
bed centerline.

The values of thermal conductivity hsave been
plotted égainst the superfleisl =2ir weloelty in Figure.2.

A straight line h2s been fitted to the data. Its equation

ot

f
|
a 1Es
l
|

= (V.. s 0.51 ) 25000

B
. If the two scattered points st the left are discarded,
the maximum deviation from the-equation ke 36%, znd+-the

average deviation is 18%. The larsest deviations are

|

|

E

. found at the lower 2ir velocities. This may partly be due
to the fact that the bed was slugging in sll runs, and the

f readings on the air orifice manometer fluctuated constantly.

| Consecuently, =2n =zverage pressure drop reading had to be

tzken. Errors in the manometer resding tend to mzke

for greater errors in the superficial zir velocities



at low velocitles thena4 higher ones because of the
smeller absolute manometer readings at the lower air
veloeitiea. Also, the thermgl eonductivity 18 a8 very
stroﬁg function of the superficilsl 2ir velocity hers,
and small changes in the sunerfieial alr velocity
represent much larser changes in the conductivity.

In this study, the thermsl conductivitv was a
mueh §tronger function of the superficial =2ir veloelty
than in the investigations of Camp and Eissenberg (4),
end McCord (@}. Roth of these other studies used 2
2 inch inside dismeter column with No. 13 glass beads
28 the solid. In this study , =2 2 inch inch disméter column
w2s 2lso used, but the solid particles were a mixture
of No.'s 11, 13%, 15, and 17 glass beads with the
mes jority of the solids being in the smaller perticle
gize range. Also, thes other workers hasd an internal
heater whlle in this study an external hester was
used. The abbve differences in the exnerimental COTi=
ditions may explaein the varlance beﬁween the results
of this studv 2nd the previoms studies.

Within the range of varisbles studied, the
thermal conductivity has heen found to be independent
of the distance between the cooline 2nd heating sections,

the heat input to the bed, temverature drop across the

test section, =z2nd the tempersture level in the ved. The
conductivity incresses in 2 linear fashion with increas-

ing superficial air wveloclty. The ranges of the variables

pri



28

studied were:s

Distance between heater l4inches and 26 inches
cooler. i
Heat input by hester. . 492 to 1340 BTU/hr.

| Tempersture drop seross 4.8 to 25.0°F

w the test ssction.

* Témpersture 2t the test 1161, tg 25T

E gection bottom.

P superficlal air veloecity. 70.405 o 10, G40 ft./sec.
Thermal conductivity ' 1760 o/ 11810 BTU/hr.—ft.ﬁF

e

B. Qualitative Results: Figure 3 shows the vertical

position in inches of test section plotted against

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

tures were taken at the centerline for five different

| vertical positions within the bed. The distahce between
the heater and cooler was 26 inches. The temperature

i profiles show 2 vracticelly linear decrease =28 the

distances above the hester increase.

A study of temperature fluctustions in the bed at
the bottom of the test seection 2nd st 14 inches above the

test section bottom is presented in Figures 4 =2nd 5. The

e S S Sae

distance betwesn the hester and cooler was 14 inches.

The temperatures werertaken only at the centerline.

The average fluctustion decreases at the further distance
from the heater. A probable explanation, assuming that the
air is 2t the same temperature as the solid, is that

these fluctuations are due to variations in soligd

temperature. As the hotter golid rises up from the heater
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there is 10051 overhegting of the solid wh{ch has been
in contact with the hester walls. This solid’'bezins to
mix with the colder solid returning from the coéler.
This mixing is probably not vary complete at the lower
pogitions in the bhed, and the qreﬂﬂer difference in

temperatures of thes solids at thsse lower nositions

results in greater tempersture fluectustions as the solids

come in contact with the thermocouple bead. As the helght

5 above the heater increases, the hotter and colder solids
are more thoroughly mixed =nd are more likely to be at

; the same tempersture for = given pogition' in . .the beéd,
resulting in smaller temperasture rluctustions,

. In Figures 6 2nd 7, fluctuations in the tempera-

ture differencs acroze the 26 inch test section st five

second intervasls are presentad. The thermocouplss were

located at the csnterline, 26 inches apart in wvertical dlstence.

