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Abstract

The effect of temperature on solids mixing rate was investigated quantitatively by measuring
the residence time distribution (RTD) in a co-current gas-solid fluidized bed. The variables
selected for this investigation were temperature, gas flow rate and aspect ratio which is ratio
of the bed height to diameter. The experimental results showed that the onset of fluidization
occurred earlier than the expected velocity as the temperature rise. The results also showed that
the gas flow rate and aspect ratio had a marked effect on the mixing pattern of solids, but
temperature elevation increased the mixing effect slightly.
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I . Introduction

Because the effects of solids mixing on heat
transfer, mass transfer and chemical conversion
in a gas-fluidized bed are important, many
have been investigating on the solids mixing.
There have been two main lines attacking on
the problem of solids mixing, one of which
makes use of a concept of residence time distri-
bution and the other is the concept of axial
diffusion. Reported experimental findings?:?
show that the bubble phase is the chief contri-
butor to the process of mixing and that the
solids mixing rate is affected mainly by the
flow rate of fluidizing fluid, the physical
properties of solid and the physical properties
of fluidizing fluid. Numerous studies have
been made on the measurement of the basic
physical properties of fluidized systems, ?~19
In particular, in recent years much research
has been done into the study of solids mixing
in a fluidized bed. Fluidized processes are

mainly conducted at high temperature. Ho-

wever, almost all researches on solids mixing j

in fluidized beds
temperature.

has been done at room

In the present work, therefore, an attempt
was made to investigate the temperature effect
on solids mixing together with fluid flow rate
and aspect ratio. The experiments were carried
out with glass powder, and colored glass
powder as a tracer material in a co-current
gas-solid fluidized bed at a steady state with
continuous feed and discharge of solids.

I. Theoretical Background

The perfect mixing deviation models are
suggested as follows;
Perfect mixing with plug flow
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Perfect mixing with dead space
Perfect mixing with partial short circuiting
Perfect mixing with error in average
residence time
Perfect mixing with lag in response
The most general case is obtained by combining
all the preceding models to determine the
equation for the resulting F-function.
Wolf and Resnick® developed the residence
time distribution for real system by a F-
function of the form

I—a
¢

F(t)=1—exp[—77 ] for t>a

F@) =0 for t<a

The term 7 can be said to be a measure of
the efficiency of mixing and the term « is a
measure of the phase shift in the system. In
Table 1, the values for 7 and a/f are shown
for various models.

The value » and o/f can be calculated by
slope and intercept from the log-log plot of F
(¢) against £/6. The dependency and degree of
mixing in various conditions are found from
the plot, and it plays a role to predict the
operating conditions.

For the case of perfect mixing, 7 is equal
to unity, whereas for pure plug flow, 7 tends
to infinity. Therefore, it can be said that (7
—1) represents the degree of the perfect mix-
ing deviation.

Table 1. Values of » and a/0

Model ’ 7 a/b

perfect mixing 1 1 0
with plug flow >1 >0
with dead space >1 0
with short circuiting <1 <0
with error in =1 0
with system lag 1 >0
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. Experiment

1. Apparatus and Material

A schematic diagram of the experimental
equipments is given in Fig. 1. The fluidizing
air was supplied by a 1 h.p. air compressor
through a pressure regulator, and the flow
rate of air was measured with a rotameter
which was calibrated by using a wet-test
meter. The air was led to pass through the
CaCl, dehumidifier and through the heating
systern which is controlled by on-off tempera-
ture controller, and then to the fluidized bed.

A sintered disc was used as the air distri-

butor. The fluidized bed was of stainless steel,

7.8 cm diameter and 150 cm high. Solids were

added to the top of the bed through 1cm
diameter tube with a screw feeder. A voltage
regulator in the feeder regulated the feed rate
of solids.

Pressure drops of the bed were measured by
a H,O manometer, and the fine particles in
the effluent gas stream were recovered by two
cyclons. A 1cm diameter downcomer was used
for discharging the solids and contolling the
depth of the bed.

The heating system was made of a glass
tube, 10 cm diameter and 600 cm total length,
and electrical resistance heating coil within the
tube. Glass beads were used for the fluidizing
solid particles, and the physical properties

Table 2. Experimental Materials

Particle sreeeesesernaeneressessensaneses white glass bead
T LACET seserrareorcsrenrsossnssassncaarens blue glass bead
dp=0.175cm
ps=2.45g/cm?
$=0.6
€m¢=0.5825
Fluidizing gas «esesressressesrossesseressasrasiaeneans air

were listed in Table 2. Blue colored glass
beads were used as the tracer, and which was
almost identical property with the white
material.
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1. compressor 11. overflow pipe
2. pressur regulatore 12, feeding pipe
4. dehumidifier 13. thermocouple
3,5. needle valve 14. cyclon
6. rotameter 15. screw feeder
7. plug cock 16. hopper
8. heating system 17. D.C. motor
9. gas distributor 18. volt regulator
10. fluidized bed 19. manometer
Fig. 1 Schematic Diagram of Experimental
Apparatus
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2. Procedure

Minimum fluidization velocities of glass
powder at various temperatures were examined
by measuring the pressure drops.

