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Abstract—Characteristics of particle flow in the standpipes of a 10 cm I.D.x 120 cm high fluidized bed were in-
vestigated. The standpipes used in this experiment were vertical overflow and vertical underflow standpipes. Sand
particles and polyethylene powders were employed as the bed materials. The effects of standpipe diameter, gas
velocity and particle properties on the solid flow rate were determined. The experimental results showed that the
flow behaviors of solids through the overflow and underflow standpipes are different with variations of operating
conditions. For both standpipes, the mass flow rate of solids was strongly dependent on the standpipe diameter. For
the overflow standpipe, the increase of gas velocity increased the solids flow rate. But for the underflow standpipe it
decreased the solid flow rate. From the measured pressure drops, solid fractions in the standpipes were deter-
mined by the momentum balance. The obtained experimental data of solids mass flow rate were well correlated
with the pertinent dimensionless groups for underflow as well as overflow standpipes.
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INTRODUCTION

Standpipes are used to convey particulate solids from a region
at lower pressure to higher pressure with the help of gravity,
and these devices are considered to be a vital link to the cir-
culating fluidized bed system [Ginestra et al., 1980]. A circulat-
ing fluidized bed consists of a riser, cyclones and standpipe. The
standpipes transfer solids from a pomt of lower pressure to a
point of higher pressure, provide a seal against undesirable gas
flow m one direction, and regulate solids circulation. A stand-
pipe can achieve these three capabilities only within a restricted
range of operating conditions. Failure to do so would lead to
mterruption of solid flow and plant shutdown [Rudolph et al.,
1991; Zhang, 1998]. Processes incorporating standpipes are often
disrupted by sudden unexpected instabilities in their operation.
Although standpipes have been used for many years, their de-
sign is entirely based on ‘rules of thumb’ and actual operation
experiences [Leung, 1977; Jones, 1978], and the mechamism of
their operation is poorly understood. This is particularly unfortu-
nate since standpipes are well known for developing instability in
certain circumstances, causmg a transition to a state with mmade-
quate pressure build-up in the pipe [Ginestra et al., 1980]. Two
types of standpipes are widely used mn fluidized bed processes:
the overflow standpipe and the underflow standpipe. The pressure
drop in a standpipe is balanced automatically and these charac-
teristics are different between overflow and underflow standpipe
[Grace etal., 1996; Rhodes, 1998].
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The objective of this study is to examine the effect of stand-
pipe diameter, gas velocity and properties of employed parti-
cles on the flow rate of solids from the upper fluidized bed to a
lower fluidized bed and to propose a correlation of solid flow
rate as a function of relevant operating vanables for each type
of standpipe. Solid fraction in the standpipe is also determined
from the measurement of pressure drop in the pipe.

EXPERIMENTAL

The experimental test facility used in this study is shown in
Fig. 1. The test section consisted of upper and lower fluidized
beds and a standpipe was located between the fludized beds.
The fluidized bed was made of acrylic column with inside dia-
meter of 10 cm and height of 60 c¢m each. The gas distributor was
parous plate and four pressure taps were mounted at the bottom,
top and between the distributors of the test section as shown in
Fig. 1. Pressure taps were connected to the pressure transducers
and the measured pressure drop data were stored in a PC through
the data acquisition unit every 2 seconds. The distributor located
between the upper and lower fliidized bed was designed to ac-
commodate the different dimensions of standpipes. The fluidiz-
mg gas was provided from a blower to the bottom of the lower
bed and the gas leaving the lower bed was bypassed to the dis-
tributor of the upper bed. Two different dimensions of overflow
and underflow standpipes were employed. The diameters of the
underflow standpipe (d,) were 1.14 cm, and 2.53 cm, respectively,
and the length was 10 ¢m. The diameters of the overflow stand-
pipe were 1.14 cm, and 2.53 cm and the length below the distri-
butor of the upper bed was 40 cm so that the standpipe outlet was
mmmersed mto the static height of the lower bed and the height
of standpipe mlet was 5 cm above the distributor of the upper
bed. Fig. 1(a) shows the experimental set-up of the overflow stand-
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(a) overflow standpipe (b) underflow standpipe

Fig. 1. Schematic diagram of standpipe experimental test set-up.

