Phase Distribution and Residence Time

in a Spouted Bed

Particle movement in the core and in the annulus of a semicircular,

vertical, spouted bed was examined by high-speed tracer photography.

G. C. suciu

Use of a functional analogy with a free jet establishes an equation corre- and

lating core air velocity and relative bed height. Dependence of bed void
fraction and particle throughput vs. relative bed height shows good agree-
ment with previous work. Particle mean retention time and air flow dis-
tribution in the annulus and the spout were obtained by calculational es-

timates.
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SCOPE

The efficiency of the spouted bed in its main practical
applications, as a dryer and reactor, is dependent to a
large extent upon the flow characteristics of the particles
in the bed and in the spout. Although the spouted bed
has received considerable attention in the last years,
(Mathur and Epstein, 1974) data on flow and residence
time distribution are particularly scarce. The objective of

this work is to provide laboratory scale data and correla-
tions concerning air and particle flow distribution in the
annulus and spout, particle voidage in the spout, and
particle residence time as functions of bed characteristics.
Axial and radial particle movements in the bed were ex-
amined and velocities were measured from high-speed
tracer photographs.

CONCLUSIONS AND SIGNIFICANCE

From application of Ergun’s equation on the expanded
bed, the air velocity in the annulus and in the spout was
calculated with results in agreement with those of pre-
vious researchers (Mathur and Gishler, 1955; Thorley
et al., 1959). A correlation of air velocity variation in the
spout vs. bed height was developed [Equation (1)].

Particle velocity estimates from the examination of
high-speed photographs and simplifying assumptions re-

garding the state of the bed have led to the calculation
oi the bulk density and voidage of both annulus and spout.
By graphical and analytical integration [Equation (11)]
it was possible to obtain the average retention time of
particles in each characteristic zone and, by summation,
the total retention time in the system. Particle recircula-
tion ratio was estimated by a simplified form of Craya-
Curtet’s equation.

EXPERIMENTAL PROCEDURE

The data reported deal with spouted beds (initial
heights H = 130 and 230 mm) obtained by injecting
air through a 4 mm orifice placed at a conical apex
(60 deg cone angle) of a vertical, semicircular column
(D, = 100 mm) provided with a transparent frontal
wall, Four types of particles were used having different
geometrical dimensions (d, = 1,865 to 3,430 mm), shapes
(spherical, cylindrical and parallelepipedical), sphericities
(¢ = 0,65 to 1,0), and densities (p; = 0,949 to 1,309
kg/dm?) '(Patrascu, 1974).

Colored particles were used as tracers, and their dis-
placement was observed and measured by high-speed
photography. Slides were taken at frequencies of 500 s—!
for the annulus and of 1700 s=! for the spout at air
mass velocities (based on the cross section of the empty
column) in the range of 0,677 and 1,031 kg/m?, ex-
ceeding by up to 209 the minimum velocity required
to maintain a stable spout. Particle velocities in the an-
nulus are of the order of centimeters per second, while
in the core they may reach a few meters per second.
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Particle trajectories in the core and in the annulus are
presented in Figure 1.

Owing to the high speed of the particles in the cone
and to blurring of the spout-annulus boundary at the
top end of the bed, no satisfactory photographs were ob-
tained in these sections, even at 1 700 s—1,

DISCUSSION

Air Distribution in the Spout and Annulus

As was done by Mathur and Gishler (1955), Thorley
et al. (1959), Lim and Mathur (1974), and Van Velzen
et al. (1974), annular zone air throughput was calculated
from static pressure drop measurements at the wall along
the cylindrical part of the column.

Since gas flow in the annulus is laminar (Re, < 15),
it may be assumed to be of a pattern similar to that of
a fixed bed in which pressure drop is proportional to gas
velocity. This would justify the calculation of gas ve-
locities at various column heights by Ergun’s equation
and of the corresponding air flow rates from known
annulus cross sections, By difference from the total
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Fig. 1. Tracer particle trajectories in spouted beds (H — 230 mm; D. = 100 mm; dp, = 4 mm; o = 60 deg; dp = 229 mm; ¥ = 1,0; p;
= 1,013 kg/dm3). 1—Annulus; 2—spout. (a) w = 1,27 kg/m?2s; 500 slides/s. (b) w = 1,31 kg/m2s; 1 700 slides/s.

air throughput, the corresponding air flow rates and air
velocities in the core were arrived at for each given bed
height. In all calculations, the spout diameter for the
entire cylindrical height of the vessel was assumed to be
constant and equal to that measured at the top one third
of the bed. Air rate variation in the annulus vs. relative
bed height is presented in Table 1 and Figure 2.

