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Abstract - The hydrodynamics of solids (FCC) recycle in a loop-seal (0.08 m) at the bottom of the downcomer
(0.08 m-1.D.X 4.0 m-high) in a circulating fluidized bed (0.1 m-1.D.X 5.3 m-high) have been determined. Solid flow
rate through the loop-seal increases linearly with increasing aeration rate. At the same aeration rate, the maximum sol-
id flow rate can be obtained at a loop-seal height-to-diameter ratio of 2.5. The effects of solid inventory, solid cir-
culation rate and gas velocity on pressure balance around the CFB have been determined. At a given gas velocity and
solid circulation rate, pressure drops across the downcomer and loop-seal increase linearly with increasing solids in-
ventory in the bed. At a constant solid inventory, pressure drops across the riser and the downcomer increase with
increasing solid circulation rate but decrease with increasing gas velocity in the riser. The obtained solid flow rate
has been correlated with pressure drop across the loop-seal.
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INTRODUCTION

Circulating fluidized beds (CFB) have been commercially
used in numerous gas-solid contacting processes such as com-
bustors and catalytic reactors because of the good gas-solid
contact [Namkung et al., 1994; Cho et al., 1994]. In general,
a CFB is composed of a riser, cyclone and solid recycle sys-
tem, which consists of a downcomer, and a solid feeding sys-
tem, Solid recycle systems provide solids transfer from lower
to higher pressure points and gas seal against the undesirable
flow direction, and regulate solid circulation rate [Rudolph et
al., 1991].

The solid feeding devices are divided into mechanical and
non-mechanical valves [Yang and Knowlton, 1993]. Typical
mechanical valves having moving parts to control solid flow
rate are rotary, screw, butterfly and slide valves. These valves
cannot be easily employed under high temperature and pres-
sure conditions due to sealing and mechanical problems. For
applications of elevated temperature and pressure conditions,
non-mechanical valves such as loop-seal, L-, J-, and V-valves
are commonly employed. The non-mechanical valves without
moving parts can control solid flow rate by aeration. It has
been reported that the major problem in CFB operation is in-
terruption of feeding or transferring of particulate solids [Merrow,
1985]. Therefore, the proper operation of a solid feeding sys-
tem is crucially important for safe and stable operation of a
CFB process. Various experimental studies on non-mechani-
cal valves such as the L-valve [Yang and Knowlton, 1993;
Knowlton and Hirsan, 1978; Geldart and Jones, 1991], J-valve
[Knowlton and Hirsan, 1978], V-valve [Leung et al., 1987] have
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been reporied. However, studies on loop-seal systems are com-
paratively sparse in spite of wide application in commercial
CFBs. Moreover, most of the studies on non-mechanical valves
have been conducted in a separate solid recycle system rather
than a system incorporating a riser.

In the present study, the solids recycle characteristics of a
loop-seal have been determined in a CFB system, and the hy-
drodynamic behavior in a downcomer has been determined
under various operating conditions. The solid circulation rate
has been correlated with pressure drop across the loop-seal.

EXPERIMENTAL

Experiments were carried out in a solid recycle system in-
corporating a riser (0.1 m-L.D.X 5.3 m high) as shown in Fig.
1. The solids recycle system is composed of a downcomer
(0.08 m-1.D.X 4.0 m high) and a loop-seal (0.08 m-LD.) as a
solid feeding device. The solid particles used in the present
study were FCC particles and their properties are given in
Table 1. The details of the experimental facilities can be found
elsewhere [Namkung et al., 1994; Cho et al., 1994] except for
the solid feeding system. The entrained particles from the ris-
er were collected by the primary and secondary cyclones and
stored in a hopper. The solid particles from a hopper were
transferred into a loop-seal through a downcomer (0.08 m-L
D.), and it was fed to the riser through a loop seal with re-
gulation of solids circulation rate (G;) by aeration. The super
ficial gas velocity (U,) and G, were varied in the range 2.0-
4.0 m/s and 0-27 kg/m’s, respectively. Also, solid inventory
in the system was varied in the range 10-40 kg. Air was in-
jected into the loop-seal at two locations as shown in Fig. 2.
A pipe sparger was located at the bottom of the loop-seal for
bottom aeration and the other one was located perpendicular
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Fig. 1. Schematic diagram of apparatus.
1. Riser 5. Sampling pot
2. Cyclone 6. Butterfly valve
3. Hopper 7. Distributor
4. Loop-seal
Table 1. Physical properties of FCC particle
FCC particle
Mean diameter [um] 65
& 0.430
&y 0.494
o, 0.625
Apparent density [kg/m’] 1720
Terminal velocity [m/s] 0.19
Transport velocity [m/s] 1.40
U, [m/s] 0.0027

