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To monitor the gas and solid streams in a downcomer of a J-valve in a CFB, the si-
multaneous measurement technique using the oxygen gas tracer, the hot particle tracer
and the pressure drop was developed. By using this novel measurement technique, the
dependence of the solid flow on the gas flow in the moving bed in the downcomer of
J-valve was investigated. The pressure profile and the pressure balance in the J-valve as
well as the CFB were measured. It was clarified that the circulating mass flux in a CFB
or solid flow in a J-valve was governed by the pressure drop in the downcomer of the
J-valve.

The pressure drop in the downcomer of the J-valve was well estimated using the
modified Ergun’s equation. To quantitatively control the circulating rate of the solid par-
ticles in the CFB, the monitor and tuning of the superficial gas velocity in the

downcomer of the J-valve was important.
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Introduction

Circulating fluidized beds (CFBs) are commer-
cially used in many kinds of gas-solid contacting
processes, such as the FCC process, Synthol pro-
cess and coal combustor, because they have several
advantages, such as low erosion, excellent phase
contact, well-controlled temperature profile and
easy scale-up. The papers in terms of the CFB have
been surveyed by Van de Velden et al.,! Lei and
Horio,> Kim ef al.,* Rhodes and Geldart,* Basu and
Cheng,> Smolders and Baeyens,® Gupta and
Berruti,” Horio and Mori® and Mori et al.’

To efficiently operate CFB, it is important to
smoothly circulate the solid particles through every
part of the CFB. When the CFB is utilized as a
chemical catalytic reactor, the control of the circu-
lation rate of the catalyst is critical because it gov-
erns the reaction rate in the system. Oshima et al.!”
and Wachi et al.!! applied the CFB catalytic reactor
with a J-valve for a dichloroethane production pro-
cess. In their system, two kinds of catalytic chemi-
cal reactions steadily occur in two fluidized bed re-
action columns, between which the catalytic parti-
cles have to smoothly circulate. Although there are
also mechanical feeders such as a screw, rotary, but-
terfly and slide valves to control the solids flow
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rate, the pneumatic feeders have more advantages
than the mechanical ones. The J-valve, L-valve,
V-valve and loop-seal as typical pneumatic feeders
have no moving parts so that they hardly cause
trouble and they can be operated even at high tem-
perature.!!3

There are several papers describing the design
of the pneumatic feeders: Kunii and Levenspiel'
summarized a number of articles in terms of parti-
cle flow in vertical and horizontal pipes as pneu-
matic valves. Geldart and Jones' proposed correla-
tions relating the aeration gas and the pressure drop
across the L-valve to the solids flux. Yang and
Knowlton'® visualized the L-valve and correlated
the solid flow rate, aeration rate and pressure drop
across the L-valve. Kim et al.'” developed a
loop-seal with a downward tangential aeration sys-
tem to provide higher solid circulation rates in the
CFB in order to use weak particles.

For some gaseous catalytic reaction systems,'%!!
the reactant gas flow rate has to be controlled inde-
pendently of the catalytic particle flow rate. It is
well known that the J-valve and loop-seal can pos-
sibly do this due to their unique geometry. Terasaka
et al.!® investigated the gas and solid flow rates as
well as pressure drop throughout a J-valve which
was isolated from the CFB. They reported that the
particle flow rate can be related using the modified
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Ergun’s equation to the gas flow rate in the J-valve.
For industrial use, however, the solid particles out
of the J-valve are recycled to the entrance of the
J-valve. Moreover, it is unknown how the pressure
balance in the CFB affects the pressure profile in
the J-valve. There are few studies on the gas-solid
flow rates and pressure profile in the CFB because
of their very complex behavior.

To evaluate the gas-solid behavior in the CFBs,
the tracer techniques have been sometimes em-
ployed. When the tracer technique is utilized, it is
important to choose a tracer material and to con-
sider an introducer and a detector.

There are a variety of tracers for gas and solid
systems.!” Smolders and Baeyens*® measured the
solids’ residence time distribution using a salt tracer
using an electrical conductivity meter. Bhusarapu et
al.?! investigated the mixing of solids in a gas-solid
riser by a single radioactive tracer particle tracking.
Gayan et al.?? used a CO, gas tracer to evaluate the
radial dispersion in the CFB-riser and indicated that
the gas stream in the dilute phase region is assumed
to be plug flow. Li et al.?® estimated the entrained
gas flow rate in the downcomer of a CFB reactor
with a V-valve using a H, gas tracer. Terasaka et
al.'"® measured only the entrained gas flow rate
through a J-valve using a CO, gas tracer. The solid
flow rate was calculated by the discharged solid
weight out of the J-valve using an electronic bal-
ance.