Visual observations and the photos taken show that
there is apparently no fluidization taking place in the
annulus. At the low particle velocities, measured in our
experiments, of the order of a few centimeters per second,
the wall effect has probably no appreciable influence on
the radial pressure gradient. The data agree with find-
ings of previous researchers (Mathur and Gishler, 1955;
Thorley et al., 1959).

As expected, the annulus relative air rate increases
from the base to the upper part of the bed, and at the
exit from the conus (in the cylindrical zone) approx-
imately 209 of the total air stream passes through the
annular zone for the H = 130 mm bed and approximately
359 for the one with H = 230 mm.

It may be noted that for a given particle-column sys-
tem (D, d,, T, d, constant), an increase in the initial
bed height H is associated with an increase in the rela-
tive air flow through the annulus as shown by data from
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Table 1 and Figure 2. For the H = 230 mm bed, the
relative air rate in the annulus is in agreement with pre-
vious data of Mathur and Gishler (1955) and Thorley
et al. (1959). For shorter beds (H = 130 mm) of com-
parable heights, however, the relative air throughput
at the upper end of the annulus exceeds the value re-
ported by Muhlenov and Gorstein (1964). Apparatus-
geometry differences may account for these discrepancies.

In agreement with findings of Thorley et al. (1959),
an increase in the total air rate above that required for
maintaining a stable spout shows no appreciable in-
fluence on the relative amount of the air passing through
the annulus,

Air velocity variation in the spout along the cylindrical
part of the bed vs. relative bed height (h/H) is "pre-
sented in Figure 3. In all cases, air velocity undergoes
a drop with increasing relative bed height. It is also to
be noted that for both initial bed heights (H = 230 and
130 mm) an increase of the total air rate is followed
by an increase of air and particle velocity in the spout
and a corresponding reduction of particle residence time.

Relative Air Velocity in the Spout

The mechanistic analogy of the spouted bed with a
free jet of gas suggests similar formal relations:
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h

H
(cylidr.

H, mm zone)

130 0,539
0,576
0,615
0,654
0,692
0,731
0,770
0,808
0,846
0,885
0,924
0,963

230 0,304
0,348
0,391
0,435
0,479
0,521
0,565
0,609
0,652
0,696
0,739
0,783
0.826
0,870
0,913
0,957

TaBLE 1. AR DISTRIBUTION IN THE ANNULUS OF THE SPOUTED BED

(Particles: d, = 1,865 mm; p; = 1,309 kg/dm3; y = 1,0)

% air passing through annulus on total air fed to the bed for
following total air mass velocities (in kg/m?s), based on the
empty column

0,677°

27,3
29,7
32,2
35,4
37,8
42,4
43,0
457
415
50,0
52,5
55,4

0,855°

40,8
43.6
479
50,7
53,0
55,0
57,4
58,4
60,1
61,8
62,7.
64,5
65,4
66,7
68,0
68,6

0,685

27,0
29,4
31,8
35,0
374
41,8
425
45,1
47,0
49,4
51,8
54,7

0,838

21,8
23,8
95,8
28,3
30,3
33,7
34,4
36,5

51,9
53,1
54,5
56,0
56,9
58,5
59,4
60,5
616
62,1

© Figures represent minimum velocities required to maintain a stable spout.
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Fig. 2. Relative oir throughput in the annulus (particle: dp = 1,865 mm; ps = 1,309 kg/dm3; 4 = 1,0). Initiol bed height, mm: a—130;
b—230.
Air mass velocity (based on empty column), kg/m2s: 1—0,685, 2—0,838; 3—0,864; 4—0,979; 5—1,031.
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Fig. 3. Air velocity in the cylindrical part of the core vs. h/H (par-
ticle: dp = 1,865 mm; pc = 1,309 kg/dm3; y = 1,0).
Initial bed height, mm: a—130; b—230.
Ratio w/wy,: 1—1,012; 2—-1,238; 3—1,010; 4—1,110; 5—1,140.