to the wall of the vertical section in the loop-seal for verti-
cal aeration. For vertical aeration, air was injected at one of
the different heights (0.1, 0.2, 0.4, 0.6 m) above the bottom
of the loop-seal. Pressure taps were mounted flush with the
walls of the riser, cyclone, downcomer and loop-seal to meas-
ure pressure drops around the CFB loop and connected to
pressure transducers (Cole-Parmer T30, R42). A data acquisi-
tion system was used to record the instant pressure signals.
The solid circulation rate around the CFB loop was measured
by diverting the entire solids flow from the two cyclones into
a sampling bottle. The descending solid circulation rate was
determined by measuring the weight of solids through a known
distance in a transparent sampling bottle with time.

DATA ANALYSIS

Variations of voidage in a downcomer are different types
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Fig. 2. Schematic diagram of loop-seal.
(1) Weir section, (2) Vertical aeration section.

with solid flow mode [Kojabashian, 1958]. In a fluidized bed
flow or streaming flow in downcomer, voidage would be at the
minimum fluidization condition (g,;) or above. Non-fluidized
bed flow is divided into a packed bed (g,) and transitional pack-
ed bed flow. The transitional packed bed flow occurs when
solids flow by aeration [Zhang and Rudolph, 1991]. Pressure
drop in the solids flow by aeration can be expressed by the Er-
gun equation [Ergun, 1952] that is a function of slip-velocity
(U, as shown [Knowlton and Hirsan, 1978; Zhang and Ru-
dolph, 1991].

dp _ 150 u(1-e?Uy;  1.75 ps(1-€) U2

1
dz (9sdp)’ € (9sdp)e W
The slip velocity can be expressed as
Gy Ugd Ugd
= —=Uy - — 2
Us ps(l-8 ¢ U= @

When the Reynolds number is less than 20, the second term
of Eq. (1) can be neglected so that Eq. (1) is simplified as
Eq. (3) [Zhang and Rudolph, 1991].

dp _ _150p [a-9Y
g =0 K (svsdp)z[ e ] ©

With the known values of solids circulation rate, gas veloc-
ity (U,;) and the measured pressure drop in the downcomer,
the bed voidage can be calculated from Egs. (2) and (3). How-
ever, the measurement of U,, is difficult so that another re-
lationship between slip velocity and bed voidage is needed.
Knowlton and Hirsan [1978] reported that variation of bed
voidage in a transitional packed bed flow exhibits linearity with
slip-velocity as Eq. (4) based on Kojabashian's classification
[Kojabashian, 1958].

=g +KU, @

Knowlton and Hirsan [1978] applied Eq. (4) to a standpipe
with an L-valve, and Zhang and Rudolph [1991] applied it to
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a standpipe with an orifice. Also, they proposed the following
equation to predict the variation of bed voidage as

N A
Unns/Enp)
Therefore, in the present study, bed voidage and slip-veloc-
ity in the transitional packed bed flow are calculated by using

the measured pressure drop in the downcomer by Egs. (3)
and (5).