For the paper reviewed above, there is no liter-
ature on the simultaneous measurements of the gas
flow rate and solid flow rate by the tracer tech-
niques directly injected into a J-valve.

In this study, therefore, a unique technique was
developed to simultaneously measure the gas flow
rate, the solid flow rate and the pressure drop in a
J-valve mounted in a CFB. The observed gas-solid
flow rates and the pressure drop observed by this si-
multaneous measuring technique were theoretically
related to the design of the J-valve.

Experimental

Physical properties of solid particle

As typical fluidized particles for industrial cat-
alytic reactors, y-alumina particles are very often
used due to their low cost, large specific area and
thermochemical stability. In this study, therefore,
porous vy-alumina powder (Mizusawa Kagaku
Kogyo Co., Ltd.: Neobead MSC-1A) was used as
the fluidized solid particles, which were classified
as Geldart’s group A’. Table 1 shows the physical
properties of the fluidized particles used in this
study.

Table 1 — Physical properties of fluidized particle

Particle density pg [kg/m?] 1369
Fractional voidage in particle &g [—] 0.555

Fractional voidage in bed at minimum

fluidization velocity ey [—] 0.439
Mean particle diameter dp [um] 434
Standard deviation of diameter o [um] 13.6
Repose angle 6 [deg] 30

Minimum fluidization velocity U,z [mm/s] 1.53
Sphericity ¢ [-] ca.l

J-valve and operation

Figure 1 shows a J-valve in the CFB system.
The J-valve was made of transparent acrylic resin
as was the CFB. The solid particles were fed from
the reservoir to the entrance of the J-valve. The sol-
ids out of the exit of the J-valve were fed to the
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Fig. 1 — Experimental setup of J-valve and CFB
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feeder, then they were recycled to the reservoir via
the fast fluidized bed, the cyclone and the dipleg.
The J-valve was divided into three parts, i.c., the
downcomer, connector and riser corresponding
to (1A) to (IC) in Fig. 1. The length of the
downcomer, L, is 1.00 m. The connector’ length,
L, is 300 mm. The riser’s height, Lg, is 270 mm.
The dimensions of the other primary parts are as
follows: The feeder’s length, Ly, is 380 mm. The
inner diameter of the CFB except for the reservoir,
the cyclone and J-valve was a uniform 24 mm. The
height of the fast fluidized bed L, was 2.29 m. The
height of the reservoir whose inner diameter was
100 mm, L,, was 490 mm. For the solid particles to
smoothly flow, the dipleg, the connector and the
feeder were inclined 45 degrees which was greater
than the repose angle 6.

Dry air was used as the fluidized gas. The five
aeration gas flow rates, G, to G;, were controlled
using five mass flow controllers (MFC) as shown in
Figure 1. The aeration gas flow rates of the fast
fluidized bed, J-valve riser, reservoir and dipleg,
G,, G, and G, were fixed at constant values. The
fluidized gas flow rate into the fast fluidized bed,
G,, was maintained at 40 liters/min, i.e., superficial
velocity = 1.47 m/s, that was greater than the trans-
port velocity = 1.20 m/s. The fluidized gas flow rate
into the rise of the J-valve,G,, was maintained at
2.76 mm/s greater than the minimum fluidized ve-
locity so that the bed in the J-valve’s riser was well
fluidized and smoothly moved into the feeder. The
fluidized gas flow rate into the reservoir, G,, was
maintained at the minimum fluidization velocity so
that the bed in the reservoir was fluidized and the
bed height remained constant. The fluidized gas
flow rate into the dipleg, G;, was as low as possible
to prevent bridging in the dipleg.

The fluidized gas flow rate into the J-valve’s
connector, G;, was very important for controlling
the particle flow rate through the J-valve so that its
superficial gas velocity was changed within the
range of 1.40 to 2.76 mm/s.

The effluent gas was exhausted from the vents
at the top of the cyclone and the top of the reser-
voir.

The solid mass flux, F, was changed within the
range of 2.41 to 9.93 kg/m?s in which the fluidi-
zation condition in the downcomer was kept in a
homogeneous regime.

Measurement of gas stream
in downcomer of J-valve

To observe the air stream through the J-valve,
the gas tracer technique was used. Pure oxygen as a
tracer was injected into the downcomer of the

J-valve and an oxygen meter was utilized as the de-
tector.