Table 1. Physical properties of employed particles

Properties\Particle Sand Sand PE
Mean diameter {|lm) 280 147 366
Bulk density (kg/m™) 1850 1877 400
Particle density (kg/m’) 2650 2780 800

Minimum fluidized velocity (cm/sec) 7.20 2.08 254

pipe system and Fig. 1(b) shows the expermmental set-up of the un-
derflow standpipe system. The experimental data were obtained
at atmospheric pressure and room temperature. The experimental
procedure was as follows. The inlet of the standpipe was blocked
by rubber cock, the bed material was charged about 50% by
bed volume, and air was mtroduced to the lower fluidized bed.
When the upper fluidized bed reached steady state, the rubber
cock was removed and the particles began to flow down to the
lower bed through the standpipe. The solid mass flow rate trans-
ported through the standpipe was determined by measuring the
merease of static head of the lower bed or decrease of static head
of the upper bed. The calibration curve for pressure drop and
solid mass flow rate was prepared from the preliminary test of
the measured pressure drop and the weight of the sohd particles.
The bed materials were 147 micron, 280 micron sand particles
and the 366 micron polyethylene powders. The physical proper-
ties of the employed particles are shown in Table 1.

RESULTS AND DISCUSSION
May, 2000

08
sand 280 pm I
e U/, =2064
05 ® UJU,=2506
uli . A UJU,=2849
Ol
04 - ‘e
| ] [
Z .
3 03 . o0
% A tm
% L ]
0.2 ALy e
.‘ L ] .~“
A
A p®
0.1 - vy So’ °
™ "C...
Lad ume e
0.0 b ————ry v ——
0 10 20 30 40 50 60 70 80
Time {sec]

Fig. 2. The solid flow rate as a function of time in the overtflow
standpipe.

1. Overflow Standpipe

Little research work has been carried out on the characteris-
tics of overflow standpipes. In general, the exit of the overflow
standpipe is immersed in the lower bed of particles; the solids
in the overflow standpipe are transported as the packed bed
mode [Geldart, 1986]. Even in the underflow standpipe config-
uration, with the control of valve opening the solid flow in the
standpipe 15 tramsported as a packed bed mode [Leung, 1997,
1978, Zhang et al., 1998]. From visual observation, it was found
that the flow regime of gas-solid suspension flow in the stand-
pipe was packed bed mode.

The time series of pressure drop for the standpipe diameter
of 2.53 em with sand particle at different gas velocities is shown
in Fig. 2. As shown in Fig. 2, the slope of pressure drop, which
is corresponding to the solid mass flow rate from the upper to
the lower bed, 1s almost linear at three different gas velocities.
This means that the solid mass flow rate is independent of the
static bed height.

The effect of gas velocity on the solid mass flow rate 1s
shown in Fig. 3 for three different types of particles and two
different diameters of standpipe. As can be seen m Fig. 3, at the
lower gas velocity region (U, <3.0), the increase of gas veloc-
ity increased the solid mass flow rate. This may be due to the
fact that at the lower gas velocity condition, the mcrease of gas
velocity increased the fluidization quality so the fluidization re-
gime of the upper bed became smooth, bubbling fluidization.
But at the higher gas velocity region (U,/U, >3.0), the increase
of gas velocity increase the upward gas velocity in the standpipe
and the flow regime of upper bed became sluggmg fluidiza-
tion; thus the downward flow of solid decreased. From Fig. 3,
it was also found that for the sand particles the effect of particle
size was 1nsignificant and the diameter of the standpipe affected
the solid flow rate sigmficantly.

2. Underflow Standpipe

Geldart [1986] suggested that for the operation of an under-
flow standpipe, it is desirable to install the valve at the end of
the standpipe to control the mass flow rate of particles and pres-
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Fig. 3. The effect of gas velocity on the solid flow rate in the
overflow standpipe.

sure balance in the loop. Some research work was carried out on
the characteristics of an underflow standpipe with a valve at the
exit of the standpipes [Jones et al., 1978; Leung, 1977, Knowlton
et al., 1978; Ozawa et al., 1991; Picciotti, 1995]. In contrast to
the above expenmental configurations, in this study the charac-
teristics of an underflow standpipe without valves was investi-
gated to maintain the fluidized bed flow of solids in the stand-
pipe. The sigmficant difference of flow regime of the gas-solid
suspension flow in the underflow standpipe without valve was
observed. From visual observation, it was found that the flow
of suspension in the standpipe was lean-phase flow due to larger
amounts of gas flowing into the standpipe exit where there is
no flow restriction devices such as valve or orifice.

