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ABSTRACT

The transfer of heat from spouted beds to vertical 6-in. and
3-in. columns was investipgated. The bed materials consisted of polyethy-
lene, polystyrene, wheat, rice, millet, Timothy seeds and Ottawa sandse
The effect of bed temperature, particle diameter, density and heat capa-
city, bed height, mass velocity of air and orifice diameter were inves=
tigated and correlated. The value of the heat transfer coefficient
varied from 10-2h Btu/(hr.)(sqefte)(°F)e

During spouting, the heat transfer coefficient was found to
be independent of mass velocity, column diameter and orifice diameter,
but increased with particle diameter and heat capacity, and decreased
with bed heighte »

Heat transfer data in the 6-ine. column were collected from
the transition bed for polyethylens, polystyrene and wheat with a 13-ine
bed height, and 3/L~-in. orifice diametoer and the results were correlated,
The heat transfer coefficient was found to increase with increase in mess
velocity up to the point of spouting and at a fixed mass velocity it was
found to decrease with increase in bed level.

Experiments were also conducted to collect heat transfer data
from a fluidized bed in the 6~in. column with wheat as bed material. I%
was found that the heat transfer coefficient was from 10-66f lower for a
spouted bed than for a fluidized bed and the corresponding mass velocity
for spouting varied from 35-55% of that required for obtaining the

maximum heat transfer in a fluidized bed under similar flow conditionse




A generalized correlation is proposed to estimate the spout
diameter in a spouted bed from literature data as well as from the data
collected with the aid of a 6-in. and a L-in, semicircular columne

An attempt is made to predict the pressure drop for the tran-
sition bed and the spouted bed.
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INTRODUCTION

Solids-gas contacting operations are among the most impor-
tant and widely encountered in the chemical process industries and many
techpiques have been designed to cope with a myriad of special and chal-
lenging problems. To meet these challenging problems, various techniques
such as spray, moving bed, fluidized and spouted bed have been developed.
There is no single technique known as yet that is a universally optimum
method or even generally suited for all purposes. Fluidization is exten—
sively used in many industries due to its unique characteristics such as
uniformity of fluid and temperature distribution within the bed, high
heat and mass transfer rates and ease of transfer of solids. But its
application is limited to relatively fine particles, as the coarse par-
ticles usually larger than 1/8 in. in size tend to slug when subjected
to fluidization (1,2). To overcome this difficulty, Mathur and Gishler
(3) developed a new technique called "The Spouted Bed Technique" for
effectively handling the coarse particlese.

A spouted bed is a composite of a central fluid spout carrying
the solids upward, culminating in a fountain at“the top, and a downward
moving anmulus with a countercurrent flow of fluid. Spouting is achieved
by passing a stream of fluid through a conical opening. At low fluid
velocities, the fluid simply passes upwards through the solid bed without
disturbing the particles; with increasing velocities a certain point is
reached where stream of solids is raised rapidly as a central core or

spout through the bed and moves down the anmilus like a moving bed. It




is difficult to keep the spout steady at the centre of the columnj some=
times it oscillates around the axis of the column. The diameter of the
spout varies slightly from top to bottom of the bed. However, this
variation does not follow any general pattern. It msy increase, decrease
or remain fairly constant along the bed level and in some cases it may
flare out to a maxirmum half way up the bed (4). About 90% of the solids
enter the spout in the cone section and the remainder move from & higher
level laterally into the spoute. The solids concentration in the central
spout increases with bed level and at the same time the physical outline
of the channel becomes increasingly less distincte

At the entrance almost all the fluid passes through the
central core as there is not enough time for an appreciable laterial
distribution over the cross-section of the column. The percentage of
the fluid flowing through the spout decreases with bed level and near
the top of the bed almost two-thirds of the total fluid flows through
the anmlus (3)e

The spouted bed technique has been used for drying wheat (5,6)
and wood chips (7) and for low temperature carbonization (8). WNo doubt
this technique will find its application in maﬁy other {ields where intie-
mate contact between solids and fluids is essential, as the present in-
vestipgation and literature data indicate that it serves the same purpose
for coarse particles as fluldization does for fine particles.

For theoretical interest as well as practical application,
it is of paramount importance to know the flow characteristics, tempera-

ture distribution, heat, mass and momentum transfer in a bed. Considerable




amount of worl has been done on {low characteristics and pressure drop
in spouted beds and the effect of virtually all important variables is
known at least in a qualitative sense, but no generalized correlation is
available for pressure drop data and no significant progress has been
madé on heat, mass and momentum transfer in spouted beds. According to
leva (9), "Although the solids movement seems largely understood in a
qualitative sense, finalized quantitative correlations are still lacking.
The same may also be sald about the fluid flow and prediction of fluid
distribution over the column cross-section. It may therefore be stated
that the spouted bed technique is still largely unexplored and offers
interesting research problems."

The present investigation was undertaken to explore the tempe=-
rature distrivution in a spouted bed and to find a generalized correla=~
tion for heat transfer coefficients between the wall and the spouted bed
by heating the bed internally with the hot air used for spoutinge The

following variables were considered in the study:

ls Column diameter
2, Particle dlameter
3. Particle density
Lo Particle specific heat
5« Orifice diumeter
6. Bed height
7« Mass velocity of air
8+ Temperature of air
It was also decidéd to collect pressure drop data from the spouted bed

concurrently with the heat transfer experimente
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IITERATURE SURVEY

Packed bed

Much work has been carried out dealing with heat transfer in
packed beds, both theoretically and experimentally.

Colburn (10) was one of the earliest investigators who measu=
red the heat transfer between packed beds and the container wall. The
apparatus used was a 3-inch and a 1-1/L inch pipe, L5 fte long and steam
Jacketeds The diameter of bed materials varied from 1 inch to 06125 inch
and mass velocity varied fram 0.2 to 2.6 pounds per second per square
foot at pressures of from 1 to 6 atmospheres. Tho experimental results
showed that the heat transfer coefficients at the wall for packed beds
vere approximately 8 times as large as those for empty tubes.

Leva (11) conducted similar types of experiments to obtain
heat transfer coefficients at the walle The coefficients were correlated
with Musselt number as a function of the Reynolds mumber and particle-to-
tube dlameter ratio. The resulting equaticn predicts a maximum coeffi-
clent of heat transfer for a ratio of §E.= Oel5. The apparatus used was
a 3-inch and a 1/2-inch tube. Further :tudy by Teva (12) with particle=
to~tube diameter ratio as high as 0,660 showed that the heat transfer
coefficient was much higher than predicted by their earlier correlations.
It was found that the tube diameter itseli had little effect on the heat

transfer coefficlientse

Schumacher (13) concluded that packings of various thermal

conductlvities and diameters had 1little effect on the heat transfer
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between the wall and the gas flowing through the packings. Clm and
Storrow (1) found that the thermal conductivity of the solid had little
effect.in the low Roynolds number but that it did influence the heat
transfer in the higher ranpese. The packing diameter had 1little effsct
on the heat transfer and increasing packing length had a decreasing
effect on heat transfer.

Plautz and Johnstone {15) measured the wall heat transfer
coefficient in an 8-inch tube packed with 1/2 and 3/k inch glass spheres.
The wall heat transfer coefficient varled with the superficisl mass velo-
city as hy = 009 G°‘75 and bed height did not show any effect on ly.

Reported correlations of measured wall heat transier cocffi-
clents due to Coberly and Marshall (16), Hanratty (17) and Calderbank

and Pogorski (18) and Quinton and Storrow (19) are as follows:

h o= 2,95 60.33 (1)
0.50
BIR o ogs (D) (2)
" m
06365
528 . 3060 (D) (3)
e )
h = 0,04 G (L)

Yagl and Kunii (20) from studies of anmilar packed beds in which the
heat flowed radially, obtained the heat transfer coefficients on the
inner tube surface as well as the mean effective thermal conduetivities

of the beds They obtained a new correlation of hy for Rem 41 0600 by




reans of the equation

e Dp _ In® Dy

Ea Kg

+ oy Pp lieg (5)

vhere h,® @ apparent wall fllm coefficient with wotionless fluid

BIU/(hr)(sqefte)( °T),

hy = apparent wall £film coefficient of heat transfer BT/ hr)(sgefts)
(°F)e

a; = (mass velocity of fluid flowing pear wall surface in packed
bed in the direction cf heat transfer) / (superficial mass
velocity of fluid based on sectional area of empby tube in
the direction of fluid flovwing).

They postulated a rmodel of heat transfer mec%aniams near the
wall surface in the packed beds, ard the follwmring mechanisms were assunmed
with the real film coefficient of heat transfer on the wall surface caused
only by tho true fluid boundary layer at the wall curface.

as Heat transfer through solid phases.

ls Heat transfer throuph the thin gee £ilm near the
contact point,.

2+ Radiant boat transfer from solid surface to solid
surfaces

be leat transfer in veid spaces, indeperdent of fluid flowe

3¢ Molecular thermal conduction.

e Radiant heat transfer from void to voide
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ce Heat transfer in void spaces deperndent on fluid flow.
5« Heat transfer caused by the lateral mixing of the
flowing fluid.
6. Deat tranofer through the true boundary [ilm.

Fluidized beds

Over the past decade there has been a vast experimental
effort devoted to the study of heat transfer phenocmene in fluidized beds,
particularly to the hest transfer between the bed and a cooling or
heating surface thereine

Ieva and coworkers (21,22) studied the effect of bed height,
solid density, phvsical properties of the gas phase and particle and
vessel diameters on the heat transfer coefficient for fluidized beds of
round and sharp sands and Fischer-Tropsch catalysts in the 100-L00 meeh
slze range.

Three correlating equations were presented:

X
h=0.86CG Y (7)
and h = 0,35 ¢ 61e1S 3 (8)

where 1 is termed the "fluidization efficlency", developed by these
authors during previcus work on fluidization (23)s Equations (6) and (7)
derived from theoretical consideration were found more precise than the
entirely empirical equation (8). Variations in bed height, concentration

of solids, density of so0lid phase and vessel diameter were found to have

p sl
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no effect on the heat transfer coefficient. Values ranging from 0.25 to
80 BII/(hr.)(sq.fte)( °F) were obtained for the heat transfer coefficient.
Mickley and Trilling (2L) reported the heat transfer charace
teristics of two columns, one heated internally with a vertical heater,
and the other heated electrically through the outside walle The heat
vas pictured as being transferred by three mechanisms. Conduction
through an air film, convection due to the influence of the moving par=-
ticles and transfer across the layer by the movement of heat carrying
solidse It was further believed that the particles localized the tempe=
rature gradients to a thin air film at the wall whose effectiveness was

reduced by eddies, The final correlations were presented in terms of

the following equations

(a) for internally heated beds:

2 04238

- Pu”
h = 0,0433 (DpB (9)

(b) for externally heated bedss

h = 0,0118 (23—3—) (10)
np3

Ievenspiel and Walton (25) reported on the effect of opera=
ting variables and particle size and shapee In the derivation of certain
theoreticel equations they considered the solid particles as being stae-
tionary and arranged in equally spaced idealized horizontal layers. A
number of dimensionless equations vere presented. Dow and Jakob (26)
observed values of h as high as 174 BTU/(lre)(sqefte)(°F) when heating

fluidized beds of aerocat, pitch coke and iron particles. According to

R R T SR K




their proposed mechanism, a thermal fluid solid layer was assumed next
to the walle The core of the bed interior vas largely at thermal equi-
librium, with radial temperature gradients virtually non-existent. In
the bottom region of the bed there was a region of thermal mixinge. The

final correlating equation developed by dimensional analysis was

h 0065 Dc 0.17 (1_5) pS CS 0025 DC G 0380
TEe0s (R G e 5 @

m

Van Heerden et al (27,28) collected data from a 33k ine IDe
brass vessel over a wide range of solid and fluid properties. It was
shown that in its heat transfer properties the fluidized bed was equiva-
lent to a well-stirred liquid, in which the interstitial gas only served
as a stirring agent and as a heat transferring mediuvm dbetween adjacent
particles and between particles and walls, The data were correlated by

dimensional analyses and were represented by

F005 (5 —-'Bpg Cs) = 0,58 (B Re) (12)