COEY) ®)

RESULTS AND DISCUSSION

1. Pressure Balance

In a circulating fluidized bed, pressure in the loop should
be balanced for stable operation. The pressure drop across the
downcomer can be expressed as [Rhodes and Laussmann, 1992]

AP, = AP + AP, + AP, 6)

The effect of solid inventory on the pressure balance in the
CFB loop is shown in Fig. 3. As can be seen, the effect of
solids inventory at the given U, and G, on pressure drop
across the riser is found to be small as reported by Rhodes
and Laussmann [1992]. As expected, the pressure loss across
the primary cyclone and pipe connecting to the top of the ris-
er is unaffected by variation of solid inventory at the given U,
and G,. Pressure drop across the downcomer increases linearly
with increasing solids inventory. The solids flow in the down-
comer is in the packed bed flow mode having a constant bed
voidage by aeration at the loop-seal. Therefore, an increase in
pressure drop across the downcomer is caused by air flow
through the packed bed whose height increases in proportion
to solid inventory. It can be also observed that the pressure
drop across the loop-seal increases linearly with increasing pres-
sure drop in the downcomer to maintain pressure balance.
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Fig.3. Effect of solid inventory on the pressure balance in
the CFB loop (U,=2.0 m/s, G,=13.0 kg/m’s).
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Fig. 4. (a) Effect of gas velocity on pressure balance in the CFB
loop (I=30 kg ; G,=13.0 kg/m’s), (b) Effect of solid cir-
culation rate on pressure balance in the CFB loop (I=
30 kg; U,=2.0 mys).

The effects of U, and G, on pressure balance in the CFB
loop are shown in Fig. 4. As expected, pressure drop in the
riser increases with increasing G, at constant U, and decreasing
U, at constant G, due to increment of solid holdup. The pres-
sure drops across the cyclone and the loop-seal are practically
unaffected by U,. However, the pressure drops across the cy-
clone and the loop-seal somewhat increase with increasing G,
due to the increase of pressure loss with increasing G, [Rhodes
and Laussmann, 1992]. The increase of pressure drop in the
downcomer is matched by a similar increase in pressure drop
in the riser for pressure balance in the CFB loop.

2. Characteristics of Loop-Seal
2-1. Components and Functions of Loop-Seal

A loop-seal consists of weir and vertical aeration sections
(Fig. 2). When air is injected at the bottom and the vertical
aeration sections in the loop-seal, solid particles begin to flow
with fluidity and they are transferred from the vertical aera-
tion section to the weir section. In the weir section, the trans-
ferred solid particles overflow into the riser. In the vertical aera-
tion section, pressure builds up in the downcomer by aeration
for solids flow in the CFB loop. In the weir section, solid par-
ticles in the loop-seal are transported into the riser with higher
pressure than that in the bottom of the riser to provide gas
flow in the riser direction [Basu and Fraser, 1991].

2-2. Solids Flow Characteristics by Bottom Aeration

The effect of bottom acration velocity on solid circulation
rate at a given vertical aeration rate (U;=4U,,) is shown in Fig.
5. As can be seen, solid particles do not flow by the vertical
aeration only due to stagnation of packed solids in the weir
section. However, air is injected at the bottom of the loop-
seal, solid particles attain fluidity and are transported into the
riser. Solids circulation rate through the loop-seal increases
to a maximum value with increasing bottom aeration rates up
to 1.5U,» However, bottom aeration rates above 1.5U,, do not
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Fig. 5. Effect of bottom aeration velocity on solid circulation
rate at a given vertical aeration rate (vertical aeration
rate=4U,.; L,/D,= 2.5).

affect the variation of solids circulation rate. From visual ob-
servation, adequate bottom aeration reduces the stagnant zone
of solid particles as observed in an L-valve [Yang and Knowl-
ton, 1993] and air bypassing occurs at higher aeration rates.
Therefore, the optimum bottom aeration rate is 1.5U,; to keep
the optimum solids flow rate with good fluidity in the loop-seal.
2-3. Solids Flow Characteristics by Vertical Aeration
Variations of the solid circulation rate and pressure drop in
the downcomer (AP,) along the vertical aeration height at a
bottom aeration rate of 1.5U,, and a vertical aeration rate of
4.5U,, are shown in Fig. 6. As can be seen, the solid circula-
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Fig. 6. Effect of vertical aeration height on solid circulation
rate and pressure drop in upper downcomer with varia-
tion of gas velocity in the riser (I=30 kg).

