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Abstract The incipient condition of hang-up for three Geldart-D powders has been experimentally studied in a
21 m long standpipe hopper system. Experimental results show that the pressure gradient for hang-up to occur is
independent of the materials height in the hopper and the diameter of orifice and equals to (dpw /dl)s, which can be
predicted by Eq. (7). While the corresponding gas velocity in the standpipe equals to the incipient fluidized velocity
of particles at the high pressure and can be predicted by Kwauk’s equation.
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1 INTRODUCTION

The circulating fluidized bed (CFB) with a
moving-bed standpipe having an orifice valve at the
bottom for controlling the solid flow rate is popularly
employed in industry. For Geldart-B powder in CFB,
the flow of the circulating solids stops when a hemi-
spherical bubble surface just bridges the orifice. In
this situation, the gas velocity in the standpipe is given
by Zhang[!l as follows

D 2
Uy, =2 (-D—“) U, If Do <0.707D, (1)

t
Ug = Ung0, If Dy > 0.707D, (@)

The pressure gradient in the standpipe can be cal-
culated by the Ergun equation(?l. The no particle
flow state of powder in the standpipe is also termed
the hang-up regime(® and Egs. (1) and (2) are termed
the incipient condition of hang-up in the standpipe-
hopper system. For stable flow, the gas velocity should
be below than that estimated from Eqs. (1) and (2).

For Geldart-D powder, the standpipe-hopper sys-
tem acts as a valve without mechanical part, which is
named as “particle plug valve”, in the gas-conveying
system!®). However, the length of the standpipe, which
was used in those experiment for determining the in-
cipient condition, is less than 2.0m[*?. In this paper,
in order to re-examine the incipient condition of hang-
up for Geldart-D powder, experiments are carried out
in a 21 m long standpipe-hopper system.

2 EXPERIMENTAL SETUP AND PROCE-
DURE

The experimental apparatus is made of stainless
steel as shown in Fig. 1. It consists basically of a ID
0.05m standpipe, which includes 0.6 m high vertical
transparent section above the orifice, 3.25 m high ver-
tical pipe, 4.15 m long inclined pipe with 45° and 13 m
high vertical pipe, a hopper with cone angle of 60° lo-
cated at the top of the standpipe, an orifice installed
at the bottom of the standpipe and a ball valve located
between the orifice and a solid collector. The trans-
parent section allows visual observation of the occur-
rence of the incipient hang-up state in the standpipe.
The diameters of the orifices used in this experiment
are 0.02m, 0.025m, 0.03m and 0.035 m, respectively.
The conical and cylindrical height of the hopper at
the top of the standpipe are 0.3 m and 0.35 m, respec-
tively. The gas flow rate is determined by a rotameter
with the wide range from 6 to 50m®-h~!. Three dif-
ferential pressure transducers are arranged along the
wall of the hopper-standpipe system and connected to
a personal computer for recording the measurements.
The properties of powders used in the experiments are
shown in Table 1.

In the experiments, firstly air is allowed to pass
through the orifice, the rate of gas increases progres-
sively so as to reach the state in which the powder is
hung up above the orifice in the system. The state in
the system is observed and the values of pressure and
gas flow rate are recorded.

Table 1 Properties of powders
Material dp, m Emf pe, kgm ™3 Upni, 0, m-s—1 m ¢
ceramic ball 1 (C1) 1.81 x 1073 0.447 1650 1.08 1.46 1.0
ceramic ball 2 (C2) 5.6 x 1073 0.412 2254 2.80 1.76 1.0
polypropylene ball (A) 3.0 x10-3 0.382 965 1.70 1.68 0.88
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Figure 1 Experimental setup
1—hopper; 2—13m high vertical pipe;
3—4.15m long inclined pipe; 4—3.85m high vertical pipe;
5—orifice; 6—ball valve; 7—solids collector;
8—manometer; 9—rotameter

3 RESULTS AND DISCUSSION
3.1 Effect of H. on the incipient condition
The effect of H. in the hopper located at the top
of the standpipe on the values of pressure gradient,
(dp/dl)y, of the long standpipe at incipient hang-up
state for powder A is shown in Fig.2. From Fig. 2, it
can be seen that the values of (dp/dl), remain con-
stant with increasing of the values of H., which is
in the agreement with that obtained from the short
standpipel®l. For powder C2, the particles in the
standpipe are hung-up although D, /d, = 3.57 < 5.0.
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Figure 2 Effect of H. on the incipient condition of
hang-up for the long standpipe
(polypropylene ball, D, = 0.025m, ! = 21 m)