2 0L

v4/Vpe = mexp[—n(h/H)] (1

values of v;/v,. calculated by Equation (1) for H = 230
mm from data given (m and n) in Table 2 are plotted in
Figure 4, where numbers of curves are reference numbers
of Table 2.

Since m and n depend on the total air mass velocity,
the following correlations were presumed:

m = ay + aw + aw? + a;w® 4 awt (2)

n = bo + blw + b2w2 + b3w3 -+ b4w4 (3)
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Fig. 4. Axiol variation of vs/vpc for spouted beds (H = 230 mm)
vs. h/H.

TABLE 2. CONSTANTS m AND n IN EQuAaTION (1)

TR
1981 RANEE INTRE IS

Total
air mass
velocity
Total air (rrmty
throughput, column), Bl
Ref.No. Nm3/h kg/m?s Wm m n
1 9,34 0.855 1,00 1,547 0,970
2 9,45 0,864 1,01 1,548 0,930
3 10,35 0,948 1,11 1,357 0,735
4 10,70 0,979 1,14 1,565 0,700
5 11,30 1,031 1,21 1,589 0,669

Coeflicients aq . . . a4 and by . .
regression analysis.

The corresponding explicit relations
m = 3,070 — 0,802w — 5,879w? + 7,718uw* — 2,534w*

. by were obtained by

n = 2,387 + 13,708w — 43,845uw?
+ 40,505w8 — 12,083wt (3a)

10

are plotted in Figure 5.
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Fig. 5. Coefficients m and n of Equation (1) vs. total air mass
velocity.
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Fig. 6. Schematical axial and radial particle flow in the vertical sec-
tion of a spouted bed.

Spout Particle Distribution and Voidage

Particle velocity determinations by tracer photography
in known cross sections were used for calculating particle
flow rates in the spout and in the annulus. With refer-
ence to Figure 6, assuming circumferential symmetry for
both axial particle circulation and for the radial flow G,
along the spout, and taking G; = Gy, we may write the
following particle material balance equations:

G=Gy—Gp= Gﬂ - sz (4)

Particle flow rate in the spout increases with increas-
ing distance from the air orifice, leading to higher par-
ticle concentrations. Similar effect is produced by the
particle velocity decrease from 2 — 2" to 1 — 1" as a
result of the presence of a spout-to-annulus air slipstream.

By visual observations, it was established that in the
annular zone, specifically in the cylindrical part of the
vessel, up to 0,9 h/H, bed density undergoes but a small
variation, and for practical purposes it may be taken
as constant. It was similarly observed that the annulus
voidage is larger than that of an expanded fixed bed of
particles and it is slightly smaller than that of a bed
(containing similar particles) at the onset of fluidization.
In this work, ¢; was assumed equal to e

Bulk density in the annular zone is expressed by

Pvi = (1 - E)Ps (5)
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Fig. 7. Average bulk density (pys) and voidage () in the spout vs.
relative bed level (d, — 1,865 mm; ps = 1,309 kg/dm3; ¢ = 1,0;
wm = 0,855 kg/m2s; w — 0,987 kg/m2s).

[3))

5

oy

g”{) 0,12"

O o

£ X

o& Ont

9 1!

=1

£ ol -

03 05 07 09

h/H

Fig. 8. Particle throughput vs. relative bed tevel (d; — 1,865 mm;
ps = 1,309 kg/dm?; ¢y = 1,0; w,, = 0,855 kg/m3s; w — 0,987
kg/mZ2s),

Particle throughput in a cross section of the annular
space may be obtained from known average particle
velocity and annulus cross section

G = AiUpipvi (6)

Since Gy = G, bulk density in the spout is expressed
by

pos = Gi/Agopy (7)
and the voidage in the spout by
€f = 1-— (Pvf/Ps) (8)

Equations (5) to (8) were used to calculate for, each
cylindrical bed, height increment of 0,02 m along the
II = 230 mm bed average bulk density and voidage in
the spout, and axial particle flow rate in both the spout
and the annulus (see Figures 7 and 8).