tion rate and AP, exhibit maximum values along the aeration
height irrespective of the variation of gas velocity in the riser.
The maximum values are exhibited at the length-to-diameter
(L/D,) ratio of 2.5, as found previously that the most effective
aeration location is an L,/D, ratio of 2 or more above the hor-
izontal section of the L- [Knowlton and Hirsan, 1978] and J-
valves [Knowlton et al., 1978]. Based on the pressure bal-
ance around the CFB loop (Fig. 3), the pressure drop across
the downcomer above the aeration location in a loop-seal is
balanced so that AP, must be equal to the sum of the pres-
sure drops through the other elements around the CFB loop.
As air is injected at the loop-seal, AP, and the solids circula-
tion rate are a function of aeration rate due to the limited ab-
sorbing capacity of the pressure drop across the downcomer
[Knowlton and Hirsan, 1978]. This may indicate that higher
solids circulation rate can be attained through the loop-seal
with longer effective length of downcomer above the aeration
point. Therefore, if aeration location is near the bottom of the
loop-seal, the effective downcomer length above the aeration
location becomes longer so that it can absorb more pressure
in the downcomer and consequently increase solids circulation
rate. Whereas, if aeration height is too low (below L,/D=2.5),
the solid circulation rate becomes lower than that at the higher
aeration locations due to gas bypassing or channeling to the
riser at the bottom of the loop-seal.

The effect of the vertical aeration rate at aeration location
L,/D;=2.5 on solid circulation rate and voidage at the upper
part of the aeration point in the downcomer is shown in Fig.
7. As can be seen, the solids circulation rate through the loop-
seal increases linearly to a maximum value with increasing aera-
tion rates up to 5.5U,, due to the increase of frictional drag on
the particles. The voidage at the upper part of the aeration point
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Fig. 7. Effect of vertical aeration velocity on solid circulation
rate and voidage in upper downcomer (U,= 2.0 m/s, I
=20, 30 kg, L,/D=2.5).
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in the downcomer increases to a constant value with increasing
aeration rate. When aerating gas is injected into the loop-seal,
the gas flows initially upward through the void between the
particles in the downcomer. The relative velocity between gas
and solid phases produces frictional drag force on particles in
the flow direction so that pressure builds up across the down-
comer. When drag force exceeds the force needed to overcome
resistance to solids flow, solid particles flow through the valve.
The solid flow rate is found to be proportional to the pressure
drop across the downcomer. Therefore, as the aeration rate is
increased, pressure drop and voidage in the downcomer in-
crease by an increase in slip velocity between gas and solid
phases and consequent increase in solid circulation rate. Also,
the maximum solid circulation rate increases with increasing
solids inventory in a CFB due to the increment of total pressure
drop in the downcomer. However, it is observed that larger bub-
bles or voids stagnate near the aeration point beyond 5.5U,,.
Conceivably, a bubble formed by air injection could have a
rising velocity that may be equal to the bulk solid downflow
rate [Zenz, 1986]. The stagnant bubble or void obstructs sol-
ids downflow since the net opening area to solid flow at that
point would be the difference between the cross-sectional areas
of the downcomer and a bubble so that solid circulation rate
and voidage in the upper downcomer become constant.
2-4. Gas-Solid Flow in the Downcomer

The gas-solid flows in a downcomer are largely divided into
non-fluidized, fluidized and streaming flows. The non-fluid-
ized bed flows are divided into packed bed and transitional
packed bed flows by slip velocity [Kojabashian, 1958; Zhang
and Rudolph, 1991]. Packed bed flow often occurs when the
gas flow is assisting solids flow, with the gas pressure high-
er at the top of the downcomer than at the bottom. Transitional
packed bed flow usually occurs when the gas flow is upward re-
lative to the downward solids flow, with the gas pressure at the
bottom of the downcomer higher than that at the top, ie., at the
negative pressure gradient condition [Zhang and Rudolph, 1991].