The correlation is valid for the range of the riodified Reynolds number
0l <B Dp G/k < 5¢0. B is a generalized shape factors

Toomey and Johnstone (29) presented the data for the transfer
of heat from a central electric heater to a vertlcal fluidized bedf The
apparatus was provided with glass windows for observing the particle

moverient in the bed and the bed was constructed in sections to evaluate




the bed height effect. The data were correlated by the equation:

h Upe p g Oeh7
—K—EE = 3,75 (Ep ﬁi log Umf) (13)

where Upp = minirum superficial velocity necessary for fluidization.
Wen and Ieva (30) used the data of Dow and Jakob (26) of Vvan Heerden et

al (27), of leva et &l (21) and of Toomey and Johnstone (29) to obtain a

generalized correlation for hys:

¢ 1.5 0e5 G 036
BB e o6 (e Pe Ty Ee ) 20 u (1)

where M is the fluidization efficiency and R is the bed axpansion ratio,
Wender and Cooper (31) published some correlations of heat
transfer data to surfaces. Nine sources of data from the literature
were considered, Separate correlations were provided for heat transfer
to external surfaces, that is, the bed walls, and to internal surfaces,
represented by irmersed tubes or similar devices. These authors swmari-

zed and discussed questions of mechanisme

Spouted bed:

Klassen and Gishler (32) obtained heat trensfer data for
heat flowing from a steam jacket to a packed bed, fluidized bed and spou=
ted bedse In the case of a spouted bed tﬁey found a sharp inerease in the
rate of heat transfer at the onset of spouting. The mexirmm heat transfer
coefficient was 25-75% lower for a spouted bed than for a fluidized bed

under similar flow conditions. Rice, wheat and Ottawa sands were used

as bed materialse
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Chosh and Osberg (33) investigated the heat transfer from a

9=in. steel column wall to water spouted sand teds. The heat transfer

rates to water flowing through a spouted bed was lower than vhen the

column was empty probably as a result of the suppression of convection
currents. At the same water flow rate, the spouted bed fgave a lower
rate than a firxed bed because a large fraction of the water by~-passed

the wall region and flowed up the spout.

No correlation is available for calculating the heat transfer
coefficient in a spouted bed,




EXPERIMENTAL

General consideration of apparatus:

Spouted bed:

Considorable thoupht was devoted to the design of the experie
mentai apparatuse Reliable data can be obtained only if the design of
the apparatus affords accurate measurements of data. In order to design
the final equipment, & preliminary plexiglass column was built to study
the flow pattern of the air end solid particles. The plexiglass column
was 6-in. inside diameter and L8 in. long. Experiments with wheat-I in
this column revealed that the particle velocity varied all along the bed
height and that the distribution of air velocity in the cplumn was highly
non~uniform. Since the heat transfer and momentum transfer are closely
related in a bed, it is possible that the heat transfer coefficient may
be a function of bed heighte If this assumption is right, the heat transe
fer coefficients of any arbitrary section would not reveal the true
picture for the vhole beds It is desirable to obtain the point heat
transfer coefficients or at least an average coefficient which is taken
over as small a height as practicable. Such a coefficient would give a
better insipght into the mechanism of heat transfer and it would also
enable a study of vertical variation within the bed., To obtain these
results, the final column was constructed as described below,

Columns

The pgeneral layout of the apparatus is shovm in Fige 1 and
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the details of different sections with water and thermocouple connections
are shown in Fig. 2.

Two different size units were used, the inner tube diameters
being 6e.0-in. and 3,0-in., respectively. The total length was 38 in. in
both cases and both were fitted with a 60° cone at the base., The large
colunn was surrounded by a jacket of 7.5 inch inside diameter and the
small column was surrounded by a jacket of LeO in. inside diameter. The
annulus in both cases was divided into five water-tight sections, the
length of different sections for the large column being 3.6, 3.0, 5.0,
6.8 and 19 inches, and for the small column being 660, 640, 740, 7.0 and
12,0 inches from the bottom of the column. In both cases, the cone was
surrounded by a jacket, the clearance between the jacket and the cone
being 1/2 inch. Starting from the air entrance, each section including
the cone was numbered as 1, 2, 3, 4, 5 and 6, respectively.

Two water connections were placed on each section, an inlet
near the bottom and an outlet near the top of each section. The outlet
was tapped for a 3/8 in, nipple and a 3/8 in. tee (T) was comnected to
the mipple. For inlet fittings, 1/8 in. holes were drilled at the an-
mulus wall perpendicular to the radius and these holes vere tapped for
3/8 in. nipple. These arrangements facilitated the water flow around
the column in one direction avoiding local cooling and maintained a
constant wall temperature at any level., All the inlets were connected
t0 a stainless ateel surge tank.

Both columns were fitted on a 2-1/2 in. inside diameter x 3 it.

long steel pipe. To straighten the air flow, 18 copper tubes (1/4" I.D.

e
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x 18 in. long) were placed inside the 2-1/2 inch steel pipe,

The orifice plate, 1/16 in. thick was placed in between the
cone and'the steel pipe. Since this plate was sitting in a prove on the
flange of the 2-1/2 in. pipe, it could be inserted or rewoved easilr b
lowerings the support pipe.

About one inch above the orifice plate and at the bottom of
each section, 1/16 in. stainless stcel tubings were soldered at the inner

wall of the column to measure the static pressurc at the different bed

levels,

Thermocouples:

Before the sections were assembled 3t was necesgarv to lace
«~ p

the thermocouples in positions. 10 therrnocouples were used to measure

the wall temperature of ecach sections They were placed at a distance of

1/2 in. from either end. For each thermocouple a groove 1/h in. wide,
3/16 in. deep and 1 in. Jong was cut on the outside of the inner wall,
The junction of the iron constantan thernccovple (2L in, fauge) was
silver-goldered to the metal at the end of the grove and the thermocouple
leads to the top of the section were encesed in a ;/16 ine ceramic tubing,
The ceramic tubing was covered by soft solder and.the resulting surface

was ground amooth and levelled with the rest of the surface. The leads now

passed through a 3/8 in. nipple, one end of which was silver-soldered to
the inner wall and the other end passed tlrough a hole mads on the outer
wall.of the jacket.

e A i
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It was desirable to obtain both radial and axial, temperature
profiles while interfering with the bed motion as 1ittle as possible.
Thareforé a single probe was btuilt which could measure the radial and
axial temperature gradient at different levels. Preliminary investiga-

tions in the plexiglass column indicated that even 1/16 in. thin rod in-
terferred greatly with spouting when placed at the spout region from the
top of the column, also the rod was oscillating all the time due to
particle movements. This interference was minimized when the rod vas
introduced into the bed from the side, Accordingly, 1/h in. holes were
drilled 1 in, apart all along the column before assembly., The holes at
the inner wall were tapped for 3/8 in. nipples. The nipples were soldered
at the outer wall,

An iron-constantan thermocouple 12 in. long was bought from
Honeywell. The outside diameter of the containing tube was 1/16 inch,
and it wes highly polished and gold-plated to minimize the heat transfer
due to radiation. The thermocouple was mounted on a rack placed on a &"
x 8% x 1/16" plates The rack could be pushed forward or backward Ly a
amall motors. The whole assembly was fixed on a graduated vertical 1 in.
aluminum rods The plate with the thermocouple coﬁid be moved upward or
downward along the vertical rod and the thermocouple could be noved for-
ward or backward on the plate either manually or mechanically. The
mechanical operation had to be abandoned since it was found out later on
that, due to the fluctuation of temperature, it took about 1«5 mimites to

neasure the temperature at certain points,

l,___“_.. ~...

3.



- 20 =

All thermocouple leads were brought to a central panel
through a 1 in, conduit. Both the leads were comnected to standard
copper tﬁermocouple wire in a cold junction at 0°Ce The cold junctions
were in glass wells made of 6 mm. glass tubing by closing one end and
filling them with anthracene. Twelve tubes were held in a two-litre
vacuum bottle such that about an 8 in. section was submerged in finely
cracked ice,

The thermocouple leads were connected to a Honeywell Model
Noe 153X18-V-11-111-157 continuous recorder through a sixteen point

selector switche

Water systems

Since the supply pressure was fluctuating all the time, an
overhead tank 2 ft. IeDe x 3 ft. high was built and placed about 5 ft,
aone the columnes All the inlet lines were connected through valves to a
1 in. pipe leading from the overhead tank., The water rate could be fixed
at any section at any rate without much difficulty, since the overhead
tank maintained the supply pressure constant. The inlet and outlet water
temperatures were measured by mercury=-ine-plass thermometers.
Adr systems |

Adr was supplied at 125 1bs/sq.ine by two air compressorse
Since this pressure was fluctuating all the time, a pressure repulator
was placed in the line to supply the air at LO 1bs/sq.in. The air passed
through two filters, a dryer, a rotameter and a heater before entering

the colunn, The filters removed oil, dust and water and the dryer removed




“?] -

last traces of moisture. The dryer was a L in. inside diameter x 5 ft.

lonr column f£illed with silica gels There were two inspection spots on

the wall to observe the colour of the silica #els A Chromalox air heater,

Model Noe GCH=36, was used to heat the air. There were two systems to

control the air temperature. The rough one controlled the air tempera=-

ture to within + 5°F and the fine one to within + 045°Fe

A Brook's Rotameter Tube size 12-9M~25-2, Ser.~11532-1 used
for measuring the air flow had a maximum capacity of 50 CFM.

Regeneration of silica gels

The silica gel lost its activity at the end of about ten
hours! rune Arranpgerments were made to regenerate it inside the dryer.
During regeneration, the valves 2, 3, 5 and 6 (Fige 1) were closed and
the air entered the heater through valves 7 and i, then went to the dryer
through valve 8 and out to atmosphere through valve 9« Hot air at about

3C0°F passed through the dryer and it took 5-6 hours for regencration.
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OPERATIONAL PROCEDURE

For each run the desired amount of particles was poured into

the column from the top. For all the experiments the supply pressure of

air was maintalned at LO psig by the pressure regulating valve. The air

entered the column through the two filters, the dryer, the rotameter and

the heaters The valves 1, 2, 3, L, 5, and 1, 2, 3, b and 6 were opened
for the operation of large and small columns, respectively. The heater
vwas adjusted to heat the air to the desired temperature. The water flow
to different sections was adjusted to give a reasonable temperature ine

crease of the water as well as a reasonable temperature drop at the wall,

At least six hours were required to reach steady state conditionss When

all the temperatures had become congtant, the data for a given run were

taken. Flow measurements for air and water lines and temperature of all
the thermocouples were recorded for each rune The experimental section
or sections were kept at isothermal condition by regulating the water
supply at the two end sections. This arrangenent minimized the heat loss

or gain from the experimental section or sections to or from the end

sections,.