At first, the pressurized pure oxygen gas was in-
put as a pulse from the tracer injection system which
was set at 0.35 m from the top of the downcomer.
The input pulse gas flowed downward through the
void between the solid particles of the moving bed in
the downcomer. Two oxygen meters (DO-236: TOA
Co., Ltd.) as the detectors of C1 and C2 in Figure 1
were located at L, = 0.30 and L, = 0.63 m down
from the tracer injection point on the downcomer.
These oxygen sensor probes were inserted at the
center from the side wall of the downcomer pipe.
The signals of the oxygen concentration by each de-
tector were measured with time. All data were auto-
matically recorded using a computer.

Fig. 2(a) shows the time course of the oxygen
concentration of the two detectors at C1 and C2 un-
der typical conditions. Although the input signal
was given as a pulse, the response has some distri-
bution due to the diffusion of the oxygen gas.
Therefore, the response signal became broader with
the residence time of the tracer gas. The delaying
time of the signals, #;, was the difference between
both peaks of the oxygen concentrations at C1 and
C2. It was confirmed from pre-experiments that the
delaying time ¢, well corresponded to the averaged
moving time of the gas bulk in the downcomer.
Therefore, the superficial gas velocity in the
downcomer U, was evaluated as follows.
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Fig. 2 — Simultaneous measurement of gas and solid
streams using the tracer method
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Measurement of solid stream in downcomer
of J-valve

To simultaneously observe the solid particle
stream through the J-valve, the hot particle tracer
technique was used. A small amount of preheated
solid particles were instantaneously injected using
pressurized gas, which is identical to the oxygen gas
tracer. The hot solid tracer flows with the bulk of the
solid particles in the downcomer of the J-valve. Two
digital thermometers (SK-L200T: SATO Co., Ltd.)
as detectors of T1 and T2 in Figure 1 were located at
L, =0.30 and L, = 0.63 m, which are the same posi-
tions as Cl and C2. The thermo-sensors were in-
serted at the center of the cross section of the pipe as
well as the oxygen sensor probes. The temperature at
each detector was recorded with time.

Figure 2(b) shows the temperature changes of
the two thermal detectors under typical conditions.
The input thermal tracer’s signal was given as a
pulse as well as the gas tracer, the response signals
were somewhat distributed due to the thermal diffu-
sion. The response signal by the hot particle tracer
also became broader with the residence time of the
tracer. The delay between both peaks of each thermal
detector at T1 and T2, £, means the time necessary
to pass the distance L, — L,. It was confirmed in the
pre-experiment, that the necessary time, z,, is equal
to the superficial solid velocity in the downcomer.
Under the fluidized conditions in this study, the solid
particles in the downcomer never fluidize so that the
voidage of the moving bed in the downcomer is the
minimum fluidization velocity, €,

Therefore, the superficial solid velocity in the
downcomer, Ug, was expressed as follows.

L, - L,
Us=(%)(1—8w) ()

Measurement of pressure difference
in downcomer of J-valve

The digital differential pressure meter
(DPG-502N: Okano Co., Ltd.) was used to measure
the pressure drop in the downcomer of the J-valve.
The higher pressure port of the pressure meter was
connected at P6 in Figure 1 and the reference pres-
sure port was connected at P7. The distance from
P6 to P7 is L, = 1.0 m. In the section between P6
and P7, no entrance effect was observed and a sta-
ble and uniform moving bed was always formed
under the experimental conditions in this study.
Thus, the pressure drop, AP,, was evaluated from
the differential pressure between P6 and P7.

The pressure drop in the downcomer, AP,,, was
simultaneously measured with the measurements of
the gas and solid streams using the gas tracer and
hot particle tracer. It was confirmed that AP, was

never influenced by the injection of the oxygen gas
and hot solid particles.

The signals of the oxygen gas tracer concentra-
tion, hot particle tracer temperature and differential
pressure were simultaneously recorded using a PC con-
nected to a data-logger (NR-100: Keyence Co., Ltd.).