7 b

They were hucked a2csinet sach other and the Pluctustions
were obtained from.2 photoelectric potentiometer whlch

read the tempersture difference.

These fluctustions are snown for four different

R g

guperficisl alr veloeltles. The fluectuations in tempera-
ture difference tend to decresse at incressing superficisl
alr velocitlies. Since thé 'bed was ifinder slumging

conditions, this decresse in fluctuations at higher alr

velocities is probably due to greater turbulence in the
i bed at the higher alr wvelocities. The solid is better

mixed st higher.alr veloclties and hence a2t a more

i;_;wt-
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uhiform tempersture for-aﬁy portion of the bed. Thus
Individual temperstures tend to fluctgate less at any
.given point in‘the bed, and therefére the sum or
difference of two fluetusting temperstures tends on’the

average to be smeller.



VII. CONCLUSIONS

1. Within the limits of this work, the thermal
conductivity hes been found to be independent of the
distance between the heating and coolinglsections,
the hest inout to the bed, the temperature drop acrosg
the test ssction, and the temberptufe level 1n the
bed. The thermal conductivity is a function.of the
superficial =ir veiocitv through the bed. The relstion is
représented by the ecusationt

k= (Vg - 0.51) 25000

2. Vertical temperature profiles at the center-
line of the bed are linear, the temperature decressing
wlith incressing distance from the hesater.

3. Temverasture at any point in the bed fluctuated
continuously. These fluctustions decrease in size =28
the distance from the hesting section 1s lncreased.

4, Fluetuations in the tempersture difference
sacross the test section decresse with incressing

superficial alr veloclty in the bed.

=/
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VIIT, RECOMMENDATIONS

La Furthar work should be done using the same
apparatus with the pogitions of the hesater and cooler
reversed to determine whet effect thie has on the thermal
conductivity.

2. Further work should be done using wicrosvheres
and different sizes of zlsss beads to determine what
the éffect of particle gize is on the thermal conduct-
Loyt .

3. Work should be done with columne having differ-
ent cross-sectionsl aress to determine the effect of
crozs-gectional area on the conductivity.

4, Additiona2l verticel tempersture profiles, 2nd
2lso radis=l tempersture profiles, should be obtaineﬁ,

5.. Additional work should be done on the study
of temhefature fluectuations within the bed.

6. The exverimental conditions, such zs size
distribution of the solid psrticles, should be varied

in anleffort to sStop slugging and ebltaln good Fluld-

ization within the bed. _ .

i

7. The pressure tans to the bed should be modifie
to prevent their clogging up with solld during opera-

Sl e )
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APPENDIX A. NOMENCLATURE

Crogss-gectional ares of the column.
Voltage inout of heater.

Current invut of hester.

Thermal conductivity.

Length over which conductivity is cel-
culsted,

Averace nressure in the bed.

Static pressure at alr orifice during
Calibration.

Static pressure st 2ir orifice during
eperstlon,

Heat input by heater.

Heat loss to surroundings.

Heat out in cooling water.

Inside radius of insulation.
OQutside radives of lnsulation.
Refers to specific bed temnersture.
Average temperature in bed.

Tempersture st 2ir orifice during
calibration.

Tempersture at air orifice during
operation.

Temperature of entrance coolling water.
Temperature of exit cooling water.
Superfieial =21ir veloeity in the bed.

Flow rate of 21ir - under orifice
calibration conditions.,

Flow rate of air under orifice
operating conditions.

G4

S Ekis

volts

amperes

BTU/hr. ~Tt.~ 08

Tl

em. Hg

BTU/hr.
BTU/hr.
BTU/hr.
£h.,

£he

°F

oF

°R
°R

oc
o5
£t./eat,

#mols/min.