The particle breakup was a serious problem in this work. The

materials included in this work were chosen after mmerous solids had

been tried. Many materials, for example, corn, sunflower, rape seed,

match sticks and wood chips, had to be ruled out dve to their excessively

high attrition rate and eranulated cork for static electricity.
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It was decided to examine how closely air temperatures were
measured by the bare couples used in the tubes. Bed temperatures of
wheat-I, polyethyleno 2 and Timothy seeds were cxplored at different bed
levels YLy two identical iron-constantan thermocouples, one of which was
bare wlile the other was covered by a fine screen in order to prevent
solids from contacting the junctions. The two couples were tied together
inside a copper tube and bed temperatures were recorded at different bed
levels by introducing the thermocouple in the bed from the sides The
rrotected thermecouple messured only air temperatures whercas the bare
thermocouple indicated some temperature betwesen air and solids. The
tenperature differecrce recorded by the two couples at the annulus wags
found to be nepligible up to the top of the cone. It was not possible to
measure the temperature of the bed at the cone region with the two ther-
mocouples since the side crening was too smalle The diiference in reading
between the two couples was appreciable in the spout just over the conc;
but thie difference decreased with the increase of bed level, and near the
top of the bed both couples gave nearly the same readinge

Fluidized beds:

To compare the heat transfer data of spouted and of fluidized
beds under similar conditions, fluidized bed heat transfer data were
obtained with wheat 1, 2 and 3 as bed materials in the 6-in. column used
for spouting. The orifice plate Irom the bottom of the cone was renoved
and a porous stainless steel filter sheet was placed in between thie column

and the cone as a support for the bed materlals.

Ao
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The experimental procedure was the sams as described earlier
for the spouted beds The bed materials, particularly wheat-l, fluidized

very poorly because of severe slugginge

I,_.__w_..w ...,



S0LID PARTICIES

Different sized particles of the same materials were
numbered 1, 2, 3, etces Vheat, rice, millet and Timothy seeds were
bourht frem the locel market and polyethylene and polystyrene were
supplied by Dow Chemicals of Canada Ltde Rice, millet, Timothy ceeds
and whent of size 1 and 2 were regular in shape, but wheat 3 and L were
obtained by crushing recular wheat and screening it. Polyethylene 1 and
2 were cylindrical and 3 was spherical and polystyrene 1, 2 and 3 were
cylindrical in shape.

Physical properties

The physical properties ol the bed materials were measured.
These properties included bulk densities, absolute densities, particle
size and shape, vold fraction, thermal conductivity and specific heat.
These properties of each of the materlals are listed in Table I.

Bullk density, PDb

The bulk density was determined ty weighing the quantity of
material needed to £ill a two-liire cylinder. The materials were poured
into the cylinder through a funnel from a two-inch height in one minute's
timea

Absolute density, Ps

The absolute density was determined by the method of liquid
displacement in a pycnaneter aml by air displacement in a Backman Model

930 Air Comparison Pycnometore

T

S
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Particle diameter, Dp

For any ivregular particlo we nny substitute an equivalent
part.icle's a cube, srhore or other geometrieal fipurs heving the same
volume or surfacoe It 49 customery to reduce a particle to an equivae
lent ephere, using & single parameter, the distance botween the extrene

Imite of a particle along & fixed directions With knowledge of the

number of particles used in each test and the amount of Jiquid displaced

during the absolute density rmeasurermenta, the volume of one particle was

determined and this volume was equated to a hypothiotieal sphere having
an equivalent dlamoter os follovns

Dp = (6 x volume of particle)uz’

(15)

"

The particle sise of Ottawva sard! and vheat 3 and L were
dotermined with a Tyler Sieve ly considerins the aritivetic average of
the two eppropriate scraen oizese

Shape fuctor

The shape fector were calewlated w using Leva's equation

A

(23) o
@ (e205 ;7;573- ' (36)

To calculate the surface aress, the dimensicns of about S0
particles vore meesured Ly a travelling microscope and & micranotore
Poresity, 6

The porosities were calculated {rom a knewledge of the bulk
dergily and absolulo donsity by using the following equation
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Thermal conductivity

Introduction:
edebdeiutbd vttt

The thermal conductivities and specific heats of nost of the

materials used for spouting are not avallable in the literature. The

conductivity of a composite bed may depend upon (1) the conductivities of

the solids and the gas, (2) the eddy thermal diffusivities, (3) the mois=

ture content of the particles,

ture and (5) porosity of the bed, The amount of gas phase and water
content present play such an important role among the many factors which
influence thermal conductivity that reported data in which porosity and
moisture content have not been specified are almost meaningless for
comparison with other results. If the data for the thermal conductivity
of completely dense bodies are avallable, they could not be employed for
most applications without some knowledge of the effects of other factors
influencing the effective thermal conductivity. Similarly, it is extre=
mely difficult to prepars completely dense bodies from most materials
ard particularly from seeds. In the case of fibrous materials, the

problem is more complicated as the direction of the fibers influences
the heat transfer.

In a packed bed the effective conduectivity is more dependent
upon the gas phase than upon the conductivity of the solid phase possibly

because the solid forms the discontinuous phase and the ras forms the

(L) radiant heat transfer at high tempera=
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contimious phase, In the case of a very fine granular system where
.interstitial dimensions are comparable to the mean free path of the gas

molecules, the effective conductivity is fourdd to be less than that of
the gaseous phase (3L, 35).

Experimentals
The apparatus used for measuring the thermal conductivity
and specific heat is shown in Fige 3¢ The material was contailned in a

galvanized cylinder 6 in. ToD. x 18 ine long, 20 pauge nichrome wvire was

used for heating purposes. Each end of the cylinder was closed by a 1-1/2

ine cork boarde The seven iron constantan thermocouples vere placed
halfuay down the cylinder at radii of 0,15, 0.65, 1415, 1465, 2,15, 2.65
and 3.025 in., Great care was taken to make sure that the thermocouples
were located in proper position. In each experiment the particles were
poured into the cylinder from a height of 3 in. and in two mimtes! time.
The thermocouples were connected to a Phillips 12 point recorder, type
PR L069 ¥/0h through ice point. The heating element was switched on when
the particles were in equilibrium with the surrounding air. Each experi=
ment lasted from 20 to 30 hours.

The heating current was supplied from ihe main supply through
a varisc, a Heathkit battery eliminator and an ammeter capable of reading
to the nearest milliampere or better.

The moisture content of the particles was determined by an

oven method, Each sample was weighed, then dried in an oven at 105°C

}«mmmmMMwﬁﬁg
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Fig. 3. Diagram of
the thermal

B - Battery eliminator

D- Cold junction

P - Potentiometer
apparatus used to measure
conductivites of particles
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to constant weight. The moisture content was calculated for each sample
from its weight before and after drying and was expressed as a percen-
tage of the dry air sample.

Theoretical consideration:

Heat transferred in a circular cylinder is given by the

equation
AR TS LR i e 5 )
and reduces to
= R (19)

under steady state condition when the temperature is a function of

radius only. The solution of equation 19 is
t=C+CyInr (20)

According to Carslaw (36) in a circular cylinder where the initial
temperature is constant taken as zero, and heat is supplied at a conse

tant rate along the axis of the cylinder, for steady state conditions
the equation for heat flow is

tp ® =—Ilna==—1Inr 21
r - (21)

where tp is the temperature at radius r, I is the current, and R is the
resistance per unit length of the heating element, a is the radius core

responding to boundary temperature conditions, and K is the themmal
conductivity,




Cemparing (20) and (21)

2
1R
[ Spetiihg
C] ) In a (22)

2
1°R
Co = = oK (23)
The values of Cp may be obtained from the slope, 3 and r from the inter=
cepts of the equilibrium curve and K may be calculated elther from (19)
or (20),

The specific hoat Cp may- be calculated either calorimetrical-
Iy or from the equation

Cp =K v (2h)
Carslaw (36) gives the followving solution for a cvlinder vhen the initial

temperature is a function of radivs only and the surface is kept at zero

temperature
z 2
t = D> Mdolepr)e™®n 7Y (25)

n

where t is the temperature at time €, Jo(en r) is Bessel function of
order zero of the first kind and ay are the roots of Jolap) = 0, and 4n
is a constant determined from the initial temperature distribution.
From this, Babbit (37) derived the equation for an experiment in which
the surface of the cylinder wos maintained at the initial or zero teme
perature and the finel temperature wasa functlon of the radius given by

t=0C +C21lnrx, as

.
R ywz-»wm:‘m%»ﬁ
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a
Z ~
t 2T - Z AnJo(“nr)G-an LY (26)
n=l

where T is the final temperature and

a a -]
L AT & ema)na-y

> " (27
59y (o @)

¥ may be calculated either from the experimental point chosen so that
only one term of equation (26) is significant, or by evaluating the
first few terms of the same equation as suggested by Babbit,
Resultss

The experimental results for thermal conductivity, diffusi-

vity and specific heat are shown in Table 1 and temperature data are

Iisted in Tables 43-50. A typical temperature profile is shown in Flge

he The thermal conductivity was calculated by using equation (23) and
taking the value of Cj from the slope of the curve obtained when the
final temperatures are plotted against the logarithm of the radius.
These equilibriwm curves are drawn for each set and shown in Fige 5. It
is found from Fije 5 that the temperature is not zero at the surface but
at some point outside the cylinders To use equation (23), the cylinder
surface was not used as the true surface but an imaginary surface at a
distance r = a where t = Q,

To calculate the thermal diffusivity y the value of Ap was
calculated for the first ten termms in the series and shown in Table 5.

As 1t was time-consuming to use many terms in the series for accurate

5
( é}%
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results, experimental points were chosen instead so that anly onc term
of the equution (26) is significant., The value of the thermal diffusie
ty at different radii, excopt for that of the firet position, was
caleulated and the avorage value is listed in Table 1. The fluctuation
of tenfpemture was roticeable in position one due to the varistion of
thie supply voltages
The spocific heat was caleulated by using oguation (2L4).

The therral conduetivity of the particles wao calculated by using the
equation of Kunii and Srdth (38)e

Discussion:

The bulk trermal conductivity of wheat and the specific heat
of wheat and polyethylene compars very satisfactorily with the literaturse
valuee The specific heat of the bulk matorial was taken as the spacific
reat of the salid material itself. Strictly gspeaking, this assumption
is wrong, but the error introduced by this assumption is neplirible. 1t
nay be pointed out that in case of wheat the ajr present at the void was
only 0.093% on a weipght basime The amount of heat necessary to raisse the
temporature of this small amount of air is neglirible.

The effective thermal conductivity of 'the moisture containing
particles may e quite different if the mode of heating is changzed even
if the exporiments arc conducted at the same temperaturess 7The moisture
in the particles migrates from points of high to roints of low temperae-
ture and the latent hieat exchanges upget the measurenents. This mipra-
tion of moisture and the exchanpe of latont heat mey be different in

various shaped apparatus due to different mode of heatinge The thermal
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conductivity of the particles has been calculated fram the effcetive
corductivity neglecting the heat transfer through the contact points and
by radiation (17)s It is quite justifiable to neglect the radiant heat
transfer at low temperature, but 1t is not justifiable to neglect the
heat transfer through the contact points unless the particles are per -
fect sphorese The model of Kunii and Smith (38) explains 2 rood deal
about the mechanism of heat transicr ard its effact on the conductivity
in a bede
In a stagnant bed, the freedom of pas molecules may be dife

ferent at different points due to the surface tension. Surrounding the
bed particles there'may be a lgyer of gas film and the thickness of tids
gas film may be different near the contact points, 'If~this Is—truo,; the-
heat transfer coefficient of this film will be different from that of the
gase Lgain the nature of contact points is not a function of void frace
tion but a function of particle shapes. Spheres can only touch each
other at polnts wiereas cylinder cubes and other irrezular shaped pare
ticles may touch each other on surfaces. In a genoral correlation for
effective thermal conductivity all these factors should be considered.
As it is beyord the scope of our present work to develop an equation for
effective thermal conductivity, we consider it sufficient to use Kunii and
Smith's (38) correclation to calculate the thermal conductivity of the

particles from the effective thermal conductivity.