Variation of pressure with height in the downcomer at a
given vertical aeration rate is shown in Fig. 8. As can be seen,
pressure variation exhibits different tendencies above and be-
low the vicinity of aeration point. Except U,=U,, with lower
solids circulation rates, pressure decreases with the height (in-
creases in direction of solids flow) above the aeration point
and increases with the height (decreases in direction of sol-
ids flow) below the aeration point. These tendencies can be
analyzed by slip velocity, which is the difference between sol-
ids velocity (U,) and actual gas velocity (U./€). The increase
in pressure in the direction of solids flow is caused by the
positive slip velocity (U,>U,/¢) by Eq. (1). Pressure gradient
and voidage in the solids flow are less than those at the min-
imum fluidization condition, and slip velocity is positive. That
is typical transitional packed bed flow. However, the pressure
decreases in the direction of solids flow below the aeration point
since U,y/e is higher than U, and slip velocity has negative value
in the direction of solids flow [Kojabashian, 1958]. This flow
is classified as packed bed flow by Kojabashian's classifica-
tion [1958]. Variations of pressure gradient and the flow mode
near the aeration point are caused by the downflow of inject-
ed air. The injected air is put together with air entrained by
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Fig. 8. Variation of pressure with height at different aeration

rate in the downcomer [aeration height (L,/D)=2.5; I=
30 kgl.

solid particles from the upper part of the downcomer so that
Uy,./e becomes higher than U, below the aeration point. How-
ever, when aeration rate is low (U,=U,), U,/e is lower than
U, though injected air is added to entrained air below the aera-
tion point. Therefore, the transitional packed bed flow mode
continues below the aeration point due to negative slip veloc-
ity. Also, when aeration rate is high (U,=6U,,), variation of
flow mode occurs at a higher region than the aeration point.
Since stagnated large bubbles or voids are formed at a higher
region than the aeration point due to high aeration rate, the flow
mode changes into packed bed flow near the formed large
bubbles or voids.
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Fig. 9. Variation of voidage with height at different aeration
rate in the downcomer [aeration height (L/D,)=2.5; I=
30 kg].
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Fig. 10. (a) Effect of actual aeration rate on gas and particle
velocities at upper part above aeration point in the
downcomer. (b) Effect of solid circulation rate on gas
and particle velocities at upper part above the aera-
tion point in the downcomer.

The variation of voidage along the downcomer height at a
given vertical aeration rate is shown in Fig. 9. As solid par-
ticles flow by aeration, pressure gradient and voidage become
constant. As can be seen, the bed voidage shows different trends
above and below the aeration point. In the region of transi-
tional packed bed flow above the aeration point, voidage in-
creases with an increment in aeration rate due to the increase
of slip velocity. The bed voidage (g,) in packed bed flow be-
low the aeration point is 0.43 due to negative slip velocity.
However, when the aeration rate is low (U,=1.0U,,), voidage
below the aeration point is almost same with that above the
aeration point because transitional packed bed flow continues
below the aeration point.

The effects of aeration rate and solid circulation rate on U,,
U,/e and slip velocity above the aeration point in the down-
comer are shown in Fig. 10 in which the positive sign indi-
cates the direction of solid flow in the downcomer. As can be
seen, U,, U,/e and slip velocity increase simultaneously since
pressure drop and voidage increase with increasing aeration
rate and solid circulation rate and consequent increase in slip
velocity. In the given experimental ranges, slip velocity and
U,/e are positive so that gas and solids flow in the same direc-
tion [Geldart and Jones, 1991]. The downward gas flow is
caused by solids flow downward in the downcomer. In the case
of Geldart A particles including FCC particles, a considerable
amount of air is retained in their interstices, and air is entrain-
ed and descends with solid particles [Dries, 1980; Knowlton,
1988]. The injected air in the loop-seal flows initially upward
through voidage between particles so that it builds up pressure
in the downcomer. However, as solid particles flow downward
at steady state, air goes not upward but downward with solids
flow [Geldart and Jones, 1991]. From Figs. 10 (a) and (b), the
gas-solid flow in the downcomer can be analyzed as follows :
The injected air in the loop-seal flows initially upward in the

downcomer so that it builds up pressure for solids flow. When
solid particles flow, the values of Uy/e and U; in the upper part
of the downcomer are positive (Fig. 10a). It may indicate that
solids flow in the downcomer with air that is carried by par-
ticles collected by cyclones [Knowlton, 1988; Geldart and Jones,
1991]. The quantity of air carried by solid particles is propor-
tional to the solid circulation rate and air flows through a con-
stant voidage whose value corresponds to pressure gradient in
the downcomer with the difference between slip velocity and U,
3. Correlation of Solids Circulation Rate

When a mechanical valve is used in the CFB, solids circula-
tion rate is varied with the variation of valve opening. Therefore,
the valve equation relates solids flow rate and gas flow rate
through an orifice with the pressure drop across an orifice or
valve as follows [Rudolph et al., 1991].