Experiments were carried out by initially
charging the bed with the tracer material
which was weighed according to the aspect
ratio (L/D). Pressure regulated air (2 kg/cm?
gauge) was introduced in the bed through the
heating system, and the gas flow rate was
controlled and checked by a valve and a
rotameter, respectively. After fluidizing a few
minute with no detectable variation in tem-
perature throughout the bed, the over flow
pipe (down-comer) was set on the expansion
bed height. White glass powder was then fed
in, and solids were removed from the over
flow pipe such that the feed rate equalled the
rate of removal. Samples were taken at the
outlet at specified time intervals.

After the operation, the screw feeder was
off and the gas valve was closed immediately.
The feeding time was checked. The contents
in the bed and residue of the glass powder in
the feeder were drawn out and weighed. With
the empty bed, the above procedure was re-
peated for another run.

Experimental conditions are tabulated in

Table 3.

Table 3. Experimental Conditions

Aspect ratio variable L/D=1,2,3
Particle size constant  d,=60—120 mesh
Gas velocity variable  #0/umr=1.5,2.0,2.5
Solids feed rate constant »=0.88 g/sec
Temperature variable 7'=20, 80, 140, 200°C

3. Analytical Equipment

Analysis of samples of the solids was con-
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ducted by measuring the intensity of the
reflected beam with a cadmium sulfide pho-
toconductive cell. Since the cell was insensitive

to blue light, the intensity of the reflected
beam decreased with increase in the concent-
ration of blue particles in the sample, and the
out of balance current calibrated against the
Use of this

method enabled rapid analysis of samples of

concentration of blue particles.

glass powder.®

The analytical equipment is shown in Fig.
2, which also shows the circuit diagram. The
photoconductive cell gave rise to out-of-balance
currents measurable without amplication on a
galvanometer. The galvanometer was calibrated
by using samples of known composition.
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1. CdS photocell 4. sample

2. sample cell 5. bulb

3. guides 6. baffle
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Fig. 2. Analytical Equipment and Circuit Bridge
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V. Results and Discussions

1. Minimum Fluidization Velocity with
Temperature Changes.

Fig. 3 shows the experimental pressure-
drop-flow diagrams of the bed across the dist-
ributor. If the air flow rate is first increased
and then decreased, two slightly different
pressure-drop-flow diagrams were obtained due
to variations in the voidage of the packed bed.
The plots show two well defined straight-line
regions with slight irregularities near the point
of incipient fluidization, probably due to
channelling. ®

The minimum fluidizing velocity w#a.r is

given theoretically as®

_ (dp)? ps—ps €nf
Umt =150 2 & T
Rep<20 3

Substituting the values given in Table 2 and
#=1.899X107* poise (air) at 20°C into Eq(8),

14
b a /°—°-‘*—O—_O’— :
S oA A
n %/T i
10 — Um¢
L L%
‘AP
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2 3 4 5 [

Yo (em/sec)

Fig. 3. Pressure-Drop. Flow Diagram

#nms 1S Obtained as 4. 446. Similarly, it can be
calculated u.r by changing the value of x4 at
each temperature. Fig. 4 shows the measured
#ms in the range from 20°C to 200°C, and
compared these with calculated values.

It indicates that the onset of fluidization
occures earlier than the expected velocity as

the temperature rise.

5’ —
4 -
3 |-
Uruf
2 —
~A-- calculated vaiue
: —o0— measured lfn§
1 b
] 1 1 !
0" 20 8o 40 200

Temperature (°C)

Fig. 4. Theoretical and Experimental u,s

2. Mixing Efficiency and Correlation

The F-diagram with step input was obtained
by plotting the percent concentration of sample
material against the quantity #/8. The typical
F-diagram is shown in Fig. 5. From this F-
diagram, » and « can be obtained.

The relationship between 7 and the system
variables proposed by the authors is as follows:

(p—1) =k (uo/ume)*(L/D)*(T/To)° 4
Where £ is the coefficient; a, b and ¢ are the
respective exponents of the system variables.
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----: perfect mixing
o: 200°C, L/D=1, Uo/Um¢=2.5
a: 140°C, L/D=2, Ue/Um=2.0
X: 20°C , L/D=3, Uo/Um=1.5

t/6
Fig. 5. Typical F-Diagram

T, is the temperature at 20°C. To get the fo bubble formation tends to increase with
-constant and exponents of Eq(4), the effects temperature, the mixing efficiency is increased
«©of variables on 7 were observed.