T et

prre g 2057
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RESULTS

All the portinent data covering cach section are tabulated
in the Arperxiixe The heat transfer coefficients betwosn the wall and
the bed are listed by sections and their sveraps values are also shown,

-' The heat transfer coefficient was calculated fyom the

observed data by means of the equation

T%ﬁ' (25)
The heat transfer rate Q vas deternined from the quantity of water
flowing and the rise of uator lenperatures The femperaiure Jdifference
At was calenlated from the swrfece tenporaturo and the bed Larmperaiure
at the annulus,

Limited dabta were colleeted from the cone region with wheatel
and polyethylene-2, The particle flow patterr as fourd by visual obsere
vation and temperature profile zs shown in Fige 6 for this region is
canplicated and rmieh different from the rest of the beds Sincoe this
region 1tselfl presents 2 complicated problem, no attempts were nade 1o
collect further data from it, |
Effect of temperature:

To detemine the effoct of temperature on Iy, 1t was recese
sary to make runs at different bed tarperaturos holding all other
variables constants This procedure was followed when wheat-l was spouted

at an alr temperature of 180°F and 100°F, Ho simnificant effect of bed
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temperature on h was detecteds.
Effect of Dp on hs

For the application of the experimental data to desipn
calculations it may be desirable to know the maximumn benefit obtainable
through the presence of the spouted solids. For this purpose, Fige 7
has been presented showing the effect of particle diameter on hy in the
presence of spouted solids. The solid lines represent the data for
wheat, polyethylene and polystyrene and may be represented by the

equation

where the constant X is a function of bed depth, heat capacity and
density ratio of solids and air,

In Fige 8 average hy vse. G ia plotted for various materials.
Within the fixed and transition bed, hy is found to increase with the
mass velocity, the rate of increase being much more during the trensition
periode After spouting, hy is found to be independent of Ge In the
trancition bed h, decreases with bed level whercas in the spouted bed Iy
increases with bed level. (See Fige 9). N

It is found from Fige 10 that average hy decreases with ine
crease of bed height whereas it is found from Fig. 11 that at a givan

bed height hy of an individual seetion is higher at a higher bLed level.




h, BTU/no (sq.fL){°F)
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Fig.7 Effect of particle diameter on heat transfer coefficient.
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FLOW MECHANISH IN SPOUTED BEDS

To understand the heat transfer mechanism in a moving system,
it is necessary to understard the flow pattern of the systeme A discug=
sion of spouting i1s presented to throw lisht on the flow patiern of air
and ;olid poarticles. Observations in a semicircular column with plexi-
glass front indicated that the spouting of a bed might be broken up into
three steps as Llie air rate throust 4he bed increased:

1) Packed bed =~ tho air passed throuph the bed without disturbing
any particles

2) Transition bed - A cavity was formed at the bottom of the bed
and moved up to the top of tho bed, ,

3) Spouted bed = The particles noved up the bed through the spout
and returned throurh the ammlus.

It is found from the pressuro drop data that the koundary
between the packed bed and the transition bed is uncertain, but it is
quite digtinet between the transition and the spouted bed,

The relationship between prescure drop and air flow rate is
shown in Fige 12 for wheat~I, spouting in the 6é~in, colwm at 13-in. bed
helghte The pressure drops were recorded sirultaneously at 1l-ins, 5-ira,
and 9-ine bed levels, respectively, from the orlfice. With increasing
flow rate the pressure drops increzsed; at a certain air rate a cavity
or internal spout was formed 1ifting the particles upward from the sir
entrance and tius reducing the surrounding bed density. With still

increasing air rate, same of the particlea started whirling inside ihe




spout and reoriented themselves surrounding the internal spout. The
particles seemed to orlent themselves in such a manner as to present the
greatest resistance to the fluid flow and to form a stable arch of parti-
clesy the particles are naturally not endowed with independent motion,
therefore the orlentation effect must result from consideration of parti-
cles dynamicse. The thickness of the arch was different st different
radii from the orifice centre. Away from the internal spout the

particle population deocreased gradually. The shape and nature of the
particles! vorticity were difficult to reproduce.

The maximum pressure at B (in Fig. 12) seams to be a func=-
tion of the shape and size of the spout, the stability of the surroun-
ding arch, the particle vorticity and the bed heiglite At the point of
maximum pressure drop, the internal spout experienced a considerable
development (Fige 13), whereas the bed was just on the verge of expanding.
Since the bed had not expanded as yot, the reduction of the bed volume
at the point of maxirum pressure drop was equal to the volume of the
internal spout. As the internal spout moved up the bed along with the
surrourding arch, the bed expanded and the bed height over it decreased
with subsequent decrease of pressure drop at thé base, but the pressure
drop at any section of the bed above the internal spout was still increa-
sings Up to the point of spout height the particles at the annulus moved
downward whereas the whole bed above the spout was still stationary. At
this stage, severe chamneling at the wall above the spout was observed.
It was interesting to note the particles moving downward at one height

of the bed and moving upward or vibrating at another height. The bed
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porosity was found to be very momuniform alony the bed levels This
complex phenomenon continued until the spout reached the top of the bed
when the pressure drop remained approximately constant, the void frac-
tion of the bed at the annulus was nearly uniform except at the two ends
and the bed height decreased slightly, i.e. the void fraction of the bed
wasxless during spouting than that during the transition period.

The particles followed a regular pattern during spouting as
indicated in Fige 1L and 15« They moved down at the amnnulus, up at the
spout and there were cross flows along the bed level. Observations were
made with wheat-I to determine the order of magnitude of the particle
velocity at the wall. Colored particles were followed and timed for
certain distance during their falle In general, the particle velocity
was found to increase with the bed level, and with the bed height, Fig,
16. Yo attempts were made to find the probable variable affecting par=
ticle velocitye The particles definitely did not descend as free-falling
bodles in a gas stream, but they had a repular dovnward motion,

Temperature exploration throughout the spouted bed, as shown
in Mige 6, indicated a sharp temperature drop at the column wall at any
bed levele However, this drop at the spout wéll was a function of bed
level. At lower levels, especially in the cone region, the temperature
drop was very sharp at the spout wall and it flattened out gradually with
bed level. In between the spout wall and about 1/l in. to 1/2 in. from
the column wall, the temperature of the bed was fairly constant. It may
be concluded that there are two resistances to heat flow in parallel in

a sponted bed - one at the spout wall, and the other at the column wall,
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An attompt wes made to calculate the heat transfor coeffi-
cient at the spout wall by the following equation

Qg
hg = 3%

where Qg is the quantity of heat glver up by the particlos and tle air

to the anmulup between two levels in the bed, A is the spout surface arca

between the two levels, At is the temperature difference between the
speut and the annulus, ard hg 1s the heat transfer coofficient at the
spout walle To calculate the quantity of heat Qgs it was necessary to
know the amount of solids and air flow betvean the two lovelse The quarns
tity of alr flow through the spout was taken fron Mathur and Gishler's
data (3)s The volumetriec flow of solids through the anmulus was ecaleu-
lated from the annulus cross-sectional area and the particle velocity at
the wall (seo Fige 16) assuming that the particle veloclty at the wall
and the dowmword rovement of the bed at the ammlus vere the samce In a
spouted bed, at any level, the particle flow through the armulus and the
spout are ile same. Since in a full column the spout was not in view,
separate experimonts were conducted in a G=in, gemdedreular column with
plexiglass front to find the gpout diameter and thereby to caslculate the
spout and snmulus eross-sectional areas It is clear that to understand
the flow pattern of the fluid and solid in a spouted bed, one must know
the dimension of the spmut in the bede A peneralized correlation
Dg ® (0a115 log Do ~ 0.031) GO5 (31)

was developed to estimate the spout diameter (L) and the details ara
doseribed in the Appendix,

B ey SR




The estimated hg values were too high to be real (of the
order of 1000 to 1500 Btu/(hr){sq.its){°F)e The probable sources of
errors may be the followings (a) the measurement of bed temperature by
the 2nd thermocouple may not be correct as the spout hzipght decreased
considerably with a thicker thermocouple and at the same time the spout
was displaced from the column centre; (b) the assumption that the parti-
cle velocity at the wall and the annulus velocity are the same may not
be correcte Since the amount of air present in the bed was small came
pared to that of the particle, a small error in the estimation of the
quantity of particle flow may upset the whole picture. However, fram
these calculations, it was observed that the amount of heat transferred
from the air in the spout to the annulus was not significant.

From the foregoing discussion it rmst be clear that the
mechanism of heat transfer is quite complicated in a spouted bed during
transition and spouting poriode During spouting the particles follow a
definite regular path as shown in Figse 1h, 15. The particle velocity
decreases as they move downwards indicating that there is a steady cross
flow of solids from the annulus into the spout along the bed heights
The radial pradient of particle velocity in the anmulus is not apprecia-
ble. Ih a fixed bed & mechanism of heat transfer is visualized whereby
the resistance to heat flow between the container wall and the bed is
due t§ an extremely thin air film which forms at the interior tube walle
The scouring action of the air reduces the thickness of this film and

theroby increases the heat transfer coefficiente

i S
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The presence of a thin film at the interior tube wall in a
spouted bed is also assumed in this study and this film thickness is
reduced by the scouring action of the air and the down flow of particles
along the wall. Heat is transported from the spout to the anmulus by
air all along the bed level by solid particles as they descend down the
anmulus from the tope. Temperature exploration indicates that heat
exchange between particles and hot sir takes place at the spout and
steady state condition is established before they reach the top of the
bede From the heat capacity consideration it is found that the heat
capacity of wheat is about a thousand times more than that of air while
the mean particle velocity is at most only 5 times lower than the air
velocity at the anmulus. Therefore, the convective transport of heat by
moving particles ie the primary factor in carrying heat f{rom the centre
to the wall of the columne The magnitude of the eddy conductivity
brought about by circulation of the particles is calculated by conduc~
ting an experiment as follows. For a bed depth of 12" in a &' plexiglass
column, some colored wheat was introduced on the top of the spouted bed,
and the time interval between the addition of the tracer and the esta-
blishment of visual uniformity of the colored material through the
entire bed was then measured with a stopwatche It was found that in
about L0 seconds the tracer material distributed itself uniformly in the
bed. ﬁow the eddy diffusion coefficient of the particles can be calcula-

ted from the relation (39,27).

2
L o562 2
Deddy = E’,‘E - --8-6- = L0070k £t/sec. (32)
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where T is the time in sece and I is the bed height in ft. Therefore
" the corresponding eddy thermal conductivity of the particles can be
astimatéd as
Keddy = Pb Cg D = 51 x 4354 x 7.4 x 20~3 x 3600
= 482 BTU/(hr)(£t)( °F) (33)
This exceptionally Mgh figure indicates the importance of the convec-
tive transport of heat by the moving particles.