Differences of 8¢, were noted between measured weight
of particles in the spout and in the annulus and the values
resulting from Equations (5) to (8). In the latter, for
particle velocities in the annulus (vp;), weighted average
values of the axial velocity at constant spout diameter
were used (Suciu and Patrascu, 1975). It follows from
the above that by assuming the annulus voidage to be
equal to that of a fluidized bed of similar particles at
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the onset of fluidization, it becomes possible by Equa-
tions (5) to (8) to calculate with reasonable accuracy
bulk density and voidage for both the annulus and the
spout.
pRadial particle flow rate across the annulus-spout bound-
ary was calculated (H = 230 mm) from particle flow
variations along the column and is illustrated in Figure
9, where the percentages indicated are based on the
particle stream falling from the outside spout into the
bed. Although the total of these percentages increases
with initial bed height, the average percentage of radial
flow per unit height becomes smaller with increasing H.
Based on the above calculations, the variation of par-
ticle and air throughput ratio in the spout and in the
annulus was calculated as a function of relative bed
height. As shown by the data from Table 3, G; (and Gy)
increases with h/H, but the increase of G, is steeper
and the ratio Gi/G,; decreases. In the spout, however,
an increase of h/H brings about a decrease of the air
rate, the ratio G¢/Ggys becoming larger.

Particle Residence Time

The time required for a particle to pass a whole cycle
(cone, spout, disengaging zone, and annulus) is a statis-
tical magnitude, characteristic for each particle. A total
average cycle time for the particles may be obtained by
the addition of the average retention times in each charac-
teristic zone of the system:

r=rt et 1t o1 (9)

Within the experimental conditions of this work, the
residence time in the annulus corresponds to a velocity
of the order of centimeters per second, whereas in the
spout it is of the order of meters per second.

The time required for an average particle to travel
an elementary height dh of the spout may be expressed by

dr = dh/v, (10)
ar
he
7= E}i (11)
LA,

whose integration requires the knowledge of the function
relating v, with bed height.

In the annular zone, v, = f(h) is linear along the
cylindrical part of the vessel, and the average time 7;
may be obtained from

= — = — (12)

Although measurements of particle velocities may be
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Fig. 9. Percentages of particle flow rate passing from the annulus
into the spout along the cylindrical part of the vessel (d, — 1,865
mm; ps = 1,309 kg/dm3, ¢ = 1,0).

Air mass velocity, kg/m2s: 0—0,838; b—0,987.

Minimum air mass velocity, kg/m2s: a—0,677; b—0,855.

strongly affected by wall effects, it was attempted to
compensate for this by introducing in Equation (12)
a weighted average particle velocity. For the H = 230
mm bed and w = 0,987 kg/m?, a value of ; = 4,18 s
was obtained. Details on weighted average particle
velocity calculations (v,) are given elsewhere (Suciu
and Patrascu, 1975). For the cylindrical height of the
spout, where the particle velocity is a complex function,
the retention time may be obtained by a graphical inte-
gration from a known particle velocity profile. By this
procedure 7y = 0,15 s,

By a similar computational procedure for slightly dif-
ferent mass air velocities, w = 0,979 and 0,996 kg/m?,
mean retention times in the annulus of 4,51 and 3,97 s
were found, respectively.

According to the foregoing, an increase of the total
air throughput, above that required for maintaining a
stable spout, has no important bearing on the gas flow

TABLE 3. VARIATION OF Gi/Gq; AND OF Gy/Ggqs wiTH RELATIVE BED HEIGHT, h/H

Air in annulus

kg
h Nm3 — - 108
_— . 108 s
H Gi = Gy, kg/s s (Gap)
0,956 0,1200 1,810 2,340
0,870 0,1171 1,740 2,250
0,782 0,1140 1,690 2,185
0,696 0,1127 1,610 2,080
0,609 0,1098 1,530 1,980
0,521 0,1069 1,438 1,860
0,435 0,1040 1,322 1,710
0,348 0,1012 1,140 1,477
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Air in spout
kg
Gi Nm3 — 108 Gy

—_ . 103 s

Gai s (Gay) &
51,2 1,190 1,540 78,0
52,0 1,235 1,600 73,2
52,1 1,292 1,872 68,0
54,1 1,365 1,766 63,7
55,5 1,450 1,878 58,5
57,5 1,540 1,992 53,6
60,8 1,651 2,140 48,5
68,5 1,840 2,380 42,5
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rate through the annular zone, since the excess stream
passes largely through the spout. Particle circulation in
both zones is speeded up, however, by an increase of
gas throughput.