The time series of the pressure drop for the standpipe diame-
ter of 2.53 cm with sand particles at different gas velocity is
shown in Fig. 4. As in the case of overflow standpipe, the slope
of the pressure drop is almost linear for the different gas veloc-
ity. Therefore, the bed height 13 not an important operating con-
dition for underflow standpipe operation

The effect of gas velocity on the solid mass flow rate is shown
m Fig. 5. Unlike the overflow standpipe, the mcrease of gas
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Fig. 4. The solid flow rate as a function of time in the under-
flow standpipe.
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Fig. 5. The effect of gas velocity on the solid flow rate in the
underflow standpipe.

velocity decrease of the solid flow rate for three different types
of employed particles. Zhang et al. [1998] also reported that the
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solid mass flow rate in the standpipe was decreased with in-
creased gas velocity. This may be due to the fact that the leg of
the overflow standpipe was immersed in the lower section of the
packed or fluidized bed so that gas flow rate from the lower bed
to the standpipe was smaller than that of the underflow stand-
pipe. Since gas flow rate to the underflow standpipe was larger,
drag force acting on the downward particles became greater; thus
the flow rate of downward solids significantly decreased in spite
of smooth fluidization in the upper fluidized bed. Tt was also
found that unlike the overflow configuration, mn the wnderflow
standpipe the effect of particle size on the solid mass flow rate
was significant. Tt may be guessed that drag force acting on the
particle is proportional to particle diameter; thus the net down-
ward velocity of solid particle decreased with increasing particle
size at the same operating conditions.
3. Proposed Correlation for Standpipes

Based on the experimental data, the following correlations for
solid mass flow rate in the overflow and underflow standpipe
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Fig. 6. Comparison of experimental data with calculated val-
ues in the overflow standpipe.
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Fig. 7. Comparison of experimental data with calculated val-
ues in the underflow standpipe.
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were obtained.

a) correlation for solid mass flow in the overflow standpipe

W, [ke/hr]=0.91 55(Ug/Umf)1 7308 (Qp[an])z (o [afon]) ™
for U/U,<4.5

b) correlation for solid mass flow in the underflow standpipe

—02923

W, [ke/hr]=10.2778(U /U, )
(d,fem]) “(p, g’ (N, )

The comparisons of the proposed comrelation with the exper-
imental data for overflow and underflow are shown in Fig. 6
and Fig. 7, respectively. As expected, the solid flow rate was
strongly dependent on the standpipe diameter, gas velocity and
particle density. The effect of particle size was insigmficant for
the overflow standpipe.

4. Estimation of Void Fraction and Solid Velocity in Stand-
pipes

The solid fraction in the standpipe is essential information to
understanding the solid flow behavior in the standpipe. Hinze
proposed a solid mixture momentum equation for the prediction
of solid fraction and pressure drop in the flow of gas-solid mix-
ture as shown m Eq. (1) [Davidson et al., 1985].

16632 —03192

%+%+%—ps(l—€)g+Uj(1—8)pj%=0 )

In case of the overflow standpipe, because its exit 1s inmersed
in the lower fluidized bed, the flow pattern of solids is transition
packed bed flow or packed bed flow. Therefore, the vertical nor-
mal stress mn the solid carmot be ignored. For a Coulombic solid
the wall shear stress T, can be estimated by

T, =lo, @
 (1+sind)
OO sing) @)

The coeflicient of friction between solid and wall surface
was determined as follows [Leva, 1959].

_ 100

i§ Na, 4

Where, N, =d, G/l (N, ,<20). ¢, was calculated with the
proposed equation of Ginestra et al. [1980] as shown in Eq. (5).

W 11
Y S 1—emf) )

By assuming that the vertical normal stress in the solid is
constant 1 the z direction and applymg Egs. (2), (3), (5) mto
Eq. (1) to lead to Eq. (6).

AW 11 Y(1+sing)
AP, Spps(lfemf)(l—e 1—¢_J(1-sins)”
W1 ) W
+ —_—- —p(l—e)gz+ -0 6
ZPS(I_Emf)U—E l—¢,, pl-e)g pil-¢) (6)
Where, 8=60°

The relation between pressure drop of bed and standpipe was ob-
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Fig. 8. The void fraction in the overflow standpipe for different
gas velocity.

tained from the following ecuation [Geldart, 1986].

AP,
APSP—(T)HSP g
The solid fraction in the overflow standpipe was determined by
Eq. (6) and the effect of operating variables on the solid frac-
tion is shown in Fig. 8.

Since the flow pattern 1s the fluidizing state in the underflow
standpipe, the normal stress in the solid can be neglected. Tn a
fluidized flow, T, and f can be calculated from Egs. (8) and (9)
[Levenspiel etal, 1991].
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Fig. 9. The void fraction in the underflow standpipe for differ-
ent gas velocity.

Eq. (10) for the solid fraction in the underflow standpipe.