It has been shown (LO) that when a sphere is brought sudden-

1y into an enviromment at a different temperature, the temperature
gradient within the small particles are negligible throughout the
process. Therefore, the heat transfer coefficient between the tube wall
and the spouted bed should be independent of the thermal c;.orxmctivities
of the solids. According to Rusdenberg (L1), for a single particle the
heat transfer coefficient to the surrounding particles is 2K/Dp. Now
the thermal relaxation time T necegsary to reduce a temperature diffe-
rence initially present between the particle and its surroundings to one
tenth of its original value may be calculated frum a heat balance on the

particle equating the change in heat capacity with the convective heat
losas
dt
PCp V= = ~ha(t-ty (34)
which could be ultimately written as

Y =) (v/1?) (35)
v, " e

(4
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where

‘\} "‘b-tf

%? = Bjot modulus

1%%'- Fourier modulns

Substituting h = 2(/Dp and % = 0.1
o

24303 pg Cs Dpz
Twu 6
" (36)

Substitution of the numerical value in the above equation for wheat-l

Yields a value of 0.064 seconds for T . Thus it 1s seen that thermal

equilibrium is established very rapidly between adjacent particles,
In conclusion it may be stated that the high heat transfer
rate between a spouted bed and the container wall is caused by the

scouring action of the air and the particle movement at the wall as woll

as by the convective transport of heat by the moving particlese
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CORRELATION OF DATA

Previoug discussion throws light on the particle moverent
and mechaniem of heat tronsfer in a spouted bede Considering the come
plexity of the bed, it was decided to correlate the data with dimensio-
nal 9.—na!yais vaing the probable variables which affect the heat transfer
coefficient. The factors which may affect heat transfor are shown in
Table 2 with dimensionse The maso velocity G was omitted gince the
heat transfer coefficient wag foundd to be irdependent of nmass volocity

after spouting within the experirentel range.

TABLE 2
Factors which may affect heat transfer in a spouted bed

Factor Symbol Dimensions
Effective particle diameter Bp L
Apparent particle density Pb p1,~3
Specific heat of particle Cs Mol el
Density of adr | P w3
Viscosity of alr " - onrlgl
Thermal conduetivity of air Kg i e
Bed heipht L L
Average heat transfer coefficient hy, ool 2l

The shape of the particles s uhich may be involved, was neplectede
Acceleration dee to fravity was included since this affects the movements
of the s0lid particless

| SR
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The dimensional analysis resulted in the following equation of

dimensionless groups.

: 2
P“DP‘-K(DP) (BBt 6y’ & & ey

(37)

The Prandtl number was constant for 211 experimental runs as only air
was used and it was absorbed in the constant coefficiente The influence
of modified Reynolds number on modified Nusswlt number is shown in Fige
17 for different materials with bed depth and orifice diameter as para=-
meterss

The exponent b in equation (37) is evaluated by plotting
Musselt number against bed height with Dp as a parameter in Fige 10. An

average of all substances glves

%‘ = constant (EI; m0.11 | (38)
In Figo 18
017 03
s x ("I“") V8 (m) (39)

]
Kg Dp W
are plotted, all other variables remaining constant, and the value of

exponent b found to be 0s52. The curves for different materials may be

represented by the following equations,

Polyothyleno: 17 03 0.52
0. .
2 (D—ﬂf—-% (40)
Rices 7 302 5 0.2
Oe .
2@ S (1)
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Polystyrene:
h Dp
Kg
Vheats
h EE
Kg

- 65 =

0,]_7 3 2 0-52
= 643 (P}f—) P £, (k2)

v

0e17 0.52

3 2
- 7;7(22) (EE.lEi.E) (43)
1 2

The data for all the materials investigated may be brought together by

considering the influence of the heat capacity ratio gh.gﬁ and density
g

Pg

P
ratio 2 o The intercepts I, of different lines in Fig. 18 are func-

Pg

tions of heat capaclty ratio and density ratio EB « The exponents b and

c are evalvated from
and found to be O.k5
I1 = 847
In = 643
I3 = 7.7
I) = 8.2

Pe
the following four equiations by least square methods

and -0,08, respectivelye

= constant (1210.20)P (513.80)° (Lk)
= constant { 586.,52)° (L91.00)° (L5)
= constant (1025.62)° (655.2 )° (46)
= constant (1078.95)P (726.75)° (L7)

The final correlation of all the experimental data is shown in Fig. 19

and the straight line

5% . ol (%)

Kg

0017

shown may be represented by the equation

0.5 0.45 0.08

3 pp2 2
2B %) %%:-) ¢ w
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TRAHSITION SRCTIOH

It has been oxplained earlier that the transition bexi come
prises tho period from the formation of the internal spout to iis
vonting to the hod surface.

v Heat wransler data of transition pericd were collected o
polyetiylone 1, 2 and 3, polyotyrene 1 and 2, wheat~l, rice-l and wmillet
with bed heipght, column diameter ami orifice dliametor as parameterse
The experirental daba and the literature information (L2) indicate that
duration of transition pariod depends on those vuriables such as Dp, De,
Ly Pps Pg and g which affect the mirdmum spouting velocity. ine iactors

vhich may affect heat transfer are shown in Table 3 with dinmemsiong,

TABIE 3

Faetors whdeh may affect heat trensfer in the transition period

Tactors Symbol Dirernsions
Effoctive particle diometer Dp L
Apparent particlo donsity b L3
pecific heuat of particle Ug HL~t gL
Density of air Pg* HL™D
Tiscosity of air e i
Therncl conductivity of air Kg RS
Mass velocity of air G R
Bed height L L
Column dlzmetor Do L
Orifice diancter Dy L
Average hoet transfer coofficient h ne~t 18 g1

Rz = otrn



Since the effect of bed height, colurn diameter and orifice
diameter on heat transfer was not investigated, the following equation
of dimensionless groups resulted with dimensional analyeis without con~

sidering those variables,

3
T2 =k (B e "5 g G ey & ) (19)

The Prandtl number was absorbed in the constant coefficlent since only
alr was used.

The values of exponent a, b are evaluated graphically. From
Fige 17 1t is found that Nusselt mumber can be expressed as a function of

Reynolds! number for all the materials lnvestigated by the following

equationt
Hu = Constant Rema'ao (50)
In Fig. 20 plots of M s ( og? g) are shown for polyethylene
Ee plo TM?B';B"' . P
3 4.2
1, 2 and 3, polystyrene 1, 2 and vheat 1, and in Fige 21, Hu (-R—tf)

vse Re, are shown for the same materials. These curves in Fig. 21 may
be represented by the following equationss:

h . G 2480 2 ~1.10 '

—Eﬂxg o.00019 (=) T x S (52)
Polystyrene

h . G 2080 12 "1010

__D.ng 0.0001}4 (PB—-" ) (---L""-Dp3 ™) o (52)
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2480 1,10

h G .
—KBP- = 0,000165 (P‘%—) ("‘5"@5‘) (53)

g Dy” P 8

The intercepts I of the three lines in Fige 21 are functions of heat

capacity ratio zb g’ and density ratio g.‘i.. The exponents d and e are
g e g
found to be 0.58 and =0425 respectively from the following simultaneous

equationse It is not poseible to determine them praphicallye.

I, = 190 x 10U = constant (1220.2)* (513.8)°  (5)
I, = 1.0 x 1074 = constant ( 586.2)% (L91.0)°  (55)
I3 = .65 x 107 = constant (1004.8)% (589.0)°  (56)

The final correlation is shown in Fige 22 and is represented Ly the

aquations

h G 2.8 1'1 0.h3 0.22
Bl s k108 (B () @2F @
g D, pg & Py g Pg
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DISCUSSION OF DXFRRIFENTAL ROCULTS

Temperature measurement and caleulation of hys

It is evident from equation 28 that the mepnitude of hy is
dependent on the muserical value of the temperature difference chosene
Figures & and 23 show typical longitudinal and radial temperature
profiles of the bede It is difficult to obtain the average temperature
of the bed at any cross section from an integration of the corresponding
temperature distribution curve since neither the composition of the
solid air mixture nor the flow rate of the mixture can be easily mea-
sureds Also, a continuous record of temperature at a certain point in
the bed indicated rapid fluctuations,

Ghosh and Osberg (33) noted this difficulty in the wet
spouted ked and obtained the overall terperature difference as follows.
The inlet water temperature and At &t the inlet, i.e. at the bottom of
the section under consideration was obtained by direct measurement.
Since the bed rerained confined within a section of the column, the
total heat transferred through the wall was ultinately carried out of
the sectlon Yy the water flowing through the beds The "mixing cup tempe-
rature' of the water leaving the section, and hence At at the top of the
section under consideration, was obtained by calculation from the inlet
water temperature, the water flow rate, and the rate of heat transferred
in the section. An arithmetic average of the Att's at the bottom and the
top of the section was used in Equation 28 for calculating the average

overall heat transfer coefficient,

a4 v



In this investigation, it was observed that the heat
transfer coefficiente in spouted beds are definitely not independent of
bed heighte For this reason it is not permissible to evaluate an
average temperature difference simply by vsing terminal tsmperature
differences. Therefore, the colunn was divided into different sections
to eveluate bed helght effects. Whereas a column constructed of one
continvous section will perrdt only the relationship between coeffi-
clents and the ved height as a whole to be evaluated, sectional cons-
truction has the advantage that rnear-differentisl conditions are
approached and local ceefficients nay thus be observeds

As deronstrated in FMg. 6, it is found that flatness is a
characteristic of anmulus temperature except nezr the wall, and the
anmilug temperature is nearly the same all through the bed. Therefore,
it was decided to take At as the temperaturc difference between the
annulus and wall temperatures. At the upper section of the bed, the
spout temperaturc and the annulus temperature are nearly the same. HNo
doubt this procedure gives the most conservative estimate of heat
transfer coefficient, about 5% less than what one would obtain by cone
sidering the difference between the average bed temperature and the wall
terperatures When using this for design purposes, one would always be
on the safe side.

Figures 6 and 23 show the typical longitudinal and radial
temperaturc profiles made inside the bed. Now the question arises

vhether & thermocouple immersed in a spouted bed will measure the
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tanperature of the so0lid or of the fluid, or perhaps same temperature
average of boths The eame problem has been discussed (12,43) in comece
tion with fluidized beds. Since the two identical thermocouples, except
inasmuch as one was shielded by a suitable wire screen to keep off the
bed materials and the other couple was bare, pive no significant dif'fo-
rence in tomperature at the annulus above the cone regiony it follows
that bare couples may be readily employed for thermul exploration of
speuted beds for the purpose of obtaining heat transfer coefficientss

As the erntering air was hot the temperature difference bestween the spout
and the annulus was very pronounced at the cone region, and this diffee
rence decroased with increase in bed levels, Heat transfer took plﬁce
between the gir and the particles all along the bed level inside the
grout ard also from the alr and the particlea to the surrounding spout
wvall through a quasi film. It was not possible to calculate the heat
transfer coefficient of this quasi £ilm but it is reasonable to asaume
that the thickness of this film was a function of bed lovel since air
and particle velocity varied along the bted lovels The spout boundary
may be considered as a porous wall through which hot, air was eacaping
and particles were reentering,

A typical radial termperature profile perteining to a wheat
spouted bed i3 zhowm in Flge 2L and compared with that of a fluidized
bede HMarked similarity is observed between the two except that in the
case of a spouted bed & temperature drop is observed at the spout
boundarye. In bLoth cases & very steep temporature drop adjacent to the

heat transfer surface is followed by a very flat course leading to the
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other boundary of the bed in the case of a fluidized bed and to the
spout boundary in the case of a spouted ed. Thiee typical vertical
temperatur~ rrofiles pertaining to a polyethylene spouted bed are shown
in Figs 23 . Curve II shows the temperature profile along the centre
line of the bed, curve II at a dietance cf 1 inch from the centre and
curve IIT at a distance of 2 inches from the centre line. Curve I shows
close similarity to that of a flvidized bede In both cases the unusual-
1y rapid temperature change is observed at the bottom of the bed and
ultimately the temperature curves flatten out with bed levele This
change of temperature is much sharper in the case of a fluidized bed
indicating that in a fluidized bed thermal asquilibrium between the pas
and the s0lid particles is established at an carlier stage than in a
spouted bode The temperature profiles outside the spout (curve II and
I1I in Fige 23) are quite different and indicate that thermal equilibrium
exlsts all along the bed heighte

Hot particles enter the anmlus at the top of the bed from
the spoute On their way dowmward, the particles adjacent to the wall
pive Leat to the transferring surface, transfer heat from one point to
another radially by cross-flow and alsc meet the hot air coming straipght
up from below and also sideways from the spout.