Measurement of pressure profiles in CFB

To understand the pressure balance in the entire
CFB system, the pressure difference between each
adjacent section was measured using pressure trans-
ducers (Model 239: Setra Systems Co., Ltd., DP-200
and DPG-502N: Okano Co., Ltd.) that were con-
nected to every adjacent two ports of P1 to P10 in
Figure 1. Namely, the pressure difference in the
downcomer of the J-valve is described as AP, which
is the differential pressure at P8 for the pressure ref-
erence at P5. The pressure difference between P9
and P8 in the connector of the J-valve is AP.. The
pressure difference between P10 and P9 in the riser
of the J-valve is AP;. The pressure differences in the
fast fluidized bed, the cyclone, the dipleg, the reser-
voir and the feeder were measured between each of
adjacent pressure ports, that is, P2-P1, P3-P2, P4-P3,
P5-P4 and P1-P10, which were expressed as AP,
AP, AP;, AP, and AP, respectively.

cyes dip’

All the pressure differences were recorded at
all the inlet gas flow rates using a digital data pro-
cessor (NR-100: Keyence Co., Ltd.).

Results and discussion

Superficial velocities of gas and solid
in downcomer

The superficial solid velocity in the down-
comer was simultaneously observed with the super-
ficial gas velocity. Fig. 3 shows the relation be-
tween the superficial solid velocity, Us, and the su-
perficial gas velocity, U, through the downcomer
as a parameter of the pressure drop for the stable
moving bed region in the downcomer, AP,/L,.
When the pressure drop in downcomer, AP,/L,,
was kept constant, U, was quite proportional to
Ugp. For a constant U, Us increased with the in-
creasing AP,/L,.. The observed superficial solid ve-
locity thus can be correlated as;

Ug « 1.28U,, 3)

Therefore, the superficial solid velocity can be
controlled by tuning the pressure difference in the
downcomer and superficial gas velocity.

Pressure profile in CFB

Fig. 4 shows the pressure profiles in the CFB
to the reference atmospheric pressure. The vertical
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Fig. 4 — Pressure profile in CFB

axis is the height of the measuring points from the
flower, H.

When the circulating mass flux of solid F was
changed from 2.53 kg/(m?-s) to 9.93 kg/(m?-s),
the pressure profiles were experimentally observed.

The pressure differences in the dipleg AP, the
reservoir AP,, the riser APy and the feeder AP, hardly
depend on the circulating mass flux of the solid . On
the other hand, the pressure difference in the J-valve,
AP +AP +AP, depended more significantly on F
than the other pressure differences. Therefore, it is im-
portant to evaluate the pressure profile in the J-valve
to control the solid circulation rate in the CFB.

Pressure profiles in J-valve

To discuss in more detail the mixed flow of air
and solid particles in the J-valve, the pressure pro-
file in the J-valve was redrawn in Fig. 5. The pres-
sure profiles were described along the particle flow
route at the references to the pressure and the posi-
tion at the top end of the downcomer.

350
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Fig. 5 — Pressure profile in J-valve

It was observed that only the pressure gradient in
the downcomer, AP,,, increased with the increasing cir-
culating mass flux of the solid . Therefore, the pres-
sure difference in the downcomer, AP, very strongly
influenced F, and vice versa. On the other hand, the
changes in the pressure gradients in the connector and
the riser, AP and AP,, did not significantly change F.
Thus, the pressure control in the downcomer was the
most important factor for controlling the circulation
rate of the solid particles in the CFB.

Pressure balance between superficial solid
velocity and superficial gas velocity
in the downcomer

Terasaka et al.'8 proposed a relative superficial
gas velocity to take into account the solid particle
flow in order to understand the behavior of a mov-
ing bed flow. It was applied to the present system in
the downcomer of the J-valve. Almost all of the
pressure drop in the downcomer was derived from
the friction loss of gas through the void in the bed
so that the relative superficial gas velocities in the
downcomer, AU, was defined as;

&
=Ug ———Usg (4)
1— & yr

AU ),
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where Uy is the superficial solid velocity. U, and
eyr are the superficial gas velocities in the
downcomer and the fractional voidage at the mini-
mum fluidization state, respectively.

Fig. 6 shows the pressure drops between the
two pressure ports in the downcomer, AP,/L,. The
pressure drop, AP,/L, was plotted with the relative
superficial gas velocity with respect to the particle ve-
locity in the downcomer, AU, for all of the experi-
mental results. The pressure drop in the downcomer,
-AP,/L,, increased with the increasing AU, although
the experimental data were slightly scattered due to
turbulence caused by the inserted probes.