#mols/min.
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Ah,
T

H

w

Mass flow rate of water. #/nr,
Pressure drop across air orifice. cwm. water
Temperaturs dropn across bed. o

Refers

Refers

Refers
Refers
Refers

Refers

to

to

oubscripts

air orifice e2libration cendltions.
insulation.
hester,

=]

=

r oriflce operating conditions.

cooling water.

i
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APPENDIX B. SAMPLE CALCULATIONS

1. Caleulation of k (21l figures based on run No. 8 ')
Qu = W, x 1.8 x(Tw, - Ty )

- 156 % 1.8 28,5 24,0

- 640 BTU/hr.
9,39

3
i

TF = 2o o rtn
A = 00285 sa. Bt

v o By x T . 640 x 2.17

T =0 =6 BT /hr.-Ft.-°F
VERE X AT T D.0P2S X 9.5 6590 RTU/hr.-Tt

.. Calculation of superficisl 2ir velocity
Anh_ = 21.2 centimeters water

We = 0.00183 pound mols ver minute(from Fig. 9)

Wo=0.00183 (B x To|=0.0018%3/93.5 x 546
Pe & T TE.3 % B3]

= 0.00200 pound mols per minute

AVE: = 0.00200 x 359 x 760 x 695 .
T35 % 850 = 1,056 £t /min.

VB-_ 1.056 = 0.786 ft./sec.
T 0.,0885 %60

3. Heat input by the heater

Q= 3.41 x B x T'= 3.41 x 69 % 3,0 = 720 BTU/hr.
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APPENDIX C. ESTIMATTON OF HEAT IO5S FROM THE COLUMN

A1l caleulations besed on run No. 8.
1. Héat input: G = 3.41 x B x T'= 720 BTU/hr.
2. Heat to cooler: Qs = 1.8 x Wy x (Two - Tyt)
= 640 BTU/hr.
3. Logsses through test section and heater section:
A, Temperature of glass wool
inner = 230°F
outer = 80 °F
B. Thermel conduetivity of glass wool
k = 0.028 Bru/hr.~-ft.-°F
C. Area of heat transfer
Ao 24RiL Ry Y I
—.-%.Mx (Go/le) = s+ 2/12) = 5.2% 80, fh.
where Riy 1s thercoutside radius of the insul-
ation, Ri; 1s the inside radius of the insul-
ation,. 2nd I. is the lensth of the seectlion under
consideration.

D. Estimeted hest losses From the column

Q. kK AATI 0,028 x Bips = 180 . 65 BYU/hr.
L & i 0
Another source of heat loss 18 in the wires
outside the bed leading to the heatsr., Also, the heat loss
through the insulation around the heater is probably great-

er than here indicated becsuse the hester is probably at

s temperature considerably hisgher than 230°F



heater, BTU/hr.

Therm=1 conductivity, 3390
B .ot~ B
Heat lost to 151
surroundings, - BTU/hr.

26

140

4.4

616

3848

26
95
4.1
702
29.8

18.1

0 220.8 193.0 10 1RSI

548

Fu D

O 68.5 69.5  69.8 L#ben

709

3.00 32.00 .5 %00

APPENDIX D. SUMMARY OF DATA AND RESULTS
Run Number ' 1 2 3 4 5
Test section 26 26 26 26 26"
length, inches
Water flow rate, 132 13%6 129 132 140
#/nr. .
Change in water NP TS~ P P R R SR
temperature,®C
Heat out in 449. 504 470 622 700
water, BTU/hr. '
Pressure drop across - 14.3 16.1 19.4 26,1 929.9
air orifice, cm. water ;
Static o»ressure att 12.8 '15%.5 15.1 | U gt |
glr orifice, ocm. BE
Temp. at bottom of 236.2 215.9 218.2 297.6 200.1 185.6 202.3
test sectlion,®F
Temp. at top of 20,0 205.0 210,
test section,°F
Temp. drop scross 12.6 10.9 8.2 Tof T
test section,’F
Superficial air 0.685 0.653% 0.688 0.827 0.845 0.940 0.854:
. veloecity, ft./sec. -
Voltage of input, 62.0 62.0 " 68.
volts '
Current of input, 2.85 2.80 2.80 3.00
amperes
Heat input of 600 592 650 700 712

720

4410 5410 7740 8860 11810 99éo

Bo C1BO

78 i

99

18

26 26

lﬁ 1856 123

. 2.% 2.7

640 508

|

01.2 22.7
£ 16.9 16.1

1.239.3 239.2

;

| 220.0 230.0

9ed . P2

“[l0.786 0.818

¢
: 59-0 T35

.