Despite these obvious film effects at the column wall and
spout wall, the extent of the lateral as well as vertical solids mixing
in the vessel must be appreciated. That these factors are gignificant

1s indicated by the flatness of the temperature profiles at the anmlus.
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Heat transfer to column wall

Profiles of heat transfer coefficients versus mass velocity
are shown in Figures 3 and 9« In Fige 9 heat transfer coefficients of
an individual section for the transition bed and the spouted bed are
shown and in Fige & the average heat transfer coefficients of two
sections are shown. In both the fipures it is found that hy increases
with the mass velocitys In each curve there are three distinct tralts -
the flat portlon representing hy after spouting, the sharp steep portion
representing by, for transition bed, and the less steep portion represen=-
ting hy for the fixed bed. For a particular particle the heat trenafer
coefficients in a fixed bed in both the sections are the same. As soon
as the internal spout starts moving upward, the bed materials up to the
spout top are disturbed ~ they move dowrmard very g8lowly through the
annulus and upward through the spoute The heat transfer coefficlent of
the bed up to the spout head increases very sharply, whereas the corres=-
ponding rise of hy above the spout head is relatively Jow, since the bed
materials at this region are still undisturbed. At that stage:» Ly
of any section above the internal spout height is lower than that of
those sections below the spout levels The rise of hy; increases with the
increase of mass velocity and the subsequent advancement of the internal
spoute

It has been stated earlier that when the internal spout made
sufficlent progress in the bed, severe chamnelling was observed near the
column wall and the particle turbulence was quite noticeable. The heat

transfer coefficient of the second sechion was greater than that of the
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third section, since by visual observation it was noticed that the par=
ticles at the wall of the third section experienced two types of
movements: vibrational movement due to channeline and a dowmard move-
ment, whereas the particles at the lower level encounter only the dovme-
ward_movement. After spouling the heat tronsfer coefficient of the bed
at any higher lovel was higher than that of lower level and it was found
to be indopendent of mass velocity at any bed level within the experi-
mental ranpe.

In Fige 25 the heat transfer coefficient of the spouted and
fluidized beds 1s plotted against the correspending mass velocity.
Since we collected data only for fluidizing conditions, the data of
Baerg and coworkers (LL) are included in Fige. 25. On examining curve 3
in Fige 25, it is found that alony ab, fixed bed conditions prevaile
Somewhere near b, the internal spout was formeds be represents the heat
transfer for the transition zone, i.e. the period of advancement of the
internal spout from the orifice to the top of the bed; cd represents the
heat transfer of the bed after spouting. From curve 1, it is found that
ab is a fixed bede At D', initial fluidization starts. As {luid velo=
city increases along branch c', the bed expends and, although for this
section a continued increase in heat transfer is still evident, the rate
of increase becomes progressively smaller until at d' maximum heat trans-
fer coefficlent is observeds. Beyord point d' the heat transfer coeffie
cient decreases. In curve 2, point d" indicates the maxiimm heat
transfer coefficient for the experimental data. Comparing curve 1 and

2, it is found that in a fluidized bed the slope of the curve for the
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smallor particles is much steeper than that of the large particlese
This 15 quite understandable since the bed density of smaller particle
is more sensitive to the variation of mass velocitye

The point of initial fluidization is quite distinet, then

thia‘point is reached, turbulence is created all throuph the bed, A spou-

ted bed has a transition poriod between spouting and fixed bed, The
heut trensfer rate during the transition poriod as represented by the
lire b'c! in curve 3 is more than that of the firxed bed, but less than
that of the fluddized beds The flat portion of the curve be is quite
etrikinp.  After spouting, increased mass velocity did not show any
noticeable variation in Iy within the experimental ranges This finding
is in contrast to what is found in a fluidized bed, where the heat trans-
fer coefficient My first increases and then decreases with the increase
of mags velocity. The reason is that in a fluidized bed an increase in
average bed porosity 1s ordinarily caused Wy an increase in fluid rate,
Fige 26 shows the effect of particle diemeter on the spouted
bed heat tranefar coefficient and the maxinum fluidized bed heat trange
fer coafficiente The golid lines represent the data for bhoth the spcu=-
ted bed and the fluidized bed and may be represented Ly the equation

056

h (spouted bed) = K3 (Dp) (58)

=0.30 (59)

Nyay, (fluldized bed) = Xy (Dp)

where K3 ard X, are constant, and Dy is the particle dismeter in inchoc.




Heat transfer coefficient h,,, BTU/(hr)(sq.ft)(°F)
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Fig. 26 Effect of particle diometer on h,, in spouted beds
and fluidized beds.
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The two curves in Fig. 26 show clearly that the smaller the particles,

the lower the heat transfer coefficient for the spouted bed. In the

case of the spouted bed, the spout diameter, bed height and particle
velocity in the bed increase with increased mass velocity. It hos been
shown that (3) any extra air more than the minimum requirement for
; spouting passes through the spout. This indicates that in a spouted
: bed, increased mass velocity does not change the bed density which
generally causes reduction of heat transfer in a fluidized bed,
3 On comparing the data of a spouted bed and a flwidized bed,
| it is found that for smaller particles the coefficient for a srvouted bed
is ruch lover than the corresponding fluidized bed (about 33%) and for
larger particles, they are nearly equal (about 90%),. Thercorresponding
alr requirement for spouting is only 35=-55% reapectively, Fluidization
of large particles, ususlly larger than 1/8 in, dianeter, is very poor.
In the present experiment, wheat~-I fluidized very poorly, Actually, the
whole bed was bumping like a piston for a bed height of 8 in, and chan-
neling was observed for a hed height of 5 in, 1In fact, the entirs
mechaniam in spouting bears a verv close resemblance to channeling as
discussed by Ieva (L5). A comparison between channeling and spouting
pressure drop curves (46) shows distinct similarities between the two

systemss No wonder the heat transfer coefficient vould be nearly the

same in case of fluidigation under channeling and spoutinge During
smooth fluidization of small particles turbulence is much greater same-
pared with the smooth orderly laminar-like motion of the particles in

the spouted bed system and the greater the difference in the heat transfer

..
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transfer rates botweon the spouted and the fluidized states This also
shows. that the effect of particle diameter on heat trawfor coefficient
in a spouted bed iz the reverse of the trend for a fluidized beds In
the literature (2h,29) it 15 found that the value of the exponent of Dp
for a flnidized bed is about 0,78 for perticle diameters varying from
04001 10 OeOl in. Since the heat transfer coefficlent depends on the
flwidization quality, it is unlikely that the sare correlation will hold
for the bipger particles as they tend to slug or channel when subjected
to fluidization,

The relationship batween the modified Musselt mmber aml the
medified Reynold's number 1s chown in Fipe 17 for a fixed bed, transi-
tion bed and spouted beds One cannot Lind a single curfolation to cover
the whole range since the mode of flow pattern end heat transfer is
different for different cases,

Bffect of bed heiphts

The effect of bed heirht was investigated for 211 the
materials and a plot of Nusselt mumber against the bed heipght i& showm
in Fipge 10 with particle diameter as the parameters The experimental

curve is represanted hy the equation

BEEE © constent 1 0037 (60)
£

It is found that the smaller the particles, the steoper is the slope.
To clarify this point from some qualitaetive ohservation further experi-

ments were conducted in a Plexiglas G-~in. Full Column and Lein. senicir-

I .5
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cular column with Ottawa sand, Timoihy seeds and wheat-l. It was found

that the particle velocity at the wall decreased with the decrease of
bed height « the rate of decrease was more pronounced for Timothy seeds
and Ottava sand and at a bed height of 9 inches there was hardly any
movement of Qttawa sand at the walle. A cavity was found surrounding the
spout and the sand particles entered the spout bty slidinge The angle of
8liding was much smaller than the cone angle., As a result, a considera-
ble amount of materials surrounding the spout remained stationary and
this caused the reduction of heat transfers. The larger particles
entored the spout at the bottom of the column by following the geometry
of the cone angloes

The effect of bed height on the fluidized bed heat transfer
coefficient was not investigateds It is found to be controversial in
the literature.

According to Dow and Jakob (26), coefficlients varied as the
Ce05th power of the bed height. Vm; Heerden and coworkers (27) did not
notice any such influence, although their experiments were carried out
under comparable conditions. They concluded that it was not the bed
height which affected the coefflclents, but the helght of the heat
transfer area insteade Toomey and Johnson (29) constructed the apparatus
in such a way that heat transfer coefficients could be evaluated along
the tube wallme They found that the variation of the heat transfer
coefficient along the column wall occurs in two ranges. In type 1, the
coefficient decreased slowly from a maximum at the bottom whereas in

type 2, the coefficient increased to a maximum about half-way up the bed.
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It 18 quite likely that the bed height will affect the heat transior
coefficient since Kramer's data (L7) indicated that the uniformity in
the bed was ruch better at the base than higher up and quality of flui-
disation depended on (in addition to other factors) bed heipht,

The ef{cct of bed height on transition perici was not invesge
tigateds Tt 45 quite possible that at a fixed mass rate the heat transe

fer coefficient would increase with decreasing bed height duve to earlier

bad movenent,

Effect of thermal Propertioss

From theoretical consideration as well as from the data of
fluidized beds (26, 27) it may bo concluded that the thermal conductivity
of the particles has no noticeable effect on heat trans.tfer coefficiantse.
The importance of particle heat capacity is clear from the particle
movement in the bed (IFige 15). Van lieorden et al. and Dow and Jakob have
ploreered work towards an understanding of the impdwtance of the heat
capacitye Wen and Leva (30) also irclided the particle heat capacity
in their generalized correlation for rluidized bed data althourh in the
earlier correlation it was ignored.

Since alr was the only spouting medium, it was not possible to
examine the effect of gas thermal conductivity on heat transfer coefficients.
In a fixed bed, it 48 found that hxKg®*®7 , Van Heerden and coworkers
(23) found that he< KgO‘S in a fluidized bed, Jakedb and Osberg (L) report
a twenty-one fold range in thermal conductivity and ten f£old range in pare

ticle diameter. ixept for the very hich region, their data also indicate

that b o< Kgo‘a‘.
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The particle shape and bed void fraction are the known ime
portant factors that have not been investigated. Polyethylens-l1 and 2
woere cylindrical and polyethylens-3 was sphericals Wheat-l and 2 were
nearly spherical and wheat-3 and 4 were sized from crushed wheate With
80 much variation of shape factor in the experimental condition, no
noticeable effect of shape factor on heat transfer coefficient was
observeds

The study of aeffect of bed porogity on heat transfer in a
spouted bed is very difficult. ILxcept for qualitative observations,
bed porosity and its variation is not known as yote

Now the question arises whether the mass velocity has any
effect on bed porositye It has been explained earlier that with the
increase of mass velocity both the spout diameter and bed height increa~-
sea. If the volumetric increment in both cases is the same, then the

bed porosity may be independent of mass veloclitys

IRURTUY  :::




CONCLUSION

1. Pressure drop and heat transfer data as well as visual
observation of spouting phenomena show that a spouted bed has three
distinct stages: (a) fixed bed, (b) transition bed, and (c) spouted bed;
whereas in fluidized beds there are two stagess (&) fixed bed, and (b)
fluidized bed.