-400
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=} =~ -
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3 %200
g X ,
=

— Modified Ergun's equation
-100 :
0.0005 0 -0.0005 -0.001 -0.0015

Relative superficial gas velocity with respect to
particle velocity in downcomer 4 U ;p [m/s]

Fig. 6 — Relation between pressure drop and relative su-
perficial gas velocity in downcomer

Terasaka et al.' investigated using an isolated
J-valve to explain the relation between the pressure
drop and the superficial gas velocity for the moving
bed in the downcomer. By analyzing the experi-
mental results, the modified Ergun’s equation in
which the superficial gas velocity was replaced by
the relative superficial gas velocity to the solid flow
velocity was proposed as follows:

AP 1—¢,)” uAU
_ D=150( 3m) M G?
LD gm (¢dP)
®)
+1‘751_5m Pc|AU Gy |AU 6
em ¢dP

where ¢,, is the fractional voidage in the moving
bed. Although the equation well estimated the rela-
tion between the pressure drop in the downcomer
and the relative superficial gas velocity in the
downcomer of the isolated J-valve, it has not yet

been confirmed at the J-valve mounted in the CFB
in spite of the industrial importance.

Therefore, in this study the pressure drop in the
downcomer calculated using modified Ergun’s equa-
tion, Eq. (5), was compared with the experimental
pressure drop in the downcomer. The estimated pres-
sure drop, which is drawn as a line in Figure 6, agreed
well with the experimental results which are obtained
at the J-valve set in the CFB. Therefore, the presented
equation can be used for designing of not only an iso-
lated J-valve, but also a J-valve in CFB system.

Estimation of superficial solid velocity
in the downcomer

It is important for the design of CFBs to esti-
mate the superficial solid velocity because the solid
flow rate through a J-valve corresponds to the circu-
lating flow rate of the solid particle. Under the oper-
ating conditions in this study, it can be considered
that the gas stream in the downcomer forms a lami-
nar flow. Thus, the second term on the right hand
side of modified Ergun’s equation shown in Eq. (5)
is negligible so that it was rearranged as follows:

1 AP, & (pd,)’

=g, 4
@150 L, (1—¢,) u

Ug=

(6)

m

When ¢,, = ¢,,5 the factor of U, can be calcu-
lated.

Us « 12780, (7)

Equation (7) agreed well with Equation (3).
Namely, the superficial solid velocity, U, can be
linearly controlled using the superficial gas velocity
in the downcomer of the J-valve, Ugp.

Fig. 7 shows the comparison between the exper-
imental results and the calculated superficial solid
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Fig. 7 — Estimation of superficial solid velocity
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velocity using Eq. (7). The prediction sufficiently
agreed with the experimental superficial solid veloc-
ity so that the proposed equation is valid for estimat-
ing and controlling the solid flow in the CFB.

Conclusions

To experimentally monitor the gas and solid
streams in the downcomer of a J-valve as a pneumatic
solid feed device mounted in the CFB, a simultaneous
measurement technique using the oxygen gas tracer
and the hot particle tracer with the pressure transduc-
ers was developed. The novel measurement technique
was reliable and available for observing gas-solid
flow in a moving bed in real-time. By using this mea-
surement technique, the dependence of the solid flow
on the gas flow in the moving bed in the downcomer
of J-valve was clarified.

The pressure profile and the pressure balance in
a CFB containing a J-valve were investigated. It was
found that the circulating mass flux in a CFB or
solid flow in a J-valve was significantly governed by
the pressure drop in the downcomer of the J-valve.

By correlating the superficial gas velocity, the
superficial solid velocity and the pressure drop in
the downcomer obtained by simultaneous measure-
ments, it was clearified that the pressure drop in the
downcomer was well estimated even in the J-valve
set in a CFB using modified Ergun’s equation.
Therefore, the solid circulation rate in a CFB can be
predicted by monitoring the pressure drop and su-
perficial gas velocity in the downcomer of the
J-valve.

To quantitatively control the circulating rate of
the solid particles in the CFB, monitoring and opti-
mizing the superficial gas velocity in the
downcomer of the J-valve are important.
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Nomenclature

dp - particle diameter [m]

F - mass flux or circulating mass flux of solid parti-
cles [kg/(m? - s)]

G - volumetric gas flow rate [m%/s]

H - height from the ground [m]

L - length [m]

AP — pressure drop [Pa]

U; - superficial gas velocity [m/s]
Us - superficial solid velocity [m/s]

AU, - relative superficial gas velocity with respect to
particle velocity [m/s]

U, — minimum fluidization velocity [m/s]
Us - superficial particle velocity [m/s]

Greek

&yr — fractional voidage in minimum fluidization state
(-]

— fractional voidage in moving bed [—]

U — gas viscosity [Pa - s]

pg - gas density [kg/m’]

ps - particle density [kg/m’]

¢ - sphericity [—]
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