Effect of fluid velocity::---- 7 is found to

be strong function of fluid velocity. This is 1.5 Avarage slope = -1.411

.obvious, because increased gas velocity results

in increase in the number of rising gas bubbles, 1.0 —-\6\

which favour random shuffling of the par- L

ticles, leading to a better dispersed homoge- { [:g \.

neous mass of materials. The average slope o.s—::k. - ¥~

form Fig. 6 for the exponent a was —1.411. L A\
Effect of aspect ratio ----- Since the bed diam- (7—1) ] \ns:\

-eter was not varied, increase in the bed height, ° =

~,
a
L, implies that the amplitude of movement of . | #:20%C, /D=3 \ h
the mobile particles within the bed is partly 4:200%, /D3 o
arrested or hindered and there is a tendency of ° 8%, /D=2
. . . .. o:140%, L/Dx2
segregation, resulting in poor mixing. So the L
. . R o 4l-0:80%, /D=t
value (y—1) was increased with increasing of
] i
L/D and the exponent of & was (.897 in Fig. . 1.5 2.0 75
7. U./U'mf
Effect of temperatures-.«-- For the frequency Fig. 6. (7—1) vs. Air Flow Rate
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slightly with temperature elevation. As shown
in Fig. 8 the exponent ¢ from the slope was
1.5E - LSE
E Average slope=0.397 / F . Auzragc slope=-0.270
" i o T
[+
L o B/ SR
I / /a/ - \ \D\
L # e
/o & /ﬁ i “a o #
0.5 F .// 0.5 _‘\ \\ \ﬂ
- ; o L o ~—
n-1 * \
a-n ~ (7-1) a
L | :\
-3
%' { Us/Uni=1.5, "20°C ni
[ e BoU/m=2, 20% . 1 L/De3 . Us/um=1.5
/ a: U/umg=2 , RO°C € L/Dz2, Us/Umi=1.5
$: Ue/um=t.5 , 200%C 4% L/D=t, Us/Um=1.5
B Us/Ump=2,  140°C #:L/D=3, Us/Ump=2.5
0.1~ X Us/Un$=2.5, 20°C o1 B: L/D=2, Us/um$=2.5
{ - : L G R
) 2 3 o] 1 5 10
= T/Te
Fig. 7. (»—1) vs. Aspect Ratio Fig. 8. (y—1) vs. Temperature
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Fig. 9. Correlation of (»—1) with Respective Variables
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—0. 270.

As the results, it followed that the air flow
rate and aspect ratio were marked effects on
solids mixing, but the temperature elevation
was minor.

After substitution of these exponents in Eq
(4), the product of the groups within parent-
heses were calculated and plotted with (p—1)
as the ordinate (Fig. 9). A straight line was
obtained, and the average least square values
of & was found as (. 898. On substitution, the
final correlation became;

(7~1) =0- 898 (wo/tms) "t 11 (L/ D) %7
(T/Tn) ~0+270 (5)

V. Conclusion

The conclusions within the range of these
experiments were followings;

1. The onset of fluidization occured earlier
than the expected velocity as the temperature
rise.

2. Increasing air flow rate increased the

the bed tended to

perfect mixing performance.

backmixing of solids,

3. The more the aspect ratio increased, the
more plug flow prevailed.

4. The temperature had minor effect on
increasing the solids mixing.

From these observations, the correlation
equation between perfect mixing deviation
parameter (y—1) and respective variables was

(7—1) =0. 898 (wo/tns) 111 (L/ D)%
(T/To) =0.270

VI. Nomenclature

dp particle diameter, cm
F ()
g acceleration of gravity, 980 cm/sec?
L bed height, cm

dp  pressure drop, g-wt/cm?

residence time function

spat3er HI1TH M 23 1979 4%

R., particle Reynolds number, dpuqp:/1

T temperature, °C

T reference temperature, 20°C

¢ time, sec

o superficial fluid velocity, cm/sec

#nr minimum fluidization velocity, cm/sec

v volumetric flow rate of solid,cm®/sec
Greeks

a system phase shift in Eq(1)

€n void fraction in packed bed

€ny void fraction in a bed at minimum

fluidizing condition

fluid density, gm/cm?

density of solid, gm/cm?

sphericity of a particle

coefficient of exponent in Eq(1)

average residence time

‘4:%\*5*&‘5;‘9

viscosity of gas, g/cm-sec
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