2. Uniform temperature distribution is observed at the annu-
lus all through the bed except near the wall.

3. Two resistances to heat transfer are in operation in
parallel in spouted beds; one at the spout wall and the other at the
column walle The magnitude of the spout wall resistance decreases with
bed level and that of the column wall increasess '

lie The heat transfer coefficient increases with increase in
mass velocity up to the point of spoutinge. After spouting, it is found
to be independent of mass velocity within the experimental range.

S. In spouted beds, the heat transfer coefficient is 10 to
66% lower than the maximum heat transfer coefficient in fluidized bedse

6. The mass velocity for spouting varies from 35-55% of that
required for obtaining maximum heat transfer in a fluidized bed.

7 The heat transfer coefficient in a spouted bed increases
with particle diameter and in a fluldized bed it decreasese

8. The heat transfer coefficient is independent of column
diameter and orifice diameter and decreases with bed helghte

9. The experimental data for the spouted bed were correlated
according to dimensional analysis to ylield the equations:

]
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10. The transition bed data were also correlated according to

the dimensional analysis to yield the equationss
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PRUESSURE DROP

Introduction

For both theoretical and practical purposes, one would like to
know the mass velocity required for spouting, maximum spoutable bed
depth, tﬁe spout dianeter, maximunm and spouting pressure drop, and bed
turnover., Some of the information available in the literature will be
disceussed later one. Information relating to pressure drop is very vital,
but no attempt has been made as yet to find a generalized correlation.
It is not the intention of the present undertaking to make a detailed
study on pressure drop. Limited data were collected and an attempt is

made to find a correlation for pressure drope

Review
Previous work on 6, 9 and 12 (3) and 2l~inch (50) columns

resulted in an empirical equastion for minimum spouting velocitye

. 1/3 e - 005
we (D G |2eiieoedl )

For a 6-inch column and a cone angle range of U5 to 35°, the exponent n
was found to be 1/3. For a column of 2l inch diameter, the exponent n
was found to vary with cone angle. Thus, for orifice diameter ranging
from 17/8 to L in., n = 0.23 for a cone of L5° and n = 0,13 xor a cone
of 85° Further work (L42) confirmed the value of n as 1/3 and the
effect of cone angle on n was considered to be within experimental error.
Buchanan and Mamurung (8) found that the variation of minimum spouting

velocity with bed height was not in agreement with Mathur and Gishlert's
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equations Tha doviation acesunted for an ervor ol + 15 ner cent for bed
Leiphits ol betwoen 0075 and Lef focte The authors are conducting
furtier experinenty to elarily this dlcercpuncye Lova {51) compared the
miobman spoubting veloelvy with mindna: Duddization velocity and found
a rood relatiop botween theme Decker (52) found that ther are related
os follous

Vm & 1425 me (62)

for & piver orificve dimeter ard colwmn disneter, only a
cortair bed depiih of packinr could be spouteds Gishler ard detiur (53)
in their American Patent pave the following tentative fomwla - to predict

the madmm speutablo bed depth

1”007 Loié
-{;}-«- =¥ 5 (63)
Yy

Becicor (52) uvroposed the following correlaticn rop maximum speutable bed
dapth
1.70 2f, N 1
i - 00, , Dy 2/3 ve l 3 )

(Dp (22 + T2 (a2 52) (A) /3 = 42 (6h)
the value of n varying fros 0 to OW.hle Maximum and spouting pressure
drop for 6-in. full and semicireunlur colwins have bteen correlated by
Madonna and Lama {54), usins Levats (55) equations

n
R N MR = A (“) (65)

I
1 3(+]
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to gpive mecdsum pressurs axrep
2F; G | N (1-6)“
7 L -
- = 1320 (66)
and spouting pressure daop
AP 1e25 | 0eT5 1478 1.75
- oo 87 pel2 (.Z\_) (1~8)"=f> (67)
L EcPr  Dp 83

Bxperdnental

The equiprent uscd in this investipation was descrited
under Part I, Tho naterizls weed were polyotyrenc, polyctlylene,
millet, rice, barler, coim, flax seeds ard wheat,

Additional data tere collected from a li-ine serdciroular

column with 60° cone and 1/2-in. orifice, Static rressures relative to

atmospheric pressure were taken from wata-Iilled varticul manomstors,
Tre manometers conrected to 1/16-in. pressure iaps were locsted about 1

irch above the orifice plates To deterrdne tho pressure drop due to

the solids wlone, data were collectsd for the emi:ty coluvemn atl different

flow rateie

Theoratical and correlation of data

Yo attampt will be made here to f4d & theory for pressure
drop 1n the spouted bed since with the prasent knowledge it is not

possibles A review of the theory of flow of non-adsorbable gages through
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beds of different packings will be presented and the possibiliiy of its
application will be discussed.

A1l the factors affecting pressure drop in packed beds are
not susceptible to a complete and an exact mathematical analysis.
'Varioﬁs workereg in the field have made simplifying assumptions or ana-
logies so that they could utilize some of the general equations repre-
senting the forces exerted by the fluid in motion to arrive at a useful
expression correlating these factors. Most authors apree that the
varlables that determine the pressure drop may be classified into two

groupss

First: Variables related to the fluid passing the bed: (&) fluid mass

velocity, (b) fluid density, and (c) fluid viscosity.

Second: Variables related to the cheracter of the packed bed: (2) Voi-
dage of the bed and particle orientation, (b) shape of the particles,
(c) diametér of the particles and the vessels, and (d) surface roughness
of the particles.

Kozeny (56) derived an equation for pressure drop by assue
ming that a granular bed is equivaleni to a group of parallel similer
channels, such that their toﬂal internal surface and total internal
volume are equal to the particle surface and the void wolume of the bed,
respectively, Carman (57) proved the validity of the correlation of
Kozeny and introduvced the concept of shape factor. leva and coworkers
(55) followed an analysis similar to that of Kozeny and Carman derived

the following equation from the equation of Ilunid flow in empty pipes.
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3-
s K DpG 2 X " (1-5)3D )
Bc B Pg Dp3 53 (65)

For completely laminar motion n = 1 and for cempletely turtulent condie
tion n ~=-- 2,

Some authors consider the flow through the packed bed as
orifice type. One part of a flowepath has a greater cross section than
another; the flow path expands and contracts deperding on the shape and
relative position oi the particles. Since restricted path offers a much
greater resistance than a large one, the flow takes place principally
through a relatively small mumber of larger channels.

Reynolds (58) was first to formulate the resistance offered
by friction to the motion of the fluid as the sum of two terms, propor-
tionul respectively to the first power of the fluid velocity and to the

product of the density of the fluid with second power of its velocity:

AP/L=al +bp U2 (69)

-

where AP is the pressure loss along the length L, p the density of fluid,
U 4ts linear velocity and a and b are factors vhich are functions of' the
pystem.

With equation (©9) as a basis, Frgun (59) derived the follo=

wing equation for pressure drop in a packed bed.

AP Dp B Pg 8 _ 150 (1-6)
L G2 (1-8)  Re

+ 1.75 (70)
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For calculating the pressuro drup in a packed bed, egquation
(63) ard (69) are most widely useds Undoubtedly the theorctical basis
of eqguation (&%) is moro scunde

Now turning to spouted teds, one would like to find a basis
for calevlating the pressure drope The prescure drop in a bed is highe
1y sensitive to bed density. It has been explained eerlier that after
the foration of the internal spout, the bed density surroundins th
opout changes considerablye During spouting, visval observatior does
not show any remsarkable varistior of the annulus density meepd at the
tvo enls, but this is nob enouch to indicate the wnifors bod density.
As there is no way Lo find an equation at the ncment, it was decided to
test the experimental data with equation (63) since Hadorna end Lama
already correlated their dota with Leva's cguations

Pressure drop for the transition periods

A plot of
gy M (1-5) (7
L " 2 pp g, 63

is shown in Figre 27 It is fouml that the data of the O=ine colurn
fall on ore line and those of the Leine column on & differermt linc. In
the sane Figure, litoraturs data for a 2k-in, (52), and S=ine full and
semicircular cclumns (5h) are plottede The data of the Geine full column
£all on the same line as the present data but those of 2heine. full and
6=ine sericircular columna fall on separate linese The data of cach
colurn fnll on geparate lines, the slope beiny 2500, 1150, 900 and 756

for the 2h=ine, O=ine. full coluin, 6=ine, and Lein, scicircular

s
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column, respectively. Different slopes for different columns strongly
sugeest that there must be some other factors affectiﬁg the pressure
drop which have not been included in the equation (63)e The data are
further correloted in Fige. 23 by plotiing the slope of different line
from Fige 27 apainst the corresponding column diameter. The equation of
straight 1lire is

k = 270 Vpe (72)
In the plot, hydraulic diameter Dh has been used for semicircular
colunne and calculated from the relation

. U % cross-sectional area
wetted perineter

(73)

Dh

The values of hydraulic diameters for 6-in. and k~in. semicircular
colunns are 3¢07 ine and 2456 ine respectively. Combining equation (71)
and (72), & final equation f{or pressure drop is obtaineds

82 _ 170 VDg 6 A2 (1-6)°
L Dpl gc pf &

(7h)

and shown in Fige 29 The dimension of AP/L is still mainteined as
1bs/(8qeLts)/fte by attributing suitable dimension to the proportionalie-
ty constant. It is also noticeable that the data for particles smaller
than 0610 inch deviate from the correlation. The smaller the particle,

the larpger the deviation.

jois V-

T
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Fig. 28. Plot of K, proportionality constant and D
column diameter.
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§Eouted Bed

All the data, both literature [2,54) and experimental are

1'25 1.i5 1‘;5
A )

AP 6___ (A (1-8)
T " Ep (Dp) 83

The slope of the line is evaluated by least square methed and found to

be 80e The final equation becames

N 125 ALeT5 0,75 (1-5)L*7°
F o= oo oHF T 0 L) (15)

Equation {75) may be writlen as a modified form of Fanning equation -

232 175
AP _ 2 £ G° N (1-5) (76)

L chpoBB

The value of modified frictlon factor fm way be calculated from the

experimental data by using the equations

AP p B¢ 83
In = 71 g% 375 (1.5)1.73 (77)

The modified friction factor £ vse modified Reynolds number are plotted

in Fige 31 and the equation of the straight line is found to be:

-0,75
o = bo (B (78)

Lk




In an empty column with increase of mass velocity, the flow becomes

more turbulent and the slope of the line £ vs. Rep changes gradually.