6.=G, (%) BT e )P, ™

Eq. (7) can be successfully applied to the non-mechanical valve
since solids flow mode is almost the same [Yang and Knowl-
ton, 1993]. However, in a non-mechanical valve, the valve open-
ing (A/A,) in Eq. (7) is not known and is dependent upon the
aeration rate. Yang and Knowlton [1993] proposed a correla
tion to predict solid circulation rate through an L-valve, which
relates the valve-opening ratio for injected air quantity, valve
size and particle property. However, their correlation cannot
be applied to the loop-seal since it has different geometry and
aeration configuration. Therefore, assuming the loop-seal as a
pneumatically operated pseudo-mechanical valve, the discharge
coefficient (Cp) and opening ratio (A/A,) of the loop-seal are
correlated with the dimensionless variables in the present study
to predict solids circulation rate from Eq. (7) as:

0.200 0.372 -0.458 1102
c, [Ae )=0.130] 224 U Ly Ug
D2 |TY ETH N TR
A Uys U,.s D, U
®
with a correlation coefficient of 0.90 and a standard error of es-
timate of 7.4 107, Therefore, solid circulation rate can be

predicted from pressure drop across the loop-seal by Eqgs. (7)
and (8).

CONCLUSIONS

1. At a constant gas velocity and solid circulation rate, pres-
sure drops across the downcomer and loop-seal increase linearly,
but pressure drop across the riser stays almost constant with
increasing solids inventory in the downcomer. At a constant
solid inventory, pressure drops across the riser and the down-
comer increase with increasing solid circulation rate and de-
creasing gas velocity in the riser.

2. The solid flow rate through the loop-seal increases line-
arly with increasing aeration rate, whereas it exhibits an ultimate
constant value beyond a certain aeration rate.

3. With the same aeration rate at a different aeration loca-
tion, a maximum solid flow rate attains a height-to-diameter
ratio of 2.5 from the horizontal section of the loop-seal. The
maximum solid flow rate increases with jncreasing solid in-
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ventory in the CFB.

4. Gas-solid flow in the downcomer exhibits different mode
such as the transitional packed bed flow and packed bed flow
above and below the vicinity of aeration point.

5. As the aeration rate increases, pressure drop and voidage
increase above the aeration point in the loop-seal.

6. The obtained solid flow rates have been correlated with
pressure drop across the loop-seal with an assumption of a pneu-
matically operated pseudo-mechanical valve for loop-seal.

NOMENCLATURE

A,/A : opening ratio of valve [-]

Cp :discharge coefficient [-]

:mean diameter of particle [m]

D, :diameter of downcomer [m]

G, :solid circulation rate [kg/m’s]

I :inventory of solid in system [kg]

K :constant [-]

L, :beight of aeration [m]

P  :pressure [pa]

AP, :pressure drop across downcomer (Ppz — Ppr in Fig. 1) [pa]
: pressure drop across loop-seal (Pps — P in Fig. 1) [pa]
AP, :pressure drop across riser (Pgg — Py in Fig. 1) [pa]
AP, :pressure drop across cyclone (Prr— Ppy in Fig. 1) [pa]
AP, :pressure drop across valve [pa]

U, :acration rate [m/s]

Ugs : aeration rate at bottom of loop-seal [m/s]

U, :gas velocity in riser [m/s]

Ue: :gas velocity in downcomer [m/s]

U,/€ :actual gas velocity [m/s]

U,y :minimum fluidization velocity [m/s]

U, :solid velocity [m/s]

U, :slip velocity [m/s]

€  :voidage [-]

&y :voidage at minimum fluidization condition [-]

g :voidage in packed bed [-]

4 :air viscosity [kg/m s]

ps  :apparent density of particle [kg/m’]

¢,  :shape factor [-]
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