Craya-Curtet Number for Spouted Beds

In an isothermal free jet of air discharging in a vessel
of a cylindrical or parallelepipedical form, the extent
recirculation may be expressed by the Craya-Curtet num-
ber (Hottel and Sarofim, 1967; Narashimhan, 1971):

= 13
SR

.-n: i me, 2
Taking into consideration that in a spouted bed the
ratio (m;/m,)* (io/i;) is considerably larger than the other

terms and that m;/m, is larger than 1, and introducing
i = mo, the above expression of Ct becomes

o (14)

me Yo

Ct=

For H = 230 mm bed, which is approximately 50%
of the maximum height of a spoutable bed with the same
particles, the value of Ct calculated by Equations (13)
and (14) was 0.0592 and 0.0575, respectively, For gases
discharging into a mass of gas, recirculation is practically
complete at Ct = 0, while at Ct = 0,74 there is prac-
tically no recirculation. For higher beds, approaching
the maximum height of a spoutable bed (Hu), in which
recirculation is more intensive, smaller values of Ct are
expected.

NOTATION
Ay = spout cross section, m?
A; = annulus cross section, m?

do . . 64 = coefficients in Equation (2), dimensionless
by . . by = coefficients in Equation (3), dimenionless

Ct = Craya-Curtet number
D, = column diameter, m
d, = air orifice diameter, m

equivalent particle diameter (sphere of equal
volume), m

dh = elementary height in the spouted bed, m

Gaf, Gqi = air throughput in the spout, or in the annulus,

kg/s

G, Gi = particle throughput in the spout, or in the annu-
lus, kg/s

G, = radial particle flow rate across the annulus-spout

boundary, kg/s

H = initial bed height, m

Hy = maximum initial spoutable bed height, m

h, h; = level in the bed above the air orifice, m

i = momentum of stream induced by the jet, kg m/s?

to = momentum of stream passing through the orifice,
kg m/s?

m = coeflicient in Equation (1), dimensionless

m; = mass throughput of the stream induced by the
jet, kg/s

m, = mass flow through the orifice. kg/s

n = exponent in Equation (1}. dimensionless

Re, = dyvyeps/u = particle Reynolds number

S, = area of a sphere having a volume equal to that
of the particle, m2

S0t = effective particle area. m2

Vi = annular air throughput, Nm?/h
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v; = linear spout air velocity based on empty spout
(in the cylindrical part of the spouted bed), m/s

v; = velocity of the stream induced by the jet, m/s

v, = velocity of the stream passing through the orifice,
m/s

v, = axial particle velocity, m/s

v, = arithmetic mean of the average axial particle
velocities, at levels h; and hs, m/s

vpe = free particle falling velocity, m/s

vpy = axial particle velocity in the spout, m/s

vy = axial particle velocity in the annulus, m/s

w = air mass velocity based on empty column, kg/m?s

Wy = minimum mass air velocity required to maintain

a stable spouted bed, kg/m?s

Greek Letters

ah = axial bed difference in the spouted bed, m

¢ = voidage in the spout

¢ = voidage in the annulus

¢ = voidage in the bed at the onset of fluidization

¢ = cone angle

p = dynamic fluid viscosity, kg/m s

= S,/8,,¢ = sphericity

ps = fluid density, kg/m?

ps = particle density, kg/m?

po = bulk density, kg/m?

pes = bulk density in the spout, kg/m3

pui = bulk density in the annular zone, kg/m?

b = average particle residence time, s

. = average particle residence time in the conical
part of the spouted bed, s

m = average particle residence time in the cylindrical
part of the annular space, s

74 = particle residence time in the spout, s

rie = particle residence time in the outside spout, s
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