3.2 Effect of D, on the incipient condition
For powders C1, C2 and A, the effect of orifice di-

ameter, Do, on the values of (dp/d!),, in the long

standpipe at the incipient hang-up state is shown in
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Fig.3. From Fig. 3, the values of (dp/dl), almost ap-
proach the corresponding constants for different pow-
ders with increasing D, for the long standpipe. In
other words, D, has little influence on the incipi-
ent condition of hang-up regime for the long stand-
pipe. However the conclusion differs from that for the
shorter standpipe observed from Eq. (1)1,
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Figure 3 Effect of D, on the incipient of hang-up for
the long standpipe (I = 21 m)
Material: @ C1; ® C2; A A

3.3 Uy at incipient hang-up point

For the long standpipe, the value of D, has little
influence on the incipient condition, that is the same
as that for the short standpipe when D, > 0.707D£1'3] .
Therefore, the values U, in the standpipe equals to
those of Unyt at the incipient point of hang-up regime
for Geldart-D powder as suggested by Zhang!!). How-
ever, by considering the effect of pressure on the values
of Ug due to the long standpipe, the following equa-
tion presented by Kwauk(¥ is chosen to estimate the
values of Uy.

s |

m

P
U, =Uns=Uy - 3
g £ £,0 (Po) (3)

where Uy is the incipient fluidized velocity at p; Ums,o
is the incipient fluidized velocity at py; m is the func-
tion of € and Rey, the calculation method is given by
Kwauk!.

Here, by substituting the values of m and Umip in
Table 1, po = 1.0135 x 10° Pa and the values of p at
the incipient hang-up state into Eq. (3), the values of
Uy is obtained in Table 2. From Table 2, the values
of Uy calculated from Eq. (3) are quite close to those
measured in experiment.

Table 2 Comparison of Ug at the incipient
hang-up state

Materials Ugjexp Ug cal Relative error
m-s~1! m-s—1 %
C1 0.70 0.775 Y
C2 1.68 1.59 5.7
A 1.09 1.205 95
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3.4 Pressure gradient of standpipe at incipient
hang-up point

The pressure drop, which results from the interac-
tion between gas and particles, at the incipient hang-
up point can be divided into two parts: one of the
vertical standpipe, and the other of the inclined stand-
pipe. Especially for the inclined packed standpipe, the
experiment results by O’Deal® have shown the pres-
sure drop and gas velocity are coincident on the same
straight line as those for the corresponding vertical
one. Therefore, the values of (dp/dl)), are calculated

by
d _
@
h v+ i
If neglecting the friction between the particles and

the wall of the standpipe, the pressure drop of the
inclined standpipe due to the gravity of particles(® is

Ap; = ps(1 — emp)glisina (5)
and that of the vertical standpipe is
Apy = ps(1 — emf)gly (6)

Then, the values of (dpy /dl)s including the vertical
and inclined standpipes due to the gravity of particles
are given as follows

dpw | _ Apv+8pi _
di !_ I, +1 -

Iy + isina
I, +4
(7)
The comparison of the values of (dp/dl)y, estimated
from Eq.(4) and (dpw/dl)s from Eq.(7) is shown in
Table 3. As shown in Table 3, the values of (dp/dl),

Ps(l - emf)g

Table 3 Comparison of the values of (dp/dl),

i 4, Do (dp/dl)n (dpw/dl)s Relative
Materials m m Pam™! Pam~! error, %
0.02 9195 9.0
C1 0.00181 0.025 8032 8432 —4.7
0.03 8733 3.6
0.035 B505 0.9
0.02 11870 -3.0
C2 0.0056 0.025 13750 12244 12.3
0.03 12557 2.6
0.035 14225 16.1
0.02 5060 —-8.2
A 0.003 0.025 5382 5510 -2.3
0.03 6320 14.7
0.035 5616 1.9

equal to those of (dp, /dl)s at the incipient hang-up
state in the long standpipe within the range of relative
error of +15%. These experimental results show that
the pressure drop by the interaction between gas and
particles at the incipient hang-up point for a long-
standpipe hopper system equals to that due to the
gravity of particles.

NOMENCLATURE
Do diameter of orifice, m
Dy diameter of standpipe, m
dp diameter of particles, m
g gravity acceleration, (g = 9.81m-s~2)
He stagnant height of powder in the hopper, m
! length of standpipe, m
b length of inclined standpipe, m
ly length of vertical standpipe, m
m expanded factor of gas
P absolute pressure, Pa
Po atmospheric pressure, (pp = 1.0135 x 10° Pa)
Ap; pressure drop of inclined standpipe, Pa
Apy pressure drop of vertical standpipe, Pa
dp/dl pressure gradient in the standpipe, Pa-m™!
(dp/dl)y pressure gradient at incipient hang-up state,
Pa-m~!
(dpw/dl)s  pressure gradient due to the gravity of particles,
Pam™!
Umg incipient fluidized velocity at p, m-s !
Umt.0 incipient fluidized velocity at pg, m-s~?!
Ug superficial gas velocity, m-s™!
a cone angle of hopper, (%)
Emf voidage at incipient fluidization
Ps density of particles, kg-m™—3
bs shape factor of particles
Subscripts
exp experimental
cal calculated
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