F.00 95.00

ey o Toe

4

6590 4990

5!
I

'Lf.fso

o4l

e ey e

I

10
26

140

612
15.6
14.0

2T0.T
260.0
18.T
0.T18
€9.0
3.00

705

3720

95

21
- 26

129

1.6

Ji=

12
o6

153
1.4

384

17e

18

53T

14
26

185

1.7

550

598

16
14

192

1.8

e

¥4
14

168

1.9 .

574

15.3 95,6 188 By.H FeRl 1902 18,3

13,3 35,3 14.6

£259.0.223.5 230.9 205.6 248.1 120.0 132.3 126.3

18

144

171
2.3

710

gid

5.0 VIBG  20.4 " 18,4 U5

240.0 215.0.215.0 195.0 235.0 102,7 117.8 12653

12,9

0.686 0.801 0.706 0.776

5645 58.5

2.55 2.30

492

500

2690 4430

180

116

63.0

2.85

612

3360

55

62,0

2,65

602

4970

52

8.3 IR0 FeLs 1%

0.716
68.0
2.80

650
4;00

52

175 5.8 8.7

' 0.635 0.572 0.456

68.0 84.0 T7T0.5

3.05 3.50

TOY 1000

3,05

32

2110 1980 4220

154

426

e

19
14

171

801
A 1700

46

0.714
87.0
3-?5
1110
6850

(i

500

16.2

16845

199-3

796

3240

296

22 23
14 14
1235 1858
4,0 By
883 1250
44,1 38.2
20,0 18.9
o s - s - B
1X3.5/121.7
#.8. 7.8
0.909 0.864
TT«Q 96,0
3,50 4.10
925 1340
9910 5340
43

90

S\

24
14

142

n
Ut

674

19.3

131.4

1251

0.774

T1,0

A

« 10
750
5520

76

17.4
135.7
126.%
7.4
0.682
72.0
3.20
785

4720

LEO
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APPENDIX E. ORIFICE CALIBRATIONS

The water orifice was calibrated by timing the
discherge of s known wébght of water. Fig. 8 zives the
resuits 88 poundes of water per hour plotted agsainst
pressure drop across the orifice in centimeters of
mercury.

The air orifice was callbreted using the gas-
ometer in room 3 - 054 gt M. I. T. The pressure drop
across the orifice in centimeters of water was plotted on
logarithmic paper (Fig. 9) sgainst the flow rate of
alr in pound mols per minute. The sunerficial zir vel-
ocity through the bhed cen then be obtained by the

followinzg method:

Wa 1 obtalned from tha vlot. Then,
T w o
1"0 — "A'n P X rr:c

O
where Py 18 the pressure at the orifilee during O@érctﬂvn
in centimeters of mercury,
P, is the pressure at the orifice during cal-
ibration in centimeters of mercury,.
To 1s the temperature at the orifice during opersa-
tien in @R, |
Tc is the tempersture 2t the orifice during calibra-

tion in °R. Then,

AVp =Wy x 359 x 76.0 x Tg
PB x 460

where AVp is the volume of alr flowing through the test

o



‘section inccibit feet ber' minute.

PBris the average bed pressure in centimeters

mercury.

Ty 1s the average bed temperature in PR. Then
Vg = AVg , giving the superficial =2ir velocity

A
through the bed.

of
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APPENDIX F. SUFPLEMENTARY INFORMATTION

1. Seldds: Screen analysis

80 - 100 mesh 55,5 gne.
115 - 150 mesh 28.7 gmns,
150 - 200 mesh 109.9 gms.
Finer than 200 mesh 54.4 gns.

206.3 gms.

The solids were 2 mixture of

N

The columnn dlameter was 2.0

14.7%
12.7%
48.6%

24.0;0,
100.0%

N te 11, 13,

inches.

15,
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