2 2

APSP+—pS(21f_\Z) Tzl —ps("iv_afo (10)

The caleulated solid fractions in the underflow standpipe are
determined from Eq. (10) as shown in Fig. 9 at different oper-
ating conditions. As shown m Fig. 8 and Fig. 9, the void frac-
tion in the underflow and overflow standpipe was estimated to
be in the range of 0.8-0.9 and 0.45-0.53, respectively. Knowlton,
et al. [1978] estimated the void fraction i the underflow stand-
pipe with a valve at the exit of a 3 inch diameter standpipe to
maintain the flow of 260 Um sand particle in the range of 0.16-
0.7 fi/s gas velocity as packed bed mode and found that the void
fraction was in the range of 0.35-0.43 by using the Ergun equ-
ation as m Eq. (11). Smee solid flow 1 the standpipe was packed
bed mode, Knowlton's prediction can be compared with the ex-
perimental data of the overflow standpipe in this study. In this
case, the difference of void fraction was about 0.1 and this dif-
ference may come from the uncertainty in applying the U, value
for Ergun equation. Leung [1977] also estimated the void frac-
tion in the industrial standpipes of 20 and 32 inch diameter. The
employed particle was 80 m alumina catalyst and the solid flow
was the packed bed mode. Leung found from the pressure bal-
ance equations that the void fractions were in the range of 0.41-
0.48 and these determined void fractions were in good agreement.
with the expenmental data of the overflow stendpipe m thus study.

AP 150u(1-2)'U, 1.75p(1-e)U}
—= +
H, (®d)¢ (®d,)e

Since the void fraction was calculated, the solid velocity in the
standpipe can be calculated from the contimuty equation as shown

in Eq. (12).
W=A(1-£)p,U. (12)

(11

The theoretically calculated solid velocities 1 the overflow and
underflow standpipe are shown in Fig. 10 and Fig. 11. As shown
in Fig. 10, the solid velocity in the overflow standpipe was in the
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Fig. 10. Solid velocity in the overflow standpipe for different
gas velocity.
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Fig. 11. Solid velocity in the underflow standpipe for different
gas velocity.

range of 0.05-0.15 m/s, and solid velocity was increased with gas
velocity. Rhodes [1998] obtained the solid velocity in the over-
flow standpipe of about 0.08 m/sec mn the commercial fhudized
bed system. Therefore, the prediction of void fraction and solid
velocity in this study seems to be reasonable. Picciotti [1995] sug-
gested that the solid velocity be kept as low as possible and re-
commended that the optimum value of solids velocity in the stand-
pipe would be 0.15m/s based on the considerations of erosion,
solid surface characteristics, fines production and flux instability.

CONCLUSIONS

An experimental investigation of the characteristics of over-
flow and underflow standpipes was made with different stand-
pipe configuration in the two fluidized bed system. From visual
observation, 1t was found that the gas-solid suspemsion in the
standpipe was packed bed flow for the overflow standpipe and
dilute fluidized bed for the underflow standpipe.

In the overflow stendpipe, solid mass flow rate mereased
with gas velocity at the lower velocity region and decreased with
gas velocity at the higher gas velocity region. However, mn the
underflow standpipe, solid mass flow rate decreased with gas
velocity and the effect of particle size on the solid mass flow
rate was sigmficant.

From the theoretical calculations based on the measured pres-
sure drop, it was found that the void fraction in the underflow
and overflow standpipe was found to be in the range of 0.8-0.9
and 0.45-0.55, respectively.
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NOMENCLATURE

A :area of standpipe [m’]
May, 2000

: average particle size [em ]

: diameter of standpipe [cm ]

- coefficient of friction between solid and wall surface [-]

- gas flux [keg/m®s)

. gravity acceleration [m/s’]

- length of standpipe [em ]

- length of flmdized reactor [em]

: particle Reynolds number [-]

 total pressure drop in the fluidized bed [N/m’]

: pressure drop in the standpipe [N/m’]

: superficial gas velocity [m/s]

: superficial gas velocity at minimum fluidizing condition
[m/s]

: gas-solid relative velocity [m/s]

: actual solid velocity [m/s]

- solid flux [kg/m*s]

: solidmass flow rate [kg/s)

: axial coordmate n the standpipe [-]

AT mm e
&

8

S RE

=
<,

“

NEECSC

Greek Letters

) : internal angle of friction [degree]

g : void fraction [-]

€, :void fraction in a bed at mmimum fluidizing condition
(-]

P, : density of particle [kg/m’]

0, :average vertical normal stress in the solid [kg/m-s’]

0, :normal stress on pipe wall [kg/m-s’]

T, :shear stress [kg/m-s’]

L, cviscosity of gas [kg/m-s]

@  : sphericity of particle [-]
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