A consﬁant slope for a variation of Reynolds number from Fige. 31 indi-
cates that increased mass velocity during spouting does not change the
flow pattern of air in the beds But this is difficult to conceive that
increase flow rate will not increase the turtulence. The probable
explanation is that the pressure drop is primarily caused at the ammlus,

and the extra air supply passes through the spout without changing the

flow pattern at the anmulus,
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300 000 2000 10000
DpG

Modified Reynolds number

Fig. 3l. Friction factor -vs- modified Reynolds number
for spouted beds. '
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ESTIMATION OF sPONT DIAMETER IN A SPOUTED DED

Introduction

To understand the flow pattern of the fluid and rolid and to
caleulate and correlate the heat, mase, end momentunm transfor data, it
is iwportant to know the dimensions of the spout in the colurm. As
spouting causes a variation in the effective amount of solids exposed to
a given flow of gas, interpretations of data based solely on measured
values of space velocily or superficinl velceity may yield entirely
spurdous conclusionse. It seems therelore desirable to develop & corree
lation {or predicting the spout diameter by investipgating spouting
materialds of diverse properiles uvnder various experimental conditionse

The diareter of the spout varies clightly from top to botiom
of the teds Howwver, this variation docs not follow army peneral pattemrn,
It may inerease, decrecse or remain fairly constant along the bed height
and in some cases it may flare out to a maxdimum half way up the bed,

Hatimur and Gishler (3) and Thornley, Saunby, Matlur and
Osberg (42) measurcd the spout diamcters in semicircular columns of
different gizes for vheat and assumed that the 'sbcut diametors at diffo-
rent bed levels in the semicircular columns were ldentical to those of
the full columnse This assumption was Justified by the observation (3)
that the spout diameters at the bed top of full and samicircular columns
vere identical and that the variation in gpout dismetor along bed height
was relatively smalle In the present investipation, eight materisls were

studied in two semicircular colwms using tlo same assumptions fThe




diameters of the two columns are L and 6 inches, respectivelye

Experimental

The materials used in this study were polystyrene, polyethy-
lens, millet, rice, barley, corn, flax seeds and wheat. The physical
properties of these materials are listed in Table l. Data were obtained
from L= and 6-inch semicircular columns with plexiglas fronts.

Different orifice diameters were used and thelr sizes are
reported in Table 53. A 60° cone angle was employed in all casese A
schematic diagram of the 6-inch semicircular column is shown in Fige 32,

Caompressed air used for spouting was filtered and dried
before passing through the columms, A rotameter was used for measuring
the flow rate. Straighterdng vancs were placed in the approach pipe to
the columne.

The void fraction of the bed was calculated from the volume
of the bed, the weight of the material in the bed and the absolute den-
sity of the materials. The absolute density was measured by a pycnometers

In this investigation, the spout diameters were neasured at
different bed levels and the observed variatio.x% in spout diameter along
bed height is relatively smalle Typical examples are given in Table 52.
The spout diameter data reported in Table 53 are the average values. In

this table, the mean deviations from the average values are also listed.

Correlation and Discussion

It is obvious in Table 53 that in all cases the spout

dlameters increase with the mass flow rate of the spouting medium, air.
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Vhen the values of the spout dismeters for any tested materials obtained
in a given column were plotted apainst tho mass flow rate of air on a
Jop~lor paper, a linear relationshlp was obtaired with an approxinste

slope of 0s50 in 21l cases as shown in Flge33 . fence
r‘
dg = o 6020 (1)

vhera dg = spout diameter, inch

0 = mass flow rate of air, 1b/(kr.)(sqafte)

a = proportionality constante
The evaluvation of ihe quantity G is hased on the crosg-sectional area of
the empty colwmne

Equation (1) permts the estimation of spout diameters for a

material under variocus conditiéns in a given column vhen the value of «
15 gvpilable at ons conditicn. The valuas of the proportionality conse
tant o for different materials investipated may be summarized as followss
for polystyrene and polyethyleno, the values of a for the L~ and tho G-
ireh semicircular columns are 0.0L0 and 0,000, respectivelys ard for
the other materiels, the corresponding values are 0,037 and 0a055,
respectively. The a value for wheat in a 2h-inch serdicircular colurn
(42) 1s 0,122, Thorefore, in a tiven column, tho spout diameters mea-
sured under various corditlons are not only proportional to the square
root of the quantity G, but the proportionality constant may be prac=
tically congidered identical for all the materials testeds In other

words, in spite of the differences in shapo, size ard density of the

i
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materials, the bed depth, the bed density and the orifice diameter, if a
correlation is made on the basis of same values of Gy the spout diameter
in a spouted bed would be identical for all the materials tested, This
correlation is only valid, of course, under spouling conditions. The
value of G used in the correlation should therefore be equal to or
greater than the minirmum spouting velocity. A methed for estimating the
minimm spouting velocity has been proposed by Mathur and Oishler (3)e
Neglecting the small difference in the « values for different
materials in a given column, the a velues were further correlated with

the column diameter dg by plotting de apainst « on semilog paper (Fig. 3L)
and the following expression was obtained:

log de = 10g 1485 + 871 @ (2)
c

ox

a = 0,115 log do - 0,031 (3)
Substituting the value of « in Equation (1),
dg = (0:115 log do = 0,031) 005 (L)
The results obtained by using Equation (L) compare satisface
torily with the experimental and the literature values in Fig. 35. The

average deviation is found to be + 6 per cent. This generalized equatlon,

which requires only the mass flow rate of air and the column diameter as

¢ primary information, provides a simple method for estimating the spout

diameter in a spouted bed under verious conditions.
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Fig. 32. Schematic diagram of a spouted bed.
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Fig. 33 Effect of mass velocity on spout diameter in 4in,
6 in, and 24 in. semi-circular column.
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NOMENCLATURE

wall area in contact with spouted bed, sqe fte
spout surface area, SGa ite

specific heat of air, BIU/(1b-mass)(°F)
specific heat of solid material, BT/(1b=mase)( °F)
constants

diameter of column, fte

diameter of particle, ft.

diameter of spout, fie

diameter of orifice, It.

hydraulic diametor, ft.

mass velocity of air based on empty column,
1b=mass/{(hr)(sqeits)

heat transfer coefficient, BTU/{hr)(sqeft.)(°F)
spout wall heat transfer coefficient 37T0/(hr)(sqefts)
(°r)

column wall heat transfer coefficient BTU/(hr)
(saefte)(°F)

hoat transfer coefficient at section 1, 2, 3; L
respectively. BTU/(hr)(sqefts)(°F)

current, ampe

thernal conductivity, BIU/(hr){ft)( °F)

thermal conductivity of air, BIU/(hr)(£t)(°F)

thermal conductivity of solid material RIU/{hr)(ft)(¥)

= thermal conductivity of bulk material BTU/(nr)(££)( °F)

R
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Ky, Ko, ctce =  proportionality constant
AP = prossure drop, lbs/sqefte ’
L =  bed helpght, ft.
Ly = maximum spoutable bed heignt i
a4 2 rate of heat flow from the bed to the surroun-
ding, DTU/hre
Qs 92, Q3, Q) = rate of heat flow from section 1, 2, 3 and L,
respectively
Qs = rate of heat flow frow the spoul to the amulus,
BTU /hr.
R = resistance per unit length of lheating element ‘
r = radivs of column, ft.
S =  surface area of particle, sqe fte 1
T =  temperature °F f
Ta = anmlus temperature, °F z
Tw =  wall tewperature, °F %
Twy, Twp, Tw3, Tw), = wall temperature of section 1, 2, 3 aul Ly
respectively
Tg =  spout temrerature, °F :
Un = minimum fluid veloecity for steady state spouting
ft/sec. i
Unf =  minimum velocity of fluidization, ft/sec. |
a, by ¢, d =  constants expononts
¥ = K/Cp = thernal diffusivity, sqe.ft/hr. ‘
n = viscosity of air, lb-mass/(hr){it)
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density of air, lb-mass/(cusit.)

bulk density of solid material, lb-mass/(cueite)
absolute density of solid material, lb-mass/cu.lt.
void fraction, no dinension

shape factor, no dimension

time, hre

Bessel function of order zero of the first kind
roots of Jo(ap) = O

constant
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SAMPLE CALCULATICN FOR THERMAL CONDUCTIVITY AND SPECIFIC HEAT

Materlial: wheat
Q = 19,258 BTU/hr.
Cy = -26.,05L (from Fige 5)

K = Q - 19.258
2 LG 84381 x 26,054

= 0,088 BTU/hrefteF.

To calculate thermel diffusivity

a a 1
Bz—"'anJl(ane.)+clan-Jl(qna)1na--—z“n
An = 2 2
i %{ Jy (ayp &)

from equation (27).

From Figo 5,
Cq = ~26,05L, C2 = 3&.8, a = 3.802" log, a = 1.336

From Table Sk
&1 (ap a) = 0,5191
Jo (al a) Ll 2ohd48

_ 208 _

06,
3.8020 325

3’408 X 3.802 - 308020 - 1
——0._6-3_2?—- x 005191 + ( 2600511) Wﬁg x 0.5191 X 103360 -(3-3—2?3

2
@%QL (0.5191)°

v 103.5880 = 26,0540 x 1.6690 - 6541039
1.9478 1.9478

Therefore A=

3344293
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;\ Similerly the value of Ap up to 10 terms were calculated and shown in
Table. 510

At position two, l.e. at radius .65", the temperature after 10
hours was Llie33°F and the equilibrium temperature was L6.0°F above room

temperature. From equation (10),

2 2
t=T (A dolagm) e T Tani (pry)e® TTs ....]

or
2
133 = 16u5 = [ 331268 (o r) ™1 " T Wa75M50 (o 1) ™25 Ta .o (1)

' Jo (ag r2) = Jg (0.6325 x 0.65) = Jg (0.4110)

! and the corresponding value of Jg = 0.9582135.

Therefore,

- 2 &
2,17 = 33.2k x 0.9562135 e~ 0+0325)" x 360008 ¥

(neglecting the other terms)

© 32,027 e"‘nlhozuo Y

Solving v = 0.000187 in%/sece

The value of thermal diffusivity of diffcrent materlals was calculated ty

using the following experimental data.
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t-T

Matorial fi?e Y
¢ 0e15% De65" 115" 1,650 2,150 2,650

V“hoat 10 1.0 243 1.8 2.1 2.5 1.7
Corn 10 5.0 LS L0 345 340 241
Polyethylens 10 1.0 3.3 3.0 3.0 2,2 1.7
Polystyrene 8 1.7 1.7 1.3 1.5 1.0 0.0
Flax Seeds 10 Te7 540 Leb 3.8 3.1 243
Millet 8 0s3 363 340 247 263 1.6
Barley 10 3al: LeH 3a9 37 9e6 1.8
Rice 10 243 5¢3 3.3 Le7 2.7 242

- Sunflower 8 - LeO - Ll 343 360245 241

‘I‘imothy 10 13.7 12.3 Te3 6.3 347 2.0

¥ood chips 10 1.0 1.0 0e2 1.5 0.7 0.0

Once the thermal conductivity, thermal diffusivity and bulk density were

known, it was easy to calculate the specific heat from the relation:

K
G = 73

0,038 e 0,354
000187 x 25 x 53.98
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TABLES 18 - 31

Heal transfer data for a 6~in. column,
9=iney 13-in, and 1d«-ine bed heights

and 1/2-in, orifice
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TABLES 32 - 35

Heat transfer data from a 6-in. column,
9=in., 13-in. and 18-in. bed heights

and 3/8-in. orifice
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TABLES 36 - 39

\leat transfer data for a 3-in. cclumn,
10-ine. and 106-in. bed heights

and 1/4-in. orifice
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TABLES LO - 42

Heat Transfer Data for Fluidized Deds From

a G=in. Column and 5-in. Bed Height

e in s Bk b
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TABLES L3 « 50

Temporature data for the measurement of

thermal conductivity and specific heat
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TABLE 5L
Values of x for which Jy(x) = 0, and

corresponding values of Jy(x)

Value of x for which Jg(x) = 0 Corresponding volue of Jg:(x)
2,hous + 0.5191
05201 - 0,3L03
36537 + 0,2715

11,7915 - 0,2325
1k.9309 + 042065
18.0711 - 0.1877
21,2116 + 0e1732
2L43525 = 0,1617
2744935 + 01521
3046346 - Oellikl
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